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INTRODUCTION 

 
 

The ESV Program originated more than three decades ago under the North Atlantic Treaty Organization 

(NATO) Committee on the Challenges of Modern Society, and was implemented through bilateral 

agreements between the Governments of the United States, France, the Federal Republic of Germany, 

Italy, the United Kingdom, Japan, and Sweden.  The participating nations agreed to develop experimental 

safety vehicles to advance the state-of-the-art technology in automotive engineering and to meet 

periodically to exchange information on their progress.  Since its inception the number of international 

partners has grown to include the Governments of Canada, Australia, The Netherlands, Hungary, Poland, 

Republic of Korea, and two international organizations -- the European Enhanced Vehicle-safety 

Committee, and the European Commission.  A representative from each country/organization serves as a 

Government Focal Point in support of the Program.  

  

In the interest of information exchange, The National Highway Traffic Safety Administration, U.S. 

Department of Transportation, distributes this CD-ROM which contains the Proceedings of the  

21st International Technical Conference on the Enhanced Safety of Vehicles (ESV).  The technical papers 

included in this publication detail safety research efforts underway worldwide, and share the common 

interest of reducing motor vehicle related fatalities and injuries globally.  The opinions, findings, and 

conclusions expressed in the publication are those of the author(s) and not necessarily those of the  

U.S. Department of Transportation, National Highway Traffic Safety Administration.  Final papers are 

accepted after the corresponding abstracts undergo technical review.  The technical papers contained on 

this CD-ROM are the unmodified written work of the author(s). 

 

The Conference Organizers thank our international participants for their dedication and support of the 

21st ESV Conference and look forward to your future participation. 

 
Donna E. Gilmore 
ESV Technical Coordinator 
DOT/NHTSA 
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ABSTRACT 
 
According to the German Road Traffic Regulations, 
the cargo has to be secured in a vehicle so that it will 
not move, fall down, roll around, be shed or generate 
avoidable noise. This is required under normal 
conditions of operation including full braking, 
emergency braking, braking in a curve, fast lane 
changing and driving in a curve. The basis for a 
proper securing of cargo in delivery vans (N1-
vehicles) includes a robust partitioning system which 
fully or partially separates the occupant compartment 
from the loading space, as well as lashing points. The 
partitioning system retains the cargo during braking, 
for example. Lashing points serve to hold lashing 
devices to secure the cargo, e.g. lashing straps for tie-
down lashing. 
 
In Germany, partitioning systems and lashing points 
for commercially employed new vehicles covered by 
the scope of the Accident Prevention Regulation for 
Vehicles (BDG D29) have been mandatory since 
1996. DIN 75410-3 “Securing of Cargo in Truck 
Station Wagons (Closed Body)”, did apply here as 
the national technical regulation. 
 
In order to anchor the tried-and-tested requirements 
regarding partition systems and lashing points in 
globally applicable regulations, the ISO/TC22/SC12 
set up the workgroup WG9. On a voluntary basis 
non-governmental organisations and OEMs created 
the standard ISO 27956. As a result the national 
standard has not only been transferred into English 
but has also been further developed now. As the 
drafts ISO/CD 27956 and ISO/DIS 27956 were 
received favourably after their worldwide ballots, the 
final standard ISO 27956 has been approved now and 
will be published in the spring of 2009. 
 

The paper will report on the necessity and the 
background as well as on the contents of this standard 
which may be used for self certification, for example. 
Prospects of further development of the Standard to 
cover latest additional equipment for load securing in 
delivery vans will be given as well. 
 
INTRODUCTION 
 
Lashing points and partitions as devices fitted to 
closed-body vehicles as a means of securing cargo 
are required in the German national standard 
DIN 75410-3. It first appeared in April 1996. Since 
October 1996 this standard stipulated the obligation 
for lashing points and partitions in all new vehicles 
covered by the Accident Prevention Regulation 
“Vehicles” (BGV D 29, Section 22 Sub-section 1, 
formerly VBG 12) [1] in Germany. This are in 
principle all commercially used vehicles. 
 
Accidents and daily practice were the cause for the 
first version of the standard to be subjected to a 
renewed revision and for some requirements to be 
formulated more precisely. The calls to 
correspondingly raise the requirements of the 
previous standard have been generally supported by 
the German workgroup responsible for the 
standardisation committee for motor vehicles at VDA 
(German Association of the Automotive Industry). 
This led to the current version of DIN 75410-3, 
which is valid since October 2004 [2, 3]. 
 
In order to embed the now tried-and-tested 
requirements for partitions and lashing points in the 
globalised markets, the ISO/TC22/SC12 set up the 
workgroup WG9 in January 2006. Its remit included 
converting the standard DIN 75410-3 into the 
international standard ISO 27956. The original 
contents of the national standard were subjected to 
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further development again and the first draft 
ISO/CD 27956 was completed in October 2007. After 
taking into consideration the received comments the 
revised second draft ISO/DIS 27956 was published in 
April 2008. After the approval of the final version of 
the standard ISO 27956 “Road Vehicles – Securing 
of Cargo in Delivery Vans – Requirements and Test 
Methods” it will be published in the spring of 2009 
[4]. 
 
This paper reports on the necessity and the historic 
background as well as on the contents of the standard 
(scope, definitions, requirements and tests). 
Furthermore, reference will be made to previous 
experience and to the prospects of further 
development of the standard. 
 
METHODS OF CARGO SECURING AND 
LOAD ASSUMPTIONS 
 
In Germany the VDI guideline 2700 ff is one of the 
basic regulations concerning the securing of loads on 
road vehicles [5]. An example of international 
regulations would are those set out in the European 
Best Practice Guidelines on Cargo Securing for Road 
Transport [6]. An example of specific regulations for 
an industrial loader for securing cargo for transport 
by load carriers on commercial vehicles which covers 
road transport with vans is the guideline for the 
interfactory transport by Daimler AG [7]. At the 
moment, the Guideline VDI 2700 - Sheet 16, which 
describes in detail the securing of cargo in vans 
(transporters) up to 7.5 t Gross Vehicle Mass (m GVM), 
is only available in a draft version [8]. This guideline 
is intended for forwarders, freight carriers, loaders, 
vehicle owners, vehicle drivers and all those who the 
law, ordinances, contracts or other regulations deem 
responsible for securing the cargo and ensuring safe 
transport. In other words: Guideline VDI 2700 – 
Sheet 16 regulates the practical execution of cargo 
securing measures in vans (transporters). The 
guideline also defines in its scope that it applies to all 
vans up to 7.5 t m GVM, irrespective of whether they 
are fitted with a closed body, box-type body or 
platform superstructure, and to any hitched trailers. In 
contrast to this, ISO 27956 (or DIN 75410-3) 
describes the requirements for the vehicle devices 
intended to secure the cargo in delivery vans (closed-
body vehicles) and the associated test methods. 
 
The VDI 2700 ff states basic load assumptions for 
cargo securing. For the commercial vehicles referred 
to here, it has hitherto been the case that, when regard 
the securing of cargo, a longitudinal deceleration of 
the vehicle forwards of 0.8 g (emergency braking) as 
well as an acceleration laterally left or right 

(cornering, sudden swerve and lane change) as well 
as in rearward direction of 0.5 g had to be assumed. 
Sheet 16 was the first to define greater load 
assumptions for lighter vans corresponding to their 
driving dynamic properties, Figure 1. For instance, 
for a vehicle with a permissible total mass of over 2.0 
up to 3.5 t, the minimum inertia force of the cargo in 
the forward direction is 0.9 times and laterally 0.7 
times its weight force. 
 

0.5 · FG0.6 · FG0.7 · FGInertia force in 
sideward directions

0.5 · FG0.5 · FG0.5 · FGInertia force in 
rearward direction

0.8 · FG0.8 · FG0.9 · FGInertia force in 
frontal direction

more than  3.5tmore than 2.0t 
up to 3.5t

up to 2.0tGross Vehicle 
Mass (m GVM)

0.5 · FG0.6 · FG0.7 · FGInertia force in 
sideward directions

0.5 · FG0.5 · FG0.5 · FGInertia force in 
rearward direction

0.8 · FG0.8 · FG0.9 · FGInertia force in 
frontal direction

more than  3.5tmore than 2.0t 
up to 3.5t

up to 2.0tGross Vehicle 
Mass (m GVM)

Examples of inertia forces 
for a gross vehicle mass of 
more than  2.0t up to 3.5t

FG:  Force of gravity
of the cargo

 
Figure 1. The minimum mass forces to be taken 
into account for standard operation in accordance 
with VDI 2700 – Sheet 16 (draft, April 2008) 
 
In order to resist the inertia forces, various methods 
of cargo securing are applied in practice. These can 
be basically divided into tie-down lashing, direct 
lashing and form-fit blocking as well as combined 
cargo securing, Figure 2. 
 

Tie-down lashing

Blocking

Direct lashing

Combined tie-down 
lashing and blocking

 
Figure 2. Basic types of securing cargo on road 
vehicles (Source: VDI 2700-16, draft, April 2008) 
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Tie-down lashing involves the tensioning of suitable 
lashing devices (usually straps) that tie down the 
cargo. The permanently acting tension forces which 
are necessary to secure the cargo, are conducted via 
the lashing devices into the so-called lashing points 
(usually loops/rings) and thus into the vehicle 
structure. Direct lashing involves only a slight pre-
tensioning of the lashing devices (straps or chains). 
This method generates the temporary forces required 
to secure the cargo depending on the driving dynamic 
requirements directly from the inertia forces, reduced 
by the friction force only and generated as a 
consequence of the inertia force. Here too, the 
securing forces are conducted via the lashing points 
into the vehicle structure. 
 
Securing the cargo by means of form-fit methods is 
achieved without tie-down lashing or direct lashing. 
The cargo, under the influence of the driving dynamic 
inertia forces, is directly supported by the vehicle 
superstructure or suitable additional devices. 
 
Furthermore, cargo can be secured by using a 
combination of methods. In general the combined 
measures are tie-down lashing in conjunction with 
form-fitting. 
 
CONTENTS OF ISO 27956 
 
Scope 
 
ISO 27956 applies to N1 vehicles and N2 vehicles up 
to 7.5 t in compliance with the ECE classification as 
per ECE/TRANS/WP.29/78/Rev.1/Amend.2 
“Consolidated Resolution on the construction of 
vehicles (R.E.3)”. For vehicles preliminary designed 
for goods transport and derived from a passenger car 
(M1 vehicle), only the partitioning system 
requirements of ISO 27956 apply. Figure 2 gives a 
few examples of vehicles covered by ISO 27956. The 
characteristic feature of all these vehicles is that the 
superstructure consisting of occupant compartment 
and the loading space forms a closed unit (closed 
body or “one-box vehicle”). 
 
For these vehicles minimum requirements are defined 
for the devices intended to secure the cargo as well as 
associated test methods. The intention is to ensure 
that the cargo is secured in a roadworthy and 
operationally safe manner to protect the occupants 
against injuries caused by shifting cargo. This is the 
same intended objective as set out in DIN 75410-3.  
ISO 27956 additionally mentions as a clarification 
that extreme loads, such as those that may occur in 
frontal collisions, are not taken into account by this 
standard. For this the term “roadworthy” has been 

included. It means design concepts aiming at 
excluding harm (e.g. injuries, fatalities) to the 
occupants of a vehicle travelling on public roads 
under normal conditions of operation (including full 
braking, emergency braking, braking in a curve, fast 
lane changing and driving in a curve). 
 

N1-vehicle 
derived from M1-vehicle N1-vehicle

N1/N2-vehicle N2-vehicle (up to 7.5t)

 
Figure 3. Examples of vehicles covered by 
ISO 27956 
 
Requirements and Tests 
 
In general N1 vehicles and N2 vehicles up to 7.5t must 
be fitted with suitable equipment to prevent the cargo 
from penetrating the occupant compartment. 
Therefore, protection devices consisting of a 
partitioning system and lashing points must be 
provided. Partitioning systems are defined as a device 
(e.g. bulkhead, partition wall, grid) which fully or 
partially separates the occupant compartment from 
the loading space. Lashing points are attachment 
parts on the vehicle or integrated devices (e.g. rings, 
eyelets, hooks, loops, oval members, hooking-up 
edges, threat connections, rails) to which lashing 
devices can be connected in a form-fit manner. They 
are designed to transfer the lashing forces to the 
vehicle structure. 
 
Partitioning Systems 
 
Dimensions 
 
The partitioning system shall fully separate the 
occupant compartment from the loading space across 
its entire width and height. In addition ISO 27956 
takes into account permissible exceptions which 
occur in practice. If the loading space extends above 
the occupant compartment, it may be limited in 
height to the horizontal separation between the 
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occupant compartment and the upper part of the 
loading space. In the case of vehicles that are only 
equipped with a driver seat and have no passenger 
seat, the partitioning system does not need to cover 
the entire width of the vehicle. However, the 
protective zone behind the driver seat to be described 
below must be covered and the seating position of the 
driver must also be sufficiently protected against 
laterally shifting cargo. Figure 4 shows examples of 
partitioning systems in various vehicles. 
 

 
Figure 4. Examples of partitioning systems 
 
If there is a gap between the partitioning system and 
the vehicle body, it shall not be more than 40mm. It 
also states that such a distance must be observed 
without removing any existing covering (or trim). A 
greater distance is permissible if the vehicle has 
corrugations in the side walls (see Figure 5, top) and 
to ensure proper deployment of curtain airbags, if 
fitted. 
 
If the partitioning system consists of a grid or cargo 
net, a rigid test device (e.g. an iron rod) with a front 
surface of 50mm x 10mm shall not be able to pass 
such nets or grids in any orientation. In order to 
verify this, the test device is passed in a horizontal 
direction parallel to the x-axis of the coordinate 
system of the vehicle and can at the same time be 
rotated about its x-axis in any orientation, Figure 6.  
 
Testing 
 
The test conditions described below involve loading 
exerted by two different test plungers (Type 1 and 
Type 2). The partitioning system shall not deform 

permanently by more than 300mm (see Figure 5, 
bottom). No sharp edges or other deformations during 
the process are permitted to appear which might 
result directly or indirectly in injuries to the 
occupants. 
 

1 Occupant compartment

2 Partitioning system

3 Loading space

F Test Force

Permissible permanent deformation of the partitioning system = 300 mm

Permissible distance between partitioning system 
and surrounding vehicle structure = 40 mm

1 Partitioning
system

2 Corrugation

40
40 

 
Figure 5. Partitioning system requirements 
regarding deformation under test loading with 
plungers (bottom) and the distance of the 
surrounding vehicle structure (top) 
 

--

Front surface: 
50mm x 10mm

x

x- axis of the vehicle related Cartesian 
coordinate system  

Figure 6. Testing the maximum permissible width 
of the gap of a partitioning system consisting of a 
grid or net using a rod test device 
 
The partitioning system displays special protection 
zones behind the seating positions of driver and front 
passenger(s) or of the passengers sitting on the rear 
seats in dual cabins, if fitted. For this area more 
stringent requirements are stipulated to protect 
against penetrating cargo. These protection zones 
span the entire height of the occupant compartment 
and are 544mm wide each. Their vertical limits run 
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symmetrically to the seat reference point (R-point, 
see ISO 6549) of the respective seat in a distance of 
272mm, Figure 7. Behind a seat bench these 
protection zones may overlap between the R-points. 
 

1 Protection zone
driver

2 Protection zone 
passenger(s)

3 Seat reference point 
(R-point; ISO 6549)

Example of a 2-seater 
occupant compartment

Example of a 3-seater 
occupant compartment  

Figure 7. Protection zones of the partitioning systems 
behind driver and front passenger(s) 
 
To test the strength of the entire partitioning system 
and its fixation, a large plunger piston (Type 1) has to 
be applied, see Figure 8, left. The test plunger piston 
has a flat square surface with a side length of 
1,000mm and an edge radius of less than 20mm. It 
shall be applied with its central axis in the geometric 
centre of the partitioning system (based on its height 
and width). 
 
The test force F (compressive force) has to be 
calculated on the basis of the mass mP of the 
maximum payload of the vehicle in accordance with 
the equation 
 

F = 0.5 · mP · g 
(g = acceleration of gravity = 9.81 m/s2). 

 
This test force acts horizontally in the longitudinal 
direction (i.e. in x-direction of the vehicle-based 
coordinate system) on the partitioning system. 
 

In vehicles in which the opening of the rear loading 
doors and/or the dimensions of the partitioning 
system, make the application of the Type 1 plunger 
piston impossible, a corresponding plunger piston of 
reduced dimensions and of the maximum possible 
rectangular geometry should be used, see Figure 8, 
right. 
 
When testing the partitioning system, the test force F 
has to be applied as fast as possible within a 
maximum of 2 seconds and shall be maintained for 
10 seconds. This is intended to simulate the loading 
of the entire partitioning system by the cargo during 
full braking. 
 

Standard design Design with reduced width

r
max 20 mm

Standard design Design with reduced width

r
max 20 mm

 
Figure 8. Plunger piston Type 1 (large plunger 
piston) to test the strength of the entire 
partitioning system and its fixation 
 
Additionally, a second, smaller plunger piston 
(Type 2) is employed to test the strength of the 
partitioning system in the protection zones. This 
plunger piston has a flat square surface with a side 
length of 50mm and an edge radius of a maximum of 
0.5mm. 
 
This small plunger piston shall be used to apply force 
to any desired point of the retaining device only 
within the protection zones. If the partitioning system 
consists of a grid or net, the plunger piston (Type 2) 
shall be applied to the points were the bars crisscross. 
If a door or windows are located in the protection 
zone, such elements shall also withstand this test, 
Figure 10. The window material may fracture, as long 
as the deformation criteria given in the standard are 
met. 
 
For the test using the smaller plunger piston (Type 2) 
the test force F shall also be applied horizontally in 
the longitudinal direction and calculated on the basis 
of the mass mP . The equation to be applied here is 
 

F = 0.3 · mP · g. 
 
Nevertheless, this test force should not exceed 10 kN.  
 
Identical to the large plunger piston (Type 1), the 
small plunger piston (Type 2) must generate the test 
force as fast as possible within the maximum 
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2 seconds and then be maintained for 10 seconds. 
This simulates a situation, for example, in which only 
a part of the cargo is directly in contact with the 
partitioning system which is directly loaded within 
the protection zone. 
 

 
Figure 9. Plunger piston Type 2 (small plunger 
piston) to test the strength of the partitioning 
system within the protection zones 
 
During the tests the partitioning system must either 
be installed in the specific vehicle or its body-in-
white in order to ensure that the fixation corresponds 
to the original installation conditions. If the tests 
cannot be conducted this way, the partitioning system 
with its fixation elements shall be attached to a rigid 
frame with its attachment hardware.  
 
The set-up of the rigid frame shall incorporate a 
horizontal surface which replicates the general level 
of the cargo space floor. The attachment points have 
to reproduce the geometry of the vehicle in which the 
partitioning system will be installed. 
 
For both pistons (Type 1 and Type 2), the use of 
adapters between the partitioning system and the 
surface of the piston is permissible if necessary. This 
enables, for example, an even distribution of the 
contact pressure for offset partitions. 
 
Lashing Points 
 
Number, Alignment and Dimensions 
 
For vehicles addressed in the scope of ISO 27956 
lashing points are mandatory. They can be located in 
the floor and/or in the side walls of the loading space. 
Lashing points which comply with the requirements 
of the standard and which are located on the side 
walls have to be aligned as closely as possible to the 
loading space floor. Hereby a distance of 150mm to 
the loading space floor shall not be exceeded. 

In practice, these days lashing points are also found 
in rails on the sidewalls which are located clearly 
higher up, Figure 11. These are additional lashing 
points which are not covered by the scope of 
ISO 27956. If necessary these additional lashing 
points could later on also be taken into account in a 
supplemental section of ISO 27956 as elements of an 
additional system installed in the vehicle for the 
securing of the cargo. 
 

Lashing points 
as per

ISO 27956

Partitioning 
system as per 

ISO 27956

Additional lashing 

points (in rail)

Lashing point as 
per ISO 27956

Additional lashing 
points (in rail)

 
Figure 10. Load securing devices (partitioning 
system and lashing points) as per ISO 27956 as 
well as additional lashing points (in rails) in the 
sidewall of a closed-body N1 vehicle 
 
The design and the strength of lashing points in 
closed-body N1 vehicles have frequently been the 
subject of intensive discussions both at a national 
level during the development and revision of 
DIN 75410-3 (see also [3]), and during the drafting of 
ISO 27956. This can be traced back, among other 
things, to the various variants of lashing points that 
were available on the market for many years (for 
examples see Figure 12) and to the wide range of 
experiences in using them in practice. 
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In contrast to heavy commercial vehicles on a ladder-
type frame basis, the design of the relevant structure 
to attach lashing points on closed-body N1 and N2 
vehicles with their self-supporting superstructure is 
usually less rigid and solid. In order to be able to 
fulfil requirements to transform kinetic energy into 
the deformation of the vehicle structure in accidents 
and crash tests, certain zones that can also be located 
in the loading-space area, have to deform in a 
predetermined manner under the influence of 
mechanical stresses and strains. This means that the 
anchorage of lashing points in closed-body N1 and N2 
vehicles cannot be designed to have any degree of 
rigidity. 
 

 
Figure 11. Examples of lashing point designs seen 
in practice for securing cargo in closed-body N1 
and N2 vehicles 
 
On the other hand, as far as the user is concerned, it is 
important that the lashing points are not overly 
permanently deformed when required load securing 
forces are applied using the available lashing devices. 
Otherwise, the consumer may thing twice about 
applying the forces required to properly secure the 
cargo so as to avoid damaging the lashing point 
anchorages in his vehicle. 
 
This conflict of interests and the coordination of the 
interplay of lashing devices and lashing points were 
treated again in detail in the development of 
ISO 27956. It determined that still potential exists to 
harmonise the technical requirements and the design 
of the lashing devices, on the one hand, and the 
lashing points on the other hand. According to the 
ISO working group WG9, the various vehicles and 
easily comprehensible related information for the 
consumers should be considered more than before. 
 
The geometric design of the lashing points is the 
responsibility of the vehicle manufacturer and is not 
stipulated in concrete terms in ISO 27956. The 
international standard contains drawings of some 
typical examples of designs of lashing points. 
Irrespective of the design of the lashing points 

chosen, a cylindrical probe shall be passed through 
the opening of the lashing point. New here is that 
according to ISO 27956 the diameter of this probe 
depends on the Gross Vehicle Mass of the vehicle, 
which has been divided into three classes for this 
purpose, Figure 13, top. The basic idea behind this 
was, firstly the function of the lashing point, for 
example to fit to a lashing device hook. Secondly, a 
standardised design of geometry and strength of such 
hooks could simplify the use of lashing devices that 
match the vehicle. Another requirement was that the 
inner diameter of a lashing point should not to be too 
small as in practice lashing straps are also passed 
through the lashing points without hooks (see 
Figure 12, bottom right). If the diameter of the 
lashing point was too small, this could lead to 
unfavourable folds in a strap. 
 

d1 [mm] Gross Vehicle Mass [t] 

35 5.0 < mGVM ≤ 7,5 

25 2.5 < mGVM ≤ 5.0 

20 mGVM ≤ 2.5 
 

Cut A-A

 
 
Figure 12. Examples of typical shapes of lashing 
points and dimensions stipulated by ISO 27956 
 
Likewise considering the function of the lashing 
points in practice and, for example, the provision of 
suitable hooks, ISO 27956 stipulates that the 
maximum cross-section surface of the material of an 
eyelet or a ring shall not be larger than 18mm (see 
Figure 12). If the vehicle manufacturer designs the 
lashing point in a different shape or using different 
dimensions, he should provide adequate fastening 
elements to match the lashing devices. This also 
applies if the lashing points only consist of a thread 
connection. 
 
Conforming to their use as a means to secure cargo 
(predominantly by tie-down lashing) it is also 
stipulated that lashing points should be arranged in 
pairs located opposite each other. The lashing points 
should be distributed as evenly as possible along the 
length of the vehicle and as close as possible to the 
sidewall. 
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The number of lashing point pairs and their alignment 
in the loading space depends on the maximum 
distance between the lashing points in the 
longitudinal direction of the vehicle and the length of 
the loading area. The distance l S between two lashing 
points shall not be smaller than or equal to 700mm. 
This distance may be exceeded, but it must never 
exceed 1,200mm. In longitudinal direction the 
distance between the boundary of the usable loading 
space length and the lashing points on the front side 
or the rear side shall not be more than 250mm. The 
lateral distance to the usable loading space width and 
the lashing points shall be not more than 150mm. For 
vehicles with a loading-space length up to 1,300mm, 
at least two lashing point pairs shall be provided (two 
lashing points on each side). 
 
As a rule the loading surface of a closed-body vehicle 
is not perfectly rectangular. Entry steps by the lateral 
sliding doors and the wheel arch protrudes generally 
more than 150mm into the side of the loading space. 
Figure 13 shows an example. Here, two lashing 
points have been offset inwards near the side door. 
They can be considered as an additional lashing point 
pair if the stipulated distance l S ≤ 700mm (or l S < 
1,200mm) for the remaining lashing point pairs has 
been considered. 
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≤≤≤≤ 250 mm
≤≤≤≤ 250 mm

≤≤ ≤≤
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0  
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1  Regular lashing point

2  Additional lashing point
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1 1121

l S l S l S

 
Figure 13. Example of the alignment of lashing 
points in a closed-body N1 vehicle 
 
The minimum number N of lashing point pairs to be 
installed is derived from the length L of the loading 

space (measured along the centre of the loading space 
floor where y = 0), taking into consideration the 
distances of 250mm at the front and rear side as well 
as a regular distance of the lashing point pairs of 
800mm in accordance with the equation 
 

N = 1 + (L [mm] – 2 · 250 mm) / 800 mm. 
 
Applying the conventional mathematical rounding 
rules the result of the calculation for decimal places 
in the range .50 - .99 are rounded up and decimal 
places in the range .01 - .49 are rounded down. If, for 
example the length of the loading space L = 
2,550mm, the minimum number N of required 
lashing point pairs is: 
N = 1 + (2,550 mm – 2 · 250 mm) / 800 mm = 
1 + 2.56 = 3.56 rounded up to N = 4 lashing point 
pairs. 
 
Testing 
 
In principle, the mechanical loading of the lashing 
points depends on the mass of the maximum 
permissible vehicle payload. This loading can, as 
extensive sample calculations have shown, vary 
considerably for different vehicles with the same 
permissible total mass. This is why equations were 
developed for ISO 27956 which can be employed to 
calculate the nominal tensile force of a lashing point 
based on the maximum vehicle payload. Larger 
vehicles generally have more lashing point pairs 
located in the loading space than small vehicles. This 
also applies with reference to the existing lashing 
point pairs facing the mass of the maximum vehicle 
payload. Accordingly, various factors were integrated 
into the formulae for the vehicles in question 
depending on their Gross Vehicle Mass m GVM. To do 
this, the vehicles were classified into three groups 
(2.5t ≤ m GVM; 2.5t < m GVM ≤ 5.0t; m GVM > 5.0t). In 
addition, in order to avoid outliers in the calculation 
results, the resulting nominal tensile forces generated 
by the formulae were restricted to an upper and a 
lower limit. 
 
Table 1. shows an overview of the equation for 
calculating the nominal tensile forces of lashing 
points in accordance with ISO 27956. The vehicle 
classes selected here based on the permissible total 
mass are the same as those stipulated for the test 
probe for the inner diameter of the lashing points (see 
Figure 12). It has to be expected that the vehicle 
manufacturers will in practice base their lashing point 
configuration of their various model ranges lashing 
points on the upper limits (FN = 8.0 kN, FN = 5.0 kN, 
FN = 4.0 kN). If this proves to be the case, the 
manufacturers of lashing devices could provide 
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products correspondingly divided into three classes 
with matching hooks and nominal tensile forces to 
secure cargo in vehicles with a Gross Vehicle Mass 
up to 2.5t, over 2.5t to 5.0t and over 5.0t to 7.5t. 
 
According to ISO 27956 every lashing point in a 
specific vehicle is to be capable of resisting loading 
in accordance with the formula and details set out 
above under any angle spanning 0 to 60° in the 
vertical, Figure 14. 
 
Table 1. Calculation of the nominal tensile forces 

per lashing point as per ISO 27956 
Nominal tension force 

FN [kN]  

Gross Vehicle Mass 

mGVM [t]  

FN = ¼ mP · g 

but 3,5 < FN ≤ 8,0 

5 < mGVM ≤ 7,5 

FN = ⅓ mP · g 

but 3,5 < FN ≤ 5,0 

2,5 < mGVM ≤ 5,0 

FN = ½ mP · g 

but 3,0 < FN ≤ 4,0 

mGVM ≤ 2,5 

mP   is the maximum payload in kg 

g      is the acceleration of gravity (9.81 m/s2) 

 

1 Floor of the loading space
2 Lashing point under test
3 Reference point and direction of measuring

of the maximal lasting deformation
FN Nominal tension force

 
Figure 14. Testing the strength of a lashing point 

New Test Procedure 
 
The only decisive criteria for the testing of the 
strength of a lashing point are safety and functionality 
for cargo securing. These criteria have to be ensured 
under normal operating conditions and under a 
specific loading. The normal operational loadings are 
derived from the cargo securing requirements. 
For example, if the cargo is secured by tie-down 
lashing, the (known) nominal tensile force FN of the 
lashing points limits the maximum pre-tension force 
to be applied. If this possible pre-tension force does 
not suffice to completely secure the cargo in a present 
case, the cargo must be secured by a combination of 
methods. As a rule this involves the additional 
supporting or blocking of the cargo by form-fit 
methods. 
 
It can be assumed that according to what has now 
been many years of practical experience, the nominal 
tensile forces of the lashing points for securing the 
cargo defined in DIN 75410-3 or the equivalent in 
ISO 27956 are sufficient. For newer vehicles, 
problems with lashing points being completely torn 
away are hardly heard of. Nevertheless, there have 
been repeated reports of “visible” deformations of 
lashing points. If such deformations are purely 
elastic, they return to their original shape once the 
loading on the lashing point has been removed and 
therefore are completely harmless. Plastic 
deformations that persist after the loading on the 
lashing point has been removed are a problem, 
however. 
 
During the initial loading of a lashing point up to the 
nominal tensile force FN and beyond up to a defined 
excess loading, such plastic deformations must be 
tolerated for design reasons of some lashing points in 
vans. The decisive criterion is thus the extent of the 
plastic deformation of the lashing point under this 
loading. Also, in the case of further loading the 
lashing point shall not indicate additional excessive 
plastic deformation. 
 
In light of this the ISO workgroup WG9 has 
developed a new procedure to test lashing points 
which is intended both to provide reproducible as 
well as unambiguous measuring results of the 
relevant deformations. Regarding the reproducibility 
of the results, it is favourable that the relevant 
deformation and force measurements begin under a 
specific pre-load followed by a permanent loading. 
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The test is divided up into four steps: 
 
Step 1 
•  Apply a pre-load of 5% of the nominal tension 

force FN; 
•  Set the deformation measurement system to zero. 
 
Step 2 
•  Increase the load within 20s up to FN; 
•  Hold the load for at least 30s; 
•  Release the load to zero; 
•  Reload the system up to the pre-load; 
•  Measure the permanent deformation of the 

lashing point (including the vehicle structure) at 
the point of force application in direction of the 
force application – test passed if permanent 
deformation is ≤ 12mm. 

 
Step 3 
•  Apply again within 20s a load equivalent to FN; 
•  Hold the load for at least 30s; 
•  Release the load to zero; 
•  Reload the system up to the pre-load; 
•  Measure the permanent deformation – test passed 

if the limit specified in the 2nd step is not 
exceeded. 

 
Step 4 
•  Increase the load within 25s  

up to a force of 1,25 × FN; 
•  Hold the load for at least 30s; 
•  Release the load to zero; 
•  Test passed if the function of the lashing point 

remains intact; additional permanent deformation 
permissible. 

 
The relevant parameters of this test procedure are 
shown in Figure 15. A body structure representing the 
vehicle shall be used for the test. Any reaction forces, 
if induced into the vehicle structure by the test 
equipment, should be applied within a distance of at 
least 300mm to the lashing point under test. 
However, this distance shall not be less than 100 mm. 
 
Any lashing point on the vehicle may be selected for 
testing. The lashing point has to be loaded with a 
suitable lashing device. Adapters may be used if this 
requires the even distribution of test force into the 
lashing point. ISO 27956 does not prescribe the 
hardware for the testing of the lashing points. The 
strength of the lashing points can also be evidenced 
by a calculation. In this case, the vehicle 
manufacturer must demonstrate in a comprehensible 
manner the equivalence of the calculation to an actual 
test as per ISO 27956. 
 

1 Step 1:    a  set deformation to zero

2 Step 2:    b  1 st deformation measurement

3 Step3:    c   2 nd deformation measurement 

4 Step 4 

FN Nominal tension force [ % ]

t Time [ s ]  
 
Figure 15. Parameters of the four-step procedure 
to test the strength of the lashing point 
 
Consumer Information 
 
In order to ensure a correct and proper use of the 
lashing points installed in the vehicle when carrying 
out cargo securing measures, ISO 27956 stipulates 
that the maximum lashing point strength shall be 
provided in the vehicle owner’s manual. In addition, 
a corresponding label has to be attached inside the 
cargo compartment of the vehicle, Figure 16. This 
label shall be inscribed with white letters on a blue 
background with a white border. The label should be 
fixed in the loading space in a clearly visible position, 
which normally is not covered by the cargo, e.g. in 
the upper area of the partitioning system near the 
door. The minimum size of the label is 100mm x 
130mm. 
 

130mm min.

10
0m

m
 m

in
.

 
Figure 16. Example of labelling of lashing points 
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EXPERIENCE GATHERED SO FAR AND 
PROSPECTS OF FURTHER DEVELOPMENT 
 
The first draft (Committee Draft) ISO/CD 27956 was 
published in November 2007 and with an 
international committee balloting it was successfully 
completed in January 2008. After some fine-tuning 
considering the comments received, the second draft 
(Draft International Standard) ISO/DIS 27956 was 
published in April 2008 for the second international 
ballot which was passed again without any negative 
votes until September 2008. Having apprised and 
incorporated the comments received, the working 
group ISO/TC22/SC12/WG9 finalised the Standard 
ISO 27956 for publication in spring 2009. 
 
One focus of the informal discussions and the 
exchange of experience is the execution of lashing 
point tests according to the new multistage test 
procedure (step 1 to step 4). The first results show 
that as far as the deformation of the lashing points is 
concerned, the force directly upwards (angle between 
vertical and the tensile force 0°) can often be seen as 
a “worst case” scenario. In individual cases, however, 
this can depend on the design of the lashing point and 
the vehicle structure underneath. 
 
First individual tests of lashing points involving a 
vehicle from a current model range have been 
conducted. The permanent deformations recorded in 
step 3 of the test (under 5% nominal tensile force) 
was in one case around a maximum value of 8mm. 
With a view to ensuring a general buffer for the 
statistical spread of the production the final decision 
of the Working Group was to set the corresponding 
maximum value in the standard to 12mm. 
 
How the vehicle manufacturer, the supplier and the 
testing institutes estimate the potential for 
optimisation of individual, possibly “critical” lashing 
points, could play a decisive role for a discussion in 
the near future. This possible further discussion of the 
maximum value of 12mm will depend on more 
findings of manifold practical tests following the new 
4-step-procedure stipulated now in ISO 27956. There 
is a broad consensus, that this new test procedure is 
able to deliver reproducible and precise results. 
 
The original remit of ISO/TC22/SC12/WG9 included 
the conversion of the national standard DIN 75410-3 
into the international standard ISO 27956. In the 
future, there could be a requirement for the 
standardisation of further assemblies for securing 
cargo in closed-body delivery vans. This would be 
equipment required for form-fitting securing of cargo 
and for locking (blocking) of cargo via appropriate 

ratchets and bars, Figure 17. Complete shelf and 
fitted cupboard systems are also available. 
 

 
 
Figure 17. Additional vehicle installations for the 
securing of cargo in vans 
 
These systems have already been tested in accordance 
with so called “in-house defined” test procedures 
taking into account the known relevant load cases. 
However, a complete harmonised transferability in all 
cases is not possible or sensible. Freely defined test 
requirements and associated standard test procedures 
can demonstrate and ensure the performance of the 
systems. But in the light of the globalised market 
place there is an increasing need for a suitable 
international standard, for example in an extended 
standard ISO 27956. 
 
Please note: This paper describes the contents of 
cited standards, in particular ISO 27956. This article 
does not hereby replace these standards. Only the 
cited standards in their original and respective 
current version have valid and binding force. 
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ABSTRACT 
 
Side impact crash is a leading cause of fatalities on 
the roadways of the industrialized world. In the mid 
1990's NHTSA implemented a new car assessment 
program testing the lateral crashworthiness of 
vehicles entering the market with a moving 
deformable barrier. Previous work has been done in 
an attempt to distill these tests into finite element 
simulations using specific vehicle test results; 
however there has not been a comprehensive study 
attempting to develop a model that includes a large 
number of tests to evaluate trends in vehicle 
kinematics and how they affect the occupants 
coupled with finite element simulations. To this end, 
a study of side NCAP tests was performed on all 
sedans based on the test results reported in the 
NHTSA Vehicle Crash Test Database since the 
introduction of the 2005 model year. This data was 
used to evaluate typical motion of the target vehicle 
during a regulatory crash test, and the corresponding 
occupant response. This sample consisted of new 
models entering the market and nameplates with 
major redesigns with a sample size of 72 vehicles. 
From these tests a series of velocity profiles were 
developed including time versus average velocity 
plots for vehicle center of gravity, door sill, driver’s 
seat and driver door. These parameters have been 
shown to be important in occupant response and 
injury.  There was significant variability in the 
response at several accelerometer locations. It was 
also found that rotation of the vehicle did not become 
significant until after 100 ms, after the maximum 
injury was predicted by the dummy. A parametric 
finite element analysis was performed using the both 
the USSID and ES-2re models to study the response 
of a restrained occupant during a typical crash test.  
These simulations showed that the velocity of the 
intruding door had a large effect on the thoracic 
injury predicted by the side impact dummy models. 
 
INTRODUCTION 
 
The response of vehicle occupants to side impacts 
has been a major focus of study for automotive safety 
experts for a number of years.  Between 1994 and 
1997 the United States government phased in a 

dynamic side impact compliance test to the Federal 
Motor Vehicles Safety Standards (FMVSS) to ensure 
all vehicles sold provided adequate safety 
performance in side impact [Kahane 2007].  
Following the introduction of FMVSS 214, a side 
impact test was introduced to the New Car 
Assessment Program (NCAP) with the intention of 
providing safety information to consumers.  Of the 
22,716 vehicles involved in fatal crashes in the 
United Sates in 2007, 24.5% had the vehicles side as 
the initial point of impact, while 26.6% of injurious 
collisions had the lateral portion of the vehicle as the 
initial point of impact [NHTSA 2008a].  In research 
conducted prior to new side impact testing legislation 
to be introduced, NHTSA found that in side impacts 
chest injury accounted for 38% of fatalities and 59% 
of injuries, face and head injuries accounted for 40% 
of fatalities and 13% of injuries, and abdominal 
impact led to 8% of fatalities and 7% of injuries 
[NHTSA 2004].   
 
During NHTSA's Side NCAP test, a moving 
deformable barrier (MDB) impacts the driver’s side 
of a stationary target vehicle.  The front of the MDB 
is fitted with a honeycomb structure to simulate the 
front bumper and crumple zone of an impacting 
vehicle. The wheels of the 1368 kg barrier are 
crabbed (turned slightly) 27° in an attempt to 
simulate relative motion between the target vehicle 
and the MDB.  The nominal forward velocity of the 
barrier is 61 km/h.  In the current version of this test, 
two DOT-SIDs (Side Impact Dummies) are placed in 
the vehicle on the struck side to measure the impact 
loads on driver and rear driver’s-side passenger. 
These dummies are instrumented with accelerometers 
on the dummies upper rib (analogous to the 4th 
human rib), the lower rib (analogous to the 8th 
human rib), the lower spine (analogous to the T12 
vertebra of a human), the head and the pelvis, along 
with load cells in the neck. There are 18 locations 
where accelerometers are mounted on the vehicle to 
record the response of the vehicle during the impact. 
Of these 18 locations, 5 on the vehicle door are 
considered optional [NHTSA 1997] and are often 
excluded. The Thoracic Injury Criteria (TTI) 
[Eppinger 1984, Morgan 1986] is the only injury 
criteria used in the current NCAP test, however if the 



 
 Watson 2 

 

Head Injury Criteria (HIC) [Versace 1971] value is 
excessively high, the vehicle is flagged with a safety 
concern warning [Safercar.gov 2009].  For model 
year 2011 [NHTSA 2008c], the dummy used in this 
test will change to the ES-2re and rib deflection, 
HIC36, abdominal force and pelvic force will be used 
to measure the probability of injury to the dummy.  
This new testing procedure is part of the new NCAP 
program which will involve measuring the overall 
safety of a new vehicle by combining a frontal crash 
test, a side MDB test, a side pole impact test and a 
rollover test into on metric [NHTSA 2008d].   
 
METHODS 
 
The focus of this study was to investigate NCAP side 
impact test data and use this data as input conditions 
for a finite element model of a simplified sled, with a 
model seat, door and safety belt system. The explicit 
finite element solver LS-Dyna [LSTC 2007] Version 
971 Revision 3.1 was used for all simulations.  The 
desired outcome of this study was to assess the 
potential for injury on a USSID and ES-2re finite 
element model, both of which were developed by 
DYNAmore GmbH and supplied by FTSS [Franz 
2002, Franz 2004, Schuster 2004].  The ultimate goal 
of this study was to understand the difference, if any, 
in severity of injury predicted by the ES-2re and the 
USSID finite element models.  This work was 
essentially split into two parts, the first consisting of 
surveying crash test information from the NHTSA 
Vehicle Crash Database and the second consisting of 
using a side impact sled model [Campbell, 2008] 
with the crash test information to evaluate side 
impact response in typical crash scenarios. These two 
methods are outlined below. 
 
NHTSA Database Information 
 
To obtain the vehicle response information required 
in this study the NHTSA Vehicle Crash Test 
Database [NHTSA Vehicle Crash Test Database 
2008] was surveyed.  Of interest in this work were 
the vehicle and occupant responses in more recent 
crash tests using the USSID, so only data between 
model years 2005 and 2009 were studied.  
Additionally, to reduce any issues arising from a 
mismatch between the barrier and vehicle door, only 
4 door sedans were studied.  This meant that a total 
of 72 vehicles were considered. These vehicles were 
primarily vehicles which were new to the American 
marketplace (either new nameplates or cars 
previously available only in foreign markets), 
vehicles with major redesigns, or vehicles with the 
addition of new safety features (such as the inclusion 
of side airbags). Unfortunately, for all but 12 of the 

vehicles in the sample set, the door mounted 
accelerometers were not fitted. This means that the 
door intrusion velocity was captured during only 
these 12 tests. These 12 vehicles were all from model 
year 2005, so an understanding of door intrusion is 
somewhat limited for newer vehicle designs.  
 
In addition to studying the velocity profiles of the 
vehicle accelerometers, the front seat dummy 
response was recorded for each test. This included 
the Thoracic Trauma Index, the dummy pelvic 
acceleration, and the Head Injury Criterion. 
Additionally, the offset between the dummy’s arm 
and the vehicle door (AD distance), and the 
maximum door crush distance after testing were 
reviewed to identify trends. 
 
The accelerometer data published in the NHTSA 
Vehicle Crash Test Database generally begins 20 ms 
prior to the MDB contacting the door of the target 
vehicle and lasts for 200-300 ms after the initial 
impact. The maximum thoracic response, as 
predicted by TTI, typically occurs in the first 50 ms 
after the MDB contacts the door. Therefore this study 
focused on occupant response during the first 100 ms 
after impact.  
 
The data was filtered following the guidelines laid 
out in SAE J-211 [SAE 2003].  The velocity of the 
vehicle was found from each accelerometer by 
numerically integrating the acceleration trace.  The 
time histories were then subsampled so that all of the 
traces had a sampling rate of exactly 1000 Hz.  From 
this sub sampled data, 'average' velocity histories 
were determined using the mean value at each point 
within the velocity history, along with curves 
representing one standard deviation above and below 
the mean. 
 
Initial evaluation of the data suggested that vehicle 
rotation during impact may be important. To study 
the rotation of the target vehicles, a simple kinematic 
analysis was performed.  Based on the reported 
Cartesian position of the vehicle accelerometers, 
vehicle rotational acceleration was calculated using 
Equation 1. 
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             (1). 

 
Where ‘Δ’ refers to the distance between the front 
and rear right side sill accelerometers and the CG 
accelerometer location prior to testing in the x and y 
directions, and ‘a’ refers to the lateral acceleration at 
each time step for the front and rear right side sill and 
center of gravity accelerometers.  It is important to 
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note that this equation assumes that the 
accelerometers remain in fixed positions relative to 
each other and there is no local rotation of any 
accelerometer during the impact, thus these 
accelerometers were assumed to be moving as a rigid 
body. The right (non-struck) side sill and CG 
accelerometers were used to calculate this rotational 
acceleration since no damage is seen surrounding 
these positions (unlike the struck vehicle side). There 
were several tests where this method could not be 
used due to erroneous data from crash testing (when 
accelerometer channels failed, for example).  
 
These rotational acceleration traces were then 
numerically integrated twice to determine the vehicle 
rotation as a function of time.  
 
Finite Element Model Description 
 
The sled model used in this study (Figure 1) was 
validated under side impact conditions [Campbell 
2008] and included a seat, restraint system and 
intruding deformable door.  The seat of the model 
consisted of a pair of rigid uprights which were 
prescribed the velocity of the driver’s under-seat 
accelerometer. These uprights were connected to a 
deformable seat pan which was modeled using an 
elastic-plastic material model, as was the seatback.  
On top of these two surfaces a simplified seat was 
laid.  The material properties for the seat foam were 
taken from a series of polymeric split Hopkinson 
pressure bar tests at elevated strain rates [Campbell 
2007].  The three restraint system anchorage points 
for the safety harness were prescribed the velocity of 
the right front sills from the crash test data.  This 
location was chosen because the CG location from 
several vehicles included in this study exhibited 
prominent peaks very early in the velocity time 
history which meant that at for this portion the 
method used to calculate the average time history 
provided a poor representation of most vehicles 
motion due to the amount of scatter.  For this reason 
the time history of the right side front sill which 
exhibited very little scatter was used as the input 
condition for the floor and anchorage points of the 
simulations.  The left sill was not used to represent 
the motion of the vehicle due to the deformation in 
this region which would have biased the input.  An 
intruding door was created by using a simplified 
cross section of the Ford Taurus model provided in 
the Finite Element Model Archive by the National 
Crash Analysis Center [NCAC 2009].  The door was 
modeled as 1.5 mm sheet steel backing with a 3 mm 
thick plastic door panel, using the elastic-plastic 
material properties provided with the model.  The 
ends of both the door panel and the metal back were 

boxed to increase the stiffness of the door.  The door 
was placed so that the front face of the arm rest was 
at a distance of 800 mm from the centerline of the 
seat for all simulations.  The backside face of the 
door was prescribed the velocity of the upper 
centerline accelerometer.  The model was tested 
against NHTSA crash test 3522 of the Ford Taurus, 
which was used in developing the new version of 
FMVSS 214, and also an NCAP test of the Ford 
Five-Hundred to compare the simulated occupant 
thoracic injury to the tested values.  For the Taurus 
test case The ES-2re dummy used in testing had a 
maximum rib deflection of 34.5 mm while the 
simulation predicted a maximum deflection of 31.9 
mm.  The NCAP test of the Five-Hundred produced a 
TTI score of 48 G while the model predicted a TTI of 
30 G. 
 

 
Figure 1.  ES-2re Model in Sled 

 

Figure 2.  USSID Model in Sled 
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Response was measured using both the USSID model 
and the ES-2re model [Franz 2002, Franz 2004, 
Schuster 2004] as shown in Figures 1 and 2. Prior to 
the impact simulation the dummies and were sunk 
into the seat to ensure the stress equalized in the seat 
foam material.  This was done by creating a rigid 
shell of the occupant and prescribing a displacement 
such that the occupant’s position was at a reasonable 
position within the seat.  A seat belt system was then 
modeled ensuring that the position of the anchorage 
points and slip rings were within the positions 
specific by SAE J383 [SAE 1995].  A pretensioner 
was used on the seat belt which drew in 100 mm of 
the seat belt in the first 30 ms of the simulation.  An 
image of the ES-2re model in the sled is shown in 
Figure 1 while the USSID in the sled model is shown 
in Figure 2.  
 
The baseline test case was performed first with the 
average velocities for the door, seat and floor.  The 
door and seat velocities were then varied to plus or 
minus one standard deviation above or below the 
mean.  Table 1 shows the door and seat velocity 
combinations simulated. 
 

Table 1: Simulation Input Test Matrix 

Simulation 
Occupant 

Model 
Door 

Velocity 
Seat 

Velocity 
1 ES-2re Average Average 

2 USSID Average Average 

3 ES-2re +1SD +1SD 

4 USSID +1SD +1SD 

5 ES-2re -1 SD -1 SD 

6 USSID -1 SD -1 SD 

7 ES-2re +1SD -1 SD 

8 USSID +1SD -1 SD 

9 ES-2re -1 SD +1SD 

10 USSID -1 SD +1SD 
 
 
Response was evaluated using risk curves developed 
by Kuppa et al. [2003] to quantify the injury 
predicted by both the USSID and ES-2re.  These 
curves were developed from a series of cadaver sled 
impact tests as well as sled tests with the ES-2re.  A 
logistic regression analysis was then performed to 
assess the probability of AIS 3 or greater and AIS 4 
or greater injury as a function of TTI and maximum 
rib intrusion.  The equations are of the form shown in 
Equation 2. 
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        (2). 

 
The coefficients ‘a’ and ‘b’ are shown in Table 2 for 
both AIS 3+ and AIS 4+ injuries for TTI and rib 
deflection. 
 
The coefficients in Table 2 for rib deflection were 
based on results from several sled tests performed by 
Kuppa et al. on ES-2re dummies and were correlated 
to the cadaveric tests performed, while the 
coefficients for TTI were found by curve fitting 
equation 2 to the risk curves provided for the TTI 
kernel, which ignores the age of the cadaveric 
subject.  Because of this method for obtaining these 
coefficients there may be some error in the prediction 
of injury of the USSID. 
 

Table 2: Injury Coefficients [Kuppa 2003] 

Injury criteria AIS a b 

Chest 
Deflection [mm] 

3+ 2.0975 0.0482 

4+ 3.4335 0.0482 

TTI [G] 
3+ 6.0027 0.0736 

4+ 5.8981 0.0517 
 
RESULTS 
 
NHTSA Database 
 
Figure 3 through Figure 5 show the results of the 
survey of the NHTSA database which were used as 
input parameters during finite element modeling 
(driver’s seat track lateral velocity, right front sill 
lateral velocity, and the upper centerline door lateral 
velocity).  Each velocity history shows the average 
curve, as well as the upper corridor, lower corridor, 
and a curve representing the average value plus and 
minus one standard deviation.  When there was an 
obvious error in the accelerometers recording (such 
as dislodging), the trace was excluded from the 
average and standard deviation calculation. 
 



 
 Watson 5 

 

 
Figure 3. Right Seat Track Lateral Velocity 
History 

 

 
Figure 4. Right Front Sill Lateral Velocity History 

 

 
Figure 5.  Upper Centerline Door Lateral Velocity 
History 

Figure 6 depicts the calculated average rotation of the 
vehicle plotted along with the average spinal and rib 
accelerations of the occupant.  This illustrates the 
small rotation of the vehicle prior to peak injury 
being predicted and justifies why vehicle rotation was 
not included in finite element modeling. 
 
 

 
Figure 6.  Rotation and Occupant Response Time 
History 

Finite Element Model 
 
Table 3 shows the predicted thoracic response for the 
simulations performed along with the load 
conditions.  It is important to note that the USSID has 
only one element with which to measure rib 
deflections (at the middle rib) while the ES-2re has 
three.  Additionally TTI is not a standard injury 
criterion for the ES-2re and likewise, maximum rib 
deflection is not a standard measure of injury for the 
SID and these values are provided only for 
comparison.  The risk of injury is also shown in this 
table. 
 

Table 3: Simulation Results 

Sim 
# 

Max Rib 
Deflection 

[mm] 

TTI 
[G] 

Probability 
of AIS 3+ 
Injury [%] 

Probability 
of AIS 4+ 
Injury [%] 

1 42.44 48.40 48.70 19.97 

2 30.50 40.78 4.74 2.21 

3 53.21 53.89 61.48 29.55 

4 37.32 55.28 12.63 4.56 

5 17.40 26.06 22.11 6.95 

6 15.99 26.96 1.77 1.09 

7 45.68 73.29 52.60 22.58 

8 38.76 57.46 14.50 5.08 

9 13.06 39.67 18.73 5.71 

10 22.98 28.00 1.90 1.15 

 
Figure 7 and Figure 8 depict the thoracic injury 
criteria results graphically with simulations with the 
same inputs grouped together. 
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Figure 7. Maximum Rib Deflection Simulation 
Results 

 
Figure 8.  TTI Simulation Results 

DISCUSSION 
 
NHTSA Database 
 
The various velocity-time histories determined from 
the database are in good agreement with the existing 
literature, including the pronounced peak observed in 
the door velocity history.  This is often attributed to 
the outer skin of the door collapsing. Once the barrier 
reaches the outer structure of the door (the A and B 
pillars) the door velocity decreases and equalizes 
with the pillar velocity. When these structures 
collapse the velocity of the door again increases 
[Payne 1997].  It has also been suggested that as the 
door begins to collapse, the velocity is elevated until 
the first peak at which time the interior door contacts 
the occupant, slowing the door velocity until the 
occupant is pushed away, at which time the velocity 
increases again [Chan 1998]. 
 
One significant issue to consider with respect to the 
database is the effect of side airbags on occupant 
response. A further review of the vehicles tested by 
NHTSA during the time period of interest for this 
study showed that there was a significant increase in 
side airbag installation over the time in which the 
study has focused. A number of the vehicles in the 
early part of the data set either were not equipped 

with side airbags or they were optional equipment for 
that vehicle. For cases where they were optional 
equipment, the LINCAP test was often performed 
twice on the vehicle model; once on a vehicle with 
side airbags, and once on a vehicle without side 
airbags. Of the 72 vehicle included in this survey, the 
average TTI score of the 60 vehicles with at least one 
side airbag was 53 g while the 12 without side airs 
scored an average of 74.5 g. The majority of the 
vehicles without side airbags were from the 2005 and 
2006 model years. A search of all cars (sedans, 
coupes and wagons) tested over the same time period 
(a total of 119 tests) showed that this phenomena was 
not limited to sedans. Figure 9 shows that as the 
average number of side airbags per vehicle for the 
driver have steadily increased over the past 5 years, 
the average TTI score has decreased. This finding 
was highlighted in a NHTSA report [Kahane 2007] 
which concluded that the large drop in TTI since the 
inception of the FMVSS 214 regulatory test, upon 
which the LINCAP test is based, is due in large part 
to the inclusion of side airbags on an ever increasing 
number of vehicle models.  
 

 
Figure 9. Side Airbag Installation and TTI in Cars 
between 2005 and 2009 

Finite Element Model 
 
The first and most obvious observation that can be 
made from the simulation results is that there are 
significant differences in the probabilities of injury 
predicted by the ES-2re model and the USSID model.  
This shows that the assumption of cadaveric injury 
data to develop risk curves for use with the USSID 
requires further investigation.   
 
As expected the simulations with increased door 
intrusion speed (Simulations 3, 4, 7 and 8) showed 
the highest probability of injury for both dummies.  
The cases with elevated seat and door velocity 
predicted the highest injury to the ES-2re model, 
while the USSID predicted the case with higher 
differential velocities between the seat and door 
(higher door velocity and lower seat velocity) would 
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be more injurious.  In general, the simulations with 
the elevated door velocity predicted higher injury 
than this with lower door velocity.  This would 
indicate that reducing the door velocity would, in 
general, reduce injury.  Interestingly the baseline 
case, based on average response, also showed an 
elevated injury potential for the ES-2re.   
 
The maximum rib deflections were consistently 
higher for the ES-2re model than for the USSID.  
This is likely due primarily to the lack of a lower rib 
potentiometer on the USSID.  In the simulations 
performed on the ES-2re the lower rib exhibited the 
most deflection due to the shape of the door panel. 
The armrest was at the same height as the position of 
the lower rib of the dummy leading to contact 
between the arm rest and the lower rib. The vertical 
position of the arm rest relative to the occupant may 
significantly affect injury response. 
 
In addition to the position of the displacement 
potentiometer on both models and it relation to the 
position of the arm rest, the rib deflection curves 
themselves show quite different behaviors.  Figure 10 
shows the rib deflections of both the USSID and ES-
2re models for Simulations 1 and 2.  This figure 
illustrates that the middle rib of the USSID does not 
rebound in the same manner as the ribs of the ES-2re, 
but stays in a compressed state much longer.  This 
behavior is seen in all load cases and was also seen in 
early work on the USSID and EuroSID when 
Bendjellal et al. [1988] performed several drop tests 
on both dummies, though in this work the reasons for 
this difference were not discussed.  This figure also 
shows the degree to which the deformation of the 
lower rib differs from the upper two ribs on the ES-
2re model, though the other load cases do not show 
this difference to the degree seen here. 
 

 
Figure 10.  Typical Rib Deflection 

In the new NCAP test, the actual risk curve that will 
be used is shown in Equation 3.  This risk curve was 
developed by reanalyzing the data used by Kuppa et 
al. to develop the risk curves shown previously and 

assumes that the AIS 4+ risk curve found during the 
reanalysis should be used as an AIS 3+ curve. 
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If the data for predicted the rib compression of the 
ES-2re model is reanalyzed using this risk curve the 
predicted results of AIS 3+ injury are shown in Table 
4, along with those calculated using the TTI output of 
the USSID. 
 

Table 4: Comparison of Prediction of Injury 
Based on NCAP Risk Curve 

Sim # 
NCAP Probability of 

AIS 3+ Injury [%] 
SID Probability of 
AIS 3+ Injury [%] 

1,2 18.40 4.74 

3,4 37.77 12.63 

5,6 2.21 1.77 

7,8 23.29 14.50 

9,10 1.49 1.90 
 
Using this metric to predict risk of injury shows that 
the ES-2re results are considerably closer to those 
predicted by the USSID, though the ES-2re still 
predicts a higher likelihood of injury in most cases.   
These results show the importance of selecting a 
proper risk curve when comparing different injury 
criteria. 
 
The values of TTI predicted by the models suggest 
that this response of the two dummies to the same 
load conditions is actually quite close for a number of 
load cases.  This is despite a significant difference in 
the thoracic anatomy of both models.  Indeed one of 
the concerns when the USSID was introduced was 
that the effective mass of the ribs on the USSID was 
too high when compared to EuroSID and the human 
body [Viano 1987]. 
 
 
CONCLUSIONS 
 
In this study a review of side crash tests of four- door 
sedans tested by the NCAP program between model 
year 2005 and 2009 was completed.  A series of 
average velocity profiles revealed that there was a 
good level of continuity of vehicle response 
throughout the majority of the tests.  Maximum 
injury to the occupant was shown to occur roughly 35 
ms after the movable deformable barrier impacted the 
target vehicle. The door velocity profiles were 
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limited in number and only available for the older 
vehicles in the sample set, thus the understanding of 
the kinematics of these components is somewhat 
limited.  The average rotation of the vehicles in this 
dataset was found to be less than 2˚ prior to 
maximum injury prediction and was therefore not 
considered in the modeling aspect of this study. 
 
The results of the survey of the NHTSA crash test 
database were used as inputs for a simplified side 
impact scenario, with finite element models of both 
the USSID and the ES-2re.  A door model was 
prescribed velocity using data from the upper door 
accelerometer; while a simplified seat model was 
prescribed the seat track velocity found in the 
database review.  The thoracic injury criteria used by 
each dummy model were compared using risk curves 
developed by Kuppa et al.  These results, while not 
directly comparable between dummy models show 
the same general trends.  The maximum injury 
prediction occurred with the greatest velocities as 
expected; however the dummy models differed in 
that the USSID predicted the greatest chance for 
injury when the differential velocity between the seat 
and door was the greatest, while the ES-2re predicted 
the highest probability of injury in the case of the 
largest velocity of both the door and seat.  Future 
work will involve the inclusion of side airbags to the 
model, improved seat and door geometry, as well as 
studying the injury imparted to out of position 
occupants. 
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ABSTRACT 
 
The objective of the present study is to evaluate the 
RibEye system used to obtain deflections in impact-
related tests.  A description of the system is presented 
based on the specifications of the manufacturer. 
Evaluations included chest compression tests under 
varying loading condition:  mid-sternum, offset, and 
diagonal loading.  Accuracy assessment tests 
included: sternum-mounted, and rib-mounted LEDs 
with and without initial chest rotation about the z-
axis, and indenter-mounted LEDs.  These quasi-static 
tests were followed by pure and oblique pendulum 
tests to the thorax at velocities of 4.8 and 6.6 m/s.  
LEDs on the sternum responded similar to the 
available internal chest potentiometer.  The accuracy 
of the system depended on positioning of the LEDs 
on the rib, magnitude of rib deformation, and 
potential interference from devices such as the 
presence of the internal chest potentiometer.  Signal 
drop out depended on the type of indenter, with 
diagonal loading producing more signal loss.  The 
deflection response along the x-and y-directions were 
deemed to be reasonable in oblique loading tests.  
Results from dynamic tests indicated that light 
interference from the internal component(s) restricts 
the ability of the system to obtain accurate 
deflections including signal drop out.  In oblique 
tests, the system captured the asymmetric motions of 
the chest by demonstrating greater deflections on all 
left side ribs than right side ribs, thus showing its 
potential under this loading condition.  The current 
fundamental evaluations helps in understanding of 
the performance of the system as installed in the mid-
size male Hybrid III dummy.     
 
INTRODUCTION 
 
crashworthiness assessments for frontal impact in the 
United States Federal Motor Vehicle Safety Standard 
(FMVSS) No. 208 used the Hybrid III dummy family 
[1].  As far as chest instrumentation is concerned, the 
dummy houses a triaxial accelerometer on the spine 
to record the chest acceleration, and an internal 
deflection potentiometer to measure the chest 
deflection.  The chest force-deflection responses are 

applicable to blunt frontal impacts and are based on 
tests to the mid-sternum impacts using a 23.4 kg 
pendulum at velocities of 4.3 and 6.7 m/s [2-4].  The 
peak chest deflection is obtained from the internal 
potentiometer measuring the linear displacement of 
the sternum with respect to the thoracic spine, and 
the force is recorded from a load cell attached to the 
pendulum impactor.  Data are gathered and processed 
according to the Society of Automotive Engineers 
SAE J211 specifications [5]. 
 
Chest deflection measurements at multiple points 
facilitate an assessment of non-uniform, asymmetric 
thorax loading.  Occupant out-of-position effects may 
also contribute to asymmetrical chest deformations 
even in pure frontal impacts.  Eppinger from the 
National Highway Traffic Safety Administration of 
the United States Department of Transportation 
developed a dedicated instrument, chestband, for 
measuring deformations [6].  It is a noninvasive 
device made of high carbon steel alloy strip with 
strain gauges bonded at 59 locations.  During the 
early years of development, lesser gages were used.  
Deflections at multiple levels have been obtained 
using more than one chestband.  This device has been 
used to compare chest deflections in simulated 
frontal impacts in a laboratory environment [7, 8]. 
 
Recognizing that deflections can be used for 
understanding injury mechanisms and might serve to 
define injury criteria, recently, an optically-based 
instrument, termed RibEye, has been developed by 
Robert A. Denton, Inc., to measure internal chest 
deflection of devices such as the Hybrid III dummy 
[9].  As a systematic evaluation have not been 
reported, this paper describes procedures to evaluate 
the RibEye system in the mid-size Hybrid III dummy 
with a focus on frontal impact applications.   
 
DETAILS OF THE SYSTEM  
 
The underlying concept is that an optically-based 
system, being not affixed to a specific mechanical 
linkage such as the internal chest potentiometer 
connecting the spine and sternum, can enhance the 
number of deflection measurements.  Briefly, the 
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RibEye system is comprised of up to twelve light 
emitting diodes (LEDs) mounted to the ribs of the 
dummy internally, two incident light detectors 
(sensors) that receive light from the LEDs, a 
controller, and an interface box (Figures 1-7).  The 
current version of the system is capable of obtaining 
deflection data along the x- and y-directions, fore-aft 
and side to side.  The sensors are mounted laterally to 
each side of the thoracic spine of the dummy, and the 
controller is located within the spine box at its 
uppermost location.  LEDs connect to the controller 
via a block mounted superior to the sensor heads.  
The interface box can be secured in the trunk of the 
test vehicle in full scale experiments. 
  
LEDs can be mounted at various positions on the 
inside surface of the ribs or sternum.  The default 
LED locations are placed one on each rib on either 
side.  However, the RibEye allows the user to 
override the default condition and position multiple 
LEDs on the same rib or sternum as long as proper z-
axis location is maintained.  All LEDs are connected 
via a cable to the data acquisition system housed 
within the thoracic spine of the Hybrid III dummy.  
The user indicates the position of the LED in the 
“Location” field of the user-interface.  Three LED 
case designs exist: with different back angles that 
direct light toward the RibEye sensors (Figure 4).  
The flat back LEDs are designed for positioning on 
ribs three and four, the 20-deg angled back LEDs are 
designed for positioning on ribs two and five, and the 
35-deg angled back LEDs are designed for 
positioning on ribs one and six. Optionally, the 35-
degree angled back LEDs may be positioned on the 
upper and lower sternum using the mounting plates 
(Figures 5-7).   
 
Each LED is powered sequentially and sampled at 
10,000 Hz during testing, while two sensors detect 
the angle of the LED with respect to frontal and 
lateral planes.  The resulting digital data are stored in 
memory.  This constitutes the “raw data” from the 
RibEye system.  These data are then corrected for 
ambient light conditions and adjusted using 
calibration curves housed within the software of the 
data acquisition system.  In other words, the light 
intensity data collected based on the incident angle is 
converted by an embedded microprocessor using 
optical triangulation techniques to compute 
deflection records at each LED position.  These 
processed data are then stored in the RibEye flash 
memory.  Data are downloaded to an external 
computer and saved as a text file using the RibEye 
interface within a web browser (Figure 7).  Thus, it is 
possible to obtain fore-aft and side-side coordinates 

of deflection of the rib or sternum at the positioned 
LED location during loading.  Using twelve sensors, 
deflections can be determined at twelve locations.  
The system allows the user to download “raw data” 
using the Hyperterminal software.  However, 
processing of this “raw data” to provide LED 
deflections can be only be done by the manufacturer, 
Robert A. Denton, Inc. 
 
The following multi-point deflection measurement 
system specifications were extracted from the User 
Manual.  The measurement ranges in the x-y and x-z 
planes are demonstrated in Figures 8-9.  For Figures 
8 and 9, the x=0, y=0, z=0, i.e., origin, is the 
midpoint of the line segment connecting the two 
sensors.  With respect to the dummy, this is 
approximately on the front surface of the spine 
mount box in the center of the chest.  Thus, the 
absolute location of the midsternum is approximately 
x=87, y=0, z=0 mm.  The system does not account 
for out-of-plane movements.  Thus, any z-axis 
movement of an LED will produce measurement 
inaccuracies.  Tables 1 and 2 list the system accuracy 
associated with z-direction deflection ranges.   
 
 

 
 
 
Figure 1. RibEye system: LEDs (A), two sensor 
heads located on both sided of the thoracic spine 
(B), interface box (C and E), dummy thoracic 
spine box (D), and LED connector block (F). 
 
 
The power supply to the system should be 12 to 36 
volts DC.  Fuse protection is an internal self-resetting 
polymer fuse in the interface box.  RibEye's self-
contained data system has a sampling rate of 10,000 



Yoganandan, 3 

Hertz per LED and an acquisition time of 90 
milliseconds pre-trigger, 910 milliseconds post-
trigger (1 second total).  All data are collected in 
RAM and stored post-test in the system memory. 
 
 

 
 
 
Figure 2.  RibEye system components showing the 
controller (A), sensor heads (B), interface box (C), 
and LED connector block (D). 
 
 
 

 
 
 
Figure 3. RibEye system shown installed in the 
mid-size Hybrid III dummy. The photo shows an 
LED fixed to right sixth rib (A), sensors (B).  The 
standard Hybrid III sternum displacement slider 
arm (C), dummy thoracic spine box (D), and 
internal chest potentiometer assembly (E) are also 
shown.  
 
 

 
 
 
Figure 4.  The top illustration shows the LED case 
design: flat back LED (A), 20-deg angled back 
LED (B), and 35-deg angled back LED (C).  The 
bottom illustration shows the 35-deg angled back 
LED (A) and the sternum mounting plate (B). 
 

 
 
 
Figure 5. Mid-size Hybrid III dummy chest 
showing the sternum assembly (A), sternum 
mounting plate (B), upper right and left sternum 
LEDs (C and D). 
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Figure 6.  Inferior view of the sternum-mounted 
LED: sternum mounting plate (A), lower right 
and left sternum LEDs (B, C), and upper sternum 
LED (D). 
 
 

 
 
 
Figure 7.  RibEye use interface. 
 
 
 

Table 1.   
RibEye accuracy with z-axis deviation  

 
z-deviation 

mm 
x-accuracy 

mm 
y-accuracy 

mm 
0 1.0 1.0 

± 12.5 1.0 2.0 
12.5 to 25.0 2.0 2.0 

-12.5 to -25.0 2.0 2.0 
 

Table 2. 
Power requirements  

 
*: when all LEDS are out of view of both sensors and 
driven to full power 
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Figure 8. The specified range for LED x-y 
positions for the mid-size Hybrid III dummy. 
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Figure 9: The specified range for LED x-z 
positions for the mid-size Hybrid III dummy. 
 
 
 

Operating 
conditions 

Interface 
box (W) 

Controller 
and LEDs 

(W) 
Total (W) 

On or idle 3.3 2.0 5.3 
Collecting 

data 3.3 5.0 8.3 
Maximum* 3.3 9.0 12.3 
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QUASI-STATIC EVALUATIONS 
 
LED Positioning 
 
This was accomplished as follows.  The thorax of the 
mid-size male Hybrid III dummy was mounted on a 
cross table and attached to a testing device.  LEDs 
were positioned on the inside surface of the ribs and 
position measurements were obtained from the 
midline of the sternum along the outer surface of the 
ribs.    

 
LED Signal Drop Out Assessment 

  
In order for the RibEye system to optically track the 
position of the LEDs, there must be sufficient light 
projected from each LED onto the spine box-
mounted sensors.  If either or both sensors detect 
inadequate light intensity, data from that particular 
LED will be forced out of range and the system will 
not track the LED motion until the light intensity 
requirement is again satisfied.  This light intensity 
requirement can also be affected by extraneous light 
such as those resulting from high intensity lighting 
systems, typically used in crashworthiness studies 
(example, sled tests) to obtain overall kinematics.   
However, the dummy chest jacket use minimizes 
extraneous light interference.  When sensors detect 
inadequate light intensity, signal drop out occurs, 
resulting in gaps within the RibEye deflection 
records. 
 
In the x-direction deflection plot, drop out appears an 
instantaneous negative change in the displacement of 
the LED followed by a horizontal interval (Figure 
10).  The displacement magnitude of the horizontal 
interval indicates the initial absolute position of the 
LED prior to compression, and any association with 
the indenter and chest potentiometer traces is 
coincidental.  At the end of the drop out period, there 
is an instantaneous positive change in the 
displacement as normal LED tracking resumes.  In 
the y-direction deflection plot, signal drop out pattern 
is similar to the x-direction, but in right-sided LEDs 
the deviation is negative and in left-sided LEDs it is 
positive (Figure 11). 
 
The graphical appearance of signal drop out is 
therefore, a consequence of the RibEye system 
methodology in data processing under inadequate 
signal conditions.  If inadequate light from a 
particular LED is provided to the left sensor, all data 
for that LED during the period of diminished optical 
signal is assigned an integer value, “1.”  On the other 
hand, if inadequate light is provided to the right 

sensor, all data for that particular LED is assigned an 
integer value, “2.”  However, if inadequate light is 
provided to both sensors, all data for that LED is 
assigned an integer value, “3.”  These values do not 
appear to be in the “raw data”, but is most likely 
included in the output from the microprocessor which 
feeds into the flash memory.   
 
 

 
 
 
Figure 10.  Deflection along the x-direction of the 
right fourth rib LED positioned at 6 cm. While 
the indenter continues to compress the chest, drop 
out occurs in the LED signal.  The shape of the 
drop out pulse is similar regardless of the 
positioning of the LED. 
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Figure 11:  Deflections along the y-direction of the 
right and left fourth rib LEDs positioned at 6 cm.  
The drop out occurs in both LEDs.  The polarity 
reversal between the left and rib LEDs are 
discussed in the text. The shape of the drop out 
pulse between the left and right LED is similar 
regardless of the positioning of the LED. 
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Appendix A contains a portion of the text output 
from the RibEye web interface software.  The output 
provides absolute xy location information for each 
LED.  Note that data demonstrating insufficient light 
detection by the left sensor from the LED affixed to 
left rib six (RIB6 LX and RIB6 LY) at 100.3 
milliseconds are assigned the integer value, “1”.  The 
right sensor detected inadequate light projected from 
LEDs attached to right ribs one and two during the 
99.3 – 100.9 millisecond interval shows the integer 
value, “2”.  In this example, at no time were the LED 
light signals undetectable by both sensors.  In 
subsequent plots the absolute position data are 
filtered and converted to relative data such that all 
sensors begin at zero.  In other words, the initial 
absolute position value is subtracted from all values 
to establish zero base line.  This process results in 
converting integer values indicating drop out to 
relative deflection magnitudes. 
 
LED signal drop out may occur from ribcage (rib or 
sternum) bending that directs the light beam away 
from the sensor(s), or, obstruction of the beam by 
another component of the mid-size III dummy such 
as the slider arm of the chest potentiometer.  Signal 
drop out secondary to the bending path appears as a 
horizontal interval symmetric about the center of the 
indenter trace corresponding to maximal 
compression.  In contrast, signal drop out due to the 
slider arm obstruction appears as two shorter 
intervals.  The initial drop out interval occurs during 
compression while the second interval occurs 
symmetrically during release (Figure 12). 
 
 

 
 
 
Figure 12.  Plot showing drop out from the lower 
sternum LED on the right side (deflection shown 
is along the x-direction) due to light interference 
from the presence of the slider arm of the internal 
chest potentiometer.  Displacement data from the 
potentiometer is included.  Data corresponds to 3-
in chest compression test. 

 
Drop out assessment tests were conducted using a 
ramp waveform and indenter displacements ranged 
from 1-in to 3-in.  It should be noted that the 
maximum sternum deflection specified FMVSS 208 
is 2.5 inches [10].  Indenter velocities were 0.25 or 
0.50 m/s.   All tests, except with LEDs at the 11 cm 
position, were performed with and without the 
internal chest potentiometer slider arm.  RibEye data 
were separated into individual channels and a 
CFC600 filter was used according to SAE J211-1 
2003 specifications for filtration of thorax 
deflections.   
 
In mid-Sternum compression loading, a wooden 
cylinder of diameter 15 cm attached to the actuator of 
the testing device was used to determine the drop out 
with varying LED positions and sternum 
compression parameters.  The loading paralleled the 
mid-size Hybrid III dummy evaluation criterion.  
Quasi-static compression tests were performed with 
LEDs mounted to ribs one through six on each side 
in the following configurations: 6, 8, 9, 10, 11, or 13 
cm from the sternum midline.  The center of the 
indenter contacted the thorax at mid-sternum (Figure 
13).  
   

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Photograph showing the test system 
with the wooden indenter (A) and LEDs 
positioned on the left sixth rib (C) at 11 cm.  The 
dummy rights ribs are identified (B).  
 
 
The sternum attachment option was evaluated with 
four LEDs mounted to the upper and lower corners 
of the sternum plate via screws.  The remaining 
LEDs were mounted to ribs two through five at either 
8 or 9 cm from the midline (Figure 14).  The RibEye 
system was compressed using a 15 cm square 
aluminum plate indenter in these tests.  A leveling 
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plate was used to compensate for the convexity of the 
sternum plate and provide level contact surface for 
loading the sternum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Photograph showing the test system 
with the aluminum indenter (A) and LEDs 
positioned at 8 cm on the right 2-5 ribs (C).  The 
PMMA leveler is identified (B). 
 
 
The presence of the linkage arm of the internal chest 
potentiometer in the mid-size Hybrid III dummy 
appeared to increase the likelihood of interference as 
the location of LEDs moved away (towards left or 
right) from the 9 cm position.  As expected, 
increasing the magnitude of the chest compression 
increased the likelihood of drop out.  The percentage 
of LED drop out was sensitive to positioning,  the 
magnitude of sternum compression (1-in test), and 
the presence of the internal chest potentiometer.  No 
drop out occurred in tests with 1-in sternum 
compression.  This was independent of the presence 
or absence of the mid-size Hybrid III dummy the 
internal chest potentiometer.  In the 2-in compression 
test without the presence of the potentiometer, the 
drop out occurred only at the 13 cm position.  
However, the presence of the potentiometer at this 
compression magnitude produced drop out at the 
following positions: 6 cm; 8 cm; 13 cm; and the 
sternum.  The 3-in sternum test without the chest 
potentiometer produced dropout at all LED positions 
except the 9 cm position.  Inclusion of the 
potentiometer in the 3-in compression test resulted in 
LED dropout in all configurations.  These findings 
indicate that the mechanism of signal drop out can be 
influenced by obstruction within the light field 
(presence of internal chest potentiometer slider arm), 
initial position of the LED, and orientation of the 
LED deflection path of the ribcage. 
 

Peak chest compressions before drop out depended 
on the position of the LED.  The 9 cm position 
showed no drop out (the 3-in compression test) and 
increasing drop outs occurred with positions away 
from the 9 cm position.  As shown in Figure 15, at 
the 6 cm LED position, the peak compression before 
drop out was 62 mm, followed by 70 mm at the 8 cm, 
64 mm at the 10 cm, and 24 mm at the 13 cm LED 
positions.  At the sternum, the peak chest 
compression occurred at 66 mm.  These results 
suggest that 9 cm position is optimal.  Because the 
peak sternum compression exceeded the injury 
assessment reference value (IARV) of 63 mm, 
according to FMVSS No. 208, (section S6.4, Code of 
Federal Regulations, 10/1/2006 edition) with LEDs 
positioned at 8 cm, 9 cm, and 10 cm, and on the 
sternum, it may be appropriate to use these positions 
when the symmetrical load is on the center of the 
sternum in the mid-size Hybrid III dummy. 
 
 

 
 
 
Figure 15.  Peak chest compression before drop 
out from LEDs positioned at locations shown on 
the x-axis.  The 9 cm positioned LED did not have 
any drop out and hence the maximum 
displacement achieved by the indenter was 
recorded.  The sternum compression before drop 
out exceeded the IARV of 63 mm in LEDs 
positioned at 10, 9, and 8 cm and sternum.  Note 
the decreasing peak deflections before drop out as 
LED positioning moves away from 9 cm position.  
 
 
The purpose of offset tests was to determine the drop 
out characteristics with asymmetric loading to the 
ribcage in the mid-size Hybrid III dummy.  In the left 
side offset tests, the longitudinal edge of the indenter, 
51 mm x 102 mm, was aligned with the front end 
stiffener plate of the left side ribs two through five.  
The performance was evaluated in the 1-, 2-, and 2.5-
in compression tests, with LEDs mounted at the 6 
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cm, 9 cm, and 13 cm positions, resulting in nine tests.  
The extreme case of the 3-in compression test was 
not considered because subjecting the mid-size 
Hybrid III dummy thorax to this magnitude may 
exceed its capacity.  The purpose of the diagonal 
loading tests was to determine the drop out 
characteristics with asymmetric loading generated by 
a typical diagonal shoulder belt.  Loading was 
accomplished using a 51 mm wide metal plate angled 
at approximately 45 deg in the frontal plane and 
positioned with its center at mid-sternum.  LEDs 
were positioned at the 9 cm location, and the plate 
was displaced to compress the dummy chest to 1-in, 
2-in, and 3-in.  Two tests at each of the two lower 
compressions were conducted.  These tests indicated 
that system is able to follow the offset loads.  The 
upper- and lower-most LEDs appear to be sensitive 
to drop out in the diagonal loading, with no drop outs 
occurring in the middle ribs.  Drop out only occurred 
in the 3-in compression test and the first LED 
dropped out at an indenter displacement exceeding 
the sternum compression IARV.  Because drop outs 
occurred in multiple LEDs, the system may not fully 
capture the ribcage motion at this severe chest 
displacement in the mid-size Hybrid III dummy. 
 
Accuracy Assessments 
 
The purpose of these tests was to directly compare 
the deflection measuring capability of the RibEye 
system with the current deflection measuring 
standard (internal chest potentiometer) or with the 
indenter deflection.  The potentiometer measures 
sternum compression via a transducer arm whose end 
travels in a midline track within the dummy sternum.  
The transducer arm induces rotation in a 
potentiometer during compression and the resulting 
electrical signal is converted to linear displacement.  
These tests were designed to evaluate the accuracy of 
deflection records along x- and y-directions (Table 
3).  Tests in this series consisted of four subseries.  
The first three subseries involved test configurations 
that maintained the integrity of the dummy thorax 
such that LEDs were mounted to the sternum, rib, or 
rib inter-space while the chest compression was 
induced by the indenter.  The fourth subseries 
entailed mounting an LED directly to the actuator of 
the test device and tracking its displacement.  
Indenter displacement and velocity were varied with 
each subseries.  Following each test the RibEye data 
was separated into individual channels and CFC60 
filter was used.  RibEye deflection data were 
compared to the displacement of the indenter and 
with the chest displacement potentiometer data in the 
sternum-mounted subseries of tests. 

Table 3. 
  Accuracy description of tests 

 
LED  Loading  Compare   

Location  with Accuracy 
central pot + 

 Sternum 
sternum Indenter 

x 

 Right rib 4 x (+/- z 
 

over LED Indenter 
deviation) 

 Right rib 4 
 
(rotated 
thorax) 

over LED Indenter x and y 

 Indenter 
extension 

None Indenter x 

 
 
Sternum-mounted LED tests evaluated the accuracy 
of RibEye detection of four LEDs mounted on the 
upper and lower corners of the sternum (Figure 16).  
The remaining eight LEDs were considered 
secondary and mounted on the sternum or, onto ribs 
two through five at either 8 or 9 cm from the midline.  
It was expected that the deflections from the corner 
mounted LEDs will match the internal chest 
potentiometer deflection.  However, because of bib 
flexibility in the mid-size Hybrid III dummy chest, 
mismatch can occur between the internal chest 
potentiometer and the indenter.   
 
 

 
 
 
Figure 16.  Test configuration for sternum-
mounted loading.  A: Offset for the trigger 
system, B: the Aluminum plate indenter, and C: 
PMMA leveler. 
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Rib-mounted LED tests were done using the standard 
z-location at the center of each rib and at a z-
direction offset position of 1.5 cm from the center of 
each rib.  The latter offset position corresponds to the 
interspace between adjacent ribs.  An LED was 
mounted at the antero-medial rib margin of the right 
fourth rib (Figure 17).   
 

 
 
 
Figure 17.  Test configuration for rib-mounted 
loading.  A: indenter load cell, B: indenter, C: 
LED at right frontend stiffener plate at 4th rib. 
 
Rib-mounted LED tests with rotated chest were 
conducted with the dummy chest rotated 13 degrees 
about its z-axis, as shown in Figure 18, and securely 
fixed to the cross table.  The small circular indenter 
was placed directly over an LED attached to the right 
fourth rib at 8 cm from the sternum midline. and 
chest compression tests were performed.   
 

 
 
Figure 18.  Photograph showing the setup for 
thorax rotated loading tests.  A: indenter and B; 
right fourth rib. 
 

Table 4 compares peak LED deflections with 
indenter displacements corrected for the initial 
rotation.  In the subsequent subseries of indenter-
mounted accuracy tests, an LED was mounted to an 
extension of the indenter that allowed for positioning 
of the LED directly under the rib of interest.  The 
mid-size Hybrid III dummy sternum was modified to 
allow the indenter extension to pass between the ribs, 
but maintain the original thorax geometry (Figure 
19).  This configuration essentially produced an 
accuracy bench test that maintained integrity of both 
the mid-size Hybrid III dummy and RibEye system.  
Compression tests were performed at the left third 
and right sixth ribs.  Velocities ranged from 0.08 m/s 
to 0.25 m/s with nominal deflections of 12 to 60 mm. 
  

Table 4. 
Right rib 4 LED deflections compared to indenter 

displacement in oblique thorax tests 
 

Peak 
Indenter 

Peak  
Rib 4 

  % 

deflection deflection Change  
 (mm)  (mm) (mm) Change 
-15.8 -14.3 -1.5 -9.4 
-21.9 -21.2 -0.7 -3.4 
-28 5 -27.6 -0.9 -3.1 
-40.8 -40.0 -0.8 -1.9 

 
 
These tests indicated that the RibEye system is 
capable of capturing the ribcage deformations in the 
mid-size Hybrid III dummy.  LEDs on the sternum 
respond similar to the available internal chest 
potentiometer.  The accuracy of the system depends 
on where the LEDs are positioned on the rib, 
magnitude of rib deformation, and potential 
interference from devices such as the presence of the 
internal chest potentiometer.  Optimum locations 
appear to be at a distance of 9 cm measured along the 
outer curvilinear path of the rib from mid-sternum on 
either side.  At this positioning, the system showed 
no signal drop out at deflections representative of 
current frontal impact standards.  However, it should 
be noted that eccentric z-axis placement of LEDs 
may result in loss of accuracy of deflection of 
measurements.  The signal drop out depended on the 
type of indenter, with the diagonal indenter 
producing more signal loss and affecting accuracy.  
The deflections response along the x-and y-directions 
were deemed reasonable in oblique loading tests in 
these tests.   
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DYNAMIC EVALUATIONS  
 
The RibEye system was also subjected to pendulum 
tests.  Seven tests were conducted with the mid-size 
Hybrid III dummy in the neutral and two tests were 
conducted with the dummy in the 25-degree oblique 
position about the vertical (z) axis so that the 
pendulum impacted the right side of the thorax.  The 
neutral positioning used in these tests followed 
specifications according to 49 CFR 572.34 3.    
 
 

 
 

 
 
 
Figure 19.  Setup used in indenter-mounted LED 
tests.  Top:  A: indenter extension, B: sternum 
modification, C: left 3-4 interspace, and D: 
RIbEye sensor head.  Bottom: A: indenter 
extension, B and C: left third and fourth ribs, and 
D: sternum  
 
 
Impact velocity measured with an optical system for 
Hybrid III thorax qualification tests ranged from 3.0 
m/s to 6.6 m/s.  The internal chest potentiometer was 
used in four of the neutral tests.  It was not used in 
any oblique test.  The initial test in this series (Test 1, 

probe velocity = 6.6 m/s) served as a thoracic impact 
calibration test.  The maximum sternum deflection 
measured by the internal chest potentiometer, 67 mm, 
was within the qualification corridor in 49 CFR 
572.34.  Drop out did not occur in tests conducted at 
velocities ranging from 3.0 to 4.8 m/s, regardless of 
the presence or absence of the dummy internal chest 
potentiometer (Table 5).  However, drop out 
occurred in three of twelve (25%) LEDs in the 6.6 
m/s test in the neutral position with inclusion of the 
internal chest potentiometer.  The analogous test 
without the potentiometer produced no drop out and 
implicated the chest pot slider arm as the source of 
sensor interference.   
 

Table 5. 
Summary of pendulum test data 

ID 1 2 3 4 5 
Position N N N N N 
Velocity  
(m/s) 

6.6 4.1 3.0 4.1 4.1 

Chest pot 
use 

Y Y Y Y N 

Pot  
def (mm) 

66.8 39.5 27.0 41.1 - 

LED  
drop out 

3 0 0 0 0 

% drop 
out 

25.0 0.0 0.0 0.0 0.0 

 
ID 6 7 8 9 
Position N N O O 

Velocity (m/s) 3.0 6.6 4.1 4.8 

Chest pot use N N N N 

Pot def (mm) - - - - 
LED  
drop out 0 0 0 0 

% drop out 0.0 0.0 0.0 0.0 
 
 
Figures 20-22 include deflections along the x-
direction from the upper, middle, and lower ribs with 
LED drop out associated with the lower rib output.  
The internal chest potentiometer data are also 
included in all plots.  Rib deflection profiles closely 
followed the sternum deflection measured by the 
chest potentiometer in both timing and shape.  The 
morphologies of these profiles were found to be 
similar.  As expected, rib deflections were lower than 
the sternum deflection secondary to positioning of 
LEDs on the ribs and rib motion during compression.  
Because of the three-dimensional nature of the 
ribcage and off-central locations of the LEDs, 
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sternum-measured displacements were greater than 
the displacements recorded by the LEDs positioned 
on the ribs.   
 

 
 
 
Figure 20.  Comparison of deflections in the x-
direction from the internal chest potentiometer 
and LED positioned at 9 cm on ribs one and two 
during 6.6 m/s pendulum test. 
 
 

 
 
 
Figure 21.  Comparison of deflections in the x-
direction from the internal chest potentiometer 
and LED positioned at 9 cm on ribs three and 
four during 6.6 m/s pendulum test. 
 
 
Figure 23 shows deflections along the y-direction.  
The ribs on the right side deflect along the positive y-
direction while the opposite is true for the left side 
(hoop deformation).  This expected response is 
reflective of central loading of the mid-size dummy 
chest during impact from the pendulum.   

 
 

 
 
 
Figure 22.  Comparison of deflections in the x-
direction from the internal chest potentiometer 
and LEDs positioned at 9 cm on ribs five and six 
during 6.6 m/s pendulum test.  Drop out occurred 
in three LEDs. 
 
 

 
 
 
Figure 23.  Deflections in the y-direction from 
LEDs positioned at 9 cm on all ribs during 6.6 m/s 
pendulum test.  Drop out occurred in three LEDs. 
 
 
Figures 24-26 include deflections along the x-
direction from the upper, middle, and lower ribs for 
the test without the internal chest potentiometer.  No 
signal drop out occurred in these evaluations.  Figure 
27 shows deflections along the y-direction for all 
LEDs demonstrating no drop out.   
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Figure 24.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs one and two 
during 6.6 m/s pendulum test. 
 
 

 
 
 
Figure 25.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs three and four 
during 6.6 m/s pendulum test. 
 
 
Figures 28-30 include deflections along the x-
direction from the upper, middle, and lower ribs for 
the oblique test.  The right side ribs demonstrated 
greater deflection magnitudes in the x direction 
compared to the left side ribs.  This is reflective of 
the right oblique chest loading imparted by the 
pendulum.  No signal drop out occurred in these 
evaluations.  Figure 31 shows deflections along the 
y-direction for all LEDs, again demonstrating no 
drop out.  These deflections were approximately the 
same magnitude, which would be expected because 
the loading is from the right to the left side causing a 
deflection of all ribs toward the left side.   
 

 
 
 
Figure 26.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs five and six 
during 6.6 m/s pendulum test. 
 
 

 
 
 
Figure 27.  Deflections in the y-direction from 
LEDs positioned at 9 cm on all ribs during 6.6 m/s 
pendulum test. 
 
 
The system evaluated is with specific reference to the 
mid-size Hybrid III dummy.  As the construction of 
the dummies is different for different sizes even in 
the Hybrid III family, the same system cannot be 
incorporated into the other dummies.  In the same 
vein, while a modified system has the potential to be 
incorporated into other types of dummies, the present 
evaluations should be considered only as a first step 
in the performance of such systems.  It should be 
noted that the system is stand-alone and requires 
integration into standard data acquisition systems that 
are used in routine crashworthiness tests, and the 
sample frequency and recording time are fixed for 
the current version.  In tests conducted in the present 
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evaluation study, occasional data download issues 
included browser and system re-boots in addition to 
data delimiters were missing in six tests.  Thus 
additional studies may be needed to resolve such 
issues. 
 
 

 
 
 
Figure 28.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs one and two 
during 4.8 m/s oblique pendulum test. 
 
 

 
 
 
Figure 29.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs three and four 
during 4.8 m/s oblique pendulum test. 
 
To summarize, the objective of the present study was 
to evaluate the RibEye system intended for obtaining 
deflections in impact-related tests.  To achieve the 
objectives, signal drop out and accuracy assessment 
tests were conducted using quasi-static and dynamic 
loading conditions.  The former series of experiments 
were conducted using a custom-designed testing 
device.  In contrast, the latter dynamic tests were 

conducted using a pendulum impactor at velocities 
ranging from 3.0 to 6.6 m/s.  Mid-size Hybrid III 
dummy internal chest potentiometer was used along 
with the testing device indenter records in the 
assessment processes.   
 
 

 
 
 
Figure 30.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs five and six 
during 4.8 m/s oblique pendulum test. 
 
 

 
 
 
Figure 31.  Deflections in the y-direction from 
LEDs positioned at 9 cm in all ribs during 4.8 m/s 
oblique pendulum test. 
 
Signal drop out depended on the type of indenter, 
with the belt-type indenter producing more signal 
loss.  The deflections response along the x-and y-
directions were deemed reasonable in oblique 
loading tests.  Results from dynamic tests indicated 
that light interference from internal components 
restricts the ability of the system to obtain deflections 
including signal drop out.  In oblique tests, the 
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system captured the asymmetric motions of the chest 
by demonstrating greater deflections on all left side 
ribs than right side ribs, demonstrating its potential 
under this loading condition.  These evaluations 
assist in understanding of the performance of the 
system as installed in the mid-size Hybrid III dummy.     
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Appendix A:  RibEye data demonstrating drop out 
Time 
(ms) 

RIB5 
LX 

RIB5 
LY 

RIB6 
LX 

RIB6 
LY 

RIB1 
RX 

RIB1 
RY 

RIB2 
RX 

RIB2 
RY 

99.3 47.5 -118.6 46.3 -103.8 2 2 2 2 
99.4 47.2 -118.5 47.1 -103.2 2 2 2 2 
99.5 47.4 -119.0 46.7 -103.0 2 2 2 2 
99.6 47.8 -119.2 46.6 -102.6 2 2 2 2 
99.7 47.6 -119.2 46.1 -102.4 2 2 2 2 
99.8 47.4 -119.3 45.8 -102.6 2 2 2 2 
99.9 46.9 -119.4 45.5 -102.0 2 2 2 2 
100 47.4 -118.8 46.2 -101.7 2 2 2 2 

100.1 47.7 -118.9 45.9 -101.3 2 2 2 2 
100.2 47.5 -119.4 46.0 -100.7 2 2 2 2 
100.3 47.8 -119.4 1 1 2 2 2 2 
100.4 47.0 -120.0 1 1 2 2 2 2 
100.5 47.7 -119.0 1 1 2 2 2 2 
100.6 47.8 -118.9 1 1 2 2 2 2 
100.7 47.1 -119.7 1 1 2 2 2 2 
100.8 47.0 -120.1 1 1 2 2 2 2 
100.9 46.9 -120.4 1 1 2 2 2 2 

 
Note: “1”: left sensor drop out; “2”: right sensor drop out; and “3”: would indicate drop out from both sensors.
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ABSTARCT 
 
The test procedures described in current European 
and Japanese side impact regulations and 
assessments involve striking a moving deformable 
barrier (MDB) into a stationary test vehicle. 
However, since many car-to-car side impact 
accidents in the real world occur when the struck 
vehicle is also moving, the force direction into the 
struck vehicle in the configurations described by 
these regulations and assessments differs from that 
in those actual accidents. 
Therefore, to simulate the force into a moving struck 
vehicle in the current test configuration, i.e., a 
perpendicular MDB side impact, it is necessary to 
integrate the stiffness characteristics of the front of 
the striking vehicle in a side impact accident where 
both vehicles are moving.  
Consequently, a crabbed frontal impact test that 
simulates the force direction into the striking vehicle 
in a moving car to moving car side impact test was 
considered as an evaluation method for the frontal 
stiffness characteristics. This crabbed frontal impact 
test was confirmed to be capable of measuring the 
stiffness characteristics of the front of the striking 
vehicle occurring in a moving car to moving car side 
impact. 
In addition, an MDB for simulating crabbed frontal 
impacts was developed based on the frontal stiffness 
characteristics obtained from the crabbed frontal 
impact test. It was confirmed that side impact tests 
using this MDB were capable of simulating the 
deformation and door moving velocity of the struck 
vehicle in a moving car to moving car side impact 
test. 
As a result, vehicle safety enhancements based on a 
side impact test method using this MDB are 
expected to contribute to the development of 
appropriate body structures and restraint devices for 
real-world accidents. 
 
INTRODUCTION 
 
The test procedures described in current European 
and Japanese side impact regulations and 
assessments involve striking a moving deformable 
barrier (MDB) into a stationary test vehicle at right 
angles. However, in the real world, many car-to-car 
side impact accidents occur when both the struck 
and striking vehicles are moving.(1) As a result, the 

force direction into the struck vehicle in the 
regulations and assessments differ from that in those 
actual accidents. 
One test method that simulates the force direction 
when both vehicles are moving is the crabbed side 
impact test. However, when force is applied at an 
oblique angle such as in a crabbed side impact, the 
compressive stress of the honeycomb decreases,(2) 
and concerns have also been raised about the 
stability of the stiffness characteristics of the 
honeycomb. In addition, although an oblique force is 
applied to the dummy in the struck vehicle, the 
response of the ES-2 dummy currently in widespread 
use in regulations and assessments differ depending 
on whether the impact is oblique or perpendicular.(3) 
To resolve these concerns, this paper describes the 
development method and performance of an MDB 
capable of simulating force into a struck vehicle in a 
side impact while both vehicles are moving, while 
maintaining the configuration of the current 
perpendicular MDB side impact test. 
 
1. CONSIDERATIONS FOR SIMULATING 
CAR-TO-CAR SIDE IMPACT ACCIDENTS 
 
1-1 Study of Simulation Method 
 
Many car-to-car side impact accidents in the real 
world occur as shown in Figure 1-a,(1) generating 
bending moment in the floor side members as shown 
in Figure 1-b. This moment causes horizontal 
bending in each floor side member, which originates 
in areas with a low modulus of section with respect 
to the H-axis in the H-W plane of the members. 
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Figure 1-a.  Typical form of car-to-car side 
impact accidents. 
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Figure 1-b.  Force into floor side members and 
generated moment. 

 
To simulate force into the struck vehicle in this 
configuration, force must be applied at crabbed 
angle α with respect to the front of the striking 
vehicle so that the stiffness characteristics of the 
front of the striking vehicle can be identified with 
the same bending moment generated in the floor side 
members. 
For this purpose, a crabbed frontal impact test was 
developed using a rigid wall and a vehicle trolley as 
shown in Figure 2. This test generates bending 
moment in the floor side members of the vehicle to 
simulate the deformation modes of the striking 
vehicle in a car-to-car side impact shown in Figure 
1-a. 
 

Trolley
Moving direction of trolley
Force direction into vehicle

Rigid wall

Load cells

α

Trolley
Moving direction of trolley
Force direction into vehicle

Rigid wall

Load cells

α

 
Figure 2.  Outline of crabbed frontal impact test. 
 
1-2 Validation of Simulation Method 
 
The appropriateness of the crabbed frontal impact 
test was validated by comparing its results with 
those from the striking vehicle in a car-to-car side 
impact test conducted with both vehicles moving 
(i.e., a moving car to moving car side impact test). 
The results from a perpendicular frontal impact, 
which is the conventional method of examining 
frontal stiffness, are also shown for comparison in 
Figure 3. 
Table 1 shows the conditions of the crabbed and 
perpendicular frontal impact tests, and Table 2 shows 
the conditions of the moving car to moving car side 
impact test. 
Figure 3 shows the frontal deformation of the test 
vehicles. 
Horizontal bending of the floor side members was 
identified respectively in the vehicle after the 
crabbed frontal impact and the striking vehicle after 
the moving car to moving car side impact. In 
contrast, vertical bending was found after the 
perpendicular frontal impact. 
 

Floor side member

Bumper reinforcement

Floor side member

Bumper reinforcement

Pre-test

40.5 km/h crabbed
frontal impact

55 km/h × 27.5 km/h moving
car to moving car side impact

35 km/h perpendicular
frontal impact

Pre-test

40.5 km/h crabbed
frontal impact

55 km/h × 27.5 km/h moving
car to moving car side impact

35 km/h perpendicular
frontal impact

 
Figure 3.  Test vehicle deformation (top view). 
 
Figure 4 shows images of the front of the vehicles 
after the tests. 
Horizontal bending of the left floor side member 
occurred in the same position of the vehicle after the 
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crabbed frontal impact and the striking vehicle after 
the moving car to moving car side impact. 
In contrast, although clear horizontal and vertical 
bending positions in the right floor side member 
could be identified after the crabbed frontal impact, 
the position of the horizontal bending that occurred 
in the striking vehicle after the moving car to 
moving car side impact could not be clearly 
identified.  
In addition, vertical bending was identified in both 
floor side members after the perpendicular frontal 
impact. 
 

 
Figure 4-a.  Left floor side member after 
crabbed frontal impact. 

 

 
Figure 4-b.  Left floor side member after moving 
car to moving car side impact. 

 

 
Figure 4-c.  Left floor side member after 
perpendicular frontal impact. 

 

 
Figure 4-d.  Right floor side member after 
crabbed frontal impact. 

 

 
Figure 4-e.  Right floor side member after 
moving car to moving car side impact. 

 

 
Figure 4-f.  Right floor side member after 
perpendicular frontal impact. 
 
1-3 Discussions on Simulation Method 
 
The results of the crabbed frontal impact and moving 
car to moving car side impact tests showed different 
deformation volumes. 
This was probably caused by variations in 
deceleration and post-impact kinetic energy as a 
result of the different impact targets used in the tests 
(a rigid wall for the crabbed frontal impact test, and 
a moving vehicle for the moving car to moving car 
side impact test). 
However, the deformation generated by the crabbed 
frontal impact was greater than that in the striking 
vehicle in the moving car to moving car side impact. 
This is thought to be because the frontal deformation 
in the moving car to moving car side impact 
represents only part of the deformation process 
measured in the crabbed frontal impact test. 
Consequently, if the volume of deformation were 
allowed to increase, the horizontal bending of the 
floor side member in Figure 4-e would approximate 
the deformation mode shown in Figure 4-d. 
Therefore, it should be possible to use the crabbed 
frontal impact test to measure the stiffness 
characteristics of the front of the striking vehicle in 
the moving car to moving car side impact more 
accurately than the conventional measurement 
method. 
 
2. INVESTIGATION OF FRONTAL STIFFNESS 
CHARACTERISTICS 
 
Perpendicular frontal impact and crabbed frontal 
impact tests were conducted on each vehicle to 
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compare the frontal stiffness characteristics. 
The frontal stiffness characteristics of the Advanced 
European MDB (AE-MDB) V3.1 currently being 
developed in Europe and Japan are calculated based 
on the test results of perpendicular frontal 
impacts,(4)(5) and test methods are being studied 
where the AE-MDB is collided perpendicularly into 
the side of a stationary vehicle. Thus, by integrating 
the comparison results for the crabbed and 
perpendicular frontal impacts at areas corresponding 
to each block of the AE-MDB into the AE-MDB 
V3.1 specifications, it should be possible to simulate 
the force into the struck vehicle in a moving car to 
moving car side impact while maintaining the 
configuration of the perpendicular AE-MDB side 
impact test. Therefore, the frontal stiffness 
characteristics of the areas corresponding to each 
block of the AE-MDB were examined. 
 
2-1 Test Conditions 
 
Table 1 shows the test conditions. 
 

Table 1. 
Test conditions 

 Perpendicular 
frontal impact 

Crabbed frontal 
impact 

Impact 
configuration 

  

Impact 
velocity 

Vehicle 
35.0 km/h*1 

Trolley 
40.5 km/h*2 

Vehicle types 
Compact car, hatchback,  

sedan, small SUV 

Vehicle mass 
Vehicle mass specified in 

 JNCAP*3 frontal impact tests 

Load cells 
40 (size: 200 mm × 200 mm)*4 

Plywood boards at impact surface  
(t: 20 mm) 

*1: Impact velocity in verification test for MDB 
dynamic characteristics specified by ECE 
Regulation No. 95(6) 

*2: Velocity component in vehicle longitudinal 
direction coincided with perpendicular frontal 
impact test 

*3: Japan New Car Assessment Program 
*4: See Figure 5 for the layout of the load cells and 

AE-MDB. 
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Figure 5.  Layout of load cells and AE-MDB 
blocks. 
 
2-2 Test Results 
 
Figure 6 shows the frontal stiffness characteristics 
for each load cell block. The results shown below are 
for the hatchback, and those for the other vehicles 
are shown in the appendix. The force distribution for 
the crabbed and perpendicular frontal impacts differs 
since deformation in the crabbed frontal impact 
occurs as the vehicle slides to the right into the rigid 
wall. 
 

Crabbed frontal impact

X-axis on each graph: maximum displacement = 500 mm,
Y-axis on each graph: maximum force = 200 kN

Perpendicular frontal impact

Vehicle slide directionX

Y

 
Figure 6.  Vehicle frontal stiffness 
characteristics. 
 
Figure 7 shows the stiffness characteristics of the 
whole AE-MDB and the characteristics of the areas 
corresponding to each block of the AE-MDB, as 
calculated from the force distribution above. The 
results for the other vehicles are shown in the 
appendix. 
The force of the whole area generated in the crabbed 
frontal impact was less than in the perpendicular 
frontal impact since horizontal bending occurred in 
the floor side members after the crabbed frontal 
impact. In particular, force decreased significantly in 
block F due to the horizontal bending in the floor 
side members and the rightward shift in force 
distribution. 
In contrast, force increased in block E with respect 
to the perpendicular frontal impact due to the shift in 
force distribution from block F. 

Rigid wall

Load cells

Rigid wall

Load cells

Trolley

Rigid wall

Load cells

Trolley

Rigid wall

Load cells
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Figure 7-a.  Stiffness characteristics of whole 
area of AE-MDB. 
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Figure 7-b.  Stiffness characteristics for each 
block of AE-MDB. 
 
The comparison method for frontal stiffness 
characteristics in the crabbed and perpendicular 
frontal impacts is defined as shown in Figure 8. 
Figure 9 shows the averaged force ratio of the four 
vehicle types. Compared with the perpendicular 
frontal impact, the frontal force in the crabbed 
frontal impact was roughly the same in block D, 
approximately 20% higher in block E, and 
approximately 20% lower in block F with a 
deformation volume close to 150 mm. 
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Figure 8.  Calculation of averaged force ratio for 
crabbed and perpendicular frontal impacts. 
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Figure 9.  Averaged force ratio for each 5 mm 
displacement of blocks D, E, and F (averaged for 
all four vehicles). 
 
3. DEVELOPMENT OF HONEYCOMB FOR 
CRABBED FRONTAL IMPACT SIMULATION 
AND VERIFICATION OF PERFORMANCE 
 
3-1 Study of Crabbed Frontal Impact Simulation 
Corridors 
 
The corridors for the honeycomb to simulate a 
crabbed frontal impact were created by multiplying 
the force ratio described above with the existing 
corridors for AE-MDB V3.1.(5) 
Figure 10 shows the created corridors for blocks D, 
E, and F. 
However, the same blocks were used for blocks A, B, 
and C as in AE-MDB V3.1. This was because this 
study featured only one vehicle type representing tall 
vehicles such as SUVs, thereby creating a lack of 
data for blocks A, B, and C. In addition, since the 
stiffness characteristics for blocks A, B, and C were 
set lower than for blocks D, E, and F, it was 
determined that there was little effect on the stiffness 
characteristics of the whole area even considering 
changes in force due to a crabbed frontal impact. 
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Figure 10-a.  Corridor for block D. 
 



Fujiwara 6 
 

0
10
20
30
40
50
60
70
80

0 50 100 150 200 250 300 350 400

Displacement (mm)

F
or

ce
 (

kN
)

 
Figure 10-b.  Corridor for block E. 
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Figure 10-c.  Corridor for block F. 
 
3-2 Issues with Crabbed Frontal Impact 
Simulation Corridors 
 
The following two issues were identified for the 
corridors shown in Figure 10. 
1. Honeycomb asymmetry caused by differences 

between blocks D and F 
2. Difficult honeycomb manufacturing due to the 

gap of approximately 150 mm created in 
displacement of block E 

 
     3-2-1 Blocks D and F - As an asymmetrical 
honeycomb is liable to cause usability issues, the 
left/right characteristics of the honeycomb were 
averaged to maintain the stiffness characteristics of 
the whole area (Figure 11). 
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Figure 11.  Averaged corridor for blocks D and 
F. 
 
To verify the effect on the struck vehicle of 
averaging the characteristics of blocks D and F, 
perpendicular MDB side impact test simulations 

(impact point: SRP+250 mm, impact velocity: 55 
km/h) were conducted using FEM analysis under 
two specifications: separate characteristics for blocks 
D and F, and averaged characteristics. Figure 12 
shows the struck vehicle deformation and door 
moving velocity in these simulations. 
Although slight variations in deformation volume 
occurred in the front and rear parts of the vehicles, 
no major differences in deformation mode or door 
moving velocity were identified. As a result, since 
these variations would not change the approach of 
vehicle safety enhancements or lead to large 
differences in dummy injury values, it was judged 
that averaging the characteristics of blocks D and F 
would only have a minimal effect. 
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Figure 12-a.  Measuring points. 
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Figure 12-b.  Vehicle deformation at section A-A’ 
(time: 140 ms). 
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Figure 12-c.  Moving velocity of front and rear 
doors. 
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     3-2-2 Block E -Next, to eliminate the gap of 
approximately 150 mm in the corridor in block E, 
the corridor for block E in AE-MDB V3.9 was 
used,(7) which has almost the same maximum force 
(Figure 13). 
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Figure 13.  AE-MDB V3.9 block E corridor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3-3 Development of Honeycomb for Crabbed 
Frontal Impact Simulation 
 
A honeycomb (AE-MDB V3.10) for simulating 
crabbed frontal impacts was developed using the 
corridors shown in Figures 11 and 13. A dynamic 
test was then conducted to verify its stiffness 
characteristics. Excluding the mass of the trolley, 
these tests were implemented in accordance with the 
barrier certification method specified in ECE 
Regulation No. 95.(6) The trolley mass was set to 
1,500 kg following the AE-MDB specifications. 
Figure 14 shows the results of the dynamic test. 
The results of the stiffness characteristics for each 
block and the whole area of the AE-MDB were 
confirmed to be within the tolerance range of the 
corridors. 
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Figure 14.  Results of dynamic test for AE-MDB V3.10. 
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3-4 Verification Test Using Real Vehicle with 
AE-MDB V3.10 
 
Perpendicular side impact tests were conducted 
using AE-MDB V3.10 to confirm its performance in 
comparison to the moving car to moving car side 
impact test used to simulate real-world accidents. 
 
     3-4-1 Test Conditions - Table 2 shows the test 
conditions. 
 

Table 2. 
Test conditions 

Impact 
configuration 

  

Impact point 
(mm) 

SRP+250 SRP 

Impact velocity 
(km/h) 

55 
Striking × struck  

= 55 × 27.5 

Striking vehicle 
AE-MDB 

V3.10 
1,500 kg 

Hatchback 
1,500 kg 

Sedan 
2,000 kg 

SUV 
2,000 kg 

Struck vehicle 1,500 kg 
Dummy Fr: ES-2, Rr: ES-2 

 
     3-4-2 Test Results - Deformation was 
measured before and after the tests at the door outer 
and pillar positions shown in Figure 15. 
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Figure 15.  Deformation measuring points in 
struck vehicle. 
 
Figure 16 shows the measurement results at each 
position. 
At the front dummy and B pillar positions, the 
deformation volume with AE-MDB V3.10 was 
between that generated by the SUV and the 
hatchback. In the rear dummy position, the 
deformation was larger than with any of the vehicle 
types. 
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Pre-test
AE-MDB
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Figure 16.  Struck vehicle deformation. 
 
Figure 17 compares the moving velocities at the 
lateral positions of the front dummy in the beltline 
and HP line at the front door inner. The door moving 
velocities were calculated using accelerometers 
placed on door inner. The door moving velocities in 
the AE-MDB V3.10 and moving car to moving car 
side impacts were approximately the same. 
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Figure 17.  Front door moving velocity of struck 
vehicles. 
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     3-4-3 Discussions - In the moving car to 
moving car side impact test, horizontal bending of 
the floor side members as shown in Figure 18-a 
prevented direct intrusion behind the rear door in the 
struck vehicle. However, in the AE-MDB side 
impact, the right side of the honeycomb intruded 
directly into behind the rear door (Figure 18-b). This 
is thought to be a factor in the differences in rear 
deformation. 
 

Striking vehicle :before impactStriking vehicle :before impact

Struck vehicle :before impactStruck vehicle :before impact

Striking vehicle :after impactStriking vehicle :after impact

Struck vehicle :after impactStruck vehicle :after impact  
 SRP Forward direction 
of struck vehicle 

Direction of relative movement 
of striking vehicle (27º) 

 
Figure 18-a.  Position of striking vehicle in 
moving car to moving car side impact. 

 

SRP+250
Forward direction
of struck vehicle

MDB moving direction

SRP+250
Forward direction
of struck vehicle

MDB moving direction

Struck vehicle :before impact

AE-MDB :after impact

Struck vehicle :after impact

 
Figure 18-b.  Position of honeycomb in AE-MDB 
V3.10 side impact. 
 
The intrusion volume from the deformed B pillar 
was also considered. In a side impact test using the 
conventional AE-MDB V3.1, the deformation mode 
for door intrusions from the B pillar resembled an M 
shape. However, in the side impact test using 
AE-MDB V3.10, the intrusion of the B pillar was 
greater than that at the front and rear doors, and 
resulted in a C-shaped deformation mode. This was 
the same deformation mode as obtained in the 
moving car to moving car side impact tests (Figure 
19). 
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Figure 19.  Intrusion volume from B pillar after 
deformation. 
 
One purpose of the AE-MDB side impact test 
method is to evaluate the protection performance of 
the front and rear occupants of the struck vehicle at 
the same time. Therefore, the volume of rear door 
deformation in this test can be considered to be 
acceptable since the rear deformation volume was 
approximately the same as in the front, while the 
deformation mode matched that occurring in the 
moving car to moving car side impacts. 
Based on the results and discussions on the struck 
vehicle as described above, a test using AE-MDB 
V3.10 is as stringent as the moving car to moving 
car side impact test based on deformation volume 
and moving velocity. In addition, in the deformation 
mode, the B pillar showed the largest intrusion, 
which approximates the struck vehicle deformation 
mode in the moving car to moving car side impact 
test. 
This shows that a side impact test using AE-MDB 
V3.10 is capable of simulating actual moving car to 
moving car side impact accidents. 
As a result, vehicle safety enhancements based on a 
side impact test method using AE-MDB V3.10 are 
expected to contribute to the development of 
appropriate body structures and restraint devices for 
real-world accidents. 
 
CONCLUSIONS 
 
The following results were achieved in this study. 
1. The frontal stiffness characteristics of the 

striking vehicle were obtained in a side impact 
in which both vehicles are moving. 

2. A honeycomb (AE-MDB V3.10) was developed 
simulating the frontal stiffness characteristics 
obtained in point 1 above. 

3. An actual vehicle test using AE-MDB V3.10 
simulated a car-to-car side impact test 
conducted with both vehicles moving. 
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APPENDIX 
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Figure 20-a.  Frontal stiffness characteristics 
(compact car). 
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Figure 20-b.  Frontal stiffness characteristics 
(sedan). 
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Figure 20-c.  Frontal stiffness characteristics 
(small SUV). 
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Figure 21-a.  Stiffness characteristics of whole 
area of AE-MDB (compact car). 
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Figure 21-b.  Stiffness characteristics of whole 
area of AE-MDB (sedan). 
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Figure 21-c.  Stiffness characteristics of whole 
area of AE-MDB (small SUV). 
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Block DBlock EBlock F

Crabbed frontal impact
Perpendicular frontal impact

X-axis on each graph: maximum displacement = 450 mm,
Y-axis on each graph: maximum force = 200 kN  

Figure 22-a.  Stiffness characteristics for each 
block of AE-MDB (compact car). 
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Figure 22-b.  Stiffness characteristics for each 
block of AE-MDB (sedan). 
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Figure 22-c.  Stiffness characteristics for each 
block of AE-MDB (small SUV). 
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ABSTRACT 
The concept of compatibility includes not only the 
safety of the occupants within the subject vehicle 
itself, but also the safety of occupants in other 
vehicles that are involved in the collision.  The term 
self-protection describes the safety afforded to the 
occupants within a vehicle, while partner-protection 
describes the safety afforded to the occupants of the 
crash partner vehicle.  Early research identified 
vehicle weight as having a critical but not exclusive 
role in defining crash outcomes.  The geometry and 
vehicle stiffness or crush characteristics were also 
observed to play a significant role.   
 
This study uses the New Car Assessment Program1 
(NCAP) frontal barrier test data to find a suitable 
metric to assess the effect of incompatibility in 
crashes involving light passenger vehicles.  The 
number of drivers with AIS 3+ injuries in head on 
crashes between passenger car (PC) and light truck 
vehicle (LTV) is used to compute the effectiveness 
of the metric. 
 
NCAP crash test data for 239 vehicles were used in 
calculating the value of “distance from ground to the 
center of velocity change”.  Ten years of National 
Automotive Sampling System /crashworthiness data 
systems2 (NASS/CDS) data were used to 
demonstrate the metric. The crash compatibility 
metric developed can be used to compare the 
number of injuries that result in PCs - LTVs head on 
crashes. 
 
Most safety benefits can be achieved by changes in 
the metric, specifically, adjusting for vehicle size 
(height) and the structural characteristics (stiffness).  
Hence the metric can be used as a measure of 
compatibility in crashes between vehicles.   
 
This study is limited to investigation of 
incompatibility in full head-on crashes. This paper 

develops a new comprehensive metric that can 
quantify the compatibility disparity. 
 
BACKGROUND 
Throughout much of the 1980’s and early 1990’s 
National Highway Traffic Safety Administration’s 
(NHTSA) compatibility research was focused on 
frontal and side impact safety and how the 
characteristics of the striking vehicle’s front end 
affected the occupant survivability in the struck 
vehicle.  The genesis of NHTSA’s current program 
began in 1996 with studies investigating the 
changing vehicle mix in the US fleet and its effect 
on the vehicle compatibility problem. This problem 
is related to the introduction of a large number of 
sport utility, pick-ups (LTV) and minivans into the 
US fleet.  This issue has a long history of research, 
but has recently received increased attention due to 
the changing mix of vehicles in the US fleet once 
again. 
 
Over the last decade NHTSA has been vigorously 
pursuing some research activity to develop potential 
strategies to improve vehicle compatibility.  
Improving structural engagement characteristics in 
vehicle-to-vehicle crashes through establishment of 
an average height of force requirement energy 
management through front end stiffness and crush 
force parameter specifications, and even the 
development of a modified compatibility test barrier 
were all topics in NHTSA’s research agenda that 
were pursued with some level of interest.   
 
In December 2003, the Insurance Institute for 
Highway Safety3 (IIHS) facilitated a voluntary 
commitment from the automobile manufacturers 
through their trade associations, the Alliance and 
AIAM, to begin designing vehicles to enhance 
vehicle-to-vehicle crash compatibility.  The 
voluntary agreement included commitments to 
enhance occupant self protection in front-to-side 
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crashes through improved head impact protection 
and design criteria to enhance partner protection in 
vehicles involved in front-to-front crashes by 
geometric matching of front structural components 
in cars and light trucks.  This commitment required 
100 percent of each participating manufacturers’ 
vehicles to be designed according to the criteria 
specified for side impact protection and frontal 
impact protection by September 2009.  The details 
of these commitments are available in a document 
originally submitted to the agency in December, 
2003 and subsequently revised in November, 2005. 
 
In 2006, IIHS completed an analysis of the safety 
benefits of the front-to-front Compatibility 
agreement. The Institute examined passenger-car 
driver death rates in two-vehicle crashes with light 
trucks. The light trucks were divided into two 
groups – those designs that met the front-to-front 
performance criteria and those that did not. The 
analyses used NHTSA’s Fatality Analysis Reporting 
System (FARS) data for calendar years 2001-2004 
involving model years 2000-2003 light trucks. 
 
IIHS4 found that in front-to-front crashes involving 
light trucks into passenger cars, the passenger car 
driver was 16 percent less likely to be killed if struck 
by a sport utility vehicle (SUV)with a front-end 
design that met the compatibility performance 
criteria specified under the voluntary agreement. 
Similarly, the passenger car driver was 20 percent 
less likely to be killed if struck by a pickup truck 
with a front-end design that met the compatibility 
performance criteria. The overall reduction in 
passenger car driver deaths in front-to-front crashes 
involving both SUVs and pickup trucks was 19 
percent. 
 
In front-to-side crashes involving light trucks into 
passenger cars, the passenger car driver was found 
to be 30 percent less likely to be killed if struck by a 
SUV with a front-end design that met the front-to-
front compatibility performance criteria.  The 
passenger car driver was 10 percent less likely to be 
killed if struck by a pickup truck with a front-end 
design that met the front-to-front compatibility 
performance criteria.  The overall reduction in 
passenger car driver deaths in front-to-side crashes 
involving both SUVs and pickup trucks was 19 
percent. 
 
METHODS 
The analytical effort described in this paper is an 
attempt to find a suitable metric that could be used 
to assess front-to-front structural compatibility in 
vehicle-to-vehicle frontal crashes as well as in front-

to-side crashes.  It was also important to determine 
the potential benefits if such a metric was used to 
make any or all vehicles in the fleet to be 
compatible.  
 
NHTSA conducts 30 and 35mph frontal barrier 
impact tests under Federal Motor Vehicle Safety 
Standard (FMVSS) No.208, and the New Car 
Assessment Program (NCAP).  These tests are 
assumed to represent NASS/CDS crash data where 
the principal direction of force, for the two vehicles 
involved, is in between 350 and 10 degrees.  This 
study is an attempt to use the NCAP barrier test data 
to find a suitable metric to address the effect of 
incompatibility in crashes between passenger cars 
and light trucks.  For this study crash test data for 
239 passenger vehicles of model years 2000 - 2007 
were used.   
 
The load cell barrier, currently used in the NCAP 
tests, has a 36 load cell array arranged as a 4 rows 
and 9 columns matrix as shown in Figure 1 
 

D1 D2 D3 D4 D5 D6 D7 D8 D9 

C1 C2 C3 C4 C5 C6 C7 C8 C9 

B1 B2 B3 B4 B5 B6 B7 B8 B9 

A1 A2 A3 A4 A5 A6 A7 A8 A9 

 
Figure 1:  Barrier with 36 load cells used in the 

front barrier test. 

The width of all the cells in the load cell barrier is 9 
inches (229mm). While height of the bottom two 
rows (A&B) is 9 inches (229mm) each, the height of 
the top two rows (C&D) is 10.2 inches (259mm) 
each.  The bottom edge of the barrier is 2.62 inches 
(66.67mm) above the ground.  The data used in this 
study is collected from the time of impact until the 
vehicle velocity reaches zero.  

Derivation of Impulse Ratio 
Time histories of forces acting on load cell rows A, 
B, C, and D during NCAP frontal barrier test for a 
compact car is shown in Figure 2.  The area under 
the curve gives the impulse acting on each of the 
load cell rows A, B, C, and D (listed from bottom); 
their values are 2310.6, 17651.9, 4181.1, and 285.3 
Newton second respectively.  The sum of calculated 
impulses gives the total impulse acting on the 
barrier, for the selected example.  The sum in this 
case is equal to 24429 Newton second.  
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Figure 2: Force acting on the load cell rows from 
NCAP frontal barrier test for a compact 
passenger car 
 
The row impulses are assumed to be acting on the 
center of each of the load cell rows A, B, C, and D. 
The distances from ground to the center of the load 
cell rows are 7.13 inches (181.2mm), 16.15 inches 
(410.2mm), 25.66 inches (651.7mm), and 35.66 
inches (905.7mm), for load cell rows A, B, C, and 
D, respectively.   
 
The ratio of impulse on load cell row A as a fraction 
of total impulse is given below: 

09.0
24429

6.2310 ==AF .   

Similarly the ratio of impulse for each load cell row 
as a fraction of the total impulse for the compact 
passenger car example given above are 0.72, 0.17, 
and 0.01 for rows B, C, and D, respectively.  

Similarly the ratio of impulse for each of the load 
cell rows as a fraction of the total impulse for each 
of the 239 NCAP barrier tested PCs and LTVs were 
calculated. The impulse ratios for the PCs and LTVs 
are grouped into three groups each by test weights 
for PCs and LTVs - less than 3000 lbs, 3000 to 4000 
lbs and greater than 4000 lbs for PCs and less than 
4000 lbs, 4000 to 5000 lbs and greater than 5000 lbs 
for LTVs.  The distribution of the impulse ratios for 
each of the PC and LTV weight groups are shown in 
Figure 3.  Impulse ratios are shown on the Y axis 
and the vehicles tested are shown on the X axis for 
each weight group.   
 
The impulse data for each vehicle tested is presented 
row by row for the different weight groups in PCs 
and LTVs.  In Figure 3 the blue region shows the 
impulse in load cell Row A as a fraction of the total 
impulse.  Similarly the impulse ratios for Rows B, 
C, and D are given by the areas in green, red and 
dark red colors, respectively.  The data in each graph 
is ordered by vehicle test weight.  It can be inferred 
from the figure that a large portion of the impulse in 
PCs is in rows A and B (blue and green) compared 
to LTV’s, especially in the heavier weight groups.  
But, the LTVs weighing greater than 4000 lbs show 
a significantly large area covered by red and dark 
red (rows C and D) in comparison to PCs, implying 
large and heavy LTVs have impulses acting on a 
higher plane from the ground relative to the PCs.  
This is not surprising because of the higher profile 
of the LTVs. 
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Figure 3, Distribution of Force during a Frontal Fixed Barrier Test
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Derivation of a suitable metric from impulse to 
define compatibility 
Impulse is defined as the integral of force with 
respect to time;  

∫= dtFI . , 

where, ‘F’ is force and ‘dt’ is the time increment.   IA, 

the impulse on load cell row A is determined by IA 

= AA dtF .∫ , and is equal to the area below the Force-

Time curve for load cell row A in Figure 2. Similarly 
values for IB, IC, and ID are determined.  The time 
duration dt for each test theoretically starts at the time 
the test vehicle contacts the load cell barrier (time 
zero) and ends when the test vehicle velocity crosses 
zero as the vehicle starts to rebound from the barrier. 
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Figure 4, Forces acting on each load cell row along 
with vehicle velocity. 
 
The total crash duration is made up of crush period, 
between time zero and the time when the velocity 
crosses zero and the rebound period as the vehicle 
bounces off of the barrier (Figure 4).  In this study, 
the impulse is calculated only for the period up to the 
point of rebound because the load cell readings 
during the rebound are not consistent and the impulse 
contribution during rebound as a percent of the total 
is not significant as seen in Figure 4..  
 
Since the time dt for each load cell row is influenced 
by the effective stiffness (geometric stiffness 
distribution) characteristic of the vehicle structure, it 
can be concluded that the calculated metric for 
compatibility using the impulse also reflects the 
effect of stiffness. 
 

A suitable metric can now be derived using the 
impulse that could define the distinguishing 
compatibility characteristics of PCs and LTVs during 
a full frontal head-on crash.  For the purpose of 
deriving this metric, a point located on the vehicle is 
defined as the center of velocity change.  This point 
is assumed to be the point at which the total impulse I 
is concentrated as the vehicle contacts the load cell 
barrier.  This point is projected on to the crash foot 
print on the barrier.  It is located at a height X from 
the ground.  The distance to this point defined as the 
“Center of Velocity Change”, can now be calculated 
as shown below:   

∫ ∫ ∫=== dvmmVddtFI )(.  

Distance from the ground to the center of velocity 
change is: 

DCBA

DDCCBBAA

IIII

ZIZIZIZI
X

+++
⋅+⋅+⋅+⋅=  

Where: 
F = crash forces transferred to the barrier 
m = mass of the vehicle 
IA, .etc. = impulse acting on load cell row A, 
etc. 
ZA, etc.= distance from ground to the 
midpoint of the row A, etc. 

 
The ratio of impulse on each load cell row to the total 
impulse normalizes the effect of mass.   
 
Substituting the values for impulse and its respective 
distances from the ground for each load cell row in 
the above equation, the value for X - “the distance 
from the ground to the center of velocity change”, is 
determined.  The metric “X” is a single measure of 
height (distance from the ground) at which the net 
impulse of a vehicle will act during a fixed rigid load 
cell barrier crash.  It can be considered to be the 
impulse ratio weighted average of the heights Z1, 

Z2…….etc. for each row. 
 
For the example using the compact car data that was 
previously presented, the value X, is calculated to be 
435.66 mm or 17.15 inches. 
 
Ideally for compatible vehicle crashes involving 
passenger cars and LTVs, the value of X for light 
trucks should be similar to the value of X for 
passenger cars.  This can be achieved by controlling 
one or both of the following variables: distance from 
the ground represented by Zi and the impulse ratios.  
Since duration of force and level of force constitute 
the impulse, they can be varied to attain an optimum 
value for X by appropriate vehicle structural design. 
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Analysis based on breakdown of vehicle class by 
test weight 
The distance, X, was calculated for all the 239 
vehicles that were tested in frontal New Car 
Assessment Program (NCAP) barrier tests.  The 
correlation between median vehicle test weights and 
Xs, for all the vehicles tested in NCAP frontal barrier 
tests were determined.   
 
In this analysis, it was observed that there is a strong 
correlation between the calculated values of X and 
the test weights, even though the weights themselves 
do not enter directly into the calculation of X both in 
PCs and in the LTVs.  However, it is also noted that 
the vehicles tested in NCAP are not designed for 
optimal value of X and therefore, the correlation 
noted above is only because the weights and size are 
the two most dominant parameters that are well 
correlated for the vehicles in the current fleet.   
 
The calculated value of X is a reflection of 
parameters including stiffens and size, that exist in 
the fleet.  However, vehicles that are optimized for 
the values of X may have better correlation not only 
to vehicle weights and size, but also to stiffness since 
other design variables such as the stiffness and 
geometry could be modified within certain limits to 
get the desired value of X in future fleets. 
 
The following are the six steps involved in this 
analysis to obtain estimates of the potential benefits 
of optimizing the value of X. The first three steps 
relate to the computation of the compatibility metric 
X from NCAP data for relevant vehicle classes and 
calculation of relative injury risk for drivers in real 
world vehicle-to-vehicle frontal crashes.  Steps four 
through six explain how the relative risks change as 
the value of X is varied.  Step four provides a means 
to directly compare the relative risk in one class of 
vehicle as it interacts with all the other vehicle 
classes in real world crashes.  
 
Step 1 
The value of X was computed from 239 NCAP tests 
that belonged to different vehicle test weight groups.  
The weight groups in the NCAP data are used in the 
analysis of real world data.   
 
Crash database NASS/CDS includes the variable, 
vehicle curb weight. Those weights were used to 
match the vehicle classes in the real world against the 
classes in the NCAP data.  Ten years of real world 
crash data in NASS/CDS 1997- 2006, were used in 
this analysis to determine the injury risk based on the 
number of injured drivers in head-on crashes of 
different vehicle classes.  The median values and the 

average values of X along with the standard deviation 
are given in Table 1.  Both are found to be close and 
using either of these values would be satisfactory.   
 

Table 1 NCAP front barrier test vehicle classes 
and X values 

 
However, the median values of X determined for 
each vehicle class based on weights were used in this 
analysis. Since there were only a limited number of 
crash cases in the NASS/CDS data, the vehicle 
classes were collapsed into four classes as stated 
before - two classes of PCs and two of LTVs. 
 
Step 2 
Only two-vehicle, head-on crashes were selected as 
the target crash type from the NASS/CDS crash data 
as it is similar to the full frontal NCAP barrier tests.  
The head-on crash data include the crashes in which 
the frontal area of one vehicle impacts the frontal 
area of another.  The vehicle body types selected are 
PCs, compact and large utility vehicles, and compact 
and large pick up trucks.  NCAP crash test data for 
MY 2000-2007 were used in calculating the value of 
X that provided a direct measure of compatibility 
characteristics.  In order to increase the number of 
cases available in the NASS/CDS database, all 
vehicle model years in the NASS/CDS database for 
ten years were included in the analysis.  However, it 
is noted that the NCAP data used are for newer 
vehicles tested. 
 
The number of injured drivers with AIS 3+ injuries is 
used as the outcome measure to calculate the effect of 
changes in the value of X.  Only driver injuries are 
considered in this analysis to eliminate the errors that 
could result because of the varying occupancy rates 
in the vehicles involved.   
 
Table 2 shows number of (un-weighted) drivers with 
and without AIS 3+ injuries in two vehicle head-on 

Vehicle 
Class 

Test weight 
range (lbs) 

Estimated 

SymbolAverage 
X (in) 

Standard 
Deviation 

Median 

Compact 
Passenger 

Car 

Less than 
3,500 

16.9 1.3 16.6 CPC 

Full size 
Passenger 

Car 

Greater than 
3,500 

17.7 1.6 17.2 FPC 

Compact 
Light 
Truck 

vehicle 

Less than 
4500 

20.1 2.4 19.8 CLTV 

Large 
Light 
Truck 

Vehicle 

Greater than 
4500 

20.9 1.7 20.7 LLTV 
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crashes. The numbers in the upper half of each cell in 
Table 2 represents the number of injured or uninjured 
drivers of the subject vehicle, while the numbers in 
the lower half of each cell represents the number of 
injured or uninjured drivers in other vehicle.  The 
other vehicle represents the principal other vehicle 
involved in two vehicle full head on crash with the 
subject vehicle. 
 
For example, comparing crashes between full size 
passenger cars (FPC) and compact light truck 
vehicles (CLTV), it is seen in the un-weighted data 
(shown in bold for this example) that there are 43 
AIS 3+ injured drivers in full size passenger cars.  
There are also 99 un-injured drivers in FPCs (subject 
vehicle) in towed vehicles in the database.  In the 
same manner, there are 36 AIS 3+ injured and 108 
uninjured drivers in CLTVs (other vehicle).   
 
The uninjured data from Table 2 are not used in any 
further calculations because odds ratio comparisons 
could not be made with out knowing the exact count 
of uninjured drivers in each vehicle class.   
 

Table 2:  AIS 3+ Drivers injured in two vehicle 
head-on crashes in subject vehicles and other 

vehicles, NASS/CDS 1997 to 2006 (un-weighted). 
    Subject  
    Vehicle 
 
Other 
Vehicle    

Compact 
Passenger 
Car (CPC) 

Full Size 
Passenger 
Car (FPC) 

Compact 
Light Truck 

Vehicle  
(CLTV) 

Large 
Light 
Truck 

Vehicle  
(LLTV) 

Injured 
Un-

Injured 
Injured 

Un-
Injured 

Injured 
Un-

Injured 
Injured 

Un-
Injured 

Compact 
Passenger 
Car (CPC) 

 67 
 
67 

186 
 

186 
            

Full Size 
Passenger 
Car (FPC) 

 96 
 
59  

224 
 

262  

 23 
 

23 

 61 
 

61 
        

Compact 
Light 
Truck 
Vehicle  
(CLTV) 

 77 
 
 
30  

94 
 
 

141  

 43 
 
 

36  

 99 
 
 

108  

 9 
 
 

9 

 24 
 
 

24 

    

Large 
Light 
Truck 
Vehicle  
(LLTV) 

 87 
 
 
22 

 85 
 
 

149 

 56 
 
 
23  

 65 
 
 

97  

 25 
 
 
14  

 38 
 
 

48   

 10 
 
 
10 

 21 
 
 

21 

 
Table 3 gives the weighted number of injured drivers 
from the same data shown in Table 2, giving the 
number of injured drivers only.   
 
 
 
 
 
 

Table 3 AIS 3+ Drivers Injured in two vehicle 
head-on crashes, CDS 1997 to 2006 weighted data. 

   Subject  
      vehicle 
Other      
vehicle 

Compact 
Passenger 

Car 
(CPC) 

Full size 
Passenger 
Car (FPC) 

Compact 
Light 
Truck 

Vehicle 
(CLTV) 

Large 
Light 
Truck 

Vehicle 
(LLTV) 

Compact 
Passenger 
Car (CPC) 

  5212   
 

5212 
      

Full size 
Passenger 
Car (FPC) 

 4908 
 

3126 

  1625    
 

1625 
    

Compact 
Light 
Truck 
Vehicle 
(CLTV) 

  7203   
 

2470 

  5696    
 

3178 

  1149    
 

1149 
                  

Large 
Light 
Truck 
Vehicle 
(LLTV) 

  6904     
 

1452 

   3667   
 

2275 

   2222   
 

653 

  959     
 

959 

 
Step 3 
This step calculates relative driver injury risk in two 
vehicle full head on crash.  From Table 2 it is seen 
that the number of drivers injured in certain vehicle 
class interactions are small in the ten years of un-
weighted NASS/CDS data.  In the case of the small 
number of injured drivers in Table 2, the affect of 
weighting on calculations of weighted data shown in 
Table 3 is not well understood.  Hence, using 
weighted data in this analysis is likely to cause larger 
errors because of the discrepancy in certain weights 
and, therefore, it was considered desirable to use the 
un-weighted data.  Therefore, the relative risk for 
drivers is calculated from the un-weighted data.  
However, for the purpose of estimating benefits, the 
target populations available from the weighted data 
were used. 
 
The relative risk of AIS 3+ injuries to the driver 
using the un-weighted data in each of the above four 
vehicle groups is calculated and shown in Table 4.  
Table 4 gives the relative risk of driver injuries in the 
vehicles classified as the subject vehicle when 
involved in two vehicle head-on crashes with a 
vehicle type shown as the other vehicle.   
 
The relative risk for a specific vehicle class is 
determined by calculating the ratio of number of 
drivers injured in subject vehicles to those injured in 
other classes.  For example, the relative risk of AIS 
3+ driver injury in a CLTV, when involved in a head-
on crash with a CPC is 0.39.  This is obtained by 
dividing the number of drivers injured in CLTV by 
the number injured in CPC (30/77).  The inverse of 
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this number shows the relative risk of AIS 3+ driver 
injury in CPC when involved in a head-on crash with 
a CLTV (2.57).  The relative risk is equal to 1 along 
the diagonal of the matrix in vehicle-vehicle 
interactions that involve vehicles belonging to the 
same class.   
 
Table 4 Driver injury relative risks in two-vehicle 

head-on crashes (CDS 1997 - 2006 un-weighted 
data – Ratios of Injured) 

       Subject 
       Vehicle 
 
Other      
vehicle 

Compact 
Passenger 

Car 
(CPC) 

Full size 
Passenger 
Car (FPC) 

Compact 
Light 
Truck 

Vehicle 
(CLTV) 

Large 
Light 
Truck 

Vehicle 
(LLTV) 

Compact 
Passenger 
Car (CPC) 

1.00 0.61 0.39 0.25 

Full size 
Passenger 
Car (FPC) 

1.63 1.00 0.84 0.41 

Compact 
Light Truck 
Vehicle 
(CLTV) 

2.57 1.19 1.00 0.56 

Large Light 
Truck 
Vehicle 
(LLTV) 

3.95 2.43 1.79 1.00 

 
Step 4 
The calculated relative risk, from step 3, for the 
interactions of each vehicle type is then plotted 
against the height of the center of velocity change X 
for each of the four vehicle classes.  Figure 5 is a plot 
of the relative risk and the height of the center of 
velocity change, X in inches.  Median value of X for 
each vehicle class is used in developing the curves.   
 
These plots are the best fit curves based on the four 
data points that represent the relative risk of driver 
injuries in each vehicle class in its interaction with all 
the other vehicle classes. Exponential fit yielded the 
best correlations and hence is used in generating the 
curves given in Figure 5.  The range of values of X 
for each class is different.  The curves in Figure 5 are 
plotted using the full range of X and the relative risks 
as one class of vehicle interacts with other classes of 
vehicles including its own class. i.e., different curves 
for each vehicle class indicate the risks of various 
vehicle class interactions and its relationship to X. 
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Figure 5:  Relative risk vs distance X from the 
ground to the center of velocity change 
 
Each of the curves for a specific vehicle class above 
shows the potential risk associated with frontal 
crashes involving a specific vehicle class and all the 
other vehicle classes.   
 
For example, the top curve shows the risk of AIS 3+ 
injuries to compact passenger car drivers as they 
collide with vehicles in all the other classes.  The 
values of X for the vehicle classes involved fall in a 
range of approximate 14 to 26 inches. The horizontal 
line showing a risk of 1.0 is the risk as a vehicle in a 
specific class collides with another vehicle of the 
same class.  As expected, the curves plotted for each 
vehicle class is well correlated with the values of X 
as indicated by the R2 values. 
 
Step 5 
The risk relationship between the subject vehicle and 
the other vehicle for PCs is shown in Figures 6 and 7.  
Figures 6 and 7 shows the change in risk with respect 
to X for CPC and FPC vehicle classes when they 
interact with all the other vehicle classes.  As seen, 
when X for the other vehicle class increases, the risk 
of driver injury in subject vehicle increases.  At the 
same time, the risk to drivers in the other vehicle 
class decreases.  The intersection of the two curves 
indicates a risk of one.  This point represents the risk 
to drivers in a specific vehicle class as they crash in 
to another vehicle class having same value for X. 
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Figure 6 Relative risk for subject vehicle CPC 
(Using ratios of drivers injured) 
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Figure 7 Relative risk for subject vehicle FPC 
(Using ratios of drivers injured) 
 
Figures 8 and 9 are the same as described above, but, 
for CLTV and LLTV classes.  From Figures 6 -9, it is 
clear that for PCs and LTVs, as the value of X for the 
other vehicles is increased, the risk to drivers in the 
subject vehicle increases, while the risk to drivers in 
the other vehicle decreases.  These curves were 
generated based on risk calculations using the ratios 
of the number of injured drivers in pairs of 
interacting vehicle classes.  
 
The pair of curves, shown in each of the Figures, 6, 7, 
8, and 9, is the inverse of the other curve. 
Comparison of Figures 6 and 7, shows that the rate of 
increase of risk for subject vehicle CPC class is 
higher than increase in FPC for PCs.  Similarly, for 

CLTV and LLTV (Figures 8 and 9), the rate of 
increase in risk is smaller in comparison to the PCs 
(Figures 6 and 7).   
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Figure 8 Relative risk for subject vehicle CLTV 
(Using ratios of drivers injured) 
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Figure 9 Relative risk for subject vehicle LLTV 
(Using ratios of drivers injured) 
 
Step 6 
In order understand the influence of X on injury risk 
a new curve for the subject vehicle could be plotted 
by changing the proportionality constant and the 
value of X in the exponent.  This new curve will 
intersect with the curve representing the other vehicle 
classes.  The point of intersection of the two curves 
defines the new risk and also specifies the value of X 
for the subject vehicle to make them more compatible 
with the other classes.  Rather than changing the 
constants, it is easier to visualize the curve for other 
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vehicles remaining constant while the subject vehicle 
curve is allowed to intersect the curve for the other 
vehicles as X for the other vehicle class is varied.  
The risk associated with the intersection points for 
each value of X can now be compared to the original 
risk to compute the change in risk. 
 
The change in risk at the new intersection point can 
now be computed as a fraction of the original risk.  
This fraction represents the effectiveness for making 
the subject vehicle class meet a specific value of X.  
This effectiveness when multiplied by the target 
population of the total number of injuries that occur 
in crashes involving a specific subject vehicle class 
and all other classes will approximate the potential 
benefits in the specific subject vehicle class.  
 
It is noted that in this analysis, the target population 
used is all AIS 3+ injuries in a specific vehicle class.  
These include the injuries that are due to mass 
disparities as well as differences, possibly in the 
values of X.  Since the target population cannot be 
split up to separately account for the effect of each 
variable on the injury outcome in crashes,  the 
estimated benefits are likely to be higher than what 
may result from changing the value of X. 
 
These steps can now be repeated for each vehicle 
class to approximate the benefits in each class for the 
subject vehicles and the other vehicles.  As can be 
seen, when X is varied for one class of vehicles, the 
benefits that may result in one class may be negated 
by the negative-benefits for the other.  The combined 
benefits when all vehicle classes are made to comply 
with specific values of X can be approximated by 
summing up the benefits and negative benefits 
obtained class by class. 
 
It is noted that, in this methodology each vehicle 
class interaction is treated as unique and the benefits 
calculated are upper bounds, because of the few 
benefits that result from the double counting involved 
each time the benefits are computed for interactions 
of one class of vehicles with all the other classes.  
Correcting for this discrepancy was not attempted 
each time.  Since only the net benefits are of interest, 
an estimate of the over prediction is made and the net 
benefits are expressed as a range. 
 
Assumptions used in the benefit calculations 
1. The vehicle classifications developed from the 

NCAP data are equivalent to the classifications 
obtained from the NASS/CDS data.   

2. The X values computed from the newer vehicles 
in NCAP data are similar to those vehicles 
including the older models in the fleet. 

3. Relative risks derived from driver injury data in 
head-on crashes are only influenced by the 
compatibility metric X.  However, in the current 
analysis, vehicle designs have not taken in to 
account X as a metric, the injuries that are seen 
in the fleet as it currently exists may be 
influenced by other factors such as mass and 
geometric disparities.  

4. When the functional relationship between the 
risk for the drivers in subject vehicles and X for 
other vehicle classes is changed, it is assumed 
that the functional relationship between X and 
the risk for the other vehicle classes remain 
unchanged. 

5. The benefits determined on the basis of AIS 3+ 
injuries reduced will equally apply to lesser 
injuries and fatal injuries irrespective of the crash 
conditions of speed and other variables. 

6. The target population used for above includes the 
effect of all the variables that affect the injury 
outcome. Use of these numbers in estimating the 
benefits is likely to result in higher estimates 
than can be realized in actuality by changing the 
value of X 

7. The head-on crashes selected from the 
NASS/CDS crash data have principal direction 
of force acting between 350 and 10 degrees for 
both the vehicles and are assumed to be similar 
to NCAP FMVSS No 208 crash tests.  

8. As part of this study no case review (review of 
the accident case file) was conducted to verify 
whether the target population used in the benefit 
calculation would benefit from center of velocity 
change methodology. 

 
Analytical methodology for evaluating benefits 
Potential benefits of changing the value of X for 
various vehicle classes in the fleet were calculated 
from the target injuries that occur in all head-on 
frontal crashes between the subject vehicle class and 
the other classes including itself.  For example, it is 
seen from Table 3 that there are a total of 24,227 AIS 
3+ driver injuries in compact passenger cars in 
crashes involving all other passenger vehicle classes 
including other compact vehicles.  Similarly, 12,260 
AIS 3+ injuries occur in the other vehicle classes also 
in the ten year period in the NASS database 
(weighted) involving compact vehicles.  Similarly, 
there are a total of 14,114 AIS 3+ driver injuries in 
FPC and 11,986 in other classes, 9019 in CLTV and 
14,701 in others and 5,339 in LLTVs and 13,752 in 
other classes, respectively. Since the vehicles in the 
fleet are not designed by optimizing X , the injuries 
used in the target population include effect of all 
variables including mass differences  
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The relative risk of CPC in crashes involving all 
other classes were first calculated by varying the 
values of X in the range of 16.0 to 21.5 inches in 
increments of 0.5 inch and then in the same range in 
increments of 0.1 inch.  The original relative risk for 
CPC as indicated by the point of intersection of the 
two curves seen in Figure 6 is 1.0 (at a value of X = 
16.14 inches).  Similarly, for each of the other subject 
vehicle classes FPC, CLTV and LLTV and the other 
classes, the intersection point and the associated 
value of X for each class is different.  Figure 6 
presents the curves for PCs and Figure 6 presents the 
data for LTVs. 
 
These effectiveness fractions for subject vehicle and 
other vehicle classes are multiplied by their 
respective target populations to determine the 
potential benefits in each class interaction.  The net 
benefits are then determined by adding up the 
potential benefits for each subject vehicle class and 
all other classes at a specific value of X. 
 
Based on this analysis, it is concluded that there is no 
advantage in driving changes in the value of X in 
FPC and CLTV.  On the other hand, there are 
potential safety benefits to be gained by changes in 
small passenger cars (CPC) and large light trucks and 
vans (LLTV) using this metric.  As expected, the 
methodology used in the benefit calculations result in 
different total benefits as values of X are varied.  
True relative risks can only be determined if the 
number of injured and uninjured drivers in each 
vehicle class is known.   
 
The NASS data provide the uninjured numbers for 
only the tow-away crashes.  In two-vehicle crashes, 
the uninjured numbers do not include the uninjured in 
non-tow-away vehicles.  Therefore, calculating the 
relative risk as an odds ratio may exaggerate the 
potential benefits and is not considered.  On the other 
hand, when the relative risks are calculated on the 
basis of the injured drivers only, it is assumed that the 
number of uninjured drivers in the subject vehicles 
and the other vehicles are the same.   
 
Performance scheme and rationale 
While the analysis described is based on head-on 
crashes only, many other frontal crashes that are not 
strictly defined as head-on crashes may also derive 
benefits from the changes in the compatibility metric 
X.  For example, even though the data did not include 
many other types of frontal crashes that are not 
included under head-on type, it is reasonable to 
assume that those crashes would also be helped when 
vehicles comply with this compatibility metric.   
 

The value of X can be increased by changes in 
geometry and stiffness characteristics.  For example, 
for small passenger cars, it is not practical to change 
geometry significantly.  However, stiffness of such 
vehicles may be increased substantially to increase X.  
Beyond limits, this may require redesign of the 
restraint systems.  Some small cars in today’s fleet 
are already stiffening up their structures and 
therefore, the compatibility metric X for those 
vehicles may already be high even though they have 
a low front-end profile.   
 
Based on the front NCAP test data for vehicles, a 
value of X can be computed for each vehicle.  If 
those nominal values fall with in the prescribed 
metric +- a tolerance value,  an enhanced rating for 
such vehicles in the smallest and largest vehicle class 
could drive compatibility with out adding a new test 
or incurring additional cost for compliance 
evaluations.  The full size passenger cars and the 
crossover vehicles could be left alone as they do not 
appear to provide any appreciable benefits when the 
value of X is changed for those classes. 
 
Conclusion 
Using the methodology described the overall safety 
benefits can be estimated by calculating the reduction 
in the number of drivers with AIS 3+ injuries in all 
frontal crashes as well as in side crashes by making 
the vehicles in the fleet comply with selected values 
of X.  However, initially the benefits are estimated 
for head-on crashes only after validating the 
methodology described in this paper.   
 
Additional estimates for side crashes can only be 
attempted once the necessary data related to side 
crashes and H-point heights in struck vehicles are 
obtained.  It must be noted that, the relevant metric 
for side crashes is not likely to be just the value of X 
for striking vehicles, but also the difference between 
X for the striking vehicles and the height from the 
ground to the H-point (h) in struck vehicles.  It is 
assumed that the relative risk of injuries in side 
crashes will be influenced by the new metric, (X - h).  
This new metric has to be derived from side NCAP 
data and a functional relationship between this metric 
and side crash injuries will have to be developed 
before applying the methodology for the benefits 
calculation.  Absence of relevant H-point data for 
various vehicle classes prevented the development of 
a preliminary benefit estimate for side crashes.  
However, it is noted that at least for passenger cars, 
the H-point heights are close to each other, 
irrespective of the size of the vehicle.  Therefore, it is 
reasonable to assume h to be a constant for passenger 
cars.   Based on this assumption, available side 
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NCAP data for passenger cars could be used to 
develop the relationship between (X-h) and the real 
world relative risks in side crashes as various classes 
of vehicles strike the sides of passenger cars.  Using 
this methodology, it can be attempted in the future as 
H-point data become available for light trucks as 
well. 
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ABSTRACT 

In order to develop and deploy advanced safety 
technologies, it is important to estimate effectiveness 
based on the system function or performance. Although 
various types of safety impact methodology (SIM) 
have been proposed to date, few SIMs can be 
applicable for actual system effectiveness estimation. 
In this study, a universal SIM (T-SIM) was developed 
and its validity was confirmed against field data. 
T-SIM uses the number of fatalities and casualties 
(fatal and nonfatal injury) that are expected to be 
prevented by the technologies rather than just 
collision/avoidance ratio because some of the safety 
technologies, such as a collision mitigation system, can 
reduce the impact speed by brake application and thus 
may help reduce the number of fatalities and casualties. 
T-SIM consists of two parts: (1) accident pattern 
classification and (2) effectiveness estimation for each 
system. In the first part of the T-SIM, accident data 
from the National Automotive Sampling System - 
General Estimates System (NASS-GES) and Fatality 
Analysis Reporting System (FARS) were categorized 
by such variables as type of accident (e.g., head-on) 
and relation to the intersection. The categorized 
accident patterns enable users to choose the accidents 
for which the technologies may be effective. By using 
the same accident pattern database, users also can 
compare the effectiveness of different safety systems. 
In the second part of the T-SIM, accident patterns 
applicable to a particular safety system are selected 
from the categorized patterns. A driver-model and a 
vehicle-model can be applied, which allows users to 
examine the effect of system parameters and 
configurations. Through the validation process using a 
Electronic Stability Control (ESC) system as an 
example of advanced safety technologies, the estimated 
effectiveness by T-SIM was compared with that 
reported by a study based on field data [2]. Although 
the accident databases are different, statistical analysis 
showed the effectiveness estimated by T-SIM is not 
significantly different from that by the field study and 

it was confirmed that the T-SIM can be used to 
estimate the effectiveness of other advanced safety 
technologies.  Then the T-SIM was applied for a 
Pre-Collision System for the effectiveness estimation 
and further improvement.  It was estimated that a PCS 
has high potential for reducing fatalities and casualties 
of rear-end accidents.  In addition, it was also 
estimated that the PCS could be improved by changing 
such system parameters as warning, brake-assist and 
automatic brake timings. 

INTRODUCTION 

Various kinds of safety technologies such as Electronic 
Stability Control (ESC) system and Pre-Collision 
System (PCS) have been developed in order to help 
reduce traffic accidents. It is important to estimate 
effectiveness for the development and deployment of a 
safety system.  However, it could take at least several 
years to accumulate sufficient accident data in order to 
investigate the effectiveness of such systems in the 
field.  Therefore, the development of a methodology 
that can estimate the effectiveness of a safety system in 
advance is useful. 

A safety impact estimation methodology (SIM) is a 
tool to estimate the benefit of safety systems, for 
example, by the number of fatalities, casualties (fatal 
and non-fatal injuries), or accidents that may be 
prevented by introducing an active safety system into 
the market.  Safety impacts can be measured in 
various ways (e.g., [1], [2], [4], [5], [8]); therefore, a 
wide variety of SIM tool designs may be possible. We 
believe, however, that such numbers as fatalities and 
casualties reduction should be used as the output of the 
SIM tools for active safety systems.  Some recent 
safety systems can reduce the impact speed by 
utilization of the electronic throttle control and/or brake 
application.  Therefore, a safety impact estimation 
methodology should also consider the estimated 
reduction in fatalities and injuries resulting from the 
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reduced impact speed, rather than only estimating a 
crash-avoidance ratio.  If those numbers can be 
identified by a SIM tool, engineers and researchers can 
assess a system’s effectiveness.   

Before using a SIM tool to estimate the potential safety 
impact of an active safety system, the accuracy and 
reliability of the SIM tool should be confirmed with 
real field data.  Accident databases such as FARS and 
NASS-GES are good examples of field data that can be 
used to confirm the validity of the SIM tool.  
However, as mentioned earlier, it may take more than 
10 years to collect enough field data in order to have 
sufficient data for validation of the tool.  In addition, 
even when some field data are available, it does not 
necessarily mean that the data from the field can be 
used for accurate validation of the SIM tool.  Field 
data, which are collected based on past systems, may 
not include sufficient details of the crashes to allow for 
sufficient analysis into the applicability of the 
characteristics and configurations of the active safety 
systems that will be deployed in the future.  Therefore, 
it is important to confirm the validity of the SIM tool 
by comparing the SIM output and the safety impact 
achieved by an active safety system that has already 
been available in the market for a long time.  The SIM 
can be validated if the SIM output is confirmed to be 
similar to the findings from accident statistics.   

It is also important to identify the users of a SIM tool 
when evaluating its usefulness.  An effective SIM tool 
should provide good feedback to engineers and 
researchers who are responsible for the development of 
active safety systems and their deployment strategies 
by showing not only the effectiveness of a potential 
active safety system but also the changes in 
effectiveness when the system parameters are modified.  
Therefore, the SIM tool should allow users to modify 
system parameters, such as the system operating speed 
range, to examine the impact of those changes.  In 
addition, it is important to design the SIM tool to be as 
user-friendly as possible to produce accurate and 
reliable outputs without requiring extensive user 
training. 

SIM Development Approach 

The goal of this study was to develop a universal SIM 
tool: 

• That uses real field data (FARS and 
NASS-GES data) to estimate effectiveness of 
safety systems,  

• Whose accuracy is validated by comparing the 
SIM outputs with the effectiveness achieved 
by an existing system in the field, and  

• That allows engineers and researchers to 
examine the effect of modifying system 
parameters and configurations when 
developing an active safety system. 

Therefore, our goal was to develop a systematic 
process to estimate the ratio (and the numbers) of 
fatalities and casualties expected to be prevented 
(“effectiveness”) based on the data from FARS and 
NASS-GES databases.  Although each accident is 
unique and an almost infinite number of accident types 
are possible, they are also usually classified into 
several categories.  We believe that it would be 
helpful for engineers and researchers to provide such 
categories as “rear-end crashes” and “head-on crashes” 
and for the users to be allowed to select the categories 
when analyzing probable causes for an accident and 
considering the possible countermeasures.  But this 
categorization should be done using a systematic 
methodology.  

Toyota’s SIM (T-SIM) 

Figure 1 shows the comparison between typical SIMs 
and the T-SIM concept. 
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Figure 1. Comparison of T-SIM and typical 
SIMs 

Typical SIMs are usually developed and tuned for a 
specific system, i.e., a SIM for Forward Collision 
Warning System (FCWS), a different SIM for ESC 
system, and so on.  For each system, accident cases to 
which the system is applicable are selected from 
accident databases.  Driver- and vehicle-model 
parameters are determined based on objective tests and 
detailed accident data (e.g., National Automotive 
Sampling System - Crashworthiness Data System 
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(NASS-CDS) and naturalistic driving data from driving 
recorders.  System benefit is calculated from the 
accident simulation using the selected accident cases 
and the models.  

However, there are some concerns associated with the 
approach.  Firstly, it may result in creation of a 
number of complicated inflexible SIM tools.  It is 
important for development engineers of active safety 
systems to have flexibility in adjusting parameters and 
system boundaries when designing effective systems.  
If multiple incompatible tools have to be used to 
compare two different systems, engineers will face a 
major challenge in designing integrated safety systems.  
Secondly, it is not easy to understand accident 
situations in such statistical data as NASS-GES and 
FARS and therefore it may be difficult to determine if a 
safety system can be effective for those accidents.  
Thirdly, such detailed data as NASS-CDS and 
naturalistic driving data can be used to determine if the 
system is applicable to those accidents; however, only 
a small number of detailed data are currently available 
and there is some uncertainty regarding whether the 
data are a good reflection of the national population.  
Fourthly, it is necessary for a better estimation to 
simulate accidents accurately; however, parameters for 
the simulation are given from small numbers of 
objective tests and/or detailed data.  Finally, since this 
type of SIM is usually made for a specific system, 
users need to repeat nearly the entire process in order to 
build another SIM for each specific system. 

On the other hand, our basic approach is to construct a 
universal SIM tool based on the standard sets of 
accident patterns with adjustable parameters.  This 
type of SIM allows development engineers to select 
applicable accident patterns when creating a system 
concept.  During the engineering exercise, engineers 
can adjust system boundaries, such as the operating 
speed range, to see the boundaries’ impact on safety 
benefits. 

The T-SIM consists of two parts: one part is the 
classification of accident patterns of NASS-GES and 
FARS database, which can be used for various kinds of 
systems.  The other is the selection of the applicable 
patterns to a specific system from the categorized 
patterns and the application of a driver-model and a 
vehicle-model to estimate the system effectiveness.   

The main benefits of the T-SIM are:  

1. The classification will operate to allow the user to 
address a particular purpose; therefore, the T-SIM 

users can easily understand for what kind of 
accidents a safety system can be effective. 

2. The T-SIM users do not need to conduct the 
accident analysis when they try to estimate 
effectiveness of a different safety system. 

3. It is possible to compare the effectiveness of 
different systems in the same condition by using 
the same accident database of the T-SIM. 

Accident Pattern Classification  

Categorization of Data Elements

As the first step of developing standard sets of accident 
patterns, NASS-GES and FARS data were categorized 
into several groups.  The “occupant” data set is used 
for both NASS-GES and FARS.  Table 1 shows the 
results of these categorization efforts.   

For multi-vehicle crashes, it is important to distinguish 
them into culpable party and counter party.  A 
culpable party is the vehicle that has mainly 
contributed to the occurrence of a particular accident.  
For example, in a rear-end accident, if the driver of the 
following vehicle was inattentive and did not see the 
preceding vehicle slowing down, and collided into the 
preceding vehicle, the following vehicle is the culpable 
party because the contribution of this striking vehicle to 
the accident is greater than the preceding struck vehicle.   
To determine which vehicle was culpable we examined 
each vehicle's role (i.e. striking or struck), drivers’ 
distraction, travel speed and vehicle maneuver prior to 
critical event. 

The grouped vehicles are limited to three categories in 
order to reduce the number of combinations: 
automobiles, motored cycles, and other vehicles.  
Automobiles include all passenger vehicles 
(automobiles, automobile derivatives, utility vehicles, 
all kinds of trucks and buses).   

Each item in the “grouped categories” can be 
considered one similar group of accidents (head-on 
collision between automobiles at an intersection with a 
traffic signal) therefore can be used as the basis for 
creating standard accident patterns.  Their 
combinations (type of accident, culpable party, counter 
party, location, and traffic control) generate 486 sets of 
standardized accident patterns.  

After minor cases (with less than 0.025% of all 
fatalities or less than 0.025% of all casualties) and 
unclear cases (vehicle involved in crashes and/or 
location of crash are unknown) are eliminated; only 98 
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patterns remain.  In total, these 98 patterns can 
represent approximately 85% of all accident cases 
therefore it is reasonable to believe these 98 patterns 

can be used to represent a large percentage of the 
accident patterns in the United States (Table 2). 

 

Table 1. Categorization of NASS-GES and FARS Accident Cases 
 Grouped Categories 2005 NASS-GES 

Variables 
2005 FARS 
Variables 

Type of 
Accident 

Multi-Vehicle Crashes 
Head-on; Angle; Rear-End; Sideswipe Same Direction; 
Sideswipe Opposite Direction; Rear-to-Rear 
 
Single Vehicle Crashes 
Pedestrian; Pedal Cyclist; Rollover/Overturn; Guardrail; 
Concrete Traffic Barrier; Post, Pole or Support; Culvert or 
Ditch; Curb; Embankment; Fence, Wall; Tree; Animal; 
Parked Motor Vehicle or Other Motor Vehicle not in 
Transport; Bridge Structure; Other Fixed Object; Other 
Object not Fixed; Other Non-Collision 

#40 IMP Manner of 
Collision 
 
#37 IMP First Harmful 
Event 

#25 Manner of 
Collision 
 
 
#24 First Harmful 
Event 

Culpable 
Party 

Automobile; Motored Cycle; Other Vehicle #158 Imputed Body 
Type 

#110 Body Type 

Counter 
Party 

Automobile; Motored Cycle; Other Vehicle #158 IMP Body Type #110 Body Type 

Location Intersection Related; Non-Junction; Other Location #45 IMP Relation to 
Junction 

#26 Relation to 
Junction 

Traffic 
Control 

Traffic Signal; Stop, Yield, School Zone Sign; No Controls #48 IMP Traffic 
Control Device 

#35 Traffic Control 
Device 

* IMP: Imputed 

Table 2. Coverage of Extracted 98 Standard Accident Patterns 

Type of Accidents 
Number of 

Standard Accident 
Patterns 

Coverage 
(Casualties, NASS-GES) 

Coverage 
(Fatalities) 

Automobile x Automobile 22 86.3% 94.7% 
Single Vehicle 

(excluding Pedestrian and Pedal Cyclist) 41 85.4% 91.7% 

Automobile x Motorcycle 11 68.3% 82.6% 
Motorcycle x Automobile 14 78.1% 82.6% 

Automobile x Pedal Cyclist 5 81.9% 88.7% 
Automobile x Pedestrian 5 93.1% 86.2% 

Total 98 85.8% 83.5% 
 

Selection of Parameters for Effectiveness 
Estimation

The next step was to examine the parameters 
(conditions) that can contribute to the number of 
accidents.  The following NASS-GES and FARS data 
elements are identified as accident parameters (Table 
3). 

For each of these 98 patterns, the parameters and data 
counts are extracted from NASS-GES and FARS.  
The extracted data will be used as the database to 
calculate safety impacts.  We are developing an 
interface tool to identify applicable accident patterns 

and adjustable accident parameters when estimating 
safety impacts of future active safety systems. 

When examining NASS-GES and FARS databases, 
one would discover that there are many cases where 
vehicle travel speed is reported as “unknown.”   We 
examined the linear correlation between “Posted Speed 
Limit” and “Vehicle Travel Speed.”  After normal 
distributions were confirmed, linear regression models 
were created and applied to generate estimated vehicle 
travel speeds based on the posted speed limits (Figure 
2). 
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Table 3. Categorization of NASS-GES and FARS Accident Cases 
Parameters for Effectiveness 

Estimation 2005 NASS-GES Variables 2005 FARS Variables 

Culpable Party’s Travel Speed #120: Travel Speed 
#46: Imputed Speed Limit 

#127: Travel Speed 
#30: Speed Limit 

Damage Area #74: General Area Damage #135: Impact Point – Initial 
Traffic-Way Flow #15: Trafficway Flow  #28: Trafficway Flow  
Pre-Crash Vehicle Control #138: Precrash Vehicle Control - 
Corrective Action Attempt #137: Corrective Action Attempt #151: Crash Avoidance Maneuver 
Roadway Alignment #36: Imputed Roadway Alignment #31: Roadway Alignment 
Roadway Surface Condition #47: Imputed Roadway Surface 

Condition 
#34: Roadway Surface Condition 

Atmospheric Condition #49: Imputed Atmospheric Condition #39: Atmospheric Condition 
Light Condition #30: Imputed Light Condition #38: Light Condition 
Driver Distraction by #1 #182: Driver Distracted by #1 - 
Driver Related Factors #1 - #229: Driver Related Factors #1 
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Figure 2. Estimated Vehicle Traveling Speeds 
 

SIM Validation Approach 

T-SIM Application to ESC for its validation 

The validity of the T-SIM was examined with existing 
field data. There are sufficient accident data in the field 
for ESC systems because they were already introduced 
into the market for a wide range of vehicles for several 
years.  One of the benefits of the T-SIM is that it can 
be used not only for a particular system but also for a 
wider range of active safety systems.  Therefore, it 
was decided to validate the T-SIM concept by 

comparing the data produced by the T-SIM for ESC 
and the effectiveness of ESC identified in field studies 
conducted by NHTSA [2].   

In the NHTSA report, it was identified that the 
effectiveness of ESC by comparing accident 
frequencies of identical and/or similar vehicle models 
with and without ESC. 

In the report, analyses were conducted based on field 
data of FARS and state accident data from 1997 to 
2004.  We used the NASS-GES database to compare 
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the results with the state data files because those 
databases are thought to be comparable.  Since the 
ranges of the years of the databases in the T-SIM and 
the NHTSA report are different, we compared the 
distributions of an accident type in those two ranges of 
years as a check for similarity and found that the 
databases are comparable. 

Identification of Influential Parameters

To examine the validity of the T-SIM, we first 
identified the functionalities of a typical ESC system.  
A typical ESC system is designed to activate the 
vehicle chassis control system to help avoid vehicle 
loss of control and help allow the driver to regain 
control when s/he has lost control.  There are two 
types of control loss: front-wheel skid (drift off) and 
rear-wheel skid (spin).   

In this SIM validation step, two operating conditions 
for ESC were considered to estimate the effectiveness: 
(A) ESC works at the speed equal to or more than 10 
mph, and (B) ESC works to help prevent skidding.  
The operating condition (A) is defined from the system 
setting, and the effect of ESC on preventing skidding in 
condition (B) is mentioned in the previous studies ([6], 
[11]) and was also confirmed by our ground test [10].   

It is natural to consider that there may be some other 
factors that may affect ESC activation.  The “roadway 
surface condition” is a good example.  Table 4 shows 
the number of persons involved in accidents by 
“pre-crash vehicle control” and “roadway surface 
condition” categories.  This table was made from the 
database with the 98 accident patterns.  Although 
“skidding laterally” occurred more often (29%) in the 
“Snow or slush” condition than that in other conditions 
(3% in “Dry,” 12% in “Wet,” 23% in “Ice”), there are 
still a larger number of accidents that happened even 
when the vehicle was under a “tracking” condition 
(54% in “Snow or slush,” 87% in “Dry,” 70% in 
“Wet,” 40% in “Ice”).   In other words, even in the 
“Snow or slush” condition, a large amount of accidents 
occurred in the “tracking” condition. Similar 
phenomena are also observed in other roadway surface 
conditions.  It indicates that the roadway surface 
condition may seem to have an association with the 
number of “skidding” accidents, however the influence 
is secondary.  Since typical ESC systems are designed 
to function when the vehicle is “skidding,” whether the 
vehicle is skidding or not is the primary effect on ESC 
activation.  Therefore it is appropriate to use only the 
“pre-crash vehicle control” condition as the variable 
when examining the effectiveness of ESC. 

Table 4. Number of persons involved in 
accidents by “Pre-crash Vehicle Control” and 

“Roadway Surface Condition” categories 

Pre-crash
Vehicle Control

Roadway surface
condition Dry Wet

Snow
 or slush Ice

Other
/Unkown Total

Tracking 232806 52573 15315 5515 604 306815
Skidding 
longitudinally 14195 6729 4507 4660 19 30110
Skidding laterally 8552 8707 8092 3201 0 28551
Other 0 0 0 0 0
Other vehicle loss of
control (specify) 0 591 0 0 0 591
Precrash stability
 unknown 11543 5944 299 552 0 18337
Total 267096 74545 28213 13928 623 384405

0

 

Estimated effectiveness by the T-SIM and the 
effectiveness reported by NHTSA 

The NHTSA report estimated the effectiveness of ESC 
for passenger cars (PCs) and light trucks and vans 
(LTVs) separately.  To examine the appropriateness 
of the T-SIM, however, we have divided our vehicle 
category into these two categories, PCs and LTVs, in 
order to match the NHTSA report.  This was done 
solely for the purpose of examining the validity of the 
SIM tool. 

The effectiveness of ESC estimated by the T-SIM and 
that by a previous report are shown in Figures 3 (for 
fatal crashes) and 4 (for various crashes).  In these 
graphs, the bars on the left side of each accident type 
show the effectiveness of ESC for PCs, and the bars on 
the right side show that for LTVs, extracted from the 
NHTSA Technical Report [2]. 

The diamond (blue) dotted level lines indicate 
estimated results by the T-SIM calculated under the 
conditions of (A) (“culpable party’s travel speed” is 
over 10 mph) and (B1) (“skidding laterally”), and the 
square (red) dotted level lines indicate estimated results 
calculated under the conditions of (A) and (B2) (both 
“skidding laterally and “skidding longitudinally”).   

In the NHTSA report, all crash involvements refer to 
all types of fatal crash involvements for the FARS 
database and not only fatal but also non-fatal crash 
involvements (i.e., property damage, possible injury, 
non-incapacitating and incapacitating injury) for the 
state data files (see page 19 of the NHTSA report).  In 
the T-SIM, we used fatalities of the FARS database and 
“All Persons” data (Fatal injury (K), Incapacitating 
Injury (A), Nonincapacitating Evident Injury (B), 
Possible Injury (C), and No Injury (O)) in the 
NASS-GES database for the purpose of comparison. 

In general, it can be said that the effectiveness values 
estimated by the T-SIM are reasonably comparable to 
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the effectiveness reported in the NHTSA report 
because most of the estimated effectiveness for 
preventing fatal accidents fit within the confidence 
bounds. 

 Then, chi-square statistics were applied for the 
estimated effectiveness of the crash types (e.g., “all 
run-off-road,” rollover”) by the T-SIM and that by the 
previous report.  In this statistical analysis, the stated 
effectiveness in the NHTSA report was treated as the 
expected frequency and the effectiveness estimated by 
the T-SIM was treated as the observed frequency.   

Overall, a significant difference was not seen when the 
confidence bounds in the NHTSA report are taken into 
account. Through the validation process of the 
effectiveness of ESC systems, it was confirmed that the 
T-SIM is able to estimate the effectiveness of the safety 
system.  Therefore, the T-SIM can be used as a tool to 
estimate the effectiveness of other safety systems by 
modeling a driver-model and a vehicle-model for the 
systems. 

Modified from DOT HS 810 794 NHTSA Technical Report
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Figure 3. Effectiveness Estimation Results in Fatal Crashes by Vehicle Type 
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Figure 4. Effectiveness Estimation Results on Various Crashes by Vehicle Type 
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Effectiveness estimation of a Pre-Collision System 

Among all accidents of light vehicle crashes, rear-end 
collisions is the most frequent, accounting for 29% of 
all crashes [8].  In order to reduce fatalities and 
casualties by the rear-end collisions, a Pre-Collision 
System (PCS) has been developed [3].  A PCS 
constantly monitors a vehicle and/or obstacle ahead 
with a front-mounted sensor (e.g. a millimeter-wave 
radar sensor), prepares the brake-assist for increased 
braking and finally applies automatic braking in order 
to mitigate the impact of collision when the system's 
computer determines that a frontal collision is 
unavoidable.  Many countries are going to promote to 
spread the PCS. 

For the effectiveness estimation and further 
improvement, the T-SIM was applied for a PCS.  The 
driver model was developed from a driving simulator 
test.  The driver-parameters such as subjects’ response 
time to the warning, system response time, and 
reduction speed were collected using our driving 
simulator [7] from about 100 subjects.  The vehicle 
model was made from objective tests using an actual 
vehicle.   

It was estimated that a PCS has high potential for 
reducing fatalities and casualties caused by rear-end 
collision.  In addition, the PCS system parameters 
such as warning, brake-assist and automatic brake 
timings were changed to study what parameter is the 
most effective and it was estimated that the PCS could 
be improved by modifying those parameters. 

Conclusion 

In this study, our goal was to develop a universal SIM 
tool (T-SIM) that is accurate and functional in 
estimating effectiveness of various safety systems. 

The validity of the T-SIM was confirmed by comparing 
the estimated effectiveness using the T-SIM and an 
analysis reported by a previous study.  Through the 
validation process of the effectiveness of ESC systems, 
it was confirmed that the T-SIM is able to estimate the 
effectiveness of the safety system. 

One of the advantages of the T-SIM is that it can be 
used not only for ESC but also for a wider range of 
active safety systems.  For the effectiveness 
estimation and further improvement, the T-SIM was 
applied for a PCS.  The driver- and the 
vehicle-models were built from objective tests.  It was 

estimated that a PCS has high potential for reducing 
fatalities and casualties of rear-end accidents.  In 
addition, it was also estimated that the PCS could be 
improved by changing such system parameters as 
warning, brake-assist and automatic brake timings. 

This is just the beginning of the study for the T-SIM 
and there is still a lot of work ahead of us; however, we 
believe that our T-SIM will be able to contribute to 
improve understanding of the effectiveness of 
advanced technology safety systems in helping to 
reduce crashes, and therefore, to improve vehicle 
safety.  
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ABSTRACT 
 
In recent years car manufacturers when developing 
new car designs have paid great attention to two 
main aspects. On one hand there are the pollutant 
emissions and in particular the carbon dioxide 
emissions which are directly connected to the fuel 
consumption of cars, on the other hand there is the 
always increasing safety level required for the cars, 
with a particular attention to the safety of 
pedestrian and other vulnerable road users (VRU). 
The present paper reports some results of a recent 
research activity developed in this perspective and 
specifically devoted to the design of a bonnet for a 
middle/low segment car. A global overview on the 
different solutions which can be used to obtain a 
lightweight and pedestrian safe bonnet will be 
illustrated. 
The main part of the work deals with the design of 
a hybrid metal/plastic bonnet. All the aspects 
examined during the design of a new bonnet will be 
taken into consideration, starting from the technical 
performance and going through the manufacturing 
and economical aspects. 
Then some considerations on a bonnet with a 
peripherical frame solution will be presented. At 
the end, the study on a further concept of hybrid 
bonnet characterized by a particular wire design of 
the inner structure will be addressed. 
 
INTRODUCTION 
 
In the recent years substantially two main 
objectives are put in evidence as the main targets in 
the automotive design. On one hand cars are one of 
the most important sources of pollution. There are 
different reasons to explain why vehicles are a 
source of pollution [1-4], first of all there are the 
products of engine combustion, the primary ones, 
the carbon dioxide (CO2) and the secondary ones, 

such as carbon monoxide (CO), oxides of nitrogen 
(NOx) and unburned hydrocarbons (HC). Then the 
cars are also an important source of noise pollution 
[5], and at last but not least, the vehicles have to be 
considered as a solid pollution at the end of their 
life. Among these types of pollution, in the recent 
years the pollution due to the emission of carbon 
dioxide is certainly considered the most important 
one, because it is a green house gas and is 
considered responsible for the planet climatic 
changes. In particular, as it is possible to see in 
Figure 1, if in the last years the emissions of carbon 
dioxide from different sectors have decreased, the 
contribution from the transport sectors has 
continuously grown [1]. 
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Figure 1. Variation of the global CO2 emissions 
by sectors as a function of the years. 
 
In this field, from many years a series of 
regulations have been proposed and emitted by 
different source such as the national Governments 
but also by association of car manufacturers, with 
the scope of a relevant reduction of the production 
and the emission of carbon dioxide. In order to face 
this more and more strict limits, the car 
manufacturers are currently engaged to improve the 
global efficiency of the vehicles, working on 
different aspects: engine, transmission and 
aerodynamics efficiency. However, in order to 



__________________________________________________________________________________________
Belingardi 2 

 

meet the targets, one of the most important aspects 
is the lightweight, in fact the production of carbon 
dioxide is directly related to the fuel consumption 
and therefore to the weight of cars. 
The other main subject in the automotive design is 
the safety. In recent years many improvements 
have been achieved in the field of safety for the 
occupants of the vehicles, by working both on 
active and passive safety. Nowadays the attention 
of the public opinion and of the car manufactures is 
focused on the safety of the vulnerable road users 
(pedestrians and cyclists), in fact the number of 
dead and injuries due to road accidents that involve 
these categories is very important [3,9,11]. Also in 
this field more and more strict regulations have 
been proposed, not only by the national 
Governments but also by rating institutes such as 
the Euro NCAP [12]. A series of impact tests have 
been introduced which replicate possible accident 
involving a pedestrian, and a series of target have 
been established which have to be reached to get 
the approval for the vehicle [10, 16, 17]. Since 
2009 the total score obtained in the rating tests 
includes the score referred to pedestrian protection; 
it is unnecessary to remind here how Euro NCAP 
score is considered now a marketing key for the car 
manufacturers. 
In this perspective it is possible to collocate the 
present research work, made in collaboration 
between Fiat Research Centre and Politecnico di 
Torino, aimed to the development of a hybrid 
metal/plastic bonnet for a car of medium/low 
segment. The progressive development of the 
bonnet design, starting from a reference solution, 
will be illustrated. The main targets of the work 
have been a weight reduction of about 30% in 
comparison with the reference bonnet, together 
with a reduction of the injuries to the pedestrian 
head in case of impact. Further the final solution 
should have competitive total industrial cost when 
compared to a full aluminium solution, and to 
ensure the same quality and functionality of the 
reference solution. The development has started 
from a predefined hybrid concepts, but different 
solutions in terms of shapes and materials have 
been considered. During the development the main 
stream has been focused on the technical 
performance, but also manufacturing 
considerations such as the compatibility with the 
current assembly line and some economical aspects 
have been taken into account. All the development 
phase has been done by means of virtual 

simulations, in particular using the finite element 
model technique. 
At the end also some considerations on alternative 
solutions made by a peripherical reinforcement as 
bonnet frame will be illustrated together with a 
further hybrid bonnet concept with a particular wire 
design for the inner structure. 
The reference bonnet is shown in an exploded view 
in Figure 2, it is completely made by stamped steel 
sheet parts and it is composed by an outside panel, 
which will be considered constrained by the 
aesthetic style of the car (for this reason its shape 
cannot be changed but it is only possible to modify 
the sheet thickness and the material), by an inner 
structure aimed to structural functions, and by a 
series of reinforcements applied near the hinges 
and above the locking mechanism. 
 

 
Figure 2. An exploded view of the reference 
bonnet. 
 
HYBRID BONNET 
 
The main hybrid concept has been defined starting 
from the experiences made in other similar 
activities [6-8], in particular focused on a tailgate. 
This concept is characterized by a thermoplastic 
inner structure, in order to exploit the potentials of 
this material in terms of freedom in shape and 
thickness distribution, and by an outside metal 
panel in order to meet the quality requirements. 
Starting from these concepts, and on the basis of 
information obtained in a preliminary 
benchmarking activity, where the geometries and 
the materials used for a series of bonnets currently 
in production have been investigated, some initial 
ideas for the hybrid bonnet have been proposed. In 
particular the design of the inner thermoplastic 
structure has been considered. The first solution 
consists of a simple perimeter structure, the other 
ones are characterized by a perimeter structure with 
a series of longitudinal and crossed ribs. These 
initial concepts are shown in Figure 3. 
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As the main targets of this work is lightweight 
together with reduction of injury risks for the 
impacted pedestrian head, the different proposed 
solutions have been evaluated first under the 
pedestrian safety point of view, then the most 
promising ones have been evaluated also versus 
other structural performance:  stiffness and l 
denting resistance 
 

 
Figure 3. Three main preliminary concepts for 
the inner structure of hybrid bonnet. 
 
For what concerns the pedestrian head impact tests, 
simulations have been performed according the 
ACEA phase II regulations. The test parameters 
have been an impact speed of 40 km/h with an 
impact angle of 50°.  
Before to examine the first proposed solutions, the 
quality of the prepared FEM model has been 
assessed by comparing the numerical results of 
some pedestrian head impact tests with the 
available experimental values. In particular three 
different impact points, namely C2C, C3D and 
C4C, (their positions on the bonnet surface are 
shown in Figure 4) have been examined for the 
reference bonnet solution. For this work the well 
known software LS-Dyna®, that is based on a step 
by step explicit integration scheme, has been used. 
The results have been examined in terms of HIC15 
and acceleration curves recorded during the test 
execution in the head form centre of gravity. 
The diagrams shown from Figure 5 to Figure 7 
establish a systematic comparison between the 
experimental and numerical acceleration curves, 
while and the HIC15 values are reported and 
compared in Table 1. The results of this quality 
assessment are very good, not only because the 
numerical values of HIC15 are very close to the 
experimental one but also because all the 
acceleration curves have remarkable accordance 
both in values and in trend with the experimental 
ones. It has been possible to conclude that this 
model can be used for the following development 
of the hybrid hood because it has simulated very 
well the real behaviour. 

 
Table 1. 

Comparison between the numerical and 
experimental HIC15 results for the reference 

solution 

Points Experimental Numerical

C2C 1852 1912

C3D 1181 1381

C4C 943 945

HIC15

 
 

 
Figure 4. Position of the impact points on the 
bonnet surface. 
 

 
Figure 5. Comparison between the experimental 
and numerical acceleration curves for the point 
C2C. 
 

 
Figure 6. Comparison between the experimental 
and numerical acceleration curves for the point 
C3D. 
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Figure 7. Comparison between the experimental 
and numerical acceleration curves for the point 
C4C. 
 

 
 
Figure 8. Two different designs for the inner 
structure, G1 on the left, G2 on the right. 
 
At this stage the design of the hybrid bonnet has 
begun and some solutions for the thermoplastic 
inner structure have been drawn, according to the 
information obtained in the first preliminary 
benchmarking phase. In particular, as shown in 
Figure 8, two different solutions have been 
proposed, namely the G1 and the G2. 
The G1 solution is characterized by a series of 
longitudinal ribs, while the G2 solution has a series 
of cross ribs. For what concerns the material to be 
adopted for this part, the thermosetting materials 
have been discarded, because they cannot be 
recycled in an easy way. An interesting solution for 
the material, both from lightweight and cost point 
of view, could be the polypropylene, which is one 
of the most used thermoplastic material for 
automotive applications, but this material can have 
problems with the temperature due to the proximity 
of the engine. For this reason it is necessary to 
consider a material with better thermal and 
mechanical properties, and in this case a polyamide 
reinforced by glass fibres has been chosen. In 
particular, in a first development, a long glass fibre 
reinforcement with a weight fraction of 40% has 
been selected. The main mechanical properties of 
this material are: tensile modulus of 9300 MP and 
tensile strength of 146 MPa. For what concerns the 
thickness of the inner structure, initially two 

different values have been considered, in particular 
2.5 and 1.2 mm but the second one has been 
immediately discarded because, from the 
manufacturing point of view, is not feasible. The 
plastic material has been modelled using the card 
*MAT_PIECEWISE_LINEAR_PLASTICITY. 
The stress-strain curve of the material has been 
supplied at room temperature. The design of the 
hybrid bonnet has been completed by the same 
parts of the reference solution: an outside steel skin 
and a series of steel reinforcements. The join 
between the different parts has been made by 
structural adhesive bonding. 
The pedestrian safety performance of this first 
hybrid bonnet has been evaluated in the same 
impact points considered up to now. The obtained 
results are shown in Table 2 in term of HIC15. 
 

Table 2 
HIC15 results for the first hybrid bonnets 

HIC15

Solution C2C C3D C4C

Reference 1912 1385 941

G1 Th. 2.5 2429 2222 2112

G1 Th. 1.2 2027 1507 1016

G2 Th. 2.5 2515 - -

G2 Th. 1.2 1966 - -

Impact point

 
 
The obtained value are generally too high, and by 
examining also the acceleration curves which have 
led to these results, it has been possible to conclude 
that these first solutions for the hybrid bonnet have 
resulted too stiff for this type of performance. For 
this reason a series of corrective modifications have 
been introduced. 
First of all a third design for the thermoplastic inner 
structure, as shown in Figure 9 and called G3, has 
been proposed. This solution is made once again by 
longitudinal ribs but in a lower number and with a 
lower height in order to reduce bending stiffness. 
Then, on the three considered inner structures, a 
series of cuts have been applied in order to reduce 
further both the weight and the bending stiffness. 
The new obtained solutions, identified by the 
extension .1 are shown again in Figure 9. For what 
concerns the materials, for the inner structure, it has 
been decided to reduce the mechanical properties 
of the fibre reinforced polyamide by using a short 
glass fibre reinforcements, with the same weight 
fraction, while for the outside panel it has been 
decided to evaluate the behaviour of different types 
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of aluminium alloys, series 6xxx, varying at the 
same time, the panel thickness. 
The behaviour of these modifications has been 
evaluated initially only for the pedestrian safety 
performance with a complete test plan on the 
impact point C4C. Results allow to compare all the 
possible solutions. A summary the results are 
shown in Table 3. Substantially, the solutions 
which have a thermoplastic inner structure 
reinforced with long glass fibre, have to be 
discarded because are too stiff, even if the external 
panel has been made in aluminium. A similar thing 
can be said also for the solutions characterized by a 
steel outside panel.  
For what concerns the inner structure, the best 
results have been obtained with the G3 design, but 
also the results obtained with the design G1.1 and 
G2 are quite interesting, finally, as it has already 
seen before, the design G1 appears too stiff. 
 

 
Figure 9. Different considered designs for the 
thermoplastic inner structure. 
 
 

Table 3 
Comparison of the HIC15 results obtained for 

the different examined solutions. 
HIC15

Solution Ref. G1 G2 G3 G1.1 G3.1

Inner Structure: 

PA long fibre 

Skin: aluminium

941 1904 1263 1104 1277 902

Inner Structure: 

PA short fibre 

Skin: aluminium

941 1540 1097 937 1074 812

Impact Point C4C

 
 
On the most promising solutions a further 
simulation loop has been done, aimed to evaluate 
the effect of some different types of aluminium 
alloys and to define the best material and thickness. 

At this point of the development it has been 
necessary to take into consideration a second 
important performance for the bonnet, the torsional 
stiffness. This value is obtained with an 
experimental test after having positioned 
horizontally the bonnet and by applying a vertical 
load at one of the two rubber pads, where usually 
the bonnet is leaned. The vertical displacement of 
the load application point is measured and then, 
through a geometric procedure, the applied torque 
and the related deformation angle are calculated. 
The ratio between these two values allows to 
evaluate the torsional stiffness. 
Starting from the previous results on pedestrian 
safety, the bonnet typologies taken into 
consideration for the torsional stiffness analysis 
have been designed by an external aluminium skin 
and an inner structure made by short glass fibre 
reinforced polyamide. In particular the behaviour 
of the different design for the inner structure has 
been investigated. Once again they have been 
evaluated by means of the results obtained with of 
finite element simulations. At this stage the scope 
of these numerical analysis has been to understand 
the global trend of the different solution taken into 
consideration. By examining the results collected in 
Table 4, it is possible to note a deep decrease from 
the value of reference solution, but it is also 
necessary to say that this value is much higher than 
the target. These results have put in evidence as the 
design G2 is the best solution from the torsional 
stiffness point of view. The loss in stiffness is also 
rather low for the cut solution G2.1. The other two 
solutions G1 and G3 can be considered in target 
also if the decrease of the stiffness is quite high. 
Finally the use of cuts in these latter design has 
been quite relevant because they have caused a 
dramatic loss in stiffness for the solution G1.1 and 
G3.1.  
Then two different types of lateral stiffness, which 
are two other important missions usually taken into 
consideration during the design of a bonnet, have 
been calculated. In this case the bonnet has been 
opened at two different angle and a lateral load (in 
the Y direction) has been applied on the stricker of 
the lock and then on the mobile hinge. Also in this 
case the displacement of the load application points 
has been measured and then the related stiffness 
has been calculated. The results of these virtual 
tests have substantially confirmed those obtained 
for torsional stiffness, for this reason it is possible 
to make the same considerations mentioned before. 
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Table 4 
Torsional stiffness results for the different 

design of the inner structure 
 

Solution Δ  stiffness vs reference (%)

G1 -53.1

G2 -21.4

G3 -55.3

G1.1 -82.9

G2.1 -22.7

G3.1 -65.1

Torsional stiffness test

 
 
At this point of the development, by integration of 
the results obtained during the pedestrian head 
impact test and the stiffness results, it has been 
possible to define the most promising solution to be 
investigated in more details. This solution is 
characterized by an external skin of series 6xxx 
aluminium, with a defined thickness, and an inner 
structure, with the G3 design, made with short glass 
fibre reinforced polyamide, with a thickness of 2.5 
mm. By comparison of the weight of this solution 
with that of the reference one, it is put in evidence a 
very interesting weight reduction of about 30%. 
Further this last solution has been examined in 
more details and, in order to get more information, 
has been compared with another reference solution 
made by aluminium. Substantially this second 
reference bonnet has been obtained simply by 
substituting the steel with aluminium (series 6xxx 
for the reinforcements and for the skin, series 5xxx 
for the inner panel) and appropriately increasing 
the thickness of the metal sheets. The weight 
reduction obtained with this aluminium solution 
has been about 45% once again in comparison with 
the reference steel bonnet.  
First of all a complete analysis has been performed 
for the pedestrian impact test by simulating the 
head impact in the first three impact points 
considered up to now, in the above described 
impact conditions. The results of these simulations, 
in terms of HIC15, are shown in Table 5. 
 

Table 5 
HIC15 results for the most promising hybrid 

solution compared to the reference ones 
 

HIC15

Solution C2C C3D C4C

Reference 1912 1382 946

Aluminium 1876 1723 837

Hybrid 2048 1739 852

Impact point

 

Examining the results it is possible to note that the 
HIC15 values at point C2C are generally not 
satisfying, This can be explained considering that 
this point is quite near the perimeter of the bonnet, 
and in particular near the lamp groups, and for this 
reason the impact performance are heavily 
influenced by that near structure. The HIC15 values 
for the lightweight solutions on point C3D are very 
close, this is due to the low local stiffness of these 
solutions, as a consequence during the impact the 
bonnet has reached and hit the lower crossbeam. 
Point C4C is the more significant for this 
performance because its behaviour is influenced 
only by the structure of the bonnet. In this point 
with the hybrid solutions there is an important 
reduction of the HIC15 value. At this stage of the 
design development, the three different types of 
stiffness have been studied for these three 
solutions. The non linear FE software Abaqus ® 
has been used. The results for this second type of 
performance substantially has not evidenced 
particular problems, the decrease of the stiffness is 
lower than that assessed during the first analysis, 
but all the values for the hybrid solution bonnet are 
completely in target. 
The functionality of the bonnet has been further 
evaluated in term of denting resistance. In this test 
an increasing load is applied on determined points 
of the bonnet (usually on the front central part, 
above the lock zone), and the displacements of the 
load application points are measured. The 
maximum and residual displacements have to be 
lower than target values. Substantially with this test 
the formation of a visible impression on the bonnet 
surface has to be investigated. The points of 
application of load are defined with a geometric 
procedure. Also this analysis has been performed 
using the Abaqus software. Once again this test has 
not shown particular problems because all the 
displacements are well below than the limit target 
values. 
At this point, in order to get a deep exam of the 
pedestrian safety performance, the three bonnets 
under evaluation, the new hybrid one and the two 
reference ones, have been tested on four additional 
impact points. These points have been chosen 
choosing the potential most critical points 
examining the structure of the bonnets and the 
engine compartment. A complete picture of the 
results of this last simulation loop, once again in 
terms of HIC15, is shown in Table 6. 
 



__________________________________________________________________________________________
Belingardi 7 

 

Table 6 
HIC15 results for the additional impact points 

 
HIC15

Solution C5 C6 C7 C8

Reference 995 1061 1124 1050

Aluminium 865 1059 979 815

Hybrid 948 1308 1182 792

Impact Point

 
 
The results obtained at these additional impact 
points, substantially have confirmed the trend 
obtained at the first three considered points. It is 
possible to conclude that the best solution is the 
aluminium one because the decrease on the HIC15 
values is the highest, once again there is a 
confirmation that the use of aluminium is the best 
choice for the bonnet design considering the 
technical performance. However also the proposed 
hybrid solution is very interesting, the results 
obtained for the pedestrian impact test are 
interesting and also considering the other 
performance the hybrid bonnet can be considered 
in target. 
Before to conclude the development of the hybrid 
solution, also some economical considerations has 
been done. In particular, in this economical 
analysis the total, the industrial and the variable 
costs have been calculated. This evaluation has 
been done by means of cost models developed by 
Fiat Research Centre. The main results of this 
activity has put in evidence as the hybrid solution 
has a cost nearly comparable with the aluminium 
reference solution, it is also important to say that 
the analysis has been heavily influenced by the cost 
of raw materials.  
It has been also interesting to examine the trend of 
these costs as a function of the annual production, 
but also in this perspective the curves of the hybrid 
solution and the aluminium one have substantially 
the same trend although there are some steps due to 
the substitution of the mould. For this reason for 
very low production volumes, the hybrid solution 
results to be cheaper, the opposite effects it has 
been obtained for very high production volumes. 
 
PERIPHERICAL FRAME BONNET 
 
Before to start with the design of the hybrid 
solution, some considerations on a peripherical 
frame bonnet solution has been done, in fact, as it 
has been put in evidence in the preliminary 
benchmarking activity, this type of solution can be 

considered a state of art. For this reason a simple 
modification has been made on the FEM model of 
the reference bonnet by erasing the central part of 
the inner structure, without changes in material and 
thickness. This type of bonnet has been tested for 
the pedestrian head impact, at the three initial 
considered impact points (C2C, C3D, C4C).  
This solution has shown excellent results in fact, 
there is an important reduction of the HIC15 values. 
Due to the obtained interesting results in the first 
mentioned analysis, it was decided to examine in 
more details only the pedestrian safety performance 
of this bonnet, in particular all the impact points 
used up to now for the hybrid bonnet have been 
considered. The design used in this phase has been 
the same used for the preliminary analysis, it is 
shown in Figure 10. 
 

 
Figure 10. The examined perimeter bonnet. 
 
On this geometry two different bonnets have been 
prepared, the first one has been made by the same 
material used for the reference solution, the second 
one has been an aluminium version, in particular, 
once again, for the external skin and the 
reinforcements a 6xxx series alloys has been used, 
instead for the perimeter inner structure a 5xxx 
series has been adopted. This choice of materials 
has been done starting from the information 
obtained in the preliminary benchmarking activity. 
When compared to the reference solution made by 
steel, the weight reduction reached by the perimeter 
bonnet made by steel has been of about 14%, 
instead for the perimeter bonnet made in 
aluminium the weight reduction has been of 46%. 
A global overview on the obtained results is shown 
in Table 7. 
These results are quite interesting, first of all there 
has been a global reduction of the HIC values, but 
it is interesting to note as the use of aluminium, that 
is very important to obtain the weight reduction, 
has not led to significant improvements for the 
pedestrian safety, in fact at some impact points the 
best performance have been obtained with the steel 
version. This is substantially due to the higher 
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deformations obtained with the aluminium bonnet. 
There is a further confirmation that, in order to 
obtain the best pedestrian safety performance, it is 
necessary to start the design with a global approach 
considering all the design aspects and case by case, 
because also the near body structure is very 
important for the global behaviour. It is not 
possible to define at the beginning an optimum 
solution. 
 

Table 7 
HIC15 results for the perimeter bonnet 

compared to the previous solutions 
 

HIC15

Impact 

Point
Ref. Al. Hyb.

Perimeter 

bonnet in 

steel

Perimeter 

bonnet in 

aluminium

C2C 1912 1876 2048 1637 1429

C3D 1382 1723 1739 918 833

C4C 941 837 852 380 526

C5 995 865 948 575 667

C6 1061 1059 1308 936 1100

C7 1124 979 1182 669 662

C8 1050 815 792 448 475

Solution

 
 
WIRE CONCEPT BONNET 
 
From the results illustrated up to now, two 
fundamental aspects can be put in evidence. First of 
all it is clear that the multi material approach 
represents one of the best way to obtain excellent 
results in terms of lightweight and pedestrian safety 
without loss in others performance. A second 
important subject is that, to improve the pedestrian 
safety performance, a inner structure made with a 
distribute or perimeter design have to be preferred 
because they absorb better the crash impact energy 
against the pedestrian head. Starting from these 
considerations, a further concept of hybrid bonnet 
has been developed. The main idea for this further 
hybrid bonnet has been a thermoplastic inner 
structure made with a perimeter design and with a 
wire net central part. To better understand this 
solution it is possible to see Figure 11. 
In particular, as it has already been done with the 
other previous solutions, it was decided to use an 
external metal panel, to reach the quality 
requirements, besides the inner structure has been 
though in thermoplastic to lightweight the 
structure. Once again, the material used for the 
external skin has been the series 6xxx aluminium 

and for the inner structure the same polyamide used 
in the previous part of the wok has been chosen. A 
first model has been designed. For what concerns 
the innovative inner structure, the perimeter has 
been taken by the reference structure, so it has the 
same shape and geometry, instead for the central 
wire part, the width of the sticks has been chosen 
25 mm and the step between the stick about 100 
mm. The thickness of the inner structure has been 
again 2.5 mm. The hybrid bonnet has been 
completed with the same reinforcements used in 
the reference subframe. The joint between the 
different parts has been thought by structural 
adhesive bonding. The weight reduction obtained 
with this first solution has been about 47% which is 
an excellent value if compared with those obtained 
in the previous part of this work. This first solution 
has been submitted to pedestrian impact tests on the 
same impact points used in the previous part of the 
work. 
 

 
Figure 11. The wire hybrid concept bonnet. 
 
The obtained results (summarised in Table 8) have 
been excellent because there has been an important 
reduction in the HIC15 value. At this point also the 
torsional stiffness has been considered, in order to 
evaluate if the bonnet can be suitable also from the 
point of view of the static performance. The results 
for this performance have not been very good in 
fact the obtained values are too low and very far 
from the minimum target. At this point a series of 
modifications have been though to improve the 
stiffness of this solution. In particular the 
influences of the elastic modulus of the adopted 
plastic material and the thickness of the inner 
structure have been taken into consideration. 
However, both these types of modification have not 
lead to a sufficient increase of the stiffness value, 
for this reason, the inner structure has been 
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partially redesigned defining a larger perimeter 
crown. Once again, the torsional stiffness results 
obtained after a simulation loop have been too low. 
To reach the stiffness target, at this point a further 
modification in the philosophy of the solution has 
been done. In particular it was decided to make the 
perimeter crown in aluminium always with a 
central wire part in thermoplastic. This last change 
has not influenced the weight reduction that 
remains about 44%. With these last modifications, 
the stiffness results obtained from the simulations 
result to be in target and even better than with the 
hybrid solution developed in the previous part of 
the activity. At this point a further simulation loop 
concerning the pedestrian head impact has been 
done, in order to evaluate if these last modifications 
have influenced also this performance. A summary 
of the obtained results are proposed on Table 8. 
 

Table 8 
HIC15 results for the wire bonnet compared to 

the previous solutions 
HIC15

Im
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n

W
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A
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H
yb
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d

C2C 1912 1722 1766 1876 2048

C3D 1382 884 960 1723 1739

C4C 941 506 565 837 852

C5 995 781 656 865 948

Solution

 
 
Before to conclude the development of this hybrid 
solution, also some considerations on the 
manufacturing technology have been done. In 
particular the aluminium parts of this last proposed 
solution, can be made by common stamping 
technology instead the wire thermoplastic part can 
be made by different technologies such as injection 
or compression moulding but also some other 
possibilities can be taken into consideration. For 
what concerns the connection between the wire 
central part and the aluminium crown, some 
different joining technologies can be used, such as 
the riveting or the adhesive bonding. 
The development of this second solution has been 
stopped at this point, without any economical 
consideration, in fact the main target of this second 
part of the work was to investigate the behaviour of 
this wire concept bonnet. Obtained results have 
confirmed the first idea. This solution has improved 
the performance in particular for the pedestrian 
safety because the central wire part distributes 

better the energy of an head impact and can avoid 
the contact between the deformed inner part of the 
bonnet and stiff part inside the engine 
compartment. 
 
CONCLUSIONS 
 
This work has illustrated a global overview on the 
different solutions which can be adopted for the 
bonnet of medium/low segment car, in order to 
reach lightweight and pedestrian safety targets. 
First of all the development of an hybrid bonnet has 
been presented. Starting from a benchmarking 
activity an hybrid concept composed by a 
thermoplastic inner structure and an outside metal 
skin has been proposed. During the activity 
different types of materials for the different parts 
and some geometries for the inner structure have 
been evaluated. The final solution has been 
characterized by an aluminium skin and a short 
fibre reinforced polyamide inner structure with a 
specific design. This solution allows a weight 
reduction of about 30% compared to the reference 
solution with a further important reduction of the 
pedestrian head impact evaluated in terms of HIC15. 
Also the manufacturing and the economical aspects 
have been taken into consideration during the 
development. 
After that some considerations on the perimeter 
bonnet solutions have been done, they can be 
considered an excellent solution for the bonnet to 
reach the targets of lightweight and reduction of the 
risks of pedestrian and VRU head injuries.  
At the end the study on a concept hybrid solution, 
characterized by an inner structure with a wire 
design has been illustrated. This last solution can 
ensure a better distribution of the impact energy 
between the bonnet and the pedestrian head, with a 
consequent reduction of the injury risks. 
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ABSTRACT 
 
Improving pedestrian protection in vehicle impacts 
is achieved by the combination of proper shapes 
and materials in vehicle front end design. This may 
however conflict with other priorities regarding 
vehicle impact performance, such as damageability. 
It would be advantageous to have a single bumper 
system design that meets global legislative impact 
requirements. Alternative materials may provide 
the solution.   
 
The composite material described in this paper is a 
blend of elastomeric capsules or beads in a matrix 
of Newtonian fluid. The material, which can be 
considered as a liquid analogy to elastomeric 
foams, is referred to as shock absorbing liquid or 
SALi.  
 
SALi based shock absorbers have the ability to 
change their energy absorbing properties depending 
on the type of impact (velocity and size of the 
impacting body) that they are cushioning. Based on 
this ability, SALi based shock absorber devices 
could be beneficial for impact energy management 
applications because of their attendant response 
tailorability. However, prior to adopting SALi 
based devices for impact energy management 
applications several key issues need to be resolved.  
 
The present study was focused on one of the most 
significant of these: the verification of the tunability 
of the response of such devices at different stroking 
velocities. Impact tests using an assisted drop tower 
facility were conducted on SALi based energy 
absorbers for a range of impact velocities. The 
results of the experimental tests conducted on SALi 
based shock absorbers are encouraging. The 
material shows innovative energy absorbing 
properties. Interpretation of the results described 
here provide for a better understanding of the 
fundamental behaviour of SALi based energy 
absorbers and provide a first step tool in optimising 
the design of energy absorbing bumper systems. 

INTRODUCTION 
 
Pedestrian safety is now a high profile issue within 
the automotive industry. All new passenger cars are 
required to provide an effective level of protection 
for pedestrians and other vulnerable road users in 
the event of contact. It is therefore prudent to set 
these standards high so that a larger number of 
pedestrians are protected in cases where no 
emergency braking takes place and to focus on the 
development of technologies that can meet this 
challenge. 
 
Shock Absorbing Liquid (SALi) [1][2] is an 
innovative technology that has the potential to 
deliver a car bumper design that would enhance 
pedestrian protection without either sacrificing 
vehicle damageability or significantly increasing 
the depth of the bumper system. SALi is a mixture 
of elastomeric capsules – which compress to absorb 
impact energy – and a viscous matrix fluid – which 
absorbs energy as the fluid shears when the 
capsules compress. When packaged correctly, the 
result is a material that when subject to impact 
loading is highly efficient in absorbing impact 
energy and offers smart properties – soft for 
pedestrian impacts yet stiff for vehicle 
damageability. The above properties also lend SALi 
to other pedestrian and occupant safety 
applications.  
 
However, the effective utilisation of SALi will 
require the correct combination of materials (with 
the right elastic and viscous damping properties) 
and mixture proportions (to minimise weight, 
volume and cost) to solve the impact absorbing 
problems of pedestrian protection. Towards this 
end, initial verification of the tunability of the 
response of such devices at different stroking 
velocities was undertaken. Impact tests were 
conducted on SALi shock absorbers at various 
velocities. Newtonian matrix fluids with different 
viscous damping properties were used with 
expanded polystyrene beads or polymeric 
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microspheres. The role of the capsules to the side of 
the impact zone in absorbing impact energy will be 
highlighted. The objective is to move towards a set 
of design rules for constructing SALi based impact 
absorbers. 
 
The results presented provide a better 
understanding of the fundamental behaviour of 
SALi based energy absorbers and provide a useful 
tool for optimising the design of energy absorbing 
bumper systems.  
 
BACKGROUND  
 
Every year 1.7 million people are injured and 38 
thousand people are killed on European roads [3]. 
Pedestrians form a large proportion of road accident 
casualties impacted by the front of a passenger car 
[4].  
 
As pedestrians constitute a significant proportion of 
all road user casualties, the Commission of the 
European Communities (EC) has set itself the target 
of reducing the figure of fatalities by 30% and the 
injured pedestrian by 17%.  
 
Measures were introduced by the Commission to 
improve the safety of vulnerable road users in case 
of injuries resulting from a collision with a motor 
vehicle [5]. The EC Directive 2003/102/EC 
proposed performance requirements for the frontal 
structures of certain categories of motor vehicles to 
reduce their aggressiveness [6]. It established tests 
and limit values based on the EEVC proposals to be 
complied with by new vehicles. The introduction 
was to be in two phases, with proposed European 
Enhanced Vehicle Safety Committee (EEVC) test 
procedure being mandatory in 2010. 
 
Most of the current solutions designed for 
pedestrian protection aim at absorbing energy by 
deformation after impact (passive systems) [7]. A 
pedestrian friendly vehicle involves three 
requirements: 
 
- A sufficient crush depth established by keeping 

adequate space between the bumper or the 
bonnet and the hard elements like the engine 
[8]; 

- An appropriate deformation stiffness of the 
crushing elements generated by energy 
absorbing materials to decelerate progressively 
the leg and the head of the pedestrian during 
the impact; 

- An appropriate force distribution on the leg 
introduced by small changes in vehicle front 
designs. 

 
The goal is to make the vehicle front end less 
injurious to pedestrian by preventing and reducing 
the severity of the impact.  

 
However, there is a conflict between these goals 
and those for crash management as a whole. The 
purpose of crash management is to minimise 
damages at the front of the vehicle and reduce 
pedestrian injuries. Reducing repair costs in order 
to achieve a favourable insurance classification is 
one of the key drivers for OEMs. The level of 
damage is assessed in the Research Council for 
Automobile Repairs (RCAR) crash repair test [9]. 
In this test, the vehicle is crashed against a non-
deformable barrier at a speed of 15km/h with 40 % 
overlap. It would therefore be advantageous to have 
a single bumper system design that meets global 
legislative impact requirements.  
 
A brief discussion of the pedestrian leg impact 
requirements will be helpful before proceeding. The 
purpose of the pedestrian leg impact test procedure 
is to reduce the occurrence of lower limb injuries in 
pedestrian accidents. In the pedestrian leg impact 
test, a ‘leg-form’ impactor is propelled toward a 
stationary vehicle at a velocity of 40 km/h parallel 
to the vehicle’s longitudinal axis. The test can be 
performed at any location across the face of the 
vehicle, between the 30º bumper corners. The 
acceptance criteria are illustrated in Figure 1. The 
limit values given are those used by EuroNCAP 
(the European New Car Assessment Programme) 
[10] and proposed as phase II of EC Directive 
2003/102/EC [6]. The maximum tibia acceleration 
criterion is intended to prevent tibia fractures. The 
knee bend angle and shear deformation criteria are 
intended to prevent knee joint injuries such as 
ligament ruptures and intra-articular bone fractures. 
 

 
 

Figure 1: Pedestrian ‘leg-form’ injury criteria as 
specified by EuroNCAP and originally proposed 
as phase II of EC Directive 2003/102/EC.   
  
The Commission adopted a new Proposal for a 
Regulation on Pedestrian Safety (and repealing the 
Directive) in October 2007, which forms the basis 
for a combination of feasible requirements with 
active safety measures [5]. The limit values for the 
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lower legform to bumper test are proposed as 170g 
(acceleration), 19° (bending angle) and 6mm 
(shearing displacement).   
 
The front bumper is a key part in any discussion 
regarding lower leg impact, and - more specifically 
– the energy management of the bumper energy 
absorbing system [10][11]. In order to pass the leg 
impact tests, the first requirement is that the 
acceleration should be less than limit value. This is 
governed by the crush strength and depth of the 
bumper material [12]. Currently, plastic foams, 
such as expanded polystyrene (EPS) or expanded 
polypropylene (EPP), are the most common 
material used to provide energy management. The 
most important mechanical property these foams as 
an impact material are their resistance to 
compressive stresses. Plastic foam bumpers have 
been proven to perform well in single impact 
scenarios, but in order to prevent bottoming-out 
(contact and crushing occurring between opposing 
cell walls), there must be sufficient depth of 
material. The problem with increasing the depth is 
that it adds cost and weight to the design. In 
addition, like most impact materials, EPS and EPP 
foams absorbs the impact energy by plastic 
deformation, resulting in permanent damage. The 
softer, deeper foam recommended for leg protection 
will adversely affect the vehicle’s ability to survive 
low speed collisions without damage [13].  
 
SHOCK ABSORBING LIQUID (SALi)  
 
Shock Absorbing Liquid (SALi) is an innovative 
technology that has the potential to deliver a car 
bumper design that would enhance pedestrian 
protection without either sacrificing vehicle 
damageability or significantly increasing the depth 
of the bumper system. 
 
What is SALI?  
 
The SALi based shock absorber is a composite 
material designed to absorb the energy of impacts, 
vibrations and shock waves. It consists of a large 
number of small elastomeric capsules surrounded 
by an incompressible matrix liquid retained in a 
flexible low stretch packaging (Figure 2).  
 

 
 
Figure 2: SALi based shock absorber showing 
the elastomeric capsules in red surrounded by 
an incompressible matrix fluid and contained 
within a flexible low stretch packaging.  
 

Many different materials can be used to make SALi 
impact absorbers. The small capsules may be 
closed or open gas filled capsules, expanded 
polystyrene beads or polymeric microspheres for 
example. For the matrix fluid, any liquid which can 
hydraulically transfer pressure changes is 
potentially usable. The size and the shape of the 
container affect the impact energy absorbing 
performance. The container must be leak proof and 
deform easily under impact but not stretch 
significantly. This is to enable the capsules under 
and adjacent to the impact zone to rearrange 
themselves in the package whose front face takes 
the shape of the impactor.  
 
How does SALi work?  
 
SALi provides high impact absorbing performance, 
because the matrix fluid transmits pressure changes. 
When subject to an impact, the SALi based shock 
absorber combines the elastomeric properties of 
closed cell foams with the viscous damping and 
pressure equalization properties of a liquid. The 
matrix fluid acts as a lubricant, transmitting the 
stresses between adjacent capsules in the container 
and damping the movement of the capsules. The 
gas pressure inside closed capsules changes in 
response to pressure changes in the surrounding 
fluid. Before the impact, the elastomeric capsules 
are in close contact and incompressible matrix fluid 
fills all of the void space between the capsules 
(Figure 2). During the impact the ratio of fluid to 
capsule volume increases as the capsules are 
compressed (Figure 3). 
 

 
 

Figure 3: Hydraulic pressure causes all of the 
elastomeric capsules inside the bag to be 
compressed. The viscous liquid swirls around 
the shrinking capsules, contributing viscous 
damping to the energy absorbing effect.  
 
What are the advantages of SALi?  
 
The shock absorber has the ability to change its 
energy absorbing properties depending on the type 
of impact (velocity and size of the impacting body) 
it is cushioning. With a small impacting body, the 
elastic fluid is shifted sideways of the impact zone 
(Figure 4). The impacting body would "see" the 
SALi filled package as a wide, soft cushion. The 
matrix fluid transmits pressure changes, allowing 
the elastomeric material to the sides of the impact 
zone to also participate in absorbing impact energy. 
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A larger object involves a wider contact area during 
an impact. There would be no movement of the 
elastic material sideways from the impact zone 
(Figure 5). The rate at which the SALi material is 
crushed will be higher. The SALi material will have 
a higher stiffness. The material only exhibits these 
characteristics if it is packed in a stout, high tensile 
strength bag. 
 

 
 

Figure 4: For a small impacting body, the elastic 
fluid would move sideways from the impact 
zone.  

 

 
 
Figure 5: For a large impacting body there 
would be no movement of the elastic material 
sideways from the impact zone. 
 
The stiffness of any foam energy absorber needs to 
chosen such that the stress in the plateau region is 
less than the specified stress. Damaging levels of 
impact stress travel through the foam, to the 
underlying surface when the foam is compressed 
more than about 65%. For SALi, compression, in 
terms of thickness change can reach 100% without 
leaving the plateau region, because elastomeric 
material flows to the side, during the impact.  
 
At higher impact speed, energy absorption by 
viscous damping increases, effectively, stiffening 
the SALi based absorber. The use of a highly 
viscous matrix fluid allows the compression 
impulse travelling to the sides of the impact zone to 
be damped rapidly. 
 
The forces applied to the impactor are fairly 
uniform over the contact area, which is a strong 
advantage against rigid foams. When correctly 
packaged, the hydraulic properties of SALi allow 
the impact loads to be transmitted over the femur 
and adjacent soft tissue. 
 

 
 
Figure 6: Stress distribution within SALi (RHS) 
compared with elastomeric foam (LHS). 
 
What are the potential applications for SALi?  
 
When looking at pedestrian protection in isolation, 
we can achieve the desired level of protection with 
traditional methods. It is a question of specifying a 
material with the appropriate stress / strain 
properties and defining the optimal geometry of the 
vehicle front structure. However, the manufacturer 
always has to balance pedestrian protection with 
other competing interests, such as damageability 
and design space constraints.  
 
What SALi can do is offer a material that manages 
to balance competing interests far better than 
traditional solutions. The “smart properties” of 
SALi can resolve the “conflict of stiffness” 
problem. The variable uniaxial stiffness optimizes 
the impact absorbing abilities to provide a high 
degree of protection for a wide range of pedestrian 
sizes (from small child to larger adult body), and an 
adequate cushioning in impacts with other vehicles 
or street furniture. The SALi filled impact absorber 
is reusable and can accept many impacts as the 
capsules are uniformly compressed on all sides, 
take minimal damage and make a fairly recovery in 
volume with little residual compression when load 
is removed. Its energy absorbing behaviour does 
not change radically with the form of the impacting 
body, as the hydraulic pressure equalization 
characteristics of the absorbers allow them to 
absorb uniaxial impacts as a bulk compression 
phenomenon. It can efficiently protect occupants, 
pedestrians and other vulnerable road users, and 
minimize vehicle repair costs. 
 
Beyond bumper systems, SALi also has potential 
application in:  
 
Head Impact 

- Pillar trim 
- Side rail and roof lining 
- Side curtain airbag attachment 

Side Impact 
- Upper arm & thoracic protection 
- Pelvis and leg protection 

Pedestrian Protection 
- Under hood attachment 
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APPROACH 
 
It was identified that prior to adopting SALi based 
devices for impact energy management applications 
several key issues needed to be addressed. The 
present study focused on one of the most significant 
of these, the verification of the tunability of the 
response of such devices at different stroking 
velocities (representative of the difference between 
pedestrian to vehicle and vehicle to vehicle 
impacts). This represents one of five key phases 
building towards the development of a SALi based 
bumper system:   
 
Phase 1: Characterisation of SALi Properties 
Phase 2: Further Characterisation / Simulation 
Phase 3: Complex SALi Simulation 
Phase 4: Real Car Simulation 
Phase 5: Car Maker Tests 
 
CHARACTERISATION OF SALi 
PROPERTIES  
 
Phase one of the Cardiff University research was 
recently completed. The main purpose of the Phase 
one work was to validate our theoretical predictions 
of how SALi type devices work.  
 
TEST PROGRAMME  
 
Many formulations are possible for a SALi based 
impact absorber. The combination of materials and 
mixture proportions with the right elastic and 
viscous damping properties have to be found to 
solve the impact absorbing problems of pedestrian 
protection. The shock absorber should minimize 
acceleration and displacement during impacts with 
pedestrians as well as with other vehicles or street 
furniture. The weight, thickness and cost of the 
SALi filled bumper must also be at the minimum. 
 
Phase one was concerned with mechanical testing 
of SALi shock absorbers. The primary objective of 
the experimental programme was to attest SALi 
Technology shock absorbing properties. Physical 
experiments were conducted on SALi shock 
absorbers to verify the innovative properties of the 
material and to establish its potential for pedestrian 
protection. Several series of tests were established 
with different formulations at various impact 
velocities. 
 
Sample Composition and Preparation 
 
The formulation of SALi consists of elastomeric 
beads and a viscous matrix fluid. Two types of 
beads were used for the preparation of the SALi 
shock absorbers: expanded polystyrene beads 
(diameter: 4-7mm) or polymeric microspheres 
(diameter: 60-90μm). The blending of the two 

constituent parts by volume was as shown in Table 
1. 
 
Table 1: Component part in the blending of 
SALi shock absorbers 
 

Parts by volume EPS beads Matrix fluid 

True parts 66 34 

Measured parts 100 34 

 
A third set of beads was also prepared; this 
consisted of the above expanded polystyrene beads 
blended with the polymeric microspheres. Shock 
absorbers using this mix of beads were referred to 
as nested SALi shock absorbers as the small 
polymeric microsphere effectively ‘nest’ between 
the larger beads. The blending of the constituent 
parts by volume was as shown in Table 2 
 
Table 2: Component parts in the blending of 
nested SALi shock absorbers 
 

Parts by volume EPS 
beads 

Polymeric 
microspheres 

Matrix 
fluid 

True parts 66 22.5 11.5 

Measured parts 100 34 11.5 

 
The difference between the true and actual volume 
(parts) is due to the volume occupied by void 
spaces between the spherical particles. The true 
volume of elastomeric material when expressed as a 
proportion of the measured volume is referred to as 
packing fraction. The volume of SALi is evaluated, 
and then considering that the true volume of EPS 
beads corresponds to 66% of the measured one, the 
volume is fulfilled with EPS beads and then 
completed with 34% extra volume of silicone oil. 
For instance, for a 1L sample, 340mL of oil will be 
added to measure 1L of EPS beads. For a nested 
version, 115mL of matrix fluid will be mixed with 
340mL of microspheres and 1L of EPS beads. The 
liquid fraction is reduced from 35% to about 12%. 
 
Every set of SALi was tested with different matrix 
fluids. BluStar silicone oils of 100cSt, 1000cSt and 
12500cSt were used [15].  
 
The blended mixture of elastomeric beads and 
matrix fluid are placed in strong polythene tubing. 
This tubing is heat sealed at either end (Figure 7).  
 



 

Davies 6  

 
 

Figure 7: Elastomeric material (EPS beads) 
blended with viscous matrix fluid. The polythene 
tubing retains the mixture. This is then wrapped 
in a low stretch outer sheath.  
 
Test Apparatus and Procedure 
 
Experiments were performed on an Instron 
Dynatup® 9250 HV Impact Test System equipped 
with a 15kN tup load cell and software for 
continuous data acquisition.  
 
In each of the test, the SALi sample was fixed onto 
a steel plate as shown in Figure 8. The SALi 
material within the centre section was retained 
inside a strong, low stretch outer sheath. Without 
the low stretch sheath, the packaging would stretch 
during an impact allowing the elastomeric capsules 
to be displaced without suffering significant 
compression. The main energy absorbing 
mechanism would be the work done in stretching 
the polythene – which is fairly low, compared with 
the work done compressing SALi. 
 
 

 
 
 

 
 
Figure 8: A holder was designed to contain the 
SALi absorber. The spacing of the clamping 
bars was adjustable to allow samples of different 
length to be tested. 
 
 
 
 

Test Series 1  
 
The first series of tests investigated the involvement 
of SALi material beyond the immediate impact 
zone. The impactor was a cylinder of 25mm 
diameter and of mass 5.2kg (Figure 9).  
 

 
 

Figure 9: Cylinder shaped impactor 
 
The longitudinal axis of the cylinder was aligned 
across the SALi pad. The cross section of the SALi 
pad was 70mm in the direction of the cylinder 
longitudinal axis by 50mm in the direction of the 
impact axis (Figure 10). The length of the pad 
(shown as dimension A) was varied from 70mm to 
170mm in increments of 50mm. This type of 
impact is analogous to a pedestrian type impact 
described previously.   
 
 

 
 
Figure 10: The alignment of the impactor and 
SALi sample (Length A = 2 x Length B).   
 
The impact conditions were the same for each of 
the samples; the only change was the length of the 
pad perpendicular to the longitudinal axis of the 
impactor. 
 
Fixed Parameters  
- Impactor mass: 5.2 kg 
- Striker shape: cylinder (25mm diameter) 
- Package: polythene tubing 
- Sample cross sectional area: 70x50mm 
- Fluid viscosity: 1000cSt 
- Capsules: EPS beads 
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Variable Parameters  
- Impact velocity: 0.8-2.4m/s 
- Sample length: 70-320mm 
 
Test Series 2  
 
The second series of tests investigated changes in 
viscosity of the matrix fluid. The experimental set-
up from test series one was replicated. The change 
was that the sample length was a fixed parameter 
and the fluid viscosity was a variable parameter. 
The choice of sample length was based on 
assessment of test series 1 result. 
 
Fixed Parameters  
- Impactor mass: 5.2 kg 
- Striker shape: cylinder (25mm diameter) 
- Package: polythene tubing 
- Sample cross sectional area: 70x50mm 
- Capsules: EPS beads 
- Sample length: 170mm 
 
Variable Parameters  
- Impact velocity: 0.8-2.4m/s 
- Fluid viscosity: 100cSt, 1000cSt and 12500cSt 
 
Test Series 3  
 
The third series of test investigated a change to the 
capsule size. The experimental set-up from test 
series one was replicated. With the exception of the 
change in bead size, the fixed and variable 
parameters remained as for test series two. 
 
Test Series 4  
 
The fourth series of tests investigated blending EPS 
beads with polymeric microspheres. The 
experimental set-up from test series one was 
replicated. With the exception of the change in bead 
size, the fixed and variable parameters remained as 
for test series two. 

 
Additional Test Series  
 
Although not reported within the following 
sections, a number of additional test series were 
undertaken. These investigated repeatability of 
SALi type absorbers at various stages of the 
investigation, the response of EPS foam blocks and 
the response of SALi type absorbers to change in 
impactor (size and mass). 

 
RESULTS AND DISCUSSION  
 
Force against deflection was recorded from each of 
the tests. The test data was then evaluated based on 
what is required from a manufacturer’s perspective 
for a pedestrian friendly bumper system. This is to 
limit peak acceleration (to pass the leg impact tests, 
the first requirement is that the acceleration should 

be less than limit value) and increase efficiency (the 
more efficient the energy management, the smaller 
the depth of space needed to absorb the energy 
from the event).  
 
The peak load measured during the impact test was 
used to investigate peak acceleration (force is 
analogous to acceleration as impact mass was 
fixed).  
 
The efficiency was investigated using the following 
relationship: 

∫ Δ= ηxFdxxF )(  

Where:  
F = Peak Force   
Δx = Deflection   
η = Waveform efficiency  

 
Influence of Shock Absorber Length  
 
The initial series of tests investigated change in 
absorber length upon peak load and absorber 
efficiency. The peak load for each of the test results 
is compared against change in velocity in Figure 11 
and the efficiency in Figure 12. 
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Figure 11: Maximum load variation against 
impact velocity with the 25mm diameter 
impactor and for the three SALi pad sample 
lengths tested.  
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Figure 12: Efficiency with change in impact 
velocity with the 25mm diameter impactor and 
for the three SALi pad sample lengths tested.   
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A number of observations can be made regarding 
the peak load change and change in efficiency: 
 
- Peak load decreased with pad length.  
- Peak load increased with impact velocity.  
- Rate of change in peak load with velocity was 

greater for the 70mm length sample for impact 
velocities >1.6m/s.  

- Efficiency was highest for the 170mm length 
sample. 

 
To explain these observations, it is necessary to 
look at the energy absorption process.  
 
Energy absorption by a SALi composite material 
occurs by two mechanisms. One is the work done 
in compressing the elastomeric material. The other 
is work done by the matrix fluid as it shears. 
Looking at these contributions individually:   
 
- For a given deflection, within a larger volume 

of SALi, the strain-rate of the individual EPS 
beads is reduced. Experimental work on EPS 
foams [17] has shown that EPS is strain rate 
dependent and that stress increases at higher 
strain rates. Therefore for a larger volume of 
SALi the work done in compressing the 
elastomeric material is reduced.  

 
- If the strain-rate of the individual beads is less 

within a larger volume of SALi, then the shear 
rate of the matrix fluid would also change i.e. 
for a larger volume of SALi the state may 
change from i to ii in Figure 13 compared to a 
change from i to iii for a smaller volume. For a 
Newtonian fluid, the shear rate is directly 
proportional to shear stress. Therefore the 
contribution to the work done by shearing of 
the matrix fluid would therefore be less as 
SALi volume is increased.  

 
 

 
Figure 13: A two dimensional simplification of 
bead compression within a SALi composite fluid. 
The neutral point about which the fluid flows is 
shown as X.   

The result is of the above is a reduction in work 
done and hence a lowering of the peak load for the 
same stiffness of beads and same matrix fluid 
viscosity. The above assumes that the pressure 
change is not localised, but that pressure change is 
distributed through the SALi fluid (this assumption 
will be investigated in more detail is the second 
series of tests).  
 
A further observation was that the peak load 
increased for each of the samples at higher impact 
velocities. This is not unreasonable given that strain 
rate dependency of the EPS material mentioned 
earlier and that shear rate of the matrix fluid would 
increase (and hence shear stress).  
 
The final observation was that whilst the change in 
peak load for increasing velocity was 
approximately linear for the 120mm and 170mm 
samples, this was not the case for the shorter 70mm 
sample. 
 
Higher velocities considerably increase the amount 
of impact energy that requires dissipation. Doubling 
the impact speed from 1.2 to 2.4m/s increased the 
energy to be dissipated by a factor of 4. The higher 
energy impacts for the 70mm samples are 
compressing of the EPS beads into the densification 
region (region in the stress strain curve in which 
stress rises steeply due to contact and crushing of 
the cell walls). Strain hardening of EPS foam has 
been shown to occur at approximately 55%-65% 
strain region [17]. The effect of entering the 
densification region is a fall in the efficiency of the 
absorber.  
 
Influence of Matrix Fluid Viscosity  
 
The second series of test investigated changes in 
viscosity of the matrix fluid upon peak load and 
absorber efficiency. The length of absorber was 
chosen as 170mm based on observation of 
efficiency in the previous series of tests that 
showed this length of absorber to be the most 
efficient of the three lengths tested.  
 
The peak load for each of the test results was 
compared against change in velocity in Figure 14 
and the efficiency in Figure 15. 
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Figure 14: Maximum load variation against 
impact velocity with the 25mm diameter 
impactor and for the three matrix fluid 
viscosities tested.   
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Figure 15: Efficiency against impact velocity 
with the 25mm diameter impactor and for the 
three matrix fluid viscosities tested.   
 
A number of observations can be made regarding 
the peak load change and change in efficiency: 
 
- Peak load increased with velocity.  
- Peak load decreased with viscosity 
- Efficiency increased with viscosity.  
- Efficiency decreased with velocity. 
 
As for the previous test series it would be 
reasonable to expect an increase in peak load at 
higher impact velocity due to the strain rate 
dependency of the elastomeric material (stress 
increases with strain-rate) and the higher shear rate 
of the matrix fluid (shear stress increases with shear 
rate).  
 
However, as viscosity of the matrix fluid is 
increased, the shear stress is far greater and hence 
pressure change is more localised. This results is 
greater differential compression of the EPS beads 
(those nearer the impact zone suffer proportion 
higher strain than those further away). This can be 
observed by comparing the respective force 
deflection curves for the different viscosities at 
each impact velocity.  

The force deflection curves exhibit hysteresis i.e. 
the energy dissipation during the impact results in 
smaller compliance during unloading (restitution) 
than was present during loading (compression). The 
area under the unloading curve equals the elastic 
strain energy released from the deforming region 
during restitution. As can be observed from the 
force deflection curves presented here (Figure 16), 
the elastic strain energy released is less for the 
higher viscosity matrix fluid. EPS foam is known to 
exhibit linear behaviour for strains less than 0.05 
[17]. Therefore the greater the volume of EPS 
material under strain the greater the elastic strain 
energy released. Put succinctly, the greater the 
number of beads subject to compression the greater 
the elastic strain energy stored. 
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Figure 16: Force against deflection curves for 
2.0m/s impact against the 100cs, 1000cs and 
12500cs SALi shock absorber pads. The 
compliance is less for the higher viscosity matrix 
fluid. 
 
Increasing the viscosity of the matrix fluid 
increases the efficiency of the absorber as shearing 
of the matrix fluid lowers the peak load   
 
Influence of Bead Size  
 
The third series of tests investigated changes in 
elastomeric beads upon peak load and absorber 
efficiency. The EPS beads (diameter: 4-7mm) were 
replaced with Expancel polymeric microspheres 
(diameter: 60-90 μm). The peak load for each of the 
test results is compared against change in velocity 
in Figure 17 and the efficiency in Figure 18. 
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Figure 17: Maximum load variation against 
impact velocity with the 25mm diameter 
impactor and for the three matrix fluid 
viscosities tested.   
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Figure 18: Efficiency against impact velocity 
with the 25mm diameter impactor and for the 
three matrix fluid viscosities tested.     
 
Similar observations to those made for the EPS 
beads can be made regarding peak load and 
efficiency. The exceptions are that the difference in 
peak load at different viscosities was greater and 
that efficiency was maintained with increase in 
impact velocity. Indeed, efficiency was observed to 
initially increase (from 1.2m/s to 1.6m/s).   
 
The rational for the change in load is that the 
contribution to the work done from shearing of the 
matrix fluid was greater. This follows from the fact 
that the total solid-liquid interface surface is higher 
(greater potential for shear of the matrix fluid). 
However, for a given level of compression the 
beads remain closer and therefore the mean 
displacement of elements of the liquid, and hence 
the shear rate (and hence shear stress) of the matrix 
fluid is reduced.  
 

 
 
Figure 19: Comparison of SALi with different 
bead size. The solid-liquid interface area is 
higher, but for a given compression of the total 
volume the displacement of the fluid would be 
less.  
 
The principal advantage of the polymeric 
microspheres over EPS beads used in the previous 
tests is in creating a low weight version of SALi. A 
mixture of liquid and polymeric microspheres used 
to fill the void spaces between the larger spheres 
would reduce the weight of the matrix fluid in the 
SALi shock absorber. 
 
Combing Polymeric Microspheres and EPS 
Beads 
 
The fourth series of tests investigated blending of 
the EPS and polymeric microspheres upon peak 
load and absorber efficiency. The peak load for the 
test with the 1000cSt matrix fluid is compared 
against the tests with the EPS beads and 
microspheres in Figure 20 and the efficiency in 
Figure 21. 
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Figure 20: Maximum load variation against 
impact velocity for the SALi absorber using the 
1000cSt matrix fluid.  
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Figure 21: Efficiency against impact velocity for 
the SALi absorber using the 1000cSt matrix 
fluid.  
 
Peak loads were lower compared to equivalent tests 
with just EPS or microspheres. However, the 
efficiency of the absorber is similar to the previous 
test at lower velocities and is more efficient that 
EPS alone at higher velocities.    
 
This difference can be explained by assuming that 
the EPS beads are effectively immersed in an 
elastic matrix liquid. Consequently, from the 
perspective of the EPS beads, there is no need for 
the bead-to-liquid geometry to change as depicted 
previously (Figure 22).  
 

 
Figure 22: If the matrix fluid filling the void 
spaces between the EPS beads shrinks at the 
same rate as the beads, then there is no need for 
the fluid to swirl round the beads, as suggested.  
 
For this explanation to be valid, the Microspheres 
and EPS beads would need to exhibit similar levels 
of compressive stiffness over the compression 
range tested.  
 
IMPLICATIONS FOR BUMPER DESIGN  
 
From the perspective of vehicle damageability it is 
necessary to have a stiff bumper to improve the 
vehicle’s ability to survive low speed collisions 
without damage. The stiffness of the SALi bumper 
in vehicle damageability type impacts is taken to be 

a function of stiffness of the elastomeric material 
(when compared to pedestrian impacts, these are 
low speed events so viscous damping rate and 
hence viscous stress would be lower than in a 
pedestrian impact). Conversely, from the 
perspective of pedestrian protection it is necessary 
to have a lower stiffness. In addition, designing a 
bumper to fit within the packaging space typical of 
today’s vehicle styling it is necessary to maximise 
the efficiency of the absorber.  
 
The results of the experimental investigation have 
shown that stiffness of the SALi absorber can be 
lowered for small body impacts (representative of 
leg form impacts) without compromising the 
stiffness of the elastomeric material (necessary for 
vehicle damageability). For the same elastomeric 
material:  
 
- Lengthening of the impact absorber lowered 

the peak load.  
- Increasing the viscosity of the matrix fluid 

lowered the peak load.   
 
However, the efficiency of the absorber was 
observed to decrease at higher impact velocities. 
Altering the formulation of SALi by the blending of 
EPS beads with polymeric microspheres was shown 
to maximise the efficiency of the absorber over the 
range of impact velocities investigated.  
 
In addition to the above it is necessary to ensure 
that the strain of the elastomeric material does not 
reach the densification stage (strain hardening). For 
SALi absorbers it was shown that strain hardening 
could be avoided without resort to increasing the 
depth of the energy absorber. This provides a 
distinct advantage when it comes to packaging a 
SALi energy absorber.  
 
Schuler et al [10] calculated the minimum energy 
absorber thickness for a leg impact. For foam 
systems it was found that a thickness of 100mm 
was required. A similar calculation based on the 
nested version of the SALi absorber (assuming 
similar efficiencies at higher impact speeds) would 
see the minimum thickness reduced to less than 
60mm.  
 
In addition, the weight of the absorber is critical. 
The matrix liquid is the highest density component 
of any SALi formulation. A mixture of liquid and 
polymeric microspheres can be used to fill the void 
spaces between the larger spheres. This would have 
the two advantages of (1) reducing the weight of 
the matrix fluid in the SALi shock absorber and (2) 
for a small body impact it reduces the effective 
stiffness. However, as long as the crush strength of 
the blended matrix liquid was equal to or higher 
than the larger spheres then the bumper stiffness for 
vehicle damageability would not be compromised 
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(the large spheres would always compress in 
preference to the matrix fluid).  
 
FURTHER RESEARCH  
 
The basic SALi formulations investigated were 
close packed expanded polystyrene (EP) beads, 4 to 
7 mm in diameter, with the void space between 
them filled with a viscous liquid. This formulation 
is useful for helping us to understand how SALi 
works, but too heavy for commercial applications. 
A low weight version of SALi, using a mixture of 
liquid and polymeric microspheres to fill the void 
spaces between the larger spheres was also 
investigated.  
 
They all shared a basic idea: to use the available 
package space in the most efficient manner. It 
means: the fast response of the energy absorbing 
structure to the impact event (shape force – 
intrusion curve close to rectangular shape), the 
more efficient the energy management and, 
therefore, the smaller the thickness of space needed 
to absorb the energy from the event. An important 
feature of the further research work will be to 
investigate various blends of stiff and soft 
microspheres, in order to increase impact energy 
absorbing performance. 
 
In addition, stiff particles can be added to 
Newtonian liquids to convert them into shear 
thickening fluids. If the particle density is 
sufficiently high and the applied stress increases 
sufficiently rapidly, the fluid can lock up, to 
transiently mimic the properties of a solid. 
 
SUMMARY  
 
The purpose of crash management is to minimize 
damages at the front of the vehicle - reducing repair 
costs in order to achieve a favourable insurance 
classification is one of the key drivers for OEMs –   
and reducing pedestrian injuries – pedestrian safety 
is now a high profile issue within the automotive 
industry.  
 
In summary, the experimental work has shown that 
the shock absorbing liquid composite transmits 
impact energy from the impact zone and through a 
much greater bulk of the material than would be 
expected of conventional solid dry foams. The 
result is that the stiffness of the SALi absorber can 
be lowered for small body impacts (representative 
of leg form impacts) without compromising the 
stiffness of the elastomeric material (necessary for 
vehicle damageability). The result is that forces at 
the impact zone that are smaller than those 
produced in conventional solid dry foams. 
Therefore, it is expected that vehicle bumpers 
produced from the shock absorbing liquid 
composite will produce comparatively less impact 

forces on pedestrians and will therefore be more 
pedestrian friendly. Key points from this work are 
outlined below:  
 
- It was found that SALi provided high impact 

absorbing performance, because the matrix 
fluid transmits pressure changes, allowing the 
elastomeric material at the sides of the impact 
zone to also participate in absorbing impact 
energy. The investigation showed a 
significantly increasing performance up to 
170mm (compared to 70mm and 120mm 
length absorbers). The forces applied to the 
impactor decrease with the shock absorber 
length, which is advantageous for pedestrian 
impacts. The SALi impact absorber has better 
energy absorbing characteristics with a higher 
length, which is advantageous for reducing 
packaging space requirement. For vehicle 
application, the actual values (for pad length in 
relation to a particular SALi composite) will 
depend on the size and shape of the contact 
area, the fluid viscosity, the impact speed and 
energy (these will need to be determined in the 
follow-up phases of the investigation).  

 
- A highly viscous fluid was found to provide a 

better shock absorbing performance as loads 
and deflections decrease significantly with 
increasing viscosity. A more viscous fluid can 
absorb more impact energy within a smaller 
crush depth. The upper amount of 
compressible material provided by the use of 
very smaller polymeric microspheres instead of 
polystyrene beads increases the performance of 
SALi shock absorbers. Both loads and 
deflections are lower with the combination of 
high viscous fluid and microspheres. 

 
- Based on observations made in this 

experimental investigation, a reduction in 
packaging space of 33% against traditional 
foam based systems is theoretically possible.   

 
- The work presented here characterises SALi 

based absorbers in a particular impact 
configuration. Based on the above 
investigation, further possibilities have been 
put forward for increasing the efficiency of the 
absorber. Further investigation is also required 
in order to define design rules for SALi 
absorbers that seek to maximise the benefits of 
SALi as a crash management instrument in 
vehicle applications.  
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ABSTRACT 
 
This project uses dynamic simulations to assess the 
effectiveness of child restraint systems in the case of 
rear impact, in various installation configurations and 
for different acceleration pulses. 
The model was mainly based on a multi-body 
method, using the MADYMO software. However, 
the side wings of the child restraint system have been 
modelled by the finite-element technique, to ensure a 
better representation of the contacts between the child 
dummy and the restraining device. 
The study shows that the neck is the most exposed 
part of the body and in some situations the neck 
injury criteria overpass the limit values. Thus, the 
case of the neck injury criteria in tension-extension 
for the installation using vehicle safety belts, when 
the result is more than double than the limit value. 
The simulations employed two triangular pulses, with 
speed variation of 16 km/h and 25 km/h, and one 
trapezoidal pulse, with speed variation of 25 km/h. In 
all cases, the results are proportional with the speed 
variation. Furthermore, the two triangular pulses give 
higher values for injury criteria than the trapezoidal 
pulse. 
Installation of a child restraint using rigid anchorages 
and lower straps offers the best protection for the 
child passenger in the case of rear-end collision. The 
acceleration pulse is a crucial factor for the accuracy 
of tests and the realism of simulations. 
The principal limitation of the study refers to the 
injury criteria that are not yet well defined and for 
which does not exist a consensus in the case of a rear 
impact. 
The paper presents an approach for simulating rear-
end collision involving child passengers, which could 
be used for comparative studies of different rear-
impact scenarios, such as different acceleration 
pulses or installations. 
 
INTRODUCTION 
 
Real life accident data are showing that the slow-
speed rear-impact can produce neck injury causing 
invalidity and long-term disability. These injuries, 

abbreviated WAD (Whiplash Associated Disorders) 
are usually classified as AIS 1 (Hynd and van 
Ratingen, 2005). AIS – Abbreviated Injury Scale, 
created by The Association for the Advancement of 
Automotive Medicine (AAAM), is the most used 
injury classification scale, where 0 signifies that there 
is no injury and 6 designates unsurvivable injuries. 
A study conducted in Japan and presented by Sawada 
and Hasegawa (2005) showed that neck injury 
represent around eighty percent from the total injuries 
caused by rear-end accidents. According to Fatality 
Analysis Reporting System - FARS (NHTSA, 2002), 
in the USA in 1999, 8 % of the children (101 
children) killed in road accidents were involved in 
rear-end accidents. Between 1991 and 2000, in USA, 
662 children were killed in rear-end accidents, 
representing 7 % of the total number of the children 
dead in traffic accidents in the considered period. 
More than 30 % of these victims (214) were seated in 
a child restraint system during the accident (NHTSA, 
2004). 
In Quebec in 1987, $18 millions was paid for 
damages caused by this type of accident, which 
determined La Société d'Assurance d'Automobile du 
Québec (SAAQ) to form a special workgroup, 
Quebec Task Force, with a view to studying the 
injuries produced by whiplash (Spitzer et al., 1995). 
This study is considered the reference for similar 
research (Freeman et al., 1998 and Versteegen et al., 
2001).  
Boyd et al. (2008) present a study performed in 
England for eight months in emergency rooms, which 
used the Québec Task Force methodology. The study 
identified 101 child passengers victims of rear-end 
accidents, from which 49 (47 %) were presenting 
WAD symptoms. The average duration of the 
symptoms was 8.8 days, showing more important 
incidence than in similar studies. 
In order to assess the emergency of having rear 
impact regulatory stipulations for child passenger 
protection, NHTSA performed some dynamic sled 
tests at both 17.5 and 30.5 km/h impact speeds using 
a CRABI 12-month-old dummy. The dummy, seated 
in an Evenflo On My Way rear-facing infant seat, 
was installed on the rear seat of a 1999 Dodge 
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Intreprid vehicle body. Because the measured injury 
parameters did not exceed the limits stipulated by 
FMVSS 208 and considering that a 7 % fatality is 
low, it was concluded that it is not necessary yet to 
stipulate special requirements for the child passenger 
protection in the case of rear impact (NHTSA, 2004). 
According to Croft (2000), the risk for a child 
passenger represents two-thirds of the risk for an 
adult occupant but despite this high risk, less than 2 
% of rear-end impact studies are dedicated to child 
passenger protection. 
Another element of importance for studying WAD 
associated to child occupant, presented by Klinich et 
al. (1996), is the fact that the weight of the head of 
the child is proportionally more important with 
respect to the rest of the body than for the adult, one 
forth compared with one seventh, thus favouring the 
lesions of the spine. 
While the efficiency of child restraint systems was 
very well proven in frontal collisions, and studies 
regarding side impact collisions are continually 
increasing, the performances of these devices in the 
case of a rear-end collision were not yet sufficiently 
demonstrated. The objective of the project presented 
in this paper was to study by simulation the 
behaviour of the child dummy in the case of a rear-
end impact, for various acceleration pulses and in 
different installation configurations of the child 
restraint system. 
 
METHODOLOGY 
 
General Approach 
 
The first step of the project stands for the 
development of the model. The study is based on 
multi-body method but the side wings of the child 
restraint system have been modelled by the finite-
element technique. This modelling allows for a better 
representation of the contacts between the child 
dummy and the restraining device. The second step, 
consisting in model exploitation, presents rear-end 
impact simulations for different acceleration pulses 
and in various installation configurations of the child 
restraint system. 
 
Child Dummy 
 
The majority of the studies on the effect of the impact 
on child passengers use three-years-old child 
dummies. Adult rear-impact dummy models are 
available in MADYMO Data Base, such are Hybrid 
IlI – TRID Neck (Hybrid III dummy with the neck 
model adapted for rear impact), RID II and BioRid II, 
but there is not yet any child dummy specially 
destined for the study of rear impact. The model on 

which this study is based uses the Hybrid III – 3-
years-old child dummy (Surcel, 2004). The Hybrid 
III series was designed for front impact studies, thus 
the accuracy of the evaluation of the risk in the case 
of a rear impact was not yet verified by experimental 
studies. According to European Vehicle Passive 
Safety Network 2 (2004), because their neck mimics 
human bending response in flexion and extension, 
these dummies can be used in rear as well as frontal 
collision evaluations. 
In spite of the above mentioned limitations, we have 
chosen for our model a Hybrid III – 3-years-old child 
dummy model, consisting of 28 ellipsoids while 
certain head regions are built using finite elements. 
The contact between head and thorax is defined by 
default. Additional contacts have been defined to 
consider the interactions between different parts of 
the model: between femurs; between each femur and 
the abdomen, the thorax, the neck and the head; 
between tibias; between each tibia, the neck, and the 
head; between arms; between each arm, the neck and 
the head. 
 
Models 
 
For the chosen child dummy model, the required 
child seat is the convertible restraint system designed 
for use by infants and toddlers. The child seat model 
described by Surcel and Gou (2005) was used. It is 
made of a shell and its support that is in contact with 
the vehicle bench cushion. A padding that satisfies 
energy absorption requirements covers the inside of 
the shell. A contact stiffness function was defined for 
the padding of the child restraint system. The seat is 
also equipped with a tilting adjustment button, a rear 
support and a harness. 
The central region of the child seat, consisting of 
sixty-eight ellipsoids and four cylinders, has been 
assembled with the side wings, modelled using finite 
elements in order to allow for a better representation 
of the contacts between the child dummy and the 
restraining device (Figure 1). 
 
  

 
Figure 1.  Installation of child restraint system 
harness. 
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The child restraint system can be installed using 
vehicle safety belts or the lower rigid anchorages and 
straps. The upper part of the seat back is attached to 
the vehicle’s structure with a top tether. 
The material properties for the child seat and the belts 
and straps characteristics are those used by Surcel 
(2004). All the straps were represented using 
MADYMO belt segments. The child restraint system 
attachments, vehicle safety belt anchorages and rigid 
anchorages were built by ellipsoids. Figure 2 present 
child seat installations. 
 
 

 
Figure 2.  Child restraint system installation. 
 
The test sled was modelled using ellipsoids, based on 
the description given in test method 213 
(Transport Canada, 2001). ). The contact stiffness for 
the sled bench cushion and sled bench back was 
defined by force-deflection curves. Figure 3 presents 
the model of the test sled. 
 
 

 
 
Figure 3.  Test sled model. 
 
The model on which is based this study was 
evaluated for side and frontal impact against similar 
test data. The simulation results were generally very 
close to experimental data (Surcel, 2004; Surcel and 
Gou, 2005). There are not enough accidentology 
studies and experimental data are practically 
inexistent for child passengers involved in a rear 
impact. Thus, validation of the model for rear impact 
or, at least, comparing the results of the simulations 
with test results was not possible. 

Injury Criteria 
 
Injury criteria are necessary in order to evaluate the 
risk for the passenger in case of an accident and for 
correlating the loading conditions during impact with 
the injury scales. 
WAD-RAP (Whiplash Associated Disorders - Risk 
Assessment Parameters) is intended to replace injury 
criteria when the actual cause of the Whiplash 
Associated Disorders is not known. According to 
Hynd and Ratingen (2005), from the regulatory point 
of view, it is necessary to have a good correlation 
between WAD-RAP and the risk. This condition is 
fulfilled by the neck injury criteria (NIC) and by the 
Nkm criteria, which is based on a combination of 
shearing forces and bending moments in the upper 
neck (Schmitt et al., 2001). Another proposed 
combined criteria for evaluating neck injury in the 
case of a rear impact is LNL (Lower Neck Load), a 
combination of lower neck loading in shearing, 
tension and extension (Heitplatz et al., 2003). 
Head Injury Criteria (HIC) is the most used criteria 
for evaluating the severity of the head injuries and it 
gives the necessary information to differentiate the 
contact impact response from the non-contact impact 
response. HIC is calculated based on « Wayne State 
Tolerance Curve » (WSTC) and it was established 
only for the front – to rear direction impact. In our 
case, contacts are defined between the head of the 
child dummy and the child seat back with the loading 
applied in a longitudinal direction. Therefore, we 
consider that the usage of HIC is appropriate for our 
study. 
Other studies have shown that the neck forces and 
moments, as well as the head and the thorax 
acceleration, might not have an adequate biofidelty 
for the study of the rear impact. Consequently, the 
neck injury criteria NIC and Nij, which computation 
are based on the above mentioned parameters, might 
be also inadequate for the rear impact study (Kuppa 
et al., 2005). 
The European Automobile Manufacturers’ 
Association (ACEA) has carried out a study looking 
at the repeatability and reproducibility of the 
proposed test procedures and injury criteria for rear 
impact, using 16 km/h and 25 km/h – delta-V (ΔV) 
pulses (Adalian et al. 2005). The injury criteria used 
for the BioRID adult dummy were head, spine and 
pelvis accelerations, lower and upper neck forces and 
moments as well as the combined criteria LNL, Nkm 
and NIC, and the contacts between the seat and the 
dummy. The repeatability of most of the injury 
criteria at 16 km/h was acceptable but reproducibility 
was poor, with variations of up to 40% for some of 
the criteria. The situation worsened at 25 km/h, with 
some criteria yielding variations of over 100%. The 
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study concluded that the injury criteria must be very 
carefully selected, and the high severity pulses might 
be inadequate for neck injury assessment. 
The linear and angular head accelerations and the 
head displacement are also used during the rear 
impact tests performed by insurance companies 
(GDV- Alianz-Germany) and research institutes 
(JARI - Japan Automobile Research Institute and TRI 
- Transport Research Institute – United Kingdom). 
The actual injury, causing the typical WAD 
symptoms, and the injury mechanism are still 
unknown, though hypotheses exist. The evaluation of 
the currently proposed injury criteria, such as LNL, 
Nkm and NIC, is statistically derived from field 
accident data and reconstructions of real world 
accident situations (Hynd et van Ratingen, 2005). An 
important validation work is still necessary, and 
especially for the child passengers. 
The fore mentioned considerations as well as the 
MADYMO output data availability, guide us on the 
choice of the parameters for evaluating the behaviour 
of the child dummy response in the case of the rear 
impact simulation. Table 1 presents these parameters. 
 

Table 1. 
Evaluation parameters 

 
 

No Description Symbol 
1 Head Injury Criteria – 15 ms HIC 15 
2 Head Injury Criteria – 36 ms HIC 36 
3 Head Injury Criteria – unlimited HIC 
4 Thorax deflection DT 
5 Head linear acceleration in the 

centre of gravity, m/s2 
HCG_acc 

6 Head angular acceleration, rad/s2 Hang_acc 
7 Thorax deceleration - 3ms, m/s2 T3ms 
8 Neck injury criteria in tension – 

extension  
Nij TE 

9 Neck injury criteria in tension – 
flexion  

Nij TF 

10 Neck injury criteria in 
compression – extension  

Nij CE 

11 Neck injury criteria in 
compression – flexion 

Nij CF 

12 Rearward neck injury criteria, 
m/s2 

NIC Rr 

13 Resultant force in the lower neck, 
N 

NLow_F 

14 Resultant force in the upper neck, 
N 

NUp_F 

15  Resultant moment in lower neck, 
Nm 

NLow_M 

16 Resultant moment in upper neck, 
Nm 

NUp_M 

Acceleration Pulses and Simulations 
 
WG20 working group has been set-up within EEVC 
(European Enhanced Vehicle Safety Committee) for 
studying the rear impact test procedures and rear 
impact neck injuries. 
WG task is to develop sled test procedures in order to 
define acceleration pulses, installation and test 
dummies. Based on accident data records from 
several countries, WG20 reported that the majority of 
these types of injuries occur in medium impact 
severity crashes consisting in change of velocity 
(ΔV), between 10 and 15 km/h, and deceleration less 
than 4 g. These are short-term injury and the patients 
recover within a couple of weeks. Long-term injuries, 
with consequences lasting more than one month, are 
produced by impacts with ΔV greater than 20 km/h 
and deceleration more than 5 g (Hynd et van 
Ratingen, 2005). Consequently, the low severity 
accidents are well reproduced by using acceleration 
pulses with ΔV < 20 km/h, while the impacts with 
more severe consequences are corresponding to 
acceleration pulses with ΔV > 20 km/h. In order to 
study both situations, we chose one acceleration 
pulse with ΔV = 16 km/h and two acceleration pulses 
with ΔV = 25 km/h. Figure 4 presents these pulses, 
adapted from Sawada and Hasegawa (2005). 
The acceleration pulse no. 1, used by IIWPG 
(International Insurance Whiplash Prevention) and 
ADAC (Allgemeiner Deutscher Automobil-Club 
e.V.), corresponds to ΔV = 16 km/h. For ΔV = 25 
km/h we used the triangular acceleration pulse no. 2, 
also proposed by ADAC, and the trapezoidal 
acceleration pulse no. 3, adopted by the Swedish 
insurance company Folksam. 
 

 
 
Figure 4.  Acceleration pulses for rear impact, 
adapted from Sawada and Hasegawa (2005). 
 
To simulate the rear impact, the rear acceleration 
field and the gravity field were applied to the child 
dummy and to the child restraint system. The study 
compared the results obtained with the three different 
acceleration pulses described above, and considered 
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the two different installation configurations - vehicle 
seat belts and lower anchorages and straps. 
The results of the simulation were also compared 
with the Injury Assessment Reference Values 
(IARV), stipulated by FMVSS 208 and FMVSS 213, 
and with the reference values proposed by Klinch et 
al. (2006). These injury parameters are for frontal 
impact and may not accurately reflect the risk of 
injury in rear impact. The corresponding Injury 
Assessment Reference Values should be used for 
reference purposes only. For thorax acceleration, the 
two standards stipulate different values: 540 m/s2 
(FMVSS 208 ) and 589 m/s2 (FMVSS 213).  
 
RESULTS AND DISCUSSIONS 
 
Comparison Study for Different Acceleration 
Pulses 
 
This section presents the results of the simulations 
performed with the three different acceleration pulses 
with the child restraint system installed using the 
lower anchorages and straps. In all cases, the upper 
part of the child restraint system is attached to the 
vehicle body with a top tether while the child is 
attached with the harness provided by the child 
restraint system. Similar simulations have been 
conducted with CRS installed using vehicle’s safety 
belts. 
The simulation results show that both the child 
dummy and the child restraint system moved 
rearward under the action of the acceleration field. 
The vehicle safety belts and the child restrain harness 
were stressed and the child dummy entered into 
contact with the child seat back. The child dummy 
was pushed to the front by the reaction forces due to 
the impact with the back of the CRS and by the 
elastic forces in the harness and in the straps. Figure 
5 illustrates the model during the simulation of the 
rear impact and Table 2 presents the results of the 
simulation. 
 

 
Figure 5.  Rear impact simulation. 
 
It can be observed that the acceleration pulse no. 2 
(ΔV=25 km/h, triangular) generally gives higher 

values for the injury criteria than the two other 
pulses. The result for the neck injury criteria in 
tension – extension (Nij TE) is the only one 
exceeding the admissible value, with 12 %. 
 

Table 2. 
Injury criteria comparison for the simulations 

using the three acceleration pulses and the CRS 
installed with lower anchorages and straps 

 
 

No Parameter 
Acceleration pulse Ref. 

value 1 2 3 
1 HIC 15 34 44 25 570 
2 HIC 36 34 48 25 1000 
3 HIC 49 84 37 1000 
4 DT, mm 24 26 18 34 

5 
HCG_acc, 
m/s2 

354 501 325 785 

6 
Hang_acc, 
rad/s2 

4214 3470 3897 2200 

7 T3ms, 
m/s2 

161 156 134 540 / 
589 

8 Nij TE 0.959 1.123 0.801 1 
9 Nij TF 0.336 0.020 0.020 1 
10 Nij CE 0.569 0.486 0.518 1 
11 Nij CF 0.255 0.234 0.225 1 

12 
NIC Rr , 
m/s2 

77 62 67 - 

13 
NLow_F, 
N 

1278 1960 1115 2500 

14 NUp_F, N 1016 1569 965 2500 

15 
NLow_M, 
Nm 

75 95 69 - 

16 
NUp_M, 
Nm 

14 18 13 - 

 
The variation curves for head accelerations are 
presented in Figure 6 and Figure 7.  
 
 

 
 
Figure 6.  Acceleration pulses, installation with 
lower anchorages and straps: variation of head 
linear acceleration. 
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Figure 7.  Acceleration pulses, installation with 
lower anchorages and straps: variation of head 
angular acceleration. 
 
Figure 8 presents the comparison between the 
variation curves according to rearward neck injury 
criteria.  
 

 
 
Figure 8.  Acceleration pulses, installation with 
lower anchorages and straps: variation of 
rearward neck injury criteria. 
 
These comparisons are showing similar variations, 
except during the last part of the simulations. For 
head accelerations, two peaks can be observed: the 
first maximum is toward 60 ms and the second 
maximum around 220 ms, when the acceleration 
pulse no. 2 gives the peak for the linear acceleration 
of the head. The first maximum corresponds to the 
impact between dummy’s head and the child seat 
back. The second maximum occurred when the head 
had the greatest displacement and started the 
backward movement. Its duration is very limited and 
it was not produced by contact. Consequently, it does 
not give a significant increase of the HIC. 
 
Comparisons between Installation Configurations 
 
This section presents the simulations’ results of the 
child restraint system when installed using the lower 
anchors and straps compared to using the vehicle’s 
safety belts. For both installations, the upper part of 
the child seat back is attached to the vehicle body 

with a top tether and the child is attached with the 
harness of the child restraint system. Table 3 presents 
the comparison between different parameters for the 
two considered installation configurations, when the 
rear impact is simulated by the acceleration pulse no. 
2 (ΔV=25 km/h, triangular).  
 

Table 3. 
Injury criteria comparison for different 
installation configurations (pulse no. 2) 

 
 

No Parameter 
Installation 

Ref. 
value Lower 

anchorages 
Safety 
belts 

1 HIC 15 44 141 570 
2 HIC 36 48 154 1000 
3 HIC 84 180 1000 
4 DT, mm 26 37 34 

5 
HCG_acc, , 
m/s2 

501 717 785 

6 
Hang_acc, 
rad/s2 

3470 4980 2200 

7 T3ms, , m/s2 156 354 
540 / 
589 

8 Nij TE 1,123 2,229 1 
9 Nij TF 0,020 0,746 1 
10 Nij CE 0,486 0,444 1 
11 Nij CF 0,234 0,272 1 
12 NIC Rr , m/s2 62 249 - 
13 NLow_F, N 1960 2792 2500 
14 NUp_F, N 1569 2798 2500 
15 NLow_M, Nm 95 155 - 
16 NUp_M, Nm 18 28 - 

 
Similar simulations have been performed for the 
other two acceleration pulses. 
The variation curves for head accelerations are 
presented in Figure 9 and Figure 10.  
 
 

 
 
Figure 9.  Installations, acceleration pulse no. 2: 
variation of head linear acceleration. 
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Figure 10.  Installations, acceleration pulse no. 2: 
variation of head angular acceleration. 
 
Figure 11 presents the comparison between the 
variation curves according to the rearward neck 
injury criteria. 
 

 
 
Figure 11.  Installations, acceleration pulse no. 2: 
variation of rearward neck injury criteria. 
 
Table 3 yields also that the admissible values are 
exceeded only for the neck injury criteria in tension – 
extension (Nij TE), and this with more than 220 %. 
For all the parameters, the results for the vehicle 
safety belt installation are greater than the 
corresponding results obtained for lower anchorages 
and straps. 
The comparisons of plots shows similar trends but 
some differences are observed. The curves 
corresponding to the vehicle safety belts installation 
are showing more amplitude than the curves obtained 
with lower anchorages and straps installation. The 
maximal values in the last part of the simulation are 
higher for the vehicle safety belt installation, when 
the head of the dummy reached its maximum 
displacement and started the backward movement. 
The linkage is less stiffer and the safety belt segments 
generate elastic forces producing additional 
acceleration during the backward movement. 
The results show that lower anchorages and straps 
provide the best protection for the child passenger.  
 
 

Discussion 
 
This project aimed at the development of a numerical 
method, using multi-body and finite elements 
methods, to simulate the behaviour of a child 
passenger restrained in a protective device while 
involved in a vehicle rear impact. Simulations have 
been performed in order to compare the influence of 
installation configurations and to evaluate the effects 
of different acceleration pulses. 
One of the general limitations of the model is the 
utilisation of MADYMO belt segments for modelling 
vehicle safety belts and child seat harness. This type 
of modelling duplicates very well the geometry of the 
safety belts and the geometry of the harness, and 
correctly represents the unidirectional sliding of the 
belt on dummy’s body. Despite these advantages, 
MADYMO belt segments have fixed attachment 
points and consequently they do not accurately 
reproduce the multi-directional sliding  
Another category of objective limitations refers to the 
injury criteria that are not yet well defined and for 
which does not exist a consensus in the case of a rear 
impact. We had to use the same criteria normally 
employed for frontal impact, and available in 
MADYMO as output data. There are not enough 
accidentology studies and experimental data are 
practically inexistent for child passengers involved in 
a rear impact. Thus, validation of the model for rear 
impact or, at least, comparing the results of the 
simulations with test results was not possible. 
Moreover, there is not yet a child dummy specially 
destined for the study of rear impact. The Hybrid III 
dummy was designed for the study of frontal impact 
and therefore the evaluation of the risk in the case of 
a rear impact might be also questionable. There are 
studies showing that the neck of the Hybrid III 
dummy reproduces well the human response in 
bending and extension, thus these dummies can be 
considered for rear as well as for frontal collision 
evaluations. 
A similar situation is met when choosing the 
acceleration pulses, which are not yet standardized. 
We used three different acceleration pulses: one 
acceleration pulse with ΔV = 16 km/h to reproduce 
low severity accidents, and two acceleration pulses 
with ΔV = 25 km/h to simulate impacts with more 
severe consequences. 
The comparisons of the simulations results obtained 
with the three different acceleration pulses show that 
the acceleration pulse no. 2 (ΔV=25 km/h, triangular) 
generally gives higher values for the injury criteria 
than the two other pulses. The result for the neck 
injury criteria in tension – extension (Nij TE) is the 
only one exceeding the admissible value, with 12 %. 
The variation curves for head accelerations are 
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showing similar variations, excepting the last part of 
the simulations. For head accelerations, two 
maximum can be observed: the first is toward 60 ms 
and the second around 220 ms, when the acceleration 
pulse no. 2, triangular, with a more abrupt variation 
of the speed and with the highest amplitude, gives the 
peak for the linear acceleration for the centre of 
gravity of the head. The first maximum corresponds 
to the impact between dummy’s head and the child 
seat back. The second maximum, which has a short 
duration and not produced by contact, occurred when 
the head had the greatest displacement and started the 
backward movement, and it did not significantly 
increase the HIC. 
The comparison of the installation configurations, 
lower anchorages with straps and vehicle’s safety 
belts, shows that the admissible values are exceeded 
only for the neck injury criteria in tension – extension 
(Nij TE). For all the parameters, the results for lower 
anchorages and straps are less than the corresponding 
results obtained when the vehicle safety belts were 
used. 
The comparisons of plots shows similar trends but 
some differences are present. The curves 
corresponding to the vehicle safety belts installation 
are showing more variation than the curves obtained 
with lower anchorages and straps installation. The 
maximal values in the last part of the simulation are 
greater for the vehicle safety belt installation, when 
the head of the dummy reached its maximum 
displacement before starting the backward 
movement. The explanation resides in the increased 
mobility of the installation. Furthermore, the 
generation of the elastic forces in safety belt 
segments produce additional acceleration during the 
backward movement. These considerations entitle 
preference of the lower anchorages for a better 
protection of the child passenger. 
 
CONCLUSIONS 
 
The simulations performed with the three 
acceleration pulses have shown that the neck is the 
most exposed part of the body. This result is 
confirmed by the actual preoccupations in the design 
of the whiplash protection systems. The injury 
criteria exceed the limit value in certain situations, as 
in the case of the neck injury criteria in tension-
extension with the child restraint system installed 
using vehicle’s safety belts. The result probed is more 
than double of the limit value. 
The acceleration pulse is very important for the 
accuracy and the realism of the simulations. The 
simulations were performed under two triangular 
pulses, with speed variation of 16 km/h and 25 km/h, 
and one trapezoidal pulse, with speed variation of 25 

km/h. In all cases, the results are proportional with 
the speed variation. Furthermore, the two triangular 
pulses, with speed variation of 16 km/h and 25 km/h, 
give higher values for injury criteria than the 
trapezoidal pulse with speed variation of 25 km/h. 
The triangular pulse with speed variation of 25 km/h 
is the most appropriate for a conservative approach. 
The comparison of the installation configurations 
showed that the installation using vehicle’s safety 
belts allows a bigger displacement of the child seat 
and, consequently of the child dummy.  
The rebound caused by the elastic forces is more 
important, which generates supplementary loads in 
the neck. Finally, the installation using rigid 
anchorages and lower straps offers the best protection 
for the child passenger in the case of rear-end 
collision. 
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ABSTRACT 
 
The project VIIS (Vehicle Infrastructure Interaction 
Simulation), an actual research project which was 
started in January 2008 has the aim to build up on 
the MARVin (Model for Assessing Risks of Road 
Infrastructure; Paper of the 20th ESV) outcomes. 
The idea is to develop a combined simulation 
system, including all kinds of RoadSTAR data 
(Road Surface Tester of arsenal research; road 
condition and trace geometry) to verify crash 
causal combinations. 
The MARVin software tool has been upgraded 
with traffic density data to get some more 
comparable and significant results. The crash 
causations regarding to poor surface characteristics 
or in-harmonic road geometry can be identified 
with a higher probability. 
 
The main work is to integrate all relevant 
RoadSTAR parameters in a simulation software 
tool. In a beginning procedure a integration in the 
software PC Crash shows some positive results. 
The challenge will be to bring the skid resistance 
values as DXF data in a high density on the virtual 
route. 
 
Virtual road sections can be designed with real 
measured data. Crash reconstructions and crash 
causal combinations (MARVin) are feasible. All 
kinds of vehicle dynamic data, which can be also 
logged in the CAN bus system, can be simulated 
and recalculated. The vehicle infrastructure 
interaction (road/tyre, suspension/tyre) in a crash 
situation leads to possible accident compensation 
measures like new in-vehicle sensors, innovative 
active safety systems, real time accident risk 
assessment, interactive road condition maps, etc..  
 
The key point for the future of traffic safety issues 
are to verify MARVin results with vehicle-
infrastructure simulations and to derive 
preventative measures either on the construction 
side or in the in-vehicle safety applications. 
 

Visions are to combine theoretical accidentology 
with practical preventative solutions. Policy, 
vehicle manufacturer, road operators and map 
providers can have a benefit resulting from this 
research. 
 
INTRODUCTION 
 
As a step beyond “accident black spot” 
identification in road transport and traffic safety 
arsenal research developed a tool called Model for 
Assessing Risks of Road Infrastructure (MARVin). 
The general objective is to link road infrastructure 
parameters with accident statistic data. Furthermore 
is MARVin a tool to assess and correlate road 
infrastructure parameters with road accidents (See 
Figure 1). More precisely, arsenal research uses the 
very detailed road database of the Austrian road 
network measured with the RoadSTAR (Road 
Surface Tester of Arsenal Research [1]). This 
database is associated with an accident data base, 
via the position of the accidents. In the accident 
database about 580.000 accidents are registered 
(1994 – 2007). As a result, the conjunction between 
the road database (approx. 24.500 km), with all 
relevant road infrastructure parameters (curvature, 
crossfall, skid resistance, texture, etc.) and the 
accident database was established. Any analysis 
with MARVin uses this combined database. 
 

 
  
Figure 1.  One of MARVin’s results projected 
on the real road: skid resistance vs. accident 
spots 
 
SIMILARITY SEARCH USING DYNAMIC 
TIME WARPING 
 
One of the most important developments and tools 
in MARVin is called similarity search, a patented 
method for the valuation of similar road segments. 
With this innovative technique the road safety 
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analyst is able to identify similar road sections in 
the road network. This is, however, not an easy 
task, as searching similar sections is not only 
finding an identical road stretch, but more looking 
for all parts that are like the sample. The task to 
identify similar road sections was solved by 
applying a computer-aided method which was 
originally developed for automatic speech 
recognition. The so called Dynamic Time Warping 
(DTW) [2, 3, 4 and 5] is a method which allows 
finding an optimal match between two given 
(multivariate) sequences (e.g. time series) with 
certain restrictions. In this case DTW yields a 
nonlinear similarity measure of different 
parameters with a given road section, the template. 
 
With this development it is possible to analyse even 
a “virtual”, not yet built road section. 
A road in the design stage with a specific trace 
geometry and road condition-parameters can be 
analyzed by comparing it to already existing road 
sections (See Figure 2). This is a very important 
step to test planned and designed roads on their 
safety characteristics. Applying this method in the 
design phase will support the accident prevention 
significantly by identifying potential hazardous 
road risks before they are built.  
 

 
 
Figure 2.  Graph showing result of the similarity 
search – example for curvature; red line shows 
the template 
 
Another approach of MARVin is to consider all 
accidents as objective as possible ("unbiased"). 
This is conceivable as the parameters of every 
accident are considered as discrete coordinates in a 
high-dimensional space. Correlations are perceived 
by different densities of the points (accidents) in 
this multi-dimensional space. Based on this 
approach, methods are developed to analyse the 
enormous amount of data. Computer-assisted 
solutions using statistical methods and/or data 
mining methods are proper tools for this task. 
Although the processing power to handle both 
accident database and road database in requires 

remarkable computing power which should not be 
underestimated.  
 
PRACTICAL WORK 
 
The first practical work with MARVin was a road 
safety check of a typical motorcycle route in 
Austria, to analyse correlations between the 
number of accidents on specific sites and the road 
infrastructure parameters. The interesting, but not 
surprising result was, that although the 
infrastructure quality of this road was very good 
(high skid resistance, perfect radii relations and 
curvature, etc.) the accident rate was rather high. 
The significant facts for the high risk potential of 
this road are the number of motorcyclists each day 
(especially at weekends) and the driven speed. 
Speed enforcement and awareness campaigns may 
lead to an accident reduction in this case. 
Moreover, MARVin was useful to support the 
development of a national directive for motorcycle 
safety within a national framework. A detailed 
check of motorcycle accident events on rural roads 
and their correlation with curve radii revealed 
interesting results. 
 
Specifically runoff accidents mostly occur in small 
radii between 50 and 150 meters; the maximum 
ratio of runoff accidents in curves is exactly for 
radii of 100m, followed by 110m and 200m. A 
detailed analysis on the relations between curve 
radii, curvature and changing crossfall and their 
influence on powered two wheelers (PTW) 
accidents is necessary. The “Similarity Search”, 
which identifies similar accident events on similar 
road sections, will also be helpful for this task and 
within further research projects. 
 
VEHICLE INFRASTRUCTURE 
INTERACTION SIMULATION – VIIS 
 
The main objective of a new research project: 
Vehicle Infrastructure Interaction Simulation 
(VIIS) is to model the interaction between vehicles 
and road infrastructure. In this sense the simulation 
will describe the effects and consequences of road 
parameters on vehicles in various driving 
situations. With this approach the simulation will 
use the findings and results of MARVin to model 
the respective road sections based on all available 
road parameters (RoadSTAR Database). It is then 
possible to simulate and analyse the event of a 
specific accident. Due to the combination of 
infrastructure and vehicle models the spectrum of 
analyses is much wider. 
  
Therefore MARVin has been upgraded with traffic 
density data to obtain more significant results to be 
used in VIIS. With this approach the crash 
causations regarding poor surface characteristics or 
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in-harmonic road geometry will be identified with a 
higher reliability. 
 
Road segments, to be used for simulation purpose, 
are designed in virtual reality but using the 
RoadSTAR DB with real measured data and a high 
sample rate (See Figure 3). Crash reconstructions 
and crash causal combination will be highly 
relevant with this. The vehicle infrastructure 
interaction (road/tyre, suspension/tyre) in a crash 
situation (or almost accident) have a major impact 
on the accident risk. New in-vehicle sensors, active 
safety systems, real time accident risk assessment, 
interactive road condition maps, etc. are 
developments to compensate that risk – and testing 
those developments in a virtual testing framework 
under realistic conditions will accelerate the 
process. 
 
 

 

 
 
Figure 3.  Two snapshot of VIIS results – skid 
resistance, rut depth and unevenness values 
used in virtual reality – causing a critical driving 
situation 
 
 
VISIONS AND FUTURE 
 
A vision for the future evolution of the proposed 
approaches and project results is to combine 
theoretical accident research with practical 
preventative solutions. It is most likely that policy, 
road operators, vehicle manufacturers, map 
providers and most of all the road users have a 
recognisable benefit resulting from this research.  
 

The next step towards that vision is to verify 
MARVin results with an innovative vehicle-
infrastructure simulation and to derive preventative 
measures either on the road construction side or in 
in-vehicle safety applications. 
 
CONCLUSIONS 
 
With the research project MARVin it is possible to 
identify significant correlations between road 
accident events and the quality of the road 
infrastructure. Various road parameters highly 
relevant for transport safety and an accident 
database are combined in this analysis. The road 
parameters are measured with the high-tech 
measurement vehicle the RoadSTAR on the 
Austrian road network. The research and 
development has already been useful to solve 
practical problems and analyses. Especially the 
development of the “Similarity Search” opens up 
new paths in crash-causes-research. The 
verification of crash-causal-combinations with an 
innovative simulation framework is an objective to 
improve the understanding of infrastructure-vehicle 
interaction during an accident. With this 
understanding a wide range of preventive measures 
to reduce accident risks are conceivable. 
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ABSTRACT 

 

Occupant safety can be significantly improved by 

continuous restraint control systems. These restraint 

systems adjust their configuration during the impact 

according to the actual operating conditions, such as 

occupant size, weight, occupant position, belt usage 

and crash severity. In this study, the potential of a 

controlled restraint system is demonstrated. First, an 

overview is given of the problems concerning the 

sensors, actuators and control strategy of such a 

system, and solutions are given. Next, a numerical 

demonstrator is developed, which includes a dummy 

and vehicle model, and a realistic implementation of 

the components of the controlled restraint system. 

The demonstrator is subjected to different loading 

conditions, and the results are compared to a 

reference model. This reference model contains a 

conventional restraint system with optimized settings, 

and it has been validated against sled test 

experiments. Simulation results with the 

demonstrator indicate that significant injury reduction 

can be achieved with continuous restraint control 

systems. 

 

INTRODUCTION 

 

In high-speed vehicle crashes, the occupant is 

subjected to high forces, typically resulting in severe 

injuries. The forces depend on the actual loading 

condition, which reflects the severity and complexity 

of the impact, and the occupant’s size, weight, 

behavior and posture. The seat belt and airbags, 

referred to as the restraint systems, are designed to 

reduce these forces. For the most effective reduction, 

the settings of the restraint systems should be geared 

towards the loading condition. Current restraint 

systems, however, have typically one level of 

operation, and this level is a compromise between 

several loading conditions. It implies that the benefits 

of current restraint systems may not be fully 

exploited (Holding et al., 2001). This fundamental 

shortcoming of current safety systems makes that not 

every vehicle occupant will be optimally protected 

under all possible conditions.  

 

Nowadays, an increasing number of sensors and 

electronics is being integrated in vehicles, and this 

allows the use of advanced safety systems with 

adjustable components. An example is the adaptive 

restraint system, which can adjust its configuration 

during the crash, but typically only once. A large 

number of studies on adaptive passive safety focuses 

on the adjustment of the tension in the safety belt. 

Adaptive belt forces lower thoracic injury especially 

for occupants or collisions that deviate from the 

average (Iyota et al., 2003; Adomeit et al., 1997). For 

example, the dual-stage load limiter can significantly 

improve thoracic injury mitigation (Miller et al., 

1996; Paulitz et al., 2006; Mertz et al., 1995; Clute et 

al., 2001).  

 

Compared to adaptive restraint systems, a near 

optimal protection can be delivered when the seat belt 

force can be continuously adapted during impact. In 

two similar studies, by Crandall et al. in 2000 and by 

Kent et al. in 2007, a time-varying belt force is 

applied in open-loop. The optimal input is found 

through optimization using an elementary chest 

model. More robust solutions are presented in Habib 

et al., 2001; Cooper et al., 2004; Hesseling et al., 

2006; van der Laan et al., 2009, where the belt force 

is applied in a feedback configuration, and optimal 

values are obtained by solving a control problem. 

These types of systems, in which restraint settings 

can be continuously adapted during the crash, are 

referred to as Continuous Restraint Control (CRC) 

systems. CRC systems will be the main focus of 

future restraint system development, and this paper 

contributes to the development. 
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Objective and Contributions 

The aim of this paper is to demonstrate the potential 

of CRC systems to mitigate injuries in frontal 

impacts. This is achieved with a numerical 

demonstrator, which is a simulation model of an 

occupant, vehicle interior and a CRC system, 

subjected to various loading conditions. The outcome 

of the numerical demonstrator is compared with the 

results of a validated reference model, consisting of a 

conventional restraint system, albeit with optimized 

settings.  

 

Previous studies have already shown the evident 

benefit of CRC systems (Hesseling et al., 2006; Shin 

et al., 2007; and references therein), but an idealized 

implementation of the system was assumed in those 

studies. In this study, the properties and limitations of 

the various components of the CRC system are 

shortly discussed, and their limitations and properties 

are explicitly incorporated in the numerical 

demonstrator. This leads to a model that closely 

resembles a CRC system that could be implemented 

in future vehicles.  

 

The CRC system proposed in this paper controls the 

seat belt force to lower thoracic and head injury 

criteria, based on measurements of the vehicle and 

the occupant. In this study, the airbag settings are not 

adapted to the loading condition, as control of the 

belt force makes the forward movement of the 

occupant more predictable, which in turn may already 

improve the airbag performance. 

 

This paper is structured as follows. In Section 2, a set 

of frontal MADYMO dummy models with a 

conventional restraint system is developed, and 

validated against experimental data from sled tests. 

Subsequently, the restraint settings are tuned to 

obtain a reference model that achieves optimal injury 

reduction with non-adaptive or fixed restraint 

systems. In Section 3, the four components of the 

proposed CRC system are shortly discussed. This 

includes (i) the control strategy, (ii) the state 

estimator, since  sensors to directly measure injury 

related occupant responses are not available, (iii) a 

simple, low-order occupant model to be used in the 

controller and estimator, and (iv) the design and 

construction of the belt force actuator. The properties 

of these components are used in Section 4 to develop 

the numerical demonstrator. The result in injury 

criteria achieved by the conventional and the 

controlled restraint system are compared and 

evaluated for several loading conditions. Finally, in 

Section 5 conclusions and outlook are presented. 

 

REFERENCE MODEL 

 

In this section, the vehicle and occupant model will 

be described. It is developed in MADYMO (TNO, 

2005), and it forms the baseline model in this study. 

It serves two purposes. Firstly, it is used as a 

reference model with conventional restraints. To 

show that this reference model has sufficient 

resemblance to the real world, it is validated against 

results from sled test experiments. Secondly, the 

baseline model is used in the numerical demonstrator, 

now with the CRC system, to demonstrate the benefit 

of the CRC system.  

 

Validation  
Several car models are developed representing 

averages of classes of cars during the European 

PRISM project (Bosch-Rekveldt et. al., 2005). This 

approximation of an “average” car consists of a 

multi-body belt, compartment model and hybrid III 

dummy model. The belt characteristics are obtained 

from an experimental test. This MADYMO model is 

validated against sled test experiments, performed at 

TNO, the Netherlands. The geometrical aspects (like 

distance to steering wheel) are adjusted so they 

coincided with the geometry of the car on the sled. 

Since the belt rollout will be used to estimate several 

dummy responses, a belt rollout sensor is added to 

the standard test setup. Additionally, belt forces are 

measured at three different locations (between 

shoulder and D-ring, between hip and buckle, and 

between hip and attachment point). The belt forces 

are used to estimate friction coefficients in the buckle 

and D-ring, which can then be implemented in the 

friction models. 

 

 
Figure 1.  MADYMO simulation model (left) 

versus experimental setup (right). 
 

The experimental sled test is based on a supermini 

car as shown in Figure 1. The acceleration pulse (in 

longitudinal direction) is shown in Figure 2. The 

experimental sled test does not include an airbag, 

since this reduces the number of unknown parameters 

like airbag frictions, flow rate, vent size, and volume. 

Of course, future research should include the airbag 

in the validation, since it is part of the baseline 

restraint configuration in today’s consumer vehicles. 
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Figure 2.  Vehicle acceleration (x) pulse used in 

the sled test (referred to as the standard pulse). 

 

The following injury responses are obtained from the 

sled test dummy and from the simulations: 

1. head acceleration in longitudinal (x) direction, 

2. chest acceleration in longitudinal (x) direction, 

3. chest deflection, 

4. neck force in z direction (vertical compression), 

5. neck torque in y direction (flexion/extension), 

6. pelvis acceleration in longitudinal (x) direction. 

 

The results of the validation are shown in Figure 3. 

 

 
Figure 3.  Injury responses MADYMO average 

car model simulation (blue solid line) versus sled 

test (red dotted line). 

 

An objective rating is used, which is based on the 

weighted integrated factor method (WIF), global 

peak value (GPV), global peak time (GPT), and 

difference in area under curve (DUC) of these 

responses, see Twisk et al, 2007. The conclusion is 

that on average the derived MADYMO model 

mimics the sled test phenomena sufficiently, at least 

for the considered responses, as shown in Figure 3. 

When the neck injuries are not included in the 

simulation, the results are more accurate, as shown in  

Figure 4. The belt forces and rollout fit the 

measurement very accurate. The model can be further 

improved when the characteristics of the steering 

wheel, seat model and dashboard are known more 

precisely.  

 

   
 

Figure 4.  Average score for relevant injury 

parameters (left) and average score for relevant 

injury parameters without neck parameters 

(right). 

 

Optimization 

The validated model is now used as a reference 

model in the comparison with the CRC system. It 

contains a pretensioner and load limiter for the belt 

system, and a conventional airbag is added to the 

model. To make a useful comparison, the reference 

model should mitigate injuries maximally. Therefore, 

the following three restraint parameters are 

optimized:  

1. scaling of the airbag flow rate, 

2. airbag timing, 

3. load limiter value. 

 

The optimization is based on a minimal total injury 

parameter. This total injury parameter is defined as a 

weighted sum of all relevant injury parameters. The 

50
th

 Hybrid III model, seated in the position as used 

for the sled test (according to EURONCAP norms) is 

used for this optimization. A full factorial 

optimization is done, using three different values for 

each parameter.  

 

 
Figure 5.  Optimal mass flow rate. 
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The airbag flow rate is found to be optimal when no 

additional scaling was applied with respect to the 

original flow rate, which is shown in Figure 5. The 

optimal airbag timing for the standard pulse is 25 ms 

and the optimal load limiter value is found to be 4.5 

kN. 

 

COMPONENTS OF THE CONTINUOUS 

RESTRAINT CONTROL SYSTEM 
 

In the previous section, a MADYMO model for the 

50
th

 percentile HIII dummy was developed and 

validated with experimental data from a sled test. The 

objective of this paper was previously formulated as 

to demonstrate the potential of realistic CRC systems, 

which aim at reducing neck and thoracic injuries of 

this numerical dummy model by control of the seat 

belt force. In this section, the components of this 

CRC are discussed.  

 

1. Semi-active belt force actuator in an 

experimental setup 

 

The requirements for a restraint actuator that can 

effectively be used in a controlled seat belt system 

are very challenging. Numerical simulations 

performed previously, (van der Laan et. al, 2009), 

indicated that peak belt forces of 7-10 kN are 

required for optimal injury reduction. The bandwidth 

of the local control system of the actuator has to be 

around 300 Hz. Finally, the dimensions of the 

actuator are limited, as it ultimately has to be fitted in 

a vehicle’s B-style. Up until today, no devices exist 

that can deliver these high belt forces during a crash, 

and can actually be used in a commercial vehicle. 

 

This has led to the decision to design and develop 

such an actuator at the Eindhoven University of 

Technology. The concept of the actuator is based on a 

semi-active hydraulic damper, where semi-active 

refers to the fact that the velocity and force vectors 

have opposite directions, so the actuator does not 

have to deliver energy to the system. Due to the 

desired forces and displacements, fully active 

systems would require a large amount of energy 

storage. , which is for non-chemical sources difficult 

to realize in commercial vehicles.  

 

The hydraulic damper consists of a custom-made 

cylinder, piston and valve. The belt is attached to the 

piston, and the cylinder is mounted to the vehicle. 

During frontal impact, the relative forward movement 

of the occupant makes the piston to extent from the 

cylinder, thereby inducing flow through the valve. By 

restricting the valve orifice, the cylinder pressure and 

hence the belt force increases.  

The valve design is fundamentally different from 

most conventional hydraulic servo-valves. The latter 

have typically too low a bandwidth for this 

application. In conventional servo-valves, the motion 

of the spool valve is perpendicular to the hydraulic 

pressure, such that the force needed to close the valve 

does not have to counteract the (large) hydraulic 

force. The valve developed in this study is 

deliberately designed to counteract this force.  

 

The advantage is that the force needed to prevent the 

spool body from accelerating equals the force from 

the hydraulic pressure. If these forces are not equal, 

the spool body starts to move, thereby changing the 

restriction, until there is a force balance. Hence, the 

nonlinear relations for flow through an orifice do not 

play a part in the control law, which is advantageous 

from a control point of view. The constructed valve is 

shown in the left part of Figure 6. Fluid from the 

cylinder enters the valve through the opening on top, 

and it is led to a container via the tubes on the side. 

The hydraulic cylinder with the valve is shown on the 

right side. 

 

 
 

Figure 6.  The hydraulic valve (left) of the semi-

active hydraulic damper (right), which is used to 

control belt forces during the crash. The device is 

developed at the Eindhoven University of 

Technology. 

 

The belt actuator is tested in the sled setup, which 

shown in Figure 7. The sled is accelerated up till 10 

m/s, and it impacts then against a deformable 

crumple bar (not shown). During this impact, the 

actuator is used to control the acceleration of a 

sliding mass of 30 kg, representing the torso of a 

human body.  

 

The results of the experiments with the sled test setup 

have provided information on the performance of this 

specific actuator, such as semi-active behavior, force 

limits, bandwidth and delay. This information is used 

in the numerical demonstrator, such that the actuator 

model reflects an actual device.  
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Figure 7.  Sled crash setup used to test the belt 

force actuator during impact.  

 

2. Design Model 
 

In the development of CRC systems, it is essential to 

have manageable, low-order models of the occupant. 

Most of the relevant occupant responses, for instance 

the chest compression, cannot be measured directly 

with current sensors, for instance the chest 

compression. An accurate, but low-order model of 

the occupant may be used to estimate this 

compression in real-time, given some measurable 

signals and the loading conditions. Additionally, in 

the design of the control algorithms of the CRC 

system, it is convenient to have knowledge on the 

input-output behavior of the system. A low-order 

model for this behavior is therefore very useful.  

 

The low-order models, referred to as design models, 

have been developed in a previous study. More 

details on theses models can be found in (van der 

Laan, 2009). The knowledge obtained from a 

sensitivity analysis on MADYMO Hybrid III 

dummies has been used to construct and parameterize 

the design model. The analysis has resulted in a 2D 

model of the dummy, with 11 rigid bodies and 14 

degrees of freedom, see Figure 8. The model 

parameters such as masses, dimensions, initial 

conditions, are directly linked to parameters in the 

MADYMO model, which makes scaling of the 

design model very straightforward.  

 

Outputs of this model are biomechanical responses 

that are used to assess injury risk to thoracic and neck 

regions. These are chest acceleration, chest 

compression and its time derivative, neck bending 

moment and neck axial and shear forces. 

Additionally, the belt rollout is added as a model 

output, as a belt rollout sensor will be used to 

estimate injury responses later on.  
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Figure 8.  Representation of the multi-body design 

model of a 50th %-ile Hybrid III dummy.  

 

Simulations show that the design model generates the 

biomechanical responses related to injury predictors 

for the chest and neck region remarkably well. The 

models are validated for a broad range of frontal 

crash scenarios, and for three different adult Hybrid 

III dummies. For all these tests, it was shown that the 

low-order model includes all relevant dynamics of 

the reference model. An example of the results is 

shown in Figure 9.  

 
Figure 9.  Responses of the 50

th
 %-ile MADYMO 

reference model (grey) and design model (black) 

in a 40% ODB frontal impact at 64 km/h. 

 

The linearized version of the presented design model 

is used in the design of the CRC controller and of the 

state estimator. These topics are discussed in the 

remainder of this section.  



 

van der Laan 6 

3. Reference Governor 

 

A control strategy has been developed to solve the 

control problem formulated at the beginning of this 

section. In previous studies on controlled belt 

restraint systems (Hesseling et al., 2006), the control 

problem was formulated as a tracking problem, where 

biomechanical responses of the occupant are 

measured and forced to follow a predefined reference 

trajectory. This trajectory results in a minimum risk 

of injury, while satisfying certain constraints. 

However, the reference trajectories are constructed 

assuming full a priori knowledge of the crash pulse, 

constraints and occupant characteristics, which is in 

practice clearly not realistic.  

 

To harvest the advantages of using CRC systems, 

these limitations have to be overcome. This indicates 

the compelling need for the development of a control 

algorithm that - based on the available measurements 

from the sensors - computes the optimal control 

signals for the belt restraint actuator. This includes 

the incorporation of the following requirements: 

1. the algorithm must be computationally feasible 

in order to meet the real-time requirements, 

2. a priori knowledge of the crash pulse is not 

available, and  

3. the algorithm must be based on on-line 

measurement data. 

 

 
 

Figure 10.  Control strategy based on Reference 

Governors. On the left, the modified RG, on the 

right a primal controlled loop. 
 

A novel control strategy has been proposed to this 

challenging design problem (van der Laan et al., 

2008; 2009a). The control method consists of a 

combination of a primal controlled system, which 

achieves good tracking properties, and a modified 

reference governor (RG), (Bemporad et al., 1998). 

The layout of the method is graphically shown in  

Figure 10, where r indicates the setpoint, v the 

measurements, and z injuries. The RG finds an 

optimal setpoint for the spinal acceleration, while 

satisfying constraints and without having a priori 

knowledge of the upcoming crash. It includes a crash 

prediction procedure of the vehicle motion to provide 

good estimates of its position during the crash.  

 

The setpoint optimization problem is robustified with 

respect to the estimation errors. Moreover, the whole 

design procedure is generic in nature. For instance, 

multiple injury criteria can be easily included in the 

design process. In addition, different primal 

controllers and plant dynamics can be accounted for. 

This enables the incorporating of various additions, 

such as future improvements in the actuator and 

sensor technologies.  

 

An example of the results obtained with the RG is 

given in Figure 11. It shows a reduction of 45% of 

the 3ms acceleration criterion with respect to 

conventional restraint systems (EuroNCAP pulse), 

while still meeting the real-time computational 

requirements. 

 
 

Figure 11.  (a) Optimal setpoint for the chest 

acceleration (black), without a priori knowledge of 

the crash pulse (grey); (b) calculation times per 

optimization step; (c) required belt force in the 

primal controlled loop; and (d) constraint on the 

relative chest position with respect to the vehicle.  

 

The RG control strategy is believed to be an 

important step towards real-time implementation of 

controlled passive safety systems. The strategy is 

used to evaluate the performance of CRC in the 

numerical demonstrator, presented in the next 

section. 

 

4. State Estimator 

 

The primal feedback controller from the previous 

section has to ensure that the spinal acceleration 

tracks the setpoint generated by reference governor. 

Obviously, the acceleration of the human spinal cord 

cannot be obtained directly as a measurement signal 
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from the occupant. Furthermore, it is considered to be 

cumbersome to develop such a type of sensor, as it 

should be robust, ‘foolproof‘ (each driver must be 

able to use it, preferably without his or her 

awareness), cheap and crash safe. Hence, it is 

proposed to employ a set of more conventional 

sensors, and then estimate the state of the system 

using a model of the system.  

 

Many types of occupant sensors are available in 

today’s cars, both contact as well as non-contact, see 

e.g. (Fleming, 2008). Non-contact sensors are not 

preferable, since the “line-of-sensing” may be easily 

blocked during an impact, e.g. by the airbags. Since 

the occupant typically has uninterrupted contact with 

the seat belt during an impact, it is chosen to attach 

sensors to the belt: one acceleration sensor to the 

shoulder belt in the center of the torso, and one 

displacement sensor to measure the belt rollout where 

usually the load limiter is placed. As mentioned in 

Section 2, this belt rollout sensor has also been 

attached to the belt in the sled experiments, in order 

to validate the belt displacement signal from the 

reference model. The acceleration sensor measures 

the absolute acceleration of the sternum in forward 

direction; the accuracy of this sensor could however 

not be checked with sled test measurements. 

 

Since a manageable design model is available, as 

well as inputs and measurements, it is obvious to 

choose a model-based recursive estimation method. 

Besides that, much experience is already gained with 

recursive estimation methods in other automotive 

applications. More specifically, the Kalman filter 

approach was chosen as a candidate to set up an 

estimator for the chest acceleration. Since the 

proposed estimator estimates all states of the (human) 

model, it is referred to as “human state estimator”.  

 

The behavior of the occupant, which is subject to belt 

forces and a vehicle acceleration pulse, can be 

approximated by the following linear state-space 

system: 

kkk

kkkk

vHxz

wBuAxx

+=

++=
−−− 111

  (1). 

 

In Equation 1, u is the input vector consisting of the 

vehicle deceleration in forward direction, and the seat 

belt force. The measurement vector z consists of the 

sternum acceleration, aribs, and the belt rollout, xbelt. 

The vectors w, v are the (uncorrelated) measurement 

and process noise, respectively.  

 

The Kalman filter setup is shown in Figure 12. The 

gain for the filter correction K is calculated from the 

measurement noise covariance R, the process noise 

covariance Q, and the linearized system matrices A 

and H, see for example (Gelb, 1974).   

 
 

Figure 12.  Kalman filter setup. 

 

First, a fully linear approach was set up and tested 

against MADYMO results. However, this linear 

approach did not give satisfactory results under all 

conditions, whereas the non-linear model fits the 

MADYMO results very well. So the linear internal 

model in the Kalman filter was replaced by the non-

linear design model whereas the gain calculation K is 

still based on the linear system. This approach 

resembles the Extended Kalman Filter, albeit that the 

A and H matrices are constant. Measurement data 

from the reference model are used to estimate a 

number of occupant responses. In  

Figure 13, the estimated responses are compared with 

true responses from the reference model.  

 

 
 

Figure 13.  Results of the human state estimator 

(black) applied to the reference model (gray), with 

both measurements in the top figures. 
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NUMERICAL DEMONSTRATOR 

 

This section shows the benefit of the CRC system 

above the conventional system by means of a 

simulation study. Note that the conventional restraint 

system is optimized as described on page 3. Several 

cases are investigated, which are shown in Table 1. 

Original seat angle and original D-ring height 

represent the settings that are obtained from the 

model validation with the sled test results. Variation 

is applied in these settings and in the size of the 

dummy model. Three crash pulses are simulated: One 

standard crash pulse (obtained from the sled test, see 

page 3) and two non-standard crashes, based on an 

offset frontal collision between two cars, as shown in 

Figure 14. For the two non-standard crash pulses, the 

reference model is also optimized (italics in Table 1), 

using the same method as described on page 3. 

 

Table 1.  

Investigated cases 
 

Seat Angle D-ring height Seize Crashpulse

orig orig 50% standard

orig+10deg orig 50% standard

orig orig 95% standard

orig orig 5% standard

orig+10deg orig 95% standard

orig orig-10cm 5% standard

orig+10deg orig-10cm 50% standard

orig orig-10cm 50% standard

orig orig 50% nonstandard1

orig+10deg orig 95% nonstandard1

orig orig-10cm 5% nonstandard1

orig+10deg orig-10cm 50% nonstandard1

orig orig-10cm 50% nonstandard1

orig orig 5% nonstandard1

orig orig 50% nonstandard2

orig orig 95% nonstandard2

orig orig 5% nonstandard2

orig+10deg orig 50% nonstandard2  
 

 
 

Figure 14.  Investigated crash pulses. 
 

 

 

Figure 15 shows that the chest acceleration tracks the 

setpoint from the reference governor sufficiently 

well. Hence, the control system is robust against 

disturbances from the crash pulse and the airbag, and 

has good tracking performance. It should be noted 

that the state estimator as described op page 7 is not 

included at this point. 

 

 
 

Figure 15.  Reference chest acceleration (solid) 

versus simulated chest acceleration (dashed). 

 

The results are shown in Figure 16 and Figure 17 for 

two following cases: 

- original seat angle, original D-ring height, 50% 

dummy, standard crash pulse, 

- original seat angle, original D-ring height, 5% 

dummy, nonstandard crash pulse 2. 

 

Figure 16 and Figure 17 present three different 

curves: 

- The red solid line describes the result for the 

conventional restraint, 

- The dotted blue line shows the CRC with an ideal 

actuator. The optimization done by the RG is 

based on chest acceleration only, 

- The dotted green line shows the CRC result with 

a realistic actuator. 

 

The properties of the realistic actuator, which are 

implemented in the demonstrator, are: 

- Maximum belt force: 8kN 

- Rate limit: 10
6
 N/s 

- Time delay: 0.2 ms 

 

Note that the actuator is semi-active, in a sense that 

the actuator does not have to deliver energy to the 

system. This is indeed the case after a short period of 

pretension. 
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Figure 16.  Results for several injury parameters 

for 50% dummy, standard crash pulse. 
 

 
 

Figure 17.  Results for several injury parameters 

for 5% dummy, non-standard crash pulse 2. 

 

Injury Limits 

Within the EURONCAP protocols (EuroNCAP, 

2003), injury limits are determined for several injury 

criteria. Two limits are specified, i.e. a lower 

performance limit (limit2) and a higher performance 

limit (limit1). The injury criteria and limits are shown 

in Table 2, but only for the head, neck and chest 

criteria. The results for the reference system are 

shown in Table 3. The results for the controlled belt 

with realistic actuator are shown in Table 4. In these 

tables, three color codes are applied: 

- green: the injury value is below limit1 

- orange: the injury value is between limit1 and 

limit2 

- red: the injury value is above limit2. 

 

Table 2. 

Investigated injury parameters and limits 

 

limit1 limit2

HIC36 650 1000

Headacc3ms 72 88

Neck shear force 1900 3100

Neck tension force 2700 3300

Neck extension moment 42 57

Chest compression 22 50

VC 0.5 1  
 

Table 3. 

Results for investigated cases: reference system 

 
Simnr HIC36 Headacc3ms FX_shear FZ_tension NMY_ext Chest_c VC

1 423 54 363 1177 34 31 0.10

2 755 69 356 1302 24 31 0.10

3 776 71 1391 1779 94 50 0.24

4 218 36 288 602 16 31 0.17

5 2358 150 2604 1874 122 47 0.28

6 201 32 355 641 19 30 0.17

7 734 72 419 1072 31 30 0.09

8 420 55 364 1155 34 31 0.10

9 486 56 589 1357 46 38 0.18

10 3051 189 3390 3034 237 56 0.47

11 265 39 400 666 29 36 0.24

12 845 76 411 1800 32 34 0.15

13 491 58 620 1305 49 36 0.16

14 256 40 422 668 31 36 0.26

15 581 65 314 1339 25 31 0.15

16 450 54 361 1483 32 42 0.14

17 233 39 253 702 22 34 0.20

18 355 52 456 1099 35 34 0.14  
 

Based on the results presented in these two tables, it 

can be concluded that the CRC system effectively 

reduces the criteria values of HIC36, Headacc3ms, 

neck shear force, neck tension force, and neck 

extension moment. The chest deflection is most of 

the times reduced as well, but the chest deflection 

velocity increases in some cases. In most cases, the 

VC does still not exceed limit1. Only for three cases, 

it slightly exceeds this limit. Overall, the CRC system 

improves injury mitigation in most cases. 

 

Table 4. 

Results for investigated cases:  

controlled belt with realistic actuator 

 
Simnr HIC36 Headacc3ms FX_shear FZ_tension NMY_ext Chest_c VC

1 177 38 523 711 29 27 0.19

2 163 35 589 553 24 32 0.52

3 161 33 611 784 29 36 0.34

4 111 32 417 542 22 32 0.35

5 191 34 526 770 26 42 0.64

6 142 42 413 585 16 33 0.34

7 142 32 727 773 38 31 0.32

8 198 39 506 706 26 27 0.18

9 272 47 451 826 34 30 0.17

10 276 40 552 1070 27 44 0.63

11 138 39 410 558 16 32 0.34

12 317 49 555 724 26 32 0.30

13 302 49 448 793 31 28 0.15

14 163 32 387 546 24 29 0.23

15 179 35 478 620 22 29 0.33

16 117 31 792 950 73 45 0.45

17 79 26 325 455 18 25 0.16

18 168 38 483 625 34 27 0.12  

Conventional restraint 

CRC with ideal actuator 

CRC with realistic actuator 
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Previous results were obtained without the state 

estimator, since at the time of writing of this paper 

not all simulations were finished. For the 50% 

dummy with standard crash pulse, the results with the 

demonstrator including the estimator, the reference 

governor and a realistic actuator are shown in Figure 

18 and Figure 19. The performance decrease caused 

by the estimator is only minor, which indicates that 

the estimator is quite accurate (compare Figure 16 

and Figure 19). 

 

 
Figure 18. Estimator results for chest acceleration 

for 50% dummy, standard crash pulse. 

 

 
 

Figure 19. The red (solid) line represents the 

conventional restraint system, the blue (dotted) 

line represents the CRC with reference governor, 

realistic actuator and state estimator. 

 

CONCLUSION AND OUTLOOK 
 

In this paper, advancements are shown in the area of 

continuous restraint control (CRC) systems. More 

specifically, a system is described where the belt 

force is continuously manipulated as a function of 

measurements of the vehicle and occupant. The 

proposed CRC system aims at minimizing head, neck 

and thoracic injuries. The problems concerning the 

sensors, actuator and control strategy are discussed, 

and solutions are proposed.  

 

Moreover, a numerical demonstrator is developed 

that incorporates the aforementioned CRC elements. 

The numerical demonstrator is based on a 

MADYMO model with conventional restraint 

systems. This model is validated with sled test 

experiments. Subsequently, the settings of this model 

are tuned to yield optimal protection for the occupant 

in the given scenarios, and this optimized model is 

referred to as the reference model. 

 

The numerical demonstrator is tested in 18 different 

scenarios, including different dummy types, crash 

pulses, seating angles and D-ring positions. For these 

scenarios, the performance of the CRC system is 

evaluated by using performance limit values on 7 

injury criteria. The resulting 126 performance values 

are compared to the values of the reference model for 

the same scenarios. Whereas the reference model has 

a poor performance in 9 cases and sufficient 

performance in 28 cases, the CRC system performs 

poorly in just 1 case and sufficiently in 21 cases.  

 

Concluding, the potential for injury reduction with 

CRC systems has been made evident with the 

numerical demonstrator, in which a realistic sensor, 

actuator and control strategy have been implemented.  

 

Future research will focus on evaluation of the 

numerical demonstrator for a larger number of crash 

scenarios. Furthermore, effort has to be directed in 

making the control and estimator algorithms run in 

real-time, such that they can be tested in real-world 

experiments. 
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ABSTRACT 
 
The over represented number of novice drivers involved 
in crashes is alarming. Driver training is one of the 
interventions aimed at mitigating the number of crashes 
that involve young drivers. To our knowledge, Advanced 
Driver Assistance Systems (ADAS) have never been 
comprehensively used in designing an intelligent driver 
training system. Currently, there is a need to develop and 
evaluate ADAS that could assess driving competencies. 
The aim is to develop an unsupervised system called 
Intelligent Driver Training System (IDTS) that analyzes 
crash risks in a given driving situation. In order to design 
a comprehensive IDTS, data is collected from the Driver, 
Vehicle and Environment (DVE), synchronized and 
analyzed. The first implementation phase of this 
intelligent driver training system deals with synchronizing 
multiple variables acquired from DVE. RTMaps is used to 
collect and synchronize data like GPS, vehicle dynamics 
and driver head movement. After the data 
synchronization, maneuvers are segmented out as right 
turn, left turn and overtake. Each maneuver is composed 
of several individual tasks that are necessary to be 
performed in a sequential manner. This paper focuses on 
turn maneuvers. Some of the tasks required in the analysis 
of ‘turn’ maneuver are: detect the start and end of the 
turn, detect the indicator status change, check if the 
indicator was turned on within a safe distance and check 
the lane keeping during the turn maneuver. This paper 
proposes a fusion and analysis of heterogeneous data, 
mainly involved in driving, to determine the risk factor of 
particular maneuvers within the drive. It also explains the 
segmentation and risk analysis of the turn maneuver in a 
drive.  
 
 

INTRODUCTION 
 
Automobiles have greatly improved the transportation of 
goods and people around the globe. This factor in-return 
has enabled us to advance in many other areas. Crashes 
have been the most prominent danger associated with 
automobiles. These often result in serious injuries or loss 
of human life. Over 10 million people are injured yearly 
worldwide in road accidents. These include two to three 
million severely injured and 400,000 fatalities [1]. 
 
It is well known that drivers are at a greater risk during 
the early years of driving. About 95 per cent of all 
accidents are attributed to the human factor [2], whether it 
is driving too fast, lack of experience or simply 
misjudging a dangerous situation. Research indicates that 
young drivers are over represented in crashes because of a 
lack of experience, poor hazard perception, and a 
tendency to take risks [3,4]. Research suggests that the 
best learning environment for the inexperienced driver is 
the real road system under the supervision of an 
experienced driver or instructor [3,4]. 
 
Driver perception and learning of a particular driving 
hazard remains a key factor impacting road safety. In-
order to comprehensively tackle road safety issues, a 
complete and integrated framework need to be developed 
that would include and examine all the parameters that 
influence driving (i.e. cues related to road, vehicle and 
driver). This requires the need for a system that can assess 
multiple maneuvers in a driving scenario as high risk or 
low risk based on the parameters acquired from DVE. 
This paper focuses on decomposing and analyzing turn 
maneuvers.  
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Figure 1 illustrates three sensors, namely FaceLab (eye 
tracking system), MobileEye (lane and obstacle detection 
system) and Vigil System (GPS and vehicle dynamics 
data logger) to gather data from the driver, environment 
and vehicle respectively. RTMaps is used to synchronize 
data from all the above mentioned sensors.  

 
The primary driving tasks are divided into three broad 
categories: navigation and routing, guidance and 
maneuvers, and control [5]. 
 
 

 

Figure 1.  Multi-sensor system structure for Intelligent Driver Training System (IDTS)  

 
The rest of the paper is organized as follows: the next 
section will briefly mention the related research work in 
the field of modeling an integrated driving scenario. The 
following section will comprehensively present our 
approach for developing the Intelligent Driver Training 
System (IDTS). This will be followed by mapping of the 
drive and future work section. Discussion and conclusion 
will be presented in the final section.  

BACKGROUND RESEARCH 
 
Assessing Primary Driving Tasks 
 
It is well known that drivers are at a greater risk during 
the early years of driving. Researchers in [5] have defined 
the primary driving tasks as functions that are central to 
driving and without which moving a vehicle to a 
destination safely would not be possible. 
 
Many intelligent systems have focused on warning the 
driver by predicting the trajectory of an oncoming 
obstacle [7], [6]. Only a few of these systems evaluate the 
overall driving situation and need to make the driver 
aware of relevant contextual knowledge extracted from 
sensors [8].  

Execution of all these tasks is necessary for the driver in 
order to drive effectively. 
 
Responding to critical events during driving requires 
timely response. A point reiterated in literature critical of 
driver training is that more in-depth analysis of the 
driving task and traffic situations is required. This 
analysis should take into account the cognitive skill aspect 
such as hazard and risk perception, decision-making, self-
monitoring processes, learning styles, and risky attitudes 
to improve training [9, 7]. 
 
Sensors And Data Synchronization  
 
Sensor fusion combines several sensor measurements in 
order to enhance the knowledge about the state of an 
object under observation. To increase the safety and 
efficiency for transportation systems, applications need to 
combine and comprehensively evaluate the data acquired 
from multiple sensors. Over the years, different type of 
sensors like radars, Global Positioning System (GPS), 
accelerometers, gyroscopic sensors and cameras have 
been used extensively in Advanced Driving Assistance 
Systems [6,7,8].   
 



  

  Malik 3  

Various sensors can be used to perform obstacles 
detection: laser scanner, radar range, sonar range, vision 
(monocular or binocular). Similarly a number of sensors 
have been developed to measure vehicle dynamics as 
well. Researchers are now using in vehicle mounted 
sensors to measure different aspects of driving experience 
i.e. fatigue, monotony, body movements etc. Researches 
[15,16] have emphasized the usefulness of capturing 
driver gaze behaviour in creating a robust driving model. 
 
Driving is a complex task. A single sensor alone is not 
enough to analyze such a task in a reliable manner. For 
example, GPS data has limited ability to describe or 
explain a driving situation. Furthermore a sensor can fail 
and produce erroneous data. In-order to model a complex 
driving scenario, multiple sensors data has to be merged 
to give a good representation of driving activity. Another 
hurdle in modeling a driving activity is that driving 
maneuvers can be performed with multiple styles. For 
example, indicator might not always be used just to signal 
lane change, or an overtake maneuver could involve a 
burst of speed but could also be performed by not 
accelerating hard at all [14]. Therefore it is necessary to 
view the multisensory data as a whole system to 
comprehensively model the driving activity.  
 
A successful solution has to combine the benefits of 
multiple sensors such as GPS, radar, lidar and cameras. In 
order to obtain a precise synchronization, a sufficiently 
accurate global time for all sensors and fusion system is 
necessary. Therefore, to obtain a time consistent state for 
all sensors, the measurements have to be integrated in the 
order they were received. IDTS addresses these tasks by 
combining GPS, cameras and vehicle dynamics data using 
RTMaps. 

METHODOLOGY 
 
Architecture Of IDTS 
 
To model a complex driving scenario in a comprehensive 
way, it is necessary to fuse several sensors data. Our test 
vehicle is equipped with vision systems, and sensors to 
monitor the vehicle dynamics as described in Figure 1.  
 
Currently the test vehicle for this project includes the 
following sensors. 

• Mobile Eye: It is a forward collision warning 
system that uses a single camera mounted on the 
windscreen of a vehicle. It also calculates 
variables such as distance from right/left lane 
and time to impact [10]. 

 
• FaceLab: It is a flexible and mobile tracking 

device that tracks head pose, eyelid movement 

and gaze direction in real-time, under real-world 
conditions unobtrusively. This data can then 
further be used to monitor driver attentiveness, 
fatigue e.t.c [11]. 

 
• Vigil System: This visual-based management 

software program analyzes several areas of 
driving performance. Using GPS, accelerometers 
and cameras it measures speeds, accelerations, 
braking, cornering, following distances. The GPS 
input from this system is used to accurately view 
the vehicle’s trajectory [12]. 

 
• RTMaps: It is the software that allows real time 

multiple data acquisition, data fusion and 
processing, at a high rate. The acquired data can 
also be stored for future replay. In this system, 
RTMaps is responsible for gathering data from 
the above mentioned systems (i.e. MobileEye, 
Facelab and vigil system), assigning a timestamp 
to it, synchronize it and storing the data. [13] 

 
Sensor data fusion and the layered architecture of IDTS 
are shown in Figure 2. By fusing in multisensory data 
input, the precision and certainty of calculated estimates is 
increased e.g. the speed of the vehicle acquired from the 
odometer can be checked against the speed calculated 
from the GPS to remove any uncertainty. In this system’s 
architecture, there is a bottom up stream of information 
acquired from multiple sensors.  
 
As we can see in Figure 2 that the fusion layer is separate 
from the application layer (i.e. interpretation and 
assessment layer). This low coupled layered architecture 
is useful because the application layer does not require 
any interfacing with individual sensors. This scalable 
design helps in having multiple application layers while 
just having one sensor fusion layer (this is the only layer 
that has to have some knowledge of the sensor’s 
characteristics). 
 
As already mentioned, in this project the task of fusing 
sensory data input is handled by RTMaps [15]. It 
timestamps and synchronizes the sensor inputs from 
MobileEye, Facelab and VigilSystem during the drive. It 
then stores this drive data for future real-time replay. 
Processing of Facelab data is currently in progress. 
 
The application layer (i.e. Interpretation + Assessment) 
described in Figure 2 handles the risk assessment of the 
maneuvers in the recorded drive. Currently, the 
interpretation layer detects the start, end and centroid of 
the turns from the drive (see ‘Vehicle Turn Angle 
Estimation for a Turn Maneuver’ section for more 
information). It then resolves the position where and if the 
indicator was turned on. It also removes the GPS 
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uncertainty by calculating the error variance (see 
‘Estimation of GPS uncertainty’ section for more detail). 
After the classification of the turn, interpreted data is 
transferred to risk assessment layer where the distance 
between the start of the turn and start of the indicator is 
calculated. The distance of the vehicle from the right and 
left lane along with the speed is also considered to 
identify the risk involved. 
 

 
Figure 2:  IDTS architecture and processing layers  

 
Risk Assessment Criteria 
 
There are a number of events that frequently occur during 
driving. A typical driving scenario would comprise of a 
certain set of driving events and patterns that are repeated 
over time. 
 
Driver instructors typically assess a certain set of skills to 
assess drivers during a driver training session. They use 
various types of standard check lists to assess driving 
performance. For example, the analysis of a right-hand 
turn consists of observing a substantial number of sub 
events. The breakdown of this particular behaviour as 
stated in a sample driver training manuals is shown in 
Figure 3.  
 
In the context of a driver training system, this list of 
driving events will be assessed automatically through the 
combined information gathered from the in-vehicle 
recording devices featuring multiple sensors and 
algorithms used to analyse video data.  
 

Assessment such as the one described in Figure 3 will be 
used to develop a safe performance protocol model that 
can be used to assess automatically risk associated with a 
particular driving maneuver. In-order to achieve a less 
risky driving situation, a driver would have to perform 
these tasks properly in a sequential and timely manner. 
The model will be used as a formal framework to evaluate 
the perceptual and cognitive skills of the driver. 
 
 (Example of ) DRIVER EDUCATION PERFORMANCE 

Right Turn Assessment 
1) Checks mirrors 
2) Positions car properly in lane 
3) Signals right 
4) Reduces speed and keeps wheels straight 
5) Checks traffic thoroughly, yielding to pedestrians 
6) Starts turn when front wheels are opposite point where 
curb begins to curve 
7) Uses proper steering when going into turn 
8) Turns into proper lane 
9) Straightens the wheels by using hand-over-hand, or 
methods maintaining secure control of steering 
10) Adjusts speed to traffic flow 
Source: Michigan Department of Education (1997, p35) 

Figure 3:  Driver Education Performance 

 
Using such a system, an accurate measurement of the 
interaction between the driver, environment and the 
vehicle will be calculated. Table 1, identifies the sensors 
or technologies that output data to monitor each sub-event 
featured in a turn maneuver. For example, by using 
Facelab’s estimates of driver’s eye and head movements, 
tasks like check mirrors and check traffic are verified. 

Table 1:  

 Driving Subtasks and monitoring sensors/technologies 

Turn Sub-Events Sensors/Technology  

• Checks mirrors FaceLab 

• Positions car properly in lane Mobile Eye 

• Signals right Mobile Eye 

• Reduces speed and keeps 

wheel straight 

Vigil System, MobileEye 

• Checks traffic thoroughly FaceLab 

• Starts turn Turn analysis algorithms 

• Turns into proper lane MobileEye 

• Straightens wheel while 

maintaining secure control 

Vigil System 

• Adjusts speed to traffic flow GPS , MobileEye 
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Vehicle Turn Angle Estimation For A Turn Maneuver 
 
In-order to effectively model a turn maneuver, it is 
necessary to determine the complete demographics of a 
turn. IDTS calculates when the vehicle’s turn started, 
when it finished and determines the centroid and the angle 
of the turn (i.e. was it a 90 degree turn or 45 degree turn 
e.t.c.).  
     Estimation of GPS Uncertainty – Evaluation and 
management of sensor uncertainty is important in a 
multisensory environment. GPS uncertainty has to be 
measured to accurately map the trajectory of test vehicle.  
 
GPS provides the coordinates of a location with certain 
accuracy depending on its quality. When mapping the 
trajectory of a moving vehicle, it is important to be able to 
detect that given two GPS points, whether the second 
consecutive GPS coordinates represents a new position of 
the vehicle. Such an issue can be handled through the 
computation of the experimental variability of the GPS 
equipment used. 
 
The GPS was placed at a point and multiple recording 
(frequency 1Hz) were taken to obtain the numerical error 
variance of the GPS. Errors along the horizontal and 
vertical axis are independent and equal. So errors along 
one axis are normally distributed around zero with 

variance 2σ .Equation 1, was used to compute the 
variance along each axis separately. Then the maximum 

value is set as the variance 2σ . 
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where N is the number of GPS points. And calcDist is the 
function that calculates distance between two GPS points. 
Implementation of the function ‘calcDist’ which is using 
Haversine [10] formula to calculate distance between two 
GPS points is given below. 
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where lat1 and lat2 are the latitudes for first and second 
GPS points respectively. long1 and long2 are the 
longitudes for the first and second GPS points 
respectively. R is the radius of the earth and dist is the 
calculated distance between the two GPS points. 
 
Errors being normally distributed means 95% of the 
coordinates obtained by the GPS are distributed within 

two standard deviations σ around the true position (see 
Figure 4) [18]. Given a GPS set of coordinates, a 95% 
confidence interval for the true location can be obtained 
from the variance as follows: 
 

σ2).,.( ≤locationTRUEscoordinateGPScalcDist  (2). 
 
See implementation of ‘calcDist’  
 

 
Figure 4.  Gaussian distribution density function with 

mean μ  and the variance σ  

Numerically, we obtain 22 0272.0 m=σ , which 
corresponds to a true location inside a circle of radius 
32.9cm. In other words two consecutive GPS points 
closer than 32.9cm cannot be considered as different. 
 
Another issue related to the variability of GPS coordinates 
is that the direction of the moving vehicle given two 
consecutive GPS points can be insufficiently accurate for 
trajectory estimation (particularly in order to determine 
whether the vehicle is turning or not). In the worst case 
scenario the inaccuracy on the location estimation can 
lead to a difference in direction estimation by an angle θ  
as shown in Figure 5. Let A and B be the two absolute 
consecutive locations for a moving vehicle. In the worst 

case scenario, ~A and ~B represent the points obtained 

after the GPS error variance (of 2σ ) in A and B 
respectively. So we can say that inaccuracy of vehicle 
heading estimation isθ . 
 
For further analysis we require this angle to be small, and 
we take °= 10θ  as a threshold.  
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Figure 5.  Calculation of Vehicle heading estimation θ  
 
The threshold distance distthreshold _  is derived as 
follows: 
 

distdistthreshold *2_ =  (3). 
 
From Figure 5, we can calculate that the distance (dist) is: 
 

θ
σ

tan
2=dist    (4). 

 
Using Equation 3 and 4, we get: 
 

θ
σ

tan
4_ =distthreshold   (5). 

 
Numerically, we get mdistthreshold 7.3_ = . It means, two 
consecutive GPS points will be considered the same (i.e. 
the vehicle is stopped) if their distance is smaller than 
3.7m. This threshold distance in useful in calculating the 
turn angle, as discussed in the following section. 
 
Turn Detection Algorithm 
 
Once the GPS error variance has been calculated, we 
compute an angle for every GPS point, in-order to 
determine the vehicle’s turn angle. The algorithm for 
computing an angle for each GPS point (except for the 
first and last GPS point) is given below: 
 
For all GPS points 
       Initialize t as 2 

Store three points in array Y for time T-1, T and T+1 
Compute the distance between GPS points at time T-1 
and T+1 

 
      While distance is less than threshold distance 

Add GPS points in Y array for time T-t and T+t, 
if only points exist for time T-t and T+t 

              Increase t by 1 
Compute distance between GPS points at time T-
t and   T+t 

 
   If distance is greater than or equal to threshold distance  

 Compute the tangent angle θ  for GPS point at 
time T given T-t and T+t 

 
With the above mentioned algorithm, every GPS point 
will have a tangent angle based on the points before and 
after it. 
 
Once the angle for every GPS point is calculated, the 
derivative of the angle with respect to the distance 

travelled (
sΔ

Δα
) is computed. αΔ  is the change in angle 

and sΔ is change in distance. This derivative is useful in 
eliminating those GPS points during which the car didn’t 
move a specified threshold distance. The method for 

computing the derivative 
sΔ

Δα
 at each GPS point is very 

similar to the method for computing angle θ  for every 
GPS point. For the algorithm below, assume every GPS 
point now has an assigned angle as well (calculated using 
the above mentioned algorithm). 
 
For all GPS points 
       Initialize t as 2 

Store three GPS points in array Y for time T-1, T and 
T+1 
Compute the distance between GPS points at time T-1 
and T+1 

 
      While distance is less than threshold distance 

Add GPS points in Y array for time T-t and T+t, 
if only GPS points exist for time T-t and T+t 

              Increase t by 1 
Compute distance between GPS points at time T-
t and T+t 

 
     If distance is greater than threshold distance  

Compute the angle difference αΔ between GPS 
points at time T-t and T+t 
Compute the distance sΔ  between GPS points at 
time T-t and T+t 

Compute the derivative 
sΔ

Δα
 for the GPS point T 

 
Figure 6 presents the vehicle trajectory in blue, while the 

red line represents the derivative 
sΔ

Δα
 for the respective 

GPS points. Based on these derivative values, the start, 
peak and end of the turn are segmented out. The start and 
end of the turn are crucial in finding out the centroid of 
the turn. This centroid is then used to calculate the ‘safe’ 
distance to switch on the indicator. 
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Centroid Calculation For The Turn 
 
As already mentioned above the centroid calculation of 
the turns would be useful in identifying the ‘safe’ distance 
at which the driver switches the indicator before the turn. 
Usually, the exact start and exact end of the turn is 
debatable i.e. where do we decide that the car started to 
turn (e.g. when the driver started to turn the steering or 
when the car turned some significant angle). Therefore, 

after the derivatives 
sΔ

Δα
for the whole drive have been 

calculated, the turn is segmented out based on the start 
and end turn using heuristics. Once the turn has been 
segmented out from the drive, its centroid is calculated. 
Even if the exact start of the turn is ambiguous, the 
centroid of the turn would be always accurate. 
 
The centroid of an area is similar to the center of mass of 
a body [19]. The centroid of the turn is calculated between 
the start and end of the turn (i.e. the turn area) using 

derivative 
sΔ

Δα
as a weight function NA  (see equation 6). 

Calculating the centroid involves only the geometrical 
shape of the area. So the area is divided into multiple 
rectangles and using Equation 6 below, the centroid of the 
area is calculated. 
 

∑
∑

=
N

NN

A

CA
C   (6). 

 
where NC is the index of the Nth GPS point in the turn 

area and C is the centroid of the turn.  
 
Figure 6, illustrates the turn’s centroid for both turns in 
DRIVE 1. Other information, like indicator start, indicator 
end and turn start/end are helpful in accurately modeling 
these turns.  
 

 
Figure 6.  DRIVE1 – Representation of vehicle’s GPS trajectory with two left turns (in blue) and the derivative values 

sΔ
Δα

 plot for the corresponding GPS points (in red) 

 
Figure 7, presents the turns involved in DRIVE 2. It consisted of three turns, first was a left turn followed by a right and 

finally a left turn. The derivate 
sΔ

Δα
values are plotted along Y axis and the number of GPS points around X axis. It is evident 

from the graph that using derivatives, the exact nature of the turn can be deduced e.g. whether it was a left or a right turn 
(based on the sign of derivative). This data can also be used to compute the vehicle turn angle. From the graph, we can see 
that the turns can be segmented out from the rest of the drive using heuristics based on the derivative values. All this 
information coupled with indicator, gaze and lane keeping data effectively model the turn scenario. 
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The derivative plot
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Figure 7.  DRIVE 2 – Represents the derivative values 
sΔ

Δα
along Y axis and No. of GPS points on X axis. 

 

MAPPING 
 
Visualization of the drive is an integral part of this 
project. Since its end users are driver trainers, it is 
necessary that all drive data and risky situations are 
represented in a way that is easy to comprehend. Hence, it 
will be easy for the driver trainers to explain some 
specific situation to the driver.  
 
Figure 8, presents an example of the vehicle trajectory 
and drive data for Drive 1. This interactive user interface 
would help drivers and their trainers to assess certain 
maneuvers in a drive by combining the multidimensional 
data acquired from DVE. By combining the numerical 
information from the graph in Figure 6, this interactive 
map (Figure 8) is able to show distance between indicator 
switch on and the turn start/turn centroid. It is also able to 
show if during a maneuver, driver followed the lane 
keeping procedure. 
 

 

Figure 8.  DRIVE1 – Representation on map where 
indicator on (yellow) and indicator off (pink) were 
performed. 
 

FUTURE RESEARCH  
 
In-order to effectively model a turn maneuver, driver’s 
gaze direction should be tracked as well. Different eye 
tracking systems together with head tracking algorithm 
are suggested based on near infra-red or visible light using 
different hardware architectures.  
 
These systems, by calculating the gaze and head direction 
in 3D allow calculating the coordinates where the gaze 
intersects with the world (a virtual plane in-front of the 
driver). Using perspective projection techniques, we plan 
to calculate the approximate depth of a drivers’ gaze in a 
real world. Furthermore, this gaze information would be 
presented on an interactive map. This approximate depth 
calculation would be very helpful in determining the 
difference of gaze pattern in experienced and novice 
drivers.  
 
Along with this, it is necessary to comprehensively model 
all tasks required for a less risky turn. Further work would 
be required to model other maneuvers like overtake, 
roundabout e.t.c. 
 

CONCLUSION 
 
This paper presented a framework for analyzing a turn 
maneuver. The prototype (IDTS) currently, integrates 
information related to vehicle dynamics and road 
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information. Next step is to model driver’s gaze data and 
integrate it in this turn maneuver. The information 
gathered from DVE will help to contextualize, observe 
and better assess a range of driving maneuvers. This 
prototype is the building block to evaluate driver’s 
competency. It acts as a assisting tool for the driver 
trainers.  
 
Eventually both drivers and driver trainers would be able 
to assess the drive using IDTS. As already mentioned, a 
major percentage of road crashes are attributable to 
driving error. Thus, driver training remains an important 
road safety intervention to improve driving performance 
and abilities, particularly amongst young people.  
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ABSTRACT 
 
This paper summarizes the initial findings from a 
database of crashes that involved BMW’s equipped 
with Automatic Crash Notification (ACN) Systems in 
the US and Germany. In addition, first field 
experiences with BMW’s enhanced ACN systems are 
reported where vehicles not only provide an initial 
crash notification but also transmit data describing 
the nature and severity of the collision event. The 
benefits of such a system, including the rapid 
recognition of potentially injured occupants based on 
key characteristics of each crash, are explored.   

Since 2006, nearly 14,000 BMW crashes have 
occurred in the US involving vehicles equipped with 
ACN or enhanced ACN technology. Of these, 70% of 
occupants indicate no injury to the TSP (Telematics 
Service Provider) operators, 20% indicate they are 
injured in some way and require help while 10% 
provide no verbal response to the TSP call-taker. An 
investigation of a subsample of crashes occurring in 
Florida suggests that no hospital transport was 
necessary for 81% of the calls where no voice 
response occurred. Although the majority of these 
cases require no further care, 19% of the no voice 
population was subsequently transported to a hospital 
or trauma center for additional care. This population 
of occupants could benefit from an automatic call for 
help to a Public Services Answering Point (PSAP- 
commonly known as 911) that includes an estimate 
of the likelihood of serious injuries.   

To assist in identifying crashes with incapacitating 
injuries, the William Lehman Injury Research Center 
(WLIRC) in Miami, Florida and BMW have 
pioneered the development of an algorithm called 
URGENCY. This algorithm is based on US national 
crash statistics and BMW internal data.  The injury 

prediction by URGENCY permits the transmission of 
the earliest and best information to the PSAP. We 
report early observations of injury severity and 
location for enhanced ACN equipped vehicle crashes 
occurring in the US and Germany. 

INTRODUCTION 
 
When a motor vehicle crash occurs with a potential 
for injuries, a notification of the event and the 
location of the crash are critical so that rescue can be 
dispatched to the scene. It is also helpful for 
emergency dispatch to recognize the severity of the 
collision and the extent of injuries so that they can 
adequately assign personnel and specialized 
equipment as needed. This paper describes Automatic 
Crash Notification (ACN) technology that initiates 
this critical call for help. In addition, this study 
reports first field experiences with BMW’s enhanced 
ACN systems where vehicles not only provide an 
initial crash notification but also transmit data 
describing the nature and severity of the collision 
event. The benefits and potential for such a system, 
including the rapid recognition of potentially injured 
occupants even in the absence of voice, are explored. 

The rapid identification of occupants involved in a 
crash followed by definitive care in the most 
appropriate facility has been shown to improve injury 
outcomes and prevent fatality. A study by Clark and 
Cushing based on US data suggests a 6% fatality 
reduction is possible (1,647 lives in the US in 1997) 
if all time delays for notification of Emergency 
Medical Services (EMS) were eliminated even if 
methods for dispatch and treatment remained the 
same (Clark 2002). This reduction in notification 
time would occur with widespread implementation of 
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enhanced ACN technology in passenger vehicles 
today.   

Three studies conducted by the US National Highway 
Traffic Safety Administration (NHTSA) have 
explored preventable deaths to assess the 
effectiveness of the current trauma care system 
(Esposito 1992, Maio 1995, Cunningham 1995). Two 
of the studies concluded that 28.5% and 27.6% of 
fatalities occurring in their regions were preventable 
with improved EMS and treatment.  The third study 
concluded that 17% of fatalities occurring in 
combined urban and rural areas were preventable. 
Delayed treatment and improper management of the 
injured were cited as the factors that most frequently 
contributed to the avoidable death. The majority of 
the preventable deaths occurred after arrival at a 
hospital. These studies suggests that opportunities 
exist to prevent trauma deaths not only by reducing 
the time from crash to hospital, but also to aid in 
recognizing the nature of the most serious injuries 
and the most appropriate medical facility to provide 
definitive treatment. 

A recent evaluation of the US trauma system 
considered the effect of trauma center care on 
mortality outcome of patients (MacKenzie, 2006).  
The study estimated mortality rates for patients 
arriving at hospitals with one or more Abbreviated 
Injury Scale Level 3 injuries (AIS 3). Overall, the 
findings of this study suggest that the risk of death is 
25% lower when care is provided in a trauma center 
compared to a non-trauma center. This study 
underscores the importance of treatment in the most 
appropriate medical facility. 

Automatic Crash Notification Systems 
 
BMW first introduced ACN technology in their 
vehicles in 1997. Other vehicle manufacturers are 
now equipping their vehicles with ACN as well.  In 
the event of a moderate to high severity impact, ACN 
systems rapidly notify authorities that a crash has 
occurred, transmit the location of the crash and 
vehicle data.  The information is first screened by an 
intermediate TSP like ATX or OnStar and, in the 
case where medical care or police assistance is 
required, forwarded to 911 for further assistance.  
ACN systems allow for verbal communication 
between the call-taker at the TSP and crash involved 
occupants in order to better evaluate the overall 
severity of the crash event to make appropriate 
decisions. 

The principle components used by the ACN system 
are listed in Figure 1. The system is triggered using 
data from crash sensors used to deploy front and side 
airbag systems including accelerometers, pressure 

sensors and gyroscopic sensors. If a crash event 
exceeds the predetermined threshold for transmission 
of an ACN signal, verbal communication between the 
TSP and occupant occurs through a fixed microphone 
and the vehicle audio system. 

The ACN system is a stand-alone system where there 
is no need for an additional mobile phone. The 
vehicle sends an emergency call automatically, if a 
crash was detected or manually by pushing the SOS 
button if assistance is needed. 

 

Figure 1. Airbag and communication components 
using the example of the 3 series convertible. 

Once a call is initiated, ACN equipped vehicles 
transmit a notification that the crash has occurred, 
exact GPS position, the Vehicle Identification 
Number (VIN) specifying owner information and 
vehicle characteristics. The vehicle calls the TSP and 
the occupants can talk to operators with specialized 
training. 

In 2007, BMW introduced an enhanced Automatic 
Crash Notification Technology. These systems 
collect additional crash metrics through on-board 
sensors that can be used as the basis for estimating 
crash severity and risk of injury to occupants.  The 
additional data collected and transmitted includes the 
crash deltaV in the longitudinal and lateral directions 
for each impact event, crash type, safety belt status 
for front seat occupants, airbag deployment status, 
the occurrence of multiple impact events and the 
occurrence of rollover if the vehicle is equipped with 
rollover sensors.  

Once transmitted to the BMW call center, the raw 
data passes through an algorithm known as 
URGENCY which estimates the risk of serious 
injuries based on crash conditions. The algorithm was 
first proposed in 1997 and consists of a single logistic 
regression model that related the risk of high severity 
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injury to independent variables describing each crash 
event (Malliaris 1997).  Since its initial development, 
URGENCY has been retrained using recent crash 
data, modified to more accurately treat differences in 
serious injury risk by crash direction and enhanced to 
include additional crash parameters like multiple 
impacts (Augenstein 2003). The algorithm estimates 
the risk of serious injury based on crash parameters 
transmitted by the enhanced ACN system. Seriously 
injured occupants are defined as those who have 
sustained one or more injuries with an Abbreviated 
Injury Severity (AIS) Score of 3 or higher (includes 
AIS 3, AIS 4, AIS 5, AIS 6 and fatally injured).  This 
group is referred to as MAIS3+ injured and includes 
those who need immediate medical attention due to 
potentially life threatening injuries. 

The URGENCY Algorithm treats crashes separately 
by impact type including frontal, nearside, farside, 
rear impacts and rollover.  The algorithm was trained 
using 2000-2006 NASS CDS data including 
passenger vehicle front seat occupants over the age of 
12 who are involved in planar only crashes.  Model 
year 1998 and later vehicles only were used during 
model development and evaluation. 

Each model was subsequently evaluated using the 
2007 population of NASS CDS cases meeting the 
same criteria used for model training.  These cases 
are independent of those used to train the model and 
were analyzed to determine the predictive value of 
the models for crashes estimated to be at or above the 
threshold for triggering the ACN system. Table 1 
shows the overall ability of the models to identify or 
capture the MAIS3+ injured within the evaluation 
population (i.e. model sensitivity).  Further, the table 
presents model specificity which indicates the models 
ability to capture the uninjured within the evaluation 
population as well. These values are presented in 
Table 1 for planar only crashes by crash direction. 

Crash Mode Sensitivity Specificity 
Frontal 71.2% 90.2% 
Nearside 90.6% 85.7% 
Farside 81.2% 88.6% 
Rear  52.7% 98.2% 
Overall 75.9% 90.8% 

Table 1. URGENCY Algorithm capture rate 
within the 2007 NASS CDS crash population. 

The overall predictive accuracy of the model suggests 
that 75.9% of injured occupants would be correctly 
identified using data automatically collected and 
transmitted by vehicles alone. In other words, an 
automatic call for help indicating serious injury is 
likely would be made for three out of four MAIS3+ 

injured occupants even if their crash was not 
observed by somebody on scene or if occupants were 
unable to place a call themselves. When URGENCY 
estimates are used in combination with verbal 
information gathered by the TSP or 911, occupants in 
need of medical attention would be rarely missed. A 
third opportunity to assess injury severity exists 
before hospital transport once EMS has arrived on 
scene. 

Figure 2 shows the sequence of events that occurs 
when an enhanced ACN equipped vehicle is involved 
in a crash severe enough to trigger the automatic call 
for help. In this case the vehicle automatically sends 
the crash descriptors described above to the BMW 
Assist Center (TSP). While the vehicle is sending the 
data, a voice communication between the BMW Call 
Center and the occupants is simultaneously 
established. In the background the URGENCY 
algorithm is used to calculate the risk of serious 
injury and the call center is able to provide all this 
information, shortly after the crash, directly to the 
nearest Public Safety Answering Point (PSAP). If 
desired a conference call with the vehicle is also 
possible.  Ideally, the PSAP would then utilize the 
available information to arrange appropriate rescue 
based on the risk of serious injuries communicated by 
the TSP. The additional data can then aid in the 
decision to dispatch either a helicopter or an 
Emergency Doctor or the Fire Department, and to 
further involve the EMS and the Police, for more 
accurate and proper allocation of resources. 

BMW Call CenterVehicle

Public Safety Answering 
Point (PSAP)

Emergency Medical Service, Doctors, Air Rescue, Police, Roadside Assistance

GPS GSM

Data

Voice

Voice

Injury Severity
 Estim

ate 

(URGENCY)

Conference call 

(if requested)

Dispatch

 

Figure 2. Flow chart of the functionality of the 
enhanced ACN system. 

OPPORTUNITIES TO IMPROVE RESCUE 
USING ENHANCED ACN DATA 
 
As discussed above, enhanced ACN systems now 
provide crash notification and location data along 
with data needed to approximate severity of the 
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collision event.  In most cases, occupants involved in 
crashes will respond verbally to call-taker 
questioning and those who require medical assistance 
can be easily identified.  However, it is possible that 
occupants may not realize that they are injured 
shortly after a crash or they may not recognize the 
true extent of their injuries. 

This portion of the study examined the population of 
BMWs in service in Florida from 2006-2008 who 
were involved in crashes severe enough to trigger the 
ACN system. The goal was to estimate: 1) the 
frequency of crashes where occupants suggested they 
were uninjured yet subsequently required hospital 
transport and; 2) the frequency of crashes where 
occupants did not respond to TSP operators yet were 
injured and required help. Establishing the magnitude 
of this population provided an indication of those 
who would most benefit from enhanced ACN data to 
be transmitted and processed remotely by the TSP 
and passed along to the PSAP. 

Analysis of Verbal Response from Occupants 

During this portion of the study, data from two 
primary sources were utilized.  The first was the 
BMW Accident Research Crash database that 
includes a census of crashes involving ACN equipped 
model year 2004-2009 BMWs in service on US 
roadways. The dataset contains the vehicle 
identification number (VIN) along with GPS 
coordinates identifying precise crash location, and a 
written record of the verbal exchange between 
occupants and the ATX call-taker. Data is captured 
electronically by the communications software at the 
TSP.  Each call-taker also enters notes documenting 
occupant response and information shared during the 
call.   

Researchers reviewed each available call log to 
determine the nature of the crash including 
indications of injury, the general nature of the crash 
(i.e. multi-vehicle crash, rollover, etc) and the 
presence or absence of voice response.  Cases where 
the ACN call log reflects no verbal response from 
occupants are classified as ‘No voice.’ In many cases, 
the TSP operator may hear noises in the vehicle or 
voices outside the vehicle yet no direct response from 
occupants is heard.  It is suspected that some of these 
cases may result from occupants quickly exiting the 
vehicle following the crash before the TSP operator 
can initiate contact.  In other cases, occupants may be 
injured such that a response is not possible or 
occupants may simply choose not to verbally 
respond. Crashes occurring in the state of Florida 
from 2006-2008 were retained for subsequent 
analysis. 

The second source of data was the Florida State 
Crash Data from 2006-2008.  This dataset contains a 
census of crashes where a police report was filed.  In 
the state of Florida, the minimum criteria to file a 
police report include one or more fatality, any injury, 
alcohol involvement, or leaving scene.  When a 
vehicle is towed from the scene, the officer uses his 
or her discretion in filing a report.  Due to the criteria 
for inclusion, any crash where one or more occupant 
was transported to a hospital for treatment should be 
included within the annual file. 

Findings 
 
Table 2 shows the count of ACN crashes in the US 
and Florida alone in 2006-2008.  The population of 
ACN crashes is also shown by approximate injury 
severity as reported verbally by occupants. A 
category where no voice response is provided by 
occupants is also included.  The ‘Not Reported’ 
category includes crashes where there was verbal 
interaction with occupants yet no explicit statement 
of injury or non-injury was found in the call log.  Due 
to the absence of this information, it was assumed 
that the TSP call-taker did not suspect injuries and 
simply neglected to enter this information into the 
log. 

Injury Level 
Reported Verbally 

2006-2008 
Crashes 

Count % 
   

All Crashes 14,008  
Uninjured 6,285 45% 

Low Severity Injury 2,468 18% 
Moderate or Serious Injury 288 2% 

No Voice 1,467 10% 
Not Reported 3,500 25% 

   

Florida Crashes 1,338  
Uninjured 565 42% 

Low Severity Injury 299 22% 
Moderate to Serious Injury 26 2% 

No Voice 166 12% 
Not Reported 283 21% 

   

Table 2. US ACN Crash populations for 2006-
2008 cases including occupant reported injury 

level. 

Police records from the Florida state data were 
merged with ACN records using the unique VIN and 
crash date as unique criteria for linkage.  The goal in 
connecting the two sources is to determine the 
general characteristics of the crash, identify the type 
of information offered verbally by drivers and to 
characterize the type of treatment (hospital transport, 
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trauma center transport or no transport) received by 
crash involved drivers. Table 3 shows the count of 
cases within the complete ACN dataset and the 
population from the Florida file. 

Table 3 also shows the police reported injury severity 
for occupants of the BMWs involved in the crash.  
Injuries are coded by police using the KABCO scale. 
The KABCO scale was established by the National 
Safety Council in 1982 and is used primarily by 
police to classify the apparent injury severity of 
occupants involved in crashes. The scale includes 5 
levels, where K level injuries are those where the 
occupant dies due to injury, A level injuries are those 
where the officer observed incapacitating injuries, B 
are non-incapacitating evident injuries, C are possible 
injuries and O are uninjured. The KABCO scale is a 
useful means to approximate injury severity yet it has 
been criticized as inaccurate due to the subjective 
assessments made by police. Data describing 
hospitalization was also retained, specific hospitals 
were identified and those where occupants were 
transported to a level I trauma center were flagged. 

Police Reported Injury 
Severity 

2006-2008 Crashes 
Count % 

   

Florida Crashes 1,338  
    K, A 57 4% 
    B, C 318 24% 
    O* 978 73% 
   

Hospital Transport 235 18% 
    Trauma Center Transport 32 2% 
* includes cases where no PAR (Police Accident 
Report) was filed. 

 

Table 3. Police reported injury severity and level 
of transport for 2006-2008 BMW Crash Cases. 

Two populations were explored in more detail 
including the population where occupants did not 
reported injuries the TSP call-taker and the 
population who did not provide a verbal response to 
the TSP once communications were established with 
the vehicle. As shown in Table 4, 848 drivers were 
involved in crashes occurring in Florida from 2006-
2008 and verbally reported that no injury was 
sustained.  However, police coded that 194 (23%) of 
these drivers sustained possible (C), non-
incapacitating (B), incapacitating (A) or fatal (K) 
injuries. A total of 108 of these were transported to a 
medical care facility and 23 of those receiving 
medical care were transported to a trauma center.   

It should be noted that the criteria for transport to a 
trauma center can be met in a number of ways that 
are assessed and established on scene by first 
responders. These criteria include: 1) physiologic 
criteria like obvious signs of injury, reduced 
awareness (based on Glasgow Coma Scale), low 
blood pressure or head injury with neurologic deficit; 
2) mechanism criteria including fatality of another 
occupant in the vehicle, ejection or evidence of a 
high energy event or; 3) First responder high 
suspicion of injury.  If a first responder permits EMS 
personnel to override tangible criteria and decide that 
trauma center is in the best interest of crash involved 
occupants. 

Although 108 occupants were transported to some 
type of medical care facility based on decisions made 
by EMS personnel on scene, this does not necessarily 
prove that an injury has occurred. 

Police Reported Injury 
Severity 

2006-2008 
Crashes 

Count % 
   

Crashes with Voice Response 
but No Injury Reported 848  
    K, A 23 3% 
    B, C  171 20% 
    O* 654 77% 
   

Hospital Transport 108 13% 
    Trauma Center Transport 23 3% 
* includes cases where no PAR was filed 

 

Table 4. Police reported injury severity and level 
of transport for cases where no injury was 

reported by drivers (2006-2008 cases in Florida 
only). 

Table 5 indicates that, during 166 crashes, there was 
no verbal response from any occupant in the vehicle 
following the crash.  Of these, police reported that 8 
(5%) drivers sustained incapacitating or fatal injuries 
based on their judgment.  A total of 34 (20%) were 
coded as having non-incapacitating or possible 
injuries and 111 (67%) were coded as having no 
injury at all. Thirty one (31) crashes or 19% of no 
voice cases resulted in one or more hospital 
transports and 5 (3%) resulted in trauma center 
transport. 
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Police Reported Injury 
Severity 

2006-2008 
Crashes 

Count % 
   

Crashes With No Voice 
Response 166  
    K, A 8 5% 
    B, C  34 20% 
    O* 111 67% 
   

Hospital Transport 31 19% 
    Trauma Center Transport 5 3% 
* includes cases where no PAR was filed 

 

Table 5. Police reported injury severity and level 
of transport for no voice cases (2006-2008 cases in 

Florida only). 

Opportunities to Improve Rescue Decisions 
 
Since their first introduction in the fall of 2007 in 
Germany, 116 enhanced ACN crash calls have 
occurred. In the US, 449 enhanced ACN crashes have 
occurred since the spring of 2008.  

To further explore the benefit of geographic data 
(GPS coordinates) transmitted in combination with 
injury severity, we analyzed the population of 
enhanced ACN crashes occurring in the US and 
Germany to date. Each crash was classified as low to 
moderate or serious based on their crash 
characteristics. GPS coordinates were reviewed to 
establish the geographically closest treatment facility 
to the crash. Subsequently, the distance along the 
roadway was calculated using the Google Earth 
mapping application. Figure 3 shows the driving 
distances along the roadway separating enhanced 
ACN vehicle crashes and Trauma Centers in 
Germany and the US. This plot is limited to those 
classified as serious based on transmitted crash data 
processed by the URGENCY Algorithm.   

In general, the distribution of distances to a Level 1 
trauma center in the US and Germany are similar 
with only minor differences. The percentage of 
crashes occurring within 20 km of a trauma center is 
higher in Germany compared with the US. While a 
larger percentage of US crashes appear to occur more 
than 20 km from the nearest level 1 trauma center. 
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Figure 3. Driving distances from enhanced ACN 
vehicle crash locations to nearest Level I trauma 

center- US and Germany compared. 

The transfer of geographic information from the TSP 
to the PSAP is currently done verbally.  In the future, 
transmission of this data, accompanied by estimates 
of injury severity from the URGENCY algorithm, 
could be done electronically. Once received, the 
PSAP could utilize the data according to their 
established dispatch protocols to best select and 
deploy rescue resources. 

Analysis of Enhanced ACN Data- First 
Experiences 
 
Figures 4 and 5 compare the overall estimated injury 
severity for enhanced ACN equipped vehicle crashes 
occurring in the US and Germany with the 
percentage of crashes where one or more MAIS3+ 
injuries occurred in a vehicle. Data from NASS CDS 
and GIDAS from 2000-2007 were considered and the 
subset of crashes expected to exceed the enhanced 
ACN Trigger threshold were retained. These crashes 
include those severe enough to deploy airbags in the 
frontal and side direction. 

As shown in Figure 4 and Figure 5, the percent of 
cases in the enhanced ACN crash populations in the 
US and Germany were more frequently classified as 
serious when compared with the NASS and GIDAS  
populations of crashes.   

Since the enhanced ACN signal would be the first 
notification of a potentially serious crash and the first 
step of the rescue chain, a rather broad criteria has 
been established so that occupants with potentially 
serious injuries are unlikely to be missed. Once EMS 
arrives at the scene, they will conduct a more 
detailed, in-person assessment of crash involved 
occupants to make subsequent triage decisions. It 
should be noted that the threshold applied to these 
first enhanced ACN crashes is purposely set lower 
than that used to identify the performance of 
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URGENCY as shown in Table 1 to avoid missed 
serious injuries as the system is first introduced. 
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Figure 4. Comparison of injury severity from 
enhanced ACN data and MAIS3+ Injury Rate 

based on US Tow Away Crash Population 
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Figure 5. Comparison of injury severity from 
enhanced ACN data and MAIS3+ Injury Rate 

based on German Crash Populations 

A second reason for the disparity in percentage of 
serious crashes between the enhanced ACN data and 
the US and German data, may result from differences 
in severity between the two populations. It is likely 
that the enhanced ACN crashes are more severe than 
the distribution of crashes in the general population.  
While the data shown in Figures 4 and 5 include only 
crashes severe enough to trigger the ACN system, it 
is possible that those in the enhanced ACN dataset 
occur at higher speeds or under more severe 
conditions. 

DISCUSSION 
 
This paper reports first field experiences with 
BMW’s enhanced ACN systems where vehicles not 
only provide an initial notification of a crash but also 
transmit data describing the nature and severity of the 
collision event. We present an analysis of populations 
who could benefit from enhanced data now 
transmitted and identify how the application of 
URGENCY to estimate likelihood of serious injuries 
could help improve rescue care. 

Usefulness of verbal data- A review of BMW ACN 
crash call logs suggests that verbal interactions 
between drivers and TSP call-takers often provides 
valuable information needed to make remote dispatch 
decisions. However, a review of logs for BMW 
crashes occurring in Florida from 2006-2008, in 
combination with a review of corresponding police 
reported data, revealed that some occupants who 
verbally indicated to the TSP they were uninjured 
were, in fact, transported to hospitals following on 
scene assessment by EMS. As shown in Table 4, 13% 
of drivers who initially provided no definite 
indication of injury indeed required hospital 
transport.  Twenty-three of these 108 (3% of those 
who reported no injury) even met current criteria for 
trauma center transport. This suggests that serious 
injuries were sustained by one or more occupants in 
the BMW or the crash event was severe enough that 
EMS decided trauma center care was needed due to a 
high suspicion of injury.   

Past research has shown that occupants, who sustain 
the most serious internal injuries, including those to 
the liver and thoracic aorta, are often unaware of their 
injuries until diagnosed in a hospital or before 
treatment is too late (Augenstein 1994, 1995, 2000; 
Lombardo 1993). For those where occupants report 
no injury, the injury severity could also be applied to 
confirm a lower severity crash has occurred or 
suggest follow-up by rescue when in fact a higher 
severity event is detected. 

Cases with no voice response-  Table 2 indicates that, 
in 10% of all cases and 12% in Florida, there is no 
verbal response from the vehicle occupants, even 
though there is voice communication within the 
vehicle by the TSP. For most, the lack of response 
suggests that the crash is minor and vehicle 
occupants have perhaps exited the vehicle to examine 
damage or for other reasons.  In some cases, the lack 
of response is due to an incapacitating injury. It is 
particularly important to apply an injury risk 
algorithm to these events with no-voice response so 
that those in most need of care are identified and 
receive prompt rescue response. 
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Data presented here shows that, in the state of Florida 
from 2006-2008, 31 out of 166 cases or 19% of 
occupants who did not respond verbally to the TSP 
subsequently required hospital transport and medical 
attention (see Table 5). Five of these occupants 
ultimately received care at a trauma center. It is these 
occupants who may not be able to communicate the 
need for care who would best benefit from enhanced 
ACN technology. For them the vehicle based data 
could provide an automatic indication to the PSAP 
that the risk of serious injury is high and immediate 
rescue care is required. 

Although findings are based on preliminary data with 
relatively low crash counts, the implications are clear.  
Looking at the complete US, 10% of all BMW ACN 
crashes had no voice response (i.e. 569 out of 5,689 
in 2008). Applying findings from Florida we project 
that a total of 114 BMW occupants across the US 
each year could require subsequent medical attention 
although they may not provide a verbal response to 
TSP call-takers. Imagining such a system 
implemented in all passenger vehicles in the US, this 
automatic call for help could improve outcomes in 
the same way for over 15,200 drivers each year 
involved in moderate to high severity crashes. This 
estimate was derived from NASS CDS 2007 data, 
where 800,000 passenger vehicles were reported to 
be involved in a tow-away crash severe enough to 
trigger an ACN system if the system were available. 

Utility of crash location data- Knowledge of crash 
location by dispatch in combination with the 
likelihood of serious injuries also presents 
opportunities to improve care for crash involved 
occupants. Figure 3 suggests that in 31% of BMW 
enhanced ACN crashes in Germany and 38% in the 
US occur further than 40 km from the nearest Level 1 
trauma center. Even under ideal rescue conditions, it 
is unlikely that the total time from crash occurrence 
to definitive trauma center care (including EMS to 
travel to the scene, on scene care and transport) 
would occur within the “Golden Hour” of trauma.  
The “Golden Hour” of trauma care is a concept that 
emphasizes the time dependency of many injuries 
where the patient must come under restorative care 
during that first hour following the trauma. 

For the most severe crashes, delayed deployment of 
additional rescue resources like extrication equipment 
or air transport could also significantly impact 
outcomes. If the automated assessment of injury 
severity occurred just moments after the crash using 
enhanced data transmitted by vehicles, deployment of 
such resources could occur much more rapidly than 
in the present system. Based on traffic conditions and 

location data, the decision to deploy air rescue may 
also be considered if appropriate conditions exist. 

Development of a working system- Although 
manufacturers like BMW are now equipping vehicles 
with technology capable of transmitting valuable 
crash information to TSP’s, the remaining rescue 
system must be enhanced to most effectively utilize 
the data.  Mechanisms for the transfer of telematics 
data from one entity to another along the rescue chain 
are needed.  This transfer may occur verbally or in 
electronic form as the system develops. Protocols 
must be enhanced so that the injury severity data is 
consistently treated by all involved and actionable.  
Currently, no criteria exists within dispatch or trauma 
triage protocols to process specific data elements 
known to effect the risk of serious injury including 
crash (deltaV), impact direction, number of impacts, 
restraint status (i.e. airbag deployment regime and 
belt use) and occupant age. In our opinion and those 
of others, a synthesized estimate of injury severity 
would be most useful.  Finally, education is required 
so that 911 operators, EMS and treating physicians 
understand the value and correctly interpret the 
information to allow for real improvements in patient 
care. 

The Centers for Disease Control (CDC) in the US has 
established a new triage protocol that allows for the 
telematics data like those transmitted by enhanced 
ACN Systems as criteria for increasing the level of 
urgent care provided to occupants exposed to a crash.  
Although no formal definitions have been specified 
for the treatment of telematics data, a medical 
committee established by CDC has recommended the 
use of an algorithm like URGENCY as the basis for 
recognizing crashes with high risks of serious injury 
and accelerating the rescue for those crashes. BMW 
and WLIRC will continue work with the CDC, EMS 
and dispatch community to define best practices to 
apply when this enhanced data is transmitted from 
the vehicle. 

CONCLUSIONS  
 
Enhanced Automatic Crash Notification Systems are 
now available and in service in many countries 
around the world and provide near instantaneous data 
on crash occurrence, location and severity. This data 
should be used by PSAP’s to identify when the 
dispatch of rescue services is needed and the most 
appropriate assets to send.  Enhanced ACN data, now 
transmitted by a growing population of BMW 
vehicles, can be used to optimize rescue response 
particularly in the absence of voice from occupants of 
the car.   
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In most cases, verbal data provided to the TSP and 
PSAP through the on-board communication system 
are valuable to dispatch in order to make rescue 
decisions. However, some occupants who provide a 
verbal response to TSP call-takers may not always 
accurately recognize or communicate that they are 
injured. A lack of voice response from occupants 
does not necessarily indicate a high risk of serious 
injury; however some occupants who may be unable 
to respond do require immediate medical assistance. 

The data analyzed during this study represents a 
census of crashes involving ACN and enhanced ACN 
equipped vehicles in service in the US and Germany.  
With more than 700,000 BMW vehicles worldwide 
currently in service equipped with the technology, the 
resulting information transmitted in the event of a 
crash is of unprecedented value for research 
purposes. True population based estimates are 
possible using this data. When linked with other 
records like police reports, the information serves as 
a valuable resource for studying the performance of 
enhanced ACN systems or other safety technologies 
introduced within the fleet. 
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ABSTRACT 

With significant benefits achieved with 
frontal/side and rollover passive safety 
systems and additional improvements 
coming on board with frontal active safety, 
it is natural to consider extension of similar 
systems to side impact. In this paper, we 
have made an attempt to understand the side 
impact crash causation, vehicle kinematics 
and occupant restraints benefits with early 
deployments to quantify the problem and 
evaluate potential benefits. 

Using NASS/CDS & FARS 2000-2006 
database, we have identified top 10 crash 
conditions (AIS 2+ injury and fatalities) and 
looked at select cases for each through 
accident reconstruction tools to better 
understand the vehicle kinematics prior to 
contact. This approach also has given us an 
initial view of potential ‘zones’ on the 
vehicle where active systems can best be 
deployed to improve detection while 
reducing potential for false alarm. 

Also, a preliminary analysis through 
simulation and testing of early deployment 
of conventional passive systems compared 
to standard crash sensing shows a potential 
for significant injury reductions. 

INTRODUCTION 

Side impacts (SI) resulted in approximately 
9,000 occupant fatalities per year in 
passenger cars and LTVs (light trucks and 
vans, including pick-up trucks, SUVs, 
minivans, and full-size vans) from 1975 
through 2004. The proportion of fatalities 
resulting from side impacts are steadily 
increasing: from 30% of the fatalities in 
1975 to 37% in 2004. Side impacts are the 
second highest cause of occupant fatalities 

in passenger cars. Near-side occupants are at a higher 
risk, close to 2 to 1 ratio compared with far-side 
fatalities. Striking or bullet vehicle types changed 
significantly through the years with over 50% of 
impacts being an LTV in 2004. LTVs are considered 
more destructive as a “bullet” vehicle in side impact 
due to their greater mass, height, and rigidity [1]. 
 
In the NASS/CDS 1995-2001 data analysis, 32% of 
AIS 3+ (seriously injured) occupant injuries were as 
a result of side crashes. Nearside occupants were 
involved in 49% of side crashes but accounted for 
66% of AIS 3+ [2]. 
 
Based on the Traffic Safety Facts 2005 [3], a 
compilation of Fatality Reporting System (FARS) 
and General Estimates Sampling (GES) data, side 
impact incidents, involving passenger cars and LTVs, 
accounted for 28% of fatalities and 26% of all 
injuries. When analyzed separately, 34% of fatalities 
in passenger cars were due to side impact versus 21% 
in LTVs (Table 1, next page). In vehicle-to-vehicle 
type impacts, 23% of passenger cars were involved in 
a side impact. The ratio for passenger cars fatalities is 
18% compared to 9% for LTVs (Figure 1, next page) 
yielding a ration of 2 to 1. It should be noted that 
FARS numbers are actual counts of fatalities or fatal 
crashes, whereas GES numbers are estimates of 
counts of crashes and injuries and are subject to 
sampling and non-sampling errors. 
 
With the introduction of FMVSS-214 and the present 
214 upgrade, many vehicles are expected to be 
equipped with life saving side airbags by 2010-13 
timeframe. These airbags are typically designed to 
protect occupants in AIS 3+ type of injuries. 
 
However, looking ahead of these technologies for the 
future, to address AIS 2+ type injuries, researchers 
are considering pre-crash technologies to help 
mitigate a higher number of side impact injury and 
fatalities. 
    
Pre-crash sensing technologies are used to estimate 
the travel speed of a potential hazardous object or 
vehicle, its mass, and its principle impact direction. 



Main intent of these technologies is to 
anticipate an imminent collision and deploy 
the countermeasures in a timely manner. 
 

Table 1.  
Occupants injured or killed by initial point 
of impact for passenger vehicles and light 
trucks (2005 crash data from FARS and 

GES) [3] 
 

 Occupants Killed 
by Initial Point of 

Impact 

Occupants Injured 
by Initial Point of 

Impact 
Initial 
Point of 
Impact 

Passenger 
Vehicle 

Light 
Truck 

Passenger 
Vehicle 

Light 
Truck 

Front 9,658 6,946 741,000 392,000 

Left Side 3,298 1,391 234,000 109,000 

Right 
Side 

2,986 1,271 194,000 105,000 

Rear 998 659 369,000 206,000 

Other 545 434 6,000 3,000 

Non-
collision 

737 1,948 31,000 58,000 

Unknown 218 326   

 

 
 

Figure 1. Passenger Cars and Light 
Trucks involved in crashes by most 

harmful event (2005 crash data from 
FARS and GES) [3] 

 
The objective of this study was to focus on 
side crashes and to identify the most 
common collision scenarios.  For this 
purpose, latest available accident data was 
analyzed.  The results are used to help 
define and prioritize some of the 
requirements for the pre-crash sensing & 
countermeasure developments. 

Methodology 

The data was obtained from the NASS/CDS and 
FARS databases from 2000 to 2006.  The crashes 
investigated in NASS/CDS are a probability sample 
of all police reported crashes in the U.S. A 
NASS/CDS crash must fulfill the following 
requirements to be included in the database: must be 
police reported, must involve a harmful event 
(property damage and/or personal injury) resulting 
from a crash and must involve at least one towed 
passenger car or light truck or van in transport on a 
traffic-way. AIS2+ side impact incidents were 
filtered from NASS/CDS. The AIS stands for 
Abbreviated Injury Scale consisting:  
AIS - 0: Uninjured, 1: Minor, 2: Moderate, 3: 
Serious, 4: Severe, 5: Critical, 6: Maximum, 7: 
Unknown. 
 
For example, AIS 2 is coded when the victim is 
unconscious due to the accident for 1hr. or less 
and/or has 2 to 3 sternum/rib fractures (connected to 
rib-cage but not flailing). 
 
NASS/CDS study population included light vehicles 
with primary damage to the left or right side of the 
vehicle, and no rollovers with AIS 2 and above (AIS 
2+). FARS study population consisted of light 
vehicles with angle collision and included AIS 2+. 
 

Results 

In NASS/CDS database, an average of 5,000 
accidents is investigated per year and the results are 
projected nationally. From 2000 to 2006, out of 22 
million towed vehicles due to accidents nation-wide, 
almost 5 million was a result of side impact incidents 
(23%). Approximately 321,000 vehicles included 
injuries with AIS2+.  
 
Fatality information derived from FARS includes 
motor vehicle traffic crashes that result in the death 
of an occupant of a vehicle or a non-motorist within 
30 days of the crash (caused as a result of the 
accident). FARS analysis showed that there were a 
total of 262,893 fatalities between 2000 and 2006. 
55,200 of them were due to side impact. 
 
Types of Objects Contacted - The analysis of 2000-
2006 NASS/CDS AIS 2+ SI incidents showed that 
81% of them were due to vehicle-to-vehicle impact 
and 19% were due to an impact with fixed objects. 
Figure 2 shows the distribution of vehicle-to-vehicle 
impact and types of fixed objects contacted. 
 



 
Figure 2. Type of Object Contacted 

 

 

Class of struck vehicles – 65% of the 
vehicles was categorized as cars and 35% as 
LTVs. When the car was a struck vehicle, 
71% of them were classified as 4-door sedan 
/ hardtop, 17% as 2-door sedan/ hardtop / 
coupe, 7% as 3-door / 2-door hatchback, 3% 
as convertible, and 2% as 5-door/4-door 
hatchback. 
 
Crash severity and Delta-V – In a previous 
study [4] based on the field data analysis 
using UK data, median delta-V was found to 
be 31 km/h for seriously injured near-side 
struck occupants and 43 km/h for fatalities 
in car-to-car collisions. In a small study of 
39 car-to-car side impact collisions, mean 
delta-V for AIS 3-5 injuries was found to be 
30 km/h. The typical delta-V resulting in 
AIS 3+ injuries are in the region of 30 km/h 
while 75%ile delta-V for these injuries at 38 
km/h. 
In our analysis of NASS/CDS AIS2+ side 
impact incidents, the mean delta-V was 
calculated as 27.4 km/h, while lateral 
component of that averaged at 22.8kph.  
 
Police Reported Travel Speed - In our 
analysis of NASS/CDS AIS 2+ SI incidents, 
the average police reported travel speed was 
found to be 44 km/h. This information is 
indicated on the police report by the 
investigating officer and is missing in 
approximately 60% of the cases. The speed 
limit of the area where incident occurred 
averaged at 65 km/h. 
 
An analysis of FARS data for 2002-2003 
showed that the average travel speed was 61 
km/h for perpendicular side crashes [5]. In 
our analysis of FARS data for 2000-2006 
supported this finding and the average speed 
was 60.8 km/h. 
 

Accident Types – Top accident types in NASS/CDS 
2000-2006 side-impact analysis is shown in Figure 3. 
For example, 22% of AIS2+ side impact accidents 
happened when the vehicle was impacted on the left 
side while taking a left turn which is coded as type 
82. 

 
Figure 3. NASS/CDS 2000-2006 AIS2+ SI Top 

Accident Types (by frequency - %) 
 
According to the analysis, the top six accident types 
(type 82 to 7 in Figure 3) covered 76% of all AIS2+ 
side impact accidents. Figure 4 illustrates these top 
accident types. 

           
Figure 4. Representation of top six accident types 

(NASS/CDS 2000-2006 AIS2+ SI) 
 
Pre-impact Stability and Location - In 71% of the 
AIS2+ SI incidents, vehicle continued along its 
intended path without rotation. Vehicles mostly 
stayed in lane in 70% of AIS2+ SI incidents, and 
departed the roadway in 19% of incidents. Table 2 
displays the distributions for pre-impact stability and 
location.  

Table 2  

Pre-Impact Stability and Location, AIS2+ Side 
Impact Incidents NASS/CDS 2000-2006 

 

1. Pre-impact stability Frequency 

Tracking (along 
original path) 

71.35% 

Lateral skid-
counterclockwise 

8.79% 

Missing information 8.51% 

Lateral skid-clockwise 7.02% 

Others 4.33% 

Longitudinal skid 4.18% 



2. Pre-impact location Frequency 

Stayed in lane 69.32% 

Departed roadway 18.56% 

Left travel lane 10.24% 

Others 1.88% 

 
Intrusion - First location of the intrusion 
was mostly to the left or right side of the 
front row (65%). In 31% of the incidents, 
intrusion was to the second row left or right 
side (Figure 5.) Door panel was the first 
intruding component followed by B-pillar 
and floor pan, and front side panel. 
 

 
Figure 5. First Location of Intrusion of 

AIS2+ Side Impact Incidents, NASS/CDS 
2000-2006 

The magnitude of intrusion was between 15 
and 29 cm in 37% of the AIS2+ side impact 
incidents, and in 22% of the incidents, the 
magnitude was 30-45 cm. Passenger 
compartment integrity is shown in Figure 6 
with the side window glazing having the 
highest percentage. 
   

 
Figure 6. Passenger Compartment Integrity 
of AIS2+ Side Impact Incidents, NASS/CDS 

2000-2006 
 
Occupants – NASS/CDS 2000-2006 data 
showed that 76% of the occupants were at 

least 18 years old. 55% of the occupants were males. 
36% of the occupants can be classified as fragile 
while 7% of these are very small females and the rest 
are children. The occupancy of the front row is 82% 
(note this is not 100% due to the fact front row 
includes right front passenger as well) and of the 
second row is 15%. 
 
In 39% of the AIS2+ side impact incidents, drivers 
were non-attentive (either distracted or they looked 
but did not see any threat). Sole driver distraction 
(i.e., by an occupant, outside source, eating/drinking) 
were around 20% out of these non-attentive type 
incidents. Majority of the non-attentive type incidents 
were categorized as driver looked but did not see 
(72%). 
 
Injuries - In terms of the injured body region of the 
occupants, head and face were the most injured areas 
(37%), followed by thorax, abdomen, and spine 
(27%). Upper extremities were injured at 20% level, 
and lower extremities were injured at 16% level. 
Right interior, roof, and left B-pillar were the top 
three injury sources that caused injuries on head and 
face. Thorax, abdomen, and spine were injured 
mostly by belt (webbing, pillar attachment, buckle) 
and left + right interior.   
 
When a passenger car is struck by another car or 
LTV, head and lower extremities are the top two 
injured body regions. If a passenger car is struck by a 
pole, upper extremities and face were the top two 
injured areas.  
 
Injury Patterns in the Literature - Struck-side 
occupant injury patterns showed that the torso and 
head were the most common sites of AIS 4+ injury in 
fatalities, while seriously injured survivors had legs, 
arms, and head as the most common sites of AIS 2+ 
injuries. Investigation of side crashes occurred in 
1988-1992 revealed that head and chest were most 
commonly injured areas at AIS 3+ level but 
abdomen/pelvis and lower extremities were also 
important [2]. 
 
A sample investigation of UK data of 1992-1998 
showed that 66% of MAIS 3+ survivors and 68% of 
the fatalities were near-side occupants. In terms of 
injury patterns, this study found that 55% sustained 
lower extremity injury of AIS 2+, followed by thorax 
at 49%, and head at 40%. However, regarding the 
key injuries of the fatalities (taken as AIS 3+), the 
most commonly injured body part was thorax with 
89% followed by head with 70% [4].  
 



In the NASS/CDS 1995-2001 data analysis 
for nearside AIS 3+ injured belted occupants 
in vehicles with MY 1995+, chest is the 
predominant injured body region (52%) 
followed by head (22%), pelvis (19%), and 
abdomen (12%). Side crashes with LTVs 
and narrow objects result in more occupants 
with head injuries compared with crashes 
with passenger cars. In modern fleet, the 
small size occupant (up to 5’ 4’’) is more at 
risk of serious injury in side impacts 
irrespective of crash partners [2].  
 
A UK-based study that investigated injury 
outcomes in side impacts involving modern 
passenger cars found that the distribution of 
the 350 AIS 2+ injuries were highest to the 
head (28%) followed by the chest (22%) 
then the lower extremity (19%). These 
figures were for struck-side crashes only [6]. 
 
Environmental Conditions - A total of 
67% of AIS2+ side impact incidents 
occurred at daylight, 11% of them in dark, 
and 18% in dark but lighted conditions. 
There were no adverse atmospheric 
condition in 82% of the incidents; it was 
raining in 15% of the incidents and snowing 
at 2% of the incidents. 
 
However, within the top ten accident types, 
35% of single-vehicle incidents of this group 
took place when it was dark and 22% in 
dark but lighted conditions. Only 6% of 
vehicle-to-vehicle top ten accident types 
occurred in dark and 16% in dark but lighted 
conditions. 11% of the vehicle-to-vehicle 
impacts occurred when it was raining as 
opposed to 18% of the single driver 
accidents. Although snow condition was 
insignificant overall, 15% of the accident 
type 2 where a single driver lost control and 
caused a right roadside departure, occurred 
in snow. 
 
75% of AIS2+ side impact incidents 
occurred in a not physically divided two-
way traffic. 15% of them occurred in a 
divided traffic-way with median strip but 
with no barrier. 5% of the incidents occurred 
in a divided traffic way – median strip with 
positive barrier and another 5% in a one 
way. 64% of the AIS2+ side impact 
incidents were related to intersection. 7% of 
them were related to driveway and 3% to 

interchange (area around a grade separation which 
involves at least two traffic ways). 
 
Restraints - Another variable category that was 
investigated was the availability, usage, and response 
of restraints in the vehicles. Lap and shoulder belts 
were used in 59% of the AIS2+ SI incidents. In 35% 
of the incidents lap/shoulder belts were either not 
available or not used. It should be noted that 44% of 
the vehicles were manufactured in 1995 or earlier in 
this database. Frontal airbags were available in 61% 
of the AIS2+ side impact incidents. 39% of the 
incidents included vehicles with no frontal airbags. In 
24% of the incidents, frontal airbags were deployed. 
In terms of side airbags, only 10% of the AIS2+ SI 
included vehicles with side airbags, and those airbags 
were deployed in half of the incidents. 
 

SUMMARY & CONCLUSION 

An analysis of the US field data using NASS and 
CDS from 2000-2006 was conducted to understand 
side impacts in general. Data was filtered to look at 
only AIS2+ type injuries. Table 3 lists some 
highlights gathered from the field data analysis. 

Table 3.  

Major findings of NASS/CDS 2000-2006 AIS2+ Side 
Impact Field Data Analysis 

 

Category Major Finding 
First Location of Intrusion Front Row (Left/Right 

side) (65%) 
Magnitude of Intrusion 15-45 cm (59%) 

Occupants Children (29%) 

Drivers  Non-attentive (39%) 

Most injured body region Head & Face (37%) 

Injury Sources Right interior, Roof, Left 
B-pillar 

Traffic-way flow and 
Intersection  

Not physically divided 
two-way traffic (75%) 
Intersection (64%) 

Single Vehicle Incidents 
among Top Ten – 
Lighting Condition 

Dark (35% in dark, 22% 
dark but lighted) 

Single Vehicle Incidents 
among Top Ten – 
Atmospheric Condition 

Raining (18%) 

Lap & Shoulder Belts Used (59%) 

Frontal Airbag  Available (61%) 
Deployed (24%) 

Side Airbag Available (10%) 
Deployed (5%) 

 



Using the analyzed data, top ten important 
crash events have been identified and also 
additional supporting information such as 
weather condition, major impact location 
have been recorded. Some major findings 
are - 

Among the top ten, top six types of events 
contribute to about 76% of all side events 
with AIS2+. 75% of AIS2+ side impact 
incidents occurred in a not physically 
divided two-way traffic. 64% of the AIS2+ 
side impact incidents were related to 
intersection. Also in 18% of cases vehicle 
departed the roadway. 

These results have been compared to data 
available from UK trends being similar. 

These findings (e.g. types of accidents) are 
helpful to both vehicle and restraint system 
(including electronics) designers to develop 
next generation safety systems specifically 
side pre-crash. A detailed discussion of this 
topic is planned for a future paper. 
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ABSTRACT 
 
In recent years, there has been a significant increase in 
mortality among motorcyclists.   Despite high rates of 
morbidity and mortality associated with crashes among 
older riders, there have been relatively few studies on 
injured motorcyclists admitted to hospitals.   In an 
ongoing study, data is being collected from 
motorcyclists involved in crashes in Maryland who 
were either killed or transported to the R Adams 
Cowley Shock Trauma Center (STC) in Baltimore, 
Maryland.  Data on injured motorcyclists is captured 
from the trauma registry, hospital discharge records, 
autopsy reports, and through a linkage with police 
crash reports.  Injured parties are assessed six-months 
and one-year post crash with the Short Form 36 (SF-
36) questionnaire.  The SF-36 is an evaluation tool 
used to determine long term outcome.  Autopsy 
reports are obtained from the Office of the Chief 
Medical Examiner of Maryland (OCME). 
 
Previous studies looking at head injuries resulting 
from motorcycle crashes have not been able to 
discriminate between operators using helmets that are 
and are not compliant with standards set forth by the 
United States Department of Transportation (DOT).  
Helmets will be categorized as DOT-certified, full-
face, half-shell or uncertified novelty helmets. Fatal 
versus non-fatal crashes with resulting injuries are 
compared and matched by operator demographics, 
helmet use and type, and crash characteristics.  It is 
anticipated that persons involved in a crash while 
wearing an uncertified novelty helmet have a higher 
risk of head injury than those who crashed while 
wearing a DOT-certified helmet. 
 
From January 2007 through May 2008 there were 517 
motorcycle operators admitted to the STC. The mean 
age of this group was 37 years and 25percent sustained a 
head injury with an Abbreviated Injury Score (AIS) 
between 1 and 6.  Twenty-one percent of these helmets 

were identified as DOT non-certified.  A comparison of 
head injury and helmet type revealed that 50 percent 
(13/26) of those wearing a uncertified novelty  helmet 
received a head injury (AIS 1-6) as compared to 23 
percent (22/96) of those wearing a DOT certified 
helmet.(p<.05).  
 
INTRODUCTION 
 
Motorcycles have become an increasingly popular 
mode of transportation; motorcycle registrations in 
the United States topped 8.1 million in 20071.  
Motorcyclists are particularly vulnerable to injury 
because their vehicles provide little or no protection 
in the event of a crash.  Helmets have repeatedly been 
proven to reduce the severity of head injury in 
crashes.  However, the number of motorcyclists 
injured (103,000) and killed (5,154) in 2007 
continued a ten year upward trend. 2  
 
At the same time, there has been an increase in the 
average engine size of motorcycles, from a mean of 
769 cc in 1990 to 999 cc in 2002.3  In addition, 
during the same period as the nationwide increase in 
fatalities, there has also been an increase in the 
number of states repealing or modifying motorcycle 
helmet use laws, as well as a decreasing rate among 
observed motorcyclists.  While the use of a 
motorcycle helmet has been estimated to be 37 
percent effective in preventing fatal injuries to 
motorcyclists who are involved in a highway crash, 
only 59 percent of motorcyclists who sustained fatal 
injuries were reported to be wearing a helmet at the 
time of their crash.4  Also, in a previous study of 
motorcyclist fatalities focusing on head injuries that 
was conducted at the National Study Center for 
Trauma & EMS (NSC) findings revealed that 
motorcyclists wearing helmets were significantly less 
likely to suffer a traumatic brain injury (TBI) than 
those who were unhelmeted. 5 
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The US DOT created Federal Motor Vehicle Safety 
Standard FMVSS No. 218 in 1973.  The purpose of 
this standard is to reduce deaths and injuries to 
motorcyclists and other motor vehicle users resulting 
from head impacts.  To do so, the standard 
establishes a minimum performance requirement for 
helmets.  These requirements include three 
performance tests: (1) An impact attenuation test; (2) 
a penetration test; and (3) a retention system test; as 
well as various labeling requirements.    
 
Despite the passage of mandatory helmet laws in a 
number of states, the persistent use of ‘novelty’ 
helmets that do not meet the requirements of FMVSS 
No. 218 (Illustration 1) remains relatively unchanged.   
 
 
Illustration 1 

 
            Compliant Helmet         Novelty Helmet 
 
NHTSA has published an NPRM (73 FR 57297) on 
October 2, 2008, to amend FMVSS No. 218 to 
address the issue of novelty helmets. Some of the 
proposed amendments to FMVSS No. 218 would 
help realize the full potential of compliant helmets by 
aiding state and local law enforcement officials in 
enforcing state helmet use laws, thereby increasing 
the percentage of motorcycle riders wearing helmets 
compliant with FMVSS No. 218.  The amendments 
would do this by adopting additional requirements 
and revising existing requirements to reduce 
misleading labeling of novelty helmets that creates 
the impression that uncertified, noncompliant helmets 
have been properly certified as compliant. 
 
This study provides a general description of the 
characteristics of motorcycle crashes in Maryland 
and the injury patterns associated with those crashes.  
For this analysis, the prevalence of ‘novelty’ helmet 
use and subsequent head injury among motorcycle 
operators in Maryland who were transported to a 
trauma center as the result of a highway crash was 
examined.      
 
METHODS 
 
The Maryland Automated Accident Reporting 
System (MAARS) collects data on more than 

100,000 crashes that occur annually.  An analysis of 
this database was used to provide a general 
description of the number and type of motorcycle 
crashes that occur in the state.  In addition, 
information on injuries and helmet type was collected 
from persons who were transported to the STC as a 
result of their crash during the period January 2007 
through May 2008.  During the course of their 
hospital stay, these crash-involved motorcycle 
operators were approached and asked to provide  
 

Figure 1 
Motorcycle-Involved 

Crashes

Motorcycle-Involved 
Fatalities

500

1,000

1,500

2,000

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

M
o

to
rc

yc
le

 C
ra

sh
es

50

100

150

200

M
ot

or
cy

cl
e-

In
vo

lv
ed

 F
at

al
iti

es

 
consent for participation in the study.  Upon consent, 
they were asked a series of questions about their 
riding habits and the type of crash in which they were 
involved and a series of questions about their general 
health and activity level prior to their crash.  If  
available, the helmet they were wearing at the time of 
the crash was photographed.  These photographs 
were used to identify any damage that may have 
resulted from the crash and to classify the helmet as 
being DOT-certified.  Demographic characteristics 
and the nature and extent of the injuries sustained 
were captured from the STC trauma registry 
database.  For this analysis, any documented brain or 
skull injury with a severity of 1 or higher, using the 
Abbreviated Injury Scale (AIS), was classified as a 
brain injury.   
 
RESULTS 
 
Crash Characteristics 
 
During calendar year 2007 there were 1,841 motorcycle 
crashes and 96 fatalities that occurred on Maryland 
roads.  Both numbers continue an upward trend in both 
crashes and fatalities that extends back to the late  
1990’s (Figure 1).  The vast majority of the motorcycle 
operators involved in a crash was men (89 percent) and 
persons between the ages of 35 and 49 accounted for 34 
percent of the riders involved in a crash.  More than 40 
percent of the crashes occurred on the weekend 
(Saturday - Sunday) and 60 percent occurred between 
the hours of noon and 8pm (Table 1).    
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Table 1 – Maryland Motorcycle Crash and Rider 

Characteristics 
Total Riders Involved in 

Crashes 
 Riders Killed in 

Crashes 
 N %  N % 
Gender      

Male 1,680 89  87 99 
Age      

<20 106 5.6  5 5.7 
20-34 672 35.5  33 37.5 
35-49 653 34.6  35 39.8 
50-64 320 16.9  12 13.6 

65+ 32 1.7  3 3.3 
Helmet Use      

Yes 1,403 74.0  77 87.5 
Unknown 331 17.5  6 6.8 

Total Motorcycle Crashes  Fatal Motorcycle 
Crashes 

Day of Week      
Weekday 1,046 56.8  49 53.8 
Weekend 795 43.2  42 46.2 

Hour of Day      
12am – 8am 231 12.5  12 13.2 
8am – 12pm 199 10.8  6 6.6 
12pm – 8pm 1,105 60.0  54 59.4 
8pm – 12am 305 16.6  19 20.9 

 
Injured Motorcycle Operators 
 
From January 2007 through May 2008 there were 517 
motorcycle operators admitted to the STC as the result 
of a roadway crash.  The mean age of this group was 37 
years and 25 percent sustained a brain injury.  The 
distribution of injuries (AIS 2+) to other body regions 
for this group is illustrated in Figure 2.  Injuries to the 
upper and lower extremities, as expected, were observed 
most frequently.  The mean Injury Severity Score was 
14.5 (range 1-75).  Among this group of patients, 153 
(30 percent) of those motorcycle operators who arrived 
at the trauma center provided consent to have 
photographs taken of the helmet they were wearing at 
the time of the crash.  Based on these photographs, 21 
percent of these helmets were identified as novelty (or 
DOT uncertified helmets.  Examples of helmets 
examined at the STC are presented in Figure 3.  Case 1 
illustrates a FMVSS No. 218 certified helmet with 
minor damage to the left side.  Case 2 illustrates a 
novelty helmet affixed with a warning label on the 
inside warning that it will not protect against serious 
injury.  Case 3 illustrates a novelty helmet that sustained 
significant damage as a result of the crash.      
 
 
 

 
 

Figure 2 
 

 
*Due to multiple body regions being injured as the result of a 
crash, percentages total more than 100%. 
 
Additionally 118 motorcycle operators provided 
answers to a general questionnaire that gathered 
information on their demographics, education level, and 
riding behavior.  Selected characteristics of this group 
are provided in Table 2.  Ninety-seven percent of the 
operators were men with a mean age of 39 years.  
Nearly 40 percent reported never having taken a 
motorcycle safety training course and the type of 
motorcycle ridden was distributed largely between 
cruisers (37 percent) and sport bikes (39 percent).  
Thirty-seven percent of the crashes involved a collision 
with another vehicle.  Additionally, 65 percent reported 
to be wearing some type of protective clothing 
(excluding long pants/jeans) at the time of their crash.      
 
A comparison of head injury and helmet type revealed 
that 50 percent (13/26) of those wearing a non-
compliant helmet received a head injury (AIS 1-6) as 
compared to 23 percent (22/96) of those wearing a 
compliant helmet (p<.05).  Those wearing ‘novelty’ 
helmets at the time of their crash were found to be 
significantly older (46.9 years vs 37.3 years, p<.05).   
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Table 2 – General Participant Characteristics 
 

  Percent 

Gender 

Male 97 

Education Level 

HS Diploma or less 45 

Motorcycle Type 

Cruiser 37 

Sport 39 

Taken a MC training course 

No 39 

Type of Crash 

Laid bike down 20 

Single vehicle, object impact 31 

   Multiple vehicle 

Intersection related 16 

Non-intersection related 21 

Type of Road 

Interstate 21 

City street/urban area 15 

Suburban area 26 

County road/rural area 29 

Protective Clothing worn 65 
  
 
DISCUSSION 
 
Over the past ten years, there has been a steady and 
disconcerting increase in the U.S. in motorcycle crashes 
and fatalities.  This national trend is also occurring in the 
state of Maryland.  Maryland does have a universal 
helmet law, requiring all riders wear a DOT-certified 
helmet.  This law initially helped lower the frequency of 
head injuries and fatalities from those injuries. 5 

However, several factors including the increase in the 
number of motorcycles on the highway has contributed 
to the overall upward trend of motorcycle crashes and 
their subsequent injuries and the use of uncertified 
helmets appears to increase the likelihood of a head 
injury as the result of those crashes.  Anecdotally, some 
riders prefer the appearance and feel of these novelty 
helmets or may wear them to satisfy the minimum 
requirements of the law.    Whatever their reason, 
uncertified novelty helmets do not provide the same 
level of protection as helmets certified to FMVSS No. 
218 which have an energy attenuating liner and shell 
design to prevent excessive penetrations, and a  

 
 

Figure 3 
Case 1 – FMVSS No. 218 DOT Certified w/ damage 

 
 
Case 2 – Novelty with warning label 

 
 
Case 3 Novelty with damage 

 
 
retention system that can withstand loads during a crash 
and therefore, will not protect the motorcyclist from a 
brain or skull injury in the event of a crash.6 This 
hypothesis has been supported by the research presented 
here.  Of all injured riders, those wearing a non-
compliant helmet were more likely to have sustained a 
head injury.  It is important to note that the riders 
wearing uncertified novelty helmets were significantly 
older.  Future analysis will incorporate injuries and 
helmet type for fatally injured motorcycle.   
 
CONCLUSIONS 
 
It has been shown that there are several distinct groups 
within the motorcycle riding community.  Some studies 
have separated riders based on age, motorcycle type or 
riding experience.  This study has provided a summary 
of the characteristics of motorcycle crashes and have 
focused on a sub-group of motorcycle operators who 
were injured in a highway crash and compared the 
occurrence of brain injuries with the helmet type, DOT-
certified vs. uncertified.  By analyzing riders who were 
injured, this project has shown that the likelihood of 
sustaining a brain injury increases when wearing a non-
compliant helmet. 
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This study has provided further evidence regarding the 
effectiveness of use of DOT-certified helmets to reduce 
and prevent the severity of head injuries.  Skeletal 
injuries have a higher likelihood of survival to positive 
outcomes, whereas brain injuries often lead to long-term 
disability or psychosocial issues.  By preventing TBI, 
there is an increased likelihood of a positive outcome 
following a crash.  Finally, this study exemplifies the 
use of the recommendation made in the Review of State 
Motorcycle Safety Program Technical Assessments7 by 
combining multiple datasets to evaluate multiple aspects 
of motorcycle crashes and their subsequent injuries.   
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ABSTRACT 
 
The “Pop-up Engine Hood” helps makes it possible for 
automobile designers to help reduce head injury during 
pedestrian impact while maintaining streamlined hood 
design. 
Some countries have adopted pedestrian protection 
regulation and there is an on-going discussion in the 
United Nations WP29 about Global Technical 
Regulations (gtr) and there is a possibility such 
regulations may be enhanced in the future. 
Many car manufacturers have been planning to 
improve pedestrian safety by various technical 
applications. In general, pedestrian head protection is 
achieved by creating space between the hood (which is 
deformable) and the engine component (which is not). 
However, this concept is difficult to apply to some 
vehicles, especially low engine hood vehicles, such as 
coupes and sport cars. 
The “Pop-up Engine Hood System” which has recently 
been used in mass production vehicles in Japan may 
help with this issue. 
This paper will describe the system outline and key 
technologies incorporated in the system e.g.: 
- Effectiveness of injury reduction mechanism 
(evaluated using CAE analysis and tests) when a 
pedestrian contacts directly above or near the actuator, 
which lifts up the hood. 
- Technique to help reduce the dispersion of head injury 
due to hood vibration during the hood raising process.  
- Human kinematics during system operation evaluated 
by using Polar-II dummy (currently available as a 
pedestrian full scale dummy), and human body FE 
model. 
 
INTRODUCTION 
 
There were 6,639 traffic accident fatalities in Japan in 
2007.[1] The number of fatalities has been on a 
downward trend for many years, but pedestrian 

fatalities now account for more than 30% of the total 
and are almost equal to vehicle occupant fatalities  
(Fig. 1). At the result of governmental efforts 
concerning pedestrian protection, the regulation (e.g. 
EEC 2003/102) has been adopted in Europe and Japan 
beginning 2005. The United Nations is also proceeding 
with the work of developing Global Technical 
Regulations (gtr). Other countries around the world are 
also examining the introduction of pedestrian 
protection regulations. 
 

 
Figure 1.  Ratio of traffic accident fatalities in Japan 
in 2007. 
 
Head injuries are the main cause of pedestrian 
fatalities.[2] One factor is the presence of high-stiffness 
parts such as the engine and battery in the engine 
compartment. After a pedestrian's head strikes the 
engine hood in the primary impact, the risk of head 
injury increases due to a secondary impact with such 
high-stiffness parts. One general design measure 
adopted in recent years is to raise the height of the 
hood so as to secure more buffer space above 
high-stiffness parts after the primary impact. This 
measure reduces the risk of head injury because it can 
help prevent a secondary impact by using the extra 
space to absorb the kinetic energy of a pedestrian's 
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head. 
However, it is difficult to apply to some vehicles, 
especially low engine hood vehicles, such as coupes 
and sport cars. The pop-up engine hood presented here 
has been developed to help resolve this issue by 
immediately raising the rear of the hood approximately 
100 mm upon detection of a collision with a pedestrian. 
This pop-up engine hood has recently been installed on 
a production vehicle having limited space under the 
hood. 
This paper explain the system configuration and the 
newly developed techniques.[3] It especially describes 
the energy absorbing mechanism of the actuators, the 
method used to reduce the dispersion of head injury  
due to hood vibration, and the results of tests conducted 
with a pedestrian dummy and using human body FE 
model to verify the operation of the system. 
 
Pop-up Engine Hood System 
 
This section describes the basic structure and 
mechanisms of the pop-up engine hood system. As 
illustrated in Fig. 2, the system consists of the 
following three basic components. 

 
Figure 2. System overview. 

 
(1) Sensors : Detect a collision between the vehicle and 
a pedestrian. 
(2) Control unit : Judge the necessity of raising the 
hood. 
(3) Actuators : Raise the rear of the hood. 
The function of each component is explained in detail 
below. 

Sensors - Three sensors for detecting a collision 
with a pedestrian are installed behind the front bumper 
fascia as shown in Fig. 3. This structure was adopted 
because the front bumper is usually the first part to 
come in contact with a pedestrian's body in a collision 
with a vehicle.[4] The sensors are positioned on the right 
and left sides and in the center. The sensors function to 
detect a change in acceleration and have experience of 
use as the airbag sensors. These devices detect the 
movement of the bumper fascia caused by contact with 
a pedestrian's legs. 

 
Figure 3.  Sensor for pedestrian detection. 

 
Control Unit - The flowchart in Fig. 4 shows the 

sequence of events involved in the judgment made by 
the control unit. The control unit judges the necessity 
of raising the hood based on the detection signals from 
the three sensors and also the vehicle velocity at the 
time of a collision. The use of this judgment logic 
achieves reliable system deployment in the vehicle 
velocity range where it is necessary to raise the hood. 

 
Figure 4.  Flow chart of sensor. 

 
Actuators - The actuators that provide the 

driving force for raising the rear of the hood are 
constructed with an extendable cylinder operated by 
pyrotechnics. As shown in Fig. 5, the length of the 
three-stage cylinder before operation is less than 
one-half of its extended size. 

 
Figure 5.  Actuator. 
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Figure 6 shows the relationship between the operation 
of the actuators and the hood hinges for 
opening/closing the hood. Normally, the hood opens or 
closes by rotating upward or downward centered on the 
hood hinges (Fig. 6 (a) and (b)). In contrast, when the 
pop-up system is deployed, the rear of the hood is 
raised centered on the hood lock at the front of the 
vehicle (Fig. 6 (c)). 

 
Figure 6. Operation of hinge and actuator. 

 
A detailed diagram of the hood hinge mechanism is 
shown in Fig. 7. During normal opening or closing of 
the hood, the lock lever fixes link (a) and link (b), 
allowing only link (a) to rotate. When the pop-up hood 
system is deployed, the actuator head presses on the 
lock lever, allowing link (b) to rotate. The actuator 
cylinder extends to raise the rear of the hood, with the 
hood lock serving as the fulcrum of the hood's upward 
rotation. As a result of these operations, the rear of the 
hood is raised by approximately 100 mm to secure 
buffer space between the hood and the high-stiffness 
parts beneath it. 

 
Figure 7. Pop-up mechanism of hood hinge. 

 
Following the extension of the actuators, the rear of the 
hood is supported on each side by a ball lock 
mechanism built into the cylinders to prevent them 
from returning to their original state (Fig. 5). In the 

event of a collision with a pedestrian, primarily this 
mechanism enables the actuator cylinders to support 
the rear of the hood. The system is constructed such 
that in certain impacts the pedestrian's kinetic energy is 
absorbed by the primary impact and a secondary 
impact with the engine compartment components is 
avoided. Secondarily the ball lock mechanism also has 
a collapsible structure that allows the cylinders to 
retract again if force above a certain threshold is 
applied. This helps to reduce the risk of injury in the 
event a pedestrian collides with the hood directly above 
or near the actuators. 

Collapsible Mechanism of Actuators - This 
section presents an example of numerical simulations[5], 

[6] that were conducted to validate the effectiveness of 
the collapsible mechanism of the actuators. These 
simulations were performed with the PAM-CRASH 
software using a headform impactor. 
Figure 8 shows acceleration histories of the headform 
impactor when it struck the hood surface near one of 
the actuators. The impactor acceleration is indicated 
along the vertical axis in relation to its displacement 
along the horizontal axis. The solid line is for a pop-up 
hood system with collapsible actuators and the dashed 
line is for a system with rigid actuators. The waveform 
for the system without the collapsible mechanism 
indicates that, following the initial peak for the primary 
impact with the hood surface, the secondary impact 
with the actuator produced a relatively large 
acceleration peak. In contrast, the waveform for the 
system with the collapsible mechanism indicates that 
the actuators initially supported the rear of the hood 
until the preset load was reached, after which the 
collapsible mechanism worked to avoid another 
increase in impactor acceleration. As a result, the 
system with the collapsible mechanism kept the 
subsequent impactor acceleration below that of the 
level of the primary impact with the hood, thereby 
verifying the effectiveness of this mechanism. 

 
Figure 8. Example of acceleration history of 
headform impactor. 
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System Deployment 
 

Targeted System Deployment Time - On a time 
line of a vehicle-to-pedestrian collision, the earliest 
event is when the bumper strikes the pedestrian's legs 
and the final event is when the head strikes the hood. 
This time interval from bumper contact with the legs to 
the head's striking the hood is called the head impact 
time (HIT). The deployment criteria is to have 
complete deployment of the pop-up hood system 
sufficiently earlier than HIT. 
In developing this system, HIT was calculated by 
conducting simulations using a pedestrian model, an 
approach shown to be suitable on the basis of the 
research done by Ishikawa, H., et al.[7]  HIT is mainly 
influenced by the front-end geometry of a vehicle and a 
pedestrian's physique. Accordingly, simulations were 
conducted using pedestrian models with different 
physiques to calculate HIT values for vehicle front-end 
geometry considered (Fig. 9). 
A specific example is presented here to explain the 
procedure for calculating the targeted time for 
completion of pop-up hood deployment. For the 
vehicle front-end geometry considered here, HIT of a 
50th percentile adult male is assumed to be 1.0. 
Accordingly, HIT of the 5th percentile adult female is 
0.67 and that of the 6 years old child is 0.38. This 
smallest HIT value for the 6 years old child was 
adopted as the targeted completion time for system 
deployment. 
 

 
Figure 9. Example of car to pedestrian dummy 
collision simulation. 
 

Validation of System Deployment Completion 
Time - In order to validate that the pop-up engine hood 
system could be deployed before the targeted system 
deployment completion time explained in the preceding 
section, tests were conducted with impactors that 
simulated the mass of pedestrians. Figure 10 shows an 
example of the displacement history of the pop-up 
hood, where the amount of hood displacement near the 
actuators is shown along the vertical axis in relation to 
elapsed time along the horizontal axis. The results 
indicate that the hood was raised the specified amount 
with sufficient time to spare in relation to the targeted 
deployment time from the moment of the impactor 
contact with the front bumper.  

 
Figure 10. Example of displacement history of pop-up. 
 
Dynamic Hood Behavior and Its Stabilization 
 
Numerical simulations[5], [6] were conducted with a 
headform impact to analyze the dynamic behavior of 
the hood in this system. The analysis results revealed 
that the dispersion of head injury values was due to 
vibration at the center of the hood. This section 
presents an example of a mechanism that was 
developed to reduce this dispersion. 
Method of Evaluating Head Protection Performance 
- The headform impactor was projected against the 
hood and other areas of the vehicle front-end to 
investigate head protection performance, which was 
evaluated using the head injury criterion (HIC) as 
defined in Eq. (1) below. 
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Where A is the acceleration of the headform impactor 
and t1 and t2 are the initial and final times. In order to 
reduce the HIC, the mean acceleration should be low 
and there should not be any pronounced acceleration 
peak. 

Effect of Raising the Hood on Reducing HIC 
 - Figure 11 shows an example of the effect of the 
pop-up hood on improving the acceleration history of 
the headform impactor when the system was installed 
on a vehicle with little available space underneath the 
hood. The vertical axis shows the impactor acceleration 
and the horizontal axis indicates the impactor 
displacement in terms of the amount of indentation 
made in the hood. The dashed line is for an ordinary 
hood without the pop-up system. The first peak was 
produced by the reaction force from the hood due to the 
primary impact. The large peak observed after that is 
attributed to the secondary impact of the hood with a 
high-stiffness component in the engine compartment. 
In contrast, the solid line for the pop-up hood system 
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indicates that a secondary impact was avoided or 
reduced by raising the rear of the hood to secure 
sufficient space for absorbing the primary impact 
energy. As a result, the HIC calculated with Eq. (1) is 
reduced. 
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engine parts

1st Peak
2nd Peak

 
Figure 11. Example of acceleration history of 
headform impactor. 
 

The Dispersion of HIC Value due to Dynamic 
Hood Behavior - The boldface solid line in Fig. 12 is 
for the dynamic behavior of the hood when it was 
raised. The vertical axis indicates the displacement of 
the hood outer panel at a representative point in the 
center of the hood in relation to time along the 
horizontal axis. As indicated in the rectangular area 
enclosed in the dashed line, the hood vibrated after 
initially reaching its maximum displacement and its 
behavior was not stable. This vibration was presumably 
induced by the force applied to the hood when the 
actuator cylinders were extended. 
The dashed line in Fig. 12 shows a displacement 
history when the headform impactor struck the hood at 
time (a) of the hood displacement. The thin line and the 
solid line show displacement histories for impacts at 
time (b) and time (c) of the hood displacement, 
respectively. The impact at time (a) occurred after the 
hood began its downward vibration, so the 
displacement following the impact was greater and 
would require larger space for absorbing the impact 
energy. The impact at time (b) occurred at 
approximately the moment the downward vibration 
was completed, so the displacement was smaller. The 
impact at time (c) occurred during the upward vibration 
of the hood, so the displacement was even smaller. 
Because the relative velocity between the headform 
impactor and the hood at the time of impact became 
larger in the order of (a) < (b) < (c), the reaction force 
toward the impactor also became larger in the same 
order. As a result, the HIC ratio of (a), (b) and (c) was 
0.83:1.11:1.34 (i.e., the ratio nondimensionalized by 
the HIC value in a static hood state), which indicated 
HIC variation due to the time of impact. Therefore, the 

method explained in the following section was 
developed to resolve this variation. 
 

 
Figure 12. Time history of displacement of impact 
point of hood (initial design). 
 

Outline of Structure for Reducing HIC 
Variation - Assuming that the above-mentioned HIC 
variation was ascribable to the time of impact, the 
principal reason for that variation was thought to be the 
fluctuation of the relative velocity of the impactor and 
the hood due to hood vibration. Accordingly, it was 
reasoned that the HIC variation could be reduced by 
mitigating the hood vibration. Therefore, this question 
was simplified by assuming that the vibration induced 
by raising the hood could be represented as a sine wave 
as indicated by the dashed line in Fig. 13. Then, by 
inducing a vibration (thin solid line) having the 
opposite phase at the time of phase 2π, it would 
produce a superimposed wave (boldface solid line) for 
canceling the initial vibration. 
Figure 14 shows an example of a specific structure for 
inducing the opposite phase vibration. If the rate of 
actuator extension is known, the relationship between 
time and the amount of actuator extension can be 
uniquely determined. Accordingly, the amount of hood 
hinge opening corresponding to the time (one cycle) 
when the vibration induced by popping up the hood 
becomes 2π can also be uniquely determined. A stopper 
is provided at that position, as shown in the figure. The 
deceleration produced by the action of the stopper 
generates a force input in the opposite direction of the 
input induced by the operation of the actuators. The 
application of that force to the hood at the time of 
phase 2π cancels out the vibration excited by raising 
the hood. 
The effect of this structure is shown in Fig. 15. 
Compared with the results in Fig. 12, the boldface solid 
line shows stable dynamic behavior at the time the 
hood is raised. The dashed line, thin line and solid line 
in Fig. 15 show the displacement history when the 
headform impactor struck the hood at impact times of 
(a), (b) and (c), respectively. The results indicate that 
the difference in displacement histories due to the 
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impact time has been reduced. That resulted in a HIC 
ratio in this example of 1.05:0.97:1.01, indicating that 
the variation in head injury values was also reduced. 
The proposed structure is effective if the onset of 
deceleration occurs near the vibration phase 2π. The 
time when the vibration phase is 2π is determined 
almost entirely by the natural vibration frequency of 
the hood. Therefore, this structure can stably reduce 
hood vibration under various real-world conditions. 
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Figure 13. Cancellation of vibration by 
superposition. 
 

 
Figure 14. Example of hood hinge structure. 

 

 
Figure 15. Time history of displacement of impact 
point of hood (robust design). 
 
 
 
 

System Validation Using a Pedestrian Dummy 
 
This section describes an example of the validation of 
the operation of the pop-up engine hood system using a 
Polar-II pedestrian dummy.[8], [9] 
 

Test Conditions - The validation example 
described here is for a vehicle impact speed of 35 km/h. 
As shown in Fig. 16, the dummy was set in a walking 
pedestrian stance (WP2) as defined in IHRA/PS 215. 
The dummy was positioned such that the center of its 
head was at the centerline of the vehicle laterally. 

 
Figure 16. Dummy setting. 

 
Validation of System Operation - Figure 17 

shows the dummy's behavior at the time deployment of 
the actuators was completed. The dummy's upper body 
has not moved clearly from its initial condition. It is 
clear that the deployment of the pop-up hood was 
completed sufficiently in advance of the subsequent 
impact of the dummy's head against the hood. 
The dummy's behavior at the moment of shoulder 
contact with the hood is shown in Fig. 18. At this time, 
the extended actuators were holding the hood at a 
higher position above the engine compartment 
components. It is clear that the system secured the 
necessary buffer space for absorbing the head's impact 
energy. 
This test verified that the series of operations explained 
in the previous section were completed according to the 
intention of the system design, even under these 
conditions of an actual car-to-pedestrian accident. 
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Figure 17. Dummy behavior after actuator operation. 

 

 
Figure 18. Dummy behavior before head contact. 

 
Validation of System Deployment by Using Human 
Body FE Model 

 
This section describes an example of validation of the 
system operation and confirmation of the effect on 
potential injury by using human body FE model. This 
human body FE model(10) is based on the model that is 
developed by Japan Automobile Manufacturers 
Association (JAMA). Joint development by Japanese 
car manufacturers recently started because the human 
body FE model can be used by all car manufacturers. 
In Japan, JAMA coordinates Japan Automobile 
Research Institute (JARI) and domestic car 
manufacturers will work jointly to develop the future 
human body FE model. 

The application the human body FE model to evaluate 
the pop-up engine hood system that is mounted on the 
coupe style vehicle is presented here. The numerical 
simulation introduced here is for the final validation of 
the system operation in more practical condition. 
Fig. 19 shows an outline of the simulation. The 
representative parameter is “with” or “without” pop-up 
engine hood system in this simulation. 

As a representative simulation example in more 
practical condition, the vehicle speed is set to 40km/h. 
The relation between pedestrian behavior and hood 
pop-up is validated. Fig. 20 shows behavior of human 
body FE model. This example shows that it is clear that 
the deployment of the pop-up engine hood was 
completed sufficiently in advance of the subsequent 
impact of the head against the hood.  

Fig. 21 shows the head contact behavior after the full 
deployment. At this time, the extended actuators were 
holding the hood at a higher position above the engine 
compartment components. It is clear that the system 
secured the necessary buffer space for absorbing the 
head's impact energy. 
The simulation result of the pedestrian behavior by 
using human body FE model is described under the 
condition showing in Fig. 19. Additionally, this 

 
Vehicle Model 

Impact V 40 
km/h 

 
Human Body Model 

Height+ 172 cm 
Weight 71.9 kg 
# of Nodes 66,249 
# of Elems. 95,304 
+ in a walking posture

 

Figure 19. Simulation model setup of pedestrian 
collision with vehicle with Pop-up engine hood. 

 

     
25msec           Time at full deployment 

    
 75msec 100msec 
Figure 20. A simulation (FEM) result of pedestrian 
collision with Pop-up engine hood. 
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simulation result shows that the pop-up engine hood 
system did not causes the specific concentration of 
stress on human body. The result presented here by 
using human body FE model is validated under limited 
conditions. 
So, additional improvement is needed to allow more 
predictive injury analysis. It is necessary to note that it 
is not presented that the head injury of the pedestrian 
can be completely predicted. 

 
CONCLUSIONS 
 
This paper has described a pop-up engine hood system 
that has been developed and applied to a production 
vehicle to improve pedestrian head protection 
performance while maintaining a sporty, streamlined 
styling. An outline of the system was presented along 
with an explanation of its functionality, focusing in 
particular on the following points. 
-The results of numerical simulations conducted with a 
headform impactor were presented to show the effect 
of the collapsible actuator structure on mitigating the 
secondary impact of a pedestrian's head. 
-Raising the rear of the hood initially caused it to 
vibrate at its center, resulting in dispersion of HIC 
values. A method was developing for reducing that 
dispersion, and its effectiveness was verified by the 
results of numerical simulations. 
- Human kinematics during the system operation in the 
pedestrian accident by using Polar-II dummy which is 
currently available as pedestrian full scale dummy, and 
human body FE model. The results verified that the 
pop-up engine hood system operated as it was designed 
to. 
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ABSTRACT 

In order to enable state of the art and future acci-
dent preventing systems (APS) to react appropriate 
in traffic situations, it is essential to monitor the 
driving environment. Therefore a new communica-
tion, GPS and environmental sensor based method 
for APS data acquisition was developed. This me-
thod uses GPS, vehicle related driving dynamics 
data, wireless car-2-car-communication (C2C) and 
combines them with on-board environmental sen-
sor data (Camera and Lidar sensors).  
First a Kalman-Filter based GPS-tracking was 
developed in order to increase the update rate of 
GPS. Therefore GPS- and vehicle dynamics data 
are fused in a dead reckoning system. Second, a 
Kalman-Filter based 3rd order lane model was im-
plemented using Camera data from ego- and pre-
ceding vehicle - transmitted by C2C - for the de-
termination of the relevant target. Beyond vehicle 
related data are transferred from the target vehicle 
to the ego-vehicle in order to improve the target 
selection. The potential of this method was demon-
strated in a prototype collision mitigation (CM) 
system. The system was tested within driving ex-
periments and subsequent simulations with the 
measured data.  
With the new method the accuracy and scope of 
application of collision mitigation systems can be 
enhanced, so that the detection and identification of 
stationary vehicles, for example at the end of traffic 
jams, is improved. Furthermore a high reliability of 
the determination of the relevant target for APS can 
be reached.  
As a matter of course the limitation of this ap-
proach is the dependency of the system perform-
ance (as in all C2C and environmental sensor based 
systems) on the equipment rate. On the other hand 
it can be expected that equipment rates will in-
crease in future.  

INTRODUCTION 

Regarding commercial vehicles, rear-end collisions 
count among the most frequent occurring accident 
types [1]. Especially rear-end collisions with high 
relative velocities are dangerous if commercial 
vehicles are involved because of their high mass. 
The GIDAS data base (German in-Depth Accident 
Study) shows that car drivers perform an emer-
gency stop (6 m/s² to 10 m/s²) only in 22 % of all 
accidents. In approximately 78 % of the collisions 
an insufficient deceleration (0 m/s² to 6 m/s²) is 
executed [2]. [3] points out that nearly 60 % of all 
rear-end collisions and almost one third of all head-
on collisions - the correct reaction assumed - could 
be avoided, if the driver would react half a second 
earlier. These values show the potential of ad-
vanced driver assistance systems (ADAS) support-
ing the vehicle longitudinal dynamics. 
Nowadays, there are already brake assists in series 
production, initiating an emergency stop, if a colli-
sion with a vehicle driving in front seems unavoid-
able. Further systems are under development. To-
day, Radar and Lidar sensors as well as Camera 
systems are the basis for the detection of an immi-
nent collision. Out of this an abundance of chal-
lenges arise, for example the recognition of an 
object standing still or the misinterpretation of 
warning beacons at motorway constsruction sites. 
Present series systems only react on moving objects 
or objects, which were in motion at the beginning 
of the detection. Within this paper an approach is 
described that uses the GPS position and further 
data of the preceding vehicle, all transmitted by 
C2C to allow a detection of stationary target ob-
jects.  
This paper is structured as follows: first the Kal-
man-Filter based models are introduced. On the one 
hand an Extended Kalman-Filter (EKF) based ve-
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hicle model (GPS-Tracking) calculating global 
positioning data between two GPS data updates is 
implemented. With the help of this GPS-Tracking 
and a C2C a position measurement is employed. 
On the other hand a Kalman-Filter based street 
model is implemented that uses data measured by 
ego- and preceding vehicle. The street data from 
the preceding vehicle is also transmitted by C2C. 
The next chapter deals with the used hardware. It 
contains the description of the test vehicles, sen-
sors, C2C, GPS receiver and the utilised computa-
tion hardware. Afterwards an overview of the sys-
tem architecture is given. In the last chapter the 
results of test drives in real traffic, on the test track 
and the results of simulations with measured data 
are presented.  

KALMAN-FILTER BASED VEHI-
CLE- AND STREET MODELLING 

The vehicle- and the street model describe the cur-
rent condition of the vehicle and the environment. 
The state estimation of the model is supported by a 
Kalman-Filter. 
In a first step a vehicle model is developed, which 
describes the dynamic movement of the vehicle in 
Gauß-Krüger (GK) coordinates. In a second step 
the road is modelled, in order to describe the 
movements of the host vehicle in the lane and gen-
erate a path prediction. Both models are based on 
state space description. In the following the models 
and their mathematical formulation are presented. 

Vehicle Model (GPS-Tracking) 

The vehicle model describes the position and direc-
tion of motion (course) of the vehicle in GK coor-
dinates. Therefore a mass point, moving in the GK 
coordinate system, is considered (Figure 1). With 
the GPS data and the subsequent GK coordinate 
transformation, the x- and y-coordinates of the 
vehicle (xGK and yGK in Figure 1) are described 
with the GPS update frequency of 1 Hz. Further-
more, the course angle τ is given, which is also 
included in the GPS data. If a speed of 80 kph is 
assumed for commercial vehicles on motorways, 
then the vehicle travels 22,22 m within the GPS 
update rate. Since a GPS based positioning system 
should be realised, it is necessary to have a higher 
positioning update of the host vehicle (> 1 Hz). 
This is realised in an EKF based vehicle model, 
delivering additional position information between 
two GPS measurements. 
As shown in Figure 1, the course angle τ has a 
value of 0° if the vehicle moves into north direc-
tion. Furthermore, the positive rotation direction of 
τ is clockwise while the positive rotation direction 
of the vehicle yaw rate ψ&  is counterclockwise. 

Beyond the yaw angle GPSψ  is defined to be the 
angle between the y-coordinate of the GK coordi-
nate system and the vehicle’s longitudinal central 
axis.  

 

Figure 1.  Angles in GK coordinate system. 

Modelling the mass point’s motion in the GK coor-
dinate system can be done on different complexity 
levels. Within the object modelling two different 
models are commonly used, the model of constant 
acceleration or the model of constant velocity. 
The model of constant acceleration takes the posi-
tion, the velocity and the acceleration of the vehicle 
into account, see Equation (1).  
 

2

2

1
t

atvpp kkkk
Δ⋅+Δ⋅+=+  (1). 

 
The model of constant velocity is a simplification 
of the model of constant acceleration by leaving out 
the acceleration term. Thus, Equation (1) is simpli-
fyed to Equation (2).  
 

tvpp kkk Δ⋅+=+1  (2). 
 
The movement of the object is described separately 
in longitudinal- and in lateral direction. Independ-
ently which object model is choosed, the state vec-
tor x for the vehicle model is given by:  
 

[ ]TGPSGKGK yx ψ=x  (3). 

 
It includes the position of the vehicle in x- and y-
direction in the GK coordinate system and the yaw 
angel GPSψ . In this paper, the model of constant 
velocity was chosen as the motion of commercial 
vehicles (especially on highways) is very steady. 
For future works the implementation of a constant 
acceleration model in combination with a multiple 
model adaptive estimator (MMAE) is planned.  
With the model of constant velocity, the discrete 
model equations for the Kalman filter can be de-
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termined. Under consideration of the slip angle β 
and vk·Δt replaced with Δxk Equation (4) is valid. 
 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

Δ
Δ+Δ
Δ+Δ

+
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

=
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

+

+

+

t

xx

xx

y

x

y

x

k

kGPSkkkGPSkk

kGPSkkkGPSkk

kGPS

kGK

kGK

kGPS

kGK

kGK

ψ
ψβψβ
ψβψβ

ψψ

&

,,

,,

,

,

,

1,

1,

1,

sinsincoscos

cossinsincos
 (4) 

 
A visualisation of the state equations is given in 
Figure 2. Because of the included trigonometric 
functions, an extended Kalman-Filter must be used.  

 

Figure 2.  GPS vehicle motion model.  

The measurement vector y is equal to the state 
vector. Hence the measurement matrix C for the 
vehicle model is given by a 3x3 identity matrix.  

Street Model 

For a better understanding the variables used within 
the street model are introduced according to Figure 
3. These are the lateral position of the vehicle in 
lane (y0) related to the centre of the lane and the 
relative yaw angle laneψ , showing the orientation 
of the vehicle in the lane, see Figure 3.  

 

Figure 3.  Lane model and variables [4].  

Generally, the trajectory of the street can be com-
posed of several routing segments, describing a se-
quence of straight and curved parts. Since the tran-
sition from a straight part into a curve with constant 
radius would mean a sudden step in the road curva-
ture, the transition elements of roads are build as 
clothoids [5].  

     Modelling – The street model uses a 3rd order 
polynom according to [4]:  
 

( ) 312
0 62 FzgFzg

o
FzglaneFzglane x

C
x

C
xyxy +++= ψ  (5). 

 
This equation describes the trajectory of the lane as 
a function of the vehicle longitudinal axis. Based 
on the parameters, needed for the trajectory estima-
tion, the state vector can be derived. Doing so, the 
lane offset y0, the orientation of the vehicle laneψ , 
the curvature C0, the change of curvature C1 and 
the lane width B are state variables of the model.  
 

[ ]Tlane BCCy 100 ψ=x  (6). 

 
Using discrete time steps tk for the lane offset y0,k, 
Figure 4 shows that the following equation is valid:  
 

klanekkFzgk yyyy ,,0,1,0 Δ+=Δ++  (7). 

 
The lane offset of the next time step y0,k+1 is thus 
calculated by the sum of the current lateral lane 
offset y0,k and the change of the y-coordinate due to 
the lane curvature ( klaney ,Δ ), minus the change of 

the y-coordinate due to yaw movement ( kFzgy ,Δ ):  
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( ) 2
, sin tvttvy kkkkkFzg Δ≈ΔΔ=Δ ψψ && (9). 

 

 

Figure 4.  Lateral position in lane.  

Comparable to the lateral position in lane the angle 

1, +klaneψ can be calculated from the sum of klane,ψ  

and the change of the angle klane,ψΔ  minus the 

vehicle motion kFzg ,ψΔ .  

 

klaneklanekFzgklane ,,,1, ψψψψ Δ+=Δ++  (10). 
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klane,ψΔ  is equal to the gradient angle of the road 

at the position xFzg,k = vk·Δt. The gradient angle of a 
straight line is defined as follows:  
 

dx

xdy
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Using a small angle approximation (tan α ≈ α) it is 
possible to replace the gradient angle α by the gra-
dient value of the straight line. Transferred to the 
course of the road (no consideration of the ego-lane 
angle is necessary), the angle klane,ψΔ  is equal to 

the first derivation of the lane equation (5). 
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Furthermore, the yaw angle during the timeframe 
Δt ( kFzg ,ψΔ ), can be expressed as follows:   

 
tkkFzg Δ⋅=Δ ψψ &,  (13). 

 
In order to discretise the current curvature C0, the 
second derivation of (5) respectively the third deri-
vation for the change of curvature C1 can be used. 

 

Figure 5.  Relative yaw angle in lane.  

By using discrete points of time for observation, 
the matrixes needed for the Kalman-Filter are 
gained with the help of the equations mentioned 
above. For a better reading the term vk·Δt is substi-
tuted by Δx. Thus, the system matrix A is given as 
follows:  
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The input matrix B takes the yaw rate kψ& and the 
velocity vk of the vehicle into account.  
 

[ ]Tkkk ttv 0002 Δ⋅−Δ⋅⋅−= ψψ &&B  (15). 

 
The measurement matrix C has to be adapted indi-
vidually to the sensor and the communication.  

USED HARDWARE 

Having described the development of the vehicle 
model and the street model in the previous section, 
this chapter deals with the used hardware.  
For the development and testing of commercial 
vehicle ADAS, two experimental trucks are avail-
able at ika (Institut für Kraftfahrzeuge, RWTH 
Aachen University). One is an IVECO Stralis AS 
440 S 48 T/P EURO 3 with a 16-speed automatic 
gearbox (Figure 6). The second truck is an IVECO 
Stralis AS 440 S 48 T/P EURO 5 anticipo with a 
12-speed automatic gearbox. Both vehicles are 
equipped with 367 kW engines, hydrodynamic 
retarder and WABCO Adaptive Cruise Control. 
The vehicles’ steering is automated with ZF Ser-
voTwin Steering Actuators (torque super position) 
and the longitudinal dynamic is automated with a 
WABCO acceleration interface. Thus an external 
steering and acceleration/braking via CAN bus 
enabled.  
Figure 6 shows one IVECO test truck with the used 
environmental sensors: a monocular HELLA Cam-
era and HELLA IDIS Lidar sensor. The Camera 
system is equiped with an algorithm for lane- and 
vehicle detection and delivers data about surround-
ing vehicles and the trajectory of the road. The road 
trajectory data are curvature C0,CAM, lane width 
BCAM and lateral lane offset y0,CAM (compare Figure 
7). Beyond, the truck is equipped with a DENSO 
lane recognition camera, a 77 GHz WABCO Radar 
sensor and two 24 GHz HELLA Radar Near Dis-
tance Sensors (NDS). 

Kamera

Lidar-
sensor

C2C

 

Figure 6.  One of ika’s experimental trucks.  

In order to enable a wireless communication be-
tween the two trucks, WIRELESS CAN boxes 
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(called WCAN) by Agilion are installed in the 
trucks. The WCAN boxes allow a wireless connec-
tion between two or more network participants and 
are based on the robust radio technology nanoNET, 
a wide band communication technology in the 
5.8 GHz band. 

 

Figure 7.  Data delivered from HELLA camera. 

The GPS receivers used in this work are the GNS 
5843 receiver from GNS, Global Navigation Sys-
tems company. GNS 5843 is a GPS-RDS/TMC-
receiver with a Sirf-III chipset, supporting the 
NMEA 0183 data protocol. The cycle time is one 
second.  
The target hardware for the developed system is the 
dSPACE Autobox for rapid prototyping experi-
ments which offers the possibility of testing real-
time software on-bord. The software is developed 
with Matlab/Simulink and compiled with Real 
Time Workshop for the Autobox.  

SYSTEM ARCHITECTURE 

Our communication and environmental sensor 
based CM system for trucks needs robust data from 
the ego-vehicle and the environment. Therefore it is 
necessary to employ a GPS-tracking, that calculates 
the current position of the vehicle in the GK coor-
dinates. By means of the wireless communication, 
the GK coordinates and other vehicle relevant sig-
nals of a preceding vehicle are received in the fol-
lowing vehile. In combination with the IDIS Lidar 
sensor data, the received wireless data is combined 
and delivers a relevant target. Furthermore, the 
trajectory of the lane is predicted and is available 
for the CM system.  
In the following, the system architecture and mod-
ules are described.  
     Architecture – Figure 8 shows the architecture 
of the system. The measurement data are either 
used for determinatoin of the relevant target or 
delivered to the vehicle- or street model.  
GPS and vehicle sensors deliver measurement data 
to the vehicle model, executed each 10 ms. By 
means of an EKF, a GPS-tracking is built, provid-
ing position data of the vehicle in GK coordinates.  
The Camera system and the vehicle sensors deliver 
measurement data to the Kalman-Filter based street 
model and a robust prediction of the lane trajectory 

is reached. The street model is triggered with cam-
era measurement data (cycle time 50 ms).  
With the help of the IDIS Lidar sensor and the data 
gained by C2C, the relevant target vehicle is de-
termined. A relevant target can only be present, if 
the target vehicle and the ego-vehicle drive in the 
same lane. In this case, the lane trajectory runs 
through the target vehicle and a correction of the 
lane trajectory with the help of the relative coordi-
nates of the target vehicle can be performed. 
The architecture shown in Figure 8 is for imple-
mentation divided into five modules: the GPS 
modul, WLAN modul, vehicle data model, envi-
ronmental modul and CM modul.  

 

Figure 8.  CM system architecture.  

The GPS modul constains the vehicle model with 
GPS-tracking while the WLAN modul contains the 
transmission and receiving of the wireless mes-
sages. The vehicle modul is responsible to deliver 
the vehicle relevant data from CAN bus. The envi-
ronmental modul contains the algorithm for the 
determination of the relevant target and the street 
model. The CM modul consists of the CM system.  
     Vehicle Data Modul – The vehicle data modul 
delivers the relevant vehicle data from CAN bus 
and provides these data for further processing. In 
detail, these data are the yaw rate egoψ& , the vehicle 

velocity vego and the brake switch flag. The vehicle 
acceleration in longitudinal direction aego is gained 
from the velocity by a Luenberger observer [6].  
Further signals, generated within the vehicle data 
modul, are the vehicle width and the lane number. 
The vehicle width is hard coded with the width of 
the test vehicle (2.55 m). The lane number is de-
fined as shown on Figure 9. 
Up to now, no algorithm for the lane number de-
termination is implemented, thus the lane number 
for the performed tests was also hard coded.  
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Figure 9.  Definition of lane numbers.  

     GPS Modul – The GPS Modul contains the 
GPS-tracking. The GPS-tracking first transforms 
the GPS position (latitude, longitude and height) 
into the GK coordinates followed by generation of 
the measurement vector yGPS. The course angle τ 
has to be converted (16). Up to now, the slip angle 
β is not used in the test vehicle, but as the CM 
system is designed for highways the slip angle can 
be neglegted and (16) is simplified to (17):  
 

βτψ −−°= 90GPS  (16). 
  

τψ −°≈ 90GPS  (17). 
 
Hence, the state equations of the vehicle model are:  
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The measurement vector can be written with the 
current GK coordinates respectively the yaw angle 
and is available for the vehicle model.  
The input data of the GPS-tracking are the yaw rate 
and the velocity of the vehicle. For the EKF, the 
state equations are differentiated with respect to the 
state vector x to obtain the matrix A:  
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Since an GPS update (cycle time 1 s) occurs not in 
each time step of the vehicle model (cycle time 
10 ms), the innovation of the EKF is set to zero, if 
no GPS update occurred. In this case the state vari-
ables of the vehicle model are updated only based 
on the model itself. 
     WLAN Modul – The WLAN modul receives 
and transmits data via C2C. The modul of the target 
vehicle transmits the relevant data while the modul 
of the ego-vehicle receives data. Transferred data 
are: velocity, longitudinal acceleration, yaw rate, 
brake switch, lane number, vehicle width, GK co-
ordinates, lateral position in lane and curvature. 
Velocity, longitudinal acceleration, yaw rate, brake 
switch, lane number and vehicle width are taken 
from the vehicle data modul while the lateral posi-
tion in lane and the road curvature are obtained by 

the environmental modul. The GK coordinates are 
converted to the coordinates of the truck’s rear end.  
By means of the GK positioning data of the target 
vehicle’s rear and the ego GK positioning data, the 
relative location of the target vehicle with respect 
to the ego-vehicle can be calculated, see Figure 10. 
Therefore, the angle αtarget is determined:  
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With the help of αtarget the relative position of the 
target vehicle dxGPS und dyGPS can be calculated:  
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Figure 10.  Determination of the target vehicle’s 
relative position. 

     Environmental Modul – The environmental 
modul differs for the ego- and target vehicle. The 
target vehicle modul consists only of camera data 
input to transmit them to the ego-vehicle via C2C.  
The environmental modul of the ego-vehicle con-
tains the input of the camera data, the input of the 
IDIS Lidar sensor and an algorithm comparing the 
IDIS data with the positioning data gained by C2C. 
Furthermore, the street model is implemented in the 
environmental modul.  
The determination of potential target vehicles con-
sist of the evaluation of the following attributes:  

• Object data declared as valid by the sensor 
• Distance is less than 100 m 
• Object width less than lane width 

Furthermore, each IDIS object has a lifetime 
counter. Having checked these attributes, a list of 
potential target vehicles is available. The next step 
for the determination of the target vehicle is de-
picted in Figure 11. Here, the redundant object data 
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(from C2C and IDIS sensor) are compared. These 
are the relative object position in x- and y-
direction, the velocity, width and acceleration of 
the target vehicle. For all potential target vehicles 
the absolute signal difference from IDIS- and C2C 
data are calculated. For the differences thresholds 
are defined within the algorithm. If any signal dif-
ference is higher than the threshold, the IDIS object 
is not regarded as target vehicle.  

 

Figure 11.  Determination of target vehicle.  

In case of having more than one IDIS object after 
this procedure, the algorithm regards that object to 
be the target vehicle, whose sum of all signal dif-
ferences is smallest.  
The implementation of the street model is also part 
of the environmental modul in the ego-vehicle. The 
input signals are the data measured by the camera 
in the ego-vehicle and the curvature measured by 
the Camera of the target vehicle, transmitted to the 
ego vehicle (C0,CAM,target). With the knowledge of 
C0,CAM,target the change of roard curvature is:  
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The value dxtarget describes the distance of the target 
vehicle in longitudinal direction. The measurement 
vector ylane of the street model is now given by:  
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The output of the Kalman-Filter is the state vector. 
This signal passes a further function that corrects 
the state variables C0,ego and C1,ego in case of an 
existing target vehicle. Is this the case, it is ensured 
that the ego- and target vehicle drive in the same 
lane. With the knowledge of the lateral lane offset 
y0,CAM,target and the position of the target vehicle 

(dxtarget, dytarget) the curvature C*
0,ego can be calcu-

lated by neglecting the change of curvature C1:  
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EXPERIMENTS AND RESULTS 

The developed models are tested in different test 
drives. While driving, measurement data of the 
sensors, communication and model data are re-
corded in the ego-vehicle. The recorded data are 
later used as input for simulations in Mat-
lab/Simulink. Thus, the model parameter can be 
modified and the effect can be evaluated.  
For tuning of the GPS-tracking, test drives without 
target vehicle are executed. In order to examine the 
functionality of the street model and to give a 
statement about the C2C and GPS based position 
measurement accuracy, test drives with two test 
vehicles are executed. The test drives are carried 
out at different velocities on straight and curved 
roads and on a test track with a static target vehicle 
and the ego-vehicle approaching at different veloci-
ties.  

Function check and tuning of GPS-
tracking 

The first manoeuvre for the function check of the 
GPS-tracking is a steady-state circle drive. Six tests 
are carried out, clockwise and three counterclock-
wise on a diameter of 80 m and 40 m. The tests on 
the 80 m diameter are done with a velocity of 
25 kph and 40 kph while the tests on the 40 m di-
ameter are done with 25 kph. An evaluation of a 
test on the 80 m circle with 25 kph before and after 
filter tuning is depicted in Figure 12.  
In the lower diagram of Figure 12 it can be seen 
that the model behaviour after the filter tuning 
delivers better results. The evaluation of the test 
drive delivers a diameter of 80.35 m (corresponds 
to a difference of 0.35 m). If all tests are taken into 
account, the maximum difference for the 80 m 
circle is 2.5 m and for the 40 m circle 2 m.  
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Figure 12. Results of GPS-tracking before 
(above) and after filter tuning (below).  

Despite the filter tuning the circle in the lower 
diagram of Figure 12 shows steps in the signal due 
to GPS data update. Between two GPS data updates 
the GK coordinates and the course angle are up-
dated model based. The evaluation of the tests with 
tuned filter parameters shows that the maximum 
difference between the new received GPS position 
and the model based position is less than 1.5 m. 
Thus, it can be stated that the vehicle model deliv-
ers valid data. To ensure that the vehicle model 
delivers not only in steady-state scenarios valid 
data, test drives in real traffic are executed.  
Here the GPS- and vehicle data were also recorded 
for later offline simulations and the result is shown 
in Figure 13. 
The track contains straight parts and also curves 
with large and small radii. Hence, it is well used to 
examine the model function and perform a filter 
tuning. In Figure 13 red and blue position plots are 
given. The blue plots show the GPS measurement 
data from the receivers. The red plots are the 
tracked coordinates after further filter tuning. 
 

 

Figure 13.  Measurement on real road.  

Figure 14 shows a detail from the track (green in 
Figure 13). The model is doing well on straight and 
curved parts with a slight tendency to less accuracy 
for increasing curvature. The course angle τ is on 
the one hand less accurate during a change of mo-
tion direction and on the other hand time-delayed. 
Furthermore, the side slip angle β is neglected, 
which is correct for highway driving conditions but 
leads to mistakes on narrow curves. Hence, using a 
receiver with a better course angle and implement-
ing a slip angle estimator could increase the results. 

 

Figure 14.  Extract of measurement.  

As a further factor the traction and brake slip influ-
ences the performance. During strong acceleration 
and deceleration a higher difference between new 
measured and estimated position was found. In 
order to remove this influence, a reference velocity 
should be used in future, weighting the front axle 
speed sensors more during acceleration and rear 
axle speed sensors more during deceleration. 
Within all tests the largest difference between 
measured and estimated position was 2.51 m with 
an average value of 0.57 m after filter tuning. 

Fig. 14 
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Function check and tuning of street 
model 

Comparable to the functional check of the vehicle 
model, driving tests were performed for testing and 
filter tuning of the street model.  
In total 30 test runs were done for the functional 
check, ⅓ on straight roads, ⅓ on positive curvature 
(left turn) and ⅓ on negative curvature (right turn), 
with velocities between 60 to 90 kph. For the later 
offline simulations and tuning of the street model, 
again all relevant data were recorderd. Tuning of 
the object plausibility check algorithm is described 
in a later section, the simulation results of the street 
model are described now.  
Figure 15 shows the lateral position in lane for a 
test drive on a straight road. The measurement data 
are marked blue and the model data red.  
At the beginning, the Kalman-Filter needs some 
time to engage (Figure 15). Regarding the meas-
ured position in lane, at 12 s one can see a dropout. 
The sensor system did not detect the lane correctly, 
but the street model delivers a steady signal and is 
not influenced by this dropout. 

 

Figure 15.  Measured and estimated position.  

Figure 16 shows the results for the lane width of 
the same run. Here one can also find the dropout in 
the blue measurement data at 12 s and again the 
model based red signal is stable and not influenced. 
The lane width delivers correct values between 3.6 
and 3.8 m which are in the range of values defined 
for German highways (3.75 m according to [5]).  
In order to give a statement about the quality of the 
curvature and curvature change signal, the tests on 
curved roads are used. The test track is the last part 
of the highway A544 in Aachen, shown in Figure 
17 (marked blue). The test track is driven in both 
directions in order to get data of right-hand- (nega-
tive curvature) and left-hand bend (positive curva-
ture). With the help of a satellite picture and GPS 
data, a reference value for the radius of this curve 
was determined to 600 m (curvature 0.00167 m-1).  
The test drives were done with 60 and 90 kph and 
different distances (varying from 15 to 100 m) 
between the trucks in order to evaluate distance 
influences on the result.  

 

Figure 16.  Measured and estimated lane width.  

The evaluation of one measurement is shown in 
Figure 18. Because of the driving direction, posi-
tive curvature values should occur (direction 2, see 
Figure 17). Again the measurement data are 
marked blue, model data are marked red and the 
filter needs some time to engage on the beginning. 
 

R˜ 600m

driving direction 2

driving direction 1

 

Figure 17. Curved highway segment.  

The measurement duration is 20 s and the distance 
between the vehicles is 15 m. The measurement 
data show positive values for the curvature in a 
range of 0.00167 m-1. Hence the model output can 
be considered as correct.  

 

Figure 18.  Measurement results for curvature 
C0,CAM and C0,est. 
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Between 5 and 6 s the camera delivers wrong 
measurement values for the curvature. The street 
model compensates this and delivers correct values 
because the wrong measurement values are de-
tected by a gating function (not described in this 
paper) and are not feed into the street model.  
With the help of the curvature signal from the tar-
get vehicle and the implemented street model, a 
statement about the change of curvature is possible. 
The upper diagram in Figure 19 shows the curva-
ture signal in the target vehicle, the lower shows 
the model based curvature change. Here no refer-
ence value was available but an estimation can be 
done with Equation (23). Using the curvature in the 
target vehicle e.g. at 18 s (1.4·10-3 m-1) and the 
curvature in the ego-vehicle at 18 s (1.6·10-3 m-1) as 
well as the model based curvature change (1.3·10-5 
m-2) in Equation (23), the resulting distance is 
15.4 m, which is close to the distance between the 
trucks in the test (15 m). Hence the values for the 
curvature change can be considered as reliable.  

 

 

Figure 19.  Curvature signal of target vehicle 
(above) and estimated change of curvature (be-
low).  

As stated above, the knowledge about the position 
of the target vehicle in the IDIS lidar sensor coor-
dinate system can be used to determine a curvature 
C*

0. Figure 20 shows the results of this approach 
with the curvature calculated from the target vehi-
cle position (blue) and the curvature from the street 

model (red) for a test drive into direction 1 (nega-
tive curvature) with 80 kph and 30 m distance be-
tween the vehicles. 

 

Figure 20.  Results of the corrected curveature 
estimation.  

After the Kalman-Filter is engaged both curvatures 
show comparable values, delivering a redundant 
signal for the curvature which can be used later in 
the CM system development.  

Driving tests for the determination of 
the quality of GPS based distance meas-
urement 

Having checked the funciotnality of the models, in 
a next step the accuracy of the GPS and communi-
cation based positioning is investigated. Therefore 
the test drives on highways are examined as a first 
step. With the help of offline simulations per-
formed with the highway test data, the threshold 
values of the object detection algorithm are tuned.  
In order to give a statement about the quality of this 
approach for the detection of standing objects, test 
drives on ika’s test track with a static target vehicle 
are executed in a second step. The results of both 
experiments are presented in the following.  
     Highway tests – The following diagrams show 
the relative position of the target vehicle with re-
spect to the ego-vehicle as a function of time (red 
graphs are the measured data of the IDIS sensor 
and blue graphs show the communication based 
position data).  
The test drive depicted in Figure 21 shows an ap-
proaching maneuvre of the ego-vehicle towards the 
target vehicle with a starting distance of about 97 m 
and a relative velocity of about 7 kph. Examining 
both diagrams, the influence of GPS data updates 
can be seen (the graphs show a step). Furthermore, 
in the upper diagram a signal dropout at the time of 
11 s (blue graph) is remarkable. This is due to a 
short break down of the C2C, so that the GK coor-
dinates of the target vehicle are not updated. The 
lower diagram shows that a break down of the C2C 
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communication affects the lateral positioning not as 
much as the longitudinal position due to the higher 
velocity in longitudinal direction.  
In order to acquire robust data even if C2C breaks 
down, a further Kalman-Filter based vehicle model 
of the target vehicle could be implemented in the 
ego-vehicle. Thus, in case of communication break 
down, the position of the target vehicle could be 
estimated model based.  

 

 

Figure 21.  Relative localisation GPS- and IDIS 
based. 

If the dropout from communication break down is 
neglected, the maximum difference between IDIS- 
and communication data is -2.5 m (mean value: -
1.5 m) in longitudinal direction. For the lateral 
direction the positioning accuracy is less. At the 
time of 5 s the difference is -4.8 m.  
Figure 22 shows two diagrams for the relative posi-
tion of the target vehicle, too. Within this test a 
constant distance of 55 m between ego- and target 
vehicle was held. The positioning accuracy in lat-
eral direction (lower diagram) did not change in 
comparison to the measurement described above. 
In contrast, in longitudinal direction a larger differ-
ence is shown. The maximum difference between 
the IDIS- and the communication based signal is 
+6.9 m (mean value: +4.85 m).  
The result of the executed test drives is that the 
quality of the GPS based positioning is depending 

on various and hard to determine factors. For ex-
ample, 40 % of the test drives were executed hav-
ing a clear sky while 60 % of the test drives were 
executed when it was clouded. Within the experi-
ments with a clear sky (e.g. the test drive in Figure 
21) the measurement results are better than the 
experiments when it was cloudy (e.g. test drive in 
Figure 22) what can be caused by a better satellite 
reception. A further factor to the quality of the 
positioning accuracy is the current satellite constel-
lation (“bad geometry”) [7].  
Having analysed the measurement results for the 
test drives, two of five thresholds for the signal 
differences of the redundant signals are determined 
(distance in longitudinal/lateral direction). 
In order to determine the remaining three thresh-
olds (difference of velocity-, acceleration- and ve-
hicle width signal) further simulations are carried 
out. Therefore the recorded sensor signals are fed 
in the object detection algorithm and the thresholds 
are varied. The effects of the threshold variation is 
evaluated by the help of a tool that shows the re-
corded scene with a birds eye view (see Figure 23). 

 

 

Figure 22.  Relative localisation GPS- and IDIS 
based.  

Displayed signals are the estimated lane trajectory 
of the street model as well as the lane trajectory 
corrected with communication data from target 
vehicle (red and blue graph in Figure 23). The 
direction of the vehicle in lane is indicated by the 
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yellow line starting from the origin of the coordi-
nate system. Furthermore, the IDIS data (in Figure 
23 depicted as different symbols in the colours red 
and cyan) and the GPS and communication based 
position of the target vehicle (magenta coloured 
square) are displayed.  

 

Figure 23.  Tool for test drive evaluation.  

If a relevant target is detected by the algorithm, it is 
marked as a black square in the bird’s eye tool.  
The simulations are run with different threshold 
constellations and the effects are observed in the 
evaluation tool. With this process the thresholds are 
determined.  
One situation shown in Figure 24 could be critical 
for the determination of the target vehicle.  

 

Figure 24. Critical situation for data fusion.  

In this situation two vehicles with the identical 
width and velocity drive next to each other with the 
same distance towards the ego vehicle. The calcu-
lated position of the target vehicle differs from the 
position measured by the IDIS sensor. While the 
width, velocity, acceleration and the longitudinal 
distance of the two preceding vehicles is identical, 
the lateral position of the calculated point is differ-
ent. The lateral position is located closer to the 
vehicle driving in the left lane. If both vehicles are 
equipped with a communication system, they will 
transmit their lane numbers to the ego-vehicle. 
Thus, the vehicle driving in the left lane can be 
regarded as not relevant by the object detection and 
the correct vehicle will be found.  
     Tests with target vehicle standing still – These 
experiments are executed on the test track of ika 
and can indentify possible factors that influence the 
quality of the communication based detection and 

ranging. Therefore two experiments were carried 
out with 34 measurements on two different days 
under different weather conditions. The procedure 
is shown in Figure 25. 
 

 

Figure 25.  Experiment procedure.  

Within experiment 1 the ego-vehicle approaches 
with velocities of 20, 40, 50, 60, 70 and 75 kph to 
the rear of the target vehicle. The ego-vehicle 
avoids the collision at a very late moment by steer-
ing. In the second experiment the ego-vehicle ap-
proaches with velocities of 20, 40, 50, 60 and 
70 kph to the rear of the target vehicle, braking 
heavily at a late moment and comming to standstill 
behind the target vehicle.  
The upper diagram in Figure 26 shows the evalua-
tion of a test drive of the first experiment with a 
velocity of 50 kph. In this diagram the IDIS dis-
tance signal (red) and the calculated communica-
tion based distance (blue) are plotted as a function 
of the time. It is obvious that the IDIS sensor does 
not detect the target vehicle anymore starting from 
a distance of 20 m because the target passes out of 
the sensor detection range due to the emergency 
steering manoevre. In contrast, the GPS delivers 
distance information continuously. The difference 
between IDIS- and GPS based distance signal is 
almost constantly (7.5 m). If all test drives of ex-
periment 1 are considered it is noticeable that the 
difference in the distance signal changes with the 
relative velocity.  
In order to point out the influence of the relative 
velocity, the mean distance failure of different test 
drives for the two different test days is depicted in 
the lower diagram of Figure 26 as a function of the 
relative velocity.  
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Figure 26.  Measurement evaluation of experi-
ment 1 (above) and mean distance failure as a 
function of the relative velocity (below).  

Due to the seperated graphs of the tests it is obvi-
ous that the mean distance error of the first day is 
always larger than the error of day two. This error 
might be a result from different satellite constella-
tions and different weather conditions. Further-
more, the distance error rises with increasing rela-
tive velocity.  
Accordingly, the data of experiment 2 confirm the 
dependence of the quality of the communication 
based detection and ranging. Figure 27 shows the 
evaluation of the second test procedure with a start-
ing ego-vehicle velocity of 70 kph. The process of 
the velocity signal is given by the green line in 
Figure 27. If the velocity decreases, the distance 
failure decreases, too. This proves the relative ve-
locity dependency.  

 

Figure 27.  Measurement evaluation of experi-
ment 2. 

The applicability of this approach for the validation 
of objects standing still is hence depending of the 
occuring relative velocities. In the executed ex-
periments, the developed algorithm delivered 
promising results up to a relative velocity of 50 kph 
(day one) resp. 60 kph (day two). Above this rela-
tive velocities the developed algorithm was not 

able to deliver dependable results due to the high 
difference of calculated and IDIS positioning data.  

CONCLUSION 

The described system delivers robust input data for 
the development of collision warning (CW) and 
collision mitigation (CM) systems.  
Therefore a GPS-Tracking was implemented, de-
livering a higher update rate for the vehicle position 
in GK coordinates. With the use of C2C, the GK 
coordinates and further vehicle relevant data from 
the preceding vehicle are transferred to the follow-
ing vehicle. The run of the road trajectory is deter-
mined by ego-vehicle data and data from preceding 
vehicle also transmitted via C2C.  
The GK coordinates from the preceding vehicle are 
used to determine its relative position to the ego 
vehicle. These data are used together with further 
vehicle data for the determination of the relevant 
target out of the data from an IDIS Lidar sensor in 
order to get a robust detection of stationary targets.  
Within driving tests and simulations (data gained 
from these driving tests), the function of the detec-
tion system was tuned. It can be stated that the used 
concept with environmental sensors, GPS and C2C 
is generally suitable for the detection of stationary 
targets. On the other hand some limitations from 
the used setup and hardware must be mentioned. 
These limitations refer to the relative velocity be-
tween the stationary target and ego-vehicle. Within 
the tests a dependency of the relative velocity to the 
communication based position determination was 
found. Furthermore, the accuracy of GPS data is 
depending on the weather, number of satellites and 
satellite constellation. For future developments a 
DGPS system with higher accuracy should be used 
and a synchronisation of the C2C communication 
should be implemented.  
Further improvements could be achieved by im-
plementation of a bicycle model into the GPS-
tracking function and the determination of a refer-
ence velocity, weighting the signals from front and 
rear axle speed sensors during acceleration or brak-
ing.  
Despite the mentioned limitations, the presented 
concept was used within a CW- and CM system on 
the test track with promission results in [8] and we 
will continue the work on this topic in order to 
contribute to an accident reduction one day.  
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ABSTRACT 
 
Recent legislation has increased the type approval 
requirements in the domain of pedestrian 
protection. A non design restrictive solution for the 
bonnet area is the implementation of pop-up bonnet 
systems. Obviously, such systems need a sensing 
element detecting and classifying the impact object 
in order to make a fire/no-fire decision for the 
bonnet lifting actuators.  

The working principle of IEE’s pedestrian 
protection sensor system not only allows the 
detection of pedestrian-type impacts, but also 
analyses crash event scenarios. Thus the same 
sensor is not only used for pedestrian protection, 
but can also contribute to passive safety by 
delivering information that can be used for 
enhanced occupant safety. In decision-making for 
the pop-up bonnet deployment, it is crucial to 
reliably distinguish between pedestrians and other 
objects like traffic signs, footballs or small animals, 
whereas in crash sensing, it is helpful to know as 
early as possible whether the collision object is a 
tree or a vehicle. 

The pressure sensitive sensor is integrated into the 
vehicle front-end and detects parameters like T0 
(first contact), impact location, width of impacting 
object and impact dynamics. These data allow a 
more precise tuning of the restraint systems to 
specific crash events, the usage of less aggressive 
restraint systems due to the early T0 signal, as well 
as the replacement of existing sensors (upfront, 
pole catchers, redundancy). 

The sensors ability to deliver robust data in frontal 
crashes has been demonstrated in tests reflecting 
compliance, consumer and insurance testing 
requirements. 

In order to provide even more information about 
crash situations and to offer optimised and cost-
effective solutions for other applications, the goal is 
to develop a family of general impact sensors also 
covering the detection of rear-end collisions and 
side impacts. 
 

INTRODUCTION 
 
Regulations aiming at improved protection of 
pedestrians were first implemented in Europe and 
Japan in 2005. In November 2009, a UNECE GTR 
(Global Technical Regulation) with more stringent 
requirements was voted. The second phase of the 
European regulation, becoming effective in early 
2013 [1], adopts this GTR. 
 
The pedestrian protection regulation includes injury 
risk assessments for scenarios where a pedestrian 
head impacts onto the vehicle bonnet. Head 
impactors representing a child head and an adult 
head are propelled onto the vehicle bonnet with a 
speed of 35 km/h and the HIC (head injury criteria) 
values must comply with the regulation 
requirements. Compliance requires a certain 
amount of bonnet deflection, resulting in energy 
absorption and thus reducing the injury risk. 
 
Vehicle types not having enough clearance between 
the bonnet and rigid engine bay components use so-
called pop-up bonnet technology to guarantee 
regulation compliance. These vehicles have a 
sensor system in the front-end detecting an impact 
and discriminating between pedestrians and other 
collision objects. In case of a vehicle-pedestrian 
collision, the sensor signal triggers actuators lifting 
the bonnet by several centimetres and providing the 
necessary clearance. 
 
IEE is currently investigating the potential of a 
PROTECTOTM pedestrian protection type sensor in 
the area of crash sensing. 
 
FROM PEDESTRIAN PROTECTION TO 
OCCUPANCY SAFETY 
 
Sensing Principle 
 
The IEE bumper sensor is based on a flexible, foil-
type pressure sensitive device which detects a 
frontal collision by providing four different impact 
related signals versus time: two switches react on 
specific force levels, and the impact width as well 
as the impact position is measured by means of a 
linear potentiometer. For that purpose a set of 
electrically conductive elements are printed on two 
flexible carrier foils which finally are laminated 
together by means of a double-sided adhesive film, 
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as schematically indicated in the cross-section view 
of Figure 1. 
 

 
 
Figure 1.  Schematics of a foil-type pressure 
sensor for pedestrian impact detection. Typical 
dimensions are: length l > 100 cm, width w = 2 
cm, thickness d = 0.05 cm. 
 
The adhesive layer contains a sequence of recess 
structures equally distributed over the complete 
length which allows establishing an electrical 
contact by deformation of both polymer foils in 
case of external pressure loads. The simultaneous 
parameter detection is accomplished by positioning 
the sensor somewhere between bumper skin and 
crossbeam (here: at the interface energy absorber – 
crossbeam, c.f. Figure 2). Hence, the integration 
can be handled quite flexibly. The major 
integration requirement is the presence of a 
mechanical support to build up the impact related 
reaction force which needs to be measured. 
 
Sensor Integration 
 
Figure 2 describes schematically a typical sensor 
integration concept based on detailed FE impact 
simulations which are performed in order to adjust 
sensor sensitivity and positioning within the 
bumper environment. In case of the presented 
example the contact sensor has been integrated in 
the energy absorber foam facing towards the 
crossbeam. 
 

 
 
Figure 2.  Sensor integration concept for a 
typical bumper configuration. 
 

Simulation as Key Development Tool 
 
Right from the start, the aim was to base the sensor 
development completely on simulation because of 
limited (and expensive) impact / crash test 
capabilities. Therefore, a virtual sensor 
development chain has been established which 
provides the following information: 
 
� optimum sensor location in the bumper 
� necessary bumper modifications to improve 

functionality / robustness 
� impact data for calibrating the classification 

algorithm over the whole temperature range 
and the whole length of the bumper 

 
Figure 3 describes the simulation based 
development concept to reduce lead time, test 
efforts and prototype needs. 
 

 
 
Figure 3.  Flow chart describing the virtual 
development chain of the crash sensor. 
 
Based on the OEM specification requirements and 
CAD data of the carline, the simulation model will 
be created by applying appropriate (validated) 
material laws developed for highly non-linear 
deformation processes. A set of crash impact 
simulations (partly defined by the OEM and based 
on legal requirements) allows identifying the 
optimum sensor integration and provides also 
preliminary data for algorithm calibration. After 
finalizing the virtual optimization loop, prototype 
sensors will be built to perform verification tests 
(pendulum tests, sled tests, OEM crash tests). The 
obtained data is used for fine-tuning the algorithm 
settings. The final design / algorithm will be 
integrated in the vehicle to pass the official crash 
test sequence defined in the car type approval 
process. 
 
Pedestrian Impact Detection and Crash Sensing 
 
In the event of an impact (pedestrian, pole, other 
vehicle), the sensor delivers signals to the ECU 
being attached to the sensor. The ECU acquires and 
analyses the sensor data in order to provide a 
trigger signal to fire pop-up bonnet actuators in 
case of low speed collision events involving 
humans, or to provide an additional input to the 

OEM
specification

CAD data

OEM
specification

CAD data

impact 
simulation

impact 
simulation

material 
laws

material 
laws

algorithm 
calibration
algorithm 
calibration

verification 
tests

verification 
tests

final design 
and algorithm
final design 

and algorithm

prototype 
sensor build
prototype 

sensor build

OEM
specification

CAD data

OEM
specification

CAD data

impact 
simulation

impact 
simulation

material 
laws

material 
laws

algorithm 
calibration
algorithm 
calibration

verification 
tests

verification 
tests

final design 
and algorithm
final design 

and algorithm

prototype 
sensor build
prototype 

sensor build



Hofinger 3 

airbag control unit. By using a certain set of input 
signals, a classification algorithm determines the 
impacting object or evaluates the crash severity. In 
a pedestrian protection scenario, the algorithm 
discriminates so-called misuse objects from a 
vulnerable road user to actuate only in the latter 
case the associated pedestrian protection system in 
a timely manner. 
 
     Pedestrian Detection - During a collision event, 
the IEE bumper sensor delivers four different 
signals versus time such as impact width, impact 
position and the activation of two threshold levels 
of the impact force cells (low and high force 
switch). Figure 4 shows the acquired impact width 
data for different collision scenarios. Human-like 
impacts are experimentally simulated by crash-test 
dummies which have been hit in a lateral position 
or dedicated human-like leg-impactors ("lower 
limit" impactors). At t = 20 ms the linear 
potentiometer indicates the impact event. This 
signal triggers the collision time measuring process, 
i.e. the timer is set to tcol = 0 ms. 
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Figure 4.  Example of the impact width signal 
evolution measured during the collision with 
different objects or dummies. 
 
The impact width shows a typical increase in case 
of a human-like leg up to a level of w = 30 cm, 
which is reached about 6 ms after the impact 
detection. At Δtcol = 15 ms the second leg is also hit 
at a certain bumper distance offset with respect to 
the actual first impact location. About 25 ms after 
first contact detection, the collision process 
changes from the constitution into the restitution 
phase, therefore the impact width as well as the 
impact force started to decrease. Finally, the 
dummy looses the bumper contact about 35 ms 
after the first hit, which is monitored by the drop of 
the positioning signal of the linear potentiometer. 
 
In parallel the impact location across the bumper is 
also measured (not shown) as well as the activation 
level of low force switch SWL and high force 
switch SWH which provide additional information 
about the strength of the impact. The plurality of 
data sets indicates an essential development 

problem, namely how to separate non-human 
impacts (misuse, e.g. animals, trash cans, traffic 
signs, etc.) from collision events with vulnerable 
road users for whom dedicated safety systems have 
to be activated. For a given object and a given 
bumper front-end the obtained data depend also on 
the impact location Y across the bumper, the 
impact speed and environmental conditions 
(basically temperature). 
 
     Crash Detection - As described above, IEE 
originally developed a sensor element dedicated for 
pedestrian collision detection in order to trigger 
active protection systems (e.g. lifting mechanisms 
of the bonnet, additional air-bags, etc.). That sensor 
element shows fast response time on any low-
energy (i.e. low-speed and low-mass) collision 
event with vulnerable road users or other objects 
which can be found on the road. During the 
collision event it continuously provides information 
about the impact. The field of application can be 
extended from such low-energy impacts (causing 
reversible bumper deformation or minor damages 
of the outer bumper skin) towards destructive high-
energy crash events (e.g. car-to-pole accidents) in 
order to detect and to classify crashes in such a way 
that active passenger protection measures can be 
triggered in a timely manner. 
Crash tests showed that in comparison with 
standard crash sensing technology found in the 
vehicle front end, the new approach shows essential 
technical advantages: 
 
� fast response time in case of impacts 
� impact classification capabilities (strength, 

impact location / impact vector, type of 
collision object) 

� ample mechanical robustness 
� not affected by noise (i.e. vibrations due to 

rough road conditions) 
� beneficial combination with pedestrian 

protection sensor thus reducing the number of 
needed sensor elements in the front-end 

 
Indispensable is to categorize upper impact limits 
for human-like collision events in order to 
distinguish them from a crash. 
 
Potential for Improved Occupant Safety 
Automotive industry intends to establish more 
efficient passenger protection systems by means of 
improved active safety devices (e.g. multiple air-
bag solutions, more sophisticated restraint systems, 
adapted system deployment strategies, etc.) due to 
more restrictive safety regulation requirements and 
general market development trends. In general, 
such techniques can benefit from having more lead 
time for their activation in order to provide their 
full protection capability, and / or they need 
additional data to be deployed in a more dedicated 
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way according to the crash situation. In case of a 
frontal collision event it is therefore essential to 
identify as early as possible strong impacts, i.e. in 
best case to have a collision object classification 
very shortly after T0 which is the time of first 
contact with the car bumper. It can be crucial to 
know as soon as possible if the collision object is a 
tree or rather a vehicle. This information can then 
be provided to the airbag control unit, and the 
additional information can support an earlier or 
more appropriate airbag deployment. Standard g-
sensor technology shows limitations in detection 
efficiency due to mechanically more soft material 
and design constraints of modern car front-ends 
which are needed in order to fulfil the passive 
pedestrian protection requirements (injury 
mitigation). As a consequence, strong impacts are 
detected with some delay during the collision 
process, hence, not providing enough time to 
establish more complex counter measures for 
improved passenger protection. 
 
Outlook and Remaining Challenges 
 
Besides frontal crashes also side crash events as 
well as rear crash detection in view of whiplash 
protection can be additional fields of application.  
 
Because of comparatively short distances between 
passenger and impacting object, it is obvious that 
fast side crash detection is indispensable to protect 
the passenger’s life. Timing is even more critical 
due to additional out-of position problems in case 
passenger’s head is resting against the B-pillar. 
 
Whiplash protection in case of rear crashes requires 
fast impact detection to provide sufficient lead time 
to activate systems like active head-rest positioning. 
About 80% of all passenger injuries caused by rear 
crash accidents are whiplash injuries covering in 
total about 75% of all insurance costs to be paid in 
case of any passenger injury [2]. Therefore, 
development and test activities focusing on 
automatic headrest positioning devices (for front 
and rear seats) are in the focus of interest. Fast 
crash detection capabilities can provide a valuable 
input for such systems. 
 
Although the sensor in its current form already 
shows the ability to cover a wide range of impacts 
(small stones to crash), future development is 
aimed at enhancing the detection range in the high-
mass impact area even further. 
 
CONCLUSIONS 
 
The IEE bumper sensor is based on a flexible, foil-
type pressure sensitive device which detects a 
frontal collision by measuring T0 (first contact), 
impact location, width profile of impacting object 

and impact dynamics. The pressure sensitive sensor 
is integrated into the vehicle front-end and its 
working principle allows combining two different 
fields of sensor applications: 
 
1. Active Pedestrian Protection 
Detecting accidents with vulnerable road users in 
order to trigger protective counter measures to save 
pedestrian’s lives (e.g. deployment of the car 
bonnet, windscreen airbags, etc.). 
 
2. Crash Detection 
The identification and classification of crash events 
as early as possible in order to be able to trigger 
enhanced protective counter measures to save 
passenger’s lives. 
 
REFERENCES 
 
[1] Official Journal of the European Union 04.02. 
2009, Regulation EC No 78/2009 
 
[2] Carhs "Safety Companion" 2009, p:58 
 



Gail 1 

 

ANTI LOCK BRAKING AND VEHICLE STABILITY CONTROL FOR MOTORCYCLES – WHY OR 
WHY NOT? 
 
 
Jost Gail 
Bundesanstalt für Straßenwesen (Federal Highway Research Institute) 
Germany 
Joachim Funke 
Fludicon GmbH 
Germany 
Patrick Seiniger 
Technische Universität Darmstadt, Fachgebiet Fahrzeugtechnik 
Germany 
Ulrich Westerkamp 
Institute for Transport Economics at the University of Cologne 
Germany 
Paper Number 09-0072 
 
 
ABSTRACT 
 
In the last years there has been a decline in accident 
figures in Germany especially for four wheeled 
vehicles. At the same time, accident figures for 
motorcycles remained nearly constant. About 17 % 
of road traffic fatalities in the year 2006 were 
motorcyclists. 33 % of these riders were killed in 
single vehicle crashes. This leads to the conclusion 
that improving driving dynamics and driving 
stability of powered two wheelers would yield 
considerable safety gains. However, the well-
known measures for cars and trucks with their 
proven effectiveness cannot be transferred easily to 
motorcycles. 
Therefore studies were carried out to examine the 
safety potential of Anti Lock Braking Systems 
(ABS) and Vehicle Stability Control (VSC) for 
motorcycles by means of accident analysis, driving 
tests and economical as well as technical 
assessment of the systems.  
With regard to ABS, test persons were assigned 
braking tasks (straight and in-curve) with five 
different brake systems with and without ABS. 
Stopping distances as well as stress and strain on 
the riders were measured for 9 test riders who 
completed 105 braking manoeuvres each. 
Knowing the ability of ABS to avoid falls during 
braking in advance of a crash and taking into 
account the system costs, a cost benefit analysis for 
ABS for motorcycles was carried out for different 
market penetration of ABS, i.e. equipment rates, 
and different time horizons. 
The potential of VSC for motorcycles was 
estimated in two steps. First the kinds of accidents 
that could be prevented by such a system at all have 
been analysed. For these accident configurations, 
simulations and driving tests were then performed 
to determine if a VSC was able to detect the critical 

driving situation and if it was technically possible 
to implement an actuator which would help to 
stabilise the critical situation. 
 
INTRODUCTION 
 
Compared with cars, the most critical vehicle factor 
for a motorcycle is the fact that it uses only 
one-track instead of two. So tilting of the 
motorcycle has to be avoided by steering and by the 
stabilizing forces of the wheels. This leads also to 
the seriousness of wheel locking while braking 
when the gyro forces and, even more important, the 
side forces at the front wheel vanish. 
ABS therefore is one of the most promising devices 
to improve the safety of powered two wheelers. 
Besides ABS one can imagine other systems 
designed to stabilise driving dynamics of a 
motorcycle since they are well known for four 
wheeled vehicles. 
BASt (Bundesanstalt für Straßenwesen), the 
Federal Highway Research Institute of Germany, 
therefore initiated several research projects which 
were carried out by Darmstadt University of 
Technology and University of Cologne. 
The first task of the studies was to formulate 
requirements applicable to brake systems with 
which the motorcyclist can reproducibly achieve 
safe braking operations with short stopping 
distances. For that purpose ABS and combined 
braking systems were examined. Since ABS was 
identified to avoid fall events during braking 
manoeuvres and to reduce stopping distances also 
while braking in bends, a cost-benefit analysis was 
carried out in a second stage to clarify whether the 
economic benefit of ABS for motorcycles is greater 
than the consumed resources. In a third study the 
possibility to detect critical driving situations of 
motorcycles objectively which would be the basis 
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for every application of a driving stability system 
for motorcycles was examined. By means of 
studying accident figures as well as the technical 
possibilities for the implementation of VSC on 
motorcycles, possible safety gains were determined. 
 
ANTI LOCK BRAKING SYSTEMS 
 
Stress and Strain on motorcycle riders while 
braking 
 
The technical benefit of anti-lock brake systems for 
the rider’s safety has been shown in many research 
studies concerning achieved decelerations or 
braking distances when braking straight or in curve, 
and is undeniable [1, 2]. Furthermore, research was 
able to show that motorcycles equipped with ABS 
would decrease the number of accidents and the 
number of severely injured riders and fatalities in 
real-life scenarios [3].  
In this research project, mental strain depending on 
the kind of brake system was tested. Deducted from 
the fact that test persons on a closed test track 
achieve higher decelerations with ABS and so 
suffer from higher acceleration forces, the working 
hypothesis was to test if this higher physical stress 
leads to higher physical strain. 
Mentally the stress in real life conditions is 
obviously higher than in test conditions on a closed 
test track, but only defined test track conditions 
make the mental stress at different times 
comparable. Measuring the physical stress and 
strain at constant mental stress then makes it 
possible to deduct indications for mental strain. 
 
Test Layout 
 
On Griesheim Airfield, a closed test track with 
unevenness comparable to a German Highway [5] 
and a relatively high friction coefficient [4], three 
test scenarios have been built up: 

- Full braking from 60 km/h straight, 
- Full braking from 90 km/h straight, 
- Full braking from 50 km/h in-curve, with 

50 m radius (i.e. < 20° rolling angle) 
All three took place on a wet road surface with one 
test motorcycle, a BMW R1150RT, see fig. 1, 
equipped with alternatively choosable the original 
combined ABS (“BMW i-ABS” first Generation, 
also known as FTE CoraBB) or the BMW 
R1100RT standard brake system with ABS (“BMW 
ABS II”), both disengageable, and a removable rear 
brake lever. With each of these 5 brake systems – 
standard brake without ABS, standard brake with 
ABS, combined brake without ABS, combined 
brake with ABS, combined brake with ABS and 
only the hand lever – 9 test persons had to 
 

absolve the test round 7 times. The sequence of 
brake systems had been permuted in three 
permutations that way, so neither a brake system 
had been used on the same place nor was followed 
by or preceding the same system a second time. For 
a better understanding, table 1 shows the three 
permutations. Each rider was allocated a specific 
permutation. 

Table 1. 
Test layout; permutation of brake systems 

Permutation A Permutation B Permutation C 

standard brake combined brake 
with ABS 

combined brake 

combined brake standard brake 
with ABS 

combined brake 
with ABS, only 

hand lever 

standard brake 
with ABS 

standard brake combined brake 
with ABS 

combined brake 
with ABS 

combined brake 
with ABS, only 

hand lever 

standard brake 

combined brake 
with ABS, only 

hand lever 

combined brake standard brake 
with ABS 

 
Furthermore, the motorcycle was equipped with a 
pair of outriggers that catch the motorcycle at 
around 35° roll angle, so rider and motorcycle don’t 
painfully touch the ground in case of a locked front 
wheel, see figure 1. 
Beyond motorcycle test data such as wheel speeds, 
front and rear suspension strokes, brake and clutch 
lever travel, steering angle, and yaw and roll rate, 
human data such as the tonicities of musculus 
flexor digitorum (left hand) and musculus trapezius 
pars descendens (right side) have been recorded as 
well as the heart frequency. Between the tests,   
 

 
 
Figure 1. Test motorcycle BMW R1150RT; 
during braking tests with integrated and hidden 
measurement instrumentation and outriggers to 
limit damage in case of a fall 
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Figure 2. 90km/h straight braking with and without ABS – characteristic data) 

 

Figure 3. Absolute and cumulative frequency of front wheel locking events and front wheel locking times 
(100% wheel slip) without fall relevance during tests to minimize braking distance 
 
when changing the brake system, a short mental 
state test [6] was carried out. 
9 male test persons in the age bracket 21 years to 33 
years absolved the braking tests; all of them are 
experienced riders with a riding experience between 
18,000 km and 200,000 km. 
 
Test results 
 
Regarding braking distances, this research project 
confirms investigations which show that riders 
achieve shorter braking distances with ABS than 
without, even on a closed test track.  

Figure 2 shows, where riders lose time and travel; 
at the very beginning of a braking manoeuvre the 
rider has to experience first the pressure point and 
then optimize the brake pressure for maximum 
deceleration. To complicate this manual tire slip 
control, the approach towards the optimum can only 
happen from the safe side, and the first moments of 
a braking manoeuvre are highly non-linear 
regarding wheel loads and provided tire forces [7]. 
Front wheel lock events have to be extremely short 
to be absolved without fall, see figure 3, though 
there is evidence for a fall after less than 0.5 s front 
wheel lock (figure 4).



Gail 4 

 

 

 

Figure 4. Fall 0.4 s after beginning front wheel locking 

 
Figure 5. Time based deceleration without ABS and with ABS, but without intervening ABS control, 
50km/h in-curve braking 
 
What figure 2 shows for the straight braking at 
90km/h is also valid in a weaker form for straight 
braking at 60km/h and – much stronger – for 
in-curve braking at 50km/h.                                  
For the more challenging in-curve braking the 

higher achieved decelerations do not go along with 
using ABS; most of the braking manoeuvres 
happen without ABS intervention, but the 
decelerations achieved with engaged but not 
intervening ABS are significantly higher than those 
with disengaged ABS, see figure 5. 
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So just the presence of ABS makes riders achieve 
higher decelerations, especially during more 
challenging braking situations. 
There is low significance between brake 
performance and rider experience. Only the very 
experienced riders (70,000 km+ riding experience), 

who also have experience with combined braking 
systems and ABS, achieve significantly higher 
decelerations with all kinds of brake systems; the 
most experienced rider (200,000 km riding 
experience) delivers the best brake performance, 
see figure 6. 

 

Figure 6. Decelerations of test persons, graded in descending riding experience 

His in-curve braking performance is higher than the 
90km/h straight braking performances of those test 
persons with less riding experience! 
Those shorter braking distances result from higher 
decelerations. Higher decelerations mean higher 
inertia forces on the rider, and this means higher 
physical stress on the rider. Mental stress 
objectively is unchanged except for the fact that one 
brake system differs from another. So as a first 
conclusion this objectively higher physical stress 
should be measureable as higher physical strain, if 
the choice of the brake system has no influence on 
mental stress and so mental strain remains 
unchanged. 
The majority of the test persons do not show any 
significant change in the heart rate depending on 
the brake system, but the other test persons show a 
significantly higher heart rate when doing the tests 
without ABS compared to the tests with ABS. 

Absolute heart rates can exceed 170bpm when 
absolving tests without ABS compared to 120bpm 
with ABS. Furthermore, while braking without 
ABS, all of the test persons show significantly 
higher tonicities of both musculae measuring points 
than during the test cycles with ABS. 
There is no significance regarding combined and 
standard brake systems. Giving the rider just the 
hand lever with the combined brake system with 
ABS leads to no disadvantages regarding braking 
performance. Especially for in-curve braking, 
braking with the combined brake system with ABS 
is slightly advantageous with just the hand lever vs. 
both levers. 
It could be shown, that the least experienced riders 
profit more from having ABS than the most 
experienced riders with regard to braking 
performance and especially mental strain, s. [8]. 
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Conclusions 
 
Anti-lock brake systems not only prevent rider and 
motorcycle from harm and damage by increasing 
active safety, but also reduce significantly mental 
strain while riding and braking. In case of a critical 
riding situation, this higher remaining mental 
reserve would help the rider to develop and 
wishfully realize alternative emergency strategies 
that additionally could help the rider to prevent a 
crash. These advantages are not expected to be 
neutralized by taking higher risks, as real world 
investigations show [9]. 
 
Outlook 
 
Anti-lock braking systems in motorcycles today 
give a lot of benefit to the customer. As the press is 
more and more comparing ABS of different makes 
and its collateral effects such as brake feeling with 
and without intervening ABS control, ABS in-curve 
performance, friction step performance and last, but 
first in mind and benchmark, performance and 
feeling on uneven road surface, this will have more 
and more impact on ABS development. Especially 
uneven road behaviour and performance could be 
easily improved and with many positive side effects 
by an electronic suspension control that provides 
both high forces at low damping speeds for pitch 
control and low basic hydraulic forces for good 
response behaviour, like e.g. electrorheologic 
damping units can [10, 11].  
Regarding the test results and the increasing 
technical safety level of motorcycles, there is no 
reason why regulations force motorcycle 
manufacturers to design two brake levers. When 
equipped with a combined ABS, the equipment 
with only the hand lever would not lead to 
disadvantages regarding brake performance in any 
way [8]. 
 
COST-BENEFIT ANALYSIS OF ABS FOR 
MOTORCYCLES 
 
As the braking test showed a great safety potential 
is expected for ABS for motorcycles. The system is 
thus considered from the economic view. A cost-
benefit analysis shall clarify whether the economic 
benefit of ABS for motorcycles is greater than the 
consumed resources. A break-even analysis 
completes the analyses. In this analysis ABS is 
considered from the end user view.  
The considered time horizon for these analyses are 
the years 2015 and 2020, the area under 
consideration is Germany. For each of these years 
the accident data is forecast. At this, it is assumed 
that the frequency of having an accident per million 
registered motorcycles decreases based on the 

present trend. Thus, riding motorcycles gets safer. 
Hence, the accident data in the years 2015 and 2020 
is lower than the accident data today. 
 
Cost-benefit analysis process 
 
In general the CBA consists of a four step process. 
These four basic steps can be characterized as 
follows: 
In the first step of the procedure the relevant alter-
natives that will be compared within the analysis 
have to be defined. For the CBA two cases are 
introduced: 

• The “with-case“, which means that a road 
safety technology/measure like ABS will 
be introduced. 

• The “without-case“, which assumes that 
there will be no implementation of the 
technology/measure to be evaluated. 

Within the second step the potential safety impact 
has to be quantified. Conceptually, the main effect 
of road safety technologies/measures such as ABS 
for motorcycles is the reduction of hazardous 
situations which affects the number and/or the 
severity of accidents. As a consequence, accident 
costs can be lowered. 
Within the third step of the CBA process, the 
benefits are calculated in monetary terms by 
valuing the annual physical effects with 
standardized cost-unit rates. In addition to the 
monetarization of the physical benefits, the costs of 
the technology/measure have to be determined. The 
costs comprise the costs to be borne for 
implementation, operation and maintenance. 
The result of the economic evaluation is obtained in 
the fourth step by comparing economic benefits 
with costs. For this comparison several measures 
can be calculated. The most common one is the 
benefit-cost-ratio (BCR) according to which a 
technology/measure is macro-economically 
profitable, if the calculated ratio is greater than one. 

, with  (1) 

 BCR benefit-cost ratio, 
 t time horizon defined, 
 B estimated value of benefits for t 
and 
 C estimated value of costs for t. 
The value of the ratio indicates whether the imple-
mentation of ABS is favourable from a socio-
economic point of view. A BCR of more than “1“ 
indicates that benefits exceed the costs. Thus, the 
introduction of ABS would be beneficial to society. 
Furthermore, the value of the BCR expresses the 
absolute profitability of ABS which can be 
interpreted as the socio-economic return for every 
monetary unit (e.g. Euro, US-$) invested in the 
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implementation of ABS. For example, a BCR of 
“3.5” would show that 3.5 monetary units can be 
gained for society for every monetary unit provided 
for the investment evaluated. Setting absolute, 
monetized values of benefits and costs into relation, 
the BCR is a reliable indicator of efficient resource 
allocation. 
In the cost-benefit analysis the costs and the 
benefits have to be determined. While the 
calculation of the physical benefits of ABS on basis 
of accident statistics and accident research is rather 
straightforward, the monetary valuation of 
accidents – that means the monetary valuation of 
injuries and human life – is a controversial matter. 
In this study the cost-of-damage approach is used to 
assess the value of the resource savings for the 
benefit categories. 
The cost-of-damage approach is state of the art for 
cost-benefit analyses which are performed for 
Germany. The cost-of-damage approach is based on 
the total estimated amount of economic losses 
caused by any physical impact. Generally, the 
losses are quantified via the decline of gross 
product. For instance, the costs of an accident 
include the vehicle damage, medical and 
emergency costs and lost productivity of killed or 
disabled persons. 
In general, there are different benefits due to 
accident savings which have to be assessed. But in 
the case of ABS for motorcycles only the safety 
potential is relevant. Due to the facts that a 
motorcycle is a narrow vehicle and that most 
avoidable accidents occur on rural roads with less 
traffic [12, 13], congestion due to the motorcycle 
accident is not a problem. In addition, the usage of 
ABS does not influence the traffic flow. 
 
Scenarios 
 
There are two ABS scenarios considered for each 
year: 

• penetration rate for ABS: trend and 
• penetration rate for ABS: mandatory for 

new motorcycles 
The penetration rate is differentiated into a trend 
scenario and a mandatory scenario. Trend scenario 
means that there are no special incentives to 
promote ABS on the part of the politics. In  

Table 2. 
Equipment rates and the motorcycle stock for 

the years 2015 and 2020 [14] 

opposition to that the mandatory scenario means 
that ABS is equipped in every new motorcycle from 
the year 2010 on. 
The equipment rates and the motorcycle stock for 
the years 2015 and 2020 can be seen in Table . 
The system costs depend on the produced volume. 
The more systems are produced the lower are the 
system costs. Hence, the system costs of the 
mandatory scenario will be lower than the ones of 
the trend scenario. For the year 2015 the system 
costs are estimated as 120 Euro for the trend 
scenario and as 115 Euro for the mandatory 
scenario. For the year 2020 the figures are 105 Euro 
and 100 Euro respectively. Economies of scale and 
effects of learning curves are included. 
It is considered that ABS influences the total 
number of accidents, of fatalities, of severe injuries 
and of slight injuries. Only accidents in which the 
motorcycle rider falls down before the real accident 
happens are considered. The fall is usually caused 
by locked wheels due to inappropriate braking 
manoeuvers which can be avoided by ABS. 
Additional effects due to shorter braking distances 
with ABS are neglected. This is due to the lack of 
data. Hence, both scenarios are underestimating. 
In order to determine the number of avoidable 
accidents and casualties, the accident base for 2015 
and 2020 has to be estimated (Table ). 
 

Table 3. 
Estimated accident base for 2015 and 2020 [14] 

 
 
Safety potential 
 
Due to the usage of ABS, falls can be avoided. In 
every fifth single vehicle accident the motorcycle 
driver falls down [15]. Every fifth motorcycle 
accident is a single vehicle accident [12], thus, the 
share of falls in single vehicle accidents based on 
all accidents is 4 %. The same calculation is done 
for multi-vehicle accidents. Here, the share of falls 
is 10 % [16] while the share of multi-vehicle 
accidents is 80 %. Thus, the share of falls in 
multi-vehicle accidents based on all accidents is     
8 %. Together, the share of falls based on all 
accidents is 12 %. The potential of ABS is to avoid 
20 % of all accidents with falls [16]. Hence, due to 
ABS the number of accidents can be reduced by 2.4 
%. 
The avoided fatalities, severe and slight injuries can 
be differentiated into three groups: 
 

motorcycles

Year trend mandatory in 1,000

2015 39.7% 47.8% 4,538

2020 56.7% 69.3% 4,939

equipment rate

accidents fatalities severe slight

2015 34,838 777 9,672 23,561

2020 34,487 746 9,058 23,275

injuries
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1. ABS avoids the fall of the motorcycle but 
cannot avoid the crash (motorcyclist), 

2. ABS can avoid the accident (motorcyclist) 
and 

3. ABS can avoid the accident (other traffic 
participant). 

 
The risk of being killed in an accident with 
previous fall is twice as high as for accidents 
without fall. ABS can avoid a fall in 85% of all 
cases and the share of fatalities after a fall is 22.6 % 
[12, 14] so that the avoidance potential due to the 
avoided fall is 9.59 %. 
For calculating the avoidance potential of fatalities 
due to the avoided accident, the share of avoidable 
accidents (single vehicle and multi-vehicle 
accidents) has to be multiplied with the accordant 
share of fatalities in the accident category over the 
share of the accident category. This is done for 
single and for multi-vehicle accidents. All in all, the 
avoidance potential of fatalities due to the avoided 
accident is 2.26 %. 
Finally, the potential in avoiding fatalities of other 
traffic participants has to be determined. 90 % of all 
fatalities due to an accident with motorcycles are 
motorcyclists [12]. 
Thus, per killed motorcyclist comes 0.11 killed 
other traffic participant. The share of fatalities of 
multi-vehicle accidents is 71 % [17]. Thus, 0.156 
killed other traffic participants comes on one killed 
motorcyclist in multi-vehicle accidents. This figure 
has to be multiplied with the share of avoided 
fatalities in multi-vehicle accidents (1.29 %). This 
leads to an additional share of avoided other traffic 
participants due to avoided accidents of 0.2 %. 
In total, 12.05 % of all fatalities can be avoided if 
every motorcycle is equipped with ABS. 
The calculation for the avoidance potential of 
severe and slight injuries is similar to the one for 
fatalities. The results for accidents, fatalities, severe 
and slight injuries are displayed in Table . 
 

Table 4. 
Avoidance potential for accidents and casualties 

[14] 

 
In Germany, ABS for motorcycles was introduced 
in 1988 by BMW [7]. Today the equipment rate of 
the motorcycle fleet is significant. Thus, ABS 
avoids already accidents and, linked to this, 
casualties. Due to this, the accident data is 
underestimating – if ABS had never been 
introduced the accident data would be higher. The 

estimated accident data for 2015 and 2020 are valid 
for the trend scenario. For both scenarios the 
accident data has to be determined for the case that 
ABS is not available. The adjusted accident base 
(aab) can be determined as follows: 
 

       (2) 
 
The difference of the adjusted accident base and the 
estimated accident base is the avoidance potential 
of the trend scenario. The avoidance potential of the 
mandatory scenario is the following product: 
 

  (3) 
 
In  
Table  the results are displayed.  
 

Table 5. 
avoided number of accidents and casualties in 
2015 and 2020 for the trend and mandatory 

scenario [14] 

 
 
Benefits 
 
Afterwards the avoided fatalities, severe and slight 
injuries have to be multiplied with the accordant 
cost-unit rates. For fatalities the cost-unit rate is 
1,190,335 Euro, for severe injuries 101,099 Euro 
and for slight injuries 13,923 Euro [19]. 
For each year and for each scenario the avoided 
accident numbers have to be multiplied with the 
accordant cost-unit rates for the casualty categories 
fatalities, severe and slight injuries. Afterwards the 
sum of the three figures is established. The safety 
benefits are: 

• 91.4 million Euro for the year 2015 in the 
trend scenario, 

avoidance potential for

accidents fatalities severe inj. slight inj.

2.4% 12.1% 11.7% -2.1%

accidents fatalities severe slight

2015 34,838 777 9,672 23,561

aab 35,173 816 10,143 23,364

potential
trend 335 39 471 -197

potential
mandatory 403 47 567 -237

2020 34,487 746 9,058 23,275

aab 34,962 801 9,701 22,999

potential
trend 475 55 643 -276

potential
mandatory 581 67 786 -338

injuries
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• 110.1 million Euro for the year 2015 in the 
mandatory scenario, 

• 126.9 million Euro for the year 2020 in the 
trend scenario and 

• 154.9 million Euro for the year 2020 in the 
mandatory scenario. 

 
Costs 
 
The benefits have to be confronted with the costs. 
The costs are the product of system costs per year 
times equipment rate times motorcycle stock. The 
system costs per year are the product system costs 
times annuity rate. The annuity rate depends on the 
economic lifetime of a motorcycle, which is 
assumed to be 13.2 years [20], and on the discount 
rate, which is assumed to be 3 % [14]. The annuity 
rate is determined as follows: 
 

   (4) 
 
In 2015, the system costs per year are 11.14 Euro in 
the trend scenario. The number of equipped 
motorcycles is 1.8 million motorcycles. Thus, the 
costs in 2015 trend scenario are 20.1 million Euro. 
In the mandatory scenario the costs are 23.2 million 
Euro, in 2020 the costs are 27.3 million Euro 
respectively 31.8 million Euro. 
 
Benefit-cost results 
 
The benefit-cost ratio is determined by dividing the 
benefits by the costs. The benefit cost ratio for the 
year 2015 is 4.6 in the trend scenario and 4.8 in the 
mandatory scenario. In 2020 the values are 4.7 
respectively 4.9. 
In comparison to other vehicle safety systems ABS 
is in the top flight. 
Another possibility to assess the economical impact 
of ABS is the net-benefit. In this approach the costs 
are subtracted of the benefits. In 2015 the net-
benefits are 71 million Euro in the trend scenario 
and 87 million Euro in the mandatory scenario. The 
values for 2020 are 100 million Euro and 123 
million Euro respectively. 
 
Break-even analysis 
 
Another analysis which is done for ABS for 
motorcycles is the break-even analysis. In this 
approach the end user is in the focus. For an 
average motorcyclist, the market price for ABS is 
determined for which the costs and the benefits of 
ABS are the same from a user point-of-view. In this 
approach the lower risk of the motorcyclist of being 

killed, severely injured and slightly injured is 
considered. Afterwards the difference in the risk 
(with ABS versus without ABS) is multiplied with 
the accordant cost-unit rates which are now 
determined by the willingness-to-pay approach 
[14]. The result is a fair market price of 701 Euro 
for 2015 respectively 622 Euro for 2020. If the 
market price is below the fair market price, ABS 
will be worthwhile for the average user. 
Another approach within the break-even analysis is 
to calculate the critical mileage. Therefore a market 
price is estimated – 400 Euro in 2015 and 300 Euro 
in 2020 [14]. Given this market price and the 
difference of risk for being killed, severely injured 
and slightly injured, the mileage can be determined 
for which the costs and benefits for the user are the 
same. For each mileage which is higher than the 
critical mileage, ABS is worthwhile. The critical 
mileage is 2,200 km per year in 2015 and 1,900 km 
per year in 2020. These mileages are below the 
mileage on average. ABS is worthwhile for most 
users. 
 
Result 
 
The benefit-cost analysis shows clearly that ABS 
for motorcycles is economically reasonable. The 
full potential of ABS can only be achieved by 
making ABS mandatory. 
 
SAFETY POTENTIAL OF VSC FOR 
MOTORCYCLES 
 
In order to assess the potential for future vehicle 
stability control systems (VSC), the corresponding 
accident types, vehicle dynamics properties and 
technical possibilities need to be taken into account: 
A technical system intended to decrease the rate of 
fatal accidents should address accident types that 
have a high risk of being fatal as well as occur 
often. These accident types are identified by means 
of an accident analysis. 
To gather information on the vehicle behaviour 
during these accidents, real-world experiments of 
simulated accidents using a test motorcycle and 
computer simulation studies with the simulation 
package VI/Motorcycle are conducted. A 
mathematical model for the vehicle behaviour is 
derived from the experiments and computer 
simulations. The definition of critical and uncritical 
situations is also derived from the analysis of 
experimental data. 
Any VSC has to fulfill two criteria: it has to be able 
to detect critical situations and it has to be able to 
prevent or mitigate them. Methods to detect the 
addressed critical situations are developed from the 
mathematical model. To check if these methods can 
distinguish critical from uncritical situations, they 
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are validated with data from the experiments and 
simulations (critical) and with data from various 
uncritical test rides. 
Methods to influence motorcycle dynamics are also 
derived from the mathematical model and evaluated 
regarding physical feasibility and technical 
feasibility. With assessed methods for detection and 
prevention of critical situations, the question is 
answered if and how future vehicle stability control 
systems can help prevent accidents. 
 
Accident analysis 
 
The objective of the accident analysis is to find 
accident types that cannot be influenced by today’s 
vehicle stability control systems ABS and TCS 
(Traction Control Systems). To achieve this, 
motorcycle experts were questioned about their 
own experiences with motorcycle accidents (not 
surprisingly, almost all experts experienced at least 
one accident). Because of their experience with 
motorcycles as well as their knowledge of physics, 
they are able to give a technical explanation of what 
happened during their accidents. This source 
delivers around 60 detailed descriptions. 
Additionally, around 60 accidents originating from 
the accident database of the German Insurances 
Association (Gesamtverband der Deutschen 
Versicherungswirtschaft, GDV) are analyzed. The 
accident datasets are classified as ‘preventable’ (the 
rider reacted before the vehicle collided with the 
opponent or the road) and ‘not preventable’ (no 
reaction). Preventable accidents are further divided 
into the subgroups ‘with today’s technology’ (ABS 
or TCS could have prevented the accident but were 
not available on the motorcycle) and ‘with future 
technology’ (unbraked accidents). 
The share of those identified accidents on the total 
amount of motorcycle accidents then is checked 
with a detailed analysis of all accident datasets from 
the GDV database (around 900 accidents, 
representative for Germany). For more information 
on the accident analysis, refer to [20]. 
The high risk accident types classified as 
preventable by future VSC systems are unbraked 
cornering accidents due to a step of friction (μ-step, 
accident type 1) and due to exceeding maximum 
lateral acceleration (e.g. trying to ride at a roll angle 
larger than the maximum roll angle determined by 
the road surface, accident type 2). 
Their share on Germany’s high-risk motorcycle 
accidents is estimated to be 4 to 8%. 
 
Test Motorcycle 
 
The test motorcycle is a BMW R 1150 RT 
motorcycle (Figure 1), the motorcycle that was used 
for the brake tests (see chapter ANTI LOCK 

BRAKING SYSTEMS). To prevent damage in 
simulated accidents, it is equipped with a set of 
outriggers on both sides. The outriggers have Teflon 
gliders to minimize friction. In order to reduce the 
influence on the motorcycle inertia to a minimum, 
they are mounted rotatable to the motorcycle and 
glide on the ground permanently. If the roll angle 
exceeds 25°-30° (depending on the state of the 
Teflon gliders), the motorcycle finds support on the 
outriggers. 
A fiber-optical gyroscope combined with 
acceleration sensors records the motorcycle’s 
accelerations and angular velocities in all three 
axes. The accuracy of the roll rate sensor allows 
calculating the roll angle simply by integrating the 
roll rate signal. The vehicle’s velocity is determined 
by the production ABS wheel speed sensors, the 
steering angle is measured by a hall sensor, and a 
reflex light barrier is mounted to the vehicle. 
 
Simulated accidents 
 
Wet epoxy surface and tarpaulins covered with glue 
were used to simulate unbraked cornering 
accidents, for details, see [21]. Both surfaces have a 
friction coefficient of approximately 0.2. 46 test 
rides in total were valid. As a variant, on seven test 
rides additional weight to change the vehicle’s 
center of gravity was mounted. 
 

Table 6. 
Number of conducted tests by type and surface 

 
Surface Type 1 μ-step Type 2 

ay>ay,max 
Wet epoxy 7 7 
Tarpaulin with 
glue 

28 4 

 
The test layout is shown in Figure 7. 
 

R = 20m for 
Type 1

cones

R = inf for
Type 2

 

Figure 7. Test layout 
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For type 1, the vehicle arrives at the low-μ surface 
with a desired speed between 7 and 8 m/s at a 
desired turn radius of approximately 20 m at roll 
angles of 15° to 20°. Capsize of the vehicle occurs 
almost as soon as it has arrived on the low-μ 
surface. For type 2, the vehicle arrives with the 
same speed and a roll angle below 5°. 
The objective is to increase the roll angle, once the 
vehicle has arrived on the low-μ surface, until the 
vehicle capsizes. 
For both simulated accident types, the arrival of the 
front wheel contact patch on low-μ is detected by 
the vehicle-mounted light barrier and a calibrated 
reflector. The impact of the motorcycle on the 
safety bars is determined by the maximum roll 
acceleration. Clutch is opened before low-μ-
surface. 
 
Computer Simulation 
 
The maximum velocities and maximum roll angles 
were set by the construction of the motorcycle’s 
safety bars and the size of the low-μ surface. To 
gather additional data on parameter sets that could 
not be measured with test rides, a computer 
simulation software VI/Motorcycle (www.VI-
Grade.com) is used. For details on the computer 
simulation, refer to [20]. 
 
Uncritical test rides 
 
Based on the simulated accidents vehicle dynamics 
data, a criterion for recognition of critical driving 
situations is developed. Uncritical rides are 
conducted to provoke failure detection. All rides 
took place on the “Airfield Griesheim” test track. 
The test track has an unevenness of a typical 
German highway [5] and thus is more uneven than 
the epoxy test track, but all other circumstances 
were maintained to ensure comparability in 
between simulated accidents on either surface and 
uncritical test rides. 
 
Vehicle behaviour in simulated accidents 
 

As mentioned before, two types of accidents 
have been chosen as the most relevant for future 
vehicle stability control systems. Both are unbraked 
cornering accidents, one is caused by a drop of the 
road friction coefficient (μ-step), the other one is 
caused by exceeding the maximum lateral 
acceleration and thus capsizing. The feasibility of 
vehicle stability control systems to prevent those 
accident types will be evaluated. This is achieved 
by simulating the accident types in real-world 
experiments and computer simulations and 
developing a mathematical model from the gathered 
data. 

The vehicle behaviour is depicted in Figure 8 for 
four exemplary test rides: one per surface type 
(epoxy or tarpaulins) and one per accident type (μ-
step or exceeding maximum lateral acceleration). 
Type 1 accidents have a shorter duration compared 
to type 2 accidents. For accident type 1, the front 
wheel starts to slide as soon as it reaches the μ low-
surface. The front wheel side force decreases 
immediately to the value determined by the friction 
coefficient, the vehicle starts to capsize, see roll 
velocity, time t=0s. The rear wheel arrives 0.2 
seconds later. At that time, the rear wheel side force 
also drops, the roll velocity increases. The 
unbalanced side forces of front and rear wheel lead 
to a yaw momentum and thus a yaw velocity 
between 0s and 0.2s. The vehicle turns to the 
outside of the bend. After approx. t=0.2s, the 
vehicle movement is inverted – it turns to the inside 
of the bend, until a short time later the vehicle 
impacts on the safety bars.  
For accident type 2, the side forces drop to the 
sliding value both at the same time. The roll rate 
increases constantly. No yaw movement to the 
outside of the bend is observed; instead the vehicle 
turns to the inside just before the fall occurs (see the 
last 0.3 seconds). For both cases, pitch movement 
can be neglected. 
The lateral acceleration drops to a level equal to g x 
μ when both wheels are sliding (after 0.2 seconds 
for type 1 respectively at the last 0.3 seconds for 
type 2). The “over-steering” yaw movement 
observed for the last few 0.1 seconds of both cases 
therefore cannot be explained by a turn. It can be 
explained by a slip angular velocity – the vehicle 
yaws but does not change its course in the same 
way. 
[22] describes an “over-steering” yaw movement 
during “low sider” type accidents due to a decrease 
in rear wheel side force. However, the accidents 
described there are braked accidents – the 
conclusions cannot be transferred to the accident 
types this paper focuses on. 
 
Detection of critical driving situations with focus 
on future VSC systems 
 

With the mathematical model, the vehicle 
dynamics for critical situations are understood. 
Methods for detection and avoidance or mitigation 
of these accident types can be evaluated. If an 
accident type can be detected as well as prevented, 
a vehicle stability control system for this accident 
type is feasible. 
The mathematical model of the vehicle behaviour 
shows that the vehicle side-slip angular velocity is 
unstable for critical driving situations of the type 
investigated here (non-braking cornering  
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Figure 8. Vehicle behaviour during simulated accidents. All data filtered with first order low-pass filter, 
10 Hz cutoff frequency. Lateral acceleration additionally smoothed. Signal vibrations are caused by 
engine excitation and resonance effects of the rear frame and vanish for idling engine. Pitch rate is 
neglected. 

accidents). General motorcycle tire properties 
suggest the tire slip angle is always small <1° (refer  
to [23]), as well as the vehicle side-slip angle. The 
side-slip angular velocities (both tire and vehicle) 
are also assumed to be low. 
A criterion for the detection of critical driving 
situations would be 
              max,stableβ β>& &  (5) 

This criterion can be used to detect critical driving 
situations, if it fulfills the following two conditions: 

• it does detect a simulated accident in all 
valid test rides (no false-negatives), 

• it does not detect an accident in all 
uncritical test rides (no false-positives). 

The side-slip angular velocity of the vehicle cannot 
be measured directly, it has to be calculated from 
other measurands. Using the lateral acceleration 
horizontal to the road plane, the vehicle side-slip 
angular velocity is 

              
y

x
β ψ= +

&&

&

&

&

, (6) 

for details on the calculation of the lateral 
acceleration see [21] and [20]. 
Figure 9 shows the time of detection for all 
simulated accidents as cumulative probability 

distribution. The time is between 0% (front wheel 
has reached the low-μ surface) and 100% (impact 
on safety bar). No false-negatives are observed. The 
majority of simulated accidents was detected in the  
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Figure 9. Results: Cumulative Distribution 
Function for detection of simulated accidents, 
time normalised with respect to critical situation 
duration. 
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last quarter of the critical driving situation duration. 
However, a value of 100% only means the vehicle 
has reached the safety bars, not the vehicle has 
crashed. The safety bars limit the roll angle to 
values of 25° to 30°. In reality, motorcycles can 
reach maximum roll angles of up to 55° without 
crashing, thus giving any control system more time 
to react. 
The ability of the described criterion to distinguish 
critical and uncritical driving situations is proved, if 
no false-positives can be found at all. Table  shows 
the types of uncritical test rides. 
Using this experimental evidence, the criterion 
“side-slip rate” has proved the ability to detect 
critical driving situations. No side-slip rates higher 
than 0.15 rad/sec + estimated error have been 
observed for uncritical situations. 
These thoughts lead to the following control 
objectives: 

• First, the roll movement has to be 
stabilized. 

• Second, the rear wheel side-slip angle has 
to be zero for the case of a sudden increase 
of the friction coefficient. 

• Third, if a capsize is inevitable, the vehicle 
has to turn into the bend.  

 
 

Table 7. 
Description of uncritical ride tests. 

 
 Description Parameters 
1 steady-state 

cornering 
turn radius 9 and 14m 
ay,0 from 0.1 to 0.5g 

2 corner braking turn radius 9 and 14m 
ay,0 from 0.1 to 0.5g 

3 swerving  
4 double lane change 

according to VDA 
velocity from 70 to 
85 km/h 

 
 

Possible methods to change the movement of a 
motorcycle 
 
The accidents focused by this paper involve an 
unstable yaw movement and an unstable roll 
movement. Unstable roll movement limits the 
duration of the accident – as soon as the vehicle hits 
the ground, a crash occurs. The primary focus 
should be on the roll stabilization. 
If the vehicle capsizes and the surface friction 
coefficient does not change, it makes no sense to 
change the yaw momentum. As the motorcycle 
turns into the bend, the rider falls behind the 
vehicle. The friction coefficient of today’s 
motorcycle clothing is higher than that of a 
capsized motorcycle. The motorcycle’s deceleration 

is lower, the distance between motorcyclist and 
vehicle will increase during the accident. 
If the friction value raises again during the tumble, 
e.g. if the road was slippy only in a small area, a 
high wheel side-slip angle on the rear wheel will 
almost instantly cause a high side force on that 
particular wheel, a dangerous “highside” type 
accident (which is a fast roll movement of the 
motorcycle away from the bend direction) would be 
the consequence. 
In order to change the movement of a motorcycle, 

• the tire side-slip angles, camber angles or 
longitudinal slip can be changed, 

• the wheel load can be changed, 
• gyroscopic effects can be utilized, 
• aerodynamic effects can be used. 

 
Roll stabilization 

Unstable roll movement can be stabilized by 
changing the roll momentum, e.g. increasing the 
sum of side forces and thus the lateral acceleration 
or applying an additional roll torque to the 
motorcycle.  
As long as one wheel has not reached its maximum 
side force (e.g. the rear wheel is still on high-μ), 
changing the tyre properties can increase the side 
force. The delay between applying a wheel side-slip 
angle and the resulting side force is dependent on a 
distance called “relaxation length”, for typical tyres 
this value lies at approx. 0.2 to 0.5 meters [24], for 
camber changes the delay is negligible. From a 
physical point of view, stabilization seems to be 
possible. What needs to be taken into account is the 
time demand for applying the changed tyre 
properties. A change of side-slip angle by a rear-
wheel steering system is the better choice because 
the ratio between angle and side force is 
approximately 10 times higher for side-slip angle 
than for camber angle. However, the absolute time 
lag between front wheel and rear wheel (wheel base 
divided by vehicle speed) is as low as 0.2 seconds 
for speeds as low as 7 km/h and decreases with 
1/velocity. It is doubtable that this short time span 
is enough for detection and reaction by a technical 
system. 
Roll momentum on a motorcycle with sliding 
wheels cannot be applied by changing wheel load, 
using gyroscopic effects or aerodynamic effects, for 
details, see [25]. 
Gyroscopic effects can stabilize the roll movement 
of a vehicle. This is proved by technical examples 
like the Ford Gyron prototypes [26]. The Ford 
Gyron prototype cars used a stabilizer gyro with a 
weight of 180 pounds. Calculations show stabilizer 
gyroscopes for today’s motorcycles would still not 
be feasible due to large mass, high rotational 
velocity and control issues. Gyroscopic effects of 
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the motorcycle’s wheels are far too low to stabilize 
the roll movement. 
Aerodynamic effects are an option for capsuled 
motorcycles, but most probably will not work with 
standard motorcycles due to the bad aerodynamics. 
 

Yaw stabilization 
Side-slip angles, camber angles and longitudinal 
slip can change the direction of the tyre forces of a 
sliding wheel (which has reached its maximum side 
force), but the maximum value cannot be 
influenced – it is determined by the friction 
coefficient between tire and surface and the wheel 
load. These methods therefore can be used to 
change the yaw momentum to stabilize the yaw 
movement of the motorcycle.  
The accidents that can be mitigated by this method 
are only a subset of the mentioned 4-8 % of all 
German motorcycle accidents. For more details, see 
[20] and [21]. 
 
CONCLUSION 
 
Braking is one of the most difficult-to-control 
motorcycle manoeuvres because the rider has to 
control two independently operating braking 
circuits and the motorcycle is stabilized by side and 
gyro forces. ABS and combined braking systems 
are designed to support riders while braking. 
Further dynamic vehicle stability control systems 
for powered two wheelers besides traction control 
systems are not known up to now. 
Several research projects therefore were carried out 
to determine possible safety benefits of ABS and 
VSC for motorcycles. 
Test persons were assigned braking tasks with five 
different brake systems: standard and combined 
brake system with and without ABS in each case 
and ABS combined brake with single-lever 
operation. The stopping distances achieved as well 
as workload and stress variables for the rider were 
recorded. 
The stopping distances achieved are shorter with 
ABS than they are without ABS. This also and 
primarily applies to braking when cornering. It was 
not possible to establish any significant difference 
between standard and combined brake. Operation 
of a combined brake with ABS and with only one 
brake lever did not show any disadvantage by 
comparison with a two-lever brake control system. 
In the case of braking operations without ABS, 
stress and strain for the rider were significantly 
higher than in the case with ABS. 
In principle, ABS is seen to have the potential to 
reduce fatalities among motorcycle riders by about 
10 %. A socio-economical analysis yielded benefit-
cost-ratios of above 4 for motorcycle ABS 

indicating that this system is highly economically 
sensible. 
ABS thus should be used on all two-wheeled 
vehicles wherever possible. The ABS system may 
be designed as a disengageable system. 
To assess the technical possibilities for future 
vehicle stability control systems for motorcycles 
and the amount of accidents that could be prevented 
by those systems an accident analysis was carried 
out. Accidents while cornering without braking 
have been determined as potentially avoidable by 
future technical systems. The accidents can be 
caused by low friction or by raising the lateral 
acceleration over the possible maximum. About 4 
to 8 % of all motorcycle accidents are of this type. 
Both accident types have been analyzed with 
driving experiments and computer simulation. The 
vehicle sideslip angle speed proved to be a robust 
criterion for recognizing whether a driving situation 
is critical.  
Possibilities for technical systems to influence the 
critical driving situations were estimated. The roll 
movement of the vehicle cannot be influenced, 
because neither the tire side force can be increment-
ted nor stabilizing gyroscopes can be built small 
enough. The vehicle sideslip angle speed can be 
influenced by braking the front or the rear wheel, 
thus generating a yaw moment to avoid the 
dangerous high-side type accidents at friction steps 
from low to high. The motorcycle accidents 
influenced by this system are only a subgroup of 
the mentioned 4 to 8 % of all accidents, so as a 
result of this study, the potential for future dynamic 
control systems is estimated very low. Making them 
mandatory can-not be recommended at present. 
Further research with regard to driving stability of 
motorcycles should rather focus on active damping 
devices. 
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ABSTRACT 

Curve speed warning systems (CSW) utilize 

information about the road and warn drivers if they 

are about to enter a curve too fast. Recent research 

shows that CSW is successful in warning for 

upcoming curves. However no statistically 

significant change in driver behaviour due to CSW 
has been shown. In addition, a common 

requirement cited by drivers is that the amount of 

false alarms needs to be reduced.  

This paper evaluates how the level of detail in the 

modelled vehicle dynamics influences the threat 
assessment in a situation with an oncoming curve. 

The point mass model that is commonly used by 

CSW is compared with more detailed models. 

Maximum velocity the vehicle can have while still 

following a curve is investigated and compared for 

the point mass model, the single track model and 

the double track model. It is shown that as the level 

of detail in the modelled dynamics increase, the 

maximum velocity profile is significantly reduced. 

This implies that in order to make a reliable threat 

assessment that can reduce the amount of false 

alarms and even be used as a base for an 
autonomous intervention, a more complex vehicle 

model than the point mass model is required. 

INTRODUCTION 

The number of fatalities in vehicles leaving the 

road due to loss of control has been greatly reduced 

since car manufacturers started to equip vehicles 

with electronic stability systems, [1]. Despite this, 

unintended roadway departures still account for the 

highest share of traffic related fatalities, [2][3]. 

Roadway departures are thus still a highly 

significant problem.  

Currently a new type of active safety systems that 

also addresses roadway departures is emerging. 

Curve speed warning systems (CSW) utilize sensor 

data about the road and warn drivers if they are 

about to enter a curve too fast. In [3], it is shown 

that CSW is successful in warning for upcoming 
curves. CSW might therefore give a significant 

contribution to further reduction of roadway 

departures, provided that drivers take the warnings 

seriously.  

However, in the study presented in [3], no 

statistically significant change in driver behaviour 

due to CSW could be shown. Even though the 

concept of CSW was generally thought to increase 

safety, a common requirement cited by drivers is 

that the amount of false alarms needs to be 

reduced. In fact, drivers often commented that 

when they received a CSW alert, they would make 

their own evaluation of the situation rather than 

simply slowing down in response to the alert. 

Drivers only experience the system through its 

interface and it is therefore crucial that false alerts 

are avoided so that drivers are confident with the 

system. How to define a false alert can of course be 

disputed, however alerts which common drivers 

consider as unnecessary will contribute negatively 
to their confidence in the system.  

In this paper we focus on the threat assessment part 

of CSW i.e. the part where it is evaluated whether 

an alert or intervention is required. Current CSW 

systems attempt to keep drivers within the range of 

lateral accelerations associated with normal curve 
taking [3]. In general it can be stated that the threat 

assessment related with such an approach is 

suitable for issuing early warnings or calculating 

reference velocity in curves for e.g. an adaptive 

cruise control. The starting point of this work is 

however that drivers need to see a clear connection 

between an alert from the system and an actual 

threat in order for the system to gain credibility. In 

fact, the long term aim is to have a threat 

assessment that is reliable enough to motivate an 

intervention rather than just alerting the driver.  

In particular, the purpose of this paper is to 

evaluate how the level of detail in the modelled 

vehicle dynamics influences the threat assessment 

in a situation with an oncoming curve. The point 

mass model that is used by the threat assessment of 

CSW (see e.g. [3]) is here compared with other, 
well established vehicle models that are more 

detailed. The vehicle is modelled using a point 

mass model, a single track model and a four wheel 

model. As comparison measure, the maximum 
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velocity the vehicle can have while still following a 

particular curve is investigated and compared for 

the different models. Even though the comparison 

is quite simple, it shows that the level of detail in 

the modelled dynamics has a significant impact on 

the result.  

This implies that in order to make a reliable threat 

assessment that can reduce the amount of false 

alarms and even be used as a base for an 

autonomous intervention, a more complex vehicle 

model than the point mass model is required. 

SIMULATION STRATEGY 

In this section, the chosen approach for calculating 

the maximum velocity profile is explained using 

the point mass vehicle model as an example. In 

order to compare the different vehicle models, a 

scenario where a vehicle approaches a specific 

curve is considered. The curve is represented as a 

clothoid which means that the curvature increases 

linearly along the travelled path and can be 

expressed 

sccsc
10

)(   (1) 

where c0 is the curvature at the starting point, c1 the 

increase rate of the curvature along the curve and s 

is the travelled distance along the curve. The 

construction of real roads corresponds well with 

equation (1), [4][5]. Clothoids are often used as 

transitions between straight road segments and 

segments with constant curvature. In particular, the 

curve used in all simulations in this paper is a 

120m long clothoid that has a radius of 50m at the 

apex i.e. the end of the clothoid. This curve is quite 

short and typically suitable as a transition curve 

followed by a segment with constant curvature on a 

road with 50 km/h as posted velocity [5]. 

For a point mass model, the maximum velocity 
profile through the curve is easily obtained using 

the principles described in [6]. The equations of 

motion for a point mass can be stated 

x
Fsm   
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with m as the vehicles mass, Fx the force in the 

tangential direction of the path and Fy as the force 

normal to the direction of travel.  

A common assumption regarding available friction 

force is that it is limited by a friction ellipse [7]. In 

its simplest form the friction ellipse can be 

expressed as a circle according to 

222
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where μ is the friction coefficient and Fz is the 

normal load. Since this is a comparative study, the 

friction coefficient will be given the same value 

μ=1 in all simulations which corresponds to 

assuming that the vehicle travels on dry asphalt. 

With Fx and Fy as control inputs, assuming 
controllability conditions to be fulfilled and the 

dynamics to be well defined, it is stated in [6] that 

for the vehicle to exactly follow the path in 

minimum time, it has been formally proven that the 

following control law holds  

2
smcF

y
  

(4) 
  22

yzx
FFF    

The control law has been reformulated to fit the 

notation of this paper. An interpretation of the 

control law is that as much lateral force as needed 

to follow the reference curvature should be utilized 

and the rest of the available force should be used 

for either full acceleration or full deceleration.  

By combining (3) and (2), it can be derived that 

there exists a critical velocity for which a vehicle 

can no longer follow the specified curvature 

m

cF
s z

critical


  (5) 

which is the maximum allowable velocity at each 

point of the path [6]. For the considered curve, the 

curvature has only one minimum at the end of the 

clothoid. As a consequence of (5), the optimal 

velocity profile then also has a minimum at the 

same point. By setting the critical velocity at the 

apex as boundary condition and applying the 

control law (4), the optimal velocity profile can be 

obtained by starting a simulation at the end of the 

clothoid where the vehicle travels in the reversed 

direction.  

 

Figure 1. Maximum velocity profile computed 

using a point mass model. 
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The result of such a simulation can be seen in 

Figure 1. The computed velocity profile implies 

that an optimal driver can enter the curve with a 

velocity of about 150 km/h and pass the end of the 

clothoid in about 80 km/h.  

Principle of optimality 

When the level of detail in the modelled vehicle 

dynamics is increased it is not straightforward to 

reverse the direction of motion without first taking 

care of the inverted dynamics. The vehicle's 

behaviour during acceleration will be different 

from the behaviour during deceleration. 

Consequently the method used above for the point 

mass is not used here to obtain the optimal velocity 

profile when more detailed models are considered. 

Instead the principle of optimality is used which 

can be stated:  

"An optimal policy has the property that whatever 
the previous state and decision (i.e. control), the 

remaining decision must constitute an optimal 

policy with regard to the state resulting from the 

previous decision." [8] 

In other words, the optimal velocity profile can be 
divided into smaller segments which are 

themselves optimal. If one can find the optimal 

solution for the small segments, one can put them 

together to get the optimal solution for the whole 

path [8].  

 

Figure 2. The principle of optimality is used to 

obtain the optimal velocity profile. The black 

solid line represents the optimal profile while 

the red dashed lines represent simulations 

conducted in order to find the maximum 

velocity for each segment. 

The following bullets together with Figure 2 

explain how the principle of optimality is utilized 

in this study:  

 The curve is uniformly divided into several 

small segments. In Figure 2 this is illustrated 

by the dividing points A, B and C.  

 The optimal velocity at the point C in Figure 2 

is assumed to be known and denoted vc.  

 A simulation of the vehicle's motion between 

the points B and C is conducted where the 

lateral force needed in order to follow the 

curve is applied and the rest of the available 
force is utilized to brake in accordance with 

the control law (4).  

 The vehicle's initial velocity at point B is 

gradually increased with a predefined 

resolution as the simulation is iteratively 

repeated.  

 When available brake force is no longer 

sufficient to reduce the vehicle's velocity 

below vc, at point C, the iterations stop.  

 The highest velocity the vehicle can have at 

point B while still reaching point C without 
exceeding vc, is then considered to be vb.  

 Once vb has been acquired, the procedure can 

be repeated between the points A and B to 

obtain va and analogously for the remaining 

segments until solutions has been acquired for 

the whole curve.  

 The points A, B and C was here used to give 

an illustration of the procedure, in reality the 

procedure is initiated at the end of the clothoid 

and the maximum velocity at that point is 

calculated using (5).  

The optimal velocity obtained using the principle 

of optimality is of course an approximation, since 

the set of possible solutions as well as the curve is 

discretized. As the resolution is increased, the 

accuracy of the obtained solution will however 

improve and if infinite resolution could be 

achieved, the difference from the true optimum 

would tend to zero.  

 

Figure 3. Time optimal velocity profile obtained 

through reversing the vehicles motion is 

compared with the solution acquired with the 

principle of optimality.  
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In Figure 3, a validation of the chosen resolution is 

made by comparing the optimal path of a point 

mass computed by reversing the vehicle's motion 

and the one computed using the principle of 

optimality. Even though the solutions are not 

identical, the difference is satisfactorily small. The 
principle of optimality will therefore be used in the 

following sections to obtain optimal velocity 

profiles for more detailed vehicle models. 

SINGLE TRACK VEHICLE MODEL 

In a point mass representation of the vehicle, the 

wheelbase and track width are collapsed to zero, 

hence all forces are applied on the centre of mass. 

In this section, a single track model is considered, 

which means that the car's length and orientation is 

also taken into account. Applied forces are 

distributed between the front and rear axle and 

might therefore also cause the vehicle to rotate 
around its own axis rather than just moving the 

mass centre. Without loss of generality each axle is 

here considered as a tire and with notation defined 

in Figure 4 the equations of motion can then be 

expressed, [9] 
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Note however that the forces in (6), are denoted F 

and expressed in the vehicle frame which is 

different from the forces denoted f in Figure 4 

which are expressed in the tire's coordinate system. 

The forces can easily be expressed in the vehicle 

frame by feeding the forces in Figure 4 through the 
following coordinate transformation  
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The acceleration limits are in this case given by 
two friction ellipses, one at each tire. An 

illustration is given in Figure 5, it can be seen that 

combinations of the forces at each tire can achieve 

a total force anywhere in the dashed ellipse which 

represents the total friction limit.  

 

 

Figure 4. Notation for the single track model. 

In conventional vehicles, lateral force is however in 

general generated by turning the front wheel and 

brake force by applying braking torque on the 

wheels. By turning the front wheel, the lateral force 

at the front can thus be directly controlled while the 
lateral force at the rear is completely determined by 

the state of the vehicle and only indirectly 

influenced by the front wheel angle. In addition, a 

driver can only control brake torque through a 

brake pedal which distributes brake torque between 

the front and rear axle with a fix ratio. Under the 

assumption that no active systems like e.g. the 

antilock brake system intervenes, one can therefore 

say that the torque distribution and hence 

longitudinal force distribution between the front 

and back wheel is fixed. These limitations imply 

that arbitrary combinations of the forces at the front 
and the rear wheel may not be achieved by a driver 

and it is not certain that the force applied on the 

vehicle can always be anywhere in the friction 

ellipse.

 

Figure 5. Tire forces with constraints. The lines 

represent forces while the ellipses surrounding 

them are bounding constraints. 

In order to adopt a control strategy corresponding 

to (4), a cascade control with an inner control loop 

that delivers the required force is introduced. The 
inner control loop is required since the mapping 

from applied wheel angle and brake torque to 

acquired force is dynamic. The adopted control 

strategy is illustrated by the block diagram in 

Figure 6 where  
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 The block C1, compares the vehicle's state with 

the desired path and decides which lateral and 

longitudinal forces that needs to be applied on 

the vehicle in the same fashion as in (4). In 

Figure 5, the output of C1 i.e. the required 

force is represented by the square that is 
located at the limit of the dashed ellipse.  

 The block C2, which is much faster than C1, 

compares the generated force i.e. the dashed 

line in Figure 5, with the required force and 

decides which wheel angle and brake torque 

that is required in order to achieve the force 

demanded by C1.  

 The wheel torque, which is one of the outputs 

of C2 is a "total" torque, Ttot. The torque, Ttot is 

distributed between the front and back wheel 

according to  

totf
TT 7.0  

totr
TT 3.0  (8) 

The larger portion of the torque is applied at 

the front since the normal load is greater there 
for the vehicle considered in this study.  

 

Figure 6. Block diagram describing the control 

strategy. 

In addition to introducing the cascade control we 

also need to model the mapping from wheel angle 
and wheel torque to the forces acting on the 

vehicle. Two different approaches is tested here, 

one linear tire model (with saturation) and one 

nonlinear tire model. The tire models are explained 

in the following subsections.  

Linear Tires 

The longitudinal force at each tire is calculated as a 

function of the longitudinal slip. In order to keep 

track of the longitudinal slip, the rotational velocity 

is introduced as an additional state for each tire. 

The state model is therefore extended with  




J

fT
xiii

1
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where Jω denotes wheel inertia, Ti denotes wheel 

torque, ωi denotes rotational velocity of the wheel 

and fxi denotes longitudinal force expressed in the 

tires coordinate system. Given the rotational 

velocity at each wheel, one can calculate the 

longitudinal slip κ as  

)1(

x
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i
v

r
   i=f,r (10) 

where r denotes the effective wheel radius [10].  

A simple way of representing the relation between 
the longitudinal slip and longitudinal force at a 

wheel is by the linear relation 

ixixi
Kf   i=f,r (11) 

with Kxi as longitudinal stiffness.  

Also the lateral force can be approximated using a 

linear relation. The mapping from lateral slip to 

lateral force is then 

iyiyi
Kf   i=f,r (12) 

with Kyi as cornering stiffness and αi as the tire slip 

angle as defined in Figure 4, this linear 

representation is commonly used in electronic 

stability systems, see e.g. [11] and [12].  

For the front wheel the slip angle is easily derived 

by considering Figure 4 as 
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and for the rear wheel it is calculated as  
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ry

r
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The stiffness parameters Kxi and Kyi are acquired by 
linearizing the tire characteristics around κi=0 and 

αi=0, [7].  

 

Figure 7. Time optimal velocity profile. 

Figure 7 shows a comparison between the result 

obtained with the point mass model and the result 
obtained using the single track model with linear 

tires. Since the same boundary value is used for 

both models and most of the available force is 

utilized laterally to follow the path, the velocity 



  

  Ali 6 

profiles are quite similar to each other at the end of 

the clothoid. However, earlier in the curve when 

more of the available force can be used 

longitudinally the difference is higher. 

Nonlinear Tires 

The primary external influence on the vehicle's 
behaviour is provided by the tire forces and it is 

therefore important to have a realistic nonlinear tire 

model when investigating vehicle motion near the 

limits of manoeuvring capability, [10].  

In Figure 8, lateral force characteristics are 

illustrated for different values of the friction 

coefficient. It can be seen that for small slip angles, 

a linear approximation of the tire works well. In 

normal driving conditions this is where the tire 

operates and the linear approximation is therefore 

useful. As the operating point gets closer to the 

limit of adhesion, the nonlinearity however 
becomes more evident and eventually, the tire force 

saturates and then starts to decrease. 

Also for the longitudinal force, the nonlinearity 

becomes more evident as the slip value is 

increased. This can be seen in Figure 9 which 

shows longitudinal force characteristics. 

 

Figure 8. Lateral tire force. 

 

Figure 9. Longitudinal tire force. 

There is a strong coupling between the longitudinal 
and lateral tire force. The illustrations in Figure 8 

and Figure 9 are only valid in either pure cornering 

or pure braking. If both lateral and longitudinal 

force is produced at the same time, they will 

influence each other. Figure 10 shows lateral force 

as a function of lateral slip for different values of 

the longitudinal slip. It can be seen that if 
longitudinal force is utilized, the acquired lateral 

force is reduced. Figure 11 also shows that the 

analogue relation holds for longitudinal force. 

 

Figure 10. Lateral tire force during combined 

slip for μ=0.9.  

 

Figure 11. Longitudinal tire force during 

combined slip for μ=0.9. 

 

Figure 12. Time optimal velocity profile 
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One common way to model tire characteristics is 

by the empirical magic tire formula. The formula is 

a curve fitting which takes into account the 

nonlinear nature of a tire in a good way. The 

coupling between longitudinal and lateral force can 

be taken into consideration using the combined slip 
form of the formula 

),,(),(
0 zxzxx

FGFff 
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where fx and fy are lateral and longitudinal forces, 
fx0 and fy0 are the forces calculated for pure braking 

or cornering and Gxκ and Gxα are weight factors that 

take care of the combined slip effect. A 

comprehensive treatment of the magic tire formula 

is given in [13]. 

Figure 12 shows the obtained profile when the 

magic tire formula is used to model the tires. The 

same boundary condition is used in this case as for 

the previous models. It can be seen that there is a 

noticeable difference in slope between the profiles 

for the linear and the nonlinear tire model in the 

end of the clothoid. The difference is however less 
evident earlier in the curve. This is due to that in 

the case with the nonlinear tire model, a higher 

share of the available force is used in the lateral 

direction. As a consequence of the coupling 

between longitudinal and lateral force, the braking 

has to "stop" earlier along the path so that enough 

lateral force to follow the curve can be produced. 

Longitudinal Load Transfer 

In Figure 5, the friction ellipse constraining the tire 

force at the front wheel is larger than the ellipse at 

the rear. This is due to that the modelled vehicle, as 
mentioned earlier, has a larger portion of its weight 

in the front. Available and acquired tire force is 

thus dependant on the normal load on the tire.  

If the height of the vehicle is taken into 

consideration, the normal load at each tire is no 

longer considered to be constant. When 

longitudinal force is applied, a moment around the 

vehicle's y-axis is generated. Depending on 

whether the vehicle is accelerating or decelerating, 

this moment is balanced by an increase in normal 

load at either the front or the rear tire. The 
longitudinal load transfer can be calculated  

l

hFF
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with h as the height of the vehicle's mass centre. A 

derivation of equation (16) is provided in [14]. 

Obviously since the normal load has a direct 

influence on acquired force, it affects the 

manoeuvrability of the vehicle. It is therefore 
interesting to evaluate what effect the longitudinal 

load transfer has on the optimal velocity profile. In 

Figure 13, the velocity profile for a single track 

model with nonlinear tires and longitudinal load 

transfer has been added. Figure 13 reveals that the 

load transfer has a slightly positive influence on the 

time optimal velocity profile. When brake force is 
applied, the normal load at the front tire is 

increased. Since applied brake torque is in our case 

higher at the front, this results in a higher total 

longitudinal force. However as the vehicle moves 

further along the curve and the curvature increases, 

the difference disappears since the limiting factor 

becomes available lateral force. 

 

Figure 13. Time optimal velocity profile. 

DOUBLE TRACK VEHICLE MODEL 

In this section, we also take into account that the 

vehicle has a width. The equations of motion are 

then  
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where Jω is the wheel inertia and the rest of the 

notation is defined in Figure 14. As above, forces 

are denoted f when expressed in the tires coordinate 

system and F in the vehicle frame.  

When the vehicle's height was taken into 
consideration for the single track model, we saw 

that the vehicle's vertical load varies when 

longitudinal force is applied. Similarly, taking the 
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vehicle's width into account reveals a lateral load 

transfer. The lateral load transfer can be calculated  
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where Rsf and Rsr is the roll stiffness distribution at 

the front and rear axles and the rest of the notation 

is defined in Figure 14.  

 

 

Figure 14. Notation for the double track model. 

The equations presented earlier to calculate e.g. the 

slip quantities for the single track model can easily 

be extended to fit the double track model. An 
extensive treatment of the double track model is 

however omitted here and the reader is referred to 

[14] where a complete derivation is provided 

together with the assumptions it is based on. 

With different vertical load at each tire, the forces 

generated at the contact patch of the tires will also 

be different even if they have the same slip values. 

The longitudinal forces will then contribute to the 

yaw moment imposed on the vehicle, especially in 

cornering when the lateral load transfer is large. 

The additional yaw moment might cause instability 
in the vehicle's behaviour if it is too large and it is 

therefore worth examining the impact of this 

phenomenon on the maximum velocity profile.  

In Figure 15, the optimal velocity profile for the 

double track model has been added. The nonlinear 

tire model with both longitudinal and lateral load 

transfer has been used. It is clear that the velocity 

profile is lower for the double track model. In 

addition to the yaw moment caused by the 
difference in longitudinal forces, uneven 

distribution of the vertical load between the right 

and the left side also reduces the total amount of 

lateral force available. A lower velocity is therefore 

required at each point of the path in order for the 

lateral force to be sufficient to keep the vehicle 

following the curve.  

 

Figure 15. Time optimal velocity profile. 

DISCUSSION & FUTURE WORK 

In this paper, maximum velocity profiles for a 

vehicle travelling through a specific curve were 

computed using a set of well known vehicle 

models. It was found that the resulting velocity 

profile differs significantly between the simplest 

and the most detailed model. This is especially 

remarkable since the curve considered in this study 

is only 120m long and suited for 50km/h as posted 
velocity. The curve is thus relatively short and 

greater differences can be expected for longer 

curves.  

Information about the maximum velocity a vehicle 

can have while still following the road can be used 

in an active safety system to either warn drivers or 

assist them by issuing autonomous interventions. If 

the car travels faster than the maximum velocity at 

any point along the curve, it is impossible for the 

vehicle to stay on the road and an autonomous 

intervention can then be motivated. This approach 

is conservative and guarantees that false alerts or 
interventions are never issued. As can be seen by 

the result, the acquired thresholds however 

becomes very high and in practice such a 

conservative system will seldom intervene. 

Drivers are however never completely optimal, 

hence a vehicle travelling slower than the 

computed maximum velocity is not necessarily 
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safe. In CSW the issue of high thresholds is worked 

around by introducing a safety factor which 

basically shifts the velocity profile downwards. The 

problem with that approach is that, the mapping 

between the velocity profile and an actual threat is 

then lost. This is acceptable for a system that warns 
for upcoming curves but cannot be used as a base 

for autonomous interventions.  

The velocity profiles computed in this paper only 

considers how fast it is possible for a vehicle to 

travel through the curve and does not say anything 

about how difficult it is. A common assumption is 

that it is difficult for normal drivers to manoeuvre a 

vehicle operating in the nonlinear region of the 

tires [11]. This assumption is the base of current 

state of the art in electronic stability systems and 

might also be beneficial to incorporate in a threat 

assessment for upcoming curves. We are therefore 
currently investigating a threat assessment 

algorithm based on this assumption.  

CONCLUSIONS 

It has been shown that the level of detail in the 

modelled vehicle dynamics has a significant impact 

on the maximum velocity profile for a vehicle 

negotiating a curve. The theoretically achievable 

velocity is however still very high and additional 

limitations of a driver's ability therefore need to be 

taken into consideration in order to achieve 

thresholds that have a higher practical benefit.  
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ABSTRACT 
 
Most current seatbelt load limiter technologies could 
only offer three or fewer predetermined patterns of 
seatbelt restraint force.  However, researches have 
shown that, to better realize adaptive protection to 
different occupants under different crash severities, a 
continuously and real-time adjustable load limiter 
may be one step further.  This concept could be 
especially favorable to vulnerable occupants such as 
small stature females and elderly people.  Ideas 
have emerged suggesting possibility of using 
magnetorheological fluid (MRF) to realize such load 
limiter (MR-LL).  This paper presents a concept 
study of MR-LL, aiming at evaluating its feasibility 
and establishing basic guidelines for prototype 
development.  Configuration of an MR damper 
integrated with seatbelt retractor is selected in the 
study, in which the seatbelt force can be controlled by 
varying the strength of magnetic field exerted on the 
MRF inside the damper.  The MR damper is 
numerically modeled and validated against 
experimental data found in the literature.  Then by 
merging the MR damper model with a simplified 
occupant and seatbelt model subjected to sled impact 
loading, the performance of MR-LL under different 
parameter settings is studied and optimized.  The 
simulation results demonstrate proof of the concept, 
indicating that the proposed MR-LL can generate 
various seatbelt force patterns with a wide adjusting 
range, thus to meet the requirement of both occupant 
adaptability and crash severity adaptability.  
Possible limitations of the proposed MR-LL are also 
discussed. 
 
INTRODUCTION 
 
Evolution from Load Limiting to Adaptive 
Restraint Force Control 
 
When first introduced into market, seatbelt load 
limiter was initially adopted to prevent the seatbelt 
force from exceeding certain critical level in crash 

accidents, so as to reduce the risk of severe thorax 
compression and the corresponding injuries [1].  A 
typical design of load limiter has a deformable metal 
part integrated with the seatbelt retractor spool.  The 
part will yield plastically when certain critical load is 
reached, so as to allow the previously locked seatbelt 
to be released out at a constant force level.  Based 
on this mechanism, together with a seatbelt 
pretensioner, a constant force restraint (CFR) can be 
realized approximately.  CFR has been identified to 
be the optimal pattern of restraint force when the 
occupant-vehicle system is considered as a simple 
single-DOF mass-spring-damper model [2].  Further 
analysis based on more complex models [2, 3] and 
other considerations (such as cooperating with airbag 
[4]) has identified other seatbelt force patterns such 
as CFR following an initial peak or the two-stage 
pattern to be more favorable than pure CFR(Figure1). 
 

t

F CFR Initial peak Two-stage

t t  
Figure 1.  Different patterns of seatbelt force 
during crash. 
 
Together with the research on restraint force 
optimization, more and more attention has been 
drawn to the concern about “adaptive restraint”.  
The main focus is the influence of different occupant 
physical attributes, crash severity, and other factors 
on the restraint effectiveness.  Researches have 
shown that if the parameters of the seatbelt force 
pattern such as load limiting level and the stage 
shifting time can be tailored according to the specific 
occupant and crash conditions, the protection result 
will be enhanced considerably [5, 6].  A widely 
cited example is the conclusion about the influence of 
age on the relation between thorax injury and the 
seatbelt load (Figure 2) [7, 8].  Because most 
restraint systems are designed based on 50th 
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percentile male occupant only, the concept of 
adaptive restraint is especially meaningful to other 
occupant categories such as small females and 
elderly people. 
 

 
Figure 2.  Age influence on thorax injury risk [8]. 
 
Beyond the above theories, some researchers have 
foretold a future form of restraint system, where the 
restraint force is controlled by a close-loop actuation 
system.  During the crash, with the occupant motion 
as the feedback signal, the system can tune the 
seatbelt (and airbags) to compel the occupant 
tracking an optimal deceleration process, thus to 
minimize the injury for all kinds of occupants 
involved in various crash conditions [9] (Figure 3). 
 

 

Figure 3.  Future restraint system: close-loop 
control in crash real time. 
 
Current Technology of Adaptive Load Limiter  
 
Along with the evolution of restraint force theories, 
seatbelt load limiter has been widely used to realize 
the desired pattern of seatbelt force during crash.  
Despite the name “limiter”, the role of seatbelt load 
limiter has been more and more considered to be 
beyond just limiting the maximum seatbelt force.  
Many designs of adaptive load limiter have been 
proposed in the literature to meet the desire of 
adaptive restraint force control proposed in the 
theories.  Most of them provide “multi-level load 
limiting” with a “multi-deformable-part mechanism” 
[4, 10-13], which may be viewed as the upgrade of 
the traditional load limiter.  By triggering the two or 
three deformable parts with different combination, 
this kind of load limiter could provide two or three 
predetermined levels of seatbelt force with CFR or 
multi-stage pattern (Figure 4). 
 

 
Figure 4.  Multi-level load limiting. 
 
This kind of mechanism is probably the only design 
of adaptive load limiter that has been maturely 
developed into real products.  However, its 
limitations are also obvious.  First, instead of 
adjusting the load limiting level steplessly, only two 
or three predetermined levels can be provided.  
Thus it cannot fully meet the optimal requirement of 
occupants with various physical attributes involved in 
various crash conditions.  In addition, mechanism 
with deformable parts is not reusable.  Moreover, 
this kind of load limiter has no potential of realizing 
continuously real-time control over seatbelt force, 
which renders it being insufficient for more advanced 
future restraint system mentioned earlier. 
 
Advanced Adaptive Load Limiter and MR-LL 
 
More advanced designs have been discussed in the 
literature with the aim of building a continuously and 
even real-time adjustable seatbelt load limiter.  One 
of the proposals is controlling the seatbelt force 
during crash with the motorized seatbelt retractor 
(Figure 5a) [14].  Equipped with an electric motor to 
actuate the rotation of the retractor spool, the 
motorized seatbelt retractor has already been 
successfully used on seatbelt adjusting for wearing 
comfort and slack removing.  However, considering 
the level of the seatbelt force and the short duration 
of action during the crash, the power needed for the 
motor to actuate the retractor spool during crash will 
be very considerable.  This means the motor may 
have big size and high cost, which are highly 
undesirable for the retractor design.  
 
Another idea under discussion is equipping the 
seatbelt retractor with a rotary brake (Figure 5b), 
which could control the resistant torque of the 
retractor spool, so as to control the seatbelt paying 
out and the corresponding restraint force during crash 
[15-18].  To meet the requirement of quick response 
and low power consumption, electro-mechanical 
brake with self-energizing mechanism is favorable.  
In 2007, Siemens VDO (Continental) announced the 
development of such a product based on its “Wedge 
Brake” technology [19].  However, no available 
product has been demonstrated yet. 
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Figure 5.  Retractor equipped with motor (a) or 
brake (b). 
 
Besides the above two proposals, a new idea emerged 
in the recent years suggests the possibility of building 
adaptive load limiter with magnetorheological fluid 
(MRF).  As a kind of the so-called “smart fluid”, 
MRF is a suspension of magnetic polarizable 
micro-particles in a carrier fluid.  When subjected to 
magnetic field, the fluid greatly increases its apparent 
viscosity, and develops a yield stress which 
monotonically increases with the strength of the 
applied magnetic field (Figure 6).  The transmission 
is fully reversible and almost instantaneous.  This 
rheological character is very favorable for developing 
simple, quiet, rapid-response interfaces between 
electronic controls and mechanical systems [20].   
 

 
Figure 6.  Rheological character of MRF. 
 
Many researches have been carried out to study the 
application of MRF on various areas such as 
vibration damping, rotary brake, human prosthetics, 
and optical polishing.  In the recent years, several 
patents [21-24] have proposed the idea about MR 
load limiter (MR-LL), which equips the seatbelt 
retractor spool with a piston damper or a rotary brake 
built with MRF.  These designs could enable the 
seatbelt force to be controlled by varying the 
magnetic field applied on the MRF inside the damper 
or bake.  Considering the rheological feature of 
MRF, this kind of mechanism may have the potential 
of realizing a continuously and real-time adjustable 
seatbelt load limiter. 
 
Moreover, unlike load limiter which adopts 
electro-mechanical mechanism like the motorized 
retractor or electro-mechanical brake, MR-LL does 
not need motor and has relatively fewer moving parts, 
which ensures reduction of the device complexity.  
In addition, considering the advance of 
manufacturing technology which has considerably 
reduced the cost of MRF, MR-LL may have much 

lower cost compared to other designs.   
 
However, despite its seemingly promising outlook 
described in the patents, no substantial study has yet 
been published to discuss the feasibility of MR-LL 
and the corresponding design principles.   In the 
following sections, this paper presents a concept 
study of MR-LL, aiming at evaluating its feasibility 
and establishing basic guidelines for prototype 
development. 
 
CONFIGURATION OF MR-LL 
 
Comparison between Possible Configurations 
 
Generally, MRF inside MR devices works in one of 
the three basic operation modes [20].  As illustrated 
in Figure 7, the three modes are different from each 
other by the driving force and the moving direction 
of the boundary.  Among the three modes, except 
the squeeze mode, which is usually used only at 
controlling millimeter-order movements, the other 
two modes could both be used to build MR-LL.   
 

 
Figure 7.  Three basic operation modes of MRF. 
 
Based on the flow mode, a piston damper can be built 
and linked to the seatbelt retractor spool directly or 
via mechanical transmission (Figure 8).  The 
resistant force is generated by the damper when the 
seatbelt is pulled by the occupant during crash. 
 

Transmission MR damper

Belt spool

Clutch

i

Applied field
flow

 
Figure 8.  Retractor with MR damper. 
 
Based on the shear mode, an MR rotary disk brake is 
linked to the retractor spool (Figure 9).  When the 
MRF filled in the gap between the brake disk and the 
shell becomes more viscous as the result of the 
applied magnetic field, the brake could generate 
resistant torque due to the shear force of the MRF 
caused by the relative motion between the brake disk 
and the shell.   
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Figure 9.  Retractor with MR brake. 
 
By varying the strength of magnetic field spread 
across the orifice of the MR damper or the cavity of 
the MR brake, the apparent viscosity of MRF can be 
controlled, and thus the resistance force of the 
damper or the torque of the brake can be adjusted. 
 
Although both have been proposed in the patents, a 
quick comparison shows that MR damper is more 
suitable for MR-LL configuration.  Consider the 
size of MR device to generate enough seatbelt 
resistant force during crash: It has been reported that 
MR piston damper with an outer diameter about 
40mm is capable of generating 3~6kN peak resistant 
force under 3m/s impact loading speed [25, 26], 
which is close to the energy absorbing intensity of 
seatbelt load limiter during vehicle crash.  Further, if 
assume the transmission ratio between the piston 
motion and the belt paying out to be 1, then the 
stroke of the MR damper piston will be equal to the 
paying out of the seatbelt from the load limiter during 
crash, which is approximately at 100mm level.  The 
above estimation indicates that the size of MR 
damper needed to generate enough seatbelt resistant 
force during crash could be acceptable for vehicle 
onboard installation.   
 
On the other hand, there have been reports stating 
that under the current technique, an MR rotary disk 
brake with a size up to 100mm in diameter and 
40mm in length could only generate resistant torque 
no more than 4Nm [27, 28].  Thus to meet the 
approximately 80Nm torque needed for the load 
limiting operation, a gear set with a transmission 
ratio up to 20 is needed.  Besides the increase of 
system complexity, size and cost it brings, such a 
large transmission ratio will also significantly 
increase the dynamic inertia of the moving parts, and 
thus add difficulty to device controlling. 
 
MR-LL using MR Damper 
 
Based on the above analysis, it can be seen that MR 
damper is more suitable than MR brake for MR-LL 
application.  Generally, MR-LL using MR damper 
involves an MR piston damper linked to the seatbelt 
retractor spool via certain transmission.  Figure 10 
demonstrates one of the typical designs where a 

screw transmission is adopted.   
 

 
Figure 10.  One of the typical designs of MR-LL 
using MR damper. 
 
When the MRF is forced to flow through the circular 
orifice on the piston by piston sliding, resistant force 
will be generated mainly by the pressure difference 
between two sides of the piston.  Magnetic field is 
generated transversely along the orifice by 
electromagnet, controlling the apparent viscosity of 
MRF and the corresponding damping force.   
 
SIMULATION PLATFORM OF MR-LL 
 
In order to identify, optimize and determine 
appropriate design parameters of the proposed 
MR-LL, a simulation platform is built.  As for the 
modeling environment, although finite element 
simulation is very popular for fluid motion modeling, 
it is not very convenient for simulating continuously 
real-time controlled rheological behavior, and is also 
difficult to be linked to control theory analysis 
software.  Because of these considerations, 
MATLAB/Simulink is widely preferred by various 
studies, including this one, for the modeling of 
systems engaging MR devices. 
 
MR-LL Modeling 
 
Under the proposed MR-LL configuration, the 
loading force and the paying out velocity of the 
seatbelt will be proportional to those of the MR 
damper, with the scale equaling to the transmission 
ratio i between the seatbelt paying out and the damper 
piston sliding.  Thus the modeling of MR-LL is 
mainly the modeling of MR damper. 
 
Considering the width of the circular orifice on the 
piston ( 2h ), which is much smaller than the length 
( L ) and the central circle radius of the orifice ( oR ), 
the flow field of MRF through the orifice could be 
simplified as one-dimensional and central 
symmetrical (Figure 11) [29-31]. 
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Figure 11.  The flow field of MRF through the 
orifice. 
 
The modified Herschel-Bulkley model [30] is 
adopted to describe the constitutive property (Figure 
12) of the MRF, and the shear stressτ of MRF is 
given by the following constitutive equation: 
 

( )
( )

( ),
, ( ) ( )

,

yd n
n

u x t
x t

xu x t

x

τ
τ η

ε

∂
= + ⋅

∂∂
+

∂
   (1). 

 
where yield stress ydτ is determined by the average 
strength of the applied magnetic field H , which is 
proportional to the current of the electromagnet 
H Iα= . Parameter ε  is used to describe the 
pre-yield behavior, and η  is the post-yield viscosity.  
Parameter n  is used to describe the shear thinning 
behavior at high shear rate, which is believed to be 
necessary when studying damper subjected to impact 
load [31].  All the parameters and the relation 
between ydτ and H can be obtained based on the test 
data provided by the MRF manufacturer. 
 

ydτ

xu ∂∂ / H

ydττ

ydτ H

 
Figure 12.  Constitutive property of MRF. 
 
Besides the constitutive equation, other governing 
equations are listed as follows: 
 
Equation of fluid motion: 
 

( ) ( ) ( ), ,u x t P t x t

t L x

τ
ρ
∂ Δ ∂

= − +
∂ ∂

     (2). 

 
where PΔ is the pressure difference between two 
sides of the piston, andρ is the fluid density. 
 

Flow boundary condition: 
 

( ) ( ) ( )0, 2 , pu t u h t v t= =          (3). 
 
where pv is the moving speed of the piston. 
 
Equation of continuity: 
 

( ) ( )2

0
,

h

p p ov t A u x t dA⋅ = − ⋅∫        (4). 

 
where pA is the top (and bottom) area of the piston, 
and oA is the cross-sectional area of the orifice. 
 
Equation of piston motion: 
 

( ) ( ) ( ) ( )
.

p
d press p

dv t
F t F t F t m

dtτ− − =    (5). 

 
where dF is the loading force of the damper. Fτ is the 
shear force caused by the MRF shear stress 
distributed across the orifice side surface.  

.press pF P A= Δ ⋅ is the force caused by the pressure 
difference between two sides of the piston. 
 
The governing equations are solved with the ODE 
solver of MATLAB/Simulink.  In order to use the 
ODE solver of Simulink, which is designed to solve 
time-continuous problems rather than 
space-continuous problems, a “semi-discrete” 
method has to be adopted [32].  The method divides 
the flow field along the x  direction into many 
divisions ( 2N ) of equal width, replaces the space 
distributed variable with discrete vector, and the 
space differential term with difference quotient: 
 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

1 2

1 2 1
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i N
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u vu uu

u ux x x
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τ τ τ τ

τ ττ

+

−

+= +

−

= +

⎧ → = ⎡ ⎤⎣ ⎦⎪
⎪ → = ⎡ ⎤⎣ ⎦⎪
⎪ =⎛ ⎞−∂ ∂ ⎡ ⎤⎨ → = ⎜ ⎟⎢ ⎥⎪ =∂ ∂ Δ⎣ ⎦ ⎝ ⎠
⎪

−∂ ∂ ⎡ ⎤⎪ → = ⎢ ⎥⎪∂ ∂ Δ⎣ ⎦⎩

L

L

 (6). 

(Spatial symmetry of the flow field is considered. 
Subscript 1 marks the boundary of the orifice, and N 
marks the center.) 
 
The difference quotient can be operated in Simulink 
using the “selector” module illustrated in Figure 13. 
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Figure 13.  Operation of difference quotient 
under Simulink [32]. 
 
Based on this method, the governing equations can 
be rewritten as: 
 

( ) ( )yd n
n x

x

τ
η

ε

∂= + ⋅
∂∂ +

∂

U
T

U        (7). 

( )1 1, 0p N

P
u v

t L x
ρ τ +
∂ Δ ∂= − + = =
∂ ∂
U T

   (8). 

1

2
N

p p i ov A u dA= − ∑             (9). 

p
d p p

dv
F F P A m

dtτ− − Δ ⋅ =         (10). 

 
Before solving the above equations in Simulink, 
some additional transformations are made in order to 
prevent the appearance of algebraic loop, which will 
significantly slow down the solving process: 
 

Eq. (8)→   
1 1

N N
i iu P

x h x
t L x

τρ ∂ ∂ΔΔ = − + Δ
∂ ∂∑ ∑  (11). 

Eq. (9)→      
1

2
N

p i
p o

dv u
A dA

dt t

∂= −
∂∑       (12). 

Eqs. (11) and (12)→  

( )1 14
p p

N
o

dv A P
h

dt R L

ρ
τ τ

π +
Δ= − −      (13). 

Eqs. (10) and (13)→  
2

1 1
4 4

p p p
d

o p o p p

A A A Lh
F P

R m R m L m

ρ ρ ρ
τ

π π
⎛ ⎞ ⎛ ⎞

= Δ + + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

(14). 

 
Most modules in Simulink support vector parameters, 
Eqs. (7) (8) (9) and (14) can be linked in Simulink 
with the configuration shown in Figure 14. 
 

 
Figure 14.  Model configuration of MR-LL. 

 
The seatbelt force and the control current of the 
electromagnet (proportional to the magnetic field 
strength) are set as the input variables, and the 
seatbelt paying out velocity is set as the output 
variable. 
 

Validation of the MR-LL Model 

 
The model of MR-LL is validated by comparing the 
dynamic character of its main part, the model of MR 
damper, against the test data found in literature [20, 
26, 33].  Two types of load have been studied: 
steady load and impact load.  Under the steady load, 
a constant loading force is applied and the piston 
moves at a constant velocity.  Under the impact load, 
the damper is subjected to a drop tower test.  The 
parameters of the damper structure, the MRF 
properties and the loading condition are set according 
to the data in the literature.  Figures 15 and 16 show 
the comparison between the simulation and the actual 
test results, good correlations can be seen. 
 

 

Figure 15.  MR-LL model validation - steady 

load. 
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Figure 16.  MR-LL model validation - impact 

load. 

 

Occupant and MR-LL Seatbelt System Modeling 

 
An “occupant and MR-LL seatbelt system” model 
subjected to sled impact load is further established, in 
which the MR damper model is part of it.  This 
model will serve as the simulation platform for the 
parametric study of MR-LL in the next section.  
 
A simplified three-body, two-dimensional dynamic 
model of occupant is adopted (Figure 17).  
Although not as sophisticated as more complex 
occupant models like those available in MADYMO 
software tool, such a model has been proved to be 
capable of providing good representation of the 
actual system response, and has been frequently used 
to provide better understanding of the dynamics and 
interaction of the occupant and restraint system [34].  
Simulating the model is highly time-efficient, thus it 
is very suitable for parametric study, in which many 
iterations are required.  Due to this merit, this kind 
of model has been recommended for concept study of 
adaptive restraint devices [35], while the more 
sophisticated MADYMO occupant models will be 
preferably used in further design and analysis 
following the concept phase. 
 

 
Figure 17.  Three-body, two-dimensional 
occupant model. 
 
The occupant model is built using the Simmechanics 
package of Simulink.  The dimensional and inertial 
parameters of the occupant body, the viscoelastic 
property of the seatbelt, and the sled impact loading 
pattern are set using the data from the studies by 
Paulitz et al. in 2005 and 2006 [34, 35], in which a 
three-body, two-dimensional 50th percentile ATD 
model is used to simulate the actual process of a 
standard 56 km/h frontal impact test conducted by 
NHTSA. 
 
The sled model is linked to the MR-LL model in 
Simulink with the configuration shown in Figure 18.  
This combined model of “occupant and MR-LL 
seatbelt system” is used to simulate the performance 
of MR-LL under given MR-LL control current 
pattern during crash. 
 

MR-LL 

Module

Seatbelt
paying out

Seatbelt
force

tAcc.

Sled loading

Seatbelt 

Module

ATD module

(Simmechanics)

Occupant
motion

Seatbelt
force

t

I Control current

t

F Seatbelt force

x

y Occupant motion

 
Figure 18.  Model configuration of “occupant 
and MR-LL seatbelt system”. 
 
PARAMETRIC STUDY AND OPTIMIZATION 
OF MR-LL STRUCTURE 
 
The objective of parametric study is to find the 
influence of each main design parameter on the 
performance of MR-LL, so as to establish the basic 
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guidelines for design.  In addition, the optimized 
settings of the parameters and the corresponding 
MR-LL performance can be used to evaluate the 
proposed concept. 
 
Evaluation Indices 
 
Adaptive load limiter is supposed to provide restraint 
force with a suitable and widely adjustable range, so 
as to be capable of offering tailored protection to 
occupants from teenager to elderly, from small 
stature to large stature, and to impact from low speed 
to high speed.  Based on this aim, two indices are 
defined to evaluate the performance of MR-LL: 
 

max min

max min

2

p p

p p

F F F

F F
F

− −

− −

Δ = −⎧
⎪
⎨ +

=⎪
⎩

          (16). 

 
where maxpF − is the peak seatbelt force during crash 
when the magnetic field is always applied with the 
maximum strength (the saturation limit of the MRF), 
and minpF − is the peak seatbelt force during crash 
when no magnetic field is applied at all (Figure 19). 
 

max−pF

min−pF

 
Figure 19.  Definition of maxpF − and minpF − . 
 
To a large extent, FΔ and F can represent the 
adjusting range of the seatbelt force controlled by 
MR-LL, and can be acquired easily from simulation 
runs. Thus it is reasonable to choose them as the 
evaluation indices of the parametric study. 
 
Parametric Study and Optimization 
 
The performance of the proposed MR-LL under 
different settings of parameters is evaluated by the 
indices FΔ and F defined in Eq. (16).  The 
concerned variables and their initial settings are listed 
as follows (also see Figure 11): 
 
� Type of MRF – “MRF-122” by LORD Corp. 
� Radius of the piston pR = 20.5mm 
� Mass of the piston pM =200g 
� Central circle radius of the circular orifice 

oR = 15mm 

� Width of the orifice 2h =1mm 
� Length of the orifice L =20mm 
� Transmission ratio between the seatbelt paying 

out and the piston sliding i =1 
 
Fractional parametric study is conducted, where only 
one parameter is varied at a time while the others 
remain at their initial settings.  Figure 20 shows the 
corresponding changes of the MR-LL performance. 
 

 
Figure 20.  The influence of MR-LL parameters. 

 
Although cannot show the interaction between 
variables as a full parametric study can do, these 
fractional studies are efficient at revealing the general 
influence trend of each parameter on the performance 
of MR-LL.  As shown in Figure 20, different 
parameters have different features of influence.  
Some parameters such as oR and h have significant 
influence on F , but do not have much effect on FΔ .  
While some others such as the type of MRF, pR , 
L and i can only change both indices together.  In 
the process of performance optimization, the 
parameters of the second kind are first tuned within 
the reasonable range to enlarge FΔ , while the ones of 
the first kind are tuned next to obtain a suitable F .  
Following this routine, a set of optimized parameters 
is acquired and listed in Table 1, with the final 
evaluation indices as 3092F NΔ = and 4156F N= . 
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Table 1. 
Optimized settings of MR-LL parameters 

Design variable Setting 

Type of MRF MRF-132DG 

Radius of the piston [mm] 23 

Mass of the piston [g] 200 

Central circle radius of the circular 
orifice [mm] 

20 

Width of the orifice [mm] 1 

Length of the orifice [mm] 30 

Transmission ratio between the seatbelt 
paying out and the piston sliding 

2 

 

ADAPTABILITY OF THE PROPOSED MR-LL 
 
Based on the optimized parameters obtained, the 
crash severity adaptability and occupant adaptability 
of the proposed MR-LL are examined using the 
simulation platform.  To examine the crash severity 
adaptability, several different crash speeds are 
applied.  While to examine the occupant adaptability, 
the physical parameters of the occupant model are 
varied from the initial 50th percentile male setting to 
5th percentile female and 95th percentile male settings.  
The MR-LL is controlled to provide basic constant 
force pattern.  Different levels of constant force are 
assumed to serve different crash cases.  Figures 21 
and 22 show the resulting patterns of the seatbelt 
force and the corresponding control current of the 
electromagnet (the ratio between the average 
magnetic strength and the control current is assumed 
to be 100 [kAmp/m]/[Amp]). 
 

 
Figure 21.  Crash speed adaptability (50th ATD). 

 

 
Figure 22.  Occupant adaptability (56km/h). 
 
Besides the basic constant force pattern, the 
simulation result also demonstrates the capability of 
the proposed MR-LL to generate other possibly 
desired patterns of seatbelt force as demonstrated in 
Figure 23. 
 

 
Figure 23.  Generating different patterns of 
seatbelt force. 
 
As demonstrated above, the simulation result 
indicates that the proposed MR-LL has strong 
potential to provide continuously and real-time 
adjustable control over the seatbelt force, thus 
possess good adaptability to different occupants 
under different crash severities. 
 
CONCLUSIONS 
 
Magnetorheological fluid has been suggested to have 
the potential of being used to build adaptive seatbelt 
load limiter, which could provide continuously and 
real-time adjustable control to seatbelt force during 
vehicle crash.  This kind of function has been 
identified to be quite necessary to the protection of 
occupants with various physical attributes involved in 
different crash severities.  In order to study the 
feasibility of the proposal, a concept study has been 
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carried out and documented in this paper.  First, the 
structure that has an MR damper integrated with 
seatbelt retractor is identified as the most promising 
configuration for MR-LL.  Then, based on a 
simulation platform, parametric study and 
performance optimization have been conducted.  
The simulation result using the optimized parameters 
indicates good adaptability of the proposed MR-LL.  
Depending on the need of protection to occupant with 
different statures involved in different crash speeds, 
the optimized MR-LL can generate various patterns 
of seatbelt force with a wide adjusting range. 
 
On the other hand, despite the proved concept, there 
are still some possible limitations of the proposed 
MR-LL.  One concern is the device size.  Although 
the size-related parameters are constrained within 
reasonable range in the performance optimization, 
the resulting size of MR-LL is bigger than traditional 
load limiters.  If a 200mm maximum paying out of 
seatbelt is assumed, the size of MR-LL can be 
approximately estimated to be 50mm of diameter and 
150mm of length.  This might pose a problem for 
vehicle onboard installation.  Other concerns 
include the sealing of MR damper and the depositing 
of MRF.  Although mature solutions have been 
claimed by MRF manufacturers, the impact of these 
factors on the device durability of MR-LL is still 
uncertain. 
 
To examine the above considerations, a physical 
prototype is desired.  The work documented in this 
paper is the first phase of MR-LL development.  
Under the guidelines obtained in this concept study, 
the next steps include further analysis of the system, 
detailed components design, magnetic circuit analysis, 
and the electric power source development.  
Moreover, the simulation platform presented in this 
paper could also benefit the study of the close-loop 
control algorithms for the future adaptive restraint 
systems. 
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ABSTRACT 
 
This paper deals with the influence of an outrigger 
on roll stability of a load dependent LCV (light 
commercial vehicle), since they are frequently 
inclined in rollover accidents because of the high 
CG (centre of gravity), inaccurate loading. That’s 
why, in recent years, ESP (Electronic Stability 
Program) function has also been integrated in them. 
Our outrigger based rollover controllers (that 
contain 1 support and 2 supports per side) were 
realized, simulated to assess objectively and the 
influence of the manoeuvres has been tested on the 
dynamic simulator via questionnaire as a subjective 
evaluation. Just because not only the controller but 
also the reactions of the driver will influence the 
stability.  

 

INTRODUCTION 
 
The simulator MARS in Automotive and Power 
Train Engineering, Helmut Schmidt University-
University of the Federal Armed Forces Hamburg 
has an 8 DOF (degree of freedom) motion system 
which is shown in Figure 2. It is operated inside an 
experimental cab, within a driving environment.  
 
With the control instruments (Steering wheel, Gas 
and Brake pedals) that are obtained from original 
parts of a real vehicle, and  the driver’s view 
system is provided by three monitors that are inside 
the cab, besides one that arranges the view  outside 
the cab for the employment of extensive measuring 
technique (inertial platform, acceleration sensor, 
bio feedback, camera, etc..) prepared, which has 
been already used with numerous attempts.  
 
Also there is a static simulator in Automotive and 
Power Train Engineering, Helmut Schmidt 
University-University of the Federal Armed Forces 
Hamburg that is given in Figure 1. 
 

 
Figure 1. Static Driving Simulator 

 

Figure 2. Dynamic Driving Simulator 
(Modular    Automotive Research Simulator-
MARS) 

 
The computation of the vehicle dynamics is 
prosecuted on both simulators by CarSim. An 
extension of the model, additional interactive direct 
access or also responding and configuring of the 
interfaces are made by the software 
MATLAB/Simulink.  
 
On test stand, a real time is realized via an 
additional real time computer (Target) with the 
operating system QNX and the platform RT-Lab 
whereas vehicle dynamics computer is called as 
Host. The interfaces to the control instruments 
and/or armatures are made by analogue, digital IO 
modules, which as modules in the real time 
computer condition that responds motion system by 
TCP/IP.  
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The paper deals with the influence of an outrigger 
on roll stability of a LCV (light commercial 
vehicle), with different driving manoeuvres and 
scenarios, while LCVs frequently intend to have 
accident because of the high CG (centre of gravity) 
and inaccurate loading [1, 2]. That’s why ESP 
function has also been put in the LCVs  in recent 
years.  Exemplary conception of used Simulink 
models is dealt the comprehensibility and the 
possibilities of the existing total concept. In 
addition, a view on possible future applications 
and/or projects, which with the existing structure 
within the range HIL (Hardware in Loop)/SIL 
(Software in Loop)/MIL( Man in Loop) are able to 
be realized. 
 
In order to evaluate the effect of the outrigger 
system on the vehicle’s safety, our own outrigger 
based rollover controller was realized. Objective 
and subjective tests with standard handling 
manoeuvres showed the influence of outrigger on 
car stability. Because especially the feeling of the 
driver are of importance. Just because not only the 
controller but also the reactions of the driver will 
influence the handling stability.  
 
Here is  also pointed out the influence of the 
simulator on closed-loop relevant rollover 
manoeuvre (double lane change). Subjective 
Assessments have been done on the dynamic 
simulator. 
 
Modelling of an Outrigger System for Rollover 
Prevention 
 
In this study, two different types of outrigger have 
been simulated and compared to each other. One of 
them is that it contains a supporting a side and the 
second one is that it has two supportings for a side 
which has been given in Figure 3 and 4 
respectively.  

 

 
Figure 3. Outrigger with one supporting per a 
side.    
                                        

 
Figure 4. Outrigger with two supportings per a 
side. 

 
The integration of a supporting device in the 
driving dynamics program CarSim can be realized 
by „Reference Points “and „Sensors “, of which 
assistance points are defined outside of the vehicle, 
which are firmly connected with the vehicle body. 
In the vehicle dynamics program CarSim can be 
defined thereby up to ten „Reference Points“. With 
the help of the „Reference Points “ new produced 
„outputs “- variables, which can be handed over to 
a MATLAB/Simulink program. These „outputs “- 
variables are the global x, y and z-coordinates of 
the respective „Reference Points “. These 
coordinates serve to be able to represent bounce or 
other interactions of the vehicle model with the 
ground. Further they can be used for the support 
assemblies to attach which deviate from the usual 
structure of a vehicle model. 
 
The „Reference Points“ are additionally used for 
the forces in x  y and z-direction to import from 
MATLAB/Simulink program. These generated 
forces in the MATLAB/Simulink program then 
enter into the „Reference Points“ and change the 
driving dynamic behaviour of the vehicle model. In 
order to be able to determine accelerations and 
speeds in the „Reference Points“, in the CarSim 
GUI, „Sensors “ surface must be provided into the 
respective „Reference Points“. These sensors have 
the same x, y and z-coordinates as the „Reference 
Points“. Additionally for the orientation, the sensor 
must be indicated regarding the axes of coordinates 
of the output coordinate system. The orientation of 
the axes of the sensors corresponds to those of the 
axes of the origin coordinate system, why the 
respective orientation angle is 0°. Speeds and 
accelerations determined by „Sensors“ can be 
handed over likewise as „outputs “- variables to the 
MATLAB/Simulink program. In order to be able to 
examine different variants of a support assembly, 
additionally the variant with in each case two 
supports on both sides of the vehicle model was 
produced.  
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MATLAB/Simulink to Generate the Forces 
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Figure 5. Schematic representation of the forces 
on the outrigger (supporting) 
 
If the z-coordinate of the „Reference Points “ of the 
supporting yields zero after tilting due to a driving 
manoeuvre in the frontier and thus causes a contact 
between the support assembly and the road, and 
forces are formed in horizontal and vertical 
direction of the supporting. The 
MATLAB/Simulink program is described again by 
the example of in each case a support per vehicle 
side. Horizontal forces in x and y-direction at the 
touching point of the support are occured (see 
Figure 5). These are determined according to the 
principle of the Coulomb friction, i.e. if the relative 
velocity is not equal to zero vrel between two bodies 
at the edge contact, the bodies rub against this edge 
contact. Using this law frictional forces yield to : 
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The vertical force (see Figure 5) depends on the 
spring constant  „kS“   of the support. And  „zS“ is 
the z-coordinate of the supportings. The vertical 
forces are calculated from : 

 

SSz zkF ⋅=                                                       (2)       

                                                                               

The determination of the spring constant of the 
support is obtained from „the spring model of the 
bending beam “. A beam, which is loaded with a F 
force and bent, behaves mechanically like a linear 

course compression spring, similarly as a 
longitudinal beam (Figure 6) [3]. 

 

 
Figure 6. Cantilever with load [3] 

 

The kS constant of the cantilever is calculated with 
equation (2). 

3

3
S

E I
k

l

⋅ ⋅=                                                     (3)                                                                       

 

Because the outrigger is steel made, the elasticity 
module E=210000 N/mm2. The length of the 
supporting arm has been chosen as l =1500 mm. 
And the geometrical moment of inertia Ι, calculated 
using a hollow profile to decrease the excess 
weight on the vehicle. To specify the spring 
constant the rectangular profile in Figure 7 is used.  

 

 

 

 

 

 

 

 

 

Figure 7. Rectangular profile of the supporting 
arm 
 

The geometric inertial moment yields as follows: 

 
3 3 3 3

5 4

100 (100 ) 90 (90 )

12 12
28,66 10

B H b h mm mm mm mm
I

I mm

⋅ − ⋅ ⋅ − ⋅= =

= ⋅
                                                                (4) 

 

As a conclusion the kS spring constant of the 
cantilever results as: 
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The frictional forces, as seen in Equation (1), are 
existed from the tangential velocities at the contact 
in the respective coordinate direction, from which 
are computed with also using Fz as well as from the 
coefficient of friction µR between the support and 
the asphalt. The velocities vx and vy on the touching 
points are thereby  described „Sensors“ of CarSim 
for the MATLAB/Simulink program to hand over 
and be able to be determined directly.  
 

Determination of the Friction Coefficient 

The contact point of support assembly is 
considered to have a hemisphere of 
Polyoxymethylen (POM). Equation (6) has been 
used to determine the coefficient of friction µR of 
POM and asphalt. 
 

 mass Totalmass/  Drag  µR=              (6)                                                                         

 

 
Figure 8. Specifying the friction coefficient 

 
The experimental setup for the determination of the 
coefficient of friction is represented in Table 1. The 
mass of the steel plate weighs to mPlatte = 6 kg, the 
mass of the POM hemisphere from amounts 
mHemisphere = 3 kg, whereby a total mass of the 
experimental assembly results mtotal = 9 kg. The 
amount of the load on the steel plate has been 
changed from m = 2.5 kg  to m = 10 kg in step of 
2,5kg. Then the friction coefficient between the 
POM hemisphere and asphalt was then determined 
with the different weights with the help of a 
dynamometer, which is connected between the 
POM hemisphere and the steel plate on the asphalt 
(Figure 8).  
 
 
 

 
Table 1. 

Friction coefficient µR determination 
 
Total mass mtotal [kg] Drag force [kg] Friction coeffiecient µR 

9 3.5 0.39 

11.5 4 0.35 

14 5 0.36 

16.5 6.5 0.39 

19 8 0.42 

 Average: 0.38 

 

 

Vehicle Dynamics Simulations 

In order to be able to measure the influence of the 
supporting device on the driving dynamics of the 
test vehicle, different driving manoeuvres have 
been accomplished with different variations of the 
supporting device as well as different loading 
conditions. In this study, the results from double 
lane change and the step steer are presented. Table 
2 indicates the coordinates of the centre of gravity 
(CG) of the empty vehicle and the inertia moments 
belonging to it. 

 

 

Table 2.   
Coordinates of the CG and the inertial moments 

of the vehicle 
 

Coordinates Dimension 

x-Coordinate 1475 mm 

y-Coordinate -30 mm 

z-Coordinate 840 mm 

Inertia Moments Size 

Ix 1300 kgm2 

Iy 7300 kgm2 

Iz 6800 kgm2 

 

 

 

 

 

 

 

 

 

Mass m 

Weight G = m * g 

Friction coefficient µR 

Friction force FR Road 

F 

z 

x 

POM Hemisphere 

Plate 

Dynamometer 



 

Aykent 5 

 

Roll angle (loaded)

-20

-15

-10

-5

0

5

10

15

0 2 4 6 8 10

Time in s

R
o

ll 
an

g
le

 in
 d

eg

without supporting arms with 1 supporting arm with 2 supporting arms

Vehicle slip angle (loaded)

-10

-5

0

5

10

15

20

0 2 4 6 8 10

Time in s

V
eh

ic
le

 s
lip

 a
n

g
le

 in
 d

eg

without supporting arms with 1 supporting arm with 2 supporting arms

Yaw rate (loaded)

-50

-40

-30

-20

-10

0

10

20

30

40

0 2 4 6 8 10

Time in s

Y
aw

 r
at

e 
in

 d
eg

/s

without supporting arms with 1 supporting arm with 2 supporting arms

Lateral acceleration (unloaded)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 2 4 6 8 10

Time in s

L
at

er
al

 a
cc

el
er

at
io

n
 in

 g

without supporting arms with 1 supporting arm with 2 supporting arms

 

Table 3. 
 Variation of the influencing parameters 

 

Driving Velocity 60km/h 80 km/h 

Loads on the 

Axles in % 

(front/rear) 

1. Case 

55 / 45 

2. Case 

46 / 54 

3. Case 

37 / 63 

Coordinates of 

Loading 

x = 

2000 

mm 

z = 

1500 

mm 

x = 

3000 

mm 

z = 

1500 

mm 

x = 

4000 

mm 

z = 

1500 

mm 

Coordinates of 

Outrigger (1 

supporting per 

vehicle side) 

x = 

1000 

mm 

x = 

1500 

mm 

x = 

2500 

mm 

Coordinates of 
Outrigger (2 

supportings per 
vehicle side) 

x1 = 

1000 mm 

x2 = 

3600 mm 

x1 = 
1300 
mm  

x2 = 
3000 
mm 

x1 = 
1600 
mm  

x2 = 
2700 
mm 

 
In this study, loading that weighs 1000 kg has been 
used for the loaded conditions. The unloaded 
vehicle has load distribution of 60/40 (On Front 
Axle/On Rear Axle). The other loading variations 
have been given in Table 3.  
 
Double Lane Change Results 

To evaluate the dynamical driving behaviour of the 
vehicle, double lane change manoeuvre respect to 
ISO 3888-1 has been driven. 
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Figure 9.a. Double lane change results 
(FA/RA=55/45, with constant driving velocity 
v=80km/h) due to outrigger variation 
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Figure 9.b. Double lane change results 
(FA/RA=55/45, with constant driving velocity 
v=80km/h) due to outrigger variation 
 

Maximum lateral accelerations arose up to 6 m/s2. 
When going back into the original driving lane as 
expected the highest driving dynamic demands 
arise. The maximally arising roll angle here is 
approx. 8°, the vehicle slip angle approx. 5°.Since 
the empty vehicle has not rolled over, there has 
been also no recognizable difference with variation 
of the supporting arms in the dynamic behaviour. 
  
During the driving manoeuvres that have been 
driven loaded condition, roll angles increase due to 
the rising CG coordinates even with lower lateral 
accelerations. As soon as the steering has been 
entered as the input of the manoeuvre, roll angle of 
approx. 12° are reached, and the loaded vehicle 
without supporting has tilted over at approx. 2 
seconds with a roll angle of more than 12°. By the 
integration of a supporting device to the other two 
simulation vehicles the roll angle is limited within 
the range of approx. 12°. The simulation vehicles 
with supporting device can be  driven through the 
driving manoeuvre even with higher longitudinal 
speeds without flip over. Under the small friction 
value of the support assembly contact point to the 
ground causes no steep increases on vehicle slip 
angle and yaw rate, so that no critical driving 
conditions are to be expected here. Differences 
with the variation of the outrigger geometry, the 
vehicle dynamics responses have been in the 
minimal level.  
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Step Steer Results 

The given driving manoeuvre is realized of the 
increasing the steering wheel angle from  0° to 
150° with a speed of 500°/s [4] and the driving 
velocity is 60 km/h. The stationary lateral 
acceleration of the simulation vehicle results to ay = 
0.47 * g = 4.6 m/s2. Further it is evident that the 
simulation vehicle without supporting device (blue 
curve) tilts over with this driving maneuver due to 
the high CG of the vehicle and arising lateral 
acceleration of approx. 5.5 m/s2. The simulation 
vehicles with supporting device would drive 
through the driving maneuver further. The vehicle 
slip angle of the vehicle is minimal affected by 
putting the supportings, and amounted to approx. 
2°, so that no driving dynamically critical 
conditions have been observed. 
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Figure 10.a Step steer results of 1000 kg loaded 
(FA/RA=46/54, with constant driving velocity 
v=60km/h)  
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Figure 10.b Step steer results of 1000 kg loaded 
(FA/RA=46/54, with constant driving velocity 
v=60km/h)  
 
 
Vehicle System Dynamics Embedding in Driving 
Simulator 
 
Driving simulators nowadays find application areas 
intensively at both research and production, 
because of their capability to offer a realistic 
environment for the driver. In Figure 11, the Man 
in the Loop (MIL) system has been indicated that 
had been utilized for these attempts. 
 

 

 

 

 

 

 

 

 

Figure 11. Closed loop system of the dynamic 
simulator 
 
The operating structure of the dynamic simulator, 
given in Figure 11, is made up of five main 
components: 
 

1- Host Computer 
2- Target Computer 
3- Motion Control Cabinet 
4- Driving Simulator 
5- View Computer 

 
As seen in Figure 11, Host computer contains 
vehicle types, driving manoeuvres, driving 
environment, animator, vehicle dynamics; which 
are included in CarSim . In addition to this, host has 
involved Simulink for real time communication 
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interfaces, for control displays and to specify the 
vehicle coordinates. 
 
Target computer is the platform that has the 
executable capability which is necessary for a real 
time simulation and additionally it exists interfaces 
for the driving simulator (for Gas/Brake pedals 
Analog I/O and for steering wheel CAN Bus 
Interface and also Sound interface for the sound 
system). 
 
Motion control cabinet is the element to control 
Stewart platform and the linear cylinder. 
Kinematics and dynamics of the platform are 
manipulated by motion control cabinet. This 
component accomplishes motion algorithms and 
washout as well as position velocity acceleration 
(PVA) transformations. 
 
 
Driving simulator is occupied of four constituents: 
 

1- Control elements: Steering wheel, gas 
pedal, brake pedal 

2- Sound system 
3- Motion system: Hexapod, linear cylinder 
4- View system: 3 channel animator view in 

the driver’s cabin. 
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Figure 12: The uppermost level block diagram 
of the real time vehicle dynamics simulation on 
the driving simulator 

 

In Figure 12, the real time simulation with using 
CarSimRT (Host computer) and RT-LAB (Target 
computer) is seen. The left side of this figure is 
called ‘SM_carsim’ and the right side is ‘SC_out’. 
During the simulation the left side cannot be 
reached and from the right side the given 
parameters can be read out in real time. 
 
 

Figure 13 indicates the output signals on the 
simulator. They are connected to the Hardware in 
Loop (HIL) simulation by OpComm 
communication blocks for the RT-LAB and 
respectively Figure 14 represents the input signals 
on the driving simulator. 
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Figure 13: Block diagrams of the output signals 
on the driving simulator 
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Figure 14: Block diagrams of the input signals 
on the driving simulator 
 
Figure 15 represents the rollover avoidance control 
based on outrigger construction for the driving 
simulator. Here the steering wheel, gas and brake 
pedals are operating elements and also inputs for 
the CarSim S-Function as well as the forces acting 
on outrigger contacts (in 3 dimensions) (see Figure 
5), gear and transmission mode. Within these tests, 
a six-gear automatic transmission mode was 
selected.  
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Vehicle dynamics from driving simulator, 
coordinates of the outrigger contacts (in 3 
dimensions), CG (Centre of Gravity) coordinates of 
the sprung mass, CG accelerations of the sprung 
mass (in 3 dimensions), longitudinal and lateral 
velocities of the outrigger contacts and steering 
torque are outputs for the CarSim S-Function to be 
investigated in real time. 
These outputs are fed back by rollover avoidance 
control based on outrigger construction calculation 
to CarSim S-Function as “the forces acting on 
outrigger contacts (in 3 dimensions)”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Block diagram of the outrigger based 
rollover avoidance controller 
 
 
Subjective Evaluation Results 

The driving attempts were accomplished on MARS 
(Modular Automotive Research Simulator) which 
is located in Automotive and Power Train 
Engineering, Helmut Schmidt University-
University of the Federal Armed Forces Hamburg. 
The Figure 16 shows the operating of dynamic 
driving simulator. 
Relating to this subjective impression assessment 
test, the simulator was used to represent a 7 DOF 
(degree of freedom) motion system, which are 
made up of the hexapod system and the lateral 
cylinder. The subjective evaluation tests that are 
given in Figure 17 have been realized with 12 test 
people who have the ages in between 23-38 and 
have 5 years of driving experience at least. The 
tests were accomplished in different conditions 
with double lane change (ISO 3888-1) manoeuvre 
with constant driving velocity v=80 km/h: 
 

- unloaded with 1 and with 2 supporting 
arms per side 

 

 
Figure 16: Operating of dynamic simulator 
MARS 
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Figure 17: Subjective evaluation of the rollover 
avoidance during double lane change test (with 
constant driving velocity v=80km/h) of different 
variations by Questionnaire 
 
 
 
SUMMARY AND CONCLUSION 

The disadvantage of the construction shown in 
Figure 4 is derived from the heaviness of the 
outrigger than the one given in Figure 3; during the 
driving attempts, it cannot be loaded as much as the 
one with 1 supporting arm per vehicle side. On the 
other hand, the advantage of this configuration is 
that it has a larger supporting range that allows the 
supporting device’s position to change as far as 
possible through the longitudinal vehicle direction 
depending on the centre of gravity (CG) of the 
vehicle. When the perception of the roll motion is 
compared, it can be seen that the condition with 2 
supporting arms is lighter than the one with 1 
supporting arm. 
 
Figure 17 indicates that roll motion perception with 
2 supporting arms has been minimized compare to 
the situation with 1 supporting arm. However, this 
yields stronger steering corrections for a safe 
driving. 
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After this study to construct an outrigger with 2 
supporting arms per side has been decided because 
of its safety. As a further study, the likely LCV will 
be converted into an exact LCV. For this reason, 
the measuring works in the laboratory have been 
continued. Furthermore a database is intended to be 
formed which contains such vehicles like LCV, 
truck, sedan, SUV (sport utility vehicle) to have the 
common sense of how realistic the intended models 
are felt by the test driver when he/she drives the 
simulator.  
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ABSTRACT 
 
A new flexible pedestrian legform impactor 
(Flex-PLI) has been developed by Japan Automobile 
Manufacturers Association, Inc. (JAMA) and Japan 
Automobile Research Institute (JARI). 
  
The new Flex-PLI has good biofidelity as well as 
several knee ligament elongation measurement 
capabilities, three femur and four tibia bending 
moment measurement capabilities.  For these reasons 
Flex-PLI is likely to be adopted for the future 
pedestrian Global Technical Regulation. 
 
This presentation introduces a finite element model 
of the Flex-PLI for LS-DYNA and presents a CAE 
(Computer Aided Engineering) study that 
investigates Flex-PLI kinematic behaviour caused by 
impact with a vehicle. The new Flex-PLI LS-DYNA 
model was carefully created to ensure that every 
important detail was included.  Geometries, masses 
and material properties of all parts were reproduced 
from drawings and inspection of the real components.  
Connectivity and component interaction within the 
model were determined by thorough experiments.  
Accurate prediction of injury indices and kinematic 
behaviour was achieved by correlation to JARI’s 
static and dynamic calibration tests.  A fine mesh was 
used while reasonable calculation cost assured by 
imposing an analysis time step of 0.9 micro seconds. 
 
In this report, investigations by computer simulation 
of Flex-PLI deformation behaviour mechanisms 
during vehicle impact are presented. 
 
INTRODUCTION 
 
The increase of traffic accidents between pedestrians 
and vehicles is recognized as an ongoing serious 
problem.  One approach to reduce pedestrian injuries 
is to improve the front structure of vehicles. 
 
Pedestrian injury statistics from traffic accident 
databases accumulated in the USA, Germany, Japan 
and Australia show that pedestrian AIS 2-6 injuries 
occurred to the head in 31.4% of the cases and to the 
legs in 32.6% [1][2].  In the EU, protection of 
pedestrian lower legs has already been regulated in 
EEC2003/102 and assessed by EuroNCAP.  These 

use a rigid-bone type lower leg impactor produced by 
TRL.  
 
JAMA and JARI have developed a new Flexible 
Pedestrian Legform Impactor (Flex-PLI) with 
improved biofidelity as well as more appropriate 
injury measurement capabilities.  The 1st version of 
Flex-PLI  was created in 2002 [3] and since then 
various technical evaluations have been carried out 
by the Flex-TEG (Flexible Pedestrian legform 
Impactor Technical Evaluation Group), conducted 
under GRSP/INF-PS-GR of the United Nations.  
JAMA and JARI have continued to improve and 
upgrade Flex-PLI, and in 2007 the 5th version, called 
Type GT（Flex-GT）was produced [4].  The Flex-GT 
has been verified worldwide to have excellent test 
repeatability and be sufficiently practical for use as a 
certification test tool [5][6]. 
 
From 2008 to 2009 the Flex-GT was upgraded to the 
6th version, Type GTR (Flex-GTR) [7].  Flex-GTR is 
expected to have the same performance as Type GT 
and is planned to be the final design.  It is likely to be 
used for the future pedestrian Global Technical 
Regulation. 
 
In order to develop vehicles using Flex-PLI, the 
application of CAE is essential and must be very 
efficient.  Therefore, in 2008, a Flex-GT LS-DYNA 
model development was started.  In a second phase 
continuing to 2009, the Flex-GT model was further 
validated in real-vehicle impact scenarios and proven 
to be a highly accurate yet numerically stable model. 
 
FLEX-GT LS-DYNA MODEL DEVELOPMENT 
 
Model General Outline 
 
Figure 1 shows the whole view of Flex-GT 
LS-DYNA model.  The Flex-GT comprises an 
internal skeleton structure covered with a flesh 
material made up of layered neoprene and rubber 
sheets.   
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Figure 1.  Flex-GT model whole view. 
 
The mesh size and distribution in the Flex-GT model 
was developed over a series of concept phases in 
order to achieve sufficient accuracy at minimal 
calculation cost.  The minimum mesh size of 
deformable parts was limited by imposing a 0.9micro 
second time step.  Total elements amount to around 
540,000 but deformable elements only to 220,000. 
 
The geometry of the model was created not only from 
2D drawings but also from long and detailed 
inspection of a physical impactor.  The physical 
impactor was completely disassembled to measure 
accurately the size and weight of all components.  
The Flex-GT model is thus set up carefully to have 
the exact same mass distribution as the physical 
impactor. 
 
Figure 2 shows the internal structure of Flex-GT. On 
the left is the LS-DYNA model, on the right is the 
physical impactor [8].  The internal structure is 
composed of three portions: femur, knee and tibia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Flex-GT internal structure:  LS-DYNA 
model and a physical impactor. 

Bone cores form the fundamental structure inside the 
femur and tibia, and provide the flexibility and 
stiffness in those areas. 
 
The knee joint is made up of two blocks connected by 
steel cables and springs which replicate ligaments in 
the real human knee.  With this system, good 
biofidelic behaviour can be achieved without 
requiring replacement parts.  The ligament layout is 
asymmetric because it represents a human right leg 
hit from the right side. 
 
The Flex-GT model was developed using LS-DYNA 
Version 971 R3.2.1 [9]. 
 
Model Detailed Description 
 
     Bone Core Model - Figure 3 shows the femur and 
tibia bone cores.  They were modelled using a purely 
elastic material because the real parts are made of 
strong glass fiber reinforced plastic (FRP) and 
assumed not to incur any permanent deformation 
(plastic strain) under normal loads. Young’s Modulus 
was determined from 3-point bending static 
calibrations.  Strain gauges, which in the real device 
are glued on the bone cores, were modelled by very 
weak spring elements attached using tied contacts.  
Three spring elements were attached to each side of 
the femur bone (at the same height on the tension and 
compression surfaces) and four to each side of the 
tibia, according to the specification of Flex-GT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Bone cores and strain gauges. 
 
     Femur and Tibia Models - Figure 4 shows a 
section through the tibia model.  The femur model 
has the same structure.  The bone core lies down the 
middle of square section exterior housings which 
were are chained together by links down their flanks.  
The MC-nylon exterior housings were modelled 
using an elastic material and the aluminium core 
binders and connection bolts by a rigid material.  
Friction coefficients of the core binders and the 
connection bolts contacting on the bone cores were 
estimated from surface conditions of the real parts 
and then further tuned in the later calibration studies. 
Connection plates tie the exterior housing structures 
together and link together around connection bolts.  
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Femur

Knee
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Accurate connectivity of the links was determined 
from detailed observation of the physical impactor. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Exterior housing. 
 
Figure 5 shows the connection between the femur 
and knee condyle model.  The tibia is connected in a 
similar manner.  The core binder at the end of the 
femur was attached to the knee condyle using a 
discrete beam element.  The connection stiffness was 
set with reference to the physical components, and 
later revised in a correlation study during dynamic 
calibration. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Connection of core binder and knee 
condyle. 
 
Figure 6 shows the bending stopper cable model.  
This was modelled explicitly to behave in the same 
way as the physical impactor: the cable limits the 
total bend when the stopper contacts the exterior 
housings. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Bending stopper cable. 
 
     Knee Model - Figure 7 shows the model of the 
knee.  The upper and lower knee condyles were 
modelled using a rigid material.  The area contacting 

the ligament cables was modelled with very fine 
mesh for accurate and stable interaction with the 
ligament cables.  The MC-nylon contact face 
between upper and lower knee condyles was 
modelled using an elastic material.  The convex 
impact faces were also modelled in a similar way.   
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Knee whole view. 
 
Figure 8 shows the knee ligament model.  Four kinds 
of ligament cables: ACL (Anterior Cruciate 
Ligament), MCL（Medial Collateral Ligament,  PCL 
(Posterior Cruciate Ligament) and LCL (Lateral 
Collateral Ligament), were created using very 
detailed and complicated modelling techniques.  
Ligament spring stiffness was determined from 
specifications and later calibrated during the 
correlation phase.  The completed knee model was 
found to have good performance in predicting the 
varied kinematic behaviour of the real device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Knee ligament structure. 
 
Figure 9 shows the model of the three knee 
potentiometers measuring extensions at ACL, MCL 
and PCL locations.  These were modelled using weak 
spring elements: their deflections measure the same 
distance as the real wire potentiometers. 
 
 
 
 
 
 
 
Figure 9.  Knee potentiometers. 
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The knee joint system can flex in complicated 
kinematic modes: not only in bending but also in 
shear and torsion.  It is designed to behave in the 
same way as a human knee.  In particular, when it hits 
a curved area of the vehicle, a combined twist, shear 
and bend mode can often occur.  Accurate realisation 
of all kinematic modes is vital for correct injury 
prediction and this has been achieved using detailed 
modelling techniques and thorough validation stages. 
 
     Flesh - Figure 10 shows the layered structure of 
neoprene and rubber sheets that form the flesh in the 
same way as the physical impactor (see also Figures 
11, 12).  Wide adhesive tape is used to hold the 
rubber sheets to the femur and this was modelled by 
membrane elements with realistic stiffness.  Rate 
sensitive material properties of the neoprene and 
rubber were developed from accurate static and 
dynamic tests of production sheets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Layered sheets of flesh construction. 
 
 
 
 
 
 
 
 
 
Figure 11.  Flesh construction of Flex-GT model 
and physical impactor (Top). 
 
 
 
 
 
 
 
 
 
 
Figure 12. Flesh construction of Flex-GT model 
and physical impactor (Bottom). 

Model Calibrations 
 
     Bone Core Static Calibration - Simulations of 
3-point bending static calibration tests for the femur 
and tibia bone cores [10] were performed and the 
Young’s Modulus of the core adjusted to achieve the 
correct calibration stiffness (see Figures 13, 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Femur bone core calibration result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Tibia bone core calibration result. 
 
The Flex-GT model is designed to be analyzed using 
explicit LS-DYNA, so these simulations were 
analyzed using the quasi-static method in explicit 
code.  In this method the loading occurs over a very 
short period of time but care is taken to ensure that 
inertia effects are kept to a minimum and do not 
influence the result.  It was found that correct 
geometries of the load transducer and support jigs 
were very important to get precise results.  These 
methods were also used in the other quasi-static 
calibration studies. 
During this stage, factors to convert strain gauge 
output (spring elements) into bending moments were 
calculated and set in the model. 
 
     Femur and Tibia Static Calibration – Figures 
15 to 18 show the results of the 3-point bending static 
calibration analysis for the femur and tibia model 
assemblies [10].  The models were adjusted to satisfy 
calibration stiffness requirements, and the deflection 
modes compared to photos of the real tests (Figures 
17, 18). 
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Figure 15.  Femur static calibration result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Tibia static calibration result. 
 
 
 
 
 
 
 
Figure 17.  Femur deflection in static calibration 
 
 
 
 
 
 
 
Figure 18.  Tibia deflection in static calibration 
 
Complicated support jigs attached to the both sides of 
the femur and tibia were modelled carefully since 
they influence the results. 
 
According to the test specification, one sheet of 
neoprene is inserted between the load transducer and 
leg assembly.  This deformed significantly because of 
its low stiffness and was often a cause of calculation 
instability.  To avoid this problem, contact definitions 
and element size were modified many times.  These 
stability modelling methods for the neoprene were 
also applied to the final flesh model. 
 
     Knee Static Calibration - Figures 19 and 20 
show the results of the 3-point bending static 
calibration analysis for the knee model [10].  The 
model was adjusted to satisfy calibration stiffness 

requirements, and the deflection mode compared to 
photos of the real test (Figure 20). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19.  Knee static calibration result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Knee deflection in static calibration 
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Figure 22. Dynamic calibration result: comparison of simulation and test.

Figure 23.  Deformation 
at peak MCL.

     Assembly Dynamic Calibration – The whole 
internal structure of the Flex-GT was assembled from 
the calibrated femur, tibia and knee models and a 
model of the test jig created according to the dynamic 
calibration test specification.  As shown in Figure 21, 
the top of the femur is connected to the jig via a pin 
joint and the leg is released to freely swing down 
from a position 15 degrees above horizontal. 
 
Calibration requirements are defined by a corridor 
for peak injury of knee MCL, PCL and ACL 
elongations, three femur bending moments and four 
tibia bending moments [10]. The graphs in Figure 22 
show that the Flex-GT model not only satisfies all 
calibration requirements but also predicts the rise and 
fall of injury over time with great accuracy.  Figure 
23 shows the model deformation at maximum MCL 
injury (maximum bend).   
 
During this phase the femur, tibia and knee models 
were modified slightly so each static calibration test 
was reanalyzed and model recalibrated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the dynamic analysis set up, the Flex-GT leg initial 
position was set to be just impacting the jig and given 
an initial velocity.  This method saves much 
calculation time by omitting the free drop phase.  
However the angular velocity at impact was not 
defined in the calibration specification.  At first an 
attempt was made to calculate this theoretically but 
in the end a free drop simulation was performed to 
obtain the correct angular velocity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21.  Dynamic calibration specification. 
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FLEX-GT SIMPLIFIED CAR RIG IMPACT 
 
In this study, a series of simplified car rig impacts 
were performed to validate the accuracy of the 
Flex-GT model. Figure 24 shows the simplified car 
rig test just before impact. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24.  Simplified car rig test. 
 
The simplified car rig was designed to represent the 
front structure of a vehicle.  It comprises a BLE 
(Bonnet Leading Edge) plate, bumper and spoiler. 
The BLE is bent steel plate; the bumper and spoiler 
are PP(polypropylene) expanded foam blocks (see 
Figure 25). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25.  Simplified car rig setback and height. 
 
The BLE, bumper and spoiler were positioned with 
setback and height as shown in Table.1.  This 
represents a Type A sedan vehicle.  The test was 
performed at an impact velocity of 40km/h and 
ground clearance of 75mm. 
 

Table 1. 
Setback and height conditions (mm) 

 
TEST ID S1 S2 H1 H2 H3 

B02 50 130 Sedan type A 
 
A high accuracy simplified car rig model was created.  
A detailed mesh model of the BLE plate and PP foam 
blocks was made and their structural response 
correlated to dynamic impact tests.  The model was 
set up as shown in Figure 26 so that the impact 
velocity, ground clearance and impactor position 

were exactly like test conditions.  In this test, four 
accelerometers (femur upper, knee upper, knee lower 
and tibia lower) were specially added on the internal 
structure of the Flex-GT (see Figure 27). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26.  Simplified car rig LS-DYNA model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27.  Accelerometers added on Flex-GT. 
 
Figure 28 shows injury graphs of test and the 
simulation results.  The peak values and graphical 
trends are well correlated.  However, the simulation 
predicted peak femur moments 5-10msec earlier than 
the test.  This is thought to be caused by a small 
difference in BLE mounting stiffness or deformation 
mode. 
 
Figure 29 shows a comparison of Flex-GT 
kinematics. The test result was taken from 
high-speed film. 
 
Figure 30 shows the acceleration pulses and graphs 
of acceleration vs. stroke. The kinematics of the 
model is nearly identical to test. The femur upper 
acceleration predicted from 25-32msec was a little 
higher than test.  As described above, this is thought 
to be related to the accuracy of the BLE fitting model. 
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Figure 30.  Flex-GT acceleration and displacement curves.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28.  Flex-GT injury time history curves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29.  Flex-GT deformation mode. 
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Flex-GT Injury Investigation 
 
In this study, the Flex-GT injury mechanisms which 
occur in the simplified car rig test (see Figures 28 to 
30) are investigated and some ideas for reducing 
these injuries are studied. 
 
First, the lower knee contacts the bumper and the 
knee lower acceleration rises sharply.  Soon after, the 
tibia contacts the spoiler which is located 50mm back 
from the bumper.  At just 15msec the tibia starts to 
rebound by unloading forces from the bumper and 
the spoiler.  At this time the lower tibia is moving like 
the curl of a whip and the tibia lower acceleration 
reaches a maximum. 
 
The femur starts to contact the BLE at around 
15msec, and the peak knee upper acceleration 
happens at that time.  The BLE is positioned 150mm 
backward from the bumper.  At 30msec the femur 
starts to rebound from the BLE and the femur upper 
acceleration reaches a maximum.  Overall, the 
Flex-GT rotates forward and finally leans on the BLE.  
This is mainly caused by the setback differences of 
the BLE and the spoiler.  
 
The peak MCL occurs at approximately 27msec 
while Flex-GT is still rotating forward.  The 
maximum tibia moment, 289Nm, occurs at Tibia-1 
near the bumper, at 15msec when the bumper 
reaction force becomes greatest.  The maximum 
femur moment, 136Nm, occurs at Femur-1 at 30msec, 
when the BLE reaction force reaches its peak. 
 
Ways to reduce Flex-GT injuries are discussed in the 
following section.  As described above, the peak 
MCL occurs during the overall rotation of Flex-GT.  
It is considered likely that MCL is related to the 
rebounding properties of the bumper and spoiler and 
the stiffness of BLE. 
 
There are two simple ideas to reduce the MCL. 
• Control the kinematic behaviour of Flex-GT.   
• Absorb more energy within the vehicle front 

structure (without adversely affecting 
performance in other crashes). 

 
Better kinematic behaviour means less femur 
forward displacement, achieved using a stiff BLE, 
and/or greater tibia rearward motion by a larger 
rebound off the spoiler.  Also, the rebounding 
stiffness of the bumper should be less than the spoiler 
because reaction forces from the bumper contribute 
more to knee bending. 
  
However, these countermeasures require raising 
forces on the femur and tibia and might lead to 
increase in bending moments.  The bending moments 
are measured all along the femur and tibia (see Figure 
3), so any countermeasure loads must be distributed 

carefully. 
 
This problem suggests that it is necessary to carefully 
control load balance and timing on the femur and 
tibia as well as the distribution of energy absorption 
within the vehicle structure and Flex-GT. 
 
In order to solve such a complicated problem with so 
many input parameters, an optimization method is 
recommended. CAE is a very efficient way to obtain 
an optimized solution in a short period of time and at 
reasonable cost. Also, CAE is able to provide a lot of 
detailed data: reaction force time histories, 
visualisation of load paths through the vehicle 
structure, insight into the Flex-GT kinematic modes 
and detailed knee bending behaviour (See Figure 31). 
This data is needed to clearly understand the 
mechanisms that cause leg injury. It is impossible to 
get such data relying only on real experiments.  
Furthermore, this method can be used on vehicles in 
the early design stages, before any real prototypes 
exist.  
 
The Flex-GT model is considered an essential tool in 
the development of effective pedestrian protection 
technologies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31.  Flex-GT deformation mode. 
 
Further Simplified Car Rig Tests 
 
As shown in Table 2, a total of 6 impact cases were 
performed using the simplified car rig in various 
setback and height configurations.  In all cases, the 
model showed excellent agreement with tests.  The 
Flex-GT model was thus validated to a high accuracy 
level under similar impact conditions with real 
vehicles.  Also, these results themselves were very 
useful to investigate the influence of vehicle front 
structure layout upon the Flex-GT kinematic 
behaviour. 
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Table 2. 

All test case conditions (mm) 
 

CASE ID S1 S2 H1 H2 H3 
B01 0 130
B02 50 130
B03 100 130

Sedan type A 

B04 0 130
B05 50 130 SUV type A 

B07 50 130 SUV type B 
 
FULL VEHICLE MODEL FLEX-GT IMPACT 
 
Figures 32 and 33 show two impact simulations with 
a full vehicle and the resulting stress distribution. 
 
 
 
 
 
 
 
 
 
 
Figure 32.  Full vehicle model results. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33.  Stress distribution in vehicle. 
 
The Flex-GT LS-DYNA model was confirmed to be 
highly robust under several full vehicle impact 
conditions and the calculation cost deemed very 
reasonable at current computing standards.  Overall, 
the Flex-GT model is considered highly suited to 
CAE vehicle development. 
 
FLEX-GTR MODEL DEVELOPMENT PLAN 
 
An effort to upgrade Flex-GT LS-DYNA model into 
Flex-GTR is currently underway.  Part of the upgrade 
includes changes to the knee ligament system [11], 
but most of structure and performance of Flex-GTR 
is reported to be similar to the Flex-GT.  Therefore 
the modelling techniques and methods employed in 
developing Flex-GT model can be directly applied to 
Flex-GTR, ensuring the same high level of accuracy 
and realism. 
 

 
CONCLUSION 
 
A Flex-GT LS-DYNA model has been successfully 
developed and the following results were obtained: 
 
1)  A high accuracy Flex-GT LS-DYNA model was 
developed that satisfies all calibration requirements. 
In particular, excellent correlation of injury graphs 
was achieved in the dynamic calibration test. 
 
2)  Thorough validation was achieved using a series 
of simplified car rig impacts at 40km/h.  By 
accurately predicting the same trends as test, the 
Flex-GT model is confirmed to have sufficient 
accuracy and high performance for use in vehicle 
development analysis. 
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ABSTRACT 

The integration of active and passive safety systems 
is considered as a significant contribution towards 
further improvement of traffic safety. The present 
article describes an approach to integrate these 
systems. This is done by development of a novel 
control algorithm where force levels and activation 
times of an assumed adaptive restraint system are 
predefined based on the oncoming collision. 
Reference values for these force levels are 
generated in order to minimise the acceleration of 
the occupants.  
The method takes into account the actual crash 
severity by a forecast of the acceleration behaviour 
of the passenger cell, based on prediction of 
collision speed, mass and stiffness of opponent and 
own vehicle. The prediction of mass and collision 
speed is not part of the present paper and currently 
under investigation. A forecast of the acceleration 
pulse is calculated by a simplified multi body 
model of the impact. The vehicle deformations are 
considered by non-linear springs with hysteresis. 
Their characteristics are derived from 53 crash tests 
published by NHTSA. The occupant of the ego-
vehicle is considered also by a simplified multi 
body model, taking into account its mass and 
seating position. Optimisation algorithms determine 
suitable force levels and trigger times of the 
adaptive restraint components by minimising the 
acceleration of the occupant while avoiding 
bottoming-out of the restraint system. Currently, 
only straight frontal collisions with full overlap are 
considered. The algorithm is developed in order to 
provide a real-time application and is verified by 
detailed off-line crash simulations. 
With numerical simulations several configurations 
with different collision severities and occupant 
masses were investigated. In almost every 
configuration significant reductions up to 90 % of 
the occupant acceleration were observed. The 
present study forms the basis of future work which 
includes a real-time application in a vehicle. 

INTRODUCTION 

Background 

Active safety systems and advanced driver 
assistance systems (ADAS) such as electronic 
stability control (ESC), emergency brake assist 
(EBA) and lane keeping system will contribute to 
avoid and mitigate collisions in future [1, 2, 3].  
Passive safety restraint systems are currently 
activated by electronic control units (ECU) that for 
example evaluate accelerations, roll rate and door 
pressure during an accident. The activation is 
triggered after first contact of the vehicles, in 
frontal crashes typically after 10 to 30 ms, which 
wastes ride-down distances and requires fast 
deployment of airbags. Yet, fast airbag deployment 
is aggressive to occupants, especially when they are 
out-of-position, for example after emergency 
braking or crash avoidance manoeuvres [4].  
Moreover, the adaption of passive safety systems to 
the actual accident is mainly limited to low and 
high crash severity. Adaption to occupant mass and 
seating position provides a significant potential for 
reduction of injuries [5].  
Especially, the integration of active and passive 
safety systems and the adaption of their 
functionality to the actual collision is considered as 
a significant step towards improved traffic safety 
[6, 7].  

Objective 

The present paper is based on previous work [8, 9] 
and describes an approach to integrate active and 
passive safety systems. An algorithm is developed 
which pre-sets force levels and trigger times of an 
adaptive frontal restraint system according to 
parameters of an oncoming collision. Reference 
values for these force levels are generated in order 
to minimise the acceleration of the occupant. 
Important sources for the development of the 
algorithm are found in [10, 11, 12]. 
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The following section summarises the main 
approach of the novel approach, further details are 
published in [8, 9]. 

METHODOLOGY 

The main idea of the algorithm is the prediction of 
the passenger cell acceleration pulse of the own 
vehicle (ego-vehicle). This is based on a forecast of 
collision speed, mass and stiffness of the colliding 
vehicles, which are the main input parameter of the 
algorithm. 
The method consists of three separate modules, the 
vehicle model, the collision model and the occupant 
model. MATLAB/Simulink® software was chosen 
for the realisation of the complete model, due to its 
capability for generation of real-time codes that can 
be run on automotive ECUs. The structure of the 
Simulink model is depicted in Figure 1, which 
illustrates the interfaces between the modules. 

 
Figure 1:  Structure of the Simulink model.  
 
Prior to the impact, the vehicle model is exchanging 
data (state vector of ego-vehicle and collision 
opponent) with the collision model which predicts 
the acceleration of the passenger compartment. The 
collision model is exchanging data (predicted 
acceleration pulse) with the occupant model where 
an adaptive restraint system is minimising the 
occupant acceleration. Outputs of the model are 
force levels and activation times for an adaptive 
restraint system. 

Vehicle Model 

The vehicle model serves to predict the impact 
energy and delivers the input parameters (mass and 
collision speed) for the collision model. The 
module is based on state-of-the-art longitudinal 
vehicle dynamics modelling and includes driving 
resistances (air, climbing and rolling resistance), for 
the basic theory refer to [13]. 
Additionally, an Antilock Braking System (ABS) 
and an EBA of the ego-vehicle are integrated to 
include their influences on the mitigation of 

oncoming collisions. Therefore, rotational degrees 
of freedom for the wheels are modelled.  
The control algorithms of the driver assistance 
systems were taken from literature [14, 15]. 
Nevertheless, serial ABS or EBA applications can 
be integrated any time during full vehicle system 
integration. 
One component of the vehicle model is the 
collision prediction block which uses the input of 
an environment recognition system (such as radar, 
video or laser scanner) to predict the state vector 
(position and velocity) and mass of the collision 
opponent prior to collision. This block is not yet 
implemented and part of ongoing work. The 
Simulink structure of the current vehicle model is 
depicted in Figure 2. A detailed description of the 
model can be found in [8]. 
 

 
Figure 2:  Simulink structure of vehicle model.  
 

Collision Model 

The collision model serves to predict the 
acceleration of the passenger compartment of the 
ego-vehicle. It consists of two rigid bodes with a 
single degree of freedom for each in longitudinal 
direction (xopp and xego), see Figure 3. They 
represent the opponent vehicle (mass mopp) and the 
ego vehicle (mass mego). The rigid bodies are linked 
together by force elements (nonlinear springs with 
hysteresis, FC).  
 

 
Figure 3:  Scheme of collision model.  
 
By numerical integration of the equations of motion 
of this model, Eq. (1), the acceleration of the 
passenger compartment of the ego-vehicle is 
calculated. 
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The spring characteristics of the force elements, 
which describe the deformation behaviour of the 
vehicles in a full overlapped frontal crash, are 
derived from crash tests published by NHTSA [10]. 
A total number of 53 vehicles were analysed, for an 
example see Figure 4.  
 

 
Figure 4:  Example of passenger compartment 
acceleration [8].  
 
The filtered data forms the basis for further 
analysis. In case of a frontal collision with full 
overlap, a method [8] was developed to combine 
the individual stiffness’s of the opponents to one 
single spring Fc with discrete non-linear force-
deflection characteristics cdef, Figure 5 and Eq. (1). 
The solid (red) and dashed (blue) line correspond to 
two different vehicles, the dot and dashed line 
(green) represents the combination of them. 

Occupant Model 

The main approach for the occupant model is the 
following assumption: The injury risk and severity 
in a vehicle accident are reduced when maximum 
and mean accelerations are reduced. This is 
especially true in low to medium crash severity 
where the integrity of the passenger compartment 
prevents intrusion-induced injuries. Modern cars 
are designed to withstand collision severities in 
frontal crash of up to 56 kph against a rigid barrier 
or 64 kph against a deformable honeycomb barrier 
with minimal intrusion into the footwell. 
In the present occupant model, the occupant of the 
ego-vehicle is considered by a simple rigid body 
model, comparable to the collision model. It takes 

into account mass and seating position of the 
occupant (see Figure 6). 

 
Figure 5:  Two examples of the combined 
deformation spring [8]. 
 
In a later vehicle application these parameters have 
to be provided by occupant sensing systems. The 
equation of motion for the occupant model is: 
 

SeatBeltSteerAiroccocc FFFxm ++=⋅ ,&&  (2). 
 
mocc denotes the mass of the occupant, xocc the 
position of the occupant, FAir,Steer (airbag in 
combination with steering column), FBelt (seatbelt), 
and FSeat (seat) the forces of the restraint system 
acting on the occupant, see Figure 6. 
Optimisation algorithms determine suitable force 
levels and trigger times of the adaptive restraint 
system, based on the criterion of minimising the 
maximum and mean acceleration of the occupant 
(represented by the single rigid body mocc). A 
secondary condition is the avoidance of bottoming-
out of the restraint sytem, by limiting the forward 
motion of the occupant rigid body, xocc>0. Within 
this study, genetic as well as gradient based 
optimisation algorithms were investigated [8]. 
The optimisation of the force levels and activation 
times of the restraint system will be the key issue 
for a real-time vehicle application. At the moment, 
putting the results of a large amount of optimisation 
runs into a database (characteristic diagram) is the 
most promising solution for real-time performance. 
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Figure 6:  Simplified rigid body model of the 
occupant.  
FAir,Steer describes the forces by the frontal airbag in combination 
with the steering column, FBelt is the resulting force in lateral 
direction of shoulder and lap belt and FSeat stands for the 
frictional force of the seat, [8]. 
 
The next section explains the verification of the 
model with numerical simulation since 
experimental verification of the model would 
require several cost-intensive full-scale crash tests. 

VERIFICATION 

The verification of the presented model was carried 
out by a detailed off-line simulation. This off-line 
simulation was based on a Finite-Element-Method 
(FEM) model of a full frontal car to car crash. A 
FEM model of the FORD Taurus [16] was used for 
simulation of the crush behaviour of ego- and 
opponent vehicle, Figure 7.  
 

 
Figure 7:  FEM model of investigated vehicle 
[16]. 
LS-Dyna FEM model of the 2001 FORD Taurus, occupant and 
restraint system were added. 
 
Since this model did neither include an occupant 
nor a restraint system, a Hybrid-III 50 percentile 
male crash test dummy, a seat with 3 point belt 
system and a frontal driver airbag was added [17], 
see Figure 8. 
The first step for verification was to simulate a 
56 kph frontal crash against a rigid barrier with full 
overlap (US-NCAP crash test), see Figure 9. The 
validation of the model was published in [18] and is 
accurate within the requirements of the present 
study. 
The acceleration, measured in a similar location as 
in the NHTSA data [10] was derived from the FEM 
simulation. Using this simulation, the acceleration 
and crush behaviour of the vehicle was derived in a 

similar manner than in the real tests published by 
NHTSA, see chapter methodology. This simulation 
forms the basis for further verifications. 
 

 
Figure 8:  Occupant and restraint system in the 
ego-vehicle [17].  
 
Nevertheless, the car body of the FORD Taurus 
FEM model was reinforced in order to demonstrate 
a stiffer car structure which withstands EURO-
NCAP frontal crash requirements with minimal 
intrusion to the passenger compartment in the 
footwell area. The reason for that was the approach 
of the algorithm which minimises acceleration 
induced injuries and not intrusion induced injuries. 
Also, steering wheel displacements, which 
decreases the available ride-down is not 
implemented in the collision model. 
 

 
Figure 9:  USNCAP frontal crash. 
56 kph impact speed, full overlap, rigid barrier, 50th percentile 
H-III dummy. 
 
As depicted in Figure 10, the accuracy of the 
predicted passenger compartment acceleration (red 
solid line) is remarkably high for the first 40 ms, 
the 70 g peak at 45 ms is filtered out through the 
prediction algorithm. Nevertheless the integral of 
this curve (velocity during the collision) fit 
accurately, Figure 11. For the desired application, 
namely pre-setting an adaptive restraint system, the 
accuracy is sufficient. 
 
The next step in the verification was to perform car 
to car crash simulations. 
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The FORD Taurus was impacted at different impact 
speed against another FORD Taurus FEM model, 
(for test set-up, see Figure 12 and Table 1).  
 

 
Figure 10:  Comparison of passenger compart-
ment acceleration (US-NCAP). 
 

 
Figure 11:  Comparison of passenger compart-
ment velocity (US-NCAP). 
 
 

Figure 12:  car to car frontal collision (FORD 
Taurus vs. FORD Taurus). 
 
The occupant and the restraint model was not 
verified in detail, which is part of future work. 
Results regarding the dummy responses only can be 
treated to tell qualitative trends. 
Impact speeds of the ego-vehicle and the opponent 
car were chosen based on a hypothetical impact 
scenario of a frontal collision on a wet road with 
limited vision due to fog. The kinematics of this 
hypothetical collision was simulated using PC-
Crash® accident reconstruction software, Figure 
13. The results were forwarded as an input to the 
vehicle model, which calculated the impact 
conditions listed in Table 1. Different settings for 
driver assistance systems were taking into account, 
[17]. 
 

 
Figure 13:  Hypothetical crash scenario 
simulated with PC-Crash®. 
The blue vehicle on the right side is overtaking. Due to fog, the 
approaching red vehicle on the left side is recognized late. 
 

Table 1. 
Car to car crash simulation matrix 

 
 Ego- 

vehicle 
Opponent Driver 

assistance 
Make and model FORD 

Taurus 
FORD 
Taurus 

 

Impact speed 
Simulation 1 [kph] 

52 52 None 

Impact speed 
Simulation 2 [kph] 

48 48 ABS 

Impact speed 
Simulation 3 [kph] 

31  31 ABS and 
EBA 

Overlap [%] 100 100  
Impact angle [deg] 0 0  

 
Exemplarily the result from simulation 3 is depicted 
in Figure 14. The acceleration of the passenger 
compartment predicted by the collision model (red 
solid line) is sufficiently accurate for adaption of 
adaptive restraints. Single peaks as calculated by 
the FEM model (blue dashed line) are not 
predicted, since during calculation of the combined 
“collision” spring the input data is filtered 
(passenger cell acceleration).  
Figure 15 illustrates the result of the velocity 
change in the same load case. At time 53 ms, the 
velocity passes the zero line. The predicted rebound 
velocity is higher than in the detailed crash 
simulation. This behaviour can be modified by the 
hysteresis model of the algorithm. A fine-tuning of 
the hysteresis parameter was not yet performed. 
 

 
Figure 14:  Comparison of FEM simulation and 
algorithm of collision model (acceleration). 
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Figure 15:  Comparison of FEM simulation and 
algorithm of collision model (velocity). 
 

RESULTS AND DISCUSSION 

The potential of the presented model was 
investigated in a parameter study. Different 
configurations with different collision severities 
and occupant masses were investigated. The 
parameters are listed in Table 2.  
 

Table 2. 
Input for parameter study 

 
parameter from to 
collision speed [kph] 20 54 
mass opponent vehicle [kg] 800 3000 
occupant weight [kg] 30 125 

 
The collision severity ranges from low speed 
(20 kph) to high speed 56 kph for each vehicle. At 
lower speeds an adaptive restraint system will not 
make sense, due to low injury risk and no-fire 
requirements for active restraint systems. Higher 
speeds are not feasible for the algorithm because 
there is no data available for high speed crush 
behaviour. Additionally, at high speeds the 
passenger compartment will start to collapse, which 
would cause intrusion-induced injuries, which is 
not covered by the present approach.  
For the mass of the opponent vehicle a range from 
A-segment vehicles (800 kg) up to luxury class cars 
(3000 kg) were investigated, which covers the 
majority of the passenger car fleet. 
For the passenger weight, a range from 30 kg up to 
125 kg was chosen in order to cover most 
occupants on the driver and passenger seating 
position.  
 
A standard restraint system optimised for 
FMVSS 208 requirements forms the reference for 
the parameter study. As a working hypothesis, the 
force levels of the reference restraint system were 
determined with the optimisation algorithm as used 
for the adaptive restraint system (see section 
Methodology). The following load cases were used 
to define the reference restraint system  

• “48 kph frontal collision with an unbelted 
75 kg occupant” 

• “56 kph frontal collision with a belted 
75 kg occupant” 

The fire time of the reference restraint system was 
set to 10 ms. 
 
The results for the parameter study are depicted in 
Figure 16. In almost every configuration significant 
improvements up to 90 % were observed. For 
collisions close to the FMVSS 208 standard 
requirements (e.g. 54 kph closing speed and 75 kg 
occupant mass) the improvements are small 
because the non adaptive reference restraint system 
is already optimised for that configuration. The 
main improvements occur at lower severity and 
especially occupant masses outside of the 50th 
percentile (75 kg), which demonstrates the 
effectiveness of the integrated safety approach in 
real traffic conditions. 
 

 
Figure 16:  Reduction of the occupant maximum 
(a_max) and mean acceleration (a_mean) with 
respect to different collision speeds and 
occupant masses. 
 
Since the present study assumes that make and 
model of the collision opponent are known, the 
influences of the accuracy of mass and stiffness of 
the opponent vehicle were analysed in a further 
parameter study:  
Even when estimating the mass of the collision 
opponent based on data from a video recognition 
system, there is a lack of knowledge about the 
actual payload. 
According to statistics of vehicle registrations in 
Austria [12], the NHTSA database [10] was 
searched for most likely collision opponents. 53 
vehicles were investigated for that purpose. But 
through questionable acceleration data it was not 
possible to retrieve valid data for all 53 vehicles. 
After all, 39 vehicles with plausible acceleration 
data were analysed and grouped into six mass 
classes, as Table 3 shows. 
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Table 3. 

Investigated Cars and Defined Mass Classes 
 

Class Make Model Mass 
1 Mercedes Smart 963 kg 
1 VW Polo 1100 kg 
2 Toyota Yaris 1245 kg 
2 Kia Rio 1352 kg 
2 Mini Cooper 1371 kg 
2 Dodge Neon 1379 kg 
2 Toyota Corolla 1379 kg 
2 Ford Focus 1394 kg 
2 Honda Civic 1394 kg 
2 Ford Focus 1398 kg 
3 Toyota Prius 1515 kg 
3 Subaru Impreza 1585 kg 
3 BMW Z4 Roadster 1630 kg 
3 Honda Accord 1673 kg 
3 Saab 9-3 1705 kg 
3 Subaru Forester 1708 kg 
3 VW Jetta 1719 kg 
3 Nissan 350Z 1729 kg 
3 Volvo S60 1732 kg 
4 VW Passat 1765 kg 
4 Ford Taurus 1785 kg 
4 BMW 325l 1806 kg 
4 Audi A4 1820 kg 
4 Volvo S80 1820 kg 
4 Saturn Aura 1828 kg 
4 Nissan 350Z 1855 kg 
4 Mercedes C300 1864 kg 
4 Chrysler Sebring 1915 kg 
4 BMW 528l 1924 kg 
5 Dodge Journey 2136 kg 
5 Volvo XC90 2389 kg 
5 Hummer H3 2404 kg 
5 Mercedes ML350 2431 kg 
5 BMW X5 2458 kg 
6 Audi Q7 2582 kg 
6 VW Touareg 2600 kg 
6 Toyota Sequoia 2816 kg 
6 Toyota Tundra 2884 kg 
6 Ford F250 Pickup 3054 kg 

 
Table 4 lists the results of the investigation of the 
mass influence for two different vehicles (FORD 
Taurus and MERCEDES C300). An occupant with 
75 kg is taken into account. The closing speed is 
106 kph. The parameters amax,occ and amean,occ present 
the resulting loading to the occupant. Respectively, 
sdisp,occ is the relative displacement, amax,occ the 
maximum acceleration and amean,occ the mean 
acceleration of the occupant. The average 
acceleration of an occupant sitting in a 
MERCEDES C class is almost doubled when it is 
impacted from an 3000 kg vehicle compared to a 
800 kg vehicle. When increasing the mass of the 
vehicle in steps of 200 kg, the average acceleration 
increases by approximately 1.5 g. The typical 
payload of a passenger car is around 300 kg [2], so 
the accuracy of the results are in the range of about 

2 g, which has to be taken into account by the 
algorithm. 
There where no results in the simulation of the first 
investigated vehicle (FORD Taurus) when colliding 
against a vehicle with a mass higher than 2600kg 
(marked with "-" in Table 2). The reason for that is 
that the maximum force levels of the restraint 
system are limited. At high impact energy levels, 
the occupant strikes through the airbag and contacts 
the dashboard.  
 

Table 4. 
Influence of Collision Opponent Mass on 

Occupant Loading 
 

 
 
For investigation of the influence of the crush zone 
stiffness the following approach has been chosen: 
All studied vehicles were classified according to 
their mass (Table 3).  
Next the stiffness springs of these vehicles were 
compared and combined to an average force-
deflection curve (thick line in Figure 17). 
It can be seen, that according to the mass classes, 
the deformation characteristics of different vehicles 
are similar. The reason for that is that vehicles 
structures are designed to fulfil requirements of 
standard laboratory crash tests. There, only the 
vehicle mass has an influence on the energy that 
has to be absorbed by the crush zone. Restraint 
systems are designed to meet injury criteria of 
dummy responses in these specific tests. 
To evaluate the influence of the stiffness a certain 
crash scenario (fully overlapped car to car frontal 
collision, masses of each vehicle 1785 kg, collision 
speed 108 kph, mass of occupant 75 kg) is 
calculated using the algorithm. The only 
investigated parameter is a variation of the stiffness 
of the crush zone according to the six classes 
described above. The average acceleration of the 
occupant scatters by approx 1 g (mean value 
20.4 g). The results are shown in Table 5. 
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Figure 17:  Examples for deformation springs 
with respect to different mass classes.  
Mass class 2 represents vehicles from 1200 to 1400 kg, mass 
class 5 from 2000 to 2500 kg. The thick line is the combination 
of the different deformation springs. 
 
sdisp,veh denotes the displacement of the vehicle, 
which is the deformation of the vehicle front in this 
load case. Analogue to Table 4, amax,veh and amean,veh 
represent the maximum and mean acceleration of 
the vehicle under consideration. 
 

Table 5. 
Influence of Crush Zone Stiffness  

 

 
 
The small influence of the stiffness shows that it is 
sufficient to estimate roughly the mass of the 
opponent vehicle and to use the stiffness 
characteristics derived in the corresponding mass 
class introduced in this paper. 

LIMITATIONS 

As a first step, only straight frontal collisions with 
full overlap are considered, but basically the 
method can be enhanced for other impact scenarios 
such as rear-end collision, lateral or oblique impact. 
Another shortcoming is the simplification of the 
model in order to achieve real-time performance for 
a full vehicle application. Especially, it is assumed 
that a minimisation of occupant acceleration lowers 
the injury risk and severity. Detailed injury 
responses such as the Head Injury Criterion (HIC) 
cannot be assessed. The application in a vehicle, 
verification of the real time performance and 
functionality of the algorithm is part of future work. 

CONCLUSIONS 

An algorithm for the integration of active and 
passive safety systems was prepared. 
The main idea is the generation of reference values 
for an adaptive restraint system by calculating force 
levels and trigger times of the different restraint 
components, such as belt and airbag. These were 
optimised with respect to maximum and mean 
acceleration of the occupant. The presented method 
consists of three separate models (vehicle model, 
collision model and occupant model), which are 
interacting. Simplified models were used in order to 
maintain a future real-time application. 
As a first step, the model was verified with detailed 
FEM crash simulation models. The prediction of 
the passenger compartment acceleration showed 
sufficient accuracy for the present application.  
The potential of the algorithm was demonstrated in 
simulations of fully overlapped frontal collision 
considering different input parameters: 
a) Mass of colliding vehicles 
b) Crush zone stiffness of colliding vehicles 
c) Collision speed 
d) Occupant mass of ego-vehicle 
e) Seating position of occupant 
These input parameters were supposed to be 
known, since the development of the vehicle model 
and the collision prediction module is still under 
progress.  
Significant improvements up to 90 % with respect 
to maximum and average acceleration of the 
occupant could be demonstrated in different crash 
scenarios. The influence of mass and stiffness were 
investigated in order to derive requirements for the 
environment recognition system.  

OUTLOOK 

The next step will be the completion of the collision 
prediction module and the integration into the 
vehicle model. Intensive verification with driving 
tests and an environment recognition system will be 
necessary.  
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Further crash simulations with different FEM 
models and varying accident severity will be 
performed to verify the collision model on a 
broader basis and adjust some of the model 
parameters.  
Additionally the occupant model will be verified in 
more detail by comparison with a validated detailed 
occupant simulation model and performing 
parameter studies.  
Also applications in other load cases such as rear 
and side impact will be part of future work. 
Next, the model will be enhanced for application a 
real vehicle to demonstrate a real-time application. 
Finally the prediction of the opponent vehicle mass 
using video recognition will close the last missing 
link and complete the method for full vehicle 
integration. 
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ABSTRACT 

Up to 2008, in the Euro NCAP rating, the 
assessment of the adult protection in pole test was 
only made through the head criteria. From 2009, 
the pole test in the new "overall rating" Euro NCAP 
protocol will take into accounts all body regions 
(head, chest, abdomen and pelvis). 
The aim of this study is to analyse the scatter of 
biomechanical criteria linked to these different 
body regions. Three phases were defined: 

- Phase 1: analysis of a large number of pole tests 
in order to identify what body region was the most 
scattered. 

- Phase 2: quantification of the scatter linked to 
the car, seat and dummy set-up. Ten trials of 
dummy set-up in three laboratories and on three 
types of vehicles were analysed. The first one of 
these trials was for reference, since it followed 
rigorously the vehicle and dummy set-up protocols 
proposed by Euro NCAP. The other trials were 
made to assess the scattering by varying several 
parameters such as vehicle mass, type of dummy, 
operator. These trials gave us the maximum 
scattering that could exist and that can be 
reproduced in dynamic tests. 

- Phase 3: quantification of the consequences of 
the dummy positioning on the pole test’s dummy 
readings. Indeed, several pole tests will be carried 
out on identical vehicles with different dummy 
positioning.  
The results of this study will have to be linked to 
their consequences on the biomechanical criteria, in 
particular on the chest and abdomen. 
Recommendations are given to improve the dummy 
set-up procedure by taking into account these 
possible scattering of the dummy positioning and 
by proposing counter measure to avoid them in a 
future protocol. 

INTRODUCTION - AIM OF THE STUDY 

A new balance appears with the brand new Euro 
NCAP overall rating, since new criteria or new 
tests come into force. One of the important changes 
is the pole test assessment which has been widely 
extended [1], [2]. Indeed, now all the body regions 

are rated (head, chest, abdomen and pelvis). By 
studying into details this new protocol and the 
results measured on the different body regions, it 
can be noticed a large scattering that needs to be 
quantified and controlled. This study takes place in 
this context. 
 
In order to determine the reliability of the current 
Euro NCAP pole test assessment (4 body regions: 
head, chest, abdomen and pelvis), a test programme 
had been defined. The purpose is : 

- to assess the scattering on dummy set-up 

- to find the key test parameters/ conditions 
which influence repeatability and reproducibility of 
the contemplated test procedure. 

- to assess the impact of the scattering on dummy 
set-up on the biomechanical criteria 

- to prepare recommendations for the dummy 
pole test procedure. 
 
Before going further into the details of this study, it 
should be wise to recall the main requirements of 
the Euro NCAP pole test impact protocol. 

MAIN REQUIREMENTS OF THE POLE 
TEST IMPACT PROTOCOL 

Car Preparation 

The first part of the protocol is the preparation of 
the car. A reference weight is defined through the 
vehicle kerb weight. And after preparation, dummy 
and data acquisition system installations, the test 
mass is measured. It is important to notice that 
some tolerances are allowed between the reference 
weight and the test mass. For instance, 50 kg of 
difference on the front and rear axles can be OK. 

Initial Seat Position 

The impact line between the pole and the car is 
directly derived from the ES2 dummy’s head 
position (Head Center of Gravity, named Head CG 
for the rest of the study). 
For this purpose, it is needed first to define the 
initial position of the driver seat. 
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The driver seat is put in its mid rails / fully down 
position. The torso angle is measured on the H-
Point Machine (named Oscar for the rest of the 
study). It has to be set to the manufacturer design 
position generally around to 22-25°. 
Then, the H-point is measured on the Oscar, in 
order to position the ES2 in its initial position. 
As a reminder, it may be interesting to recall that 
the initial ES2 H-point coordinates should be inside 
a 10 mm circle from the Oscar H-point ones. 
We called this initial seat position: “Step 1” 

Final Seat Position 

When the ES2 is installed in its initial position, a 
specific distance has to be measured: the “daylight 
opening distance”. This distance is measured 
between a reference point on the car and the 
rearmost point of the dummy head.  Both of them 
have to be taken at the same height as the Head 
CG.  
Note: At this stage, it is easy to notice that if 
between two cars, the dummy Head CG is not at 
the same height, then, two different reference 
points will be taken on the two cars (the front door 
daylight opening). Indeed, most of the time, the 
front door daylight opening is not vertical, 
therefore, these two points will probably not be at 
the same position in X. 
 
If the daylight opening distance is 50 mm or more, 
the dummy will stay in its initial position and the 
impact point will be the initial Head CG position in 
X. 
 
But if the daylight opening distance is less than 
50 mm, it is required to change the seat set-up. 
There is a definite order to follow: 

- first, the seat back has to be put upright, but it 
cannot be more than 5° change from the initial 
position. We call this action: “Step 2” 

- if the daylight opening distance is still less than 
50 mm, the seat is moved forward until the 50 mm 
is achieved or until the knees of the dummy contact 
the dashboard. We call this action: “Step 3” 

- if the daylight opening distance is still less than 
50 mm, the seat back have to be put upright again. 
On the vast majority of our cars, we do not need to 
go into this step. 
 
At the end of this part, we can measure the Final 
ES2 H-point. 

Impact Line Definition 

The car has to impact the pole along the vertical 
line that passes through the ES2 dummy’s head 
position (the Final Head CG). 

Partial Conclusion 

Since the main parameter is the daylight opening 
distance, one can easily imagine that if a dummy 
has a different initial head position, or if the seat 
back initial angle is set in a different way, the 
impact line can differ as well as the biomechanical 
results. This is what we will show in the next 
chapter. 

PHASE 1: ANALYSIS OF A LARGE 
NUMBER OF POLE TESTS 

The first need to carry out such a study came from 
the comparison of two tests made on a PSA car in 
two different laboratories. These laboratories 
strictly followed the Euro NCAP protocol, and one 
of them is even Euro NCAP accredited. 
The difference in the dummy test position and 
therefore in the pole impact line between the two 
tests are shown in Figure 1 (a) and (b). 
 
Because of this difference in the dummy 
positioning, the head impacted a different zone on 
the curtain airbag. The head impact in the first test 
was twice forward from the extreme front of the 
curtain airbag as shown in Figure 1 (c). 
 

 
(a) 

 
(b) 
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Test (b)

Test (a)

Test (b)

Test (a)

 
(c) 

Figure 1.  Dummy test position for a same car in 
two different test laboratories (a) and (b), and 
its consequences on the impact against the 
curtain airbag (c). 
 
This paragraph presents analyses on pole test 
realised with several PSA Peugeot Citroën’s 
vehicle models. The results taken into account 
come from at least 4 pole tests carried out in 
different test laboratories. This means with 
different operators, different ES2 dummies and 
different cars of the same model. 
 
The main outcomes are presented by taking an 
example on three vehicles that belongs to three 
different marketing segments: 

- Car A: a small family car 

- Car B: a family car – SUV type 

- Car C: an executive car 
 
Table 1 presents the overall scattering results from 
these 3 cars on the main test parameters. The 
scattering is reckoned as the difference between the 
maximum value measured on the different tests and 
the minimum value. 

Table 1. 
Overall scattering results from these 3 cars on 

the main test parameters. 

Scattering Car A Car B Car C 
Final Head CG (mm) 8 33 - 
Final H-point X (mm) 27 32 25 
Final H-point Z (mm) 6 20 3 
Test Mass (kg) 18 7 - 
Pole test score (pts) 
Max. score = 16 points 

2.98 2.9 1.2 

% from max score 19 % 18 % 8 % 

 

We can notice that for a car model, the overall 
scattering of the pole test can give a variation of 
20% on the total score that can be obtained (16 

points). This is really important and needs to be 
decreased. If we go a little bit further into the 
analysis, we can see the scattering in the 
biomechanical max values used in the Euro NCAP 
pole test rating. 

 

But we also need to identify if there is a specific 
body region that sustained the most scattering.  

For instance, it is clear from our analysis that the 
scattering on the head results (HIC or head 
resultant acceleration) has no effect on the Pole 
Test Rating.  

 

On the other hand the three other body regions can 
be considered as sensitive to the scattering as it can 
be shown in Table 2. 

 
Table 2 presents the biomechanical scattering 
results for these 3 cars. Here again, the scattering is 
reckon as the difference between the maximum 
value measured on the different tests and the 
minimum value. 

Table 2. 
Biomechanical scattering results from these 3 

cars on the main test parameters. 

Scattering Car A Car B Car C 
Pole test score (pts) 
Max. score = 16 points 

2.98 2.9 1.2 

Chest Compression (mm) 13.6 8.8 11.8 
Back Plate force (kN) 0.2 0.14 0.25 
T12 Force (kN) 0.61 1.07 0.34 
T12 Moment (kN) 31 36 35 
Abdomen Peak force (kN) 0.36 0.79 0.16 
Pubic Symphysis force (kN) 0.51 0.91 0.35 
 
As an example, it is interesting to stress that a 
difference of 13.6 mm in maximum chest 
compression can give a score from 2.72 points to 0 
point, out of a maximum of 4 points. 
In the same way, a difference of 0.8 kN in the 
Abdomen Peak force can lead to a score that goes 
from 2.13 points to 0 point, out of a maximum of 4 
points. 
Finally, a difference of 0.9 kN in the Pubic 
Symphysis force can lead to a score that goes from 
1.2 points to 0 point, out of a maximum of 4 points. 

Partial Conclusion 

This first phase of the analysis clearly show that 
there is a significant scattering of the pole test 
results that can gives a high difference of Euro 
NCAP rating score.  
 
Therefore, there is a need to better control the test 
parameters and to know which parameters are 
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linked to this scattering. This is the purpose of the 
next chapter that presents the 2nd phase of our 
analysis. 

PHASE 2: QUANTIFICATION OF THE 
SCATTER 

Presentation Of The Study 

The study was performed on three different car 
models: 

- Car 1: a small family car 

- Car 2: a family car 

- Car 3: an executive car 
 
For each vehicle model, the same car was 
circulated to three different test laboratories (Lab 1, 
Lab 2 and Lab 3). So, we already removed the 
scattering due to the difference in car production.  
These three test laboratories are Euro NCAP crash 
test accredited.  
 
For each car, we asked the labs to perform 10 
different trials. Some of the trials were purely 
identical, in order to assess full repeatability.  
 
Whereas some others were voluntarily modified, in 
order to take into account a difference of mass, a 
different operator, a different Oscar or a different 
ES2 dummy while still following the official pole 
impact test protocol. 

These trials will give an assessment of the 
reproducibility within each lab.  
 
Finally the comparison of the three labs will give 
the full assessment of reproducibility; what we can 
call the overall reproducibility (or overall 
scattering). 
 
For each trial, we asked the lab to completely start 
as if it was a new car. Therefore, even the initial 
seat set-up was carried out again (e.g. setting the 
seat rail in mid position, finding the initial seat 
torso angle).  
 
The only parameters we imposed were the car XYZ 
reference and axes and three points of measurement 
on the seat and on the seat back. The three seat 
reference points were used to quantify the change 
between step 1, step 2 and step 3 (see definition in 
Chapter “Main requirements of the pole test impact 
protocol”).  
 
Note: all the car models selected needed to go up to 
step 3 to get the proper daylight opening distance. 
 
The complete test matrix, for each lab and each car 
is given in Table 3.  
For each trial, we defined the parameters to 
measure and we used a common and unique 
datasheet to gather all the parameters. 
 

 
Table 3. 

The complete test matrix carried out for each lab and each car. 

Test reference number  
and description 

Operator 
n°1 

Oscar 
n°1 

ES2 
n°1 

Mass 
n°1 

+50 kg 
front axle 

+50 kg 
rear axle 

Operator 
n°2 

ES2 
n°2 

Oscar 
n°2 

RA Reference X X X X           

RB 
Reference 
(repetition test) 

X X X X           

RC1 - 3 
Partial repetition 
test  

X X X X           

OP1 Operator change   X X X     X     

OP2 
Operator change 
(repetition test) 

  X X X     X     

E1 ES2 dummy change X X   X       X   

E2 
ES2 dummy change 
(repetition test) 

X X   X       X   

OS1 Oscar change X   X X         X 
MA1 Front axle tolerance X X X  X         
MA2 Rear axle tolerance X X X    X       
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For each main change, we asked for a repetition 
test. This is the reason why there is an OP1 and an 
OP2, as well as an E1 and E2, and an MA1 and an 
MA2. 
 
For test RC1-3, the idea was to keep the seat 
position as initially defined by the first dummy set-
up (in RC1).  
 
Then, after the full RC1 test was carried out, RC2 
and RC3 started with the positioning of the ES2 in 
the final seat position defined in RC1 to measure 
the final H-Point, the final Head CG and the final 
daylight opening distance. 
 
The main parameters that were gathered are: 

- H-Point X and Z initial as well as for each step 
(including the final H-Point) 

- Head CG X and Z initial as well as for each step 
(including the final Head CG) 

- Seat back Angle initial as well as for each step 

- Number of seat back notches for Step 2 

- Number of seat rail notches for Step 3 

- Daylight opening distance initial as well as for 
each step  

- Seat reference point 1, 2 and 3 initial as well as 
for each step 

Overall Results Of The Study 

A quick analysis showed that counting the notches 
(for the seat back angle as well as for the seat rails) 
is not reliable and can lead to errors. Indeed, when 
one tries to put the seat back upright with the ES2 
dummy in the seat, it is quite easy to miss one 
notch. Therefore it is far much more reliable to 
measure an angle in degrees or a forward 
movement in millimetres than to count notches. 
This is the reason why we will not show in this 
study any value linked to the number of notches. 
 
The first drawings we created were to compare the 
four main parameters for each car:  

- the initial Oscar H-Point 

- the final ES2 H-Point 

- the initial Head CG 

- the final Head CG 
 
In these drawings, we do not try to distinguish the 
lab or the other changes in the test parameters. 
 
This gives the results shown in Figure 2 to 4. 

Car 1 : Initial OSCAR H-Point and Final ES2 H-
point + Initial and Final Head CG points
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Figure 2.  Overall scattering of the 4 main 
parameters for Car 1. 
 

Car 2 : Initial OSCAR H-Point and Final ES2 H-
point + Initial and Final Head CG points
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Figure 3.  Overall scattering of the 4 main 
parameters for Car 2. 
 

Car 3 : Initial OSCAR H-Point and Final ES2 H-
point + Initial and Final Head CG points
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Figure 4.  Overall scattering of the 4 main 
parameters for Car 3. 
 
By looking at these drawings, one can notice that 
the initial Oscar H-Point and the final Head CG are 
less scattered than the initial Head CG and the final 
ES2 H-Point. This is completely linked to the test 
protocol that controls the initial H-Point and the 
Final Head CG through the daylight opening 
distance.  
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But if the two other parameters are scattered, this 
means that the dummy is not in the same final 
position. This is shown by one example presented 
in Figure 5. 

 
(a) 

 
(b) 

Figure 1.  Dummy test position for a same car in 
the same test laboratory but with two different 
test configurations (a) and (b) both fulfilling the 
Euro NCAP test protocol. 
 
So, we need to know what the differences are in the 
dummy position, which extent and if it is due to the 
bad repeatability of the test procedure or to the bad 
reproducibility. 
 

Figure 6 to 9 give some examples of the extent of 
the overall reproducibility for the 4 parameters 
without distinguishing the labs. 
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Figure 6.  Overall scattering of the Initial Oscar 
H-Point for Car 3. 
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Figure 7.  Overall scattering of the Final ES2 H-
Point for Car 2. 
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Figure 8.  Overall scattering of the Initial Head 
CG for Car 1. 
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Car 3 : Final CG Head
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Figure 9.  Overall scattering of the Final Head 
CG for Car 1. 
 
Table 4 gives the complete results of the overall 
reproducibility scattering for the 4 main 
parameters. 

Table 4. 
Overall scattering results (reproducibility) for 

the 3 cars on the 4 main parameters. 

Scattering (mm) Car 1 Car 2 Car 3 
Initial Oscar H-Point X 13 15 20 
Initial Oscar H-Point Z 7 15 19 
Final ES2 H-Point X 43 64 39 
Final ES2 H-Point Z 13 15 11 
Initial Head CG X 24 49 31 
Initial Head CG Z 26 21 28 
Final Head CG X 16 21 19 
Final Head CG Z 13 20 26 
 
From Table 4, we can notice that there is no car 
more scattered than the two others. 

Overall Reproducibility And Best Repeatability 
Analysis 

Before going into details to identify if there is one 
test parameter more sensitive than another, we 
decided to define what could be the minimum 
repeatability scattering. For this purpose, we looked 
at the results lab by lab and we found that Lab 3 
gave less scattering than the others for the reference 
tests. Therefore, we decided to say that the 
repeatability cannot be lessened more than the 
scattering measured in lab 3 on the reference tests 
(RA, RB, RC1-3). We called the Lab 3 
repeatability, the “best repeatability”. 
 
Combining this definition of repeatability with the 
distinction between the different test parameters, 
we got graphs that show that the overall 
reproducibility (by taking all the labs) is from 1.3 
to 4.8 times larger than the best repeatability (Lab 3 
repeatability). Examples are shown in Figure 10 to 
13. 

The other points shown on the graphs present the 
extreme values of each repeated test parameter 
(change of operator, change of Oscar, change of 
ES2, change of Mass) taking the three labs into 
account. 
 
Figure 10 shows the case of a reproducibility 
scattering 4.8 times larger than repeatability (initial 
Oscar H-point X). And Figure 11 shows the case of 
a reproducibility scattering 1.3 times larger than 
repeatability (Final ES2 H-point Z). These are the 
extreme values we got in our study.  
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Figure 10.  Overall scattering of the Initial 
Oscar H-Point for Car 1. 
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Figure 11.  Overall scattering of the Final ES2 
H-Point for Car 3. 
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Figure 12.  Overall scattering of the Initial Head 
CG for Car 2. 
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Car 2 : Final CG Head
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Figure 13.  Overall scattering of the Final Head 
CG for Car 2. 
 
The distinction between the different test 
parameters does not give clear trends.  
 
If we look at the reference scattering (blue circles) 
we can find that it highly contributes to the overall 
reproducibility. This conclusion is logical since the 
reference scattering is made of the reference tests 
carried out in the three labs. So, it already includes 
a different Operator, a different Oscar and a 
different ES2 dummy between the three 
laboratories. So, we logically find the contribution 
of three test parameters in the scattering named 
reference scattering. 

Analysis Of The Best Repeatability And Its 
Reproducibility 

To get a trend of the influence of each test 
parameters, we studied the results of Lab 3 only. 
Some of the results are presented in Figures 14 to 
18. 
 
For some exceptional cases, Lab 3 repeatability and 
Lab 3 reproducibility are identical. This is the case 
for Car 1 Initial CG Head (Figure 16). In this case, 
changing the dummy didn’t give an extra scattering 
to add to the scattering measured by repeating the 
reference test.  
 
On the other hand, for the same parameter, but for 
Car 2, changing the ES2 doubles or triples the 
scattering (Figure 17). 
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Figure 14.  Scattering of the Initial Oscar H-
Point for Car 3 in Lab 3 (Best Repeatability). 
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Figure 15.  Scattering of the Final ES2 H-Point 
for Car 2 in Lab 3 (Best Repeatability). 
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Figure 16.  Scattering of the Initial Head CG for 
Car 1 in Lab 3 (Best Repeatability). 
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Car 2 : Initial CG Head
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Figure 17.  Scattering of the Initial Head CG for 
Car 2 in Lab 3 (Best Repeatability). 
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Figure 18.  Scattering of the Final Head CG for 
Car 3 in Lab 3 (Best Repeatability). 

DISCUSSION 

Assessment Of The Scattering 

First of all, from all our analysis, we couldn’t 
highlight a car that gives more scatter than the two 
others. 
 
We measured the scattering of repeating a same 
test, with the same tools in the three laboratories 
and we found that there is one lab that gives better 
results than the two others. From this remark we 
can assume that repeatability cannot be lessened 
more than what we got in Lab 3, without changing 
the test protocol. 
So we know that the best repeatability scattering 
can be: 

- a Final H-Point within 26 mm in X and 8 mm in 
Z 

- a Final Head CG within 8 mm in X and 8 mm 
in Z  
 

But we also measured, within the same lab; a 
higher scattering as soon as one parameter is 
changed (whether it is the Oscar, the ES2, the mass 
or the Operator). 
Therefore, the assessment of the best 
reproducibility (within one lab) is: 

- a Final H-Point within 28 mm in X and 9 mm in 
Z 

- a Final Head CG within 14 mm in X and 14 mm 
in Z  
 
So, even by looking only at the results obtained in 
Lab 3, we can have up to 28 mm of scattering on 
the Final ES2 H-Point in X.  
For information, this value comes from a change in 
the mass with respect to a reference test. 
 
In addition, the 14 mm of scattering found on the 
Final Head CG in X does not come from a change 
in the ES2 dummy but from a change of Operator! 
This will change by 14 mm the pole impact line 
against the car whereas the set-up was carried out 
in the same laboratory. 
 
 
Now, if we look at the overall reproducibility - a 
case we can easily encounter when we develop a 
car in one lab and we assess its performance in the 
Euro NCAP rating in another lab - we find: 

- a Final H-Point within 64 mm in X and 15 mm 
in Z 

- a Final Head CG within 21 mm in X and 26 mm 
in Z  
 
So, between two laboratories, the pole impact line 
may change by up to 21 mm while fulfilling all the 
Euro NCAP requirements. And at the same time, 
we can also have a final H-Point X scatters at 
64 mm! 
 
To try to represent the consequences of these two 
extreme positions a dummy can have in one car, we 
can get what is shown in Figure 19: 

- Dummy 1 is the reference dummy  

- Dummy 2 shows the dummy position with the 
extreme scatters 

- Figure 19 shows the superposition of the 
dummies with the door reinforcements and door 
panel 
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(b) 

Figure 19.  Drawing of the two extreme positions 
a dummy can have in one car following the 
results of our study – (a) view from the car 
inside and (b) view from the car outside. 
 
Now, we need to quantify exactly the consequences 
on the dummy readings. We will take the extreme 
positions defined in the study. But we already 
know that these dynamic tests will also give some 
extra scatterings since two different dummies will 
not have the same dynamic behaviour. 
This will be made in a future phase, not yet 
realised. 

Parameters To Measure Or Control During The 
Test Preparation 

By following the tests in the different laboratories, 
it has been highlighted that some extra parameters 
have to be measured and controlled.  
 
We need to avoid checking the changes between 
step 1, step 2 and step 3 by counting the number of 
notches in the seat back angle or in the seat rails. 

Clearly, if we have something to check, we need to 
ask for the seat back angle change in degrees and 
the seat forward motion in millimetres. In addition, 
for the seat back angle change, we also need to 
clearly define how to measure it (on the head 
restraint stem angle, for instance, with an 
inclinometer or directly through some CMM 
measurements). 
 
Moreover, the test protocol could also be better 
defined. Some pictures could be added to the 
different steps; to be sure operators will follow the 
same set-up. This is especially true for the 
definition of the daylight opening distance (we saw 
some hesitation between the way to take the 
reference point: door open or door closed?). 
 
In the same way, some tolerances need to be added. 
For instance, the protocol states that for step 2 the 
angle could not be changed by more than 5°. But in 
some cars we have seat back articulation that 
moves 1.8° by 1.8° (one more notch gives a 1.8° 
change in seat back angle). Therefore, being less 
than 5° means two notches = 3.6°. On the other 
hand, going to the third notch will give 5.4° total 
change which is quite closer to 5° than the initial 
3.6° change. Do we allow some tolerance to the 
maximum change of 5°? Or do we need to be strict 
even if only 3.6° are taken out of 5°? 
 
Finally, the dummy intrinsic head position is of 
extreme importance. We already showed that in the 
phase 1 of our study. A specific zoom is given in 
Figure 20. 
 

24°7° 24°7°

 
Figure 20.  Two extreme final positions of the 
ES2 dummy head in real Euro NCAP-like pole 
impact tests. 
 
This head position is not controlled by the dummy 
calibration and no specific device can be used to 
adjust it. The only explanation of the difference in 
the angle is the fact that there is the possibility of 
using three types of nodding blocks (rubber 
elements) of different stiffness. But the stiffness of 
these nodding blocks has to be chosen to fulfil the 
neck corridor. Normally, when using a brand new 
neck, the softer nodding blocks are used. Then, 
after several tests, there is a need to come to the 
mid-softness nodding blocks. And finally after 
some more tests, it is required to use the harder 
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nodding blocks to be sure the neck corridor is still 
fulfilled. 
So, changing the nodding blocks or imposing one 
specific type of nodding blocks will not be possible 
unless multiplying by three the number of neck to 
buy and replace. 

CONCLUSIONS 

In order to assess the scattering of the pole test, we 
conducted a study on the dummy set-up and impact 
line set-up of three different car models in three 
different laboratories. Each laboratory used a same 
reference set-up (same Operator, same Oscar, same 
ES2 dummy and same mass repartition) and 
repeated it three to five times. Each lab also 
followed our demand to change one parameter after 
the other while still fulfilling the Euro NCAP pole 
test impact requirements. Every time, the 
measurements were repeated once. 
With the whole database, we derived an assessment 
of the scattering and we shown that the final 
position of the dummy can be scattered from 
64 mm in the ES2 final H-Point X coordinate and 
21 mm in the ES2 Head CG X coordinate. This will 
change the position of the whole dummy with 
respect to the car inside (door panel, side airbag, 
curtain airbag) as well as a change in the pole 
impact line on the car. 
We were able to assess the overall reproducibility 
but also what we can call the best repeatability. 
Indeed, we found one lab which gives less scatters 
than the others when repeating the test 
measurements with the same tools.  But on the 
other hand, even in this lab, changing only one 
parameter gave an extra scatters. 
 
This analytical study will also be analysed with a 
specific statistical tool which will be presented in 
the oral document. This will help to highlight if one 
test parameter, or tool, is more sensitive than the 
others. 
 
Finally, the full study will be finished when we 
reproduce the extreme dummy positions in 
dynamic tests and we quantify the changes in the 
dummy measurements. This is planned to be 
carried out later this year. 
 
But even without performing these extreme test 
positions, we already have an assessment of the 
scattering in the dummy readings, through dynamic 
tests carried out at different test labs, as presented 
in the phase 1 of our study. The maximum 
scattering we had, without trying to assess an 
extreme scattering, was 2.98 points out of 16. This 
is already of enough importance to pay attention 
and try to reduce the scatter. 
 

We hope other studies will be carried out on the 
same topic, so that more expertise will be added, 
and probably the test protocol will be improved to 
control and restraint the overall scattering of the 
pole test impact. 
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ABSTRACT 
 
A brake system deficiency is the most common 
reason for a commercial motor vehicle (CMV) to be 
cited for a regulatory violation and to be taken out-of-
service during a roadside inspection. As part of a 
major safety technology project intended to assess the 
state of the practice and potential contributions of 
advanced sensor systems, the Federal Motor Carrier 
Safety Administration (FMCSA) sponsored two 
studies on CMV brakes and related controls. The first 
study compared the performance of six types of brake 
systems and component sensors in a controlled, test-
track environment under both nominal operating 
conditions and conditions where brake faults were 
deliberately introduced. The results indicated that all 
types of sensors tested (two different Hall-effect 
stroke sensors, anchor pins instrumented with strain 
gauges, embedded thermocouples, ABS wheel-speed 
sensors, linear potentiometers, and a pressure 
transducer) provided useful information on brake 
performance status. However, their accuracy and 
fault-detection properties varied considerably, 
influencing their potential use in operational settings. 
The second study assessed the performance and 
maintainability of brake monitoring devices in an 
urban transit fleet. Twelve test and 12 control transit 
buses were fitted with 3 brake performance 
monitoring (BPM) systems. The buses accumulated 
more than 1.2 million kilometers in aggregate, during 
a 12-month test period. In operational use, it was 
demonstrated that commercially available sensors can 
be used to improve the effectiveness and efficiency 
of brake performance system assessment and thereby 
reduce the risk of crashes attributable to poor brake 
performance. These studies provide new information 
directly comparing the performance of BPM systems 
in controlled and operational settings. Both study 
results are limited to the particular systems and 
applications tested. Study data are available from the 
FMCSA.  
 
 
 

INTRODUCTION 
 
Under Section 5117 of the Transportation Equity Act 
for the 21st Century of 1998, Congress required the 
U.S. Department of Transportation to "conduct 
research on the deployment of a system of advanced 
sensors and signal processors in trucks and tractor-
trailers to determine axle and wheel alignment, 
monitor collision alarm, check tire pressure and tire 
balance conditions, measure and detect load 
distribution in the vehicle, and adjust automatic 
braking systems." A comprehensive technology scan, 
as well as numerous interviews with key industry 
stakeholders such as truck manufacturers, fleet 
operators, suppliers, and regulators, identified a 
variety of research areas. They included the design, 
functionality, and effectiveness of BPM systems for 
CMV applications. 
 
Commercial vehicle braking system design and 
operation is directly linked to stopping distance and 
handling and, thus, to overall safety. Properly 
maintained and performing brakes are critical in 
preventing and mitigating crash situations. Although 
vehicle defects in large trucks are not commonly 
pinpointed as the causative factor in crashes, vehicle 
defects, when found, frequently involve 
malfunctioning or defective brakes.  
 
For years, the CMV industry has been plagued by the 
significant number of trucks and buses operating on 
the highway with brake defects, despite attempts by 
many different groups to address the problem. CMV 
inspection data show that about 19 percent of all 
inspected vehicles (nearly one in five) have one or 
more brake defects. In June 2008, during a 72-hour 
intensive inspection initiative sponsored by the 
Commercial Vehicle Safety Alliance, 67,931 vehicles 
in Canada, Mexico, and the United States were 
inspected. Various vehicle-related defects and 
violations resulted in 23.9 percent of the vehicles 
examined being placed out-of-service and prohibited 
from operation until the defects were remedied. 
Slightly more than half of these out-of-service 
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vehicles (52.6 percent) were cited for brake-related 
issues.  
 
Optimally adjusted braking systems can help prevent 
or reduce the severity of CMV-involved crashes, 
even when the braking system is not the initial cause 
of the crash. Brake sensors, acting independently or 
as part of a coordinated system on a CMV, can 
measure dynamically and continuously the actual 
braking force at each wheel. Brake sensors can 
provide a warning to the driver, maintenance 
personnel, and roadside safety officials if the 
vehicle’s braking ability is degraded to an unsafe 
level. In addition, brake sensors can provide 
information to aid in diagnosing the specific 
deficiencies. Brake sensors also can be integrated 
into a CMV’s electronically controlled brake system 
in a “closed-loop” fashion to balance the braking 
action at each wheel. This will improve service life 
and provide additional input for controlling braking 
action at each wheel during crash avoidance 
maneuvers. 
 
COMPARATIVE CONTROLLED TESTING OF 
BRAKE SENSORS  
 
The first study documented the performance and 
operational characteristics of leading-edge 
technological approaches to monitoring CMV brake 
systems. It focused on comparing and contrasting the 
ability of the various sensors to detect abnormalities, 
defects, and maladjustments of the brake system.   
Multiple systems were installed on a tractor-trailer 
combination vehicle so they could be tested 
concurrently and under the same test conditions. A 
test matrix was developed to encompass a variety of 
controlled braking maneuvers, including low to high 
deceleration rates executed on dry and wet pavement, 
on level and graded surfaces, and with the CMV 
lightly laden and loaded to its gross vehicle weight 
rating (GVWR). All tests were performed on a test-
track.   
 
The study sought to answer questions concerning the 
performance of specific sensors and measures, 
including the following:  
 
• Instrumented anchor pins for S-cam drum brakes — 
Does the output provide an accurate representation of 
braking forces? Is it necessary to instrument both 
upper and lower anchor pins? How responsive is the 
output? How could the sensors be used to detect 
defects? Is a simplified design possible? 
• Wheel-speed sensing — Can antilock brake system 
(ABS) wheel-speed sensors be used to determine 

wheel slip? Can the relationship of wheel slip to 
brake force be used to detect brake system defects?  
• Air chamber stroke sensing systems — How 
accurate and reliable are they? What defects can they 
detect? What malfunctions might they fail to detect? 
Is it important to monitor brake stroke continuously, 
or is measurement of over/under stroke sufficient? 
• Deceleration measurements — Although comparing 
deceleration with air brake pressure input to 
determine total brake force can be used to detect 
brake defects, several important design issues remain 
unanswered. How accurate do the accelerometer and 
pressure transducers need to be? What is the 
allowable tolerance on input of the vehicle weight to 
produce reliable results? How does the system 
respond to normal brake wear? Does the system 
produce excessive false positives such that warnings 
might be ignored?  
• On-board brake temperature measurement — 
Relatively low-cost thermocouples can readily be 
affixed to brake system components. How reliably 
and quickly could they detect brake system defects?  
 
Baseline performance and sensor outputs were first 
established with all wheel/brake assemblies on the 
vehicle optimally adjusted and with no defects. The 
test vehicle, equipped with a new set of brake linings, 
was subject to Federal Motor Vehicle Safety 
Standard (FMVSS) 121 S6.1.8 (brake burnishing 
procedures). Braking performance of the vehicle was 
verified using a roller dynamometer performance-
based brake tester (PBBT) to compare the brake force 
measurements from the various sensors to a reference 
standard.   
 
The following sections describe the BPM systems 
and other instrumentation, the test vehicle, the test 
program, and the results.  
 
Instrumentation 
 

StrainSert Anchor Pin Strain Gauges. In 
1998-1999, the National Highway Traffic Safety 
Administration funded a Small Business Innovative 
Research project to evaluate the use of strain-gauged 
pins to provide an indication of brake performance. A 
grant was awarded to StrainSert, West 
Conshohocken, Pennsylvania, which produces strain-
gauged pins for various commercial measurement 
applications. For the evaluation, anchor pins were 
fitted with strain gauges capable of measuring the 
shear stresses applied to the anchor pins of the drum 
brake assemblies used on heavy-duty S-cam trucks 
and buses.  
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The StrainSert pins are designed to be 
interchangeable with conventional anchor pins and 
are held in place using a simple keeper plate. When 
the brakes are applied, the S-cam mechanism rotates, 
thereby opening the brake shoes in a clam-like 
fashion. As the S-cam end of the shoe opens, the 
other end rotates about the anchor pins. (See Figure 1 
for a diagram of an S-cam brake assembly and Figure 
2 for a photograph of the StrainSert anchor pins 
installation.) The primary shoe is always the shoe that 
immediately follows the S-cam mechanism in the 
direction of wheel travel. Real-world fleet experience 
has shown that the primary shoe typically 
experiences higher braking forces (and, therefore, 
more wear) than the secondary shoe. Likewise, the 
primary anchor pin should encounter higher forces. 

Figure 1.  Left Intermediate Axle Brake Shoe. 
 

 
Figure 2.  StrainSert Anchor Pins. 
 
For the evaluation, each anchor pin was fitted with 
two strain gauges oriented 90 degrees apart, roughly 
in the “X” and “Y” direction. One of the strain 
gauges was mounted normal to the direction of 
rotation (the “Y” direction) and was intended 
predominantly to measure the mechanical non-
friction, normal force exerted by the movement of the 
brake shoe as it moves against the drum. The “X” 
axis strain gauge was offset 90 degrees from normal 
and was intended primarily to measure the rotational 
friction force between the drum and the lining. The 

StrainSert anchor pins could be continuously 
monitored by measuring the electrical signal 
(voltage) generated by the strain gauges internal to 
the pins. A force-voltage curve was provided by 
StrainSert to translate the voltage signal output to an 
actual applied force measurement. StrainSert 
developed this force-voltage relationship in a 
laboratory setting by applying a known load on the 
pin and recording the output voltage.  
 

MGM E-Stroke. MGM Brakes of 
Charlotte, North Carolina, the leading supplier of 
brake chambers (70 percent of the market), provided 
the study team with a commercial production 
electronic-stroke monitoring system or E-Stroke 
system. The E-Stroke system consists of a Hall-effect 
sensor and a magnet that strokes in parallel with the 
actuator piston rod to induce a voltage change. The 
E-Stroke system is illustrated in Figure 3. A 
communication module processes this voltage change 
and determines the status of the brake system. The 
communication module is capable of detecting 
normal stroke, over stroke, dragging brake, and a 
non-functioning brake actuator. The sensing 
hardware is contained within the air brake chamber, 
eliminating packaging interference with other 
components and protecting the hardware from the 
environment. Retrofitting a tractor with the E-Stroke 
system would require replacement of the standard 
brake chambers. Although the E-Stroke system is 
designed as a pre-trip inspection tool, the system 
continuously monitors the status of the brake system 
and can provide a visual indication of a stroke-related 
fault on a cab-mounted display.   
 

Figure 3.  MGM E-Stroke System. 
  

Spectra Products Brake Inspector.  
Spectra Products, Inc., of Etobicoke, Ontario, 
provided Brake Inspector, another commercial 
production brake chamber stroke sensor system. This 
system, shown in Figure 4, is similar to the MGM 
system in function, using a single Hall-effect sensor, 
but the sensor hardware is mounted outside the brake  
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chamber. Therefore, unlike the MGM E-Stroke 
system, the Spectra Brake Inspector can be retrofitted 
to existing tractors without complete replacement of 
the brake chambers. The signals from the sensors are 
routed to a display module mounted inside the cab. 
The Spectra Brake Inspector is also designed as a 
pre-trip brake status indicator, as well as a real-time 
brake-stroke status monitor. Spectra also includes a 
mechanical measurement indicator which is mounted 
on a clevis pin and provides a visual means to check 
the brakes in the event of a power or display failure.  
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4.  Spectra Brake Inspector. 
  
 

Thermocouples. Standard Type J 
thermocouples were included in the instrumentation 
suite to determine whether they could be used 
reliably to detect brake defects, as well as to provide 
a temperature reference for evaluating the other 
sensors and systems. Temperature is an indication of 
brake adjustment status. Disconnected or backed-off 
brakes run cooler than properly adjusted brakes, 
while dragging brakes run hotter. The thermocouples 
were mounted at varying depths within the shoe 
lining to test their sensitivity in determining brake 
deficiencies.  
 

ABS Wheel-Speed Sensors. Wheel-speed 
sensors are a standard component of ABS systems 
used on heavy-duty trucks and buses. The variable-
reluctance sensor is the most common type of wheel-
speed sensor used in the industry. It uses a small 
internal magnet and coil of wire to generate a signal 
to the ABS control module. Each wheel and axle 
assembly is equipped with a gear-shaped tone wheel 
that rotates near the sensor. As the tone wheel rotates, 
a magnetic field fluctuates around the sensor and 
induces alternating current (AC) voltage in the 
internal coil windings. AC voltage is sent through a 
two-wire connector and harness to the ABS control 
module. The ABS controller interprets the AC 

voltage and frequency from the variable-reluctance 
sensor as a wheel-speed signal input. 
 
ABS wheel-speed sensors can be used to measure 
individual wheel slip by comparing the calculated 
speed of each wheel against the calculated average 
for all wheels or against some other actual speed 
reference, such as a transmission signal or an optical 
fifth wheel that measures ground speed. This wheel-
speed comparison capability is what enables the 
ABS, as well as traction-control functions. Further, it 
has been demonstrated under controlled conditions 
that the braking force at each wheel affects the 
rotational speed of that wheel compared with other 
wheels. If the braking force is low on a given wheel 
assembly, the wheel will tend to rotate a fraction 
faster than the other wheels. Conversely, if the 
braking force is high, the wheel will rotate slightly 
slower. 
 

Linear Potentiometers. The linear 
potentiometers used in the evaluation (model number 
JP73213) were manufactured by Penny and Giles 
Controls, Ltd. These laboratory grade, special-
purpose linear potentiometer sensors were mounted 
to the brake chamber push rods to measure their 
linear displacement during braking. Measurement of 
brake chamber stroke provides an indication of the 
driver's input to the air brake system. The 
potentiometers assisted in evaluating the limits of 
brake chamber stroke movement in detecting and 
determining brake defects. The potentiometers were 
also used to assist in evaluating the accuracy of 
commercial brake stroke sensor packages and as a 
reference signal for interpreting the performance of 
the other sensor systems.  
 

Pressure Transducer. A low-cost pressure 
transducer from Texas Instruments (part number 
84HP062T00150GSOC) was installed on the test 
vehicle to assist in evaluating the other sensor  
packages. Control pressure can provide an accurate 
measurement of the driver's input into the air brake  
system via the treadle valve and serves as a reference 
for various sensors under test. By knowing brake 
system input, the level of brake output could be better 
evaluated, permitting substandard brake performance 
to be identified.  
 
Test Vehicle 
 
The test vehicle was a new 2001 Volvo VNL 64T 
Series tractor, coupled to a tandem axle flatbed semi-
trailer. The tractor came from a local truck leasing 
company with 823 miles on its odometer. This newer 
tractor was selected for the program to ensure the 
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inclusion of ABS and to limit the potential for 
introducing unwanted variables caused by the use of 
older equipment. The flatbed semi-trailer design 
allowed easy loading and unloading with a forklift. 
Concrete blocks (4,300 pounds each) were chained to 
the deck of the semi-trailer in order to achieve an 
80,000-pound maximum load. The vehicle 
accumulated 4,627 miles during the test program. 
Detailed specifications on the tractor, semi-trailer, 
and brake hardware are provided in Table 1, found at 
the end of this paper.  
 
The test vehicle was equipped with the brake sensor 
packages and general-purpose sensors, which were 
installed per manufacturers’ recommendations and 
instructions. The test vehicle was also equipped with 
a data acquisition system and other instrumentation, 
such as fifth-wheel sensors. After installation, all 
sensors were calibrated according to the 
manufacturers' instructions. Figure 5 shows the 
locations of the various sensors.    
 
The test matrix included introducing pre-planned 
faults or defects on selected brake assemblies and 
repeating various braking maneuvers. Because the 
major objective of this test program was to evaluate 
the ability of the various sensor technologies to detect 
brake problems, 10 different brake deficiency 
scenarios were examined, ranging in severity from no 
deficiencies to 4  fully disconnected brakes. To 
maintain the stroke adjustment, the automatic  
adjustment feature of the slack adjuster was disabled 
on the affected brakes. Defects examined included 
various levels of out-of-adjustment brakes, 
disconnected brakes, and oil-soaked brakes. To  
 

Figure 5.  Sensor Locations. 

simplify the analysis, no more than one deficiency 
was introduced to any given wheel or axle.     
 
Data from the sensor packages were recorded using 
an onboard personal-computer-based data-logging 
system capable of recording digital, analog, and 
discrete sensor outputs. The system was also capable 
of simultaneously monitoring data (such as wheel-
speed output) transmitted to the vehicle’s SAE J1939 
high-speed electronic network.  The data was then 
processed off-board using conventional database and 
engineering plotting tools. 
 
Test Program 
 
The test program was designed to subject various 
types of brake performance sensors and systems to a 
comprehensive series of brake tests under a variety of 
operating conditions to evaluate their sensitivity and 
accuracy for detecting brake defects. These 
conditions included various initial braking speeds, 
deceleration rates, and surface conditions. The first 
phase of the testing focused on establishing the 
vehicle’s (and sensors’) baseline performance with 
properly adjusted brakes. Next, the brake defects 
were systematically introduced to determine the 
sensors’ abilities to detect problems with respect to 
dry and wet road surfaces, empty and loaded 
conditions, low and high speeds, and low and high 
deceleration rates. This proved to be an effective 
approach since, for example, some sensors provided  
reliable detection of brake defects during hard 
braking but could not detect a problem during more 
routine brake maneuvers at lower deceleration rates. 
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In addition to the controlled deceleration tests, the 
brake sensor packages were subjected to simulated 
road tests to model the duty cycle that a vehicle 
would follow during extended mountain and city 
driving. These simulated tests were designed to 
evaluate the performance of the brake sensor 
packages when subjected to high brake temperatures 
and varying deceleration rates. For the simulated 
mountain test, the industry-recognized, Jennerstown 
mountain test procedure was administered on a flat, 
closed test track. The Jennerstown test procedure 
requires repeated brake snubs from 34 to 19 mph at a 
specified cycle time using a deceleration rate of 7.4 
ft/sec/sec. The test begins with initial brake 
temperatures (IBTs) between 150° F and 200° F. In 
an effort to account for any degradation in baseline 
brake performance resulting from the testing itself 
and to provide a reference performance measurement, 
this procedure is repeated four times with cycle times 
of 125, 20, 70, and 40 seconds. The brakes were 
evaluated prior to the start (cold) by conducting a 
hard stop from 30 mph at a deceleration rate of 15 
ft/sec/sec and again at the end of the test for the same 
speed and deceleration rate. 
 
A PBBT was incorporated into the program to assist 
in evaluating the performance of the instrumented 
anchor pins against true service brake force. The 
PBBT used in this study was a roller chassis 
dynamometer-based system, capable of evaluating air 
brake systems on trucks and buses. PBBTs are 
commercially available and assist vehicle 
manufacturers and fleet operators by dynamically 
measuring the rolling resistance, brake threshold 
pressure, service brake force, parking brake force, 
and anti-lock braking systems (sensors, valves, and 
wiring).  
 

Brake Burnish. The test vehicle, equipped 
with a new set of brake linings, was subject to 
FMVSS 121 S6.1.8 (brake burnishing procedures). 
These procedures required 500 brake snubs to be 
made from an initial speed of 40 mph and an exit 
speed of 20 mph at a deceleration rate of 10 
ft/sec/sec. The brake snubs were performed at an 
interval of 1 mile. During this procedure, brake lining 
temperatures can reach 500° F or higher. During the 
500-mile burnish, brake sensor packages and testing 
instrumentation were monitored and adjusted where 
necessary. Data was collected and used to determine 
that the sensors were working properly. 
 

Data Collection Process. A Link data 
acquisition system (DAS) received information from 
59 individual channels at a frequency of 50 hertz. Six 
of those channels were digital and were broadcast 

from the SAE J1939 network. A contact switch 
mounted to the brake treadle valve activated the 
DAS. Data were collected until the vehicle reached a 
complete stop. A memory cache built into the DAS 
recorded 1 second of data prior to the start of a 
braking event.  
 
The actual data from each test run was stored in 
individual files on a Windows-based laptop computer 
that was mounted on the dashboard of the truck. The 
average braking event lasted about 3to 8seconds and 
generated approximately 17,000 data points (59 
channels x 6 seconds x 50 data points per second). 
The data were downloaded to a compact disk at the 
completion of each day of testing. In total, the testing 
program generated approximately 375 megabytes of 
data. 
 
The operator was responsible for manually recording 
the test identification number and other specific 
information, including environmental conditions, 
IBT, average control pressure, stopping distance, and 
the time required to stop the vehicle. The operator 
was also responsible for monitoring and documenting 
data generated from three sensor packages. These 
self-contained systems were not connected directly to 
the Link DAS, as they did not have signal output 
suitable for recording. 
 
The data generated from the brake test program were 
imported into a Microsoft Access database 
specifically developed for this project. A graphing 
applet (Tee Chart Pro, Steema Software SL, 
Catalonia, Spain), capable of presenting multiple 
sensor outputs and scales on a single chart, was 
embedded into the database. This graphing capability 
was extremely useful in identifying trends in the data. 
 
Results 
 

Anchor Pin Strain Gauges. The track 
testing showed a highly predictable relationship 
between force data generated by instrumented (strain-
gauged) anchor pins and the vehicle’s deceleration 
rate. Instrumented anchor pins could accurately 
detect brake deficiencies in specific (individual) 
wheel assemblies, including out-of-adjustment, 
disconnected, and/or oil-soaked brake shoe linings. 
They also could measure the effect of an out-of-
adjustment brake on the other (properly adjusted) 
brakes on a vehicle. Finally, as shown in Figure 6, 
data from instrumented anchor pins can be resolved 
into “X” (friction force) and “Y” (normal force) 
components and, thus, could point to causes for 
performance decrements. Notably, they could 
differentiate between an out-of-adjustment brake and 
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a brake with oil-soaked brake shoe linings because an 
oil-soaked brake shoe lining generates less force in 
the “X” direction.   
 
Figure 7 shows that primary anchor pin force was 
closely correlated with both the deceleration rate and 
the actual braking force (as measured by the PBBT) 
of the vehicle. This observation has important 
implications from a commercialization perspective 
since it would be necessary to instrument only a 
single anchor pin to accurately measure brake force. 
 
Figure 8 shows that for properly adjusted brakes, as 
well as out-of-adjustment brakes, the Y direction 
forces were about 2,000 to 3,000 pounds less than the 
X direction strain gauge. This might be expected, 
since the relative rotational friction forces for a given 
applied braking pressure remain high with dry 
brakes. However, with oil-soaked brake shoe linings, 
the coefficient of friction was reduced and the 
rotation friction forces (X direction) decreased 
significantly, while the force in the Y direction 
(outward mechanical force) actually increased as the 
driver applied brake pressure in an attempt to 
maintain the desired deceleration rate. With oil-
soaked brake shoe linings, the Y direction forces 
were actually much higher than the X direction 
forces. This information could indicate to the driver 
and maintenance staff that the detected defect in the 
brake assembly (and associated reduction in brake 
performance) was caused by an oil-soaked brake shoe 
lining as opposed to an out-of-adjustment condition. 
 

Stroke Sensors. The accuracy of the 
readings from the sensor systems varied, depending 
on the load, deceleration rate, and type of brake 
deficiency. Both commercial systems tested (MGM 
E-Stroke and Spectra Products Brake Inspector) had 
the most difficulty detecting brake deficiencies with 
the trailer unloaded and at low deceleration rates. The 
manufacturers of both systems state that they are 
intended to detect overstroke conditions during hard 
braking. Additionally, stroke measurement obtained 
from the systems tested is likely not accurate enough 
to be suitable for use in brake balancing applications 
that might leverage the precise wheel-by-wheel 
braking control capability of electronically controlled 
braking systems. Unlike the instrumented anchor 
pins, brake stroke monitoring could not differentiate 
between out-of-adjustment brakes and oil-soaked 
brake shoe linings. This is illustrated in Figure 9. Oil-
soaked brake shoe linings caused the linear 
potentiometers to record an overstroke condition. 

Brake Shoe Thermocouples. Because of 
the unpredictable variations in initial brake 
temperature, the comparatively slow response time of 
thermocouples, and their inherent general 
inaccuracies, the ability of brake shoe thermocouples 
to detect and differentiate brake deficiencies during 
discrete braking events was found to be very limited. 
In general, the simulated mountain tests showed that 
brake lining thermocouples were effective at 
determining brake defects during extended braking 
maneuvers. Given enough time and heat build-up, 
clear patterns emerge with out-of-adjustment, 
disconnected, and oil-soaked brake shoe linings. It is 
likely that brake assembly temperature would need to 
be compared across axles in order to determine brake 
defects, as typical braking temperatures differ for 
front, intermediate, and rear tractor axles, depending 
on the load. 
 

Wheel-Speed Sensors. Wheel-speed 
sensors were sufficiently accurate to detect grossly 
out-of-adjustment and disconnected brakes. 
However, they were not accurate enough to detect 
brakes that were 1/8-inch or less beyond the 
readjustment limit. Although they were able to detect 
performance decrements stemming from oil-soaked 
brake shoe linings, they were not able to differentiate 
between out-of-adjustment brakes and oil-soaked 
linings. Finally, wheel-speed data broadcast on the 
J1939 network was significantly less accurate than 
data from actual ABS wheel-speed sensors;  but it 
was still able to detect grossly out-of-adjustment, 
disconnected, and poorly performing brakes. See 
Figure 10. The advantage of utilizing wheel speed as 
a means of diagnosing brake performance is that 
sensors are already on-board all CMVs equipped with 
ABS.  
 
Figure 10 shows that the left front and right front 
relative wheel speeds were symmetric around zero  
because the average of the absolute left side and right 
side speeds was equal to the front axle speed. The 
relative speeds of the rear wheels differed from the  
front axle speed by as much as 1.6 mph during this 
braking maneuver. The low resolution of the relative 
wheel-speed data (0.04 mph) is illustrated by the 
abrupt transitions from one wheel speed to another in 
0.04 mph increments. The transmission frequency of 
the J1939 wheel-speed message (100 milliseconds) is 
evident from the roughly 0.1-second steps in the data 
traces. 
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Primary Anchor Pin 

 

 

 
 Figure 6.  Primary and Secondary Anchor Pin Force During Moderate Deceleration. 
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Figure 7.  Anchor Pin Force vs. PBBT Brake Force. 
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Figure 8.  X and Y Anchor Pin Forces, Left Intermediate Brake Assembly, Under Various Defect Conditions. 

 
 
Figure 9.  Brake Chamber Stroke Measured on Properly Adjusted Brake Assembly (Right-Intermediate) 
with Left Intermediate Brake Out-of-Adjustment. 
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Figure 10.  Wheel Speeds Relative to the Front Axle Speed with Properly-Adjusted Brakes. 
 
BRAKE PERFORMANCE FIELD 
OPERATIONAL TEST 
 
The second study focused upon documenting and 
evaluating several leading-edge BPM systems in a 
fleet setting. The study team sought to identify a 
commercial fleet operator (or host fleet) with 
characteristics that would allow for effective and fair 
evaluation of systems and technologies. These 
criteria included: an operating environment and duty 
cycle that could be considered severe for brake and 
tire wear; homogeneity of the fleet in terms of vehicle 
type, make, and model; consistency of operations 
within the fleet relative to driver assignments, routes, 
mileage accumulation, and maintenance operations; 
and a strong commitment by the host fleet to 
evaluating these systems in a controlled study for 
possible implementation in its own fleet. 
 
The host fleet selected was the Washington 
Metropolitan Area Transit Authority (WMATA). 
WMATA operates approximately 1,500 buses in 
Washington, D.C. and the surrounding metropolitan 
area. Transit bus platforms were selected for this field 
test because their severe urban, stop/start duty cycle 
leads to accelerated brake and tire wear (thus 
challenging the sensor systems). In addition, the 
fundamental brake and tire designs are very similar to 
those on a conventional tractor, thus allowing the 
results of this study to be extended to heavy-duty 
(class 8) trucks.   
 

The test fleet consisted of 12 Orion VII series, 2005 
model year, urban transit buses. The buses are a “low 
floor” design, 40 feet long and 102 inches wide, and 
operate on compressed natural gas. Each bus’s 
GVWR is 42,540 pounds. The passenger capacity is 
41 seated and 36 standing passengers for a total of 77 
passengers. The curb weight of the buses is 30,990 
pounds. The 16,500-pound front and 28,600-pound 
capacity rear axles are manufactured by Rockwell. 
Four S-cam Meritor brake assemblies are mounted on 
each wheel end. Front brakes measured 16-1/2 inches 
by 6 inches, and the rear brakes measure 
approximately 16-1/2 inches by 8-5/8 inches. Table 2 
provides a full vehicle specification and can be found 
at the end of this paper. 
 
The study team evaluated 3 BPM systems (as well as 
the 3 tire pressure monitoring systems) on 12 heavy-
duty urban transit buses in revenue service for a 
period of one year. A control fleet of 12 identical 
buses was operated in a similar manner and used for 
comparison. A maintenance garage located in 
Arlington, Virginia was selected as the test site, 
based on the availability of buses of a consistent age 
and operating environment and on the experience and 
low turnover of the maintenance staff. With the 
assistance of WMATA and BPM system vendors, the 
study team retrofitted the candidate systems on the 
buses at the garage. The buses operated in an area 
covering approximately 300 square-miles south and 
west of Washington, D.C. The majority of miles were 
accumulated in an urban environment with minimal 
high-speed highway travel. The buses averaged 16 
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miles per hour in revenue service and were driven an 
average of 129 miles per day.  
 
WMATA staff recorded all maintenance and fueling 
activities and entered the data into a maintenance 
management database. This information was made 
available to the study team for evaluation. At the 
conclusion of the test, maintenance staff were 
interviewed about their experience operating and 
maintaining the systems. Other than the standard 
data-recording capabilities of the candidate systems, 
no additional (or special-purpose) data-logging 
devices were added to the vehicles. The system status 
displays were located out of the drivers’ view per the 
request of WMATA fleet managers. The study team 
and WMATA technicians were responsible for 
monitoring the systems’ display status. This was 
done to limit driver distraction, as well as to reduce 
the incidence of operators halting a bus because of 
information from the displays. In the transit industry, 
it is common to limit the vehicle-related information 
available to the bus driver to basic items, such as 
vehicle speed, brake reservoir pressure, and dash-
mounted warning lamps.  
 
Three different BPM systems were evaluated under 
this program, as were three different tire pressure 
monitoring systems. The BPM systems selected 
(MGM E-Stroke, GeoDevelopment Brake Insight, 
and Strainsert) represented a range of technological 
approaches. The Strainsert and E-Stroke systems had 
been assessed in the controlled tests described earlier 
in this paper. The Brake Insight system uses a Hall-
effect sensor mounted outside the brake chamber. 
The E-Stroke system was factory-installed on all of 
the buses but was the primary system under test in 
four buses. The Brake Insight and Strainsert systems 
were each installed on 4 buses, and 12 additional 
buses served as the study controls.  
   
Project planning began in the autumn of 2005. Sensor 
system installation took place in the spring and 
summer of 2006, to accommodate the schedules of 
the fleet and the suppliers’ field engineers. Data were 
collected for 12 months (November 2006 through 
November 2007). Over the course of the evaluation 
period, the systems were inspected weekly, and 
system data were downloaded as part of the test 
program. Additional data were collected in 
conjunction with WMATA’s various maintenance 
inspections, which included a safety inspection every 
3,000 miles and a comprehensive preventative 
maintenance inspection every 6,000 miles. In 
addition to the inspections, brake system performance 
was evaluated once per month using a roller-
dynamometer PBBT.   

 
The buses were placed on lifts for brake inspections, 
as shown in Figure 11. This enabled technicians to 
walk under the bus to inspect the brake lining 
thickness at each brake assembly and to measure 
brake pushrod stroke. The applied-stroke method was 
used. One technician would apply the brakes while at 
the driver’s seat, and a second technician, outside the 
bus, would measure the brake stroke travel (in 
inches) and record it on the brake data collection 
form. 
 

Figure 11.  Test Bus on Platform Lift. 
 
Results 
 
• Onboard BPM systems were found to influence 
favorably WMATA’s inspection practices. WMATA 
inspects buses every 3,000 and 6,000 miles. With 
over 200 buses operating out of a maintenance 
facility, these inspections require a significant 
amount of time. For the 3,000-mile inspection, 
WMATA has begun relying on the BPM systems to 
assess the brakes. This reduces inspection times and 
allows more buses to be inspected within a given 
period. 
• The durability of BPM system sensors was 
excellent in a rigorous urban transit-operating 
environment. Only one sensor failure occurred during 
the 12-month test period. Maintenance actions on the 
sensors were few and were limited to broken wires, 
loose connectors, and sensor adjustments. 
• In transit service, information from onboard 
monitoring systems needs to reach maintenance 
personnel in a timely fashion to be useful. 
WMATA’s buses are equipped with a controller area 
network (CAN) databus and WiFi transmitter capable 
of wirelessly transmitting alarms from the bus to a 
server housed at the maintenance garage. Each time 
the bus returns to the garage, this data is off-loaded 
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and emailed to maintenance supervisors. The E-
Stroke systems evaluated under this program were 
integrated into this CAN network. The study team 
found that buses with E-Stroke alarms were inspected 
and problems corrected in a timely fashion (on the 
same or the next day). On buses with monitoring 
systems that only communicated via in-vehicle 
display, a week or more could elapse before brake 
problems were addressed.  
• MGM’s E-Stroke system proved useful in the early 
detection of a manufacturing issue in the alignment 
between the brake chamber and slack adjuster on the 
test buses. The vehicle and brake manufacturers 
corrected this issue under the terms of their 
warranties. 
• The WMATA technicians interviewed noted that 
the BPM system alerts provided them with useful 
information to quantify driver complaints and reduce 
their frequency. Complaints about brakes are time 
consuming to troubleshoot because they require 
performing an inspection on a lift. Technicians 
commented that the BPM systems reduced the 
number of driver complaints and provided real-time 
information they could use to decide whether the bus 
should be withheld from service. 
• The BPM systems evaluated under this program 
were not able to detect worn brake linings in need of 
replacement. All but one of the test buses underwent 
a rear brake overhaul at roughly 70,000 to 80,000 
miles into the field test. In the weeks and days 
leading up to the rear brake overhauls, none of the 
monitoring systems triggered an alarm indicating 
poor brake performance or excessive stroke travel. It 
should be noted that the Brake Insight system 
featured a wire-loop lining wear sensor embedded in 
the shoe lining. Unfortunately, the sensor embedded 
into the lining was placed at a depth lower than the 
minimum thickness used by WMATA to replace shoe 
linings. 
• Onboard BPM systems provide a new source of 
information enabling technicians to identify and 
address brake issues. As with any new data source, a 
learning period is required to understand, interpret, 
and be confident with the data generated by these 
monitoring systems. WMATA experienced this 
learning process with the systems evaluated under 
this program. WMATA and the study team worked 
with BPM system vendors to tailor algorithms (and 
warning thresholds) for WMATA’s transit vehicles to 
minimize false positives and improve the overall 
reliability of the information. Among the algorithms 
so modified were those relating to the base 
foundation brake setup, which was found to operate 
close to adjustment limits. The foundation brake 
setup coupled with the operating environment, which 

cycled the brakes frequently, caused hot brake 
conditions and resulted in overstroke alarms. 
• Based on the results of the field study, as well as its 
previous independent testing, WMATA has 
confidence in BPM systems and plans to specify their 
use in all of the buses that WMATA purchases in the 
future. 
 
CONCLUSIONS 
 
Results from controlled track tests illustrated several 
key differences among the BPM systems. 
Commercial brake chamber stroke sensor packages 
can detect brake deficiencies and are very effective as 
a pre-trip brake inspection aid. Their “real-time” 
accuracy varies depending on the load, deceleration 
rate, and type of brake deficiency. The resolution and 
accuracy of stroke sensors is best suited for use in 
detecting brake maintenance needs and potential 
brake safety issues but is probably not appropriate for 
use in brake balancing systems. Instrumented anchor 
pins sensitivity, on the other hand, is such that they 
can also measure the effect of an out-of-adjustment 
brake on the other (properly adjusted) brakes on a 
vehicle. This capability lends itself for application to 
advanced brake balancing control schemes that might 
be possible with advanced braking systems. Finally, 
the resolution of wheel-speed sensors is sufficient to 
detect grossly out-of-adjustment and disconnected 
brakes. As these sensors are already included on new 
trucks as a component of ABS, they could be utilized 
to provide a low-cost approach to identifying brake 
adjustment problems. 
 
In the brake performance field test, BPM systems 
provided information on the condition of the bus’s 
brakes that was useful for improving maintenance 
practices and detecting brake abnormalities. This 
information had a significant impact on inspection 
practices and enhanced the overall efficiency of 
operations. While no firm procurement commitments 
were made, WMATA maintenance managers 
indicated at the end of the field study that they would 
consider the adoption of one or more monitoring 
technologies for new vehicle procurements and the 
retrofit of existing buses. 
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Table 1.  
Track Test Vehicle Specifications 

 
TRACTOR TRAILER 
Tractor Model Volvo VNL 64T Trailer Model Manac Flatbed 
Serial Number 4V4NC9JH91N317953 Serial Number 2M512146311075573 
Model Year 2001 Model Year 2001 
Engine Cummins Suspension Spring 
Transmission Meritor 10-speed Length (feet) 48 
Front Suspension Spring Wheelbase (inches) 477 
Rear Suspension Air ABS Wabco 2S2M 
Wheelbase (inches) 214  
ABS Wabco 4S4M 
GVWR (pounds) 50,350 
BRAKES 
 Front Intermediate /Rear Drive Trailer 
Manufacturer ArvinMeritor ArvinMeritor Semac 
Type S-Cam Drum S-Cam Drum S-Cam Drum 
Size (inches) 15 x 4 Q-plus 16-1/2 x 7 Q-plus 16-1/2 x 7 
Lining R301FF R301FF CM18FF 
    
Slack Adjusters ArvinMeritor 5-1/2" ArvinMeritor 5-1/2" Haldex 5-1/2" 
Chamber Type MGM 20 MGM 3030 TSE 3030 
Drum Gunite 5890507 Webb 66864B Webb 66864B 
TIRES 
 Front Intermediate /Rear Drive Trailer 
Manufacturer Bridgestone Bridgestone Bridgestone 
Make/Type R227 M726 R196 
Size 295/75R22.5 295/75R22.5 11R22.5 
Pressure (psi) 110 110 105 
WEIGHT DISTRIBUTION 
 Front Axle Drive Tandem Trailer Axles Total 
GAWR/GVWR 12,500 38,000 40,000 90,500 
Loaded w/Trailer 11,950 33,640 34,030 79,620 
Empty w/Trailer 11,410 13,280 8,920 33,610 
Bobtail 11,210 8,350 N/A 19,560 
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Table 2. 

Transit Bus Specification 

TRANSIT BUS 
Bus Model Orion VII 
Serial Number 4V4NC9JH91N317953 
Model Year 2005 
Engine Cummins C8.3 Gas Plus 
Transmission Voith D864.3E 
Front Suspension Air 
Rear Suspension Air 
Wheelbase (inches) 286 inches 
ABS WABCO 4S4M 
GVWR (pounds) 42,560 
BRAKES 
 Front Rear 
Manufacturer ArvinMeritor ArvinMeritor 

Type S-Cam Drum S-Cam Drum 

Size (inches) 16.5 x 6 16.5 x 8.63 

Lining Meritor A3222F2296 Meritor A3222F2294 

Slack Adjusters Haldex, 5-Notch Adjustment Haldex, 5-Notch Adjustment 

Chamber Type MGM E-Stroke Type 24 Long 
MGM E-Stroke Type 30 
Long 

Drum 
Dayton-Walther 
85123561002 

Webb  
64051B 

TIRES 

 Front Rear 

Manufacturer Goodyear Goodyear 

Make/Type City Tire City Tire 

Size 305/70 R22.5 305/70 R22.5 

Pressure (psi) 115 115 

WEIGHT DISTRIBUTION 

 Front Axle Rear Axle Total 

Curb Weight, pounds 11,000 19,990 30,990 

GVWR, pounds 14,780 27,760 42,540 
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ABSTRACT 
 
NHTSA(National Highway Traffic Safety 
Administration) has published an update to the 
FMVSS214 regulation which includes the Pole Impact 
test configuration using the ES-2re and SID-IIs dummy. 
This updated standard adds a new side pole test 
requirement in addition to modifying the test procedure 
used to perform dynamic side impact testing. This 
paper shows a new technique to improve the occupant 
injury performance during the Pole Impact test. 
 
INTRODUCTION 
 
NHTSA announced a final rule for FMVSS(Federal 
Motor Vehicle Safety Standard) No. 214, “Side impact 
protection” (72FR51908, No, NHTSA-29134)1) using 
ES-2re(50th Percentile Dummy) and SID-IIs(5th 
Percentile Dummy). 
This final rule modified the test procedure and adopted 
technically advanced test dummies (ES-2re and 
SID-IIs) to enforce detailed requirements on the 
enhanced injury criteria which are the force, 
displacement and acceleration of the head, chest, pelvis 
and abdomen of occupant dummies. (Figure 1) 
 

 

 
Figure 1. Dummy Injury Criteria 

 
In addition to the MDB(Moving Deformable Barrier) 
dynamic FMVSS214 side impact test, new protocol 
requires a 75-degree oblique pole test in two different 
configurations so as to improve an occupant protection 
for the various side impact crashes. (Figure 2)  

 

 
Figure 2. Updated FMVSS214 Side Impact Test 

Procedure 
 
This paper focused on improving an occupant injury 
performance under the side pole impact test by 
optimizing a side-airbag performance. Following 
factors are considered in this study. 
(1) Dummy structure mechanism of ES-2re and SID-IIs 
(2) Packaging space for a side-airbag deployment 
(3) Relation between side-airbag pressures and 
occupant injuries 
This study shows that the deployment performance and 
airbag pressure are the two most important factors to 
improve occupant injuries in a pole impact test.  
Analyzing relation between airbag pressure and 
occupant injuries provided methodology to secure the 
optimal airbag deployment. This paper suggests 
guidelines to get a proper deployment space of the 
side-airbag to improve occupant injuries and discusses 
the relationship between occupant injuries and airbag 
pressures. 
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STRUCTURES OF A SIDE IMPACT DUMMY 
 
ES-2re  
 
The ES-2 dummy is a side impact test device designed 
to the specifications of the EURO NCAP. It represents 
a 50th percentile adult male without lower arms based 
on ES-1 dummy. The ES-2 has an improved rib module 
to fix the significant problem known as “Flat Top” 
which is one of the structural defects in ES-1. It means 
a higher possibility of RDC and VC measurement in 
ES-1(2). ‘Flat-Top’, once it happens, is a period of a 
constant rib deflection maintained over 10~15ms time 
duration (Figure 3). It is rarely reported in 90 degree 
loading tests like EuroNCAP side impact, but in US 
oblique side impact test, ‘Flat top’ often occurs and it is 
also obserbed in oblique component test. 3)  

 

 
 

Figure 3. Flat Top Problem 
 
ES-1 dummy’s RDC can be diminished by inserting a 
bracket in a seat back frame for pushing the back plate 
of dummy, as shown in Figure 4. 4)  
 

  

 
Figure 4. Back Plate Problem 

 
This kind of pushing mechanism is apt to cause a 
severe injury on human body in real-world accident. 
Therefore, Euro NCAP committee considered counter 
plan to regulate this unrealistic injury mechanism. ES-2 
adopts a small-size back plate and a new load cell on it 
to solve this problem. 
Despite of this effort, “Fat top” and “Back plate-effect” 
is still reported due to the unexpected loading 
conditions in side impact test. Recently, NHTSA 
announced a modified version of the ES-2, ES-2re has 

been mainly developed to minizie the interference 
between the back plate and seat structure that still may 
exist with the standard ES-2. (Figure 5)  

 

 
 

Figure 5. ES-2re 
 
ES-2re shows an improved biofidelity by using the rib 
extension so that “Flat Top” problem is eliminated. 5) 

 
SID-IIs 
 
NHTSA issued a final rule announcing the agency’s 
regulation on anthropomorphic test devices to add 
specifications and qualification requirements for the 5th 
percentile adult female crash test dummy named 
SID-IIs. The SID-IIs is used for the oblique pole test 
and moving deformable barrier test on the FMVSS214 
final rule. (Figure 6) 

 
Figure 6. SID-IIs 

 
RELATION BETWEEN SIDE-AIRBAG 
PRESSURES AND AN OCCUPANT INJURY 

 
The oblique pole test in upgraded FMVSS214 was 
developed to provide protection for the head, chest, 
abdomen and pelvis during pole test. This pole test 
simulates a vehicle crashing sideways into narrow 
fixed object like a narrow pole or tree.  
In the vehicle-to-pole crash, there are three main 
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energy absorbers, structure, trim and airbag. (Figure 7) 
Unlike usual MDB test, vehicle structure is not a main 
energy absorbing part due to less interaction between 
dummy and vehicle even if seat belt works. Hence, a 
side-airbag and door-trim should be optimized to 
improve an occupant injury. 
In this paper, we analyzed a relationship between a 
side-airbag and occupant injuries and considered a new 
stratagy to improve occupant injuries. 

 

 
Figure 7. The oblique pole test 

 
SAB (Side Impact Airbag) Analysis 
 
The side impact airbag is a major safety device that 
functions to absorb side impact energy during the load 
of certain criteria to protect occupants. We developed it 
through the following sequence as shown in Figure 8.  
 

 

 

Figure 8. Side Impact Airbag Configuration 
 

The side impact analysis airbag model needs a 
validation analysis including tank test, drop test and 
static deployment test. (Figure 9)  

 

 

Tank Test 

   

Drop Test 

        

Static Test 

Figure 9. Airbag Validation Analysis 

 
5th & 50th Percentile Pole Impact  
 
In this paper, we analyzed a relation between 
side-airbag pressure and occupant injuries in the 
mid-sized SUV during an oblique pole crash. The 
airbag pressure change was represented by mass flow 
rate (5%, -20% ~ +20%). Airbag on this analysis model 
is a 2-chambar type airbag which widely used to 
protect occupant in a side crash. (Figure 10) 

 

 

 
Figure 10. 2-Chambar Type Airbag 

 
5th percentile oblique pole test evaluates head 
acceleration, lower spine acceleration and pelvic force. 
Analysis results are as follow. (Figure 11) 
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Figure 11. 5th Percentile Oblique Pole Analysis 

 
According to these results, spine and pelvic injury were 
increased due to airbag pressure (mass flow rate) 
increase. 5th percentile adult female dummy, represent 
44kg’s smaller stature occupants, reacts to the airbag 
pressure more sensitively. Hence, occupant injuries 
increase in proportion to the side-airbag pressure until 
airbag bottoming-out condition. In the case of non 
bottoming-out condition, 5th percentile dummy’s spine 
and pelvic injury will be improved as side-airbag 
pressure decrease.  
50th percentile oblique pole test results, including head 
acceleration, rib deflection, abdominal force and pelvic 
force, are depicted in Figure 12. 

 

 

 
Figure 12. 50th Percentile Oblique Pole Analysis 

 
In the case of 50th percentile oblique pole test, airbag 
pressure induces the rib deflection increasement. 
However, an abdominal injury response is not so 
sensitive compared to the rib response. It just slowly 
follows the airbag pressure response. The reason why 
an abdominal injury doesn’t reflect airbag pressure 
change immediately is due to the existence of the fixed 
tether located on the abdomen. On the contrary, pelvic 
injury follows the airbag pressure response faithfully. It 
increases according to the airbag pressure increase. 
One of the remarkable results is the chest injury 
tendency during an oblique pole test. In MDB test, it 
showed a decreased chest injury when airbag pressure 
in pelvic region increases. However, chest injury 
increased in pole test on the contrary. This result is 
originated from the fact that relative movement of 
dummy between rib and pelvis is small. This can be 
proved by measuring relative velocity of a dummy’s rib 
and pelvis as Figure 13. 
 

 
 

Figure 13. Relative Velocity between Rib and Pelvis 
 
In conclusion, occupant injuries of 5th and 50th 
percentile oblique pole test get worse in proportion to 
the side-airbag pressure increase. Within non 
bottoming-out condition, we can improve occupant 
injuries by diminishing airbag pressure through an 
increased airbag-volume capacity and vent-hole. 
 
PACKAGING SPACE FOR THE SAB (SIDE 
IMPACT AIRBAG) DEPLOYMENT 

 
Occupant injuries are mainly affected by an airbag 
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performance especially the deployment condition 
during an oblique pole test. An airbag deployment 
performance can be improved by increasing an airbag 
deployable space or airbag pressure. In case of 
increasing airbag pressure, there is a limit because it 
causes higher abdominal and pelvic injury owing to 
airbag stiffness. Hence, it is the best way for improving 
occupant injuries to enlarge the airbag deployable 
space during crash event. Following is the analysis 
method for securing an airbag deployable space.  
As shown in Figure 14, airbag deployment 
performance gets worse under a smaller airbag 
deployable region ‘A’. ‘A’ will be getting smaller 
during the side impact crash.  

 

(A: Airbag Deployable Region, B: Door Trim Width, 
C: Seat Back Width) 

 
Figure 14. Airbag Deployment Region 

 
Therefore, a fully deployment of an airbag should 
precede the contact between a door trim and a seat. 
Contact time between a door trim and a seat can be 
measured by an acceleration sensor on the same 
position of a door inner panel, so that a door intrusion 
can be shown as below. (Equation 1) (Figure 15) 

 

∫ −=
T

VelocityDoorLHVelocityDoorRHIntrusionDoor
0

)(

(1). 
 

 

Figure 15. Door Intrusion 

 
Contact time between a door trim and a seat, α , 
should be larger than summation of a TTF(Time to 
Fire) and an airbag deployment time (β ). (Equation 2) 

 

)( βα +≥ T             (2). 

 

As a result, reducing TTF or β  for a deployment time 
of an airbag or delaying a contact time (α ) results in 
the fully deployment condition of an airbag. It 
improves occupant injuries in side impact. Another way 
of improvement is to reduce armrest (B) and seat back 
foam size (C). It will cause to enlarge an airbag 
deployable region (A). (Equation 3) 

'AA≥               (3). 

 
CONCLUSIONS 
 
This paper suggests techniques of an improvement on 
an oblique pole crash and it can be summarized as 
follows.  
(1) Airbag pressure affects occupant injuries especially 
an occupant’s chest injury. Occupant injuries usually 
increase in proportion to airbag pressure under an 
oblique pole crash. Therefore, we should find an 
optimal pressure of a side-airbag to improve occupant 
injuries by controlling an airbag-volume capacity and 
vent-hole size. 
(2) To improve a deployment performance of SAB, 
following three conditions should be satisfied; 
increasing deployment speed of an airbag, delaying 
contact time between a door trim and a seat and 
maintaing a gap between a door trim and a dummy. 
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ABSTRACT 

Adequately designed, auditory displays in Driver-
Vehicle Interfaces (DVIs) may give shorter 
reaction times, improved attention direction, and an 
increased quality impression. In this paper, we 
argue that emotional reactions may guide the 
design of such auditory displays since emotion is 
central in our everyday life and have strong 
consequences for behavior and information 
processing. A simulator study with 30 participants 
(20 of which were professional drivers) was 
conducted to investigate the connection between 
emotional and behavioral responses to auditory 
DVIs as well as to evaluate various sound design 
parameters in realistic driving situations. Auditory 
icons were contrasted to abstract earcon sounds in 
more or less imminent collision scenarios and 3D 
sounds were tested against monophonic sounds in 
different lane change scenarios. Self-report 
measures (Self-Assessment Manikins, SAM) and 
physiological measures (Galvanic Skin Response, 
GSR and facial Electromyogram, EMG) of 
emotional response as well as behavioral measures 
(e.g. brake response time) were used.  
It was found that auditory icons were more efficient 
and gave up to 600ms faster brake response times 
than abstract sounds in imminent collision 
scenarios and that 3D sound gave a stronger 
emotional response in lane change scenarios. 
Moreover, the results show that emotion can 
predict behavior, e.g. sounds rated as being more 
activating and negative also gave quicker response 
times. Contrary to our expectations however, the 
findings from the SAM ratings were not reflected 
in the physiological measurements. An explanation 
to this may be that the scenario itself caused a 
dominant stress reaction which overrode the 
physiological response to the warning sounds. Our 
findings nonetheless strengthen the importance of 
auditory displays as a means to enhance vehicle 
safety, and that emotions may be an efficient way 
of predicting behavioral response to auditory DVIs. 
Measurements of emotion may therefore facilitate 
the process of designing auditory DVIs. 

BACKGROUND 

Sound may be a very efficient mean of providing 
warnings and information in vehicles, especially in 
situations where the visual modality is loaded with 
information, but can also be used to increase the 
quality impression of the vehicle.  
A central characteristic of most auditory Driver- 
Vehicle Interfaces (DVIs) is that it should convey 
the appropriate level of urgency. Urgency can be 
defined as “…an indication from the sound itself as 
to how rapidly one should react to it.” (Edworthy & 
Hellier, 2006). Too urgent sounds may cause 
annoyance, unwanted startle effects and even lead 
to the wrong behavior. On the other hand, if the 
sound is not urgent enough, reaction may be 
unnecessarily slow or result in that the warning is 
neglected. 
Parameters which have been found to influence the 
perceived urgency of a sound include repetition 
speed, number of repeating units, fundamental 
frequency, and inharmonicity (Hellier & Edworthy, 
1996). Moreover, loudness appears to be one of the 
stronger cues for urgency (Haas and Casali, 1995). 
However, the range within which loudness can be 
varied before the sound becomes un-ergonomic is 
in practice rather small; the sound should of course 
be loud enough to be heard over the background 
noise in the operator’s environment and quiet 
enough not to cause annoyance or hearing 
impairment. This matter may seem trivial, but is 
often a central issue which is crucial for the 
acceptance of the sound.  
Although thorough research has been conducted on 
the correlation between basic psychoacoustic 
parameters and urgency and similar perceptual 
aspects of sound design, the cognitive response 
linked to the sound is much less well understood 
(Edworthy & Hellier, 2006). It is therefore 
important to systematically investigate and be able 
to measure how the sound is comprehended.  
Edworthy and Hellier (2006) suggest that abstract 
sounds can be interpreted very differently 
depending on the many possible meanings that can 
be linked to a sound, in large dependent on the 
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surrounding environment and the listener. 
Designing sounds with unambiguous and 
appropriate meaning is perhaps the most important 
task in auditory warning design (Edworthy & 
Hellier, 2006).  
A possible solution to the meaning problem is to 
use auditory icons. Auditory icons are 
representational, real world sound events that are 
used to signal events in Human-Machine Interfaces 
(HMIs). The advantage of auditory icons is that 
they have inherent meaning and therefore require 
no or little learning. Still, this meaning may not the 
same to all persons. As an example, the sound of a 
drain clearing may to some mean “Wet road” while 
others may interpret it the way the designer 
intended, namely “Low on fuel” (Winters, 1998). 
In general it may be difficult to find a suitable 
match between the function/event to be represented 
and the sound.  

Emotional reactions  

While perceptual and cognitive aspects of sound 
design such as urgency and meaning of sounds are 
important to consider in the development of 
efficient DVIs, we propose here to take one step 
back and instead look at the emotional response to 
sound.  
Why would we consider emotion? From an 
evolutionary perspective emotion can be seen as 
the human alarm system. Positive emotions signal 
that everything is safe and no specific action is 
needed to be undertaken to survive, while negative 
emotions signal a potential threat and need to take 
quick action. Emotions thus have strong 
consequences for behavior and information 
processing.  
In our everyday life, sound often elicits emotional 
reactions in the listener. People can be startled by 
the sudden sound of a door slamming or a thunder 
in a storm, annoyed by the noise of cars in the 
street, pleased by the sound of a water stream in the 
forest, tired after a full day of work in a noisy 
environment, etc. Thus, understanding the role of 
sound in evoking human emotional responses 
might improve our quality of life by helping to 
design objects, spaces and media applications 
which are emotionally optimized (Tajadura & 
Västfjäll, 2008). Following this, it may be argued 
that designing sounds that elicit an emotion is also 
a way of designing sounds that will elicit a reaction 
and may therefore be particularly suited for design 
of sounds for DVIs. Another advantage is that 
rather than focusing solely on behavioral responses 
(which often are difficult and time-consuming to 
assess) as a measure of performance, emotion 
psychology has a rich flora of instruments to 
measure emotion that may be used as a proxy 
measure of behavior. 
In our previous research, we have devised the 
Emotion Reaction Model (ERM) framework which 

builds on neuropsychological research showing that 
the human brain automatically reacts to certain 
sound properties, either in a very fundamental way 
(approach/avoidance reactions linked to survival) 
or by activating associative networks 
(primes/memories from previous exposures to 
situations where the sound was experienced) (see 
Västfjäll, 2007; Västfjäll et al., 2007). Most 
importantly, the ERM framework suggests that 
emotional or affective reactions are the driving 
force of behavior or action (Damasio, 1994, 
LeDoux, 2000). Therefore, for a warning or info 
sound to elicit the “correct” action, it needs to 
induce an emotional reaction (Västfjäll et al., 
2003). A central question within this research is 
thus what in a sound that induces an emotional 
reaction.  
 
 

 
 
 
Figure 1.  Schematic of the ERM framework. 
 
Figure 1 shows a simplified schematic of the 
proposed framework where sounds (upper left 
corner) can be processed along two principal 
routes; either it will elicit immediate responses 
(arousal potential) or sound properties will be 
compared to previously stored memories of sounds 
(familiarity/significance check). In both cases the 
sound will elicit both a reaction and an evaluation 
of the possible danger or threat of the situation (as 
signaled by the sounds). 
The upper route in Figure 1, arousal potential, is a 
preattentive warning system that has evolved to 
make a quick assessment of the potential threat of 
the situation (Jacobsen et al., 2003; LeDoux, 2000; 
Schröger, 1997; Tiitinen et al., 1994). This system 
needs to be extremely fast and elicit immediate and 
correct responses to ensure survival. Evidence 
points to that humans are hardwired to react to 
certain extreme acoustical characteristics (loud, 
sharp noises with quick rise time) (Bradley & 
Lang, 2000). Thus, when a sound exceeds a certain 
arousal threshold it will activate fight or flight 
tendencies (Giard et al., 1995; Lang, 1995; 
Rauscheker, 1998).  
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If the sound does not have an arousal potential that 
exceeds the threshold, it will be processed by other 
parts of the brain (Belin & Zatorre, 2000; Peretz & 
Zatorre, 2005); this is visualized by the lower route 
in Figure 1. First, the secondary auditory cortex 
will process the sound followed by associative and 
motor cortex areas (Edeline & Weinberger, 1992). 
Here the incoming sound will be compared to 
sound representations stored in long-term memory 
(Saarinen et al., 1992). If the sound has been 
encountered before (or resembles a sound that has 
been encountered before) it will elicit on of two 
possible reactions (Jääskelinen et al., 2004): If it is 
an unfamiliar sound, it will immediately signal the 
same alarm system as a sound with high arousal 
potential. The same holds true if the sound matches 
a sound representation that is associated with a 
previous negative experience (Damasio, 1994; 
Damasio et al., 2000). If the sound matches a 
previously stored representation it will be evaluated 
on basis of it significance for survival (Blood & 
Zatorre, 2001; Todd, 2001). If our previous 
experience has coded the sound as something 
potentially threatening or coexisting with 
something else that may be a threat, the system will 
call for an action. If, on the other hand, the sound is 
evaluated as non-harmful, no action will be 
required. 
     Implications for sound design - This 
simplified framework has several implications for 
design of warning and information sounds. First, it 
postulates that warning sounds should have a 
certain degree of arousal potential so that it evokes 
an immediate correct response. The main task for 
future research here is to map the arousal potential 
of various sounds and create sounds that have just 
the right amount of potential as too much may 
result in freezing behavior and incorrect responses 
(Panksepp & Bernatsky, 2002). 
Second it suggests that both information and 
warning sounds would benefit from having sound 
elements that are familiar (such as auditory icons 
that rely on naturally occurring sounds to convey 
information). Third, the proposed framework 
suggest that emotional reactions to sounds is a 
common currency with which the urgency, 
behavioral significance and needed action will be 
evaluated against (Damasio et al., 2000). This also 
suggests that when assessing the effectiveness of 
warning and information sounds, affective 
reactions should be measured along with process 
measures (reaction time and decision) of the action. 
     The affect circumplex – It has been shown 
that the emotional reaction to natural and product 
sounds can be efficiently be described by two 
bipolar dimensions, activation and pleasantness-
unpleasantness (valence), (Bisping, 1995, 1997; 
Bradley & Lang, 2000; Västfjäll et al., 2003). 
Taking this approach, it is assumed that any 
emotional state can be described by the 

combination of these two orthogonal dimensions 
(Russell, 1980; Russell & Feldman-Barrett, 1999).  
The so-called affect circumplex (Russell, 1980), 
shown in Figure 2, visualizes the two dimensional 
approach to describing emotional reactions. As an 
example, an emotional state such as excitement is 
the combination of pleasantness and high activation 
(upper left quadrant in Figure 2). An emotional 
reaction such as calmness is similar in pleasantness, 
but low in activation (lower left quadrant). 
Boredom is the combination of unpleasantness and 
low activation (lower right quadrant) and distress is 
the combination of unpleasantness and high 
activation (upper right quadrant).  
 

 
 
Figure 2.  The affect circumplex (Adapted from 
Russell, 1980). 
 

Measurement of emotional reactions to sound 

There is a number of different ways to measure 
emotional reactions, including self report, 
physiological measures such as EEG and 
behavioral measures.  
Self-report measures rely on that participants 
accurately can report their felt emotion. The main 
self-report measure used in the ERM framework is 
the Self Assessment Manikin (SAM) scales 
(Bradley & Lang, 1994, see Figure 3) which aims 
at capturing the activation/valence dimensions 
described in the previous section. The advantage of 
the SAM measure is that it can be understood by 
different populations in different cultures and that it 
is easy to administrate. 
Many different physiological processes indicate 
emotional experiences. For instance, video 
recordings of the face can obtain measures of 
facially expressed emotions (Sebe et al., 2002). 
However, emotional reactions can also be captured 
via physiological measures of activation and 
valence. The method preferred within the ERM 
framework to measure valence are 
Electromyographical (EMG) measures of facial 
muscle contractions (Bradley & Lang 2000). 
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Figure 3.  The Self Assessment Manikin (SAM) 
scales for valence (top) and activation (bottom) 
(Bradley & Lang, 1994). 
 
This is typically measured by attaching electrodes 
in the facial region and measuring muscle micro-
movements. Activity in the Corrugator supercilii 
(which controls eyebrow contraction) can be linked 
to unpleasant emotions (negative valence) whereas 
activity in the Zygomaticus major (the “smile 
muscle”) may be linked to pleasant emotions 
(positive valence). The activation dimension is 
preferably measured physiologically using EDA 
(Electro- Dermal Activity) which can be obtained 
by measuring the galvanic skin resistance on 
subjects’ fingers or palms (Bradley & Lang 2000). 

EXPERIMENT 

The simulator experiment described in this paper 
aimed at testing the following hypotheses: 
 
H1. Sounds that contain ecological components 
(i.e. sounds that represent naturally occurring 
events – auditory icons) are more efficient / urgent 
than earcons (entirely abstract/synthetic sounds 
such as the ones used in the majority of all HMI 
systems in trucks). According to the ERM 
framework, familiar information contained within 
the sound should facilitate the emotion response 
process by activating associative networks and lead 
to more correct and rapid action. 
 
H2. 3D sounds are more efficient/urgent than mono 
sounds. By combining sound icons and 3D 
information it is likely that one can rapidly and 
efficiently convey the sensation of that something 
dangerous is e.g. approaching  from a certain 
direction (using 3D directional cues). Hence, such 
3D sounds should be perceived as being more 
urgent and lead to more rapid and correct action.  

Participants 

20 professional truck drivers (19 male, age M= 
42.3 SD= 9.2 years) and 10 Volvo employees with 
truck driving license (9 male, age M= 40.7 SD= 8.6 
years) participated. The professional truck drivers 

received vouchers worth SEK 200 as compensation 
for their participation. 

Measures 

Participants’ reactions to sounds were measured 
using self-reports, physiological measurement and 
behavioral methods. The Self-Assessment Manikin 
(SAM) – scales (shown in Figure 3) were used to 
collect self-ratings of Activation (high to low) and 
Valence (positive to negative). Participants were 
instructed to verbally report their responses using 
the scales (by saying e.g.”A1, B5”) after hearing 
each sound. A sheet with the scales was placed in 
the middle of the steering wheel, see Figure 5.  
Activation was measured physiologically by 
Galvanic Skin Response (GSR) measurements on 
participants’ index and middle fingers on their non-
dominant hands (see Figure 4). GSR was sampled 
continuously through each driving session at a rate 
of 391 Hz. To obtain a physiological 
correspondence to valence, electromyogram 
(EMG) responses of the Corrugator and 
Zygomaticus muscles (the ”frown and smile” 
muscles in the face) were measured (see Figure 4). 
As with the GSR, the EMG responses were 
sampled throughout each driving session but at a 
sample rate of 3125 Hz. In addition, several driving 
parameters such as brake, wheel, and throttle 
response were logged for all sessions. 

Instrumentation 

     Simulator - The simulator used in the 
experiment is shown in Figure 5. It consists of a 
stationary truck compartment and a 130-degree 
cylindrical display onto which 3 BARCO CRT 
projectors project the image. Side rear view mirrors 
views were simulated with LCD monitors. A Linux 
cluster consisting of one master and five slave 
computers were used to run the driving simulation 
and render the graphics. In-house developed 
software, ”DriveSim”, based on SGI Performer was 
used as the main simulation application. Moreover, 
a Windows computer was used for controlling 
communication between dashboard instruments and 
the master computer and one XPC computer was 
used for receiving and passing on CAN information 
from driver (throttle and steering wheel) to the 
main application. For the distraction task in part 2 
(see ”Scenarios” below), a Windows laptop with 
PowerPoint which presented numbers on a 19” 
LCD monitor placed on the floor to the right of the 
participants inside the truck compartment was used 
(see Figure 5). 
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Figure 4.  GSR (top) and EMG electrodes 
mounted on a participant. 
 
     Sound - Sound icons were presented using 
loudspeakers, located as shown in Figure 6, and 
dedicated amplifier (Creative Inspire T7700). Since 
only two-channel sound was available from the 
simulator master computer, a Dolby Pro-logic™ 
preamplifier (Proton AS-2620) was used to 
distribute the sound to the three loudspeakers. The 
levels of the signals sent to the 
amplifier/loudspeakers were adjusted in the 
preamplifier so that the sound was perceived 
equally loud from all three loudspeakers. 
Communication between the participant and the 
experiment leader (who sat at a desk approximately 
6.5 m behind the simulator cab) was enabled by a 
talkback system consisting of two Genelec 1029A 
active monitors and two microphones (a Shure 
Prologue el. dynamic microphone at the experiment 
leader’s desk and a Panasonic electret microphone 
mounted to the driver’s seat) and microphone 
preamps. The sound inside the compartment was 
also recorded using a Shure BG4.1 condenser 
microphone and the BIOPAC system described in 
the next paragraph. 
     Physiology - To measure physiological 
responses, a BIOPAC MP150 system with 
Acqknowledge™ 3.8.1 running on a Windows 
laptop was used. Facial electromyogram (EMG) 
responses of the Corrugator and Zygomaticus 
muscles were acquired via Ag-AgCl shielded lead 

 

 
Figure 5.  The simulator (top) and inside the 
simulator compartment, showing the main 
loudspeaker, SAM scales and the distraction 
monitor. 
 
 
 
 

 
Figure 6.  Position of loudspeakers in the 
simulator compartment.  
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electrodes and two BIOPAC EMG100C amplifiers. 
Galvanic Skin Responses (GSR) were acquired via 
Ag-AgCl electrodes and a BIOPAC GSR100C 
amplifier. 

Sounds 

The thirteen different warning and information 
sounds included in the experiment are described 
below. Both entirely synthetic sounds (earcons) and 
auditory icon-type, ecological sounds (i.e. sounds 
representing real events) were used. 
  

• FCW_earcon: 4 sharp pulses of 0.1s 
duration and 0.01s silence between pulses. 
Fundamental around 207 Hz 

• FCW_aicon: Auditory icon - car horn 
sound, continuous, 1.24 s duration. 
Fundamental around 417 Hz 

• ACC_earcon1: 4 high-pitched pulses of 
0.1s duration and 0.01s silence between 
pulses. Tone cluster 2482 Hz and 2631 Hz 

• ACC_earcon2: 4 sharp, low-pitched 
pulses of 0.29s duration and 0.21s silence 
between pulses. Fundamental around 95 
Hz 

• ACC_aicon: Auditory icon - car horn 
sound, low pass filtered, continuous, 1.24 
s duration. Fundamental around 417 Hz 

• Caution_earcon1: 2 pulses of 0.1s duration 
and 0.2s silence between pulses –  
repeated once, 1.8s silence between. 
Fundamental around 980 Hz. 

• Caution_earcon2: 2 brief tones of 0.03s 
duration and 0.06s silence between tones. 
Echo effect. Repeated once, 0.68s silence 
between. 

• Caution_aicon: Earcon/Auditory icon 
hybrid: Two chime tones, 0.45s duration 
and the sound of a ratchet handle 
(symbolizing the need to contact service). 
Chime fundamental around 260 Hz 

• LCS_mono: Auditory icon - 2 car horn 
honks, 0.27s duration, fundamental around 
417 Hz 

• LCS_3Dl: Same as LCS_mono but played 
in left loudspeaker 

• LCS_3Dr: Same as LCS_mono but played 
in right loudspeaker 

• LDW_earcon1: 4 very sharp pulses of 
0.23s duration and 0.24s silence between 
pulses intended to symbolize the sound of 
a rumble strip. Fundamental about 74 Hz  

• LDW_earcon2: 19 rapid dull pulses of 
0.08s duration and 0.02s silence between 
pulses intended to symbolize the sound of 
a rumble strip. Fundamental somewhere 
around 68 Hz. 

Design 

The experiment was divided into two parts: The 
first part consisted of Forward Collision Warning 
(FCW), Automatic and Caution scenarios/sounds, 
and the second part consisted of Lane Change 
Support (LCS) and Lane Departure Warning 
(LDW) scenarios/sounds. Three different groups 
(orders) were used for the first part and two groups 
were used for the second part in order to randomize 
the presentation of different sounds for each 
scenario. The main design type was thus a within-
group design (if one considers the scenarios for a 
certain event type, e.g. FCW, to be comparable). 
For practical reasons, Caution sounds could not be 
played more than once why this type of sound was 
a between-groups variable.  

Scenarios 

Thirteen different scenarios were created to test the 
different sounds. All roads used in the scenarios 
were modeled according to Swedish standards. The 
scenarios are described below. 
 

1. FCW, approaching car in the wrong lane. 
2. ACC, car turns into the lane in front. 
3. Caution, nothing particular happens on the 

road but the engine warning lamp in the 
dashboard starts to flash for a few 
seconds. 

4. FCW, approaching car in the wrong lane. 
5. ACC, car in front brakes suddenly before 

intersection. 
6. FCW, meeting car in intersection suddenly 

turns left. 
7. ACC, Car turns quickly into the lane in 

front. 
8. LCS, participant is instructed to take right 

to the departure lane, when a car suddenly 
appears in departure lane. 

9. LDW, the participant is instructed to read 
the numbers that appears on the screen on 
the floor inside the simulator 
compartment. When the participant starts 
to read, the experiment leader 
momentarily steers the truck of the road. 

10. LCS, fast bicycle crosses lane after 
roundabout. 

11. LDW, the participant is instructed to read 
the numbers that appears on the screen on 
the floor inside the simulator 
compartment. When the participant starts 
to read, the experiment leader 
momentarily steers the truck of the road. 

12. LCS, the participant is instructed to turn to 
left lane where a car suddenly appears. 

13. LCS, the participant is instructed to turn to 
right lane where a car suddenly appears. 
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Procedure 

Participants arrived individually to the simulator 
lab. A female or male test leader first briefed the 
participant generally about the experiment and the 
conditions for their participation. Participants were 
then seated in the simulator and physiological 
equipment (finger and facial electrodes) was 
attached to the participant. The use and control of 
the simulator was then introduced. Participants 
were instructed to try to drive as they normally 
drive and follow all instructions, road signs, speed 
limits etc. They were also specifically instructed 
that they could abort the test if they were feeling 
nauseous or uncomfortable in any way. Instructions 
on how to use the SAM scales were given and 
participants then commenced a short test drive 
during which they also rated a test sound (a sound 
which was not included in the main experiment) on 
the SAM scales. The main test then started with the 
first part (mean duration= 18 min) followed by a 
short break to let some air into the truck 
compartment and the second part (mean duration= 
11 min). Participants were then debriefed and 
thanked for their participation. 

RESULTS, PART 1 

Self reports (SAM) 

Ratings of activation were submitted to a 2 (earcon 
/ auditory icon) x 2 (ACC / FCW) ANOVA to 
determine the influence of type of sound design and 
warning level on self reported activation. For 
simplicity of reading, the activation ratings were 
inverted from the original ratings so that high 
ratings indicate high activation. Bonferroni’s 
method was used to adjust for multiple 
comparisons. As expected, it was found that 
participants rated FCW sounds as being more 
activating than the ACC sounds (M= 6.692 vs. M= 
5.769, p<.01). The mean rated activation of the 
auditory icon sounds was slightly higher than for 
the earcon sounds (6.325 vs. 6.135), however this 
effect was not significant (p= .547).  

Separate ANOVAs were performed to reveal any 
differences between individual sounds. A 
statistically significant difference in activation was 
found between FCW_aicon and FCW_earcon, 
where the former was rated as being more 
activating (M= 7.161 vs. 6.452, p<.05). No 
statistically significant differences were found 
between the ratings of the three ACC sounds 
(earcon1, earcon2 and aicon). 
In a similar fashion, ratings of valence were 
submitted to a 2 (earcon / auditory icon) x 2 (ACC / 
FCW) ANOVA to determine the influence of type 
of sound design and warning level on self reported 
valence. The mean ratings indicate that participants 
rated the auditory icons as being more negative 
than the earcons and that the FCW sounds were 
more negative than the ACC sounds; however, the 
analysis showed that these differences were not 
statistically significant (p= 0.365 and p= 0.524 
respectively).  
Valence ratings were also analyzed separately for 
each sound. The results from this analysis showed 
that there was a marginally significant difference 
(p=0.114) in valence between FCW_earcon and 
FCW_aicon with the latter being slightly more 
negative (M= 5.161 and M=5.871 respectively). 
There were no such trends for the three ACC 
sounds. 
Finally, activation and valence ratings of the 
“caution” sounds were submitted to independent 
samples t-tests as these sounds were a between-
group variable in the current design. However, no 
significant group differences were found in either 
activation or valence for these sounds. It is likely 
however that significance would have been reached 
with more participants in each group. 
The SAM ratings from the first part are 
summarized in Figure 7 where means are plotted in 
the activation-valence plane. 
 
 
 
 



Larsson 8 

 
 
Figure 7.  SAM ratings from the first part of the experiment plotted in the activation/valence plane. 
 

Physiological responses 

As data recorded from GSR electrodes was 
recorded continuously during each driving session, 
the data files first had to be cut in segments around 
the points in time when each sound was triggered. 
Next, the GSR segments were downsampled to 20 
Hz. Each segment was then visually inspected and 
the point where a steep increase GSR curve could 
be noted was stored as a cut point. The GSR score 
was then calculated as the difference between the 
maximum derivative up to 2 seconds after this cut 
point and the maximum derivative in the segment 
from 2 seconds before the cut point up to the cut 
point. An example of a GSR segment from one of 
the sounds and one of the participants is shown in 
Figure 8. 
After these pre-processing steps, GSR scores were 
first submitted to a 3 (earcon1/earcon2/aicon) x 2 
(ACC/FCW) ANOVA to determine the overall 
effect of type of sound design and warning level on 
physiological activation. No significant differences 
between these factors were found. Scores were also 
submitted to a 1x7 ANOVA to reveal differences in 
activation between separate sounds. The only 
possible effect found was between FCW_earcon 
and the Caution sounds, with p=0.054. (Note that 
the score from three different caution sounds have 
been grouped together in this case). For reference, 
means of the GSR scores are shown in Figure 9 
(whiskers show standard error). 
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Figure 8.  Example of one of the GSR segments 
cut from one of the data files. The leftmost 
dashed line marks the start of the sound, and the 
two other dashed lines mark the region where it 
is most likely to see a response to the stimulus 
(1-3 seconds after stimulus start). In this case, 
the cut point was selected at about 80 samples 
(i.e. 2 seconds after stimulus start). 
 
Data from facial EMG (Corrigator / Zygomaticus) 
were first cut into segments around the points in 
time when each sound was triggered (in a similar 
way as was done with the GSR recordings). The 
segments were then downsampled to 1000 Hz and 
highpass filtered at 90 Hz to remove unwanted 
high- and low-frequency noise. Next, the envelope 
of the segments was extracted by taking the Hilbert 
transform of the segments. Finally, scores were 
calculated as the difference in means 2 seconds 

5

6

7

8

5 5.5 6 6.5 7

Earcons 

Auditory icons 

FCW_earcon 

FCW_aicon 

ACC 

FCW 

A
ct

iv
at

io
n 

(lo
w

 –
 h

ig
h)

 

Valence sig. 

Both sig. 

Activation sig. 

Valence (positive – negative) 

Samples 



Larsson 9 

after each sound was played and 2 seconds before 
each sound was played. 
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Figure 9.  Means of the GSR scores. The only 
difference which is close to being statistically 
significant is the one marked with p-value 
(Caution vs. FCW_concept). Note however that 
the Caution score is a score obtained from three 
different sounds. 
 
The Corrugator / Zygomaticus scores were then 
submitted to separate 3 (earcon1/earcon2/auditory 
icon) x 2 (ACC/FCW) ANOVAs to determine the 
overall effect of type of sound design and warning 
level on negative and positive valence. No 
significant differences between these factors were 
found. Scores were also submitted to a 1x7 
ANOVA to reveal differences in physiological 
valence between separate sounds. An effect was 
found in the Zygomaticus score between 
FCW_aicon and the Caution sounds, with M=0.02 
for the FCW_aicon and M= -0.02 for the caution 
sounds (p<.05) (note that the score from three 
different caution sounds have been grouped 
together in this case).  

Behavioral responses 

Brake reaction times (BRT) were extracted from 
simulator log files as the time from sound start to 
30% of maximum brake pressure for each 
participant and sound. BRTs were then analyzed in 
a between-groups fashion using t-test for each 
scenario since the scenarios were fairly different 
and hence probably provoked different behaviors. 
First, it was found that BRT was significantly 
lower for scenario 1 (FCW situation) for the group 
which received the auditory icon sound compared 
to the group which did not receive any sound at all 
(N=10, M=1.9s vs. M=2.5s, p<.05). BRT was also 
significantly lower in group 1 (auditory icon) 
compared to group 3 (earcon) in scenario 6 (also 
FCW situation) with N=10, M= 0.4 vs. M=0.7, 
p<.01. In other words, the auditory icon sound gave 
a brake response in the range 300-600 ms faster 

compared to the concept sound and when no sound 
was presented. These results are visualized in 
Figures 10-11 below. 
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Figure 10.  Brake reaction times, no sound vs. 
FCW_aicon. Whiskers show standard deviation. 
Bold p-value indicates statistically significant 
difference. 
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Figure 11.  Brake reaction time, FCW_earcon 
vs. FCW_aicon. Whiskers show standard 
deviation. Bold p-value indicates statistically 
significant difference. 
 

RESULTS, PART 2 

Self reports (SAM) 

Ratings of activation for the LCS sounds were 
submitted to a 2 (mono / 3D) x 2 (scenarios 8 and 
10 / scenarios 12 and 13) ANOVA primarily to 
determine the influence of spatialization on self 
reported activation. To complete the factor analysis 
but also to reveal learning effects, scenario (8 and 
10: highway departure & bicycle in roundabout, 12 
and 13: lane change) was included as a factor. For 
simplicity of reading, the activation ratings were 
inverted from the original ratings so that high 
ratings indicate high activation.
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Figure 12.  SAM ratings from the second part of the experiment plotted in the activation/valence plane. 
 
Bonferroni’s method was used to adjust for 
multiple comparisons. As expected, it was found 
that participants rated 3D sounds as being more 
activating than the mono sounds (M= 5.339 vs. M= 
4.790, p<.01). The mean rated activation was also 
higher in the first two scenarios (8 and 10) 
compared to the second two (12 and 13) (5.435 vs. 
4.694, p<.05), indicating that participants felt that 
the latter two situations were less serious or that 
they were more relaxed (or bored) towards the end 
of the test.  
Furthermore, ratings of activation for the LWD 
sounds were submitted to an ANOVA to determine 
the influence of sound design (earcon1 / earcon2) 
on self reported activation. As before, the 
activation ratings were inverted from the original 
ratings so that high ratings indicate high activation. 
Bonferroni’s method was used to adjust for 
multiple comparisons. It was found that the mean 
rating of the LDW_earcon1 sound was slightly 
higher than the LDW_earcon2 (M= 6.148 vs. M= 
5.593; however, this effect was not significant (p= 
.134). 
As with the activation ratings, ratings of valence 
for the LCS sounds were submitted to a 2 (mono / 
3D) x 2 (scenarios 8 and 10 / scenarios 12 and 13) 
ANOVA primarily to determine the influence of 
spatialization on self reported valence. Bonferroni’s 
method was used to adjust for multiple 
comparisons. It was found that participants rated 
3D sounds as being more negative than the mono 
sounds (M= 5.113 vs. M= 4.500, p<.01). The mean 
rated valence was also slightly higher (i.e. more 
negative sensations) in the first two scenarios (8 
and 10) compared to the second two (12 and 13) 

(4.984 vs. 4.629); however, this effect did not reach 
significance (p= 0.150).  
Moreover, ratings of valence for the LWD sounds 
were submitted to an ANOVA to determine the 
influence of sound design (earcon1 / earcon2) on 
self reported valence. Bonferroni’s method was 
used to adjust for multiple comparisons. It was 
found that the mean rating of the earcon2 LDW 
sound was slightly higher than the earcon1 sound 
(M= 5.370 vs. M= 5.037; however, this effect was 
not significant (p= .320).  
The results from the analysis of the SAM ratings 
from the second part of the experiments are 
summarized in Figure 12. 

Physiological responses 

GSR data was preprocessed in the same fashion as 
in part 1 and the resulting GSR scores were then 
first submitted to a 2 (mono / 3D) x 2 (scenarios 8 
and 10 / scenarios 12 and 13) ANOVA primarily to 
determine the influence of spatialization on 
physiological activation. To complete the factor 
analysis but also to reveal learning effects, scenario 
(8 and 10: highway departure/bicycle in 
roundabout, 12 and 13: lane change) was included 
as a factor. As with the self-reports, the last two 
scenarios were in mean less activating than the first 
scenarios (M= 1.747 vs. M= 0.403), however this 
difference was not significant (p= 0.139). 
Similarly, the 3D sounds were in mean more 
activating than the mono sounds (M= 2.845 vs. 
M=-.695, shown in Figure 13), but again this 
difference was not statistically significant (p= 
0.378). Scores resulting from the LDW sounds 
were then submitted to a 1x2 ANOVA to reveal 
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differences between sound designs (earcon1 and 
earcon2). It was found that the earcon1 sound was 
significantly more activating than the earcon2 
sound (M= 3.628 vs. 0.038, p< .05), see Figure 14. 
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Figure 13.  Means of GSR scores, mono vs. 3D 
sound. P-value in italics indicates non-significant 
difference. 
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Figure 14.  Means of GSR scores, LDW_earcon1 
vs. LDW_earcon2. Bold p-value indicates 
statistically significant difference. 
 
Data from facial EMG (Corrugator / Zygomaticus) 
were first preprocessed in a similar manner as in 
part 1. The Corrugator / Zygomaticus scores were 
the submitted to a 2 (mono / 3D) x 2 (scenarios 8 
and 10 / scenarios 12 and 13) ANOVA to 
determine the influence of spatialization on 
physiological activation. As before, scenario (8 and 
10: highway departure / bicycle in roundabout, 12 
and 13: lane change) was included as a factor. No 
significant differences between these factors were 
found. Corrugator and Zygomaticus scores 
resulting from the LDW sounds were then 
submitted to separate 1x2 ANOVAs to reveal 
differences between sound designs (existing and 
concept). No significant effects were found in this 
case either. 

Behavioral responses 

Brake reaction times (BRT) were extracted for the 
LCS scenarios only (as BRT was considered to be 
an inappropriate measure for the LDW scenarios) 
from simulator log files in a similar manner as in 

the first part. Due to a technical error, only 
responses from Scenarios 8 and 12 could be 
analyzed. BRTs over 4s were excluded from the 
dataset. These BRTs were then analyzed in a 
between-groups fashion using t-test for each 
scenario. No statistically significant differences 
were found. The BRTs are shown in Table 1 below. 
As can be seen, the number of valid sample points 
is low for all scenarios/conditions, about 50% for 
Scenario 8 and about 25-30% for Scenario 12, 
which simply means that the participants’ response 
was not always to depress the brake when hearing 
the sound. In other words, BRT may not be the 
most suitable measure of behavioral response in 
this case.  
 

Table 1.  
BRTs for the LCS scenarios 8 and 12 

 
 Group N Mean Std. Dev. 
Scenario 8   3D 8 1.039888 0.676731 
 mono 8 1.797263 1.125288 
Scenario 12   3D 4 1.9008 1.366652 
 mono 5 0.85034 0.455207 
 

DISCUSSION 

In part 1, it was found that FCW sounds were more 
activating than ACC sounds, which supports the 
overall sound design goal for these two types of 
sounds. Auditory icons in general were not more 
activating than the earcons, but specifically for the 
FCW sounds is seems that the auditory icon was 
more efficient in activating the driver. There were 
no significant differences in valence for the part 1 
sounds, although a trend indicating that the 
auditory icon FCW was more negative than the 
earcon FCW sound could be seen. The findings 
from the SAM measurements were not reflected in 
the physiological measurements. It is likely that it 
is the situation/scenario itself, and not the sound, 
which causes the dominant stress reaction and any 
physiological response differences due to 
difference in sounds are overridden. This is 
supported by the fact that the only close-to-
significant case in the GSR recordings was between 
the Caution sound (where nothing actually 
happened) and FCW_earcon (a collision scenario). 
The same effect was found also in the Zygomaticus 
scores between Caution and FCW_aicon (the effect 
was statistically significant in that case). To 
investigate this matter, more controlled studies with 
repetitions of each sound and/or a between-groups 
design with more participants would be required. 
The current GSR scores were actually analyzed 
also in a between-groups fashion for each scenario, 
but probably due to the low number of participants, 
this analysis did not show any statistically 
significant results. Brake reaction times however 

p= .378 

p< .05 

LDW_earcon1 LDW_earcon2 
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confirmed the SAM ratings and hypotheses in 
terms of auditory icons being more urgent than 
earcons (i.e. more activating and more negative). 
Both compared to no sound at all and compared to 
the FCW_earcon sound, the FCW_aicon sound 
resulted in a much quicker brake reaction; mean 
reaction times were in the range 300ms – 600ms 
shorter for the auditory icon sound.  
In part 2, strong evidence for 3D sounds being 
more urgent (i.e. more activating and more 
negative) was found in the SAM ratings. It should 
be again noted that the ”3D sounds” and the ”mono 
sounds” were exactly the same car horn sounds, but 
played through either the mono loudspeaker in 
front of the participant or through one of the rear 
loudspeakers. Interestingly, during the debriefing 
sessions with the participants, not many reported 
having heard any difference between the 
conditions; still, the ratings indicate a difference in 
emotional response and urgency. An explanation to 
the effect is that participants to greater extent 
associated the 3D sound with something outside the 
car – an approaching and potentially dangerous 
situation – while the mono sound was associated 
with their own car horn i.e. something less urgent.  
An effect of scenario could also be seen indicating 
that the latter scenarios were either less activating 
and less negative or that participants simply 
became less alert / more relaxed as the test 
progressed. The GSR scores partly confirmed the 
SAM ratings, although no significant effects were 
found, but as in part 1 it is likely that one has to 
employ a different design to reveal any 
physiological response differences between the 
types of spatialization. The behavioral measure, 
brake reaction time, seemed to be inappropriate for 
the scenarios used in part 2; few instances were 
participants actually pressed the brake in response 
to the sound occurred and no statistically 
significant differences could be found in the data 
which did pass the pre processing stage. It is likely 
that other behavioral measures such as gaze would 
be more suitable for these scenarios or in general 
when spatial properties of sound are to be 
investigated. Concerning the LDW sounds, no 
strong results were found in SAM ratings, although 
a trend was found indicating that LDW_earcon1 
sound is more activating than the LDW_earcon2 
sound. This finding was supported by GSR scores, 
where a significantly lower score was found for the 
LDW_earcon2 sound. One should however treat 
this result with some caution since large wheel 
deflections, which may have influenced the GSR 
score, often were the response to the sound in these 
scenarios. 
In sum, strong support was found for the 
hypothesis that auditory icons are more efficient 
than conventional earcons in urgent situations. It 
was shown that both emotional response and brake 
reaction time could be significantly improved by 

using an auditory icon sound. Moreover, spatialized 
sounds were found to be more activating and more 
negative, i.e. more urgent, in a lateral warning 
situation (e.g. lane change). These findings should 
be considered in future DVI development, but it is 
recommended that more controlled studies are 
carried out to establish the optimal parameters of  
these sound design dimensions. 
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ABSTRACT 
 
To assess a vehicle’s frontal impact crashworthiness an 
integrated set of test procedures is required that assesses 
both the car’s self and partner (compatibility) 
protection. It has been recommended by the 
International Harmonisation of Research Activities 
(IHRA) frontal impact group that the set of test 
procedures should contain both full overlap and offset 
tests. Currently, in Europe only an offset test is used in 
regulation and consumer testing. In 2007, the European 
Enhanced Vehicle-safety Committee (EEVC) made a 
number of proposals for a set of test procedures, all of 
which contain full width and offset tests.  
 
This paper presents the work performed by the 
European Commission 6th framework APROSYS 
project to develop a full width test procedure for 
Europe. It also describes an initial cost benefit analysis 
for its introduction into the European regulatory regime.  
 
Accident analysis was performed using the UK CCIS 
and German GIDAS databases to help determine the 
test speed, what size dummies should be used and the 
relevance of including rear seated dummies in the test. 
A matrix of 12 full scale car crash tests was performed 
to determine the effect of including a deformable face, 
the effect of including rear seated occupants and to 
assess the test’s repeatability and reproducibility. As all 
the tests were instrumented with a high resolution Load 
Cell Wall, the repeatability and reproducibility of 
proposed metrics to assess a car’s compatibility were 
also assessed. 
 
INTRODUCTION 
 
In Europe, around 10,000 car occupants are killed in 
frontal impact crashes annually.  To assess a vehicle’s 
frontal impact crashworthiness, including its 
compatibility, an integrated set of test procedures is 
required that assesses both the car’s self and partner 
(compatibility) protection. To minimise the burden of 
change to industry the set of procedures should contain 
a minimum number of procedures that are based on 
current procedures as much as possible. Also, the 
procedures should be internationally harmonised to 
reduce the burden further. The set of test procedures 

should contain both a full overlap test and an offset 
(partial overlap) test as recommended by the IHRA [1]. 
A full width test is required to provide a high 
deceleration pulse to control the occupant’s 
deceleration and check that the vehicle’s restraint 
system provides sufficient protection at high 
deceleration levels. An offset test is required to load 
one side of the vehicle to check compartment integrity, 
i.e. that the vehicle can absorb the impact energy in one 
side without significant compartment intrusion. The 
offset test also provides a softer deceleration pulse than 
the full width test, which checks that the restraint 
system provides good protection for a range of pulses 
and is not over-optimised to one pulse.  
 
The European Enhanced Vehicle-safety Committee 
(EEVC) WG15 has helped co-ordinate work in Europe 
to understand and develop a set of test procedures to 
improve a vehicle’s frontal impact crash performance.  
It has found that the main factors influencing a 
vehicle’s compatibility are its structural interaction 
potential, its frontal force levels and its compartment 
integrity [2]. In 2007, EEVC WG15 made a number of 
proposals for potential sets of test procedures, all of 
which contain both full width and offset tests [3]. These 
were:  

Set 1 

• Full Width Deformable Barrier (FWDB) test to 
assess a vehicle’s structural interaction potential and 
provide a high deceleration pulse to test the restraint 
system. 

• Offset Deformable Barrier (ODB) test with EEVC 
barrier to assess a vehicle’s compartment integrity 
and frontal force levels and also provide a softer 
deceleration pulse to test the restraint system. 

Set 2 

• Full Width Rigid Barrier (FWRB) test to provide a 
high deceleration pulse to test the restraint system. 

• Progressive Deformable Barrier (PDB) test to assess 
a vehicle’s structural interaction, frontal force levels 
and compartment integrity and also provide a softer 
deceleration pulse to test the restraint system. 

Set 3  
• Combination of FWDB and PDB 
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It should be noted that WG15 have formally 
investigated Sets 1 and 2, but have not explicitly 
investigated Set 3 to date.  
 
Currently, in Europe only an offset test is used in 
regulation and consumer testing. This paper reports the 
work performed by the European Commission 6th 
framework APROSYS project to develop a full width 
test procedure for Europe. It also describes an initial 
cost benefit analysis for its introduction into the 
European regulatory regime.   
 
The aim was that this test would be suitable for 
regulatory implementation in the short term and also 
have potential for further development to include 
measures to assess and control compatibility in the 
longer term. 
 
APPROACH 
 
The approach taken to develop the test procedure was 
to use review of similar procedures, accident analysis, 
sled and full scale testing to answer the questions to 
specify the procedure. The main questions and the work 
performed to answer them were: 
• Test speed? 

An initial proposal for a test speed of 56 km/h was 
made on the basis that this was the speed used in 
similar tests. The Full Width Deformable Barrier 
(FWDB) test has a speed of 56 km/h. Also, a speed 
of 56 km/h is currently being phased in for the US 
FMVSS208 rigid barrier test. Accident analysis was 
performed to check the appropriateness of this 
proposal.  
 

• Dummy specification? 
The questions to be answered to specify the 
dummies included: what size dummy (e.g. 5th 
percentile, 50th percentile) should be used in what 
seating positions; what injuries should the dummies 
be capable of assessing; should Hybrid III or 
THOR-NT dummies be used?   
Accident analysis was performed to provide 
information on the characteristics of the occupants 
injured and their injuries to help specify the dummy 
sizes and the type of injuries that should be 
assessed. Sled testing was also conducted to assess 
the repeatability and robustness of the THOR-NT 
dummy and compare its performance with the 
Hybrid III for a variety of restraint system types to 
help assess its suitability for its possible inclusion in 
the test. 
 

• Assessment of rear seated position?  
At present it is usually assumed that the cost of 
providing improved protection for the rear seated 

occupant is likely to be greater than the value of the 
benefit because of the low occupancy rate. Despite 
this, assessment of the rear seated position may be 
required in the future because government policies 
may demand equivalent levels of protection for 
front and rear seated occupants and/or encourage car 
sharing which would increase the occupancy rate. 
To answer questions arising from this debate, 
accident analysis was performed to quantify the size 
of the rear seated injury problem and crash test work 
was carried out to investigate the feasibility of 
assessing the rear seated position.  
 

• Deformable barrier face? 
EEVC WG15 has proposed three potential options 
for a set of test procedures to assess a vehicle’s 
frontal impact crashworthiness. Set 1 and Set 3 
contain a full width test with a ‘deformable face’ 
and Load Cell Wall (LCW) to take measures to help 
assess a vehicle’s compatibility, whereas Set 2 does 
not. Because compatibility research was not 
advanced far enough to recommend a specific 
option and hence whether or not the test should have 
a deformable face, it was decided to use crash 
testing to evaluate the effect of including it to help 
inform future decisions. 
 

• Repeatability and reproducibility? 
Full scale crash testing was performed to assess the 
repeatability and reproducibility of the test and to 
check for any practical or robustness problems. As 
all the tests were instrumented with a high 
resolution Load Cell Wall, the repeatability and 
reproducibility of proposed metrics to assess a car’s 
compatibility were also investigated. 

 
ACCIDENT ANALYSIS 
 
Analysis of the UK CCIS (Co-operative Crash Injury 
Study) and German GIDAS (German In-Depth 
Accident Study) accident databases was performed to 
help answer questions to enable the specification of the 
draft test procedure [4]. The main criteria used to select 
cases for the analyses were: vehicles involved in frontal 
impact with no rollover and occupants belted. 
Additional criteria were used to select newer vehicles 
that were Regulation 95 compliant for the majority of 
the analyses, such as test speed, where including older 
vehicles was likely to have a significant influence on 
the results. The criteria used were: for analyses with the 
CCIS database, vehicles with build year 2000 onwards; 
for GIDAS, build year 1997 onwards. It was necessary 
to include a greater proportion of older vehicles in data 
set for the GIDAS analyses to ensure the sample size 
was large enough to give statistically meaningful 
results.  
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Test Configuration 
 
The CCIS and GIDAS analyses both showed that 
distributed damage is the most frequent type of damage 
for all injury severities [Figure 1].  
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Figure 1.  Location of damage by occupant injury 
severity for belted drivers (CCIS data). 

The GIDAS analysis also showed that distributed 
damage has the highest MAIS 2+ injury risk [Figure 2]. 
This indicates the need for a full width test in Europe. 
The injury risk was not calculated for the CCIS analysis 
because it cannot be easily done because the CCIS data 
sample is biased. 
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Figure 2.  Risk of injury by location of damage for 
belted drivers. 

The CCIS analysis showed that the principle direction 
of force for the majority of accidents was 0±15° for all 
injury severities and seating positions. The GIDAS 
analysis showed similar results. This indicates that a ‘0° 
head on’ test configuration is the most representative. 
 
Test Speed 
 

The CCIS and GIDAS analyses showed that a test 
speed of 56 km/h would cover over 80% of MAIS 3+ 
injuries for belted casualties in frontal impacts with no 
rollover [Figure 3].  
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Figure 3.  Cumulative frequency plot of distribution 
of injury against delta V (CCIS data). 

 
Injury type 
 
The CCIS analysis showed that the body regions most 
frequently injured at the AIS 2 level were the thorax, 
clavicle and legs for the driver and thorax and clavicle 
for the front seat passenger. Also, a high number of 
abdominal (internal organ and lumbar spine) injuries 
were seen for the front seat passenger. The nature of 
these injuries requires further investigation to 
understand why the driver does not also experience this. 
For the AIS 3+ level the regions were the thorax and 
legs (femur) for the driver and thorax for the front seat 
passenger [Figure 4].  
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Figure 4.  Body region injured for occupants with 
MAIS 2+ injuries (CCIS data). Note: clavicle 
injuries are included in arm classification. 

The GIDAS analysis showed that the body regions most 
frequently injured at the MAIS 2+ level were the head 
and thorax. Further work is required to determine the 
reason why the GIDAS analysis showed a significantly 
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higher frequency of head injury than the CCIS analysis. 
However, it should be noted that the GIDAS data 
sample contained older vehicles than the CCIS sample 
(CCIS vehicles build year 2000 onwards, GIDAS 1998 
onwards), which may have caused some of this 
difference. 
 
Occupant characteristics 
 
The GIDAS analysis showed that the driver was usually 
male (65-77% dependent on injury severity), the front 
seat passenger usually female (59-69% dependent on 
injury severity) and the rear seat passenger usually 
female [Figure 5]. The CCIS analysis gave similar 
results. 
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Figure 5.  Gender ratio for belted occupants in 
frontal impacts (GIDAS data). 

Further analysis of the GIDAS data showed that the 50th 
percentile driver was 34 years old, 175 cm tall and 
weighed 74 kg. The 50th percentile passenger was 30 
years old, 169 cm tall and weighed 67 kg. From a 
choice of the 5th (150 cm, 49 kg) and 50th (175 cm, 78 
kg) percentile dummies, the 50th percentile most closely 
matches these characteristics, indicating that this 
dummy is the more representative.  
 
For rear seated occupants, the results were similar to 
those for the front seat passenger indicating that the 50th 
percentile dummy is the more representative for this 
position also. It should be noted that children under 12 
were excluded from this analysis as it was assumed that 
they would use a Child Restraint System (CRS). There 
is a legal requirement in Europe that children under the 
age of twelve and less than 150 cm tall (135 cm for 
UK) have to use a CRS. 
 
Rear seated position 
 
Both the CCIS and GIDAS analyses showed that the 
proportion of occupants wearing a seatbelt was much 

lower for rear seated occupants compared to front 
seated ones [Figure 6]. This clearly indicates that there 
is a problem with the seat belt wearing rate in the rear.  
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Figure 6.  Seat belt usage by injury severity showing 
relatively low belt usage rate for rear seated 
occupants. 

Further analysis of the GIDAS data showed that the 
rear seat occupancy rate in collisions was low, about 
10% of all occupants involved in collisions are seated 
in the rear. Also, the analysis showed that if the seatbelt 
was worn, rear seated occupants have a lower risk of 
injury than front seated ones.  
 
It was not possible to draw definite conclusions on the 
type of injury sustained by belted rear seat occupants 
because of small data sample size. However, the CCIS 
analysis showed that the body regions injured at the 
AIS 3+ level for the seven casualties with MAIS 3+ 
injuries were the thorax, abdomen and legs.  
 
SLED TESTING 
 
A series of sled tests was performed to compare the 
performance of the THOR-NT dummy to the HYBRID 
III from the point of view of its robustness, its 
repeatability and its response to different restraint 
systems [5]. Because of robustness problems with the 
THOR-NT dummy, most of which were subsequently 
solved, test data had to be discarded which resulted in a 
limited data set for comparison. In terms of injury risk 
prediction, the limited data showed no significant 
differences between the dummies. However, in terms of 
dummy kinematics, slight differences between the 
dummies were seen.  On the basis that specific injury 
criteria were not available for the THOR-NT dummy 
and the problems that occurred with THOR-NT in this 
work, it was decided that the THOR-NT dummy was 
not well enough developed to include in a test 
procedure intended for implementation in the short 
term. Hence it was decided that development of the 
procedure should continue with the Hybrid III dummy 



Edwards 5 

with an option to upgrade to the THOR-NT dummy in 
the future.  
 
FULL SCALE CRASH TESTING 
 
Twelve full scale crash tests as shown in Table 1 
were performed to investigate the following issues 
[6]:  
• Effect of deformable face compared to rigid wall 
• Effect of the introduction of rear seated 

dummies 
• Repeatability and reproducibility  
• Practicality and robustness  

Table 1.  Full scale crash test matrix. 

Reproducibility

Repeatability

Rear occupantsRear occupants

BaselineBaselineSmall Family 1

Rear occupants

BaselineBaselineSupermini 2

Reproducibility

BaselineBaselineSupermini 1

Test ObjectiveTest Objective

Deformable FaceRigid Wall

Test ConfigurationVehicle

Reproducibility

Repeatability

Rear occupantsRear occupants

BaselineBaselineSmall Family 1

Rear occupants

BaselineBaselineSupermini 2

Reproducibility

BaselineBaselineSupermini 1

Test ObjectiveTest Objective

Deformable FaceRigid Wall

Test ConfigurationVehicle

 
 
Effect of deformable face 
 
The purpose of the deformable face is to make the test 
more representative of a vehicle to vehicle impact and 
to enable measures to be taken on a high resolution 
load cell wall (LCW) to assess a vehicle’s 
compatibility, i.e. its partner protection [7]. The 
deformable face was designed to achieve this by 
ensuring that a vehicle’s crossbeam structures are 
loaded in the test as they would be in a vehicle to 
vehicle impact and that the unrealistic high engine 
deceleration loads seen in a test with a rigid wall are 
attenuated, so that the structural loads can be assessed 
more easily.  
 
Hence as expected, vehicle deformation was different 
in the tests with and without the deformable face, 
especially for the front of the lower rails and bumper 
crossbeam.  
 
The vehicle’s compartment deceleration at the start of 
the impact was slightly lower in the tests with the 
deformable face compared with those with the rigid 
wall [Figure 7]. This resulted in a later airbag firing 
time for the tests with Supermini 2 [Table 2], but made 
little difference for the other cars tested. This shows 
that a deformable face may be useful in a full width 

test to ensure a more realistic assessment of a vehicle’s 
crash sensing capability. 
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Figure 7.  Compartment deceleration for test with 
'Supermini 2'. 

Table 2.  Airbag firing time for test with 'Supermini 
2'. 

 Driver Passenger 
Rigid wall 12 ms 12 ms 
Deformable face 33 ms 33 ms 

 
The dummy injury criteria values were generally 
similar between the test with the deformable face and 
the rigid wall test, indicating that the deformable 
element had little effect on the overall severity of the 
test [Figure 8]. The exception was for Supermini 2, 
where the later airbag firing time resulted in 
substantially higher dummy injury values for the head. 
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Figure 8.  Driver dummy injury criteria values for 
tests with 'Small family 1'. 

The Load Cell Wall (LCW) results also showed 
significant differences with the deformable face 
attenuating the engine inertial ‘dump’ loading seen in 
the rigid wall test, as expected [Figure 9 ]. 
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Figure 9.  LCW force distribution for tests with 
'Small family 1' for rigid wall (top) and deformable 
face (bottom) tests showing attenuation of engine 
dump loading for ‘Small family 1’ tests. 

Effect of rear seated dummies 
 
The performance of the front seated dummies did not 
vary significantly in the tests with and without the rear 
seated dummies [Figure 10]. Any differences seen 
could be explained by factors within the range of test 
repeatability, e.g. the difference between the knee slider 
values in the ‘Small family 1’ test was probably caused 
by the difference in knee interaction with the steering 
wheel column trim cover.   
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Figure 10.  Driver dummy injury criteria values for 
tests with and without rear seated dummies for test 
with ‘Small family 1’. 

There were significant differences for the performance 
of the rear seated dummies compared to the front seated 
dummies [Figure 11].  
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Figure 11.  Comparison of front and rear seated 
dummy performance for driver side dummies for 
test with 'Small family 1’. 

The main differences were the higher head, neck and 
tibia injury criteria values for the rear seated dummies, 
which were often substantially higher than the UNECE 
Regulation 94 performance limits. The higher head and 
neck values were probably caused by the lack of airbag 
support for the rear dummies as there was no evidence 
of interaction of the dummies’ heads with the rear of 
the front seat in any of the tests. The higher tibia values 
were caused by the interaction of the dummies’ lower 
legs with the rear of the front seat pan.  
 
However, remarkably, even though the shoulder belt 
loads were substantially higher for the rear seated 
dummy [Figure 12] the thorax compression values were 
similar. This is an unexpected result as chest injury is 
known to be related to seat belt load [8, 9].  

 

Figure 12.  Shoulder belt loads in test with rear 
seated dummies for test with ‘Small family 1’. Loads 
are substantially higher for rear seated dummies as 
rear belts do not have load limiters. 

Possible contributory factors to this observation 
include: 
• Submarining of the rear seated dummy leading to 

reduced upper body loading.  Note that although 
there was strong evidence of submarining for the 
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test with the ‘Small family 1’ [Figure 13], there 
was no definite post test evidence of submarining 
for the test with the ‘Supermini 2’ However, there 
were no onboard cameras to monitor dummy 
motion or iliac load cells to monitor belt loading to 
the pelvis.   
 

 
 
 

 
 

Rear occupant right before test Rear occupant right after test 

  

Figure 13.  Comparison of belt positioning pre and 
post 'Small family 1' test for right seated dummy 
showing evidence of submarining, i.e. lap belt has 
ridden up off pelvis into abdomen area. 

• Difference in routing of the belt for the front and 
rear seated dummies. 

• Capability of Hybrid III dummy to assess thorax 
injury using the thorax deflection measure. Kent 
has shown that the relationship between Hybrid III 
thorax deflection and injury risk is substantially 
different for belt only, bag only and combined 
restraint conditions, whereas the injurious level of 
cadaver chest deflection is not highly sensitive to 
the load distribution on the chest (i.e. the type of 
restraint system) [10].  

 
Repeatability and reproducibility 
 
The repeatability and reproducibility of the test with the 
deformable face was assessed as the repeatability of the 
test with the rigid face is already well known. 
Repeatability is defined as the difference between 
identical tests performed at the same laboratory and 
reproducibility the difference between tests performed 
at difference laboratories.  
 
Considering self protection measures, such as dummy 
injury criteria, it was found that the repeatability and 
reproducibility were at least as good as for the current 
UNECE Regulation 94 frontal impact test procedure 
[Figure 14].  
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Figure 14.  Driver dummy performance for tests 
with 'Small family 1'. 

Considering compatibility (partner protection) 
measures, such as Load Cell Wall (LCW) force it was 
found that the global load cell wall force was repeatable 
and reproducible [Figure 15].   
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Figure 15.  Load Cell Wall (LCW) total force for 
tests with 'Small family 1'. 

For tests with ‘Supermini 1’ the LCW force distribution 
was repeatable. However, for the tests with ‘Small 
family 1’ the force distribution was not repeatable 
because of different collapse modes of the left main 
longitudinal rail [Figure 16].  
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Figure 16.  Difference in LCW force distribution in 
tests with 'Small family 1' caused by different 
collapse mode of left main longitudinal rail (Note: 
grid cross points represent centre of load cells). 

Recently, the Structural Interaction (SI) metric has been 
proposed for the assessment of a vehicle’s 
compatibility, in particular its structural interaction 
potential [11]. The SI metric consists of two 
components a vertical one (VSI) and a horizontal one 
(HSI). The repeatability of this metric was assessed for 
the tests with ‘Supermini 1’, in which the LCW force 
distribution was repeatable [Figure 17]. It was found 
that although the vertical component of the Structural 
Interaction (VSI) metric was repeatable, the horizontal 
component (HSI) was not [Table 3]. Note: Borderline 
value to distinguish between good and poor performing 
bumper crossbeams is somewhere between 2 and 4. 

Table 3.  Structural Interaction (SI) metric values 
for tests with 'Supermini 1'.  

 VSI HSI 
Test 1 0.0 4.93 
Test 2 0.0 3.26 
 
Further investigation revealed that this was because of 
the high sensitivity of HSI to small variations (< 5 kN) 
in individual cell loads. Further development of the SI 
metric will be necessary to resolve this problem 
because good repeatability and reproducibility is 
required for regulatory application. 
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Figure 17.  Load Cell Wall (LCW) force distribution for tests with 'Supermini 1'.  
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Practicality and robustness 
 
No major practical or robustness problems were 
encountered in the test programme. However, from the 
experience gained positioning rear seated dummies in 
5-door cars used in the test programme, it was thought 
that for 3-door cars there may be dummy access 
problems for taking measurements such as pelvic angle.  
 
COST BENEFIT ANALYSIS 
 
An initial cost benefit analysis was performed for the 
introduction of a full width test into the European 
regulatory regime [12].  
 
Benefit analysis 
 
The benefit for Europe was estimated by scaling the 
results from a study which estimated the benefit for GB 
[13]. Another study, based on German accident data, 
was also considered for use in this work. However, it 
was not used because a review of the analysis found 
that it did not take into account a key confounding 
factor which, most likely, significantly influenced the 
results [12].  
 
It is known that a full width test produces a higher 
compartment deceleration in a car than the offset 
deformable barrier test, and so it is a more severe test 
for the restraint systems in the car. Following this 
argument, the GB benefit analysis was based on the 
assumption that the introduction of a full width test in 
Europe would encourage improved restraint systems, 
which would in turn reduce restraint-induced injury. It 
was assumed that the main body regions that would 
benefit from a reduction in restraint-induced injury 
would be those normally loaded by the webbing of a 
three-point seat belt, namely the thorax and abdomen. 
Restraint induced injuries were identified as those 
which occurred in impacts where the occupant was 
loaded by the restraint system only, i.e. those where 
there was little or no steering wheel or compartment 
intrusion.  
 
The analysis could not be performed using the GB 
national accident database (STATS19) alone, because it 
did not contain sufficient information about the 
casualties’ injuries. To resolve this problem, the 
detailed CCIS database, which contains information 
about the casualties’ injuries for each body region by 
AIS, was used to estimate a proportional benefit which 
was scaled to calculate the national benefit.  
 
The following steps were used to calculate the benefit: 

• Identify target population in CCIS accident 
database. 

• Calculate proportional benefit in terms of 
MAIS for casualties in target population. 

• Transform benefit in terms of MAIS to police 
severity scale (fatal, serious, slight, non-
injured). 

• Scale proportional benefit calculated in CCIS 
to estimate national benefit. 

 
The Target Population was identified as casualties 
who were belted and aged less than 65 years involved 
in frontal impacts with an impact severity less than the 
test severity (56 km/h) with little or no occupant 
compartment intrusion (< 5 cm).  
 
The Proportional Benefit was calculated by 
assessment of the injuries sustained by individual 
casualties in the target population and how they would 
be reduced if an improved restraint system was present. 
The casualties were assessed in terms of both their 
overall MAIS level and the AIS injury levels sustained 
by the thorax and abdomen. The MAIS for these 
casualties was recalculated assuming that thorax and 
abdomen injuries would be reduced by a maximum of 2 
AIS levels, with no injuries being reduced to a level 
lower than AIS 1 [Table 4].  

Table 4.  Change in MAIS levels for CCIS data set 
with restraint induced thorax and abdomen injuries 

reduced. 

MAIS Original 
data set  
(No. of 
occupants) 

Data set 
with 
injury 
reduction 
(No. of 
occupants) 

Change 
(No.) 

0 296 296 0 
1 1084 1174 +90 
2 280 219 -61 
3 135 115 -20 
4 37 29 -8 
5 35 34 -1 
6 2 2 0 
Total 1869 1869 0 
 
This assumption was based on previous work by 
Cuerden [14] in which expert judgement was used to 
derive subjective estimates of potential reductions in 
the severity of an AIS injury to given body regions for 
the fitment of improved restraint systems. Examples of 
how this calculation works are given below: 
 
If a casualty had an AIS 5 thorax or abdomen injury, it 
was reduced to AIS 3. However, if a casualty had an 
AIS 2 thorax or abdomen injury it was reduced to AIS 1 
and there was no reduction for AIS 1 injuries. If the 
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casualty had an AIS 5 thorax injury and also an AIS 5 
head injury even though the AIS 5 thorax injury was 
reduced to an AIS 3, there was no reduction for the 
head injury and thus the casualty’s MAIS remained at 
5.   
 
The distribution of these ‘new’ MAIS levels was 
compared with the original MAIS distribution to give 
an estimated benefit in terms of reduction in MAIS for 
the casualties in the CCIS target population [Table 4]. 
 
Transformation of the Benefit calculated above into 
the police severity scale (fatal, serious, slight and 
uninjured) was performed. This was achieved by 
calculating the percentage distribution of fatal, serious 
and slight injuries for each MAIS level in the original 
target population, and using these figures to transform 
the proportional benefit in terms of MAIS into a 
proportional benefit in terms of the police injury 
severity scale. 
 
The National Benefit was estimated by scaling the 
proportional benefit. This required the definition of 
equivalent data sets in the CCIS and national 
(STATS19) data samples to account for factors, such as 
seat belt use, which are not recorded in STATS19. The 
benefit for GB was estimated to be a reduction in 
annual car occupant fatalities of approximately 3 
percent (47 occupants) and serious casualties of 
approximately 6 percent (812 occupants) [Table 5]. 

Table 5.   Annual reduction in car occupant 
casualties for GB. 

 GB National Benefit 
Original 
number 

Reduction 
No 

Reduction 
% 

Fatalities 1695 47 3 
 

Serious 
Casualties 

14,512 812 6 

 
An additional interesting finding was that if the 
calculation was repeated using a target population that 
included elderly casualties, i.e. those over 65 years old, 
the benefit predicted increased substantially to a 5 
percent reduction in fatalities and a 7 percent reduction 
in seriously injured casualties. This indicates a large 
potential benefit for restraint systems that could provide 
better protection to elderly occupants. 
 
The Benefit for Europe (EU15, EU25, EU27) was 
estimated by simple scaling of the GB benefit. It should 
be noted that scaling of benefit in this manner will only 
give an order of magnitude estimate of the benefit for 
Europe. This is because the accident pattern varies 

considerably from country to country and hence this 
type of direct scaling can introduce large errors. 
 
The Monetary Value of this benefit was calculated 
using GB quoted values for each life saved 
(£1,489,450) and serious injury avoided (£167,360) 
[15]. An exchange rate of 1.2 € per £ was assumed. It 
should be noted that, in general, the GB values are 
higher than those used for other European countries as 
they include a ‘Willingness to Pay’ element. However, 
they were still used for this analysis because other 
published values were not readily obtainable. For the 
EU15 countries the monetary value of the benefit was 
about €2,000 million per year [Table 6]. 

Table 6.  Estimated benefit for Europe for 
introduction of full width test. 

 Casualties 
Prevented 

Financial 
Benefit 

(€Million) Fatal Serious 
EU15 430 6,017 €1,976 
EU25 574 8,038 €2,640 
EU27 625 8,756 €2,876 

 
Cost analysis 
 
The analysis was based on the cost to modify a typical 
European car to meet either UNECE Regulation 94 or 
US FMVSS208 performance limits in a full width test 
[Table 7]. The ‘Small family 1’ car tested by 
APROSYS was assumed to represent a typical 
European car. 

Table 7.  Summary of UNECE Regulation 94 and 
US FMVSS208 performance limits. 

Criteria Regulation 
94 Limits 

FMVSS208 
Limits 

HIC36 1000 1000 
HIC15  700 
Head Acceleration 
(3 ms exceedence) 

80g  

Neck Extension Moment 57 Nm  
Neck tension +Z   4.17 kN 
Neck compression –Z   4.00 kN 
Nij  1.0 
Chest Deflection 50 mm 63mm 
Viscous Criterion 1.00  
Chest acceleration  
(3 ms exceedence) 

 60g 

Femur Compression 9.7 kN 10.0 kN 
Knee Displacement 15 mm  
Tibia Compression 8 kN  
Tibia Index 1.3  
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The crash test results for ‘Small family 1’ were 
examined. It was seen that to consistently meet 
Regulation 94 performance limits the driver dummy 
head and knee injury criteria values would need to be 
reduced [Figure 18]. It should be noted that it was 
assumed that manufacturers would set a design target of 
around 80 to 85% of the performance limit to give a 
safety margin to allow for factors such as test 
repeatability.  
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Figure 18. Driver dummy injury criteria values 
shown as a percentage of the UNECE Regulation 94 
performance limits. 

From further examination of the results and expert 
judgement, modifications to the driver restraint system 
to improve the dummy performance and meet the 
Regulation 94 performance limits were identified. 
These modifications included the introduction of a 
degressive load limiter to improve the head 
performance and introduction of a double pretensioner 
to improve the knee performance. This process was 
repeated for the passenger dummy to identify necessary 
modifications to the passenger restraint system. 
Following this, the cost of these modifications was 
estimated to determine the total cost per car to meet 
Regulation 94 limits in a full width test. This whole 
process was repeated to determine the costs per car to 
meet FMVSS208 limits in a full width test.  
 
These costs were scaled to give an estimate of the total 
cost per year for the EU15 countries [Table 8]. This 
was achieved by multiplying the cost per car by the 
average number of new cars registered per year in the 
EU15 countries. ACEA data showed this to be 
14,221,978 for the years 1999 to 2004 inclusive.  
 
 

Table 8. Cost of restraint system modifications to 
meet US FMVSS208 or UNECE Regulation 94 
performance limits per car and for the EU15 
countries. 

Performance 
limit 

Cost per car 
(€) 

Total Cost for 
EU15 per year 

(€) 
FMVSS208 17 242 Million 
UNECE R94 32 455 Million 
 
Many cars sold in Europe are also sold in countries, 
such as the US, where a full width test is already part of 
the regulatory requirements. These cars are likely to 
perform better in a full width test than the typical 
European ‘Small family 1’ car on which the analysis 
was based and therefore require fewer modifications to 
meet the performance requirements. Hence the costs 
estimated are likely to be high.   
 
Cost benefit 
 

For EU15, a potential benefit of up to approximately 
€2,000 million per year was estimated for the introduction 
of a full width test. A cost of €242 million was estimated 
to meet FMVSS208 limits in the test and €455 million to 
meet Regulation 94 limits. Assuming that performance 
limits similar to the Regulation 94 ones are required to 
deliver the potential benefit, this results in a benefit to 
cost ratio of about 4:1. However, more stringent 
performance limits and other measures are likely to be 
needed to deliver all of the estimated benefit, which 
would require additional modifications to the car and 
inevitably increase the cost. These modifications may 
include adaptive restraint systems. Further work is 
required to determine appropriate performance limits 
and update the cost benefit analysis.  

 
DISCUSSION 
 
The decisions taken related to the main questions to 
help specify the full width test are discussed and 
summarised below.  
• Test speed – 56 km/h. 

A test speed of 56 km/h was chosen for the 
following two reasons. Firstly, the accident analysis 
showed that it covered a large proportion of 
casualties with life threatening and fatal injuries 
(over 80% of MAIS 3+ injuries) for belted 
occupants in frontal impacts with no rollover. 
Secondly, it is the same speed as the US 
FMVSS208 test. This should help to harmonise 
crash tests worldwide to reduce the testing burden 
on manufacturers.  
 

To be improved 
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• Dummy specification – 50th percentile Hybrid III 
driver and passenger (front seat and rear seat). 
The Hybrid III dummy was chosen on the basis that 
specific injury criteria were not available for the 
THOR-NT and the limited data from the sled testing 
performed showed no significant advantage to using 
the THOR-NT dummy compared to the Hybrid III. 
However, an upgrade to the THOR-NT dummy 
could be considered at a later date if significant 
advances are made in its development, in particular 
regarding assessment of restraint induced thorax 
injury.  
 
50th percentile male dummies were chosen for driver 
and passenger (front and rear seated) occupant 
positions on the basis of the results from the 
analysis with the German GIDAS database. 
However, it is advised that further analysis is 
performed using data from European countries 
besides Germany to verify this choice. For the 
driver, the analysis showed that the gender median 
height and weight all corresponded well to the 50th 
percentile male. For the front and rear seat 
passengers, the analysis showed that a slightly 
shorter, lighter female dummy would be a better 
match to the median occupant, but the 5th percentile 
female dummy was too short and light to represent a 
median occupant.   
 
The accident analysis also indicated that key body 
regions to protect were the head, thorax, femur and 
clavicle, with emphasis on the head and thorax to 
reduce fatalities.  
 

• Assessment of rear seated position – undecided. 
The crash testing work showed that the inclusion of 
rear seated dummies did not influence the 
assessment of the front seated position, indicating 
that testing this seat position is feasible. Comparison 
of the injury criteria values for the front and rear 
seated dummies showed that the main differences 
were higher head, neck and tibia values for the rear 
seated dummies. The tests with the ‘Small family 1’ 
car showed strong evidence of submarining. In 
addition, it was noticed that the thorax deflection 
values were similar for the front and rear seated 
dummies even though the belt loads were 
substantially higher for the rear seated dummies. 
Several possible contributory factors were identified 
to explain this observation, one of them being the 
different relationship between thorax deflection and 
injury risk for the Hybrid III dummy for belt only 
and combined airbag and belt restraint systems 
identified by Kent [10]. This factor has interesting 
consequences, namely if it was decided to test the 
rear seat position and to drive an equivalent level of 

safety protection for the thorax to that offered in the 
front, then different performance limits would be 
needed for the chest deflection for the rear dummies 
to account for the different injury risk functions for 
belt only and belt and airbag restraints.  
 
The main finding from the accident analysis was 
that the proportion of rear seated occupants wearing 
a seatbelt was much lower than for front seated 
occupants. This clearly indicates that there is a 
problem with the seat belt wearing rate in the rear. 
The accident analysis also found that the rear seat 
occupancy rate in collisions was low, about 10% of 
all occupants. The analysis with the GIDAS 
database showed that the risk of injury for belted 
occupants in the rear was lower than for the front. 
However, other recent studies have indicated that 
for the elderly the risk of injury is higher in the rear 
than the front [16].  
 
In summary, the crash tests performed showed no 
major technical obstacles to include rear seated 
dummies in the test.  However, the accident analysis 
work showed that the seat belt wearing rate in the 
rear was substantially lower than for the front and 
the rear seat occupancy rate is currently low. One 
way to help improve the seat belt wearing rate could 
be the fitment of seat belt reminder systems for rear 
occupants. These and other factors need to be 
considered further, in particular from a cost benefit 
point of view, before a decision can be made 
whether or not to assess the rear seated position.  

 
• Deformable barrier face – undecided. 

As mentioned previously, the main purpose of the 
deformable face is to help take measurements of a 
vehicle’s compatibility potential and to make the 
test more representative of a vehicle to vehicle 
impact, in particular at the beginning of the impact 
[4]. EEVC WG15 has proposed three potential 
options for a set of test procedures to assess a 
vehicle’s self and partner (compatibility) protection, 
two of which include a full width test with a 
deformable face. However, the research is not far 
enough advanced to decide which of these options 
should be taken forward and hence whether or not a 
deformable face is required to take compatibility 
measurements. If a full width test was to be 
introduced in the longer term it is expected that this 
research would be complete and hence the decision 
made. However, the aim of APROSYS was to 
develop a test that could be introduced in the short 
term and hence test work was performed to assess 
the effect of the deformable face on the assessment 
of a vehicle’s self protection capability.  
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For the three cars tested the dummy injury criteria 
values were generally similar between the tests with 
and without the deformable face indicating that the 
deformable element had little effect on the overall 
severity of the test. However, for one car the airbag 
fired later in the test with the deformable face which 
resulted in substantially higher dummy injury values 
for the head. This was most likely caused by the 
lower compartment deceleration at the beginning of 
the impact, which is more representative of a 
vehicle to vehicle impact. This shows that a 
deformable face may be useful in a full width test in 
the short term to ensure a more realistic assessment 
of a vehicle’s crash sensing capability. However, the 
author is not aware of studies showing that there is a 
problem with late airbag firing in these types of 
accidents in the real world. Moreover, it should be 
noted that current regulatory full width tests, such as 
FMVSS208, do not have a deformable face, so for 
harmonisation purposes it would be best not to 
include one in a test for Europe. To make a decision 
these advantages and disadvantages will have to be 
weighed up, most likely by governmental and/or 
regulatory bodies.  

 
• Repeatability and reproducibility 

Full scale crash testing was performed to assess the 
repeatability / reproducibility of the test. As all the 
tests were instrumented with a high resolution Load 
Cell Wall, the repeatability and reproducibility of 
proposed metrics to assess a car’s compatibility 
were also investigated.  
 
For self protection measures, such as dummy injury 
criteria, it was found that the repeatability and 
reproducibility were at least as good as for the 
current UNECE Regulation 94 test procedure.  
 
For partner protection measures, it was found that 
although the global Load Cell Wall (LCW) force 
was repeatable for all tests, the LCW horizontal 
force distribution was not because of different 
failure modes of the vehicle’s main rail. For the 
Structural Interaction (SI) metric it was found that 
although the vertical component was repeatable, the 
horizontal one was not even when the LCW 
horizontal force distribution was repeatable. This 
indicates that although assessment of a vehicle’s 
partner protection using LCW measurements and 
associated metrics shows promise, further 
development is required to improve repeatability to 
ensure suitability for regulatory application.  

 
 
 
 

CONCLUSIONS 
 
The APROSYS project has developed a full width test 
procedure suitable for regulatory application in Europe 
in the short term to assess a vehicle’s self protection 
capability. An initial cost benefit analysis has also been 
performed.  
 
However, some issues remain to be resolved to 
complete the specification of the procedure. These 
include: 
• Definition of performance criteria and limits.  

The cost benefit analysis indicated a benefit to cost 
ratio of 4:1 assuming that performance limits 
similar to the Regulation 94 ones are required to 
deliver the estimated benefit.  However, more 
stringent performance limits and other measures 
are likely to be needed to deliver all of the 
estimated benefit. These may include adaptive 
restraint systems and an improved dummy for the 
assessment of thorax protection. Further work is 
required to determine appropriate performance 
limits and update the cost benefit analysis.  

• Deformable face 
The crash tests results showed that a deformable 
face could be useful to help ensure a more realistic 
assessment of a vehicle’s crash sensing capability. 
However, a deformable face is not currently 
included in any worldwide regulatory or consumer 
testing and hence would be disadvantageous from 
the point of view of harmonisation. To decide 
whether or not to include a deformable face these  
advantages and disadvantages need to be weighed 
up, most likely by governmental and/or regulatory 
bodies. 

• Rear seat position 
The crash tests performed showed no major 
technical obstacles to include rear seated dummies 
in the test.  However, the accident analysis work 
showed that the seat belt wearing rate in the rear 
was substantially lower than for the front and the 
rear seat occupancy rate is currently low. These 
and other factors need to be considered further, in 
particular from a cost benefit point of view, to 
make a decision of whether or not the rear seat 
position should be tested. 
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ABSTRACT 

The introduction of various vehicle safety standards 
and new car assessment programs in addition to 
automobile manufacturers’ efforts to improve vehicle 
safety performance have led to significant 
improvements in vehicle safety performance over the 
past several years. Improving frontal impact 
compatibility is recognized as one approach to further 
enhancing vehicle safety performance. Various 
methods of improving frontal impact compatibility 
have been proposed and discussed.  
 
In 1996, European Enhanced Vehicle-safety 
Committee Working Group 15 on Vehicle 
Compatibility was established to explore methods for 
assessing vehicle compatibility and to develop 
procedures for testing it. In their 2007 Final Report, 
EEVC WG15 proposed a Progressive Deformable 
Barrier (PDB) test as one candidate for testing vehicle 
compatibility. The PDB test was developed with the 
aim of assessing and improving partner protection 
while taking self protection into account as well.  
 
This paper focuses on the PDB test. To assess its 
performance, several different category vehicles (small 
car, large car, midsize SUV, large SUV) were selected 
for study and PDB test results for them were compared 
with those obtained with the current ECE R94 offset 
deformable barrier (ODB) test and the vehicle-to-
vehicle impact test. This study was simply an attempt 
to make an evaluation of the PDB test in comparison 
with other test procedures. 
 
INTRODUCTION 

Improving vehicle crash compatibility by reconciling 
self protection with partner protection has attracted 
greater attention in recent years as still another 
approach to further enhancing vehicle occupant safety. 
While various studies have been done on vehicle 
compatibility to date, more research is needed and this 
is still a much discussed subject [1]-[4]. In Europe, 

Working Group 15 (Car Crash Compatibility and 
Frontal Impact) was formed under the European 
Enhanced Vehicle-safety Committee (EEVC) in 1996 
for the purpose of developing a test procedure and 
evaluation methods aimed at further improving vehicle 
compatibility in frontal impacts. In the final report of 
WG15's activities that was presented at the ESV 
Conference in 2007, the following three sets of 
combinations were proposed as possible candidates for 
a compatibility evaluation test procedure [5]. 
 

Set 1 
� Full Width Deformable Barrier (FWDB) test 
� Offset Deformable Barrier (ODB) test using an 

EEVC barrier 
Set 2 
� Full Width Rigid Barrier (FWRB) test 
� Progressive Deformable Barrier (PDB) test 
Set 3 
� Combination of FWDB and PDB tests 

 
The report also cited the following points as being 
essential aspects of any test procedure for evaluating 
compatibility: 

1. It must be capable of evaluating structural 
interaction. 

2. It must be capable of evaluating the frontal force 
level. 

3. It must be capable of evaluating the passenger 
compartment stiffness. 

4. There must not be any decline in the current level 
of self protection capability. 

 
The PDB test was proposed by EEVC WG15 as one of 
the candidate evaluation procedures capable of 
assessing the four items above, though further 
discussion is deemed necessary concerning the 
evaluation criteria and parameters to be used with this 
test procedure. 
 
Focusing on the PDB test, this study examined the 
issues currently under consideration and the suitability 
of the proposed evaluation parameters for assessing 
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self protection and partner protection. That was done 
by comparing PDB test results with vehicle-to-vehicle 
impact test results and the results obtained with the 
current ODB test procedure. 
 
EVALUATION FOR PARTNER PROTECTION 
PARAMETERS OF PDB TEST 
 
The Average Height of Deformation (AHOD) and the 
Average Depth of Deformation (ADOD) are the 
principal parameters of partner protection in the PDB 
test procedure. These parameters were examined using 
the test results obtained for five types of vehicles. 
 
PDB Test Conditions  
 
The PDB test conditions used in this study are shown 
in Table 1. The points that differed from the current 
ODB test conditions were the barrier construction, 
impact speed and overlap ratio. 
 

Table 1.  PDB impact conditions 
Barrier PDB+ 

Impact speed 60 km/h 
Overlap ratio 50% 

Dummies 
DR: Hybrid-Ⅲ AM50 
PS: Hybrid-Ⅲ AM50 

 
PDB Barrier Characteristics 
 
The characteristics of the PDB barrier used in the tests 
are shown in Fig. 1. The barrier consisted of four 
blocks. The block at the front of the barrier had a 
constant level of reaction force. The next block to the 
rear consisted of upper and lower levels, with a 
gradually increasing reaction force characteristic. The 
reaction force of the lower level block was greater than 
that of the upper level one. The rearward-most block 
had a constant level of reaction force and was provided 
to prevent the bottoming out of the barrier with large 
vehicles [6]. 

 
Figure 1.  PDB+ Barrier Characteristics. 

Calculation Method 
The evaluation parameters used in the PDB test are 
calculated with a dedicated software program based on 
three-dimensional measurements of barrier 
deformation following the impact [7]. In this study, 
PDB Soft ver. 1.0 was used to calculate the parameters 
of AHOD, ADOD and barrier-absorbed energy. 
However, this software is for use with a barrier having 
a depth of 700 mm and is not compatible with the 
latest PDB+ barrier that is 790 mm deep. For that 
reason, the parameters were calculated by adding data 
for the extra 90 mm of depth. The equations used to 
calculate AHOD and ADOD are shown below as 
equations (1)-(4). 
 
Average Height of Deformation (AHOD) 

For a given rectangular investigation region, the “depth 
profile” is computed as a function of height. 
                                                                   
                                                                         (1) 
 
 Where K is a normalization constant ensuring that 
 
                                                                  (2) 
 
The AHOD is then obtained as a mean value 
 
                                (3) 
 
The AHOD value indicates the average height of 
deformation over the barrier in the investigation area 
based on the deformed condition of the barrier. The 
aim of this parameter is to evaluate the position of the 
front-end structures of a vehicle. 
 
Average Depth of Deformation (ADOD) 

For a given investigation region with an area S 
 
                                                                  (4) 
                                                                     
The ADOD value indicates the average depth of 
deformation over the barrier in the investigation area 
based on the deformed condition of the barrier. The 
aim of this parameter is to evaluate the stiffness of a 
vehicle. 
 

Investigation area 
The investigation area used in this study in calculating 
these parameters is shown in Fig. 2. The dimensions of 
the investigation area were fixed in the vertical 
direction. For horizontal direction, the dimension from 
the centerline of a vehicle was fixed. However, the 
width of the investigation area was determined 
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separately for each test vehicle taking the vehicle width 
into account. 

 
Figure 2.  Investigation area. 

 
Test Vehicles 
 
Five types of test vehicles were used in this study and 
are denoted here as small car A, large car B, midsize 
SUV C, midsize SUV D and large SUV E. The midsize 
SUV D was the previous generation model of the 
midsize SUV C. The bumper beam on the latter vehicle 
was positioned higher than on the midsize SUV C. All 
of the test vehicles had a left-hand steering wheel. The 
specifications of each test vehicle and a simplified 
diagram of its front-end structure are shown in Figures 
3-7, respectively. 
 

Vehicle Small Car A 
Test Weight 1250 kg 

Width 1660 mm 
Drive Front 

Load Path Single 
Body Unibody 

 
Figure 3.  Small car A specifications. 

 
 

Vehicle Large Car B 
Test Weight 1996 kg 

Width 1800 mm 
Drive Rear 

Load Path Double 
Body Unibody 

 

 
Figure 4.  Large car B specifications. 

 
Vehicle Midsize SUV C 

Test Weight 2063 kg 
Width 1880 mm 
Drive AWD 

Load Path Double 
Body Unibody 

 

 
 

Figure 5.  Midsize SUV C specifications. 
 

 
Vehicle Midsize SUV D 

Test Weight 2087 kg 
Width 1880 mm 
Drive AWD 

Load Path Double 
Body Unibody 

 
Figure 6.  Midsize SUV D specifications. 
 

Vehicle Large SUV E 
Test Weight 2754 kg 

Width 2000 mm 
Drive AWD 

Load Path Single 
Body Body on frame 

 
Figure 7.  Large SUV E specifications. 

 
PDB Test Results 
 
The test results obtained for each vehicle in terms of 
the AHOD, ADOD and maximum barrier force are 
given in Table 2. 
 

Table 2.  PDB test results 
Vehicle S/Car A L/Car B M/SUV C M/SUV D L/SUV E 

AHOD 414 mm 408 mm 436 mm 423 mm 453 mm 

ADOD 236 mm 324 mm 366 mm 308 mm 397 mm 

Fmax 347 kN 484 kN 461 kN 448 kN 597 kN 
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  AHOD 
Figure 8 shows the positional relationship between the 
AHOD and the top and bottom of the longitudinal 
members. The results indicate that the AHOD values 
were nearly the same for all five test vehicles, 
regardless of the position of their longitudinal 
members. 
 

 
Figure 8. AHOD and the height of longitudinal 
members. 
 
The relationship between the amount of barrier 
deformation caused by each test vehicle and the 
positions of the transmission, engine, tires and 
principal structural components are shown in Figures 
9-13, respectively. 

 
Figure 9.  PDB barrier deformation with small car 
A. 

 

 
Figure 10.  PDB barrier deformation with large car 
B. 

 
Figure 11.  PDB barrier deformation with midsize 
SUV C. 
 

 
Figure12.  PDB barrier deformation with midsize 
SUV D. 

 
Figure13.  PDB barrier deformation with large 
SUV E. 
 
It is seen from the results in these figures that the 
transmission and the engine accounted for the greater 
part of the barrier deformation for many of the test 
vehicles. Because the AHOD parameter calculates the 
height of the average deformation in the investigation 
area, it is substantially influenced by the positions of 
the transmission and the engine. That is why all five 
test vehicles show similar AHOD values, regardless of 
the positions of their principal structural components. 
The presence of a lower load path is regarded as an 
important factor with respect to compatibility. 
However, no significant difference is seen in the 
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AHOD values between the vehicles with a lower load 
path (large car B, midsize SUV C and midsize SUV D) 
and those without one (small car A and large SUV E). 
These results indicate that it is difficult to detect the 
presence of a lower load path on the basis of the 
AHOD alone. 
 
   ADOD 
The relationship between the ADOD and the test 
vehicle weight is shown in Fig. 14, and the relationship 
between the ADOD and the maximum PDB barrier 
force is shown in Fig. 15. The results indicate that the 
ADOD tended to increase with a heavier vehicle 
weight and a higher PDB barrier reaction force.  
 

 
Figure 14.  ADOD vs. test weight. 

 
 

 
Figure 15.  ADOD and maximum PDB barrier 
force. 
 
An investigation was made of the general effect of 
changes in the vehicle weight and vehicle reaction 
force on the ADOD. The effect was considered in 
relation to the following patterns assumed for the 
characteristics of the PDB barrier reaction force and 
the vehicle reaction force. 
 
 
 

Case 1: The ADOD increases to the extent of the 
increase in the vehicle reaction force. 

 
Figure 16.  Deformation prediction for case 1. 

 
Figure 16 illustrates the increase in the amount of 
barrier deformation (ADOD) corresponding to the 
increase in the vehicle reaction force. Since there is a 
proportional relationship between the vehicle reaction 
force and the ADOD, the latter value can be used in 
this case as a substitute for the former value. 
 
Case 2: The ADOD increases only due to the 
influence of the increase in vehicle weight. 

 
Figure 17.  Deformation prediction for case 2. 

 
Figure 17 shows a prediction of the barrier 
deformation in case 2 where the vehicle weight 
increases without any increase of the reaction force. In 
this case, the deformation of the barrier absorbs the 
increase in the kinetic energy due to the increased 
vehicle weight. In actuality, the vehicle also usually 
absorbs some of this kinetic energy, but this figure 
considers only the energy absorbed by the barrier to 
make the prediction easier to understand. The results 
for this case show that the ADOD increases when the 
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vehicle mass is simply increased without any change in 
the reaction force characteristic of the vehicle. 
 
The factors defined for cases 1 and 2 are presumed to 
be the main reasons for the increase seen in the ADOD. 
In actuality, from the standpoint of self protection, the 
vehicle reaction force tends to increase with an 
increase of the vehicle mass. Accordingly, when these 
two factors occur simultaneously, the ADOD increases. 
 
Case 3: There is little change in the ADOD despite 
an increase of the vehicle reaction force. 
 

 
Figure 18.  Deformation prediction for case 3. 

 
Figure 18 shows the barrier deformation condition for 
case 3 in which the vehicle reaction force is increased 
further beyond the level in case 1. Even though the 
vehicle reaction force is increased in this case, the 
amount of barrier deformation does not increase 
appreciably and the ADOD shows little change in the 
range where the barrier strength increases rapidly.  
 
In cases 2 and 3, the reaction force is not expressed 
correctly by the ADOD parameter. Similarly, the 
vehicle reaction force differs for the same ADOD 
between the case where the upper level of the second 
block is deformed and the case where the lower level is 
deformed. The reason for that is attributed to the 
difference in PDB characteristics between the upper 
and lower levels of the second block (Fig. 1). These 
factors presumably account for the cases where the 
ADOD values don’t indicate the vehicle body stiffness 
accurately. Therefore, as a substitute for the vehicle 
reaction force, it is better to measure the barrier 
reaction force directly. Moreover, in order to take the 
kinetic energy into account, the vehicle weight should 
also be considered. 

One point that is common to both the AHOD and 
ADOD parameters is that the necessary information 
cannot be obtained accurately on account of the 
averaging performed on the measured barrier 
deformation. The direct use of the maximum height of 
deformation or the maximum barrier force would 
provide more accurate information. In addition, the use 
of direct measurements would reduce the error due to 
the three-dimensional measurements of barrier 
deformation that are currently used in calculating these 
parameters. 
 

EVALUATION OF PARTNER PROTECTION 
PARAMETERS USING VEHICLE-TO-VEHICLE 
TEST RESULTS 
 
The parameters of partner protection were examined 
using the results of vehicle-to-vehicle frontal impact 
tests. 
 
Vehicle-to-vehicle impact test conditions  
 
The impact conditions used in the vehicle-to-vehicle 
tests are given in Table 2. Test 1 involved a frontal 
impact between the small car A and the large car B, 
and test 2 was between the small car A and the midsize 
SUV C. The overlap ratio was set at 50% of the small 
car A. 
 

Table 3.  Vehicle-to-vehicle impact conditions 
Test 1 2 

Vehicle Car A Car B Car A SUV C 

Test Weight 1203 kg 1996 kg 1202 kg 2058 kg 

Impact 
Speed 

50 km/h for each vehicle 

Overlap 
Ratio 

50% of S/Car A 

Dummies 
DR: Hybrid-Ⅲ AM50 
PS: Hybrid-Ⅲ AM50 

 
Test Results 
 

Structure deformation mode 
The engine compartment deformation modes of the 
small car A and the large car B in the PDB test and the 
vehicle-to-vehicle impact test are shown in Figures 19 
and 20, respectively. 
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Figure 19.  Small car A front deformation. 
 

 
Figure 20.  Large car B front deformation. 
 
The results in Fig. 19 for the small car A show similar 
deformation modes for the longitudinal members in 
both tests in terms of their crush behavior.  
 
On the other hand, the results in Fig. 20 for the large 
car B show that the lower members that served as the 
lower load path were partially crushed in the PDB test 
and fully crushed in the vehicle-to-vehicle test. 
 
The engine compartment deformation modes of the 
small car A and the midsize SUV C in the PDB test and 
the vehicle-to-vehicle impact test are shown in Figures 
21 and 22, respectively. 

 
Figure 21.  Small car A front deformation. 
 

 
Figure 22.  Midsize SUV C front deformation. 
 
The results in Fig. 21 for the small car A indicate that 
the longitudinal members were more crushed in the 
vehicle-to-vehicle test, with the deformation mode 
differing from that of the PDB test. The reason for that 

is attributed to the good engagement of the structural 
components of the two vehicles during the impact in 
test 2 (small car A to midsize SUV C). The results in 
Fig. 22 for the midsize SUV C indicate that the 
deformation modes in the vehicle-to-vehicle and PDB 
tests were similar, which is attributed in part to the 
small amount of deformation that occurred in both 
tests. It is inferred from the overall results that the 
longitudinal members are more apt to display less 
deformation in a PDB test than in a vehicle-to-vehicle 
impact test. 
 
Although the difference in the AHOD values of the 
vehicles was smaller in test 1 than in test 2, the 
structural members passed each other on the outside in 
the former test, while good structural engagement 
occurred in the latter test. Therefore, an assessment of 
structural engagement must take into account not only 
the vertical direction but also the horizontal direction. 
 
Vehicle deformation 

Figure 23 shows the relationship between the ADOD 
parameter, which indicates the vehicle stiffness, and 
the amount of deformation of the small car A in the 
vehicle-to-vehicle impact test. 
 

 
Figure 23.  ADOD ratios and small car A intrusion 
ratios. 
 
The upper graph in the figure shows the ratios of the 
ADOD values of the large car B and the midsize SUV 
C to that of the small car A. The lower graph shows the 
ratio of the body deformation of the small car A in the 
vehicle-to-vehicle impact test to that in the PDB test. 
The results in these graphs make it possible to compare 
the effect of the difference in the ADOD values on the 
amount of vehicle deformation in the vehicle-to-
vehicle impact test. The comparison shows that as the 
ADOD ratio relative to the small car A increased, the 
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amount of deformation sustained by the small car A in 
the vehicle-to-vehicle impact test increased. However, 
the deformation ratios differed greatly. The reasons for 
that can be attributed to the differences in the 
following two points due to the variation in the 
engagement conditions during the impact: 

(1) the reaction force generated in the vehicle and  
(2) the crush stroke of the engine compartment in the 

impact. 
 
As discussed here, because the amount of body 
deformation differs markedly depending on the 
engagement conditions, it is first necessary to make an 
assessment of the stable structural engagement 
between two colliding vehicles. In this case as well, the 
assessment should also take into account engagement 
in the horizontal direction. 
 
EVALUATION OF PARAMETERS OF SELF 
PROTECTION 
 
Comparison between The PDB Test and Current 
64km/h Offset Barrier Test 
 
The 60 km/h PDB test (60PDB) and the 64 km/h offset 
deformable barrier test (64ODB) currently conducted 
in many countries are compared here in terms of 
dummy injury measures, vehicle intrusion and energy 
absorbed by the barrier and the vehicle. 
 
Dummy Injury Measures 

 
Figure 24.  Small car A dummy injury measures. 
 
The dummy injury measures shown in Fig. 24 for the 
small car A indicate that head injury values are higher 
in the 60PDB test than in the 64ODB test, but that the 
other values are nearly the same. 

 
Figure 25.  Large car B dummy injury measures. 
 
For the large car B, head injury values are lower in the 
60PDB test, while the other values are almost identical, 
as seen in Fig. 25. However, because the sitting 
position in the large car B in the 64ODB test differs 
somewhat from that in the 60PDB test, the injury 
values for the large car B are treated only as reference 
data. 

 
Figure 26.  Midsize SUV C dummy injury measures. 
 
The results in Fig. 26 for the midsize SUV C show that 
head injury values are slightly higher in the 60PDB test, 
but that all leg injury values are lower than in the 
64ODB test. 
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Figure 27.  Midsize SUV D dummy injury measures. 
 
As shown in Fig. 27 for the midsize SUV D, injury 
values tend to be lower overall in the 60PDB test, 
albeit only slightly. 

 
Figure 28.  Large SUV E dummy injury measures. 
 
The results for the large SUV E in Fig. 28 show that 
neck and chest injury values are somewhat higher in 
the 60PDB test, but that the injury values for the femur 
and tibia are generally lower than in the 64ODB test. 
 
Because of the large variation in injury values, it is 
difficult to discern fine tendencies, but it is thought 
that the following observations can be made based on 
the results in these figures. For the small cars, both the 
60PDB test and the 64ODB test tend to show almost 
the same injury values overall. As the vehicle size 
becomes larger, injury values mainly lower leg tend to 
be lower in the 60PDB test than in the 64ODB test. 
 
 
 
 
 
 
 

Vehicle Intrusions 

 
Figure 29.  Small car A intrusions. 

 

 
Figure 30.  Large car B intrusions. 

 

 
Figure 31.  Midsize SUV C intrusions. 

 

 
Figure 32.  Midsize SUV D intrusions. 
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Figure 33.  Large SUV E intrusions. 

 
The intrusion data for each vehicle in the two tests are 
shown in Figures 29 to 33, respectively. No 
pronounced difference is seen in the intrusion data for 
the small car A and the large car B, but the intrusion 
values for the midsize SUV C, midsize SUV D and 
large SUV E are smaller in the 60PDB test than in the 
64ODB test. The smaller amount of cabin intrusion 
that occurs with increasing vehicle size presumably 
accounts for the difference in injury values mentioned 
above, especially the difference in lower leg injury 
values. 
 
Barrier Absorbed Energy 
Figure 34 shows the amount of energy absorbed by the 
barrier in each test, as calculated from the amount of 
barrier deformation. A comparison of the values 
indicates that the barrier absorbed more energy in the 
60PDB test than in the 64ODB test. This difference 
between the tests tended to increase as the size of the 
vehicle became larger. The reason why the amount of 
energy absorbed by the barrier did not increase with 
the larger vehicles in the 64ODB test is that the current 
barrier bottoms out with large vehicles. In contrast, 
because the barrier does not bottom out in the 60PDB 
test, the amount of energy absorbed by the barrier 
shows a pronounced increase for the larger vehicles. 
 

 
Figure 34.  Barrier-absorbed energy. 

 
 
 

Test Severity 
 
Figure 35 shows the values of the Energy Equivalent 
Speed (EES) that were calculated based on the amount 
of energy absorbed by the vehicle in each test. The 
EES parameter expresses the amount of energy 
absorbed by a vehicle as the initial velocity at the time 
the vehicle crashes into a rigid barrier. It is given by Eq. 
(5) below. 
 

 
   (5) 
 

Eabs = Energy absorbed by the vehicle [J] 
         = Kinetic energy – Energy in the barrier 
M = mass of the vehicle [kg] 
 

 
Figure 35.  Energy Equivalent Speed. 
 

The EES values for each vehicle were in a range of 57-
60 km/h in the 64ODB test and 47-51 km/h in the 
60PDB test. In order to examine the overall tendencies 
more closely, the number of vehicles (n) was increased 
by adding test data for other vehicle models. The 
relationship between the EES and test vehicle weight is 
shown in Fig. 36, which includes data obtained in 56 
km/h offset deformable barrier (56ODB) tests using 
the current barrier. 
 

 
Figure 36.  EES and test weight. 

M

Eabs
hkmEES

××= 2
6.3)/(
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The data for the 64ODB test and 56ODB test show a 
gradual rise in the EES with increasing vehicle weight, 
whereas the 60PDB test data show a gradual decrease. 
As a result, the difference in the EES values between 
the 64ODB test and the 60PDB test becomes greater as 
the vehicle weight increases. This tendency explains 
the reason why the 64ODB and 60PDB tests showed a 
greater difference in the amount of vehicle 
deformation as the vehicle size increased. Between the 
56ODB test that is the current regulatory test in 
Europe and the 60PDB test, the EES values become 
equal at around a test vehicle weight of 1,700 kg. For 
heavier vehicles above that level, the EES values are 
lower in the 60PDB test than in the 56ODB test. In 
connection with the introduction of the 60PDB test, it 
has been proposed this test replace the current 
regulatory 56ODB test at the initial stage. In that case, 
it is possible that the self protection performance of 
large vehicles would fall below the current assessment. 
 
The United States, Japan and many other countries, 
excluding Europe,  currently conduct Full Width Rigid 
Barrier (FWRB) tests and Offset Deformable Barrier 
(ODB) tests. In a FWRB test, because a wide area of 
the test vehicle's front end is crashed into the barrier, 
the amount of deformation is smaller and a higher 
deceleration pulse is generated in the vehicle. This test 
is designed to evaluate occupant protection 
performance, particularly that of the occupant restraint 
systems. In an ODB test, on the other hand, the input 
force is concentrated on one side of the test vehicle. 
This test is designed to evaluate occupant protection 
performance mainly in terms of the cabin strength. 
 
The severity of the 60PDB test conditions was 
examined in relation to the FWRB and ODB test 
conditions. Figure 37 shows the forward displacement 
of the B-pillar as a function of the average G of the test 
vehicle in each test. The data used here for the FWRB 
test are for an impact velocity of 56 km/h (56FWRB) .  
 

 
Figure 37.  B pillar displacement and average G. 

The data points for the PDB tests are generally located 
between the FWRB and ODB tests in Fig. 37. 
Conducting both the offset and full width barrier tests 
verifies the cabin strength and also confirms occupant 
protection performance based on the high deceleration 
pulse. Safety performance can thus be confirmed over 
a wider range of conditions compared with the 
verification of crashworthiness based on the PDB test 
alone. 
 
CONCLUSIONS 
 
Partner protection 
•The Average Height of Deformation (AHOD) is 
strongly influenced by the engine and transmission and 
does not express the positions of the principal 
structural components such as the longitudinal 
members. 
•The Average Depth of Deformation (ADOD) does not 
always indicate the vehicle body stiffness accurately. 
•Because both the AHOD and ADOD parameters are 
found by averaging measured barrier deformation data, 
they do not accurately indicate the height or force of 
the structural components. Therefore, it is necessary to 
consider some other more direct methods of 
measurement such as directly measuring the barrier 
force. 
•Evaluating the engagement of the structural 
components of two colliding vehicles is an important 
factor in assessing partner protection. Such 
engagement must be assessed in both the vertical and 
horizontal directions. 
 
Self protection 
•A comparison of the Energy Equivalent Speed (EES) 
values indicates that the current regulatory 56 km/h 
Offset Deformable Barrier (56ODB) test is more 
severe for heavier vehicles (a test vehicle weight of 
around 1,700 kg or more) than the Progressive 
Deformable Barrier (PDB) test. It is possible that the 
introduction of the PDB test to replace the current 
regulatory test might result in the self protection 
performance of heavier vehicles being evaluated at a 
lower level than at present. 
•Conducting both the Full Width Rigid Barrier 
(FWRB) test and the ODB test makes it possible to 
verify the cabin strength and to confirm occupant 
protection performance based on the high deceleration 
pulse. This facilitates confirmation of crashworthiness 
over a wider range of conditions than what is possible 
on the basis of the PDB test alone.  
 
Because the PDB test has many issues, it will be 
necessary to make further evaluations using a larger 
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number of vehicles. Moreover, it will be necessary to 
examine what effect the introduction of the PDB test 
might have on safety performance in real-world 
accidents. 
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ABSTRACT 

In frontal collisions, injury risk can be reduced if the 
front body structure is able to absorb a greater amount 
of energy. In general, however, in front-to-front 
collisions between different-size vehicles, the smaller, 
lighter vehicle sustains greater damage than the larger, 
heavier one. To help improve vehicle compatibility in 
front-to-front collisions between such vehicles, what is 
required is better matching of the geometry and 
stiffness of the front structures of the colliding 
vehicles. 
 
Several methods of measuring the geometry and 
stiffness of front structures have previously been 
reported. Among these are the AHOF400 and Kw400 
metrics, which are measured in full-frontal rigid barrier 
tests using high-resolution barrier load cells. This 
paper proposes an improved method for evaluating 
compatibility in full-frontal rigid barrier tests based on 
a review of the purposes of and issues with the 
AHOF400 and Kw400 metrics. 
 
The methods proposed in this paper are intended to 
help provide an improved compatibility assessment 
compared with the AHOF400 and Kw400 metrics by 
evaluating the forces on load cells in an area defined as 
the structural interaction zone. Like AHOF400 and 
Kw400, the aim of this research is to improve 
structural engagement and energy sharing in the event 
of a front-to-front collision. 
 
INTRODUCTION 

In front-to-front collisions involving vehicles of 
different sizes, the smaller vehicle tends to sustain 
greater damage because of the differences in mass and 
stiffness between the two vehicles. To help improve 
this situation, the front-end structures of both vehicles 
should deform appropriately to absorb more crash 
energy. In order to promote deformation of the front-
end structures, they must be positioned so that they 
engage during collision and should be of similar 

stiffness. These aspects of compatibility are already 
widely known. Various organizations have reported 
methods for evaluating the height and stiffness of 
front-end structures for assessing compatibility. 
 
One proposed approach to evaluating the height and 
stiffness of front-end structures is to use the AHOF400 
and Kw400 metrics computed on the basis of barrier 
force data measured under the current US NCAP test 
conditions [1]-[2].  
 
The AHOF400 metric is designed to evaluate the 
height (geometry) of front-end structures. To obtain 
force data for the calculation, load cells are positioned 
on the barrier so as to cover the entire front-end of the 
test vehicle. The Average Height of Force (AHOF) is 
calculated using the force measured with each load cell 
and the height of each load cell from the ground. The 
resultant AHOF value is a hypothetical average height 
of applied force and frequently does not indicate the 
actual height of the front-end structures. 
 
The Kw400 metric, on the other hand, is designed to 
evaluate the stiffness of front-end structures. It 
indicates the force level calculated from the forces 
measured with all the load cells positioned so as to 
cover the entire front-end of the test vehicle, the same 
as for AHOF. The Kw400 value also includes forces 
other than those of the engaging front-end structures of 
the two vehicles involved in a car-to-car (CTC) frontal 
impact. 
 
A limitation common to both AHOF400 and Kw400 is 
that one evaluation parameter is calculated from the 
force data of all the load cells. Consequently, the 
engaging structures of the two vehicles in a CTC 
frontal impact cannot be identified by the AHOF400 
metric and the stiffness of the engaging structural 
components cannot be evaluated directly by the 
Kw400 metric. 
 
We have researched an evaluation method that 
attempts to resolves these limitations. Our proposed 
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method defines a structural interaction zone in which 
the front body structures serve to manage the crash 
energy in a CTC frontal impact. Rather than 
calculating an evaluation parameter from the forces 
measured with all the load cells, our method evaluates 
the force loads within and outside the interaction zone 
separately. This approach makes it possible to estimate 
and compare the approximate force level that would be 
generated by each vehicle in a CTC frontal impact. 
 
As for the test conditions for evaluating compatibility, 
this study focused on the current US NCAP test 
conditions that are used in calculating AHOF400 and 
Kw400. These conditions specify a full-frontal test 
using a rigid barrier instrumented with 125 mm x 125 
mm load cells. The issues inherent in the method of 
evaluating AHOF400 and Kw400 under these test 
conditions were identified. An improved method for 
resolving these issues was then researched. 
 
GEOMETRY EVALUATION: ISSUES WITH 
AHOF400 

The AHOF400 metric for evaluating the height of front 
body structures is a parameter of the average height of 
force that is calculated using the individual force 
values measured with all of the load cells and the 
height of each load cell from the ground. The load cells 
are positioned on the barrier so as to cover the entire 
front-end of the test vehicle as shown in Fig. 1. One 
concern with this metric is that it is not known whether 
the front-end structures are actually at the height 
indicated by AHOF400. For example, light trucks or 
vans (LTVs) have a relatively high hood, so good 
engagement of the hood with the front-end structures 
of a passenger car cannot be expected. However the 
hood height influences the AHOF400 value. Moreover, 
although higher structures tend to have a lower 
probability of engagement with the other vehicle, as 
the height of the structure increases its proportional 
influence on AHOF400 also increases due to the 
calculation method. 

 

 
Fig. 1 Vehicle front-end and multi-load cell barrier 

 

 
 
where fi(x) is the force measured with a load cell and 
Hi is the height of each load cell. 
 

 
 
 
where F(x) is the vehicle force computed from the 
forces measured with all the load cells.  

 
 
Figure 2 shows the positional relationship between the 
main frame of the LTV used in the finite element 
analysis (FEA) conducted in this study and the barrier 
load cells, when the bottom of the barrier was at a 
height of 80 mm from the ground. The AHOF400 
values are given in Table 1. The main frame of this 
LTV was positioned approximately in the center of the 
Part 581 zone, and the AHOF value calculated from 
the forces on all the load cells was 526 mm. That value 
was higher than the top of the Part 581 zone. An 
AHOF400 value of 503 mm was calculated for a 
hypothetical condition that excluded the forces on the 
top two rows of load cells corresponding to the hood 
height of this LTV. The latter AHOF value was located 
in the Part 518 zone. In other words, in order to 
position the AHOF400 value in the center of the Part 
581 zone on this LTV, the height of the main frame 
would have to be lower than the center of the zone 
because of the influence of the hood height on 
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increasing the AHOF400 value. This same result has 
been reported in the literature [3]. 
 
 

 
Fig. 2 Frame height on LTV used in FEA 

 
Table 1 Calculated AHOF400 results  

 
 AHOF 

Forces on all load cells 526 mm 

Forces on load cells excluding top 
2 rows 503 mm 

 
 
STIFFNESS EVALUATION: ISSUES WITH 
KW400 

One issue with the Kw400 metric for evaluating the 
stiffness of front-end structures is that it is not as 
accurate as we could want in evaluating the actual 
stiffness levels of the engaging structures of the two 
vehicles in a CTC frontal impact. For example, the 
stiffness of the hood of the above-mentioned LTV 
would be included in the Kw400 value even though it 
would not likely be engaged with the front-end 
structures of a passenger car in an actual CTC frontal 
impact. 
 
The equation for calculating Kw400 can be rewritten 
as shown below, which indicates that it is equivalent to 
evaluating the average force (Favr) in an evaluation 
range of 25 mm to 400 mm of vehicle displacement. 
 
Kw400 is given as: 

 
Favr is given as: 

 
 
Hence, Kw400 is proportional to Favr. 

 
 
Accordingly, the following issues can be envisioned. 
 
(1) For example, depending on the size of the 
energy-absorbing bumper components within 
evaluation range installed for pedestrian protection, the 
Kw400 value will vary even at the same levels of 
vehicle stiffness as shown in Fig.3. 
 

 
Fig. 3 Influence of bumper on Kw400 
 

(2) The engine inertial force will be included in 
the Kw400 value in the case of small vehicles with a 
short front body, but it will not be included for large 
vehicles having a long front body. Accordingly, Kw400 
values will not reflect the relationship of the actual 
vehicle body stiffness for those vehicles. 
 

 
Fig. 4 Influence of engine inertial force on Kw400 

 
Let us reconfirm here once again the issue of stiffness 
in vehicle compatibility. The rational requirements for 
compatibility can be summed up as follows. The front 
body of large cars having relatively high levels of 
stiffness must deform sufficiently, and small cars 
having relatively low levels of stiffness must have 
sufficient cabin stiffness to be able to deform the front 
body structures of large cars. In other words, an 
evaluation based on the peak force produced by the 
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engaging front-end structures of the two colliding 
vehicles is assumed to provide a better assessment of 
whether one vehicle body is crushed by the other 
vehicle than an evaluation of the average force of the 
vehicles in a certain given evaluation range, for 
example that of the Kw400 metric. 
 
An evaluation range up to 400 mm of vehicle 
displacement may be suitable for evaluating the front 
body structures of large vehicles for which the high 
levels of force produced are generally the concern. 
However, for small vehicles for which the low levels of 
stiffness are the concern, evaluations should be made 
in a range up to the largest displacement under the 
NCAP conditions including consideration of the cabin 
stiffness. The new evaluation method proposed here is 
outlined in Fig. 5. The upper force limit is regarded as 
the peak force that occurs in an evaluation range up to 
400 mm of vehicle displacement; the lower force limit 
is regarded as the peak force that occurs in an 
evaluation range up to the largest amount of vehicle 
displacement. The use of these rational force limits 
resolves the two concerns mentioned above. 
 

 
Fig. 5 Overview of new evaluation method 

 
Let us also consider the issue of front end stiffness and 
self protection in the case of large vehicles. For good 
compatibility, the front body structures should be 
designed so that they deform easily while suppressing 
the peak force of each structure. On the other hand, to 
obtain the desired self protection performance, the 
front body structures must be capable of absorbing a 
certain level of impact energy. In other words, the 
vehicle force-displacement characteristic of large 
vehicles should have a rectangular curve exhibiting a 
low level of peak force and a high level of energy 
absorption. However, as shown in Fig. 6, the value of 
Kw400 increases as the force-displacement 
characteristic approaches a rectangular curve, even 
though the peak force generated is the same. That is 
because Kw400 is proportional to the average force 
and it causes misunderstanding as if it resulted in 
higher aggressivity. 

 
Fig. 6 Relationship between peak force in evaluation 
range and Kw400 
 
BASIC CONCEPTS OF PROPOSED METHOD 

The improved evaluation method researched in this 
study consists of the following three concepts. 
 
(1) An interaction zone is defined in which 
energy management is performed by the front body 
structures that would be engaged in an actual CTC 
frontal impact. 
 
(2) An evaluation is made of the combined force 
of the individual rows of barrier load cells 
corresponding to the interaction zone. This force is 
referred henceforth as the interaction force. 
 
(3) An optional test is conducted to evaluate the 
interaction force in cases where it cannot be accurately 
detected in a full-frontal rigid barrier test. This 
optional test uses load cell rows 3 and 4 that are 
defined as the interaction zone extending from a rigid 
wall. 
 
With regard to the third concept here, there is the 
concern that the load cells on a fully flat rigid barrier 
cannot accurately detect the stiffness of front body 
structures that are set more rearward among the many 
structural parts composing the front end of a vehicle. 
Consequently, the force in the interaction zone might 
not be detected accurately in cases where high levels of 
force are generated in areas outside the zone. This 
problem has been resolved by introducing the concept 
of the override barrier test proposed by the U.S. 
National Highway Traffic Safety Administration 
(NHTSA) [1]. The interaction force is then re-
evaluated in a test conducted with the height of the 
contoured barrier set to match the interaction zone. 
 
The three concepts of the proposed evaluation method 
are explained in detail in the following sections. 
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DIFINITION OF THE INTERACTION ZONE  

Figure 7 shows the positional relationships of the 125 
mm x 125 mm load cells, the Part 581 zone and the 
geometry requirements specified in the “Enhancing 
Vehicle-to-Vehicle Crash Compatibility” voluntary 
industry agreement in the U.S, when the bottom of the 
rigid barrier is set at 80 mm from the ground. Based on 
these two requirements that have already been 
introduced, the interaction zone can be appropriately 
defined as rows 3 and 4 of the load cells. 
 

 
 
Fig. 7 Relationship between load cells, Part 581 zone 
and geometry requirements of U.S. voluntary 
agreement 
 
EVALUATION OF INTERACTION FORCE 

In order to determine a criterion for evaluating the 
interaction force, it is necessary to conduct accident 
analyses to examine the actual benefits under real-
world conditions. An investigation was made of a force 
criterion that was deemed suitable with respect to the 
predicted real-world benefits reported in reference [2] 
concerning NHTSA's Kw400 metric. 
 
In reference [2], Kw400 values above 1318 N/mm are 
defined as the High zone, values between 1004 and 
1318 N/mm as the Medium zone and values below 
1004 N/mm as the Low zone. A study was made of the 
effect on the injury rates sustained in large and small 
vehicles in CTC frontal impacts when categorized in 
terms of these zones. When the zones are divided on 
the basis of these criteria, it has been reported that 
injury rates are lower if the Kw400 values of the 
colliding vehicles are in the same zone than if their 
Kw400 values are in different zones. 
 

In reference to these results, the relationship between 
the combined force on rows 3 and 4 of the load cells, 
which were defined here as the interaction zone, and 
Kw400 was plotted in a graph. An investigation was 
then made of the improvement effect that might be 
expected with the evaluation method researched in this 
study. 
 
Figure 8 shows Kw400 as a function of the peak 
combined force generated on rows 3 and 4 of the load 
cells in a range of 25 to 400 mm of vehicle 
displacement, which is the same evaluation range used 
for the Kw400 metric. This relationship is shown in the 
figure for a total of 29 tests, 18 of which were 
conducted in-house at Nissan and 11 of which were 
NHTSA's research tests. 
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Fig. 8 Relationship between Kw400 and combined 
force on load cell rows 3 and 4 
 
As noted above, Kw400 indicates the level of the 
average force in a vehicle displacement range of 25 to 
400 mm. With the current vehicle body construction, 
the main frame usually generates the greater part of the 
vehicle force that occurs in the first half of an impact. 
When the main frame is located in the interaction zone, 
the vehicle force and the combined force on rows 3 
and 4 show close values. Moreover, when the vehicle 
force and the combined force on rows 3 and 4 show 
linear curves, the value obtained by dividing the peak 
combined force by two is close to the average force. 
That is why a good correlation is seen in Fig. 8 
between Kw400 and the value obtained by dividing the 
peak combined force on rows 3 and 4 by two. 
 
It is known that the Type-A and Type-B vehicles that 
deviate from this correlation in Fig. 8 have the 
following characteristics: 
 
Type-A: The vehicle's main frame is located outside 

the interaction zone. 
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Type-B: The vehicle's force characteristic is not a 
linear function that increases monotonically. 
 

Type-C: A composite of Type-A and Type-B 
 

The force-displacement curves of the vehicle group 
with a good correlation (normal type), Type-A vehicles 
and Type-B vehicles are shown in Figs. 9-11, 
respectively. 

 
Fig. 9 Force-displacement curves for Normal-type 
vehicles 
 

 
Fig. 10 Force-displacement curves for Type-A vehicles 
 

 
Fig. 11 Force-displacement curves for Type-B vehicles 
 
For the vehicles classified as Type-A in Fig. 10, it is 
seen that a high level of force is generated outside the 
interaction zone. As a result, the combined force on 
rows 3 and 4 is smaller than the total force of all the 
load cells used in calculating Kw400. In this case, due 
to the poor engagement of the front-end structures, the 
force that occurs in an actual CTC frontal impact is 
assumed to be less than the total force of all the barrier 
load cells, i.e., the value of Kw400. It is possible that 
the combined force on rows 3 and 4 reflects the force 

actually produced in a CTC frontal impact better than 
Kw400. With the evaluation method researched in this 
study, the vehicles classified as Type-A would also be 
subjected to an override barrier test or some other 
optional evaluation to re-assess the combined force on 
rows 3 and 4 of the load cells. 
 
As shown in Fig. 11, the vehicles classified as Type-B 
show a force characteristic curve that is almost 
rectangular, not linear. As was noted earlier, whether 
or not one vehicle unilaterally crushes the partner 
vehicle in a CTC frontal impact is presumably 
determined by the difference in stiffness between the 
two vehicles. Accordingly, it is probably determined by 
the peak force rather than by the average force such as 
that represented by Kw400. 
 
As discussed here, there is a correlation between 
Kw400 and the peak combined force on rows 3 and 4 
of the load cells. Even in cases which deviate from that 
correlation, it is possible that the combined force on 
rows 3 and 4 is a better representation of compatibility 
in an actual CTC frontal impact than the Kw400 value. 
Therefore, it can be estimated that the proposed 
evaluation method can probably obtain a real-world 
improvement effect equal to or greater than that 
reported in research studies concerning Kw400. 
 
OPTIONAL TEST FOR DETECTION AND 
EVALUATION OF INTERACTION FORCE 

As noted above, one concern with the proposed 
method is that the interaction force might not be 
detected accurately in a rigid barrier test. In order to 
resolve this concern, it is necessary to re-evaluate the 
force in the interaction zone by conducting an optional 
test such as the override barrier test proposed by the 
NHTSA. The necessity of conducting an optional 
evaluation is determined by whether forces outside the 
interaction zone are higher than the interaction force, 
regardless of whether the interaction force satisfies the 
specified force criterion or not. 
 
Here we will consider a hypothetical case like that 
shown in the upper diagram in Fig. 12 where the 
position of the main frame corresponds only to row 4 
of the load cells and does not overlap either row 3 or 
row 5. In this case, the combined force generated by 
the front-end structure on rows 3 and 4 divided by two 
is equal to the combined force on rows 4 and 5 divided 
by two. On the other hand, if the front-end structure 
overlaps row 5 even by a little (lower diagram in the 
figure), the combined force on rows 4 and 5 divided by 
two will be larger than the combined force on rows 3 
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and 4 divided by two. In other words, if the combined 
force on row n and row n+1 (n>4) divided by two is 
greater than that on rows 3 and 4 divided by two, the 
front-end structure is deemed to be positioned higher 
than row 4. In this case, the force in the interaction 
zone must be re-evaluated by conducting an override 
barrier test. This additional override barrier test results 
in a compound evaluation that includes not only a 
stiffness assessment but also a geometry assessment 
like that of the AHOF400 metric. 
 

 
Fig. 12 Relationship between PEAS height and force 
generated on load cells 
 
SUMMARY OF IMPROVED EVALUATION 
METHOD 

The features of the improved evaluation method 
researched in this study are summarized below. 
 
(1) Compatibility is evaluated using the 
interaction force, which is the value obtained by 
dividing the peak combined force on rows 3 and 4 of 
the load cells by two. 
 
(2) An upper force limit is defined for the front 
body structure as the stiffness requirement. Because 
the objective is to evaluate the front body structure, the 
evaluation range is defined as the first half of the 
impact for vehicle displacement up to 400 mm, which 

is the same, for example, as that used for AHOF400 
and Kw400. 
 
(3) If force exceeding the interaction force is 
generated outside the interaction zone, which is 
defined as rows 3 and 4 of the load cells, an override 
barrier test is conducted to re-evaluate the interaction 
force. This test is conducted using a barrier that 
extends above the height of the interaction zone. 
 
Based on the relationship between Kw400 and the 
interaction force, the medium zone of Kw400 reported 
in the literature serves as a reference for setting the 
evaluation criterion for the interaction force. However, 
the lower force limit must be examined anew because 
of the difference in the evaluation range. Similarly, the 
force criterion used in the override barrier test must 
take into account the differences in the test conditions. 
 
EVALUATION RESULTS FOR UPPER FORCE 
LIMIT ONLY 

It was shown above that there is a correlation between 
Kw400 and the interaction force, which is defined here 
as the combined force on rows 3 and 4 of the load cells. 
Accordingly, it was explained that the use of the 
interaction force can also be estimated to achieve a 
real-world improvement equal to or better than that 
assumed to be achievable with Kw400. To validate this 
hypothesis, the stiffness of the front body structure 
was evaluated using 300 kN as the upper limit of the 
interaction force in a vehicle displacement range up to 
400 mm. This upper limit was set in reference to the 
average force (280.075 kN) obtained with Eq. (5) from 
the upper limit reported for the medium zone (1004-
1318 N/mm) of Kw400. The results obtained are 
explained below. 
 
Figure 13 shows the evaluation results obtained in tests 
conducted in-house at Nissan and in NHTSA's research 
tests. The types of vehicles evaluated and their test 
weights are also shown. Vehicles labeled with the letter 
"A" were ones for which the interaction force 
exceeded 300 kN. Vehicles labeled with the letter "B" 
were ones for which a re-evaluation of the interaction 
force in an override barrier test was deemed necessary 
because force higher than the interaction force 
occurred outside the interaction zone. 
 
The results indicate that a re-evaluation in an override 
barrier test was necessary for the LTVs, which 
generally have a higher frame height. In addition, the 
results also identify several large LTVs for which a 
reduction in vehicle body stiffness would be necessary 
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according to the above criteria. 
 

 
Fig. 13 Evaluation results of front body stiffness 

 
 
CONCLUSION 

This paper has described certain issues in evaluating 
vehicle compatibility with the AHOF400 and Kw400 
metrics in full-frontal rigid barrier tests. A new 
compatibility evaluation method was presented that 
was researched in this study for the purpose of 
resolving these issues. The AHOF400 and Kw400 
metrics represent separate parameters that are applied 
to evaluate geometry and stiffness, respectively. With 
the method proposed here, the impact forces inside and 
outside a defined structural interaction zone are 
evaluated separately. The proposed method was 
applied to evaluate a front body stiffness based on an 
upper force limit. The results showed that the proposed 
method can evaluate both geometry and stiffness 
simultaneously. 
 
The real-world improvement effect that might be 
obtained with the proposed evaluation method was 
estimated only in an evaluation of the upper force limit 
of the front body structure in reference to research 
reports concerning Kw400. In future work, it will be 
necessary to conduct accident analyses that take into 
account the lower force limit in order to investigate a 
force criterion capable of yielding real-world benefits. 
In addition, it will be necessary to confirm whether the 
evaluation results are consistent with the compatibility 
shown in actual CTC frontal impacts by the vehicles 
sampled in this study. The accuracy of the proposed 
evaluation method must also be improved by 
increasing the number of vehicles considered. 
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ABSTRACT 
 
Although internal organ injury in car crashes occurs 
at a relatively lower frequency compared to bone 
fracture, it tends to be ranked higher in terms of 
injury severity. A generalized injury risk can be 
assessed in car crash tests by evaluating abdominal 
force and viscous criterion (VC) using a crash test 
dummy, but the injury risk to each organ cannot be 
estimated with current dummies due to a lack of parts 
representing the internal organs. Recently, human 
body modeling research has been conducted 
introducing organ parts. It is still a challenge to 
simulate the impact behavior of organ parts and their 
injury, based on an understanding of the differences 
in structure and material properties among the 
organs.  
In this study, a next generation human body FE 
model has been developed to predict internal organ 
injury. The model represents the geometry of organ 
parts, their location in a living human body and their 
connections to surrounding tissues. The features of 
each organ part were taken into account in modeling, 
so that compressive material was assumed for hollow 
organs while incompressive material was applied to 
solid organs. Besides the major organ parts, other 
soft tissues such as membranes and fatty tissues were 
also incorporated in order to simulate relative 
motions among organs. The entire model was 
examined comparing its mechanical response to that 
in the literature. The study confirmed that the 
force-deformation response of the torso against 
anterior loading showed a good correlation with that 
of tested subjects. 
 
INTRODUCTION 
 
Computer simulation has attracted attention in recent 
years as a way of predicting occupant behavior and 
injury criteria in vehicle collisions. In fact, research 
and development efforts in this field date back to the 
1960s. The most common modeling method in this 
period, called multibody simulation, recreated 
vehicle occupants using rigid body elements with 
links (McHenry, 1963) [1]. In a multibody model, 
major body parts such as the head, torso, and 
extremities are expressed by ellipsoids, with joints 
defined from among them. A multibody model could 

simulate impact behavior of a human body by 
adjusting the dimensions, mass, and inertia moment 
of the ellipsoids to those of the relevant body parts, 
and setting the rotational direction and angle of each 
joint with the same restrictions as human joints. It is 
also possible to predict mechanical response of the 
occupant after contact with interior parts or restraint 
devices by replacing the rigid ellipsoids with 
deformable elements. Other benefits of using 
multibody models in impact behavior simulations 
include short calculation times and simple parameter 
studies. However, such models are not well suited for 
recreating injuries such as bone fracture or soft tissue 
damage. In contrast, finite element (FE) models 
began to be used for analyzing vehicle body 
deformation in the 1980s. By representing structures 
of vehicle body panels in a FE model, it became 
possible to simulate deformation modes and force 
responses accurately. Moreover, it was also possible 
to predict whether metal sheets would rupture under 
given impact conditions by assuming the stress-strain 
property up to the rupture point. Despite the fact that 
FE simulation generally requires longer calculation 
times than multibody simulation, research using 
human FE models is an advanced method of 
predicting impact behavior and mechanical response. 
The development of human FE models started with 
component models, such as of the head or thorax. 
Such models are generated based on commercial 
databases of human anatomy and anatomical or 
sectional drawings of the body, and their material 
properties are input based on the mechanical 
properties of body tissues reported in the literature. 
The validity of a completed model can be verified by 
comparing impact response with that of post mortem 
human subjects (PMHS). FE models of the entire 
body have been built by combining component 
models from the head to the lower extremities. 
Several such models have already been developed, as 
reported by Choi et al. (1999) [2], Iwamoto et al. 
(2002) [3], Vezin et al. (2005) [4], and Ruan et al. 
(2003) [5]. 
One of these models is the Total Human Model for 
Safety (THUMS), which was jointly developed by 
Toyota Motor Corporation and Toyota Central R & D 
Labs., Inc., and has been used in a number of 
published studies attempting to reproduce injuries in 
vehicle collisions. THUMS includes a standing 
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pedestrian model and a sitting model of a vehicle 
occupant, both of which simulate an adult male of 
average physique. Iwamoto et al. (2002) used 
THUMS to simulate an actual traffic accident 
scenario (a vehicle colliding with a utility pole) and 
reproduced the injuries suffered by the occupants. 
Kitagawa et al. (2005) [6] used a human FE model to 
predict occupant behavior in a frontal collision to 
study knee joint deformation when the knees strike 
the instrument panel and the effect of airbags in 
helping to reduce such deformation. Hayashi et al. 
(2006) [7] and Kuwahara et al. (2008) [8]  
simulated vehicle side impact collisions to 
investigate the mechanism of rib fractures and the 
force-reduction effect of side airbags. In addition, 
Kitagawa et al. (2006 [9], 2007 [10], and 2008 [11]) 
simulated low-velocity rear-end collisions to analyze 
occupant head and cervical behavior and examine the 
mechanism of cervical whiplash injury. Yasuki et al. 
(2005) [12] also used a human FE model to predict 
pedestrian behavior in a vehicle collision and 
compare the results with the impact behavior of the 
TRL impactor used in lower extremity injury 
assessment tests. 
Since injuries to the brain and internal organs 
generally tend to be more severe than bone fractures 
or ligament rupture, attempts have also been made to 
reproduce such injuries using human FE models. 
Tamura et al. (2006) [13] simulated vehicle collisions 
using a pedestrian model featuring a brain. This 
study indicated a high level of strain within the brain 
immediately before and directly after impact between 
the pedestrian’s head and the vehicle’s hood. In 
contrast, although several case studies have 
attempted to reproduce injuries by simulating 
impactor tests on PMHS, relatively few have 
attempted to predict organ injury under conditions 
equivalent to a vehicle collision. Hayashi et al. 
(2008) [14] demonstrated that internal lung pressure 
on the side facing the impact increases due to contact 
between the upper arm of a vehicle occupant and the 
side of the thorax in a side impact collision. This is a 
valuable piece of research that discusses internal 
organ injury risk under vehicle collision conditions, 
but it does not provide a quantifiable assessment of 
injury occurrence. Organs in the thoracic and 
abdominal areas tend to suffer greater deformation in 
an impact than the brain, which is encased in a highly 
rigid skull. However, it is not easy to accurately 
reproduce the mechanical response of internal organs, 
which are much softer than the skeleton or ligaments, 
or to predict their injury criteria. This research 
developed the next generation of the human FE 
model THUMS (THUMS ver.4.0). Featuring both 
standing and seated postures, THUMS ver.4.0 
simulates the internal organ structures within the 
torso in detail. High-resolution CT scans were used 
to digitize the interior of the body and generate 

precise geometrical data for the internal organs. As a 
result, it was possible to accurately reproduce the 
layout of organs within the body and their connecting 
structures. Moreover, the modeling reflected the 
anatomical features of each organ, and by inputting 
data on the physical properties of organ tissue 
reported in the latest research, it is possible to 
simulate injury at a tissue level. The validity of the 
completed model was verified by comparing its 
mechanical response with impact test data from 
PMHS. The impact simulations with the human FE 
model used the finite element analysis (FEA) code 
LS-DYNA TM. 
 
MODEL DEVELOPMENT 
 
Torso Model 
 
To predict organ injury accurately in a vehicle impact, 
it is necessary to simulate the structure inside the 
torso in detail. The developed model not only 
reproduces the geometry of the individual organs 
within the torso, but also their layout and connecting 
structures. 
 
  Acquisition of Anatomical Data - The internal 
torso structure was digitized in cooperation with the 
University of Michigan, which holds large quantities 
of data obtained using high-resolution CT scans. The 
CT scan measurement was performed for medical 
purposes and permission to use the data as a 
reference for developing the human FE model was 
obtained from the Michigan Institutional Review 
Board. Data groups of males in their 30s of average 
height and weight close to that of a 50th percentile 
American male (AM50: 175 cm, 77 kg) were 
extracted from the available data (approximately 
558,000 people), and checked to eliminate samples 
with visible pathological abnormalities in the torso. 
The data of a 39-year old male with a height of 173 
cm, a weight of 77.3 kg, and a BMI of 25.8 was 
selected. The CT scan data was measured at a pitch 
of 0.625 mm for the thorax, and 5 mm for the 
abdomen. Figure 1 shows images of the skin, 
skeleton, and soft tissue included in the scanned data. 
The scanned data was converted into Standard 
Triangulated Language (STL) format polygons for 
each body and tissue part using the 3D image 
conversion tool MIMICS TM. The skeletal structure 
was identified by applying a masking process to the 
CT scan images at a threshold value of 130 
Hounsfield units (HU). The soft tissue was identified 
by a conversion process using a different HU level 
for each organ. The process was performed while 
verifying any partial omissions in the created 
polygon data. The following organs were converted 
into polygon data: heart, lungs, liver, kidneys, spleen, 
pancreas, gall bladder, bladder, esophagus, stomach, 
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duodenum, small intestine, and large intestine. 
However, due to the thinness of its walls, it was 
difficult to generate polygon data that reproduced the 
path of the small intestine. Compression of the 
abdomen not only causes compressive deformation in 
the small intestine itself, but also generates 
movement together with the neighboring area. 
Therefore, this model does not reproduce the exact 
path of the small intestine, but instead expresses the 
whole of the small intestine as a single element. In 
contrast, the paths of each artery and vein, and their 
connections to each organ were reproduced in 
polygon data. The end diameters of the blood vessels 
connected to each organ are expressed to a detail of 
approximately 5 mm. In addition, geometry for 
membranes surrounding the organs, such as the 
diaphragm, pleurae, peritoneum, and fascia, was also 
extracted. Thus, organs such as the pancreas, kidneys, 
bladder, small intestine, and large intestine are 
expressed as shapes included within the peritoneum. 
Separate polygon data was also generated for visceral 
fat. Subcutaneous fat, muscle, and the microscopic 
blood vessels between the skin and skeleton and 
between the skin and peritoneum were treated as 
belonging to the same group. The spinal cord was 
expressed within the spinal canal as a separate 
polygon data group from the vertebral body. 
 

Skin Skeleton Soft Tissue

Artery
Vein

Lungs

Liver

Small
intestine

Heart

Large
intestine

Figure 1.  CT scan data. 
 

Creation of FE Model - Surfaces were created 
by feeding the polygon data into the HyperMesh TM 
mesh generator. Geometrical features with unnatural 
disconnections in the generated surfaces (such as 
bends or projections) were repaired in reference to 
anatomical drawings and the like. Interference 
between surfaces created for separate parts 
(particularly adjacent curved surfaces and so on) was 
handled by receding the surface geometry of the 
interfering portion without disturbing the shape of 
the parts. Guidelines were established before 
generating the FE mesh. The mesh density was 
adjusted so that the element length became 3 to 5 mm, 
which divided the sternum, a relatively small bony 
part in the thorax, into two sections in the 
anterior-posterior direction. In addition, the aorta, 
also a small organ part, was divided into eight 

elements in the circumference direction. The 
reference values for the quality of element geometry 
were set as follows: warpage = 50 degrees or less, 
aspect ratio = 5 or less, skew = 60 degrees or less, 
Jacobian = 0.3 or more. Solid elements were used 
wherever possible for FE mesh generation. However, 
since many cortical bones within the torso skeletal 
structure have a thickness of around 1 mm, these 
bones were modeled using shell elements and 
cancellous bones with solid elements. For soft tissue, 
solid organs and thick hollow tissue were modeled 
with solid elements, and thin tissue such as blood 
vessels and membranes were modeled with shell 
elements. In addition, cortical bones and soft tissue 
with little curvature were divided into quadrilateral 
shell elements and hexahedral solid elements. The 
appropriate hourglass control logic was applied to 
each type of element, using full integration for the 
shell elements and 1-point integration for solid 
elements. In addition, skin and subcutaneous fat 
adjacent to joints were modeled using quadrilateral 
elements to facilitate FE mesh regeneration after 
changes in posture. 
Nodes at boundary surfaces between connective 
tissue were shared. For example, each of the 
following tissues are defined as separate parts, but 
include elements with shared nodes at their adjacent 
boundary surfaces: cortical and cancellous bones; rib 
cartilage and costal bones; the aorta/vena cava and 
the heart/lungs; and the digestive system 
(stomach/duodenum/small and large intestines) from 
the esophagus. Parts of various organs join with other 
tissue, for example, the superior portion of the liver 
joins with the diaphragm, and a portion of the rear of 
the large intestine joins with the peritoneum. These 
joints were also expressed with shared nodes at the 
corresponding parts. Other boundary surfaces, for 
example between different organs or between 
non-connecting organs and membranes, were defined 
to perform contact processing. It was assumed that 
no friction occurs between contact surfaces. Figure 2 
shows the skeletal structure and internal organs of the 
torso model. 
Skeletal parts were assumed to have elasto-plastic 
properties capable of expressing tissue injury. 
Membrane material was applied to ligaments and 
organ membranes, whereas incompressive material 
was assumed for the solid parts of organs. 
Compressive material was assumed for hollow 
organs such as the small and large intestines. The 
structure of the lungs includes air within the 
pulmonary alveoli. Membrane material was applied 
to the organ surface and their interior portions were 
expressed with elastic material simulating gas. Blood 
vessels were given the same structure. The physical 
properties input into each material model were 
selected from data obtained by Yamada (1970) [15]  
and Abe et al. (1996) [16].  
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Figure 2.  Skeletal structure and internal organs 
of torso model. 

Head Model 
 
THUMS ver.3.0 was used for the head model (Figure 
3). This model was developed by Kimpara et al. 
(2006) [17] and its accuracy was validated against 
mechanical response results of impact tests in the 
literature. The elements in the FE mesh have a length 
of approximately 10 mm for the epidermis but 3 to 7 
mm for the brain part that is essential for injury 
prediction, and matches well with the developed 
torso model. The merging positions of the models are 
as follows: the lower extremity of the cervix for the 
skin and subcutaneous fat, and the upper extremity of 
the cervix for the spine and spinal cord. The spinal 
cord is provided within the spinal canal using solid 
elements simulating the surrounding cerebrospinal 
fluid (CSF) and fatty layer. Its surface contacts that 
of the vertebral body without sharing nodes. Material 
properties equivalent to water are assumed for the 
CSF part. The cervical muscles are modeled in 1D 
elements in the same way as in THUMS ver.3.0, and 
recreate only resistance force when forcibly 
elongated. Table 1 lists the physical properties of the 
head model. 
 
Extremity Models 
 
Excluding the pelvis, the FE meshes of the 
extremities were modeled in reference to 
ViewPointTM geometrical data (Figure 4). The 
element division guidelines were the same as for the 
torso model. Since the extremity models are mostly 
used for assessing bone fractures, each leg model 
used solid elements to express the cortical bones as 
well as the femur, patella, tibia, and fibula (Figure 5). 
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White matter
(Cerebrum)
Gray matt er
(Cerebrum)

White matter
(Cerebellum)
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(Cerebellum)

White matter
(Brainstem)
Gray matt er
(Brainstem)

White matter
(Spinal cord)
Gray matt er
(Spinal cord)

Muscles

Sagittal sinus

 

Figure 3.  Head model ( THUMS ver. 3.0 ). 

 

Figure 4.  Outline of extremity models. 

approx. 1 mm

Thickness of Cortical bone

approx. 5 mm

A-A'

B B'

A

A'

B-B'

Figure 5.  Section of bone along length of leg. 

Knee joint ligament injury risk is estimated to 
evaluate pedestrian protection performance. The 
cruciform and collateral ligaments were modeled 
using solid elements (Figure 6). Solid elements were 
also used for the tendon of the quadriceps femoris 
muscle, the patellar ligaments, and the Achilles 
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tendon. The integration points and material 
properties of the elements were set along the same 
lines as the torso model. Table 1 also lists the 
material properties defined in the extremity models. 
The extremities contain abundant musculature, which 
has a major effect on behavior and mechanical 
response in an impact. This study divided the 
muscles of the extremities into the major muscle 
groups. The upper extremity and tibia portions were 
divided into flexing and extending muscle groups. 
Adductor muscles were also provided for the femur 
portion in addition to the above two groups. The 
dividing positions for the muscle groups were 
determined based on anatomical reference books and 
visual data from the Visible Human Project. Shared 
nodes were provided for the parts at the boundaries 
between each muscle group and the skeletal structure, 
and between the muscles groups and the skin. 
Contact processing was applied between the muscle 
groups so that compression causes both movement 
and sectional deformation of each group. A friction 
coefficient of zero was assumed for the surface of the 
fascia. The extremity models were joined to the torso 
model at the shoulder and hip joints. The merging 
portions were modeled using shell elements 
equivalent to joint ligaments. The humerus was 
connected to the scapula and clavicle, and the femur 
was connected to the pelvis. The articular capsules 
were also modeled using shell elements. The FE 
mesh for the skin and muscles of the torso and 
extremity models was made consistent. 

Medial 
collateral 
ligament
（MCL）

Anterior cruciate 
ligament(ACL)

Posterior cruciate 
ligament (PCL)

Lateral 
collateral 
ligament
（LCL）

Quadriceps 
Femoris

 

Figure 6.  Knee joint ligaments. 

 
Whole Body Models 
 
The whole body models were assembled by fusing 
the torso, head, and extremity models. Since the CT 
scan torso geometry data was obtained while the 
subject was recumbent on the device looking upward, 
the standing model was created first. This model 
simulates a person standing in an upright position 
with their legs open at shoulder width. Both arms are 
hanging straight down to the sides of the torso. The 

seated model, simulating a vehicle occupant, was 
then created based on the standing model. The model 
was modified to position the lumbar vertebrae in a 
natural seating posture. The arms and legs of the 
seated model are both slightly extended in front of 
the torso. Figure 7 shows an outline of both models. 
Each contains approximately 630,000 nodes and 1.8 
million elements. The model has a height of 178.6 
cm and a weight of 63.0 kg, which is close to the 
person used as the basis for the torso model. 

 

Figure 7.  Outline of whole body models 
(standing and seated). 

 
MODEL VALIDATION 
 
The validity of the completed model was verified by 
comparing its mechanical response with the results of 
PMHS impact tests in the literature [20]-[25]. For 
verification, the conditions of the actual tests had to 
be reproduced using the FE model. For this reason, 
the selected test cases were those with detailed 
information on the impact conditions such as 
impactor geometry and velocity and the PMHS 
injury results. In addition, the posture of the 
assembled standing model was modified in 
accordance with the test conditions. Table 2 lists the 
literature data used for the validation. It is common 
for thoracic and abdominal impact tests to use an 
impactor, but the results of tests involving the 
application of a belt-shaped compressive force were 
also used to simulate a vehicle occupant wearing a 
seatbelt. Since the extremity models are mostly used 
to evaluate bone fracture and ligament injury, 3-point 
bending tests were selected for the bones in the upper 
and lower extremities and impactor tests were 
selected for the knees. The head and neck models 
have already been verified by Kimpara et al. (2006), 
but the literature data for these cases is also included 
in Table 2 for reference. 
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Table 1.  Material characteristics of model body parts and tissues 

Density
(kg/m3)

Young's
modulus
E (MPa)

Poisson
   ratio

Yield
stress
(MPa)

Ultimate
stress
(MPa)

Reference

Cortical 2,120 11,000 0.22 48
Trabecular 1,000 100 0.22 0.35

Cortical 2,120 11,000 0.22 48
Trabecular 1,000 1,000 0.22 4.8

Cortical 2,120 11,000 0.22 48
Trabecular 1,000 200 0.22 0.7

Skull suture 2,120 13,000 0.22 12 Naruse (1993)
Cortical 2,000 12,000 0.3 100

Trabecular 1,000 1,000 0.3 8.3
Cortical 2,000 9,860 0.3 66.7 Kimpara (2005)

Trabecular 1,000 40 0.45 1.8
Costal 1,000 49 0.4 4.9

Cortical 2,000 11,000 0.3 110
Trabecular 1,000 1,100 0.3 7.7
Cortical 18,500 0.3 146

Trabecular 145.6 0.45 30.6
Cortical 15,000 0.3 140

Trabecular 145.6 0.45 30.6
Cortical 15,000 0.3 140

Trabecular 145.6 0.45 30.6
Cortical 17,000 0.3 150

Trabecular 145.6 0.45 30.6
Cortical 18,000 0.3 150

Trabecular 145.6 0.45 30.6
1,000 2 0.4 2

Cervical 2,000 1 0.4 2

1,000 13 0.4 1

900 31.5 0.45 0.1
4,000 4 0.4 3

1,100 9 - 100 0.22 1 - 3 Yamada(1970)
Abe et al.(1996)

900 0.5
900 0.5

Intercostal 1,000 1 0.3 Yamada (1970)

Calcaneus

Femur

Facial bones

Rib /
Sternum

Yamada (1970)

Iwamoto et al. (2005)

Thorax

Skull

Vertebrae

Yamada (1970)
Wood (1971)

Abe et al. (1996)

Yamada(1970)
Abe et al.(1996)

Yamada(1970)
Abe et al.(1996)Bone

Lower
extremity

Fibula

Talus

Tibia

Upper extremity

Frontal bone

Parietal,
temporal,

Soft
tissue

Diaphragm
Shah et al. (2001)Pleural, Mediastinum,

Peritoneum, Fascia
Skin

Shah et al. (2001)Aorta

Fat
Lee and Yang (2001)

Mascle

Ligaments

1,000 1.60E-04 0.49
1,000 1 0.49
1,000 1.1 0.4 0.4 McElhaney et al.(1973)
1,000 1.1 0.4 0.4
1,000 31.5 0.45 0.2 Al-Bsharat et al.(1999)
1,133 31.5 0.45 1 Willinger(2003)
1,133 31.5 0.45 1 Zhang et al.(2002)
1,133 31.5 0.45 1 Tokhounts et al.(2003)

G0(Mpa) G∞(Mpa)
White 1,000 2,160 0.0125 0.0061
Gray 1,000 2,190 0.010 0.005

White 1,000 2,160 0.0125 0.0061 McElhaney et al.(1973)
Gray 1,000 2,190 0.010 0.005 Nakamichi et al.(2001)

White 1,000 2,190 0.023 0.0045 Zhang et al.(2002)
Gray 1,000 2,190 0.010 0.005 Tokhounts et al.(2003)

Density
(kg/m3)

Young's
Modulus
 E(Mpa)

Poisson
   ratio

Yield
stress
(Mpa)

Thickness
(mm)

Reference

Cortical 2,000 12,000 0.3 100
Trabecular 1,000 1,000 0.3 8.3
Anterior 1,100 44.1 0.3 0.33
Posterior 1,100 43.35 0.3 0.68

43.8 5.65
40.9 4.54
4.9 1.28
3.1 1.26
3.1 1.26
5 2.84

10 20 30 50
5.4 12.4 28 374.9 Yamada (1970)
7.9 14.1 20.1 31.7 Hayamizu (2003)
2.5 14.7 58.9 380.2 Tamura (2002)
1.5 2.5 3.7 9.8 Ishikawa (2000)
4.9 36.3 134.4

17.7 38.2 94.1 778.6
16.3 29.4 40.9 163.4
14.9 29.7 66.9 193.2
4.5 12.7 28.1 93.2

Brain

Galford and McElhaney
(1970)

Density
(kg/m3)

Modulus
K (Mpa)

Shear Modulus
Reference

Galford and McElhaney
(1970)

Ligament Flavum(LF)

CSF
Saggital sinus

Pia mater
Arachnoid

Meninx
Tentrium

Dura mater
Falx cerebri

Yoganandan et al.
 (1989a and 1998)

Neck

Cervical bone

Cervical
 dura mater

Transvers Ligament(TL)
Capsular Ligament(CL)

Anterior Longitudinal Ligament(ALL)
Posterior Longitudinal Ligament(PLL)
Interspinous Ligament(ISL)

Cerebellum

Brainstem

Yamada(1970)
Abe et al.(1996)

Yamada(1970)

Internal
organ

N
om

in
al

 st
re

ss
【

K
Pa

】

Property data

Heart
Lung
Liver

Spleen

Nominal strain【%】

Yamada (1970)

Kidney
Small intestine
Large intestine
Blood vessel

Stomach

Preference

Cerebrum
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Table 2.  PMHS test data used in validation 
Test conditon Referance

Thoracic frontal impact Kroell et al. （1974）

Thoracic dynamic belt compression Cesari et al. （1990）

Abdomen frontal impact Cavanaugh et al. （1986）

Abdomen dynamic belt compression Foster et al. （2006）

Humerus static three point bending 

Humerus dynamic compression

Femur static three point bending Yamada et al. （1970）

Knee joint lateral loading Kajzer et al. （1997, 1999）

Head
and

brain
Head impact

Nahum et al. (1977)
Troseille et al. (1992)
Hardy et al. (2001)

Head
and
neck

Neck flexion and cervical axial
compression

Pintar et al. (1995)
Thunnissen et al. (1995)

Lower
extremities

Kemper et al. （2005）

Thorax

Abdomen

Upper
extremities

 
Cases of described injury conditions in the 
literature were compared with prediction 
results using the FE model. The FE model 
predicted injury based on the reference values 
shown in Table 3. Bone fracture was assumed 
to have occurred when the strain of the 
elements included in a cortical bone exceeded 
3% [24]. Evaluation indices and reference 
values were assumed for each internal organ. 
Pulmonary contusion, i.e., injury to the 
alveolar tissue when the pressure inside the 
lungs increases due to blunt external force, is 
the most frequent lung injury mode. For this 
reason, a pressure index was applied to the 
elements inside the lungs. Karl et al. (1958) 
reported that there is a risk of alveolar tissue 
injury when the internal pressure of the lungs 
exceeds ±10 kPa [25]. Strain indices were 
applied to the other organs. A typical heart 
injury mode is myocardial laceration. 
Although the rupture threshold of the 
myocardiac muscle differs depending on the 
direction of force to the muscle fiber, Yamada 
(1970) states that tissue damage begins to 
occur with strain of 30% or above. Melvin et al. 
(1973) reported that the strain threshold for 
liver and kidney injury is approximately 30%, 
depending on the compression velocity. The 
reference value for the spleen is assumed to be 
30%, the same as for the liver. Yamada (1970) 
also states that the rupture strain for the 
intestines is approximately 120%, and 
approximately 100% for thoracic and 
abdominal blood vessels. It should be noted, 
however, that the validity of these indices and 
reference values requires further investigation 
and verification. This study does not to debate 
the absolute accuracy of the organ pressures 
or strain levels predicted by the FE model, but 
simply compares the organ injuries predicted 
by the FE model with the conditions of PMHS 
injury assuming the reference values for 
injury criteria in Table 3. 
 

Table 3.  Reference values for injury criteria 
Index Threshold Reference

Bone Strain 3.06% Kemper et al.(2005)

Heart Strain 30% Yamada et al.(1970)

Lung Pressure ±10kPa Karl et al.（1958）

Liver Strain 30% Melvin et al. (1973)

Spleen Strain 30% -

Intestine Strain 120%

Blood vessel Strain 100%

Internal
Organ

Yamada et al. （1970）
 

 
Verification of Thorax Model 
 

Thoracic Impactor Response - Figure 8 shows 
the thoracic impactor test performed by Kroell et al. 
(1971, 1974). In this test, cylindrical impactors 
simulating a steering wheel hub (diameter: 152 mm, 
mass: 7.92 to 23.6 kg) were collided with the anterior 
surface of the thorax of a PMHS at an initial velocity 
of 6.3 to 14 m/s. Each test was synchronized on 
high-speed film and the displacement and 
acceleration of the impactor were measured to 
calculate force-deflection curves. This impactor test 
was performed on 38 PMHS to create a force 
response corridor for each impactor mass and initial 
velocity. Verification of the force response of the FE 
model referred to a corridor created under typical 
conditions (mass: 23.1 kg, initial velocity: 7.2 m/s). 
The state of injury after each test was reported for 
each PMHS. Verification of FE model injury 
prediction used 20 cases close to the force conditions 
(mass: 19.5 to 23.6 kg, initial velocity: 6.3 to 10.19 
m/s). The posture of the PMHS in the tests is not 
described in the literature in detail but the FE model 
adopted an upright seated posture on the test device 
with both arms forward of the body, based on 
assumptions from photographs and images in the 
reports. The impactor force was output as a contact 
load between the impactor head and the anterior 
surface of the thorax. Impactor displacement was 
calculated from model node displacement, and 
thoracic deflection was calculated from changes in 
the distance between nodes on the anterior and 
posterior surfaces of the thorax. 

7.2 m/s7.2 m/s

 

Figure 8.  Thoracic impactor test. 

Figure 9 shows the observed state of the thoracic 
geometry after impactor contact. The sectional 
diagrams are viewed from the left side of the body’s 
median sagittal plane, and show thoracic deflection 
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of 0 mm, 15 mm, 30 mm, and 78 mm. In this case, 
maximum thoracic deflection was 78 mm. Up to an 
thoracic deflection of 15 mm, the skin and 
subcutaneous tissue (fat and muscle) were 
compressed. Deformation of the inferior portion of 
the sternum and the rib cartilage began at an thoracic 
deflection of 30 mm, initiating compression of the 
underlying heart and lungs. Rib deformation had 
progressed at an thoracic deflection of 78 mm, 
increasing the compressive deformation on the heart 
and lungs. After this point, since the posterior surface 
of the torso was not supported in the test, the spine at 
the height of the impactor displaced to the rear and 
the whole spine curved. Figure 10 shows the superior 
view of the horizontal section of the thorax at the 
height of the impactor center. It compares the states 
at thoracic deflection of 0 mm (initial state) and 78 
mm. This section includes the sternum, ribs, spine, 
heart, and lungs. The contact area of the impactor 
includes the heart and a part of the lungs. The 
sectional deformation at an thoracic deflection of 78 
mm shows that the heart was compressed in the 
anterior-posterior (AP) direction between the 
sternum and the spine, and that the heart elongated in 
the lateral direction. Additionally, the anterior surface 
of the thorax including the sternum and the ribs 
deformed into a flat shape along the contact surface 
with the impactor. The anterior portion of the lungs 
then deformed accordingly. 

0 mm 15 mm 78 mm30 mm

 

Figure 9.  Thoracic deformation after impactor 
contact. 

0 mm 78 mm

Figure 10.  Sectional deformation of thorax (at 

height of impactor center). 

Figure 11 compares the thoracic force response of the 
PMHS and FE model, with thoracic deflection on the 
horizontal axis and impactor force on the vertical 
axis. The force response of the PMHS is shown in 
the grey corridor and that of the FE model by the 
black solid line. Force initially peaked in both the 
PMHS and FE model at a thoracic deflection of 10 to 
20 mm, before reaching a maximum peak at 
approximately 80 mm. The initial peak force with the 
PMHS was in a range from 2.5 to 4 kN, and the FE 
model recorded 3.5 kN. The maximum peak force 
with the PMHS was in the range from 3 to 4.5 kN, 
and was 4.5 for the FE model. Therefore, the peak 
force calculated by the FE model roughly 
corresponded to the range of the PMHS, but its force 
response curve partially fell outside the PMHS 
corridor. At around 20 mm, after the first peak force 
calculated by the FE model, the force fell to 1.5 kN, 
clearly below the PMHS corridor. However, several 
of the force response curves described in the 
literature also describe the force decreasing to a 
range of 1.5 to 3 kN after the initial peak. Thus, the 
1.5 kN calculated by the FE model here was judged 
to be within the appropriate range. 
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Figure 11.  Comparison of thoracic 
force-deflection response. 

Table 4 compares PMHS autopsy results and FE 
model predictions with respect to injury to the 
skeletal structure and the organs in the thorax. Kroell 
at al. (1971, 1974) reported that 18 of the 20 PMHS 
cases relevant to the model verification in this study 
incurred some kind of injury. All of these injury cases 
involved sternum or rib fracture, and 15 suffered soft 
tissue injury. Rib fractures occurred in an average of 
11 locations from the first to the seventh ribs. With 
respect to organ injury, cases of heart and liver injury 
were most frequent (5), followed by the lungs (4). 
Cases of membrane injury were also frequent (9). 
The FE model predicted that cortical bones in the 
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sternum and ribs would have exceeded the 3% 
reference value for fracture strain in 8 locations. Two 
of these were located at the inferior portion of the 
sternum, and the other six occurred at either the left 
or right ribs. Figure 12 shows the corresponding 
locations. Figure 13 shows the state of occurrence for 
maximum principal strain and pressure in the FE 
model heart. Strain exceeded 0.3 in the heart and 
liver. Strain in the liver concentrated in the position 

at the center of the body corresponding with the 
contact position of the impactor. High levels of strain 
were also detected in an area of the stomach, but this 
was below the reference value of 1.2. Strain did not 
exceed the reference value in any of the other organs. 
Additionally, lung pressure exceeded 10 kPa. The 
state of organ injuries predicted by the FE model 
correlated well with the PMHS autopsy results. 

 

    Table 4.  Injury cases and predicted results  

Age Gender Mass Velocity Sternum Ribs Heart Lung Liver Aorta Others
60 F 19.5 6.3 0 11
67 F 22.9 7.2 2 22 Y
81 M 22.9 7.4 0 21 Y
76 F 22.9 7.2 2 7 Y Y

80 M 23.6 6.9 0 13 Y
78 M 23.6 6.7 2 14 Y
19 M 23.6 6.7 1 0
29 M 23.6 6.7 0 0
45 F 23.6 6.8 1 18
72 M 23.6 6.7 0 17 Y Y
58 F 19.5 7.7 0 23 Y Y

65 M 22.9 9.7 2 M Y Y Y
51 M 23.04 10.19 1 14 Y
75 M 22.86 9.92 1 20 Y Y
64 M 18.96 8.23 0 13 Y
52 M 18.96 7.2 0 7 Y
48 M 22.86 9.83 1 9 Y Y Y

46 M 19.28 7.33 0 0
49 F 19.55 6.71 0 7 Y Y
46 F 19.55 9.92 0 8 Y Y

Sternum Ribs Heart Lung Liver Aorta Others

0.65 11.2 5 4 5 2 9

23.0 7.2 2 6 Y Y YFE model

Numbers of Soft Tissue InjuriesAverage  of Fractures

Bony Fractures Soft Tissue InjuriesSubject Impact Condition

Front view

Fractures:
8

 

Figure 12.  Bony fracture prediction in thoracic 
impactor test. 

Liver (reference value: 30%) Heart (reference value: 30%)
Strain > 0.3

Pressure > 10kPa

Stomach (reference value: 120%) Lungs (reference value: ±10kPa)

Strain > 0.3Strain > 0.3

 

Figure 13.  Strain and pressure distribution in 
thoracic organs (liver, heart, stomach: strain 
distribution; lungs: pressure distribution). 
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Thoracic Belt Compression Response - Figure 
14 shows the thoracic belt compression test 
performed by Cesari et al. (1990). The test involved 
placing a belt-shaped impactor (width: approximately 
50 mm) diagonally across the anterior surface of the 
thorax of a PMHS lying face upward on a test bench 
to simulate a seatbelt, and pulling both ends of the 
belt toward the posterior surface of the torso. The 
ends of the belt were connected by wires to a 
pressure receiver, and pulled the belt dynamically to 
simulate impactor contact. Displacement was 
recorded at multiple points on the thorax and 
measured on bar-shaped deflection meters suspended 
from the top of the test bench. The test was 
performed using 13 PMHS, and their injuries were 
recorded in post-test autopsies. The FE model was 
also placed face upward on a rigid flat plane 
simulating the test bench. The geometry of the spine 
was adjusted to that of the table by applying 
gravitational acceleration. The time history of the 
amount of belt pulling force in the PMHS test was 
input into the FE model belt ends. An impactor mass 
of 22.4 kg and an initial velocity of 7.78 m/s were 
selected from the various test conditions. The 
displacement measurement points were selected by 
referring to diagrams showing the test conditions. If 
the belt moved during compression, the node closest 
to the initial position on the plane was re-selected. 
Injury was predicted based on the reference values in 
Table 3. 

Belt system

Load cells

Belt system

Load cells

V  

Figure 14.  Thoracic belt compression test. 

Figure 15 shows sectional views of thoracic 
deformation under belt compression from the left 
side of the median sagittal plane. The deformation is 
shown with thoracic deflection of 0 mm (0 ms), 20 
mm (14 ms), and 70 mm (26 ms). As with the 
impactor test, compressive deformation of the 
subcutaneous tissue occurred before rib cage 
deformation. At a thoracic deflection of 30 mm, the 
sternum was pushed in the posterior direction, 
causing compressive deformation of the heart and 
lungs. When this occurred, the heart elongated in the 
inferior direction, also pressing the liver in the same 
direction. At a thoracic deflection of 70 mm, the 
sternum was pushed even further inward, advancing 
the deformation of the heart and lungs, and forcing 
the liver even further in the inferior direction. Since 
the posterior surface of the model was positioned 

against a flat plate under these test conditions, little 
motion was generated in the spine. The rib cage and 
organs incurred compressive deformation only in the 
areas where the belt force was applied. 
Figure 16 shows the superior view of the horizontal 
section of the thorax at the height of the sternum 
center. It compares the deformation at thoracic 
deflections of 0 mm and approximately 70 mm 
(maximum deflection). This section includes the 
sternum, ribs, spine, heart, and lungs. The belt 
contacted the anterior surface of the thorax close to 
the sternum. The sectional deformation at the 
maximum deflection shows that the heart was 
compressed in the AP direction between the sternum 
and the spine, and that the body elongated in the 
lateral direction. Maximum deformation of the 
anterior surface of the thorax occurred at the belt 
contact position close to the sternum, and the 
surrounding ribs deformed dragged by the sternum. 
Although lungs deformation was seen close to the 
sternum, no significant deformation occurred in any 
other location. 

Stroke 0 mm
(0 ms)

Stroke 30 mm
(14 ms)

Stroke 70 mm
(26 ms)  

Figure 15.  Thoracic belt compression behavior. 

Stroke 0 mm Stroke 70 mm  

Figure 16.  Sectional deformation of thorax (at 
height of sternum center). 
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Figure 17.  Displacement under thoracic belt compression. 

Figure 17 shows the time history curves of 
displacement at each measurement point. The grey 
lines show the PMHS test results and the black lines 
show the results measured by the FE model. The 
same increasing trend for sternum displacement was 
achieved by both the PMHS and the FE model. 
Maximum deflection of the superior portion of the 
sternum was 10 mm larger with the PMHS and 
deflection in the center and inferior portions was 5 
mm larger with the FE model. Maximum deflection 
measured at the rib cartilage showed a difference of 
10 to 30 mm. Displacement at the left clavicle was 
40 mm larger with the FE model. 
Because no information on organ injury is available 
from the study by Cesari at al. (1990), the validity of 
the organ pressure and strain predicted by the FE 
model cannot be examined for these belt loading 
conditions. 
 

Abdominal Impactor Response - Figure 18 
shows the abdominal impactor test performed by 
Cavanaugh et al. (1986). This test impacted an 
aluminum bar (diameter: 25 mm, mass: 32 or 64 kg) 
against the abdomen of PMHS horizontally at an 
initial velocity of 5 to 10 m/s. The test was 
performed using 12 PMHS. Five of the tests used an 
average initial velocity of 6.1 m/s, and the remaining 
seven tests used an average initial velocity of 10.4 
m/s. Each test recorded the abdominal deflection 
with respect to the impactor force, and the injury 
state of the PMHS was investigated after the test. 
Model verification referred to a force-deflection 
corridor created from the results of the five tests that 
used low initial impactor velocities. Since the posture 

of the PMHS in the tests is not described in detail in 
the literature, an upright seated posture was assumed 
in the same way as the thoracic impactor test. 
However, both arms were positioned hanging 
downward. The impactor force was output as a 
contact load between the impactor and the anterior 
surface of the abdomen. Impactor displacement was 
calculated from model node displacement, and 
abdominal deflection was calculated from changes in 
the distance between nodes on the anterior and 
posterior surfaces of the abdomen. 

6.1 m/s

 

Figure 18.  Outline of abdominal impactor test. 

Figure 19 shows sectional views from the left side of 
the median sagittal plane of the FE model torso. The 
figure shows the states of the model at impactor 
strokes of 0 mm, 36 mm, 82 mm, and 100 mm. Up to 
36 mm, compressive deformation was limited to the 
subcutaneous tissue, before subsequently spreading 
to the organs in the abdominal cavity such as the 
intestines. The compression ratio of the small 
intestine exceeded 90% at a stroke of 82 mm and the 
abdominal soft tissue impacted by the impactor 
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almost contacted the spine. After this point, since the 
posterior surface of the torso was not supported, the 
whole spine curved. No major changes in intestinal 
compression occurred in the impactor stroke range of 
82 to 100 mm. 

0 mm 36 mm 100 mm82 mm

Figure 19.  Abdominal impactor test behavior. 

Figure 20 compares the deformation of the horizontal 
section of the abdomen at the height of the impactor 
center in its initial state and at an impactor stroke of 
100 mm. The abdominal sections are viewed from 
the superior view and include the spine, the large 
intestine, the visceral fat near these organs, and the 
musculature at the posterior portion of the torso. The 
final contact range of the impactor covered the whole 
width of the abdomen. The sectional deformation at 
an impactor displacement of 100 mm shows that the 
anterior portion of the abdomen flattened in 
accordance with the shape of the impactor. The 
abdomen depth was compressed in the AP direction, 
but was elongated in the lateral direction. The small 
intestine was compressed in the AP direction between 
the subcutaneous tissue at the anterior surface of the 
abdomen and the spine. In contrast, compression of 
the large intestine was smaller and there was no 
major compressive deformation of the musculature at 
the posterior portion of the torso. 
 

0 mm 100 mm  

Figure 20.  Sectional deformation of abdomen (at 
height of impactor center). 

Figure 21 shows the time history curve of the 
impactor force with respect to its stroke. The grey 
lines show the force corridor calculated from the 
PMHS abdominal response, and the black line shows 
the response of the FE model. Impactor force at a 
stroke of 50 mm was between 0.8 and 1.9 kN with 
the PMHS and 1.5 kN with the FE model. In addition, 
at a stroke of 100 mm, the force was between 1.5 and 
3 kN with the PMHS and 2.4 kN with the FE model. 
These results verify that the force curve of the FE 
model was appropriately within the PMHS corridor. 
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Figure 21.  Abdominal impactor test F-s. 

Cavanaugh et al. (1986) reported organ injury in one 
of the five test cases at the low initial velocity. 
Autopsy results show that AIS 4 liver injury occurred, 
but no mention is given of the small intestine. Figure 
22 shows the strain distribution of the abdominal 
organs in the FE model. It indicates that strain in the 
liver exceeded the reference value of 0.3. A portion 
of the small intestine also exceeded the strain 
reference value of 1.2. The predictions of the FE 
model matched the test results with respect to liver 
injury, but close comparison was not possible due to 
a lack of data for other organs. 

Strain > 0.3
Strain > 1.2

Liver (reference value: 30%) Intestine (reference value: 120%)

Figure 22.  Strain distribution in abdominal 

organs. 
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Abdominal Belt Compression Response - Figure 
23 shows the abdominal belt compression test 
performed by Foster et al. (2006). The test involved 
placing a lap belt (width: 50 mm) across the anterior 
surface of the abdomen of a PMHS and using a 
pyrotechnic pretensioner to pull the wound end 
toward the posterior surface of the PMHS in the 
horizontal direction. The posterior surface of the 
PMHS was supported by a rigid plate. The 
pretensioner had three settings for adjusting the 
pulling force to provide belt velocities of 4.0 to 5.4 
m/s, 6.1 to 7.5 m/s, and 6.9 to 13.3 m/s. Belt force 
was measured by a load cell and abdominal 
deflection was measured by a laser deflection meter. 
The injuries of the PMHS were investigated after the 
tests. The FE model was set to reproduce the PMHS 
posture described in the literature, and a rigid plate 
was simulated at its posterior surface. Shell elements 
to simulate the belt were fitted to the torso around the 
abdomen, and the belt was pulled toward the 
posterior surface of the model. The comparison used 
the case with a belt pulling velocity of 6.9 m/s to 
recreate the time history of the pulling force of the 
belt end. Belt force was output from the sectional 
force of the shell elements, and abdominal deflection 
was calculated from changes in the distance between 
nodes on the anterior and posterior surfaces of the 
abdomen. 

 

V

 

Figure 23.  Outline of abdominal belt 
compression test. 

Figure 24 shows sectional views from the left side of 
the median sagittal plane of the FE model torso. 
Abdominal deflection is shown at impactor strokes of 
0 mm, 30 mm, 60 mm, and 120 mm. Up to 30 mm, 
compressive deformation was limited to the 
subcutaneous tissue, before subsequently spreading 
to the soft tissue in the abdominal cavity such as the 
small intestine. Compressive deformation of the 
small intestine progressed at an impactor stroke of 60 
mm, and at 120 mm, the compression ratio exceeded 
90%. 

Stroke 0mm Stroke 30mm Stroke 120mmStroke 60mm

 Figure 24.  Behavior in abdominal belt test. 

Figure 25 compares the deformation of the horizontal 
section of the abdomen at the height of the belt in its 
initial state and at a belt deflection of 120 mm. The 
abdominal sections are shown from the superior view 
and include the spine, the small and large intestines, 
the visceral fat near these organs, and the 
musculature at the posterior portion of the torso. 
Over the period of time from the initial to the final 
states, the belt becomes wrapped around the anterior 
half of the abdomen. The sectional deformation at an 
abdominal deflection of 120 mm shows that the 
anterior portion of the abdomen was deformed into a 
rounded state and the internal portions were 
compressed toward the spine. The posterior portion 
was flattened in accordance with the rigid plate. 
Unlike the impactor case, the body did not elongate 
in the lateral direction in accordance with AP 
direction compression. Mostly the small intestine 
was compressed in the AP direction between the 
subcutaneous tissue at the anterior surface of the 
abdomen and the spine. The large intestine was 
deformed between the subcutaneous tissue at the 
anterior surface of the abdomen and the musculature 
at the posterior portion of the torso. 

Stroke 0mm Stroke 120mm  

Figure 25.  Sectional deformation of abdomen (at 
height of belt). 

Figure 26 shows the time history curves of belt force 
with respect to abdominal deflection. The grey lines 
show the force corridor calculated from the PMHS 
abdominal response, and the black line shows the 
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response of the FE model. Belt force at a stroke of 20 
mm was between 7.5 and 10 kN with the PMHS and 
8.0 kN with the FE model. In addition, at a stroke of 
75 mm, the force was between 0.4 and 8.0 kN with 
the PMHS and 5.3 kN with the FE model.  
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Figure 26.  Abdominal belt test F-s. 

Foster et al. (2006) tested four PMHS at belt pulling 
velocities between 6.9 and 13.3 m/s, of which three 
suffered organ injury. These injuries were to the liver, 
spleen, and kidneys, but all three injured PMHS were 
found to have sustained liver laceration. The case 
used for model verification did not suffer organ 
injury. Figure 27 shows the strain distribution in the 
abdominal organs of the FE model. Although the 
small intestine was compressed by 90% in the AP 
direction, the maximum strain in the small and large 
intestines did not exceed the reference value of 1.2. 
Strain in the intestines exceeded 0.3 close to the 10th 
rib on the right side, but no other organ exceeded its 
reference value for strain. These results indicate that 
the FE model successfully simulated the organ injury 
conditions of the PMHS for liver injury after 
abdominal compression. The FE model did not 
predict injury to any other organ. Its predictive 
accuracy cannot be discussed for the other organs 
because the injury results in the PMHS tests varied 
among the cases. 

Strain > 0.3

Liver (reference value: 30%) Intestine (reference value: 120%)

Figure 27.  Strain distribution in abdominal 

organs. 

Verification of Extremity Model 
 

Static Bending Response of Humerus - Figure 
28 shows the static 3-point bending test performed on 
the humerus by Kemper at al. (2005). In this test, the 
humerus was removed from the PMHS, both ends 
inserted into cylindrical aluminum jigs, and fixed 
using a hardened resin. One of the jigs was supported 
using a pin joint allowing rotation in the bending 
direction only, and the other was supported using a 
roller allowing the same rotation and displacement in 
the axial direction of the bone. The center of the 
humerus was then loaded using an impactor 
(diameter: 20 mm) at a velocity of 10 mm/s. The test 
was performed on three humerus bones, and the 
reaction force with respect to the impactor 
displacement was recorded. The FE model omitted 
the jigs and expressed the fixed portions using rigid 
elements. Nodes were set at the positions equivalent 
to the jig rotation centers, and defined with 
conditions for pin and roller support. Forcible 
displacement was applied by a model impactor on to 
the model humerus. The displacement of the 
impactor was output as model node displacement and 
the reaction force was output as the contact force 
with the humerus. 

Loading head Humerus

Figure 28.  Static 3-point bending of humerus. 

Figure 29 compares the force-displacement curves 
obtained in the three tests with that calculated by the 
FE model. The reaction force at a displacement of 5 
mm was between 1.5 to 3.7 kN with the PMHS and 
2.3 kN with the FE model. Additionally, the reaction 
force at a displacement of 10 mm was between 2.9 to 
4.1 kN with the PMHS and 4.2 kN with the FE 
model. Although the reaction force of the FE model 
slightly exceeded that of the PMHS range at 10 mm, 
the curve history to that point fitted within the PMHS 
reaction force corridor. 
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Figure 29.  Relationship between impactor 
displacement and reaction force. 

Dynamic Compression Response of Humerus 
- Figure 30 shows the dynamic test performed on the 
humerus by Kemper et al. (2005). In this test, the 
humerus was extracted from the PMHS including the 
flesh. The humerus was placed on a circular table 
with a diameter of 152 mm, and compressed by a 
circular impactor of the same dimensions applied in 
the downward direction at a velocity of 4 m/s. The 
test was performed on two humerus bones and the 
compressive displacement and compressive force 
were recorded. The same portion was extracted for 
the FE model, and placed between models of the 
circular jigs. The lower jig was fixed in space while 
the upper jig applied forcible displacement to 
compress the humerus model. The compressive 
displacement was output as displacement of the 
nodes in the upper jig, and the compressive force was 
output as the contact force between the humerus and 
the jigs. 

Impact direction

Soft tissue

Humerus
Support

(dia. =152 mm)

Impactor
(dia. =152 mm)

 
Figure 30.  Humerus dynamic compression test. 

Figure 31 compares the force-displacement curve 
obtained in the two tests with that calculated by the 
FE model. The force at a displacement of 15 mm was 
between 2 to 4 kN with the PMHS, and 2.5 kN with 
the FE model. Additionally, the force at a 
displacement of 25 mm was between 5 to 12 kN with 

the PMHS and 6.2 kN with the FE model. The force 
curve of the FE model was within the force range of 
the PMHS. 
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Figure 31.  Relationship between impactor 
displacement and reaction force. 

Static Bending Response of Femur - Figure 32 
shows the static bending test performed on the femur 
by Yamada et al. (1970). In this test, the femur was 
removed from the PMHS, and both ends supported in 
a rotatable state. An impactor (diameter: 20 mm) was 
used to apply force at a velocity of 20 mm/s to the 
center of the femur. In the FE model, the same 
portions were also extracted and supported in a 
rotatable state at both ends. Forcible displacement 
was applied to the center of the femur in a manner 
equivalent to the test by a model of a rigid rod 
impactor. The displacement of the impactor was 
output as model node displacement and the reaction 
force was output as the contact force with the femur. 

Impactor Femur

 

Figure 32.  Static 3-point bending of femur. 

Figure 33 compares the force-displacement curve 
obtained in the test with that calculated by the FE 
model. There is only one set of comparison data. The 
force at a displacement of 5 mm was 1.7 kN with the 
PMHS and 1.4 kN with the FE model. Additionally, 
the force at a displacement of 10 mm was 2.5 with 
the PMHS and 2.4 kN with the FE model. The force 
curve of the FE model was close to that of the 
PMHS. 
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Figure 33.  Relationship between impactor 
displacement and reaction force. 

Impact Response of Knee - Figure 34 shows 
the impact test performed on the knee by Kajzer et al. 
(1997). This test used the lower extremity of a PMHS. 
The femur was fixed and an impactor (mass: 6.25 kg) 
was applied to the knee from the side at a velocity of 
40 km/h, while force of 400 K was applied from 
under the foot. The diameter of the impactor was 100 
mm, and a pad (thickness: 50 mm) was attached to its 
front surface. The test was performed on two lower 
extremity specimens, and the acceleration on impact 
was recorded by an accelerometer provided at the 
superior portion of the tibia. The same portion was 
extracted for the FE model, which also simulated the 
tibia support initial force under the foot. An impactor 
model was created and applied to the side of the knee 
at a velocity of 40 km/h. The acceleration was output 
from a node at an equivalent position to the 
accelerometer in the PMHS test. 

400 N

Velocity
40 km/h

Impactor

Fixed

Fixed

 

Figure 34.  Knee impact test. 

Figure 35 compares the acceleration time history 
obtained in the two tests with the acceleration curve 
calculated by the FE model. In all cases, acceleration 
peaked at approximately 4 ms after the impact, and 
then decreased. Peak acceleration with the PMHS 
was between 930 and 1020 m/s2, and 1060 m/s2 with 

the FE model. With the FE model, acceleration 
declined gradually immediately after the peak, but it 
re-produced the plateau in the acceleration curve at 
approximately 10 ms. Overall, the acceleration 
response of the FE model was higher than that of the 
PMHS, but their acceleration waveforms correlated 
well. 
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Figure 35.  Impactor acceleration time history. 

DISCUSSION 
 
The predicted mechanical response of the thorax, 
abdomen, and extremities in the FE model correlated 
well with PMHS test data under the equivalent 
conditions. Although there is only limited data 
available to compare abdominal organ injury, the 
injuries predicted by the FE model based on assumed 
reference values correlated well with the PMHS test 
results. It is difficult to observe organ behavior 
during impact in PMHS tests, but FE model 
simulations visualized the internal behavior. 
Additionally, PMHS tests require precise techniques 
for attaching sensors such as load cells and 
potentiometers. FE models are capable of outputting 
force and displacement at any point of interest. It was 
useful to consider the mechanism of injuries incurred 
by thoracic and abdominal organs by analyzing the 
results of the model validation simulations, as 
follows. 
 
Injury Mechanism of Thoracic Organs 
 
According to the test results of Kroell et al. (1971) 
used to verify thoracic impactor response, multiple 
(seven or more) rib fractures occurred in all cases of 
organ injury. In contrast, in cases without rib fracture, 
no organ injury occurred. As shown in Figure 10, the 
anterior surface of the FE model thorax was flattened 
by the impactor. As a result, the lungs suffered 
compressive deformation as well as the heart located 
in the center of the thorax. At a thoracic deflection of 
approximately 70 mm, the thorax sectional area 
decreased by a ratio of approximately 21%. Figure 
36 shows the time history of thoracic deflection 
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calculated at the sternum of the FE model overlaid 
with the time histories of strain in the heart, liver and 
lung pressure. Thoracic deflection increased 
immediately after impactor contact and reached a 
maximum value of 75 mm at approximately 14 ms. 
However, before that, the sternum and 4th rib 
fractured at 8 ms (thoracic deflection: 58 mm), and 
rib fractures occurred in six locations before the 
maximum thoracic deflection was reached. Strain in 
the heart and liver both increased in accordance with 
the thoracic deflection. Since the heart is located in 
the center of the thorax, it was caught between the 
sternum and the spine when the thorax was 
compressed in the AP direction. As a result, strain in 
the heart increased at the same time as the thoracic 
deflection. The left end of the liver was elongated up 
to a position close to the center of the body, but this 
area is located inferior to the bottom of the sternum. 
Under these conditions, since the liver was located 
slightly inferior to the impactor contact point, the 
increase in strain occurred a little later than for the 
heart. Therefore, it is considered that the organ strain 
timing differed depending on the position of the 
organ with respect to the pressure application area. 
The pressure in the lungs, which along with the heart 
were also immediately below the impactor, increased 
drastically from approximately 8 ms. This indicates 
that lung deformation was advanced by the start of 
the sternum and rib fractures. 
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Figure 36.  Thoracic deflection and organ force 
on impactor contact. 

In contrast, although the heart was also compressed 
in the AP direction under the belt compression 
conditions in the same way as with the impactor 
contact, compressive deformation of the lungs was 
relatively small (Figure 16). In these sections, the 
belt mostly loaded the sternum. The surrounding ribs 
were not deformed a great deal, but were bent 
slightly inward dragged by the sternum. At a thoracic 
deflection of approximately 70 mm, the thorax 
sectional area decreased by a ratio of approximately 
15%. Figure 37 shows the time history of thoracic 

deflection calculated by the FE model overlaid with 
the time histories of strain in the heart and liver and 
lung pressure. Under these conditions, strain in the 
heart and liver and lung pressure all increased in 
accordance with the increase in thoracic deflection. 
The sections in Figure 16 show the belt was 
positioned at the sternum, but multiple organs were 
compressed since the belt was actually placed 
diagonally across the anterior surface of the thorax. 
However, it is assumed that the deformation of the 
compressed organs was low because the ratio of 
sectional area decrease was less than with the 
impactor in these sections. In fact, the strain in the 
heart and liver shown in Figure 37 was smaller than 
at the same thoracic deflection in Figure 36. Strain in 
the liver was smaller because it was outside the area 
compressed by the belt. The amount of compressive 
deformation of these organs may have been small 
since the belt may have loaded multiple organs 
simultaneously. Deformation had a higher trend for 
the organs underneath the contact surface of the 
impactor. In other words, the thoracic organ injury 
risk may also be affected by the compression area 
and not only the amount of thoracic deflection. Since 
the study performed by Cesari et al. (1990) does not 
describe organ injury, the validity of the organ injury 
predictions under belt loading using the FE model 
needs to be verified in future study. The liver is 
located in the abdominal area, but it is covered by the 
inferior ribs. In the thoracic impactor test, strain was 
generated in the superior part of the liver by 
deformation of the right ribs. Although the liver was 
located away from the belt path in the reference test 
case, it would be compressed if the belt were worn 
over the other shoulder. 
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Figure 37.  Thoracic deflection and organ force 
on belt compression. 

Injury Mechanism of Abdominal Organs 
 
A similar trend was observed for the abdomen. 
However, no large differences were found in the size 
of the abdomen compression area between the 
impactor and belt test. Comparing the abdominal 
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deformation in the sections in Figures 20 and 25, the 
former shows that the impactor flattened the anterior 
surface of the abdomen, whereas in the latter, the belt 
became wrapped around the anterior half of the 
abdomen and caused deformation by restraining the 
body toward the center. In other words, with 
impactor contact, large compression occurred above 
the impactor center, but the belt force applied large 
compression over the whole range of contact. At an 
abdominal deflection of approximately 60 mm, the 
abdominal sectional area decreased by approximately 
13% with the impactor, and approximately 39% with 
the belt. That is, organ deformation and movement 
were larger under the belt conditions. Figures 38 and 
39 show the time history of abdominal deflection 
calculated by the FE model overlaid with the time 
histories of strain for the small and large intestines 
and the liver, under both the abdominal impactor and 
belt compression conditions. Strain was output at the 
elements of the small and large intestines positioned 
at the height of the impactor. Elements close to the 
impactor were selected for the liver. In both cases, 
strain of the small intestine increased at the same 
time as the increase in abdominal deflection. Strain 
in the liver began to increase as compressive 
deformation of the abdomen progressed to a certain 
level, and increased again after abdominal deflection 
and strain in the small intestine peaked. This is 
probably because a portion of the liver is connected 
with the diaphragm, which causes compressive or 
tensile deformation when pulled by other organs 
under abdominal compression. The strain value in the 
liver was smaller than that in the small intestine. It 
should be noted, however, that the reference strain 
value for the liver is relatively small. In both cases, 
strain in the large intestine increased temporarily 
when abdominal compression reached a certain point, 
but eventually decreased. Although the large intestine 
is connected to the peritoneum, its long path gives it 
a larger tolerance for movement than organs such as 
the liver. 
 
Limitations and Suggestion for Future Work 
 
The human FE model developed in this research 
demonstrated a good correlation with the mechanical 
response of PMHS tests selected from the literature. 
However, there are limitations in the selected force 
conditions and cases that be used for comparison. 
Therefore, the validation results cannot confirm the 
validity of the model under various force conditions. 
Further research is needed for human injury 
prediction in vehicle collisions using this model. 
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Figure 38.  Abdominal deflection and organ 
force on impactor contact. 
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Figure 39.  Abdominal deflection and organ 
force on belt compression. 

CONCLUSION 
 
A precise FE model of a torso was developed based 
on internal geometrical data digitized using 
high-resolution CT scans. The model was generated 
taking into account the properties of each organ and 
their connections with neighboring tissues. FE 
models were also created for the extremities with the 
same precision as the torso based on commercially 
available geometrical databases. THUMS ver.3.0 was 
used for the head model. These models were 
combined to complete a whole human body FE 
model (THUMS ver.4.0) comprising approximately 2 
million elements simulating an adult male of average 
physique. The validity of the mechanical response of 
the developed human FE model was verified by 
comparison with PMHS impact test data. FE models 
simulated impactor and belt compression tests on the 
thorax and abdomen, 3-point bending tests on the 
extremities, and impactor tests on the knees to verify 
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correlation with PMHS force response. The 
mechanism of organ injuries in the thorax and 
abdomen was also discussed based on the validation 
results. Strain in heart and lung pressure increased in 
accordance with thoracic deflection, but the 
magnitude of them was affected by the compression 
area of the loading device. Strain in the small 
intestine increased in accordance with abdominal 
deflection, while strain in the liver increased locally 
as compressive deformation of the abdominal 
progressed. The absolute values for pressure and 
strain indicated by the FE model require further 
verification, but the developed FE model was shown 
to be useful for predicting trends of organ injuries in 
vehicle collisions. 
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ABSTRACT 
 
The current legform impactor in pedestrian safety 
tests uses a steel shaft connected to metal plates to 
represent the femur and tibia. It evaluates leg 
fracture risk based on tibia acceleration, and knee 
ligament rupture risk based on knee bending angle 
and shear displacement. However, the impactor 
does not generate the tibia deflection that occurs 
when a vehicle impacts a pedestrian. The new 
flexible pedestrian legform impactor (Flex-PLI) 
currently under development is designed to simulate 
the impact behavior of the human leg, reproducing 
tibia deflection with flexible shafts and representing 
the knee ligaments using wires. As a result, it can be 
used to help assess injury based on deformation by 
estimating the risk of tibia fracture from the bending 
moment of the tibia shaft and the risk of knee 
ligament rupture from the elongation of the wires. 
In this study, a finite element (FE) model of the 
Flex-PLI was developed to examine the impact test 
protocol for pedestrian leg injury assessment, 
comparing the impactor behavior and response with 
that of a whole human FE model. The Flex-PLI FE 
model was created by reverse engineering that 
reproduced the shape and mechanical properties of 
each part. The impact velocity of the impactor was 
set to 40 km/h based on accident data. An impact 
height of 75 mm above the ground has been 
proposed for the Flex-PLI in contrast to the current 
protocol, which specifies an impact height of 0 mm. 
The study compared results at the base impact 
height of 75 mm with those obtained at different 
heights. It also investigated the effect of adding 
mass to simulate the upper body of a pedestrian. 
Vehicle-to-pedestrian impact simulations were 
conducted with the Total Human Model for Safety 
(THUMS) to estimate the behavior and response of 
a human leg for comparison with the results from 
the impactor model. The bending moment of the 
tibia and the elongation of the knee ligament wires 
in an impact varied depending on the impact height 
and additional mass. Impactor behavior was closest 
to THUMS at a height of 0 mm, but a closer 
response to THUMS for bending moment and 

ligament elongation was obtained at 75 mm. It was 
also found that adding a mass of 6 kg to the upper 
end of the impactor in SUV impacts created a closer 
response to THUMS. 
 
INTRODUCTION 
 
In 2007, 5,744 fatalities occurred as a result of 
traffic accidents in Japan, roughly 30% of which 
were pedestrians. Pedestrians also accounted for 
17% of serious injuries. 58% of the pedestrian 
fatalities sustained head injuries, while the lower 
extremities were the most frequently injured (37%) 
in all cases of injury.[1] 
In 2003, the Japan New Car Assessment Program 
(JNCAP) began to assess pedestrian safety 
performance. Currently, only a head safety test is 
conducted, but another test protocol for lower leg 
injury assessment will be introduced in 2010. A 
proposal has also been drawn up to integrate a leg 
test into the Global Technical Regulations (GTR) 
that are observed as a set of international standards 
for vehicle safety in various countries around the 
world.[2] This proposal includes a new flexible 
pedestrian legform impactor (Flex-PLI) that is 
currently under development.[3] Whereas the 
current leg impactor uses rigid steel parts to 
simulate the femur and tibia, the new impactor 
expresses these portions with bendable flexible 
materials. It also uses wires to represent the 
ligaments in the knee joints. Development of the 
Flex-PLI began in 2000,[4] and a proposal for its 
final specifications was announced in 2008. 
Studies into the conditions for the leg test have 
continued during the development of the Flex-PLI. 
It is currently proposed to collide the Flex-PLI with 
a vehicle at a height of 75 mm from the ground. It 
has been reported that the results for leg bone 
deflection and knee ligament elongation obtained 
from the impactor at a height of 75 mm are close to 
the response of a pedestrian’s leg.[5] However, 
since this setting results in the initial knee joint 
being positioned higher than the knee of an actual 
pedestrian, it must be verified whether the effect of 
the shape of the front edge of the vehicle can be 
adequately evaluated. 
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It has also been pointed out that the mass of the 
pedestrian’s upper body has an effect on leg 
behavior.[6] Behavior is also thought to be affected 
by the fact that legs are inclined inward from the 
vertical while walking. 
The study focused on the following three factors 
using an FE model of the Flex-PLI. Comparing the 
impact behavior and mechanical response of this 
model with a human FE model, this paper discusses 
the optimal test conditions for predicting and 
assessing full-body pedestrian behavior and injury 
criteria. 
- Impact height 
- Additional mass for simulating the upper body 
- Impactor inclination angle 
The Flex-PLI FE model was created by reverse 
engineering from the actual Flex-PLI. The Total 
Human Model for Safety (THUMS) FE model was 
used for the comparison. 
 
METHODS 
 
Human FE Model 
 
     Outline of THUMS - THUMS is a human 
FE model jointly developed by Toyota Central R & 
D Labs., Inc. and Toyota Motor Corporation. Figure 
1 shows a standing THUMS model simulating a 
pedestrian crossing a road. THUMS has a height of 
175 cm and a mass of 77 kg to simulate a 50th 
percentile American male (AM50). In its walking 
pose, the left leg is inclined 22 degrees forward of 
the body and the right leg is inclined 7.2 degrees to 
the rear, based on the standard acetabulum angles. 
Both arms are hanging downward and both hands 
are positioned slightly in front of the torso. Parts for 
simulating shoes have also been added to the soles 
of the feet. As a result, the inferior surface of the 
calcaneus is positioned at a height of 29 mm from 
the ground. THUMS includes the major skeletal and 
soft tissue that form the interior of the body. The 
skeleton is divided into cortical and cancellous 
bones, which are modeled using shell and solid 
elements, respectively. The cortical bones are 
modeled with elasto-plastic properties, and bone 
fractures are simulated by eliminating elements 
where strain exceeds a threshold. The physical 
properties of the bones were defined in reference to 
the values described by Yamada et al.[7] The 
threshold value for bone fracture strain was 
assumed to be 3%, based on the study by Burstein 
et al.[8] The joints are modeled with bone-to-bone 
contacts and ligament connections, without using 
artificial joint elements provided in FE codes. In the 
same way as bone fracture, ligament rupture is 
simulated by eliminating elements where strain 
exceeds a threshold. The physical properties of 
ligament tissue were defined in reference to the 

values described by Abe et al. (1996). Kerrigan et al. 
reported a range of approximately 11 to 20% as the 
critical stretch for ligament rupture.[9] The study 
assumed an elongation of 15% as the threshold. 
Subcutaneous fat, muscle, organs, and other soft 
tissue were modeled with solid elements. However, 
neck and leg muscles are modeled with bar 
elements to reproduce only their resistance force 
when forcibly extended. THUMS contains 
approximately 80,000 elements and has 
approximately 60,000 nodes. 

 
     Validation of Leg Model - The validity of 
the THUMS leg was examined by comparing its 
mechanical response with test data reported in 
literature using post mortem human subjects 
(PMHS). Figure 2 shows a comparison between 
force-deflection curves calculated using the 
THUMS leg model and test data obtained by 
Yamada et al.[7] for mechanical response to static 
3-point bending of the femur, tibia, and fibula bones. 
In the calculations, the tests were simulated by 

 

Figure 1.  Pedestrian THUMS (AM50). 

Figure 2.  Comparison of force-deflection 
curves for THUMS response and test results. 
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removing each bone model from THUMS. The 
bones were then supported at both ends before 
being contacted in the center by an impactor. In the 
figure, the solid lines show the test results and the 
lines marked with symbols show the calculation 
results. The force curves obtained from the models 
correspond closely with the force curves obtained 
from the tests. 
 
Figure 3 shows the relationship between knee 
bending angle and knee bending moment when a 
knee ligament ruptures. The data is obtained from 
3-point bending tests performed by Kajzer et 
al.,[10],[11] Levine et al.,[12] and Ramet et al.[13] 
on PHMS knees. The results are mainly distributed 
within the dotted line circle. Previous studies have 
reported that the medial collateral ligament (MCL) 
is likely to be ruptured in a vehicle-to-pedestrian 
impact. The MCL of THUMS is modeled to rupture 
when the bending moment around the knee joint 
exceeds approximately 200 Nm. This condition is 
close to the center of the data distribution in this 
figure. 

 
The comparative verification described above 
shows that the mechanical response of the femur, 
tibia, fibula, and knee ligaments (MCL) in THUMS 
corresponds closely with that of the human body 
(PHMS). 
 
Development of Flex-PLI FE Model 
 
     Flex-PLI - Figure 4 shows the exterior of the 
Flex-PLI and Table 1 lists its dimensions. The 
Flex-PLI was created using the values of a 50th 
percentile American male. It has a body portion 
consisting of a femur, knee joint, and tibia, and an 
exterior flesh portion. 

 

 
Table 1. 

Dimensions of AM50 and Flex-PLI 

 AM50[14] Flex-PLI

Femur length (mm) 428 434 

Tibia length (mm) 493 494 

CG of thigh* (mm) 218 202 

CG of tibia* (mm) 233 216 

Total mass (kg) 13.4 13.5 

Femur mass (kg) 8.6 7.4 

Tibia mass (kg) 4.8 6.1 
* from the knee joint center 

 
The femur and tibia are each constructed from 
multiple divided block portions, through the center 
of which a glass fiber reinforced plastic (GFRP) 
core runs from top to bottom. The tibia and femur 
cores are joined to the lower and upper knee joint 
blocks, respectively. Leg bone deflection is 
reproduced using the flexure of the core. To prevent 
breakage in excessive bending deformation, four 
stopper cables are inserted in the block parts. 
The knee joint is constructed from the tibia- and 
femur-side blocks and wires connecting the blocks. 
The wires are connected to springs inside the knee 
blocks that are used to simulate the elongation of 
ligaments. As shown in Figure 4, the knee is 
provided with crossed wires to simulate the cruciate 
ligaments. The wires are designed to extend when 
the knee joint bends. 
Rubber sheeting and neoprene are wrapped around 
the exterior of the impactor from the femur to the 
tibia. As the rubber sheeting is designed to simulate 

Figure 3.  Comparison of knee bending 
moments. 

PMHS test 
△ Dynamic test (16 km/h) 
▲ Dynamic test (20 km/h) 
◆ Dynamic test (10 km/h) 

0

400

300

200

100

0
11115 10 15 20

××

0

400

300

200

100

0
11115 10 15 20

××××

Bending angle (deg) 

M
om

en
t (

N
m

) THUMS MCL rupture

Figure 4.  Flex-PLI. 

Flesh Body

Fe
m

ur
 

Ti
bi

a 
K

ne
e 

Impact
side 

Exterior 
housing 

Core 
binder 

Buffer 

Bone 
core 

LCLMCL 

PCLACL 

Knee 
cables 

Knee 
springs



Miyazaki 4 

the shape of the femur and calf, the role of the 
neoprene is to hold the parts in place and alleviate 
the impact. The upper end of the impactor is also 
provided with a suspension jig that is used for 
performing the tests. 
The Flex-PLI measures bending moment to assess 
the risk of leg bone fracture and injury. As shown in 
Figure 5, bending moment is evaluated at three 
locations along the femur, and four locations along 
the tibia. Bending moment is calculated from the 
output values of strain gages attached to the bone 
core. 
The risk of knee ligament rupture is assessed based 
on the elongation amount of the wires representing 
each ligament. There are a total of four wires, 
representing the anterior cruciate ligament (ACL), 
posterior cruciate ligament (PCL), MCL, and lateral 
collateral ligament (LCL). The elongation of each 
knee ligament is output from the potentiometers 
provided in the Flex-PLI. 

 
     Development of FE Model by Reverse 
Engineering - The FE model development process 
consisted of three stages: measurement of the actual 
geometry of the Flex-PLI, 3D reconstruction of the 
geometry data, and the generation of an FE mesh. 
Non-contact X-ray computerized tomography (CT) 
was used to measure the surface and internal shapes 
of the Flex-PLI. Using X-ray CT scans of an 
assembled Flex-PLI enabled the actual shapes of the 
component parts to be obtained, as well as 
positional information of these parts in an 
assembled state. First, an actual Flex-PLI was 
scanned at a pitch of 0.5 mm to express the whole 

of the impactor including its internal structure as 
point group data. The point group data was filtered 
while adjusting the CT values to specify and read 
the steel, aluminum, and non-metallic parts. This 
data was converted to stereolithography (STL) 
format 3D polygon data, which was then used as the 
basis to prepare the surface data for FE mesh 
creation. In generating the FE mesh, the element 
size was controlled to 2 to 3 mm so that the bone 
core was divided into five sections in the thickness 
direction. 
Figure 6 shows the created FE model and Table 2 
lists the number of nodes and elements in the model. 
Parts with a thickness of 1 mm or more were 
modeled using solid elements and parts with a 
thickness of less that 1 mm were modeled using 
shell elements. The springs, stopper cables, and 
ligaments in the knee blocks were modeled from 
beam elements and the rotatable pin joints were 
modeled from joint elements. 
The mechanical properties of the materials of the 
bone core, flesh rubber, neoprene, cushion rubber, 
wire cables, internal knee block springs, and other 
parts that are thought to have a major impact on 
impactor response were measured, and the obtained 
values were input into the FE model. These input 
values were validated by subjecting the FE model to 
the same analysis as performed in materials tests. 
The other parts were treated as rigid bodies. The 
mass of the individual parts was set to the same 
values as the actual Flex-PLI. 
It should be noted that the structure and shape of the 
created Flex-PLI are identical to the Flex-GT 
impactor announced in 2007.[15] 

Figure 5.  Measurement points. 

ACL 

MCL 

PCL

LCL

Femur-3 

Femur-2 

Femur-1 

Tibia-1 

Tibia-3 

Tibia-2 

Tibia-4 

297 mm

217 mm 

137 mm 

134 mm 

214 mm 

294 mm

374 mm

Tibia top

Figure 6.  Flex-PLI FE model. 

Knee part 

AA

A-A 



Miyazaki 5 

Table 2. 
Description of Flex-PLI FE model 

 Nodes Elements 

Whole model 1,330,000 1,900,000

Femur 220,000 290,000 

Knee 80,000 270,000 

Tibia 260,000 360,000 
Part 

Flesh 770,000 980,000 
 
 
     Injury Criteria Assessment Using Flex-PLI 
FE Model - Strain was measured in the FE model 
by elements representing the strain gages in the 
actual Flex-PLI. Knee ligament elongation was 
calculated from the elongation of the beam elements 
simulating the wires. 
The injury criteria judgment conditions were set to 
299 Nm for the tibia bending moment threshold and 
18 mm for the MCL elongation threshold.[16] 
 
Model Validation 
 
The Flex-PLI was tested using quasi-static 3-point 
bending tests on each of the femur, tibia, and knee 
joint sub-assemblies, and dynamic pendulum tests 
on the body assembly.[15] 
First, the FE model was validated under the 
conditions of the quasi-static 3-point bending tests 
for each sub-assembly. 
The tibia test was performed by fixing both ends of 
the tibia sub-assembly on cylindrical supports with 
a radius of 75 mm. The distance between the 
supports was 410 mm. A round block was attached 
on the impact side of the force application point to 
the outside of the bone form, and a neoprene pad 
with a thickness of 5 mm was placed between the 
block and the load cell. A force of 1.33 mm/s was 
applied from the impact side to the center of the 
supports using a 40 mm diameter cylindrical 
impactor. 
In the FE model, the supports at both ends were 
simulated using rigid bodies and connected to the 
ends of the tibia. The force was applied at 133 mm/s. 
(100 times of experiment) 
Figure 7 compares the actual Flex-PLI in its bent 
form (deflection: 26 mm) with the FE model. It also 
shows the graph that compares the bending 
moment-deflection curves of the FE model and 
actual Flex-PLI. The bending moment generated at 
the force application point (Equation 1) is plotted on 
the vertical axis and the deflection is plotted on the 
horizontal axis. The moment was calculated using 
Equation 1 as follows. 
 

2
D

2
FM ×=               (1). 

 
where,  
M: 3-point bending moment (Nm) 
F: Force (N) 
D: Deflection (m) 
 
The curve for the Flex-PLI is shown as a corridor 
calculated from multiple experiment results. The 
bending moment curve for the FE model fits inside 
the Flex-PLI corridor. The same comparison was 
performed for the femur and it was verified that the 
moment response of the FE model fitted inside the 
corridor calculated for the Flex-PLI. 

 
Figure 8 shows the knee sub-assembly of the 
Flex-PLI FE model simulating the knee bending test 
and compares the MCL force-elongation curves 
obtained by the FE model and in the actual tests. In 
the testing, both ends of the knee joint were fixed 
on cylindrical supports with a radius of 75 mm to 
create a distance between the supports of 400 mm. 
A neoprene pad with a thickness of 5 mm was 
placed at the force application point and a force of 
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Figure 7.  Quasi-static 3-point bending test of 
tibia sub-assembly. 
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1.0 mm/s was applied from the impact side using a 
cylindrical impactor with a radius of 50 mm. A 
response corridor was generated from multiple test 
data. 
In the FE model, the supports at both ends were 
simulated using rigid bodies and connected to the 
knee blocks. The force was applied at 500 mm/s. 
(500 times of experiment) 
It was confirmed that the results of the FE model 
closely reproduced the MCL elongation 
characteristics and fell within the test corridor. The 
same comparison was performed for the elongation 
of other ligament wires and the bending moment of 
the knee joint. The elongation values of the FE 
model were also confirmed to be within the 
response corridor of the Flex-PLI. 
 
The FE model was then validated with respect to 
the dynamic pendulum test applied to the body 
assembly. The test was conducted by suspending it 
by the jig at the upper end. Then, using this point as 
a reference, the Flex-PLI was raised 15 degrees 
from the horizontal and released, causing the 
femur-side knee block to impact the fixed stopper 
on the test device. A rubber and neoprene pad 
(width: 100 mm, height, 100 mm, thickness: 25 
mm) was attached to the surface of the stopper. The 
bending moment at each part of the Flex-PLI and 
elongation of each ligament on impact were 

measured. 
In the FE model, the support conditions of the 
Flex-PLI were reproduced and calculation started 
after applying an angular velocity from a position 
immediately prior to impact. 
 
Figure 9 shows the deformed shape of the Flex-PLI 
at 22 ms, when the tibia bending moment was 
greatest. It also shows the deformed shape of the FE 
model at the same time, and as an example of the 
results, the time history of the bending moment at 
the tibia-1 measurement position and MCL 

Figure 9.  Flex-PLI assembly dynamic 
pendulum test. 
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elongation. The way that the Flex-PLI bodies bend, 
the movement of the lower portion, and the 
waveforms for bending moment and MCL 
elongation indicate a close correlation between the 
FE model and the test results. In the test, response 
was deemed acceptable if the peak moment fell 
within the test corridor. As the peak moment of the 
FE model was calculated to be within the corridor, 
the test conditions were judged to be satisfied. The 
bending moment at measurement positions other 
than tibia-1 and the elongation for knee ligaments 
other than MCL also showed a close correlation 
with the waveforms obtained in tests. The values of 
the FE model were confirmed to be within the test 
corridors. 
 
Vehicle Models 
 
Two models representing the front end of a sedan 
and a SUV, as adopted by Yasuki et al. were used in 
this study.[17],[18] 
The bumper cover of the sedan model is made from 
polypropylene (PP) and the internal structure is 
provided with two absorbers, one in the upper 
portion and the other in the lower. The upper 
absorber is fixed in front of the bumper 
reinforcement and has properties corresponding to 
polyurethane with an expansion ratio of 40 at 
thickness of 65 mm. The lower absorber is 
connected rigidly with the body at its rear end and 
has properties corresponding to polyurethane with 
an expansion ratio of 10 at a thickness of 150 mm. 
The hood is aluminum and an acrylonitrile 
butadiene styrene (ABS) grille is provided between 
the hood and the bumper cover. The vehicle mass is 
1.7 tons and the model includes approximately 
145,000 elements and approximately 150,000 
nodes. 
The bumper cover of the SUV model is PP and one 
internal bumper absorber is provided. This absorber 
is fixed in front of the bumper reinforcement and 
has properties corresponding to polyurethane with 
an expansion ratio of 40 at a maximum thickness of 
65 mm. The hood is steel and the grille is made 
from ABS. The vehicle mass is 2.9 tons and the 
model includes approximately 320,000 elements 
and approximately 330,000 nodes. The SUV model 
includes drive train components such as the 
suspension, tires, and engine, but these parts are 
regarded as having only a small impact on legform 
impactor conditions. 
 
Impact Simulations 
 
Figure 10 shows the study model. The center 
sections of the vehicle models are displayed and the 
positions of the upper and lower absorbers are 
highlighted. The impact simulation with THUMS 

assumed a pedestrian-to-vehicle impact at 40 km/h 
where the vehicle model collided against a 
stationary THUMS in walking pose from the left 
side. Friction between the soles of the shoes and the 
ground was ignored. In the Flex-PLI simulation, a 
stationary vehicle was impacted at 40 km/h to 
simulate the actual assessment test. The impact 
point in both simulations was at the center of the 
vehicle front in the lateral direction. Gravitational 
acceleration was applied to the entire model in the 
vertically downward direction. Calculation was 
performed over 40 ms. For impactor measurement, 
the knee and tibia bending angles were added to the 
injury criteria described above. To compare the 
injury criteria for the Flex-PLI and THUMS, the 
following items were measured in THUMS: the 
bending moment of the tibia and femur bones at the 
same heights as the bending moment measurement 
positions of the Flex-PLI, the elongation of each 
knee ligament, and the knee bending angle. The 
impact simulations used the general-purpose finite 
element code LS-DYNA TM V971. 

 
Evaluation Matrix 
 
Table 3 shows the evaluation matrix. The impact 
height of the Flex-PLI was adjusted to the following 
three levels: 0 mm, 25 mm, and 75 mm above the 
ground. At a height of 0 mm, the knee joint position 
is close to that of THUMS. The 25 mm condition 
simulates the thickness of shoe soles, and 75 mm is 
the value proposed by Matsui et al.[19] The height 
of the knee joint in THUMS while wearing shoes is 
498 mm, whilst that of the Flex-PLI is 494 mm. 
Therefore, an impact height of 0 mm is the closest 
condition to the height of the knee. 
Additional mass was set to four levels: 0 kg (no 
additional mass), 6 kg, 10 kg, and 14 kg. The 6 kg 
case was added because, although the mass of the 
pelvis portion of THUMS is approximately 10 kg, 

Figure 10.  Study model. 
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and approximately 14 kg in combination with the 
abdomen, it is possible that the effective mass that 
is applied to each leg individually may be less. The 
additional mass was positioned at the top end of the 
Flex-PLI and set as a mass point. The inclination 

angle of the Flex-PLI was set to 0 degrees from the 
vertical as a reference and a case with an inclination 
angle of 6 degrees from the external line of the 
THUMS leg was also performed. 

 
Table 3. 

Evaluation matrix 
Case 
No. 

Subject 
Impact height 

(mm) 
Additional mass 

(kg) 
Inclination angle

(deg) 
Sedan THUMS Flex-PLI 0 25 75 0 6 10 14 0 6 

1 O  O         
2  O O   O    O  
3  O O    O   O  
4  O O     O  O  
5  O O      O O  
6  O  O  O    O  
7  O   O O    O  
8  O   O  O   O  
9  O O      O  O 

SUV THUMS Flex-PLI 0 25 75 0 6 10 14 0 6 
10 O  O         
11  O O   O    O  
12  O O    O   O  
13  O O     O  O  
14  O O      O O  
15  O  O  O    O  
16  O   O O    O  
17  O   O  O   O  
18  O O      O  O 

 
 
RESULTS 
 
This section first compares the impact behavior of 
THUMS and the Flex-PLI in a typical case. Figure 
11 shows the behavior of the THUMS and impactor 
skeletons at every 10 ms in the collision with the 
sedan. Case 1 is shown for THUMS and case 7 for 
the Flex-PLI (impact height: 75 mm). 
The vehicle first contacted the THUMS leg at the 
knee, followed by the tibia, and femur, causing 
bending deformation. The tibia was in contact with 
the bumper cover from 10 to 20 ms. After 30 ms, 
the lower leg rebounded. The femur contacted the 
hood after 30 ms. Bending deformation of the knee 
joint continued to increase until 40 ms. The MCL 
ruptured at 28 ms, but rupture did not occur in any 
of the other ligaments. The tibia and fibula bones 
did not fracture. 
The lower portion of the Flex-PLI began to rebound 
at 20 ms after bending deformation of the tibia 

0 ms 10 ms 20 ms 30 ms

b) Flex-PLI (Case 7) 

a) THUMS (Case 1) 

Figure 11.  Behavior of a) THUMS (Case 1) and 
b) Flex-PLI (Case 7). 
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occurred. After bending briefly, bending of the knee 
joint decreased because the tibia rebounded upward. 
 
Figure 12 shows the results of impacts with the 
SUV. Case 10 is shown for THUMS and case 16 for 
the Flex-PLI. The vehicle contacted THUMS close 
to the knee joint and comparatively less bending 
deformation of the femur, tibia, and fibula bones 
occurred than with the sedan impact. In contrast, the 
knee joint was bent toward the rear of the vehicle 
after 20 ms, and the MCL and ACL ruptured at 19 
ms and 20 ms, respectively. The tibia, fibula, and 
femur bones did not fracture. 
In the case of the Flex-PLI, the tibia was bent 
toward the rear of the vehicle. The knee joint flexed 
after 20 ms, but bending decreased after 30 ms due 
to the rebounding femur. Femur rebound occurred 
after it contacted the grille. 

 
The next section discusses the comparative results 
for THUMS with respect to the effect of the 
Flex-PLI test conditions on impact behavior and 
response. 
 
Effect of Impact height 
 
Figure 13 compares the behavior of THUMS and 
the Flex-PLI at impact heights of 0 mm (case 2) and 
75 mm (case 7) after collision with the sedan. The 
behavior shown in the graph occurred at 15 ms, the 
point at which the maximum bending moment of 
the tibia was generated. The distance to the knee 
center is plotted on the vertical axis and the 
X-direction displacement at each point of the 

THUMS tibia and impactor bone core is plotted on 
the horizontal axis. The origin of the graph is the 
center of the knee joint. The black line indicates the 
behavior of THUMS, the red line that of the 
Flex-PLI at an impact height of 0 mm, and the 
green line that of the Flex-PLI at an impact height 
of 75 mm. 
Regardless of the impact height, the Flex-PLI 
generated a bending deformation mode 
corresponding to that of the THUMS leg. However, 
there was a discrepancy in the amount of tibia 
deformation. The X-direction displacement of the 
inferior end was approximately 50 mm from the 
knee center toward the impact side in THUMS. In 
comparison, the lower end of the Flex-PLI 
displaced toward the opposite side of the impact at 
75 mm, but to the impact side at 0 mm. Thus, the 
Flex-PLI behavior at 15 ms was closer to THUMS 
when the impact height was adjusted to 0 mm. 

 
Figure 14 compares the time history curves of the 
tibia bending moment (measurement position: 
tibia-1) between THUMS and the Flex-PLI. The 
graph also shows the moment criterion of 299 Nm. 
In either case, moment began to increase from 
approximately 3 ms, reaching a maximum peak at 
around 14 ms, before falling to around zero at 
approximately 25 ms. Regardless of the impact 
height, the moment response waveforms of the 
Flex-PLI corresponded well with THUMS. 
However, the maximum moment peak for the 
Flex-PLI was 230 Nm at an impact height of 0 mm 
and 270 Nm at an impact height of 75 mm. Both 
values are higher than the maximum moment peak 
of approximately 200 Nm in THUMS. 

0 ms 10 ms 20 ms 30 ms

b) Flex-PLI (Case 16) 

a) THUMS (Case 10) 

Figure 12.  Behavior of a) THUMS (Case 10) 
and b) Flex-PLI (Case 16). 
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Figure 13.  Effect of impact height: behavior 
of THUMS and Plex-PLI (sedan, 15 ms). 

X

Z

Tibia-1

-500
-400
-300
-200
-100

0
100
200
300
400
500

-50 0 50 100
X-displacement (mm)

Z-
lo

ca
tio

n 
(m

m
)

Impact side



Miyazaki 10 

 
Figure 15 shows the time history curves of the knee 
bending angle for the same cases. The knee bending 
angle of THUMS continued to increase, which is 
attributable to the MCL rupture at 10 degrees, after 
which the rate of increase continued to rise. 
Because the knee ligament wires in the Flex-PLI do 
not rupture, ligament elongation decreased after 
reaching a peak. At an impact height of 75 mm, 
although the start of bending was later than in 
THUMS, the peak value and timing was close to the 
point of MCL rupture in THUMS. In contrast, at an 
impact height of 0 mm, the knee started to bend at a 
timing similar to THUMS, but then increased 
rapidly after 12 ms. It reached a peak of 17 degrees, 
which is larger than the bending angle when MCL 
rupture occurred in THUMS. At this height, the 
knee bending angle decreased after 28 ms due to the 
rebound of the lower tibia. Therefore, the ligament 
rupture risk assessment is closer to THUMS when 
the impact height is set to 75 mm. 

Effect of Additional Mass 
 
This section compares THUMS with the results 
when 6 kg was added to the upper end of the 
Flex-PLI in the cases of SUV impact. Figure 16 
compares the behavior of THUMS and the Flex-PLI 
at 20 ms. The condition of THUMS is equivalent to 
the state immediately after rupture of the MCL. The 
figure shows results with an impact height of 0 mm 
and additional mass of 0 kg (case 11) and 6 kg (case 
12). The black line indicates the behavior of 
THUMS, the red line that of the Flex-PLI with an 
additional mass of 0 kg, and the brown line that of 
the Flex-PLI with an additional mass of 6 kg. The 
behavior of the femur with mass added to the 
Flex-PLI was closer to the behavior of THUMS. In 
contrast, no significant difference was observed in 
tibia behavior. 

 
Figure 17 shows the time history curves of the tibia 
bending moment (measurement position: tibia-1) 
between THUMS and the Flex-PLI. In THUMS, an 
initial negative moment was generated, which 
became positive moment at 15 ms after the impact. 
The MCL ruptured at 19 ms, after which, bending 
became concentrated in the knee joint due the 
rupture of the ACL at 20 ms, and the tibia bending 
moment did not increase. For the cases with the 
Flex-PLI, negative bending moment appeared at the 
beginning, but the bending moment continued to 
increase after 20 ms in both conditions. 
Since the ligament wires in the Flex-PLI do not 
rupture, knee bending is restricted within a certain 
range. As a result, the bending moment continued to 
act on the knee joint side of the tibia bone. In other 

Figure 14.  Effect of impact height: tibia 
bending moment (sedan). 
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Figure 15.  Effect of impact height: knee 
bending angle (sedan). 
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words, the moment generated in the Flex-PLI after 
20 ms cannot be used for comparison. 

 
Figure 18 shows the time history curves of the knee 
bending angle for the same cases. In THUMS, the 
knee bending angle increased rapidly after the 
rupture of the MCL and ACL at 20 ms, and then 
continued to increase. In contrast, the bending angle 
of the Flex-PLI started at 10 ms, which was earlier 
than THUMS. With an additional mass of 0 kg, the 
maximum bending angle of 25 degrees was reached 
at 32 ms, and with an additional mass of 6 kg, the 
maximum bending angle increased to 38 degrees. 
According to Bose et al., the knee ligaments rupture 
at a bending angle of approximately 15 degrees.[20] 
The criterion for knee bending angle in Euro NCAP 
is also 15 degrees. In both conditions, the knee 
bending angle of the Flex-PLI exceeded 15 degrees, 
indicating the possibility of ligament rupture. It 
should be noted that in THUMS, the MCL ruptured 

at a knee bending angle of 10 degrees. Under this 
condition, local elongation of the MCL occurred, 
causing the rupture at a small angle. 
 
These results suggest that additional mass has little 
effect in terms of injury assessment. However, in 
the case of SUV impact, impactor behavior is closer 
to THUMS when an additional mass is applied. A 
mass of 6 kg is considered to be sufficient to create 
such a correlation. 
 
Effect of Impactor Inclination Angle 
 
Figure 19 compares the behavior of THUMS and 
the Flex-PLI at impactor inclination angles of 0 
degrees (case 5) and 6 degrees (case 9) 15 ms after 
impact. The impact vehicle was the sedan and an 
additional mass of 14 kg was applied to the upper 
end of the Flex-PLI. The black line indicates the 
behavior of THUMS, the blue line that of the 
Flex-PLI at an inclination angle of 0 degrees, and 
the green line that of the Flex-PLI at an inclination 
angle of 6 degrees. 
It shows that femur behavior was closer to THUMS 
when impacted at an angle of 6 degrees. X-direction 
displacement of the lower tibia was also closer to 
THUMS when the Flex-PLI was inclined at 6 
degrees. 

 
Figure 20 shows the time history curves of the tibia 
bending moment (measurement position: tibia-1) in 
the above cases. Bending moment was generated at 
8 ms when the inclination angle was 0 degrees, but 
at 3 ms at 6 degrees. This latter value was closer to 
THUMS. There were no major changes in 
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Figure 17.  Effect of additional mass: tibia 
bending moment (SUV). 
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maximum moment. 

 
Figure 21 shows the time history curves of the knee 
bending angle for the same cases. The MCL in 
THUMS ruptured at approximately 10 degrees, 
immediately after which the bending angle 
increased suddenly. The bending angle continued to 
increase after MCL rupture. When the Flex-PLI was 
inclined at 6 degrees, the bending angle closely 
followed THUMS until 15 ms. After this point, 
however, the bending angle increased, greatly 
exceeding that of THUMS. When there was no 
inclination, the overall trend of the knee bending 
angle was closer to that of THUMS, despite the 
localized peak that occurred between 15 and 25 ms. 
 

 
 
 
 

DISCUSSION 
 
Effect of Impact Height 
 
Figure 22 compares the Flex-PLI behavior in the 
cases with the sedan at impact heights of 0 mm and 
75 mm. The figure shows the degree of deformation 
20 ms after the impact in each case. When the 
impact height was adjusted to 0 mm, the knee block 
on the tibia part (A) was positioned at the same 
height as the upper bumper absorber, meaning that 
the load of the vehicle bumper was mostly applied 
to the knee block. Since the knee block is made of 
highly rigid steel, bending deformation was 
exclusively concentrated in the knee joint and the 
tibia part did not deform greatly. In contrast, when 
the impact height was set to 75 mm, since the upper 
absorber contacted both the tibia and the knee block, 
bending deformation was generated at both the tibia 
part and the knee joint. In this case, bending was not 
concentrated only at the knee joint. Although a 
human tibia bone also widens proximally, in an 
impact with a sedan, bending deformation does not 
concentrate only at the knee joint. Therefore, it is 
preferable to set the impact height to 75 mm in 
order to simulate realistic bending deformation of 
the human tibia-knee complex, which is essential 
for injury assessment. 

 
Figure 23 compares the knee and tibia bending 
angles in each model. The tibia bending angle is 
defined as the difference between the inclination 
angle of the knee lower block from the vertical axis 
and the inclination angle of the lower end of the 
tibia. 
In THUMS, although the knee bending angle 
showed a simple increasing trend, the tibia bending 
angle became extremely large before decreasing. 
With the Flex-PLI, both the knee and tibia bending 
angles decreased after reaching extremely high 
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Figure 20.  Effect of impactor angle: tibia 
bending moment (sedan, mass: 14 kg). 
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Figure 21.  Effect of impactor angle: knee 
bending angle (sedan, mass: 14 kg). 
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values. As stated above, the Flex-PLI knee bending 
angle is closer to THUMS at an impact height of 75 
mm. The maximum impactor tibia bending angle is 
lower than THUMS and reached at an earlier timing 
at both impact heights. However, the time history 
curves in both cases are close to THUMS. Therefore, 
to assess the risk of ligament rupture related to the 
knee bending angle, it is preferable to set the impact 
height to 75 mm. 

 
Appropriate Additional Mass 
 
Figure 24 compares the behavior of THUMS and 
the Flex-PLI with different additional masses 
applied to the top end of the Flex-PLI. The figure 
shows the degree of deformation at 20 ms after 
impact with the SUV in all cases. When no 
additional mass was set, X-direction displacement 
of the femur diverged from THUMS. In contrast, in 
all cases with an additional mass, X-direction 
displacement was closer to THUMS and there was 
little change based on the amount of mass.  
 
The effect of the additional mass was considered by 
focusing on the leg center of gravity (CG). Figure 
25 shows the CG of the THUMS leg and the 
Flex-PLI. In THUMS, the femur CG is located 227 
mm from the knee joint. Including the femur and 
the pelvis, the CG of the THUMS leg becomes 310 
mm from the knee joint. The femur CG of the 
Flex-PLI is 202 mm from the knee joint, which is 
closer to that of THUMS. With additional masses of 
6 kg, 10 kg, and 14 kg, the CG from the knee joint 
is 306 mm, 358 mm, and 380 mm, respectively. 
Although the CG moves upward as the amount of 
mass is increased, the closest value to that of 

THUMS when the femur and pelvis are considered 
is with an additional mass of 6 kg. Therefore, it 
appears that the addition of more mass did not cause 
discrepancies in femur behavior because the 
addition of 6 kg created a CG closer to that of 
THUMS. Thus, an additional mass of 6 kg is 
considered to be sufficient for injury criteria 
assessment. 

 

 
 
Effect of Impactor Inclination Angle 
 
As shown in Figure 25, the skeletal structure of the 
human leg generally inclines inward when walking. 
Additionally, the external shape of the leg becomes 

Figure 23.  Tibia and knee bending angles. 
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thinner from the base of the femur to the ankle. In a 
sedan impact, there is contact between the vehicle 
and the tibia, but the lower the part downward along 
the tibia, the later the contact occurs. In this study, 
when the Flex-PLI was inclined at 6 degrees to 
match the leg shape of THUMS, the trend for the 
timing of tibia bending moment was closer to that 
of THUMS. Therefore, adjusting the timing of 
contact with the vehicle at each leg position to 
reflect impact with an actual person is likely to be 
more effective for assessing injury criteria. 
In contrast, since the results with a knee bending 
angle of 0 degrees were closer to THUMS than with 
an angle of 6 degrees, this is thought to be better for 
more accurate assessment. 
The present results do not conclude which impactor 
inclination angle is better for injury criteria 
assessment of the leg as a whole. This is one 
possible area for study in the future. 
 
CONCLUSIONS 
 
(1) An FE model of the Flex-PLI was created by 
reverse engineering. X-ray CT scans were used to 
faithfully recreate the shape of the actual Flex-PLI, 
and the mechanical response of each component 
part was investigated before being input into the 
model. 
(2) The Flex-PLI FE model was validated against 
actual impactor behavior and response in static 
3-point bending tests on the femur, tibia, and knee 
joint, and dynamic pendulum tests in an assembled 
state. The results revealed that the impact behavior 
of the FE model closely correlated with that of the 
actual Flex-PLI, and that the mechanical response 
for moment and the like was within the test data 
corridors. 
(3) The impact behavior and mechanical response of 
the Flex-PLI FE model and the THUMS full-body 
pedestrian FE model were compared to investigate 
suitable test conditions for assessing pedestrian leg 
injury. The following three test conditions were 
studied. 
- Impact height above the ground 
- Additional mass for simulating the upper body 
- Impactor inclination angle 
It was found that impact behavior at an impact 
height of 0 mm was closer to that of THUMS, but 
that 75 mm was closer in terms of injury response. 
For the effect of adding mass, it was found that the 
addition of 6 kg enabled a response closer to that of 
THUMS for an impact with an SUV. It was also 
discovered that the timing of tibia bending moment 
was closer to the response of THUMS at an 
impactor inclination angle of 6 degrees, but that the 
results with a knee bending angle of 0 degrees were 
closer. 
In conclusion, these findings indicate that the 

recommended conditions for assessing leg safety 
performance with the Flex-PLI are an impact height 
of 75 mm above the ground, an additional mass of 6 
kg for SUV impacts, and an inclination angle of 0 
degrees. 
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ABSTRACT 
 
To ensure a high safety standard of vehicle seats in 
rear-end collisions, consumer tests will include 
specific test standards. The prevention of soft tissue 
neck injuries is meant to be addressed by the 
introduction of such standards. To date particularly 
EuroNCAP has developed a detailed proposal how 
such seat tests should be conducted to assess the 
risk of whiplash associated disorders.  
In this study the relevance of the different 
parameters included in the consumer test proposal 
for assessing seat performance under rear-end 
impact conditions was analysed. A series of sled 
tests according to the latest proposal were 
performed with different seats. The performance of 
the seats was assessed as suggested by the 
proposal. In a next step a sensitivity analysis was 
conducted to investigate the influence of the 
different parameters on the final score. 
 
Based on our findings it is suggested to modify the 
test procedure such that criteria which are 
redundant or have a weak biomechanical 
foundation are omitted. The sensitivity analysis 
revealed that the final score and thus the 
discriminatory power of the evaluation scheme will 
persist such that the assessment procedure will still 
be able to rate the performance of the seats.  
 
INTRODUCTION 
 
To encourage car manufacturers to improve seat 
design such that it effectively reduces whiplash 
associated disorders (WAD), the inclusion of seat 
tests in consumer test procedures like EuroNCAP is 
discussed and corresponding proposals for test 
procedures were presented. Obviously, the crucial 
point in developing such test procedures is the 
choice of appropriate measures to assess seat 
performance. Also the final rating scheme that is 
used to combine different measures into a final 
score that is then used to classify the seats is of 
particular importance and therefore subject of 
several publications [e.g. 1, 2, 3].  
The problem associated with the definition of a test 
procedure is two-fold. One the one hand it must be 
acknowledged that from a biomechanical point of 
view the WAD injury criteria and their respective 

biomechanical tolerance levels are associated with 
several uncertainties. For most criteria no widely 
accepted tolerance levels, let alone accurate injury 
risk curves, are available today. One of the often 
disregarded points in the tolerance limit discussions 
is the fact that most injury criteria values have a 
non-linear relation to injury risk. Many tolerance 
levels for criteria related to injuries other than 
WAD (such as HIC, Nij, TTI, Gambit, TI etc.) 
were derived using highly non-linear logistic 
regression curves. The biomechanical loads 
discussed in conjunction with WAD, e.g. 
accelerations, forces, moments of torque, are 
generally very low in comparison to loads acting in 
other crash situations. Therefore, even minor 
changes in a test set-up may result in significant 
changes in the loads measured.  
In addition any test procedure must satisfy certain 
technical requirements that are essential to provide 
a powerful standard including e.g. repeatability and 
reproducibility. Generally, it was shown by several 
studies that sled tests seem a suitable method to 
investigate the behaviour of a seat in rear-impact 
[e.g. 2, 3]. However, with respect to the final rating 
of the results discussions are ongoing.  
This study investigates a recent consumer test 
proposal by performing sled tests using different 
seats. Biomechanical aspects of the proposal are 
reviewed and the discriminatory power of the 
rating system is analysed.   
 
 
MATERIALS & METHODS 
 
A series of tests consisting of static as well as sled 
tests was performed. Table 1 summarizes the test 
series. Unless otherwise stated, the head restraint 
was positioned identically for all tests (head 
restraint was locked in the second-lowest position) 
and the seat back angle was always adjusted to a 
25°± 0.2° torso line. 
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Table 1.  Summary of the test series. A total of 21 sled 
tests were performed. 7 different seat models were 
used (A-G). In some tests more than one seat of the 
same model were used (e.g. A1, A2 and A3 are three 
seats of the same model). In some tests one specific 
seat was tested twice (marked with *).  
 

Test no. Seat Re-
active 
system 

Pulse 
severity 

MUS07001 A1 yes medium 
MUS07002 A2 yes  
MUS07014 B1 yes  
MUS07006 C1 yes  
MUS07007 C1* yes  
AGU08001 D1 yes  
AGU08002 D1* yes  
MUS07004 E1 no  
MUS07005 E1* no  
MUS07012 E2 no  
AGU08004 E3 no  
AGU08005 E3* no  
MUS07008 F1 no  
MUS07009 F2 no  
MUS07003 G1 no  
MUS07013 A3 yes high 
MUS07015 B2 yes  
MUS07011 C3 yes  
AGU08003 D2 yes  
MUS07010 E4 no  
AGU08006 E5 no  

 
 
Static tests 
 
The head restraint height and the back set (i.e. the 
horizontal head to head restraint distance) was 
determined prior to each sled test. The data was 
acquired and recorded as described in the IIWPG 
geometry measurement technique [5] using a SAE 
H-point machine according to SAE J826 and the 
Head Restraint Measuring Device (HRMD).  
 
Sled tests 
 
Dynamic testing was performed using a 
HyperG220 sled to which the seats were rigidly 
mounted. All seats were adjusted in the same way. 
A BioRID-IIig dummy of the latest build level was 
used throughout this study. The dummy was seated  
and instrumented according to IIWPG/EuroNCAP 
procedures [1]. 
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Figure 1.  Crash pulses used in the sled tests. 
 
Two different crash pulses were used in this study: 
a so-called medium severity pulse which represents 
a delta-v of 16 km/h and a high severity pulse that 
results in a delta-v of 24 km/h (Fig. 1).  
 
For each test the following measures and neck 
injury predictors, respectively, were evaluated: 
NIC, Nkm, time until dummy head first contacts 
head restraint, T1-acceleration in x-direction, 
rebound velocity, neck shear force, and neck axial 
force.  
For NIC the first 180ms were considered, i.e. 
NIC180. With respect to Nkm only the maximum 
Nkm is reported.  
 
The results of the static and dynamic tests were 
scored in a system similar to the schemes currently 
discussed e.g. by EuroNCAP. The rating system 
considers both the static and the dynamic tests.  
For the static tests, the backset and head restraint 
height were rated according to the limits given in 
Table 2. Scores range from -1 to +1; a sliding scale 
was used. 
As for the results of the sled tests, Table 2 
illustrates the higher and lower performance limits 
used for the rating. For results in between the 
higher and lower limits, a sliding scale was used to 
obtain the score. Each parameter in the dynamic 
tests can reach a maximum score of 0.5 points, i.e. 
for one pulse a maximum of 3 points is possible. 
Furthermore the capping limits as described in [1] 
were followed.  
 
For the final rating, the worst score of the two static 
measurements is added to the score received for the 
corresponding sled test. 
 
 
Table 2.  Threshold values used for evaluating the 
static tests. 
 
 Lower 

performance 
limit 

Higher 
performance 

limit 
Backset [mm] 40 100 
Height [mm] 0 80 
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Table 3.  Threshold values used for evaluating the 
dynamic tests. 
 
 Lower 

performance 
limit 

Higher 
performance 

limit 
Medium severity pulse   
NIC [m2/s2] 11 24 
Nkm [-] 0,15 0,55 
Rebound velocity [m/s] 3,20 4,80 
Fx (upper neck shear) [N] 30 190 
Fz (neck axial) [N] 360 750 
T1 x-acceleration [g] 9,3 13,1 
Time to head restraint 
contact [ms] 

51 76 

High severity pulse   
NIC [m2/s2] 13 23 
Nkm [-] 0,22 0,47 
Rebound velocity [m/s] 4,10 5,50 
Fx (upper neck shear) [N] 30 210 
Fz (neck axial) [N] 470 770 
T1 x-acceleration [g] 12,5 15,9 
Time to head restraint 
contact THRC [ms] 

48 75 

 
 
To further investigate the sensitivity of the scoring 
scheme the dynamic results were scored according 
the current procedure, i.e. a maximum of 3 points 
was possible. The ranking of seats was determined 
and additionally the percentage of the maximum 
score was calculated (i.e. a seat that reaches 3 
points has earned 100%). Afterwards, the number 
of parameters used to calculate the dynamic score 
was reduced. First the T1 acceleration and THRC 
were omitted, next the force measurements left out.  
To ensure that the test procedure accounts for 
criteria that are relevant in rearward as well as in 
the forward motion phase during a rear-end 
collision the final step included NIC and Nkm as 
well as the rebound velocity. Since the sliding 
scales and score system were not changed, the 
maximum score that could be reached changed 
accordingly. The changes in ranking were analysed. 
 
 
RESULTS 
 
Tables 4 and 5 (in the APPENDIX) present the 
results of the static and dynamic tests and also 
include the rating of the results according to the 
score scheme as described above. 
 
The results of the sensitivity analysis of the rating 
system are shown in Tables 6 and 7 (both in the 
APPENDIX). 
 
 
 
 
 
 

Table 4.  Results for all static measures.  
 

Test No. Height Back set  

 

[mm] Score [mm] Score Total 
Score 
Static 

MUS07001 30 0.25 30 1 0.25 

MUS07002 33 0.18 26 1 0.18 

MUS07014 49 -0.23 75 -0.17 -0.23 

MUS07006 56 -0.4 40 1 -0.4 

MUS07007 54 -0.35 45 0.83 -0.35 

AGU08001 40 0 42 0.93 0 

AGU08002 40 0 39 1 0 

MUS07004 53 -0.33 79 -0.3 -0.33 

MUS07005 51 -0.28 63 0.23 -0.28 

MUS07012 29 0.28 61 0.3 0.28 

AGU08004 32 0.20 60 0.33 0.20 

AGU08005 30 0.25 65 0.17 0.17 

MUS07008 88 -1.2 80 -0.33 -1.2 

MUS07009 55 -0.38 74 -0.13 -0.38 

MUS07003 56 -0.4 48 0.73 -0.4 

MUS07013 34 0.15 26 1 0.15 

MUS07015 53 -0.33 72 -0.07 -0.33 

MUS07011 54 -0.35 49 0.7 -0.35 

AGU08003 43 -0.08 41 0.97 -0.08 

MUS07010 53 -0.33 70 0 -0.33 

AGU08006 31 0.23 64 0.20 0.20 
 
 
 
DISCUSSION 
 
The results obtained in this test series are in the 
range of other similar test series as published in the 
literature. Generally the data shows a wide spread 
resulting in a corresponding final scores indicating 
that it included seats of different quality. It was 
observed that seats with re-active systems 
performed better than standard vehicle seats 
without such systems.   
 
Reproducibility 
As can be seen from the tests where the same seat 
was tested twice, the reproducibility of the results 
was acceptable and within limits described in the 
literature [e.g. 2]. However, in a more general 
view, reproducibility can be a problem in consumer 
tests where several test houses are involved. It 
should be kept in mind that reproducibility depends 
on different factors like the laboratory, the dummy, 
but also the seat and the procedure using the H-
point machine. In our series we found that the latter 
aspect can especially be of importance for seats 
without lordosis restraint. Due to the straight back 
of the H-point manekin, a given curvature of the 
seat back can result in a higher variation when 
measuring the backset for example (see Fig. 2). 
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Figure 2.  Illustrating the influence of a lordosis 
restraint on the measurement of the initial backset.  
 
Sensitivity of the rating scheme 
With respect to the score from the dynamic tests, it 
was found for the medium severity pulse the 
ranking is very robust. Even if some of the 
measures are omitted, the tendency of the ranking 
will not change significantly.  
Looking at the percentage of the maximum scores, 
it can be seen that irrespectively of the actual 
maximum, the range is always between approx. 
97% and 3%. Hence even when reducing the 
number of measures a wide spread of final scores 
can be expected, i.e the ability of the scoring 
system to differentiate the various seats is 
maintained. This can be relevant when designing a 
consumer test procedure. However, when reducing 
the number of criteria, the weighting of the 
different scores can be discussed. When solely 
regarding NIC, Nkm and the rebound velocity as 
relevant parameters to define the final score, it can 
be argued that criteria like NIC and Nkm that do 
show a link to the biomechanical background of 
neck injuries [6] should have a higher weight than 
the rebound velocity. For a future assessment 
procedure we therefore suggest to reduce the 
number of parameters but adjust the weight that a 
parameter has with respect to its biomechanical 
significance.  
For the high severity pulse basically the same 
conclusions apply as for the medium severity pulse. 
However, it must be noted that the number of tests 
used for analysing the sensitivity of the high 
severity pulse is small. To assess whether the 
findings also hold true in a more general context, a 
larger number of test data is needed.  
 
Threshold values and sliding scales  
Questions arise concerning the biomechanical 
validity of a scoring system based on sliding scales. 
From a biomechanical point of view it seem 
fundamentally wrong to use a linear scale since it is 
to be expected that injury criteria values have a 
non-linear relation to injury risk.  

Furthermore the use of performance limits and 
sliding scales that are different for the 16 km/h and 
the 24 km/h pulse is hard to understand 
biomechanically. One seat (model C, tests 
MUS07006, MUS07011), for instance, has reached 
exactly the same NIC value for both pulses, but 
obtains different scores. That the same NIC value 
was reached can be explained by the fact that the 
point in time when a maximum relative motion 
between head and torso occurs is more or less the 
same for both pulses. However, adjusting the limits 
that are used to score (i.e. the limit for NIC in the 
16 and 24 km/h pulse, respectively) to different 
crash pulses by means of scaling seems wrong. 
From a biomechanical perspective, changing the 
limits means shifting the threshold on the 
underlying injury risk curve. In other words, a 
rating system with different injury threshold values 
accepts that the occupant is subjected to a different 
injury risk at a different pulse. Due to the lack of 
accurate injury risk curves today, the effect of such 
a shift can not be assessed. Facing a consumer test 
it might, however, become difficult to explain why 
an identical result as measured by a dummy is 
regarded less injurious at a high delta-v, i.e. a more 
severe accident. 
 
T1 and THRC measurements 
According to the proposal used here, the scores for 
T1 acceleration and THRC are linked. Only the 
worst of both scores is used to determine the final 
score. From a biomechanical standpoint, there 
seems no reason to link the criteria in the scoring 
system. Almost all research in the field of whiplash 
injuries is focused on the basic assumption that 
relative motion between head and thorax is 
responsible for whiplash injuries; this is taken into 
account explicitly by the NIC criterion, and 
implicitly also by all criteria using forces and 
moments. Neither a high T1 acceleration nor a high 
THRC must necessarily lead to excessive relative 
motion, as illustrated by the fact that low NIC 
values and high THRC and/or T1 measurements 
are observed in the tests (Tables X and X). 
Consequently also the correlation between e.g. NIC 
and THRC or T1 is bad. Hence, the inclusion of T1 
and THRC appears to be questionable. As the 
sensitivity analysis indicated that the final score is 
not much influence by these two parameters we 
suggest omitting them.  
 
Upper neck Fx 
It has been hypothesised by various researchers that 
inter-vertebral shear forces are responsible for 
whiplash injuries [7]. Therefore, considering the 
upper neck Fx makes sense biomechanically. 
However, according the current proposal only the 
positive maximum of Fx is considered although 
volunteer tests have shown that the tolerance limits 
are almost identical in the positive and negative 

Back of the H-point
manekin is supported
at a small portion
only

Larger backset and 
bad reproducibility
can result

Seat with a more
anatomically shaped back

Seat with a flat back (or
with a lordosis restraint
being fully pulled back)

Back of the H-point
manekin nicely fits on the
seat back giving a smaller
head restraint backset Back of the H-point

manekin is supported
at a small portion
only

Larger backset and 
bad reproducibility
can result

Seat with a more
anatomically shaped back

Seat with a flat back (or
with a lordosis restraint
being fully pulled back)

Back of the H-point
manekin nicely fits on the
seat back giving a smaller
head restraint backset
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direction [8]. For example, seat B in test 
MUS070014 showed only negative Fx values and 
thus obtained the maximum score of 0.5 for this 
criterion; if negative values would have been 
considered, the peak value of –173 N observed in 
this test would have led to a score of only 0.05 (!).  
From a biomechanical consideration the inclusion 
of negative values for this criterion makes sense. If 
this is done, however, Fx is included already in the 
Nkm criterion and may, therefore, be left out 
altogether. 
 
Upper neck Fz 
The biomechanical significance of Fz with respect 
to whiplash injuries is not as clear as with Fx. 
Again, only the positive maximum (i.e. tension of 
the neck) is considered. Some researchers argue 
that a negative, i.e. compressive, loading of the 
spine is much more dangerous than a slight tensile 
loading, because by compressing the spine, the 
ligaments stabilising the vertebrae are relaxed and, 
thus, un-physiological inter-vertebral motion is 
made possible [7]. In contrast, a slight tensile 
loading might even be beneficial because the neck 
is stabilised. Thus, the relation between upper neck 
Fz and injury risk is not monotonous and does not 
cross the zero-point (Fig. 3). 
 

0 Fz

Injury risk

tensioncompression

Minimum injury risk might not be
at Fz=0, but a small level of 
positive Fz might be benefitial to 
stabilize the neck.

0 Fz

Injury risk

tensioncompression

Minimum injury risk might not be
at Fz=0, but a small level of 
positive Fz might be benefitial to 
stabilize the neck.  

 
Figure 3.  Schematic drawing of the relation between 
upper neck Fz and neck injury risk.  
 
Furthermore, the BioRID dummy does not have 
compressible inter-vertebral discs that would allow 
for a certain damping of peak forces; the biofidelity 
of the Fz measurement is therefore unclear. 
 
 
Static head restraint assessment 
Comparing the outcome of the static and the 
dynamic parts of the test procedure, it is found that 
they conclude with a different ranking. Some seats 
even receive negative scores in the static tests. 
Generally, one must be aware that in the static 
measurement of the backset, i.e. the distance 
between head and head restraint, the actual contact 
point during impact is not necessarily the one 
which is used to measure the distance in the static 

case (see Fig. 4). In case of a rear-end collision the 
head of the person sitting on the seat will slightly 
rise relative to the head restraint due to a 
straightening of the spine and the rotation of the 
seat back. Hence the effective backset is to be 
expected higher than the one used in the static 
measurements. Consequently it depends very much 
on the design of the head restraint curvature 
whether this distance will increase in the dynamic 
case or not (Fig. 4). Additionally a re-active head 
restraint system will be able to bridge that gap such 
that a somewhat larger distance might be 
acceptable in the static case. 
Therefore it is suggested using the static 
measurements as a pre-selection for the dynamic 
tests only. A seat that has a large backset in the 
static measurements and no re-active system 
intended to prevent whiplash injury, will most 
probably perform very bad in the dynamic tests. 
Hence there is no need to perform the dynamic part 
for seats with very poor static measurements. 
However, if a dynamic test is conducted, then the 
static measurements should be disregarded, i.e. if a 
seat manages to perform well in the dynamic tests, 
for instance, because of a well designed re-active 
system, the static measurement should not be part 
of the final scoring. 
 

HeadHead restraint

Backset determined by Euro-NCAP

„Effective“ backset during impact

 
 

HeadHead restraint

Backset determined by Euro-NCAP

„Effective“ backset during impact

 
 
Figure 4.  Backset situation for a’ theoretical’ block-
shaped head restraint (top) and for a a more realistic 
head restraint showing a curved cross-section.  
 
High severity pulse 
Although WAD is primarily associated with low-
speed impacts, it must be noted that a car 
manufacturer has additional seat design 
requirements to consider one of which is the seat 
performance in high speed impacts. Thus it can be 
argued that the 24 km/h pulse is of interest, for 
example, to ensure that the seat does not collapse in 
a high speed rear-end impact. But it has to be 
considered that in such crashes WAD is most 
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probably not the primary injury. Therefore it seems 
not reasonable to perform a 24 km/h sled test using 
the BioRID which was not designed for such high 
impacts and to determine criteria like NIC or Nkm 
that are not validated for such impacts. In order to 
assess whether a seat can withstand high loadings 
in rear-end impacts one can also perform a 24 km/h 
sled tests using a Hybrid III 95%ile dummy 
instead. In fact such a set-up seems suited to 
investigate the deformation characteristics of a seat. 
The Hybrid III 95%ile dummy is capable of 
performing such tests and by its anthropometry it 
represents a kind of worst case scenario. In such a 
dynamic test it can determined whether the seat 
collapses in case of a high speed rear-end impact. 
The determination of any neck injury criteria seems 
not necessary since the focus of such a test is the 
seat deformation rather than the neck injury risk. 
Although the seat stiffness could also be evaluated 
by other, probably much cheaper test set-ups, a sled 
test utilizing a crash test dummy seems the most 
illustrative way and thus particularly suited for 
consumer testing.  
 
Rebound velocity 
Generally it seems desirable that both the first 
phase of a rear-end impact as characterised by  the 
backward motion of the occupant as well as the 
rebound phase are assessed in the test procedure.   
The rebound velocity, although it has no direct 
correlation to biomechanics, seems a stable and 
reliable criterion for quantification of the rebound 
phase. All other criteria determined by dummy 
measurements might be dominated by the belt 
restraint phase. This can be problematic, because 
the belt system used for the sled tests does 
normally not correspond to the system used in the 
target vehicle, neither with respect to stiffness nor 
with respect to geometry. Thus it seems more 
appropriate to measure rebound velocity at a point 
in time before the belt restraint phase. 
 
 
CONCLUSIONS 
 
The test procedure that was used here intends to 
assess the performance of a seat with respect to its 
WAD injury risk. However, the proposal contains 
several factors that seem questionable from a 
biomechanics point of view. While the 
performance of sled tests with the set-up as 
proposed seem well suited, the evaluation scheme 
could be changed as follows:  
• The number of criteria to be included in the rating 
system may significantly be reduced. By purely 
mathematical considerations, it was found that a 
reduced number of criteria does not sacrifice the 
accuracy of the assessment procedure. Some of the 
criteria are redundant, others not correlated to 
biomechanics (e.g. T1/THRC). 

• It is proposed to reduce the parameters that 
determine the final score to be NIC, Nkm and the 
rebound velocity. If appropriate sliding scales are 
found, the moment My of the lower neck may be 
considered as well. There are few studies 
correlating this criterion to real-world accident data 
[6]. 
• The scoring system should be adjusted such that 
the kinematically more relevant phase of the 
occupant movement during rear-end impact is 
emphasized and a higher weight shall be put on the 
dynamic instead of the static parts of the test 
procedure. 
• If more than one crash test pulse is used for the 
rating procedure, the same sliding scales should be 
used for all test pulses.  
• A high speed pulse may be useful to ascertain seat 
back stability. In this case, however, a quasi-static 
test or a dynamic test where the seat back rearward 
deflection angle is measured as the only criterion 
would be sufficient. 
• A harmonisation of the procedure how to position 
the head restraint is desired. The positioning of the 
head restraint prior to dynamic testing differs for 
tests that are conducted according to IIHS and 
EuroNCAP, respectively. Consequently also the 
results of the dynamic test are generally different. 
This can lead to quite different final scores 
• An improvement of the currently straight back of 
the H-Point machine into a more anatomically 
shaped back should be envisaged. 
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APPENDIX 
 
 
 

Table 5.  Results for the dynamic tests.  
 
 

Test No. NIC Nkm Fx upper Fz upper 
T1 

acceleration THRC 
Rebound 
velocity 

Total 
Score 

Dynamic 
 [m2/s2] Score [-] Score [N] Score [N] Score [m/s2] Score [ms] Score [m/s] Score  
MUS07001 11 0.47 0.15 0.5 36.1 0.48 464 0.37 7.8 0.5 94 0 2.5 0.5 2.82 
MUS07002 12.6 0.44 0.15 0.5 37.9 0.48 389.1 0.46 7.1 0.5 88 0 2.67 0.5 2.88 
MUS07014 13.9 0.39 0.46 0.11 0 0.5 340.4 0.5 11.3 0.24 79 0 3 0.5 2.24 
MUS07006 14.6 0.36 0.41 0.18 93.1 0.3 747.7 0 15.1 0 69 0.14 5.05 0 0.98 
MUS07007 12.4 0.45 0.4 0.18 90.8 0.31 745.3 0.01 15 0 75 0.02 5.01 0 0.97 
AGU08001 13.8 0.39 0.59 0 163.0 0.08 741.5 0.01 15.6 0 70 0.12 5.37 0 0.60 
AGU08002 13.6 0.40 0.54 0.01 132.0 0.18 724.8 0.03 15.1 0 69 0.14 5.50 0 0.76 
MUS07004 23.3 0.03 0.56 0 200.5 0 1057.8 0 12.1 0.13 98 0 4.34 0.14 0.3 
MUS07005 21.3 0.1 0.57 0 231.2 0 1077.2 0 12.4 0.09 92 0 4.34 0.14 0.33 
MUS07012 17.3 0.26 0.52 0.04 185.2 0.02 887.1 0 11 0.28 88 0 4.42 0.12 0.72 
AGU08004 18.7 0.20 0.76 0 247.0 0 956.5 0 13.3 0 84 0 5.47 0.07 0.27 
AGU08005 22.4 0.06 0.79 0 250.0 0 970.9 0 11.9 0.15 86 0 4.80 0 0.21 
MUS07004 25.7 0 0.51 0.05 238.7 0 1332.8 0 15.5 0 93 0 4.63 0.05 0.1 
MUS07009 21 0.12 0.51 0.05 179.3 0.03 899.9 0 10.6 0.33 89 0 4.6 0.06 0.59 
MUS07003 19 0.19 0.36 0.24 121.9 0.21 1043 0 14.1 0 82 0 4.25 0.17 0.81 
MUS07013 13.8 0.46 0.33 0.29 48.6 0.45 779.3 0 15.6 0.04 113 0 5.01 0.18 1.42 
MUS07015 17.6 0.27 0.41 0.13 53.7 0.43 646.1 0.21 12 0.5 82 0 3.33 0.5 2.04 
MUS07011 14.6 0.42 0.27 0.41 0 0.5 691 0.13 16.8 0 72 0.06 5.92 0 1.52 
AGU08003 14.7 0.42 0.53 0 0 0.5 659.6 0.18 18.5 0 69 0.10 5.71 0 1.20 
MUS07010 25.3 0 0.38 0.18 176.1 0.09 777.6 0 14.4 0.22 87 0 4.56 0.34 0.83 
AGU08006 23.1 0 0.90 0 367 0 864.2 0 12.7 0.47 89 0 5.51 0 0.47 
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Table 6.  Analysing the sensitivity of the dynamic score for the medium severity pulse. 
 

Test no. NIC Nkm Fx upper Fz upper T1 THRC
Rebound 
velocity rank % of max. 

Score Score Score Score Score Score Score Total Score score
MUS07001 0,44 0,5 0,48 0,46 0,5 0 0,5 2,88 1 96,0
MUS07002 0,47 0,5 0,48 0,37 0,5 0 0,5 2,82 2 94,0
MUS07014 0,39 0,11 0,5 0,5 0,24 0 0,5 2,24 3 74,7
MUS07006 0,36 0,18 0,3 0 0 0,14 0 0,98 4 32,7
MUS07007 0,45 0,18 0,31 0,01 0 0,02 0 0,97 5 32,3
MUS07003 0,19 0,24 0,21 0 0 0 0,17 0,81 6 27,0
AGU08002 0,4 0,01 0,18 0,03 0 0,14 0 0,76 7 25,3
MUS07012 0,26 0,04 0,02 0 0,28 0 0,12 0,72 8 24,0
AGU08001 0,39 0 0,08 0,01 0 0,12 0 0,6 9 20,0
MUS07009 0,12 0,05 0,03 0 0,33 0 0,06 0,59 10 19,7
MUS07005 0,1 0 0 0 0,09 0 0,14 0,33 11 11,0
MUS07004 0,03 0 0 0 0,13 0 0,14 0,3 12 10,0
AGU08004 0,2 0 0 0 0 0 0,07 0,27 13 9,0
AGU08005 0,06 0 0 0 0,15 0 0 0,21 14 7,0
MUS07004 0 0,05 0 0 0 0 0,05 0,1 15 3,3

MUS07001 0,44 0,5 0,48 0,46 0,5 2,38 1 95,2
MUS07002 0,47 0,5 0,48 0,37 0,5 2,32 2 92,8
MUS07014 0,39 0,11 0,5 0,5 0,5 2 3 80,0
MUS07007 0,45 0,18 0,31 0,01 0 0,95 5 38,0
MUS07006 0,36 0,18 0,3 0 0 0,84 4 33,6
MUS07003 0,19 0,24 0,21 0 0,17 0,81 6 32,4
AGU08002 0,4 0,01 0,18 0,03 0 0,62 7 24,8
AGU08001 0,39 0 0,08 0,01 0 0,48 9 19,2
MUS07012 0,26 0,04 0,02 0 0,12 0,44 8 17,6
AGU08004 0,2 0 0 0 0,07 0,27 13 10,8
MUS07009 0,12 0,05 0,03 0 0,06 0,26 10 10,4
MUS07005 0,1 0 0 0 0,14 0,24 11 9,6
MUS07004 0,03 0 0 0 0,14 0,17 12 6,8
MUS07004 0 0,05 0 0 0,05 0,1 15 4,0
AGU08005 0,06 0 0 0 0 0,06 14 2,4

MUS07002 0,47 0,5 0,48 0,5 1,95 2 97,5
MUS07001 0,44 0,5 0,48 0,5 1,92 1 96,0
MUS07014 0,39 0,11 0,5 0,5 1,5 3 75,0
MUS07007 0,45 0,18 0,31 0 0,94 5 47,0
MUS07006 0,36 0,18 0,3 0 0,84 4 42,0
MUS07003 0,19 0,24 0,21 0,17 0,81 6 40,5
AGU08002 0,4 0,01 0,18 0 0,59 7 29,5
AGU08001 0,39 0 0,08 0 0,47 9 23,5
MUS07012 0,26 0,04 0,02 0,12 0,44 8 22,0
AGU08004 0,2 0 0 0,07 0,27 13 13,5
MUS07009 0,12 0,05 0,03 0,06 0,26 10 13,0
MUS07005 0,1 0 0 0,14 0,24 11 12,0
MUS07004 0,03 0 0 0,14 0,17 12 8,5
MUS07004 0 0,05 0 0,05 0,1 15 5,0
AGU08005 0,06 0 0 0 0,06 14 3,0

MUS07002 0,47 0,5 0,5 1,47 2 98,0
MUS07001 0,44 0,5 0,5 1,44 1 96,0
MUS07014 0,39 0,11 0,5 1 3 66,7
MUS07007 0,45 0,18 0 0,63 5 42,0
MUS07003 0,19 0,24 0,17 0,6 6 40,0
MUS07006 0,36 0,18 0 0,54 4 36,0
MUS07012 0,26 0,04 0,12 0,42 8 28,0
AGU08002 0,4 0,01 0 0,41 7 27,3
AGU08001 0,39 0 0 0,39 9 26,0
AGU08004 0,2 0 0,07 0,27 13 18,0
MUS07005 0,1 0 0,14 0,24 11 16,0
MUS07009 0,12 0,05 0,06 0,23 10 15,3
MUS07004 0,03 0 0,14 0,17 12 11,3
MUS07004 0 0,05 0,05 0,1 15 6,7
AGU08005 0,06 0 0 0,06 14 4,0  
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Table 6. Analysing the sensitivity of the dynamic score for the high severity pulse. 
 
 

Test no. NIC Nkm Fx upper Fz upper T1 THRC
Rebound 
velocity rank % of max. 

Score Score Score Score Score Score Score Total Score score
MUS07015 0,27 0,13 0,43 0,21 0,5 0 0,5 2,04 1 68,0
MUS07011 0,42 0,41 0,5 0,13 0 0,06 0 1,52 2 50,7
MUS07013 0,46 0,29 0,45 0 0,04 0 0,18 1,42 3 47,3
AGU08003 0,42 0 0,13 0,5 0 0,1 0 1,15 4 38,3
MUS07010 0 0,18 0,09 0 0,22 0 0,34 0,83 5 27,7
AGU08006 0 0 0 0 0,47 0 0 0,47 6 15,7

MUS07015 0,27 0,13 0,43 0,21 0,5 1,54 1 61,6
MUS07011 0,42 0,41 0,5 0,13 0 1,46 2 58,4
MUS07013 0,46 0,29 0,45 0 0,18 1,38 3 55,2
AGU08003 0,42 0 0,13 0,5 0 1,05 4 42,0
MUS07010 0 0,18 0,09 0 0,34 0,61 5 24,4
AGU08006 0 0 0 0 0 0 6 0,0

MUS07013 0,46 0,29 0,45 0,18 1,38 3 69,0
MUS07015 0,27 0,13 0,43 0,5 1,33 1 66,5
MUS07011 0,42 0,41 0,5 0 1,33 2 66,5
MUS07010 0 0,18 0,09 0,34 0,61 5 30,5
AGU08003 0,42 0 0,13 0 0,55 4 27,5
AGU08006 0 0 0 0 0 6 0,0

MUS07013 0,46 0,29 0,18 0,93 3 62,0
MUS07015 0,27 0,13 0,5 0,9 1 60,0
MUS07011 0,42 0,41 0 0,83 2 55,3
MUS07010 0 0,18 0,34 0,52 5 34,7
AGU08003 0,42 0 0 0,42 4 28,0
AGU08006 0 0 0 0 6 0,0  
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ABSTRACT 

Intersection crashes account for 1.72 million crashes 
per year in the United States.  In 2004 stop-sign and 
traffic signal violations accounted for approximately 
302,000 crashes resulting in 163,000 functional life-
years lost and $7.9 billion of economic loss [1]. The 
objective of the Cooperative Intersection Collision 
Avoidance System for Violations (CICAS-V) project 
was to design, develop, and test a prototype system to 
prevent crashes by predicting stop-sign and signal-
controlled intersection violations and warning the 
violating driver. The intersection portion of the 
system consists of a signal controller capable of 
exporting signal phase and timing information, a 
local global positioning system (GPS), and Roadside 
Equipment (RSE) that includes computing, memory, 
and Dedicated Short Range Communication (DSRC) 
radio.  The vehicle portion of the system includes on-
board equipment for computing and 5.9 GHz DSRC 
radio connected to the vehicle controller area network 
(CAN), positioning, and the Driver-Vehicle Interface 
(DVI).  The intersection sends the signal phase and 
timing, positioning corrections, and a small map (< 1 
kb) to the vehicle.  The vehicle receives this 
information and, based on speed and distance to the 
stop location, predicts whether or not the driver will 
violate.  If a violation is predicted, the driver is 
warned via a visual/auditory/haptic brake pulse DVI.  
The system was installed in the vehicles of five 
Original Equipment Manufacturers (OEMs): 
Daimler, Ford, General Motors, Honda, and Toyota.  
Intersections were equipped in California, Michigan, 
and Virginia.  Tests of the system included both on-
road and test-track evaluations.  System performance 
was excellent and recommendations were made for 
continuing with a large field operational test (FOT).  
The system can be installed at any intersection with 
sufficient positioning coverage and in any vehicle 
with an electronic stability system.  This system 

constitutes the first FOT-ready Vehicle Infrastructure 
Integration safety application 
 

INTRODUCTION 

Intersection crashes account for 1.72 million crashes 
per year in the United States. In 2004 stop sign and 
traffic signal violations accounted for approximately 
302,000 crashes resulting in 163,000 functional life 
years lost and $7.9 billion of economic loss (National 
Highway Traffic Safety Administration, 2006). The 
objective of the Cooperative Intersection Collision 
Avoidance System for Violations (CICAS-V) project 
was to design, develop, and test a prototype system to 
prevent crashes by predicting stop-sign and signal-
controlled intersection violations and warning the 
violating driver. 
 
The developed system includes both intersection and 
vehicle equipment communicating via 5.9 GHz 
Dedicated Short Range Communication (DSRC). The 
intersection equipment consists of Road-Side 
Equipment (RSE), containing a computing system, 
DSRC radio and a global positioning system (GPS) 
unit. In signalized intersections, the RSE is connected 
to the traffic signal controller from which it obtains 
signal phase and timing information in real-time. The 
vehicle equipment includes On-Board Equipment 
(OBE), containing a computing system and a DSRC 
radio, as well as a GPS unit and a driver-vehicle 
interface (DVI) to present a timely and salient 
warning to the driver for whom a violation of a 
Traffic Control Device (TCD) is predicted. 
 
The system was installed in the vehicles of five 
Original Equipment Manufacturers (OEMs): 
Daimler, Ford, General Motors, Honda, and Toyota. 
The system installed in the GM vehicle contained the 
full prototype, including the haptic brake pulse in the 
Driver Vehicle Interface (DVI). The vehicles of the 
other OEMs had the CICAS-V without the brake 
pulse.  Several intersections in California, Michigan 
and Virginia, managed through signal controllers 
from different manufacturers, were instrumented with 
the CICAS-V equipment and used for testing 
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throughout project execution. The full prototype, i.e. 
including the full DVI, supported the pilot Field 
Operational Test (FOT) that concluded phase 1 of the 
project. Based on the very positive results from this 
pilot FOT, recommendations were made for 
continuing with a large scale FOT. The CICAS-V 
project is a joint effort of the U.S. Department of 
Transportation (USDOT) and the Vehicle Safety 
Communications II (VSC-2) Consortium at the Crash 
Avoidance Metrics Partnership (CAMP). 
 
CONCEPT OF OPERATIONS 

The Concept of Operations (ConOps) formed the 
basis of the system engineering activities and system 
development. For a signalized intersection, the basic 
concept of CICAS-V is illustrated at a high level in 
Figure 1. It shows a CICAS-V equipped vehicle 
approaching a CICAS-V equipped intersection and 
receiving an over-the-air messages from the local 
RSE. The information carried in such a message 
includes:  

• Signal Phase and Timing (SPaT) – real-time 
information of traffic light status    

• Geometric Intersection Description (GID) – 
a digital map of the intersection 

• GPS differential corrections (if accurate 
positioning information is required) 

• GIDs of stop-controlled intersections in the 
vicinity of the RSE (optional) 

 

The driver is issued a warning if the equipment in the 
vehicle determines that, given current operating 
conditions, the driver is predicted to violate the signal 
in a manner which is likely to result in the vehicle 
entering the intersection. This warning will raise the 
driver’s attention, so that the driver can determine the 
safest course of action, possibly bringing the vehicle 
to a safe stop before it enters the intersection crash 
box. While the system may not prevent all crashes 
through such warnings, it is expected that, with an 
effective warning, the number of traffic control 
device violations will decrease, and result in a 
significant decrease in the number and severity of 
crashes at controlled intersections. 
 
The vehicle OBE determines the probability of a 
violation by continuously reassessing the current 
distance from the stop bar for the actual lane of 
travel, the speed of the vehicle, and the current signal 
phase. If the phase is amber, then the vehicle OBE 
determines from the time left in phase whether it will 
pass the stop bar before the onset of the red phase. If 
the vehicle will cross the stop bar after the light has 
turned red, given the dynamic conditions of the 
vehicle, an alert is issued to the driver. 
 
For stop-controlled intersections the vehicle only 
needs to assess the distance from the stop bar, based 
on the current vehicle and stop bar locations, and the 
vehicle operating conditions. 

 

 
Figure 1: Basic concept of the CICAS-V system at a signalized intersection. 

 
REQUIRED POSITIONING ACCURACY 

For the CICAS-V ConOps to work, it is necessary for 
the vehicle to position itself with sufficient accuracy 
along the approach to the intersection. Researchers 
commonly refer to two levels of positioning 
accuracy: WhichRoad and WhichLane. 
 

WhichRoad accuracy requires that the combined 
error of GID and positioning does not exceed 5 m. 
This level of accuracy is required for CICAS-V at 
most stop-sign controlled intersections and at 
signalized intersections with no dedicated turn lanes 
with their own movement independent of the signal 
indication of the through movement. 
WhichLane accuracy requires that the combined error 
of GID and positioning does not exceed 1.5 m 
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(approx ½ lane width) and is necessary for CICAS-V 
at (mainly signalized) intersections with protected 
left or right turns where the turn phase differs from 
the phase for the straight crossing direction. 
 
Throughout the project, it was assumed that, by using 
GPS differential corrections, it would be possible to 
achieve a positioning accuracy better than 1 m. To 
contain the combined GID and positioning error 
within the required limit, it was thus determined that 
the accuracy of the GID had to be better then 0.5 m. 
 
GEOMETRIC INTERSECTION DESCRIPTION 

The vehicle OBE needs to have a map of the 
intersection with the necessary accuracy determined 
by the intersection type. Throughout project 
execution, no distinctions were made with regard to 
the GID accuracy for the intersections and all GIDs 
had the same lane-level accuracy. 
 
The GID has to have the following properties: 
 

• Sufficiently accurate (30 cm for 
WhichLane) road/lane geometry for all 
lanes/approach roads; 

• Intersection identification, including 
whether the intersection is stop-sign 
controlled or signalized; 

• Stop bar locations for all lanes; 
• An intersection reference point; 
• Lane widths for all the lanes; 
• Correspondence between lane and traffic 

signal applying to the lane.  
 
The ConOps did not assume that the vehicle would 
already have an intersection map stored onboard, thus 
the requirement that such a map be transmitted from 
RSE at the intersection to the vehicle through 5.9 
GHz DSRC. This imposed a constraint on the size of 
the GID to be transmitted over the air. The ConOps 
did not determine how GIDs for stop sign 

intersections are distributed to the vehicle. An 
alternative is that they are distributed by nearby RSE. 
 
In order to increase reception probability, the GID 
needed to fit within a single DSRC Wave Short 
Message (WSM) packet. The WSM maximum packet 
size is 1.4 Kbytes as specified in the IEEE 802.11p 
proposed standard [2,3]. Furthermore, about 400 
bytes of this packet are assumed to be used for 
security payload and are not available for the actual 
message content. Those constraints led to the design 
of a small map of about 1 Kbyte to store the GID. 
The GID specifications developed by the CICAS-V 
project have been entered in the Society of 
Automotive Engineers (SAE) J2735 standards 
process to become a future automotive standard.  
 
In order to minimize the size of the GID, the 
following design choices were made: 
 

• All geometry points are Cartesian offsets 
from an intersection reference point that is 
given in (Latitude, Longitude, and Altitude) 
coordinates in the WGS 84 system. This 
means that all the points that are used to 
describe the geometry are described as 
distance in decimeters from the intersection 
reference point (x [decimeters], 
y [decimeters], z [decimeters]); 

• All roads/lanes are described as an ordered 
set of geometry points together with the lane 
width at each point; 

• The lane geometry is described by 
specifying the centerline of the lane; 

• The stop bar location for each lane is the 
first geometry point for the lane;  

• Lane geometries are represented out to a 
distance of 300 m from the intersection 
reference point for approaching lanes (note 
that GIDs might overlap in some cases); 

• Outgoing lanes are optional but can be 
included, if necessary.
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Figure 2: GID elements  

 
The basic element of the GID (Figure 2) is a point or 
“node.” Two types of GID nodes are defined: (a) the 
Intersection Reference Point (IRP), expressed as 
Latitude, Longitude, and Altitude; and (b) the Nodes 
that describe the lanes, given as offsets in Cartesian 
coordinates from the IRP. The set of nodes that 
describe a lane are collected in the “Node List.” 
 
Two kinds of lanes are defined: 

• Reference Lane 
• Computed Lane 

 
A reference lane is a lane that is fully specified by a 
list of points. A computed lane is a lane that can be 
derived from a reference lane by a simple parallel 
shift of the reference lane. This method reduces the 
size of the GID message for cases in which several 
parallel lanes can be grouped into one approach. An 
approach is defined as all lanes of traffic governed by 
a single, independent signal phase cycle, moving 
towards an intersection from one direction. This 
corresponds to the term “Movement” used by Traffic 
Engineers.  
 

 
Figure 3: Approaches for the intersection at 5th 

Ave. and El Camino Real in Atherton, California. 
 
Figure 3 shows the seven approaches to the 
intersection of 5th Ave. and El Camino Real in 
Atherton, California. Approach 6 consists of three 
lanes for which the rightmost lane is wider than the 
other two due to parking possibilities. Approach 2 
contains three lanes and approach 5 contains two 
lanes. For approach 2 the GID specifies the leftmost 
through lane as a reference lane and the other two 
lanes in the approach are represented as computed 



Maile 5 
 

lanes. The same is true for approach 6 for which the 
leftmost lane is again specified through a node list 
and the other two lanes can be specified by the offset 
from the reference lane. 
 
It should be noted that the computed lane is not a 
mandatory feature of the GID but a device to 
minimize the size. In the GID, all lanes can be 
specified through node lists (as reference lanes) if the 
size of the GID permits. 
 
The resulting GID is a very compact map of the 
intersection. For instance, the size of the GID for 5th 
Ave. and El Camino Real is 352 bytes, while the size 
of the GID for the most complicated intersection in 
the project, Franklin and Peppers Ferry in 
Christiansburg, VA, is 869 bytes. 
 
No commercial maps available today can describe the 
intersection geometry to the required accuracy level, 
and some of the required GID attributes such as stop 
location are similarly missing, therefore, the CICAS-
V project had to generate the GIDs. 
 
After looking at several alternatives, aerial surveying 
was selected as the method to map the intersections. 
The company chosen to map the intersections was 
HJW GeoSpatial, Inc. (HJW) in Oakland, California. 
The CICAS-V project developed specifications for 
the GID that were transmitted to HJW and HJW then 
took a high-resolution aerial photograph of the 
intersections. The resulting image had to be ortho-
rectified. Also for this purpose a number of points on 
the picture were mapped by a surveyor on site. The 
company took the lane markings on the image to 
determine the location of the centerline for each lane 
and delivered the geometry of the lanes as a set of 
points, as specified. Those points were subsequently 
converted into the GID message, using a compiler 
that was specifically developed for CICAS-V. 
 
 

 
Figure 4: Aerial view of the Intersection at 5th 

Ave. and El Camino Real in Atherton, California. 
 
In mapping the intersection, work was conducted to 
specify the “North” direction accurately as the 
Geographic North in the WGS 84 Coordinate 
System. Using the “North” direction in the State 
Plane Coordinate System or the UTM Coordinate 
System, which are both used widely to specify 
geography, will lead to a rotation of the GID with 
respect to the Ground Truth by an angle that is 
location dependent. The farther the location of the 
intersection is away from the central meridian, the 
larger the angle between UTM north and geographic 
north. For the mapping of the intersection, this can 
amount to several meters of discrepancy between the 
position on the GID and the GPS position that the 
vehicle receives from the positioning system. 
 
SIGNAL PHASE AND TIMING 

The intersection sends controller Signal Phase and 
Timing (SPaT) information to the vehicle 10 times 
per second and the vehicle will select the correct 
signal indication, based on its approach. The SPaT 
message contains the signal phase indication of the 
current phase, the time until the next signal phase 
change and information to correlate the signal 
indication with the approach for all the approaches in 
the GID. 
 
As for GIDs, SPaT information is best included in a 
single DSRC WSM packet. This packet is generated 
by extracting the data in real-time from the traffic 
signal controller and formatting it into the SPaT 
message. Depending on the traffic signal controller 
hardware and the signal controller protocol, SPaT 
information is exported directly or some inference via 
a state machine running on the RSE is necessary to 
determine the correct phase.  
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GPS CORRECTIONS 

The overarching goal of the CICAS-V positioning 
and GPS correction generation subsystems is to 
design and prototype a vehicle positioning system. 
The purpose is to achieve real-time sub-meter vehicle 
positioning near CICAS-V intersections for 
CICAS-V equipped vehicles at relatively low cost 
while using commercial off-the-shelf hardware. 
 
The prototype design is dependent on the availability 
of RSE at CICAS-V signalized intersections that 
have a local GPS base station receiver. This receiver 
is configured to compute correction factors for the 
GPS Satellite signals that are needed to make the 
position result from estimation algorithms match the 
base station’s known (surveyed) fixed location. 
 
This locality of scope contrasts with other popular 
correction techniques, such as the Wide Area 
Augmentation System (WAAS) in the U.S, which has 
ground reference stations spaced approximately 500 
miles apart, and, therefore, computes corrections on a 
regional basis. The field test results conducted to date 
at real intersections indicate significantly higher real-
time vehicle positioning accuracy when compared to 
the position accuracies obtained through WAAS and 
Differential Global Positioning System (DGPS) 

corrections based vehicle positioning systems. For 
example, at the CICAS-V traffic intersection located 
in Farmington Hills, Michigan, absolute real-time 
vehicle positioning errors on the order of less than 
0.5m are consistently achieved using the CICAS-V 
test vehicles. 
 
Figure 5 shows the local DGPS correction generation 
and broadcast subsystem installed at a traffic point of 
interest, such as a controlled intersection. The GPS 
receiver is configured in base-station mode where it 
computes corrections to GPS satellite signals for 
other moving (vehicle-mounted) GPS receivers in its 
vicinity. The correction information is encoded in 
Radio Technical Commission for Maritime Services 
(RTCM)-standardized format, such as the RTCM 
Recommended Standards for Differential GNSS 
(Global Navigation Satellite Systems) service as 
defined by the Special Committee (SC) 104 on 
Differential Global Navigation Satellite Systems 
(DGNSS). For brevity, the corrections data message 
format is referred to as either RTCMv3.0 or 
RTCMv2.3, depending on which SC-104 release of 
the “Recommended Standards for Differential 
GNSS” is used. The RTCMv3.0 message format used 
in the CICAS-V system design consists of single 
frequency (L1) GPS information. 

 

RS-232

CICAS-V vehicle OBE unpacks the RTCM-
104 V3.0 corrections messages from the 
DSRC message and provides them to the 
on-board GPS unit, which applies the 
correction information to its position 
calculations, yielding much higher 
accuracy position estimates
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Figure 5: Aerial positioning correction equipment 

 
The RTCM 1001 corrections provide per-satellite 
GPS pseudo-ranges and carrier phase measurements 

so  the on-board (moving) GPS receiver can compute 
its position estimate with much higher accuracy and 
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reliability. The RTCM 1001 form [4] of L1-only 
correction information provides a good accuracy 
improvement with rather modest communications 
requirements and impact on GPS receiver workload. 
For example, only 101 bytes are required per RTCM 
1001 binary message that includes range corrections 
for 12 satellites, and is often smaller according to the 
number of visible GPS satellites in the current 
constellation. The amount of correction data that has 
to be broadcasted in the DSRC link is dependent on 
the RTCM version used and on the number of visible 
satellites. 
 
For example, the RTCM v2.3 format  requires about 
4800 bits per second (bps) to broadcast dual-
frequency code and carrier-phase observations or 
observation corrections of 12 satellites. Similar 
information content can be transmitted using 1800 
bps in the newer RTCM v3.0 format (i.e., for 12 
visible satellites, v2.3 requires 372 bytes to transmit 
data, whereas RTCM v3.0 requires only 8+7.25*12 
bytes). 
 
RTCM v3.0 is primarily designed to support Real-
Time Kinematic (RTK) operations that normally 
require broadcasting relatively large amounts of 
information, and generally implies highly 
sophisticated forms of correction analysis and error 
removal. However, the L1-only subset of the RTCM 
v3.0 format can provide good performance 
improvements for modest system resource 
requirements, and works well even with moderately-
priced receivers. A minimum of two RTCM SC 104 
standard messages are required from the RSE to 
support local differential L1 solution correction for 
onboard GPS receivers. 
 
Each RTCM 1001 Message contains the satellite 
observations (in particular the single frequency [L1-
only] GPS pseudo-range and carrier phase 
measurements) as derived by the base station GPS 
receiver by comparing the position estimate 
determined from current satellite pseudo-range 
observations with the surveyed fixed location of the 
base station antenna. The base station “works 
backwards” to compute corrections to the satellite 
pseudo-ranges that would yield a much more accurate 
position estimate. Other roving GPS receivers in the 
surrounding area will generally face the same set of 
inaccuracies in the GPS satellite pseudo-range 
observations, so when they apply these pseudo-range 
correction factors to their own observations, they too 
will be able to significantly reduce the errors and 
obtain a more accurate position estimate.  
 
 

MESSAGE FRAMEWORK 

The cooperative nature of the system requires the 
definition of the messages that are being sent from 
the intersection to the vehicle. The project defined the 
following messages as necessary for the system to 
function: 
 

• Wave Service Announcement (WSA) 
• Signal Phase and Timing (SPaT) 
• GID Message (GID) 
• GPS Correction Message 

 
There are two messages that are to some degree 
optional but that were implemented. These are: 

• Area GID (AGID) 
• Traffic Signal Violation Warning Given 

(TSVWG) 
It should be noted that the TSVWG message is the 
only vehicle-to-infrastructure message.  
 
In order to provide a common framework for all the 
messages, the project created the Transportation 
Object Message (TOM) that is based on XML but 
streamlines the message for byte efficiency. Here 
only an overview over the basic concept will be 
provided.  
 
XML is a meta-language ideally suited to dynamic 
data markup, which quickly became very popular in 
the software engineering community. XML 
descended from SGML and is a very expressive, 
flexible and powerful meta-language. The main 
disadvantage for XML is the low byte-efficiency, 
which makes it less indicated for RF transmissions. 
 
TOM was designed after the work conducted in the 
W3C XML Binary Characterizations Working 
Group. It was created to be similar to XML but 
highly streamlined for byte efficiency so it could 
support transmitting complex application data over 
DSRC. While XML is well suited for describing data 
of arbitrary complexity, TOM has similar capability 
but is limited by the maximum size of an object. 
 
A TOM frame begins each message with a Message 
Header and ends it with a Message Footer. The 
framework provides message differentiation and a 
basic measure of integrity. There may only be one 
frame per message. Ideally, that frame never exceeds 
1,024 bytes to fit into a WSM packet, assuming 200-
400 bytes for the security overhead and WSM frame 
overhead. Everything between header and footer is 
considered message content, expressed as a set of 
object tags. 
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The TOM framework allows all the messages that are 
received to be treated in the same way in their 
decoding, which creates efficiency in application 
development and improves code robustness. Also, it 
allows for consistent authoring of content across all 
the different messages. In order to develop the 
various messages, a TOM compiler was developed 
that allows the authoring of the message in XML and 
then converts it into a TOM message.  
 
DSRC BROADCASTS 

All the messages are sent as WSM packets according 
to the IEEE 1609.3 proposed standard [5, 6]. The 
DSRC spectrum at 5.9 GHz is partitioned into seven 
channels where the Control Channel (CCH) is 
currently envisioned as the channel where the safety-
relevant messages for Infrastructure-to-Vehicle (I2V) 
and Vehicle-to-Vehicle (V2V) communications are 
broadcasted. 
 
To optimize channel utilization, it was decided to 
broadcast SPaT messages on the control channel 
(#178) and the GID and GPS correction (GPSC) 
messages on one of the service channels (all other 
channels except #172). The control channel is used to 

broadcast WSA messages. These messages contain 
information about the intersection the vehicle 
currently approaches (Intersection ID), the GID 
version number, and the service channel used for 
broadcasting. The vehicle OBE can switch its DSRC 
radio to this service channel to receive the full GID 
for the intersection as well as GPSC corrections. If 
the vehicle determines that it has the GID already 
stored, it will discard the newly received GID but still 
receive the GPSC messages.  
 
DRIVER-VEHICLE INTERFACE (DVI) 

The warning is conveyed to the driver via the DVI. It 
was not a goal for the project to specify a standard 
DVI as it is expected that each OEM will develop 
proprietary solutions in the future. The DVI 
developed for the project included a visual icon, a 
speech-based warning and a brake pulse. The tests 
conducted within the project found this combination 
to be highly effective. The CICAS-V DVI is 
presented in more detail in [7]. 
 
SYSTEM ARCHITECTURE 

The overall system architecture is shown in Figure 6. 

 
Figure 6: CICAS-V system with interfaces 

 
As it can be seen in Figure 6, the vehicle and the 
infrastructure systems are very similar. In the 

following, the system architecture for the vehicle 
system will be described in greater detail. 
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Figure 7: CICAS-V system architecture for the OBE 

 
The software was implemented on a Linux embedded 
platform, the Wireless Safety Unit (WSU) by 
DENSO. 
 
The software modules were divided into WSU 
Software Services that handled the interfaces the 
DSRC radio, the GPS unit and Vehicle Components, 
and the CICAS-V application modules. 
 
The CICAS-V Application modules were grouped 
and divided into two categories: 

• Interface/Message Handling Modules – 
Interface to external devices and/or perform 
message handling and parsing functions 

• Violation Detection Modules – Process the 
latest vehicle, GPS, GID and SPaT data to 
determine whether an intersection violation 
is likely to occur 

 
The modules assigned to each sub-category are listed 
in Error! Reference source not found. below.

 
Table 1: CICAS-V OBE Application Module Summary 

 
Module Description 

Interface/Message Handling Modules 

Vehicle Message Handler Interfaced to the Netway device (through the WSU Vehicle/CAN Interface Services) 
to receive generic CAN messages with vehicle status 
Transmitted and received heartbeat status information with the Netway 

Radio Handler/Data 
Demux 

Interfaced to the WAVE Radio (through the WSU Radio Services) 
Configured the radio, and polled the radio driver for statistics 
Transmitted and received WAVE Short Messages (WSMs) 
Processed received WAVE Service Advertisement (WSA) indications 

GPS Handler Interfaced to the Novatel OEMV GPS receiver (through the WSU Time/Position 
Services) 
Output GPS correction (GPSC) data 
Input GPS time and position data 
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Module Description 
GID Database Handler Maintained the GID database 

Upon receipt of GID data, added a record to the database, or updated an existing 
record if the data was of a different version 
Deleted expired GID records 
Performed WAVE Basic Service Set (WBSS) selection if the GID or GPSC data 
was being broadcast on the Service Channel 

SPaT Handler Received and parsed the SPaT data 
Converted the data to a format usable by other modules 

DAS Handler/Logger Interfaced to the Data Acquisition System (DAS) (through the WSU Vehicle/CAN 
Interface Services) 
Output OBE status and input DAS status 
Performed hardware/software watchdog processing and determined whether a 
maintenance or malfunction condition exists 
It should be noted that the DAS Handler/Logger supports an independent system just 
for the collection of data to evaluate the prototype.  

Violation Detection Modules 

Intersection Identification Identified the intersection the vehicle was approaching based on the vehicle location 
and direction and the GID intersection reference points 

Map Matching/Lane 
Identification 

Calculated the most likely lane(s) and approach(es) of the vehicle, and the distance 
to the stop bar(s) based on the vehicle location and GID data 

Warning Algorithm Determined if an intersection violation was likely to occur 
Generated Traffic Signal Violation Warning Given (TSVWG) and Remote 
Command (RCMD) messages to be transmitted to the RSE 

DVI Notifier Interfaced to the Driver Vehicle Interface (DVI) (through the WSU Vehicle/CAN 
Interface Services) 
Controlled the DVI icon and flexible warning outputs 
Transmitted and received heartbeat status information with the visual DVI device 
Generated audible DVI alerts 

 
SYSTEM INSTALLATION 

The components of the intersection installation of the 
CICAS-V are shown in Figure 8 and Figure 9. 
Figure 8 shows the installation of the RSE, the GPS 
and a Data Acquisition System (DAS) in the 
intersection controller cabinet at an intersection in 
Blacksburg, Virginia. Figure 9 shows the antenna 
installation (DSRC and GPS) at an intersection in 
Michigan. 
 

 
Figure 8: CICAS-V cabinet with GPS, RSE, and 

Data Acquisition System (DAS) 
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Figure 9: CICAS-V antenna installation 

 
Due to different intersection configurations, 
geometries and installation guidelines the 
installations in Blacksburg, Virginia, Oakland 
County, Michigan and Atherton, California differed 
from each other, even though the same components 
were used.  Figure 10 shows the installation in one of 
the OEM vehicles. 
 

 
Figure 10: CICAS-V Vehicle Installation 

 
Figure 10 shows the OBE (DENSO WSU), the 
Vehicle Interface (Netway) the GPS Receiver 
(Novatel OEMV) and a DAS (Virginia Tech 
Transportation Institue). The DAS recorded all the 
messages from the vehicle bus, the messages that 
were received from the intersections, the output of 
the computations from the OBE and the camera 
images (Forward, Driver Face, Interior of Vehicle, 
Rearward). 

 
OBJECTIVE TESTING 

Since the planned outcome of this project was a 
prototype ready for a large-scale Field-Operational 
Test (FOT), the system had to pass objective test 
procedures. Together with the USDOT a set of 
procedures was defined and then the system was 
tested using the procedures on a closed test track with 
an intersection (the Virginia Tech Smart Road). The 
test procedures are shown in Table 2. 
 
The tests are divided into types:  

• Warning Tests where the system has to give 
a warning 

• Nuisance Tests, where the system must not 
give a warning  

• Engineering tests where the system limits 
are tested 

The tests covered the typical situations that would be 
encountered by a CICAS-V equipped vehicle 
approaching a CICAS-V equipped signalized or stop 
-sign controlled intersection. They were written such 
that any supplier of a CICAS-V can use them to test 
whether the system fulfills the performance 
specifications.  
 
For a warning test to pass, the system had to alert the 
driver within a distance of (200 ms * vehicle speed) 
of the correct warning distance as defined in the 
warning algorithm and all the warning modalities had 
to come on within 200 ms of each other. The actual 
value that was achieved was below 100 ms. Each of 
the tests had criteria associated with it that 
determined that the test was valid, e.g., the variability 
of the speed had to be smaller than 2.5 mph around 
the nominal test speed. Each test had to have at least 
eight valid runs. The Various Speed Approaches tests 
for signalized and stop controlled intersections 
consisted of approaches at three speeds: 25, 35 and 
55 mph, each of which needed eight valid runs.  

 
 
 
 
 
 
 
 

 
Table 2: CICAS Test Scenarios Overview 

 

Name Purpose Kind 

Signalized Various Speed 
Approaches Test 

Test whether warning distance is as specified for 
signalized intersections and given vehicle speed 

Objective 
Requirement 
Warning 



Maile 12 
 

Edge of Approach Testing for 
Warning 

Test whether expected warning is given when 
vehicle is driven on edge of lane 

Objective 
Requirement 
Warning 

Edge of Approach Testing for 
Nuisance Warning 

Test whether nuisance warnings are avoided 
when vehicle is driven on edge of lane 

Objective 
Requirement 
Nuisance 

Late Lane Shift Test – Warning Test whether expected warning is given when 
shifting from green lane into red lane after red 
lane’s warning distance passed 

Objective 
Requirement 
Warning 

Late Lane Shift Test – Nuisance 
Warning 

Test whether nuisance warning is avoided when 
shifting from red lane into green lane before red 
lane’s warning distance passed 

Objective 
Requirement 
Nuisance 

Multiple Intersections within 300m 
Radius: Warning Case 

Test whether warning appropriate warning is 
given for approaching intersection in presence of 
multiple nearby intersections 

Objective 
Requirement 
Warning 

Multiple Intersections within 300m 
Radius: No Warning Case 

Test whether warning is avoided when 
approaching intersection in presence of multiple 
nearby intersections 

Objective 
Requirement 
Warning 

Dynamic Signal Change to Yellow, 
Too Late to Warn 

Test whether warning is avoided on signal change 
from green to yellow when red arrives after the 
stop bar 

Objective 
Requirement 
Nuisance 

Dynamic Signal to Red, In Time for 
Warning 

Test whether expected warning is given on signal 
change from green to yellow when red occurs 
before vehicle passes stop bar. 

Objective 
Requirement 
Warning 

Dynamic Signal to Green, No 
Warning Case 

Test whether warning is avoided when signal 
change from red to green before the warning 
distance 

Objective 
Requirement 
Nuisance 

Stop Sign Various Approach Speeds 
Test 

Test whether warning distance is as specified for 
stop sign intersections and given vehicle speed 

Objective 
Requirement 
Warning 

SPaT Reflection and Reception Tests the system performance / system limits 
when line of sight between intersection and 
vehicle is obscured by another vehicle 

Engineering Test 

 
 

Table 3: Results of objective testing 
 

Test Name Speed Comment 
Tests 
Conducted 

Tests 
Successful 

Success 
Rate 

Pass 
/ 
Fail 

Signalized Various 
Speed Approaches 
Test 

25   8 8 100% Pass 
35   8 8 100% Pass 
55   8 7 88% Pass 

Edge of Approach 
Testing for Warning 35 Right Side 8 8 100 Pass 
Edge of Approach 
Testing for 
Nuisance Warning 35 Left Side 8 8 100% Pass 

Late Lane Shift Test 

35 
Right to Left 
w/Warning  8 8 100% Pass 

35 
Left to Right w/o 
Warning  8 8 100% Pass 

SPaT Reflection 
and Reception 35   8 8 100% Pass 
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Multiple 
Intersections within 
300m Radius: 
Warning Case 35   8 8 100% Pass 
Multiple 
Intersections within 
300m Radius: No 
Warning Case 35   8 8 100% Pass 
Dynamic Signal 
Change to Yellow, 
Too Late to Warn 35   8 8 100% Pass 
Dynamic Signal to 
Red, In Time for 
Warning 35   8 8 100 % Pass 
Dynamic Signal to 
Green, No Warning 
Case 35   8 8 100% Pass 

Stop Sign Various 
Approach Speeds 
Test 

25   8 8 100% Pass 
35   8 8 100% Pass 
55   8 8 100% Pass 

Overall           Pass 
 
 
As can be seen in Table 3, the system passed all the 
objective tests with almost 100% of the runs passing. 
The only failed run happened at one intersection 
approach where the brake pulse failed to trigger, even 
though the other warning modalities warned the 
driver at the correct distance. The SPaT reflection 
and reception test did not have pass/fail criteria 
attached to it since it tested the system outside the 
performance specifications. In this test, the CICAS-V 
equipped vehicle followed a tractor-trailer within a 
distance of 4.5 m to see whether enough packages 
from the intersection could be received to enable the 
vehicle to issue a correct warning. In all the test runs 
the warning was issued such that the vehicle was able 
to come to a stop before entering the intersection 
crash box but in several instances the warning came 
more than 200 ms late. The complete description of 
the objective test procedures can be found in [8], the 
complete analysis of the objective testing can be 
found in [9]. 
 
DISCUSSION 

The development work in the CICAS-V project 
resulted in a CICAS-V that was deployed in 
intersections in three states in the United States with 
different traffic signal controllers and intersection 
configurations. The installations varied in difficulty 
due to the location of the traffic signal controller 
cabinet relative to the antenna placements, the space 
available in the cabinets, and other local factors. In 
all cases, the intersection installation was stable and 

without maintenance is still working in the Michigan 
intersections, even after a severe winter. The 
intersection installation could be accomplished with a 
reasonable amount of effort even for complex 
intersection installations. The development and test 
of the intersection GIDs showed that the necessary 
maps with successive could be developed. The 
positioning correction methodology used proved that 
the required accuracy for lane level positioning is 
achievable and that the overall system is feasible and 
can be installed at intersections. A final deployment 
analysis would need a full FOT.  

The vehicle part of the CICAS-V was improved in 
successive releases of the software and extensive 
system tests were performed to verify all functions 
and aspects of the system. The software release that 
was used for the pilot FOT [10] was improved in 
several subsequent releases using the results from the 
tests with naïve drivers. The final release of the 
project was used for the objective tests. The system 
performed well during the objective tests and was 
judged to be ready for a large-scale FOT. The passed 
tests included both Warning Tests where the correct 
warning had to be given and Nuisance Tests, where 
an incorrect warning had to be avoided.  

The overall performance of the system showed that it 
is ready for a large scale Field Operational Test. 
Plans and experimental protocols have been 
developed as part of the project and can be used to 
conduct the test [11].  
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CONCLUSION 

The CICAS-V project developed a cooperative 
intersection collision avoidance system that warns 
drivers of an impending violation of a traffic control 
device. The system was installed in several vehicles 
and intersections in California, Michigan and 
Virginia. To support the system, message sets, a 
digital map format for intersection maps, and a map 
matching and positioning system for accurate 
positioning in the vehicle were developed. For the 
evaluation of the system readiness for an FOT with 
naïve drivers, objective test procedures were 
developed and the system was tested using those 
procedures. The CICAS-V passed all the objective 
tests. The system was also tested with naïve drivers 
in a pilot FOT and was found to be ready for an FOT. 
This constitutes the first test of a CICAS-V in a real-
world environment and the results show that such a 
system can function well and can be tested in a large-
scale field test with naïve drivers. 
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ABSTRACT 

This study compares head impact dynamics between 
post mortem human surrogates (PMHS) and the Polar-
II pedestrian crash dummy in vehicle-pedestrian 
impacts with a small sedan and a large SUV. A total of 
fifteen (8 sedan, 7 SUV) full-scale vehicle pedestrian 
impact tests were performed at 40 km/h. For each 
vehicle, two (SUV) or three (sedan) PMHS tests and 
five dummy tests were performed, with three of the 
dummy tests in the same configuration to show 
repeatability, and the other two tests utilizing slightly 
different configurations. Head linear and angular 
kinematics were captured from PMHS and dummy 
head instrumentation, and dummy neck forces and 
impact forces were calculated from the upper neck 
load cell data.  Differences in head impact locations, 
timing, and kinematics between the dummy and 
PMHS were minimized when the dummy was 
positioned higher above the ground reference level to 
match the pelvis height of the PMHS.  On average, the 
dummy recorded higher resultant impact forces (2930 
N vs. 1862 N) in windshield impacts to the sedan than 
in hood impacts to the SUV, which resulted in higher 
HIC15 values and higher peak and averaged angular 
accelerations.  While differences in dummy injury risk 
metrics both the dummy and PMHS data show that the 
difference in injury risk metrics predicted by the 
dummy can be explained by the variation in impact 
velocity between the sedan (14.1 ± 1.2 m/s) and the 
SUV (10.7 ± 2.3 m/s), the differences in injury risk 
predicted by the PMHS is not as clear due to 
confounding factors.  The data and analyses presented 
in this study also show that neck forces during head 
impacts contribute a substantial and additive effect to 
the head impact accelerations (and thus HIC15 values) 
measured in the dummy, and that for the SUV, neck 
forces affect head accelerations more than impact 
forces.  Despite analyzing only lateral impacts with 
two vehicle geometries at 40 km/h, this study provides 
the only comparison of PMHS and dummy pedestrian 
head impact kinematics data available. 

INTRODUCTION 

Head injuries are either the most or second most 
commonly reported injuries to pedestrians struck by 
vehicles (Kong et al. 1996, Edwards and Green, 1999, 
Peng and Bongard, 1999, Chidester and Isenberg, 2001, 
Mizuno 2003, Toro et al. 2005, Neal-Sturgess et al. 
2007).  Furthermore, among serious or life-threatening 
head and brain injuries far outnumber injuries to all 
other body regions (Chidester and Isenberg, 2001, 
Fildes et al. 2004).  Previous studies have shown that 
head and neck injuries sustained by pedestrians 
account for almost 60% of all Harm to pedestrians 
(Fildes et al. 2004).   

In an effort to mitigate the risk of head (and other) 
injuries to pedestrians, researchers have developed 
tools, like pedestrian dummies and computational 
models, to further understand the dynamics of vehicle-
pedestrian impact.  While the local stiffness of the 
individual vehicle structures involved in head-to-
vehicle impact is a primary concern in decreasing the 
risk of head injury, impact simulations with pedestrian 
dummies and computational models allow for 
examination of other factors that affect head injury 
risks.  For instance, the magnitude of the accelerations 
sustained by the head in head-to-vehicle impacts is 
dictated not only by the vehicle stiffness, but by the 
impact velocity and impact angle, which dictate the 
magnitude and duration of the impact forces applied to 
the head.  Additionally, Okamoto and Kikuchi (2006), 
in a study that involved vehicle-pedestrian impacts 
with the Polar-II pedestrian dummy, used the dummy’s 
neck instrumentation to explore the magnitudes of 
forces applied to the head through the neck during 
impact.  Since their goal was to compare pedestrian 
dummy impacts to those of headform impactors, 
Okamoto and Kikuchi used neck forces to examine 
similarities and differences between the dummy and 
the impactor, without examining how neck forces 
directly affect impact kinematics and estimates of 
injury risk.   
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The current study aims to examine how both the 
impact and neck forces applied to the head during 
head-to-vehicle impact influence linear and angular 
impact kinematics.  Furthermore, this study uses both 
the Polar-II dummy, which has been compared to 
PMHS in previous tests to verify overall kinematic 
biofidelity (Akiyama et al. 2001, Kerrigan et al. 2005a, 
Kerrigan et al. 2005b), and PMHS to further examine 
not only the biofidelity of the dummy but the 
limitations of the PMHS model.  Lastly, this study 
examines impacts with two vastly different shaped 
vehicles, a small sedan and a large SUV, to help 
elucidate the effects vehicle shape has on head impact 
dynamics.   

METHODS 

Vehicle-Pedestrian Impact Experiments 

A total of 15 vehicle-pedestrian impact tests with a 
late-model small sedan (n=8) and a late model large 
SUV (n=7), using both PMHS (n=5) and the Polar-II 
dummy (n=10) (Table 1).  The methodology and some 
results from 11 of the 15 experiments have been 
previously presented (Kerrigan et al. 2005a, Kerrigan 
et al. 2005b, Kerrigan et al. 2008b).  Since the current 
study presents previously unpublished results from 
these experiments, as well as results from previously 
unpublished experiments, the following description 
will provide a general overview of the test 
methodology, but focus specifically on the methods 
associated with the previously unpublished results.  
For a more complete description of all of the methods 
used to perform the experiments, the previous studies 
should be referenced.   

Table 1.  Test matrix. 

  
Test 
ID Subject 

Age/ 
Gender 

Mass 
(kg) 

Stature 
(cm) 

Stance/ 
Support/ 
Clothing

Ground 
Level 
(cm) 

D1 Dummy  75 173 Dummy 0 
D2 Dummy  75 174 Dummy 0 
D3 Dummy  75 174 Dummy 0 

DA1 Dummy  75 174 PMHS 0 
DA2 Dummy  75 179 PMHS +5 
P1 PMHS 61/F 80.7 187 PMHS 0 
P2 PMHS 70/M 54.4 179 PMHS 0 

Se
da

n 

P3 PMHS 62/M 81.6 186 PMHS 0 
D1 Dummy  75 173 Dummy 0 
D2 Dummy  75 172 Dummy 0 
D3 Dummy  75 171 Dummy 0 

DA1 Dummy  75 174 PMHS 0 
DA2 Dummy  75 179 PMHS +7 
P1 PMHS 75/F 46.7 177 PMHS 0 

SU
V 

P2 PMHS 53/M 104.2 176 PMHS 0 
 

Sled System    Drivable production versions of the 
vehicles were cut just rearward of their B-pillars, their 
wheels were removed and their suspensions were 
locked.  The vehicles were welded to a sled sub-frame 
and ballasted up to the vehicle curb weight for the 
sedan (1176 kg) and to the sled system limit (1600 kg) 
for the SUV.  Computational simulations verified that 
only negligible differences in vehicle pedestrian 
impact dynamics resulted from using an SUV mass 
less than the vehicle’s curb weight.  Each vehicle buck 
was attached to the carriage mounted to the 
deceleration sled system (Via Systems Model 713, 
Salinas, CA) at the University of Virginia (UVA) 
Center for Applied Biomechanics (CAB).  Damaged or 
deformed vehicle components were repaired or 
replaced between each test.   

A small, light pedestrian sled that mimicked the 
vehicle’s ground-reference-level was constructed and 
attached to the sled system to facilitate surrogate 
positioning prior to each test.  Plywood, which has 
been shown to possess frictional characteristics similar 
to that of road surfaces (Kam et al. 2005), was used as 
the shoe-contact surface on the ground-reference-level 
of the pedestrian sled.  A hydraulic decelerator 
programmed to decelerate the vehicle and pedestrian 
sled approximately 250 ms after initial vehicle-
pedestrian contact was installed at the end of the sled 
system to provide a constant 6g deceleration.  Above 
the decelerator, an energy absorbing catching 
mechanism (Kam et al. 2005) was installed to catch 
the subject, prohibit ground contact, and prevent 
additional injuries.   

Subject Preparation  Three male and two female 
PMHS (Table 1) were selected for this study based on 
the absence of pre-existing fractures, lesions, or other 
bone pathology as confirmed by computed 
tomography (CT) scan.  The PMHS were obtained and 
treated in accordance with the ethical guidelines 
established by the Human Usage Review Panel of the 
National Highway Traffic Safety Administration, and 
all testing and handling procedures were reviewed and 
approved by the CAB Biological Protocol Committee 
and an independent Oversight Committee at UVA.  
Specimens are labeled (Table 1) by the order of testing 
(with “P” indicating PMHS).   

Each specimen was instrumented with a (6) six-
degree-of-freedom (6DOF) cube to facilitate head 
kinematics measurement during the experiments 
(Kerrigan et al. 2008a).  The 6DOF cube contained 
three linear accelerometers (model 7264B-2000, 
Endevco Corp., San Juan Capistrano, CA) and three 
magnetohydrodynamic (MHD) angular rate sensors 
(model ARS-06, Applied Technology Associates, 
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Albuquerque, NM).  The six sensors were arranged in 
a specially designed aluminum cube to permit linear 
acceleration and angular rate measurements about 
three orthogonal axes (Figure 1).  An aluminum plate 
(44 x 46 x 5 mm) was attached to the posterior-
superior aspect of the skull with deep threaded wood 
screws (Figure 1).  Following preparation, each 
specimen underwent a computed tomography (CT) 
scan (0.97 mm/pixel, 1.25 mm slice thickness) to 
document the orientations of the cube mounting 
hardware (Figure 1).   

 
Figure 1.  CT scan reconstructions (top) and 

photograph (bottom) showing 6DOF cube (also 
inset), cube mounting plate, and markers used to 
determine head CG.  Photograph shows PMHS 

prone in tray.   

The Polar-II dummy was prepared as specified by its 
developers (e.g. Akiyama et al. 2001).  The dummy, 
which has the head of the Hybrid-III dummy, was 
instrumented with a nine-accelerometer package 
(NAP) centered about the head center of gravity using 
the same geometry as that used in the Hybrid-III.  
Additionally, the dummy’s neck was based on the 
THOR neck, and thus had a 6-axis upper neck load 
cell identical to that used in the THOR.   

Stance, Support and Clothing  Tests were 
performed in the following order: 

1) Repeated dummy tests with each vehicle-“D1”, 
“D2”, and “D3” in Table 1, 

2) PMHS tests with each vehicle-“P1”, “P2”, and 
“P3” in Table 1, and  

3) Adjusted dummy tests-“DA1” and “DA2” in 
Table 1.  

Each of the three series of tests were performed with 
different stance, support, and clothing of the subject 
(Figure 2).  In the first series of tests (repeated dummy 
tests) the dummy wore its standard jacket, shorts and 
shoes as specified by its developers.  It was supported 
for positioning by using a single rope that passed 
through the dummy’s shoulder eyebolts (bilaterally) 
and through the release mechanism.  In positioning the 

dummy in mid-stance gait, the following goals were 
applied (Kerrigan et al. 2005a): 

1) Both right and left thighs oriented at the same 
angle relative to the ground and no more than 
85 degrees from horizontal, 

2) Right leg back (struck side) and left leg forward 
3) Both feet flat on the ground reference level with 

the back of the right heel and front of the left 
shoe tip equidistant from the vehicle 
centerline 

4) Both knees at 0 degrees flexion.   
However, due to limited range of motion of the 
dummy’s right hip (it could not be extended more than 
5 degrees from neutral), and that the shoulder eyebolts 
were anterior to the dummy’s CG (and thus the 
dummy’s weight was not supported through its CG), 
achieving goal #3 was impossible without pushing the 
pelvis back and creating an angle of the thorax relative 
to the ground (Figure 2).   

 
Figure 2.  Images from SUV D3 (left), Sed DA1 

(middle) and Sed DA2 (right) depicting differences 
in dummy stance, support and clothing from the 

three different test series.   

The PMHS were outfitted in a TYVEK ® body suit 
(interior), a cotton/lycra shirt and pants (exterior), a 
cotton/lycra head cover, and a pair of athletic shoes 
(Figure 3).  The PMHS were supported via a piece of 
seat belt webbing that passed under the arms anteriorly 
and across the back posteriorly.  Additionally, the 
PMHS head was positioned with a second piece of 
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seatbelt webbing that was split and passed under the 
chin and under the occiput.  An attempt was made to 
position the PMHS like the dummy in the repeated 
dummy tests, however relatively low stiffness in the 
hip and knee joints prevented the right hip and right 
knee from being extended.  Gravity drew the right hip 
and knee into flexion, and the thorax into an 
orientation perpendicular to the ground. 

 
Figure 3.  Images from sedan (left) and SUV (right) 
PMHS tests depicting PMHS stance, support and 

clothing.   

A number of differences between in pedestrian 
response between the PMHS and dummy were noted 
(see Results) and thus a subsequent set of tests were 
performed with the dummy to determine if the 
differences were related to the differences in stance, 
support and position.  Since the dummy showed 
repeatable results in the repeated dummy tests 
(Kerrigan et al. 2005a, Kerrigan et al. 2005b), only 
single dummy tests (n=2 for each vehicle) were 
performed to examine the sensitivity to stance, support 
and clothing.  In the first test on each vehicle (Sed 
DA1 and SUV DA1), the dummy was outfitted in the 
same cotton/lycra shirt and pants, and the same athletic 
shoes used in the PMHS tests (Figure 2).  The dummy 
was not supported using the shoulder eyebolts, but 
instead was supported with the seatbelt webbing that 
passed under the arms anteriorly and across the back 
posteriorly.  This support allowed the dummy to be 
positioned in the same stance as the PMHS:  slight 

flexion in the right hip and thorax perpendicular to the 
ground reference level.  These PMHS-like conditions 
of the stance, support and clothing are indicated in 
Table 1 as “PMHS”.   

In addition to the differences between the PMHS and 
repeated dummy tests with respect to the stance, 
support and clothing, all of the PMHS were taller than 
the dummy (Table 1) as determined by measuring the 
distance between the top of the head and the ground 
reference level after positioning each subject.  Thus, in 
an attempt to evaluate how differences in stature 
affected the response characteristics, in the second of 
the adjusted dummy tests (Sed DA2 and SUV DA2) 
the vertical position of the ground reference level was 
increased using a rigid foam to position the dummy 
higher up than in the DA1 tests (Figure 2).  Since, it 
has been hypothesized that the height of the pelvis and 
greater trochanter relative to the vehicle front end 
components has a larger effect on pedestrian impact 
kinematics than pedestrian stature (Kerrigan et al. 
2005a, Kerrigan et al. 2005b, Kerrigan et al. 2007), the 
ground reference level height was increased to match 
the pelvis height of the PMHS.  The average height of 
the PMHS in the sedan tests and SUV tests was 
approximately 5 cm and 7 cm higher than the height of 
an analogous point measured on the dummy after 
positioning in Sed DA1 and SUV DA1, respectively.  
Thus the ground level for the DA2 tests was adjusted 
accordingly.   

Final Preparation and Test Event  Before 
hoisting PMHS specimens, the 6DOF cube was fixed 
to the mounting plate, and digitized relative to skull 
landmarks with a coordinate measurement machine 
(CMM) (FARO Technologies, Lake Mary, FL).  The 
support harness from each subject was attached to a 
solenoid release mechanism that supported the weight 
of the subject until immediately prior to the impact.  
The subjects were positioned such that the right lateral 
side facing the vehicle with the support aligned with 
the vehicle centerline.  The upper extremities of the 
surrogate were bound at the wrist, anterior to the body, 
with the left wrist closest to the abdomen, to ensure 
repeatable kinematics and the most severe impact 
(Kam et al. 2005).  Once the final position of the 
surrogate had been set, the CMM was used to digitize 
anatomical landmarks used to define the exact position 
and orientation of the subjects.  Additionally, the 
dummy head and the three attachment screw centers of 
the PMHS 6DOF cube were digitized to determine the 
pre-impact global reference frame orientation of the 
head instrumentation systems.   

The test event was initiated by a pneumatic propulsion 
system that accelerated the vehicle sled to 40 km/h.  

PMHS Test 
(Sed P3) 

PMHS Test 
(SUV P1) 
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The vehicle sled passed an inductive sensor on the 
track that triggered the release of the surrogate 
approximately 20 ms before the initial bumper-lower 
extremity contact.  Vehicle-PMHS interaction 
continued for 250 ms after bumper contact, at which 
time the vehicle was decelerated (constant ~6 g) and 
the surrogate was thrown forward into the catching 
mechanism.  All subject-mounted sensor data were 
sampled at 10 kHz via a wireless data acquisition 
system (TDAS G5, DTS, Seal Beach, CA).  A 
hardware filter of 3300 Hz was applied during 
acquisition, and the data were subsequently filtered 
(CFC 1000) for further processing.  The angular rate 
sensor data were compensated, using a routine 
specified by the manufacturer (ATA 2008), to extend 
the effective low frequency corner of the MHD 
angular rate sensor. 

Head Impact Dynamics 

Kinematics  PMHS head impact kinematics in both 
the local (body-fixed) and global (inertial) reference 
frames were calculated at the head CG using 
established techniques (Rudd et al. 2006, Kerrigan et 
al. 2008a, Kerrigan et al. 2008b).  The location and 
orientation of the head CG relative to the 6DOF cube 
was determined by digitizing the cube attachment 
screws and the posterior and lateral projections of the 
head CG, which were determined from the Frankfurt 
plane (based on data from Robbins et al. 1983), prior 
to positioning the PMHS (Figure 1).  Local frame 
kinematics were determined by first transforming the 
cube sensor measurements to a reference frame 
defined by the anatomical axes of the head (adhering 
to SAE J211), and then by translating cube 
accelerations first from the surface to the center of the 
cube, and then to the head CG by applying the rigid 
body dynamics equation.   

The cube’s initial global reference frame orientation 
was determined from the pre-test CMM data.  Data 
from the angular rate sensors were used to update the 
global frame orientation of the cube at each time step 
of the impact interaction.  By updating the orientation 
of the cube at each time step, the local sensor data 
could be expressed in the global reference frame.  The 
components of the global linear velocity vector were 
determined by integrating the transformed 
accelerations, and transformed into the vehicle 
reference frame by using the vehicle velocity time 
history.  Angular acceleration data were determined by 
differentiating the transformed angular velocity data.  
To remove the high frequency noise introduced by the 
numerical differentiation, a 300 Hz (-6 dB cutoff) low-
pass second-order Butterworth filter was applied to the 
angular acceleration data (Rudd et al. 2006).   

In the dummy, the components of the local frame 
angular acceleration vector were calculated from the 
NAP data (Padgaonkar et al 1975).  Angular 
accelerations were integrated to determine the 
components of the local frame angular velocity vector.  
Then the components of the local frame acceleration 
vector were determined by translating the 
accelerometer measurements to the head CG using the 
rigid body kinematics equation.  Then, using the same 
methods as in the PMHS, global reference frame 
kinematics (linear and angular accelerations, and linear 
and angular velocities) were calculated.   

Impact Forces  The time history of the 
components of the force acting on the dummy head by 
the vehicle (impact force) can be calculated by 
applying Newton’s second law to the dummy’s head 
(Figure 4).  The dummy’s head can be modeled as a 
rigid body with mass mhead that accelerates (a) as a 
result of the forces acting on it.  In vehicle-pedestrian 
impacts, a force is applied to the dummy’s head 
through its connection to its neck (FN), and another 
force to the head through its contact with the vehicle 
(FI).  In some cases, more than one force can act on 
the head by the vehicle (multiple contact locations), 
however for the purposes of this analysis, the vector 
sum of these forces is assumed to be only a single 
force, acting at a single location.   

 
Figure 4.  Free body diagram of the dummy’s head 

with component sign convention. 

Thus we have the vector relations 

NI FFa +=headm    (1), and 

NI FaF −= headm    (2).   

Time histories of the components of the impact force 
vector were calculated in each dummy test, using 
Equation 2 with the neck load cell forces and the 
components of the local frame acceleration vector.  

Impact Force- force 
applied to head by 

vehicle 

Head 
Acceleration

Neck Force- 
force applied to 

head through neck

mhead

~FI

~FN

~ a 

X

Z
Y

SAE J211 
Convention
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The neck forces and impact forces were calculated as 
forces applied to the head and with the SAE J211 sign 
convention (Figure 4).   

RESULTS 

Linear Kinematics 

All sedan impacts resulted in head impact with the 
vehicle’s windscreen and all SUV impacts resulted in 
head impact with the vehicle’s hood (Figure 5).  
Subjects that were taller, or raised off the ground 

reference level (both DA2 tests), experienced head 
contacts farther up the vehicle than shorter subjects. In 
other words, while the relationship is clearly a function 
of vehicle geometry, specimen stature was positively 
(generally) correlated with wrap-around-distance 
(WAD) to the location of head impact for each vehicle 
(Table 2 and Figure 6).  WAD measurements were 
made using the standard method of measuring 
vertically from the ground up to the vehicle bumper, 
and then along the contour of the vehicle to the head 
impact location.   

 

Figure 5.  High speed video images depicting the imager frame just prior to impact (HC1) from six of the tests. 
   

Table 2.  Head impact parameters for each subject.   

Test 
WAD 
(mm) 

Impact 
Velocity 

(m/s) HIC15 

t1-
HIC15 
(ms) 

t2-
HIC15 
(ms) 

HC1 
(ms)

HC2 
(ms)

Sed D1 1930 14.69 1437 123.6 138.6 124 125 
Sed D2 1940 13.30 1447 122.3 137.3 123 124 
Sed D3 1970 13.88 1321 125.4 140.4 127 128 

Sed DA1 1970 15.89 1749 122.6 137.6 122 123 
Sed DA2 2130 15.31 1091 131.4 146.4 133 134 
Sed P1 2410 13.56 824 147.3 162.3 151 152 
Sed P2 2200 14.48 3647 135.3 139.4 134 135 
Sed P3 2320 11.80 511 138.8 153.8 141 142 
SUV D1 1685 9.29 577 92.4 107.4 98 99 
SUV D2 1660 10.45 826 85.2 100.2 93 94 
SUV D3 1665 9.29 752 84.7 99.7 93 94 

SUV DA1 1700 11.39 1704 87 102 93 94 
SUV DA2 1850 12.03 1642 94.8 109.8 99 100 
SUV P1 1860 12.11 3694 96.8 101.8 95 96 
SUV P2 1845 10.64 745 85.9 100.9 91 92 
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Figure 6.  WAD to Head Contact vs. stature for all 

tests.  The black line indicates a WAD equal to 
stature.   

SED DA2

SUV P1SUV DA2SUV D3 

SED D1 
SED P2



Kerrigan    7 

In the case of the sedan, all WAD measurements were 
greater than stature (Figure 6), which suggests that 
subjects slide up the vehicle prior to head contact, with 
the amount of sliding also positively correlated with 
stature.  The repeated dummy tests and the first 
adjusted dummy test (DA1) on the SUV resulted in 
WAD measurements slightly less than the stature, 
which means that not only does the dummy not exhibit 
sliding (like in the sedan tests), but that the dummy did 
not evenly wrap around the vehicle in the SUV cases. 
(Figure 5).   

High speed video images (1 kHz) from each test were 
analyzed to determine the time of head-to-vehicle 
contact.  Because of the temporal resolution (1 ms) of 
the video images, the exact time of head contact to the 
vehicle could not be determined.  However, the last 
imager frame prior to head contact (HC1) and the first 
imager frame after contact (HC2) initiated were 
determined, and since the change in the resultant head 
linear velocity relative to the vehicle velocity 
(Appendix Figure A1) over this short (1 ms) time 
interval was relatively high, head impact velocities are 
reported as the average (“Impact Velocity” in Table 2) 
and as the average and range over the time interval 
(Figure 7).  Head impact velocities exceeded the 
vehicle velocity between 6% (P3) and 43% (DA1) in 
the sedan cases.  In the SUV cases, the head impact 
velocities were less than the vehicle velocity in the 
repeated dummy tests (6%-16%) and in one PMHS 
test (4%), but higher than the vehicle velocity in the 
adjusted dummy tests (3%-8%) and in the other PMHS 
test (9%).   
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Figure 7.  Impact velocity vs. WAD to head contact 

for all tests.   

With regard to the risk of injury resulting from linear 
acceleration, the 15 ms Head Injury Criteria (HIC15) 
(Table 2)–calculated from the head CG resultant linear 
acceleration (Appendix Figure A1)–was compared to 

the impact velocity (Figure 8) and the WAD to head 
contact (Figure 9).  In general, HIC15 values increased 
with head impact velocity for each vehicle with some 
exceptions.   
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Figure 8.  HIC15 vs. head impact velocity for all 

tests.  
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Figure 9.  HIC15 vs. WAD to head contact for all 

tests.   

The first adjusted dummy test (DA1) on the sedan 
resulted in the highest impact velocity (15.89 m/s), 
which was only slightly higher than that in the 
repeated dummy tests (13.3-14.7 m/s).  This resulted 
in DA1 having only a slightly higher HIC than the 
repeated tests (1749 vs. 1321-1447) since head contact 
was in a similar location in each case (WAD 1930-
1970 mm).  In DA2, the dummy sustained a 
substantially lower HIC15 (1091) by impacting the 
windshield farther up (near the center) at a slightly 
lower impact velocity (15.9 vs. 15.3 m/s) than DA1.  
The second PMHS endured head impact at location 
similar to in DA2 and a lower velocity (14.48 vs. 
15.89 m/s), yet it sustained a much higher HIC15 
(3647 vs. 1091) than DA2.  While the other two 
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PMHS, which had head impacts to the top third of the 
windshield (12 and 21 cm higher up than P2), 
sustained head impacts at lower velocities (11.8 and 
13.6 m/s) and recorded drastically lower HIC15 values 
(824 and 511).   

The lowest impact velocities of all of the cases in this 
study were sustained by the dummy in the repeated 
SUV tests.  Although the dummy sustained HIC values 
that were only among the lowest recorded in the study.  
In SUV DA1 the dummy sustained a higher HIC15 
than in the repeated dummy tests (1704 vs. 577-826) 
despite impacting the vehicle at a similar location and 
only a slightly higher impact velocity (11.4 vs. 9.3-
10.5 m/s).  Raising the dummy up by 7 cm between 
DA1 and DA2 resulted in a 15 cm increase in WAD to 
head impact, and a slightly higher impact velocity 
(11.4 vs. 12.0 m/s) yet a slightly lower HIC15 (1642 
vs. 1704).  Looking at the PMHS SUV tests, there is a 
large discrepancy in HIC values between the two tests 
(3694 and 745) despite having similar impact locations 
(rear 10% of the hood) and a small difference in 
impact velocity (12.11 m/s vs. 10.64 m/s).  
Furthermore, DA2 and P1 have similar impact 
locations and similar velocities, but DA2 has a 
substantially lower HIC15 (1642).   

By examining the vehicle hood and underhood 
components in the area of the impacts, it became clear 
that both the SUV PMHS (and SUV DA2) endured 
head impacts at a location on the vehicle hood just 
above the passenger compartment-engine compartment 
firewall.  It is hypothesized that this structure is very 
stiff, and thus has substantial influence on HIC15 
values.  Further analysis of the video images showed 
that the chin of P2 contacted the right arm/shoulder 4-
5 ms prior to contacting the hood.  It is hypothesized 
that the head/arm impact resulted in the substantially 
reduced HIC15 value, and that if the head/arm impact 
had not occurred, the HIC15 value recorded by SUV 
P2 would be similar to that recorded by P1.   

Linear Kinetics 

Dummy neck forces (Appendix Figure A2) at head 
impact (HC1) were dominated by z-direction forces, 
which exceeded 2300 N in every test in this study, 
2500 N in all but two tests, and 3000 N in four tests 
(Figure 10).  Neck forces are presented as forces 
applied to the head, so the positive z-forces at impact 
indicate significant neck tension.  X and y-forces were 
all below 400 N at impact, and on average, x and y-
forces were only 4% and 10% of the of the tensile (z) 
forces, respectively.  The repeated dummy tests 
resulted in the highest tensile forces at impact, 
followed by the adjusted SUV tests, and lastly by both 

the adjusted sedan tests and the repeated SUV tests, 
which sustained similar tensile forces at impact.  
Overall however, the average tensile force at impact 
was 2902 N with only a 15% coefficient of variation 
across all tests despite differences in vehicle geometry.  
Similar coefficients of variation in tensile force, 17% 
and 10% for the sedan and SUV tests respectively, 
were seen when considering impacts only with the 
same vehicle.   
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Figure 10.  Dummy neck forces at the time of head 

contact (HC1).   

Tensile forces similarly dominate neck forces 
throughout the interaction between the head and the 
vehicle.  It is difficult to discern a robust kinematic 
marker for the end of the interaction time, so to 
examine the effect over the period of head-vehicle 
interaction, neck forces were averaged over the times 
used to calculate HIC15 (Figure 11).  While z-
direction forces still dominate neck forces throughout 
impact (1600-2500 N), x and y-forces were higher on 
average at 6% and 25% of the tensile force, 
respectively.  The difference in tensile impact forces 
by test type is less clear than in the pre-impact forces. 
Overall, the average tension in the neck during the 
impact interaction was 2155 N with only 14% 
coefficient of variation across all tests.  Similarly also, 
averaged tensile forces had only 16% and 12% 
coefficients of variation when considering sedan and 
SUV cases separately.   

In contrast to neck forces, impact forces (Appendix 
Figure A2) are dominated by y-direction forces 
resulting from the vehicle impacting the right lateral 
side of the head.  When impact forces are averaged 
over the times used to calculate HIC15 (Figure 12), the 
data show that in the SUV cases (except DA2) x-
direction forces are commensurate with y-forces, but 
that y-forces are much larger than x-forces in the sedan 
cases.  In the sedan cases, averaged y-impact forces 
were only slightly higher, on average, than z-neck 
forces (2590 vs. 2112 N).  However, in the case of the 
SUV, averaged neck tensile forces were substantially 
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larger, on average, than y-impact forces (2199 N vs. 
1381 N).  This difference is still apparent, yet to a 
lesser degree, when comparing y and z-neck forces 
with x and y-impact forces in the SUV cases.   
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Figure 11.  Dummy neck forces averaged over the 

times used to calculate HIC15.   
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Figure 12.  Dummy head impact forces averaged 

over the times used to calculate HIC15.   

While there was no way to determine the neck or 
impact forces applied to the head during impact, 
Equation 1 and Equation 2 suggest that comparing 
local-frame accelerations between the dummy and 
PMHS tests, can shed light on the forces in the PMHS 
tests (Figure 13).  In both Sed DA1 and SUV DA2, for 
example, the dummy shows that there are high z-
accelerations at the time of impact (71 and 73 g, 
respectively), with virtually no x or y-direction 
accelerations (between 2 and 16 g).  Similarly, there 
are high z-direction neck forces at the time of impact 
in both cases, but there was virtually no x and y-
direction forces.  Similarly in the PMHS, examining 
Sed P1 and SUV P1 for example, z-direction 
accelerations are relatively high at impact (54 and 80 g, 
respectively), and x and y-direction accelerations are 
lower (30 and 12 g in Sed 1, and 21 and 6 g in SUV 1, 
respectively), but slightly higher than in the dummy 
tests.   

During the head-vehicle impact interaction, the 
dummy data shows that the z-direction acceleration 
and neck force reduces to zero by t2 with the z-
direction impact forces remaining small.  Despite the 
smaller magnitude, the z-direction impact force in Sed 
DA1 opposes the z-direction neck force.  However, in 
the case of the SUV, the opposite occurs and the z-
neck force points in the same direction as the z-impact 
force.  In contrast to the dummy tests, the z-direction 
PMHS accelerations remain relatively high throughout 
the interaction. 

During the interaction, y-direction accelerations and 
impact forces in the dummy grow and remain 
relatively high, with smaller, yet still not negligible, y-
direction neck forces, which point in the same 
direction as the impact force in both cases.  The same 
is true for the x-direction accelerations and impact 
forces, but their magnitude is lower than those 
measured in the y-direction.  Similarly in the PMHS 
tests, y-direction and x-direction accelerations grow 
and remain high throughout the interaction, with the y-
accelerations being higher than the x-accelerations.   

Overall, the averaged (between t1 and t2) resultant neck 
forces in the dummy were 61%-115% and 95%-190% 
of resultant impact forces in the sedan and SUV cases, 
respectively.  On average, resultant neck forces were 
79% and 128% of resultant impact forces in the sedan 
and SUV cases.   

ANGULAR KINEMATICS 

Resultant angular velocity and angular acceleration 
time histories (Appendix Figure A2) show that angular 
velocities are relatively high at the time of impact, and 
angular accelerations reach high values as a result of 
impact.  Angular velocities at the time of impact are 
close to, or equal to, peak angular velocities measured 
in all tests.  In general, the subjects reached peak 
angular accelerations during head-vehicle impact that 
spanned a large range between 4522 rad/s2 (Sed P3) 
and 39126 rad/s2 (SUV DA2).  Averaging over the 
times used to calculate HIC15 (t1-t2), the dummy 
predicted higher angular accelerations in the sedan 
tests than in the SUV tests, despite having similar peak 
angular velocities in some cases (Figure 14).  In the 
PMHS cases on the other hand, averaged angular 
accelerations were similar with one high case for each 
vehicle (~15600 rad/s2) and the other cases lower 
(2300-4300 rad/s2).  Interestingly though, the peak 
angular velocities measured in the sedan PMHS tests 
were less than those measured in the SUV PMHS tests. 

Furthermore, it is interesting to note that, other than in 
the adjusted dummy tests on the SUV, all of the tests 
showed that HIC15 and averaged angular acceleration 
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were well correlated (Figure 15).  Additionally sedan 
test P2 and SUV test P1 resulted in very similar and 
quite high HIC15 and peak angular acceleration values, 

whereas the other PMHS tests predicted lower levels 
of injury risk.   
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Figure 13.  Head local accelerations from a sedan (top) and an SUV (bottom) dummy test (left), with neck and 
head impact forces (center), compared to head local accelerations from two PMHS tests (right).  Times used 

to calculate HIC values are shown in each plot with squares, and the head impact time (HC1) is shown with a 
diamond.   
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Figure 14.  Resultant angular acceleration averaged 

over t1-t2 vs. peak angular velocity for all tests.   
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Figure 15.  Resultant angular acceleration averaged 

over t1-t2 vs. HIC15 for all tests.   
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DISCUSSION 

If head injury risk is measured in vehicle/pedestrian 
collisions using the linear acceleration (which 
determines HIC15) during interaction with the vehicle, 
solving Equation 2 for the head acceleration vector 

headhead mm
NI FFa +=    (3)  

shows that head injury risk is equally affected by the 
forces applied to the head through the neck, and by the 
forces applied to the head by the vehicle.  Neck forces 
were shown to be dominated by z-direction (tensile) 
forces that increase to high levels well prior to head 
impact, and remain at relatively high levels throughout 
the impact interaction.  High tensile neck forces prior 
to impact are easily explained by the overall 
kinematics of the subjects (Kerrigan et al. 2005a and 
Kerrigan et al. 2005b).  The subjects’ upper bodies 
undergo rotations about the x (anterior-posterior) axis 
with center of rotation near the pelvis.  This results in 
the head, which is farthest from the pelvis, having the 
highest linear velocity, and its inertia causing high 
tensile forces in the neck.  Okamoto and Kikuchi 
(2006) showed similarly high tensile forces in the 
dummy neck prior to and at the time of head impact 
(~1500 N and ~4000 N in SUV and sedan impacts, 
respectively).   

Since the distribution of neck forces at impact (high z-
force and low x and y-forces) does not change 
dramatically during interaction with the vehicle, it can 
be concluded that head impact with the vehicle does 
not dramatically affect the force transmission from the 
neck to the head.  Impact forces, on the other hand, are 
dominated by y-direction (lateral) forces, with 
somewhat high forces also in the x-direction, and 
virtually no forces measured in the z-direction.  Since 
these forces are caused by vehicle impact, it makes 
sense that they are directed in the right-to-left lateral 
direction and in the anterior-to-posterior direction 
because head impacts occur to the right-anterior side 
of the head (Figure 5).   

Equation 3 also shows that when impact forces and 
neck forces point in the same direction, the effect on 
the acceleration is additive.  Another way of saying 
this is that when the neck force points in the same 
direction as the impact force, the neck force results in 
increased head acceleration, and when the forces have 
opposite polarities, neck forces decrease head 
accelerations.  Data from this study shows that the 
neck force has an additive effect on the acceleration 
magnitude, on average, in the x, and y directions in all 
of the tests and in the z-direction in the SUV tests.  In 

the sedan tests, on average, the z-impact force opposes 
the neck force, but is only 8% of the neck force (162 N 
vs. 2112 N) the mitigating effect on the z-acceleration 
is low.   

In this study, all of the force applied to the head 
through the neck is assumed to be measured by the 
dummy’s upper neck load cell, when the structure of 
the dummy (Figure 16) as well as the presence of 
impact forces prior to head contact (Appendix Figure 
A2) suggests that this is not true.  Firstly, the dummy 
has anterior and posterior cables designed for the 
THOR dummy to increase the flexion-extension 
stiffness of the neck, that provide for a load path 
between the head and the neck that is parallel to that 
which passes through the neck load cell.  While the 
THOR dummy contains load cells to measure the 
tension in the cables, the Polar-II dummy did not.  
Since the cables can only support loads in tension, data 
from this study show that neck tensile loads are 
underestimated.  The time histories of z-direction 
impact forces (Appendix Figure A2) show that a 
tensile “impact” force (between 67 and 420 N) was 
measured prior to impact in all of the tests.   

 

Figure 16.  Photo depicting Polar-II head/neck 
connection and instrumentation.   

Additionally, the dummy neck has a pin joint between 
the dummy neck and the head (A.O. joint), which 
permits the head’s coordinate system to be rotated 
about the y-axis between -8 degrees (extension) and 25 
degrees (flexion).  Thus the orientation of the head’s 
acceleration coordinate system was not necessarily 
aligned with the neck’s coordinate system.  This 
difference explains why there are impact forces 
measured in the x-direction prior to impact (between 
80 and 560 N).  Negative x-direction forces applied 
through the neck that result in these pre-contact 
“impact” forces, suggest that prior to impact the A.O. 
joint is in extension, and if the neck forces could be 

Posterior 
Cable 

Anterior 
Cable 

A.O. 
Joint 

Upper 
Neck Load 

Cell 
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corrected for A.O. joint angle (which is measured by a 
potentiometer in THOR) these x-direction impact 
forces would actually be recorded as increased tensile 
forces.   

While it is not possible to measure neck forces in the 
PMHS directly, it is hypothesized that force 
transmission from the neck to the head is different in 
PMHS than in the dummy.  A primary justification of 
this hypothesis can be explained by the lack of active 
musculature.  Since the PMHS lacks active 
musculature, and the dummy’s neck was designed to 
have the stiffness of a living human with active 
musculature (Akiyama et al. 2001) there are some 
differences in the head trajectory (Kerrigan et al. 
2005a and Kerrigan et al. 2005b) and head linear and 
angular velocity (Appendix Figure A1) between the 
dummy and the PMHS.  The linear velocity time 
histories show that PMHS reach lower peak head 
velocities than the dummy, and the angular velocity 
time histories show an early peak not seen in the 
dummy tests, which results from the motion of the 
thorax being out of phase with the motion of the head.  
In other words, as the thorax of the dummy rotates 
down toward the car, the relatively stiff neck of the 
dummy keeps the head in line with the thorax (see 
Kerrigan et al. 2005a and Kerrigan et al. 2005b for 
more high speed imagery from the tests).  But in the 
PMHS tests, as the thorax rotates, the inertia of the 
head and relatively low stiffness of the neck caused a 
delayed reaction of the PMHS head.   

Further evidence of the difference in force 
transmission between the head and neck of the PMHS 
and dummy can be seen in the differences in head 
impact dynamics between the DA2 dummy tests and 
PMHS tests Sed D2 and SUV D1.  Despite sustaining 
similar head impact velocities at similar (or the same) 
impact location, DA2 in the sedan and SUV resulted in 
much lower HIC15 values than in the Sed P2 and SUV 
P1.  Since impact accelerations are determined by neck 
and impact forces (Equation 3), the sum of the neck 
and impact forces must have remained much higher 
during the impact in Sed P2 and SUV P1 than in the 
DA2 tests.  While it is not possible to know whether it 
was the neck force or the impact force (or both) that 
was higher in the PMHS tests, comparing accelerations 
and impact forces in two dummy tests (Figure 13) 
showed that z-direction accelerations correlated with 
z-direction neck forces before and during head impact, 
and that x and y-direction accelerations correlated with 
impact forces during the head impact.  In comparing 
SUV P1 with SUV DA2, while y-direction 
accelerations appear to remain at similar levels 
through out the impact, x and z-direction accelerations 
in the PMHS remain higher than those in the dummy 

tests, which suggests that both neck forces and impact 
forces were higher in the PMHS.  Ideally though, to 
provide a more accurate estimate of this difference, a 
universal (not representing any particular vehicle) with 
instrumented impact surfaces should be used to 
measure impact forces directly.   

It is hypothesized that SUV P2 would have resulted in 
similar impact dynamics as those seen in SUV P1, had 
it not endured a head/arm impact prior to (and during) 
the head/hood impact.  Not only did the arm impact 
reduce the linear acceleration and HIC15 value, but it 
reduced the peak and averaged angular acceleration 
values.   

In comparing head impacts to the sedan and to the 
SUV, the difference in impact velocity between the 
two vehicles, on average, showed that the dummy 
impacted the sedan at a 39% higher velocity in the 
sedan tests than in the SUV tests (14.6 vs. 10.5 m/s).  
Looking at the forces, on average, averaged resultant 
neck forces were similar between the two vehicles, but 
impact forces were 57% higher in the sedan tests than 
in the SUV tests (2930 vs. 1862 N).  The higher 
impact velocities resulted in higher impact forces 
causing the dummy to predict higher HIC15 values 
and higher angular accelerations in windshield impacts 
in the sedan tests than in hood impacts in the SUV 
tests.  This result is further supported by epidemiology 
data showing that the windscreen causes greater Harm 
to pedestrians than any other vehicle structure (Fildes 
et al. 2004) and almost half of all AIS 2-6 head injuries 
are caused by the windscreen (Mizuno 2003).   

CONCLUSIONS 

In the current study, head impact dynamics 
experienced by pedestrians struck by a small sedan and 
a large SUV were examined using data from impacts 
with both a pedestrian dummy and PMHS.  Despite 
analyzing only lateral impacts with two vehicle 
geometries at 40 km/h, the results and analyses 
presented in this study provide insights into pedestrian 
head impact dynamics that can be used to improve 
passive and active pedestrian injury countermeasures.   

In general, the results of the dummy tests showed that 
the Polar-II dummy is repeatable but that differences 
in the pre-test position, support and clothing of the 
dummy can dramatically affect head impact dynamics, 
with a greater effect seen in the SUV tests compared to 
the sedan tests.  Additionally, the dummy shows good 
biofidelity in comparing it to the PMHS tests, however, 
differences in stature and neck stiffness between the 
PMHS and dummy affect head dynamics before and 
during head impacts 
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The data also showed that, for both vehicles, dummy 
neck forces contribute a substantial and additive effect 
to head impact accelerations because the component-
wise neck forces point have the same polarity as the 
component-wise impact forces, and because the neck 
forces are of comparable magnitude to the impact 
forces:  neck forces were, on average, 79% and 128% 
of resultant impact forces in the sedan and SUV cases, 
respectively.  In the case of the SUV, averaged 
resultant neck forces exceeded averaged impact forces, 
suggesting that neck forces affect head accelerations 
more than impact forces in the SUV.   

While inclusion of the PMHS data complicates the 
relationship, the dummy predicted higher HIC15 
values and higher angular accelerations in windshield 
impacts in the sedan tests than in hood impacts in the 
SUV tests.  This difference is due to the higher impact 
velocities in the sedan tests compared to the SUV tests 
(14.6 m/s vs. 10.5 m/s), which result in higher impact 
forces transmitted to the head by the vehicle.   

REFERENCES 

Akiyama A, Okamoto M, Rangarajan N.  (2001)  
Development and application of the new pedestrian 
dummy.  Paper 463, 17th Conference on the 
Enhanced Safety of Vehicles, Amsterdam, The 
Netherlands.   

Fildes B, Gabler HC, Otte D, Linder A, Sparke L.  
(2004)  Pedestrian impact priorities using real-world 
crash data and harm.  2004 International Conference 
on the Biomechanics of Impacts (IRCOBI), Graz, 
Austria.   

Kam C, Kerrigan J, Meissner M, Drinkwater C, 
Murphy D, Bolton J, Arregui C, Kendall R, Ivarsson 
J, Crandall J, Deng B, Wang JT, Kerkeling C, Hahn 
W.  (2005)  Design of a full-scale impact system for 
analysis of vehicle pedestrian collisions.  Paper 
2005-01-1875, Society of Automotive Engineers, 
Warrendale, PA.   

Kerrigan J, Crandall J, Deng B.  (2007)  Pedestrian 
kinematic response to mid-sized vehicle impact.  
International Journal of Vehicle Safety.  2007; 2(3): 
221–240.   

Kerrigan, J, Crandall, J, Deng, B. (2008a) A 
Comparative Analysis of the Pedestrian Injury Risk 
Predicted by Mechanical Impactors and Post 
Mortem Human Surrogates. Stapp Car Crash 
Journal, 52, pp. 527-567. 

Kerrigan J, Kam C, Drinkwater C, Murphy D, Bose D, 
Ivarsson J, Crandall J.  (2005a)  Kinematic 

Comparison of the Polar-II and PMHS in Pedestrian 
Impact Tests with a Sport-Utility Vehicle.  2005 
International Conference on the Biomechanics of 
Impacts (IRCOBI), Prague, Czech Republic.  

Kerrigan J, Murphy D, Drinkwater D, Kam C, Bose D, 
Crandall J.  (2005b)  Kinematic corridors for PMHS 
tested in full-scale pedestrian impact tests.  NHTSA, 
Paper 05-0394, Proc. 19th Conference on the 
Enhanced Safety of Vehicles (ESV), Washington 
DC, United States. 

Kerrigan J, Rudd R, Subit D, Untaroiu C, Crandall J.  
(2008b)  Pedestrian lower extremity response and 
injury:  a small sedan vs. a large sport utility vehicle.  
Paper Number 2008-01-1245, Society of 
Automotive Engineers, Warrendale, PA. 

Mizuno Y.  (2003).  Summary of IHRA pedestrian 
safety WG activities (2003)-proposed test methods 
to evaluate pedestrian protection afforded by 
passenger cars.  NHTSA Paper 580, Proc. 18th 
Conference on the Enhanced Safety of Vehicles 
(ESV), Nagoya, Japan.   

Neal-Sturgess CE, Carter E, Hardy R, Cuerden R, 
Guerra L, Yang J.  (2007)  APROSYS European In-
Depth Pedestrian Database.  Proc. 20th Conference 
on the Enhanced Safety of Vehicles (ESV), Lyon, 
France.   

Okamoto Y, Kikuchi Y.  (2006)  A study of pedestrian 
head injury evaluation method.  Proc. 2006 
International IRCOBI Conference on the 
Biomechanics of Impact, pp. 265-276.   

Padgaonkar AJ, Krieger KW, King AI.  (1975)  
Measurement of angular acceleration of a rigid body 
using linear accelerometers, J. Appl. Mechanics, 42, 
552–556. 

Robbins, D.H. (1983) Anthropometric Specifications 
for Mid-Sized Male Dummy, Volume 2.  Report 
number UMTRI-83-53-2, University of Michigan 
Transportation Research Institute, Ann Arbor, MI. 

Society of Automotive Engineers, Inc., 
“Instrumentation for Impact Tests,” SAE J211/1 
MAR95, March 1995, 10 p. 

 



Kerrigan    14 

APPENDIX 
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Figure A1.  Head resultant linear acceleration and velocity, and angular acceleration and velocity time histories from 

the sedan (left) and SUV (right) tests.  The diamond indicates HC1 and the square indicates HC2.   
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Figure A2.  Impact forces (“Ix”, “Iy”, and “Iz”) and neck forces (“Nx”, “Ny”, and “Nz”) applied to the head.  Forces are in the head’s local coordinate system as 

defined by SAE J211 (Figure 4).  The diamond and square indicate HIC calculation times t1 and t2, respectively.  Note that time and force scales very.   
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ABSTRACT 
 
In 2002 the first bridge between active and passive 
automotive safety was built. The MY03 Mercedes-
Benz S-Class was the first car in the world that 
implemented preventive measures for occupant 
protection which took effect before the actual 
impact occurred. Meanwhile the name “Mercedes-
Benz PRE-SAFE® System” became well known. 
Since then many other cars from various car 
manufacturers have adopted this principle of a 
“natural protection reflex”. In order to detect 
dangerous situations or upcoming accidents, 
various sensor systems are being used in these cars 
today. In addition to sensors that keep an eye on 
the driving dynamics or on the driver reaction, the 
use of radar sensors or cameras has become 
common during the past few years. Almost all of 
those systems observe the area in front of the car 
and therefore address situations with an increased 
risk for a frontal impact. Very few systems 
presented up to now are capable to “look” 
backwards and thus detect an imminent rear 
impact. This paper presents the Mercedes-Benz 
approach to integrate this type of accident into the 
PRE-SAFE® System. The paper covers the issue of 
detecting collision objects on the basis of radar 
data. And it presents a cascade of precautionary 
actions that can improve occupant protection in 
rear-end accident situations. In particular, the 
purpose and benefit of a preventive increase of 
brake pressure is discussed, as well as taking into 
account further actuators such as a reversible seat 
belt pretensioner or an active headrest. In order to 
substantiate the benefit of such a system several 
evaluation charts on the reduction of the impact 
severity, the dummy loads and the estimated risk 
of whiplash injuries are included. Based on 
accident simulations there are also evaluations 
about the reduction of the “accident radius” and 
thus the risk of a secondary impact. Finally the 
question of an appropriate electronic architecture 
for such an integral safety system is touched upon. 
 
 
 
 

INTRODUCTION 
 
Federal German statistics on road accidents show 
that 15% of all car accidents belong to the category 
of rear-end impacts, making them the third most 
important impact scenario after frontal impacts and 
side impacts. 
A closer look into the “German In-Depth Accident 
Study” (GIDAS) which contains a detailed analysis 
and documentation of more than 17.000 road 
accidents that occurred in the regions of Hannover 
and Dresden, basically confirms this information. 
Focused on car collisions with injured occupants, 
the share of rear-end impacts is 16.4% (as of July 
2008). 
 
Figure 1: Car-collision configurations with 
injured occupants in GIDAS. 
 

 
 
Compared to frontal impacts or side impacts which 
usually emerge from a broad variety of initial 
situations, 80% of rear-end collisions result from 
only four preceding conflict situations: 
 

- Collisions in longitudinal traffic 
- Collisions in a traffic jam 
- Collisions with a vehicle that stopped at 

a traffic light 
- Collisions with a vehicle that is just 

about to turn left 
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ANALYSIS OF REAR-END COLLISIONS 
 
GIDAS also contains data about the overlap. An 
analysis of this information for rear-end impacts 
shows that an overlap of more than 90% is clearly 
the most frequent configuration in this accident 
type. 
Only 20% of all rear-end collisions occur with an 
overlap of less than 20%. 
 
Figure 2: Overlapping ratio in rear-end 
collisions 
 

 
 
The analysis of the velocity of the target vehicles 
in rear-end crashes shows that 72% of all rear-end 
impacted cars are at standstill (v = 0 km/h) at the 
time of impact. 
 
Figure 3: Target vehicle velocity in rear-end 
collisions 
 

 
 
 
PREVENTIVE OCCUPANT PROTECTION 
(PRE-SAFE®) 
 
In 2002 Mercedes-Benz launched the world’s first 
protection system that takes action before the 
actual impact occurs and thus improves the safety 
of car occupants preventively. The system called 
PRE-SAFE® uses sensor data from the Electronic 
Stability Program (ESP) and the Brake Assistant in 
order to detect dangerous driving situations in 
which it is likely that an accident might follow. 
Two examples of trigger situations for PRE-
SAFE® are when ESP detects severe skidding with 
strong under- or oversteer (beyond the threshold 

for ESP interventions) or when the Brake Assistant 
detects an emergency braking. 
Comparable to a natural protection reflex the car 
uses the remaining time before the impact to 
prepare itself and the occupants for the upcoming 
crash. 
Data from Mercedes-Benz accident research 
indicate that in almost 60% of all investigated real-
world accidents the duration of this pre-crash 
phase between the moment when a danger 
becomes imminent and the actual impact is longer 
than 1 second. PRE-SAFE® makes use of this time 
span which is much longer than the span of the 
actual crash itself. 
 
Figure 4: Basic idea of PRE-SAFE® 
 

 
 
The PRE-SAFE® master software is located within 
the ESP control unit and makes use of the CAN 
network which is standard in modern cars today. 
The system gathers data from various sensors and 
at the same time communicates with different 
actuators. Depending on the equipment available in 
the vehicle the system takes the following actions: 

- The seatbelts of driver and front 
passenger are tightened to a force level 
of 140 N in order to reduce belt slack 
and to keep the occupants in a safe 
position for potential restraint 
deployment. 

- The front passenger seat is moved to a 
more favorable position for possible 
restraint system deployment (in case it 
had been adjusted to a less optimal 
position before). 

- The side bolsters of the multicontour 
seat are inflated in order to improve the 
lateral support of the occupants and 
keep them in a safe position for possible 
restraint deployment. 

- When the system detects that a rollover 
crash might be imminent the sliding 
roof and the side windows are closed 
(until only a small gap remains) in order 
to minimize the risk that occupants are 
ejected from the car. 
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Figure 5: PRE-SAFE® system network 
 

 
 
These measures are aimed at reducing the risk of 
injury for the car occupants and enhancing the 
efficiency of the conventional restraint systems. In 
this way PRE-SAFE® virtually builds a bridge so 
to speak between Active and Passive Safety. 
All PRE-SAFE® measures are reversible, so they 
can easily (or even automatically) be reset in case 
the accident could successfully be avoided. The 
system is then ready for action again instantly. 
However PRE-SAFE® does not replace any of the 
conventional safety systems because it cannot 
detect each and every accident before it takes 
place. PRE-SAFE® is designed to provide 
additional safety in as many cases as possible. 
In 2005 the system’s capabilities to detect 
dangerous situations were expanded by making use 
of radar sensors that scan the area in front of the 
car. 
 
Figure 6: Use of environment observation for 
PRE-SAFE®  
 

 
 
While those sensors are mainly used for the 
application of an Adaptive Cruise Control (ACC), 
they can also provide data for Active Safety 
Functions like Brake Assist Plus or for collision 
mitigation systems like “PRE-SAFE® Brake”.  
A vehicle equipped with “PRE-SAFE® Brake” can 
detect objects in front of the vehicle and, when 
detected, can continuously measure the distance to 
those objects. When the system detects that this 
distance drops dangerously low, it starts a 
sequence of escalation steps: 

- 2.6 sec before a potentially imminent 
crash the driver gets a warning by 
optical and audible signals 

- 1.6 sec before the possible crash the car 
initiates an autonomous braking at a 
level of 40% of the maximum brake 
force. At the same time, the PRE-
SAFE® measures for preventive 
occupant protection are activated. 

- In case the driver still fails to react and 
take control the car automatically 
implements full braking 0.6 sec before 
the imminent impact, which at this time 
is unavoidable.  

As a result of the autonomous braking the system 
can reduce the impact energy by up to 55%.  
Further details on the PRE-SAFE® system were 
presented during the ESV 2005 Conference in 
Washington DC [1]. 
 
 
REARWARD ENVIRONMENT 
OBSERVATION 
 
Today a typical rear-end accident can not be 
detected by PRE-SAFE®. According to Figure 3 
many of these accidents take place while the target 
vehicle is at standstill, so the ESP sensors don’t 
indicate any driving dynamics. Objects 
approaching from behind can also not be detected 
by the present radar sensor equipment because 
these sensors typically are mounted in the front 
bumper or behind the front grille to observe the 
area in front of the car only. Even the sensors that 
are mounted in the corners of the rear bumper in 
some cars are not applicable to detect vehicles 
approaching in the same lane, because those 
sensors are designed and adjusted to monitor the so 
called “blind spots” beside the car on the adjacent 
lanes.  
On the other hand the high offset rates in most 
rear-end impacts (see Figure 2) provide relatively 
good conditions for rearward facing environment 
observation sensors. Therefore the Mercedes-Benz 
approach to integrate rear-end accidents into the 
PRE-SAFE® system is to mount a radar sensor in 
the rear bumper. The field of view of such a sensor 
should be adjusted mainly to the area right behind 
the car, since in most cases the impacting vehicles 
approach in the same lane. 
Regarding the necessary working range two main 
aspects have to be taken into account: 

1. Is the system designed to send any 
warning signals (either to the 
vehicle driver / occupants or to the 
driver approaching from behind)? 

2. Activation time of the actuators 
that are triggered by the system (i. 
e.: period of time that those 
actuators require to provide their 
functions). 

Both aspects are discussed below. 
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THE “WARNING DILEMMA” 
 
Any sort of warning only makes sense when it 
takes place early enough to leave sufficient time 
for appropriate and effective reactions.  
When a potential collision object approaches from 
behind there are two possible warning scenarios: 
Either the driver / occupants are warned – for 
example by visual, audible or haptical signals – or 
the warning is aimed at the driver in the 
approaching vehicle. 
In both cases the timeline is roughly the same. 
Mercedes-Benz studies with test subjects in a 
driving simulator showed that a warning should be 
triggered 2.6 sec before the predicted impact in 
order to leave enough time for average reaction 
delay and an adequate preventive action. 
At usual city speeds of 40-50 km/h this means that 
a warning has to start when the distance to the 
approaching vehicle is 29-36 m. In other words: 
The necessary extension of the “warning zone” is 
so large, that the detection of another vehicle 
within this zone will be a very frequent event (as 
the example scenario in Figure 7 shows). 
So the so called “warning dilemma” becomes 
obvious: On the one hand a warning only makes 
sense when it takes place early enough, on the 
other hand a warning should only be a rare event, 
because otherwise it would be annoying and would 
fail to generate the designated reaction. 
 
Figure 7: Necessary extension of the “warning 
zone” 
 

 
 
Due to this general dilemma the functional option 
of sending warning signals today is not the main 
focus of the Mercedes-Benz approach to improve 
safety in rear-end accident scenarios. 
 
 
RESTRICTIONS OF RADAR-BASED 
ENVIRONMENT PERCEPTION 
 
The design of a safety system that uses radar 
signals always has to keep in mind the limitations 
of this technology. 
The most relevant limiting factors are: 

- The degree of reflexion varies between 
different materials. Some materials (e. 
g., dry wood) poorly reflect radar beams 
and thus are more difficult for radar 
sensors to detect. 

- A cover of snow or dirt dampens radar 
beams. Thick snow covers can even 
make a sensor “blind”. 

- Radar technology does not provide any 
information about the mass of detected 
collision objects. 

- Present automotive radar sensors do not 
provide reliable information about the 
size of the detected objects. 

The first two points show that a radar sensor can 
not detect all collision objects. Radar data can 
therefore only provide additional assistance for 
occupant protection systems, but these systems can 
not be designed such that radar data is 
indispensable for their trigger decisions. 
The last limiting factor mentioned above also has 
an impact on the design of automotive safety 
systems based on radar sensors. Since the radar 
systems available for automotive applications 
today detect objects only in the form of a singular 
spot without any extension, it is impossible to 
definitively distinguish between objects that will 
actually hit the vehicle and objects that will only 
closely pass by. 
As a consequence a “grey area” will be inevitable. 
This means that for an object located in this grey 
area and approaching the vehicle, the system can 
not clearly predict if the object will hit the vehicle 
or pass by. 
Depending on the preventive measures to be 
triggered based on the radar information, the 
trigger strategy for objects in the grey zone may be 
different. If the impact (or rather the “annoyance 
potential”) of a certain measure is rather low, then 
it can also be activated in doubtful cases. If a 
certain measure causes a considerably adverse 
effect on the comfort of the driver or the occupants 
(like, for example, preventive seat belt tensioning), 
then the activation should rather be suppressed. 
This, however, means that there will be accidents 
in which the measure has not been activated even 
though it would have been useful. 
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Figure 11: The grey “may-trigger-zone” 
 

 
 
Regarding the PRE-SAFE® system, Mercedes-
Benz therefore has always made one thing 
absolutely clear: PRE-SAFE® only provides 
additional safety. It cannot and will not claim to 
detect every single accident in advance. In cases 
when the danger of an imminent accident can be 
detected early enough, PRE-SAFE® can provide 
additional protection. But there will also be 
accidents without a preceding PRE-SAFE® 
activation. In these cases the full range of all 
conventional restraint and protection systems 
remains available. 
Under this prerequisite radar sensors can be used 
for PRE-SAFE® in spite of their limitations.  
The idea is to provide additional safety whenever 
possible. Even when it is not possible to provide 
additional safety, the use of radar sensors for PRE-
SAFE® in rear-end collision situations still causes 
no harm. 
 
 
PRE-SAFE® REAR 
 
Given that an environment sensing system 
observes the area behind the car and can detect 
potential collision objects approaching from 
behind, it will be useful to calculate the “time-to- 
collision” (“TTC”) based on the tracking data of 
the observed object. This allows for the triggering 
of a sequence of measures within an integral 
escalation concept in a way that each measure can 
provide its protective function at the right moment 
in the potential crash sequence. 
At the present stage of discussion the Mercedes-
Benz approach mainly addresses the following 
steps. 
 
 
 
 
 
 
 
 
 
 

Figure 8: Functional options for “PRE-SAFE® 
Rear” 
 

 
 
Step 1: Increase brake force 
Analysis of rear impact crash test films showed 
that during the impact the inertial force led to a 
significant rearward movement of the occupants 
relative to the occupant compartment. This 
movement also includes the driver’s legs. Even if 
the driver has his foot on the brake pedal before the 
rear-end impact, the inertial forces of the crash can 
lead to a lifting of the foot from the pedal. In a 
heavy rear impact this lifting can reach an amount 
of more than 200 mm. 
 
Figure 9: Crash film analysis of the relative 
movement between leg and brake pedal 
 

 
 
So in a heavy rear impact (impact speed in the 
example: 50.7 km/h) the driver may not be able to 
keep his foot on the brake pedal even when he 
wants to. 
In a less severe rear impact the inertial crash force 
reduces the force that the foot exerts on the pedal. 
Unfortunately this inertial force effect has adverse 
consequences for the crash. Both during the impact 
itself and also during the following seconds it 
would be beneficial overall if the impacted car had 
applied the brakes as hard as possible (see separate 
paragraph on the benefits). Thus the active and 
preventive boost of the brake force in situations of 
an imminent rear-end impact is an advantageous 
PRE-SAFE® measure. Due to the usual time 
requirements for brake force enhancement, this 
measure should typically be activated at a time-to-
collision (“TTC”) of approx. 600 ms in order to be 
fully effective at the time of impact. 
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Step 2: Reversible seat belt tensioning 
The activation of reversible seat belt tensioners, 
which is mainly useful in situations with imminent 
frontal crashes, also makes sense when a rear-end 
impact is about to happen. The electric motor in 
such a belt system takes out the belt slack and thus 
fixes the occupants tighter to their seats and to the 
passenger compartment. This reduces any dynamic 
displacement and improves the efficiency of all 
conventional restraint systems and brings 
significant advantages in case a secondary impact 
should follow (which would usually be a frontal or 
side impact). 
With respect to the typical activation time of 
reversible seat belt tensioners this measure should 
be activated at a TTC of approx. 100 ms. 
 
Step 3: Activation of the active headrest 
The Mercedes-Benz approach also includes the 
activation of the headrest. Usually the airbag 
control unit triggers this headrest. For this trigger a 
relay switch is released and the headrest is moved 
forward and upward by means of a spring force 
within 30 ms. 
Since this system is also fully reversible, it can also 
be activated before impact The main benefit of this 
measure is that preventive activation fully avoids 
the usual trade-off from which acceleration-based 
trigger algorithms suffer. On the one hand the 
activation shall take place as early as possible, but 
on the other hand the acceleration signal usually 
only allows non-ambiguous classifications of the 
crash severity after several milliseconds. 
Another aspect is that a preventive activation of the 
headrest also avoids interference between the 
movement of the headrest and inertial forces 
affecting the seat during the impact. Triggering the 
headrest early enough before the impact guarantees 
a release movement unaffected by any impact-
related forces. 
 
Figure 10: Trade-off in the acceleration-based 
trigger decision for an active headrest 
 

 
 
With respect to the short activation time of the 
Mercedes-Benz active headrest, this measure 
should be activated at a TTC of approx. 50 ms. 
 
 
 

BENEFITS OF A PREVENTIVE 
ENHANCEMENT OF THE BRAKE FORCE 
 
1. Benefit during the impact 
 
Applying the brakes in the target vehicle in car-to-
car collisions influences the impact in various 
ways (compared to the situation with no brakes 
applied at all):  

- The net impact forces between the two 
vehicles are higher. 

- The deformations are higher. 
- Delta v and mean acceleration are 

higher for the bullet car. 
- Delta v and mean acceleration are lower 

for the target car. 
Since the forces imposed by brakes and tires are 
relatively low compared to the impact forces in a 
severe rear-end impact, the effects mentioned 
above can usually be disregarded in many cases. 
However: The slower the impact is, the more 
relevant these effects are. 
With regard to whiplash injuries it is important to 
note that these injuries can already occur at 
relatively low impact speeds. 
Various studies in the 1990´s investigated the 
relation between impact severity and the 
occurrence of neck injuries. Studies by McConnell 
et al (1995) [2], Eichberger et al (1996) [3], Ono 
and Kaneoka (1997) [4], Siegmund et al (1997) 
[5], Krafft et al (2002) [6] and Kullgren et al 
(2003) [7] allow us to reach the conclusion that the 
risk of whiplash injuries already rises significantly 
at a rather low impact level. The threshold found in 
these studies is at a level of delta v = 10-12 km/h 
for the target vehicle and a mean acceleration of 
only 4 g. 
At the ESV2005 conference Krafft et al [8] showed 
that even rather small differences in the mean 
acceleration obviously can make a big difference 
for the risk of whiplash injuries and especially for 
the duration of the symptoms. Table 2 (taken from 
the Krafft study) shows that only 0.4 g reduction in 
the mean acceleration can result in the reduction of 
symptom duration from 1-6 months to less than 
one month. And a reduction of 1.1 g in mean 
acceleration can result in being uninjured instead 
of suffering from neck pains for 1-6 months. 
 

H ig h  trig g e r le ve l
L a te  a c t iva t io n
P o o r s a fe ty  le v e l

L o w  trig g e r le ve l
E a r ly  a c tiva tio n
E rro n e o u s  a ct iva t io n s

H ig h  tr ig g e r le ve l
L a te  a c t iva t io n
P o o r s a fe ty  le v e l

L o w  trig g e r le ve l
E a r ly  a c tiva tio n
E rro n e o u s  a ct iva t io n s
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Table 1: Numbers of male and female drivers 
and front seat passengers and average delta v 
and mean acceleration for different symptom 
durations. 
 

 
 
So whiplash injuries typically occur at an accident 
severity level in which the occupants in the 
impacting cars usually can expect to remain 
completely uninjured. Even more: They still will 
not face significantly increased risk of injury when 
their impact becomes slightly harder because the 
car in the front applies its brakes. The appreciation 
of values here shows that the benefit for the 
occupants in the impacted car clearly outweighs 
the small disadvantage for the occupants in the 
second car. 
A Mercedes-Benz Crash Simulation showed which 
reduction in acceleration can be achieved when the 
brakes are fully applied in an impacted vehicle on 
a high grip surface (μ=0.95). In this example the 
modelled impacted car was a fully loaded 
Mercedes-Benz S-Class (m=2835 kg) hit by a 
moving deformable barrier (m=1367 kg) at a speed 
of 10 km/h. 
The black graphs in Figure 12 show that the 
maximum acceleration in the S-Class decreases 
from 3.8 g to less than 3 g. Following the results 
from Krafft this is a scale that can significantly be 
beneficial for the risk of neck pains and most likely 
can reduce their duration. 
 
Figure 12: Reduction of the acceleration of an 
impacted car by enhancement of the brake 
force 
 

 
 
 
 
 

2. Benefit after the initial impact 
 
The analysis in figure 9 shows that in a severe rear-
end impact it is likely that the driver’s foot will be 
lifted from the brake pedal. So during the few 
moments until the driver can react and put his foot 
back on the brake pedal again, his car will be 
pushed away and roll on freely. Any object in the 
impacted vehicle’s path will likely be hit, so that 
after the rear-end impact, a secondary frontal 
impact may follow. The car may even be pushed 
into the lane of oncoming traffic, so that this 
secondary impact may be very severe. 
If, however, the impacted vehicle could 
automatically apply and hold its brakes (either for 
a certain duration or until the driver touches the 
accelerator pedal), this would significantly reduce 
the risk of a secondary impact, simply by reducing 
the “radius” of the post-crash movement of the 
impacted vehicle. 
The benefit of this PRE-SAFE® brake-force 
enhancement in rear impacts was demonstrated in 
two different accident scenarios, using an accident 
simulation software. In a scenario in which the 
second car crashed at a speed of 30 km/h into a 
vehicle that was at standstill, the post-crash 
movement of the impacted car was reduced by 
70%. In a scenario with an impact speed of 50 
km/h, the reduction was still 35% (see figure 13). 
 
Figure 13: Reduction of the uncontrolled post-
crash movement of an impacted car by 
enhancement of the brake force 
 

 
 
 
SUMMARY 
 
In the most frequent rear impact scenarios the 
target vehicle is at standstill while the bullet 
vehicle approaches in the same lane. The crash 
mostly takes place with an offset ratio of 90% or 
more. 
In this constellation a pre-impact detection of the 
upcoming danger can neither be achieved on the 
basis of driving dynamic sensors nor on the basis 
of driver reactions. Instead of that the use of 
environment observation sensors will be necessary 
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for the activation of preventive protection 
measures.  
Today PRE-SAFE®, the preventive occupant 
protection system of Mercedes-Benz, is not able to 
detect an upcoming rear-end impact. But the 
integration of a rearward-facing radar sensor will 
enable the system to cover a considerable share of 
real world rear-end impact scenarios. 
When such a sensor detects a potential collision 
object a sequence of preventive measures can be 
activated. 
Especially the enhancement of brake pressure is a 
measure that can both reduce the risk of whiplash 
injuries and also the risk or energy of secondary 
accidents. 
In further pre-crash escalation steps the activation 
of reversible seatbelt tensioners and active 
headrests are additional measures that can improve 
occupant protection in real-world rear impact 
accidents effectively. 
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ABSTRACT 

The objective of this study was to calculate the 
effectiveness of a pedestrian injury mitigation 
system that autonomously brakes the car prior to 
impact at reducing fatal and severe injuries. 

The database from the German In-Depth Accident 
Study (GIDAS) was queried for pedestrians hit by 
the front of cars from 1999 to 2007. Information on 
vehicle and pedestrian velocities and trajectories 
were used to estimate the field of view needed for a 
vehicle-based sensor to detect the pedestrians one 
second prior to the actual crash. The pre-impact 
braking system was assumed to provide a braking 
deceleration up to the limit of the road surface 
conditions, but never to exceed 0.6g. New impact 
speeds were calculated for pedestrians that would 
have been detected by the sensor. These 
calculations assumed that all pedestrians that were 
within the given field of view and not hidden by 
surrounding objects would be detected. The 
changes in fatality and severe injury risks were 
quantified using risk curves derived by logistic 
regression of the accident data. Summing the risks 
for all pedestrians, new casualty numbers were 
obtained. 

The study documents that the effectiveness of 
reducing fatally (severely) injured pedestrians 
reached 40% (27%) at a field of view of 40°. 
Increasing the field of view further led to only 
marginal improvements in effectiveness.  

1. INTRODUCTION 

A study by Transport Research Laboratory (TRL) 
under contract by the European Commission 
(Lawrence et al., 2006) predicts that the current 
functionality of brake assist systems can 
substantially reduce pedestrian fatality rates. The 
effectiveness at reducing the numbers of fatally and 
seriously injured pedestrians was estimated to be 
approximately 10%. One explanation for this 
finding is that even slight reductions in impact 
speeds have a large effect on the injury outcome for 

pedestrian victims (Davis, 2001; Hannawald and 
Kauer, 2004; Rosén and Sander, 2009; Tharp and 
Tsongos, 1977). 

There are at least two advantages of pre-impact 
braking: The impact energy is reduced, leading to 
lower risk of injury, and the secondary impact 
when the pedestrian hits the ground is mitigated. 
Injuries are often caused by the secondary impact 
(Gavrila et al., 2003). Pre-impact braking has been 
suggested as one method to reduce their severity 
(Meinecke et al., 2003). 

However, as brake assist systems have been 
predicted to activate in only about 50% of all 
accidents (Hannawald and Kauer, 2004), a natural 
evolution would be to complement future systems 
with a suitable sensor that autonomously activates 
the brakes if the driver fails to take action 
(Lawrence et al., 2006). The current study is an 
attempt to analyse the effectiveness of such an 
enhanced brake assist system. Like the studies by 
Aparicio (2005) and Hannawald and Kauer (2004), 
this study is based on models of real-world 
accident data. We extend those models to predict 
the reduction of pedestrian injuries from an 
autonomously activated brake assist system. Our 
approach is in line with the method proposed by 
Lindman and Tivesten (2006). 

Studying real-world accident data is a viable way 
to gain an increased understanding of the pre-crash 
movements of vehicles and pedestrians. Currently, 
the most detailed accident databases include 
vehicle travel and impact speeds, driver braking 
and steering manoeuvres as well as detailed 
sketches of the accident scenes. By combining this 
information it is possible to derive the pedestrian 
location relative to the vehicle as a function of time 
during the pre-crash phase. Such extended 
reconstructions can also serve to establish the time 
to collision and pedestrian location at the instant 
when he/she would have become detectable by a 
vehicle based sensor (regardless of type) and when 
he/she stepped out into the road. This information 
can guide the understanding of real-world 



 

Rosén 2 

requirements and their influence on potential 
system effectiveness.  

The hypothetical system considered in this study 
contains a forward looking, vehicle-based sensor 
with a given field of view. The signal from the 
sensor is processed by a computer algorithm. If a 
pedestrian collision is predicted to occur, the 
system will autonomously activate the vehicle’s 
brakes. The effectiveness of such a system depends 
on five main parameters: the field of view, 
detection range and accuracy of the sensor and the 
duration and level of the applied brake force. 

Naturally, a larger field of view will detect more 
pedestrians. However, this also implies that the 
system will have to consider pedestrians further 
away from the road. This, in turn, will increase the 
sensor requirements and the complexity of 
activation strategies. With a greater detection 
range, it is possible to increase the braking 
duration, which will reduce the vehicle speed 
further before impact. However, autonomous 
braking implies a rather severe intervention that 
may or may not be welcomed by the driver. A 
system that activates too early may negatively 
affect the driver’s ability to stay in control of the 
vehicle (ECE, 1968). Furthermore, the perceived 
level of system intrusion is likely larger for harder 
braking and longer braking durations. Earlier 
predictions by the system will also increase the 
uncertainties regarding the intent of other road 
users, which may lead to higher rates of false 
activations. In sum, there are many arguments 
against assuming that it is necessarily preferable for 
autonomous breaking systems to have a larger field 
of view and an earlier activation time. 

2. OBJECTIVE 

The main goal of this study was to estimate the 
potential reduction of fatally and severely injured 
pedestrians by an autonomous braking system as a 
function of the sensor field of view given a pre-
impact braking activation time of one second and a 
maximum braking deceleration of 0.6g. These 
system parameters were chosen as a reasonable 
balance between high protection level (early brake 
activation and high deceleration), reduced risk of 
assumed negative driver reaction, and influence on 
ambient traffic from instances of false system 
activation. Although the system was likely to be 
beneficial both for pedestrians struck by the front 
and side of vehicles, our method to estimate 
effectiveness was more reliable for those struck by 
the front. The reason was that the relation between 
injury risk and vehicle impact speed was less clear 
for pedestrians struck by the side, since only some 
of those receive a substantial impulse, or change of 
momentum, in the crash. Hence, we chose to 

include only pedestrians struck by vehicle front 
ends in the detailed analysis, although some results 
will be presented for the full target population as 
well. 

3. DATA AND METHODS 

3.1 Data 

The German In-Depth Accident Study (GIDAS) is 
based on accident data collected from the cities of 
Hanover and Dresden and their surroundings. The 
availability of recent, in-depth, accident 
reconstruction data, access, and familiarity with the 
database made GIDAS a natural choice for this 
study. A detailed account on GIDAS is provided by 
Otte et al. (2003). The work shifts for the GIDAS 
teams are specified by a statistically developed 
sampling plan and cover half the hours of each day 
and night (Otte et al., 2003; Pfeiffer and Schmidt, 
2006). The GIDAS database therefore contains a 
fairly representative sample of German accidents 
with pedestrian injuries. However, a certain bias 
towards severe and fatal accidents is present and a 
method to adjust for that was used (Rosén and 
Sander, 2009). That study found that cases coded 
as “ambulant” (less than 24h medical treatment), 
“in-patient” (more than 24h medical treatment), 
and “fatal” (dead within 30 days from the accident) 
should be weighted with the relative factors 1.0, 
0.49, and 0.36 respectively. 

Injuries were coded according to the Abbreviated 
Injury Scale (AIS98), which is an injury 
classification system using standardised criteria for 
describing injury severity (AAAM, 2001). The 
system comprises six levels of injury severity, 
where AIS1 denotes minor injury, 2 moderate, 3 
serious, 4 severe, 5 critical, and 6 fatal (currently 
untreatable) injury. The Maximum AIS (MAIS) 
gives the severity of the worst injury (of the several 
sustained by the victim). For example, MAIS3+ 
denotes cases where the severity of the worst injury 
was AIS3 or higher. In the following, we have 
denoted cases with MAIS3+ as severe and cases 
with less severe injuries (MAIS1 and MAIS2) as 
slight. Cases where the pedestrian died within 30 
days were classified as fatal. All fatal cases with 
MAIS3+ injuries were also considered severe, 
which was different from the analysis of Lawrence 
et al. (2006) where a serious case could not be 
fatal. 

The target population for the autonomous braking 
system included pedestrians struck by the front and 
side of motorised vehicles. However, the detailed 
analysis of this study was restricted to those struck 
by the front of a car, SUV, minibus, or van. Of all 
pedestrians in GIDAS struck by such vehicles, 66% 
were hit by the front, 29% by the side and 5% by 



 

Rosén 3 

the rear. For the fatally (severely) injured 
pedestrians, 90% (74%) were struck by the front, 
8% (21%) by the side, and 3% (4%) by the rear. 
We further restricted the target population by 
taking into account only pedestrians who were not 
suspected of being intent on suicide and who were 
struck once by a vehicle that did not have an initial 
collision with another object. These restrictions 
excluded only a small number of cases. 

From the years 1999 to 2007, 755 cases were 
gathered, including 38 fatally and 123 severely 
injured pedestrians, in which the vehicle impact 
speed was assessed by a GIDAS reconstruction. Of 
these, 243 cases contained sufficient information to 
estimate the pedestrian location relative to the car 
one second prior to impact. This final dataset 
contained 46 severely injured pedestrians, of which 
11 were fatalities. Furthermore, 232 of the striking 
vehicles were passenger cars. The remaining cases 
included seven minibuses, one pick-up truck, one 
off-road vehicle, one minibus shaped, and one van. 
Of the fatally (severely) injured pedestrians, 10 
(45) were struck by cars and 1 (1) by a minibus. 

3.2 Estimating the Effect of the Autonomous 
Braking System 

The hypothetical autonomous braking system 
consisted of an extension to a brake assist system 
that would autonomously activate the vehicle 
brakes when an activation signal was provided by 
the sensing system. As shown in Figure 1, the 
sensor was mounted in the centre of the vehicle 
front and had a given field of view. Furthermore, 
the sensor was assumed to operate in all light and 
weather conditions, but could only detect 
pedestrians that were within the given field of view 
and not obstructed by other vehicles or fixed 
objects such as buildings. 

For each accident, information on the exact 
accident spot, the impact and travel speeds of the 
car, the exact impact location of the pedestrian on 
the car front, and approximate trajectories of the 
car and pedestrian a few seconds prior to impact 
were provided by the original GIDAS 
reconstructions. The reconstruction methods are 
described by Rosén and Sander (2009). Driver 
braking and steering manoeuvres were also given, 
including an estimate of the mean braking 
deceleration and the braking distance. Finally, 
pedestrian walking speeds were coded using four 
categories: (1) walked, (2) walked slowly, (3) 
walked briskly and (4) ran. 

We took pedestrian age into account to generate 
quantitative estimates of pedestrian walking speeds 
in km/h (Eberhardt and Himbert, 1977). Combining 
this with information about the point of collision 

and pedestrian trajectory, it was possible to 
estimate the location of the pedestrian one second 
prior to impact. The location and travel speed of 
the car one second prior to impact was derived by a 
similar backwards calculation, beginning from the 
accident spot, taking impact speed, braking 
deceleration and vehicle trajectory into account. 
The locations of both the car and pedestrian 
enabled us to calculate the field of view needed for 
a sensor on the car front to detect the pedestrian. 
Pedestrians for which obstacles in the environment 
obstructed the sensor line of sight during the pre-
crash phase were considered to be “not visible”. 

Following Danner and Halm (1994), the maximum 
possible braking deceleration was assessed for each 
case using GIDAS information on the road surface 
type and condition. A maximum deceleration of 
0.6g was applied to all cases where the road surface 
type and condition allowed. In the other cases, the 
maximum possible deceleration was chosen. It was 
also assumed that the brake force had a linear ramp 
up time of 300 ms and then remained at a constant 
level. The chosen values of ramp up time and 
maximum braking deceleration are in line with 
those reported by Grover et al. (2008) for 
automated emergency brake systems. 

The final step was to calculate new impact speeds, 
v’, for cases were the pedestrian was visible and 
within the given field of view one second prior to 
impact, so that the autonomous braking system 
could have been activated. The new impact speeds 
followed from basic kinematics combined with the 
work-energy principle. In cases where the driver 
had braked, the original impact speed was kept if it 
was lower than the one provided by the 
autonomous braking system. In cases where the 
sensor would have detected the pedestrian less than 
one second prior to impact, the system was 
assumed to have no effect, even though pre-impact 
braking would have lowered the impact speed. 

3.3 Injury Risk Functions 

In order to derive injury risk functions for fatal 
injury and for severe (MAIS3+) injury, weighted 
logistic regression analysis was conducted 
following Rosén and Sander (2009). In order to 
increase statistical robustness, the larger GIDAS 
sample was then used, comprising 755 pedestrians 
of which 38 were fatally injured. To verify data 
quality, all fatal accidents, crashes with impact 
speeds exceeding 65 km/h, and 20 randomly 
selected cases were studied in detail. This was done 
by considering accident sketches, photographs, 
police reports, medical records, etc. As a result of 
these investigations, two accidents with pedestrians 
surviving impact speeds of 77 km/h and 108 km/h 
respectively were excluded from the sample due to  
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Figure 1.  Pedestrian locations one second prior to impact. The dashed lines represent the field of views 
(FOV) 30°, 40°, and 50°. (a) Visible (not visible) fatally injured pedestrians marked with black (white) 
squares. Visible (not visible) severely injured survivors marked with grey (white) diamonds. (b) Visible 
(not visible) slightly injured pedestrians marked with grey (white) triangles. 

interaction mainly with the side structure of the car. 
(In other words, these two pedestrians were 
“sideswiped” by the car and did not receive a 
substantial impulse in the collision.) Hence, the 
final sample consisted of 753 pedestrians. The 
fatality risk as a function of impact speed, Pfatal(v), 
was then assumed to have the following form 

)exp(1

1
)(Pfatal bva

v
−−+

=           (1) 

where v is the impact speed and a, b two 
parameters to be estimated by the method of 
maximum likelihood (Dobson, 2002; McCullagh 
and Nelder, 1989). 

A similar logistic regression analysis was 
conducted for the risk of sustaining at least one 
severe injury (MAIS3+) as a function of impact 
speed, Psevere(v). For this analysis, a sub-sample of 
694 pedestrians was used, for which the maximum 

AIS was known. Of these, 123 had at least one 
severe injury. 

3.4 Effectiveness 

The new impact speeds, v’, achieved with the 
autonomous braking system implied reduced risks 
of fatality and severe injuries. With the 
reconstruction data and risk curve, Pfatal(v), 
available, it was possible to estimate the 
effectiveness of the autonomous braking system. 
The effectiveness is defined as E=1–N’/N, where N 
is the weighted number of fatalities in the sample 
and N’ is the estimated weighted number of 
fatalities with the braking system available. The 
calculations can be mathematically expressed as 

∑∑
==

−=
n

i
ii

n

i
ii wvwv'E

1
fatal

1
fatal  )(P )(P1    (2) 

where n is the number of cases (243 in this study), 
vi and v’i the original and new impact speeds, and 
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wi the weight factor for the i:th pedestrian. Since 
the new impact speeds depended on the field of 
view of the sensor, so did N’ and, hence, the 
effectiveness. This made it possible to study the 
effectiveness as a function of field of view. We 
calculated the effectiveness for the following field 
of views: 180°, 90°, 60°, 50°, 40°, 30°, 20°, and 
10°. The same analysis was then conducted for 
severe injury. 

Let us write the number of fatalities as N=Nnb+ Nb, 
where Nnb is the number of fatalities in accidents 
where the driver had not braked, and Nb the number 
of fatalities in accidents where the driver braked. 
Analogously, we write the estimated number of 
fatalities with the autonomous braking system 
available as N’=N’nb+N’b with the same 
interpretation of the subscripts “nb” and “b”. By 
restricting the sums in equation (2) to these two 
different subgroups, Nnb, Nb, N’nb, and N’b were 
estimated. The ratio (Nnb–N’nb)/(N–N’) then gave 
the percentage of the fatality reduction that came 
from cases where the driver had not braked. 

The influence of braking duration was also briefly 
considered by calculating the effectiveness when 
activating the brakes at 2s, 1.5s, 1s, and 0.5s prior 
to impact. This analysis could not be conducted for 
different values of the sensor field of view, since 
the field of views needed to detect the pedestrians 
were only known at one second prior to impact. 
Therefore, these investigations were only 
conducted for a field of view of 180°. 

4. RESULTS 

4.1 Empirical Observations 

When considering the total sample, comprising 753 
cases, we found 38 fatally and 123 severely injured 
pedestrians. For 32 (105) of the fatally (severely) 
injured pedestrians, both impact speed and travel 
speed were known. It was then found that 41% 
(27%) of the fatally (severely) injured pedestrians 
were freely visible during the pre-crash phase, but 
the driver did not brake, and for another 13% (3%) 
the speed reduction from driver braking was less 
than 10% of the travel speed. 

Restricting to the 243 cases chosen for extended 
reconstruction, there were 11 fatally and 46 
severely injured pedestrians. For the fatally 
(severely) injured pedestrians, 60% (26%) were 
freely visible, but the driver did not brake or braked 
only marginally. These results are close to the 
corresponding figures for the total sample 
presented above, and thus provide a check of the 
representativeness of the sub-sample used for 
extended reconstructions. We may conclude that an 
autonomous braking system would have a potential  
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Figure 2. Cumulative impact speed distributions 
with and without the autonomous braking 
system. 

to largely reduce the impact speed of the car for 
approximately half of the fatalities and one third of 
the severely injured pedestrians. 

Figures 1a and 1b show the locations of the 
pedestrians one second prior to impact with 
different markers for slightly, severely, and fatally 
injured pedestrians. Since the vehicles typically had 
higher speeds than the pedestrians, pedestrian 
locations were more in the centreline of the sensor 
and farther away from the vehicles the higher the 
vehicle speed was. The same cases also tended to 
lead to higher injury severity levels. Finally, from 
Figure 1a, we see that a sensor with 40° field of 
view would have detected all but one of the visible 
pedestrians with fatal or severe injuries. 

In total, 69% of the drivers braked, however in 
many cases the effect of the braking was very 
small. For the drivers who braked, the mean 
braking duration was 0.67s. Applying autonomous 
braking to all cases, regardless of visibility and 
field of view, the mean braking duration was 1.4s. 
(Note that activating the brakes one second prior to 
predicted impact will extend the actual time to 
impact, since vehicle speed will be decreased.) 

In Figure 2, the cumulative distribution of impact 
speed for the sample is shown together with the 
corresponding distributions if the vehicles had been 
equipped with the autonomous braking system with 
180° and 40° field of view respectively. The mean 
impact speed changed from 29 km/h (without the 
autonomous braking system) to 22 km/h (23 km/h) 
with a 180° (40°) field of view. Furthermore, 15% 
(11%) of the accidents would have been completely 
avoided. The mean travel speed of the cars was 39 
km/h. Hence, the drivers achieved, on average, a 
26% reduction of travel speed by braking (39 km/h 
to 29 km/h), whereas the autonomous braking 
system would have given a 44% (41%) speed 
reduction for 180° (40°) field of view. 
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Figure 3.  Fatality risk curve and empirical fata-
lity rates (squares). 
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Figure 4.  Severe injury risk curve and empiri-
cal severe injury rates (squares). 

4.2 Injury Risk Functions 

Figure 3 shows the fatality rates observed at 
different intervals of impact speed and the best-fit 
logistic regression curve. In Figure 4, similar 
information is given for the risk of sustaining at 
least one severe injury (MAIS3+). Details of the 
logistic regression analyses are provided in Table 1, 
where a, b are parameters to the risk function 
described in equation (1). 

4.3 Effectiveness 

Figures 5 and 6 show the estimated effectiveness of 
the autonomous braking system in preventing 
pedestrians from sustaining fatal and severe 
injuries for a range of sensor fields of view. For 
frontal impacts, the effectiveness for fatal (severe) 
injuries varied between 44% (33%) and 40% (27%) 
for field of views between 180° and 40°. The left-
most category, labelled “All”, shows the predicted 
effectiveness when autonomous braking was 
applied in all cases regardless of visibility and field 
of view. This represents the greatest possible level 
of effectiveness given the unrealistic assumption of 
perfect information. Figures 5 and 6 also give the 
effectiveness for the full target population, i.e., 
when including pedestrians struck by the side of a  

Table 1. 
Logistic Regression Results. 

 afatal bfatal asevere bsevere 

Estimate –7.5 0.096 –4.6 0.078 

LL –9.0 0.067 –5.3 0.059 

UL –5.9 0.13 –3.8 0.096 

P-value <0.0001 <0.0001 <0.0001 <0.0001 

Details from the logistic regression analyses. The 
lower limits (LL) and upper limits (UL) are for a 
95% Wald confidence interval. 

vehicle. (These results were obtained by a similar 
analysis as for the frontal impacts.) 

The effectiveness calculations can be described as 
follows. The weighted baseline estimates for all 
243 cases were 5.07 fatally (29.9 severely) injured 
pedestrians, which are close to the true values of 
5.36 (30.3). Applying the autonomous pre-impact 
braking in all 243 cases, regardless of visibility, 
estimated 1.63 (11.8) fatally (severely) injured 
pedestrians. The effectiveness therefore is Efatal = 1 
– 1.63/5.07 = 68% (Esevere = 1 – 11.8/30.3 = 61%). 
Restricting to pedestrians who were visible, the 
casualties increased to an estimated 2.82 fatalities 
(20.1 severely injured) and an effectiveness of 
Efatal=44% (Esevere=33%). The results shown in 
Figures 5 and 6 were generated using parallel 
calculations for the full range of values for the field 
of view. 

Furthermore, it was found that 75–80% of the 
saved lives and 65–70% of the reduction of 
severely injured pedestrians came from cases 
where the driver had not braked. 

For a sensor with 180° field of view, we studied the 
effectiveness as a function of the time before 
impact at which the autonomous braking was 
activated. The results are provided in Figure 7. In 
this analysis, it was assumed that pedestrian 
visibility did not change during the pre-crash 
phase. Naturally, in the statistical model, the 
effectiveness increased with activation time, since 
longer braking duration implies lower impact speed 
and, hence, injury risk. However, in real-life traffic, 
autonomous braking implies a rather severe 
intervention in the operation of a driver, which may 
affect the driver’s ability to stay in control of his 
vehicle (ECE, 1968). This influence is likely larger 
for harder braking and longer braking durations. 
Earlier predictions by the system will also increase 
the uncertainties regarding the intents of other road 
users, which may lead to higher rates of false 
activations. 
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Figure 5. System effectiveness for fatality 
reduction. The category “All” corresponds to 
autonomous braking in all cases regardless of 
visibility and field of view. 
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Figure 6.  System effectiveness for reduction of 
severely injured pedestrians. 

5. DISCUSSION 

The effectiveness of the autonomous pre-impact 
braking system analysed in this study depends on 
how many pedestrians would be detected by the 
sensing system (system accuracy, field of view and 
detection range) as well as the duration and the 
level of the applied brake force. We chose to start 
with an analysis of the relation between sensor 
field of view and system effectiveness, due to the 
influence this parameter has on the cost and 
requirements on the sensing system. Figures 5 and 
6 provide the results for a system that activates the 
brakes one second prior to predicted impact with a 
maximum braking deceleration of 0.6g. In some 
cases where the pedestrian was coded as not visible 
during the pre-crash phase, it is possible that he/she 
was only partially or temporarily obstructed from 
view. Even higher system effectiveness may 
therefore be possible if further development of 
detection systems and activation strategies leads to 
reliable detection of these pedestrians. This would 
decrease the gap between the effectiveness when  
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Figure 7.  Effectiveness of the autonomous bra-
king system with 180° field of view as a function 
of the brake activation time to impact. 

braking for “All” pedestrians and when braking 
only for those coded as visible (see Figures 5 and 
6). 

A natural continuation of this study would be to 
analyse system effectiveness as a function of 
braking duration and braking level. Figure 7 
provides the results of an initial investigation of 
this kind. 

Sources of uncertainty for this study range from the 
inaccuracy of accident reconstructions in general to 
the vagary of actual and possible braking levels in 
particular. Predictive studies, like this one, also 
depend on the representativeness of the used data 
set. As described in subsection 3.1, we applied a 
weighting procedure so that GIDAS data might 
better resemble the total population of pedestrian 
accidents in Germany. However, the weighting 
turned out to have only a slight influence on the 
derived effectiveness. Like Lawrence et al. (2006), 
our results were found to be stable against changes 
in the risk curves. These findings indicate that the 
applied statistical methods were quite robust. 

Lawrence et al. (2006) correctly pointed out that 
the potential effectiveness of a (non-autonomous) 
brake assist system is sensitive to the estimated 
additional deceleration that the system would 
generate. This is problematic since both the 
decelerations with and without a brake assist 
system are difficult to estimate accurately. This 
difficulty should, however, be largely avoided in 
this study, since the largest benefit of the 
autonomous braking system did not come from 
generating a higher deceleration in cases where the 
driver had already braked, but from braking when 
the driver failed to take action. As shown in 
subsection 4.3, nearly 80% of the fatality reduction 
came from cases where the driver had not braked. 
The remaining contribution came mainly from 
earlier activation of the brakes in cases where the 
driver had braked only shortly before impact. As 
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shown in subsection 4.1, the average braking 
duration for drivers that braked was 0.67s, whereas 
the autonomous braking system had an average 
braking duration of 1.4s. 

The detailed analyses of this study included 
pedestrians struck by the front of vehicles, with the 
main results provided in Figures 5 and 6. However, 
we also included the results of a similar analysis 
that took into account pedestrians struck by the side 
of vehicles. In so doing, we were assuming that the 
risks of fatality or severe injury as functions of 
impact speed could be derived for all pedestrians 
struck by the front and side of vehicles by simple 
logistic regression analysis. However, this 
assumption is questionable. The risk curves that we 
obtained (not presented here) were rather flat, since 
some of the pedestrians struck by the side of 
vehicles were merely “sideswiped” by the vehicle, 
or, e.g., hit only by an exterior mirror. Naturally, 
those pedestrians did not receive much impulse in 
the crash, and could therefore survive high speed 
crashes, which had a substantial effect on the risk 
curve. In other cases, the pedestrian fell over the 
hood and was struck badly by the A-pillar and 
windscreen. The flatness of the risk curve implied a 
lower benefit from braking. It is therefore likely 
that the effectiveness for pedestrians struck by the 
front or side of vehicles should be slightly higher 
than indicated in Figures 5 and 6. However, the 
results primarily show that the form of the 
effectiveness plot as a function of field of view did 
not change when including pedestrians struck by 
the side of vehicles. 

In this study, the system was assumed to operate 
perfectly in all light and weather conditions, which 
might be difficult to achieve on the road. 
Furthermore, the system was assumed to brake for 
all pedestrians visible within the given field of 
view one second prior to impact. In real-life traffic, 
restrictions in system activation strategies may be 
necessary to gain regulatory and user acceptance. 

6. CONCLUSIONS 

Enhanced brake assist systems that use forward-
looking sensors to predict an emergency situation 
are now becoming available. The approach taken in 
this study was to use real-world accident data to 
estimate the potential reduction of fatally and 
severely injured pedestrians from an autonomous 
brake assist system activated by a suitable forward 
looking sensor. The effectiveness was calculated as 
a function of sensor field of view for a system that 
activates the brakes one second prior to predicted 
impact with a maximum braking deceleration of 
0.6g (see Figures 5 and 6). 

For a field of view equal to 180°, the effectiveness 
in preventing fatal and severe injuries was 44% and 
33% respectively. The effectiveness remained 
nearly constant when decreasing the field of view 
down to approximately 40°. With a field of view of 
40°, the effectiveness in preventing fatal and severe 
injuries was 40% and 27% respectively. Taking into 
account all pedestrians struck by the front or side of 
vehicles, the exact figures changed. However, the 
dependence on field of view was similar. 

These findings are in line with the empirical 
observations that approximately half of the fatally 
and one third of the severely injured pedestrians 
were visible to the driver during the pre-crash 
phase, but the driver did not brake or only braked 
marginally. Furthermore, a large majority of the 
visible pedestrians with fatal or severe injuries 
were within a 30° field of view, and nearly all were 
within 40°. 

Various restrictions will limit the effectiveness in 
real-life traffic, but the results highlight the large 
potential in reducing fatal and severe pedestrian 
injuries with an autonomous braking system and 
that it is reasonable to limit sensor field of view to 
40°.  
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ABSTRACT 
 
Tire deficiencies often cause commercial motor 
vehicles (CMVs) to be cited for regulatory violations 
and to be taken out-of-service during roadside 
inspections. As part of a major safety technology 
project to assess the state of the practice and potential 
contributions of advanced sensor systems, the Federal 
Motor Carrier Safety Administration (FMCSA) 
sponsored three studies between 2003 and 2008 on 
tire pressure management systems (TPMS). The first 
study focused on obtaining baseline information. 
Fleet records and limited field collections were used 
to develop a database of inflation readings for 35,000 
CMV tires, providing the first large-scale source of 
information on CMV tire inflation in the United 
States. The second study assessed the performance of 
TPMS in a controlled test-track environment. 
Multiple systems were installed on a truck tractor, a 
trailer, and a motorcoach. These were run under 
nominal operating conditions and with tire and 
system faults deliberately introduced. Although all 
the systems functioned at the levels specified by their 
manufacturers, some had limited ability to 
compensate for changes in ambient temperature, to 
reset pressure “alert” thresholds, and to withstand 
repeated tire installation and removal cycles. The 
third study, performed in an operational setting in an 
urban transit fleet, assessed the performance and 
maintainability of tire pressure monitoring devices. 
Three types of TPMS were installed on 12 buses that 
accumulated more than 1.28 million km, in 
aggregate, during the 12-month test period. The 
results of this study pointed to sensor durability and 
data integration challenges that need to be overcome 
for these systems to be used successfully in a severe 
service environment. These studies provided new 
information directly comparing the performance of 
TPMS in controlled and operational settings. Results 
are limited to the particular systems and applications 
tested. Study data are available from the FMCSA. 
 
 
 

INTRODUCTION 
 
The load carrying capability of a tire is critically 
linked to the inflation pressure. Fleet operators will 
generally select a particular “target pressure” for their 
trucks based on the unique load, operating, and 
environmental conditions in which they operate. If 
not properly inflated, the useful tire life, as well as 
vehicle handling and safety, are compromised.   
 
CMV tires lose air pressure for a variety of reasons. 
Air can escape between the bead and wheel, as well 
as through improperly tightened valves, torn rubber 
grommets, or valve cores that have been blocked 
open by dirt and ice. Additionally, air molecules are 
small enough to diffuse through rubber (albeit very 
slowly), and an air pressure drop of up to two psi per 
month is not uncommon. Most tire companies 
recommend that tire pressure be checked weekly, 
using properly calibrated tire gauges. However, tire 
pressure maintenance is labor and time intensive. It 
takes 20 to 30 minutes to check all the tires on an 18-
wheeled tractor-trailer combination vehicle and to 
add air to 2or 3 tires that may be low. Due to this fact 
and the lack of time available, tires are often 
improperly inflated.     
 
Improper tire inflation increases operating costs by 
reducing tire life and lowering fuel economy (an 
underinflated tire “flexes” and has higher rolling 
resistance). For the average fleet operator in the 
United States, improper tire inflation increases the 
annual procurement costs for both new and retreaded 
tires by about 10 to 13 percent. Due to improper tire 
inflation, fuel economy decreases about 0.6 percent 
for typical truckload (TL) and less-than-truckload 
(LTL) operations. According to road-breakdown 
management service providers, weakened and worn 
tires due to improper tire inflation are estimated to be 
responsible for one road call per year per tractor-
trailer combination vehicle.  
 
Although most industry stakeholders intuitively 
recognize the importance of proper tire inflation 
maintenance and its impact on operating cost and 
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safety, there was very little empirical data on CMV 
tire pressure maintenance practices. The extent of the 
under inflation problem had never been documented, 
and the costs of improper tire pressure maintenance 
had not been systematically analyzed. Although new 
tire pressure maintenance and management 
technologies have been introduced for the CMV 
market, such as automatic tire inflation systems and 
various types of tire monitoring systems, there was 
little information that fleet maintenance managers 
could use to determine whether those systems would 
provide a reasonable return on investment. 
 
FIRST STUDY: TIRE PRESSURE SURVEY   
 
The primary objectives of this project were to 
develop and document the impacts of tire inflation 
maintenance practices on CMV operating costs and 
safety and to provide a quantitative estimate of 
potential benefits of tire pressure monitoring sensors 
and automatic inflation systems. In order to address 
the dearth of comprehensive data on tire inflation 
practices, the study engaged in a cooperative effort 
with the Technology & Maintenance Council (TMC) 
of the American Trucking Associations to synthesize 
existing tire pressure survey data from a wide variety 
of truck and bus fleets and to collect new tire 
inflation field data for the owner-operator segment of 
the trucking industry. The study also gathered 
information from suppliers of tire pressure 
monitoring and automatic inflation systems and 
developed six hypothetical fleet operating scenarios 
to estimate potential costs and benefits from use of 
these systems.   
 
Tire manufacturers perform fleet surveys for their 
CMV fleet customers to assist them with their tire 
maintenance programs and to determine the 
performance of their tires under various operating 
conditions. Experienced field service engineers use 
calibrated gauges to collect cold-inflation pressure 
data (the flexing of the sidewalls of tires in motion 
increases their temperature and leads to inaccurate air 
pressure readings). These fleet survey data provided 
the most accurate way to assess the relationship 
between a motor carrier fleet’s target tire pressure 
and the actual cold inflation pressure of tires in 
service. The data are considered representative of 
motor carriers that participate in this type of 
maintenance program. 
 
Conversely, no archival data from tire suppliers was 
available for tires on independent owner-operators’ 
vehicles because owner-operators are generally 
responsible for their own operating costs. The only 
way to obtain cold tire pressure data was to collect it 

at locations in which owner-operator drivers would 
be stopped for at least 3 hours, in order for their tires 
to cool down to ambient temperature. Trucker 
appreciation events held the most promise for this 
data collection. TMC assisted in recruiting a group of 
senior field service engineers who collected owner-
operators’ tire pressure data at the Walcott (Iowa) 
Truckers Jamboree and the Reno Truckerfest, both 
held during the summer of 2001.   
 
A total of 6,086 units (3,261 tractors, 1,300 trailers, 
and 1,525 motorcoaches) and 35,047 tires (18,039 on 
tractors, 7,501 on trailers, and 9,507 on motor 
coaches) were checked, and the pressures recorded. 
The survey data also noted the type of motor carrier 
operation (for-hire LTL, for-hire TL, private, and 
public and private motorcoach).   
 
Tire pressure survey results  
 
The results focused upon four important metrics:   

 
• Proportion of tires 20 percent or more 

underinflated. In general, fleets accept small 
deviations from the targeted pressure. However, 
if a tire is 20 percent or more underinflated, it 
indicates the problem is more serious and is 
likely the result of inadequate maintenance or 
quality control procedures. The survey found 
approximately 7 percent of all tires underinflated 
by 20 psi or more.  

• Proportion of tires within 5 percent of the 
targeted pressure. Higher percentages indicate a 
well-executed tire maintenance program. It is 
generally accepted by the trucking industry that a 
good fleet operator will have 70 percent or more 
of his or her tires within ±5 percent of the 
targeted pressure. The survey found only 44 
percent of all tires sampled was within ±5 psi of 
their target pressure. 

• Proportion of tires 50 percent or more 
underinflated. This degree of under inflation 
would indicate a major tire failure and would 
generally be considered a flat tire. The 
percentage of such tires within a fleet could be 
an indication of either a tire product or tire-
mounting problem or a poor tire inflation 
maintenance program, as indicated above.   

• Proportion of tires 10 percent or more 
overinflated. A high percentage of such tires 
might indicate that the fleet is systematically 
over inflating the tires to compensate for lack of 
a good quality control program. Since 
overinflated tires also have negative impacts on 
tread wear, this is not considered a viable 
strategy. 
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Other key observations indicated differences among 
fleet operational categories, as well as among fleet 
size. For-hire carriers (LTL, TL, and owner-
operators) generally reflected better tire inflation 
maintenance practices than private carriers did. As a 
group, sampled for-hire carriers had 7 percent of all 
tractor tires underinflated by 20 psi or more. In 
contrast, the sampled private carriers had 13.2 
percent of all tractor tires underinflated by 20 psi or 
more.   
 
Fleets with 50 or fewer power units had 19.1 percent 
of their tires underinflated by 20 psi or more. In 
contrast, fleets with more than 3,000 power units had 
only 2.1 percent of their tires underinflated by 20 psi 
or more. Similarly, motorcoach fleets with fewer than 
50 power units had 11.8 percent of their tires 
underinflated by 20 psi or more, while fleets with 
over 500 power units had only 2.1 percent of their 
tires underinflated by 20 psi or more.   
 
Study sample data showed that transit bus operators 
had better tire pressure maintenance than chartered 
motorcoach operators did. Only 3.1 percent of transit 
bus tires were underinflated by 20 psi or more, while 
9.4 percent of chartered motorcoach tires were 
underinflated by 20 psi or more. Additionally, 
49.9 percent of transit bus tires were within ±5 psi of 
target, compared with only 34.2 percent of chartered 
motorcoach tires. 
 
Tractors and trailers had a significant challenge with 
mismatched dual tires. Approximately 20 percent of 
all tractor dual tire assemblies had tires that differed 
in pressure by more than 5 psi. One out of four trailer 
dual assemblies (25 percent) had tires that differed in 
pressure by more than 5 psi.   
 
 
 
 
 

SECOND STUDY: COMPARATIVE 
CONTROLLED TESTING OF TPMS  
 
TPMS can offer safety and productivity benefits to 
CMV drivers and maintenance technicians. They can 
warn the driver and maintenance personnel if tire 
pressure drops to an unsafe level and can provide 
data to aid in problem diagnosis and resolution. They 
can alert the driver to a catastrophic tire failure (the 
loss of a trailer tire may not be noted through noise or 
vibration). Tires run at proper inflation pressures 
wear longer and have longer service lives. Systems 
that automatically maintain tire inflation pressure 
might offer additional benefits of increased fuel 
economy, provided they had a high level of 
reliability, were easy to maintain, and were 
considered affordable. 
 
The overall objective of this second study was to 
document the performance, accuracy, and operational 
characteristics of several leading-edge technological 
approaches to commercial vehicle TPMS. The study 
focused on the ability of sensors to provide accurate 
tire pressure readings, detect both slow and rapid 
changes in tire pressure, and maintain tire pressure 
under adverse conditions, including partial failure of 
the device. The study examined three types of TPMS: 
dual tire equalizers to balance pressures between tires 
in a dual installation; tire pressure monitors; and tire 
pressure maintenance systems to maintain tire 
pressure at desired levels. The systems were installed 
on a conventional tractor-trailer combination vehicle 
and on a motorcoach. All testing was performed 
under controlled conditions on a high-speed test track 
at the Transportation Research Center in Columbus, 
Ohio.  
 
The TPMS selected represented a sample of typical 
commercially available systems: two tire pressure-
equalizing systems, five tire pressure-monitoring 
systems, and two central tire inflation systems. The 
systems and the vehicles on which they were 
installed are listed in Table 1. 
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Table 1. 
TPMS Systems Used in Comparative Evaluation 

  

Technology Tractor Trailer 
Motor 
Coach 

Recommended System for Testing 

Dual Tire Equalizers 

Equalizing Systems #1 X X  
Cat’s Eye 

(Link Manufacturing, Ltd.) 

Equalizing Systems #2 X X  
Tire-Knight-S 

(V-Tech International, Inc.) 

Tire Pressure Monitoring Systems 

Direct Monitoring System #1 
(valve stem-mounted) 

X X  
PressurePro 

(Advantage PressurePro, LLC) 

Direct Monitoring System #2 
(valve stem-mounted) 

  X 
Integrated Vehicle Tire Pressure 

Monitoring (WABCO) 

Direct Monitoring System #3 
(wheel-mounted) 

X X  
Tire-SafeGuard 

(HCI Corporation) 

Direct Monitoring System #4 
(wheel-mounted) 

  X 
SmarTire 

(SmarTire Systems, Inc.) 

Direct Monitoring System #5 
(tire-mounted) 

X X  
eTire 

(Michelin North America) 

Tire Pressure Maintenance Systems 

Central Inflation System #1  X  
PSI Tire Inflation System 

(Arvin Meritor) 

Central Inflation System #2   X 
Vigia 

(Gio-Set Corporation) 
 
Dual Tire Equalizers 
 
Tire pressure equalizer systems balance dual tire 
pressures by providing a pathway for air to transfer 
between two tires in a dual installation, and they also 
provide an indication of tire pressure. A pressure-
actuated valve connected by hoses to the valve stems 
of the tires maintains an open position to allow air to 
flow between the tires when the combined pressure 
of the two tires is above a preset level (typically 90 
psi). The pressure actuated valve closes and isolates 
the tires during slow leaks or instantaneous air losses 
(after the combined pressure of the two tires drops 
approximately 10 psi) to prevent both tires from 
going flat. A central fill valve incorporated in these 
devices allows both tires in the assembly to be aired 
simultaneously. The use of equalizers should improve 
irregular tire wear (i.e., cupping) caused by pressure 
differentials between dual tires. Visual indicators are 
also incorporated in the equalizers to provide the 
operator with a quick indication of the tire pressure 
levels during the pre-trip inspection without requiring 
the operator to perform a manual tire pressure check.  

Tire Pressure Monitoring Systems 
 
Tire pressure monitoring systems consist of a valve 
stem, wheel- or tire-mounted sensor, antennae, 
receiver, and display unit. The battery-powered 
sensors mounted on each valve stem, wheel, or tire 
on the vehicle transmit a radio frequency (RF) signal, 
which includes the tire pressure data, to an antennae 
mounted on the vehicle. A receiver, with an 
integrated electronic control unit (ECU), processes 
the signal transmitted to the antennae and displays 
the tire pressure information on a driver’s cab-
mounted display. The system also includes audible 
alarms and visible warning lights.  
 
The study team tested five different tire pressure 
monitoring systems for this project. These included 
one tire-mounted, two valve-stem-mounted, and two 
wheel-mounted tire pressure monitoring systems. 
Figure 1 and Figure 2 display the Tire-SafeGuard and 
WABCO IVTM TPMS hardware respectively. 
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Figure 1.  Tire-SafeGuard Wheel-Mounted 
System. 
 

 
Figure 2.  WABCO IVTM Wheel-Mounted/Tire 
Valve-Stem-Connected. 
 
Automatic Tire Inflation Systems 
  
Automatic tire inflation systems (ATIS) for tires use 
the air from the vehicle’s air compressor that is stored 
in the air brake reservoirs (tanks) to maintain tire 
pressure at a desired level. The ATIS are plumbed to 
the vehicle’s secondary reservoir that supplies air to 
the front brakes. The ATIS do not take air from the 
primary reservoir that supplies air for the rear brakes 
(which are responsible for the majority of the braking 
power of the CMV). These systems are plumbed 
either through the axle or externally, using a rotary 
union at the wheel hub. They automatically sense the 
tire pressures and inflate the tires when air is lost. 
The benefits of these systems are the elimination of 
manual tire pressure checks and the ability to 
continue operating the vehicle with minor air leaks in 
the tires. ATIS are available for all types of CMVs. 
In this test, one system was tested on the motorcoach 
and one was tested on the trailer of a tractor-trailer. 
Figure 3 shows the detail of the PSI trailer-mounted 
ATIS, and Figure 4 shows the Vigia ATIS mounted 
on a motorcoach. 
 

 
Figure 3.  PSI Trailer-Mounted ATIS. 
 

 
Figure 4.  Vigia ATIS Mounted on a Motorcoach. 
 
Test Vehicles and Data Acquisition System 
 
The test vehicles were a 2001 Freightliner FLD 
tractor, coupled to a 2001 Utility Trailer 
Manufacturing Co. 2000S tandem axle flatbed semi-
trailer, and a 2003 MCI motorcoach. To acquire 
highly accurate pressure and temperature 
measurements (i.e., to establish “ground truth” 
against which readings from the various test articles 
could be compared), laboratory grade sensors were 
installed at each test wheel position. This required 
removing the wheels, machining replacement wheels 
for mounting thermocouples and pressure taps, and 
routing wire bundles to the data acquisition system 
(DAS) mounted in the cab of the truck and 
motorcoach. Figure 5 shows the installation location 
of each of the instrumentation packages on the 
tractor-trailer and motorcoach.   
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Figure 5.  Tractor-Trailer and Motorcoach Instrumentation Package Location.
 
Additional test equipment consisted of: internal tire 
temperature thermocouples (nine, analog); tire 
pressure transducers (two, analog); custom-fabricated 
dual-flow combination rotary union and slip ring 
assemblies (five); a custom-fabricated pressure 
control manifold; primary and secondary brake 
reservoir and treadle valve pressure transducer (three, 
analog); a digital marker switch for the test driver’s 
use to indicate when a warning was observed; and a 
digital non-contact fifth wheel. Figure 6 displays the 
details of the wheel end rotary union instrumentation 
package. 
 

 
Figure 6.  Rotary Union and Wheel Installation 
Detail. 
 
The failure modes test required that the air brake 
systems be monitored to determine whether the 
central tire inflation systems degraded the vehicle’s 
potential braking ability. Therefore, it was necessary 
to monitor the air brake system pressure at three 

points: primary air reservoir, secondary air reservoir, 
and application pressure. Three pressure transducers, 
similar to those used for tire pressure monitoring, 
were spliced in a T into the brake lines at a T serving 
the primary air reservoir, the secondary air reservoir, 
and the application pressure gauge line upstream of 
the gauge. 
 
The DAS was manufactured by Link Engineering 
Company, Detroit, Michigan. A PC-based laptop 
computer operated the system, stored data as it was 
acquired, and performed real-time analyses. The 
system software supported a variety of interface 
options, ranging from direct user interaction with the 
system during measurement to completely 
autonomous operation based on various pre-
programmed trigger events that caused the system to 
begin data collection. The system was also capable of 
issuing prompts to a test driver or an instrumentation 
technician. The Link DAS system received 
information from 16 individual channels at a 
frequency of 10 Hz. The average TPMS test lasted 
about 10 to 30 minutes and generated approximately 
5,000 to 10,000 data points. In total, the testing 
program generated approximately 450 Mb of data. 
 
The test engineer was responsible for manually 
recording the test identification number and other 
information, including environmental conditions and 
tire(s) under test; as well as any specific warnings or 
indications by the TPMS. This was necessary 
because TPMS were self-contained and were not 
connected directly to the Link DAS, as they did not 
have signal outputs that could be tapped for direct 
recording. 
 



Freund 7

Test Program 
 
The test program included seven tests:  
 
• Functionality Test (Static and Dynamic). This 

was an overview or shakedown test series, 
performed to characterize the operational, 
maintenance, and installation processes for each 
system.  

• Threshold Warning Level Test. This test 
determined the thresholds at which low tire 
pressure warnings were given. In the case of the 
ATIS, the test determined the leak rate (psi/min) 
at which the inflation system could no longer 
keep pace and a low tire-pressure warning was 
given. 

• Loaded Test at High Speed.  This test examined 
the effects of tire heating, due to sustained high-
speed driving, on the warning indicator/light of 
the systems. 

• Failure Modes Test. This test had two 
components. For central tire inflation systems, 
this test determined whether a large or 
catastrophic air leak depleted the air supply for 
the pneumatic brakes or forced the system to run 
continuously, without giving the driver a 
warning that a tire had lost air. For systems 
where tires were interconnected (dual-tire 
equalizing and ATIS technologies), the purpose 
was to ensure that loss of inflation pressure in a 
single tire did not affect the interconnected tires. 

• Disablement Test. This test determined the 
system’s ability to provide a warning or advisory 
when it was disabled, either by an intentional act 
or because of a failure of a system or component.  

• Operator Interface Evaluation. This test was a 
qualitative evaluation of the effectiveness of the 
driver interface. 

• Gate Reader Evaluation. This test evaluated the 
performance and reliability of the drive-thru gate 
readers, used with tire-mounted monitoring 
systems. The objective was to determine the 
speed and consistency of the gate readers in 
capturing pressures of all 18 tires on the tractor-
trailer.  

 
Results of Comparative Tests 
 
In general, all of the tested valve-, wheel-, or tire-
mounted systems exhibited base-level functionality 
as specified by the manufacturer of the individual 
systems. The tire pressure values were generally 
accurate to within two to three psi of the values 
measured by calibrated pressure transducers.   
 

Low-pressure warning thresholds were factory set on 
some systems but user-configurable on others. For 
those systems with factory settings, different warning 
levels, ranging from 12 to 25 percent below target 
pressure, were observed. All tested systems were 
generally within a 2- to 3-psi range of the expected 
warning threshold.  
 
Many of the tested TPMS used RF communications 
to transmit data between the sensors and the display 
unit or ECU. The relatively long length of typical 
CMVs meant that additional on-board antennae were 
required for some of the systems to receive the sensor 
signals from trailer or tag axle tires. Disconnected or 
damaged antennae could lead to signal loss from the 
sensors. 
 
The dual tire equalizer systems functioned as 
designed under both static and dynamic conditions, 
and they were found to be effective in balancing the 
pressures between the two connected tires. Figure 7 
and Figure 8 show the equalization system balancing 
tire pressures under static and dynamic conditions 
respectively.  The two systems tested prevented a 
total loss of pressure in one or both tires in every 
failure mode implemented, effectively isolating an 
intact tire from the adjacent tire with an artificially 
induced major air loss.  Similarly, in a disablement 
test where a hose was cut to simulate damage from 
road debris, one tire of a dual installation sustained a 
total loss of air while the other tire was protected by a 
check valve. Figure 9 and Figure 10 demonstrate the 
effectiveness of the equalizer in isolating a slow and 
fast leaking tire from an intact tire.   
 
Both tested equalizer systems included a visual 
indicator that provided a gross indication of whether 
tire pressure was within its target range. However, if 
the pressure fell below this range, they only showed a 
“low” pressure condition and did not indicate the 
extent of underinflation. Finally, although the 
indicators provided a good visual indication of tire 
pressure, they could be difficult to read as they were 
mounted on the wheel and could become obscured by 
dirt. 
 
Despite their relative ease of installation, valve-stem-
mounted TPMS had several limitations. When tire 
temperatures increased during high-speed driving, 
not all of these systems compensated for the related 
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Figure 7.  Static Equalization Test. 
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Figure 8.  Dynamic Equalization Test. 
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Figure 9.  Equalizer Static Slow Leak Test. 
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Figure 10.  Equalizer Static Fast Leak Test. 
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Figure 11.  Initial Low Pressure Alarm and 
Second Critical Pressure Alarm Points. 
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Figure 12.  Initial Low Pressure Alarm and Point 
of Low Pressure Alarm Reset. 
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 increases in tire pressure. One of the two tested 
systems in this study provided temperature 
compensation. One of the tested systems initiated a 
warning when the pressure fell below a preset value 
(~20 percent below target). Figure 11 shows the two 
alarm points on a wheel-mounted TPMS as the 
pressure in the tire bleeds down. However, the 
warning remained active until the tire was inflated to 
a higher value (~15 percent below target). This 
pressure band between the alarm pressure and alarm 
deactivation pressure prevented intermittent warnings 
to the driver. Lastly, valve-stem-mounted systems 
were susceptible to loss because they had to be 
removed during wheel mounting and dismounting for 
vehicle maintenance and inspection. Their relative 
ease of removal could also make them susceptible to 
theft.  
 
With respect to wheel-mounted TPMS, product 
literature asserted that wheel-mounted technology 
included temperature compensation and typically 
provided the best performance in correcting for tire 
temperature. However, during the high-speed test 
sequences, both evaluated wheel-mounted systems 
had their active warnings disabled when tire pressure 
increased because of increased tire temperature. This 
occurred intermittently in various test runs and on 
different axles. Figure 12 shows the point where a 
low pressure alarm was cancelled due to increasing 
tire temperature causing a corresponding increase in 
tire pressure. However, the test data suggested that 
the systems were generally able to compensate for 
large increases in tire temperature (greater than 20 
degrees Fahrenheit), but were less able to compensate 
when the temperature increases were lower. 
Increasing tire temperatures could prevent a low-
pressure warning from being generated. In addition, 
the team found that the wheel-mounted technologies 
could be vulnerable to damage during tire mounting 
and dismounting.  
 
The evaluated tire-mounted TPMS included 
temperature compensation. A handheld reader 
displayed both the temperature-corrected pressure 
and the uncorrected pressure at ambient tire 
temperature. This system was the only one that 
required the use of a handheld or gate reader to 
inspect tires. No in-cab display was available. Figure 
13 shows the hand reader in the charger and 
download docking station. 
 
The gate reader clearances were very tight and 
required very slow vehicle speeds, less than five 
mph. However, this particular system was unique 
among those tested in that it was linked to an 
Internet-based tire maintenance and tracking database 

application hosted by the system manufacturer. 
Figure 14 and Figure 15 show the eTire tag and 
installation tools respectively.  
 

 
 
Figure 13.  eTire Handheld Reader. 
 

 
Figure 14.  eTire Tire Tag. 
 

 
Figure 15.  eTire Mounting Patch and Installation 
Tools. 
 
In general, the ATIS performed as designed and 
specified by the manufacturers and performed well in 
both static and dynamic conditions. Figure 16 
displays the rate of inflation of the trailer-mounted 
ATIS from various initial inflation pressures. In the 
leak rate tests, the motorcoach ATIS was able to keep 
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up with leak rates up to 5 to 8 psi/min. Ultimately, 
this system’s performance was limited by the 
vehicle’s air compressor duty cycle and the 
compressed air supply and storage system design. 
The ATIS tested on the trailer could maintain 
adequate tire pressure with slow leakage rates (less 
than 1.0 psi/min) but did not maintain adequate tire 
pressure for higher leakage rates. This system 
appeared to be limited by its rate of airflow to the 
tires more than by a limitation of the onboard 
compressor and air system. Figure 17 shows the 
ability of the trailer-mounted ATIS to maintain 
pressure at various leakage rates. 
 
During testing with heavy braking and simultaneous 
tire leaks, the vehicles’ primary and secondary air 
reservoir pressures remained above the level required 
for safe brake operation. The compressor had no 
difficulty recharging the reservoirs without having to 
run continuously. Figure 18 shows the trailer-
mounted ATIS maintaining pressure in the primary 
and secondary reservoirs during brake snub 
maneuvers with a leaking tire. Both tested ATIS 
protected the intact tires from deflating when a 
catastrophic air leak was simulated in one of the other 
tires in the system. In this regard, the systems 
functioned in a manner similar to the dual tire 
equalizers isolation circuits. Figure 19 shows the 
motorcoach-mounted ATIS maintaining pressure in a 
tire with a significant leak while operating at 
highway speeds. 
 
Vehicle air systems are not optimized to support an 
ATIS with very high leakage rates; therefore, the 
functionality of the ATIS was often limited by the 
vehicle’s air system. Additionally, there may be some 
long-term impact to the CMV’s air system when 
subjected to a high leakage rate from the secondary 
reservoir, which the ATIS utilizes for its supply air. 
These leak rates would cause an increase in the duty 
cycle of the compressor and would increase 
maintenance requirements and decrease compressor 
service life.  
 
 
 
 
 
 

Installation time for systems varied. In general, 
valve-stem-mounted TPMS and dual tire equalizers 
were less time consuming to install (generally, 
several hours), followed by wheel-mounted TPMS, 
tire-mounted TPMS, and ATIS that required up to a 
full day for installation.  
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Figure 16.  Trailer-mounted ATIS Static Inflation 
From Various Initial Pressures. 
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Figure 17.  Trailer-Mounted ATIS With Various 
Leak Rates. 
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Figure 18.  Trailer-Mounted ATIS Brake Snubs With Tire Leak. 
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Figure 19.  Motorcoach-Mounted ATIS Tire Leak at Highway Speed. 
 
THIRD STUDY: TPMS MINI-FIELD 
OPERATIONAL TEST 
 
The third study focused upon evaluating TPMS in a 
fleet setting. The study team sought to identify a 
commercial fleet operator (or host fleet) with 
characteristics that would allow for effective and fair 
evaluation of systems and technologies. These 
criteria included: an operating environment and duty 
cycle that could be considered severe for brake and 
tire wear; homogeneity of the fleet in terms of vehicle 
type, make, and model; consistency of operations 
within the fleet relative to driver assignments, routes, 
mileage accumulation, and maintenance operations; 
and a strong commitment by the host fleet in 
evaluating these systems in a controlled study for 
possible implementation in its own fleet. 
 
The host fleet selected was the Washington 
Metropolitan Area Transit Authority (WMATA). 

WMATA operates approximately 1,500 buses in the  
metropolitan Washington, D.C. area. Transit bus 
platforms were selected for this field test because 
their severe urban, stop/start duty cycle leads to 
accelerated brake and tire wear (thus challenging the 
sensor systems.) In addition, the fundamental brake 
and tire designs were very similar to a conventional 
tractor, thus allowing the results of this study to be 
extended to heavy-duty (class 8) trucks.   
 
The test fleet consisted of 12 Orion VII series, 2005 
model year, urban transit buses. The buses were a 
“low floor” design, 40 feet long and 102 inches wide, 
and operated on compressed natural gas. Each bus’s 
gross vehicle weight rating was 42,540 pounds. The 
passenger capacity was 41 seated and 36 standing 
passengers for a total of 77 passengers. The curb 
weight of the buses was 30,990 pounds. 
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The study team evaluated three TPMS (as well as 
three brake performance monitoring systems, as 
discussed in the companion paper) on 12 heavy-duty 
urban transit buses in revenue service for a period of 
1 year. A control fleet of 12 identical buses was 
operated in a similar manner and used for 
comparison. A maintenance garage located in 
Arlington, Virginia was selected as the test site, 
based on the availability of buses of a consistent age 
and operating environment and because of the 
experience and  low turnover of the maintenance 
staff. With the assistance of WMATA and TPMS 
system vendors, the study team retrofitted the 
candidate systems on the buses at the garage. The 
buses operated in an area covering approximately 300 
square-miles south and west of Washington, D.C. 
The majority of miles were accumulated in an urban 
environment with minimal high-speed highway 
travel. The buses averaged 16 miles per hour in 
revenue service and were driven an average of 129 
miles per day.  
 
Over the course of the 12-month evaluation period, 
the systems were inspected weekly; and system data 
was downloaded as part of the test program. 
Additional data were collected in conjunction with 
WMATA’s various maintenance inspections, which 
included a safety inspection every 3,000 miles and a 
comprehensive preventative maintenance inspection 
every 6,000 miles. WMATA staff recorded all 
maintenance and fueling activities and entered the 
data into a maintenance management database. This 
information was made available to the study team for 
evaluation. At the conclusion of the test, maintenance 
staff were interviewed about their experience 
operating and maintaining the systems. Other than 
the standard data-recording capabilities of the 
candidate systems, no additional (or special-purpose) 
data-logging devices were added to the vehicles. The 
system status displays were located out of the 
drivers’ view per the request of WMATA fleet 
managers. The study team and WMATA technicians 
were responsible for monitoring the systems’ display 
status. This was done to limit driver distraction, as 
well as to reduce the incidence of operators ceasing 
bus service because of information from the displays. 
Limiting vehicle-related information to the bus driver 
(system diagnostic information, dash-mounted 
warning lights, and fuel gauge readings) is common 
in the transit industry. 
 
 
 
 
 
 

Three TPMS were installed in the test vehicles:   
 
• The WABCO Integrated Vehicle Tire Pressure 

Monitoring (IVTM) System was developed in 
conjunction with Michelin and launched in the 
CMV industry in 2003. Each tire and wheel 
assembly is equipped with a sensor that attaches 
to the valve stem and is secured to the rim by 
two lug nuts. A pneumatic hose runs between the 
sensor and valve stem. Tire inflation pressure 
and temperature data are wirelessly transmitted 
to an ECU on-board the vehicle. 

• The HCI Tire-SafeGuard System consists of 
pressure and temperature sensors, a transmitter, 
and a driver’s display. The measurement sensor 
is strapped to the wheel inside the tire. Data are 
transmitted wirelessly, similar to the WABCO 
system. 

• The Michelin eTire System for CMVs was 
introduced by Michelin North America in 
October 2002. The system includes an RF 
transmitter, pressure and temperature sensors, 
and an antenna, all of which are encased in 
impact- and heat-resistant plastic. The passive 
pressure and temperature sensors (which do not 
require batteries) receive power via RF 
transmissions from an external reader device. 
The eTire unit mounts to the inside sidewall of 
the tire via a molded rubber dock that chemically 
cures to the tire’s sidewall. The system is 
designed to work with a tire pressure gate reader 
but can also be used with a handheld reader. 

 
Results of Field Operational Test  
 
To evaluate the performance (or accuracy) of the 
TPMS, manual tire pressure measurement readings 
were taken once a week on each bus and then 
compared with pressures as reported by the TPMS at 
the time of the manual measurement. Each bus was 
inspected approximately 56 times throughout the 
course of the test, resulting in a total of 3,714 tires 
inspected. Occasionally, certain buses were 
unavailable for a weekly inspection because a test 
bus was mistakenly put into service or a bus was 
removed from service and awaiting maintenance. Not 
all of the inspections yielded valid comparisons 
because of problems with the TPMS systems 
themselves or, in a few instances, because of 
problems associated with manually checking the 
tires. 
 
 
 
 



Freund 13

Key observations related to the on-board monitoring 
systems include the following: 
 
• The TPMS provided accurate tire inflation 

pressure data when compared to measured (tire-
gauged) values. System sensors were found to be 
consistent and reliable in reporting tire inflation 
pressures. On average, the systems reported false 
positives (a false low-pressure reading) 6 percent 
of the time or false negatives (a missed low-
pressure reading) 2 percent of the time. The more 
frequent issue, found in 17.6 percent of 
inspections, was “no reads,” resulting from 
missing sensors and sensors in the wrong wheel 
location.  

• Keeping track of the individual wheel/tire sensor 
units themselves was a significant challenge 
during the field test. This logistical challenge 
arose because of the high frequency of tire 
changes. The sensor mounting locations were out 
of view of technicians and the lack of fleet-wide 
training on system awareness and operation 
accounted for lost or discarded sensors. Training 
was limited to the host depot, but occasionally 
tire and brake maintenance would occur at other 
depots. Training across the entire system would 
be required to prevent technicians from 
misplacing and inadvertently discarding sensors. 

• The durability of two TPMS sensor designs was 
initially challenged by operating in transit 
service. Failures occurred with the wheel-
mounted sensors just 2 months into testing. 
Excessive heat build-up caused the sensor 
housing to become brittle, crack, and fail. The 
sensor manufacturer provided a design change 
that consisted of an isolating pad on the bottom 
side of the sensor that contacted the wheel rim. 
This simple solution prevented further failures of 
this type from occurring. Failures also occurred 
with the sensors that adhere to the tire sidewall. 
Specifically, the plastic casings on these sensors 
were found to crack within the first few months 
of operation. The cracked sensor casings were 
determined to be caused by a manufacturing 
batch defect. Replacement sensors were found to 
be significantly more durable. 

• An improvement in adherence to targeted tire 
pressures was not found on the test fleet 
compared to the control fleet. This may be 
because WMATA takes a pro-active role in 
maintaining target inflation pressures to comply 
with the tire vendor’s warranty. Average tire 
inflation pressure was 111 psi for both the test 
and control fleets (target pressure: 115 psi). Tire 
life and fuel economy were also similar in both 
fleets. This was likely the case because the real 

time display of tire pressure readings was 
purposefully not made available to drivers but 
only to maintenance personnel and technicians. 
Therefore, drivers could not act immediately on 
such information to correct any tire pressure 
problems that may have been detected. In most 
commercial truck fleets, such real time 
information would have been provided to 
drivers; and drivers would have had the 
opportunity to act on the information as needed 
(for example, if low pressure was detected, 
adding air to tires at the next convenient time) 
thereby improving the average tire life and fuel 
economy of the fleet.  

• Two tire blowouts could have been prevented 
during the course of the field test had the TPMS 
displays been visible to the bus operators. To 
maximize safety and operational benefits, system 
data need to be available to the driver in real 
time, as well as to maintenance staff.  

• Technicians preferred the wheel-mounted tire 
pressure sensors for two reasons: (1) they were 
easier to install, and (2) tires could be changed 
without removing or disconnecting the system. 
Conversely, the technicians found valve-stem-
mounted sensors difficult to connect to the inner 
tires on a set of duals. This issue may be unique 
to buses because the wheels and tires are 
surrounded by the structure of the vehicle. Tire-
mounted sensors required more time to install 
(versus wheel- or valve-stem-mounted systems) 
because of the required tire surface preparations. 

 
CONCLUSIONS 
 
Tire pressure maintenance has been a significant and 
persistent problem for operators of CMVs. After 
brakes, tires are the most expensive maintenance item 
for fleets and the most common vehicle-related defect 
cited in crash reports. Tire deficiencies are the 
second-ranked reason for CMVs to be cited for 
defects during roadside inspections. A collection of 
tire pressure readings from over 35,000 tires provided 
the first large-scale source of tire inflation readings in 
the United States. A series of controlled test-track 
assessments of nine TPMS, representing the three 
types in the commercial marketplace, provided a 
comprehensive comparison of the characteristics and 
operation of these systems and suggested 
opportunities for improving their usability and 
performance. A 12-month field operational test of 
three monitoring-type TPMS provided information 
on tire pressure status that was useful for improving 
maintenance practices and detecting low tire 
pressures to perform timely repairs. This information 
had a significant impact on inspection practices and 
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enhanced the overall efficiency of operations at 
WMATA. While no firm procurement commitments 
were made, WMATA maintenance managers 
indicated that they would consider using one or more 
monitoring technologies on new vehicle 
procurements and the retrofit of existing buses. A 
study to test the TPMS technologies on commercial 
tractor-trailer fleets is currently underway. 
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ABSTRACT

In the proposed cooperative sensor system, pedes-
trians carry a reactive transceiver which is in-
terrogated by a localization and tracking unit in
the car. The prototype system applies Round-Trip
Time-of-Flight (RTOF) techniques for the deter-
mination of the distance between the transponder
and the demonstrator vehicle. A smart antenna
array integrated into the car is used to determine
the Direction-of-Arrival (DoA) of the transponder’s
response signal. Knowing the distance and azimuth
angle relative to the car, the pedestrian’s position
and movement are calculated. These data are used
as input for a highly reliable collision warning and
collision mitigation system.
The sensor system is capable of addressing a
huge number of communication partners within
each measurement cycle. Additionally, secure burst
identification is ensured for a robust localization
and the suppression of unwanted co-channel inter-
ference. This is achieved by using pseudo random
coded signals with a Time Division Multiple Ac-
cess (TDMA) method. The distance accuracy was
improved by introducing a new mirror technique in
combination with an interpolation algorithm. The
prototype localization system set up at 2.4 GHz
covers a range up to 200 m in free field condition.
With the current system a distance resolution with
centimeter accuracy and an angular measurement
accuracy of about 1 degree have been achieved.
Based on this low-cost transponder-based local-
ization system, a preventive vulnerable road user
(VRU) protection system has been designed and
integrated in a test vehicle. The system is capable
to provide a warning to the driver if a crash is likely
and to autonomously brake the vehicle if the crash
is unavoidable.

INTRODUCTION

Protection of vulnerable road users (VRU) is sub-
ject to intense research [1] [2]. Generally speaking,

VRU protection systems can be divided into two
different groups as shown in Figure 1.

VRU Protection

Preventive

Semi-Autonomous

CACM

Autonomous

CACM

Structural

Active

CM

Passive

CM
Figure 1: Classes of VRU Protection Systems.
CM: Collision Mitigation Systems
CA: Collision Avoidance Systems

Up to now, mainly re-active protections systems
based on structural measures have found their way
to the market. In these systems, passive measures
like special construction of crash bumpers or active
measures like active hoods are taken to minimize
the risk of injury or fatality for the VRU after a
crash. Common to all re-active systems is, that
action only takes place after the VRU gets in
contact with the vehicle. As a consequence, col-
lision avoidance (CA) is impossible with re-active
protection systems and a finite risk of injury and
fatality will always be present. As derived recently
from accident studies [3], structural measures of
pedestrian protection feature only poor effective-
ness. To overcome the drawbacks of the structural,
re-active approach, preventive protection systems
have been proposed [3] [4]. In these systems,
protective measures are taken before the contact be-
tween vehicle and VRU takes place [5]. Protective
measures range form fully autonomous emergency
braking to preconditioning of the brake system and
to warning of the driver, paving the way for both
highly effective collision mitigation (CM) systems
and for collision avoidance. Although impressive
progress has been made, still a large percentage
of pedestrian accidents cannot be covered by state-
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of-the-art preventive VRU protection systems. This
is due to the fact that in these systems, VRU
detection, classification and behavioral prediction
requires a non-occluded line-of-sight contact be-
tween vehicle and VRU [6]. However - as German
accident studies have shown [7] - more than 40% of
all killed pedestrians were fully or partially hidden
until shortly before the impact upon the vehicle and
could thus not be protected by current preventive
safety systems.
As known from electromagnetic theory, commu-
nication to optically hidden partners is possible
when using appropriate wavelenghts. To establish a
useful communication channel, the wavelength has
to be comparable to the size of the objects occlud-
ing the line-of-sight contact [8] [9]. Based on this
principle, a cooperative sensor system is proposed
to detect, localize and track VRUs, predict their
behavior and activate protective measures when
appropriate [10]. In our approach, a VRU carries a
miniature transponder acting as an intelligent radar
reflector interrogated by the vehicle. The coded
response of the transponder clearly identifies the
pedestrian as VRU; the delay of the return signal
allows for range determination while its direction-
of-arrival indicates the azimuth angle between ve-
hicle and VRU. Careful choice of the system’s
operation frequency along with intelligent tracking
techniques and novel VRU behavior modeling al-
lows for the detection and localization of VRUs
even if occluded to the driver. In the Bavarian
research project AMULETT, a prototype pedestrian
protection system based on 2.5 GHz cooperative
sensor technology [11] has be realized an tested.
Details on this system along with test results are
presented in this work.

COOPERATIVE SENSOR TECHNOLOGY
Distance Measurement
Autonomous distance measurement between two
objects mostly uses the Round-Trip Time-of-Flight
(RTOF) principle. For the focused application, this
corresponds to the time for the signal from the
car to the pedestrian and vice versa. Additionally,
a fixed waiting time Tw is added on the side of
the pedestrian to eliminate the influence of passive
reflections and to distinguish the answers from
different pedestrian sensors. The distance ∆s can
then be computed by the totally elapsed time Tp:

∆s =
Tp − Tw

2
c0. (1)

∆s is the distance, Tp the elapsed time, Tw the
waiting time and c0 the speed of light.
A variation of the waiting time Tw makes it possi-
ble to address different pedestrians [12]. We used

a time slot order in which each pedestrian sensor
answers in a multiple of a fixed waiting time n ·Tw

(Figure 2).

Figure 2: Time slot order in one transmission
cycle.

The car sensor starts a measurement cycle by
transmitting a data burst with length Ts. All of the
pedestrian sensors listen to that burst and answer
after an individual waiting time n · Tw.
The measurement procedure is carried out by em-
ploying a signal correlation technique. The data
bursts are encoded with pseudo random codes
which are known on each sensor. By correlating
the received input signal with the random code the
exact time of arrival ∆T can be determined (Figure
3).

Figure 3: Schematic of a signal transmission
between two sensors.

By interpolating the digital correlation result, an
even higher distance resolution in a range of a few
centimeters has been achieved.
The advantage of this method is a simple modula-
tion and demodulation hardware. In fact, it can be
carried out on almost every available transceiver
chip providing sufficient bandwidth. Another ad-
vantage is the low latency of the measurement
procedure. In dependence on the bandwidth, only a
few microseconds are necessary to get an adequate
correlation result. The downside of this method is
an increasing need for processing power, but this
can be easily applied in a Field Programmable Gate
Array (FPGA) or a Digital Signal Processor (DSP).

Direction-of-Arrival (DoA) Estimation
If the correlation unit of the distance measure-
ment identifies a received signal as valid response
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of a transponder, a trigger is given to the DoA
measurement device. The incident electromagnetic
wave is sampled spatially at six antennas of the
antenna array installed behind the windshield of
the test vehicle. Therefore, distance and angle
estimation perform their calculations within one
communication cycle. Phases and amplitudes of
the incident signal are used to determine the DoA
using the Multiple Signal Classification (MUSIC)
algorithm. This subspace-based method is based
on the eigenvector decomposition of the covariance
matrix

Ruu = E[u(k)Hu(k)], (2)

where u(k) is the received signal at the antenna
array. By splitting the eigenvector space into signal
space and noise space the MUSIC spectrum is
obtained [13]. This MUSIC spectrum is evalu-
ated for incident angles from 0 to 180 degree,
whereas peaks in the spectrum indicate the DoA
of the transponder signal (see Figure 4). In the
localization unit the MUSIC algorithm estimates
all incident signals including the multipath. For
each hypothesis a quality value is determined,
based on the evaluation of the MUSIC spectrum in
combination with the power of the received signal.

Figure 4: MUSIC spectrum for a transponder
located at -9 degree azimuth.

The MUSIC spectrum as well as the correlation
results of the distance measurement are used for
an adaptive tracking of pedestrian positions.

Object Tracking
An extended KALMAN-FILTER is used to track
the obtained transponder positions. Unlike the stan-
dard KALMAN-FILTER [14] state transition and
observation models don’t necessarily have to be
linear functions of the state. In the transponder
tracking system the observation model h which
maps the state variables in cartesian coordinates

to the measurement variables in polar coordinates
is defined as:

zk = h(xk) (3)

where zk is the measurement vector

zk =
( r
φ

)
(4)

and xk is the state vector.

xk =


x
y
vx

vy

 (5)

As function h can’t been applied directly to the
KALMAN-FILTER equations the partial derivative,
the JACOBIAN matrix, needs to be computed [15].
The resulting observation matrix H and the state
transition matrix F using a constant velocity model
are applied for the tracking of the pedestrian. F is
stated as

F =

 1 0 T 0
0 1 0 T
0 0 1 0
0 0 0 1

 (6)

where T is the sample time of the system. Taking
ego motion parameters of the vehicle like veloc-
ity and yaw rate into account, an estimation for
movement of the pedestrian in a global coordinate
system can be given and used as input for a
collision assessment algorithm.

Signal Preprocessing

The principles of the distance measurement as well
as the angle measurement allow for a calculation
of several hypotheses. In case of multipath prop-
agation under non-LoS conditions the main max-
imum in the correlation result or in the MUSIC-
spectrum might represent a reflected signal arriving
from a different direction than direct transponder
signal [16]. In these cases positioning based on
these maximium values is insufficient. Therefore
the secondary maxima are taken into account.
Based on the lastest tracking results the current
distance and angle measurements are investigated
to determine the correct distance and azimuth infor-
mation as input for the next tracking cycle. Fig. 5
shows two possible DoAs derived from the MUSIC
spectrum, where the smaller peak indicates the
azimuth angle of the transponder.
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Figure 5: MUSIC spectrum for transponder at
-1.4 degree and multipath signal impinging at
-37 degree

MEASURED PERFORMANCE OF
COOPERATIVE LOCALIZATION SYSTEM

Quality of Distance Measurement

For the characterization of the RTOF sensor a test
scenario with a moving car and a fixed pedestrian
position was used. The car moved with an approx-
imate speed of 12 km/h straight in the direction
of the pedestrian. The measurement started at a
distance of 180 m to a distance of 2 m directly in
front of the car. As reference a differential GPS
(DGPS) system [17] with an accuracy down to 2 cm
was used. Fig. 6 shows an extract of the distance
values of both systems.

Figure 6: Distance values in the sector from
47 m to 43 m

It became obvious during the measurement cam-
paign, that a DGPS system with a accuracy of 2 cm
is no longer sufficient to characterize the system
completely.

Figure 7: Histogram of the distance error in
reference to a DGPS System

As a matter of fact the standard deviation of 4.7 cm
is partly caused by the DGPS System inaccuracy.
The difference values between both systems are
shown in Figure 7.

Quality of Direction-of-Arrival Estimation

To evaluate the performance of the DoA estimation
several measurement setups have been chosen. Fig.
8 shows results of a measurement where a pedes-
trian moved circular in front of the test vehicle
carrying the transponder and a differential GPS
system as reference.

Figure 8: DoA values in the sector from 50 to
130 degree

The distance was kept constant at 15 m in this
measurement. This procedure allows for an ex-
act evaluation of the variance and the absolute
deviance in dynamic scenarios covering proposed
sensor range.
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Figure 9: Histogram of DoA values in the
sector from 50 to 130 degree

The measurements were repeated several times
in different distances and recorded. They showed
reproducible results. The standard deviation was
determined to be betwen 0.7 and 0.9 degree in
all measurements. The differences between the
measured angles and the reference for a distance of
15 m are printed in Figure 9. The standard deviation
in this example is 0.85 degree.

Performance in Non-Line-of Sight (non-LoS)
scenarios

A measurement campaign has been conducted to
determine the localization accuracy in a typical
urban scenario under non-LoS conditions. While
the car drives on the street a pedestrian is standing
beside the road occluded by parked cars (Figure
10). Starting at a distance of 20 m the sampled
output of the tracking system is compared to the
reference system for a transponder height of about
85 cm.
As expected the distance and azimuth angle accu-
racy decrease compared to the LoS scenario. The
distance information shows a mean difference of
0.7 m and a standard deviation of 0.3 m. For the
estimated angle a mean difference of 2 deg and
a standard deviation of 2.1 deg were calculated.
Altogether these results affirm the usability of the
cooperative sensor system for pedestrian protec-
tion.
Figures 12 and 11 show results of the coopera-
tive sensor system. The tracking output and the
reference data are displayed in polar coordinates
for a separate evaluation of the two measurement
principles.

Figure 10: Urban non-LoS scenario with
pedestrian occluded by parked cars

Figure 11: Histogram of error of tracked DoA
data in non-LoS scenario
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Figure 12: Histogram of error of tracked
distance data in non-LoS scenario

CONCLUSION

A cooperative sensor approach for pedestrian pro-
tection has been presented. The implemented lo-
calization principles have proven to provide con-
tact even without Line-of-Sight (LoS) between
communication partners. Positioning accuracy has
shown to be sufficient as basis for a highly reliable
pedestrian protection system. Even in worst case
multipath scenarios without LoS the localization
unit has shown to provide adequate results. The
clear identification of pedestrians, the positioning
accuracy and the sensor range offer the potential
to cover a wide range of accident scenarios which
cannot be covered with state-of-the-art sensors.
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ABSTRACT 
 
Active safety systems are massively implemented 
into new vehicle generations and offer a high 
potential in decreasing road accidents. While 
testing and rating of the passive safety of vehicles 
are based on established and accepted methods and 
programmes, no such are available for active safety 
of cars or trucks today. Thus it is difficult to assess 
the performance of those systems for industry, 
legislation and further stakeholders. In particular, 
the customer cannot judge about the active safety 
of different vehicles based on easy-to-understand 
ratings as they are offered by different NCAP 
programmes. This leads to a relatively low 
awareness of active safety systems and hinders a 
high market penetration.  
 
The main focus of the European research project 
"Testing and Evaluation Methods for ICT-based 
Safety Systems (eVALUE)" is to define objective 
methods for the assessment of active safety 
systems. The methods are based on relevant traffic 
scenarios that, according to investigated statistics 
and databases, represent the majority of accidents, 
where active safety systems can come into effect. 
The considered systems are chosen based on 
market availability and penetration, e.g. ACC, Lane 
Keeping Assistant or ESC. Both the systems as 
well as the scenarios are clustered into four 
different domains, each being addressed with 
distinctive test procedures. 
 
In the end, this new and highly needed test 
programme will allow the assessment of the overall 
safety performance of a vehicle with respect to 
active safety systems. However, the eVALUE 
consortium will only define the test methods while 
the thresholds for the specific values are not 
specified. This remains the competence of every 
institution adopting the test methods and actually 
applying them in order to assess different vehicles. 
The later results of the programme will increase the 
public awareness for active safety systems and 
foster the development within the industry. 
 

INTRODUCTION 
 
Modern society strongly depends on mobility, and 
the need for transport of both people and goods is 
expected to grow further in the future. Cleaner, 
safer and more efficient transport systems are 
needed. Mobility and especially road transport 
cause major societal problems: accidents, pollution 
and congestions. More than 40,000 lives are lost 
every year due to road accidents in the European 
Union only, and the costs are estimated to be about 
2 % of its GDP [1]. 
 
The European Commission and its member states 
have made major efforts to improve traffic safety, 
and the results can be seen in a decreasing number 
of fatalities in many European countries [2]. 
Nowadays new ways must be found to reduce the 
number of fatalities and in-juries even further. The 
public awareness of the enormous impact that 
active safety systems would have on road safety 
must be raised. It must be easy for the customer to 
understand the benefits of safety systems based on 
Information and Communication Technologies 
(ICT). 
 
The average car buyer cannot assess the 
performance of active safety systems in vehicles, 
nor their impact on traffic safety. Today, there are 
no publicly accepted test methods and no 
established ways to communicate the test results. 
The situation is quite different for passive safety 
systems, where test programs such as Euro NCAP 
have established impact test methods and ways to 
explain the test results in different levels of detail. 
While the car buyers may compare star ratings for 
passive safety between different cars, the 
professional safety engineer may compare 
measurement data from the tests. 
 
Going forward to this goal of accident free traffic, 
evaluation and standardised testing methods for 
active safety systems are essential. This is the main 
focus of the European research project "Testing and 
Evaluation Methods for ICT-based Safety Systems 
(eVALUE)" which is funded under the 
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7th Framework Programme of the European 
Commission. It has a duration of 36 months. The 
consortium consists of eight partners from four 
European countries and is led by the Institut für 
Kraftfahrzeuge (ika) of RWTH Aachen University. 
 
Partners come from both research organisations and 
industry, including vehicle OEMs. In particular, 
Centro Ricerche FIAT (Italy) and Volvo 
Technology Corporation (Sweden) contribute as 
OEMs while Germany's Ibeo Automobile Sensor is 
a supplier of laser scanners. SP Technical Research 
Institute of Sweden and Statens Väg- och 
Transportforskningsinstitut (VTI) are research 
organisations from Sweden with Fundación 
Robotiker and IDIADA Automotive Technology 
from Spain being well-known as research and 
testing suppliers. 
 
OBJECTIVES 

 
Performance test results presented to the public will 
help to promote the use of active systems. This has 
also been underlined by the eSafetyForum working 
group on Research and Technological Development 
in their "Recommendations on forthcoming 
research and development" [3]. 
 
By this means, also the research and development 
of new safety systems is encouraged. The long-
term goal is to provide a basis for de-facto 
standards that will be used by all involved 
stakeholders. This has already proven to be an 
effective way in terms of promoting passive safety 
[4]. 
 
In the first phase, the eVALUE project is focusing 
on safety systems available for today's vehicles. 
Active systems currently under development or 
close to market entrance may be included in the 
project at a later stage. The aim is to identify 
evaluation and testing methods, especially for 
primary safety systems, with respect to the user 
needs, the environment and economic aspects. 
 
An intensive communication with key stakeholders 
has been started and will accompany the project 
throughout its duration. The partners are aware of 
the fact that additional testing methods will not 
easily be accepted and adopted especially by 
involved industry. In addition, most manufacturers 
or suppliers already perform in-house testing of 
their systems and vehicles. Thus, a harmonisation 
of those methods is sought wherever possible. 
Besides industry, other stakeholders like national 
authorities, customer organisations or 
standardisation working groups active in this field 
are also contacted. 
 

However, the project will not perform any activities 
which lead to a direct standardisation of the 
methods developed. Furthermore, there will not be 
any pass or fail criteria defined for the different 
performance values. The focus will be set on 
objective and repeatable methods while rating will 
be up to the users of these methods. 
 
METHODOLOGY 
 
Today, a number of passive and active safety 
systems as well as intelligent driver support 
systems are already in the market. A trend towards 
more pro-active and increasingly integrated safety 
systems is apparent. The performance of all these 
systems is affected substantially by the properties 
of the vehicle itself. For instance, such vehicle 
properties include tire characteristics, vehicle 
dynamics behaviour and friction potential in 
road/tire contact. Also the control strategy and 
algorithm quality of the active safety systems can 
improve the performance towards accident free 
traffic. 
 
The Approach in Defining Test Methods 
 
In 2007, the ASTE study [5] has investigated the 
feasibility of performance testing for active safety 
systems. In addition, it aimed at needed methods 
and principles for verification and validation of 
those systems. Therefore, different approaches 
were considered. The system approach is based on 
the capabilities of specific systems and mapped to 
traffic scenarios. Performance of the different 
systems with similar functions is then assessed. 
 
The scenario approach is directly based on traffic 
scenarios. The vehicle is tested as a black-box and 
its overall performance in those scenarios is 
determined. As a third option, a document-based 
approach was discussed. This could complement 
physical testing and might be particularly valuable 
for HMI testing. 
 
According to the conclusions of the study, vehicle 
active safety shall be tested following the scenario-
based approach. It was further stated that 
performance testing of active safety systems is 
technically and economically feasible and that a 
consensus between different stakeholders will be 
possible. The importance of communicating test 
results in a very simple way was underlined. 
 
The eVALUE project is a direct follow-up of this 
study. Most partners are now part of the eVALUE 
consortium. Together, objective methods will be 
developed, enabling the estimation of the safety 
impact the regarded active safety systems have. 
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Figure 1 gives an overview of a scientific approach 
for the development of the testing and evaluation 
methods. Based on accident statistics, relevant 
scenarios will be derived that represent the majority 
of accidents in which active safety systems could 
possibly mitigate the outcome. A vehicle will be 
assessed by applying the procedures. Those shall be 
recognisable also by the end customer as critical 
situations that can happen at any time. One 
example could be approaching suddenly congesting 
traffic or a similar, non-moving obstacle. The 
benefit of active safety systems (e.g. by automatic 
braking in this case) will thus be even more clear. 
 

Accidents

Relevant 
Scenarios

Testing & Evaluation 
Methods

(Independent from the Systems)

System Verification 
& Validation

State of the Art
Systems

SAFETY IMPACT  
Figure 1. Scientific Approach for Assessment 
Development 
 
Unlike the assessment of vehicle passive safety, the 
systems contributing to active safety will be 
regarded in detail. From verification and validation, 
e.g. fault rates are be analysed and their influence 
on the overall safety impact is taken into account.  

Validation of the systems includes the interaction 
with the environment/infrastructure and driver 
actions. For both testing the vehicle as a whole and 
the systems in detail, relevant scenarios have to be 
found and/or defined.  
 
Systems to be Regarded 
 
The road-map of active safety systems with their 
time horizon is given in Figure 2. They are 
clustered into four domains. These are the 
longitudinal domain, the lateral domain, the domain 
for yaw/stability assistance and an additional 
domain. This additional domain is yet to be 
defined. Scenarios are defined for the same 
domains thus taking into account the interaction of 
different systems which might come into effect in 
the same situation. 
 
Out of those domains, the following eight systems 
have been chosen. This decision is mainly based on 
the availability on the market with a penetration 
rate of more than 50,000 vehicles: 
 
• System Cluster 1 (longitudinal assistance) 

o ACC 
o Forward Collision Warning 
o Collision Mitigation, by braking 

• System Cluster 2 (lateral assistance) 
o Blind Spot Detection 
o Lane Departure Warning 
o Lane Keeping Assistant 

• System Cluster 3 (yaw/stability assistance) 
o ABS 
o ESC 

• System Cluster 4 (additional assistance) 
o Not defined at this stage 
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Figure 2.  Clustered Road-map of Active Safety Systems 
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Considered Scenarios 
 
The derivation of relevant scenarios from accident 
statistics directly has already turned out to be a 
challenge. No reliable accident databases are 
available that are capable of delivering a 
comprehensive analysis of accident circumstances 
for the whole of Europe. While some European 
projects such as TRACE [6] have been working on 
ideas for the harmonisation of accident statistics, 
waiting for them being available is not acceptable. 
Thus the partners have defined relevant scenarios 
based on information that is available today. This 
includes standards for testing of certain systems, 
results from other projects and the expertise of the 
involved institutions. 
 
For System Cluster 1, three different scenarios have 
been chosen. They represent a straight road, a 
curved road and a target, which is transversally 
moving in the way of the subject vehicle. 
 
Regarding the straight road, the objective of the 
chosen scenario is to validate that the subject 
vehicle can detect and handle (warn, support, 
and/or intervene) a target vehicle in the same lane, 
Figure 3. 
 

Subject vehicle Target vehicle

Wt

at , vtas, vs

 
Figure 3. Straight Road Scenario (Cluster 1) 
 
The same objective applies for the scenario, 
however for a curved road, Figure 4. 
 

Subject vehicle

Target vehicle vt

at , vt

 
Figure 4. Curved Road Scenario (Cluster 1) 
 
The objective of the third scenario is to validate 
that the subject vehicle can detect and handle 
(warn, support, and/or intervene) a target (e.g., 
other vehicle, pedestrian,…) which moves lateral to 
the subject vehicle, Figure 5. 

Subject vehicle

Target vehicle

vt
vs

 
Figure 5. Transversally Moving Target Scenario 
(Cluster 1) 
 
The System Cluster 2 is addressing systems which 
are providing lateral assistance. For straight as well 
as curved roads, a differentiation is made regarding 
lane and road departure. Accordingly, four different 
scenarios are considered. 
 
The first scenario is meant to validate the subject 
vehicle capability to avoid involuntary (left/right) 
lane departure driving on a straight road, Figure 6. 
 

 
Figure 6. Lane Departure on a Straight Road 
Scenario (Cluster 2) 
 
As a form of extension of the first scenario, the 
second is meant to validate the subject vehicle 
capability to avoid involuntary road departure 
driving on a straight road, Figure 7. 
 
 

vs

vs

 
Figure 7. Road Departure on a Straight Road 
Scenario (Cluster 2) 
 
Comparable to the first two, the second and third 
scenario of Cluster 2 regard lane or road departure 
while the subject vehicle is driving in a curve. 
Again, the capability to avoid the involuntary lane 
or road departure is the objective here, Figure 8. 
 



__________________________________________________________________________________________ 
Lesemann  5 

 

vt

R

 
Figure 8. Lane or Road Departure in a Curved 
Road Scenario (Cluster 2) 
 
A modification to the aforementioned is given by 
scneario five and six, namely to validate the subject 
vehicle capability to avoid involuntary lane 
departure driving on a straight road just before 
entering an upcoming curve, Figure 9. 
 

vs

R

 
Figure 9. Lane or Road Departure on a Straight 
Road Just Before a Curve Scenario (Cluster 2) 
 
While these scenarios do not consider interaction 
with a second (called target) vehicle, the seventh 
scenario does so. It addresses lane change 
collisions which are well-known in multi-lane 
traffic both at low and high speeds, Figure 10. 
 

Subject vehicle

Target vehicle
vt

vs  
Figure 10. Lane Change Collision Avoidance on 
a Straight Road Scenario (Cluster 2) 
 
Yaw and stability assistance is given by systems 
which have been collected under System Cluster 3. 
Here, some manoeuvres are already established in 
testing. One example is braking on μ-split, i.e. 
surfaces with different friction coefficients, 
Figure 11. 
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Figure 11. Emergency Breaking on µ-Split 
Scenario (Cluster 3) 

The capability of the vehicle to avoid loss of 
control in a sudden obstacle avoidance manoeuvre 
is regarded with the second scenario in Cluster 3, 
Figure 12. 
 

vs

Wt

 
Figure 12. Driver Collision Avoidance Scenario 
(Cluster 3) 
 
Finally, critical situations linked to curved roads 
are represented by the third and fourth scenario of 
Cluster 3, Figure 13-14. 
 

vs

vs

R

R

 
Figure 13. Fast Driving into a Curve Scenario 
(Cluster 3) 
 

R

vs  
Figure 14. Roll Stability Scenario (Cluster 3) 
 
All scenarios do not only consider passenger cars 
but generally also apply for trucks and busses. 
However, it has not been decided yet to what extent 
the project can regard the special requirements by 
commercial vehicles concerning active safety test 
methods. 
 
Current Development and Next Steps 
 
Having defined the scenarios, the development of 
the methods themselves has been started. The main 
focus will be on physical testing with a certain 
support from simulation where this seems 
appropriate. Verification and validation of the 
systems will mainly be done by lab testing. In 
general, the most suitable methods and procedures 
will be taken to reveal the active safety 
performance in the best way. 
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CONCLUSIONS 
 
In the development of automotive active safety 
systems, no generally accepted standards are 
available today. Manufacturers of systems, 
components or vehicles all need to develop their 
own testing procedures in order to provide both 
development goals and means to evaluate the 
system performance. Large R&D efforts are 
undertaken in parallel by various companies in 
order to provide the technological background for 
the development of testing procedures.  
 
Due to this situation of inhomogeneous testing 
practice throughout the industry, test results 
acquired in different manufacturer-specific tests 
cannot be compared by customers and authorities. 
Furthermore, manufacturers have no means to 
assess their systems in a generally accepted way. 
 
The outcome of the eVALUE project will be 
explicit testing procedures/protocols for active 
safety systems that can found the basis for a de-
facto standard whilst and after the duration of this 
project. In addition, communication with 
stakeholders that might be involved in a later 
standardisation process has been established to get 
a broad picture of currently on-going 
standardisation efforts towards those systems. 
 
The project started in January 2008 and will 
continuously generate results. Due to the 
production deadline, the latest findings cannot be 
covered by this paper but are available on the 
project's website under www.evalue-project.eu. 
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ABSTRACT 
 
While empirical evidence shows the main effects of 
the driving style (principally speed choices) on 
safety, this study aims to quantify the influent 
parameters and their interactions upon the roadway 
departure risk. A previous work [1] using a 
sensitivity analysis concludes that speed, lateral 
position on the pavement, total embedded mass and 
mass center position are the relevant parameters. 
They constitute what is called initial conditions in 
the following. Probabilistic methods for the risk 
assessment are proposed to deal with uncertainties 
arising from the road infrastructure, the vehicle 
characteristics and the driver behaviour. Those 
methods originally developed in the field of 
structural reliability reveal promising interest in the 
road safety question as they allow the direct 
computation of a risk index, not provided by a 
deterministic modeling. This approach involves 
both measurements on real traffic by static video 
sensors and simulations from a specifically 
developed model. A set of 400 experimental 
trajectories is used to define mean trajectories 
among different classes of drivers for one turn, and 
simulated ones are necessary for the reliability 
index calculation. The result of this study is a 
surface response of the roadway departure 
probability against initial speed and lateral position 
on the pavement. This work will lead to the 
development of a warning system within the 
French national project SARI. Envisaged alert 
procedures are warning light flashes inviting the 
driver to modify his trajectory if the risk index 
calculated at the entrance of the curve indicates a 
dangerous situation. Difficulty for short-term 
implementation comes from the statistical 
characterization of the initial conditions (i.e. mean 
value and standard deviation), especially for mass 
and mass centre position measurement device on 
standard vehicles. 
 
INTRODUCTION 
 
The 2006 French road safety figures confirm that a 
large majority (75%) of casualties occurs on 

secondary roads, which only cover 52% of the 
traffic. Among these accidents, the most frequent 
type is Single Vehicle Roadway Departure (SVRD) 
during cornering. The aim of the present study, 
conducted through the French national project 
SARI, is to develop a SVRD warning system that 
could equip dangerous turns. 
 
SVRD prevention system are currently an active 
field of research [2-6] since it is a natural evolution 
of the Electronic Stability Program (ESP) and the 
lane departure prevention systems that are at the 
state of commercialization. Compared to these 
studies, the originality of the method presented here 
relies on two major points. First, SRVD prevention 
systems are generally based on forward looking 
camera, thus requiring specific equipment 
embedded in the car. This is an obstacle for a mass 
implementation of the system. On the contrary, the 
risk assessment process proposed here is thought to 
work with in-pavement integrated measurement 
devices for acquiring initial conditions at the curve 
entrance. Second, the specific vehicle dynamics 
model developed ensures that  the simulated 
trajectories are physically realizable in comparison 
with trajectories geometrically defined. This also 
allows to introduce the inherent hazard contained in 
the driver’s action, the road infrastructure and the 
vehicle by modeling the real physical parameters 
by random variables. Hence the statistical 
characterization of these variables is facilitated, 
compared to other studies [7] where non-physical 
parameters are used to perturb the system.  
 
Expected results of this study is a roadway 
departure risk evaluation based on a flexible list of 
criteria, thus more general than Curve Speed 
Warning or Time to Line Crossing usually used in 
this context. Risk indicator evolution is here 
studied as a function of speed and initial lateral 
position at the entrance of the curve. 
 
Approach 
 
This study is based on structural reliability methods 
[8] that directly provide the computation of a risk 
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index. This calculation is based on simulated 
trajectories that reflect the possible trajectories that 
could be realized by the driver. These simulations 
are performed using a vehicle dynamics model in 
which uncertainties are introduced via random 
variables. These random variables have been 
chosen in a previous study [1] using a sensitivity 
analysis [9,10]. They represent the uncertainties 
arising from the driver, the vehicle and the road 
infrastructure. The risk evaluation process from the 
vehicle arrival to the alarm triggering decision is 
made up of three steps: 

- Several position and speed measurements 
points placed before the curve provide 
information on the driver behaviour at the turn 
entrance. Vehicle characteristics are set to the 
adequate values into the dynamic model. This 
data set constitutes what is called next “initial 
conditions”. 
- A reference trajectory is associated to these 
initial conditions. This trajectory reflects the 
behaviour of a standard driver. The definition of 
this trajectory using real traffic measurements is 
the object of the second part of this study. 
- Finally, risk assessment consists in quantifying 
the chances that the simulated trajectories violate 
the safety criteria.  

 
VEHICLE DYNAMICS MODELING 
 
In this first part, the vehicle dynamics model 
specifically developed for this application is briefly 
detailed, then safety criteria are chosen to 
distinguish between a safe and a dangerous 
trajectory, and finally some random variables are 
introduced in the model to take into account the 
inherent variability of the triptych driver-vehicle-
road infrastructure.  
 
Deterministic modeling 
 
The basis of the vehicle dynamics model is the 3 
degrees of freedom yaw-slip-roll model [11,12] 
chosen for its fast computation and satisfying 
accuracy. Positioning is made using the orientation 
angle θ and the slip angle α (see Figure 1). The 
driver imposes the vehicle path through the steering 
angle β and the vehicle speed V . The roll angle is 
parameterized by the angleϕ . 
 
Compared to the classical yaw-slip-roll model, 
improvements are made concerning three points: 
 
     Tire forces - Governing the tire/ground 
interaction, the evolution of the lateral force  
against the influent parameters requires a careful 
modeling. The tire slip angle 

YiF

iδ  non-linear effect is 
modeled using the magic formula [13]. The normal  

 
Figure 1.  Scheme of the vehicle model. 
 
force  influences the cornering stiffness 
according to the similarity method [14]. The last 
considered effect concerns the interaction between 
the longitudinal force  and the lateral force 

, where a factor 

ZiF

XiF
≤xiYiF 1φ  ensures that the in 

plane resultant force remains into the friction circle, 
defined by the friction coefficient μ . 
     Suspensions - Springs, dampers and a front 
anti-roll bar are considered for the calculation of 
the roll angle ϕ . Pitch and heave are neglected. 
For a better agreement with a complete simulator 
[15] in hard cornering situations, initial toe angles 
and roll steer phenomenon [12] are taken into 
account. 
     Time dependent input - To handle with 
realistic cases, variable driver commands and road 
infrastructure characteristics need to be simulated. 
Hence braking situation while cornering, as well as 
measured banking and slope angles can be 
implemented in the model. 
 
The equation of motion is now expressed using the 

state vector ( )TV,,,, ϕϕθα &&=sx , the command 

vector ( )TXX FF 41 ,,, Kβ=u and the external 
loads. It is of the form: 
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where the matrix  and the function  are 
calculated with the laws of motion. Trajectories can 
be computed once given the initial conditions  
and driver commands u . The resolution of the 
model is made using the second order Runge-Kutta 
method. 

A F

s0x

 
Safety criteria 
 
Safety criteria are used to classify the safe and 
unsafe trajectories. Two criteria are generally used 
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when dealing with road safety, and especially lane 
departure and rollover prevention. Curve Speed 
Warning (CSW) defines a reference speed for 
which the slip limit is reached for the upcoming 
curve. Time to Line Crossing (TLC) computes the 
remaining time before the lane boundary is 
reached, under different assumptions on the future 
trajectory (e.g. straight line or circular trajectory). 
Although showing promising results on field 
testing [2] in deterministic studies, basic criteria are 
preferred here to simplify the interpretation of these 
first results. Anyway, the criteria list may be 
modified later without any concern on the proposed 
methodology. 
 
The safety criteria used in this paper are based on 
the lateral position  (algebraic distance from the 
middle of the lane) and the lateral acceleration . 
These two control variables are functions of the 
state vector : 

d
ya

sx
 

 ))(()( 1 ttd sxη=  (2) 
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 (3) 
 
Thresholds d and ya on the control variables 
define the safety criteria (i.e. the trajectory is 
considered as dangerous if one criterion is 
violated). These criteria are defined by: 
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where T  is the total observation time. For this 
application, d  equals the half difference between 

the lane width and the vehicle width and ya  is 
chosen equal to 3 m.s-2 so that a margin is kept with 
respect to the vehicle handling limits. 
 
Stochastic modeling 
 
Among all the model parameters (linked to the 
triptych driver-vehicle-road infrastructure) some 
present a marked random variability. Therefore it is 
crucial for the credibility of the approach to take 
into account this reality via a suited stochastic 
modeling. In order to reduce the calculation time 
and improve the model robustness, the number of 
random variables introduced in the model has to be 
optimized. This study has been made previously [1] 
using a global sensitivity analysis based on Sobol’ 
indices [10]. It has been concluded that the choice 
of the total embedded mass M , the centre of mass 

position , the initial lateral position  and an 

additive speed perturbation  as random 
parameters guarantees an efficient representativity 
of the uncertainties propagation through the 
mechanical model. These parameters are gathered 
in the vector 

ra 0D
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, and this 

vector is modelled as a -valued random 

variable denoted , for 
which the following hypotheses are made: 

( )TX 4

(H1)  its components 41 ,, X  are mutually 
independent ; 

(H2)  each of its components follows a truncated 
Gaussian distribution, which characteristics 
are given in Table 1 ; 

(H3)  the support of the truncated Gaussian 
distribution is chosen of the form mean ±3 
standard deviations. 

 
Since in equation (1) the functions A   and  and 
the initial condition  depend on , when this 
deterministic vector is considered as a random 
vector 

F
s0x x

X , A ,  and  become random, and 

consequently the state vector function  

becomes a random process  governed by the 
equation : 
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in which the driver command  is kept 
deterministic and  is a ℜ -valued random 

variable depending on X . 
 
In this random context, the control variables  and 

 given by equations (2) and (3) are random 

processes  and  such that, : 

d
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The aim of this study is to quantify the risk for the 
safety criteria to be violated. For that, once the 
initial conditions of the arriving vehicles are 
measured, a reference trajectory (which defines the 
driver commands) must be associated to begin the 
risk evaluation process. This is the object of the 
next section.  
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x Parameter X Unit Mean Standard deviation Truncation interval 
M Total embedded mass X1 kg 1610 16 [1562;1658] 
ar Rear axle location X2 m 1.532 0.01 [1.502;1.562] 
D0 Position perturbation X3 m 0 0.2 [-0.6;0.6] 
V0 Velocity perturbation X4 km.h-1 0 0.1 [-0.3;0.3] 
 
Table 1.  Statistical characteristics of the random variables. 
 
REFERENCE TRAJECTORY 
 
The reference trajectory is defined here as the 
trajectory that a mean driver would have realized if 
he has entered the curve with the given initial 
conditions X . Therefore a theoretical definition of 
this trajectory is hardly realizable as it depends on a 
lot of factors (driving style, visibility 
conditions, …). Even if studies defining a driver 
model are topical [16-19], choice has been made to 
deduce the reference trajectory from real traffic 
measurements in order to get more realistic results. 
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Traffic measurement 
 
This work has been carried out by Goyat and al. 
[20] in an other task of the SARI project, which 
consisted in the development of a portable 
trajectory measurement device. The measurement 
is based on cameras and telemeter. Images are then 
processed to estimate the vehicle position and 
velocity (Figure 2).  
 

 
 
Figure 2.  Image processing for position 
estimation. 
 
This system has been deployed for measurements 
during two days on a French secondary road, and 
led to the construction of a 400 trajectory database. 
The figures 3 and 4 show the tendency of the 
drivers’ behaviours during the curve. It can be 
noticed that at the entry of the right curve (on the 
right of the figure), drivers are mostly at the outside 
of the lane. It can be explained by the fact that the 
studied curve is preceded by a slight bend on the 
left and it appears that drivers tend to cut this 
curve. This is an example of the effects that are 
hardly predictable in driver models. The exit of the 

curve is followed by a straight line, and trajectories 
use the entire width of the lane with a mode nearly 
in the middle. 
 

 
 
Figure 3.  Density field of vehicle passage, over 
the 400 experimental trajectories (not to scale). 
 
Figure 4 shows the cumulative repartition of the 
trajectory percentage as a function of the speed 
measured at the entrance, in the middle or at the 
exit of the curve. At the entrance of the curve, the 
V85 indicator (speed for which 85% of the traffic is 
driving slower) is 66km/h. It is far below the 
effective speed limit for this turn (90 km/h). So this 
curve negotiation requires from the driver a quick 
estimation of the speed that he estimates 
comfortable and safe, what can lead to dangerous 
situations. This makes this turn to be an interesting 
application for this study. 
 

 
 
Figure 4.  Measured velocity in traffic, for 
different position in the curve. 
 



Driver classes 
 
The 400 experimental trajectories are separated in 
different classes of driving style, so that a reference 
trajectory per class can be identified. As the choice 
of the reference trajectory must be done upon the 
initial conditions values, the classes definition must 
be made on variables measurable at the entrance of 
the curve. Owing to the measurement device used, 
these variables are restricted to the initial lateral 
position  and the initial speed . ey ev
 
The first step of this analysis is to look for a 
correlation between  and . The intuitive 
belief being that a driver entering at a higher speed 
would tend to cut the curve, implying an exterior 
lane positioning. Figure 5 shows the scattered plot 
of  in function of . Indeed, the widespread 
shape of the graph does not indicate any correlation 
between speed and position.  

ey

ey

ev

ev

 
Hence it has been chosen to separate the drivers 
classes only according to their initial lateral 
position  . Four classes of 50 cm width are 
created, as shown by the different colours in 
Figure 5. In each of these classes, the reference 

ey

 
 
Figure 5.  Scattered plot of initial speed as a 
function of initial lateral position. 
 
trajectory is defined by the mean of the 
experimental trajectories. Results are presented on 
Figure 6. Classes are numbered from the interior 
(class 1) to the exterior (class 4). 
 
Command computation 
 
Once the reference trajectory is defined, the 
corresponding driver commands (steer angle and 
associated speed) must be computed to start the risk 
estimation process. This is done by inverting the 
vehicle dynamics model at each of the N steps of 
the simulation, thus resolving for all : ],1[ Nn∈
 
 0)( =nlatd β  (9) 

 
 
Figure 6.  Reference trajectory for each driver 
class (not to scale). 
 
where  expresses the lateral distance between 
the reference trajectory and the simulated one, and 

latd

( )],1[), Nnn (tn ∈= ββ  the searched steer angle. 

There exists a different β  for each speed profile 
due to the variation of the slip angle. The equation 
(9) is solved using a Newton-Raphson method. 
 
RISK ASSESSMENT 
 
Once the initial conditions known and the adequate 
reference trajectory defined, the last part of this 
work consists in the evaluation of a risk index, 
through the stochastic modeling proposed 
previously. The chosen risk indicator is the failure 
probability noted , evaluated by  a Monte-Carlo 
method [8]. While requiring a great number of 
simulations for accurate results, the advantage of 
this indicator is that it constitutes a reference 
solution for stochastic problems. 
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Probabilistic method 
 
     General principle – Let  be a 
probability space, where 

( PF ,,Ω )
Ω  is a sample space,  

a σ-algebra on 
F

Ω  and  a probability measure on 
. The uncertain parameters of the mechanical 

model are gathered on a n-dimensional vector 
modeled as a continuous -valued random 

variable 

P
F

nℜ
( )TnX,X1X ,K=  defined on 

( )PF ,,Ω  whose probability density function 

(pdf)  is assumed to be known. We denote by 
 the limit-state function associated with the 

safety criterion chosen for the study. It’s a 
measurable mapping from ℜ  into ℜ  which 
defines two complementary subsets of :  

and , such that: 

Xp
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G

n
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called respectively the safety domain and the 
failure domain. 
Two events are associated with these domains : the 
safety event  and the failure event 

, such that 

FEs ∈
FE f ∈

 
 { 0))((: >Ω∈= }ωω XGES  (12) 

 { 0))((: ≤Ω∈= }ωω XGE f  (13) 
 
and which verify : 
 
  (14) Φ=∩Ω=∪ fSfS EEEE ,
 
The objective of the reliability analysis is then to 
evaluate the probability  or , called 
safety and failure probability respectively, given 
by : 
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and such that, according to Equation (14) : 
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 if 

 and  if . A∈x 0)(1 =xA
Owing to Equation (17), generally only 

 is considered. In practice an exact 

calculation of  is not possible and a Monte-
Carlo procedure must be used. 

)( ff EPP =
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     Application to the studied case – Let us recall 
that the vector  gathers the four parameters 

 and that 
x

00 ,,, VDaM r X  is its probabilistic 

model. Each of its components  follows a 
truncated Gaussian distribution whose 
characteristics are given in Table 1. The 
solution  depends on  through the mechanical 
model and consequently, from Equations (7) and 

(8), so do the control variables  and . 

Therefore we can formally write , 

iX

sx x
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)(td
),( xtd=

),()( xtata yy =  and the safety criteria can be 
rewritten : 
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From these criteria we can define the associated 
limit-state functions : 
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and the corresponding failure events : 
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The aim of this study is then the computation of the 
occurrence probabilities of these failure events, 
given by : 
 
  (24) )(,)( DD

f
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Numerical application 
 
A set of  simulations is needed to obtain 
accurate probability estimations for . 
With the specific vehicle dynamics model, the 
operation requires less than 2 hours on a standard 
PC (2GHz). The probabilities to violate the lateral 
acceleration criterion  and the lateral position 

criterion  are computed for each driver class 
and for speed varying from 45 to 80 km.h-1 
(Figures 7-9). 

710=N

D
fP
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A
fP

 
Figure 7 shows that  vary suddenly from 0 to 1 
around 60 km.h-1. The driver class seems to have 
little influence on the probability, except for the 
first one that corresponds to the most interior 
position. Due to the fact that the curvature radius is 
slightly smaller, the criteria is violated at a lower 
speed. This first result indicates that the lateral 
acceleration criterion is weakly sensitive to hazard.  
Indeed,  the  speed  for which  changes from 0 

A
fP

A
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Figure 7.   as a function of speed and driver 
class (linear scale). 

A
fP

 
to 1 corresponds to the one that leads to reach the 
threshold of 3 m.s-2 on the different reference 
trajectories. This means that no information are 
added on this criterion compared to a deterministic 
study. On the contrary, Figures 8 and 9 reveal the 
usefulness of this probabilistic approach. 
 

 
 
Figure 8.   as a function of speed and driver 
class (linear scale). 
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Figure 9.   as a function of speed and driver 
class (logarithmic scale). 

D
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Evolutions of as a function of the speed and 
driver class are visible on Figure 8 (in linear scale) 
and on Figure 9 (in logarithmic scale). It reveals 
that both speed and driver class have influence on 

the lateral position criterion.  ranges from 10-4 
to 0,11. The probability is always rising with 
increasing speed, and with the class number. This 
probabilistic study allows to obtain a gradation of 
the roadway departure risk versus speed for each 
driver class. This result, which could not be 
brought by a deterministic study, is of first interest 
here given the aim to trigger warning signals. 

D
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The smooth variation of  for the first three 
classes reveals the importance of hazard in the 
system. Concerning the fourth class, the probability 
is almost constant for all speed. This is due to the 
fact that it corresponds to the most exterior lane 
positioning (starting at only 60cm of the lane 
boundary) while the first class remains roughly in 
the middle of the lane.  

P

 
In order to control a warning device, an acceptable 
roadway departure risk must be chosen by road 
safety experts considering for example real traffic 
analysis. Then, once a threshold on  is defined, 
the results of this study can be exploited to identify 
the critical initial conditions leading to risky 
situations. 

D
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CONCLUSION 
 
This study proposes an application of probabilistic 
methods to the road safety domain with a view to 
develop a SVRD warning system. The interest of 
this approach is clearly highlighted for the case of 
an alarm triggering decision, as it leads to the direct 
computation of a risk indicator. This constitutes the 
first important difference compared to other SVRD 
studies. The other originality relies on the in-
pavement integrated measurement devices that will 
be used for the initial conditions determination. 
This ensures a minimization of the necessary on-
board equipment, which is an advantage for a mass 
implementation. 
 
The results presented here show that both lateral 
position and speed have a great influence on the 
roadway departure risk. Even though these 
contributory factors were already well-known, the 
risk indicator computation allows to quantify the 
combined effects of these two factors. This can 
hardly be done with statistical post-accident 
analysis. Hence it has been noticed that the lateral 
acceleration criterion is weakly sensitive to hazard, 
due to the paramount influence of speed. Inversely, 
the lateral position criterion presents a smooth 
variation of probability between 10-4 and 0,11. 
Once a threshold on  is defined, the acceptable 
initial conditions can be selected through the results 
of this study. In the case where the arriving vehicle 

D
fP
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does not respect these initial conditions, an alarm 
must be triggered to notify the driver to change his 
trajectory. 
 
Concerning the system implementation, combined 
speed and lateral position measurement devices 
integrated in the pavement are under experimental 
validation. The equipped curve is the one presented 
in this study. The envisaged alarm system consists 
in warning lights positioned on the curve 
announcement traffic sign. 
 
Two steps are considered for the prospects of this 
work. First, in the line with the driver/vehicle/road 
infrastructure stochastic modeling, time dependant 
perturbations will be added to the reference steer 
angle to represents the difference between the 
trajectory that the driver is willing to realize, and 
the one actually done. This involves the notion of 
stochastic processes, and thus requires more 
complex simulation and resolution methods. The 
statistical characteristics of this random process can 
be identified from experimental data and driver’s 
actions studies. Second, a calculation time 
reduction will be obtained using different risk 
indicators and efficient structural reliability 
methods. 
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ABSTRACT 
 
Head trauma is the most frequent injury sustained by 
children in car crashes, and the neck plays a key role 
in governing head kinematics during the crash.  
Pediatric anthropomorphic test devices (ATDs) are 
used to assess the risk of head injury, yet the pediatric 
ATD neck is a size-scaled model of the adult ATD 
neck, with no consideration for the tissue properties 
and morphological changes during human 
development.  To help understand the effects of 
maturation on the changes in neck flexion 
biomechanics, this study compared the passive 
cervical spine flexion of children to adults in specific 
age groups (6-8, 9-12, 20-29, 30-40 years).  Subjects 
with restrained torsos and lower extremities were 
exposed to a 1g inertial load in the posterior-to-
anterior direction, such that the head-neck complex 
flexed when the subject relaxed their neck 
musculature.  Surface electromyography with audio 
feedback was used to coach the subjects to relax their 
neck musculature.  A multicamera 3-D target 
tracking system was employed to capture the motion 
of specific landmarks on the head (Frankfort Plane) 
and thoracic spine (T1 and T4).  Neck flexion angle 
with muscles relaxed was calculated for each subject.    
Neck flexion angle significantly decreased with age, 
with changes in head-to-neck girth ratio partially 
explaining the decrease.  A statistically significant 
increase in cervical spine flexion was found in adult 
females compared to adult males.  Data also illustrate 
this trend in children, but it was not statistically 
significant.  In summary, these results demonstrate an 
increased passive cervical spine flexion in children 
compared to adults, and females compared to males.  

These data will help guide the development and 
validation of pediatric ATDs.  
 
INTRODUCTION 
 
Head trauma is the most frequent injury sustained by 
children in car crashes (Durbin et al., 2003) and the 
neck plays a key role in governing head kinematics 
during the crash.  Designing effective motor vehicle 
safety systems to mitigate such injuries requires the 
use of a humanlike (biofidelic) anthropomorphic test 
device (ATD).  In the case of head injury assessment, 
it is essential that the ATD accurately predict the 
likelihood of an interior head impact and, given an 
impact, the velocity and orientation of the head 
immediately prior to impact. 
 
The ATD neck is of particular importance when 
predicting head kinematics as it is the primary 
structure through which restraint loads are transferred 
from the torso to the head.  The biofidelity 
requirement for the adult ATD neck is specified as a 
relationship between the bending moment at the 
head/neck junction and the angle between the head 
and the torso (Mertz et al., 1989).  This relationship 
has been quantified for adults via experimental 
studies of the cervical spine in post-mortem human 
subjects (PMHS), post-mortem animal subjects 
(PMAS), and live human volunteers (Mertz and 
Patrick, 1967; Mertz and Patrick, 1971; Ewing and 
Thomas, 1973; Mertz and Patrick, 1973; Melvin et 
al., 1973; Ewing et al., 1975; Ewing et al., 1976; 
Patrick and Chou, 1976; Ewing et al., 1977; Ewing et 
al., 1978; Begeman et al., 1983; Wismans and 
Spenny, 1984; Wismans et al., 1986; Ma et al., 1995; 
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Thunnissen et al., 1995; Deng et al., 1998, Ching et 
al., 2001; Hilker et al., 2002; Nightingale et al, 2002; 
Nuckley and Ching, 2006; Nightingale et al., 2007).  
However, owing to the paucity of pediatric cadaver 
biomechanical data, the 3 and 6 year old pediatric 
ATD necks have been based on size-scaled models of 
adult data with little consideration for the tissue and 
morphological changes during human development 
(Irwin and Mertz, 1997). 
 
A growing body of literature suggests that, 
biomechanically, children are not simply size-scaled 
versions of adults.  From year 1 to 2, C1 consists of 
three boney masses that fuse to form the ring 
structure of C1 at age 4 to 6 years.  Similarly, at birth 
C2 is comprised of 4 pieces, and fuses completely by 
age 6 years.  Vertebrae C3 through C7 are each 
represented by 3 separate boney masses at birth, 
which fuse by age 4 years.  The uncovertebral joints 
present in C3-C7 do not form until age 6 years 
(Schuer and Black, 2000).  In the child, the ligaments 
are lax as compared to the adult, and the facets are 
predominantly horizontal, thus providing limited 
restriction of anterior-posterior shear (subluxation) at 
the facets (Bailey, 1952; Townsend and Rowe, 1952; 
Sullivan et al., 1958; Cattell and Filtzer, 1965; 
Kewalramani and Tori, 1980; Walsh et al., 1983; 
Menezes, 1987; Hadley et al., 1988; Pollack et al., 
1988; Fuchs et al, 1989; Osenbach and Menezes, 
1989; Janssen et al., 1991; Kriss and Kriss, 1996; 
Schuer and Black, 2000; Weber, 2002; Yoganandan 
et al., 2002).  The current pediatric neck scaling 
procedures (Irwin and Mertz, 1997) do not consider 
age-dependent differences beyond size.  
Consequently, the biofidelity of current pediatric 
ATD necks are called into question. 
 
Recent studies have examined the differences in 
biomechanical response of the cervical spine across 
the age range using PMHS, PMAS and human 
volunteers.  Using a baboon model, Ching et al. 
(2001) measured the tensile stiffness of different 
functional spinal units (FSU).  The results illustrated 
an average 75% increase in tensile stiffness of the 
C7-T1 FSU compared to the Oc-C2 FSU in 3 year 
old specimens, versus a 6% decrease in 12 year old 
specimens.  A second baboon model by Nuckley and 
Ching (2006) showed a significant correlation 
between maturation and increasing tensile and 
compressive stiffness of the cervical spine.  Hilker et 
al. (2002) demonstrated that the bending stiffness of 
6 and 12 year old human age-equivalent caprine 
specimens were 40% and 60% of adult caprine 
specimens, respectively.  Increased tensile stiffness 
with age has also been demonstrated in pediatric 
PMHS tests.  Nuckley et al. (2005) found increased 

compressive stiffness at the C3-C5 joint while 
assessing 11 PMHS spines from 2 to 28 years of age.  
Similarly, Ouyang et al. (2005) examined 10 
pediatric PMHS head-neck complexes with intact 
ligamentous cervical spines and found a 46% 
increase in tensile failure in older pediatric subjects 
(6-12 years) versus younger subjects (2-4 years). 
 
Perhaps most relevant to the current study, Arbogast 
et al. (2007) measured the active cervical spine range 
of motion in 67 pediatric volunteers from ages 3 to 
12 years.  In this study, subjects with restrained 
torsos were asked to flex, extend, laterally bend, and 
rotate to their maximum range under active muscle 
control.  The study concluded that, in children 3-12 
years, active cervical spine flexion and horizontal 
rotation increased with age.  Overall flexion in 
children was found to be greater than adults.  This 
previous study characterized the active range of 
motion which is governed in part by forces 
generating by active firing of the muscles.  As a 
complement to this work, we sought to characterize 
cervical flexion under passive muscle forces in 
pediatric and adult volunteers.  Based on previous 
literature, we hypothesized that passive cervical spine 
flexion of pediatric volunteers will be greater than 
that of adults. 
 
METHODS 
 
Participants 
 
Children 6-12 years and adults 20-40 years were 
enrolled into one of four age groups (6-8, 9-12, 20-
29, and 30-40 years).  Subjects were prescreened for 
prior injuries, physical limitations, or medical 
conditions involving the head, neck, or spine and to 
ensure their body mass index (BMI) fell within the 
10th to 90th percentile. 
 
Anthropomorphic Data 
 
Subjects’ height and weight were measured prior to 
setup and their BMI was calculated.  The following 
anthropometric data were gathered using a flexible 
tape ruler: head girth, neck height (opisthocranion to 
C7), neck girth, seated height, and sternum height 
(distance from Xyphoid Process to the Manubrium).   
 
Instrumentation 
 
Subjects were asked to remove their shirt(s) and don 
a tight fitting, sleeveless shirt with cutouts along the 
thoracic spine and on the shoulders to accommodate 
photoreflective markers and EMG electrodes on the 
skin.  Prior to electrode placement, each subject’s 
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skin was cleaned by applying NUPREP Skin 
Prepping Gel (Weaver and Co., Aurora, CO).  
Disposable, self-adhesive dual surface electrodes 
(Noraxon, Inc., Scottsdale, AZ) were placed 
bilaterally on the sternocleidomastoid (SCM), 
paraspinous (PS), and trapezious (TR) muscles (See 
Figure 1).  A grounding electrode was centered over 
the left mastoidale.  Electrodes were connected to the 
TeleMyo 2400T V2 telemetry system (Noraxon, Inc., 
Scottsdale, AZ) and electromyography (EMG) data 
were recorded throughout each trial at 1000 Hz per 
channel. 
 
To collect our primary data measure, cervical spine 
flexion, the Eagle 1 Digital RealTime motion capture 
system (Motion Analysis, Inc., Santa Rosa, CA) was 
used.  The Eagle 1 system consists of 8 cameras 
capable of tracking photoreflective markers in 3D 
space.  To detect movement of the head, spine, torso 
and testing apparatus, 10mm diameter reflective 
markers were placed in the following locations (See 
Figure 2):  
� Acromion Processes  
� External Auditory Meatus (1.5 cm anterior) 
� Head (on cap) front, left, right, top 
� Midpoint between Xyphoid Process and Supra 

Sternal Notch  
� Nasion 
� Seatback top and bottom 
� Sternoclavicular joints (~3 mm lateral to the 

sternoclavicular joint) 
� T1 
� T4 
Motion analysis data were collected for each trial at a 
sampling rate of 60 Hz.   
 
After EMG and motion analysis setup was complete, 
subjects were escorted to the testing apparatus.  (See 
Figure 3)  The device consisted of a rigid seatback, 
four point belt system, and thigh and lower leg 
restraints.  The seat was attached to a motor capable 
of rotating subjects slowly through an angle of 90  
 

 
Figure 1. Electromography (EMG) electrodes 
were attached to the sternocleidomastoid (SCM), 
trapezious (TRP), paraspinous (PSP), and a 
reference (REF).  

 
Figure 2. Anterior (left) and Posterior (right) 
Motion Analysis Marker Placement.  Markers 
were attached to the acromion processes (ACR), 
four positions on the head (HED), external 
auditory meatus (EAM), nasion (NAS), 
sternoclavicular joints (SCJ), mid-sternum (STR), 
T1, T4, and the seatback top and bottom (not 
shown). 
 
degrees.  The subject was asked to sit in the test 
apparatus and don the restraints provided.  With 
assistance from a member of the research team, the 
restraints were adjusted to restrict the motion of the 
torso, pelvis and lower extremities.  An EZ-TILT-
2000 rev-2 gravity-based tilt sensor (Advanced 
Orientation Systems, Inc., Linden, NJ) was placed on 
the subject’s skin between the T1 and T4 markers.  
This tilt sensor provided real-time measure of the 
angle of the upper torso with respect to ground, and 
allowed the researchers to rotate seat of the test 
apparatus such that the subject’s spine reached 
specific, predetermined angles with respect to 
ground.  
 
Neck Muscle Relaxation Criteria 
 
The Resting-to-Active Transition Voltage (RATV) 
was established for each subject as follows to provide 
an objective assessment of muscle activity.  Once 
secured in the test apparatus with EMG electrodes 
attached, the subjects were instructed to relax their 
neck musculature, allowing the neck to flex forward 
under the influence of gravity.  Subjects were 
coached to relax their neck muscles using the phrase 
“relax your neck muscles, as if you were asleep” and  
 

 
Figure 3. Test Apparatus Design (left) and 
Function with Occupant (right). 
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“allow your head to fall forward.”  The RATV was 
initially set as the maximum voltage measured from 
any of the measured muscle groups in this relaxed 
state. The subjects were then instructed to voluntarily 
raise their head up, and the maximum voltage from 
any of the measured neck muscle groups was noted 
and the RATV adjusted to this value.  This process 
was repeated iteratively until the all neck muscle 
voltages were a) just below the RATV value in the 
relaxed state, and b) just above the RATV as the 
subjects raised their head from the relaxed state. A 
smoothing window of 500 ms was used to analyze 
the data. 
 
Testing Protocol 
 
With the subjects seated and restrained in the test 
apparatus, before the test began, the subjects were 
instructed to relax their shoulder muscles during the 
test, allowing their arms to rest freely in their lap.  
Subjects were given a countdown after which they 
were instructed allow their neck to flex while seated 
upright.  Subjects were coached via automated EMG 
audio feedback to relax their muscles to a state at or 
below the RATV.  Once EMG levels were below the 
RATV, subjects were instructed to remain relaxed for 
approximately ten seconds.  Throughout the 
experiment EMG and the target tracking system were 
continuously recording data.  (Note: In the data 
analysis phase, neck muscle relaxation during the test 
was reviewed; and if the subject’s muscle activation 
did not meet certain criteria with respect to the 
RATV, that subject’s trial was removed from the 
analysis.  This is described further in the Data 
Reduction section.)  Immediately following, the chair 
portion of the test apparatus was rotated forward until 
the subject’s spine (vector from T1 to T4) was at 45° 
relative to ground.  Subjects were again coached to 
relax their neck musculature and allow their necks to 
flex forward and relax for ten seconds, all while 
EMG and target tracking data were collected.  
Subjects were rotated further until their spine (vector 
from T1 to T4) was parallel to the ground, and 
coached to relax their musculature, and held in 
position for ten seconds while EMG and target 
tracking data were collected.  At the conclusion of 
the three rotations, subjects were returned to the 
starting position and given a short break, 
approximately one minute, before beginning the next 
trial.  To acclimate the subject to the test 
environment, several iterations of the protocol 
described above were conducted before data were 
collected.  Then, for data collection the previous test 
sequence was repeated for a total of three trials. 
 

 

 
Figure 4. Head vs. Spine Angle Calculation 
 
Data Reduction 
 
The time series motion analysis data for each trial of  
all subjects were imported into MATLAB 
(Mathworks, Inc., Natick, MA) for data analysis 
using a custom written program.  A head vector was 
generated from the midpoint of the left and right 
EAM markers and the nasion, the seat vector from 
the upper and lower markers placed on the seatback 
and the spine vector from the T4 to the T1 marker.  
The resulting head, seat and spine vectors were 
projected onto the sagittal plane.  The head vs. spine 
angle was computed as the angle between the head 
and spine vectors shown in Figure 4.  Average angle 
values were computed during the portions of the trial 
where the test apparatus was stationary and the 
subject’s muscle activity remained below his/her 
RATV for one or more seconds.  Conditions and/or 
trials where the subjects’ paraspinous or SCM muscle 
activity remained above their RATV, leaving less 
than one second of relaxation, were eliminated from 
the head vs. spine angle analysis.  Head vs. spine 
angles were averaged across age groups for 
comparison.   
 
We postulated that a patient with a disproportionately 
large head compared to their neck would have greater 
mass and thus greater forces acting to flex the neck, 
and thus we calculated the head-to-neck girth 
(Equation 1) and incorporated this into our analyses.  
 

GirthNeck

GirthHead
GirthNecktoHead =−−  (1). 

 
Similarly, we postulated that the slenderness of the 
neck would also influence its flexibility under load, 
and thus we calculated the neck slenderness 
(Equation 2). 

T1 

T4 

Nasion EAM 

X 

Y 

θ 

T1 

T4 
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Nasion 
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Upright Cervical Spine Flexion 
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GirthNeck

LengthNeck
sSlendernesNeck =  (2). 

 
Statistical Analysis 
 
Anthropometry ratios were imported into SPSS 14.0 
(SPSS, Inc., Chicago, Illinois) and SAS 9.2 (SAS 
Institute Inc., Cary, NC) for statistical analysis.  The 
experiment-wise error rate was held at the 0.05 level.  
Data were analyzed using both descriptive and 
inferential statistical techniques.  Analysis occurred 
in three distinct phases.  In phase I, descriptive 
statistics such as frequency distributions, histograms 
and measures of central tendency, variability, and 
association were computed for all relevant variables 
in the dataset. In order to use appropriate statistical 
methods, variables were tested for normality.  In 
phase II, bivariate plots were generated in which age 
and head-to-neck girth ratio were plotted against 
angle for each subject and gender.  In phase III, 
inferential statistical techniques were applied. 
 
A one-way Analysis of Variance (ANOVA) with a 
Post-Hoc Tukey’s Honestly Significant Difference 
test was used to compare the head-to-neck girth and 
neck slenderness ratios between the 6-8, 9-12, 20-29, 
and 30-40 year old groups. 
 
Generalized estimating equations (GEE), with an 
unstructured correlation matrix, were used to assess 
the association between age, gender, and head-to-
neck girth with passive cervical spine flexion.  GEE 
modeling was used because the design of the study 
included repeated measures (i.e. multiple trials) for 
every angle tested (multiple conditions) leading to 
correlated outcome data.  To distinguish between 
adult and pediatric age groups, analyses were 
stratified by age (6-12 years old and 20+) for the 
GEE analyses.  
 
RESULTS 
 
Overall, 38 subjects were enrolled.  Sample data 
including mean age, gender distribution and 
anthropomorphic ratios for each age group are listed 
in Table 1. 
 
Age- and Gender-Based Differences in 
Anthropometry 
 
Results revealed significantly larger head-to-neck 
girth ratio in 6-8 year olds when compared to 20-30 
year old group (p<0.01) and the 30-40 year old group 
(p<0.01).  Similarly, 9-12 year olds exhibited  

 
Table 1.  

Age-Based Sample Data 

Height Girth

yrs M/F kg/m2 cm cm cm
6 M 15 52 12.7 26.3 1.98 0.48
6 M 14 52 14.5 27 1.93 0.54
6 F 16 51 14 26 1.96 0.54
7 F 16 49.9 14 29 1.72 0.48
7 F 20 49 14 30 1.63 0.47
7 M 14 53 14 27.5 1.93 0.51
8 F 14 49 13 24 2.04 0.54
8 M 17 54.9 15 30.5 1.80 0.49
8 F 16 53 17 26 2.04 0.65

Average 7.0 M=4 F=5 16 51.5 14.2 27.4 1.89 0.52
Std Dev 0.9 2 2.0 1.2 2.1 0.05 0.02

9 M 14 53.7 11.5 25.5 2.11 0.45
9 M 15 51.5 11.6 27.5 1.87 0.42
10 F 21 55 16.5 28.5 1.93 0.58
10 M 15 52.5 15 28 1.88 0.54
10 F 17 53.6 17.3 28 1.91 0.62
11 F 17 53.5 17 28.3 1.89 0.60
11 M 20 56 17 32 1.75 0.53
11 F 20 54.5 16.5 29 1.88 0.57
12 F 23 55.1 16.5 31.5 1.75 0.52
12 M 18 55.5 15.5 31 1.79 0.50

Average 10.5 M=5 F=5 18 54.1 15.4 28.9 1.88 0.53
Std Dev 1.1 3 1.4 2.2 2.0 0.03 0.02

20 M 25 58 19.5 39.5 1.47 0.49
20 M 22 58.2 15.5 36.5 1.59 0.42
21 M 19 54.5 17.5 35 1.56 0.50
21 F 25 57 16.5 32 1.78 0.52
22 M 24 55.5 15.5 36 1.54 0.43
22 F 20 57.5 20 31.5 1.83 0.63
22 F 20 55.5 17 31.5 1.76 0.54
22 M 27 58.5 16.5 41.5 1.41 0.40
24 F 23 57 12.3 31 1.84 0.40
26 M 22 58 20.5 36.9 1.57 0.56

Average 22.0 M=6 F=4 23 57.0 17.1 35.1 1.64 0.49
Std Dev 1.8 3 1.4 2.5 3.6 0.05 0.02

31 F 23 56 15 32.5 1.72 0.46
32 M 28 62 16 41 1.51 0.39
33 F 23 57.5 18 33.5 1.72 0.54
34 M 23 56.8 17 37 1.54 0.46
36 M 26 58.5 21 39 1.50 0.54
37 F 23 56 13.5 32 1.75 0.42
37 F 27 59 16 35 1.69 0.46
40 F 22 56.5 16 34.5 1.64 0.46
40 F 35 52.5 19 40 1.31 0.48

Average 35.6 M=3 F=6 26 57.2 16.8 36.1 1.60 0.47
Std Dev 3.3 4 2.6 2.2 3.3 0.05 0.02
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significantly larger head-to-neck girth ratios 
compared to the 20-30 year old group (p<0.01) and 
the 30-40 year old group (p<0.01).  No significant 
differences were found between the 6-8 year old 
group and the 9-12 year old group (p=0.99).  No 
significant differences were found between the 20-29 
and 30-40 year old groups (p=0.94).  No significant 
differences were found in neck slenderness (p≥0.13).  
 
To detect gender related differences, the 38 subjects 
were organized into four gender-age groups.  Since 
no significant differences in head-to-neck girth were 
found between the 6-8 and 9-12 year age groups or 
between the 20-29 and 30-40, the 6-12 year olds and 
the 20-40 year olds were combined into single  
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Table 2.  
Gender-Based Sample Data 

Height Girth

yrs M/F kg/m2 cm cm cm
6 F 16 51 14 26 1.96 0.54
7 F 16 49.9 14 29 1.72 0.48
7 F 20 49 14 30 1.63 0.47
8 F 14 49 13 24 2.04 0.54
8 F 16 53 17 26 2.04 0.65
10 F 21 55 16.5 28.5 1.93 0.58
10 F 17 53.6 17.3 28 1.91 0.62
11 F 17 53.5 17 28.3 1.89 0.60
11 F 20 54.5 16.5 29 1.88 0.57
12 F 23 55.1 16.5 31.5 1.75 0.52

Average 9.0 F=10 18.1 52.4 15.6 28.0 1.9 0.6
Std Dev 2.1 3.0 2.4 1.6 2.2 0.1 0.1

21 F 25 57 16.5 32 1.78 0.52
22 F 20 57.5 20 31.5 1.83 0.63
22 F 20 55.5 17 31.5 1.76 0.54
24 F 23 57 12.3 31 1.84 0.40
31 F 23 56 15 32.5 1.72 0.46
33 F 23 57.5 18 33.5 1.72 0.54
37 F 23 56 13.5 32 1.75 0.42
37 F 27 59 16 35 1.69 0.46
40 F 22 56.5 16 34.5 1.64 0.46
40 F 35 52.5 19 40 1.31 0.48

Average 30.7 F=10 24.2 56.5 16.3 33.4 1.7 0.5
Std Dev 7.8 4.5 1.7 2.4 2.7 0.2 0.1

6 M 15 52 12.7 26.3 1.98 0.48
6 M 14 52 14.5 27 1.93 0.54
7 M 14 53 14 27.5 1.93 0.51
8 M 17 54.9 15 30.5 1.80 0.49
9 M 14 53.7 11.5 25.5 2.11 0.45
9 M 15 51.5 11.6 27.5 1.87 0.42
10 M 15 52.5 15 28 1.88 0.54
11 M 20 56 17 32 1.75 0.53
12 M 18 55.5 15.5 31 1.79 0.50

Average 8.7 M=9 15.9 53.5 14.1 28.4 1.9 0.5
Std Dev 2.1 2.1 1.7 1.8 2.3 0.1 0.0

20 M 25 58 19.5 39.5 1.47 0.49
20 M 22 58.2 15.5 36.5 1.59 0.42
21 M 19 54.5 17.5 35 1.56 0.50
22 M 24 55.5 15.5 36 1.54 0.43
22 M 27 58.5 16.5 41.5 1.41 0.40
26 M 22 58 20.5 36.9 1.57 0.56
32 M 28 62 16 41 1.51 0.39
34 M 23 56.8 17 37 1.54 0.46
36 M 26 58.5 21 39 1.50 0.54

Average 25.9 M=9 24.0 57.8 17.7 38.0 1.5 0.5
Std Dev 6.4 2.8 2.1 2.1 2.3 0.1 0.1
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pediatric and adult age groups, respectively, and then 
separated by gender.  Gender-based sample data 
including mean age, gender distribution and 
anthropomorphic ratios for each age group are listed 
in Table 2. 
 
Results revealed significantly larger head-to-neck 
girth ratio in pediatric males when compared to adult 
males (p<0.01).  Similarly, pediatric females 
exhibited a significantly larger head-to-neck girth 
ratio (p=0.02) compared to adult females.  
Statistically significant differences were found in 
head-to-neck girth (p=0.01) between adult males and 
adult females.  Significant differences were found 
between pediatric females and adult males (p<0.01)  
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 Upright 45 Degrees 90 Degrees 
█ 6-8 Yrs 106.5 ± 10.5 108.3 ± 9.1 108.0 ± 8.5 
█ 9-12 Yrs 109.1 ± 10.8 109.5 ± 12.0 108.1 ± 11.8 
█ 20-29 Yrs 98.0 ± 11.1 97.8 ± 10.5 96.7 ± 11.5 
█ 30-40 Yrs 99.2 ± 7.5 99.6 ± 8.7 99.8 ± 10.0 
Figure 5. Age-based angle comparison. 
 
and between pediatric males and adult females 
(p<0.01).  No significant differences were found 
between pediatric females and pediatric males 
(p=0.99). 
 
No significant differences were found in neck 
slenderness between pediatric females and males 
(p=0.12), adult females and males (p=0.78), pediatric 
and adult females (p=0.07), pediatric and adult males 
(p=0.70) or pediatric male and adult female (p>0.99).  
A statistically larger neck slenderness ratio was found 
in pediatric females compared to adult males 
(p<0.01). 
 
Age- and Gender-Based Differences in Cervical 
Flexion 
 
The head vs. spine flexion angle means and standard 
deviations for each age group are illustrated in Figure 
5.  Combining 38 subjects with three trials and three 
conditions yielded the potential for 342 total data 
points (81 in the 6-8 yr olds, 90 in the 9-12 yr olds, 
90 in the 20-29 yr olds and 81 in the 30-40 yr old 
group).  Conditions and/or trials that violated the 
relaxation criteria were eliminated, reducing the 
number of data points to 295 (55 in the 6-8 yr olds 
and to 69 in the 9-12 yr olds).  No data were 
eliminated from the adult groups.   
 
The head vs. spine flexion angle means and standard 
deviations for the gender-age groups are illustrated in 
Figure 6.  Eliminating data points that violated the 
relaxation criteria yielded 76 in the female pediatric 
group, 90 in the female adult group, 48 in the male 
pediatric group, and 81 in the male adult group for a 
total of 295 data points. 
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 Upright 45 Degrees 90 Degrees 
█ Fem. Ped. 110.6 ± 7.3 112.0 ± 9.9 110.9 ± 8.0 
█ Fem. Adult 103.0 ± 7.0 102.8 ± 7.4 102.5 ± 9.1 
█ Male Ped. 103.6 ± 12.9 104.8 ± 11.3 102.8 ± 12.6 
█ Male Adult 93.6 ± 9.6 94.1 ± 9.9 93.3 ± 10.6 
Figure 6. Gender-base angle comparison. 

 
Differences in cervical flexion angle were 
demonstrated for both gender and age; females 
exhibited larger neck flexion angle than males (p = 
0.013) and flexion angle decreased with age (p = 
0.006).  There was no significant interaction between 
age and gender (p = 0.76).  Head-to-neck girth ratio 
in part explained these differences.  Adding this to 
the model yielded a significant effect (p = 0.004), and 
eliminated both the effect of age (p = 0.39) and 
gender (p = 0.13). Of note, condition (upright, 45°, 
90°) and trial number had no effect on flexion angle 
(p = 0.45 and p = 0.72, respectively).   
 
To illustrate the change in head vs. spine angle across 
age, all trials and conditions meeting the relaxation 
criteria were plotted across age for males and females 
in Figure 7.   
 
Stratifying the analyses by age groups revealed that 
the gender effect remained significant only in the 
adult group (p = 0.04); no gender effect was seen (p = 
0.18) among the 6-12 year olds.  Within the pediatric 
age group, an increased head-to-neck ratio resulted in 
significantly more cervical flexion (p = 0.024). 
 
DISCUSSION/CONCLUSION 
 
This study utilized pediatric and adult human 
volunteers and demonstrated significant decreases in 
passive cervical spine flexion with age for both males 
and females.  Gender differences were present among 
adults - adult females exhibited significantly greater 
flexion than males.  This trend was present in 
pediatric data, but was not statistically significant.  
The age and gender differences were explained in  
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Figure 7. Head vs. Spine Angle vs. Age 
 
part by differences in the head-to-neck girth ratio.  
This parameter which decreased with age and was 
greater in females versus males was the most 
significant contributor to the decrease in cervical 
spine flexion.   
 
Previous PMHS and PMAS studies have shown that 
tensile strength increased with age (Ching et al., 
2001; Hilker et al., 2002; Nuckley et al., 2005; 
Ouyang et al., 2005; Nuckley and Ching, 2006).  
While our study was an external measurement of 
cervical spine flexion, these internal findings may 
help explain our results.  Increased tensile stiffness in 
the adult population could result in reduced strain of 
the cervical spine ligaments and passive musculature, 
decreasing overall flexion angle.  Contrarily, reduced 
tensile stiffness in the pediatric age range would lead 
to greater strain and greater neck flexion.  Greater 
neck flexion in children is also likely due to their 
increased head-to-neck ratio as compared to adults 
which would yield greater neck loads and increased 
tension on the passive neck musculature. Further 
biomechanical analysis is required to detect 
correlations between neck loads, neck flexion, and 
head-to-neck dimensions. 
 
Unlike Arbogast et al (2007) we found no significant 
differences between the 6-8 year old group and 9-12 
year old group.  This difference may be attributed to 
the addition of active musculature, as motor control 
improves with maturation.     
 
Previous studies have reported no gender based 
differences in pediatric cervical spine range of 
motion (Feipel et al., 1999; Lewandowski and Szulc, 
2003; Arbogast et al., 2007).  This study showed a 
trend towards increased flexion in pediatric females 
compared to pediatric males, however these 
differences were not statistically significant.  The 
lack of statistical significance may be due to an 
insufficient sample size as a total of 47 data points 
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were removed from the possible 171 in the pediatric 
age range due to exceeding the relaxation criteria.  Of 
interest, if the relaxation criteria is waived and all 
trials of all pediatric subjects are included, gender has 
a significant effect on cervical spine flexion among 
children (p=0.02).  This may suggest differences in 
muscular control between the genders that may have 
an influence on neck kinematics.  Future studies are 
needed to fully understand gender based differences 
in neck flexion among pediatric subjects.  
 
The paucity of pediatric post-mortem human subjects 
for biomechanical research necessitates other 
methods for obtaining pediatric data.  Sub-injurious 
human volunteer studies like those described herein 
compliment the rare PMHS data and animal studies.  
These data quantify the changes in passive cervical 
spine flexion across maturation and act as a 
validation data set for computational cervical spine 
models.  Ultimately, these data will contribute to the 
development of an improved pediatric ATD 
biofidelity requirement. 
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ABSTRACT 

In order to evaluate the impact of driver assistance 
systems under various situations, researchers have 
attempted to reproduce accurate traffic situations and 
accidents by traffic simulations.  Here, we propose a 
new simulator STREET (Safety & Traffic REaltime 
Evaluation Tool) that has a driver model with a 
cognition model and a decision-making model in it.  
This paper mainly describes the aim and the 
architecture of this novel driver model. 

In the cognition model, there are three stages: 1) 
detecting objects in the field of view, 2) classifying 
such objects like a lead vehicle or oncoming vehicle, 
etc., and getting information, and 3) setting the driver’s 
gaze direction.  In the decision-making module, there 
are two stages: the first stage is to decide a maneuver 
for each recognized object by using “a decision rule 
with maps” expressed as the status space region 
defined by object’s parameters such as distance and 
velocity as axes.  The second stage is to decide the 
most appropriate maneuver among the combinations 
permitted in the acceleration/deceleration ranges for 
each object in succession to the first stage.  The 
driving maneuver is switched in sequence based on the 
decision-making model output and the vehicle motion 
is then consequently calculated.  When the traffic 
participants are added in the scene, decision-making 
rules are added for them, allowing STREET to 
correspond to complex traffic situations. 

  Two benefits are expected by using STREET.  One 
is that users can evaluate and understand system 
activation under the target situations.  Another is that 
the system can be evaluated under various traffic 

situations beyond the target situations so that the users 
can assess the limitations of the system. Some 
preliminary results using STREET and further 
development plans for the system are also discussed.  

INTRODUCTION 

For the purpose of evaluating traffic safety systems, 
traffic simulators have been developed. Most 
conventional simulators have implemented “average” 
vehicle motion for a traffic circumstance prepared for 
the evaluation. These have been very useful for 
estimating “average” performance. However, the 
upcoming driver support systems are expected to 
comprehend each driver’s behavior influenced by 
external situations and his/her internal conditions, and 
to automatically adapt their properties. It will become 
very difficult for conventional traffic simulators to 
evaluate such adaptive support systems. 

So, a traffic simulator, called STREET (Safety & 
Traffic REaltime Evaluation Tool) [1] has been 
developed. This paper describes the concept of 
STREET and its driver model in detail, in which a 
driver recognizes his/her surrounding and decides the 
most appropriate maneuver. By allotting a variety to 
the parameters to each traffic participant based on 
his/her characteristics and his/her abilities measured 
under actual traffic circumstances or DS experiments, it 
becomes possible to assess the system benefit 
comprehensively. 
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OUTLINE OF A DRIVER MODEL IN STREET 

Figure 1 shows the structure of STREET. Traffic 
participants such as car, motorcycle, bicycle or 
pedestrian, are called mobility objects in the simulator. 
Each mobility object recognizes each other, decides its 
next operation and puts it into practice. 

Each mobility object is generated from “Mobility 
generation module (b)” and is given its properties 
based on mobility dataset that define not only origin, 
destination and route, but also driver or pedestrian 
characteristics and abilities. 

Roads are generated from “Road generation module 
(a)” using a road element dataset that possesses road 
network data defined by node and link and roadside 
commodities such as traffic signals, stop signs and also 
obstacles. 

 

Figure 1. Structure of STREET 

 

The generation, disappearance and movement during 
the period of each mobility object are managed under 
“traffic environment module (c)”. Each one obtains 
surroundings from the Traffic Environment Module, 

recognizes its situation and then decides the next 
operation. As the result, the location and velocity of 
each are updated and the changes are reflected in the 
data in the Traffic Environment Module and new 
interactions between the objects are yielded. If “Active 
Safety System (d)” is equipped to the objects such as 
information service, warning or intervention, they work 
to influence drivers’ cognition, decision and/or 
behavior.  

 

 

(1) Rear-end collision by inattentive driving 

 

(2) Car to pedestrian collision 

Figure 2. Execution screen (STREET) 

When collisions happened during simulations, STREET 
outputs accumulated data such as process of the 
cognition, decision, operation and driving situations 
and the collision diagram after the simulations were 
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completed. Two examples are shown in Figure 
2.Active safety systems are designed to either help 
reduce collisions or mitigate human injuries as a result 
of decreased collision speed. For the purpose of 
evaluate mitigation benefit, “Injuries Estimation 
Module (e)” is attached to calculate a probability of 
fatality, serious injury and less severe injury in 
collisions. 

A DRIVER’S COGNITION MODEL 

Cognition itself is the composition of visual, auditory 
and tactual sensation etc. Among all, visual is the most 
important to be modeled because it is closely related to 
traffic accident cause. Central visual field allows 
drivers to be aware of the location and speed of objects 
while peripheral visual field allows drivers to be aware 
of just the existence of them. Therefore, cognition 
status depends on the direction of eyes. When there are 
many objects, the order of cognition is one of the 
important factors that drivers must decide. 

Figure 3 is a simplified model of human’s memorizing 
procedure. Sensory memory holds instantaneous iconic 
information within driver’s visual field. The sensory 
information is segregated in this process. Selected 
information that is considered to attract a driver will be 
stored in memory while the unselected one will be 
forgotten. 

Figure. 3 Assumption of the driver visual 
behavior. 

 

Memory process model in STREET models sensory 
memory and short-term memory as shown in Figure 4. 
Objects such as cars, passengers etc. that exist within 

driver’s visual field are inputted to sensory memory, 
and selected ones among them are copied in short-term 
memory with location and velocity information.  

STREET uses the fan-shaped visual field with visual 
distance and angle as parameters for both central visual 
field and peripheral field as shown in Figure 5. The 
parameters are varied between individuals because they 
depend on their ability. 

The location and velocity of each object in short-term 
memory are used to classify whether it is a lead vehicle, 
an oncoming vehicle, a vehicle coming from right or 
etc. Such definitions are expressed in Figure 6 and 7. 
The process is essential to estimate a surrounding risk 
and to decide the priority to direct the eyes. 

 

Figure. 4 Memory process model  
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Figure 5. Driver’s field of view 
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Figure 6. Classifying objects 

Pedestrian：1[mhp]

Oncoming vehicle/ Turn right：0[mph]

Oncoming vehicle/ Turn left：20[mph]

Oncoming vehicle/ Straight ：30[mph]

Right Leading vehicle：35[mph]

Traffic light：Blue

  

Figure 7. Classified objects in the field of view
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Figure 8. Architecture of proposed driver’s decision-making mode

A DRIVER’S DECISION-MAKING MODEL 

The driver’s decision-making model is the core of the 
simulator. In actual traffic, a driver’s decision is 
influenced not just by recognized objects, but also by 
their complex combinations. However, it is rather 
impractical to implement such combinations one by 
one. 

So, we propose a new driver’s decision-making model 
that consists of a bundle of rules like a production line 
shown in Figure 8. It is a concrete example which 
simulates that a driver recognizes five objects, that is, a 
traffic signal (green), the vehicle in front (brake light 
lit), a vehicle on the right (not close), a vehicle on the 
left (not close), and an oncoming right-turning vehicle 
(stopped). All the while, the driver is following a 
vehicle and approaching to an intersection. 

The decision-making model has two steps. The first 
step (Step1) is the decision of candidate of maneuver 
and its level using “a decision rule with maps” for each 
recognized object. The map establishes the 
correspondence from one point in the state space region 
defined by the object’s and driver vehicle’s information 
to one maneuver. Wiedemann’s model [2] for the 
vehicle in front and the Gap Acceptance model [3] for 
an oncoming vehicle are considered adequate to be 
applied. They propose appropriate maneuver zones 

enclosed by kinematics conditions and also by the 
driver’s abilities and characteristics.  Figure 9 shows 
the modified Wiedemann’s model in STREET for an 
average driver while following a vehicle. Each region 
has an allowable range between the maximum 
deceleration and the maximum acceleration to avoid a 
collision and maintain the driver’s safety margin (usual 
gap time, acceptable deceleration, and so on).  The 
range of course should pay attention not to break any 
traffic rules. Various maps are prepared according to 
the driver’s abilities and characteristics. 

In the second step (Step 2), the most appropriate 
driving maneuver within the smallest allowable 
acceleration range among the candidates is selected. 
Then, a target location and a target velocity are 
identified. 

The model has three benefits: First, it is based on the 
information processing model for a human. Second, it 
expands easily to complex traffic situations simply by 
piling up new decision rules with maps for added 
object. Third, the development of a decision rule with a 
map is easy, for one can deal with a decision rule with 
a map respectively. We have developed almost 1,500 
rules so far that are related to intersection driving. As 
the number of rules increase, the model can cover more 
traffic situations. 
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Figure. 9 The map of decision rule for an 
average driver in LVD scene 

EXPERIMENT AND RESULT 

We confirmed the capability of traffic flow 
reproduction of the simulator. The traffic conditions 
used for validation are shown in Figure 10. Vehicles 
are generated at the rate shown in Figure 10(1) and the 
signal timings are set as shown in Figure 10(2). 

 

 

 

 

Figure 10. Trafic conditions used for the 
validation 
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Figure 11. The distribution of a gap time to a 
leading vehicle 
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Figure 12. The 50 percentile TTC at the onset 
braking to a lead vehicle (LVS, LVD, LVM) 

LVM: Lead Vehicle Moving 

LVS: Lead Vehicle Stopped 

LVD: Lead Vehicle Decelerating 



Aga 7 

The indexes related to the lead vehicle were validated.  
The distribution of gap time to a lead vehicle while 
passing through an intersection during the signal is 
green is shown in Figure 11. The simulator shows the 
mode value of 2.0 sec while measured data shows that 
of 1.8sec. The graph indicates that the distribution of 
simulation coincides well with that of measured data 
[4]. The 50 percentile TTC (time to collision) at the 
onset of braking to a lead vehicle is compared in Figure 
12. It can be seen that the 50 percentile TTC in 
simulation coincides well with that of measured data 
[5], except for LVM scene. The difference may suggest 
that actual drivers are more sensitive to the lead 
vehicle’s deceleration than the modeled driver. Further 
investigation will be needed to understand these 
differences. 

CONCLUSION 

To evaluate the performance of safety systems, a traffic 
simulator with a detailed driver model, named STREET 
has been developed. Its cognition model possesses 
sensory memory and short-term memory so as to 
emulate human visual behavior. The characteristic of 
its decision-making model is that it consists of decision 
rules with maps so as to ensure expandability and easy 
development.  The capability of traffic flow 
reproduction of the simulator was confirmed. In the 
future, we plan to validate both the macro- and 
microscopic traffic flow levels and evaluate the effect 
of driver support systems. 
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ABSTRACT 
 
Prototypes of the latest version of a biofidelic flexible 
pedestrian legform impactor (Flex-GTR-proto) were 
developed in November 2008. In this research several 
technical evaluations on the Flex-GTR-proto were 
conducted. As a result, fairly good repeatability and 
reproducibility of the Flex-GTR-proto, and 
comparability of the Flex-GTR-proto output under 
the symmetric right and left bumper corner impacts 
were observed (majorities of CV values are less than 
3%).  
 
As for the comparability between the Flex-GT and 
Flex-GTR proto, some differences were observed 
between them. Most of the maximum value ratios of 
Flex-GTR-proto relative to the Flex-GT are less than 
1.1. The difference between the Flex-GT and 
Flex-GTR-proto has a chance to affect the injury 
threshold values; therefore, a following research has 
been investigating the threshold values for the 
Flex-GTR-proto using the ratios of the Flex-GT and 
Flex-GTR outputs and/or using the correlations 
between the Flex-GTR-proto and human lower 
extremities outputs which can be obtained from a 
computer simulation analysis. 
 
 
INTRODUCTION 
 
In 1998, the European Enhanced Vehicle-Safety 
Committee proposed a test procedure to assess the 
protection vehicles provide to the lower extremity of 
a pedestrian during a collision [1]. This procedure 
utilizes a legform impactor composed of rigid long 
bones. 
 
In order to improve biofidelity of the legform 
impactor, the Japan Automobile Research Institute 
(JARI) and the Japan Automobile Manufacturers 
Association, Inc. (JAMA) have been developing a 
biofidelic flexible pedestrian legform impactor 
(Flex-PLI) since 2002 [2]. The Flex-PLI has high 
biofidelity especially for its long bone parts, which 
have human-like bending characteristics under a car 

impact condition, compared to other types of legform 
impactors, which have rigid long bone parts [3].  
 
The Flex-PLI also provides extended injury 
assessment capability, including long bone bending 
moment at multiple locations and knee ligament 
elongations in comparison to other pedestrian 
legforms [3]. 
 
In 2005, the Flex-PLI Technical Evaluation Group 
(Flex-TEG) was settled under the 
UN/ECE/WP29/GRSP/Informal Group on Pedestrian 
Safety in order to evaluate its performance to adopt 
the impactor as a regulatory purpose test tool for a 
Global Technical Regulation on Pedestrian Safety 
(PS-GTR: gtr 9).  
 
The Ministry of Land, Infrastructure, Transport, and 
Tourism of Japan (J-MLIT) has been supporting this 
Flex-TEG activity, taking a task of a chair country of 
the group and conducting technical evaluation tests 
on the Flex-PLI. 
 
After the settlement of the Flex-TEG, the Flex-PLI 
was evaluated and improved its performance under 
the Flex-TEG activity, and then its design of the final 
version, type GTR (Flex-GTR), was agreed by the 
Flex-TEG members in April 2008 [4], and its 
prototype (Flex-GTR-proto) was released in 
November 2008. 
 
In the Flex-GTR-proto development, First 
Technology Safety Systems (FTSS) was involved as a 
dummy development specialist company. 
 
This paper provides a brief introduction of the 
Flex-GTR-proto and technical evaluation test results 
on them under several impact conditions.  
 
 
TECHNICAL EVALUATION ITEMS 
 
In this research, following technical evaluations were 
conducted. 
E1: Repeatability of the Flex-GTR-proto 
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E2: Reproducibility of the Flex-GTR-proto 
E3: Comparability between the Flex-GT and 

Flex-GTR-proto 
E4: Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper corner 
impacts 

 
 
MATERIALS 
 
Flexible Pedestrian Legform Impactor type GTR 
prototype (Flex-GTR-proto) 
 
Figure 1 shows a general construction of the 
Flex-GTR-proto. Its femur and tibia have flexible 
long bones which can be bent under the car impact 
condition. Its knee has a ligament constraint system 
similar to the human one, and its movement is 
restrained by four knee ligaments as described in the 
figure. More detailed information of the 
Flex-GTR-proto is described in the Part2 of this ESV 
paper series (Paper Number 09-0146) [5]. 
 
In this research three of the Flex-GTR-proto (SN01, 
SN02, SN03) were used as shown in Figure 2. The 
three Flex-GTR-protos have the same constructions, 
and only data acquisition systems (DAS) which can 
be used are different. The SN01 can implement an 
off-board DAS only. On the other hand, the SN02 can 
implement an off-board DAS or on-board DAS 
(M=BUS, MESSRING, Germany), and the SN03 can 
implement an off-board DAS or on-board DAS 
(SLICE, DTS, USA), as shown in Figure 3. More 
detailed information of the DAS is described in the 
Part 2 of this ESV paper series [5]. 
 
Figure 4 shows the measurement items of the 
Flex-GTR-protos. In this research mainly injury 
assessment items and monitoring items were 
measured. 

a) Inner body b) Outer body
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Figure 1.  Flexible Pedestrian Legform Impactor 
type GTR prototype (Flex-GTR-proto). 

Flex-GTR-prototype (SN01, SN02, SN03)

SN01: Off-board DAS
SN02: Can select On-board DAS (M=BUS) or Off-board DAS
SN03: Can select On-board DAS (SLICE) or Off-board DAS

Data Acquisition systems (DAS)

SN01
SN02

SN03

On-board DAS
SLICE

(DTS ,USA)
On-board DAS

M=BUS
(MESSRING, Germany)  

Figure 2.  Flex-GTR-proto (SN01, SN02, SN03) 
and Data Acquisition System (DAS). 
 

On-board DAS (M=BUS) for SN02

On-board DAS
M=BUS (MESSRING, Germany)

On-board DAS (SLICE) for SN03

On-board DAS
SLICE (DTS, USA)  

Figure 3.  On-board Data Acquisition System 
(DAS) for the Flex-GTR-proto (SN02 and SN03). 
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** Based of the Flex-TEG discussion  
Figure 4.  Flex-GTR-proto Measurement Items. 
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Flexible Pedestrian Legform Impactor type GT 
(Flex-GT) 
 
Figure 5 shows a general construction of the Flex-GT. 
Its construction is similar to the Flex-GTR-proto, 
however, knee ligaments arrangements are different.  
In the Flex-GTR-proto, the ACL (anterior cruciate 
ligament) and PCL (posterior cruciate ligament) are 
located on both sides of the knee, symmetry to the 
impact and longitudinal axes of the impactor [5]. On 
the other hand, in the Flex-GT, ACL and PCL are 
located on different sides of the knee, asymmetry to 
the impact and longitudinal axes of the impactor.  
The asymmetric knee ligament location of the 
Flex-GT tends to generate knee twist motion, 
therefore it tends to obtain different test results 
between symmetric left and right bumper corner 
impacts. As for the DAS of the Flex-GT, only an 
off-board DAS is available. 
 
Figure 6 shows the measurement items of the 
Flex-GT. The measurement items are the same except 
the knee (tibia side) acceleration of the 
Flex-GTR-proto. In this research, we used the 
Flex-GT (SN03), and then measured injury 
assessment items and monitoring items mainly. 
 

a) Inner body b) Outer body

Knee
ligament
constraint

system

Tibia
flexible

long
bone

Femur
flexible 

long
bone

Flesh
neoprene 

and
synthetic
rubber 
sheets

MCLLCL

ACLPCL
(opposite side)

c) Human lower 
extremity image

Impact direction

MCL: Medial Collateral Ligament
ACL: Anterior Cruciate Ligament
PCL: Posterior Cruciate Ligament
LCL: Lateral Collateral Ligament

 
Figure 5.  Flexible Pedestrian Legform Impactor 
type GT (Flex-GT). 
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(BM*)

Impact direction

Injury Assessment Items** 

Monitoring Items** 

Others**
*BM: Bending Moment

** Based of the Flex-TEG discussion  
Figure 6.  Flex-GT Measurement Items. 
 
Assembly Pendulum Type Calibration Test Rigs 
 

Type 1 – Figure 7 shows the assembly pendulum 
type calibration test rig (type 1). The rig was 
developed in order to calibrate the Flex-GT. However, 
the rig can accommodate not only the Flex-GT but 
also the Flex-GTR-proto. The test rig therefore was 
used for investigating E3: Comparability between the 
Flex-GT and Flex-GTR-proto in this research. 

Assembly Pendulum type
Calibration Test Rig (Type 1)
(can accommodate Flex-GT and Flex-GTR-proto)

 
Figure 7.  Assembly Pendulum Type Calibration 
Test Rig (Type 1). 
 

Type 2 – Figure 8 shows the assembly pendulum 
type calibration test rigs (type 2). The rig was 
developed in order to calibrate of the Flex-GTR-proto. 
The rig can accommodate the Flex-GTR-proto only, 
therefore, the test rig was used for investigating E1: 
Repeatability and E2: Reproducibility of the 
Flex-GTR-proto. 
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Assembly Pendulum type 
Calibration Test Rig (Type 2)
(can accommodate Flex-GTR-proto only)

 
Figure 8.  Assembly Pendulum Type Calibration 
Test Rig (Type 2). 
 
 
Simplified Cars 
 

Type 1 – Figure 9 shows an over view of a 
simplified car (type 1).  The car consisted of bonnet 
leading edge (BLE), bumper (BP), and spoiler (SP).  
Figure 10 shows its cross sectional dimensions at the 
center line of the car. The car was made from steel for 
automobile; therefore, the car was deformed after an 
impact test as shown in Figure 11. 

 
This car was used for investigating E1: 

Repeatability and E2: Reproducibility of the 
Flex-GTR-proto and E3: Comparability between the 
Flex-GT and Flex-GTR-proto. 

BLE

BP

SP

BLE: Bonnet leading edge
BP: Bumper 
SP: Spoiler  

Figure 9.  Simplified Car (Type 1). 
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Figure 10.  Cross Sectional Dimensions at the 
Car Center of the Simplified Car (Type 1). 
 

SP

BLE: Bonnet leading edge
BP: Bumper 
SP: Spoiler

BP

BLE

 
Figure 11.  Deformation of the Simplified Car 
(Type 1) after an Impact Test. 
 

Type 2, –R and -L – Figure 12 shows an over 
view of the simplified car (type 2, -R and -L).  The 
car had the same configuration as that of the 
simplified car type 1, consisting of bonnet leading 
edge (BLE), bumper (BP), and spoiler (SP).  Figure 
13 shows its cross sectional dimensions at the center 
line of the car. The type 2 has two versions, –R and 
–L, by different setting of the car turned 30 degree 
right or left around the vertical axis, therefore both 
versions had exactly the same cross sectional 
dimensions at the car center.  The type 2-R 
simulates right side of the bumper corner, and the 
type 2-L simulates left side of the bumper corner.  
The car was made from steel for automobile, which 
was also used for the simplified car type 1; therefore, 
the car is deformed after an impact test as shown in 
Figure 14. 

 
These cars (Type 2, -R and –L) were used for 

investigating E4: Comparability of the 
Flex-GTR-proto under the symmetric right and left 
bumper corner impacts. 
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Figure 12.  Simplified Car (Type 2, -L and -R). 
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Figure 13.  Cross Sectional Dimensions at the 
Car Center of the Simplified Car (Type 2). 
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Figure 14.  Deformation of the Simplified Car 
(Type 2, -R and -L) after an Impact Test. 
 
 
METHODOLOGY 
 
Assembly Pendulum Type Calibration Test 
Methods 
 

Type 1 – Figure 15 shows the assembly 
pendulum type calibration test method (Type 1). In 
the test, the femur top of the Flex-GT or 
Flex-GTR-proto was attached to the assembly type 
calibration test rig (Type 1) via a pin joint, and then 
the tibia bottom was suspended at 15 degrees above 
the horizontal level.  The legform was then released 
from the suspended position and then impacted the 
pad attached to the test rig. The same material as that 
of the flesh part of the Flex-GT and Flex-GTR-proto 
was used for the pad. 
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Figure 15.  Assembly Pendulum type Calibration 
Test Method (Type 1). 
 

Type 2 – Figure 16 shows the assembly 
pendulum type calibration test method (Type 2). In 
the test, the tibia bottom of the Flex-GTR-proto was 
attached to the assembly type calibration test rig 
(Type 2) via a pin joint, and then the top of the femur 
was suspended with a 5 kg additional mass at 15 
degrees above the horizontal level. The legform was 
then released from the suspended position and then 
impacted the pad attached to the test rig. The same 
material as that of the flesh part of the Flex-GT and 
Flex-GTR-proto was used for the pad. 
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H= 100 mm

Flex-GT-proto

 
Figure 16.  Assembly Pendulum type Calibration 
Test Method (Type 2). 
 

Simplified Car Test Methods 
 

Type 1 – Figure 17 shows the test method for 
the simplified car (Type 1).  In the test, the 
Flex-GTR-proto or Flex-GT was propelled to the car 
under the free flight condition, and then impacted the 
center line position of the simplified car bumper at 
11.1 m/s.  The target impact height of the impactor 
was 75 mm above the ground level, and the target 
temperature and relative humidity of the test sight 
were 20 degree Celsius and 40 % respectively.  The 
tolerance of each test condition was settled based on 
the current global technical regulation on the 
pedestrian safety (gtr 9). 
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Figure 17.  Simplified Car (Type 1) Test Method. 
 

Type 2, -R and -L – Figure 18 shows the test 
method for the simplified car (Type 2, -R and -L).  
In the test, the Flex-GTR-proto was propelled to the 
car under the free flight condition, and then impacted 
the center line position of the simplified car bumper 
at 11.1 m/s.  The target impact height of the 
impactor was 75 mm above the ground level, and the 
target temperature and relative humidity of the test 
sight were 20 degree Celsius and 40 % respectively.  
The tolerance of each test condition was settled based 
on the current global technical regulation on the 
pedestrian safety (gtr 9). 
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Figure 18.  Simplified Car (Type 2, -R and -L) 
Test Method. 
 
 
TEST MATRIXES 
 
Assembly Pendulum Type Calibration Test Series 
 
Table 1 shows the matrix for the assembly pendulum 
type calibration test series. In the test series, thirteen 
tests were conducted, and then the following items 
were evaluated; E1: Repeatability of the 
Flex-GTR-proto, E2: Reproducibility of the 
Flex-GTR-proto, and E3: Comparability between the 
Flex-GTR and Flex-GT. 
 
Simplified Car Test Series 
 
Table 2 shows the matrix for the simplified car test 
series. In the test series, eleven tests were conducted, 
and then the following items were evaluated; E1: 
Repeatability of the Flex-GTR-proto, E2: 
Reproducibility of the Flex-GTR-proto, E3: 
Comparability between the Flex-GTR and Flex-GT, 
and E4: Comparability of the Flex-GTR-proto under 
the symmetric right and left bumper corner impacts. 

Table 1.  Matrixes for the Assembly Pendulum 
Type Calibration Test Series. 

E1

E1

E1

E2

E3

E1: Evaluation on the Repeatability of the Flex-GTR-proto
E2: Evaluation on the Reproducibility of the Flex-GTR-proto
E3: Evaluation on the Comparability between the Flex-GT and the 

Flex-GTR-proto

Type SN

P1

P2

P3

P4

P5

P6

P7

P8

P9 SLICE

P10 SN01 Off-board

P11 SN02 M=BUS

P12 SN03 SLICE

P13 Flex-GT SN03 Off-board

Assembly Pendulum

Type Calibration

Test Method

Type 2

Test

ID

Impactor
DAS

SN01 Off-board

Flex-GTR-proto

Off-board

SN02 M=BUS

Type 1
Flex-GTR-proto

SN03

 
Table 2.  Matrix for the Simplified Car Test 
Series. 

E1E2

E4

E1: Evaluation on the Repeatability of the Flex-GTR-proto
E2: Evaluation on the Reproducibility of the Flex-GTR-proto
E3: Evaluation on the Comparability between the Flex-GT and the 

Flex-GTR-proto
E4: Evaluation on the Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper corner impact

E3

Simplified Car

Type SN Type

S1 SN01 Off-board

S2

S3

S4

S5

S6 SN03 Off-board

S7 Flex-GT SN03 Off-board

S8

S9

S10

S11

Flex-GTR-proto SN03 SLICE

Type 2-R

Type 2-L

Impactor
DAS

Flex-GTR-proto SN02 M=BUS
Type 1

Test

ID

 
 
TENTATIVE INJURY ASSESSMENT 
REFERENCE VALUES 
 
Table 3 shows the tentative injury assessment 
reference values (t-IARV) in this research. These 
values were settled based on the proposal or 
discussion at the 7th Flex-TEG meeting [6-8].  
 
The t-IARV values were used to evaluate standard 
deviation (St.Dev) levels of the maximum 
measurement values for injury assessment or 
monitoring items relative to the injury assessment 
levels by dividing St.Dev. by t-IARV (i.e. 
St.Dev/t-IARV). 
 
Table 3. Tentative Injury Assessment Reference 
Values (t-IARV). 

TEG-077 TEG-076 TEG-078

Tibia
BM*

318 (Nm) - - 318 (Nm)

Knee-MCL
Elongation

- 23 (mm) 16, 20 (mm) 20 (mm)

Knee-ACL
Elongation

- - 12.7 (mm) 12.7 (mm)

Knee-PCL
Elongation

- - 12.7 (mm) 12.7 (mm)

* BM: Bending Moment

Tentative Injury
Assessemnt

Reference Values
(t-IARV)

in this research

Monitoring
Only

Injury
Assessment

Injury
Criteria

Purpose

Proposed/Discussed
Injury Assessment Reference Values

at the 7th Flex-TEG meeting
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TEST CONDITIONS (TARGETS AND 
RESULTS) 
 
Table 4 shows the test conditions for the simplified 
car test series. All of the impact conditions are within 
the targets, except for the horizontal location of the 
S1. However, the simplified car has a continuous 
similar shape in the horizontal direction, so the test 
results were used for our analysis. 
 
As for the assembly pendulum type calibration test 
series, there were no concerns on the test conditions 
for the following reasons; 1) well air conditioned test 
sight is used, 2) not free fright test (well controlled 
pendulum test). 
 
Table 4.  Test Conditions for the Simplified Car 
Test Series (Targets and Results). 

Targets Results Targets Results Targets Results

S1 11.1 20.6 40
S2 11.1 21.1 35
S3 11.2 20.5 40
S4 11.1 21.9 42
S5 11.1 21.4 34
S6 11.2 20.7 37
S7 11.1 20.4 48
S8 11.0 22.8 26
S9 11.1 22.2 30

S10 11.1 21.7 29
S11 11.1 22.8 32

Targets Results Targets Results*

S1 70 28
S2 73 -2
S3 72 -6
S4 71 0
S5 77 -2
S6 75 -10
S7 72 -2
S8 79 5
S9 78 -2

S10 77 -3
S11 80 0

* +: Right,  -: Left  (from driver's point of view)

75 ± 10
 above

from the
ground level

Simplified car
center line

± 10

Relative Humidity
(%)

Impact Height
(mm)

Horizontal Locaiton
(mm)Test

ID

20 ± 4 40 ± 30

Test
ID

Impact Speed
(m/s)

11.1 ± 0.2

Temperature
(deg. Celsius )

 
 
TEST RESULTS 
 
The test results are described by each evaluation 
item. 
 
E1: Repeatability of the Flex-GTR-proto 
 

Assembly Pendulum Type Calibration Test 
Series – Evaluation test results on the repeatability of 
the Flex-GTR-proto (SN01-SN03) in the assembly 
pendulum type calibration test series are shown in 
Figure 19 through Figure 21 and in Table 5 through 
Table 7. Each impactor shows repeatable waveforms. 
The Coefficient of Variation (CV) values with regard 
to the injury assessment or monitoring items are 
lower than 7.72% (SN03, Knee-PCL), with the 
majority of the CV values being less than 3%. When 
we see the standard deviation values related to the 
tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
4.52 % (SN03, Knee-ACL), and most of the values 
are less than 3 %. 
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Figure 19.  Waveforms (Test ID: P1-P3, 
Repeatability: Flex-GTR-proto (SN01)). 
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Figure 20.  Waveforms (Test ID: P4-P6, 
Repeatability: Flex-GTR-proto (SN02)). 
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Figure 21.  Waveforms (Test ID: P7-P9, 
Repeatability: Flex-GTR-proto (SN03)). 
 
Table 5.  Maximum Values and Variations (Test 
ID: P1-P3, Repeatability: Flex-GTR-proto 
(SN01)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto. (SN01), P1 239.7 194.0 154.9 106.4 8.19 4.11 22.4
Flex-GTR-proto. (SN01), P2 241.2 193.6 152.8 104.1 7.85 4.62 22.3
Flex-GTR-proto. (SN01), P3 241.8 193.6 153.4 104.5 8.10 4.41 22.4

Avg. 240.9 193.7 153.7 105.0 8.05 4.38 22.4
St. Dev. 1.08 0.23 1.08 1.23 0.18 0.26 0.06
CV (%) 0.45 0.12 0.70 1.17 2.19 5.85 0.26

Judgement Good Good Good Good Good Acceptable Good

t-IRAV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 0.34 0.07 0.34 0.39 1.39 2.02 0.29

Judgement Good Good Good Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 
 
Table 6.  Maximum Values and Variations (Test 
ID: P4-P6, Repeatability: Flex-GTR-proto 
(SN02)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto. (SN02), P4 253.9 201.1 160.3 106.8 8.28 4.97 22.6
Flex-GTR-proto. (SN02), P5 247.4 203.1 157.4 110.0 8.24 4.90 22.5
Flex-GTR-proto. (SN02), P6 246.7 202.8 157.7 109.9 8.20 4.85 22.5

Avg. 249.3 202.3 158.5 108.9 8.24 4.91 22.5
St. Dev. 3.97 1.08 1.59 1.82 0.04 0.06 0.06
CV (%) 1.59 0.53 1.01 1.67 0.49 1.23 0.26

Judgement Good Good Good Good Good Good Good

t-IARV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 1.25 0.34 0.50 0.57 0.31 0.47 0.29

Judgement Good Good Good Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 

Table 7.  Maximum Values and Variations (Test 
ID: P7-P9, Repeatability: Flex-GTR-proto 
(SN03)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto. (SN03), P7 235.8 197.7 165.5 105.9 8.09 4.83 22.3
Flex-GTR-proto. (SN03), P8 236.0 198.5 166.3 105.6 7.31 5.57 22.3
Flex-GTR-proto. (SN03), P9 245.1 206.9 173.4 110.8 8.43 4.96 22.7

Avg. 239.0 201.0 168.4 107.4 7.94 5.12 22.4
St. Dev. 5.31 5.10 4.35 2.92 0.57 0.40 0.23
CV (%) 2.22 2.54 2.58 2.72 7.23 7.72 1.03

Judgement Good Good Good Good Marginal Marginal Good

t-IARV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 1.67 1.60 1.37 0.92 4.52 3.11 1.15

Judgement Good Good Good Good Acceptable Acceptable Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 

 

Simplified Car Test Series – Evaluation test 
results on the repeatability of the Flex-GTR-proto 
(SN02) in the simplified car test series are shown in 
Figure 22 through Figure 23 and in Table 8. The 
Flex-GTR-proto (SN02) shows repeatable kinematics 
and waveforms. The CV values with regard to the 
injury assessment or monitoring items are lower than 
3.26% (SN02, Tibia-4), with the majority of the CV 
values being less than 3%. When we see the standard 
deviation values related to the tentative injury 
assessment reference levels (St.Dev./t-IARV), all of 
the values are lower than 1.8 % (SN02, Tibia-1). 

 

0 ms 10 ms 20 ms 30 ms 40 ms0 ms 10 ms 20 ms 30 ms 40 ms

Flex-GTR-proto. (SN02), S2

Flex-GTR-proto. (SN02), S3

Flex-GTR-proto. (SN02), S4

Flex-GTR-proto. (SN02), S5

 
Figure 22.  Kinematics (Test ID: S2-S5 
Repeatability: Flex-GTR-proto (SN02)). 
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Figure 23.  Waveforms (Test ID: S2-S5, 
Repeatability: Flex-GTR-proto (SN02)). 
 
Table 8.  Maximum Values and Variations (Test 
ID: S2-S5 Repeatability: Flex-GTR-proto (SN02)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-prot. (SN02), S2 338.2 276.3 227.7 147.7 8.32 6.52 19.3
Flex-GTR-prot. (SN02), S3 350.6 285.5 236.5 148.5 8.28 6.61 19.3
Flex-GTR-prot. (SN02), S4 340.1 276.4 228.1 138.4 8.43 6.85 19.6
Flex-GTR-prot. (SN02), S5 339.4 273.5 231.6 147.3 8.08 6.90 18.8

Avg. 342.1 277.9 231.0 145.5 8.28 6.72 19.25
St. Dev. 5.74 5.23 4.08 4.74 0.15 0.18 0.33
CV (%) 1.68 1.88 1.77 3.26 1.77 2.74 1.72

Judgement Good Good Good Acceptable Good Good Good

t-IARV* 318 318 318 318 12.7 12.7 20.0
St.Dev./t-IARV (%) 1.80 1.64 1.28 1.49 1.15 1.45 1.66

Judgement Good Good Good Good Good Good Good

*  t-IARV: Tentative Injury Assessment Reference Values
** Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 

 

 

E2: Reproducibility of the Flex-GTR-proto 
 

Assembly Pendulum Type Calibration Test 
Series – Evaluation test results on the reproducibility 
of the Flex-GTR-proto (SN01-SN03) in the assembly 
pendulum type calibration test series are shown in 
Figure 24 and Table 9. Each impactor shows very 
similar waveforms. The Coefficient of Variation (CV) 
values with regard to the injury assessment or 
monitoring items are lower than 7.94% (SN01-SN03, 
Knee-PCL), with the majority of the CV values being 
less than 3%. When we see the standard deviation 
related to the tentative injury assessment reference 
levels (St.Dev./t-IARV), all of the values are lower 
than 3.0 % (SN03, Knee-PCL), and most of the 

values are less than 3 %. 
 

Simplified Car Test Series – Evaluation test 
results on the reproducibility of the Flex-GTR-proto 
(SN02) in the simplified car test series are shown in 
Figure 25 through Figure 26 and in Table 10. The 
Flex-GTR-proto (SN01-SN03) shows comparable 
kinematics and waveforms. The CV values with 
regard to the injury assessment or monitoring items 
are lower than 6.68% (SN01-SN03, Tibia-4), with the 
majority of the CV values being less than 4%. When 
we see the standard deviation values related to the 
tentative injury assessment reference levels 
(St.Dev./t-IARV), all of the values are lower than 
4.12 % (SN01-SN03, Tibia-3). 
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Figure 24.  Waveforms (Test ID: P1, P4, P7 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 
 
Table 9.  Maximum Values and Variations (Data: 
Avg. of SN01 (P1-P3), S02 (P4-P6), S03 (P7-P9), 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto (SN01), Avg.*** 240.9 193.7 153.7 105.0 8.05 4.38 22.4
Flex-GTR-proto (SN02), Avg.*** 249.3 202.3 158.5 108.9 8.24 4.91 22.5
Flex-GTR-proto (SN03), Avg.*** 239.0 201.0 168.4 107.4 7.94 5.12 22.4

Avg. 243.1 199.0 160.2 107.1 8.08 4.80 22.4
St. Dev. 5.48 4.64 7.50 1.97 0.15 0.38 0.06
CV (%) 2.26 2.33 4.68 1.84 1.88 7.94 0.26

Judgement Good Good Acceptable Good Good Marginal Good

t-IARV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 1.72 1.46 2.36 0.62 1.20 3.00 0.29

Judgement Good Good Good Good Good Acceptable Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.
*** Flex-GTR-proto (SN01), Avg.: Average data of P1-P3
     Flex-GTR-proto (SN02), Avg.: Average data of P4-P6
     Flex-GTR-proto (SN03), Avg.: Average data of P7-P9

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Judgements

Injury
Assessment

Items

Monitoring
Items
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Figure 25.  Kinematics (Test ID: S1, S2, S6 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 
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Figure 26.  Waveforms (Test ID: S1, S2, S6 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 
 

Table 10.  Maximum Values and Its variations 
(Data: S1, Avg. of SN02 (S2-S5), S6, 
Reproducibility: Flex-GTR-proto (SN01, SN02, 
SN03)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-prot (SN01), S1 317.2 258.5 214.7 127.7 7.81 6.54 19.2
Flex-GTR-prot (SN02), Avg.*** 342.1 277.9 231.0 145.5 8.28 6.72 19.3
Flex-GTR-prot (SN03), S6 330.9 275.6 240.6 140.8 7.80 6.71 19.1

Avg. 330.1 270.7 228.8 138.0 7.96 6.66 19.2

St. Dev. 12.47 10.60 13.09 9.22 0.27 0.10 0.10
CV (%) 3.78 3.92 5.72 6.68 3.44 1.52 0.52

Judgement Acceptable Acceptable Acceptable Acceptable Acceptable Good Good

t-IARV* 318 318 318 318 12.7 12.7 20

St.Dev./t-IARV (%) 3.92 3.33 4.12 2.90 2.16 0.80 0.50
Judgement Acceptable Acceptable Acceptable Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values

**  Injury assessement items and monitoring items were evaluated.

*** Flex-GTR-proto (SN02), Avg.: Average data of S2-S5

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Judgements

Injury
Assessment

Items

Monitoring
Items

 

 

 

E3: Comparability between the Flex-GT and 
Flex-GTR-proto 
 

Assembly Pendulum Type Calibration Test 
Series – Evaluation test results on the comparability 
between the Flex-GT and the Flex-GTR-proto in the 
assembly pendulum type calibration test series are 
shown in Figure 27 and Figure 28. Several 
measurement values of the Flex-GTR-proto are 
slightly higher than the Flex-GT (SN03), however, 
most of the Flex-GTR-proto outputs are within the 
Flex-GT corridor [9], which is tentatively settled to 
calibrate the Flex-GT by using the assembly 
pendulum type calibration test method (Type 1). 

 
  The average ratio of the measurement values 

of the Flex-GTR-proto to the Flex-GT corridor 
(center) are shown in Figure 29. All of the average 
ratios are lower than 1.36 (Knee-PCL, Avg.), and 
most of the average ratios are less than 1.1. 
 

Simplified Car Test Series – Evaluation test 
results on the comparability between the Flex-GT and 
the Flex-GTR-proto in the simplified car test series 
are shown in Figure 30 through Figure 32. Several 
measurement values of the Flex-GTR-proto are 
slightly higher than the Flex-GT (SN03).  

 
The average ratio of the measurement values of 

the Flex-GTR-proto to the Flex-GT (SN03) are 
shown in Figure 33.  All of the average ratios are 
lower than 1.16 (Femur-3, Avg.), and most of the 
average ratios are less than 1.1. 
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Figure 27.  Waveforms with Flex-GT Corridor 
(Test ID: P13, P10-P12, Comparability: Flex-GT 
and Flex-GTR-proto). 
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Figure 28.  Maximum Values with Flex-GT 
Corridor (Test ID: P13, P10-P12, Comparability: 
Flex-GT and Flex-GTR-proto). 
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Figure 29.  Maximum Value Ratio to the Flex-GT 
Center Corridor (Test ID: P10-P12, 
Comparability: Flex-GT and Flex-GTR-proto). 
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Figure 30.  Kinematics (Test ID: S7, S1, S2, S6, 
Comparability: Flex-GT and Flex-GTR-proto). 
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Figure 31.  Waveforms (Test ID: S7, S1, S2, S6, 
Comparability: Flex-GT and Flex-GTR-proto). 
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Figure 32.  Maximum Values (Test ID: S7, S1, S2, 
S6, Comparability: Flex-GT and 
Flex-GTR-proto). 
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Figure 33.  Maximum Value Ratio to the Flex-GT 
(SN03) (Test ID: S7, S1, S2, S6, Comparability: 
Flex-GT and Flex-GTR-proto). 
 
 
E4: Comparability of the Flex-GTR-prototype 
output under the symmetric right and left bumper 
corner impacts 
 
Evaluation test results on the comparability of the 
Flex-GTR-proto (SN03) output under the symmetric 
right and left bumper corner impacts are shown in 
Figure 34, Figure 35, and Table 11. The 
Flex-GTR-proto shows comparable kinematics and 
waveforms under the symmetric right and left 
bumper corner impacts. The Coefficient of Variation 
(CV) values with regard to the injury assessment or 
monitoring items are lower than 4.94% (Knee-PCL), 
with the majority of the CV values being less than 
3%. When we see the standard deviation values to the 
tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
2.98 % (Knee-PCL). 
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Figure 34.  Kinematics (Test ID: S8-S11, 
Comparability: Flex-GTR-proto output under 
Symmetric Right and Left Bumper Corner 
Impact). 
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Figure 35.  Waveforms (Test ID: S8-S11, 
Comparability: Flex-GTR-proto output under 
Symmetric Right and Left Bumper Corner 
Impact). 



   

                                       KONOSU 14

Table 11.  Maximum Values and Variations (Test 
ID: S8-S11, Comparability: Flex-GTR-proto 
output under Symmetric Right and Left Bumper 
Corner Impact). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-prot. (SN03), S8 273.7 269.6 269.8 139.5 11.61 8.18 19.3
Flex-GTR-prot. (SN03), S9 282.1 280.0 281.1 149.2 12.11 7.72 18.8
Flex-GTR-prot. (SN03), S10 285.6 281.5 278.7 146.5 11.81 7.38 19.8
Flex-GTR-prot. (SN03), S11 285.6 281.5 278.7 146.5 11.81 7.38 19.8

Avg. 281.8 278.2 277.1 145.4 11.84 7.67 19.43
St. Dev. 5.61 5.74 4.98 4.15 0.21 0.38 0.48
CV (%) 1.99 2.06 1.80 2.85 1.74 4.94 2.46

Judgement Good Good Good Good Good Acceptable Good

t-IARV* 318 318 318 318 12.7 12.7 20.0
St.Dev./t-IARV (%) 1.77 1.81 1.57 1.31 1.62 2.98 2.39

Judgement Good Good Good Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Judgements

Injury
Assessment

Items

Monitoring
Items

 
 
DISCUSSIONS 
 
In this research the following items were evaluated. 
E1: Repeatability of the Flex-GTR-proto 
E2: Reproducibility of the Flex-GTR-proto 
E3: Comparability between the Flex-GT and 

Flex-GTR-proto 
E4: Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper corner 
impacts 

 
The evaluation results of each item are discussed 
bellow. 
 
E1: Repeatability of the Flex-GTR-proto 
 
Technical evaluations on the repeatability of the 
Flex-GTR-proto were conducted in the assembly 
pendulum type calibration test series as well as in the 
simplified car test series. As a result, the Coefficient 
of Variation (CV) values with regard to the injury 
assessment or monitoring items are lower than 7.72% 
(SN03, Knee-PCL, Assembly pendulum type test 
series), with the majority of the CV values being less 
than 3%. When we see the standard deviation values 
to the tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
4.52 % (SN03, Knee-ACL, Assembly pendulum type 
test series), with the majority of the values being less 
than 3 %.  
 
The acceptance level of the CV values for a 
regulatory tool is less than 10% based on a BASt 
proposal [10]; therefore, the test results show fairly 
good repeatability of the Flex-GTR-proto relative to 
the proposed acceptance level. 
 

E2: Reproducibility of the Flex-GTR-proto 
 
Technical evaluations on the reproducibility of the 
Flex-GTR-proto were conducted in the assembly 
pendulum type calibration test series as well as in the 
simplified car test series. As a result, the Coefficient 
of Variation (CV) values with regard to the injury 

assessment or monitoring items are lower than 7.94% 
(SN03, Knee-PCL, Assembly pendulum type test 
series), with the majority of the CV values being less 
than 3%. When we see the standard deviation values 
to the tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
4.12 % (Tibia-3, Simplified car test series), and most 
of the values are less than 3 %.  
 
The results of the CV value evaluations show fairly 
good reproducibility of the Flex-GTR-proto relative 
to the proposed acceptance level. 
 

E3: Comparability between the Flex-GT and 
Flex-GTR-proto 
 
Technical evaluations on the comparability between 
the Flex-GT and Flex-GTR-proto were conducted in 
the assembly pendulum type calibration test series as 
well as in the simplified car test series. As a result, 
the maximum measurement values of the 
Flex-GTR-proto are slightly higher than the Flex-GT 
in general. The ratios of the maximum measurement 
values of the Flex-GTR-proto to the Flex-GT are 
lower than 1.36 (Knee-PCL, Avg., Assembly 
pendulum type test series), and the majority of the 
ratios are less than 1.1.   
 
In particular, the difference of the Knee-PCL output 
under the assembly pendulum type test series, 1.36, is 
larger than the differences of the other outputs. This 
is because the absolute Knee-PCL output during the 
test is very small, 4 mm or less, therefore, even a very 
small difference of 1 mm or less (the differences are 
within the Flex-GT corridor, besides its t-IARV is 
12.7 mm, i.e. relative difference to the t-IARV is very 
small), appears exaggerated when expressed in ratio. 
 
E4: Comparability of the Flex-GTR-proto output 
under the symmetric right and left bumper corner 
impacts 
 
Technical evaluations on the comparability of the 
Flex-GTR-proto output under the symmetric right 
and left bumper corner impacts were conducted in the 
simplified car test series. As a result, the Coefficient 
of Variation (CV) values with regard to the injury 
assessment or monitoring items are lower than 4.94% 
(Knee-PCL), and the majority of the CV values is 
less than 3%. When we see the standard deviation 
values to the tentative injury assessment reference 
values (St.Dev./t-IARV), all of the values are lower 
than 2.98 % (Knee-PCL).  
 
The results of the CV value evaluations show fairly 
good comparability of the Flex-GTR-proto output 
under the symmetric right and left bumper corner 
impacts relative to the proposed acceptance level. 
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Overall 
 
Technical evaluations on the Flex-GTR-proto were 
conducted in this research. As a result, fairly good 
evaluation results were obtained. The results were 
lead by the improvement of the knee construction 
from an asymmetric construction of the Flex-GT to 
symmetric construction of the Flex-GTR-proto. The 
symmetric construction prevents the knee twist 
motion around the longitudinal axis of the impactor, 
which leads to stable outputs and a comparable 
output at the symmetric right and left bumper corners. 
Additionally, from the Flex-GTR-proto version, 
FTSS, a company specialized in manufacturing crash 
dummies, joined the development to assure that the 
Flex-GTR is produced under high quality control 
conditions. 
 
The difference between the Flex-GT and 
Flex-GTR-proto outputs may alter appropriate 
threshold values for each injury criterion; therefore a 
following research has been investigating the 
threshold values for the Flex-GTR-proto using ratios 
of the Flex-GT and Flex-GTR-proto outputs in this 
study, and/or using the correlation between the 
Flex-GTR-proto and human lower extremities which 
can be obtained from a computer simulation analysis. 
 
 
CONCLUSIONS 
 
In this research, the following items were evaluated. 
 
• Repeatability of the Flex-GTR-proto 
• Reproducibility of the Flex-GTR-proto 
• Comparability between the Flex-GT and 

Flex-GTR-proto 
• Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper 
corner impacts 

 
As a result, fairly good repeatability and 
reproducibility of Flex-GTR-proto, and comparability 
of the Flex-GTR-proto output under the symmetric 
right and left bumper corner impacts were observed 
(majorities of CV values are less than 3%).  
 
As for the comparability between the Flex-GT and 
Flex-GTR proto, some differences were observed 
between them. Most of the maximum value ratios of 
the Flex-GTR-proto relative to the Flex-GT are less 
than 1.1. 
 
The difference between the Flex-GT and 
Flex-GTR-proto has a chance to affect the injury 
threshold values; therefore, a following research has 
been investigating the threshold values for the 
Flex-GTR-proto using the ratios of the Flex-GT and 
Flex-GTR-proto outputs and/or using the correlations 
between the Flex-GTR-proto and human lower 

extremities which can be obtained from a computer 
simulation analysis.  
 
The Flex-TEG members have been conducting 
further technical evaluation after our initial technical 
evaluations. The results are going to be put together 
and used for the Flex-GTR finalization. 
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ABSTRACT 
 
In 1998 the European Enhanced Vehicle-Safety 
Committee (EEVC) proposed a test procedure to 
assess the protection vehicles provide to the lower 
extremity of a pedestrian during a collision. This 
procedure utilizes a legform impactor composed of 
rigid long bones. In order to improve biofidelity of 
the legform impactor, the Japan Automobile 
Research Institute (JARI) and the Japan Automobile 
Manufacturers Association, Inc. (JAMA) have been 
developing a biofidelic flexible pedestrian legform 
impactor (Flex-PLI) since 2002.   
 
The Flex-PLI has high biofidelity especially for its 
long bone parts, which have human-like bending 
characteristics under a car impact condition, 
compared to other types of legform impactors, 
which have rigid long bone parts. The Flex-PLI also 
provides extended injury assessment capability, 
including long bone bending moment at multiple 
locations and knee ligament elongations in 
comparison to other pedestrian legforms. 
 
In 2005, the Flex-PLI Technical Evaluation Group 
(Flex-TEG) was settled under the 
UN/ECE/WP29/GRSP/Informal Group on 
Pedestrian Safety in order to evaluate its 
performance to adopt the impactor as a regulatory 
purpose test tool for a Global Technical Regulation 
on Pedestrian Safety (PS-GTR: gtr 9). The Flex-PLI 
was evaluated and improved its performance under 
the Flex-TEG activity, and then its design of the 
final version, type GTR (Flex-GTR), was agreed by 
the Flex-TEG members in April 2008.   
 
This paper provides technical details of the Flexible 
Pedestrian Legform Impactor GTR prototype (Flex-
GTR prototype). Technical specifications on all 
important aspects of the Flex-GTR prototype are 
given: dimensions and mass at (sub-) assembly 
level; biomechanical responses of main components 
of the femur, knee and tibia; calibration procedures 

and corridors; standard and optional instrumentation 
channels, their capacity and position; handling; 
including details of electrical systems and data 
acquisition. The paper will present results of 
calibration testing, repeatability and reproducibility 
of three prototypes which are evaluated at First 
Technology Safety Systems (FTSS) before their 
release from the FTSS factory. 
 
INTRODUCTION 
 
In 1998, the European Enhanced Vehicle-Safety 
Committee proposed a test procedure to assess the 
protection vehicles provide to the lower extremity 
of a pedestrian during a collision [ 1 ]. This 
procedure utilizes a legform impactor composed of 
rigid long bones. In order to improve biofidelity of 
the legform impactor, the Japan Automobile 
Research Institute (JARI) and the Japan  
Automobile Manufacturers Association, Inc. 
(JAMA) have been developing a biofidelic flexible 
pedestrian legform impactor (Flex-PLI) since 2002 
[2]. The Flex-PLI has high biofidelity especially for 
its long bone parts, which have human-like bending 
characteristics under a car impact condition, 
compared to other types of legform impactors, 
which have rigid long bone parts [3]. The Flex-PLI 
also provides extended injury assessment capability, 
including long bone bending moment at multiple 
locations and knee ligament elongations in 
comparison to other pedestrian legforms [3]. 
 
In 2005, the Flex-PLI Technical Evaluation Group 
(Flex-TEG) was settled under the 
ECE/WP29/GRSP/ Informal Group on Pedestrian 
Safety in order to evaluate its performance to adopt 
the impactor as a regulatory purpose test tool for a 
Global Technical Regulation on Pedestrian Safety 
(PS-GTR). The Ministry of Land, Infrastructure, 
Transport, and Tourism of Japan (J-MLIT) has been 
supporting this Flex-TEG activity, taking a task of a 
chair country of the group and conducting technical 
evaluation tests on the Flex-PLI. After the 
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settlement of the Flex-TEG, the Flex-PLI was 
evaluated and improved its performance under the 
Flex-TEG activity, and then its design of the final 
version, type GTR (Flex-GTR), was agreed by the 
Flex-TEG members in April 2008 [ 4 ], and its 
prototype (Flex-GTR-proto) was released in 
November 2008. In the Flex-GTR development, 
First Technology Safety Systems (FTSS) is 
involved as a dummy development specialist 
company. This paper provides technical details of 
the Flex-GTR prototype and changes that were 
made with respect to the previous version, the Flex-
GT. Technical evaluation test results on them under 
several impact conditions are presented separately 
in Paper Number 09-0145. 
 
DESIGN IMPROVEMENTS 
 
Methodology 
 
As part of the Flex-TEG activities a design review 
of the Flex-GT version was completed. This activity 
highlighted a number of changes necessary to 
improve sensitivity, handling and durability. The 
recommendations resulting from the design review 
were the starting point for the Flex-GTR 
development. The most important issues found were: 
1. The cruciate ligaments in the Flex-GT knee exert 
a twist moment causing misalignment between the 
femur and the tibia. It was recommended to balance 
these ligaments with an additional set of cruciate 
ligament springs.  
2. The position of the ligament elongation sensors 
on the outside of the Flex-GT would cause a 
difference in sensitivity to left and right oblique 
loading. It was recommended to position ligament 
sensors at the centreline of the tool.  
3. The high channel count of the Flex-PLI and 
associated larger umbilical cable might cause a 
higher influence on the free flight trajectory and 
reduced accuracy of hitting the target impact 
location. It was recommended to integrate an on-
board data acquisition system (DAS).  
4. Some umbilical cable damage was experienced 
during the Flex-GT evaluation and caused 
significant downtime of the Flex-PLI because of 
necessary repairs. It was recommended to provide 
better cable protection and to make a quick 
disconnect of the umbilical cable to off board 
possible. This would help continuation of testing 
and repair of spare cable simultaneously.  
5. It was recommended to update the dynamic 
calibration procedure, to obtain a loading level 
closer to the injury tolerance level and loading 
during vehicle testing.  
An important boundary condition for the Flex-GTR 
development was that the performance of the Flex-
GT version should be maintained, as not to 
invalidate what was achieved with the GT version 
in the Flex-TEG. Therefore existing size, mass and 

materials were to be maintained as much as possible. 
Numerous smaller changes were recommended and 
integrated into the Flex-GTR design to improve 
handling and durability. 
 
Design improvements 
 
To balance the twist moment, additional springs 
were added in the knee. The distribution of the load 
required smaller springs and thinner ligaments to be 
used. The spring rate and the stroke of the springs 
were adapted to maintain the original response. 
Bronze bushes were introduced and plastic cable 
sleeves were omitted to reduce friction and wear. 
 
To address sensitivity to oblique load, new and 
smaller ligament elongation sensors were positioned 
on the centreline of the knee (see Figure 1). Also for 
ligament sensors, bronze bushes were introduced to 
reduce friction and wear.  

 
Figure 1: Ligament sensor arrangement at 
centreline 
 
The addition of optional on-board data acquisition 
systems was achieved within the dimensions of the 
Flex-GT specifications. The smaller cruciate 
springs gave additional space in the front and rear 
sides for integration of on-board DAS. Two systems 
from different DAS equipment manufacturers were 
integrated: DTS-SLICE and MESSRING M=BUS. 
As off-board DAS is also considered, three different 
version prototypes were manufactured: with off- 
board, ‘M=BUS’ and ‘SLICE’ data acquisition 
systems. 
 
The Flex-GTR is standard equipped with a 
connector system that allows quick disconnection of 
umbilical cables to the various data acquisition 
systems and for sensor exchange. 
 
The dynamic calibration procedure was enhanced 
by running the test with the leg upside down, the 
addition of a 5 kg mass at the femur end, addition of 
an accelerometer to the knee and introduction of a 
stopper block performance test.  
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Further enhancements were introduced especially to 
improve handling and durability. To name a few: to 
protect the ends of the leg after rebound from a test, 
moulded polymer bumpers were added to the tibia 
base and femur top; locking nuts were used on the 
knee ligaments and bone cables to better maintain 
adjustment settings; to improve free flight stability, 
the umbilical cable exit locations were brought 
closer to the centre of gravity of the leg; to enhance 
the assembly of the tight fitting Neoprene outer 
covers, a larger plastic zipper was selected and hook 
and loop flaps were added to protect the zipper. 
 

 
Figure 2: Off board cable clamp arrangement  
 
ANTHROPOMETRY 
 
Figure 3 shows the Flex-GTR from the rear 
identifying the knee joint position and the bone 
lengths next to a picture of the human right leg for 
orientation purpose. Also the co-ordinate system 
convention for automotive testing [ 5 ] is shown, 
with x –direction, forward away from the observer. 
Table 1 provides details of these dimensions and the 
component masses. 
 

Table 1: Comparison of human leg to GTR 

 Length, C.G. Location 

[mm], and Mass [kg]   

50th 

percentile 

male [6] Flex-GTR 

 a) Thigh length  428 433 

 b) Leg length 493 495 

C.G. location of thigh** 218 195 

C.G. location of leg ** 233 188 

Total legform impactor 

mass  13.4 12.94 

Thigh mass  8.6 7.16 

Leg mass  4.8 5.78 

** From the knee joint centre; Flex-GTR C.G 
values are estimates from CAD. 

 

 

 

Figure 3: Human bone dimensions and Flex 
GTR 
 
Figure 4 shows the position of ligament elongation 
sensors in a plan view of the tibia knee side (femur 
knee side removed). Refer to legend for 
identification. 
 

 
Figure 4: Ligament sensor positions in knee joint 
 

a) Medial Collateral Ligament, MCL 
b) Posterior Cruciate Ligament, PCL 
c) Anterior Cruciate Ligament, ACL 
d) Lateral Collateral Ligament, LCL 
 

z 

y 

a 

b 
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Figure 5: Ligament wire positions  
 
Figure 5 shows the tibia knee block with ligament 
wires cut through to help identification. 
 
 
INSTRUMENTATION 
 
Standard Instrumentation 
 
The standard instrumentation channels are listed in 
Table 2. The table also gives details on the senor 
vertical distance from the knee centre. Channel 
numbers are proposed for a standard sensor 
numbering for the Flex-GTR. To obtain control 
over the dynamic calibration deceleration pulse, an 
accelerometer was added to sensor list in the GTR 
version. 
 
The strain gages on the bones, measuring bone 
bending moments in the impact direction ‘Y’ (X 
bending moment) were made into a half bridge 
configuration incorporating both the tension and 
compression sides of the bone in one channel, two 
resistors per each set of gages complete the full 
bridge. The bridge completion resistors and sensor 
identification (ID) chips are encapsulated in a PCB 
located on each bone. The completed full bridge 
configuration makes the output of the sensor 
insensitive to elongation due to tension in the bone 
and length variation due to thermal expansion and 
also increases the voltage output compared to 
application of single strain gages per the GT version. 
 
The durability of the gage bonding was confirmed 
in a production test submitting the gages to 50 
quasi-static deflections to check bonding process. 
 

Table 2: Standard instrumentation and the 
sensor distance from the knee joint 

Channel 

Number 

Channel Distance (mm) 

1 Femur moment 3 297 

2 Femur moment 2 217 

3 Femur moment 1 137 

4 LCL elongation 0 

5 ACL elongation 0 

6 PCL elongation 0 

7 MCL elongation 0 

8 Tibia moment 1 134 

9 Tibia moment 2 214 

10 Tibia moment 3 294 

11 Tibia moment 4 374 

12 Lower knee acceln. 47 

 
 
Optional Instrumentation 
 
FTSS was requested by JAMA to consider the 
addition of optional sensors for research and 
development purpose. The optional sensors are 
listed in Table 3. It is recommended to use the 
additional sensors only for research purpose and not 
to deviate from standard during tests for official 
purpose (future legislation or consumer rating) to 
assure proper test mass and inertial properties.   
 
Figure 6 shows the optional sensor positions in the 
tibia. Item 1 in green shows the tri-axial 
accelerometer inside an Aluminium mount. Item 2 
shows the single axis ay accelerometer mounted 
inside a dedicated impact segment. The segment y-
accelerometer can be positioned at any of the inner 
segments if required. Item 3 shows the subassembly 
with a tri-axial linear accelerometer and the three 
angular rate sensors inside a mount and its 
dedicated impact segment. The optional sensors on 
the femur are the mirror image of that shown in 
Figure 6 and share the same components. 
 

Table 3: optional sensors position and 
parameters 

Sensor location Measurement Parameter 

Femur top Acceleration ax, ay, az 

Knee top Acceleration ax, ay, az 

Angular rate ωx, ωy, ωz 

Knee bottom Acceleration ax, ay, az 

Angular rate ωx, ωy, ωz 

Tibia bottom Acceleration ax, ay, az 

Segments  Acceleration ay 
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Figure 6: Optional sensors in the tibia 
 
 
DATA ACQUISITION SYSTEMS (DAS) 
 
Off-board data acquisition  
 
To connect the instrumentation to a static laboratory 
data acquisition system, two umbilical cables are 
used, both handling 6 channels of instrumentation.  
To enable a quick disconnect of the umbilical cable 
to off-board in case of damage, the Flex-GTR is 
equipped with two connector blocks installed on 
either side of the tibia knee. Each connector block 
handles 6 standard channels and each has additional 
capacity of 6 channels for optional instrumentation. 
It is possible to expand the channel count to a total 
of 24 channels with the use of the standard 
connector blocks. 
 
The modular system makes it easy to exchange 
defunct sensors and damaged umbilical cables and 
also to change between on-board and off-board 
DAS. The connector block can be seen in the tibia 
section of the knee in Figure 7. The use of very 
small nano-D military spec connectors was essential 
to meet the space constraints.  
 

On-board data acquisition systems 
 
On-board data acquisition is an important addition 
to the Flex-GTR. Its use helps prevent cable 
damage particularly on violent rebound with the 
floor. Off-board umbilical cables could also affect 
free flight trajectory, therefore on-board DAS 
would make hitting the intended target more 
precisely, giving better control and improving 
repeatability. The use of on-board DAS can reduce 
operational costs. 
The standard 12 channels could be expanded here 
with the advantage of not affecting free flight 
stability. The on-board DAS systems use the same 
connector blocks to interface between the sensors 
and the DAS. 
 
Two on-board DAS systems were selected for the 
Flex-GTR prototype to offer customer choice. Both 
systems had to be very small and light weight to 
meet the challenging space limitations on the leg. 
At customer request, alternative DAS systems could 
be considered, if suitable in terms of mass and size. 
 

 
Figure 7: MESSRING M=BUS installation and 
connector block 

 
MESSRING M=BUS® - The M=BUS® is a 

data acquisition system based on independent 6 
channel data loggers (40x25x14)mm in size 
(without its aluminium housing). The units can be 
daisy chained together via a single coax cable 
ending in a terminator, which checks system 
integrity and signal quality. Two units were 
required for the Flex-GTR standard instrumentation 
and packaged on either side of the femur knee block, 
see Figure 7. Each logger is equipped with its own 
battery, allowing gathering data entirely wireless, 
even without external power supply. The system is 
equipped with a low friction disconnect fitting, 
which is located just below the knee. At launch, the 
disconnect fitting releases and the DAS starts to 
register data automatically. The units will record for 
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17 seconds. An external trigger defines t0. After the 
test, the cable is reconnected and the test data is 
downloaded to a PC. Time synchronisation of all 
channels is guaranteed over an integrated master 
and slave clock concept. 
 

DTS SLICE - The DTS SLICE was under 
development at the same time as the Flex-GTR. The 
SLICE data recorder is a modular system built up 
from functional units by stacking modules of the 
required functionality. The Base SLICE contains 
the processor and memory; the Bridge SLICE’s are 
stacked on top providing channel functionality, each 
Bridge SLICE handles 3 channels. The functional 
units are interconnected by integrated connectors 
for easy replacement (see Figure 8). Two super 
capacitors provide on-board power after disconnect 
allowing to operate for sufficient time. The super 
caps could be quickly charged for the next test but 
had a short record time (the 1 second), a battery will 
be considered for future use. Like the M=BUS 
system, there is a disconnect feature, which is 
reconnected to download test data. The DTS SLICE 
is triggered on disconnect and a tape switch can also 
be connected to establish t0. 
 

 
Figure 8: DTS SLICE installation 
 
 
CALIBRATION 
 
Method 
 
Table 4 provides an overview of the complete Flex-
GTR prototype calibration procedures, including 
the purpose of the test. Five calibration steps and a 
total of 12 tests are required. 
 
Proposed calibration frequency for all steps: 

�At manufacture  
�Each year 
�[After exceeding injury assessment 
reference value (IARV)] 
�After failure of dynamic test 
�After parts exchange 

 
Additionally proposed frequency for step 4 and 5: 

�[Each [1-10] tests] 

 
Some of the figures are given between brackets as 
these are still under discussion and may change. 
 
Table 4: Full calibration test procedure overview 
Test Test 

Nr  

Purpose 

Step 1 

Bone Core 

7 1) Control Bending Characteristic 

2) Obtain individual Sensor 

sensitivity  

Step 2 

Fumur & 

Tibia 

Assembly 

2 1) Control Bending Characteristics 

2) Check ultimate bending 

moment 

Step 3 

Knee 

Assembly 

1 1) Control Bending Characteristics 

2) Control Ligament Elongation  

Step 4 

Dynamic 

stopper 

block 

1 1) Control deceleration pulse 

dynamic test 

2) Evaluate consistency of the 

stopper block 

Step 5 

FLEX-PLI 

Dynamic 

1 1) Simple test to control output of 

sensors 

2) Evaluate consistency of the 

assembly 

 
The Flex-GTR calibration procedures were further 
developed: single gage calibration to establish gage 
sensitivity and roller supports under end pivots to 
rule out elongation and tension-compression loads 
on bone, femur, tibia and knee assemblies. 
  
The dynamic calibration procedure was enhanced to 
induce higher loads to the level of loading in actual 
vehicle tests and closer to the injurious level. Also 
the fixture was enhanced to improve handling and 
reproducibility. 
 
Bone calibration 
 

Bone Calibration Fixture Design – To improve 
the accuracy of the gage response, each gage 
channel (tension and compression) is certified to 
establish the sensitivity of each gage in a separate 
test. To achieve this, a fixture was designed to load 
centrally over each gage over a pivot distance of 
165mm.  
 

Bone/Gage Calibration Procedure – To 
calibrate the bone, an Instron machine is used with 
a high definition load cell on the loading ram. The 
bone is mounted in the bone calibration fixture and 
is placed over the roller carriages on a hardened 
steel base. With a support distance of 165mm, the 
bone is loaded precisely in the middle between the 
end supports to 10 kN (325 Nm) at a rate of 
10mm/min. 
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Femur and Tibia Calibration 
 
The same fixture parts are used as the Flex-GT tibia 
and femur assemblies. The only changes made to 
these fixtures from the Flex-GT specification was 
the addition of roller cages under the pivots (to 
prevent linear friction when in bending) and update 
of the knee-to-leg interface. 
 

Femur and Tibia Calibration Procedure – As 
with the bones, an Instron machine is used with a 
high definition load cell. The same base and roller 
cages are utilised (see Figure 9 and Figure 10). The 
femur is loaded on the forth segment from the knee 
and for the tibia the fifth segment. A piece of 
Neoprene protects the impact segment from the 
loading block. 
 
Both assemblies are loaded to 3.76kN. The gage 
outputs are recorded to check functionality and the 
moment is calculated from the load multiplied by 
the known fixture arm.  
Femur Moment Mf = [F(N) / 2] x 0.165(m) 
Tibia Moment Mt = [F(N) / 2] x 0.205(m) 
 

 
Figure 9: Tibia calibration fixture 
 

 
Figure 10: Tibia under load in calibration fixture 
 
 
Knee Calibration 
 
Similar to the leg assemblies, the same knee fixture 
design as that of the Flex-GT is used, except the leg 
interface has been changed and the end pivots sit on 
roller cages. The Flex-GT procedure had load cells 
on each support, whereas the Flex-GTR setup just 
uses one centre load cell on the loading ram. 

 
Knee Calibration Procedure – The same set -

up is used here as on the femur and tibia assemblies, 
except the loading is done using a 100 mm diameter 
profile (see Figure 11). The loading profile is 
aligned with the edge of the knee centre and loaded 
to 4 kN. Force and elongation are recorded for the 
MCL, ACL and PCL. In this test, the LCL is in 
compression and therefore LCL elongation is not 
recorded. The knee moment is calculated using the 
following equation: 
Knee Moment Mk = [F(N) / 2]x 0.2(m) 
 

 
Figure 11: Knee during calibration under load 
 
 
Dynamic Calibration 
 
The whole leg assembly with flesh is calibrated on a 
new pendulum calibration fixture (see Figure 12). 
In order to achieve a similar load level as in a 
vehicle test, some changes were proposed to the 
Flex-GT procedure. The leg has been turned upside 
down so that the tibia is now at the top pivot end; a 
5 kg mass was added to the femur end at the bottom. 
The leg is raised 15 degrees above the horizontal 
and released via a solenoid latch impacting the 
upper knee area onto the stopper block buffer. To 
obtain feedback from the test pulse, an 
accelerometer was placed in the knee to check 
repeatability. All 12 standard channels are recorded. 
 
 
Stopper block calibration 
 
This is a simple fixture (see Figure 13), comprising 
of a long cylindrical 50 mm diameter 7 kg mass 
dropped via a solenoid release through a linear 
bearing onto the stopper block. The impact edges of 
the mass are radiused to prevent damage to the 
stopper block. The drop height to the block is 200 
mm (2 m/s). An accelerometer is attached to the top 
of the mass to record deceleration.  
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Figure 12: Dynamic calibration fixture 

 

 
Figure 13: Stopper block calibration fixture 
 
 
Prototype Calibration Results 
 

Bone/Gage Calibration Results  
An analysis of the results of three Flex-GTR 
prototypes from nine gages on three femurs and 12 
gages on three tibias is shown in Table 5 and Table 
6. The nonlinearity and hysteresis meet SAE J2570 

[7] performance specification for transducers, 
which applies to rigid load cells. 
 

Table 5: Femur bone strain gage calibration 
summary 

Femur Offset 

mV/V 

Non 

linearity % 

Full scale 

Hysteresis 

Average 0.00007 0.27 0.71 

St Dev 0.00036 0.07 0.29 

 
Table 6: Tibia bone strain gage calibration 

summary 
Tibia Offset 

mV/V 

Non 

linearity % 

Full scale 

Hysteresis 

Average -0.0029 0.45 0.64 

St Dev 0.0061 0.24 0.29 

 
 

Femur and Tibia Assembly Calibration 
Results 
Figure 14 shows the femur assembly prototype 
responses in the corridors that were established with 
the GT version. The Flex-GTR femur meets the 
Flex-GT calibration corridors. These corridors will 
be adopted for the Flex-GTR femur. 
 
Figure 15 shows the tibia assembly prototype 
responses in the corridors that were established with 
the GT version. The Flex-GTR tibia meets the Flex-
GT calibration corridors and will be adopted for the 
Flex-GTR tibia assembly. 
 

 
Figure 14: Femur assembly moment/deflection 
and corridor 
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Figure 15: Tibia assembly moment-deflection 
and corridor 
 
 

Knee Calibration Results 
Figure 16 and Figure 17 show the Flex-GTR knee 
calibration results in the Flex-GT corridors. The 
Flex-GTR MCL ligament elongation vs. bending 
moment is below the lower Flex-GT corridor 
beyond 18 mm MCL ligament elongation. The 
reason for this is most likely due to the reduction in 
friction of the supports by introduction of the roller 
supports. A possible contributor is the reduction in 
friction due to the removal of the plastic wire 
sleeves on the Flex-GT knee and use of bronze 
bushings in the cruciate ligaments. These 
hypotheses can be examined by subjecting the GTR 
version to the Flex-GT calibration procedure 
without the roller supports. The ACL and PCL 
ligament elongations were slightly outside the Flex-
GT corridors. 
 

 
Figure 16: MCL, ACL and PCL elongation to 
force in the GT corridors 
 
The MCL, ACL and PCL corridors need to be 
adapted to the new procedure and the Flex-GTR 
design. 
 

 
Figure 17: Knee moment to MCL elongation in 
GT corridor 
 
 

Proposed Flex-GTR Knee calibration 
corridors 

The responses of the 3 Flex-GTR prototypes were 
analysed and new corridors were developed. The 
corridors for the MCL were derived from the 
average of three prototype MCL responses. A 
second order polynomial was derived from the 
average. The upper and lower bounds were 
determined by addition and subtraction of 15 Nm 
from the average. The corridors and responses are 
shown in Figure 18. 
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Figure 18: Knee moment to MCL elongation in 
proposed GTR corridor 
 
The corridors for the ACL and PCL were derived 
with a similar method. The corridors for the ACL 
and PCL were derived from the average of three 
prototype ACL and PCL responses. Second order 
polynomials were calculated from the average. The 
upper and lower bounds were determined by 
addition and subtraction of 1 mm from the average. 
The corridors and responses are shown in Figure 19. 
To avoid possible conflicts, no MCL corridor is 
given for elongation-force (see Figure 16 and 
Figure 19).  
 
 

MCL 
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Figure 19: ACL and PCL elongation to force in 
proposed GTR corridors 
 

Stopper Block Calibration Results 
Before the start of the dynamic calibration matrix, 
the stopper block was tested to establish 
repeatability and reproducibility. The stopper block 
calibration was carried out on 3 different assembled 
stopper blocks to assess its response variation. Tests 
were repeated twice. Table 7 shows the results 
including proposed corridors. The reproducibility is 
good with 2.1% variation. 
 

Table 7: Stopper block drop test results and 
propose corridor 

 
Acceln. 

[G] 

Force 

[kN] 

Block #1 
56.2 3.859 

55.8 3.832 

Block #2 
54.5 3.743 

54.2 3.722 

Block #3 
52.7 3.619 

54.0 3.708 

Average 54.6 3.749 

St Deviation 1.2 

CV (%) 2.1 

Upper corridor 4.00 

Lower corridor 3.50 

 
 
Dynamic calibration  
 
Table 8 shows the dynamic test matrix and the use 
of two stopper blocks to look at variation. The last 2 
tests were known to have an inclination of 15.1° as 
opposed to 15°. 
 

Table 8: Dynamic test matrix 
Test Nr DAS type Stopper block 

Test 1 Off board block #1 

Test 2 Off board block #1 

Test 3 Off board block #1 

Test 4 Off board block #2 

Test 5 MESSRING block #2 

Test 6 MESSRING block #1 

Test 7 MESSRING block #2 

Test 8 MESSRING block #1 

Test 9 MESSRING block #1 

Test 10 DTS block #1 

Test 11 (15.1°)  DTS block #1 

Test 12 (15.1°) DTS block #1 

 
Results 

The result of 12 dynamic tests are summarised in 
Table 9. The table shows the average, standard 
deviation, coefficient of variation (CV), the draft 
criteria and standard deviation divided by the 
criteria. The coefficient of variation is generally 
well below 3%, which is considered excellent. On 
tibia gage 3 of leg 3, there was a higher reading 
than expected. This was due to a fault on the gage, 
which had a linearity error of 2.5% and was not 
picked up during gage calibration as a problem. The 
ACL and PCL were higher than 3% variation; 
however the variation is larger due the small 
absolute output. The CV relative to the tentative 
injury assessment reference values (t-IARV), which 
are used in Paper Number 09-0145, is closer to 3% 
for both parameters. The variation of the knee peak 
acceleration was also higher. This is believed to be 
due to problems with one of the accelerometers. 
 

Table 9: Summary dynamic calibration 
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Average 75.3 179 137 91.6 242 201 160 108 8.19 22.4 4.37 4.91
St.Dev 4.2 3.1 1.9 1.7 3.7 3.3 6.8 1.5 0.3 0.1 0.1 0.3

CV 5.6% 1.7% 1.4% 1.9% 1.5% 1.6% 4.3% 1.4% 3.7% 0.4% 2.3% 6.1%
t-IARV - - - - 318 318 318 318 12.7 20 - 12.7

St.Dev/
t-IRAV

- - - - 1.2% 1.0% 2.1% 0.5% 2.4% 0.5% - 2.4%  
 

Preliminary dynamic calibration corridors 
The results of the tests with three prototypes were 
analysed to derive draft dynamic certification 
corridors. The results of questionable tests were 
excluded from the database: the faulty 
accelerometer and one tibia strain gauge. The upper 
and lower limits are defined according to standard 
procedures: average measured values plus and 
minus 10 % or plus and minus two times the 
standard deviation, whichever gives the broadest 
corridor. 
The final corridors shall be established after there 
are a minimum number of legs manufactured and 
delivered (typically at least 10). Also final 
certification parameters shall be established based 

ACL 

PCL 



 

 Been 11 

on a large number of tests, conducted at a 
substantial number of different laboratories to 
account for lab-to-lab variations. Such process is 
often referred to as ‘Round Robin Tests’. Typically, 
establishment of final corridors is part of the 
process for regulation of a dummy. 
 

Table 10: Draft GTR dynamic certification 
corridors 
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Average 73.3 179 137 91.6 242 201 160 108 8.19 22.4 4.37 4.91
CV 3.3% 1.7% 1.4% 1.9% 1.5% 1.6% 2.0% 1.4% 3.8% 0.3% 1.8% 7.0%

Upper 80.6 197 150 101 267 221 172 119 9.0 24.6 4.8 5.4
Lower 66.0 161 123 82 218 181 141 97 7.4 20.2 3.9 4.4  

 
The draft dynamic calibration corridors are given in 
Table 10. The improvement of the CV of the knee 
acceleration and tibia 3 moment can be observed in 
this table. All prototype responses, except some of 
the ones that were excluded, are well within the 
proposed corridors. 
 
 
PROTOTYPE MASSES 
 
The segment masses of the three prototypes are 
shown in Table 11. The Flex-GT segment masses 
are given for comparison. The three versions of the 
GTR prototypes were all very close together, 
however the knee segment mass of the off-board 
version was about 0.1kg lower. To account for the 
umbilical cable mass, 0.1 kg was added to the knee 
segment mass of the off-board DAS version in the 
table. Table 11 also gives a proposal for segment 
mass tolerances. 
 

Table 11: Mass comparison of GT and three 
GTR prototype leg configurations 

Part 

GT  Off 

board 

GTR 

Off 

board 

GTR 

On 

board 

Proposed 

GTR 

Tolerance 

Femur 2.43 2.43 2.44 ±0.05 

Knee 4.18 4.28* 4.28 ±0.1 

Tibia 2.61 2.63 ±0.05 

Flesh 3.72 3.59 ±0.2 

Total 12.94 12.93 12.94 ±0.4 

*including 0.1 kg cable to off-board DAS 
 
DISCUSSION AND CONCLUSIONS 
 
Three Flex-GTR prototypes were manufactured in 
three different versions. The equivalence of the 
GTR version with previous GT version in terms of 
mechanical response and mass has been 
demonstrated. The Flex-GTR test results proved to 
reproduce the Flex-GT responses closely at the 
calibration level. 

The concerns over the GT version observed during 
evaluation and the design review were all 
successfully addressed.  
Improvements were made to ligament elongation 
measurement sensitivity and the twisting moment in 
the knee was removed. On-board data acquisition 
was integrated and many additional handling 
improvements were also made.  
 
The linearity and hysteresis of the gages were 
established not to exceed 1 % of full scale. This was 
a design target, but it was uncertain this could be 
achieved due to the highly flexible nature of the 
bones. 
 
The Flex-GTR dynamic calibration was updated 
with respect to the GT version with the target of 
higher loading closer to vehicle test condition and 
better reproducibility. This has been achieved and 
new certification corridors have been proposed.  
 
It may be expected to introduce up to 24 channels 
for on-board data acquisition. Possibly some 
modularity of the electrical cables will be lost to 
keep within the mass tolerances. 
 
It can be concluded that all design targets have been 
well met and three prototypes are ready for further 
evaluation by stakeholder groups worldwide. 
 
The difference of the response of the Flex-GTR 
MCL corridor may be further investigated by 
subjecting the GTR version to the Flex-GT test 
condition.  
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ABSTRACT 
 
The objectives of the EU-funded project TRACE 
(TRaffic Accident Causation in Europe, 2006-2008) 
are the up-dating of the etiology of road accidents 
and the assessment of the safety benefits of 
promising technology-based solutions. 
The analyses are based on available, reliable and 
accessible existing databases (access to which has 
been greatly facilitated by a number of partners 
highly experienced in safety analysis, coming from 8 
different countries and having access to different 
kinds of databases, in-depth or regional or national 
statistics in their own country). 
Apart from considerable improvements in the 
methodologies applicable to accident research in the 
field of human factors, statistics and epidemiology, 

allowing a better understanding of the crash 
generating issues, the TRACE project quantified the 
expected safety benefits for existing and future safety 
applications. 
As for existing safety functions or safety packages, 
the main striking results show that any increment of a 
passive or active safety function selected in this 
project produces additional safety benefits. In general, 
the safety gains are even higher for higher injury 
severity levels. For example, if all cars were Euro 
NCAP five stars and fitted with EBA and ESC, 
compared to four stars without ESC and EBA, injury 
accidents would be reduced by 47%, all injuries 
would be mitigated by 68% and severe + fatal 
injuries by 70%. 
As for future advanced safety functions, TRACE 
investigated 19 safety systems. The results show that 
the greatest additional safety gains potential are 
expected from intelligent speed adaptation systems, 
automatic crash notification systems, and collision 
warning and collision avoidance systems. Their 
expected benefits (expected reduction in the total 
number of injured persons if the fleet is 100% 
equipped) are between 6% and 11%. Safety benefits 
of other systems are more often below 5%. Some 
systems have a very low expected safety benefit 
(around or less than 1%). 
 
INTRODUCTION 
 
The EUropean Council for Automotive Research 
(EUCAR) launched in 2001 an initiative to develop a 
systemic approach to the problem of road safety: 
Integrated Safety. The idea was to revisit the Safety 
problem with a holistic System Approach. In 2008, a 
few projects (AIDE, PREVENT, EASIS, APROSYS, 
SAFESPOT, CVIS, WATCH-OVER, etc.) have 
already produced methodologies and results. Just a 
few of these research integrated projects or sub 
projects (i.e. Aprosys, Prevent-Intersafe) called for 
prior accident analysis in order to start further tasks 
(development of models, simulations, technologies, 
demonstrators, tests, etc.) on a thorough 
understanding of the real-world problems. 
Consequently, this knowledge is sometimes 
considered as a missing plinth. 
Simultaneously, an eSafety Forum was established by 
the European Commission DG Information Society 
in 2001 as a joint platform involving all road safety 
stakeholders. The Forum adopted twenty-eight 
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recommendations towards the better use of 
Information and Communication Technologies (ICT) 
for improved road safety. But, even though former 
research in accident causation and impact assessment 
produced a tremendous amount of knowledge, the 
exact nature of the contribution that ICT can make to 
road safety could not be determined because 
consistent EU-wide accident causation analysis was 
not sufficiently available to gauge this impact.  
Consequently, the first of these recommendations 
sought to consolidate analyses from existing accident 
and risk exposure data sources for a better 
understanding of the causes and circumstances of 
road accidents and to determine the most promising 
and/or effective counter measures.  The second 
recommendation called for the establishment of a 
common format for recording accident data to 
develop an information system covering all EU 
Member States. 
Simultaneously, The EU was funding an important 
project, SafetyNet (The European Road Safety 
Observatory), which particularly aims at making 
consistent accident data collection protocols in 
several EU countries and at constituting an accident 
databank on injury and fatal accidents.  
But the project had just started in 2004 and would 
provide neither accident data, nor accident analysis in 
the short term. Moreover this project did not aim at 
identifying relevant methodologies to evaluate the 
effectiveness and efficiency of safety systems based 
on technology. To try to overcome these problems in 
the short term, one of the e-safety Working Group 
(Accident Analysis) examined available data sources 
which were known to them.   
The analysis confirmed the hypothesis of the working 
group that although many information sources 
already existed, they were not enough as they 
currently exist to provide Europe with the analysis it 
needs because the picture obtained was a mixed one. 
Some data sources were never designed for the 
purpose of coordinated analysis and therefore have 
little potential. Some others have their main focus on 
passive safety, biomechanics or traumatology and do 
not give much insight into the causes of the accidents 
they contain.  Others have considerable potential. 
Based on this qualitative analysis of existing sources 
the working group recommended to the eSafety 
Forum that existing sources could nevertheless help 
to give a better understanding on accident causation 
and to evaluate (at least partially) the effectiveness of 
some on-board safety functions, if shared analysis 
mechanisms are employed to interrogate the different 
data sources and share the results.  
The TRACE proposal was born. It was submitted to 
the EU in 2005, with two main objectives: 

- The determination and the continuous up-dating of 
the etiology, i.e. causes, of road accidents and the 
assessment of whether the existing technologies or 
the technologies under current development address 
the real needs of the road users inferred from the 
accident and driver behavior analyses.  
- The identification and the assessment (in terms of 
saved lives, injuries mitigation and avoided 
accidents), among possible technology-based safety 
functions, of the most promising solutions that can 
assist the driver or any other road users in a normal 
road situation or in an emergency situation or, as a 
last resort, mitigate the violence of crashes and 
protect the vehicle occupants, the pedestrians, and the 
two-wheelers in case of a crash or a rollover. 
This current paper gives a synthesis of the principal 
striking TRACE outcomes. It is therefore a non-
comprehensive summary of what is available in the 
32 technical and scientific reports that TRACE has 
generated. The reader is highly encouraged to look at 
the technical reports for a more in-depth inquiry into 
TRACE objectives, challenges and achievements. 
The paper is split up into 3 chapters. The first one 
‘Methodologies’ briefly reports about methodologies 
developed in TRACE with regards to human factors 
analysis and statistics. The second one ‘Accident 
Causation’ reports about the first objective of the 
project, whereas the third one ‘Evaluation’ reports 
about the second objective. 
Please see [27] for further information regarding the 
project structure of TRACE and the involved partners. 
 
METHODOLOGIES 
 
Human Factors 
 
Accident causation can seem misleadingly simple, 
nearly obvious. It is thus often assumed that there is 
one cause or one road user responsible for an 
accident and that it would just take determining that 
cause or this responsible road user, suppressing the 
first and punishing the second, to prevent the accident 
occurring. Maybe such a view had reached a relative 
validity in the old times of the driving system when 
monolithic defects were easy to diagnose. However, 
it is less and less proving to be efficient as the system 
is continuously improving on the basis of research 
and developments addressing the different 
components involved. The problem is that, more and 
more, a cause becomes a cause only if it combines 
with several other hidden ones, and the so considered 
'responsible road user' is more and more the heir of 
the influence of these combination of factors 
intervening in the driving interactions. Road safety of 
the 21st century has become a matter of complexity, 
apart from some residual extreme cases showing 
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atypical accident patterns (e.g. involving big holes on 
the road, breakdown of the car brakes, aberrant 
drivers' behaviours). In order to keep improving 
safety, it has become essential to study this 
complexity. And the more we will gain in safety, the 
more thorough research works will be necessary to 
go on progressing.  
The European TRACE project is turned towards 
developing a better understanding of accident 
causation, in order to reach the definition of more 
appropriate preventative measures, involving notably 
electronic safety functions.. Along this objective, 
Work Package 5 'Human Factors' of this project has 
been designed to contribute to the development of a 
deeper analysis of the difficulties encountered by the 
human component, the road user, in order to promote 
an improving of the driving system which is put at 
his disposal. The work done in TRACE WP5 has led 
to several operational grids of analysis, in line with 
theoretical models, which offer a means to 
progressing the understanding of the human role in 
accident generation, and in the methods allowing a 
better diagnosis of the causes of human errors, 
violations, and exceeding capacity. The underlying 
concept behind these grids is oriented toward a 'safe 
system model', keeping in mind that the purpose of 
any device dedicated to a human use should be 
conceived and built in a way of neither being 
problematic nor dangerous for its users. So should be 
the driving system. 
In a first step, a grid has been created for analysing 
the operational difficulties that human beings can 
find in driving, potentially resulting in accidents [16]. 
This grid delineates so-called 'Human Functional 
Failures' (HFF) representing the weaknesses and 
limits in adaptive capacity of the human functions 
(perception, comprehension, anticipation, decision, 
action) to which drivers appeal in order to drive 
efficiently. And as far as an accident is not 
intentional for anyone (otherwise it is no more an 
accident) each HFF is considered as the result of a 
malfunction characterizing the driving system as a 
whole. It is a symptom which manifests a wrong 
interaction between a road user and his driving task 
environment. Human failure should not be considered 
– which is often the case - as the cause of the 
accident but rather as a weak link in a malfunction 
chain, this chain being necessary to find out if any 
efficient solution is thought to be defined. Thus, once 
a human functional failure is diagnosed, it still has to 
be defined which factors and which contexts have 
originated it. 
The problem with many accident causation coding 
systems currently used across Europe is that they do 
not separate the ‘errors’ (or human functional 
failures) from the ‘factors’ which lead to these 

failures. The second step of the methodological work 
consisted in building a grid allowing the 
determination of all the elements (factors) - would 
they be referring to the road layout, the vehicle 
parameters, the driver or the traffic surrounding - that 
could originate or favour a Human Functional Failure, 
not confusing these factors with their consequences 
[17]. A complementary grid also provides a 
classification of 'pre-accident driving situations' in 
which human failures occur. These pre-accident 
driving situations are built from a combination of: 1- 
the types of driving tasks (e.g. overtaking, crossing, 
turning), 2- their location (e.g. intersection, straight 
road, roundabout) and 3- the potential conflicts met 
in the situation (e.g. pedestrian crossing, oncoming 
vehicle, car door opening). The precise 
characterisation of these pre-accident situations in 
accident studies allows definition of the 
circumstances in which road users find difficulties.  
A third step of this methodological work consisted of 
providing a method allowing the aggregation of 
similar accident processes on a multidimensional 
level (a scenario) [18]. The method consists in 
building typical scenarios of human failure 
production, integrating the elements studied in the 
previous steps. The Typical Human Functional 
Failure Scenarios represent the regularities which can 
be found in the process governing similar accidents. 
They are expressed under the shape of chains which 
connect a pre-accident situation, explicative elements 
involved, a consequent human functional failure and 
a resultant critical situation leading to a crash 
configuration. But a main difficulty in the 
determination of all these detailed variables is the 
necessity to base them upon in-depth accident data 
performed by specialists in the different domains. In 
order to allow accidentologists using data that doesn't 
fulfil these ideal conditions (i.e. in-depth, involving 
psychologists), we have defined the most frequent 
scenarios found in the study of a large sample of in-
depth accident cases, on which to base in order to 
recognize the overall process on a 'family air' basis, 
which can be done from less in-depth data.  
A last methodological work performed in TRACE 
WP5 is differentiated from the previous ones in its 
more prospective purpose. It was aimed at enlarging 
the classical view on driving behaviour determinants 
by incorporating the social and cultural dimensions as 
further upstream factors of human functional failures. 
Factors such as culture, social status or specific social 
group membership have an identifiable influence on 
individual behaviour. It presents a scheme of analysis 
built upon the notion of 'social spheres' [19]. This 
scheme is aimed at showing the relative influence of 
the different layers ('spheres') of socio-cultural 
variables that are located outside the individual 



Page, 4 

sphere and which can potentially have a latent or 
manifest influence on the production of an accident. 
The integration of such socio-cultural background 
variables in the analysis of human failure production 
has the potential to increase the understanding of the 
accident causation process and to find additional 
means to fight against. These aspects should notably 
be taken into account when dealing with driving aids, 
so as to appropriately answer the needs and 
constraints coming from different drivers' social 
groups. 
The different deliverables of WP5 have been 
provided to progress the search for understating 
accident causation and its underlying and upstream 
determinants. As such they contribute to the 
European TRACE project objectives of promoting a 
scientific knowledge on accident causation, so as to 
better defining the safety measures able reducing it. 
In this respect, the overall point of WP5 is to remind 
that the road user is the core of the driving system, 
and human performance the measure of its 
effectiveness. That is why possible human failures 
must be studied in-depth, their causes and producing 
contexts clarified in order to put forward the most 
efficient measures able at harmonizing human 
travelling behaviour inside the traffic system. The 
methods proposed regarding as 'Human Factors' 
allow a more integrative approach inside accident 
research in Europe. This is being done in numerous 
studies conducted in TRACE operational work 
packages, addressed to the different road user groups 
(elderly drivers, PTW, passenger cars, gender issue, 
etc.), to the main identified driving situations 
(intersection, specific manoeuvres, degraded 
situations, etc.) and to the most involved factors 
(vigilance, attention, experience, infrastructure, etc.). 
These different studies increase the understanding 
regarding human factors in accident causation and the 
necessity to develop a safe system well addressed to 
human needs. And the 'human factors' methods put 
forward in TRACE WP5 will be useful and 
constructive when considering the building of a 
comprehensive European road safety observatory. 
 
Statistical Analysis Methodologies 
 
The overall objectives of TRACE WP7 ‘Statistical 
Analysis’ have been twofold: 
- to improve statistical methodology for diagnosis of 
road safety problems and evaluation of promising 
technological solutions 
- to provide methodological advice and statistical 
services to other TRACE work packages. 
In its empirical part, the TRACE project exclusively 
relies on existing European data on traffic safety. 
Thus, statistical methods for collecting accident and 

exposure data have not been treated. Rather, 
quantitative methods serving the following purposes 
have been investigated:  

- methods for improving the usability of existing 
accident and exposure databases 
- methods for traffic accident causation studies 
- methods for accident and injury risk studies 
- methods for safety functions effectiveness 
evaluation and prediction. 

WP7 has also provided traffic safety researchers with 
a statistical expansion method for addressing accident 
causation issues at European level accounting for the 
fact that accident and exposure data availability 
varies substantially between the countries.  
In all these areas the scientific work under WP7 has 
developed operational statistical models in the 
conceptual framework of general “systemic” theories 
of the accident generating process. Emphasis was put 
in WP7 on careful selection, adaptation and 
application of appropriate classical and newer 
implementation-ready methods from the various 
fields of the statistical sciences. For all results both 
scientific rigor for the statistical community and 
accessibility for empirical accident researchers had to 
be achieved. The principal aim of WP7 was to 
provide best practice examples of high-quality traffic 
safety research using up-to-date statistical methods. 
 
     Improving the usability of existing accident 
databases. The purpose of this activity has been to 
enable traffic safety researchers to make best possible 
use of existing European accident and exposure 
databases [21]. Therefore, the task has covered 
methods to overcome typical accident and exposure 
data quality problems like missing values, missing 
variables and biases due to selective data collection.  
Under certain conditions data quality problems of the 
types listed above can be overcome using appropriate 
statistical methods: imputation methods for treating 
data with missing values, data fusion methods for 
supplementing missing variables and weighting and 
expansion methods for reducing biases due to 
selectivity of sampling in in-depth studies have been 
studied.  
Frequently, researchers need to address accident 
causation issues at the European level in situations 
where no complete empirical data is available. 
Therefore, an expansion method for creating 
synthetic tables at EU level, by combining detailed 
data from regional studies or national sources with 
coarser structural information on traffic accidents in 
Europe as a whole under an appropriate statistical 
model, has been developed. 
 
     Analysis methods for accident causation studies. 
It is obvious that accident causation analysis is a 
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matter of importance in TRACE. In order to provide 
appropriate methodological support to the operational 
work packages, this task deals with analysis methods 
for accident causation studies. Emphasis lies on 
exploratory or hypothesis-generating methods, as 
confirmatory or hypothesis-testing methods of 
accident and injury risk analysis [23].  
First, a theoretical framework for causal analysis in 
accident causation research has been proposed and 
problems linked with establishing causal 
relationships have been discussed. Then, in view of 
the huge volume of many accident databases, some 
data mining tools have been investigated which are 
highly relevant for accident experts. Specific 2D 
graphical representations (self-organizing maps) of 
the different risk factors can provide, at a glance, a 
qualitative understanding of possible accident causes. 
In a subsequent step, information theoretic methods 
(mutual information ratio) can be used to quantify 
more precisely the impact of each single factor. By 
automatic learning, a function can be constructed to 
forecast, for instance, accident severity given a set of 
pre-selected factors.  
In addition, nonparametric statistical methods which 
do not require any model presumptions have been 
examined and applied to measure the relationship 
between injury risk and potential determining factors. 
 
     Analysis methods for accident and injury risk 
studies. In studies of traffic accident causation, 
researchers frequently aim to assess risk factors for 
accident involvement and accidental injury. 
Consequently, this task provides the operational work 
packages of TRACE with appropriate methodological 
tools from accident and injury epidemiology [22].  
As different types of accident and exposure databases 
are encountered in the TRACE project, special 
emphasis is placed on study designs which fit to the 
available data sources. Among other things, it has 
been shown how to conduct accident causation 
studies using easily accessible routine accident and 
exposure data under different study designs such as, 
for instance, the case-control design. Analysis 
methods for accident causation studies relying 
exclusively on accident data (concept of induced 
exposure) have also been critically examined. The 
tailor-made statistical tools treated in this task enable 
accident researchers to identify whether there is a 
relationship between a set of potential risk factors 
and accident involvement or accidental injury.  
In order to make the statistical concepts and methods 
easily accessible also to researchers who are not 
experts in statistics and/or epidemiology, numerous 
examples and detailed empirical case studies have 
been integrated in the technical reports. 
 

     Evaluation of the safety benefits of existing 
safety functions: statistical methodologies. The aim 
of this task has been to develop and improve 
quantitative methods for ex post evaluation of the 
effects of specific in-vehicle safety functions. 
Appropriate analytical approaches have been 
investigated for this purpose. The methods developed 
under this task have been extensively applied in 
TRACE WP4 “Evaluation” [24].  
The scientific work deals with statistical methods for 
evaluating safety features which are already on the 
market. The methods - exclusively relying on 
empirical traffic accident data - are not only suitable 
for the evaluation of individual safety devices but 
may also be applied to assess any combination of 
passive and active safety features. It is shown in 
detail how to compute accident avoiding 
effectiveness as well as injury avoiding and injury 
mitigation effectiveness taking account of 
confounding factors where necessary. The 
methodology is demonstrated on real-world data 
examples. 
 
     Concluding remarks. Basically, the scientific 
work carried out under TRACE Work Package 7 
“Statistical Methods” has dealt with the following 
two questions: 
- How can statistical methods contribute to improve 
our empirical knowledge on traffic accident causation 
in Europe? 
- How can statistical methods contribute to identify 
safety systems suitable for traffic accident prevention 
and accidental injury mitigation?  
The application of statistical methods in the field of 
traffic safety has a long tradition. Thus, it was clear 
from the outset that among the statistical sciences 
especially the discipline of epidemiology offers a 
wide variety of concepts, methods and models that 
can be applied either directly or after some proper 
adaptation to answer the above research questions.  
- Study of the incidence of accidents and of the 
frequency distribution of accident characteristics is 
essentially a descriptive exercise. This, however, 
does not mean that only the methods of descriptive 
statistics are relevant. As accidents and accidental 
injuries occur randomly, analytical methods based on 
probability models, e.g. models and methods of 
sampling theory are needed already at this stage. 
- Research on the determinants of road traffic 
accidents can best be conducted under an 
epidemiological framework providing the accident 
researcher with suitable study designs and analysis 
tools. Study of determinants considers the aetiology 
of accidents and accidental injury. In this context, of 
course, a distinction has to be made between potential 
and proven aetiological agents. Especially when 
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using routine data on traffic participation and 
accident involvement the empirical findings referring 
to risk factors for accident involvement may be 
largely descriptive and should not be over-interpreted 
in a causal sense. 
- Likewise, assessment of the effectiveness of 
innovative safety systems already launched onto the 
market must also observe the methodological 
principles developed in epidemiology. Ex post 
evaluation of new safety systems should especially 
utilize the methodological principles developed for 
observational studies where it is difficult or even 
impossible to find a control group in the classical 
sense. As has been shown in the TRACE Reports, 
proper epidemiological model building is essential if 
meaningful conclusions on the effectiveness of single 
or multiple safety functions are to be drawn. 
As can be seen, statistical methods in general 
together with specific concepts established for high-
quality epidemiological research are indispensable 
tools both for establishing accident causation factors 
and for evaluating safety systems aiming at accident 
prevention and injury mitigation.    
In the TRACE reports, a large number of classical 
and newer statistical methods, including methods 
from the field of artificial intelligence, have been 
investigated and explored for use in accident 
causation studies and safety system assessment.  As 
can be expected, these methods differ in their degree 
of suitability for accident research purposes. In the 
conclusions, this aspect is addressed. In addition, it is 
always clearly stated whether or not the method 
under consideration is accessible to traffic safety 
analysts not specializing in statistics or should better 
be applied by statistical experts only.  
Not surprisingly, one comes to the conclusion that 
high-quality research on traffic accident causation 
presupposes correspondingly high methodological 
standards. These standards, of course, can best be 
ensured in interdisciplinary teams involving experts 
from statistics and epidemiology. The TRACE 
project serves as a good example of this. 
 
Data 
 
Work Package 8 was the data provision work 
package of the TRACE Project [25].  The analysts 
working in the other Work Packages were able to 
request data from designated data providers.  The 
objective of Work Package 8 was not to produce a 
database of harmonised data.  It was to provide 
suitable aggregated data (crosstabulations) from 
existing individual databases that analysts could 
consider in answering the specific research questions 
of the Work Packages. 

The main features and achievements of the work of 
Work Package 8 are summarised below. 
An effective Data Exchange Methodology that is 
both understandable and suitable has been put in 
place, allowing TRACE to make the best use of 
existing data. 
Participants in Work Package 8 have successfully 
prepared large, complex sets of data tables for the 
analysts in the Operational Work Packages of 
TRACE. 

- At least 940 requested tables, in 83 worksheets, 
as part of 23 data requests have been handled. 
- Approximately 3,700 tables of data have been 
prepared and returned to analysts.  The concept of 
counting data packages and monitoring effort has 
had to evolve and be reshaped as the project 
developed but the volume of data exchange is as 
large, if not more, than originally planned. 
- In light of an expected lack of risk exposure 
data, analysts have been provided with a tool to 
understand and access a wide range of data 
already published. 

Recommendations for future European data gathering 
activities are made, along with support to current 
initiatives from a TRACE perspective: 
- Continuing harmonisation of variables and 
definitions, for descriptive, in-depth and exposure 
data.  This would allow both easier data provision 
and analysis. 
- Development of a Pan-European accident 
classification coding system.  Accident classification 
is an important step in both understanding accident 
causation and evaluating the potential of new safety 
systems. 
- Harmonisation of accident causation coding 
systems.  Any proposed systems should be tested 
against the broad and in-depth questions posed in the 
TRACE tasks. 
- Development of European field operational tests.  
An understanding of human interaction with new 
vehicle technologies (both for safety and comfort) 
will allow a much fuller evaluation of the potential 
effect of such devices on safety. 
- Development of European risk exposure data.  
Greater availability and depth of risk exposure data 
would allow a new perspective on the analysis of 
accident causation. 
- Further development of the CARE database and 
interface.  More countries would allow a better 
European context, and further development of the 
interface would give more flexibility when 
examining specific accident scenarios. 
 
 
 
 



Page, 7 

ACCIDENT CAUSATION 
 
Current knowledge needs to be structured and linked 
to specific research angles and analysed according to 
specific methodologies to avoid misunderstanding 
and to allow a clear view of what accident causation 
is. Therefore, TRACE had three different research 
angles to cover accident causation issues: 
- The Road user approach: it allows identifying 
specific causation factors for specific road users. 
- The Types of situation approach: as the road user 
can be confronted with different driving situations, 
that can develop into different emergency situations, 
that deserve specific analysis regardless of the road 
user type. 
- The Types of factors approach: factors can be 
identified and observed according to social and 
cultural factors, factors related to the trip itself and 
factors related to the driving task. 
These 3 approaches are developed according to three 
different kinds of analyses: 
- A macroscopic statistical analysis aimed at 
describing the main problems.   
- A microscopic analysis aimed at describing the 
accident mechanisms with the use of in–depth data. 
- A risk analysis aimed at quantifying the risk factors 
in terms of risk, relative risk and, where possible, 
attributable risks. 
TRACE produced a lot of research outputs 
combining these three approaches and these three 
types of analysis. We are reporting below only the 
main findings [1, 2, 3, 4, 5, 6, 7, 8]. 
 
Types of factors 
 
A variety of theories on accident causation exists and 
up until today no synthesis has emerged [5]. Theories 

and models reflect peoples’ views on reality to 
explain complex relations in simplified ways. The 
motivation lies in the belief that every accident can 
be prevented, if the causes for this accident can be 
eliminated. Accident Models help to understand the 
occurrence of traffic accidents and give answers to 
questions on how and why accidents happen, where 
and when they take place, and who is involved, and 
furthermore to find according preventive measures.  
Epidemiological studies can reveal risk factors for 
crashes that increase the chance for an accident to 
occur or the chance for someone to cause, or just be 
involved in an accident. Additionally, in-depth 
accident research identifies factors that contributed to 
a specific accident and are able to explain the 
occurrence of the accident. This is done by applying 
causality to certain factors that led to the accident. 
Most in-depth accident databases provide a list of 
factors, from which the investigator can choose the 
factors that contributed to the accident. Some 
investigation classifications code key events or 
triggering factors, in addition to also considering the 
most important factors, or the last factors, that finally 
caused the accident in the causal chain in time, 
respectively. 
Of course, usually one factor cannot cause an 
accident. Most often a combination of contributing 
factors, forming a sufficient cause, leads to the 
accident [5, 16]. 
In the model, the classification of accident related 
factors is two dimensional. One dimension is 
expressing the time (accident process) by levels, and 
the other dimension reflects the origin from where a 
factor stems from (from a "traditional view") by 
components. Generalised examples are used in the 
table 1 to visualize the classification of factors. 
 

 

Table 1. Classification of accident related factors

Levels and 
Components 

Background factors Trip related factors (task 3.3) 
Driving task associated factors 

(task 3.4) 

Environment Modes of Transport,  Climate Road characteristics Road and light condition 

Vehicle Vehicle fleet, safety standards 
Vehicle type and maintenance 

status 
Vehicle condition and 

performance 

Human 
Transportation politics, Socio-
demographic characteristics 

(task 3.2) 
Physical and mental state 

Actual behaviour and 
performance 

 
 
The analysis showed that already on a random choice 
of cases, a lot of sociological and cultural factors are 

found, that influence the following acts, behaviours, 
vehicles involved in the accident etc. But, of course it 
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is not possible to explain every accident in 
sociological terms. And this is not wanted from a 
prevention point of view, which in modern society of 
course tries to protect the individuals but also tries to 
give responsibility back to the individual. It is 
however, necessary to know the underlying reasons 
for some factors found on a trip or even driving task 
level. Sociological and cultural factors are just one 
component of the background factors, although 
strong interactions between those factors and 
environmental and vehicle related factors on a 
background level can be expected.  
It has been possible to identify not only the most 
‘typical’ characteristics of accidents where trip 
related or driving task-related factors are involved  
but also to identify the main reasons for what went 
wrong in the accidents where these factors and their 
associated characteristics, are present.  
After screening literature and accident databases to 
find, define and classify relevant factors, the results 
from methodological WP’s were also taken into 
account to decide how to proceed. It was decided to 
especially analyse accidents where the following 
factors contributed by statistical database analysis 
and some of the factors also by in-depth case 
analysis: alcohol, vigilance, experience, vehicle 
condition, road condition and layout, attention, 
sudden health problems, speed (including 
‘inappropriate speeding’ and ‘illegal speeding’), and 
technical defects. 
Factors are regarded to be relevant either by risk 
increase or by high prevalence as contributing to 
accidents. After screening literature and accident 
databases to find, define and classify relevant factors 
on the trip and driving task level, the results 
(methods) from methodological WP’s were then 
applied to accidents caused by the relevant factors.. 
Following factors were analysed by statistical 
database analysis and by in-depth case analysis 
applying the WP5 human functional failure analysis: 
alcohol, vigilance, experience, vehicle condition, 
road condition and layout, attention, sudden health 
problems, speed (including ‘inappropriate speeding’ 
and ‘illegal speeding’), and technical defects. 
According to the different methods and databases 
used the results are manifold when analyzing 
accident causation from a factors point of view.  One 
interesting result e.g. is that an alcohol related 
accident is predominantly found for pedestrians 
and/or cyclists in the UK, Germany and the Czech 
Republic, whereas in Spain, Italy, and France all road 
user groups are affected. Another example for the 
results is the notion that if a young driver (<25years) 
is involved in a driving accident with frontal impact 
on a rural road with a speed limit between 60 and 
100km/h in winter and nighttime, then it is very 

likely that the road condition and layout contributed 
to this accident. And the next example stems from the 
functional failure analysis for alcohol related 
accidents: Whereas the primary active road user (the 
one inducing the accident situation) often is the 
impaired one showing loss or restrictions in 
consciousness and ratio, for the opponent often 
visibility (of the active road user) plays an important 
role in contributing to the accidents occurrence. The 
failures of "Expecting a non-priority vehicle not to 
undertake a manoeuvre in intersection" or "Road user 
surprised by a pedestrian (or two-wheeler) on 
approach" shows a tendency for the fact, that the 
primary active road user (here: the alcoholised one) 
performed unforeseeable actions that were not 
possible to see (visibility) or predict from the 
opponents point of view and the accidents therefore 
hardly to avoid. 
In general it has been possible to identify not only the 
most ‘typical’ characteristics of accidents where trip 
related or driving task-related factors are involved  
but also to identify the main reasons for what went 
wrong in the accidents where these factors and their 
associated characteristics, are present.  
 
Types of users 
 
TRACE WP1 (Road Users) addressed the analysis of 
the different accident causation mechanisms of each 
of the road user groups (passenger car occupants, 
powered two wheelers, van, bus and trucks occupants, 
pedestrians and pedal cyclists, elderly people and 
gender related crashes). Some of the findings for 
passenger car occupants are reported below, after 
having given a look at the general statistics of 
mortality (figure 1), which show that other road users 
are also of high interest in terms of mortality and 
accident process. Other findings for the other types of 
users are available in the TRACE reports [1, 2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Distribution of Road Fatalities on the 
European Roads (Source: ERSO).  
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     Passenger Car Drivers. When examined from 
the angle of human functional failures, it can be 
noted that cars drivers are particularly prone to 
perception errors, this category of failures being 
observed in 35.7% of the cases that compose the 
studied sample. 
The most frequently identified pre-accident situations 
are spread between the driving ‘Stabilized’ situations 
and the tasks to perform when managing intersection 
crossings (‘Going ahead on a straight road’ 15.2% 
and ‘Crossing intersection with a priority vehicle 
coming’ 12.7% are the most frequent pre-accident 
situations observed in the sample). 
The study of explanatory elements also brings 
information on the way functional failures occur. 
Several elements come out (‘Atypical manoeuvres 
from other users’, ‘Road over familiarity or 
monotony of the travel’, Choice of too a high speed 
for the situation’, etc.), but it can be seen that again 
the distribution of the elements is wide-spread. 
These results shed light to the interest of looking at 
the data in a more relevant way than the overall one, 
so specificities can emerge more clearly. Two 
categories of crashes have been studied: Single cars 
accidents and cars vs. other road users. 
When analysed separately, the drivers of the single 
car accidents sample feature a specific profile. Firstly 
because their accident happens when the task to 
perform is quite simple: the pre-accident situations 
are always related to stabilized situations and more 
specifically to guiding the vehicle on the carriageway 
(either or straightway road or during curve 
negotiation). 
Additionally, the human functional failures 
associated to those drivers are typical of losses of 
control. Here are found, in 40 % of cases , handling 
difficulties (associated with attention impairment or 
external disturbance such wet carriageway or wind 
blast).  
The losses of psycho-physiological capacities are 
also found in the same proportions (38.7%) as being 
the cause of the single car accident. This loss is 
mainly due to psychotropic intake (alcohol for the 
major part of the drivers) but the drivers falling 
asleep account for 15.4% of those accidents.  
At last, in 1 case out of 5, the drivers have had 
troubles to perform a correct evaluation of a road 
difficulty. Those losses of control are related to 
changes in road situations in almost 1 case out of 4 
but the layout is not the only element that should be 
underlined here. The majority of factors are 
endogenous, that is associated to drivers' states or 
their conditions of task realization. What is found as 
having an influence on the losses of control are: in 
one third of the cases, the alcohol intake; the speed 
chosen by the drivers (36.7%); the level of attention 

allocated to the driving task; and at last the level of 
experience of the road users, either concerning their 
driving knowledge, the familiarity they have of their 
vehicle or of the location of the accident. 
All these explanatory elements have a role when 
combined with each other until the drivers fail to 
perform the task, although quite simple, as if this 
particular association of parameters was having 
influence on the most rooted abilities developed in 
driving activity, the skill-based ones. On the other 
hand, the accident mechanisms observed for the 
group of multi-vehicles collisions are various. First in 
the tasks to realize: they cover many pre-accident 
situations and concern stabilized situations as well as 
intersection crossing of specific manoeuvres. This 
heterogeneity is also found in failures and 
explanatory elements. It is then with the help of the 
typical generating failure scenario that light is 
brought on the specificities of this population. 
Perceptive failures are central in these kinds of 
accidents and they reveal the multiplicity of the 
problems encountered by the drivers when they 
interact with others: 
- Visibility constraints are decisive in almost 6% of 
the accidents cases, especially when they prevent the 
drivers from detecting the atypical manoeuvre of the 
other road users. 
- The search for directions and the monitoring of 
potential conflict with others are the causes of 
monopolisation of the driver's attention, leading him 
to not detect the relevant information. 
- A low level of attention devoted to the driving task 
has also impact on the detection of the other, 
especially if the task to perform is familiar and if the 
environment is dense and the traffic important, or if 
the driver is lost in his/her thoughts. 
Misleading indications are also at the origin of some 
'Processing' distortions. A same indication sometimes 
having several meanings and being then ambiguous, 
the driver undertakes the wrong manoeuvre regarding 
the other's behaviour. 
The wrong expectations concerning the others' 
manoeuvres are also very represented in this sample 
of passenger cars drivers. Although those 
manoeuvres are sometimes difficult to anticipate, the 
rigid attachment of their right of way status that the 
drivers develop is generally at the core of the 
scenarios putting forward those 'Prognosis' failures 
and scenarios. 
 
Types of situations 
 
TRACE identified four specific groups of situations 
covering the majority of the real-world driving 
situations: 
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- Stabilized Traffic Scenarios concerning every 
normal driving situation that can become risky due to 
specific failures (e.g. guidance errors) or sudden 
conflict situations with other road users. 
- Specific Manoeuvre Scenarios including accidents 
due to scenarios created by performing specific 
driving manoeuvres (e.g. overtaking, U-turning, car-
following, joining a carriageway, etc.). 
- Degradation Scenarios gathering accidents 
concerned with the presence of factors which degrade 
the road way, the environment (fog, heavy rain) and 
trigger accidents. 

- Intersection Scenarios that concern every situation 
occurring at or close to an intersection. 
Examples of analysis concerning the three first 
situations are given below. Intersection scenarios are 
reported in a separate paper . 
 
     Stabilized situations. These situations represent 
49% of the total number of situations in EU27 and 
33% of the total number of injury accidents in Europe 
(estimation relying on results coming from Spain, 
UK, France, Greece and Czech Republic). The main 
results regarding the identification of the causes are 
the following: 

 
     Specific manoeuvres. These situations represent 
7% of the total number of situations in EU27 and 
24% of the total number of injury accidents in Europe 
(estimation relying on results coming from Spain, 
UK, France, Greece and Czech Republic). The main 
results regarding the identification of the causes are 
the following: 

   Degradation situations. The accidents in degraded 
conditions (in dark and/or bad weather conditions 
only) represent 35% of the total number of injury 
accidents in EU27, 46% of the overall fatalities (3% 
of the casualties in degraded situation) and 39% of 
severely injured (14% of the casualties in degraded 
situation). The main results regarding the 
identification of the causes are the following: 

 
EVALUATION 
 
The second principal aim of TRACE was to 
investigate the impact of advanced safety functions 
on reducing several types of injury crashes involving 
passenger cars or restricting (mitigating) crash 
consequences (so-called safety benefits). WP6 
provided at the beginning of the project a list of the 
most promising safety functions that address current 
and future accident types on European roads.  
The evaluation has been performed from two 
different perspectives: 
- Assessment of the potential proportion of injury 
accidents that could be avoided and of the potential 
proportion of injury accidents whose severity could 
be reduced, for safety functions, of passenger cars, 
not already on the market (this is the so-called a 
priori effectiveness).  
- Assessment of the actual proportion of injury  
accidents that could be avoided and of the actual 
proportion of accidents whose severity could be 
reduced, for safety functions, of passenger cars, 
already on the market (this is the so-called a 
posteriori effectiveness) once the cars are equipped 
with existing functions. 
 
A Priori Effectiveness 
 
Different methods have been applied and different 
data used [9, 10, 11, 12].  The allocation of the safety 
functions to different methods is presented in table 2. 
These different methods are presented extensively in 
the TRACE reports. It is also argued why different 
methods were necessary and why, given the low 
effectiveness of some safety functions, it is assumed 
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that the discrepancies between the methods are not 
introducing too much bias in the comparison of the 

results. 

 

Table 2. Safety functions selected for evaluation and method used for evaluating the safety benefits 

# Safety System 

Method 

“Target 
population” 

method 

Effectiveness 
evaluation 

Unit HARM 
Neural 

Networks  

1 Tyre Pressure and Monitoring X    

2 Lane Keeping Support X    

3 Lane Changing Support X    

4 Cornering Brake Control X    

5 Traffic Sign Recognition X    

6 Intersection Control X    

7 Intelligent Speed Adaptation  X   

8 Blind Spot Detection  X   

9 Alcolock Key   X  

10 Advanced Automatic Crash Notification   X  

11 Night Vision   X  

12 Collision Avoidance    X 

13 Predictive Brake Assist    X 

14 Dynamic Suspension    X 

15 Drowsy Driver Detection System    X 

16 Advanced Front Light System    X 

17 Rear Light Brake Force Display    X 

18 Collision Warning    X 

19 Advanced Adaptive Cruise Control    X 

 
The target population method (calculating only the 
proportion of crashes addressed by the function) is 
used only for cases where this population is low and 
does not imply a full calculation of effectiveness.  
Neural Networks are used to investigate the impact of 
primary safety functions on restriction of accident 
consequences.  The proposed approach investigated 
the effectiveness of several safety functions on 
different accident configurations, by estimating the 
influence of each safety function on different 
accident parameters.  The evaluation is performed in 
terms of assessment of the potential proportion of 
accidents whose severity could be reduced, for each 
safety function. Other methods are chosen according 
to the function under study, availability of data and 
relevance of the method. Full definitions of the 
functions are described in the TRACE reports. We 
are just reporting here their generic titles which are 
sufficient to understand the concept but not to 
understand how they work.  
The main results coming out from the analysis are 
presented in table 3.  This table shows the overall 

effectiveness evaluation results for the selected 
nineteen (19) primary safety systems for passenger 
cars that have been studied in TRACE.  In table 3 the 
safety systems effectiveness is presented in terms of: 
- Fatalities saved:  The percentage of fatalities that 
could be saved by the safety function if the fleet is 
100 % fitted with this particular function.  
- Serious injuries saved:  The percentage of serious 
injuries that could be saved if the fleet is 100 % fitted 
with this particular function. 
It should be noted that, in this table, the absence of 
calculated values in fatalities saved for some of the 
safety systems occurs because these values have not 
been calculated (and thus are not available) and does 
not suggest that those systems do not provide any 
benefits in terms of fatalities saved.  Additionally, it 
should also be noted that in some cases the 
percentage of the effectiveness in terms of fatalities 
saved is higher than the corresponding percentage in 
terms of serious injuries saved.  However, this does 
not imply that more fatalities (in absolute numbers) 
than serious injuries would be saved, since in most 
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accident configurations the number of injuries is 
much higher than the number of fatalities.  
The results show that the greatest additional safety 
gain potentials are expected from intelligent speed 
adaptation systems, automatic crash notification 
systems, and collision warning and collision 
avoidance systems. Their expected benefits (expected 

reduction in the total number of injured persons) are 
between 6% and 11%. Safety benefits of other 
systems are more often below 5%. Some systems 
have a very low expected safety benefit (around or 
less than 1%). 
 

 
Table 3. Potential safety benefits of safety systems 

 
  Effectiveness (%) 

Safety System Safety Function Fatalities Saved Serious Injuries 
Saved 

Intelligent Speed Adaptation (**) Drive Safe 17 11 

Advanced Automatic Crash Notification 
(***) 

Rescue 10,8 - 

Advanced Adaptive Cruise Control Drive Safe - 11 

Collision Avoidance Drive Safe - 9,1 

Collision Warning Drive Safe - 6,6 

Traffic Sign Recognition (*) Drive Safe - 5,8 

Lane Keeping Assistant (*) Drive Safe - 5,7 

Night Vision Visibility 3,5 4,8 

Blind Spot Detection (*) Drive Safe 2,5 4 

Lane Changing Assistant (*) Drive Safe - 3,1 

Alcolock Key(***,#) Drive Safe 6 3 

Drowsy Driver Detection System Drive Safe - 2,9 

Intersection Control (*) Drive Safe - 2,3 

Cornering Brake Control (*) Braking Systems - 2,3 

Tyre Pressure Monitoring and Warning (*) Drive Safe - 1,3 

Rear Light Brake Force Display Visibility - 0,8 

Advanced Adaptive Front Light System Visibility - 0,6 

Predictive Assist Braking Braking Systems - 0,2 

Dynamic Suspension Handling/Kinematics - 0 

* The potential magnitude (target population) of the effectiveness has been calculated 
** The numbers are for the 'Driver Select' ISA configuration which has been estimated as the most effective 
*** Results based on non-European data 
# For the Alcolock Key the results for the mode "All newly registered vehicles (First full year)" with effectiveness 25% is used 
which gives the highest results but it is above the average performance of Alcolock key 
N/A Not Applicable 
- Value not available 
 

A Posteriori Effectiveness 
 
The first task of this part was to select the safety 
applications to be studied. Depending on the 
availability of crash data and also considering the 

actual low penetration rate of active safety functions, 
we have selected for evaluation the Electronic 
Stability Control (ESC) and the Emergency Brake 
Assist (EBA) systems. 
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As for the passive safety systems, newer cars are 
designed to offer good overall protection. Car 
structure, load limiters, front airbags, side airbags, 
knee airbags, pretensioners, padding and non 
aggressive structures in the door panel, the 
dashboard, the windshield, the seats, the head rest 
also participate in supplying more protection. The 
whole package is then very difficult to evaluate 
separately, one element independently from the 
others. We have then decided to consider that we 
would evaluate in TRACE the safety of the whole 
package, this package being, for the sake of 
simplicity, the number of stars awarded at the Euro 
NCAP testing. 
The challenges were to compare the effectiveness of 
some safety configuration SC I with the effectiveness 
of some safety configuration SC II [14, 24]. A safety 
configuration (SC) can be understood as a package of 
safety functions.  
Ten comparisons have been carried out and the 
evaluations presented in table 4 are now available 
[15]. 

The evaluation of the potential safety benefits of 
existing safety functions is expected to be carried out 
at the EU25 or EU 27 level. It would mean that: 

- either the relevant data is available at that level 
and the above-mentioned analysis is done with 
the European data 
- or the relevant data is not available at the EU 
level and the analysis is done with the data 
available in a selection of countries, the results 
being expanded at the EU level with an 
appropriate technique. 

The relevant data is actually not available at the EU 
level. We have then chosen to conduct the analysis 
with the French data and try to expand the results at 
the EU level if possible. 
As explained and discussed in the TRACE reports, 
the data relevant for such an analysis is a 
macroscopic accident dataset in which we can get 
information about vehicles involved in crashes (and 
especially their equipment) and about the crash and 
the impact configurations. We chose to use the 
French Injury Crash census. 
 

  
Table 4: Evaluation of the effectiveness of existing safety package 

 

 
Reduction in injury 
accidents (accident 

avoidance) 

Reduction in all 
injuries & fatalities 

Reduction in severe 
injuries and fatalities 

Safety benefit of EBA given that the car 
has four stars (Euro NCAP). 

-3.2% 7.8% 14.6% 

Safety benefit of ESC given that the car 
has four stars and an EBA. 

5.2% 10.3% 16,8% 

Safety benefit of ESC given that the car 
has five stars and an EBA. 

3.2% 10.7% (*) 23.4% (*) 

Safety benefit of the fifth star given that 
the car has four stars and an EBA. 6,4% 8,3% N.A. 

Safety benefit of the fifth star given that 
the car has four stars, an EBA and an ESC. 

19.3% (*) 33,8% (*) 35,1% (*) 

Safety benefit of EBA and ESC given that 
the car has four stars. 

18,6% 36,3% (*) 42,3% 

Safety benefit of EBA and a fifth star 
given that the car has four stars. 

28,2% (*) 36% (*) 37,5% (*) 

Safety benefit of ESC and a fifth star 
given that the car has four stars and an 
EBA. 

22% (*) 38,6% (*) 37,1% (*) 

Safety benefit EBA, ESC and a fifth star 
given that the car has four stars. 

47,2% (*) 67,8% (*) 69,5% (*) 

Safety benefit of a fifth star and removing 
an ESC given that the car has four stars, an 
EBA and an ESC. 

2,1% N.A. N.A. 

* Statistically significant 
 
The French accident national database gathers all 
information on every injury road accident occurring 

all over France during a year. This database only 
focuses on accidents in which at least one road user 
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sustains injuries. No property-damage accident is 
registered in this database. The information is 
collected by the Police forces on the scene of the 
accident. On the basis of the police report, usually 
used for forensic purpose, they also have to fill in a 
statistical form called BAAC (Bulletin d’Analyse 
d’Accident Corporel) bringing together all the 
characteristic of the accident.  
Among all the vehicles within our injury accidents 
database, a selection has been made in order to retain 
only crashed vehicles that were pertinent for the 
analysis.  
Firstly, we selected French vehicles whose model 
year stands between 2000 and 2006. We restricted 
our analysis to four and five star vehicles, excluding 
three stars vehicles. It was useless to keep vehicles 
with model years prior to year 2000 since 
considerable improvements have been brought to car 
crashworthiness since the late nineties and the 
additional benefits of newer passive or active safety 
devices must be compared to vehicles built just prior 
to these improvements and not a long time ago. 
We also selected cars fitted with ABS since this is 
now standard equipment.  
The presence of EBA and ESC in the car also had to 
be stated. The vehicles with optional equipment were 
not taken into account, as we could not be sure if the 
safety function was really on board. There were some 
special cases where the optional equipment has been 
considered as if it was not present on the vehicle 
(ESC equipment for the Megane for instance since 
the equipment rate for some vehicles was known to 
be very low).  
We must explain that the injury severity codification 
was changed in 2005 in France (the split between 
slight and serious injuries changed towards a split 
between slight and hospitalized injuries). There is not 
any evident correlation between the new and the 
former classification. It becomes impossible to 
aggregate data of accidents occurred before 2005 
with those concerning accidents from 2005 on, at 
least if the analysis deals with injury severity. 
Therefore, we had to perform our analysis on the 
accident cases that occurred in 2005 and 2006.  
The last selection concerned the use of the seat belt 
and the seating position in the vehicle; only the belted 
driver and front passenger were selected for the 
analysis. 
Available in our sample were 15 466 four star 
vehicles and 4 610 five star vehicles. 
The main striking results coming out from the 
analysis are what we call the ‘overall effectiveness’ 
of the selected safety systems with breakdown by 
injury severity levels (table 4). This ‘overall 
effectiveness’ represents the percentage of reduction 
in injury accident and injuries that would be observed 

if all cars would be fitted with the system(s) under 
consideration, compared to cars of a reference group. 
Reference groups are not always the same, the less 
equipped reference group being 4 star cars without 
EBA, without ESC. 
This overall effectiveness is derived from the specific 
effectiveness which is the effectiveness of the safety 
configurations which applies only to accident types 
or impact types for which the safety systems are 
designed for. 
The main outcome of this analysis is that any 
increment of a passive or active safety function 
selected in this analysis (5 stars, Emergency Brake 
Assist, Electronic Stability Control) produces 
additional safety benefits. In general, the safety gains 
are higher for higher severity levels [15]. For 
example, if all cars were five stars fitted with EBA 
and ESC, compared to four stars without ESC and 
EBA, injury accidents would be reduced by 47.2%, 
all injuries would be mitigated by 67.8% and severe 
+ fatal injuries by 69.5%. 
The results are very positive and encouraging, 
showing great potential for the generalization of the 
selected safety applications and validating the 
choices made so far by the various stakeholders who 
have been pushing the installation of safety 
technologies in the passenger cars for years. 
 
CONCLUSION 
 
Apart from considerable improvements in the 
methodologies applicable to accident research in the 
field of human factors, statistics and epidemiology, 
allowing a better understanding of the crash 
generating issues, the TRACE project quantified the 
expected safety benefits for existing and future safety 
applications. 
- As for existing safety functions or safety packages, 
the main striking results show that any increment of a 
passive or active safety function selected in this 
project produces additional safety benefits. In general, 
the safety gains are even higher for higher injury 
severity levels. For example, if all cars were five stars 
and fitted with EBA and ESC, compared to four stars 
without ESC and EBA, injury accidents would be 
reduced by 47%, all injuries would be mitigated by 
68% and severe + fatal injuries by 70%. 
- As for future advanced safety functions, TRACE 
investigated 19 safety systems. The results show that 
the greatest additional safety gains potential are 
expected from intelligent speed adaptation systems, 
automatic crash notification systems, and collision 
warning and collision avoidance systems. Their 
expected benefits (expected reduction in the total 
number of injured persons) are between 6% and 11%. 
Safety benefits of other systems are more often below 
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5%. Some systems have a very low expected safety 
benefit (around or less than 1%). 
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ABSTRACT 
 
Crash-tests and numerical simulations are vital 
sources of information for designing car safety 
elements. The aim of this study is the design of a 
crash-box for a Formula SAE car and the 
investigation, through a numerical approach, of its 
dynamic behaviour in frontal impact conditions. 
The impact attenuator is obtained by the 
combination of honeycomb sandwich panels and 
aluminium sheets. Firstly experimental tests and 
numerical analysis on honeycomb structures were 
carried out in order to better understand their 
behaviour and model them properly. Afterwards  a 
global 3D model was built and discretized with 
finite element method (FEM) in the Ansys code, 
while the simulation of the crash itself was done by 
means of the Ls-Dyna code. The crash-box has 
been optimized regarding several parameters so 
that the performances required by Formula SAE 
rules are achieved with minimal structural weight. 
The obtained results show that the impact 
attenuator by itself is able to absorb the total kinetic 
energy with dynamic buckling and plastic 
deformation of its structure with an average 
deceleration limited under a 20g value.  
 
INTRODUCTION 
 
The goal of an impact attenuator is to prevent the 
driver and the car from serious damages in case of 
impact with an obstacle. In order to meet the 
requirements of Formula SAE competition, the 
attenuator must guarantee specific performances in 
terms of average deceleration values and minimum 
acceptable dimensions during impact. Moreover the 
assembly of the crash-box is subjected to the 
following conditions: 

• the impact attenuator must be installed in 
front of the bulkhead; 

• it must be at least 200 mm long (along the 
main axis of the frame), 200 mm wide and 
100 mm high; 

• it must not penetrate the front bulkhead in 
case of impact; 

• it must be attached to the front bulkhead 
by welding or, at least, 4 bolts (M8, grade 
8,8); 

• it must guarantee safety in case of off-axis 
and off-centre impact. 

A crash-test should be demonstrated by the 
effectiveness of the energy absorbing structure. In 
the test the front part of the chassis, including the 
crash-box and the so called survival cell, is solidly 
attached to a trolley with a total weight of 300 kg. 
In this condition the crash-box and the front part of 
the survival cell hit a rigid barrier at a velocity of 7 
m/s. During the test the average deceleration of the 
trolley must not exceed 20g and the final 
deformation must be limited to the crash-box only. 
An impact attenuator can be built with many 
different materials, like metal alloys and/or 
reinforced fiber composites.  No matter the 
material, but how it absorbs the impact energy is 
the most important feature: the attenuator, in fact, 
must dissipate the total kinetic energy avoiding too 
high decelerations. An important aspect that can 
influence the crash-box design is the manufacturing 
cost. Because of the budget available to the 
Formula SAE Team, aluminium sandwich structure 
with hexagonal cells were used in the case 
discussed in this paper. The advantages of metallic 
laminas are: 

• low cost; 
• wide know-how on mechanical 

behaviour of metals; 
• easy design and assembly; 

while those of honeycomb core are: 
• low weight; 
• high energy absorption capability. 

This last material is used mainly in aerospace and 
automotive competitions for obtaining high 
stiffness-to-weight and strength-to-weight ratios. 
Honeycomb is designed for being loaded in 
compression along the cell axis. The cells walls 
buckle under compression and generate several 
plastic hinges that absorb energy. Moreover, under 
bending , honeycomb core separates the skins so 
that the cross-section holds a high inertia moment.  
For the application under discussion the geometry 
and materials characteristics have been chosen and 
optimized by numerical simulation. Several FE 
models have been developed, using LS-DYNA 
code [1], to predict the material structural 
behaviour under dynamic loads. Actually, crash-
tests that certify the  quality of the attenuator were 
not available, but the carried out numerical 
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simulations are considered trustworthy in order to 
establish the performance of the crash-box in the 
preliminary design stage. 
 
IMPACT ATTENUATOR: GENERAL SHAPE 
 
Inspired by race competitions, for the attenuator 
general geometry a  truncated pyramidal shape was 
chosen. With this shape the increasing cross-
sectional area prevents from eulerian instability 
during the deformation. Moreover the angle 
between the load and the plane of the plates induce 
bending and the formation of local plastic hinges. 
With reference to Figure 1, the attenuator can be 
seen as a blunt hollow beam. 
 

 
Figure 1. The attenuator as an hollow beam. 

 
This structure is subjected to failure for plastic 
instability of the sandwich panels (considering the 
small thickness of the plate, in comparison with the 
overall dimensions of the body). The plate is 
substantially a cantilever beam loaded by a 
complex distribution of forces and moments along 
its surface. This distribution causes the yielding of 
a particular section and produces a plastic hinge. 
With the increase of plasticity deformation in the 
section, the overall load distribution changes, 
causing the onset of other plastic hinges. 
Eventually the main energy absorption mechanism 
is due almost completely to yielding in the hinges. 
Along the skins (Figure 2) there is an alternation of 
hinges and straight zones. The straight pieces are 
practically not loaded as the hinges are plastically 
strained. 
 

 
Figure 2. Hinges in plastic buckling. 

During loading, the honeycomb skins come in 
contact one with each other. Now, the honeycomb 
in the straight piece of the plate is compressed, so it 
works at best. The hexagonal cells buckle under 
compression, causing a deep strain into the core; at 
this time the honeycomb structure stores energy 
effectively. 
In the required performances, the energy to be 
absorbed is relatively low. Moreover, thanks to 
previous simulations of crash-boxes made of 
honeycomb, a well-designed attenuator built with 
only two sandwich panels seemed to be able to 
satisfy the quoted requirements.. 
Inducing the sandwiches fully work in the 
previously mentioned way, sheets of aluminium 
assembled between the sandwiches walls 
demonstrated to be useful to this aim. These 
membranes create higher stiffness areas and, 
consequently, trigger the instability and folding of 
the sandwiches. After the first impact, such 
aluminium sheets has no structural task; they work 
only as instability-starter. 
A general shape of the attenuator is shown in 
Figure 3. 
 

 
Figure 3. Attenuator's shape. 

 
In the figure a sheet at the top of the attenuator is 
represented. It avoids that the structure, subjected 
to a non-frontal impact, behaves as a hinged 
parallelogram. It is attached directly to the 
sandwiches and transfers the impact load on both 
the panels in case of off-axis collision with an 
obstacle. 
The plates are attached to the sandwich panels 
through rivets. The assembly plan should follow 
the following steps: 

• folding two strips of each plate, for 
creating the surface to apply the rivets on; 

• making holes in sheets and sandwiches for 
the rivets; 

• applying rivets between sheets and panels; 
• assembling the attenuator to the front 

bulkhead via bolts and two ribbed L-
shaped joints. 

 
MATERIALS USED 
 
The sandwich panels were made of aluminium 
AA5052 (Table 1).  
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Table 1. 
Skin alloy properties 

 
 Yield 

stress 
(MPa) 

Ultimate 
stress 
(MPa) 

Elongation 
at break % 

AA5052 130 210 9 
 
The other sheets were built with aluminium 
AA5005 (Table 2). 
 

Table 2.  
Aluminium AA5005 properties 

 
Density (kg/m3) 2700 

Elasticity modulus (GPa) 70 
Poisson’s modulus 0,3 

Damping ratio 0,03 
σy (MPa) 41 
σu (MPa) 124 
εmax 0,07 

 
Compressive tests have been performed on 
sandwich specimens with quasi-statically 
deformation. The specimen geometry is described 
in Table 3, with reference to Figures 4 and 5. 
In Figure 6 force-to-specimen area ratio versus 
displacement-to-initial height ratio behaviours are 
shown. It is possible to see that an elastic response 
is followed by a plateau region. After a large 
displacement, the walls of the cells start touching 
each other and the core reaches a near total 
compaction condition. This situation causes a huge 
increase in stiffness and the core behaves nearly as 
solid aluminium block. The average stress in the 
plateau determines the main part of energy 
absorption capabilities of the honeycomb structure.  
 

 
Figure 4. Sandwich panel's geometry. 

 

 
Figure 5. Honeycomb core's geometry. 

 
Table 3. 

Dimensions 
 

a (mm) 70 
b (mm) 70 
h (mm) 13 
hc (mm) 12 
tf (mm) 0,5 
S (mm) 6,35 
α (°) 120 

tc (mm) 0,0381 
d (mm) 3,67 

 

 
Figure 6. Stress vs strain under compression. 

 
As shown by Enboa Wu and Wu-Shung Yiang [2] 
crush strength of aluminium AA5052 honeycomb 
increase linearly with initial impact velocity. There 
are three possible causes: 

• strain rate effects of aluminium; 
• compression and temperature increase of 

air hold into the cells; 
• micro-inertial effects. 

Aluminium alloys show strain rate effects only at 
extremely high strain rates (several hundreds per 
second). Actually, in the considered case, the 
impact velocity is 7 m/s, so it is hard to achieve 
high strain rates into a large portion of the 
sandwiches. 
Air within the cells is also negligible, as shown by 
Hong et al. [3]. Actually air compression alone can 
not lead to the performance increase experimentally 
measured. 
Inertial effects appear to be the most important 
factor [4], but their nature is not yet completely 
understood.  
In this study this variation of crush strength is 
ignored.  
 
MODEL ASSUMPTIONS 
 
Assumptions on materials 
 
The true stress-true strain curve for aluminium 
alloys can be approximately represented as a 
bilinear curve (Figure 7). The LS-DYNA code 
accepts only monotonously increasing material 
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characteristics curves (so that stress-strain relation 
is every-where unambiguously defined). Finally the 
assumed hardening law is isotropic, for 
computational purpose and the monotonous loading 
history. 
A failure criteria on strains takes into account the 
final failure of sheets and skins. Failure means a 
lost of stiffness (e.g. load-carrying capabilities) of 
broken elements. Failure is detected if elongation at 
breakage point is reached, in any direction, by an 
element. 
Bulk properties employed for aluminium alloys 
(kept from literature) are given in Table 2. 
 

 
Figure 7. Bilinear curve. 

 
Different approaches for modelling honeycomb 
structures by FEM exist. They differ in modelling, 
computational cost and accuracy of the results. 
Their adoption depends on the specific model size 
and loading case. A detailed representation of the 
hexagonal cells can predict the cell wall 
deformation reasonably well, but it is unsuitable for 
large-scale models. The model can be simplified by 
representing the cellular core as an homogenous 
orthotropic continuum using the honeycomb 
structure’s effective material properties [5]. 
Three lines describe the true stress-true strain curve 
of honeycomb before completed compaction. The 
initial peak point has been neglected, because 
honeycomb in use was pre-crushed, so it does not 
show this phenomenon (Figure 8). After 
compaction honeycomb behaves as solid 
aluminium, so it shows a linear characteristic with 
a 70 GPa elasticity modulus. Coordinates of points 
A, B and C in Figure are shown in the Table 4 
below. 
 

 
 

Figure 8. Honeycomb's behaviour 

Table 4.  
Coordinates 

 
 A B C 

Strain 0,02 0,62 0,833 
Stress (MPa) 2,1 2,15 5 

 
The largest mechanical properties are shown in 
compression along the cell axis. It means that in-
plane properties are lower than out-of-plane ones. 
For obtaining the other orthotropic values some 
experimental tests were carried out, such as shear, 
bending and buckling under in-plane compression 
tests. 
An accurate study of the behaviour of honeycomb 
model present into the software library shows a 
lack of stiffness in traction along the axis of the 
cells (Figure 9). Therefore for modelling tensile 
rigidity link elements have been used, as described 
in what follows. 
 

 
Figure 9. Honeycomb in traction. 

 
Simplification on the model geometry 
 
In order to reduce calculation times, symmetry with 
respect to two planes has been taken into account. 
So, only a quarter of the model has been 
represented (Figure 10). Moreover the upper sheet 
has been neglected. Actually the constraints 
imposed on this sheet do not allow the onset of 
many plastic hinges in bending. So this plate will 
not really affect energy absorption. 
This model does not consider non-symmetric 
deformation shapes. Symmetry of geometry and 
load does not allow non-symmetric deformations. 
As a matter of fact, the manufacturing process will 
introduce many small shape-defects. However the 
aluminium sheets can be considered as “big 
defects” able to induce instability to a much larger 
extent than small manufacturing defects: this 
consideration drives to neglect non-symmetric 
deformations. 
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Figure 10. Quarter of model 

 
Constraints have been applied on nodes belonging 
to the symmetry planes. In particular have been 
blocked the displacements along the orthogonal 
direction to the plane and the rotations around the 
directions in the plane.  
Finally a mass of 75 kg represents the vehicle. 
 
Assembly assumptions 
 
The attenuator is hold to the front bulkhead by four 
ribbed L-shaped joints. Ribbons (Figure 11) and 
steel bolts attach the joints to the attenuator and to 
the bulkhead. So, stiffness and non-failure joints 
conditions during impact are plausible. Therefore 
the attenuator is considered fully constrained to the 
vehicle so that some nodes of the sandwich panels 
(placed near the vehicle) move together with it. 
 

 
Figure 11. L-shaped joints. 

 
Rivets are not represented in simulation, because of 
computational cost burden. Moreover failure will 
reach the aluminium sheets before reaching the 
rivets. Actually, the load that a sheet and its rivets 
has to carry is approximately the same and the 
rivets are much stronger than the sheets. So, sheets 
are considered attached directly to the 
corresponding nodes of the skin, without the folded 
strip mentioned above (Figure 12). 
 

 
Figure 12. Neglected the folded strips. 

 
Impact assumptions 
 
The crash-box hits actually a rigid wall. The car 
body is considered rigid too. Assuming rigid wall 
and body is conservative, because this assumption 
cancels any time-delay during loading. 
During the crash event there are two contacts: 
aluminium alloy-to-aluminium alloy contact and 
aluminium alloy-to-wall contact. In literature, 
friction coefficient between two aluminium 
surfaces is quoted between 1,1 and 1,7. The 
coefficient used in simulations is 0,9, because the 
explicit code does not accept coefficient greater 
than 1. The same coefficient is used for aluminium-
to-wall contact. The heat developed by the hit 
certainly increases the friction between wall and 
the aluminium surface and the material of the wall 
is not a priori known, even if it might be steel. 
 
Elements used 
 

Shell 
Aluminium sheets, the wall and the skins are 
meshed with the explicit dynamic element 
SHELL163. This is a 4-nodes element with both 
bending and membrane capabilities. It implements 
a fully-integrated Belytschko-Tsay element 
formulation, with 5 integration points in the 
thickness. The quadrature rule for integration is the 
Gauss one, faster than the trapezoidal rule and 
accurate enough for this study. Sheets are really 
thin (1 mm) and the use of a brick element is not 
justified. 

Brick 
The used explicit brick elements are SOLID164 
and SOLID168. The first is an 8-node brick 
element, while the second is a 10-node tetrahedron 
one. SOLID168 is more accurate but 
computationally onerous. Actually, SOLID164 is 
sufficient for the aim of simulation and moreover 
has been used fully integrated to avoid the birth of 
hourglass phenomena. 

Link 
LINK167 is an explicit tension-only spare. It 
behaves like a cable, with no compressive nor 
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bending stiffness. This element gives honeycomb 
tensile rigidity linking the facing nodes of the 
skins. It is modelled as a spring, for computational 
saving. Moreover it is not useful to represent 
stretched honeycomb. The failure of glue between 
the inner honeycomb nucleus and the outer skins is 
reached before honeycomb yielding in traction. It is 
necessary that links reproduce the right tensile 
stiffness of the honeycomb core. For this aim, 
honeycomb is considered as a collection of 
aluminium hexagonal prisms. Each prism is 
considered as a beam whose area is the area of the 
transverse section of the cell. The elasticity 
modulus of aluminium of this beam is 70 GPa. In 
the model there are so many links as nodes on a 
skin. An equivalent area must be assigned to the 
link, so that the total stiffness of links equals the 
total stiffness of prisms. 
The equivalent area is: 

HEX HEX
eq

N

A N
A

N
=   (1). 

where 
- Aeq is the equivalent area to be assigned to the 
link (m2); 
- NHEX is the number of hexagonal prisms filling the 
area of the skin; 
- NN is the number of nodes filling the area of the 
skin; 
- AHEX is the area of the transverse section of the 
prism (m2). 
In particular  

2

4

3

( 3) / 2

c
HEX

S
HEX

St
A

A
N

S

=

≈
  (2). 

where 
- AS is the skin surface area (m2). 
Stiffness equivalency is obtained with good 
accuracy.  
A failure criteria is given for the links too. Links 
break when the tensile stress reaches the ultimate 
stress of glue (in literature 15,5 MPa). So also the 
glue is simulated. 
 
SUMMARY OF THE RESULTS 
 
The length of the attenuator and the number of 
trigging sheets have been changed in each 
simulation. The number of sheets goes from 4 to 7 
(no more than 7 sheets were assumed for 
technological reasons) and the lengths simulated 
are 300, 350 and 400 mm (no longer than 400 mm 
for weight saving). Under 300 mm the acceleration 
shows very high peaks. Actually, safety purposes 
induce to try to reduce the maximum acceleration 
values as much as possible. 

The displacement during impact has to be checked 
because it is an index of the safety margin. A well 
carried out simulation shows the behaviour of the 
model, but the real attenuator is a bit different (for 
technological reasons) from the numerical model. 
This aspect is considered by the displacement-to-
initial length ratio. This ratio must be far enough 
from 1, so that the attenuator can tolerate 
technological differences from the numerical 
model. 
In Figures 13, 14 and 15 are shown the 
accelerations resulting from simulations of the 
attenuator. Accelerations are divided by 20g, for 
improving the readability of the plot. 
 

 
Figure 13. Acceleration vs time (300 mm long). 

 

 
Figure 14. Acceleration vs time (350 mm long). 

 

 
Figure 15. Acceleration vs time (400 mm long). 

 
A 300 mm long attenuator with 4 or 5 transverse 
plates shows high peaks in the acceleration plot. 
The same phenomenon is shown by the 350 mm 
long attenuator with 4 sheets. This behaviour 
corresponds to a high final compression level 
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reached (more than 80% of initial length) by the 
attenuator, as shown in Figures 16, 17 and 18. This 
plots show the compression versus time of the 
attenuator divided by the initial length.  
 

 
Figure 16. Deformation vs time (300 mm long). 

 

 
Figure 17. Deformation vs time (350 mm long). 
 

 
Figure 18. Deformation vs time (400 mm long). 
 
A 300 mm long with 6 sheets attenuator (Figure 19, 
20) appeared to be able to guarantee good 
performances with minimum weight, about 3 kg. In 
Figure 21 is represented the attenuator deformation 
sequence during the impact phenomenon. 
 
 

 
Figure 19. Draft of the attenuator. 

 

 
Figure 20. Real crash-box. 

 
 

 
Figure 21. Frames of simulation. 

 
CONCLUSIONS 
 
The present paper describes a numerical 
investigation of an energy absorber for a Formula 
SAE race car. A finite element model has been 
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developed using LS-DYNA code doing a 
simplified optimization process in order to obtain 
the best configuration of crash-box in terms of 
average deceleration and stroke efficiency. On the 
test and numerical results the proposed procedure 
appeared to be adequate to design the attenuator 
from the practical application point of view of the 
considered sport car.  
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Abstract  
In the area of safety-oriented driver assistance 

systems there is a trend to increase the accident 

mitigation capabilities by adding or strengthening 

autonomous system reactions. However, this also 

increases the potential for involuntary accidents in the 

case of malfunction. Due to product liability 

regulations these high risk functions require an 

increased development effort as well as more reliable 

sensor platforms, which drive up their costs. 

The accident mitigation capabilities of autonomously 

acting systems can also be achieved by an alternative 

strategy avoiding the high risk system reactions. The 

key is an early and reliable warning giving the driver 

time to react to the situation, combined with functions 

supporting the driver in his reactions, e.g. emergency 

braking.  

Early system reactions with low false activation rates 

can only be achieved by an advanced understanding 

of the traffic situation and an interpretation of the 

driver’s actions in this context. To achieve this, the 

traditional approach of assessing the criticality of one 

potential collision object is extended towards 

observing and assessing multi-object scenarios. An 

analysis of accident statistics shows that in a high 

percentage of accidents the multi-object constellation 

provides additional information enabling early 

criticality assessments of the traffic situation. Using 

this information, the driver can be supported in an 

optimal way by an early, low-risk system reaction. 

This approach is the key for the vision “safety for 

everybody”, i.e. providing cost-effective collision 

mitigation functions with high collision mitigation 

capabilities to the mass market. 
 
 

1. Risk Assessment 
 
In the area of safety-oriented driver assistance 

systems there is a trend to increase the accident 

mitigation capabilities by adding or strengthening 

autonomous system reactions. The functions have to 

satisfy safety-standards like e.g. the ISO 26262 

demanding for a risk and hazard analysis. 

The approach to assess the “criticality in case of 

malfunction” of e.g. a fully autonomous emergency 

braking function used at Bosch is a model-based so-

called objectified danger and risk analysis. In this, the 

effect of a false triggering of a specified autonomous 

emergency braking function is simulated on the basis 

of real traffic data, e.g. distances and relative 

velocities between vehicles. The analysis shows that 

the more velocity an autonomous braking function 

can reduce in a short time, the higher their damage 

potential is, i.e. the more often and the more severe 

rear-end accidents are caused.  

The ISO 26262 demands that functions with high 

damage potential must satisfy a low rates of 

malfunction. Technically this is possible by means of 

the following measures: robust and therefore in 

tendency expensive sensors or sensor clusters (i.e. 

sensor-costs with respect to the function portfolio 

they cover); development processes and hardware that 

comply with ISO 26262 damage-potential rating 

(aSIL) standards; extensive endurance test drives to 

proof the compliance with false activation rates 

demanded by safety analysis. 

 

In contrast, a concept putting the responsibility for 

triggering an autonomous intervention to the driver 

results in much lower demands on the false activation 

rates. Crucial for the category of the functions which 

warn and then assist the driver is that they are only 

activated if besides the environment sensors the 

activities of the driver also indicate a critical 

situation. This reduces the requirements to the 

reliability of situation interpretation by the 

environment sensors and the in tendency costly 

measures listed above are not necessary. These 

functions are state of the art. However, their 



effectiveness – i.e. the accident prevention 

capabilities - can be greatly increased if the warning 

is set to an earlier point in time giving the driver more 

time to react; because of the possibility of evading or 

a full stop, the driver has more effective methods for 

accident prevention than an autonomously braking 

system with restricted deceleration. This all is 

possible without an increase of the damage potential 

of the function. 

 

In a generalized manner it can be summed up: The 

stronger and potentially more risky the intervention of 

an autonomous function, the more expensive the 

development, safeguarding and hardware of the 

function. In most situations though an early warning 

with driver assisting functions without risky 

autonomous interventions is similarly or more 

effective and can be realized on the basis of a cheaper 

sensor. By means of such economical systems, so the 

vision, access to a safety-oriented driver assistance is 

to be made possible for every road-user. 

 

2. Increasing Benefit by Situational 

Interpretation 
 
Key of the realization of a cheap but effective driver 

assistance function covering the front collision case is 

the realization of an early warning, i.e. an early and 

reliable criticality-assessment of the traffic situation. 

The dilemma that an earlier warning to a critical 

traffic situation typically also drastically increases the 

false warning rates is well known. To achieve an 

earlier warning at constant false-alarm level the 

following strategy is chosen: 

For situational interpretation additional information 

arises from the observation of the traffic situation of 

third party road-users. If critical situations are 

detected for third party vehicles, a behavior deviating 

from the normal case is to be expected from them. 

For example, if a faster vehicle approaches a slower 

vehicle on the left lane, the probability increases that 

the fast vehicle will pull out onto the lane of the own 

vehicle and that as a result there will be a critical 

situation for a third party vehicle. This simple 

example shows that functions which only use one 

“target object” are restricted in the quality of the 

criticality assessment as a result of their principle. 

Basis of the analysis of the benefit of multi-object 

scenarios is a detailed accident analysis of the 

GIDAS-accident database in individual case 

representation. Observed are accidents in longitudinal 

traffic (GIDAS-accident type 6) and accidents while 

turning off (GIDAS-accident type 2). Altogether, the 

area of effect of a driver assistance function reacting 

to frontal and parallel traffic therefore is 

approximately 20% of the complete incidence of 

accidents. The accidents within this area of effect 

were analyzed and classified according to the 

additional information available by additional objects. 

For two of classes, the additional benefit by 

evaluation of the multi-object information is 

discussed in the following. The information in 

percentages relates to the area of effect of 

approximately 20 %. 

 

Case 1: In 9.3 % of the accidents, the preceding 

vehicle brakes strongly while there is oncoming 

traffic on the left lane. If only the “target object” is 

observed, the driver assistance system as a matter of 

principle has the problem of the decision between 

evading and braking. This is correspondent to the 

second problem of decision (warning dilemma) 

discussed in section 2. But when there is oncoming 

traffic, overtaking respectively evading can be 

excluded as a sensible option for action for the driver 

at the time of warning. This is the basis to realize an 

earlier and more reliable system assessment / reaction 

is possible. 

 

Case 2: In 10.5 % of the accidents, the preceding 

vehicle drives against a slower object and brakes 

strongly. In principle, radar based driver assistance 

systems can detect pre-preceding vehicles. Before the 

actual target object becomes “a problem” in this 

example because of its strong braking, it is possible to 

discern a critical traffic situation for the preceding 

vehicle by observing its fast approach to the vehicle 

in front of it. The hypothesis that the preceding 

vehicle will brake or evade to prevent the accident is 

self-evident. On the basis of this interpretation, the 

behavior modeling for the preceding vehicle can be 

adjusted to already warn the driver with this before it 

is even possible to detect the danger by means of the 

state of the “target object”. The described situation is 

especially important for a driver, because his view on 

the pre-preceding vehicle is obstructed. The driver 

assistance system however has its radar measurement 

and therefore an advantage in information compared 

to the driver. 

 

3 Summary 
 
By the assessment of multi-object scenarios, an 

earlier and more reliable criticality assessment of a 

traffic situation is possible for many frontal accidents. 

This can be used to distinctly increase the 

effectiveness of low-risk driver assistance functions. 

By combining early driver warning with driver 

assisting functions, it is possible to reach, relating to 

the total number of frontal accidents¸ the 

effectiveness of functions with strong autonomous 

intervention. The argument is essentially based on the 

experience that with “target object based” driver 



assistance systems, the obscurity about how a 

situation will progress increases drastically with 

growing temporal range of prediction, and that this 

can be moderated by the additional involvement of 

multi-object information. 

The early warning approach illustrated by Bosch 

offers the advantage that it is possible to forego the 

use of complex, expensive and strongly 

autonomously intervening systems. The great benefit 

combined with the low price is the basis of the vision 

to make safety oriented driver assistance functions 

with high effectiveness available to the mass market. 
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ABSTRACT 
 
Whiplash injury resulting from rear impact is a 
significant issue in terms of societal cost, and the 
resulting pain and reduction in quality of life. The 
facet joints in the cervical spine have been identified 
as a source of pain in whiplash injuries; however, the 
responses of these joints are difficult to measure in 
vivo or in vitro. In this study, a detailed explicit FE 
model of the cervical spine was used to investigate 
facet joint response under rear impact loading 
conditions. The model represents a mid-size male 
with detailed vertebrae, discs, ligaments and Hill-
type active muscles. This model was previously 
validated extensively at the segment level and 
validated for frontal impact scenarios. In this study, 
the cervical spine model was validated against rear 
impact volunteer and cadaver tests (13 volunteers 
exposed to 28 rear impacts at speeds of 5 to 7kph; 26 
cadavers exposed to rear impacts at speeds of 5 to 
15.5kph) using experimental acceleration, 
displacement and rotation traces of the T1. Capsular 
ligament (CL) strains were measured in the model 
and compared to values presented in the literature to 
identify pain or sub-catastrophic failure. Simulation 
of 4, 7, and 10g rear impacts showed good agreement 
with the experimental data. The predicted CL strains 
were below or near the approximate threshold for 
pain and sub-catastrophic damage (35% strain), and 
exceeded this value for a 12g rear impact case.  This 
study included muscle activation, and provides a link 
between published strain limits for facet joint 
capsules evaluated in controlled lab conditions and 
strains predicted under rear impact loadings. 
 
INTRODUCTION 
 
Whiplash, or cervical spine injury resulting from low 
speed rear impact, is a significant issue with the 
annual societal costs in the United States estimated to 
be between 4.5 and 29 billion dollars (Keinberger 
2000, Freeman 1997). Whiplash can reduce the 
victim’s quality of life for a significant amount of 

time, as up to 33% of patients continued to seek 
treatment for whiplash 33 months after sustaining the 
injury (Freeman 1997). With respect to sources of 
pain, one focus of whiplash research has been on 
capsular ligament (CL) strain with several clinical 
and biomechanical studies implicating this 
anatomical site as a likely source of injury (Lord, et 
al. 1996, Barnsley, et al. 1995, Lu, et al. 2005, Lee, 
Davis, et al. 2004, Lee, Franklin, et al. 2006, Ivancic, 
et al. 2008, Quinn, et al. 2007, Panjabi, et al. 1998, 
Pearson, et al. 2004, Deng 1999a). Clinical studies 
using double-blind anesthetic blocks have shown that 
54% to 60% of whiplash patients have CL pain 
(Barnsley, et al. 1995, Lord, et al. 1996).  By 
measuring behavioral sensitivities or nerve discharge, 
in-vivo animal models of the goat and rat have shown 
that tensile force applied across the facet joint led to 
pain (Lu, et al. 2005, Lee, Davis, et al. 2004). In the 
rat model, it was shown that in-vitro sub-catastrophic 
failure of the CL occurred at a distraction magnitude 
of 0.57mm that led to pain for up to 14 days in-vivo  
(Lee, Davis, et al. 2004, Lee, Franklin, et al. 2006, 
Quinn, et al. 2007). Authors have shown that CL 
strain in cadavers and cadaveric cervical spine 
sections peak values range from 28.5% to 39.9% 
during low speed rear impact, which exceeds 
physiologic strain of this structure (Panjabi, et al. 
1998, Pearson, et al. 2004, Deng 1999a). The 
stiffness of CLs exposed to rear impact was less than 
the control CLs, which showed that some damage 
had occurred in the ligaments despite a lack of visual 
indication (Ivancic, et al. 2008). 
 
Four types of studies have been undertaken to 
measure or predict the level of strain in the CL during 
rear impact scenarios: full-body cadaver sled tests, 
full cervical spine bench-top sled tests, quasi-static 
cervical spine motion segment tests, and finally, 
computational models. These different approaches 
have provided important information and 
understanding, but with some limitations.  Deng et al. 
(1999a) performed a series of 26 rear-impact sled 
tests on six post-mortem human subjects and 
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measured capsular strain using a pair of lead spheres 
in each vertebra, which were tracked by high-speed 
x-ray.  However, one of the challenges with cadaver 
studies is the lack of active musculature, which 
affects the kinematics of the neck (Thunnissen, et al. 
1995, van der Horst, et al. 1997). Studies that use a 
bench-top sled to impose rear-impact loads on 
cervical spine sections (Panjabi, et al. 1998, Pearson, 
et al. 2004), typically do not include the upward 
motion and extension of the T1 caused by 
straightening of the spine and the torso ramping up 
the seat (Deng 1999a). Winkelstein et al. (1999) and 
Seigmund et al. (2000) applied bending and shear 
loads to isolated motion segments, and measured the 
capsular strains. However, this type of study did not 
include dynamic effects, such as changes to the axis 
of rotation of each vertebra during rear-impact (Ono, 
et al. 1997). Current computational models that have 
been used to calculate CL strain under rear impact 
include the TNO model (Stemper, Yoganandan and 
Pintar 2005) and THUMS model (Kitagawa, Yasuki 
and Hasegawa 2008), but these studies did not 
incorporate active musculature or detailed facet 
joints.  
 
This current study is based on a detailed validated 
finite element model of the cervical spine (Panzer 
2006, Panzer and Cronin 2009) and the prediction of 
capsular ligament strains during rear impact. These 
strains were compared to published limits for sub-
catastrophic failure and pain. The CL strains were 
measured at every cervical level at the anterior and 
posterior position of each facet joint. The results of 
this study are unique in that active musculature and 
realistic loadings were included. 
 
METHODS 
 
The finite element model used in this study 
represents a mid-size male and was developed at the 
University of Waterloo (UW); a full description is 
available in Panzer (2006) (Figure 1). The model was 
developed with the focus on accurate geometric and 
material representation at the local tissue level. The 
vertebrae geometry was based on the model 
developed by Y. C. Deng et al. (1999b) and the 
vertebrae were modeled as rigid for computational 
efficiency. The intervertebral discs were constructed 
with solid elements for the annulus fibrosus ground 
substance and layers of shell elements representing 
the fibre lamina, and solid elements to model the 
nucleus pulposus. The facet joints were modeled with 
a superior and inferior layer of solid elements for the 
articular cartilage with a squeeze-film model to 
simulate the synovial fluid (Figure 2). Ligaments 
were represented using multiple 1D non-linear spring 

elements. In total, 90 pairs of active Hill-type 1D 
elements were used to model 27 muscle pairs in the 
cervical spine. Both the flexors and extensors were 
activated 74ms after impact (Siegmund, Sanderson, 
et al. 2003). Studies have found that flexor and 
extensor muscles activate at the same time and that 
EMG muscle signals start at 60 to 79ms after impact 
(Siegmund, Sanderson, et al. 2003, Ono, et al. 1997, 
Roberts, et al. 2002, Szabo and Welcher 1996). It is 
possible that the actual muscle activation scheme for 
rear impact is more complex, but no conclusive 
information is available at this time. The material 
models for all the components were based on studies 
in the literature.  Viscoelasticity and anisotropy were 
incorporated where applicable. 

 

Figure 1.  FE model of the cervical spine. Pink 
lines represent muscle elements, and yellow lines 
represent ligaments. 

 

Figure 2.  Facet joint detail, showing the CL and 
articular cartilage.  
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The cervical spine model used in this study was 
previously validated at the segment level in flexion, 
extension, lateral bending, axial rotation, tension, 
compression, and anterior, posterior, and lateral shear 
(Panzer 2006). Panzer found generally excellent 
correlation (within one standard deviation) with the 
quasi-static loadings. This model was validated 
against volunteer frontal impacts up to 15g (Panzer 
2006). 
 
For the model to be used to predict CL strains during 
rear-impact, the model must first be validated for this 
type of loading. Davidsson et al. (1998) and Deng 
(1999a) were found the most suitable based on the 
severity of impact, number of test samples, and full 
data of the T1 motion in the sagittal plane. The head 
kinematic response corridors and T1 inputs for 
Davidsson’s experiments came from Hynd et al. 
(2007).   
 
Davidsson et al. (1998) performed 28 rear impacts on 
thirteen human volunteers at speeds between 5 and 
7kph with an average peak acceleration of 3.6g. The 
test involved the collision of a bullet sled with a 
stationary target sled, which seated a volunteer on a 
laboratory seat with a headrest. To model these rear 
impacts, the average T1 X-acceleration (fore-aft), Z-
displacement (superior-inferior), and Y-rotation 
(flexion-extension) were input into the cervical spine 
model T1 as prescribed motion constraints (Figure 3). 
The model’s T1 was constrained in all other 
directions, and the head was not constrained. The 
headrest for the test was described as a stiff backing 
plate covered with 4cm of foam, attached to a rigid 
frame with four coil springs of a specified preload 
and stiffness. The mass of the headrest and 
dimensions were also specified. To model the 
headrest, the average sled x-acceleration was input as 
prescribed motion to the frame attachment points of 
the springs (Figure 3). The headrest material 
properties were non-linear viscoelastic based on 
automotive seat cushion material tested at UW and 
the stiff backing was assumed to be pine with 
orthotropic elastic material properties (Green, 
Winandy and Kretschmann 1999, Cambell and 
Cronin 2007). Muscle activation was included for 
validation against Davidsson et al. (1998) to mimic 
the behavior of volunteers. 
 

 

Figure 3.  Davidsson et al. (1998) T1 Inputs for a 
4g loading case, X direction is positive forward, Z 
direction is positive upwards, and T1 rotation is 
positive in extension. Inputs are in a fixed global 
coordinate system.  

Deng (1999a) performed a series of 26 rear impacts 
on 6 whole body cadavers at delta velocities ranging 
from 5 to 15.5kph, and accelerations from 5 to 9.9g. 
These experiments involved a cadaver seated in a 
custom seat, with or without a headrest, and being 
accelerated from rest using a pneumatic cylinder. 
When modeling these tests the headrest was not 
included, because in the experiments the headrest 
was initially positioned at least 100mm away from 
the cadavers head and did not influence kinematics 
until late in the simulation, and the author found all 
peak CL strains occurred before headrest contact 
(Deng 1999a). Two specific runs were chosen to 
simulate based on the impact severity and available 
data. The experimental T1 X-acceleration, Z-
acceleration, and Y-rotation were input into the 
model as prescribed motion (Figure 4). The T1 was 
constrained from moving in any other direction and 
everything else was free in all directions. Muscle 
activation was not included in the validation against 
Deng (1999a) to mimic the behavior of cadavers. 
More aggressive rear impacts were undertaken by 
scaling the 10g simulation to 11 to 20g to identify the 
threshold for CL strain injury in the model.  
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Figure 4.  Deng (1999a) T1 Inputs for 7g (above) 
and 10g (below) loading cases, X direction is 
positive forward, Z direction is positive upwards, 
and T1 rotation is positive in extension. The sled 
acceleration was not used in the simulation. Inputs 
given in a rotating anatomical coordinate system. 

The CL strains in the model were calculated by 
measuring the change in length of 1D discrete 
elements representing the CL and dividing by CL 
ligament lengths measured on cadavers (Panjabi, et 
al. 1998). The strains were calculated at the anterior 
most position and posterior most position of the facet 
joint for each cervical level. These positions were 
chosen, because the CL strain should be the most 
extreme at these locations.  
 
RESULTS 
 
The model was able to reproduce the kinematics of 
volunteers in Davidsson’s (1998) experiment 
(Figures 5 to 9). The head centre of gravity (CG) 
motion in the fore-aft (X) direction was in excellent 
agreement with the data for both with respect to the 
first thoracic vertebrae (T1) and with respect to the 

sled (Figures 5 & 6). Head rotation in the sagittal 
plane with respect to the T1 was in good agreement 
with the volunteer data (Figure 7). The occipital 
condoyle (OC) superior-inferior (Z) direction 
movement was also in good agreement with the data, 
when measured with respect to the sled and with 
respect to the T1 (Figures 8 & 9). 
 
The model’s response to a 7g rear impact was in 
reasonable agreement to the cadaver tests performed 
by Deng (1999a) (Figures 10 to 13). The rotations of 
the model’s upper cervical spine joints (C1-C2 and 
C2-C3) did not exhibit enough relative flexion, and 
the middle cervical spine joint (C4-C5) did not 
exhibit enough relative extension (Figure 10). The 
combination of relative vertebral rotations lead a 
head rotation that was a good fit to Deng’s data 
(Figure 11). The model’s head CG X-acceleration has 
a similar double peak shape to the cadaver results, 
but the peaks were on the lower end of the measured 
data (Figure 12). In the Z-direction the model’s 
acceleration did have similar peaks or shape 
compared to the cadaver data (Figure 13). 
 
At 10g, the model’s responses were a reasonable fit 
to a limited data set from Deng (1999a) (Figures 14, 
15, & 16). The angle of the model’s head was a good 
fit to cadaver head angles at similar impact 
accelerations (Figure 14). The X-acceleration of the  
head CG was of similar shape, and the peak 
accelerations lie mostly in the data spread of cadaver 
results (Figure 15). As was the case for the 7g 
impact, the head’s CG Z-acceleration was neither a 
similar shape nor did it have similar peak values 
when compared to the cadaver data (Figure 16). 
 
When considering the CL strains in the different load 
cases, the CL strain on the anterior portion of the C5-
C6 facet joint was always greater than the posterior 
portion, because the motion segments were loaded in 
extension and posterior shear (Figures 17 to 20). The 
model predicted a peak CL strain of 22.6% at the C4-
C5 level during the 4g rear impact (Table 1). The 
next highest strains were 28.6% and 32.4% at the C5-
C6 and C2-C3 levels respectively during a 10g 
impact with passive muscles (Table 1). When 
including active muscles, the CL strain reduced at 
every level except for C4-C5. A CL strain of 35.4% 
was measured in the C2-C3 during a 12g rear impact, 
which exceeded the sub-catastrophic strain of the CL 
ligament reported by Seigmund et al. (2001) (Table 
1).  
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Figure 5.  4g - Head CG X-Displacement w.r.t. the 
Sled (Davidsson, et al. 1998). 

 

Figure 6.  4g - Head CG X-Displacement w.r.t. the 
T1 (Davidsson, et al. 1998). 

 

Figure 7.  4g - Head rotation w.r.t. the T1 
(Davidsson, et al. 1998). 

 

Figure 8.  4g - O.C. Z-Displacement w.r.t. the Sled 
(Davidsson, et al. 1998). 

 

Figure 9.  4g - O.C. Z-Displacement w.r.t. the T1 
(Davidsson, et al. 1998). 
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Figure 10.  Spine segment relative rotations in the 
sagittal plane. Positive angles for extension. 

 

Figure 11.  Cadaver head rotations for loadings 
between 6 to 8g compared to the model’s response 
at 7g. Positive angles for extension.  

 

Figure 12.  Cadaver head CG X-acceleration for 
loadings between 6 to 8g compared to the model’s 
response at 7g. Positive g’s in the forward 
direction. 

 

Figure 13.  Cadaver head CG Z-acceleration for 
loadings between 6 to 8g compared to the model’s 
response at 7g. Positive g’s in the upward 
direction. 

 

Figure 14.  Cadaver head rotations for loadings 
between 8 to 10g compared to the model’s 
response at 10g. Positive angles for extension.  
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Figure 15.  Cadaver head CG X-acceleration for 
loadings between 8 to 10g compared to the 
model’s response at 10g. Positive g’s in the 
forward direction. 

 

Figure 16.  Cadaver head CG z-acceleration for 
loadings between 8 to 10g compared to the 
model’s response at 10g. Positive g’s in the 
upward direction. 

 

Figure 17.  Predicted C5-C6 CL strain for a 4g 
impact. 

 

Figure 18.  Predicted C5-C6 CL strain for a 7g 
impact with passive muscles. 

 

Figure 19.  Predicted C5-C6 CL strain for a 10g 
impact with passive muscles. 

 

Figure 20.  Predicted C5-C6 CL strain for a 12g 
impact with passive muscles. 
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Table 1.   
Maximum CL strains in the model for different impact loads 

4g 2 7g 1 7g  2 10g 1 10g 2 12g 1 

C2-C3 11.9 17.4 16.3 32.4 21.7 35.4 

C3-C4 10.4 10.8 16.5 23.7 21.3 24.5 

C4-C5 22.6 21.4 26.6 23.1 26.4 30.2 

C5-C6 18.7 22.7 22.0 28.6 25.0 34.3 

C6-C7 1.5 8.8 0.82 13.6 2.0 13.2 

Maximum 22.6 22.7 26.6 32.4 26.4 35.4 
1 Passive muscles 
2 Active muscles 

Table 2. 
Model CL strains at various impact accelerations compared to published data (average (SD) in %) 

Model Deng (1999a) Panjabi et al. (1998) Pearson et al. (2004) 

4g 7g1 10g1 5g 6g 4.5g 6.5g 10.5g 3.5g 6.5g 8g 

C2-C3 11.9 17.4 32.4 9.7 8.5 
9.6 

(13.7) 
24.3 

(26.3) 
20.4 
(5.3) 

13.4 
(9.3) 

15.8 
(13.5) 

16.7 
(6.3) 

C3-C4 10.4 10.8 23.7 22.2 23.9 
12.1 
(4.0) 

17.8 
(13.6) 

6.9 
(0.3) 

17.4 
(15.2) 

30.8 
(25.1) 

29.9 
(17.8) 

C4-C5 22.6 21.4 23.1 14.8 10.9 
11.1 

(15.8) 
16.9 

(10.5) 
18.9 

(13.8) 
22.3 

(20.6) 
31.1 

(22.5) 
26.5 

(18.7) 

C5-C6 18.7 22.7 28.6 28.5 25.8 
11.7 
(5.1) 

5.8 
(7.5) 

22.1 
(15.1) 

26.8 
(17.9) 

35.9 
(21.9) 

38.5 
(24.6) 

C6-C7 1.5 8.8 13.6 
12.7 

(N/A) 
29.5 

(25.7) 
35.4 

(N/A) 
18.9 

(14.2) 
28.8 

(20.0) 
39.9 

(26.3) 
1 Passive muscles where used.  
 

 

Figure 21.  Maximum CL strain vs. peak sled acceleration for experimental results and the model. Standard 
deviation shown when available. Includes thresholds for injury. 
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DISCUSSION 
 
Strain in the capsular ligament has been proposed as 
a possible source of neck pain for victims of rear 
impact and several clinical and biomechanical studies 
support this theory (Lord, et al. 1996, Barnsley, et al. 
1995, Lu, et al. 2005, Lee, Davis, et al. 2004, Lee, 
Franklin, et al. 2006, Ivancic, et al. 2008, Quinn, et 
al. 2007, Panjabi, et al. 1998, Pearson, et al. 2004, 
Deng 1999a). A FE model of the cervical spine was 
used to measure capsular strains for rear impacts of 4, 
7, 10g, and 12g. The results are unique from previous 
studies that have reported CL strain because the 
simulation included detailed facet joint modeling, 
active neck musculature, and full dynamic motion of 
the T1 in the sagittal plane.  
  
The model was constructed accurately at the tissue 
level with the best available material properties, and 
was validated at the motion segment level and the 
whole cervical spine level for different frontal and 
rear impact scenarios. It should be emphasized that 
the model was not calibrated to any test conditions or 
data in order to preserve the accuracy at the tissue 
level, with the assumption that the CL strains 
measured during these simulations will be 
representative. The average CL strain was calculated 
by dividing joint distraction by ligament length and 
assumed a uniform strain state. Local CL strain could 
be predicted if shell elements were used for the 
ligament; however there is little literature available 
on local CL strain to justify this increase in model 
complexity. Another assumption made was that all 
the muscles contract at a given time, which was 
supported by EMG measurements of volunteers in 
rear impacts (Siegmund, Sanderson, et al. 2003, Ono, 
et al. 1997, Roberts, et al. 2002, Szabo and Welcher 
1996). Further investigation into the effect of activate 
musculature on the CL strain during rear impact is 
required.  
 
A possible limitation to the model was that the model 
was not calibrated to any of the impact tests. As a 
result, the model was in poor agreement with some of 
the experimental measures. The disagreement with 
the experimental impact data was more likely a 
limitation of the available tissue data used to develop 
the full spine model. In particular, some soft tissue 
characteristics such as viscoelasticity, nonlinearity, 
and anisotropy are not implemented in the model due 
to the lack of literature, and/or appropriate material 
models. The study and incorporation of these 
characteristics is a focus for model improvement in 
the future. Finally, it should be stated that the model 
is limited to the range of loads for which it has been 
validated. 

 
The strains predicted in the CLs of the model have 
been compared to research performed by Deng 
(1999a), Panjabi et al. (1998), and Pearson et al. 
(2004) (Table 2). Deng used 6 cadavers in a series of 
26 rear impacts, and measured the motion of each 
vertebra using a high speed X-ray to track implanted 
spheres and inferred a facet joint distraction. It should 
be noted that the strain results reported in Table 2 
from Deng come from two tests, and have been 
scaled by a factor of Deng’s initial gage length 
divided by CL lengths reported by Panjabi et al. 
(1998) for comparison to the current study. Panjabi et 
al (1998) used a specially designed spinal ligament 
transducer affixed across the facet joint to track joint 
distraction during rear impacts of four T1 to occipital 
cadaveric spines and divided that by anatomical 
ligament lengths to get strain Pearson et al. (2004). 
used a bench top sled with active muscle replication 
to impose rear impact loads on six occipital to T1 
spine sections and measured vertebral motion by 
tracking marker flags using high speed cameras, and 
then inferred facet joint distraction that was divided 
by anatomical ligament lengths to get strain. The 
results in Table 2 show that for spinal levels C4-C5, 
and C5-C6 the predicted strains from the finite 
element model were within the quoted experimental 
range (Table 2). At the C6-C7 level the model 
predicted strains that were below the experimental 
range for all impact severities tested (Table 2). The 
model was in good agreement with the published data 
for the 10g case, but predicted a higher strain value at 
the C2-C3 level (Table 2).   
 
In quasi-static spinal segment testing authors have 
found CL strains ranging from 11.6% to 17.8%, 
which are significantly lower than strains measured 
in dynamic tests (Table 2), demonstrating the 
importance of dynamic effects (Winkelstein, et al. 
1999, Siegmund, Myers, et al. 2001). In an in-vivo 
study of goat facet joint distraction, Lu et al (2005) 
found what they hypothesized to be nociceptive 
(pain) receptors fire at a maximum principle strain of 
47.2%. Testing of isolated facet joints from cadaver 
cervical spines have found sub-catastrophic damage 
to the CL at strains ranging from 35% to 66.8% in 
quasi-static testing, and 67% at 100mm/s 
(Winkelstein, et al. 1999, Siegmund, Myers, et al. 
2001). At 10g the model predicted CL strain of 
32.4% and 28.6% at the C2-C3 and C3-C4 levels 
respectively, which was just below the 35% threshold 
for sub-traumatic damage, and was well below the 
47.2% threshold for pain. When the model was 
exposed to a 12g rear impact, the CL strain exceeded 
the 35% threshold reported by Seigmund et al. 
(2001). The model predicted CL strains have been 
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compared to experimental results, and published 
thresholds for injury (Figure 21). In a study of 28 
instrumented real life accidents with 38 occupants, 
twenty occupants had short-term consequences at less 
than 10g, and two had long term consequences at 13g 
and 15g (Krafft, et al. 2000). In another study of 66 
real life accidents, 13 of the 15 people that sustained 
neck injuries for longer than a month experienced a 
rear impact of greater than 9g (Krafft, et al. 2002). 
The 7g impact presented in this paper corresponds to 
an impact velocity of 7.5mph (Deng 1999a), and 
volunteer tests have been performed up to 6.8mph 
without mild symptoms, defined as lasting longer 
than 4days (McConnell, et al. 1995).  
 
Future development of the cervical spine model will 
focus on improving the accuracy of the tissue models 
with the expectation that improved tissue models will 
improve the agreement between the full spine model 
and the experimental literature. This also includes a 
thorough investigation of the effect of active neck 
musculature on the response of the cervical spine in 
rear impact. The goal of this work is to better identify 
injury thresholds in rear impact scenarios, and to 
investigate out of position effects which has been 
suggested to increase strains (Winkelstein, et al. 
1999). 
 
CONCLUSIONS 
 
The finite element cervical spine model used in this 
study, constructed from accurate geometry and the 
best available material properties, was previously 
validated at the segment level and for frontal impact 
scenarios. In this study, the model validated against 
volunteer and cadaver tests in rear impact scenarios 
and shown to be in good agreement. Capsular 
ligament strains predicted by the model approach 
thresholds for pain and sub-traumatic injury, but did 
not exceed them under 10 g rear impact loads which 
is consistent with the data in the literature. However, 
application of a 12g rear impact case did show higher 
strains that would be expected to result in pain or 
injury. 
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Abstract 

This paper summarises the main results of an analysis 
of accident data conducted for the European 
Enhanced Vehicles Committee (EEVC) WG13 "Side 
Impact" to inform the further development of side 
impact test procedures for cars. The analysis of data 
from three countries was coordinated by EEVC WG 
21 “Accident Studies”. 
 
The national datasets of the UK, France and Sweden 
from the year 2005 were analysed containing a total 
of 411,311 cars. In each country side impacts 
typically represented 33% of all fatalities but less 
than 25% of casualties of all severities. Struck-side 
occupants represented typically 60% of all side 
impact casualties regardless of injury severity while 
the remainder of the casualties were seated away on 
the non-struck-side.  
 
Amongst single vehicle side impacts, collisions with 
poles were most commonly specified, although there 
was considerable variation between countries. In 
multi-vehicle crashes the collision partner was a car 
in about 75% of cases. The relative involvement of 
each type of collision partner varied by casualty 
severity and in both the UK and France there were 
similar numbers of fatalities in collisions with poles 
as with cars. A comparison of injury risks suggested 
the risk of serious injury in newer cars struck by 
other newer cars was similar to older, pre-Regulation 
95, cars struck by older cars. This indicates the 
improvements in side protection since the 
introduction of Regulation 95 may have been at least 
partially offset by increases in front stiffness of cars 
due to the introduction of Regulation 94 and 
EuroNCAP. 
 
The paper presents other details on the circumstances 
of side impacts and the different driver populations 
involved in loss-of control and intersection collisions. 

It links to two other papers concerning car-to-car and 
car-to-pole side collisions using in-depth data. 
 

Background  

This paper is a summary of the key findings of an 
analysis of accident data concerning side impacts. 
The analysis has been conducted by the European 
Enhanced Vehicle Safety Committee, Working 
Group 21 Accident Studies and has been requested 
by EEVC Working Group 13 Side Impact as part of 
its work to raise the level of side impact protection of 
cars.  
 
This paper describes the results of an overview 
analysis focussing on the accident data from the UK, 
France, and Sweden. A related paper 1 summarises 
the results of the analysis of side impacts of cars with 
poles using in-depth data from Germany, GB and 
Sweden while a second paper 2 summarises the 
equivalent results of an analysis of car to car side 
collisions. 
 
The European side impact test procedure is enacted 
within Directive 96/27/EC3 and requires cars to 
maintain a specified level of protection when struck 
in the side by a mobile barrier travelling at 50km/hr. 
There have been a number of previous studies4 5 6 
that have evaluated the frequency and characteristics 
of side impacts although few have covered more than 
a single member State. The EU Directive included a 
requirement that it be evaluated after two years and 
Edwards et al 7 did this under the auspices of the 
EEVC. They concluded that the test speed should be 
increased and that the use of a pole test be 
considered. Similar conclusions were reached by 
Hassan et al 8 who examined both UK Co-operative 
Crash Injury Study (CCIS) data and US national 
Automotive Sampling System (NASS) data files. 
Frampton et al9 highlighted the frequency of injuries 
to non-struck (far) side occupants. Thomas et al10 
reviewed UK in-depth accident data and confirmed 
that more car occupants died as a result of side 
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impacts than frontal crashes, impacts with poles were 
nearly as frequent as car to car side collisions and 
that the side impact test speed was substantially 
below that of the majority of fatal crashes. 
 
Data sources 

The task of EEVC WG 21 is to conduct accident data 
studies and incorporate as wide a range of EU 
accident data sources as possible compatible with the 
objectives of the research focus. Data from three 
countries, UK, France and Sweden was used for this 
analysis. Each of these datasets defined “fatality” as 
death within 30 days of the crash but differences exist 
for the “serious” category. These are defined below. 
 
GB accident data – STATS 19 
The British national accident database, STATS 19, is 
based on the reports for every police reported crash in 
Great Britain. Data for the year 2005 was used with a 
total of 271,017 casualties. Side impacts were defined 
on the basis of the police assessment of the first point 
of impact and seriously injured casualties are defined 
as those with a facture or an overnight stay in 
hospital. Accident data for Northern Ireland is stored 
separately so the dataset refers to Great Britain rather 
than the United Kingdom. 
 
French accident data - BAAC 
The data for France is also based on the police 
reports of crashes in the year 2005. The BAAC 
(Bulletin d’Analyse des Accidents Corporels de la 
Circulation) classifies impact direction in a similar 
manner to the UK but the “serious” category is 
defined on the basis of hospitalisation. The technical 
basis of BAAC has been revised since the 2005 
dataset to minimise issues concerning under-
reporting. 
 
Sweden - STRADA 
The Swedish STRADA system (Swedish Traffic 
Accident Data Acquisition) is based on police reports 
of each crash occurring nationally. Impact direction 
is based on the police assessment of the first point of 

impact. The data is enhanced by linkage with hospital 
files and details of vehicle inspections.  
 
Frequency of side impacts 
The total cases for each dataset are shown in Table 1 
for all road user types and Table 2 shows the 
distribution of impact direction of car impacts 
according to each national definition.  
 
In GB 24.3% of all car occupants were injured in 
impacts while in France and Sweden they represented 
21.9% and 25.9% respectively. In each country the 
most common impact type was a frontal collision. 
However amongst fatalities side impacts were more 
common, in GB they represented 0.4% of all car 
occupant casualties compared with 0.5% in frontal 
collisions. In France side impact fatalities constituted 
1.5% of all casualties compared with 3.5% in frontal 
impacts and in Sweden they represented 0.3% of all 
casualties. 
 
Seating position 
Car occupants seated on the struck side are the target 
of current safety requirements as they may be 
exposed to intruding structures with higher risk of 
injury. Table 3 shows the seating position of 
occupants in side impacts in each of the three 
countries. In all three countries and irrespective of the 
severity of injury typically between 54% (Sweden) 
and 59% (France) of all casualties were seated on the 
side of the impact with little variation according to 
injury severity. 
 
Selection of cars compliant with Regulation 95. 
National accident databases do not include a record 
of the regulatory compliance of cars so the selection 
of this group of cars was achieved by indirect 
methods. All new cars produced after 2003 were 
required to meet the side impact regulatory 
requirements however this would have resulted in a 
very small number of relevant vehicles in the 2005 
dataset. It was not feasible to utilise the Vehicle 
Identification Number as it was not available on the 
national accident databases and following 
consultation with EuroNCAP and the industry 

 
Table 1 National database casualty counts - 2005 

 UK France* Sweden 
 STATS 19 - GB BAAC STRADA 
Fatal 3,201  1.2% 5,319 4.7% 440 1.6% 
Serious 28,954 10.7% 39,811 35.1% 3,915 14.6% 
Slight 238,862 88.1% 68,265 60.2% 22,544 83.8% 
Total 271,017 100% 113,395 100% 26,899 100% 

*serious - in-patient, slight - out-patients 
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Table 2 - Distribution of car occupant casualties by impact type and injury severity 

  GB** (n=169,670) France* (n=52,634) Sweden (n=9,180)** 
  Front Side Rear Front Side Rear Front Side Rear 

Fatal 0.5% 0.4% 0.1% 3.5% 1.5% 0.3% 0.7% 0.3% 0.0% 
Serious 4.9% 1.9% 0.5% 22.0% 6.5% 3.3% 6.5% 2.5% 1.0% 
Slight 44.1% 22.0% 25.6% 34.9% 13.9% 14.1% 45.9% 23.1% 20.0% 
Total 49.5% 24.3% 26.2% 60.4% 21.9% 17.7% 53.1% 25.9% 21.0% 

*serious in-patients, slight out-patients - no multiple impacts 
**may include multiple impacts - based on first point of impact 
 
 

Table 3 Proportion of struck side and non struck side casualties among all side impacts 
 GB France* Sweden 
 SS NSS SS NSS SS NSS 
Fatal 61% 39% 61% 39% 100% n=4 0 
Serious 56% 44% 59% 41% 61% 39% 
Slight 57% 43% 58% 42% 54% 46% 
All severities 57% 43% 59% 41% 54% 46% 
*serious in-patients, slight out-patients 

 
 
members of WG 21 it was considered that the most 
effective definition was to consider vehicles 
registered after 1998 to represent the group compliant 
with Regulation 95. A later part of the analysis, to be 
reported elsewhere, focussed on the cars registered 
since 2003. 
 
Collision partner 
The test conditions under consideration by WG 13 
relate to car to car and car to pole side impact 
conditions and the analysis of the datasets was 
therefore framed around these factors. Table 4 shows 
the frequency of each main impact configuration for 
each of the three countries.  
 
Within the complete group of side impact casualties 
as occupants of cars registered since 1998 car to car 
side collisions were the most common, between 45% 
(Sweden) and 65% (France) of crashes were in this 
category. Collisions involving buses or goods 
vehicles, possibly within separate phases of the 
collision sequence, typically accounted for 13% (GB 
and Sweden). Car to pole collisions only represented 
between 3% (Sweden) and 6% (France) of all side 
impacts and collisions with other roadside objects 
were more common.  
Table 5 shows the corresponding table for fatally 
injured casualties. 24% of GB casualties were killed 
in car to pole single vehicle collisions compared with 
25% in car to car side impacts. Similarly in France 
there were 30% who died in collisions with poles and 
37% in collisions with other cars. Other single 

vehicle crashes and impacts with trucks or buses 
were also frequent causes of fatality. There were a 
total of only 8 fatalities in the Swedish data so these 
are not presented. 
 
Casualty reduction resulting from Reg 95 
The introduction of the European side impact 
performance requirements included a specification 
that a consequent casualty reduction be evaluated. An 
interim evaluation was conducted but there was 
insufficient accident data available to support an 
estimate of effectiveness. 
 
To accomplish this the national data from the UK, 
France and Sweden was analysed separately. Given 
the relatively low proportion of fatalities in each 
dataset the killed and seriously injured (KSI) groups 
of casualties have been combined. It should be noted 
that the national definitions of “serious” differ so that 
the countries cannot be directly compared. 
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Table 4: Collision partner, all side impacts, post-1998 registered cars, all casualties 
Collision Partner GB France Sweden 

Pole  764 4% 269 6% 18 3% 

Other SVA* 2,176 13% 329 7% 244 37% 

Car 9,170 54% 2,989 63% 299 45% 

Bus/GV ** 2,148 13% 533 11% 86 13% 

Other TVA*** 748 4% 340 7% 21 3% 
Three + vehicles 2,029 12% 250 5% 0 0% 
Total 17,035 100% 4,710 100% 668 100% 

*SVA – Single Vehicle Accident 
** GV – Goods Vehicle 
*** TVA – Two Vehicle Accident 
 
Table 5: Collision partner, all side impacts, post-1998 registered cars, fatally injured casualties 

Collision Partner GB France 

Pole  50 24% 95 30% 

Other SVA 42 20% 37 12% 

Car 52 25% 116 37% 

Bus/GV 25 12% 41 13% 
Other TVA 6 3% 8 3% 
Three + vehicles 30 15% 18 6% 
Total 205 100% 315 100% 

 
 

Table 6 shows the rates of killed and seriously 
injured casualties (KSI) comparing vehicles 
registered after 1998 with those earlier. Vehicles 
registered on or after 2003 will all comply with the 
side impact requirements and the KSI rates of these 
vehicles are also compared with the rates experienced 
by older cars. To represent the conditions of the test 
configuration, the dataset was restricted only to the 
crashes involving side impacted cars struck by other 
cars. 
 
Table 6 - KSI rates % (sample size) by vehicle 
registration year 
 GB France Sweden 
Pre 1998 4.2 (1244) 27.8(909) 11.0 (91) 
1998 
onwards 

3.5 (1921) 20.0(904) 5.2 (116) 

    
Pre 2003 3.8 (2448) 25.0(1523) 10.0 (130) 
2003 
onwards 

3.7 (677) 18.6(290) 3.9 (77) 

 
Data from each of the three countries showed a 
reduction in the rate of killed or serious injury 
comparing the modern vehicles against the older cars 
although the magnitude of the reduction varied. The 
UK showed a reduction of 17% comparing the post-

1998 cars with earlier models and reduction of 3% 
comparing post-2003 with earlier models. Reductions 
in France and Sweden were larger ranging from 26% 
to 61% (post-2003 cars).  
 
Other factors relating to injury rates 
Regulation 94 side impact was introduced in the 
same year as Regulation 96 frontal impact and over 
the period of the comparisons of KSI rates it is 
possible that other changes to vehicles, such as the 
stiffness of the car front, may have occurred. Tables 7 
and 8 by registration year groups, pre-1998, post-
1998 and post-2003 for cars struck in the side by the 
front of the opponent cars. 
 
Table 7 UK - KSI rates % (sample size) by struck and 
bullet car age. 

Bullet car 
 
Struck car 

Pre 1998  Post 1998  Post 2003  

Pre 1998  4.3 (441) 3.8 (533) 3.9 (179) 
Post 1998  4.0 (659) 3.5 (879) 3.5 (258) 
Post 2003  4.6 (219) 3.6 (330) 4.1 (97) 
The GB STATS 19 data shows that the reference rate 
of killed and seriously injured casualties of pre-
regulation cars when struck by a similar aged car was 
4.3%. The KSI rates for this oldest category of car 
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when struck in the side by the newest cars, post-2003, 
was reduced to 3.9%. However the rate for the  
newest cars when struck on the side by the front of 
the newest cars was little changed from the reference 
category at 4.1%.  
 
Table 8 France - KSI rates (sample size) by struck 
and bullet car age 

Bullet car 
 
Struck car 

Pre 1998  Post 1998  Post 2003  

Pre 1998  26.3(498) 29.7(411) 28.9(128) 
Post 1998  16.7(450) 23.4(454) 24.5(151) 
Post 2003  14.7(143) 22.5(147) 26.8(56) 
The French BAAC data, shown in Table 8, indicated 
a similar pattern. The reference group of older cars 
struck in the side by the front of older cars showed a 
KSI rate for the occupants of 26.3%. The newer 
groups of car, when struck by the same oldest car 
group, showed decreasing rates down to 14.7%. 
However when this same category of cars was struck 
by the front of more recent cars the KSI rates did not 
reduce and the rate for the post-2003 cars struck by 
the front of post-2003 cars was marginally greater 
than the reference group. 
 
Matched samples 
The characteristics of the drivers of cars varies 
according to the age of the vehicle reflecting the 
social groups that purchase new and used cars. In 
many countries, including the UK and Sweden, many 
new cars are bought for business use. Older cars are 
generally cheaper and may more often be bought by 
drivers who are less well off, such as younger drivers. 
It is therefore possible the drivers of the newer cars in 
the sample may have a different gender, age and 
other distributions from those in older cars and that 
these differences could account for the different KSI 
rates.  
 
Tables 9 and 10 show the age and gender 
distributions of the drivers of the side impacted cars 
in GB and France. The distributions of these factors 
for each of the vehicle age groups in each of the 
countries showed that the characteristics of drivers of 
newer cars were generally similar to those of older 
cars.. 

Table 9 Struck vehicle GB 
  Struck Vehicle Age 
  Pre 

1998 
1998 
onwards 

Pre 
2003 

2003 
Onwards 

Driver 
Gender 

Male 62% 55% 58% 56% 
Female 37% 44% 41% 43% 
N/K 1% 1% 1% 1% 

Driver 
Age 

17-40 61% 53% 58% 49% 
41-60 20% 29% 24% 31% 
61+ 15% 14% 14% 16% 
N/K 4% 4% 4% 4% 

 
Table 10 Struck vehicle France 
  Struck Vehicle Age 
  Pre 

1998 
1998 
onwards 

Pre 
2003 

2003 
Onwards 

Driver 
Gender 

Male 60% 59% 58% 66% 
Female 40% 41% 42% 34% 
N/K 0 0 0 0 

Driver 
Age 

17-40 55% 49% 53% 49% 
41-60 28% 34% 30% 37% 
61+ 17% 16% 17% 13% 
N/K 0.1% 1% 0.2% 1% 

 
 
Discussion 

The availability of representative accident data is 
fundamental to the development of relevant 
performance criteria for cars to reduce the impact of 
crashes. Whenever changes are introduced to test 
criteria it is essential that the social impact, including 
changes in casualties, is assessed. Where the test 
requirements are intended to reduce fatalities then 
these crashes should be assessed in detail.  
 
As part of the development of new test requirements 
EEVC WG 13 has asked EEVC WG 21 to review the 
conditions of side impact across as broad a number of 
EU Member States as possible. The objectives were 
specifically to asses the overall frequency of side 
collisions amongst the wider crash population and 
also to examine the characteristics of crashes of all 
injury severities including those killed and seriously 
injured. WG 21 has responded by bringing together a 
range of accident sources for analysis and has 
particularly focussed on three aspects in direct 
relation to the considerations of future test procedures 
– the overall importance of side impacts, the 
characteristics of car to car collisions and the 
characteristics of car to pole crashes. This paper is 
based on the first of these three analyses and 
specifically examines the national accident datasets, 
the other reports are based on the analysis of in-depth 
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accident data. The full reports will be published at 
http://eevc.org/publicdocs/publicdocs.htm.  
 
The national accident databases of EU Member 
States only have a limited comparability. The work of 
the European Commission CARE programme within 
the European Road Safety Observatory11 has done 
much to harmonise data but there are still many 
differences in practise and the use of relatively 
untrained data gatherers normally determines further 
constraints. Nevertheless the national accident data 
can give very useful indications about the details of 
crash characteristics.  
 
The data from the GB, France and Sweden all 
indicate that side impacts remain an important crash 
configuration, especially when serious or fatal 
injuries are sustained. In the three countries side 
impacts accounted for between 28% (France) and 
40% (GB) and between 20% (France) and 26% (GB) 
of seriously injured. In GB in 2005 there were a total 
of 679 casualties who died in a side collision, 790 in 
France and 28 in Sweden.  
 
The existing side impact test procedures, defined in 
ECE Regulation 95, represent the conditions of a car 
struck mid-door by the front of another car. The 
injury risks are evaluated for the front seat occupant 
on the struck side, immediately impacted by 
intruding side structures. Despite this the data from 
the three countries demonstrates that typically 40% of 
casualties in side impacts are seated away from the 
collision on the non-struck (far) side of the car 
regardless of injury severity. There is no published 
information available on the relationship between 
improved performance in regulatory side impact tests 
and changes in non-struck side injury risks, it cannot 
be therefore concluded that reductions in struck side 
injury risks as a consequence of Reg. 95 will 
automatically result in the same changes to non-
struck side occupants. 
 
Within the population of post-1998 side impacts 
collisions with other cars were substantially the most 
common, being between 45% (Sweden) and 63% 
(France) of the total. Impacts with poles ranged 
between 3% and 6%. Collisions with buses and 
trucks represented between 11% and 13% of side 
impacts while other types of single vehicle crash 
accounted for between 7% (France) and 37% 
(Sweden). The distribution of collision partner for 
fatal side crashes of post-1998 cars was different. 
While car to car collisions were the most frequent in 
France and GB impacts with poles were also frequent 
as were other single vehicle collisions. This 
distribution confirms the emphasis placed on 

protection in car to car side collisions but also 
reaffirms the importance of protection in car to pole 
crashes. Currently there is no European regulatory 
crash test requirement for pole side impacts and until 
recently the EuroNCAP test has only examined head 
injury risks. The characteristics of car to pole 
collisions are examined in a linked paper.  
 
The data from the three countries indicates that there 
have been improvements in safety following the 
introduction of Regulation 95, although there is little 
consistency between countries. Reductions ranged 
from 3% to 61% and it is believed these are in part a 
consequence of different sampling practises. 
However closer scrutiny of this positive picture 
reveals the possibility that other changes in vehicle 
characteristics may have had unintended 
consequences, although at a non-significant level 
statistically. In particular the French data indicates 
that the injury risk to occupants of a newer car (post-
2003) when struck in the side by another newer car 
are slightly larger than those when an old (pre-1998) 
car is struck by another old car. A similar, although 
less pronounced, pattern was observed in the GB 
data. This contradicts the hypothesis that injury rates 
would be lower in newer cars. It is possible from the 
results that improvements in side impact protection 
have been counterbalanced by increases in 
aggressivity of car front ends however further 
experimental research is required to clarify the 
factors. On the other hand when a newer car was 
struck by an older car, on which the mobile 
deformable barrier was based, injury risks were lower 
in both GB and French data.  
 
Conclusions 

Examination of the national accident databases of 
Sweden, France and GB have been undertaken in 
support of the development of revised crash test 
procedures for side impact conducted by EEVC WG 
13. The main conclusions are:- 
1. Side collisions remain a frequent cause of fatal 

and serious injury 
2. Non-struck side occupants are a frequently 

injured group who are not covered by existing 
test procedures. 

3. Impacts with other cars are marginally the most 
common type of side collision. 

4. Although rare overall, pole impacts are a 
frequent cause of death. 

5. There are indications that improvements in side 
protection may have been counterbalanced by 
other changes in car structural performance, one 
of which is an increase in car front stiffness 
although these need to be evaluated 
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experimentally together with an identification of 
any differences in driver factors. 
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ABSTRACT 

 

The head impact of pedestrians in the windscreen 

area shows a high relevance in real-world accidents. 

Nevertheless, there are neither biomechanical limits 

nor elaborated testing procedures available. Fur-

thermore, the development of deployable protection 

systems like pop-up bonnets or external airbags has 

made faster progress than the corresponding testing 

methods. New requirements which are currently not 

considered are taken into account within a research 

project of BASt and the EC funded APROSYS 

(Advanced PROtection SYStems) integrated project 

relating to passive pedestrian protection. 

 

Testing procedures for head impact in the wind-

screen area should address these new boundary 

conditions. The presented modular procedure com-

bines the advantages of virtual testing, including 

full-scale multi-body and finite element simula-

tions, as well as hardware testing containing impac-

tor tests based on the existing procedures of EEVC 

WG 17. To meet the efforts of harmonization in 

legislation, it refers to the Global Technical Regula-

tion of UNECE (GTR No. 9).  

 

The basis for this combined hardware and virtual 

testing procedure is a robust categorization cove-

ring all passenger cars and light commercial vehi-

cles and defining the testing zone including the re-

lated kinematics. The virtual testing part supports 

also the choice of the impact points for the hard-

ware test and determines head impact timing for 

testing deployable systems. The assessment of the 

neck rotation angle and sharp edge contact in the 

rear gap of pop-up bonnets is included. 

 

For the demonstration of this procedure, a hardware 

sedan shaped vehicle was modified by integrating 

an airbag system. In addition, tests with the Honda 

Polar-II Dummy were performed for an evaluation 

of the new testing procedure. Comparing these re-

sults, it can be concluded that a combination of 

simulation and updated subsystem tests forms an 

important step towards enhanced future pedestrian 

safety systems considering the windscreen area and 

the deployable systems. 

 

INTRODUCTION 

 

Accident statistics show the need for measures re-

lating to the protection of vulnerable road users, 

especially pedestrians with approximately 15 % of 

all road fatalities in Europe and 35 % in Japan 

(OECD Database, 2005). Since the European Direc-

tive and the Japanese Regulation on Pedestrian Pro-

tection became effective in 2005, new vehicle mo-

dels have to fulfil the mandatory pedestrian protec-

tion requirements. Consumer testing in Euro NCAP 

and JNCAP already considered pedestrian protec-

tion tests before the introduction of legislation. The 

Global Technical Regulation (GTR) published in 

January 2009 is the basis for type approval regar-

ding the pedestrian protection requirements for fu-

ture cars. All these testing protocols prescribe the 

use of subsystem tests with free-motion impactors 

representing the human head, as well as the upper 

and lower leg. 

 

Although the head impact in the windscreen area, 

i.e. windscreen and windscreen support, shows sig-

nificant relevance in real-world pedestrian acci-

dents (Bovenkerk et al., 2007), there are neither 

mandatory limit values to fulfil nor vehicle system 

technologies in series application available which 

focus on this impact area. Innovative active safety 

systems help to prevent accidents and to reduce 

velocity, e.g. brake assist systems. Nevertheless, 

passive safety systems are required for the protec-

tion of pedestrians to mitigate injuries in the case of 

an unavoidable accident. Providing a protection 

zone for the head impact in the windscreen frame 

region is a demanding target due to significant goal 

conflicts with the field of view and the occupant 

protection. 

 

A possible solution for reducing impact severity in 

this critical area could be a u-shaped airbag system 

combined with a pop-up bonnet function to increase 

the deceleration distance. Such an airbag system is 
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able to offer comprehensive head protection. For 

the analysis of these protection techniques, both 

simulation and hardware testing are used in this 

study. The structure of the new modular testing 

procedure is presented and applied on the demon-

strator. Pre-testing includes the assessment of the 

timing of deployable systems and a virtual testing 

part to simulate the vehicle-pedestrian collision to 

consider the impact kinematics of the entire pedes-

trian. Besides, virtual impactor tests should extend 

the number of impact points. For the development 

of the vehicle prototype, finite element (FE) and 

multi-body simulations are used. 

 

Hardware testing is performed by the use of linear 

impactor tests according to the existing procedures. 

Also dummy tests are performed, in which the pe-

destrian is represented by the Polar-II Pedestrian 

Dummy. Furthermore, new advanced subsystem 

tests are investigated to analyse the head-neck in-

teraction. The evaluation of head impact in pedes-

trian protection must take more aspects into account 

than only the current mandatory required HIC crite-

ria. Such aspects are head-neck loading and possi-

ble contacts with sharp edges, as well as potential 

negative influences of deployable systems concer-

ning a rebound effect. 

 

Results of these investigations should contribute to 

the future development of assessment methods and 

protection systems for the head impact of pedestri-

ans in the windscreen area. Numerical simulations 

as well as hardware testing should be considered in 

an evaluation procedure. The main target is to im-

prove the real-world pedestrian protection in the 

field of passive safety. 

 

METHODS AND DEMONSTRATORS 

 

Modular Assessment Procedure 

 

Relevant accident cases most likely occur in urban 

areas with a high variety of impact conditions. For 

comparable results trying to cover most of this vari-

ety, a generic standard configuration has to be de-

fined. Vehicle areas which are not affected by the 

developed testing procedure (i.e. bumper- or lower 

bonnet area) are covered in the tests according to 

the GTR test protocol. All defined boundary condi-

tions in this procedure are derived from a pedestrian 

impact scenario with a vehicle velocity of 40 km/h. 

 

Boundary conditions for the dummy test considered 

in this study are used from the “Draft Recom-

mended Practice for Pedestrian Dummy” defined in 

the SAE Pedestrian Dummy Task Group, which 

aims for the development of worldwide standards 

for pedestrian dummies. In addition, the “Certifica-

tion Standard for Type Approval Testing of Active 

Deployable Systems of the Bonnet Area” which has 

been proposed in the context of the UN ECE Global 

Technical Regulation forms the basis for both simu-

lations and hardware testing. According to these 

conditions, the configuration contains a lateral 

walking position of the pedestrian in the vehicle 

centreline with the leg facing the vehicle in back-

wards position. 

 

The developed modular testing procedure aims for 

a combination of the benefits of numerical simula-

tions and hardware testing methods. Furthermore, 

the testing procedure focuses on the windscreen 

frame region including the cowl area. Being one of 

the most obvious possible solutions in this area, the 

deployable systems, e.g. airbags, play a major role 

in this testing procedure. Such issues are the main 

“white spots” in current procedures. The existing 

procedures form the basis for all the developments. 

By using numerical simulations of vehicle-

pedestrian collisions and of impactor tests for pre-

testing, costs for hardware testing can be optimised. 

 

The procedure is divided into two main steps. 

Step 1 represents the preparation and the pre-testing 

in virtual tests using simulation methods, while 

step 2 includes the hardware testing which covers 

subsystem tests and optionally full-scale dummy 

testing. In the end, all results are evaluated accor-

ding to quantitative threshold values or qualitative 

remarks concerning potential additional injury risks 

are given. The flow chart of the procedure is shown 

in Figure 1. 

Vehicle and test preparation

Kinematics-simulation to calculate Head 

Impact Time and Area and confirmation of 

TRT < HIT requirement

Choice of virtual impact points

(usage of deployed position) and virtual head 

impact testing with vehicle front model

Hardware impact tests on vehicle

Chosen impact points from simulation results

(If needed: dynamic test with deployable 

system)

Testing of head-neck interaction

Test result and evaluation of 

pedestrian protection 

(Head and neck load)

Step 1: Preparation and pre-testing

Step 2: Vehicle testing

 
Figure 1.  Flow-chart of the procedure. 
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The preparation and pre-testing begin with the ac-

quisition of the test vehicle and the corresponding 

simulation model. This forms the basis for the 

whole testing campaign. If the simulation model is 

not provided by the manufacturer, methods of re-

engineering, such as digitisation methods or simpli-

fied models can be alternatively used. 

 

Typical vehicles are classified based on previously 

conducted simulation studies using generic front 

shapes (Bovenkerk and Zander, 2008). The classifi-

cation contains four categories (A: Sedan, B: SUV, 

C: OneBox, and D: Sports-car) according to differ-

ent parameters of its front and the resulting impact 

kinematics, see Figure 2. The method is comparable 

to the existing IHRA-categorisation with an exten-

sion using a Category D with low bumpers and 

bonnet leading edges (BLEs). These are mainly 

sports-cars and roadsters. The bonnet leading edge 

height and the inclination angle of the front (αB) 

according to the definitions in the “Blue Book”, 

2005 (measured in the vehicle middle, y = 0, bonnet 

front to the rear edge) have been identified as the 

main parameters which determine the impact kine-

matics. 

 

αB > 30° BLE > 840 BLE < 600 AA

DB [mm]C

Yes YesYes

No No No

 
 

Figure 2.  Vehicle categories. 

For the subsystem testing part it is proposed to use 

the ISO-head-impactors in compliance with the 

GTR protocol and to adjust their impact parameters 

in each vehicle category by varying the impact an-

gles and the relevant wrap around distances 

(WADs, Figure 3 and Table 1). The impact area is 

marked by using references and WADs that are 

commonly used in the existing procedures.  

αCowl = 65°

Cowl

Windscreen

αWindscreen = 50°
ISO-CH/AH

v = 35 km/h

αCowl = 65°

Cowl

Windscreen

αWindscreen = 50°
ISO-CH/AH

v = 35 km/h

 

Figure 3.  Impactor testing (Category A). 

The velocity has a large influence on the structural 

stiffness and the limitation of deformation space. In 

this study, the constant head impact velocity com-

pared to v = 35 km/h in the GTR or as an alterna-

tive v = 40 km/h from Euro NCAP which is much 

more demanding is proposed. The impact energy is 

therefore determined by the impactor mass, which 

is 3.5 kg for the child head (CH) and 4.5 kg for the 

adult head (AH). The child head impact area con-

tains the 6 year-old child and 5
th

 percentile female, 

who has almost identical biomechanical parameters 

compared to the 12 y/o child. The 50
th

 percentile 

and 95
th

 percentile male are considered for the adult 

head impact area. The main difference regarding 

the head impact parameters in the vehicle categori-

sation can be seen in the relevant wrap around dis-

tances and impact angles of the head on the wind-

screen (Table 1). 

 

Table 1. 

Head impact parameters for the windscreen 

area 

ISO-

Impactor 
WAD [mm] Impact angle α [°] 

C
at

eg
o

ry
 

CH: 3.5 kg 

AH: 4.5 kg 
from to Windscreen Cowl 

CH 1000 1700 A 

Sedan AH 1700 2300 
50 

CH 1000 1500 - B 

SUV AH 1500 2100 *) 

CH 1000 1600 35 C 

OneBox AH 1600 2100 50 

CH 1000 1900 D 

Sports-car AH 1900 2400 
65 

65 

*) low relevance 

 

For the potentially largest number of Category A 

“sedan” vehicles, the head impact parameters in the 

transition of child and adult head impact zone cor-

relate with the GTR. Due to the consideration of the 

95
th

 percentile male, the upper boundary is defined 

as WAD 2300 mm. The WAD-distances are lower 

with respect to the impact kinematics for SUVs and 

OneBox-vehicles where the pedestrian is thrown 

less high onto the front. The contrary effect can be 

seen for sports-cars and roadsters, where the pedes-

trian will be thrown higher upwards and the impact 

angles are steeper at the same time. 

 

For the multi-body or coupled vehicle-pedestrian 

simulations which analyse the kinematics, the head 

impact time (HIT) and the corresponding locations 

for each specific vehicle have to be evaluated. In 

these simulations, the previously determined 

boundary conditions should be proven. Adjustments 

of the parameters listed in Table 1 concerning a 

possible new vehicle category have to be taken into 

account. The comparison of the total response time 

(TRT) of the system to the head impact time con-

firms its functionality (TRT < HIT). Furthermore, 

the vehicle system has to be in deployed position 

until the head contacts. That leads, at the same time, 
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to a sufficient activation time of the system in the 

case of lower vehicle velocities. If this condition is 

not fulfilled, a major additional danger occurs due 

to the opposite directions of the head impact velo-

city and the bonnet movement. 

 

Step 1 includes the choice of impact points in the 

marked windscreen area (cowl and windscreen, see 

Figure 3). The virtual impactor simulations help to 

identify hard points on the vehicle front (Puppini, 

2008). Potentially critical impact points from the 

previously conducted vehicle-pedestrian simula-

tions can be added. The virtual head impact test 

forms the transition from step 1 to step 2. Using the 

specified impact angles, velocities, areas and im-

pactor masses, the numerical head impact simula-

tions supplement the hardware tests on the test 

points. For the hardware tests, the existing head 

impactor tests with the modified boundary condi-

tions according to the impact area and the angle are 

applied. 

 

The second focus in hardware testing apart from the 

linear head impact is the head and neck load due to 

the head-neck interaction. Increasing neck loads 

through large rotations, e.g. caused by the gap at the 

rear bonnet edge, are an additional risk especially if 

deployable systems are used. The final step of the 

modular testing procedure is the evaluation of the 

pedestrian protection potential by analysing the test 

results. In general, the scope of the vehicles should 

consider mainly passenger cars, for which the exis-

ting procedures have originally been developed for:  

 

- All M1 vehicles  

- All M2 and N1 vehicles up to 3.5 t gross-

vehicle mass 

- Excluding “Flat Front Vehicles” 

(with D(R-Point driver seat - front axis) < 1000 mm) 

 

Due to their front geometry with often short bon-

nets and higher inclination angles of the wind-

screen, so-called “Flat Front Vehicles” require sys-

tem solutions which are often incomparable with 

the sedan shaped vehicle solutions (Fassbender and 

Hamacher, 2008). 

 

In the following paragraphs, an overview and break 

down of the proposed steps of the presented proce-

dure will be given.  

 

VEHICLE AND TEST PREPARATION 

 

Experimental Vehicle 
 

For the investigation and demonstration of the de-

veloped testing procedure, a reference vehicle is 

chosen. An average shaped sedan vehicle of the 

defined Category A (Opel Signum) is upgraded 

with a pop-up bonnet in combination with an exter-

nal airbag, developed and provided by TAKATA 

(both numerical and hardware model).  

 

Modifications of the series version related to the 

hinges in the bonnet rear area, the latch in the front 

and the integration of the airbag module are the 

main changes. For the bonnet rear hinge, linear and 

rotational joints are considered. Due to advantages 

in kinematics, the rotational hinge solution is cho-

sen. This solution means no risk of self-locking 

effect, which could be caused by kinematics and 

friction in the linear guidance. The whole system of 

hinges and bonnet forms a 4-point hinge kinema-

tics. In a series application, the rear hinges have to 

be locked in the daily operation position by integra-

ting e.g. shear bolts or pyrotechnical bolts. The 

necessary clearance for the hinges can be reduced 

to a space which is comparable to the series hinges. 

The sheet thickness of the prototype hinges is 

5 mm.  

 

The series latch is replaced by two front hinges, 

which have to be changed into a two latch system in 

a possible series application. The pivot requires a 

location which is positioned as far as possible to-

wards the front to avoid collision with the surroun-

ding parts when lifting up the bonnet up to 120 mm. 

In addition, the front hinges have to be fully co-

vered by the bonnet. Lifting of the bonnet is rea-

lised by the lower chamber of the airbag and cove-

ring the windscreen area by the upper airbag cham-

ber.  

 

The airbag module is integrated. Fixation points for 

the module are both suspension towers and the wa-

ter box. An additional function of the module as a 

strut bar can also be introduced. 

The gas pressure during the deployment of the air-

bag is measured in a relatively calm area (less gas 

flow). When fully deployed, the airbag volume is 

approximately 90 l. A water box cover, which is 

also fixed laterally and replaces the series plastic 

cover of this area, is necessary to guide the airbag 

directly without obstructions towards the wind-

screen. Sharp edged parts in the airbag deployment 

area are removed or covered. 

 

The modifications of the vehicle according to the 

external airbag system require some additional 

clearance in the water box area. In the series vehicle 

such a system has not been considered in the early 

design and the development process. Therefore, the 

whole wiper system is removed during the follo-

wing investigations. Changes of the vehicle front 

are implemented in such a way that the series status 

of the vehicle can be restored quickly. Necessary 

cut-outs, especially for placing the airbag module, 

are an exception. The changes are summarised, and 

the wrap around distances are marked in Figure 4. 

The potential impact point for the 50
th
 percentile 
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male is shown. It is expected that the impact loca-

tion of the human model in simulations and dummy 

tests will be nearly identical. 

 

(1) Front hinges(1) Front hinges

(2) Module(2) Module

(3) Rear hinge(3) Rear hinge

(2a) Airbag(2a) Airbag

1

2 2a

3
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2 2a

3

1
3
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1500

1700
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Expected impact point 50%ile male
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Figure 4.  Modifications on the series vehicle and 

FE-Model (Category A). 

 

Virtual Model 

 

For the pre-tuning and development of the experi-

mental vehicle and the virtual part of the testing 

procedure, a simulation model of the vehicle front 

is built up. All relevant components are transferred 

into a CAD model using the “ATOS I system” for 

scanning components and CAD for re-engineering 

the whole front geometry (Figure 5). The vehicle 

model contains the front-end with bumper, cross 

member and crash boxes, fender, bonnet and the 

body with longitudinal beams, suspension towers 

and A-pillars. The engine package is included as a 

simplified rigid surface. 

 

ATOS-scanATOS-scan

 

Figure 5.  Re-engineering of the vehicle front 

The numerical airbag model of TAKATA is inte-

grated into the FE simulation. These simulations 

contain the definition of the lifting mechanism 

through the airbag deployment and in a second step 

head impactor simulations using the timing derived 

from the multi-body simulations as an input. The 

design changes for the experimental vehicle proto-

type are implemented in the simulation model 

(Figure 4). 

Multi-body / Coupled Vehicle-Pedestrian Kine-

matics Simulations 
 

The following comparative analysis always refers 

to the active deployable airbag system’s perfor-

mance with a series vehicle without the implemen-

tation of pedestrian safety measures. This compari-

son should help to evaluate the potential of both the 

new testing procedure and the future pedestrian 

safety systems. 

 

Multi-body simulations using Madymo or coupled 

simulations using Madymo and LS-Dyna are per-

formed to investigate the impact kinematics with 

the main focus on the location and timing of the 

head impact. The results form an important input 

for triggering the subsystem impactor in relation to 

the airbag system in the following hardware testing 

part. The coupled simulations in Figure 6 show that 

the head impact of the 50
th

 percentile male takes 

place at HIT = 128 ms in the transition zone of the 

bonnet and windscreen of case 1 representing the 

series version without the deployable system. 

 

0

40

80

HIT 128 HIT 120

Case 1: Series vehicle Case 2: Modified vehicle

80

40

0

 

Figure 6.  Multi-body simulations with series 

and modified vehicle, t in [ms]. 
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Comparison of the two cases shows an offset of 

about 10 ms towards an earlier head impact in 

case 2 with respect to case 1 due to the deployable 

system. In that case, the head would impact most 

likely in the open bonnet rear gap, which is covered 

by the airbag in the reference vehicle. Simulations 

with same boundary conditions using the 6 y/o 

child model indicate that the earliest head impact on 

the bonnet front is at t = 60 ms in activated position. 

The airbag is fully deployed after 40 ms (TRT). 

 

For the considered impact speed and a sufficient 

activation time of more than 200 ms of the airbag, 

which will guarantee the deployed position until the 

head contacts in the case of lower velocities (i.e. 

higher head impact time), it can be concluded that 

the requirement TRT < HIT is fulfilled. 

 

The simulations underline that the upper bonnet and 

lower windscreen area play an important role for 

the head impact. This area offers lower protection 

potential in contrast to the bonnet and windscreen 

middle, due to the high stiffness and reduced de-

formation space. Average sedan shaped vehicle 

fronts in general show this impact scenario. 

 

Choice of Virtual Impact Points / Virtual Head 

Impact Testing with Vehicle Front Model 

 

FE simulations using LS-Dyna software are carried 

out to evaluate the function of deployable systems 

and to identify a particular choice of hard points in 

the car front. Figure 7 shows such a simulation grid 

on the vehicle front with regular (marked as a grid 

structure, white points) and additional points which 

can be identified from the vehicle-pedestrian simu-

lations (stars) or which are simply identified as ad-

ditional potentially critical points (red ones). 

 

Figure 7.  Virtual tests on a grid. 

The simulations in Figure 8 show an adequate func-

tion of the whole lifting mechanism. The accelera-

tion outputs of the impactor model indicated a good 

performance. In this sequence, an impact at t = 0 ms 

is shown. This is in the time period, where the air-

bag model is fully deployed when t = -100 ms is the 

triggering time. In the virtual test series, different 

impact points are evaluated. For the comprehensive 

presentation, the impact point of the 50
th

 percentile 

male in the middle of the bonnet rear area will be 

presented with the main emphasis in the following 

considerations. 

 

-40 0

6040

-40 0-40-40 00
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Figure 8.  LS-Dyna head impactor simulation, t 

in [ms]. 

 

HARDWARE VEHICLE IMPACT TESTS 

 

Impactor Tests 

 

In the hardware tests, the experimental vehicle is 

tested according to EEVC WG 17 and GTR testing 

protocol by extending the impact area to the wind-

screen region as described in the new testing proce-

dure (Category A, cowl area: WAD 1770 mm, 65° 

impact angle with adult head). Currently, testing of 

the bonnet rear area is only included in the Euro-

NCAP-procedure. Due to the current availability at 

ika, the 4.8 kg EEVC WG 17 adult head impactor is 

used instead of the proposed ISO headform. The 

velocity of the head impactor is 40 km/h. In the 

hardware testing, three impact points are chosen in 

the context of this study. The potentially critical 

impact points which might be identified in the vir-

tual tests and the chosen impact points for the 

hardware tests are shown in Figure 9. 
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Figure 9.  Potential critical impact points and 

tested points for Category A - Sedan. 
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Furthermore, the previously defined testing area is 

compared to the current Euro NCAP zone. The 

most significant change is the increased wrap 

around distance of 2300 mm for Category A (Se-

dan) when considering the 95
th

 percentile male. 

 

Figure 10 shows the subsystem test on the expected 

impact point of the 50
th

 percentile male (point 1). In 

general, these conditions correlate with the results 

of the multi-body model simulations in previous 

studies (Bovenkerk et al., 2009). Regarding the 

impact location on the bonnet rear edge, the posi-

tion of the impact point is one third on the bonnet 

itself and two thirds on the lower windscreen zone, 

which is covered by the airbag system.  

 

40200

-20-60-100

 

Figure 10.  Head impactor test on point (1) of the 

modified vehicle, t in [ms]. 

For triggering and timing the impact of the head-

form, the previously determined head impact time 

(HIT) from the numerical simulations is used 

(about 120 ms). With the first impact of the leg, a 

pedestrian impact sensing time (ST) of t = -20 ms is 

estimated, so that the impact time of the head im-

pactor is at t = 0 ms after triggering the airbag at 

t = -100 ms. After t = 40 ms, the airbag is in a fully 

deployed mode, so that there is a sufficient safety 

margin with respect to time until the head impacts. 

During the whole contact phase, the airbag fully 

covers the rear bonnet area and the A-pillars. The 

acceleration outputs from the simulations are corre-

lating with these tests. For the determination of the 

optimum airbag pressure, it has to be considered 

that too high inner pressure and thus low energy 

absorption of the airbag itself lead to elastic beha-

viour with a strong rebound effect that can be re-

duced by the use of vent holes. 
 

Tests with Polar-II Pedestrian Dummy 

 

In a second (additional) test series, the overall 

kinematics of the real-world accident are investi-

gated by using the Honda Polar-II Dummy. In addi-

tion, these tests form an input for the analysis of the 

neck loads which cannot be investigated by the 

common linear impactor testing methods. 

 

The biofidelity of this dummy enables the recon-

struction of a realistic pedestrian accident with an 

average sedan car front. A detailed description of 

the Polar-II Dummy can be found in (Takahashi et 

al., 2007). In addition, the potential of using the 

external airbag system in the future can be investi-

gated close to reality. Taking into consideration that 

there are currently only very few vehicles equipped 

with deployable systems and none with external 

airbags, the availability of real-world accident data 

from such vehicles will be far in the future. Con-

firmation of benefit in real-world accidents is there-

fore not possible. 

 

Results of the dummy tests are compared to the 

performed vehicle-pedestrian simulations. Further-

more, a comparison of the series vehicle and the 

modified version using the airbag system is in-

cluded. Merging all these results, it becomes more 

clear that using a combination of subsystem tests 

and simplified simulations and with the dummy test 

as an option for complex systems is an adequate 

method to evaluate the protection potential of a car. 

 

The dummy is positioned according to the defined 

boundary conditions, i.e. vehicle faced leg back-

wards and the position of the dummy in the vehicle 

centreline. The release mechanism of the dummy is 

triggered approximately 50 ms prior to impact and 

braking takes place 100 ms after impact. Figure 11 

gives an overview of the test set up and the dis-

tances at the ika crash test facility.  

 

Test vehicle Polar-II Dummy Safety grid

Rail-system Camera 1 Camera 2

12 m38 m

Safety grid and soft matDummy with 

magnet release

Dummy positioning 

before crash
 

Figure 11.  Test set-up for the pedestrian 

dummy test with Polar-II Dummy. 

 

Figure 12 shows the comparison of high speed se-

quences of the dummy tests with the series vehicle 

and the modified vehicle using the airbag system. 

In both cases, the vehicle velocity is 40 km/h. Trig-

gering of the airbag system is realised by contact 

sensors on the bumper. The first impact of the leg 

corresponds to t = 0 ms. After the leg impact, the 

hip impact for both cases takes place at t = 40 ms; 

following this, the full body wraps around the vehi-

cle front and has flat contact on the bonnet. After 

the shoulder impact between 100 ms and 120 ms, 

the first contact of the head takes place at 131 ms in 

the first case and at 121 ms in the second case with 
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the deployed bonnet and the activated airbag. In 

this case, an offset of approximately 10 ms to an 

earlier time occurs for all body regions after the 

upper leg impact due to the lifted bonnet.  

 

The timing of airbag deployment complies with the 

results of the head impactor tests. Wrap around 

distances to the head impact point are 1830 mm in 

the first case and 1860 mm in the second case prov-

ing the expected impact point on the bonnet rear 

(point 1). After 200 ms the dummy flight phase 

starts, and the dummy separates from the vehicle 

(not shown). 
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Figure 12.  Polar-II Dummy test with series 

(Case 1) and modified vehicle (Case 2), t in [ms]. 

 

The contact location of the upper leg is on the first 

third of the bonnet. Further bonnet deformation 

results from the whole body contact. Figure 13 

shows the post-crash scenario of both tests regard-

ing the head impact. The deformations of the rear 

edge of the bonnet and the locally cracked lower 

windscreen for case 1 without airbag indicate the 

locations of the head contacts. The damage of the 

windscreen centre results from the release device 

after the head impact and has no influence on the 

test results. In comparison to the series version, 

there is nearly no deformation of the lower wind-

screen area in the modified version. 

Case 1: Series vehicle Case 2: Modified vehicle

Release 

Device

Head Head

Release

Device

 
Figure 13.  Post-crash scenario. 
 

The impact location meets exactly the expectations 

from the multi-body and coupled simulations. The 

behaviour of the dummy in the secondary impact on 

the ground is not the main focus of this study. 

 

HEAD-NECK TESTING 

 

There are different possibilities to include the 

evaluation of the head-neck interaction. On the one 

hand, the dummy test results regarding the interac-

tion forces, moments and angles can be used. On 

the other hand, in the case of lacking availability of 

a dummy test, trends of these values can be derived 

from the previously conducted numerical vehicle-

pedestrian simulations. Additional subsystems can 

be applied which are proposed by Kalliske and 

Bovenkerk (2009), see Figure 14. 

 

 

Method (1): 

- Pendulum impactor 

Purpose: 

- Edge contact 

- Neck rotation angle 

Measuring data: 

- Contact Force 

- Head-neck angle 

 

 

Method (2): 

- Free motion impac-

tor with an eccentric 

neck mass 

Purpose: 

- Flat contact 

 

Measuring data: 

- Rotational and linear 

acceleration 

 

 

Figure 14.  Subsystem tests for head neck inter-

action. 

 

The first head-neck subsystem testing method (1) 

uses a pendulum impactor which is fixed to the 

head impact test bench. The main purpose of this 
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method is to record contact forces in the case of an 

edge impact. The contact area has to be evaluated 

additionally by pressure foils and included in the 

calculations for the determination of the contact 

pressure acting on the head. Furthermore, the neck 

rotation angle can be statically measured. This an-

gle can be very high in the case that the head rotates 

into a deployed bonnet rear gap. 

 

The free motion impactor in method (2) uses an 

eccentric neck mass leading to a more biofidelic 

representation of the influence of the body, which 

introduces a head rotation through the neck. Subse-

quently, the linear and the rotational acceleration 

responses are recorded. This enables to evaluate the 

head rotation, in addition to the HIC-values. The 

dimensions of the impactor spheres are based on the 

existing adult headforms. 

 

In this paper, these methods will be used to include 

a qualitative assessment of additional risks regar-

ding the head-neck interaction. 

 

TEST RESULTS AND EVALUATION OF PE-

DESTRIAN PROTECTION  
 

Subsystem Testing 

 

The outputs of the linear impactor tests concerning 

the head accelerations and the resulting HIC-values 

are presented in Figure 15. The virtual and hard-

ware impactor tests do not lead to different evalua-

tion results. Tests and simulations are in good cor-

relation. In all three cases it can be shown that the 

requirement of the HIC-value below 1000 of the 

modified vehicle can be met with a significant 

safety margin. Compared to these results, the tes-

ting of the series vehicle leads to a higher accelera-

tion level and therefore all the HIC-values are 

above 1000. The A-pillars are completely covered 

by the airbag in the modified version. Testing the 

region without an airbag was left out due to the 

clearly lowest available deformation space and 

highest structural stiffness, which would result in an 

extremely high HIC-level. 
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Figure 15.  HIC-values of the chosen impact lo-

cations. 

 

Table 2 shows an evaluation matrix for the modi-

fied vehicle including the possible additional injury 

risks of the analysed impact points. Some of them 

are conflictive. 

 

Table 2. 

Evaluation matrix of the modular procedure for 

the modified vehicle 
 
Point No. 1 2 3 

Location Bonnet rear Hinge area Airbag 

HIC Low (591) Medium (840) Low (500) 

Rebound Medium Low High 

Risk of edge 

Contact 

High Medium Low 

Head rotation Medium Low Medium 

 

On the one hand, the HIC on the airbag is at the 

lowest level and there is no significant risk of head 

contact with sharp edges. On the other hand, the 

rebound of the head is at a high level due to the low 

energy absorption of the airbag itself. The combina-

tion of the energy absorption through the bonnet 

with an underlying airbag on point (1) seems to be a 

good compromise. Furthermore, sharp edges of the 

deployed bonnet rear gap have to be avoided by 

solutions which cover this area. Such an exposed 

bonnet rear may also result in a higher neck rotation 

angle as well as in higher angular acceleration due 

to the possible pendulum movement of the head. 

Kalliske and Bovenkerk (2009) listed these effects 

as potential new injury risks. 

 

Dummy Testing 

 

For the evaluation of the test results, the head and 

neck outputs of the dummy are exemplarily shown. 

The diagrams in Figure 16 to Figure 18 show the 

head and neck loading for the two cases. These 

curves illustrate the result of the series vehicle in 

red colour and the modified vehicle with the airbag 

system in grey colour. Further on, the first head 

contact is marked. 
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Figure 16.  Head CG acceleration. 
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Head CG acceleration curves show a decrease of 

the maximum acceleration from the series vehicle 

amax, series = 186 g to amax, mod = 83 g, which results in 

a decrease from HIC15, series = 1212 to a value of 

HIC15, mod = 705. Reducing the HIC-value by 42 % 

with regard to the series vehicle and going at the 

same time significantly below the limit of 

HIC = 1000, defined by EEVC WG 17, indicate the 

protection potential of an airbag system in the 

windscreen area. Due to the influence of the airbag 

and increasing of available deceleration space, the 

shape of the acceleration peak is transformed from 

a straight high peak into a broader peak on a lower 

level. The influence of the changed vehicle shape, 

caused by the lifting of the bonnet by the airbag, on 

the acceleration of the head CG is starting from 

120 ms with an earlier increase until 160 ms with a 

later decrease of acceleration. 
 

Neck forces and moments in the lower and upper 

neck load cells are shown in the following dia-

grams. Shear forces in x- and y-direction do not 

play the most significant role; they neither show 

any tendencies of differences nor exceed any de-

fined threshold value. The force component in ver-

tical z-direction is of dominating influence. Tension 

forces at a maximum level of 2000 N change into a 

higher level of compression forces for the series 

vehicle with a magnitude of over 5000 N which 

exceeds the FMVSS 208 limit of 4000 N (red area). 

The two cases differ significantly after 135 ms. The 

modified vehicle shows a maximum compression 

force of 2000 N, which is below this limit value 

(grey area). 
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Figure 17.  Neck forces. 

 

For the neck, it can be stated that the moments (Mx, 

My) can be reduced by 30 % or more compared to 

the series vehicle, in case it is equipped with an 

airbag. As mentioned above, a too high airbag pres-

sure might result in higher neck load values due to 

the rebound effect. 
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Figure 18.  Neck moments. 

 

A comparison of the head trajectories in testing and 

simulation is shown in Figure 19. A correlation 

between the head kinematics in the flight phase can 

be seen. The upper leg movement does not correlate 

due to the contact stiffness definition of the simpli-

fied multi-body model. In general, the results re-

garding the impact timing and location of the head, 

which are the main focus of this paper, are compa-

rable. It has to be considered that in this version of 

the model, the airbag is not included in the simula-

tion model, and therefore the impact angle is sig-

nificantly higher due to the exposed rear gap. 
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Figure 19.  Head trajectories in testing and 

simulation. 

 

CONCLUSIONS 
 

In this paper, a modular structured procedure for 

pedestrian impact testing was proposed according 

to a combination of hardware and virtual tests. Two 

main steps concerning preparation and pre-testing 

with vehicle-pedestrian and impactor simulations as 

well as a hardware testing phase are included. First, 

the boundary conditions for the linear impactor 

tests were pre-defined within four vehicle catego-

ries including Sedan, SUV, OneBox and Sports-car 

front shape. These categories were based on the 

bonnet leading edge height and the inclination an-

gle of the front. The second step includes impactor 

tests and optionally dummy tests. As an extension 

of the existing linear head impactor tests, new im-

pactors developed in the APROSYS project were 

presented. These tests enable a better evaluation of 

the head-neck interaction. 
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A sedan shaped car was used as the virtual and 

physical test environment. By using a human model 

in multi-body and coupled simulations, test condi-

tions regarding the impact point and the timing 

were defined. The simulations would also be able to 

create further test input data such as tendencies for 

head-neck loading output. 

 

To confirm the simulation results obtained with the 

whole pedestrian model, Polar-II Pedestrian 

Dummy tests were performed. A good correlation 

between the human model simulation and the Polar 

dummy test could be reached with respect to impact 

point and timing. Furthermore, it could be shown 

that such an approach of combining simulation and 

testing is able to cover also particularities of de-

ployable passive safety systems such as an airbag, 

e.g. with respect to triggering. 

 

In the evaluation part of this modular procedure, the 

pedestrian protection potential of passive safety 

systems referring to an airbag in comparison to cur-

rent non-activated vehicle front structures were 

presented. Even hardware testing could show that 

advanced safety systems involving airbags will 

have a big potential to protect pedestrians well in 

real-world accidents. As an example, the head and 

neck loading was considered. In this study, the out-

come of using an airbag was a HIC reduction of 

42 % and a reduction of the neck compression 

forces of about 60 %, as well as a neck moment 

reduction of about 30 %. However, the focus was 

not on the sensing system, which is necessary for 

the series application of such a deployable airbag 

system. 

 

It could be shown within this paper that new testing 

methods consisting of a combination of simulation 

and subsystem testing lead to an improved evalua-

tion of pedestrian protection and complement each 

other. Vehicle-pedestrian collision simulations are 

concluded to be an efficient way to estimate the 

influence of the vehicle front shape on the impact 

parameters. Impactor simulations offer the multipli-

cation of analysed impact points and the identifica-

tion of most critical points. The hardware tests al-

low the verification of simulation results. The final 

evaluation includes additional aspects for comple-

menting the HIC-value with the consideration of 

impact forces and the head-neck interaction. Fur-

ther research is needed in the development and ap-

plication of these new testing methods including 

subsystems for the head-neck interaction. For a 

more biofidelic representation of the real-world 

accident, it is recommended to continue research on 

improved impact evaluation. 
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ABSTRACT 

Since secondary safety systems have been 
implemented in modern cars successfully, the 
development of primary safety systems becomes 
more and more important. That causes the necessity 
of useful methods to estimate the benefit of these 
advanced safety systems. In this paper a new 
method for the benefit estimation of advanced 
safety systems by simulating real world crashes is 
presented. 

The bases of this simulation are real world crashes 
out of the GIDAS (German In-Depth Accident 
Study) database, including reconstruction data, 
accident sketches and safety systems specifications. 

The result of this method is a comparison between 
the simulated real accident scenario and the 
predicted accident scenario using a virtual 
prototype of the safety system. Using this 
comparison it is possible to estimate the benefit for 
the single case as well as the global benefit for all 
cases. The simulation will be done with a car 
dynamic simulation program. Therefore, 
interactions between sensor systems, brakes and 
steering controls can be considered. 

Furthermore, it is also possible to simulate crash 
involved cars with more than one safety system. 
The benefit will be estimated regarding accident 
avoidance and/or accident mitigation based on all 
available cases in GIDAS. 

Another possibility of such a simulation is to find 
out potentials of the further development of 
advanced safety systems or to develop new 
activating strategies by checking up parameters like 
yaw-angle, lateral acceleration or steering wheel 
angle. 

This paper explains a method for the estimation of 
potential benefits of primary safety systems and 
exemplified results. 

The paper offers the possibility of a dynamic 
simulation of real world accident initiations with 
and without virtual safety systems. The results 
provide detailed information about useful 
combinations of advanced safety systems. 

THE GIDAS DATABASE 

For this paper accident data from GIDAS (German 
In-Depth Accident Study) was used. GIDAS is the 
largest in-depth accident study in Germany. The 
data collected in the GIDAS project is very 
extensive, and serves as a basis of knowledge for 
different groups of interest. Due to a well defined 
sampling plan, representativeness with respect to 
the federal statistics is also guaranteed. Since mid 
1999, the GIDAS project has collected on-scene 
accident data in the areas of Hanover and Dresden. 
GIDAS collects data from accidents of all kinds 
and, due to the on-scene investigation and the full 
reconstruction of each accident, gives a 
comprehensive view on the individual accident 
sequences and its causation.  

The project is funded by the Federal Highway 
Research Institute (BASt) and the German 
Research Association for Automotive Technology 
(FAT), a department of the VDA (German 
Association of the Automotive Industry). Use of 
the data is restricted to the participants of the 
project. However, to allow interested parties the 
direct use of the GIDAS data, several models of 
participation exist. Further information can be 
found at http://www.gidas.org. 

 

METHOD 

The origin for a good benefit estimation of 
advanced safety systems should be a kind of 
comparison. The basis of such comparisons is 
derived from Hannawald [2]. The comparison that 
is used for this paper is shown in Figure 1. 
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Figure 1.  Scheme of comparison 

All relevant information is taken out of the pre 
crash matrix. Then the simulation is processed with 
and without an active safety system. The results are 
then compared to each other to find the benefit of 
the implemented safety system. Furthermore, every 
block will be explained on its own.  

The pre crash matrix 

The pre crash matrix is a cluster of information 
about the accident scene and the movement 
parameters of the participants. For explanation, the 
content of this matrix is divided into two parts. The 
first part of information in this matrix is the 
geometrical information of the accident scene 
which comprehends the geometrical positions of 
lane borders, lane markers, view obstacles and 
drivelines of each participant. An example accident 
sketch, shown in Figure 2, is taken to show this 
process graphically. 

 

Figure 2.  Accident sketch 

The extracted geometrical information is shown in 
Figure 3. 

Figure 3.  Extracted information of the acci
sketch 

After extracting the geometrical coordinates 
layers the data is then converted into a readable
or ASCII file. 

The next step in generating a complete pre c
matrix is the compilation of the movem
parameters of the GIDAS database out of 
reconstruction data. Using this reconstruction 
it is possible to create an X,Y(t) matrix of
participants in the accident. The method for
calulation of the pre crash accident phase and
development of an X,Y(t) matrix was describe
Erbsmehl in [1]. The pre crash matrix used in 
paper is a combination of the digital acci
sketch and the X,Y(t) matrix of the participants

Simulation of the real accident with
safety system 

The next step in Figure 1 is the foreward simula
of the real accident.  
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Figure 4.  Simulation of the accident without sa
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In Figure 4 a short scheme of the simulation and 
the working process is illustrated. The simulation 
starts about three seconds before the crash. After 
the start of the simulation the time value is 
increased slowly by 0.001 sec. In every time step 
the complete vehicle dynamic is calculated 
regarding the actual physical car parameters. This 
calculation is done for every participant of the 
accident. CarSim in combination with Matlab 
Simulink is used as  dynamic car simulation 
program. As shown below some addidtional car 
parameters are used as well. 

     Aditional car parameters - are needed to 
complete the input for the dynamic simulation. 
These car parameters are: 

• car dimensions 
• road conditions (tire contact) 
• information about tires 
• rear, front or all wheel drive 
• braking system 

     Physical parameters - are the result and the 
input for the next time step of the dynamic car 
simulation. These simulation parameters are saved 
in every time step for later comparisons. The list of 
the saved parameters can be edited as well. For the 
current simulation the following parameters are 
used. 

• current car position 
• current car speed (x,y,z) 
• current car acceleration 
• current yaw angle 
• current steering angle 
• current brake cylinder pressure 

     Result - is a compact file, which contains all 
physical parameters depending on the time to 
collision (TTC) or simulation time. The graphical 
result of such a simulation is shown in Figure 5. 

 

Figure 5.  Result of simulation without safety system 
(car positions) 

Simulation of the virtual accident usin
safety system 

All described input variables are now used
simulate the virtual accident scenario using  ac
safety systems.  
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Figure 6.  Simulation of the accident using a
safety systems 

In Figure 6 a similar scheme as shown in Figu
is presented. The only difference between the 
schemes is the blocks like EBS (emergency b
system) and LDW (lane departure warning). T
blocks represent a number of user defined sa
systems which can be integrated into the stri
car, for example. Those safety systems reac
physical parameters as well as to environme
parameters because they are implemented into
closed loop of the simulation. There is no need
pre-defined field of operations or pre-def
effectiveness values for the systems. For 
simulation in the current study, only an emerge
brake system is implemented.  

     The emergency brake loop - is based on 
input values. The first input value is 
information whether there is an object in the 
of the sensor for the emergency brake system 
whether it is detected. The second input valu
derived from the geometrical position and 
speed difference of both cars. It is checked whe
they are on a direct collision course or not. If
collision is unavoidable and the other acci
participant is in range of the sensor and detecte
well, then the emergency brake loop raises
pressure in the main brake cylinder and the
begins to brake. If the situation is not lo
dangerous, the emergency brake loop reduces
brake pressure. To check whether the sec
participant is in the field of the sensor a detec
module is used. 
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     The detection module - of the EBS loop is 
constructed by using the following scheme.  

 

Figure 7.  The detection module 

In Figure 7 the time to collision (TTC) is the first 
input value for the detection module. The TTC is 
the same as in the iteration step during the 
simulation and also called simulation time. In every 
iteration step the position of the opponent car is 
checked regarding the visibility condition. For 
checking the visibility condition, four detection 
lines are drawn from the position of the sensor on 
the equipped car to the corners of the opponent. 

 

Figure 8.  Detection lines 

In the situation shown in Figure 8, three of four 
detection lines do not intersect the view obstacle, 
so the criteria for the visibility of participant 02 to 
participant 01 is fulfilled. If more than one 
detection line intersects the view obstacle, 
participant 02 is not visible to participant 01. In this 
case, the detection module ends and a detection for 
this TTC or iteration step is not possible. Otherwise 
the next request is done by the detection module. It 
is checked, if the position of the opponent is in the 
geometrical field of the sensor. To answer this 
request, the information about the used sensor 
characteristics is defined with: 

• beam angle 
• range 
• initial detection latency 
• trigger time 
• number of sensors 

 

Figure 9.  Geometrical field of the sensor 

If the opponent is not in the geometrical field of the 
used sensor system, the detection module is again 
not able to detect the opponent. Otherwise the next 
request by the detection module refers to the 
duration of the visibility. If this duration is shorter 
than the initial detection latency of the sensor 
system, the opponent is again not detected. If all 
these terms are fulfilled the equipped car is able to 
detect the opponent. 

     The collision course - must be regarded too. 
Additional input variables are needed to calculate 
the collision course. These are the current 
movement vector of the opponent, the own 
movement vector, the current steering angle (if the 
option of evasion is considered), the maximum 
deceleration and the speeds of both participants. All 
this information is extracted out of the current 
simulation, as described in the physical parameters, 
and the collision course is calculated.  

     Results - of the simulation with embedded 
safety systems are given in the same way as the 
simulation results of the real accident. This is the 
basis for a comparison.   

Comparison 

After simulating the accident with and without an 
embedded safety system the following information 
is available. 

• collision speed of the participants 
• collision position of the participants 
• avoidance of the accident 

At first, an example for accident avoidance is 
displayed in Figure 10. Here, an original crossing 
accident is utilized.  
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Figure 10.  Collision position crossing accident 
(original) 

In this case the accident can be avoided with the 
embedded emergency brake loop, illustrated in 
Figure 11.  

 

Figure 11.  Collision position crossing accident 
(virtual) 

The accident is avoided if the speed of the striking 
car is zero and its position is in front of the 
collision position of the original accident. The 
accident is also avoided if the striking car passes 
the original collision position later than the second 
participant. If the accident could not be avoided, a 
closer look at the collision speed and the new 
collision position is necessary. For this case it is 
important whether the speed reduction is achieved 
for the striking car or not. The accident in Figure 
12 could not be avoided using the embedded 
emergency brake system. 

 

Figure 12.  Frontal accident with speed reduction 

The collision speed of the right (red) striking car 
can be reduced by 10 km/h, which is shown in 
Figure 13. 

 

Figure 13.  Speed reduction of the striking car 

If the accident could not be avoided and there is no 
speed reduction of the striking car, the embedded 
safety system has no effect on the accident severity. 

 

EXEMPLIFIED RESULTS 

Three accidents are analyzed with the described 
emergency brake system to show the possibilities 
of this estimation method.  

Sensor geometry 

For the simulation two sensor geometries are used. 
The first sensor covers a range of 100 meters with a 
beam angle of 20 degrees and the second sensor 
covers a range of 50 meters with a beam angle of 
120 degrees. 

participant 01 

participant 02 
participant 01 

participant 02 

participant 02 

participant 01 
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The turning off accident 

A turning off accident is taken from the GIDAS 
database. The pre crash matrix is built out of the 
accident sketch in Figure 14 before the accident is 
simulated. 

 

Figure 14.  Accident sketch turning off example 

 

     The simulation of the real accident - delivers 
the collision position shown in Figure 15. 

 

Figure 15.  Simulated collision position real accident 

The speed function for the participant one, of the 
accident, is shown in Figure 16. 

 

Figure 16.  Simulated speed function of participant 
one of the real accident 

     The simulation of the virtual accident 1 - 
under the use of the first sensor system (range 
100m, beam angle 20°) delivers the collision 
position shown in Figure 17.  

 

Figure 17.  Simulated collision position virtual  
sensor 1 

The speed function of participant one of the 
simulated accident with an embedded emergency 
brake under the use of sensor system one is 
compared to the speed table of participant one of 
the simulation of the real accident. 

 

Figure 18.  Simulated speed function virtual  
accident 1 

Figure 18 shows the speed tables of the striking car 
in the real and the virtual accident. The speed 
reduction by using the emergency brake system and 
sensor system one is 28 km/h at the time of 
collision even though the striking car brakes in the 
original accident. 

  

participant 01 

participant 02 

participant 02 

participant 01 
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     The simulation of the virtual accident 2 - 
under the use of the second sensor system (range 
50m, beam angle 120°) delivers the collision 
position shown in Figure 19.  

 

Figure 19.  Simulated collision position virtual  
sensor 2 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system two is also compared to the speed 
table of the simulation of the real accident. 

 

Figure 20. Simulated speed function virtual accident 2 

Figure 20 shows the speed table of the striking car 
in the real and the virtual accident with sensor two. 
The speed reduction by using the emergency brake 
system and sensor system two is 28 km/h at the 
collision as well, because the used sensor system is 
not able to detect participant two earlier than the 
sensor system one.  

The crossing accident 

For the second comparison a crossing accident is 
taken out of the GIDAS database. The pre crash 
matrix is build out of the accident sketch in Figure 
21 before the accident is simulated. 

 

Figure 21.  Accident sketch crossing accident 

     The simulation of the real accident - delivers 
the collision position shown in Figure 22. 

 

Figure 22.  Simulated collision position real accident 

The speed function of participant one is shown in 
Figure 23. 

 

Figure 23.  Simulated speed function real accident 

In this case the striking car did not brake. 

     The simulation of the virtual accident 1 - 
under the use of the first sensor system (range 
100m, beam angle 20°) delivers the collision 
position shown in Figure 24.  

participant 02 

participant 02 

participant 01 

participant 01 
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Figure 24.  Simulated collision position virtual  
sensor 1 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system one is compared to the speed table of 
the simulation of the real accident. 

 

Figure 25.  Simulated speed function virtual  
accident 1 

The benchmark in Figure 25 shows that the striking 
car brakes just a short time before the impact and 
reduces its speed by approximately 1 km/h. 

The simulation of the virtual accident 2 - under 
the use of the second sensor system (range 50m, 
beam angle 120°) delivers the collision position 
shown in Figure 26.  

 

Figure 26. Simulated collision position virtual  
sensor 2 

This collision position shows the fact that this 
accident could be avoided using the emergency 
brake system and the sensor system two. The 
comparison of the speed table does additionally 
show the speed for the striking car in this 
simulation. 

 

Figure 27.  Simulated speed function virtual  
accident 2 

The comparison in Figure 27 shows that the 
collision speed in the simulation with the 
emergency brake system and the second sensor 
system is reduced from 56 km/h to 44 km/h, if the 
accident could not be avoided in case of a longer 
opponent. 

  

participant 02 

participant 02 participant 01 

participant 01 
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The longitudinal accident 

For the third comparison a longitudinal accident is 
taken from the GIDAS database. The pre crash 
matrix is built out of the accident sketch in Figure 
28 before the accident is simulated. 

 

Figure 28.  Accident sketch longitudinal accident 

 

     The simulation of the real accident - delivers 
the collision position shown in Figure 29. 

 

Figure 29.  Simulated collision position real accident 

The speed function for the participant one is shown 
in Figure 30. 

 

Figure 30.  Simulated speed function real accident 

In this case the striking car did not brake, so the 
collision speed is 55 km/h. 

     The simulation of the virtual accident 1 - 
under the use of the first sensor system (range 
100m, beam angle 20°) delivers the collision 
position shown in Figure 31.  

 

Figure 31.  Simulated collision position virtual  
sensor 1 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system one is compared to the speed table of 
the simulation of the real accident. 

 

Figure 32.  Simulated speed function virtual  
accident 1 

Using the simulated speed function in Figure 32 out 
of the simulation it can be stated, that the 
participant two is not detected all the time. 
Nevertheless, the speed reduction makes up 31 
km/h to a collision speed of 24 km/h, compared to 
the real accident. 

The simulation of the virtual accident 2 - under 
the use of the second sensor system (range 50m, 
beam angle 120°) delivers the collision position 
shown in Figure 26.  

participant 02 

participant 02 

participant 01 

participant 01 
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Figure 33.  Simulated collision position virtual  
sensor 2 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system two is compared to the speed table of 
the simulation of the real accident. 

 

Figure 34.  Simulated speed function virtual  
accident 2 

In Figure 34 the speed function of the virtual 
accident two shows that the participant two is 
detected longer than using the first sensor system. 
That enables a full braking maneuver over the 
entire simulation time. The speed reduction for the 
emergency brake system combined with the sensor 
system two makes up 39 km/h, which results in a 
collision speed of 16 km/h. 

ADAPTABILITY OF THE SIMULATION 

The simulation method, which was explained in 
this paper, is adaptable for every reconstructed 
accident in the GIDAS database. Simulations of 
accidents out of other accident databases might be 
possible if all needed parameters out of the 
reconstruction dataset, the accident site dataset and 
out of the accident sketch are available. 

CONCLUSIONS 

This paper shows a new method for estimating 
active safety systems using a simulation. The basis 
of the simulation is the pre crash matrix from the 
accident data and the accident sketch. The original 
accident is then simulated without any additional 
system. Afterwards, the accident is simulated again 
with several implemented safety systems. The 
benefit of one active safety system or a 
combination of safety systems is taken out of the 
comparison of those simulations. The timeline of 
activation of the different systems or the field of 
operation is not needed. Using this method the 
benefit of almost every new safety system or 
combinations of safety systems can be estimated 
without any assumptions about the effectiveness of 
the safety systems. Furthermore this method can be 
used to find faulty activations of active safety 
systems and required characteristics of future safety 
systems. 
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ABSTRACT 

There is a daily need to assess the quality of our 
work. On the crash track, the tests should be repeat-
able, the chosen test method should fulfil the test 
purpose and every result should have an explanation. 
The tests performed may also be used to validate 
mathematical models, the accuracy of which must 
then be assessed, or, to show whether a new design 
or method influences the performance or not. Re-
gardless of which, there is a need of a quality assess-
ment tool. By applying the Objective Rating Method 
on performed rear-end sled tests, Autoliv has 
previously shown that the BioRID II dummy allows 
for both repeatable and reproducible testing. Here, 
the ORM has been evaluated on frontal, side impact 
and component tests and the corresponding models. 

For frontal impacts, test repeatability has been 
assessed, and correlation between physical tests and 
mathematical models are shown. For side impacts, 
the test repeatability, test method predictability and 
mathematical model predictability have been 
assessed. The repeatability of frontal sled tests is 
comparable with that presented for rear-end sled 
tests, while the side impact sled test repeatability is 
generally somewhat lower. 

Although the ORM has to be used with care and 
knowledge, it is a useful tool, especially for assess-
ments regarding test repeatability and reproducibi-
lity. The ORM allows for agreement, in advance, on 
a quality level for tests and mathematical models. 
Beneficial is that the ORM not only compares peak 
values but also curve shapes. Furthermore, the ORM 
compares two tests; many methods require several 
tests and that is normally not available in daily work. 

INTRODUCTION 

There are several methods to assess the repeatability 
or reproducibility of duplicated tests, or the 
predictability of simulation models or test methods. 
One common method in daily work is to visually 
compare results for two tests and decide if they are 
sufficiently similar or not. This method is often fast 
to carry out, but the decision may differ depending 
on personal experience and opinion. Therefore, this 
kind of method is not solitary suitable as a quality 
assessment tool for scientific or professional 
purposes. A useful correlation quality assessment 
tool must be suitable for many types of inputs; for 
test and simulations issues it should be possible to 
compare scalars such as criteria and peak values, and 
curve shapes. Also, the rating from poor to good 
correlation must be obvious. Further, the result must 
be independent of the user and it should be easy to 
evaluate and understand. Preferable, the tool should 
be easy and fast to use. 

Autoliv has used several test quality assessment tools 
during the years. In a recent study ([1]), the 
repeatability and reproducibility of rear-end impact 
tests with the BioRID II were assessed by using the 
ORM ([2]). For that purpose, the ORM was found to 
be a good tool. Therefore, this paper will continue 
the evaluation of the ORM; this time applied on 
conducted frontal impact, side impact, and airbag 
module component tests and corresponding 
simulations from four Autoliv sites in Europe. Also, 
the ORM was used to evaluate the correlation 
between test methods. Thresholds for good and poor 
correlation for a few types of comparisons will be 
proposed along with a method to define which 
signals to included in a comparison. 
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METHOD 

The ORM 

The Objective Rating Method, ORM, assesses the 
correlation between duplicated tests (repeatability or 
reproducibility) or between a test and a simulation 
(predictability). The ORM enables comparison 
between scalars, such as criteria, minimum and 
maximum peak values, and their occurrence times, 
and between curve shapes.  

The ORM scalar correlations are calculated 
according to Equation 1. This expression is called 
the Factor Method and calculates the correlation 
between the reference test and the comparison test. 
The results range from 0 to 100%, where 100% 
represents a perfect match. The curve shape 
correlation is calculated according to Equation 2. 
This expression is called the Weighted Integrated 
Factor Method and is a combination of the Factor 
Method and the Root Mean Square Addition 
Method. This means that the correlation in each time 
step contributes to the total correlation just as the 
function value would contribute to the total area 
underneath the curve. The δ is very small and used to 
avoid division by zero. r and c are used as abbrevi-
ations for reference and comparison, respectively. 
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ORM values are calculated not only for the scalars 
and the curve shapes, but also for groups of scalars 
and curve shapes. The contribution of each ORM 
value in its group is defined by a weight factor, W. 
Equation 3 is used to calculate the ORM value for 
each group. Further, the groups are arranged into one 
single ORM value that is the correlation for the 
complete system. The contribution of the group 
ORM values to the complete ORM value is defined 
by weight factors, W. Equation 4 is used to calculate 
the ORM value for the complete system. 
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A study was conducted in order to better understand 
the correlation of the ORM values to engineering 
judgements and to identify possible weaknesses of 
the ORM. A typical acceleration curve was used 
(Figure 1) as the reference curve, and an identical 

curve was used as the comparison curved but shifted 
or scaled in several steps in X (e.g. along the time 
axis) and Y (e.g. along the amplitude axis), or 
inverted. The curves were evaluated in the time 
range 0.01 to 0.12 s. Furthermore, another curve 
(Figure 2) was used to assess the correlation between 
a filtered (CFC60) and an unfiltered curve. For each 
comparison, the correlation of the maximum peak, 
its occurrence time, and the curve shape were 
calculated. Also, the group ORM value for these 
three components were calculated, all with equal 
weight. The group ORM values were then presented 
along with correlations assessed by engineering 
judgement in order to propose thresholds in ORM 
for correlation assessments. The engineers used a 
four-level scale: OK/acceptable/NOK/–. OK means 
okay, NOK means not okay, and the dash (–) shows 
that the curves are very dissimilar. 

Reference Curve

-40

-20
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20

40

60

0.00 0.02 0.04 0.06 0.08 0.10 0.12 [s] 
Figure 1. The acceleration curve used as the 
reference curve in the ORM evaluation. 

Unfiltered

Filtered CFC60

 
Figure 2. The curves compared to assess ORM 
values for a filtered versus an unfiltered curve. 

Frontal impacts 

Series 1 – Evaluation of Included Signals In order 
to evaluate how the selection of included signals 
influences on the complete ORM values one pair of 
USNCAP driver side sled tests were analyzed. Seven 
different sets of signals were composed. 

• Set 1 contained the criteria HIC36 and Chest3ms, 
and these were equally weighted to compose the 
complete ORM value. 

• Set 2 contained one group (weight 1/2) with 
head, chest, and pelvis accelerations, lumbar 
spine, femur, and belt loads, and chest deflection; 
and one group (weight 1/2) with only sled x-
acceleration. Mainly peak values of the signals 
were compared, and a few of their occurrence 
times were added with half weight. The belt force 
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peaks were given half weight as well. No curve 
correlations were included in this set. 

• Set 3 contained one group (weight 1/11) with 
head and neck signals, one group (weight 2/11) 
with chest signals, one group (weight 1/11) with 
lumbar spine signals, one group (weight 2/11) 
with pelvis signals, one group (weight 1/11) with 
femur signals, one group (weight 2/11) with belt 
signals, and one group (weight 2/11) with sled x-
accelerations. For all signals, all available com-
ponents were included, and in the chest, lumbar 
spine, and pelvis groups the signals acting in the 
dummy sagittal plane were given double weight.  

• Set 4 contained one group (weight 4/14) with 
sled x-acceleration, belt signals and dummy 
placement signals, and five groups with most of 
the measured dummy signals: head (weight 
3/14), upper neck (weight 1/14), chest (weight 
3/14), lumbar spine (weight 1/14), and pelvis and 
femur (weight 2/14). For the head and chest the 
main peaks and the curve shapes were included. 
For the other included signals, only the main 
peaks were included. 

• Set 5 contained one group (weight 2/12) with 
sled x-accelerations, one group (weight 2/12) 
with belt signals, and six groups with most of the 
measured dummy signals: head (weight 2/12), 
upper neck (weight 1/12), chest (weight 2/12), 
lumbar spine (weight 1/12), pelvis (weight 1/12) 
and femur (weight 1/12). All available compo-
nents were included. Dummy signals acting in 
the dummy sagittal plane were given higher 
weights. Curve shapes were given higher weights 
than peaks and their occurrence times. 

• Set 6 contained one group (weight 3/22) with 
sled x-accelerations, one group (weight 3/22) 
with belt signals, and six groups with most of the 
measured dummy signals: head (weight 3/22), 
upper neck (weight 1/22), chest (weight 3/22), 
lumbar spine (weight 3/22), pelvis (weight 3/22) 
and femur (weight 3/22). For almost all signals, 
the main peaks, their occurrence times, and the 
curve shapes were included, with the exceptions 
of the upper neck and sled for which only the 
curve shapes were included. 

• Set 7 contained one group (weight 4/5) with 
dummy signals: head, chest, and pelvis x- and z-
accelerations, upper neck loads, chest deflection, 
and femur z-forces, and one group (weight 1/5) 
with belt signals. For almost all signals one third 
of the components were significant peaks, one 
third their occurrence times, and one third curve 
shapes. The sled pulse curve shape correlations 
were evaluated separately and not included in the 
complete ORM value. 

The two compared tests were analysed visually by 
engineers in order to rate the frontal sled test repeat-
ability on a five-level-scale: dissimilar, nearly dis-
similar, fairly similar, similar, and almost identical. 

Series 2 – Correlations between Sled Tests Sled 
test repeatability was assessed for tests with a belted 
Hybrid III 50 %-ile seated on a padded R16 seat. 
Two tests with the EuroNCAP pulse and three tests 
with the USNCAP pulse were compared; in total 
were four comparisons performed. The signals 
included in the comparisons were selected with the 
same method as used in Set 7: head, chest and pelvis 
x-and z-accelerations, upper neck and lumbar spine 
Fx, Fz, and My, chest deflection, torso displacement, 
femur z-forces, belt forces, and belt displacement. 
For all signals the curve shapes correlations during 
200 ms, the minimum or maximum peak value and 
occurrence time were included; for five signals both 
minimum and maximum peaks and occurrence times 
were included. All signals were contributing with the 
same weight to the complete ORM value. The sled 
pulse correlation was not included in the complete 
ORM value, but checked separately. The four pairs 
of compared tests were analysed visually by test 
engineers in order to rate their overall repeatability 
on a five-level-scale: dissimilar, nearly dissimilar, 
fairly similar, similar, and almost identical.  

Series 3 – Correlations between Sled Tests Five 
USNCAP sled tests were included in Series 3. Sled 
tests #1 to #3 were conducted with the Hybrid III 
50%-ile and sled tests #4 and #5 with the Hybrid III 
5%-ile. The ORM correlations were assessed for #1 
versus #2, #1 versus #3, #2 versus #3, and #4 versus 
#5. The signals included in the ORM analyses were 
selected according to the method used in Set 7. The 
five pairs of compared tests were analysed visually 
by test engineers in order to rate their repeatability 
on a five-level-scale: dissimilar, nearly dissimilar, 
fairly similar, similar, and almost identical.  

Series 2 – Correlations between Simulations and 
Sled Tests The tests conducted in Series 2 were 
aimed as verification tests for Madymo models of 
belt systems. The models of the belt systems were 
built up of validated belt component models and 
tuned to mimic the chosen load limiter levels and test 
conditions. The sled test predictability of the final 
Madymo system models were assessed by the ORM. 
A similar signal set were used as those used to 
correlate the tests in Series 2, the main differences 
were that the lumbar spine loads and the torso 
displacement were omitted, and the time interval 
differed. Due to the aim of verifying the Madymo 
belt system models predictability in normal crash 
conditions, the correlations were assessed during the 
first 85 ms of the USNCAP simulations and during 
the first 110 ms of the EuroNCAP simulations. After 
that the dummy chest hit its legs and that should not 
be mimicked by the Madymo models. The use-
fulness of the Madymo models was assessed by 
simulation engineers. 
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Series 3 – Correlations between Simulations and 
Sled Tests Sled tests #2 and #3 conducted in Series 
3 were used as verification tests to a Madymo system 
simulation. The sled test predictabilities of the final 
Madymo model were assessed by the ORM. A 
similar signal set as used to correlate the tests in 
Series 3 were used. The usefulness of the Madymo 
model was assessed by simulation engineers. 

Side Impacts 

The ORM was used to guide in an EuroNCAP side 
impact project, from component development to full 
scale crash tests. On component level, the ORM was 
used to assess that sufficiently predictability levels 
were reached. Later, the predictability of the com-
plete systems mathematical models were assessed by 
the ORM. The project included sled tests and full 
scale crash tests for the MDB and the pole load 
cases. In order to assess the predictability of the sled 
tests to the full scale crash test the ORM was used. 
Also, ORM was used to confirm that changes of the 
safety components did influence the dummy 
performance. All steps and correlations will not be 
covered in this study. In all cases the ORM was 
applied the repeatability or predictability was also 
rated by engineering judgement. 

Mathematical models of side impact airbags were 
built up in LS-Dyna and tuned to four component 
tests: static deployments for airbags with no vent 
holes and equipped with ordinary vent holes and 
dynamic tests with an impactor at 7 m/s and a total 
weight of 12 kg for the pelvis and thorax parts and 
with an impactor at 4 m/s and a total weight of 20 kg 
for the pelvis and thorax parts. Two static tests of 
each type, and three dynamic tests of each type were 
conducted and the repeatability level were assessed 
by the ORM. For all tests, signals in the pelvis part 
and the thorax part were collected. For the static 
tests, the two bag pressures were compared from 10 
to 60 ms. For each pressure signal, the peak, its 
occurrence time, and the curve shape correlation 
were given equal weight and repeatabilities were 
assessed by the ORM. For the dynamic tests, the two 
bag pressures and the displacement, velocity, and 
acceleration of the impactors were compared from 
10 to 60 ms or to strike through. For the accelera-
tions and pressures, peak values, their occurrence 
times, and the curve shapes were included with equal 
weight and for the displacement and velocities only 
the curve shapes were included and these were given 
the same weight as all other components. One side 
impact airbag mathematical model was compared by 
the ORM to all conducted tests, and the same signals 
sets were used as in the repeatability assessments. 

Mathematical models of the side impact safety com-
ponents were fitted into mathematical models of full 
scale crash tests and the components were optimized 
to perform well in the EuroNCAP MDB and pole 

tests. Sled tests were then conducted, and these 
aimed to mimic the mathematical models of full 
scale crash tests. The repeatability of the sled tests 
were assessed by the ORM. Then, one full scale 
MDB crash test and one full scale pole crash test 
were conducted and the sled test predictabilities of 
the full scale crash tests were assessed by the ORM. 
The sled test set-ups were then improved to better 
mimic the full scale crash tests and these improve-
ments were assessed by the ORM. The repeatabi-
lities were assessed by the ORM for these sled tests 
as well. The mathematical models were updated and 
used to improve the EuroNCAP performance further, 
and sled tests were conducted to assess these im-
provements. The predictability and the repeatability 
of the sled tests were assessed by the ORM, and the 
ORM was also used to assess if the changes of the 
safety component resulted in significant changes of 
the dummy readings in the sled tests. Finally full 
scale crash tests were performed and the sled test 
predictabilities of these were assessed by the ORM. 
The ORM sets used in the side impact project where 
selected according to the method used in Set 7 in this 
study. In this paper, only the ORM values for the 
MDB tests and simulations will be presented. 

RESULTS 

The ORM 

ORM values for an extensive set-up of curves were 
compared with the correlations assessed by engineer-
ing judgements. The filtered versus the unfiltered 
curve were compared, and the ORM value was 97% 
for the maximum peak correlation, 99% for the 
occurrence time correlation, and 89% for the curve 
shape correlation. The group ORM value was 93% 
and the curves were judged to have okay correlation 
(OK). For the normal versus the inverted curve, the 
ORM value for the peak occurrence time correlation 
was 100%, but the other two correlations were zero, 
resulting in a group ORM value of 18%. These 
curves were rated as very dissimilar (–). The ORM 
values for the comparisons in which one of the two 
curves was shifted or scaled are given in Table 1 
along with the engineering judgements. As can be 
seen in all groups with increasing shifting or scaling, 
the scalar, the curve shape and the group ORM 
values are continuously decreasing which is funda-
mental for a consistent correlation assessment tool.  

Frontal impacts 

Series 1 – Evaluation of Included Signals The 
complete ORM value was 96% for Set 1 and Set 2, 
84% for Set 3, Set 4, and set 6, 73% for Set 5, and 
88% for Set 7. It can be concluded that the choice of 
signals and components included in the ORM ana-
lysis largely influence on the complete ORM values. 
The sled tests were judged as almost identical by 
several test engineers. 
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Table 1. 
ORM values in percent for the comparisons in 

which one of the curves was adjusted, along with 
the correlations assessed by engineering judge-
ments. OK means okay, Acc. means acceptable, 
and NOK means not okay. – means that there is 

no correlation due to very dissimilar curves. 
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Shift Y + 1 98 100 91 95 OK 
Shift Y + 5 92 100 72 83 OK 
Shift Y + 10 85 100 57 74 Acc. 
Shift Y + 20 73 100 39 62 NOK 
Shift Y + 40 58 100 23 49 – 
Shift Y + 80 41 100 14 37 – 
Scale Y*1.1 91 100 91 93 OK 
Scale Y*1.2 83 100 83 87 OK 
Scale Y*1.3 77 100 77 81 OK 
Scale Y*1.4 71 100 71 77 Acc. 
Scale Y*1.5 67 100 67 73 Acc. 
Scale Y*1.8 56 100 56 64 NOK 
Shift X+ 0.001 100 97 79 80 OK 
Shift X+ 0.005 100 88 50 70 Acc. 
Shift X+ 0.01 100 79 35 61 NOK 
Shift X+ 0.02 100 65 21 50 – 
Shift X+ 0.04 100 49 6 38 – 
Shift X+ 0.08 100 32 1 31 – 
Scale X*1.1 100 91 44 67 NOK 
Scale X*1.2 100 83 31 59 NOK 
Scale X*1.3 100 77 29 57 NOK 
Scale X*1.4 100 71 26 54 – 
Scale X*1.5 100 67 23 51 – 
Scale X*1.8 100 56 16 45 – 
Scale X*1.1 & Y*1.1 91 91 43 66 NOK 
Scale X*1.5 & Y*1.5 67 67 21 48 – 
Scale Y*1.1 & X*1.5 91 67 22 45 – 
Shift X + 0.005 & Y + 5 92 88 47 68 NOK 
Shift X + 0.03 & Y + 30 65 56 20 44 – 
Shift X + 0.005 & Y + 30 65 88 27 53 – 

 

Series 2 – Correlations between Sled Tests First, 
the two EuroNCAP tests were compared. The sled 
pulse curve shape correlation was very high, 93%. 
The complete ORM value was 87%. The ORM value 
was 86% for the group of dummy signals, and 91% 
for the group of belt signals. For all included signals, 
the average peak value correlation was 93%, the 
average peak value occurrence time correlation was 
95%, and the average curve shape correlation was 
85%. Then, three USNCAP tests were compared in 
pairs. The sled pulse curve shape correlations were 
all very high, these ranged from 94 to 96%. The 
complete ORM values were 81, 85, and 86%. The 
ORM values were 79, 84, and 84% for the groups of 
dummy signals, and 90, 90, and 96% for the groups 
of belt signals. For all included signals in each 
comparison, the average peak value correlations 
were 91, 94, and 94%, the average peak value 
occurrence time correlation was 97, 98, and 98%, 
and the average curve shape correlation was 77, 81, 
and 82%. The EuroNCAP sled tests were judged as 
almost identical, and the USNCAP sled tests as 
similar by several test engineers. 

Series 3 – Correlations between Sled Tests The 
crash pulse in sled test #1 differed significantly from 
those in sled tests #2 and #3: the amplitude differed 
about 4g and the pulse ended about 10 ms later. In 
ORM values the crash pulse curve shape correlation 
was 70 and 71% for the pairs including sled test #1, 
and 95% for sled test #2 versus #3. The crash pulse 
curve correlation was 93% for #4 versus #5. The 
complete ORM values were 76% for sled test #1 
versus #2, 77% for #1 versus #3, 86% for #2 versus 
#3, and 81% for sled test 4# versus #5. The com-
parisons including sled test #1 were rated as nearly 
dissimilar, test #2 versus #3 as similar, and #4 versus 
#5 as fairly similar. 

Series 2 – Correlations between Simulations and 
Sled Tests The Madymo model of the EuroNCAP 
system predicted the three EuroNCAP tests in Series 
2 with 75, 76 and 78% in terms of complete ORM 
values. For the groups of dummy signals the predict-
abilities were 73, 73, and 74%, and the predict-
abilities were 86, 86, and 87% for the group of belt 
signals. The Madymo model of the USNCAP system 
predicted both USNCAP tests in Series 2 with 75% 
in terms of complete ORM values. For the groups of 
dummy signals the predictabilities were 72 and 73%, 
and the predictabilities were 87 and 88% for the 
group of belt signals. The Madymo models were 
judged as useful by simulation engineers. 

Series 3 – Correlations between Simulations and 
Sled Tests The complete ORM values for the 
predictabilities were 68 and 69% to sled test #2 and 
#3, respectively. The average peak value predictions 
were 81% for both comparisons, the average peak 
value occurrence time predictions were 81% for both 
comparisons, and the curve shape correlations were 
60 and 61%, respectively. The Madymo models were 
judged as useful by simulation engineers. 

Side Impacts  

The ORM was used to assess the repeatability of 
static and dynamic airbag component tests and the 
mathematical model predictabilities of these tests. 
Two static tests with no vent hole were conducted 
and reached 93% in complete ORM value. These 
tests were rated as similar by engineers. For the 
static tests with ordinary vent holes, the complete 
ORM values was 80% and the test repeatability rated 
as poor by engineers since the pressure curves in the 
pelvis part were unlike from 15 to 30 ms due to a 
squeezed tube; the pelvis pressure curve shape corre-
lation was 68%. Three dynamic tests were conducted 
at 7 m/s. The complete ORM values were 86 and 
89% for the tests judged as fairly similar and 91% 
for the test judged as similar. Three dynamic tests 
were conducted at 4 m/s. Two pairs of tests were 
judged as fairly similar due to different pelvis acce-
lerations. The complete ORM values for these were 
85 and 86%. One pair of tests were judged as almost 
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identical and reached a complete ORM value of 
95%. The mathematical model predictabilities were 
87 and 90% for the static tests with no vent holes, 
and 86% for the static test with ordinary vent whole. 
No predictability ORM value was calculated for the 
test with the squeezed tube. The predictabilities of 
the dynamic tests at 7 m/s were 82 to 85%, and the 
predictabilities of the tests at 4 m/s were 71 to 76%. 
Overall, the mathematical model was judged to 
predict the tests sufficiently well. 

Sled tests were conducted with settings estimated by 
mathematical modelling. The sled test repeatability 
was 85% and judged as similar for almost all in-
cluded signals. The sled crash pulse shape repeatabi-
lity was 87% and the door crash pulse shape repeata-
bility was 89%. The mathematical models predicted 
both sled tests with only 46% in terms of complete 
ORM values. However, the most important signals 
resulted in higher ORM values: the predictabilities of 
the abdomen were both 60% and the predictabilities 
of the rib deflections were 74 and 78%. The sled 
tests predicted the full scale crash test with 55 and 
56% in terms of complete ORM values. For the 
mathematical models, the predictability of the full 
scale crash test was 50% for the abdomen and 57% 
for the rib deflections. The predictability of the full 
scale crash test was judged as insufficient for both 
the sled tests and the mathematical models. Hence, a 
new loop of tests and simulations were performed. 

The repeatability of the next pair of sled tests was 
71% and these tests were judged as nearly dissimilar. 
The sled and the door crash pulse shape correlations 
were 82% and 79%, respectively. It was possible to 
assess which of the two that was more accurate than 
the other, and that test will be used in the coming 
comparisons. The sled tests predicted the full scale 
crash tests with 62%; the predictability of the 
abdomen was 60% and the predictability of the rib 
deflections was 80%. The corresponding number for 
the mathematical model predictability was 51% for 
the abdomen and 56% for the rib deflections. Two 
pairs of sled tests with improved safety components 
were then conducted. The repeatabilities within these 
pairs were 77 and 80%. The correlations between the 
pairs were 73 and 64%, indicating that the changes 
of the safety components resulted in changes of the 
dummy readings. The final safety components were 
then used in a full scale crash test. The sled test 
predictability of this full scale crash test was only 
51%: the rib deflections predictabilities were 75% 
and 76%, and the abdomen predictabilities were 27 
and 28%. The very low values of the abdomen 
predictability were due to that the front and middle 
forces measured in the sled tests were around or just 
below zero and a bit above zero in the full scale 
crash test which resulted in ORM values close to 
zero. The correlation between the abdominal rear 
forces, which were the important signals, was 96%. 

DISCUSSION 

The ORM 

The Objective Rating Method, ORM, was published 
in 2005 by [2] as a tool for assessing the predicta-
bility of Madymo simulation models to mechanical 
tests. [2] stated that high correlation is 65% or above 
for mechanical test repeatability. This statement was 
based on component tests with one Hybrid III 50%-
ile without arms and lower legs. Ten different tests 
were repeated ten times, and in each test thirty 
signals were recorded. All signals of the repeated 
tests were then compared to the first test in each test 
series. However, which signals compared or weight 
factors used, are not specified. According to the 
authors, special attention was given to positioning 
the dummy before each test to ensure good repeat-
ability, and a well-defined environment was used in 
the tests. A couple of previous studies, [1] and [3], 
have shown that an ORM value of 65% most likely 
is a too low threshold to correctly rate two tests as 
highly repeatable, although the threshold is 
depending on which signals and components that are 
included. This study shows that correlations above 
65% can be judged as poor, indicating that a higher 
threshold should be more proposed. Furthermore, 
there should preferably be different requirements on 
scalar and curve shape correlations. 

In an earlier study ([1]) the ORM was applied to 
twenty-six pairs of rear-end sled tests in order to 
assess the BioRID II repeatability and reproduci-
bility. The tests were conducted at two crash test 
sites. Four BioRID II dummies, five different seats, 
and three crash pulses were used. Both criteria and 
dummy readings were compared. The BioRID II 
repeatability, in terms of complete ORM values, 
ranged from 83 to 90%, and the reproducibility 
ranged from 74 to 78%. In this study, other types of 
tests were included, as well as mathematical models. 
For those of the comparisons conducted in this study 
that were conducted with the same set-up selection 
methodology as used in [1], i.e. Set 7,  the complete 
ORM values for frontal sled test repeatability ranged 
from 81 to 88%, and the mathematical system model 
predictability ranged from 68 to 78%. Hence, the 
sled test repeatability is in the same range for rear-
end and frontal impacts. In the BioRID II repeata-
bility ORM values a few criteria are included, that 
may be one reason why the rear-end tests have 
slightly higher complete ORM values than the 
frontal impacts. The reproducibility ORM values for 
the rear-end sled tests are somewhat higher than the 
predictability ORM values for the frontal simulation 
models. That was expected, since two physical 
dummies in duplicated sled tests should mirror each 
other fairly well, while simplified mathematical 
models of the dummy and the sled test environment 
hardly can mirror its mechanical counterpart exactly. 
Nevertheless, the predictabilities of the mathematical 
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models are fairly good, and the models are judge as 
useful by engineers. For the side impact tests con-
ducted in this study, the sled test repeatability ranged 
from 77 to 85% for the MDB sled tests that were 
properly conducted. For the pole sled tests conducted 
in the same side impact project, the repeatability 
ranged from 72 to 80%. Side impact tests are more 
complex than most of the rear-end and frontal impact 
tests, and therefore it might be more difficult to 
reach good repeatability in side impacts sled test. 
Additional studies to this one are needed to define 
thresholds for good correlation in terms of ORM 
values for several types of tests, simulations and 
purposes within the car safety area.  

The ORM evaluation in this study, with shifted and 
scaled curves, showed a perfect match between 
ORM values and engineering judgement if the values 
for okay correlations are above 80%, acceptable 
correlations between 70 and 80%, not okay  
correlations between 55 and 70%, and for ORM 
values below 55% there are no correlations at all due 
to very dissimilar curves. Although the ORM values 
match the engineering judgement perfectly for these 
evaluations, it might be possible that these levels do 
not correlate for ORM values and engineering 
judgement for other types of curves and more 
realistic differences between curves than those 
formulated in this evaluation. The comparison in 
which one of the curves was shifted 0.001 s in X 
resulted in a curve shape ORM value of 79% (Table 
1) although these curves are almost identical from an 
engineers point of view. This ORM value is a result 
of the curve shape correlation being calculated as a 
relative error in each time step (Equation 2), and 
consequently the ORM value will decrease for 
curves with steep slopes and for curves oscillating 
around zero in amplitude. 

One application of a correlation rating method is to 
develop an automatic tuning tool that uses the 
calculated objective correlations as optimization 
targets for tuning mathematical models to mimic 
performed tests. Automatic tuning tools have been 
evaluated on module level for several types of 
airbags. The ranges of the tuning parameters were 
predefined to avoid unrealistic values. The models 
were tuned toward airbag pressure and impactor 
deceleration measured in several linear impactor or 
drop tests at different loading configurations. In 
some cases, also bag pressures measured in static 
tests have been used for model tuning. Not only the 
maximum peak correlation, its occurrence time 
correlation and the curve shape correlation from 
ORM have been evaluated, but also the Absolute 
Error Integral Criteria, the Error Integral Criteria, 
and the Curve Slope Criteria. Different weights on 
the six criteria have been evaluated in order to find a 
set of signals that result in models which with high 
accuracy are rated equally by the correlation tool and 

experienced engineers. Studies have been conducted 
to find appropriate weights to the criteria in order to 
achieve a proper performance of the models during 
the full test period. Up to date, no weight set-up has 
been found that works properly for all kind of airbag 
tests. However, for impactor tests it appears as 
criteria measuring the curve shape correlation should 
be more heavily weighted. Investigations of cutting 
off sections of signals that are known to be 
inaccurate measured or modelled, such as the 
deployment peak in an airbag pressure curve, and 
long sections of signals that are very low in 
amplitude compared to the peak values, have been 
made. Both these cuttings have been found 
beneficial, however these make the automatic tuning 
tool more complicated to use and require engineering 
experience. Applying these cuttings and extra 
weights on the curve correlation criteria, 80% have 
been identified as an appropriate threshold for good 
correlation for airbag model to impactor tests. 
Values between 70 and 80% are acceptable. For 
some airbag models values above 80% were not 
reached, likely due to deficiencies in physical 
representation of relevant parameters in the 
mathematical models or insufficient information of 
the test set-up or test repeatability. A prerequisite for 
automatic tuning is that the criteria used in the 
optimization must accurately rate the status of 
models the whole way from poor to good correlation, 
otherwise the correlation values cannot be used as 
optimization targets since the inaccuracy for poor 
and less good correlations may reduce the possibility 
for the optimization method to find the optimum. 
Further, in some cases, models have reached the 
same correlation values, although some were judged 
as sufficiently good and some were judged as 
insufficiently good by engineers. This indicates that 
both the ORM and the ORM with additional criteria 
need further development for the automatic tuning 
application. The correlation method needs to be 
further evaluated on a broad number of test cases in 
terms of correlation criteria included, weights used, 
time ranges used, signals and components included, 
and correlation criteria thresholds. Also, tuning 
parameters and optimization method for multiple 
loading conditions must be further evaluated.  

Frontal Impacts 

Series 1 – Evaluation of Included Signals Not only 
USNCAP sled test repeatability was evaluated in this 
part; one pair of USNCAP BiW driver tests and five 
pairs of EuroNCAP BiW driver and passenger tests 
were also analysed. For the BiW tests, the set-up of 
the sets were slightly different from those sets used 
for the USNCAP sled tests due to different require-
ments and measured signals. However, the methods 
of selecting the signals were similar. Hence, the 
complete ORM values from the different types of 
tests can be compared. Since the repeatabilities of 



  Eriksson et al. 8 

these tests also were rated by engineering judgement 
on the five-level-scale, a reliable set for ORM 
comparisons of duplicated frontal tests can be 
recommended. The complete ORM values from the 
different types of tests are given in Table 2 along 
with the engineering judgement of the test repeat-
ability. These data are also plotted in Figure 3 to 
Figure 9, along with the linear trend lines and their 
R2 values. The R2 values show the quality of the line 
fits; the higher the R2 value is, the better is the fit. 
Among the seven sets evaluated in this study, Set 7 
had the highest R2 value, 88%. The other sets had R2 
values between 27 and 78%. Hence, the set-up used 
in Set 7 is the set-up that most likely results in an 
ORM value that correlates to the engineering 
judgement. The method of selecting signals, 
components, and groups, and their weights according 
to Set 7 is further explained in the Recommendations 
section. 
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Figure 3. Complete ORM values calculated 
with signal Set 1 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 4. Complete ORM values calculated 
with signal Set 2 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 5. Complete ORM values calculated 
with signal Set 3 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 6. Complete ORM values calculated 
with signal Set 4 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 7. Complete ORM values calculated 
with signal Set 5 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 8. Complete ORM values calculated 
with signal Set 6 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 9. Complete ORM values calculated 
with signal Set 7 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is

Table 2. 
Complete ORM values in percent and engineering judgement for the comparisons in Series 1. 
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Set 1 96 93 78 73 64 76 77 61 82 70 76 88 
Set 2 96 91 86 84 78 83 85 81 91 84 87 94 
Set 3 84 71 76 70 74 79 80 72 78 84 81 85 
Set 4 84 72 80 71 70 74 80 65 79 68 75 79 
Set 5 73 63 68 73 67 70 71 60 64 61 76 76 
Set 6 83 68 77 68 69 73 79 67 74 68 75 80 
Set 7 88 78 79 69 70 76 79 69 80 73 77 82 
Eng. 
judge. 

Almost 
identical 

Nearly 
dissimilar 

Nearly 
dissimilar 

Dissimilar Dissimilar Nearly 
dissimilar 

Fairly 
similar 

Dissimilar Fairly 
similar 

Nearly 
dissimilar 

Fairly 
similar 

Similar 

 

Series 2 – Correlations between Sled Tests On the 
whole, the repeatability ORM values were high for 
the comparisons conducted for the tests in Series 2. 
Visual inspections of the tests by experienced test 
engineers assessed that the EuroNCAP sled tests 
were almost identical and the USNCAP sled tests 
were similar. Further, all signal correlations were 
rated visually in three grades: good/either/poor. 
Based on these grades, thresholds for ORM values 
for good and poor correlation can be recommended. 
Peak value correlations that were judged as good 
mostly had ORM values above 90%, and those 
judged as poor mostly had ORM values below 80%. 
Values between 80 and 90% were either good or 
poor, and it is recommended to assess these individu-
ally. For peak value occurrence time correlations 
ORM values above 90% are almost always good; 
values below 90% should be assessed individually. 
There are two not too rare reasons to low peak value 
occurrence time ORM values besides the case when 
the peaks occur with a long time apart. First, ORM 
values can be confusing for times early in the crash 
event since the ORM value is a ratio between the 
first and the last of the two compared times. Second, 
low peak time occurrence ORM values can be a 

result of double peaks with almost equal amplitudes, 
but the maximum peak in opposite order; this 
indicates a poor correlation by engineering judge-
ment only if the peak occurrence time is critical. The 
curve shape correlations generally results in lower 
ORM values than scalar correlations. Curve shape 
correlation ORM values above 75% were almost 
always judged as good, while values below 60% 
were judged as poor. Curve correlations ORM values 
between 60 and 75% are recommended to be 
evaluated individually. Consequently, comparisons 
of sets with significant signals that contain about 
30% curve shape correlations and 70% peak value 
and their occurrence time correlations have good 
correlations if the complete ORM values are above 
circa 80%. Independent of the complete ORM value, 
it is recommended to visually inspect all curves and 
corresponding component ORM values to uncover 
confusions. A drawback with the ORM is that the 
curve correlation (Equation 2) punishes signals with 
long intervals of amplitudes close to zero and signals 
that cross through the time axis numerous times 
unfairly hard. Consequently, the complete ORM 
value can be a bit too low compared to the grade 
given by engineering judgement. Further, the 
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complete ORM value is a weighted mean which may 
hide a few ORM values that are lower than wanted, 
an inspection will identify these. The crash pulse 
should preferable be analysed separately; ORM 
values above 90% for crash pulse shape corresponds 
to almost identical curves. 

Series 3 – Correlations between Sled Tests The 
five tests in Series 3 were compared both visually 
and by aid of the ORM. The visual inspection of 
tests #1, #2, and #3, which were intended to be 
identical, showed that #1 versus #2 and #1 versus #3 
were nearly dissimilar and the corresponding 
complete ORM values were 76 and 77%, respectiv-
ely. The reason for the poor correlations of these 
tests is most likely that the pulse differed a lot for 
test #1; the corresponding crash pulse curve shape 
correlations were only 70 and 71%. Sled tests #2 and 
#3 were judged as similar; the corresponding com-
plete ORM value was 86% and the pulse shape 
correlation was 95%. Sled test #4 versus #5 was 
fairly similar; the corresponding complete ORM 
value was 81% and the crash pulse shape correlation 
was 93%. For these four comparisons, the ampli-
tudes of the component ORM values are given in 
Figure 10 to Figure 13. In each figure, the ORM 
components are sorted in amplitude, and the three 
patterns on the bars represent peak ORM values, 
peak occurrence time ORM values, and curve shape 
ORM values. Comparing Figure 10 and Figure 11 
with Figure 12 and Figure 13, it can be seen that the 
ORM values in general are higher in the latter two 
figures than in the former two; as indicated by the 
complete ORM values and in line with the 
engineering judgements. Using the thresholds for 
good (≥90% for scalars and ≥75% for curve shapes) 
and poor (<80% for scalars and <60% for curve 
shapes), one can see that the two pairs of tests rated 
as nearly dissimilar only have 56 and 59% of the 
scalars rated as good, and only 22 and 28% of the 
curve shapes rated as good, while the two pairs of 
tests judged as nearly similar and similar have 75 
and 78% of the scalars and 67 and 83% of the curve 
shapes rated as good. Hence, the tests compared in 
Figure 12 and Figure 13 have both about the same 
amount of scalar components rated as good but the 
latter has less curve shapes rated as good than the 
former. This partly explains why the complete ORM 
values and engineering judgement differed for these 
comparisons. Nevertheless, most component ORM 
values are good in Figure 13 making these tests 
sufficiently repeatable for most purposes. By plotting 
the bars in order, one can easily find out if just a few 
components cause a low complete ORM value, or if 
all components are low and therefore aggregate to a 
low complete ORM value. This kind of plot is also 
useful in order to find out which signals and 
components that may need to be further analysed. 

In order to get a feeling for the ORM values, Figure 
15 to Figure 19 contain the dummy readings from 
sled test #1 to #3 and the Madymo simulation in 
Series 3 and the corresponding ORM values. 
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Figure 10. All component ORM values for 
comparison #1 versus #2 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 76%, and the crash 
pulse curve shape correlation is 71%. 

0%

20%

40%

60%

80%

100%

Peaks
Peak times
Curve shapes

 
Figure 11. All component ORM values for 
comparison #1 versus #3 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 77%, and the crash 
pulse curve shape correlation is 70%. 
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Figure 12. All component ORM values for 
comparison #2 versus #3 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 86%, and the crash 
pulse curve shape correlation is 95%. 
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Figure 13. All component ORM values for 
comparison #4 versus #5 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 81%, and the crash 
pulse curve shape correlation is 93%. 
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Figure 14. All component ORM values for com-
parison #3 in Series 3 vs. the Madymo simulation. 
The ORM values are sorted in amplitude and the 
different patterns show the kind of component 
compared. The complete ORM value is 69%, and 
the crash pulse curve shape correlation is 91%. 

CD vs. time

Test #1

Test #2

Test #3

Madymo  
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 83 93 81 
#2 vs. #3 - - 96 98 95 
Madymo vs. #3 - - 91 83 66 
 

Figure 15. Chest deflection curves for sled test 
#1 to #3 and Madymo simulation and ORM 
values for the comparisons #1 versus #3 (different 
pulses), #2 versus #3, and Madymo simulation 
versus #3. 

Head x-acc vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 88 97 72 
#2 vs. #3 - - 92 99 89 
Madymo vs. #3 - - 98 96 66 
 

Chest x-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 68 100 71 
#2 vs. #3 - - 99 92 88 
Madymo vs. #3 - - 91 94 77 
 

Pelvis x-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 90 73 68 
#2 vs. #3 - - 96 99 91 
Madymo vs. #3 - - 83 68 71 
 

Figure 16. Head, chest, and pelvis x-accelera-
tion curves for sled test #1 to #3 and Madymo 
simulation and ORM values for the comparisons 
#1 versus #3 (different pulses), #2 versus #3, and 
Madymo simulation versus #3. 
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Head z-acc vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 92 99 - - 61 
#2 vs. #3 88 98 - - 79 
Madymo vs. #3 89 52 - - 53 

 
Chest z-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 94 97 68 99 61 
#2 vs. #3 100 96 95 94 80 
Madymo vs. #3 33 49 53 94 31 
 

Pelvis z-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 80 96 65 
#2 vs. #3 - - 100 98 89 
Madymo vs. #3 - - 96 95 52 
 
Figure 17. Head, chest, and pelvis z-acceleration 
curves for sled test #1 to #3 and Madymo 
simulation and ORM values for the comparisons 
#1 versus #3 (different pulses), #2 versus #3, and 
Madymo simulation versus #3. 

Upper Neck Fx vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 85 91 98 98 60 
#2 vs. #3 84 98 93 96 81 
Madymo vs. #3 60 90 70 88 32 

 
Upper Neck Fz vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 92 100 - - 61 
#2 vs. #3 87 98 - - 64 
Madymo vs. #3 74 79 - - 62 
 

Upper Neck My vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 87 86 97 99 65 
#2 vs. #3 66 95 83 97 70 
Madymo vs. #3 63 81 63 96 28 
 

Figure 18. Upper neck Fx, Fz, and My curves for 
sled test #1 to #3 and Madymo simulation and 
ORM values for the comparisons #1 versus #3 
(different pulses), #2 versus #3, and Madymo 
simulation versus #3. 
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Femur Right Fz vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 84 88 62 
#2 vs. #3 - - 97 98 84 
Madymo vs. #3 - - 88 84 61 
 

Femur Left Fz vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 87 96 67 
#2 vs. #3 - - 96 91 81 
Madymo vs. #3 - - 88 84 62 
 

Figure 19. Femur right left Fz curves for sled 
test #1 to #3 and Madymo simulation and ORM 
values for the comparisons #1 versus #3 (different 
pulses), #2 versus #3, and Madymo simulation 
versus #3. 

Series 2 and 3 – Correlations between Simulations 
and Sled Tests Although the ORM signal sets diff-
ered somewhat between the predictability and the 
repeatability assessments, these ORM values were 
compared. In general, and as expected, the Madymo 
models have lower predictability ORM values than 
the corresponding sled test repeatability ORM 
values. Nevertheless, the Madymo models were 
found to be useful. The Madymo models average 
peak value prediction ranged from 81 to 88%, the 
average peak value time occurrence prediction 
ranged from 81 to 95%, and the average curve shape 
prediction ranged from 60 to 69%. Corresponding 
values for the sled test repeatabilities are 91 to 94%, 
95 to 98%, and 77 to 85%. The Madymo model of 
the EuroNCAP system in Series 2 predicts the three 
EuroNCAP tests with 75 to 78% and the correspond-
ing sled test repeatability ORM values ranged from 
81 to 86%. The Madymo model of the USNCAP 
system predicts both of the two USNCAP tests in 

Series 2 with 75% and the corresponding sled test 
repeatability was 87%. The Madymo model of the 
USNCAP sled tests with the Hybrid III 50%-ile in 
Series 3 predicts test #2 and #3 with 68 and 69% and 
the corresponding sled test repeatability was 86%. 
From a simulation engineering point of view, the 
Madymo models verified in this study were assessed 
as useful for product development and evaluation. 
Hence, Madymo models that reached about 80% or 
higher of the sled test repeatability ORM values 
were found to be useful. Nevertheless, higher ORM 
values are needed to fully predict tests with simu-
lations. Depending on the purpose of the models, 
additional weight on the curve shapes can result in 
better understanding if the models predict trends 
adequately or not in cases when the peak values are 
poorly predicted. In order to attain useful ORM 
values of predictability, it is important to include 
mainly those signals which will be used in coming 
simulations; otherwise the ORM values will be 
confused by less predictive and irrelevant signals. 
Further, the recommended ORM values for models 
may differ depending on the type of test and system 
used, but also on modelling technique (MBS or 
FEM), and the purpose of the simulation.  

Side Impacts 

The ORM was used to guide in a side impact project. 
Both sled tests and full scale crash test were 
performed, and mathematical models were built up 
to predict the tests and improve the EuroNCAP 
results. The complete ORM values for the mathe-
matical model predictabilities of the sled tests and 
the full scale crash tests, as well as the sled test 
predictabilities of the full scale crash tests, were 
rather low. Therefore, the dummy signals were 
divided into subgroups that made it possible to focus 
on those signals predominantly important for test 
purpose. Thus, it could be assessed that these signals 
were sufficiently well predicted. The ORM was also 
used to show that improvements of the safety com-
ponents influenced the dummy performance by com-
paring ORM values from tests with and without the 
improved system to the repeatability values of truly 
duplicated tests. By analysing the signals individ-
ually, it was possible to find out which of the signals 
that were highly, moderately and insignificantly 
influenced by the change in the safety components. 
Overall, the ORM values assisted in the communi-
cation with the customer during this project. 

The mathematical models of the airbags used were 
normally tuned to mimic two configurations of static 
tests and two configurations of dynamic test, and 
each configuration were repeated at least once. The 
mathematical models in the side impact project were 
tuned manually, and the ORM was applied after-
wards to assess their predictabilities. For the airbag 
presented in the side impact part, the test repeata-
bilities were in all cases but one very good. Good 
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test repeatability and representative tests are crucial 
for tuning a mathematical model into an accurate 
model of a real airbag. In case of a low test repeata-
bility ORM value, it is important to find out if the 
low value was caused by a test failure, a result of any 
ORM shortcomings, or just a spread in the tested 
components. If the low value was caused by a test 
failure, the mathematical model can be tuned to 
mimic just the accurate test. If the low value was 
caused by a shortcoming in the ORM and the signals 
correlations are judged better than the ORM value 
indicates, one may cut off sections of the signals or 
change the weights to better rate the repeatability. 
Otherwise, the mathematical model must be tuned to 
mimic both tests and will most likely return predicta-
bility ORM values lower than the repeatability for 
the corresponding tests. 

CONCLUSIONS 

ORM is a useful tool, especially for test repeatability 
and reproducibility assessments, although it should 
be used with care and knowledge. For all ORM 
correlations performed, it is recommended to check 
the included signals and components in order to 
identify scalar or curves correlations that might have 
been too low rated due to shortcomings of the ORM. 
The ORM allows for agreement, in advance, on a 
quality level for tests and mathematical models. 
Beneficial is that the ORM not only compares peak 
values but also curve shapes. Furthermore, the ORM 
compares two tests; many methods require several 
tests and that is normally not available in daily work. 

This study shows that high ORM values correspond 
to good correlations, but for a few cases good corre-
lations result in somewhat too low ORM values. For 
curve correlations rated as poor by ORM, the ORM 
does not sufficiently discriminate between curves 
that are poor but useful and poor but useless. This 
might be a drawback for simulation model predicta-
bility assessments, since the correlation level can be 
rather low although the models fulfil their purposes.  

RECOMMENDATIONS 

The usefulness of an ORM correlation is highly 
depending on the set of signals and components 
used. In this study, the Set 7 correlated to 
engineering judgement most accurately. The method 
of selecting signals and components according to Set 
7 for a system correlation assessment is in detail 
described in A. to D. Normally, all signals and 
components should be compared up to the time when 
the crash is over. An example of a signal set selected 
with this method can be found in Table 3. 
A. Crash pulse group Compare the crash pulse 

shape separately; it should not be included in the 
complete system comparison. Hence, set the 
group weight to zero. 

B. Criteria group Criteria may be included in the 
complete ORM value, or analysed separately 
depending of the aim of the comparison. When 
the criteria are excluded in the complete ORM 
value, the comparison will focus more on overall 
repeatability, reproducibility or predictability. If 
the criteria group is excluded in the complete 
ORM value, set the group weight to zero. 
Otherwise, let the weight of this group be equal 
to the number of criteria.  

C. Dummy group Include all kinematics and load 
cells signals acting in the motion plane, and 
avoid resultant signals. Signals in other directions 
than the motion plane are normally much lower 
and will most likely confuse the findings with 
less important data if they are included. For all 
included signals, include both minimum and 
maximum peaks if these are significant and not 
enormously different in amplitudes; otherwise 
include only the highest peak. For all included 
peaks, also include their occurrence times. 
Include the curve shape correlation for all 
included signals. For each included signal, set the 
total weight of the peak or peaks to 1, set also the 
total weight of the peak occurrence time or times 
to 1, and set the curve shape correlation weight to 
1. Let the weight of the dummy group be equal to 
the number of included signals. In order to better 
focus on different parts of the dummy, the 
dummy group can be divided into subgroups. 

D. Safety group Include all signals from the safety 
equipment that show how these parts perform. 
For all included signals, include both minimum 
and maximum peaks if these are significant and 
not enormously different in amplitudes; other-
wise include only the highest peak. For all 
included peaks, also include their occurrence 
times. Include the curve shape correlation for all 
included signals. For each included signal, set the 
total weight of the peak or peaks to 1, set also the 
total weight of the peak occurrence time or times 
to 1, and set the curve shape correlation weight to 
1. Let the weight of the safety group be equal to 
the number of included signals. 

 
On signal level, good correlations are predominately 
associated with ORM values of 90% or above for 
peak value and peak value occurrence time corre-
lations, and with ORM values of 75% or above for 
curve shape correlations. For extremely good curve 
correlation, as wanted for crash pulses, 90% is a 
preferable threshold. Peak value correlation ORM 
values below 80% and curve shape correlation ORM 
values below 60% are generally associated with poor 
correlation or no correlation at all.  

Using an appropriate set of signals, in which about 
one third of the components are curve shapes, the 
proposal of ORM value representing good repeat-
ability for frontal sled tests is 80% or above. Sled 
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test reproducibility, and more complex frontal tests, 
such as BiW and full scale crash tests, should be 
rated as good with a bit lower complete ORM 
values. The requirement on the predictability ORM 
values of a mathematical system model should be 
lower than the corresponding repeatability ORM 
values. 
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Table 3 
Signals and weights used for a USNACP frontal 

sled test according to the selection method 
proposed in Recommendations section. 

Group Wgroup Signal Comp. Wscalar/shape 
Crash Pulse 0 Sled x-acc Curve shape 1 
Criteria 0 HIC36 Scalar 1 
  Chest 3ms Scalar 1 
Dummy 12 Head x-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Head z-acc Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Chest x-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Chest z-acc Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Pelvis x-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Pelvis z-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Chest defl. Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Upper Neck Fx Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Upper Neck Fz Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Upper Neck My Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Femur Left Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Femur Right Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
Safety 3 Webbing disp. Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Belt Force B3 Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Belt Force B6 Max peak 1 
   Max peak time 1 
   Curve shape 1 
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ABSTRACT 

The way was paved for the first ESV Conference in 
the early 1970s by the development and discussion of 
what were called Experimental Safety Vehicles. From 
the outset, Mercedes-Benz played an active role in 
this initiative. Up until the mid-1970s, over 20 
Mercedes-Benz ESFs (for Experimental Sicherheits 
Fahrzeug) were built and presented. This short period 
of time also witnessed the development of basic 
innovations, some of which represent crucial 
milestones for vehicle safety: 

- Structural safety 

- Anti-lock Braking System (ABS) 

- Belt pre-tensioner and belt force limiter 

- Airbags 

- Side impact protection 

- Electronic Stability Program (ESP) 

- Partner Protection Systems 

For the ESV Conference in 2009, Daimler is re-
creating this pioneering paradigm shift and 
developing a new Experimental Safety Vehicle, the 
ESF 2009. Based on the very latest safety features, 
such as Advanced Driver Assistance Systems, 
Adaptive Restraint Systems, and Integrated Safety 
Systems (PRE-SAFE®) [1], the ESF 2009 will present 
and demonstrate solutions for the requirements and 
safety challenges of the future. 

This paper presents the safety features that Mercedes-
Benz is focusing on to address vehicle and road 
safety requirements in the future.  

In pursuit of our vision of accident-free driving and 
high-performance occupant safety, the paper looks at 
the following subjects and solutions, which could 
provide further sustainable advances in the field of 
vehicle safety:  

- Systems for enhanced perception 

- Vehicle communication 

- Invisible protection zone 

- Driver Assist Systems 

- PRE-PULSE and  innovative occupant protection 
systems 

- Safety of alternative drive systems  

The paper will describe functional models of the 
different safety features, their potential safety 
benefits, and feasibility requirements. The main goal 
of the Mercedes-Benz ESF 2009 is to illustrate mid 
and long-term safety features and to promote 
discussion on their relevance for achieving improved 
traffic safety. 

INTRODUCTION AND MOTIVATION 

Vehicles from then (Fig. 1) already considered topics 
relating to both active and passive safety together. 
This integrated safety approach, based on the 
technology of the day, offered glimpses of the type of 
improvements in vehicle safety that were to come. 
Today, most of the systems that were considered 
revolutionary at that time can be found in the series 
production vehicles of virtually every manufacturer. 
No further experimental safety vehicles have been 
assembled anywhere in the world, or presented at the 
ESV conference, since 1974. 
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In constructing a new experimental safety vehicle 
(Fig. 2), the intention of Mercedes-Benz is to again 
promote holistic discussion of the subject of vehicle 
safety. 

Figure 1: ESF 13 from 1972 

 

The hope is to present feasible new solutions based 
on today’s technologies and illustrate the potential 
they offer. Systems whose production breakpoint is 
not yet possible from a present-day perspective have 
been consciously included to elicit discussion of the 
basic requirements and technological advances that 
will be required. 

Figure 2: The ESF 2009 

 

DESCRIPTION OF THE MAIN TOPICS 

The scope of this paper does not permit a 
comprehensive explanation of the circa 30 topics 
from six different areas. Selected systems have 
therefore been presented in more detail as being 
representative for each of the topic areas. The 
following areas were included in the ESF 2009, 
grouped according to the integrated safety approach 
[2], i.e. ranging from accident prevention and 
protection for the occupants during an accident to the 
measures that can be taken after an accident. 

Systems for enhanced perception 

One area that offers considerable potential for 
reducing accident statistics is improved perception of 
the traffic situation by the driver and other road users. 

The topic “Adaptive High Beam with Spotlight” 
offers a solution for extending the visibility of other 
road users and differentiating between them. The 
hazard signal used by this technology is provided 
directly in the traffic situation. The technical solution 
in the ESF 2009 gives an example of how the inherent 
visibility of the vehicle can be improved for other 
road users, particularly from the side. In this case, the 
inherent visibility was improved using passive 
reflective measures. 

Both topics are described in more detail in the 
presentation of each later in this paper. The topic of 
Intelligent Night View for active night vision 
recognition and for accentuating the visibility of 
pedestrians and animals is also examined. 

Vehicle communication 

Vehicle communication systems for accident 
prevention or rescue will make an important 
contribution on the way to achieving safer driving. 
Communication between vehicles offers crucial 
added value, especially in situations that could be 
adequately defused with the help of an early warning 
system, or where a vehicle surrounding sensor 
system, e.g. in concealed situations, cannot offer any 
added value. However, at this point, a single-
manufacturer solution cannot help us achieve our 
goal. Instead, what is needed is a successful 
collaboration between a large number of 
manufacturers and suppliers with the aim of 
developing uniform standards and a model for rapid 
market penetration of the technologies involved. For 
that reason, this important topic has also been 
included in the vehicle. 

Driver Assistance Systems 

Systems to prevent and reduce the severity of 
accidents represent an important basis for future 
developments to improve vehicle safety. Building on 
improved and extended vehicle sensing systems (e.g. 
radar and stereo cameras), new assistance functions 
will become possible that will help the driver, e.g. in 
critical situations at intersections. 

The assistance systems in the ESF 2009 address the 
topics of improving longitudinal and lateral guidance, 
as well as general perception. 
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Specifically, these are as follows: 

The blind spot assistance system can not only trigger 
a warning, but also help avoid a potential collision 
with a vehicle in the blind spot by braking individual 
wheels. 

The extended Lane Assistant also comprises an alarm 
level, and, if it recognizes the danger of a critical 
departure from the lane, intervenes by applying 
independent wheel braking to correct the steering 
course. At a later stage of development, corrective 
steering intervention can also occur if collision 
objects are identified. 

Traffic sign assistance system to visualize the 
currently applicable speed limit. 

Virtual crumple zone 

Several manufacturers have recently introduced 
systems to help the driver in situations with a high 
risk of rear-end collisions. With its introduction of the 
PRE-SAFE® brake in 2006, and the enhanced version 
with an emergency braking function in 2009, 
Mercedes-Benz brought onto the market the final 
stage of development for the present in a bid to 
counter the risks posed by escalating parallel traffic. 
The PRE-SAFE® brake system combines acoustic and 
visual warnings, adaptive brake assistance, and 
autonomous partial and emergency braking to offer 
an all-round package that helps to avoid an accident, 
or to reduce kinetic energy before a possible 
collision. Preventive occupant protection functions 
are also activated. The Brake Bag in the ESF 2009 
represents a further development stage. This will be 
explained in more detail in a later section. 

PRE-PULSE and innovative occupant protection 
systems 

To date, the development of occupant protection 
systems has focused on extending the protective 
space, and on adaptive restraint systems. Extended 
fitting of airbags down into the subcompact range, 
and refinement of the seatbelt with pretensioning and 
force limiter have greatly reduced the loads to which 
occupants are subjected in accident situations. Over 
the last few years, however, we have witnessed an 
asymptotic trend in the reduction of forces under the 
specified load conditions. If we consider conventional 
restraint systems, even experts believe that the 

possibilities for further development in the future are 
slim. 

Nevertheless, if we consider the pre-accident phase, 
links can be created between reversible and 
conventional occupant protection systems that, in 
combination, open up further possibilities. One 
example of this is the forward-thrusting PRE-PULSE 
Side occupant protection system, which will be 
presented in a later section. 

A further area where occupant protection can be 
improved is in the rear seat row, which has different 
requirements to the front seat row. On the one hand, 
children are transported in this area, so that occupant 
protection systems must meet the requirements for 
this occupant group. Similarly, the requirements for a 
chauffeur limousine, as in the present luxury vehicle 
segment, are quite different as regards occupant 
protection. The solutions presented for child safety 
and the belt bag should prove enhancements to the 
range of protective equipment, and will be described 
in more detail as part of the vehicle presentation. 

On the question of resolving the conflicting 
objectives of body rigidity and lightweight 
construction, the topic “inflatable structure” will be 
addressed and presented separately in a later section. 

Safety of alternative drive systems 

The ESF 2009 is equipped with a modern hybrid 
drive system (Fig. 3). The equipment includes a 15 
kW magneto-electric motor, a lithium-ion high-
voltage battery, and the necessary power and control 
electronics. 

Figure 3: Location of the hybrid components in 
the ESF 2009 
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The vehicle is equipped with a comprehensive, seven-
part safety concept, designed in particular for the 
high-voltage electronics system that operates at 120 
V. The system includes the following features: 

- Color-coded HV cables and contact 
protection, with generously dimensioned 
insulation and special plugs 

- High-strength steel housing for Li-ion battery  

- Cells on bed of gel and discharge ports with 
bursting disks 

- Multiple safety interlock to automatically 
separate battery terminals 

- Short-circuit monitoring 

- Active discharging of the high-voltage system 
in the event of faults or fire 

- Pyrotechnic tripping of the HV system in the 
event of an accident.  

TECHNICAL DESCRIPTION OF SELECTED 
SYSTEMS 

LED pixel headlamps for hazard light 

Night vision systems are a great help for the driver: 
with the night vision assistant, even with oncoming 
traffic, drivers can still see their own lane and the 
right-hand edge of the roadway without any risk of 
dazzling other road users. Advances in camera 
technology and image processing now allow systems 
to recognize potential dangers on and immediately 
adjacent to the roadway. These can be specially 
highlighted on a suitable display to warn drivers. The 
preferred solution would be for drivers to receive an 
alert about a potential hazard directly in the traffic 
area, without wasting time looking at a display. This 
function will be called a “hazard light” in the 
following. 

There are basically two different approaches to 
realize this function: (1) a type of search lamp that 
moves in a similar way to an active curved 
illumination module, or (2) a fixed headlight with 
electronically controlled light distribution. The 
second variant has been implemented in the ESF 
2009, since fractions of a second are of vital 
importance with a “hazard light” (Fig. 4). In 
principle, there are also two different approaches for 
the non-mechanical systems: the use of a video 
projector [3] or similar device, or the use of an 
electronically addressable LED array [4]. 

The second approach was the option preferred in the 
ESF 2009. An array of this kind basically consists of 
a number of individual LED chips arranged in rows 
and columns. Approximately 40–100 LED pixels are 
needed to create a vehicle headlamp (depending on 
the desired resolution and the maximum area to be 
illuminated). The ESF 2009 has 96 pixels arranged in 
four rows, with a different number of pixels per row. 
Each of the 96 pixels can be dimmed in 256 steps, 
and can be switched on within a few milliseconds. 

Figure 4: Spotlight function  

 

As well as the “hazard light,” it is possible to use this 
LED array to implement adaptive light functions, 
such as active curve illumination and partial high 
beam. In conjunction with the image evaluation, 
various ways of warning the driver can be tested in 
the ESF 2009. Simply illuminating any hazard will 
not be possible, since other road users must not be 
dazzled. In the case of pedestrians, therefore, two 
possible solutions would be illumination up to the 
waistline, or projection of a “light pointer” onto the 
roadway. 

While most of the technical problems have now been 
solved, further studies are required in this area, and 
the legal regulation for this new function still needs to 
be defined. 

Side Reflect – improvement in side visibility at 
night 

Dusk and darkness pose an enormous risk potential. 
Over one quarter of all accidents occur under these 
lighting conditions. Additionally, the severity of 
injuries increases during these times. Some 40% of 
accidents involving fatalities occur at night  
[5] (Fig. 5). 
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Figure 5: Accident distribution by light conditions 
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The (active) lighting techniques have been steadily 
improved over the last few years. However, there are 
still many situations presenting an increased risk 
potential, such as an unlit vehicle that has been left at 
the side of a country road, or vehicles crossing an 
intersection without warning. 

The objective of Side Reflect is to enhance the side 
visibility of the vehicle in order to reduce this 
accident risk at night. The reflective properties under 
diffused side light conditions are enhanced (Fig. 6). 
One element consisted of reflective strips on the tires 
(as has been standard on cycle tires for a number of 
years). 

Figure 6: Improvement in side visibility with Side 
Reflect 

 

An additional component that was presented by way 
of example in the ESF 2009 was door seals with 
reflective properties. Here, the external area of the 
door seal rubber was coated with a special film that 
integrates seamlessly into the vehicle design. These 
reflective door seals emphasize the vehicle contour 
for enhanced night-time visibility. 

 

Vehicle communication 

Autonomous sensor systems for hazard detection in 
the vicinity of the vehicle form the basis for today’s 
driver assistance systems, which can significantly 
improve active safety. However, the drawback with 
all the standard solutions at present is that detection 
of the immediate environment is restricted to the field 
of vision. With this kind of sensor system, it is not 
possible to detect or locate hidden objects (vehicles), 
whether these are behind hilltops, curves, or buildings 
at inner-city intersections. In this context, vehicle 
communication offers the option of extending the 
driver’s field of vision and that of the vehicle far 
beyond the physical range of visual detection through 
spontaneous (ad-hoc) networking between vehicles 
(Car-2-Car, C2C), and/or to the infrastructure (Car-2-
I) (Fig. 7). 

Figure 7: Telematic horizon 

 

The C2C and C2I (= C2X) communication defines a 
cooperative system that requires the vehicle hardware 
configuration to be extended to include a radio 
communications unit (on-board unit) with GPS 
capability. Vehicles with the appropriate equipment 
then transmit information such as GPS position, 
speed, and direction on a cyclical basis. This 
information allows every receiver to put together a 
continuous image of the environment and monitor any 
changes in it. 

By passing on data from one vehicle to another 
(“multihop communication”), the range of radio 
communication can be extended to areas that are not 
accessible for direct transmission (“single-hop 
communication”). 



Mellinghoff 6 

The potential of C2X communications for active 
safety stems in part from the possibilities offered by 
sensor data fusion. The additional data obtained from 
C2X communication can improve the quality of 
conventional environment sensors. New assistance 
functions can also be realized, thanks to the 
continuous recording, aggregation, and evaluation of 
the sensor data available in the vehicle. For example, 
an ESP intervention might occur without the driver 
being aware of it when driving round a curve with a 
partial section that is slippery. The relevant C2X 
application recognizes this ESP activity and links the 
information with additional sensor information, such 
as speed, steering angle, slip/traction, outside 
temperature, rain sensor, etc. Based on these 
parameters, a suitable algorithm can detect “risk of 
ice” or “risk of skidding,” and transmit a warning 
message by multihop communication (Fig. 8). When 
another vehicle approaches this hazard spot, the 
driver will receive an acoustic and/or visual warning 
in good time, and can adapt accordingly to the 
approaching hazard situation. 

Particularly in the introductory phase of C2X 
systems, situations may arise where there are no 
communication partners within radio range. Warnings 
are then stored, carried further, and passed on as soon 
as a communication partner (vehicle or 
communication unit in the infrastructure) is within 
range (store and forward system). Traffic traveling in 
the opposite direction can be usefully employed in 
this context to transport warnings back into the target 
area in question. Intelligent, position-based routing 
algorithms ensure that, even in scenarios where there 
is low traffic density in the danger zone, valid 
warnings are not wasted, but are safely stored.  

Since C2X communication is a cooperative system, 
its benefits and quality will increase as use of the 
communication systems spreads. 

Rapid penetration will therefore be possible only if 
there is a uniform communication standard that all 
automakers adhere to and that is jointly defined by as 
many manufacturers and suppliers as possible. This 
will be ensured by the Car-2-Car Communication 
Consortium (C2CCC), and by the ETSI Technical 
Committee Intelligent Transportation Systems. 

C2X communication, therefore, can potentially play a 
key role in helping to avoid accidents through 
automatically generated warning messages before 
hazards such as accident sites, vehicles left at the 

roadside, obstacles on the roadway, abrupt breaking 
vehicles, the end of a traffic jam, construction 
sites/vehicles, approaching emergency vehicles, etc., 
and in controlling the flow of traffic, all without 
generating any additional communication costs. 
However, it is less suitable for on-board autonomous 
system intervention (e.g. automatic braking) owing to 
the latency times involved, and also to system-related 
inaccuracies in determining position with GPS. 

Figure 8: Ad-hoc communications and multihop 
message passing 

 

Invisible Protection Zone, Brake Bag 

The current E-Class model year 2009 features the last 
development stage for the time being of an automatic 
emergency brake system. The emergency braking 
function before an unavoidable collision in escalating 
parallel traffic reduces the speed of the resulting 
vehicle collision by approx. 6–8 km/h. 
Approximately 0.6 s before the collision, the vehicle, 
which is already performing partial braking, is guided 
into an emergency braking maneuver. A further 
escalation level appears impossible at present, since 
the vehicle has already been fully decelerated up to 
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the slip limit. Increasing the deceleration energy 
through that of the wheel brake must therefore be 
seen as a further escalation module. 

In this context, Mercedes-Benz has developed the 
concept of the Brake Bag. An airbag with standard 
driver inflator was added to the front underbody 
paneling of a standard S-Class vehicle. This paneling 
has a double-wall design, so that the airbag can be 
installed spread out between both body panels. Once 
activated, the airbag expands, supporting itself on the 
top side of the front integral carrier (Fig. 9). The 
underside is fitted with a friction lining designed to 
achieve optimum deceleration. It is mounted in front 
on the vehicle crossbar, so as to transfer the fictional 
forces generated by braking the vehicle on the 
roadway. 

If the Brake Bag is activated in escalating oncoming 
traffic, i.e. after the warning that is triggered 
approximately 2.6 s before the time of collision, after 
initiating partial braking at approx. 1.6 s, and after 
initiation of emergency braking at approx. 0.6 s 
before the start of the collision, the result is a rapid 
and temporary increase in deceleration lasting 
approximately 75–100ms, with a deceleration rate of 
20 m/s2 (Fig. 10). 

The increase in deceleration is primarily influenced 
by an elevation in the center of gravity of the vehicle 
as it performs the emergency braking maneuver. 
When the airbag expands, it momentarily raises the 
vehicle by approx. 80 mm. During this brief period, 
the thrust exerted on the friction lining of the Brake-
Bag is increased by the factor of the mass 
acceleration times the overall vehicle mass. 

This increased thrust leads to a greater rate of 
deceleration (Fig. 11) that can be generated with a 
normal wheel brake. In this context, it is important 
that the precise collision point is predicted as exactly 
as possible, since the process is reversed after a 
certain period, leading to a load reduction that has a 
negative impact on the deceleration value. 

As a result of the vehicle’s upward movement, the 
brake dive movement is also compensated for, thus 
improving the geometric compatibility of the braking 
vehicle. The deformation structures adjust to the 
original design level. 

 

Figure 9: Cross-section of brake bag 

 

The following effects can also be observed: 

An influence from the seat structure on the inert mass 
of the occupants can also be observed, owing to the 
elevation of the vehicle. The value measured in tests 
is approx. 20 mm, which means that compression of 
the elastic seat foam and the convergence of the seat 
ramp and the bodies of the occupants result in 
improved coupling in the subsequent crash. 

This applies in equal measure to coupling with the 
already tensioned seatbelt in the PRE-SAFE® phase. 
In the escalation to the accident, the occupant is held 
in position by a reversible tensioning, in preparation 
for the subsequent emergency braking. 

Figure 10: Deceleration with brake bag 
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Figure 11: Reduction in speed with brake bag 

 

The emergency braking then generates an increase to 
approx. 400–600 N on the belt through the inertia 
force imparted. The deceleration from the Brake Bag 
of approx. 20 m/s2 further enhances this seatbelt pre-
tensioning to approx. 800–1,200 N, thus contributing 
to optimize deceleration coupling even before the 
pyrotechnic belt tensioner is triggered. 

PRE-PULSE occupant safety system  

Standard restraint systems can be described as only 
reactive occupant safety systems. For example, a 
generation of force and the associated energy 
conversion within the belt system occurs only after 
the occupant has traveled the necessary distance after 
a specific period by being thrust forward in a frontal 
impact. However, at this point, valuable deformation 
space has been used only for the vehicle deceleration, 
but not to decelerate the occupants. The way the 
airbag operates is similar to the functioning of the belt 
described above. Only after sufficient internal 
pressure has developed from precompression of the 
bag does deceleration (or acceleration in the case of a 
side impact) occur, followed by a conversion of 
energy to the occupant. 

The crucial lever for reducing the load values in a 
side impact is the distance between the occupant and 
the door. The greater this distance, the lower the 
speed at which the door accelerates the occupant 
through the occupant protection system. At the same 
time, this distance is limited by the possible vehicle 
size and the comfort dimensions. The contact speed 
of the intruding door is primarily influenced by 
measures adopted for the body shell and the door. 
Here, too, there are restrictions imposed by limits on 
vehicle weight and the vehicle package. 

Measures undertaken to date to increase side-impact 
protection have mainly been implemented in the 
vehicle itself, i.e. influencing the occupants has not 
been considered so far. A PRE-PULSE occupant 
safety system, as presented in the ESF 2009, taking 
the example of a side impact, uses the early 
information on the unavoidable collision for a 
preparatory energy conversion that affects the 
occupant. Such PRE-PULSE systems accelerate the 
occupant shortly after the accident event in the 
direction created by the collision energy (Fig. 12), 
and thus reduce in good time the energy delta 
between vehicle and occupant. The energy is not 
converted exclusively when an impact occurs, but 
instead the full energy is distributed between a light 
advance impact, and a reduced main impact. 

Figure 12: Deflection of the occupant through 
forward thrusting 

 

This can be simply explained using the example of a 
side impact. 

The seat was equipped with the dynamic seat 
component of the multi-contour seat in order to create 
the PRE-PULSE effect on the occupant. This features 
air cushions in the “cheeks” of the driver and front 
seat passenger backrests, to improve lateral support 
on curves through inflation. 

The size and inflation characteristics of these 
cushions were modified so that they can propel the 
occupant towards the center of the vehicle after a 
sudden pulse-type inflation. This process is reversible 
and can be repeated. 

The movement towards the center of the vehicle 
increases the distance between the occupant and the 
door. 
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Figure 13: Rib deflection in load case FMVSS 
214new 

 

The side bag can now be safely deployed. The contact 
point between the door and the occupant occurs later 
with the restraint system, i.e. at a lower intrusion 
speed. Additionally, the occupant is already moving 
at a certain velocity in the direction of impact, and 
this velocity no longer needs to be converted through 
contact with the side bag and the door. Simulation 
tests showed a reduction in rib intrusion of 30% on 
average (Fig. 13). 

Pressurized Vehicle Components  

In general, two principals of pressurized components 
have been investigated for front and side member 
applications, involving various departments at 
Mercedes-Benz: 

- The first principle states that the components must 
retain the original structural characteristics they had 
before being pressurized. Pressure therefore needs to 
be carefully adjusted. 

- The second principle is that the structure should 
expand when pressure is applied from a small cross-
section to a larger one. This can offer considerable 
advantages, such as packaging benefits (Fig. 14), an 
increased moment of inertia, and an extension of the 
overall crash length. In addition, there are two 
opportunities to apply pressure and enforce the 
structure in general: 

Figure 14: Pressure-loaded side impact protection 
beam. Significant increase in geometry. 

 

- Adding a gas generator that maintains a defined, 
virtually constant level of pressure over a period of 
time. The firing time should match the ongoing 
deformation of the structures involved and last 
between 10 ms and 20 ms for the various 
applications. 

For an almost sealed component, high-level pressure 
will be available for up to 100 ms of deformation. 

- Installation of a gas generator that is able to deform 
a component from an initial structural shape to a final 
one, without providing pressure for longer than is 
needed for deployment.  

Various dynamic sub-component tests have been 
conducted for validation. The mean crash load was 
increased by 20 to 40 kN, and deformation was 
reduced to between 10 mm and 100 mm. With an 
increased mean crash load, pressurized front member 
components  could be introduced to cover small and 
large-sized engines without body-in-white 
modifications. In addition, it seems possible to 
introduce new propulsion concepts that can 
incorporate higher component weights (batteries, 
hydrogen storage), without major structural 
modifications being necessary. A door component, 
the side impact intrusion bar, was investigated for a 
pressurized side member application. Fig. 15 shows 
three different designs. 
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Figure 15: Design studies for side impact intrusion 
beams. 

Design 1:  Design 2: Design 3: 

Main deployment directions 

The extension rate, which describes the rate between 
the deformed and undeformed cross-section shapes, 
came to approximately 250%, 100%, and 300%. The 
weight was reduced by 25%. 

Figure 16: Door beam deformed/undeformed 

 

As regards safety aspects, there was an urgent need to 
have the main direction of deployment directed 
outward from the car, e.g. Design 1 (Fig. 15).  

In the first development stage, the door beam was 
designed to fulfill FMVSS214 requirements without 
pressurizing. Using the tube of the gas generator as a 
load-carrying component, the load level increased by 
about 7.5 kN to 12 kN.  

All undeployed designs fulfilled the FMVSS214 
static requirements (Fig. 17). 

If, in addition, there was pre-crash activation of the 
intrusion bar, which the static standard test procedure 
does not seem to exclude, the mean load level would 
rise by 6 kN.  

 

 

 

Figure 17: FMVSS214 static pole test 

 

IIHS has been assessed in tests and simulations. It 
was becoming obvious that FMVSS and IIHS 
requirements can be achieved with reduced weight. 
Having lateral pre-crash sensing available, the 
intrusion velocity of the inner door trim was reduced 
by over 20%. 

It has been demonstrated that the technology provides 
safety and weight benefits. To transfer the technology 
to a commercial application, however, a number of 
challenges first need to be met (Fig. 18). Knowing 
that the maximum benefits will be achieved for pre-
crash applications, lateral sensing has to be 
established. In addition, optimized jointing, handling, 
and assembly concepts have to be developed. On the 
supplier side, there is an urgent need to come up with 
additional cost and weight reductions for gas 
generators. 

Figure 18: Assessment of pressurized door 
components 
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SUMMARY 

The purpose of the Experimental Safety Vehicle ESF 
2009 is to illustrate new approaches aimed at 
improving vehicle safety. Some new, as yet 
unpublished approaches were selected for this. A 
solid foundation comes from using information on the 
traffic environment that is as precise and reliable as 
possible. Recording information using sensor beams 
and the networking of vehicles with the help of new 
communication technologies should yield further 
support measures in the future that will help avoid or 
reduce the severity of accidents. 

Further milestones on the way to our vision of 
accident-free driving will be achieved by using 
innovative light technologies to improve the 
perception reliability of other road users, and also by 
improving the discernibility of the vehicle itself, 
particularly from the side. 

Along the way, exploiting information about an 
imminent, unavoidable collision offers further 
potential for occupant and partner safety. An 
important component in this area is the use of the 
PRE-PULSE mechanism to distribute the collision 
energy over several impulses. 

The extended coverage of the area between the 
occupants to protect against occupant interactions and 
the adaptability of the size and absorption capacity of 
the airbag have not been discussed in this paper, but 
both play an important role in accident protection in 
the ESF 2009. 

The ESF 2009 offers an in-depth look at current 
development projects relating to vehicle safety at 
Mercedes-Benz. To an extent, it therefore also 
represents a risk for the company. However, it is 
important that experts should have the chance to 
discuss important new, and, in certain cases, 
unconventional ways of improving safety, and then 
develop them systematically. 

The features of the ESF 2009 are intended to provide 
just such an opportunity. 
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ABSTRACT 

 

Under full frontal crash events, major factors affecting 

occupant injury are crash pulse severity, restraint 

system, and vehicle occupant packaging space. The 

crash pulse severity represents the total performance of 

collision energy absorbed by vehicle structure during 

the crash event. The pulse severity also has a close 

relationship with the energy absorbed by restraint 

system out of the occupant’s total kinetic energy 

induced by crash event. The capacity of energy 

absorption by restraint system is affected by the vehicle 

occupant packaging space. Thus, it is important to 

perform both restraint system and packaging space 

optimization simultaneously to manage the energy 

transfer under given severity of crash pulse. 

In this study, severity function is defined to represent 

the regression curve of resultant energy absorbed by 

occupant, based on G-D curve and occupant packaging 

space. To build the regression curve, US NCAP top 

rated vehicles were analyzed and the relation between 

crash pulse severity and severity function is derived for 

various vehicle grades. Based on the result, target 

requirements of crash pulse severity and severity 

function are determined to satisfy occupant safety 

performance goals. This methodology is very useful to 

evaluate the crashworthiness performance of vehicle 

body design concept efficiently at early development 

stage. 

 

INTRODUCTION 

 

Under the condition of full frontal crash events, major 

factors affecting occupant injury are crash pulse 

severity, restraint system, and vehicle occupant 

packaging space. 

Since crash pulse that is shown as a type of 

deceleration represents crash performance of vehicle 

body, the vehicle crash pulse plays an important role to 

understand and analyze behavior of the vehicle 

structure during the crash event. 

The vehicle crash pulse is usually measured at the rear 

sill, near the vehicle CG, or near occupant seat, and this 

pulse data is often used to assess the severity of crash 

event. Many technologies have developed to predict the 

severity in a view of occupant injury risk from the data 

itself. 

In general, the vehicle crash pulse represents the total 

performance of collision energy absorbed by vehicle 

structure during the crash event. Those have foundation 

on the factors having close relation with the energy 

management absorbed by the structure. 

So, several studies have been made on the 

characterization of vehicle crash pulse which affects   

occupant response. [1-5] 

Recently, theoretical studies on the pulse severity 

which affects occupant response have been developed 

using SDOF (single-degree-of-freedom) mass-spring 

systems which characterizes restraint system as a 

simple linear elastic spring model which consists of 

acceleration versus displacement of dummy. [3] 

In this study, we defined severity function as a type of 

mathematical equation through linear curve fitting 

about net energy absorbed by occupant. Developed 

severity function is based on G-D curve and vehicle 

occupant packaging space. To build the regression 

curve, this study analyzes top-rated vehicle in US 
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NCAP and derives the relation between vehicle crash 

pulse severity and severity function for various grades 

of vehicles. Using the result, we will find target 

requirements of severity for crash pulse to satisfy 

occupant safety performance goals. 

 

SEVERITY FUNCTION 

 

The kinetic energy of an occupant during a vehicle 

crash is transformed into work in deforming the 

restraint system and vehicle structure.  

Even if restraint systems in the vehicle were same, 

different the vehicle crash pulse severity or occupant 

energy absorption space results in a different occupant 

injury. 

In order to guarantee same occupant injury 

performance, much more restraint space is required for 

the vehicle which has higher crash pulse severity. 

RTE(ResTraint Energy) is used to evaluate the crash 

pulse severity in this study. Also, we introduce the 

concept of Severity Function. Severity Function contains 

RTE and layout parameter of occupant packaging as its 

independent variable. Using this Severity Function, this 

study derives interrelation from these two independent 

variables. The relationship between RTE and occupant 

injury has been presented in previous research. [5] 

Severity Function is an integral in regression curve of 

occupant chest acceleration-displacement.  

SF(Severity Function) can be represented as like  

 

S

F
MCTFMCTFSSF

g

gg ×−−×=
2

1
)10[(),,(

    (1) 

 

In Figure 1, MCT is a maximum chest travel, S is the 

slope during elastic restraining, and Fg is an average 

acceleration during plastic restraining stage. 
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Figure 1. SF (Severity Function) 

DERIVATION OF SEVERITY FUNCTION-RTE 

RELATIONSHIP 

 

First of all, we analyze top-rated vehicles in US 

NCAP so as to find the relationship between RTE and 

SF. Table 1 shows linear regression relationship 

derived by analyzing test data for various grades of 

vehicles. 

 

Table 1. The relationship of SF and RTE 

Linear Regression
Correlation

Coefficient

Vehicle

Class

0.85

0.82

0.80 0.65Y = 0.0048X + 18.790Compact car

0.57Y = 0.0059X + 18.597SUV

0.67Y = 0.0049X + 15.347Midsize car

R-squaredEquation

Linear Regression
Correlation

Coefficient

Vehicle

Class

0.85

0.82

0.80 0.65Y = 0.0048X + 18.790Compact car

0.57Y = 0.0059X + 18.597SUV

0.67Y = 0.0049X + 15.347Midsize car

R-squaredEquation
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(c) 

 

Figure 2. The relationship of SF and RTE for 

various vehicle grades. ( (a) compact car, (b) 

midsize car, (c) SUV) 
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DERIVATION OF CS-RTE RELATIONSHIP 

 

As for occupant package, CS is an horizontal distance 

between steering wheel center and occupant chest skin. 

It is affected by MCT. CS is defined in Equation 2. 

A reference point and variable used to described the 

driver package as shown in Figure 3. All analysis was 

performed in two dimensions (side view). A is the 

horizontal distance between chest acceleration sensor 

and chest skin, B means the distance between chest 

acceleration sensor and steering wheel center when 

dummy reaches its maximum travel range with respect 

to the vehicle. C is a space obtained by column 

collapsing along a vehicle moving direction and C can 

be obtained by column setup angle and collapsed 

length along column axis. 

 

)( CABMCTCS +−+=          (2) 
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Figure 3. Dimensions in occupant package layout 

 

Substituting Equation 2 for Table 1, we obtain 

interrelation between Severity Function and RTE as 

shown in Table 2. S and Fg are major variables in these 

interrelation and obtained by averaging test data. 

 

Table 2. The relationship with CS and RTE 

CS-RTE Relationship

Average

ValueVehicle

Class

RTE=0.1824*CS-0.854038.00.30Compact car

RTE=0.2142*CS+2.781836.30.28SUV

RTE=0.1813*CS-3.420937.00.27Midsize car

Fg

[G]

S

[G/mm]

CS-RTE Relationship

Average

ValueVehicle

Class

RTE=0.1824*CS-0.854038.00.30Compact car

RTE=0.2142*CS+2.781836.30.28SUV

RTE=0.1813*CS-3.420937.00.27Midsize car

Fg

[G]

S

[G/mm]

 

Based on this result, target requirements of RTE and 

CS are determined so as to satisfy occupant safety 

performance goal as shown in Figure 4 and the 

following information can be drawn: 

In order to improve performance in US NCAP 

1) A Minimum requirement of CS when we know 

RTE about a specific vehicle.  

 

2) A Maximum limit of RTE when CS is fixed. Here, 

CS and RTE concern an occupant package layout 

condition and an energy absorbing efficiency of 

vehicle respectively.  
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Figure 4. Requirement for occupant safety 

performance satisfaction (ex. Midsize car) 

 

If CS is lower than its minimum requirement under 

given RTE, space to restrain occupant is insufficient. 

Excessive RTE results in increasing MCT and it can 

cause direct contact between chest and steering wheel. 

Moreover, to change a specification of the restraint 

system cannot solve these problems, since altering 

system specification has a possibility to increasing Fg 

in many case. 

Figure 5 describes these phenomena. 
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Figure 5. Effect of CS and RTE (S : 0.27) 
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DERIVATION OF BELT ANGLE(θ)-RTE 

RELATIONSHIP 

 

One of many layout factors in occupant package,  

“belt angle(θ)” represents a horizontal distance from 

contact location between shoulder belt and upper torso 

to D-ring contact location as shown in Figure 6. This 

affects initial restraint efficiency of occupant. 
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Figure 6. Dimensions in occupant package layout 

 

In Figure 6, F is an inertial force of dummy upper 

torso and represented by dummy upper torso mass(m) 

and acceleration(a). T is tensile strength on shoulder 

belt, Shoulder belt length between D-ring and contact 

point on dummy upper increases from L to L+∆L. 

Standard Restraint Stiffness (K) is derived from 

Equation 3 and chest G-D Curve of test vehicles where 

belt setup location can be checked. 
 

)(

)))((2 0

LL

XLCosLK
maF

∆+

+∆
==

θ

        (3) 

LXLCosLSinL −++=∆
2

0

2

0 ))(())(( θθ  
 

Interrelation between S and belt angle(θ) is obtained 

by Equation 3 and K. Finally, substituting this 

interrelation for Table 1, we obtain Table 3 as follows 
 

Table 3. The Relationship of Belt angle(θ) and RTE  

Belt Angle(θθθθ)-RTE Relationship

Average

ValueVehicle

Class

RTE=-0.0034*θθθθ2+0.0457*θθθθ+52.88438.0245Compact car

RTE=-0.0039*θθθθ2+0.0526*θθθθ+68.31936.3286SUV

RTE=-0.0033*θθθθ2+0.0449*θθθθ+50.93137.0252Midsize car

Fg

[G]

MCT

[mm]

Belt Angle(θθθθ)-RTE Relationship

Average

ValueVehicle

Class

RTE=-0.0034*θθθθ2+0.0457*θθθθ+52.88438.0245Compact car

RTE=-0.0039*θθθθ2+0.0526*θθθθ+68.31936.3286SUV

RTE=-0.0033*θθθθ2+0.0449*θθθθ+50.93137.0252Midsize car

Fg

[G]

MCT

[mm]

 

Based on this result, target requirements of RTE and 

belt angle are determined so as to satisfy occupant 

safety performance goal as shown in Figure 7 and the 

following information can be drawn: 

 

1) A Maximum limit of belt angle when we know 

RTE about a specific vehicle.  

 

2) A Maximum limit of RTE when belt angle is fixed. 
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Figure 7. Requirement for occupant safety 

performance satisfaction (ex. midsize car) 

 

If belt angle can not be guaranteed under given RTE, 

space to restrain occupant is insufficient by increasing. 

Excessive RTE results in increasing MCT and it can 

cause direct contact between chest and steering wheel 

because of MCT increasing. As mentioned, in many 

case we cannot solve this problems only by replacing 

or changing the specification of the restraint system. 

Figure 8 describes these phenomena. 
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Figure 8. Effect of MCT and RTE (S : 0.27) 
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INITIAL CONCEPTUAL EVALUTION PROCESS 

 

Up to now, we found the interrelation between SF and 

RTE and we proposed requirement conditions of each 

layout factor and RTE in order to satisfy occupant 

safety performance goal.  

Based on this result, we set an initial conceptual 

evaluation process as shown in Figure 9. This process 

enables to evaluate crashworthiness performance for 

various grades of vehicles at early development stage.  
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Figure 9. Initial conceptual evaluation process 

 

When the occupant safety performance goal is set in 

the initial stage of vehicle development process, we can 

evaluate whether that is satisfied or not through given 

RTE, SF, and layout factors.  

If given conditions be unable to satisfy performance 

target, vehicle developers improve layout and vehicle 

structure by analytical and practical method. 

This study makes an initial conceptual evaluation 

sheet about each grade of vehicle in Figure 10. This 

sheet represents overall relationship among RTE, CS 

and belt angle and guides each requirement to satisfy 

performance target. This sheet helps vehicle developers 

to evaluate their vehicle.  
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Figure 10. Initial conceptual evaluation sheet 

 

CONCLUSIONS 

 

In order to derive guideline about vehicle structure 

crash property and occupant package layout, this study 

analyzed top-rated vehicle in US NCAP. 

Based on proposed severity function which depends 

on RTE and layout factors of occupant package, this 

study obtained results as follows 

 

1) Through severity function, we find relationship 

among package space, belt angle, and RTE. Using 

these relationship, we suggest design guideline so as to 

achieve better safety performance in front NCAP  

 

2) We propose the initial conceptual evaluation 

process in order to evaluate crashworthiness 

performance at early development stage.  

 

We need to expand for additional layout parameter 

and have to construct data base about more vehicles. 

These data base can help vehicle designer to evaluate 

and obtain their required performance at early 

development stage.  

In further study, we have a plan to analyze crash 

performance based on chest deformation for NEW 

NCAP. 
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ABSTRACT 
 

It is well known that a CAB (Curtain Airbag) is one 
of the most effective restraint systems for protecting 
the occupant head from a side impact crash or 
preventing the occupant from ejection during a 
rollover accident. One of the most fundamental 
requirements for a CAB is to ensure a robust 
deployment. Specifically, a CAB should be deployed 
and positioned well in time without being trapped by 
any interior parts. Up to now, the deployment 
performance has been evaluated by measuring the 
fully-deployed time, which has limitation in that it is 
difficult to clearly discriminate performance 
differences resulting from design parameter changes.  
 
The main purpose of this study is to develop a new 
methodology for evaluating the CAB deployment 
performance quantitatively and defining 
corresponding metrics representative of the 
deployment performance. For this, two test methods 
focusing on either the local or the global 
characteristics were developed in the present 
investigation. The first was designed to directly 
measure the deployment force exerted on the specific 
area by measuring the tension force acting on a 
webbing material using the load cell. The second was 
devised to show the overall profile of the deployment 
force and to measure the time history of total force 
by calculating the sum of inertial and elastic forces 
applied to a series of spring-bar impact systems. 
Afterward, several tests were carried out by each 
method in order to evaluate their repeatability and 

reproducibility. In addition, the tests were performed 
for several different CAB designs to evaluate 
discrimination capability of each test method. From 
this study, it was found out that the proposed test 
methods and corresponding metrics can be 
effectively used for evaluating the deployment 
performance of CAB’s. It is also expected that the 
methodology can be applied to optimize design 
parameters of CAB’s for the robust deployment 
performance. 
 

INTRODUCTION 
 
A CAB is the device that is generally equipped 
between the headliner and the side roof panel in a 
vehicle, and is to protect the occupant head from a 
side impact crash or to prevent the occupant from 
ejection during a rollover accident. As the 
importance of safety in side impact crashes and 
rollover accident is increasingly emphasized, 
NTHSA released the upgrade of FMVSS214 so as to 
encourage car makers to install CABs and SABs 
(Side Airbag) in their vehicles. Also, the cars with  
CABs as standard features are continuously 
increasing all over the world. Thus, it is most 
important to ensure the robust performance of a CAB.  
 
The performance of a CAB can be generally 
evaluated by deployment performance and energy 
absorbing capability in case of an occupant head 
impact. The former one is a prior requirement which 
means the ability to be deployed and positioned well 
in time without being trapped by any interior parts.  
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Figure 1. The deployment of CAB and 
malfunction of a CAB hung on pillar trim. 
 
However, in some cases the deployment time is 
delayed, the cushion moves unstable or it cannot 
fully deployed by the interference of neighboring 
interior parts such as pillar trims, headliner and so on. 
Figure 1 shows a typical problematic case where the 
CAB cushion is hung on the top of B-PLR Trim. The 
main factors to cause these abnormal behaviors are 
deformation of body panel from impact, low 
deployment force of cushion and structural 
inadequacy between the CAB and interior parts. 
Among these three factors, the deployment force can 
represent the characteristics of CAB itself and 
deployment performance. 
 
Up to now, some researches have tried to calculate 
the deployment force by measuring the internal 
pressure or analyzed the stress distribution for 
checking the structural integrity of cushion using 
numerical simulations[1~3]. In addition, when the 
CAB is abnormally deployed in static deployment or 
barrier tests we solved these problems by just 
changing the structural factor of adjacent trim parts 
and then conducting the static deployment test for 
verification of the improved performance. However, 
this action is not sufficient to judge whether only 
such modification is enough or any other process 
should be applied like increasing the mass flow rate 
of the inflator for improvement. Also, it takes so long 
time and costs much to change the mold for interior 
parts by trial and error. Consequently, a method to 
evaluate the CAB deployment force quantitatively 
which may lead to a stable deployment is essentially 
required. 
In this paper, two test methods measuring CAB 
deployment force focusing on either the local or the 
global characteristics are proposed. The first was 
verified by testing 20 different CAB designs and 
analyzing test data from the aspect of 3 design 
factors. Two distinctively different CAB designs are 
used to assess the second method finding out the 
deploying profile, force and energy. Finally, the 
merits of two methods are compared and summarized.  

LOCAL EVALUATION METHOD OF CAB 
DEPLOYMENT FORCE 
 
The Device and Test Method 
 
The CAB deployment force mainly acts downward 
against resisting force from the headliner, the pillar 
trim and the body panel. The test device, shown in 
Figure 2, is designed to directly measure this force 
exerted on the webbing that a load cell is attached. It 
would be better to measure the deploying force in 
every location along a CAB. However, only the 
forces at the location around the B-PLR trim were 
measured. 

 

 
Figure 2. The schematic diagram of deployment 
force measuring device and the test. 
 
The Metrics of a CAB Deployment Force 
 
The maximum and average deployment forces, 
shown in Figure 3, are defined as metrics which can 
represent the deploying characteristics well and have 
good repeatability and reproducibility with the 
device’s simplicity.  
 

  
Figure 3. The standard of maximum and average 
deployment force. 
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The maximum deployment force is defined as the 
peak value within 20ms after a CAB is triggered, 
and the average deployment force is defined as the 
value which the impulse is divided by the 
corresponding time interval until the force reaches 
the maximum value. The definitions of maximum 
and average forces are expressed by the equations: 

max _ max            { } (0 20 ) (1).FF Max F t ms= ≤ ≤

_ max

0
_ max

1            (2).Ft

avg
F

F Fdt
t

= ∫
where _ maxFt  is the time when F is at its peak value. 

Three tests were conducted for each CAB design, 
and the average was determined as the representative 
value. 
 
Tests and the Results 
 
The tests for measuring deployment forces for 20 
kinds of CAB designs were carried out in order to 
evaluate their repeatability and reproducibility. The 
CAB modules were classified according to three 
factors, more specifically the location of inflator (gas 
injection nozzle), inflator type and vehicle segment. 
These factors can interact one another, but were 
chosen because they have major effect on CAB 
design concept and performance. 
 
There are two kinds of center and rear module CABs 
according to the location of inflator shown in Figure 
4. The former one has its gas injection nozzle in the 
middle of cushion and the latter one has it at the rear 
end. Their deployment test results are shown in 
Table 1, where the center module CAB is superior to 
rear module CAB by 64.5% in terms of average 
deployment forces. It is due to the close location of 
gas injection to the B-PLR Trim, and this shows that 
a center module CAB is more effective in its 
deploying capability by opening the headliner more 
quickly and forcefully.  
 
The inflators used in CAB’s are generally divided 
into two classes, the hybrid type using the 
compressed gas and pyrotechnic techniques, the 
stored gas type using only the compressed gas 
technique (usually He and/or Ar are filled). 

Figure 4. Center and rear module CAB. 

The latter one is also called Cold Gas Inflator 
because of low temperature of injected gas. It can be 
meaningless to compare one with the other without 
considering parameters such as capacity, size and 
geometry of nozzle, mass flow rate, and so on. Thus, 
two kinds of CAB’s having a similar cushion 
volume are used for this test. In Table 2, it can be 
noticed that a CAB with the stored gas type inflator 
has a higher deployment force by 19.1% in average 
value, and this can be also figured out from tank test 
curve of inflator. 
 
The relation between vehicle segments and their 
required force level for ensuring the stable 
deployment of CAB was investigated. Since the size 
of cushion and the capacity of inflator tend to be in 
proportion to that of vehicle’s layout, CABs are 
classified into three groups, namely, vehicles under 
C segment, over D segment and SUV(including 
CUV). The average value of each group is shown in 
Table 3. The maximum and average forces of SUV  
 

Table 4. 
Comparison of deployment force according to 

inflator location 

The location 
of inflator 

Max. 
Deployment 

force(N) 

Avg. 
Deployment 

force(N) 
Center Module 2672.5(117.0%) 1251.9(164.5%)
Rear Module 2283.8(100%) 761.0(100%) 

 
Table 5. 

Comparison of deployment force according to 
inflator type 

Inflator type
Max. 

Deployment 
force(N) 

Avg. 
Deployment 

force(N) 
HYBRID 2378.5 (100%) 855.7 (100%) 

STORED GAS 2414.6(101.5%) 1019.4(119.1%)
 

Table 6. 
Comparison of deployment force according to 

vehicle segment 

Vehicle 
segment 

Max. 
Deployment 

force(N) 

Avg. 
Deployment 

force(N) 
Under C  2140.5(100.0%) 776.1(101.8%)

Over D 2497.4(116.7%) 762.4(100.0%)
CUV, SUV 2561.3(119.7%) 1151.0(151.0%)
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are greater than that of under C segment vehicle by 
19.7% and 51.0% respectively. From these test 
results, it can be seen that the bigger the vehicle size 
is, the stronger the deployment force is required 
because the larger protection area of a CAB cushion 
needs the more powerful inflator. 
 
GLOBAL EVALUATION METHOD OF CAB 
DEPLOYMENT FORCE 
 
The Device and Test Method 
 
It is not easy to directly measure the deployment 
force of a CAB during deployment because its 
cushion moves so fast and gets the reaction from the 
sensing equipment. A device that could measure the 
force indirectly by calculating the sum of inertia and 
elastic forces from the acceleration of a mass and 
deformation of a spring moved by the cushion was 
designed.  
The deployment force measuring system shown in 
Figure 6 consists of 22 units of spring-bar impact 
device shown in Figure 5 along the longitudinal 
direction of a CAB. Each spring-bar impact device 
was equipped with two movable LM-GUIDEs 
(linear motion guides) standing vertically on the 
bottom plate, so that an impact bar could move up 
and down by the deploying force of the CAB 
cushion. A wire spring which passed over a pulley at 
the top of LM-GUIDEs was connected between the 
 

 
Figure 5. A unit of spring-bar impact device 

 
Figure 6. The global deployment force measuring 
system. 

bar and the bottom plate to measure the elastic force. 
To calculate the acceleration of the bar from its 
displacement, a reference tape with the resolution of 
1 inch was attached on the side of LM-GUIDE. The 
displacement was measured every 3ms from an 
analysis of film taken by using a high speed camera, 
and the acceleration was calculated by 
differentiating the displacement twice using the 
central difference method. Afterward, the 
displacement and acceleration obtained from this 
method were compared with those measured from a 
potentiometer and an accelerometer to ensure 
repeatability and reproducibility. 
 
The Metrics of a CAB Deployment Force 
 
The total deployment force of a CAB was calculated 
from the summation of the inertial and elastic forces 
applied to a series of spring-bar impact devices. This 
dynamic system is governed by the equation: 

)()(               
..

xkxmF ×+×=            (3). 

where m : mass of moving part of a unit 
k : spring constant of wire spring 
x : deformation(displacement) of wire spring 

 
The term of elastic force is the sum of spring forces 
of 22 spring-bar impact devices and is plotted in 
green color in Figure 7(b). The time history of every 
unit’s displacement in Figure 7(a) shows the overall 
profile of a CAB, which can provide us with the 
deploying profile as well. 
 

Figure 7. The deploying profile and force by 
global evaluation method. 

The deployment force of a CAB from inertia and elastic force
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The inertial force plotted in blue in Figure 7(b) was 
generated by the CAB deployment. From the test 
result in Figure 7, it can be noticed that the inertial 
force was the major component of the total 
deployment force.  
 
Tests and the Analysis of Results 
 
Two kinds of CABs were used in the tests with the 
interior parts equipped or not equipped. One was the 
CAB of D segment sedan of which the gas injector 
was located in the rear, and the other was that of 
CUV of which the injector was located in the middle.  
The test results were investigated in the aspect of 
deploying configuration (displacement), force and 
energy. The deployment force calculated in every 
position of LM-GUIDE along CAB was divided into 
4 or 5 sections (Front, B-Pillar, Middle1-2 and Rear) 
shown in Figure 8, and each section was evaluated 
separately and compared with one another. 

The Deploying Configuration of Center and 
Rear Module CABs – The displacement of each 
measuring point along the CAB was interpolated 
every 3ms in Figure 9. Figure 9(a) and 9(b) represent 
the results of the rear module CAB and center 
module CAB, respectively. Figure 9(a) shows that 
there was comparatively slow deployment in the 
region of (c) due to an inactive chamber of cushion 
behind the B-PLR Trim. The cushion of rear part (d) 
deployed faster than the other parts. This 
characteristic was related to the location of the gas 
injector and cushion shape, and could be 
discriminated clearly by comparing this with that of 
center module CAB in Figure 9(b). The fastest 
deployment velocity occurred in the region of (d)  

 

 
Figure 8. The regional classification of the rear 
and center module CAB and the location of LM-
GUIDEs. 

which was just in rear of the gas injector and had an 
active cushion chamber. The results also denote that 
the region (a) and (d) of the center module CAB 
where the occupant head’s impact on uniformly 
reached their full displacement at 30ms, while that of 
the rear module CAB had the disparity of about 
10~50%. This phenomenon could be also seen in a 
high speed film of deploying CAB just in empty 
space, but it did not show a distinct difference along 
a CAB. 

The Regional Deployment Force along CAB –
The deployment force in each region of CAB was 
analyzed. The result in Figure 10 clearly 
distinguishes the characteristic of two different CAB 
designs. The regional force deviation of the rear 
module CAB was much bigger than that of the 
center module. Especially the difference of 
maximum force between the region of (a)Front and 
(b)Rear in the rear module CAB is about 200N. 
There was also a time delay of 7ms in Front part (a) 
than in rear part (d) in terms of the time when the 
deployment force reached its peak value. But the 
center module CAB had comparatively similar 
maximum deployment force and peak force in every 
region. 
 

 
Figure 9. The comparison of deploying profile 
according to the location of gas injector. 



 

Kim 6 

 
Figure 10. The comparison of regional 
deployment force. 

 
The Deploying Energy in Each Region of CAB 

–The deployment test of the rear module CAB was 
carried out in a vehicle with interior parts equipped, 
and their results are shown in Figure 11. The 
deploying configuration in Figure 12(a) apparently 
shows two superior speeds near the region of (a) and 
(d) in comparison to Figure 9(a) although they were 
the test results of the same kind of CAB module. It 
seems that the interior parts had a deteriorating 
effect on the deployment of CAB, especially in front 
position of (a), rear position of (b) and (d) where the 
trim parts and headliner were coupled. The 
deploying energy of region (d) shown in Figure 
12(b) rose fast, but finally that of region (a) reached 
twice the peak value of (d) within 30ms when the 
CAB was fully deployed. The energy level of each 
part along a CAB could easily estimated from this 
analysis. 
 
CONCLUSION 
 
In the present investigation, two different test 
methods were developed in order to evaluate the 
CAB deployment performance quantitatively. The 
first was designed to directly measure the 
deployment force on the specific area by measuring 
the tension force on a webbing material. From the  

 
Figure 11. The deployment test in vehicle 
equipped with interior parts. 
 

 
Figure 12. The deploying energy in each region in 
vehicle with the interior parts equipped. 
 
test results of 20 different CAB designs, it could be 
noticed that this test method showed good 
repeatability and reproducibility with appropriate 
discrimination capability for the CAB design factors. 
Also, a specification for CAB deployment force 
could be established by using this testing method for 
ensuring a robust deployment performance. 
The second was designed to show the deploying 
profile along a CAB and to calculate overall 
deployment force and energy indirectly from the 
cushion’s displacement. Also, this method helped 
compare the partial distribution of deployment force 
and energy along a CAB.  
From the test results of two different CAB designs, it 
was found that the method could be effectively used 
to discriminate the deployment performance of 
CABs. In particular, it was shown that the deploying 
performance of a center module CAB was more 
stable than that of a rear module CAB.  
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ABSTRACT  
 
World wide social developments towards 
Mega-Cities, define future tasks for automotive 
safety systems. Advanced driver Assistance systems 
in combination with new preventive safety systems 
offer great potential for mitigating accidents, 
reducing accident severity and increasing occupant 
protection. Traffic in Mega-Cities is characterised 
by a much higher degree in complexity and 
dramatically reduced observation time. Thus, 
automotive safety systems have to face much faster 
decision requirements compared to present day 
cruse control systems. Hence, the capability to 
assess and perceive the actual driving situation in 
complex traffic situations is the key enabler for 
future vehicle comfort- and safety systems. The 
symbiotic exploitation of the electromagnetic 
spectrum by means of Radar- and optical sensors 
like Scanner and Vision sensors allows the 
comprehensive and precise detection even at adverse 
conditions. The article describes possible 
approaches. 
 
1. INTRODUCTION  
 
With the introduction of the first brake assist 
function and it´s logical next step the emergency 
braking system (e.g. PRE-SAFE Brake® in the 
Mercedes-S-Class) it became obvious that 
environmental perception is the key technology to 
pave the ground for a new era of safety functions. A 
combination of near- and far range radars was fused 
to provide the required environmental information.  
The next step towards integrated safety was 
introduced with enhancement of our Pre-Safe Brake 
function with Pre-Crash capability in the new 
E-Calls in 2009. Based on the environmental  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
perception of two short range radars, the Pre-Safe 
occupant protection means are triggered in case of a  
critical object approach [1]. Up to now, assistance 
functions on the market concentrate on the use of  
one single sensor technology like ultra-sonic-, radar- 
fixed beam lidar-sensors and mono-vision. Sensor 
fusion enhances the information of one single sensor 
technology, as e.g. long range radar and near range 
radars for collision mitigation, to a level which 
enables the function tasks. This is sufficient for 
functions which operate in clear driving situations 
e.g. highways and/or have to perform moderate 
actions like distance control.  
Future comfort- and especially safety functions will 
more and more address urban regions with dense 
traffic and therefore have to perform more complex 
tasks in more complex traffic environments. Thus, 
the near and mid range distance of the vehicles 
environment will become more important along with 
a wider lateral observation horizon in order to cover 
e.g. crossing scenarios or classical pre-crash 
situations ind driving direction as well as side-crash 
situations. This imposes challenging requirements 
for the environmental sensing, since it translates into 
dramatically shrinking time scales in terms of 
observation horizons and reaction times compared to 
classical ACC and collision mitigation functions of 
today.  
Hence, a much faster up-date rate combined with 
more detailed and precise information about the 
traffic environment in terms of localisation and 
object type is mandatory to allow for a reliable 
situation assessment. This can be achieved over a 
two way strategy. First, enhance the sensing 
performance of each environmental sensor 
technology in terms of higher spatial resolution 
towards wide field of view image like properties. 
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One approach could be the introduction of imaging 
capabilities to Radars. Add classification knowledge 
as one perception aid to the sensor information. 
Second, synergetic exploitation of the 
electromagnetic spectrum by fusion of different 
physical sensor technologies, like Radar, Camera or 
Lidar. 
More sophisticated optical sensors like scanning 
Lidar and Stereo-Vision sensors have made a great 
stride ahead to meet vehicle relevant maturity and 
packaging constraints, which will make employment 
in vehicle systems very likely in the near future.  
 
 
2. SENSORS  
 
Radar sensors have long been the leading edge in 
vehicular remote sensing. They determine highly 
precise distance information and provide 
instantaneously the corresponding target/object - 
velocity at nearly all environmental conditions. State 
of the art radars operate in multi mode covering long 
and short range distances in one sensor. One field for 
optimization of todays Radars is the limited field of 
view along with limited angular resolution, which 
limits the precision of the target/object localization.  
Recent developments in short range radar 
technology overcome these limitations and are very 
promising candidates also for side crash scenarios as 
introduced in section 3. Up to now radars suffer from 
limited classification capability. On research level, 
imaging radar approaches are investigated, which 
definitely will close these present performance gaps 
to make radar an utmost device [2]. The potential is 
described in section 4.  
Advances in scanning Lidar technology make it an 
interesting candidate for remote sensing, which 
offers excellent spatial information along with an 
extremely wide field of view starting from ±45° up 
to ±120° and cover ranges from 0 up to 200 m. 
Recent filter development on the supplier side has 
enabled velocity information to be provided nearly 
simultaneously to the spatial information. Since 
Lidar is an optical sensor, it suffers like vision 
systems from a limited all weather capability. 
However, the high end Lidar versions e.g. from 
Hella KGaA Hueck & Co, have considerably 
improved even in this area. The high information 
density allows much better object localisation 
including dimension and orientation information of 
the objects. As long as no classification information 
is required, they could operate as the ideal tandem 
arrangement to a radar. A very prominent example is 
described in section 5 for crossing scenarios where a 
very fast wide field of view and very precise object 
localisation is required to allow for pre-crash 
detection.  

Vision systems add those information, which cannot 
easiliy or even never be provided by Radar or Lidar 
systems. Such as classification information 
lane-prediction, traffic sign recognition or 
classification of pedestrians, cylist, vehicle-type etc. . 
Thus, depending on the safety or comfort function to 
be realized, vision is the necessary supplement to 
both Lidar and Radar. Some approaches are 
described in section 6. 
 
3. FUSION CONCEPT FOR SIDE CRASH 
SENSING 
 
Viewing the last years, active and passive car safety 
systems have improved considerably. A lot of active 
driver assistance systems that support the driver are 
available on the market. These systems help to 
reduce the risk of accidents, but in some cases an 
accident is unavoidable. In these situations passive 
safety systems, like pre-crash systems [3;4], protect 
the passengers by activating restraint systems, e.g. 
reversible belt pretensioners [5]. 
 
Radar, LIDAR or camera sensors provide the basis 
for these applications. By now, most of these safety 
systems have a benefit in detecting front- and rear 
accidents. Figure 1 shows that front- and 
rear-accidents make up only 45% of all accidents 
causes. To protect the passengers in the 55% not 
covered by front- and rear sensors, another sensing 
scheme, possibly up to 360°, is necessary. 
 

 
 
Figure 1. Accident impact angle statistics [8]. 
 
The importance for 360°-sensing shows up among 
others in EURO- and US-NCAP crash tests (see 
figure 2), which are based on crash statistics and 
cover the most usual accidents, including side 
crashes (car to side and pole impact). Although the 
severity of these accidents is reduced by passive 
safety structures, the passengers will benefit from 
electronic safety systems, which mitigate the 
consequences of the crash even more. Using a 
360°-sensing method, not only the behaviour in 
crash tests, but the overall performance for real life 
safety [6] can be improved. 
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Figure 2. Example of European (EURO-NCAP) 
and United States (US-NCAP) side impact crash 
tests [9]. 
 
Sensor setup 
 
To cover all accident causes, as shown in figure 1, a 
sensing method has to be incorporated to observe the 
car’s entire environment. This can only be achieved 
by either a lot of sensors, or as pursued in this 
approach, a few sensors with a wide field of view. In 
addition to that, the sensors must work reliably in all 
weather conditions like rain, fog or snow. Weather 
conditions are still a problem for optical sensors like 
camera and LIDAR, whereas radar sensors can cope 
with bad weather conditions quite good. Until today, 
the field of view of automotive radar sensors is 
typically up to 80°, which is better than that of 
common cameras, but not sufficient for sensing 
more than just a small part of the car’s surrounding. 
As radar technology advances and sensors get 
cheaper and better, radar sensors with a field of view 
of 150° and a range up to 60 m are becoming 
achievable. Suitable sensors, fulfilling the 
requirements for automotive side- or 360°-sensing 
are the multi-beam radar sensors provided by Valeo, 
which will be used here. To perceive the 
environment of the car, 4 of these multi-beam radar 
sensors are used. They are mounted on the corners of 
the car and placed invisibly behind the bumper. The 
surveillance region of the sensors is show in figure 3. 
With this sensor setup the environmental sensing of 
both car sides is possible by using only 4 sensors that 
cover mostly the entire car environment. Although 
not addressed here, other applications, e.g. front- 
and rear pre-crash, lane change support, and blind 
spot monitoring, are also addressable with this setup. 
 

 
 
Figure FSZ3. Experimental setup of a test car 
using four multi-beam radar sensors. 
 
 
Subsequently a suitable pre-processing technique, 
the multi-sensor fusion and the performance of this 
sensor setup will be shown. 
 
Pre-Processing 
 
The target detection list of each sensor is traversing a 
pre-processing algorithm before being incorporated 
in the main multi-sensor fusion. 
 
Each sensor has seven beams where up to three 
beams have overlapping detection areas. Thus, such 
a multi-beam radar sensor may detect targets with 
larger radar cross sections in more than one beam. 
One way to cope with this, while still using a 
one-to-one data association algorithm, is to integrate 
the data sequentially (beam by beam) in the 
multi-sensor fusion. Another approach, which is 
taken here, is to pre-process the data to reduce the 
number of computations necessary in the fusion 
process. The pre-processing algorithm is shown in 
Figure 4. 
 

 

Sens Sens

Sens Sens
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Figure 4.  Multi-beam radar sensor signal 
pre-processing. 
 
The first step in fusing the multi-beam target 
detection list is finding target-to-target associations 
with a nearest neighbour algorithm. The next step 
involves the building of association clusters [see 
JPDA clustering]. An association cluster contains all 
detections that have associations in common, e.g. 
Target 1+2, Target 2+3 � Cluster Target 1+2+3. 
With this information at hand the target list is then 
fused, hereby reducing the measurement errors of 
targets sharing multiple detections. Using this 
technique, the overall target count is reduced as well. 
An example of the outcome of the algorithm is 
shown in figure 5. Targets are pictured by rectangles, 
the measurement accuracy is shown by the 
3�-ellipses, and detections of different beams can 
be distinguished by colours. The resulting target 
with smaller covariance is shown using a dotted line. 

 
 
Figure 5. Example of a target which is detected 
by three beams. Beams are plotted using colours 
as seen in figure 3; the fused target is plotted 
using a dotted line. 

 
The pre-processed data is then integrated into the 
multi-sensor fusion described in the next section. 
 
Multi-sensor fusion 
 
The multi-sensor fusion is realized using a 
multi-sensor multi-target tracking with the common 
technique of Kalman filtering. Figure 6 shows the 
sequence of the fusion process. 
 
 
 

 
 
Figure 6. Multi-sensor fusion method for 
360°-sensing. 
 
The pre-processed target list data is integrated 
sequentially as follows. The track states of the 
system are predicted to the current measurement 
interval. Using the calibration data of the sensors, 
the new sensor measurements can be mapped to the 
car’s coordinate system and vice versa. This way a 
measurement-to-track association is made and the 
measurement update of the Kalman filter is 
calculated. In this approach an extended Kalman 
filter is used for the estimation process, the 
measurement vector consists of the entries range, 
bearing and Doppler velocity. The Doppler 
information, the direct measuring of target speed 
which is a benefit of radar sensors, is used to 
initialize the state of the tracks [7]. This technique 
avoids wrong associations that result from the great 
velocity uncertainty if only position measurements 
where used. Filter settling times are also reduced, 
hereby improving the overall performance of the 
estimation process. 
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Triggering restraint systems 
 
The demo vehicle, used to verify the algorithm’s 
performance, has active seat belt pretensioners, but 
other actuators could be used as well. The actuators 
will be triggered just before an imminent crash is 
detected to reduce the severity of the accident. The 
position and velocity information of the estimated 
tracks is used to calculate a time to collision (TTC), 
and the point of impact (POI). In this approach a 
propagation of the covariance in time and space is 
performed, resulting in time (�TTC) and space 
(�POI) probabilities. The fused radar object list 
serves as input to this detection module, which is 
subsequently used to trigger restraint systems (see 
figure 7). 
 

 
 
Figure 7. Decision algorithm for triggering 
restraint systems based on a fused radar object 
list. 
 
Testing the algorithm with non-destructive tests is 
quite demanding, as own ship vehicle and target 
motion is highly dynamic. For testing the 
360°-sensing capability of the presented system, a 
test facility on proving ground will be put into 
operation soon. By using this setup, predictable and 
repeatable test data will be gained and overall 
system performance in these challenging situations 
can be evaluated. 
Side crash sensing is being deduced by the ever 
increasing safety functions in cars. New generation 
of radar sensors provide wider field of views, which 
are necessary for 360°-sensing, as well as further 
driver assistance systems. The packaging for 
automotive use is easy, because the sensors can be 
mounted invisibly behind the bumpers. The 
pre-processing of multi-beam radars reduces the 
demands on computation time and improves sensor 
accuracy. The multi-sensor fusion approach shown 
here is suitable for side-sensing, but is independent 
of the application. 

 
 
Figure 8. Demo vehicle (Mercedes S-Class) with 
grill guard 
 

 
 
Figure 9. Example of an impact detection. The 
object is approaching the demo vehicle at an 
angle of approximately 60°. 
 
 
It can be generalized to support front- and 
rear-precrash functionality and thus provides the 
basis for an automotive 360°-surveillance for a new 
generation of car safety functions. 
 
 
4. Imaging Radar potential 
 
Due to a variety of important advantages radar 
sensors have become common in driver assistance 
systems for about a decade. E. g., the robust 
performance even under poor weather conditions 
like fog or rain. Beyond these aspects, in contrast to 
lidar and camera sensors radar sensors can measure 
radial velocity towards the ego vehicle directly by 
the evaluation of the Doppler shift of the reflected 
electromagnetic wave. Another competitive edge of 
radar sensors is the measurement accuracy of the 
distance to other objects in a traffic scene. It can be 

Covariance propagation 
 

Detection module 
 

Fused radar object list 
 

Trigger restraint systems 
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determined more accurately by radar than by stereo 
cameras, especially at mid to large distances and 
vehicle relevant stereo bases. These aspects are 
summarized in table 1. 
 

Table 1. 
Comparison of automotive sensor systems 

 

 video radar 
radar 

(scanning
) 

lidar 
(scanning) 

distance 
resolution 

- + + + 

azimuth 
resolution 

+ - O + 

velocity 
measureme

nt 
- + + - 

weather 
robustness 

- + + - 

 
Although radar sensors are commonly used in series 
vehicles for Adaptive Cruise Control (ACC), there is 
still demand for optimization. The determination of 
distance and velocity of other non-stationary 
vehicles is precise enough for the basic functionality 
of ACC. 
However, former radar sensing technology had its 
limitations concerning ACC applications. A crucial 
point for the distinction of relevant stationary 
objects in the lane (e. g. at the end of a traffic jam) 
from irrelevant objects like traffic signs is the robust 
recognition of the oncoming lane course. Moreover, 
stationary objects have to be perceived separately 
from the road boundaries. This could not be 
achieved robustly by former radar sensors due to 
their comparatively low field of view and low 
resolution of the azimuth angle. Consequently 
present ACC systems only react on moving targets 
or stationary targets that have been seen in motion 
before. 
On the other hand, there are radar-based driver 
assistance systems reacting on stationary targets as 
well. In the case of a possible collision with a 
stationary obstacle these systems warn the driver 
and e. g. activate the belt pretensioner. As soon as 
the collision becomes inevitable, the vehicle brakes 
autonomously and so mitigates the oncoming 
collision. 
The inclusion of stationary obstacles in ACC 
functionality and the precise determination of the 
point after which a collision with a stationary 
obstacle gets inevitable are two examples for the 
importance of improvement of radar measurement 
accuracy. Autonomous breaking reactions as a 

severe intervention into the guidance of a vehicle 
may only be initialized when the driver does not 
have the chance to avoid the collision by steering 
any more 
 

 
 
Figure 10.  Relation between estimated obstacle 
width and the point to be used for initializing 
autonomous braking actions. 
 
Figure 10 shows the relation between the lateral 
offset a vehicle has to build up for 
collision-avoidance with an obstacle and the last 
point at which the driver has the chance to avoid a 
collision by steering.  
Not only the requirement of accurate measurements 
of single objects for collision mitigation systems 
leads to the need for enhanced sensor performance. 
The transfer of driver assistance systems’ 
functionality from simple highway scenarios to 
highly complex urban scenarios in the typical 
Megacity of the 21st century requires the robust 
perception of highly complex traffic situations. 
Robust means availability of service even under 
adverse weather conditions as well as highly precise 
localization of objects. For this reason, perception 
performance of radar sensors have to be further 
optimized. Radar may also benefit from vision 
systems and their better azimuth resolution. Object 
classification information, if required, can also be 
provided by camera systems. However, vision 
usually suffers from poor robustness under bad 
weather or backlighting conditions. Research 
activities investigate the fusion benefit (see section 
5). Therefore, new radar approaches are the key. 
Whereas former radar systems only registered single 
points of reflections from the environment, imaging 
radar systems now provide a detailed image of the 
environment. Providing angular resolutions of about 
1° they are already installed in series-production 
vehicles. Figure 11 shows an image from a 
mass-produced imaging radar sensor as the 
representation of a traffic scene. The new degree of 
detail leads to new chances and challenges in 
processing radar data. Research activities are trying 
to evaluate the performance of image processing 
algorithms used for the processing of radar images. 
In this connection, radar-specific characteristics 
have to be accounted for. E. g. the noisy raw data 
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from imaging radar 

 

 
 
Figure 11. Image from an imaging radar sensor 
(red bordered area: long range radar, green 
bordered area: short range radar). The three 
vehicles and the lane boundaries (above) are 
clearly to be seen in the radar image (bottom). 
Integrating raw data over time or evaluating the 
Doppler shift of moving objects are only two 
possibilities to increase perception robustness. 
 
sensors can be integrated over time, leading to an 
improved signal to noise ratio as sown in fig. 12. The 
radar image on the left (middle) shows the raw radar 
image of the scene (top) with a significant amount of 
noise. The radar image on the right (middle) is 
integrated over time. Here, the image from 
preceding measurements is weighted with 0.9 and 
the current measurement with 0.1, leading to 
significant noise reduction. As a consequence, this 
step can increase the robustness of following radar 
image processing steps. After a following Prewitt 
edge detection size and position of the two vehicles 
in front of the ego vehicle can be seen more clearly 
in the integrated image compared to the raw data 
image (bottom). The picture also shows radar 
sensors’ capability to perceive vehicles hidden by 
others. Whereas the car in front of the nearest car can 
hardly be seen in the video picture (top), 

 
 

 
 

 
 
Figure 12.  Images from an imaging radar sensor 
without (left) and with (right) integrating raw 
data over time before (middle) and after (bottom) 
the application of a Prewitt edge detection 
algorithm. 
 
it can clearly be seen in the radar image 
(middle/Bottom). 
Another radar-typical benefit besides direct velocity 
measurement is the height determination of targets. 
The height of targets may be determined from the 
evaluation of the radar cross section (RCS) value 
over time (see fig. 13) [11]. There are also 
approaches trying to distinguish artificial from 
natural objects by evaluating polarisation 
differences of radar reflections [11]. 
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Figure 13.  Waves emitted by continuous wave 
radar sensors lead to a typical, height-dependent 
interference pattern. The height-dependency 
may be used to distinguish relevant obstacles 
with low height from higher located irrelevant 
objects like traffic signs [11]. 
 

 
Figure 14.  Three-dimensional statement of 
measurement data in lateral and longitudinal 
position and speed (here on the vertical axis) [10]. 
Including height information would provide a 
forth dimension for segmentation. 
 
In a nutshell, treating data from imaging radar comes 
with its own challenges and chances. The most 
important challenge is the still comparatively bad 
angular resolution of 1°, usually. On the other hand, 
the directly measured radial velocity of targets (see 
fig. 14) and the determination of target height 
provide new dimensions for segmentation and object 
separation. Object classification strategies may be 
supported by evaluating polarisation differences of 
the reflections. 
The increased necessity for computational power by 
new signal processing algorithms will be 
compensated by Moore’s law – falling prices for 
computational power will help to achieve the aim of 
improved perceiving performance for future driver 
assistance systems. 
 
 
5. Fusion of Laserscanner and Short Range 
Radars for Pre-Crash detection 
 
Scanning laser devices emit laser pulses bound to 

fixed angle steps. Reflected by objects in the 
environment they generate distance measurement 
points using time-of-flight calculation. Because 
angle steps range from few degrees to a fractional 
amount of a degree, respectively, a multitude of 
reflections originates from a real world object, what 
leads to complex environmental scans showing the 
contours of real objects. Figure 15 shows an 
example. Large parts of the truck are simply not 
visible to the radar sensors (bigger circles), whereas 
the laser scanner perceives its dimensions (small 
dots). The ability to perceive object geometries 
together with a high measuring accuracy in position 
and a large field of view makes the laser scanner a 
profoundly appropriate device in a perception 
system  utilized in complex environments like 
intersections and inner city areas. 
 

 
 
Figure 15.  Environmental scan example. Single 
laser echos are shown as dots, the bigger circles 
represent radar targets. 
  
Nevertheless, laser scanners as well as other optical 
sensors are sensitive to pollutions and bad weather 
conditions like heavy rain, snow or fog. A 
combination with radar sensors can provide support 
in order to make the complete system more robust. 
Another advantage of radar sensors is the capability 
to measure velocities directly whereas for laser 
scanner data the velocity information has to be 
derived from changes in position.  With a skilful 
sensor data fusion the advantages of both sensor 
types can be combined to achieve a precise 
estimation of position and dynamics parameters of 
surrounding objects enhanced with dimension 
information with preferably short delay.  
Depending on the used sensors and the requirements 
on the application, data fusion can be realized on 
different levels. Thereby, it is distinguished between  
signal level, target level (=midlevel) and object level 
fusion. In case of laser scanner in combination with 
radar sensors the different sensor principles exclude 
a fusion on raw data level due to missing 
correlations between single laser reflections and 
radar echos. Fusing on target level systematically 
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combines the advantages of each sensor that is, on 
the one hand, the precise position estimation 
provided by the laser scanner, and, on the other 
hand , the velocity estimation provided by the radar 
sensors.  
 

 
 
Figure 16.  Target level fusion architecture 
 
Figure 16 gives an overview of the system 
architecture. Data capturing is followed by a 
preprocessing step for each sensor separately. For 
the radar sensors preprocessing is the target 
formation from different echos. The preprocessing 
of raw laser scan data includes the segmentation of 
the point clouds followed by the feature extraction 
from the several segments. 
Segmentation is performed using a grid-based 
approach. The design of the (radial) segmentation 
grid is based on the measurement principle of the 
scanner. Cell size increases with the distance to the 
scanner and the absolute value of the angle [12] [13]. 
In a first step, all scan points are projected onto the 
grid. In a second step adjacent occupied grid cells 
are melted together to form a segment. 
A feature extraction step reduces the amount of data 
and generates object hypotheses that comprise 
information about position, orientation and 
dimension. The calculation of possible occlusions 
and the extraction of further segment describing 
features like convexity, compactness, aspect ratio, 
etc. are tackled in this processing stage as well. 
Laser and radar targets are combined within a 
measurement vector fusion. For object tracking and 
object formation well-known Kalman-Filter 
techniques are used [14]. If measurements of both 
sensor types are within the gate of a predicted object 
a fused measurement updates the existing track. The 
property of the laser scanner to detect expanded 
objects necessitates investigation in special cases in 
the fusion step. If radar targets are located within a 
segment box, but far away from the reference point, 
the measurement vectors of both sensors are not 
fused in order to avoid high jitter in object tracking. 
Nevertheless, the information about the object being 
detected by the radar sensor at all, is not discarded, 
but can be used for object validation, afterwards. 
Within the framework of APALACI (Advanced 
Pre-crash and LongitudinAl Collision mitigation), a 

subproject of the European Integrated Project 
PReVENT, an application that recognizes frontal 
collisions with stationary objects was developed 
based on the described architecture [12]. During the 
project a host vehicle was equipped with sensors, 
actuators and processing hardware to run the 
application in real-time (see Figure 17). The laser 
scanner has been mounted below the number plate 
covered by a black plastic faceplate that is 
transparent for the emission wavelength, thus it 
integrates into the car’s design. In case an 
unavoidable collision is detected to happen within 
the next 200 ms the system triggers reversible belt 
pretensioner which bring the passenger into an 
upright position. 
 

 
 
Figure 17. Experimental vehicle  
 
The application has been validated in complex crash 
and non-crash scenarios conducted at a test site with 
foam cubes and cylinders as obstacles. The scenarios 
comprise factual and near missed collisions with 
stationary objects at different velocities, in curves, 
with deceleration, sudden lane changes and lane 
changes of a leading vehicle obstructing the sight to 
the obstacle. In total, the results were a false alarm 
rate of 1.1% (1 out of 95 test runs) and a missed 
alarm rate of 6.9% (7 out of 102 test runs). For a 
complete description of the test catalogue and a 
discussion of the results we refer to [13]. 
Furthermore, the application was tested in normal 
traffic on highways, rural roads and in urban areas. 
All in all, a distance of 1600 km was covered facing 
adverse weather conditions like rain, fog as well as 
different driving situations like rush hour, traffic jam 
and stop-and-go. No false alarms occurred during 
these tests.  
Ongoing research investigates in refining and further 
improving the sensor data processing and fusion 
methods in order to provide advanced driver 
assistance functionality especially with regard to 
more complex and dynamic environments. Today’s 
assistance and safety functions have to work in a 
very restrictive way in order not to risk severe false 
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alarms due to driver acceptability and product 
liability reasons [15]. Therefore, the development of 
algorithms for environmental perception aims at 
detecting impending threats both quickly and 
reliably. Providing further information about 
surrounding objects in excess of position and 
velocity like dimensions and possible occlusions 
helps to classify objects and facilitates situation 
analysis. 
 

 
 
Figure 18. Sample data captured at an intersection 
and processing output. Red boxes represent 
confirmed tracked objects (stationary and moving)  
 
 
Figure 18 shows results of object formation by 
means of a sample scene captured in city traffic. 
Object dimensions and orientations are calculated 
from laser segments and filtered over time. A small 
line at the object’s middle point corresponds to the 
velocity vector, thus marking a moving object. The 
process of deriving good object state estimates from 
laser data can further be improved by a fusion with 
radar data. Laser objects form a region of interest 
where to look for radar targets. If radar targets are 
available, the (relative) velocity can be initialized 
directly with the Doppler information.  
 
 
6. Sensor Fusion of Radar or Lidar with 
Mono-Vision for Pre-Crash detection  
 
6.1 Sensor Setup, Alignment and Preprocessing 
Future driver assistance functions will perform fully 
autonomous interventions like automatic emergency 
braking or the triggering of occupant restraint 
systems even before the crash happens. In 
comparison to today’s assistance functions, an 
increased degree of certainty is required for the 
environment perception subsystem in the object 
state estimation domain and - even more important - 
in the object existence and classification domain. 
One way to achieve this reliability is the fusion of 

multiple sensor data. In this context, a fusion system 
overview with ranging sensors and a monocular 
video camera is presented. For the ranging sensor 
part, radar and lidar are exchangeable. A 
requirement for each sensor fusion setup is a spatial 
and temporal sensor alignment. A hardware 
synchronisation of both sensors was chosen, as it is 
the optimal choice with respect to inter-sensor data 
association and computation time aspects. However, 
all future serial sensors intended for sensor fusion 
systems must provide any mechanism for temporal 
alignment, whether it is an external measurement 
trigger signal input or the generation of timestamps 
in relation to an external master clock in free running 
mode. The spatial alignment is computed with novel 
calibration procedures published in [16].  
 

 
 
Figure 19 Sensorfusion with Radar and Video. The 
ranging data is associated with the image and 
measurements from both sensors are used for target 
tracking (right).    
 
Using this alignment, the signal processing stage 
first projects the lidar or radar measurements into the 
image domain. The image regions containing an 
echo are further processed with a cascaded Boosting 
classifier based on Haar-like features [17]. This 
detection strategy combines the longitudinal 
position accuracy of the ranging sensors with the 
lateral position accuracy and the object classification 
performance of the video sensor. Beside these state 
refinements, a cross-validation of detections from 
both sensors increases the reliability of the 
environment model. In comparison to usual ranging 
sensor based systems, the presented sensor setup is 
not limited to moving objects. 
 

 
 
Figure 20 Sensor mounting positions 
 
 
 
6.2 Sensor Fusion Algorithm 
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The sensor independent fusion framework has a 
kernel-based design. The independent sensor 
modules deliver their measurements to the fusion 
system using their own measurement frequency. 
Each sensor module uses the same interface to the 
fusion module consisting of measurement vector z, 
corresponding uncertainties P and sensory existence 
measurements ps. The fusion system uses the JIPDA 
method [18],[19],[20] for estimation of state and 
existence based on these measurements. Therefore, 
any optimization for the sensor setup is made in the 
sensor specific part of the models and the fusion 
kernel is completely sensor independent. The 
framework implementation comprises a complete 
existence probability based track management 
module, state and existence tracking. Furthermore, 
track splitting and merging can also be realized in 
the central track management module. Sensor 
modules need to provide measurements and have to 
implement a possibility to create and initialize new 
tracks according to the decisions of the fusion 
framework. 
 

 
 
Figure 21 Lidar-Video sensor fusion: The Lidar 
echoes (top right) are projected into the image 
domain (top left). The image processing (cyan 
boxes) classifies objects as vehicles. Even 
non-moving vehicles can be tracked in distances up 
to 100 meters (bottom). 
 
 
 
7. Conclusion 
 
Introducing the PRE-SAFE Brake preventive 
protection system in the S-Class 2002, launched a 
system that for the first time employed the critical 
assessment of a vehicle´s driving dynamic state  
prior a propable impact for activating reversible 
safety counter measures. In 2009, the system has 
been enhanced in the new E-Class by the capability 
of the vehicle to monitor its near range environment 

to detect very likely collisions. This is the first step 
into real Pre-Crash situations and hence a great 
stride ahead towards urban area relevant safety 
functions. Further more effort is needed to fully 
exploit the potential of safety functions for dense 
traffic like f.e. Mega Cities. The paper has outlined 
that radar sensors will continue to be the 
key-technology and backbone of future safety 
functions. Especially Imaging Radar capabilities and 
intelligent fusion techniques will enhance the power 
of radar based safety systems. Assisted by optical 
sensor technologies, environmental sensing will be 
prepared to pave the ground for the safety needs in 
the future. 
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ABSTRACT 
 
The number of functionalities, sensors and control 
units in modern vehicles is increasing permanently. 
In spite of this, the OEMs aim to minimize these 
numbers to reduce complexity, effort and cost. 
Thus it is very important to find the most suitable 
E/E-architecture jointly with the OEM in order to 
cope with these challenges. Furthermore, the re-
partitioning of content in the safety domain offers 
great opportunities for the OEM.  
First of all, it can reduce the overall costs, since the 
trend towards increasing active and passive safety 
systems offers synergies of components and 
functions: 
Driven by legislation, the installation rates of safety 
features like ESP® will rise significantly in some 
regions. Together with the fact that airbag systems 
in the triad markets have a take rate of almost 
100% it is clear that there will be high potential in 
developing cost effective E/E-architectures. 
Consequently two main steps are necessary to cope 
with these challenges: The first step is finding a 
suitable integration concept for inertial sensors on 
the vehicle architecture level. The second step is 
cost optimization by using maximum synergies or 
high-integration concepts. 
Beyond cost reduction, the current functionality 
can be improved since the inertial sensors are 
directly connected on the same PCB-board with the 
airbag-algorithm controller in some integration 
concepts. This gives the possibility to feed the 
airbag-algorithm with inertial sensor data like for 
example the yaw rate. This yaw rate can be used in 
a yaw rate based airbag algorithm to further 
improve the performance.  
This paper gives an overview about the 
architectures and functions, discusses the pros and 
cons of the different concepts and gives an outlook 
for future systems. 
 
 
 
INTRODUCTION 
 
Approximately 40,000 people are still killed every 
year in the European Union [1]. Also in North 
America the number of traffic fatalities is too high. 
In 2001, the European Commission has stated the 
goal to achieve a 50% reduction of the traffic 

fatalities by 2010. By end of 2007 a significant 
reduction of 24.6% has been reached [2]. This is a 
clear progress, but without further increase of effort, 
the goal of 50% will not be achieved.  
Important means to realize higher safety in public 
transport are the introduction of active and passive 
safety systems into the passenger cars. As passive 
safety systems we understand systems which 
reduce the consequences of an accident. Injuries 
will be reduced in severity and fatalities partly 
avoided, e.g., by use of safety belts and airbags. 
Active safety systems, however, mitigate the crash 
severity or even avoid the crash by stabilizing the 
vehicle in critical situations, shorten the braking 
distance, and avoid skidding, e.g., by electronic 
stability program (ESP®).  
These safety functions are proven to be helpful to 
increase safety in the vehicle. However, they 
increase the number of electronic control units in 
the vehicle and therefore increase complexity and 
cost.  
For more than ten years, new vehicles are equipped 
with passive safety as standard equipment in 
Germany. Together with the very high acceptance 
of the most important passive safety device - the 
safety belt - these systems have achieved a very 
high distribution in road traffic. As a consequence, 
the number of traffic fatalities has been 
significantly reduced, together with other factors by 
more than 32%, in spite of an increased mileage per 
person. The high market penetration of passive 
safety systems in Germany and Europe is due to 
legislation as well as to the work of consumer test 
organizations.  
Active safety functions are far less abundant in the 
vehicles on the road. However, also these systems 
are beginning to gain effectiveness through higher 
take rates due to legislation (e.g., in the U.S. for 
newly released vehicles from 2012) and consumer 
test organizations (e.g., EURO-NCAP, safety 
rating) 
 
 
 
Safety functions and E/E architecture of the 
vehicle  
 
The introduction of additional safety systems into 
the vehicle increases the number of electronic 
control units and therfore also weight, energy 



consumption, complexity, and costs. Safety 
functions will develop high effectiveness when 
they are introduced as standard equipment. In this 
case an optimized solution with respect to cost, 
weight, and energy is needed.  
Analyzing the possibilities of architecture 
development reveals that the optimization of the 
E/E-architecture can mean that the current borders 
between active and passive safety have to be 
eliminated. Some improvements and cost 
reductions can only be realized if active and 
passive safety systems are merged to a safety 
domain in the passenger car. 
In consequence, three different E/E-architectures 
are currently developed as optimized vehicle 
architectures in respect to integration of the inertial 
sensors for vehicle dynamics control. Today these 
sensors are ideally mounted close to the center of 
gravity. The three different integration approaches 
are:  
• Integration into the brake control unit: ESP®i 
• Integration into airbag control unit: ABplus 
• Integration into a domain control unit with 

functional extensions: (DCU) 
 
The three architecture variants offer characteristic 
advantages in respect to cost, weight, packaging 
and energy consumption, as well as possible sensor 
synergies, raising the question: Which of the 
solutions is the best one? As so often, the answer is 
not a simple and general one. Therefore an analysis 
of the systems with pros and cons is given below, 
providing a basis for making the correct decision in 
specific projects. 
 
Architecture Variants 
 
     ESP®i 
 
The ESP®i control unit is a standard ESP® control 
unit with integrated inertial sensors. This means 
that the sensors which are usually mounted 
separately in the central ESP®-Sensor cluster are 
now integrated in the ESP® control unit, located 
directly at the hydro aggregate. Therefore, the 
separate ESP® sensor cluster can be omitted. Since 
in the ESP®i architecture no connection to another 
system is necessary, it is an independent system.  
An ESP®i system usually covers the base functions 
like ESP®, hill hold control (HHC) and hill 
descend control (HDC).  
 
     ABplus  
 
An ABplus control unit offers all functionalities 
with respect to state of the art crash sensing for 
passive safety: front, side, and rear crash detection. 
Furthermore, rollover detection, precrash 
functionality and pedestrian protection can be 
realized optionally. As described recently [3], the 

E
h
 

Figure 1: Overview of integration concepts for 
inertial sensor cluster function. ESP®i and 
ABplus mean integration into another existing 

lectronic Control Unit (ECU), DCU allows for 
igh flexibility in functional extension. 
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inertial sensors for vehicle dynamics control of the 
ESP®-system are additionally integrated into this 
airbag control unit. Usually these sensors are 
located in a separate sensor cluster which is ideally 
mounted on the vehicle tunnel close to the center of 
gravity. With the ABplus approach this additional 
ESP® sensor cluster can be omitted. The integrated 
angular rate and acceleration sensor data are 
broadcasted via CAN interface to the brake ECU. 
The data are used in the brake system to prevent the 
vehicle from instable driving situations. Once the 
interface between the ESP® system and the airbag 
system is established, ESP®-based CAPS 
(combined active and passive safety) functions can 
be realized with a reduced networking effort.  
ABplus is available in a variety of configurations. 
In addition to the standard ABplus version with 
integrated ESP® sensors, ABplus roll offers 
additional sensors for rollover mitigation and 
protection. The configuration ABplus 6D contains 
a complete set of angular rate and acceleration 
sensors for all three dimensions. In addition to 
ESP® and rollover protection, it can also support 
chassis control functions like active damper control. 
 
 
     DCU 
 
The Domain Control Unit (DCU) is a scalable 
central software  and hardware integration platform 
in the vehicle. The functionality can be compared 
with a network server in the computer world. By 
analyzing all vehicle movements with the 
integrated inertial sensors, the DCU is the ideal 
home for all applications with high requirements  
like "Vehicle Motion and Safety" (VMS) and 
"Vehicle Dynamics Management" (VDM).  
A VDM function allowing for steering control on 
the basis of ESP® data can still be calculated by 
the ESP® ECU, but the networking of ESP® with 
damper, chassis and drive train requires more 
computing power which can be provided by the 
DCU. 
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Equipped with a powerful controller, the DCU is 
highly scalable and contains inertial sensors up to 
all three axes. That means low-g acceleration 
sensors as well as angular rate sensors. The system 
is also capable of integrating redundant sensors if 
required. Additionally, a DCU can also include the 
typical high-g acceleration sensors and angular rate 
sensors used for passive safety.  
To measure the vehicle motion, the optimum 
position of the DCU is close to the center of gravity 
of the vehicle right on the vehicles transmission 
tunnel.  
In the case of integrated passive safety sensors, the 
DCU is connected via PSI5 interfaces to the airbag 
control unit which does not contain sensors 
anymore. The relevant sensor values for the 
occupant safety function are sent by the DCU. 
Since the airbag control unit has no internal sensors 
left, the mounting requirements about fixation, 
orientation and geometry are reduced. 
Consequently there is no need for a special 
mechanical transfer function from the fixation 
points via housing and PCB to the sensor element. 
With this, the airbag control unit does not 
necessarily have to be located on the tunnel, but 
can be mounted at any position within the 
passenger compartment where the space is less 
limited. 
 
 
Drivers for selection of optimum architecture 
 
    Market view 
 
Three different solutions are available to be 
selected as E/E architecture of the vehicle. As the 
requirements and the decision of the architecture 
depend on the functional requirements it is 
important to analyze the market situation for active 
and passive safety systems. 
Passive safety and its functionality are strongly 
driven by consumer tests and legislation. The status 
is that in Europe, North America and Japan, 
basically all newly released vehicles are equipped 
with standard airbag functionality. Increasing 
number of restraints and control loops is seen with 
increasing vehicle price and standard. The airbag 
system with front crash protection is basic 
functionality. 
Side crash becomes more and more standard in B 
and C segment, whereas roll over protection is 
additionally offered in convertibles and Sport 
Utility Vehicles (SUVs), as well as vehicles of the 
D and E segment.  
The active safety in form of ESP® on the other side 
is currently still not standard equipment even in 
Europe in many vehicles of the A and B segment. 
Starting with the C-segment the take rate of ESP® 
in newly bought vehicles is strongly increasing in 
Europe. In the E and F segment additional driver 

assistance functions extend the functionality of the 
active safety.  
Looking at the vehicle segments, we find that the 
different classes are not equally equipped with the 
safety features of active and passive safety. Starting 
with basic passive safety without active safety we 
find a lot of vehicles in the A and B segment. 
Increasing equipment with active safety in form of 
ESP® and passive safety with side crash protection 
is found in C and D class. In the upper segments 
passive safety and active safety are standard, 
further functions of driver assistance and comfort 
are also extending the functionality of the active 
safety in these passenger cars. 
These relations between active and passive safety 
are quite different in the other important markets of 
the world. Legislation activities and consumer test 
organizations also have influence on the 
distribution and development of the markets. Thus 
the analysis is necessary to be done for the specific 
target of the vehicle as a product. 
 
 
    Functional view 
 
Because of the optimized functionality and the big 
advantage of being an independent system, the 
ESP®i architecture finds its main market volumes 
in the vehicle segments A-C, mainly addressing the 
span from the mini class up to the medium class. 
Especially small vehicles with limited functionality 
and ESP® installation rates below 100% are the 
ideal candidate for ESP®i, since this ESP® system 
is not interacting with other networking partners 
like the passive safety system. 
The ABplus architecture typically has the main 
volumes in medium class vehicles from segment B 
to E, similar to the standard architecture with a 
separate ESP® sensor cluster. This is easy to 
understand since both cover the same technology 

 
 
Figure 2: ESP® installation in major European 
markets (D, F, I, ES, UK) 2006 by car segment – 
optional and standard equipment. Source: 
Bosch figures in installation rates by new car 
registrations. 
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and the technical features are the same, the 
difference in many cases is only the housing.  
An additional main focus for ABplus is in the 
vehicle segment G and H which cover the pick-ups, 
SUVs and vans. Especially in the US these 
segments are often equipped with ABplus since 
ESP® will be mandatory in 2012 and a roll over 
legislation is expected as well. Therefore an 
ABplus roll with standard ESP® and rollover 
mitigation and protection is a smart solution to 
cover the requirement at lowest costs. Since 
ABplus uses the standard technology known from 
the separate sensor cluster the technical risk is also 
very low. Sensors synergies are possible in this 
architecture, where active and passive safety are 
connected and exchange data. 
The DCU provides a fully AUTOSAR compatible 
software integration platform with an enormous 
controller power where a lot of functions can be 
integrated very easily. From damper control over 
active front steering up to a complete domain 
control the DCU offers a lot of opportunities to 
even integrate a lot of customer specific 
AUTOSAR software modules. Therefore it is clear 
that the DCU covers a broad band over the 
segments with main volumes in the D to F segment, 
which range from the upper medium class up to the 
luxury class. 
 
 
 
Introduction of extended functions: Vehicle 
Motion Observer  
 
Besides the trend towards new E/E architectures 
and different hardware/software integration 
concepts, there is a strong drive to integrate inertial 
sensors. Low-g acceleration and roll rate sensors 
around all three axes (so called 6D sensing 
systems) are the enabling technology for new 
powerful features: Based on the acceleration 
signals and roll, pitch and yaw rate the trajectory of 
the vehicle as a rigid body model can be described 
and measured very precisely in space. This gives 
the opportunity to create a so called “Vehicle 
Observer”, an algorithm which calculates important 
parameters of motion. The Vehicle Motion 
Observer (VMO) therefore provides a platform for 
improving and developing innovative functions for 
the domains of safety, agility and comfort. 
Based on theory a motion of a vehicle, which in 
first order can be seen as a rigid body, can be 
described by kinematic and kinetic differential 
equations. With the input values from the 6D 
inertial sensors, the different wheel speeds and the 
steering wheel angle the VMO computes besides 
processed 6D signals a sideslip angle, roll and pitch 
angles as well as different vehicle velocities. 
Additionally other vehicle parameters like the mass 
and information about the driving environment 

(road) and situation is available. Solving the rigid 
body differential equations in combination with 
Kalman-filtering is state-of-the-art for aviation. 
Nevertheless these algorithms are complex and 
need a lot of computational power. Therefore the 
VMO can be easily integrated in a powerful 
computer platform like the Domain Control Unit 
(DCU). Standard estimator algorithms are usually 
model based, this means the tire and vehicle model 
influences the results. The model uncertainties and 
the sensitivity with respect to parameter variation 
limit the accuracy of the estimation especially 
during high dynamic maneuvers the estimation is 
not accurate. The VMO based on the 6D 
computation has the big advantage that the rigid 
body differential equations give an exact kinematic 
relation, so the values can be computed exactly. 
This approach is independent from any vehicle or 
tire model and does not depend on other vehicle 
parameters. Since the VMO calculates instead of 
estimates output values the equation results are 
robust against parameter variation.  
The determination of vehicle ego motion implies 
the computation of vehicle velocities vx, vy, vz, 
sideslip, roll and pitch angle as well as inertial 
sensor signal processing like offset, orientation and 
gravity compensation, filtering and differentiation. 
The improved quality and reliability of the ego 
motion enables new functionality. On the other 
hand the quality of environment recognition 
(banked curves, slopes and friction coefficient) and 
of driving situation (over and under steering) are 
improved compared to conventional estimation 
techniques. Furthermore the vehicle mass and the 
center of gravity can be estimated precisely with 
the VMO. Therefore the VMO enables new and 
more precise functionalities. 
 
 
 
Current crash sensing strategy and potential of 
yaw rate data to increase performance and 
functionality  
 
In a vehicle crash, the activation of restraint 
devices is basically defined by crash type and crash 
severity. Both, the crash type and the crash severity 
to be expected are nowadays evaluated by the 
combined analysis of signals from acceleration, roll 
rate and pressure sensors. In high performance 
systems, surround sensing sensors (e.g. radar) can 
be integrated in the vehicle also providing data for 
the passive safety system.  
The acceleration sensors serve to evaluate the 
acceleration signal waveform and the velocity 
change in the longitudinal and lateral directions. 
With the roll rate information, a prediction of a 
vehicle’s rollover movement can be evaluated. By 
means of the pressure sensors, side crash events 
with deformation of the doors are rapidly 
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recognized and classified. The surround sensing 
system serves to detect relative velocities of 
approaching objects and estimate the time-to-
impact (TTI) as well as the overlap. 
Current sensor configurations and evaluation 
algorithms are designed and applied on the basis of 
typical single crash scenarios. An integral part of 
the corresponding restraint system tests are sepa-
rated into pure front, side and rollover scenarios. In 
general, the total kinetic energy of the vehicle and 
the crash opponent is converted to deformation 
energy due to the linear deceleration. 
The combined observation of linear acceleration 
and yaw rate has so far been of minor importance 
for crash classification. In a real world crash 
situation, however, the combination of the linear 
acceleration and yaw rate changes of the vehicle 
are expected to occur frequently during a crash. 
Typical scenarios with high yaw rate are low 
overlap crashes or non-centered crashes. For these 
crash scenarios, the longitudinal and lateral 
acceleration together with the yaw rate signal 
adequately describe the vehicle movement during 
the crash. Detailed analysis of the data reveals 
crash type and crash severity in real world crash 
situations in terms of impact point and impact 
direction with respect to the vehicle’s center of 
gravity.  
While a full frontal crash may reveal high 
longitudinal deceleration and no yaw rate signal at 
the point of time where activation of restraint 
systems is required, offset crashes of similar 
severity may reveal much lower longitudinal 
deceleration but high alteration of yaw rate close to 
the optimum activation point. 
Today, the integration of a large number of 
restraints (with different levels of requirements for 
deployment decision) allows a better adaptation in 
real world crash scenarios. The application of force 
to the vehicle during the crash has a substantial 
influence on the movement of the vehicle, and 
therefore of the occupant. The activation of the 
various restraints is to be optimized for the relative 
movement of the occupant in a specific crash. This 
especially applies to the case of combined linear 
and alterations of yaw rate. While absolute value 
and duration of linear acceleration defines average 
crash severity, the yaw acceleration defines the 
variation of crash severity within the vehicle. A 
crash impact causing high rotational energy may 
lead to a moderate acceleration close to the 
vehicle’s center of gravity, but a significantly 
higher acceleration value at places with larger 
distance to the vehicle’s center of gravity.  
The yaw rate crash sensor is supposed to play an 
important role in the correct classification of real 
world crash scenarios, where crash adaptive use of 
various restraints may increase the effectiveness of 
the vehicle’s safety system. 
 

CONCLUSIONS 
 
All three architecture variants ABplus, ESP®i and 
DCU are available to improve the E/E-architecture 
in the vehicle. Optimization for cost and weight, 
with optimized conditions for increased safety and 
environmental sustainability is possible.  
Since safety standards are different due to 
regionally determined legislation and market 
situation, as well as the distribution of functional 
requirements in the different vehicle types, a 
complex situation in respect to the requirements in 
current vehicle projects is the consequence. With 
respect to the question of optimum E/E-architecture 
it is clear that a general answer cannot be given.  
The optimum solution can be found, if these 
boundaries and conditions are taken into account. 
Together with the effects on vehicle level, project 
aspects, and organizational implications the E/E-
architecture can be optimized for vehicle types and 
platforms. 
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ABSTACT 
 
Based on certain assumptions, the requirements of 
emergency exits on buses and coaches are specified 
in ECE Regulation No.107. Different accident 
situations, real accidents proved that some of the 
original assumptions are not valid, so it is necessary 
to reformulate them. Accident statistics – contain-
ing some hundreds bus accidents – and in depth 
accident analysis were studied, concentrating on the 
evacuation of buses and the rescue possibilities of 
the bus occupants. Certain results and conclusions 
of evacuation tests are also considered which show 
the capabilities and limitations of different groups 
of passengers (men-women, young or elderly peo-
ple, etc.)  when evacuating the bus through different 
kind of emergency exits. The new assumptions to 
specify the required number and location of emer-
gency exits of buses are based on the following 
perception: the usability of the individual emer-
gency exits are different in different bus categories 
(e.g. low floor city bus, high-decker tourist coach, 
etc.) or even in one category (lower or upper level 
of a double-decker bus) and also in different acci-
dent situations (e.g. frontal collision, rollover, fire, 
etc.) The next step is to specify the “usability” in 
technical, measurable terms. The paper proposes 
four aspects, shortly: to open the exit, to creep 
through the exit, to step/jump down from the bus 
and the possibility of the continuous use of the exit. 
Some possible measures are proposed to these as-
pects. On the basis of these aspects, all the emer-
gency exits may be qualified (good, acceptable, 
poor, not usable) in every bus categories and every 
accident situation. Finally the required number of 
emergency exits (how many good, acceptable exit) 
could be specified which shall be provided for the 
occupants in every essential accident situation.  
 
INTRODUCTION 
 
In the case of an accident situation the passengers 
of a bus have to leave the vehicle as quickly as 
possible. To do that they use every kind of exit 
available for the evacuation. The following exits 
were considered to serve as emergency exits (EE): 
service door; emergency door; door of the driver’s 
cab; side window and rear window designated as 
emergency window; escape hatch and rear wall 
door in case of small buses. The existing require-
ments for the bus EE-s are summarized in the UN-
ECE Regulation 107, (R.107) among a lot of other 

general safety requirements of buses. The EE’s 
requirements are grouped as follows: 

a) required number of EE-s 
b) their location and distribution 
c) the required minimum dimensions 
d) required access to EE-s 
e) technical requirements of their operation. 

These requirements are in force since 30 years and 
during this period only a few, small corrections 
were made to improve them for better understand-
ing. But during this period a lot of experiences were 
collected about the usability of different EE-s and 
some very serious accidents – fire in the bus, many 
injured passengers on board, panic among the pas-
sengers, etc. when the passengers could not evacu-
ate the bus – called the attention to the problems of 
the existing regulation. The need for improving the 
regulation has been raised in different working and 
expert groups of the UN-ECE organization in Ge-
neva. This paper tries to contribute to the discussion 
of this problem, concentrating on the subject groups 
“a” and “b” mentioned above. 
 
PRINCIPLES OF THE EXISTING RE-
QUIREMENTS 
 
When working on the requirements of EE-s in the 
bus regulation – 30 years ago – certain assumptions 
were used as starting points. (It has to be men-
tioned: at that time the experts did not have too 
many information, experience on that field) Of 
course these assumptions are not mentioned in the 
regulation, but their consequences may be recog-
nized: 

• only that accident situation was considered 
when the bus is standing on its wheel. 

• the number of EE-s shall be proportional 
somehow to the passenger capacity of the bus 

• every separated compartment – passenger and 
driver compartment – shall have EE. (This re-
quirement has special importance in articulated 
and double deck buses) 

• the number of EE-s shall be closely the same 
on the two sides of the bus, as well as in the 
front and rear half of the vehicle. 

• all kind of EE-s have the same usability, they 
are equivalent to each other in all emergency 
situations. 
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• a certain EE type (e.g. side window) has the 
same usability in all bus categories (e.g. mini-
bus or the upper part of a double deck bus) 

• a certain EE type (e.g. escape hatch) has the 
same usability in every major accident situa-
tions (e.g. the bus is standing on its wheel or on 
its roof) 

  

 
Figure 1.  General collapse of the superstructure 
in rollover 

At the beginning it was not considered, but later it 
became evident that the EE-s can be used only if 
the bodywork of the bus – at least in the surround-
ings of the EE – is not strongly damaged. The large 
scale structural deformations generally prevent to 
access, to operate and use the EE. Figure 1. gives 
examples about the total collapse of the superstruc-
ture in rollover accidents. These pictures prove that 
in these cases it is meaningless to talk about EE-s. 
Figure 2. shows examples when only one, or just a 
few EE-s can not be used because of strong, local 
structural deformations. 

 

    
Figure 2. Local large-scale deformation of the 
bodywork 

 

ACCIDENT SITUATIONS TO BE CONSID-
ERED 

When improving the requirements of EE-s, some of 
the original principles mentioned above should be 
reconsidered. One of the major issues is the list of 
the major accident situations to be considered, in 
which the EE-s can help, must help in the evacua-
tion of the bus. These are: 

• rollover, considering the possible major 
situations after the accident (until one 
complete rotation), 

• front impact, considering the total or par-
tial impacts, too, 

• side impacts, considering both sides and 
only heavy vehicles as impacting partner 

• rear impact, considering heavy vehicles 
when impacting the full rear wall. 

• fire in the bus, considering different loca-
tions of fire initiation 

• bus in shallow water (not completely sunk) 
• combined accidents (the combination of 

the above said accidents) 
• special accidents. 

Two of these accident situations need particular 
attention. The rollover is the most complex acci-
dent. More final bus positions may occur, but at 
least four basic situations shall be considered. The 
bus stops on its one side, or on the other one, may 
be on its roof or on its wheels. This last situation 
means that the rollover accident contains the basic 
evacuation situation, too, when the bus is just stand-
ing on its wheels. 

The other important accident situation is the fire. 
The fire brings a very important, essential parame-
ter into the evacuation process: the time limitation. 
The fire generates smoke, poisoning gases and heat 
which can block the passengers in the evacuation. It 
is interesting to mention that sometimes the fire is 
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the consequence of a rollover or a frontal collision 
(combined accident situation). In a rollover statis-
tics containing 383 bus rollover accidents, 12 times 
the rollover was followed by a fire and the bus 
completely burned out. Among 256 frontal colli-
sions it happened 14 times. These are very severe 
accidents with extremely high mortality and casu-
alty rate. 

 

 
   

 
Figure 3.  Fire tests with complete bus type 
IK255 

 

Fire tests were carried out in Hungary with three 
complete buses (type IK 255 and IK 415) simulat-
ing five fire sources. Figure 3. shows one test when 
the whole fire propagation process was observed 
and studied with the measurement of temperature 
and some poisoning gas concentration increasing. 
[1] The source of fire was in the closed box of the 
heating device, under the floor. The measured val-
ues (CO, HCl, HCN gas concentrations; tempera-
tures Tfar far from the fire source and Tc close to 
that) are presented on Figure 4. Without detailed 
discussion of the test results it may be said that 
from the first possible observation of the fire, the 
available time for evacuation was in the range of 
200-300 sec. The smoke density was not measured, 
but visually detected by filming it was developed 
very rapidly. The critical values of gas concentra-
tions are marked by a horizontal line on the left side 
of the diagram. The life danger is mainly due to the 
gas and smoke concentration and less to the high 
temperature. 

 
Figure 4.  Increasing of temperature and poison-
ing gas concentrations in the bus fire. 

 

THE USABILITY OF DIFFERENT EMER-
GENCY EXITS 

  

   
Figure 5. Usability of side emergency window 

The assumption that the usability of a certain type 
of EE is the same in every bus categories is not 
true. Figure 5. shows the usability of the side emer-
gency windows in case of double deck (DD) bus 
comparing the upper and lower level passenger 



Matolcsy 4

compartment (after a frontal collision) and also the 
situation on a high (but single) deck (HD) tourist 
coach. The side emergency window is a very useful 
exit in the case of the lower level of a DD bus or on 
low floor buses, but they cannot be used in the case 
of the upper level of a DD bus or on a HD coach. 

The assumption that the usability of a certain type 
of EE is the same in different accident situation is 
also not true. Figure 6. shows some examples. The 
escape hatches are absolutely not usable when the 
bus is laying on its roof. The side emergency win-
dows are well usable (on both side) in this situation 
in large buses, but they are almost useless in small 
buses. For small buses the rear wall door is very 
useful in this case. 

   
 

 

 

 

 

 

 

Figure 6. Usability of escape hatches (?) 

The assumption that all kind of EE-s have the same 
usability (they are equivalent and replaceable) is 
also not valid. Figure 7. gives a very clear argument 
considering and comparing all the possible (and 
required) EE-s on DD coaches, e.g. side windows, 
escape hatches, rear wall window, service door and 
the door of the driver compartment. 

There is one important question to be raised. In the 
existing regulation the windscreen is not considered 
as possible EE. The reason of that is that the wind-
screens are made from laminated glass and there-
fore it is not breakable. But in the last few years a 
very effective new technology has been developed 
and already used by the firemen: to cut the lami-
nated glass with a small (4 kg of mass) electric 
rescue saw. It could be placed in the driver’s com-
partment. (similarly to the fire extinguisher) and if 
necessary, used by the driver. Figure 8. shows ex-
amples, when this device was used after an accident 

by the fire brigade. It can be seen easily that the 
windscreen is one of the best, most usable EE in 
many accident situation, so in the future it should 
be considered. 

 

   
   

 
Figure 7.   Different emergency exits do not have 
the same usability      
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Figure 8. Using the windscreen as emergency 
exit by cutting it. 

The usability could be an important principle when 
reconsidering the EE-s in buses. But from regula-
tory point of view, the usability shall be a quantita-
tive, measurable, objective term (objective as it can 
be). Of course there are many possibilities to do 
that, in the following one method will be shown and 
discussed. 

 

POSSIBLE SPECIFICATION OF USABILITY 

First of all a classification should be set up related 
to the usability of EE-s. The usability could be very 
good, good, acceptable, bad, very bad and unusable. 
This last category is clear, the EE is unusable if in 
the given accident situation the EE cannot be 
opened because the bus is laying on that side, where 
the EE is located. The technical aspects of the clas-
sification could be: 

                        Table 1. Measures of usability       

(1) opening includes: to find the exit, to understand 
its operation and to open it 

(2) considering children, elderly passengers and in-
jured persons, too, following each other in the 
evacuation 

(3) e.g. when the bus is laying on that side where 
the exit is located 

 
 

• Opening of the EE includes the following: 
to find the exit, to approach it, to under-
stand its operation and to open it. 

• Climbing up to EE when use it by a pas-
senger 

• Jumping down from EE (from the bus) 
when use it. 

• Possibility of the continuous use by the 
passengers, following each other, consider-
ing children, elderly people and injured 
persons, too. 

Table 1. summarizes the possible technical parame-
ters of the usability. When proposing this specifica-
tions and figures, certain assumptions were used: 

- Certain, but not well defined positive co-
operation is presumed among the passen-
gers when evacuating the bus. 

- Certain, but not well defined outside help 
is presumed (but not organized, well 
trained help) e.g. given by the driver, or by 
one or two younger, stronger male passen-
gers using first the EE, or by outside peo-
ple being close to the accident. 

- The assigned side-wall emergency win-
dows may be used without the very nega-
tive effect of the sharp, pointed remaining 
parts of the broken window. This negative 
effect can be avoided by not using break-
able side window as emergency exit (there 
are more technical solutions) or clean the 
window frame very carefully (it takes too 
much time) or cover the window frame by 
protective rag, see on Figure 1. (The prob-
lem is that generally the protective rag is 
not near at hand) 

 

RESULTS OF EVACUATION TESTS 

After preparing (1974) and putting into force 
(1976) the EE’s requirements in R.107, some tests 
were made in different countries to check the us-
ability of the EE-s. These test results were not com-
pared, discussed and evaluated together and were 

Usability 

Technical aspect 

 
Very good 

 
Good 

 
Acceptable 

 
Weak 

 
Very weak 

 
Unusable 

Opening (1) done by the 
driver 

simple, easy, 
small effort 
by passenger  

simple, small 
knowledge 
and effort by 
passenger 

considerable 
effort and skill 
is needed by 
passenger  

outside help 
is needed 

Climbing up to the 
exit when use it 

no need no need less than 
[1 m ] 

more than 
[1 m ] 

more than 
[1,5 m ] 

Jumping down from 
the exit when use it 

no need less than 
[1 m ] 

less than 
[1,8 m ] 

less than 
[1,8 m ] 

more than 
[1,8 m ] 

Possibility of 
continues use (2) 

possible, no 
obstacles,  
difficulties 

possible  
with small 
help 

possible 
with inner 
and outside 
help 

possible with 
inside and  
outside help 

not possible 

 
 
In the given
situation 
it is put out 
of action(3) 
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forgotten by the passing time. Now some of them 
will be shown again. 

 
Figure 9. Evacuation test arrangement in Cran-
field. 
 
In UK, Cranfield Inst. Of Technology made a test 
with 100 voluntary elderly people (their average 
age was 73 years) to pass through a simulation of 
side emergency window [2] Figure 9. shows the test 
arrangement. They simulated 3 different width of 
the window (500 mm, 700 mm and 1200 mm) The 
main conclusion was surprising: 44% of the sample 
were unable to exit through the window simulation, 
they refused to make a trial. They did not find dif-
ference between the 500 mm and 700 mm width, 
but the 1200 mm shortened the exit time by 26%. 
They tested the required height of the window, it 
started from 950 mm up to 1400 mm above the 
waistrail. The average evacuation time for one 
passenger (who passed the test was 10 sec (500 mm 
width) and 7 sec (1200 width). It has to be men-
tioned, that the “geometry” of this test arrangement 
was not “realistic”: the inside height of the waistrail 
is generally in the range of 600-800 mm (instead of 
500 mm) and the outside height above the road is in 
the range of 1600-1800 mm (instead of 950 mm) 

Another interesting evacuation test series from UK 
was made in the University of Technology, 
Loughborough [3]. They used existing coach (pas-
senger capacity 53, floor height 1200 mm, waistrail 
height to the floor/road level 750/1860 mm) They 
tested the emergency window (hinged type) and 
emergency door (also hinged type) They repro-
duced and tested also the emergency door and win-
dow with the required minimum dimensions ac-
cording to the regulation. (see Figure 10).  

They performed the test with and without outside 
podium having a height above the ground 600 mm 
for the door and 1200 mm for the window. (see 
Figure 11.) They used three samples of passengers 
differing in age (Group1: 7-15 years; Group 2: 20-
45 years; Group 3: 60-75 years) There were 48 
persons in every group, 50% male/female. The tests 
with podium here are also not realistic. The differ-
ent passenger motions are shown on Figure 11. and 
Figure 12. when there is, or there is no podium. The 

report contains a lot of test results, some interesting, 
characteristics results are given in Table 2, showing 
the evacuation time of 48 passengers.. 

  
Figure 10. Normal and minimum size exits used 
in the Loughborough tests. 

 

 
Figure 11. The tested versions of EE-s with out-
side podium.. 
 

Table 2. Evacuation times 

*   not all the passengers could make the test 
** Group 1 and 3 could not perform this test 

Way of evacuation Group 1 Group 2 Group 3 

Emergency door with 
podium 

Emergency door with-
out podium 

Emergency window 
with podium 

Emergency window 
without podium 

120 sec  

 

210 sec 

 

270 sec 

** 

150 sec 

 

210 sec 

 

330 sec 

540 sec 

240 sec 

 

* 

 

600 sec 

** 
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Figure 12. Leaving the bus without podium Table II. 

 
The ratios between some interesting issues: 
• Male/female in the same age group     1: (1,2-1,5) 
• Faster 12/slower 12 passengers           1: (1,2-1,6) 
• Emergency door/emergency window  1: (2,2-3,5) 

There was a test series carried out in Germany, too 
[4]. Two scheduled service buses and two coaches 
were used in the evacuation test with two kind of 
passenger samples: children aged between 8-10 
years and adults. The vehicles were standing on its 
wheels. When testing emergency windows, outside 
podiums were used. No details about the vehicle 
geometry and passenger capacity. The complete 
measured evacuation times are given in Table 3. 
(all the passengers leaving the bus) Two interesting 
statements from the document: 

- The most dangerous accident situation is: the 
bus is burning while lying on its side. 

- Possible increase of evacuation effectiveness 
needs at least two exit systems (instead of 
one) with increased capacity: when the vehi-
cle is in standing position or lying on its side. 

Table 3. Evacuation times 

(1) 2/3 of the occupants used the rear service door 
(2) Half of the groups left the vehicle 
(3) Braking the window and cleaning an exit hole took 15 sec 
(4) 2/3 of the occupants used the doors 
 

We also made evacuation tests in Hungary, in the 
Research Institute AUTOKUT [1] The used coach 
had a passenger capacity of 45, floor height 940 
mm, waistrail height above the road 1750 mm, 2 
service doors (the rear one was transformed for 
emergency door, too.) Two groups of passengers 
were used: professional, trained firemen, age 20-40 

and adult persons in age 25-45. (15 females and 30 
males) The bus was standing on its wheels, the 
“passengers” knew what to do after the signal 
“fire”, the firemen wore light uniform, and the adult 
persons wore summer clothes without hand bag-
gage. The measured complete evacuation times are 
given in Table 4. 

Table 4. Evacuation times 

Way of evacua-
tion 

Passenger 
group 

Number 
of tests 

Evacuation 
time 

Front service door
Front service door
Real service door 
Two service doors
Rear emergency 
door 
Side emergency 
windows 

firemen 
adults 
adults 
adults 
adults        
 
firemen 

2 
2 
1 
1 
1 
 

1 

25-28 
37-40 

40 
20 
54 

 
10 

 

In this last case the firemen kicked out – in the 
same moment – all the side windows together with 
the rubber mounting on both sides of the bus and 
jumped out trough the empty window frames, see 
Figure 13.  

 

 
      

 
Figure 13. Evacuation tests in Hungary: service 
door and side window    

Service bus Coach Way of evacuation 

children adults children adults 
2 service doors   (SD) (1) 
2 emergency  
windows (SW) (3) 
2 SD + 2 SW 

30 sec 
 
- 
- 

30 sec 
 

52 sec 
15 esc 

40 sec 
 
- 
- 

30 sec 
 

52 sec (2) 
24 sec (4)
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Test was carried out with a 30 years female to break 
the window and leave the bus through the emer-
gency window. The woman was afraid of climbing 
up and jumping through the window which had 
sharp glass fragments on the waistrail, therefore she 
needed help from outside. The measured times for 
one test: 

- Finding and getting the hammer, cracking 
the glass: 15 sec 

- Creating a “free exit” with appropriate size, 
additional: 25 sec 

- Leaving the bus with outside help,  
additional: 50 sec 50 sec 

An interesting evacuation test series were carried 
out in Japan, JAMA [5]. They used a high deck 
coach and tested the use of service door, emergency 
door and emergency side window as EE. The pas-
senger sample was built up from 6 schoolchildren 
(8-12 years) 12 adults (20-28 years) and 6 elderly 
people (66-73 years) Figure 14. shows the test bus 
and the three kinds of tests. The emergency window 
was not a breakable one, but sliding type. If the test 
passengers thought that it is dangerous to jump 
down to the ground either from the emergency door 
(floor height ≈ 1500 mm) or from the emergency 
window (waistrail height 2300 mm) they could use 
an outside podium (1500 mm high). They measured 
the evacuation time of every individual from start-
ing the process (standing up from the seat) to the 
end (being outside, on the ground or on the po-
dium). They repeated the test with every person 
three times. Some results: 

- The evacuation time of one passenger is 
around 10 sec, no considerable difference be-
tween the age groups or between  emergency 
door or window 

- The evacuation time through service door is 
7 sec for children and adults, and 10 sec 
again for elderly people. 

- ¾ of the evacuation time was needed to find 
and get the EE, to understand its operation 
and to open it. 

- At the first trial no one of the children and 
only half of the elderly people could perform 
the test with the emergency door. They could 
not open it. 

 

 

 
Figure 14. The coach used for evacuation tests in 
Japan 

 

EVALUATION OF DIFFERENT EMER-
GENCY EXITS 

Accepting the new assumptions: 

• The usability of the same type of EE could 
be different in different accident situations 
and in different bus categories (or in the 
same category, too) 

• The usability of the different types of EE are 
not equal in different accident situation 

• The usability of one given EE could be dif-
ferent in different accident situations. 

 
Table 5. The bus is standing on its wheels 

The used symbols: 

SD service door SW side-wall emergency window 
ED emergency door RW rear-wall emergency window 
RD rear-wall door EH escape hatch 
DD driver’s cab door WS windscreen 

 
The different types of EE-s in different accident 
situations should be evaluated based on the specifi-
cations proposed in Table 1. Table 5. summarizes 
the usability of different EE-s when the bus is 
standing on its wheels. In case of large, single deck 
buses: 

“low deck” means: waistrail height above the 
road is less than 1,8 m; 

Large, single deck bus Double deck bus Evacuation
through 

Low deck High deck Lower 
deck 

Upper deck

Small bus 

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

very good 

good 

- 

good 

acceptable 

very weak 

weak 

acceptable

very good 

good 

- 

acceptable 

weak 

very weak 

weak 

acceptable 

very good 

- 

- 

good 

- 

- 

weak 

acceptable 

- 

good 

- 

very weak

very weak

very week

- 

very weak 

very good

- 

good 

good 

unusable

acceptable

weak 

- 
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 “high deck” means: waistrail height above the 
road is more than 1,8 m. 

The upper deck of a DD vehicle is rather poor from 
the point of view of EE-s. May be the staircase 
communicating to the lower deck (to service doors) 
may be accepted as a “good” route, but only when 
the vehicle is in standing position. 

   

 
Figure15. The bus in different final positions. 

Table 6. shows the situation when the bus is lying 
on its door side, while Table VII. the other side 
position. Figure 15. shows the bus in different final 
positions, lying on its side or on its roof. The 
sketches are scaled and the passenger contour 
represents an 1,7 m tall person, just to give an im-
pression about the usability of different EE-s. 

Table 6.  Bus is lying on its door side    

Table 7. Bus is lying on the other side  

 

Finally Table 8. shows the usability of different EE-
s when the bus is standing on its roof. These four 
Tables (5 – 8) illustrate well the wide range of us-
ability of the different EE-s in different vehicles 
and accident situations. For example the service 
door could be evaluated as “very good”; “good”; 
“weak”; or “unusable”. 

Table 8. Bus is standing on its roof  

  

POSSIBLE SET UP OF NEW REQUIRE-
MENTS 

To determine the required number and location of 
EE-s the following should be considered: 

• the passenger capacity of the bus (or the 
separated passenger compartments) 

• possible major after-accident positions of the 
bus 

• usability of different EE-s in different bus 
positions and in different bus categories 

• limited time in case of fire. 
From the bus fire tests it may be said that in case of 
fire the available time for successful evacuation is 
not more than 200-300 sec. The different evacua-

Large, single deck 
bus 

Double deck bus Evacua-
tion 

through Low 
deck 

High 
deck 

Lower 
deck 

Upper 
deck 

Small 
bus  

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

weak 

unusable 

- 

very weak

good 

very good

unusable 

very good 

weak 

unusable 

- 

very weak

good 

very good

unusable

very good 

weak 

- 

- 

very weak 

- 

- 

unusable 

very good 

- 

unusable 

- 

very weak 

good 

very good 

- 

very good 

good 

- 

good 

acceptable

- 

good 

unusable 

- 

Large, single deck bus Double deck bus Evacua-
tion 

through Low deck High deck Lower 
deck 

Upper 
deck 

Small bus 

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

unusable 

very weak 

- 

very weak 

good 

very good 

very weak 

very good 

unusable 

very weak 

- 

very weak 

good 

very good 

very weak 

 very good  

unusable 

- 

- 

very weak 

- 

- 

very weak 

 very good 

- 

very weak

- 

very weak

good 

very good 

- 

 very good

unusable 

- 

good 

acceptable

- 

good 

very weak

- 

Large, single 
deck bus 

Double deck bus Evacu
ation

throug
h 

Low 
deck 

High 
deck 

Lower 
deck 

Upper 
deck 

Small 
bus 

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

good 

good 

- 

good 

good 

unusable 

acceptable

very good 

good 

good 

- 

good 

good 

unusable 

acceptable

very good 

acceptable 

- 

- 

good 

- 

- 

acceptable 

- 

- 

good 

- 

good 

good 

unusable 

- 

very good 

very good

- 

good 

good 

unusable 

unusable 

weak 

- 
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tion tests showed that 45-48 passengers may leave 
the bus (when it is standing on its wheels, passen-
gers in normal position, no panic, no injured pas-
sengers, everybody knows what to do) 

- through one service door (very good usabil-
ity)    in 40-80 sec 

- through the emergency door (good usability) 
 in 60-210 sec 
- through one emergency window (acceptable 

usability) in 360-900 sec 
The proposed requirement for the minimum number 
and location of EE-s is the following: 

a) every separated passenger compartment in 
every essential bus position (standing on 
its wheel or on its roof, lying on its sides = 
4 positions) shall have: 

• up to 20 passengers min. 2 at least “ac-
ceptable” EE-s, among which 1 is 
“good” or “very good”  

• for 21-70 passengers min. 6, at least “ac-
ceptable” EE-s, among which min. 2 is 
“good” or “very good”  

• above 70 passengers, additionally two at 
least “acceptable” EE-s are required 

b) above the required number of “good” or 
“very good” EE-s, every extra “good” or 
“very good” one shall be considered as 
two “acceptable” EE-s. 

c) the staircase to the upper deck in DD vehi-
cles or the joint section between the two 
parts of articulated vehicles may be con-
nected as a “good” EE when the vehicle is 
standing on its wheels. 

As an example, let us check a 12 m long tourist 
coach with 53 passenger capacity and waistrail 
height above the road 1,7 m and above the seat-
floor 0,8 m. The coach has the following EE-s: 2 
service doors; 1 emergency door; 3 escape hatches; 
1 rear-wall emergency window; 2-2 side-wall 
emergency windows and 1 one windscreen. 
The required number of EE-s is: minimum 6 “ac-
ceptable” EE-s among which at least 2 are “good” 
or “very good” in every essential bus position. 
Checking these positions, the results are shown in 
Table 9.: 

Table 9. Evaluation of requirements 
 

Standing on the Lying on the  
EE-s 

wheels roof door side other side 

2 SD 
1 ED 
4 SW 
1 RW 
3 EH 
1 WS 

very good 
good 

acceptable 
acceptable 

- 
acceptable 

good 
good 
good 
good 

- 
very good 

- 
- 
- 

good 
very good 

good 

- 
- 
- 

good 
very good 

acceptable*
good or very good 
acceptable 

3 
6 

9 
2 

5 
- 

4 
1 

requirements met met met met 

*  the driver’s cab should be considered 

REMARKS 

It is interesting to underline that the role of the 
emergency side windows is underrated, because 
they cannot be used in two and half accident situa-
tions, (the half is standing on its wheels but having 
high waistrail position). The breakable emergency 
windows may be omitted in the future, because 
there usability is questionable. In the same time the 
windscreen has high importance, because it can be 
used in every position and in three cases its usabil-
ity is good or very good. (To equip the bus with a 
glass cutting device and skill the driver about its 
use is the required condition.)  

The EE-s of DD vehicles shall be studied in detail. 
The lower deck is in vulnerable position when the 
bus is lying on its sides and the upper deck when it 
is standing on its wheels. These problems shall be 
solved in the future. 

Finally one more interesting problem, which 
strongly belongs to the usability of EE-s. All EE-s 
shall be so designed and equipped with handles, 
handholds, grips and special devices which can help 
to the passengers in using the EE in all essential bus 
positions. The access to the EE-s in every position 
is also important, considering that the passengers 
could be in very difficult, strange position, when 
the bus is not standing on its wheels. [5] [6] 
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ABSTRACT 

Networking of active and passive safety systems is 
the fundamental basis for comprehensive vehicle 
safety. Situation-relevant information relating to 
driver reactions, vehicle behavior and nearfield 
traffic environment are fed into a crash probability 
calculator, which continually assesses the current 
crash risk and intervenes when necessary with 
appropriate measures to avoid a crash and reduce 
potential injuries. Know-how in the fields of active 
and passive safety, beam and image vehicle 
surrounding sensors, and innovative driver assistance 
systems provide effective protection not only for 
vehicle occupants but also for other, vulnerable road 
users. This functionality up till now only relates to 
the ego- vehicle itself. The next logical step is to 
integrate V2X communication. The integration of 
this embedded, in-vehicle wireless communication 
system allows Car-to-Car (C2C) and Car-to-
Infrastructure (C2I) functionality for, e.g. time 
critical hazard warning. This comprehensive focus on 
creating cars that avoid crashes, prevent injuries and 
provide immediate assistance information should a 
crash prove unavoidable is an integral element of 
cascaded ContiGuard® protection measures. 

INTRODUCTION 

Besides the CO2 discussion, which currently 
dominates vehicle specifications, the improvement of 
driving and traffic safety is the second global trend  
alongside the enhancement of individual mobility in  
emerging economies and the trend towards 
comprehensive information networking on the way to 
the „always on“ information society  (Figure 1). 

In vehicle safety systems it is still common practice 
to develop passive systems – which help mitigate 
crash-related injuries – as autonomous units, in a 
separate process from the development of active 
safety systems that help avoid crashes. The first 

decisive improvements in vehicle safety came in the 
mid-1960s with the introduction of the safety 
passenger cell, the three-point seat belt, and the 
optimized crumple zone – all focused on passive 
safety. With increasing numbers of ABS systems as 
standard equipment in the late 1980s, the foundations 
for active electronic safety systems (preventing the 
accident from happening) were laid.  

Figure 1.  Automotive Megatrends 

Just how effective the networking of active vehicle 
safety systems can be, was first demonstrated in a 
primary phase in 2000, through the Reduced 
Stopping Distance (RSD) project. In what was called 
the “30-meter car”, the tires, air springs, variable 
dampers and electro-hydraulic brakes were linked to 
form an optimized overall system. As a result, the 
car’s braking distance from an initial speed of 100 
kph was cut from 39 meters to 30 meters, and the 
total stopping distance was reduced by up to 13 
meters, compared in each case with a standard 
production model car. 

Since then, important electronically controlled 
systems in both the active and passive safety areas 
have become standard specification in a broad-based 
vehicle population, systems such as ABS, ESC, belt 
tensioners, and airbags. These are, however, designed 
as stand-alone systems (Figure 2). Active and passive 
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safety developments have until now remained two 
separate domains.  

Figure 2.  Fundamentals of Safety 

In order to attain optimum protection, however, these 
systems must be networked by collecting information 
on vehicle behavior, vehicle environment, and driver 
reactions, merging the data, evaluating it, and 
translating it into coordinated protection measures.  

Today, for example, Continental’s know-how in the 
fields of active and passive safety, beam and image 
sensors, innovative driver assistance systems, and tire 
technology is being channeled into the company-
wide ContiGuard® integrated safety concept, in order 
to achieve a decisive step closer to vision zero, the 
vision of a traffic without fatalities and severe 
accidents. 

INTEGRATING ACTIVE AND PASSIVE 
SAFETY 

ContiGuard® brings together the vehicle’s active and 
passive safety systems to form a network. The basic 
principle is the networking of the driving dynamics 
data supplied by the Electronic Stability Control ESC 
with signals describing the driver’s behavior and 
surrounding sensors.  

The key integration component is the crash 
probability calculator, which constantly processes 
and evaluates incoming data. For any given situation, 
the calculator computes a hazard potential that 
reflects the current crash probability. 

Should the hazard potential exceed defined limits, the 
crash probability calculator initiates a function and 
time staged protection strategy (Figure 3). If, for 
example, two vehicles are driving nose to tail, 
various levels of crash probability and pre-crash 
protection measures can be determined from their 
relative speeds and the distance between them. 
Beginning with an acoustic, visual or haptic warning, 

these can extend from prophylactic (reversible) 
seatbelt pre-tensioning, adjustment of seat (anti-
submarining), backrests and head restraints, to 
closing the windows and sunroof.  

Figure 3.  ContiGuard® – Continentals 
Comprehensive Driving Safety System 

Simultaneously, the brake system is preconditioned 
by boosting the system pressure from pre-fill all the 
way to limited automatic pre-braking and extended 
brake assist function.  

The full range of measures described above is only 
available if the vehicle is equipped with a full-power 
brake system including Electronic Stability Control 
(ESC) designed to accept external control signals and 
distance monitoring sensors such as those featured in 
Adaptive Cruise Control (ACC) systems.  

Sophisticated anti-lock brake systems with brake 
assist functions and adaptive cruise control systems 
give the driver greater and more comfortable control 
over the forward dynamics of the vehicle. Modern 
stability management systems such as ESC can now 
prevent many skid-related crashes. In addition, 
electronic control units for airbags, seat belts and 
rollover protection have significantly improved 
occupant protection over the last few years. 

Advanced surrounding sensors will play a key role in 
the development of the car of the future designed to 
prevent crashes and mitigate injuries. New to the 
market is the development of a pre-crash Closing 
Velocity (CV) sensor. This highly dynamic sensor, 
which features a wide short-distance detection range, 
is ideal for detecting relevant objects very close to 
the vehicle and enables robust predictions of the 
severity and direction of an impending crash. This 
information enables the crash probability calculator 
to e.g. activate the multi-stage Smart Airbags 
appropriately or to apply the brakes autonomously. 
Apart from improving occupant protection, the CV 
sensor in combination with additional contact sensors 
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mounted on the front end of the vehicle can also 
serve to enhance pedestrian protection (Figure 4). 

Figure 4.  Emergency Brake Assist - City  (EBA-
City) 

Additionally radar based beam sensors are being 
further developed to cover a wider object detection 
range. The ARS300 sensor has the potential to cover 
both the mid-range and far-range environment, so 
that active safety systems (preconditioning of the 
brake system, extended Brake Assist, …) and passive 
safety systems (reversible occupant positioning and 
retention, vehicle interior preconditioning, Smart 
Airbags, …) can be realized. 

Another step towards greater safety will occur with 
the sensor fusion of the before mentioned radar-
based beam sensors with image-processing camera 
systems which are already available in the market 
e.g. to detect the driving lane ahead as in Lane 
Departure Warning (LDW). Networking these 
technologies will, for the first time, not only detect 
objects on the road but also classify them. The 
appropriate safety systems for a given situation can 
then be activated even more effectively, providing 
optimum protection for vehicle occupants and other 
road users. 

TELEMATIC COMMUNICATION 

The "seeing" car of the future will feature onboard 
intelligence, data interchange with other vehicles, 
and telematics information, allowing it to actively 
avoid a large proportion of potential crashes. 

With comprehensive vehicle safety and traffic 
management becoming more and more critical 
aspects of global mobility, the essential cornerstone 
Telematics will play an important role in efforts to 
integrate embedded, in-vehicle wireless 
communication systems into ContiGuard®, which 
focuses on creating cars that avoid crashes, prevent 

injuries and provide immediate assistance if a crash 
proves unavoidable. 

Figure 5.  The Five Cornerstones of  
Comprehensive Vehicle Safety 

Figure 5 shows the five cornerstones and elements of 
the modular comprehensive ContiGuard® safety 
toolbox. 

Safety Telematics – eCall 

Today, Continental’s Safety Telematics systems help 
to make cars safer and provide a “wireless life-line” 
to emergency assistance the critical seconds after a 
crash occurs. In case of an accident, the eCall 
Telematics Control Unit (TCU) in the car will 
transmit an emergency call that is automatically 
directed to the nearest emergency service. eCall can 
be triggered in two ways. Manually operated, the 
voice call enables the vehicle occupants to 
communicate with the trained eCall operator. At the 
same time, a minimum set of data will be sent to the 
eCall operator receiving the voice call. 

In case of a severe accident the information on 
deployment of e.g. airbags or in-vehicle sensors will 
initiate an automatic emergency call (Figure 6). 

Figure 6.  eCall – Rescue Chain 

When activated, the in vehicle eCall device will 
establish an emergency call carrying both voice and 
data directly to the nearest emergency services 



Rieth 4 

(normally the nearest 112 Public Safety Answering 
Point, PSAP). 

The life-saving feature of eCall is the accurate 
information it provides on the location of the 
accident site: the emergency services are notified 
immediately, and they know exactly where to go. 
This results in a drastic reduction in the rescue time. 

Estimations for eCall carried within the E-MERGE 
project and the SEiSS study indicate that in the 
European Union up to 2.500 lives would be saved 
per year, with up to 15 % reduction in the severity of 
injuries. 

Integrating V2X Communication 

Under development is Dedicated Short Range 
Communication (DSRC) for vehicles, which allows 
receiving of traffic and warning information directly 
from other cars, even those not visible to today’s 
surrounding sensors. Examples for DSRC 
applications are shown in the following. (Fig. 7 to 
10) 

Figure 7.  Hazard Warning 

     Hazard Warning - The driver is warned if his 
vehicle approaches a potentially hazardous situation 
on the road ahead. Hazards can be construction 
zones, breakdown situations, accidents, end of traffic 
jams, imminent forward collision, black ice, etc. 

Figure 8.  In Vehicle Signing 

     In Vehicle Signing - Display or announcement of 
localized traffic sign information such as speed 
limits, temporary right of way changes, traffic 
routing, etc. It is of particular relevance for, but not 
limited to, dynamic information. 

Figure 9.  Traffic Rule Violation Warning 

     Traffic Rule Violation Warning - The driver is 
warned if he is about to violate a traffic rule. This 
includes traffic signal violations, stop sign violations, 
right-of-way violation and cross-traffic collision 
avoidance, etc. It is of particular relevance for, but 
not limited to, dynamic traffic sign information. 

Figure 10.  Emergency Vehicle Warning 

     Emergency Vehicle Warning - The driver is 
warned of approaching emergency vehicles which 
claim the right of way. 

Shadowing by other vehicles, as with beam or image 
sensors, will be less of a problem and therefore 
further increase the range achieved in typical driving 
situations. In addition, information from the 
infrastructure can be provided, such as traffic light 
status, position of road works, local weather 
information, etc. DSRC will reduce the driving risk 
by providing local hazard warnings and bring active 
safety to a new dimension. 

Combining DSRC and surrounding sensors will lead 
to cascaded information and actions resulting in a 
system capable of providing a safe driving state, 
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helping to prevent crashes and in case needed, reduce 
the severity of a crash. Therefore, the information 
from DSRC is taken into account first, validated via 
surrounding sensors and accordingly supported by 
actions such as provided by ESC systems. 

Connectivity 

On the comfort side this next generation of telematics 
systems will soon offer the motorist even greater 
freedom at the wheel. Any portable device connected 
to the vehicle by Bluetooth or USB can be operated 
either by voice command or from the controls in the 
steering wheel or instrument panel. In addition, new 
telematics systems use wireless connectivity to load 
address books from the cell phone into the car; they 
can read out incoming short messages and support 
personalized ring tones and stored speed dialing 
numbers. An optional, integral telephone module 
allows both internet access and service and assistance 
functions, including automatic emergency calls. 

CONCLUSION  

Today’s vehicles have already reached a high safety 
standard thanks to current, state of the art 
technologies such as Airbags and the Electronic 
Stability Control System ESC. Networked active and 
passive safety is in the market and is already being 
equipped to premium class vehicles and in the future 
be enhanced by telematics – in this case by eCall. But 
telematics also offers possibilities for safety related 
vehicle communication in the future, namely V2X. 
The information cascade for safety systems improves 
the range of, for example, ContiGuard®. 

Cascading starts with DSRC, is validated by 
surrounding beam and/or image sensors and the 
performed actions are supported by electronically 
controlled safety systems e.g. ESC and/or intelligent 
restraint systems. 

Connected Safety Telematics offers comprehensive 
traffic safety and can be combined with service 
providers with the aim to provide intelligent mobility. 

Furthermore, Continental will participate within a 
four-year, practical field test for Safe Intelligent 
Mobility (SIM-TD). The purpose of this project, 
which will be staged in the Rhine-Main region 
around Frankfort in Germany, is to equip and 
network vehicles and the transport infrastructure with 
communication units. By means of car 
communication units (CCU) and road side units 
(RSU), relevant information can improve traffic 

efficiency and road safety by utilizing innovative 
telematics technology: hazard warnings can be 
exchanged directly between the participating 
vehicles, for example. These automatically detect 
critical road conditions by means of the on-board 
sensors. The same applies in the case of accidents. 
The real-time information is supplied to nearby 
vehicles, warning them, for example, about 
accidents, icy roads or traffic jams which normally 
cannot be detected in time by approaching vehicles. 
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ABSTRACT 
 
In case of lateral impacts, the most frequent contact 
source is the side window. This window is also the 
most frequent aperture through which occupants are 
partially or fully ejected during a  lateral crash. In 
order to keep occupant within the vehicle during a 
collision, laminated side glasses have been 
developed to gradually replace tempered glasses. 
Three-layered laminated glazing is composed of 
two glass layers separated by a plastic 
PolyVinylButyral (PVB) interlayer. The aim of the 
present work is to improve the understanding of the 
side window’s mechanical behaviour during a head 
impact. An experimental study is undertaken which 
consists of an impact of a Hybrid III dummy head 
on both laminated and tempered side glazing. It 
appears that at same velocity, impact against 
laminated glass leads to a significant lower injury 
head risk than a tempered glass. The principal role 
of laminated glazing has been preserved as PVB 
layer never fails. A laminated side glass FE model 
is then proposed based on experimental validation, 
with the PVB interlayer implemented by an 
elastoplastic law with failure criteria. A parametric 
study is carried out to define the influence of the 
laminated glass mechanical characteristics on the 
head response. The parametric study pointed out the 
importance of the glass layer thickness on head 
responses in terms of head injury criteria. 
 

INTRODUCTION 
 
In case of lateral car crash, the most frequent 
contact source is the side window. This side 
window is also the most frequent (40 %) apertures 
through which occupants are partially or fully 
ejected during a crash (Clarke et al. 1989, Morris et 
al. 1993, Hassan et al. 2001). Occupant ejection 
from vehicles is often considered to be a contributor 
to death and serious injury. The head/neck region is 

the most frequently injured body region of ejected 
occupants (Hassan et al. 2001). In order to keep 
occupant within the vehicle during a collision, 
laminated side glass has been developed to 
gradually replace tempered glasses. This security 
glass is composed of two layers of heat-
strengthened glass (2.1 mm thick) with a plasticised 
interlayer membrane of PolyVinylButyral or PVB 
(0.76 mm thick). This enhanced protective glass 
offers a good resistance for breaking and entering. 
It can resist an aggressive attack for 20-30 seconds 
compared to tempered glass which would resist the 
attack for only 1-2 seconds (Lu et al. 2000). 
In the late 1980’s, Clarke et al. conducted rollover 
tests on vehicle containing bi-layer glazing in the 
side window openings. The authors demonstrated 
the potential of glass-plastic glazing to significantly 
reduce ejections through motor vehicle windows. 
Clarke provides acceptable neck loads under severe 
glazing contact conditions. Advanced glazing 
systems may reduce partial and complete ejections 
through side window, according to the same 
authors. In 2002, Sances et al. simulated rollover 
accidents consisting of a Hybrid III dummy test 
device impacting side windows with three-layered 
laminated glazing. This glazing contained the 
dummy assembly. Head-neck biomechanical 
parameters were below the critical value injury 
tolerance limits value. The dummy assembly never 
went through this security glazing. More recently, 
other authors stated that production laminated side 
glass is not an efficient barrier to occupant ejection 
during rollover (Kramer et al. 2006, Pierce et al. 
2007). Evaluations were made against laminated 
glazing by drop tests on door-glass systems. 
Rollover accidents typically include multiple 
impacts and potentially long duration forces on the 
side glazing. For this reason, some authors (Piziali 
et al. 2007, Luepke et al. 2007) do not associate 
laminated glazing as a suitable candidate for 
occupant containment during rollovers. However 
the use of laminated side glazing in automobiles is 
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increasing. To understand the retention 
characteristics of laminated glazing, several 
mathematical and numerical models have been 
developed in order to model the laminated glass 
behaviour. Concerning numerical aspects, 
Mukherjee et al. studied impacts of pedestrians 
against windscreens. The authors implemented an 
isotropic elastic brittle law for the glass and an 
elastic law for the PVB layer with the mechanical 
characteristics of glass and PVB extracted from 
Haward’s study in 1975. Du Bois et al. in 2003 and 
more recently Timmel et al. 2007 modelled 
windscreens for crash simulations with a 
hyperelastic law for PVB, such as Blatz-Ko’s, 
Mooney-Rivlin’s or Ogden’s laws. The two glass 
layers with small plastic deformations until rupture 
have been implemented by a linear plastic law. To 
represent the three-layered glass behaviour, shell 
elements were used for glass layers and a 
membrane for PVB interlayer. Zhao et al. (2006) 
studied impact resistance of laminated glazing 
under head impact. PVB has been modelled as 
linear elastic in this study. Dharani et al. 
investigated failure modes of a laminated glass 
subjected to head impact using a linear viscoelastic 
material for PVB interlayer. According to Wei 
(2004), difference in stress obtained by treating the 
PVB as linear viscoelastic and linear elastic is less 
than 2 %. Considering the PVB plastic behaviour, 
Parsa et al. (2005) are the only one to suggest an 
isotropic viscoplastic model for laminated glass to 
study the glass creep forming process. 
All these models are applied to windscreens. 
Laminated side glazing has not yet been 
numerically investigated under head impact. In a 
first step an experimental study was carried out to 
compare effectiveness and advantages of the two 
current types of side glazing used, tempered and 
laminated glasses. In a second step a finite element 
model of a laminated side window will be proposed 
and validated against experimental date. Finally a 
parametric study on four mechanical parameters of 
the lateral window will be conducted in order to 
propose a tool for lateral window optimisation 
against head criteria. 

 

METHODOLOGY 
 
An experimental study is undertaken which consists 
in impacting a Hybrid III dummy head against both, 
a laminated and a tempered side glasses. A set of 15 
laminated windows and 5 tempered windows were 

studied. Head impact velocities ranged between 3 
and 9.5 m/s, which is a realistic level of real head 
velocity during side impact crash (Bosch et al. 
2005). 
A laminated side glass FE model is then proposed 
based on isolated experimental data. Same 
boundary and initials conditions as for the 
experimental tests were. A parametric study is 
carried out to define the influence of the laminated 
glass mechanical characteristics on the head 
response. 
 
Experimental approach 
 
Testing is performed on an impact test bench, 
which principle scheme is given in Figure 1. This 
device consists of catapulting a headform against 
the glazing thanks to a jack supplied in compressed 
air. This air propels a carriage on which the head is 
set. The carriage is rapidly stopped letting slip the 
headform freely before impact. This device enables 
it to get propulsion velocities in a range of 5 to 10 
m/s. Two devices enable to determine head 
velocity. The first one consists of a photodiode 
which is blocked up during the carriage passing. 
The carriage velocity is calculated just before head 
releasing by the length of the shutter divided by the 
blocking up time duration. The second device 
consists of a head tracking from a video obtained 
by a high-speed camera. The Photron Fastcam 
Ultima APX records 1000 frames per second at 
resolution of 1024x1024 pixels. Four targets fixed 
on the headform surface permit to compute head 
angular and linear velocity before and during, by 
tracking methods. Data acquisition system is 
performed by a PC-based platform PXI-1010 
National Instruments with Labview software. 
Sampling frequency for data recording is set at 
10 kHz. The headform is a Hybrid III dummy head 
developed by Foster et al. in 1977. The headform is 
composed of an aluminium structure covered by a 
vinyl synthetic skin with a total mass of 4.53 kg. In 
order to record the head linear acceleration, a 
triaxial linear accelerometer (Kistler) with a 
sensitivity of 10 mV/g and a measure range of 
± 500 g is set at its centre of gravity. Accelerations 
data are filtered with a cut-off frequency of 1 kHz. 
Figure 2 represents Hybrid III headform with the 
different targets, the accelerometer location in the 
headform and its reference frame. Finally, in 
addition to head kinematics, HIC is computed with 
the linear acceleration data. 
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Figure 1. Impact test bench: Principle scheme. 

 

  
(a) 

  
(b) 

 

Figure 2.  Hybrid III headform: (a) location of targets, 
(b) accelerometer location and reference frame. 
 
The windows used in this study are front right side 
windows of a Volvo S80. In order to respect 
window boundary condition, the windows are 
enchased, closed in the lateral door which is fixed 
thanks to rubber stripes. Figure 3a represents the 
window setting in the door. The lateral door is hold 
screwed on the bench at point A, as represented in 
Figure 3b. Jambs of the door are maintained at 
points B and C. The door body is maintained on its 
slopes to avoid translations along impact direction. 
 

(a) (b) 
 
Figure 3.  Side window: (a) Window frame in door,  
(b) Door setting on test bench (screw: A, wedge: B,C). 
 
Tests are performed on 15 laminated glasses and 5 
tempered glasses. Table 1 summarizes the different 
tests with impact velocity and type of glazing used. 
Nine tests are realised on tempered glazing at 
impact velocity ranging from 6.6 m/s to 9.4 m/s. A 
total of fifteen tests are performed on laminated 

glazing in an impact velocities range of 2.9 m/s and 
11.3 m/s. 
The description of the different tests results on 
laminated and tempered glazing will be presented. 
Results will be then analysed in terms of head 
response and injury assessment for both type of 
glazing. 
 
Table 1.  Tests realised on both laminated and 

tempered glasses with impact velocity. 
 

 Test n° Velocity 
[m/s] 

 Test n° Velocity 
[m/s] 

L
am

in
at

ed
 g

la
ss

es
 

1 2;9 

T
em

pe
re

d 
gl

as
se

s 

  
2 3,4   
3 3,9   
4 4,0 1 6,6 
5 5,0 2 6,7 
6 6,3 3 7,4 
7 6,4 4 7,5 
8 6,8 5 7,7 
9 7,4 6 7,8 
10 7,4 7 7,9 
11 7,4 8 9,1 
12 7,4 9 9,4 
13 8,5   
14 8,9   
15 11,3   

 
 
Numerical aspects 
 
The second step of this study is to develop a 
laminated side glass FE model validated against 
experimental data. 
The side window Finite Element model is presented 
in Figure 4. This model is based on CAO geometry 
and is meshed with Hypermesh software. It consists 
of 16613 shell elements modelling the laminated 
glazing and 8443 brick elements modelling the 
rubber band. Glazing is modelled under Radioss 
code by a three layered composite shell with three 

Y 

Z 
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different thicknesses: 2.1 mm (glass), 0.76 mm 
(PVB), 2.1 mm (glass). Glass layers are assigned to 
an elastic brittle law. An elastoplastic law is 
implemented for PVB interlayer based on Johnson 
Cook material for rupture simulation. Rubber band 
is assigned to an elastic law. Concerning material 
properties, start point is to consider windscreen 
properties performed by Mukherjee et al (2000). 
Young modulus of glass is set at 74000 MPa with a 
yield stress of 3.8 MPa. PVB is assigned to a 
Young modulus of 50 MPa, a yield stress of 30 
MPa and a failure strain at 0.51. These reference 
properties will be fitted in order to reproduce 
mechanical behaviour of laminated glazing during 
experimental testing.  
The mechanical behaviour of the FE lateral 
laminated window model will be validated against 
experimental test number five with an initial 
velocity about 5m/s For this the HIII head FE 
model was used in simulations. This model consists 
of shell elements modelling the skull covered by a 
layer of brick elements. A linear elastic law is 
implemented for bricks modelling the skin. 
Mechanical parameters of the HIII FE head model 
are listed in Table 2 and the total mass of the head 
model is 4.53 kg. 
Equivalent initial conditions and boundary 
conditions as experimental ones have been applied. 
These conditions are represented on Figure 5. 
Interface between window and rubber band is 
considered as elastic. The validation of the lateral 
window FEM is made in terms of maximum linear 
acceleration at the centre of gravity of the head, 
HIC criterion, glass permanent strain and glass and 
PVB cracks. 
 
Finally, in order to define the influence of the 
laminated glass mechanical characteristics on the 
head response, a parametric study at 5 m/s was 
undertaken. Four mechanical parameters have been 
varied: the glass and PVB elastic limit, the 
thickness of the glass and the PVB interlayer. Each 
parameter has been set on three different values: a 
reference value, a high (+ 30 %) and a low (- 30 %) 
value. The head response was computed in terms of 
maximum linear acceleration of its center of gravity 
and HIC value. To analyze and to refine all results, 
a principal component analysis (PCA) was 
performed (Volle, 1997) to analyse head response 
as a function of laminated glass characteristics. 
 

 
 

Figure 4. Lateral Window Finite Element Model (16 
613 shells, 8 443 bricks). 

 
 
 

Table 2. HIII FEM mechanical properties. 
 

component law elements 
Mechanical 
properties 

skull 

L
in

ea
r 

el
as

ti
c 408 

shells 

ρ = 260 Kg/m3 
E = 210 000 MPa 

ν = 0,29 

skin 
1224 
bricks 

ρ = 99 Kg/m3 
E = 60 MPa 
ν = 0,409 

 

 
 

 

 
 

 
 

  
 
Figure 5.  Initial and boundary conditions applied to 
the window FEM comparing to experimental 
conditions. 
 
 

  

velocity 
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RESULTS 
 
In this section experimental results will be 
presented by comparing tempered and laminated 
glass results. Results concerning the FEM of the 
lateral laminated glass windows validation will be 
proposed by reproducing test number 5. Finally 
results concerning the numerical parametric study 
will be analyzed. 
 
Experimental results 
 
This section presents comparative experimental 
tempered-versus laminated windows impacts. 
Tables 3 and 4 lists the different tests performed on 
tempered and tempered side glazing respectively. 
These tables report head velocity at impact, 
maximum linear acceleration at center of gravity of 
the head and HIC values. Lines in grey represent 
tests leading to a window failure. Testing was 
performed on impact test bench at velocity range of 
3 to 11 m/s. A pendulum system was used for 
velocity under 5 m/s on laminated glazing as 
exposed in the methodology (tests n°1-4).  
 
Table 3.  Tests on tempered glazing with maximal 
linear acceleration and HIC; grey tests led to a glass 
failure. 
 

Test n° v [m/s] γmax [g] HIC 
1 6,6 258 1190 
2 6,7 293 1327 
3 7,4 525 3347 
4 7,5 431 2481 
5 7,7 279 1451 
6 7,8 356 1646 
7 7,9 198 321 
8 9,1 357 1772 
9 9,4 586 3698 

 
 
 
 

 
Further observations about broken laminated 
glasses are detailed in Table 6. In case of failure, 
cracks appear in both glass layers. An example of 
coordinates of impact location, cracks after impact 
and permanent strain is represented in Figure7  for 
test n° 5. 
In the two last presented cases, there was a 
duplicated impact of head on the window. In only 
one case (test n°14), PVB interlayer broke. The 
rupture location corresponds to the nose impact. 
Window permanent strain go from 5 to 15 mm. One 
can notice that there is no correlation between 
window permanent deformation and impact 
velocity. 
 
 
Table 4.  Tests on laminated glazing with maximal 
linear acceleration and HIC; grey tests led to a glass 
failure. 
 

Test n° v [m/s] γmax [g] HIC 

1 2,9 503 2827 
2 3,4 545 4041 
3 3,9 429 1015 
4 4,0 511 2264 
5 5;0 104 101 
6 6,3 428 2892 
7 6,4 126 148 
8 6,8 139 211 
9 7,4 483 1893 
10 7,4 306 1374 
11 7,4 324 1383 
12 7,4 402 1177 
13 8,5 284 702 
14 8,9 98 249 
15 11,3* 143 2041 

 

 
 
 

   
 

Figure 7. Window condition after impact at test n°5, coordinates of impact location and window permanent strain 
 
 
 

10 mm 



Munsch 6 
 

Table 6.  Observations on broken laminated glasses, permanent strain and impact location. 
 

N° Test Observations Per. Strain. 
[mm] 

Impact 
location 

5 
Window initially cracked 

Concentric cracks: r=50, 110, 180 mm 
No PVB rupture 

10 
X = 230 
Y = 200 

7 
Concentric cracks: r=50, 180mm 

Linear cracking 
No PVB rupture 

5 
X = 210 
Y = 200 

8 

nape impact 
Concentric cracks: r=50,140, 170, 300 mm  

No PVB rupture  
Long linear crack on rear glass layer 

13 
X = 230 
Y = 225 

12 
Linear cracking 
No PVB rupture 

10 
X = 230 
Y = 220 

13 
Linear cracking 

Concentric cracks : r=30, 70 mm 
No PVB rupture 

10 
X = 230 
Y = 225 

14 

duplicated impact : chin (1) and nose (2) 
Concentric cracks : r=80, 200 mm 

 PVB rupture (2) 
Long linear crack 

13 

X1 = 230       
Y1 = 225 
X2 = 300       
Y2 = 250 

15 
duplicated impact : nape (1) and chin (2) 
Concentric cracks : r=140, 190, 300 mm 

Long linear crack 
15 

X1 = 180 
Y1 = 150 
X2 = 260       
Y2 = 210 

 

 
 
Histograms reported in Figure 8 represent maximal 
linear acceleration at the center of gravity of the 
head and HIC values for all tests on tempered 
glazing. Tests are sorted by increasing velocity. 
Bars in dark grey represent broken windows. 
Tolerance limit of 1000 is also represented for HIC 
criterion. Maximal linear accelerations values stand 
between 198 g to 586 g. In general, all tests on 
tempered glazing led to HIC values greater than the 
tolerance limit, with values from 1190 to 3698. For 
impact n°7 on tempered glass, predated by tests n°3 
and 4, it appears a significant decrease in peak 
linear acceleration and HIC value. This could be 
associated with an initiation of micro-cracks due to 
a repetition of impact.  Broken  windows  (in dark 
grey)  appear at impact velocity from 7.9 m/s (test 
n°7). Histograms on Figure 9 represent respectively 
maximal linear acceleration at the center of gravity 
of the head and HIC values for all head impact tests 
against laminated glazing. Tests are sorted by 
increasing velocity. Bars in dark grey represent 
broken windows. 
 
In tests leading to no rupture for laminated glasses, 
maximal linear accelerations stand around 400 g 
(bars in light grey) and HIC values stand all over 
the tolerance limit of 1000. Mostly tests leading to 
rupture present HIC values lower than the tolerance 
limit except test n°12 and 15. 

 

 
(a) 

 
(b) 

 
 

Figure 8.  (a) Maximal linear acceleration and (b) 
HIC for impact tests on tempered glazing classified 
by increasing velocity, in light grey for unbroken 
windows, in dark grey for broken windows. 
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There appear three distinct areas for laminated 
glazing as a function of velocity (Figure 9):  
- A first area (I) where there is no rupture for 
laminated glasses, tests n°1-4 at impact velocity 
lower than 5 m/s. 
- the third one (III) include brken windows over an 
impact velocity of 7,5 m/s for tests n°13 to 15. 
- The second area is referring to tests n° 5 to 12 
between impact velocity of 5 m/s to 7,4 m/s. These 
cases led to unpredictable glass rupture. 
 
It appears that if the windows failed, the HIC is 
generally lower than if there is no rupture. It should 
also be recalled that if the tempered glass break, 
partial ejection exist which is not the case when 
laminated glass failed 
 

(a) 

(b) 
 

Figure 9.  (a) Maximal linear accelerations and (b) 
HIC for impact tests on laminated glazing classified 

by increasing velocity, in light grey for unbroken 
windows, in dark grey for broken windows. 

I: rupture, II: unpredictable rupture, III: no rupture. 
 
 
Figure 13 and 14 represent respectively maximal 
linear acceleration at the center of gravity of the 
head and HIC criterion for 6 cases of laminated 
glazing and 6 other cases of tempered glazing. 
These twelve cases are comparable in terms of head 
impact velocity. 

For laminated glazing, HIC values stand under the 
limit of 1000 except for test n° 9 at 7.4 m/s and test 
n°12.  
In case n°9 the laminated window did not break. 
For tempered glazing, HIC values exceed HIC 
tolerance limit, except for test at impact velocity of 
9 m/s where the tempered glass broke.  
In most of these cases, maximal linear acceleration 
and HIC values are lower for laminated glazing. 
HIC values go from around 200 to 2000 for 
laminated glazing against 300 to 3500 for tempered 
glazing. Only one comparison presents the 
opposing trend. In the fifth comparison (white bars 
around 9 m/s), values remain greater for laminated 
glazing (70) than for tempered glazing (321). At 
this velocity, tempered glass broke and there was a 
head defenestration. Laminated glazing plays its 
principal role which is to hold the head inside the 
car and to fail with HIC value under 1000. 
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Figure 13.  Maximal linear accelerations for tests on laminated and tempered glasses for 12 similar cases (B for 
broken, NB for not broken), vL: velocity for Laminated window impact, vT: velocity for Tempered window impact. 

 
 

 
 

Figure 14.  HIC values for tests on laminated and tempered glasses for 12 similar cases (B for broken, NB for not 
broken), vL: velocity for Laminated window impact, vT: velocity for Tempered window impact. 

 
 

 
Numerical results 
 
The laminated side window model validation is 
based on experimental data from test n°5 at 5 m/s. 
In order to validate laminated behaviour, the 
mechanical parameters are fitted on both laminated 
glass and PVB properties. 
During this fitting, it appeared that initials 
conditions in door clumping influenced the model 
response in a significant way in terms of PVB strain 
and crack propagation in glass layers. Different 
ways of clumping were analysed in order to come 
closer to experimental cracks represented in Figure 
7. 
In parallel to this clumping analyse, the fit of 
mechanical parameters have been performed in 
terms of Young modulus, yield stress and failure 
strain. The aim of this fitting would be to reproduce 
cracks in glass layers and strain in PVB interlayer. 
Variations in Young modulus of both materials do 
not influence results. The variation of the yield 
stress of the two materials combined (glass and 
PVB) influenced the permanent plastic strain of the 

laminated glazing. A more accurate optimisation of 
these mechanical parameters has been made in 
terms of maximal linear acceleration and HIC 
criterion. 
Final mechanical properties of glass, PVB and 
rubber listed in Table 7 give the best values 
compared to experimental results. Results in terms 
of maximal linear acceleration, HIC criterion and 
permanent strain are detailed in Table 8 for 
experimental testing and numerical simulations.  
It results for linear acceleration an error of 20 %. 
HIC values go from 101 in experimental case to 
138 in numerical simulation. Figure 15 shows the 
cracks of window after experimental impact and 
numerical simulation at impact velocity of 5 m/s. It 
can be observed two principal concentric cracks at 
radius equal to 97 mm and 163 mm on numerical 
picture compared to values equal to 1100 mm and 
180 mm on testing window. We also observed a 
beginning of long linear cracks in accordance with 
experimental results. The PVB interlayer remains 
intact in both cases (experimental and numerical 
results). 
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Table 7.  Final mechanical properties for glass and PVB layers and rubber bands applied to the laminated window 
FEM. 

 

Constituent Propriety Mechanical parameters Values Element type Thickness 

Glass Elastic brittle 

Density 2500 Kg.m-3 

Shell 2.1 mm 

Young Modulus 70000 MPa 

Poisson’s ratio 0.2 

Yield stress 50 MPa 

Maximum strain 0.0007 

PVB 
Elastoplastic with 

rupture 

Density 950 Kg.m-3 

Shell 0.76 mm 

Young modulus 50 MPa 

Poisson’s ratio 0.4 

Yield stress (a) 20 MPa 

Hardening modulus (b) 20 

Hardening exponent (n) 0.9 

Failure strain 1,2 

Rubber Elastic 

Density 1052 Kg.m-3 

Bricks 5 mm Young Modulus 3.91 MPa 

Poisson’s ratio 0.4 
 

 
Table 8.  Experimental and numerical results for impact at 5 m/s on laminated glass. 

 

Parameter Experimental Numerical Error % 

Impact velocity [m/s] 5 5 0 

Maximum linear acceleration [g] 103,82 125 20 

HIC 101 138 37 

Window permanent strain [mm] 10 12 20 
 

 

 
Figure 15. Cracks on laminated side window for impact at 5 m/s with HIII headform, comparison of experimental 

and numerical simulation. 

Internal glass layer 

External glass layer 

PVB interlayer 

Experimental cracks 

Strain 

Strain 

Strain 
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Parametric study 
 
Four mechanical parameters have been varied: the 
glass and PVB elastic limit (C and D), the thickness 
of the glass (A) and the PVB interlayer (B). Each 
parameter has been set on three different values: the 
reference value used in the model validation, a high 
(+ 30 %) and a low (- 30 %) value. The tests used 
for the parametric study remain in the same 
boundary conditions at 10 m/s reference velocity 
for normative impacts. Head response for a given 
simulation was calculated in terms of maximum 
linear acceleration at the center of gravity of the 
head  and  HIC  value. A total of 16 simulations 
were run with a simulation protocol illustrated on 
Table 9. 
Histograms shown in Figure 16a and b represent 
respectively the maximum linear acceleration at the 
center of gravity of the head and HIC values 
calculated for each simulation. While the reference 
value in term of maximum linear acceleration 
reaches 292 g, one of two results stand around a 
value of 180 g, the others around a value of 400 g. 
This variation corresponds to the A parameter. We 

can already conclude that the glass thickness 
influences head response in terms of linear 
acceleration. The same trend is observed 
concerning HIC values.  
The principle of the PCA is to research the best data 
representation with the less possible dimensions to 
reduce the number of variables or the initial space 
dimension number. This consequently allows to 
explain and to display data with a reduced number 
of axes in order to facilitate the interpretation of 
synoptic results. The first result is the correlation 
matrix reported in Table 10. From this we can 
observe that some of the variables are highly 
correlated which means that they move together 
(boxes in dark grey). We can mention for example 
that input variables B and D have less correlation 
with output variables. On the other hand, the glass 
thickness (A), as observed before, is highly 
correlated with head responses, maximum linear 
acceleration (0.98) and HIC (0.85). The variable C 
is moderately correlated with HIC criterion (0.5). 
Finally maximum linear acceleration and HIC 
values are naturally correlated (0.92). 
 

 
Table 9. Simulation protocol indicating for each of the 17 simulations, the window characteristics retained: +/- stand 

+30% or -30% of the reference window properties values. 
 

REF S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 

A                        

(Glass thickness - mm) 
2,1 - + - + - + - + - + - + - + - + 

B                        

(PVB thickness - mm) 
0,76 - - + + - - + + - - + + - - + + 

C                        

(Glass elastic limit - MPa) 
50 - - - - + + + + - - - - + + + + 

D                        

(PVB elastic limit - MPa) 
20 - - - - - - - - + + + + + + + + 

 

 

(a) 
 

(b) 
Figure 16. Maximal linear acceleration (a) and HIC values (b) calculated for each simulation. 
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The next step is then to calculate the principal 
components. Here the correlation matrix (Table 10) 
is considered in a mathematical point of view. For 
this symmetric matrix (6x6) the eigenvalues and 
eigenvectors are then determined. These 
eigenvalues reflect the quality of the projection 
from the N-dimensional initial table (N=6 in this 
study) to a lower number of dimensions. Each 
eigenvalue corresponds to a factor which is a linear 
combination of the initial variables, and all the 
factors are un-correlated (r=0). The eigenvector 
associated with the largest eigenvalue has the same 
direction as the first principal component. The 
eigenvector associated with the second largest 
eigenvalue determines the direction of the second 
principal component. These axes are defined by 
linear forms (1) and (2). 
Ideally the first two or three eigenvalues will 
correspond to a high percentage of the variance, 
ensuring us that the maps based on the first two or 
three factors are a good quality projection of the 
initial multi-dimensional table. In this study, the 

first two factors allow us to represent 66.6 % of the 
initial variability of the data. 
The correlation circle represented in Figure 17a is 
useful in interpreting the meaning of the axes. It 
shows a projection of the initial variables in the 
factors space. In this study, the horizontal axis 
which represents 48.6 % of the variability is linked 
with the glass thickness (0.552), HIC criterion 
(0.573) and maximum linear acceleration (0.575). 
Along F2 which describes 18 % of the variability, 
the main important parameter is the glass elastic 
limit (-0.910).Figure 17 b is the ultimate goal of the 
PCA. It permits to look at the data on a two-
dimensional map, and to identify trends. We can 
see that simulations are classified from the left (less 
value) to the right (high value) along the first axis 
from S1 to S16; S17 represents the simulation of 
reference. We can note that the best simulations in 
terms of HIC criterion and maximum linear 
acceleration are localized in the portion of space 
described by F1≤0 and more accurately by F2≥0. 
The space described by F1≤0 corresponds to the 
influence of glass thickness. The refinement in 
space corresponds to glass elastic limit. 
 

 
Table 10. Correlation matrix between the N=6 variables. 

 
  A B C D HIC γmax 
A 

(Glass thickness)  1 0 0 0 0,85 0,98 
B 

(PVB thickness) 0 1 0 0 0,04 0,06 
C 

(Glass elastic limit) 0 0 1 0 0,50 0,13 
D 

(PVB elastic limit) 0 0 0 1 0,01 -0,001 
HIC 0,85 0,04 0,50 0,01 1 0,92 
γmax 0,98 0,06 0,13 -0,001 0,92 1 

 

 

AxisF1 = 0.552 A + 0.032 B + 0.190 C + 0.003 D + 0.573 HIC + 0.575 γmax (1) 

 
AxisF2 = 0.314 A + 0.027 B – 0.910 C – 0.030 D – 0.189 HIC + 0.188 γmax (2) 

 

 
 

(a)  
(b) 

Figure 17. PCA correlation circle of the 6 variables (a), factorial plane (b). 

1 : A: glass thick. 

2 : B: PVB thick. 

3 : C: glass  elastic limit 

4 : D: PVB elastic limit 

5 : HIC 

6 : γmax 
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DISCUSSION & LIMITATIONS 
 
This study shows that side windows with laminated 
glazing are safer than tempered glazing. For the 
same velocity, laminated glass windows broke and 
thereby decreased head injury risks in case of 
impact, whereas tempered glass did not. At an 
impact velocity from 6 m/s to 9 m/s against 
tempered glass windows, HIC values stood over a 
limit of 1000, which is the normalized value for 
pedestrian head impact at 10 m/s (Directive 
2003/102/EC). The PVB interlayer has never 
broken at impact velocities of 3 m/s to 9 m/s, 
contrary to tempered glass. Therefore, laminated 
glass avoids partial ejection. The developed model 
even if validated against experimental results need 
further investigation for the optimization of its 
behaviour against both HIC and more biofidelic 
head injury criteria based on human head FE 
modelling (Marjoux et al. 2006, Deck et al. 2008). 
The parametric study pointed out the prevailing part 
of the glass layer thickness (A parameter) on head 
responses in terms of maximal linear acceleration at 
the center of gravity of the head and HIC criterion. 
The thicker the glass is the more critical HIC 
criterion becomes. Therefore head injury risks 
increases. Yield stress of glass has a lesser 
influence on maximal linear acceleration and HIC. 
The PVB thickness and its yield stress have no 
influence on head response. These findings follow 
the results from Zhao et al. (2006). Glass ply 
thickness plays a very critical role however the 
PVB interlayer thickness has no significant effect 
on the impact resistance of a laminated glass. 
Simulations which give the less injury risk in term 
of HIC criterion require a lower glass thickness and 
a lower glass yield stress. 
A main limitation resides in reproducibility of 
experimental testing. Mode of transport, production 
line and stochastic nature of glass are parameters 
not controlled. Only new laminated and tempered 
glasses were used in this study. Each test involves a 
change in boundary conditions of the window, a 
manual repositioning of the head on the carriage. 
Some difficulties appeared also during the 
experimental testing, mainly in the velocity fitting 
and in the control of head rotation at the time of 
impact, which lead to minor errors in linear 
acceleration peaks. In the numerical impact 
reconstructions, the window vibrations due to the 
framing and the changes of windows were not 

considered. The limitation of this experimental 
study is the range of velocity. The propulsion 
system does not allow lower and greater impact 
velocities and could not reproduce same velocities. 
 

CONCLUSIONS & PERSPECTIVES 
 
The experimental tests consisted of a Hybrid III 
headform which impacts either laminated or 
tempered glasses side windows. Characteristics of 
the impact were investigated: velocity of the head, 
mechanical behaviour of the window (cracks, 
rupture, and plastic strain), linear acceleration at the 
center of gravity of the head and HIC criterion. The 
different tests were performed within a velocity 
range of 3 m/s to 9.5 m/s. A comparison between 
the laminated and tempered glass was performed. 
At same velocity, impact against laminated glass 
lead to less injury risk than a tempered glass with 
lower HIC values. The principal role of laminated 
glazing has been preserved; PVB layer never broke 
and laminated glazing led to lower injury risks. 
Laminated glass broke from 5 m/s and tempered 
glass broke from 8 m/s. In parallel of these 
experiments, a finite element model of laminated 
side window has been developed, validated and 
improved by a parametric study. 

In order to ensure the validation of the side 
window FE model in a large range of impact 
velocity more experiments with smaller speed 
increment must be conducted. In a further step the 
boundary condition of the head at neck level should 
be considered as this weak point is important in 
case of glazing braking and partial ejection.  
Finally in deep investigation of head injury risk and 
realistic laminated glass optimization should be 
conducted by coupling the windows model to a 
human head FE model. 
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ABSTRACT 

A comparison of U-M CIREN (University of 

Michigan Crash Injury Research and Engineering 

Network) cases to crash tests used in the automotive 

industry is presented in this paper. 442 U-M CIREN 

crashes were compared to crash test configurations 

used throughout the industry. Of those 442 cases, 

49% were similar in crash configuration and crash 

extent to industry crash tests. 32% of the cases were 

similar to one of the industry crash tests in 

configuration but had greater extent. 20% of the cases 

did not match any of the current industry crash tests. 

This analysis concluded that the majority of injuries 

in this study occurred in crash configurations similar 

to existing crash tests while only 20% of cases had 

crash configurations that were not represented by 

current crash tests. Any consideration of increasing 

test severity to address those crashes that produce a 

greater extent of crash deformation than that 

produced in crash tests must consider a broader 

spectrum of collisions including non-injury 

producing crashes. This analysis must be done in a 

way that does not increase the risk to the current 

uninjured population that is not included in the 

CIREN database. 

INTRODUCTION 

Studies have demonstrated that fatality rates from 

motor vehicle crashes in the United States have been 

reduced over the last several decades. As an example 

the fatality rate per 100 million miles driven was 5.5 

in 1966 and steadily declined to 1.41 in 2006. In 

addition, injuries have been reduced from 169 

injuries per 100 million miles driven in 1988 to 85 in 

2006. Despite the significant improvements in 

automotive safety, there continues to be about 38,500 

annual fatalities due to motor vehicle crashes [1]. 

Therefore there is benefit to investigating the 

remaining fatalities and serious injuries due to motor 

vehicle crashes. 

The goal of this project was to compare the crashes in 

the U-M CIREN database to existing industry crash 

tests. CIREN is a multi-center research program 

involving a collaboration of clinicians and engineers 

in academia, industry, and government. There are 

currently eight CIREN centers around the United 

States that each pursues in-depth studies of crashes, 

injuries, and treatments. The UMPIRE (University of 

Michigan Program for Injury Research and 

Education) team specifically investigates crashes in 

Southeast Michigan in which the victims are brought 

to the University of Michigan Trauma Center in Ann 

Arbor, Michigan and serves as the CIREN center in 

Michigan.  

BACKGROUND 

Industry Crash Test Library 

Auto manufacturers routinely conduct crash tests for 

a number of reasons. Tests are conducted to insure 

compliance to crash test regulations not only for the 

United States but for any country in which a vehicle 

may be marketed. In addition, tests may be conducted 

to evaluate a vehicle‘s performance to consumer 

metric tests such as those conducted at the Insurance 

Institute of Highway Safety (IIHS) or those 

conducted as part of the New Car Assessment 

Program (NCAP). Crash tests may also be conducted 

by a vehicle manufacturer to evaluate a vehicle‘s 

performance in crash tests which are neither 

government regulated nor consumer metric tests. 

Crash tests may be supplemented or replaced with 

component level tests, subsystem tests, math based 

computer modeling, or engineering judgment. 

For the above reasons it is expected that different 

manufacturers may test to different matrices of crash 
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tests. However, certain impact test types are generally 

common throughout the industry. The majority of 

auto manufacturers who sell vehicles in the United 

States consider these configurations when designing 

vehicles.  

Table 1 lists the crash test types that were chosen for 

comparison to the U-M CIREN cases for this study.  

Table 1. 

Included Industry Crash Tests 

0 Degree Frontal (FMVSS 208 [2] and Frontal 

NCAP) 

Left Angle (FMVSS 208 [2]) 

Right Angle (FMVSS 208 [2]) 

40% Offset Deformable Barrier (FMVSS 208 [2] 

and IIHS [3]) 

Frontal Center Pole 

Frontal Offset Pole 

Bumper Underride 

IIHS Side Impact [4] 

Side Impact (FMVSS 214 [5] and Side NCAP) 

Side Pole [6] 

Rollover 

Limitations 

It is important to acknowledge that this study is based 

solely on cases documented in the U-M CIREN 

database. As such, the uninjured population is not 

included for comparison. By the definition of the 

CIREN selection criteria (Appendix A), all of the 

case occupants are severely injured patients. Those 

crashes in which there are no injuries or only minor 

injuries are not included in the CIREN database or 

the U-M CIREN database, and are not referenced in 

this study. Thus it is not appropriate to use the 

CIREN database or the U-M CIREN database in 

isolation to estimate risk to the driving public.  

To help put the CIREN database into context, Figure 

1 shows a comparison of the data in the National 

Automotive Sampling System – Crashworthiness 

Data System (NASS-CDS) to CIREN cases. More 

than half of the crashes in NASS-CDS are MAIS 0 

crashes because the NASS selection criteria specifies 

a ‗tow-away‘ crash whereas CIREN contains mostly 

MAIS 3, 4 and 5 cases. 

 
Figure 1.  Comparison of CIREN to NASS-CDS . 

[7] 

Figure 2 shows a comparison of AIS 3+ NASS-CDS 

cases to CIREN cases. Both databases show a similar 

distribution of Maximum AIS. 

 
Figure 2.  Comparison of AIS 3+ CIREN and 

NASS-CDS. [7] 

Due to these database limitations, this study cannot 

be used to quantify the relative safety of vehicles, the 

effectiveness of government regulations, or the 

effectiveness of the vehicle design process. It has 

already been documented that motor vehicles have 

become much safer over the last few decades. This 

study did not attempt to quantify or verify that 

conclusion. Instead this study investigated the crash 

configurations of U-M CIREN cases and compared 

them to existing crash test configurations. This 

allowed for conclusions to be drawn about how the 

industry crash tests match to those injury producing 

crashes in the U-M CIREN database.  

Another limitation of the study is that the vehicles 

included in the U-M CIREN database were designed 

at different times to different requirements. 

Government regulations have changed during the 

time span of the case vehicles. In addition, different 

manufacturers may have differing in-house, crash test 

requirements.  
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Database 

The dataset used for this comparison included all of 

the 442 CIREN cases that resided in the U-M CIREN 

database as of August 2007.  

To be selected as a CIREN case, the occupant needs 

to be air bag, or air bag and seat belt restrained and 

sustain serious injury (Abbreviated Injury Severity 

[AIS] 3 or greater, or AIS 2 injuries in two or more 

body regions with medical significance [8]). 

Currently, the case vehicle must be less than 6 years 

old and involved in a frontal, side, or rollover crash 

as described in Appendix A. 

Figure 3 indicates that the case vehicles‘ age ranged 

from 1989 — 2006 model years with 63% of the 

vehicles from 1995 — 2000 model years. Most of the 

vehicles (84%) were produced by GM, Ford, or 

Chrysler. 

 
Figure 3.  Case Vehicle Model Year Distribution.

METHOD AND RESULTS 

The study consisted of two major tasks. First, crash 

tested vehicles were reviewed and Collision 

Deformation Classifications (CDCs) were assigned to 

the crash test types identified in Table 1. Next, U-M 

CIREN cases were reviewed and matched to test 

types and/or categorized into new crash categories.  

CDC Coding of Crash Tests 

Assigning CDCs to laboratory tests from 

post-test photographs CDCs were assigned to crash 

tests of midsized sedans, small sedans, small coupes, 

and large SUVs. 

A variety of vehicles were evaluated to determine if 

there were differences in deformation patterns based 

on vehicle type. The team reviewed photographs of 

vehicles that had been crash tested in the laboratory 

according to standard test procedures and assigned 

CDCs as a team. 

The method for assigning CDCs is defined in SAE 

recommended practice J224 [9]. The CDC is a 

method to classify the extent of residual vehicle 

deformation in a motor vehicle collision, and consists 

of three numeric and four alpha-numeric characters, 

arranged as shown in Figure 4.  

 
Figure 4.  CDC Code 

Frontal Crash Test Types — CDCs from 

Post Test Photographs  Figure 5 shows a schematic 

of a 0 degree frontal crash test and an actual crash 

tested vehicle.  

 
Figure 5.  0 degree Frontal Test. 

The CDC for this crash test was 12FDEW3. 0 degree 

frontal crash tests conducted in the laboratory will 

always have a 12 o‘clock Principle Direction of 

Force (PDOF). UMPIRE crash case PDOFs of 1 

o‘clock and 11 o‘clock were also considered as 

similar to a 0 degree frontal laboratory tests. The 

remaining characters describe a crash that is front (F), 

distributed across the vehicle (D), everything below 

the beltline (E) and a wide damage distribution (W). 

Figure 6 shows a schematic of a left angled frontal 

barrier crash test and an actual crash tested vehicle. 

 
Figure 6 .  Left Angle Barrier Test. 
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The CDC for this crash test is 12FYEW3. The 

principal difference between the 0 degree frontal 

crash test and a left or right angle crash test or offset 

deformable barrier tests is in the lateral area of 

deformation. The angled barrier crashes have a force 

direction of 11 or 12 o‘clock force direction (left) or 

12 or 1 o‘clock force direction (right.) The angled 

barrier crash tests have a frontal (F) area of 

deformation but instead of the deformation being 

distributed across the entire front of the vehicle, it is 

more localized on the left or right side of the vehicle.  

Figure 7 shows a schematic of a left offset 

deformable frontal barrier crash test and an actual 

crash tested vehicle. 

 
Figure 7.  Offset Deformable Barrier Test. 

The CDC for this crash test is 12FYEW3. In 

comparing the deformation pattern between angled 

frontal barriers to that in the offset deformable barrier 

test, although the shape of the barrier face differs in 

these two test modes, the deformation pattern, as 

defined by the CDC methodology cannot 

discriminate between the two. Using left angle tests 

and left offset deformable barriers as an example, the 

character in position 4 would be L if the area of 

deformation comprised up to 1/3 of the lateral area of 

the vehicle or Y if the deformation was between 1/3 

and 2/3 of the left side of the vehicle. For a 40% 

overlap offset deformable barrier, the code for this 

position would, by definition, be Y as it would for a 

left angle crash test where the area of deformation is 

closer to 2/3 of the vehicle. 

Figure 8 shows a schematic of a frontal center pole 

crash test and an actual crash tested vehicle. 

 
Figure 8.  Frontal Center Pole Test. 

The CDC for this crash test is 12FCEN3. A frontal 

center pole test has a 12 o‘clock force direction and a 

frontal (F) area of deformation. The lateral area of 

deformation is in the center third of the vehicle (C), 

everything below the beltline (E) and narrow, less 

than 16‖, distribution.  

Figure 9 shows a schematic of a bumper underride 

crash test and an actual crash tested vehicle 

 
Figure 9.  Bumper Underride Test. 

The CDC for this crash test is 12FDMW3. The 

frontal underrride evaluation results in a deformation 

pattern that is described with a 12 o‘clock force 

direction, front (F) distributed across the vehicle (D) 

crash, but the key difference between this crash test 

type and a 0 degree frontal barrier is that the vertical 

deformation is from the top of the bumper to the 

beltline/hood (M). This crash type engages the entire 

front of the vehicle for a wide damage distribution 

(W).  

After the CDCs were assigned to the crash tests, 

cases in the U-M CIREN database were compared to 

the list of CDCs before evaluating the extent of 

deformation (CDC character 7). Table 2 shows the 

number of U-M CIREN cases assigned to each 

frontal crash test type and associated CDCs assigned 

to the tests. 

Table 2. 

Distribution of Frontal Cases by CDC 

 

Crash Test Type CDC 1-6 Total

0 degree frontal 12FDEW 78

11FDEW 14

01FDEW 6

left angle or offset 12FYEW 52

12FLEW 12

11FYEW 7

right angle or offset 12FZEW 16

01FZEW 5

12FREW 3

01FREW 1

frontal center pole 12FCEN 10

bumper underride 12FDMW 3

Total 207
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Side Impact Crash Types — CDCs from Post 

Test Photographs  Figure 10 shows a schematic of 

an IIHS side impact crash test and an actual crash 

tested vehicle. 

    
Figure 10.  IIHS Side Impact Test. 

The CDC for this crash test is 9LPAW3. IIHS side 

impact tests are conducted with a moving deformable 

barrier that strikes the vehicle on the side at a 90 

degree angle leading to a force direction and area of 

deformation of 3 o‘clock on the right (3R) or 9 

o‘clock on the left (9L). The moving deformable 

barrier is aligned with the goal of maximizing the 

contact with the passenger compartment leading to 

deformation of P (passenger compartment) or Y 

(passenger compartment and area forward of 

passenger compartment) for character 4. The vertical 

deformation in this crash type can extend above the 

beltline leading to an A or E for character 5. The 

lateral extent of the deformation in this crash type is 

greater than 16‖, or wide (W) for character 6.  

Figure 11 shows a schematic of a side NCAP crash 

test and an actual crash tested vehicle. 

       
Figure 11.  Side NCAP Test. 

The CDC for this crash test is 10LPAW3. The key 

difference between the IIHS side impact test and the 

side NCAP test is that the side NCAP test uses a 

moving deformable barrier that is crabbed (at an 

angle of 27 degrees) with respect to the impacted 

vehicle. The crabbed impact results in a 10 o‘clock 

left (10L) or 2 o‘clock right (2R) as opposed to 3 and 

9 o‘clock for the IIHS test. The remaining characters 

are the same as for the IIHS test.  

Figure 12 shows a schematic of a side impact pole 

crash test and an actual crash tested vehicle. 

          
Figure 12.  Side Impact Pole Test. 

The CDC for this crash test is 9LPAN3. The side 

impact pole test that can be conducted as an 

evaluation for FMVSS 201 defines a perpendicular 

impact with a 254mm pole centered at center of 

gravity of the head of the Anthropomorphic Test 

Device (ATD, or test dummy). The differences in 

deformation pattern between this type and the IIHS 

side impact test type is that the pole impact results in 

a narrow (N), less than 16‖, deformation pattern in 

character 6, and has a vertical deformation pattern of 

the entire vehicle (A) in character 5. 

Table 3 shows the number of U-M CIREN cases 

assigned to each side impact crash test type and 

associated CDCs assigned to the tests. 

Table 3. 

Distribution of Side Impact Cases by CDC 

 

Table 4 shows CDCs from non-arrested rollover 

crash cases that have deformation patterns that are 

similar to those generated in laboratory crash tests.  

Crash Test Type CDC 1-6 Total

IIHS side impact 09LPAW 12

09LYAW 9

03RPAW 9

09LPEW 5

03RPEW 4

03RYAW 3

09LYEW 3

03RYEW 1

side NCAP 10LYAW 13

02RPAW 8

02RYAW 7

02RYEW 3

10LPAW 3

10LYEW 3

02RPEW 1

10LPEW 1

side pole 09LPAN 2

03RPAN 1

09LPAW 1

Total 89
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Table 4. 

Non-arrested rollover crash CDCs 

 

Laboratory rollover crash tests [10] are used in 

developing rollover sensor calibrations. These tests 

focus on the initiation portion of the rollover and 

therefore often involve tethered vehicles so there is 

no body damage, or the vehicle rolls one full roll or 

less. These kinds of tests result in a CDC that is 

defined as non-horizontal (00) for the force direction 

and an area of deformation of top (T). Deformation in 

laboratory rollover tests is typically distributed over 

the vehicle (D) or skewed slightly forward (Y) due to 

the location of the engine in the front of the vehicle. 

Character 5 can be either distributed (D) or the left 

(Y) or right (Z) 2/3 of the vehicle. Finally, character 

6 is always O for a rollover. An example of a rollover 

laboratory tested vehicle is shown in Figure 13 (a) 

with a comparable U-M CIREN case in Figure 13 (b) 

     
      (a)                                   (b) 

Figure 13.  Laboratory Rollover Crash Tested 

Vehicle and Non-Arrested Rollover Case Vehicle- 

00TDDO3. 

Additional Case CDCs Matched to Front and Side 

Impact Crash Test Types during In-depth Review 

The next step was an in-depth case-by-case review of 

the remaining U-M CIREN cases to determine if the 

cases had deformation that appeared visually to 

match that generated in crash tests. Table 5 shows the 

number of additional U-M CIREN frontal cases that 

had deformation patterns that were determined to be 

similar to frontal crash test types and the associated 

CDCs.  

Table 6 shows the number of additional U-M CIREN 

side impact cases that had deformation patterns that 

were determined to be similar to side impact crash 

test types and the associated CDCs.  

Table 7 shows examples of additional frontal and 

side impact crashes. These examples are explained in 

the following section.  

Table 5. 

Distribution of Additional Frontal Impact Cases 

by CDC 

 

Table 6. 

Additional Side Impact Cases by CDC 

 

Table 7. 

Examples of Additional Frontal and Side Impact 

Crash Types 

Frontal Impact Side Impact 

(a) Offset Pole - 

12FZEN3 

(d) IIHS Side Impact - 

09LZAW4 

  
(b) 0 Degree Frontal - 

12FDAW5 

(e) Side Pole –  

09LPEN3 

 

 

(c) Left Angle - 

11LYEW4 

(f) Side NCAP - 

10LZAW3 

  
  

Crash Test Type CDC 1-6 Total

rollover 00TDDO 6

00TYYO 1

00TYZO 1

Total 8

Crash Test Type CDC 1-6 Total

frontal offset pole 12FZEN 5

12FYEN 4

12FLEN 3

12FZAN 1

12FRAN 1

12FREN 1

left angle or offset 11LYEW 6

11LYAW 5

12FYAW 1

11FYAW 1

0 degree frontal 11FDAW 5

12FDAW 3

01FDAW 1

right angle or offset 01RZEW 2

12FZAW 1

frontal center pole 12FCEW 2

Total 42

Crash Test Type CDC 1-6 Total

IIHS side impact 09LZAW 4

08LZAW 1

side NCAP 10LZAW 3

01RPAW 1

side pole 09LPEN 1

Total 10
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Table 7 Figure (a) shows an example of a 12 o‘clock 

frontal (12N) narrow impact (N, character 6) that was 

similar to a frontal pole test. Table 7 Figure (b) 

demonstrates a vertical deformation area that extends 

above the beltline (A, character 5) was similar to the 

deformation that is generated in a 0 degree frontal 

crash but coded as everything below the beltline (E, 

character 5). Table 7 Figure (c) is an example from 

the left angle or offset category. There was an 

overlap between the deformation defined by an 11 

o‘clock frontal (11F) and an 11 o‘clock left side 

(11L) and therefore the 11 o‘clock left impacts were 

added to this category. A similar overlap was noted 

on the right side of the vehicle. In addition, for 

angled impacts that engaged up to 2/3 of the lateral 

vehicle structure (Y or Z, character 4), vertical 

deformation that extended above the beltline (A, 

character 5) was also similar to that seen in the 

frontal angle and offset crash tests, everything below 

the beltline (E, character 5). 

The two additional CDCs assigned to the IIHS side 

impact test type reflect a slight shifting of the impact 

rearward in the vehicle so that the area of 

deformation includes the passenger compartment but 

extends rearward (Z, character 4) as demonstrated in 

Table 7 Figure (d). In addition there was one case 

with an 8 o‘clock force direction that had 

deformation similar to that generated in an IIHS side 

impact test.  

For the side NCAP test type, the additional CDCs 

were assigned in a similar fashion — a slight 

rearward shifting in deformation area (Z, character 4) 

shown in Table 7 Figure (e) as well as a force 

direction that that was one ‗hour‘ different than 

assigned from crash test pictures (1 o‘clock versus 2 

o‘clock).  

For the side pole test, one case, Table 7 Figure (f), 

had a deformation pattern of everything below the 

beltline (E, character 5) instead of extending up 

above the beltline as is typical in a side pole crash 

test. 

Cases with Crash Configurations Different from 

Laboratory Tests 

The remaining cases which could not be matched to 

existing crash tests were grouped into new crash 

configuration categories. In this step, 77 cases were 

assigned to these additional crash configurations 

without a matching crash test and 9 cases were so 

unique that they could not be categorized into any 

crash category.  

The distribution of frontal crash cases without a 

corresponding crash test is shown in Table 8. 

Table 8. 

Distribution of Frontal Crash Cases without an 

Associated Crash Test by CDC 

 

The distribution of side impact cases without a 

corresponding laboratory crash test is shown in Table 

9.  

Table 9. 

Distribution of Side Crash Cases without an 

Associated Crash Test by CDC 

 

The rear impact crash cases are shown in Table 10 

Table 10. 

Distribution of Rear Crash Cases without an 

Associated Crash Test by CDC 

 

Crash Type CDC 1-6 Total

left small overlap 12FLEE 9

12FLAE 8

11FLEE 3

12FLAW 3

11LFEW 2

right small overlap 12FREE 5

02FREE 1

underride 12FDAA 3

12FZAA 1

high undercarriage 12FDLW 2

12FRLN 1

sideswipe 12LDAS 1

corner underride 12FRAE 1

offset underride 12FLME 1

Total 41

Crash Type CDC 1-6 Total

side imp. non-occ. comp. 10LFEW 2

02RFEW 2

09LFEW 1

09LBEW 1

03RBEW 1

IIHS side - shifted rwd 03RZAW 2

02RZAW 2

09LZEW 2

oblique side 01RDAW 2

11LDAW 1

IIHS side - distributed 09LDAW 2

side NCAP - shifted rwd 02RZEW 2

IIHS side - shifted fwd 01RYAW 2

side oblique pole 10LPAN 1

side NCAP - distributed 02RDAW 1

Total 24

Crash Type CDC 1-6 Total

full overlap rear impact 06BDEW 3

partial overlap rear impact 06BZAW 1

06BYAW 1

rear angle 07BLAW 1

narrow overlap rear impact 06BRAE 1

Total 7
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Table 11 shows examples of cases without a 

corresponding crash test. These examples are 

explained in the following section.  

The left and right small overlap crashes (Table 11 

Figure (a)) had deformations that were typically 

outside of the longitudinal rails. These were primarily 

frontal crashes (F, character 3) with damage limited 

to the left (L, character 4) or right (R, character 4) 1/3 

of the vehicle. The vertical damage ranged from the 

entire vehicle (A, character 5) or everything below 

the beltline (E, character 5) with a corner (from 

corner to 16‖ inboard) (E, character 6) type of 

damage distribution. In addition, the overlap seen 

between the FL and the LF (characters 3 and 4) 

resulted in an additional CDC and two cases assigned 

to this crash type. 

The corner underride case (Table 11 Figure (b)) was 

different from a right angle or offset test in that 

although there was deformation below the beltline, 

the majority of deformation was above the beltline. 

This is a detail that is not evident in the CDC but was 

visible during review of the post-crash photographs.  

The high undercarriage cases (Table 11 Figure (c)) 

had deformation that was from the top to the bottom 

of the vehicle frame (L, character 5), which 

discriminated these cases from 0 degree frontal and 

pole tests which have residual deformation from the 

beltline down (E, character 5).  

The one offset underride case (Table 11 Figure (d)) 

was distinguished from other case types by the M for 

character 4, meaning from the top of the frame to the 

beltline. The sideswipe crash (Table 11 Figure (e)) 

was categorized by the S in character 6 which is 

defined as a sideswipe with 0 to 4‖ of lateral overlap. 

The underride crash types (Table 11 Figure (f)) were 

categorized by the A in character 6 defined as an 

overhanging structure or inverted step. 

The side impact cases without a corresponding crash 

test type primarily involved damage that involved 

either more of the side of the vehicle (D, character 4, 

as shown in (Table 11 Figure (g)) or was shifted 

forward or rearward of the occupant compartment. In 

addition, there were variations in the force direction 

(characters 1 and 2) as compared to laboratory tests.  

The oblique side impacts (Table 11 Figure (h)) were 

defined by the somewhat frontal force directions of 

11 and 1 o‘clock combined with a distributed loading 

along the side of the vehicle. The side impacts that 

did not involve the compartment (Table 11 Figure (i)) 

Table 11. 

Examples of Cases Without a Corresponding 

Crash Test 

(a) Left Small Overlap - 

12FLEE9 

(g) IIHS Side Impact - 

Distributed - 09LDAW4. 

  
(b) Corner Underride - 

12FRAE7 

(h) Oblique Side Impact 

- 01RDAW3 

  
(c) High Undercarriage - 

12FDLW1 

(i) Side Impact Non-

Occupant Compartment 

- 10LFEW3. 

  

(d) Offset Underride - 

12FLME5 

(j) Side Oblique Pole 

Impact - 10LPAN4 

  
(e) Sideswipe –  

12LDAS2 

(k) Full Overlap Rear 

Impact - 06BDEW3 

  
(f) Underride - 12FDAA6  

 

 

 

were either in front of the occupant compartment (F, 

character 4) or behind the occupant compartment (B, 

character 4). The side oblique pole was characterized 

by a non-perpendicular 10 o‘clock impact with a 
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narrow damage distribution (N, character 6, Table 11 

Figure (j)). 

The rear impact cases were characterized by force 

directions from the rear of the vehicle (6 and 7 

o‘clock) and a rear area of deformation (B, character 

3, Table 11 Figure (k)). Although rear impact crash 

test evaluations are performed to evaluate vehicle 

structural performance, occupant performance is not 

evaluated in these tests. 

The arrested rollover crash cases are shown in Table 

12. Cases with deformation patterns that are so 

unique that they could not be categorized are shown 

in Table 13 and Table 14. 

Table 12. 

Distribution of Arrested Rollover Crash Cases 

without an Associated Crash Test by CDC 

 

Table 13. 

Non-categorized Crash Cases by CDC 

 

Table 14. 

Examples of Crash Damage in U-M CIREN Cases 

Non-categorized Cases by CDC 

02FDEW3 00LZAW9 

 
 

12LYAW3 11LFEN3 

 
 

00FCEN2 12FDHW9 

 
 

Extent (CDC Character 7) After categorizing 

the U-M CIREN cases by crash configuration and 

crash category, the CDC extent, character 7, was 

analyzed. The maximum extent for the laboratory 

crash test types is shown in Table 15. The maximum 

extent was consistent across laboratory tests of 

different vehicle types.  

Table 15. 

CDC Extent for Crash Tests 

 

Appendix B shows the distributions of U-M CIREN 

crash types by CDC characters 1-6 and CDC extent 

above or below that generated in laboratory crash 

tests. 

Crash Type CDC 1-6 Total

arrested rollover 00TZDW 1

00TYDN 1

00TPDN 1

00TFDO 1

00TZZO 1

Total 5

Crash Test Type CDC 1-6 Total

not categorized 02FDEW 3

12LYAW 2

00FCEN 1

00LZAW 1

11LFEN 1

12FDHW 1

Total 9

Crash Test Type

Maximum Extent in 

Laboratory Testing

0 degree frontal 3

bumper underride 3

frontal center pole 4

frontal offset pole 4

left angle or offset 3

right angle or offset 3

IIHS side impact 3

side NCAP 3

side pole 3

rollover 3
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DISCUSSION 

In many cases, crash damage in U-M CIREN cases 

closely resembled deformation from laboratory crash 

tests. Table 16 shows a comparison of three crash 

types to the associated case vehicle where the pattern 

of deformation is visually similar.  

Table 16. 

Examples of Crash Damage in U-M CIREN Cases 

Similar to Crash test Damage 

Laboratory Crash Test U-M CIREN Case CDC 

0 Degree Frontal 12FDEW3 

  

Frontal Center Pole 12FCEN4 

 
 

IIHS Side Impact 9LPAW3 

  

In some cases, crash damage within a CDC category 

varied from crash test deformation. Table 17 shows a 

comparison of two crash types to the associated crash 

test types where the pattern of deformation is not 

visually similar. The first example, shows a U-M 

CIREN case coded 12FYEW3, or similar to a left 

angle or offset laboratory test. There is an obvious 

difference in deformation patterns, but because the 

impact in the U-M CIREN case engaged part of the 

left and center thirds of the front of the vehicle and 

was wider than 16‖, the case must be coded as wide 

(W, character 6) as opposed to narrow (N, character 

6). 

The second example shows a 0 degree frontal 

laboratory crash test coded as 12FDEW3. Visually, 

the deformation pattern in the U-M CIREN case 

looks more similar to a frontal angle test, but because 

the damage is distributed across the front of the 

vehicle, this case is categorized as a 0 degree frontal.  

There were cases in which the ‗classic‘ picture of a 

given CDC did not exactly match the actual vehicle 

deformation. These examples demonstrate the 

coarseness of using CDCs to describe vehicle 

deformation.  

Table 17. 

Examples of Crash Damage in U-M CIREN Cases 

Different from Crash test Damage 

Laboratory crash test U-M CIREN Case CDC 

Left Angle Frontal 12FYEW3 

 
 

0 degree Frontal 12FDEW3 
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SUMMARY 

As shown in Figure 14, 48.9% of the 442 U-M 

CIREN cases studied matched an existing crash test 

configuration with an extent less than or equal to the 

test, 31.7% of the frontal cases matched an existing 

crash test configuration but with greater extent, and 

19.5% did not match an existing crash test 

configuration. 

 
Figure 14.  Distribution of U-M CIREN Cases. 

A comparison was made to determine if the 

distribution of the U-M CIREN cases was consistent 

with the entire set of cases from all of the CIREN 

centers. Of the 2089 CIREN cases analyzed, the 

CDCs placed 47.5% in the groups which matched an 

existing crash test type with an extent less than or 

equal to the test, 25.8% of the cases matched an 

existing crash test configuration but with greater 

extent, and 14.4% did not match an existing crash test 

configuration. There were 12.3% of the CIREN cases 

that had CDCs that did not match those found in U-M 

CIREN cases (Figure 15). Those cases were not 

analyzed further in this study. The distribution of 

cases was similar between the U-M CIREN and 

CIREN datasets, which gave confidence that the U-M 

CIREN dataset is reasonably representative of the 

entire CIREN dataset. 

 
Figure 15.  Distribution of all CIREN Cases. 

Cases Matching Test Configuration and Extent 

Figure 16 shows the distribution of the 48.9% of U-

M CIREN crash cases that had configurations similar 

to current laboratory tests with extents less than or 

equal to the test. For frontal crashes, the 0 degree 

frontal impact category was the most represented 

followed by the left angle or offset category. For side 

impact crashes, the percentage of cases in the Side 

NCAP and IIHS Side Impact categories were similar. 

These categories were the most prevalent type of side 

impact configuration. There were a limited number of 

rollover cases in the CIREN database which is 

influenced by the CIREN selection criteria.  

 
Figure 16.  Distribution of U-M CIREN and CIREN cases versus Crash Test Type for crashes with similar 

configurations and extents less than or equal to a current industry crash test 
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Cases matching Test Configuration but with 

Greater Extent  

Figure 17 shows the distribution of the 31.7% of U-

M CIREN crash cases that had configurations similar 

to current laboratory tests with extents greater than 

current crash tests. Similar to the cases with lesser 

extents, the 0 degree frontal was the most prevalent 

frontal impact, followed by the left angle or offset 

category. Side NCAP was the most represented side 

impact category, followed by the Side IIHS 

configuration. There were very few frontal pole 

crashes with extents greater than the industry crash 

tests.  

 

 
Figure 17.  Distribution of U-M CIREN and CIREN cases versus Crash Test Type for crashes with similar 

configurations and extents greater than a current industry crash test. 

There are several possible measures of crash severity 

including delta V, Equivalent Barrier Speed (EBS), 

and Extent of Deformation. CDC extent (Character 

7), or extent of crash deformation, was used in this 

analysis as an indicator of crash severity because 

delta V and EBS were not available for all cases. 

Overall, the distribution of cases that had an extent 

greater than the crash test extent was very similar to 

the distribution of cases that had an extent less than 

or equal to the crash test extent. The maximum 

regulated frontal crash test speed is currently 35 mph 

which encompasses 99% of all frontal tow away 

crashes by delta V as illustrated by Figure 18. 

 
Figure 18.  Frontal Crash Severity Distribution - 

1997-2006 NASS CDS. 
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Cases Not Matching Test Configuration 

Figure 19 shows the distribution of the 19.5% of U-

M CIREN crash cases that did not match a current 

industry crash test configuration. The majority of 

these cases were Left or Right Small Overlap crashes. 

Left (FLEE) and right (FREE) small overlap crashes 

totaled 10.7% of all frontal cases in the U-M CIREN 

database. The next largest category contains crashes 

with deformation patterns that were so unique that 

they could not be categorized. The majority of side 

impacts in this group were similar to current industry 

side impact crash tests, but with the impact location 

shifted more forward or rearward of the occupant 

compartment. 

 

 
Figure 19.  Distribution of U-M CIREN and CIREN cases versus Crash Test Type for crashes that do not 

match a current industry crash test.  

Figure 20 shows the distribution of frontal crash test 

extents for cases with frontal crash configurations 

that were different from existing test types. Figure 21 

shows the distribution of frontal crash test extents for 

cases with configurations similar to current test types.  

 
Figure 20.  Extent Distribution ≠ Test 

Configuration. 

 
Figure 21.  Extent Distribution = Test 

Configuration. 
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Frontal crashes that had configurations different from 

current laboratory tests tended to involve localized 

vehicle deformation. The concentrated loads engaged 

less of the vehicle‘s front structure and resulted in 

maximum crush extending farther rearward on the 

vehicle. Measures of crash severity other than the 

extent of maximum crush, such as delta V, are less 

likely to show the same increase and may even 

decrease. 

CONCLUSIONS 

The conclusions of this research are: 

 The majority of cases in this study had crash 

configurations similar to existing industry crash 

tests. 

 Only 19.5% of cases had crash configurations 

that were not represented by current crash tests. 

Any consideration of increasing test severity to 

address those crashes that produce a greater extent of 

crash deformation than that produced in crash tests 

must consider a broader spectrum of collisions 

including non-injury producing crashes. This analysis 

must be done in a way that does not increase the risk 

to the current uninjured population that is not 

included in the CIREN database.  
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APPENDIX A: CIREN ADULT INCLUSION CRITERIA (OCTOBER 2006) 

 

* Cases where the vehicle is >6 yrs old may be 

considered for enrollment if the vehicle contained 

advanced safety components – NHTSA approval 

required 

** AIS of 2 in 2 or more body regions with medical 

significance (avoid concussive type injury for 

inclusion) 

* *AIS of 2 in the lower extremity with significant 

articular injury 

(pilon/talus/calcaneus/Lisfranc/Choparts) 

*** Max. PI SI cases allowed per site per year would 

be 5 based on a 50 case enrollment (10%) 

**** Cases must be extraordinary for consideration – 

NHTSA approval required 

 

 

 

APPENDIX B: CDC EXTENT 

Table 18. 

U-M CIREN Cases Matched to Frontal Impact 

Crash Test Types 

 

Table 19. 

U-M CIREN Cases Matched to Side Impact Crash 

Test Types 

 

Table 20. 

U-M CIREN Cases Matched to Non-Arrested 

Rollover Crash Tests 

 

Case 
Type 

Crash 
Direction 

Vehicle 
Criteria 

Restraint 
Criteria 

Occupant 
Positions 

Injury 
Thresholds 

Frontal 10 to 2 o’clock 
Full frontal 

Offset frontal 

 
CY-6 yrs* 
(Priority on 

newest 
vehicles) 

 
Air bag, Air bag and 3-

point belt  
 

Row 1 
AIS>3 

or 

** Must be in 3-point belt 
and gross misuse not 

documented 
Rows 2+ 

Side 8 to 10 o’clock 
2 to 4 o’clock 

CY-6 yrs* 
(Priority on 

newest 
vehicles) 

Any and all, including 
unrestrained on struck 

side and far side Any 

 
AIS>3 

or 

** 

Rollover All CY-6 yrs* 
(Priority on 

newest 
vehicles) 

Any and all, including 
unrestrained 

(EXCEPTION = 100% 
EJECTION) 

Any 
AIS>3 

or 
** 

Pregnant 
Occupant 
(total 
enrollment 
limited) 

10 to 2 o’clock 
Full frontal 

Offset frontal 

CY-8 yrs* 
(Priority on 

newest 
vehicles) 

Must be in a 3-point 
belt and gross misuse 

not documented 
Avoid out-of-position 

cases. 
(call NHTSA on non-

belted cases for 
consideration) 

Any 

AIS2+ 
AIS1 
(with 

moderate to 
severe 
impact) 

PI Special 
Interest *** 

Any Any Any 
Any Any 

Success 
Case**** 

Any CY-6 yrs* Appropriate restraint 
usage  

(belt and/or air bag) 
Any Any 

Fire All Any Any and all, including 
unrestrained 

Any AIS>2 

 

Crash Test Type CDC 1-6 ≤ Test Extent > Test Extent Total

0 degree frontal 12FDEW 51 27 78

11FDEW 10 4 14

01FDEW 4 2 6

11FDAW 5 5

12FDAW 3 3

01FDAW 1 1

0 degree frontal Total 65 42 107

left angle or offset 12FYEW 33 19 52

12FLEW 7 5 12

11FYEW 2 5 7

11LYEW 4 2 6

11LYAW 4 1 5

11FYAW 1 1

12FYAW 1 1

left angle or offset Total 51 33 84

right angle or offset 12FZEW 7 9 16

01FZEW 5 5

12FREW 1 2 3

01RZEW 1 1 2

12FZAW 1 1

01FREW 1 1

right angle or offset Total 15 13 28

frontal offset pole 12FZEN 5 5

12FYEN 4 4

12FLEN 3 3

12FZAN 1 1

12FRAN 1 1

12FREN 1 1

frontal offset pole Total 12 3 15

frontal center pole 12FCEN 10 10

12FCEW 2 2

frontal center pole Total 12 12

bumper underride 12FDMW 1 2 3

bumper underride Total 1 2 3

Total 156 93 249

Crash Test Type CDC 1-6 ≤ Test Extent > Test Extent Total

IIHS side impact 09LPAW 7 5 12

09LYAW 4 5 9

03RPAW 3 6 9

09LPEW 3 2 5

03RPEW 3 1 4

09LZAW 4 4

03RYAW 3 3

09LYEW 2 1 3

08LZAW 1 1

03RYEW 1 1

IIHS side impact Total 24 27 51

side NCAP 10LYAW 7 6 13

02RPAW 5 3 8

02RYAW 6 1 7

02RYEW 2 1 3

10LPAW 3 3

10LYEW 3 3

10LZAW 3 3

01RPAW 1 1

02RPEW 1 1

10LPEW 1 1

side NCAP Total 30 13 43

side pole 09LPAN 2 2

90LPAW 1 1

03RPAN 1 1

09LPEN 1 1

side pole Total 1 4 5

Total 55 44 99

Crash Test Type CDC 1-6 ≤ Test Extent > Test Extent Total

rollover 00TDDO 5 1 6

00TYYO 1 1

00TYZO 1 1

rollover Total 6 2 8

Total 6 2 8
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ABSTRACT 
 
United States Consumer Products Safety Commission 
statistics indicate there are approximately 13,000 golf 
car related emergency room visits in the United 
States annually.  Of these, approximately 40% 
involve children (i.e. age < 16) and 50% of these 
involve a fall from a moving car.  Evidence also 
indicates that many passenger ejections occur during 
left turns.  Children are especially susceptible to 
ejection because of their small size and reliance upon 
the hip restraint for stability.  While adult ejections 
have been studied, the present study analyzes 
mechanisms of child ejection during left turns.  
Dynamic tests are presented wherein an 
anthropomorphic Hybrid III  6 year old dummy in the 
front passenger seat is ejected during a moderate left 
turn and ejection kinematics are analyzed.  An 
Articulated Total Body (ATB) occupant simulation is 
also presented, which compares favorably with 
experimental results.  Additional simulations are 
presented wherein a seatbelt is found to be effective 
in preventing ejection with minimal belt force 
requirements.  While experimental and simulated 
occupant dummies do not include muscular reactions, 
the potentially rapid onset of vehicle acceleration 
indicates that real occupants, particularly young 
children, may not have time to react before the 
ejection process has begun.  Results indicate that 
current hip restraints are not large enough to prevent 
the ejection of small children during a moderate left 
turn.  Additionally, seatbelts or straps are effective in 
preventing ejection during driver induced 
accelerations.  The small belt force requirements 
indicate that seatbelts designed for use in automobiles 
and meeting Federal Motor Vehicle Safety Standards 
(FMVSS) may not be necessary.  Based on these 
results, it is recommended that children be prohibited 
from riding in golf cars without a seatbelt type 
restraint when driven on golf courses and that 
seatbelt type restraints be provided for each occupant, 
especially children, when driving outside the golf 
course setting.     
 

INTRODUCTION 
 
Research and data compiled across the country 
indicate that the use of golf cars1 and Personal 
Transport Vehicles (PTVs) is rapidly expanding, as 
are the numbers or injuries related to their use.  
Recent research conducted by the University of 
Alabama at Birmingham [1] has indicated that about 
1,000 Americans are injured in golf car related 
accidents each month.  Another study completed by 
the Center for Injury Research and Policy at 
Nationwide Children’s hospital in Columbus, Ohio 
[2] stated that annual injury rates for golf cars 
increased 130 percent over 16 years ending in 2006.  
This study suggested that rules should be in place 
banning children under 6 years old from riding in 
golf cars.  These studies and their underlying data 
also indicate that passenger ejection is a dominant 
mode of injury in golf car and PTV accidents, 
especially when children are involved.  The testing 
and simulations in the present study investigate the 
effectiveness and load requirements for preventing 
ejection of children seated in golf cars. 
 
In addition to golf cars operated on golf courses, 
resort and retirement communities in the United 
States, as well as other local municipalities, now 
allow golf cars and Personal Transport Vehicles 
(PTVs) on streets as primary means of local 
transportation [3, 4, 5, 6].  In fact, local transportation 
of passengers is the express purpose of PTVs.  
Advertising for many PTVs produced by the major 
manufacturers (i.e. Club Car, E-Z-Go and Yamaha) 
specifically indicates that these vehicles are intended 
for “playing golf or cruising your neighborhood” [7] 
and “hauling kids” [8] and feature photos of young 
children riding in the vehicles.  In response to the 
trend of using golf cars and PTVs off the golf course, 

                                                 
 

1 While the term ‘‘golf cart’’ is used by general 
public, the manufacturers of those vehicles use the 
term ‘‘golf car.’’ 
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the U.S. National Highway Traffic Safety 
Administration implemented requirements for safety 
equipment on Low Speed Vehicles (LSVs) that 
operate on public roads including mandatory 
seatbelts for all passengers [9, 10, 11].  However, 
these regulations define a Low Speed Vehicle as one 
having a top speed between 32 and 40 kph (20 and 25 
mph).  As a result, vehicles with top speeds below 32 
kph (20 mph), such as golf cars and PTVs remain 
unregulated.   
 
Golf cars and Personal Transport Vehicles are often 
substantially similar, are manufactured by the same 
group of companies, and are virtually 
indistinguishable to the common observer.  However, 
the manufacturers differentiate these vehicles based 
on maximum speed and intended usage, which can 
lead to confusing or ambiguous distinctions.  For the 
purposes of this study, it is sufficient to understand 
that according to American National Standards 
Institute (ANSI) standards, the term “golf car” 
applies to vehicles with a top speed of less than 15 
mph that are “specifically intended for and used on 
golf courses for transporting golfers and their 
equipment” [12] while “Personal Transport Vehicle” 
(PTV) applies to vehicles with a top speed of less 
than 20 mph which are “operated on designated 
roadways, or within a closed community where 
permitted by law or by regulatory authority rules” not 
including golf cars [13].   
 
Previous research performed by Seluga et al [14] and 
Long et al [15] has demonstrated the ineffectiveness 
of most hip or handhold restraint systems typically 
found on existing golf cars and PTVs.  In fact, it has 
been demonstrated that these types of restraints can 
exacerbate the problem by acting as a tripping 
mechanism, increasing the likelihood that an ejected 
occupant will strike the ground head first.  
Additionally, the documented increase in golf car and 
PTV injuries is consistent with the data presented by 
Long et al [15], which indicated an increase in the 
number of injuries due to increased vehicle usage and 
the lack of any seatbelt requirements.  This study also 
demonstrated the effectiveness of seatbelts in 
preventing passenger ejections.  Thus, if seatbelts 
were provided and users exhibited comparable 
compliance rates to those for automobiles (i.e. 
approximately 80% [16,17]), then approximately 
80% of ejection accidents could be prevented by 
providing seatbelts.   
 
The debate concerning restraint systems on golf cars 
and PTVs has had opposing opinions both for and 
against seatbelts.  The opinion that golf cars and 

PTVs should not have any type of seatbelt system has 
been primarily put forth by the National Golf Car 
Manufacturers Association (NGCMA), a non-profit 
corporation consisting exclusively of golf car 
manufacturers and organized “to promote the 
common business interest of its members” [18].  
During the 1997 NHTSA rulemaking process related 
to the newly designated motor vehicle category of 
“Low Speed Vehicle” (LSV) [9], the NGCMA 
viewed the seatbelt requirement as “antithetical to the 
personal safety of drivers and occupants of golf cars” 
[10] and cited ANSI/NGCMA Z 130.1-1993 [19] 
which required a Rollover Protective Structure 
(ROPS) for any golf car containing seatbelts.  
Additionally, the NGCMA suggested that existing 
hip restraints do not prevent occupants from jumping 
or leaping out of golf cars to avoid injury when the 
car is about to rollover.  Accordingly, the NGCMA 
Golf Course Safety Guidelines [20] state that “use of 
seatbelts without adequate overhead protection may 
result in severe injury or death.”  The investigation 
by NHTSA regarding the establishment of the “Low 
Speed Vehicle” (LSV) classification included 
research of golf car safety; until it was determined 
that NHTSA would only regulate Low Speed 
Vehicles intended for on-road use and with a 
minimum speed of 20 mph.  Hence golf cars and 
PTVs with a maximum speed of less than 20 mph are 
not currently regulated by any federal agency and the 
decision to require seatbelts in golf cars and PTVs is 
left to state and local jurisdictions.  It should also be 
noted that NHTSA in its final ruling concluded that 
“the conjecture by some commenters that it would be 
valuable to be able to jump out of an LSV are 
unsubstantiated speculation that is especially 
unpersuasive given the volume of data showing that 
ejection is extremely dangerous and that seatbelts are 
remarkably effective at preventing ejection” [10].   
 
Accident Statistics 

It is estimated that there were, on average, 
approximately 13,000 golf car related injuries 
requiring emergency room treatment in the United 
States per year from 2002 to 2007, not including 
fatalities that did not involve emergency room 
treatment.  The estimated number of accidents 
steadily increased from roughly 11,000 in 2002 to 
over 17,000 in 2007 [21].  Of these, approximately 
40% (i.e. over 5,000 per year) involved an ejection 
from a moving car, representing by far the most 
common type of accident.  In cases where the 
location of the injury was reported, approximately 
70% occurred at sports or recreational facilities (e.g. 
golf courses) while the remainder occurred at 
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locations such as private homes or public streets, 
indicating that these statistics do not make the 
distinction between golf cars and PTVs that the 
NGCMA does.  When this data is filtered to include 
only children (i.e. age < 16 years), it is found that this 
age group is involved in approximately 40% (i.e. 
over 5,000 per year) of all documented accidents.  
Furthermore, children are substantially more 
susceptible to ejection than adults based on the fact 
that slightly over 50% of child accidents (i.e. over 
2,600 per year) involve a fall from a moving car.  Of 
these child ejection accidents, approximately 50% 
occurred at a sports or recreational facility, while the 
remaining 50% occurred either at home, on a street, 
or at some other public property.  In light of these 
statistics, ejections from a moving car represent a 
significant number of serious golf car and PTV 
accidents involving children, the reduction of which 
would significantly improve occupant safety [1,2,22].  
It should also be noted that according to the same 
statistics, approximately 10% of golf car and PTV 
accidents involve a rollover.  Therefore, even if 
seatbelts did present some increased danger for 
passengers in rollover events as supposed by the 
NGCMA, the relative number of ejections accidents 
to rollover accidents (i.e. approximately 4 to 1) 
indicates that the addition of seatbelts could still offer 
an overall improvement of golf car and PTV safety.  
Furthermore, there are design opportunities available 
for reducing the number of rollover events [23].   

In addition to the statistical injury data, CPSC case 
narratives also include some details regarding each 
accident.  One common scenario for a passenger 
ejection accident is when a golf car or PTV, traveling 
near its maximum speed, is turned to the left.  CPSC 
data from 2002-2007 contains many accident 
narratives that match this scenario closely, such as 
“riding with dad in golf cart, dad made a sharp turn 
and [patient] fell out” or “patient on golf cart at 
home, brother turned and threw him off cart.”  Many 
more of the “fall from cart” type accidents may also 
involve ejection during a left turn, but the accident 
narratives are too vague to make this determination in 
most cases.  This theme is repeated in numerous 
news articles that report many serious head injuries, 
including some fatalities, that involve both child and 
adult passengers falling out of a golf car or PTV 
during a left turn [24, 25, 26, 27, 28, 29].   

 
Current Designs and Standards 
 
The major golf car and PTV manufacturers (i.e. Club 
Car, E-Z-Go and Yamaha) do not provide seatbelts as 

standard equipment with their golf cars and PTVs, 
though personal communications with many 
authorized dealers indicated that they will provide a 
seatbelt if the customer requests one.  While it may 
be generally assumed that golf car users on a golf 
course are not likely to make use of seatbelts due to 
their need to frequently exit and re-enter the vehicle, 
the same may not be true for a PTV or a golf car used 
away from the golf course.  In support of this 
contention, many private communities and 
municipalities where golf cars and PTVs are used as 
the primary means of transportation do require 
seatbelts.  Obtaining some form of a seatbelt for a 
golf car or PTV is not difficult, since most golf car 
and PTV outfitters offer after market seatbelts 
[30,31] to meet the market demands for seatbelts that 
are not being met by the original equipment 
manufacturers.  The community of Palm Desert in 
California was a pioneer in recognizing the use of 
golf cars on their roadways and adopted a 
transportation plan in 1993 requiring seatbelts in golf 
cars. Some communities, such as Bald Head Island, 
North Carolina, have recognized the safety benefits 
of seatbelts but rather than requiring belts on all 
vehicles, they only recommend that occupants utilize 
them if present.  It should be noted that, contrary to 
the supposition of the NGCMA that “use of seatbelts 
without adequate overhead protection may result in 
severe injury or death,” the authors are not aware of 
any incidences at these or other communities, where 
the use of a seatbelt had a negative impact on the 
injury outcomes of a rollover accident.   
 
Unlike the Federal Motor Vehicle Safety Standard 
(FMVSS) #500 for Low Speed Vehicles, which 
requires a seatbelt be provided for each intended 
occupant, neither ANSI standard Z130.1-2004 “Golf 
Cars – Safety and Performance Specifications” [12] 
nor ANSI Z135-2004 “Personal Transport Vehicles – 
Safety and Performance Specifications” [13] require 
that any seatbelts be provided.  In lieu of seatbelts, 
ANSI Z130.1 and Z135 require “a hand hold or 
combination hand hold/hip restraint, anchored 
securely to the [vehicle], creating a barrier to help 
prevent an occupant from sliding outside of the 
[vehicle]” [12, 13].  However, these ANSI standards 
provided neither design requirements nor test 
procedures to determine the effectiveness of the 
provided restraints.  It has previously been shown 
experimentally and analytically that the existing 
restrains, typically no more than 6” tall and 12” long 
are ineffective for preventing passenger ejections [14, 
15].  In addition to the fact that the top of the 
handhold is often lower than the seated occupant’s 
center of gravity, the location of the handhold (i.e. at 
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the outboard edge of the seat) is the fulcrum about 
which an ejected passenger will tend to rotate.  As a 
result, this type of handhold does not provide the 
passenger sufficient leverage to prevent ejection.  
Due to the ineffectiveness of these designs, occupant 
ejections are by far the most common type of golf 
car/PTV accident.  Furthermore, the ANSI standards 
do not require the manufacturer to provide a 
recommended minimum occupant age.  While both 
standards require a warning label to be affixed to all 
vehicles stating “remain fully seated and hold on 
when in motion,” it is highly foreseeable that 
occupants will not always hold on while the car is in 
motion, which is especially true with regard to 
children.  Additionally, small children whose feet 
cannot reach the floor may not have sufficient 
strength to prevent ejection during a moderate turn.   
 
METHODS 
 
Dynamic Child Dummy Testing 
 
A series of tests were conducted utilizing a 2004 
Club Car Villager PTV and a Hybrid III 6 year old 
dummy weighing 21.4 kg (47 lb).  The test vehicle 
had designated seating positions for four occupants, 
two facing forward and two facing rearward.  In each 
test, the child dummy was placed unrestrained in the 
right front seated position with a driver (see Figure 
1).   
 

 

Figure 1: Test vehicle with Hybrid III dummy 

 
The vehicle in each test was brought up to full speed 
(i.e. approximately 21 kph [13 mph]) by the driver 

and the accelerator was then released and the car 
steered into a moderate but easily controllable left 
turn.  In each test the occupant kinematics were 
recorded with digital video and still images.   

 
Two methods of collecting performance data for the 
tests were employed.  A tri-axial array of 
accelerometers (IC Sensors 3031-050) was affixed 
near the vehicle’s center of gravity.  All 
accelerometer data were collected following SAE 
Recommended Practice: Instrumentation for Impact 
Test – J211/1Mar95.  The axis system was in 
accordance with SAE J1733 Information Report with 
positive X, Y and Z axes forward, rightward, and 
downward, respectively.  All accelerometer data were 
collected at 1000 Hz and filtered using a SAE Class 
60 filter.  In addition to the accelerometer data, 
vehicle performance data were measured using a 
GPS-based system (VBOX, Racelogic LTD, 
Buckingham, England).  Three-dimensional speed 
and positional data were collected at 100 Hz.   
 
Biomechanical Simulations 
 
Three-dimensional computer simulations of the test 
vehicle and the child dummy were created using the 
Articulated Total Body (ATB) simulation software 
[32, 33] for comparison with the experimental results.  
ATB is a simulation program that models the 
dynamic response of systems of connected or free 
bodies such as the human body during a dynamic 
event.  It can be used to model a dynamic 
environment of surfaces and bodies that interact with 
one another according to the physical laws of motion 
and has been used previously to study ejections 
during motor vehicle accidents [34].  In addition to 
providing detailed numerical force and motion 
results, the program also produces graphical 
depictions of the simulation results.   

To simulate the dynamic ejection experiments, a 
model of the test vehicle was combined with a model 
of a child dummy occupant based upon the geometry 
of each.  The child occupant model was created using 
the Generator of Body Data (GEBOD), which is a 
companion program to ATB that generates a model 
of the human body for use in ATB simulations [35].  
GEBOD utilizes regression equations to calculate the 
geometric and inertial properties of body segments 
based on the proportions associated with a 50th 
percentile child of a given age, height and weight 
[36].  The relevant geometry of the test vehicle 
(primarily the seat and hip restraint geometry) was 
measured directly from the test vehicle.  Some of the 
relevant measurements are shown in Figure 2.   



Seluga 5

 

 

Figure 2: Test vehicle dimensions 

 
The motion of the simulated vehicle was obtained 
from the experimental vehicle acceleration data 
described above.  The coefficient of friction between 
the simulated passenger and seat was 0.5 based on 
averages obtained from testing typical clothing 
materials on PTV seat surfaces.   
 
The simulations were first conducted with no 
attachments between the passenger and the vehicle 
(i.e. occupant not tethered or holding on) for 
comparison with the dummy experiment.  For the 
purposes of these and all subsequent simulations, 
ejection was defined as a condition where the 
passenger’s lower torso body segment moved over or 
around the hip restraint and traveled outside of the 
car.  Next, the simulations were repeated with a 
spring-damper connection added between the 
occupant’s right hand and the hip restraint, 
representing an occupant holding onto the hip 
restraint.  These simulations were used to determine 
the effect of the occupant holding onto the hip 
restraint.  Subsequent simulations were completed 
with a spring-damper connection between the 
passenger’s left hand and the center of the seat, 
simulating the occupant holding onto a handhold, 
strap or the equivalent mounted near the center of the 
bench seat, though such a handhold was not provided 
on the test vehicle.  Center seat handholds have been 
previously investigated [14] and these simulations 
were used to determine the grip and arm strength 
necessary to prevent child ejection in conjunction 
with such a device.  The necessary grip strength was 
then compared to typical child strength capabilities to 
determine if it was feasible for a child occupant to 
avoid ejection by making use of a central handhold.  
Finally, additional ATB simulations were created 
wherein a simulated lap seatbelt was added to 
determine its effectiveness in preventing ejections 
and to quantify the belt strength requirements 
necessary to prevent ejection.   

 
RESULTS AND DISCUSSION 
 
Vehicle Dynamics/Occupant Kinematics 
 
In Test 1 the PTV was brought up to a speed of
approximately 21 kph (13 mph) followed by a
moderate left turn which produced peak latera
accelerations of approximately 0.6 g (see Figure 3)
This peak lateral acceleration was reached
approximately 0.5 seconds after the onset of
noticeable lateral accelerations.  It should also be
noted that during the left turn maneuver peak
longitudinal decelerations of approximately 0.1 g
were developed.  The radius of the resulting turn was
approximately 20 ft.   
 

Figure 3: Test 1 recorded vehicle acceleration 

 
The occupant kinematics demonstrated in the test
show the child dummy moving laterally initially
followed by a combined movement of the dummy
moving laterally and forward (see Figure 4).   
 

Figure 4: Test 1 observed occupant kinematics 
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The hip restraint during the ejection phase acts as a 
tripping mechanism placing the child dummy into a 
head first dive onto the asphalt track.  Due to the 
lower inertial properties of the child dummy relative 
to an adult dummy, the ejection process is of a 
significantly shorter duration than that observed by 
the authors in adult ejections.  This rapid onset of 
ejection and subsequent trip produced by the hip 
restraint leaves the occupant little remedy in avoiding 
ejection.  It should also be noted that due to a child’s 
small stature, an active child would have little 
opportunity to jump from the vehicle by pushing off 
the floorboards since the child’s feet cannot reach the 
floorboards.   
 
In Test 2 the PTV was again brought up to a speed of 
approximately 21 kph (13 mph) followed by a 
moderate left turn, but in this sequence, one potential 
driver response to the child dummy ejection was 
demonstrated.  During the turn the driver remained 
watching the child dummy and at the first observable 
signs of a potential ejection, the driver commenced 
maximum effort braking.  This maneuver produced 
peak lateral accelerations of approximately 0.5 g’s 
along a turning radius of 27 ft followed by brake 
induced longitudinal decelerations of approximately 
0.5 g’s (see Figure 5).   
 

 

Figure 5: Test 2 recorded vehicle acceleration 

 
Once again, as demonstrated in the previous test, the 
hip restraint acts as tripping mechanism putting the 
child dummy into a head first dive onto the test track 
(Figure 6).  Additionally demonstrated in this test is 
that once the ejection process has started, a braking 
action by the driver will not prevent an ejection.   
 

Figure 6: Test 2 observed occupant kinematics 

 
These experiments demonstrate the effects of a
moderate left turn and the resulting lateral and
longitudinal accelerations which act upon a right
front passenger and lead to ejection.  Passenger
ejection is most likely to occur during a left turn
since a right turn will tend to force the passenger to
his left, towards the center of the car.  Child
passengers are especially susceptible to ejection
because of their small size and consequent reliance
upon the hip restraint to prevent ejection.  While the
experimental child dummy occupant does not include
muscular reactions, the potentially rapid onset of
vehicle acceleration (i.e. 0.5 seconds or less)
indicates that real occupants, particularly young
children, may not have time to react before the
ejection process has begun.  The results of these
experiments indicate that current hip restraints are not
large enough to prevent the ejection of small children
during moderate left turns.  It should be noted that
driver ejections, while still possible, are generally
less likely due to the fact the driver will inherently
anticipate all steering maneuvers and is also able to
use the steering wheel as a handhold.   
 
Biomechanical Simulations 
 
     Unbelted Occupant 
 
The simulated kinematics of the unbelted occupant
ejection show excellent correlation to the
experimental dummy results from both tests, as can
be seen by comparing Figure 4 and Figure 6 with
Figure 7 and Figure 8 (see Appendix A).  Both the
direction and the timing of the simulated occupant
motions match the experiments.  In the simulation of
Test 1, the unbelted occupant leans and slides
towards the passenger side hip restraint, due to the
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lateral acceleration generated by the turning vehicle.  
Next, the occupant rotates over the top and around 
the front of the hip restraint and is ejected out the 
passenger side of the vehicle.  Following ejection, the 
occupant’s head strikes the ground.  It should be 
noted that although the experimental and simulated 
dummy rest orientations are somewhat different (i.e. 
the dummy’s feet are facing in different directions 
after it comes to rest), these differences occur after 
the impact with the ground.  The occupant kinematics 
during the ejection phase and at ground impact show 
close correlation.   
 

 

Figure 7: Test 1 simulated occupant kinematics 
(unbelted and untethered) 

 
In the simulation of Test 2, the unbelted occupant 
again initially leans and slides towards the passenger 
side of the vehicle due to the lateral acceleration.  
Then, as a result of the braking induced longitudinal 
deceleration, the occupant slides forward, beyond the 
highest portion of the hip restraint, which is only 3 
inches long.  Finally, as in Test 1, the occupant 
rotates over the hip restraint and is ejected out the 
passenger side of the vehicle, striking his head on the 
ground.   
 

 

Figure 8: Test 2 simulated occupant kinematics 
(unbelted and untethered) 

The close correlation between the experimental 
occupant kinematics and the simulated motions 
indicate that the ATB model can be utilized to 
accurately simulate golf car and PTV occupant 
ejection motions.  These simulations also reveal that 
just before impact, the occupant’s head has a speed of 
approximately 15-25 kph (9-15 mph), including a 
vertical component of velocity of approximately 10-
12 kph (6-7 mph) which is equivalent to a fall height 
of 0.4-.5 meters (1.4-1.5 ft).  Research regarding fatal 
falls from play equipment indicates that children who 
fall from heights as low as 0.6 meters (2 ft) onto soil 
or grass can receive fatal head injuries [37].  Thus, 
the ejection of a child from a golf car or PTV poses 
significant risk of serious, possibly fatal head injury, 
especially if the child lands on a paved surface.   
 
     Occupant Holding Outboard Hip Restraint 
 
The simulated kinematics of the unbelted occupant 
holding the outboard hip restraint demonstrated a 
high risk of ejection, consistent with the findings of a 
previous study [14].  The ejection process of a child 
holding onto the hip restraint is depicted in Figure 9.   
 

 

Figure 9: Test 1 simulated occupant kinematics 
(unbelted and tethered to hip restraint) 

As can be seen from the simulated occupant motion, 
holding onto the hip restraint handhold located at the 
outboard edge of the seat is ineffective because that 
point is also the fulcrum about which an ejected 
passenger will tend to rotate.  Therefore, this 
arrangement requires the occupant to generate large 
torques about the hand hole to counteract the lateral 
acceleration forces, which will be difficult since the 
point of force application (i.e. the outboard handhold) 
offers very little leverage about the occupant’s center 
of rotation over the top of the handhold.  Generating 
such torques will be difficult for adults and even 
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more difficult for small children, since they are less 
likely to be able to attain a “power grip” around the 
handhold (i.e. fingers flexed around the handhold to 
form a clamp against the palm) due to its size relative 
to their hands.  Therefore, this type of outboard 
handhold may not provide the passenger sufficient 
leverage to prevent ejection, regardless of the 
occupant’s grip strength. 
 
     Occupant Holding Central Handhold 
 
The simulated kinematics of the unbelted occupant 
holding the proposed centrally located handhold 
demonstrated that with sufficient grip strength, such a 
handhold could effectively mitigate the risk of 
ejection (see Figure 10).   
 

 

Figure 10: Test 1 simulated occupant kinematics 
(unbelted and tethered to central handhold) 

 
In this case, the minimum peak hand force required 
to prevent passenger ejection was simulated for each 
test.  For the simulated 21 kg (47 lb) 6 year old 
occupant, a peak hand force of approximately 67-107 
N (15-24 lb) was required to prevent ejection.  It 
should also be noted that during the simulated left 
turn, the central handhold caused the occupants left 
arm to be loaded in tension.  Therefore, the only 
action required of the occupant is to hold onto the 
handhold, since active shoulder and elbow efforts are 
not necessary to prevent ejection.  Child strength data 
indicates that children as young as 3-5 years old are 
routinely capable of hanging from a bar with arms 
straight for 45-90 seconds [38].  This data indicates 
that children are capable of supporting roughly half 
their body weight with each arm under tension when 
a sufficient handhold is provided, on par with the 
tensile arm force required to prevent ejection with a 

central handhold.  Since the recorded lateral vehicle 
accelerations during a left turn last only 3 seconds, it 
is reasonable to assume that many children would 
have sufficient strength to hold themselves in a golf 
car or PTV during a moderate left turn if a centrally 
mounted handhold were provided.  Therefore, a 
center-mounted left handhold would be an effective 
countermeasure for mitigating the risk of ejection and 
seems to be a prudent and inexpensive safety feature 
that also facilitates compliance with ANSI standard 
Z130.1.  The limitation of such a handhold is that it is 
not a passive safety device as it does require that the 
occupant utilize the handhold.   
 
     Belted Occupant 
 
Finally, the occupant simulations with a safety belt 
included demonstrated that a seatbelt is extremely 
effective at preventing the ejection of even a passive 
occupant (see Figure 11).   
 

 

Figure 11: Test 1 simulated occupant kinematics 
(belted) 

 
This is also consistent with previous dynamic dummy 
testing [15].  Furthermore, the simulations indicate 
that the peak force at the inboard seatbelt anchor 
point is approximately 220-490 N (50-110 lb) for the 
simulated 21 kg (47 lb) occupant (i.e. approximately 
1-2 times the occupant’s weight, see Figure 12).  
Simulated belt forces at the outboard anchor point are 
negligible.  One explanation for the inboard lab belt 
forces sometimes exceeding the occupant weight is 
that the geometry of the seatbelt causes the tension to 
act at non-horizontal angle, requiring larger forces to 
generate the necessary horizontal loads to prevent 
ejection.  The initial slack in the belt and the resulting 
magnitude of the interaction between the hip restraint 
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and the occupant also play a role in how much force 
must be provided by the seat belt to prevent ejection.   

 

Figure 12: Test 1 Simulated inboard belt force 

 
This belt load is significantly less than the loads 
experienced by automobile belts during impact 
events.  Therefore, the strength of a golf car or PTV 
lap belt need not be build to automotive standards to 
be effective in preventing occupant ejection.  Since, 
if a lap belt is provided, it would be desirable to 
provide one that could also prevent adult ejections, 
additional simulations were conducted using a 95 kg 
(209 lb) 95% simulated adult male occupant to 
characterize the peak belt loads that would be 
generated by a larger occupant.   These simulations 
resulted in peak belt loads of approximately 980 N 
(220 lb), again indicating that an automotive strength 
belt need not be provided if the goal of the design is 
to prevent ejections during driver induced 
accelerations and not to offer protection in collisions.  
In fact, providing a safety strap that will break free 
under high acceleration conditions may be more 
appropriate since the proposed safety strap/belt’s 
purpose is solely to prevent an occupant ejection 
during a maneuver and not to offer crash protection.   

 
CONCLUSIONS 
 
Summary 

The coordinated experimental dynamic dummy 
testing and biomechanical computer simulation 
program presented in this study indicate that current 
golf car and PTV designs create a situation where 
young passengers are especially susceptible to 
ejection during moderate left turns.  Furthermore, 
when passengers use the provided outboard hip 
restraint as a handhold, little protection is provided 

because the ejected passenger can easily rotate about
the hip restraint due to the small size of the hip
restraint and the insufficient leverage provided when
holding onto the outboard handhold with the right
hand.  While a previously proposed center-mounted
left handhold does offer better ejection protection
when used, this feature cannot protect a passive
occupant.  Therefore, a lap belt restraint, which is
extremely effective at preventing ejection, is the best
method for preventing child ejections.  Furthermore
the lap belt need only withstand minimal forces to
prevent ejection during a non-impact event and thus
automotive strength seatbelts meeting current Federa
Motor Vehicle Safety Standards are not necessary to
prevent occupant ejections.   

 
Recommendations 

In light of these results, it is recommended that
children be prohibited from riding in golf cars
without seatbelt type restraints when used on golf
courses.  If children are allowed to ride on golf cars
with no seatbelts then, at the very least, a centrally
mounted handhold should be provided to reduce the
likelihood of ejection.  Furthermore, passive hip
restraint effectiveness should be improved on all golf
cars and PTVs by increasing the size of the restraint
in order to improve occupant retention when a
seatbelt is either not provided or not used.  When golf
cars or PTVs are driven outside a golf course setting
seatbelt type restraints should be provided for al
occupants, especially when those occupants are
children.  The community of Palm Desert in
California offers one example of the type of safety
rules that should be implemented in loca
communities. 
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APPENDIX A: ENLARGED KINEMATICS FIGURES 
 

 

Figure 4: Test 1 observed occupant kinematics 

 

 
 

Figure 7: Test 1 simulated occupant kinematics (unbelted and untethered) 
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Figure 6: Test 2 observed occupant kinematics 

 

 

Figure 8: Test 2 simulated occupant kinematics (unbelted and untethered) 
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ABSTRACT 
 
Although more and more virtual development me-
thods are used for testing and verification of active 
safety systems, there is still a need for extensive 
testing of the overall system in a real environment. 
The quantitative validation requires a wide range of 
different parameters to be controlled – most 
systems require adjustments of the speed of a 
„vehicle under test“ and a „target vehicle“ as well 
as their relative positioning in distance and angle. 
Using human drivers these parameters are only 
adjustable by performing a multitude of tests with 
statistically distributed results. Automatically 
driven  manoeuvres offer the chance for a directed 
adjustment of all relevant parameters, requiring 
fewer tests, thereby creating a much more efficient 
testing operation. The technological challenge and 
control task is that two vehicles pass each other 
precisely at a predefined time and speed. Being 
able to control this, even tests which could not be 
performed up to now due to safety risks for the 
drivers, will be possible. 
The presentation reports on a common project of 
Daimler with Anthony Best Dynamics (ABD) and 
TU Graz, which resulted in a system using coor-
dinated automatically driven vehicles. The need for 
precisely driven manoeuvres , resulting specifica-
tions for the testing methodology of coordinated 
path-controlled vehicles, and the challenges of its 
realisation will be explained. The resulting testing 
environment, hardware solutions and the methods 
for planning of safe testing trajectories will be 
illustrated. Results of the achieved accuracy are 
presented. A view on the role of this type of testing 
among other testing methods for precrash systems 
completes the paper. 
 
MOTIVATION AND GOALS 
 
The introduction of active safety systems has a 
significant impact on testing methods for vehicles: 
the testing procedures do not only require to bring 
the vehicle itself into a predefined driving state, but 
they also need to place the vehicle into a specific 

location on the road, or even other traffic members 
into a given relation to the vehicle under test. For 
example, testing of lane departure warning and 
avoiding systems requires the control of the ve-
hicle’s position with respect to the lane markings; 
testing of adaptive cruise control or of crash avoi-
dance systems needs two or more vehicles with a 
predefined relative speed and precisely controlled 
timing.  
 
A huge amount of the work for ensuring the func-
tional performance of the systems is done in the 
virtual domain, in which a lot of experiments with 
parameter variations can be designed to test the 
algorithms. But still there is a need to verify the 
sensor and system performance finally in the real 
world, especially under critical borderline condi-
tions. Using human drivers, the testing of such 
conditions is time consuming (because the condi-
tions cannot easily be reached by a single test), or it 
could even be dangerous for the drivers to test 
crash-prone situations. With this goal several 
systems have been proposed to bring the vehicle 
under test exactly and safely into those conditions, 
for example [1], [2] and [3].  
 
The coming generation of active safety systems 
with automatic collision avoidance will call for 
even more testing because of higher and quantita-
tively measurable reliability requirements, partially 
derived from the coming ISO 26262 standards. 
This was the reason for Daimler to develop a 
flexible and efficient testing methodology for 
precisely performing testing manoeuvres, which 
should be applicable to all kinds of traffic situations 
as the testing environment. 
 
CLASSIFICATION OF TESTS AND 
SPECIFICATIONS 
 
A detailed analysis of the testing manoeuvre cata-
logs of current and future active safety systems was 
performed to analyse the exact requirements for 
such a system. It revealed several categories with 
different reasons for more precision (see fig. 1): 
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Figure 1.  Manoeuvers with precision 
requirements. 
 

A) manoeuvres which are hard to 
reproduce  

B) manoeuvres which often lead to minor 
accidents  

C) manoeuvres which are too dangerous 
for human drivers 

It turned out that a large share of those categories 
could be improved significantly by a system which 
would drive a vehicle automatically along a 
predefined path under strict timing conditions; 
several vehicles need to be coordinated with 
exactly the same time base. Especially the typical 
“no fire” situations of crash avoidance systems 
(“close passings”) could be tested this way very 
efficiently. 
 
The accuracy requirements for the vehicle guidance 
system were specified as follows: Passing of any 
moving or stationary target should be possible with 
a distance of 20cm; this leads to requirements of a 
path following error of less than ±10cm in lateral 
direction. The longitudinal precision needed 
depends upon speed; a precision of ±40cm at a 
speed of 20m/s (72km/h) is equivalent to reaching 
any track point within a time tolerance of ±20ms 
(see figure 2). This time tolerance restriction is a 
requirement which can be generalized to other 
speeds.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Requirements for driving accuracy. 
 
There were further requirements for the design of 
the system: The automatic guidance must be 
capable of handling at least driving speeds in urban 
environments (70km/h), with the potential to reach 

higher speeds as well. It should be possible to 
install the system into any vehicle, in order to test 
vehicles in any phase of the development program. 
Traffic situations of up to 4 coordinated vehicles 
will be needed, and all the situations should be 
simulated before the real testing. Safety of 
personnel and equipment has highest priority; 
dangerous manoeuvres should be performed 
without a diver in all vehicles in the test. Finally, 
the system should be applicable on any test track. 
 
TECHNICAL CHALLENGES AND 
SOLUTIONS 
 
A large portion of the specifications could already 
be met by a “path following” control system, based 
on steering and pedal robots, developed by ABD. 
The system can automatically follow a predefined 
path, the actual position being measured by an 
Inertial Measuring Unit (IMU) backed up by a 
Differential Global Positioning System (DGPS) to 
ensure long term accuracy in the cm range. The 
system could be used to perform path following in 
a mode with a driver in the car, but also in a 
driverless mode with a safety controller and 
emergency brake actuators as necessary additional 
components. Figure 3 shows the implementation of 
the driving robots in a Mercedes test vehicle. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Driving robot integrated in test 
vehicle. 
 
The challenge for the coordinated driving concept 
is to control a single vehicle not only laterally, but 
also longitudinally with high accuracy. Besides 
this, two or more vehicles should be able to 
perform precisely synchronized manoeuvres. This 
could be accomplished using ABD’s system by 
implementing a trajectory control (i.e. ensuring 
lateral and longitudinal positioning and timing) 
based on GPS-time for each single vehicle, which 
is accurately available on all vehicles as an output 
of the DGPS system [4].  
 
Planning of the trajectories needed much more care 
than for path following of a single vehicle: traffic 
situations are planned in detail with predefined 
trajectories for every vehicle. Each vehicle should 
know in advance what to do at any time instant, 
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with some freedom to react in different variants 
depending on the actual situation. In order to avoid 
accidents, the test manoeuvres can be simulated in 
advance, considering even deviations from the 
planned path in case of loss of control due to 
unforeseeable factors. 
 
All vehicles are controlled from a common base 
station; from here the operator starts the test 
manoeuvres via a WLAN network, the actual 
position and speed error is supervised, and the test 
can be interrupted at any time - if necessary. A 
thorough safety concept was designed to ensure 
safe operation and shut-down procedures. Figure 4 
shows the base station with two test vehicles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Base station and two test vehicles. 
 
 
REACHED PRECISION AND 
REPRODUCIBILITY 
 
In order to reach a precise trajectory control, the 
parameters of the system have to be adjusted 
carefully. However, the system is quick to 
configure and only requires basic information to be 
entered for the vehicle, such as maximum brake 
pedal force, and geometric information for the 
location of the IMU with respect to the wheelbase. 
A predictor model for the vehicle dynamics is not 
used and instead the necessary precision is 
achieved entirely using PID control with feedback 
from the IMU. The control parameters are easily 
derived from a set of simple open-loop driving 
tests. Once the parameters are set for a vehicle 
class, the controlled operation of the vehicle leads 
to very reproducible performance of the trajectory 
control.  
 
Figure 5 shows a measuring set up for verification 
of lateral and longitudinal control accuracy. It 
consists of several strip-switches which close a 
contact when pressed down by the vehicle tire; the 
staggered position of the strip-switches allows for 
lateral resolution of 1 cm, while the timing of 
closing the different contacts is used for 
longitudinal verification. 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Lateral precision. 
 
The absolute accuracy of the trajectory control in 
straight line driving has proven to be quite high. 
Typically, the lateral path following error was 
measured to be in the range of ±2cm, the 
longitudinal time error in the range of ±10ms 
(equivalent to a distance error of ±20cm at a speed 
of 20m/s). Indeed, if there is sufficient time to 
stabilize in the steady state condition, the 
longitudinal error is normally significantly less than 
this. In dynamic manoeuvres a lateral error of 
±10cm and a distance error in the range of ±1m 
were found; however, the reproducibility of the 
same manoeuver was similar to the steady-state 
accuracy  . Thus, the dynamic deviation can be 
considered and compensated in critical sections of 
the trajectories. 
 
One important feature is the reproducibility of 
stopping to a point with rather high deceleration. 
Figure 6 shows the results of the verification 
measurement; all endpoints of this test were within 
a circle of 10cm. In summary, the system allows 
for very precise trajectory control of the vehicles, 
as long as the manoeuvers stay away from the 
physical limits of vehicle dynamics.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Precision of stopping point 
 
 
PLANNING AND SIMULATION OF TESTS 
 
For planning of the trajectories of several vehicles, 
a manoeuvres planning tool is implemented There 
are several methods to plan a trajectory of a 
vehicle: the simplest method is to record the track 
which a human driver has driven; this trajectory 
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can be used as a template for repeated automatic 
driving of the same trajectory. A second method is 
to construct a trajectory from basic elements (see 
figure 7). The tool allows combining straight 
tracks, curves, lane changes, sinusoidal segments, 
slaloms, or spirals; and speed profiles for every 
section can be planned to provide exact timing. In 
“critical sections”, defining maximal tolerances for 
lateral and longitudinal error sets the thresholds for 
controlled interruption of the test. It is also possible 
to define sections, in which the path following 
system allows for certain freedom of the vehicle 
control, i.e. acc speed control, emergency braking 
or lane keeping support.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Planning tool. 
 
Planned trajectories can be saved, retrieved and 
modified. This way, a set of manoeuvers for 
covering a parameter variation test can be built. 
Finally, this results in a database of easily 
repeatable verification procedures for an assistance 
or active safety function. 
 
Once the trajectory is planned, the simultaneous 
manoeuver of several vehicles can be simulated in 
order to verify that the relative vehicle motion will 
be as intended. The resulting tracks are visualized 
as overlay to calibrated aerial photographs or maps 
of test areas; this way it can also be verified that the 
paths stay on the available surfaces. The simulation 
checks for physical limits and for expected 
dynamic deviations from the planned trajectory.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Simulation of a test. 
 

SAFE OPERATION 
 
Safe operation was one of the main challenges of 
the system design; it was laid out with highly 
reliable respectively redundant components. 
Nevertheless the position information might 
degrade at any time, and other failures could 
happen unexpectedly. 
 
When a driver is in the car, he needs to keep a 
contact switch closed for automatic control; he can 
always interrupt the manoeuvre  by releasing the 
contact, and he regains full control of the vehicle as 
in conventional test driving situations. This mode 
of operation can be used to perform traffic 
scenarios where the main focus is on improving 
repeatability or accuracy. 
 
For safety critical scenarios, the vehicle is operated 
in the driverless mode. Figure 9 shows the safety 
components and their interaction with the other 
vehicle components for this mode. The safety 
controller verifies continuously the integrity of the 
system by monitoring of watchdog signals, the 
communication channels and other safety relevant 
states. If one vehicle should operate outside of 
predefined limits (but is still controllable), the 
safety controller initiates a controlled shut down 
procedure for all vehicles. This procedure will also 
be activated in case of a communication loss, and it 
can be triggered manually by the operator in the 
base station.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Control and safety components. 
 
In case of a complete loss of control (e.g. steering 
or brake robot failure), or after pushing the 
emergency stop button by the operator, the safety 
controller activates a spring loaded safety brake 
system. The emergency stop will also be activated 
if the vehicle should leave the predefined limits of 
the test field.  
 
Controlled shut down procedures are necessary 
because emergency braking of all vehicles in the 
test could lead to disastrous results: a planned 
trajectory with close passing of vehicles could end 
in a crash. To avoid this, for each point of the 
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planned trajectory and for each vehicle, settings for 
steering and pedal robots in two time slots are 
planned in advance. The result of this shut down 
procedure is simulated for the whole test 
manoeuvre in order to verify a safe shut down, 
whilst also considering the possible tolerances.  
 
The simulation is based on “PC-Crash”, a standard 
program for crash simulation [5]; the concept and 
implementation was the task of the Vehicle Safety 
Institute, Technical University of Graz. Figure 10 
shows an example, how shut down procedures may 
be defined and verified for a close passing 
manoeuvres in an intersection scenario; although 
the traces of the possible shut down procedures 
seem to intersect, this definition is safe due to the 
given timing constraints. 
 
By defining the controlled shut down procedures 
adequately, “safe” places on the test track can be 
set up for objects (like cameras, traffic signs, etc.), 
which should not be hit even in the case of 
deviations from the planned trajectory.  
 
 
 
 
 
 
 
 
 
 
Figure 10.  Example for safe vehicle traces for 
controlled shut down procedures 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Validation of pre-crash systems with 
complementary testing methods. 
 
 
CONCLUSIONS 
 
The presented method using controlled automated 
driving of test vehicles can fulfill the specifications 
and has proven the potential for efficient and safe 
verification of assistance and active safety systems. 
Test procedures can be performed much more 
precise and repeatable than with human drivers; the 

risk of crashes is significantly less than with human 
drivers even in very close passing manoeuvres.  
 
This way, the compliance with specifications of 
assistance and active safety systems can be verified 
efficiently; the comparison of different sensor 
configurations or software versions can be done 
with less experiments. Manoeuvres at the 
borderline between “system must react” and 
“system should not react” can be tested precisely 
by controlling the relative absolute position and 
speed of several vehicles in a traffic configuration. 
 
As shown in figure 11, this method has its place in 
a set of complementary verification methods. 
While simulation is used for system design in a 
completely virtual world, the driving simulator 
focuses on the behaviour of real drivers, and the 
crash facility focuses on the structural aspects of 
real vehicles. Crashes with soft targets allow the 
checking of systems and the driver’s interactions 
around the time of crash, but some questions were 
still left open. The performance verification of real 
sensors in interaction with control algorithms in 
real traffic situations up to points very close to a 
crash is the realm of controlled automated driving.  
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ABSTRACT 

Four-hundred forty two U-M CIREN (University of 

Michigan Crash Injury Research and Engineering 

Network) cases have previously been compared to 

crash tests used in the automotive industry. The 

comparison demonstrated that the majority of cases 

were similar in crash configuration and extent to 

industry crash tests, while smaller proportions either 

had a greater extent of crash deformation or had 

different crash configurations than those commonly 

produced in crash tests.  

Of the 442 cases, 290 frontal cases were analyzed in 

greater detail to understand trends in injury causation 

while considering physical characteristics of 

occupants (gender, age, body mass index.) Those 

trends were then evaluated in the context of 

biomechanics of crash test tools such as 

Anthropomorphic Test Devices [ATDs] and injury 

risk curves. Several trends were identified and 

presented.  

INTRODUCTION 

Studies have demonstrated that fatality rates from 

motor vehicle crashes in the United States have been 

reduced over the last several decades. As an example 

the fatality rate per 100 million miles driven was 5.5 

in 1966 and steadily declined to 1.41 in 2006. In 

addition, injuries have been reduced from 169 

injuries per 100 million miles driven in 1988 to 85 in 

2006. Despite the significant improvements in 

automotive safety, there continue to be about 38,500 

annual fatalities due to motor vehicle crashes [1]. 

Therefore there is benefit to investigating the 

remaining fatalities and injuries due to motor vehicle 

crashes. 

The goal of this project was to analyze the injuries 

sustained by occupants in frontal crash U-M CIREN 

cases and identify trends within crash configurations 

and Collision Deformation Classification (CDC) 

extent groups [2].  

Of the 290 frontal case occupants, 73% were drivers 

and 19% were right front passengers. There were 

slightly more females, 51%, than males, 49%. The 

average age of the case occupants was 41 years old. 

66% of the women and 50% of men were using 3-

point seat belts. The average Body Mass Index (BMI) 

was 27.3 which is categorized as overweight [3]. 

BACKGROUND 

Comparison of Frontal Crash U-M CIREN 

Cases to Existing Types of Crash Tests 

Auto manufacturers routinely conduct crash tests to 

verify compliance to crash test regulations for any 

country in which a vehicle may be marketed, for 

evaluations of consumer metric tests, and for internal 

review of vehicle performance. Four-hundred forty 

two U-M CIREN (University of Michigan Crash 

Injury Research and Engineering Network) cases 

have previously been compared to crash tests used in 

the automotive industry. Table 1 lists the frontal 

crash test types that were developed for comparison 

to the U-M CIREN cases in the previous study [2].  
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Table 1. 

Included Industry Crash Tests 

0 Degree Frontal (FMVSS 208 or Frontal NCAP) 

Left Angle or Offset (FMVSS 208 angle or IIHS 

offset) 

Right Angle or Offset (FMVSS 208 angle) 

Frontal Center Pole 

Frontal Offset Pole 

Bumper Underride 

 

The cases were additionally divided by those with 

CDC extents above and below the extents assigned to 

these crash tests. Finally, the remaining frontal cases 

were grouped in new crash configuration categories 

as shown in Table 2. 

Table 2. 

Frontal Crash Types without a Corresponding 

Crash Test 

Left small overlap 

Right small overlap 

Underride 

High undercarriage 

Sideswipe 

Corner underride 

Offset underride 

 

It is important to acknowledge that this study is based 

solely on cases documented in the U-M CIREN 

database. As such, the uninjured population is not 

included for comparison. By the definition of the 

CIREN selection criteria, all of the case occupants 

are severely injured patients. Those crashes in which 

there are no injuries or only minor injuries are not 

included in the CIREN database or the U-M CIREN 

database, and are not referenced in this study. Thus it 

is not appropriate to use the CIREN database or the 

U-M CIREN database in isolation to estimate risk to 

the driving public.  

The distribution of U-M CIREN frontal cases is 

shown in Figure 1. 53.8% of the 290 frontal cases 

studied matched an existing crash test configuration 

with an extent less than or equal to the test. 32.1% of 

the frontal cases matched an existing crash test 

configuration but with greater extent, and 14.1% did 

not match an existing crash test configuration.  

 

 

 

 

 

 

 

 

 
Figure 1. Distribution of U-M CIREN Frontal Cases. 

32.1%

14.1%

= Test Configuration

≤ Test Extent

= Test Configuration

> Test Extent

≠ Test Configuration

53.8%
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Cases Matching Test Configuration and 

Extent 

Figure 2 shows the distribution of the 53.8% of U-M 

CIREN crash cases that had configurations similar to 

and CDC extents less than or equal to current 

laboratory tests. For frontal crashes, the 0 degree 

frontal impact category was the most represented in 

U-M CIREN followed by the left angle or offset 

category.  

 
Figure 2. Distribution of U-M CIREN Cases for 

Crashes with Similar Configurations and CDC 

Extents Less Than or Equal to a Current Industry 

Crash Tests. 

Cases Matching Test Configuration but with 

Greater Extent  

Figure 3 shows the distribution of the 32.1% of U-M 

CIREN crash cases that had configurations similar to 

current laboratory tests with CDC extents greater 

than current crash tests. Similar to the cases with 

lesser extents, the 0 degree frontal was the most 

prevalent frontal impact, followed by the left angle or 

offset category. There were very few frontal pole 

crashes with extents greater than the industry crash 

tests. 

 
Figure 3 — Distribution of U-M CIREN Cases 

For Crashes with Similar Configurations and 

CDC Extents Greater than a Current Industry 

Crash Test 

Cases Not Matching Test Configuration 

Figure 4 shows the distribution of the 14.1% of U-M 

CIREN crash cases that did not match a current 

industry crash test configuration. The majority of 

these cases were left or right small overlap crashes. 

The small overlap crashes had deformations that were 

typically outside of the longitudinal rails. 

 
Figure 4. Distribution of U-M CIREN and CIREN 

Cases for Crashes That do Not Match a Current 

Industry Crash Test. 

0

10

20

30

40

50

60

70

0 deg 
frontal

left angle 
or offset

right angle 
or offset

frontal 
offset pole

frontal 
center pole

bumper 
underride

C
o

u
n

t 
o

f 
U

-M
 C

IR
E

N
 C

a
s

e
s 0

5

10

15

20

25

30

35

40

45

0 deg frontal left angle or 
offset

right angle or 
offset

frontal offset 
pole

bumper 
underride

C
o

u
n

t 
o

f 
U

-M
 C

IR
E

N
 C

a
s

e
s

0

5

10

15

20

25

30

le
ft s

m
a

ll o
v
e

rla
p

rig
h

t s
m

a
ll o

v
e

rla
p

u
n

d
e

rrid
e

h
ig

h
 u

n
d

e
rc

a
rria

g
e

s
id

e
s
w

ip
e

c
o

rn
e

r u
n

d
e

rrid
e

o
ffs

e
t u

n
d

e
rrid

e

C
o

u
n

t 
o

f 
U

-M
 C

IR
E

N
 C

a
s

e
s



O’Brien-Mitchell 4 

ANALYSIS 

Injury Trends by Body Region 

Figure 5 shows the distribution of AIS 3+ injuries by 

body region for each of the three frontal impact 

categories. The body regions with the highest number 

of injuries were the lower extremity, the thorax and 

the head. 

 
Figure 5. Frontal Impact Crashes – AIS 3+ 

Injuries by Body Region. 

Injury Trends for Frontal Cases Matching 

Test Configurations and Extent 

For frontal cases that had configurations similar to 

current laboratory tests and had extents less than or 

equal to current crash tests, the top ten contact 

locations were identified based on the number of AIS 

3+ injuries assigned to that contact location. A 

contact location assigned to an injury in the CIREN 

database indicates that the injury was associated with 

direct contact with that location during the crash 

event. These contact locations are assigned during 

CIREN case reviews. The most common contact 

locations can be seen in Figure 6. 65% of injuries 

were due to contact with the instrument panel, 

seatbelt, steering wheel, and airbag while 11% of 

injuries were due to contact with the vehicle side 

structure and door. The vehicle side structure 

includes components such as the A-pillar, B-pillar, 

roof rail, and door glass. 

 
Figure 6. Frontal Impact Crashes - Top 10 

Contact Locations - AIS 3+ Injuries.  

Injuries Assigned to the Instrument Panel As 

seen in Figure 7, 72% of the AIS 3+ injuries 

attributed to the instrument panel were to the lower 

extremities including the femur, pelvis and tibia.  

 
Figure 7. Frontal Impact Crashes - AIS 3+ 

Injuries Assigned to Instrument Panel  

(Body regions with ≤ 1 injury/region not shown). 
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While the majority of people in the frontal cases 

studied were belted, the majority of lower extremity 

AIS 3+ injuries occurred to unbelted occupants 

(Figure 8).  

 
Figure 8. Frontal Impact Crashes - Lower 

Extremity AIS 3+ Injuries Assigned to Instrument 

Panel Contact. 

Figure 9 shows that women had approximately half 

as many pelvic fractures as men. Pelvic fractures 

consist of fractures of any bone in the pelvis, 

including the acetabulum. In the U-M CIREN 

database, belt usage rates for men were 50%, while 

rates for women were 66%. This difference in seat 

belt usage rates alone did not completely account for 

the difference in pelvic fractures between men and 

women.  

Wang reported that, men and women have 

differences in pelvic geometry and weight 

distribution [4].The male pelvic structure is taller and 

narrower than that of the female. In the male, the cup 

of the acetabulum or hip socket is oriented to face 

more laterally and the head of the femur is usually 

large in comparison to the relative size of the 

acetabulum. In contrast, female pelvic structures are 

wider and shorter. The cup of the acetabulum in the 

female pelvis faces more anteriorly and the female 

typically has a smaller femoral head as compared 

with the male. The laterally facing acetabulum of the 

male pelvis is more susceptible to fracture in a frontal 

collision because as the femur is loaded axially in a 

frontal crash, less surface area of the acetabulum is 

presented as a reaction surface to the femoral head. In 

addition the acetabular cup is generally thinner at the 

edges, and the edges are exposed to more crash 

forces with the lateral facing male acetabulum. The 

anteriorly facing acetabulum of the female is more 

resistant to fractures from the frontal crash forces. In 

women, the load is more adequately absorbed by the 

whole cup of the acetabulum rather than just the edge 

due the orientation of the cup [4].  

 
Figure 9. Frontal Impact Crashes - AIS 3+ 

Injuries Assigned to Instrument Panel  

(Body regions with ≤ 1 injury/region not shown). 

Men and women also tend to carry their weight 

differently. Men tend to be more apple-shaped and 

carry their weight in their abdomen (android-type 

obesity) while women tend to be more pear-shaped 

and carry their weight in their hips and thighs 

(gynecoid-type obesity). In a frontal crash, when 

extra weight is carried more on the hips and thighs, 

the inertial load of the weight is primarily applied to 

the femur. When extra weight is carried in the 

abdomen, the inertial load of the weight is applied to 

the pelvic structure first and then to the femur. 

Because men tend to carry more weight in their 

abdomen, this could be a factor in why men sustained 

more pelvic fractures than women. Male pelvic 

structures are forced to carry more of their inertial 

load in a frontal crash.  

Because the pelvis and femur share a load path in a 

frontal crash, when one of these structures break, the 

load on the other is relieved [10], [11].Therefore, if a 
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woman first experiences a femur fracture in an event, 

it is less likely that she will then also experience a 

pelvis fracture. This is supported by the data in 

Figure 9 which showed that women appeared to have 

slightly more femur and tibia fractures than men. 

Femur loads are measured in the Hybrid III crash 

dummy and regulated in crash tests. Femur fractures, 

however, still occur in the field. . Potential for femur 

injury is evaluated by the Hybrid III crash dummy 

using axial loads cells in the femur (Figure 10). The 

Hybrid III pelvis does not have direct load 

measurement capability of the femoral head into the 

acetabulum. Currently, only femur loads and pelvic 

accelerations are measured.  

 
Figure 10. Location of Femur Load Cell. 

Federal Motor Vehicle Safety Standard 208 (FMVSS 

208) [5] limits for femur force represents a 35% risk 

of femur or patella fractures [6] (Figure 11). The 

regulated limit for the 50th percentile male is 10 kN 

while the limit for the 5th percentile female is 6.8 kN. 

Femur fractures are AIS 3 injuries and encompass 

most of the injuries in the case studies. Patella 

fractures are AIS 2 injuries and would not have been 

included in this study.  

 
Figure 11. Femur Injury Risk Curve - 50th 

Percentile Male [7]. 

Figure 12 shows the occupant BMI distribution for 

lower extremity injuries and Figure 13 shows the 

BMI distribution for all frontal impact occupants in 

the U-M CIREN database.  

 
Figure 12. BMI Distribution for Lower Extremity 

AIS 3+ Injuries Assigned to Instrument Panel. 

 
Figure 13. BMI Distribution for all Frontal 

Impact Occupants. 

Obese occupants were over represented in the group 

with femur, pelvic and tibia injuries. As BMI 
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increased the number of lower extremity injuries also 

increased. An individual with a higher BMI has 

additional overall mass which increases the occupant 

energy without an equivalent increase in bone 

strength. This may contribute to the increased 

number of lower extremity injuries among the 

overweight and obese case study occupants. 

Injuries Assigned to Seat Belts As can be seen 

in Figure 14, of the 58 AIS 3+ injuries assigned to 

seat belt contact in frontal impacts similar to current 

laboratory tests, the most frequent were rib fractures, 

hollow visceral injuries, and cervical spine injuries. 

 
Figure 14. Frontal Impact Crashes - AIS 3+ 

Injuries Assigned to Seat Belt  

(Body regions with ≤ 1 injury/region not shown). 

Reviewing the specific cases involving rib fracture 

indicated that older women were over represented in 

the group with AIS 3+ rib fractures. Of the 18 belted 

occupants in this group, 12 were women. Of those 

women, 8 of the 12 were over 50 years of age.  

Figure 15 shows the distribution by occupant BMI of 

rib fractures assigned to seat belt contact.  

 
Figure 15. BMI Distribution for Rib Fractures 

Assigned to Seat Belt. 

While the potential for femur, pelvic, and tibia 

fractures assigned to instrument panel contact 

appeared to increase with increased body mass index, 

the potential for seat belt related rib fractures 

appeared to decline with increased body mass index. 

Occupants with body mass indices categorized as 

overweight or obese were less represented in the 

group with AIS 3+ rib fractures assigned to seat belts, 

when compared to the population of all seriously 

injured occupants in frontal crashes in the U-M 

CIREN database. Body fat may have had an energy-

absorbing and/or load-distributing effect that reduced 

the potential for rib fractures from belt loading. 

The 8 occupants with AIS 3+ hollow visceral injuries 

were also reviewed. Five occupants were adults, and 

four of those adults had body mass indices in the 

over-weight category. The other three occupants with 

hollow visceral injuries occurred to lap-belt-only 

restrained children.  

There were 7 occupants with cervical spine injury. 

Five of the cervical spine injury case occupants 

involved women 56 years of age or older. One 

occupant with a cervical spine injury involved a lap-

shoulder belted 4 year-old female in a booster seat.  

Figure 16 shows the distribution of AIS 3+ injuries 

assigned to seat belt contact by occupant age and 

gender and Figure 17 shows the age and gender 
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distribution for all frontal impact occupants in the U- 

M CIREN database.  

 
Figure 16. AIS 3+ Injuries Assigned to Seat Belt 

Contact by Age and Gender. 

 
Figure 17. Age and Gender Distribution for All 

Frontal Impact Occupants. 

Younger and older occupants were over represented 

in the group with injuries assigned to seat belt 

loading, compared to the population of all seriously 

injured occupants in frontal crashes in the U-M 

CIREN database. The greater frailty of older 

occupants, especially older women, was likely a 

contributing factor associated with increased 

potential for rib fracture and cervical spine injury. 

The relative head size to neck strength of children 

was likely a factor in the cervical spine injury 

observed in the one lap-shoulder belted 4 year-old 

female.  

There are various possible explanations why AIS 3+ 

injuries assigned to seat belts have occurred in 

crashes even with configurations and damage extents 

similar to current laboratory tests. Substantial forces 

must be applied by seat belts to adequately manage 

the kinetic energy of vehicle occupants in moderate 

and severe frontal crashes, so it is foreseeable that 

some injury may result. Other factors include the test 

dummies, dummy instrumentation, and injury 

assessment reference values used to predict the 

potential for injury in current laboratory tests. Test 

dummies have been developed to represent average 

infants, 3 year-old children, 6 year-old children, 10 

year-old children, small adult females, mid-size 

males, and large-size males. It is not practical to test, 

nor do dummies exist to represent all sizes and 

shapes of people. For example, no dummies exist that 

represent obese adults. While it is reasonable to 

assume that safety systems developed using existing 

test dummies will benefit the range of occupant sizes 

and shapes, it cannot be expected that injury will be 

eliminated. The dummies cannot collect data for 

assessing the potential for all types of injury. 

Furthermore, injury assessment reference values are 

set at levels to limit, not eliminate, the potential for 

certain types of injuries. 

The family of Hybrid III ATDs used for frontal 

impact safety development is capable of measuring 

chest acceleration on the rigid portion of the spine 

where the ribs are attached. They are also capable of 

measuring chest compression on the sternum of the 

dummy (Figure 18).  

 
Figure 18. Location of Chest Compression and 

Acceleration Instrumentation in Hybrid III 

Dummy. 
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Chest compression and acceleration are measured in 

the Hybrid III crash dummy and regulated in crash 

tests. Rib fractures, however, still occur in the field. 

FMVSS 208 has regulated chest acceleration for over 

30 years and has more recently regulated chest 

compression. Chest compression measurements have 

been required with the mid-size male Hybrid III since 

the 1998 model year but were previously allowed. 

Recently, the small female was added to the 

regulation, and the mid-size male chest compression 

requirements were made more stringent. FMVSS 208 

chest compression limits for belt restrained Hybrid III 

ATDs (63 mm for the mid-size male and 52 mm for 

the small female)[5] represent an estimated 33 

percent risk of AIS 3+ chest injury (Figure 19). 

Examples of AIS 3 injuries rib injuries are 1 rib 

fracture with a hemo- or pneumothorax or a flail 

chest without a lung contusion.  

 
Figure 19. Chest Deflection Injury Risk Curve - 

Hybrid III 50th Percentile Dummy [8]. 

Injury Trends for Frontal Cases Matching 

Test Configuration but with Greater Extent 

As is shown in Figure 20, the distribution of U-M 

CIREN frontal crash cases matching an existing crash 

test type with CDC extents above and below those 

generated in tests is similar. To make the comparison 

more clear, data above and below current test CDC 

extents were normalized by dividing the number of 

injuries by the number of cases (Figure 21).  

 
Figure 20. Frontal Cases with Configurations 

Similar to Current Test Types - CDC Extent 

Comparison. 

 
Figure 21. Frontal Impact Case Occupant Injuries 
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The top five vehicle contact locations associated with 

frontal injuries were instrument panel, seatbelt, 

steering wheel, airbag, and door. Injuries assigned to 

instrument panel and steering wheel contact 

increased with higher extents, however, those 

assigned to seatbelt and airbag did not increase. This 

was likely due to the fact that the air bag and seat belt 

have a finite restraint capacity and once the capacity 

has been exceeded the next point of contact is the 

steering wheel and the instrument panel structure 

behind it. Looking at the number of occupant injuries 

by assigned contact location and extent, the 

normalized trend was similar by contact location 

except for the instrument panel and steering wheel.  

Figure 22 shows the distribution of frontal impact 

femur, pelvis and tibia injuries assigned to the 

instrument panel for cases with extent less than or 

equal to crash tests and Figure 23 shows these 

injuries for cases with extents greater than crash tests. 

Belts appeared to be more effective in reducing 

femur, pelvic, and tibia injuries in crashes with lower 

CDC extents than they were with crashes with higher 

CDC extents.  

 
Figure 22. Distribution of Frontal Impact AIS 3+ 

Pelvic and Tibia Injuries - ≤ Test Extent. 

 
Figure 23. Distribution of Frontal Impact AIS 3+ 

Femur, Pelvic and Tibia Injuries - > Test Extent. 

Overall, the distribution of cases that had an extent 

greater than the crash test extent was very similar to 

the distribution of cases that had an extent less than 

or equal to the crash test extent, however, greater 

extent cases were over-represented in the UMPIRE 

database. These cases were high crash severity events 

and as expected, the occupants were more likely to 

have injuries that permitted their inclusion in the 

database. For crashes with lesser extents, injuries 

were less likely therefore the total proportion of 

greater extent cases did not represent the actual 

proportion of these events in the field. 

Injury Trends for Frontal Cases Not 

Matching Test Configurations 

Of the 14.1% of frontal cases with configurations that 

were different from current crash test types, the 

majority were small overlap crashes. These crash 

configurations tend to involve localized, concentrated 

vehicle deformation. While the concentrated loads on 

the vehicle produced greater maximum crush than for 

a more distributed frontal crash type, the force 

generated would have been less, thereby producing 

lower accelerations of the occupant compartment.  

0 5 10 15 20 25

tibia

pelvis

femur

In
s
tr

u
m

e
n
t 

p
a
n
e
l

C
o

n
ta

c
t 

L
o

c
a
ti

o
n

Number of Injuries

Frontal Impact Test Types - AIS 3+ - Unbelted

Frontal Impact Test Types - AIS 3+ - 3-Point Belt

Femur, Pelvic and Tibia injuries only

= Test Configuration, ≤ Test Extent

3-pt belt Unbelted

0 5 10 15 20 25 30

tibia

pelvis

femur

In
s
tr

u
m

e
n
t 

p
a
n
e
l

C
o

n
ta

c
t 

L
o

c
a
ti

o
n

Number of Injuries

Frontal Impact Test Types - AIS 3+ - Unbelted

Frontal Impact Test Types - AIS 3+ - 3-Point Belt

= Test Configuration, > Test Extent

3-pt belt Unbelted

Femur, Pelvic and Tibia injuries only



O’Brien-Mitchell 11 

Figure 24 shows the top 10 contact locations for AIS 

3+ injuries in frontal crash cases with configurations 

different from current test types. As with the crash 

configurations that are similar to test types, injuries 

assigned to instrument panel contact were the most 

frequent. A significant difference between the crash 

cases that are not similar to crash test types and those 

that are is that injuries assigned to side structure and 

door contact were more frequent. The higher 

frequency of AIS 3+ injuries assigned to the side 

structure and door can be attributed to the greater 

occupant lateral motion, as well as greater lateral 

occupant compartment intrusion in small overlap 

frontal crashes as compared to other frontal crash 

types.  

 
Figure 24. Cases with Frontal Crash 

Configurations Different from Current Test Types 

Top 10 Contact Locations  

(Body regions with ≤ 1 injury/region not shown). 

All of the AIS 3+ injuries assigned to the side 

structure were head injuries attributed to head contact 

with the A-pillar in five small overlap crashes. These 

types of head/A-pillar contact injuries may result not 

only from the vehicle dynamics in small over lap 

frontal crashes which cause a larger lateral 

component directing the occupant towards the A-

pillar but also due to greater crash induced A-pillar 

motion.  

Figure 25 summarizes the nature of the A-pillar 

related AIS 3+ head injuries in these small overlap 

frontal crashes. These were most frequently coded as 

cerebrum injuries. Injuries to head vessels, basilar 

skull fractures, and facial fractures were also 

observed.  

 
Figure 25. Side Structure Injuries in Cases with 

Frontal Crash Configurations Different from 

Current Test Types. 

Crash test dummies and injury criteria exist to 

address these head injuries. The Hybrid III crash test 

dummy head is designed to measure longitudinal, 

lateral, and vertical acceleration. These 

measurements are used to calculate the resultant 

acceleration of the center of gravity of the head as 

shown in Figure 26 which in turn is used to calculate 

Head Injury Criteria (HIC).  

 
Figure 26. Location of Hybrid III Head 

Accelerometers. 
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brain injury. Brainstem and diffuse axonal injuries 

are examples of AIS 4+ head injuries. Figure 27 

contains the risk curve for AIS 4+ brain injury versus 

HIC.  

 
Figure 27. AIS 4+ Brain Injury Risk Curve Adults 

[9]. 

While FMVSS 208 and frontal impact air bags 

address head injuries in most frontal impact 

configurations, they may not prevent all head to A-

pillar contact. FMVSS 201 (Occupant Protection in 

Interior Impact) currently regulates HIC produced 

from impacting many areas of the vehicle interior, 

including the A-pillars, with a head form at 24 km/h 

(15 mph). However, only a portion of the vehicles in 

the database met this requirement since it became 

effective for all new vehicles produced since 

September 1, 2002.  

SUMMARY 

Of the 290 UMPIRE frontal crash cases, over half 

had configurations and CDC extents similar to 

current crash tests. 65% of injuries in this category 

were assigned to contact with the instrument panel, 

seatbelt, steering wheel and airbag, while 11% of 

injuries were assigned to contact with the side 

structure of the vehicle and the door. 72% of injuries 

assigned to contact with the instrument panel were to 

the lower extremities, and these injuries tended to 

increase with increased BMI. 31% of injuries 

assigned to the seatbelt were rib fractures, but these 

injuries tended to decrease with greater BMI and 

were more frequent in the older population.  

Approximately one third of the frontal cases had 

configurations that were similar to frontal crash tests 

but had greater CDC extents than the crash tests. In 

this category, again, the majority of injuries were 

assigned to contact with the instrument panel, 

seatbelt, steering wheel, and airbag. When this 

category was normalized and compared to the cases 

with extents less than or equal to those generated in 

laboratory crash tests, it was noted that injuries 

assigned to contact with the instrument panel and 

steering wheel increased with higher extent, whereas 

those assigned to seatbelt and airbag did not. This 

difference may be attributed to restraint system 

characteristics as well as load sharing between the 

components of the restraint system.  

The remaining frontal cases had configurations that 

were different than current laboratory crash tests, 

with the majority of these cases categorized as small 

overlap crashes. As in the other two categories, 

injuries assigned to contact with the instrument panel 

were the majority, however, injuries assigned to 

contact with the side structure of the vehicle and the 

door were more frequent than in the other categories. 

All of the injuries assigned to contact with the side 

structure of the vehicle were head injuries assigned to 

A-pillar contact. The injuries assigned to the side 

structure and door may be attributed to the 

combination of lateral occupant motion relative to the 

vehicle and A-pillar and door displacement in the 

small overlap crashes.  

RECOMMENDATIONS 

Specific recommendations fall within three major 

observations. 

First, the majority of injuries occurred in crashes 

similar to current tests that are conducted by the 

industry. Injury trends identified in these cases that 

match crash tests suggest that further study in some 

areas may be appropriate. Specifically differences 

observed in male and female acetabulum fractures 

suggest that further development of test measurement 

devices could be considered. As an example, the 

possible inclusion of direct acetabulum measuring 

load cell in frontal impact crash dummies could be 

investigated. In addition trends were identified 

relative to the effect of BMI on injury risk – some 

injuries increased with increased BMI while others 

decreased. An investigation of testing or modeling 

techniques to evaluate injuries to overweight 

occupants should also be considered.  

Second, rib fractures still occurred despite chest 

acceleration and chest compression being measured 

and regulated for model years of essentially all 

vehicles in the database. The current FMVSS 208 

chest compression limit represents an estimated 33 
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percent risk of AIS 3+ chest injury. The July 2008 

revision to NHTSA’s frontal NCAP program requires 

a lower chest compression limit for a vehicle to 

achieve a 5-star rating. Further investigation into the 

effects of this change in NCAP may indicate a 

reduction in rib fractures. In addition, it may be 

beneficial to research the possibility of new 

technologies capable of identifying occupants in 

terms of age, gender, BMI etc. to essentially 

“individualize” a restraint system to mitigate certain 

injuries.  

Lastly, small overlap crashes comprised the majority 

of the cases with frontal crash configurations that 

were different from current crash test types. These 

crash configurations tend to involve localized vehicle 

deformation and lateral occupant motion. Current 

IIHS and FMVSS 208 offset deformable barrier tests 

have resulted in improvements to the vehicle’s front 

structure and occupant compartment structural 

integrity. The case vehicles in which the cerebrum 

injuries occurred were older model years and may not 

have had the current offset deformable barrier tests or 

the current FMVSS 201 head impact tests as specific 

design objectives when they were developed. In 

addition, new technologies that provide for curtain air 

bag deployment in frontal impacts and curtain air bag 

designs which include A-pillar coverage may show a 

reduction of these injuries. The effect of new 

performance objectives and new technologies in 

more recently designed vehicles on injury trends in 

small overlap frontal crashes should be studied.  
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ABSTRACT 
 
A Hardware in the Loop (HiL) system was developed to 
investigate heavy truck instability due to loss of control 
and rollover situations with and without ESC/RSC 
systems for a wide range of maneuvers and speeds.  
The purpose of this HiL model is to examine the safety 
benefits of the emerging electronic stability systems 
(ESC/RSC) in heavy trucks that are designed to prevent 
yaw instabilities (e.g., jackknife) and rollovers.  This 
paper outlines the process for validating the HiL model 
so that the simulation closely represents the expected 
outcome for a similar maneuver conducted on a test 
track.   The HiL system was built in a laboratory using the 
brake system of a truck and the actual stability control 
system control units supplied from a manufacturer.  The 
dynamics software uses TruckSim, and the simulation 
results were validated using NHTSA collected field data.  
The HiL model is being used to examine yaw instability 
and rollover scenarios that would not be possible to 
conduct in actual track testing.  Driving scenarios were 
developed through an examination of Large Truck Crash 
Causation Study (LTCCS) cases.  These scenarios were 
based on realistic events and were developed to replicate 
typical crash situations.  The scenarios use a path-
following driver model to drive through curves of various 
radii, a curve with a reduced radius, and variations of lane 
change maneuvers that are representative of obstacle 
avoidance.  An overview of the scenario development, 
HiL system design, and the results of the validation of the 
HiL model are presented.  The results of the validation 
show that the vehicle dynamics and hardware responses 
of the HiL are comparable to actual heavy truck test 
track results and can be helpful in determining the 
benefits of stability control technologies in varied 
driving situations.  

INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA) has funded the University of Michigan 
Transportation Research Institute (UMTRI) to study the 
potential safety benefits from two stability control 
systems developed for heavy truck tractor-trailers, Roll 
Stability Control (RSC) and Electronic Stability Control 
(ESC).  The RSC systems sense lateral acceleration and 
apply the brakes when rollover is imminent.  ESC 
systems sense vehicle speed, yaw rate, lateral 
acceleration, and apply brakes to assist a driver in 
avoiding directional instabilities as a result of an 
understeer or oversteer mitigation process.  ESC can 
also address vehicle rollover as well.  Stability control 
technology is needed because by the time a driver is 
aware that the truck is beginning to roll or lose control, 
it is usually too late for a corrective action by the driver. 
Since these systems have been only recently introduced 
in heavy vehicles, there is a limited amount of heavy 
truck crash data to base a determination of system 
effectiveness.  Therefore, a hardware-in-the-loop (HiL) 
simulation model has been developed to assess system 
effectiveness.  The observed system effectiveness in 
varied driving situations from the HiL can then be used 
to determine the potential benefits of stability control 
technologies by developing simulated driving scenarios 
that are linked to actual crash data populations.  A 
validation of the HiL system by comparing simulation 
results to actual vehicle test experiments was required 
to ensure valid results.  NHTSA validated the 
simulation results with experimental test track data 
from ramp steer maneuvers using tractor-trailers.  An 
overview of the scenario development, HiL system 
design, the methods used for validation, and the 
validation results are presented in this paper. 
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SCENARIO DEVELOPMENT 
 
In order to link the performance of stability control 
technologies to crash reduction benefits, data selection 
algorithms compatible with the national crash data files 
of the General Estimates System (GES), Trucks 
Involved in Fatal Accidents (TIFA), and Large Truck 
Crash Causation (LTCCS) databases were developed 
[1].  This information was used to create driving 
scenarios for the HiL simulation to study the 
effectiveness of ESC and RSC systems in addressing 
crashes involving directional loss of control and 
rollover. 
 
The LTCCS database was analyzed to determine the 
factors that were used to define simulation scenarios.  
This analysis classified factors according to road radius 
of curvature (<100m, >100m, or straight), roadway 
friction (high or low), the position along the curve of 
rollover onset, driver control inputs (none, steer only, 
steer and brake, or brake only), trailer load (full, 
medium, or empty), center of gravity height (high, 
medium, or low), and whether the roll occurred at an 
intersection.  UMTRI developed simulation scenarios 
representative of these factors that may lead to rollover 
and directional loss of control. [1]  These scenarios 
were: 
 
Transient to Constant Curve 
 
This maneuver represents a typical entrance to a 
freeway exit ramp, and its geometry consists of two  
constant radius curves.  The curve radii were 68 m and 
227 m which represent the mean values for roads with a 
curvature less than 100 m or greater than 100 m 
respectively in the LTCCS database.  The geometry is 
shown in Figure 1.  The transition from a straight line to 
a constant radius curve provides a smooth vehicle 
dynamics transition as road curvature changes from 
infinity (straight roadway) to the desired radius.  In this 
maneuver, increasing vehicle speed increases lateral 
acceleration and vehicle roll motion, and accordingly 
RSC, ESC, and ABS (baseline) have been evaluated 
iteratively to determine the speed for rollover onset, 
which is referred to as the critical speed. 

 
Figure 1.  Transient to constant curve. 

Constant Radius to Diminishing Curve 
 
This maneuver represents a scenario where the vehicle 
enters the curve at a speed just below the critical speed, 
but the reduction in curvature increases the vehicle’s 
lateral acceleration and roll angle to initiate rollover.  
The schematic of this maneuver is shown in Figure 2.  
The diminishing radius portion of the curve begins at 
90 degrees beyond point A (see Figure 2).  RSC, ESC, 
and ABS have been compared based on their critical 
speed. 
 

 
Figure 2.  Constant radius to diminishing curve. 
 
 
Single Lane Change in Curve 
 
This maneuver represents the scenario of a truck 
changing lanes to the outside of the curve on a road 
resembling a freeway exit ramp with multiple lanes in 
the direction of travel.  The schematic of this maneuver 
is shown in Figure 3.  Critical speeds for the RSC, ESC, 
and ABS have been determined iteratively. 
 

 
Figure 3.  Single lane change in curve. 
 
 
Single Lane Change on Straight Road  
 
This maneuver is associated with most rollovers on 
straight roads.  It tends to occur when truck drivers try 
to avoid an obstacle on the road, e.g., a slowing vehicle 
or an incursion from an intersecting road.  ISO 14791 
lane change geometry is used and critical speeds for 
RSC, ESC, and ABS have been determined iteratively. 
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Turn at an Intersection 
 
Several rollover scenarios have been identified in the 
LTCCS that occur while the truck is turning at 
intersections.  The radius of this maneuver is 20 m, and 
critical speeds for the RSC, ESC, and ABS system have 
been determined iteratively (see Figure 4). 
 

 
Figure 4.  Turn at an intersection. 
 
 
HIL SYSTEM DESIGN 
 
To evaluate the effectiveness of stability control 
systems in the driving scenarios developed, a HiL 
system was built in the UMTRI laboratory.  The HiL 
included the pneumatic brake system of a tractor-trailer 
and the actual stability control system control units 
supplied from a manufacturer.  For this study, Meritor 
WABCO systems were used. The HiL system is a 
combination of hardware and software components, and 
includes simulated truck dynamics, a driver model, 
pneumatic brake system hardware, and the electronic 
control systems (RSC, ESC, and ABS).  The dynamics 
were modeled using TruckSim software.  Road 
geometry and surface conditions were modeled by 
variables in TruckSim.  The driver model used a path-
follower model at a constant speed.  Also, the driver 
was modeled as a continuous controller.  Using this 
method, lateral errors were reduced.  The parameters of 
the controller were adjusted to provide a realistic closed 
loop vehicle driver simulation and were sufficient for 
this task. 
 
The pneumatic brake system hardware is shown in 
Figure 5.  Hardware was used to avoid modeling 
complex mechanical systems that included: 
compressible fluid mechanics, valve dynamics, and 
nonlinear frictional and system properties.  This method 
eliminated the need for validating brake pressure 
models, as the actual hardware (typically installed on 
five axles and ten brake actuators) was used.  The 
pressures that actuate the brakes were taken from 
TruckSim and the braking torque was determined from 
a table lookup of experimental data measured on a 
brake dynamometer.  Brake line pressures and time 

delays were generated by a physical replica of an actual 
braking system. 
 

 
Figure 5.  Pneumatic brake system hardware. 
 
Figure 6 shows the major components of the HiL 
system.  TruckSim and Simulink were used and 
executed on real-time computers running on OPAL-RT 
software on a QNX operating system.  System motion 
variables (speed, acceleration, yaw rate) were modeled 
in software (TruckSim and Simulink) and provided the 
inputs to the hardware control variables (steering and 
treadle displacement) and wheel speeds.  The treadle 
displacement was converted to actual displacement via 
an electro-mechanical servo.  Wheel speeds were 
transformed to appropriate hardware inputs that 
replicated wheel-speed magnetic pickups.  The 
electronic stability system responded by providing 
control commands for engine brake applications, 
throttle inputs (disengage throttle), or actuation of the 
air brakes. 
 

 
 
Figure 6.  HiL system overview. 
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Heavy Truck Dynamics Model 
 
The tractor-trailer modeled in TruckSim was based on 
collected test data from a 1992 White-GMC truck 
manufactured by Volvo GM Heavy Truck, model 
WIA64T, and a 1992 Fruehauf van trailer, model FB-
19.5NF2-53.  UMTRI measured geometric and inertial 
parameters for the chassis, steering, and suspension 
components.  The performance properties of the three 
suspensions and torsional stiffness of the vehicle frames 
and fifth wheel coupling were also measured [2].   The 
geometric measures of the tractor and trailer are shown 
in Figure 7.  
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Figure 7.  Heavy truck geometry. 
 
Additional details for the TruckSim model used can be 
found in references [3-8]. 
 
 
Tire Data 
 
Results from an SAE Cooperative Research Project [9] 
provided the tire data for the tractor-trailer.  The SAE 
experimental tire data for lateral forces were limited to 
16 degrees of slip angle, and data beyond that level 
were interpolated using the data point at pure sliding at 
90 degrees of slip angle.  These data represented typical 
tires produced in the 1990’s as current data for state-of-
the-art tire designs were not yet available.  Despite this 
limitation, simulation results presented reasonable 
replications of typical heavy truck responses where 
comparative analysis can be done. 
 
The dynamics delay or relaxation length for lateral 
force was set to 300 mm and for the longitudinal force 
it was 100 mm.  The lateral relaxation length was not 
based on direct measurements of tire forces, but it was 
set to produce reasonable frequency response of lateral 
dynamics [10].  The longitudinal relaxation was set to 

produce reasonable stopping dynamics at zero speed 
after hard braking, and it had a secondary effect on the 
ESC/RSC systems. 
 
 
HIL MODEL VALIDATION 
 
NHTSA conducted the validation of the heavy truck 
HiL system developed by UMTRI.  The simulation 
results were compared to experimental test track data 
for a typical tractor with a 53-foot semitrailer that was 
heavily loaded with a high C.G. location.  Test track 
data were collected at the NHTSA Vehicle Research 
and Test Center (VRTC) in East Liberty, Ohio.  These 
data were taken from the NHTSA stability control 
research program and were not conducted solely for the 
purpose of this validation.  This resulted in some 
differences in the test track conditions and the HiL 
system.  However, the data were useful for qualitatively 
checking the response of the HiL.    
 
Ramp Steer Maneuver  
 
The Ramp Steer Maneuver (RSM) formed the basis of 
the validation of the HiL simulation with test track data.  
The RSM is similar to a J-Turn maneuver.  It was 
performed by inputting the steering profile shown in 
Figure 8.  The severity of the maneuver was controlled 
by incrementally increasing speed until rollover 
occurred. 
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Figure 8.  RSM steering profile. 
 
Validation Results 
 
For the HiL simulation, the RSM (using the steering 
profile shown in Figure 8) was applied to these three 
configurations: ABS-only (baseline), RSC, and ESC.  
The speed was increased gradually until rollover 
occurred.  The ABS-only configuration did not involve 
ABS operations because driver braking was not 
included in the maneuver.  For all runs, the driver input 
consisted of steering actions only.  Differences between 
test track and HiL conditions were that the track 
maneuver was performed with a dropped throttle and 
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for the HiL it was performed at a constant speed 
provided by the simulated driver model.  Also, there 
were some differences in the tires, suspensions, and 
compliances used on the actual truck, as opposed to the 
simulation.  
 
When analyzing simulation results, it should be noted 
the extent of roll motion where model predictions are 
accurate.  The parameters used in simulation models 
such as for TruckSim are typically based on 
measurements and estimations of vehicle motion that 
do not have excessive roll.  Rollover events in 
simulations may result in numerical inaccuracies in the 
model as a result of complete vehicle roll.  Although 
the predicted rollover mechanics beyond a certain roll 
angle (typically higher than six degrees) are not entirely 
valid, the simulation is useful for predicting the onset of 
vehicle rollover.   
 
The tire data did not account for excessive vehicle roll 
and inclination effects.  Data for the roll centers at each 
axle, suspension compliances, suspension kinematics, 
and many other aspects of the vehicle model were not 
formulated to accurately handle extreme roll 
mechanics.  From a physical standpoint, it was 
sufficient to analyze wheel liftoff as a sign of rollover 
when using simulation results.  The Load Transfer 
Ratio (LTR) metric was used to analyze rollover 
potential for both the tractor and trailer.  This method 
was valid and yielded accurate and consistent results. 
 
LTR is given by: 

 

Ni Ni
Left Right

Ni Ni
Left Right

F F

LTR
F F

−
=

+

∑ ∑

∑ ∑
 (1) 

 
 
LTR varies from 0 to 1.  When LTR is equal to 1, it 
indicates a complete rollover.  This is because, at the 
onset of rollover, all of the tires do not lift from the 
ground at the same time.   An LTR value of 
approximately 0.9 indicates an onset of rollover. 
 
Table 1 lists the HiL simulation and experimental 
results.  The threshold speeds of the ABS-only and the 
RSC conditions were comparable with the speeds 
observed during test track testing (within 1 mph 
difference).  However, the ESC speeds were quite 
different.  The HiL driver model maintained throttle (in 
order to maintain constant speed) during the test 
maneuver.  This likely produced a different response by 
the ESC controller for the HiL than observed in the test 
track runs.  
 

When compared with test track data, the HiL simulation 
results showed the correct trends for ABS and RSC. For 
ESC the differences in the constant speed maintained 
by the driver model had a pronounced effect on system 
activation.  The fact that the driver model in the HiL 
simulation maintained throttle resulted in the ESC 
controller intervening very quickly and earlier than on 
the test track.  This permitted a higher speed at the start 
of the maneuver than what was achieved on the test 
track.  As the test track runs were performed with 
dropped throttle, the ESC controller delayed 
intervention until it identified a loss-of-control 
situation.  Therefore, the results were not expected to 
exactly match the speed obtained from test track 
measurements given this difference.  However, the 
activations of the ESC were appropriate for the given 
simulated conditions. 
 

Table 1. 
RSM results – Speed (mph) at which first wheel lift 

occurs 

 

Type 
HiL Simulation VRTC Data 

LEFT RIGHT LEFT 
ABS only 27 27 27 

RSC 34 35 35 

ESC 42 41 32 
 
 
Figure 9 shows a comparison of lateral accelerations, 
yaw rates, and roll angles for the three tractor-trailer 
electronic stability configurations for the RSM.  
Simulation results show that the truck dynamics model 
and the HiL systems were tuned appropriately.  Both 
systems showed a substantial advantage in improving 
tractor-trailer stability as evidenced by the greater speed 
at which rollover was initiated for the RSC and ESC 
runs over the baseline condition of ABS.  Figure 10 
shows tractor decelerations for the three configurations.  
The ESC system had a higher deceleration level than 
the RSC system due to the additional steer axle braking 
of the ESC system.  The ESC and RSC systems showed 
that wheel liftoff occurred at a higher speed than with 
the ABS-only system.     
 
Figures 11 and 12 show experimental test track results 
from RSC and ESC systems compared to baseline runs 
(ABS only).  Figures 13 and 14 show the generated 
brake line pressures as a result of RSC and ESC system 
activations respectively.  Figures 15 and 16 show the 
simulation results that can be compared to the 
experimental results in Figures 11 and 12.   
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Figure 9.  Lateral accelerations, yaw rates, and roll angles for the tractor. 
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Figure 10.  Longitudinal accelerations for the tractor. 
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Figure 11.  Experimental steering inputs and 
vehicle responses: baseline and RSC results: 
2006 Freightliner. 
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Figure 12.  Experimental steering inputs and 
vehicle responses: baseline and ESC results: 2006 
Freightliner. 
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Figure 13.  Experimental brake pressures: baseline and RSC results: 2006 Freightliner. 
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Figure 14.  Experimental brake pressures: baseline and ESC results: 2006 Freightliner. 
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Figure 15.  UMTRI HiL simulation steering 
inputs and vehicle responses-baseline and RSC 
results. 
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Figure 16.  UMTRI HiL simulation steering inputs 
and vehicle responses-baseline and ESC results. 



Svenson 11 

0 2 4 6 8
0

50

100

UMTRI RSC Results
P

re
ss

. 
#1

 (
ps

i)

 

 

0 2 4 6 8
0

50

100

UMTRI RSC Results

P
re

ss
. 

#2
 (

ps
i)

0 2 4 6 8
0

50

100

P
re

ss
. 

#3
 (

ps
i)

0 2 4 6 8
0

50

100

P
re

ss
. 

#4
 (

ps
i)

0 2 4 6 8
0

50

100

P
re

ss
. 

#5
 (

ps
i)

0 2 4 6 8
0

50

100

P
re

ss
. 

#6
 (

ps
i)

0 2 4 6 8
0

50

100

P
re

ss
. 

#7
 (

ps
i)

0 2 4 6 8
0

50

100

P
re

ss
. 

#8
 (

ps
i)

0 2 4 6 8
0

50

100

Time (sec)

P
re

ss
. 

#9
 (

ps
i)

0 2 4 6 8
0

50

100

Time (sec)

P
re

ss
. 

#1
0 

(p
si

)

Baseline - 26 mph

RSC - 32 mph

 
Figure 17.  UMTRI simulation HiL brake pressures: baseline and RSC results. 
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Figure 18.  UMTRI simulation HiL brake pressures: baseline and ESC results. 
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The comparison shows that the lateral accelerations, 
yaw rates, and longitudinal decelerations reach about 
the same maximum levels.  However, the driver model 
in the HiL attempted to keep the speed of the tractor-
trailer constant, and the speed was not reduced further 
after rollover was avoided.  This explains the constant 
speed profile and the change in deceleration after about 
3 seconds of RSM initiation.  The RSC system in both 
the HiL and the test track vehicle reduced the yaw rate 
and lateral acceleration levels to the baseline levels.  
The ESC system in the HiL activated slightly more than 
0.2 seconds earlier than the system on the test track 
vehicle.  Also, the longitudinal deceleration was almost 
twice as much.   
 
Figures 17 and 18 show the brake line profiles at each 
wheel.  Comparing Figures 14 and 18 reveal that the 
steering axle brakes of the simulated vehicle provided 
far more braking force than those of the test track 
vehicle, which explains the higher threshold speed 
achieved by the simulated vehicle. 

 
Overall, the qualitative differences in results between 
the HiL simulations and test track experiments were 
minor.  An exact match between test track and HiL data 
was not possible due to differences in the hardware 
between the tested vehicle and the simulation.  Also, 
the constant speed maintained by the driver model in 
the HiL produced an effect that was more pronounced 
in the ESC than the RSC in the comparison with test 
track RSM data.  However, the HiL system 
functionality and results were valid for a comparative 
analysis of system effectiveness for the constant speed 
driving scenarios developed in this study. 
 
 
CONCLUSIONS 
 
A HiL system has been developed by UMTRI to 
evaluate the effectiveness of stability control 
technologies in tractor-trailers.  Driving scenarios have 
been developed to evaluate the effectiveness of ESC 
and RSC in addressing crashes involving directional 
loss of control and rollover.  These scenarios have been 
created using LTCCS cases to replicate typical crash 
situations and have been linked to national crash data 
bases (GES, TIFA). 
 
The HiL system was validated by NHTSA through a 
comparison of RSM test data.  The results of the 
validation showed that the vehicle dynamics and 
hardware responses were comparable to actual tractor-
trailer test track results.  Differences in the test track 
conditions and the HiL system did not allow for a direct 
comparison of track data and simulated results.  
However, the data were useful for qualitatively 

checking the response of the HiL.  The constant speed 
maintained by the driver model in the HiL produced an 
effect that was more pronounced in the ESC than the 
RSC in the comparison with test track RSM data.  This 
resulted in the ESC system in the HiL activating 
approximately 0.2 seconds earlier than the system on 
the test track vehicle, but this was appropriate for the 
given simulated conditions.  Despite the differences, the 
HiL system functionality and results were valid for a 
comparative analysis of system effectiveness for the 
constant speed driving scenarios developed in this 
study.   
 
The fact that the HiL system provides valid predictions 
means that this HiL simulation environment can be 
used reliably to study heavy vehicle response with these 
technologies.  This is true not only for evaluating RSC 
and ESC effectiveness in the driving scenarios 
developed in this study, but for other future scenarios 
that would be difficult or impractical test using an 
actual vehicle.  The observed system effectiveness in 
varied driving situations from the HiL can be used for 
the determination of potential benefits of stability 
control by using driving scenarios that are linked to 
actual crash data populations. 
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ABSTRACT 

Truck manufacturers are introducing Roll Stability 
Control (RSC) and Electronic Stability Control 
(ESC) systems on heavy trucks including tractor-
trailer type vehicles.  These systems are designed to 
assist a driver to avoid rollovers, and in the case of 
ESC, yaw instability in tractor-trailers.  This paper 
reports on the implementation of stability control 
systems on the National Advanced Driving Simulator 
(NADS) for studying their effectiveness in mitigating 
tractor-trailer directional loss of control and rollover 
instability.  Five driving scenarios were modeled to 
closely correspond to severe real-world driving 
situations.  These included exit ramps, decreasing 
radius curves, and avoidance maneuvers.  These were 
modeled using dry pavement and a snow-covered 
road surface.  The simulator model was validated 
with actual test track data.  This research provides a 
means to obtain simulator test data on drivers 
behavior in a tractor-trailer equipped with RSC and 
ESC during severe driving maneuvers which is new 
in this field of study.  This paper describes the 
implementation of stability control systems on the 
NADS and validation of the NADS stability control 
model by NHTSA.  Also, a brief overview of the 
experimental procedures and the designed driving 
scenarios used in the NADS study are given.  Results 
of the validation indicate that the simulator study 
should provide data similar to what would be 
expected in actual vehicles, but due to limitations in 

the current NADS truck model it may not be possible 
to make direct comparisons of speeds achieved in 
maneuvers with an actual truck on a test track.    

INTRODUCTION 

Heavy trucks (trucks with a gross vehicle weight 
greater than 10,000 pounds) have long been the 
dominant mode of freight transport in North 
America, carrying an estimated 62 percent ($534 
billion) of the total value of freight in 2006 and 
accounting for most of the growth in the value of 
North American freight between 1996 and 2006 [1]. 
Accordingly, the trucking industry has experienced 
significant growth, with the number of registered 
heavy trucks increasing by 26 percent from 1995 to 
2005, and the miles traveled by heavy trucks 
increasing by 25 percent over the same time period 
[2]. 

The unique characteristics of heavy trucks – their 
size, weight distribution, articulation, and varying 
types of freight carried – make them particularly 
susceptible to single-vehicle crashes due to rollover 
or directional loss of control, such as jackknife.  In 
their analysis of fatal heavy truck crash statistics, 
Moonesinghe et al. [3] found that a posted speed 
limit of 55 mph or higher, poor road conditions due 
to weather, and road curvature significantly increase 
the chance for rollover and jackknife, yet there is a 
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converse relationship between harmful events and the 
size and weight of the truck and trailer.  Their 
analysis shows that the heavier the truck and cargo, 
the more prone the truck is to rollover, but that the 
increased weight serves as a deterrent for jackknife.  
On the other hand, the odds for jackknife increase 
with the increase in the length of the truck and trailer 
(from a single to a double or triple trailer), while the 
odds for rollover decrease.   

The increased presence of heavy trucks on North 
American roadways, combined with a significant 
number of fatal, injury, and property-damage-only 
crashes and the unique characteristics of heavy trucks 
and heavy truck crashes, suggests that attention 
should be paid to developing countermeasures to 
crash-imminent situations for heavy trucks.  Recent 
research documenting the substantial safety potential 
of electronic stability control (ESC) systems for 
passenger vehicles points to one such 
countermeasure.  ESC is a technology designed to 
assist the driver in keeping the vehicle on the road 
during impending directional loss of control or 
rollover situations.   These systems use sensors to 
detect when the motion of the vehicle differs from 
that indicated by the driver’s inputs, and can control 
individual brake pressures at each wheel, as well as 
override authority over the engine throttle, and in the 
case of a heavy truck, the engine retarder in order to 
correct the vehicle’s path prior to the onset of a 
rollover or loss of control [4]. 

NHTSA supported this simulator study primarily as 
an effort to increase the available data on driver 
behavior using stability control systems on heavy 
trucks and to stimulate academic research in the field 
of heavy truck safety.  The findings of this study are 
currently under evaluation by NHTSA, and the 
results are being prepared in a report by the 
University of Iowa National Advanced Driving 
Simulator (NADS). 

This paper describes the implementation of stability 
control on the NADS and validation of the NADS 
stability control model by NHTSA.  Also a brief 
overview of the experimental procedures and the 
designed driving scenarios used in the NADS study 
are given. 

Background Information Relating to Benefits of 
Passenger Vehicle ESC  

Research examining ESC systems on passenger 
vehicles and light trucks suggests a dramatic 

reduction in the number and severity of certain 
crashes caused by loss of control, including rollover 
[5].  For example, Dang [6] attributes ESC with the 
reduction in fatal run-off-road crashes, such as 
rollover, for passenger cars (36 percent reduction) 
and light trucks and vans (70 percent reduction), and 
the decline in rollover involvements in fatal crashes 
of 70 percent in passenger cars and 88 percent in 
light trucks and vans.  Fatal single-vehicle crashes 
not involving pedestrians, bicyclists, or animals also 
experienced a reduction of 36 percent in passenger 
cars and 63 percent in light vehicles and vans due to 
ESC.  Farmer [7] places the risk reduction for single-
vehicle crashes due to ESC higher, at 41 percent, 
with a reduction in fatal crash risk for single vehicles 
of 56 percent.  According to his analysis, ESC is 
most effective in preventing multi-vehicle fatal 
collisions for cars when driving on wet roads or 
curves at any speed, whereas ESC in SUVs appears 
to be most effective in avoiding multiple-vehicle fatal 
crashes only on high-speed roads [7].  NHTSA 
estimates that for passenger vehicles, 5,000-9,000 
crashes and 5,300-9,600 fatalities could be avoided if 
all vehicles were equipped with ESC [8].  

The primary objective of the simulator study was to 
estimate the extent to which heavy trucks may benefit 
from ESC systems, in light of recent results for 
passenger vehicles and more limited research on 
large trucks. Because of the limited exposure of ESC-
equipped trucks currently in the fleet, a simple 
analysis of crash data for heavy trucks does not lend 
itself to determining the impact of ESC.  Moreover, 
track testing of ESC systems are limited to the speed 
at which the experiments can be run with the proper 
safety requirements.  On the other hand, hardware-in-
the-loop systems and simulator experiments can be 
run at any speed provided the simulation results are 
properly validated for the events of interest. 

TYPES OF STABILITY CONTROL TESTED 

The specific types of stability control systems 
simulated in this study were Roll Stability Control 
(RSC) and Electronic Stability Control (ESC).  ESC 
contains both roll and yaw stability functionality and 
shall be referred to as Roll and Yaw Stability Control 
(RSC+YSC) throughout the remainder of this paper.  
Stability control systems were tested in the following 
combinations: Baseline ABS only (no stability 
control), RSC, and RSC+YSC.  Stability control 
system type and driving scenario were the 
independent variables in this study.  Stability control 
system type was a between-subject variable, while 
scenario type was a within-subject variable.  Each 
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participant experienced five driving scenarios in 
addition to a familiarization drive. 

The study used the NADS heavy truck cab and 
vehicle dynamics model. A common 6x4 tractor 
configuration was selected for this test. The 
simulation included the tractor pulling a fully loaded 
53-foot box semitrailer. 

PARTICIPANT SELECTION 

Sixty drivers with a Class A Commercial Drivers 
License (CDL-A) completed participation in this 
study.  There were twenty participants assigned to 
each of the three conditions (baseline, RSC, 
RSC+YSC  To participate in this study, drivers had 
to meet the following criteria: possession of a valid, 
unrestricted, Class A Commercial Drivers License 
(CDL-A), a minimum of 6 months experience after 
obtaining CDL-A, an average of at least 2000 miles 
per month over the last 6 months, be in good general 
health, between 22 and 55 years of age, and pass a 
visual exam testing for color-blindness 

NADS 

The study used a high-fidelity full motion simulator 
located at the National Advanced Driving Simulator 
(NADS) facility at The University of Iowa.  The 
NADS was instrumented with a functioning 1999 
Freightliner Century Class cab with an Eaton Fuller 
9-speed transmission (Figure 1).  The tractor-trailer 
modeled is a 1992 GMC truck manufactured by 
Volvo GM Heavy Truck, model WIA64T, and a 
1992 Fruehauf trailer, model FB-19.5NF2-53.  A 
validation of the truck and tractor model was 
published previously by NHTSA [9].  The cab was 
mounted inside the 24-foot NADS dome.  Four 
hydraulic actuators attach to the cab, producing 
vibrations emulating road feel.  The dome is mounted 
on a yaw ring that can rotate the dome about its 
vertical axis by 330 degrees in each direction.  The 
X-Y assembly produces lateral and longitudinal 
accelerations by moving about a 64-foot by 64-foot 
bay.  The motion system provides the driver with 
realistic motion cues that allow the driver to feel 
acceleration, braking, and steering, as well as 
experience extreme maneuvers generally associated 
with critical driving events.  For each run, the truck 
tractor was simulated pulling a fully loaded 53-foot 
box semitrailer.   

 

Figure 1.  Freightliner tractor cab in the NADS 
dome. 

DAILY OPERATIONAL READINESS TEST 

The Daily Operational Readiness Test (DORT) was a 
check of the NADS system before testing in the 
simulator would begin.  For this project, an additional 
DORT was performed before each day of testing in 
the main study specifically checking the operation of 
the RSC and RSC+YSC systems.  This test was also 
performed any time there was a change of hardware 
from RSC+YSC to RSC (or vice versa) during a 
single day of testing.  The same test that was used to 
validate the simulation (explained later in this paper) 
was performed on the NADS to check the operation 
of the RSC and RSC+YSC systems.  The results of 
this DORT test needed to match the expected 
parameter outputs before a main study drive could 
begin.  These parameters included: tractor and trailer 
brake pressures, longitudinal and lateral acceleration 
of the tractor, tractor roll angle, and system 
activation.  If these parameters did not match, the 
problem was diagnosed and fixed before testing 
resumed.  This ensured that the operational 
performance of the RSC and RSC+YSC systems 
were correct for each day of testing or when a system 
hardware change was made between runs.  A more 
complete description of the validation procedure used 
and DORT is included in reference [10]. 

EXPERIMENTAL DESIGN 

The experiment was a split plot (i.e., combination 
between and within subject design).  The between-
subjects independent variable was stability control 
condition.  There were three configurations that were 
being tested, Baseline ABS only (no stability 
control), RSC, and RSC+YSC.  There were 20 
subjects per test condition for a total of 60 
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participants. The within-subject independent variable 
was Scenario Event.  

Scenarios 

Each participant completed an initial familiarization 
drive and then drove five experimental study drives.  
The study drives can be categorized into two distinct 
groups, rollover and loss of control.  The first group 
was designed to induce the potential for a rollover. 
These drives were modeled as occurring on dry 
pavement with a coefficient of friction of 0.85.  The 
rollover scenarios were: 

     Incursion Right Event – The roadway has a 
posted speed limit of 60 mph and the driver 
encounters a vehicle that pulls onto the roadway, 
necessitating the driver to go around the incurring 
vehicles by steering into the oncoming lane, where 
the driver encounters oncoming traffic that requires a 
lane change back to the original lane. Figure 2 
illustrates the right incursion. 

 

Figure 2.  Incursion right event. 

     Decreasing Radius Curve – The driver 
encounters a decreasing radius curvature for which 
the driver is traveling at too great a speed.  The 
posted speed limit of the decreasing radius portion of 
the curve is 35 mph.  The curve has a road bank of 3 

percent.  Figure 3 illustrates the decreasing radius 
curve. 

 

Figure 3.  Decreasing radius curve. 

     Dry Exit Ramp – The driver enters an exit ramp 
too fast.  The bank of the dry exit is 2 percent. The 
posted speed limit is 35 mph.  Figure 4 illustrates the 
exit ramp. 

 

 

Figure  4.  Exit ramp. 

The remaining two drives were designed to induce 
the potential for a directional loss of control (e.g., 
jackknife).  These drives were modeled as occurring 
on snow-covered pavement.  The snow-covered 
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pavement used modeled a surface with a coefficient 
of friction of 0.3.  The loss of control scenarios were: 

     Incursion Left Event – On a roadway with a 
posted speed limit of 60 mph, the driver encounters a 
vehicle that pulls into the driver’s lane, necessitating 
the driver to go around the incurring vehicles by 
steering onto the shoulder, requiring a countersteer. 
Figure 5 illustrates the incursion left event. 

 

Figure 5.  Incursion left event. 

     Snow Exit Ramp – The driver enters an exit ramp 
too fast.  The snow exit ramp has a bank angle of 2 
percent.  The posted speed limit is 35 mph.  The 
geometry is identical to the dry exit ramp (see Figure 
4). 

The familiarization drive, incursion right, decreasing 
radius curve, and dry exit ramps were completed on a 
dry pavement surface, whereas the incursion left and 
the snow exit ramp were completed on snow covered 
pavement. 

NADS MODEL VALIDATION 

The NADS truck model was compared with test track 
data from the NHTSA Vehicle Research and Test 
Center (VRTC) in East Liberty, Ohio.  The test 
maneuver used was a Ramp Steer Maneuver (RSM) 
with maximum steering angle at 190 deg with an 
angular rate of 177 deg/s.  The steering angle was 
held constant for 5 seconds after reaching 190 deg.  

The RSM was run for the baseline (ABS only), RSC, 
and RSC+YSC test conditions.  Exact matching of 
values from test track data was not possible, as the 
NADS model was developed to simulate the braking 
properties of a Freightliner tractor and the inertial 
properties of a Volvo tractor.  Also, the NADS truck 
was modeled with a rigid body trailer model and no 
torsional stiffness at the fifth wheel.  All test track 
data were taken from VRTC tests of a Freightliner 
with Meritor WABCO stability control systems using 
a steering controller.  Conversely, the NADS RSM 
runs had manual input of steering wheel angle.  There 
were also slight differences in the actual test track 
surface coefficient of friction and that of the model.  
Because of these differences, data trends were 
compared and relative system performance was 
considered rather than matching exact parameter 
values.   

Table 1 shows that the NADS and experimental 
Baseline threshold speeds were within one mph of 
each other.  With RSC and with RSC+YSC both the 
NADS vehicle and experimental vehicle threshold 
speeds increased, in the range of 5 to 8 mph beyond 
the Baseline threshold speeds.  For the experimental 
test vehicle, the RSC system provided a slightly 
greater margin of speed increase than the RSC+YSC 
system.  On the test track, the RSC algorithm applied 
the brakes with more initial brake pressure than did 
the RSC+YSC thereby allowing a higher speed in the 
RSM than for the RSC+YSC runs.  For the simulated 
NADS vehicle, the RSC+YSC and RSC threshold 
speeds were found to be within one mph of each 
other.  These results indicated that the NADS RSC 
and RSC+YSC simulations did not exactly match but 
provided speed results that were close in magnitude 
to the actual vehicle. 

Results from the simulator experiment should 
provide speed magnitudes that would be expected in  

Table 1. 

Rollover threshold speeds for RSM validation test 

Rollover 
Speed 
(mph) 

NADS VRTC 

RSC+YSC 33 32 

RSC 32 35 

Baseline 26 27 
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actual vehicles, but not in absolute terms.  Therefore, 
direct comparisons to speeds achieved with an actual 
truck may not be possible with this model.  

Comparison of Example RSM Runs 

Figure 6 shows representative NADS simulation 
results from RSC runs of the Baseline vehicle and 
RSC-equipped vehicle.  The runs shown on Figure 6 
are the highest speed RSM runs conducted that did 
not result in vehicle rollover.  The initial speed for 
the NADS Baseline run is 26 mph and for the RSC 
run it is 32 mph.  Representative experimental results 
from the highest speed RSM runs conducted that did 
not result in vehicle tip-up onto the safety outriggers 
are shown on Figure 7.  The initial speed for the 
experimental Baseline run is 27 mph and for the RSC 
run it is 35 mph.   

The speed, lateral acceleration, yaw rate, and 
longitudinal deceleration of the NADS results (Figure 
6) followed similar trends observed with the 
experimental data shown in Figure 7.  The 
comparison shows similar decreases in  lateral 
acceleration and yaw rate, and significant 
longitudinal deceleration due to the RSC brake 
activation.  The RSC braking action slowed the 
vehicle and reduced the sustained lateral acceleration 
to a level that did not result in vehicle rollover.  The 
activation of RSC was clearly demonstrated by the 
fact that the vehicle can be driven through the RSM 
without rollover at an initial higher speed than the 
Baseline vehicle without RSC. 

Figures 8 and 9 show the brake line pressures for the 
NADS and experimental results respectively.  In the 
figures, the left side brake pressures are shown in the 
left column and the right side pressures in the right 
column.  Pressures 3-6 are the tractor drive axle 
brakes pressures and pressures 7-10 are the trailer 
brake pressures.  There was no braking activity for 
the Baseline runs.  With RSC, the NADS and 
experimental RSM runs showed similar trends in 
brake line pressures.  For both the NADS and the 
experimental runs, the right side drive axle brake 
pressures nearly achieved their maximum of 100 psi 
for a sustained period of time.  In addition to 
reducing the vehicle speed, this braking action 
resulted in reducing the yaw rate during these left 
turn RSM runs. 

The Meritor WABCO RSC system was not designed 
to activate the tractor front axle (steer axle) brakes, 
and no brake line pressures were developed during 

the experimental RSM runs.  However, the NADS 
did exhibit a slight amount of residual pressure up to 
20 psi (137.9 kPa) on the steer axle brake lines during 
RSC activation.  This amount of brake pressure was 
much smaller than what was applied on the tractor 
drive axles and trailer axles, and would only slightly 
affect RSC simulation results.  However, resolving 
this issue  would improve the overall accuracy and 
quality of the stability control hardware-in-the-loop 
implementation in the simulation. 

LIMITATIONS OF SIMULATION 

Every simulation model has limitations, and it is 
important to understand where those limitations may 
have been encountered in the study.  There are two 
potential limitations related to the NADS vehicle 
dynamics and its interaction with the stability 
systems.  The first is a known limitation, while the 
second is a potential limitation. 

First, the fidelity of the NADS heavy truck model is 
limited by the rigid formulation of the model 
components.  The major limitations of the current 
model are the lack of torsional stiffness in the fifth 
wheel and the lack of frame flexibility in the tractor.  
This resulted in the tractor roll response being equal 
to that of the simulated trailer.  The tractor-trailer 
model is still valid for doing relative comparisons 
between the various study conditions.  Another 
fundamental limitation is the use of table lookup data 
of tire forces measured in 1992.  A full, functional 
tire model with recently tested tires would improve 
the fidelity and overall quality of the simulation 
results. 

Second, the RSC and RSC+YSC systems are not 
simply “plug-and-play” devices, able to be installed 
in any tractor trailer interchangeably, although the 
RSC system requires much less tuning than the 
RSC+YSC, which must be configured with a variety 
of vehicle parameters.  Indeed, it is necessary for a 
technician to configure the system to the truck by 
setting parameters related to the wheel size, 
wheelbase, etc.  Every effort has been made to ensure 
that the hardware has been configured with the 
proper settings before delivery to the NADS.  
Additionally, the tractor-trailer model and its 
associated subsystems have been created with the 
highest fidelity possible within the constraints 
imposed by real-time simulation, and all the required 
signals have been supplied to the system’s hardware-
in-the-loop. 
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 Figure 6.  NADS RSC results. 
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Figure 8.  Experimental brake pressure lines – RSC. 
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Figure 9.  NADS brake pressure lines – RSC.
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CONCLUSIONS 

This paper presents NHTSA’s effort into the 
implementation of electronic stability control systems 
for heavy trucks on the National Advanced Driving 
Simulator at the University of Iowa.  The purpose of 
the study was primarily to increase the available data 
on driver behavior using stability control systems on 
heavy trucks, stimulate advanced academic research 
in this field, and to provide better means for 
understanding issues related to heavy truck safety. 

A comparison of a RSM run on the NADS with 
actual test track experiments results in the following 
conclusions.  First, speed at which rollover occurs in 
the RSM indicate that results from the simulator 
experiment provide similar results that would be 
expected in actual vehicles, but not in absolute terms.  
Second, direct comparisons to speeds achieved in 
maneuvers with an actual truck on a test track may 
not be possible with the current NADS model.  And 
finally, further refinements to the NADS tractor-
trailer model and the inclusion of  a full, functional 
tire model with recently tested tires would improve 
the fidelity and quality of the overall simulation.  The 
findings of the evaluation study on stability control 
for tractor-trailers are being prepared in a report by 
the NADS, University of Iowa. 
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ABSTRACT 

The objective of this study is to predict the behaviors 
of the human body in pre-crash conditions based on 
the experiment with active human models. In order to 
simulate the actual pre-crash condition of a car that 
occurs when the drivers brakes or pre-crash safety 
system activates in an emergency situation, low 
speed front impact tests on human volunteers were 
conducted using a sled-mounted rigid seat, on which 
each subject sat, sliding backwards on the rails. It 
was observed that when the subject’s muscles were 
initially relaxed, muscle responses started activation 
at around 100ms after the onset of acceleration and 
reached its maximum value at around 200ms. During 
this time period, most of the individual body region 
acceleration responses and restraint system reaction 
forces also peaked. Furthermore, the head-neck-torso 
kinematics was strongly influenced by the muscle 
activity. This experiment indicates that muscles can 
react quickly enough to control the driver’s behavior 
significantly during the low-speed impact, relating to 
the driver’s posture just before the collision. Thus, 
the active human model with the Hill-type multi-bar 
muscle was employed to estimate the possible 
driving posture in an emergency. From the result of 
this experiment, pre- and post- crash occupant 
behavior was predicted. For a more detailed 
understating, a parametric study was conducted that 
distinguishes the factors presented in real accident 
cases. 

INTRODUCTION  

In the discussion of automobile crash safety, it is 
usual that occupant safety is discussed with a 50% 
adult male (AM50) or Anthropomorphic Test 

Dummy (ATD) in a normal sitting posture. However, 
the posture of the driver’s seat occupant varies due to 
age, gender and physiques. Moreover, further posture 
changes will occur just before the collision due to 
occupant evasive maneuvers; thus, it is difficult to 
keep a normal position just before the collision. 
Figure 1 shows the accident type and evasive 
maneuvers obtained from the Institute for Traffic 
Research and Data Analysis (ITARDA) in Japan 
(1993-2004)[1]. This data source consists of 860 of 
front impact collision (CDC:11F-1F) cases. The 
accident analysis show that around 50% of the 
drivers made evasive maneuvers in each accident 
type; namely, most drivers made evasive maneuvers 
just before the collision. In addition, driver injury 
incidence rates of chest with evasive maneuver are 
relatively larger than those with non-evasive 
maneuver when compared in each delta-V [2]. 
Therefore, evasive maneuvers include additional 
factors such as posture changes and body movement, 
which must be taken into consideration in discussing 
the accident analysis results. However, these 
differences in the driving posture and behavior of the 
occupant before such collisions is unreadable 
information from the accident data; thus, it is 
difficult to quantify the differences in injury 
mechanisms only from the accident data. 
Armstrong et al.[3] examined the bracing effect in 
their review of prior works on muscle effects. They 
employed volunteers and demonstrated the strong 
influence of leg bracing against the toe board. It was 
found that 55% of the subject’s kinematic energy 
absorption was attributed to the restraint by legs. 
Cross et al.[4] studied how passengers “brace” and 
react during pre-impact vehicle maneuvers. This 
information is related to the real world occupant 
photographic studies (Bingley et al.[5]). Parkin et al. 
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[6] studied the effects of driving posture and 
passenger individuality. It was concluded that the 
configuration of initial posture, i.e., how people sit in 
cars, showed marked differences between male and 
female. According to these previous studies, the 
causation between these differences and the injuries 
seen in the accident data has not been clearly 
explained. Nor has the relationship between evasive 
maneuver and the amount of posture change or 
muscle response been quantified yet. 
The authors have studied the posture changes caused 
by pre-braking by means of volunteer tests. The 
previous study in this series [7][8] was conducted. In 
this study, the posture of the driver at the moment of 
pre-braking just before the impact was examined in 
two different muscle conditions. In one condition, 
muscle is fully relaxed, and in the other muscle is 
fully tensed. At the same time, the basic data of 
posture changes and muscle activation were also 
measured by using a 3D motion capturing system, 
and muscle activation electromyography, respectively. 
Based on the results of this experimental study, the 
prediction of the driver’s posture and posture 
maintenance mechanisms were investigated. 
Moreover, this experimental study was applied to the 
injury prediction approach by using a computer 
human model to verify the influence of human body 
posture changes on the occupant injuries in a traffic 
accident. This in turn leads to further improvement of 
the effectiveness of occupant crash protection 
measures such as smart restrain system or adaptive 
restrain system in the accident. The aim of the 
current study is to build an injury prediction 
approach to verify the influence of human body 
posture changes on the occupant injuries in a traffic 
accident. 
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Figure 1.  Accident type and evasive maneuver 

VOLUNTEER EXPERIMENT 

Volunteers and informed consent 

Five 22 to 26 year-old male volunteers in good health 
participated in the series of experiments. The average 
and standard deviation of the 5 volunteer’s 

anthropometric data is shown in Table 1. The 
protocol of the experiments was reviewed and 
approved by the Tsukuba University Ethics 
Committee, and all the volunteers submitted their 
informed consent in a document complied with the 
Helsinki Declaration. 
 

Table 1. 
Volunteer data 

 Age 
(year)

Height
(cm) 

Weight 
(kg) 

BMI 
(kg/m2) 

Sitting
height
(cm) 

Mean 24.1 168.9 61.8 21.5 87.4 
±SD 1.5 7.8 11.1 2.6 4.1 

Sled apparatus for simulation of low-level impact 

Figure 2 illustrates the initial view of the 
front-impact simulation sled system (hereafter 
referred to as “Mini Sled”). The front pre-impact sled 
was designed based on the actual car pre-impact 
condition in order to simulate the deceleration 
experienced when the driver brakes or pre-crash 
safety barking system activates in an emergency 
situation. The sled is equipped with rigid seat made 
of steel (hereafter referred to as “R-seat”). Low-level 
frontal pre-impact was applied to the volunteer by 
accelerating the sled. The R-seat made of steel was 
mounted on the sled. In this experiment, a foot plate 
and a removable steering is equipped on the sled and 
the reaction forces coming from the plate and wheel 
were measured by load cells.  
 

Acceleration (0.8G, 600ms)

RigitSeat

Steering

Foot Plate

Motor

Load Cell

Sled Accelometer

 
Figure 2.  Outlook of the front-impact simulation 
sled system 

Motion analysis and definition of joints and 
segment region of the full body 

The physical motion of the human body and 
head-neck-torso kinematics at low-level impact 
accelerations were measured by means of the 
three-dimensional motion capturing system[9]. The 
features of this capturing system are that the position 
of each marker is automatically extracted from a 
video image caught with several cameras, and the 
skeleton image which builds up with these markers is 
translated into three-dimensional coordinates. In the 
experiment, eight sets of cameras were employed and 
the landmarks were attached to the defined body 
locations. The arrangement in this experiment 



Ejima 3   

included landmarks attached to the head (Parietal, 
Auditory Meatus), shoulder (Acromion), chest 
(Sternum), back (T1, T11), lumbar (L3), arm (Elbow), 
hand (Wrist, Back), and leg (Knee). These markers 
were used as the reference points in order to 
determine of the head, neck, torso, abdomen, hip and 
lower extremity locations. From this motion data, a 
skeleton image is generated based on segments 
determined by body surface landmarks. Figure 3 
shows the definition of each segment of the head, 
neck, torso, abdomen, thigh, and the lower legs. With 
these motion segments, the rotational angle at the 
joint was recorded, and the differences between 
subsequent rotational angles were calculated. In 
order to represent the hip motion separately, a virtual 
marker was created based on the skin surface marker. 
To be more precise, the upper torso was separated 
into five segments (Head, Neck, Chest, Abdomen, 
Pelvis), and the joint angle at each connection point 
(Head, Neck, T1-T12, T12-L3, Pelvis, Upper Leg, 
Lower Leg, Upper Arms, Lower Arms) was 
calculated with the motion capturing software. 

Acceleration measurement 

In order to monitor the motion of the volunteer at the 
time of impulse, accelerometers were placed both on 
the body surface and the sled. Since the head motion 
was three-dimensional, tri-axial accelerometers and a 
tri-axial angular velocity meter were attached to the 
mouth via the mouthpiece, the first thoracic vertebra 
(T1), the twelve thoracic vertebra (T12) and the 
lumber vertebra (L3). The fixtures shown in Figure 3 
were fabricated for the installation of accelerometers 
on the body of each subject. The acceleration of the 
shoulder and chest were measured by the 
tri-accelerometer attached to the surface of the 
acromion and the front chest around the sternum 
region with a surgical tape, over which double-coated 
tape was adhered. 

Electoromyography 

Muscle activity was measured by means of surface 

electromyogram, the timing of which was 
synchronized with the three-dimensional movement 
data. EMG electrodes were attached to the skin over 
the major muscles of the subject. Table 2 indicates 
the locations of the surface electrodes, and “M.” 
stands for muscle. The measured muscle activation 
during the impact was analyzed by systematic 
processing, and the average rectified value (ARV)[7] 
was obtained. Each muscle response was normalized 
by its own maximum muscle activation value (ARV) 
in the tensed case.  
 

Table 2. 
Location of the muscle 

Neck M. Sternocleidomastoideus 
M. Paravertebralis 

Torso M. Latissimus Dorsi 
M. Erector Spinae 

Abdomen M. Rectus Abdominis 
M. Obliquus Externus Abdominis 

Lower 
Extremity 

M. Biceps Femoris 
M.Rectus femoris 
M. Gastrocnemius 

Upper 
Extremity 

M. Biceps Brachii 
M. Triceps Brachii 
M. Deltoideus 

Experimental conditions 

Five healthy males were selected as test subjects. In 
order to examine the effect of muscle activity on the 
physical motion in the pre-crash situation, the 
experiments were conducted in two conditions: a 
relaxed state, in which the volunteers were subjected 
to the impact in the state of relaxed muscles, and a 
tensed state, in which volunteers intentionally tensed 
their muscles. Test subjects were instructed so that 
they could assume each of these muscle 
configurations. During the test, the muscle activation 
was monitored to determine to what extent the 
subjects were relaxed or tensed. In the relaxed case, 
the subjects were required to be fully relaxed until 
the body motion was naturally stopped. For the 
safety of the subjects, a seatbelt was used to 
immobilize the waist of each subject. On the other 
hand, in the muscle-tensed cases, the subjects were 
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Figure 3.  Lateral view of the head/neck/torso/pelvis with mounted accelerometer and definition of the
segment and rotational angle between each segment 
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instructed to tense their all muscles intentionally. In 
this case, a steering was installed to reconstruct the 
pre-crash condition in which the driver tenses their 
muscle to hold the steering wheel for bracing. The 
3-point seatbelt was also attached to the shoulder to 
prevent the contact between the upper torso and the 
steering. The seatbelt was adjusted to the length of 
the abdominal and chest regions; thus, these belts 
were not pre-tensioned at the initial stage. For the 
purpose of comparison, the subjects were solicited to 
try to maintain their initial posture by tensing their 
muscles. Applying the acceleration to the sled while 
the subjects were assuming the same initial posture, 
the differences due to muscle activation could be 
clearly seen in the motion of their upper torso. 

EXPERIMENTAL RESULTS 

Subject’s motion, acceleration response and EMG 

In order to investigate the effect of the muscle 
condition, a series of experiments were conducted on 
the five volunteers in each case as shown in Table 3. 
The impact phenomenon seen in the typical frontal 
collision case can be described by the motions 
observed by three-dimensional movement analysis 
system, the acceleration at each region of the subject, 
and the electromyographic response. A subject’s 
motion, acceleration response, and EMG are divided 
into four phases. 
 

Table 3. 
Test Matrix 

5 adults 
Impact 

acceleration Direction Muscle 
condition 

Boundary 
condition 

0.8G Front 

Tensed 
Shoulder belt

Lap belt 
Steering 

Relaxed Lap belt 

 
In this section, the results of the experiments 
conducted with an impact acceleration of 8.0 m/s2 
using a rigid seat are described. The following results 
were summarized according to the two different 
muscle conditions of pre-crash acceleration as time 
sequential changes. Further explanation of pre-crash 
conditioning in the two different muscle conditions 
are described in Figure 4-7. Figure 4 and Figure 5 
show the sequential images of a subject’s motion 
taken both by the high-speed camera and by the 3D 
motion capturing system. In addition, subject’s 
motion, response to the acceleration and EMG are 
divided into four phases as illustrated in Figure 7. 
This figure shows the time histories of resultant 
acceleration and angular velocity of the head, T1, 
T12, and L3. In addition to the acceleration, the time 
histories of reaction forces with the belt, footplate, 
and steering wheel are shown. Moreover, the time 
histories of EMG response of each muscle of the 

subject are indicated. Finally, the time of acceleration 
onset is set at zero (0ms) in the time history diagram. 

Motion observed by sequential picture 
images and 3D movement analysis system 
(Forward motion kinematic) - Because of the 
inertial force generated by the acceleration of the sled, 
the subject’s upper torso started to move forward, 
while the head was moving backward relative to the 
first thoracic spine (T1) in the relaxed case. As a 
result of this phenomenon, the neck that links the 
head and torso started to extend. Moreover, T10 and 
T1 showed a ramp-up motion. With the subject’s the 
body trunk restrained to the seat by a lap belt, the 
arched rotation of the upper torso started at around 
200 ms. Simultaneously, the neck also started to 
rotate (flexion). Compare with the muscle-relaxed 
case, the upper torso motion is constrained by the 
muscle activation in the muscle-tensed case. With the 
subject’s body trunk restrained to the seat with the 
reaction force from the steering wheel through the 
arm, the forward motion of the upper torso started to 
fold back at around 200 ms.  

Acceleration at each region of the subject 
and loads - The constant acceleration of 8.0(m/s2) 
was applied to the sled, and this acceleration 
appeared with the acceleration of L3 close to the sled 
in initial stage. Then, the lumber acceleration was 
transferred to the head of T12 and T1 one by one. 
The magnitude of L3 and T12 acceleration indicated 
the maximum value at around 150 ms, and the head 
and T1 acceleration gradually increased due to the 
forward motion of the upper body. According to the 
angular velocities of the L3, T12, T1, and Head, each 
portion started to rotate at around 100ms. Then, the 
L3, T12 angular velocity was getting decreased, and 
the magnitude of T1 and head C.G. angular velocity 
reached the maximum value at around 300ms. 
Compared to the muscle-relaxed case, the upper torso 
motion is constrained by the muscle activation in the 
muscle-tensed case. Therefore, the maximum value 
of acceleration, angular velocity, and the seatbelt 
force decreased. The maximum value of T1 and head 
were indicated at around 200ms. In addition, the 
flexional angular velocity of the head and neck 
reached maximum at around 150 ms, when the 
head-neck deformation started to fold back. The 
magnitude of this acceleration decreased due to the 
activation of the muscles after 200 ms. On the other 
hand, L3 angular velocity converged to zero, and the 
magnitude of T1 and head angular velocity reached a 
positive value (Extension). The angular velocity 
indicates a miner oscillation mode because the 
shoulder-belt and lap-belt started to react with the 
forward motion of the torso. The magnitude of foot 
plate and steering load indicated the maximum value 
at around 200 ms, and these reaction forces are 
strongly correlated to the muscle activation at lower 
extremity and upper extremity. The reaction force of 
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footplate and steering is converged to 100 N by 
discharging the lower and upper extremity muscle, 
when the subject found an appropriate balance 
between the muscle activation and the inertia effect 
(Figure 5). Therefore, the acceleration and angular 
velocity converged to zero. 

Electromyographic response- Because of the 
muscle-relaxed condition, the upper torso started to 
move forward, and the major muscle activation was 
not detected except M. Erector Spinae, M. Biceps 
Femoris, and M. Gastrocnemius. In relation to the 
neck link motions, discharge of M. paravertebralis 
slightly activated at around 100 ms. Moreover, the 
position of the body trunk moved forward, and M. 
Biceps Femoris and M. Gastrocnemius normalized 
ARV value are rapidly increased at around 150ms. 
Then, the muscular discharge of the neck, torso, and 
leg disappeared. 
In the muscle-tensed case, the body trunk was 
restrained to the seat due to the muscle activation. 
Therefore, the acceleration started to decrease and 
the angular velocity of each body region converged 
to zero. The muscle activation is discharged 
continuously, and the posture is maintained by the 

resistance force from the footplate and the steering 
wheel. Regarding the muscle response, most of the 
muscles are discharged before the impact (0ms) 
except M. sternocleidomastoideus and M. 
paravertebralis . 

Differences in HEAD, NECK, and TORSO 
Motions related to the muscle responses and 
restrain effect 

It has been detected that the pre-impact tension of 
muscle affects the physical motion at low-level 
impact, and this muscle effect is mostly related to the 
rotational angle of head, neck, and torso. Therefore, 
the rotational motion of the upper torso was analyzed 
based on the trajectory of each landmark measured 
by the 3D motion capturing system. Figure 8 shows 
the average values of the maximum flexional and 
extensional angles at the joint. The average value 
was calculated from the data of the five male 
volunteers. For the purpose of comparison, the tensed 
and relaxed muscle cases are shown in these figures. 
As for the rotational angle of each joint, the primary 
value was set as zero (0). The plus (+) direction 
indicates extension, while the minus (-) direction 
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indicates flexion. Because of the muscle activities, 
the major angle difference between the lower leg and 
the feet could not be identified in the experiment. In 
the muscle- relaxed case, the flexional motion of the 
pelvis (Pelvis) is dominated in the body trunk. The 
extensional motion of the head (Head) and lower 
extremity (Upper Leg) were identified in the 
muscle-relaxed condition. 
On the other hand, in the case of tensed condition, 
the major flexional motion was detected in the neck 
(Neck), thorax (T1-T12), and upper extremity (Upper 
Arms) area. The head (Head), pelvis (Pelvis), lower 
extremity (Upper Leg) and upper extremity (Lower 
Arms) showed extensional motion. 

Muscle activities during pre-braking 

According to the kinematic and muscle activity in the 
experimental results in Figure 4-7, the subject’s 
upper torso and head-neck motion is constrained by 
the muscle activation. In addition, the torso motion is 
restrained by the resistance force from the upper 
extremity which is connected to the steering wheel. 
As a result of this phenomenon, upper torso motion 

was strongly affected by the muscle and the 
boundary condition in the pre-crash situation. Figure 
9 indicates the average value of the integrated 
normalized ARV to define the each muscle activation 
during the impact. This value is calculated from the 
integration of average time history of normalized 
ARV value with five volunteers in both relaxed and 
tensed case. The interval of integration is between 
0ms to 600ms when the sled is moving in the 
constant acceleration. In the muscle-tensed case, 
most of the muscles become larger than the relaxed 
case except M. Rectus Femoris and M. Biceps 
Femorise. Particularly, M. Sternocleidmastoideus 
(Neck), M. Rectus Abdominis (Abdomen), M. 
Gastrocnemius (Lower Extremity) and Upper 
Extremity have a significant difference in the amount 
of integrated normalized ARV between 
muscle-relaxed case and tensed case. 
The result of the integrated value indicates the 
muscle condition working against the forward motion 
during the impact. These muscle activities were 
strongly related to the motion of the upper torso. The 
limitation of the posture-control with muscle 
activation was identified based on the activation level. 
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These muscle activations should be taken into 
account in predicting this pre-crash phenomenon 
with the computer model. 
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NUMERICAL STUDY 

Prediction of impact posture changes due to 
pre-crash condition 

Active human model –It can be said that the 
experimental result indicate that the physical motion 
of the human body under pre-crash condition can be 
predicted. Therefore, the effect of the posture change 
caused by pre-crash condition was estimated by 
using MADYMO TM [10] with a multi-body adult 
male as the occupant model (Figure 10). This 
computer model is based on a rigid body model that 
incorporates muscle effect by using the hill-type 
muscle model. The muscle repose measured from the 
acceleration experiments was directly applied to the 
major muscles in order to simulate this acceleration's 
effect on the human body. To populate the design 
space of occupant anthropometric properties, the 
scaled rigid body model is developed by using 
GEBOD [10] which is constructed by the human 
anthropometric data. To examine the reliability of the 
MADYMO occupant model, the current human 
model was validated against the results of the 
experiments [11]. The validation was done against 
the impact tests at 8.0 m/s2 in muscle relaxed and 
tensed cases which are described in the previous 
section, and it included the kinematics of the 
head-neck complex and whole body motion. 
Therefore, the validation of the modeling of these 
impacts was done only in terms of the posture change 
during the low-speed impact. 

Baseline model -The baseline model used in 
this study was a multi-body representation of the 
driver’s side interior compartment of a mid-size 
sedan car. The vehicle interior consists of the 
standard three-point belt system, a steering wheel, a 
knee bolster, and a footplate (Figure 10). The 
mechanical property of each component is validated 
with the experimental study. In this study, the 
accident scenario was reconstructed to evaluate the 
effect of posture change in the pre-crash condition. 
Therefore, the pre-crash phase which was defined in 
the volunteer test (constant deceleration 8.0 m/s2: 
Duration: 0-600ms) is considered just before the 
collision and the deceleration pulse taken from the 
barrier test with mid-size sedan car (delta-V of 50 
km/h ) is applied to the model.  

Sensitivity analysis 

Design parameter and injury criteria -Three 
design parameters are mainly related to posture 
change in the pre-crash condition. In the previous 
study on the volunteer test [7], the small female 
subject showed the different trajectory from the male. 
Therefore, the anthropometric size should be one of 
the parameter in sensitivity analysis. Bose et al. [12] 
proposed the several kinds of initial posture based on 

the computer model, and it showed large difference 
in the injury outcome from the computer simulation. 
For this reason, the muscle response, anthropometric 
size, and initial posture that are considered as deign 
parameters in this simulation, and this study calculate 
the contribution of each parameter to the injury 
outcome. The head injury criterion (hereafter referred 
to as HIC36) and chest acceleration for 3ms (hereafter 
referred to as C3ms) were employed for the evaluation 
of injury. The variation of each of the design 
parameters is listed in Table 4. The combination of 
the muscle response, anthropometric size, and initial 
posture are carried out, and the total number of 
simulations is eighteen cases. The variation of each 
parameter is described as follow. The muscle 
response is defined as two condition from the 
experimental result (Tense and relax). The 
anthropometric size is based on the Japanese 
anthropometric male database and defined as three 
types (AM05, AM50, AM95). The initial posture is 
referenced to the literature [5][6][11] and three kinds 
of posture is defined (STD: Standard, UPR: upper 
body upright, FOW: upper body forward  to steering 
column) . 

Sensitivity Evaluation 

The sensitivity information of each parameter is 
calculated by the analysis respect to the HIC36 and 
C3ms. Figure 11 shows the effects on individual 
injury values by changes of design parameters from 
the HIC36 and C3ms. The HIC36 is sensitive both to the 
anthropometric size and to the muscle response. 
Figure 12 indicates the eighteen cases of HIC36 
respect to the anthropometric size (AM05, AM50, 
and AM95) in muscle relaxed and tensed case. In this 
figure, HIC value is normalized by the output value 
from the standard condition (Muscle Tense, AM50, 
STD). Compared with the muscle-tensed case, the 
variation of HIC36 is larger than that in the 
muscle-relaxed case. The reason for this difference is 
that the pre-crash phase defined in this simulation 
causes not only a posture change but also a change in 
body velocity due to inertial forces. Therefore, the 
contact speed between the head and the steering 
wheel changes in the muscle-relaxed case. On the 
other hand, the C3ms is very sensitive to the initial 
posture. Figure 13 indicates the eighteen cases of 
C3ms respect to the initial posture (STD: Standard, 
UPR: upper body upright, FOW: upper body foward 
to steering column) in muscle relaxed and tensed 
case. The value of C3ms is also normalized by the 
output value from the standard condition (Muscle 
Tense, AM50, STD). Compared with the muscle 
tensed case, large variation C3ms can be detected in 
the muscle relaxed case. This phenomenon is also 
related to the pre-crash phase defined in this 
simulation, and the difference of initial posture 
affects the relative chest velocity to the steering. 
Therefore, the 3ms criterion value of the chest 
deceleration variation is increases. From this 
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calculation, the effect of pre-crash phase is predicted 
by using the computer human model. For a more 
detailed understating of the mechanisms, further 
study will be needed to distinguish the parameters 
that are present in real accident cases. 
 

Seat

Seatbelt
Steering

Knee bolster

Foot plate
 

Figure 10.  Computer human model with the 
driver’s side interior compartment of mid-size car 
 

Table 4. 
Variation of design parameter 

DISCUSSION 

Mechanisms of posture changes during pre-crash 
condition 

The estimation from the results of measurement 
system indicates a significant correlation between the 
discharge of muscle force and the kinematic of each 
body part. For example, the head-neck-torso 
acceleration (HeadCG, T1, T12, and L3) increases, 
but decreases when the volunteer intentionally tensed 
their muscle. The muscle-tensed effect is clearly 
detected in the magnitude of acceleration and angular 
velocity compared to the muscle-relaxed condition. 
This is not only due to the back and abdominal 
muscles, but also due to the upper and lower 
extremity muscles discharged from the impact (0 ms). 
In other words, the upper torso was subjected to 
posture-control provided by these pre-tensed muscle 
condition in which activation level is around 20-40 % 
of maximum muscle. Following the timing of the 
muscle activation with upper and lower extremity, 
the steering wheel and the footplate show the 
reaction force continuously. Thus, the subject found 
the appropriate balance to control the upper body 
motion by using the reaction force from the steering 
and the footplate.  
In the relaxed case, the subjects were required to be 
fully relaxed until the body motion was naturally 

stopped. However, a natural muscle ‘stretch receptor’ 
activated and this muscle activation temporarily seen 
in the back and lower extremity to control excessive 
motion. This protective mechanism works more 
effectively when the steering is installed in the 
system. 

Effect of muscular Tension 

In this study, a steering was installed to constrain the 
hip and chest in order to simulate real pre-crash 
conditions. It was identified that the pre-acceleration 
tension of muscles exerted influence on the physical 
motions compared to the relaxed case; however, this 
effect greatly reduced from that detected in the cases 
of relaxed cases. In comparing rotational angles 
between tensed and relaxed cases per body region 
from pelvis to head, ante-extensional motion due to 
muscle tension was detected at the neck region 
(Head: Figure 8). In this region, the posture-control 
effect of the rotational angle due to muscle tension 
was around 60%. On the other hand, the hip region 
(Pelvis: Figure 9) shows slight flexional rotational 
motion in tensed cases. In the relaxed cases, the hip 
region showed the largest flexional motion. 
Consequently, it was detected that the rotational 
angle of hip region was strongly affected by the 
upper torso motion restrained by the steering in the 
front impact case. Therefore, the boundary condition 
effect is important in discussing the stability of the 
posture under low speed acceleration. 

Prediction of the effect of posture change for the 
injury 

From the result of sensitivity analysis of the muscle 
response, anthropometric size and initial posture 
were selected as design variable. Injury values such 
as HIC36 and C3ms were sensitive to the 
anthropometric size and initial posture respectively. 
However, these results strongly affected by the 
muscle condition and the different tendency are 
shown in Figure 12 and Figure 13. As for the head 
injury criteria, the HIC36 value increases when the 
anthropometric size gets larger in the muscle-tensed 
case, and this is because of the inertia effect caused 
by the occupant’s mass. On the other hands, the 
relaxed effect is clearly detected in the muscle 
relaxed case. For example, when the initial posture is 
set as FOW (upper body forward to steering column), 
HIC36 value decreased even though the occupants 
mass increased. This is because of the distance 
between the head and the steering wheel. In the 
pre-crash phase, the occupant upper torso inclines to 
the steering, and the head is almost attaching to the 
steering wheel when the crash deceleration is applied. 
Therefore, the contact speed when the occupant hits 
their head to the steering is almost close to zero. 

As for the 3ms criterion value of the chest 

 Muscle 
response 

Anthropometric 
size 

Initial
posture

18 case 

 AM05 STD Relaxed 
 AM50 UPR  

Tensed AM95 FOW 
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deceleration (C3ms) value tends to increases when the 
initial posture (STD: Standard, UPR: upper body 
upright, FOW: upper body forward to steering 
column) is close to the steering in the muscle-tensed 
case and this is because of the contact between the 
chest and the steering wheel during the impact. In the 
muscle-relaxed case, because of the difference of the 
initial posture, the relative speed between the chest 
and the wheel is changed during the impact. This 
speed depends on the balance between the belt force 
and the inertia force generated by occupant’s mass. 
The sensitivity analysis provides a guideline about 
the effects on injury levels by changing the design 
parameters. This is the preliminary study of the effect 
of posture change with active human model. For 
more detail analysis, several parameter studies are 
needed to understand the mechanisms of posture 
change during the impact. 

Limitation of this study and suggestion for further 
research 

The number of the subjects in this study was limited. 
Therefore, the data were insufficient to discuss the 
difference between tensed and relaxed muscle 
condition. In addition, modeling of occupant motions 
of the body is necessary to solve the muscle 

cooperation problem and the solution of this problem 
is to activate the muscle model. For reliable 
qualitative validation of the model, it is necessary to 
analyze the relationship between the kinematic and 
muscle activation in detail in order to obtain the 
information of muscle effect. This could be done in a 
co-operation between the tests and simulations. 

CONCLUSION 

The result of this study concludes that the effects of 
muscular tension on each body motions have been 
clarified, and the physical motion of the driver side 
occupant is predicted in the pre-crash condition. 
Furthermore, it has been identified based on 
acceleration, EMG electrodes and the reaction forces 
that differences in muscle activity govern the motion 
of the body in each phase. Finally, it has been found 
that the muscles that most highly activated when the 
occupant made a pre-braking action were the neck 
and abdominal muscles. These parameters are 
important factors in discussing the subject’s motion 
with the restraints system just before the collision. In 
addition, the steering also supports the driving 
posture and stabilizes the pelvis motion. The present 
human body model adequately represents the general 
kinematics of the physical motion detected in 

0

1

2

3

STD UPR FOW STD UPR FOW

Relaxed Tensed

C
he

st
 3

m
s 

Ac
c.

AM05
AM50
AM95

Relaxed Tensed

0
2
4
6

8
10
12

AM05 AM50 AM95 AM05 AM50 AM95

Relaxed Tensed

H
IC

STD
UPR
FOW

Relaxed Tensed

Figure 11.  Effect of design parameter changes on injury value 

Figure 12.  Distribution of normalized HIC36 respect to the anthropometric size 

Figure 13.  Distribution of normalized C3ms respect to the initial posture 

0

10

20

30

40

50

Muscle response Physique Initial posture Muscle response Physique Initial posture

HIC Chest 3ms Acc.

C
on

tri
bu

tio
n 

ra
tio

 [%
]

HIC Chest 3ms Acc.

N
or

m
al

iz
ed

N
or

m
al

iz
ed



Ejima 11   

pre-impact braking conditions. This, in turn, 
indicates that the EMG data of major muscles 
significantly influences the physical motion, because 
these input variables are directly taken from the 
volunteer tests. This model is currently in the 
improvement phase, and its practical application and 
injury level prediction will be completed by using a 
finite element model in the next stage. 
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ABSTRACT 

Motorcyclist fatalities are a major road safety 
problem on Spanish roads. In 2006, 642 
motorcyclists or cyclists fatalities occurred, which 
mean 21% of all road fatalities. More than half of 
them were run-offs. To address this safety issue, 
roadsides are equipped with so-called “Motorcyclist 
Protection Devices” (MPD). In 2005, the Spanish 
Standard UNE 135900 for the assessment of MPD 
was published, and Spanish National and Regional 
Road Administrations have been active in this field 
since then. 
 
This paper describes research work aimed at 
improving motorcyclists’ safety from a global 
approach, by two main activities: 

- Upgrading the crash test procedure set by 
Standard UNE 135900, by implementing a 
new thorax injury criterion. 

- Developing a methodology to recommend and 
warrant the installation of MPD on specific 
road stretches. 

 
The implementation of a thorax injury criterion took 
into account the kinematics and injury causation 
process in the event of an impact of a motorcyclist 
sliding against a barrier. From the analysis of the 
response of bones, inner organs and vascular system 
it was concluded that loads measured on the 
vertebral column with a Hybrid III dummy are 
suitable to assess relevant thorax injuries. An injury 
criterion based on maximum vertical force measured 
on thorax was defined and implemented into the 
upgraded 135900 Standard. 
 

The recommendations for the installation of MPD 
were based on analysing road sections and 
identifying bends with a higher risk of motorcyclist 
run-off collision, in order to install such devices with 
optimised cost effectiveness. The applied 
methodology comprised road inspections and 
epidemiological analyses in order to detect relevant 
risk factors.  
 
As a result, a framework is provided that sets 
technical bases for the development and 
implementation of better motorcyclist protection 
devices, by assessing their performance through an 
enhanced standard, and by establishing 
scientifically–based criteria for their deployment. 

INTRODUCTION 

Run-off road accidents are those accidents involving 
vehicles that leave the roadway, encroach onto the 
shoulder and beyond, and impact any hazardous 
object located on the roadside, such as poles, trees, 
walls, or embankments. When a vehicle departs from 
the roadway, the severity of the accident can be 
reduced by removing obstacles or by installing 
appropriate protective devices. Road restraint 
systems, including safety barriers, are devices 
installed on roadsides to contain and redirect errant 
vehicles.  
 
Motorcyclists or Powered Two-Wheelers (PTW) are 
vulnerable road users. In the event of a run-off 
accident, they have a high risk of suffering critical 
interaction with hazardous obstacles placed on the 
roadsides. To address this safety issue, roadsides are 
equipped with so-called “Motorcyclist Protection 
Devices” (MPD).  
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The safety performance of MPDs can be assessed by 
performing crash tests using anthropomorphic test 
devices (i.e. crash test dummies). Several crash test 
procedures have been developed in different 
countries [1] although the first Standard in this field 
was the Spanish Standard UNE 135900-2005 [2], 
published in 2005. This Standard became a reference 
for the development of new protection systems to be 
installed on roads. Since it was published in its first 
version in 2005, additional research has been 
performed to upgrade the Standard, which is 
presented in this paper. 
 
Once that safe motorcyclist protection devices are 
available, road administrations are in charge of 
setting the policy for their installation on roads. 
However, given that resources are limited, it is not 
feasible to install MPDs on all bend sections of 
road networks. The choice of the locations where 
MPDs are to be installed should follow objective 
criteria that allow optimized safety benefits. The 
regional road administration of Castilla y León 
(CyL), in Spain, ordered an innovative research 
work with the objective to identify bends on roads 
where there is a higher risk of PTW run-off 
collision in order to install a MPD. The 
methodology followed in the research work is 
presented in this paper. 
 

MAGNITUDE OF THE PROBLEM 

The number of road accidents and fatalities has 
decreased during the last decade in areas such as 
North America and Europe. In the case of PTW 
users, while in United States nearly 10% of 
fatalities were PTW riders or passengers in 2004 
[3], in Europe it increased to over 20% [4]. In the 
same year, 5,484 motorcycle and moped users 
(riders and pillion passengers) were killed in 
traffic accidents in 14 European Union countries, 
which is only 0.3% lower than the previous year. 
In the United States, this figure was 4,008 
casualties, with an increase of 8% compared to 
2003. In Spain, motorcycle and moped fatalities 
constituted the 18% and for the Spanish region of 
Castilla y León, motorcyclist and moped user 
stood at 11% of the fatalities. 
 
Although PTW accident typology is wide, it has 
been found that impacts against fixed objects are 
more likely to provoke serious casualties in PTW 
run-off crashes. In the United States, collision with 
a fixed object was a significant factor in over half 

of the fatalities during single vehicle motorcycle 
crashes [5]. 
 
In Spain, from 2001 to 2006 PTW fatalities have 
decreased only by a 5.2%, while the overall 
reduction in the same period considering all types 
of vehicles has been 26.0%.  
 

UPGRADING THE CRASH TEST 
PROCEDURE 

Test procedure UNE-135900-2005. 

The Spanish Standard UNE 135900-2005 sets the 
procedures to evaluate the performance of MPDs. 
They are based on launching a test dummy against a 
MPD installed on a safety barrier, which is assumed 
to feature vertical posts. The procedure covers MPD 
to be fitted on each post, as well as continuous ones. 
Depending on the kind of system to be tested, a 
different trajectory is chosen, from the following: 

- Trajectory 1 – Centered post impact: 
applicable to individual post coverings and 
continuous MPDs with an approaching angle 
equal to 30º. 

- Trajectory 2 – Eccentric post impact: 
applicable only to punctual MPDs. It follows 
a horizontal line that goes at a distance ‘W’ 
off the center of masses of the post, with an 
approaching angle equal to 30º. 

- Trajectory 3 – Centered rail impact: 
applicable only to continuous MPDs. 

 
The launching position is defined with the dummy 
spine axe coinciding with the approximation 
trajectory, and the dummy sliding along the ground, 
separated from the motorcycle, until it hits the 
protection system to be tested, with a specific 
entrance angle and speed. The dummy is a Hybrid III 
50th Percentile Male, equipped with a pedestrian kit 
that allows a standing position, and is to be fitted 
with a full-front helmet, and a leather motorcyclist 
suit. 
  
The assessment of the MPD performance is based on 
the evaluation of impact severity and additional 
acceptance criteria. For the evaluation of impact 
severity, the following measures are to be taken: HIC 
36 for the head and Fx, Fy, Fz, Mx and My for the 
neck. The acceptance criteria regarding the 
behaviour of the safety device specify that no 
element of the crash safety barrier weighing 2 Kg or 
more should be separated from the device unless it is 
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necessary for correct performance, and that the 
working width and dynamic deflection of the device 
on dummy impact should not be in any case equal or 
higher than those specified by the Standard UNE EN 
1317-2 for vehicle impact. The acceptance criteria 
regarding the behaviour of the dummy specify that 
the dummy used for the test should not have 
intrusions, dummy breakage except the collar bone, 
be beheaded or suffer any dismemberment. 
Additionally, the dummy clothing should not be torn 
and, the dummy should not be caught on any part of 
the safety device.  

The new thorax injury criterion 

A potential improvement of the test procedure 
defined by UNE-135900-2005 that was proposed as 
an enhancement was the implementation of a thorax 
injury criterion.  
 
For the definition of a thorax criterion, PMHS data 
were not available. It was decided to define a thorax 
injury criterion by using a crash test dummy, even 
taking into account that no dummy specifically 
developed for this kind of impact was available. The 
study was carried out applied to the Hybrid III 
dummy, taking into account that in an impact against 
a barrier, the injury causation process is as follows. 
Firstly the head and then the shoulder hit the lower 
plate of the barrier. The thorax loading initiates 
through the shoulder, fracturing the clavicle and 
deforming the upper ribs while the motorcyclist is 
guided along the barrier. Following this, the loading 
is transformed into an almost purely lateral one. 
Inner organs and the vascular system are bound to be 
affected by inertial effects. The main loads on the 
vertebral column are traction-compression and 
lateral-flexion. 
 
Given that the Hybrid III thorax does not feature 
ribs, or measurement capabilities on organs and 
bones except for the vertebral column, it was decided 
that the proposed thorax injury criteria should be 
able to cover all relevant thorax injuries through the 
measurement capabilities available with the dummy 
instrumentation. This would be possible due to the 
inertial effects present as injury mechanisms for 
inner organs. 
 
Thorax injuries had been analysed by military 
researchers [6], who studied the acceleration limits 
on PMHS and modified Hybrid III. They found 
correlations between the internal force limits of the 
column and the inertial effect on the organs. Rib 

fractures were not considered as a possible criterion, 
as multidirectional frangible ribs would have been 
needed, and in addition, once rib fractures occur, no 
additional information could be obtained beyond that 
point. Besides, the injuries with four or more rib 
fractures on one side or two, or three fractures with 
hemothorax or pneumothorax, are considered AIS3 
(see Table 1).  
 

Table 1. 
Relationships between injuries and AIS 

severities 

 
 
On the other hand, the force magnitude of an impact 
to the thorax is also transmitted directly to the 
column by the bones. It is for this reason that the 
most suitable place to calculate the severity of the 
impact is the vertebral column, particularly, when the 
dummy has available measurement points in that 
place. 
 
An acceleration criterion can be used as it is done in 
military researchers but in case of motorcyclist test, 
the available point of interest to measure it is on t4 
vertebra. The main problem to use an acceleration 
criterion was that the results are very sensitive to the 
spinal position, hyperextended, erect and flexed for 
example, that changes the fracture results 80% 
respect the others. On the other hand, acceleration 
criterion was quite sensible to a time dependency and 
the shape of the impact pulse. Thus, the 
investigations were focused on t9 vertebra, where 
Hybrid III dummy has an available force 
measurement point. 
 
Research by Ruff [7] obtained values for average 
compression force causing vertebra fracture as a 
result of accelerations. In case of an ejection seat, 
these values correspond to a 21g for positive 
acceleration from pelvis and around 12g for negative 
acceleration applied on the shoulders. The force 
values depend on the age, and on the vertebra 
involved, as the percentage of body weight borne 
varies along the height of the vertebral column. The 
values obtained for the average force on t9 were 6.7 
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KN considering all ages, and 5.9 KN for people who 
are 23 years old. The latter value was deemed more 
suitable as young riders are often involved in 
accidents. 
 
The measurement of compression force in thorax 
was introduced in the new updated Spanish Standard 
UNE-135900-2008 [8]. The enhanced procedure 
includes measuring and reporting vertical force Fz.  
 
However, a limit value has not been set for this 
parameter. This is because current state of art has 
not yielded conclusive relationships between 
measured forces and injury severity, due to the fact 
that the load transfer by the different parts of the 
dummy during its interaction with the MPD may not 
be sufficiently biofidelic. Further research is needed, 
focused on the response of the dummy shoulder 
under oblique impact. 

Discussion 

Other studies that have been performed in parallel 
with the one presented in this paper suggest 
measuring Fy and Mx in the dummy thorax as 
suitable criteria to assess severity [1], [9]. Although 
their influence was not implemented in the current 
version of the Spanish Standard it is planned that 
ongoing and future revisions of the Standard will 
address this issue. 
 

RECOMMENDATIONS FOR THE 
INSTALLATION OF MPD: METHODOLOGY 

A methodology was developed for the regional 
Road Administration of Castilla y León, in Spain, 
in order to recommend and warrant the installation 
of MPD on specific road stretches. For that 
purpose, it was necessary to investigate which road 
infrastructure features have significant influence on 
PTW run-off accidents in order to detect those 
sections with higher probability of PTW run-off 
accidents. Among the features taken into account 
were curvature radius, bend length, road marking and 
signalling, road layout perception, and roadside 
configuration. 
 
It was decided that the methodology would take 
into account the risk of a run-off regardless of the 
resulting severity, for two main reasons.  

- Firstly, the severity of these accidents does 
not depend only on road infrastructure 
characteristics. Other aspects, such as rider 
speed, rider protection equipment and all the 

physical phenomena that occur during the 
complex event of the crash may condition the 
accident outcome.  

- Moreover, studying all injury accidents 
makes a higher number of cases be available 
to be introduced in the statistical models. 

 
In order to obtain reliable results about the road 
infrastructure risk factors, the following facts were 
taken into account: 

- The accident study sample has to be precisely 
described, so that all cases where this 
problem cannot be isolated should be 
discarded. 

- It is necessary to obtain highly detailed 
information about the accident and the road 
infrastructure features at the moment of the 
crash. Police record accident data are not 
enough to address this problem. 

- Estimation of risk factors is based on 
information about those situations in which 
the accident does not take place (i.e. exposure 
to each of the possible risk factors). For 
instance, if the factor under analysis is 
“curvature radius lower than 100 metre 
(327.8 ft)” then it would be necessary to 
consider those motorcyclists who had 
suffered accidents at bends with radius below 
100 metre, those who had suffered accidents 
at bends with radius above 100 meters, and as 
a counterpart, riders that had taken bends of 
both groups but had not been involved in an 
accident. Provided that these data are 
obtained, epidemiology is able to provide 
analysis methods for accident and non 
accident data. 

- Possible sources of bias are controlled during 
the analysis as far as possible. For instance, 
differences between motorcyclists’ and 
drivers’ experience and capabilities were 
introduced in the analysis as co-variables in 
order to be controlled. 

 
Based on such principles, the methodology applied 
to develop recommendations for the installation of 
MPD comprised the following main activities: 

Descriptive Analysis 

The first task set in the methodology was to describe 
the magnitude of motorcyclist run-off accidents 
within this regional road network. The Injury 
Accident Database of the Spanish region of Castilla 
y León was analyzed for this purpose. This database 
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compiles all injury accidents. The variables in this 
database provide information relative to the three 
main components of safety, namely the road 
infrastructure (accident location characteristics), the 
vehicle (type and state of the motorcycle), and the 
rider (driving stereotype). This analysis provides 
macroscopic answers to the most relevant questions, 
i.e. where do PTW run-off crashes take place, how 
do they occur, and what kinds of riders are involved 
in them. 
 
Once the problem is described at macroscopic 
level, a sample of representative road sections can 
be selected so as to obtain further information of 
all the possible factors of influence. 

Integrated analysis of a selection of 
representative road sections 

The objective of this phase of the project was to 
develop exhaustive data processing related to all 
the variables of the road infrastructure for PTW 
rider run-off crashes in the Spanish regional road 
network of Castilla y León. 
 
Seven road sections were selected jointly with 
engineers from the Castilla y León regional road 
administration. All sections chosen complied with 
the following criteria: during three years prior to 
the study, each of the sections had had at least 
three PTW run-off injury accidents over a length 
of 1 km, and no main junctions were present 
within the section.  
 
For all these sections the following set of analyses 
was performed: 

- Specific road safety inspections were carried 
out by safety experts. The aim of these 
inspections was to assess the perception that 
riders may have of the road layout based on 
the fulfillment of a specific checklist. 

- The road infrastructure inventory (software 
with all the road equipment and road layout 
geometry) of those road sections, owned by 
CyL regional administration, was crossed 
with the National Injury Accident Database 
and with accident files of the regional 
administration of PTW rider run-off accidents 
in those stretches of road. 

- Then, all the road sections were recorded 
with video cameras. This enabled completion 
of the information of road safety inspections 
after the visits to the sections.  

- Finally, 16 PTW rider’s run-off accidents 
were investigated in-depth with to the 
methodology described in the following 
section (Figure 5).  

This phase provided a complete matrix of data 
related to the rider, the vehicle and the road 
infrastructure features. It was used in the following 
phase for the application of epidemiologic methods 
in order to obtain the most significant road 
infrastructure risk factors for this type of accidents. 

Risk Analysis 

As stated previously, road administrations do not 
have unlimited resources implementing MPDs at 
every single problem area of road networks so it is 
necessary to know where a PTW run-off accident 
is more likely to occur and which road 
infrastructure parameters are the relevant risk 
factors associated with them. 
 
Following an epidemiological approach, a risk 
factor can only be identified when data are 
available for four different parameters: 

- How many PTW riders are exposed to the 
factor not having a run-off accident (a). 

- How many PTW riders are exposed to the 
factor having a run-off accident (b). 

- How many PTW riders are not exposed to the 
factor not having a run-off accident (c). 

- How many PTW riders are not exposed to the 
factor having a run-off accident (d). 

If these figures are available, the relative risk (RR) 
of a rider being involved in a run-off accident (if 
the factor is present compared to the situations 
when the factor is not present and assuming that 
other factors remain constant) can be estimated: 

cb

da
OR

×
×=  (1) 

The above equation represents an odds ratio (OR). 
It can be considered as a relative risk always when 
the incidence of the accidents remains below 1% 
of the whole population [10]. In this situation, it 
can easily be assumed that much less than 1% of 
PTW displacements end with a run-off accident. 
Nevertheless, this approach only allows the study 
of one single factor at a time when all relevant 
factors could have influence simultaneously. In 
order to analyze the matrix of data developed in 
the previous stage, logistic regression models can 
be applied. They provide the estimation of the 
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relative risks for all the relevant factors, taking 
into consideration the influence of the others. 
 
With the available data, an observational 
epidemiological analysis was developed, as it is 
not possible to decide who is exposed to the 
different risk factors. A crossover case – control 
analysis was developed. The cases were 
motorcyclists involved in a run-off accident and 
the controls were motorcyclists not involved in a 
run-off accident. In order to properly identify 
cases and controls, the road sections analyzed in 
the previous step were selected so that no 
junctions were present in the section. Therefore, 
knowing the travelling direction of the 
motorcyclists that had an accident, the same 
motorcyclist was considered as a case in the bend 
where he had the accident and as a control in the 
previous bends where he did not have the accident. 
This can only be considered if the rider is known 
to have come from one of the ends of the road 
section. Therefore, the road section cannot include 
junctions to other roads. 
 
This methodology enabled classification of the 
road network into four main groups (based on two 
initial parameters which were considered as risk 
factors) and then, for each of them, identification 
of the relevant road infrastructure risk factors for 
this type of accidents which were the basis for the 
development of the recommendations for the 
effective location of MPDs. 

STUDY AND CHARACTERIZATION OF 
PTW RUN-OFF ACCIDENTS 

The described methodology was applied specifically 
to the problem of motorcyclist run-off accidents in 
the road network of Castilla y León. The work was 
carried out as follows. 

Descriptive Analysis 

The first task in the study consisted of a 
descriptive analysis of the injury accident database 
that the government of the Castilla y León region 
has developed. The analysis was performed on all 
types of PTW injury accidents occurred in the 
regional road network over the last three years 
available (2002 to 2004). This analysis had the aim 
of finding out the main casuistry of these accidents 
(run-offs, side, front and sideswipe), 
characterizing them from a three angle research 
view (environment-human factor-vehicle). Special 
emphasis was placed on the information related to 

infrastructure (type of road, number of lanes, 
carriageway and lane width, road marking, hard 
shoulder, paved hard shoulder, road safety 
elements, road surface condition,…) as the project 
is focused on safety measures to be taken in the 
infrastructure management process. 
 
The analyses included a variable that specified the 
type of PTW vehicle, due to the fact that a moped 
accident may have different mechanisms to one on 
a motorcycle. No significant differences were 
found in this study. 221 injury PTW run-off 
crashes were sorted out for the CyL road network 
from 2002 to 2004. 
 
Figure 1 shows the distribution of motorcyclist 
accidents obtained from a sample of 242 accidents 
compiled from 15 regional Spanish road 
administrations  
 

 
Figure 1.  Accident types from a sample of 
PTW accidents in Spain. 
 
Once PTW run-off accidents were identified as a 
relevant safety problem within the CyL road 
network and with the macroscopic overview from 
the descriptive analysis provided (type of roads, 
road layout, environmental conditions, day of the 
week, …), a sample of road sections was taken in 
order to obtain more detailed information about 
the rider, vehicle and all the road infrastructure 
characteristics in this type of accidents. The 
information included in police accident records is 
not detailed enough to analyze the real influence 
of the road infrastructure on this type of crashes. 
Therefore, it was necessary to obtain more data 
related to the accident itself and to the road 
infrastructure as a possible causal factor of PTW 
run-off accidents (e.g. it is not possible to know 
from police records: bend length, curvature radius 
or at which distance prior to the bend all the 
signals were visible). 
 
The sample road sections were selected according 
to the following criteria:  
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- At least three PTW run-off accidents 
occurred within a road length under 1,000 m, 
during the period 2002 – 2004. 

- No junctions with other roads (except local 
accesses to private properties) were present 
within the road sections. 

All the road sections that complied with the above 
criteria were selected to apply the subsequent 
research activities. 

In-depth accident analysis 

One of the most important tasks of this project was 
the monitoring of all the PTW accidents over a 
period of one year in the regional road section with 
the highest number of motorcycle crashes. 
 
This task had the aim of finding out, through the 
complete analysis of each accident, detailed 
information about these impacts: kinematics and 
dynamics of the accident (motorcycle and 
motorcyclist impact points, trajectories, impact 
angles, travelling and impact speeds for the 
motorcycle or the motorcyclist,…), complete 
scene characterization from the infrastructure 
point of view (layout, radius and length of 
curvature, element of sign-posting, alignment, 
slope, hump, surface status, pavement hard 
shoulders, embankments, benches,…), human 
factor information related to driver status before 
the impact, manner of driving and injury 
information in order to establish injury 
mechanisms. During that monitoring year, 16 
injury accidents occurred on the road section 
selected (less than 20 kilometres length located in 
a mountainous area) involving 19 injuries and 2 
fatalities.  
 
The accident investigations developed at this stage 
are called 'in depth' investigations. They include 
all the inherent aspects to the accident which are 
analyzed in detail. The CIDAUT accident analysis 
and human factor team performed them. They can 
be classified into two types: 

- Prospective, when the team, after receiving 
the accident notification from the police, 
attend the accident scene immediately; 

- Retrospective, when it is not possible for the 
investigation team to be present at the 
accident scene immediately after its 
occurrence. 

 
The main use of these investigations for this study 
were as follows: through the analysis of the 

accident scene, the checklist used in the road 
inspections was completed in order to consider 
road layout perception by the rider as this was 
essential in the 16 accident investigation. 
Moreover, some factors were identified as 
potential risk factors and therefore were included 
in the statistical analysis due to the outcome of 
these investigations (e.g. longitudinal slope, 
sighting distance of sign posts at the curve 
approach,). 
 
     Accident notification. The accident 
notifications (with or without injuries) were 
carried out by the police teams by forwarding 
information about the accident immediately after 
its occurrence. A specific direct collaboration with 
police patrols was established (immediate 
notification and supply of relevant information for 
the investigations). 
 
     Accident reconstruction. One of the advantages 
of the ‘in-depth’ investigations is the possibility of 
ascertaining some specific information which 
would be impossible to have in the so-called 
‘basic’ investigations (which are carried out by 
police teams in all injury accidents). Through the 
information gathered by analyzing the scene 
(marks, debris or impact points which are drawn 
later in a detailed sketch) and the vehicles 
involved (deformations and impact points), it is 
possible to estimate some variables (e.g. travelling 
speeds) using different accident reconstruction 
techniques and specific software (PC Crash © 
[11].  
 
Vehicle trajectory before and after the impact is 
one of the relevant issues of accident 
reconstruction. This is defined by the marks and 
debris found at the scene of the accident, and 
coincides with the deformations found in the 
vehicle and in the existing infrastructure (road 
restraint systems). The drawing of a detailed 
sketch, in which all the dimension-localization 
marks and debris are located, is fundamental for a 
reliable reconstruction of what really happened. 
 
     Considerations.   The main aim of 
reconstructions is to find out all the useful 
information in order to determine which the 
possible concurrent factors in the accidents were. 
In addition to reconstructions, a speed radar was 
placed on the selected road section to observe 
what the traffic composition (number of passenger 
cars, light trucks, heavy trucks and PTWs) and the 
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travelling speeds of each vehicle were. In 90% of 
the 16 accidents studied, high speed was clearly 
present. Data related to PTWs, showed, for 
instance, that in a 50 km/h speed limit bend, 85% 
of the PTWs were travelling at over 100 Km/h 
with a maximum registered speed of Km/h. 

Road Safety Inspections 

Road safety inspections were carried out on the 
seven selected road sections so as to investigate 
the infrastructure and its relationship with the 
present type of crashes. A checklist was developed 
in order to obtain detailed information about each 
bend of the selected road sections. It has a first 
general section in order to identify and describe 
the bend (location, length, weather conditions 
during the inspection, minimum curvature radius 
and its location within the bend and possible 
comments). Then, a questionnaire had to be filled 
out by road safety experts after driving and 
walking in both directions of each bend. The 
points addressed were as follows: 

- Presence of hazardous elements for a 
motorcyclist in the event of a run-off accident 
on the outside of the bend or at its end. 

- Location of the above hazards. 
- Maximum depth of the roadside gutter. 
- Perception of the road layout before 

approaching the bend and along it. 
- Possible visibility restrictions within the 

bend. 
- Possible road surface irregularities. 
- Friction caused by the road surface. 

The results of these checklists were put into the 
data matrix in order to be analyzed with the other 
information collated at this stage. Experts from the 
CyL regional road administration, CIDAUT and 
the PTW user group contributed in this activity. 

Video recording and road infrastructure 
inventory 

All the selected road sections were video recorded 
and GPS positioned. This allowed completion of 
the road safety inspections before and after visits 
to the sites. Precise data about road infrastructure 
data was a key element of this research. It was 
necessary to know for each selected bend reliable 
data about the real parameters of road 
infrastructure devices: bend length, curvature 
radius (along the bend as it does not remain 
constant), presence and location of signals and 
road markings, longitudinal slope and 

superelevation along the bend, lane width, 
description of the shoulder, presence of roadside 
restraint systems, … 
 
The CyL regional administration provided the road 
infrastructure inventory software of the selected 
road sections. It contains a database where all the 
information about road network sections is 
covered together with the location of all variables. 
Combining the information from the police and in–
depth accident files with the road infrastructure 
detailed information and also with completed road 
inspections checklists was made possible. 
 
The result at this stage was basically a matrix with 
a detailed set of data prepared to be statistically 
analyzed in order to investigate which road 
infrastructure factors have more influence in PTW 
run-off accidents. 

Obtaining risk factor for motorcyclist run-off 
accident 

At this step of the research, statistical methods 
were applied to obtain the most relevant road 
infrastructure risk factors for PTW run-off 
accidents. The combined database used for the 
analysis contained 984 registers, of which 41 were 
cases (accidents) and 943 were controls (no 
accidents). P-values and confidence intervals were 
used for statistical significance testing. The 
variables considered from the data matrix were the 
following ones: Bend minimum curvature radius, 
curve length, location within the bend of the 
minimum curvature radius, decrease of the 
minimum curvature radius along the bend not 
predictable by the rider, bend sign posting and 
road marking, bend layout predictability at 150 m, 
50 m and inside the bend, visibility restrictions, 
longitudinal slope, brow of a hill, superelevation, 
consecutive bends, PTW traffic flow, irregularities 
on the road surface, surface friction, paved 
shoulder, roadside hazard elements. 
 
Due to the extent and type of CyL roads it was 
necessary to structure the network bends curves in 
different groups, easy to identify for traffic 
engineers, according to a few variables. Bend 
length and minimum curvature radius within the 
bend were chosen as the main variables to classify 
the segments. Nevertheless, it was necessary to 
define the critical values of those variables in 
order to classify the roads. 
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First, the variable bend length was statistically 
analyzed within the matrix data. Logistic 
regressions were developed in order to investigate 
which value of the bend length was statistically 
significant (level of confidence of 95%) as having 
influence in the PTW run-off accidents when the 
other variables were constant. Bend length values 
ranging from 20 meters to 390 were tested. The 
result of the test was the OR for the bend length 
codified as binary for each tested value and its 
corresponding p–value. The reference value 120 
metres provided the narrowest confidence interval, 
the ‘p–value’ being less than 0,05 and was chosen 
as the value to divide the road network into two 
initial groups.  
 
The minimum curvature radius within the bend for 
each group was similarly analyzed, for each group 
of roads according to bend length, in order to 
obtain which reference value for this variable had 
more influence on this type of crashes. This value 
was of 90 meters. Therefore, the road network 
bends were divided in four different scenarios 
(Table 2). 

 
Table 2. 

Description of the scenarios for bend 
classification 

Scenario 
nº Curve length 

Minimum 
curvature radius 

1 > 120 m > 90 m 
2 > 120 m < 90 m 
3 < 120 m > 90 m 
4 < 120 m < 90 m 
 
 

At a second stage, for each later group which road 
infrastructure variables having an influence as risk 
factors in PTW run-off accidents were 
investigated. 
Crossover case–control analysis was applied for 
each group and the statistically significant risk 
factors were identified (p–value < 0,05 and 
confidence intervals not including ‘1’ at a 
confidence level of 95%). A p-value below 0,05 
for an estimation of an odds ratio shows that the 
probability of accepting the value of the odds ratio 
(alternative hypothesis) is real. Those road 
infrastructure significant factors presenting an 
odds ratio above ‘1’ turned out to be risk factors. 
 
A relative risk (estimated in this research through 
the odds ratio) above ‘1’ for a factor means that it 

increases the probability of having an accident, 
compared to the same situation in absence of the 
factor, by (OR -1) x 100%. 
Apart from the statistical results of each logistic 
regression model, a road safety interpretation of 
the validity of those results was also investigated 
by safety experts in order to give coherence to the 
results. This was the basis for the development of 
the recommendations for the effective location of 
MPDs. 

RESULTS 

The statistical analysis performed over the 
combined database created for this project enabled 
the definition of the final criteria for locating 
MPDs in CyL road network to be made. This 
complete database contained all the information 
from the different tasks detailed in the previous 
sections: 

- Macroscopic statistical analysis of the 
regional accident database. 

- Macroscopic statistical analysis of the road 
section with the highest number of PTW 
accidents. 

- Detailed information from the 16 ‘in-depth’ 
accident investigations. 

- Information from the road safety inspections 
of all the bends from the seven road sections. 

- ‘Road Infrastructure Inventory’ software 
related to the previous seven road sections. 

 
The objective of structuring the road network in 
the four scenarios presented in the previous 
section is to analyze the specific casuistry of each 
scenario. The election of these 'main segmentation 
variables' has been based, besides being 
statistically significant, on the need of being able 
to decide, in a reliable, simple and effective way, 
whether a certain bend belongs to a certain 
scenario or another. For each scenario, the 
different statistical influence was analyzed for all 
the variables of risk that a motorcyclist suffers in a 
run-off. Thus, recommendations for the MPD 
installation were developed for each one of the 
four scenarios mentioned in the previous section 
of this paper. 
 
The final variables that were more relevant for the 
geometric segmentation of all the bends from the 
total network ('main segmentation variables') were 
bend length and bend minimum curvature radius. 
The justification of choosing those ‘limit values’ 
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for these two main variables is based on the 
statistical methodology applied: 
 
The joining of these two 'segmentation variables' 
gives us the four scenarios for simple regional 
road network classification. Recommendations for 
MPD location were developed for each one. 
Once the four scenarios were defined, new tests 
were performed to determine which variables were 
relevant as risk factors in run-off accidents. The 
selection of the final variables was based on the 
‘p-values’ from the different statistical tests done 
over these variables. 
 
The final variables considered as criteria for each 
scenario to determine where MPDs must be 
installed in the road network in Castilla y León 
were the following (Table 3): 
 

Table 3. 
Variables to be taken into account for MPD 

installation in each scenario 

Scenario Variables to be considered 

1 

1. Road Signs and road marking for 
the definition of bend layout. 

2. Position of decrease of minimum 
curvature radius along the bend not 
predictable by the rider. 

3. Isolated bend 

2 

1. Road Signs and road marking for 
the definition of bend layout. 

2. Position of decrease of minimum 
curvature radius along the bend not 
predictable by the rider. 

3. Isolated bend. 

3 

1. Road Signs and road marking for 
the definition of bend layout. 

2. Location within the bend of the 
minimum curvature radius. 

3. Position of decrease of minimum 
curvature radius along the bend not 
predictable by the rider. 

4 

1. Location within the bend of the 
minimum curvature radius. 

2. Isolated bend. 

3. Paved shoulder. 
 
The position of the MPDs should be on the outer 
side of the bend and along its whole length. In 
bends fulfilling the conditions of one of the 

scenarios where there is no roadside restraint 
system, this should be installed together with an 
MPD. Besides, it was observed that in consecutive 
bends where at least one fulfilled criteria, MPDs 
must also be placed in areas of adjacent bends. 

CONCLUSIONS 

The present research has provided a scientific 
basis for the development and implementation of 
better motorcyclist protection devices, in two stages. 
The first one is assessing their performance through 
an enhanced standard, which will foster the 
development of products with increasing safety 
performance for users. The second one is the 
development of recommendations for an effective 
location of MPDs within the Spanish regional 
network of Castilla y León.  
 
Specific recommendations were provided for four 
different scenarios, grouped according to the curve 
length and minimum curvature radius. The 
research has combined data from different and 
complementary sources: police data, in-depth 
accident investigations, road infrastructure 
inventory, road safety inspections, accident cases 
and non accident control data. Future 
improvements could be developed by carrying out 
a monitoring period after the implementation of 
MPDs as a result of these recommendations. No 
previous study was found on the application of 
epidemiological techniques on road layout design 
for motorcyclists, which underlines the innovation 
of this research. 
Epidemiology applied methods enabled assessment 
of the relative risk of the significant road 
infrastructure factors on PTW run-off accidents. 
The road sections where those risk factors are 
present are subject to MPD installation. 
The application of these recommendations is to 
contribute to reducing serious injury to PTW 
riders within the Spanish regional road network of 
Castilla y León. In addition, once the MPDs have 
been put in place according to these 
recommendations, their effectiveness in reducing 
PTW rider injuries is being monitored so that the 
safety benefit achieved is ultimately evaluated  
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ABSTRACT 

 
This paper evaluates a recently published 

comprehensive knee-thigh-hip (KTH) injury criterion 
through its application to the Hybrid III 50th 
percentile male (HIII-50M) and 5th percentile female 
(HIII-5F) dummies in frontal crash tests along with a 
comparison with real world KTH injury risk in 
frontal crashes. This criterion, developed by Rupp et 
al. (2009) (Rupp-KTH criterion), determines risk of 
injury to the hip, femur, and knee using the peak 
compressive femur force and impulse.  

Femur load cell data from various frontal crash 
tests were analyzed using the Rupp-KTH criterion.  
The risk of KTH injuries as calculated with this 
criterion in the various crash conditions was 
compared to that observed in real world frontal 
crashes using the National Automotive Sampling 
System-Crashworthiness Data Systems (NASS-CDS) 
data files. The relative proportion of knee, thigh, and 
hip injuries predicted by the Rupp-KTH criterion was 
also compared to that observed in real world crashes. 

The Rupp-KTH criterion predicts an overall KTH 
injury risk reflective of real world risk with unbelted 
Hybrid III dummies, but under-predicts real world 
injury risk for belted dummies.  The proportion of hip 
injuries among all KTH injuries is predicted 
reasonably well for unbelted occupants and under-
predicted for belted occupants.  Dummy interaction 
with the knee bolster in different restraint conditions 
likely affects the level of agreement between 
predicted and observed injury risk. 

This study applied injury criteria to Hybrid III 
dummy responses in specific crash conditions and 
seating configurations.  Injury risk prediction may be 
improved with other dummy designs or crash 
environments. 
 
INTRODUCTION 
 

With the increasing use of safety belts and the 
availability of air bags, more occupants survive 
serious crashes.  However, many people involved in 
frontal crashes sustain disabling lower extremity 
injuries (Kuppa et al., 2003).  Though lower 

extremity injuries are not typically life threatening, 
the physical and psychosocial consequences of lower 
extremity injuries are often long lasting (Read et al., 
2002).  Lower extremity injuries require 
comparatively longer periods of hospitalization and 
recovery than injuries to other body regions (Read et 
al., 2004). 

Using NASS-CDS data files, Kuppa et al. (2003) 
concluded that the lower extremity is the most 
frequently injured body region in frontal crashes 
accounting for 36% of all AIS 2+ injuries. 
Approximately half of lower extremity injuries are to 
the knee-thigh-hip (KTH) complex and the other half 
are below the knee. A detailed analysis of KTH 
injuries indicated that 46 percent of all KTH injuries 
are to the hip.  The relatively high frequency of 
hip/pelvis injuries is of particular concern because 
hip injuries are generally more difficult to treat than 
injuries to the either the knee or the thigh. 

NHTSA funded a research program to better 
understand the mechanism of KTH injuries in frontal 
crashes and to determine the fracture tolerance of the 
hip relative to that of the knee and thigh for knee 
impact conditions that are representative of those 
resulting from frontal impacts of late-model air 
bag/knee-restraint-equipped vehicles. Results of this 
program showed that the hip is the weakest part of 
the KTH complex under these loading conditions and 
that hip flexion and adduction from a standardized 
automotive seating posture significantly reduce hip 
fracture tolerance (Rupp, 2002, 2003a).  

NHTSA then funded research to better assess the 
relationship between cadaveric testing and the Hybrid 
III dummy responses in crash tests. The research 
indicated that the knee/femur complex of the Hybrid 
III dummy is 2 to 16 times stiffer than that of the 
human (Rupp, 2003b). In addition, knee impact 
forces in cadavers were significantly lower than those 
in the Hybrid III dummy under similar impact 
conditions (Rupp, 2005).  Therefore, in order to 
assess KTH injury risk using the Hybrid III dummy, 
the forces measured by the Hybrid III femur load cell 
need to be transformed to represent equivalent forces 
in a human KTH complex under similar impact 
conditions.   
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As part of the NHTSA-funded program, Rupp et 
al. (2008) conducted symmetric axial knee impacts to 
human cadavers representing the range of knee 
impact conditions observed in frontal crashes of 
recent vehicle models.  This test data was used to 
develop and validate a one-dimensional lumped 
parameter model of the human midsize-male KTH 
complex. A similar one-dimensional lumped 
parameter model was also developed of the Hybrid 
III dummy KTH complex (Rupp et al., 2009).  The 
simulations with the human model indicated that for 
long duration impacts (axial knee impact with energy 
absorbing knee bolster), the risk of hip injury is 
higher than the risk of knee or distal femur injury 
while for short duration axial knee impacts (impact 
with hard rigid surface), the risk of knee/distal femur 
injury is higher.  The cadaver and Hybrid III dummy 
models were exercised in different knee impact 
loading conditions (Rupp et al., 2009) to develop a 
relationship between the measured Hybrid III femur 
force time history and the risk of hip injury.   

This paper applies the KTH injury risk 
formulations developed by Rupp et al. (2009) for the 
Hybrid III 50th percentile male dummy (HIII-50M) 
and the Hybrid III 5th percentile female dummy 
(HIII-5F) in different frontal crash test modes.  Risks 
predicted by the new formulation are compared to the 
injury risk observed in real world frontal crashes of 
comparable crash modes.    
 
Development of KTH Injury Risk Curves for the 
Hybrid III Dummy 
 

Rupp et al. (2009) has developed a new KTH 
injury criterion for the Hybrid III dummy that uses 
both peak compressive femur force, which is 
measured along the long axis of the femur, and 
impulse of the force to calculate the risk of injury to 
the knee, thigh, and hip.  This method takes into 
account both the magnitude and duration of the load 
to the KTH complex.  As discussed in Rupp et al. 
(2009), the revised injury assessment reference 
boundaries have an upper force limit that is based on 
limiting peak Hybrid III femur force so that it does 
not exceed the force associated with a specified risk 
of AIS 2+ knee/distal femur fracture, while the lower 
force limit and the impulse limit are set to correspond 
to a specified risk of AIS 3+ hip injury.  An 
illustration of the criterion is shown in Figure 1.     
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Figure 1.  Layout of injury assessment reference 
boundary represented by the peak compressive 
femur force and the associated impulse for a 
specified level of KTH injury risk. 

 
Table 1 lists the HIII-50M lower force limit, the 

impulse limit, and the upper force limit reported in 
Rupp et al. (2009) that is associated with injury 
assessment reference boundaries for 3%, 5%, 10%, 
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, and 
75% risk at a hip posture that is 30˚ flexed and 15˚ 
abducted (i.e., the typical posture at the time of peak 
femur force in a FMVSS No. 208 or NCAP test) 
(Rupp, 2003b).  Table 2 lists the lower force limit, 
impulse limit, and upper force limit as measured in 
the HIII-5F dummy for risks of KTH injury from 3-
75 percent.  In Table 1 for 3% risk and in Table 2 for 
3 and 5% risk, impulse limits are not provided 
because the lower force limit is greater than or 
approximately equal to the upper force limit.  In this 
situation, the impulse limit for hip injury does not 
apply.  

Table 1.   
Injury Assessment Reference Boundaries 

Associated with Risk of KTH Injury from 3% to 
75% for the HIII-50M Dummy (Rupp et al., 2009) 

Lower force limit 
Fmin

Impulse 
Limit

Upper Force Limit 
Fmax

(kN) (Ns) (kN)
3 4.97 4.97
5 5.22 113.5 5.69
10 5.63 121.8 6.87
15 5.92 127.7 7.69
20 6.16 132.7 8.35
25 6.38 137.1 8.92
30 6.59 141.3 9.44
35 6.79 145.5 9.92
40 6.98 149.4 10.37
45 7.18 153.3 10.8
50 7.35 157.2 11.23
75 8.4 180.7 13.45

Risk  
%
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Table 2. 
Injury Assessment Reference Boundaries 

Associated with Risk of KTH Injury from 3% to 
75% for the HIII-5F Dummy (Rupp et al., 2009) 

Lower force limit  
Fmin

Impulse 
Limit

Upper Force Limit 
Fmax

(kN) (Ns) (kN)
3 3.65 3.37
5 3.82 3.86
10 4.13 70.6 4.66
15 4.33 74.1 5.22
20 4.49 77 5.67
25 4.65 79.5 6.06
30 4.79 81.9 6.41
35 4.91 84.4 6.74
40 5.05 86.6 7.04
45 5.18 88.9 7.34
50 5.33 91.2 7.62
75 6.09 104.8 9.14

Risk  
%

 
 

The Rupp et al. (2009) KTH injury criterion 
involves determination of the overall risk of KTH 
injury by calculating and comparing the risks of 
injury to the hip and femur in any given test.  To do 
this, it was necessary to develop injury risk curves 
that could be used to determine the risk of femur or 
hip injury at any measured force or impulse.  The risk 
of femur injury uses a 2-parameter Weibull as the 
underlying distribution and assumes that the applied 
knee force on the cadaver is equivalent to the 
compressive force measured by the femur load cell in 
the Hybrid III dummy under similar impact 
conditions (Rupp et al., 2009).  The resulting injury 
risk curves for the HIII-50M and the HIII-5F are 
shown in Figure 2 and Equations 1a and 1b.   
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Figure 2.  Risk of distal femur / knee injury as a 
function of peak compressive femur force 
measured by the HIII-50M and HIII-5F femur 
load cells. 
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Where F is the peak compressive force in kN 
measured in the HIII-50M and HIII-5F dummy 
femurs.  
 

The risk of hip injury derived from cadaver test 
data (Rupp et al., 2009) as a function of force at the 
hip, subject stature, hip flexion, and abduction angle 
is presented in Equation 2a.  For an occupant stature 
of 178 cm (corresponding to the size of a HIII-50M 
dummy), seated in normal driving posture (hip 
flexion =30 degrees and hip abduction=15 degrees), 
the corresponding hip injury risk is as shown in 
Equation 2b.  Similarly, the hip injury risk for 
occupant stature of 150 cm, corresponding to the size 
of a HIII-5F dummy, in normal driving posture is 
presented in Equation 2c.   
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Where: 
Φ is the cumulative normal distribution; 
s is occupant stature, in cm; 
f is hip flexion angle, in degrees; 
a is hip abduction angle, in degrees; and 
F is the peak hip force, in kN. 
 

The hip injury risk curve applicable to the Hybrid 
III dummy femur force measure was derived by 
fitting a lognormal distribution to the data in the 
second column in Table 1.  This equation is the same 
as that presented in Equation 2b for a normally seated 
50th percentile male occupant with the force scaled by 
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0.7126 (Equation 3a and Figure 3). This scale factor 
represents the transformation of the measured 
compressive femur force in the HIII-50M dummy to 
the equivalent hip force in the cadaver in simulations 
of knee impacts by force limiting knee bolsters.  
According to Rupp et al. (2009), the risk of injury 
using the force in the second column in Table 2 was 
developed by scaling the force in Equation 2c for a 
5th percentile normally seated female occupant by 
0.7143 (=1/1.4:  factor to scale the force at the HIII 
5F femur load cell to equivalent force at the cadaver 
acetabulum in simulation of knee impacts with force 
limiting knee bolsters).  The resulting hip injury risk 
curve using the force measured at the HIII-5F femur 
load cell is presented in Equation 3b and Figure 3. 
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Figure 3.  Risk of hip injury as a function of peak 
compressive femur force in the HIII-50M and 
HIII-5F dummies. 
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Where: 
Φ is the cumulative normal distribution; and 
F is the compressive force measured on the dummy 
in kN.   
 

The risk curve for hip injury as a function of 
impulse of the femur force was obtained by fitting a 
logistic distribution to the data in column 3 of Table 
1.  The risk of hip injury for the HIII-50M dummy 
impulse of the compressive femur force is shown in 
Figure 4 and Equation 4a.  According to Rupp et al. 
(2009), the risk of hip injury as a function of 
compressive femur force impulse of the HIII-5F 
dummy was obtained by scaling the impulse in 
Equation 4a by a factor of 0.58 as shown in Equation 
4b. 
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Figure 4.  Risk of hip injury as a function of the 
impulse of the compressive femur force in the 
HIII-50M and HIII-5F dummies. 
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Where impulse is the impulse of the compressive 
femur force measured on the dummy in 
Newtons.Seconds.  

 
METHODS 
 
Investigation of KTH Injuries in NASS-CDS 

 
The risk and proportion of KTH injuries in real 

world crashes were investigated by analyzing the 
NASS-CDS data files for years 1993-2007 and 
vehicle model years (MY) 1991-2008 using a similar 
methodology as that presented by Kuppa et al. 
(2003).  Frontal crashes were defined as those with 
impact direction between 10-2 o’clock with general 
area of damage in front and forward of the A-pillar. 
Frontal crashes were further classified into three 
categories representing a full frontal rigid barrier 
crash test (FFB), a left offset and a right offset 
deformable barrier crash test (LOV and ROV) as 
defined by Stucki et al. (1998)  using impact 
direction, type of object contacted (fixed or vehicle), 
general area of damage, and the location of maximum 
crush.  Only vehicles not involved in a rollover, and 
driver and front passenger occupants with an air bag 
available at their seating position were included. 
Only outboard front seat occupants (driver and right 
front passenger) who were at least 15 years of age 
and were not ejected were included in the analysis. 
Cases were aggregated by frontal crash mode, vehicle 
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model year, occupant stature, seating position (i.e., 
driver or passenger), restraint status, and crash 
DeltaV.  Injury risks were calculated for multiple 
body regions with the lower extremities divided into 
the KTH complex and below knee. Additionally, 
KTH injuries were examined in further detail to 
determine the proportion of KTH injuries to the knee, 
thigh, and hip for various crash, occupant, or restraint 
types and crash DeltaVs using the knee, thigh, and 
hip injury categories defined by Kuppa et al. (2003).   
 
Application of the KTH Injury Criteria to 
Determine KTH Injury Risk in Frontal Crash 
Environments 

 
50th Percentile Male Data:  Femur force-time 

data were extracted from frontal NCAP, FMVSS No. 
208, IIHS frontal offset, and vehicle-to-vehicle 
frontal and offset tests for the HIII-50M.  NCAP 
femur data were taken from tests conducted on belted 
HIII-50M driver-side dummies in MY 1995-2008 
vehicles in 56 km/h (35 mph) frontal crash tests.  The 
FMVSS No. 208 tests were full frontal barrier tests 
conducted on MY 2002-2007 vehicles at 40 and 48 
km/h (25 and 30 mph), with unbelted HIII-50M 
dummies.  Frontal offset tests from IIHS include MY 
1995-2003 vehicles tested with 64.4 km/h (40 mph) 
closing speed.  The HIII-50M driver was belted in 
these tests.  Finally, a series of 50% left offset and 
collinear vehicle-to-vehicle tests conducted as part of 
NHTSA’s compatibility research was included 
(Summers and Prasad, 2005).  In this series, bullet 
vehicles impacted the stationary struck vehicle (a 
2004 Honda Accord) such that the DeltaV of the 
struck vehicle was 56 km/h.  Femur data from this 
test series were taken from the belted HIII-50M 
dummy driver with Thor-Lx/HIIIr in the struck 
vehicle.  For the NCAP, FMVSS No. 208, NHTSA 
offset, and vehicle-to-vehicle crash tests, the 
dummies were positioned according to dummy 
placement specified in FMVSS No. 208.  For the 
IIHS offset tests, the dummies were positioned 
according to IIHS offset barrier crash test protocol 
Version IX with the driver seat in the midtrack full-
down position.  All data are available on the NHTSA 
vehicle database at http://www-nrd.nhtsa.dot.gov/ 
database/nrd-11/veh_db.html.   

5th Percentile Female Data:  Femur force-time 
data for the HIII-5F were taken from unbelted 
FMVSS No. 208 tests of MY 2003-2008 vehicles in 
full frontal barrier crash tests at 40 km/h (with the 
exception of one test at 32 km/h (20 mph)).  Femur 
data were also collected from NHTSA research tests  
using the HIII-5F in full frontal, belted environments 
at 40, 48, and 56 km/h. Finally, femur data were 
collected from HIII-5F drivers in three 40% left 

offset frontal tests of MY 2002 and 2004 vehicles at 
40 km/h.  All tests were conducted with the HIII-5F 
positioned as specified for the HIII-5F in FMVSS 
No. 208.  All data are available on the NHTSA 
vehicle database at http://www-nrd.nhtsa.dot.gov/ 
database/nrd-11/veh_db.html.   

Femur Force, Impulse, and Risk Calculation:  
Peak left and right compressive femur forces for each 
test were obtained after processing the femur force 
time histories with SAE CFC 600.  The impulse of 
each force was then calculated by integrating the 
filtered femur force time history from Tzero, the time 
that force last equals zero prior to the peak 
compressive force, to the time after the peak force 
when the compressive force first equals 4050 N for 
the HIII-50M or 2750 N for the HIII-5F (Figure 5).  
These are the compressive forces in the Hybrid III 
dummies that correspond to the minimum force 
required for KTH injury in cadavers.  If the peak 
compressive femur force is less than 4050 N (or 2750 
N for the HIII-5F), the integral is taken from Tzero to 
the time of the peak force (Fmax).  
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Figure 5. Impulse integration limits for the HIII-
50M. 

 
The peak compressive force and impulse values 

were then used in Equations 1, 3, and 4 to calculate 
the risks of injury to the femur and hip.  A femur 
force time history with peak force levels lower than 
Fmin of Figure 1 has a hip injury risk less than X% 
regardless of the level of impulse.  On the other hand, 
a short duration femur force time history with peak 
femur force greater than Fmin in Figure 1 has a hip 
injury risk less than X% only if the impulse is less 
than the impulse limit associated with X% injury risk. 
Therefore, the overall risk of hip injury (Phip) is 
determined by the lower of the risks due to force and 
impulse, calculated using Equations 3 and 4.  As a 
result, short duration femur force spikes (high peak 
compressive femur force with low impulse) and low 
force level-long duration time histories will have 
relatively low risk of hip injury. The overall risk of 
KTH (PKTH) injury due to axial, compressive loading 
of the femur was determined as the greater of the risk 
to the hip (Phip) and to the distal femur/knee (Pknee) 
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from Equation 1.  In other words,  
PKTH=Maximum(Minimum(Phip-Eqn. 3, Phip-Eqn. 4), Pknee-Eqn 1) 
 

This process of determining overall risk is 
illustrated using Figure 6 and Table 3. The 25 and 35 
percent risk of KTH injury lines along with points A, 
B, C, and D representing four peak compressive 
femur force and impulse combinations for the HIII-
50M dummy are shown in Figure 6.  Table 3 presents 
the hip, femur/knee, and the overall KTH injury risk 
for each of the 4 combinations of force and impulse.  
Point A (high force and low impulse) lies on the 35 
percent risk boundary associated with femur/knee 
injury risk. Though the peak femur force is high for 
Point A, the risk of hip injury is low because of the 
low impulse level.  Point B represents a relatively 
high force-short duration force time history.  Though 
the peak femur force of Point B is associated with a 
62 percent hip injury risk, the impulse of Point B is 
only associated with a 25 percent injury risk. Point C 
represents a relatively low force-long duration time 
history. Though the hip injury risk from impulse is 74 
percent, the femur force level of Point C is only 
associated with a 35 percent risk of injury.  Point D 
provides another example of a low force, long 
duration time history.  Although the hip risk due to 
impulse is fairly high (54%), the overall risk is 
determined by the risk of hip injury due to femur 
force, which is 30%.     
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Figure 6.  Peak compressive femur force versus 
impulse plot for the HIII-50M dummy to illustrate 
the process of determining KTH injury risk.  
Points A, B, C, and D represent four compressive 
femur force and impulse combinations of the 
HIII-50M dummy. 
 
 
 
 
 
 
 
 
 
 

Table 3.   
Risk of Injury to the KTH Complex using 

Equations 1, 3, and 4. 
A B C D

Compress. Femur Fz (N) 9920 7800 6800 6585
Impulse (Ns) 80 138 180 160
Hip Injury Risk Eqn. 3 0.94 0.62 0.35 0.30
Hip Injury risk Eqn. 4 0.00 0.25 0.74 0.54
Hip Injury Risk (Min. risk 
of rows 4 and 5) 0.00 0.25 0.35 0.30
Femur/knee Injury Risk 0.35 0.16 0.10 0.09
Overall KTH risk (Max of 
rows 6 and 7) 0.35 0.25 0.35 0.30
What is injured? femur/knee hip hip hip  
 
RESULTS 
 
NASS Analysis of KTH Injuries 
 

Compared to other injuries, lower extremities 
(KTH + below knee combined) continue to have the 
highest risk of all body regions of AIS 2+ injuries to 
front seat occupants in frontal crashes of air bag 
equipped vehicles (Figure 7).   
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Figure 7. Risk of AIS 2+ injury by body region, 
for driver and front seat passenger in air bag 
equipped vehicles in different frontal crash modes 
(FFB=  crashes representative of full frontal rigid 
barrier crashes; LOV, ROV= crashes 
representative of left and right offset deformable 
barrier crashes) (NASS-CDS 1993-2007). 

 
Risk of KTH injury for belted occupants is 1.5-

2%, while for unbelted occupants this risk is 4-7.6%.  
The risk for unbelted occupants was higher than that 
for belted occupants in each crash mode.  The risk of 
KTH injury is higher in full frontal rigid barrier type 
crashes than in the left and right offset crash modes 
for unbelted occupants while there is not much 
difference in KTH injury risk in the three crash 
modes for belted front seat occupants (Figure 8).  
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Figure 8. Risk of AIS 2+ KTH injury in belted and 
unbelted drivers and passengers in frontal crashes 
(NASS-CDS 1993-2007). 

 
The proportion of knee, thigh, and hip injuries to 

drivers and passengers in all frontal crashes are 
similar for belted as for unbelted occupants.  
Additionally, knee injuries occur with somewhat 
greater frequency than hip injuries (Figure 9). 
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Figure 9. Proportion of knee, thigh, hip injuries 
among front seat occupants by restraint status 
(NASS-CDS 1993-2007). 
 

Agency crash tests are conducted with both 50th 
percentile male and 5th percentile female-sized 
dummies.  Because of this, NASS-CDS data files 
were examined using occupant stature categories 
according to Samaha et al. (2001) that correspond to 
the occupant heights representative of the HIII-5F 
dummy (143-162 cm) and HIII-50M dummy (163-
182 cm).  Since many occupant heights are listed as 
“unknown” in NASS-CDS, the number of 
observations for this category (i.e., occupant height) 
is much smaller than that for other categories.   

The belted and unbelted front seat occupants, 
represented by the HIII-5F dummy size (5F) had 
somewhat greater risk of AIS 2+ KTH injury than 
those represented by the HIII-50M dummy (50M) as 
shown in Figure 10.  The proportion of knee, thigh, 
and hip injuries were essentially equal in the belted 
5F group while the proportion of thigh injuries were 
lower than hip and knee injuries in the belted 50M 
group.  The greatest proportion of KTH injuries in 

the unbelted 5F and 50M groups was to the hip, 
although the 5F group had a nearly equivalent 
proportion of thigh injuries (Figure 11). 
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Figure 10. Risk of AIS 2+ KTH injury for belted 
front seat occupants in frontal crashes for small 
female and average male height occupants (NASS-
CDS 1993-2007). 
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Figure 11.  Proportion of KTH injuries in belted 
and unbelted occupants by occupant stature 
(NASS-CDS 1993-2007). 

 
In addition to crash mode, restraint, and occupant 

size, risk of injury by vehicle model year was also 
examined.  For belted occupants, risk of AIS 2+ KTH 
injury remained relatively constant between MY 
1991-2000, then decreased slightly in MY 2001-2008 
vehicles (Figure 12).  The proportion of thigh injuries 
relative to all KTH injuries remained at 
approximately 20% for all model years, while the 
proportion of hip injuries decreased from 40% to 
20% and the proportion of knee injuries increased 
from 40% to 60% from 1991-1995 MY vehicles to 
2001-2008 MY vehicles (Figure 13). 

 
 



 

Kirk, 8 

0%

1%

2%

3%

4%

5%

6%

7%

KTH belted KTH unbelted

R
is

k 
(%

)

91-95 96-00 01-08

 
Figure 12. Risk of KTH injury by model year for 
belted and unbelted front seat occupants (NASS-
CDS 1993-2007). 
 

The risk of AIS 2+ KTH injury is higher among 
unbelted occupants than belted occupants for all three 
categories of vehicle model years.  Additionally, hip 
injuries are dominant for unbelted occupants, while 
knee injuries are dominant for belted occupants 
(Figure 13).  In unbelted occupants, the proportion of 
hip injuries increased from earlier to more recent 
vehicle model years, while in belted occupants it 
decreased in more recent model years.  Knee injuries 
in unbelted occupants remained relatively constant 
from 91-95 to current model year vehicles. 
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Proportion of KTH Injury for Unbelted Occupants
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Figure 13. Proportion of AIS 2+ KTH injury by 
model year for belted and unbelted front seat 
occupants in air bag equipped vehicles (NASS-
CDS 1993-2007). 
 

To obtain real world injury risk at crash severities 
similar to that of the various crash tests, the NASS-
CDS data files were further parsed by the crash 

DeltaV.  For belted occupants, frontal crashes of 
DeltaV ranging 48-70 km/h were considered, and for 
unbelted occupants, frontal crashes of DeltaV ranging 
35-60 km/h were considered.  For simplicity, these 
results will be referred to as “high severity” belted 
and unbelted frontal crash results, to distinguish them 
from the results derived from crashes of all DeltaVs.   

Risk of KTH injury for belted drivers in high 
severity frontal crashes ranged from 10% for right 
offset crashes to 27% for left offset crashes, and had 
a 20% risk for full frontal crashes. The risk of KTH 
injury for unbelted drivers in high severity crashes 
ranged from 18 to 20 percent.  With the exception of 
unbelted passengers, the risk of KTH injury is higher 
for the driver in left offset crashes than in right offset 
crashes, and higher for the passenger in right offset 
crashes than left offset crashes (Figure 14).   This 
finding is consistent with the expectation that 
occupants closer to the impact site are at a higher risk 
of injury than occupants farther away from the 
impact site.     
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Figure 14. Risk of AIS 2+ KTH injury in high 
severity unbelted and belted frontal crashes 
(NASS-CDS 1993-2007). 
 

Hip injuries account for a large proportion of 
KTH injuries in high severity unbelted and belted 
frontal crashes.  Hip injuries account for 32 to 41% of 
AIS 2+ KTH injuries in these high severity belted 
frontal crashes and 45 to 51% of KTH injuries in 
unbelted frontal crashes.  In both belted and unbelted 
occupants in high severity crashes, when looking at 
all frontal crash modes combined, hip injuries were 
most common, followed by thigh, then knee injuries.  
This trend was also seen in full frontal unbelted 
crashes.  Full frontal belted crashes had nearly equal 
hip and thigh injuries, and somewhat fewer knee 
injuries (Figure 15). 
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Figure 15. Proportion of KTH injuries for 
unbelted and belted drivers in high severity 
crashes (NASS-CDS 1993-2007). 
 
Application of KTH Criterion to the 50th 
Percentile Male Dummy 

 
As described previously, risk of KTH injury is 

defined by the maximum risk to the femur/knee or 
the hip.  The risk of hip injury is determined by the 
minimum risk computed from Equations 3 and 4.  
For purposes of this discussion, when the hip injury 
risk is determined by Equation 3, it will be stated that 
the hip(force) has the greatest injury risk.  For cases 
where the hip injury risk is determined by Equation 
4, it will be stated that the hip(impulse) has the 
greatest injury risk.  Equation 1 is used to determine 
the risk of distal femur and knee injuries and is noted 
as femur/knee. 

NCAP Tests: The compressive femur forces and 
impulses for belted 50th percentile male dummies in 
566 56 km/h NCAP tests of MY 1995-2008 vehicles 
are graphically presented in Figure 16.  For reference, 
lines of 25% and 35% risk of KTH injury are also 
shown.  These levels of injury risk were selected 
because these risk levels have been used in previous 
studies as injury threshold levels for lower extremity 
injuries (Kuppa et al., 2001).  The force and impulse 
values from NCAP tests were input into Equations 1, 
3, and 4 to calculate overall risk for the driver in each 
test; the risks are presented in Figure 17.  The 
average calculated risk of KTH injury in 50th 
percentile male drivers in NCAP tests is 5.2%.  By 
model year group, the average risk of MY 1995 
vehicles is 7.49%; of MY 1996-2000 vehicles is 
7.61%; and of MY 2001-2008 vehicles is 3.70%.  

This risk is quite low compared to the NASS risk for 
belted drivers in 48-70 km/h delta V frontal crashes 
of MY 1991-2008 vehicles, which was 20% as shown 
in Figure 14.  However, the lower risk for more 
recent model year vehicles than previous model year 
vehicles is consistent with NASS results for all crash 
severities shown in Figure 12.    

 

0

50

100

150

200

250

300

0 2000 4000 6000 8000 10000 12000 14000
Femur Compressive Force (N)

Im
pu

ls
e 

(N
s)

25% Risk 35% Risk MY 1995-2004
MY 2005 MY 2006 MY 2007
MY 2008

 
Figure 16. Peak compressive femur force and 
impulse in NCAP tests. 
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Figure 17.  Calculated risk of KTH injury in the 
50th percentile male in NCAP tests. 

 
When the KTH criterion is applied to the HIII-

50M in NCAP tests, risk of femur/knee injury 
dominates the risk of hip injury for nearly all tests.  
However, in most tests the risk is low.  Only 21 out 
of 566 tests (3.71%) have an overall injury risk 
greater than 25%.  Of these higher risk tests, risk of 
hip injury was greatest in MY 1995-1997 and 1999, 
while in 2001 and 2003, femur/knee injury risk was 
greatest.  After 2003, only one test (in 2007, 
femur/knee dominant risk) failed the 25% injury risk 
criterion, with a risk of 25.8%.  The dominant risks 
are presented by number of vehicles in Figure 18. 
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Figure 18. Dominant risk of injury for 50th 
percentile male driver when risk of KTH injury is 
at least 25%. 

 
Although overall risk is underpredicted, the trend 

of increasing femur/knee injuries and decreasing hip 
injuries with model year is consistent with results 
from NASS-CDS shown in Figure 13.  However, real 
world, high severity belted crashes show nearly equal 
proportions of hip and thigh+knee injuries (Figure 
15), while NCAP test data indicates that among those 
with KTH risk greater than 25 percent, hip injury was 
predominant.  

FMVSS No. 208 Unbelted Tests:  The 
compressive femur force and impulse from 26 
unbelted HIII-50M drivers and 26 passengers in 40-
48 km/h full frontal FMVSS No. 208 tests are 
graphically presented in Figure 19.  The average 
calculated risk of KTH injury in drivers and 
passengers of these MY 2002-2008 vehicles was 
13.8%, where drivers had a risk of 11.3% and 
passengers had a risk of 16.3%.  These risks are 
comparable to the real world risks of KTH injury in 
high severity unbelted crashes for drivers and 
passengers in MY 1991-2008 vehicles (about 20%), 
shown in Figure 14, particularly for passengers.     
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Figure 19. Peak compressive femur force and 
impulse in FMVSS No. 208 tests with the HIII-
50M dummy. 

 
In comparison to the NCAP tests for the same 

model years (Figure 18), there was a greater 
proportion of tests where hip injury risk was higher 

than femur/knee injury risk in the unbelted FMVSS 
No. 208 tests (Figure 20).   This difference in 
proportion of hip injuries is consistent with the 
difference in proportions in the real world for 
unbelted high severity crashes compared to belted 
high severity crashes (Fig. 15), which show greater 
proportions of hip injuries in unbelted tests. 
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Figure 20. Dominant risk of injury, by percentage 
of vehicles, in unbelted 50th percentile male driver 
and passenger dummies in FMVSS No. 208 tests. 

 
 Of the 26 unbelted FMVSS No. 208 tests 
conducted with HIII-50M dummies, 5/26 drivers 
(19.2%) and 6/26 passengers (23.1%) had KTH 
injury risks above 25%. This percentage of occupants 
exceeding 25 percent injury risk is consistent with the 
real world risk of KTH injury to unbelted occupants 
(Figure 14).  In these tests, hip(force) had the greatest 
risk of injury in most tests (see Figure 21).  The 
greatest risk of injury being to the hip is in agreement 
with NASS data for unbelted drivers in high severity 
crashes, presented in Figure 15.  However, the 
proportion of thigh+knee injury in the real world is 
underpredicted in these unbelted tests. 
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Figure 21. Dominant risk of injury in 50th 
percentile dummy driver (left) and passenger 
(right) in unbelted FMVSS No. 208 tests. 

 
     IIHS Frontal Offset Tests:  Compressive 

femur force and impulse in 179 IIHS 40% left offset 
frontal crash tests are presented graphically in Figure 
22.  In these belted tests of HIII-50M drivers, risk of 
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injury to the femur/knee was found to be dominant.  
Like in the NCAP tests, the risk of injury was 
generally low (Figure 23), with an average risk of 
6.93%.  Note however, that the average risk in frontal 
offset tests is slightly higher than that in NCAP tests, 
just as belted left offset tests have slightly higher risk 
(27%) than belted frontal tests (20%) in NASS high 
speed belted crashes (Figure 14).  In IIHS frontal 
offset tests, injury risk was lower in recent model 
years; the average injury risk for MY 2001-2003 was 
3.93% compared to a risk of 14.7% for MY 1995 and 
7.8% for MY 1996-2000.  This decrease in risk with 
model year was also observed in belted NCAP tests.  
Among 179 frontal offset tests, only 15 (8.4%) had 
an overall injury risk greater than 25%.  For these 
tests, hip(force) was the dominant injury risk, as seen 
in Figure 24.  Hip injuries were also most prevalent 
in the real world crashes of this type and severity.  
However, the criterion does not predict the 
femur/knee injuries that also occur with significant 
proportions in the real world (Figure 15).      
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Figure 22. Peak compressive femur force and 
impulse in IIHS frontal offset tests with the HIII-
50M dummy. 
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Figure 23. Predicted risk of KTH injury in IIHS 
frontal offset tests, by model year.  
 

0

1

2

3

4

5

1995 1996 1997 1998 1999 2000 2001 2002 2003

Vehicle Model Year

Nu
m

be
r o

f V
eh

ic
le

s

hip (force) hip (impulse) femur/knee

 
Figure 24. Dominant risk of KTH injury in IIHS 
frontal offset tests where risk is at least 25%. 

 
 Vehicle-to-Vehicle Offset and Collinear Tests:  
Compressive femur forces and impulses were 
generally low in the HIII-50M driver of a 2004 
Honda Accord struck by various LTVs, as seen in 
Figure 25.  The maximum overall risk was less than 
3.6% for all nine tests, with the highest risk to the 
femur/knee.  The extremely low risk of injury in 
vehicle-to-vehicle crash conditions is inconsistent 
with the risk of injury in high speed, belted frontal 
crashes in the real world, which is 20-27% as shown 
in Figure 14.   
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Figure 25. Peak compressive femur forces and 
impulses in HIII-50M driver of a 2004 Honda 
Accord struck by LTVs. 
 
Application of the KTH Criterion to the 5th 
Percentile Female Dummy 

 
FMVSS No. 208 Unbelted Tests:  Compressive 

femur forces and impulses for 67 unbelted 5th 
percentile female driver and 66 passenger dummies 
in FMVSS No. 208 tests are presented graphically in 
Figure 26.  There are a greater number of tests 
exceeding 25 or 35 percent risk of KTH injury in the 
passenger than the driver.  The average risk of injury 
for the driver is 10.9% while the average risk for the 
passenger is 20.5%.  The average risk overall is 
15.7%.  This is somewhat higher than the average 
risk for the HIII-50M in FMVSS No. 208 unbelted 
tests (13.8%).  The HIII-5F having somewhat higher 
risk than the HIII-50M is consistent with the real 
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world data shown in Figure 10.  Additionally, the 
passenger risk of 20.5% is in agreement with the real 
world injury risk for unbelted passenger occupants in 
high severity full frontal crashes (about 20%, as 
shown in Figure 14).  However, the average risk for 
drivers is somewhat lower than the corresponding 
real world injury risk shown in Figure 14.          
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Figure 26. Peak compressive femur force and 
impulse in FMVSS No. 208 unbelted 5th percentile 
female frontal crash tests. 

 
In this unbelted environment, the dominant risk of 

KTH injury was the femur/knee for the driver and the 
hip(force) for the passenger.  For occupants with a 
calculated KTH injury risk of at least 25%, the 
dominant risk in five out of six tests for the driver 
was to the hip(force) (Figure 27).  These six tests 
represent 9.1% of the number of tests conducted.  In 
the passenger, 22 tests exceeded 25% risk of injury 
(33.3% of tests conducted), with the hip having the 
highest risk of injury for all tests.  Hip(force) had the 
highest risk for 16 passenger tests, and hip(impulse) 
for six tests.  The high risks of hip injury are in 
reasonable agreement with real world data, which 
shows high proportions of hip injuries (Figure 15).  
However, NASS data shows an almost equal 
proportion of thigh+knee injuries, which are not 
represented in the crash test data.   

Compared to proportions of risks in the HIII-50M 
unbelted tests, the HIII-50M risks greater than 25% 
were all to the hip, while the HIII-5F had one risk 
greater than 25% to the femur/knee.  Figure 11 shows 
that in the real world, unbelted occupants with height 
represented by the HIII-50M have a higher 
proportion of hip than thigh or knee injuries, 
compared to the 5F unbelted occupants with nearly 
equal proportions of hip and thigh injuries.  Although 
NASS and the crash test data are in some agreement 
in this comparison, since the HIII-50M had no 
femur/knee risks greater than 25% and the HIII-5F 
had one, in general femur/knee injuries are 
underpredicted for both dummy sizes.   
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Figure 27. Dominant risk of injury in unbelted 5th 
percentile female frontal crash tests for all tests 
and for tests where risk is at least 25%. 

 
Belted Frontal Research Tests:  Only one out of 

71 tests of the HIII-5F driver in a belted full frontal 
crash test environment had a calculated risk of KTH 
injury greater than 25%, as seen in Figure 28.  Two 
other tests had risks close to 25%, but the majority of 
calculated risks were well below this level, with an 
average risk of 3.14%.  Compared to real world risk 
for belted drivers in high severity full frontal crashes 
(20%), this risk is very low. 
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Figure 28. Peak compressive femur forces and 
impulses in belted frontal crash tests with 5th 
percentile female drivers. 

 
97% of the drivers in this belted test have their 

greatest risk of injury to the femur/knee.  However, in 
the one test with risk greater than 25%, the dominant 
risk was to the hip(force).  Real world injuries occur 
in equal proportion to hip and thigh, with only 
somewhat smaller proportion to the knee (Figure 15).  
The predicted risks do not reflect the real world 
injuries for this crash condition.   

Frontal Offset Tests:  Three frontal offset tests 
at 40 km/h were conducted with belted 5th percentile 
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female dummies in the driver position.  In all three 
tests, there was essentially zero risk of KTH injury 
(average calculated risk = 0.024%).  This is a very 
small sample of crash tests, but the real world risk for 
high severity left frontal offset crashes is much 
higher at 27% (Figure 14).  However, this real world 
risk may be elevated somewhat because it was 
determined from higher deltaV crashes (48-70 km/h) 
than were simulated in these crash tests. 

 
DISCUSSION 

 
The compressive femur forces and impulses in 

FMVSS No. 208 unbelted tests are noticeably greater 
than those in the belted NCAP tests (or belted 
research tests, for the 5th percentile female) even 
though the NCAP tests and many of the belted 
research tests were conducted at higher speeds than 
the FMVSS No. 208 tests.  This is because the 
unbelted dummy in the FMVSS No. 208 test strokes 
the knee bolster to a greater extent than the belted 
dummy.  Higher forces and impulses lead to higher 
average calculated risks in the unbelted tests than the 
belted tests.  This observation is consistent with real 
world crash data, which shows higher risk for 
unbelted occupants than belted occupants.   

The risk of KTH injury obtained from 48-64 km/h 
frontal crash tests with belted dummies 
underestimated the observed risk in corresponding 
real world crashes with belted occupants.  This 
observation is similar to that reported by Saunders et 
al. (2004) where KTH injury risk obtained in frontal 
offset deformable barrier crash tests with belted 
dummies using the current FMVSS No. 208 femur 
injury criterion, was found to under-represent the 
corresponding real world injury risk.  This 
underestimation of real world KTH injury risk using 
belted dummies may be related to the low levels of 
dummy knee-to-knee bolster interaction, as 
evidenced by the low femur force and impulse values 
in belted dummies compared to unbelted dummies in 
frontal crash tests.  

Although KTH injury risk was underestimated in 
belted crash tests, in both NCAP and IIHS, the 
calculated risk was lower in recent model year 
vehicles than in older model year vehicles.  This 
trend is consistent with NASS data, which showed a 
lower risk for belted occupants in MY 2001-2008.  
Decrease in risk could be attributed to improved 
restraints, such as pretensioners, that help to reduce 
the occupant’s forward travel and engagement with 
the knee bolster or other vehicle structures.  
Improved restraints could have also played a part in 
the decrease in hip injuries with vehicle model year, a 
trend that was seen in both the crash test data and the 
real world data for belted occupants.  

The frontal crash tests examined were collinear 
crashes where the dummy knees contacted the knee 
bolster with knee loading primarily along the femur 
longitudinal axis.  However, many of the real world 
frontal crashes investigated were oblique impacts, 
which could result in varied occupant kinematics. 
The dummies representing two specific occupant 
statures were positioned in the crash tests using set 
procedures.  However, occupant shape, size, weight, 
posture, and seating position relative to the passenger 
compartment are quite varied in the real world.  As a 
result, the knee impacts in real world crashes may 
have been with surfaces other than the knee bolster 
and in various impact directions other than along the 
femur axis. Additionally, risk derived from the crash 
test “fleet” was not adjusted to account for the 
distribution of vehicle models in real world crashes.  
All these factors may have an affect on the 
comparison between the KTH injury risk estimated 
from the crash test data and that observed in the real 
world.  

The Rupp KTH injury criterion applied to the 
Hybrid III dummy is able to discern the relative risk 
of hip and femur/knee injury for a given femur force 
time history using both the peak compressive femur 
force as well as the associated impulse of force. This 
additional information may aid in the design of knee 
bolsters where both peak dummy femur force and the 
impulse are used as optimization parameters to 
minimize the risk of KTH injury for belted and 
unbelted occupants. 

In unbelted full frontal crashes, overall risk of 
KTH injury, as well as the occurrence of hip injuries, 
was reasonably well predicted by the KTH criterion.  
However, the thigh and knee injuries that occur in 
large proportions in the real world are not represented 
in these crash tests. This may be partly due to the fact 
that the femur/knee portion of the KTH injury 
criterion only addresses distal femur and knee 
injuries and does not account for injuries in the femur 
shaft that can occur due to bending.  Therefore, KTH 
injuries in the real world that occur due to bending 
stress in the femur may not be fully accounted for 
with this criterion.   

This KTH criterion was developed using human 
cadavers but could not be directly applied to the 
Hybrid III dummies due to differences in response 
between the dummies and cadaveric subjects to axial 
knee impacts (Rupp et al. 2003a, 2005) and because 
hip forces cannot be directly measured in the Hybrid 
III dummy.  Therefore, a new KTH injury criterion 
formulation applicable to the Hybrid III dummies 
was developed by applying the cadaver KTH 
criterion to simulations using mathematical models of 
the cadavers and dummies under similar impact 
conditions (Rupp et al., 2009). However, this 
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formulation did not take into consideration 
differences in kinematics and interaction with the 
restraint environment between humans and dummies.   
Use of a dummy with KTH responses and knee 
restraint interaction similar to the human and with 
instrumentation to directly measure hip forces would 
allow direct application of the Rupp et al. (2009) 
KTH cadaver injury criterion to the dummy.  This 
would eliminate any uncertainties that may arise from 
the additional step of developing injury risk 
formulations applicable to the dummy. 
 
CONCLUSIONS 
 
 The KTH criterion developed by Rupp et al. 
(2009) was applied to various frontal crash tests 
using the HIII-50M and the HIII-5F femur data.  
Using this criterion, the risk of AIS 2+ KTH injury 
was underpredicted for belted occupants. However, 
injury risk predicted for unbelted occupants was 
reasonably close to the real world risk.  Trends by 
model year (i.e. decreasing overall risk and risk of 
hip injury for belted occupants) are consistent 
between real world and crash test data, even though 
the risk level in belted crash tests is very low.  For 
unbelted occupants, hip injuries are the dominant 
injury mode for both the real world and the crash 
tests.  However, femur and knee injuries that occur in 
the real world are underpredicted in frontal crash 
tests with the HIII dummies.   
 
REFERENCES 

 
Kuppa, S., Wang, J., Haffner, M., Eppinger, R., 

“Lower Extremity Injuries and Associated Injury 
Criteria,” 17th ESV Conference, Paper No. 457, 
2001.  

 
Kuppa S., and Fessahaie O.  "An Overview of Knee-

Thigh-Hip Injuries in Frontal Crashes in the 
United States," 18th ESV Conference, Paper No. 
416.  2003.  

Read, K., Burgess, A., Dischinger, P., Kufera, J., 
Kerns, T., Ho, S., Burch, C., “Psychosocial and 
physical factors associated with lower extremity 
injury,” Proceedings of the 46th Annual 
Conference of the Association for the 
Advancement of Automotive Medicine, pp. 289-
303, 2002. 

Read, K., Dischinger, P., Kerns, T., Ho, S., Burgess, 
A., Burch, C., “Life-Altering Outcomes after 
Lower Extremity Injury Sustained in Motor 
Vehicle Crashes,” Journal of Trauma, 57(4): 815-
823. 

Rupp, J., Reed, M., Kuppa, S., Wang, S., Goulet, J., 
Schneider, L., "The Tolerance of the Human Hip 
to Dynamic Knee Loading," Stapp Paper No. 
2002-22-0011. 2002.  

Rupp, J., Reed, M., Madura, N., Kuppa, S., 
Schneider, L., "Comparison of Knee/Femur 
Force-Deflection Response of the Thor, Hybrid 
III, and Human Cadaver to Dynamic Frontal 
Impact Knee Loading," 18th ESV Conference, 
Paper No. 160. 2003a. 

Rupp, J., Reed, M., Jeffries, T., Schneider, L., "Effect 
of Hip Posture on the Frontal Impact Tolerance of 
the Human Hip Joint," Stapp Paper No. 2003-22-
0002.  2003b.   

Rupp, J., Reed, M., Madura, N., Kuppa, S., 
Schneider, L., "Comparison of the Inertial 
Response of the Thor-NT, Hybrid III, and 
Unembalmed Cadaver to Simulated Knee-to-
Knee Bolster Impacts," 19th ESV Conference, 
Paper No. 05-0086.  2005.  

Rupp, J., Miller, C., Reed, M., Madura, N., Klinich, 
K., Schneider, L., “Characterization of Knee-
Thigh-Hip Response in Frontal Impacts Using 
Biomechanical Testing and Computational 
Simulations,” Stapp Car Crash Journal, Vol. 52 
(November, 2008), pp. 421-474. 

Rupp, J., Reed, M., Miller, C., Madura, N., Klinich, 
K., Schneider, L., Kuppa, S., “Development of 
New Criteria for Assessing the Risk of KTH 
Injury in Frontal Impacts using Hybrid III Femur 
Force Measurements,” 21st ESV Conference, 
2009. 

SAE J211:  Society of Automotive Engineers, 
Recommended Practice J211/1 Part 1 – Electronic 
Instrumentation, Rev. March 1995. 

Samaha, R., Elliott, D., "NHTSA Side Impact 
Research: Motivation for Upgraded Test 
Procedures," 18th ESV Conference, 2003. 

Saunders, J.W., Kuppa, S., Prasad, A., "NHTSA's 
Frontal Offset Research Program," SAE No. 
2004-01-1169, SAE International, SAE World 
Congress, 2004. 

 
Summers, S., Prasad, A., "NHTSA's Recent 

Compatibility Test Program," 19th ESV 
Conference, 2005.           

 
Stucki, L., Hollowell, W., Fessahaie, O., 

“Determination of Frontal Offset Test Conditions 
Based on Crash Data,” 98-S1-O-02, 16th ESV 
Conference, 1998.         



  Martínez L. 1

ANALYSIS OF COACHES ROWS SEATS DISTANCE INFLUENCE ON THE 
PASSENGERS COMFORT AND SAFETY 
 
Luis Martínez 
Teresa Vicente 
Antonio García 
Enrique Alcalá 
Francisco Aparicio 
University Research for Automobile Research, Polytechnic University of Madrid (UPM – INSIA) 
Spain 
Paper number 09-0197 
 

ABSTRACT. 
Rows seats distance is a key parameter for the 
comfort on coaches. This distance it is also 
important for the passenger safety and also for 
example to extend the use of rearward facing CRS 
in a safer way. This study analyses what could be 
the minimum distance (based on comfort from 
volunteer) and how this comfort distance is 
affecting the passengers level of protection in R80 
frontal impact with respect the minimum distance 
requested in current Regulations R36/R107. 
Volunteer testing have been performed to obtain 
the comfort sitting positions for coach seats 
geometry. Also CAE software has been used to 
determine minimum row seats comfort distance 
for a wider sample of seats geometry. In later 
phase, R80 sleds tests with two and four Hybrid-
III dummies and with two types of seats (2-point 
and 3-point safety belts) have been performed, to 
asses the level of protection of the passengers in 
frontal impact at the current R36/R107 row seats 
distance and with the proposed one. 
 
This study present a recommendation for a 
minimum row seat distance to guarantee 
passengers comfort and how this distance is 
affecting the passengers safety in frontal impact 
with the injury assessment criteria of both R80 
and R94 for the Hybrid-III dummy. With 3-point 
safety belts seats, the increment on the row seat 
distance is beneficial for the passengers safety, 
except when they are unbelted and if the design of 
the seat is maintained. With 2-point safety belts 
seats, the level of protection is similar for both 
distances. The R94 neck injury criteria and tibia 
displacement are over exceed even with the lower 
R80 impact speed (55 kph vs 30 kph). This study 
shows the status of coaches frontal impact 
protection levels after the 2003/20/CE Directive 

has been made compulsory the use of the safety 
belts in coaches even in the city and road travels. 

INTRODUCTION - OBJECTIVES. 
Nowadays, the coaches seat spacing is established 
in the UNECE regulations to a minimum of 680 
mm for the class II and III vehicles. The tendency 
in the market is to maintain this distance at 
minimum level in order to increased the number 
of available passengers seats in the vehicles. 
Garcia and Quintana-Domeque (2007) have shows 
the secular growth of the height in the population 
of 10 European countries during last decades. This 
growth in the height has conducted to a situation 
that during last years largest number of passenger 
can feel uncomfortable in the coaches travels. 
When the seat spacing is compared with the train 
seat spacing the coaches are in worst situation. It 
could be important to maintain a high level of 
satisfaction in the coaches transportation in order 
to not start a decreasing tendency in the use of this 
transport method in the population. 
 
The ergonomics study conducted have been 
oriented to obtain a reliable minimum seat spacing 
that could be evaluated as comfortable for a large 
sample of the population, including the tallest and 
shortest ones. 
 
As seat spacing is influencing the passenger safety 
in frontal impact, the new proposed seat spacing 
distance has been evaluated in terms of passenger 
safety. This evaluation have been performed for 
the two seat spacing distances, the actual and the 
recommended one from the ergonomics study.  
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METHODS. 
ERGONOMIC STUDY. 
To analyze the position of comfort in coach seats, 
measurements were made with volunteers. The 
selection of volunteers is done with the aim of 
having the following percentiles of the population: 
5th female, 50th male and 95th male. To determine 
the comfort position of each percentile on a coach 
seat we follow the recommendations found in the 
literature and also through tests conducted with 
volunteers on a seat selected mounting on a 
platform. Output form these volunteers have been 
used to obtain the minimum distance between 
seats in the module test and the maximum angle of 
inclination of front back until volunteer leg 
contact. These parameters measured in the 
laboratory have been used to perform an analysis 
with the selected software ergonomics 
(CATIAv5). 
In a latter process, different parameters have been 
considered to extend the evaluation of comfort to 
a wider sample of seats coaches using the CAD 
software, these are: 

• Seat back dimensions and angle. 
• Sitting angles. 
• Armrest. 
• Height, deep, wide and surface of the 

cushion. 
• H point height (closely to popliteus 

muscle). 
• Free space for lower legs. 

 

CAE analysis Measurements

Coach seat 
prototype platform

Coach seat 
prototype platform

VolunteersVolunteers

 
Figure 1. Ergonomic study methodology. 

 
 

SAFETY STUDY. 
For the safety study there were conducted a total 
of 12 sled tests. These tests have been performed 
as specified by the ECE R80 (i.e. 30-32 kph with 
a mean deceleration between 6.5 – 8.5 g). Six tests 
were performed at a short distance (the minimum 
distance required by the ECE R36 - 680 mm) and 
the others to a greater distance (obtained through 
the ergonomic study). It has also tested different 
configurations (restraint systems and seat 
occupancy). Both seat belts with 2 points and 
three points have been tested. Three scenarios- 
configurations have been identified to perform the 
tests (two of them taken from the ECE R80), these 
settings are: 

• Setup 1: Safety belts fastened (two rows 
of seats with four dummies). Objective: 
asses rear passengers safety when 
forward seat if loaded/deformed by its 
own passengers. This is considered the 
most realistic configuration. 

• Setup 2: No belts fastened (from ECE 
R80 – Test 1). Objective: asses form seat 
restraint performance. 

• Setup 3: Safety belts fastened (from ECE 
R80 – Test 2). Objective: asses 
passengers impact against a free front 
seat. 

As shown above, the latter two configurations 
correspond to regulatory tests (ECE R80), while 
the first configuration corresponds to a real 
situation. 

DistanceSeat
Belt

XXxErgonomic

XXXErgonomic
680 mm

680 mm

XXX
3P

XXX
2P

Setup 3Setup 2Setup 1

DistanceSeat
Belt

XXxErgonomic

XXXErgonomic
680 mm

680 mm

XXX
3P

XXX
2P

Setup 3Setup 2Setup 1

 
Figure 2. Sled tests setup configuration. 

Each sled test was conducted with two high speed 
cameras (one on each side) with a sampling rate of 
1000 fps. In addition, the contacts in the back of 
the seats have been checked (using the same 
colour code as in EuroNCAP frontal impact). 
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Figure 3. Colour codes for checking the 

contacts. 

This methodology allows for a comparative 
analysis between the different distances between 
seats tested (main objective of the study), different 
scenarios selected (for the same restraint system 
and distance) and the different safety belts 
configuration (for the same scenario and distance). 
Below is the nomenclature used in the tests, in 
order to clarify the different images or graphs 
shown later. 

787-3P-02

787 or 737: the different row step distance between seats.

• 787 correspond with the ergonomic row step distance

• 737 correspond with the minimum row step distance 
(required by ECE R36)

2P or 3P: typology of the safety belts

01, 02, 03: Test setup

01- Four belted dummies

02- Two unbelted dummies

03- Two belted dummies 

 
Figure 4. Nomenclature used in the sled tests. 

To analyze the results, four Hybrid III 50th male 
dummies have been used with the following 
instrumentation: 

Dummy part Instrumentation Direction Dummy
Head 3 axis accelerometer Ax Ay Az LD / RD

Fx Fy Fz - / RD
Mx My Mz - / RD

3 axis accelerometer Ax Ay Az LD / RD
Displacement Dx LD / RD

Pelvis 3 one axis accelerometer Ax Ay Az LD / RD
Right femur Load cell Fz LD / RD
Left Femur Load cell Fz LD / RD

Right tibia upper Displacement Dx LD / RD
Left tibia upper Displacement Dx LD / RD

Dummy Hybrid III 50th

LD = Right dummy. RD = Left dummy

Neck Upper neck load cell

Thorax

 
Figure 5. Instrumentation used in the sled tests. 

The degree of safety of the seats has been checked 
after running the tests. This would have taken the 

criteria of ECE R80. Since the ECE R80 have a 
shorter injury criteria assessment than a more 
recent ones regulations, it was decided to 
increment the aim of the study introducing the 
criteria imposed by ECE R94. Below, there is a 
table with the analysed requirements: 

Reglamentation
ECE R80
ECE R94

Axial force ECE R94
Shear force ECE R94
Extension moment ECE R94

ECE R94
ECE R80
ECE R94
ECE R80
ECE R94

Criterion
Head injury criterian (HIC36ms)

Thorax resultant acceleration

Femur compression force

Head resultant acceleration (3ms)

Viscous criterion (V*C)

Thorax compression criterion (ThCC)

Movement of the sliding knee joints

Neck injury criteria (NIC)

Head

Neck

Thorax

Leg  
Figure 6. Injury criteria analysed. 

RESULTS. 
ERGOMOMIC STUDY. 
For the ergonomic study has been used a total of 
nine volunteers (three for each percentile). To 
check if the sample is representative, it have been 
taken some external measurements for each of the 
percentiles in a 90 degrees backrest chair. The 
following figure shows the dimensions taken of 
the volunteers: 
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1 2 3 4 5 6 7 8 9
1 804 840 775 888 918 903 952 974 918
2 560 595 520 650 648 640 670 700 670
3 235 245 200 250 240 220 235 270 235
4 415 405 410 440 460 490 500 510 510
5 369 363 384 439 444 450 456 425 471
6 363 379 359 333 355 365 396 384 427
7 121 125 112 160 137 145 135 140 155
8 230 240 230 290 310 290 300 295 310
9 445 450 445 515 525 540 560 560 550

10 460 468 466 530 560 505 545 567 564
11 550 580 565 635 665 640 655 685 701
A 1530 1570 1500 1760 1800 1770 1840 1910 1850
B 48 55 50 80 88 80 80 83 95

Group 2:
50th Male

Group 3:
95th Male

A: Total height. B: Total mass (kg).
Dimenssions in "mm".

Group 1:
5th Female

 
Figure 7. Volunteer measurements. 

Once the general measures for each volunteer is 
done, the volunteer was sited in a real seat coach 
(unaccompanied) and remains for at least 20 
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minutes. When the volunteer is comfortable 
enough, a number of representative points are 
taken in order to obtain a stickman of the 
volunteer. These points are taken from Appendix 
K of UMTRI report. Each measuring point was 
taken with a three-dimensional measuring 
machine (FARO-Arm®). Below there is an 
example of the measurement points taken as 
reference (Figure 8) and the measurement of a 
volunteer about his seat (Figure 9). 

 
Figure 8. Reference points. 

  
Figure 9. Example of the measurements taken. 

Once the volunteers got their position of comfort 
and measurements made with the FARO-Arm®, 
the forward seat was moved until the volunteer 
ceases to be in a comfortable position 
(measurement the step between rows of seats). 
With this distance between seats, the backrest (of 
the front seat) was reclined until the volunteer got 
another uncomfortable position. The measures of 
the step between seats and the back tilt are shown 
below: 

Distance L (mm) Distance H (mm)
Volunteer 1 780 723
Volunteer 2 825 768
Volunteer 3 770 713
Volunteer 4 680 623
Volunteer 5 740 687
Volunteer 6 785 728
Volunteer 7 670 613
Volunteer 8 635 578
Volunteer 9 605 548

Group 1
5th Female

Group 2
50th Male

Group 3
95th Male  

Figure 10. Distance L: step of rows. Distance H: 
internal distance between backseats. 

Angle α (º) Contact
Volunteer 1 60.5 Rear seatback tray
Volunteer 2 55.5 Seatback
Volunteer 3 57.0 Seatback
Volunteer 4 69.6 Seatback
Volunteer 5 58.7 Seatback
Volunteer 6 54.7* Maximum reclined
Volunteer 7 54.7* Maximum reclined
Volunteer 8 68 Upright position
Volunteer 9 58.1 Seatback

Group 2
50th Male

Group 3
95th Male

Group 1
5th Female

 
Figure 11. Seatback angles. 

Two types of ergonomic position were obtained 
for each group percentile representing by the 
volunteers selected. One more upright (back 
support on the backrest of the seat), while the 
other is lying stretching the legs. These 
measurements can be seen in Figure 9.  
In the literature, there were no comfort parameters 
for coach passengers, perhaps the closest comfort 
position is the driving position in coaches. This 
ergonomic position is defined in Figure 12. The 
five angles defined along with anthropometric 
measurements taken (see Figure 7) uniquely 
define the volunteer. 

 
Figure 12. Position of comfort for coach drivers 

(Kraus - 2003 ) 
In the case of the angles defined in the legs (back - 
femur / femur - tibia) the average of the two 
angles has been taken. These angles can be seen in 
the figure below. 

Tibia - 
Foot

Femur - 
Tibia

Back - 
Femur

Back - 
Neck

Back - 
Vertical

A B C D D'
Volunteer 1 102 122 137 159 26
Volunteer 2 70 84 122 167 18
Volunteer 3 91 104 126 160 23
Volunteer 4 85 92 114 159 18
Volunteer 5 83 85 115 170 25
Volunteer 6 118 127 120 154 20
Volunteer 7 91 87 105 149 20
Volunteer 8 109 111 113 162 20
Volunteer 9 88 91 113 154 20

Group 1
5th Female

Group 2
50th Male

Group 3
95th Male  
Figure 13. Angles of the comfortable position. 
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Figure 14. Measurements taken from the volunteers. 

 
Comparing the angles measured in the volunteers 
with those defined as angles of comfort it is 
obtained that: 

• The values of the ‘A’ angle (tibia to foot) 
is located between 70º and 118º, but the 
largest number of respondents is around 
the 85-90º. This range is higher than the 

reference, however, this is because the 
volunteers support the foot in a 
horizontal plane, while the reference is 
set for a driver that support their foot on 
a pedal. 

• The ‘B’ (femur to tibia) values are 
between 84º and 127º. Here the two 
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trends mentioned above are shown. The 
more upright position obtained ‘B’ angle 
values of 84-92º, while the reclining 
position is at values around 105º to 125º 
(similar to the reference position). 

• The ‘C’ (back to femur) values lie 
between 105 and 137º. It is noted that for 
the smallest volunteers (5th female) got 
angles much greater than in other 
volunteers. This is caused by the height 
of the chair, in which the small 
volunteers were able to recline their back 
in order to rest their foot on floor. For 
other volunteers, got values between 105º 
to 120º, close to the reference. 

• The ‘D’ (back to neck) values are 
between 149º and 170º. Only one 
volunteer is outside the reference range 
(155º-175º), by 6º. 

These data have been entered into the ergonomic 
module of CATIAv5. Since it has been proven 
that there are two tendencies in the positions for 
each percentile, these two positions were analysed 
through the ergonomics module. Finally a total of 
6 models were necessary to study (two positions 
for each of the percentiles). 
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Figure 15. Different models analysed. 

Once obtained the various percentiles, it is 
necessary to incorporate into the ergonomic model 
different seats for a larger and reliable study. First, 
the volunteers seat tested were taken as a 
reference and incorporate into the model, then 
through a market study (25 real seats were 
measurement), the maximum and minimum 
dimensions of the seats had been obtained. These 
measurements are shown bellow: 

Seat test Maximum Minimum

Total heigh (mm) 1128 1044 1153

Seatback angle (º) 22 18 25

H point (mm) 503 470 520

Length pad (mm) 468 430 490

Seat/pad heigh (mm) 465 425 495  
Figure 16. Seat dimensions. 

Once entered into the model the percentile, their 
comfort position and the seats, a simulation matrix 
is defined in order to perform different virtual 
checks. The distance between seats and backrest 
inclination were varied into the model. Figure 17 
shows the matrix of the performed simulations. 

5th
 fe

m
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e

50
th

 m
al

e

95
th

 m
al

e

Seat test X X X

Maximum X X X

Minimum X X X

Seat test X X X

Maximum X X X

Minimum X X X

X X X

Upright 
position of 
seatbacks

Reclined of 
the front 
seatback

Reclined of both seatbacks  
Figure 17. Simulation matrix. 
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SAFETY STUDY. 
A total of 12 sled tests were being performed as 
described above. Six of these tests have been 
conducted with the minimum distance between 
seats required by regulation (680 mm) which 
corresponds with a passage between seats of 737 
mm. The other six tests were performed with the 
ergonomic distance (mentioned later in this 
article), which corresponds to a distance between 
seats of 730 mm (for the tested seat it was a row 
step distance of 787 mm). 
Each of the registered signals have been filtered 
according to the requirements imposed by 
regulation (ECE R80, ECE R94 or SAE J211, 
depending on the criterion to be evaluated). For 
the analysis of results, the most important data of 
each test have been taken into account, and the 
signs that do not coincide with the direction of 
impact were not taken into account. The following 
figure shows the signals that have been taken for 
analysis: 

Body part Signal
Head Resultant head acceleration

Upper neck force X (+)
Upper neck force Z (Tension)

Upper neck moment Y (Extension)
Resultant thorax acceleration

Thorax deflection
Pelvis Resultant pelvis acceleration

Right femur force Z (Compression)
Left femur force Z (Compression)

Right knee slider
Left knee slider

Neck

Thorax

Femur

Knee
 

Figure 18. Signals used for the result analysis. 
Below is shown a comparison of each of the 
scenarios tested (shown in Figure 2) with equal 
restraint system and varying the row step distance. 
A comparison of the kinematics of the tests (at 0, 
50, 100 and 150 ms after the start of the test) and 
the maximum values of recorded signals were 
done. 
Setup 1 – 3 point seat belt. 
The sequence of images shows that the rear ones 
dummies do not impact with the head against the 
back seat (regardless of distance). This fact is due 
to the deformation of the seat back caused by the 
front dummies through the third point of the 
safety belt. In both distances, the knees impact 
against the front seat, while the long distance 
contact is much lower (as it can be seen in the 
compression load of the femur - Figure 20). 
 
 
 

737-3P-01 787-3P-01 

Figure 19. Sequence of images for setup 1 (3P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 34.38 33.57 27.11 26.53

UpNeck Fx (N) - 99.12 - 73.89

UpNeck Fz (N) - 1177.82 - 897.06

UpNeck My (N·m) - -12.24 - -13.15

Thorax AcRes (g) 18.24 17.84 18.31 17.61

Thorax Def (mm) -5.85 -10.99 -9.91 -17.66

Pelvis AcRes (g) 27.22 27.88 19.35 19.41

Right Femur Fz (N) -1348.13 -1251.8 -890.82 -169.37

Left Femur Fz (N) -1016.16 -1303.12 -154.28 -1040.62

Right Knee Slider (mm) 8.88 3.53 4.7 0.33

Left Knee Slider (mm) 4.28 7.9 0.1 5.36

737-3P-01 787-3P-01

 
Figure 20. Signals comparison (Setup 1 – 3P). 

Setup 2 – 3 point seat belt. 
In this configuration, the occupants were not using 
the restraint system. In the first moments there 
was a free movement of occupants until impact 
with the knees (Figure 21). After this, there was a 
rotation of the body head, neck and shoulders 
contact with the front seat back. In long distance 
configuration, the relative velocity of impact is 
greater, so the values recorded in the head, neck 
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and femur are greater, with increased values at 
around 15-20%, sometimes reaching 30% (Figure 
22). 

737-3P-02 787-3P-02 

Figure 21. Sequence of images for setup 2 (3P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 89.57 87.2 102.45 107.14

UpNeck Fx (N) - 1824.4 - 1456.26

UpNeck Fz (N) - 1791.15 - 2118.25

UpNeck My (N·m) - -29.13 - -46.53

Thorax AcRes (g) 18.41 19.19 21.61 21.74

Thorax Def (mm) -2.48 -2.25 -0.08 -0.94

Pelvis AcRes (g) 25.44 25.77 32.88 34.66

Right Femur Fz (N) -3165.13 -3872.17 -3615.07 -4209.79

Left Femur Fz (N) -3790.15 -3306.67 -5249.11 -4529.61

Right Knee Slider (mm) 14.05 10.81 13.54 14.13

Left Knee Slider (mm) 11.72 13.62 13.31 15.09

737-3P-02 787-3P-02

 
Figure 22. Signals comparison (Setup 2 – 3P). 

Setup 3 – 3 point seat belt. 
In this configuration, two occupants used the 
restraint system (in this case the 3-point belt). It is 
noted that in both distances the knees impacted 
against the front seat back. Also occurs with the 
head (because the front seat did not have an 

occupant and it was not deformed through the 3-
point belt). In long distance, both contacts the 
head and the knee are much lower than in the 
short distance (with values 50% lower in the head 
acceleration or femur force). 
Figure 24 shows that the signals of the left side 
dummy on the left (in the long distance test) are 
crossed out, this is because during the test its 
safety belt did not work properly and the retractor 
did not locked. This fact is evident in the 
kinematics secuence. 

737-3P-03 787-3P-03 

Figure 23. Sequence of images for setup 3 (3P 
seat belt). 
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Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 75.64 80.95 101.35 46.3

UpNeck Fx (N) - 90.82 - 98.24

UpNeck Fz (N) - 1036.01 - 929.19

UpNeck My (N·m) - -18.13 - -14.16

Thorax AcRes (g) 22.91 22.23 15.34 19.13

Thorax Def (mm) -8.03 -9.42 -6.14 -9.71

Pelvis AcRes (g) 30.1 27.26 24.41 25.01

Right Femur Fz (N) -1337.09 -1442.16 -1719.09 -577.68

Left Femur Fz (N) -1856.47 -1488.09 -931.21 -1027.09

Right Knee Slider (mm) 9.25 5.81 9.8 3.57

Left Knee Slider (mm) 8.16 9.35 4.62 6.84

737-3P-03 787-3P-03

 
Figure 24. Signals comparison (Setup 3 – 3P). 

Setup 1 – 2 point seat belt. 
This test was performed with four adult Hybrid III 
50th male, using the 2-point safety belt. There 
were no significant differences in the kinematics 
of the test, at the beginning a contact with the 
knees were occurred and then hit the head (no 
elevation of the pelvis due to the two-point safety 
belt). The values were similar in the head 
deceleration. The femur force registered was 
lower for long distance (approximately 30%). 
The Figure 26 shows a knee slider displacement 
of one dummy was crossed out, this is because the 
data offered by the sensor were not reliable. 

737-2P-01 787-2P-01 

737-2P-01 787-2P-01 

Figure 25. Sequence of images for setup 1 (2P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 106.15 119.04 104.79 105.92

UpNeck Fx (N) - 893.1 - 1177.23

UpNeck Fz (N) - 1612.26 - 1524.91

UpNeck My (N·m) - -98.88 - -79.73

Thorax AcRes (g) 16.35 16.97 17.42 16.61

Thorax Def (mm) -0.15 -0.06 -0.07 -0.09

Pelvis AcRes (g) 32.11 30.8 27.11 29.64

Right Femur Fz (N) -1790.55 -2810.48 -1204 -1725.53

Left Femur Fz (N) -2152.08 -1680.27 -1655.97 -1273.6

Right Knee Slider (mm) 9.74 10.26 5.65 7.9

Left Knee Slider (mm) 8.5 9.63 0.12 6.98

737-2P-01 787-2P-01

 
Figure 26. Signals comparison (Setup 1 – 2P). 

Setup 2 – 2 point seat belt. 
This configuration is similar to the tested seats 
with three points (Setup 2 – 3 point set belt). The 
behaviour of the seats with 2 or 3 points seat belt 
are different (although the same model of chair 
were used), this fact is due to the 3-point seat is 
more resistant than the 2-point seat belt. As in the 
configuration of three points seat belt, the highest 
relative speed on the dummies tested with the long 
distance with respect to the front seat, caused 
higher values in the short distance (15 to 30% 
higher). 
The Figure 28 shows a knee slider displacement 
of one dummy was crossed out, this is because the 
data offered by the sensor were not reliable. 

737-2P-02 787-2P-02 
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737-2P-02 787-2P-02 

Figure 27. Sequence of images for setup 2 (2P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 74.55 78.82 75.33 88.23

UpNeck Fx (N) - 1010.12 - 1197.57

UpNeck Fz (N) - 1765.23 - 1612.48

UpNeck My (N·m) - -70.18 - -78.2

Thorax AcRes (g) 16.45 15.69 15.37 16.58

Thorax Def (mm) -2.56 -2.23 -2.31 -2.53

Pelvis AcRes (g) 26.5 25.2 26.43 29.25

Right Femur Fz (N) -3370.93 -3327.98 -3651.98 -4624.57

Left Femur Fz (N) -3675.63 -4016.71 -3790.17 -3856.51

Right Knee Slider (mm) 13.75 6.88 12.65 14.31

Left Knee Slider (mm) 19.91 14.35 13.72 13.83

737-2P-02 787-2P-02

 
Figure 28. Signals comparison (Setup 2 – 2P). 

Setup 3 – 2 point seat belt. 
Finally, the configuration with two dummies 
fastened with two-point belt. The behaviour was 
similar to that of the four dummies belted with 
two-point safety belt. First there was a contact of 
the knees and finally the head impacted against 
the seat back. Increasing the row step distance 
caused a higher relative velocity of head impact 
and this caused higher head decelerations. 
Furthermore, the contacts of the knees were 
lowering severe in the long distance obtained 
smaller compression force. 
 
 
 

737-2P-03 787-2P-03 

Figure 29. Sequence of images for setup 3 (2P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 86.71 82.96 87.59 106.62

UpNeck Fx (N) - 456.05 - 627.35

UpNeck Fz (N) - 1707.19 - 1608.94

UpNeck My (N·m) - -94.07 - -99.14

Thorax AcRes (g) 18.85 18.66 17.5 16.44

Thorax Def (mm) -3.09 -4 -1.7 -2.2

Pelvis AcRes (g) 29.18 30 34.32 36.23

Right Femur Fz (N) -1832.24 -3006.83 -1145.52 -2619.81

Left Femur Fz (N) -2848.49 -2299.13 -2418.12 -2232.04

Right Knee Slider (mm) 10.04 11.68 7.69 10.97

Left Knee Slider (mm) 11.11 11 11.26 10.12

737-2P-03 787-2P-03

 
Figure 30. Signals comparison (Setup 3 – 2P). 

DISCUSSION. 
ERGONOMIC STUDY. 
When the matrix of CAE simulations, shown in 
Figure 17, were done, a comfortable distance were 
obtained form an ergonomic point of view. An 
example of these simulations is shown in the 
figure below: 
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Figure 31. CAE análisis. 
Authors define “Distance L” as the row step 
distance (measuring the same point between two 
adjacent rows of seats) and “Distance H” as the 
distance between seats (measured at the front of 
the rear seat and the back of the front seat - ECE 
R36 – seat spacing). For the seat included in the 
model, the difference between the “Distance L” 
and the seat spacing was 57 mm, therefore to 
obtain the distance between seats (“Distance H”) 
only need to subtract 57 mm from the values 
given in Figure 32 and Figure 33. 
In configurations that did not recline the back 
(reasonable situation to not increase too much the 
row step distance between seats), the following 
results were obtained: 

Seat test Maximum Minimum

Pos 1 592 605 584

Pos 2 554 577 552

Pos 1 735 722 762

Pos 2 719 724 738

Pos 1 772 766 787

Pos 2 762 744 768

D
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Group 1
5th Female

Group 2
50th Male

Group 3
95th Male  

Figure 32. Ergonomic distance in upright 
positions of the seats. 

With the 680 mm as marked as the current 
minimum distance ECE R36, the 50th percentile 
were in comfortable position without contact with 
the front seat (except one case: the lowest and 
“stretched” seat position for the passenger, but 
only 1 mm exceeded). The maximum distance 
required to ensure the comfort is found for the 95th 
percentile male and with the lower seat, the step 
distance found were 787 mm. 
Although this was not the aim of this project, it 
should be noted that for the 5th percentile female, 
an excessive height of the seat could be quite 
harmful, found difficulty in supporting the foot on 
the floor. 
In the case where the seats were reclined (Figure 
33), the greater distanced were imposed by the 
larger percentile (95th male) seated in the lower 
height seat. Now, the distance was produced with 
the passenger in a vertical position (the contact 
occurs at the knee rather than in the lower leg). 
With the minimum distance defined in the ECE 

R36, the 50th percentile male were not covered if 
the front seats were reclined or its seat was 
reclined, except for the highest seat. 

Seat test Maximum Minimum

Pos 1 592 601 584

Pos 2 570 593 569

Pos 1 738 725 768

Pos 2 743 725 768

Pos 1 785 768 807

Pos 2 797 760 820

D
is

ta
nc

e 
L

Group 1
5th Female

Group 2
50th Male

Group 3
95th Male

797

Reclined of the front seatback Reclined of 
both 

seatbacks

603

750

 
Figure 33 Ergonomic distance when reclining 

back seats were done. 
SAFETY STUDY. 
In the safety study, the influence of the distance 
between seats for each type of evaluated restraint 
system (2 and 3 points safety belt) was analyzed 
separately. This fact is due to because it is 
possible that increasing the distance between seats 
is beneficial in a particular restraint system and 
detrimental in another restraint system and vice 
versa. 
To clarify the study, first a summary table was 
shown with the results of the injury criteria from 
each dummy (tested in the short distance – row 
step distance of 737 mm). Subsequently, another 
figure was shown which analyzes the trend of the 
results using the following coding: 

• + : Beneficial trend. 
• = : No significant changes. 
• − : Not beneficial trend. 

3 points safety belt. 
In the case of three points belted dummies (with 
two to four occupants), the results show that 
increasing the separation between seats produces a 
slight reduction in all injury criteria, except for the 
chest. While in either of the two configurations 
distance, all the calculations are sufficient below 
the limits set by regulation: 

• The parameters of the injury of the head, 
neck, femur and knee decreases slightly. 
However the parameters of the chest 
injury (acceleration and deformation), 
slightly increased its value in the case of 
a greater distance between seats. 

• This behaviour was expected, since with 
increasing distance, both the head and 
knees of the occupants virtually no 
impact with the seat back before them, 
and therefore, there was a reduction of 
the criteria measured in head and femur. 
On the other hand, being the passengers 
retained only by the belt, the efforts to 
which they subjected the chest are larger, 
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as shown in the highest loads recorded in 
the safety belts load cells and the 
maximum deformation of the chest. 

In the case of seats with three-point belts and 
unbelted passengers, the results shown that 
increasing the distance was counterproductive 
because it results in several of the injury criteria 
are higher. 
This increase is due to the fact that by increasing 
the distance between seats, the relative speed with 
which the occupants impacted with the back of the 
seat were being increased, as it was increased the 
free flight. 
In the configuration of unbelted dummies and 
greater distance between seats, the knee slider 
criterion was slightly higher than the ECE R94 
limit. Also the 3ms head deceleration is close to 
the limit of injury. 

LD RD LD RD LD RD
Head HIC36ms 183.63 192.48 219.98 216.46 202.94 204.92

Head AcRes 3ms 33.37 32.93 66.76 67.37 59.61 61.49

Right Femur Fz 1220.48 741.93 2736.66 2604.8 896.56 846.71

Left Femur Fz 595.97 1215.26 2650.09 2610.3 1196.55 1240.32

Neck My - -12.24 - -29.13 - -18.13

Thorax AcRes 17.92 17.55 18.07 18.59 17.96 17.62

Thorax V * C 0.005 0.0103 0.004 0.003 0.0073 0.0072

Thorax Def -5.85 -10.99 -2.48 -2.25 -8.03 -9.42

Right Knee slider 8.88 3.53 11.72 13.62 8.16 9.35

Left Knee slider 4.28 7.9 14.05 10.81 9.25 5.81
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Figure 34. Injury criteria summary. 
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Figure 35. Comparison of injury criteria (3P). 

 
2 points safety belt. 
In the case of two points seat belt and four 
occupants, increasing the separation was a slight 
improvement in some calculated criteria, but not 

enough to prevent more of the calculated criteria 
were beyond the limits. The 3ms head 
acceleration and the extension bending moment of 
the neck exceeded the thresholds of injury for the 
two distances tested (737mm and 787 mm). 
The slight improvement in safety seen in the four 
occupants configuration, was not confirmed in 
tests conducted with only two occupants. In this 
case, the long distance configuration, a slightly 
higher vales for the criteria for head and neck 
were registered, unlike in tests with dummies. 
The criterion that produces a clear improvement 
for either configuration, it was in the femur load, 
although in both cases the values were sufficiently 
below of the limits established by ECE R80. 
In the case of unbelted passengers, the results did 
not reflect a clear influence of distance on the 
safety offered to the occupants. The results 
obtained in tests in both configurations, were not 
very different, and only the neck extension 
moment was increased its values when the 
distance between seats is greater. In all cases, the 
neck extension values recorded were above the 
limit set by the ECE R94. 

LD RD LD RD LD RD
Head HIC36ms 392.43 413.44 205.98 189.13 326.33 298.37

Head AcRes 3ms 88.81 91.81 70.18 67.77 75.84 76.04

Right Femur Fz 1151.77 1601.83 2883.7 2634.07 1465.1 1809.76

Left Femur Fz 1649.9 1519.59 2777.46 2862.69 1953.76 1838.85

Neck My - -98.88 - -70.18 - -94.07

Thorax AcRes 15.82 16.67 15.95 14.92 18.12 18.24

Thorax V * C 0.0013 0.0013 0.0032 0.003 0.0039 0.004

Thorax Def -0.15 -0.06 -2.56 -2.23 -3.09 -4

Right Knee slider 8.5 9.63 19.91 14.35 11.11 11

Left Knee slider 9.74 10.26 13.75 6.88 10.04 11.68
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Figure 36. Injury criteria summary. 
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Figure 37. Comparison of injury criteria (2P). 
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General discussion. 
An increasing of the distance between seats was 
not an improvement of the security levels offered 
for all restraint systems analyzed. It has also 
reflected that the injury criteria established by the 
ECE R80 might be poor predicting injuries 
offered by the occupants. The ECE R94 
(elaborately later) includes more injury criteria 
associated with impact dummy (this fact is 
independent of whether they are tested at 30 or 50 
kph). It has been observed that the two points seat 
belts offered low protection in the neck. This fact 
is corroborated by Elias et al (2001 and 2003), 
which investigated the safety on school buses with 
similar conclusions. In addition, this study has 
verified that the levels of protection offered by 
unbelted occupants were limited. Through 
accidentological studies in Sweden, Albertsson et 
al (2003) concluded that a 2-point belt may have 
reduced injuries for two-third of all injured with 
MAIS 2–4 and a further injury reduction by 28% 
could be achieved by shifting 2-point belts into 3-
point belts. 

CONCLUSION. 
To increase the comfort of coaches passengers 
authors recommended to establish a new seat 
spacing 50 mm higher that actual one, i. e 730 
mm. 
The effect of this new seat spacing in the 
passengers safety for the seats fitting 3 point belts 
is: 

• If the safety belts are used the passenger 
protection is improved. 

• If the safety belt is not used, the 
passenger protection will be lower, but 
nevertheless reaching the injury limits. 

The effect of this new seat spacing in the 
passengers safety for the seats fitting 2 point belts 
remains unchanged.  
To state of the results obtained in this study, it can 
be concluded that the requirements established by 
the regulation 80 to evaluate the passenger safety 
are not sufficient. It has been verified how in all 
the tests carried out with two point belts seats, 
they accomplish with all the requirements 
established by the Regulation ECE R80, but 
nevertheless, in some of the tests carried out in 
seats with two point belts, the injury criteria limits 
required by the ECE R94 have been 
overexceeded. 
It seems logical to think that, if the R94 criteria 
are good to evaluate the security offered in frontal 

impact in a vehicle of the category M1, also they 
should be it for the case of the occupants from one 
of the category M3. Especially, when the injury 
criteria are associated to a specify dummy model 
and in a specific impact direction and not to the 
type of vehicle in which the tests are carried out. 
For all it, it would be recommendable to revise the 
Regulation ECE R80 in order to incorporate the 
injury criteria defined in ECE R94. Doing this the 
passenger safety of coaches could be guaranteed 
in frontal impact accidents. 
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ABSTRACT 

Objective – Public concern has arisen about the re-
liability of front airbags because Fatality Analysis 
Reporting System (FARS) data indicate many non-
deployed airbags in fatal frontal crashes. However, 
the accuracy of airbag deployment, the variable in 
question, is uncertain. This study aimed to provide 
more certain estimates of nondeployment incidence 
in fatal frontal crashes. 

Methods – Fatally injured passenger vehicle drivers 
and right-front passengers in frontal crashes were 
identified in two US databases for calendar years 
1998-2006 and model years 1994-2006: FARS, a 
census of police-reported fatal crashes on public 
roads, and National Automotive Sampling Sys-
tem/Crashworthiness Data System (NASS/CDS), a 
probability sample of towaway crashes. NASS/CDS 
contains subsets of fatal crashes in FARS and collects 
detailed data using crash investigators. Front airbag 
deployment coding for front-seat occupant fatalities 
was compared in FARS and NASS/CDS, and case 
reviews were conducted.  

Results – Among FARS frontal deaths with available 
deployment status (N=43,169), front airbags were 
coded as not deployed for 18% of front occupants. In 
comparison, NASS/CDS (N=628) reported 9% 
(weighted estimate) nondeployment among front 
occupants killed. Among crashes common to both 
databases, NASS/CDS reported deployments for 45% 
of front occupant deaths for which FARS had coded 
nondeployments. Detailed case reviews of NASS/ 
CDS crashes indicated highly accurate coding for 
deployment status. Based on this case review, 8% 
(weighted estimate) of front occupant deaths in fron-
tal crashes appeared to involve airbag nondeploy-
ments; 1-2% of deaths represented potential system 

failures where deployments would have been ex-
pected. Airbag deployments appeared unwarranted in 
most nondeployments based on crash characteristics. 

Discussion – FARS data overstate the magnitude of 
the problem of airbag deployment failures. There are 
inherent uncertainties in judgments about whether or 
not airbags would be expected to deploy in some 
crashes. Continued monitoring of airbag performance 
is warranted.  

INTRODUCTION 

Front airbags prevent deaths in frontal collisions [1-
8]. Front airbags work in tandem with seat belts to 
restrain front-seat occupants by inflating when sen-
sors, measuring acceleration, indicate a moderate to 
severe frontal impact [9]. 

Recent media reports raised the possibility of wide-
spread instances of front-seat occupants dying in 
crashes because front airbags failed to deploy. 
Based on data from the US Fatality Analysis Re-
porting System (FARS), The Kansas City Star pub-
lished a series of articles estimating that during 
2001-2006, 1,400 deaths occurred in frontal crashes 
in which airbags failed to deploy [10,11]. In an in-
ternal report based on deaths included in the Na-
tional Automotive Sampling System/Crashworthi-
ness Data System (NASS/CDS), the National High-
way Traffic Safety Administration (NHTSA) [12] 
estimated that during 2001-06, 576 people died in 
crashes in which front airbags did not deploy and 
that 360 of those who died would have benefited 
from front airbag protection [13].  

As airbags became common in the vehicle fleet dur-
ing 1988-97, some people — particularly infants in 
rear-facing child safety seats, unrestrained older 
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children, and short drivers sitting too close to deploy-
ing airbags — received airbag-induced fatal or se-
rious injuries during low-speed crashes that otherwise 
would not have resulted in major injury [1,4,6,14-16]. 
Consequently, airbag designs were changed to reduce 
inflation energy and the frequency of airbag deploy-
ments in low-speed crashes [17]. These redesigns 
have successfully reduced airbag-induced deaths 
among child passengers and do not appear to have 
compromised protection among adults [7,17-27]. 

For first generation front airbags, crash test perfor-
mance was certified by conducting 30 mph (48 
km/h) head-on, full-frontal, rigid-barrier tests of 
unbelted 50th percentile male dummies. The next 
generation of airbags began with model year 1998, 
when NHTSA gave automobile manufacturers the 
option of certifying frontal crash performance for 
unbelted male dummies with 30 mph sled tests. The 
sled tests specified by the regulation had a longer 
crash pulse than rigid-barrier tests, enabling airbags 
to inflate with about 20-30% less energy (known as 
depowering) [17].  

A subsequent federal rule required automakers to 
phase in advanced airbags with features that would 
tailor deployment to crash severity and occupant cha-
racteristics such as seat belt status, occupant weight, 
seating position, and presence of rear-facing child seat 
[28]. In particular, the latest generation of airbags is 
designed to deploy at higher crash severities for belted 
front occupants than for unbelted occupants. For the 
remainder of this paper, the latest generation of air-
bags will be referred to as certified-advanced airbags. 
Starting in model year 2003, some vehicles were 
equipped with certified-advanced airbags. By model 
year 2007, all new passenger vehicles were required 
to have certified-advanced airbags.  

The primary objective of this study was to estimate 
the incidence of front airbag non-deployment in fron-
tal crashes in which drivers or right-front passengers 
died. Another objective was to assess the complete-
ness and accuracy of the information on airbag dep-
loyment in FARS, which is the leading source of data 
on fatal crashes in the United States.  

METHODS 

Data Sources 

Two national US databases, maintained by NHTSA, 
provided information on front airbag nondeployments 
in fatal frontal crashes. The first was FARS, a census 
of fatal crashes on US public roads in which a death 
occurred within 30 days of the crash; documented 

suicides are excluded [29]. FARS data come from 
police crash reports, and the completeness and relia-
bility of the data differ by variable, police agency, 
and individual officer. Although airbag deployment 
would appear to be readily verifiable by police offic-
ers at the crash scene, the accuracy of FARS coding 
of front airbag deployment has not been established.  

The second database was NASS/CDS, a national 
probability sample of US police-reported towaway 
crashes [30]. NASS/CDS collects data for 5,000 
crashes annually, including a subset of FARS fatal 
crashes. NASS/CDS crash investigators collect de-
tailed data including whether airbags deployed. Qual-
ity control centers provide oversight. Using both 
FARS and NASS/CDS, data on airbag deployments 
were obtained for drivers and right-front passengers 
fatally injured in crashes during 1998-2006 in airbag-
equipped vehicles (model years 1994-2006).  

Vehicle make, model, model year, and presence of 
front airbags were based on decoded vehicle identifi-
cation numbers (VINs) contained in the federal data-
bases. Vindicator software from the Highway Loss 
Data Institute (HLDI) was used for this purpose [31].  

Additional sources of data were used to ascertain 
whether crash-involved vehicles had first-generation, 
sled-certified, or a certified-advanced airbags [22]. 
These sources included NHTSA brochures [32], a 
NHTSA website [33], and the 1998-2000 National 
Automotive Sampling System/Crashworthiness Data 
System (NASS/CDS) manual [34].  

Variable Definitions  

Frontal collision – The study examined only front-
seat occupants involved in frontal collisions, the type 
of crash in which front airbags are designed to pro-
vide protection. Each database had a different method 
of coding crash type. In FARS, frontal crashes were 
defined as having a principal impact of 11, 12, or 1 
o’clock; if the principal impact was missing, then the 
initial impact clock position was used. In NASS/ 
CDS, frontal crashes were those in which the general 
area of vehicle damage was coded as front for the 
most severe Collision Deformation Classification 
(crush profile).  

Deployment – Nondeployment incidence in FARS 
and NASS/CDS was estimated after excluding occu-
pants who were coded as having front airbags that 
had been disabled or removed, or missing deploy-
ment information. In NASS/CDS, occupants were 
eligible for study only if a crash investigator had ex-
amined the vehicle.  
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Airbag generation – Airbag generations were de-
fined as first generation (model years 1994-97), sled-
certified (model years 1998-2005 and reported as 
sled-certified), or certified-advanced (model years 
2003-2006 and reported as certified-advanced).  

Data Analyses  

The primary outcome was front airbag nondeploy-
ment following involvement in frontal crashes as 
coded by FARS and NASS/CDS. Chi-square tests of 
proportions were used for some comparisons. Data 
analyses were conducted using SAS 9.1 and Micro-
soft Excel [35, 36].  

To compare coding of airbag deployment status di-
rectly between FARS and NASS/CDS, front occu-
pant fatalities contained in both databases were 
matched. Unique personal identifiers are not availa-
ble from public datasets so other variables were used 
for matching. To be considered a valid match, FARS 
fatalities had to match NASS/CDS on crash year, 
state in which the crash occurred, seat position, crash 
month and first 10 digits of the VIN. Cases also were 
required to match at least two of the following crite-
ria: day of week, gender, and age within one year. In 
a small number of matched cases, the FARS VIN 
either was missing or was erroneous but similar to the 
NASS/CDS VIN. Ultimately, 1,655 deaths of 1,700 
NASS/CDS deaths were identified in FARS (97% 
match rate).  

Weighted NASS/CDS data were used to generate 
national estimates, and unweighted NASS/CDS data 
were used for comparisons of coding. All FARS front 
occupant deaths during 1998-2006 for model years 
1994-2006 numbered 121,514, but NASS/CDS case 
weights for the same categories of front occupant 
deaths during that period totaled 85,869. Thus, 
NASS/CDS underrepresents the true number of US 
deaths (ratio of FARS to NASS/CDS deaths = 1.415). 
To estimate numbers of front occupant deaths by 
deployment category, case weights in NASS/CDS 
were multiplied by 1.415 to account for NASS/ 
CDS’s underrepresentation of deaths. 

Case reviews – During 1998-2006 for model years 
1994-2006, a total of 628 deaths among drivers and 
right-front passengers were coded as frontal in 
NASS/CDS. All of these cases were reviewed to veri-
fy deployment status. Engineers conducted compre-
hensive reviews of those deaths in which NASS/CDS 
coded nondeployment, disabled/removed airbag, or 
missing deployment status. A few deaths were reclas-
sified as belonging to a different category.  

RESULTS 

Incidence of Nondeploying Airbags  

No differences were observed in deployments be-
tween drivers and right-front passengers so they were 
combined for analyses (data not shown). After ex-
cluding deaths with missing airbag deployment data, 
FARS reported nondeployments in 18 percent of 
front occupant deaths in frontal crashes during 1998-
2006 (Table 1). NASS/CDS reported 9 percent non-
deployment (weighted). In NASS/CDS, first-genera-
tion airbags had significantly lower nondeployments 
compared with sled-certified airbags (weighted 7% 
vs. 11%; p < 0.001). Statistical tests could not be 
performed for certified-advanced airbags because 
only 28 NASS/CDS deaths had these airbags.  

Comparisons of Coding among Front Occupant 
Deaths Included in both FARS and NASS/CDS  

Among the 1,655 NASS/CDS front occupant deaths 
successfully matched to a FARS record, FARS clas-
sified 787 deaths as occurring in frontal crashes whe-
reas NASS/CDS classified 606 as frontal crashes 
(Table 2). Thirty-two percent of crashes deemed to be 
frontal by FARS were considered nonfrontal by 
NASS/CDS; differences were statistically significant 
(p < 0.001). 

For the 538 deaths that were considered as occurring 
in frontal crashes by both databases, FARS and 
NASS/CDS agreed on airbag deployment status in 
75% of the cases (Table 3). Deployment coding dif-
ferences in NASS/CDS versus FARS were statistical-
ly significant (p < 0.001). In this subset of matched 
cases, deployment status was coded as unknown in 
21% of deaths in FARS and 5% in NASS/CDS. Of 
the 42 deaths where FARS coded a nondeployment, 
NASS/CDS reported that 19 (45%) airbags actually 
had deployed.  

The accuracy of FARS deployment coding appeared 
to increase over time among the matched deaths 
based on agreement with NASS/CDS coding, al-
though the increase was not significant using the 
Breslow-Day test of homogeneity. Among nondep-
loyments coded by FARS, percentages that 
NASS/CDS coded as deployed were 67% during 
calendar years 1998-2000 versus 42% during 2004-
2006 (data not shown). 
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Table 1. 
Coding of front airbag performance in frontal1 crashes in which drivers or right-front passengers died 

by airbag generation,2 FARS and NASS/CDS, model years 1994-2006, calendar years 1998-2006 

Data source, 
Deployment status 

First 
generation 

 Sled- 
certified 

 Certified- 
advanced 

 All front 
airbags3 

No. %4  No. %4  No. %4  No. %4 

FARS (Deaths)            
Deployed 14,496 84  18,548 81  1,183 78  35,320 82 
Not deployed 2,858 16  4,465 19  336 22  7,849 18 
Unknown 6,823   6,792   444   14,467  
Switched off/disabled 47   60   0   108  
Other 81   107   9   202  

Total 24,305   29,972   1,972   57,946 
 

NASS/CDS (Unweighted)            
Deployed 211 95  294 90  25 96  548 93 
Not deployed 12 5  31 10  1 4  44 7 
Unknown 13   12   2   27  
Switched off/disabled 5   4   0   9  

Total 241   341   28   628 
 

NASS/CDS (Weighted)            
Deployed 10,149 93  15,547 89  813 96  27,414 91 
Not deployed 782 7  1,899 11  34 4  2,714 9 
Unknown 981   736   201   1,918  
Switched off/disabled 103   245   0   348  

Total 12,015   18,427   1,048   32,394  

1FARS: Frontal defined as 11, 12, 1 o’clock principal impact point (or initial impact point among 335 deaths where prin-
cipal was missing); NASS/CDS: Frontal defined as principal area of damage from collision deformation classification. 

2First-generation airbags: rigid barrier test (model years 1994-97); sled-certified airbags: sled test (model years 1998-05); 
certified advanced airbags: certified as advanced and compliant with federal standards for occupant crash protection 
(model years 2003-06). 

3Total also includes airbags that did not fall into airbag generation categories, such as those tested using rigid barriers after 
model year 1997. 

4Percentages exclude missing airbag deployment data and inactivated airbags. 
 
 
 

Table 2. 
Comparison of principal impact point codes among front occupant deaths included in both 

FARS and NASS/CDS, model years 1994-2006, calendar years 1998-2006 

 FARS Coding   
 Frontal  Not frontal  Total 
NASS/CDS Coding No. %  No.  %  No. % 

Frontal 5381 68      68     8  606 37 
Not frontal    249     32     800     92    1,049     63 
Total 787 100  868 100  1,655 100 

1χ2=651.54, 1 df; p < 0.001 
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Table 3. 
Comparison of front airbag deployment coding among front occupant deaths in 

NASS/CDS that were matched to FARS and coded as frontal crashes by both databases, 
model years 1994-2006, calendar years 1998-2006 

 FARS Coding   

 Deployed  
Not 

deployed  
Off/ 

disabled  Unknown  
Nonfrontal 
deployment  Total 

NASS/CDS Coding No. %  No.  %  No.  %  No.  %  No.  %  No.  % 

Deployed 3691 98  19 45  0 –  85 74  1 –  474 88 
Not deployed 5 1  13 31  1 –  11 10  1 –  31 6 
Off/disabled 0 0  6 14  1 –  1 1  0 –  8 1 
Unknown      3      1      4    10    0 –     18    16    0 –      25      5 
Total 377 100  42 100  2 –  115 100  2 –  538 100 

1χ2=221.36, 12 df; p < 0.001 
 

Case Reviews of NASS/CDS Front Occupant Deaths 
and National Estimates by Deployment Status  

After reviewing case photographs and other crash 
investigation records for all 628 NASS/CDS front-
occupant deaths coded as frontal during 1998-2006, 4 
errors in deployment codes were identified: 2 airbags 
coded as nondeployed were switched off; 1 airbag 
coded as switched off was not switched off but was 
an instance of nondeployment; 1 airbag with un-
known deployment status had been removed prior to 
the crash (Table 4). No deployment coding errors 
were observed among any front occupant deaths in 
which NASS/CDS indicated that front airbags had 
deployed. After accounting for the 4 coding errors, 
the weighted percentage of front occupant deaths 
involving an airbag nondeployment was 8 percent, 
and the weighted percentage with a switched 
off/removed airbag was 2 percent.  

Of the 43 verified nondeployments, 25 were in crash-
es in which deployment typically would not be ex-
pected and 11 were in crashes in which deployment 
would have been expected based on crash severity 
and other characteristics (Table 4). An additional 6 
deaths were classified as borderline, defined as 
crashes in which a deployment would not have been 
surprising, but was not necessarily expected. The 
category for 1 death could not be determined.  

Of the 11 deaths where deployments would have 
been expected, all but 3 likely would have benefitted 
if front airbags had deployed (Table 5). In the border-
line cases, benefits from airbag deployments were 
considered unlikely for 4 of the 6 deaths because of 
passenger compartment intrusion and other crash 
characteristics.  

After calculating case weights from NASS/CDS for 
deaths with nondeployed airbags by categories of 
nondeployment, the case weights were multiplied by 
1.415 to yield adjusted national estimates (Table 4). 
The resulting estimates were 449 deaths in which 
airbags would have been expected to deploy and 
another 464 deaths classified as borderline expected 
deployments during 1998-2006. This yielded 50-101 
annual deaths, on average, in which airbags did not 
deploy and were potential system failures during the 
9-year study period. 

Reasons for nondeployment among the 17 deaths 
where deployments would have been expected or 
were classified as borderline were unclear (Table 5). 
One vehicle had an airbag recall issue that likely was 
the reason for nondeployment, whereas several ve-
hicles had airbag recall issues that appeared unrelated 
to nondeployment. Repair histories could not be as-
certained for airbags that had been recalled.  

Several factors were responsible among the 25 ve-
hicles in which the airbag was not expected to dep-
loy. In 10 crashes, the most significant event was a 
rollover, and in many cases the occupant was ejected 
during the rollover. Five vehicles had frontal crashes, 
but these were complete underrides with large trucks 
in which the vehicle hood was not contacted. Four 
crashes were more consistent with side impacts, and 
in 3 of these crashes the driver was ejected through 
the side window. In 3 of the crashes, the fatality was 
caused by a foreign object striking the driver through 
the windshield. Finally, in 3 crashes, the vehicle had 
sufficiently low delta V values that an airbag would 
not be expected to deploy. In 2 of these crashes, the 
fatality was possibly due to a pre-existing medical 
condition.
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Table 4. 
Judgments regarding nondeployment, revised coding, and adjusted national estimates based on IIHS case 

reviews of front airbag performance in frontal crashes in which drivers or right-front passengers died, 
NASS/CDS, model years 1994-2006, calendar years 1998-2006 

 Original codes  

IIHS judgments and 
revised codes and 

case weights  
IIHS adjusted 

national estimates1 
Deployment status No. %2  No. %2  No. %2 

(Unweighted) 

Deaths 

        

Deployed 548 91  5483 91  − − 
Not deployed 44 7  43 7  − − 

Not expected to deploy – −  25 4  − − 
Expected to deploy − −  11 2  − − 
Borderline − −  6 1  − − 
Unknown − −  1 0  − − 

Unknown 27 −  26 −  − − 
Switched off/disabled       9       1      11       2  − − 
Total 628 100  628 100  − − 

(Weighted)         
Deployed 27,414 90  27,414 90  38,791 90 
Not deployed 2,714 9  2,543 8  3,598 8 

Not expected to deploy − −  1,890 6  2,674 6 
Expected to deploy − −  317    1  449  1 
Borderline − −  328    1  464  1 
Unknown − −  8    0  11   0 

Unknown 1,918 −  1,851 −  2,619 − 
Switched off/disabled       348       1        586       2        829       2 
Total 32,394 100  32,394 100  45,838 100 

1NASS/CDS case weights were multiplied by 1.415 to address underrepresentation of deaths in NASS/CDS (based on 
ratio of FARS to NASS/CDS front occupant deaths). 

2Percentages exclude missing data. 
3Included 5 deaths in which vehicles had caught fire post-crash and NASS/CDS investigators judged that deployment had 
occurred, but extensive damage made photographs difficult to interpret by IIHS reviewers. 

 

Among deaths with nondeployed airbags, there were 
13 with first-generation airbags, 31 with sled-
certified airbags, and 1 with certified-advanced air-
bags. Deaths with nondeployments in vehicles with 
sled-certified airbags were significantly less likely to 
be classified as expected to deploy or borderline 
compared with deaths in vehicles with first-
generation airbags (weighted, p < 0.001).  

DISCUSSION 

FARS data suggested that front airbags failed to dep-
loy in 18 percent of frontal crashes fatal to drivers 
and right-front passengers in cases where information 
on deployment was available. However, these were 
overestimates based on findings for fatal crashes in-

cluded in NASS/CDS, which reported 9 percent non-
deployment and 1 percent disabled/removed airbags 
among drivers and right-front passengers killed in 
crashes. Based on NASS/CDS case reviews, the per-
centage of nondeployments was revised downward to 
8%, and 1-2% of deaths represented potential system 
failures where deployment would have been ex-
pected. Some of these deaths could not have been 
prevented by deployed airbags. 

Review of all 628 NASS/CDS front occupant deaths 
in frontal crashes during 1998-2006 indicated a high 
level of accuracy in the NASS/CDS coding of airbag 
deployment; only 4 errors were detected in classify-
ing deployment status. The strongest evidence of 
FARS overstatement of nondeployments arose from 
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comparison of coding among fatal crashes included 
in both FARS and NASS/CDS, which indicated that 
half of the FARS deaths coded as nondeployments 
were misclassified. FARS deployment coding accu-
racy might be improving over time; among deaths 
included in both NASS/CDS and FARS, the agree-
ment of FARS and NASS deployment codes im-
proved between 1998-2000 and 2004-06. 

In a substantial number of front occupant deaths, 
FARS and NASS/CDS disagreed about whether the 
principal impact point was frontal, with NASS/CDS 
classifying fewer of them as frontal. Assuming that 
NASS/CDS codes principal impact point more accu-
rately, one reason for FARS overestimates of airbag 
nondeployment in crashes considered as frontal by 
FARS is misclassification of nonfrontal crashes as 
frontal by FARS. Because front airbags are not de-
signed to deploy in nonfrontal crashes, this likely 
resulted in inflated FARS percentages of non-
deploying airbags in frontal crashes. Case reviews of 
nondeployments showed that NASS/CDS misidenti-
fied some crashes as frontal, although this would be 
expected to occur less often than in FARS as vehicles 
are inspected by crash investigators. The authors 
were unable to review all 1,700 deaths in NASS/CDS 
to determine how often impact point was miscoded 
by NASS/CDS. National estimates of the numbers of 
deaths in frontal crashes in which airbags did not 
deploy could either be overstated or understated de-
pending on the true frequency of fatal frontal crashes 
and their deployment status.  

An additional problem with FARS was the high per-
centage of front occupants whose airbag deployment 
status was unknown. Missing data may result in inac-
curate estimates of nondeployment. One implication 
is that studies of airbag effectiveness using FARS 
should use airbag presence rather than airbag dep-
loyment because of missing and misclassified dep-
loyment data in FARS.  

The inaccuracies in FARS may stem partly from the 
lack of uniformity among state police crash report 
forms and coding practices. Some states have airbag 
deployment as a separate variable on the police crash 
report forms; others do not. At least three states 
(Florida, Maryland, and Indiana) have a category 
known as “Safety Equipment” in which police are 
supposed to code airbags only if they deployed.  

In NASS/CDS, nondeployments were significantly 
less common among first-generation airbags com-
pared with later airbag generations. Yet non-
deployments categorized as expected to deploy or 
borderline were significantly more common for first-

generation airbags relative to sled-certified airbags. 
These results suggest improved deployment algo-
rithms among sled-certified vehicles, but must be 
interpreted cautiously because of small numbers in 
NASS/CDS.  

Match rates for deaths included in both FARS and 
NASS/CDS were high (97%) and were based on mul-
tiple variables, lessening the likelihood of inaccurate 
identification of fatal crashes. A limitation of the 
study was small numbers of deaths among occupants 
with certified-advanced airbags. Another limitation 
stems from the inherent uncertainties of researchers 
making judgments about whether or not an airbag 
would be expected to deploy in some crashes and 
whether airbag deployments in individual crashes 
would have reduced injury severity. To address this 
challenge, three engineers reviewed the cases.  

Since the first reports of airbag-induced fatalities 
started appearing, regulators, automobile manufac-
turers, and airbag manufacturers have been engaged 
in an effort to prevent such fatalities and injuries 
while designing airbags that deploy appropriately 
when front occupants need their protection. Different 
manufacturers have reached different conclusions on 
the optimal algorithms for triggering airbags and how 
to protect out-of-position occupants from deploy-
ment-related injuries. Several of the crashes involved 
minor frontal impacts prior to the most severe frontal 
crash, and the effect of these impacts on the airbag 
system is unknown. Certified-advanced airbags, 
which can suppress deployment or vary the degree of 
airbag inflation, are intended to balance protection 
versus risk to front occupants.  

CONCLUSIONS 

Failures of front airbags to deploy in crashes in which 
drivers or right-front passengers died and in which the 
front airbags usually would be expected to deploy 
appear to be relatively uncommon and far less fre-
quent than suggested by FARS data. NHTSA should 
take steps to improve the accuracy of airbag deploy-
ment coding in FARS. Findings of this study were 
consistent with the internal NHTSA (2008) analysis. 
Nonetheless, the estimated number of front occupant 
deaths in which front airbags were expected to deploy 
is of concern. Examination of airbag system compo-
nents and further in-depth investigations of vehicles 
with nondeployments would be useful to help shed 
light on what is occurring and whether there are poss-
ible countermeasures. Continued monitoring of front 
airbag performance is warranted, particularly for the 
newest generation of advanced airbags that are de-
signed to optimize front airbag deployment. 
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Table 5. 
IIHS case reviews of 43 driver and right-front passenger frontal crash deaths with 

front airbags verified as not having deployed, NASS/CDS, model years 1994-06, calendar years 1998-06 
 

Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Expected to 
deploy 

Airbag recall 
issue 

Driver Sled-
certified 

 Yes - Passenger airbag deployed 2006-74-195B Dodge Truck - 
Caravan Van 

2000 

Expected to 
deploy 

Unknown Driver First  
generation 

 No - Passenger airbag deployed, 
although underride crash 

2000-78-19A Chevy/GEO - 
Lumina 4D 

1997 

Expected to 
deploy 

Unknown Driver Sled-
certified 

40 Yes  2001-12-116A GMC Truck - 
S15/Sonoma Pickup 

2000 

Expected to 
deploy 

Unknown RFPass Sled-
certified 

19 Yes - Apparently unrelated airbag 
recall issue 

2004-3-96B Honda - 
Civic 2D Coupe 

1998 

Expected to 
deploy 

Unknown Driver Sled-
certified 

 Yes  2004-43-323B Toyota - 
Tacoma PU X Cab 

1998 

Expected to 
deploy 

Unknown RFPass Certified-
advanced 

 Yes  2004-47-83A Chevy/GEO Truck - 
Slvrdo 1500 PU E C  

2003 

Expected to 
deploy 

Unknown Driver Sled-
certified 

29 Yes  2005-50-18B Chevy/GEO- 
Cavalier 2D 

1998 

Expected to 
deploy 

Unknown Driver Sled-
certified 

 Unlikely  2006-3-121B Honda - 
Accord 4D 

2003 

Expected to 
deploy 

Unknown Driver First  
generation 

 Yes - Apparently unrelated airbag 
recall issue 

- Passenger airbag deployed 

2006-43-149A Mazda - 
Protégé 4D 

1995 

Expected to 
deploy 

Unknown Driver Sled-
certified 

35 Yes  2006-78-47B Daewoo - 
Lanos 4D 

2000 

Expected to 
deploy 

Unknown Driver First  
generation 

42 No - Incorrectly coded in NASS 
as vehicle not having airbag 

2005-45-88B Chevy/GEO - 
10/1500 Pickup ½ T 

1996 

Borderline Unknown Driver First  
generation 

 Possibly - Oblique impacts 1998-45-165J Honda - 
Accord 4D 

1996 
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Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Borderline Unknown Driver Sled-
certified 

 No - Possible airbag recall issue 
- Driver side thorax airbag 

deployed 

2000-76-139A GMC Truck - 
Yukon 4D 

2000 

Borderline Unknown Driver Sled-
certified 

 No - Vehicle rolled over 2005-73-161B Chevy/GEO Truck - 
Astro EXT Van 

1999 

Borderline Unknown Driver First  
generation 

16 Yes  2006-43-198B GMC Truck - 
Suburban ½T 4D 

1996 

Borderline Unknown Driver First  
generation 

 Unlikely - Vehicle rolled over 2006-45-117B Chevy/GEO Truck - 
S10 Blazer 4D 

1996 

Borderline Unknown Driver Sled-
certified 

18 No - Injuries due to intrusion 
directly into greenhouse 

2006-50-83B Hyundai - 
Tiburon 2D 

2000 

Not expected 
to deploy 

Complete un-
derride 

Driver Sled-
certified 

 No  2000-43-243A Chrysler/Plymouth 
Truck - Voyager Van 

2000 

Not expected 
to deploy 

Complete un-
derride 

RFPass Sled-
certified 

 No  2000-45-160A Toyota - 
Camry 4D 

1998 

Not expected 
to deploy 

Complete un-
derride 

Driver First  
generation 

 No  2001-73-41B GMC Truck - 
Safari EXT Van 

1994 

Not expected 
to deploy 

Complete un-
derride 

Driver Sled-
certified 

 No  2002-47-39A Mazda - 
626 Sedan 

1999 

Not expected 
to deploy 

Complete un-
derride 

Driver First  
generation 

 No  2005-43-3B Chevy/GEO Truck - 
T10 Blazer 4D 

1997 

Not expected 
to deploy 

Foreign object Driver Sled-
certified 

 No - Driver killed by object 
striking windshield prior  
to crash 

2002-11-39J GMC Truck - 
T15 Jimmy 4D 

1999 

Not expected 
to deploy 

Foreign object Driver Sled-
certified 

 No - Snowmobile struck the 
vehicle in the greenhouse 

2003-11-18A Subaru - 
Forester 4D 

2001 

Not expected 
to deploy 

Foreign object Driver Sled-
certified 

 No - Fatality caused by fence  
post entering windshield  
and striking driver  

2005-75-56B Chevy/GEO - 
Cavalier 2D 

1998 
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Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Not expected 
to deploy 

Low delta-V  Driver First  
generation 

12 No - Reconstruction overesti-
mates delta-V  

1998-11-214B Buick - LeSabre/ 
Centurion/Wildcat 

1994 

Not expected 
to deploy 

Low delta-V  Driver First  
generation 

11 No - Reconstruction overesti-
mates delta-V 

1998-12-40A Chevy/GEO Truck - 
S10 Pickup 

1995 

Not expected 
to deploy 

Low delta-V Driver Sled-
certified 

8 Unknown  2002-81-42A Jeep - 
Grand Cherokee 4D 

2000 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

 Unlikely - Driver ejected during rol-
lover 

2000-75-22A Lexus - 
LX470 4D 

1999 

Not expected 
to deploy 

Rollover Driver First  
generation 

 No - Driver ejected during rol-
lover 

2001-75-152B Chevy/GEO Truck - 
S10 Pickup 

1997 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

7 No - Driver ejected during rol-
lover 

2002-45-157A Ford Truck -  
Expedition 4D 

2003 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

2 No  2002-72-122A GMC Truck- 
Envoy 4D 

2002 

Not expected 
to deploy 

Rollover RFPass Sled-
certified 

 No  2004-3-102A Chevy/GEO - 
Impala 4D 

2001 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

 No  2004-45-126A Ford Truck - 
Ranger Super PU 

2002 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

5 No - Driver ejected during rol-
lover 

2004-73-142B Ford Truck - 
Excursion 4D 

2000 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

11 Unlikely - Driver partially ejected 
during rollover 

2006-8-181B Chevy/GEO Truck - 
T10 Blazer 2D 

2001 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

7 No - Driver partially ejected 
during rollover 

2006-42-149A Kia - 
Sorento 4D 

2004 

Not expected 
to deploy 

Rollover RFPass Sled-
certified 

 No - Right front passenger 
ejected during rollover 

2006-47-61A Ford Truck - 
Ranger Pickup 

2004 

Not expected 
to deploy 

Side impact Driver First  
generation 

 Unlikely - Driver ejected through 
window 

1999-48-78B GMC Truck - 
Yukon 4D 

1995 
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Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Not expected 
to deploy 

Side impact Driver First  
generation 

 No - Catastrophic intrusion 2000-78-26B Chevy/GEO Truck - 
1500 PU EXT C 1/2T 

1996 

Not expected 
to deploy 

Side impact Driver Sled-
certified 

 Unlikely - Driver ejected and decapi-
tated during complicated 
crash 

2006-48-294B Toyota - 
Tacoma PU 

2000 

Not expected 
to deploy 

Side impact Driver Sled-
certified 

 No - Driver ejected through 
driver door window 

2006-50-12B Chevy/GEO Truck - 
S10 Blazer 4D 

2000 

Unknown  Driver Sled-
certified 

  - Not enough vehicle infor-
mation for determination 

2006-9-169A Chevy/GEO - 
Aveo 4D 

2004 

 

1Longitudinal delta-V calculated by NASS/CDS program. 
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ABSTRACT 

Modern safety systems are transforming vehicles from 
human-controlled passive devices into human-centric 
intelligent/ active systems. There is a wide range of 
systems from fully autonomous vehicles to human-
augmented control devices which have emerged in this 
field. In current trends, co-operative active systems 
have the driver in the decision and control processes are 
favored for their ‘human-centric’ approach. However, 
these systems pose a challenge in the design process 
since obtaining reliable human behavior models are 
difficult due to the complex nature of driving task in a 
dynamic traffic environment. From a control theory 
perspective, driving can be seen as a combination of 
continuous control segments combined with a discrete 
decision process. In this study, we will model driver 
behavior utilizing Hybrid Dynamic Systems (HDS) 
combining stochastic modeling tools (such as Hidden 
Markov Models) with control theoretic models. A 
subset of CAN-Bus and video channels from a 
demographically balanced UTDrive Corpus containing 
video (2 channels: driver and road scene), audio, and 
CAN-Bus signals of realistic driving sessions for 77 
drivers are used to verify HDS models of lateral and 
longitudinal control behaviour. The model is used to 
suggest ‘driver-aware’ active safety system capable of 
assisting the driver in several lateral control tasks; lane-
keeping, curve-negotiation and lane changing.  
 
INTRODUCTION 

Understanding, analyzing and modeling human driver 
behaviour in a realistic way is extremely important in 
enhancing the safety of the vehicles.  In a study 
supported by NHTSA, it was found that driver error 
was the major contributor in more than 90% of the 
crashes examined [1]. Cooperative driver assisting 
systems (DAS) or human-centric active vehicle safety 
(AVS) presents an opportunity to prevent/avoid some 
of these accidents. These promising technologies can 

be realized with an associated cost in research and 
implementation trials. The difficulty arises because of 
the co-operation requirement with human and the 
human driving behavior is a poorly understood 
subject. The dynamics of driving come from three 
sources: driver, vehicle and the environment. 
Although, several systems exist to improve the 
vehicle dynamics and handling, the driver behaviour 
and the role of the environment remained the 
overlooked components of the safety problem until 
now. The vehicle component was the first one to be 
examined and improved thanks to precise non-linear, 
continuous vehicle models and numerical 
simulations. The uncertain, non-stationary, highly 
dynamic, stochastic or discrete event-driven 
characteristics of driving comes mainly from human 
driver and traffic context imposing on the driver to 
react in a certain way. These characteristics of driving 
are more difficult to model, understand and control 
and they conceal the underlying cause of most of the 
accidents.  Therefore, future active safety systems 
need to take driver behaviour and traffic context into 
account for efficient accident avoidance/ prevention. 
In other words, AVS or DAS should be ‘driver-
aware’ and ‘context-aware’. The context awareness 
can be achieved by monitoring and analyzing the 
micro-traffic environment around the host-vehicle. 
The sub-systems of such a system may include a 
computer vision system for lane mark, vehicle and 
pedestrian detection and tracking together with road 
sign recognition. In recent years, such systems are 
designed and reported with great prospects of being 
beneficial [2, 3]. For an example in context-aware 
systems, one can refer to [4].  In this paper, the focus 
is driver-awareness to be able to design human-
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centric AVS and adaptive DAS with particular 
interest in lateral control.  

The paper is organized in the following way. 
First, a critical survey of driver behaviour modeling 
approaches is given identifying the need for a hybrid 
realistic model specifically designed for the use of 
DAS or AVS development. In this section, also the 
driver models are categorized to give more insight 
into the problem of which model is more appropriate 
for what type of applications. Next the main frame of 
the proposed driver model is presented together with 
the theoretical methods and implications from human 
factors engineering studies. It is extremely important 
that the model delivers both a theoretical framework 
which is mathematically tractable and an explanation 
of physical and cognitive processes involved in 
control strategy of human driver. The proposed 
model is divided into lateral and longitudinal parts; 
however, these two models are coupled and the full 
model is given next. After construction of the 
theoretical framework supported with experimental 
observations from previous studies the model is 
validated using driving data which is collected in real 
traffic environment. Finally, the advantages and 
limitations of the proposed model are presented in the 
conclusion section.  

Critical Survey of Driver Modeling Approaches 
 

Driver models are needed for different purposes 
from assessing vehicle dynamics to monitoring driver 
status or just simply to better understand the underlying 
dynamics in driver behaviour. In addition to several 
types of need for driver models, each related research 
field emphasizes a different aspect of the driver (i.e. 
cognition, perception, processing reaction, control). 
Driver modeling approaches can be roughly divided 
into following groups: human factors, control theoretic, 
stochastic/ non-linear and hybrid models. A schematic 
of driver modeling approaches is given in Fig.1.  

It is noticeable that especially lateral control has 
been modeled by control theoretic approach due to its 
continuous characteristics. An example of this type of 
driver model can be found in [5] employing control 
theoretic approaches for lateral control behaviour.  This 
model includes driver’s delays, feedback in form of 
lateral position error, and neuro-muscular response 

taken from an earlier work on flight-pilot modeling 
studies [6].   

 

 
Figure1. A schematic grouping of driver modeling 
approaches 
 
Other noticeable and widely known control theoretic 
models for lateral control can be listed as McRuer’s 
model [7] containing anticipatory, compensatory and 
precognitive control for better representation, and 
MacAdam’s optimal preview control model [8]. The 
common property of these models is that all of them 
agree with cross-over model [9] which can explain 
single loop manual tasks performed by humans. The 
advantage of control theoretic models is that they 
give a physical/causal relationship between the input 
and output variables. In this aspect, the control 
theoretic models may give insight into driver 
behaviour. Although some of them ignore the non-
linearity, they provide a sound mathematical 
framework in analyzing driver behaviour in control 
level. However useful they may be, it should be noted 
though that most of the control theoretic models are 
designed to be used in improving vehicle dynamics 
and handling quality, but not for explaining driver 
behaviour or design of co-operative systems. These 
driver models have low fidelity in reproducing driver 
control commands that have similar characteristics to 
a real driver in time-domain. The main reason of this 
infidelity is that these models are designed for 
tracking the center of the lane or road-median almost 
perfectly, whereas a real driver would deviate from 
the median more as demonstrated by [10]. The 
human driver allows the lateral position error to build 
up until it reaches a threshold that driver perceives it 
as a deviation and makes correction. This is known as 
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complacency, and it is also related to the fact that 
most of the sensory input that driver uses is not 
instant measurement of the lateral position but visual 
cues and vestibular feedback. In order to perceive and 
process this feedback takes time and it is not instantly 
used by the driver but delayed. A similar behaviour is 
observed also in longitudinal control while car-
following and was taken into account in 
Lubashewsky’s rational driver model [11].  Since the 
existing control theoretic models cannot account for 
complacency, [10] used driver simulator data to 
identify lateral control model of the driver using 
system identification tools and ARX models. In [12] 
driver steering model was identified with particular 
interest in structured and unstructured model 
uncertainty. Their work is important as they imply 
that the structured uncertainty can be used to monitor 
driver and use adaptive control framework to address 
the risk from driver performance deterioration 
whereas the unstructured certainty coming from 
unmodelled nonlinearity can be addressed by robust 
control. The non-stationary, uncertain and non-linear 
nature of driver behaviour was understood by other 
researchers too. In [13] cascaded Neural Networks 
(NN) are used with some flexibility employing 
Extended Kalman Filters (EKF) for update and 
variable activation in newly added neuron layers. 
HMM is used to measure the stochastic similarity 
[14] between the model output and real driver data. 
This measure is reported to be better than mean 
square error since the nature of driving is stochastic 
and we should be looking for main trends in the data 
not the exact match in numerical sense. In fact, 
Markov Chains were used to sequence a bank of 
Kalman Filters for predicting driver actions using 
preparatory input actions [15]. Hidden Markov 
Models (HMM) were used to learn human action and 
transfer human skills for tele-robotics applications 
[16]. HMMs has later proved to be a very convenient 
tool in modeling driving control inputs or observed 
vehicle dynamics and it is widely used to model 
driver behaviour in several frameworks. In [17] 
HMM framework is used to recognize different 
driver maneuvers and [18] used a similar framework 
for a top to bottom approach in search for 
‘drivermes’, the meaningful smallest unit of driving 
signals. In our previous studies, HMMs were used to 
recognize maneuvers and detect the driver distraction 
or driver faults using a hierarchical approach [19, 20]. 
Although HMMs are very powerful and can 
reproduce the driver behaviour with high stochastic 

fidelity, we lack the capability of explaining the 
physical/causal meaning of the resulting models.  
  In addition to mathematical approaches a 
large group of driver models are derived in human 
factor engineering. These models consider cognitive, 
perceptual, and neuro-muscular limitations of human. 
These models provide very important insight into 
driver behaviour especially explaining some of the 
uncertainty, delay and non-linear characteristics. In 
addition to this, the control theoretic and stochastic 
models tend to use measured (i.e. observable) data 
and they often stay in the control level modeling. The 
tactical and strategic levels in Michon’s hierarchical 
model [21] cannot be modeled with control theoretic 
or stochastic approaches. [22] proposed ACT-R 
cognitive model of the driver modeling the 
information processing and inherent delays of the 
human cognitive system. As it can be seen, the 
models derived from human factor engineering are 
very useful; however, they do not represent a full 
driver model. Therefore, combined model structures 
including control aspects, stochastic processes and 
cognitive capabilities are proposed. These models can 
be described as ‘hybrid’ models.  This approach is 
relatively new and very promising for obtaining 
comprehensive models. For example, [23] described 
human perception process by a discrete event 
technique the execution part is modeled by general 
predictive controllers and the velocity control is 
represented by a finite state machine to reveal its 
discontinuous control dynamics. In [24], researchers 
used a controller switching model for modeling 
collision avoidance maneuver employing piecewise 
polynomials. Furthermore [25] used similar approach 
for modeling vehicle following task dividing the car 
following control into four different modes. Another 
model using switching control is used by [26] 
employing simple control laws and defining the 
switching rule by a knowledge base.  
 
In this paper, a hybrid driver model combining 
stochastic, control theoretic and human factor 
approaches is proposed. The main aim is to obtain a 
comprehensive driver model including all available 
knowledge and state-of-art methods in driver 
modeling for development of human-centric active 
safety.  
Proposed Driver Model  
The proposed driver model includes a stochastic 
longitudinal velocity control model coupled with a 
realistic control theoretic lateral model based on [5]. 
Although the lateral model is based on a limited 
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control theoretic model the complacency phenomena 
is represented by delaying the position feedback to 
represent the human limitation. The vehicle model 
used in Hess model is updated by the velocity 
supplied by longitudinal model therefore coupling the 
control strategies. This approach is more realistic 
than assuming the vehicle longitudinal velocity 
constant in the lateral model. The main aim of the 
model is to obtain a driver-adaptable (tunable) and 
realistic lateral control model coupled with 
longitudinal dynamics to use in DAS and AVS 
development. In next sections longitudinal, lateral 
control strategies are given and finally the full driver 
model is explained. 
 
Longitudinal Control Strategy 
 

Longitudinal control strategy of driver is inherently 
discontinuous since the control is achieved by 
changing between gas and brake at discrete times. In 
addition to this, the underlying control rule cannot be 
easily revealed without including the micro-traffic 
context (i.e. car following, congestion or free 
driving). For this reason a stochastic modeling 
approach such as HMM can help us learn the velocity 
control of driver from observations. 

HMM is a naturally suitable tool to model driver 
behavior for the following reasons: 
�  HMMs can model the stochastic nature of the 

driving behavior, providing sufficient statistical 
smoothing while offering effective temporal 
modeling, 

� The variations in the driving signals across the 
drivers can be modeled (driver identification) or 
suppressed (driver-independent route models) 
according to the requirements of the desired task.  
HMMs can be characterised by: 

(1) A set of distinct states S={Si} with qt denoting a 
state at time t, with number N 
(2) The initial state distribution П={ Пi} 
(3) The state transition probability distribution 
A={aij} 
(4) Each state can produce one of M distinct 
observation symbols from the set V={Vi} 
(5)The observation probability distribution function 

in state j, Bj 
Therefore, HMMs can be written in the form of a 
vector λ={N,M,A,B, Π}. For further information, 
readers should refer to [27].  
In modelling velocity control behaviour of human 
driver by HMM we used a topology seen in Figure 2. 
This model represents three states in velocity control: 

constant, increasing and decreasing. The transitions 
between any of the two the states out of three are 
possible and a dynamic variable indicated as d can be 
retrieved as the model stays at one state in certain 
time. These waiting times can account for certain 
control strategy in speed control adopted and the state 
transition probabilities give insight into how several 
control strategies are switched to obtain a plausible 
speed control. The emission output of each state is 
represented by a continuous function to model the 
speed profile with parameters of a line.  
 

 
Figure 2. HMM topology for velocity control 
 
Lateral Control Strategy 
 
The lateral control strategy of driver is modeled using 
a modified control theoretic model based on Hess’s 
work [5]. Two improvements to this model are: 
 

(1) introduction of a dead zone which filters out 
the lateral position errors below a certain 
threshold band accounting for complacency 
of drivers 

(2) replacement of the constant velocity LTI 
model of lateral vehicle dynamics model 
with LTV model updating the speed and 
recalculating the model with the inputs from 
longitudinal velocity model. 

 
The modified lateral driver model and complacency 
term is shown in Figure 3.  Some of the constants 
seen in the block diagram of lateral driver model are 
taken from [5], however, the tuning parameters of ωc 
(cross over frequency) and time constants T1, T2 and 
T3 are explored in a range to better fit the model to 
real driver steering signals. In addition to this, the 
complacency term dead-zone band changes from one 
driver to another. Some drivers are more sensitive 
and correct the errors more often while others let the 
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lateral position error to accumulate. This band can be 
related to experience and one’s confidence in their 
driving skills.  

 

 
Figure 3. Driver model for lateral control 
 
The vehicle model used is known as ‘bicycle model’ 
[28] for calculating the lateral dynamics of the 
vehicle and linearized at a constant longitudinal 
velocity. In order to obtain more realistic behaviour 
from this model, it is updated by changing 
longitudinal velocity at discrete time steps. Therefore 
the resulting vehicle model is a hybrid system 
containing a set of linear-continuous time, time-
invariant models of vehicle switched by a discrete 
update driven by longitudinal speed changes. As a 
consequence the resultant model is non-linear and 
closer to realistic vehicle response. The model inputs 
are steering wheel angle, longitudinal vehicle 
velocity and outputs are lateral acceleration and side 
slip angle. The lateral acceleration output of this 
model is used to calculate the lateral speed and 
finally lateral position of the vehicle employing 
numerical integration by trapezoids. The variables of 
model are given in Table 1.  
 
 
 
 

 
 
Table1. Variables of vehicle model 

Symbol Meaning 

cf or cr cornering stiffness coefficients for front and back tire 

J Yaw moment of inertia about z-axis passing at CG 

m Mass of the vehicle 

r Yaw rate of  vehicle at CG 

U Vehicle speed at CG 

yc Lateral offset or deviation at CG 

τ Wheel steering angle of the front tyre 

αf or αr Slip angle of front or rear tyre 

β Vehicle side slip angle at CG 

ρref Reference road curvature 

ψ Yaw/ heading angle 

ψd Desired yaw angle 

ω Angular frequency of  the vehicle 

The equations of motion using the variables given in 
Table 1 are presented in equations (1-2).  
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Combined Full Driver Model 
 
As mentioned before, the lateral and longitudinal 
models are coupled via the update of vehicle model 
using the velocity outputs of HMM model for driver 
velocity control. HMM model uses 1-2 sec history of 
velocity from CAN-Bus to predict the future 
sequence. Therefore the vehicle model in lateral 
driver model is updated before the driver input to this 
model reaches for new calculation of lateral position. 
The longitudinal and lateral control strategies are 
closely related in a two-way relationship: 
 

(1) In higher speeds, the driver is expected to 
correct the steering wheel with smaller 
magnitudes.  

(2) In sharp turns, the driver might prefer to 
reduce the longitudinal speed and during the 
lane change towards a faster lane the speed 
should be increased to avoid interference 
with the upcoming traffic.  

The combined model has non-linear and stochastic 
properties together and accounts for the complacency 
of human driver. The next session reports on model 
verification using real CAN-Bus data.  
 
Selected Model Verification Results 
 
In model verification, CAN-Bus data is used to assess 
the model in its fidelity to reproduce steering wheel 
angle and vehicle speed commands. The model was 
able to reproduce the expected signals with some 
drawbacks and advantages: 
 

(1) The steering wheel angle contained a high 
frequency term  

(2) The identification ok K and T parameters in 
lateral control require several iterations. 
However, once it is set, these parameters 
can represent driver characteristics or status.  

The model is capable of reproducing steering wheel 
angle commands in lane keeping, curve negotiation 
and lane change profiles. The application of 
complacency zone in the model was found very 
useful since it gives the safety margin of the driver in 
the lateral control task and it is a driver-specific 
characteristic. In addition to this internal delay due to 
processing and the gain of feedback from 
proprioreceptive system are explored. It was 
observed that increasing the internal delay from 0.15 
(nominal) to 1-15 sec interval representing driver 
distraction caused the error building in lateral 

position and the vehicle drifted. It was also observed 
that increasing the gain from proprioreceptive 
feedback reduces the errors in lateral position 
tracking. This is also observed during the 
experiments; the novice drivers relying on only visual 
feedback have larger errors while the expert drivers 
depend on the feedback from neuro-muscular system 
(i.e. thus their gain is higher in that component) and 
have less lateral positioning errors. The effect of 
vestibular/proprioreceptive feedback gain is 
represented from validation experiments performed 
in Simulink (Figure 4 and 5).  
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Figure 4. Drift in lane keeping task (max 2 m) 
with internal delay of 1 sec and proprioreceptive 
gain of 2. 
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Figure 5. Drift in lane keeping task with an 
internal delay of 1 sec and proprioreceptive gain 
of 20.  
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CONCLUSIONS 
 
In this paper, a hybrid model using a stochastic model 
for velocity control and a continuous control theoretic 
model for lateral control are combined. The lateral 
model is modified in order to represent driver 
complacency. In addition to that internal processing 
time is represented by a delay term which can 
account for distraction since it blocks the processing 
sources of the driver. Finally the importance of 
vestibular feedback is shown by observing the drift in 
using the feedback from this system less (Fig..4) or 
more (Fig.5). This type of change can represent the 
difference between novice and expert driver, since 
the expert driver would trust more on muscle 
system/learned skills than visual input.  
In summary, the proposed driver model can account 
for human deficiencies or bottlenecks in information 
processing, complacency. Also, the model can 
explain the effects of the distraction in a tracking task 
(i.e. lane keeping) and the experience level (i.e. 
changing gains in different feedback channels). For 
these reasons, the model is very convenient to be 
used in developing human-centric lane assistance/ 
control systems.  
In our future work, the proposed model will be 
improved and several driver behaviour, performance 
and characteristics will be linked and added using 
Hybrid Dynamic Systems and stochastic modeling 
tools.  
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ABSTRACT 

In 2006, the Transport Policy Council’s Report in 
Japan stated that it is necessary to discuss 
compatibility improvement considering the traffic 
accident environment in Japan. In response to this 
report, the MLIT has launched the Compatibility 
Working Group in Japan. This paper summarizes the 
activities of the WG toward the compatibility 
improvement. 

In the WG, accident analyses and crash tests were 
performed to identify the safety problem. From 
global accident data, it is shown that as the front rail 
of the opposite (or collision partner) car was higher, 
the injury risk to the occupant tended to be higher. 
Full frontal car-to-car crash tests were conducted to 
investigate height matching and mismatching 
conditions of front rails. It was suggested that 
matching the front rail heights between two cars 
provides an overall safety benefit for occupant 
protection, though the leg injuries may became 
worse. From the accident analysis and crash tests, it 
was recognized in the WG that the matching of the 
front rail heights could be the first issue to be 
investigated for compatibility improvement.  

To evaluate the height of front rails,  geometrical 
measurements and analysis of crash test data can be 
considered. The footprint of the front rails can be 
observed in the measured barrier force distribution of 

a full-width rigid barrier test. Accordingly, to 
evaluate the front rail heights, measurement and 
evaluation of the barrier force distribution using 
high-resolution load cells in a full-width rigid barrier 
test was investigated. Several methods were 
developed and proposed for evaluating the front rail 
heights based on the barrier force distributions.  

INTRODUCTION 

Transport Policy Council’s Report in Japan (June 
2006) [1] states in the section of “Enhancement of 
Passive Safety Measures” that “As another passive 
safety measure, it will be necessary to formulate a 
compatibility regulation relating to occupant 
protection in an accident between vehicles of 
different sizes in keeping with available research 
results and the drafting of a similar international 
regulation.” In response to this report, the Ministry of 
Land, Infrastructure, Transport and Tourism (MLIT) 
has launched the Compatibility Working Group 
(WG) in Japan to investigate measures of 
compatibility. 

In vehicle compatibility, it is recognized that good 
structural interaction is a prerequisite to ensure the 
efficient energy absorption of frontal structures and 
the integrity of the passenger compartment. For good 
structural interaction, matching the heights of front 
rails above the ground is one of the important factors. 
In compatibility, the aggressiveness of the sports 
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utility vehicle (SUV) is one of significant issues to be 
addressed. In 2003, the Front-to-Front Compatibility 
Technical Working Group (TWG) of the US 
Alliance announced Phase I requirements for 
improving geometrical compatibility [2]. In the 
Phase I, it was required that either (1) the primary 
energy absorbing structure (PEAS) shall overlap the 
FMVSS Part 581 bumper zone (Option 1) or (2) a 
secondary energy-absorbing structure (SEAS) shall 
be installed, whose lower edge shall be no higher 
than the bottom of the Part 518 bumper zone (Option 
2).  

The MLIT has conducted accident analyses and 
crash tests. The Japan Compatibility WG examined 
the results of these analyses. The WG focused on the 
front rail height matching in car-to-car collisions. In 
order to evaluate the front rail height, candidate test 
procedures based on measurement and evaluation of 
the barrier force distribution in a full-width rigid 
barrier (FWRB) crash test were proposed in the WG.  

ACCIDENT ANALYSIS 

The relationship between front rail heights and injury 
risks to drivers were examined using global and 
in-depth accident data in Japan. 

Global Accident Data Analysis 

National accident data (police data) in Japan was 
used to investigate the compatibility situation. 
Vehicle-to-vehicle collisions, where both vehicle 
drivers were belted, were selected for the analysis. 
Table 1 presents the number of injured drivers in 
head-on collisions. The number of belted drivers in 
cars involved in car-to-vehicle head-on collisions in 
the time span from 2001 to 2007 was 119,692, and 
the probability of fatal and serious injuries was 7.3%. 
The number of car-to-car collisions during this time 
was 91,766. In order to examine late model cars, 
models tested by the Japan New Car Assessment 
Program (JNCAP) as of 2002 were selected as the 
subject cars (N=3,856). Furthermore, among these 
collisions involving the car models tested by JNCAP, 
the other collision partner cars were limited to those 
registered as of 2000, which led to the population of 
1,308 collisions. This research focused on these 
1,308 collisions.  

Figure 1 shows the probability of fatal and serious 
injuries to belted drivers by the curb mass of the 
subject car. The probability of injury in the subject 
car decreases and that in the collision partner car 
increases with increasing subject car mass. The 
probability of fatal and serious injury of the drivers 
in the subject and the collision partner cars are 
comparable when the subject car mass in the range of 
1,100 to 1,300 kg.  

Table 1. Number and probability of injuries of 
drivers in cars in head-on collisions (both drivers 
were belted in collisions) 

Subject car 
Number of drivers Prob. of 

fatal and 
serious 

injury (%) Fatal Serious Minor 
No 

injury 
Total 

Car-to-vehicle collision 1,056 7,667 62,640 48,329 119,692 7.3 

C
ar

-t
o-

ca
r 

co
lli

si
on

 Car 309 4,990 48,169 38,298 91,766 5.8 

JNCAP car  
Subject 3 187 2,263 1,403 3,856 4.9 

Other 17 202 1,966 1,671 3,856 5.7 

JNCAP car vs. 
car (registered 
2000 or later) 

Subject 1 69 753 485 1,308 5.4 

Other 3 62 729 514 1,308 5.0 

Total 4 131 1,482 999 2,616 5.2 

 
 

 
Figure 1. Car curb mass and probability of 
injuries to belted driver 
 
 
The number of driver injuries is presented in Table 2 
as a function of the front rail ground height of the 
subject car. The front rail height is defined as the 
average of ground heights between the upper and 
lower edges of the front rail front-end. The number 
of cars with a front rail height ranging from 425 to 
475 mm is 1,174, which account for 44.9% in the 
vehicle fleet. The number of cars with their front rail 
height ranging from 400 mm or less and from 500 
mm or more is 195 and 277, respectively. Front rail 
heights of many cars in the Japanese car fleet are 
included in the FMVSS Part 581 bumper zone (i.e., 
406 to 508 mm).  
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Figure 2 shows the probability of injuries to drivers 
by the front rail height of the subject car. Within the 
range from 400 to 500 mm of front rail height, the 
probability of injuries in the subject car tends to 
decrease with a higher front rail, whereas in the 
collision partner car the probability tends to increase. 
However, this tendency is not observed in the ranges 
where the front rail height is less than 400 mm or 
when it is greater than 500 mm. One reason may be 
the number of subject cars is small in these ranges 
(see Table 2).  

 
Table 2. Front rail height of subject car and the 
number of belted driver injuries 

Front rail 
height (mm) 

Subject car  Other car 

Fatal Serious Minor 
No 

injury 
Total 

 

Fatal Serious Minor 
No 

injury 
Total 

      – 400  10 117 68 195  10 103 82 195 

400 – 425 1 24 196 128 349  9 207 133 349 

425 – 450  3 31 291 212 537 2 23 320 192 537 

450 – 475  29 361 247 637 2 37 358 240 637 

475 – 500  31 361 229 621  38 346 237 621 

500 – 525  6 132 95 233  13 124 96 233 

525 –    24 20 44  1 24 19 44 

Total   1482 999 2616 4 131 1482 999 2616 

 

 
Figure 2. Front rail height of subject car and the 
probability of belted driver injuries 

 
The injury risks to belted drivers were examined by 

the relative height (ΔH) of the front rail of the subject 
car with respect to the collision partner car. When 

ΔH is positive, the front rail of the subject car is 
higher than that of the collision partner car; and 

conversely, when ΔH is negative, the front rail is 
lower than that of the collision partner.  

The number of involved drivers and the probability 
of fatal and serious injury by relative front rail height 

ΔH are shown in Figure 3. There is an observable 
trend that the probability of fatal and serious injury 

was lower as the relative front rail height ΔH was 
lower. The probability of serious injury to belted 

drivers was 7.7% for cars with ΔH of 70 mm or less. 
In contrast, it was 4.3% for cars with a ΔH of 70 mm 
or more. 

Figure 4 and Figure 5 show the probability of fatal 
and serious injuries of belted drivers by subject car 

mass and the relative front rail height ΔH. The 
collisions were classified into groups in which ΔH 
ranged from -40 to 40 mm (see Figure 4) and from 
-25 to 25 mm (see Figure 5). The probability of 
driver injury of the subject car and the other car is 
slightly smaller for collisions in which the relative 

front rail height ΔH was in the range from -40 to 40 
mm. However, this trend was opposite, where the 
injury risk to drivers was higher for the group where 

the relative front rail height ΔH ranged from -25 to 
25 mm.  

 

Figure 3. The probability of belted driver injuries 
by subject car relative front rail height 

 

 
Figure 4. The probability of belted driver injuries 
by subject car mass and relative front rail height 
(ΔH) of -40 to 40 mm 
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Figure 5. The probability of belted driver injuries 
by subject car mass and relative front rail height 
ΔH of -25 to 25 mm 

 
Table 3 presents the probability of fatal and serious 
injuries to belted drivers classified by subject car 

types versus the ΔH divided into three ranges—less 
than 40 mm, -40 to 40 mm, and greater than 40 mm. 

When the relative front rail height ΔH is in the range 
from -40 to 40 mm, the injury risks to driver tend to 
be smaller than for the other two groups.  

In accident data, many factors can affect injuries to 
drivers. The front rail height is one of design factors, 
which can be associated with vehicle mass, stiffness, 
and vehicle type. More research on accidents is 
needed to identify the effectiveness of front rail 
height matching. The influences of vehicle mass and 
stiffness also will be investigated in the WG to make 
clear the problem of compatibility. 

 
Table 3. Probability of fatal and serious injuries 
to belted drivers in subject cars by relative front 
rail height differences 

Front rail height of 
subject car from 

other car 

Prob. injury of driver in subject car 

Minicar Small car MPV 

ΔH ≤ −40 mm 7.5% 6.5% 5.9% 

−40 mm < ΔH < 40 mm 6.3% 4.4% 3.2% 

ΔH ≥ 40 mm 9.1% 3.9% 3.9% 

 
 
In-Depth Accident Data Analysis 

From in-depth accident database of Institute for 
Traffic Accident Research and Data Analysis 
(ITARDA) from 1994 to 2008, 34 head-on collisions 
between cars were extracted. The involved vehicles 
consisted of 62 cars, 5 Multi Purpose Vehicles 
(MPVs) or SUVs, and one 1-BOX type vehicles. In 

the data, the cross-section height, upper edge and 
lower edge ground heights of front rails were 
distributed 60–170 mm, 378–600 mm, and 256–500 
mm, respectively.  

Figure 6 shows the relation between 
override/underride occurrence and the relative front 
rail height. The override/underride occurrences were 
identified from photographs of cars in accidents by 
comparing the crush depth of the upper and the lower 
structures. Although the override or underride 
tendency is not clearly defined, it may occur when 
the front rail height difference is 100 mm or more.  

The intrusion into the passenger compartment is 

shown in Figure 7 by the front rail relative height ΔH 
and the barrier equivalent velocity (BEV). The 
compartment intrusion started to initiate at a BEV of 
25 km/h, and tended to increase with increasing BEV. 
The compartment intrusion tended to be small as the 
front rail difference was close to zero. There were 

cars with intrusions of 450 mm (ΔH=-140 mm) and 
500 mm (ΔH=121 mm) at a BEV of60 km/h, and 
where the intrusion was related to the survival space 
in these accidents.  

The injury severities of belted drivers are also shown 
by the Maximum Abbreviated Injury Scale (MAIS) 
in Figure 8. The MAIS tended to be large as the front 
rail height difference was large. However, the MAIS 
also tended to be large as the front rail height 
difference was small. When the front rail heights of 
two collided cars matched each other, the car 
acceleration can be higher than where there is no 
matching. The acceleration-related injuries such as 
the restraint system injury might be one of the causes 
for this tendency.  
 

 

Figure 6. Override/underride based on in-depth 
accident data 
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Figure 7. Relation between passenger 
compartment intrusion, relative front rail height, 
and barrier equivalent velocity 
 

 
Figure 8. Injury severity of belted driver by front 
rail ground height and barrier equivalent velocity 
 

 

 

CRASH TESTS 

Full frontal car-to-car crash tests were conducted for 
a minicar and a large car, for which the heights of 
their front rails were different, and for which the ride 
heights of both cars were adjusted so that the front 
rail heights were aligned. The car accelerations and 
dummy responses were examined, and also 
compared to those in the FWRB test at 55 km/h 
conducted by JNCAP.  

Test Method 

A minicar and a large car were impacted center 
line-to-center line with 100% overlap of the minicar 
(Figure 9). The velocity of each car at the time of 
impact was 50 km/. Figure 2 shows the geometry of 
the front rails of both cars. In Test 1, the front rail of 
the large car was higher than that of the minicar by 
130 mm, as measured at the location of the center of 
the cross sections across the front rails. Due to the 
height difference, the front rails of both cars would 
not contact (or interact with) each other. In Test 2, 
the ride height of the minicar was raised and that of 
the large car was lowered so that the geometric 
centers of the front rails of both cars were aligned. In 
the lateral direction, the front rails of both cars 
overlapped each other. In each car, a Hybrid III 
AM50 dummy was seated in both the driver seat 
(right) and front passenger seat (left) and was 
restrained with a seat belt. The test weights of the 
minicar and the large car were 1024 kg (curb mass 
820 kg) and 1695 kg (curb mass 1510 kg), 
respectively; and the ratio of the large car-to-minicar 
test mass was 1.6. 
 

 

Figure 9. Crash configuration 
 
 

 

Figure 10. Structure geometry in Test 1 and 
Test 2 
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Test Results 

Car Behavior 
The car behavior during impact in Tests 1 and 2 is 
presented in Figure 11. In both tests, the minicar was 
pushed rearward by the large car. In Test 1, it was 
observed that the large car overrode the minicar. 
During the first 20 to 60 ms of the crash sequence, 
the crash interface moved upward and both cars slid 
relative to each other. At about 50 ms, the front 
wheels of the large car separated from the ground 
and overrode the front wheels of the minicar. Beyond 
60 ms of the crash sequence, pitching of the minicar 
occurred with the rear wheel losing contact with the 
ground. In Test 2, the structures of both cars 
interacted and the crash interface did not move in a 
vertical direction. Pitching of the minicar occurred, 
whereas the attitude of the large car did not change 
appreciably. 
 

 
(a) Test 1 

 
(b) Test 2 

Figure 11. Car behavior in car-to-car full frontal 
tests 

Car Deformation 
Figure 12 and Figure 13 present deformation patterns 
of the minicar and large car after the tests. The 
measured deformations at selected locations are 
shown in Figure 14. In Test 1, the deformations of 
front rails of the minicar car were small due to their 
height mismatch against the large car. For the 
minicar, the deformation of the right and left front 
rails was 180 and 153 mm, respectively. The 
deformation of the upper structures of the minicar 
was large, and the engine rotated rearward. 
Additionally, inside the passenger compartment, the 

intrusion of the instrument panel was 39 mm on the 
right side and 44 mm on the left side, and the steering 
column moved rearward by 35 mm and upward by 
63 mm. As shown in Figure 5, the steering column 
rotated upward; and, due to dummy contact, the 
steering wheel bent and fractured.  

In Test 2, the front structures of the minicar 
deformed uniformly. The car deformation mode was 
comparable with that in the FRWB test in JNCAP. 
The deformation of the right and left front rail was 
302 and 261 mm, respectively, which was large 
compared to Test 1. The intrusion of the upper part of 
the passenger compartment was small. The rearward 
and upward deformation of the steering column was 
12 mm and 33 mm. However, in Test 2, the 
deformations of the lower structures of the minicar 
were large, particularly for the transmission bottom 
(110 mm). As a result of the large deformations, the 
intrusion of the toe board for the front passenger side 
was large (143 mm).  

   
(a) Minicar 

   
(b) Large car 

Figure 12. Car deformation (Test 1) 
 

   
(a) Minicar 

   
(b) Large car 

Figure 13. Car deformation (Test 2) 
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Figure 14. Minicar deformation in Test 1 and 2 
 
 

Car Acceleration 
 
The accelerations of the passenger compartment are 
shown in Figure 15. In general, the acceleration 
pulses are comparable between Test 1 and 2. 
However, in Test 1 and Test 2, there are differences 
in the car accelerations at the time of the initial stage 
of impact. For the first 15 ms, the minicar 
acceleration was higher in Test 2 because the front 
rails of both cars made contact with each other. On 
the other hand, the peak acceleration of the minicar 
was higher for Test 1 (619 m/s2) than for Test 2 
(539 m/s2). For the large car, the car acceleration in 
the initial stage was also high in Test 1 as compared 
to that in Test 2. The maximum car acceleration was 
similar in Test 1 (331 m/s2) and Test 2 (341 m/s2). 
Compared to the JNCAP FWRB 55 km/h tests, the 
time duration was longer for the minicar and shorter 
for the large car since the minicar is stiffer than the 
large car. 

Injury Measures 
 
According to the video analysis, the driver airbag of 
the minicar started to deploy at 24 ms, 17 ms, and 
14 ms in Test 1, Test 2, and the FWRB test, 
respectively. Thus, the timing of the airbag 
deployment was delayed in Test 1 by 7 ms later than 
that in Test 2. The shoulder belt tension also started 
late in Test 1 due to the delay of the seat belt 
pretensioner activation. As a consequence of this 
delay of the seat belt forces, the acceleration of the 
head and chest started later by 7 ms in Test 1 
compared to Test 2.  

 

  
Figure 15. Car acceleration measured at the 
B-pillar bottom in car-to-car test and full-width 
rigid barrier test (JNCAP) 
 
The injury measures of the dummies were compared 
for Test 1 and Test 2. Figure 16 and Figure 17 show 
the ratios of the injury measures of the driver and 
front passenger dummies to the injury assessment 
reference values (IARVs) of ECE R94, respectively. 
For the minicar, the injury measures of the driver 
dummy were larger in Test 1 than those in Test 2. In 
Test 1, some injury maesures of the driver dummy in 
the minicar exceeded the IARVs due to the high 
acceleration and large intrusion of the car. Especially, 
the neck extension moment, knee displacement 
(right), and tibia index (right) exceeded their 
respective IARVs. In Test 2, the head acceleration, 
neck extension moment, and chest acceleration also 
exceeded the IARVs, but these measures were less 
than those in Test 1. As shown in Figure 12 and 
Figure 13, the steering column of the minicar rotated 
upward in Test 1 and Test 2. This steering upward 
rotation was more apparent in Test 1, so that the HIC, 
chest acceleration, and neck extension moment were 
large in Test 1. For the front passenger dummy, the 
injury measures were also larger in Test 1, with the 
exception of the left tibia axial force and tibia index 
(see Figure 17). In Test 2, the toe board intrusion of 
the front passenger of the minicar was large due to 
large rearward displacement of the transmission. It is 
likely that this large intrusion led to the large tibia 
axial force of the front passenger dummy.  
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Figure 16. Injury criteria of driver dummy in 
minicar 

 

Figure 17. Normalized Injury measures of the 
front passenger dummy in the minicar 

 

Summary of Crash Test Results 
The front rails of the minicar and large car passed by 
and did not contact each other in Test 1; whereas, 
they made contact with each other in Test 2. The 
driver airbag deployment was delayed by 7 ms in 
Test 1 compared to Test 2 for the minicar. It is likely 
that the crash sensing at the front rail was affected by 
the front rail height mismatch. The delayed airbag 
deployment starting time affected the interaction 
between the airbag and the dummy head. The height 

mismatch of the front rails also led to the large 
intrusion of the upper part of the passenger 
compartment of the minicar. When the height of 
front rails were matched (Test 2), the front structure 
deformed in a comparable mode as observed in the 
JNCAP FWRB 55 km/h test. As a result, the car 
acceleration, deformation, and the dummy 
kinematics in the car-to-car full frontal crash 
responded in a controlled manner, which was 
comparable to those in the FWRB tests. These results 
confirmed that height matching of front rails has 
advantages in car-to-car collisions in that the car 
deformation and dummy response could be predicted 
in a designed mode in crash tests.  

The passenger compartment intrusion of the minicar 
was more severe for Test 1 where the front rail 
heights were mismatched. In Test 2, where the front 
rails heights of the two cars matched, the intrusion 
and the dummy injury criteria could be improved. 
The matching of front rail height would have the 
benefit of preventing serious injuries in severe 
crashes where the intrusion of the passenger 
compartment is large. However, it should be noted 
that in crashes at lower velocities, the risk of minor 
injuries to occupants could be lower when the 
heights of the car front rails are mismatched. This is 
because the car acceleration will be smaller when the 
front rails of the two cars are mismatched in height 
and they do not generate large crash forces.  

 

CANDIDATE TEST PROCEDURES TO 
EVALUATE THE FRONT RAIL HEIGHTS 

In the WG, four test procedures were proposed to 
evaluate the front rail heights (Option 1). These tests 
are based on the evaluation of the barrier force 
distribution using high resolution load cells (125 
mm) in FWRB tests. The FMVSS Part 581 bumper 
zone is contained within the 3rd and 4th rows of the 
load cells (Figure 18). As shown in Figure 19, the 
effect of an engine impact on the force distribution is 
large in FRWB tests. Accordingly, it is necessary to 
eliminate the effect of the engine impact in order to 
evaluate the heights of the structures. If the front rail 
heights of cars are higher than an established 
acceptance level, the SEAS should be installed 
(Option 2). The scope of the test vehicles will be 
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minicars, ordinary-size cars, and SUVs. In each 
candidate test, the criteria and acceptance levels are 
presented below. In some acceptance levels, 
parentheses [ ] were used to show temporal values. 
 

 

Figure 18. FMVSS Part 581 bumper zone and 
load cell heights 

 

Figure 19. Peak cell force distribution of a small 
car until car deformation 400 mm in full-width 
rigid barrier test 

 
 
 
Proposed Test 1 

In FWRB tests, after the axial collapse of the front 
rails has commenced, the engine impacts the barrier. 
Figure 20 plots the barrier force and engine force of 
cars tested in JNCAP. The engine force is calculated 
based on the engine mass and acceleration. The 
engine force is relatively small up to 200 kN of total 
barrier force. Figure 21 shows the peak cell force 
distribution of a small car at a total barrier force of 
200 kN. The footprint of the front rails is shown 
clearly. Accordingly, it is likely that the force of 
these rail structures can be evaluated by analyzing 
the force distributions up to 200 kN total barrier 
force. 

 

Figure 20. Barrier force and engine impact force 
in full-width rigid barrier tests (JNCAP 2008) 

 
Figure 21. Peak cell force distribution of a small 
car at total barrier force 200 kN 

In a first step,  a determination is made whether the 
front rail height is located between 3rd and 4th row 
cells. Figure 22 shows the sum of the maximum 3rd 
and 4th row force at 200 kN total barrier force with 
the front rail height.  The sum of F3+F4 tends to be 
large as the front rail height is close to the 3rd and 4th 
row boundary line (455 mm). If the acceptance level 
of F3+F4 is too high, then the multiple load path cars 
may not be accepted. Thus, the acceptance level of 
[80] kN of F3+F4 was used so that only a few cars 
for which the front rails heights are outside of the 3rd 
and 4th row are excluded.  

In the next step, it is judged that the front rails are 
located between the 3rd and 4th rows, and whether 
the front rail cross section includes 455 mm of 
ground height is examined. Figure 23 shows the 
relation between the force ratio F4/(F3+F4) and the 
geometry ratio U/(L+U) (where U is the height 
between the front rail upper edge and 455 mm, and L 
is the height between 455 mm and the front rail lower 
edge). The ratio F4/(F3+F4) is used because the 
force levels F3 and F4 depend on the front rail 
stiffness. When 0 < U/(L+U) < 1, the front rail cross 
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section includes 455 mm height. From Figure 23, the 
ratio 0 < U/(L+U) < 1 corresponds to 
0.2 < F4/(F3+F4) < 0.8. The criteria and the 
acceptance levels of the barrier force for the front rail 
heights are as follows: 

1.  F3+F4 > [80] kN 
2.  [0.2] < F4/(F3+F4) < [0.8] 

where F3 and F4 is the 3rd and 4th maximum row 
force up to the time of  200 kN of total barrier force. 
If the cars meet the acceptance levels, it is assumed 
that the cross section of front rail includes the height 
of 455 mm. 

 

Figure 22. Sum of 3rd and 4th row force and 
front rail cross section height 

 

Figure 23. Front rail height and ratio of row force 

 
Figure 24 shows the results of the criteria and the 
acceptance levels applied to the JNCAP FWRB tests. 
The cars for which the front rail cross sections do not 
include 455 mm height were not accepted. It is also 
shown that the AHOF 400 might not be a good 
criterion to evaluate the front rail height. The 
evaluation flow diagram is presented in Figure 25.  

 
Figure 24. Application of proposed test 1 

 
Figure 25. Evaluation flow in proposed test 1 

 
 
Proposed Test 2 

In Option 1, the front rail heights are evaluated. If the 
cars are not accepted in Option 1, the SEAS will be 
evaluated in Option 2. The evaluation flow diagram 
is shown in Figure 26.  

 
Figure 26. Evaluation flow in proposed test 2 

Option 1: The 3rd and 4th row force (F3, F4) in 
FRWB test are evaluated so that the influence of a 
SEAS is excluded. The barrier force distributions 
before the engine impacts the barrier are used to 
reduce the influence of engine impact force. The 
criterion is F3+F4, and its acceptance level is [35] kN 
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as follows (Figure 27):  

F3+F4 > [35] kN 

where F3 and F4 is the 3rd and 4th maximum row 
force until 200 kN of total barrier force. 

Option 2: Option 2 is dimensional requirement of 
SEAS, and an evaluation method is under 
investigation (Figure 28).  
 

 

Figure 27. Option 1 test in proposed test 2 

 

Figure 28. Option 2 test in proposed test 2 

 
 
Proposed test 3 

When a front rail is located in the Part 581 Zone, the 
force on rows 3 and 4 would be generated mainly by 
the front-rail stiffness and an engine impact force.  
Figure 29 shows the (F3+F4)/2 within the center 4 
columns until the crush depth 400 mm in JNCAP. 
Since (F3+F4)/2 in the center 4 columns is less than 
100 kN, in general, the engine impact force is less 
than 100 kN. Accordingly, the car structural force 
can be evaluated in the 3rd and 4th rows by using the 
lower limit of 100 kN of (F3+F4)/2. 

 
Figure 29. Average of 3rd and 4th rows at center 
4 columns in loadcell wall until crush depth 400 
mm 

 
In Option 1, the combined force on rows 3 and 4 is 
evaluated in FWRB test as follows: 

(F3+F4)/2 ≥ 100 kN (until 400mm of crush 
depth) 

When the forces generated outside the 3rd and 4th 
rows are large, the 3rd and 4th row force may not be 
excited and not be measured correctly. Accordingly, 

if (Fn + Fn+1)/2 ≥ (F3 + F4)/2 (n=4 to 9) until the 
crush depth 400 mm, an additional test will be 
carried out to evaluate structural forces that locate at 
3rd and 4th rows (Option 2). A evaluation criteria 
and a flow diagram of the evaluation is presented in 
Figure 30 and Figure 31. 
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Figure 31. Evaluation flow in proposed test 3 

Proposed test 4 

Proposed test 4 is similar to proposed test 1 except 
for the criteria and acceptance levels (Figure 32). In 
Option 1, the barrier row forces are evaluated in 
FWRB test as follows: 

1.  F3+F4 ≥ 100 kN 
2.  F3 ≥ 40 kN 
3.  F4 ≥ 40 kN 

where F3 and F4 is the 3rd and 4th maximum row 
force until 200 kN of total barrier force. If the cars do 
not meet the Option 1, an override test or underride 
test is carried out to evaluate the SEAS as the 
Option 2. Figure 33 presents the evaluation flow 
diagram. 
 

 
Figure 32. Proposed test 4 

 
Figure 33. Evaluation flow in proposed test 4 

SUMMARY 

In the compatibility working group in Japan, the 
compatibility measures based on the current traffic 
accident environment in Japan were discussed. The 
results are summarized as follows.  
1. From accident analyses, there is an observed 

trend that the injury risks increase when the front 
rail heights are mismatched. However, the front 
rail heights are related with other factors such as 
vehicle mass, stiffness, and vehicle class. More 
research is needed to understand better the 
effects of front rail height matching. 

2. From the full frontal car-to-car crash tests, it was 
shown that front rail height matching had an 
advantage of uniform car deformation to prevent 
large intrusion into the passenger compartment. 

3. In the WG, some test procedures to evaluate the 
front rail heights were proposed that can be used 
to address one of the identified compatibility 
problems. In the candidate test procedures, the 
barrier force distributions were evaluated in 
full-width rigid barrier tests. 
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ABSTRACT 

This paper is on focused on the optimization of the 
braking process integrating Antilock Braking Sys-
tem (ABS) and Continuous Damping Control 
(CDC). Strategies for reducing the braking distance 
derive from theoretical approaches. These strategies 
deal with sharing information between ABS and 
CDC in order to improve the slip-control quality and 
adjusting braking torque (ABS) and / or wheel load 
(CDC) coordinately. Quantities which influence the 
amount of the mean braking force and therefore the 
braking distance are identified methodically, regard-
ing a standard control loop. Furthermore the influ-
ence of the time course of wheel load on the braking 
process is discussed.  
In the second section of this paper, experimental 
results of straight-line ABS-braking tests for two 
methodically identified strategies are discussed. The 
results of the first experiments show the influence of 
passive damper settings (hard, soft) and the Mini-
Max damping control on the braking distance for 
various braking conditions (dry an wet roads, flat 
and unevenness roads,…). The MiniMax damping 
control aims for reduced body induced slip oscilla-
tions that usually disturb standard ABS-control. This 
damping control reduces the braking distance signif-
icantly in a statistical manner. The second experi-
ment has been performed with a modified ABS 
which takes into account the information of the 
dynamic wheel load (due to pitching and lifting) 
additionally for the calculation of the braking force 
operation point. It is shown that the braking force 
operation point changes more, if dynamic wheel 
load information is implemented in ABS-control. 
Indeed the amount of modulated braking force oper-
ation point due to pitching or lifting is too small 
with respect to the demand, so further modifications 
are necessary. 
Finally an outlook on the next steps for improving 
the braking process by integrated ABS and Conti-
nuous Damping Control is given. 

INTRODUCTION  

When designing a chassis of a passenger car, ride 
and handling are important criteria. In order to im-
prove driving safety and comfort, several chassis 
control systems that control the vehicle’s longitu-
dinal, lateral and vertical dynamics were developed 

and introduced in production cars in the last dec-
ades. Regarding vehicle safety, most important 
chassis control systems are ABS (Antilock Braking 
System) and ESP (Electronic Stability Program). 
These systems control longitudinal and lateral tire 
forces by adjusting tire slip, based on wheel speed 
sensor information. However, horizontal tire forces 
are limited by the amount of wheel load and friction. 
With information available in today’s ABS the 
wheel load is estimated taking the vehicle mass and 
axle-load transfer into account only. 
According to comfort, mainly the vehicle’s vertical 
dynamic characteristics are important. With passive 
suspensions a known trade-off between comfort 
(usually measured as RMS on vertical body accele-
ration) and safety (usually measured as RMS on 
wheel load) exist. Thus, a compromise between 
different optimal suspension parameters for ride and 
handling has to be found. With adjustable damping 
and / or spring forces, vertical body accelerations 
and wheel loads can be influenced depending on the 
situation. Available for production cars are either 
semi-active, e.g. Continuous Damping Control 
(CDC), or active systems, e.g. Active Body Control 
(ABC) or Anti-Roll-System (ARS). In normal driv-
ing situations damping and / or spring forces are 
usually adapted according to a Skyhook algorithm in 
order to reduce vertical body movements (lifting, 
pitching and rolling). For this control strategy, ver-
tical wheel accelerations and vertical body dis-
placements or accelerations are detected by several 
sensors. Currently, semi-active suspension systems 
have greater market share compared to active sus-
pension systems probably due to less energy con-
sumption and component costs. This makes Conti-
nuous Damping Control interesting for the topic of 
this research: It is investigated if CDC in conjunc-
tion with ABS has potential to improve the braking 
process. 

State of the Art 

In critical driving situations, as ABS controlled 
braking or lane changing, the time course of wheel 
load should be optimized in order to realize maxi-
mum horizontal forces. In today’s production cars, 
semi-active or active suspensions support slip-
control systems (ABS or ESP) reducing body 
movements as pitching or lifting. These body 
movements cause wheel load oscillations which 



disturb slip-control and lead to less mean horizontal 
tire forces. Therefore, for straight-line ABS-braking 
an aperiodic pitching behavior is intended in order 
to reduce disturbances. In production cars equipped 
with semi-active damping, this objective is aspired 
by switching the dampers to a rather hard setting, if 
ABS-braking is detected (refer to Becker et. al. [1]). 
However wheel load oscillations depend not only on 
body movements but on pavement excitations as 
well. This fact is not considered in this usually used 
control strategy. Apart from the Boolean signal 
“ABS-activity”, it is not of the author’s knowledge 
that additional information between ABS/ESP and 
semi-active or active suspension are shared in to-
day’s production cars. So, information of “dynamic 
wheel loads” caused by pitching, rolling, lifting and 
pavement excitations are not taken into account in 
today’s ABS-control although the knowledge of the 
overall wheel load is necessary to adjust the braking 
force operation point correctly in today’s ABS sys-
tems.  
In a research project, Niemz [2] developed a control 
strategy for semi-active damping, which is able to 
modify wheel load induced slip. For modifying slip 
in this control strategy, the wheel load is changed by 
means of switching the damper from hard to soft 
and vice versa. This control strategy has been re-
duced the mean ABS-controlled braking distance by 
1.3% compared to those with series damper setting 
(constant hard setting), tested with an initial velocity 
of 70 km/h on a dry road in real braking tests. How-
ever, this damping control and the production ABS 
of the vehicle worked independently from each 
other, data exchange between both systems has not 
been taken place. Moreover, the performance and 
robustness of this control strategy for varying brak-
ing conditions is not investigated yet. 

Motivation and Objective 

For several years, coordination and information 
exchange of different control systems has been fo-
cused more and more by industry and research. This 
is based on the fact that in addition to ABS and ESP, 
other control systems as semi-active and active 
suspensions or Active Front Steering (AFS) take 
place in production cars. Sharing information be-
tween systems and coordination of those systems 
may provide greater overall performance compared 
to different stand alone working control-systems – 
often without additional production costs. As an 
example, the combination of ESP with AFS to so 
the called ESP II reduces the braking distances in µ-
split situations [4]. Moreover, the combination of 
active antiroll-bars (ARS) with ESP and AFS re-
duced the braking distance even further (refer to 
[5]). Referring to previous research at TU Darmstadt 
which deals with ABS-controlled braking and semi-
active damping (refer to [2] and [3]), an increased 
overall performance is expected if ABS and CDC 

share information and work in conjunction. So, the 
results of this research project shall answer the ques-
tion if and to what extend there is potential for re-
ducing the braking distance by coordination of the 
chassis control systems ABS (as part of ESP) and 
CDC. This potential could be used both by sharing 
information and by modifying the horizontal and 
vertical tire forces in conjunction. 
This paper is focused on the identification of possi-
ble strategies for improving the braking process with 
Continuous Damping Control in conjunction with 
ABS. Furthermore the results of braking tests with a 
modified damping control (MiniMax control) and a 
modified ABS are presented which show the poten-
tial of optimizing the braking process by means of 
integrated ABS and CDC. The modified ABS takes 
the dynamic wheel load in a very easy manner into 
account. Based on the theoretical approaches and 
experimental results, other strategies will be tested 
in the future which let expect potential for improv-
ing the braking process. 

STRATEGIES FOR IMPROVING STRAIGHT-
LINE BRAKING  

Objective of this research project is the determina-
tion if and to what extend the braking process can be 
improved with combined operation of ABS and 
CDC systems. Improving the braking process to the 
authors view means: 
• Reducing braking distance, which possibly 

avoids accidents or reduces their severity at last 
• Faster decrease of the vehicle’s kinetic energy 

with respect to travelled distance, which reduces 
the severity of accidents that cannot be avoided 

• Braking stability (lateral offset, yaw rate varia-
tion) must not be degraded 

The braking distance is directly connected to the 
braking force, as can be seen in equation. (1).  
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Due to the fact that total braking force is limited by 
friction coefficient µmax and wheel load Fz it cannot 
be increased above a certain value. The average total 
braking force for braking to standstill is limited by 
friction coefficient and vehicle mass. 
 

B zF Fµ= ⋅  (2) 

, ,B total mean mean VF m gµ= ⋅ ⋅  (3) 
 
The braking distance can be reduced either by in-
creasing the mean friction coefficient µmean or by 
modifying the time course of wheel load. Neglecting 
aerodynamic effects the mean value of wheel load 
must be constant over the whole braking process – 
namely equal to the vehicle mass multiplied by 
gravity. This is due to the fact that the vehicle mass 



cannot be changed within the braking procedure. 
The effect of wheel load distribution on the braking 
distance will be discussed latter.  

Increasing the mean braking force 

Regarding the first optimization aspect - increasing 
mean friction coefficient µmean to increase mean 
braking force - the friction-slip characteristics is 
important (refer to Figure 1). For stationary condi-
tions, the maximum friction coefficient can be ob-
tained with a characteristic slip value λB,opt, which 
depends on tire properties and road condition. If this 
slip value could be controlled exactly, the maximum 
total braking force for a given vehicle mass could be 
achieved. Braking slip λB is defined physically by 
the ratio of the wheel’s rotational velocity vW and 
the translational velocity of the wheel’s center point 
vW,x. For ABS control, vW,x is assumed to be equal to 
the vehicle velocity: 
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Of course, braking distance can be reduced by in-
creased friction as equation (2) and (3) show. For a 
given tire - road combination this can be achieved 
by modifying the tire properties. Although this is 
possible in certain applications as e.g. racing cars 
demonstrate this come along with other negative tire 
properties which usually are not acceptable for pro-
duction cars. Optimizing the tire properties is not 
discussed within this research; hence a standard tire 
is assumed and used for the experiments of this 
research project. 

 
Figure 1.  Example of friction-slip characteristics 
 
For production ABS-controller, the so called target 
slip λB,Z is less than λB,opt and depends on the vehicle 
velocity among other things to keep slip-control 
smooth and effective. However in braking maneu-
vers slip oscillations exist. Assuming that λB,Z=λB,opt, 
slip oscillations in the nonlinear section of the µ-λB 
characteristics lead to a mean friction coefficient 
that must be less than the maximum friction coeffi-
cient. Therefore, as a first optimization parameter 
for this research, braking slip oscillations has to be 
as small as possible to obtain the mean friction coef-

ficient of a braking process µmean as close as possible 
to the maximum friction coefficient µmax. This holds 
true for quasi-stationary conditions which are 
represented by the friction-slip characteristics in 
Figure 1. For dynamic situations, fast alternations of 
the braking torque or wheel load lead to even greater 
braking slip and friction oscillations, referring to 
Zegelaar [7]. The hypothesis “shorter braking dis-
tances are obtained by less slip oscillations” is not 
disproven yet and therefore hold true. This is shown 
in previous research [2] analyzing the correlation 
between braking distance and velocity difference 
(vV–vW), which is in fact the braking slip weighted 
with the vehicle velocity. According to [2] the corre-
lation coefficient is between 41-63% depending on 
the damper settings. The physical mechanisms of 
the dynamic transfer behavior of braking torque and 
wheel load modifications on the braking slip will be 
examined in further research. So far it is assumed 
that the objective 
 

maxmeanµ µ→  (5) 
 
can be achieved by minimizing slip oscillations: 
 
( ), 0B Z Bλ λ− →  (6) 

 
     Quantities which cause braking slip oscilla-
tions - In order to increase the mean braking force 
for a given friction-slip characteristics by means of 
increased mean friction due to decreased slip oscil-
lations, the influences on braking slip have to be 
known. Taking a view on a rotating and braked 
wheel (Figure 2) with neglected vertical and longi-
tudinal stiffness of the tire the principle of angular 
momentum delivers: 

 
Figure 2.  Quantities at a rotating wheel 

 
( ) ( ) ( )W W B dyn Bt F t r M tϕΘ = ⋅ −  (7) 

 
Integrating eq. (7) leads to 
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Substituting the angular velocity of the wheel with 
the definition of slip (eq.(4)), eq. (8) delivers: 
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Defining differences of the angular velocity with 
respect to a free rolling wheel as: 
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Equation (10) shows that differences in the wheel’s 
angular velocity result from the integral of wheel 
load and /or braking torque variations in time do-
main. This means, there is a time delay between 
torque or force variations and the reaction of brak-
ing slip. Comparing the integral with a low pass 
filter this shows that torque or force variations with 
lower frequencies take even more effect on braking 
slip oscillations compared to higher frequencies 
with equal amplitudes. This means, that both in-
creased amplitudes of braking torque or wheel load 
variations and low variation frequencies lead to 
higher braking slip oscillations. If those braking 
torque and wheel load variations are based on dis-
turbances, this could result in less mean total bra-
king force and longer braking distances. For 
straight-line braking, especially pitching and lifting 
influence wheel loads with low frequencies and high 
amplitudes and hence the braking slip with respect 
to eq. (10). Braking torque disturbances result e.g. 
from friction oscillations of the brake disc / pad 
combination. Furthermore ABS-control is not per-
fect due to several assumptions and actuator proper-
ties which can cause braking slip oscillations as 
well. 
 
 

    Strategies for decreasing braking slip oscilla-
tions - The previous section deals with the identifi-
cation of variables which possibly cause braking slip 
oscillations. Thus less mean total braking force 
would be obtained. Braking torque and wheel load 
oscillations have been identified as disturbance 
variables. What can be done to reduce braking slip 
oscillations? In today’s standard ABS, slip is con-
trolled adjusting the braking torque only. Amongst 
others, inaccurate slip control could cause differen-
ces between applied and optimal braking torque. 
The latter is defined as the braking torque which is 
required for a specific situation. So, an increased 
accuracy of slip control has the potential to reduce 
slip oscillations, which would increase the mean 
total braking force.  

 
Figure 3.  Simplified control loop with distur-
bance feed-forward (K) 
 
Taking a view on a real ABS-control loop for 
straight-line braking we get to know that several 
quantities of the control loop (Figure 3) are esti-
mated based on wheel angular velocities and the 
master brake cylinder pressure. These estimations 
are necessary for ABS-control because direct mea-
surands are not available (referring to Figure 2 e.g., 
longitudinal wheel velocity, braking torque, braking 
force,…). 
 

 
Figure 4.  Strategies for increasing the mean total braking force FB,total,mean 



The control variable “braking slip” has to be deter-
mined by measuring the wheel’s angular velocity 
and the vehicle’s velocity. Assuming that vehicle 
velocity equals the wheel’s longitudinal velocity, 
which means that the longitudinal suspension flex-
ibility is neglected, braking slip is calculated. How-
ever for ABS-controlled braking, the vehicle veloci-
ty is estimated as well because all wheels possess 
slip. So, the control variable “braking slip” is based 
on several estimations and might be inaccurate. 
For slip control a reference variable “target slip” is 
needed. Desiring a high friction coefficient and 
braking stability (which means sufficient potential 
for lateral forces) the target slip derives from the 
friction slip characteristics for stationary conditions. 
This tire-characteristic varies by several inputs as 
wheel load, velocity, road conditions, temperature 
etc. Lots of these inputs are not well known and 
therefore not all of these influences are considered 
in the target-slip which results in deviations to the 
desired optimal target slip. 
The actuating variable determines the desired brak-
ing torque of a wheel. Both operating point and the 
required braking torque differences to reduce con-
trol errors (controller output) are translated into 
caliper pressure that is influenced by the brake 
valves. So, the quality of slip control is also influ-
enced by operating point and actuating variable. 
In summary all of the control loop variable possibly 
influence slip control quality and thus braking slip 
oscillations which should be minimized. This is 
shown in the upper part of Figure 4. 
As mentioned before, major task of the control loop 
is to minimize control errors. Regarding the control 
loop shown in Figure 3 and assuming target-slip and 
braking slip as determined precisely two compo-
nents influence the control quality mainly: The con-
troller configuration and the properties of the actua-
tor(s), especially its dynamics and operation range. 
For the optimization of the controller settings the 
trade-off between fast error compensation and over-
shooting has to be dealt with. Although the control-
ler compensates control errors the control quality 
can be improved by reducing the effects of distur-
bances on the control variable. Avoiding of distur-
bance inputs in general would be the best option in 
order to reduce slip oscillations. Instead of a closed-
loop control this would allow an easier open-loop 
control. Although this is not possible for ABS brak-
ing the reduction of disturbance inputs should be 
aspired because of less control errors anyway.  
Among other quantities, e.g. braking torque varia-
tions, dynamic wheel load variations due to low 
frequency pitching act as disturbance variable on 
slip control, as equation (10) shows. For ABS-
controlled straight-line braking pitching results from 
the height difference between center of gravity and 
pitching center. The effect of pitching on wheel load 
oscillations can be reduced by increasing damping 
or spring forces – no or aperiodically pitching is 

aspired ideally. If the vehicle’s suspension is pas-
sive, a trade-off with respect to comfort exists. For 
today’s production cars equipped with Continuous 
Damping Control (CDC) damping is switched to 
rather hard setting when ABS braking is detected so 
that wheel load oscillations and their effect on ABS 
control are reduced. As a consequence, hard damp-
ing results in shorter braking distances on flat roads 
compared to soft damping, referring to [2]. Taking 
into account that the integral of dynamic wheel load 
changes braking slip (eq. (10)) the ABS controller 
reacts on wheel load oscillations with a time delay 
in braking torque. This could be improved using the 
dynamic wheel load information additionally for 
slip control in order to decrease wheel load induced 
slip oscillations. In literature algorithm for active or 
semi-active suspension control principles are known 
which reduce wheel load oscillations (e.g. “Ground 
Hook control” [6], “Constant wheel load control” 
[3]) or that control wheel load induced slip oscilla-
tions directly [2]. All of these methods consider the 
disturbance variable “wheel load oscillations” intra-
system with adjusting the vertical suspension para-
meters of the vehicle. However connecting semi-
active or active suspension control with ABS wheel 
load could be taken into account for ABS control 
additionally which possibly reduces slip oscillation 
even further. 
Apart from the controller, actuation of the control 
system “wheel” with its control variable “braking 
slip” is very important. In today’s production cars 
hydraulic valves moderate the braking pressure 
applied by the driver. So the braking torque is con-
trolled by ABS. Referring to equation (10), apart 
from braking torque the wheel load modulates brak-
ing slip as well. With an active or semi-active sus-
pension system that acts in vertical direction, wheel 
load and thus braking slip can be influenced tempo-
rarily. In order to modify braking slip, there are two 
different actuators available with brake torque 
(ABS) and wheel load (e.g. CDC) modulators. De-
pending on their properties ABS and CDC could act 
in sequence or in parallel but coordinated. The me-
thod of coordination depends on the specific proper-
ties of the actuator principle which could be differ-
ent with respect to operation range, “minimal step 
size” and dynamics. 

Wheel load influence on the braking process 

At the beginning of this section it is shown that both 
mean friction coefficient and wheel load take effect 
on the braking distance in principle. In the previous 
section strategies for increasing the mean friction 
coefficient and so mean total braking force are de-
duced within a theoretical approach. The next sec-
tion will discuss the influence of wheel load on the 
braking process. 
Neglecting aerodynamical effects which may 
change wheel load with higher vehicle velocities the 



overall wheel load has to be constant in steady state. 
Assuming wheel load and friction to be constant for 
the whole braking procedure the total braking force 
is constant, too: 
 

, ( )B total vF t m gµ= ⋅ ⋅  (11) 
 
As a result of constant braking force, the braking 
distance is calculated by eq. (1): 
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Taking into account that the mean total braking 
force has to be constant over the whole braking 
process due to the constant vehicle mass (refer to 
eq.(11)) and assuming a linear decrease of braking 
force over time with eq. (14) this leads to a shorter 
braking distance for κ>1, as eq. (15) shows. The 
factor κ describes the raise of the braking force at 
the beginning of the braking process (Figure 5): 
 

     
Figure 5.  Constant (left) and time-variant (right) 
distributions of total braking force in time do-
main 
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The time course of total braking force is defined as 
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Defining κ = 2 and assuming a linear decrease of 
braking force over time the braking distance is mi-
nimized to: 
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Compared to eq. (12) the braking distance is re-
duced by 1/3 in this theoretical approach. The result 
shows that the time course of braking force influ-
ences the braking distance at a given mean total 
braking force, which depends on the vehicle mass 

and mean friction coefficient µmean mainly. The 
higher the braking force at the beginning of the 
braking process the shorter the braking distance. So 
as a second optimization parameter, the braking 
force at the beginning of the braking process has to 
be maximized. 
But how could the time course of the braking force 
be influenced? Of course the friction coefficient 
could be maximized especially at the beginning of 
the braking process. But this objective is aspired for 
the whole braking process and should not be consi-
dered at the beginning only.  
Apart from the friction coefficient, the wheel load 
derives as a second quantity which influences the 
braking force (equation (2)). Controlling the time 
course of wheel load this could deliver higher but 
decreasing braking forces from the beginning of the 
braking process. It is possible to influence wheel 
load temporarily with active and semi-active sus-
pensions. Wheel loads can be changed temporarily 
with these systems by adding additional spring and / 
or damping forces. In case of adjustable damping 
switching the damper in compression from soft to a 
hard setting increase damper force and thus wheel 
load (please see Niemz [2] for more details). The 
effect time is limited because additional suspension 
forces acts both on the wheel (increasing the wheel 
load) and the body. The latter accelerates the body 
upwards as long as the wheel load increases. Due to 
the raising displacement between body and wheel 
greater spring forces decelerate the body which 
decrease wheel load. The average wheel load equals 
zero but the time course of wheel load is changed 
temporarily. 

 
Figure 6.  Strategies for increasing braking force 
FB at the beginning of the braking process 
 
Contrary to active systems with good controllability 
semi-active suspensions have to use system inherent 
energy for changing wheel loads which is less pre-
dictive. In case of semi-active damping, damper 
forces depend on damper velocity and damping 
characteristics which can be changed by a propor-
tional valve. Without any damper velocity wheel 
load cannot be influenced. Energy that can be used 
for changing wheel load results from body move-
ments due to pitching and lifting which appear in 
straight-line braking situations. Rolling can be used 
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in cornering situations to change wheel loads – but 
this is not taken into account for straight-line brak-
ing. In addition to body movements road excitations 
cause damper velocities as well and can therefore be 
used for changing wheel loads by semi-active sys-
tems too. 

Summary of strategies for improving the braking 
process 

Previous section deals with the identification of 
strategies in order to improve the braking process. 
Two quantities are identified which influence the 
braking process mainly:  
The first is the mean friction coefficient. Limited by 
tire properties mainly that value should be as high as 
possible. This could be realized by minimized slip 
oscillations. A theoretical approach shows that slip 
oscillations result from both braking torque varia-
tions and wheel load oscillations. Strategies for 
reduced slip oscillations are deduced methodically 
considering a standard control loop. For minimized 
braking slip oscillations the quantities of the control 
loop have to be known as accurate as possible. In 
addition, disturbance inputs as wheel load oscilla-
tions can be reduced potentially by additional feed-
forward controls in ABS and / or by control of ver-
tical suspension systems. At last it is discussed that 
different actuator principles as ABS and CDC, 
which could be used coordinately, have the potential 
to improve the overall control performance “adjust-
ing the braking slip to the target slip”. As a result it 
is expected that the braking distance is reduced due 
to higher mean braking forces. 
As a second quantity, the wheel load should be 
maximized at the beginning of the braking process. 
Semi-active or active suspensions allow changing 
the total wheel load temporarily and can be used for 
this application in principle. Contrary to active sus-
pension systems with a good controllability, semi-
active suspensions systems as Continuous Damping 
Control have to use system inherent energy for 
changing wheel loads temporarily. This energy 
results either from body movements or road excita-
tions. 

EXPERIMENTS 

In the previous section strategies for improving the 
braking procedure are deduced with theoretical 
approaches. The following section investigates the 
influence of selected strategies on the braking pro-
cedure in driving tests. Referring to (Figure 4) the 
following theoretical strategies are considered in the 
following sections: 
 
1. The disturbance variable “wheel load induced 

slip oscillations” is minimized intra-system by 
using the semi-active damping control “Mini-
Max-control”. No ABS- modification or interac-
tion takes place. 

 
2. The “dynamic wheel load” is taken into account 

for a modified ABS-control in order to estimate 
the overall wheel load for each wheel. The brak-
ing force operation point is adjusted to dynamic 
wheel load oscillations due to pitching or lifting 
in order to decrease slip oscillations. 

 
     Test design - For statistical reasons straight-line 
braking tests with varying damping-control or ABS 
settings are usually repeated N=35 cyclically in 
order to compensate slow changing parameters as 
tire wearing or test track temperature. The start of 
the braking procedure, initiated automatically by a 
braking machine, is changed with respect to the 
position on the test track in order to compensate 
potentially particularities of the test track. The brak-
ing distance is determined using an optical Correvit-
sensor, which measures the longitudinal velocity, 
and several light barriers reflectors with defined 
gaps. The braking distance is defined as the trav-
elled distance during the time interval of [tBB, tBE] – 
which represents the beginning and the end of the 
braking procedure in time domain. The beginning of 
the braking procedure is defined by a threshold of 
the left front calliper pressure which corresponds to 
the beginning of the maximal longitudinal decelera-
tion of the vehicle. The end of the braking procedure 
is defined by the vehicle velocity vx ≤ 3 km/h. With 
this method, the braking distance is determined with 
an average accuracy of below 0.2 %. The deter-
mined braking distance cannot be compared to those 
which can be found in literature because the built-up 
time for braking pressure is not taken into account. 
However it is a proper method for the comparison of 
different damper or ABS settings with respect to 
braking distance because the built-up time is repro-
ducible due to the braking machine. 

1. Reducing wheel load induced slip-oscillations 
by semi-active damping control (MiniMax-
control) 

The MiniMax control strategy has been developed 
in previous research by Niemz [2]. Referring to 
equation (10) the integral of wheel load oscillations 
leads to slip oscillations. In order to decrease slip 
oscillations the MiniMax-controller switches the 
dampers to a hard or soft setting depending on the 
damper stage and the amount of the integral of dy-
namic wheel load which represents wheel load in-
duced slip oscillations. For a detailed description of 
the controller refer to Niemz [2]. It has been proved 
that reducing the braking distance with this strategy 
is possible for an initial velocity of 70 km/h on a dry 
road with unevenness representative for a German 
Autobahn. The following results deal with the trans-
ferability to other conditions of the braking proce-
dure. The braking tests were performed with the 
same test vehicle (referring to [2]), a GM Opel Astra 



H equipped with CDC dampers (Continuous Damp-
ing Control). The dynamic wheel load information 
is estimated wheel individually by means of vertical 
accelerometers. The following parameters were 
varied in additional braking tests in order to prove 
the robustness of the MiniMax-controller: 
• initial velocity:  70km/h and 100 km/h 
• road condition:  dry and wet road to vary the 

overall friction coefficient 
• road roughness:  flat, Germ. Autobahn like, very 

rough (nondeterministic) 
• tire type:    205/55R16 summer (standard) 

and winter tyre of the same manufacturer 
 

In addition to the MiniMax damping control, the 
braking tests have been performed with passive hard 
(standard setting for the production car) and soft 
damper setting. Any test design consists usually of 
N=35 braking tests per damper setting, 105 ABS-
controlled braking tests overall. If less braking tests 
were performed for a scenario, it is noted in the 
figures. In order to compare the performance of the 
control strategy for different tests-conditions, the 
braking distance is normalized by the mean braking 
distance of all three damper settings hard (h), soft 
(s) and controlled (c): 
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It is defined that a parameter influences the per-
formance of the control strategy (braking distance 
reduction) significantly if the range between mini-
mum and maximum braking distance reduction of 
two test-scenarios does not overlap on a significance 
level of α=5%. A t-test is used to calculate the 
minimum difference of braking distances on a level 
of significance of α=5%, for the maximum differ-
ence of braking distance the 2σ limit of a Gaussian 
distribution is used.  

 
Figure 7.  Overall results of N=963 braking tests 

In summary, N=963 ABS-controlled braking tests 
with different damper settings were carried out. 
Figure 7 shows the normalized results of the braking 
distance. Assuming a Gaussian distribution, the 
control strategy reduces the mean braking distance 
compared to hard damping by approx. 1% and for 
soft damping by approx. 1.3% (level of significance 
α=5%).  
The distributions of normalized braking distances 
for summer and winter tires and for the defined 
initial velocities do not show any significant differ-
ences with respect to the mean braking distance and 
deviation (refer to Figure 8 for some results of the 
influence of initial velocities). So, these results are 
not represented by a figure in this paper. For these 
test scenarios, the MiniMax control reduces the 
braking distance on dry roads significantly com-
pared to the best passive damping (usually hard, 
except for very rough roads, where soft damping 
leads to better results).  
The next sections describe the influence of different 
damper settings for different road roughnesses and 
friction conditions on the braking distance in more 
detail: 
     Influence of friction - With reduced friction µ 
on wet roads, less effect of the damper setting on the 
braking distance is expected due to less pitching and 
less body-induced wheel load oscillations. The mean 
acceleration (which is proportional to the mean total 
braking force and thus the braking distance, refer-
ring eq. (1)) on varying road conditions and initial 
velocities is presented in Figure 8. Contrary to dry 
roads different damper settings do not change the 
mean deceleration on wet “German Autobahn” like 
roads significantly (α=5%). Due to smaller damper 
velocities, the damping forces on wet roads distin-
guish less. Thus the influence of different damper 
settings on the wheel load oscillations is reduced. 
On a wet rough road, the control strategy increases 
the mean deceleration and reduces the braking dis-
tance significantly. A reason for this effect could be 
greater road induced wheel load oscillations com-
pared to the body induced wheel load oscillations. 
With higher damper velocities on rough roads, the 
effect of switching the damper from one setting to 
another generates more effect on wheel load and 
braking slip. For proving this hypothesis, more tests 
are necessary. 
     Influence of road roughness - Driving tests on 
roads with varying roughness reveal the relevant 
excitation frequencies and the influence of damping 
on the braking distance. On flat roads (very flat test 
track), it is expected that the wheel load is influ-
enced by pitching primary and only secondary by 
the road excitation. The expectation is based on the 
small power of road excitation compared to body 
induced wheel load. The influence of road excitation 
is expected to rise with increased road roughness. 
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This effect is observed in the power spectral density 
of dynamic wheel load gained from the braking tests 
measured at the front left wheel, see Figure 9. As 
expected for the vibration characteristics the spec-
trum of 3-10 Hz between pitch eigenfrequency and 
vertical wheel eigenfrequency reveals greater wheel 
load oscillations with hard damping on rough roads 
than with soft damping. Next to the eigenfrequen-
cies (especially pitch eigenfrequency at ~2-3 Hz), 
this behavior is quite contrary. The control strategy 
combines advantages of both damping characteris-
tics: The wheel load oscillation in the spectrum of 3 
– 10 Hz is reduced almost to the level of soft damp-
ing (see Figure 9 for rough roads). For flat roads the 
pitch eigenfrequency dominates the wheel load 
oscillation. For these roads the MiniMax control 
strategy produces the smallest wheel load oscilla-
tions. As a consequence, hard damping causes 
shorter braking distances on flat roads (“flat” and 
“German Autobahn”) compared to soft damping 
(Figure 10). According to the power spectral density 
(Figure 9), the body-induced wheel load oscillation 
dominates on these roads. On rough roads, soft 
damping leads to shorter braking distances com-
pared to hard damping.  
In none of the test scenarios the mean braking dis-
tance with activated MiniMax damping is longer 
than with passive damping (on a level of signific-
ance of α=5%). On German Autobahn like roads 
and rough roads, controlled damping reduces the 
braking distance on a level of significance of α=5% 
(*) and α=1% (**) respectively, compared to the 
best passive damper setting. The results on German 
Autobahn affirm Niemz’s results. MiniMax damp-
ing control reduces the mean braking distance by 
approx. 1%. On rough roads, the mean braking dis-
tance is reduced even by 3.5%. The control strategy 
solves the trade-off between hard and soft passive 
damper settings for different road roughnesses: hard 
damping for flat road surfaces, soft damping for 
rough roads. MiniMax control allows shortest brak-
ing distances and lowest standard deviations. 
     Interim Conclusion - Almost thousand braking 
tests analyzed with statistical methods show, that the 
semi-active damping control “MiniMax” can reduce 
the braking distance significantly, in a statistical 
manner. The performance depends on the conditions 
of the braking maneuver. With low friction and 
small body movements (due to pitching and lifting) 
the influence of damping on the longitudinal dynam-
ics is small. On rough roads the trade-off between 
hard and soft damping with respect to the shortest 
braking distance is solved by MiniMax. Further-
more, the MiniMax controller reduces the mean 
braking distance by 3.5% compared to the best pas-
sive damping, which has been “soft” for these con-
ditions. On a dry road with unevenness comparable 
to a German Autobahn, the MiniMax controller 
reduces the braking distance compared to best pas-
sive damping (hard), too. This holds true for an 

initial velocity of 70 and 100 km/h. Changing the 
standard tire (summer) to a winter tire (same dimen-
sion) has not changed the positive effect of the Mi-
niMax controller on the braking distance.  
In summary it is proven for several braking condi-
tions that it is possible to improve the braking 
process if disturbances are minimized intra-system 
(refer to Figure 4). 

2. Extended ABS-control using dynamic wheel 
load information 

In a previous section it has been mentioned that 
taking into account additional information, e.g. the 
dynamic wheel load, lets expect an improved slip 
control (refer to Figure 4). For preliminary studies 
with adjusted ABS-control the answer of a simple 
question is aimed: How does the implementation of 
dynamic wheel load into ABS affects the quality of 
slip-control and the braking distance if the ABS 
control parameters are not adapted to this modifica-
tion? In order to answer this question ABS is mod-
ified by adding the dynamic wheel load information 
to the wheel load information, which is estimated by 
the ABS already. A standard ABS estimates the 
wheel load (e.g. for the wheel front left “FL”) by 
means of the longitudinal acceleration Vx shown in 
eq. (18) (hCG: center of gravity height, l: wheelbase; 
mV: vehicle mass): 
 

,ABS,standard,FL , .,
1
2

CG
z z stat FL V V

h
F F x m

l
= − ⋅ ⋅  (18) 

 
The modified ABS uses the overall wheel load, 
which takes wheel load oscillation due to road exci-
tation and due to the body movements as pitching 
and lifting into account as well: 
 

,ABS,modified,FL ,ABS,standard,FL , .,z z z dyn FLF F F= +  (19) 
 
For ABS control wheel load and estimated friction 
define the optimal braking force operation point. 
The braking force operating point is an important 
quantity for ABS-control because it influences the 
amount of the caliper pressure and thus the amount 
of the braking torque strongly. If the operating point 
is chosen correctly in every braking situation, e.g. 
by a feed-forward-control, a slip controller would 
not be necessary. In previous industrial research 
with a BMW X5 (E70), the braking force operation 
point of the ABS has been adjusted continuously to 
the amount of weight transfer. As a result, the brak-
ing performance of this prototype ABS has been 
improved compared to the standard ABS.  
     Test vehicle and design - A BMW X5 (E70) 
with a programmable prototype ABS and CDC 
(Continuous Damping Control) is also used as test 
vehicle for this research. The ABS system, which 
only uses the weight transfer (eq.(18)) for adjusting 



the braking force operation point, is used as refer-
ence for this research (“Reference-ABS”).  
The vehicle is equipped with a braking machine due 
to reproducibility reasons. The dynamic wheel load 
is measured front left by a measurement rim. The 
dynamic wheel load information for the left front 
wheel is copied to the signal for the front right 
wheel assuming that the dynamic wheel load is 
dominated by pitching and lifting instead of road 
excitations. For the rear axle, no dynamic wheel 
load information is used in ABS-control. However 
the pitching centre is close to the rear axle, it is 
expected that pitching influences the wheel load 
oscillations of the rear axle less compared to the 
front axle. The determination of the dynamic wheel 
load by the use of a measurement rim reduces the 
transferability to further prospective applications, 
because the dynamic wheel load would be estimated 
by vertical sensors in productions cars. For further 
research the dynamic wheel load will be estimated 
by information which are available due to the Con-
tinuous Damping Control. The dynamic wheel load 
information are transferred using the vehicle’s chas-
sis high-speed CAN. The braking tests were per-
formed according to the described test design (refer 
to the beginning of this section), which means N=34 
cyclical repetitions of each ABS-setting with an 
initial velocity of 70km/h. The production car’s 
standard damping control has been used for these 
tests. 
     Results - The following section discusses the 
influence of adding dynamic wheel load information 
on the braking force operating point in addition to 

weight transfer (eq.(19)), which has been already 
implemented in the test vehicle’s prototype ABS 
(“Reference ABS”). Apart from changing the wheel 
load calculation - in order to take oscillations due to 
pitching and lifting into account - the algorithms of 
the Reference-ABS have not been changed. Howev-
er, for preliminary tests a very simple method has 
been chosen for orientation. Though, if this very 
simple method “adding the dynamic wheel load” 
already improves the braking process in terms of 
shorter braking distances it would be very easy to 
extend prospective standard ABS systems for pro-
ductions cars if they were equipped with semi-active 
or active suspensions. The Reference-ABS includes 
a feed-forward control in order to increase the slip 
control dynamics if wheel loads change (wheel load 
is estimated by horizontal accelerations only). If 
wheel load changes the braking force operating 
point for this wheel is adjusted directly to those 
changes. However, dynamic wheel load oscillations 
due to pitching or lifting are not taken into account 
for standard ABS- and Reference-ABS-control cur-
rently. As a result, the braking force operating point 
is not adjusted directly by the feed-forward control 
and so the braking slip changes slowly and with a 
delay due to the low-pass filter characteristics of the 
integral (refer to equation (10)). The braking torque 
is not modified till then a difference between target 
slip and braking slip is detected. It is assumed that 
taking the dynamic wheel load into account for 
feed-forward control of the braking force operating 
point this will improve ABS-control due to more 
dynamics.  

 
Figure 11.  Deviations of the braking force operating point for Reference-ABS and Modified-ABS. The 
latter takes the dynamic wheel load into account 
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Taking a view on the results of the performed brak-
ing tests, the so called “Disturbance Compensation 
Factor” (DCF) is analyzed. This factor influence the 
braking force operating point: If the wheel load 
increase, the braking force operating point will be 
increased as well, i.e. DCF>1. Figure 11 shows the 
effect of the dynamic wheel load on DCF. Providing 
the dynamic wheel load in ABS-control this mod-
ifies the braking force operating point more com-
pared to the Reference-ABS algorithm. This is 
shown by the cumulative density function which is 
obtained from all of the carried out measurements. It 
can be interpreted as follow: In 50 % of the time, the 
DCF equals one, which means that the mean brak-
ing force operating point is not adapted in total. 
Regarding the range of the distributed values, with 
Reference-ABS (no dynamic wheel load is taken 
into account) the braking force operating point is 
adjusted by max. ±4 %. Taking the dynamic wheel 
load for the feed-forward control of the braking 
force operating point into account, the range of the 
DCF is increased by ±2 % to ±6 % in total. This is 
because of the fact that wheel load oscillations due 
to pitching and lifting are now considered by ABS-
control additionally. In summary, Figure 11 shows 
that the dynamic wheel load information takes effect 
on adjusting the braking force operating point - the 
range is increased by max. ±2%. Although the brak-
ing force operating point is more adjusted by the 
dynamic wheel load the demand is still unknown. 
The measurements in Figure 12 show that the ampli-

tude of the dynamic wheel load oscillation is ap-
prox. 2000 N in its maximum. Taking into account 
that the weight transfer is approx. 3000 N this is a 
rather high amount of wheel load which is not con-
sidered in standard ABS- and Reference-ABS-
control. Assuming that it is optimal to adjust the 
braking force operating point to the time course of 
wheel load, the demand on a Disturbance Compen-
sation Factor can be calculated by 
 

, ,

, , , ,

( ) z total FL
opt Z

z loadtransfer FL z static FL

F
DCF µ

F F
λ= ⋅

+
 (20) 

 
Figure 12 shows the plot for a braking test with 
modified ABS. The disturbance compensation factor 
takes the dynamic wheel load into account. Howev-
er it adjusts the braking force operating point in a 
range of ±6 %, as described before. Regarding the 
assumed DCFopt for µ = 1 on dry roads (for this 
pavement and tire µmax = 1.15), Figure 12 shows a 
demand of up to -20 % to +10 %. So, the effect of 
the dynamic wheel load on adjusting the braking 
force operating point seems to be too small. The 
disturbance of wheel load oscillations due to pitch-
ing is much higher than expected from the ABS’s 
feed-forward control. As a consequence, the feed-
forward control of the Reference-ABS should be 
adapted for further research.  
 

 
Figure 12.  top: wheel load provided for standard and Reference-ABS (based on weight transfer only) and 
for Modified-ABS (total wheel load); bottom: available DCF vs. estimated demand 
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Figure 13.  Braking distances, comparing Reference-ABS and Modified-ABS with dynamic wheel load 
 
Looking at the measured braking distances no dif-
ferences of the mean braking distance can be veri-
fied on a significance level of α=5%. It is checked 
with a t-test due to the normal distribution which is 
proven by a Lilliefors test. Figure 13 shows that the 
mean braking distances are similar. In addition the 
deviation of the braking distances with modified 
ABS increase which reduce the reproducibility of 
the braking procedure. Neither a positive nor a nega-
tive effect of the adjusted braking force operating 
point is proven statistically using both the feed-
forward control of the Reference-ABS and the dy-
namic wheel load information. However it has to be 
considered that the dynamic wheel load has not 
influenced the braking force operating point only 
but other quantities as well during the tests. For one 
of these quantities, a strong negative influence of the 
dynamic wheel load is identified. With the available 
measurements, it cannot be excluded that an adjust-
ment of the braking force operating point by adding 
the dynamic wheel load takes effect on the braking 
distance. Further braking tests are necessary to ana-
lyze the influence of dynamic wheel load on the 
braking force operating point and other quantities 
separately. It is estimated that adjusting the braking 
force operation point on the time course of dynamic 
wheel load allows shorter braking distances due to 
higher mean friction coefficients.  

CONCLUSION AND OUTLOOK  

Goal of this research project is the improvement of 
straight-line ABS-braking. The braking process is 
influenced by the vehicle’s longitudinal and vertical 
behavior, or in more detail the braking torque and 
wheel load, mainly. Adjusting the braking torque 

and the wheel load by ABS and Continuous Damp-
ing Control (CDC), two actuating quantities which 
influence the braking process mainly can be mod-
ified. 
Based on theoretical approaches, the paper presents 
several strategies which seem to have potential to 
improve the braking process. They can be separated 
in those which increase the mean braking force by a 
greater mean friction coefficient and those which 
modify the time course of the braking force. For 
both optimization objects, possible strategies derive 
from a methodical analysis. With semi-active or 
active suspensions the time course of wheel load 
and thus the braking force can be influenced tempo-
rarily. This topic will be investigated in further stu-
dies by use of Continuous Damping Control. 
Regarding the objective of less slip oscillations, the 
paper presents results of the MiniMax damping 
control for various braking conditions and the re-
sults of a preliminary study which deals with the 
modulation of the ABS internal braking force opera-
tion point depending on dynamic wheel load infor-
mation. The braking distances with different damper 
settings show that in combination with a standard 
ABS the MiniMax controller reduces the braking 
distance significantly adjusting the wheel in a spe-
cial matter. Furthermore the results let expect less 
potential for improving the braking process by 
means of integrated ABS and CDC control on wet 
roads than on dry roads due to less wheel load oscil-
lations on wet roads.  
In a preliminary study the dynamic wheel load is 
taken into account for ABS-control of the front 
wheels. A measurement rim has been used for these 
tests. Further tests will be performed with estimated 
dynamic wheel load information, based on sensors 
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similar to those used with CDC. In summary, taking 
the dynamic wheel load into account for ABS-
control does not yet reduce the braking distance 
significantly in these preliminary tests. However it 
has to be considered that the dynamic wheel load 
has adjusted not only the braking force operating 
point but influences also other ABS-modules. In one 
of these modules, the additional dynamic wheel load 
information has lead to a negative effect, which 
possibly affects the braking distance as well. In 
further braking tests, the dynamic wheel load will be 
taken into account in ABS-modules separately in 
order to identify the influence of each modified 
module on the braking distance.  
Furthermore the transfer mechanisms of both the 
braking torque to braking force and the wheel load 
to braking force will be investigated with theoretical 
approaches and experiments. The knowledge of both 
transfer mechanisms is aspired in depth in order to 
allow an optimization of the braking process which 
is transferable to other applications and vehicles. 
Research is ongoing and results will be published in 
the future. 
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 ABSTRACT                                                                      
 

 

Safety of vehicle occupants jeopardized during 

rollover accidents when necessary safety measures 

are not taken. Structural adequacy and protection of 

occupants are the two significant measures that can 

be implemented to minimize occupant injury risk 

during vehicular rollover events. The aim of this 

paper is to evaluate the structural resistance and 

passenger injury risks and compare the effectiveness 

of safety belt usage in occupant during a simulated 

rollover event of a 13 meter long TEMSA bus. A 

total of eight occupants were placed at the 

structurally weakest locations of the bus. Three 

different occupant protection cases were considered: 

i. no safety belt, ii. two-point safety belt and iii. three-

point safety belt. A standard rollover procedure was 

simulated using non-linear finite element code LS-

DYNA. Head injury criteria and neck forces were 

calculated and compared to evaluate the effectiveness 

of seat belt usage on occupant protection. Simulation 

results clearly illustrated that when occupants had no 

seat belt protection they suffered serious risk of 

injuries. Moreover, two and three point safety belts 

provided somewhat similar protection levels for most 

of the occupants. Based on the findings, use of two 

point safety belt in all of the seats of the TEMSA 

busses was recommended.  

 

INTRODUCTION 
 

The most typical collision configurations involving 

busses and coaches are side, rear, frontal and rollover. 

Although rollover crashes did not happen very often, 

when they did, the number of seriously injured 

occupants was high compared to other crash types 

[1]. According to Enhanced Coach and Bus Occupant 

Safety (ECBOS) project final report [1], granted by 

the European Union, in the EC, every year 20,000 

buses are involved in accidents which results in 

approximately 300,000 injuries per year. 

Unfortunately, some 150 of these persons suffer fatal 

injuries.   

In EC, there is a strong movement towards 

establishing new safety requirements for buses or 

coaches operated in Europe in order to reduce 

fatalities. These safety requirements are continuously 

visited to improve passenger safety in these busses or 

coaches. 

Albertson et al. [2] conducted one of the 

most comprehensive studies on rollover crash 

injuries. They analyzed 128 injured in Sweden with 

regard to the injury outcome, mechanisms and 

possible injury reduction for occupants when using a 

safety belt. Other studies found out that when the bus 

or coach rolls 90º or more, occupants would have 

high risks of sustaining injuries [3,4]. In fact, 

Matolcsy [5] collected a rollover accident statistics 

over 300 accidents which showed that the average 

casualty rate was 25 casualties/accident.  

      In case of a rollover, passengers run the risk 

for being exposed to ejection, partial ejection, 

projection, or intrusion and thus exposed to a high 

fatality risk [5,6]. However the most dangerous one is 

the intrusion, when due to the large scale structural 

deformation structural parts intrude into the 

passenger, or compress them (lack of the strength of 

superstructure) [5].  

The difference for a bus or coach passenger, 

with respect to biomechanics and space, as compared 

to those of lighter vehicle passenger becomes obvious 

in a rollover crash. During a bus or coach rollover, 

the occupant will have a larger distance from the 

center of rotation as compared to that of a car 

occupant. For this reason, European regulation “ECE 

R66” titled “Resistance of the Superstructure of 

Oversized Vehicles for Passenger Transportation” is  
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Figure 1.  Placement of residual space in a bus. 

 

in force to prevent catastrophic consequences of such 

rollover accidents thereby ensuring the safety of bus 

and coach passengers [7]. This regulation prescribes a 

test to be chosen between one of the following kinds 

 

• A complete bus rollover test 

• A bay section rollover test 

• A pendulum test 

• A numerical simulation of rollover. 

 

The use of prototype to verify the design changes and 

doing real rollover, bay section or pendulum tests are 

often unsuitable because of the high costs and time. 

Therefore, among the alternatives, utilization of the 

numerical simulation is becoming more appealing to 

researchers.  Friedman et al. [14] investigated using 

fiber-epoxy composite roof pillars under rollover 

(FEM). (FEM). In all of the above cases for the 

Regulation ECE R66 the effect of added mass of the 

passengers are not considered. The effect of 

passenger weight on the rollover crashworthiness is 

investigated by Guler et al. [15]. Results of that study 

shows that busses built with the current regulation 

does not comply if the passenger weight is 

considered. In another study by Belingardi et al. [16] 

FEM approach has been used to study the structural 

behavior of a M3 bus in a rollover accident and 

evaluate the structure resistance and passenger injury 

risks. In that study, only a bay section has been 

modeled with rotation axis parallel to the longitudinal 

bus axis. They also showed that the numerical 

analysis has given prominence to the inadequacy of 

the actual European regulation (ECE66), concerning 

passive safety. 

 

 

METHODOLOGY 

 
 In this paper, results of a numerical rollover 

investigation study involving TEMSA bus with 

occupants are presented. FEM was used to construct 

a 12.8 m long bus with stainless steel material and 

special reinforced roll bar structure in the front and in 

the most rear. The FEM of the bus is developed by 

the specialized pre-processing software ANSA 

11.3.5. and calculations are made using a non-linear, 

explicit, three dimensional, dynamic finite element 

computer code LS-DYNA. To verify the accuracy of 

the bus FEM, a series of laboratory tests were 

performed on a breast knot of side-body and on a 

roof edge knot of the vehicle and compared with 

those obtained from subsequent numerical 

simulations. A high degree of theoretical and 

experimental correlation was obtained, which 

partially confirmed the validity of bus FEM. Once the 

component validation process completed, a complete 

vehicle rollover test simulation was carried out. The 

finite element model in this study consisted of a 

validated vehicle [15] and occupant models. LS-

DYNA Hybrid III dummy models were used as 

occupant models and are seated in 4 double seats 

located in critical places by considering structurally 

weakest sections of the bus. 

The rollover simulations performed are 

intended to determine the damage mechanics and 

potential injury risks of the dummies. Three different 

occupant protection cases were considered: i. no 

safety belt, ii. 2-point safety belt and iii. 3-point 

safety belt. In each case head and neck injury criteria 

were used to evaluate the effectiveness of seat belt 

usage on occupant protection. 

 

The ECE R66 Regulation 
 

The purpose of the ECE R66 analysis is to ensure 

that the superstructure of the vehicle has the 

sufficient strength that the residual space during and 

after the rollover test on complete vehicle is 

unharmed.  That means no part of the vehicle which 

is outside the residual space at the start of the test 

(e.g. pillars, safety rings, luggage racks) are intruding 

into the residual space. As shown in Figure 1, the 

envelope of the vehicle’s residual space is defined by 

creating a vertical transverse plane within the vehicle 

which has the periphery and moving this plane 

through the length of the vehicle.  

  

 



Figure 2.  Details of rollover test according to ECE 

R66 [7] 

 

The rollover test is carried out on that side of the 

vehicle which is more dangerous with respect to the 

residual space (see Figure 2). The decision is made 

by the competent Technical Service on the basis of 

the manufacturer's proposal, considerin

following: i. the lateral eccentricity of the center of 

gravity and its effect on the potential energy in the 

unstable, starting position of the vehicle, ii. the 

asymmetry of the residual space, iii. the different, 

asymmetrical constructional features of the two sides 

of the vehicle, and iv. which side is stronger, better 

supported by partitions or inner boxes (e.g. wardrobe, 

toilet, and kitchenette). 

 

Figure 3.  LS-DYNA simulation results for

knot subassemblies 
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DYNA simulation results for breast 

Figure 4.  Test arrangements for breast knot and 

special roof profile subassemblies

 

Verification of Calculation
 

Before starting the ECE R66 simulation and 

certification process, a verification of calculation 

procedure set forth by the regulation ECE R66 was 

performed. Two separate specimens (breast knot and 

roof edge knot extracted from the vehicle) were 

prepared and sent to TÜV Automotive for 

experimental investigations. These parts were 

subjected to certain boundary conditions and quasi

static loads at TÜV’s testing facility [17]. The same 

subassemblies were also modeled and simulated 

using LS-DYNA. Force-deflection curves obtained 

from both the experiments and simulations were 

compared and a good correlation between experiment 

and simulation results was obtained (see 

Figure 4).  

 

Description of the Computational Model
 

FEA model of the full vehicle (with seats) was 

comprised of 770,404 number of nodes, 785,940 first 

order explicit shell elements, 153 beam and 51,460 

Güler 3 

 

 

for breast knot and 

special roof profile subassemblies 

Verification of Calculation 

Before starting the ECE R66 simulation and 

certification process, a verification of calculation 

procedure set forth by the regulation ECE R66 was 

wo separate specimens (breast knot and 

roof edge knot extracted from the vehicle) were 

prepared and sent to TÜV Automotive for 

experimental investigations. These parts were 

subjected to certain boundary conditions and quasi-

cility [17]. The same 

subassemblies were also modeled and simulated 

deflection curves obtained 

from both the experiments and simulations were 

compared and a good correlation between experiment 

and simulation results was obtained (see Figure 3 and 

Description of the Computational Model 

of the full vehicle (with seats) was 

comprised of 770,404 number of nodes, 785,940 first 

order explicit shell elements, 153 beam and 51,460  
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Figure 5.  Finite Element Model of the whole bus 

rotated about the ground contact position 

 

mass elements (see Figure 5). Element length is 

assigned to be 10 mm in the critical regions (A 

verified assumption coming from the verification of 

calculation) and for the regions under the floor (lower 

structure-chassis) element length up to 40 mm was 

used. The number of elements per profile width is at 

least 3 for the upper structure whereas the number of 

elements per width is 4 for side wall pillars which are 

significant for rollover deformation. 

 

All deformable parts were modeled with the 4-node 

Belytschko-Tsay shell elements with three integration 

points through the shell thickness [18]. The shell 

element formulation is based on Belytschko-Lin-Tsay 

formulation with reduced integration available in LS-

DYNA [19]. This element is generally considered as 

computationally efficient and accurate. The shell 

element that has been, and still remains to be, the 

basis of all crashworthiness simulations is the 4-

noded Belytschko and Tsay shell. Upon completion 

of mesh generation of bare structure, masses were 

imposed according to a certain methodology. First, a 

list of masses of the vehicle was prepared. The 

engine, gearbox, air conditioner and fuel tank were 

roughly 3D modeled as rigid parts, the inertias were 

calculated analytically and mass and the inertia was 

imposed on a representative node (on the 

approximate center of gravity points for the relevant 

part) of these parts. The axles were modeled with 

rigid truss elements and the mass and the inertias 

were imposed using the same method. The masses 

particularly located were imposed by using mass 

elements. The distributed masses were imposed by 

changing the density of the related region. Further 

details on bus FEM can be obtained from the study 

by Guler et al. [15]. 

 

 
 

Figure 6.  FEA Model of the seat structure 

 

To model the seat structure, the geometry of the seat 

base was constructed using shell elements. The seat 

structure was connected to the floor elements located 

below using spotweld option in LS-DYNA. This 

option represented the closest approximation to an 

actual bolted connection due to its properties, such as 

bolt failure. A detailed representation of the 

spotwelds and finite element mesh of the seat 

structure is shown in Figure 6.   

 

The Center of Gravity (C.G.) of the vehicle was 

measured using a test platform in TEMSA.  The 

measured values were in a good agreement with the 

ones coming from the finite element model of the 

bus. To exactly match the measured and calculated 

C.G.’s, the C.G.’s of engine, gearbox and the axles 

were fine tuned in the model. 

  

For obtaining the material data, tension tests were 

applied on several specimens at TÜV Automotive 

facilities. The true stress-strain curves were obtained 

and imposed in LS-DYNA accordingly. The material 

model for the deformable structure in LS-DYNA is 

the so called “MAT Type 24, Piecewise Linear 

Isotropic Plasticity model” [20]. This is an elastic 

plastic material model which uses the Young’s 

Modulus if stresses are below the yield stress and the 

measured stress-strain-curve if the stresses are above 

the yield stress. Rigid parts (engine, gear box, fuel 

tank, axles, etc.) are modeled with the so called Rigid 

Material, MAT Type 20. For the definition of the 

survival space (residual space) “MAT Type 9, Null 

Material” is used. 

 

Hybrid III 50
th

 percentile dummy was used to 

represent passengers riding in the bus during a 

rollover accident. Dummy is a completely 

deformable finite element model (see Figure 7) and 

detailed information about the dummy can be found  



Güler 5 

 

Figure 7.  Hybrid III Dummy 

 

 

Figure 8.  Positioning of Dummies in the bus 

structure 

 
in [21]. A total of eight dummies were used in the 

rollover analysis. The dummies were placed in the 

weakest sections of the bus as shown in Figure 8. 

These locations were determined from the past 

experiences of the rollover study. The dummy 

positioning into the seats was done automatically 

using LS-DYNA.   

 

Two types of seat belts evaluated in this study are: 

two point or lap belt and three point or shoulder belt 

(see Figure 9). The top end of the seat belt near the 

shoulders of the dummy was positioned so that it fits 

the contours of the chest and the upper body of the 

dummy whereas the lap belts positioned to fit the 

contours of the thigh.  

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 9.  Finite Element Model of the dummy, seat 

and seat belt; (a) No seat belt; (b) two–point or 

lap seat belt; (c) three–point seat belt  
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Figure 10.  Rotation of the bus to the ground 

contact position 

 

LS-DYNA Solution procedure 

The solution procedure in general is described as 

follows: The total energy according to the formula 

indicated in the ECE R66 regulation: 

 

0.75E Mgh=   (1) 

where, E  is the total energy, M  is the unloaded 

curb mass of the bus structure, g  is the gravitational 

acceleration and 
2 3

h z z z= ∆ = −  as shown in Figure 

10. This energy is applied to the structure by applying 

a rotational velocity to all of the deformable and rigid 

parts of the vehicle. h is the vertical distance between 

the C.G. of the vehicle at free fall position (
2

z ) and 

the C.G. of the vehicle which is kinematically rotated 

up to the ground contact position (
3

z ). 

 

First, the model is rotated around x axis until the 

mass center of the whole vehicle reaches its highest 

position. At this point the coordinate of the C.G. in 

the z direction is recorded. Then, the bus is rotated 

around the 100 mm obstacle until the vehicle contacts 

the ground (an offset is left considering the shell 

thickness of the ground and the corresponding 

vehicle structural part). The z coordinate of the C.G. 

at this position is recorded as well. Then, as shown in 

Figure 10, the vertical distance between these two 

points is determined and recorded as h.  

  

 

 

Initial velocity generation is done with 

*INITIAL_VELOCITY_GENERATION card in 

LS-DYNA. 

*CONTACT_AUTOMATIC_NODES_TO_SURFACE 

was used to establish contact between the vehicle 

super-structure (body-in-white) and the ground. On 

the other hand, 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFA

CE was used between the seat structure and the seat 

rails on the side-wall and on the sill(see Figure 6). 

The static friction coefficient between all parts was 

set to 0.1 and the dynamic friction coefficient was set 

to default which assumes that it is dependent on the 

relative velocity of the surfaces in contact. Shell 

thickness change option in *CONTROL_SHELL is 

enabled assuming that membrane straining causes 

thickness change during the deformation. Mass 

scaling was applied to the smallest 100 elements 

which resulted in negligible change in overall mass. 

This provided a significant computational time 

savings.   

 

The solutions are performed with SMP version of LS-

DYNA. The analyses run approximately 12 hours for 

belted dummies and 20 hours for unbelted dummies 

on an AIX IBM P5+ series work-station with four P5 

processors. Simulations lasted until dummies become 

stationary. Simulation time was 500 ms for unbelted 

dummies and 300 ms for belted dummies with results 

output required after every 5000 time steps.. 

Head Injury Criteria 

The Head Injury Criteria (HIC) is used to assess the 

risk of injury to the head of bus occupants. This 

criteria is first introduced by Versace [22] and later 

modified by modified by The National Highway 

Traffic Safety Administration’s NHTSA. HIC is a 

commonly used injury criterion for the assessment of 

the level of head injury risk in frontal collisions. A 

HIC of 1000 is conventionally accepted as the 

threshold where linear skull fractures will begin to 

appear, but NHTSA changed this value to 700 in 

March 2000 [23]. HIC is calculated as:  

( ) ( )
2

2 1

1

2.5

2 1

2 1

1
HIC

t

t t

t

a t dt t t
t t

−

 
= − 

−  
∫  (2) 

where ( )a t  is the resultant linear acceleration at the 

center of gravity of the head and 
1 2
,  t t  are arbitrary 

instants of time when head experiences acceleration 

of deceleration. The HIC was analyzed using 36 ms 

time interval in this study. 

100 mm upper 

position on the tire

α β

1 1 1( , , )x y z

2 2 2
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3 3 3
( , , )x y z

2 3( )z z−

0

1

2
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position on the tire

α β

1 1 1( , , )x y z

2 2 2
( , , )x y z

3 3 3
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2 3( )z z−

0
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It should be noted that in this study, neck 

injury criteria was not used. Instead, neck forces 

obtained from simulation was compared with limit 

values to assess the severity of neck injury during 

rollover event.  

 

DISCUSSION OF RESULTS     
 

In order to check the accuracy of the simulation 

results, the first thing to check is whether the total 

energy remains constant during the simulation time 

period. The graph showing various energy 

distributions obtained from the rollover simulation of 

the bus structure is given in Figure 11. As shown in 

this figure, the total energy remains constant which is 

one of the indications for correct analysis results. It 

can be observed that the kinetic energy drops and 

transforms into internal energy (strain energy + 

sliding energy) over the time and the hourglass 

energy remains negligible. 

 

 

Figure 11. Energy distribution versus time 

 

Figure 12. The arrangement of dummies 

To clarify the dummy referencing, labels shown in 

Figure 12 were used. So, the dummies seated in the 

bus model were labeled from M1 to M8. According 

to the arrangements, dummies M1 to M4 and M5 to 

M8 are sitting near the front and back of the bus, 

respectively.  

t = 0 ms 

t = 50 ms 

 t = 100 ms 

 t = 200ms 

 t = 300 ms 

 t = 450 ms 

 

 

Figure 13 Sequential pictures showing behavior of 

unbelted dummies during ECE R66 test 

simulation. 

 

M1M2
M3M4

M5M6M7M8
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 t = 0ms 

 t = 50 ms 

 t = 100 ms 

 t = 200ms 

 t = 250 ms 

 t = 300 ms 

 

 

Figure 14 Sequential pictures showing behavior of 

lap-belted dummies during ECE R66 test 

simulation. 

 t = 0ms 

 t = 50 ms 

 t = 100 ms 

 t = 200ms 

 t = 250 ms 

 t = 300 ms 
 

 

Figure 15 Sequential pictures showing behavior of 

three-point-belted dummies during ECE R66 test 

simulation.  
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Time histories for selected time steps are 

illustrated are presented in Figure 13 for the unbelted 

dummies. The rollover behavior is typical such that 

bus first comes into contact with the ground and then 

starts absorbing energy by elasto-plastic deformation 

through bending at the plastic hinge zones. After 

sufficient deformation occurs the bus starts sliding. 

Since the dummies are not belted, it is obvious that 

the dummies M1, M2, M5 and M6 would fly in the 

space and quite possibly hit either the dummies 

sitting on the rollover side (Dummies M3, M4, M7 

and M8) or hit the luggage compartment or sealing of 

the bus structure. In reality, a full ejection or partial 

ejection of passengers occurs which is very common 

in the rollover traffic accidents. As it can be seen 

from Figure 14, Dummy M3 first collides with M4 at 

150 milliseconds and after that M2 falls down to M3 

at 295 milliseconds. The situation is similar for the 

dummies sitting at the back of the bus. In this case 

dummy M8 is hit by M7 at 145 milliseconds and M6 

falls down to M7 at 290 milliseconds.   

  Sequential pictures for the two-point or lap 

belted dummies rollover simulation are given in 

Figure 14. During the rollover event, the passengers 

seating near the window from the rollover side (in 

our case dummy M4 and dummy M8) typically hit 

their head to the window or side pillars of the bus. As 

shown in Figure 14, seat belt usage clearly showed 

positive effect on protecting the passengers. In fact, 

simulation results showed that passengers seating 

across the rollover side were prevented from partial 

or full ejection due to the employment of two-point 

seat belt.  

Finally, time histories of the rollover 

simulation for three-point belted dummies are 

presented in Figure 15. In this case neither partial nor 

full ejection of dummies are observed.  

For the standpoint of injury criteria, HIC and 

neck forces observed during the rollover simulation 

for the unbelted dummies case are given in Table 1. 

All of the dummies HIC values are greater than 1000 

and neck forces are greater than 4000 N except 

dummy M3 and dummy M7 indicating series injury 

of all of the passengers. Dummy M3 is coming into 

contact with dummy M4 in 150 ms and with dummy 

M2 in 295 ms. Also Dummy M7 is coming into 

contact with dummy M8 in 145 ms and with dummy 

M6 in 290 ms. 
For the two-point or lap belted dummies the 

HIC and neck forces are given in Table 2. Observe 

that only dummy M8 has a HIC value higher than 

1000 due to the fact that it comes into contact with 

the ground in 105 ms and dummy M7 is colliding 

with dummy M8 in 185 ms. Neck forces are in 

allowable range for the belted dummies. 

For three-point belted dummies, HIC and 

neck forces are given in Table 3. As shown in this 

table, all of the HIC values and neck forces are within 

the acceptable limits.  The highest HIC value is 

observed in the dummy M4 due to the fact that it 

collides with side pillars at 125 ms. 

Analysis results showed that the three-point 

belt usage provided the best occupant protection 

since it results in the lowest values in terms of HIC. 

However, as it can be seen from the Tables 2 and 3, 

wearing the three-point belt generally increases the 

neck forces during a rollover accident. Since the 

values of HIC values are in acceptable range for two-

point seat belts, wearing two-point seat belts seems to 

be a good alternative to more complex three-point 

seat belts.  

 

SUMMARY AND CONCLUSIONS 
 

A state-of-the-art computational nonlinear explicit 

dynamic analysis was employed to assess the 

behavior of bus occupants during a rollover event. 

Vehicle model was partially validated using 

subassamblage experimental data which proved the 

accuracy of the bus model used in the rollover 

simulation study according to ECE R66 regulation.  

As predicted by the rollover analysis 

presented in this paper, unbelted bus passengers are 

in a great risk of partial or full ejection resulting in 

serious injuries. Simulation results showed that 

passengers wearing two-point or lap belts are very 

likely to remain seated during rollover which 

prevents passengers flying in vehicle and 

consequently hitting the windows or pillars of the bus 

structure or other passengers. 

Three-point belt usage resulted in the lowest 

values in terms of HIC. However, three-point belt 

usage increased the neck forces during a rollover. 

Since the HIC values obtained from two-point belt 

simulations are in acceptable range, it is 

recommended to use two-point seat belts rather than 

three-point seat belts to achieve improved passenger 

protection. It should be added also that incorporation 

of two point belt system into busses are easier and 

more cost-effective for bus manufacturers. This 

aspect should also be considered during the 

manufacturing phase.  
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Table 1 HIC values and Neck Forces for unbelted dummies 

Dummy HIC36 Neck Forces (N) Description 

M1 2390 @ 0.450 s 6400 @ 0.450 s Collision with ground @ 450 ms  

M2 2170 @ 0.435 s 4800 @ 0.435 s Collision with ground @ 435 ms  

M3 695 @ 0.295 s 2390 @ 0.150 s Contact with Dummy M4 @ 150 ms and with 

Dummy M2 @ 295 ms  

M4 1280 @ 0.075 s 1070 @ 0.335 s Contact with side pillar @ 75 ms  

M5 2530 @ 0.490 s 5700 @ 0.490 s Collision with ground @ 490 ms  

M6 3200 @ 0.375 s 5200 @ 0.450 s Contact with side pillar @ 375 ms  

M7 460 @ 0.290 s 3200 @ 0.145 s Contact with Dummy M8 @ 145 ms and with 

Dummy M6 @ 290 ms  

M8 1350 @ 0.095 s 2370 @ 0.235 s Collision with ground @ 95 ms  

 

Table 2 HIC values and Neck Forces for two-point or lap belted dummies 

Dummy HIC36 Neck Forces (N) Description 

M1 308 @ 0.230 s 1400 @ 0.280 s No contact 

M2 160 @ 0.210 s 1600 @ 0.270 s No contact 

M3 175 @ 0.120 s  1950 @ 0.215 s No contact 

M4 255 @ 0.110 s 2840 @ 0.100 s Collision of hand with side pillar @ 110 ms 

M5 295 @ 0.230 s 1450 @ 0.280 s No contact 

M6 155 @ 0.210 s 1570 @ 0.270 s No contact 

M7 640 @ 0.185 s  2700 @ 0.245 s Contact with Dummy M8 @ 185 ms  

M8 1130 @ 0.105 s 1210 @ 0.135 s Contact with ground @ 105 ms 

 

Table 3 HIC values and Neck Forces for three-point belted dummies 

Dummy HIC36 Neck Forces (N) Description 

M1 290 @ 0.220 s 1400 @ 0.270 s No contact 

M2 160 @ 0.210 s 1600 @ 0.280 s No contact 

M3 175 @ 0.120 s 2300 @ 0.210 s No contact 

M4 750 @ 0.125 s 3400 @ 0.100 s Contact with side pillar @ 125 ms  

M5 205 @ 0.225 s 1050 @ 0.192 s No contact 

M6 155 @ 0.216 s 970 @ 0.200 s No contact 

M7 225 @ 0.200 s 1750 @ 0.185 s No contact 

M8 345 @ 0. 112 s 2450 @ 0.112 s Belt contacts with the neck of the dummy @ 112 ms 

 

It should be noted that the FEM used in this study did 

not include the trim parts of the interior of the bus 

structure. Since the presence of trim parts would have 

an effect on the HIC values its inclusion in a future 

study is strongly recommended. Also increasing the 

number of dummies in the vehicle and using more 

sophisticated dummies would result more accurate 

analysis results. Finally, improvements on seatbelts 

FEM is recommended for further studies.  

 

The influence of the belted occupants must be 

considered by adding a percentage of the whole 

passenger mass to the vehicle mass. That percentage 

depends on the type of belt system and is 70% for 

passengers wearing 2-point belts and 90% for 
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passengers wearing 3-point belts [24]. In authors’ 

earlier study [15], it was shown that adding passenger 

weight to the bus structure significantly changes the 

rollover crash scenario increasing the initial kinetic 

energy of the whole system and causing much more 

damage than expected to the structure of the bus. 

Hence for further studies it is recommended that a 

full passenger’s weight must be added to the bus 

structure or dummies equal to the passenger number 

must added to the finite element model and authors 

believe that this should be adapted in the ECE R66 

regulation. 
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ABSTRACT 
 

Pedestrian protection is one of the key topics of 
discussion in the area of vehicle safety legislation in 
Europe and Japan. Leg injuries are the most common 
injuries found in nonfatal pedestrian accidents. The 
EC regulation and Euro NCAP are evaluating 
pedestrian leg protection performance in current 
vehicles. The TRL legform impactor is specified by 
the EC regulation, where Phase 1 took effect during 
2005 and a draft phase 2 is scheduled to take effect in 
2013. The global technical regulation (GTR) 
pedestrian protection test protocol was made basically 
using the TRL legform impactor. However, a flexible 
legform impactor has been under development. When 
the flexible legform impactor development is fully 
completed and evaluated, it is possible that both 
legform impactors may be determined to be useful in 
the GTR. Thus, the objective of this study is to 
investigate the characteristics of pedestrian leg 
protection performance of the frontal area of current 
vehicles using the TRL legform impactor and the 
flexible legform impactor. Different types of vehicles 
(sedan, sport utility vehicle (SUV), height wagon, and 
1 box car) were used. The center of the bumper and 
center of the side members (i.e., the vehicles main 
longitudinal beams) were selected as impact locations 
for the legform impactors tests. This paper discusses 
an equivalence of injury assessment between the TRL 
legform impactor and flexible legform impactor. 
 
INTRODUCTION 
 

Every year, around 78,000 pedestrians are injured in 
traffic accidents in Japan [1]. Pedestrian protection is 
one of the key topics of discussion in the area of 
vehicle safety legislation in Europe and Japan. Leg 
injuries are the most common injuries found in nonfatal 
pedestrian accidents [1]; therefore, this investigation 
focuses on evaluating the protection provided by the 

bumpers of eight typical cars found in Japan. The basis 
of the test procedure used in this study for evaluation 
of bumper performance was developed by the 
European Enhanced Vehicle-safety Committee 
(EEVC)/WG17 [2]. The Transport Research 
Laboratory (TRL) legform impactor [3] approved by 
the EEVC/WG17 is employed by the EC regulation, 
where Phase 1 [4] took effect during 2005 and a draft 
Phase 2 [5] is scheduled to take effect in 2013. The 
global technical regulation (GTR) pedestrian protection 
test protocol was made basically using the TRL 
legform impactor. 

On the other hand, a flexible legform impactor 
which has a greater biofidelic level has been under 
development [6]. The flexible legform impactor has 
been evaluated for its technical level as a test tool by 
the pedestrian legform impactor technical evaluation 
group (TEG) of GRSP. When the flexible legform 
impactor development is completed and evaluated, 
both legform impactors have a possibility to be used 
in the GTR. Thus, the objective of this study is to 
investigate the characteristics of the pedestrian leg 
protection performance of the frontal area of current 
vehicles using the TRL legform impactor and the 
flexible legform impactor. 

 
METHOD 
 
Set-up 
 

The current model (2000) of the TRL legform 
impactor [3] and the flexible legform impactor type GT 
(2007) [6] were propelled into a stationary vehicle 
(Figure 2), respectively. The target impact velocity of 
the legform impactor was 11.1 m/s (40 km/h). The 
bottom surface of the TRL legform impactor was set to 
be the same level as the ground line at the moment of 
contact moment between the legform and bumper 
surface. The bottom surface of flexible legform 
impactor was set to be 75 mm higher level from the 
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ground line at the moment of contact, in order to have 
the flexible legform behavior became similar to that 
observed in the human body model simulations [6]. 

The tire pressure in each tested vehicle was adjusted 
to the pressure recommended by the vehicle 
manufacturer. To simulate two adult front seat 
occupants, 75-kg weights were placed on each seat. 
The temperature in the test facility during the test 
program was maintained in the range 20 to 21 degrees 
Celsius. The motion of the legform impactor during its 
impact with the vehicle was recorded by means of a 
high-speed digital camera (1000 frames/second). 
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Figure 1. Legform impactor to vehicle bumper impact 

test setup 
 
Eight different vehicles were tested from the 

following four categories: sedan, sport utility vehicle 
(SUV), height wagon, and 1 box car. Their 
specifications are summarized in Table 1.The height 
wagon and 1 box car used in this study were classified 
into the K-car (less than or equal to 660 cc of engine 
displacement) in Japan. 

 
Table 1. Vehicle specifications 
All length*all width

*all height (mm)
Net weight

(kg)
Displacement

(cc)
Bumper material

A 4410*1695*1460 1130 1496 resin

B 4670*1695*1505 1390 1990 resin

C 4395*1695*1535 1120 1498 resin

A 4420*1785*1710 1550 2354 resin

B 4455*1765*1675 1400 1998 resin

Height wagon A 3395*1475*1645 840 658 resin

A 3395*1475*1870 940 658 resin

B 3395*1475*1880 920 656 resin

Vehicle type

Sedan

SUV

1Box

 
 

The center of the bumper and the center of the side 
members (i.e., the vehicles main longitudinal beams) 
were selected as an impact location for both legform 
impactors tests as shown in Figure 2. The center of the 
bumper was defined to be on the line of the bonnet 
lock. It should be noted here that the bonnet lock of the 
height wagon A was slightly off-set from the vehicle’s 

center line as shown by CI in Figure 2 (6). The location 
of CII of the height wagon A was 295 mm away from 
CI.  

SI of SUV A is the most outer location in the impact 
area defined by EC regulation [5]. SII of SUV A is the 
location in front of the main longitudinal beam. 

 
In front of the 1box A car, there are two cross beams. 
SI of the 1 box A is the location in front of the main 
longitudinal beam which is connected to the lower 
cross beam. SII of the 1box A is the location in front 
of the longitudinal beam connecting to the upper part 
of the cross beam. A total of 19 locations from eight 
vehicles were impacted by the TRL and flexible 
legform impactors, respectively. 
 
Injury Measures 

 
TRL legform impactor 

The lower leg acceleration was used to evaluate tibia 
fracture risk. The knee shearing displacement (i.e., 
relative displacement between the leg and thigh at the 
knee joint level in the lateral direction) was measured 
to evaluate the cruciate ligament injury risk. The knee 
bending angle (i.e., angular displacement of the knee 
joint) was measured to evaluate the collateral ligament 
injury risk. Each data channel was sampled at 10 kHz, 
and data processing was done with an SAE Class 180 
filter. In this study, the measured criteria were 
compared to the injury assessment reference values 
(IARVs), which will be employed by EC regulation 
phase 2 [5]. 

 
Flexible legform impactor 
  The bending moment was used to evaluate the tibia 
fracture risk. The anterior cruciate ligament (ACL) 
elongation and posterior cruciate ligament (PCL) 
elongation were measured to evaluate each cruciate 
ligament injury risk. The medial collateral ligament 
(MCL) elongation was measured to evaluate collateral 
ligament injury risk. Each data channel was sampled 
at 10 kHz, and data processing was done with an SAE 
Class 180 filter. Since the IARVs of flexible legform 
have not been decided to date, this study used the 
lowest values employed in the paper [7]. The IARVs 
used in this study are summarized in Table 2. 
 

Table 2. Injury assessment reference values 

ACL PCL MCL

Acceleration Bending angle

170 G5) 19 degrees5)

Bending moment

312 Nm
(312-350)7)

11.2 mm
(11.2 mm)7)

11.2 mm
(11.2 mm)7)

19.5 mm
(19.5-21.6 mm)7)

Flex

TRL

Elongation

Knee ligament
Tibia

Shear displacement

6 mm5)
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Figure 2.  Impact locations on bumper of tested vehicles 
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RESULTS 
 
Fitting Ratio 

The measured injury criteria utilized by the TRL and 
legform impactors are listed in Table 3. The measured 
criteria which exceed the IARVs shown in Table 2 are 
indicated by the yellow shading. The TRL legform 
impactor impact results which exceed the IARVs [5] 
did not match the flexible legform impactor impact 
results which exceed the IARVs [7]. 

The measured injury criteria of the TRL and flexible 
legform impactors, together with the zone indicating 
whether the measures fulfilled the IARVs, are also 
shown in Figure 3. For the assessment of the tibia 
fracture risk, the relation between the acceleration 
measured by the TRL legform impactor and the 
bending moment by flexible legform impactor are 
summarized in Figure 3 (1). For the assessment of the 
ACL injury risk, the relation between the shear 
displacement measured by the TRL legform impactor 
and the ACL elongation measured by the flexible 
legform impactor are summarized in Figure 3 (2). For 
the assessment of the PCL injury risk, the relation 
between the bending angle measured by the TRL 
legform impactor and the PCL elongation measured by 
flexible the legform impactor are summarized in 
Figure 3 (3). For the assessment of the MCL injury risk, 

the relation between the bending angle measured by the 
TRL legform impactor and the MCL elongation 
measured by the flexible legform impactor are 
summarized in Figure 3 (4). The red shaded areas 
indicate that the measured criteria exceeded both 
requirements for the TRL and the flexible legform 
impactors. The blue shaded areas indicate that the 
measured criteria met both requirements for the TRL 
and the flexible legform impactors. For the assessment 
performance and the injury risk level of the IARVs 
between the TRL and flexible legform impactors to be 
completely the same for each injury, the measured 
criteria both have to be either in the blue area or both in 
the red area. However, all measured criteria were not in 
the blue or red area. 

In this study, the fitting ratio was defined as the 
number in the blue or red area divided by the number 
in the all impact locations (n=19). The fitting ratios 
corresponding to each injury are listed in Table 4. The 
fitting ratio for the tibia fracture risk assessment was 
63%. On the other hand, the fitting ratios for the ACL, 
PCL, and MCL injury risk assessments were 84%, 79%, 
and 84%, respectively. Therefore, the knee ligament 
injury risk assessment was at a higher level compared 
to the tibia fracture risk assessment between the TRL 
and flexible legform impactors. 
 

Table 3. List of measured injury criteria 
 

Tibia fracture
assessment

ACL PCL MCL

Acceleration (G)
Shear

displacement
(mm)

Bending
angle (deg)

Elongation
(mm)

Center 39.7 138 2.8 4.8 40.7 232 4.2 4.0 11.3

Side 39.7 291 2.0 20.3 40.5 311 7.7 13.0 25.0

Center 39.8 224 3.7 28.9 39.4 349 9.7 8.5 31.0

Side 39.9 371 3.9 25.6 40.2 339 17.2 10.2 31.0

Center 40.1 198 1.7 12.6 40.2 178 6.2 4.1 15.4

Side 39.8 307 3.0 24.3 39.9 307 7.3 8.8 23.2

Center 40.0 81 2.0 2.8 40.1 221 3.7 0.6 9.5

Side I 40.1 97 2.6 12.6 40.5 238 6.0 5.4 18.1

Side II 39.9 383 7.5 25.3 40.2 433 13.8 8.7 31.0

Center 40.0 126 1.1 16.5 40.0 356 10.5 6.0 23.5

Side 40.5 342 6.8 25.3 40.0 435 20.8 9.5 31.1

Center I 40.3 129 1.3 4.0 40.0 279 2.6 1.9 5.6

Center II 40.3 142 1.7 3.0 40.1 321 2.7 4.1 4.2

Side 40.4 545 7.8 24.0 40.4 377 10.0 6.7 13.9

Center 39.7 178 2.0 1.6 40.4 236 2.6 5.0 1.4

Side I 40.1 453 4.0 19.3 40.2 329 9.5 8.3 15.4

Side II 40.0 399 7.6 24.4 40.3 286 7.2 17.9 27.5

Center 40.3 97 1.8 4.7 39.9 268 4.1 2.7 13.1

Side 39.9 159 3.0 10.9 39.9 267 6.2 3.8 17.8

:Over injury assessment reference value (IARV)

A

C

A

B

B

Height Wagon

1Box

Tibia fracture
assessmentVehicle type

Impact
location

Sedan

SUV

A

A

B

Knee ligament injury assessment

Impact test result using Flex

Knee ligament injury assessment

Impact test result using TRL

Velocity
(km/h)

Velocity
(km/h)

Bending
moment

(Nm) Elongation (mm)
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            (1) Tibia fracture risk assessment                 (2) ACL injury risk assessment 
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            (3) PCL injury risk assessment                 (4) MCL injury risk assessment 

 
Figure 3.  Measured injury criteria 

 
 

Table 4. Fitting ratio 

Injury type (1) Tibia (2) ACL (3) PCL (4) MCL

12/19 16/19 15/19 16/19

63% 84% 79% 84%

Fitting ratio
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Comparison of Injury Measures Normalized by 
IARV between TRL and Flexible Legform 
Impactors 
 

The investigation of an equal possibility of using 
both the TRL and flexible legform impactors for injury 
risk estimation is necessary. To assess the injury 
severity when evaluating the bumper aggressiveness by 
means of the TRL and flexible legform impactors, the 

maximum values obtained by both impactors were 
expressed as injury measures normalized by IARVs 
(normalized injury measures). The IARVs of the TRL 
and flexible legforms listed in Table 2 were used. The 
relationship between the normalized measures of the 
TRL and the flexible legforms are summarized in 
Figure 4. The regression line starting from the 
coordinate origin between the two normalized injury 
measures was indicated by a blue solid line. The 
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Figure 4. Injury measures normalized by IARVs 
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dashed line, corresponding to an 1:1 ratio indicated that 
the injury risk assessment between the TRL and the 
flexible legforms is exactly the same. The risk 
assessment of the tibia fracture using the TRL legform 
impactor is more severe than that using the flexible 
legform impactor [see Figure 4 (1)]. The risk 
assessments of the knee ligament injuries (i.e., the ACL, 
PCL, and MCL) using the flexible legform impactor 
are more severe than those using the TRL legform 
impactor [see Figures 4 (2), 4(3), and 4(4)]. 

The coefficients of linear regression and the 
correlation coefficients are listed in Table 5. The 
correlation coefficient between the normalized injury 
measures of the TRL legform and the normalized 
injury measures of the flexible legform were over 0.51 
for all injury types. Specifically, the correlation 
coefficient between the normalized bending angle of 
the TRL legform and the normalized MCL elongation 
of the flexible legform was 0.89. The coefficient of 
linear regression between the two normalized injury 
measures was 0.87. These coefficients indicate that 
both normalized injury measures could predict a 
similar risk of medial collateral ligament injury. 
 
 

Table 5. Coefficient of linear regression and 
correlation coefficient 

 

Injury type (1) Tibia (2) ACL (3) PCL (4) MCL

Coefficient of linear
regression

1.50 0.73 0.87 0.87

Correlation
coefficient

0.57 0.52 0.51 0.89

 
 
 
DISCUSSION 
 

In this study, the criteria measured by TRL legform 
impactor and the criteria measured by flexible legform 
impactor were compared. Ideally, when comparing 
both results, the impact conditions such as impact 
velocity should be completely same. However, in this 
study, the impact velocity ranged 39.7 km/h to 40.7 
km/h. One of the limitations of this study is that the 
analyzed results might be affected by the variation in 
impact velocity. In the future, the effect of impact 
velocity on the injury measures should be investigated. 
Then, the current results possibly could be improved 
by the elimination of the velocity effect. 
   The measured injury criteria in each tested vehicle 
were shown in Figure 3. When focusing on the tibia 
for its fracture risk assessment against a vehicle center 
impact, all tested vehicles except three cases fulfilled 
the requirements for both legform impactors [see 

Figure 3(1)]. In contrast, for the tibia fracture risk 
assessment against a vehicle side member, the 
measured injury criteria indicated extremely high 
levels compared to those obtained at the vehicle center 
impact. The stiffness of the bumper in front of the 
main longitudinal vehicle beam in current vehicles is 
relatively high, and the distance between the inner 
surface of the bumper cover and frontal edge of the 
main longitudinal vehicle beam is too short to allow 
absorption of the impact energy exerted by the 
legform impactor. Some countermeasures, including 
attachment of energy absorbing structures in front of 
main longitudinal vehicle beam, might be necessary in 
terms of providing future pedestrian leg protection. 
   When focusing on the MCL injury risk assessment, 
the measured bending angles of an 1 box car by the 
TRL legform impactor were relatively smaller than 
those of a sedan or an SUV [see Figure 3(4)]. The 
frontal shape of the 1 box car could contribute to the 
reduction of the possibility of an MCL injury. 
   In this study, eight different vehicles including two 
1 box cars were used. The 1 box cars were classified 
into the K-car (less than equal to 660 cc of engine 
displacement) in Japan. On the other hand, larger 1 box 
cars (such as more than or equal to 2000 cc engine 
displacement) are also popular in Japan. Since the 
difference in the car front design between the K-car 
and the relatively large engine displacement car is not 
understood, the pedestrian lower leg safety 
performance of the large engine displacement 1 box car 
should be investigated. 
   In Figure 4, linear regression was applied by the 
least square method for the injury measures 
normalized by the IARVs. The distances between each 
injury measure data point and the linear regression 
line are summarized in Table 6. The distances over 0.5 
are marked by the yellow shaded areas. Table 6 
indicates that the distances were over 0.5 in all injury 
types at the side of the height wagon. It implies that 
there is a possibility that the car front structure at the 
side of the height wagon is different than the structure 
of other vehicles. 
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Table 6 The distances between injury measures and the 
linear regression line 

Tibia fracture ACL injury PCL injury MCL injury

Center 0.21 0.26 0.18 0.29

Side 0.13 0.23 0.78 0.05

Center 0.25 0.03 0.05 0.17

Side 0.35 0.65 0.16 0.03

Center 0.20 0.17 0.04 0.02

Side 0.21 0.03 0.21 0.29

Center 0.39 0.12 0.33 0.32

Side I 0.39 0.06 0.02 0.16

Side II 0.10 0.47 0.67 0.05

Center 0.65 0.69 0.32 0.20

Side 0.07 0.31 0.46 0.06

Center I 0.39 0.06 0.08 0.04

Center II 0.48 0.15 0.04 0.03

Side 0.90 0.88 0.90 0.74

Center 0.07 0.22 0.06 0.03

Side I 0.70 0.06 0.03 0.38

Side II 0.63 1.08 0.13 0.07

Center 0.48 0.04 0.11 0.39

Side 0.24 0.13 0.24 0.25

Distance from linear regression line

Vehicle type

SUV B

1Box A

1Box B

Sedan A

Sedan B

Sedan C

SUV A

Height wagon

 
 

The time history of the MCL elongation for the 
flexible legform impactor impacting against the center 
of Sedan A and the behavior of the flexible legform 
impactor at the time of maximum elongation are 
shown in Figures 5 and 6, respectively. According to 
Figure 5, 31.7 ms is the time when the maximum 
elongation was observed; however, the legform 
impactor was not in complete contact with the car 
front at this time (see Figure 6). Since the injury 
measures should be evaluated during the contact to the 
car front, the duration for the injury risk evaluation 
due to contact to a car front should be investigated in 
the future. 

Max. elongation 11.3 mm @ 31.7 ms
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Figure 5 Time history of MCL elongation 

 

 

 
Figure 6 Flexible legform behavior at 32 ms 

For the assessment of tibia fracture, the TRL 
legform impactor has a simplified design such that it 
can measure the acceleration at 66 mm below the knee 
level. In contrast, strain gauges were attached at four 
different levels in vertical locations on the tibia of the 
flexible legform to measure bending moments. An 
analysis of the maximum bending moment was 
employed for this study. If the lower part of the 
bumper in a tested car is more rigid, the measured 
bending moment at the corresponding location of the 
flexible legform could be the highest. Thus, there is a 
possibility to have lower correlation coefficients when 
comparing the relationship between the normalized 
acceleration of the TRL legform and the normalized 
bending moment of the flexible legform at the similar 
level to 66 mm below the knee. 
 
CONCLUSIONS 
 

This study investigated the equal possibility of 
injury risk estimation using both the TRL and the 
flexible legform impactors.  Nineteen locations of 
eight different Japanese vehicles (including sedan, 
sport utility vehicle (SUV), height wagon, and 1 box 
cars) were impacted by the TRL and the flexible 
legform impactors, respectively. 

In this study, the fitting ratio was defined as the 
number in an area where the measured criteria either 
fulfilled both requirements or exceeded both 
requirements of the TRL and the flexible legform 
impactors divided by the number in the all test cases 
(n=19). The fitting ratio for the tibia fracture risk 
assessment was 63%. In contrast, the fitting ratios for 
the ACL, PCL and MCL injury risk assessments were 
84%, 79% and 84%, respectively. Therefore, the knee 
ligament injury risk assessment was at a higher level as 
compared to the tibia fracture risk assessment between 
the TRL and the flexible legform impactors. 

The measured injury criteria were normalized by 
the injury assessment reference values (IARVs) 
(normalized injury measures). In this study, the IARVs 
which are to be employed by EC regulation Phase 2 
were used for the normalized criteria for the TRL 
legform impactor. Since the IARVs of the flexible 
legform have not been decided to date, this study used 
the values employed in an ESV paper. The 
relationship between normalized measures of the TRL 
and the flexible legforms were investigated. The risk 
assessment of tibia fracture using the TRL legform 
impactor is more severe than that using the flexible 
legform impactor. The risk assessments of knee 
ligament injuries (ACL, PCL, MCL) using the flexible 
legform impactor are more severe than those using the 
TRL legform impactor. The coefficients of linear 
regression and correlation coefficients were 
investigated. The correlation coefficients between the 
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normalized injury measures of the TRL legform and 
normalized injury measures of the flexible legform 
were over 0.51 for all injury types. Specifically, the 
correlation coefficient between the normalized 
bending angle of TRL legform and the normalized 
MCL elongation of the flexible legform was 0.89. The 
coefficient of linear regression between the two 
normalized injury measures was 0.87. These 
coefficients indicate that both normalized injury 
measures could predict a similar risk of medial 
collateral ligament injury. 
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ABSTRACT 
 
At a crash scene, EMS providers must not only 
determine the severity of injury and initiate medical 
management, but also identify the most appropriate 
transport destination facility through a process called 
“field triage.”  Proper decision making has a very 
significant impact on the outcome of injured subjects.  
Step III of the Field Triage Decision Scheme 
addresses mechanisms of injury and previously 
included “High Speed Auto Crash” as supported by 
initial estimated speed >40 MPH, major auto 
deformity >20 inches and intrusion into passenger 
compartment > 12 inches. 
 
To take into account recent changes in trauma 
systems development and vehicle safety engineering 
and telemetry capabilities, the universally used Field 
Triage Decision Scheme was revised by a National 
Expert Panel organized by the Centers for Disease 
Control and Prevention.  An extensive review of 
published evidence as well as analysis of crash injury 
databases was performed.  New criteria targeted a 
20% positive predictive value for Injury Severity 
Score greater than 15 (ISS>15) since more severely 
injured patients benefit most from transport to the 
highest level of trauma care.  “High Speed Auto 
Crash” was revised to “High Risk Auto Crash” as 
supported by intrusion >12 inches at the occupant site 
or >18 inches anywhere in the vehicle as well as field 
telemetry consistent with high risk of injury.  
Rollover events and prolonged extrication were 
removed as criteria while death in the same occupant 

compartment was retained.  The occupant ejection 
criterion was changed to specify both partial and 
complete ejection. 
 
The recent revision of the universally used Field 
Triage Decision Scheme has potential to greatly 
improve rescue and treatment of crash injury victims.  
The addition of “vehicle telemetry consistent with 
high risk of injury” provides a tremendous 
opportunity for the automotive and medical 
communities to work co-operatively to improve crash 
safety.   
 
 
INTRODUCTION 
 
Crash injuries are a major global public health 
problem.  Each year, nearly 1.2 million people 
worldwide are killed in road traffic crashes and 20 
million to 50 million more are injured. Crash injuries 
account for 2.1% of global mortality and 2.6% of all 
disability-adjusted life years (DALYs) lost.  Without 
appropriate action, by 2020, road traffic injuries are 
predicted to be the third leading contributor to the 
global burden of disease. The economic cost of road 
traffic crashes is enormous. Globally it is estimated 
that US$518 billion is spent on road traffic crashes 
(1). 

When someone is injured in a motor vehicle collision 
(MVC), the responding emergency medical services 
(EMS) providers must provide emergency care at the 
scene and then transport the patient to a health-care 
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facility for further evaluation and treatment. “Field 
triage” is the process by which EMS responders 
determine the facility to which an injured patient 
should be transported.  Although all emergency 
departments provide basic emergency services, 
certain hospitals, known as “trauma centers”, have 
additional expertise and equipment for treating 
severely injured patients. In the United States, trauma 
centers are classified by the American College of 
Surgeons Committee on Trauma (ACS-COT) 
depending on the scope of resources and services 
available, ranging from Level I, which provides the 
highest level of care, to Level IV.  

Whether an injured patient is triaged for transport to 
an appropriate level of care facility or not can have a 
very significant impact on that patient’s subsequent 
morbidity and mortality.  Experience with field triage 
has confirmed the importance of destination 
decisions in trauma care.  The National Study on the 
Costs and Outcomes of Trauma (NSCOT) recently 
evaluated the effect of trauma center care on 
mortality in moderately to severely injured patients; 
the study found a 25% reduction in mortality for 
severely injured patients who received care at a Level 
I trauma center rather than at a non-trauma center (2).  
This study examined data from Level I trauma 
centers and large non-trauma center hospitals (i.e., 
hospitals that treated >25 major trauma patients each 
year) in 15 metropolitan statistical areas in 14 states. 
Complete data for 1,104 patients who died in the ED 
or hospital were compared with 4,087 selected 
patients who were discharged alive. After adjusting 
for differences in case mix, including age, 
comorbidities, and injury severity, the researchers 
found that 1-year mortality was lower among 
severely injured patients treated at Level I trauma 
centers (10.4%) than those treated at large non-
trauma center hospitals (13.8%) (relative risk [RR] = 
0.75; 95% CI: 0.6–1.0). Those treated at Level I 
trauma centers also had lower in-hospital mortality 
(RR = 0.8; 95% CI: 0.8–1.0), fewer deaths at 30 days 
after injury (RR = 0.8; 95% CI: 0.6–1.0), and fewer 
deaths at 90 days after injury (RR = 0.8; 95% CI: 
0.6–1.0). 

While it may seem easiest to transport all injured 
patients to trauma centers, trauma centers are a 
limited resource that can be overwhelmed.  
Furthermore, the treatment delays that result when 
injured patients are transported greater distances to 
trauma centers when sufficiently capable non-trauma 
centers are in closer proximity may worsen the 

clinical outcome of a subset of patients.  Greater 
transport distances also place a very significant work 
burden on EMS responders, particularly in rural 
areas.  Patients with less severe injuries might 
therefore be served better by transport to a closer ED. 
Transporting all injured patients to Level I trauma 
centers, when many do not require that high a level of 
resources and expertise, unnecessarily burdens those 
facilities and makes them less available for the most 
severely injured patients. 

The initial recommendations from the ACS-COT in 
Field Categorization of Trauma Patients in 1976 (3) 
did not specify triage criteria, but they did contain 
physiologic and anatomic measures that allowed 
stratification of patients by injury severity.  At that 
time, the ACS-COT developed guidelines for the 
verification of trauma centers, including standards for 
personnel, facility, and processes deemed necessary 
for the optimal care of injured persons.  Subsequent 
studies in the 1970s and early to middle 1980s 
showed a reduction in mortality in those regions with 
specialized trauma centers (4-6). These studies led to 
a national consensus conference in 1987 that resulted 
in the first ACS field triage protocols, known as the 
“Triage Decision Scheme” for trauma patients. Since 
1987, this Decision Scheme has served as the basis 
for the field triage for trauma patients in the majority 
of EMS systems in the United States.  Individual 
EMS systems may adapt the Decision Scheme to 
meet the demands of the operational context in which 
they function. For example, the Decision Scheme 
may be modified to a specific environment (densely 
urban or extremely rural), to resources available 
(presence or absence of a specialized pediatric trauma 
center), or at the discretion of the local medical 
director.  This Decision Scheme has been widely 
adopted by EMS systems around the world.    

The “accuracy” of field triage is the degree of match 
between severity of injury and level of care.  
Maximally sensitive triage would mean that all 
patients with injuries appropriate to a Level I or 
Level II trauma center would be sent to such centers. 
Maximally specific triage would mean that no 
patients who could be treated at a Level III or Level 
IV center or community ED would be transported to 
a Level I or Level II center. Triage that succeeded in 
transporting only patients with high injury severity to 
a Level I or Level II center would maximize the 
positive predictive value (PPV) of the process, and 
triage that succeeded in transporting only low injury 
severity patients to a Level III, IV, or community ED 
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would maximize the negative predictive value 
(NPV).   

Ideally, all persons with severe, life-threatening 
injuries would be transported to a Level I or Level II 
trauma center, and all persons with less serious 
injuries would be transported to lower-level trauma 
centers or community EDs. Unfortunately, patient 
differences, occult injuries, and the complexities of 
patient assessment in the field make it impossible to 
attain perfect accuracy in triage decisions. Inaccurate 
triage that results in a patient who requires higher-
level care not being transported to a Level I or Level 
II trauma center is termed “undertriage.” The result 
of undertriage is that a patient does not receive the 
specialized trauma care required. “Overtriage” occurs 
when a patient who does not require care in a higher-
level trauma center is nevertheless transported to 
such a center, thereby unnecessarily consuming 
scarce resources. In the triage research literature, all 
of these measures—sensitivity, specificity, PPV, 
NPV, undertriage, and overtriage—along with 
measures of association such as the odds ratio, are 
used to assess the effectiveness of field triage. 

Like sensitivity and specificity applied to screening 
tests, reductions in undertriage are usually 
accompanied by increases in overtriage, and vice 
versa.  Because the potential harm associated with 
undertriage (i.e., causing a patient in need of trauma 
center care not to receive appropriate care) is high 
and could result in death or substantial morbidity and 
disability, trauma systems frequently err on the side 
of minimizing undertriage rather than minimizing 
overtriage. Target levels for undertriage rates within 
a trauma system might range from 1% to 5% of 
patients requiring Level I or II trauma center care, 
depending on the criteria used to determine the 
undertriage rate (e.g., death, ISS) (7). Acceptable 
overtriage rates vary, but might range from 25% to 
50% (7). As field triage continues to change on the 
basis of new research findings, overtriage rates might 
be reduced while maintaining low undertriage rates 
so that limited health care resources can be optimally 
used. 

 

METHODS  

The National Expert Panel of Field Triage is 
comprised of three dozen individuals with expertise 
in acute injury care representing a broad range of 
interested parties, including EMS providers and 

medical directors, emergency medicine physicians 
and nurses, adult and pediatric trauma surgeons, the 
automotive industry, public health, and Federal 
agencies. This Panel is responsible for periodically 
reevaluating the Decision Scheme, determining if the 
criteria are consistent with current scientific evidence 
and compatible with advances in technology (e.g., 
vehicular telemetry), and, as appropriate, 
recommending revisions to the Decision Scheme. In 
May 2005, with support from NHTSA’s Office of 
Emergency Medical Services, the Centers for Disease 
Control and Prevention (CDC) convened the Panel to 
evaluate and revise the 1999 Decision Scheme. The 
Panel recognized that peer-reviewed studies would be 
the preferred basis for its decisions regarding revision 
of the Decision Scheme, but noted that literature that 
specifically addresses or supports the Decision 
Scheme or its component criteria is sparse. Thus, the 
Panel decided to use multiple approaches to identify 
as much relevant published literature as possible and 
to consider other sources of evidence (e.g., consensus 
statements, policy statements). Finally, when 
definitive research, consensus, or policy statements 
were lacking, the Panel based revisions and 
recommendations on the expert opinion of its 
members. 

In preparation for the first meeting of the Panel, a 
structured literature review (8) was performed which 
examined the entire Decision Scheme and each of its 
component steps.  MEDLINE was used and English-
language articles published between 1966 and 2005 
were searched using the Medical Subject Headings 
(MeSH) “emergency medical services,” “wounds and 
injury,” and “triage.” Additionally, the reference 
sections of identified papers were searched to identify 
other potential articles. A total of 542 titles were 
identified, of which 80 relevant articles were 
subsequently reviewed and presented to the Panel at 
its first meeting.  During the subsequent two-year 
revision process, panel members also identified 
additional relevant literature that had not been 
examined during the structured review.  Primary 
emphasis was placed on articles published since the 
development of the 1999 version of the Decision 
Scheme. 

At its initial meeting, the Panel determined that the 
limited evidence was most compelling in support of 
the physiologic (Step One) and anatomic (Step Two) 
criteria of the Decision Scheme. Agreement was 
unanimous that the mechanism of injury criteria (Step 
Three) needed revision, and approximately half of the 
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Panel recommended that the special considerations 
step (Step Four), which addresses comorbidity and 
extremes of age, be revised. Ultimately, the Panel 
elected to undertake limited revisions of the 
physiologic and anatomic steps and more substantive 
revision of the mechanism of injury and special 
considerations steps.  Working subgroups of the 
Panel then conducted further detailed review of the 
literature and developed recommendations regarding 
individual components of the Decision Scheme, 
focusing on the determination of the accuracy of 
existing criteria and on identifying new criteria 
needed for both Steps Three and Four of the Decision 
Scheme. 

The working subgroups used ISS >15 generally as 
the threshold for identifying severe injury; however, 
other factors (e.g., need for prompt operative care, 
intensive care unit [ICU] admission, case fatality 
rates) were also considered. Varying methodologies 
and different analyses were used to determine the 
appropriateness of individual mechanism of injury 
(Step Three) criteria (e.g., ISS or resource 
utilization). Thus, a threshold of 20% PPV to predict 
severe injury (ISS >15), major surgery, or ICU 
admission was used to place new criteria into 
discussion for inclusion as mechanism of injury 
criteria. PPV <10% was used as a threshold for 
placing existing mechanism of injury criteria into 
discussion for removal from the Decision Scheme. In 
selecting the PPV thresholds, the Panel recognized 
the limitations of data available in the relevant 
literature. In addition to the criteria automatically 
placed into discussion based on PPV <10% or >20%, 
Panel members also could nominate criteria having 
PPV 10%–20% for further discussion. 

The recommendations of the working subgroups 
were presented to the entire Panel in April 2006 for 
discussion, minor modification, and formal adoption 
as revisions to the Decision Scheme.  Final consensus 
on the recommendations in the Decision Scheme was 
reached on the basis of supporting or refuting 
evidence, professional experience, and the judgment 
of the Panel.  The revised Decision Scheme (Figure 
1), with a draft description of the revision process, 
was distributed to relevant associations, 
organizations, and agencies representing acute-injury 
care providers and public health professionals for 
their review and endorsement.  Following 
endorsement by multiple organizations, the Decision 
Scheme was published in 2006 edition of the 

American College of Surgeons’ Resources for the 
Optimal Care of the Injured Patient.   

The definitive detailed description of the process of 
revision and the rationale behind the new decision 
scheme was published in the medical literature in 
January 2009 (9).  Readers should refer to this 
definitive monograph for information regarding the 
full extent of changes made to the Field Triage 
Decision Scheme.  In order to increase awareness 
within the international automotive safety community 
of these important changes to the Decision Scheme, 
this current manuscript for the 21st Enhanced Safety 
of Vehicles Conference focuses only on the changes 
to Step Three (Mechanism of Injury) criteria relevant 
to injured MVC occupants. 

 
RESULTS 
 
Criterion Deleted:   Extrication Time >20 Minutes  

In determining whether to retain extrication time >20 
minutes as a criterion in the 2006 Decision Scheme, 
the Panel recognized potential problems with field 
use of this criterion. It is difficult for EMS personnel 
to determine exact times while managing the scene of 
a crash and assessing and treating vehicle occupants. 
Adverse weather conditions and darkness can further 
complicate matters. Additionally, because most 
EMTs are trained only to do light extrication, and 
must call someone else for heavy rescue, it is unclear 
when EMS personnel should “start the clock” for the 
20-minute time frame.  

The Panel recognized that, although lengthy 
extrication time may be indicative of increasing 
injury severity, the new vehicle construction and 
improved occupant protection systems in modern 
automobiles appear to be causing an increase in the 
number of non-seriously injured patients who require 
>20 minutes for extrication.  Although occupants 
may require extrication due to lower extremity 
injuries, they may not have sustained serious life-
threatening injuries to the head or torso due to 
improved occupant protection systems. The Panel 
determined that the changes made to the triage 
protocol for cabin intrusion adequately addressed 
issues relevant to extrication time, and elected to 
delete extrication time as a criterion (Table 2, Figure 
1). This also decreases the number of criteria with 
which EMS personnel must contend in the time-
sensitive decision making required on the scene of a 
motor vehicle crash. 
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Table 1. 

Old Step 3 (Mechanism of Injury) Criteria 
 
High speed auto crash 
    Initial speed > 40 mph 
    Major auto deformity > 20 inches 
    Intrusion into passenger compartment > 12 inches 
 
Ejection from automobile 
 
Death in same passenger compartment 
 
Extrication time >20 minutes 
 
Rollover 
 
Falls > 20 feet 
 
Auto-pedestrian/auto-bicycle injury with significant  
    (>5 mph) impact 
 
Pedestrian thrown or run over 
 
Motorcycle crash > 20 mph or with separation of  
    rider from bike 
 
 
 
Criterion Deleted:  Rollover Crash  
 
Published data indicate that rollover crash event has a 
PPV for severe injury of <10%. A multivariate 
analysis of 621 crashes indicated that rollover crash 
was not associated with ISS >15 (10).  Analysis of 
contemporary NASS CDS research confirmed that 
rollover crash (in the absence of ejection) was not 
associated with increasing injury severity (AIS >3) 
although rollovers with occupant ejection were 
clearly associated with increasing injury severity 
(11).  Review of current NASS CDS data also 
showed that a >20% risk of ISS >15 was not 
associated with the number of quarter turns in a 
rollover crash, nor the landing position of the vehicle 
or maximum vertical or roof intrusion.  (11) 
   
The increased injury severity associated with rollover 
crashes is seen when an occupant is partially or 
completely ejected from the vehicle, which most 
frequently occurs when restraints are not used.  The 
decision was made to broaden the ejection criterion 
to include both partial and complete ejection for  

 

Table 2. 
 

Current Step 3 (Mechanism of Injury) Criteria 
 
High-Risk Auto Crash 
     Intrusion:  >12 in. occupant site or >18 in. any  
          site 
     Ejection (partial or complete) from automobile 
     Death in same passenger compartment 
     Vehicle telemetry data consistent with high risk of 
          Injury 
 
Falls 
     Adults:  >20 ft. (one story = 10 ft.) 
     Children:  >10 ft. or 2–3 times child’s height 
 
Auto versus pedestrian/bicyclist thrown, run over, or  
     with significant impact (>20 mph) 
 
Motorcycle crash >20 mph 
 
 
 
 
 
 
 

 
transport to a trauma center as a mechanism of injury 
associated with high-risk auto crash (see below).  As  
a result of these findings, the Panel concluded that 
rollover crash, in and of itself, is not associated with 
increasing injury severity and should not stand as a 
separate criterion. The Panel chose to delete rollover 
crash criterion from the 2006 Decision Scheme 
(Table 2, Figure 1).  

 
 
Criterion Retained:  Ejection (Partial or 
Complete) from Automobile 
 
There was evidence to support that ejection is 
associated with increased severity of injury. A 
multivariate analysis of data collected from 1996–
2000 at the Royal Melbourne Hospital in Victoria, 
Australia, examined 621 crashes and found that 
ejection from the vehicle was associated with major 
injury defined as ISS >15, ICU admission >24 hours 
requiring mechanical ventilation, urgent surgery, or 
death (OR = 2.5; CI: 1.1–6.0) compared with crashes 
without ejection (10). A retrospective evaluation of 
NASS data collected during 1993–2001 was 
conducted to determine the crash characteristics 
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associated with significant chest and abdominal 
injuries; this evaluation indicated that the predictive 
model that produced the best balance between 
sensitivity and specificity included ejection as a 
variable (12).  A person who has been ejected from a 
vehicle as a result of a crash has been exposed to a 
significant transfer of energy with the potential to 
result in severe life- or limb-threatening injuries. 
Lacking the protective effects of vehicle restraint 
systems, occupants who have been ejected may have 
struck the interior many times prior to ejection (13). 
Further, ejection of the patient from the vehicle 
increases the chance of death by 25 times, and one of 
three ejected victims sustains a cervical spine fracture 
(13). No literature reviewed argued conclusively for 
removal of this criterion. Therefore, on the basis of 
the available, albeit limited, evidence, combined with 
the Panel’s experience, ejection from the vehicle was 
retained as a criterion (Table 2, Figure 1). 
 
The Panel further concluded that, because the 
literature reviewed showed that partial or complete 
ejection is associated with severe injury, ICU 
admission, urgent surgery, and death, even if these 
patients do not meet physiologic or anatomic criteria, 
they still warrant a trauma center evaluation based 
upon mechanism only. Additionally, ejections of 
vehicle occupants are not that frequent. Transporting 
all such patients for evaluation would not be expected 
to overburden the system. These patients may be 
transported to the closest appropriate trauma center, 
which, depending on the trauma system, need not be 
the highest level trauma center.   
 
 
Criterion Retained: Death in Same Passenger 
Compartment 
 
In the context of a MVC, death of an occupant in a 
vehicle is highly indicative that a significant force 
has been applied to that vehicle and all of its 
occupants. A prospective study of MVC victims in 
Suffolk County, New York, indicated that death of an 
occupant in the same vehicle was associated with 
increased odds for major surgery or death (AOR = 
39.0; CI: 2.7–569.6) and ISS >15 (AOR = 19.8; CI: 
1.1–366.3) (14).  A prospective study of 1,473 
patients, which did not account for the impact of 
physiologic or anatomic criteria, indicated that 3 of 
14 occupants in a vehicle with a fatality had ISS >15, 
resulting in PPV of 21.4% for severe injury by this 
mechanism (15)). A review of data concerning 621 
crash victims indicated that occupants of vehicles in 

which a fatality occurred comprised 11% of the 
patients evaluated and 7% of the patients with major 
injury, but fatality of an occupant was not statistically 
associated with major injury (10). In its discussions, 
the Panel noted that two of the three studies cited 
above demonstrated a PPV >20% for ISS >15, as 
well as increased odds for major surgery or death of 
occupants in a vehicle in which a fatality occurs. 
Although the remaining study did not show a 
statistical association with major injury, this single 
study was not compelling enough to delete this 
criterion. Panel members affirmed that, in their 
clinical experience, death of an occupant in a vehicle 
is associated with a risk of severe injury to any 
surviving occupant.  
 
After reviewing the evidence, the Panel concluded 
that death in the same passenger compartment should 
be retained as a criterion for the 2006 version of the 
Decision Scheme (Table 2, Figure 1). Surviving 
passengers should be transported to the closest 
appropriate trauma center. As the number of patients 
who fall into this category is small, such requirement 
for transport would not overburden the system.  
 
 
Criterion Modified:  Intrusion >12 inches at 
Occupant Site, or >18 inches at Any Site 
 
Evidence examined in consideration of this criterion 
included the 2003 retrospective study of 621 MVC 
victims which did not account for physiologic or 
anatomic criteria reported that cabin intrusion >30 cm 
(>11.8 inches) was associated in univariate analysis 
(p = <0.0001) with major injury, defined as one of 
the following: ISS >15; ICU admission for >24 hours 
requiring mechanical ventilation; urgent cranial, 
thoracic, abdominal, pelvic-fixation, or spinal-
fixation surgery; or death. However, this association 
was not statistically significant in multivariate 
analysis (OR 1.5; 95% CI: 1.0–2.3; p = 0.047) (90).  
Similarly, a univariate analysis of New York State 
data that examined the incremental benefit of the 
individual ACS triage criteria, identified increased 
odds of severe injury (ISS >15) for 30 inches of 
vehicle deformity (OR = 4.0; 95% CI: 2.1–7.8), 24 
inches of intrusion on the side of the vehicle opposite 
the victim (OR = 5.2; 95% CI: 2.6–10.4), and 18 
inches of intrusion on the same side of the vehicle as 
the victim (OR = 7.1; 95% CI: 3.8–13.0) (58).  
However, none of these findings was statistically 
significant in multivariate analysis.  
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Data from the National Automotive Sampling System 
Crashworthiness Data System (NASS CDS), which 
includes statistical sampling of all crashes occurring 
in the United States, indicated that a very large crush 
depth, 30 inches in frontal collisions and 20–24 
inches in side-impact collisions, was needed to attain 
a PPV of 20% for ISS >15 injury to occupants (16).  
External crush of such great extent is difficult to 
measure in the field without reference information 
from an undamaged exemplar vehicle.  The Panel 
also recognized that recent changes in vehicle design 
and construction have likely reduced the effect of 
crush on the risk for severe injury in crashes. 
Whereas older vehicles were more likely to transmit 
the kinetic energy of crashes to vehicle occupants and 
cause severe injuries, newer vehicles are designed to 
crush externally and absorb energy, protecting 
passenger compartment integrity and occupants. 
Additionally, the Panel took note of the difficulty of 
using deformity or crush criteria in the field. Crash 
sites are difficult environments in which to estimate 
such measures, and little might be left of a vehicle to 
serve as a reference point for determining crush 
depth. For example, in one study, only 1.0% of 94 
cases with 30 inches or more of deformity were 
documented by EMS personnel (17).  The Panel 
concluded from these three studies that external 
vehicle crush depth or deformity was not a useful 
indicator for severe injury.  
 
The Panel reviewed NASS CDS data from 1997-
2005 which showed that intrusion of 12 inches at the 
occupant site or 18 inches of intrusion at any site had 
a PPV of 20% for ISS>15 for MVC occupants (16).  
Similarly, stuck side lateral intrusion of 12 inches 
was needed to attain a PPV of 20% for ISS>15 to 
lateral impact crash occupants (16).  Furthermore, 
extensive anecdotal experience in trauma practice 
indicates that increasing cabin intrusion is indicative 
of an increasing amount of force upon the vehicle and 
potentially upon the occupant.  Also, side-impact 
intrusions could present special clinical concerns that 
had not been fully recognized in existing research, 
given the limited space between the impact and 
occupant. Finally, although modern vehicles have 
better energy-absorbing capability, vehicle 
incompatibility (crash involving a large vehicle 
versus a small vehicle) might be increasingly 
significant in the level of vehicle intrusion in crashes. 
 
 
 

Criterion Added:  Vehicle Telemetry Data 
Consistent with High Risk of Injury. 
 
In earlier versions of the Decision Scheme, initial 
vehicle speed > 40 mph, vehicle deformity >20 
inches, and intrusion >12 inches for unbelted 
occupants were included as mechanism of injury 
criteria. NASS data indicate that risk for injury, 
impact direction, and increasing crash severity are 
linked (16). An analysis of 621 Australian MVCs 
indicated that high-speed impacts (>60 km/hr [>35 
mph]) were associated with major injury, defined as 
ISS >15, ICU admission >24 hours requiring 
mechanical ventilation, urgent surgery, or death (OR 
= 1.5; 95% CI: 1.1–2.2) (10). Previously, the 
usefulness of vehicle speed as a criterion had been 
limited because of the challenges to EMS personnel 
to estimate impact speed accurately. However, new 
Advanced Automatic Collision Notification (AACN) 
technology installed in some automobiles, now in 
approximately six million vehicles in the United 
States and Canada, (18) can identify vehicle location, 
measure change in velocity (“delta V”) during a 
crash, and detect crash principal direction of force 
(PDOF), airbag deployment, rollover, and the 
occurrence of multiple collisions (18, 19). As a result, 
and in recognition that this information might 
become more available in the future, vehicle 
telemetry data consistent with a high risk for injury 
(e.g., change in velocity, principal direction of force) 
was added as a triage criterion (Table 2, Figure 1).  
This criterion was intentionally left nonspecific at the 
time of publication, as this emerging area requires 
additional evaluation of available data to define the 
exact components (e.g., belt use, delta V, PDOF) 
consistent with a high risk for injury. CDC is 
working with the automotive industry and experts in 
public health, public safety, and health care to 
examine how data collected by AACN systems can 
be used to predict injury severity, conveyed to EMS 
services and trauma centers, and integrated into the 
field triage process. 
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Figure 1.  New field triage decision scheme 
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CONCLUSION 
 
The universally used Field Triage Decision Scheme 
was recently revised using a National Expert Panel 
convened by the Centers for Disease Control and 
Prevention, the National Highway Traffic Safety 
Administration and the American College of 
Surgeons Committee on Trauma.  This Panel 
reviewed the available evidence and proposed 
revisions which were endorsed by multiple 
professional organizations. 
 
Implementation and updating of these protocols at the 
local level will require a substantial educational and 
informative effort to ensure its wide scale 
implementation.  The CDC, with additional funding 
from NHTSA, is developing an educational toolkit 
for State and local EMS medical directors, State EMS 
Directors, EMS providers, and public health officials. 
The tool kit will provide teaching aids to help EMS 
providers understand why the Decision Scheme was 
revised and how those revisions can be tailored to the 
needs of their communities. CDC, through its partner 
organizations, will distribute the tool kit to EMS 
jurisdictions throughout the United States. This 
toolkit also will be available online from CDC at 
http://www.cdc.gov for downloading and ordering 
free of charge. Providing the revised Decision 
Scheme to EMS administrators and providers should 
improve care for trauma patients nationwide and lead 
to reduced morbidity, mortality, disability, and costs 
from injuries.  
 
The evaluation of trauma care in the prehospital 
environment and the evidence supporting appropriate 
care is necessarily an ongoing process.  The current 
revisions to the Field Triage Decision Scheme were 
made on the basis of the best evidence currently 
available. Limitations in available data clearly 
indicate the need for additional research. Conducting 
research in the prehospital environment and in EMS 
presents multiple challenges, including a lack of 
trained investigators, legal and regulatory barriers, 
lack of appreciation and interest in research among 
EMS providers, lack of funding, and limited 
infrastructure and information systems to support 
research efforts (20, 21). Efforts are underway to 
address these barriers, including efforts to prioritize 
research, as in CDC’s Acute Injury Care Research 
Agenda: Guiding Research for the Future (22) and 
The National EMS Research Strategic Plan (23), as 
well as in development of new databases that can 
provide more useful information and support data-

driven changes (e.g., NTDB, National EMS 
Information System [NEMSIS]) (24). Additional 
research efforts specifically related to field triage are 
needed, including cost-effectiveness research. 
Additional funding targeting research into triage 
decisions and triage criteria will be necessary to 
support these efforts. Also, research in triage 
represents an important area in which public health 
and EMS can collaborate to improve trauma 
surveillance and data systems and develop the 
methodologies needed to carry out the continuing 
analysis and evaluation of the 2006 Decision Scheme 
and its impact on the care of the acutely injured. 
 
For the automotive safety community, the new 
Decision Scheme as well as the open, thorough and 
inclusive process used to revise it demonstrates clear 
recognition that there are many stakeholders in 
efforts to enhance vehicle safety.  The revisions and 
their implementation at the local level demonstrate 
that the EMS and trauma communities are adjusting 
their protocols and procedures to account for 
advances in vehicle engineering and occupant 
protection.  Improved utilization of limited and 
expensive health care resources will help to decrease 
the societal costs of motor vehicle crash injuries.  The 
insertion of an open criterion of “vehicle telemetry 
consistent with high risk of injury” provides the 
automotive community with a tremendous 
opportunity to explore technological innovations that 
can improve safety and crash outcomes.  Coupled 
with planned research efforts by CDC, NHTSA as 
well as regional EMS and trauma systems to 
prospectively collect data regarding the effect and 
efficacy of the new triage criteria, the automotive 
community will soon have access to much better real-
life crash information.  This rapid feedback regarding 
vehicle safety performance will guide and shorten the 
cycle of improvements necessary for the enhanced 
safety of vehicles.   
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ABSTRACT 
 
Electronic controls cannot always compensate for the 
destabilization of a poorly designed vehicle caused 
by tire delamination.  Axle tramp caused from rubber 
strips on the track showed axle skate [1].  Further 
research, reported at ESV 2007 [2] demonstrated that 
lumps on a single rear tire caused 15+ degrees/g of 
oversteer.     
 
The Engineering Institute has shown that the process 
of tire delamination causes some vehicles to become 
unstable at highway speeds.  This was accomplished 
by actually preparing tires to partially delaminate 
while at 95 to 115 KPH on a remotely controlled 
vehicle.  This testing demonstrated a severe loss of 
control as the tire was delaminating.  The testing also 
showed that the predominate mechanism of control 
loss arises from the imbalance created during the 
delamination process. 
 
A discussion of the testing illustrating accelerations 
on the rear axle as well as displacements of the shock 
absorbers will be used to illustrate the imbalance 
excitation and the tramping motion of the axle.  
Previous research indicated that the oversteer 
gradient during such an event to be between 15 and 
20 degrees per g.  This would then yield a critical 
speed of about 45 KPH.  The testing illustrates how a 
vehicle loses control when the vehicle transitions 
from understeer to oversteer at highway speeds 
significantly above the critical speed from tire failure 
induced forces.  Alternative suspensions were tested 
using the same simulated tire failure and illustrated 
how the vehicle stability is increased. 
 
Using these results, a design criteria based upon a 
percentage of the critical rotational damping is 
proposed to control axle tramp from excitations at the 
harmonic frequency. 
 
INTRODUCTION 
 
Goodyear president John Polhemus has said, “[Tire] 
tread separation is the most common form of failure 

for all light commercial tires regardless of who 
manufactures them.” [3]   Complete loss of control of 
vehicles during testing has been demonstrated by 
Tandy [4] and Arndt [5] during tire delamination 
tests at highway speeds.  In Florida (1993 – 2000) 
and in Texas (1994 – 1999) 220 and 550, 
respectively, fatal tire failure related rollovers in 
SUV’s have been identified from databases 
maintained in the respective states.  A report to 
NHTSA in June of 2001 identified significant 
differences between some SUV’s with respect to 
others in their propensity to lose control and rollover 
from a tire failure based on those statistics [6].   This 
then brings up the question as to whether there is a 
design parameter that can be identified to increase the 
ability of drivers to maintain control of a vehicle in a 
tire failure situation, particularly a tire delamination. 
 
Two mechanisms for loss of control during the tests 
in References 4 and 5 have been suggested.  One 
suggested cause was that there was hard braking on 
the rear wheel that pulled the vehicle to the side due 
to tread interaction with the vehicle [4].  This is very 
unlikely since testing by Tandy, et al. (see figure 1) 
shows that the longitudinal forces caused by a 
braking effect of the delaminating tire is insufficient 
to cause such a course altering pull to the right [7].   
The longitudinal force is varying from positive 1000 
lbs to negative 1000 lbs.  This would certainly shake 
the vehicle but not cause sufficient force on the right 
rear corner to pull the vehicle to the right. 
 

 
Figure 1. Wheel forces of delaminating tire.  Test 
41A [7] 
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A closer examination of the data presented in Figure 
1 revealed that the forces being shown were not 
solely the result of a braking effect of the tire tread 
separation process.  By zooming in on the data, it is 
seen that during the delamination, the peak of the 
longitudinal force corresponds to the neutral value of 
the vertical force, and vice versa.  This is 
demonstrated in Figure 2 and indicates that the force 
values are more likely due to a rotating imbalance 
than a braking effect.  The slopes of the neutral value 
lines are due to instrument drift.  This is more evident 
in the vertical force plot.  The vertical force begins at 
a neutral value of 6561 N (1475 lbs), which is 
consistent with the pre-test weights recorded.  
However, after the delamination, the neutral value is 
around 4448 N (1000 lbs). 
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Figure 2: Zoomed view of Figure 1. 
 
Gardner stated, “The results of the testing show that 
the forces developed during a tread belt detachment 
are well within the range of a driver’s ability to 
control a vehicle [8].  Fay reported that while driving 
a Ford Taurus, “Little or no corrective steering action 
was needed to maintain control of the vehicle during 
the tread separation events [9].”  Klein [10] stated 
that maintaining control of the vehicle after treadbelt 
separation required a steering torque similar to that 
required for a lane change maneuver.  Were braking 
the causative factor of the loss of control, there would 
be no differentiation between vehicle brands and the 
propensity to lose control and rollover as was found 
in the Reference 5.  Kramer [1] has determined that 
insufficient rotational damping can cause loss of 
control from rear axle tramp initiated by bumps to the 
wheel.  
 
Based on Kramer’s work, Renfroe [11] has proposed 
that the cause for the loss of control is rear axle tramp 
caused by the imbalance of the delaminating tire.  
Kramer, et al [1] found that the rear axles of Ford 
light trucks were susceptible to rear axle tramp and 
what he called “skate” between wheel bump impact 
frequencies of 10 to 15 hertz.  “Skate” is a term used 
by Ford that describes an oversteer condition caused 

by rear axle tramp and the resulting reduction of 
lateral force capability of the rear tires.  That skate 
tendency of certain Ford vehicles could account for 
the statistical difference between vehicle brands as 
seen in field data from Reference 5.  From Figure 1 it 
can be seen that vertical forces on the order of 3558 
to 4448 N (800 to 1000 lb) are occurring at a 
frequency of about 10 hertz, the rotational frequency 
of the wheel while traveling about 97 kph (60 mph) 
during the tire delamination process.  Control was not 
lost in that test since delamination was over in 5 
revolutions of the wheel or ½ of a second.  In the test 
2030 G [5] half of the tread remained attached 
through out the test and control was never regained 
even with a trained driver applying significant 
counter steer to the left.  In Run 10 by Tandy [4], the 
delamination process lasted about 1.5 seconds and 
the vehicle traversed more than one lane to the right 
while significant counter-steer to the left was 
employed by a professional driver.  When the tread 
finally released the vehicle responded to the steering 
input of the driver.  In observing the video of Run 10, 
the wheels on both sides of the vehicle can be seen to 
alternately bounce.  Alternating skipping tire marks 
from Arndt Run 2030 G can be seen on the pavement 
after the event indicating rear axle tramping while 
yawing.  In testing of a Ford Excursion with ½ of the 
tire tread attached to the rear wheel conducted by the 
authors, control was lost and the vehicle veered 
across the track to the right.  Alternating skipping 
marks were also seen on the pavement as a result of 
the tramping of the rear axle.  This is shown in the 
figure below.  Note in the figure, the left rear is the 
modified tire, yet distinct gaps are seen in the yaw 
marks of the right rear. 
 

 
Figure 3.  Photographs of tire marks from 
Excursion testing 
 
Kramer found that control of the tramping motion 
can be accomplished by increasing the rotational 
damping of the rear axle.  This could be 
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accomplished by stiffening the shock absorbers 
and/or moving them further outboard on the axle.  
Renfroe, et al [2, 11, 12] have validated Kramer’s 
findings and quantified the magnitude of oversteer 
caused by the rear tramp and the effects of his 
alternative designs.  This paper will suggest a 
rotational damping design criteria, a percentage of 
critical damping, for the solid rear axle whereby the 
designer may be assured that sufficient rotational 
damping is designed into the vehicle to maximize 
vehicle handling stability during a tire disablement or 
while traveling over rough roads.   
 
First, a more complete discussion of the forces from 
the delaminating tire will be given and why they are 
being generated.  This will be followed by a 
description of testing from many researchers using 
devices to generate rear axle tramp under various 
damping conditions.  From that testing we will be 
able to determine the axle/spring system critical 
damping, and then calculate the actual rotational 
damping on the particular vehicle system.  Knowing 
the control characteristics of the particular axle/shock 
system, correlation can be made between the 
percentage of critical rotational damping and the 
level of control. 
 
FORCES GENERATED DURING A TIRE 
DELAMINATION 
 
Forces on the wheel during a tire delamination are 
vertical and longitudinal in nature as shown in Figure 
1.  The longitudinal forces will be generated from the 
retardation of the rotation caused by impacts of the 
tire flap with the fender and other body parts while 
rotating resulting in wheel braking.  The effects on 
the retardation of the vehicle cannot exceed the 
coefficient of friction of the tire interface with the 
pavement.  That interface will most often be the steel 
belt on the carcass from the tire and the pavement.  
Previous studies have shown that the friction at that 
interface is around 50% of the normal friction 
between the tire and pavement [13].  This is 
consistent with what others have found in other 
studies, except for Reference 4.  The premise for 
conducting that research was based in part on results 
reported in Reference 13 wherein they stated that 
longitudinal forces ranged between 361 and 1151 lb.  
Unfortunately, the authors of that paper later recanted 
their statement and said that the forces were ½ as 
large as previously stated [14].  Although the 
researchers in Reference 4 were able to achieve yaw 
effects similar to a rear tire delamination as shown in 
2030 G, they could only do so by installing a racing 
tire on the single rear braked wheel.  That tire, the G-
Force Radial from Goodrich, was advertised as the 

stickiest road tire in the world developing a friction 
coefficient of 1.06.  Also during their test where the 
similar yaw velocity occurred there was little or no 
counter steering.  In Arndt’s and Tandy’s 
experiences, they steered up to 300 degrees opposite 
the direction of the yaw with no effect.  Thus, 
consistent with the measured forces from a wheel 
force transducer and the experience of other 
researchers, the effect of the drag associated with the 
process of tire delamination is similar to a gust of 
wind and not from very large drag effects of the 
delaminating tire. 
 
The cyclic vertical component of forces is generated 
due to the imbalance of the tire caused as sections of 
the tire tread are releasing.  The tread flap and 
remaining tread cause significant imbalance in the 
tire and are experiencing 250 G’s while turning at 
highway speeds.  The magnitude of the vertical force 
will be affected by the weight of the attached tread 
and its radius from the axle, the weight of the 
detaching flap and the radius of the center of gravity 
of the flap from the center of rotation, and the 
rotational speed of the wheel.  Testing reported by 
Arndt in Reference 15 illustrates how the response of 
the axle from a single tread section encompassing ½ 
of the tire causes a sudden growth in response as the 
harmonic frequency of the axle/tire-spring system are 
approached.  However, instead of the response 
decreasing after the area of harmonic frequency is 
passed as the speed increases to 112 KPH (70 MPH), 
the response shows a slight decrease then continues 
to grow.  This would be due to the increase in force 
from the dynamic imbalance increasing as a square of 
the velocity of the tire.  As the high side of the 
harmonic frequency band is reached, the tire force 
has grown sufficiently to continue to drive the tramp 
motion of the axle.  Thus for an under damped axle 
system cyclic tramping motion will continue beyond 
the band associated with the harmonic frequency, 10 
to 15 hertz.  
  

 
Figure 4. Axle motion from ½ of tread remaining 
on tire with a small step from tire carcass to the 
tread strip [15]. 
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For example, a mere 15 cm (6 inch) section of tire 
tread weighs 1 kg (2.2 lb).  At 80 kph (50 mph) this 
section of tire tread will generate 1.23 kN (277 lb) of 
cyclic force.  At 112 kph (70 mph) that same piece of 
tread will generate 2.42 kN (544 lb).  While the tire is 
delaminating the section of tread will begin as a 244 
cm (8 foot) long section of rubber and steel and begin 
to decrease in size in an unpredictable manner 
throughout the process of delamination.  Thus, there 
is significant potential for large cyclic forces on the 
order of 4478 N (1000 lb) to be generated during 
delamination. One mechanism suggested in the past 
for the generation of the large cyclic forces on the 
wheel was bumps created by the delaminating tire.  
Creation of bumps on the road and on the tire have 
been effective in the study of the axle motion and the 
effects on vehicle handling from a tramping axle [2, 
11, 12].  That method has also allowed the 
quantitative study of the effects of various damping 
methods to control axle motion and thus vehicle 
handling through the application of quasi-static tests 
such as SAE J266.  However, this study and others 
have clearly shown the actual mechanism of force 
generation during tire delamination is from the 
imbalance.  The first clue was in observing both the 
2030 G and Run 10.  Both began with a severe loss of 
control when the tire began to separate at speeds 
above what would be considered the harmonic 
frequency of the system, indicating large driving 
forces to cause the tramping.  When the vehicle 
begins to decelerate from 112+ KPH (70+ MPH) it 
immediately enters the harmonic range of axle 
oscillation that only makes control more difficult.  
Oscillation from imbalance was further illustrated in 
the study from Arndt [15].  The vehicle was placed 
on a chassis dynamometer with ½ of the tread 
attached to the tire, and a very small step at the front 
edge of the tread piece of only 5/8 of an inch.  The 
data showed the effects of imbalance with increasing 
force from increasing speed, but there was no real 
second force occurring from the leading edge of the 
tire striking the roll.  Then in a recent study by 
Pascarella [16] a single 15 cm (6”) long strip of 
rubber with a 3 cm (1.25”) step was vulcanized to a 
detreaded tire carcass similar to what was done by 
Renfroe, et al [2, 11, 12] and similar to the cross 
section of the rubber strip on the track utilized by 
Kramer [1].  He then drove the vehicle to 100 KPH 
(60+ MPH) and measured the response.  What the 
data shows is that as the harmonic frequency of the 
axle is approached, the bump produces a significant 

vertical force pulse, but the imbalance also produces 
a vertical pulse that is increasing by the square of the 
speed.  By the time the rotating tire system reaches 
the speed where the bump would cause a harmonic 
response, the imbalance is causing a vertical response 
as shown in Figure 5. 

 

 
Figure 5. Motion from a single stepped lump 
vulcanized to the tire. 

 
Thus, as the wheel approaches the harmonic 
rotational frequency, forces from the step of the 
rubber block occur, and simultaneously, imbalance 
forces begin to grow with increasing speed.   As the 
rotational frequency approaches the harmonic 
frequency of the axle/spring system, the imbalance 
forces grow as a square of the rotational velocity 
approaching the same magnitude as that produced by 
the step.  As is seen in Figure 5 at the harmonic 
rotational frequency of approximately 12 hertz the 
recorded motions show 24 hertz.  The resulting 
motion of the axle is very small, 0.45 cm (0.18”) as 
measured at the shock absorber, and this vehicle 
remains stable as was demonstrated in the testing.   
 
This conclusion was confirmed by testing performed 
for this study.  Ninety degrees of the tread was 
removed, and ninety degrees was cut in from each 
side leaving a small amount bonded along the 
circumferential center.  Figure 6 shows an actual 
delaminated tire at the scene of an accident and 
Figure 7 shows a tire prepared for the referenced 
testing. The step of the rubber on the leading edge of 
the attached tread was only 1.5 cm (5/8 “).   
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Figure 6:  Photograph of an actual delaminated 
tire taken at the scene of an accident. 

 

 
Figure 7. Picture of prepared tire. 
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Figure 9: Screen capture shots from Test 0008 
illustrating shock absorber motion. 
 
When the vehicle was tested by driving it with a 
remote control up to 100+ KPH (60+ MPH) the axle 
began to tramp and control was lost as the tread 
separated.  This motion is shown in Figures 8 and 9  
and can be compared to the motion seen in testing 
with the single stepped block as illustrated in Figure 
5. 
 
First note how the axle motion is at the expected 
frequency of the rotation of the tire.  Then note how 
the two sides of the axle are out of phase 180 degrees 
with similar vertical motions of the shock absorber of 
1.0 cm (0.39”).  In the video of the testing the tires 
can be seen having significantly more motion than 1 
cm.   
 
That is explained from the geometry of the 
suspension.  With the shocks placed 77.5 cm (30.5”) 
apart and the track width being 148.5 cm (58.5”), the 

Right rear tire in 
compression; left rear tire in 
rebound 

Left rear tire in compression; 
right rear tire in rebound 
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motion at the tire is approximately double that of the 
shock.  Also, the compliance in the bushing is about 
3 mm (0.125”) which will add more to the actual 
wheel motion.  As the motion of the wheels is 
alternately bouncing on each side, control of the 
vehicles in these tests was lost in several cases.  From 
Tandy’s testing [7], vertical wheel motion of 3.6 cm 
(1.4 in) was recorded while the tire was delaminating.  
The motion in the tests where control was lost 
appears to be more.   
 
Therefore, with a single force input at the frequency 
of the turning wheel at or above the natural frequency 
the axle tramps on each side and control can be lost.  
Whereas when there is a single stepped rubber block 
attached to the tire carcass the forces from the impact 
of the step in conjunction with the increasing forces 
from imbalance occur at twice the rotating frequency 
as highway speed approaches.  Then there is 
insufficient time for the axle mass to react with an 
actual vertical motion.  Therefore, there will be no 
tramp; and, therefore, no transition to oversteer and 
loss of control.  So we conclude that the mechanism 
of force input to cause tramping and loss of control, 
as seen from 2030G and Run 10, is from tire 
imbalance occurring during the delamination process. 
 
MANAGEMENT OF AXLE TRAMP 
THROUGH DESIGN 
 
Kramer [1] noted in his study that “skate” can be 
controlled by increasing the axle tramp damping.  
This can be accomplished by increasing the stiffness 
of the shock absorber and/or by moving the shocks 
further apart.  Renfroe, et al [2, 11, 12] measured the 
handling characteristics of a vehicle experiencing 
tramp excited by bumps on one rear tire causing force 
inputs at the axle harmonic frequency, and noted the 
effects of various shock absorber damping rates and 
placement on the understeer of the vehicle.  As noted 
by Kramer [1] increased control occurred when the 
shocks were either stiffened and/or moved outboard.  
This is effectively increasing the rotational damping 
of the rear axle along the longitudinal axis or tramp 
mode. 
 
     Critical Damping of axle/spring system-In this 
section we derive the equations that define the 
rotational damping of the rear suspension of a vehicle 
and the critical damping.  Then we will examine 
damping characteristics of various shock absorbers 
and look at the effects on handling that has been 
recorded.  From these observations we will be able to 
look at the percentage of critical damping where 
control was maintained or lost or an understeer 
gradient was shown to be negative.  From this limited 

set of data we can indicate the approximate value of 
the percentage of critical damping where control will 
be maintained under the conditions that would most 
likely cause axle tramp. 
 
Critical damping is the damping at which a 
spring/mass system will return to equilibrium 
position in the least time.  This particular system is 
for the rotational damping of the rear axle.  The 
moment of inertia for the axle along a longitudinal 
axis with respect to the vehicle will be defined as I 
(length-force- time2) , rotational displacement will be 
θ , rotational damping coefficient will be C (length-
force-time), and rotational stiffness  Krot  (length-
force/radians).  The general equation of motion for 
the axle system is 
 
                        IθAA + CθA + Krot θ =0                        (1) 
 
Substituting  θ = eλt  and then divide by  eλt  and I 
yields 
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Critical damping  Cc   occurs when the value under 
the radical is zero.  Then 
 

                       Cc

2I
fffffffff g

2

@
Krot

I
fffffffffffffff g

= 0                           (4) 

 
From equation 4 the critical damping is 
 

                           Cc =2I Krot

I
ffffffffffffffs
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

                               (5) 

 
Note that since the tires are the springs of this system, 
they can never go into tension.  Thus there are two 
conditions of vibration, (1) where the tires never 
leave the ground and (2) where one tire is in the air 
and one is on the ground.  For the purposes of this 
discussion, the idea of the critical damping is merely 
to characterize the system and to use a percentage of 
the system characterization to quantify the damping 
needed to manage the tramping rear axle and 
maintain control of the vehicle.  Therefore, when 
speaking of critical damping we will be considering 
the first condition where both tires are on the ground. 
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     Shock absorber damping-The damping 
considered in the equations is a linear function of a 
force generated by the shock being moved at a certain 
velocity.  Actual shock absorbers usually have a 
preloaded force from a gas charge in the shock and 
the design of the valves in the shocks can allow it to 
have a non-linear response to the velocity of the 
shock.  During the tramping of an axle, testing has 
measured displacements of 12.5 mm (0.5 in) and 
velocities in the 25 cm/s (10 in/s) range.  Therefore, 
to characterize the shock absorbers used in these tests 
and to compare their relative effects the force versus 
velocity used will be that recorded at 34 cm/s (13.35 
in/s). This was a standard recorded velocity and force 
measurement for the equipment being used and is the 
approximate velocity of the shock absorber while the 
axle is tramping in the harmonic range. 
 

 
Figure 10.  Typical Shock Curve Showing Force 
vs. Absolute Velocity 
 
     Vehicle testing and analysis-Over 50 different 
vehicle – shock absorber tests were conducted to 
determine the vehicle longitudinal stability.  There 
were both circle tests with a lumped tire to input 
vertical forces at the harmonic frequency at low 
speeds, and straight line high speed tests with 
simulated delaminating tires to investigate 
controllability at highway speeds with vertical forces 
generated at and above the harmonic frequency.  
There were two general results, instability or 
stability.  In the circle test instability was measured 
by recording a negative understeer.  In the straight 
line high speeds instability was illustrated by the loss 
of control. 
 
Appendix A is a tabular summary of those tests 
showing stable and unstable vehicle configurations 
and the associated percent of critical damping.  In the 
cases where instability in both test conditions, low 
speed circle and high speed straight line driving, 
occurred the rotational damping of the axle was only 
6% of critical.  Maintenance of control was obtained 
in all instances for the high speed tests with the 

simulated delaminating tire when the rotational 
damping was 20% of critical.  In the circle tests with 
the vertical forces cycling at the harmonic frequency 
with lateral accelerations at 0.2 – 0.3 g’s stability was 
maintained with rotational damping of 31% of 
critical.  This high percentage of critical damping was 
generated with a softer shock than the stable high 
speed example but with a wider spacing.  As was 
discussed by Kramer, the spacing of the shock is the 
most effective method of increasing the rotational 
damping, since the rotational damping increases as a 
square of the spacing between the shocks.  Also, by 
spacing the shock absorbers further outboard, there is 
increased motion in the shock which will minimize 
the effects of the undamped rubber bushings of the 
shock mounting. 
 
CONCLUSIONS 
 
In conclusion, it has been found that the destabilizing 
forces generated during the delamination of a tire will 
be from the imbalance of the tire due to the section of 
tread remaining on the tire.  Until the tire is clear of 
tread there will remain the propensity to tramp if it is 
rotating at or above the harmonic frequency of 
between 10 and 15 hertz. 
 
Secondly, increasing the percentage of critical 
damping of the axle/tire system to at least 20% 
appears to assure stability during tire delaminations at 
highway speeds.  Added stability and a less harsh 
ride can be accomplished by moving the shock 
absorber outboard.  Increasing the shock spacing will 
allow the shock to be softer while actually increasing 
the rotational damping of the system and thus 
allowing even greater control of the vehicle. 
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ABSTRACT
“This impact is intended to represent the most 

frequent type of road crash, resulting in serious or 
fatal injury. It simulates one car having a frontal im-
pact with another car of similar mass”. (EuroNCAP 
frontal impact procedures).

It can be argued that human bodies are poorly 
prepared to support direct hits from hard objects. On 
the other hand, there are proofs of resistance to very 
high decelerations, provided they are held for ex-
tremely short periods of time. Yet, in front-to-front 
vehicle impacts, a third phenomenon that can be 
compared to direct hits takes place: instantaneous 
changes of speed.

Most modern vehicles are nowadays tested thor-
oughly to evaluate their capability to protect their 
occupants in case of frontal impacts. But these tests 
are performed under the premise that the vehicle is 
having an impact with another car of similar mass 
that is traveling at the same speed. These conditions 
lead to an incomplete analysis of the complex phe-
nomena that take place in a real front-to-front vehicle 
since it is statistically improbable that a vehicle will 
crash with another one that has both the same mass 
AND speed —and in this scenario, the vehicle with 
the lesser kinetic energy will unfailingly suffer an 
instantaneous change of speed—.

This paper will confirm the lastly mentioned issue 
using basic physics models (namely mass-spring 
models), and will discuss the the way of combining 
structural integrity and occupant restraints to ensure 
the maximum possible protection. This will be done 
from a general and synergistic point of view, and will 
point out some aspects that should be developed thor-
oughly within the corresponding settings and using 
appropriate resources.

INTRODUCTION
“Every day thousands of people are killed and 

injured on our roads. Men, women or children walk-
ing, biking or riding to school or work, playing in the 
streets or setting out on long trips, will never return 
home, leaving behind shattered families and commu-
nities. Millions of people each year will spend long 

weeks in hospital after severe crashes and many will 
never be able to live, work or play as they used to do. 
Current efforts to address road safety are minimal in 
comparison to this growing human suffering”. (World 
Health Organization, [1])

Safety first.
No one doubts this should be the ground rule in 

every aspect of automobile transportation. Yet,  it is 
important to meditate on this: is it possible to, always, 
put safety first?

It is understood that the question cannot be an-
swered simply, and will not be responded here. What 
will be regarded instead, is if putting safety first is 
applicable to head-on collisions. On top of that, and 
deeming that head-on impacts are intended to repre-
sent the most frequent type of road crash resulting in 
serious or fatal injury,  some reasons will be high-
lighted, explaining that survivability cannot be com-
pletely assured when mentioned impacts take place.

To begin with, it can be said that when a collision 
occurs —no matter if is is a head-on one, or other— 
passenger survivability depends on how kinetic en-
ergy is managed. Speed and mass of the colliding 
vehicles will determine how much kinetic energy will 
be transformed during the phenomenon. And depend-
ing on the way in which the structure of the vehicle 
absorbs this kinetic energy, the car will deform and 
passengers will be exposed to potentially dangerous 
directs impacts, or deceleration phenomena.

As it will be explained with more detail later on, it 
can be argued that direct impacts produce more dam-
age to human organs than high levels of acceleration 
during extremely short periods of time. Moreover, a 
third event can harm passengers in a manner that is 
closer to direct impacts than to extreme decelerations: 
instantaneous changes of speed. Unfortunately, at 
current speed circulation, and with the type vehicles 
that are used the three mentioned events occur in 
most car impacts. That is to say passengers are com-
monly exposed to direct impacts, instantaneous 
changes of speed, and high levels of decelerations.

It can be argued that there are certain procedures 
that can be implemented to avoid both direct impact 
and potentially deadly decelerations, specially under 
the circumstance of impact against direct objects. On 

ZINI 1



the other hand, it can be proved from a Physics points 
of view that there is no way to avoid that one of the 
two vehicles of a head-on impact suffers an instanta-
neous change of speed. So, if this is the case, and 
considering what experts in the biomechanics of 
trauma know about injury mechanisms:
➡ is it possible to design automobiles in order to 

avoid exposing passengers to mortal instantane-
ous changes of speed during head-on collisions?

➡ if this is not situation,  shouldn`t speed limits be 
lowered to assure survivability?

PUTTING SAFETY FIRST
“And, by the way, there is only one goal, no mat-

ter what the company”. (Eliyahu Goldratt, [2])

The Great God Car. 
It can be said that an automobile is a complex 

product for a variety of reasons. Firstly, it is the result 
of more than a hundred years of technical evolution, 
yet in many aspects resembles closely the cars that 
were sold at the beginning of the 21st century. Re-
garding road safety,  it is true that nowadays cars 
could be called safer than their predecessors, but they 
allow drivers to travel a lot faster,  and passengers are 
involved in impacts with much higher kinetic ener-
gies to manage. Therefore, it can be argued that pre-
sent automobiles are still not able to protect their oc-
cupants in order to assure their survivability in the 
event of a road impact.

Secondly,  automobile users do not, in general, put 
safety first. Over the years drivers proved to demand 
cars that have grown faster and more powerful, and 
there are very few potential owners which would re-
fuse to drive the quickest Ferrari or Lamborghini if 
they were able to pay for —and maintain— one of 
these fantasized automobiles. Then, there is the 
Peltzman effect which is the hypothesized tendency of 
people to react to a safety regulation by increasing 
their risky behavior. For example, if some drivers 
with a high tolerance for risk who would not other-
wise wear a seatbelt respond to a seatbelt law by driv-
ing less safely, there will be more total accidents. 
Thus, in many cases, the safer the car, the reckless the 
driver, the fastest the impacts,  the bigger the necessity 
to add safety devices,  the heavier the cars,  the higher 
the energies involved in road accidents, the more 
dangerous the impacts, and so on.

Thirdly, in the automobile world, beauty does 
matter. Many engineers may allege a style designer’s 
tyranny when arguing about who’s the one that makes 
the core decisions about the product.  Nevertheless, 
the truth is that there are a lot of good automobile 
which were rejected by consumers simply because 
they were not appealing enough.

Among many others, the 1934 Chrysler Airflow 
case can be mentioned. It was full of engineering in-
novations —an aerodynamic singlet-style fuselage; 
steel-spaceframe construction; near 50-50 front-rear 
weight distribution; light weight—. However,  as it 
was,  the car's dramatic streamliner styling antago-
nized Americans on some deep level, and sales were 
abysmal.

Figure 1. Many experts agree that the failure of Ford’s make 
Edsel was a combination of bad marketing and deficient styling.
Photo source: Internet.

Lastly, every time an automobile company 
launches a new model it spends a enormous amount 
of financial resources,  in numbers ranging from few 
to several billion dollars, and there is little margin for 
mistakes. Radical innovations are seldom understood 
or welcomed by mass consumers, and timing plays a 
vital role in the success of any extreme modification 
in a car —General Motors’ EV1 failed electric vehicle 
can be mentioned as an example of an audacious 
launch made 15 years ahead of its time—. 

Before concluding this section,  an appraisal about 
an Eugene O’Neil’s play is presented.  In “The Great 
God Brown” the characters wear masks which serve 
two purposes: they help the characters hide and thus 
protect their vulnerable inner selves while, at the 
same time, allowing them to project pleasing public 
images in an attempt to restore their confidence in 
themselves. Similarly, there are two key issues auto-
mobile generally hide behind their mask of freedom, 
individuality and prosperity: damage to Earth’s eco-
system, and the tragedy of everyday road victims. 
These two issues are way too complex to address in 
this paper,  yet it is the intention of this paper to zero 
in the fact that there are still some major improve-
ments to be introduced to enhance passenger protec-
tion in the event of a road impact. And while for the 
last few years many concept cars which focused on 
fossil fuel-consumption reduction were presented, the 
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last —and arguably one-time-only from a major car 
manufacturer— concept car which pivoted on road 
safety (the Volvo SCC) was introduced as far behind 
as 2001. 

Bottom line, putting safety first in automobile 
design is no easy target. Some reasons that explain 
this were shown above, yet need more space to be 
thoroughly developed. Therefore,  in this paper a se-
ries of steps that could eventually lead to ensure the 
maximum possible protection to passenger in head-on 
collisions, taking into account that safety should be 
put first. This will be started by highlighting the rea-
sons why car design should not begin by thinking 
about exterior design:

Figure 2. Sketch of a concept car.
Photo source: Internet.

And why the following should be the first thing de-
signers think about when they start designing a new car:

Figure 3. Spring (during an impact, the structure of an auto-
mobile behaves as an inelastic spring).
Photo source: Internet.

INJURY MECHANISMS
“The current state of the field of biomechanics of 

trauma can be compared to the state of the celestial 
mechanics before Kepler: it is composed of a multi-
tude of measurements and experimental data that 
lacks in unifying theories that would be able to pre-
dict the outcome of a new situation. In this way, the 
alleged tolerances of the human body are based al-
most exclusively on empiric results, or are elaborated 
from tests using dummies or other mechanical devices 
which do not represent accurately the response that a 
human body would show to the given situation. In the 
better of cases, they do represent it only for a certain 
percentage of the population”. (Alvin Hyde, [3])

 The more you know, the more you realize how 
much you don’t know.

The incredible and enormous biodiversity of the 
human beings is of such extent that the experts have 
not been able yet neither to understand completely 
how injuries happen nor to determine with precision 
the biological tolerance to direct impacts and accel-
eration phenomena. Therefore, in this paper only an 
overview to the topic will be presented, aimed at 
making a general approach to some relevant aspects 
for the upcoming discussions. On top of that, and for 
better following of the arguments of this paper, the 
mentioned approach is shown in Appendix I, and its 
conclusions are presented in the following figure:

very high accelerations 
during very short periods of 
time (no direct impacts)

 

instantaneous
changes of speed

direct impacts
(specially to head, neck, chest 
and abdomen)

type of event injury potential

Figure 4. Alleged risk factors according to their injury potential 
in a road crash.

This means that the primary thing to avoid in a 
road crash is direct impacts to the human body. Al-
though impacts to the head, neck, chest and abdomen 
are the most harmful, it could be said that any part of 
the body must be protected from them. Then, once 
this has been assured, the structure of the automobile 
should prevent passenger being exposed to dangerous 
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instantaneous changes of speed. Lastly, assuming 
neither direct impacts nor unsafe instantaneous 
changes of speed took place, deceleration rates should 
be kept under human resistance levels.

At this point, two key issues arise: 
➡ what is the limit in which an instantaneous 

change of speed becomes unsafe?
➡ which deceleration rates can be tolerated for the 

vast majority of the population?

Furthermore, in a road crash there is commonly a 
combination of direct impact and acceleration phe-
nomena. Most body organs are viscous and gelati-
nous, so direct impacts generate relative movements 
and consequent deceleration processes. On the other 
hand, restrain devices apply a certain amount of force 
in localized parts of the body, as in the case of the 
thin strip of the seatbelt fastening the chest. These 
restrain actions combine a deceleration process with a 
determined degree of pressure that, depending on the 
severity of the road crash, can lead to direct impacts. 

Hence,  and considering all of the above, a brief 
review of the human tolerance limits —both to decel-
eration and instantaneous change of speed— will be 
approached.

DECELERATION RESISTANCE
“There are only two models [male and female] of 

the human body currently available, with no immedi-
ate prospects of a new design; any finding in this re-
search should provide permanent standards”. (John 
Stapp, [4]). 

Every day, around the world, tenths of thousand 
human beings are exposed to decelerations that pro-
voke them either fatal or permanent injuries.

On the one hand, there is little experts know about 
human response to high levels of deceleration during 
short periods of time. Appendix II, gives some gen-
eral details about deceleration resistance based on the 
consulted references, focusing on which directions 
and senses result in more damage to human organs. 
On the other hand, almost everything expert do know 
about deceleration resistance comes from NASA re-
search done at the U.S.A. Holloman Air Force Base. 
And most of the information is derived from tests 
made on John Stapp,  a career U.S. Air Force officer, 
USAF flight surgeon and pioneer in studying the ef-
fects of acceleration and deceleration forces on hu-
mans. His above mentioned words declare a partial 
truth —the one being that there are only two models 
of the human body— and a landmark axiom —the 
one being that standards should be provided—.

And why the latter is so? Because in the world of 
engineers, in the world of design, standards are vital. 
The recent sentence can be considered a common-

place phrase, but it is impossible to design a structure 
for an automobile that should keep deceleration rates 
within human tolerance if there are no standards to 
begin the calculations. And it can be argued that this 
standards regarding human tolerance to deceleration 
either do not exist, or are not publicly known.

Therefore, on behalf on the object of this paper, 
some standards will be set. Yet,  this will be done in a 
very approximative way, considering only partial in-
formation from tests held at the Holloman Air Force 
Base and at the Aero Medical Laboratory of Wright-
Patterson Air Force Base [5]. These tests allege that 
human being could tolerate the following: 
➡ 12 G during 240 seconds (Wright-Patterson).
➡ 15 G during 4 seconds (Wright-Patterson).
➡ 25 G during 1,1 seconds (Holloman)
➡ 46 G during 0,2 seconds. (Holloman)

This set of data can be transformed into a curve by 
extrapolating the potential tendency of the group of 
points, as shown in this graphic:
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Figure 6. Supposed human deceleration resistance based on a 
small number of empirical tests.

The above graphic present the fact that the maxi-
mum time of exposure decreases exponentially as 
deceleration increases. If a function to relate maxi-
mum time of exposure and deceleration was to be 
stated, the following expression could describe it:

(i)
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where  mte = maximum time of exposure [seconds]
 dec = deceleration [G]

Nevertheless, it is crucial to understand that the 
above function is base on a very small number of 
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empirical tests,  and that the persons involved in the 
trial do not necessarily represent the response other 
human beings could produce, so a correction will be 
made to the curve. This modification is done under 
the premise that the vast majority of human beings 
will resist a determinate deceleration for an amount of 
time that is 1/2 the one indicated indicated in Figure 6 
for the lowest decelerations, and 1/4 of the indicated 
ones for the highest decelerations. This transforms 
expression (i) into the following:    

(ii)
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THE AUTHOR

m1x
′′
1 = k1(x2 − x1 − l1)(1)

(2)
m2x

′′
2 = −k1(x2 − x1 − l1) + k2(x3 − x2 − l2)(3)

(4)
m3x

′′
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(6)
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(9)

aavg =
2
π

vo

√
K

m
(10)

(11)

amax = vo

√
K

m
(12)
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(14)

(15)
mte = 700dec−2,5

(16)
mte = 1000dec−2,3

(17)

1

where  mte = maximum time of exposure [seconds]
 dec = deceleration [G]

Thus, finally,  a new curve can be plotted, this time 
considering determinate safety coefficients so that, at 
least in what regards this paper, a design threshold 
can be outlined:
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Figure 7. Supposed human deceleration resistance based on a 
small number of empirical tests, corrected by safety coefficients.

From now on in this paper, certain deceleration 
rates will be considered safe, and other will be con-
sidered harmful —and consequently avoidable—. 
Just to mention an example, it will be deemed that a 
50 G deceleration can be safely undergone by a hu-
man being for a period of time of up to 0,04 seconds. 
Similarly,  a 50 G deceleration will produce serious or 
fatal damage if exerted upon a person for more than 
0,04 seconds. It is important to notice that John Stapp 
was able to support 46 G during 0,2 seconds (5 times 
more than the design threshold), but the limit was set 
considering the vast majority of automobile passen-
gers will support it. As it can be seen, this is a delicate 
issue. For if tests are not performed to deepen the 
knowledge either designers should consider large 
safety coefficients to cover the gap of uncertainty, or 

car passengers will continue to be exposed to decel-
eration rates under which some will survive un-
harmed and others will not.

Lastly there is another delicate issue that arises 
when considering deceleration resistance. On the one 
hand, testing on human beings can be seriously mor-
ally questioned. Before John Stapp’s test of Holloman 
Base, a series of experiments were performed with 
monkeys, some of which died during them. For Stapp 
himself the experience was tough: the safety harness 
painfully dug into his shoulders at low magnitudes; as 
decelerations got larger, the harness cracked his rib; 
he suffered a number of concussions,  lost dental fill-
ings, broke his wrists a couple of times, and suffered 
a contusion to his collarbone; at decelerations greater 
than 18 G, when facing backward, vision became 
blurry and eventually white as the blood in the eyes 
was forced into the back of his head; when facing 
forward he experienced red outs,  as blood was forced 
against his retinas breaking capillaries, hemorrhaging, 
and pulling his eyelids up [6]. 

Figure 8. John Paul Stapp in the rocket sled at U.S.A. Hollo-
man Air Force Base (New Mexico)
Photo source: Internet.

On the other hand, though, and as said in the be-
ginning of this section, thousands of experiments are 
being held everyday in roads around the world, which 
can be also seriously morally questioned. That is to 
say, if cars are designed without a proper knowledge 
of human resistance to decelerations, isn’t it the same 
as exposing passengers to quotidian experiments 
when they are subjected to potentially harmful events 
in case of an impact?

 To conclude, automobiles should not be designed 
without taking into account a design threshold for 
deceleration resistance,  and it is the opinion of this 
paper that this lack of information should be filled 
with accurate and thorough testing. 
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HUMAN RESISTANCE TO INSTANTANE-
OUS CHANGE OF SPEED

"If a virtually safe system is going to be designed, 
either the harmful event must be eliminated, or it 
should not reach the limit of the human tolerance. In 
the Vision Zero concept, it is assumed that accidents 
cannot be totally avoided, hence the basis for this 
concept is built around the human tolerance for me-
chanical forces”. (Sweden’s “Vision Zero”, [7])

An instantaneous change of speed can be com-
pared to a direct impact.

This is so, because in the case of a road impact, 
when passengers are exposed to changes of speed, the 
are pulled in the direction of the change of speed by 
the restrain devices. So, bottom line, a violent change 
of speed will violently pull passengers by means of  
the safety belts, impacting their chests.  On top of this, 
most organ fluids will also suffer instantaneous 
changes of speed thus potentially damaging the or-
gans. Finally, the head will generate relative move-
ments that will not only affect the brain,  but also the 
neck and spine. 

Therefore, the problem is to find which is the limit 
for human tolerance to a change of speed. Neverthe-
less, it can be stated that this is harder to acknowledge 
than deceleration resistance. On the one hand, a 
change of speed in real-life road crashes is a phe-
nomenon that has to be studied in a three-dimension 
space frame.  

Figure 9. Real head-on collision expose passengers to 3D 
movements.
Photo source: Internet.

On the other hand, there are very few cases in 
which a change of speed happens without severe 
cockpit deformation which exposes passengers to 
direct impacts. In fact, vehicles are being designed 
with crumple zones that look for avoiding changes of 

speed. Hence, the few examples that can be found to 
begin understanding human resistance to changes of 
speed should be found outside the world of everyday 
automobiles. 

Regarding this, two paradigmatic cases in For-
mula 1 races that can be mentioned. The first one is 
Ayton Senna’s crash, back in 1994, which lead to his 
death in the San Marino Grand Prix.

Figure 10. Example of deadly injuries caused by instantaneous 
change of speed (1994 Ayrton Senna Formula 1 accident).
Photo source: Internet.

The other one is Robert Kubica’s crash in the 
2007 Canadian Grand Prix.

Figure 11. Example of survival after a high speed impact under 
the protection from direct impacts and under safe instantaneous 
change of speed (2007 Robert Kubica Formula 1 accident).
Photo source: Internet.

It is important to highlight that although the speed 
at which Kubica crashed the concrete wall at Canada 
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was similar to the one of Senna, Kubica crashed in a 
different angle than the first one. While Senna im-
pacted almost perpendicularly to the wall, Kubica did 
it angularly, thus suffering a lesser change of speed. 
As a result,  Kubica recovered from the injuries in 
around two weeks.

These two cases show that when there is no de-
formation of the cockpit, a human being can resist an 
instantaneous change of speed, given certain condi-
tions which are, in general terms, unknown.   

GENERAL GUIDELINES TO ENHANCE SUR-
VIVABILITY  IN ROAD IMPACTS

“The consumer's expectations regarding automo-
tive innovations have been deliberately held low and 
mostly oriented to very gradual annual style 
changes”. (Ralph Nader, [8])

Sir Francis Bacon once said: “He that will not 
apply new remedies must expect new evils; for time is 
the greatest innovator”.

The mentioned above Raplh Nader’s words were 
pronounced several decades ago. Since then automo-
biles grew safer. A lot safer. Specially in impact pro-
tection, where the main improvements had been the 
following three:
➡ widespread compulsory use of seatbelts.
➡ widespread provision of airbags (not in every 

country).
➡ redesigned crumple zones that enhanced passen-

ger and pedestrian protection in impacts up to 64 
km/h. 

Even so, it can be highlighted that seatbelts were 
introduced in the 1950’s,  that airbags were introduced 
in the 1970’s, and that protection in impacts up to 64 
km/h seems to have reached a point were no major 
improvements are produced. In this regards, Michiel 
van Ratingen, Secretary General of EuroNCAP ex-
plains why protection ratings are being modified “We 
acknowledge that this new rating scheme is more 
challenging in some areas, but it does offer lead time 
to manufacturers in others. We call this ‘smart pres-
sure’. We need to raise the bar,  but consider the cur-
rent environment and give carmakers the opportunity 
to implement the best safety features into their vehi-
cles.  These manufacturers have shown that they are 
meeting all of our early targets. We look forward to 
seeing where they go next”.

  In other words,  since the 1970’s, there hasn’t 
been any milestone breakthrough in impact protec-
tion.  On the one hand it can be said that automobiles 
are less liable to get involved in a road crash due to 
great improvements in safety devices that prevent 
impacts from occurring. But on the other hand, this 

mentioned improvements allow drivers to travel 
faster, and passengers get involved in impacts with 
higher kinetic energies,  thus with greater damage 
potential.     

Moreover, the the tree main improvements in im-
pact protection have still some development to per-
form. For the first two which were mentioned (seat-
belts and airbags) the pending tasks is to adapt the 
response of these devices to the actual crash and not 
to an average previously defaulted one. That is to say, 
when an airbag actives it does not take into account 
the position of the passenger, nor its weight or size, 
nor —and most important of all— the speed of the 
impact. It just deploys with a certain force that will 
protect an average passenger in an average impact, 
but this fact presents two problems: if the impact is 
slower than the average one,  the force of the deploy-
ment will outweigh the force of the human being im-
pacting the airbag, thus will have the potential to 
harm the passenger; in the contrary case, the airbag 
will not absorb the forward movement of the passen-
ger thus performing an incomplete function. Simi-
larly, the seatbelts should adapt their reaction to the 
same parameters than airbags.  

Figure 12. In order to successfully complain its target, and air-
bag should know the position, mass an size of the passenger, and 
also the speed of the impact, and be capable of deploy in a differ-
ent way according to the actual crash conditions.
Photo source: Internet.

Now it is time to assess the third of the three ma-
jor improvements mentioned before: the modification 
of the crumple zones of automobiles.  And the focus 
will be made in head-on collisions, since they are 
intended to represent the most frequent type of road 
crash, resulting in serious or fatal injury. The alleged 
improvements base on the fact that in NCAP-type 
tests, newly designed automobiles keep getting better 
scores. But the problem is that, although the NCAP 
frontal test is designed to simulate one car having a 
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frontal impact with another car of similar mass, it is 
statistically improbable that a vehicle will crash with 
another one that has both the same mass AND speed 
—and in this scenario, the vehicle with the lesser ki-
netic energy will unfailingly suffer an instantaneous 
change of speed—. 

And as stated before, instantaneous changes of 
speed are an unwanted phenomenon when it comes to 
protecting passengers from getting hurt. So a key 
issue arises, is there a way in which automobiles can 
be designed to avoid potentially harmful instantane-
ous changes of speed from happening? Before an-
swering this, and considering injury mechanisms, the 
principles of impact survivability will be stated: 
➡ maintain the structural integrity of the occu-

pants' vital volume, assuring enough survival 
space to avoid any direct impacts.

➡ avoid the penetration of objects to the occupants' 
vital volume.

➡ avoid any contact with the potentially dangerous 
surfaces of the interior of the vehicle.

➡ absorb the whole kinetic energy both of the ve-
hicle and of the occupants to avoid or instanta-
neous changes of speed, maintaining the decel-
eration within safe levels.

To demonstrate if this premises can be fulfilled, a 
special type of vehicle will be used:  

undeformable cockpit
(avoid direct impacts)

deformable structure
(maintain deceleration

within human tolerance)

Figure 13. Proposed type of structure to avoid direct impact to 
passengers, and maintain deceleration within human tolerance. 

The above type of structure does not exist in the 
real world of automobiles. It is just a theoretical con-
figuration considered to fulfill the above premises. 
Because if direct impacts are to be avoided, the cock-

pit should be rigid enough to avoid deformations that 
would eventually lead to direct impacts to passengers. 
And after this is achieved, there is still the target to 
prevent the cockpit from undergoing instantaneous 
changes of speed, or potentially harmful decelera-
tions. 

The objective of the following two sections is to 
determine wether the latter is possible or not. 

ASSURING SURVIVABILITY FOR ONE 
VEHICLE, FIXED OBJECT COLLISION

“A more synergistic view or approach to motor 
vehicle safety design aspects is needed”.  (Malcolm 
Robbins, [9]).

Firstly, a model for addressing deceleration issues 
will be adopted. In order to do so, a series of simplifi-
cations should be considered, namely: one dimension 
movements; reference of coordinates in the center of 
mass of the target vehicle; and the use of a system 
formed by a single mass and an inelastic spring 
which, according to what many experts agree, is the 
model for the description of the behavior of an auto-
mobile in a crash that suits properly the purpose of 
this work [10]. The model for a single vehicle crash-
ing into a fixed object can be described as follows:

m1

k1; l1

vO1

Figure 14. Adopted model for one vehicle collision against a 
fixed object. 

Secondly,  and as a spring-mass systems behaves 
in a harmonic way, the equations that will be used 
from now on will be presented:

⇒
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where  A = amplitude of harmonic movement [m]
 vo = speed of impact [m/s]
 m = mass of the vehicle [kg]
 K = stiffness coefficient of spring [N/m]

Since it is desired that no instantaneous change of 
speed take place, it will be supposed that the ampli-
tude of the harmonic movement (A) has to be smaller 
that the length of the spring (l). Therefore,  the stiff-
ness coefficient (K) will be set according to the next 
equation: 

m1x
′′
1 = k1(x2 − x1 − l1)(1)

(2)
m2x

′′
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(27) 1

(iv)

where  K = stiffness coefficient of spring [N/m]
 vo = speed of impact [m/s]
 l = length of spring [m]
 m = mass of the vehicle [kg]

The next step in this argument is to assume that 
the automobile proposed in figure 13 will impact a 
fixed object under the model in figure 14 and consid-
ering the following parameters:
➡ mass (m) of the vehicle: 1.000 kg.
➡ length of spring (l): 0,75 m.
➡ speed of impact (vo): 17,8 m/s (64 km/h)

The last parameter needed for the calculations (the 
stiffness coefficient) needs an explanation. On the one 
hand, the stiffer the coefficient, the lesser the possibil-
ity of instantaneous change of speed. But on the other 
hand, the higher the deceleration. Therefore,  if K is 
set according to the highest possible speed impact 
against a fixed object this will produce high decelera-
tion,  even if the speed impact is lower than the one 
used to define the stiffness coefficient. That is to say, 
if K is set to avoid an instantaneous change of speed 
when a vehicle impacts a fixed object at 35,6 m/s 
(128 km/h),  when the crash occurs at 17,8 m/s (64 
km/h), the deceleration will be higher than if K was 
set using the latter speed. But then there is the fact 
that it is not possible (at east in a mass-scale produc-
tion sense) to design automobiles with adaptive stiff-
ness coefficients for their frontal crumple zone. So, a 
choice has to be made. To enhance this point, a first 
numeric example will be presented.  In this example, 
the stiffness coefficient will be set for a maximum 
impact speed of 17,8 m/s (64 km/h). Using equation 
(iv) the last parameter is set: 
➡ stiffness coefficient (K): 565.000 N/m.

Now the model is complete, and the safety of this 
prototype automobile can be asserted. To do so, the 
deceleration rates for two impact speeds will be 
evaluated, using the following equations, which char-
acterize the harmonic movement of a spring-mass 
system: 
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(vii)
  

where  t = time of acceleration [s]
 m = mass of the vehicle [kg]
 K = stiffness coefficient of spring [N/m]
 aavg = average acceleration [m/s2]
 vo = speed of impact [m/s]
 amax = maximum acceleration [m/s2]

Additionally, another consideration will be done, 
regarding the exposure to deceleration. As an extra 
safety coefficient, the deceleration exposure during 
the time of the harmonic movement will be consid-
ered as the average between the average acceleration 
and the maximum acceleration:
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(viii)

where  dec = deceleration of passengers [G]
 aavg = average acceleration [G]
 amax = maximum acceleration [G]

Equations (v) and (viii) are used to compare the 
deceleration rate of the cockpit of the proposed vehi-
cle against safe decelerations rates as determined in 
Figure 7:
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Figure 15. Deceleration rates for the cockpit of the first pro-
posed vehicle undergoing an impact against a fixed object at 
different impact speeds.
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There are two conclusions that can be made from 
Figure 15. Firstly, if a vehicle has the indicated pa-
rameters it is possible to keep deceleration rates in 
impacts bellow 17,8 m/s (64 km/h). Secondly, when 
the stiffness coefficient is set for 17,8 m/s,  an impact 
at half the speed generates a safer rate of deceleration. 
Therefore, if this was the case, why not design a ve-
hicle with a stiffness coefficient proportional to a 
higher impact speed?  

To answer this, a second experiment will be done, 
this time with the next parameters —it is important to 
remember that equation (iv) is used to define K—:
➡ mass (m) of the vehicle: 1.000 kg.
➡ length of spring (l): 0,75 m.
➡ speed of impact (vo): 35,6 m/s (128 km/h)

➡ stiffness coefficient (K): 2.255.000 N/m.

The results of the second theoretical experiment 
are presented on the following graphic:
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Figure 16. Deceleration rates for the cockpit of the second pro-
posed vehicle undergoing an impact against a fixed object at 
different impact speeds.

In this second case, deceleration rates prove to be 
more dangerous. Specially the rate for the 35,6 m/s 
(128 km/h) which is out of the ranges of the graphic 
being its numeric value 141 G for a time exposure of 
0,0331 seconds.

Therefore, another key issue arises: is it possible 
to set the parameters of the car in a way in which an 
impact at 35,6 m/s generates safe deceleration rates?

To answer this, another consideration must be 
made. In a first look, there are three parameters which 
can be set to maintain deceleration rates within safe 
limits: the mass of the car, the length of the crumple 
zone and the stiffness coefficient of the crumple zone. 

Yet this not true.  It can be proved that the mass of the 
vehicle does not influence the deceleration rate,  as 
equations (v) and (viii) can de rewritten using only 
the length of the crumple zone and the maximum 
speed impact:
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(x)

where  t = time of deceleration [s] 
 l = length of crumple zone [m] 
 vo = speed of impact [m/s]
 dec = deceleration of passengers [G]

Therefore, for each length of the crumple zone 
there is a maximum speed at which the vehicle can 
impact. After that speed,  deceleration rates will be 
unsafe for the passengers. Furthermore, if equations 
(ix) and (x) are combined with equation (ii) the 
maximum impact speed can be obtained for two dif-
ferent lengths of the crumple zone:

50 cm

60
km/h

150 cm

90
km/h

Figure 17. Maximum impact speeds against fixed objects ac-
cording to the length of the crumple zone, given that decelera-
tion rates must be maintained under the limits set in Figure 7.

The results obtained after solving the set of equa-
tions mentioned in the last paragraph lead to a very 
important conclusion: automobiles should not impact 
fixed objects at speeds higher than 60 km/h if their 
crumple zones can deform around 50 cm (that is what 
most modern cars can offer). And this is so even in 
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the better of cases,  when the whole length is used, 
and when the stiffness coefficient is set to this impact 
speed.

Survivability at higher speeds can be only assured 
by extending the crumple zone to larger lengths, and 
considering that this length cannot be greater than 
150 cm for a series of reasons (namely total overall 
length, structural requirements, among others), frontal 
impacts against a fixed object should only remain 
safe at speed impacts of around 60/70 km/h for most 
cars, and only for the larger one at speeds of around 
90 km/h. The former are the speeds at which modern 
cars are being tested, and they have proven to per-
form adequately.

Yet, and this is the main issue of this paper, the 
problem arises when it comes to head-on collisions.

ASSURING SURVIVABILITY FOR TWO 
VEHICLES, HEAD-ON COLLISION

“The alternation of motion is ever proportional to 
the motive force impressed; and is made in the direc-
tion of the right line in which that force is im-
pressed”. (Isaac Newton, [11])

As said before, an impact against a fixed object 
cannot be compared to a head-on collision, mainly 
because in a head-on collision there is always an in-
stantaneous change of speed. This will be proven us-
ing the following model:

m3m2
m1

k1; l1 k2; l2

vO1 vO3

Figure 18. Adopted model for a two vehicles head-on collision.

It is important to highlight that the mass in the 
middle of the two springs serves only the purpose to 
generate a reference point for the model, and that it 
will be considered insignificant in terms of the other 
masses (numerically speaking,  when mass 1 and 3 
have values of either 1.000 kg or 1.5000 kg., mass 2 
has a 1 kg. value). 

To solve the model,  Newton’s second law will be 
used: 
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where  F = Force [N] 
 m = mass [kg] 
 a = acceleration [m/s2] 

Which in terms of this model results in a three-
equation system: 
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where  m1 ; m3 = masses of each vehicle [kg] 
 m2 = insignificant mass [kg]
 x1 ; x2 ; x3 = displacement of each mass [m] 
 k1 ; k2 = stiffness coefficients of each vehicle [N/m]

l1 ; l2 = length of crumple zone of each vehicle [m] 

Additionally, an important consideration will be 
made. The model will be evaluating taking into ac-
count that once one of the vehicles’  spring length is 
zero, the system becomes one where the three masses 
will continue to move as a single body:

m2 + m3m1

k1; lf1

v1 v1

Figure 19. In a first step, the systems behaves according to the 
adopted model. Then, when one of the spring lengths is zero, 
the system behaves as a single body system.

The system formed by equations (xii), (xiii) and 
(xiv) has to be solved using differential equations. For 
the purpose of this paper,  Mathematica© Software 
was used. The object of the section is to prove that 
during a head-on collision where the two colliding 
vehicles do not share the mass and the speed,  there 
will be an instantaneous change of speed. Further-
more,  the extension of the change of speed will be 
considered. In order to do so,  five different pair of 
vehicles were compared:
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➡ Two small cars traveling at the same speed (Ta-
ble 1). This represents the test being performed 
in NCAP-type programs.

➡ Two small cars traveling at different speeds (Ta-
ble 2). This is to know the instantaneous change 
of speed of the car with the smaller speed.

➡ A small car and a medium car traveling at the 
same speed (Table 3).  This is to know the instan-
taneous change of speed of the car with the  
smaller mass.

➡ A small car and a medium car traveling at dif-
ferent speeds, the medium car going faster than 
the small one (Table 4).  This is to know the in-
stantaneous change of speed of the car with the  
smaller speed and the smaller mass.

➡ A small car and a medium car traveling at dif-
ferent speeds, the medium car going slower than 
the small one (Table 5).  This is to know which 
one of the two will suffer an instantaneous 
(knowing a priori that greater speeds beat  
greater masses).

The results of each modeling are presented bellow 
(in red the vehicle that endures the instantaneous 
change of speed, thus whose passengers will suffer 
indeterminate injuries):

Table 1.
Modeled impact between two small cars traveling at the same 

speed.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.000 1.250.000 50 64 0

1.000 1.250.000 50 64 0

Table 2.
Modeled impact between two small cars traveling at different 

speeds.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.000 1.250.000 50 80 same
direction

1.000 1.250.000 50 48 89

Table 3.
Modeled impact between a small car and a medium car travel-

ing at the same speed.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.500 1.500.000 75 64 same
direction

1.000 1.250.000 50 64 86

Table 4.
Modeled impact between a small car and a medium car travel-

ing at different speeds.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.500 1.500.000 75 80 same
direction

1.000 1.250.000 50 48 96

Table 5.
Modeled impact between a small car and a medium car travel-

ing at different speeds.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.500 1.500.000 75 48 56

1.000 1.250.000 50 80 same
direction

The important issue about this is that although the 
considered impact speeds are not very high, the in-
stantaneous change of speed are considerable.  It has 
been already stated that these mentioned changes of 
speed are much more dangerous that high decelera-
tions. Apart from this, in the previous sections it has 
been said that for automobiles with crumple zones 
that are 50/75 cm. long the maximum impact speed 
should not exceed 60 km/h in order to survive un-
harmed from the deceleration phenomena in impacts 
against fixed objects. 

Therefore, it is vital to take into consideration that 
every change of speed suffered by one of the vehicles 
in the last four models exceeds that limit . Worst of 
all, there is no way to avoid this from happening. 
Every time there is a head-on collision, one of the 
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vehicles will suffer a considerable change of speed, 
unless the cars impact at low speeds. How low should 
these speed be? This is no easy question to answer 
and has to be analyzed  thoroughly within the corre-
sponding settings and using appropriate resources.

CONCLUSIONS
“The vulnerability of the human body should be a 

limiting design parameter for the traffic system and 
speed management is central”. (World Health Or-
ganization, [1])

During this paper a series of questions were 
posed:  
➡ is it possible to design automobiles in order to 

avoid exposing passengers to mortal instantane-
ous changes of speed during head-on collisions?

➡ if this is not situation,  shouldn`t speed limits be 
lowered to assure survivability?

➡ what is the limit in which an instantaneous 
change of speed becomes unsafe?

➡ which deceleration rates can be tolerated for the 
vast majority of the population?

The answers to them are (in order): apparently no, 
apparently yes, apparently it is unknown, apparently 
it is unknown.  

Furthermore, it has to be understood that automo-
biles are being designed without proper knowledge 
about human tolerance to deceleration and instanta-
neous changes of speed. And that they are being 
tested under the precept that they behave in a similar 
way in the most common of road impacts, when it is 
not the case. Additionally, to avoid passengers from 
being exposed to these dangerous phenomena, speed 
limits should be lowered, which in practical terms is 
very difficult to perform.

Finally, it is probable that a many other conclu-
sions could be made considering the issues mentioned 
here. Yet, and although I should not use the first per-
son in a written technical paper, I humbly ask permis-
sion to express that my personal main conclusion is 
that putting safety first is no easy target.
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APPENDIX I (INJURY MECHANISMS): 
Head, neck and spine injury mechanisms

Injuries in these vital organs are devas-
tating, and generally lead either to the 
automobilist’s death or to various forms 
of permanent physical impairment.
Direct impacts in the head can severely 
affect the brain and most of the sensory 
organs located within it. It is both prob-
able and frequent to observe brain harm 
without any cranium fracture, since the 
relative movement between the rugose 

base of the cranium and the brain can torn blood ves-
sels and nerves entering and exiting the head, causing 
cognitive and behavior deficiencies as well as mem-
ory disorders. Regarding sensory organs, smell, taste, 
sight, sound and balance can be affected by direct and 
indirect impacts —even minor ones— to the cranial 
nerves or to the organs situated in the head. Compres-
sion forces in the neck can provoke fractures in the 
first vertebrae of the vertebral column damaging the 
arteries that circulate through them. This damage se-
riously compromises the blood supply to the brain; 
besides, tears of the vertebral arteries are often fatal. 
Tension forces caused by hyperflexion or hyperexten-
sion (namely when whiplash, or severe flexion of the 
neck take place) generate cervical sprains with the 
potential to provoke fatal injuries, or functional dis-
abilities which may arise years after the crash took 
place.

Finally, direct impacts can also damage the spinal 
cord severely; furthermore, this type of injury cannot 
be treated medically, as no therapy results in recovery. 
Crash injuries involving the spinal vertebrae are often 
violent events in which the flexed spinal column is 
additionally subjected to coupled forces of rotation and 
lateral bending. Damage to the lower section of the 
spinal cord may derive in paraplegia or serious urinal 
and sexual problems. Injuries above the lumbar region 
add breathing disorders to the mentioned conse-
quences.  Lastly, injuries in the higher section of the 
spinal cord frequently derive in quadriplegia,  with a 
total loss of many essential body functions.

Abdomen and chest injury mechanisms

Injuries in these vital organs are also 
devastating.  Harm in the abdomen is 
caused when suffering a direct impact, 
with the aggravating circumstance that 
as it is an incompressible hydraulic cav-
ity, a blow in a sector of the abdomen 
can generate a serious damage in an-
other place, away from the impact 
point.  As regards the organs that can be 
affected by a direct impact in the abdo-

men, the peritoneal cavity gathers many vital organs 
and glands such as the liver, the spleen and the pan-
creas; except for the mouth and esophagus, the entire 
digestive tract is contained within the peritoneal cav-
ity or is partially covered by peritoneal membranes; 
also, the abdominal aorta and vena cava are located 
on the posterior wall of this cavity. Most of these or-
gans are soft and crumbly, and a great quantity of 
blood circulates through them —specially through the 
liver—, so their damage often results in losing the 
organ or in catastrophic bleeding. 

In the case of the chest, most of the organs resid-
ing within it (as the heart and the lungs), or transiting 
it (as the esophagus, and, again, the aorta and the 
cava) are vital,  so any damage to them has the poten-
tial to generate very serious or fatal injuries. It is 
worth mentioning that injuries to this body region 
may be fatal in the short-term, but they bear no con-
sequences in the long-term —precisely the contrary to 
what happens with the extremities, as it will be dis-
cussed—. Damage to the chest can provoke either 
respiratory or circulatory complications. As regards 
the first ones, direct impacts may injure the intrapleu-
ral membrane, affecting air movement into the lungs, 
and resulting in death if not treated immediately. 
Moreover, any injury that affects the capacity of the 
diaphragm to contract or that damages lung tissue 
may lower the quantity of oxygen in blood (as a result 
of deficient respiration) affecting other organs that are 
sensitive to oxygen insufficiency. Brain tissue is spe-
cially sensitive to this kind of insufficiency, so con-
current lung injuries directly and adversely affect 
brain injuries. As regards the circulatory complica-
tions caused by direct impacts, they are also ex-
tremely harmful.  There are estimations that state that 
only 30% of the victims of injuries to the heart or 
main blood vessels survive long enough to be able to 
receive medical attention.

Lower and upper extremities injury mechanisms

Injuries in the extremities (arms and 
legs) may be seldom the cause of death 
in a road crash, but they are surely a 
major —if not the main— cause of 
permanent physical impairment. Inju-
ries in these organs are generally a con-
sequence of direct impacts,  and while 
they do not involve particularly risky 
situations, it has to be taken into ac-
count that the movement of fractured 

bone fragments generates serious damages to the 
muscular tissues and massive internal hemorrhages 
that, unless treated expeditiously, can provoke severe 
injuries.

It is worth mentioning that the extremities are not 
restrained in any case, and that even in the event of 
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crashes at moderate speeds they are liable to strike the 
interior surfaces of the vehicle. Moreover, the upper 
extremities can also strike the body of the other occu-
pants of the car, exposing the latter to potential dam-
age –specially in the head–.

APPENDIX II (DECELERATION RESIS-
TANCE):

Empirical evidence demonstrates that human be-
ings can be exposed to high levels of accelerations 
with a resistance that diminishes as the time of expo-
sure to it increases, and that there are senses and di-
rections more favorable than others. In other words, it 
is possible to survive without serious damage from 
extremely high levels of accelerations given that: 
firstly, the time of exposure remains below extremely 
short periods of time; secondly, the direction of the 
movement is transverse to the body, and in the sense 
of pushing the person backwards; and thirdly (and the 
least common of all), the process is not combined 
with direct impacts.  The following figure shows the 
direction and senses that may damage seriously a 
human being that is being accelerated, and that coin-
cide with frontal and lateral impact movements (3):

Figure N2.  Most dangerous directions and senses for accelera-
tion processes.

Furthermore, it can be stated that when it comes to 
acceleration resistance, a sudden acceleration of the 
head can lead to hyperflexion or hyperextension of 
the neck, and that the most harmful movements are 
the following (3):

Figure N3.  Most dangerous directions and senses for accelera-
tion of the head.
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ABSTRACT 
 
The findings provide a technology base for 
fireworthiness including the following: fire statistics 
on crash modes; the behavior of plastic gasoline 
tanks when subjected to fire and impact tests; finite 
element analysis of fuel tanks subjected to crash 
conditions; assessments of automotive fuel 
components that relate to fire safety; underhood 
temperatures under driving conditions; flammability 
of underhood liners; ignition and flammability 
properties of plastics and underhood fluids; an 
analysis and synthesis of 22 vehicle burns; fire 
suppression needs and a laboratory design and test; 
and examination of fire safety aspects of future 
vehicle technologies such as 42-volt electrical 
systems and hydrogen fueled vehicles.  
 
These research results in conjunction with the 
GM/DoT Fire Research Project have been analyzed 
and recommendations for fire safety improvements 
have been proposed.  The recommendations  include 
vehicle level fire tests to increases survivability time 
for crashed vehicles subjected to exterior fires, 
particularly those that originate under the hood. 
 
INTRODUCTION 
 
On March 7, 1995, the U.S. Department of 
Transportation (DOT) and General Motors 
Corporation (GM) entered into an administrative 
agreement, which settled an investigation that was 
being conducted by the National Highway Traffic 
Safety Administration (NHTSA) regarding an alleged 
defect related to fires in GM C/K pickup trucks 
[NHTSA, 1994; NHTSA, 2001]. 
 
Under the GM/DOT Settlement Agreement, GM 
agreed to provide support to NHTSA's effort to 
enhance the current Federal Motor Vehicle Safety 
Standard (FMVSS) 301, regarding fuel system 
integrity, through a public rulemaking process.  GM 
also agreed to expend $51.355 million over a five-
year period to support projects and activities that 
would further vehicle and highway safety.  
Approximately ten million dollars of the funding was 
devoted to fire safety research [NHTSA, 2001]. 
   

Subsequent to the GM/DOT Settlement, GM agreed 
to fund an additional $4.1 million in research related 
to impact induced fires.  This latter research project 
was included under the terms of a judicial settlement.  
The fire safety project objectives are defined by the 
White, Monson and Cashiola vs. General Motors 
Agreement dated June 27, 1996 [White, 1996].  All 
research under the project has been made public for 
use by the safety community. 
 
The Motor Vehicle Research Institute (MVFRI) was 
formed to administer and conduct this research.  The 
work started in late 2001 and will be completed in 
early 2009.  The purpose of this paper is to document 
our major results and provide recommendations 
whereby the fire safety of motor vehicles can be 
improved.  There is a unique opportunity now to take 
advantage of the results of some $14 M worth of fire 
safety research to advance the cause of improved 
automobile fire safety. 
 
Research projects that have been completed by 
MVFRI include the following: 

1. A statistical analysis of field data to determine 
the frequency of fuel leaks and fires by model 
year and by other crash attributes (See Bahouth, 
2006 and 2007, Digges, SAE 2005b, 2006 and 
2007b, Fell, 2004 and 2007, Friedman, 2003 and 
2005, and Kildare, 2006).  

2. A case-by-case study of fuel leaks and fires in 
NHTSA’s crashworthiness database 
(NASS/CDS) and an assessment of opportunities 
for reduction of vulnerability (See Bahouth, 
2005, Digges, SAE 2007c; 2008 and 2009). 

3. The assessment of the state-of-the-art technology 
to reduce the frequency of fires in motor vehicles 
and/or to delay the time for fires to propagate to 
the fuel or the interior of the occupant 
compartment (See Fournier, Dec 2004, April 
2005).  Additional work was done on leak 
prevention during rollover from severed lines 
connected to fuel tanks.  (See Fournier, July 
2004 and September, 2006) 

4. The evaluation of gasoline fuel tanks of various 
shapes when subjected to fire and impact testing 
required by European (ECE) or other 
government standards (See J. Griffith, 2005).  
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5. The development of test procedures for the 
prevention of fires in vehicles equipped with 42-
volt electrical systems; including high intensity 
arc testing, and carbon tracking properties of 
plastics (See Wagner 2003; Stimitz, 2004; 
Stephenson, 2005).  Abuse tests were also 
conducted on 14 and 42 volt lead-acid batteries.  
(See Weyandt, May 2005) 

6. The evaluation of the toxicity of the combustion 
products of motor vehicle components used in 
engine compartment and under-hood 
applications (See L. Griffith, 2005). 

7. The evaluation of rescue times for first 
responders as it pertains to fire propagation into 
the passenger compartment (See Shields 2004, 
Digges, ESV 2005). 

8. A comprehensive analysis of data from studies 
sponsored by GM, Motor Vehicle Fire Research 
Institute (MVFRI), and NHTSA (See Tewarson, 
April 2005; October 2005; 3 volumes and 
Digges et al, 2007d). 

9. The development of an underhood foam fire 
suppression system (See Gunderson 2004, 2005). 

10. The development of FEM models of fuel filled 
tanks subjected to crash forces (See Bedewi, 
2004 and 2007). 

11. Measurement of fire resistance of underhood 
insulation materials and of the electrical 
conductivity of underhood fluids. (See Fournier, 
Aug. 2005, Dey, 2004). 

12. The measurement of underhood temperatures of 
four vehicles (See Fournier Sept. 2004 and Sept. 
2006). 

13. A bonfire test of an automotive type 4  
compressed hydrogen fuel tank (See Zalosh, 
2005 and Weyandt, 2005). 

14. A full-scale SUV vehicle burn with a Type 3 
compressed hydrogen tank.  (See Weyandt, 
2006). 

15. Hydrogen and underhood leak experiments (See 
Weyandt, Dec. 2006).  

16. A fatal  compressed Natural Gas tank explosion 
was investigated for possible lessons learned to 
be applied to hydrogen tanks.  (See Stephenson, 
2008) 

17. Research to support a special fire investigation 
methods appropriate for Hybrid and Hydrogen 
Vehicles for possible inclusion in NFPA 921. 
(See Stephenson, 2006) 

18. A computer-based fire investigation training 
course was developed.  (See Shields 0547, 2007 
and Shields 0548, 2007) 

19. The results of all  the above research projects 
were summarized and placed on the MVFRI 
website.  All final reports and summaries are 
located at mvfri.org. 

BACKGROUND  
 
Automobiles fires are the single largest cause of 
death among all consumer goods sold in the United 
States [Ahrens, 2003 and 2005].  Of the nearly two 
million fires each year in the U.S., one out of five 
(300,000) are vehicle fires [USFA, 2002 and FEMA, 
2003].  This is comparable to the number of fires in 
houses and apartments but vehicle fires claim more 
lives than either [Ahrens, 2005, USFA, 2002 and 
FEMA, 2003]. Three quarters of vehicle fires are 
caused by mechanical or electrical failures during 
normal operation, but these are not particularly 
deadly because the occupants are usually able to 
escape.  Less than 10% of vehicle fires are caused by 
collisions but escape is more difficult in these 
situations, and collisions account for the 
overwhelming majority (60-75%) of vehicle fire 
fatalities [Bennett, 1990; USFA, 2002].  Vehicle fires 
cause some 3000 injuries and claim about  500 lives 
per year in the U.S., [Ahrens, 2005].  The rapid 
progression of fire and incapacitation of passengers 
were contributing factors in two thirds of vehicle fire 
deaths [USFA, 2002].  It has been suggested that the 
number of fatalities attributed to motor vehicle fires 
is an underestimate because of ambiguous reporting 
methods [Ahrens, 2005, Fell, 2004], but there is no 
doubt that motor vehicles are a major component of 
the national fire death problem. 
 
The fire safety of motor vehicles is regulated by 
Federal Motor Vehicle Safety Standard (FMVSS) 
301 for fuel system integrity, which was first issued 
by the NHTSA in 1967 and FMVSS 302 for 
flammability of interior materials in passenger cars, 
multipurpose passenger vehicles, trucks, and buses, 
which became effective on September 1, 1972.  The 
requirements of FMVSS 301  are intended to 
strengthen and protect the vehicle's fuel system, so 
that in a crash event, the chances of fuel leakage, and 
consequently the chances of fire and occupant injury, 
will be reduced.  For fatal crashes in which fire is 
coded as the most harmful event, over half are due to 
front impact.  Rollovers account for about 25%, and 
the rest are about evenly divided between side and 
rear impacts [Digges, 2008].  Over the past decade, 
fires in frontal and rollovers crashes have increased 
in frequency.  NASS data shows that for the major 
crash related fires that enter the occupant 
compartment over 60% originate underhood.  For 
frontal crashes, 85% originate underhood.  For 
rollovers, the underhood origin accounts for 50% 
[Digges, ESV 2007a]. These statistical studies show 
the need to focus fire safety improvements on 
underhood fires resulting from frontal crashes and 
rollovers 
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Since it went into effect, FMVSS 301 has reduced 
fires due to fuel tank rupture, but the number of fire 
deaths has remained relatively constant over the past 
few decades because of an increasing number of 
vehicle crashes and a ten fold increase in the amount 
of combustible materials used inside and outside the 
vehicle. 
 
The intent of the FMVSS 302 standard for 
flammability of materials was to reduce deaths and 
injuries to motor vehicle occupants caused by vehicle 
fires, especially those originating in the interior of the 
vehicle from sources such as matches or cigarettes.  
At the time that FMVSS 302 was under development, 
a study estimated that 30% to 40% of vehicle fires 
originated in the interior (passenger compartment and 
trunk) [Goldsmith, 1969].  Over the past decade, less 
than 5% of the post-crash fires originate in the 
vehicle interior [Digges, 2007b].  As collisions have 
become more impact-survivable and fuel tanks better 
protected, the amount of combustible plastic has 
increased.  In most of today’s vehicles there is more 
combustible material outside the fuel tank than inside 
it [Digges, 2009]. 
 
RECENT RESULTS 
 
The results from a series of vehicle burn tests 
conducted by General Motors were analyzed to 
determine the effect of vehicle construction materials 
on passenger survivability in a post-crash vehicle fire 
[Tewarson, 2005 Vol. 1-3].  The authors concluded 
that when the fire originates in the engine 
compartment, flames penetrate the vehicle interior 
within 10-20 minutes.  Once flames penetrate the 
passenger compartment they spread several times 
faster than allowed by FMVSS 302 [Tewarson, 2005 
Vol. 1], resulting in occupant death in 1 to3.5  
minutes.  For the rear end collisions characterized in 
the test program by a gasoline pool fire, flames 
penetrated the vehicle interior through body openings 
within 2 minutes, after which flame spread by interior 
materials was 10 times faster than allowed by 
FMVSS 302 [Tewarson, 2005 Vol. 1].   
Consequently, once flames penetrate the passenger 
cabin from either the front or rear, death of all 
occupants will occur within about two minutes due to 
simultaneous effects of heat, burns, and toxic gases 
[Tewarson, 2005 SAE]. The rapid flame spread 
observed in vehicle fire tests is the dominant factor in 
fatal vehicle fires and the major cause of vehicle fire 
deaths [USFA, 2002].  Tewarson  reported that the 
orientation of the combustible material, the radiant 
heating by the fire, and the burning of molten plastic 
that drips away from the fire, all induced more severe 

burn conditions than created in the FMVSS 302 
regulatory test. 
 
Southwest Research Institute summarized eleven 
series of automobile fire tests conducted in the 
United States, Europe and Japan [Janssens, 2008].  
The data generally confirmed the high intensity of 
fires that burn the materials in the occupant 
compartment.  Figures 1 and 2 show typical test 
results from a series of vehicle fire tests conducted in 
2002 by the Building Research Institute (BRI) in 
Japan.  Figure 1 shows the progression of an engine 
compartment fire 20 minutes after ignition.  Figure 2 
shows the same fire at 30 minutes when the occupant 
compartment is totally engulfed in flames. 
 

 
Figure 1. Tests by BRI of engine compartment fire 
-20 minutes after fire initiation. 
 

 
Figure 2. Tests by BRI of engine compartment fire 
-30 minutes after fire initiation. 
 
Rescue data from FARS showed that in rural crashes, 
the 75 percentile rescue time was 24 minutes 
[Digges, 2005 ESV].  For urban crashes the 
equivalent time was 12 minutes.  The survivability 
time measured in the GM vehicle burn tests was often 
less that that needed for first responders to reach a 
typical rural accident scene and begin rescue 
operations for trapped or incapacitated passengers. 
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DISCUSSION 
 
The changing design  of motor vehicles  is such that 
collisions are more impact-survivable, most fuel 
tanks are better protected in rear collisions and 
plastics have surpassed gasoline as the main fire load.  
These changing conditions present new safety 
challenges and opportunities.  The following 
observations were based on recent test data or 
observed changes in the vehicle fleet: 
 
1. Automobile fires account for 95% of motor 

vehicle fires and 92% of vehicle fire fatalities.  
The vast majority of fatal automobile fires result 
from sources outside the passenger compartment  
rather than from ignition of interior materials by 
a cigarette or small flame as envisioned when 
FMVSS 302 was issued.  

 
2. Plastics that are exterior to the passenger cabin 

(i.e., in the engine compartment and body 
panels) represent a comparable fire load  and fire 
hazard to the interior materials but are not 
required to pass FMVSS 302 or any other fire 
safety standard.  

 
3. The flame spread rate of combustible materials 

inside the occupant compartment increases 
significantly when in proximity to a vehicle fire, 
but this factor was neglected in the FMVSS 302 
test.  Fire tests of vehicles indicate a tenability 
time of less than four minutes once an external 
fire penetrates the occupant compartment 
[Tewearson, 2005]. 

 
4. Tests of aircraft materials fireworthiness indicate 

that it is not possible to use a material-level 
flame test, e.g., FMVSS 302, to predict the fire 
behavior of a vehicle without validating the 
material-level performance at full-scale [Hill, 
1979, 1985]. 

 
5. Tests of fire safety features in current vehicles 

indicate that many vehicles incorporate features 
to improve fire safety, but the features are not 
uniformly applied [Digges, 2009; ESV 2007a].  
There was no relationship between the cost of 
the vehicle and the presence or absence of some 
of the fire safety features. 

 
In view of the increased frequency of crash induced 
fires in frontal crashes and rollovers, regulations that 
would encourage technology to delay the penetration 
of fire into the highly flammable occupant 
compartment appear to be warranted. 
 

For hydrogen fueled vehicles, an occupant 
compartment fire poses a threat to the high pressure 
hydrogen tank(s).  Safety standards need to insure 
that the safety systems will protect people and 
structures in the vicinity of a vehicle fire from the 
explosive pressures that would occur in the event of a 
hydrogen fuel tank rupture.  The safety standards 
should include fire tests of vehicles that have been 
exposed to representative crash scenarios.  
 
RECOMMENDED RULEMAKING CHANGES 
 
1. FMVSS 301 – Fuel System Integrity 
 
a. Add a door opening requirement to the FMVSS 

301 crash tests.  FMVSS 301 currently does not 
require that the doors on a crashed vehicle be able 
to be opened.  Such a requirement was considered 
by NHTSA during the last revision of FMVSS 301 
but it was not included due to the lack of a door 
opening test procedure. A recommended procedure 
is contained in Appendix A. 

 
b. Consider a lower fluid leakage limit for flammable 

fluids. The original requirement was for a 
maximum of one ounce per minute of leakage. This 
was later changed to 28 grams per minute.  The 
selection of the present leak rate was not based on 
fire science considering the probability of ignition 
or flame propagation to other parts of the vehicle.  
It was chosen as the smallest amount that could be 
conveniently measured in a cup to collect any 
leaks.  It was also similar to the volume of a 
carburetor float chamber (carburetors are rarely 
used anymore since fuel injection has become 
nearly universal). One could consider a lower leak 
limit based on real ignition and fire propagation 
tests. 

 
c. Consider conducting all crash tests (including 

NCAP) with all electrical systems charged and 
connected, with all underhood fluids present, and 
with the engine running and hot.  If a post-crash 
fire breaks out, the vehicle would have failed the 
test. (See Digges, ESV 2009, Santrock, 2007) 

 
2.FMVSS 302 - Flammability of Materials 
 
a. Most of the fire experts who conducted research on 

our projects consider FMVSS 302 to be outdated.  
It was developed 40 years ago when a lighted 
cigarette was the most frequent threat to originate 
an occupant compartment fire.  In response to the 
fire threat from an underhood fire, the tenability 
time of materials that comply with 302 is less than 
5 minutes [Digges ESV, 2005a].  Extensive 
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research on alternative test methods has been 
conducted under NHTSA, GM/DoT, and the 
MVFRI projects.  A better test method is required 
with more stringent acceptance criteria that will 
result in less flammable interior materials.  See 
[Digges et al, 2007d] and [SwRI, 2003] for more 
discussion. 

 
b. Regulate the flammability of underhood solid 

materials. .Most auto fires start in the engine 
compartment.  There are many solid materials 
under the hood that are flammable and can spread 
the fire into the passenger compartment.  In fact in 
modern cars, plastic materials have surpassed 
motor fuel as the main underhood fire load.  This 
regulation on underhood materials could either be 
an extension of FMVSS 302 or a new fire safety 
standard.  See [SwRI, 2003]. Special attention 
should be paid to underhood liners.  Measurements 
show that the heat release rate of underhood liners 
varies by a factor of 100 between different vehicles 
[Fournier, Aug 2005].   Since these are attached to 
the underside of the hood, they are at the top of the 
compartment and are readily exposed to flames 
which can then spread horizontally.  Using the best 
of currently used liner materials could reduce the 
rate of fire propagation and growth.  As a 
minimum, the underhood liner should not add fuel 
to the engine compartment fire. 

 
3.FMVSS 303 – Natural Gas Fuel System   
Integrity 
 
a. Upgrade the rear impact speed and barrier to match 

that of FMVSS 301. 
 
4. FMVSS 304 – Natural Gas Tanks 
 
a. Replace the tank-level bonfire test with a vehicle 

level-test. (See Appendix B for a proposed 
compressed gas vehicle burn test).  Appendix B is 
written in a way that it can be applied to both 
compressed H2 and CNG vehicles. 

 
b. If NHTSA  decides to keep a bare tank bonfire test 

similar to FMVSS 304 (for Natural Gas and/or 
Hydrogen), then perform an additional tank bonfire 
test without a PRD to establish the baseline tank 
burst time.  This gives information about the tank. 
This information will allow NHTSA  to establish a 
time margin between the beginning of fire exposure 
and the time of tank burst. (See Appendix C for 
more details) 

 
c. If NHTSA doesn’t do the vehicle-level burn test, 

consider adding a localized fire tank test which will 

simulate a tank exposed to a localized fire away 
from the location of the pressure relief device 
(PRD). 

 
d. Require a thermal shield between the passenger 

compartment and the tank(s). 
 
e. Prohibit “vent boxes” which shield the PRD from 

hot gases or flames (vent boxes are designed to 
collect and vent small CNG leaks). 

 
f. The bonfire test fire should be standardized.  We 

should agree on the fuel (propane or natural gas) 
and the heat release rate (We suggest using a flow 
rate that will provide 200 to 300 kW of fire power) 
[Zalosh,  2005; Tamura, 2006].  Standardizing 
these parameters will make the test more repeatable 
from test-to-test and from test facility to test 
facility.  Steps should also be implemented to 
shield the tank test area from wind. These 
improvements should reduce the standard deviation 
of the exposure heat input. 

 
5. FMVSS 305 – Battery Safety 
 
a. Upgrade the rear impact speed and barrier to match 

that of FMVSS 301. (A current NPRM proposes to 
do this.) 

 
b. Add a requirement that there be “no fire” after the 

vehicle crash tests.  This will address the possibility 
of a fire starting in or around the high-energy 
traction battery. 

 
6. Future Hydrogen Fueled Vehicle Standards 
 
a. See Section 4 (a) above.  We propose that NHTSA  

consider a full vehicle burn test for compressed gas 
vehicles.  See Appendix B. 

 
b. A hydrogen (H2) blue diamond sticker should be 

required on the back of the vehicle.  This is for the 
benefit of emergency responders. 

 
7. A New Fireworthiness Standard 
 
NHTSA should adopt a strategy for improving 
vehicle fire safety that is consistent with its 
philosophy of using system (vehicle) level tests to 
develop minimum performance requirements based 
on objective measures of human tolerance. In 
particular, NHTSA should address the magnitude and 
changing character of the motor vehicle fire problem 
by developing fire performance (fireworthiness) 
requirements for motor vehicles that will guarantee 
sufficient time for escape or rescue from a post-crash 
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fire.  Supporting standards should be developed 
based on human tolerance to the effects of fire and 
toxic gases (especially carbon monoxide), which are 
well defined [Tewarson, 2005 Vol. 1] and easily 
measured [Tewarson, 2005 Vol. 1; Hill, 1979 and 
1985].  To have a meaningful effect on post crash 
survivability, fireworthiness standards will guarantee 
passengers survivable conditions until rescue crews 
can arrive in the event of restricted egress or 
incapacitation.  Based on the analysis of emergency 
rescue operations 10-24 minutes are needed for 
emergency personnel to arrive at the scene after an 
incident occurs [Digges, ESV 2005a].  An additional 
5-10 minutes are probably required to perform the 
rescue operations (e.g., jaws of life), so that a realistic 
survival time is of the order of 15-30  minutes after 
impact.  Based on the analysis of full-scale vehicle 
fire test data [Tewarson ,2005 Vol. 1; Hill, 1979 and 
1985], there are a variety of technologies for 
improving fireworthiness.  
 
There are a number of technologies that will act to 
delay the fire penetration from the engine 
compartment to the passenger compartment [Digges, 
ESV 2007a].  These include: preventing the leakage 
of all flammable fluids, reducing the flammability of 
plastics used under the hood, fire-hardening 
bulkheads, openings, and conduits between the 
engine and passenger compartments, using fire 
resistant materials or intumescent seals around 
penetrations, and using less-flammable underhood 
liners, or other active or passive fire suppression 
systems. 
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APPENDICES 

 

APPENDIX A: DOOR OPENING TEST 
PROCEDURE 

BACKGROUND: 

The first part of this paper is the proposed test 
procedure, and it is recommended that this be added 
to FMVSS 301.  The second part of this paper 
describes a simple R & D project to determine a 
reasonable value for the maximum door opening 
force. 

PROPOSED DOOR OPENING TEST 
PROCEDURE FOR FMVSS  301:  

1. The vehicle should be subjected to the three 
crash tests as specified in the upgraded FMVSS 301.  
A given car only needs to be crashed once. 

2. At least one door per seating row which has 
a door that must be able to be opened after the crash.  
This should apply to both hinge and sliding doors. 

3. The door latch should be able to be 
unlatched with a force (or torque) no more than twice 
that which is needed for an un-crashed vehicle. 

4. After the crash, the door should be able to be 
opened by applying a force of no more than X 
pounds.  This force can be applied from either the 
inside or the outside of the door.  For the inside, the 
force should be applied at the normal shoulder 
position with the seat far forward.  For the outside 
pull, the force should be applied at the door handle. 

R & D TEST TO DETERMINE THE 
MAXIMUM DOOR OPENING FORCE: 

It is suggested that the maximum allowable door-
opening force, X, be determined by doing a simple 
experiment on a few un-crashed cars. 

The latch should be removed entirely.  Then attach a 
load cell to the door.  Have several volunteers push or 
pull on the door as hard as they can.  The subjects 
should include an elderly woman, a 5% adult female, 
and a 50% male.  They should both push from inside 
the car, and also try to open the door from the outside 
(as if they are trying to rescue someone).  The load 
cell will hold the door in fixed position.  The door 
does not need to actually open in this force test. 

Once the data is in hand, NHTSA can set the force 
maximum by deciding what percentile of the 
population you want to protect.  Maybe the 5% 
female will be enough and not design for the frail 
elderly.  You might assume that the rescuer (from 
outside) will on average be stronger than the 
occupant inside. 

The tests should be cheap because the vehicles will 
NOT be damaged.  This does not require any crash 
tests. 

 
 
APPENDIX B: COMPRESSED GAS VEHICLE 
BURN TEST 

Scope:  This is a proposed comprehensive vehicle-
level test for compressed hydrogen or compressed 
natural gas vehicles.  It can be used to replace or 
supplement the current fully-engulfed, bare-tank 
bonfire test (FMVSS 304 or a future hydrogen 
version of it). 

Rationale:  There are about 290,000 vehicle fires per 
year and about 520 fire fatalities per year [Ahrens, 
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2008].  Many of these fires are non-crash fires which 
initiate in the engine compartment but can spread to 
the passenger compartment.  Over 60% of the crash 
fires start under the front hood (for conventionally 
fueled vehicles with IC engines) and can also 
propagate into the passenger compartment [Digges 
2005a, 2005b and 2007a].  These crash-induced fires 
are particularly harmful when the occupants are 
injured or entrapped.  As vehicles become more 
energy efficient, increasing amounts of plastics and 
other flammable materials are being employed.  
Consequently, the amount of fuel available to feed an 
underhood fire is expected to increase. 

Many of the 290,000 vehicle fires do not spread.  
About half of the crash induced fires spread to the 
occupant compartment.  Some fires, especially those 
that engulf the occupant compartment will burn at 
high intensity and can attack the compressed gas fuel 
storage tank(s).  If a compressed gas tank explodes, 
there can be additional harm to emergency 
responders and by-standers, or to surrounding 
buildings. 

Compressed gas tanks are protected from burst by 
one or more thermally-activated Pressure Relief 
Devices (PRD). The PRD is sensitive to the increased 
temperature caused by a fire and is supposed to open 
and vent the contents of the tank(s) to the atmosphere 
before the tank wall structure becomes weakened and 
bursts. 

Bursts of a high pressure tank are very damaging 
because of the large amount of mechanical potential 
energy stored in the tank – independent of the 
chemical energy contained in the fuel.  Recent real 
world incidents and tests have shown the catastrophic 
results of high pressure tank bursts [Zalosh, 2005; 
Weyandt, 2007; Hansen, 2007; Perrette, 2007 and 
Stephenson, 2008].  

In an MVFRI research project [Zalosh, 2005] a 
typical Type 4 composite 5000 psi compressed 
hydrogen tank was exposed to a bonfire to evaluate 
the consequence of fire induced tank rupture.  The 
tank was tested without a PRD.  The composite tank 
material supported combustion after about 45 
seconds of exposure to the bonfire and ruptured after 
about 6.5 minutes.  In this test, blast pressures of  6 
psi were measured 21 ft away from the tank, and 
debris weighing 30 lbs. was propelled more than  250 
ft.  At the time of tank rupture, the pressure inside the 
5,000 psig tank had only increased by 180 psi and the 
temperature at the cylinder ends had risen only to 103 
oF. 

In another MVFRI research project [Weyand, 2007], 
a typical Type 3 (aluminum liner) 5000 psi 
compressed hydrogen tank was mounted under an 
SUV and exposed to a bonfire test.  The tank was 
tested without a PRD. Tank pieces and various 
vehicle components were ejected up to 300 feet from 
the vehicle.  An exclusion zone if 150 feet was 
required to avoid overpressure greater than 0.3 psi (a 
lower limit to avoid ear drum damage to humans). 
However, higher overpressure could occur beyond 
the 150 feet radius if reflected waves from 
surrounding buildings came into play [Weyandt, 
2007].   

In two recent incidents the fire started in the 
passenger compartment and attacked the tank(s) 
through holes in the back of the rear seats [Hansen, 
2007, NHTSA, ODI].  These two incidents occurred 
in vehicles made by OEM vehicle manufacturers – so 
these problems are not limited to aftermarket vehicle 
converters.  The tank bursts are thought to have 
occurred because the fire attacked the tank away from 
the PRD and the PRD did not get hot enough to 
activate before the tank burst.  

Every vehicle model design will have a unique 
tank(s) placement, vehicle geometry, and different 
pathways for the fire to approach the tank(s).  Some 
will have physical (metal) or thermal barriers 
surrounding the tank compartment.  The best way to 
demonstrate the correct operation of the PRD(s) is to 
conduct a real vehicle burn test. 

Proposed Test Procedure:  Four vehicles should be 
tested: 

(1).  An undamaged vehicle  

(2).  A vehicle after conducting the FMVSS 301 rear 
impact test* 

(3)  A vehicle after conducting the FMVSS 301 side 
impact test 

(4)  A vehicle after conducting the FMVSS 301/303 
frontal impact test 

The Following Procedures Apply to Tests of 
Vehicles 1 through 3: 

The vehicles should be fully fueled and all the 
electrical systems charged and connected. 

The ignition source for the fire should be a rag 
soaked in alcohol.  It should be large enough to 
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ensure ignition of the passenger compartment 
materials.  It should be placed under the dashboard or 
on the floor under the dashboard.  Two windows 
should be partially opened to provide adequate 
ventilation for the fire to spread. 

It is suggested that the fire be started in the front 
passenger compartment because: 

(1)  There may be many fewer underhood fires in 
H2/fuel cell vehicles. 

(2)  Even if the fire starts under the front hood, the 
fire doesn’t become dangerous until it spreads into 
the passenger compartment. 

(3)  In many H2 vehicle configurations, the H2 tanks 
are toward the rear of the vehicle 

*  FMVSS 301 is specified for the rear impact since it 
has a higher rear impact speed (80 km/h) than 
FMVSS 303 and uses the deformable barrier. 

The Following Procedures Apply to Test of 
Vehicle 4: 

After being subjected to the FMVSS 301 frontal 
crash, the vehicle would be tested for fire safety in 
the event of a major underhood fire.  The test vehicle 
should be fully fueled and all the electrical systems 
charged and connected.  The ignition source should 
be located near the front of the engine compartment   
The fire test procedure should be similar to that 
recommended by Hamins and incorporated in a 
research projected funded by MVFRI [Gunderson 
2005].  This test procedure involved initiating a fire 
of a sufficient intensity to ignite conventional engine 
compartment solid materials and fluids.  Two 
passenger compartment windows should be open as 
in the tests of vehicles 1 thru 3.  

It is proposed that the fire be started in the engine 
compartment because: 

(1)  Most fires in frontal crashes originate there 
[Digges, 2005a] 

(2)  About 2/3 of the crash fires with fatalities 
originate there [Digges, 2005b] 

(3)  Most underhood fires are fueled primarily by 
underhood fluids and solid materials other than the 
motor fuel [Digges, 2008]. 

Instrumentation:  The pressure in each compressed 
gas tank shall be measured in a way which will 
survive the fire.  A recommended way is to run high-
pressure tubing from the tank(s) to several feet from 
the vehicle and attach the pressure transducers to the 
end of the tube(s) away from the fire.  The pressure 
instrumentation will confirm that the tanks have 
vented down to at most 20 bar without burst. 

Test Criteria:  A successful test is one in which the 
compressed gas tanks vent to less than 20 bar (ca 300 
psi) before any of the tanks burst. 

If the fire goes out, or does not spread in the direction 
of the tank(s), the test should be repeated with a 
larger ignition source fire.  It is necessary to provide 
adequate ventilation to ensure that the fire spreads 
and grows. 

Safety Caution:  If a tank has been exposed to fire 
and is still pressurized, it can still burst – even after 
some delay.  Personnel should stay safely away from 
the vehicle until the tank is de-pressurized.  This can 
be accomplished by a remotely activated valve (not 
in the fire zone) or by puncturing the wall of the tank 
with a rifle bullet. 

Discussion: A full-scale vehicle burn test was 
conducted by SwRI [Weyandt, 2007].  In this case 
the ignition source was a propane burner under the 
vehicle simulating a pool fire. 

GM conducted a large series of well-instrumented 
vehicle burn tests under its agreement with DOT 
[Project B.3].  These were for conventionally-fueled 
vehicles. 

It is believed that several OEMs have performed 
vehicle burn tests for CNG vehicles – in some cases 
to validate the fix for the tank bursts [Hansen 2007, 
NHTSA]  

Another report containing over 20 vehicle burn tests 
with heat release rate versus time curves is available 
[Janssens, 2008]. So clearly performing such vehicle 
burn tests is feasible. 

It should also be noted that the government and 
industry have been conducting full scale crash tests 
for occupant crash protection for many decades.  It is 
obvious that testing a complete vehicle is preferable 
to testing the various components that are involved in 
a vehicle crash.  A similar rationale shows that a 
complete vehicle burn is the best way to demonstrate 
vehicle fire safety.  The best way to test a complex 
system is to test it as a complete vehicle system. 
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Advantages of performing this vehicle burn test 
include: 

1.  The combustible materials are those of the real 
vehicle. 

2.  The flame spread paths are the same as for the 
actual vehicle.  Thus the direction that the fire attacks 
the tank(s) is representative of the real world 

3.  The tank(s) and PRD(s) are in the intended 
positions relative to other parts of the vehicle. 

4.  All physical and thermal barriers are in place as 
designed. 

5.  The PRD(s) will then experience real temperatures 
which should demonstrate that it can protect the 
tank(s).  Demonstrating this during the design 
qualification phase will prevent accidents and 
possible recalls after the vehicles are on the road. 

 6.  Test vehicles 2, 3 and 4 would have real world 
crash deformations and are performed in standardized 
tests used by the government and industry for many 
years. 

Disadvantages of performing these tests: 

1.  There are personnel safety issues that must be 
carefully considered (there are similar issues with the 
current bonfire test.) 

2.  One additional vehicle (the undamaged one) will 
need to be tested.  (Note: the front, rear, and side 
impact vehicles already need to be crashed for 
FMVSS 301/303). 

3.  Cost of performing the four tests. 
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APPENDIX C:  BONFIRE TEST BURST TIME 
MARGIN 

Scope: This test procedure applies to any high-
pressure Compressed Hydrogen or Compressed 
Natural Gas vehicular storage tanks. 

Rationale:  A vehicle-level burn test (See Appendix 
D) is preferable to a bare-tank bonfire test.  But if it is 
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decided to keep the tank-level (or high pressure 
containment system) bonfire test, then it should be 
improved to provide a burst time margin. 

The current fire exposure test (bonfire test) for 
compressed gas storage tanks and their protective 
thermally-activated Pressure Relief Devices is a 
pass/fail test on a single tank.  There is no 
information on whether the tank “passes” (fails to 
burst) by 5 seconds or 5 minutes. 

Tank burst is a very violent event [Hansen, 2007; 
Perrette, 2007; Weyandt, 2007; and Zalosh, 2005].  
These referenced tests and real-world tank explosions 
caused by fire show that sizable tank and/or vehicle 
fragments can be thrown up to 350 feet. These 
fragments can do damage to people or property and 
thus the probability of occurrence of a tank burst 
must be kept very low. 

Other common tank-level tests which are designed to 
avoid burst have explicitly known margins. 

-Tank burst – >1.8 times nominal working pressure  

-Sample size in design qualification = 3 (SAE J2579 
Section 5.2.2.3.3) 

-Fatigue life – 3 times expected number of cycles. 

- Sample size in design qualification = “at least one” 
(SAE J2579) 

Proposed Test Procedure: The bonfire should be set 
up as specified in FMVSS 304 (CNG) or SAE J2579 
(H2). One tank should be bonfire tested without a 
PRD to establish a baseline tank burst time. A second 
tank with the PRD and other specified hardware in 
the high pressure containment system should be 
tested as specified in FMVSS 304 or SAE J2579. 
Subsequent to the bonfire test, the tank should be 
pressurized until burst (without the PRD) to 
determine its strength margin. 

Instrumentation:  The pressure in the compressed 
gas tank should be measured in a way which will 
survive the fire.  A recommended way is to run high-
pressure tubing several feet from the tank and attach 
the pressure transducer to the end of the tube away 
from the bonfire. 

This pressure measurement will document the PRD 
activation time and the tank vent-down, and confirm 
that the tank does not burst until it reaches 20 bar (ca 
300 psig) or below.  The 20 bar vent-down pressure 

is thought to be low enough that even if the tank 
would burst, that the damage would be minimal.  
Also, in most systems, the venting will occur more 
rapidly than the tank wall will weaken – so once the 
PRD starts venting it is unlikely that the tank will 
subsequently burst. 

Test Criteria:  A successful test is one in which the 
second compressed gas tank vents to less than 20 bar 
(ca 300 psi) at 60% or less of the baseline tank burst 
time. The resulting 40% time margin should be 
adequate to cover tank-to-tank and test-to-test 
variations. 

It is suggested that the post-test burst pressure be 
greater than 1.5 times the nominal working pressure. 

Safety Caution:  If a tank has been exposed to fire 
and is still pressurized, it can still burst – even after 
some delay.  Personnel should stay safely away from 
the tank until the tank is de-pressurized.  This can be 
accomplished by a remotely activated valve (not in 
the fire zone) or by puncturing the wall of the tank 
with a rifle bullet. 

Discussion: The purpose of the pressure burst test is 
to demonstrate a fire exposure time margin and a 
burst strength margin for the surviving tank of test 
two.  

Advantages of performing this extra bonfire test 
include: 

1.  It will establish a known time margin between the 
exposure to fire and the tank burst. 

2.  We will know the residual strength of the tank 
after successful venting of its contents 

3.  It is consistent with the demand and capability 
probability distribution (SAE J2579, Figure C1). 

For the bonfire test the level of stress represents time.  
The “demand distribution” is the severity of the fire 
exposure (either in the bonfire test itself or in real 
world vehicle fires).  The “response distribution” 
represents the probability of a tank burst if the PRD 
does not successfully open and vent the tank.  The 
time margin (shown by the vertical arrow) provides a 
separation of these two distributions. 
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Figure C1. Basis of Criteria for Bonfire Test 

Disadvantages of performing this extra test: 

1.  Requires one extra tank and tank test. 

2.  The extra cost to perform the first test. 

REFERENCES 

Hansen, 2007.  “Fire Fighter Near Miss: Auto Fire 
with Compressed Natural Gas (CNG) Fuel Tank 
Explosion,” (Report on Seattle Honda CNG Vehicle 
Incident, March 2007), Hansen.  Available at:: 
www.mvfri.org 

Perrette, 2007. “Safe Storage of Natural Gas on 
Urban Buses: Case Early Investigation and 
Learnings,” Perrette & Wiedermann, SAE paper 
2007-01-0430, April 2007. www.sae.org 

Weyandt, N., “Intentional Failure of a 5000 psig 
Type IV Hydrogen Cylinder, Installed in an SUV 
Without Standard Required Safety Devices,” SAE 
paper 2007-01-0431, April 2007. www.sae.org 

Zalosh, 2005. “Hydrogen Fuel Tank Fire Exposure 
Burst Test,” Zalosh & Weyandt, SAE paper  2005-
01-1886. www.sae.org 

 



INFLUENCE OF ALCOHOL CONCENTRATION AND BRAKING PROCEDURE ON 
MOTORCYLIST BRAKE REACTION TIME USING A MOTORCYCLE RIDING 
SIMULATOR 

 
Chun-Chia Hsu 

Chih-Yung Lin 

Lunghwa University of Science and Technology 

Chin-Ping Fung 

Oriental Institute of Technology 

Ming-Chang Jeng 

National Central University 

Taiwan 

Paper Number 09-0213 

 
ABSTRACT 

The statistical data published by National Police 
Agency, Taiwan, indicated that the motorcycle 
induced the highest accident rate, and drunk driving 
ranked first among the traffic fatality causes in 2007. 
The high traffic accident rate was attributed to the 
alcohol decaying driver reaction and the increase of 
frequency of using motorcycle in daily life as the car 
parking space and driving cost were considered. A 
motorcycle riding simulator, integrating a stationary 
real motorcycle and virtual reality system, was 
developed to measure motorcyclist brake reaction 
time under different drunken levels and braking 
procedures. The motorcyclist encountered an 
emergence that a pedestrian went across the road 
abruptly in a simulated driving scene. The time 
between an emergence and the activation of brake 
lever was recorded as the brake reaction time. Ten 
young participants, ranging from 20 to 25 years of 
age, were recruited in this study. Drunken levels for 
motorcyclist were designed to breath alcohol 
concentrations (BrAC) of none, 0.15 mg/l and 0.25 
mg/l. In addition, two different braking procedures, 
subject positioned his fingers on brake level or had 
his fingers wrapped around the handlebar, were 
tested. The experimental results showed that a longer 
brake reaction time was induced by the motorcyclist 
under higher BrAC. Additionally, the brake reaction 
time is also significantly influenced by braking 
procedure. The results in this study gave really useful 
information for driving education and skill in the 
field of motorcyclist driving safety. As the 
motorcycle riding simulator in this study did not 
involve a motion platform, participants cannot 
experience emergency motions induced from abrupt 
acceleration and braking. However, by using 
state-of-the-art computer graphic technologies the 

simulator gave a reallike scene of emergency traffic 
event. 

INTRODUCTION 

The statistics of the Department of Health, Taiwan, 
indicated that the unintentional injury was the fifth of 
top ten death factors in Taiwan in 2007 [1], and the 
traffic accident was the main cause of the injury. 
Driving is part of daily life in modern society and, of 
course, induces risk to some extent. However, as the 
car driving cost has been gradually risen, the increase 
of frequency of using motorcycle becomes an 
inevitable result. The statistical data published by 
National Police Agency [2], Taiwan, showing that the 
car type inducing the highest accident rate was the 
motorcycle, reflected the unsafety of motorcycle 
driving. Furthermore, the statistical data [2] showed 
that drunk driving ranked first among the traffic 
fatality causes in 2007. The proposing a toast in 
Taiwanese culture can be attributed to the drunk 
driving. People usually toast each other in different 
dinner parties, and drink excessive alcohol 
unwittingly. However, most people underestimate the 
order of severity of drunk driving in safety. The 
drunk driving becomes a very serious problem 
nowadays in Taiwan. 
The speed of driver response to the changing in 
traffic situation has a direct influence on driving 
safety. When driver receives stimulus from 
surrounding traffic, through the sense of sight and 
hearing, the information is processed in brain and 
then decision is made. Simultaneously, command is 
sent to motor organ such as hands and feet to 
response. The time of the process from receiving 
stimulus to making response is the reaction time. In 
generally, when safety is considered the driving 
ability is indicated by the reaction time. Driver 

Hsu 1



concentration on driving, body condition, driving 
experience, drinking alcohol or using drug would all 
influence reaction time to different extents.  
It is commonly known that alcohol influences 
reaction. This view was supported by scientific 
research. Kruisselbrink et al. [3] examined how 
consuming low to moderate quantities of beer over 
an evening affected adult females. The study found 
that reaction time did not significantly change the 
next morning as a function of alcohol dose, and 
suggested that consuming moderate quantities of beer 
affects decision making but not physical and 
physiological performance in adult females the next 
morning. Fillmore and Blackburn [4] examined how 
an expectancy-induced adaptive response could 
reduce the impairing effects of alcohol on response 
activation, while at the same time increase its 
impairing effect on response inhibition. Their 
experimental results showed that subjects led to 
expect slowed reaction time displayed faster reaction 
time but fewer inhibitions under alcohol, compared 
with those who received no such expectancy. The 
findings demonstrated that an alcohol expectancy 
reduce impairment of one aspect of performance 
under the drug while increasing its impairing effect 
on another. Alcohol can further affect driving ability. 
Lennė et al. [5] point out that driving performance 
would drop if the driver is intoxicated. In their study, 
a driver’s ability of keeping the vehicle running 
inside the lane is lessened, leading to an increase in 
lane shifts and direction deviation angle. Meanwhile, 
the driver’s ability of maintaining his speed is 
weakened, which contributes to more volatile 
changes in speed. His response time would likewise 
become longer. Leung et al. [6] discover in their 
study that intoxicated drivers’ perception of danger 
on curved roads would be impaired; as a result, their 
response would become slow. Most of the research 
studies exploring the effect of alcohol on driving 
ability focus on car drivers. In comparison, no 
objective data or complete research have been 
obtained or conducted so far on the effect of alcohol 
concentration on motorcyclists’ response capacity. 
Through a drunk driving experiment participated in 
by motorcyclists, the real response of the 
motorcyclists can be determined. However, the 
traffic environments that the motorcyclists will face 
are complicated. If the drunk driving experiment with 
real motorcycles is carried out, then it is bound to 
threaten the safety of the participants and other 
passers-by. During the past few years, virtual reality 
technology has grown rapidly, and the integration of 
virtual reality technology into a motorcycle simulator 
can not only protect the participants and reduce costs, 
but realize the design of experimental items, 
guarantee the experimental significance, and simulate 
varied dangerous contexts as well. Therefore, 
considering driver safety and experiment cost, this 
study conducted drunk driving experiments using 
motorcycle riding simulator to investigate the effects 

of alcohol concentration on motorcyclist brake 
reaction time. 

EXPERIMENTAL METHODS 

The study employed a motorcycle riding simulator to 
access the influence of alcohol concentration and 
braking procedure on motorcyclist brake reaction 
time. The participants, simulator equipment, 
experimental design, and data analysis are described 
as follows. 

Participants 

This research employs 20 participants, composed of 
13 males and 7 females, between 20-25 years old and 
holding a motorcycle license. All the participants are 
healthy, and have no habit of excessive drinking. 

Motorcycle riding simulator 

The motorcycle riding simulator integrated a real 
motorcycle, a virtual reality-based visual and audio 
system, and a host computer system to create a 
virtual environment of motorcycle riding. The 
motorcycle is a real scooter, the most common 
motorcycle type in Taiwan. The motorcycle front 
wheel is mounted on a rotationable disk. The disk 
allows motorcyclist to change driving direction by 
turning steering handlebar, and the orientation and 
turning angle of the front wheel are detected by a 
rotary-type resistance equipped on the disk. Linear 
variable differential transformer is attached to the 
brake lever to detect the position of the lever as 
motorcyclist applies braking. The three-dimensional 
models of pedestrians, vehicles and buildings in the 
virtual environment are created using 3DS MAX 5.1 
to create. The virtual environment is presented, and 
the interactions between the virtual models and 
human being are designed, using EON studio 5.2. 
The virtual scene is displayed on a 100-inch 
rear-projection rigid screen providing 85.5° 
horizontal × 69.4° vertical field of view. The audio 
system provides simulated noises from the engine 
and traffic environment. The control of all the input 
and output of software and hardware is integrated 
into a main program developed using Visual Basic 
2005. 

Experimental design 

The experiment employed a 3×2 factorial 
within-subject design that compared motorcyclist 
reaction time based on different alcohol 
concentrations (none, 0.15 mg/l, 0.25 mg/l) and 
braking procedures (cover mode, uncover mode). 
The braking procedure of cover mode was that 
subject positioned his fingers on brake level. The 
uncover mode was that subject had his fingers 
wrapped around the handlebar. The different 
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conditions were presented in random order to 
participants. 

Driving Scenario 

A simulated driving scene was created using the VR 
system for motorcyclist undergoing the driving 
experiment in safety. When the motorcyclists are 
riding on the simulator, they will meet any number of 
pedestrians standing on the sidewalks five times 
during the driving process. Only in three cases will 
the pedestrians abruptly cross the road from the 
sidewalk at a quick trot, as shown as Figure 1. The 
pedestrians will be standing at their places 3 meters 
away from the middle of the lane. The pedestrians’ 
speed when crossing the road is set at 7.2km/hr. The 
event of the pedestrian crossing the road will be 
triggered when the distance between the motorcycle 
and the place where the pedestrian is standing 
reaches 20 meters. The speed of the motorcycle is 
fixed at 50km/hr. If the motorcyclist does not take 
any action to brake after the event is triggered, the 
pedestrian will run into the motorcycle after 1.5 
seconds. To obviate the expectations held by the 
participants to the events, which will then cause the 
collected data to lose objectivity, the times the three 
events of the pedestrian crossing the road are 
arranged randomly. 
 

 
Figure 1.  Pedestrian goes across the road 
abruptly. 

Experimental procedure 

The experimental procedure starts from the 
registration of the participants. First of all, the 
participants register and then fill out an experimental 
questionnaire. After that, the experimental process is 
explained by an assistant and how to use the 
motorcycle simulator is taught, allowing each 
participant to practice with the motorcycle simulator 
so as to ensure they are familiar with the 
experimental process. After the participants learn 
how to operate the motorcycle simulator well, the 
simulating experiment of conscious driving is set out 

to do. 
During the drunk driving experiment, participants 
must drink the prepared alcoholic drinks within 10 
minutes and then rest for 20 minutes. The drink 
volume is calculated according to the information 
provided by the participants. Next, an alcohol 
detector is used to check whether the breath alcohol 
concentration of the participants has reached 
0.15mg/l (±0.03 mg/l). If the desired concentration is 
reached, the experiment is set out to conduct. After 
the experiment is finished, the alcohol concentration 
of the participants is tested and recorded again. Then, 
the second round of experiments will be made. The 
participants will be asked to drink the second cup of 
alcoholic drink and then rest for 20 minutes. An 
alcohol detector is then used to check whether the 
breath alcohol concentration of the participant has 
reached 0.25mg/l (±0.03 mg/l). If the desired 
concentration is reached, the experiment is set out to 
conduct. After the experiment is finished, the alcohol 
concentration of the participants is tested and 
recorded once more. After all the experiments are 
finished, hot tea and other drinks will be provided to 
the participants to relieve the effects of the alcohol. 
The participants can take a rest for one to two hours 
after the experiment before leaving. 
On the day before the commencement of the 
experiment, the participants should not eat any food 
containing any alcoholic ingredient to prevent 
alcohol from remaining within the body or the 
problems of alcoholic metabolism from appearing. 
Moreover, the participants should not stay up late, 
making sure to have plenty of sleep. Finally, they 
should keep away from food containing high oil, 
sugar, or caffeine content within two hours before the 
experiment so as not to affect the absorption of 
alcohol. 

Data analysis 

The braking response time is counted beginning from 
the moment the pedestrian begins to move and ends 
when the activation of brake lever. All experimental 
data are sorted out and statistically analyzed using 
the SPSS15.0 Statistic Application Software. 

RESULTS AND DISCUSSION 

Braking response times using uncover mode and 
cover mode for brake preparation action under 
different alcohol concentrations are listed in Table 1. 
Mean braking response time using uncover mode for 
brake preparation action without alcohol is 0.665 
second, longer than the 0.49 second braking response 
time using uncover mode. This discrepancy has 
reached a statistically significant difference (P < 
0.001). When the breath alcohol concentration is 
0.15mg/l, the mean braking response time using 
uncover mode (0.680 second) for the brake 
preparation action is longer than mean braking 
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response time when using uncover mode (0.490 
second). Again, this discrepancy has reached a 
statistically significant difference (P < 0.001). When 
the breath alcohol concentration is 0.25mg/l, the 
mean braking response time using uncover mode for 
the brake preparation action without alcohol is 0.692 
second, longer than of the mean braking response 
time of 0.578 second when using uncover mode. This 
discrepancy has likewise reached a statistically 
significant difference (P < 0.001). The experimental 
result shows that despite the intake of alcohol, or 
under varied alcohol concentrations, the mean 
braking response time using uncover mode for the 
brake preparation action is longer than the mean 
braking response time when using cover mode, and 
that the discrepancy between them has reached a 
statistically significant difference. The results of this 
study indicated that the brake reaction time is 
significantly influenced by braking procedure. The 
results gave really useful information for driving 
education and skill in the field of motorcyclist 
driving safety. 

 
Table 1. 

The reaction time in different braking procedures 
and alcohol concentrations 

alcohol 
concentrations  

braking 
procedures

Average 
 

S. D.
 

P 
value

 
0 mg/l Uncover 

mode 
0.665 0.138 0.000

 Cover 
mode 

0.479 0.126  

0.15 mg/l Uncover 
mode 

0.680 0.106 0.000

 Cover 
mode 

0.490 0.105  

0.25 mg/l Uncover 
mode 

0.692 0.158 0.000

 Cover 
mode 

0.578 0.152  

 
The participants’ braking response time under 
different breath alcohol concentrations when 
pedestrians cross the road at a quick trot is shown in 
Table 2. When the participants have not drank any 
alcohol, the braking response time is 0.572 second; 
when the breath alcohol concentration is 0.15mg/l, 
the braking response time 0.585 second; when the 
breath alcohol concentration is 0.25mg/l, the braking 
response time is 0.610 second. The statistical 
analysis result indicates that the effect of different 
breath alcohol concentrations on the braking 
response time reaches a statistically significant 
difference (p<0.032). Tukey post-hoc tests showed 
the difference between 0 mg/l and 25 mg/l was 
significant. On the other hand, there was no 

difference between 0 mg/l and 15 mg/l, and between 
15 mg/l and 25 mg/l. The results of this study 
indicated that the brake reaction time is significantly 
influenced by alcohol after driver drank at some level 
of alcohol concentration. 

 
Table 2. 

The reaction time at different alcohol 
concentrations 

alcohol 
concentrations

Average S. D. P value

0 mg/l 0.572 0.161 0.032 

0.15 mg/l 0.585 0.142  

0.25 mg/l 0.610 0.176  
 

CONCLUSIONS 

The study investigated motorcyclist reaction time 
based on different alcohol concentrations (none, 0.15 
mg/l, 0.25 mg/l) and braking procedures (cover mode, 
uncover mode). It was found from the experimental 
that the brake reaction time is significantly 
influenced by braking procedure. The brake reaction 
time for subject had his fingers wrapped around the 
handlebar was much longer than the time for subject 
positioned his fingers on brake level. The results 
gave really useful information for driving education 
and skill in the field of motorcyclist driving safety. 
The experimental results showed that a longer brake 
reaction time was induced by the motorcyclist under 
higher BrAC. The brake reaction time is significantly 
influenced by alcohol after driver drank at some level 
of alcohol concentration. 
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ABSRTACT 
 
NASS and FARS data were analyzed to determine 
the crash environments that produced major fires.  
Case reviews were conducted for NASS cases with a 
major fire.   Annually, there are about 400 fatalities 
in FARS with fire as the most harmful vehicle event.  
There are about 60 cases annually in NASS with a 
fire recorded.  FARS years since 1978 and NASS 
years since 1997 were studied.  NASS and FARS fire 
statistics for different crash modes with documented 
fires are presented.  Also included are plots of 
deformation profiles for NASS vehicles with fires.  
These plots show damage profiles at the 10%, 25% 
and   50% frequency of occurrence levels. The frontal 
crash mode accounts for about half of the fires in 
FARS and NASS.  Rollovers account for about 25% 
of the major fires in NASS and carry the highest risk 
of fatality in FARS fires.  In NASS, the vast majority 
fires that occur in frontal and rollover crashes 
originate under the hood.  Incapacitation and 
entrapment of occupants are important survival 
factors when underhood fires occur.   
 
INTRODUCTION 
 
The Motor Vehicle Fire Research Institute (MVFRI) 
was formed to conduct this research to improve the 
fire safety of present and future motor vehicles.   
Research to better understand the nature of motor 
vehicle fires was initiated in 2001 and completed in 
2009.  The purpose of this paper is to document the 
major results of the research to identify the crash 
characteristics associated with crash initiated fires in 
passenger vehicles.  Since the research was 
conducted at different times, the periods during 
which the data was analyzed may vary.  The detailed 
reports are listed in the Reference section of the paper 
and are available on the MVFRI website, mvfri.org.   
 
Investigations of fire occurrence have been 
undertaken with a focus on identifying the conditions 
that produce crash induced fires.  The examination of 
crash modes, fire origins and vehicle attributes were 
included.  NASS and FARS data were researched 
under contracts with George Washington University, 
Pacific Institute or Research and Evaluation and Dr. 

George Bahouth.  Friedman Research and Associates 
examined state data and FARS data in conjunction 
with the other databases.  Some of the highlights 
from these studies are included in this paper. 
 
FARS DATA ON FIRES 
 
FARS is a census of fatal crashes that occur on public 
roads.  FARS assigns the Most Harmful Event 
(MHE) to vehicles involved in crashes with a fatality.  
The MHE applies to the vehicle not the persons in the 
vehicle.  Consequently, there is no certainty that the 
fatalities were associated with the fire rather than the 
crash forces.  
 
FARS does not record the direction of force in the 
crash.  However, the location of principal damage is 
coded.  In this coding, rollovers with damage from 
impacts with fixed objects or with other vehicles are 
coded according to the location of the damage. If the 
damage comes from ground contact, the crash is 
classified as a non-collision. Rollovers are classified 
according to the event during which it occurred (ie. 
non-rollover, rollover during 1st harmful event, or 
rollover during subsequent events). Most of the 
rollovers have damage to the front or sides of the 
vehicle.  This damage may have been caused by 
impacts with fixed or non-fixed objects before or 
during the rollover.   In some cases, these impacts 
may have been the cause of the fatality.  In the 
analysis to follow, all rollovers are grouped together, 
regardless of the area of damage. No crashes with 
rollover are included in the groupings of front, side or 
rear damage areas. 

Table 1 shows the damage distribution for the subset 
of cases with fire as the most harmful event. The data 
is separated into cases with and without rollovers. 
The damage in rollover may be caused by the 
rollover or by objects impacted before or during the 
rollover.  Table 2 shows data for fatal fires with 
entrapment.  In the 1994 to 2003 FARS years of data, 
the entrapment rate for the fatalities with fire as MHE 
was 23%. [Bahouth, 2007, Digges, SAE 2005]. 
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Table 1. Distribution of Average Annual Fatalities 
when Fire was Most Harmful Event by Crash 

Type and Damage Location – FARS 2000 to 2005 
Damage Location No Roll Rollover Total
Non-Collision 2.1% 3.3% 5.4%
Front 45.8% 14.5% 60.3%
Right 5.8% 2.5% 8.3%
Rear 9.4% 2.0% 11.4%
Left 5.6% 2.1% 7.8%
Top 0.4% 1.4% 1.9%
Undercarriage 1.0% 0.6% 1.6%
Unknown 1.7% 1.7% 3.4%
Total 71.8% 28.2% 100.0%

 
Table 2.  Distribution of Average Annual 

Fatalities with Entrapment when Fire was Most 
Harmful Event by Crash Type and Damage 

Location – FARS 2000 to 2005 
 

Damage Location No Roll Rollover Total
Non-Collision 18% 23% 21%
Front 23% 25% 23%
Right 21% 22% 21%
Rear 28% 28% 28%
Left 27% 20% 25%
Top 22% 19% 20%
Undercarriage 21% 18% 20%
Unknown 15% 15% 15%
Total 23% 23% 23%  

 
NASS/CDS DATA ON FIRES 
 
Research performed at the GW University used the 
National Automotive Sampling System -
Crashworthiness Data System (NASS/CDS) data to 
examine the crash factors that are associated with 
crash induced motor vehicle fires [Kildare, 2006]. 

NASS/CDS is a sample of tow away crashes that 
occur on US roads each year. The sample is stratified 
by the severity of the crash.  The sample rate for 
minor crashes is much lower than for severe crashes. 
In order to expand the stratified sample to the entire 
population it represents, an inflation factor is 
assigned to each case in the NASS/CDS sample. 
When the data is processed using the actual number 
of cases investigated, the data is referred to as 
“unweighted” or “raw.” When the data is processed 
using the total of the inflation factors, the results 
should represent the total population of vehicles and 
the data is referred to as “weighted.” 

NASS/CDS classifies fires as either Major or Minor. 
These fire severities are defined as the following: 
 A Minor Fire is a general term used to describe the 
degree of fire involvement and is used in the 
following situations: 
• Engine compartment only fire 
• Trunk compartment only fire 
• Partial passenger compartment only fire 
• Undercarriage only fire 
• Tire(s) only fire 
A Major Fire is defined as those situations where the 
vehicle experienced a greater fire involvement than 
defined under “minor” above, and is used in the 
following situations: 
• Total passenger compartment fire 
• Combined engine and passenger compartment 

fire (either partial or total passenger 
compartment involvement) 

• Combined trunk and passenger compartment fire 
(either partial or total passenger compartment 
involvement) 

• Combined undercarriage and passenger 
compartment (either partial or total passenger 
compartment involvement) 

• Combined tire(s) and passenger compartment 
(either partial or total passenger compartment 
involvement) 

 
Table 3 shows the summary of the complete data set 
of NASS major and minor fires. In total over the 11 
year period from 1994-2004, 631 fires in vehicles 
were recorded in NASS/CDS, representing 79,354 
weighted cases. The cases were approximately evenly 
distributed between minor and major fire occurrences 
unweighted (46% / 54%) and weighted (52% / 48%).  
During the same period there were 71,101 cases of 
vehicles without fires. 

Table 3. Distribution of Vehicle Fire Cases in 
NASS/CDS 1994/2004 – Unweighted  and 

Weighted 

Type Minor Major Unk. All Fires No Fire
Unwg. 290 335 6 631 71,101
Wht. 40,994 38,173 187 79,354    35,955,359

Fire Severity

 

The data in Table 3 is the basis for the tables to 
follow in this section.  Subsequent tables will show 
distributions of this data by extent of vehicle damage, 
extent of injuries, and crash direction.  For 
convenience, percentages are used in the tables rather 
than the actual numbers.  

NASS data provides several methods to characterize 
the severity of crashes.  One involves coding the 
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extent of damage caused by the crash using the 
Collision Damage Classification (CDC) as specified 
by SAE standard J224. The CDC describes the 
vehicle damage including the degree to which the 
damage extends inward toward the vehicle.  This 
code partitions the vehicle into nine segments.  For 
side crashes,  the nine segments are parallel to the 
side of the vehicle and extend across the vehicle.  A 
CDC extent of damage 6 would penetrate the vehicle 
centerline.  For front and rear damage, a CDC extent 
of damage 6 would penetrate the occupant 
compartment.   
 
Tables 4 and 5 show the distribution of the CDC 
extent of damage for all vehicles, vehicles in crashes 
with fires and vehicles with both fire and entrapment.  
The last row in the table shows the percentage of 
vehicles in each category that have a CDC extent of 
damage of 4 or greater.  Tables for both weighted and 
unweighted data are shown. 
 

Table 4. Extent of Damage (CDC) All Vehicles 
and Fire Cases in NASS/CDS 1994/2004 – 

Unweighted 
 

Damage Ext All Vehicles Fire Vehicles Fire + Entrapment
1 22% 8% 0%
2 33% 22% 5%
3 25% 25% 13%
4 9% 15% 21%
5 4% 11% 21%
6 3% 9% 19%
7 1% 6% 12%
8 1% 1% 3%
9 2% 3% 5%

4+ 20% 46% 82%  
 

Table 5. Extent of Damage (CDC) All Vehicles 
and Fire Cases in NASS/CDS 1994/2004 – 

Weighted 
 

Damage Ext. All Vehicles Fire Vehicles Fire + Entrapment
1 35% 7% 0%
2 35% 36% 2%
3 18% 21% 17%
4 5% 9% 23%
5 2% 7% 20%
6 2% 6% 25%
7 1% 11% 8%
8 0% 1% 3%
9 1% 2% 2%

4+ 12% 35% 81%

 
A more detailed investigation of the damage patterns 
of vehicles with crash induced fires was conduced by 
the Pacific Institute for Research and Evaluation, 
PIRE [Bahouth 2006].  The percentile damage 
patterns for vehicles with crash induced major fires 

are shown in Figure 1.  The vehicle front is to the left 
and the rear toward the right. The 5th, 10th, 25th and 
50th percentiles of damage profiles are plotted. The 
contours in Figure 1 show how frequently each area 
of the vehicle is damaged.  Left and right side 
damage has been combined.  The contours are based 
on all crashes with major fires and recorded damage 
in NASS 1995-2004.  

Figure 1 shows the distribution of damage outcome 
but it does not reflect the relative frequency of the 
crashes with fires for the various crash directions.  
The corresponding crash frequencies are 68% frontal, 
25% side and 7% rear. 

 

Figure 1.  Vehicle Damage Patterns for Major 
Fires Based on NASS 1995-2004 Weighted 
(Bahouth, 2006) 

Tables 6 and 7 show the distributions of MAIS 
injuries for the same categories of vehicles as in 
Tables 4 and 5.  MAIS is a person level injury 
severity rating based on the most severe AIS injury 
suffered by an individual.  AIS stands for the 
“Abbreviated Injury Scale”, an injury severity rating 
developed by the Association for the Advancement of 
Automotive Medicine.  

Table 6. Extent of Injuries - Vehicles and Fire 
Cases in NASS/CDS 1994/2004 

Unweighted
Unweighted

MAIS All Vehicles Fire Vehicles Fire + Entrap
0 24% 9% 1%
1 44% 22% 9%
2 14% 14% 13%
3 10% 18% 20%
4 4% 9% 11%
5 3% 10% 10%
6 1% 18% 36%

3+ 19% 55% 77%  
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Table 7. Extent of Injuries - Vehicles and Fire 
Cases in NASS/CDS 1994/2004 - 

Weighted
Weighted

MAIS All Vehicles Fire Vehicles Fire + Entrap
0 49% 27% 0%
1 42% 37% 15%
2 6% 9% 14%
3 2% 9% 14%
4 1% 4% 7%
5 0.4% 4% 7%
6 0.1% 9% 42%

3+ 3% 27% 71%  

The AIS system assigns an injury severity rating to 
each injury suffered by a person.  This rating scale 
ranges from 1 to 6. The risk of death increases with 
each AIS level.  AIS 6 is nearly certain death.  AIS 1 
and 2 are classified as minor and moderate injuries 
with very low risk of death.    AIS 3 and above are 
serious and severe injuries.  A person may suffer 
more than one injury.  MAIS (M = Maximum) 
designates the most severe AIS that a person suffers 
and MAIS 3+ indicates people who suffer one or 
more injuries of severity AIS 3 or greater.  In NASS 
cases, about 20% of the vehicle occupants with 
MAIS 3+ injuries ultimately die from the injury or 
from complications including those associated with 
advanced age and preexisting medical conditions. 
Deaths from injuries less severe than MAIS 6 have 
not been segregated in the table.  The last row in the 
table shows the percentage of vehicles whose 
occupants have injuries of MAIS 3 or greater.   

Tables 8 and 9 show the distribution of crash 
involved vehicles  using the ‘Crash Direction’ 
variable to classify the mode of the crash. The 
definition of each crash mode is discussed in the 
paragraphs to follow.  

Frontal crashes were determined to be any crash 
where the Principal Direction of Force, (PDOF) was 
1, 11, or 12 o’clock or at 10 and 2 o’clock when the 
highest CDC deformation location was coded as front 
(F).  This definition is used by NHTSA in their 
analysis of frontal crashes. 

Side crashes were determined to be any crash where 
the PDOF was 3 or 4 o’clock or was at 2 o’clock with 
the highest deformation location not coded as front 
(F) or where the PDOF was 8 or 9 o’clock or was at 
10 o’clock with the highest deformation location not 
coded as front (F). 
 
Rear crashes were determined to be any crash where 
the PDOF was 5, 6 or 7 o’clock. 

Rollover crashes were determined to be any crash 
where a rollover was indicated by the variable 
ROLLOVER. It is important to note that crashes with 
any involvement of rollover were included as a 
rollover crash; hence multiple impacts with any other 
planar impact occurring first would also be included 
as a rollover crash. A classification of rollover 
indicates that a rollover event was involved in the 
crash at some point.  

All crashes not meeting the criteria of the other 
aforementioned crash directions was labeled as 
‘Other.’ About 25% of NASS cases exhibit 
complexities of the crash mode so that they do not fit 
the defined categories for frontal, side, rear and 
rollover. 

Tables 8 and 9 show the distribution by crash mode 
of all fire crashes and the major and minor fires for 
each crash mode.  Tables of both weighted and 
unweighted data are shown. 

Table 8. Distribution of No Fire and Fire Cases in 
NASS/CDS by the Fire Severity and Crash Mode - 

Unweighted
Unwgt

Type Minor Major All Fire All Crashes
Frontal 50% 50% 55% 45%
Side 49% 51% 10% 13%
Rear 23% 77% 7% 5%
Rollover 49% 51% 22% 11%
Other 23% 77% 6% 26%
Total 46% 54% 100% 100%

Fire Severity All Fire and Crashes

 

Table 9. Distribution of No Fire and Fire Cases in 
NASS/CDS by the Fire Severity and Crash Mode 

Weighted 
Weighted
Type Minor Major All Fire All Crashes
Frontal 57% 43% 50% 42%
Side 55% 45% 6% 12%
Rear 23% 77% 5% 6%
Rollover 49% 51% 27% 8%
Other 48% 52% 12% 32%
Total 52% 48% 100% 100%

Fire Severity All Fire and Crashes

 

Table 10 shows the distribution vehicle fires in 
NASS by crash direction and fire severity for 
weighted and unweighted data. 
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Table 10. Distribution of Fire Cases in NASS/CDS 
by the Fire Severity and Crash Direction – 
NASS/CDS 1994-2004 – Unweighted and 

Weighted Data 

Type Minor Major Minor Major
Frontal 59% 51% 55% 45%
Side 11% 10% 6% 6%
Rear 4% 10% 2% 8%
Rollover 23% 21% 25% 29%
Other 3% 9% 11% 13%
Total 100% 100% 100% 100%

Unweighted Weighted

 

Figure 2 shows the frequency of fires per 100 crashes 
for each crash mode.  The denominator for the rate 
calculation is the total number of crashes in the crash 
mode under consideration. 
 

0

0.2

0.4

0.6

0.8

Frontal Side Rear Rollover Other

NASS Crash Mode

F
ir

es
/1

00
 C

ra
sh

es

All Fires Major Fires

Figure 2. Rates of Crashes with Fires and Crashes 
with Major Fires, by Crash Direction – NASS 
1995-2004 

Tables 11 and 12 display the distribution of fire 
origin by crash direction.  Fires of all severity are 
included in the data.  The abbreviations are for 
occupant compartment and engine compartment.  
Fires originating in the cargo/trunk and other areas 
are included in the Ext. category. Tables for both 
unweighted and weighted data are shown. 

Table 11. Fire Origin in Crashes by Crash 
Direction, Fires of All Severity; NASS/CDS 1994-

2004 –Unweighted Data 

Unwgt
Eng. 

Comp.
Fuel 
Tank

Occ. 
Comp. Exter. Unk

Frontal 86% 2% 3% 5% 3%
Side 54% 26% 4% 7% 9%
Rear 18% 54% 4% 14% 11%
Roll 63% 20% 3% 5% 9%
Other 59% 12% 0% 6% 24%
All 72% 13% 3% 6% 6%  

Table 12. Fire Origin in Crashes by Crash 
Direction, Fires of All Severity; NASS/CDS 1994-

2004 –Weighted Data 

Weight
Eng. 

Comp.
Fuel 
Tank

Occ. 
Comp. Exter. Unk

Frontal 93% 1% 1% 4% 1%
Side 59% 30% 3% 2% 5%
Rear 26% 58% 1% 12% 4%
Roll 66% 28% 1% 2% 3%
Other 80% 15% 0% 0% 5%
All 78% 15% 1% 4% 2%  

Table 13 displays the distribution of fire origin 
recorded in NASS for fires of all severity and crashes 
in all directions.  The ‘Exterior’ cell includes fires 
from the trunk, wheels and other areas outside the 
passenger compartment. 

Table 13. Fire Origin in Crashes by Crash 
Direction, Fires of All Severity and All Crash 

Directions; NASS/CDS 1995-2004 – Weighted and 
Unweighted Data (Bahouth, 2006) 

Type Minor Major Minor Major
Eng. Com. 87% 51% 84% 61%
Fuel Tank 2% 22% 1% 29%
Occ. Com. 3% 21% 10% 2%
Exterior 7% 6% 5% 8%

Unweighted Weighted

 

ENGINE COMPARTMENT FIRES 

The previous tables have shown the prevalence of 
engine compartment fires that occur in NASS 
crashes.  A further examination of these fires is 
merited.  A study by PIRE investigated the damage 
patterns that are associated with engine compartment 
fires [Bahouth, 2006].  Some of the results are 
summarized in the tables and figures to follow. 

Table 14 shows the distribution of crashes with 
engine compartment fires by crash direction.  Other 
locations not shown in the figure include the trunk 
area, passenger compartment, instrument panel and 
wheels/brakes. 
 
Table 14. Vehicle Populations where Fire Origin 
was Engine Compartment  - NASS CDS 1995-
2004  - Unweighted and Weighted 
Damage Area Unweighted Weighted
Front 84% 89%
Rear 1% 0%
Left 9% 7%
Right 6% 4%  
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Figure 3. Damage Patterns where Fire Origin is 
Engine Compartment - NASS CDS 1995-2004 
Weighted 

Figure 3 shows the 5th, 25th and 50th percentile 
damage patterns for crashes where a fire originated in 
the engine compartment.  As shown in Table 13, 
these are largely frontal crashes.  However a small 
population of side crashes and rollover events results 
in engine compartment fires as well.  This analysis 
did not include the rollover crashes with engine 
compartment fires. 
 
A case by case study of major fires in rollovers found 
that in 17 of 24 NASS cases, the fire origin was in the 
engine compartment [Digges 2007].  About half of 
these fires were in rollovers that were induced by 
tripping mechanisms with the wheels coded as the 
impact location.  It was observed that these engine 
compartment fires could occur without severe 
damage to the vehicle except for the roof.  This type 
of vehicle damage is illustrated in Figures 4 and 5. 

 

Figure 4. Major Fire after Rollover with Engine 
Compartment Origin – NASS Case 1997-41-126 

 

Figure 5. Major Fire after Rollover with Engine 
Compartment Origin – NASS Case 2001-18-58 

A case-by-case study of major fires in frontal crashes 
found that run-off-the road and pole impacts were the 
most frequent characteristics of engine compartment 
fires in the NASS cases studied [Digges 2008]. 
 
STATE DATA ANALYSIS 
 
Analysis of state data was performed under contract 
with Friedman Research Corporation (Friedman 2003 
and 2005).  Four states were found to record fire data 
along with crash direction and severity.  The analysis 
found that the highest fire rates for both passenger 
cars and LTV’s was in rollover crashes.   
 
In the 2005 report, Friedman examined attributes of 
pickup trucks that may have been associated with 
large reduction in fire rates observed in FARS during 
the period 1979-2001 [Friedman 2005 and 2006].  
Fuel injection appears to have reduced the fire rates.  
There was no consistent difference regarding engine 
size, but for one pickup model, the I6 had a lower fire 
rate than the V8.  Check valves appeared to reduce 
the fire rate in rear impacts.  Fuel cut-off switches 
appeared to be beneficial in rollovers. 
 
DISCUSSION 
 
In recent model year passenger vehicles, the fire 
threat has increased in frontal crashes and rollovers.  
The most frequent fire origin is the engine 
compartment.  About half of the engine compartment 
fires spread to the occupant compartment.  There is 
generally more time to  escape from these fires as 
compared to fires with a fuel tank origin.  However, 
entrapment occurs in about 23% of FARS cases with 
fire as the MHE.  Continued improvement in egress 
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and rescue offer promise of further reductions of fire 
related casualties.  Control of engine compartment 
fluid leakage and of electrical isolation in all crashes, 
including rollovers, are other promising fire safety 
countermeasures. 
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ABSTRACT 
 
The frontal crash mode accounts for about half of the 
fires in FARS and NASS.  Rollovers account for 
about 25% of the major fires in NASS and carry the 
highest risk of fatality in FARS fires.  In NASS, the 
vast majority of fires that occur in frontal and 
rollover crashes originate underhood.   Many of these 
fires eventually engulf the occupant compartment. 
Incapacitation and entrapment of occupants are 
important survival factors when underhood fires 
occur. Tests of several vehicles under operational 
conditions indicated that the surface temperature of 
the exhaust manifold and catalytic converter can 
exceed the ignition temperature of many underhood 
fluids. NCAP tests should include leakage 
measurements of all fluids.  If leakage is observed, 
ratings could be assigned based on the amount and 
flammability of any fluid leakage.  Since rapid egress 
is needed when fire occurs, the force required to open 
doors should be a basis for the safety rating, as well.  
Finally, there is technology on-the-road for electrical 
disconnects of the fuel pump and battery.  These 
features should be evaluated as part of the NCAP 
test. 

 
INTRODUCTION 
 
FMVSS 302 regulates the flammability of interior 
materials in passenger cars, multipurpose passenger 
vehicles, trucks, and buses.  It became effective on 
September 1, 1972. The intent of FMVSS 302 was to 
reduce deaths and injuries to motor vehicle occupants 
caused by vehicle fires, especially those originating 
in the interior of the vehicle from sources such as 
matches or cigarettes.  At the time that FMVSS 302 
became effective Goldsmith estimated that 30% to 
40% of vehicle fires originated in the interior 
(passenger compartment and trunk) [Goldsmith, 
1969].  That percentage has decreased to less than 
10% over the past few decades [Digges, 2005a and 
2005 b].  Meanwhile, and the amount of combustible 
plastics and composites has increased from 20 lbs per 
vehicle in 1960 [NAS, 1979] to 200 lbs in 1996 
[Abu-Isa, 1998 and Tewarson, 1997] and is over 300 
lbs today [Tullo, 2006].  Combustible plastics 
constitute the major fire load (twice the weight and 

heat content of the gasoline) in a modern motor 
vehicle and combustion of these materials is the 
major cause of death in impact-survivable crashes 
[Bennett, 1990; FMRC, 1997; Ragland two ESV 
papers, 1998; USFA, 2002; FEMA , 2003; Friedman 
2003 and 2005; Ahrens, 2005].  

After FMVSS 301 was published in 1972, the focus 
of regulatory activity in vehicle fire safety has been 
on improving fuel tank integrity in a crash.  The most 
recent upgrade phased in by September 2008 
increased the severity of the rear and side crash tests. 
Many of the 1996 through  1998 vehicles analyzed  
already met the higher rear impact standard, based on 
the sample of vehicles tested [Ragland, two ESV 
papers, 1998]. 

The materials inside the occupant compartment that 
comply with FMVSS 302  provide little fire 
resistance when subjected to the heat load from a fuel 
tank or underhood fire. Burn tests from the GM/DoT 
research indicated that the occupant compartment 
became untenable within a few minutes of the flame 
penetration [Tewarson, October 2005 and Digges, 
2007d]. 

In recent model vehicles, the vast majority of the fire 
cases in FARS are from fires in frontal crashes and 
rollovers.  The frequency of these fires has increased 
during the past 10 years [Digges, 2008].  Research by 
MVFRI has shown that a number of innovations have 
been introduced by vehicle manufacturers to improve 
fire safety.  Some of these improvements will be 
summarized in this paper.   The  purpose of this paper 
is to recommend that NCAP provide consumer 
information on these fire safety improvements in 
order to provide broader incentives for their use. 

FIRES IN FATAL CRASHES BASED ON FARS 

FARS is a census of fatal crashes that occur on public 
roads.  FARS assigns the Most Harmful Event 
(MHE) to vehicles involved in crashes that involved 
a fatality.  During this evaluation, passenger vehicles 
were analyzed including cars, pickups, SUVs, 
minivans and large vans.  This excludes motorcycles 
or other 2 wheeled vehicles, and large trucks and 
buses.  With the exception of rollovers, crash mode 
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was defined using the location of principal damage or 
principle impact point which is the damage area on 
the vehicle that produced the most severe instance of 
injury or property damage.  Rollover crashes are 
defined as an event where one or more vehicle 
quarter turns occurs regardless of the coded most 
harmful event.  Most of the rollovers have damage to 
the front or sides of the vehicle.  This damage may 
have been caused by impacts with fixed or non-fixed 
objects before or during the rollover.  In some cases, 
these impacts may have been the cause of the fatality. 
 
The figures to follow show the five year moving 
averages for the FARS years beginning in 1979 and 
ending in 2007.  Figure 1 shows the FARS fire rate in 
passenger vehicles where at least one fatality 
occurred. The vehicle exposure per billion vehicle 
miles traveled (VMT) is the denominator. The upper 
(blue) curve represents fatalities in vehicles with 
fires.  The lower (red) curve represents fatalities in 
vehicles with fire as the most harmful event (MHE). 
The fire as MHE applies to the vehicle not the 
persons in the vehicle.  Consequently, there is no 
certainty that the fatalities were associated with the 
fire rather than the crash forces. However, death from 
the fire is more likely for this population. 
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Figure 1.  Fatalities in Vehicles with Fires and in 
Vehicles with Fire as the Most Harmful Event per 
Billion Vehicle Miles Traveled Annually - FARS 
 
The distributions of annual fatalities and fatalities 
where fire was the MHE are shown in Figures 2 and 
3. 
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Figure 2. Average Annual Fatalities by Crash 
Damage Location – FARS 1979 to 2007 
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 Figure 3. Average Annual Fatalities when Fire 
was Most Harmful Event by Crash Damage 
Location – FARS 1979 to 2007 
 
Table 1 shows the distribution of fatalities in FARS 
years 2000 to 2007 where fire was the most harmful 
event.  The distribution is broken down by the most 
severe crash direction and rollover is also identified if 
it occurred during the sequence of crash events.  
 
The entrapment rate for FARS crashes fire as the 
most harmful event was 23% [Digges SAE 2005].  
Based on FARS reported rescue times, 25% of the 
rural crashes require more than 24 minutes from 
crash to rescue. [Digges, ESV 2005]. 
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Table 1. Distribution of Average Annual Fatalities 
when Fire was Most Harmful Event by Crash 

Type and Damage Location – FARS 2000 to 2007 
Damage Location No Roll Rollover Total
Non-Collision 0.6% 8.9% 9.5%
Front 37.6% 11.9% 49.5%
Right 11.2% 2.9% 14.1%
Rear 3.2% 1.4% 4.6%
Left 12.8% 2.8% 15.6%
Top 0.5% 3.1% 3.6%
Undercarriage 0.2% 0.7% 0.9%
Unknown 0.7% 1.5% 2.3%
Total 66.8% 33.2% 100.0%
 

FIRES IN TOW-AWAY CRASHES BASED ON 
NASS/CDS 

NASS/CDS characterizes fires as either major or 
minor.  A minor fire is an external fire that does 
spread to the occupant compartment or an occupant 
compartment fire that does not spread to the entire 
compartment or to other vehicle compartments. 

NASS/CDS defines a major fire as the following 
situations: 
• Total passenger compartment fire 
• Combined engine and passenger compartment 

fire (either partial or total passenger 
compartment involvement) 

• Combined trunk and passenger compartment fire 
(either partial or total passenger compartment 
involvement) 

• Combined undercarriage and passenger 
compartment (either partial or total passenger 
compartment involvement) 

• Combined tire(s) and passenger compartment 
(either partial or total passenger compartment 
involvement) 

 
About half of the fires in NASS/CDS are major fires 
[Digges, 2007a] Major fires are more likely to 
produce serious burn injuries and are the subject of 
the analysis to follow.  The data was published in a 
report prepared for MVFRI [Kildare, 2006]. 

Entrapment was recorded in 15% of NASS major 
fires where entrapment status was known [Digges, 
2007b].  An examination of the crash severity at 
which entrapment occurs was investigated for all 
NASS cases, including those with no fire.  For 
frontal, side and rear crashes with no fires, 50% of 
entrapments occurred at crash severities less than 17 
mph.  For far-side crashes the delta-V for 50% 
entrapment was 20 mph [Digges, ESV 2005a].  These 

results suggest that occupant entrapments can occur 
in relatively low severity crashes.  For NASS 
entrapped occupants, 58% had AIS 3+ injuries 
[Digges, SAE 2005b]    
 
Table 2 shows the distribution of NASS major fires 
by crash mode.  As in FARS, the frontal and rollover 
crash modes comprise the largest percentages.  Table 
3 shows a further examination of the fire origin 
documented for these most frequent crash modes.  
The engine compartment is the most frequent fire 
source in both of these crash modes. Earlier studies 
reported that no fuel leakage was noted for most 
engine compartment fires [Digges, 2005b].  

Table 2.  Distribution of Major Fires by Crash 
Mode, Weighted and Unweighted Data NASS 

1995/2005 
Crash Mode UNW WGT
Front 51% 45%
Side 10% 6%
Rear 10% 8%
Rollover 21% 29%
Other/Unk 9% 13%  

 
Table 3.  Origin of Major Fires, Weighted and 

Unweighted Data NASS 1995/2005 
Fire Origin Front UNW Front WGT

Engine Compartment 83% 90%
Fuel Tank 4% 1%

Other 13% 9%
Unk 4% 1%

Roll UNW Roll WGT
Engine Compartment 53% 50%

Fuel Tank 34% 46%
Other 13% 4%
Unk 9% 3%  

 

An examination of rollover cases with fire origin in 
the engine compartment found that almost half 
suffered no significant damage prior to the rollover 
[Digges, 2007].  In most cases, the ignition source for 
the rollover fires could not be determined from the 
available case documentation. 

There is no coding available for a flammable 
substance leakage other than motor fuel leakage.  
Consequently, there may be power steering fluid, 
brake fluid, coolant, window washer fluid, 
transmission oil, or oil pan leakage, which was 
responsible for feeding the fire but was not reported.   
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The majority of these engine compartment fires are 
reported as major fires.  The cause of major fires is 
generally difficult to determine because the fire is so 
destructive to the evidence.  Electrical faults and fluid 
spillage are two sources that have been demonstrated 
in crash tests. 
 
Damage that caused leakage of power steering fluid 
was reported to cause engine compartment fires in 
two identical frontal crash tests [Santrock, 2005].  In 
these crash tests, the exhaust manifold was at 
operating temperature and the engine was running.    
 
In another series of crash tests, an engine 
compartment fire was caused by electrical fault 
[Jensen, 1998].  The fire was unrelated to spilled 
gasoline or other engine compartment fluids, except 
battery acid.  The fuel for the fire was provided by 
the plastic materials near the battery.   
 
These test results suggest that factors that can not be 
identified by the NASS investigators may be 
associated with the large number of fires in which no 
fluid leakage was observed.  Technology to prevent 
electrical faults and leakage of flammable fluids 
should be beneficial in reducing the incidence of 
engine compartment fires. 

 
FIRES REPORTED IN STATE DATA  
 
A study initiated by MVFRI examined the 
characteristics of fires in the police accident records 
of three states – Maryland, Pennsylvania and Illinois 
[Friedman, 2005].  The frequency of fires was found 
to be greatest in frontal impacts across all three 
states.  All states reported a dramatic increase in the 
frequency and rate of fires in rollover crashes.  This 
effect appeared to be independent of passenger car 
and SUV distinctions.  The incidence of fires in rear 
impacts appears to be reduced compared to an earlier 
study by Malliaris [1991]. 
 
The Friedman Research Corporation also used state 
police accident data to examine the frequency of fires 
in pickup trucks of the same model but with different 
engines.  The data indicated that for some full size 
pickup models the eight cylinder (V-8) engines had a 
higher fire rate than the inline six cylinder (I-6) 
engines [Friedman, 2006]. An obvious difference is 
the increased exposure of the exhaust manifold  and 
catalytic converters in the V-8. However, the possible 
relationship between engine type and fire rate was 
not observed in a model of smaller pickups with V-6 
and I-4 engines. 
 

Another significant finding of this study was that 
pickups equipped with relay-type fuel cut-off 
switches had a higher fire rate in rollovers than those 
equipped with inertia switches [Friedman, 2006].  It 
was assumed that the relay switches used air bag 
deployment information that may not respond to  a 
pure rollover. 

 
GM TEST RESULTS – TIME TO 
UNTENABILITY 
 
The GM/DOT Settlement research program in motor 
vehicle fire safety has been analyzed and synthesized 
by a team of fire experts led by FM Global.  Of 
particular interest has been the analysis of eleven 
crashed vehicle burn tests.  These tests subjected 
crashed vehicles to under-hood and spilled fuel fires 
of an intensity that could be possible after a crash.  
Three vehicles were subjected to under-hood fires 
with ignition sources either at the battery location or 
by the ignition of sprays and pools of mixtures of hot 
engine compartment fluids from a propane flame 
located in and below the engine compartment.  
 
Two additional tests were conducted to evaluate 
countermeasures.  The effectiveness of a fire 
retardant treatment of the HVAC unit was evaluated 
by tests of engine compartment fires in 2 vehicles 
with frontal damage.  One of the vehicles was tested 
with the treatment and the other without. 
   
A list of vehicles tested with engine compartment 
fires is as follows: 
 

1. 1996 Dodge Caravan - front crash and fire 
started in the engine compartment;  

2. 1997 Chevrolet Camaro - front crash and 
fire started in the engine compartment;  

3. 1998 Honda Accord - front crash and fire 
started in the engine compartment;  

4. 1999 Chevrolet Camaro - FR HVAC- front 
crash and fire started in the engine 
compartment;  

5. 1999 Chevrolet Camaro - non-FR HVAC 
control-front crash and fire started in the 
engine compartment; 

 
An in-depth analysis of these tests has been published 
[Tewarson, 2005, Vol 1]. The objectives of the 
analysis were to investigate the ignition and flame 
spread behaviors of engine compartment fluids and 
polymer parts, to assess time to flame penetration 
into the passenger compartment and to assess the 
creation of untenable conditions in the passenger 
compartment. 
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For the front crashed vehicle burn tests with ignition 
in and under the engine compartment, flame 
penetration time into the passenger compartment 
varied between 10 to 24 minutes. 
 
Once the flame penetrated the passenger 
compartment, the environment rapidly become 
untenable.  In some burns, the passenger 
compartment became untenable before flame 
penetration.  The untenable conditions were due to 
heat exposure (burns) and exposure to combustion  
products (toxicity and lethality).  The time between 
flame penetration and untenability of the passenger 
compartment varied from minus 2.5 to plus 3.2 
minutes. 
 
In general, polymeric parts in the engine and 
passenger compartments burn as molten pool fires 
with high release rates of heat, CO, smoke, and other 
toxic compounds, typical of ordinary polymers. Pool 
fires of the molten polymers are the major 
contributors to the vehicle burning intensity and 
contribute towards the penetration of flames into the 
passenger compartment. The fire retardant treatments 
of the polymer parts that were tested in the program 
proved ineffective in delaying fire penetration into 
the passenger compartment. 

 
ENGINE COMPARTMENT TEMPERATURES 
 
Additional testing has been conducted by Biokinetics 
and Associates, Ltd. to evaluate under-hood 
temperatures of different classes of vehicles 
[Fournier, 2004]. The results showed considerable 
difference between the maximum temperatures of 
different vehicles when operated under load.  In a 
standardized uphill test, the maximum temperature 
measured on the exhaust manifold varied from a low 
of 241 oC for a minivan to a high of 550 oC for a 
passenger car.  

 
FIRE PROPERTIES OF FLUIDS AND 
PLASTICS IN THE ENGINE COMPARTMENT 
 
Tewarson has summarized the fire resistance 
measurements of fluids that are commonly found in 
the engine compartment. The flash point and hot 
surface ignition temperatures are summarized in 
Table 4.    
  
The Tflash variable is the minimum temperature at 
which a fluid gives off sufficient vapors to form an 
ignitable mixture in an open cup.  The Thot  variable 

is the minimum temperature of a hot surface to cause 
ignition of a fluid spilled on the surface.  This 
variable requires a test that was developed by 
General Motors [Tewarson, 2005, Vol 2]. 
 
 
Table 4. Average Flash and Hot Surface Ignition 

Temperature of Underhood Fluids 

Fluid 
Tflash 

(oC) 
Thot 

(oC) 
Motor Oil (Petroleum) 134 310 
Motor Oil (Synthetic) 160 324 
Gear Lubrication Fluid 154 325 
Power Steering Fluid 188 312 
Automatic Transmission 
Fluid 163 304 
Brake Fluid 123 287 
Antifreeze 116 506 
Engine Coolants 110 518 
Windshield Washing Fluids 32   

 
The Fire Safety Branch of the FAA and Galaxy 
Scientific Corp. performed flammability evaluations 
of 18 automotive plastics using a microcalorimeter at 
Trace Technologies, Inc. [Lyon, 2006]. The 
flammability of the underhood plastics tested was 
similar to the flammability of plastics from the 
passenger compartment. When compared to plastics 
used in the interior of aircraft cabins, the automotive 
plastics were several times more flammable. There 
was considerable variation in the flammability of 
plastics used under the hood.  Two parameters used 
to measure flammability were the heat release 
capacity (HRC) and the total heat release (HR). 
  
The heat release capacity (HRC) is the ratio of the 
specific heat release rate to the surface heating rate. 
The HRC is a flammability parameter that is a good 
predictor of fire performance and flame resistance. 
High values indicate higher flammability.  Testing of 
13 plastics used in aircraft passenger cabins produced 
an average value of 98 J/g-K.  Plastics used in aircraft 
overhead compartments have an average HRC of 216 
J/g-K.   
 
The total heat release (HR) is obtained by dividing 
the maximum value of the specific heat release rate 
by the heating rate in the test.  The HCR and HR  
values for typical automotive plastics are summarized 
in Table 5. 
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Table 5. Heat Release Capacity and Heat Release 
for Typical Underhood Automotive Plastics 

  HRC HR 

Component Tested J/g-K   kJ/g 

Brake Fluid Reservoir   1298    45.3 

Resonator Intake Tube   1293      43.9 

Battery Cover - black 1280 43 

Front Wheel Well Liner 1250 45.3 

Battery Cover -transparent 1106 42.9 

Resonator Top 966 35.2 

Radiator In/Out Tank 514 22.5 

Engine Cooling Fan 400 18.6 

Power Steering Reservoir 397 19.4 

Hood Liner Face 101     7.9 

Hood Insulator 96 5.2 

 
TECHNOLOGY FOR FIRE SAFETY 

A survey of the fire safety technology that was 
present in on-the-road vehicles was conducted by 
Biolinetics and Associates. Ltd.  A database of 2003  
model year vehicles was assembled and the 
technologies were documented in a database 
[Fournier, 2004]. Lists of available fire prevention 
technologies were summarized in subsequent papers 
[Fournier,, 2005;  and Report R06-20, 2006].  
 

The technologies that were present included: 

• Check valves for the tank filler tube 
• Roll-over leak prevention valves 
• Shut-off mechanisms for electronic fuel pumps 
• Crash sensing battery disconnects 
 
It was observed that there was a difference in the 
extent to which fire safety had been incorporated into 
the vehicle design.  For example, in selecting 
insulation material for underhood liners there were 
two orders of magnitude difference in the 
flammability properties from vehicle to vehicle 
[Fournier, 2006].   There was no relationship between 
the cost of the vehicle and the fire resistance of the 
underhood liner.  This result suggests a lack of 
attention to the flammability of the material may 
have been a factor that precluded  more fire resistant 
selections. 
 

The analysis of state data suggested that some fuel 
cut-off systems were better in rollover than others 
[Friedman, 2006] 
 
Fluid leakage in rollovers was another area where 
large differences were found among on-the-road 
vehicles.  A research program by Biokinetics 
investigated and documented the technology in 
present day vehicles to prevent fuel leakage when 
lines from the fuel tank are severed [Fournier, R0-6-
20, 2006]. 
 
Biokinetics conducted leakage tests on 20 fuel tanks 
to study the fuel containment technologies employed 
and their performance. The tests simulated a vehicle 
rollover by rotating a tank, filled to capacity, about an 
axis that when installed in a vehicle would be parallel 
to the vehicle’s longitudinal axis. The tanks were 
rotated to seven discreet positions during the rollover 
simulation.  None of the tanks leaked when all hoses 
were intact.  In each position, the fuel system hoses 
were disconnected one at a time to represent a 
damaged or severed line and the resulting leaks were 
observed. The results of the testing showed that six of 
the tanks leaked in every orientation and ten leaked in 
some orientations.  However, four fuel systems did 
not leak with one line at a time  severed  when 
subjected to all roll orientations. There was no 
relationship between the cost of the vehicle and the 
presence or absence of leakage prevention 
technology. The results of these tests are discussed in 
more detail in earlier papers [Fournier, R04-06c, 
2004; Digges, 2005a]. 

DISCUSSION OF NCAP PROCEDURES 
 
FARS, NASS and State data all indicate that the most 
fires in current vehicles originate in frontal crashes 
and rollovers.  About half of the fires are in frontal 
crashes and a quarter are in rollover.  The frequency 
of fires in rear impacts has been decreasing while 
fires in frontal crashes and rollovers have been 
increasing.  State data indicates that the rollover fire 
rate has increased in recent years for passenger cars 
as well as light trucks and vans.  Most major fires in 
NASS frontal crashes and rollovers originate in the 
engine compartment. 
 
Many on-the-road vehicles incorporate technology to 
reduce fires that originate from electrical faults and 
fluid spillage.  However, there is no way for 
consumers to know of these safety features.  Simple 
modifications to the NCAP tests could provide 
valuable consumer information as well as rewards for 
incorporating fire safety technology.  The initial 
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focus of the testing should be on frontal crashes and 
rollovers. 

 
MODIFICATIONS TO THE NCAP TEST 
PROCRDURE 
 
FMVSS 301 requires a fuel containment test after the 
crash that subjects the vehicle to rollover attitudes.  
This test is called the static rollover test. The vehicle 
is placed in a fixture and rotated in 90 degree 
increments.  At each increment, the fuel leakage is 
measured.  There are no leakage requirements for 
fluids other than the motor fuel and none are 
measured.  
 
The first modification to the NCAP test procedure we 
propose is  to expose the test vehicle to the static 
rollover test before the crash test occurs.  The vehicle 
would be tested in  its operational state with all fluids 
at their recommended levels.  The test would evaluate 
two fire safety features.  The first would be a 
measurement of any leakage of a flammable fluid.  
The second would be an evaluation of any 
technology present to disconnect power from the fuel 
pump and the unfused battery-to-starter connection. .  
It is also recommend that the static rollover test be 
performed in 45 degree increments. 
 
The second modification to the test procedure would 
be to measure the leakage of all fluids after the crash 
test and determine the degree to which the battery has 
been isolated.  After the crash test, repeat the static 
rollover  and measure all fluid leakage and determine 
the degree to which the battery is isolated in a 
rollover.  The crash test should be performed with the 
battery fully charged and the electrical system 
connected. All of the fluids should be at their 
recommended levels.  It would also be desirable to 
have the engine hot and running.   
 
It is important for fluids to be present during the 
crash since they can provide substantial inertial 
forces to the container and the incompressible nature 
of these fluids can rupture the container.  Engine 
coolant leakage should not be counted for the frontal 
crash, but may be counted for the side and rear 
crashes.  
 
In the event insurmountable safety issues arise from 
testing with the flammable fluids present and the 
engine hot and running, less flammable fluids could 
be substituted as is currently done for the motor fuel 
in the FMVSS 301 tests. Under these conditions it 
may not be feasible to run the engine. 
 

A third modification would be to evaluate the force 
required to open each of the doors.  A rating system 
could be based on the door opening force required 
relative to the force that could be exerted by a small 
(5th percentile) female.  See Appendix A of [Digges, 
ESV 2009] for a simple test methodology to 
determine this force level. 
 
Finally, all fuel and vent lines leading from the tank 
should be cut or disconnected and fluid leakage 
should be measured when the vehicle is subjected to 
the static rollover test.  This test would encourage the 
leakage prevention technology that currently exists in 
some vehicles to be more widely applied. 
 
Fire safety star ratings could be based on the test 
results with points awarded for containment of fluids, 
the functioning of electrical disconnects and the force 
required to open each door.  

 
CONCLUSIONS 
 
The FARS data shows that in recent years, frontal 
crashes and rollovers have become an increasing 
fraction of the total highway deaths in which fire was 
the most harmful event. State data shows similar 
trends.  An examination of major fires in NASS 
frontal, side and rollover crashes shows that the vast 
majority originate in the engine compartment.  Fuel 
leakage was rarely documented in these cases. 

   
It is probable that under-hood spilled fluids other 
than gasoline may be a principal source of the engine 
compartment fires.  Tests of several vehicles under 
operational conditions indicated that the surface 
temperature of the exhaust manifold can exceed the 
hot surface ignition temperature of many underhood 
fluids.  However, the frequency and extent to which 
these flammable fluids leak in crashes can not be 
determined from accident data because the fire 
destroys the evidence.  Crash tests have shown that 
leaking power-steering fluid and battery faults are 
both possible sources of engine compartment fires. 
 
Investigations of on-the-road vehicles has shown that 
extensive fire safety technology has been 
incorporated in some vehicles, but not others.  There 
is some evidence of lack of attention rather than cost 
of countermeasures is an impediment to safety 
improvements. 

 
The fire safety features of fuel pump and battery 
disconnect should be evaluated while the vehicle is 
exposed to a static rollover test before and after the 
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crash test.  In addition, the ease of egress from the 
vehicle should be evaluated after the crash test. 
 
Finally, it is proposed that future NCAP tests include 
leakage measurements of all fluids. If leakage is 
observed, ratings could be assigned based on the 
amount and flammability of the fluid leakage.  Fluid 
containment, electrical isolation, and ease of egress 
should be the basis for a star rating of fireworthiness.  
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ABSTRACT 
 
A research team from Australia, Europe and the United 
States has conducted the research needed to provide a 
technology base for far-side crash protection.  To date 
the findings are as follows: (1) in the USA and 
Australia there are  large opportunities in far-side 
impact injury reduction, especially if safety features 
could mitigate  injuries in both far-side planar 
impacts and rollovers, (2) a modified MADYMO 
human facet model was validated for use in 
evaluating far-side countermeasures, (3) either the 
THOR-NT or the WorldSID dummy would be 
satisfactory test devices for assessing far-side 
protection with minor modifications such as changing 
in the location of the chest instrumentation and (4) 
injury criteria and risk functions for use with 
WorldSID in far-side crashes have been documented.  
There is now a sufficient technology base so that far-
side protection can be evaluated and rated by 
consumer information tests. 
 
INTRODUCTION 
 
An impediment to improved far-side protection has 
been the lack of a technical base to permit the 
evaluation of countermeasures.  This deficiency has 
now been resolved by a collaborative international 
research project. The ARC Far-Side Impact 
Collaborative Research Project has been described by 
Fildes [2005].  It involved the assembly of a research 
team from industry, government and academia in 
Australia, Europe, and the United States. A list of the 
participating colleagues and organizations is included 
in the Acknowledgements Section.  
 
The research involved the following projects:  

• The definition of the far-side injury 
environment and the opportunities for injury 
reduction 

• The development of representative test 
conditions and injury criteria for use with 
far-side test dummies 

• The development and validation of  
computer human models for use in the 
evaluation of far-side countermeasures 

• A matrix of sled tests of Post Mortem 
Human Subjects (PMHS) to determine 
occupant kinematics representative far-side 
crashes that produce injury and of the 
dummies available for the evaluation of far-
side countermeasures. 

• The assessment of the opportunities for 
injury reduction based on generic 
countermeasures 

 
A technology base now exists to provide a far-side 
dummies, injury criteria, computer models, and test 
environments that can be used to evaluate 
countermeasures for far-side crash protection.   This 
paper summarizes the research and documents its value 
to consumer information testing. 
 
THE FAR-SIDE INJURY ENVIRONMENT 
 
The National Highway Traffic Safety Administration 
(NHTSA) maintains the NASS/CDS database of 
vehicle crashes in the United States. The NASS/CDS 
is a stratified sample of light vehicles involved in 
highway crashes that were reported by the police and 
involved sufficient damage that one vehicle was 
towed from the crash scene.  
   
In the NASS/CDS data query, far-side occupants in 
planar crashes were defined as drivers in vehicles 
with right side damage or right front passengers in 
vehicles with left side damage.  Drivers in rollovers 
that were passenger side leading were classified as 
being in far-side rollovers.  The converse was true for 
passengers. 
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Each NASS/CDS case contains a weighting factor 
that is used by the NHTSA to extrapolate the 
individual cases to the national numbers.  The 
distributions to follow are based on the NASS/CDS 
weighted events.   
 
Table 1 shows the annual distribution of MAIS 3 and 
greater injuries by belt use, crash direction and crash 
mode, using at least nine years of data for years prior 
to 2004 [Digges, 2006]. The data in Table 1 shows 
that about 43% of the MAIS 3+ injuries in side 
crashes and rollovers occur in far-side crashes.  More 
than half of the MAIS 3+ injuries in rollover are in 
far-side rolls. 
 
Table 1.  Annual MAIS 3+ Injuries from 
NASS/CDS in Near-side and Far-side Crashes by 
Crash Type and Direction 
Crash Type/ Belt Use Planar Roll
Far-side Belted 2,166      3,540   
Far-side Unbelted 5,095      6,325   
Far-side Total 7,261      9,865   
Near-side Belted 7,360      3,532   
Near-side Unbelted 6,714      5,551   
Near-side Total 14,074    9,083   
Near-side/Far-side Total 21,335    18,948 
% Due to Far-side 34% 52%
 
An in-depth analysis of the crash environment for 
belted occupants in far-side crashes was presented in 
earlier papers [Gabler, SAE 2005 and ESV 2005].  
The analysis indicated that for belted occupants with 
MAIS 3+ injuries, the 50% median crash severity 
was a lateral delta-V of 28 km/h and an extent of 
damage of 3.6 as measured by the CDC scale [SAE 
Standard J224, Collision Deformation Classification].  
The most frequent damage area for seriously injured 
belted occupants was the front 2/3 of the vehicle 
(42%), followed by the rear 2/3 (21%).   The most 
frequent principal direction of force (PDOF) was 60o 
(60%), followed by 90o (24%).  The head and chest 
were the most frequently injured body regions, each 
at about 40% [Gabler 2008].  The injuring contacts 
that most frequently caused chest injury were the 
struck-side interior (23.6%), the belt or buckle 
(21.4%) and the seat back (20.9%) [Fildes, 2007].  A 
Harm analysis showed 30% of the Harm associated 
with side impact crashes occurred to the far side 
occupant and that this figure was reasonably 
consistent in both the US and Australia (Gabler, 
Firzharris, et al 2005). 
 

MODELS AND DUMMYS FOR USE IN FAR-
SIDE TESTS 
 
The MADYMO human facet model was initially 
validated for the far-side crash condition by 
duplicating the far-side PMHS test reported by Fildes 
[2002].  The model validation was reported in a 
separate paper [Alonso, 2005].  The model was then 
used to evaluate occupant kinematics when subjected 
to a 28 km/h delta-V pulse that approximates the one 
produced by the IIHS barrier [Alonso, 2007].  The 
human facet model was also used to evaluate the 
consequence of variations in crash pulse and in 
generic countermeasures. The MADYMO human 
facet model was considered to be a good tool for 
assessing the influence of countermeasures on 
occupant kinematics in far-side crashes [Alonso 
2007]. 
 
The accuracy of the seat belt to shoulder interaction 
for the MADYMO human facet model was evaluated 
by Douglas [ESV 2007 and AAAM 2007].  The 
shoulder complex of the model was modified to 
better duplicate the belt interaction.  Validation of the 
model was based on low severity human volunteer 
tests and higher severity PMHS tests involving 
varying belt configurations and levels of pretension. 
 
Initially, a range of current side impact test dummies 
(BioSID, BioSID_Mod, EuroSID1, and WorldSID 
were compared with a single PMHS test to evaluate 
their potential to represent a human in a far side crash 
[Fildes 2002, Bostrom 2003]. Subsequently, the 
MADYMO computer models of the existing adult 
side and frontal dummies were compared with the 
human facet model [Alonso, 2007].  The dummy 
models evaluated included the following: Hybrid III, 
Biosid, Eurosid 1, Eurosid 2 and SID2S.  It was 
evident from the evaluation that none of the standard 
dummies possessed the kinematics to duplicate the 
motion observed in either the initial PMHS test or the 
MADYMO human facet model.  Consequently, these 
dummies were eliminated from further testing. The 
WorldSID and the THOR-NT were subsequently 
selected as the best candidates for a far-side dummy. 
Sled testing indicated that the BioSID with a 
modified spine and shoulder unit did provide 
reasonable human-like kinematics [Fildes 2002, 
Bolstrom 2003]. However, this modified dummy was 
not a serious contender given its pure research status. 
 
THE BIOMECHANICAL TEST PROGRAM 
 
Under the Far Side Impact Collaborative Research 
Program, a series of PMHS tests was conducted by 
the research staff at The Medical College of 
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Wisconsin [Pintar, 2006, 2007].  The purpose of the 
PMHS tests was to assess the kinematics that needed 
to be reproduced in a dummy.  The development of 
injury criteria was not a requirement.  A test program 
that involved 18 different test configurations was 
conducted.  Each test condition was run first with a 
PHMS and then the WorldSID and THOR-NT 
dummies were subjected to the same test condition.  
The test variations included test impact angle (60 and 
90 degrees), test speed (11 and 30 km/h), shoulder 
belt type (inboard and outboard anchorages), center 
support (chest and shoulder load paths), shoulder belt 
tension, and shoulder belt anchorage location (high, 
low, mid and forward). All configurations included a 
center console support for the pelvis.  
 
Three of the MCW tests involved different 
configurations of conventional three-point belts 
tested at 90 degrees.  These configurations varied the 
height of the D-ring.  In the low-position the D-ring 
was aligned with the top of the shoulder. In the mid-
position, the D-ring was 90mm above the shoulder 
and the high-position it was 150mm above the 
shoulder.  
 
The complete data for these tests is contained in the 
Stapp paper [Pintar 2007].  The y-z head trajectory 
plots are shown in the figures to follow.  
 
Both the WorldSID and the THOR-NT response in 
far side impacts compared favorably to the PMHS 
responses.  The WorldSID performed somewhat 
better in the 90deg tests while the THOR-NT was 
better in the 60deg tests.  However, both dummies 
closely mimicked the head trajectory of the PMHS 
subjects in the testing conditions to which they were 
subjected.  The greatest limitation of the dummies 
was the location of the chest deflection 
instrumentation.  Some relocation of the chest 
instrumentation would be required in order to 
accurately measure this parameter in far-side crashes.  
The test results have been reported by Pintar [Pintar 
2007] who concludes, “The THOR and WorldSID 
dummies demonstrate adequate biofidelity to develop 
countermeasures in this (far-side) crash mode”. 
[Pintar 2007]. 
 

 
Figure 1. PMHS and THOR Far Side Sled Test  
(HS139) with Mid-Back Belt geometry @ 30km/h 
 

 
Figure 2. PMHS, WorldSID and THOR Far Side 
Sled Test  (HS104) with Mid-Back Belt geometry 
and pretension @ 30km/h 
 

 
Figure 3. PMHS, WorldSID and THOR Far Side 
Sled Test  (HS139) with Mid-Forward Belt 
geometry and pretension @ 30km/h 
 
INJURY CRITERIA FOR FAR-SIDE DUMMY 
 
The WorldSID Working Group has proposed injury 
criteria for use when the dummy is subjected to near-
side impacts.  Many of the injury measures are also 
applicable to far-side impacts.  The WorldSID 
criteria applicable to far-side impacts have been 
summarized and criteria needed for the evaluation of 
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far-side countermeasures has been added in a Task 
Report prepared for the project [Gibson and Morgan 
2008].  The Task Report contains the available injury 
risk functions for the head and face, neck, spine, 
shoulder, thorax, abdomen, pelvis, lower extremities 
and upper extremities.  It contains proposed injury 
risk curves for head, neck (skeletal), spine, chest, 
abdomen, pelvis, lower extremities and upper 
extremities. 
  
One of the injury measures currently missing from 
most dummy measurements is the criteria for injury 
to the soft tissues of the neck.  Of particular concern 
is the injury to the carotid artery from direct or 
induced loading by the shoulder belt or by other 
countermeasures.  This issue has been attacked by 
teams from Medical College of Wisconsin, and Wake 
Forrest-Virginia Tech.  The results have been 
reported in a series of papers [Stemper, IRCOBI 
2005, J. Bio., 2005, Bio. Sci. Inst., 2005, IRCOBI 
2006, J. Trauma, 2007, Annals Bio.Eng., 2007, J. 
Bio, 2007, and Gayzik, AAAM, 2006 and Bio. Sci. 
Inst., 2006]. 
 
KINEMATICS OF AVAILABLE DUMMIES 
 
A review of the crash test films available at the 
NHTSA/FHWA Crash Film Library found only one 
documented test of a far-side crash.  In this crash the 
crash direction was 90 degrees and the delta-V was 
approximately 15 km/h.  The dummy slid out of the 
shoulder belt.  Six far-side crashes were subsequently 
conducted and documented [Digges, 2001].  In this 
series of tests, angle of impact was 60 degrees and 
the delta-V was 40 km/h. The tests evaluated 
variations in shoulder belt tension and latch plate 
design.  In all configurations, the Hybrid III dummy 
slid out of the shoulder belt. These tests suggested 
that additional countermeasures would be necessary 
to limit the excursion of the upper body. 
 
Fildes [2002] reported on efforts to develop a dummy 
for use in far-side impacts.  He found that existing 
dummies lacked the flexibility in the spine to duplicate 
the kinematics of a baseline PHMS test.  In a later 
paper, Fildes reported better results based on limited 
testing of a BioSID dummy in which the spine had 
been replaced with a coil spring [Fildes 2003].  He 
recommended continuing research to develop a dummy 
and injury criteria so that countermeasures could be 
specified and evaluated. 
 
CRASH TESTS WITH FAR-SIDE DUMMIES 
 
Several vehicle crash tests have been reported in the 
literature that included both near and far-side dummies 

[Newland 2008].  The Newland study reported the 
result of 3 Moving Deformable Barrier (MDB)-to-car 
tests and 3 pole side impact tests.  Four of the tests used 
the WorldSid as the far-side dummy.  The other two 
tests used the bioSID.   The MDB speeds in the tests 
were at 50 and 65 km/h.  The impacts with the pole 
were at 32 km/h.  
 
In all the tests, there was interaction between the two 
dummies.  However, in all cases this later interaction 
had no influence on the injury measures from the near-
side contact.  The authors concluded that: “the presence 
of the adjacent dummy occupant seated on the non-
struck side was observed to have no influence on the 
injury to the struck side dummy occupant resulting 
from intruding side structure”.  
 
In all six of the tests, the far-side dummy slid out of the 
shoulder belt.  In two of the tests that involved a side 
impact with a pole, there was a head-to-head impact 
that produced a HIC in excess of 2000 on both 
dummies. 
 
The authors recommended a minor change in the 
WorldSID to reduce the tendency of the belt to 
penetrate the cavity between the shoulder and thorax.  
This penetration occurs as the dummy begins to slip out 
of the shoulder belt. 
 
 MADYMO MODELING OF BELT GEOMETRY  
 
To further evaluate the influence of belt geometry on 
the ability of the belt to retain the far-side occupant in a 
crash, the MADYMO Human Facet Model from TNO 
was used.  This model had been validated against a 
single PMHS test and the results were published 
[Alonso 2007]. Further improvements in the model 
shoulder to belt interaction were accomplished, based 
on human volunteer testing at low severity far-side 
impacts and PMHS testing in more severe impacts 
[Douglas 2007].    As part of the present study, the 
model was validated against the three PMHS tests 
reported in an earlier section [Echemendia 2009].  The 
model was then applied to determine the effect of 
shoulder belt geometry and pretensioning on the 
response of a far-side dummy in tests typical of the 
NCAP and IIHS tests.  The results show that the belt 
geometry that performed well in the PMHS tests 
continued to perform well in the consumer rating tests.  
The belt configurations that permitted the highest head 
excursion in the PHMS tests also permitted the highest 
head excursion in the consumer rating tests. 
 
When using the Human Facet Model, the interaction 
between the seat belt and the shoulder area was 
known to be critical for accurate simulation. The 
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Human Facet Model was modified to better represent 
this shoulder area by adding rigid ellipsoids as 
previously reported by Douglas [2007]. A sphere with 
a radius of 0.053 m represented the shoulder and a 
sphere with a 0.045 m radius represented part of the 
upper arm near the shoulder. A Multi-body surface to 
Finite Element surface kinematic contact was used to 
describe the interaction between the safety belt and 
the ellipsoids representing the shoulder area. 
 
The simulations of the PMHS tests showed that a 
seatbelt and the D-ring at a mid-height and back 
position resulted in the lowest head excursion. The 
PMHS test with the same belt position showed the 
same result. Simulations done with the D-ring at a 
mid-height and forward position and at a low-height 
and back position resulted in higher head excursions. 
In both of these cases, the belt slipped from the 
shoulder.  The PMHS test with the D-ring at a mid-
height and forward position also showed the belt 
slipping from the shoulder. An increased head 
excursion resulted.  
 
These MADYMO results were generally similar 
when the 11km/h, 21km/h (IIHS) 24km/h (NCAP), 
30km/h and 40km/h pulses were applied in the lateral 
direction. In simulations with the same lateral 
acceleration pulse but different belt geometry, results 
showed that the head excursion in the lateral 
direction ranged between 185 mm to 245 mm greater 
for the worst configuration when compared to the 
best belt configuration.  The 11 km/h test was the 
source of the lower range and the 30 km/h test was 
the source of the higher range.  
 
The largest difference in head excursion occurred in 
the 30 km/h tests and the Y-Z plots are shown in 
Figure 4. 
 

 
Figure 4.   Human Facet Model Y-Z head excursion 
with three D-ring positions (tests @ 30km/h) 
 
MODELING OF BELT PRETENSIONING 
 
The same tests configurations were also simulated 
using a belt pretensioner. The belt pretensioner 

allowed 72 mm of belt retraction and it was activated 
10 ms after time zero. The belt pretensioner did not 
prevent the belt from slipping from the shoulder in 
the mid-height and forward position and in the low-
height and back position tests. It did reduce the head 
excursion in the lateral direction from 10 to 75 mm. 
The belt did not slip in the test with the D-ring at 
mid-height and back position similar to the test 
without pretensioning. It also reduced the head 
excursion by 61 to 74 mm. The largest difference in 
head excursion occurred in the 30 km/h tests and the 
Y-Z plots are shown in Figure 5. 
 

 
Figure 5. Human Facet Model Y-Z head excursion 
with three D-ring positions and with the use/no use 
of pretensioner (tests @ 30km/h) 
 
These results show that while pretensioning helps 
reduce head excursion up to 75 mm, the appropriate 
location of the D-ring has a better benefit. According 
to these results the belt geometry is important to 
prevent the belt from slipping and to reduce head 
excursion.  
 
A SAFETY RATING SCHEME 
 
The THOR and WorldSID have both demonstrated 
good biofidelity in reproducing human kinematics in 
far-side crashes.  The initial consumer information tests 
should utilize these validated capabilities and base the 
rating on head excursion. Ultimately, either dummy 
could be used to measure injury to all relevant body 
regions. 
 
This strategy is similar to that employed in the initial 
standard FMVSS 213, “Child Restraint Systems”.  The 
pass-fail criterion for the original 213 standard was 
based on head excursion.  
 
The MADYMO modeling has shown that reduction of 
head excursion can be achieved by appropriate belt 
geometry and pretensioning.  A key to reducing the 
head excursion is the retention of contact with the 
shoulder.  If the occupant’s shoulder slips out of the 
belt the upper body is free to move laterally at 
increased velocity.  The resulting impacts of upper 
body regions with intruding structure are likely to be 
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increased in severity.  In addition, undesirable loading 
of the abdominal region by the belt system may result.  
Retaining the occupant in the belt system should be 
beneficial in both far-side planar crashes and rollovers. 
 
It is anticipated that the greatest benefit in controlling 
head lateral excursion will be a reduction of the severity 
of head contacts with intruding structures.  This benefit 
provides another reason for using head excursion as the 
rating metric. 
 
The NCAP test condition at a severity of about 25 km/h 
provides a reasonable crash environment for rating far-
side protection.  Figure 6 shows the distribution of 
occupants with MAIS 3+ head injuries.  The figure 
shows a very sharp increase in frequency of head 
injuries in the range of 25 to 30 km/h lateral delta-V.  
 

 
Figure 6. Distribution of occupants with AIS 3+ 
head injuries vs.  lateral delta-V based on 
NASS/CDS 1993-2007 
 
One consequence of limiting the lateral head excursion 
is an increase in the amount of intrusion that can be 
tolerated before a head strike occurs.   This relationship 
is illustrated in Figure 7 [Echemendia  2009].  The 
figure is based on the maximum head excursion 
predicted by the MADYMO modeling of 30 km/h far-
side crashes.  The figure shows the clearance or 
interference between the head and the side structure as 
a function of the CDC extent of damage to the side of 
the vehicle.  The head to side structure clearance for the 
best and worst belt configurations are plotted. 
 
 Figure 7 provides one possible basis for the far-side 
safety rating.  The objective of the rating is to 
encourage designs to prevent a head impact with the 
intruding far-side structure.  The more intrusion that 
can be tolerated before a head impact occurs, the higher 
the star rating should be.  For the Taurus model, the belt 
systems that prevented the belt from slipping off the 
shoulder would tolerate an extent of damage CDC 4 
before head contact occurred.  If the dummy slipped 
out of the belt, the head strike would occur when 
damage reached a CDC of 3. Vehicles with less lateral 
occupant space might have different ratings for the 

same restraint configuration.  If the restraint system 
prevents a head impact for an extent of damage CDC 5, 
the rating is 5 star. Lower star ratings would be 
assigned to correspond to the lower extent of damage 
permitted. 
 
A moving deformable barrier side impact test at 65 
km/h with WorldSID dummies in both the near-side 
and far-side front seat locations indicated that 
interaction between the dummies occurred at about 90 
ms [Newland 2008].  In this test, the belt restraint 
system allowed the dummy to slip out of the belt.  The 
interaction between the dummies was late enough so 
that it did not influence the interaction of the near-side 
dummy with the near-side countermeasures.  The 
interaction was also late enough to permit the far-side 
dummy to slip out of the shoulder belt. However, the 
full range of head excursion was interrupted by the 
interaction of the two dummies. This impediment may 
require a modification to the star rating for belt systems 
that do not retain the far-side dummy. Additional crash 
testing should permit suitable refinements in the basic 
rating concept. Ultimately, head and chest injury 
measures could be used as is done in the NCAP ratings. 
 

 
Figure 7. Clearance between the head and the 
intruding side structure in 30km/h MADYMO 
simulations for best and worst belt configuration on 
a Mid-Sized Vehicle (Ford Taurus) 
 
DISCUSSION 
 
Recent changes in US Federal Motor Vehicle Safety 
standards have introduced additional testing 
requirements intended to further improve side impact 



Digges 7

protection.  These standards include tests with both 
50% male and 5% female dummies in near side 
crashes with both a pole and a movable deformable 
barrier.  The principal benefits from these tests are in 
near-side crash protection.  There is no regulatory 
requirement for far-side protection based on dummy 
crash test performance. 
 
At present, no agency conducts consumer 
information tests to evaluate far-side protection.  As a 
result, there is little market incentive to incorporate 
technology that has been available for far-side 
protection.  Earlier papers reported improved far-side 
protection in tests of new countermeasures including 
center air bags and four point belts [Bostrom 2005 
and 2008].  Tests and modeling of conventional 3-
point belts show that even current countermeasures 
can provide enhanced far-side protection at crash 
severities employed in near-side NCAP and IIHS 
tests. 
 
An impediment to improved far-side protection has 
been the lack of a technical base to permit the 
evaluation of countermeasures.  This deficiency has 
now been resolved by the research conducted by the 
Far Side Impact Collaborative Research Project and 
summarized in this paper.  
 
The Project showed that the WorldSID and the 
THOR-NT both demonstrated a high degree of 
biofidelity in 18 tests that were representative of a 
large range of far-side crashes.  Either dummy 
appears to be a satisfactory measuring device with 
regard to its kinematic response.  However, changes 
in the location of the chest instrumentation would be 
required to obtain accurate readings of the maximum 
chest deflection.  A shield for the shoulder joint is 
recommended for the WorldSID to prevent 
inaccurate kinematics after dummy slips out of the 
belt.  The available injury risk functions to be used 
with the WorldSID have been collected from the 
literature and summarized in a report developed 
under the Project.   
 
The MADYMO human facet model was shown to 
accurately duplicate the human kinematics when 
applied PMHS tests that simulate a far-side impacts.  
The modified MADYMO human facet model offers a 
basis for evaluating human kinematics when exposed 
to far-side impacts.  Consequently, the model is 
useful for evaluating design variables in far-side 
safety systems.   
 
The THOR and WorldSID have both demonstrated 
good biofidelity in reproducing human kinematics in 
far-side crashes.  The initial consumer information tests 

should utilize these validated capabilities and base the 
rating on head excursion.  Ultimately, the ratings could 
be based on HIC and other injury measurements that 
are possible on these advanced dummies. 
 
The MADYMO models of the Hybrid III, Biosid, 
Eurosid 1, Eurosid 2 and SID2S were found to 
produce much less head excursion than observed in 
the PMHS tests that were used for model validation 
[Alonso 2007]. 
 
The MADYMO human facet model demonstrated that 
belt geometry and pretensioning can influence the 
performance of conventional three point belt systems as 
measured by a far-side dummy in a side NCAP or IIHS 
test.  
 
Tests conducted in Australia have shown that the 
presence of a far-side dummy does not interfere with 
the side protection measurements made by the near-side 
dummy.   However, there was interaction between the 
near-side and far-side dummies during the rebound of 
the near-side dummy.  The interaction occurred well 
after the far-side dummy slipped out of the shoulder 
belt.  Consequently, the ability of the belt system to 
restrain the far-side dummy could be determined by the 
test. 
 
While most of this discussion has focused on consumer 
tests carried out in the US, it is also relevant for 
consumer tests in other parts of the world (eg; ANAP in 
Australia, EuroNCAP in Europe and JNCAP in Japan).  
 
With the lack of any regulation in sight for ensuring 
improved far-side occupant protection, the inclusion of 
a WorldSID or THOR side impact test dummy on the 
non-struck side in current side impact tests is one 
option to address this shortfall.  
 
CONCLUSIONS 
 
All technical impediments to the crash test and 
evaluation of far-side countermeasures have now been 
removed by the research conducted under the Far Side 
Impact Collaborative Research Project. 
 
There continue to be a large number of injuries that 
occur in far-side planar crashes and rollovers.  A 
number of countermeasures have been demonstrated 
that could mitigate the injury producing environment of 
far-side crashes.  There is at present no marketing 
incentive for introducing far-side countermeasures. The 
absence of regulatory and consumer information tests 
of far-side safety is now the major impediment to 
improved safety.   
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Either the WorldSID or the THOR-NT accurately 
mimic the kinematics of a human in far-side crashes of 
the severity used in SNCAP and IIHS tests. 
 
Crash tests and modeling have shown that the retention 
of the far-side occupant could be improved by attention 
to the design of the existing 3-point belts.  Consumer 
information tests to encourage these improvements 
would be a reasonable step to improve passenger safety 
in far-side crashes. On possibility for addressing this 
deficiency could be the inclusion of a WorldSID or 
THOR-NT test dummy in the far-side seating position 
when conducting a side impact consumer information 
test. 
 
Crash tests have shown that the presence of a far-side 
dummy has no influence on the near-side dummy’s 
measurement of injuries from the near-side contact. 
 
Incorporation of a far-side dummy in SNCAP 
EuroNCAP, ANCAP, JNCAP and IIHS consumer 
information tests is a low cost and practical step to 
encourage safety improvements in far-side crashes. 
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ABSTRACT 
 
Recent attention has focused on adults in farside 
crashes but little attention has been given to children 
in farside crashes.  Thus, we sought to elucidate 
Injury Causation Scenarios (ICS’s) in children in 
center and farside seat positions.  Crash investigation 
cases were drawn from the Partners for Child 
Passenger Safety Crash Investigation database, and 
the Crash Injury Research and Engineering Network 
database.  Included in the study were children aged 4 
to 15 years, involved in a side impact crash, seated on 
the center or farside in the rear rows, restrained by a 
seat belt alone (no booster seats or side airbags) and 
who received an AIS 2+ injury.  Excluded cases were 
those where the only documented AIS 2+ injury was 
an altered state of consciousness (concussion, 
amnesia, or brief loss of consciousness).  Seventeen 
cases met the inclusion criteria for this study.  The 
three most frequently injured body regions to receive 
an AIS 2+ injury were: head, abdomen, and thorax, 
with thoracic injuries being quite rare.  Intracranial 
injuries included cerebral contusions, subarachnoid 
hematoma/hemorrhage, edema, and 
extradural/epidural hematoma.  Skull and facial 
injuries consisted of vault, orbit and maxillary 
fractures.  Eight occupants had torso injuries: lung 
contusion, clavicle fracture, spleen laceration or 
rupture, liver laceration or contusion, and laceration 
or contusion to the digestive tract organs of the lower 
abdomen.  Our results indicate that injury patterns 
and mechanisms are unique to children, and thus 
require a mitigation approach different than the adult.  
Of note, thoracic injuries, which are common in adult 
farside crashes, are relatively rare in pediatric farside 
crashes.  Farside abdominal injury patterns suggest a 
lap belt submarining mechanism in children, injuring 
primarily the intestinal viscera.  These findings 
further support that children require a different 
approach to injury mitigation than the adult, and have 
abdominal injuries in farside crashes that may be 
addressed by injury mitigation solutions for frontal 
impact. 
 
 

INTRODUCTION 
 
Successful development of side impact safety 
systems for the rear rows of passenger cars requires 
an understanding of factors that contribute to injury 
causation and mitigation.  When considering the rear 
row, of particular interest to the vehicle safety system 
designer should be injury to children, who are 
frequent occupants there.  Development of pediatric 
vehicle safety systems is justified and should be 
guided by real world crash data.  To set priorities for 
protecting specific age and restraint groups, safety 
system designers should use epidemiological data on 
the incidence and frequency of car crashes involving 
children.  To set design specifications for safety 
systems requires an understanding of specific Injury 
Causation Scenarios (ICS’s), including a complete 
description of injuries received, the components 
within the vehicle that contribute to injury, and the 
biomechanics of the injury.  Using such ICS studies, 
biomechanical experiments with post-mortem human 
subjects, animal surrogates and/or human volunteers 
can be conceived which are reflective of real world 
impact conditions and injury outcome, but conducted 
within a controlled laboratory environment with 
appropriate instrumentation.  Such tests then form the 
basis for biofidelic anthropomorphic test devices and 
associated injury criteria and, coupled with an 
appropriate safety system test procedure, can 
potentially lead to enhanced safety systems. 
 
Seeking information on ICS’s, the safety system 
designer can turn to detailed in depth case reviews of 
convenience samples of real world crashes.  For 
example, Howard et al. (2004) studied 19 children 
aged 0 to 12 years involved in side impacts in all 
types of restraint conditions and seating positions, 
who were admitted to one of two children’s hospitals 
in Canada.  The authors found injuries occurred both 
with and without direct intrusion into the occupant 
compartment, suggesting that injuries may occur in 
center and farside seat positions, which are distant 
from struck side structures.  As the Howard study 
attempted to describe injury causation across a wide 
range of restraint conditions, seating positions, and 
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occupant ages, the applicability of the results may be 
limited for restraint designers.  Focusing on children 
0 to 5 years old in child restraints, Sherwood et al. 
(2003) examined 92 reports of FARS crashes of all 
crash directions.  Studying detailed crashes involving 
children by particular restraint type groupings is a 
useful approach to determine ICS’s, as occupants are 
all exposed to similar restraint loading mechanisms.   
In a sample of 32 side impact crashes, for example, 
Arbogast et al. (2005a) studied CRS-restrained 
occupants, and noted the important role of intrusion, 
the forward component of the crash forces, and the 
rotation of the CRS toward the side of the crash, as 
common contributing factors to injury.  Focusing on 
older children (4 to 15 years) not in CRS (belt-
restraint only) in struck side crashes, Maltese et al. 
(2007) found the majority of head and face interior 
contact points were horizontally within the rear half 
of the window, and vertically from the window sill to 
the center of the window.  In that same study, the 
most common cause of torso and abdominal injury 
was contact with the side interior structure. 
 
Recent attention has focused on adults in farside 
crashes or side impact crashes where the occupant is 
seated opposite the struck side of the vehicle 
(Frampton et al. 1998; Stolinski et al. 1998; Gabler et 
al. 2005).  For adults, the injury patterns in farside 
crashes differ from struck side crashes in meaningful 
ways.  For example, Yoganandan et al. (2000) noted 
increases in liver and intestinal injuries, and 
decreases in splenic injuries, in belted and unbelted 
farside adult occupants, as compared to the 
struckside.  To our knowledge, no farside studies 
have yet focused on children.  Thus, the purpose of 
this research was to elucidate injury causation 
scenarios for children in farside crashes.  These data 
are useful for guiding the development of vehicle 
injury mitigation concepts for children, and ensuring 
ATD biofidelity and injury criteria studies address 
injuries and injury mechanisms observed in the real 
world. 
 
METHODS 
 
The research presented herein was conducted in 
accordance with a protocol that has been approved by 
the Institutional Review Board of The Children’s 
Hospital of Philadelphia. 
 
Crash investigation cases were drawn from two 
databases: 1) the Partners for Child Passenger Safety 
(PCPS) Crash Investigation database, and 2) 
NHTSA’s Crash Injury Research and Engineering 
Network (CIREN) database. The PCPS Crash 
Investigation database consists of crashes involving 

injured child passengers reported to an automobile 
insurance company in the United States, and selected 
for detailed crash investigation.   The CIREN 
database obtains its data from patients admitted to a 
network of level-one trauma centers in the United 
States, who are subsequently selected for a detailed 
crash investigation.   Inclusion criteria were as 
follows: 
 

1. Occupants restrained by a 2-pt or 3-pt 
seatbelt, regardless of misuse, 

2. 4 to 15 years of age, 
3. Seated in one of the rear rows and in the 

center or farside (away from the side of the 
vehicle damaged during the crash) position 
during a side impact crash, and  

4. Received a maximum Abbreviated Injury 
Scale (MAIS) injury of 2 or more (AAAM 
2001). 

 
A “side impact” was defined as one in which the case 
occupant’s vehicle sustained damage to its side plane 
with a principle direction of force that is 45 to 135° 
or 225 to 315°.  Excluded cases were those where the 
only documented AIS 2+ injury was an altered state 
of consciousness (concussion, amnesia, or brief loss 
of consciousness), as such a diagnosis does not 
provide sufficient physical evidence to support 
determination of an ICS.   
 
Crash investigators examined the interior and exterior 
of the vehicles involved, looking for evidence of 
occupant contact, including scuff marks and tissue, 
hair, bodily fluid and clothing fabric transfer, and 
associated such evidence with injuries to specific 
body regions.  Occupant contact points on the interior 
side structure are thus identified by photograph and 
included in the detailed crash report.  Cases meeting 
the inclusion criteria were subject to a preliminary 
quality control review including checks for sufficient 
information on occupant injuries, vehicle dynamics 
and damage, and interior contact points. To 
determine ICS’s, a multi-disciplinary Case Review 
Team (CRT) was established consisting of trauma 
surgeons, emergency medicine physicians, 
bioengineers, crash investigation specialists, and 
database analysts.  The case review process included 
review of crash conditions, restraint and occupant 
characteristics, occupant injuries, and occupant 
contact points within the vehicle. 
 
Following review of the case, AIS 2+ injuries were 
coded using the CIREN BioTAB method developed 
by Schneider (2005).  The BioTAB approach to 
analyzing occupant injuries in a crash allows the 
researcher to attribute one or more injury causation 
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scenarios (ICS) to each injury, where each ICS 
includes the set of all factors that the researcher 
believes are essential for the injury to have occurred. 
Each ICS includes “involved physical components” 
(things external to the occupant) that are thought to 
have played an essential role in the injury.  Because it 
is not always possible to know for sure what caused 
an injury, the researcher must also assign confidence 
levels of “Certain”, ”Probable”, and “Possible” to 
each ICS and to each involved physical component 
within each ICS.   
 
Data was stored in a relational database for analysis.  
Data analysis, summary and presentation are divided 
into two stages.  First, the crash environment and 
overall injury patterns are summarized.  Second, the 
injury descriptions, and ICS’s are presented. 
 
RESULTS 
 
Seventeen cases met the inclusion criteria for this 
study; nine from the CIREN database and eight from 
the PCPS database (Table 1).  Before discussing the 
nature of the injuries, it is necessary to describe the 
circumstances of the crashes. The vehicles in which 
the case occupants were riding were most often 
passenger cars (82%), followed by Minivans (12%) 

and Sport Utility Vehicles (6%). The bullet vehicle 
type was most often a Sports Utility Vehicle (41%), 
followed by passenger cars (35%), and an equal 
number of minivans, pickup trucks, and large trucks 
(6% each). Contact with a narrow object (i.e. utility 
pole) made up 6% of impacting objects. The average 
Delta V was 23.2 km/h with a standard deviation of 
9.1 km/h.  88% of impacts had a principle direction 
of force (PDOF) between pure lateral and 30 degrees 
forward of pure lateral.  All cases had a non-zero 
frontal component in the PDOF of the crash. Side 
impacts to the case vehicles occurred most often on 
the right side due to the case vehicle turning left 
across oncoming traffic.  The primary area of damage 
in case vehicles encompassed the passenger 
compartment and rear lateral side (47%). In 35% of 
cases, the damage was only to the passenger 
compartment, and in 18% it included the passenger 
compartment and the front lateral side of the vehicle.  
Case vehicle model year distribution was as follows: 
29% of vehicles were manufactured between 1990 
and 1994, 59% between the years of 1995 and 1999, 
and 12% of vehicles were manufactured in the year 
2000 or later. 
 
 
 

 
Table 1. 

Vehicle and Crash Characteristics for Sample of Belt-Restrained Children in Farside Crashes 
 

ID Occupant's 
Vehicle Type 

Bullet Vehicle 
Type 

Impact 
Side 

PDOF* 
(degrees) CDC Delta V 

(km/h) 

1 4-dr Passenger 4-dr Passenger L 40 10LYEW5 38 
2 4-dr Passenger SUV L 30 10LZAW3 21 
3 Minivan Pickup R 30 2 RZEW2 7 
4 4-dr Passenger 4-dr Passenger L 30 10LPEW2 18 
5 4-dr Passenger SUV R 15 4 RZAW4 29 
6 4-dr Passenger 4-dr Passenger R 30 02RPEW3 n/a 
7 4-dr Passenger SUV R 10 3 RPAW3 27 
8 SUV SUV L 60 11LYEW4 33 
9 Minivan Pole R 10 00RPAW3 20 
10 4-dr Passenger 4-dr Passenger R 10 03RPEW2 18 
11 4-dr Passenger Minivan L 10 09LZEW1 n/a 
12 4-dr Passenger 2-dr Passenger R 30 02RZEW1 11 
13 4-dr Passenger SUV R 20 02RZAW3 23 
14 4-dr Passenger 4-dr Passenger R 20 02RPAW3 19 
15 2-dr Passenger SUV R 10 03RZAW3 38 
16 4-dr Passenger Large Truck R 10 03RYAW3 n/a 
17 4-dr Passenger SUV R 20 02RZAW4 23 

*PDOF defined here as the angle with respect to pure lateral; positive value indicates an angle 
forward of pure lateral. 
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The average age of the case occupants was 8 years 
old, with a standard deviation of 2 years, and a range 
of 5 to 13 years (Table 2).  65% of the case occupants 
were male. Because our study examines the 
occupant’s interaction with the seat belt and the 
vehicle interior – factors influenced by occupant size 
rather than age - we concluded that the occupants 
would be better grouped by height than by age.  
Using the Center for Disease Control (CDC) growth 
charts, we established height ranges according to 50th 
percentile 4 to 8 year olds, 9 to 12 year olds, and 13 
to 15 year olds, then reclassified each occupant 
according to the equivalent 50th percentile for his or 

her height. The heights of two occupants were 
unknown; in these cases the actual age was used. 
59% of case occupants fell in the 4-8 year equivalent 
height range (104 to 131 cm), 29% were in the 9-12 
equivalent height range (132 to 152 cm), and the 
remaining 12% had a height equivalent in the 13-15 
year range (153 to 172 cm).  
 
59% of the case occupants were seated in the farside 
position, which is the position furthest away from the 
impact. In the farside position, all case vehicles had a  
 

 
Table 2 

Occupant Characteristics for Sample of Belt-Restrained Children in Farside Crashes 

ID Height 
(cm) 

Body 
Mass 
(kg) 

Actual 
Age 
(yrs) 

Height-
Adjusted 

Age 
Range** 

(yrs) 

Sex Seat 
Position* Restraint MAIS 

1 122 27 7 4-8 M 23 Lap/shoulder belt 3 
2 115 20 7 4-8 F 23 Lap/shoulder belt 4 

3 122 27 7 4-8 M 32 
Lap belt improperly 

worn 3 
4 114 16 6 4-8 M 23 Lap/shoulder belt 3 
5 n/a 30 7 4-8 F 22 Lap belt 4 
6 165 n/a 12 13-15 F 21 Lap/shoulder belt 5 

7 122 25 7 4-8 F 21 

Lap/shoulder belt 
with shoulder under 

arm 3 

8 123 19 6 4-8 M 23 

Lap/shoulder belt 
with shoulder behind 

back 3 
9 152 40 11 9-12 M 31 Lap/shoulder belt 3 

10 152 32 7 9-12 M 22 Lap belt 2 
11 168 66 13 13-15 M 23 Lap/shoulder belt 3 
12 122 n/a 6 4-8 F 22 Lap belt 3 

13 132 24 8 9-12 M 22 

Lap/shoulder belt 
with shoulder behind 

back 2 
14 140 25 7 9-12 M 22 Lap belt 2 
15 109 25 5 4-8 M 21 Lap/shoulder belt 3 

16 n/a n/a 5 4-8 F 22 
Lap belt improperly 

worn 2 
17 132 34 9 9-12 M 21 Lap/shoulder belt 2 

 
* For seat position, the first digit indicates the row (2 = 2nd row, and 3 = 3rd row), and the second digit indicates the 
position on the row (1 = left, 2 = center, 3 = right). 
** For height adjusted age range, we established height ranges according to 50th percentile 4 to 8 year olds, 9 to 12 
year olds, and 13 to 15 year olds, and then reclassified each occupant according to the equivalent 50th percentile for 
his or her height. 
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lap and shoulder belt available; however 20% of the 
occupants misused the restraint, placing the shoulder 
portion of the belt behind their back or under their 
arm, so that they were effectively lap belt restrained 
only.  41% of case occupants were seated in the 
center position, where a lap belt was the only 
restraint available in 86% of these cases.  However, 
all center-seated occupants were effectively lap belt 
restrained only due to misuse.  Overall, for both the 
center and far-side seating positions, 53% of 
occupants were effectively lap belt restrained only.  
In addition, 12% of center-seated occupants misused 
the lap belt by wearing it very loosely.   

 
It is important to note that over 70% of the children 
in our study were aged 4 to 7 years and are thus 
considered improperly restrained without a booster 
seat, according to recommended practice (AAP 
2007).  All case occupants had injuries of AIS 2 or 
greater, as it was an inclusion criterion.  71% of 
occupants had injuries of AIS 3 or greater and 18% 
had injuries that met or exceeded AIS 4.  The three 
most prevalent injured body regions to receive an 
AIS 2+ injury were: head (71%), abdomen (36%), 
and thorax (12%).  Specific injuries are described 
  

Table 3 
Head and Face Injury Characteristics for Sample of Belt-Restrained Children in Farside Crashes 

 

ID 
Body 

Region 
IPC to Body Region 

Contacted 
IPC 

Confidence Specific Injury Description 
AIS 
Code 

2 Head Other occupant to head Certain 

Cerebrum hematoma/hemorrhage 
epidural or extradural small 

140632.4 

Vault skull fracture comminuted 150404.3 
Cerebrum subarachnoid 
hemorrhage 

140684.3 

3 Head 
Window to head Probable Small right cerebrum contusion 140606.3 

C-pillar to head Probable 
LOC <1 hour with neurological 
deficit 

160204.3 

4 Head 
Seatback to head Probable 

Left vault skull fracture 
comminuted 

150404.3 

Other occupant to head Possible 
Left cerebellum subarachnoid 
hemorrhage 

140466.3 

5 Head 
Window sill to head Probable 

Unconscious 1-6 hours (GCS <9) 160810.3 
Other occupant to head Possible 

9 Head Unknown to head Unknown Concussion (NFS) 161000.2 

10 Head 
Right interior surface 

hardware to head 
Certain 

Non-displaced frontal skull 
fracture 

150402.2 

11 Head Unknown to head Possible Right anterior cerebrum contusion 140602.3 

12 Head Other occupant to head Certain 
Closed head injury with brief LOC 
(convulsions/combative) 

160202.2 

Fractured right occipital bone 150200.3 

13 Face Door interior to face Certain 
Right orbit fracture 251200.2 
Right maxillary fracture 250800.2 

14 Head 
RF seatback to head Possible 

Concussion (NFS) 161000.2 
RF headrest to head Probable 

15 Head 
Other occupant to head Possible 

Brain "swelling" (induced coma) 140660.3 
Seatback to head Possible 

16 Head Unknown to head Unknown Severe head laceration (NFS) 190604.2 
17 Head Other occupant to head Probable Concussion (NFS) 161000.2 
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below, grouped by regions of the body that have 
similar contact points within the vehicle: a) head and 
face injuries, b) thorax, abdomen, upper extremity, 
and pelvis injuries. No AIS 2+ injuries were suffered 
to the spine or lower extremities.  
 
Head and Face Injuries 
 
13 occupants received an AIS 2 or greater head or 
face injury (Table 3).  12 of the occupants had head 
injuries without accompanying facial injury, and the 
remaining case had facial injuries without 
accompanying head injury. Intracranial injuries 
included cerebral contusions (2 cases), subarachnoid 
hematoma/hemorrhage (2 cases), edema (1 case), and 
extradural/epidural hematoma (1 case).  Extracranial 
injuries consisted of vault skull fractures (4 cases), 
and one case each of orbit and maxillary fracture.  A 
severe scalp laceration was also an injury for one 
case.  Loss of consciousness was coded for 6 of the 
cases, being the sole head/face injury for four cases.  
For three of these cases, the loss of consciousness 
was considered severe (AIS 3) due to an extended 
period of unconsciousness, convulsions/combative 
behavior, or resulting neurological deficit.  For the 
remaining three cases, the diagnosis of concussion 
was not supported with additional medical evidence, 
and thus was given the outcome “not further 
specified.”  
 
The BioTAB method allows multiple ICS to be 
associated with a single injury in a single case, which 
occurs when the CRT concludes that there are 
multiple ways in which the injury occurred.  For 
example, the head injury in case 15 may have been 
caused by contact with another occupant, or contact 
to the right front seatback. 
 
Head and face injury was attributed most often to 
contact with another passenger seated between the 
case occupant and the impact (33%). This additional 
occupant was present in only 54% of cases with a 
head/face injury, but of this number, 86% of cases 
listed the other occupant as a source of injury. The 
second most common source of head and face injury 
was the interior structure on the struck-side door 
(28%), with one occurrence each of window, c-pillar, 
window sill, interior hardware, and door interior 
contact.  For 22% of head/face injuries, contact was 
attributed to the seatback or headrest of the seat that 
was both in front of the occupant and closest to the 
side of impact.  For the remaining 17% of head and 
face injury causation scenarios, the source of injury 
was unknown.  
 

Thorax, Abdomen, Upper Extremity, and Pelvis 
Injuries 
 
Eight occupants had injuries to the “trunk” of the 
body, consisting of the thorax, abdomen, upper 
extremity and pelvis (Table 4).  Injuries included 
lung contusions (2 cases), spleen lacerations or 
ruptures (2 cases), liver lacerations and contusions (2 
cases), jejunum-ileum lacerations (2 cases), colon 
lacerations and contusions (2 cases), and one case 
each of clavicle fracture, myocardium heart 
contusions, retroperitoneum hemorrhage, mesentery 
contusion, small intestine laceration, and displaced 
iliac wing fracture.  
 
Overall, 88% of individual torso injuries were caused 
by contact with the belt, including the lap, shoulder, 
or some combination of the two. For the upper torso, 
encompassing the upper extremities, thorax, and 
superior abdominal organs (specifically the liver and 
spleen), the shoulder belt was the most common 
injury source (accounting for 75% of individual 
injuries and 66% of unique causation scenarios).  In 
one of these cases, the shoulder belt was worn 
incorrectly under the occupant’s arm, however for all 
others the shoulder belt was worn properly with the 
lap belt.  Contact with another occupant or with a 
child restraint seat each account for an equal part of 
the remainder of upper torso injures.  All injuries to 
the lower torso, consisting of the inferior abdominal 
organs (small intestine, mesentery and colon) and 
pelvis were attributed to contact with the lap belt.  
For 88% of injures and 80% of unique injury 
causation scenarios, the case occupants were 
effectively lap belt restrained only due to both belt 
availability and misuse.  The remaining occupants 
with lower torso injuries were restrained by both lap 
and shoulder belt. 
 
DISCUSSION 
 
Our work presented herein is the first that 
investigates ICS’s in belt-only restrained children in 
farside crashes, and complements other population-
based injury risk and in-depth crash investigation 
studies of the same restraint and age group (Maltese 
et al. 2005a; Maltese et al. 2005b; Maltese et al. 
2007), as well as studies of children in forward facing 
child restraints in side impacts (Arbogast et al. 2004a; 
Arbogast et al. 2005a), and children in booster seats 
in side impacts (Arbogast et al. 2005b).  These data 
provide guidance for increasing protection of 
children in these distinct restraint conditions. 
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Table 4 

Thorax, Abdomen and Pelvis Injury Characteristics for Sample of Belt-Restrained Children in Farside 
Crashes 

 

ID 
Body 

Region 

IPC to Body 
Region 

Contacted 

IPC 
Confidence Specific Injury Description AIS Code 

1 Abdomen 
Lap belt to 
abdomen 

Certain 
Inferior/lower jejunum-ileum 
laceration/perforation (OIS 
Grade III) 

541121.3 

5 
Thorax 

Other occupant 
to torso 

Certain 
Bilateral inferior lower lung 
contusion 

441410.4 

Upper 
Extremity 

CRS to shoulder Certain 
Left clavicle fracture (OIS 
Grade I or II) 

752200.2 

6 

Thorax 
Shoulder belt to 

chest 
Certain 

Bilateral lung contusion 441410.4 
Minor central myocardium 
heart contusions 

441004.3 

Abdomen 
Shoulder belt to 

abdomen 
Certain 

Right complex liver 
laceration 

541828.5 

Right minor liver contusion 541812.2 

7 Abdomen 
Incorrectly worn 
shoulder belt to 

abdomen 
Certain 

Moderate spleen laceration 
(OIS Grade III) 

544224.3 

8 Abdomen 
Lap belt to 
abdomen 

Certain 

Retroperitoneum hemorrhage 543800.3 
Jejunum-ilium laceration 541422.2 
Mesentary contusion 542010.2 
Colon contusion 540810.2 

9 Pelvis Lap belt to pelvis Certain 
Right comminuted superior 
anterior displaced iliac wing 
fracture 

852604.3 

11 Abdomen 
Lap/shoulder 

belt to abdomen 
Certain 

Lacerated/ruptured spleen 544220.2 
Lacerated small intestine 541020.3 

16 Abdomen 
Loosely worn lap 
belt to abdomen 

Certain 
Torn colon with internal 
bleeding 

540822.2 

 
Over the past several years, our research Center has 
studied children in side impact crashes who are 
restrained by seat belts and who are seated on the rear 
rows.  As rear rows of many vehicles accommodate 
three seat positions (struck-side, center, and farside), 
our studies compare injury rates and patterns for all 
three positions across each rear row.  This research 
line has yielded several important findings that help 
elucidate the injury problem in side impact.  For 
example, the farside injury risk for belt-restrained 
children is nearly half that of struck side children 
(OR:0.55, 95% Confidence Interval: 0.33-0.93),  
however, the center seat position has injury risk 
comparable to the struck side (OR; 1.15, 95% CI: 
0.50, 2.66) (Maltese et al. 2005b).  Our population-

based studies provide context for studies such as 
those presented herein.  That is, the present study is a 
convenience sample, with no formal consideration for 
sample representativeness to the population.  Thus, 
where possible it is important to compare variables 
common to both population and convenience studies 
to validate the latter.  Toward this end, the most 
frequently injured body region for belt restrained 
farside child occupants in population-representative 
studies (Maltese et al. 2005a) is the head (56% of 
occupants have head injuries) followed by the face 
(24 %), abdomen (11 %) and then the chest (8%).  
The data presented herein also reflect this injury 
pattern, as 13 of 17 cases had head and face injuries,  
6 of 17 cases had abdominal injuries, and 2 of 17 
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cases had chest injuries.  The head injuries in our 
cases consisted of common adult intracranial injuries 
including hemorrhage/hematoma (subarachnoid, 
epidural, or extradural, but no subdural), contusion, 
concussion, and loss of consciousness.  Extracranial 
injuries included vault fractures and facial bone 
fractures.  All brain injuries were attributed to contact 
with a vehicle interior or exterior structure.  No brain 
injuries were associated with “non-contact” events, 
where the occupant receives a brain injury but does 
not strike their head on any surface or structure. 
 
Our finding of infrequent chest injury among farside 
child occupants herein and in our population-based 
study (Maltese et al. 2005a), stands in stark contrast 
to farside adult occupants analyses, where the chest is 
highlighted as the most frequently injured body 
region (34% of all injuries), followed by the head 
(27%), extremities (25%) and abdomen (7%) (Gabler 
et al. 2005).  This suggests that children present a 
farside injury mitigation problem that is different 
than the adult’s. 
 
The question then arises as to the reason for the fewer 
thoracic injuries in children compared to the adult – 
is it biomechanical, environmental, or a combination 
thereof?  One could argue that there are 
environmental differences between Gabler’s farside 
population, who are largely front seated, and the data 
presented herein which are exclusively seated in the 
rear rows.  Gabler notes that the primary injury 
source in the farside crashes with adults is the struck 
side front seatback, whereas herein the injury sources 
in the two cases with thoracic injuries were the belt 
and the adjacent occupant.   
 
From a biomechanical standpoint, inspection of the 
torso maturation process reveals substantial 
differences in the structure and material composition 
between the adult and child chest.  The sternum 
consists of 6 main bones – the manubrium superiorly, 
followed by sternebrae 1 through 4 and the xiphoid 
process.  The 4th sternebra appears at age 12 months, 
while the xiphoid process appears at 3 to 6 years.  
Fusing between sternebrae begins at age 4 years and 
continues through age 20 years.  The sternum as a 
whole descends with respect to the spine from birth 
up until age 2 to 3 years, causing the ribs to angle 
downward when viewed laterally, and the shaft of the 
rib to show signs of axial twist deformation (Scheuer 
and Black 2000).  The costal cartilage also calcifies 
with age, likely influencing its flexibility.  As 
discussed by Kent et al. (2005), aging bone shows a 
decrease in elastic modulus beyond adult middle age, 
and ribs alone in bending demonstrate decreased 
breaking strength with increased age.  These material 

and morphological changes during the maturation 
and aging phases of human life likely influence the 
injury response of the chest.  For example, no rib 
fractures were found in a recent series of blunt 
impacts into the thoraces of nine post-mortem human 
subjects ages 2 to 12 years (Ouyang et al. 2006), yet 
the same type of test performed on adults produced 
rib fractures in 18 of 22 subjects (Kroell et al. 1974).  
These maturation-related changes of the chest 
highlight the uniqueness of the pediatric restraint 
problem from the perspective of ATD design, injury 
criteria selection and tolerance, and design of 
restraints such as seat belts. 
 
Behind the head, the abdomen was the second most 
frequently injured body region (6 of 17 cases), the 
same injured body region rank as population-
representative studies (Maltese et al. 2005a).  
Elucidation of the mechanism of these injuries can be 
found by first comparing struck-side abdominal 
injuries vs. center and farside abdominal injuries.  
Our previous study of struck side injuries revealed 
primarily spleen or liver injuries, with the injury 
(liver vs. spleen) depending on which organ was on 
the struck side of the crash.  However of the 11 AIS 
coded abdominal injuries presented herein, only 4 
injuries were those similar to struck side child 
victims (spleen and liver); the remaining 7 were 
injuries to the viscera of the abdomen (jejunum-
ileum, retroperitoneum, mesentery, colon, small 
intestine).  These highlight a decidedly different 
injury mechanism for the farside / center occupants 
that bears resemblance to abdominal injuries in 
frontal crashes.  That is, in a population-
representative study of abdominal injuries in 
children, stomach and intestinal injuries were 
represented in 77% of those children with AIS2+ 
abdominal injuries involved in frontal crashes, and 
injuries to the liver, spleen and kidney were each less 
than 10% (Arbogast et al. 2004b).  The high 
incidence of stomach and intestine injuries in the 
frontal impacts was attributed to lap belt 
submarining, where the boney pelvis slides under the 
lap portion of the belt and the abdominal viscera are 
exposed to compression by the belt (Arbogast et al. 
2007).  Despite the fact that the cases presented 
herein were side impacts, the injury patterns observed 
are similar to lap belt submarining injuries observed 
in frontal crashes.   
 
CONCLUSIONS 
 
Injury causation scenarios for belt restrained children 
in farside crashes have been delineated.  Combined 
with data from the literature, our results indicate that 
thoracic injuries are the predominant injury in adult 
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farside crashes, but are rare in pediatric farside 
crashes.  Further, farside abdominal injury patterns 
suggest a lap belt submarining mechanism in 
children, injuring primarily the intestinal viscera.  
These findings further support that children require a 
different approach to injury mitigation than the adult, 
and have abdominal injuries in farside crashes that 
may be addressed by injury mitigation solutions for 
frontal impact. 
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ABSTRACT 

One of the main objectives of the European 
TRACE project (Traffic Accident Causation in 
Europe, January 2006 – June 2008) was the 
development of methodology for the evaluation of 
the safety benefit of existing on-board safety 
applications in passenger cars with the use of mass 
accident data-bases only.  

The challenge was to evaluate passive safety 
applications as well as active applications and 
especially combinations of the two within a single 
investigation. In order to do so the well known 
concept of odds-ratio has been generalized for 
jointly evaluating injury mitigating effectiveness as 
well as accident avoiding effectiveness at once. 

This paper describes statistical sound methodology 
that is able to evaluate the safety benefit of either a 
single on-board safety function or the additional 
gain of specific safety feature(s) (i.e. a selection of 
various passive safety functions and active safety 
functions), given that some other safety 
applications already are on board. In particular, the 
method allows for evaluation of accident avoiding 
effectiveness as well as injury mitigating 
effectiveness. Hence, it can be applied for joint 
evaluations of passive and on-board active safety 
applications.  

The focus of the paper lies on the presentation of a 
ready-to-apply methodology, including detailed 
examples as well as a discussion on its advantages 
and its limitations. 

EFFECTIVENESS OF SINGLE SAFETY 
FUNCTIONS 

For measuring the effectiveness of a safety function 
it is of critical importance to distinguish between 
different possible types of effects. In general there 

are at least four different types of safety function 
effects. These are: 

• accident avoiding effectiveness 
• injury avoiding effectiveness 
• injury mitigating effectiveness 
• effects of tertiary safety functions 

Some safety functions aim at avoiding the accident 
altogether. If this is not possible, measures to 
prevent the involved persons from suffering 
injuries are taken. If this cannot be achieved either, 
the injury outcome for the passengers is minimized 
as far as possible. Afterwards, the aim is to reduce 
the consequences of already inflicted injuries to the 
largest extend possible (e.g. by automatically 
placing an emergency call). 

A typical primary safety function aims at all of the 
first three types of effectiveness, whereas the 
effectiveness of a typical secondary safety function 
only consists of the injury avoiding and injury 
mitigating effectiveness. Tertiary safety functions 
aim at reducing the consequences of injuries. This 
paper focuses on primary and secondary safety 
functions and does not deal with tertiary safety 
functions at all. 

In some sense the first three mentioned types of 
safety function effects are ordered hierarchically. A 
safety function which aims at accident avoiding 
typically has some measurable effect on injury 
avoiding and injury mitigating in cases in which the 
accident can not be avoided but the crash’s severity 
can be reduced. A secondary safety function aiming 
at injury avoiding typically also has some 
effectiveness towards injury mitigating but not 
towards accident avoiding. Thus, a combined 
evaluation of different safety functions must 
include injury avoiding and mitigating 
effectiveness as well as the accident avoiding 
effectiveness. 
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However, this paper will first focus on the accident 
avoiding effectiveness and deal with the other types 
of effectiveness later. 

Relative risk – odds-ratios 

A reasonable way of measuring the effectiveness of 
a single safety function “SF” within a certain group 
of accidental situations “A” is to compute relative 
risks. For example, a relative risk easy to interpret 
is the ratio of the probability that a vehicle with a 
SF on board and active has to suffer an accident 
that belongs to a predetermined category A of 
accidents, and the probability of suffering an 
accident belonging to A with SF not active (cf. 
equation (1)).  

(suffering | SF active)RR
(suffering | SF not active)
P A

P A
=  (1) 

This relative risk is independent of the population 
of interest if it is the same for both probabilities. 
For example, when interested in the population of 
all vehicles on the road within one specific year, 
the probabilities have to be interpreted as the 
“probability of suffering an accident of type A 
within the year of interest, given that SF is (not) 
active”. 

As the relative risk is the ratio of two probabilities 
it can take any value in the interval [0, ∞). If it 
equals one, the probability of suffering an accident 
of type A is independent of the safety function SF 
being active or not. If it is larger than one, the 
effectiveness of SF is negative, i.e. the safety 
function increases the probability of suffering an 
accident of category A when driving on a road. If 
the relative risk is less than one, the safety function 
has some positive effect, i.e. the safety function 
decreases the probability of suffering an accident of 
category A when driving on a road. 

With simple algebra and Bayes’ theorem for 
conditional probabilities the equivalence between 
this relative risk and the following odds-ratio can 
be shown (cf. equation (2)) 

( )
( )
(

( )
)

SF active |
SF not active |

RR OR :
SF active |

SF not active |

P A
P A

P N
P N

= =  (2) 

where N stands for a category of neutral accidental 
situations or for an internal control group of 
vehicle-related accidental situations. See [15] if 
interested in the derivation of this result. It is 
crucial that the relative risk of suffering an accident 
classified as N depending on SF active (P(suffering 
N | SF active)) and not (P(suffering N | SF not 
active)) respectively, must be equal or very close to 
one. This means that SF more or less has no 

influence on the probability of suffering an 
accident of neutral type N. For more detailed 
information on odds-ratios see [4], [6], [7] and [8]. 
It is crucial for any analysis using odds-ratios to 
have a reliable classification of neutral accidents N 
as the results are very sensitive to this 
classification! 

It is important to point out the difference between 
accidents and vehicle-related accidental situations. 
There may be several vehicles involved in a single 
accident and the different drivers were most likely 
confronted with more or less different situations 
that led to the accident. Hence, safety functions on 
board of vehicles involved in one and the same 
accident may very well be confronted with 
different situations. Therefore, the effectiveness of 
a safety function in a specific accident highly 
depends on which of the involved vehicles is 
considered for the evaluation. 

Thus, when referring to a certain type of accident, 
vehicle-related classification of accidents will 
always be in consideration. 

For computing the term in equation (2) the two 
odds have to be estimated with the equipment-rates 
within the accident type of interest as shown in 
equation (3). 

( )
( )

SF active |
SF not active |

No. of cars with SF active within 
No. of cars with SF not active within 

P A
P A

A
A

≈

 (3) 

Of course, this estimator only is adequate if the 
numbers of these accident counts are reasonably 
high. The section “Confidence intervals” deals with 
the accuracy of the estimated results. 

With this transformation a term is derived that can 
easily be computed and is equivalent to the relative 
risk which can be interpreted, so that the 
effectiveness of SF within A can be computed as 
shown in equation (4). 

( ) 1 OR
No. of cars w. SF active in 

No. of cars w. SF not active in 1
No. of cars w. SF active in 

No. of cars w. SF not active in 

eff A
A

A
N

N

= −

= −
 (4) 

The effectiveness then describes the percentage of 
avoided accidents within the category A. To 
describe it more precisely:  

Assume that each vehicle out of a certain fleet of 
vehicles is involved in a specific critical accidental 
situation (base unit of exposure) that in case the SF 
is not active would lead to accidents of type A. 
Now assume that exactly the same number of 
similar vehicles out of a similar fleet with the same 
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drivers and the exact same surrounding conditions 
is being confronted with the same critical situation, 
but this time every vehicle out of this second fleet 
is to be equipped with SF. Hence, this thought 
experiment resembles a perfect case-control-study, 
where each critical situation is observed twice – 
one time with the safety function on board, and 
another time without the same. Each pair represents 
a matched pair: Case and control. As for each pair 
all surrounding conditions are exactly the same 
except for the safety function of interest, these pairs 
will be referred to as a “perfect matching” in the 
following. Assuming that SF has some accident 
avoiding effectiveness, eff·100% of the critical 
situations should not have led to an accident. 
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Figure 1: Example for the interpretation of the 

accident avoiding effectiveness of a safety 
function 

In this thought experiment the accident avoiding 
effectiveness is about 10%, as roughly 10% less 
accidents within the group of equipped vehicles 
were observed compared to the group of non-
equipped vehicles. Since the one and only 
difference between the two fleets is supposed to be 
the safety function, the effect may be postulated to 
be caused by the safety function’s effectiveness. 

Obviously, there will never be a chance of 
observing such an ideal situation of a perfectly 
matched case-control-study in the field of accident 
research. However, by explaining another possible 
way of interpreting odds-ratios, it should become 
clear how this problem is circumvented. 

Odds-ratios compare the relative frequency of the 
equipment-rate within accident type A to the 
equipment-rate within type N. If the safety function 
of interest has no effect on the occurrences of 
accidents of type A, the equipment-rate within A 
should be equal to the rate within N. Contrary, if it 
has some positive effect on accident type A, then 
some accidents must have been avoided due to the 
safety function. Hence, these do not appear in the 
database. With odds-ratios it is possible to calculate 
the number of accidents avoided this way. 

The effectiveness of a safety function is calculated 
by using only four different accident counts as 

shown in equation (4). These are the numbers of 
vehicles involved in accidents of type N or A, either 
equipped with SF or not equipped with SF. As N 
stands for a type of accidental situation not 
influenced by SF (neutral accidents), only one of 
these four counts is influenced by SF: The count of 
vehicles equipped with SF involved in accidents of 
type A. Therefore, any accident avoided due to the 
safety function has to be out of the group of SF-
equipped vehicles in A. Hence, any change in the 
calculated odds-ratio may be traced back to the one 
group of interest. Due to that, it is possible to 
calculate the percentage of avoided accidents as 
well as the absolute number of avoided accidents 
within this single group of interest. This is done by 
looking at two different ratios only. Particularly 
section “evaluating injury mitigating and injury 
avoiding effectiveness” will make use of this way 
of interpreting odds-ratios. 

Typically, it is not possible to identify the exact 
cause for these “missing” accidents – whether it is 
solemnly the influence of the SF or possibly due to 
external variables such as vehicle age, driver’s 
experience and so on. As newer vehicles are more 
likely to be equipped with more safety functions 
than older ones, the variable vehicle-age is likely to 
have a confounding influence. The paper will come 
back to the topic of confounding variables in the 
section “the influence of additional external factors 
and logistic regression”. Hence, no causal 
relationship between the safety function and the 
effectiveness can be drawn so far. For the sake of 
simplicity it will still be referred to as the 
“effectiveness of the safety function” instead of 
“effectiveness of the behavior of vehicles equipped 
with the safety function”, which would be more 
appropriate. According to [12] all calculations 
made without taking external factors into account 
shall be referred to as “crude” calculations in this 
paper, e.g. crude odds-ratios and crude 
effectiveness. 

Furthermore, it is important to point out that 
effectiveness always refers to accident counts 
instead of accidents in general. Therefore, an 
effectiveness of 20% for some safety function SF 
and some accident type A must be interpreted in the 
following way: 

20% of the cases that should have been observed in 
group A are not listed in the database at hand. Thus, 
the probability of a vehicle equipped with SF to 
suffer an accident of type A and to have that 
accident actually reported in the database at hand 
is only 80% of the probability for a vehicle without 
SF. This plays an important role in the 
interpretation of the results especially when looking 
at injury-accident databases. Furthermore, when the 
probability of an accident being reported is varying 
among different types of accidents, the computed 
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effectiveness will typically be biased due to that 
variance. 

Overall effectiveness and misclassifications 

Besides the effectiveness for a certain group of 
accidental situations one might also be interested in 
the overall effectiveness for all accidents. There are 
two possible approaches to quantify the overall 
effectiveness of a safety function, either by 
extrapolation or by direct approach. 

For the direct approach, A has to be chosen as the 
category of “all accidents within the database”, 
which leads to such an overall effectiveness. This 
approach has the advantage that additional effects 
of the safety function on other than the selected 
sensitive accidents are taken into account as well. 
On the other hand more unwanted external 
confounding variables could be included in the 
overall effectiveness calculation. For example, if 
drivers of vehicles equipped with ESC are more 
likely to have a parking assistant on board as well, 
then the calculated overall effectiveness of ESC 
would include some effectiveness on parking 
accidents due to the correlation between ESC and 
parking assistants. The main disadvantage is the 
fact, that the category N of neutral accidents for this 
proposal will be a subset of A. This does not lead to 
any problems within the calculation itself, but 
calculating confidence intervals in the way 
described below becomes impossible. 

For the other approach the effectiveness within the 
subgroup of accidental situations which are 
sensitive to the safety function has to be calculated 
and extrapolated to the complete set of accidents. 
Before discussing this approach any further, some 
discussion on the effects of misclassifications of 
accidents in a real world accident-database is in 
order. 

There are two different possibilities for 
misclassifications in every single count out of the 
four accident counts necessary for the calculation 
of odds-ratios. The equipment of the vehicle of 
interest may be falsely classified as well as the 
classification of the type of accident may not be 
correct. It can be shown that if the system has a 
positive effectiveness, independent of the type of 
misclassification, the outcome will be an 
underestimation of the real effectiveness (cf. [7]). 
At this point the interpretation of the effectiveness 
is crucial. It is common to compare all accidents 
that are considered to be sensitive (instead of some 
specific accident type A) to the safety function to a 
neutral group [9]. Therefore a misclassification 
leads to an underestimation of the effectiveness of 
all sensitive cases. Typically, in analyses with 
accident data there will be at least some accidental 
situations that are not easily classifiable to be 
sensitive or neutral to the safety function. In many 

cases there even is a large group of accidents that is 
known to be a mixture of sensitive and neutral 
cases. Often it is impossible to split such a group 
into sensitive and neutral cases with the amount of 
information available. Hence, there are three 
possibilities to deal with such a group: Either 
excluding the entire group from the analysis, or 
including this group in the analysis and considering 
all these cases to be either of sensitive or neutral 
type. When including this group in the analysis, 
many of the cases will be misclassified, which 
results in an underestimated effectiveness for all 
sensitive accidents. The most convenient way to 
deal with such a blend of sensitive and neutral 
cases is to exclude them from the analysis ([7], 
[9]). By excluding such cases from the analysis the 
accuracy of the estimator for the effectiveness is 
higher but this estimator refers to a smaller group 
of sensitive cases. 

Returning to the second approach, calculating the 
overall effectiveness via extrapolation, it is no 
longer of interest to have an accurate estimator for 
the effectiveness for sensitive accidents rather for 
sensitive accidents but for all accidents. The 
extrapolation is done as shown in equation (5). 
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The abbreviations used in equation (5) are 
explained in equation (6): 
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= of cars not equip. with SF
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See [15] for the derivation of this formula. This 
way of calculating the overall effectiveness only 
makes sense if definitely all accidents that are 
somehow sensitive to SF are included in A. If A 
contains some neutral accidents, then effA(SF) will 
be reduced accordingly. However, this leads to a 
larger group A and the resulting overall 
effectiveness does not differ from the one 
calculated by using a perfectly dichotomous 
classification of neutral and sensitive accidents at 
all! Therefore, a misclassification in the sense of 
neutral accidents being classified as sensitive does 
not change the calculated overall effectiveness! (cf. 
[15]) 

Hence, it is of no consequences for the calculation 
to include some neutral accidents into the group A, 
whereas the other types of misclassification still 
lead to an underestimation of the effectiveness. 
Therefore, if interested in an overall effectiveness it 
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is strongly recommended to include only these 
cases where the categorization is done with a 
sufficient precision into the neutral category. 
Whereas all cases without such a sufficient 
certainty of a correct classification should be 
included in group A. 

On the basis of these findings, the correct 
classification of a neutral type of accidental 
situation becomes ever more important. Although 
both approaches lead to comparable results, the 
authors recommend the usage of this extrapolation 
approach as in the other approach the accident 
counts are not independent. This is crucial as the 
possibility of calculating confidence intervals is 
eliminated. 

As a last important statement of this section a word 
of caution is in order: It is important to point out 
the non-linearity of odds-ratios. When calculating 
the effectiveness within two disjoint groups of 
accidental situations, the effectiveness of the union 
of the two groups calculated directly will most 
likely differ from the one calculated by a weighted 
mean of each group’s effectiveness. In some cases 
it may even occur that the directly calculated 
effectiveness of the union of the groups is larger (or 
smaller) than each of the two groups’ effectiveness 
(cf. [2] keyword “Simpson’s paradox” for more 
information on this behalf). Therefore, it is not 
advisable to calculate the overall effectiveness by 
dividing the data into different groups and 
averaging the results! In case of the overall 
effectiveness extrapolation approach, the 0% 
effectiveness of the neutral group leads to 
reasonable results, but for many other 
classifications Simpson’s paradox comes into play. 

Confidence intervals 

Independently of the selection of type A, N and SF, 
the calculated result of the effectiveness does not 
take into account statistical fluctuations. For 
example, assume that for a certain given population 
of vehicles the true accident avoiding effectiveness 
of SF for A equals 20%. Then, a randomly drawn 
sample of accidents is reported to a database. If 
then the above described way of calculating the 
accident avoiding effectiveness is applied, it is 
most likely that the result will not be exactly 
20.0%, due to the random drawing and therefore 
statistical fluctuations. Nevertheless, for a given 
interval it is possible to compute the probability 
that the true value is covered by this interval. E.g. 
when the probability of a certain interval for 
including the true value of interest is equal to 95%, 
then the interval is called a 95% confidence interval 
for that value of interest. 

The requirements for calculating a confidence 
interval are the following: 

nA
1, nA

0, nN
1 and nN

0 (cf. equation (6)) need to be 
pair wise stochastically independent and those 
accident counts need to properly follow Poisson 
distributions. Except for the above-mentioned first 
approach for calculating the overall effectiveness, 
these assumptions are very common in literature; 
cf. [10] and the literature review of [9]. If any of 
the two assumptions is not appropriate, a better but 
more time-consuming and computer-intensive 
method would be bootstrapping, where resampling 
is used to calculate a variety of different results for 
the effectiveness. From the variance of these 
different calculations, conclusions about the 
influence of statistical fluctuations on the 
effectiveness may be drawn. See [3] for more 
information on this topic. 

When calculating the effectiveness by the means of 
odds-ratios, it is easily possible to calculate a 
confidence interval for it. If interested in a (1-
α)*100% confidence interval for the effectiveness 
eff(A) with α ∈ (0,1), equation (7) shows how to 
compute it. See [1] page 24 for more detailed 
information. 
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Where u1-α/2 stands for the (1-α/2)-quantile of the 
standard normal distribution. Please take notice of 
the fact that this is no symmetric confidence 
interval, i.e. eff usually will not be in the center of 
this interval. 

If 0 ∉ [efflow; effhigh], the calculated effectiveness is 
called statistically significant with the level of 
significance α. 

If interested in a confidence interval for the overall 
effectiveness described in the preceding section, 
the upper and lower bounds of the confidence 
interval for effA need to be imputed into equation 
(5). The interval calculated in this way is not an 
exact confidence interval in the strict sense as 
statistical fluctuations on the percentage of neutral 
accidents from all accidents are not taken into 
account. Nevertheless, the authors recommend this 
approach, since as the influence of these statistical 
fluctuations should be negligible compared to the 
fluctuations the confidence interval for effA takes 
into account. 

In principle the presented confidence intervals or 
bounds are in correspondence to rates and 
percentages only. They are not related to absolute 
numbers since for example the absolute number of 
accidents in a certain time period is a random 
quantity as well. Therefore, the presented absolute 
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numbers should always be understood in relation to 
the total number of accidents (even of a specific 
type). 

The confidence interval for the overall 
effectiveness is computed as shown in equation (8): 
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EVALUATING MULTIPLE SAFETY 
FUNCTIONS 

As a matter of course, it is of major interest to be 
able to evaluate a whole package of multiple safety 
functions as well as a single safety functions only. 
Odds-ratios offer a well interpretable way of 
comparing any two (or even more) different safety 
equipments. In equation (2) the odds-ratio is 
calculated by comparing the probabilities of 
suffering a certain accident depending on whether a 
SF is active or not. The very same approach may be 
applied when looking at different safety 
configurations instead of a single active or non-
active safety function. A safety configuration is 
considered to be a set of various safety functions 
such as “any car that is equipped with anti-lock 
braking system, airbags and emergency brake 
assistant but does not contain ESC”. In this paper a 
safety configuration is understood to be a set of 
safety functions always included, certain safety 
functions may be excluded and information about 
other safety functions is not of interest. In this 
section the effectiveness of a safety configuration 
SC I is compared with the effectiveness of another 
safety configuration SC II. 

The effectiveness calculated by the use of odds-
ratios then describes the additional gain of safety of 
SC I compared to SC II. In other words: Assume 
that some vehicles equipped with SC II are 
involved in critical accidental situations that would 
lead to accidents of type A. The effectiveness then 
describes how many of these accidents could have 
been avoided if instead of SC II the safety 
configuration SC I had been on board. 

SC I and SC II do not have to be a single specific 
safety configuration but may also each describe 

classes of safety configurations. For example, SC II 
may stand for “any safety-configuration that 
includes the safety function SF1 but excludes SF2” 
and SC I could be “any safety configuration that 
includes SF1 as well as SF2”. For the sake of an 
easier interpretation of the results, SC I should 
always include every single safety function that is 
included in SC II plus some additional safety 
function(s) that are excluded in SC II.  

For SC I and SC II defined in this way, the 
corresponding effectiveness shown in equation (9) 
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eff A
P N
P N
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describes the additional gain of SF2 within accident 
type A, given that SF1 is already existent. If 
interested in safety configurations which contain 
information on more than two safety functions, the 
interpretation of the results is analogous: 

The effectiveness then describes the additional gain 
of all these safety functions that are included in SC 
I but excluded in SC II, given that all the safety 
functions that are included in both, SC I and SC II 
are already present. 

At this point again the neutral accident type N is 
crucial. This type of accident must not be 
influenced by any of the safety functions that 
distinguish SC I from SC II. 

Analogous to evaluating a single safety function, 
the confidence intervals may be computed by 
applying equation (7). 

The overall effectiveness calculation (cf. equation 
(5)) is still possible. However, the fact that the 
computed value refers to the group of all vehicles 
equipped either with SC I or SC II has to be taken 
into consideration. All other safety configurations 
are excluded and therefore the different overall 
effectiveness calculations are not always 
comparable as shown in the following.  

The herewith described algorithm is applied to a 
data example in [15] in detail. 

EVALUATING INJURY MITIGATING AND 
INJURY AVOIDING EFFECTIVENESS 

So far odds-ratios have only been used for 
evaluating the accident avoiding effectiveness, but 
as pointed out in the beginning of the paper the 
other types of effectiveness (e.g. injury avoiding 
and injury mitigating) are of major interest as well. 
Typically these types of effectiveness can be 
quantified on the basis of in-depth accident studies 
and simulations based on accident-reconstructions. 
But as these in-depth studies are not always 
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applicable, this paper intends to propose a general 
approach that as far as possible is independent on 
the type of safety function or configuration of 
interest, such an approach shall be presented in the 
following.  

As seen in the previous sections, odds-ratios are 
able to evaluate the accident avoiding effectiveness 
of some safety configurations within a certain type 
of accidental situation called A. To evaluate the 
effectiveness of a safety configuration on different 
severity levels of injuries, A has to be split up into n 
different subgroups, enumerated according to an 
increasing severity of the accident. Thus A1 may 
stand for all accidents within category A with 
material damage only, A2 may stand for all 
accidents within category A with slightly injured 
passengers only, up to An which may stand for 
accidents of category A with fatally injured 
passengers. As the described classification of the 
accidents is vehicle-related, only the occupants of 
the vehicle of interest are relevant for the 
classification Ax, x=1,…,n, and not for example the 
most severely injured person involved in an 
accident. For such a classification both approaches 
of either looking at the injury status of the driver 
only, or looking at the maximum injury severity of 
any occupant of the vehicle is feasible. As injury 
mitigation stands for a reduction of the severity, it 
may be expressed by a shifting of cases from 
higher groups to lower groups due to the safety 
configuration of interest. 

Explanation with the help of a thought 
experiment 

For the sake of an easier understanding this 
subclassification shall now be introduced to the 
thought experiment above: Two almost identical 
fleets of vehicles are to be involved in critical 
situations. The vehicles of the first fleet are not 
equipped with the safety configuration of interest, 
the vehicles out of the second fleet are all to be 
equipped with the safety configuration. All other 
variables that may have an influence on the 
accident outcome such as driver behavior are 
supposed to be exactly the same for the vehicles of 
both fleets. Hence, this thought experiment again 
resembles a perfect case-control-study, where each 
critical situation is observed twice – one time with 
the safety configuration on board and another time 
without the same. Each pair represents a matched 
pair: Case and control. Assuming that the safety 
configuration indeed has some effect on the injury 
severity of the accident-involved persons, this 
should be observable. The distribution of the 
accidents through the different severity types A1 to 
An within the fleet of equipped vehicles should 
differ from the distribution of the non-equipped 
fleet. For the sake of consistency the event “no 
accident” is to be named A0. 
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Figure 2: Example for a different injury severity 

distribution 

This example is similar to the example in Figure 1, 
just the group “accidents” has been subclassified 
according to the above introduced scheme of 
accident severity. Similar to the accident avoidance 
effectiveness which may be observed by the 
decreasing amount of accidents, the injury 
mitigating effectiveness expresses itself in shifts 
within the group “accidents” from one group of 
injury severity to another one. In this example the 
amount of vehicles with fatally injured occupants 
has decreased in the group of SF-equipped vehicles 
compared to the non-equipped ones. Unfortunately 
it is not possible to tell, what has happened with 
these “missing” fatalities. Did these accidents not 
happen anymore (accident avoidance) or was it an 
accident still but with a lesser severity (injury 
avoidance or injury mitigation)? 

At this point one major assumption has to be made: 

It is assumed that the safety configuration of 
interest has to have a positive effectiveness. This 
means that every accident that is prevented from 
being of severity x and instead of severity y, it 
must be assumed that y ≤ x will always hold! In 
other words for every matched pair of cases and 
controls the severity of the case (that is a vehicle 
equipped with this specific safety configuration) 
must be of the same or of a lower level than the 
severity of the control (non-equipped vehicle)! 

Obviously this assumption sometimes may not be 
true in single specific accidents, such as if a vehicle 
falls into water where drowning may become more 
likely for a belted person. Nevertheless, for the 
majority of the cases the assumption is not 
unrealistic and as the assumption is crucial for all 
the follow-ups, the few exceptions shall be ignored. 

Due to this assumption it may be taken for granted 
that all accidents out of the second fleet, classified 
to a certain severity level has its matching partner 
within the same or a higher group of accident-
severity. For example all fatal accidents in the 
group of equipped vehicles have their matching 
non-equipped counterpart in the group of fatal 
accidents.  
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Figure 3: Example for different amounts of fatal 

accidents 

A short recall: In the thought experiment every 
critical situation is observed twice with identical 
surrounding conditions except for the safety 
function. Each of these pairs is called a matched 
pair. In the context of Figure 1 “matched” stands 
for matched within the same severity level and if 
the matching partner of a specific critical situation 
is not within the same group it is denoted as being 
“unmatched”. 

All non-equipped vehicles out of the group A4 that 
are not matched have been avoided to stay in the 
group of fatal accidents due to the safety 
configuration. Thus, the injury mitigating 
effectiveness for the group of fatal accidents is 
somehow expressed by an accident avoiding 
effectiveness of this subgroup. If the above 
assumption does not hold, it is not possible to tell 
anything about the amount of unmatched vehicles 
within the non-equipped group A4, as it may be the 
case that some of the equipped fatal accidents may 
have their matching partner in a non-fatal group. 
That is why the assumption is crucial for the 
following. 

The same argument may be applied to any group of 
accident where it is for sure that all vehicles in this 
group out of the equipped fleet have their matching 
counterpart in the same injury severity group 
within the non-equipped fleet. Hence, in the 
equipped fleet no shifts from other groups to the 
group of interest are allowed. Due to the above 
assumption this will always hold if this group of 
interest is what shall be referred to as a “topmost 
group”, which may be described as a group of at 
least a certain severity. Thus if the group with a 
certain severity x, that is group Ax is to be 
investigated, it is necessary to look at this very 
group and all more severe groups which may be 
defined as Ax+ := Ax ∪ A(x+1) ∪ … ∪ A(n-1) ∪ 
An. Only then it is for sure that theoretically all 
cases of equipped vehicles in this group Ax+ have 
their control of non-equipped vehicles in the group 
Ax+ as well. 
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Figure 4: Example for different amounts of 

severe or fatal accidents 

For every topmost group the injury mitigation 
effectiveness may be calculated in this way and it 
describes the amount of non-equipped vehicles (or 
controls) that are downshifted from the topmost 
group to some other groups. It stays unclear to 
which group these controls are shifted, i.e. to which 
group the matching case-vehicle belongs. 

 
Figure 5: Example for unknown amount of 

downshift to group of interest: A2 

When now looking at a not topmost group, for 
example A2, it is obviously impossible to tell how 
many of the A3+-unmatched controls are matched 
to a case in A2. One extreme would be that all of 
these are matched to a case in A2, which would 
describe the situation that due to the safety 
configuration, the outcome of all these accidents 
has been mitigated to slight injuries only. This is 
expressed in Figure 6, where all the A3+-unmatched 
controls are matched to a case in A2. For 
calculating the injury mitigation effectiveness 
within group A2 it is again necessary to identify the 
amount of unmatched controls, that is non-
equipped vehicles, in group A2. Because of the 
assumed non-negative effectiveness, it becomes 
clear that all leftover cases in A2 are matched to 
controls of the same severity (dark blue areas in 
Figure 6). With this knowledge the exact amount of 
controls that are not matched to cases of the same 
severity level may be obtained, which is as well 
shown in Figure 6. 
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Figure 6: Upper bound for effectiveness in 

group A2 

It has to be kept in mind that due to the assumption, 
that every time the safety configuration prevented 
an accident from being severe or fatal, the outcome 
then has necessarily to be classified as belonging to 
group A2. If this is not true and at least some injury 
mitigation leads to a less severe classification, then 
the amount of matchings from case group A2 to 
control group A2 increases and therefore the 
amount of unmatched controls in group A2 
decreases. As the injury mitigation effectiveness 
decreases with a decreasing amount of unmatched 
controls, the above described extreme leads to an 
upper bound for the effectiveness! 

The other extreme would be to assume, that all 
controls of the group A3+ that are not matched to 
cases in A3+ as well are matched to a less severe 
group than A2. Thus, as no cases in A2 are matched 
to a higher group, all the observed cases in A2 need 
to have their matching counterpart in the control 
group A2. By then looking at the size of both 
groups A2 and seeing which is bigger and therefore 
leaves some cases or controls unmatched within the 
same severity level, a lower bound for the injury 
mitigating effectives may be calculated. In this 
example one observes more cases of severity level 
A2 than controls of the same severity level. This 
would lead to a negative effectiveness for the group 
A2 which contradicts the general assumption of a 
non-negative effectiveness. On the other hand this 
extreme scenario, where every time the safety 
configuration prevents an accident from being fatal 
or severe, the outcome must be no injury or no 
accident seems rather unlikely. Therefore a 
negative lower bound of the effectiveness does not 
necessarily contradict the non-negativity-
assumption. 

 
Figure 7: Lower bound for effectiveness in 

group A2 

A negative lower bound for the effectiveness has to 
be interpreted almost similar to a lower bound 
equal to zero with the only difference that it 
indicates a high effectiveness in the higher groups 
and in some cases possibly a low effectiveness in 
the group of interest. 

It is important to point out, that the interval given 
by the lower and upper bound do have nothing in 
common with a confidence interval. This interval 
just includes all possible values for the 
effectiveness for the group A2 that are conformable 
with the data at hand. Confidence intervals need to 
be computed separately for each of the two 
boundaries! 

Of course all the above explanations are applicable 
to any of the different severity groups A1 to An as 
well as especially A1+ to A(n-1)+. When then 
having a closer look and the classification of A0 
and A1 is similar to the example above, the 
effectiveness of group A1+ describes the amount of 
cases that are shifted to group A0 due to the safety 
configuration. In other words the safety 
configuration has changed an event from being an 
accident of a certain severity to become an event 
“no accident”. Thus the effectiveness of group A1+, 
denoted by eff(A1+), is equivalent to the accident 
avoiding effectiveness. Accordingly eff(A2+) is a 
combination of the injury avoiding effectiveness 
and the accident avoiding effectiveness. 

Analogous to the section “effectiveness of single 
safety functions” it is important to point out the 
impossibility of observing such a perfectly matched 
case-control study in the real world similar to the 
above thought experiment. Nevertheless, if there is 
a neutral type of accidental situation according to 
the requirements for such mentioned above, this 
group may be used as the control group and some 
other group of interest then will be the case group. 
These two groups of course then are not case wise 
matched as it is assumed in the thought experiment, 
but these matchings were only introduced for the 
sake of an easier understanding, odds-ratios do not 
require such an assumption. 
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Resulting formulas for injury mitigation 
analysis 

When implying the above described theory to the 
formulas for odds-ratios, the effectiveness for a 
topmost group is calculated as shown in equation 
(10), where SC I stands for the safety configuration 
of interest that is about to be compared to the other 
safety configuration SC II. N stands for the neutral 
type of accidental situation. 

( )
( )
( )

( )
( )

1 OR

SC I | ( 1)
SC II | ( 1)

1
SC I |
SC II |

eff Ax

P Ax A x An
P Ax A x A

P N
P N

+ = −

∩ + ∩ ∩
∩ + ∩ ∩

= −

K

K n  (10) 

The probability-rates such as P(SC I | N)/P(SC II | 
N) may be understood as the equipment-rates 
within the groups of interest as shown in equation 
(3). 

If there is a sufficient amount of accidents involved 
in accidents of type N in the database at hand, the 
group N may be divided into subgroups according 
to the subclassification of A. But as the difference 
between SC I and SC II is considered to have no 
influence on crash occurrence and injury severity 
for the group N, the equipment-rate should not 
differ between the different severity levels. Hence, 
there should be no need to do so. In some cases it 
even will occur that the equipment rate within 
different severity levels within N do differ (either 
due to statistical fluctuations or to substantial 
differences) but then it seems to be questionable to 
take these differences into account for calculating 
the different types of effectiveness. 

The confidence interval for this effectiveness may 
be computed by applying equations (7) which shall 
be repeated in equations (11). 

1
1 0 1 02

1
1 0 1 02

1 1 1 1
1 exp

1 1 1 1
1 exp

low A A N N

high A A N N

eff OR u
n n n n

eff OR u
n n n n

α

α

−

−

= − ⋅ + ⋅ + + +

= − ⋅ − ⋅ + + +

⎛
⎜
⎝

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎞
⎟
⎠

 (11) 

Again, u1-α/2 stands for the (1-α/2)-quantile of the 
standard normal distribution and nA

1, nA
0, nN

1 and 
nN

0 are the four different absolute numbers used in 
the calculation for the odds-ratio OR (cf. [15]). 

As this paper now comes back to the earlier 
discussed lower and upper bounds it is important to 
point out the difference between these upper and 
lower bounds and confidence intervals. The upper 
and lower bounds only account for different 
possible amounts of injury mitigations from more 
severe groups to the group of interest, whereas 

confidence intervals account for statistical 
fluctuations! 

As argued above where Figure 7 is described, the 
lower bound for the effectiveness is calculated by 
not taking any possible injury mitigation (or 
downshifts) from more severe accident categories 
to the group of interest into account. Therefore this 
effectiveness is calculated by the crude odds-ratio 
of this group as shown in equation (12). 

( )min

1 1

2 2

No. of vehicles with SC I in 
No. of vehicles with SC II in 1
No. of vehicles with SC I in 
No. of vehicles with SC II in 

1
x N

x N

Ax
Axeff Ax
N
N

n n
n n

= −

= −

 (12) 

For calculating the confidence interval for this 
lower bound, only a one-sided interval is of use, as 
the maximal possible value for the lower bound 
does not provide any useful information. Therefore 
it must be calculated with using the (1-α)-quantile 
of the standard normal distribution instead of the 
(1-α/2)-quantile and equation (13) describes the (1-
α) lower confidence bound for the minimal 
effectiveness. 

( )min,

1

2
1

1 1 2 1

2

1 1 1 11 exp

low

x

x

N x x N

N

eff Ax

n
n

u
n n n n
n

α−

⎛ ⎞
= − ⋅ + ⋅ + + +⎜ ⎟⎜ ⎟

⎝ ⎠2
Nn

x

x

z

z

(13) 

The calculation of the upper bound is a bit more 
complicated, so only the resulting formulas are 
presented here. The derivation of these results may 
be found in [15]. The crucial point for this upper 
bound for a certain group Ax is a proper estimation 
of the downshifts from higher groups to this group 
Ax as described with Figure 6. Therefore many 
different variables needed for the formula are 
defined, as well as some abbreviations comparable 
to equation (6) are introduced in equations (14). 

1

2

+
1

+
2

1

2

: No. of vehicles with SC I in 

: No. of vehicles with SC II in 
: 1
: No. of vehicles with SC I in 

: No. of vehicles with SC II in 

: No. of vehicles with SC I in 

: No. 

x

x

z

z

N

N

n A

n A
z x

n A

n A

n N

n

+

+

=

=

= +

=

=

=

= of vehicles with SC II in N

 (14) 

Then the upper bound for the effectiveness within 
group Ax may be calculated as explained in [15]. In 
a first step, the maximum amount of downshifts 
into the group of interest ist computed (cf. equation 
(15)).  
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z+ N
z+2 1
1N

2

#
n n

shifts n
n
⋅

= −  (15) 

Then, for the sake of consistency this value needs 
to be truncated to the interval [0, n1

x] as any other 
value would lead to negative accident counts (cf. 
equation (16)). 

1 1

IF # 0 THEN # : 0
IF # THEN # :x x

shifts shifts
shifts n shifts n

≤ =
> =

 (16) 

Finally, the effectiveness is computed by 
subtracting the amount of shifts from the accident 
count of interest and computing the effectiveness in 
the standard way with the use of odds-ratios. 

( )
( )1

max
2 1

#
1 2

x N

x N

n shifts n
eff Ax

n n

− ⋅
= −

⋅
 (17) 

If interested in a direct calculation of the 
effectiveness without explicitely computing the 
amount of shifts, equation (18) may be used. 

( )

( ) ( )

( )
( ) ( )

z+ N
z+2 1
1 1N

2

max

z+ N
z+ 2 1
1 N

2

max min

1 2 2 2 1 1
max

2 1

IF  

       THEN 100%

ELSE IF 0 

       THEN 
ELSE 

x

N x z N x z

x N

n n
n n

n

eff Ax

n n
n

n

eff Ax eff Ax

n n n n n n
eff Ax

n n

+ +

⎛ ⎞⋅
+ ≥⎜ ⎟

⎝ ⎠
=

⎛ ⎞⋅
− ≤⎜ ⎟

⎝ ⎠
=

⋅ + − ⋅ +
=

⋅

(18) 

When interested in an upper confidence bound for 
the maximal effectiveness, the proceeding is 
analogously. First the maximum number of shifts 
needs to be calculated, this time including 
confidence intervals (cf. equation (19)). 

( )
( )
( )1

#

11
1 1

highz

high

shifts

eff Az
n

eff Az eff Az

α

+
+

+ +

⎛ ⎞−
⎜ ⎟= ⋅ −
⎜ ⎟− −⎝ ⎠

 (19) 

Please take special note of the fact that for the 
calculation of effhigh(Az+) the one-sided upper 
confidence bound instead of the two-sided one was 
used! 

Again, for the sake of consistency this value needs 
to be truncated to the interval [0, n1

x] as any other 
value would lead to negative accident counts (cf. 
equation (16)). 

1 1

IF # 0 THEN # : 0
IF # THEN # :x x

shifts shifts
shifts n shifts n

α α

α α

≤ =
> =

 (20) 

This amount of shifts has to be subtracted from the 
accident count of interest for the computation of the 
upper bound of the effectiveness as shown in 
equation (21). 

( )
( )

( )

1 2
max,

2 1

1
2 1 21

#
1

1 1 1exp
#

x N

high x N

x N Nx

n shifts n
eff Ax

n n

u
n n nn shifts

α

α
α

−

− ⋅
= −

⋅

⎛ ⎞
⎜ ⎟⋅ − ⋅ + + +
⎜ ⎟−⎝ ⎠

1
 (21) 

The resulting value will most certainly be equal or 
larger than the actual upper confidence bound. The 
left over uncertainty and the exact derivation of 
these formulas is explained in detail in [15].  

As a matter of course, the overall effectiveness 
introduced in the section “overall effectiveness and 
misclassifications” is of interest for the different 
groups of injury severity. The formula given in 
equation (5) may be transformed accordingly to 
any group Ax or Ax+, subgroup of A with an injury 
severity x or x+ respectively as shown in equation 
(22). Please pay special attention to the necessity of 
splitting the accident type N according to the injury 
severity splitting of accident type A. This is 
necessary for the calculation of the overall 
effectiveness within a certain injury severity level 
and does not contradict the recommendation from 
above not to do such a splitting for the calculation 
of effAx or effAx+. The abbreviations used are 
according to equation (14) except for the 
substitution of N with Nx due to the 
subclassification of N. According to the definition 
of group Ax+ the group Nx+ stands for “accidents of 
type N classified with a severity of at least x”. 

( ) ( )

( )

( )
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( )
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2 2
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x
x
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x
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severity x
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x
x
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x

x

Ax

eff eff

nn
eff

nn n
eff

eff eff

nn
eff

nn n
eff

+
+

+
+

+
+

=

+
−

⋅
+ + +

−

=

+
−

⋅
+ +

−

1

1

n

n+

 (22) 

For calculating the overall effectiveness of an 
upper bound for the effectiveness of a not topmost 
injury-group, the shifts described in equation (15) 
and (19) respectively need to be taken into 
consideration which leads to equation (23): 
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If interested in the overall effectiveness of a group 
Ax+ instead of Ax the formulas are almost 
identically and therefore will not be repeated. 
Again it shall be stressed, that the interval given by 
the extrapolation of confidence boundaries for the 
effectiveness within a certain accident group to an 
interval for the overall effectiveness is not any 
longer an exact (1-α) confidence interval as 
statistical fluctuations on the percentage of neutral 
accidents from all accidents are not taken into 
account.  

The herewith described algorithm is applied to a 
data example in [15] in detail. 

THE INFLUENCE OF ADDITIONAL 
EXTERNAL FACTORS AND LOGISTIC 
REGRESSION 

In drawing conclusions from a statistical analysis 
one always has to be careful. A causal relationship 
between two variables always leads to some kind of 
statistical dependence between these two quantities. 
The opposite assertion that an existing statistical 
dependence between two quantities leads to a 
causal relationship between the corresponding 
variables in general is not true. The easiest example 
one may think of is as follows. Assume that one 
variable Z has a causal relationship to the variables 
X and Y which are of interest to the investigator. If 
one considers or observes the variables X and Y 
only, then they typically will show up some kind of 
dependence. But the true story is that both variables 
depend on the third one Z. In the context of this 
paper this could mean that if the driver populations 
of vehicles equipped and not-equipped with a 
specific safety equipment are completely different 
or even disjoint. Then the observed effectiveness of 
this safety equipment may be entirely due to the 
difference in the driver population. One easily can 
think of other examples which in some and even in 
relevant cases may lead to a significant 
misinterpretation of the results. In pure statistical 
theory one therefore usually assumes that the test 
conditions of the two experiments are completely 
equal except for the variable of interest as in the 
thought experiments in the preceding section. 
Having such an ideal situation at hand, all observed 

differences in accident outcome between equipped 
and non-equipped vehicles are due to the safety 
configuration for sure. But the above mentioned 
theoretical assumption is far from being realistic 
when investigating real world accident data. In 
reality the equipment of vehicles not only differs in 
specific safety functions and the driver population 
rarely is the same for different vehicles. Therefore 
methodology is needed to deal with this situation.  

One simple idea is to create different categories of 
accidents in which all relevant external variables 
like driver’s age and gender, size of the vehicle, 
weather conditions at the accident spot, accidental 
situation etc are as similar as possible. Within 
every group of such categorized accidents one may 
compute an odds-ratio as described above. The 
variation of the odds-ratio over the different 
categories easily may be interpreted as a 
quantification of the influence of the accident 
characteristics within a single category. This 
approach perfectly works if one has sufficient 
accident data at hand and not too many external 
variables in mind. If only one of these two 
hypotheses is not true one ends up with very few 
cases in each category which leads to non reliable 
statistical quantities within each category. Even if 
only five external variables are considered, for 
which each of them may take five different values 
at least hundred thousand and more accidents are 
needed in order to obtain reliable and interpretable 
results. Thus, even for a rather low number of 
external variables the so-called curse of 
dimensionality arises. 

Another possibility in order to quantify the 
influence of external variables to the accident 
outcome is given by the statistical concept of 
logistic regression. A detailed explanation of the 
concept of logistic regression models may be found 
in any textbook of categorical data (cf. for example 
[1]). Before starting the explanation, a brief word 
of caution is in order. Logistic regression is not 
able to circumvent the above mentioned curse of 
dimensionality. Logistic regression is a statistical 
tool which is able to deal with a moderate and 
sometimes even high number of external variables 
by the price of assuming that the influence of the 
external variables is to some extend easily 
structured. From a principle point of view logistic 
regression assumes that the influence of the 
external variables to a slightly transformed output 
quantity is just as simple as a linear influence.  

For describing the essentials of logistic modeling 
some external variables x1, x2, … , xd are 
introduced. These variables could take values 0 or 
1, in case of gender as an example, or could take 
numbers (like the age of the driver of the vehicle) 
and so on. One or more of the variables denotes the 
coding whether a specific safety function in the 
vehicle is on or off. Then logistic modeling for the 
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probability P(A|x1 , x2, … , xd) of having an accident 
of type A given that the external variables take the 
specific values x1, x2, … , xd reads as follows (cf. 
equation (24)). 

0 1 1
1

0 1 1

exp( ... )
( ,..., )

1 exp( ... )
d d

d
d d

x x
P A x x

x x
β β β
β β β
+ + +

=
+ + + +

 (24) 

For the so-called odds this means 

1
1

1

0 1 1

( ,..., )
logit ( ,..., ) ln

1 ( ,..., )
...

d
d

d

d d

P A x x
P A x x

P A x x
x xβ β β

=
−

= + + +

 (25) 

which just indicates the above mentioned linearity 
assumption of logistic modeling. When the 
accident-database at hand is split into two groups – 
accidents of type A and accidents of type N which 
is neutral to the safety function of interest – 
statistical routine software is able to estimate the 
parameters β1, β2, …, βd. With the use of equation 
(26) which is shown to be valid in [15], the relative 
risk introduced in the section “relative risk – odds-
ratios” may be computed. 

(
(

)
) ( )

1

1
1

1

0, safety configuration: SC II
for 

1, safety configuration: SC I

| 1&  for {2,..., }
exp

| 0 &  for {2,..., }
k

k

x

P A x x k d
P A x x k d

β

⎧
= ⎨
⎩

= ∈ ∈
=

= ∈ ∈
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(26) 

In equation (26) Ωk stands for the set of all possible 
values xk can take. Hence, for any given specific 
combination of values for the different external 
factors xk ‘s, the relative risk of suffering an 
accident of type A with SC I compared to SC II is 
calculable. It even is independent on the specific 
values of x2, … , xk which means that no matter the 
specific situation of external factors, the relative 
risk always stays the same. This may be interpreted 
as the relative risk shown in equation (1) where all 
the confounding influences of the variables 
x2, … , xk have been canceled out!  

It shall be stressed that the classification and 
choosing of the variables x2, … , xk may have an 
enormous influence on the estimation of β1.  

First, the type of variable is of interest: When a 
variable has more than two values possible to take, 
the logistic model always assumes that the 
influence of that variable continuously increases or 
decreases. E.g. if looking at the influence of the 
driver’s age on the probability to be involved in a 
skidding accident the model either assumes that the 
older the driver, the higher (or lower) the 
probability of being involved in a skidding accident 
will be. It is not possible to model a high risk for 
young drivers, a low one for middle-aged and again 
a high one for old drivers when using a logistic 
regression. Therefore the authors strongly 
recommend using binary variables only. This 

would not be a loss of generality as every variable 
describing a single external factor xk with h 
different possible values may be expressed by 
binary variables only. In order to do so, one of the 
possible outcomes needs to be set as a reference 
group. Then this single factor may be coded as (h-
1) different variables xk1, … , xk(h-1) each to be 
coded as 0, if the value xk equals the reference 
group. If the value equals one of the other (h-1) 
possible outcomes, e.g. the m-st possible value, 
then xkm is set to 1 and all the others to 0. Thus, any 
categorized variable with h different possible 
values may be coded as (h-1) different binary 
variables. (Many statistical software-packages do 
this automatically when applying a categorical 
logistic regression.) 

When dealing with continuous variables, these may 
be categorized as well without losing much 
information due to the limited number of cases 
within a database and a limited interpretability – is 
there much information to gain by distinguishing 
between a driver who is 37 years and 360 days old 
and a 38 years old driver?  

Second, including one more variable or excluding a 
single one from the model may have a big 
influence on the estimation of β1 as well. 
Accordingly, the inclusion or exclusion of certain 
interactions of multiple of the different variables 
may have a big influence. Thus, for the logistic 
regression it is of crucial importance to choose the 
“right” variables and interactions of variables to be 
included into the model only. There are multiple 
ways of identifying the so-called “goodness of fit” 
of a model which may be used to select the model 
most appropriate for the data at hand. See [1] for 
more information. 

Another important remark is that it is crucial that β1 
is interpretable in such a good way due to the 
specific choice of neutral accident types. Please see 
[15] on what requirements need to be fulfilled in 
order to be able to interpret βk with k ≠ 1. 

It shall be stressed, that when applying a logistic 
regression typically a confidence interval for the 
parameter β1 is given. Imputing these in equation 
(26) directly leads to confidence intervals for the 
effectiveness of interest. 

Finally a logistic regression model is only able to 
deal with data sets that have complete information 
on all variables included in the model. As a logistic 
regression model typically includes plenty of 
different confounder variables this typically leads 
to a considerable reduction of the amount of data 
available to run the regression on. To circumvent 
this problem two approaches are promising: 

Either a missing data imputation algorithm [5] 
should be run on the data-base, or the attribute 
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“missing” should be used as another category of the 
corresponding categorical confounding variable. 

GENERAL REMARKS 

The methodology presented in this paper is 
applicable for any accident-database with a 
sufficient amount of information available to 
identify the crucial group of neutral accidents. Even 
though to obtain representative results it is crucial 
to have a database which is representative for the 
population of interest. Many databases are not 
representative as for example most of the times the 
injury outcome of any accident has an influence on 
the probability of a specific accident to be recorded 
in the database. This problem of representativeness 
may be dealt with by using an appropriate 
weighting algorithm. See [13] for more details. 

Another important remark deals with missing 
values in the database. Often many entries within a 
database are missing. Many studies assume these 
values to be missing at random and therefore 
simply exclude these cases from further analyses. 
However if this nonexistence of information is not 
entirely at random this proceeding results in a 
possible bias. Therefore it is recommended to take 
missing value imputation methods into 
consideration as they are described in [5]. 
Especially when calculating the effectiveness with 
a logistic regression to cancel out the influence of 
different confounder variables this is crucial. That 
is because a logistic regression requires complete 
information on all variables of all cases that are to 
be involved in the analysis. Typically this is only 
true for a comparatively small number of cases 
within a database. 

CONCLUSIONS 

So far the findings of the preceding sections are 
more or less stand-alone results. As a matter of 
course, it is of great interest to combine these 
findings in order to be able to do an injury 
mitigation analysis for multiple safety functions 
including external factors. Therefore, the results are 
summarized in the following and it is explained 
how to combine the various methods. 

First, the paper describes how odds-ratios may be 
interpreted, how to use these values in order to 
calculate the effectiveness of a safety function, how 
to extrapolate the results to an overall effectiveness 
and how to compute confidence intervals. 

Afterwards, these findings are generalized in order 
to evaluate more than a single safety function. This 
is done by evaluating different combinations of the 
safety functions. Hence, if interested in an 
evaluation of more than a single safety function, 
multiple analyses have to be made. These multiple 

evaluations distinguish from each other in a 
different focus on the safety configuration of 
interest. 

Section “evaluating injury mitigating and injury 
avoiding effectiveness” again describes a 
generalization of the use of odds-ratios and again 
multiple evaluations have to be made in order to 
quantify the injury mitigation effectiveness of a 
safety function. This time the multiple evaluations 
necessary differ in the injury severity of interest. 
Thus, it is no problem to combine the different 
generalization methods of odds-ratios: Each 
evaluation necessary for evaluating multiple safety 
functions at once may be split up into the multiple 
injury mitigation evaluations. 

It is important to point out, that for all calculations 
presented so far, only aggregated data is necessary. 
Only with introducing a logistic regression in order 
to deal with confounding variables it becomes 
necessary to have more detailed case by case 
information! 

Section “the influence of additional external factors 
and logistic regression” suggests a logistic 
regression instead of calculating the crude odds-
ratios. By doing so, external factors may be taken 
into account in order to reduce interfering 
influences. Therefore, each calculation necessary 
should be done with the use of logistic regression. 
This is easily possible for almost all evaluations 
described above. Only if so-called “shifts” need to 
be taken into account, the logistic regression may 
not be applied directly. Nevertheless it is possible 
to apply a logistic regression in these cases as well. 
See [15] for a detailed description. 
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ABSTRACT 
 
In this paper an approach to predictive pedestrian 
protection is being proposed. The main issues 
regarding the identification of high benefit scenarios, 
the requirements for an appropriate risk assessment 
algorithm as well as the requirements for the 
environmental sensor system are discussed. 
A general survey of the topic is given first, including 
accident statistics regarding vulnerable road users. 
Based on more detailed accident data the 
requirements for a video-based pedestrian 
recognition system are derived. As a result the best 
suited aperture angle for early detection of 
pedestrians was determined. 
A possible approach for predictive pedestrian 
protection is to issue an adequate driver warning in 
case of an impending vehicle-pedestrian collision. In 
order to justify driver warnings it is necessary to 
calculate the collision risk with a relatively large 
time-foresight. To cope with this task a pedestrian 
motion model based on likely and possible 
accelerations has been developed. 
 
1. INTRODUCTION 
 
In the context of today's vehicle safety systems 
pedestrian protection is an important issue. Most 
vehicle safety systems are designed to protect 
occupants from the consequences of an accident 
(passive systems). In recent years active systems 
emerged with the goal to avoid accidents with other 
vehicles or reduce collision velocity.  
In the field of pedestrian protection passive systems 
(mostly special vehicle-front structures) are very 
common. Active systems are still very rare, 
especially systems which aim to avoid the accident 
completely. The importance of both passive and 
active systems can be deduced from international 
accident statistics. In South Korea for example 
pedestrians account for 39% (2,468 people) of the 
overall number of fatalities in road traffic (2006) [1]. 
In Europe the percentage is lower (combined 18%) 
but still over 10% in almost every country. 
Combined with bicyclists every fourth person killed 

in road traffic in Europe 2006 was a vulnerable road 
user, i.e. pedestrian or bicyclist [2] (see Figure 1). 
 

 
 
Figure 1.  Fatalities in road traffic 2006 – share of 
vulnerable road users [3]. 
 
Because of these high accident rates the EU will 
tighten the guideline for pedestrian protection in 
2009. The guideline includes considering brake assist 
systems (BAS) and, as an alternative to the crash-test 
requirements, active collision avoidance systems [4]. 
From 2009 on, pedestrian protection will also play a 
bigger role in the Euro-NCAP scoring [5]. 
In chapter 3 an active system for pedestrian 
protection is being proposed, which aims to avoid or 
at least mitigate accidents involving pedestrians by 
issuing a driver warning. Because the driver still 
needs time to react after the warning, not only a 
precise recognition of the pedestrian but also a very 
good estimate of the collision risk is essential. 
Prior to that, results of an accident study will be 
presented in chapter 2. These results contribute to the 
system layout in order to maximize the field 
accidents addressed by the system. . 
 
2. ACCIDENT STUDY 
 
In order to consider as many accident situations as 
possible a detailed accident study has been carried 
out. The database for the study consisted of 217 
accidents involving pedestrians which were hit 
frontally by a passenger car. The data was provided 
by the GIDAS – database [6]. This analysis showed 
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that about 95% of all accidents occurred in urban 
areas and 74% can be characterized as "crossing-
accidents", i.e. the pedestrian wanted to cross the 
road from the left (41.5%) or from the right (58.5%) 
and was then hit by the passenger car. In 47% of 
these accidents there has been an occlusion in the 
driver's line of sight (see Figure 2). 
 

 
 
Figure 2.  Distribution of "crossing – accidents". 
 
Further accident types and frequencies are e. g. 
"turning-accidents" (15%) and "accidents with 
pedestrians walking along the road" (4%). 
The recognition and classification of pedestrians is 
typically realized with a video system. Therefore the 
time before the collision was determined considering 
a theoretically mounted, pedestrian detecting video 
system. This time depends on the accident details as 
well as optical parameters of the video system. For 
the considered accidents the GIDAS database 
provided detailed reconstruction data like velocities 
of the passenger car and the pedestrian, as well as the 
approaching direction of the pedestrian. From this 
data the relative direction of approach (RDA) of the 
pedestrian towards the car was derived (see Figure 3). 

 
 
Figure 3.  RDA - Relative direction of approach. 
 
In Table 1 the distribution of accidents with certain 
RDAs is presented. 
The table shows that in 83% of all accidents the 
RDA lies between ± 20°.  
In a next step the exact time of the theoretical 
detection was calculated. In those cases where no 
occlusion for the driver was present, the Sight Time 
to Collision (STTC) was determined by calculating 
back from the collision. 
 

Table 1. 
Relative Direction of Approach 
RDA between Percentage 

± 10° 53.8% 
± 20° 82.8% 
± 30° 92.4% 
± 40° 94.8% 
± 50° 97.0% 
± 60° 97.5% 

 
The STTC is the time at which the video system 
could possibly have detected the pedestrian, 
considering aperture angle and other parameters. 
In cases with an occlusion for the driver the position 
and dimensions of this occlusion was reproduced 
from an accident diagram. With this information the 
STTC could be calculated. Due to the fact that not 
every accident diagram held information about the 
occlusion and not all of the reconstructed data was 
complete, the STTC could be determined for 131 of 
217 cases (60.4%). It was calculated for three 
different video aperture angles ±10°, ±20° and ±60°. 
A greater aperture angle leads to less range, because 
the resolution of the video system is assumed to be 
constant at 1024pel (horizontal). It was also assumed, 
that a video recognition algorithm needs at least 
20pel/m to recognize a pedestrian. Figure 4 shows 
the percentage (vertical) of the cases in which at least 
a certain STTC (horizontal) was calculated. 
 

 
 
Figure 4.  STTC with different aperture angle. 
 
The figure yields that the best-suited aperture angle 
for a STTC >1s is ±20° rather than ±10° or ±60°. 
With this angle almost 85% of the considered cases 
meet the requirement of STTC >1s which is the 
minimal requirement for the warning function as will 
be discussed in chapter 3. Increasing the STTC leads 
to decreasing this percentage to 71% (STTC >1.5s) 
or 67% (STTC>2s) respectively. 
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Another investigated topic was the question of how 
much time could be gained, if the pedestrian could be 
detected while standing in front of a passenger car 
parked at the roadside. In such a case the upper body 
of the pedestrian could be visible for the video 
system and so detection could succeed before the 
pedestrian enters the road. 
First it is necessary to know in how many cases the 
occlusion actually was a passenger car. This amount 
is at least 45% according to the present data (20% of 
the occlusions are unknown). Here it can be assumed, 
that the upper body of the pedestrian would have 
been visible a little sooner and that the video system 
therefore could have detected the pedestrian earlier. 
The temporal advantage of an earlier detection was 
calculated on the assumption of three different 
lengths of the passenger cars hood and can be seen in 
Table 2.   

Table 2. 
Timely gain in ms from upper body recognition of 

partially occluded pedestrians 
 

aperture angle length hood 

 0.5m 1m 1.5m 

±10° 22 45 68 

±20° 41 81 120 

±60° 26 52 77 

 
The effect is small; even under the best 
circumstances only about 100ms can be gained. 
However, in best case this could result in additional 
collision velocity reduction of 3-4 km/h regarding a 
full braking maneuver. 
 
3. PREDICTIVE PEDESTRIAN PROTECTION 
 
The Robert Bosch GmbH develops a driver 
assistance system in order to protect pedestrians by 
avoiding or mitigating vehicle - pedestrian collisions. 
The system aims at issuing a driver warning in order 
to draw the driver's attention to the pedestrian.  
 
3.1. Environment Sensing Technology 
 
The pedestrian detection and recognition system is 
based on stereo video. The system has an aperture 
angle of ±20° and is therefore conform to the 
condition presented in chapter 2. 
 
3.2. System Layout 
 
The important factors for a successful driver warning 
are the design of the warning itself (Human Machine 
Interface) and the time at which the warning is issued. 
In order to find the appropriate moment for a 
warning the reaction time of the driver has to be 

considered first. In literature the reaction time is 
described to be fairly volatile, nevertheless we 
assume the reaction-time to be Treac = 0.8s (see also 
[7]). Additionally the time needed by the driver to 
take action has to be considered; we assume Tact = 
0.2s. We neglect the time it takes to build up the 
brake pressure because we assume the passenger car 
to be equipped with an extended brake assist system 
and pre-fill of the brake system prior to the warning.  
As a result we get as a minimal warning time 
 

Twarn > Treac + Tact = 1s.  (1) 
 

Only if this condition is fulfilled the driver will be 
able to reduce the collision velocity and therefore 
mitigate the consequences for the pedestrian. Of 
course avoiding the accident takes more time, 
depending on the velocity of the vehicle. On the 
assumption, that a brake assist provides full brake 
pressure from the start, a deceleration of 1g can be 
assumed. This leads to a decrease in the collision 
speed of the vehicle of about 30km/h (18mph) in 0.8s. 
Thus with a braking-time of 0.8s about 65% of the 
considered vehicle-pedestrian collisions could 
possibly be avoided (result of the accident study of 
chapter 2). An even earlier warning may be 
preferable in certain situations but could also lead to 
an irritation of the driver and therefore become 
useless. This circumstance is described by the 
"warning dilemma".  
Definition "Warning Dilemma": 
An appropriate warning for an inattentive driver has 
to be issued earlier than a warning for an attentive 
driver. The dilemma lies in the fact that the driver's 
state of attention is unknown. 
Nevertheless we believe the following Time to 
Collision (TTC) values can be assumed reasonable as 
parameters for an intervention scheme: 
 

TTC 2 – 2,5s early warning 
TTC 1 – 2s   acute warning 
TTC < 1 [autonomous braking 

(partially)] 
 

The TTC values here are not strict, because the 
situation analysis does not rely solely on the TTC in 
order to measure the risk of an impending collision 
(see chapter 4). 
The early warning will be designed to be optical and 
directional, so it will attract driver awareness to the 
direction (left / right) of the pedestrian's approach. At 
the acute warning an acoustic signal will be 
generated additionally. It is also envisaged to 
generate a haptic warning by means of a brake jerk 
that will not significantly decrease the vehicle speed 
but clearly signal the driver to take action. 
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4. SITUATION ANALYSIS AND RISK 
ASSESSMENT 
 
Essential for the proper performance and therefore 
for the acceptance of the system is the quality of the 
situation analysis and the risk assessment. The 
warning dilemma as described in chapter 3 has to be 
solved with an appropriate situation analysis which 
has to cope with the following tasks: 

• sensor data processing (recognition of the 
situation) 

• prediction of the pedestrian's movement 
• determination of the collision relevance of 

the pedestrian 
• risk assessment 
• initiating the warning strategy 

As an overview we will briefly present two different 
approaches for a situation analysis. 
 
TTC Approaches 
 
Time to Collision (TTC) approaches primary assess 
the time which is left before the collision, given the 
current prediction of movement for the vehicle and 
the pedestrian. The prediction of the pedestrian 
movement can vary; the easiest way is to extrapolate 
the position linear using the current velocity data. If 
the pedestrian is heading for a collision with the 
vehicle, the TTC can be determined. When the TTC 
decreases under a certain threshold, a warning is 
issued or another action strategy can be initiated. The 
obvious advantage of this approach lies in its 
simplicity. This approach is also very robust, 
predictable and easy to parameterize. However the 
performance largely depends on the quality of the 
movement-prediction of the pedestrian and because 
of its simplicity the approach is prone to generating 
false alerts in situations where a warning must not 
occur. Here a combination with the Pedestrian 
Motion Model (as proposed in chapter 4.2) could 
lead to improvements. 
 
Acceleration Approaches 
 
Acceleration approaches are based on the physical 
motion abilities of the pedestrian and the vehicle. 
Based on the assumption that both vehicle and 
pedestrian can achieve only a certain maximum 
acceleration (lateral and longitudinal) it can be 
determined if a collision is physically unavoidable 
(CU, i.e. Collision Unavoidable). Such an approach 
is proposed in [8], where the maximum accelerations 
for both pedestrian and vehicle are assumed to be 1g 
(not depending on the direction). Based hereupon the 
CU criterion is fulfilled first at TTC’s of a few 
hundred milliseconds. Enough time to trigger for 
example a deployable hood [8]. However, this time 
interval is obviously too short for a suitable driver 
warning. Thus, to make this kind of algorithm usable 
for a warning system more realistic values for 

pedestrian accelerations have to be modelled. Indeed 
thereby the above mentioned acceleration of 1g for a 
pedestrian can be considered as an overestimating 
envelope. It is based on a series of tests with 10 
persons who had to cover a distance of 80cm from a 
standing position as fast as possible [8].  
 
Summarizing it can be stated that a simple TTC-
based approach is too susceptible to false warnings 
while the existing acceleration-based approach does 
not provide enough time for a warning. 
As further development in the course of this work we 
propose an advanced acceleration-based approach 
that considers the possible movements of pedestrians 
and allows a risk assessment with more levels than 
just CU. In this context it is therefore appropriate to 
further investigate the movement abilities of 
pedestrians and design a new Pedestrian-Motion-
Model (PMM) which can limit the theoretically 
assumed mobility (see 4.2). Only a few studies on the 
topic of pedestrian speeds and accelerations can be 
found in relevant literature like [9], [10], [11] and 
[12]. Except the latter, neither of these studies has 
been conducted in the context of pedestrian 
protection. In the following (chapter 4.2) the data 
found in [9] and [10] will be used for the 
investigations concerning a suitable PMM. 
 
4.1. Situation Analysis 
 
The situation analysis processes the sensor data and 
determines if a pedestrian is relevant in terms of an 
impending collision. If a pedestrian is recognized it 
will be determined how he has to alter his trajectory 
in order to avoid the collision on his own account. 
The underlying idea is that a situation is relatively 
uncritical, when the efforts for the pedestrian to leave 
the dangerous area are comparatively small. For 
example, situations where pedestrians initially are on 
collision course and then stop in good time prior to 
reaching the roadside occur frequently in dense 
inner-city traffic. A system reaction in each case 
would result in too many false alerts. Therefore the 
minimal acceleration is determined which allows the 
pedestrian to maintain a safe distance to the vehicle. 
In case of a lateral crossing pedestrian (main cause of 
vehicle-pedestrian accidents, see chapter 2) the 
pedestrian can either stop prior to reaching the 
vehicle path; accelerate to have left the vehicle path 
in due time or step into the path and turn around. For 
each possibility the required acceleration is 
calculated based upon the following equation:  
 

pedpedpedrl atvtposs 2
/ 2

1+⋅+=  (2) 

 
Where sl/r is the safe position the pedestrian needs to 
reach either on the left or the right side of the vehicle. 
Note that this position is not necessarily the edge of 
the vehicle path but can include an adaptive safety 
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gap. Solving (2) with respect to aped yields a set of 
acceleration values which can be assessed by the 
PMM. Besides this assessment of the pedestrian's 
efforts to avoid the collision, it also considered how 
comfortably the driver can avoid the collision. That 
means the deceleration needed to stop the vehicle 
before reaching the pedestrian is derived from the 
current velocity of the vehicle, the distance to the 
pedestrian and the assumed reaction-time of the 
driver. This information additionally contributes to 
the risk assessment of the situation. The risk will be 
estimated higher if the needed deceleration for the 
vehicle increases. Only if this deceleration exceeds a 
comfort – value, e.g. the maximum deceleration of 
adaptive cruise control systems, the risk will be 
estimated high enough to initiate the warning 
strategy.  
Figure 5 shows a typical scene with a pedestrian 
crossing from the right. The results of the situation 
analysis are shown graphically as coloured areas in 
front of the vehicle. Every area corresponds to a 
different level of risk. Is the pedestrian located 
outside these areas the estimated effort for him to 
alter his trajectory is too low; therefore he is not (yet) 
at risk. The risk level increases the closer the 
pedestrian gets to the vehicle until the collision is 
unavoidable even with full cooperative behaviour of 
vehicle and pedestrian (red area). As can be seen, the 
actual motion direction of the pedestrian leads to the 
asymmetric shape of the risk areas. The different 
shades of each colour (see red arrows) divide each 
area into two sub-areas. These represent the 
preferable alterations of the pedestrian’s trajectory, 
i.e. an acceleration or deceleration. 
 

 
Figure 5.  Typical scene with crossing pedestrian, 
results of situation analysis as different areas of 
risk. 
 
4.2. Pedestrian-Motion-Model  
 
The feasibility of possible trajectory alterations is 
assessed within the PMM. Primarily it will estimate 
to what extent a pedestrian can accelerate and how 
comfortably this acceleration can be accomplished. 
At first we characterize the different aspects which 
shall be considered for the estimation. 
     Direction of acceleration - As stated in [12] the 
acceleration abilities of pedestrians are not isotropic, 
but depend on the direction at which it is aimed. 
     Current Movement - Previous studies like [9]-[11] 
only refer to velocities and accelerations of 
pedestrians starting from standing still. However, 
accident scenarios where pedestrians are already in 

motion are statistically much more relevant. It can be 
assumed that a pedestrian who is already moving 
forward will not be able to accelerate as fast as a 
pedestrian starting from standing still. 
     Duration - Pedestrians are not able to accelerate 
uniformly over a given period of time (see for 
example [10]). The acceleration process can more 
likely be characterized by an "acceleration jerk" 
followed by a declining phase (Figure 6).  
 

 
 
Figure 6.  Acceleration process from standing 
position to running [10]. 
 
An example for different levels of comfort while 
accelerating can be seen in the different acceleration 
processes from the start to walking, jogging or 
running. 
The necessary inputs for the model are the position, 
and velocity of the pedestrian, the "target-
acceleration" and the duration in which this 
acceleration should be sustained. 
 
4.2.1. Pedestrian – Motion – Model in 1D 
 
As already shown in Figure 6, a typical acceleration 
process is not uniform but characterized by a jerk 
with a following declining phase. Such shapes can be 
derived from data in [9] and [10]. Starting from such 
a process the following mapping can be defined: 
 
A(t):= Mean uniform acceleration which can be 

sustained in time t >0 
 
Here, mean uniform acceleration (MUA) means the 
average rate at which the pedestrian can accelerate 
uniformly. 
Given a time dependant acceleration curve a(s), A(t) 
can be calculated as: 

∫
−=

t

dssattA
0

1 )()(   (3) 

Applying (3) to the process shown in Figure 6 we get 
the MUA as shown in Figure 7. 
We see that these values are significantly lower than 
those from typical acceleration based approaches. 
This can limit the theoretical mobility of a pedestrian 
considerably. Of course this data represents only one 
test sequence with 5-10 persons (see [10]), but it is 
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obvious that there seems to be a great potential for a 
better understanding and assessment of the 
pedestrian's mobility. This is underlined even more 
by the fact, that the values in Figure 6 and 7 were 
derived from a test sequence in which the persons 
were asked to run as fast as possible from standing 
start. This supports the conclusion that the comfort of 
this acceleration has been rather low, thus most 
pedestrians may not even reach these values. 
 

 
Figure 7.  Mean uniform acceleration process 
from start to running. 
 
A possible rating for the acceleration comfort 
(implying a risk assessment) can be defined by the 
comfort of the different states of movement 
"walking" (~1-2m/s), "jogging" (~3-4m/s) and 
"running" (5-6m/s). Curves representing acceleration 
processes for these states (similar to Figure 6) were 
derived for the start from standing still. For these 
states a level of comfort can be defined. Values 
between the 3 curves can be mapped to an 
interpolated comfort value. 
 
4.2.2. 2D – Model development and test sequences 
 
The above mentioned model does neither consider 
the current movement of a pedestrian nor altering 
direction in 2d yet. Therefore further test sequences 
are planned which shall generate data to derive 
curves similar to Figure 6 for such motion patterns. 
In particular test sequences are planned where test 
persons are asked to accelerate while already walking 
with and without change of direction. Furthermore 
tests regarding the deceleration abilities of 
pedestrians will be conducted. With this new data it 
will be possible to further enhance the model. 
 
5. CONCLUSIONS 
 
Detailed results of an accident study were presented. 
These results show that the proposed pedestrian 
protection system covers up to 85% of all vehicle – 
pedestrian "crossing – accidents". A decisive factor 
for this percentage was the system's aperture angle 

which has been investigated further. It has been 
shown, that based on given assumptions an aperture 
angle of about ± 20° is best suited for the system. 
Then the layout of the proposed pedestrian 
protections system has been presented and the 
warning dilemma discussed. To solve this dilemma 
an acceleration-based situation analysis approach has 
been proposed in chapter 4. It is based on a new 
pedestrian motion model which considers the 
acceleration abilities of pedestrians. The risk 
assessment of an impending collision is 
accomplished by estimating the effort for the 
pedestrian caused by altering his trajectory in order 
to avoid the accident. Thus it is possible to prevent 
false alerts which would otherwise occur because of 
the large time scale which is needed for a driver 
warning. 
 
This work is partly funded by the German Federal 
Ministry of Economics and Technology (BMWI) in 
the context of the research project AKTIV. 
 
REFERENCES 
 
[1] Traffic Accident Analysis Center, Road Traffic 
Safety Authority Korea 
[2] International Road Traffic and Accident Database 
[3] Robert Bosch GmbH, Accident Research  
[4] Regulation (EC) No 78/2009 of the European 
Parliament and of the Council of 14 January 2009 
[5] Euro NCAP, www.euroncap.com 
[6] Georgi A., Brunner H., Scheunert D. 2004. 
"GIDAS German In-Depth Accident Study." 
Proceedings of FISITA Congress 2004. 
[7] Bäumler H. 2007. "Reaktionszeiten im 
Strassenverkehr." Verkehrsunfall u. Fahrzeugtech., 
No. 45: 334-340 
[8] Fuerstenberg K. 2005. "Pedestrian protection 
using laserscanners." Proceedings of the 8th 
International IEEE Conference on Intelligent 
Transportation Systems Vienna, Austria, September: 
13-16 
[9] Hein H. 1994. "Messungen von 
Fußgängergeschwindigkeiten und – 
Beschleunigungen." Diplomarbeit FH München 
[10] Eberhardt W., Himbert G. 1977. 
"Bewegungsgeschwindigkeiten- Ergebnisse 
nichtmotorisierter Verkehrsteilnehmer." Eigenverlag 
[11] Vaughan R., Bain J. 2001.  "Speeds and 
accelerations of school children." Road & Transport 
Research, No. 107/3: 28-36 
[12] Scherf O. et.al. 2008. "Optimaler 
Fußgängerschutz durch situationsgerechte 
Einschätzung der Fußgängerbewegung." Berichte der 
24. VDI/VW Gemeinschaftstagung "Integrierte 
Sicherheit und Fahrerassistenz" (Okt. 29 -30). 



 
Gstrein 1 

IMPROVEMENT OF AIRBAG PERFORMANCE THROUGH PRE-
TRIGGERING 
 
 
Gregor Gstrein 
Wolfgang Sinz 
Vehicle Safety Institute – Graz University of Technology 
Austria 
 

Walter Eberle 
Julien Richert 
Wilfried Bullinger 
Daimler AG 
Germany 
Paper Number 09-0229 
 

ABSTRACT 
 
In the near future road cars will be able to detect 
probable collisions before they happen. Then it will 
be possible to avoid some accidents by specific 
actions of driver assistance systems. If a crash is 
unpreventable, the passenger can be prepared for 
the collision during the residual time. 
This project determines the potential for a 
reduction of the injury-risk for car-occupants 
through an airbag deployment considerably before 
t0. The goal is to demonstrate possible 
improvements in order to stimulate the further 
development of pre-crash-sensors. Through the 
pre-crash deployment of the airbag various 
advantages for the occupant can be obtained: If the 
airbag is fired before t0 it can be designed in a 
significantly bigger way in comparison to 
conventional trigger times because the passenger 
hasn’t moved forward. Thereby a very early 
coupling of the passenger and resulting low loads 
are achieved. Another advantage is that the airbag 
can be inflated more slowly due to much more time 
available. So the deployment of the airbag can be 
performed in a gentle way which leads to a less 
aggressive system that promises improvements 
especially in out-of-position (OOP) situations. 
There is still no future perspective for a hundred 
percent detection rate of pre-crash-sensors, so the 
airbag-system will additionally be designed for 
conventional trigger times. It is mandatory that in 
case of a failure of the pre-crash-sensors the 
occupant is protected at least as well as in today’s 
series-production vehicles. 
This analysis investigating the potential of pre-
crash activated airbags is based on multibody-
simulations with different dummies and crash-
scenarios. The results of the simulations are going 
to be verified by principle tests and full-scale sled 
tests. 
 
Keywords: Airbag, PreCrash, OOP 

INTRODUCTION 
 
Since the implementation of restraint systems in 
road cars, the risk of being killed in an accident has 
decreased significantly. Nowadays, with a properly 
designed restraint system, it is possible to survive 
even severe crashes without life-threatening 
injuries. The main components of a typical restraint 
system for frontal collisions in modern road-cars 
are a 3-point safety belt with one or more 
pretensioners, a beltforce-limitation and an airbag-
system with one ore more inflator stages. These 
components are triggered by accelerometers in 
combination with sophisticated control logics. 
Subject to collision-type the trigger-times vary 
from 10ms to 30ms after the first impact.  
Within this hardware-environment the possibilities 
of a reduction of the injury risk for occupants are 
more or less exploited.  
Nevertheless, in order to keep improving the 
occupant protection, it is necessary to apply some 
more sophisticated technology in future restraint 
systems. The focus of recent development is the 
adaptivity of the restraints to different occupant 
classes and crash severities (e.g.: [1], [2]). 
Further studies discuss the activation of restraint 
systems significantly before t0 (e.g.: [3]). 
In order to be able to set a trigger signal before the 
impact, specific sensor information is required. For 
this purpose, for instance the existing sensors of 
comfort and assistance systems could be used. 
These systems are becoming more and more 
popular in new cars, which leads to an increasing 
amount of sensors in the cars that can detect the 
driving environment. It is conceivable, that a 
collision detection can be realized as a by-product 
of driver assistance systems. 
In this regard, sensors that are already in use or in 
development are Radar, Lidar and stereo cameras 
or combinations thereof. Each system has its 
advantages and shortcomings (see [4]). 
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The existing sensor information can be used to 
foresee possible collisions and set actions in order 
to prevent the accident and “prepare” the occupants 
for the impact. There are, for example, already cars 
on the road, in which reversible restraint systems 
(e.g.: reversible belt-pretensioner, [5]) are 
activated. 
This study discusses the activation of an 
irreversible restraint system (frontal passenger 
airbag). The goal is to work out the potential for 
reducing the injury risk as well as to discuss the 
shortcomings of such systems.  
Which beneficial characteristics can be expected of 
an airbag-system that can be activated significantly 
before t0? 
Firstly, the passenger hasn’t moved forward prior 
to the impact, which makes it possible to design a 
bigger cushion in comparison to conventional 
trigger times. The bigger airbag leads to an earlier 
coupling of the passenger to the chassis-movement. 
This results in lower mean loads. 
Secondly, the loads on the dummy coming from the 
airbag affect a bigger surface and therefore are 
preferable to the more local loads of the safety belt. 
The share of the airbag on the total restraint-forces 
can be higher in a pre-crash-activated airbag-
system. 
Thirdly, due to the very early triggering, the 
cushion can be inflated much more slowly and in 
that way more gently in comparison to 
conventional trigger methods. This circumstance 
promises a considerable reduction of the injury risk 
for the car occupant in the so-called OOP-
situations. 
Before these advantages and potential benefits for 
the passenger-safety in frontal collisions can be 
exploited in a series-vehicle, some nowadays still 
insuperable problems have to be resolved. 
Whereas a faulty activation of a reversible restraint 
system (e.g.: reversible belt-pretensioner) is not 
quite problematical, it can be very dangerous if, for 
instance, an airbag deploys due to a malfunction of 
a sensor system. The problem is that there is an 
endless number of possible crash-constellations in 
road traffic and the sensor systems are not yet, and 
won’t be able in the foreseeable future, to interpret 
every constellation correctly. So a compromise 
between detection-rate and detection-certainty has 
to be found. Keeping in mind the risk that 
implicates a faulty activation, it is reasonable not to 
deploy the airbag in case the sensors cannot 
definitely interpret the traffic situation. 
That leads to another problematic issue. The less 
accident-constellations can be detected correctly 
and as a consequence the airbag can be triggered 
before the impact, the more important remains a 
backup-strategy. If the sensor-system was able to 
recognize 95 percent of all possible accident-
scenarios only the residual 5 percent would need a 
backup-strategy in terms of an alternative 

activation of the restraint systems. The problem is 
that the importance of the backup is more or less 
opposing the potential of the pre-crash-activation 
of the restraint systems since it directly affects the 
possible airbag-size. 

Methodology 
The idea was, to elaborate a completely new pre-
crash airbag system for an existing road car for the 
frontal passenger. Comparing the results with the 
performance of the existing series airbag system 
the potential for injury-reduction should be 
illustrated. 
Therefore some boundary conditions for the 
development of this new pre-crash airbag were set 
up: 
- The earliest possible trigger-time is 80ms prior to 
the first contact. 
- A “backup” has to be considered. In the case of a 
non-detection of the pre-crash-sensors, the system 
has to work with conventional trigger-times as 
well. In this case, the injury risk for the passenger 
must not be higher than it is with the conventional 
airbag-system. 
- The airbag system must not be designed for just 
one single loading condition, in order to allow an 
impartial comparison to the series production status 
which is a compromise for many load cases. 
Therefore the new airbag system has to be designed 
for different dummy-sizes and accident-types. 
More precisely, it has to fulfill partly opposing 
requirements of the 5th percentile female, 50th 
percentile and 95th percentile male dummies in the 
Euro NCAP, US-NCAP crash test-scenario. 
Furthermore the unbelted FMVSS208 crash test 
has to be taken into account. 
- As this study is not only theoretical but also 
consists of an experimental validation of the 
simulation results, the hardware package must be 
“realizable”. 
 
Within these limitations viable parameter 
configurations for the different dummy/loadcase-
combinations were developed, using the 
multibody-simulation-tool MADYMO. The results 
are going to be validated exemplarily by sled tests 
during autumn 2009. The performance in terms of 
OOP has already been demonstrated and the results 
are discussed later on. 

Definitions 
With respect to the timeline, two scenarios have to 
be distinguished: On the one hand, we have the 
pre-collision activation of the restraint systems at 
the earliest of 80ms before the impact. As 
mentioned before also a “backup”-strategy is 
necessary in case of a malfunction of the pre-crash-
sensors. So the second scenario consists of the 
activation of the same hardware components with 
conventional trigger-systems. This leads to a big 
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difference in time available for the deployment of 
the airbag which makes an adaptivity of the 
inflation inevitable. 
As a first step different hardware packages were 
evaluated with respect to their anticipatory 
compliance to the set requirements. The discussed 
hardware components were the inflator, the airbag-
shape and the vent-holes. 
As mentioned before, one boundary condition was 
the feasibility of the hardware package. Keeping 
this in mind, the most promising variant is made up 
of an inflator with three stages and two airbag-
shapes that can be transformed into each other for 
example by releasing tethers. Furthermore the 
airbag features an active vent and a vent hole that 
opens as soon as the airbag pressure exceeds a 
certain limit.  
Each one of the two airbag-shapes is designed to fit 
a specific dummy type. The smaller cushion (~90l) 
is deployed for the 5th percentile female dummy, 
while the bigger airbag-shape (~120l) fits for the 
two other dummies (50th- and 95th-percentile male). 
Obviously you can gain more potential for lower 
injury risk when bigger airbags are used, but then 
you’ll have to face the following problems in the 
backup-scenario. Firstly you have to inflate a 
bigger volume within a very short time which leads 
to a more aggressive inflator-characteristic. And 
secondly you run a higher risk, that the deploying 
airbag hits the passenger. 
The two airbag-shapes have to be filled by the three 
stages of the inflator. Stage I and stage III are 
designed to blow up the 90l-airbag to operating 
pressure, stage I in a time of 120ms and stage III in 
40ms. Subject to the trigger-scenario the required 
stage is fired. If the 120l-airbag has to be deployed, 
stage II is activated additionally in order to fill up 
the bigger volume to operating pressure. The 
pressure dependent standard vent hole is necessary 
in order to avoid massive gas-loss during the long 
lasting deployment of the airbag in case of a pre-
collision activation. 
The selected hardware components allow a high 
number of possible combinations for the different 
load cases and dummies. In the following, the most 
promising processing strategies are presented 
qualitatively: 
 
PreCrash-Scenario: 
PreCrash-sensors foresee an upcoming collision 
and 80ms before the impact the airbag is triggered.  
For the 50th- and the 95th-percentile male dummy 
inflator-stage I slowly deploys the big cushion 
(BagShape 1; ~120l). After a specific time, that 
depends on the load-case and whether it is a 50th- 
or 95th-percentile dummy, inflator-stage II is 
activated in order to fill up the airbag to operating 
pressure. After a certain time the active vent is 
triggered to allow more dummy-movement making 
thereby best use of the space available. The trigger-

times for inflator-stage II and the active vent vary 
subject to dummy and load case, as can be seen in 
the following figure (diagonally hatched � 
deploying airbag; cross hatch � airbag is 
positioned and ready to restraint): 
 

50th- 95th-percentile Dummy, PreCrash 
Infl. Stage I              

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 1: Deployment logics for the 50th- and 
95th-percentile male dummy - PreCrash 
 
It seems to be reasonable to work out adapted 
strategies in terms of trigger-timing and vent 
opening for both the 50th- and the 95th-percentile 
male dummy, in order to reduce the injury risk as 
much as possible.  
Also for the 5th-percentile female, the airbag is 
activated by pre-crash-sensors 80ms prior to the 
collision. For approximately 120ms the small 
cushion (BagShape 2; ~90l) deploys gently and 
gets in position around 40ms after the impact, the 
time when the occupant begins his/her forward 
movement. Since the airbag-shape for the 5th-
percentile female dummy has less volume, stage I 
fills the cushions sufficiently. In order to keep the 
restraint-loads below the biomechanical limits of 
small, lightweight persons it is necessary to 
activate the active vent early. The timing for vent-
opening depends on the load-case. Figure 2 
illustrates the setup of the airbag system for the 5th-
percentile woman in one specific loading 
condition: 
 

5th-percentile Dummy, PreCrash 
Infl. Stage I             

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 2: Deployment logics for the 5th-
percentile female dummy - PreCrash 
 
Backup-Scenario: 
For any reason the pre-crash-sensors were not able 
to detect the collision and the conventional trigger-
system has to set the trigger-time for the restraint 
systems. In this case it is essential to deploy the 
airbag as fast as possible in order not to lose 
deceleration-space.  
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So for the 50th- and 95th-percentile male dummy 
inflator stages II and III are fired at the same time. 
Around 40ms after the impact the airbag cushion is 
positioned and able to take restraint loads. Subject 
to crash-scenario and dummy-weight the active 
vent is opened at a specific time after the impact. 
 

50th- 95th-percentile Dummy, Backup 
Infl. Stage I             

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 3: Deployment logics for the 50th- and 
95th-percentile male dummy - Backup 
 
Equivalent considerations need to be done also for 
the 5th-percentile female dummy. In this case only 
stage II of the airbag inflator is activated at 
conventional trigger-times. Within a very short 
time the cushion is positioned and able to restrain 
the passenger. Subject to the crash-scenario, the 
active vent has to be opened early in order to avoid 
too high loads on the occupant. 
 

5th-percentile Dummy, Backup 
Infl. Stage I             

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 4: Deployment logics for the 5th-
percentile female dummy - Backup 
 
The earlier specified deployment strategies have a 
direct impact onto the geometry of the airbag-
cushion. The development of the two required 
airbag-shapes is discussed in the following: 

Airbag Geometry 
The highest potential for reducing the injury risk by 
a pre-crash-activation of an airbag-system results in 
an optimized shape. If the airbag is fired 
considerably before the impact the passenger 
doesn’t move forward during the deployment. So 
the shape can be designed with more extension in 
the longitudinal direction of the car, closer towards 
the occupant.  
If the person is decelerated within a longer 
distance, the mean loads decrease proportionally. 
So an earlier coupling of the dummy to the chassis-
movement can reduce the injury risk significantly. 
In order to make best benefit of this circumstance it 
is necessary to provide an airbag shape that spreads 

the restraint loads evenly to a surface as big as 
possible. Also large gaps between the dummy-head 
and the cushion should be avoided, to ensure the 
early coupling and evade load peaks. 
In order to achieve, that the airbag can apply 
restraint loads onto the passenger from the very 
first forward movement, some design criteria have 
to be fulfilled. The cushion has to contact the 
occupant evenly on the thorax and the thighs. 
Furthermore it is necessary that the cushion 
supports itself on the instrument panel (IP) and the 
windscreen. If there is some space between the 
deployed airbag and the IP, the person will push 
the airbag forwards until it contacts the dashboard. 
The distance lost here leads to increasing loads on 
the dummy. 
Figure 5 highlights the areas, where the airbag 
needs to brace in order to be able to build up 
effective restraint forces. 
 

 
 
Figure 5: Design criteria for a well working 
precrash-airbag 
 
As mentioned above, for this study it was necessary 
to design a dual-stage airbag-system. The chosen 
deployment-strategy made it inevitable to put quite 
some emphasis on the backup-scenario. Therefore 
the airbag-volumes are comparable to a 
conventionally triggered series-vehicle airbag 
which in shape and volume represents an optimized 
compromise for many loading conditions. Another 
point that has to be taken into account is, that the 
bigger the airbag volume is, the higher the inflation 
mass flow has to be in order to fill the cushion 
sufficiently in the backup-scenario. That leads to a 
more aggressive deployment of the airbag and 
possible problems in OOP-situations. 
Due to these reasons the goal of airbag-design was 
to achieve more extension of the cushion in the 
longitudinal direction of the car, without a dramatic 
increase of the volume. As the airbag always tries 
to assume a more or less spherical form, the longer 
you design it, the wider it gets, and the volume 
basically increases with the power of three. For that 
reason it appeared to be necessary to provide an 
internal transversal tether for the airbag-shape for 
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the 50th- and 95th-percentile dummy. In the left 
image of Figure 6, the transversal tether can be 
seen.  
 

 
 
Figure 6: Airbag-shapes for different dummies 
 
Furthermore additional tethers are necessary to 
realize two airbag-shapes out of one cushion. 
Initially the tethers are constrained in any case and 
the small airbag-shape for the 5th-percentile female 
dummy is deployed. A system, that is able to 
classify the passenger (e.g.: by weight or by seating 
position) gives the signal that the bigger shape is 
necessary and the tethers are released by an 
actuator. 

Inflator-Requirements 
At the beginning of this study it was not clear, with 
which hardware the slow deployment of the airbag 
could be realized. It turned out to be quite difficult 
to find available inflators which were able to 
provide a gas flow-characteristic that would fill up 
the cushion in approximately 120ms. 
So for a first step, generic mass flow-curves were 
assumed. In a further simulation-loop before the 
validation tests these characteristics are going to be 
substituted by measured properties of the inflators 
that are going to be applied in the tests. In Figure 7 
the generic mass flow curves of the different 
inflator-stages are illustrated. 
The principal idea was to use an inflator with three 
stages, where each stage has a specific “function”. 
One stage (Stage I) is necessary for the slow, gentle 
deployment of the cushion in a case of a pre-
collision activation.  This stage is capable of filling 
the bag-shape of the 5th-percentile female dummy 
up to operating pressure.  
 

 
 
Figure 7: generic mass flow-characteristics of 
the three gas-generator stages 
 
If the airbag-shape for the 50th- and 95th-percentile 
male dummies is deployed, the bigger volume 
cannot be filled sufficiently with stage I. So it is 
necessary to trigger an additional inflator-stage 
(Stage II) that delivers enough gas to reach the 
operating pressure. The timing for the deployment 
of stage II depends on the load-case and the 
dummy-size. The goal is that the airbag is fully 
inflated, positioned and ready to take restraint loads 
as soon as the forward movement of the passenger 
begins. 
If the pre-crash sensors don’t work correctly, the 
trigger-signal for the airbag is set by conventional 
sensor systems. In this case it is crucial that the 
airbag is deployed as fast as possible since valuable 
time has already been lost for the detection of the 
impact. Therefore stage III of the inflator is capable 
of filling the small cushion for the 5th-percentile 
female dummy rapidly, within around 35 
milliseconds. This performance corresponds 
roughly to typical today’s inflators. Analogously to 
the pre-crash activation, if the bigger airbag-shape 
for the 50th- and 95th-percentile male dummy is 
deployed, it is necessary to fire inflator stage II 
additionally. 
One further aspect has to be taken into account: 
Stage I should be used for the OOP-tests of the US-
regulatory requirements because the slow inflation 
promises significant improvements. Therefore it is 
necessary that the onset of the inflator is designed 
moderately. 

In-Crash-Potential 
As discussed before, the earlier coupling of the 
passenger to the chassis-movement due to an 
optimized airbag shape promises the biggest 
reduction of injury risk. A further advantage of 
quenching the passenger with the airbag instead of 
the seatbelt is that a big surface of the person is 
affected. The risk for fractures of the clavicle or 
abdominal injuries that can result from the high 
local loads of the seatbelt is reduced. 
These two potential benefits of a pre-collision 
activated restraint system should be realized as well 

transversal 
tether 
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as possible, when the scenarios mentioned 
beforehand were elaborated. 
The job to adjust the hardware components 
properly for the three frontal load cases (US-
NCAP, Euro NCAP and FMVSS208, unbelted) and 
the three dummy-sizes (5th-percentile female, 50th- 
and 95th-percentile male) at two completely 
different trigger-scenarios turned out to be very 
challenging. The parameters to be varied were: 
 

1. diameter base vent 
2. diameter active vent 
3. timing active vent 
4. performance of inflator stage I 
5. performance of inflator stage II 
6. performance of inflator stage III 
7. timing inflator stage I 
8. timing inflator stage II 
9. timing inflator stage III 

 
The high number of possible combinations made it 
necessary to apply a systematic variation of the 
influencing parameters. In this regard, the program 
modeFrontier was a useful tool for the preparation 
of the DOE-tables and for the illustration of the 
effect of the single influencing factors.  
With the found set of parameters it cannot be 
claimed that the very best solution has been worked 
out. Therefore it would have been necessary to run 
many iteration loops, which have not been 
performed in this study. In this phase of the 
analysis, the goal was to elaborate a good working 
configuration as a basis for demonstrating the 
principal potential for a reduction of the injury risk.  
In the following, the specific problems of the two 
trigger-scenarios and the results of the simulations 
are going to be discussed: 
 
Simulation results: Backup-Scenario 
Since the requirement has been set, that the injury 
risk in the backup-strategy must not be higher than 
it is in the series-vehicle, this scenario was the 
starting point for the development of the airbag 
system. The performances of the single stages of 
the inflator were the first hardware parameters, 
which were freezed. As mentioned earlier, stage III 
is designed to fill up the smaller airbag size 
(BagShape 2, ~90l) to operating pressure. Stage II 
provides the additionally required gas mass to fill 
up the bigger airbag size (BagShape 1, ~120l) 
sufficiently. Once the inflator was set, suitable 
vent-diameters were elaborated. The diameter of 
the base-vent is mainly driven by the heavy 95th-
percentile male dummy in the unbelted FMVSS208 
load case. Comparable restraint performance could 
also be achieved with bigger vents and 
corresponding increased inflator performance, but 
the goal was to get along with the lowest possible 
inflator power. 

The diameter of the active vent is primarily set by 
the forward movement of the 5th-percentile female 
dummy in the US-NCAP-loading condition. All the 
other dummy-loading-combinations must be 
covered with an adapted timing of the single stages 
and the active vent. 
The simulation results of the backup-scenario are 
presented on behalf of the 50th-percentile male 
dummy, beginning with the Euro NCAP loading 
condition: 
 
The charts in Figure 8 give an overview of selected 
injury criteria comparing the conventional airbag 
deployment of the series vehicle and the results of 
the backup-scenario. It stands out, that especially 
the loads on the head are reduced significantly 
whereas the loads on chest and pelvis remain 
roughly unchanged. 
 

 
 
Figure 8: simulation results: 50th-percentile 
male dummy, Euro NCAP 
 
In Figure 9 the timeline of the head-acceleration 
illustrates the tremendous reduction of the peak 
value to less than half of the reference. Due to the 
adapted airbag-shape, the head contacts the cushion 
earlier. Furthermore the resulting inflation-power 
of the two concurrently fired inflator stages II and 
III is significantly higher than the series-vehicle 
inflator. As a result, the cushion deploys faster, and 
imposes restraint loads onto the dummy earlier. 
Finally the properly adjusted trigger timing of the 
active vent allows the torso more forward 
movement, whereby the available space for 
deceleration can be exploited optimally. All these 
circumstances lead to the almost ideal rectangular 
form of the head acceleration. 
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Figure 9: time line of the head acceleration of 
the 50th-percentile male dummy, Euro NCAP 
 
In Figure 10 the time dependent characteristic of 
the thorax acceleration is shown. The slight peak at 
about 50 ms after t0 results in the fast deploying 
airbag that contacts the dummy with a high relative 
velocity. This is a consequence of the compromise 
in the airbag geometry. It is designed closer 
towards the passenger in order to arise potential for 
reduced injury risk in a pre-crash activation. The 
peak value of the thorax acceleration and the time 
point, when it occurs is more or less equivalent to 
the series vehicle. 
 

 
 
Figure 10: time line of the thorax acceleration of 
the 50th-percentile male dummy, Euro NCAP 
 
The pelvis acceleration shows similar 
characteristics as shown in Figure 11. The review 
of the animation-files of the simulation pointed out, 
that the peak in the acceleration curves of thorax 
and pelvis at around 100ms after t0 has two origins. 
Firstly at this time the torso penetrates the seat 
cushion at most which indicates high loads in the 
pelvis-z-direction. Secondly, the knees contact the 
dashboard, which leads to a high load in the pelvis-
x-direction. As these two effects are mainly 
influenced by the lap belt, which has not been 
changed in comparison to the series vehicle, 
changes resulting from the new airbag system 
cannot be seen clearly. 
 

 
 
Figure 11: time line of the pelvis acceleration of 
the 50th-percentile male dummy, Euro NCAP 
 
In Figure 12 the effect of the faster deploying 
airbag in the backup scenario on the chest 
deflection can be detected. Until about 50 ms after 
t0, the pretensioned seatbelt in combination with the 
dummy inertia leads to a slightly increasing chest 
deflection. Due to the earlier contact with the 
harder airbag cushion, the chest deflection 
increases considerably with respect to the 
reference, whereby the peak value is about four 
millimeters higher. 
 

 
 
Figure 12: time line of the chest deflection of the 
50th-percentile male dummy, Euro NCAP 
 
The second scrutinized loading condition was the 
US-NCAP-rating crash test. Due to the 
configuration with the 100 percent overlap and the 
rigid barrier, this test is characterized by a 
significantly shorter duration and higher peak 
loads. Figure 13 illustrates the performance of the 
developed airbag system in the backup scenario. It 
can be seen, that the tendency is comparable to the 
Euro NCAP loading discussed beforehand. The risk 
for head injuries is reduced considerably whereas 
the loads onto thorax and pelvis remain more or 
less the same as in the series vehicle. 
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Figure 13: simulation results: 50th-percentile 
male dummy, US-NCAP 
 
Finally the US regulatory test FMVSS208 was 
analyzed. Since in the United States today the use 
of seatbelts is still not obligatory in all states, the 
regulations prescribe a crash test without seatbelt. 
This test-configuration sets very specific demands 
onto the setup of the airbag-system. 
Although the test-speed is remarkably slower than 
it was in the two previous discussed crash tests, the 
risk that the dummy punches through to the 
dashboard is very high. The missing seat belt 
facilitates a rotation of the dummy since the pelvis 
is not braced into the seat by the lap belt. As a 
result of this rotation the head of the dummy can 
approach the windscreen and the dashboard very 
closely. Due to this, especially the heavy 95th-
percentile male dummy requires high inflator 
performance and small vents. Figure 14 gives an 
overview of simulation results of selected injury 
criteria: 
 

 
 
Figure 14: simulation results: 50th-percentile 
male dummy, FMVSS208 (unbelted) 
 
Also in this case, the tendency is roughly the same 
whereas the chest deflection has increased 
considerably. The distance of the dummy head to 
the dashboard and the windscreen can be compared 
between the series vehicle and the developed 
backup-strategy. 
 
 
 
 

Simulation results: PreCrash -Scenario 
Most of the variables of the hardware package 
(performance of inflator stage II and III; vent 
diameters) have already been set in the backup-
scenario. Only the performance of stage I can be 
adjusted to get an optimum in the pre-crash-
scenario. In this context a specific problem of the 
slowly deploying airbag has to be taken into 
account. If the base-vent is open during the 
complete inflation time, a lot of gas is lost into the 
passenger compartment. This problem could be 
compensated by an increased capacity of the 
inflator, which has drawbacks referring to the size 
and weight of the airbag-module and the 
aggressiveness of the inflator. So it is reasonable to 
apply a vent that remains closed during the 
inflation and opens as soon as the airbag pressure 
increases due to the dummy contact. In order to 
provide sufficient restraint capacity for each 
combination of dummy and crash test-
configuration, a proper set of trigger time points 
has to be found. 
The simulation results of the precrash-scenario are 
going to be presented by means of the 5th-percentile 
female dummy. The tendencies of the results for 
the two male dummies are comparable, but due to 
its growing relevance in future regulations, the 
female dummy was selected. The first loading 
condition to analyze is the US-NCAP-Rating: 
Figure 15 gives an overview of selected injury-
criteria. It demonstrates that especially the load on 
the head is considerably reduced. Furthermore the 
chest-acceleration has decreased slightly whereas 
the peaks of chest-deflection and pelvis-
acceleration have roughly remained unchanged. 
 

 
 
Figure 15: simulation results: 5th-percentile 
female dummy, US-NCAP 
 
The time-dependent behavior of the head 
acceleration is shown in Figure 16. It can be seen, 
that the head contacts the cushion about 20 ms 
earlier than in the series vehicle. This leads to a 
rough bisection of the peak load on the head and to 
a tremendous reduction of the HIC-value. 
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Figure 16: time line of the head acceleration of 
the 5th-percentile female dummy, US-NCAP 
 
Figure 17 and Figure 18 display the loads on the 
thorax of the dummy. It has to be kept in mind, that 
the thorax is not only affected by the restraint loads 
of the airbag but also by those of the seatbelt.  
The time line of the thorax acceleration shows, that 
in comparison to the head accelerations an earlier 
coupling of the chest to the airbag-cushion leads to 
reduced peak loads although the improvement is 
considerably smaller.  
 

 
 
Figure 17: time line of the thorax acceleration of 
the 5th-percentile female dummy, US-NCAP 
 
This effect unfortunately doesn’t apply to the chest 
deflection. Although the cushion imposes loads 
onto the dummy at an early stage, the peak load 
equals to the conventional system. 
 

 
 
Figure 18: time line of the chest deflection of the 
5th-percentile female dummy, US-NCAP 

Unlike the head and the thorax, the pelvis is not 
braced by the airbag and so an earlier coupling 
cannot be seen. This effect could already be noticed 
in the backup-scenario. 
 

 
 
Figure 19: time line of the pelvis acceleration of 
the 5th-percentile female dummy, US-NCAP 
 
In Figure 19 it can be detected, that an airbag that 
is activated 80 milliseconds before t0 doesn’t have 
influence on the pelvis loads. In order to reduce the 
loads on the pelvis, changes at the belt system have 
to be considered. 
 
The second analyzed scenario is the Euro NCAP-
frontal crash test: In comparison to the US-NCAP-
rating, the Euro NCAP is performed with a 
deformable barrier and only 40 percent overlap. 
This leads to an about 50 percent longer impact-
duration within which the occupant has to be 
restrained properly. This circumstance entails some 
problems in the timing adjustment. In order to 
evade, that the dummy punches through the airbag 
and contacts the dashboard, the active vent has to 
be opened very late. The drawback of this solution 
is that it leads to a more “triangular” shape of the 
acceleration curves, which is undesirable. 
Alternatively to the late opening of the active vent, 
the inflator can be triggered later. This variant has 
the effect, that the inflator still delivers gas, when 
the occupant is already moving forward and so the 
cushion is “harder” at an early stage of the impact. 
For the Euro NCAP loading condition it turned out 
to be advantageous to fire inflator stage I about 60 
milliseconds before t0. The simulation results for 
this configuration are illustrated in Figure 20: 
It can be seen, that the tendency is similar to the 
above mentioned US-NCAP-loading. The risk for 
head injuries is reduced significantly, whereas the 
other injury criteria remain roughly unchanged. 
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Figure 20: simulation results: 5th-percentile 
female dummy, Euro NCAP 
 
The third investigated loading condition was the 
unbelted US legal test FMVSS208 with its specific 
requirements. Figure 21 shows the simulation 
results of the 5th-percentile female dummy.  
It can be observed, that in comparison to the two 
belted load cases, the reduction of the thorax-
acceleration is remarkably better. Since there is no 
seatbelt, this load case shows only the impact of the 
two different airbag-systems onto the thorax load. 
The other injury criteria show the same behavior as 
before. 
 

 
 
Figure 21: simulation results: 5th-percentile 
female dummy, FMVSS208 (unbelted) 
 
During autumn 2009 the presented simulation 
results are going to be validated exemplarily by 
means of sled tests. Afterwards, another simulation 
loop is planned in order to improve the simulation 
model and increase its predictive capacity. After a 
further optimization loop, more impartial 
conclusions about the potential of pre-crash 
activated restraint systems can be drawn. 

Test result: OOP-Potential 
Since 2003 the US-regulation FMVSS208 has 
required the consideration of different OOP-
situations in the development of the airbag system. 
It is up to the OEM whether the airbag is activated 
or not when a child is seated on the passenger seat, 
or in case it stands out of position. Another 
possibility is the so-called low risk deployment of 

the airbag whereby the inflator is fired with 
reduced power. Since the sensors for the detection 
of the position of the car occupant are still in 
development (e.g.: [6]), the low risk deployment is 
commonly applied nowadays. To reduce the loads 
on the dummy in these OOP-tests special cushion 
folding methods (e.g.: [7]) were developed and 
inflators were tuned to provide a gentle onset. 
As mentioned earlier, another potential 
improvement of an airbag-system that is deployed 
significantly before t0 is, to inflate the cushion 
more slowly and in this way with reduced 
aggressiveness. The problem is that this effect 
cannot be foreseen certainly, because the influence 
of the airbag-door in the dashboard on the 
deployment of the airbag is not clear. In the worst 
case, the slowly deploying cushion doesn’t have 
the necessary initial “punch” to open the door. 
Then the airbag would possibly deploy within the 
dashboard. Another scenario is that the airbag-door 
doesn’t open due to the initial “punch”. It opens 
later as a result of the rapidly increasing bag-
pressure and the airbag deploys with even more 
power. This circumstance can possibly lead to 
worse OOP-results. In order to clarify this issue, it 
needed to be analyzed. 
The used simulation-model of the airbag is not 
suitable to predict characteristics of the deploying 
cushion (uniform pressure method). Furthermore 
the door in the dashboard is not represented in the 
model. So it was necessary to prove this effect by 
physical tests.  
The US-Regulation FMVSS208 prescribes five 
different out-of-position tests for the passenger-
side, using three different crash-test dummies. It 
contains tests with the 12-month-old CRABI child 
dummy seated in a child safety seat, the three and 
six year old Hybrid III dummies in two different 
positions. 
For the evaluation of the reduced injury-risk due to 
a slowly deploying airbag, the three-year-old 
dummy was chosen, as it is the most critical case, 
which was known from former test results. For this 
dummy both prescribed positions were examined.  
Position two (head on instrument panel) causes 
higher loads on the dummy, therefore this out-of-
position test was the main focus of the series. 
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Figure 22: OOP position two, Head on IP 
 
In order to demonstrate the potential for a reduced 
injury risk in OOP-situations the following testing-
environment was chosen: The reference was the 
conventional airbag system of an existing road car. 
For the “slow” deployment, the inflator of the 
series-vehicle was substituted by a prototype 
inflator system with inflation times of 80 and 100 
milliseconds. This inflator roughly matches the 
necessary characteristics of stage I of the earlier 
presented deployment strategy. The airbag-cushion 
itself remained the same for all tests. 
Firstly two tests were performed with the 
conventional system to get a comparable reference. 
Afterwards for each configuration, two tests with 
an inflator capable for a precrash activation were 
carried out.  
In Figure 23 the test-results of the legal injury 
criteria are displayed. It can be seen, that especially 
the neck-forces are reduced significantly. Looking 
at the 100ms inflation both the tension and the 
compression are halved in comparison to the 
conventional system. Although already on a very 
low level in the series vehicle, also the Head Injury 
Criterion (HIC15) and the cumulative 3ms 
acceleration of the thorax are reduced noticeably. 
 

 
 
Figure 23: test results OOP Pos 2, Head on IP 
 
The 80ms inflation was analyzed in order to get an 
insight into the tendency of the values, when the 
inflation duration is changed. The total exhausted 

gas mass of the inflator remains unchanged. The 
cushion is just filled up to the same extent within a 
shorter time. As expected the results are more or 
less between the conventional inflation and the 
very slow deployment during 100ms. It is 
conspicuous, that the neck compression force has 
its highest value at the 80ms inflation. After 
inspecting the high-speed-videos it turned out, that 
the prototype inflator has a higher onset than the 
conventional inflator. So, after opening the airbag-
door the cushion hits the dummy head with a 
higher velocity, and as a consequence this results in 
a higher compression force. This compression force 
has its origins in the airbag deployment direction. 
The cushion opens the door, contacts the 
windscreen and then hits the dummy-head from 
above.  
In order to get a proof-grounded conclusion about 
this topic, also tests with position one (chest on 
instrument panel) were performed. In this 
configuration, only reference-tests and tests with 
100ms inflation-time were carried out. 
 

 
 
Figure 24: OOP position one, Chest on IP 
 
The results are comparable to position two. Figure 
25 illustrates the test-results of the injury-criteria. 
As it turned out in position two, especially the 
highest values are reduced remarkably 
 

 
 
Figure 25: test results OOP Pos 1, Chest on IP 
 
To sum up, even though the tested prototype 
inflator has not been “tuned” for OOP and it is 
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fitted into an existing airbag-module without 
further adaptations, the gentle deployment of the 
airbag-cushion results in a significant reduction of 
the dummy-loads. 

DISCUSSION 
 
When reflecting the simulation results it stands out, 
that the reduction of the risk for head injuries is 
comparable in both, the pre-crash activated and the 
conventionally triggered backup scenario.  
The reason for this effect is that the improvements 
of the backup-scenario are a result of the 
considerably faster deploying airbag in comparison 
to the reference. This configuration is a lot more 
aggressive than the conventional inflator and would 
possibly fail to pass OOP-tests. So in the developed 
restraint system the described strategy can only be 
realized, because in low speed crashes (and 
consequently in the OOP-test-configuration) the 
gently deploying inflator stage I is fired. 
 
The above described restraint system has been 
worked out, because it promised considerable 
improvements of the injury risk for all the 
passenger classes (weight and size). In the initial 
brainstorming, also other strategies with more 
anticipatory pre-crash-potential for the 50th- and 
95th-percentile male dummy came up. But these 
variants were discarded, since the importance of 
these two dummy-sizes will diminish in the future. 
It can be observed in recent regulatory and rating 
tests that the 5th-percentile female dummy achieves 
higher weight. Since small and lightweight persons 
have a higher injury risk than big and heavy ones, it 
seems to be reasonable to determine further 
restraint-strategies with special focus onto this 
passenger class. 
 
During the simulation it pointed out that the 
developed airbag-shape for the 50th- and 95th-
percentile male dummy might have a drawback in 
terms of stability. The internal transversal tether 
leads to a relatively narrow cushion that might not 
work very well if the impact direction is not exactly 
frontal. In the worst case, in a slightly slant crash 
the passenger might push the cushion aside and 
punch through to the A-pillar. 
 
Furthermore the simulation results have shown that 
the development of an airbag system is not possible 
without a close examination of the seatbelt. The 
loads on the thorax are a combination of the 
restraint forces of the airbag and the seatbelt. These 
two components need to be adapted properly to 
each other in order to achieve low injury risk. So in 
a following study also the seatbelt will be analyzed 
for potential in terms of activation prior to the 
impact. Then especially the pre-tensioning of the 
seatbelt will be subject to explore. 

CONCLUSION 
 
The activation of irreversible restraint systems 
significantly before the collision arises remarkable 
potential for the reduction of the injury risk of the 
frontal car occupant. 
The extent of this potential depends strongly on the 
relevance of the backup since the setup of the 
airbag system is a compromise between the two 
different scenarios on the timeline. The lower the 
detection-rate and -certainty is, the more important 
remains the backup and as a consequence the more 
the compromise shifts to the conventional 
deployment. 
This study presents the potential of a system where 
the backup still plays a very important role. The 
seatbelt was taken out of the series vehicle without 
any further adaptations. Nevertheless the 
simulation- and test-result demonstrated enormous 
improvements especially concerning the risk for 
head injuries and also significant reductions 
regarding the dummy loading in OOP-situations. 
It has to be kept in mind that even more effect can 
be gained if the detection certainty rises because 
then the single hardware components can be 
optimized for the pre-activation in a larger scale. 
So there should be a big stimulation for further 
development of the sensor technology. 
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ABSTRACT 
 
Current crash sensing systems are normally based 
on acceleration sensing. Therefore, the deceleration 
pulses affecting the car’s body are used to apply the 
firing thresholds of the restraint systems. A new 
kind of crash sensing consists of measuring high 
frequent chassis vibration regarding frequencies up 
to 20 kHz: crash sensing based on structure-borne 
sound (SBS). The main benefit of this technology 
will be to support the common deceleration-based 
crash detection in crash type distinction during the 
early crash phase. To be able to use the acquired 
data in a physically reasonable way, the events 
causing SBS during crash important to know. 
 
In the proceeding of the study, the events occurring 
during a crash are interpreted as shock excitations 
of different impulse lengths that can be divided into 
hard and soft events. Valuable results from a 
multitude of component crash tests on a drop tower 
test stand are transferred to vehicle crashes in serial 
development. The applicability of crash separation 
criteria is examined. The crash type distinction of 
hard/soft crashes based on structural vibration 
sensing is the main idea to support the 
differentiation of hard no fire tests and soft must 
fire tests. The study shows that shock excitation of 
the vehicle structure is the most important cause of 
high frequent vibration signals acquired during 
vehicle crashes.  
  
The article deals with the usage of high frequent 
structural vibration in the range up to 20 kHz for 
crash detection. The understanding of the vehicle 
being a structure under linear elastic shock 
excitation leads to a physically plausible usage of 
the signals for crash type distinction. 
 
INTRODUCTION  
 
Today, architectures of current crash detection 
systems, used to activate passive safety restraint 
systems, are based on processing data of a 
multitude of sensors distributed in the vehicle. This 
is needed to fulfil the high and complex 
requirements of legislation, consumer and insurance 
organisations. For frontal collision detection, 
mainly acceleration sensors are used to process the 
deceleration of the vehicle’s structure and its 
velocity reduction during the crash. Figure 1 shows 
a symbolic representation of a current sensor 

architecture consisting of acceleration sensors 
mounted at the vehicle’s central position and at four 
satellite positions (one at each B-pillar and two at 
the front of the vehicle).  
 

 
The performance of the frontal satellites strongly 
depends on their mounting position, which leads to 
a high effort during development [1]. Replacing 
them by a more innovative technology like SBS 
sensing at the central sensor position using a special 
sound sensor is preferable. On the right side of 
Figure 1, a possible sensor architecture is 
represented that only provides two satellite 
positions at the B-pillars and a single central 
position including both, current acceleration sensor 
and SBS sensor.  
 
Separation of Hard and Soft Crash Types  
 
Basically, the main task in crash detection is the 
distinction of must fire and no fire cases. While in 
must fire cases at least one restraint system (e.g. 
seat belt retractor or air bag) has to be activated, no 
restraint system must be activated during the whole 
crash for no fire cases. A particular challenge is the 
distinction of so called hard or soft crash types. The 
crash type is defined by the over all crash stiffness 
not only depending on the front end stiffness of the 
own vehicle, but also on the stiffness, position and 

 
Figure 1.  Sensor architectures for frontal 
collision detection showing symbolic 
representations with current (left) and reduced 
number of satellite sensors including an 
additional structure-borne sound sensor (right). 
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orientation of the barrier or the crash partner. The 
higher the crash stiffness, the harder the crash. 
Examples for hard crash tests are: 
 

• AZT (Allianz Zentrum für Technik) crash 
repair test: frontal offset crash with 40 % 
overlap against a rigid barrier, vehicle 
speed 15-16 kph, no fire [2] 

• USNCAP (US New Car Assessment 
Program): frontal crash 100 % overlap 
against a rigid barrier, vehicle speed 
56 kph, must fire [3] 

 
Important examples for soft crash types are the 
ODB tests (Offset Deformable Barrier): 
 

• Euro NCAP (European New Car 
Assessment): frontal offset crash with 
40 % overlap against a deformable barrier, 
vehicle speed 64 kph, must fire [4] 

• FMVSS 208 (Federal Motor Vehicle 
Safety Standard): see Euro NCAP, but: 
vehicle speed 40 kph [5] 

 
In the following, the ODB 40 kph will be treated as 
the typical representative of the soft crash type. As 
described below, the distinction between the ODB 
40 kph and the AZT is very challenging. 
 
During a hard impact, the velocity reduction begins 
early and proceeds relatively quickly. During a soft 
impact, even at high vehicle speed, the velocity 
reduction occurs much more delayed. In the TTF 
(TTF: Time To Fire < 30-40 ms) zone, the velocity 
reduction level for slow hard crash tests 
corresponds to the velocity reduction of much faster 
soft crash types. Based on this single criteria, the 
distinction of soft must fire tests (ODB) and hard 
no fire tests is not possible.  
Figure 2 shows that a clear distinction based on the 
detected velocity reduction is not possible before 
80th millisecond.  
The additional information of SBS that can be 
measured in the central position allows a better 
recognition of the actual impact characteristics. 
Knowing the impact characteristic can be used to 
support the classical acceleration-based fire logic 
by using a hard-soft-classification. In addition to 
the vehicle’s deceleration in x- and y-direction and 
dependent on the chosen algorithm concept, the 
crash type is an important factor for activating the 
restraint systems in the required time range. The 
following paragraph describes the data processing 
of SBS signals as it is implemented by sensor 
manufacturer to allow the usage of SBS in a crash 
detection algorithm. 
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Figure 2.  Velocity reduction for AZT and ODB, 
trigger: 00 tt == . 

 
STRUCTURE-BORNE SOUND – MEASUREMENT AND 
DATA ANALYSIS  
 
SBS is defined as elastic waves in a frequency 
range between 16 Hz and 20 kHz, propagation in 
solid structures [6]. SBS signals are commonly 
measured using high frequency acceleration 
sensors. To avoid aliasing effects in the relevant 
frequency range up to 20 kHz, the sampling 
frequency must be chosen to have at least twice the 
highest interesting frequency [7]. Such a highly 
resolved raw signal, however, is not applicable for 
serial utilization because of the required bus loads 
and computational demands. Instead, a data 
reduction is processed so that the signals can be 
transferred using a standard sampling rate. 
Therefore, a band pass filter extracts the signal of 
the interesting frequency range. Based on this high 
frequent signal, the envelope is created by 
rectification followed by a final low pass filter 
procedure. The resulting signal can be sampled at a 
lower rate depending on the chosen low pass 
frequency while the content of the relevant 
information is preserved. The integrative 
characteristic of the envelope processed on a 
frequency band is similar to the generation of a 
windowed RMS (Root Mean Square) value. 
Although the envelope basically can be realized 
using analogue electric components, digital signal 
processing of high resolution reference sensors is 
highly recommended using sampling frequencies of 
at least 40 kHz. The transferability between the 
reference signals and the occurring signals of a 
series production sensor in a central position must 
be guaranteed. Here, a detailed knowledge of the 
properties of serial and reference sensors is very 
important. In addition, the transfer path between 
these both sensors must not change, especially not 
during a crash. In this regard, SBS sensing is very 
sensitive to variation. In the field of low frequency 
acceleration sensing, individual transfer functions 
are determined to map both, the reference signals 
and the series production sensor signals for the 
application of the crash detection algorithms. The 
algorithm development can therefore be realized 
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using only reference signals. Signals of sensors for 
serial production are only considered in the final 
development of the vehicle to confirm the system’s 
performance. This demand also applies on SBS 
sensing. The satisfiability of this demand, however, 
highly depends on the position, integration and 
sensor type of the reference sensors. An important 
aspect for being capable to use SBS signals in a 
reasonable way is to understand the effects that 
cause SBS emission. The processes that lead to a 
SBS emission during a vehicle crash are described 
in the following. 
 
Structure-Borne Sound Excitation in Case of a 
Vehicle Crash 
 
Earlier works on material research describe sound 
emission during plastic deformation of metallic 
structures. The sound emission is caused by various 
effects like dislocation movement within the crystal 
lattice and is usually observed in the ultrasonic 
frequency range (>20 kHz) [1], [8]. Beside the 
continuous sound emission in case of plastic 
deformation of metal, the impact characteristic of a 
crash has been identified as important factor in the 
frequency range up to 20 kHz. The impact 
characteristic is mainly defined by the shock 
excitation of the vehicle structure. The excited 
spectral distribution depends on the shock duration 
and the pulse shape. A long soft impact produces a 
spectral response in a lower frequency range. Short 
hard impacts additionally generate a higher amount 
of high frequency content [7], [9]. 
Figure 3 schematically shows two impact forces of 
different stiffness. The impulse area A is equivalent 
to the integrated impact force and is identical for 
both shocks. Only the duration of the impulse τ 
separates both shocks in hard with τ = τ1 and soft 
with τ = τ2. 
 

 
Figure 3.  Shock impulses over time (left) 
and corresponding spectral distribution 
(right) according to [9]. 

 
This corresponds to an experiment in which, for 
example, a ball drops from a constant height on two 
surfaces of different hardness. The measured signal 
is the force applied from the ball onto the surface.  
Each of both impulses of equivalent area generates 
a force spectrum that can be estimated by the 
method described in [9]. There, it is explained that 
amplitudes are constant for low frequency domains 
when varying the impulse duration, but for high 
frequencies, they decrease in the majority of 
practical cases with -40 dB/frequency decade 
beginning at a critical frequency defined by:  
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This characteristic spectral distribution does not 
vary in case of identical stiffness conditions but 
different impulse height since the impulse duration 
is not influenced. Here, only the spectral amplitude 
rises. The shock impulse excites all resonance 
frequencies of the structure inside the spectrum. 
The general relation between time and frequency 
domain is described by the Fourier integral: 
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In case of a vehicle crash the characteristic of the 
shock impulse is indeed very complex. The 
example mentioned above describes the ideal case 
of an elastic shock. During a crash, instead, plastic 
deformation usually occurs which principally has a 
spreading influence on the impulse shape. But it 
can be shown that there still remain shock 
excitations exciting the structure of the vehicle.  
To analyze these excitation processes under a high 
amount of reproducibility, the SBS generation is 
observed in component crash tests on a drop tower 
test stand. The crash proceedings can be isolated 
and observed in detail thanks to a strongly reduced 
complexity of the used structure. Only crash-
relevant body components that are important for the 
impact excitation in the early crash phase are used: 
the bumper cross member with its deformation 
elements (crash boxes) and the frontal part of the 
longitudinal beam (Figure 4).  

Longitudinal Beam

Bumper Cross Member
with Crash Boxes

 
Figure 4.  Frontal structure of a BMW 3 Series 
Convertible. 
 
The tests are realized in AZT configuration with the 
structural components mounted vertically on the 
floor. The impact is generated by a rigid metallic 
barrier falling onto the structure with a partial 
overlap of 40 %. Two barrier types are considered 
for these tests: the older barrier with an angle of 0° 
as well as the newer testing configuration [2] using 
a barrier with an angle of 10°.  
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The impact velocity is varied to evaluate the 
velocity influence, too. The following 
representation of the test results consists of the 
analysis of two different serial bumper systems. 
They mainly differ in the junction between the 
different parts of the bumper cross member as well 
as the junction to the longitudinal beam (Figure 5). 
 

Figure 5.  Different bumper systems with a 
welded cross member and longitudinal screw 
connection (left) and lateral screw connections 
within the cross member and longitudinal beam 
(right). 
 
The left structure is characterized by the solid 
welded connection between the cross member and 
the crash boxes and the screw connection between 
the crash box and the longitudinal beam. These two 
solid and force-transferring connections lead to a 
high degree of reproducibility which is especially 
needed for SBS generation analysis. 
In case of the right structure instead, the lateral 
screw connections cause influences in the SBS 
excitation due to a clearance passage within the 
screw joint. Such clearance passages induce 
glitches that have a strong influence on the variance 
of the measured signals. The clearance cannot be 
eliminated completely in the vehicle mounting. 
Therefore, the influence of a clearance passage is 
examined as well at the drop tower test bench. 
 
Results 
 
An acceleration sensor mounted on the dropping 
mass delivers data of the deceleration that is applied 
on the mass during the crash. The measured 
deceleration is proportional to the force integrated 
over the contact area of both structures. A small 
sampling rate does not allow the exact spectral 
analysis according to equation (2). but a qualitative 
analysis of the deceleration progress gives valuable 
insights on the deformation processes of the early 
crash phase. Two main deformation phases can be 
identified using the test configuration with 0° 
barrier angle. Both deformation phases, as 
described later, are each linked to an initial shock 
event. The first contact of the barrier causes a 
bending of the cross member which already 
dissipates a certain amount of energy. The force 
applied on the section of the crash box still is small. 
The duration of this phase is only a few 
milliseconds. The following compression of the 
crash box leads to a significant rise of the 
deceleration.  
Because of its inclination, the 10° barrier touches 
down to the crash box much more directly which 

leads to a lack of the initial bending of the cross 
member. The deceleration of the mass increases 
more quickly.  
Figure 6 shows the deceleration of the drop tower 
barrier for AZT configurations with barrier angles 
of 0° and 10°. The representation of the three 
measurements performed allows a statement about 
the variance of the test. All curves are very close to 
each other and only in the later proceeding of the 
test they differ lightly. The reproducibility of both, 
the test and the deformation process of the welded 
structure, is very high. All following explanations 
are referring to the black mean signal.  
At the beginning, the abrupt rise of the mass 
deceleration is obvious for the 10° barrier. The 
decrease towards local minima represents the 
folding process, the deformation of the crash box.  
In the bottom figure the two deformation phases of 
the 0° barrier test can be identified. A shock 
precedes both deformation processes and leads to a 
short impulse excitation of the structure. Although 
the deceleration signals of the drop tower mass are 
strongly low pass filtered these impulses can be 
recognized in the measurement as short deviations 
of the curve’s shape. These passages are mainly 
responsible for the SBS excitation and are marked 
with arrows in the figure below.  
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Figure 6.  Measured deceleration of the barrier 
for 0° and 10° AZT drop tower test at 13 kph 
(above), 0° AZT drop tower test at 16 kph zoom 
0-20 ms (below). 
 
Because of their broad-band spectral characteristics, 
these shocks act as emission source for high 
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frequency SBS in the domain up to 20 kHz. Figure 
7 shows the corresponding SBS envelope together 
with the view of the deformation of the bumper 
structure of three 16 kph 0° barrier tests. The 
variance of the measurements is shown by the 
illustration of three tests of the same configuration 
with their mean signal. The existing time offset of 
1-2 ms compared to the mass deceleration is due to 
minimal asynchronies in trigger time stamps of 
both measurements. The SBS signal was measured 
on the longitudinal beam in a distance of 100 mm 
away from the flange. In comparison with the 
deceleration signal, the importance of shock 
excitation to the generation of SBS signals becomes 
obvious. At the 2nd millisecond, the initial contact 
between the barrier and the cross member has 
generated the first SBS peak. The following 
bending of the cross member does not affect the 
generation of additional SBS. The envelope 
amplitude slightly decreases. When the crash box is 
hit by the barrier (about 5th millisecond) the major 
part of SBS is measured (see central view in Figure 
7).  
The beginning folding process is generally 
accompanied by decreasing SBS amplitudes even 
though the force deviation causes further SBS 
excitation. The shift between longitudinal pressure 
load and the buckling of the crash box generates 
new impulses. But the isolated analysis of these 

secondary processes is hardly feasible. In the 
proceeding of the deformation, different excitation 
processes superpose, single events are difficult to 
separate.  
A detailed analysis of the processes generating SBS 
requires a high degree of reproducibility. This is the 
case for the examples just mentioned before. 
Unlike, connection joints presenting a possible 
clearance passage have a much higher influence on 
the SBS generation than the shock excitation during 
the deformation of the crash box mentioned before. 
Clearance passages represent very short shocks that 
generate a high amount of high frequent SBS. The 
reproducibility of the SBS measurements is 
massively decreased compared to clearance-free 
structure parts. Lateral connections, like the screw 
connection in Figure 5 on the  right are defined as 
connections having their axis orientated 
perpendicularly to the longitudinal axis of the 
vehicle. Here, the friction force affected within the 
connection is overcome very quickly, even at very 
low collision speeds. The parts slip through the 
connection which is followed by a very strong 
shock that is affected directly to the vehicle’s body 
via the longitudinal beam. The procedure can 
generate a multitude of SBS signal produced by the 
deformation of clearance-free parts (Figure 8).  
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Figure 7.  View of the deformation with measured SBS signal for three equal tests (black solid line 
corresponds to the mean signal). 
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Drop Tower no fire 8 kph no clearance
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shock impact 
after clearance passage

Figure 8.  SBS signal measured at the 
longitudinal beam in a low speed drop tower test 
with (dotted line) and without clearance passage 
(solid line). 
 
Such deviations in signal amplitude reaching an 
order of magnitude of much more than 500 % 
cannot be processed reasonably in a crash detection 
algorithm. Tests with clearance-free connections of 
the structural parts have shown that SBS envelope 
amplitudes in peaks can vary about ±50 % of the 
mean signal. Clearance-free connections like 
welding and longitudinal screw connections are 
recommended in order to avoid too high signal 
deviations. The resultant consequences of clearance 
passing for crash detection systems cannot be fixed 
at this point. But most algorithm concepts will not 
be able to handle such signal deviations. 
In the following paragraph, it is described how the 
physical principle behind the SBS generation by 
shock excitation can be used in a crash detection 
system and what the restrictions are to be aware of. 
 
Resulting Consequences on the Crash Detection 
Algorithm 
 
For the classical acceleration-based crash detection, 
the influence of clearance passages is not proven 
yet. It was shown that clearance passage, dependent 
on the constructive realization of the bumper 
systems, will lead to a highly increased signal 
variation. Crash detection criteria purely based on 
amplitude processing of high frequent SBS signals 
cannot necessarily be used to discriminate must fire 
and no fire crash cases. The AZT, defined as hard 
no fire, produces high SBS amplitudes and then, 
can reach magnitudes of must fire crash tests. High 
ODB signals with coexistent low AZT signals 
could not be observed. In Figure 9, the 
measurements of three typical frontal crash tests are 
shown for a small vehicle having welded 
connections between the cross member and the 
crash boxes as well as clearance-free longitudinal 
screw connections between the crash boxes and the 
longitudinal beam.  
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Figure 9.  SBS signal examples of typical crash 
tests, measured in the central position. 
 
The chosen examples are very important for the 
crash type separation:  
 

• AZT representing the hard no fire test 
• ODB 40 kph and an angular test (30°, 

32 kph) representing the soft must fire 
tests in the early crash phase (t < 30 ms) 

 
The crash stiffness of the ODB is mainly 
characterized by the energy dissipation of the 
deformable barrier. The barrier prevents the 
occurrence of shock impulses by its own 
deformation. The generation of great magnitudes of 
SBS signal is not possible.  
In the case of the 30° angular crash, the resulting 
crash stiffness is reduced in the early crash phase 
due to the inclined force input. On the other hand, 
body parts, e.g. mud guard wings, soften the 
impulse by their deformation. Further more, a much 
more important fact is that the force input is not 
orientated directly in direction of the longitudinal 
beam. The resulting bending of the structural 
components in the first 30 ms generates relatively 
low SBS signals even if the barrier is not 
deformable. The high SBS amplitudes of the AZT 
are very interesting since they are remarkably 
higher than the must fire signals in the relevant time 
range of 30 ms.  
This fact can be used to separate AZT from ODB 
by a hard/soft distinction criterion. This offers the 
possibility to separate soft must fire crashes and 
hard no fire tests at an early point. In combination 
with the classical acceleration-based crash 
detection, the hard/soft distinction can help to fulfil 
current and future requirements on passive restraint 
systems. A first algorithm concept can be described 
as a simple regulation of the fire threshold f∆v 
giving the fire decision. This threshold still is 
processed on the velocity reduction ∆v measured by 
the classical acceleration-based crash sensors. On 
the one hand, f∆v is increased when hard impacts are 
registered. This means that hard impacts require an 
increased velocity reduction in the same time 
period. On the other hand, f∆v is decreased for soft 
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impacts to become more sensitive for soft must fire 
decisions. The following expression describes the 
relations in a simple generic and abstracted way: 
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CONCLUSION  
 
Structure-Borne Sound (SBS) sensing in the field of 
crash detection mainly applies on a crash type 
distinction of hard and soft crash scenarios. 
Therefore, the shock waves that are generated 
during the crash and travelling through the vehicle 
structure are very important. The vehicle’s resonant 
frequencies are excited by short impulses that 
depend on the stiffness of the crash. To be capable 
to use the SBS signals the relations that lead to SBS 
excitation are essential to know. In addition to 
sound emission in the ultrasonic range due to 
plastic deformation of metallic structures, highly 
dynamic impact shocks produce a great amount of 
SBS in the frequency domain up to 20 kHz.  
Hard impulses (e.g. AZT) generate high frequencies 
while soft impacts (e.g. ODB) usually don’t in the 
early crash phase. 
Clearance passage and the following disturbing 
impulse increase the signal variance significantly 
and must be avoided for not provoking false 
decisions in the crash detection logic. 
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ABSTRACT 
 
Recently a new set of tests has been introduced in Euro 
NCAP that assesses the performance of front seats and 
head restraints in relation to the risk of whiplash-
associated neck disorders in low severity rear-end 
collisions. In the absence of a clearly understood and 
generally accepted cause for these symptoms, the aim of 
this new procedure is to reflect real world seat 
performance, to highlight seats with known good and 
poor performance and to provide the maximum 
incentive to manufactures to move towards best practice 
in seat design.  
 
Based on real world evidence and a review of the state-
of-the-art in dummies, whiplash test experience and the 
real-world performance of commercially available seats 
on the market, a test procedure and criteria were 
developed that take into account both geometrical 
aspects and dynamic performance of the seat in three 
meaningful test severities.    
 
Being one of the most comprehensive “whiplash” 
assessments of its kind, the paper provides the 
background and technical details to the procedure as 
well as a synthesis of the first results. The results 
highlight the potential for further improvement in the 
performance for the majority of car seats on the market 
today. 
 
INTRODUCTION 
 
Established in 1997, the European New Car Assessment 
programme provides consumers with a safety 
performance assessment for the majority of the most 
popular cars in Europe. Thanks to its rigorous crash 
tests, Euro NCAP has rapidly become the driver of 

major safety improvements to new cars. Rather than 
focussing exclusively at life threatening injuries, the 
intention from the start has been to encourage 
manufacturers to make improvements in all areas 
and to avoid concentrating attention on any 
individual area of the car [1].  
 
So far, Euro NCAP has assessed the protection for 
car occupants in frontal and side impact as well as 
the protection afforded by the car’s front to 
pedestrians. However, it has not included a rear 
impact test, yet.  The interest to actively address the 
problem of “whiplash” associated neck injuries, 
which represent a low threat to life but high risk at 
injury, was first raised in 2000 as part of Euro 
NCAP future development strategy.  
 
The Whiplash Problem 
 
Whiplash associated neck injuries in car collisions 
constitute a serious problem with immense 
implications for the individual as well as for the 
society. Whiplash neck injury, caused by sudden 
neck distortion, particularly occurs in low speed 
rear-end collisions and is the most commonly 
reported injury in crashes today [2]. Whiplash or 
cervical vertebral column injuries are notoriously 
underreported in accident statistics as after the crash 
the problem may not manifest itself immediately 
and the vehicles are often still in driveable 
condition. In many instances police attendance 
and/or tow away is not required and therefore these 
cases and any subsequent treatment to the injury are 
not included in the national accident statistics.  
 
The rate of claims related to whiplash associated 
injuries reported by the motor insurance industry is 
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generally considered to be a better indicator of the 
magnitude of the problem in Europe.  Statistics from the 
Comité Européen des Assurances [3] show that four 
countries have a very high rate of claims for whiplash 
associated injuries, including the United Kingdom (76% 
of bodily injury claims), Italy (66%), Norway (53%), 
and Germany (47%), compared to an average of 40% in 
Europe. Figure 1 shows the overall cost of whiplash 
trauma, expressed as a percentage of the overall cost of 
bodily injury for a number of Western-European 
countries [4]. According to this analysis, the country 
with the highest costs for whiplash claims is the United 
Kingdom (50% of all costs related to bodily injury). 
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Figure 1. Cost of whiplash trauma as percentage of 
total bodily injury cost (from [4]). 

It is well understood that whiplash claims are in part the 
result of the legal system of compensation. Regardless, 
whiplash remains the most frequently reported injury on 
European roads. As whiplash associated injury leads to 
long term consequences, with 10% of people suffering 
long term discomfort and 1% permanent disability, 
addressing “whiplash” injuries, their causes and 
prevention has been an important priority for the 
European Commission in the last decade. 
 
Development of Whiplash Testing 
 
Whiplash may occur in all impact directions but the 
injury is most frequently observed and its risk most 
effectively addressed in rear-ends impacts. For this 
injury type, no biomechanically based safety regulations 
exist, mainly as a consequence of the limited (or 
inconclusive) knowledge available on whiplash. 
Research has demonstrated that in the event of a rear-
end collision the vehicle seat and head restraint are the 
principle means of reducing neck injury however [5].  
 
Starting from the assumption that lowering the loads on 
the neck lessens the likelihood of whiplash associated 
injury, first stand-alone test methods for seat and head 
restraint have been derived by the International 
Insurance Whiplash Prevention Group (IIWPG) [6] and 
the Swedish Road Administration (SRA) [7, 8], 
respectively. Both, however, adopted a different 
viewpoint in selecting the relevant seat performance 

parameters, one putting heavy emphasis on real 
world validation (IIWPG), and the other on 
plausible hypotheses regarding the causes of 
whiplash associated injury (SRA).  
 
Euro NCAP set up a Whiplash group in 2002 with 
the intention of developing a test that could 
compliment the existing whole vehicle consumer 
crash tests. In 2008, Euro NCAP completed its 
work and formally included the whiplash test as 
part of the new car assessment programme. This 
paper describes the Euro NCAP whiplash 
assessment test procedure, its background and the 
points rating system.  The paper also reports on the 
first series of results publish under this new scheme.  
 
EURO NCAP WHIPLASH TEST 
PROCEDURE 
 
The overall objective of the Euro NCAP whiplash 
seat assessment procedure is to reduce real world 
whiplash associated injuries in EU-27 by promoting 
the best practice in seat design amongst 
manufacturers and by increasing consumer 
awareness. With no significant advancement in 
knowledge of the injury mechanisms of whiplash, 
and little difference shown in real world 
performance of the two existing test procedures [9], 
the proposed Euro NCAP test is effectively a 
combination of the earlier IIWPG and SRA 
procedures with further refinements. For the time 
being, the focus is on whiplash protection of the 
driver and front passenger.  
 
Methods 
 
The “best practice” approach aims to promote seat 
and head restraint designs that reduce the distance 
between the head and head restraint that will 
support the head early and/or absorb energy so that 
the differential movement between the head and 
neck is lowered, and hence the risk of whiplash 
associated injury is reduced. As the overall 
performance of the seat system is governed by both 
geometric and dynamic characteristics, the 
assessment includes a static and dynamic part.  The 
use of sled testing, as opposed to whole vehicle 
testing, was found most straightforward, cost 
effective and acceptable for this purpose.  
 
The seat is mounted on the sled to a standardised 
method that approximates the basic geometry of the 
subject vehicle. The seat mount brackets replicate 
the correct seat rail angle and distance to the floor 
pan of each subject vehicle. The seats are set to 
achieve a 25º±1º torso angle of the H-point manikin 
fitted with an HRMD. 
 
     Static Assessment – Euro NCAP’s geometric 
assessment is based upon the procedure for static 
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geometric evaluation of head restraint geometry 
established by RCAR (Research Council for Auto-
mobile Repairs) to encourage positioning of head 
restraints closer to the driver’s head. Ideally the head 
restraint should be high enough to protect tall occupants 
and be at small distance to the head (small back set).  
Euro NCAP’s criteria for geometry are more demanding 
than those used previously by other rating systems. 
 

 
Figure 2. SAE J826 H-point manikin combined with 
Head Restraint Measuring Device (HRMD). 

After the seat is mounted onto the sled and set correctly, 
a modified SAE J826 H-point manikin is employed 
combined with the Head Restraint Measuring Device 
(HRMD) [10, 11] (Figure 2) and is used to assess the 
design position of the head restraint with respect to the 
head. Furthermore this measurement is used to define 
the H-point, head restraint geometry and other 
parameters used in set up of the test dummy. The Euro 
NCAP whiplash test protocol calls for three 
measurements on each individual seat and specifies 
maximum permissible skew (i.e. the positional 
differences between the left and right-hand H-points) on 
each installation, plus a maximum variation between the 
three drops. Consequently, static repeatability is 
controlled and dynamic variation due to a single 
outlying static measurement is rendered unlikely.  
 
As a majority of motorists are still putting themselves at 
risk of neck injuries because of incorrectly positioned 
head restraints, Euro NCAP also assesses “worst case” 
geometry (or “ease of use”) of the head restraint. This is 
achieved by checking whether the head restraint can be 
correctly positioned for different sized occupants, 
preferably without specific action from the occupant 
other than simply adjusting the seat track position to 
suit the leg length. 
 
     Dynamic Assessment – In the absence of a process 
to define representative vehicle specific pulses, the use 
of generic sled pulses has been preferred. Instead of 
using a single sled pulse, Euro NCAP has adopted three 
tests of different severity to avoid sub-optimisation to a 
single pulse and to ensure seat stability at a higher test 
severity. These pulses cover the range of speeds at 
which the highest risk at short and long term injury is 
observed and at which severe neck injury claims peak, 
as shown by Folksam [12] amongst others. 

Accident data suggests whiplash tests should 
include crashes in the 16 km/h range (10 mi/h). The 
first pulse used is at 16km/h ΔV pulse with a 5.5g 
mean acceleration, representative of one of the 
crash scenarios in which whiplash associated 
injuries would occur. This pulse, originally double 
wave in shape but simplified to a triangular pulse, 
has been used by IIWPG. The two other pulses used 
are trapezoidal in shape and simulate a “low” 16 
km/h ΔV (peak 5g) and “high” 24 km/h ΔV (peak 
7.5g). The latter pulses have been defined and 
exclusively used by SRA.  
 
The three pulses, shown in Figure 1, are termed 
“low” (16km/h, SRA), “medium” (16km/h, IIWPG) 
and “high” (24km/h SRA) within the Euro NCAP 
whiplash scheme. Time corridors and requirements 
for ΔV, ΔT, average mean acceleration and 
acceleration at T0 have accurately been defined to 
control the input pulses [13]. 
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Figure 3.  Three sled pulses used in Euro NCAP 
whiplash testing. 

All testing is carried out with the BioRID 50th 
percentile male test dummy developed to mimic the 
human response in low to moderate speed rear 
impacts (Figure 4) [14]. This dummy is considered 
the most human-like dummy available with respect 
to human response corridors and in comparison 
with other candidate dummies [15]. Since 2000, 
various design iterations of the dummy have been 
released following the recommendations by the 
BioRID Users Group and others. Euro NCAP 
prescribes the use of the BioRID-IIg or subsequent 
versions.   
 
For the dynamic test, the head restraint is positioned 
in mid vertical and horizontal position where locks 
are fitted. If no locking is present under the 
definition of the test procedure then the most down 
and rear position is used. The BioRID is seated 
according to positioning data from the static 
measurements. Three individual tests are run using 
new identical seats using each of the three pulses. 
At each run, dummy variables (as well as the seat 
back angle deflection at the high severity test) are 
taken. 
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Figure 4. Cross-sectional view of the BioRID upper 
torso, showing its segmented spine for human-like 
response and seat interaction. 

     Performance Criteria – As the injury mechanism is 
not well enough understood, the assessment is based on 
7 seat performance criteria which are not fully 
confirmed by biomechanical research: head restraint 
contact time, T1 x-acceleration, positive upper neck 
shear force, positive upper neck tension force, head 
rebound velocity, NIC and Nkm. This set of variables, 
referred to as seat performance criteria or seat design 
parameters, is a combination of the parameters used by 
IIWPG [6] and SRA [7] to rate seats. While some of 
these criteria correlate to hypothesised whiplash injury 
mechanisms, there is still debate in the international 
research community on the validation of those criteria. 
All seat design parameters however encourage the 
basics of energy absorption by the seat and head 
restraints that are close to the occupant’s head and for 
that reason these parameters are used collectively by 
Euro NCAP. 
 
WHIPLASH RATING SCHEME 
 
Points Scoring 
 
    Sliding Scales – The Euro NCAP assessment applies 
a sliding scale system of points scoring, which involves 

two limits for each seat design parameter. Two 
performance limits (lower and higher) are set at the 
70th percentile and the 5th percentile values 
respectively of the variable distribution observed in 
an earlier 31 car seat program undertaken jointly by 
Thatcham, Folksam and SRA [16]. The more 
demanding “higher” performance limit (HPL) 
below which a maximum score was obtained, and a 
less demanding “lower” performance limit (LPL) 
above which no points are scored. These limit 
values, representing the range in performance of 
seats currently on the market, are given in Table 1 
for each of the seven measured variables for each 
test pulse.  If the test value recorded falls between 
the lower and upper limits, the points score is 
calculated by linear interpolation. 
 
     Capping – For the first 5 variables in Table 1, 
the score is “capped” at the 95th percentile value 
(CL) of the above variable distribution, meaning 
that if any single measured variable exceeded the 
95th percentile limit, then a zero score is recorded 
for the complete test. For T1 acceleration and head 
restraint contact time, a slightly more complex 
approach is required. If both head restraint contact 
time and T1 acceleration were worse than the lower 
performance limit and either one of these variables 
exceed the 95th percentile, then capping is applied 
and the score is also zero for that test.  
 
The purpose behind capping is to avoid trade-offs 
between seat design parameters where one or more 
parameters would be allowed to “max out” while 
keeping others low. This, for instance, would be the 
case where low Fx or NIC would be achieved by 
allowing more seat back deflection thus raising Fz 
during extension. Capping therefore encourages a 
proper balance between the seven seat performance 
criteria. 
 
     Whiplash Raw Score – The maximum score for 
each parameter is 0.5 points. For each of the pulses, 
the score for each of the seven parameters is 

Table 1.  
Higher performance, lower performance and capping limits for low, medium and high pulses  

Low severity Medium severity High severity 
Criteria Units 

HPL LPL CL HPL LPL CL HPL LPL CL 

NIC m2/s2 9.00 15.00 18.30 11.00 24.00 27.00 13.00 23.00 25.50 

Nkm - 0.12 0.35 0.50 0.15 0.55 0.69 0.22 0.47 0.78 

Head rebound velocity m/s 3.0 4.4 4.7 3.2 4.8 5.2 4.1 5.5 6.0 

Fx upper N 30 110 187 30 190 290 30 210 364 

Fz upper N 270 610 734 360 750 900 470 770 1024 

T1 acceleration up to head contact g 9.40 12.00 14.10 9.30 13.10 15.55 12.50 15.90 17.80 

Head restraint contact time ms 61 83 95 57 82 92 53 80 92 

Seatback deflection deg n/a n/a 32 
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For both types of systems, Euro NCAP currently 
allows the geometric assessment based upon the 
deployed geometry considering the system always 
deploys in a stable position prior to the head 
contacting the head restraint [

calculated. The scores for the NIC, Nkm, head rebound 
velocity, neck shear and neck tension are summed, plus 
the maximum score from either T1 acceleration or head 
restraint contact time. There is a maximum possible 
score of three points for each test pulse, hence 9 for the 
overall series of dynamic tests.  

13]. As proof of 
proper functioning, tests such as the low speed 
bumper test (RCAR) [To calculate the raw whiplash score, the overall 

dynamic score is combined with the result from the 
geometric assessment. The static assessment of design 
head restraint position can either add or reduce the score 
with maximum one point, depending on how well 
aligned the position is with respect to the head. In 
addition, for seats that score well dynamically, per seat 
an additional 1/n points can be gained for the “worst 
case” geometry or ease of adjustment (where n=the 
number of front seats). 

17] are considered where the 
5th percentile female Hybrid-III dummy is used.  

 
Finally, the score can be reduced where excessive 
dynamic deflection of the seat back was observed 
during the “high” severity test (minus three points) or 
where there is evidence of exploiting a dummy artefact 
(minus 2 points). These latter modifiers have been 
introduced to prevent occupant ramping, which in 
extreme case can lead to occupant ejection, or 
compromise of rear seat passenger space and to 
discourage seat designs that intentionally misuse 
dummy features to enhance the performance. The 
dynamic test points combined with the assessment and 
modifier points (whether positive or negative) form the 
Whiplash Raw Score (Figure 5). 
 
     Scaled Points –The overall whiplash raw score is 
scaled to four points, which is the final score for the 
seat and the maximum contribution of the whiplash test 
to the Adult Occupant Protection score (maximum 36 
points) of the overall rating of the vehicle. The points 
are scaled to balance whiplash protection against the 
various other forms of protection assessed in the other 
Euro NCAP tests. For the purpose of graphical 
representation, the final four point score is divided into 
three coloured bands. A score of 0 to 1.49 scaled points 
is coloured “Red” or “Poor” (different from other 
assessments where “Red” is zero points only), a score 
of 1.50 to 2.99 is coloured “Orange” or “Marginal”, and 
finally a score of 3.0 to 4.0 is coloured “Green” or 
“Good”. The coloured bands are used as an additional 
indicator to raise public awareness and aid 
understanding of whiplash protection.  
 
Provisions for Proactive and Reactive Seats 
 
As a result of encouraging seats to offer better whiplash 
protection, new systems have been introduced on the 
market for which the head restraint position and/or seat 
geometry is actively altered as a result of the impact. In 
case where such a system is activated by the inertia of 
the occupant’s body mass the term “reactive” is used. 
Systems that not use the occupant’s energy to activate 
the system but require an external trigger (i.e. by a 
sensor) to deploy are referred to as “proactive”. 

 
VALIDATION 
 
In the final phase of the development of the Euro 
NCAP whiplash test and assessment procedure, a 
number of critical aspects have been thoroughly 
validated. These include the reproducibility in 
dummy positioning and accuracy of geometric 
assessment, the feasibility of sled pulse corridors, 
the repeatability of dummy measurements in 
relation to the limits and the discriminating 
resolution of the rating limits correlated to field 
data.   
 
Reproducibility of Static Measurements  
 
The test procedure involves the definition of seat 
geometry and dummy seated position. The static 
measurement has a significant influence on the 
dynamic test result and the overall score. The 
repeatability and reproducibility of the static 
definition is therefore critical to the testing process. 
Static measurements may differ due to variations in 
set up process, variations in measuring equipment 
and production variation in the seats themselves. 
Static measurement variation can be characterised 
both in terms of its repeatability and reproducibility 
using individual seats, and also across a production 
batch of seats.  
 
According to the protocol, head restraint geometry 
is defined by height and back set and is achieved 
after setting the seat and installing the SAE manikin 
and HRMD in a closely prescribed manner. In order 
to understand and control the potential variations in 
testing, an inter-laboratory harmonisation process 
was undertaken in 2006 involving Thatcham, 
ADAC, BASt, IDIADA, TNO and UTAC. One 
typical issue noted within this phase was that the 

Low  
Pulse  
≤ 3 pts 

Medium 
Pulse  
≤ 3 pts 

High  
Pulse  
≤ 3 pts 

Whiplash 
Raw Score 
≤ 3 pts 

“Worst Case” Geometry & 
Easy of Use 
≤ 1/n pts/seat 

Static Geometry  
-1 to +1 pt 

Dummy Artefact Modifier 
-2 pts 

Seat Back Opening 
Modifier 
-3 pts (High pulse only) 

Final Scaled Score  
≤ 4 pts 

Figure 5. Whiplash Points Calculation. 
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build condition of the SAE manikin was often away 
from the RCAR standard, for instance with head room 
probe still attached. Secondly, the installation process 
was frequently not followed exactly, adjustments being 
made to seat position mid process, and either excessive 
or inadequate forces and support being applied such that 
a consistent H-point position was not achieved. This 
study highlighted that in order to minimise inter-
laboratory differences, the SAE manikin and HRMD 
needed to better controlled and installation procedures 
should be more strictly adhered to.   
 
To improve the static repeatability, various process 
controls were subsequently introduced and a new 
certification process for the SAE manikin and HRMD 
was defined [18]. In the final phase of harmonisation, 
three examples of a further seat model were once more 
measured by each laboratory. Across four of the 
participating laboratories, the average back set and 
height could be controlled within a window of ±2 mm 
variation in both measurements, showing that where the 
protocol is followed exactly, repeatable and 
reproducible static measurements could be obtained. 
 
Sled Pulse Corridors  
 
Zuby et al. [19] have shown that differences in pulse 
shape affect the dummy response for a given seat test. 
Consequently, the Euro NCAP pulse corridors were 
designed with the most stringent limits possible taking 
the known capability of the various test equipment used 
into consideration.  
 
Firstly, a procedure to time index all data to a common 
point was adopted to avoid any influence on the time 
base. Every sled pulse must be individually time-offset, 
such that all data then passed through 1g at a common 
timing. If the process documented in the Euro NCAP 
whiplash protocol [13] is followed, a “time offset” 
value for any given test can be determined and the 
windows for corridor compliance and data analysis can 
be predictably defined. Very close control of speed 
change (ΔV), acceleration (dA) and with pulse duration 
(dT) was targeted since variation in these values can 
lead to reduced repeatability and reproducibility and 
variations in final scores of the same seat tested at 
different locations.  
 
Furthermore, acceleration corridors were defined to 
replicate the maximum level of control as demonstrated 
by the various laboratories using different equipment 
(for example Figure 6). This definition was reached 
after taking into account various designs of “reverse 
acceleration” type sleds as well as hydraulically braked 
“stopping sleds”. Further acceleration controls were 
applied to a time window before the start of the test, and 
another immediately following the end of the pulse as 
these areas can affect the final result, either in terms of 
dummy pre-loading or position before test, or dynamic 
response during rebound. Additionally, these latter 

controls help to ensure that sled braking is 
significantly outside of the time window during 
which dummy criteria are assessed. All pulse 
requirements are given in detail in [13]. 
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Figure 6. Typical laboratory pulse compliance 
(high severity pulse). 

 
Repeatability of Criteria 
 
In 2007 the labs involved in Euro NCAP whiplash 
testing ran a round-robin test program using five 
different seats to prove out reproducibility between 
the labs and to fine-tune the testing protocol. Due to 
the high test complexity of the protocol and the, at 
the time, big differences in whiplash test experience 
between the labs, only a sub-set of the data 
collected qualified for further analysis. Using data 
from one particular seat (taken from the Saab 9-3 
model) and one representative pulse (medium 
severity), the reproducibility of the BioRID-II 
criteria was investigated. The Objective Rating 
Method (ORM) [20] [ 21] was applied to calculate 
correlations for pairs of scalars (peaks and timing) 
and curve shapes. According to [20], ORM > 65% 
indicate a high repeatability of results.  
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Figure 7. ORM values for BioRID-II criteria 
between the labs involved in whiplash testing. 

Figure 7 shows the ORM values for the correlation 
of ADAC lab results (arbitrary choice) with the 
other labs for some of the criteria investigated. The 
overall results indicated that with exception of the 
neck forces all criteria demonstrated good 
reproducibility between the labs. Acceleration peak 
values generally scored higher than 90%, while 
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Ratings timing and shape scored between 60% and 95%. Neck 
loads, in particular Fx, however scored generally much 
lower than 65% however, this result, although suspect, 
was found to be biased by the extremely low values 
found for this parameter in the tests of the Saab seat.   

 
Table 2 (Appendix) summarises the results for the 
31 seats released up to February 2009. A wide 
range of points scores were achieved ranging from 
0 to over 3.5 points. Some seats score zero points, 
the minimum possible. These seats typically score 
some points in certain criteria, but are capped due 
to exceeding the capping limit for one or more 
criteria. On the other hand, there are seats scoring 
over 3 points. In these cases the seats tend to score 
over 2 points for each of the test pulses, then have 
positive modifier scores added for ease-of-use 
and/or good geometry.  

 
Rating Limits Related to Real-world Performance 
 
Recent studies have shown a correlation between 
whiplash consumer crash testing by IIWPG and SRA 
and real-world injury outcome [9, 22]. Both these 
studies indicate that a seat rated as “poor” have a higher 
risk of whiplash associated injury compared with seats 
rated as “good” but there is little resolution between 
“acceptable” and “marginal” rated seats in the real 
world. The three coloured bands used for the Euro 
NCAP whiplash points, effectively combining the two 
middle sections as one, therefore are expected to 
correlate better to the resolution found in the analysis of 
real world whiplash claims. 

 
In this series of tests, all seats rated as “good” 
featured certain “anti-whiplash” design 
characteristics shown to offer greater levels of 
protection in real world crashes. These include 
passive energy absorbing seats, re-active seats or 
re-active head restraints.   

RESULTS  
DISCUSSION   

Test Series  
The initial testing for Euro NCAP indicates that a 
wide variety of seats designs are in current 
production and that there is a large distribution in 
the scores achieved in the Euro NCAP test 
procedure. Some new models being launched and 
are able to achieve a score of over 3.5 (out of 4), a 
promising trend that illustrates that manufacturers 
are readily able to achieve high points scores using 
existing designs. However some new models are 
shown to score poorly, suggesting that these 
designs require development to offer improved 
whiplash protection. This testing provides a span of 
results from zero to over 3 points (over 75% of the 
available whiplash points) for new model seats that 
are representative of the range of new seats found in 
the real world.  

 
The first official round of testing was carried out during 
2008 with 25 seats tested for publication in November 
2008. A further six seats were tested between 
November 2008 and January 2009 and were released in 
February 2009. All systems tested were driver seats 
taken from the best selling, basic safety specification 
variant of the car tested by Euro NCAP. These cars 
included supermini’s, small family and large family 
cars, small MPV’s and small and large off-roaders. 
Each seat was assessed according to Euro NCAP 
Whiplash test and assessment protocol Version 2.8 [13].  
 
Description of Seats 
 
Various seat designs are included the first series of 
whiplash testing carried out.   

Within the first phase it became apparent that 
consideration should be given by manufacturers as 
to the availability of positive modifier and 
assessment points, such as “ease of adjustment”. 
Qualification for these points resulted in at least one 
manufacturer achieving a “good” rating since they 
help to ensure that a wide range of real world users 
are given protection from whiplash associated 
injuries.  

 
     Passive Seats – A seat that uses passive foam 
technology to absorb the energy of the crash and allows 
the occupant to engage the head restraint without neck 
distortion. 
 
     Reactive Head Restraints – A head restraint that 
automatically moves up and forward during  
the crash, actuated by the weight of the  
occupant in the seat.  

Every “good” rated seat scores over 60% of 
available geometry points in this phase of testing. 
Every “poor” rated seat conversely scores less than 
20% of the available geometry points. This 
highlights the importance of geometry in seat 
design for manufacturers based on historical studies 
that link geometry to protection against whiplash 
associated injury [

 
     Re-active Seats – An entire seat and head restraint 
that absorbs the energy of a rear end crash.   
 
    Pro-Active Head Restraints – A head restraint that 
automatically moves up and forward at the start of the 
crash, actuated by crash sensors on the bumper or 
within the car 5, 23, 24]. Another trend 

revealed in the testing is that any seat dynamically  
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The Euro NCAP whiplash test procedure encourages 
best practice in vehicle design to prevent whiplash 
associated injuries. This is necessary since no injury 
mechanism for whiplash has neither been identified nor 
validated. The initial tests indicate that a wide range of 
results are possible, from 0 to over 3.5 points, 
confirming that some seat designs still need 
improvement for whiplash protection.  

 
REFERENCES 
 
[1] Hobbs, C.A. and McDonough, P.J., 1998, 
“Development Of The European New Car 
Assessment Programme (Euro NCAP)” in 
Proceedings of the 16th International Technical 
Conference on the Enhanced Safety of Vehicles 
(ESV), Windsor, Paper number 98-S11-O-06. 

 
Finally, it should be well understood that technical 
developments associated with vehicle design are not 
sufficient to resolve the entire problem of cervical 
injury claims in Europe. However, it is clear that by 
implementing state of the art seat design across the 
majority of cars sold on the European market, the effect 
of one of the dominant contributing factors may 
significantly be reduced.  

 
[2] Watanabe, Y., Ichikawa, H., Kayama, O., Ono, 
K., Kaneoka, K. and Inami, S., 2000. “Influence of 
seat characteristics on occupant motion in low-
velocity rear-end impacts.” Accident Analysis & 
Prevention 32 (2):243-250.  

Research will continue to monitor the effectiveness of 
the whiplash testing by Euro NCAP in the real world.  
Future investigations will be made into dummy and 
HRMD/SAE manikin calibration with the aim of 
improving overall test repeatability and reproducibility.  
In addition, the relevance and additional benefit of the 
three prescribed test pulses and seven criteria may be 
further examined in relation to the test costs in the near 
future. 

 
[3] Comite Européen Des Assurances, 2004. 
“Minor Cervical Trauma Claims: Comparative 
Study”. Brussels, Comite Européen des Assurances. 
  
[4] Chapuippuis, G., 2008. “Studying Minor 
Cervical Trauma Injuries” in “Bodily Injury 
Viewpoints for Europe” published by PartnerRe, 
www.partnerre.com, 51-56. 

   
 [5] Farmer, C.M., Wells, J.K. and Lund, A.K., 

2003. “Effects of Head Restraint and Seat Redesign 
 

Van Ratingen, 8 

http://www.partnerre.com/


 

 

 
on Neck Injury Risk in Rear-End Crashes”. Traffic 
Injury Prevention 4, (2):83-90. 

[16] Avery, M., Giblen, E., Weekes, A.M. and 
Zuby, D., 2007 “Developments in dynamic 
whiplash assessment procedures”. Neck Injuries in 
Road Traffic and Prevention Strategies, Munich. 

 
[6] Research Council for Automobile Repairs and 
International Insurance Whiplash Prevention Group, 
2006. “RCAR-IIWPG Seat/Head Restraint Evaluation 
Protocol”, Research Council for Automobile Repairs 
(RCAR) and International Insurance Whiplash 
Prevention Group (IIWPG). Version 2.5. 

 
[17] Research Council for Automobile Repairs 
(RCAR), 2007. “RCAR Bumper Test” Issue 1.01 
October 2007. 
 

 [18] Avery, M., Zuby, D., Gane, J. and Cox, M., 
2008. “GLORIA: Design and Development of a 
Calibration Jig for H-Point Machines Used for the 
Measurement of Head Restraint Geometry”, SAE 
2008 World Congress, Detroit, 2008-01-0348. 

[7] Folksam and Swedish Road Administration, 2005. 
“Pulse Calculation”; “Calculation of whiplash values”; 
“Standard test method for rear end impact crash tests”. 
Stockholm, Folksam and Swedish Road Administration.  

  
[19] Zuby, D.S., Farmer, C.M. and Avery, M., 
2003. “The influence of crash pulse shape on 
BioRID response”. IRCOBI Conference 2003, 
Lisbon, Portugal.  

[8] Krafft, M., Kullgren, A., Lie, A. and Tingvall, C., 
2005. “Assessment of whiplash protection in rear 
impacts”. Stockholm, Folksam and Swedish Road 
Administration. 

   
[20] Hovenga, P. E., Spit, H. H., Uijldert, M., 
Dalenoort, A. M., 2005. “Improved Prediction of 
Hybrid-III Injury Values using Advanced Multi-
body Techniques and Objective Rating”. In 
Proceedings of the SAE 2005 World Congress & 
Exhibition, April, Detroit, MI, USA. Paper 

[9] Kullgren, A., Krafft, M., Lie, A. and Tingvall, C., 
2007. “The effect of whiplash protection systems in 
real-life crashes and their correlation to consumer crash 
test programmes”. In Proceedings of the 20th 
International Technical Conference on the Enhanced 
Safety of Vehicles, Lyon, France, 07-0468.  
 No. 05AE-222. 
[10] Gane, J. and Pedder, J. ,1996. “Head Restraint 
Measuring Device”. In Proceedings of the 15th 
International Technical Conference on the Enhanced 
Safety of Vehicles Melbourne, Australia. 

 
[21] Eriksson, L., Zellmer, H., 2007. “Assessing 
The Biorid II Repeatability And Reproducibility By 
Applying The Objective Rating Method (ORM) On 
Rear-End Sled Tests”. In Proceedings of the 20th 
International Technical Conference on the 
Enhanced Safety of Vehicles (ESV), Lyon, Paper 
Number 07-0201. 

 
[11] Gane, J. and Pedder, J., 1999. “Measurement of 
Vehicle Head Restraint Geometry” SAE Congress, 
Detroit.  

  
[22] Farmer, C.M., Zuby, D. and Lund, A.K., 2008. 
“Relationship of Dynamic Seat/Head Restraint 
Ratings to Real World Neck Injury Rates”. World 
Congress on Neck Pain, Los Angeles, USA. 

[12] Linder, A., Avery, M., Krafft, M., Kullgren, A. and 
Svensson, M., 2001. ”Acceleration pulses and crash 
severity in low velocity rear impacts - real world data 
and barrier tests” In Proceedings of the 17th 
International Technical Conference on the Enhanced 
Safety of Vehicles (ESV), Amsterdam.  

 
[23] Chapline, J., Ferguson, S., Lillis, R., Lund, A. 
and Williams, A., 2000. “Neck pain and head 
restraint position relative to the driver's head in 
rear-end collisions”. Accident Analysis and 
Prevention; special issue: Whiplash 32 (2):287-297 

  
[13] Euro NCAP, 2008. “The dynamic assessment of 
car seats for neck injury protection” Euro NCAP 
Brussels, Version 2.8. 

  
[24] Farmer, C., Wells, J. and Werner, J. (1999). 
“Relationship of head restraint positioning to driver 
neck injury in rear-end crashes”. Accident Analysis 
and Prevention 31 (6):719-728. 

[14] Davidsson, J., Svensson, M.Y., Flogård, A., 
Håland, Y., Jakobsson, L., Linder, A., Lövsund, P., 
Wiklund, K., 1998. “BioRID - A New Biofidelic Rear 
Impact Dummy”. In Proceedings of IRCOBI 
Conference on Biomechanics of Impacts, Göteborg, 
Sweden, pp 377-390. 
 
[15]  Carroll, J.A., Willis C., and Hynd, D., 2007 
“Assessment of Rear Impact Dummy Biofidelity” 
EEVC WG12 Report - Document Number 505B 
 

Van Ratingen, 9 



 

APPENDIX 

Table 2.  
Euro NCAP Whiplash Test Results November 2008 – February 2009  

Final 
Scaled 
Score 

Raw 
Whiplash 

Score 

High 
Severity 

Mid 
Severity 

(unscaled) 

Low 
Model Severity 

(unscaled) 
Geometry Restraint Type 

(unscaled) 
Volvo XC60 3.544 9.746 1.909 3 2.876 0.961 Passive 
Alfa Romeo MiTo 3.349 9.209 2.503 2.355 2.47 0.881 Reactive 
Toyota Avensis 3.344 9.196 2.731 2.274 2.191 1 Reactive 
VW Golf 3.306 9.092 2.514 2.051 2.527 1 Passive 
Audi A4 3.155 8.675 2.346 2.594 2.135 0.6 Passive 
Opel/Vauxhall Insignia 3.064 8.426 2.339 1.94 2.147 1 Reactive 
Renault Koleos 2.938 8.081 2.404 2.641 2.444 0.592 Passive 
Toyota iQ 2.706 7.44 1.699 2.136 2.157 0.448 Passive 
Lancia Delta 2.616 6.693 1.979 1.818 1.637 0.759 Reactive 
Subaru Impreza 2.458 6.759 2.396 1.998 2.276 0.089 Passive 
BMW X3 2.44 6.71 2.484 2.264 2.112 -0.15* Proactive 
Renault Kangoo 2.378 6.54 1.75 2.237 2.022 0.531 Passive 
Renault Mégane 2.376 6.533 1.451 0.888 2.194 1 Passive 
Honda Accord 2.26 6.214 1.903 2.205 1.67 0.436 Reactive 
Skoda Superb 2.217 6.096 2.428 1.331 1.656 0.681 Passive 
Hyundai i30 2.212 6.083 0.935 2.005 2.471 0.672 Reactive 
Ford Fiesta 2.207 6.07 1.755 1.871 1.969 0.475 Passive 
Mazda 6 2.073 5.701 2.41 1.659 1.84 -0.208 Passive 
Mitsubishi Lancer 2.04 5.609 1.697 2.05 1.866 -0.004 Passive 
Seat Ibiza 1.963 5.397 2.192 1.244 1.639 0.322 Passive 
Mercedes Benz M Class 1.824 5.017 1.086 1.523 1.715 0.693* Proactive 
Dacia Sandero 1.582 4.349 1.058 1.793 1.304 0.194 Passive 
Daihatsu Cuore 1.1 3.025 2.21 2.086 1.729 0 Passive 
Citroen Berlingo 1.043 2.868 0.526 1.235 0.982 0.125 Passive 
Hyundai i10 0.938 2.579 1.173 0 1.814 -0.408 Passive 
Citroen C5 0.57 1.568 0.471 0.44 0.513 0.144 Passive 
Ford Kuga 0.444 1.222 0.238 0.713 0.36 -0.089 Passive 
Citroen C3 Picasso 0.338 0.93 0 0.571 0 0.359 Passive 
Daihatsu Terios 0 -0.054 0 1.455 1.63 -0.139 Passive 
Suzuki Splash 0 -0.336 0 0 0 -0.336 Passive 
Peugeot 308CC 0 -0.233 0 0 0 -0.233 Passive 

 
*Geometric assessment based on “undeployed” head restraint. Result under review as part of 2009 protocol update. 

 

Van Ratingen, 10 



 León Cano 1

AUTOMATIC INCIDENT DETECTION AND CLASSIFICATION AT 
INTERSECTIONS  
 
 
Jorge Alejandro León Cano 
Jordanka Kovaceva 
Magdalena Lindman 
Mattias Brännström 
 
Volvo Car Corporation 
Sweden 
Paper Number 09-0234 
 
 
ABSTRACT 
 
Collisions at intersections are common and their 
consequences are often severe. This paper 
addresses the need for information on accident 
causation; a knowledge that can be used to obtain 
more effective countermeasures. A novel method 
that can be applied to data recorded in a ground-
based observation system or similar is proposed 
for classifying vehicle interactions into a set of 
predefined traffic scenarios. The classification is 
based on possible combinations of trajectories of 
two interacting vehicles that have passed through 
an intersection.  
Additionally, the authors present an incident 
detection algorithm that uses the classified 
vehicle interactions. This algorithm constitutes 
the core of a video-based automatic incident 
detection at intersections (AIDI) system. The 
performance of the AIDI system was successfully 
verified both in a driving simulator and in real 
traffic conditions. 
 
INTRODUCTION 
 
In Sweden, collisions at intersections account for 
approximately 30% of all severe injuries and 
20% of all fatalities [1]. Corresponding figures 
from European studies report 30% to 60% and 
16% to 36% for crashes with injuries and 
fatalities respectively [2]. In USA, 21% of the 
fatalities on the roadways were related to 
intersections [3]. 
Traditionally, traffic safety research has been 
conducted on retrospective crash data, which has 
been used for continuous improvement of traffic 
safety [4], [5]. However, such accident data 
contain limited detailed information on driver 
behaviour; information that can be used to 
increase the performance of preventive safety 
systems and to perform needed changes in the 
infrastructure [6]. 
The concept of traffic conflicts as an alternative 
to crash data was first introduced in 1968 by 
Perkins and Harris [7]. Furthermore, the 
importance of describing traffic conflicts as 

surrogates for collisions for safety analysis 
purposes has been described in the Swedish 
traffic conflict technique (TCT), established at 
the University of Lund and now generally 
accepted as standard [8].  
Incident detection can be defined as the process 
of identifying the spatial and temporal 
coordinates of an incident. Several surrogate 
safety measures have been previously proposed 
for detecting incidents such as: Post-
encroachment time (PET), Time to collision 
(TTC) [9]  and Distance between vehicles 
(DBV) [10]. In spite of the many advantages 
related to the usage of safety measures, some 
fundamental issues have been identified, such as 
the lack of a consistent definition, their validity 
as a measure of traffic safety, and the reliability 
of their associated measurement technique [10]. 
An important alternative in dealing with those 
limitations includes the study of relationships 
between safety measures in order to have a 
better understanding of traffic conflicts and the 
safety effects of those measures [11]. 
Several "on road" studies have been conducted 
to learn more on, e.g., driver behaviour [12] and 
even larger studies are planned for the near 
future [13]. These studies equip vehicles with 
cameras and extra sensors and store data during 
both normal driving conditions and traffic 
conflict situations. Another way to increase 
knowledge on driver behaviour is to equip parts 
of the traffic environment, e.g. intersections, 
with a ground-based observation system that 
uses cameras to observe the traffic flow [14]. 
One of the main challenges with such systems is 
to assess the collected data and extract relevant 
information. The vast amount of data from the 
observation system needs to be processed before 
any conclusions can be drawn.  
This paper presents basic and fundamental 
methods for processing data from ground based 
observation systems to classify vehicle 
interactions into typical traffic scenarios and 
detect incidents or accidents for later analysis. 
The present study was carried out within a 
larger Swedish project involving several 
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partners from the industry, government and 
academy [15]. Focusing on intersections, three 
different data collection methods were used. One 
of them consisted of a ground-based observation 
system. 
 
OUTLINE 
 
This study extends over five main steps, 
illustrated in Figure 1, for processing 
continuously recorded real world data with the 
purpose of extracting relevant information for 
traffic safety research. The first step comprises 
assessing and structuring the input data. Next, 
definitions of zones and trajectories considering 
the size and layout of the studied intersection 
form the basis of the traffic situation 
classification method. Here, the classification of 
vehicle interactions into predefined scenarios is 
one of the desired outputs. The automatic 
incident detection at intersections (AIDI) 
method calculates a number of established safety 
indicators and a combination of these is 
suggested to estimate the crash risk for every 
interaction of two vehicles. The validation of this 
incident detection method is performed by 
processing data from a driving simulator study. 
Both methods are applied to real world traffic 
data in a case study. These steps are described in 
detail in the following sections.  
 

 
Figure 1.  Process description. 
 
INPUT DATA 
 
The input data used for developing the methods 
should contain information about the vehicles and 
the geometrical layout of the intersection. That 
kind of information can be collected using 
camera-based computer tracking of vehicles, 
driving simulators involving test persons, or fully 
generated by traffic simulators. 
In the required structure of the input data, every 
object/vehicle is described with several attributes; 
from which the most relevant in the design and 
implementation of these methods are: 

• Size (width, length and height) 
• Time stamps 
• Position (central point) 
• Speed 
• Acceleration 
• Orientation (vehicle heading angle) 

 
TRAFFIC SITUATION CLASIFICATION 
 
With regard to the actual size and layout of the 
studied intersection, a number of concepts that 
describe the traffic flow are defined. This step in 
the process describes how the intersection is 
first divided into zones according to its 
geometry, and then how these zones are used to 
identify vehicles’ trajectories. Next, different 
types of interactions, classified into scenarios, 
can be found from different combinations of 
trajectories. 
 
     Trajectories - The trajectory classification is 
based on a road segmentation process which 
divides the layout of the intersection into zones, 
as shown in Figure 2.  
   

 
Figure 2.  Definition of zones for a typical 4-
way intersection. The shaded regions 
constitute the core of the intersection and the 
big arrows indicate the traffic flow 
directions. 

In a typical intersection it is possible to identify 
and define entry, exit and central zones. 
Considering the dynamics of vehicles that pass 
through the intersection, the labels used to 
identify those zones are: 
 

• Entry zones: A1, B1, C1 and D1 
• Exit zones: A, B, C, and D 
• Central zone: Z 

 
The length of the entry zones can be altered and 
typically set to 5-10 m.  The intersection centre 
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is the region where all four lanes merge together, 
starting where incoming vehicles begin to turn.  
In Figure 2, the centre is represented by the 
central square labelled with Z.  This is the zone 
where most encroachment incidents and other 
conflicts are likely to happen and where it is 
possible to identify clusters of conflict locations 
and discover groups of events with similar 
driving patterns. The intersection core consists of 
the central zone and four entry and exit zones 
surrounding it.  
Finally, a trajectory type is identified according 
to the sequence of zones that a vehicle visits.  
Table 1 lists all possible trajectories specifying a 
vehicle’s transition from an entry zone to an exit 
zone (through the central zone). According to 
traffic rules, there are four correct possible ways 
to arrive at the central zone and four possible 
ways to exit it: turn right, go straight, turn left or 
make a U-turn.  Thus, there are 16 different 
trajectories in a 4-way intersection.   
 
 

Table 1. 
Numbering scheme for traffic-permitted 

trajectories 

Trajectory  
ID 

Entry 
Zone 

Exit 
Zone 

1 A1 D 
2 A1 C 
3 A1 B 
4 A1 A 
5 B1 A 
6 B1 D 
7 B1 C 
8 B1 B 
9 C1 B 

10 C1 A 
11 C1 D 
12 C1 C 
13 D1 C 
14 D1 B 
15 D1 A 
16 D1 D 

 
 
 
     Interactions - The second step identifies 
fundamental concepts of the interactions between 
vehicles: the number of vehicles and the scenario 
type. Also, the identification process is restricted 
to interactions happening in the intersection core 
during a specific time window. 
First, the number of vehicles is defined as the 
total number of vehicles present in the 
intersection core during a time-unit. 
Then, according to the number of vehicles, the 
following three main cases of interactions are 
identified: the single-car case, the fundamental 

two-car case, and the general multiple-car case. 
A single-car case refers to the situation in which 
only one vehicle passes through the intersection 
during a time-unit. Two-car cases are defined 
whenever two vehicles are observed in the 
intersection during the time unit. Multiple-car 
cases are treated as simultaneous combinations 
of two-car cases. When there is a multiple-
vehicle interaction, the related number of cases 
is obtained by Equation (1). 
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where n is the total number of vehicles in the 
intersection during the unit time.  
Finally, all the interactions between two 
vehicles are further classified into scenarios 
according to the combination of the vehicles' 
trajectories. 6 main categories of scenarios are 
defined: 
 

• Crossing - scenarios with vehicles 
with intersecting paths.  

 
• Merging - scenarios with vehicles 

moving from different into the same 
direction.   

 
• Splitting - scenarios with vehicles 

moving from the same into the 
different directions. 

 
• Following - scenario with one vehicle 

behind another vehicle that is moving 
ahead or waiting. 

 
• Oncoming - scenario with oncoming 

traffic, none of the parties have the 
intention to turn and cross over the 
opposite lane. 

 
• General - any other scenario. 

 
Specific cases are defined and identified within 
each of the 6 main categories of scenarios.  For 
example, there are four cases of crossing-path 
scenarios:  Left Turn Across Path/Opposite 
Direction (LTAP/OD), Left Turn Across 
Path/Lateral Direction (LTAP/LD), Straight 
Crossing Paths (SCP), and Leaving by Left - 
Arriving by Right (LL-AR).  These four cases, 
shown in Figure 3, are the focus of the analysis 
in the upcoming case study. Appendix 1 lists 
more specific cases identified within each of the 
other 5 main categories of scenarios. 
 



 León Cano 4

Figure 3. Scheme and graphical representation 
of crossing-path scenarios: (a) LTAP/OD, (b) 
LTAP/LD, (c) SCP and (d) LL/AR. 
 
 
AUTOMATIC INCIDENT DETECTION 
AND CLASSIFICATION AT 
INTERSECTIONS 
 
In this step, an algorithm is proposed for 
detecting and classifying incidents at 
intersections. The target cases of the present 
study are 2-vehicle interactions classified as 
crossing scenarios; i.e., cases within the scenario 
type LTAP/OD, LTAP/LD, SCP or LL/AR. 
First, several safety measures are computed for 
every interaction and are then used to build crash 
risk indicators (CRI). Secondly; since different 
sources of processed traffic flow data can have 
different levels of noise and usability, the 
proposed idea is to combine several CRIs to 
obtain a reliable and robust method for detecting 
and classifying incidents. 
 
Crash Risk Indicators (CRIs) 
 
For each 2-vehicle interaction, the following 
safety measures are computed: 
 

1. Post encroachment time (PET), defined 
as the time measured from the moment 
in which the first road user leaves a 
potential collision zone, known as the  
encroachment zone, to the moment in 
which another road user enters this zone 
[16]. 

 
2. Time to collision (TTC), defined as the 

extrapolated time until a collision would 
occur keeping constant the heading and 
speed of both interacting vehicles [17]. 

TTC is a continuous measure 
computed during all the interaction and 
TTCmin is the minimum value of the 
TTC vector. 

 
3. Distance between vehicles (DBV), 

defined as the estimated distance 
between the two closest points 
corresponding to each vehicle [18]. 

 
4. Acceleration rate (AR) of the first 

vehicle passing through the 
encroachment zone. The aim is to 
assess if any road user requires to 
accelerate in an unusual way in order 
to avoid a collision.  

 
5. Deceleration rate (DR) of the second 

vehicle passing through the 
encroachment zone. The aim is to 
assess if any road user requires to 
brake unusually in order to avoid a 
collision. 

 
The values of the above measures, together with 
related safety thresholds and guidelines 
proposed in the literature, are used to estimate 
CRIs normalised to the range [0,1]. The smaller 
the CRIs are, the less risky the corresponding 
interaction is assumed to be. 
When referring to PET, van der Horst [9] states 
that an interaction can be considered as safe 
whenever this time measure is greater than 2 
seconds. Thus, the PET-CRI, CPET, is 0 for PET 
values bigger than or equal to 2 s., and is 
proposed to increase linearly as PET decreases 
(down to 0 seconds). The TTCmin-CRI, CTTC, is 
computed similarly considering a safety 
threshold equal to 1.5 seconds [9]. 
The computation of the DBV-CRI, CDBV, takes 
also into account the mutual approaching speed 
(AS) of two interacting vehicles. CDBV is 
basically the result of the integration over time 
of a function that combines DBV and AS. It is 
small when DBV is big and AS is small, and it 
increases linearly as DBV decreases and AS 
increases. 
Consider Figure 4 for the computation of the 
CRIs related to the AR and DR measures, CAR 
and CDR. There are three regions with different 
shading levels. It is assumed that the inner 
region (light shading) contains most of the 
combinations of speed and acceleration in 
normal traffic, and thus the corresponding CRI 
is 0. The immediate outer region (medium 
shading) represents the transition from normal 
to anomalous traffic [19]. Here, the CRI 
increases linearly as the combination of speed 
and acceleration gets closer to the outmost 
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region (dark shading), where it reaches its 
maximum value (i.e., 1). 
All five CRIs are gathered in an incident vector 
(IV), as shown in Equation (2)(3): 

IV = [CPET CTTC CDBV CAR CDR]T    
  

(2) 

 
Figure 4.  Definitions of the boundaries used 
for detecting anomalous accelerations and 
decelerations of a vehicle according to its 
actual speed (adapted from [19] and [20]). The 
definitions of boundaries remain constant for 
speeds greater than 60 km/h. 
 
For each interaction, the incident number (IN) is 
a global estimation of the quantified combination 
of the 5 contributions to risk. It is normalized to 
the range [0,1] and it is equal to the weighted 
average of the elements of the incident vector as 
shown in Equation (3): 
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The higher the value of IN is, the riskier the 
corresponding interaction is assumed to be. The 
elements of the weight vector W = [WPET WTTC 
WDBV WAR WDR]T can be used as calibration 
parameters in order to deal with different quality 
levels of the input data that should be processed. 
Considering the characteristics of the data 
described in the Case Study and Validation 
sections—which were continuously used during 
the implementation—an appropriate choice for 
the weight vector is: W = [1,1,1,1,1]T, since it has 
proved to generate representative values for IN. 
 
Incident Classification 
 
In general, qualitative definitions of traffic events 
have been identified by Hydén [8], such as: 
 

• Undisturbed passage - A road user is 
passing through an intersection without 

being influenced by the presence of 
any other road user at all. 

 
• Potential conflict - Two road users are 

approaching each other in such a 
manner that the occurrence of a 
conflict is imminent unless some 
avoidance action is undertaken by 
either one of the road users involved. 
Ample reaction time is at hand, 
offering margins to compensate for a 
mistake. 

 
• Slight conflict - Two road users are 

approaching each other in such a 
manner that the risk of a serious 
conflict is obvious. Time margins are 
fairly small, thus demanding a rather 
precise and alert action to avoid an 
accident. 

 
• Serious conflict - Two road users 

appear in a situation that demands 
sudden and severe action to avoid an 
accident. A small number of serious 
conflicts lead to accidents because the 
available margins are not large enough. 
Therefore, the outcome of a serious 
conflict may be a near-accident or an 
accident when a physical collision 
happens. 

 
By observing interactions (animations and/or 
video files) and by considering the definition of 
the above four types of incidents, it is possible 
to subjectively estimate three incident 
thresholds for IN that classify an interaction as 
whether an undisturbed passage (U), a slight 
conflict (S), a serious conflict (also near-
accident, N) or as an accident (A). 
Thresholds are named in the following way: Ius 
to distinguish between U and S, Isn to 
distinguish between S and N, and Ina to 
distinguish between N and A. Then, interactions 
are classified according to the value of IN as 
shown in Equation (4): 

 
  

(4) 

Where the proposed values for the thresholds 
are: Ius = 0.15, Isn = 0.20 and Ina = 0.35. 
 
VALIDATION OF THE INCIDENT 
DETECTION METHOD 
 
Within incident management systems, most of 
the subsequent incident management actions are 
commenced only after the existence of an 

    Undist. Passage if  0  ≤ IN < Ius 
    Slight conflict if  Ius ≤ IN < Isn 
    Near-accident  if  Isn ≤ IN < Ina 
    Accident  if  Ina ≤ IN ≤ 1 

     Interaction =  
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incident has been confirmed, therefore the 
verification step is a fundamental and required 
part of a complete incident detection system [14]. 
Data from an experimental study in a driving 
simulator was used for validating this incident 
detection method. In total, 105 participants 
completed a simulator drive with different road 
environments including events such as 
intersection scenarios. The simulator provides all 
the required data to apply this method; such as 
time stamps, size of vehicles, position, heading, 
speed and acceleration. Video files of the front 
view were recorded by the simulator system and 
videos of the driver’s face were recorded by a 
faceLAB system [21]. During the driving test, the 
subject estimates the collision risk and tells it out 
directly after the event. After the experiment was 
over, trained technicians conducted a subjective 
off-line assessment of the crash risk present in 
each interaction. 
The AIDI method was applied to a data subset 
that corresponds to moments in which the 
simulated vehicle driven by the participants was 
involved in an LTAP/OD scenario. Table 2 
shows examples of the direct relation found 
between the quantitative crash-risk assessment 
provided by the computed IN’s and the qualitative 
evaluations provided by the technicians. This 
comparison shows effectively that the estimated 
crash risk given by IN constitutes a reliable 
quantification of what actually happened in the 
analysed LATP/OD interactions. 
 

Table 2. 
Comparison of different criteria to assess the 
crash-risk present in some interactions of the 
simulator study 

IN Comments 
0.05 Smooth braking, normal passage 
0.19 Sudden braking, interrupted passage 
0.25 Hard braking, near accident 
0.79 Accident 

 
 
CASE STUDY 
 
The traffic situation classification and incident 
detection systems developed in the present study 
are applied to video-processed data from an 
intersection that has been filmed. The main 
outcomes of the automatic analysis provide basic 
information about traffic flow patterns (such as 
trajectories and scenarios) and estimations of the 
crash risk present in crossing-path interactions. 
 
Input Data 
 
The data was collected during day time from a 
non-signalized, low speed priority (50 km/h 

posted speed) intersection (yield sign 
regulation) near the city centre of Gothenburg, 
Sweden. The traffic at the intersection was 
video recorded with two cameras placed on 
adjacent buildings. The cameras had 90o and 50o 
field of view (FOV) and were placed 18 m 
above the ground as depicted in Figure 5. The 
total video-recorded area of the intersection was 
approximately a 40 m radius circular area. A 
video processing and tracking system was 
applied to extract data of objects passing 
through the intersection and provide estimates 
of, e.g., the objects’ position and size in real 
world coordinates. 
More details about the locations, the video 
analysis procedure and the like can be found in 
[22]. 

 

 
Figure 5.  Intersection overview and camera 
locations. 
 
The sampling frequency of the processed data is 
equal to 20 Hz. The definition of the 
intersection’s layout is provided in the input 
data and a bird’s eye view of it is sketched in 
Figure 5. The total amount of input data used in 
this case study was obtained after processing 
approximately 470 hours of video. 
Before using the objects' data for further 
analysis, they were subjected to certain quality 
requirements. In general, the so called 
appropriate objects should have been observed 
during at least 2.5 s, have speeds below 200 
km/h, make a single pass through the 
intersection only once, have an acceptable 
percentage of position points located inside the 
intersection road section and long enough 
trajectories. 
The quality-checking procedure was designed in 
such a way that the greatest possible number of 
objects would be classified as appropriate. The 
criteria used are not rigid, but they proved to be 
an effective way to find objects with good 
enough trajectories in this case study data. 
 

Cameras 
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Traffic Situation Classification 
 
     Trajectories - Figure 6 illustrates the 
numbering scheme used for classifying 
trajectories passing through the studied 
intersection and also the distribution of the 6 
most commonly used trajectories. Notice that the 
other 10 permitted trajectories (the ones that are 
not shown in Figure 6) involve U-turns and 
traffic to or from a rarely used minor road. 
 

 
Figure 6. The most common trajectories 
occurring at the studied intersection and their 
corresponding relative frequencies. 

 
     Interactions - Table 3 shows the distribution 
of the number of interacting vehicles (NoV) from 
which the single-car situation was the most 
frequent. Cases that involved 6 or more vehicles 
could not be identified due to limitations in the 
extraction of data from the video files. Then, 
Table 4 illustrates the distribution of the scenario 
categories. 
 

Table 3. 
The distribution of interactions as a function 
of the number of vehicles (NoV) 

NoV Rel. freq. (%) 

1 53.0 
2 33.1 
3 11.2 
4 2.4 
5 0.3 
6 0.0 

 
Table 4. 

The distribution of scenario categories with 
NoV ≥ 2 observed at the intersection 

Category Rel. freq. (%) 

Crossing 13.09 
Merging 13.10 
Splitting 16.72 
Following 26.07 
Oncoming 16.39 
General 14.63 

 
Table 5 shows the distribution of crossing-path 
scenarios. Since trajectories going from north to 
south and vice-versa are very rare in this 

intersection (refer to Figure 6), it is natural to 
expect a minimal occurrence of SCP scenarios. 
 

Table 5. 
Distribution of interactions classified within 
crossing-path scenarios based on interactions 
with NoV ≥ 2. The trajectory pairs presented 
are the most representative combinations 
occurring in each scenario 

Crossing 
scenario 

Rel. freq. 
   (%) 

Trajectories 

LTAP/OD 34.22 3, 10 
LTAP/LD 20.20 7, 10 
SCP   0.82 Varies 
LL/AR 44.76 3, 7 

 
 
Automatic Incident Detection at Intersections 
 
The automatic incident detection system is 
based on the computation of IN’s. Figure 7 
shows a histogram of the incident numbers for 
all crossing-path interactions, the cumulative 
distribution of IN and also sketches the location 
of the identified incident thresholds. 
 

 
Figure 7. Histogram and cumulative 
distribution of incident numbers. The 
distribution of traffic events is: undisturbed 
passages (U) 93.6%, slight conflicts (S) 4.0%, 
serious conflicts (near-accidents, N) 1.8%, 
and accidents (A) 0.6%. 
 
As stated before, there are limitations in the 
extraction of traffic flow data which directly 
influence the global performance of this incident 
detection system.  
When viewing the corresponding video files, no 
incidents or accidents were encountered. The 
main reason for this is that the estimated shape 
and size of the vehicles in the case study data do 
not always correspond to the actual extension of 
the vehicles. Since the aim of the proposed 
method is to automatically find specific types of 
events for further studies, it is necessary to find 
a way to decrease the reality gap between the 
extracted data and the corresponding video files. 
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Representing vehicles in the same dataset with 
particles constitutes a good alternative to deal 
with the limitations in the data. 
If vehicle interactions are approximated by 
interactions between particles (i.e., all vehicles’ 
shapes are set to squares of 1 cm on each side), 
the observation and subjective classification of 
these interactions provide the following new 
values for the incident thresholds: Ius = 0.007, Isn 
= 0.019 and Ina = 0.071. The corresponding new 
distribution of incident types is: undisturbed 
passages (U) 94.99%, slight conflicts (S) 2.50%, 
serious conflicts (near-accidents, N) 2.40% and 
accidents (A) 0.11%. 

DISCUSSION 

The formulation of these methods provides an 
opportunity to assess continuously recorded data 
and extract relevant information for driving 
behavior studies.  
In this study, the proposed classification method 
is used to classify typical intersection scenarios. 
However, the method can also, in a logical and 
straight forward way, be further developed to 
meet the requirements of other analysis purposes. 
For example, will there be a difference in the 
distribution of classified incidents in Straight 
Crossing Path scenarios with both a passenger car 
and a truck involved compared to the same 
scenario where vehicles of only one type 
interact? Other descriptors of the involved 
vehicles such as "vehicle arrives at the incident 
area as first vs. second car" and "left turning 
vehicles arriving from west vs. east" are 
examples of information that can be added to the 
traffic situation classification method presented 
here—and hence form the basis for further 
behavioral studies. 
Many descriptive definitions of incidents are 
presented in the literature (see, e.g., [8], [9], [10] 
and [16]), but finding arithmetical classifications 
is difficult. One of the closest attempts is 
completed in the Lund Conflict method [8], but it 
requires manual coding and interpretation on the 
scene. The proposed incident detection algorithm 
can be used to automatically detect potential 
incidents in large traffic flow data sets. The 
algorithm combines several measures; such as 
PET, TTC and DBV, to automatically detect 
traffic incidents. In the validation and case study 
sections it is indicated that the algorithm is 
effective. However, it shall be noted that it has 
not been proven that the algorithm is able to 
detect all incidents or if it does not make any 
false detections. Further development and 
verification is needed. 
The incident thresholds can be verified (and 
tuned) by using input data from other 
intersections. In that case, the input data should 

follow the structure of the dataset used in this 
project and the zone segmentation should be 
adjusted according to the characteristics of some 
specific intersection. The method can be 
extended to include the analysis of swerving as 
a type of evasive action usually present in 
incidents. Moreover, the vehicles’ momentum 
can be calculated when appropriate parameters 
are provided in order to have a better estimation 
of the severity present in some incidents. 
For the Automatic Incident Detection, the 
quality and accuracy of the data applied are 
significantly influencing the outcome. As an 
example, the estimated shape and size of the 
vehicles in the case study input data do not 
always correspond to the actual extension of the 
vehicles. A comparison of the outcome when 
representing the vehicles in the same dataset 
with particles shows that that is a good 
alternative to cope with the reality gap between 
the extracted data and the corresponding video 
files. 
In the case study with real world traffic data 
from an intersection, adjustments according to 
the limitations in the extraction of data from 
video files were made. These can be classified 
into two main groups: 
 

• Primary limitations; identified by the 
criteria of the quality-checking 
procedure described before (long 
enough trajectories in time and space, 
speeds below 200 km/h, single pass 
through the intersection and a minimal 
percentage of position points located 
within the road boundaries). All data 
related to objects classified as 
appropriate are free of primary 
limitations. 

 
• Secondary limitations; still present in 

the data related to appropriate objects. 
The most relevant cases include 
trajectories that are closer to each other 
than in reality and incorrect estimations 
of the size and heading angles of 
vehicles. 

 
The global quantification of the risk present in 
every interaction of the recorded data is based 
on a robust combination of five independently 
crash risk indicators. That combination 
represents an important alternative for dealing 
with secondary limitations present in the data.  
Even though the global performance of the 
proposed video-based incident detection system 
is influenced by limitations in the extraction of 
data, this methodology constitutes an important 
approach to automatically perform several 
analyses of vehicle interactions and point out 
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interesting situations according to predefined 
criteria. Thus, a large amount of manual work 
previously used to identify certain events could 
now be redirected to carry out more focused 
investigations and provide a better understanding 
of those events’ dynamics. 
The proposed methods use data without any 
driver information and their outcomes do not 
provide descriptions of the drivers' state. There 
can be interactions classified as incidents in 
which the driver is totally aware of his/her 
actions and thus feeling safe all the time. For 
these reasons, it would be good to also consider 
data from other sources (such as on-road studies 
and follow-up interviews) in order to build a 
system that takes into account the drivers' states 
in addition to the kinematics of the interacting 
vehicles. 
 
CONCLUSIONS 
 
The proposed Traffic Situation Classification and 
Incident Detection methods consider basic and 
fundamental procedures to be used in the initial 
stage of the analysis process of data collected at 
intersections. 
After considering certain quality issues, it has 
been shown that it is possible to analyze extracted 
data in order to identify and classify essential 
traffic flow patterns occurring at intersections; 
such as trajectories and scenarios. 
For all vehicle interactions found in the data, 
several safety measures were computed and used 
to obtain crash risk indicators (CRIs) which are 
then combined to get an incident number IN (per 
interaction). The interpretation of the IN values 
constitutes the basis of the proposed incident 
detection system and should provide a more 
robust way to automatically detect and classify 
incidents. The validation of this detection system 
used data from a driving simulator study and 
showed a promising relationship between the 
quantitative and qualitative assessments of the 
crash risk provided by the IN’s and the 
perceptions of the observers (trained technicians) 
respectively. 
When applying these methods to a real world 
case study, it has been found that limitations in 
the data are significantly influencing the 
outcome. However, the results obtained are 
approximately reflecting the tendencies found in 
real-world-traffic statistics. 
Finally, when using automatic analysis tools like 
the one proposed here, large amounts of manual 
work used to identify or isolate certain traffic 
events could be redirected to carry out more 
focused investigations and provide a better 
understanding of the dynamics of those events. 
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APPENDIX 1: SCENARIOS 
 
 
 
 

Merging scenarios 
Left Turn 
In Path 

 
Right Turn  
In Path 

 
Both Turn  
In Path 

 
 
 
 
 
 
 

Splitting scenarios 
Left Turn 
Out of Path 

 
Right Turn  
Out of Path 

 
Both Turn  
Out of Path 

 
 
 
 
 
 
 

 
 
 
 
 

Following scenarios 
Turning Left 
Following 

 
Turning Right 
Following 

 
Straight Line 
Following 

 
 
 
 
 
 
 

Oncoming scenarios 
Straight Opposite 
Path Oncoming 

 
Turning Opposite 
Path Oncoming 
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General scenarios 
Missed Straight 
Opposite Path 
Oncoming by Right 

 
Missed Straight 
Crossing Path Both 
by Right 

 
Missed Straight 
Crossing Path by 
Both Sides 

 
Missed Straight 
Opposite Path 
Oncoming Both  
by Left 

 
Missed Straight 
Opposite Path 
Oncoming Both  
by Right 

 
Missed Straight 
Crossing Path  
by Right 
 

 
Single Car 
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ABSTRACT 

The native UK vehicle fleet is right hand drive 
(RHD) with a corresponding road infrastructure, 
presenting unique challenges to the increasing 
numbers of mainland European left hand drive 
(LHD) heavy goods vehicles (HGVs) using UK 
roads. This paper analyses the nature and 
circumstances of HGV accidents in the UK, paying 
particular attention to LHD HGVs and the causal 
factors exhibited. 

Using in-depth real world accident data the 
characteristics of 65 LHD HGVs involved in 
accidents are described in comparison with 250 
RHD HGVs. On-scene cases from the UK ‘On The 
Spot’ (OTS) project, funded by the UK Department 
for Transport and Highways Agency, enable a 
detailed examination of accident causation 
mechanisms and behavioural patterns. Comparison 
is made with the national accident data to put the 
in-depth investigation into context. 

The majority of LHD HGV collisions include 
causal factors related to vehicle geometry (blind 
spots) and driver mental load, compared to RHD 
HGV collisions which include injudicious and road 
environment factors.  Discussion focuses on the 
complex, multifactorial nature of these accidents 
with both vehicles and drivers not best adapted for 
UK roads. Key aspects of the accidents studied are 
identified and their implications are discussed for 
enhanced driver support and education. 

There are inevitable limitations regarding the 
amount of detail that can be collected on-scene due 
to the time consuming nature of the specialist 
vehicle examinations required and the language 
barrier. A pilot, translated, interview procedure has 
however been put in place to gain the maximum 
amount of information. 

INTRODUCTION 

As the European Union and particularly the 
commercial trade between the member states 
continues to grow, so does the concern regarding 
foreign heavy goods vehicles (HGVs), or 
specifically Left Hand Drive (LHD) HGVs using 
UK roads, making a review of the scientific 
evidence timely. This paper reviews real world 
accident data in order to identify common accident 

scenarios for LHD HGVs and compares these to 
accidents involving Right Hand Drive (RHD) 
HGVs. This gives an indication of driving issues 
faced by foreign drivers on UK roads. It is not the 
aim of the paper to apportion blame to any group of 
drivers. 

As is the case in many road traffic accidents all 
parties involved contribute to the accident to some 
degree through driver experience or behaviour. 
However this paper is heavily biased towards 
looking at HGVs and their contribution to the 
accident and although the collision partner may 
have also played a causal part in the whole 
accident, this has not been reviewed. 

After considering the overall picture using British 
national data this paper utilises the information 
gathered by the On The Spot (OTS) project. 

This paper is a first examination of the challenges 
faced by LHD HGV drivers when driving on the 
left hand side of the road.  It offers guidance to 
LHD HGV drivers on avoiding accidents whilst 
making native UK drivers more appreciative of the 
difficulties.  Consideration is given to the benefits 
of new technologies while also taking into account 
possible increases in driver distraction. 

LITERATURE REVIEW 

Blind Spot Areas 

Inevitably, heavy goods vehicles, due to their size 
and geometric make up, suffer from vehicle blind 
spots that are far larger and more obtrusive to the 
driver than the average car driver, a problem that is 
exaggerated when left hand drive vehicles travel on 
the left side ("wrong" side) of the road in the UK.  

   

RHD HGV   LHD HGV 

Figure 1.  Possible blind spots for HGV drivers 
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Figure 1 illustrates the typical blind spot areas to be 
found on both LHD and RHD HGVs. It 
demonstrates the effect of a car overtaking a HGV 
and how the car is obscured by a blind spot for the 
LHD HGVs. 

According to the Royal Society for the Prevention 
of Accidents (RoSPA) (2007)1 the larger blind spot 
that results from using a left hand drive vehicle on 
British roads is the most obvious safety concern. 
This problem is most pronounced when other road 
users pass on the far side of the vehicle, and for 
right turning vehicles. 

During a trial conducted by the UK Vehicle & 
Operator Services Agency (VOSA) in 2007, 40,000 
‘fresnel lenses’ were distributed to LHD vehicles 
entering the UK at Dover. The lenses are small 
sheets of flexible plastic with a moulded lens which 
adheres to glass and help to alleviate the problem 
of the LHD truck blind spot. It was estimated that 
there was a 59% decrease in side-swipe incidents 
as a result of the lenses2.  

Background Statistics 

In 2003 the UK Department for Transport (DfT) 
stated there had been a 150% increase between 
1992 and 2003 in the number of LHD HGVs using 
British roads each day. By 2005 it was anticipated 
that there would be an estimated 10,000 LHD 
HGVs using British roads each day3. 

In 2005 the British national accident data 
(STATS19) recorded 1,164 injury accidents which 
were classed as side-swipe collisions. Of these 
accidents 39% involved LHD or foreign registered 
HGVs, the majority of these accidents occurred as 
the HGV changed lanes to the right4. 

According to data collected by UK Police in Kent5, 
there were 333 accidents in that area between 1994 
and 2001 where the cause was a LHD HGV 
changing lanes to the right.  

Legislation 

Since the issue of relevance here is HGVs which 
are not primarily registered or operated in the UK it 
is European legislation that is most relevant. In 
general, legislation aimed at the safety of HGVs 
has been relatively limited. The exception to this is 
the 2003 European directive which requires all new 
HGVs (vehicles with a weight of more than 3.5 
tonnes) to be equipped with blind spot mirrors6. 
However, since replacement of the truck fleet in 
Europe is relatively slow, it was estimated that the 
fleet would only be fully replaced by 2022 at the 
earliest. It was estimated that introduction of a legal 
obligation to retrofit mirrors to vehicles in 
operation since 1998 would save an additional 
1,300 lives in Europe up to 2020.7 

The Causes of Truck Accidents 

According to the European Truck Accident 
Causation study (ETAC)8 the main cause of truck 
accidents is linked to human error in the majority 
of cases (85.2%), with other factors (for example, 
vehicle, infrastructure or weather) playing a minor 
role. Accidents due to lane departure and accidents 
after an overtaking manoeuvre – probably the two 
configurations of most relevance here – were 
responsible for 19.5% and 11.3% of the accidents 
respectively. However investigations were not done 
in the UK. 

Another significant factor in goods vehicle 
accidents is fatigue. A study by RoSPA9 using data 
from 2001 estimated fatigue to be a factor in 16 to 
23% of motorway accidents and 11% of HGV and 
Public Service Vehicle (PSV) accidents. 

General Issues 

There are a number of issues which might be 
predicted to influence the accident involvement of 
foreign drivers, regardless of where they are from 
or which roads (besides those in their country of 
origin) they are driving on. Yannis et al (2007)10 
provide an extensive list of factors, including: 

• poor knowledge of the road network; 
• lack of understanding of the local rules; 
• insufficient driving skill; 
• variance of attitudes, reflected in driving 

behaviour. 

As well as the obvious difficulty of driving on the 
opposite side of the road, there are a number of 
additional factors which may make the UK a 
particularly problematic place for non-native 
drivers to operate safely. RoSPA (2007) 
highlights:1  

• the imperial system, leading to problems 
understanding distances and speed limits; 

• the unique treatment of HGVs compared to 
other classes of road user, meaning that the 
posted limit may be higher than the limit 
which applies to HGVs. 

Increased Mental Load 

Yannis et al (2006)10 highlights the potential of 
increased mental load as a contributory factor in 
accidents involving foreign drivers, since certain 
road characteristics are found to significantly 
differentiate the risk between different 
nationalities. Inhabited areas and junctions are two 
such characteristics. Yannis et al conclude that, 

“This may be attributed to the fact that urban areas 
and junctions require a more demanding driver 
behaviour, namely a combination of decisions 
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under more complex traffic conditions and more 
traffic rules”. 

Vehicle Factors 

According to RoSPA (2007)1 the UK has the most 
stringent vehicle maintenance standards in Europe. 
Vehicles which would be deemed unsafe by UK 
standards may be able to use the UK road network. 
This view appears to be supported by figures 
published by the UK Vehicle and Operator 
Services Agency (VOSA)11 which found that half 
of the foreign lorries checked in 2006 had serious 
vehicle defects which could have affected their 
safety. In addition, one third of vehicles from 
Spain, Portugal and the Republic of Ireland were 
found to be overloaded. 

METHODOLOGY 

The main focus of this study was perform a review 
of the nature and circumstances of accidents 
involving LHD HGVs by comparing typical 
scenarios with those involving RHD HGVs. This 
was achieved by analysing the British national 
accident data (commonly called ‘STATS19’ after 
the form that is completed by the Police)4 and then 
in-depth OTS accident dataset was analysed 
focussing only on HGVs. For the purposes of this 
study, the issue of interest is defined as LHD 
HGVs with drivers who are less familiar with the 
language, road network and general traffic 
conditions. 

There are two investigation teams working on the 
OTS project, the Vehicle Safety Research Centre 
(VSRC) at Loughborough University, working in 
the Nottinghamshire region and the Transport 
Research Laboratory (TRL), working in the 
Berkshire region. The OTS teams attend and 
investigate, in total, 500 real-world collisions per 
year on a rolling shift pattern, covering all times 
and days of the week. The OTS teams investigate 
all collision types including all road users, all 
injury severities (from non-injury to fatal) and all 
road classifications. While OTS is not intended to 
function as a specialist HGV accident study, 
investigations include vehicle examinations, road-
user interviews and reconstructions as for all other 
road user types encountered. Both teams work in 
slightly different road network areas, which 
collectively are broadly representative of the UK. 
The study has been running since 2000 and at the 
time that this analysis was carried out had 
investigated over 3,500 real world collisions. The 
detailed methodology has been described elsewhere 
by Hill et al. (200112 and 200513).  

All accidents involving an HGV were reviewed to 
identify causation factors and trends across a range 
of collision scenarios. After initial examination of 
the cases, the sample could be split into LHD and 

RHD HGVs, allowing specific collision scenarios 
and common occurrences to be identified. 

The data was further analysed to compare and 
contrast scenario types between LHD and RHD 
HGVs. Basic collision conditions were compared, 
before moving onto the more complex data 
available relating to the causes of collisions.  

OTS utilises a variety of advanced systems for 
evaluating causation of which three are explored in 
this paper: Accident Causation System; 
Contributory Factors 2005 and Human Interactions. 

Injury severity is shown as fatal, serious, slight or 
non-injury according to the UK police 
classification.4 

RESULTS - STATISTICAL ANALYSIS OF 
BRITISH NATIONAL DATA (STATS19) 

Analysis of the accident causation factors 
commonly attributed to HGV drivers is presented 
here, as a complement to the more in-depth (OTS) 
analysis to follow. 

HGV Occupant Casualties in the National Data 

Examining the British national accident data for 
2006 there are 2,172 accidents that involved injury 
to an occupant of an HGV. 

The number of occupant casualties is lower for 
LHD foreign registered HGVs with 66 reported 
casualties, 3% of the figure for other HGVs 
(2,464). 

Accidents with HGVs Involved - Casualty 
Severity 

Due to the size of HGVs in relation to most 
collision partners it is appropriate to consider the 
number of accidents with at least one HGV 
involved and the resultant casualties in the entire 
accident. Table 1 gives the number of accidents by 
the overall accident severity for different 
combinations of HGV involvement. 

Table 1. 
Accidents with HGV involvement – Great 

Britain 2006 
Accidents 

with: 
Fatal Serious Slight Total 

Any HGV 
involved (A 

or B) 

386 1,445 8,635 10,466 

A involved 30 77 845 952 
B involved 367 1,381 7,849 9,597 

Key: 

Foreign registered LHD HGV A 

Other HGVs B 

R.Danton, Page 3 



It is clear from Table 1 that HGVs are involved in 
many more injury accidents than there are HGV 
occupant casualties. Of the 10,466 injury accidents 
involving an HGV, only 2,172 (21%) involved 
injury to an occupant of an HGV. 

Overall, 9% of all reported HGV accidents 
involved a foreign registered LHD HGV, which is 
0.5% of the total 189,161 injury accidents recorded 
for 2006. 

Contributory Factors for HGV Drivers in the 
National Data 

The Contributory Factors 2005 system has been 
adopted nationally by police forces since 2005 and 
completed for all police reported collisions, with 
data on injury accidents reported in STATS19. 

The Contributory Factors 2005 code can be 
assigned with a confidence level of ‘very likely’ or 
‘possible’, both are included here. There can be a 
maximum of 6 codes assigned to each collision 
therefore a single vehicle could have multiple 
codes assigned to it. For this reason in the results 
presented below the total number of codes is a 
higher figure than the number of vehicles. Only 
accidents where a police officer attended the scene 
are included in this section of analysis. This 
follows the official Government practice followed 
in the contributory factor analysis included in Road 
Casualties Great Britain14. 

Table 2 shows the proportion of HGV drivers who 
have a contributory factor recorded for them. 

Table 2. 
HGV drivers who have at least one contributory 
factor attributed to them – Great Britain 2006 

Driver of: No Factor At least 1 
Factor 

% with 
Factor 

Foreign 
registered 
LHD HGV 

206 722 78% 

Other 
HGV 4,296 4,914 53% 

From Table 2 it is clear that when LHD foreign 
registered HGV drivers are involved in some way 
in an accident they are more likely to have a 
contributory factor attributed to them than other 
HGV drivers, 78% compared to 53%. 

Figure 2 gives the proportion of drivers with at 
least one contributory factor associated with them 
who have a certain factor attributed to them. So, for 
example, 48% of LHD foreign registered HGV 
drivers, with at least one factor associated with 
them, are recorded as ‘failing to look properly’. 

Only the top 14 most common factors are 
illustrated for clarity. 
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Figure 2.  Proportion of drivers with at least one 
contributory factor attributed to them - most 
frequent factors – Great Britain 2006 

It is clear that ‘vehicle blind spot’ and 
‘inexperience of driving on the left’ feature 
distinctively for LHD foreign registered HGV 
drivers and a higher proportion of them have 
‘failed to look properly’ or made a ‘poor turn or 
manoeuvre’ attributed to them than other HGV 
drivers. It is likely that it is these factors that are 
influencing the higher proportion of all LHD 
foreign registered HGV drivers who have at least 
one contributory factor attributed to them. 

The proportion of LHD foreign registered HGV 
drivers with ‘fatigue’ attributed to them is smaller 
at 2.4% than the corresponding figure for other 
HGV drivers at 3.1%. 

The contributory factor system includes 6 factors 
addressing vehicle defects. These are considered in 
Figure 3 as the literature review highlights strong 
preconceptions regarding the poor maintenance and 
safety of foreign vehicles. 
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Figure 3.  Proportion of drivers with at least one 
contributory factor attributed to them by 
‘vehicle defect’ factors – Great Britain 2006 

Although the proportion of HGV drivers that have 
a vehicle defect contributory factor attributed to 
them is small there is a marked difference between 
LHD foreign registered HGV vehicles and other 
HGVs. In each of the six categories the percentage 
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for LHD foreign registered HGV vehicles is less 
than for other HGVs. There is a very large 
difference for the ‘overloaded or poorly loaded 
vehicle or trailer’ factor. 

Accidents with HGVs Involved - Road Class 
using National Data 

The following analysis considers the road 
classification of the accident site for injury 
accidents involving HGVs with at least one 
contributory factor assigned. 

Figure 4 compares the road classification 
distribution for accident involvement between the 
two types of HGV defined in this analysis. 
Unfortunately it is not possible to differentiate 
between trunk roads, which is possible with the 
OTS dataset. 
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Figure 4.  Road classification vs. HGV type (at 
least one causation factor attributed to HGV) – 
Great Britain 2006 

It is clear that injury accidents which involve at 
least one LHD foreign registered HGV occur 
proportionally more often on motorways and less 
often on A roads than those accidents involving at 
least one other HGV. Generally LHD foreign 
registered HGVs are involved in proportionally 
more accidents on motorways and A roads than B, 
C or unclassified roads with 94% on motorways 
and A roads. In comparison, this figure is 76% for 
other HGVs. 

RESULTS - OTS DATA ANALYSIS 

OTS General HGV Statistics 

If an accident involved two HGVs both are 
included in order to increase the understanding of 
the causation factors each vehicle has contributed 
to the accident. This improves the knowledge of 
HGV accidents and enables a full comparison 
between LHD and RHD HGVs.  

The total number of HGVs and the frequency of 
OTS accidents (cases) involving HGVs are 
outlined in Table 3. 

Table 3. 
Number of HGVs in OTS collisions 

Seat orientation  Number of 
HGVs 

Number of 
accidents 

Left hand drive 65 64 

Right hand drive 250 232 

Only HGVs where the drive orientation was 
recorded (some vehicles did not stop at the scene 
and could not be traced) are included in the 
analysis. Within the sample of HGVs, 20% are 
LHD and 80% are RHD. 

The overall accident severity for accidents 
involving an HGV is shown in Table 4 by the type 
of HGV, LHD or RHD. This injury severity may 
not have been the injury outcome for the driver of 
the HGV but is the highest recorded injury in that 
accident. Of accidents involving LHD HGVs, 37% 
are injury accidents compared to 60% of RHD 
HGV accidents. 

Table 4. 
Severity of collisions involving HGVs - OTS 

data 

Severity of all accidents (n=315) 
 

Fatal Serious Slight Non-
Injury n/k 

LHD 0 4 20 40 0 

RHD 13 32 92 93 2 

Total 13 36 112 133 2 

The proportion of collisions involving LHD and 
RHD HGVs according to the road classification 
where the collision occurs is shown in Figure 5.  
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Figure 5.  Road classification vs. HGV type 

Motorways and trunk roads are broadly compatible 
with road types found on the Trans European Road 
Network (TERN). The greater proportion of LHD 
HGV collisions occur on motorways (59%), 
followed by A class (non-trunk) roads (22%). 
Those two carriageway classes also feature in most 
RHD HGV collisions, but in the reverse order (A 
class non-trunk 39%, motorways 26%). This 
observation would be expected as the vast majority 
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of miles driven by HGVs are on the main arterial 
routes. 

During the HGV case review process a judgement 
was made as to whether the HGV had performed 
the principal or most significant contributing factor 
in the collision. This was established by an 
experienced investigator based on all the causation 
factors and the strength of confidence given to each 
factor by the investigation team. This resulted in a 
subset of cases for both LHD and RHD HGVs 
where the principal causation factors had been 
attributed to the HGV and thus enabled the analysis 
to focus on certain collision scenarios with a high 
level of confidence. This selection criteria further 
reduced the sample as shown in Table 5. Only 
these HGVs are used in the analysis of causation 
factors. 

Table 5. 
HGVs performing the most significant causal 

factor 

Seat orientation Number of cases 
Left hand drive 55 

Right hand drive 138 

Every accident is classified to best describe the 
type of collision. This discriminates, for example, 
between rear-end collisions, merging collisions, 
and loss of control on bends.  

Figure 6 shows the distribution of accident types 
occurring in the sample for both LHD and RHD 
HGVs. 
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Figure 6.  Accident types 

The most frequent collision types are "overtaking 
or lane changing" with the majority of 67.3% 
(n=37) of LHD HGVs, compared to only  
13.8% (n=19) of RHD HGVs. Of RHD HGVs, 
30.4% (n=42) are involved in a "rear end" collision, 
compared to only 7.4% (n=4) of LHD HGV 
accidents. 

In order to understand the different accident 
scenarios driver types have been split according to 
the driving action prior to the collision. The term 
“move to the right” or “move to the left” includes 
controlled lane changes and swerving actions. 

Table 6. 
Driver action, movement prior to collision 

HGV Move to 
right 

Move to 
left 

Rear 
end Other 

LHD 
(n=55) 

47 
(85.5%) 

2 
(3.6%) 

4 
(7.3%) 

2 
(3.6%) 

RHD 
(n=138) 

9 
(6.5%) 

27 
(19.5%) 

39 
(28.3%) 

63 
(45.6%) 

The results in Table 6 show that the majority of 
LHD HGVs move to the right in the OTS sample, 
with 85.5% performing this manoeuvre, compared 
to only 6.5% of RHD HGVs performing the same 
action to the right. It is interesting to note that a 
larger proportion of RHD HGVs are performing a 
manoeuvre to the left than right, which may be due 
to the influence of blind spots. 

OTS Accident Causes 

OTS utilizes a variety of advanced systems for 
evaluating the causes of accidents of which three 
are explored by the present paper: 

• Accident Causation system; 
• Contributory Factors 2005; 
• Human Interactions. 

OTS Accident Causation System 

The OTS Accident Causation System gives each 
accident a single precipitating factor. Only one 
precipitating factor can be selected for each case 
from a list of 15. The selected factor is the principle 
causation factor which the investigation team 
believe directly precipitated the occurrence of the 
collision. 

The analysis of precipitating factors use accidents 
where the precipitating factor has been linked to 
the HGV and not any other collision participant. 

Figure 7 gives the distribution of the precipitating 
factors for the 55 LHD HGVs with the 
precipitating factor in the accident attributed to 
them. 
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Poor turn or manoeuvre
49%

Failed to avoid object or 
vehicle on carriageway

25%

Other precipitation
2%

Poor overtake
9%

Failed to stop
2% Failed to give way

9%

Failure to signal or gave 
misleading signal

2%

Loss of control of vehicle
2%  

Figure 7.  Precipitating factors for LHD (n=55) 
HGVs 

Figure 7 clearly shows the largest proportion, 49%, 
of LHD HGV collisions are coded as a ‘poor turn 
or manoeuvre’ (n=27) and the next most frequent 
precipitating factor is ‘failed to avoid object or 
vehicle’ at 25% (n=14).  

Figure 8 gives the distribution of the precipitating 
factors for the 138 RHD HGVs with the 
precipitating factor in the accident attributed to 
them. 
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Figure 8.  Precipitating factors for RHD (n=138) 
HGVs 

The two largest sub groups in Figure 8 are ‘failed 
to avoid object or vehicle’ (25% n=36) and ‘loss of 
control’ (25% n=36), the third most frequent factor 
is ‘poor turn or manoeuvre’ (16% n=22). 

Contributory Factors 2005 Coding System 

The OTS project completes the contributory factor 
codes in isolation from the police investigation in 
order for the OTS investigation to remain 
independent. 

In order to compare the contributory factors 
between LHD and RHD HGVs it is important to 
understand the proportion of HGVs which have 
been attributed with a factor so they can be 

included in the analysis. The results in Table 7 are 
the proportion of LHD and RHD HGV drivers 
which have at least one contributory factor 
attributed to them out of the whole HGV sample. 

Table 7. 
HGV drivers who have at least one contributory 

factor attributed to them - OTS data 

Driver of 
HGV No Factor At least 1 

Factor 
% with 
Factor 

LHD 
n=65 8 57 88% 

RHD 
n=250 96 154 62% 

It is clear that when LHD HGV drivers are 
involved in some way in an accident they are more 
likely to have a contributory factor attributed to 
them than RHD HGV drivers, 88% compared to 
62% respectively. 

The distribution of contributory factor codes 
presented in Figure 9 and Figure 10 gives the 
proportion of HGV drivers that had a particular 
factor attributed to them. Figure 9 shows the top 10 
factors used by OTS investigators for the LHD 
HGV accidents. For clarity Figure 10 shows the top 
12 factors used by the investigation teams for RHD 
HGVs. 
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Figure 9.  Contributory factors for LHD HGVs 
(n=55) 

For LHD HGVs, the three largest proportions are 
"vehicle blind spot" 76% (n=42), "failed to look 
properly" 72% (n=40), "poor turn or manoeuvre" 
61% (n=34) and a fourth factor "inexperience of 
driving on the left" 35% (n=19). The two most 
frequent demonstrating that the vision the driver is 
afforded is an issue when driving a LHD HGV on 
the UK network. 
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Figure 10.  Contributory factors for RHD HGVs 
(n=138) 

The three highest proportions for RHD HGVs are 
‘careless reckless or in a hurry’ 32% (n=44), ‘failed 
to look properly’ 31% (n=43) and ‘failed to judge 
other person’s path or speed’ 25% (n=34). 
Although driver vision is still an issue other driver 
behaviour traits are more frequent for RHD HGVs. 

The Human Interactions System in OTS 

Each active road user involved in a collision is 
assigned an OTS Human Interaction Code; this 
code is used to show how this road user has 
interacted with other road users, vehicles or 
elements of the road environment (highway). There 
are 7 categories of interaction: legal, perception, 
judgement, external factor, conflict, attention and 
impairment. These categories are then sub-divided 
into more specific interaction codes. Each active 
road user, or in this case driver, will be attributed at 
least one interaction code but multiple codes can be 
attributed to the same driver. 

Figure 11 and Figure 12 show the most common 
interaction codes for the LHD and RHD HGVs 
which have performed the most significant causal 
factor. As each driver can be assigned several 
codes, for clarity, only the ten most frequent causal 
factors have been displayed. 
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Figure 11.  Most frequent interaction codes for 
LHD HGVs 

It can be seen that the most common actions by 
LHD HGVs are ‘looked but did not see, due to 
vehicle geometry (e.g. blind spot, windows)’ and 
‘intentionally entered into path of (e.g. swerved)’. 
For LHD HGVs the interaction codes for vehicles’ 
positioning on the carriageway and driver 
behaviour are coded frequently, for instance 
‘intentionally entered path’ and ‘adopted a 
conflicting path’. 
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Figure 12.  Interaction codes for RHD HGVs 

Figure 12 shows that the two actions most 
commonly indicating driver actions for RHD 
HGVs are ‘failed to avoid / unable to avoid’ and 
‘was inattentive’.  

There are higher proportions of interaction codes 
for RHD HGVs amongst the ‘perception’ and 
‘judgement’ categories with codes such as 
‘anticipated incorrectly the likely deceleration’ and 
‘travelled excessively close to’. 

DISCUSSION 

This discussion section not only brings together the 
results of the analyses presented in this paper and 
considers them in the context of the literature 
review, but also considers the methodologies 
involved in the collection of real world accident 
data involving HGVs. 

Number of Cases and Notification Levels 

For both databases examined, around 9% involved 
an HGV of any type. Focusing on LHD HGVs 
shows they make up 0.5% and 1.8% of accidents 
on the national and OTS databases respectively. 
The proportion of OTS investigated accidents 
involving a LHD HGV is therefore over three times 
higher than in the national data. This can be 
explained, at least partially, by the injury selection 
criteria for each database, as OTS collects damage-
only and injury accidents whereas only injury 
accidents are included in the national data. The 
police are called to the majority of injury (but not 
damage-only) accidents and a record is then created 
on the national database. However, OTS 
investigators believe that when an accident occurs 
with a foreign HGV involved, other participants in 
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the accident are more likely to call the police, even 
if no injury occurs. This is primarily because the 
potential language barrier doesn’t allow an easy 
exchange of details for insurance purposes. 
Although the police do not make a record for 
damage-only accidents, the OTS team are then 
called to investigate.  

Injury Severity 

Regarding injury severity the clearest indication of 
the injury disparity between HGV occupants and 
other road users is that HGV occupants are only 
injured in 21% of the injury accidents that they are 
involved in (Great Britain 2006). This result is 
understandable given that HGVs are usually much 
larger than their crash opponents. 

Accident Location 

Figures from both the national data and OTS show 
that the majority of LHD HGV accidents occur on 
the fastest roads. In both datasets over 90% of LHD 
HGV accidents occur on Motorways or A roads. 

With the transportation of freight, large distances 
are involved so the main arterial routes will see a 
larger proportion of the distance travelled by 
HGVs. Therefore just considering exposure by 
miles travelled will dictate that these roads feature 
highly in the accident databases. On these types of 
roads changing lanes frequently, joining and 
leaving the main carriageway are typical 
manoeuvres and if blind spots are a feature in HGV 
accidents then it is not unexpected to find the 
majority of accidents on these roads. 

Accident Types 

In the OTS LHD HGV sample the majority, 67%, 
of HGVs are involved in a collision which was an 
‘overtaking or lane change manoeuvre’ which is 
understandable considering the type of roads these 
accidents are occurring on (main arterial routes). 
This is 3.4 times higher than for RHD HGVs which 
are split between general driving type scenarios 
such as ‘loss of control’, ‘shunt accidents’, 
‘cornering’ and also ‘overtaking manoeuvres’. 

When addressing the issue of HGV accidents and 
especially LHD HGV accidents the issue of blind 
spots is an important one to consider with the HGV 
changing lanes to the right and colliding with a 
vehicle the driver ‘didn’t see’. The complementing 
issue for RHD HGVs is overtaking a vehicle and 
changing lanes into the left or merging lanes. The 
OTS sample shows that in 85% of the LHD HGV 
accidents the suspected scenario of changing lanes 
to the right is the driving action which caused the 
collision compared to only 20% for the 
complementing action to the left for RHD HGVs. 
This suggests that it is not only a blind spot issue 
but also a driver experience issue of interacting 

with the road and traffic environment. For example 
the RHD HGV would have overtaken a vehicle 
before changing lanes back, therefore the driver 
should be aware of the vehicle to the left. In 
contrast to this the LHD HGV is changing lanes to 
perform an overtake and is aware of the vehicle in 
front but did not see the vehicle to the right. 
Additionally, collisions may be more likely 
because frequency and relative speeds will be 
greater for vehicles travelling to the right of an 
HGV. 

A large proportion of LHD HGVs, 49%, are 
involved in a collision where the precipitating 
factor is ‘poor turn or manoeuvre’, a category that 
would also include changing lanes or negotiating 
junctions. This is much higher than the figure for 
RHD HGVs with only 16% involved in an accident 
with this precipitating factor. 

Overview of Causation Factors 

The coding system of contributory factors in OTS 
shows that 88% of LHD HGV drivers have at least 
one contributory factor attributed to them 
compared to 62% of RHD HGV drivers. The 
figures are lower in the national data but show a 
similar difference. One of the reasons for the 
difference is likely to be due to the availability of 
the ‘inexperience of driving on the left’ factor to 
investigators. 

Although the 2005 contributory factors system is 
fundamentally the same in both datasets the OTS 
project benefits from experienced investigators 
who study hundreds of accidents per year, and the 
inclusion of damage only accidents. It is interesting 
though, with the large national dataset, to look at 
factors in HGV accidents and examine if trends are 
similar to the OTS data set. The contributory factor 
which features the most in the national data for 
HGVs is ‘failed to look properly’ with 48% of 
LHD HGV drivers and 36% of RHD HGV drivers 
(who had at least one factor attributed to them) 
being attributed with this factor. Other interesting 
factors for the LHD foreign registered HGVs in the 
national data include; ‘vehicle blind spot’ and 
‘inexperience of driving on the left’ with 36% and 
14% of the sample respectively compared to only 
7% and less than 1% for RHD HGVs. In the OTS 
LHD HGV sample, 76% of the HGVs are deemed 
to have ‘vehicle blind spot’ as a contributory factor 
where this was only recorded in 7% of RHD HGV 
accidents. The second most frequent is ‘failed to 
look properly’ with 72% and 31% for LHD and 
RHD HGVs respectively. ‘Inexperience of driving 
on the left’ features for 35% of LHD HGV drivers 
and understandably doesn’t feature in the OTS 
RHD HGV sample. 

Part of the large difference for the factor ‘vehicle 
blind spot’ between the two groups of HGVs could 
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possibly be due to preconceived thoughts by 
investigators that a LHD HGV would suffer from a 
blind spot whereas a RHD HGV wouldn’t suffer 
from this problem. It is a large difference though, 
and the authors believe it is indeed a significant 
issue for LHD HGVs when on UK roads due to the 
road network and driving style. 

In the OTS sample LHD HGV drivers are 2.5 times 
more likely to be coded as performing a ‘poor turn 
or manoeuvre’ compared to RHD HGV drivers and 
2.4 times more likely to be deemed to have ‘failed 
to look properly’. It is clear that for LHD HGV 
drivers the factors ‘vehicle blind spot’ and ‘failed 
to look properly’ will be closely associated. 

Further Work on Causation Codes in OTS 

A large proportion of LHD HGV accidents involve 
contributory factors which are part of the driver 
action or experience categories whereas RHD HGV 
accidents also include injudicious action and road 
environment factors. 

The national data shows that ‘fatigue’ is coded for 
3.1% of RHD HGV drivers compared to only 2.4% 
of LHD HGV drivers. This figure differs to the 
results in OTS where 6.5% of RHD HGV drivers 
are attributed with this factor and ‘fatigue’ doesn’t 
feature in the LHD HGV sample at all. A possible 
reason for this is due to the level of severity of the 
LHD HGV accidents, mainly being slight injury or 
non-injury, so tachograph interrogation could not 
be justified (OTS investigators are not allowed to 
request tachograph data from drivers) to establish 
driver hours. Further data from new investigation 
methodologies, translated driver interviews and 
specific questionnaires, will help inform the 
investigation of fatigue in the future. 

The literature review highlights a VOSA report 
(2007) showing that half of foreign HGVs checked 
in 2006 had serious vehicle defects. In the national 
data it was observed that less than 0.5% of LHD 
foreign registered HGVs are coded as having a 
vehicle defect as a contributory factor. Across the 6 
factors analysed, vehicle defects are more of an 
issue for other HGVs, with 3.5% found to have 
been ‘overloaded or poorly loaded’ compared to 
only 0.1% of LHD HGVs. The small amount 
reported for LHD HGVs may be as a result of load 
checking at points of entry or exit to and from the 
UK, for safety on ferries or in the Channel Tunnel. 
In the OTS analysis no vehicle defect contributory 
factors are attributed to LHD HGVs at all. The 
most common vehicle defect factor for RHD HGVs 
is ‘overloaded or poorly loaded’ but only 8 out of 
250 are attributed with this factor. 

The findings in this paper of low instances of 
vehicle maintenance being a contributory factor 
concur with the ETAC study which reports that the 

scope for reducing accidents and injuries through 
measures aimed at vehicle maintenance standards 
may be limited. Also a study from Cooper et al 
(2006)15 concludes that the important element with 
respect to imported vehicles (in their study) is 
driver performance, rather than vehicle safety. 
Additionally, it must be noted that OTS (and 
national) data do not result from full, specialist 
vehicle examinations as carried out by VOSA. 

OTS Human Interaction Codes 

The OTS human interactions system looks 
specifically at the driver’s actions and influences. 
Firstly it is observed that generally for LHD drivers 
the interaction codes ‘looked but did not see due to 
vehicle geometry’(80%) and 'intentionally entered 
into path' (39%) are the most frequent, followed by 
‘adopted a conflicting path’ (20%). This further 
shows that LHD HGVs not only have an issue with 
the vision surrounding the vehicle, and as a result 
are encroaching on other road user’s space, they are 
struggling on reading the road environment and 
road infrastructure. 

The RHD HGV drivers in the OTS sample have a 
broad spectrum of interaction codes with 
‘inattentive’, ‘failing to avoid’ and ‘losing control’ 
being the three most frequent. Generally the RHD 
HGV driver interaction codes cover the perception, 
conflict, attention and loss of control categories, 
suggesting that there is more of a driver error and 
distraction problem compared to the perception and 
judgement issues attributed to LHD HGV drivers. 

The literature review reports how mental load on a 
foreign driver can be high due to unfamiliar road 
layout and road user behaviour, along with dealing 
with a vehicle designed for the other side of the 
road. Specific examples are the difference in 
imperial and metric road signs, signs and 
instructions that are not given in the driver’s native 
language and having different speed limits for 
HGVs compared to the posted speed limit. Mental 
load is very hard to judge in itself when 
investigating on-scene through OTS investigations, 
given the difficulty in discerning if drivers ‘failed 
to look’ due to mental load and/or vehicle 
geometry issues. These issues can usefully be the 
subject of further work using driving simulators 
and naturalistic driving experiments in controlled 
road environments. It should be noted that the 
figures are also significant for RHD HGVs. 

In combination with the points above, foreign 
drivers also have to combat learnt patterns of 
behaviour. An example of learnt behaviour is how 
pedestrians from the UK instinctively look right 
when starting to cross mainland European roads. 
Foreign HGV drivers can find themselves in a 
situation of tackling an unfamiliar road layout and 
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also combating a learnt pattern of behaviour, 
instinctively looking the ‘wrong way’. 

New Technologies and Legislation 

Manufacturers and policy makers are attempting to 
address the number of HGV accidents through the 
consideration of new vehicle technologies and 
possible regulation or legislation to govern their 
introduction. 

If new technologies such as lane assist and 
monitoring systems such as radar sensing become 
implemented and more common place there may be 
a reduction in side swipe and lane changing 
accidents. However these systems will still be 
reliant on the driver reacting in time and taking an 
appropriate avoiding action. This technology will 
not necessarily reduce confusion for the driver 
regarding a strange road environment or road 
network, and with mental loads already suggested 
as being high the driver interface with any new 
technology must be carefully considered. 

Legislation requires all new HGVs built since 2003 
to be fitted with blind spot mirrors. A recent 
European directive requires additional mirrors to be 
fitted to all commercial vehicles over 3.5 tonnes 
registered after 1st January 2000, and this must be 
completed by March 2009. However it is estimated 
that the European HGV fleet will only be fully 
replaced by 2022. This legislation should hopefully 
see a reduction in the number of accidents 
occurring, however it is not necessarily addressing 
the entire human side of this problem. If the 
mirrors are positioned incorrectly for the height and 
seat positioning of the driver they can be 
ineffective. 

Navigation tasks, especially in a foreign country, 
also place a mental load on the driver which may 
be reduced as satellite navigation aids are updated 
to include full and accurate UK map data, including 
key information for HGV drivers such as roads that 
are and are not suitable for HGVs. As the number 
of information systems, in-cab monitors and 
camera systems increase, to aid reversing 
manoeuvres or to reduce frontal blind spots for 
HGVs, so might the mental demand and possible 
distraction levels on the driver. If such demands are 
high and the driver is in a foreign country where 
the road network is different the driver may still be 
involved in similar types of accidents as before the 
new technology or mirrors were fitted. 

These areas of driver aids and new legislation can 
be monitored to see how the accident rate for 
HGVs fluctuates, and in depth on-scene projects 
such as OTS can continue to investigate the 
causation factors involved. 

Challenges for Real World Investigation of 
Foreign HGV Accidents 

Due to the nature of the OTS HGV accidents with a 
large proportion of them being non-injury 
accidents, information such as driver hours is often 
not recorded as this information can only be 
collected for accidents where the injury severity is 
killed or seriously injured (life threatening or life 
altering) as the information is then retrieved by the 
police investigation team. This leads to a possible 
under representation from on-scene data for both 
LHD and RHD HGVs of fatigue factors. 

It is not practical for on-scene research teams to 
carry out a full vehicle inspection on such large 
vehicles in regards to road worthiness, due to time 
constraints on-scene. For this reason maintenance 
and overloading issues may be under represented in 
the OTS data analysis. Similarly this will be the 
case for the majority of STATS19 reported 
accidents, especially those involving more minor 
injuries. 

Of course the language barrier is a general 
challenge in the investigation of these accidents 
and although interactive translation methods for 
on-scene interviews do go some way to relieving 
this difficulty, as developed and piloted in OTS, 
not being able to communicate straight away with 
all accident participants will always introduce an 
extra difficulty on-scene. 

Possible Actions to Increase Awareness 

In order to reduce the number of LHD HGV 
collisions occurring in the UK a number of 
strategies could be implemented to increase driver 
awareness.  

Information for driving in the UK could be given 
out at ports (or during crossings) to aid driver 
awareness and driver experience on a systematic 
basis. This information could include the permitted 
speed limits for HGVs on UK roads, advice on 
vehicle blind spots and typical scenarios such as 
changing lanes to the right, guidelines and 
suggestions on driving hours and taking regular 
driver breaks and an imperial to metric conversion 
chart to aid with speed limits, distances and heights 
of low obstacles. 

In addition, advice and further instruction could be 
given to UK drivers to make them more aware of 
foreign vehicles and more considerate of the 
potential difficulties for foreign drivers. A possible 
area where this could be done is by expanding rule 
164 of the UK Highway Code (overtaking large 
vehicles). 
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CONCLUSIONS 

• During 2006 in Great Britain there were 952 
injury accidents which involved a foreign 
registered LHD HGV, 0.5% of the total 
reported injury accidents for 2006. Other 
HGVs were involved in 9,597 injury accidents. 

• In-depth OTS data shows HGV accidents 
accounting for 9.6% of the 3,504 available 
accidents, with LHD HGVs forming 19% of 
the HGV sample. Of all the accidents on the 
OTS database, 1.8% involve a LHD HGV. 

• Both the national and OTS datasets show that 
the majority of LHD HGV accidents occur on 
the main arterial routes (Motorways, A roads 
and Trunk roads), in a greater proportion than 
RHD HGV accidents. 

• In the OTS sample the majority of LHD HGVs 
are involved in a collision which is an 
‘overtaking or lane change manoeuvre’, this is 
3.4 times higher than for RHD HGVs.  

• LHD HGV accidents present unique 
challenges for on-scene investigators. The 
language barrier is a general challenge in the 
investigation of these accidents but also the in-
depth investigation of vehicle and trailer 
maintenance and driver hours can be 
challenging, leading to a possible under 
representation of maintenance, overloading 
and driver fatigue issues, compared to the 
literature, in the accident datasets. 

• A trend which is a significant feature 
throughout the LHD HGV accident data for 
each accident causation system is ‘vehicle 
blind spot’ and ‘vehicle entering a lane 
conflicting with others or swerving’. Due to 
the geometry of the vehicles, the potential 
blind spots on the right of a LHD HGV are 
worse than that on the right of a RHD HGV, 
causing particular problems when changing 
lane from the left to the right. 

• The contributory factor which features the 
most in the national data and very highly in the 
OTS data for HGV drivers is ‘failed to look 
properly’. For LHD HGVs this factor is 
closely associated with vehicle blind spots. 

• The OTS human interactions system shows 
that for LHD drivers the interaction codes 
‘looked but did not see due to vehicle 
geometry’ and ‘intentionally entered into path’ 
are the most frequent interaction codes, 
followed by ‘adopted a conflicting path’. The 
LHD HGV driver codes cover perception and 
judgement issues whilst RHD HGV driver 
interaction codes cover the perception, 
conflict, attention and loss of control 
categories. 

• Mental load on a foreign driver can be high 
due to unfamiliar road layout and road user 
behaviour. In addition drivers must manage a 

vehicle designed for the other side of the road. 
Although new technologies may be designed 
to help the driver (such as lane assist) there is a 
need for further research to better understand 
the mental work load experienced by foreign 
drivers and any Human Machine Interface 
issues that may in fact increase distraction as 
more new technologies are introduced. 
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ABSTRACT 

Technological applications not only affect 
individual behaviour in traffic, but also influence 
interaction behaviour. However, not much research 
has been conducted in this area. This  paper 
attempts to fill the gap by investigating the effects 
of manipulations of the time and space ("interaction 
space") drivers have to safely negotiate an 
intersection. Interaction space was manipulated by 
providing drivers at intersections with information 
about other approaching drivers, and also by 
varying the expectedness of the approach speed of 
the other driver. An experiment was conducted 
using an innovative and promising approach with 
two linked driving simulators, where participants 
(N=26) were provided with in-vehicle information 
(flashing lights in their  dashboard and beeps), 
indicating the direction and speed with which 
another driver approached on the intersecting road. 
Based on the right of way regulation, speed could 
be either expected or unexpected. The use of linked 
simulators allowed the participants to interact with 
a real driver (the experimenter), rather than with 
pre-programmed drivers and thus provided 
important information concerning the interaction 
process . Different behavioural indicators of the 
safety and efficiency of the interaction process 
were recorded. Also, concerning the information 
provided, the level of acceptance and experienced 
mental effort is reported. The results regarding the 
behavioural indicators suggest a proactive and 
reactive stage within an intersection approach, 
where the latter stage seems more prone to 
manipulations of interaction space. The acceptance 
results indicated that the lights were not 
appreciated whereas the beeps were regarded as 
quite useful. Mental effort was (subjectively) lower 
in the condition where extra information was 
provided. This experiment provides a valuable 
indication of the effect information would have on 
driving behaviour, although it should be noted that 
the precise way information was provided here is 
too simplistic for direct application in real traffic. 

INTRODUCTION 

Today, more and more technology finds its way 
into our daily lives and affects the way we interact 
with each other. Interactions with other road users 

are no exception to this observation. In a 
considerable number of studies technological 
applications have been shown to affect each road 
users' individual behaviour [e.g., 1, 2, 3, 4, 5]. A 
less explicitly researched aspect is the way 
technological applications ultimately affect the 
interaction between road users. Although there are 
studies [e.g., 6, 7, 8] that have included measures 
indicating effects of technological applications on 
the interactive aspect of the driving task (e.g., 
approach and turning behaviour at intersections, 
gap acceptance, braking behaviour), the interactive 
aspect of the driving task is rarely, if ever, the main 
issue in these studies. It appears that the 
phenomenon where one road user's behaviour is 
affected by what happens in the environment, 
including the behaviour of other road users, 
remains an undervalued topic in research on 
driving behaviour. This paper aims to fill the gap 
by focusing on the consequences for the safety and 
efficiency with which road users will (potentially) 
interact. 
 
Interactive driving behaviour is easily observed at 
intersections where drivers encounter other drivers 
on their paths. To regulate the interaction, traffic 
lights are often installed, preventing drivers on 
conflicting paths being in the same place at the 
same time. However, traffic lights cannot totally 
prevent crashes at intersections which is partly due 
to the well documented "amber light dilemma". 
The amber light dilemma occurs on a road section 
upstream from a signalised intersection in which a 
driver approaching the intersection will neither be 
able to stop safely after the onset of amber, nor be 
able to clear the intersection before the end of the 
amber duration, while overall complying with the 
traffic regulations (i.e., not accelerating at an amber 
light)[9]. Besides signalised intersections, where 
interactive driving behaviour is largely controlled 
and eliminated by traffic lights, intersections 
without traffic lights also exist, where interactive 
behaviour can be observed more easily. At the 
latter intersections, the amber light dilemma, by 
definition, does not exist. However, a similar 
dilemma can still occur at intersections without any 
designated priority. Take two different drivers 
approaching an intersection. A third driver's 
approach from the right can be interpreted as a 
traffic light with different colours. If the driver is 
far away and/or approaching slowly, this can be 
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interpreted as a green light. If the driver is rather 
close and/or approaching at a high speed, this can 
be interpreted as a red light. Everything in between 
can be interpreted as the amber phase of the light 
and is up to the specific interpretation of the drivers 
approach. For example, one driver might interpret 
the third driver's approach as a potential conflict 
and decide to yield, whereas a second driver might 
decide to accelerate and clear the intersection 
before the approaching driver has reached it. These 
different interpretations could lead to a rear-end 
collision if the second driver does not anticipate the 
first driver braking for the approaching driver. The 
dilemma here is in interpreting the approach of 
third road user and anticipating if this will conflict 
with your own trajectory. How is it, that without 
time or facilities to negotiate who goes first, drivers 
usually are able to stay out of each other's way?  
 
To be able to successfully interact in traffic, we can 
assume that road users need expectations. Adequate 
expectations help drivers anticipate what other road 
users might do allowing them to prepare for a 
certain action. Expectations are a way of coping 
with the time constraints that apply in many 
situations where interactive driving is required. 
There are also other ways to help drivers cope with 
the time constraints in these kinds of situations. For 
example, allowing drivers a better view of the 
intersection will help them to better anticipate what 
will happen. Or, by behaving as could be expected, 
drivers can help other drivers anticipate their 
behaviour better. These examples all illustrate how 
increasing the time and space drivers have to safely 
negotiate an intersection (the so-called "interaction-
space" [10]) can help drivers with their interactive 
driving. Different manipulations of interaction 
space have been a central issue in the experiment 
discussed here. What happens with the safety and 
efficiency of the interaction when interaction space 
is increased? Are there ways that have a 
particularly positive effect on either safety or 
efficiency?  
 
Safety might come at the cost of efficiency. For 
example, when confronted with another road user 
slowing down who has right of way (i.e. an 
unexpected situation), one could decide to come to 
a complete standstill, which increases the amount 
of time needed for both road users to cross the 
intersection. On the other hand, interactions in this 
particular situation can be considered to be rather 
safe as well. The abovementioned behaviour of the 
road user could be identified as a “stop and wait” 
strategy as opposed to a “flying” strategy, where 
either one or both road users adapt to the other’s 
behaviour so they can both cross the intersection 
without anyone having to come to a standstill. 
Perhaps when the available interaction space is 
sufficient to ensure a safe interaction, the road user 

might choose to decrease the interaction space by 
increasing speed, thus creating a trade-off between 
“excess” safety and efficiency of the interaction.  
Literature discussing a trade-off between safety and 
efficiency has focused mainly on the engineering 
aspects of the situation rather than on the 
behavioural aspects [e.g., 11]. To investigate the 
presumed trade-off relationship between safety and 
efficiency, the present experiment also included 
several behavioural indicators of the efficiency of 
the interaction. 
 
In this experiment interaction space was 
manipulated by varying the expectedness of the 
approach speed of the other driver relating to the 
righthand –right of way regulation that applies in 
the Netherlands. Additionally, interaction space 
was manipulated by providing drivers at 
intersections with information about other 
approaching drivers through a (virtual) 
technological application. 

METHOD 

Twenty-six experienced participants took part in an 
experiment conducted in two linked Green Dino 
fixed-base simulators[12]. These simulators were 
connected in a way that allows the drivers of both 
simulators to encounter each other in the same 
virtual world. 
  
The experiment attempted to manipulate the 
interaction space through several independent 
variables: varying expectancy,  varying visibility 
and varying the information provided. The 
approach speed of other drivers could either be 
expected or unexpected in relation to their right of 
way. The route included intersections that varied in 
visibility of the intersecting road. The final 
manipulation of interaction space concerned 
providing participants with extra information 
concerning the behaviour of other road users 
approaching the intersection. The extra information 
was presented through headphones (auditory 
information) as well as on the dashboard (visual 
information). Through the headphones, participants 
were alerted by a series of beeps, presented to the 
ear which corresponded to the direction from which 
the other driver was approaching. The length and 
pitch of the beeps corresponded to the approach 
speed of the other road user. That is, long and low 
pitched beeps indicated a slowly approaching road 
user, whereas short high pitched beeps indicated a 
rapidly approaching road user. A red flashing light 
to the left or right of the centre of the speedometer 
indicated road users approaching from either the 
left or the right. The rate of flashing of the light 
corresponded to speed of the other road user as 
well (Figure 1). 
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Figure 1.   Location of flashing lights on speedometer.

  
Table 1. 

Dependent variables 
 
Variable Explanation Range 
TTCmin Minimum Time to Collision[13] ≥ 0s 
Safety The natural log of the difference between the time in seconds to the 

estimated collision point of the participant and the other road user [14], 
when the participant is 15m from the centre of the intersection. 
N.B. Values >3 indicate that one of the interaction partners stood still, 
and cannot really discriminate anymore. 

≥ 0  

DTI_Brake The participant’s mean distance to the intersection (DTI) in meters when 
the brake is first pressed. 

0 -150m 

Hard Braking Indicates how often the participant pushed the brake for more than 60% 0 (never) – 1 (always) 
DTI_Throttle The participant’s mean distance to the intersection (DTI) in meters when 

the throttle is first released. 
0 -150m 

Near miss Indicates how often the difference in time to the estimated collision 
point of the participant and the other road user was less than 1.5 seconds 

0 (never) – 1 (always) 

Collision Did a collision occur? 0: no; 1: yes 
Efficiency Sum of average speeds of both interaction partners (km/h) from when 

they were between 150 m. before the intersection to reaching the centre 
of the intersection 

≥ 0 km/h 

Speed_after Participant’s speed at the moment of leaving the intersection ≥ 0 km/h 
Standstill Indicates how often a participant's speed was < 1 km/h (proportionally 

over all encounters). 
0 (never) – 1 (always) 

Mean Yield Indicates how often a participant yielded (proportionally over all 
encounters). 

0 (never) – 1 (always) 

Mental Effort Subjectively perceived mental effort as indicated on the RSME[15] 0-150 
Usefulness Mean score on items on subscale of Acceptance[16] concerning 

Usefulness 
 

Pleasantness Mean score on items on subscale of Acceptance[16] concerning 
Pleasantness 
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The present experiment included a wide variety of 
measures that could provide information 
concerning the safety and efficiency of the 
interaction (Table 1). To help interpret the 
quantitative behavioural data derived in this 
experiment, a measure indicating mental workload 
[15, Rating Scale Mental Effort] and a measure to 
assess the acceptance of new car features [16, 
Acceptance scale] were also included. 
 
In total, there were 4 driving sessions; 2 with and 2 
without extra information. Participants drove 
through a simulated urban environment with 
intersections where they could encounter another 
road user, who was controlled by the experimenter 
in the second driving simulator. 

RESULTS & DISCUSSION 

This paper will only address the results of the 
experiment quite sketchily in order to focus more 
on the implications. For a more detailed account of 
the experiment and its results, the reader is referred 
to Houtenbos, 2008[10]. 

Interaction space and safety 

A large number of statistical analyses included 
different measures of safety. It is plausible that 
increasing interaction space should lead to 
increased safety, as the increased interaction space 
allows road users more time to adapt their 
expectancies to the situation as it develops and 
select an appropriate course of action. There are 
some results that support that idea, but also results 
that seem to suggest the contrary.  
 
To start with the supporting results, the results for 
TTCmin show shorter values (safety ) in the 
medium visibility condition compared with the 
high visibility condition (interaction space ). 
More hard braking (safety ) also seemed to occur 
in the low visibility condition (interaction space 

). Also, more near misses (safety ) were found 
in encounters where the other road users 
approached while maintaining speed (interaction 
space ), in encounters where participants were 
not provided with extra information (interaction 
space ), when visibility was very low (interaction 
space ) and when the other road users approached 
in a way that would not be expected (interaction 
space ). Results suggesting the contrary include 
the results for the Safety index (Figure 2). The 
lowest scores were found when visibility was 
medium or high (interaction space ) and when the 
other road users approached normally (interaction 
space ). Participants tended to release the throttle 
and apply the brakes when they were closer to the 
intersection (safety ) when extra information was 
provided (interaction space ). Although the 

abovementioned results might seem contradictory, 
they can be explained by the differences between 
these measures. Near misses and hard braking are 
perhaps measures more closely related to the 
critical aspects of (unsafe) situations as they 
correspond to a relatively late stage in the 
interaction process compared with measures such 
as DTI_Brake, DTI_Throttle and Safety. To 
explain, near misses and hard braking will 
generally occur closer to an estimated collision 
point than releasing the throttle and applying the 
brake and also past the 15m to the intersection used 
to determine the Safety index. Thus, near misses 
and Hard Braking might be indicators of a more 
critical stage in the interaction process and thus 
more direct indicators of interaction safety, whilst 
early brake and throttle manipulations might be 
more relevant related to efficiency.  
 
These results also imply that the interaction process 
consists of a stage where there is a tendency 
towards proactive caution, which, depending on the 
way the situation develops, might be followed by a 
stage where there is a tendency to reactive caution. 
Further away from the estimated collision point, a 
driver is more likely to be in the “proactive stage” 
and act accordingly by releasing the throttle or 
gently applying the brakes. As the driver comes 
closer to the estimated collision point, it is 
plausible that the need for reactive caution is 
assessed and the brakes might need to be instantly 
applied with considerable force and the result could 
be a near miss. Assuming such a distinction 
between a proactive and reactive stage, the results 
of this experiment suggest that the measures of 
safety related to the latter stage are more prone to 
the applied manipulations of interaction space.  

Interaction space and efficiency 

Concerning the effect of increasing interaction 
space on efficiency of the interaction two opposing 
effects could also be imagined. It is possible a 
trade-off relationship exists between safety and 
efficiency. Charlton [17], for example, shows that 
the interaction space can also be too large for 
optimal safety results. He conducted a field test on 
an intersection where the intersecting road was 
visually restricted to improve safety and reduce 
approach speeds. Perhaps in situations that are 
experienced as sufficiently safe, “excess” safety is 
traded for increased interaction efficiency. If so, we 
would expect to find opposite effects for measures 
of efficiency compared to the effects we found for 
measures of safety. On the other hand, we could 
expect participants to use the increased interaction 
space to increase interaction efficiency, which 
would imply that increased efficiency should be 
found for situations with increased interaction 
space. The results for the different measures of 
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Figure 2.  Safety results for different manipulations of interaction space. 
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Figure 3.  Efficiency results for different manipulations of interaction space. 
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efficiency seem to point in the direction of the 
latter hypothesis. The results for the different 
measures of efficiency seem to point in the 
direction of the latter hypothesis. The Efficiency 
index (Figure 3) shows higher scores (efficiency 

) when extra information is provided, particularly 
in the situation where the other road user illustrated 
expected behaviour by slowing down (interaction 
space ), and in the medium and high Visibility 
conditions (interaction space ). Higher scores 
were also found when the other road user behaved 
as could be expected (interaction space ). In 
accordance, participants’ speed when leaving the 
intersection was higher (efficiency ) when extra 
information was provided (interaction space ) 
and when the other road user behaved as could be 
expected (interaction space ). The final measure 
of efficiency also indicated less standing still by the 
participant in these expectancy conditions. In 
conclusion, the results indicate that particularly the 
extra information enabled participants to create a 
more efficient interaction (compared to when they 
did not receive extra information), allowing 
participants to cross the intersection without 
decreasing speed that much. When efficiency was 
already rather high, as was the case in the situations 
where the other road user approached the 
intersection while maintaining speed, providing 
extra information did not seem to increase 
efficiency any further. 

Trade-off Safety vs. Efficiency 

Do the abovementioned results for the safety and 
efficiency measures indeed indicate a trade-off 
relationship? If we were to divide the safety 
measures into measures of proactive vs. reactive 
behaviour, the effects found for proactive  
behaviour (DTI_throttle) indicate a trade-off with 
the effects found for the efficiency measures. For 
example, the results indicated that when 
information was not provided, participants tended 
to release the throttle further from the intersection. 
Values for the Efficiency index in those encounters 
were found to be lower, suggesting the existence of 
a trade-off relationship, in this case, efficiency 
being traded in for safety.  
 
The fact that evidence for such a relationship is not 
found for the measures of safety relating to the 
“reactive stage” can be explained. Take the least 
safe result of an interaction process: a collision 
between the interaction partners. In that case, the 
situation is highly unsafe, but also highly 
inefficient, as both partners will not be moving. 
Perhaps the same holds for Near Misses, suggesting 
the existence of an optimum in the trade-off 
relationship between safety and efficiency, beyond 
which both suffer.  

Proactive and reactive 

The distinction between proactive and reactive 
control has also been made by, for example, Fuller 
[18] and Hollnagel [19]. Fuller pointed out that a 
driver can either make an anticipatory avoidance 
response (i.e. proactive) or a delayed avoidance 
response (reactive). The first is generally made 
before being certain that it is really necessary to 
ensure safety. If an anticipatory avoidance response 
is not made, a delayed avoidance response might 
eventually become necessary. However, in that 
case, less time is left to make an adequate 
avoidance response. 
 
Hollnagel’s Contextual Control Model (COCOM) 
provides a more detailed account of the distinction 
between proactive and reactive control [19]. He 
identified four control modes, which vary in the 
degree of forward planning and reactivity to the 
environment. The first two modes, “strategic” and 
“tactical”, are based on long term planning and 
procedural short term planning respectively and can 
be considered more proactive, as they allow road 
users to anticipate future events. Behaviour in the 
latter two modes, “opportunistic” and particularly 
the “scrambled” mode, is much less planned but 
highly reactive to the immediate environment [20]. 
The mode is determined by several factors; the 
knowledge and experience of the individual, the 
rate of change of the process and the subjective 
(and objective) time available. The first two factors 
can be related to the concept of expectancy, as 
expectancy also depends on prior knowledge and 
experience (reflected in a rather general long term 
expectancy) and adapts to changes that occur in the 
process (reflected in a quite specific short term 
expectancy). The latter factor, the available time, 
can be linked to the concept of “interaction space”, 
which will be discussed further on in this paper.  
 
According to Hollnagel, people tend to move 
between control modes in linear fashion, which is 
corroborated by Stanton, Ashleigh, Roberts and Xu 
[20]. This suggests a continuous scale ranging from 
proactive control to reactive control. People should 
attempt to achieve strategic or at least tactical 
control which allows for a certain amount planning 
and anticipation, increasing the potential of 
reaching the desired outcome. The reactive modes, 
the opportunistic mode and particularly the 
scrambled mode should be avoided as these modes 
provide rather limited opportunities to recover from 
errors[21]. 
 
During the phase of the interaction process in 
which proactive control is most likely, the 
environment will provide less of the specific 
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information needed to adapt the long term 
expectancy into a detailed short term expectancy 
than during the phase of the interaction process, in 
which reactive control is more likely. For example, 
one road user might not even see any other road 
users but proactively release the throttle based on 
the general knowledge that the intersection ahead is 
often rather busy. In such a situation, the short term 
expectancy used to select the proactive throttle 
action is not so much more specific than the long 
term expectancy concerning how busy such an 
intersection can be. In contrast, during the reactive 
phase, the environment provides many more 
elements that allow the long term expectancy to 
become a rather specific short term expectancy.  
 
The results of this experiment, which used a variety 
of measures to indicate the level of interaction 
safety, seem to support the distinction between a 
proactive phase and a reactive phase. The results 
suggested that the transition from the proactive 
phase towards the reactive phase is not only 
affected by the amount of situational information 
available, but also by the interaction space 
available, which is in line with Hollnagel’s [19] 
idea about the time available determining the 
control mode. The Safety index and initial throttle 
and braking behaviour seemed to be indicators of 
the proactive phase, referring to behaviour more 
towards the start of the interaction situation, where 
the remaining interaction space is still relatively 
large. TTCmin, near misses and hard braking 
seemed to be indicators of a reactive phase, 
referring to behaviour more towards the end of the 
interaction situation, which generally coincides 
with limited interaction space. 

Supporting interacting drivers 

The results indicated that the extra information did 
not affect participants’ decision to yield, but did 
affect other behavioural aspects concerning the 
approach to the intersection. For example, the 
safety indicators relating to the phase in the 
interaction situation in which the proactive mode is 
likely to be active (Safety index and throttle 
behaviour) indicated a decrease in safety as a result 
of providing extra information. However, a lower 
proportion of near misses occurred in the session 
with extra information indicating an increase in 
safety in the phase of the interaction in which the 
reactive mode is likely to be active. Thus, 
providing extra information seemed to weaken 
performance in the proactive mode and improve 
performance in the reactive mode. Furthermore, the 
efficiency indicators (Efficiency index and the 
participants’ speed when leaving the intersection) 
indicated an increase in efficiency as an effect of 
extra information. 
 

When asked about their experience with the extra 
information, participants indicated that they found 
the beeps to be quite useful, particularly compared 
to the lights, which they regarded as unpleasant and 
not useful at all. Participants indicated that the 
presentation of lights in the speedometer often went 
unnoticed as they tended to look towards the 
intersecting roads for relevant information rather 
than on their speedometer. This tendency could be 
taken as a suggestion for human machine interface 
design not to place information intended to aid a 
user at a location where the user would need to 
search for it before being able to perceive it. 
Instead, using a modality not dependent on search 
behaviour such as audition or touch could be a 
solution. 
 
Furthermore, participants indicated that although 
they experienced the beeps as quite helpful, they 
did not experience them as pleasant to the same 
extent. Several participants even indicated that they 
experienced the driving task to be less interesting 
when provided with extra information. This 
observation corresponds to the findings regarding 
the decrease in subjective mental effort in sessions 
with extra information. Although a decrease in 
workload implies a road user would be better able 
to adequately react to unexpected situations (more 
resources to adapt the expectancy), it should be 
kept in mind that a workload that is too low is also 
undesirable [22].  
 
Another consideration involves the effect 
technological applications will have on 
expectancies of drivers, which could cause 
behavioural adaptation. The effect of behavioural 
adaptation can range from positive, through neutral, 
to negative, where the negative effects are 
considered most important to be able to predict in 
the context of traffic safety [23]. Future research 
endeavours to develop a system to support the 
interacting driver should take the concept of 
behavioural adaptation in to account when 
discussing the potential safety effects. 
 
The results indicated that the extra information, and 
in particular the beeps, did help participants to 
create more safe and more efficient interactions. 
However, it would be premature and unwise to 
conclude that we have proved that the extra 
information “works” in general to create safe and 
efficient interactions. All that can be concluded is 
that the particular way in which we provided extra 
information, worked in the simple and small range 
of situations that were presented to the participants. 
For example, imagine what would happen if not 
one, but two road users would approach the 
intersection at the same time or even shortly after 
each other. How would the participant be able to 
distinguish between the two approaches? It should 
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be noted that the aim of this experiment was not to 
test an application that is meant to help road users 
at intersections, but merely to determine the effects 
of different manipulations of interactions space on 
road users’ interactive behaviour. The results of the 
experiment do, however, provide encouragement 
for further research in this direction. 

CONCLUSIONS  

The results suggested that the available interaction 
space is primarily used for safety and if there is any 
additional interaction space it is used to increase 
efficiency. Thus safety generally has priority over 
efficiency. Additionally, the results indicated a 
trade-off relationship between proactive caution 
and efficiency: when participants tended to be 
rather cautious in the proactive phase, these 
interactions tended to be less efficient. Interactions 
where participants tended to rely on reactive 
control tended to be more efficient. 
More studies of this interaction space-time are 
recommended to explore how drivers' strategies are 
influenced by the different parameters manipulated 
here, but also others that were not included in the 
present studies. This would need more parameters 
of the behaviour of both vehicles and drivers to be 
recorded than was the case in the experiments in 
this thesis, and would require more exploration of 
interactions with a more 'natural' behaviour of the 
experimenter’s vehicle (as the experimenter 
followed a protocol in the present experiment). 
 
This paper has discussed a start on research in a 
much neglected area, that of interaction behaviour 
in traffic. It has shown that there is a world of 
insight to be gained in the subtleties of how road 
users react to each other. Since technological 
applications intervene in this subtle and complex 
world of prediction and feedback, reaction and 
learning, we need to know a great deal more about 
how this all works if we are to avoid making 
expensive mistakes in introducing it, or to avoid 
missing opportunities which it can offer.  
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ABSTRACT 

There are various types of child restraint systems 
(CRSs), and the child kinematic response behavior 
during a crash is different according to which CRS 
type is being used. In general, P3, Q3 and Hybrid III 
3-year-old (3YO) dummies are used to evaluate the 
performance of the forward-facing CRSs in sled and 
crash tests. In this study, the Hybrid III 3YO and Q3 
dummies were seated in 7 types of CRSs and were 
tested under the impact conditions specified in ECE 
R44. The tested CRSs include a 5-point harness and 
an impact shield, and their installations on the 
vehicle seat were accomplished by using the seat belt 
or the ISOFIX with a top tether. The dummy 
response and injury measures were compared. 

The neck flexed in the 5-point harness CRS and the 
chest deflection was small due to the shoulder 
harness restraint. In the impact shield CRS, the chest 
was loaded and the chest deflection was large. The 
chest deflection in the impact shield CRS depends on 
the shield structure, and it was small when the shield 
supported the pelvis. For the 5-point harness CRS, 
the injury measures of the dummy were smaller in 
the ISOFIX CRS with a top tether than in the seat 
belt installed CRS, especially that for the head 
excursion. For the impact shield CRS, the injury 
measures were comparable between the ISOFIX CRS 
with a top tether and in the seat belt installed CRS. 

The global dummy kinematic behavior was 
comparable between the Hybrid III 3YO and Q3 
dummies, though the Q3 showed more flexible 
behavior. This less-stiff characteristics of the Q3 
affected the head kinematic behavior. In the 5-point 
harness CRS, the neck tension force of the Q3 was 
higher than that for the Hybrid III 3YO, possibly 
because the Q3 head severely contacted the chest due 
to its less-stiff neck. The chest deflection of the Q3 
was larger than that of Hybrid III 3YO. This large 

chest deflection was more prominent for the impact 
shield CRS where the chest was directly loaded. The 
bottoming-out of the chest occurred for the Hybrid 
III 3YO seated in the impact shield CRS.  

INTRODUCTION 

There are various types of child restraint systems 
(CRSs) such as 5-point harness and impact shield 
CRS. Langwieder et al. [1] have shown that the 
injury risks to children were low in the impact shield 
CRS. This likely is due to less frequent misuse of the 
impact shield CRSs. However, in an impact shield 
CRS tested in the Japan New Car Assessment 
Program (JNCAP) CRS test, the chest deflection of 
the Hybrid III 3YO dummy was so large that a 
bottoming-out of the chest occurred.  

In Japan, the Japan Automobile Federation (JAF) 
examined CRS usages in the field. Seventy percent 
of CRSs were misused, and most of the misuse was 
due to seat belt slack that was introduced during 
installation of the CRS on the vehicle seat. An 
ISOFIX installation reduces this kind of misuse. On 
the other hand, since the ISOFIX CRS with a top 
tether is tightly connected to the vehicle seat, the 
impact response of a child seated in the ISOFIX CRS 
with a top tether could be affected by the vehicle 
acceleration.  

In the ECE R44, a P dummy is specified for use in 
the dynamic test of the CRS. However, it is indicated 
that the measurement capacity of the P dummy is 
limited. Therefore, a new child dummy, the Q 
dummy, was developed and is under investigation. 
Meanwhile, in the US, the Hybrid III 3YO (3-year-
old) dummy is used in the FMVSS 213. In Japan, the 
Hybrid III 3YO dummy is used in JNCAP to 
evaluate the dynamic performance of forward facing 
CRSs. 
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There are some studies that have compared the 
Hybrid III 3YO, P3 and Q3 dummies. Ratingen [2] 
compared the P3 and Q3 behavior in the ECE R44 
test. He concluded that the injury measures of both 
dummies were comparable if the injury criteria 
prescribed in the ECE R44 were used. Crandall et al. 
[3] identified the mechanical characteristics of the 
neck of the Hybrid III 3YO and Q3 dummies based 
on laboratory testing, and indicated that the Hybrid 
III 3YO neck has a stiffer spring constant than that of 
the Q3. Berliner et al. [4] examined the dummy 
responses of the Hybrid III 3YO and Q3 dummies in 
dummy calibration tests and static out-of-position 
airbag tests. In the dummy thorax pendulum impact 
calibration test condition, the Q3 showed stiffer chest 
characteristics than the Hybrid III 3YO. Based on 
finite element (FE) simulations, Kapoor et al. [5] 
compared the kinematic behavior of the Hybrid III 
3YO and Q3, under the FMVSS 213 test condition. 
The acceleration of the head and chest was 
comparable between the Hybrid III 3YO and the Q3. 
The neck of the Hybrid III 3YO was stiffer than that 
of the Q3. The head excursion of the Q3 was larger 
than the Hybrid III 3YO. They also compared the 
Hybrid III 3YO and Q3 dummy responses with a 
child FE model, and found that the Q3 responses are 
more comparable with the child FE model with 
respect to the head excursion and neck stiffness.  

In this study, sled tests were carried out using Hybrid 
III 3YO and Q3 dummies seated in 7 types of CRSs. 
The dummy responses were compared for a 5-point 
harness CRS and an impact shield CRS under install 
conditions on the vehicle seat by a seat belt and by an 
ISOFIX with a top tether. The Hybrid III 3YO and 
Q3 kinematic behavior and injury measures were 
compared for these various types of CRSs. 

 
METHOD 

Test Conditions 

Figure 1 and Table 1 show the tested CRSs and their 
specifications. In classification of child restraint type, 
CRSs A, B, C are an impact shield CRS, and  the 
CRSs D, E, F, G are a 5-point harness CRS. In 
classification of CRS installation on vehicle, the 
CRSs A, B, D, F are installed by the seatbelt, and  
CRSs C, E, G are an ISOFIX with a top tether type 
CRS. The CRSs B and C, CRSs D and E, or CRSs F 
and G are models made by the same manufacturer, 
and the difference between the two models is the car 
seat installation of the CRS with a seat belt or with 
an ISOFIX and a top tether. In a CRS A tested in 
JNCAP, the chest deflection of the Hybrid III 3YO 
was so large that the chest was bottomed out. The 
CRSs A and B are an impact shield type CRS, and 
the shield height of CRS B was higher than that of 
CRS A, which covered an area ranging from the 

thorax to the pelvis of the dummy. The two types of 
5-point harness CRS were tested in order to confirm 
that the same type CRS has comparable performance 
of dummies kinematic behavior and injury measures.  

Figure 2 shows the tested dummies. As indicated 
above, Hybrid III 3YO and Q3 dummies were used 
in the tests.  

Test conditions with CRS and dummy are presented 
in Table 2. An acceleration-type sled facility was 
used in the tests (Figure 3). The tests were conducted 
in accordance with ECE R44 with the exception that 
the Hybrid III 3YO and Q3 dummies were used 
instead of the P3 dummy. The acceleration of the 
sled and its corridors are shown in Figure 4. Table 3 
shows the injury assessment reference values 
(IARVs). HIC15, neck tension force, chest deflection, 
and head excursion are checked as dummy injury 
criteria. The dummy injury measures were compared 
with the IARVs. For the Hybrid III 3YO, the 
acceptance levels of FMVSS 208 were used. For the 
IARVs of the Q3, the AIS 3 at a 50% risk level was 
used as based on the logistic regression (LR) injury 
risk curves from the EEVC report [6].  

     
  (a) A                     (b) B                       (c) C 

 

    
(d) D                     (e)E 

 

    
 (f) F                  (g) G 

 
Figure 1. Tested CRSs 
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Table 1. Type of tested CRSs 

CRS A B C

type of restraint impact shield impact shield impact shield

type of anchorage seat belt seat belt ISOFIX + top tether

CRS D E F G

type of restraint 5-point harnes 5-point harness 5-point harness 5-point harness

type of anchorage seatbelt ISOFIX + top tether seat belt ISOFIX + top tether  
 

       
(a) Hybrid III 3YO         (b) Q3 
 

Figure 2. Tested dummies 
 

Table 2. Test conditions 
Test No. 1 2 3 4 5

CRS A B C D E

Dummy Hybrid III 3YO Hybrid III 3YO Hybrid III 3YO Hybrid III 3YO Hybrid III 3YO

Test No. 6 7 8 9 10

CRS F G A B C

Dummy Hybrid III 3YO Hybrid III 3YO Q3 Q3 Q3

Test No. 11 12 13 14

CRS D E F G

Dummy Q3 Q3 Q3 Q3  
 

 
Figure 3. Sled system 
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Figure 4. Sled acceleration 

 
 
 
 

Table 3. Injury criteria 

Hybrid III 3YO
(FMVSS208)

Q3
(EEVC report)

HIC15 570 1000
Neck tension force 1130 N 1705 N

Chest deflection 34 mm 53 mm
Head excursion 550 mm 550 mm

IARV
injury criteria

 
 
FE Simulation 

To examine the interaction of the shield with a 
dummy, an FE simulation with a Hybrid III 3YO 
dummy model using LS-DYNA was carried out. The 
FE models of CRS A and B were developed because 
they have difference in the shield shape. Figure 5 
shows the CRS model. 
 

 

CRS Shield

ECE seat

Hybrid III FE Model 

Shoulder belt 

Lap belt 

CRS seat Slip ring

Sled pulse

Buckle

CRS Shield

ECE seat

Hybrid III FE Model 

Shoulder belt 

Lap belt 

CRS seat Slip ring

Sled pulse

Buckle

 
Figure 5. FE model for the CRS sled test 

 
RESULTS 

Sled Tests 

Dummy Kinematic Behavior 

The dummy showed different kinematic behavior 
according to which CRS type was being used. 
Figure 6 shows the kinematic behavior for a dummy 
seated in the impact shield CRSs (CRS B and C) and 
the 5-point harness CRSs (CRS F and G) at the point 
in time during the test when the head excursion was 
at its maximum. In the impact shield CRSs, the 
dummies were restrained by the shield and the torso 
flexion angle was large. The head made contact with 
the shield. The dummies in the CRSs installed with a 
seat belt had substantial yawing rotation while the 
dummies in the ISOFIX CRSs with a top tether had 
no yawing rotation. The dummies’ forward 
movement in the impact shield CRSs was similar for 
both the CRS installed by a seat belt and the ISOFIX 
CRS, though the forward movement of the CRS 
installed by a seat belt was much larger than that for 
the ISOFIX CRS. In the 5-point harness ISOFIX 
CRS with a top tether, the CRS forward movement 
was small with the ISOFIX attachment, and the CRS 
forward pitching was small with the top tether. In the 
5-point harness CRS installed with a seat belt, the 
CRS forward movement and forward pitching were 
large because of the stretch of seat belt. As a result 
the dummy’s forward movement in the CRS installed 
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seat belt was larger than that in the ISOFIX CRS 
with a top tether. The flexion angle of the dummy 
torso was small since the dummy was restrained by 
the CRS shell with shoulder harness. The Hybrid III 
3YO and Q3 dummies showed almost similar 
behavior. In the impact shield CRS, the head flexion 
angles were similar between the Hybrid III 3YO and 
the Q3. In the 5-point harness CRS, the head rotation 
angle of the Hybrid III was smaller than that of the 
Q3, which indicated that the Q3 is more flexible than 
the Hybrid III 3YO.  

 

  
(a) Hybrid III in CRS B      (b) Hybrid III in CRS C 

  
(c) Q3 in CRS B                (d) Q3 in CRS C 

  
(e) Hybrid III in CRS F      (f) Hybrid III in CRS G 

  
(g) Q3 in CRS F                (h) Q3 in CRS G 

Figure 6. Dummy behaviors at the time of head 
maximum excursion 

 
The difference in dummy behavior was also observed 
for the impact shield CRSs A and B of which the 
shield shape was different. Figure 7 shows the 
dummy kinematic behavior in CRS A and B at a 
point during the tests when the chest deflection was 
at its maximum. The dummy foot forward motion 
was larger in the CRS A than in the CRS B, which 
indicates that the pelvis restraint was different 
between CRSs A and B. 

   
(a) Hybrid III in CRS A         (b) Q3 in CRS A 

  
(c) Hybrid III in CRS B          (d) Q3 in CRS B 
Figure 7. Dummy behavior at the time of maximum 

chest deflection in impact shield CRS A and B 
 
 
Figure 8 shows the dummy behavior in CRSs E and 
G at the time during the test when the head excursion 
was maximal. The dummy behavior of the different 
5-point harness CRSs was similar.   
 

  
(a) Hybrid III in CRS E      (b) Hybrid III in CRS G 

 
(c) Q3 in CRS E                (d) Q3 in CRS G 

Figure 8. Dummy behaviors at the time of head 
maximum excursion in 5-point harness CRS E and G 
 
 
Dummy Readings 

Figures 9 and 10 shows the head, chest, and pelvis 
acceleration time histories for the impact shield 
CRSs and the 5-point harness CRSs, respectively. In 
the impact shield CRSs, the chest and head 
accelerations were similar in the tests even though 
the CRS type and dummy types were different. For 
the impact shield CRSs, the pelvis and the chest 
accelerations started to increase almost 
simultaneously, and finally the head acceleration 
increased. The pelvis acceleration was delayed in the 
CRS A as compared with CRSs B and C for Hybrid 
III 3YO and Q3. In the impact shield CRSs, the 
accelerations of head, chest, and pelvis were similar 
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for Hybrid III 3YO and Q3. The delay of the pelvis 
acceleration in CRS A as compared to the responses 
in CRSs B and C occurred because of the shield 
structure. 

The acceleration of each body region started later in 
the 5-point harness CRS than in the impact shield 
CRS. For the 5-point harness CRSs, the pelvis 
acceleration stared to increase with the lap harness 
restraint, then the chest acceleration increased with 
the shoulder harness, and finally the head 
acceleration increased. In the 5-point harness CRSs, 
the accelerations of each body regions were different 
by the CRSs. By comparison with the CRS 
manufacturer, the acceleration of the dummy in the 
CRS F or G started earlier than that for the CRS D or 
E. The pelvis accelerations were comparable between 
the Hybrid III 3YO and Q3 dummies. The chest 
acceleration of the Q3 dropped temporarily around 
80 ms though this phenomenon was not observed for 
the Hybrid III 3YO. The head acceleration of Q3 also 
dropped during its increase. The Q3 head 
acceleration had a sharp peak which was not 
observed in the acceleration of the Hybrid III 3YO. 

The accelerations of the dummy were compared by 
the CRS installation method on the vehicle seat, such 
as the seat belt installed CRS and the ISOFIX CRS 
with a top tether. The accelerations of each body 
region were comparable in the impact shield CRSs. 
For the 5-point harness CRS, the accelerations 
increased earlier for the ISOFIX CRS with a top 
tether than for the seat belt installed CRS in both 
Hybrid III 3YO and Q3 dummies. In comparison of 
the 5-point harness CRS with the same manufacturer 
(CRS D, E or CRS F, G), the peak accelerations of 
the dummy were smaller in the ISOFIX CRS with a 
top tether than that in the seat belt installed CRS. 

The dummy accelerations start times were 
comparable between the impact shield CRSs and the 
5-point harness ISOFIX CRSs with a top tether.  

 
 

Hybrid III in CRS A Q3 in CRS A Hybrid III in CRS B
Q3 in CRS B Hybrid III in CRS C Q3 in CRS C
Hybrid III in CRS A Q3 in CRS A Hybrid III in CRS B
Q3 in CRS B Hybrid III in CRS C Q3 in CRS C
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(a) Head Acceleration 
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 (b) Chest Acceleration 
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(c) Pelvic Acceleration 

Figure 9. Dummies in impact shield CRSs 
acceleration time histories 
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Hybrid III in CRS D Q3 in CRS D Hybrid III in CRS E
Q3 in CRS E Hybrid III in CRS F Q3 in CRS F

Hybrid III in CRS G Q3 in CRS G

Hybrid III in CRS D Q3 in CRS D Hybrid III in CRS E
Q3 in CRS E Hybrid III in CRS F Q3 in CRS F

Hybrid III in CRS G Q3 in CRS G  
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 (a) Head acceleration 
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(b) Chest acceleration 
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(c) Pelvic acceleration 

Figure 10. Dummies in 5-point harness CRSs 
acceleration time histories 

 
 
 

Figure 11 shows the accelerations of the head and 
chest, and the chin/chest contact sensor of the Q3 
seated in CRS E. The Q3 kinematic behavior at 
70 ms is shown in Figure 12. After the chin and chest 
contacted, the head acceleration increased and the 
chest acceleration decreased. But it is unknown 
whether there is a correlation between the contact of 
the chin to the chest and the decrease in chest 
acceleration.  Figure 13 shows the Q3 after Test 12. 
As can be seen, there were traces of contact of 
chin/clavicle and clavicle/spine (by noting the blue 
grease paint).  
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Figure 11.  Head and chest acceleration time histories 

of dummy in CRS E 
 
 

 

 
Figure 12.  Q3 behavior at 70ms in CRS E 

 
 

 

 
Figure 13.  Touched sign of Q3 Dummy clavicles 
and spine after the test of 5-point harness CRSs 

 
 
 
Figure 14 shows the upper neck tension force time 
histories. Figure 15 shows the upper neck shear force 
time histories. In all CRSs, the upper neck tension 
force of the Q3 was larger than that of the Hybrid III 
3YO. In the impact shield CRSs where the dummy 
head impacts the shield, the difference of the upper 
neck force between the Hybrid III 3YO and the Q3 
was small. For the 5-point harness CRSs, there was a 
large difference of upper neck tension force between 
the Hybrid III 3YO and the Q3. The upper neck shear  
forces were small in the 5-point harness CRSs for the 
Q3, while they were large for the Hybrid III 3YO. 
Accordingly, for the 5-point harness CRSs, the 
flexion angle of the dummy torso was small, so the 
difference of the neck stiffness between the Hybrid 
III 3YO and the Q3 dummies had a large influence. 
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The tension and shear force of the dummy were 
comparable in the seat belt installed CRSs and the 
ISOFIX CRSs with a top tether.  

Figure 16 shows the upper neck moments. The neck 
moment was larger for the 5-point harness CRSs than  
for the impact shield CRSs because the neck flexion 
angle was larger in the 5-point CRSs. In all CRSs, 
the upper neck moment of the Hybrid III 3 YO was 
larger than that of the Q3.  
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(a) Impact shield CRSs 
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(b) 5-point harness CRSs 

Figure 14. Time histories of upper neck tension force 
 

Hybrid III in CRS A Q3 in CRS A Hybrid III in CRS B

Q3 in CRS B Hybrid III in CRS C Q3 in CRS C

Hybrid III in CRS A Q3 in CRS A Hybrid III in CRS B

Q3 in CRS B Hybrid III in CRS C Q3 in CRS C  

-500

0

500

1000

1500

2000

2500

3000

0 20 40 60 80 100 120 140 160

Time (ms)

L
oa

d 
(N

)

 
(a) Impact shield CRSs 
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(b) 5-point harness CRSs 

Figure 15. Time histories of upper neck shear force 
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(a) Impact shield CRSs 
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(b) 5-point harness CRSs 

Figure 16. Time histories of upper neck moment 
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Chest deflection time histories are shown in 
Figure 17. The chest deflection was larger in the 
impact shield CRSs than that in the 5-point harness 
CRSs. The Q3 had larger chest deflections than the 
Hybrid III 3YO. For the Hybrid III 3YO seated in the 
CRS A, a flat top occurred in the chest deflection. In 
the CRSs B and C, it did not occur. 
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(a) Impact shield CRSs 
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(b) 5-point harness CRSs 

Figure 17. Time histories of chest deflection 

 
 
Injury Measures 

Table 4 presents the HIC15, neck tension force, chest 
deflection, and maximum head excursion. Figure 18 
shows the ratio of the injury measures to the IARVs 
for the Hybrid III 3YO and Q3 dummies. The HIC15 
was less than the IARV for all tests. The HIC15 
ranges from 237 to 426 with the various CRS types, 
and the differences of HIC15 between the Hybrid III 
3YO and the Q3 dummies were small.  

The neck tension forces exceeded the IARV in all 
tests except Test 8 (CRS A with Q3). In Test 8, the 
neck tension force was 1704 N, which was 
comparable with IARV (1705 N). In comparing the 
responses of the Hybrid III 3YO and Q3, the neck 
tension forces of the Hybrid III 3YO and Q3 were 
comparable for the impact shield CRSs (CRS A, B, 
C). However, on the other hand, the neck tension 
forces of the Q3 were larger than those of the Hybrid 

III 3YO for the 5-point harness CRSs (CRS D, E, F, 
G).  

The chest deflections of the dummies in the impact 
shield CRSs (CRS A, B, C) were substantially larger 
than that for the dummies in the 5-point harness 
CRSs, and they were close or exceeded the IARVs. 
The chest deflections of the Q3 were larger than 
those of the Hybrid III 3YO by 13-18 mm. In CRS A, 
the chest deflections were over the IARVs for both 
the Hybrid III 3YO and the Q3 dummies.  

The head forward excursions were less than the 
IARV (i.e., 550 mm) for all tests. Head excursions 
were about 500 mm for all the seat belt installed 
CRSs. For the 5-point harness ISOFIX with a top 
tether CRSs (CRS E, G), the head excursions were 
far smaller than the 550 mm. However, even for the 
ISOFIX with a top tether CRSs, the head excursion 
in the impact shield ISOFIX and a top tether CRS 
(CRS C) was slightly larger than that in the CRS B, 
which was installed by the seat belt.  

The injury measures of the dummy were compared 
between the seatbelt installed CRSs and the ISOFIX 
and a top tether CRSs. For the 5-point harness CRSs, 
the injury measures of the dummy seated in the 
ISOFIX and a top tether CRSs were comparable or 
smaller than those in the CRSs installed by the seat 
belt. For the impact shield CRSs, the injury measures 
were comparable between the seatbelt installed CRSs 
and the ISOFIX and a top tether CRSs. 

The rank order of the injury measures was almost 
similar between Hybrid III 3YO and Q3. 

 

Table 4.  Injury Measures  
Dummy

CRS A B C D E F G IARV*

HIC15 295 344 305 410 242 384 280 570

Chest Deflection
(mm) 39 31 32 18 14 15 13 34

Neck upper
tension force (N) 1385 1920 1586 1783 1290 1594 1437 1130

Head excursion
(mm) 474 442 523 481 289 495 303 550

Dummy

CRS A B C D E F G IARV*

HIC15 354 306 279 426 237 383 329 1000

Chest Deflection
(mm) 56 48 48 34 31 28 31 53

Neck upper
tension force (N) 1704 1923 1716 2574 2382 2584 2515 1705

Head excursion
(mm) 470 493 522 536 363 503 336 550

Hybrid III 3YO

Q3
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(a) Hybrid III 3YO 
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(b) Q3 

Figure 18. Ratio of injury criteria to IARV 
 

 
FE Analysis 

The kinematic behavior of the Hybrid III 3YO in the 
CRSs A and B from the FE simulation is shown in 
Figure 19. In CRS A, the pelvis rotated and only the 
upper edge of the ilium made contact with the shield. 
Therefore, the inertial forces of the lower extremities 
were not supported by the shield. As a result, loading 
of the Hybrid III 3YO was concentrated on the 
thorax. On the other hand, in CRS B, the shield 
interacted with the ilium, and thus prevented forward 
motion of the pelvis. Accordingly, the shield shape 
has a large influence on the pelvis interaction 

 

 

 
(a) Hybrid III 3YO in CRS A  

 
(b) Hybrid III 3YO in CRS B 

Figure 19. Dummy kinematic behavior in FE analysis 
 
 
DISCUSSION 

The Q3 dummy showed more flexible behavior in 
flexion than the Hybrid III 3YO. The head of the Q3 
flexed at a large angle as compared to the Hybrid III 
3YO dummy. This flexible behavior of the Q3 
affected the head acceleration and neck forces. In the 
5-point harness CRSs, the head acceleration of the 
Q3 increased later during the crash than that of the 
Hybrid III 3YO (see Figure 10(a)). The shear forces 
of the Hybrid III 3YO were larger than that of the Q3 
(see Figure 15). The stiffness of the Q3 is smaller 
than that of the Hybrid III 3YO. Then, during head 
swing motion, the transfer force of the neck would be 
small for the Q3, which leads to small head 
acceleration. Since the Q3 chin made contact with 
the thorax more severely than that for the Hybrid III 
3YO, the upper neck tension of Q3 was larger. For 
the Q3, due to chin/thorax contact, the clavicles 
interacted with the spine, which might cause 
oscillations in the chest acceleration. In the impact 
shield CRSs, the neck force was similar between the 
Hybrid III 3YO and the Q3. This is because the head 
made contact with the shield and there were no 
chin/thorax contacts.  

The chest deflection was different in the dummy 
types (Hybrid III 3YO and Q3) as well as in the CRS 
types. The chest deflections of the dummy in the 
impact shield CRSs were larger than those in the 5-
point harness CRSs since the shield restrained and 
loaded the chest in the impact shield CRSs. In all 
tests, the chest deflection of Q3 was larger than the 
Hybrid III 3YO by 13-18 mm. The likely reason is 
that the Q3 thorax is less-stiff than the Hybrid III 
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3YO, and the rib cage of the Q3 is cone-shape. In 
CRS A, a flat top was observed in the chest 
deflection time history for the Hybrid III 3YO. This 
is likely due to the bottoming-out of the chest. For 
the Q3 seated in the CRS A, the chest deflection was 
larger than the Hybrid III 3YO, though the 
bottoming-out of the chest did not occur. The upper 
limit of the measurement of the chest deflection of 
the Q3 is larger than that for the Hybrid III 3YO. 
Thus, the Q3 could be used in tests where there are 
more severe loading conditions to chest. 

Even for the impact shield, the bottoming-out of the 
Hybrid III 3YO chest did not occur in the CRSs B 
and C. This is likely due to the structure of the shield. 
As shown in Figures 7 and 19, the shield of the CRS 
B restrained the pelvis as compared to the CRS A. As 
the pelvis forward motion was limited in the CRS B, 
the shear force transferred from the pelvis to the 
chest was small, which led to a small chest deflection. 
The pelvis restraint condition was also reflected in 
the pelvis acceleration which started late in the CRS 
A (see Figure 9). Based on the tests, it was 
demonstrated that the chest deflection could be less 
than the IARV with the structure of the impact shield 
CRS, even though the chest was loaded by the shield. 

In the impact shield CRS, the dummy was restrained 
by the shield and the torso flexion angle was large 
and the neck flexion angle was small (see Figure 6). 
As a result, the influence of the less-stiff 
characteristic of the neck was small and the 
accelerations of the head, chest, and pelvis were 
similar for the Hybrid III 3YO and Q3 dummies. 

In this study, the ISOFIX CRSs with a top tether and 
the seat belt installed CRSs were compared. The 
injury measures of the Hybrid III 3YO and Q3 
dummies were smaller in the ISOFIX CRSs with a 
top tether than in the seat belt installed CRSs, 
especially for the head excursion. Since the seat belt 
slack is smaller in the ISOFIX CRS with a top tether 
than in the seat belt installed CRSs, the child dummy 
moved earlier in the ISOFIX CRSs with a top tether. 
Thus, as shown in Figure 10, the dummy acceleration 
started early in the ISOFIX CRS with a top tether. As 
a result, the difference of speed between the dummy 
and CRS at the start of  dummy movement was 
smaller in the ISOFIX CRSs with a top tether than in 
the seat belt installed CRSs, and the necessary energy 
for the dummy to catch up with the CRS was small. 
Accordingly, the loading to the dummy was small. In 
the impact shield CRSs, the injury measures of the 
dummy were comparable between the ISOFIX CRSs 
with a top tether and the seat belt installed CRSs. In 
the impact shield CRSs, the shield is installed by the 
belt. Therefore, the dummy loadings would be 
strongly affected by the belt characteristics in the 
impact shield CRSs. The 5-point harness CRSs have 
two belt systems which consist of harness and seat 

belt. The ISOFIX CRSs with a top tether and impact 
shield CRSs have one belt system. The number of 
belt systems can affect the restraint start time of the 
dummy. 

In all tests, the neck injury measures exceeded the 
IARV for the Hybrid III 3YO and Q3 dummies. In 
accidents, neck injuries of children are not frequent if 
head contact does not occur. The neck stiffness and 
the chin/chest contact characteristic of the dummy 
can affect the neck injury measures. Accordingly, 
research is needed to investigate the dummy 
characteristics as well as the IARV of the child neck.  

The Q3 dummy used in this study was a first edition 
device. In the current generation of Q3s, the 
characteristics of the Q3 may have been improved. 

SUMMARY 

The Hybrid III 3YO and Q3 dummies seated in a 5-
point harness CRS and an impact shield CRS were 
tested using ECE R44 impact conditions. The results 
are summarized as follows: 

1. The dummies showed different kinematics by 
the CRS types. The neck flexed in the 5-point 
harness CRSs, whereas the torso flexed around 
the shield in the impact shield CRSs.  

2. In the impact shield CRSs, the chest deflection 
was large, since the chest was directly loaded. 
The chest deflection could be less than the 
IARV, which is dependent on the shield 
structure and on the shield supporting the pelvis.  

3. For the 5-point harness CRSs, the injury 
measures of the dummy were smaller in the 
ISOFIX CRS with a top tether than in the seat 
belt installed CRSs. The head excursion was far 
smaller than 550 mm in the 5-point harness 
ISOFIX CRS with a top tether. For the impact 
shield CRSs, the injury measures were 
comparable between the ISOFIX CRSs with a 
top tether and the seat belt installed CRSs. 

4. In general, the kinematic behavior was 
comparable between the Hybrid III 3YO and 
Q3 dummies, though the Q3 showed more 
flexible behavior.  

5. The chest deflection of the Q3 dummy was 
larger than that of Hybrid III 3YO dummy. This 
large chest deflection was more prominent for 
the impact shield CRS. The bottoming-out of 
the chest occurred for the Hybrid III 3YO 
seated in one type of impact shield CRS. 

6. In all tests, the neck injury measures exceeded 
the IARVs. Further research is needed for 
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investigating the dummy neck characteristics 
and IARVs. 
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ABSTRACT 
 
The national accident statistics demonstrate that the 
situation of passenger car side impacts is dominated 
by car to car accidents. Car side to pole impacts are 
relatively infrequent events. However the impor-
tance of car side to pole impacts is significantly in-
creasing with fatal and seriously injured occupants. 
For the present study the German in-depth database 
GIDAS (German In-Depth-Accident Study) and the 
UK database CCIS (Co-operative Crash Injury 
Study) were used. Two approaches were under-
taken to better understand the scenario of car to 
pole impacts. The first part is a statistical analysis 
of passenger car side to pole impacts to describe the 
characteristics and their importance relevant to 
other types of impact and to get further knowledge 
about the main factors influencing the accident out-
come. The second part contains a case by case re-
view on passenger cars first registered 1998 on-
wards to further investigate this type of impact in-
cluding regression analysis to assess the relation-
ship between injury severity and pole impact rele-
vant factors.  

1. DATABASES 

National accident statistics are not detailed enough 
to get information on the characteristics of impact 
types therefore two in-depth databases were used, 
the German In-Depth Accident Study (GIDAS, 
Germany) and the Co-operative Crash Injury Study 
(CCIS, UK).  

GIDAS 

GIDAS (German In-Depth Accident Study) is a 
joint project of the Federal Highway Research Insti-
tute (BASt) Germany and the German Association 
for Research in Automobile Technology (FAT). It 

started in 1999 in the two research areas Dresden 
and Hanover based on the established research ac-
tivities of the Medical University Hannover (Otte, 
1990). About 2,000 accidents involving all kinds of 
traffic participants are recorded each year in a sta-
tistical random procedure resulting in a representa-
tive sample of the national German accident statis-
tic (Pfeiffer, 2006). The teams consisting of techni-
cal and medical students investigate the data at the 
accident scene and the hospitals. Each case is en-
coded in the database with about 3,000 variables. 
The database contains detailed information about: 
environment (meteorological influences, street con-
dition, traffic control), vehicle (deformations, tech-
nical characteristics, safety measures), person (first 
aid measures, therapy, rehabilitation) and injury 
(severity, description, causation). On the basis of 
full-scaled sketches of the accident scene and the 
vehicle deformations every accident is recon-
structed.  

CCIS 

The objective of CCIS (Co-operative Crash Injury 
Study) is to investigate and correlate car crash data, 
with a view to increase the understanding of human 
injury mechanisms, and the effectiveness of car 
secondary safety systems. The study provides the 
mechanism to monitor in-depth crash performance 
of car structures, occupant protection systems and 
the benefits of countermeasures now becoming 
available. CCIS is a collaborative project. The UK 
Department for Transport, several motor vehicle 
manufacturers and a vehicle component supplier 
jointly fund the programme of research. Currently, 
information on approximately 1300 vehicles is 
gathered each year for inclusion into the database. 
It is possible to weight the CCIS data in order to 
address the sampling bias towards serious injury; 
however this study uses unweighted data. Data col-
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lection consist of sampling criteria, i.e. passenger 
cars 7 years old or younger at the time of accident, 
injury occurred to an occupant in the car and the 
vehicle was towed from the accident scene. 
In detail the following basic query crite-
ria/parameter were examined for the present study: 
 
Basic inquiries applied to GIDAS 07/2007 and 
CCIS 2007 (combined phase 6y, 7o and 8c) 
Passenger cars 
o Impacts to vulnerable road users were ex-

cluded from GIDAS (not necessary in CCIS 
dataset) 

o All vehicles 1998 onwards which had only 
one impact to the side (single side impacts) 

o Cars with rollover before or after the side 
impact where excluded. 

Pole impacts 
o Cars with single impact to pole (tree, lamp 

post, traffic light post…) 
o Resulting injury severity and individual inju-

ries for belted occupants only 

2. INTRODUCTION 

The national accident statistics demonstrate that the 
situation of passenger car side impacts is dominated 
by car to car accidents. Car side to pole impacts are 
relatively infrequent events. However the impor-
tance of car side to pole impacts is significantly in-
creasing with fatal and seriously injured occupants.  
Pole impacts, especially lateral, comprise one of the 
most aggressive impact environments for automo-
bile structures. Due to the close proximity of occu-
pants to the side structure, these pole impacts repre-
sent a more severe crash exposure than comparable 
impacts to other structures for instance to the front 
of a car (Varat et al 1999). Especially if the pole 
impact is directly to the compartment area the risk 
to receive severe injuries is high. A study of Zaouk 
et al (2001) postulated by using NASS and FARS 
data for 1988 to 1997 with respect to side impacts, 
that direct impacts of narrow objects with the occu-
pant compartment have a high portion of 
MAIS3+injuries. 
A considerable step in the improvement of side im-
pact protection for passenger cars has already been 
done. With additional and improved structures in 
the doors and/or pillars of a vehicle and with the in-
dustry wide introduction of various types of side 
airbags, occupant protection has reached a high 
level.  
The regulatory frameworks for these developments 
are the FMVSS 214 (Kahane, 1999) on the US side 
and the ECE 95 (Economic Commission for 
Europe) in Europe. In addition consumer testing by 
US-NCAP and EU-NCAP established also side im-
pact testing protocols not only for the car-to-car 
side impact but also for pole impacts. The latter are 
the focus for the current study, which was part of 

the work of the European Enhanced Vehicle Safety 
(EEVC) working group 21 (Accident Studies) for 
the EEVC WG13 (Side Impact) to develop recom-
mendations for future regulatory side impact test 
procedures. The working group 21 was founded for 
compiling experiences and scientific results from 
existing in-depth-investigations of European re-
search teams supporting the different activities of 
EEVC. 

Two approaches were undertaken within this study 
to better understand the characteristics of car to 
pole impacts. The first part is a statistical analysis 
of pole impacts to describe the characteristics and 
their importance relevant to other types of impact 
and to get further knowledge about the main factors 
influencing the accident outcome. The second part 
contains a case by case review on cars registered 
1998 onwards only, to further investigate car side to 
pole impacts focussing on factors that influence the 
injury severity and finding injury mechanisms of 
struck side occupants.  

3. STATISTICAL ANALYSIS OF SIDE TO 
POLE IMPACTS 

3.1. Relevance of Side to pole impacts 

Beside the frontal impact the side impact is the 
most common impact type. In GIDAS 16% of the 
passenger cars have single side impacts in CCIS 
18.4% (fig. 1). The passenger car side impacts are 
dominated by car-to-car impacts. Car side to pole 
impacts are relatively infrequent events with a share 
of less than 2% in both databases.  

 

 
Figure 1: Passenger Car Accidents by Impact 
Type  
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However the importance of car side to pole impacts 
is significantly increasing with fatal and seriously 
injured occupants. Single side to pole impacts have 
the highest proportion of MAIS3+ injured occu-
pants compared to the other accident types (fig. 2). 
The obvious difference in the injury severity distri-
bution between GIDAS and CCIS with a higher 
share of MAIS3+ injured occupants is caused by 
the difference in sample criteria of the studies. 
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Figure 2: MAIS Distribution by Impact Type, 
Belted Occupants only 

3.2 Effect of ESC on the Occurrence of Car Side 
to Pole Impacts  

To further demonstrate the effectiveness of ESC in 
reducing car to pole impacts GIDAS data were ana-
lysed. 
1.5%/2.8% of the cars (in GIDAS) without ESC 
have single side/front to pole impacts, for cars with 
ESC these shares are with 0.6%/1.5% less than half. 
The share of accidents with rollover is halved as 
well from 7.5% to 3.8%. 
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Figure 3: Passenger Car Accidents by Impact Type 
with and without ESC; accidents to vulnerable road 
users are excluded (GIDAS) 
 

Especially the share of accidents with rollover and 
pole impacts is definitely lower for cars equipped 
with ESC compared to cars without ESC. This 
would indicate for an effectiveness rate of 40 to 
54% for ESC equipped cars against pole impact 
risk. 

3.3 Characteristics of the Impact 

Delta v and Impact Speed 

To differentiate the impact severity relative to the 
injury severity the delta v was analysed on the oc-
cupant level. In GIDAS 50% of the occupants in 
single side to pole impacts receive a delta v less 
than 35 km/h, in CCIS this 50% rate is reached at 
29 km/h (fig. 4). This difference is even more re-
markable because in contrast the share of MAIS3+ 
injured occupants in single side to pole impacts is 
in CCIS with 37.5% clearly higher than in GIDAS 
26.4%. 
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Figure 4: Cumulative Delta v Distribution for 
Different MAIS Classes in Pole Impacts, Belted 
Occupants only 
 
The GIDAS database provides also the possibility 
to analyse the impact speed of the passenger car, 
due to the full reconstruction of the accident. 50% 
of all occupants had a side to pole impact with an 
impact speed below 46 km/h (fig. 5). 
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Figure 5: Cumulative impact speed distribution 
by MAIS classes in single side to pole impacts, 
belted occupants only 

Impact Force Angle 

The CDC direction of principle force with its clock-
face differentiation of directions was used to ana-
lyse the impact force angle. The most frequent di-
rection of impact force with 40% is perpendicular 
or 90° ± 15° (3 and 9 o’clock) in both databases 
(fig. 6), with the majority of impacts to the drivers 
side (left in GIDAS and right in CCIS). 
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Figure 6: CDC Direction of Force in Single Side 
to Pole Impacts 

The majority of the MAIS3+ injured occupants 
have also been found in perpendicular ± 15° im-
pacts biased to the driver’s side (fig. 7).  
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GIDAS - MAIS of belted occupants by direction of 
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Figure 7 MAIS Distribution by Direction of 
Force, Belted Occupants only 
 

Damage Area 

The by far highest proportion (50%) of all pole im-
pacted passenger cars show damage exclusively in 
the passenger compartment (fig. 8). Pole impacts 
affecting the area in front of the A-pillar occur sec-
ond most (around 20%), impacts behind the C-pillar 
occur rarely (around 3%). 
Severe and especially fatal injuries only occur when 
the passenger compartment is affected (fig. 9). 
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Figure 8 Damage Area in Pole Impacts and 
MAIS distribution by damage area 

Crash weight of the car 

In the GIDAS data there seems to be a correlation 
between MAIS and crash weight of the car, but the 
numbers of cars in the individual weight groups are 
very small. In CCIS there is no correlation visible. 
Finally it can be stated that in side impacts to pole 
the crash weight of the car has no, or only minor in-
fluence on the injury severity (fig. 9). 
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Figure 9 MAIS by Crash Weight of the Car 

Pole Diameter 

In the GIDAS database 60% of the impacted poles 
have a diameter less than 40 cm. In CCIS nearly 
one half of the single side to pole impacts happen to 
poles of this size. 
GIDAS provides also more detailed information on 
the distribution of pole diameters. Biggest group 
with more than 25% are the poles with diameter be-
tween 21 and 30 cm. 

Passenger car side impact to pole, diameter of pole

89 (60%)

58 (40%) 0-40cm

41-70cm

GIDAS, n=147 CCIS, n=194

101 
(52%)

93 
(48%)
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Figure 9 Diameter of Pole in Car to Pole Im-
pacts  
 

3.4 Occupant Parameters  

Age 

The share of young drivers is significantly higher in 
car to pole impacts compared to all other side im-
pacts. Clearly more than 40% of all drivers in pole 
impacts are younger than 26 years. In other side 
impact configurations this share is around 25% (fig. 
10). Side to pole impacts are generally single vehi-
cle accidents. Other studies show that especially in 
this type of accident young drivers are overrepre-
sented [STBA 2006]. 
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Figure 10 Driver Age Distribution in Side Im-
pacts and Pole Impacts of Cars 
 

Injuries per Body Region in Pole Impacts 

Looking at all injuries, occupants received in car 
side to pole impacts the head, the thorax and the ex-
tremities account for more than 80% of the injuries 
(fig. 14). Slight injuries are dominated by the head 
and the extremities. The combined share is about 
75%. For AIS3+ injuries the share of injuries to the 
thorax rises to 32% in GIDAS and 38% in CCIS. 
The share of abdominal injuries is 4% in GIDAS 
for slight and severe injuries. In CCIS abdominal 
injuries have a share of 11% for AIS1&2 and 5% 
for AIS3+ injuries. 
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Figure 12 Injury Distribution per Body Region in 
Pole Impacts 
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4. CASE BY CASE ANALYSIS 

Complementary to the statistical analysis on all car 
side to pole impacts a case-by-case analysis was 
carried out. It is focussed on a detailed in-depth-
investigation by using the original accident files, 
the accident images, injuries and its causation fac-
tors and the vehicle deformation pattern. 

Data sample for case by case analysis 

The data set on side to pole impacted cars is based 
on the data that was used for statistical analysis. In 
addition the case by case analysis is focussed on 
struck side occupants in cars registered 1998 on-
wards resulting in a sub sample with n=26 cases 
out of the GIDAS data base and n=97 cases out 
of CCIS. 

Methodology of case by case analysis 

For the analysis the car exterior is classified into a 
matrix system A, B, C, and D (fig. 13). The area A 
describes the area in front of the A-pillar, B de-
scribes the area between A- and B-pillar, C the area 
between B- and C-pillar and D the area in the rear 
of the car. The principle direction of force (fig. 13) 
was classified into rectangular (R) and oblique from 
the front (F) and oblique from the rear (B).  

          

 
Figure 13: Definition of the 4 impact areas and 
principle direction of force 

The frequency for these different classifications in 
side to pole impacts is given in the figures below 
(fig. 14). The most frequent impact area is the B-
area with 44.5%. The most frequent impact direc-
tion is in oblique direction from the front in nearly 

the half of all cases (48.2%). A rectangular impact 
±10 degree can be seen in 40.9%. Impacts from the 
rear direction occur rarely (10.9%). 

 
Figure 14: Frequencies of impact area and impact 
direction  

 
The most frequent combinations of impact areas 
and directions are AF, BF, BR and CR (fig. 19), to-
gether they cover 68% of all situations. Around 
19% of all impacts occur in the area between A- 
and B-pillar with force direction from front respec-
tively perpendicular direction. Focussing on seri-
ously injured struck side occupants (MAIS3+) more 
than the half had an impact from the frontal or per-
pendicular direction to the B area. Impacts to the 
front or the rear of the car occur rarely.  
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Figure 19: All struck side occupants (upper chart) 
and MAIS 3+ struck side occupants (lower chart), 
Combinations of impact area and direction  

 

Statistical Analysis of Car-Side-Pole-Impacts 
within the Case by Case Analysis 

Ordinal logistic regression 

To identify the relevant factors for the MAIS of the 
struck side occupants an ordinal logistic regression 
was carried out. As potential factors/variables the 
delta v, year of first registration, impulse angle, 
depth of deformation, country, diameter of pole and 
damage location were used.  
In Table 1 the p-values for the Chi square test are 
given for the correlation of the variables and MAIS, 
respectively MAIS in individual body regions. Ac-
cording to this delta v has significant influence on 
the overall MAIS, on the injury severity in head and 
abdomen. The depth of deformation has significant 
influence on the injury outcome of the extremities, 
and the damage area on MAIS and the injury sever-
ity in thorax and lower extremities. The impulse 
angle has only significant influence on MAIS, the 
pole diameter only to the head injury severity and 
country only to the injury severity of the lower ex-
tremities. Having only cars registered 1998 on-
wards presented in this sample; this variable has no 
significant influence on the injury severity levels. 
 
 

Table 1: p-values for the ordinal logistic regression 
analysis, correlation of given variables and injury 
severity of struck side occupants. 
 

CART-analysis 

To get more information on the influence of delta-v 
on the injury outcome a Tree- or CART-Analysis 
was carried out. It gives more information on the 
thresholds of a variable (delta v) where changes in 
the target parameter (MAIS) are visible. The CART 
method is an empirical, statistical method based on 
recursive partitioning analysis (Breiman et al, 
1984); the aim is to form prediction rules by con-
structing binary trees. 
First there is an upper change of significance at a 
statistically evaluated delta-v of 61.5 km/h describ-
ing an over proportional significance to high injury 
severity grades. Above this delta-v value the injury 
severity is increasing rapidly, explained by the 
highly deformation of the cars similar to catastro-
phic pattern. Next level of remarkable change can 
be found for a statistically evaluated delta-v of 
27.5 km/h. This value of delta-v 27.5 km/h is ap-
proximately the discussed test speed of 29 km/h. 
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The CART-analysis gives the indication that real 
world side to pole impacts have a significant level 
of accident severity at 27.5 km/h, where the injury 
severity is expected to increase over proportional 
(Figure 20). 

DV <=  27.50
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Figure 20: CART-analysis of car side impacts with 
poles 
 
It can be seen in the analysis, that delta-v has a sig-
nificant influence, first there is an upper change of 
significance at a statistically evaluated delta-v value 
of 61.5 km/h describing an over proportional sig-
nificance to high injury severity grades. Above this 
level of accident severity the injury severity is in-
creasing rapidly, explained by the highly deforma-
tion of the cars similar to catastrophic pattern.  An-
other level of remarkable changes can be found for 
a statistically evaluated delta-v value of 27.5 km/h. 
This value of delta-v 27.5 km/h is nearly the dis-
cussed test speed of 29 km/h and is shown that cur-
rent real accidents are having here an important 

level of accident severity where the injury severity 
are increasing over proportional.  
A 3-dimensional graphic (fig. 21) is shown for all 
impacts on the compartment area the overall corre-
lation of significant influence on pole impacts on 
the lateral part of the vehicle BF + BR:  
 

 
figure 21 : Injury severity MAIS vs impulse angle 
vs delta-v 
 
There are major impact conditions leading in rela-
tively high injury severity, i.e. angle of force mo-
mentum = 90 degree, delta-v 40 km/h onwards, es-
pecially very severe are impact conditions from rec-
tangular combined with high delta-v. 

CONCLUSION 

From this study the following conclusion can be 
drawn:  

• Pole impacts are relatively rare events 
compared to other impact types. But the 
importance of side to pole impacts in-
creases by focussing on seriously injured 
occupants (MAIS3+). 

• Cars equipped with ESC show a by far 
lower share of car side to pole impacts and 
in consequence have reduced numbers of 
injured car occupants. Currently 10% of 
the vehicles in the GIDAS dataset were 
equipped with ESC. In the future the 
higher market penetration of ESC will fur-
ther reduce the number of car side to pole 
impacts. 

• In GIDAS 50% of the occupants in single 
side to pole impacts receive a delta v less 
than 35 km/h, in CCIS this 50% rate is 
reached at 29 km/h. This is in contrast to 
the injury severity distribution in both 
studies. The share of MAIS3+ injured oc-
cupants in single side to pole impacts is in 
CCIS with 37.5% clearly higher than in 
GIDAS 26.4%. 

• The most frequent direction of impact in 
car side to pole impacts is oblique from the 
front. Perpendicular impacts are the sec-



Otte 10 

ond frequent one. Damaged passenger 
compartments causing the vast majority of 
severe and fatal injuries.  

• The injury outcome does not correlate with 
the vehicle mass. 

• The highest proportion with approximately 
50% of all car side to pole impacts happen 
to poles with a diameter of less than 40 cm 
(CCIS 48% and GIDAS 60%). 

• Head and thorax injuries of the occupants 
are of highest importance when looking at 
severe and fatal injuries. Their share is 
above 70% of all MAIS 3+ injuries. 

• Delta-v can be identified as most signifi-
cant influence factor for MAIS. 

• At a delta-v value of 27.5 km/h the injury 
severity is expected to increase over pro-
portional. 

 
Most critical point in the discussion of future side 
impact testing criteria is the test speed. However a 
comparison between individual cases and a catego-
risation of the cases into cases of comparable sever-
ity within the individual in-depth study is possible.  
 
Several studies have already demonstrated the po-
tential of ESC in terms of traffic safety. The list be-
low (table 2) provides a brief overview of what has 
been investigated so far. 
 

Reference 
Estimated traf-
fic safety effect 

Source of 
data 

Sferco et al. 
(2001) 

34% reduction 
of fatal accidents 
18% reduction 
of injury acci-
dents 

EACS 

Aga and 
Okado (2003) 

35% reduction 
of single car ac-
cidents 

ITARDA  

Grömping et 
al. (2004) 

44% reduction 
of loss of control 
accidents 

GIDAS 

Lie et al. 
(2004) 

22.1% (± 21) re-
duction of acci-
dents 
more efficient 
on slippery road 
conditions 

Insurance 
data (Folk-
sam) 

Lie et al. 
(2006) 

16.7% (± 9.3) 
reduction of all 
injury crash 
types 
21.6% (± 12.8) 
reduction of fa-
tal and serious 
crashes 
more efficient 
on slippery road 
conditions 

Insurance 
data (Folk-
sam) 

Page and 
Cuny (2006) 

44% reduction 
of relative risk 
of ESP pertinent 
accidents 

French na-
tional acci-
dent census 

Farmer 
(2004) 

41% (27-52) re-
duction of single 
vehicle crashes 
involving per-
sonal injury 

State data 
System main-
tained by 
NHTSA 

Langwieder 
et al. (2003) 

25-30% reduc-
tion of all car 
crashes involv-
ing personal in-
jury 

Several data 
bases 

Table 2: Estimated Traffic Safety Effect of ESC [1] 
For the presented study based on GIDAS especially 
the share of accidents with rollover and pole im-
pacts is definitely lower for cars equipped with ESC 
compared to cars without ESC.  
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ABSTRACT 

Despite continuing improvements in vehicle safety, 

motorcyclist casualties are estimated between 13% 

and 17% of road fatalities. Looking at the last two 

ESV conferences for a tentative measure of the 

research effort that is geared towards motorcycle 

safety, oral/written papers referring to two-wheelers 

averaged 6%/3% of each group. This tendency is also 

identifiable in the clearly lagging development of 

experimental techniques and computational models 

for the study of crash scenarios involving PTWs. This 

status quo prompts further developments of PTW-

specific design tools to stem from existing occupant 

(and pedestrian) tools, rather than already available 

motorcycle-specific solutions. 

 

This paper aims at filling some of that gap by 

proposing developments in computational models for 

motorcyclists alongside real-world trials. The paper 

concludes that a MADYMO human body model, 

equipped with PID-controlled neck muscles, 

reasonably maintains its biofidelic erect posture in 

sample scenarios, under the assumption that riders 

attempt to maintain their head upright. Preliminary 

results yield activation levels of up to 50 and 55% 

during severe (± 1,7G and 0,8G) longitudinal and 

lateral loading scenarios, respectively. 

 

Preliminary volunteer trials (N=8) were conducted to 

provide initial validation in the event of braking. 

Although not yet complete, the analysis suggests that 

the resulting head kinematics for an average aware 

volunteer is compatible with the simulated response. 

 

This development focuses R&D efforts on preventing 

injuries to the head-neck-complex, the body’s most 

vulnerable region, by providing biofidelic postures 

and reactions to developers of personal protective 

equipment and advanced occupant/rider restraint 

systems. It also allows the evaluation of a motorcycle 

active safety system’s impact on human response, 

which directly influences the consequences of the 

potential subsequent pre-crash or crash event. 

Finally, it represents a first step towards fully active 

human models, which will provide life-like pre-crash 

behaviour to e.g. OEMs, equipment and barrier 

manufacturers, and policy makers. 

INTRODUCTION AND BACKGROUND 

When one specifically takes into account Europe’s 

8.5+ million motorcycles (mopeds excluded) and the 

estimated 5000 annual motorcyclist casualties [COST 

327, 2001] (corresponding to somewhere between 1/6 

and 1/8 of total road fatalities yearly), it is still not 

clear that the corresponding research effort and 

budget are allocated in proportion with PTW 

(Powered Two-Wheeled) vehicles’ relevance within 

the road safety context. This can be unmistakably 

identified in the less-than-ideal development of 

human body models for the study of crash scenarios 

involving PTWs, regardless of the former’s type: 

animal and PMHS trials have been almost unheard 

of, the appropriate ATD designed in the ‘90s (the 

“Motorcyclist ATD”) does not reflect the latest 

biomechanical thinking mirrored in some car-specific 

modern alternatives (and also lacks multiple body 

sizes) [MATD ISO], and specifically-designed and 

validated computational models are generally limited 

as researchers have focused strongly on the 

occupants’ and pedestrians’ perspectives. The fact 

that the MATD achieved limited acceptance in the 

industry also lessened its effectiveness as a tool for 

the sharing of knowledge and solutions between 

PTW and car safety work. This context prompts the 

further development of PTW-specific design tools to 

stem from existing occupant (and/or pedestrian) 
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models, rather than already available (and hence less 

developed) motorcycle-specific solutions or the 

models developed specifically for automotive 

applications. That is indeed the chief objective here. 

PTW accident scenarios are far more dependent on 

their pre-crash dynamics (herein called “trajectories”) 

than their four-wheeled counterparts, and thus the 

relevant human body modelling approaches are 

limited to those which are compatible with relatively 

long simulated timeframes (at least a couple of 

seconds). Also, because the posture and movement of 

PTW occupants DOES significantly influence the 

global system’s behaviour (PTW+riders), the 

modelling approach must allow relatively broad 

magnitudes of movement and interaction of the 

simulated human body in relation to its environment 

(at least, the motorcycle). Jointly considered, these 

two points imply that the implemented solution needs 

to be truly “dynamical”, i.e. designed to simulate a 

complex sequence of events corresponding to the 

whole scenario under study, rather than focusing on 

any specific event with extensive detail. 

Towards biofidelic active human models 

As researchers develop methodologies and tools to 

understand driving-related injury, both known 

statistics on the subject [IRCOBI Future Research 

2006] and the knowledge of human anatomy and 

physiology points to the head-neck complex (HNC) 

as a priority in terms of which regions to model and 

what dynamics are of crucial understanding.  

From the perspective of computational simulations, it 

has been clearly demonstrated over the past decade 

that the contribution of actively controlled human 

muscular action in automotive safety situations can 

not be neglected. Van der Horst resorted to 

computational modelling in MADYMO to define 

realistic lines of action and insertion points for the 

cervical region’s multi-segment muscles [vd HORST 

1997 and 2002]. It was thus possible to analyse the 

effects of muscular activation as the resulting force 

was exerted along a complex path surrounding the 

vertebrae, and hence study the former’s influence on 

the HNC’s global kinematic behaviour. Some authors 

even argue that muscle activation is unequivocally 

important and fundamentally changes the behaviour 

of an otherwise unrealistically passive model, based 

on an approach which also provides the moments of 

inertia and the forces produced by the cervical 

musculature [Brelin-Fornari 1998]. More recently, 

Lopik and Acar developed a model of the human 

HNC in visualNASTRAN 4D and used MatLab’s 

Simulink to control the corresponding muscles. Rear 

impact scenarios then suggested that the influence of 

muscle activation in an unaware occupant’s 

kinematics was small, but nevertheless the authors 

concluded that the forces recorded on the neck’s soft 

tissues (and presumably the injury potential) were 

considerably influenced by the activation of the 

muscles [van Lopik 2004]. Even more recent work 

has demonstrated that neck muscle contraction 

stabilizes the head and neck during whiplash and 

reduces soft tissue deformation in aware impact 

situations [Stemper 2006].  

From the experimental perspective, on the other 

hand, studies regarding HNC muscular responses are 

usually related to out-of-position automobile 

occupants. In one approach, the authors recurred to 

ElectroMyoGraphy (EMG) and subjected human 

volunteers to mild whiplash-like rear and lateral 

impacts while their torso and head were flexed out of 

the normal stance inside an automobile [Kumar 2004 

and 2005]. The measured signals pointed towards a 

set of muscles which seem to be of primary relevance 

in the body’s attempt to stabilize its posture and 

avoid injuries. 

SCOPE AND OBJECTIVES 

Whether one focuses on automobile occupants or 

motorcycle riders, it is consensual to state that severe 

decelerations (“high-G”) will cause more destructive 

structural injuries than low- and medium-G scenarios.  

Given the apparent reflexive time delays and intrinsic 

limitations of active muscle force, muscular action is 

obviously much more relevant in low- and medium-G 

scenarios than it is in high-G, and thus only for 

impact will human response be completely passive. 

Therefore, the widely available passive human body 

models (of either the actual human body or ATDs) 

CAN accurately emulate human response under 

impact conditions, if necessary with stiffened joints. 

However, potentially perilous low-G scenarios may 

still arise (for instance) when an occupant swerves 

abruptly between two steering directions and his head 

is projected from one side to the other in a short 

amount of time, or in the event of a rollover.  

The development of advanced crash-avoidance 

systems and impact restraint mechanisms depends on 

sensing and acting upon the pre-crash reactions of the 

human body. Throughout a potentially hazardous 

event, both the vehicle (with its safety systems) and 

the external environment will interact in real time 

with the human-in-the-loop, so their influence on the 

latter, and the human’s reactions, may in turn impact 

the way the situation unfolds.  

For motorcyclists specifically, it was already 

discussed how actively-controlled muscular action 

considerably influences the outcome of virtually all 

hazardous road situations, since the dynamics of 

motorcycle-specific scenarios are even more 
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dependent on the actions and posture of the rider 

(both at the level of pre-crash and actual crash) than 

their automobile counterparts.  

Also, when it comes to low-G or pre-crash 

simulations, the time lapses involved are significantly 

larger and any chosen models for an alert driver/rider 

should exhibit some degree of muscular activation 

and the ability to react and adapt to the ongoing 

events in real time. Consequentially, any passive 

model displays a clear disadvantage in terms of its 

dynamic biofidelity, and truly dynamical models of 

the actual human body are unmistakably required. 

Because of its particular relevance in this issue, 

recent research has focused on the HNC, establishing 

where the quest for active muscles and posture 

should receive the most effort. Naturally, as with all 

simulation-based approaches, any proposed advances 

will require motorcycle-specific validation trials, 

probably using EMG to identify the relevant muscles. 

In conclusion, active human body models permit the 

study of how posture and movement influence the 

simulated response, and eventually the injury 

potential, in scenarios typically addressed within the 

vehicle safety field. For that end, they require the 

implementation of muscle models (for instance of the 

Hill type) and a dynamic mechanism to control their 

voluntary and/or involuntary activation. All but the 

last of these requirements are nowadays fulfilled with 

MADYMO’s facet human body model with a 

detailed head and neck [vd HORST 2002]. 

AN ACTIVE HUMAN MODEL FOR PTWS 

If it is to be effective as a design tool for research and 

industry alike, the desired end product must build on 

a validated and widely accepted model for the system 

being studied, and thus the chosen basis was Van der 

Horst’s detailed multibody head and neck as 

integrated with the MADYMO facet human body 

model [vd HORST 2002, MADYMO HBM Manual].  

It consists of a rigid head and vertebrae, (non)linear 

viscoelastic discs, frictionless facet joints, nonlinear 

viscoelastic ligaments and segmented contractile 

muscles which follow the curvature of the neck, thus 

allowing realistic lines of action. Literature data 

provided the mechanical properties of the tissues 

involved, and the model is capable of outputting their 

local loads and deformation. A more extensive 

description does not fit within the scope or focus of 

this paper, except for a specific note regarding the 

muscle modelling itself. Van der Horst resorted to 

MADYMO’s implementation of the Hill-type muscle 

model: it comprises a “contractile element” (CE), 

which describes the actively generated contractive 

force, and a passive “parallel element” (PE), which 

describes the elastic force arising from the elongation 

of the muscle tissue. Total force is therefore the sum 

of these two contributions, which are described 

extensively in [vd Horst 2002]. Some representations 

of the Hill-type muscle model also include another 

passive elastic element in series with the CE, meant 

to introduce a spring-like “delay” when the CE is 

producing force, but in MADYMO that contribution 

is built into the latter. 

Specifically on the contractile element’s behaviour, 

its contribution to the total force depends on an 

“activation state” which describes the normalized 

activation level of the muscle and adopts values 

between 0 (rest state) and 1 (maximum activation). It 

is precisely this parameter that will become the 

control variable in order to attain the desired posture 

or movement of the HNC. 

In total, the van der Horst HNC model comprises 16 

muscle pairs divided in 68 muscle segment pairs. 

Their activation signals were initially arranged in 

three groups: flexors, extensors, and the single-

member sternocleidomastoids. In order to isolate the 

muscles with relevant contribution to lateral (roll) 

motion, each individual muscle pair was activated on 

one side to analyse the head’s response. This 

procedure led to a new set of muscle groups, each 

with a relatively clear biomechanical function: 

 

“Pure” flexors: longus coli, hyoids, longus capitis 

 
 

“Pure” extensors: semispinalis cervicis, longissimus 

capitis, multifidus cervicis 

 
 

Rollers with secondary flexion function: scalenus 

anterior, scalenus medius, scalenus posterior 

 
 

Rollers with secondary extension function: 

trapezius, levator scapulae, longissimus cervicis 

 
 

Yaw with secondary extension function: 

splenius capitis, splenius cervicis (above), 

sternocleidomastoid, semispinalis capitis (below) 
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Figure 1.  HNC muscle groups divided in flexors, 

extensors, rollers, and yaw. 

 

A feedback approach to muscle activation control  

As discussed before, at least one recent human body 

model possesses most of the features required to 

begin the work at hand. What is lacking is a method 

of controlling muscle activation so that a certain 

target posture or movement is dynamically displayed. 

A computational control system (or control loop) is 

commonly defined as encompassing the 

computational model (in this case, the human body’s 

HNC), various sorts of sensors, one or more 

controllers, and various actuators (applying for 

instance forces, torques or displacements) which in 

this case are implemented as line element muscles. 

Within linear control systems, the ones that include 

some sensing of the results they are trying to achieve 

are making use of feedback and so can, to some 

extent, adapt to dynamically varying circumstances. 

This feedback control method was chosen amidst the 

classes available to design an active system. The 

rationale for this choice is fairly straightforward: no 

other method allows such tuneable and swift design. 

Furthermore, feedback control’s ease of 

implementation is unrivalled directly through 

MADYMO or resorting to a coupling with 

Matlab/Simulink. 

For the activation of the muscles, one needs to 

characterize the dynamic behaviour of the physical 

system so that the control loop’s features can be 

properly designed. The first step would be the 

definition of what exactly are the relevant control 

parameters. The following picture illustrates the very 

first thoughts on the subject: 

 

 
Figure 2.  First sketch of what would eventually 

become the model’s HNC control variables. 

 

The following steps led to a deeper analysis but the 

burgeoning idea was retained, and the next section 

describes how the angular displacements between the 

head and the reference space became control inputs. 

Actually, in any feedback controlled system, both the 

relevant input and reference signals must be specified 

as numerical functions of time (and eventually other 

parameters). In this case, the direct modeling method 

was used: the fundamental features of the system (the 

human body’s HNC) were analyzed as to their 

physical principals and desired behaviour, and 

appropriate control variables were identified. 

Considering that the model’s range of movement was 

conceived to emulate human biomechanics, the 

articulation and the kinematics of the HNC joints and 

bodies should be reasonable proxies for their human 

counterparts. These are described below: 

 

Neck Pitch – anteroposterior flexion and extension 

of the HNC, occurring in the sagital plane. This 

movement is not a unitary one, as it is permitted by 

the composition of small movements between 

adjacent cervical vertebrae with the help of the 

intervertebral discs. The downwards pitch is 

considered the positive direction for this 

displacement. 

 

Neck Roll – the lateral abduction (away from the 

body’s longitudinal axis) and adduction (towards the 

axis) equivalent of the Neck Pitch, occurring in the 

frontal plane. The rightwards roll is considered the 

positive direction for this displacement. 

 

Head Yaw – the head’s rotation about the neck’s 

vertical axis. In actual fact, the head and the atlas 

rotate together on top of the axis (the second cervical 

vertebra) using the axis’s dens (a tooth-shaped 
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process) as a pivot. The leftwards yaw is considered 

the positive direction for this displacement. 

 

It was decided that Head Yaw should be residual at 

all times, not because of humans being unable to 

perform the equivalent movement (which is clearly 

untrue) but because of modelling difficulties 

associated with the individual control of the model’s 

facial orientation while the muscles are balancing the 

other two degrees of freedom (pitch and roll). Near 

forward-looking orientation was achieved for all 

attempted simulations as a direct consequence of the 

active control of the head’s roll and pitch, because 

muscle tension intrinsically stabilizes the neck. 

 

 
Figure 3.  MADYMO facet human body model 

with detailed neck and optimised muscle groups. 

 

The relevant movements can be sensed by the human 

vestibular apparatus and as such their equivalents 

should be sensed in a similar manner to render 

controller inputs. The corresponding analogues are 

presented shortly. It must however be said that the 

chosen methodology consists of an approximation, 

for the sensed parameters (angular deviations) bare 

resemblances to the biological system but are still not 

actual counterparts to it – in fact, the vestibular 

apparatus senses angular accelerations and is also 

able to “predict” the dynamic loading to some extent. 

This is one of the reasons why the authors believe the 

control method will require a different approach in 

the near future, as the validation progresses to more 

demanding scenarios. 

As for the control references, maintaining overall 

head verticality (i.e., keeping the head’s longitudinal 

axis orthogonal to the ground) was the chosen 

criterion. This idea’s stems were twofold: knowledge 

of the biological semicircular canals’ arrangement, 

which suggest that the postural control mechanisms 

work at their best in said position, and the notion that 

the cortical processing of visual perceptions is 

strongly dependent upon the horizontal reference 

provided by the horizon. It is nevertheless debatable 

whether this criterion is valid regardless of one’s role 

on a motorcycle or inside an automobile. That is, not 

only is the verticality approach an approximation in 

itself, but it could also be reasonably expectable that 

a distracted and/or relaxed rider/occupant (unwary to 

the perception acuteness necessary for the safety of 

the driving process) will allow significantly broader 

HNC displacements even if at the expense of visual 

and postural references. 

The output signals are of arguably trivial choice: 

since an active system requires some sort of actuation 

applied to appropriate joints or bodies in order for the 

system to follow a reference, the controller outputs 

need to be fed to such actuators. As aforementioned, 

in this case line element muscles embraced that role: 

they present realistic force points of application and 

direction vectors, and as such their combined effects 

influence the whole system. This design decision thus 

correlates with accepted biomechanical evidence: the 

body’s muscles apply contractive forces to the bones 

in order to generate torques and thus rotations of the 

same bones about the body’s joints. 

Implementing a controlled head-neck-complex  

The chosen control approach implies that the true 

spatial status of the head-neck complex – how 

“vertical” it is at any given moment, regardless of its 

position in relation to the thorax – must be known at 

all times. That said, two sensors were implemented to 

provide the absolute (spatial) pitch and roll of the 

head. This formulation allows for the measurement of 

the head’s deviation from verticality in any chosen 

direction and throughout the simulation, which would 

be untrue if joint angular displacement sensors had 

been used with the same purpose (since these would 

yield relative pitch and roll). In fact, experiments 

with low level random perturbations illustrated the 

importance of vestibular feedback in neck 

stabilization [Guiton 1986, Kesher 2000/2003] and 

the combined visual and vestibular feedback can be 

assumed to register head orientation in space as well 

as rotational velocity and acceleration.  

The signals from the sensors are sent to PID 

controllers, which at every moment attempt to 

determine the “error correcting” signal: the one 

which nullifies the difference between the sensor and 

a reference signal supplied by the user (which 

represents the abovementioned “vertical” head 

position). The outputs from the PIDs are then sent to 

the muscles, specifying the activation state that is 

necessary to maintain the desired position (in this 

case, the head’s verticality) against external 

stimulation – the trajectory-induced inertial forces. 

Naturally, each of the previously defined “pitch” 

Neck 
muscles 

skull 3 sets of PID 
controllers on 
muscles: 
flexors, 
extensors, roll 
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muscle groups (flexors and extensors) requires its 

own PID and associated parameters because the 

corresponding muscles and model geometry are not 

symmetrical at all. The completely symmetrical 

“roll” muscle groups, though, are activated on the left 

or right side depending on whether the difference 

between sensed and reference angles is respectively 

positive or negative, allowing the use of a single 

(rectified) PID. This leads to 3 separate PID 

controllers and control parameters for the HNC. 

 

Tuning of the control parameters – Due to the 

absence of pre-existing biomechanical data, the 

control parameters were determined with the Ziegler-

Nichols method, educated guesses, and trial-and-

error, taking into account these notions: 

 

Table 1.  

Expected effect of increasing control parameter 

Parameter 
Rise 

Time 
Overshoot 

Settling 

Time 

Steady-

state Error 

P Decrease Increase 
Small 

Change 
Decrease 

I Decrease Increase Increase Eliminate 

D 
Small 

Change 
Decrease Decrease 

Small 

Change 

 

Neural delay and the activation dynamics time 

constants have so far been ignored in this study. 

The controller output, which is the muscle activation 

state necessary to combat the angular deviation from 

the reference, is expressed in arbitrary units and sent 

to the corresponding muscle after normalization.  

An early set of control parameters (obtained through 

Ziegler-Nichols) yielded a very satisfactory and 

credible HNC behaviour in most situations, but 

sudden shifts in the input trajectory led to non-

physiological reaction times between the reversion of 

the previous trend and the adequate response to the 

next, along with occasional resonant oscillatory 

results. Trial-and-error was then used to fine tune the 

parameters until the response was adequate. 

Human body model on APROSYS motorcycle  

MADYMO allows complex models to be “driven” by 

means of supplying the positions and angular motions 

that they should follow over time. As a result, one 

can observe the model’s reactions (both in terms of 

animations and the time evolution of several key 

parameters, like the angles between the neck and 

several spatial references) when it follows any 

trajectory which is considered relevant to understand 

the HNC’s behaviour. The “dynamical” nature of the 

target scenarios requires a trajectory (as opposed to 

the traditionally used impact acceleration pulses) that 

can be fed to a proxy for a motorcycle which the 

human model is “riding”, so this motion will be 

completely prescribed for the model to follow. This 

approach will ensure that the human model’s posture 

and external loading profile is consistent with real (or 

at least plausible) road situations, which naturally 

include gravity in all simulations. For simplicity, and 

also because it was not the focus of this work, no 

detailed description of the motorcycle’s “banking” 

when cornering was developed, so its motion 

involves just the three planar degrees of freedom. The 

chosen model was developed within [APROSYS], 

representing a “touring-style” vehicle that can be 

considered typical of one of the most common 

classes of PTWs in Europe.  

The MADYMO facet/multibody human model 

[Lange et al 2005] was adopted in conjunction with 

the MADYMO detailed neck model [vd Horst 2002] 

as the basis for the work described in this paper. 

To ensure that the rider followed the motorcycle, 

“point restraints” were implemented between the 

wrists and handlebar, the feet and feet rest, and pelvis 

and motorcycle seat. These restraints apply 

supportive forces (between the corresponding bodies) 

which increase quickly with distance (up to 30 kN for 

10 cm), so the human body model is adequately 

secured to its “surroundings” which is what is 

actually being driven with the trajectory. Finally, the 

HBM spine joints were locked to ensure the torso 

stayed upright, focusing the analysis on the HNC. 

 
Figure 4.  MADYMO human body model 

positioned on APROSYS motorcycle. 



Fraga 7 

DYNAMICAL SCENARIOS 

Having devised an actively controlled computational 

model of the human HNC (along with the rest of the 

still passive human body and motorcycle), the system 

should be put to the test under simple conditions so 

that relevant outputs can be obtained and analysed in 

the quest for biofidelity. Two simple trials were thus 

conceived to assess whether or not the model was 

reacting adequately, one for longitudinal 

accelerations and the other for lateral (roll) ones. In 

these straightforward examples, the rotation in the 

sagital plane (linear sled test) and in the frontal plane 

(circular test) can be studied separately. In both test 

cases, for each time step chosen for the multibody 

calculations, MADYMO requires a global (i.e., 

referenced to the reference space) XX and YY 

position (the motorcycle follows planar trajectories) 

as well as an angular heading so that it moves along 

the desired trajectory. Computing these (XX, YY) 

pairs is trivial and will not be described here. 

Simulated linear sled test 

The first test is a softer version of the rocket sled 

ridden by Colonel John Paul Stapp. In addition to 

being a somewhat historic experiment, it is a simple 

trial that may be reproduced in real life albeit if only 

with very high performing vehicles. In this test, the 

modelled motorcycle is accelerated from naught to 

about 180 km/h at 1.7G for three seconds, then it 

retains its speed for two seconds before finally 

braking for three more seconds at a constant 1.7G 

(Figures 5-8). This sort of acceleration is attainable 

with top sport motorcycles (so-called “superbikes”), 

while the braking deceleration is limited to very 

special roads cars or racing cars. The global scenario 

is therefore a sequence of intensive conditions, 

illustrating how demanding the non-impact settings 

this work is aiming for can be. During the course of 

the test, the vehicle travels about 240m. 

 

 
Figure 5.  Acceleration felt during the sled test 

((m.s-2) vs. time (s)). 

 

 
Figure 6.  Screenshots from the linear sled 

acceleration test, corresponding to accelerating, 

constant speed and decelerating (left to right). 

 

The three stages of this experiment are very 

distinguishable when one analyses the model’s 

behaviour. Three screenshots were taken at key 

moments of the simulation (previous figure) to help 

visualize and understand the simulated response. 

They all allow the observation of the hands of the 

model: because only the wrist is restrained to the 

handles, the hands themselves display their inertial 

response by pointing back, down and to the front as 

the motorcycle accelerates, cruises and then brakes. 

 

 
Figure 7.  Active and passive HNC pitch angle for 

the sled test (degrees vs. time (ms)). 

 

 

 

 

 

 

Figure 8.  Muscle activation curves for the sled 

test (activation fraction vs. time (ms)).  

 

As shown in Figure 7, the passive HNC extends 

about 15 deg backwards while accelerating, flexes 

about 70-80 degrees forward during cruising, and 

stabilizes at a 60 degree flexed posture while braking. 

The results from this 8 second long trial suggest that, 

based on the limited data available, the active HNC’s 

response can be judged to be biofidelic while 

enduring significant longitudinal accelerations: the 

HNC never tilts more than roughly 20º from 

verticality under either positive or negative 

acceleration. The distribution of intervertebral 

rotations through the neck is quite homogeneous. 

The flexor muscle group (of which the longus colli is 

an example), exhibits very moderate activation (15 to 

25%) only during the first phase as it is enough to 

maintain the desired posture. For the second phase a 

Semispinalis Cervicis was chosen to represent the 

“extensor” muscle group. The extensors’ initial 

response displays some overshoot but eventually the 

signal stabilizes within the 2 seconds of the “constant 

speed” phase, at roughly 15% of the full activation 

potential. The next overshoot, from the onset of 

braking, is dealt with less smoothly (activation peaks 

at 55%) but the extensor muscles reach equilibrium 

with the external stimulation at 50% after 2 seconds. 

Owing in part to the locked spinal joints, T1 rotation 

never exceeds 10 deg in this simulation, which 

implies that the results actually relate to head and 

Active  

Passive 

Flexors 
Extensors 
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neck stabilisation and are not compounded by spinal 

motion below T1. The maximum displacements 

occur with the 2 deceleration “initiations”: forward 

acceleration stops at 3.0 sec and the head is pushed 

forward as a result of inertia, and later (5 sec) the 

actual braking again propels the head (and indeed the 

whole body, to a lesser extent) forward.  

The reaction time needed to counteract all of the 

accelerations and nullify the angle never exceeds one 

second, even though the two instances mentioned 

above are very demanding.  

All the lateral roll outputs are null throughout, as they 

should be since there is no lateral acceleration. 

Simulated uniform circular motion test 

The second experiment consists of a uniform circular 

motion that gives rise to a constant lateral 

acceleration, much like the centrifuge used to test the 

maximum g-force that a fighter pilot can withstand. 

The simulation is carried out with a lateral 

acceleration of 0.8G over a 5m radius circular 

trajectory for the same eight seconds, which 

corresponds to an angular velocity of about 1,26 

rad.s-1. These acceleration values are attainable in 

most everyday cars, but might actually not be easy to 

reproduce in a motorcycle – at least without tilting it 

laterally. This motorcycle-specific “limitation” is 

immaterial to the work being developed on the 

model’s HNC, and more realistic motorcycle 

trajectories are needed. 

 

 
Figure 9.  Constant lateral acceleration XX and 

YY (global) projection vs. time (s). 

 

In this figure one may observe the projected 

acceleration patterns used to simulate the uniform 

circular motion in MADYMO. Since lateral 

acceleration is constant, its projections in the (global) 

XX and YY axis are sinusoidal and their phase 

difference 90º, which should be expected for such a 

movement. The model responded as follows: 

 

 
Figure 10.  Active HNC roll angle for the circle 

test (degrees vs. time (ms)). 

 

 

 

 

 

 

Figure 11.  Muscle activation curves for the circle 

test (activation fraction vs. time (ms)). 

 

The passive HNC presents a trivial response: the roll 

angle shoots to its maximum value of 30 degrees and 

remains there throughout the simulation. It was not 

included in the graphic to facilitate readability and 

avoid representation issues due to disparate scaling.  

The trajectory provided here is far more 

homogeneous than in the previous case: the 

longitudinal and lateral accelerations are null and 

constant, respectively. Consequentially, the active 

HNC needed only to counteract the outward-

propelling centrifugal acceleration (~ 0.8 G) and 

within little more than two seconds it had endured the 

maximum angular displacement (< 6º), forced a very 

slight inward overshoot, and attained dynamic 

equilibrium with the centrifugal force at 0º. The 

previous figure shows that the left “roller” muscle 

group (of which the trapezius is an example) displays 

a quick activation spike to 20% in the first quarter of 

a second while the controller stabilized the HNC 

against the external stimulation (which pushed the 

head to the right). The activation state then rose 

steadily over the next 2 seconds, and once the control 

response was in steady-state 55% of this muscle 

group’s activation potential was eventually required 

to counter the constant lateral acceleration. As 

expected, the right trapezius (and the other “right” 

rollers) did not display any noticeable activation. 

EXPERIMENTAL BRAKING SLED TRIAL 

In order to preliminarily validate the model response 

for a typical riding scenario, volunteer trials were 

conducted using an inverted braking sled setup 

[Symeonidis et al 2008]. Eight volunteers 

participated in the experiment. Steady-state 

decelerations of 0,2G and 0,4G were employed in 

two modes: “aware” (the volunteer triggered the sled 

motion) and “unaware” (the sled was launched by the 

researcher, unbeknownst to the volunteer). The 

riders’ kinematics and muscle activation patterns 

Left Rollers 
Right Rollers 
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were captured with an optoelectronic motion capture 

system and electromyography equipment.  

The corresponding analysis is still not complete and 

will be adequately published in the near future, but in 

order to include some initial insight for this paper, 

one set of data was chosen for visualization. The 

selected case was the 0,4G aware run of a volunteer 

with average (“middle of the corridor”) responses. 

Perhaps because of these factors, the resulting HNC 

kinematics was trivial: very slight oscillation of the 

head around verticality, never exceeding 2 degrees. 

Using the acceleration data measured at the sled, the 

model presented in this paper was subjected to the 

same trial and yielded the following response, in 

which the deviation reaches a maximum of 6 degrees. 
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Figure 12.  Active HNC pitch angle for the 

inverted braking sled trial (degrees vs. time (ms)). 

 

Although further analyses will still be developed, it 

seems that the simulated HNC kinematics may be 

compatible with the response of this aware volunteer. 

CONCLUSIONS 

This paper allows for one foremost conclusion: a 

computational model of a human body, equipped 

with a feedback-controlled HNC, does seem to 

reasonably maintain its target erect posture in simple, 

one-degree-of-freedom loading scenarios. A very 

preliminary comparison with an experimental sled 

braking study seems to confirm that same conclusion. 

The authors acknowledge, however, that unlike a real 

human subject this model is not able to predict future 

events, which would be especially relevant in a test 

with changing trends like the first one, and so the 

proposed computational solution is (at least at this 

stage) simply reactive. Some sort of prediction or 

learning may become possible in the future, since the 

authors believe a new control paradigm is required 

(e.g. neural networks) and will attempt to implement. 

Even so, the outputs presented so far suggest that the 

active HNC is able to mimic expected human 

reactions in an acceptably biofidelic manner, at least 

if one assumes riders attempt to maintain their head 

upright at all times. In fact, a rider’s (or driver’s) 

priority would probably not be his comfort but rather 

his ability to maintain kinematic stability between his 

visual senses and the vehicle’s behaviour, thus 

emphasizing the need for an adequate posture. A 

vehicle’s passenger, however, will probably not 

forcefully maintain his head’s verticality but instead 

minimise effort or possibly balance several strategies. 

This conclusion mainly draws upon the reactions 

(and other selected outputs) provided by such an 

active model, both at “pitch” and “roll” levels, when 

it went through a preliminary analysis in a couple of 

scenarios. Time-dependent position data was used to 

build those scenarios, devising a general procedure 

that can be applied to more elaborate situations. 

The controlled HNC assembly was itself the outcome 

of applying active control methodologies to a 

multibody model that was augmented to comprise a 

facet human body model and a touring motorcycle 

that was propelled along the chosen trajectories. 

Sensors and muscles groups were thus selected, 

tested, and adequately implemented in the model. 
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ABSTRACT  
 
As the official German catalogue of accident causes 
has difficulty in matching the increasing demands 
for detailed psychologically relevant accident cau-
sation information, a new system, based on a “7 
Steps” model, so called ACASS, for analyzing and 
collecting causation factors of traffic accidents, was 
implemented in GIDAS in the year 2008. A hierar-
chical system was developed, which describes the 
human causation factors in a chronological se-
quence (from the perception to concrete action 
errors), considering the logical sequence of basic 
human functions when reacting to a request for 
reaction. With the help of this system the human 
errors of accident participants can be adequately 
described, as the causes of each range of basic hu-
man functions may be divided into their character-
istics (influence criteria) and further into specific 
indicators of these characteristics (e.g. distraction 
from inside the vehicle as a characteristic of an 
observation-error and the operation of devices as 
an indication for distraction from inside the vehicle. 
The causation factors accordingly classified can be 
recorded in an economic way as a number is as-
signed to each basic function, to each characteristic 
of that basic function and to each indicator of that 
characteristic. Thus each causation factor can be 
explicitly described by means of a code of numbers. 
In a similar way the causation factors based on the 
technology of the vehicle and the driving environ-
ment, which are also subdivided in an equally hier-
archical system, can be tagged with a code. Since 
the causes of traffic accidents can consist of a vari-
ety of factors from different ranges and categories, 
it is possible to tag each accident participant with 
several causation factors. This also opens the possi-
bility to not only assign causation factors to the 
accident causer in the sense of the law, but also to 
other participants involved in the accident, who 
may have contributed to the development of the 
accident. The hierarchical layout of the system and 
the collection of the causation factors with numeri-
cal codes allow for the possibility to code informa-
tion on accident causes even if the causation factor 

is not known to its full extent or in full detail, given 
the possibility to code only those cause factors, 
which are known. Derived from the systematic of 
the analysis of human accident causes ("7 steps") 
and from the practical experiences of on-scene 
interviews of accident participants, a system was set 
in place, which offers the possibility to extensively 
record not only human causation factors in a struc-
tured form. Furthermore, the analysis of the human 
causation factors in such a structured way provides 
a tool, especially for on-scene accident investiga-
tions, to conduct the interview of accident partici-
pants effectively and in a structured way. 

INTRODUCTION AND OBJECTIVE 

Accidents happen as consequence of disregarding 
traffic rules and a conflict situation between the 
road users, whose temporal movement leaves no 
room for avoiding a collision. The police accident 
documentation contains a kind of determination of 
accident causes, which is oriented however at 
criminal offences and irregularities committed. 
These causes of accidents are part of the official 
accident statistics for Germany and are also being 
used in a similar form in national accident statistics 
of other countries, amongst others in IRTAD und 
CARE. The International Road Traffic and Acci-
dent Database IRTAD is an international database 
that gathers data on traffic and road accidents from 
28 of the 30 OECD Member countries, the Euro-
pean database CARE (Community database on 
Accidents on the Roads in Europe) is a Community 
database on road accidents in European member 
states, collecting data on accidents resulting in 
death or injury (no statistics on damage - only acci-
dents). The major difference between CARE and 
most other existing international databases is the 
high level of disaggregation, for both, however, the 
data collected by the police are used exclusively for 
the description of the accident and they contain no 
statements on the cause of the accident. Neverthe-
less, the official national accident statistics also 
contain a characteristic marked as cause of acci-
dent, which is determined primarily by the police 
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immediately after the acquisition of accident data 
from the apparent circumstances. These causes of 
accident specified by the police do not contain a 
reconstruction of the accident event, based on 
which an excessive driving speed, for example, or 
the actual visibility conditions at the site of the 
accident would be considered in the cause evalua-
tion. Also the frequently given cause "alcohol" is 
stated exclusively as a fact, based on finding blood 
alcohol levels, the actual effect of the alcohol on the 
accident emergence is not proven. For many years 
there have been efforts to conduct an adequate 
evaluation of the causes of accidents, usually in 
scientific studies of psychologically oriented scien-
tists, who analyzed interviews of persons having 
been involved in an accident, compared to those of 
control groups without accident. Into the 70s so-
called In-Depth-data collections were used, where a 
team at the site of an accident questioned persons 
involved in accidents and thus collected informa-
tion on failure and behavior patterns (Wanderer et 
al. 1974). In-Depth-collections open the possibility 
to understand not only the kinematic and biome-
chanical operational sequence of the accident, but 
also of creating the human system-component from 
his reported or observed behavior, from his memory 
and his evaluation of the course of the accident and 
thus access an analysis of accident causes. In a 
study conducted for the Federal Highway Research 
Institute, Germany (Pund et al. 1994), suggestions 
were made, based on a bibliographical evaluation 
and different method variations, which accommo-
date both research based on an analysis of the acci-
dent participant as well as the conditions of an 
accident research working on-scene. 
In the past years many of the conducted safety 
measures concentrated on the avoidance and reduc-
tion of injuries and injury severity in case of an 
accident (measures of passive safety). Measures for 
the avoidance of accidents (measures of active 
safety) were so far conducted usually sporadically 
and were advanced individually by transport au-
thorities and road and town planning. They were 
based on police collections and the official system 
of accident causes. Only recently analyses of causes 
of accidents also put emphasis on optimized safety 
strategies in automotive engineering and research 
on accidents. In that way the relatively increasing 
numbers of accidents due to the increase of the 
vehicle population and the mileage can be encoun-
tered with decreasing numbers of fatalities and 
severely injured persons. In particular the use of 
intelligent technical aids like vehicle assistant sys-
tems, currently being intensified, such as navigation 
systems, brake assistants, lane departure warning, 
adaptive Cruise control, it becomes more and more 
difficult to evaluate the contributions of these elec-
tronic systems implemented in the vehicle on acci-
dent influence and accident avoidance. Thus active 
safety and above all the knowledge of the causes of 

traffic accidents seem to play an ever-increasing 
role. 
The objective thus has to be to compile an evalua-
tion-neutral coding system of causes of accidents 
and/or accident influence parameters on the acci-
dents, which can be used within the procedures of 
accident research. This system has to contain the 
individual components "human-vehicle-
environment" and has to supply a methodology for 
the collection of important information, it also has 
to make the causes and/or influence parameters 
available for computer-based evaluation. To this 
end at first a suitable system has to be developed 
and the relevant parameters have to be defined. In a 
second step these can be coded and a technical and 
practical coding structure can be developed. For In-
Depth data collections on scene it would be particu-
larly helpful, if the developed system could not 
exclusively be applied by psychological specialists, 
but also by other researchers after a psychological 
and system-oriented training. Beyond that it is well 
known from past on scene accident research and 
other in-Depth-collections that not always all in-
formation concerning the accident is available and 
that the persons involved or injured in an accident 
are not always available for questioning. Even in 
these cases without direct interview of the involved 
parties the causes of the accident and/or the influ-
encing parameters should still be analyzable. 
From these multivariate requirements it was possi-
ble to develop a methodology (ACASS – Accident 
Causation Analysis with Seven Steps), which is to 
aid the on-scene accident research GIDAS (German 
in-Depth-Accident Study) and which is in use since 
the beginning of 2008. GIDAS' special feature is a 
statistically representative sample appropriate for 
all types of accidents with personal injury collected 
by an on scene investigation team consisting of 
physicians and engineers and a very comprehen-
sive, detailed compilation of the accident data by 
means of more than 2000 items of information for 
every accident, concerning injury and deformation 
patterns, driving and collision speeds as well as 
other accident characteristics, and, in addition, 
information from questioning persons involved in 
the accident (Otte et al. 2003 and Bruehning et al. 
2005). In the context of this study the newly devel-
oped methodology and structure of the causation 
coding in GIDAS by means of ACASS and the first 
results of the application in GIDAS, implemented at 
the beginning of 2008, are illustrated. 

HYPOTHESIS-BASED EXPLORATIVE 
ANALYSIS OF CAUSES OF ACCIDENTS 
DUE TO HUMAN FACTORS IN                                                          
SEVEN STEPS (ACASS) 

For the multivariate requirements of In-Depth-
studies on accident-causes a methodology (ACASS 
– Accident Causation Analysis with Seven Steps) 
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was developed, which is to aid the on-scene acci-
dent research GIDAS (German in-Depth-Accident 
Study) and which is in use since the beginning of 
2008. 
In a study conducted for the Federal Highway Re-
search Institute, Germany (PUND & NICKEL, 
1994), suggestions were made, based on a biblio-
graphical evaluation and different method varia-
tions, which accommodate both research based on 
an analysis of the accident participant as well as the 
conditions of an accident research working on-
scene. 
Apart from the collection of technical and infra-
structural characteristics the analysis of the human 
influences during the accident development con-
tributes to the explanation of causes (cf. PUND & 
OTTE, 2005). Therefore the influence of the situ-
ational effective behavior is recorded in the context 
of an analysis of the persons involved as soon as 
possible after the accident and if possible at the site 
of the accident. The explorative analysis of accident 
causes in seven steps based on traffic-psychology 
considers the dynamic process character of human 
functions, which play a role in the avoidance of 
collisions when coping with a traffic conflict. 
The 7 categories (seven steps) of the human cause 
factors are an analysis and order system, which 
describes the possible human causation factors at 
the moment of the accident development in chrono-
logical order (from perceptibility to action errors). 
These seven steps are first based on error tracing in 
the top category of the "information access" and 
subsequently on the basic 6 human functions (from 
"observing" to "operating"), which run in chrono-
logical order from recognizing the danger up to the 
reaction to a cause, e.g. a traffic situation evaluated 
as critical. Based on this structure, the human cause 
factors can be divided not only into meaningful 
categories, but can be recognized and collected 
more easily because of a structured questioning 
method. 
As process model “Seven steps” takes into account 
the dynamic sequences, which develop, if a human 
with his characteristics, abilities and restrictions 
intervenes in a system. The core method of inter-
viewing the persons involved created a structure of 
the procedure of data acquisition. The identification 
of causes of accidents in human behavior should 
consider the process character of human observa-
tion, thinking and acting, in order to arrive at man-
ageable analysis units, which permit clear state-
ments as to the respective human sources of error 
on distinguishable "function levels". A procedure 
based on hypotheses lends itself for this purpose, 
where for every step within the processing concept 
of the seven steps a core hypothesis is presented, 
which can be disproved using certain criteria. The 
respective criterion again experiences its validity of 
the allocation by different indicators, which are 

collected at the site of the accident in a predomi-
nantly explorative manner. 
The methodology of the collection of accident 
causes was presented for the first time at the first 
international conference "Expert symposium on 
Accident Research" (ESAR) in September 2004. 
After a testing phase it has been used in this shape 
by GIDAS in the course of the ongoing analyses of 
accidents at the medical university Hanover. The 
model it is based on has been theoretically justified 
and its implications for application on the special 
conditions of an "In-Depth/On-the Spot" analysis 
were derived (PUND and OTTE, 2005). Within two 
years of developing work, the model underwent a 
definition and an adjustment taking into account the 
feasibility and restrictions of the research at the 
sites of accidents, where the aspect of the "feasibil-
ity" and the realistically executable time and effort 
for data acquisition and coding was focused on 
(PUND, OTTE and JAENSCH, 2007). A further 
objective was as high an agreement of the model 
structure with the collection instruments derived 
from it as possible and their adjustment to the half-
standardized interview form used up to that time 
(cf. PUND and OTTE, 1999). 
Following the “Seven-Steps-Model” (focused on 
the pre-crash-phase) the sequence of accident-
related human functions can be described in follow-
ing terms: 
-no problem-solving (concerning immediate acci-
dent-danger) without information access  
-without sufficient information access no indica-
tion for observation 
-without attentive observation no identification  and 
recognition 
-without correct recognition no interpretation  and 
evaluation 
-without rational and critical evaluation no planning 
and intention forming   
-without (at least rudimentary) planning no selec-
tive implementation of action 
-without unhampered implementation no correct 
interference and operation.  
In agreement with a hypothesis-based procedure 
with the identification of relevant human causes of 
accident the first hypothesis reads: 
 
1. The information necessary for the possible solu-
tion of the traffic conflict was objectively available 
and the person involved in the accident was able to 
perceive it without obstruction. 
 
The presence of an "unobstructed perception" is 
examined exemplarily on the basis of the criterion, 
that the involved person did not exhibit functional 
limitations of his eyesight. Another criterion is, that 
the perception field necessary for the observation of 
the relevant traffic conditions was not obscured by 
vehicle-specific or infrastructural perception barri-
ers. 
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This step designates something like a "gate" for the 
use of the information. The access opened by this 
"gate" represents the pre-condition for the second 
step: 
 
 2. The involved person was able and motivated to 
direct his perception by attentive observation to the 
relevant/critical situation characteristics based on 
sufficient perception conditions. 
 
The criteria the examination of the second hypothe-
sis was based on comprise features effective in 
certain situations, which negatively affect the atten-
tion attitude of the person involved: external and 
internal “distractors”, deactivating factors and in-
fluences restricting vigilance restrictive due to sub-
stance consumption (alcohol, drugs, medication). 
If the second hypothesis cannot be negated due to 
the absence of negative attention-related influences, 
the next step of the correct identification of the 
relevant situation characteristics is entered: 
 
3. The person involved recognized the major ele-
ments of the situation and completely understood 
their impact on the further development. With sev-
eral elements observed simultaneously he kept the 
track of all of them and identified the major fea-
tures that were relevant to his actions. 
 
Identifying / recognizing the complete situation and 
the identification of the major action-relevant char-
acteristics from an event stream are determined 
exemplarily by the criteria of information density, 
complex perception conditions and/or information 
overload. 
A further criterion in the third step refers to identi-
fication problems such as similarity mistakes, mis-
take or fusion of an object with the background 
("Camouflage"). 
In the consequence the situation is misjudged, 
which negatively affects the next step of a reliable 
"risk evaluation". The question concerning the 
evaluation of a situation regarding its decision rele-
vance (e.g. a palpable threat) follows upon the 
fourth hypothesis: 
 
4. The person involved was able to evaluate the 
danger on the basis of the recognized features, by 
correctly judging the situation and its development 
concerning its instability and/or its risk content in 
time. 
 
In this step all causes of misinterpretations are of 
interest due to wrong expectations, lack of experi-
ence or erroneous assessment of physical dimen-
sions. 
If the situation was judged correctly, however, and 
understood as a request for action, the next step of 
action planning follows: 
 

5. The person involved made at least a rudimentary 
action draft with correct objective and has consid-
ered alternative possibilities when planning. He has 
not also understood what needs to be done, but also 
how to implement it (correct method). 
 
An indication for the presence of a plan that is as 
complete and correct as possible can be exemplarily 
derived from the criterion, that the person involved 
decided on the correct alternative course of action 
with sufficient time for the selection of the action 
strategy, or he did not consciously decide in his 
planning to violate well-known traffic rules. 
For the analysis of the fifth step it has to be consid-
ered that for a rational behavior planning and con-
trol the time available permits at most a precon-
scious planning due to quickly recalled "internal 
sequence models", which developed with the ex-
perience of the driver. Questions about decision 
errors due to incorrect assumptions of the develop-
ment of the situation thus play a role for the analy-
sis just like skipping the planning phase in favor of 
a reflex action. 
In the context of the explorative accident research 
persons concerned occasionally report the execu-
tion of an action, yet the execution of the intended 
action was omitted or delayed. In order to be able to 
analyze this phenomenon more in detail, the sixth 
step of the pertinent hypothesis is formulated as 
follows: 
 
 6. With the intention of realizing a decision that 
had been made, no psychologically or physiologi-
cally disturbing influences arose, which prevented 
the implementation of the decision or which pro-
longed the time required for decision. 
 
The question of a correct and punctual conversion 
of the principally promising decision can be deter-
mined by the criterion of "performance obstacles 
during the conversion". 
E.g., the effect of  "shock and block phenomena" is 
a delay or a suppression of the intended reaction. In 
this step paralyzing emotional reactions like "a 
feeling of being overwhelmed" (e.g. the participant 
shuts his eyes because he is horrified) or the oppo-
site, a "hyperactivity / uncontrolled reaction" as 
stress reaction are queried, which altogether prevent 
a coordinated setting of priorities and implementa-
tion of actions. 
In case of unobstructed implementation of the 
planned decision, possible execution errors move 
into the focus of the analysis. General action errors 
and specific control errors prevent the correct exe-
cution of a preventive action or emergency and/or 
avoidance reaction: 
 
 7. The occupant did objectively have the chance of 
intervening in the system by acting and no qualita-
tive or quantitative procedural errors occurred. The 
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person involved implemented the selected mode of 
operation as intended and the interference was 
carried out completely.. 
 
The indicators that lead to criteria for a correct and 
unhindered transformation of the decision into 
action and for an operation without error are, that 
the action of the person involved was not subject to 
mix-ups or operating errors. 
 
In the context of implementing ACASS into GI-
DAS it appeared to be sensible to simplify the 
seven Categories of human causation factors, to 
improve the practicability of this system during on 
scene investigations for team members without a 
fundamental psychological background. Thus two 
changes were performed: First the categories “(2) 
Observation” and “(3) Recognition” were merged 
to one category “Information access” und secondly 
the category “(6) Selection/Implementation” was 
merged into the category “(7) Operation”. These 
remaining five categories may easily be converted 
back into a seven step system with the knowledge 
of the specific influence criteria of the categories. 
With the “Seven-steps model” as a theoretical ap-
proach to describe and explain the human causes of 
accidents efforts were made to develop an eco-
nomic tool suitable for the practical use “on scene.” 
Furthermore, the hypothesis-based procedure en-
sures reliable linking of the found topics with pos-
sible human causes and transforming them into a 
code-system also derived from the model. 
Training and supervision of the research-team (in-
terview-techniques, use of the codebook, use of the 
semi-structured questionnaire) are as much essen-
tial as plausibility-checks of the coding in the sense 
of inter-rater-reliability. 

BASIS OF METHODOLOGY  

The analysis of causes of accidents starting with the 
event (in contrast for instance to the traffic conflict 
research) the conditions effective at the time of the 
critical event are examined as extensively and ex-
actly as possible, on the other hand looking back-
wards on a time axis conditions, which were the 
cause of the accident are tracked. The latter applies 
particularly to the human contribution: Conditions 
like fog or icy roads as such relatively rarely repre-
sent causes of a certain accident (otherwise all road 
users would have been involved in an accident at 
the observed accident site under these conditions), 
but only become an identifiable cause in connection 
with human processes. Human conditions unfold 
interactively-dynamically, occur iteratively-
process-like and are subject to a high variance. 
Perception, evaluation and decision procedures, for 
instance, depend to a high degree on basic func-
tions, which humans bring into the accident situa-
tion and which also change and adapt in the course 

of events, e.g. a "switching" from a more distrib-
uted attention attitude to a focused one. 
 
If one considers the structure of an accident causa-
tion analysis, one arrives at the rather complex 
representation of the possible influence parameters 
relevant in this context (Appendix). From this the 
approach of a system-oriented recording of accident 
influence parameters and the ACASS-methodology 
were developed. 
The systematics used for ACASS in the context of 
the GIDAS accident research contain an explorative 
classification of characteristics affecting accidents, 
which occur during the analysis of accidents. Cau-
sation factors are relevant single characteristics or 
combinations of characteristics, which were causal 
for the development of a traffic accident, or which 
contributed to the development of the accident. For 
traffic accidents these factors can be expected to 
originate from the areas "human", "machine" and 
"environment". 
 
"Human“ � Group 1, human cause factors (Seven 
Steps) 
„Machine“ � Group 2, factors from the technical 
nature of the vehicle  
"Environment“ � Group 3, factors from the range 
of the infrastructure and nature 
 
Group 1 with its 7 subcategories is the seven-steps 
method and thus the core of this system for collect-
ing causes of accidents, which can be attributed to 
human behavior. 
 
ACASS not only is a system for recognizing and 
describing causation information but also for col-
lecting them in a data base, by categorizing them 
using a system of numeric codes. Such a system 
requires additional information apart from the con-
crete influence parameters of the cause of the acci-
dent, in order to be able to deliver as complete a 
picture of the accident as possible. As can be seen 
in figure 1, for each accident participant a set of 
codes is collected, which contain information on the 
causes of the accident and the source of the corre-
sponding information as well as their reliability. 
Besides for each causation code an explanatory text 
is given in a text field. 
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Figure 1: Overview over the data to be encoded for 
ACASS. 

  
Cause factors  
The cause factors constitute the core of the system 
for the collection of accident causes. The cause 
factors specific to traffic accidents are summarized 
in a catalog, which covers the ranges human, ma-
chine and environment. Each recognized cause, 
which has been considered relevant for the respec-
tive traffic accident, can be assigned a code, con-
sisting of 3 or 4 numbers. Frequently a combination 
of several cause factors is responsible for the devel-
opment of a traffic accident, thus the indication of 
only one cause of accident would not be sufficient. 
For this reason there is the option of assigning sev-
eral cause factors to each person involved in an 
accident. 
 
Source of information of the coded causes  
Here the source of information of a factor can be 
indicated for each coded cause factor. During the 
accident investigation and the collection of the 
causes of the accident frequently possible causation 
factors are found, which may or may not have con-
tributed to the development of the accident. Often 
even people involved in the accident also indicate 
or assume causes, whose relevance may be 
doubted. For this reason the source of the informa-
tion of the respective causation factor can be num-
ber coded:  
(1) questioning of the involved person at the site of 
the accident; (2) questioning of the involved person 
in hospital; (3) retrospective interview of the in-
volved person by telephone; (4) retrospective ques-
tioning of the involved person in person; (5) ques-
tioning of another involved person; (6) questioning 
of eye-witnesses; (7) information by the police; (8) 
information from accident reports/official records; 
(9) estimate of the accident research team. 
To have the opportunity of expressing doubts about 
a cause of the accident expressed by third parties, 
there is the possibility, apart from the indication of 
the source of information, of marking a check box 
expressing the doubt of the accident researcher, 
while the cause factor is being recorded in the data 
base. 
 

Further relevant information 
To be able to piece together a complete picture of 
the development of the traffic accident at a later 
point in time, it is sensible to collect descriptive 
information of the constellation of the accident in 
addition to the cause factors. 
For this purpose a text describing the accident is 
suitable as well as recording the type of the acci-
dent in accordance with the GDV (General Asso-
ciation of German Insurance Companies - Ge-
samtverband Deutscher Versicherer)/ISK (Institute 
for Traffic Cologne - Institut für Straßenverkehr 
Köln). This is another 3-digit code, based on the 
classification in 7 main classes and subsequently in 
several subclasses of the respective main classes. 

CAUSATION FACTORS OF TRAFFIC ACCI-
DENTS 

A number of investigations on causes with traffic 
accidents, already conducted, showed that most 
causation factors are to be found within the range 
"human". Due to this relevance the Seven step 
system was developed, which divides the human 
factors in 7 categories within group 1. Together 
with the factors from the range of the technology of 
the vehicle and the factors from the ranges "na-
ture/infrastructure" three different groups emerge, 
in which causation factors for traffic accidents can 
be found. These 3 groups constitute the first digit of 
the cause code. 
 
Figure 2 shows that the causation factors of the 
three mentioned groups are divided in each case 
into up to seven subcategories within the groups.  

  

Figure 2: Structure of the causation code. 
 
The respective categories constitute the second digit 
of the causation code. The third number of the cau-
sation code is determined by the concrete causes or 
by the influence criteria within the respective cate-
gories. This has been represented as an example of 
subcategory (7) "Opertation" within Group 1 (hu-
man factors). For human cause factors, however, 
there is an additional fourth number (indicator). 
Each influence criterion has a set of indicators, 
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which indicate frequent occurrences of these influ-
ence criteria. Using the example (1) of "mix-up and 
operating error" from group 1, category 7, the most 
frequent occurrences were (1) pedals; (2) gear shift; 
(3) control elements. The fourth digit of the code is 
used to specify the appropriate indicator applicable 
here. If a mix-up of gas and brake pedal were a 
cause for a traffic accident, the appropriate cause 
code for that constellation would be 1711, for in-
stance. 

EXPLORATIVE ANALYSIS OF CAUSES OF 
ACCIDENTS DUE TO HUMAN FACTORS IN 
SEVEN STEPS (SEVEN STEPS) 

The 7 categories (seven steps) of the human cause 
factors in group 1 are an analysis and order system, 
which describes the possible human causation fac-
tors at the moment of the accident development in 
chronological order (from perceptibility to action 
errors). These seven steps are first based on error 
tracing in the top category of the "information ac-
cess" and subsequently on the basic 6 human func-
tions (from "observing" to "operating"), which run 
in chronological order from recognizing the danger 
up to the reaction to a cause, e.g. a traffic situation 
evaluated as critical. Based on this structure, the 
human cause factors can be divided not only into 
meaningful categories, but can be recognized and 
collected more easily because of a structured ques-
tioning method. 
As process model Seven steps takes into account 
the dynamic sequences, which develop, if a human 
with his characteristics, abilities and restrictions 
intervenes in a system. The core method of inter-
viewing the persons involved created a structure of 
the procedure of data acquisition. The identification 
of causes of accidents in human behavior should 
consider the process character of human observa-
tion, thinking and acting, in order to arrive at man-
ageable analysis units, which permit clear state-
ments as to the respective human sources of error 
on distinguishable "function levels". A procedure 
based on hypotheses lends itself for this purpose, 
where for every step within the processing concept 
of the seven steps a core hypothesis is presented, 
which can be disproved using certain criteria. The 
respective criterion again experiences its validity of 
the allocation by different indicators, which are 
collected at the site of the accident in a predomi-
nantly explorative manner. 

RESULT OF AN APPLICATION ORIEN-
TATED STUDY 

The methodology of the collection of accident 
causes was presented for the first time at the first 
international conference "Expert symposium on 
Accident Research" (ESAR) in September 2004. 
After a testing phase it has been used in this shape 

by GIDAS in the course of the ongoing analyses of 
accidents at the medical university Hanover. The 
model it is based on has been theoretically justified 
and its implications for application on the special 
conditions of an "In-Depth/On-the Spot" analysis 
were derived (PUND and OTTE, 2005). Within two 
years of developing work, the model underwent a 
definition and an adjustment taking into account the 
feasibility and restrictions of the research at the 
sites of accidents, where the aspect of the "feasibil-
ity" and the realistically executable time and effort 
for data acquisition and coding was focused on 
(PUND, OTTE and JAENSCH, 2007). A further 
objective was as high an agreement of the model 
structure with the collection instruments derived 
from it as possible and their adjustment to the half-
standardized interview form used up to that time 
(cf. PUND and OTTE, 1999). 
The analysis of the human causation factors of 
accidents in seven steps is now a variable set of 
group 1 of the causation codes, besides the "factors 
of influence from the range of the vehicle technol-
ogy" of group 2 and the "factors of influence from 
the range of the infrastructure and environment" of 
group 3 (cf. diagram 3). 
On the basis of interactive models of the traffic 
participation and accident development, the model 
of the Seven Steps is based on an information-
theoretical access; it considers action theoretical 
explanation approaches and covers components of 
the error analysis. Models of the procedural data 
processing generally assume step procedure "per-
ception - interpretation - decision - action" and also 
consider the interfaces of the "human factor" with 
other system components (in summary e.g. 
HEINRICH and PORSCHEN, 1989; WILLUMEIT 
and JUERGENSOHN, 1997; WICKENS, 2000). 
The approach of process description of the informa-
tion acquisition, its cognitive processing, the inten-
tion and goal formation, which are based on the 
above, as well as their conversion into actions have 
been integrated into the model, just like the obser-
vation of human processes as sequential functions 
from the perception of a critical attraction to the 
execution of the action. The "disturbance" identi-
fied in the respective step of the hierarchically 
structured flow chart, describing the human basic 
function in detail is perceived as an error during the 
process of the information processing and action 
conversion (e.g. REASON, 1994; RASMUSSEN, 
1986, 1995; KUETING, 1990), the failure of a 
basic human function is explained due to effective 
physiological or psychological factors, e.g. percep-
tion errors due to distraction; decision errors due to 
unsolvable conflicting objectives or action errors 
due to coordination errors (see tri level study; 
TREAT et al., 1977). The role of the motivation of 
the drivers concerns above all the risk evaluation of 
a situation and the driver's behavior, thus questions 
concerning the motivational conditions, particularly 
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in the steps "estimate" (interpretation of the recog-
nized characteristics) and "planning" (action draft 
due to intention formation) are asked (see 
NAEAETANEN and SUMMALA, 1974). 
The first question, which the accident analyst puts 
to the person involved in the accident and his 
"view" of the accident (in both senses of the expres-
sion), is the one concerning the existing access to 
information on all sensory levels. As the solution of 
traffic conflicts in the predominant number of the 
cases is dependant on a visual perceptual input and 
less on an auditory or kinesthetic-tactile access, the 
visual conditions on individual, vehicle-lateral and 
environmental basis have the highest priority (in the 
course of the interview different perception restric-
tions can turn out to be important, for instance if 
acoustic warning signals were not noticed). 
Group 1 of the human cause factors (Seven step) 
subsequently shown as a hypothesis list conveys 
only exemplarily and as abstracts some of the crite-
ria associated with the hypothesis. 
In agreement with a hypothesis-based procedure 
with the identification of relevant human causes of 
accident the first hypothesis reads (if this cause is 
true, it has to be negated): 
 
1. The information necessary for the possible solu-
tion of the traffic conflict was objectively available 
and the person involved in the accident was able to 
perceive it without obstruction. 
 

- The presence of an "unobstructed perception" 
is examined exemplarily on the basis of the 
following criteria: the involved person did not 
exhibit functional limitations of his eyesight 
and his central daily visual acuity as well as 
the other vision functions (e.g. color vision, 
twilight vision, stereoscopic vision) generally 
enabled him to use the field of view for the 
acquisition of information (also taking into ac-
count corrective lenses). 

- The perception field necessary for the obser-
vation of the relevant traffic conditions was 
not obscured by vehicle-specific perception 
barriers (characteristics of the vehicle con-
struction, passengers, additional load, changes 
to the vehicle, wrong or insufficient use of 
perception assisting devices, condition of the 
windscreen and other windows, retro-fitted 
devices). 

 
The first of the seven steps thus refers only indi-
rectly to human characteristics in the sense of an 
individual reception possibility of sensorily trans-
mitted information. This step designates something 
like a "gate" for the use of the information. The 
access opened by this "gate" represents the pre-
condition for the second step: 
 

 2. The involved person was able and motivated to 
direct his perception by attentive observation to the 
relevant/critical situation characteristics based on 
sufficient perception conditions. 
 
The existence of an "attentive observation" (distrib-
uted attention, observation of details) is examined 
exemplarily on the basis the following criteria: 

- The observation accuracy of the person in-
volved was not subject to a diverting influence 
due to outside stimuli from the driving envi-
ronment, which limited the distributive atten-
tion or which impaired channeling the atten-
tion on relevant details. 

- The degree of physiological activation of the 
person involved was not reduced; in particular 
there were no negative influences on the vigi-
lance (fatigue, exhaustion, drowsiness, mi-
crosleep, effects of monotonous driving condi-
tions, influences of the circadian rhythm, dis-
ease symptoms with reduction of the level of 
activity, (side-) effects of medication, influ-
ence of other substances). 

 
The criteria the examination of the second hypothe-
sis was based on comprise features effective in 
certain situations, which negatively affect the atten-
tion attitude of the person involved: external and 
internal distractors, deactivating factors and influ-
ences restricting vigilance restrictive due to sub-
stance consumption (alcohol, drugs, medication). 
The influence of the substances also impairs the 
cognitive and coordination conditions in the next 
steps, but it is postulated that a substance consump-
tion particularly and primarily affects the observa-
tion ability and attention attitude as a malfunction, 
thus it is explicitly inquired as specific effect factor 
in the second step of the Seven steps and is also 
coded there, if necessary. 
If the second hypothesis cannot be negated due to 
the absence of negative attention-related influences, 
the next step of the correct identification of the 
relevant situation characteristics is entered: 
 
3. The person involved recognized the major ele-
ments of the situation and completely understood 
their impact on the further development. With sev-
eral elements observed simultaneously he kept the 
track of all of them and identified the major fea-
tures that were relevant to his actions. 
 
Identifying / recognizing the complete situation and 
the identification of the major action-relevant char-
acteristics from an event stream is determined ex-
emplarily by the following criteria: 

- With available information density, complex 
perception conditions and/or requirements of 
the substantial/solid information admission 
(incessant flood of irritations/sensory over-
load) the person involved was nevertheless 
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able to understand the substantial features and 
their meaning. 

- During the observation of the traffic the per-
son concerned has filtered the action-relevant 
information from the information on offer and 
neglected irrelevant features. 

 
A further criterion in the third step refers to identi-
fication problems such as similarity mistakes, mis-
take or fusion of an object with the background 
("Camouflage"). 
In the consequence the situation is misjudged, 
which negatively affects the next step of a reliable 
"risk evaluation". The question concerning the 
evaluation of a situation regarding its decision rele-
vance (e.g. a palpable threat) follows upon the 
fourth hypothesis: 
 
4. The person involved was able to evaluate the 
danger on the basis of the recognized features, by 
correctly judging the situation and its development 
concerning its instability and/or its risk content in 
time. 
 
A timely evaluation and a correct interpretation is 
examined exemplarily on the basis of the following 
criteria: 

- The person involved correctly estimated 
speeds and distances of other road users 
and/or distances of objects or topographic fea-
tures. 

- The person involved combined and correctly 
interpreted information concerning the driving 
environment or the behavior of other road us-
ers (no "hasty conclusions"; no incorrect as-
sumptions, e.g. due to communication error, 
confidence error, transfer of responsibility). 

In this step all causes of misinterpretations are of 
interest due to lack of experience, erroneous as-
sessment of physical dimensions (distances, speeds, 
dimensions, spacial location, length of time), misin-
terpretations of indications and warning signals and 
communication errors between road users. Also 
erroneous evaluations due to "experience problems" 
(neglecting a risk due to wrong expectations and 
habits: "nobody ever comes out of this road") are 
covered by this analysis step. If the situation was 
judged correctly, however, and understood as a 
request for action, the next step of action planning 
follows: 
 
5. The person involved made at least a rudimentary 
action draft with correct objective and has consid-
ered alternative possibilities when planning. He has 
not also understood what needs to be done, but also 
how to implement it (correct method). 
 
An indication for the presence of a plan that is as 
complete and correct as possible can be exemplarily 
derived from the following criteria: 

- The person involved decided on the correct 
alternative course of action with sufficient 
time for the selection of the action strategy. 

- The person involved did not consciously de-
cide in his planning to violate well-known 
traffic rules. 

- The person involved did not include any "ulte-
rior motives" in his decision-making, which 
have no recognizable connection to the traffic 
conditions (counter-productive goals and 
problematic driving motives, such as superior-
ity, competition, demanding privileges etc.). 

- The person involved considered the possible 
side effects of his planning in the decision-
making process and made changes to the plan 
if necessary and/or considered corrective 
measures. 

For the analysis of the fifth step it has to be consid-
ered that for a rational behavior planning and con-
trol the time available permits at most a precon-
scious planning due to quickly recalled "internal 
sequence models", which developed with the ex-
perience of the driver. Questions about decision 
errors due to incorrect assumptions of the develop-
ment of the situation thus play a role for the analy-
sis just like skipping the planning phase in favor of 
a reflex action. 
In the context of the explorative accident research 
persons concerned occasionally report the execu-
tion of an action, yet the execution of the intended 
action was omitted or delayed. In order to be able to 
analyze this phenomenon more in detail, the sixth 
step of the pertinent hypothesis is formulated as 
follows: 
 
 6. With the intention of realizing a decision that 
had been made, no psychologically or physiologi-
cally disturbing influences arose, which prevented 
the implementation of the decision or which pro-
longed the time required for decision. 
 
The question of a correct and punctual conversion 
of the principally promising decision can be deter-
mined by the criterion of "performance obstacles 
during the conversion". This can be described based 
on the following examples: 

- The person involved was not subject to a reac-
tion inhibition due to shock phenomena, fright 
or fear and/or escape reactions. 

- During the implementation of the planned ac-
tion no reaction errors in the sense of inappro-
priate force, delayed introduction of the reac-
tion or wrong sequence occurred. 

The causes of a delayed reaction or of a complete 
suppression of a reaction are often "shock and block 
phenomena", confusion due to panic, "hyperactivity 
/ uncontrolled reaction", "a feeling of being over-
whelmed" or unsolvable conflicting aims with sev-
eral equivalent options to react (“to brake or to 
accelerate”).  Also the necessary intensity of the 
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reaction implementation may be negatively influ-
enced herewith (e.g. too weak braking). 
In case of unobstructed implementation of the 
planned decision, possible execution errors move 
into the focus of the analysis. General action errors 
and specific control errors prevent the correct exe-
cution of a preventive action or emergency and/or 
avoidance reaction: 
 
 7. The person involved did objectively have the 
chance of intervening in the system by acting and 
no qualitative or quantitative procedural errors 
occurred. The person involved implemented the 
selected mode of operation as intended. 
 
As criteria for a correct und complete action or for 
an error-free operation the following indicators may 
be drawn on: 

- The action of the person involved was not sub-
ject to mix-ups or operating errors. 

- The person involved was able to operate the 
control element without interruption 

 
In the seventh step the question of the concrete 
execution of the action, after a reaction has oc-
curred, is discussed. Possible action and control 
errors are explored in the interview. If errors in the 
execution of the action were not identifiable, how-
ever, technical and/or structural system errors in 
group 2 (e.g. vehicle changes, malfunctions, inter-
face problems) have to be searched for or the re-
spondent has not contributed to the causation of the 
accident. 
In the context of implementing ACASS into GI-
DAS it appeared to be sensible to simplify the 
seven Categories of human causation factors, to 
improve the practicability of this system during on 
scene investigations for team members without a 
fundamental psychological background. Thus two 
changes were performed: First the categories “(2) 
Observation” and “(3) Recognition” were merged 
to one category “Information access” und secondly 
the category “(6) Selection” was merged into the 
category “(7) Operation”. These remaining five 
categories may easily be converted back into a 
seven step system with the knowledge of the spe-
cific influence criteria of the categories.     
In the following the seven-step system for the col-
lection of causes of accidents is to be clarified by an 
example. This example is based on a real-life traffic 
accident, which was collected in the context of the 
GIDAS accident research project. 

RESULTS OF THE IMPLEMENTATION IN 
GIDAS 

561 accidents collected within GIDAS by June 
2008 were evaluated, of these 412 cases (73%) 
contained causation codes. Thus 687 involved per-
sons were available for analysis, of which 457 per-

sons contributed to the emergence of the accident 
and had a causation code. A population of cases 
resulted with a distribution similar to all accidents 
in GIDAS, for instance based on the proportion of 
traffic participants, cars 54%, trucks 6%, bicycles 
21%, 8% pedestrians, 9% motorcycles. Human 
causes were determined for all road users in over 
92% of the cases, with the exception of accidents 
involving busses and streetcars (figure 3). Envi-
ronmental factors obviously have less effect on the 
development of accidents involving passenger cars 
and trucks than on accidents involving pedestrians 
and motorcyclists as traffic participants. 
 

 

Figure 3: Frequency of the indicated causation 
factors in the accident documentation of GIDAS 
 
A coding of the human cause factors was done as a 
complete code in 91.2% of the cases, in 6.8% of the 
cases without an indicator and in 2% of the cases 
only the group could be specified (figure 4). 
The group of the human cause factors consists of 
categories of the ranges of the perception of hu-
mans, the evaluation of the perception and the re-
sulting action, which is called 7 Steps because of 
the possible 7 categories. 
In 20% of the cases no complete access of the par-
ticipant to all information was possible. Further-
more 18% of the participants that contributed to the 
emergence of the accident did not observe the 
Situation with full attention. 31% of the human 
factors relate to failures with the recognition of the 
traffic situation and respectively about 25% relate 
to errors when evaluating the situation and when 
planning an action to handle the situation. Only 
10% of the participants had problems with the se-
lection and initiation of an action and only about 
1% had an action error like mixing up the brake-
pedal with the accelerator (figure 4). 
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Figure 4: Completion of human factors. 
 

 

Figure 5: Frequencies of the categories of the hu-
man causation factors. 
 
With the more differentiated evaluation of the cate-
gories, using the criteria, a wrong focus of attention 
of the driver appears with an incidence of 29 % 
(figure 6). This can be regarded as a substantial 
influence parameter for accident causation. But also 
the intentional breach of rules with an incidence of 
14 % proves to be a frequent accident causation 
factor.  
 

 

Figure 6: Frequencies of the criteria within the 
different categories of the human causation factors. 
 
When evaluating the most frequent indicators of the 
different criteria, the “wrong observation strategy” 
and also the “wrong assumption concerning the 
outcome of a situation“ appear most frequently 
from altogether 669 mentions. But also “excessive 
speed” and the “focus towards the wrong road 

user”, the “wrong estimation of distance of other 
road users” as well as “driving under influence of 
alcohol” appears as frequent indicators of human 
causes: 
 
 12063 Wrong observation strategy n=87 
 14012 Wrong assumption concerning the out-

come of a situation n=36 
 14022 Excessive speed n=27 
 12061 Focus of attention towards the wrong 

road user n=25 
 13022 Wrong estimation of distance of other 

road users n=20 
 12042 Driving under influence of alcohol n=18 

CONCLUSIONS 

In particular due to the increasing use of intelligent 
technical aids of the vehicle assistant systems, it 
becomes more and more difficult to evaluate the 
contributions of these electronic systems built in the 
vehicles concerning their influence on accident 
causation and accident avoidance. Active safety and 
above all the knowledge of the causes of traffic 
accidents gain at present an ever-increasing impor-
tance for the development of safety measures. The 
objective was the creation of a coding system of 
causes of accidents and/or influencing parameters 
on the accidents, which can be used in the frame-
work of accident research. This system should con-
tain the individual components "human - vehicle - 
environment" and a methodology for the collection 
of the important information, beyond that it should 
also make the causes and/or influence parameters 
available for evaluation/processing on computers. 
The objective of finding a suitable system to supply 
the relevant parameters for the GIDAS on scene 
investigations and also other in-Depth-
investigations was achieved and the system has 
been judged as suitable after it underwent a practice 
test. 
The practice test resulted in a satisfactory usage rate 
of coding application for the accident documenta-
tion. The team members had undergone psycho-
logical training and the codes selected by the team 
were correctly chosen in the majority of the cases. 
Next to three days of traffic psychological training, 
the quality control arrangements also included case 
reviews with plausibility validation of the codes as 
well as a random operation of the traffic psycholo-
gist in the accident research team  
The coding should be a component of an on scene 
accident data collection system. Thus information 
collected from persons and vehicles involved in an 
accident can be recognized as parameters influenc-
ing the accident development and processed for use 
on computers based on the coding system. 

91,2%

6,8%

0,0%
2,1%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Complete Code Only group, category, 

criteria

Only group and category Only group

Rate of completion of 623 codes of human causes

19,5%

17,6%

30,6%

25,0% 24,4%

9,6%

0,6%

0%

5%

10%

15%

20%

25%

30%

35%

Information 

access

Obeservation Recognition Evaluation Planning Selection Operation

Different categories of human causation factors of 

457 accident participants

1%

8%

1%

6%

4%

2%

5%

8%

3%

29%

9%

8%

7%

10%

14%

0%

9%

0% 5% 10% 15% 20% 25% 30% 35%

Inform. not accessible due to poor health

Information hidden by external objects

Information hidden by internal objects

Information masked

Distraction from inside the vehicle

Distraction from outside the vehicle

Internal distraction (e.g. thoughts)

Activation too low

Wrong identification due to excessive demands

Wrong focus of attention

Wrong expectation

Misjudgment of others or accident place

Misjudgment of own vehicle

Decision error

Intentional breach of rules

Operational error

Reaction error (performance error)

% of all participants

Frequencies of different Criteria of human accident causes from 

457 accident participants



Otte 12 

ACKNOWLEGEMENT 

For the present study accident data from GIDAS 
(German In-Depth Accident Study) was used. GI-
DAS is the largest in-depth accident study in Ger-
many. The data collected in the GIDAS project is 
very extensive, and serves as a basis of knowledge 
for different groups of interest. Due to a well de-
fined sampling plan, representativeness with respect 
to the federal statistics is also guaranteed. Since 
mid 1999, the GIDAS project has collected on-
scene accident cases in the areas of Hannover and 
Dresden. GIDAS collects data from accidents of all 
kinds and, due to the on-scene investigation and the 
full reconstruction of each accident, gives a com-
prehensive view on the individual accident se-
quences and its causation. The project is funded by 
the Federal Highway Research Institute (BASt) and 
the German Research Association for Automotive 
Technology (FAT), a department of the VDA 
(German Association of the Automotive Industry). 
Use of the data is restricted to the participants of the 
project. However, to allow interested parties the 
direct use of the GIDAS data, several models of 
participation exist.  
Further information on GIDAS can be found at 
http://www.gidas.org 

LITERATURE 

BRÜHNING, E., OTTE, D., PASTOR, C.; (2005): 
30 Jahre wissenschaftliche Erhebungen am Unfal-
lort für mehr Verkehrssicherheit, Zeitschrift für 
Verkehrssicherheit 51, 175-181, 2005 

 
HEINRICH, CHR., PORSCHEN, K.M. (1989): Die 

Bedeutung interaktiver Unfallmodelle für die 
Straßenverkehrssicherheitsforschung, Zeitschrift 
für Verkehrssicherheit 35, 1989 

 
KÜTING, H.J. (1990): Zur Analyse von Denk- und 

Handlungsfehlern beim Autofahren. W-R. 
NICKEL (Hrsg.): Fahrverhalten und 
Verkehrsumwelt, Köln, Verlag TÜV-Rheinland 

 
PUND, B., NICKEL, W.-R. (1994): Psycholo-

gische Untersuchungen am Unfallort. Berichte der 
Bundesanstalt für Straßenwesen, Heft M 27 

 
NÄÄTANEN, R., SUMMALA, H. (1976): Road 

user behavior and traffic accidents, North-Holland 
Publishing Co., Amsterdam 

 
OTTE, D., KRETTEK, C.; BRUNNER, H.; 

ZWIPP, H. (2003): Scientific Approach and 
Methodology of a New In-Depth-Investigation 
Study in Germany so called GIDAS, ESV Con-
ference, Japan, 2003 

 

PUND, B., OTTE, D. (1999): Zusammenführung 
von technischen, medizinischen und psycholo-
gischen Erkenntnissen bei der Unfallerhebung vor 
Ort. In: F. MEYER-GRAMCKO (Hrsg.), 
Verkehrspsycho-logie auf neuen Wegen: Heraus-
forderungen von Straße, Wasser, Luft und 
Schiene. Bonn: Deutscher Psychologen-Verlag 

 
PUND, B., OTTE, D. (2005): Assessment of Acci-

dent Causation from the Viewpoint on In-Depth 
Investigation on Scene- Traffic Psychological 
Methodology on Examples of In-Depth Cases by 
GIDAS. In: Reports on the ESAR-Conference 
3rd/4th September 2004 at Hannover Medical 
School, Berichte der Bundesanstalt für Straßen-
wesen, Heft F 55 

 
PUND, B., OTTE, D., JÄNSCH, M. (2007): Sys-

tematic of Analysis of Human Accident Causation 
– Seven Steps Methodology. In: Reports on the 
ESAR-Conference on 1st/2nd September 2006 at 
Hannover Medical School, Berichte der Bunde-
sanstalt für Straßenwesen, Heft F 61  

 
RASMUSSEN, J. (1986): Information Processing 

and Human-Machine-Interaction. An Approach to 
Cognitive Engineering. New York: North-Holland 

 
RASMUSSEN, J. (1995): The Concept of Human 

Error and the Design of Reliable Human-
Machine-Systems. In: H.P. WILLUMEIT & H. 
KOLREP (Hrsg.), Verlässlichkeit von Mensch-
Maschine-Systemen, S. 255-271, Berlin: Tech-
nische Universität Berlin 

 
REASON, J. (1994): Menschliches Versagen: Psy-

chologische Risikofaktoren und moderne Tech-
nologien. Aus dem Amerikanischen übersetzt von 
J.GRABOWSKI, Heidelberg: Spektrum 
Akademischer Verlag 

 
TREAT, J.R. (1977): Tri-level study of the causes 

of traffic accidents: an overneur of Final Results. 
In: Proceedings of the 21st Conference of the 
American Association of Automotive Medicine 
(AAAM), Vancouver, September 15-17, p. 391, 
1977 

 
WICKENS, C.D. (2000): Engineering psychology 

and human performance, Upper Saddle River, 
New Jersey: Prentice-Hall Inc. 

 
WANDERER, U. (1974): First results of exact 

accident data acquisition, SAE 74+568, USA, 
1974 

 
WILLUMEIT, JÜRGENSOHN (1997): Fahrer-

modelle - ein kritischer Überblick, Automo-
biltechnische Zeitschrift 99, 1997 

 



Appendix: Structural-analytical view of causes of accidents in the human-vehicle-environment-model 
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ABSTRACT 
 

Previous work (Perron et al., 2001) on 
emergency brake application concluded that driver 
population diversity and “the overlap of braking 
parameter distributions between normal conditions 
and emergency situations” is such, that triggering 
criteria cannot both detect all emergency braking 
actions and never activate the assistance in 
situations where it is not necessary.  The objective 
of this study was to investigate driver-braking 
characteristics, in order that future systems might 
achieve greater effectiveness.   

48 drivers drove an instrumented vehicle on a 
public road section before arriving at a test track, 
where they were instructed to follow at their 
preferred distance another vehicle towing a trailer. 
They were told the aim was to measure their 
preferred car-following distance. They were naïve 
to the fact that 0.2 miles down the track the trailer 
would be released and rapidly decelerate to a stop. 
The main variables analysed included “throttle-off” 
rate, brake pedal pressure/force, and clutch pedal 
pressure/operation.  
The results indicate a series of relationships 
exploitable by an intelligent brake assist system. 
An intelligent brake assist system could take 
advantage of those characteristics and adapt its 
performance to individuals’ braking style.  

Limitations of the study include resource 
constraints (use of a single instrumented vehicle, 
time-limited access to the test track)and  the 
contrived nature of the emergency braking scenario 
(need for surprise element, practically a one-off 
study, limitation of speed to 30mph/48kmph).   
The study provides evidence of a background for a 
customisable brake assist system that learns from 
the driver and adjusts its full-brake trigger 
accordingly.  
 
INTRODUCTION 
 

The huge potential of active safety systems can 
only be realised if driver input in the system is 
taken into account. Systems such as emergency 
brake assist, stability control and collision 
avoidance must be reliably triggered when drivers 
actually need assistance, but should not intervene 
in normal conditions. False alarms/interventions 

could have detrimental effects on driver acceptance 
of the system.  

One problem with research on specific active 
safety systems is that because of its commercially 
sensitive nature, it often remains confidential to a 
large extent. Detailed research on ergonomic 
aspects of active safety systems often remains in 
the private domain and rarely is published. In one 
of the few exceptions, researchers working in the 
Laboratoire d' Accidentologique, Biomécanique et 
étude de facteur humain (LAB) published results of 
driver studies for the specification of active safety 
systems, and brake assist in particular (Perron, 
Kassaagi, & Brissart, 2001). Perron et al (2001) 
were the first to publish results of microscopic 
studies on driver braking in emergency conditions. 
They utilised both a driving simulator and an 
instrumented vehicle on a test truck to achieve their 
goal. In the simulator, four longitudinal accident 
configurations were examined: a vehicle coming 
out of a parking area into the subject's path, a 
vehicle stopped after a crest on a roadway, a 
vehicle moving at reduced speed after a crest, and a 
vehicle decelerating before braking strongly after 
being followed for 500m in an urban area. In the 
test track study, participants had to follow a vehicle 
with a trailer which was eventually released from a 
relative distance of 17m at a speed of 70km/h. 
Results indicated that while everybody braked, 
only 50% braked hard enough to activate ABS and 
only 80% of these exploited ABS function by 
swerving to avoid the obstacle. Authors concluded 
that if emergency brake assist was fitted to the 
vehicles, up to 40% of collisions would have been 
avoided and in another 30% of cases the impact 
speed would have been reduced by more than 
15km/h. More than 70% of crashes would have 
been avoided if the brakes were activated at the 
throttle-off instant (approx 0.3 s in advance of 
actual braking). However, all these figures rely on 
“the hypothesis that the assistance is actually 
always triggered in emergency situations, which is 
an ideal case. Actually, due to the significant 
overlap of braking parameters distributions 
between normal conditions and emergency 
situations, triggering criteria based on a single 
braking parameter cannot both detect all 
emergency braking actions and never activate the 
assistance in situations in which it is not absolutely 
necessary”... 
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In an attempt to overcome this problem, 
researchers in LAB employed hybrid neural 
networks + genetic algorithm methodology in order 
to find parameters that could be used in 
combination to distinguish emergency situations 
from normal braking (Bouslimi, Kassaagi, 
Lourdeaux, & Fuchs, 2005). The result was a 
model that was quite successful in its purpose, 
however it relied on some parameters that were 
related to post-incident events – such as the result 
of the emergency manoeuvre, a fact that rendered it 
inapplicable in an intelligent brake assist system. 
Contemporarily, Schmitt and Färber (Schmitt & 
Färber, 2005) used Fuzzy-Logic to create a model 
that could distinguish successfully between normal 
and emergency braking. The model is based on 
three parameters of throttle-pedal operation: change 
of radius, jerk, and foot displacement time (from 
throttle to brake pedal). Data for this study was 
collected through the CAN bus of the vehicle 54 
participants drove in a test-track study. Speed was 
restricted to 60km/h and the obstacle appeared en-
route about 35m ahead of the vehicle. The authors 
claimed that their model predicts correctly 85% of 
emergency braking and 97% of braking before a 
corner, against 77% emergency braking and 99% 
braking before a bend correctly predicted by a 
system with a fixed trigger-level. 

Recently, McCall and Trivedi (McCall & 
Trivedi, 2007) utilised Bayesian networks to fuse 
driver behavioural information with 
vehicle/environment information to predict an 
emergency or non-emergency situation. Inputs to 
the system include time-headway (from a LIDAR 
sensor), wheel speed, brake pressure, accelerator 
position, steering angle, vehicle longitudinal and 
lateral acceleration, yaw rate, steering angle and 
gaze and face expressions recorded using video-
cameras. The authors provided supportive data of 
the effectiveness of the system in predicting critical 
situations; however they admitted that a significant 
problem was the number of false positives 
(undesired system activations). This was the case 
particularly when drivers covered the brake pedal 
but eventually decided not to brake.  Although 
titled “brake support” by its authors the model aims 
more towards “brake automation” - automatic 
braking rather than augmented braking. It looks 
more towards vehicle-automation than towards 
driver-support. 

A number of years has passed since the 
original introduction of (Emergency) Brake Assist 
systems in road vehicles and there is no published 
evidence that the challenge of accommodating the 
individual differences in driver braking has been 
achieved. The present paper provides an alternative 
approach towards the fulfilment of this goal. To 
achieve this, a human-centred approach is adopted. 
Individual differences are now seen as an 
exploitable opportunity rather than an obstacle 

towards successful human-machine interaction. 
The present study examines the relationships 
among basic parameters of driver longitudinal 
control and suggests how they could be exploited 
in an intelligent brake system to accommodate 
driver variability.  
 
 
METHOD 
 

To achieve the aims of the study, 48 
participants drove an instrumented vehicle on 
public roads and on a closed test-track. Each 
session allowed a combination of normal braking 
responses and an emergency braking episode to be 
recorded for each participant. The details of the 
study are presented below. 
 
Apparatus 
 

A Ford Fiesta (2000 model year) was fitted 
with a camera in the footwell to record foot/pedal 
movements, an on-board camera provided view of 
the road ahead, two  Tekscan Flexiforce® sensors 
were fixed on the brake pedal surface, one 
Flexiforce® on the clutch pedal surface, and a 
potentiometer was attached to the centre of the 
throttle-axis rotation.  Sensors were calibrated 
according to Tekscan’s guidelines (Tekscan, 2008). 
A Labjack® U12 data acquisition module was 
connected to a Toshiba® Tecra 3 laptop using 
Azeotech® DAQFactory® Express software for 
data logging. Power was provided through the 
vehicle’s battery when the engine was on and 
through the laptop’s battery when it was off.  
 
 

 
 
Figure 1: View from the on-board camera 
during the closed-track study 
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Figure 2: The trailer during built-up 
 

A lightweight (m<30kg) trailer was built for 
the purpose of simulating a lead vehicle’s sudden 
braking (a<-5m/s2) on the test track. The trailer’s 
stopping properties were representative of average 
emergency decelerations of real vehicles in 
experimental (Vangi & Virga, 2007) and field 
studies (van der Horst, 1990). The trailer (figure 2) 
was three-wheeled for extra straight line stability; 
dimensions were 2.2m length, 1.25m rear width, 
0.3m front width, and 0.4m height at the back. 
Wheels were 20inch standard road bicycle wheels. 
The structure comprised a sheet of waterproof 
wood reinforced with an aluminium skeleton. Two 
0.75mx0.5mx0.5m cardboard boxes were filled 
with closed empty plastic bottles and wrapped with 
white plastic bags before they were attached at the 
rear of the trailer to create a “bulkiness” illusion 
(figure 1). Standard bicycle “V-brakes” were 
installed and were activated by the rotation of a 
lever which was activated by two springs upon 
release from the car. During testing average 
acceleration of the trailer after release was -
6.81m/s2 with an instantaneous minimum of -
17.24m/s2 achieved. 
  
The participants 
 

Participants were recruited through advertising 
in local press and local companies. Forty-eight 
drivers (26 male and 22 female) participated in the 
study. Age ranged from 21 to 84 (average 31.3) 
years, average driving experience was 12 years 
(min 1, max 48), and the average mileage was 9653 
miles/year (min 2000, max 30000). They all held a 
full driving license (UK/EU or equivalent 
international) and had 3 or fewer penalty points. 
 
The route  
 

The public road section of the route driven by 
the participants included an urban and a rural 
section (11km in total) that led them from the start 
(Loughborough University Business Park) to the 

test track (Wymeswold Airfield). A section of the 
track was isolated and marked out with cones to 
provide a single lane for the emergency brake test. 
Sessions took place between 5 and 8pm on 
weekdays in daylight (Spring-Summer).  
 
The test protocol 
 

Participants provided personal details for 
insurance purposes before the experiment, as well 
as demographic data and a general health 
questionnaire. Just before the start of the driving 
session, they indicated their stress level on a 7-
point Likert scale. They were told that the purpose 
of the study was to measure their preferred driving 
distance from other vehicles and for that purpose 
they would have to follow an instrumented trailer 
that would record this distance on the test track. 
Upon arrival to the test track they would stop at the 
entrance before an experimenter would check the 
site and give permission to proceed to the track. 
There, they were asked to follow another vehicle 
towing a trailer around the track at their preferred 
distance.  They were told that this was the target 
variable of the experiment. Post-trial questioning 
confirmed that they were naïve to the fact that the 
trailer would be released after 0.2 miles (321.86 m). 
In each trial the lead vehicle accelerated to 30mph 
(speed measured using GPS) and kept a constant 
speed until the release of the trailer.  
 
Data analysis 
 

Participants’ stress index before the study was 
compared to their stress rating immediately after 
the test-track study. Because of the non-parametric 
nature of the data, a Wilcoxon test was used. In 
order to examine the appropriateness of using brake 
force and/or “throttle-off” rate as single triggering 
criteria, mean values for the public road section 
were compared to the peak values during the 
emergency response. Paired Student’s T-test and 
Wilcoxon test was employed for that purpose. Then, 
in order to examine the relationship between 
normal and emergency braking, each variable in 
the public road driving condition was plotted 
against the same variable in the emergency braking 
condition. Various regression models were tested in 
order to find the model with the best fit to the 
observed data. All the analyses were carried out 
using the Statistics Package for Social Sciences 
(SPSS) ver. 15.  
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RESULTS 
 

Table 1. 
Wilcoxon signed ranks test results for stress 

before and after test-track study 
 

 a  stress_after < stress_before 
 b  stress_after > stress_before 
 c  stress_after = stress_before 
 d  Based on negative ranks. 
 

Analysis of the drivers’ self-rated stress-level 
before and after the emergency event on the test 
track indicated an increase in participants’ stress-
level (table 1). The resulted difference is 
statistically significant at p<0.0001 level.  

Quantitative analysis of brake response 
indicated that about 50% of participants did not use 
the brake significantly, either because they swerved 
enough to avoid the obstacle, and/or they were 
following with long enough time-headway to gear-
down and stop gradually. These data had to be 
cleaned because participants did not engage brakes 
to stop the vehicle. Figure 3 presents the resultant 
distribution of brake-force response of participants 
that used brakes (force on sensor>5N). To further 
improve the normality, three more outliers on the 
upper end of the distribution were removed from 
further analysis. Then, the relationship between the 
peak force during emergency and the typical force 
during normal driving (public roads) was explored.  

 

Table 2.  
Paired T-test comparison of force between 

normal and emergency braking (in Newtons, 
measured on each sensor) 

 
 Force on sensors, public road 

driving – Force on sensors, 
emergency event 

Mean 
difference 

-14.24443 

Std. Deviation 11.50758 
t -6.189 
df 24 
Sig. .000 

 
Table 2 displays the results of a paired 

comparison between each participant’s typical 
normal and peak emergency brake force. The 
difference is statistically significant at level 
p<0.0001. There seems to be a relatively constant 
difference between the two conditions per 
individual.  Further, scatter-plot of typical normal 
braking against the respective emergency response 
(force) can be found in figure 4. 

Linear and non-linear models were tested and 
the three best fitted ones are shown in figure 4 
(linear, quadratic and cubic). Analysis of Variance 
(ANOVA) for each model indicated that the cubic 
model is yields the highest correlation value 
(R=0.51) but the worst statistic significance 
(p=0.09) of the three. The linear model explains 
less variance (R=0.45) but is more statistically 
significant (p=0.02). The quadratic model on the 
other hand is in between; Pearson R for this model 
is 0.50 and statistic significance is p=0.03.  

Then, throttle-off characteristics for the whole 
dataset were examined. Figure 5 displays 
comparative values of throttle-off rate for each 
driver between normal and emergency conditions. 
In only 7 out of 58 cases are the respective values 
similar. A Wilcoxon test indicated a statistically 
significant difference between the two variables 
(p<0.0001).   
 

Stress 
after –  
stress 
before 

Negative 
ranks 

Positi
ve 

ranks 
Ties Total 

N 3(a) 33(b) 11(c) 47 
Mean 
Rank 20.00 18.36   

Sum of 
Ranks 

60.00 
606.0

0 
  

Z -4.384(d)    
Asymp. 

Sig.  
(2-tailed) 

.000    
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Figure 3: Histogram of forces measured during emergency brake test after cleaning of data (force in 
Newtons, measured per sensor) 
 
 

 

 

 
 
Figure 4: Scatter-plot and best fit models of participants' normal and emergency braking in terms of 
force (measured in Newtons per sensor) 
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DISCUSSION 
 

It is impressive how different the two 
conditions look through the paired-comparison for 
each participant. Both throttle-off and brake force 
distinguished very well (p<0.0001) between normal 
and emergency conditions per individual.  However, 
as was the case in a previous study (Perron et al., 
2001), this is not the case when drivers are mixed 
in a group. Some drivers’ emergency response is 
quantitatively similar to somebody else’s typical 
braking. There is a difference though between 
throttle-off and brake force. 

Throttle-off distributions are much skewed 
(figure 5). Although the low resolution of the data 
acquisition equipment (8bit) plus the limited range 
of throttle-pedal movement in the vehicle’s 
footwell could be partly blamed for this, the 
concentration of data in two groups is quite 
apparent. Thus, if a constant trigger-parameter is 
used, throttle-off has an advantage over brake-force. 
Actually if in our case the trigger was set to 0.6 
degrees/sampling (figure 5) then it would have 
been correctly activated in 88% of cases and would 
have missed only 12%. Despite the reservation 
because of equipment limitations (data acquisition 
and vehicle properties), it should be mentioned that 
this is a much more effective intervention of a 
single/constant-trigger than the 77% quoted by 
Schmitt and Färber (2005). 

The answer to the overlap between normal and 
emergency braking among drivers could be in 
relationships like the one portrayed in figure 4. 
This is because if there is a relationship that 
explains the variance between them in normal and 
emergency conditions, then the “normal” value 
could be used to predict the “emergency” value. 
For example the quadratic fit model on figure 4 
could be used to predict the emergency brake value 
for participant X, if his/her typical (average) 
normal value is known (see example in next 
section). Now, when it comes to deciding which 
model to use for this purpose, each one of the three 
pictured in figure 4 has its merit. The linear model 
has more academic than practical value; it is 
conceptually best as a model representing the 
dataset (p=0.02), however it is worst in explaining 

the variance and predicting exact data points 
(R=0.45). The cubic model is best explaining 
variance and predicts most exact data points 
(R=0.51), however its representation of the whole 
dataset is problematic (p=0.09). The quadratic 
model is almost as good as the best aspect of both 
models (R=0.50, p=0.03) and seems to combine 
both merits. It remains though to be tested in 
practice. 

Other points that need mentioning are the 
external validity of the study and the unusual 
presentation of quantitative results. The study was 
designed to represent real drivers in conditions that 
were as realistic as possible. Participants were 
recruited from the local population   and were not 
restricted to university students, test drivers, 
customers of a specific brand or recruited through a 
“participants’ list”. Of course, the absence of active 
involvement by a manufacturer, made data 
acquisition a lot more laborious task than it would 
have been otherwise. As for the emergency test 
itself, allowing the drivers to follow at their 
preferred distances effectively sacrificed half the 
sample, however this sacrifice enhances validity as 
it replicates the “insignificant” braking found in 
50% of rear-end collisions/longitudinal critical 
events (Gkikas, Richardson, & Hill, 2008; Perron 
et al., 2001). Furthermore, subjective stress ratings 
by the participants themselves (table 1) support the 
validity of the emergency test. Most importantly, 
all participants reported surprise. Objectively, the 
average deceleration of the trailer is below the 
maximum achievable by modern vehicles, however 
it is comparable to actual decelerations observed in 
the field (van der Horst, 1990) and measured in 
tests with real drivers (Vangi & Virga, 2007). 

Most of the numerical values quoted here are 
hard to embed in any type of system as they are. 
We could have quoted the values in SI units or use 
force values for the whole brake pedal instead of 
just one area on it. However, the major findings are 
the relationships that emerge from the results and 
which can be exploited in a vehicle system to 
improve safety. In the next section an example is 
presented of how to exploit these. 
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Figure 5: Throttle-off rate in normal and emergency conditions (degree/sampling) 
 
 
APPLICATION 
 

In the last section of the paper, an example will 
be provided of how the relationship between 
normal and emergency braking can be exploited to 
accommodate driver variability. Figure 6 presents a 
system specification that could exploit this 
relationship, by incorporating the quadratic model 
to predict the appropriate trigger level for full-
brake activation.  

At the start of the drive the trigger is set to the 
average emergency brake level as measured in the 
study (Tr in figure 6). Then every time force is 
applied on the brake pedal, the system calculates 
based on the input a new trigger-level [Tr(1) in 
figure 6], which fuses the new [Tr(1)] with the 
previous (Tr) to give out the new trigger [Tr(n)]. If 
this value is exceeded during braking, then full-
brakes are applied. 

As an example, figure 7 is a simulation of how 
this system would work based on the drive of one 
participant. It is quite interesting that the system 

within a few seconds is below the participant’s 
actual emergency brake force (last high-wave in the 
graph). In this simulation full brakes would have 
been engaged twice on the way to the test track. 
Cross-check with the video of the drive indicates 
that those two would happen at two urgent stops 
before traffic lights in yellow-phase.  Of course, the 
system would be activated during the emergency 
test (far-right section of figure 7).  

The above is one example of how the results 
from this study can be exploited by an adaptive 
brake assist system. Cubic or linear models can be 
used as well, or even different layouts of the agents 
in the system in figure 6. These remain to be tested 
on their relative merits in practical terms. It was not 
the purpose of this article to provide a ready 
solution to be implemented in brake assist systems; 
however it was an objective of this study to present 
the characteristics of driver braking that engineers 
can exploit when specifying the function of their 
systems. The authors are satisfied that this first step 
is achieved. 
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Figure 6: Example adaptive function of the system 
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Figure 7: The function of the system according to a participant's driving 
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ABSTRACT 
Target pre-crash scenarios, crash modes, and 

occupant injury mechanisms are statistically 
described for crash imminent braking (CIB) and 
advanced restraint system (ARS) applications based 
on pre-crash sensing. Vehicle-object and vehicle-
vehicle crashes are distinguished between single-
impact and multiple-impact crashes. This analysis 
focuses on light vehicles of model year 1998 or 
higher that suffered frontal damage from the first 
most harmful event. An in-depth examination of 
candidate crash cases from target crashes was 
conducted to understand crash mechanisms and 
circumstances as well as occupant injury scenarios. 
Consideration was given to pre-crash conditions for 
CIB applications and to injury source for ARS 
applications. Results will be used in subsequent 
research to assess candidate CIB and ARS 
technologies, develop system functional requirements, 
devise test procedures, and estimate safety benefits. 
 
INTRODUCTION 

Pre-crash sensing applications encompass active 
safety measures aimed at reducing injuries once the 
crash is deemed unavoidable. These applications 
detect a crash earlier than accelerometer-based 
approaches with anticipatory sensors, communicate 
this information to the vehicle and its occupant 
protection systems, and take appropriate actions to 
reduce the crash severity or alleviate the severity of 
crash injury [1]. Crash avoidance systems are now 
appearing on new vehicle models in the United States 
(US). These systems offer the opportunity to improve 
vehicle crashworthiness by providing environmental 
awareness data so that automatic braking and 
crashworthiness protection systems can be activated 
when a crash becomes imminent and before the 
vehicles contact each other. Today’s airbag and 
seatbelt systems will be more effective if advanced 
occupant sensors are added to pre-crash sensors, 
creating occupant protections with advanced 
restraints that adapt to whoever happens to be sitting 
in the vehicle and to the demands of a variety of 
crash scenarios. 

This paper describes crash scenarios based on an 
in-depth examination of applicable crash cases for 

full-authority last-second crash imminent braking 
(CIB) and advanced restraint systems (ARS). The 
CIB system is designed to reduce impact severity by 
dissipating energy from the crash. ARS are intended 
to improve the coupling of occupants to the vehicle, 
reducing firing times of airbags, among others. This 
crash analysis supports two joint research efforts on 
CIB and ARS between the US Department of 
Transportation and the Crash Avoidance Metrics 
Partnership comprised of three automakers and major 
suppliers [2, 3]. These two research efforts have 
common objectives: 
  
• Develop and validate minimum performance 

requirements and objective test procedures for 
CIB and ARS that appear to provide an 
opportunity to reduce the societal harm resulting 
from light-vehicle crashes in the US. 

• Identify and fabricate the most promising CIB 
and ARS prototypes, and complete objective 
testing to evaluate their performance. 

• Obtain preliminary estimates of potential safety 
benefits of these prototype systems. 

 
Development and integration of internal and 

external sensors, advanced braking systems, and 
restraints systems focus on the time period when a 
crash becomes unavoidable. Priority of these research 
efforts is given to the development and evaluation of 
autonomous vehicle systems, crash types causing the 
most societal harm, and systems considered 
technically feasible for near-term deployment (3-5 
years from project completion). 

This paper presents results of the crash analysis 
conducted in support of the cooperative CIB and 
ARS projects. Target crashes were identified and 
prioritized for CIB and ARS applications using the 
National Automotive Sampling System’s 
Crashworthiness Data System (CDS) and General 
Estimates System (GES), Fatality Analysis Reporting 
System (FARS), and data from event data recorders 
[4]. Most common and harmful pre-crash scenarios 
were correlated with impact crash modes to produce 
target crashes to be addressed within these two 
projects. From these crashes, candidate crash cases 
were selected for in-depth examination to understand 
crash mechanisms and circumstances as well as 
occupant injury scenarios. This research step 
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determined applicable crashes and served to filter out 
crash cases that are not amenable to CIB or ARS 
applications. The crash scenarios for the applicable 
collision cases provide the crash context that can be 
used for the development of pre-crash sensor 
specifications, minimum performance requirements, 
and objective test methods. This paper summarizes 
the results from the in-depth examination of 
applicable crash cases. 

Next, this paper describes the crash analysis 
approach and highlights the results of the prioritized 
target crash scenarios. After that, results from the 
analysis of the CIB applicable crash cases are 
presented. This is followed by results from the in-
depth examination of ARS applicable crash cases. 
This paper concludes with a summary of key results. 

CRASH ANALYSIS APPROACH 
A two-stage crash analysis approach was 

adopted to identify target crash scenarios and 
statistically describe applicable crash cases that could 
be amenable to CIB and ARS applications. As 
illustrated in Figure 1, the first stage consists of a top-
down analysis that involved data queries of national 
crash databases to identify and prioritize crash 
scenarios for further examination in the second stage 
named the bottom-up analysis. These analyses 
targeted light vehicles of model year 1998 or higher 
(MY98+) that sustained frontal damage from the first 
harmful event. The model year served as the 
surrogate for modern restraint systems including 
three-point lap and shoulder belts, presence of 
pretensioners, load limiters, the advent of the second 
generation, de-powered airbags, and more advanced 
seatbelt and airbag technology. The first harmful 
event was considered to accommodate the 
development of functional requirements for forward-
looking pre-crash sensors that would enable the CIB 
application and augment advanced restraints. The 
ARS analysis focused on understanding the injury 
suffered by the driver and the front seat passenger of 
13 years of age or older (FSP13+). The age restriction 
placed upon the front seat occupant is consistent with 
the position in the US that child passengers should 
ride in the rear seating positions until they are 12 
years. The CIB analysis considered all persons in 
crashes that involved at least one target vehicle.  
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Figure 1. Crash Analysis Approach 
 

The analysis distinguished crashes between 
vehicle-object and vehicle-vehicle crash types by the 
type of obstacle struck during the first harmful event 
based on whether or not the obstacle was a vehicle in 
transport. As seen in Figure 2, vehicle-object crashes 
are characterized by a vehicle in transport contacting 
a “not vehicle in transport” obstacle. Obstacle 
categories include tree, pole, ground, structure, 
person, vehicle, animal, not-fixed object, non-
collision, and unknown. Attention is paid to whether 
the target vehicle is involved in a single- or multi-
impact crash. In single-vehicle crashes, the target 
vehicle does not hit a vehicle in transport. However, 
in a multi-impact crash, it is important to identify the 
object type that was contacted during the first 
harmful event. In vehicle-vehicle or multi-vehicle 
crashes, the target vehicle contacts a vehicle in 
transport. In a multi-impact crash, it is possible for 
the target vehicle to strike an object first before 
hitting another vehicle in transport. Thus, the analysis 
separates multi-vehicle crashes based on the first 
harmful event into vehicle-object and vehicle-vehicle 
crashes as shown in Figure 2. 
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Figure 2. Breakdown of Target Crash Types 

 
The top-down analysis correlated pre-crash 

scenarios to the manner of collision such as pole in 
vehicle-object crashes and front-back in vehicle-
vehicle crashes. These correlations of crash scenarios 
were then prioritized and ranked by severity. The 
number of fatalities from FARS and the number of 
functional years lost (FYL) derived from CDS and 
GES injury data were selected to quantify crash 
severity. The FYL measure sums the years of life lost 
to fatal injury and the years of functional capacity 
lost to nonfatal injury using the Maximum 
Abbreviated Injury Scale (MAIS) [5]. The ARS 
analysis only counted MAIS levels 3 through 6 by the 
driver and FSP13+ in target vehicles, while the CIB 
analysis incorporated all persons involved in the 
crash with MAIS levels 2 through 6. Results of the 
top-down analysis are summarized in the next section 
and are described in Reference [4]. 

  Eigen, 2  



 

The bottom-up analysis encompassed detailed 
examinations of individual filtered cases to determine 
the applicability of CIB and to understand why and 
how the target occupants were at least seriously 
injured for ARS application. The top-down analysis 
identified lists of case numbers from the CDS for the 
dominant crash scenarios. Researchers then reviewed 
these CDS cases and assessed their usefulness for the 
bottom-up analysis. This paper discusses the bottom-
up analysis and presents the results for CIB and ARS 
in the following sections. 

TARGET CRASH SCENARIOS 
The top-down analysis identified and prioritized 

target crash scenarios for CIB and ARS applications 
based on injury statistics from the 1997-2006 CDS 
databases. Ranking of scenarios was established 
using the FYL measure that integrated the MAIS 
levels 3-6 of the driver and FSP 13+ in target vehicles 
for ARS and the MAIS levels 2-6 of all persons 
involved in the crash for CIB. 

Road departure was the dominant pre-crash 
scenario in vehicle-object crashes for CIB and ARS. 
In this scenario, the vehicle is typically going straight 
and then departs the edge of the road due to driver 
inattention, drowsiness, or under the influence or 
alcohol impairment. The vehicle may also be 
negotiating a curve, turning left or right at a junction, 
changing lanes or passing, or entering or leaving a 
parking position. Road departure with different struck 
obstacle combinations had the same order of severity 
for CIB and ARS, as shown below in a descending 
order: 

 
1. Road departure – ground 
2. Road departure – pole 
3. Road departure – structure 
4. Road departure – tree 

 
Table 1 lists the ranking of vehicle-vehicle crash 

scenarios for CIB and ARS. There are five dominant 
pre-crash scenarios: 
 
• Opposite direction (OD): vehicle is typically 

going straight, drifts at a non-junction, and then 
encroaches into another vehicle traveling in the 
opposite direction. Vehicle may also be 
negotiating a curve or passing. 

• Rear-end (RE): vehicle is typically going straight 
and then closes in on a lead vehicle that may be 
stopped, decelerating, accelerating, or moving at 
slower constant speed. Vehicle may also be 
starting in traffic, changing lanes, passing, or 
turning and then closes in on a lead vehicle. 

• Left turn across path/opposite direction 
(LTAP/OD): vehicle is turning left at a junction 
and then cuts across the path of another vehicle 
traveling from the opposite direction. 

• Straight crossing paths (SCP): vehicle is going 
straight through a junction and then intersects the 
path of another straight crossing vehicle from 
lateral direction. Vehicle may also stop and 
proceed against crossing traffic or both vehicles 
first stopping and then proceeding on straight 
crossing paths. 

• Turning: these scenarios refer to any crossing-
paths turning maneuvers other than the 
LTAP/OD scenario. 

  
Table 1. Vehicle-Vehicle Crash Scenario Ranking 

 
Crash Scenario CIB ARS

Opposite-Direction - Front-Front 1 1
Rear-End - Front-Back 2 2
LTAP/OD - Front-Front 3 3
SCP - Front-Left Side 4 5
Turning - Front-Left Side 5 4
SCP - Front-Right Side 6 6  

ANALYSIS OF CIB CRASH CASES 
The filtering scheme is first outlined to select 

crash cases from target crashes for further 
examination. Applicable CIB cases from vehicle-
object and vehicle-vehicle crashes are later described 
separately. This description includes CDS statistics 
on the breakdown of target vehicles by vehicle type 
(i.e., passenger car or light truck or van), attempted 
avoidance maneuver by the target vehicle, 
environmental conditions, and Delta V (ΔV). 

Selection of CIB Applicable Cases 
The following five filters were applied to 

identify the final set of target vehicle cases that might 
be amenable to CIB applications: 

 
1. Include crash cases where at least one 

occupant in any vehicle suffered an injury 
level of MAIS2+. 

2. Exclude crash cases in which the target vehicle 
attempted any braking maneuver. It is assumed 
that brake assist, a different countermeasure 
than CIB, would apply if brakes were applied 
in the target vehicle. 

3. Exclude crash cases in which the target vehicle 
lost control as a result of an evasive maneuver. 
Stability control systems help in this situation. 

4. Include crash cases in which the target vehicle 
had at least one of the following information: 
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longitudinal ΔV or estimated highest ΔV 
values from the CDS [6], or ΔV available from 
event data recorders [7]. 

5. Exclude crash cases in which the target vehicle  
 experienced longitudinal ΔV over 45 mph (72 

Km/h). 
 

After the five filters were applied, remaining 
cases were individually analyzed to determine their 
applicability to CIB. Tables 2 and 3 provide the 
results of this filtering process for vehicle-object and 
vehicle-vehicle crashes, respectively. Out of 1,903 
target vehicle cases from vehicle-object crashes, only 
99 cases were determined to be amenable to CIB. 
Using the corresponding CDS weights for these cases, 
CIB addresses only 2% of the target vehicles. For 
vehicle-vehicle crashes, CIB addresses 871 target 
vehicle cases out of a total of 8,807 cases. Using 
weighted values, CIB could help only 4.3% of all 
target vehicles involved in vehicle-vehicle crashes. In 
total, intervention opportunity for CIB exists in about 
4% of all target vehicles based on the total weighted 
counts in Tables 2 and 3.  
 

Table 2. Applicable CIB Vehicle-Object Cases 
 

Initial CIB Ratio Initial
Pole 532    39 7.3% 203,58 7,
Tree 395    31 7.8% 95,03   
Ground 364    0 0.0% 197,13
Structure 612    29 4.7% 183,90 2,

Total 1,903 99 5.2% 679,65 13,

Obstacle
Raw Count We

CIB Ratio
2 928   3.9%
3 3,231   3.4%
9 0 0.0%
2 363   1.3%

6 522 2.0%

ighted Count

 
 

Table 3. Applicable CIB Vehicle-Vehicle Cases 
 

Initial CIB Ratio Initia
OD - FF 1,072 218 20.3% 222,6    
RE - FB 2,427 62 2.6% 1,637,6
LTAP/OD - FF/FRS 2,414 293 12.1% 964,3    
SCP - FLS/FRS 2,005 218 10.9% 801,2    
Turning - FLS 889    80 9.0% 458,5    

Total 8,807 871 9.9% 4,084,5

Raw Count
Crash Scenario

l CIB Cases Ratio
38 58,904     26.5%
91 16,343     1.0%
99 61,829     6.4%
40 26,331     3.3%
89 12,286     2.7%

57 175,693   4.3%

Weighted Count

 
FF: Front-Front, FB: Front-Back, FLS: Front-Left Side 
FRS: Front-Right Side 

Description of CIB Vehicle-Object Cases 
Statistical description of CIB vehicle-object 

cases is provided using CDS weighted values. About 
63% of the target vehicles were light trucks or vans. 
Figure 3 shows statistics of attempted avoidance 
maneuver by the target vehicle in CIB-applicable 
vehicle-object crashes, excluding braking. Steering 
was noted for 22.4% of the target vehicles. Table 4 

presents statistics on environmental conditions 
including atmospheric, lighting, and roadway surface 
conditions. In vehicle-object crashes, 96% of target 
vehicles were driving under clear weather, 91% were 
traversing dry road surfaces, and 56% were traveling 
in non-daylight conditions. Figure 4 plots the 
cumulative percentage of target vehicles by total ΔV. 
Almost two thirds of the vehicles (65%) suffered ΔV 
under 40 Km/h. Moreover, 95% of the vehicles 
experienced total ΔV under 55 Km/h. It should be 
noted that vehicles with longitudinal ΔV over 72 
Km/h were excluded from this analysis. 
 

No 
Avoidance, 

77.4%

Steer Right, 
2.9%

Steer Left, 
19.5%

Other Action, 
0.2%

 
Figure 3. Avoidance Maneuver in CIB Vehicle-

Object Crashes 
 

Table 4. Environmental Conditions in CIB 
Vehicle-Object Crashes 

 
Weight %

Clear 12,975 96.0%
Adverse 547     4.0%

Total 13,522 100.0%
Daylight 5,972   44.2%
Dark 4,922   36.4%
Dark/Lighted 2,466   18.2%
Dawn 133     1.0%
Dusk 27       0.2%

Total 13,522 100.0%
Dry 12,356 91.4%
Slippery 1,165   8.6%

Total 13,522 100.0%

Lighting 
Condition

Atmospheric 
Condition

Roadway 
Surface 

Condition  
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Figure 4. Cumulative Distribution of Vehicles by 

Total ΔV in CIB Vehicle-Object Crashes 

Description of CIB Vehicle-Vehicle Cases 
About 53% of the target vehicles involved in 

vehicle-vehicle crashes were light trucks or vans. 
Table 5 shows statistics of attempted avoidance 
maneuver by the target vehicle in CIB-applicable 
vehicle-vehicle crash scenarios, excluding braking. 
Steering was noted for 17.4% of the target vehicles. 
Rear-end crash scenario had the highest steering 
percentage (56%) among other vehicle-vehicle crash 
scenarios. On the other hand, opposite direction crash 
scenario had the least steering maneuvers (11%) by 
target vehicles. Table 6 provides CDS statistics on 
environmental conditions including atmospheric, 
lighting, and roadway surface conditions. In vehicle-
vehicle crashes, 94% of target vehicles were driving 
under clear weather, 92% were traversing dry road 
surfaces, and 58% were traveling in daylight. Figure 
5 plots the cumulative percentage of target vehicles 
by total ΔV in vehicle-vehicle crash scenarios. 
Almost two thirds of the target vehicles (66%) 
suffered ΔV under 25 Km/h. Moreover, 95% of the 
vehicles experienced total ΔV under 45 Km/h. It 
should be noted that vehicles with longitudinal ΔV 
over 72 Km/h were excluded from this analysis. 
Table 7 presents statistics on the relative direction of 
vehicles when they crashed. This information is 
relevant to the development of performance 
requirements for the field-of-view of pre-crash 
sensors. 
 

Table 5. Avoidance Maneuver Statistics in CIB 
Vehicle-Vehicle Crash Scenarios 

 
Attempted Avoidance 

Maneuver
OD RE LTAP/

OD
No Avoidance 89% 44% 87%
Steering Left 4% 0.3% 1%
Steering Right 7% 56% 11%
Accelerating & Steer Left 0.1% 0.2%
Accelerating 1%
Other Action 1% 0.1%

Total 100% 100% 100%

 
Table 6. Statistics of Environmental Conditions in 

CIB Vehicle-Vehicle Crash Scenarios 
 

OD RE LTAP/
OD

SCP Turning All

Clear 91% 99% 93% 96% 96% 94%
Adverse 9% 1% 7% 4% 4% 6%

Total 100% 100% 100% 100% 100% 100%
Dark 5% 10% 14% 5% 3% 8%
Dark/Lighted 68% 12% 17% 14% 6% 32%
Dawn 0% 3% 1% 1% 0% 1%
Daylight 26% 73% 67% 80% 91% 58%
Dusk 1% 3% 1% 0% 0% 1%

Total 100% 100% 100% 100% 100% 100%
Dry 91% 99% 91% 93% 89% 92%
Slippery 9% 1% 9% 7% 11% 8%

Total 100% 100% 100% 100% 100% 100%

Weather 
Condition

Lighting 
Condition

Roadway 
Surface 

Condition  
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Figure 5. Cumulative Distribution of Vehicles by 
Total ΔV in CIB Vehicle-Vehicle Crash Scenarios 

 
Table 7. Relative Direction Statistics in CIB 

Vehicle-Vehicle Crash Scenarios 
 

SCP Turning All

85% 64% 82%
9% 24% 5%
5% 9% 13%

0.03% 1% 0.2%
0.1% 0.4%

2% 0.3%
100% 100% 100%  
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Relative 
Clock OD RE LTAP/

OD SC

1 2% 18%
10 0.2% 5% 0.

10-11 5% 24%
11 4% 4% 0.

11-12 75% 6%
1-2 0.2% 16%

12, head on 4%
12-1 8% 14%

2 2
9-10 1%
2-3 0.2% 1% 3

3, angle 0.1%
3-4

4-5

5-6 92%
6-7 8%
7-8
8 0.1%

8-9 1% 5
9,angle 1%

9-10 8%
Total 100% 100% 100% 100%

P Turning All

7%
1% 2%

10%
1% 3%

28%
13% 7%

1%
8%

% 0.4% 5% 1%
0.2%

% 61% 5%
43% 4% 7%
11% 13% 3%

4 0.1% 0.01%
0.4% 0.03%

5 2% 0.1%
2% 9%

1%
0%

0.04%
% 1%

36% 6%
2% 3%

100% 100%  
 

Figure 6 illustrates the configurations of the 
relative direction for head-on/angle and rear-
end/angle collisions. In rear-end pre-crash scenarios, 
the front of the target vehicle struck the back of the 
other vehicle within ±30 degrees in 100% of the 
cases, relative clock between 5 and 7 as indicated in 
Table 7. In opposite direction pre-crash scenarios, the 
front of the target vehicle struck the front of the other 
vehicle within ±30 degrees in 94% of the cases, 
relative clock between 1 and 11. In straight crossing 
path pre-crash scenarios, the front of the target 
vehicle struck the side of the other vehicle at 90 
degrees in 79% of the cases, relative clock at 3 or 9. 
In LTAP/OD pre-crash scenarios, the relative angle 
of collision between the target vehicle and the other 
vehicle was between 30 and 60 degrees in 69% of the 
cases, relative clock between 1 and 2 and between 10 
and 11. In all CIB vehicle-vehicle crash scenarios, 
56% and 76% of the target vehicles experienced a 
relative angle of collision respectively within ±30 and 
±60 degrees.  
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Figure 6. Configurations of Relative Directions 

ANALYSIS OF ARS CRASH CASES 
Results are presented from a detailed 

examination of individual crash cases deemed as 
priority for intervention opportunities by ARS with 
pre-crash sensing capability. This analysis included 
target vehicles in which the driver or FSP13+ suffered 
an injury level of MAIS3+. All relevant cases 
belonging to the following five crash scenarios were 
selected from the 1997-2006 CDS databases for 
further examination: 
 
• Opposite direction pre-crash scenarios with 

different impact modes 
• Rear-end pre-crash scenarios with front-to-back 

impact mode 
• LTAP/OD pre-crash scenarios with different 

impact modes 
• Road departure pre-crash scenarios 
• Control loss pre-crash scenarios 
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The selection and review of candidate cases are 
first delineated. This will be followed by a statistical 
description of the target occupants in terms of their 
breakdown by crash scenario, number of impact 
events, ΔV, and vehicle damage location and offset. 
In addition, statistics are provided about the 
distribution of injured body regions by crash scenario 
and injury source. 

Selection and Review of Occupant Cases 
All relevant cases from the CDS were divided 

and assigned to different reviewers. Cases lacking 
clarity or missing information were subjected to a 
group review or discarded. Reviewers were asked to 
consider coded, photographic, graphic, and 
supplementary unedited data sources, resident on the 
NASS CDS case access viewer [8]. Instructions were 
given to reviewers prior to accessing this viewer to 
encourage uniformity in consideration and synthesis 
of analysis. As a result, some cases were excluded 
from the analysis due to insufficient data, incorrect 
crash modes, and unique modes not applicable to this 
study such as A-pillar contact with predominant side 
impact damage. Also excluded were cases that had 
losses in passenger compartment integrity.  This 
constraint was placed on the analysis owing to the 
technologies contemplated and their potential 
countermeasures. 

During the review, consideration was given to 
the role of active and passive restraint systems 
resident in the target vehicle. The applicability of 
newer generation restraint systems was assessed in 
terms of their potential capability to mitigate or avoid 
injuries produced in the various crash types. In each 
vehicle case, the driver and FSP13+ with AIS3+ 
injuries were examined separately. This examination 
focused on injured occupants who were restrained 
using a lap and shoulder belt and their airbag was 
deployed. All AIS3+ injuries were included; however, 
many lower extremity cases exist in which the 
present restraint or an advanced restraint would have 
been superfluous based upon the specific crash 
parameters. Consideration, however, was given to the 
potential presence of knee airbags and their role in 
injury mitigation or prevention. Each body region 
was analyzed separately if a driver or FSP13+ had 
AIS3+ injuries to more than one body region. If a 
single body region sustained multiple AIS3+ injuries, 
the analysis then focused on the most severe injury. 

Injury information was based on vehicle 
inspection and injury assessment records. Vehicle 
inspection involved an examination of the vehicle 
and evidence of relevant occupant contact. This was 
tempered by a review of medical records and vehicle 
contact assessment. The case reviewer consulted the 

various photographs taken in support of the crash 
investigation, scene diagram, and the unedited text 
version of crash events. Table 8 lists the number of 
relevant vehicle and occupant files reviewed and 
disaggregates them by reviewer disposition. Counts 
of vehicles and occupants were weighted to reflect 
national CDS representation. These dispositions were 
assessed relevant to the injuries sustained and the 
applicability of a restraint system. It should be noted 
that the majority of relevant occupants was submitted 
to the automotive partners as candidate members of 
advanced restraints systems. Overall, 71% of the 
weighted number of vehicles and occupants (63% of 
counts) were accepted for further examination. The 
following analyses were conducted on target 
occupants who were accepted by case reviewers as 
candidates for ARS applications. 
 

Table 8. Number of Relevant Vehicles and 
Occupants by Reviewer Disposition 

 

Weighted Count Weighted Count
Accepted 32,134 389 33,006 407
Rejected 12,739 226 13,434 239
Questionable 145 1 145 1

Total 45,018 616 46,585 647

Reviewer 
Disposition

Vehicles Occupants

 

Breakdown of Occupants by Crash Scenario and 
Number of Events 

  Figure 7 shows a breakdown of the weighted 
number of accepted occupant cases by the five crash 
scenarios. About 61% of the occupants were 
traveling in vehicles that were involved in single-
vehicle crashes: road departure and control loss. Of 
these occupants involved in single-vehicle crashes, 
72% of the occupants were in a single impact or a 
multi-impact crash in which the first event was the 
most harmful. In contrast, 93% of the occupants who 
were involved in multi-vehicle crashes were traveling 
in vehicles sustaining a single impact or a most 
harmful first event in a multi-impact crash. In general, 
only 20% of target occupants were involved in multi-
impact crashes where the most harmful event resulted 
from secondary impacts. 

Figure 8 shows the breakdown of target occupant 
cases by the crash scenario and event category. The 
following results can be observed: 
 
• Opposite direction crashes had the highest rate of 

occupants in single events (59% of all occupants 
in opposite direction crashes). 

• Rear-end crashes had the highest rate of 
occupants in multi-impact, most harmful first 
events (53% of all occupants in rear-end crashes). 
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• Road departure crashes had the highest rate of 
occupants in multi-impact, most harmful 
secondary events (30% of all occupants in road 
departure crashes). 

 
In multi-impact crashes in which the most 

harmful event happened in secondary events, about 
87% of the target occupants were in vehicles 
experiencing frontal damage in the most severe event.  
Damage to the undercarriage was reported as the 
most severe event for 6% of the occupants. The 
remaining 7% of the occupants were evenly split 
between right and left damage areas of the vehicles in 
the most severe event. Overall, 98% of the target 
occupants were in vehicles suffering frontal damage 
in the most harmful event in single- and multi-impact 
crashes. Thus, the remainder of this section presents 
occupant results independent of the number of impact 
events. 

Opposite D
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Figure 7. Breakdown of Occupants by Crash 

Scenario 
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Figure 8. Breakdown of Occupants by Crash 
Scenario and Event 

 

Breakdown of Occupants by Delta V, Damage 
Location, and Offset 

Figure 9 shows the cumulative distribution of 
occupants by ΔV, representing a proportional 

redistribution of vehicles with only calculated ΔV 
values. Not included were 24% of the occupants in 
vehicles that had other or unknown information 
coded in the CDS. About 96% of the occupants were 
in vehicles that experienced ΔV below 70 Km/h. 
Moreover, 49% of the occupants were in vehicles 
having ΔV values below 30 Km/h. 
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Figure 9. Cumulative Distribution of Occupants 
by Delta V 

 
Breakdown of the number of occupants by 

vehicle damage location and offset percentage in 
Figure 10 shows: 
 
• 50% of the occupants were in vehicles sustaining 

left frontal damage with offset percentage of 
50% or less. 

• 23% of the occupants were in vehicles suffering 
center frontal damage with offset percentage 
greater than 50%. 

• 17% of the occupants were in vehicles 
experiencing right frontal damage with offset 
percentage of 50% or less. 
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Figure 10. Distribution of Occupants by Vehicle 

Damage Location and Offset 

Examination of Injuries 
Figure 11 shows the distribution of 42,000 

MAIS3+ injuries by injured body region. The highest 
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injured body region was the chest at 36% of all 
MAIS3+ injuries. This was followed by the lower 
extremity. About 48% of MAIS3+ injuries were 
associated with extremities. Figure 12 provides a 
distribution of MAIS3+ injuries by crash scenario.  
Road departure resulted in most MAIS3+ injuries at 
49%. Overall, single-vehicle crashes and multi-
vehicle crashes accounted respectively for 61% and 
39% of all MAIS3+ injuries to target occupants. 
Table 9 lists the weighted counts of MAIS3+ injuries 
by injured body region and crash scenario. 
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Figure 11. Distribution of MAIS3+ injuries by 
Body Region 
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Figure 12. Distribution of MAIS3+ injuries by 

Crash Scenario 
 

Table 9. Breakdown of MAIS3+ Injury Counts 
 

Crash Scenario Head Face Chest Back Abdomen Ex
Opposite Direction 178 18 1,538 125 702
Rear-End 191 0 297 204 42
LTAP/OD 526 4 1,961 108 272
Road Departure 1,088 60 8,558 776 1,838
Control Loss 278 58 2,463 605 245

Total 2,262 140 14,817 1,817 3,099

Upper 
tremity

Lower 
Extremity Total

535 2,301 5,398
804 2,205 3,743

1,944 2,312 7,127
2,358 6,243 20,921

344 1,064 5,057
5,985 14,125 42,246  

 

Analysis of Injury Sources 
Figure 13 shows the distribution of MAIS3+ 

injuries by the source of injury in the vehicle as 
identified by the case reviewer. Other non-specific 
sources of injury were reported as the highest rate at 
23% of MAIS3+ injuries. Instrument panel, seatbelt, 
and steering wheel were the three other sources of 
injury each at a rate over 10%, respectively at 18%, 
16%, and 15% of MAIS3+ injuries. Airbag and knee 
bolster followed respectively at 8% and 7% of 
MAIS3+ injuries.  
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Figure 13. Distribution of MAIS3+ Injuries by 
Source of Injury 

 
Table 10 provides percentage values of MAIS3+ 

injury source contribution rates to each body region.  
The highest rate to each body region is highlighted in 
yellow. The steering wheel had the highest 
contribution rate in chest, head, and upper extremity 
body regions. Injury to the abdomen was caused 
predominantly by the seatbelt at an extreme rate of 
83%. It should be noted that target occupants were all 
belted. Instrument panel caused the highest rate of 
injury to the lower extremity at 40%. 

Table 11 provides percentage values of MAIS3+ 
injury source contribution rates in each crash scenario. 
The highest rate to each body region is highlighted in 
yellow and the second highest rate is highlighted in 
tan. Injury sources indicated by the reviewers as 
“other” were the most dominant in multi-vehicle 
crashes. Seatbelt was the second highest contributor 
to MAIS3+ injury in opposite direction and rear-end 
crashes. On the other hand, knee bolster was the 
second highest injury source in LTAP/OD crashes. It 
is interesting that the instrument panel was the most 
dominant injury source in road departure crashes 
while the steering wheel was the most prevalent in 
control loss crashes.  Control loss is usually 
associated with high speeds while road departure is 
associated with lower speeds and impaired drivers. 
Based upon these findings, it is possible that high 
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speed crashes cause drivers to strike steering wheel at 
a higher force. 
 

Table 10. Percentage of MAIS3+ Body Region 
Injuries by Injury Source 

 
Injury Source Abdomen Back Chest Face H

A Pillar 20%
Airbag 10% 19%
B Pillar 7%
Column 4%
External 35%
Head Restraint
Header 10%
Knee bolster
No Contact 19%
Other 14% 24% 19% 19%
Panel 1%
Roof 22%
Seat Belt 83% 4% 28%
Side Rail
ToePan
Wheel 3% 14% 29% 16%

Total 100% 100% 100% 100%

ead Lower 
Extremity

Upper 
Extremity

8% 2%
8% 3% 9%

20% 1%
1%

5% 2% 11%
1%
3% 3%

19%
3%

14% 28% 25%
5% 40% 16%
3%
3% 1%
3%

7%
23% 1% 33%

100% 100% 100%  
 
Table 11. Percentage of MAIS3+ Injuries in Crash 

Scenarios by Injury Source 
 

Injury Source Opposite 
Direction Rear-End LTAP/OD

A Pillar 2% 2%
Airbag 11% 10% 2%
B Pillar 1% 7%
Column 3% 1%
External
Head Restraint
Header 1% 5%
Knee bolster 14% 25%
No Contact 3% 9%
Other 34% 50% 27%
Panel 3% 9% 10%
Roof
Seat Belt 16% 12% 11%
Side Rail 1%
ToePan 5% 1% 6%
Wheel 6% 4% 9%

Total 100% 100% 100%

Road 
Departure

Control 
Loss

1%
12%

1% 4%
1%

3% 11%

13% 23%
30% 11%

2% 2%
20% 14%

1% 3%
19% 30%
99% 100%  

 

CONCLUSIONS 
Based on results from general data queries that 

prioritized pre-crash scenario and impact mode 
combinations, individual CDS cases were selected for 
review for potential mitigation by CIB and ARS.  
Different filtering schemes were adopted to 
determine the applicability of CIB and ARS to 
selected cases. Descriptive statistics using weighted 
CDS data were provided to the CIB and ARS 
applicable case sets. 

The CIB analysis identified 99 cases out of 1,903 
target vehicle cases from vehicle-object crashes and 
871 cases out of 8,807 target vehicle cases from 
vehicle-vehicle crashes to be amenable to CIB 
intervention. Brake assist or stability control was 
assumed to address some of the other cases. Using 
CDS weights for these cases, CIB addresses about 

4% of all target vehicles. The analysis of CIB 
applicable vehicle cases revealed: 

 
• About 63% of the target vehicles involved in 

vehicle-object crashes were light trucks or vans. 
By excluding braking from CIB applicable cases, 
steering was noted as the avoidance maneuver 
for 22% of the target vehicles. In vehicle-object 
crashes, 96% of target vehicles were driving 
under clear weather, 91% were traversing dry 
road surfaces, and 56% were traveling in non-
daylight conditions. Almost two thirds of the 
vehicles suffered total ΔV under 40 Km/h. 
Moreover, 95% of the vehicles experienced total 
ΔV under 55 Km/h. Vehicles with longitudinal 
ΔV over 72 Km/h were excluded from the CIB 
applicable case set. 

• About 53% of the target vehicles involved in 
vehicle-vehicle crashes were light trucks or vans. 
Excluding braking from CIB applicable cases, 
17% of target vehicles attempted steering before 
the crash. In vehicle-vehicle crashes, 94% of 
target vehicles were driving under clear weather, 
92% were traversing dry road surfaces, and 58% 
were traveling in daylight. Almost two thirds of 
the target vehicles (66%) suffered ΔV under 25 
Km/h and 95% of the vehicles experienced total 
ΔV under 45 Km/h. In all CIB vehicle-vehicle 
crash scenarios, 56% and 76% of the target 
vehicles experienced a relative angle of collision 
respectively within ±30 and ±60 degrees. 
 
The ARS analysis restricted target occupants to 

belted drivers and FSP13+. Overall, 71% of the 
number of occupants were accepted for further 
examination. The raw number of CDS cases was 407 
occupants. Results showed: 
 
• 72% of occupants in single-vehicle crashes were 

in a single- or multi-impact crash in which the 
first event was the most harmful. In contrast, this 
rate was 93% in multi-vehicle crashes. 

• 96% of occupants were in vehicles with ΔV 
below 70 Km/h. 

• 50% and 17% of occupants were in vehicles 
sustaining left and right frontal damage, 
respectively, with offset percentage of 50% or 
less. The remaining 23% were in vehicles with 
center frontal damage at offset percentage 
greater than 50%. 

• Single- and multi-vehicle crashes accounted 
respectively for 61% and 39% of all MAIS3+ 
injuries to occupants. 

• The body region most likely to be injured at 
MAIS3+ was the chest,  accounting for 36% of 
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all MAIS3+ injuries. About 48% of MAIS3+ 
injuries were associated with lower and upper 
extremities. 

• Other non-specific sources of injury were 
reported as the highest rate at 23% of MAIS3+ 
injuries. Instrument panel, seatbelt, and steering 
wheel followed respectively at 18%, 16%, and 
15% of MAIS3+ injuries. Airbag and knee 
bolster were noted at 8% and 7% of MAIS3+ 
injuries. 

• Steering wheel had the highest contribution rate 
to injury in chest, head, and upper extremity 
body regions. Injury to the abdomen was caused 
predominantly by the seat belt at an extreme rate 
of 83%. Instrument panel caused the highest rate 
of injury to the lower extremity at 40%. 

 
Results from these crash analyses were used by 

the automotive partners and their suppliers to devise 
potential countermeasure concepts for CIB and ARS 
based on pre-crash sensing, and to develop 
preliminary functional requirements. Development of 
objective test procedures and estimation of safety 
benefits constitute next research steps. 
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ABSTRACT 

When test responses from specimens such as 
Post-Mortem Human Surrogates (PMHS), 
anthropomorphic test devices (ATD) or vehicle 
crash events are “perfectly repeatable,” the 
response in terms of transducer time histories is 
similar and the output from any one of the tests 
can be used to represent any other test. However, 
if there is test-to-test variability, the underlying 
fundamental response as obtained by the  
transducer time history is not determined by a 
single test and methods are needed that can use 
multiple tests to reduce the inherent error. This 
paper will explore, using different transducer 
time histories from PMHS, ATD and vehicle 
tests, the effect of signal alignment and signal 
“shape” on the results from  signal addition. New 
procedures for transducer time history alignment 
and signal addition will be introduced and 
discussed, and different methods of obtaining the 
underlying response will be evaluated.   

 

INTRODUCTION 

If measurements subject to random variation 
about some nominal or “true” value, there is 
potential to better understand the nominal 
performance with repeated measurements.  For 
data sets in which each measurement is a single 
scalar value and multiple measurements are 
independent, the central mean theorem implies 
that the mean should be a better estimate of the 
true value of the measurement than any of the 
individual measurements. Comparisons of two or 
more different measurement data sets can be 
accomplished by comparing the means. 
However, it is not clear that this approach is 
valid for comparisons of different sets of finite 
duration time history measurement, such as: 

acceleration, force or displacement time history 
obtained from a human surrogate test or the load 
time history from a barrier load cell array in a 
vehicle crash.  

Although addition of scalar data is 
straightforward, the addition of finite time 
histories is not; for example, defining the 
numerical procedures such as alignment, 
individual or accumulative durations, and 
magnitude of the time histories, to name a few, is 
subject to interpretation and different definitions 
could  result in different end points. 
Consequently, there exist a large number of 
possible methods of signal addition resulting in 
no unique "best" average signal.   Nonetheless, 
there have been several attempts to combine time 
history signals to obtain an “average” or 
“representative” time history [1,2,3,4]. 

This paper presents two different methods for 
obtaining a representative time history  or 
"representative curve" (RC) of finite duration 
time history signals: The first (Procedure A) 
considers both the shape and magnitude of the 
time history and the resulting representative 
signal is constructed  by weighing  each of the 
signals by its magnitude; the second (Procedure 
B) considers only the shape of the signal and the 
resulting representative signal is constructed  by 
weighing  each of the signals equally.  In both 
procedures the signals are shifted to minimize 
the difference between them and they are then 
combined. Using the same signals these two 
procedures can produce different RCs depending 
on the nature of the signals used in the 
construction. 
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Signal Alignment and Representative Curve 
(RC) Generation 

In many cases, signals from a test series taken 
under the same test conditions do not duplicate 
well. Many techniques are available to build a 
RC out of the group. Very often,  alignment is 
necessary to position the signals in time to obtain 
meaningful results.  Figures 1-3 show the 
different means resulted from the same signals 
with different alignment schemes. The shapes 
and curves are different. The magnitude may 
also be different.  

 

Figure 1 - Mean with Signals Aligned at Peak 

 

 

Figure 2 - Mean with Signals Aligned at Time 
Zero 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Mean with Signals Aligned based on 
Maximum Cross-Correlation 

Creating an RC by aligning the time histories so 
that they can be added is not always trivial. In 
many cases, adding the signals, after they have 
been aligned, will distort the "underlying 
response" and reduce the value of the resulting 
average: the representative curve is not 
representative of the curves used to construct it. 
The key question as to the usefulness of the  
information in the RC is whether the differences 
in the signals are dominated by random 
variations or due to deterministic changes. If 
they are deterministic, then the RC may be an 
artifact of the process used and not representative 
of the underlying response. This question will 
not be answered in this paper. Instead it will be 
assumed that there is a  fundamental basis to 
attribute the variation to randomness. 

If the variations can be attributed to randomness  
then statistically speaking, the standard deviation 
of all the signals can be obtained, and 
minimizing the covariance or maximizing the 
correlation will give the best results for 
alignment. The correlations at the aligned state 
can be used as an assessment of the quality of the 
agreement between the signals with emphasis on 
the “phasing” component of the agreement. It 
may be supplemented by a measure similar to 
variance, but normalized at each time step by the 
mean value of the signals (the coefficient of 
variation) to give another evaluation of the 
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agreement that emphasizes more on the 
"magnitude" component of the agreement.  

On the other hand, if the difference among the 
signals is determined to be dominated by 
deterministic changes among tests, then the 
above approach does not address the nature of 
the problem. In this case, the goal would be to 
identify a master curve that entails the response 
characteristics of the system, and different curves 
are then to be "scaled" back to this master curve. 
An example of this is the acceleration response 
curves of crash tests of the same vehicle under 
different velocities, where a second order 
differential equation can be utilized to model the 
behavior and "scale" the set of signals. In more 
general cases, the task will essentially be a 
system identification problem to define the 
fundamental characteristics of the system. 

What criteria should be used to align signals and 
to judge the quality of created RCs needs to be  
decided first. For alignment, commonly used 
tools are: "eyeballing," "time zero," minimum 
variance, and maximum correlation.  When 
digital data are absent and correlations are low, 
especially with old data (non-digital) and 
different lab facilities, eyeballing presents itself 
to be the preferred choice. Time zero has the 
advantage of aligning the event in time, an 
example being vehicle crash signals in which 
distinct time zero information is available. 
However, in many cases, due to vehicle build 
variation and other confounding factors, the first 
mode frequencies are often quite different 
causing the overlaid signals to be inconsistent 
with the time integrals (as required by 
conservation of momentum). The variance and 
the correlation approach, on the other hand, often 
yield similar time shifts. The starting times do 
not always line up; however, aligning in many 
cases ensures a consistent RC. 

The following presents two statistical, 
correlation based methods that build upon the 
work incorporated into ISO9790 [1] and the 
Maltese methods [3].  One notable difference is 
that the current methods do not generate 
acceptance corridors.  Instead they examine and 
compare the magnitude, shape, and phase of the 
curves to determine the level of similarity. 

 

 

Procedure A (Maximal Correlation and 
Normalization) - Methodology and 
Characteristics 

"Phase," "shape," and "magnitude" are three 
concepts that have been defined and used in 
previous studies [4]. Procedure A uses these to 
establish an RC from multiple time histories 
which are assumed to have independent random 
phase, shape, and magnitude variations. 

Phase Alignment  

With a set of n time history responses Ri(t) (i=1, 
2, ..., n) for phase alignment, since absolute time 
is immaterial, without loss of generality, the time 
for the first response is picked as the absolute 
time. There are then only n-1 time shifts to be 
found per some requirement. These are denoted 
as hi (i=2, 3, ..., n).  

The coefficient of correlation is used as a 
measure of the phase agreement between a pair 
of similar signals,
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where h1=0. It is noted that cij=1, when i=j. 

At this point, a measure is needed that 
collectively gauges the quality of the matrix [cij]. 
The most straightforward summary measure 
would be the sum of all its elements. Based on 
this, the following normalized alignment 
measure C is constructed: 
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Note that 11 ≤≤− C . (Since the sign of cij is 
significant, the above uses the actual value 
instead of the absolute value or the square of cij). 

The measure C is a gauge of the quality of the 
collection of the time shifts. It is a function of 
the n-1 shifts. Maximizing C with respect to 
these shifts will determine the optimal collective 
phase agreement. In this study, the unconstrained 
nonlinear optimization routine in Matlab® was 
used with minor modifications to avoid local 
trapping associated with discrete signals. 

Shape Extraction 

For each of the n phase-shifted responses 
Xi(t)=Ri(t-hi), its normalized response is defined 
to be, 
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where iX  is a norm defined as  

 ∫= dtXX ii
2 . 

The integration is used here for ease of 
expression, and it is to be interpreted as 
summation if the time histories are treated as 
discrete signals. The integral, as all others 
throughout this paper, has limits of (-∞, +∞). All 
time histories here are assumed to be bounded 
(i.e., the norm exists). This condition is 
automatically satisfied by impact test signals 
which start and end at zero magnitude. 

The following time history y is defined as the 
shape representation of the set of time histories: 
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In other words, y is the normalized version of the 
average of the normalized responses. The 
average of its correlation with each of the 
original signals is found as: 
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which is the norm of the average of the signals. 

p is named the “shape similarity factor” of the 
original set of signals, as it reflects the overall 
shape similarity quality based on all the signals.  

A special property of p is: 
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or, 10 ≤≤ p . The inequality in the above 
relationship is based on the Minkowski’s 
inequality which basically says that the norm of 
the sum is no more than the sum of the norms; 
and the last equality in the expression is because 
xi is already normalized. 

Magnitude Scaling 

The normalized optimal shape y established 
above needs to be scaled back to the physical 
measurement space to carry an appropriate 

magnitude. Given that each signal has a 
magnitude factor, assuming it is randomly 
distributed, then its sample average is an 
unbiased estimate of the mean of the magnitude. 
Therefore, the final representative curve is: 
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Procedure B (Mean-To-Mean Approach) - 
Methodology and Characteristics 

The Mean-To-Mean (MTM) methodology is 
based on a number of available statistical and 
numerical analysis methods. The major ones are 
the normalized cross correlation assessment 
known as cross correlation coefficient of a pair 
of signals [5]. An approach using an iterative 
improvement of solution of non-linear equations 
is also implemented in the procedure (Appendix 
A).  

For the set of signals to be aligned using the 
cross correlation coefficient, two signals in the 
group that are most correlated are identified. The 
pair is aligned using maximum cross correlation 
process and its sample means calculated. The 
mean is grouped with the rest in the signal set 
again replacing the two most correlated signals. 
All the signal subsets associated with that group 
pair should be shifted based on the alignment of 
the pair. This process continues until all signals 
in the set are aligned using the same procedure.  

Additional optimization steps are incorporated in 
the MTM algorithm, including a prescreening 
process to identify signal pairs with mutual 
maximal cross correlation coefficients (CCC).  
The process is as follows: for a signal set with n 
signals, CCCs between each signal and another 
signal in the set are calculated. For each signal, 
there will be n-1 CCCs. The maximal CCC for 
each signal is identified. The maximal CCCs for 
all signals are listed according to their values, 
from maximum to minimum. Signal pairs with 
mutual maximal CCC are taken out and put in  
separate groups. This is a way of identifying the 
signals with the most influence early in the 
alignment process and at the same time reducing 
the effects of any individual signals on the 
overall performance of the alignment process.   

A numerical procedure is generated based on this 
algorithm. The key element in this algorithm is 
to evaluate only two signals at a time.  
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To explain the methodology, an example is 
shown here with 6 signals: A, B, C, D, E and F. 

 

 

Figure 4 – Time Domain Signals 

 

First, the cross correlation coefficients are 
obtained with respect to each other in order to 
identify the pair of signals with the highest cross 
correlation coefficient. The pair is aligned based 
on the maximal CCC.  

 

 

Figure 5 - Procedures for Signal Alignment 

 

Suppose that signals C and D have the highest 
cross correlation coefficient. They are aligned  
based on time lag of the maximum cross 
correlation and their mean obtained as follows: 

 2
ss DC

Mean
+

=  

where CS and DS are the shifted signals of C and 
D. The mean, Mean, then replaces CS and DS in 

the subsequent analysis. The whole process is 
repeated until a final mean is obtained. 

 

2
ssssss FEDCBA

Mean
+++++

=  

Further improvement of the final mean or the 
representative curve is achieved with additional 
iterations of the process as follows, 

• Obtain initial solution 

• Repeat the alignment process 

• Subtract the error from the solution 

• Obtain the improved solution 

• Repeat until convergence achieved 

 

 

Figure 6 – Flowchart for Signal Alignment 

 

Examples 

The methods discussed have application 
limitations.  A variety of data sets, taken from 
NHTSA' database, has been selected to provide 
some examples of its range of applicability. The 
specific units used in the graphs and tables 
shown are purposely left out, they are for 
illustrative purposes only and not for direct 
comparison to real test events. Time is plotted as 
steps depending on the sampling rate used and 
cannot be directly related to real time.  
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PMHS Tests:  

PMHS tests are used to characterize  the 
response of the  human body to impact. Similar 
tests carried out on different  PHMSs in different 
labs can  result in signals with marked contrasts, 
creating a  challenge to aggregate such 
contrasting signals and obtain a unique 
representative signal for the set.  

Figure 7 shows the original PMHS data that 
serve as a base for  both methodologies. Figures 
8-10 show the results from Method A, Method B 
and their comparison. Table 1 shows the time 
shifts (in number of time steps) using the 
alignment schemes of Method A and Method B. 

 

 

Figure 7 - Original PMHS Signals 

 

Figure 8 - PMHS Signals Processed (Method A) 

 

 

Figure 9 - PMHS Signals Processed (Method B) 

 

 

Figure 10 - PMHS Signals Processed (Overlay) 

 

Signal ID Method A Method B
Difference

 (A vs. B)

1 -98 -98 0

2 -98 -98 0

3 -98 -98 0

4 -98 -98 0

5 -99 -100 -1

6 -98 -98 0

7 -98 -98 0

8 -96 -96 0
  

Table 1 - Time Shifts Comparison (PMHS) 

 

Vehicle Crash ( NCAP) Tests:  

Vehicles available in NHTSA crash database [6] 
are classified into compacts cars, sedans, SUVs, 
minivans and trucks. Frontal rigid barrier forces 
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from NCAP tests were downloaded from the 
database and summed over the total number of 
cells in the rigid barrier to obtain the total force 
of impact for each test. Method A and Method B 
are used to align and extract a representative 
curve for the set. Figures 11-14 and Table 2 
show the results from the study. 

 

 

Figure 11 - Original NCAP Signals 

 

 

Figure 12 - NCAP Signals Processed (Method 
A) 

 

 

Figure 13 - NCAP Signals Processed (Method B) 

 

 

Figure 14 - NCAP Signals Processed (Overlay) 
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Signal ID Method A Method B
Difference

 (A vs. B)

1 867 867 0

2 1161 1166 5

3 898 898 0

4 1062 1064 2

5 873 872 -1

6 711 708 -3

7 867 869 2

8 957 965 8

9 993 996 3

10 1019 1022 3

11 718 717 -1

12 1000 1000 0

13 853 848 -5

14 805 804 -1

15 1089 1098 9

16 725 722 -3

17 999 997 -2

18 856 852 -4

19 1097 1097 0

20 607 604 -3

21 859 860 1

22 1 0 -1
  

Table 2 - Time Shifts Comparison (NCAP) 

 

CONCLUSIONS 

Two signal alignment methods are presented and 
used to analyze different types of time domain 
data. One scheme aligns the signals based on the 
cross correlation coefficients and normalizes the 
signals to form a representative curve (RC). The 
other aligns the signals based on cross 
correlations and then averages the signals.    

The methods are aimed at  minimizing  the 
differences between the resultant RC and the 
signals used to generate the RC. Assuming that 
the variations from test to test for the transducer 
time histories are the result of randomness and 
not deterministic, these methods may be  useful 
for obtaining the underlying response 
characteristic. The representative curve obtained 
from these methods may be used for different 
types of analysis such as determining the 
biofidelity metrics for ATD design, comparing 
different ATD responses under similar impact 
conditions and analysis of different vehicle crash 
characteristics.  
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Set of n 

signals 

Cross correlation coefficient (CCC)s 

between any two signals calculated. 

Most correlated signal pairs for each 

signal (w. max. CCC) identified. 

Numerical average (NA) calculated 

and replaces the pair in the group. 

The amount of shifting done by each 

average is applied to their the rest 

of the signals. 

NA is the 

representative signal 

List each signal, its max CCC pair 

according  to CCC values. 

A new group formed. Mutual max. CCC? 

The signal pair with the highest CCC 

is aligned. 

Yes 

No 

Repeat till only one signal left 

The signal group pair with the 

highest CCC is aligned. 

Numerical average (NA) calculated 

and replaces the pair in the set. 

The amount of shifting done by each 

average is applied to their the rest 

of the signals. 

Repeat till only one signal left 

Appendix A: MTM Flowchart 
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Abstract  

The integration of physiological monitoring into the 

human–machine interface holds great promise both 

for real-time assessment of operator status and for 

providing a mean to allocate tasks between 

machines and humans based on the operator status. 

Our group, aiming to provide a new human-

machine interface to improve traffic safety using 

brain signals, has conducted a number of researches 

for the driver states monitoring based on EEG data 

in recent years. 

This article presents our study for the representation 

of mental workload using EEG data. A simulated 

driving task - the Lane Change Task (LCT), 

combined with a secondary auditory task - the 

Paced Auditory Addition Serial Task (PASAT), was 

adopted to simulate the situation of in-vehicle 

conversations. Participants were requested to 

perform the lane change task under three task 

conditions - primary LCT, LCT with a slow PASAT 

and LCT with a fast PASAT.  

The EEG recordings combined with performance 

data from LCT and PASAT provided plenty 

information for comprehensive understanding of 

driver’s workload. The analysis of event-related 

potentials (ERP) revealed that LCT evoked 

cognitive responses, such as P2, N2, P3b, CNV, and 

the amplitudes of P3b decreased with the task load. 

A crucial benefit of these findings is that the 

increase or decrease of amplitudes of ERP 

components can be directly used for representing 

driver’s mental workload.  

1, Introduction 

Driver’s mental workload has been considered as 

one of the most important contributors to traffic 

accidents (Verwey et.al., 1993). In the last decades, 

a large number of researches have been conducted 

to investigate driver workload using different 

methods, such as subjective measurement (Pauzié 

& Pachiaudi 1997), performance measurement (De 

Waard, 1996), as well as physiological parameters, 

such as Electroencephalography (EEG), 

Electrocardiography (ECG), etc (Wilson et al.1988; 

Piechulla et.al., 2003; Chen et.al., 2005). EEG as 

the measurement of brain electrical activity 

recorded from electrodes placed on the scalp 



provides a promising approach for driver mental 

workload monitoring. Characteristic changes in the 

EEG and event related potentials (ERPs) that reflect 

levels of workload have been identified (Wilson et 

al.1988; Gevins et al., 1998; Raabe et.al, 2005). 

Raabe et.al (2005) revealed the variation of the 

amplitude of P300 due to the task load or task 

difficulty. Other researches calculated the power 

spectral density of EEG signals using the fast 

Fourier transform (FFT) to examine the change of 

frequency characteristics. Such an approach allows 

for understanding how the ratio of a specific 

frequency band, e.g. alpha band, changes when the 

mental work level changes (Gevins, et al., 1998).   

Our group aims to develop new approaches of 

driver state monitoring based on brain signals. One 

of our objectives is to assess the driver mental 

workload. A simulated driving task - the Lane 

Change Task (LCT) (Mattes 2003), combined with 

a secondary auditory task - the Paced Auditory 

Addition Serial Task (PASAT) (Gronwall, 1977), 

was adopted in the present study. Both single task 

condition (LCT only) and dual-task condition 

(combination of LCT and PASAT) were involved. 

In the single-task condition, task load levels were 

manipulated by changing the speed settings  

(low, moderate, high), while in the dual task 

condition, task load levels were elicited by the 

paces of PASAT (a slow PASAT and a fast PASAT). 

This article concentrates on the results from dual 

task condition, LCT with two paced PASATs.  

2. Methods 

2.1 Lane Change Task  

The Lane Change Task (LCT) was initiated by the 

project ADAM (Advanced Driver Attention 

Metrics) as an easy-to implement, low-cost, and 

standardized methodology for the evaluation of the 

attention associated performing in vehicle tasks 

while driving (for details,  see Mattes, 2003; Burns, 

et.al.,2005). 

 

Fig.1 Lane Change Task 

Participants are required to repeatedly perform lane 

changes when prompted by road signs (Fig.1). The 

quality of these lane changes can be evaluated by 

the difference (mainly based on Mean Deviation) 

between a normative lane change path and the 

driver’s actual lane change path, which is 

influenced by the drivers’ performance of detecting 

and responding to the road signs as well as their 

lateral control maintenance. Lane change 

performance with a secondary task (driving and 



using the telematics system of interest) is evaluated 

against a normative model of single task 

performance, which enables the possibility to 

evaluate the extent of distraction due to the dual 

task condition. 

2.2. Paced Auditory Serial Addition Task 

The PASAT is a measure of cognitive function that 

assesses auditory information processing speed and 

flexibility, as well as calculation ability. It was 

developed by Gronwall in 1977. The PASAT is 

usually presented using an audio cassette tape or 

compact disk to ensure standardization in the rate of 

stimulus presentation. Single digits are presented 

every 3 seconds and the participant must add each 

new digit to the one immediately prior to it. Shorter 

inter-stimulus intervals, e.g., 2 seconds or less have 

also been used with the PASAT but tend to increase 

the difficulty of the task. The digit was randomly 

arranged to minimize possible familiarity with the 

stimulus items when the PASAT is repeated over 

more than one occasion.  

3. Driver’s mental workload based on EEG 

3.1 Participants 

Overall, 30 participants between the ages of 20-34 

were assessed (M=26.1, SD=11.8). All individuals 

reported being free of neurological/psychiatric 

disorders and received a cash payment for their 

participation. 

3.2 Experiment 

The experiment involved four blocks. The first 

block was the primary driving task. Participants 

were requested to perform the LCT under three 

different speeds 60 km/h, 80 km/h, 100 km/h, 

which represented three task load levels (low, 

moderate and high respectively). The second block 

was PASAT under two paced conditions: slow and 

fast (the numbers were presented every 5 and 3 

seconds, termed p5 and p3). Participants were 

requested to calculate the numbers and report the 

results. The third block was the combination of the 

primary and secondary task. Participants were 

requested to do the calculation at two paces while 

performing the LCT with a fixed speed 80 km/h 

(80+p5 and 80+p3). However, they were instructed 

that the primary task was more important. The last 

block was another dual task. Participants were 

requested to press a button embedded in the 

steering wheel when they started to take the action 

of changing. This block might help us to calculate 

the reaction time. The whole experiment lasted 3 

hours totally.  However, the present study 

concentrates on the dual task condition, the LCT 

with the secondary task PASAT. 

3.3 Recordings 

While performing the LCT the brain activity was 

recorded with 32 Ag/AgCl impedance-optimized 

electrodes (ActiCap, Brain Products), referenced to 

the 

nasion, sampled at 1000Hz and wide-band filtered. 

The 32 channels were placed at the positions of the 



international 10-20 System. Electromyogram 

(EMG) was recorded from both forearms with two 

bipolar electrodes. The horizontal and vertical eye-

movement was recorded using the 

Electrooculogram (EOG). For data recording the 

Brain Vision Recorder by Brain products was used.  

Using the LCT, the information such as the 

vehicle’s position and the steering angle were 

recorded in order to access the driving performance. 

The reported digits presented by the PASAT were 

recorded for the calculation performance 

evaluation. 

3.4 EEG Data analysis 

EEG data analysis was performed using EEGLAB 

6.03, a freely available open source toolbox running 

under Matlab 7.3.0. A detailed description about 

EEGLAB is provided by Delorme and Makeig 

(2004). For pre-processing, data was down-sampled 

to 500 Hz to save computation time, and was then 

digitally filtered using band pass filter (pass band 

0.5 to 40 Hz) to minimize drifts and line noise. 

Then EEG data was average re-referenced, a 

method to reference the data to the average across 

all electrodes to avoid  the influence of an arbitrary 

local reference. Finally, data epochs were extracted 

from 2000ms before stimulus - the command for 

lane change direction -  until 2000ms after stimulus 

and the average of time range [-2000ms, -1000ms] 

as the baseline was removed from every epoch. 

This way, more than 100 trials were extracted for 

each condition and each subject. 

EEG recordings involve plenty of artefacts, such as 

eye movements, muscle noise, cardiac signals and 

line noise and many others. In the present study, 

Independent Components Analysis (ICA) was used 

to improve the data quality. ICA decomposes EEG 

data into temporally independent and spatially fixed 

components, which account for artefacts, stimulus 

and response locked events and spontaneous EEG 

activities. Recently, it has been considered as a 

powerful tool for EEG components identification 

and artefacts removal (Makeig, et al., 1996; 

Delorme & Makeig, 2004). After calculation of 

independent components (ICs), we calculated the 

correlation coefficient of ICs and EOG, ICs and 

EMG, and removed the highest correlated ICs. 

Analysis of Variance (ANOVA) was employed to 

verify the significance of difference in amplitude of 

the component of interest under three conditions 

and the paired conditions. The Post Hoc Test was 

used to offer detailed view of the differences among 

the three conditions. 

4 Results 

4.1 Driving Performance 

Driving performance was evaluated in content of 

the mean deviation between the real lane change 

path and normal lane change path.  The mean 

deviation exhibited no difference in driving 

performance among the three conditions 

(F(2,22)=0.43, p=0.65)(see, Fig.2). 



 

4.2 PASAT Performance 

The percentage of the correct reported numbers 

demonstrated that the participants’ performance in 

PASAT differed among the conditions (Fig.3). The 

differences between single task conditions  

(PASAT only) and dual-task conditions (LCT with 

PASAT) were significant (F(1,22)(p5, 80+p5)=8.18, 

p<0.01; F(1,22)(p3, 80+p3)=7.28, p<0.01), whereas 

there were no obvious differences in performance in 

dimension of paces (F(1,22)(p5, p3)=2.34, P=0.13; 

F(1,22)(80+p5, 80+p3)= 2.47, P=0.12). 

 

4.3 ERP  

Artefact-corrected ERP showed that the LCT task 

evoked a P2 (Fig.4 (a)), a positive peak at the 

latency around 250 ms after stimulus onset in the 

frontal-central area. This peak had its maximum at 

FCz and still existed at the parietal area but with 

smaller amplitude and earlier latency (200ms). 

Another prominent component was P3b (Fig.4 (b)), 

a positive peak around 550ms in the central-parietal 

area, and its maximum appeared at POz. 

Additionally, there were a obvious CNV and a N2 

(270ms) at the parietal-occipital area.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Event Related Potential 

Fig.5 shows the comparison of the ERPs under 

three task conditions at different locations. 

Statistical analysis ANOVA revealed that there were 

no obvious differences in amplitude of P2 among 

the three conditions at the frontal-central area 

(Tab.1), whereas, obvious changes in amplitude of 

P3b were obtained at the central-parietal-occipital 

area and the difference reached its maxima at Pz. 

(b)  P3 with a positive peak at the latency 550 
ms located on the parietal-occipital area of the 

Fig.2.Driving performance   
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(a)  P2 with a positive peak at the latency 250 ms 
located on the frontal-central area of the brain  
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Post hoc test revealed that the differences between 

condition 80 and 80+p5, 80 and 80+p3 were 

significant but no obvious difference between 

 

Fig.5. Comparison of the ERPs among three task 
conditions. For the frontal-central P2 the 
amplitude was evaluated by the average of 200-
300 ms and for the parietal-occipital P3b the 
amplitude was evaluated by the average of 
450ms-650ms. 

 
Tab.1 Statistic Analysis 

Post Hoc Test indicates pairs of the condition 
which differ each other. Condition 1, 2 and 3 
represent the workload level low (80), moderate 
(80+P5) and high (80+P3) respectively.  
 

 Loc. ANOVA     Post 
hoc. 

Amp.  
of P2 

FCz F(2,22)=1.99,p=0.14 - 
Cz F(2,22)=2.96,p=0.06 - 

Amp.  
of P3 
  

CPz F(2,22)=3.69,p<0.05 1, 3 
Pz F(2,22)=8.75,p<0.001 1,2   1,3 
POz F(2,22)=7.13,p<0.01 1,2   1,3 
Oz F(2,22)=3.65,p<0.05 1, 3 

 

condition 80+p5 and 80+p3 at Pz and POz were 

observed. Furthermore, the difference between 80 

and 80+p5 disappeared at the CPz and Oz. 

Nevertheless, the differences in amplitude of P3b 

between condition 80 and 80+P3 existed in the 

whole central-parietal-occipital area. 

5. Discussion 

The results from driving performance analysis 

indicate that there is no deterioration of 

performance when the auditory secondary task is 

added. Two possible reasons might account for the 

stabilized driving performance. One is that the LCT 

occupies the visual cognitive resource, whereas the 

PASAT occupies auditory cognitive resource. Based 

on the multiple resources theory (Wickens, 1980), 

the task performance might be insensitive to the 

task load when the concurrent tasks share difference 

resources in the dual task condition.  However, this 

theory might not account for the deterioration of 

PASAT performance when it is combined with 

LCT.  Another possibility is that the concurrent 

tasks indeed evoke higher task load compared with 

the single task condition. However, the participants 

is instructed that to maintain the performance of 

primary task LCT is more important than the 

secondary task, which could account for that why 

there is a deterioration of PASAT performance but 

no decline of driving performance. Nevertheless, 

there are no obvious differences in the PASAT 

performance when comparing the two paced 
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conditions. This indicates that our manipulation of 

task load under the two paced PASAT is not 

successful. However, there is no doubt that the 

combination of LCT and PASAT elicits higher 

workload compared with the single task. 

The result of ERP analysis reveals a significant 

decrease in P3b amplitude with the workload level. 

Previous researches report that the amplitude of the 

P300 reflects the amount of attention resources 

allocated (Polich, 2004). A large number of Oddball 

paradigm researches indicate that the amplitude of 

P300 for the target is much larger than that of the 

non-target P300. That is there seems a positive ratio 

between the amplitude of P300 and amount of 

attention allocated to stimuli. This theory also could 

be reasonable for the interpretation of results from 

some dual-task research. Raabe et.al (2005) 

reported that the amplitude of P300 decreased with 

the task load in an oddball paradigm. The P300 was 

evoked by the secondary auditory task including 96 

frequent tones and 24 seldom tones. The primary 

task was set by two task load conditions, self-paced 

driving and car-following. Admittedly, the higher 

workload level (car following) draws more 

attention of the subject than the low workload level 

(self-paced driving). That is in high workload level 

the subject pays less attention to the secondary task, 

since the primary task occupies a larger amount of 

attention, therefore the amplitude of P300 

decreases. In the present study, the PASAT distracts 

the participant from LCT and draws a part of 

attention, which might lead to that less attention is 

paid for the perception of the road sign. The 

amplitude of P3b, which is modulated by the 

amount of attention, therefore is reduced. 

Nevertheless, there seems no difference in P3b 

amplitude between condition 80 with p5 and 80 

with p3. This might be because that the difference 

of the mental workload under these two conditions 

is not distinguishable.  

To sum up, the attenuation of the amplitude of P3b 

with the workload level indicates that EEG is a very 

effective tool to evaluate the driver’s mental 

workload, and amplitude of P3b is a good candidate 

for the further study about the attention associated 

driver’s mental workload.  However, ERP analysis 

is based on huge amount of event evoked data and 

prone to be sensitive to the artefacts, which limits 

its application in real-time workload evaluation. 

Thus, further parameters, which are less sensitive to 

artefacts and relative more stabilized, are still quite 

necessary for the future research.  
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ABSTRACT 
 
The evaluation of driver’s distraction due to driving 
assistance use requires the development of methods, 
which allow measuring the driving performance 
degradation. This paper aims to describe and 
discuss the metrics utilized in the Lane Change Test, 
which is developed to become a standard within the 
ISO framework.   
 
The LCT consists in driving on a three lane road 
and performing lane changes according to signs 
displayed on each side of the road. The main 
metrics are based on deviation measures between a 
reference trajectory and the current driver trajectory. 
Two types of reference trajectories can be 
calculated following an adaptive or a basic model. 
The adaptive model calculates a reference trajectory 
different for each participant, while the basic one 
utilizes an identical one for all participants.  
 
The differences between the two measures have 
been investigated through an experiment carried out 
with thirty participants, performing LCT in single 
and dual task conditions (using auditory and visual 
manual tasks). 
 
Qualitative analyses of trajectories show the 
advantage of the adaptive model which better fits to 
the diversity of real driver’s behaviour. Data 
analyses also show divergent results according to 
the models, especially in terms of correctness of 
lane changes. A greater number of correct lane 
changes is obtained with the adaptive model than 
with the basic one. These differences are mainly 
induced by trajectories classified as loss of control 
errors using the basic model due to usual positions 
in the lanes of the driver (tendency to drive on the 
right or left part of the lanes), that are considered as 
correct ones using the adaptive model.  
 
The adaptive model allows a better description of 
lane change errors due to secondary task demand. 

Such a method is now used by different laboratories 
involved in ISO group. 
 

INTRODUCTION 
 
As described by Mattes and Hallen (2008), the LCT 
allows evaluating driver’s demand while 
performing a secondary task, such as operating an 
in-vehicle system. This method is currently being 
discussed in ISO working group TC22/SC13/WG8 
as the basis of a standard to assess driver demand 
(ISO, 2008). 
 
A simulated driving task is performed, which is 
based on lane change trials. The distractive impact 
of the secondary task on the driving is evaluated by 
analysing the lateral positioning on the simulated 
route with respect to a reference lateral position. 
Then, a mean deviation of the driver’s trajectory is 
processed, and used to give the driving performance 
and the impact of the secondary task on it. The 
percent of correct Lane Changes is also of interest 
to better explain this performance.  
 
Two types of reference trajectories can be 
calculated following an adaptive or a basic model. 
The adaptive model calculates a reference trajectory 
for each participant, while the basic one utilizes an 
identical one for all participants. This paper aims to 
describe and to compare the two measurement 
methods.  Experimental results are then given both 
in terms of mean deviation and in terms of 
correctness of the lane changes according to the 
way they have been computed. 
 

LANE CHANGE TEST 
 
The primary task is a simulated driving task, which 
consists in driving along a straight 3 lane road at a 
system-limited speed of 60 km/h. Participants are 
asked to use a steering wheel to maintain the 
vehicle position in the centre of the indicated lane. 
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Lane change signs appear on both side of the 
simulated road to inform the driver which lane to 
drive. The signs are always visible but blank, until 
the lane change instruction is given at a distance of 
40 meters before the sign position. For each task 
under investigation a driver has to perform a 
3 000 meter run composed of 18 lane changes, each 
lane change sign being spaced approximately with 
150 meters. 
 
A lane change is characterized by the lateral 
displacement of the vehicle from one lane to 
another one (across one or two lanes). The impact 
of the secondary task on the driving is evaluated in 
terms of degradation of the lane change trajectory. 
For each run, a mean deviation is calculated 
between the trajectory of a participant (dotted line) 
and a reference model (solid line), which 
corresponds to the area between the two curves 
(Figure 1). 

 

 
Figure 1. Mean deviation calculation. 
 
Two methods are used to calculate the reference 
trajectory: 

• a Basic Method  
• an Adaptive Method 

Basic method 
Using a basic measurement (Figure 2), the current 
driver’s trajectory is compared to a reference one, 
which is the same for each driver. Such a curve is 
defined according two variables: 

• The Start Lane Change distance, which 
corresponds to the distance between the 
lane change sign and the beginning of the 
reference lane change. 

• The Lane Change Length corresponds to 
the distance needed to perform the lane 
change. 

Each basic reference lane change starts 30 meters 
before the lane change sign and lasts for 10 meters. 
 

 
Figure 2. Variables used to calculate the basic 
reference curve 
 

Adaptive method 
Using the adaptive method, the same two variables 
are used as for the above basic model, namely the 
Start Lane Change distance and the Lane Change 
Length. However, new variables are now added: the 
Average Distance and the AdaptedPosXlanei 
(Figure 3). 

• The Average distance corresponds to the 
distance between the lane change sign and 
the middle of the lane change. 

• The AdaptedPosXlane1 corresponds to the 
mean lateral position calculated for the 
first lane, the AdaptedPosXlane2  for the 
second one and  the AdaptedPosXlane3 for 
the third one. 

All these parameters are then adjusted to obtain a 
curve the closest as possible to the driver’s 
trajectory. 
Only baseline runs, which are performed without 
any added task, are used to calculate the adapted 
reference. 
 

 
Figure 3. Variables used to calculate the adapted 
curve 
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ADAPTED METHOD DEVELOPMENT 
 
The Adapted reference curve is obtained in two 
steps. First, the Average Distance, which is the 
distance from the lane change sign to the middle of 
the performed lane change, is calculated. This 
distance being calculated, the Lane Change Length 
and the AdaptedPosXi (mean position on each lane) 
can be computed. 
 

 
 
Figure 4. Method steps 

Average distance calculation 
A curve with a 0 meter Lane Change Length is 
calculated for each lane change sign. This curve, 
the Curve0, corresponds to the attended position on 
each lane (Figure 5). 
 

 
Figure 5. Curve with Lane Change Lengths=0m 
 
Then, the participant’s trajectory is compared with 
this curve using correlation metrics (Figures 6 & 7). 
 
 

 
Figure 6. Comparison between driver’s 
trajectory and Curve0 
 
To precisely evaluate the Average Distance, a high 
precision of the peak position of the correlation is 
needed. This precision is obtained by unbiased 
correlation, which is calculated between the two 
curves using the formula: 
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The correlation obtained by this method presents a 
peak around 0. The position of this peak gives the 
distance shift, which has to be applied to the 
Curve0 to make it the closest to the driver’s 
trajectory. This distance shift corresponds to the 
participant’s Average Distance. 
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Figure 7: Correlation between driver’s 
trajectory and Curve0 

Shape variables of the adapted curve 
Various curves, the Comparison Curves, are 
calculated using the Average Distance defined 
above and Lane Change Lengths (Figure 8). These 
Lane Change Lengths are comprised between 10 
meters and 80 meters, and a different 
LaneChangeLengthk  is assigned to each curve. 
Then, for each of these Comparison Curves, three 
positions are calculated, which correspond to the 
lateral position of the driver on the three lane road: 
left, centre and right lanes. 
 
Segments of the driver’s trajectory obtained for 
each lane (lane changes being excluded of these 
segments) are added and averaged, for each 
Comparison Curve. This allows obtaining the 
AdaptedPosXlanei. 
 

 
 Figure 8. Set of comparison curves 
 
Each of the Comparison Curves is then compared 
with the driver’s trajectory. At this step, the peak 
value is more important than its position. Then, the 
correlations are normalized by the norms of the two 
curves using the following formulas: 
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The curve obtaining the maximum peak value is 
then selected to become the Adapted Reference 
Trajectory of the driver.  
 

EXPERIMENT 
 
An experiment was conducted with 16 drivers (8 
males and 8 females) aged between 26 and 45 years 
(mean = 34; SD = 5.8). The experiment was run on 
the INRETS fixed-base simulator in Lyon, which 
has a front screen with a horizontal visual field of 
50°. The car body is a Renault Espace with a 
manual gearbox and all the standard passenger 
compartment features, displays and controls. 
Software, conforming to the ISO draft standard, 
was developed by the INRETS-MSIS team.  
 
Prior to the experiment itself, all participants 
performed a learning phase consisting of four runs 
without any added task to enable them to become 
familiar with the LCT. The experiment then always 
began and ended with a run without an added task. 
Such a run was also performed in the middle. These 
three runs provided the baseline data. 
Four added tasks were performed in four different 
orders to limit potential task order effects. Each task 
was first executed without the LCT during about 90 
seconds, to let participants get acquainted with it. 
They were then invited to perform the task with the 
LCT.  

Secondary tasks 
Two types of secondary tasks were performed: 2 
auditory ones and 2 visual manual ones. 
 
Auditory tasks: 

- The first one (AT1) consisted of a series of 
statements pronounced by an experimenter. 
The participants had to listen to each 
statement, to repeat it, and to answer 
“Yes” if it was true, and “No” if it was 
false. Each assertion was randomly 
presented so that each driver had a single 
series.  
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- The second task (AT2) involved inventing 
sentences by creating a chain. To begin 
with, the participants were given a first 
sentence comparing animals. They then 
used the last word of the sentence to create 
the following one. For example: “A horse 
is taller than a rat”, “a rat is smaller than 
an elephant”... 

 
Visual manual tasks: 
To perform the visual-manual tasks a screen was 
placed on the dashboard. Position and size 
recommended by the ISO draft standard were 
respected. A numeric keypad was laid out under the 
screen so that the driver could carry out the 
commands related to the two tasks.  

- The first visual-manual task (VM1) was 
the Surrogate Reference Task (SuRT). The 
objective was to look at a screen and to 
locate a circle among distractors (smaller 
circles). To select the target, the 
participants moved a cursor to the relevant 
zone by using right and left arrows. Then a 
button allowed them to validate the choice 
and a new configuration was given by the 
system. Three levels of difficulty could be 
activated. All drivers performed the 
“Intermediate” level. 

- The second task (VM2) was the Critical 
Tracking Test (CTT) designed by 
Dynamic Research. Participants were 
faced with a moving black line. To begin 
with, this line was displayed in the centre 
of the screen but then went up and down. 
The objective was to keep it as close as 
possible to the centre part of the screen, by 
using the up and down arrows of a keypad. 
Various difficulty levels could be activated. 
All drivers performed an easy level 
(lambda = 1, gain = 20). 

 

Performances measures 
Two measures of performance have been used: 

- The Mean Deviations: as specified in the 
LCT ISO draft, the driving performance is 
mainly evaluated by the driver’s mean 
deviation. Two mean deviations were 
obtained for each run as compared with the 
two reference trajectories (basic and 
adapted): the Basic Mean Deviation and 
the Adapted Mean Deviation. 

- The Percent of Correct Lane Changes 
( LC)  indicated the correctness of the 
responses to lane change signs. Between 
two lane change signs an observational 
zone was defined to determine the lane 
where the vehicle was most frequently 
positioned. If this lane corresponded to the 
sign indication, the LC was considered as 

correct (Engström and Markkula, 2007; 
ISO, 2008) 

 
Most of the data that will be presented here 
consisted in data obtained during baseline 
conditions (without any added task). Results 
obtained for the different added tasks will be given 
mainly in terms of Percent of Correct LC. 
First, qualitative observations of the driver 
trajectories will be presented to compare the two 
methods. 
 

REFERENCE TRAJECTORIES FROM BASIC 
AND ADAPTED METHODS 
 
Comparisons have been made between the current 
driver trajectory and the two reference trajectories 
obtained with the two measurement methods. All 
the following examples have been obtained in 
baseline conditions (without performing any dual 
task). 
 
Figure 9 gives an example of trajectories obtained 
for a whole run. The Basic reference trajectory, 
which is the same for each driver, is represented 
with a red dotted line, the Adapted reference 
trajectory, which is calculated for each driver as 
explained above, is represented with a green dotted 
line, while the current participant’s trajectory is 
represented with a blue solid curve. 
 

 
Figure 9: Comparison between Adapted curve 
and Basic curve 
 
In this figure, the Basic reference trajectory seems 
to be very different from the realized trajectory, 
which appears to be closer to the Adapted one. The 
figures given below will give some reasons to 
explain such a result. 
 
Detailed analyses have been made on different runs 
performed by the participants. Although the 
following examples are representative of whole 
runs, only short segments are given here, to better 
show the effect to be highlighted. 
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The driver whose part of a baseline is shown in 
Figure 10 adopted a tendency to drive on the right 
part of each lane of the baseline run. His/Her 
performance based on the Basic Reference 
Trajectory appeared to be poor. This participant 
obtained a Basic Mean Deviation of 1.32. Such a 
performance is higher than the level of 1.2 required 
retaining a participant in the ISO draft (ISO, 2008), 
meaning that this driver should be excluded from 
the participants. 
The calculation of his/her performance based on the 
Adapted reference trajectory takes into account 
his/her tendency to drive on the right part of the 
lanes. In this case, he/she obtained an Adapted 
Mean Deviation of 0.28, which remained below the 
adaptive model acceptability criterion of less than 
0.7 as it is mentioned in the ISO draft. 
 

 
Figure 10: Tendency to drive on the right part of 
the lane  
 
Tendency to long lane changes 
The driver whose part of a baseline is shown in 
Figure 11 tended to make long lane changes. In this 
case, the Lane Change Length was higher than the 
one defined by the Basic Reference Trajectory. 
Such behaviour had an effect on the performance. 
As a consequence, his/her performance based on 
the Basic Mean Deviation was poor (Basic Mean 
Deviation of 1.49), and higher than the level of 1.2. 
However, the performance based on the Adapted 
Reference Trajectory appeared to be acceptable and 
below the acceptability criterion of 0.7 (Adapted 
Mean Deviation of 0.33). 
 

 
Figure 11: Tendency to long Lane Changes 
 
The above results have been obtained for 2 of our 
16 participants. But such behaviors have been 
observed for other drivers, even if it was not always 
in such an extreme way. The question which 
remains is that these drivers should have been 
excluded from the data in case of using the Basic 
Model. And so, even if they correctly changed lane 
each time during the baseline conditions. 
Comparatively, their performances were considered 
as being good enough with the adaptive model. 
 
The comparison between the two methods shows 
that using the Adaptive Model, the realized 
trajectories are closer to the Adapted reference 
trajectories than using the Basic one. The 
performances are then better (with lower Mean 
deviation). The reason is that in the former case, the 
reference trajectory takes into account the 
participant’s “driving style”, for examples his/her 
tendency to drive on the right/left part of the lanes 
or to perform longer lane change than shown by the 
Basic Model. 
 

PERCENT OF CORRECT LANE CHANGES  

Measurement description 
The correctness of a Lane Change is defined by the 
driver’s position before and after its realization. To 
determine this position, the 3 lane-road has been 
divided into different zones, corresponding to parts 
of the lanes. The ISO draft (2008) recommends 
using segments of 40 to 140 meters after each lane 
change. The lane change signs being spaced 
approximately with 150 meters and the lane change 
instruction being displayed at a distance of 
40 meters before the sign position, it was decided 
here to reduce these segments to 110 meters. By 
this way, we could avoid taking into account part of 
the trajectory corresponding to the next lane change 
in a given zone. 
 
The zones L1 to L3 correspond to a correct position 
in lane1 (left lane), lane2 (centre lane) or lane3 (right 
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lane), while the zones “O” correspond to out of lane 
positions (Figure 12). 
The lateral position of the driver is defined by the 
zone which contains the longest part of his/her 
trajectory. However, when no zone contains at least 
half of the trajectory, then the position is considered 
as being out of lane. 
 

 
Figure 12. Lane change zones 
 
The correctness of each lane change has been 
defined as follow: 

- “Correct LC”: the end position of the 
driver is in the attended lane, 

- “No LC”: the driver is in the same Li zone 
at start and end positions, 

- “Erroneous LC”: the end position of the 
driver is in another lane than in the 
attended one. 

- “Loss of Control LC”: the end position of 
the driver is in one of the Oi zone, 

 
At this step, differences between Basic and Adapted 
methods are registered, in terms of characterisation 
of the zones. Using the Basic Method the zones are 
centred on the middle of each lane, while using the 
Adapted Method they are centred on the 
AdaptedPosXlanei. In both methods the zones 
consist in 2 meters wide and 70 meters length. 
 

Comparison between the two methods 
The lane changes performed by the participants 
have been categorised according to their correctness 
into “Correct LC”, “No LC”, “Erroneous LC” and 
“Loss of control”. Global percents of lane changes 
taking into account all the performed lane changes 
have been first calculated according to the two 
methods. Then, such percents have been calculated 
for each condition under investigation: baseline 
condition, auditory tasks: AT1 and AT2 and Visual 
manual ones: VM1 and VM2 (Tables 1 and 2). 
 

Table 1. Correctness of LC using Basic Method 

Basic Global Baseline AT1 AT2 VM1 VM2 

Correct LC 92.7% 96.6% 96.5% 91.3% 90.6% 80.6% 

No LC 0.1%   0.7%  0.3% 

Erroneous 
LC 0.3%   1.4% 0.7% 0.3% 

Loss of 
control 

6.8% 3.4% 3.5% 6.6% 8.7% 18.8% 

 
Table 2. Correctness of LC using Adapted Method 

Adapted Global Baseline AT1 AT2 VM1 VM2 

Correct LC 97.8% 100.0% 99.7% 96.5% 96.5% 92.0% 

No LC 0.2%   1.0%  0.3% 

Erroneous 
LC 0.3%   1.4% 1.0%  

Loss of 
control 

1.6%  0.3% 1.0% 2.4% 7.6% 

 
First, comparison of the global results showed that 
the number of errors calculated using the Basic 
Method was much higher (5.1% more), than the one 
calculated with the Adaptive Method. Most of these 
errors were categorized as “Loss of control” errors. 
 
Moreover, no error was registered in the baseline 
condition, using the Adaptive Method, while 3.4% 
(N=29) of the lane changes were considered as 
errors using the Basic Method. Only 6 of the 16 
drivers were responsible for these errors obtained in 
Baseline condition and 22 of these 29 errors were 
due to only 3 drivers. 
 
To illustrate what occurs in such situations, Figure 
13 gives the trajectory of one of these drivers, in 
baseline condition. The blue solid line gives the 
driver’s trajectory, while the dotted red and green 
ones give respectively the Basic and the Adapted 
Reference Trajectories. The 6 red circles indicate 
errors calculated with the Basic Measurement. 
In this case, the participant tended to drive on the 
right part of the lanes. This tendency was taken into 
account by calculating his/her Adapted Reference 
Trajectory. In this case, his/her position after lane 
changing was compared with his/her 
AdaptedPosXlanei that was considered as being 
correct. Using the Basic Model, this position being 
too far from the reference trajectory was considered 
as being out of lane. 

L1     
Lane 1 

L2     
Lane 2 

 

O4 
 

O3 
 

O2 
 

O1 
 

L3     
Lane 3 
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Figure 13. “Loss of control” errors in Baseline 
condition 
 
Another example is given with Figure 14 in the 
Visual Manual task VM2 condition. Two “Loss of 
control” errors were registered (black circles) using 
both Methods. In these cases, the position of the 
driver appeared to be very far from the attended one, 
which explains the fact they were considered as out 
of the lane, whatever their calculation. However, 2 
other “Loss of control” errors (red circles) were 
also registered using the Basic Method. In these 
later cases, the driver’s position was closer to 
his/her Adapted Reference Trajectory, and 
considered as being correct using the Adapted 
Method. 
 

 
Figure 14. “Loss of control” errors in VM2 
condition 
 
 
More generally, the main differences obtained 
between both methods concerned the number of 
“Loss of control” errors, which seemed to increase 
with the task difficulty: from the easier auditory 
task to the harder one and from the easier visual 
manual task to the more difficult. However the 
number of these errors was higher using the Basic 
Method than the Adaptive one. Moreover, the 
difference between both measurements increased 
for the visual manual tasks. This could be explained 
due to the fact while performing the later tasks, the 
driver’s trajectory was more impaired and then 

more difficult to interpret in terms of correct lane 
changes or ‘Loss of control” errors. 
 

CONCLUSIONS 
 
From these analyses, it has been shown that using 
the Adapted Method allowed to obtain a Reference 
Trajectory, which was closer to the driver’s one, 
than using the Basic Method. As a result, the mean 
deviation obtained in baseline condition was 
sometimes of a better quality. As a consequence, 
some drivers who would have been excluded using 
the Basic Method could pursue the experiment. 
Taking into account the correctness of the lane 
changes, differences between both methods were 
highlighted, especially in terms of “Loss of control” 
errors, whose number was higher with the Basic 
Method. It was shown that some of these errors 
could be attributed to driving specificities of the 
participants (tendency to drive on the right part of 
the lanes, to make long lane changes…) when was 
using the Basic Model. By taking into account the 
driving style of the participant, the Adaptive 
Method reduced the number of such errors. 
Moreover, it is believed that such a measurement 
would allow for a more naturalistic driving, as the 
driver could perform, for example, longer lane 
changes, without being stressed to terminate them 
before each sign position. 
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ABSTRACT 
 
This paper examines whether CIREN fatal cases are 
representative of crash fatalities in terms of injury 
patterns and the time to death. To examine the 
association, CIREN fatalities are compared with 
those of all motor vehicle crashes.  Comparison data 
sets are derived from FARS data and from records 
obtained from the Maryland Office of the Chief 
Medical Examiner.  Differences in injury patterns 
between those who died early-on vs. those who died 
later are documented.  The findings suggest that the 
CIREN dataset is representative of real-world 
fatalities in terms of the fraction of deaths occurring 
within thirty minutes of the crash; and that, as 
expected, occupants who die early-on in CIREN are 
observed to have more severe injuries than those who 
die later.  Moreover, injuries among early-on deaths 
appear to have a slightly different distribution than 
among those who die later. Also, CIREN has a higher 
fraction of cases where occupants died after twenty-
four hours than in the U.S. population. The results of 
this study will help to refine methods used to estimate 
mortality associated with particular injuries by 
assessing the completeness of injury records for fatal 
cases. 
 
BACKGROUND 
 
The National Highway Traffic Safety Administration 
(NHTSA) is responsible for reducing deaths, injuries, 
and economic losses resulting from motor vehicle 
crashes in the US.   NHTSA’s goal of reducing 
highway traffic fatalities is achieved by establishing 
safety priorities driven by real-world crash data.     
 
Typically, a NHTSA plan of action focuses on an 
intervention aimed to mitigate injuries.  It is 

accompanied by a benefits analysis in which costs 
and lives lost are computed for a given priority area.  
This involves the identification of a target population 
to which the benefit is directed.  A target population 
consists of an occupant group sustaining injuries to a 
particular body region that are associated with high 
mortality and may be mitigated by a proposed 
intervention.  Unit costs are first established by 
equating a cost to a given injury type, injury severity, 
and injured body part.  These costs are then applied 
to a target population to compute benefits associated 
with interventions aimed at narrow ranges of injuries.    
 
One of the difficulties in using crash data in this type 
of analysis is that the categorization of motorists by 
injury type and body region is not usually 
straightforward.  As a result, a given crash victim is 
typically categorized by selecting the injury 
associated with the maximum severity score in 
accordance with the Abbreviated Injury Scale 
(MAIS).  For each occupant injury record, however, 
there are frequently multiple injuries in multiple body 
regions. This makes it difficult to judge how likely it 
is that a life will be saved if a specific injury is 
mitigated.  Nonetheless, it is reasoned that the cost 
associated with the MAIS injury is the approximate 
cost incurred by the victim. Thus, the costing 
methodology is an averaging process: it is understood 
that most victims suffer multiple injuries, and all 
injuries contribute to the overall cost. This 
methodology offers a reasonable means to account 
for injury costs. 
 
New injury accounting process.  A new injury 
accounting methodology was developed by Martin 
and Eppinger (ESV 2005) that takes into account 
multiple injuries.  Estimates are made of costs and 
the number of fatalities attributable to specific types 
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of injuries.  The procedure examines a crash victim’s 
entire injury record in the process.  Fatalities 
attributable to specific injuries are determined by 
considering the effect that a specific injury or set of 
injuries has on fatality risk. Attributable costs are 
estimated in a similar manner.  The procedure 
estimates the risk to life that multiple injuries pose to 
crash victims.  It also estimates the costs borne by 
and the number of fatalities attributable to specific 
types of injuries. For example, if one desires to 
estimate the number of lives saved if a particular 
injury is mitigated, it may be accomplished directly. 
This is much harder to accomplish in the context of 
an MAIS value which represents just one injury from 
a record of multiple injuries. 
 
Ranking CIREN injuries via optimization.  The 
injury accounting process is based on a ranking of 
AIS injury codes established using an optimization 
scheme (see Martin and Eppinger, 2003). Each 
seven-digit AIS code is placed into one of 
approximately 60 individual injury groups and each 
group is assigned a mortality constant ranging from 
zero to one.   Mortality constants were previously 
derived from Crash Injury Research and Engineering 
Network (CIREN) data.   
 
For each CIREN case, the mortality constants 
associated with each of the crash victim’s injuries are 
determined by the overall dataset which makes use of 
a probability function that predicts mortality.  For 
each case, deviance is computed by comparing the 
probability of fatality to the case fatality observed 
(0=nonfatal, 1=fatal).  Optimization solvers are then 
used to assign mortality constants to each of the 60 
codes such that the average deviance of all cases is 
minimized.  
 
The accuracy of the ranking system, and hence, the 
fatality attribution process is contingent upon 
complete and accurate injury records in fatal cases.  
Crash victims entered into the CIREN database are 
selected based on patient admission into the Trauma 
Center, vehicle model year, injury severity, crash 
type, and occupant restraint condition.  Also, CIREN 
enrollees (or next of kin) must consent to enrollment.  
CIREN is not sampled with the intention of providing 
a dataset that represents a U.S. population. 
Exceptions to the consent process are made for “dead 
on arrival”. Nonetheless, CIREN fatalities may be 
under-represented by those who died at the scene and 
were never admitted to the trauma center.    
 
Recent studies comparing CIREN data to the 
nationally representative National Automotive 
Sampling System – Crashworthiness Data System 

(CDS) sample have shown that the fatality rates are 
about the same.  Flannagan and Rupp (2009) found 
that when CDS cases that met the CIREN criteria 
were compared to CIREN, the two datasets were 
quite similar in terms of the fatality rate.  However, 
this study only considered the incidence of fatalities, 
and not the distribution of injuries.  A similar study 
applied the Mahalanobis distance metric 
methodology to determine similarity between CIREN 
and CDS cases and found the mortality rate among 
occupants in the CIREN database to be much lower 
than those in the CDS (Stitzel et al, 2007).  But this 
likely occurred because MAIS 2 cases (which are 
almost always non-fatal) were stricken from their 
CDS dataset. 
 
OBJECTIVE  
 
This paper examines whether CIREN fatal cases are 
representative of real-world fatalities in terms of 
injuries and the fraction of early-on deaths.  It 
investigates the extent of any selection bias in 
CIREN for fatal cases by determining whether early-
on fatalities are under-represented.  It also 
investigates whether occupants who die early-on 
have different injuries than those who die later. 
Several other data sources are also examined to offer 
insights into the limitations associated with benefits 
analyses aimed at mitigating particular injuries and 
combinations of injuries.   
 
DATA SOURCES 
 
The following data sources were used in this study: 
 
CIREN Database.  The CIREN database is 
maintained by NHTSA as a means to examine injury 
causation in crashes.  This database contains a sample 
of comprehensive medical records of severely injured 
occupants admitted to one of eight U.S. Level 1 
trauma centers.  It consists of 300-400 passenger car 
crashes per year and the database now includes 
information on approximately 4,000 drivers and 
passengers.    
 
The injury ranking methodology described earlier 
was determined based on CIREN data of adults.  For 
the analysis herein, the CIREN dataset was limited to 
adult fatalities only.  The dataset includes the time-to-
death from the crash and all injury information.  
Based on the findings of this study, the caveats and 
conditions upon which CIREN data may be used in 
such a ranking methodology shall be discussed.   
 
Maryland Autopsy Reports – Autopsy reports 
generated by the Maryland Office of the Chief 
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Medical Examiner (OCME) are used to provide a 
dataset for comparison of fatalities with CIREN data.  
OCME cases for years 2000-2002 for all deaths of 
passenger car drivers are used. The OCME cases, 
which include about 900 deaths, represent an 
unbiased census of fatally injured occupants in 
Maryland.   They include those that died at the scene 
of the crash early-on and those that died later after 
hospital treatment.    
 
The autopsies are conducted by medical examiners 
trained in pathology.   Every traffic fatality is 
accompanied by a police crash report and any related 
available records. Injuries are identified at the time of 
the autopsy from either a full investigation by the 
medical examiner or from a combination of an 
external investigation and existing medical records.   
 
The cause of death is determined by the medical 
examiner based on the documented injuries.  The 
time of death from the crash is determined from 
medical records, if the person is declared dead in the 
field by a medical doctor, or investigative techniques 
employed by the medical examiner.   
 
OCME Variables.  Injury information takes the form 
of text descriptions of the findings of a pathologist.  
OCME reports also include a listing of injuries 
identified in the examination. Each autopsy report is 
unique and the final listing of injuries abstracted.   
 
Other variables that typically appear on an OCME 
report include age, date of birth, gender, vehicle 
make and model, crash date, crash time, seating 
location, seatbelt use, airbag use, rollover collision 
(y/n), alcohol/drug use, date of death, time of death, 
cause of death, and hospital treatment.  Vehicle and 
crash information are taken from the police crash 
report; alcohol/drug use are taken from the OCME 
toxicology testing or hospital record; hospital 
treatment is determined from medical records.   
 
Fatal Automotive Reporting System (FARS).  The 
FARS – another crash data base maintained by 
NHTSA – is a census of all fatalities involving motor 
vehicles on public trafficways in the United States.  
FARS records only include fatalities occurring within 
30 days of the crash.  FARS also contains 
information on the time of death, but has limited 
injury information.  FARS records for 2000-2002 
were abstracted into a dataset that contained fatally 
injured passenger car drivers in the U.S.  In order to 
compare directly with the OCME dataset, the FARS 
dataset was subdivided into a secondary dataset of 
crashes occurring in the state of Maryland. The 
FARS dataset is used to compare the time-to-death 

from the crash captured in the CIREN and OCME 
datasets.   
 
METHODS 
 
The first objective is carried out by investigating 
whether CIREN fatal cases are representative of real-
world fatalities in terms of the fraction of early-on 
deaths. Fatality census counts provided by FARS are 
compared to CIREN cases.  Since FARS is a census 
of all U.S. fatalities, it represents the baseline for the 
comparison.   
 
The second objective involves investigating whether 
occupants who die early-on have different injuries 
than those who die later.   A comparison of CIREN 
fatalities is carried out comparing the injuries 
sustained in those two categories of cases.  Fatality 
data abstracted from the Maryland OCME files are 
compared in the same manner to provide an 
independent evaluation.  The OCME’s records 
constitute a census of all motor vehicle fatalities in 
Maryland.    
 
Maryland OCME Data Abstraction.  Injury data on 
fatalities were obtained by abstracting autopsy 
reports at the Office of the Chief Medical Examiner 
for the State of Maryland.  While these reports are 
quite detailed, for this purpose a summary provided 
at the end of the report was utilized to abstract the 
injury descriptions.  Given the fact that some of the 
data required for coding AIS scores, such as duration 
of loss of consciousness, are obviously not available, 
it was decided to code the injuries using the more 
anatomic-based ICD-9 codes.   
 
In applying ICD-9 codes to OCME injury 
descriptions, severity levels were estimated to be 
‘moderate’ if there was no further qualifying 
information.  These codes were then ‘translated’ to 
AIS scores using software that was developed for that 
purpose.  Maximum AIS scores (MAIS) were then 
determined, based on the highest AIS score for a 
given individual.  For example, if the autopsy report 
reported ‘spleen laceration’, in the absence of further 
detail it was translated to a Grade III spleen 
laceration. 
 
Therefore, in order to provide consistency in coding, 
ICD-9 codes were selected to represent the injuries 
described on the narratives.  Those codes were then 
entered into a software program, ICD-9 MAP (Johns 
Hopkins, 1997) that converted the ICD-9 codes into 
AIS codes. 
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OCME reports from which a detailed set of injury 
codes could not be abstracted were excluded from the 
dataset.   An example of a case where the OCME file 
was not coded is where the final list of injuries 
consisted of the words “brain injuries” or “multiple 
injuries.”  Without the full report containing specific 
observations, these cases were not able to be coded 
and were excluded.  
 
CIREN and OCME Case Categorization.  The 
CIREN and OCME datasets were broken down by 
time-to-death from the crash for comparison with the 
FARS dataset.  “Early-on” deaths are defined as 
those occurring within thirty minutes of the crash. 
About 95% of early-on fatalities in the CIREN 
dataset died at the scene of the crash.  The remainder 
died in transport or were pronounced dead soon after 
arrival to a hospital.  “Later” deaths include all others.  
Furthermore, the CIREN and OCME datasets were 
examined case-by-case to determine the most severe 
injury.     
 
Reduced CIREN and OCME Datasets.  To judge 
whether CIREN data is appropriate for establishing 
mortality constants in accordance with the 
optimization methodology without bias, the 
respective CIREN and OCME datasets were reduced 
to non-deterministic cases.  In other words, cases 
where a non-survivable injury was present were not 
included in the dataset.  Such injuries include all 
those having an AIS code with a severity score of 6, 
and a few with a score of 5. These injuries have been 
observed to always result in a fatality and have an 
associated mortality constant that results in an 
estimate of probability of fatality of 100%.  All codes 
with an AIS severity score of 2 were also removed 
since most have little influence on fatality probability. 
 
RESULTS  

 
OCME Abstracts.  Table 1 shows the number of 
OCME autopsy reports for the period 2000 to 2002.  
There were a total of 1,044 crash reports involving a 
fatality, of which 732 (70%) provided abstractable 
injury information that was fully coded.  For 
reference, Maryland fatalities recorded in FARS are 
provided to corroborate the OCME crash reports.  
The slightly higher incidence appearing in the OCME 
dataset reflects additional OCME cases where the 
crash may have occurred on a non-public trafficway 
or where the occupant died over 30 days after the 
crash.  
 
The OCME and FARS datasets are very similar, 
which is expected given that FARS statistics are 
derived in part from the OCME files.  The 
comparison is shown for reference to demonstrate 
that the autopsy extracts are an accurate 
representation of all Maryland fatalities and are 
unbiased by the inclusion criteria. 
 
Time-to-Death Comparison.  Table 2 shows the 
distribution of time intervals between the crash and 
death for the OCME dataset, the CIREN dataset, and 
in FARS.  Early-on deaths (i.e., those that occurred 
within thirty minutes of the crash) in CIREN 
occurred in about the same proportion as in the FARS 
census data.  These represent mostly cases where 
occupants died before being admitted to a treatment 
facility.   
 
In comparing the Maryland OCME autopsy data with 
FARS, it is seen that most of the OCME records that 
could not be abstracted were early-on deaths where 
time to death was less than 30 minutes (39% vs. 
50%).  And among those who died later, Table 2 
indicates that CIREN is over-represented by those 
who survived longer.   

 
 

Table 1.  OCME 2000 to 2002 Driver Fatalities  
 (Age 16 and over, excluding motorcycle and moped riders) 

Year 
Md. Fatalities 

in FARS 
OCME Crash 

Reports 

OCME Autopsy Extracts 
OCME Autopsy Extracts 

With Injury Data 

N 
% of Crash 

Reports 
N 

% of Crash 
Reports 

2000 297 325 286 88 264 81 
2001 352 360 330 92 315 88 
2002 349 359 208 58 153 43 
Total 998 1,044 824 79 732 70 
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Table 2.  Fatality Counts in OCME, CIREN, and FARS Datasets by time to death from crash. 

Time from Crash to Death 
CIREN 
(N=404) 

% 

OCME w/ 
Injury Data 

(N=676) 
% 

Md. 
Fatalities in 

FARS, 
(N=935) 

% 

FARS 
Entire U.S. 
(N=66,160) 

% 

0 – 30 Minutes 45 39 50 48 

31-60 Minutes 9 19 14 15 

1 to 2 Hours 6 17 15 17 

2 to 24 Hours 15 14 9 10 

1 to 5 days 10 5 7 5 

6 to 30 days 15 4 6 5 

31+ days - 2 -  

*There are 56 OCME and 63 FARS cases with missing time to death. 
 

 
Injury Severity Comparison – Full Datasets.  Figure 1 
and Figure 2 show the distribution of injuries among 
various body regions for the OCME and CIREN 
datasets.  Each bar represents the percentage of cases 
in which the injury is present.  For example, 148 of 
the 181 “Died early-on” cases (82%) included a 
thoracic organ injury of which 47 (32%) had a 
severity score of AIS 6. Among the 148 cases, the 
average thoracic organ injury MAIS was 4.8 
(typically there were multiple thoracic organ injuries 
per case).  Other injury categories such as deep brain, 
burns, lumbar spine, knee, and eyes and ears all 
appeared in less than 8% of deaths and are not shown 
in Figure 1 and 2.  
 
It is apparent from Figure 1 and Figure 2 that early-
on fatalities are generally associated with injuries 
having a higher threat to life.  This is reflected in the 
higher average AIS scores and the greater number of 
cases containing unsurvivable injuries.  
 
As expected, the CIREN injury scores are 
consistently higher than those abstracted from the 
Maryland OCME reports.  As described earlier, the 
data extraction process, including the use of ICD-9 
MAP software, tends to result in conservatively 
coded injuries.  Therefore, the two datasets are only 
compared for within-dataset trends and not as a 
case/control comparison.   
 
Figures 1 and 2 also reveal how the frequencies of 
injuries differ within body regions for early-on deaths 
vs. those who died later.  The biggest differences are 
seen in the CIREN dataset (Fig. 1) where thorax 
organ injuries, brain injuries (non diffuse), skull 
fractures, and cervical spine injuries all occur more 
often in early-on deaths.  Diffuse axonal injuries 
(DAI), including “Loss of Consciousness” injuries of 

severity AIS 3+ are notable exceptions.  In the 
OCME dataset, the relative evenness of the bars in 
Fig. 2 indicates that the fractions of all injuries are 
about the same.   
 
Injury Severity Comparison – Reduced Datasets.  As 
explained earlier, the optimization routine to 
determine injury rankings operates on a reduced 
dataset in which all fatal cases having unsurvivable 
injuries have been removed.  For both the reduced 
CIREN and OCME datasets, there are only five 
categories of injuries that occur in more than 15% of 
deaths.  Furthermore, they are the same five 
categories. Referring to Fig. 3, they are: 1. Thoracic 
organ injuries; 2. Rib/Sternum; 3. Cortical brain, 
SDH, SAH; 4; Skull fractures (vault or base); 5. 
Abdominal organ injuries.   
 
In terms of the frequencies of deaths occurring early 
vs. later, the reduced OCME and CIREN datasets 
show similar trends as the full datasets.  As shown in 
Fig. 3, the CIREN frequency bars for early vs. later 
are more aligned than in the full set.   
 
The overall MAIS scores of both CIREN and OCME 
reduced datasets are understandably lower than the 
full dataset.  And in CIREN in particular, the severity 
scores of early-on deaths vs. those who died later 
begin to converge.  This is also understandable given 
the high fraction (almost half) of early-on deaths that 
have been removed from the reduced dataset due to 
the presence of an unsurvivable injury. 
 
The biggest change in going from the full to reduced 
datasets occurs with OCME rib/sternum injuries. Due 
to the removal of a high number of AIS 2 codes, their 
frequency is markedly decreased in the reduced set. 
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Figure 1.  Full CIREN Dataset Comparison.  Injury make-up of CIREN dataset by time-to-death. 
Colored areas represents cases where unsurvivable injuries were present. 

Key N
Avg. 

MAIS
% Unsurv.

Died Early-on 181 5.3 49%

Died Later 223 4.7 13%

All Cases

Figure 2.  Full OCME Dataset Comparison.  Injury make-up of OCME dataset by time-to-death.  
Colored areas represents cases where unsurvivable injuries were present. 

Key N
Avg. 

MAIS
% Unsurv.

Died Early-on 265 4.2 22%

Died Later 404 4.3 28%

All Cases
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DISCUSSION 
 
Objective 1 – Fraction of early-on deaths in CIREN.  
In comparison with the FARS and OCME datasets, 
the CIREN dataset appears to have a similar fraction 
of early-on deaths.  But among those who died later, 
CIREN contains a greater proportion of those who 
died several days later (versus died within 24 hours).   
 
This over-representation of deaths after the first day 
may be explained partly by the contributions of 
patients transferred from other hospitals.  Typically, 
patients at Level 2 trauma centers that require 
specialized care (i.e. management of complex spinal 
and orthopedic injuries) are transferred to Level 1 
trauma centers after they become physiologically 
stable.  Since they arrive in a stable condition to the 
CIREN center, they are unlikely to die within the first 

24 hours.  Hence, the inclusion of transfers is likely 
to over-represent those that die after 24 hours.  
 
Also, CIREN’s patient recruitment process, in which 
consent for admitted patients is required, makes it 
difficult to enroll patients who are admitted and die 
within two hours (i.e., prevailing events take priority 
over the enrollment protocol.)      
 
Objective 2 – Differences in injuries for early-on 
deaths.  A within-dataset comparison of CIREN data 
vs. OCME data shows the two datasets to be slightly 
at odds over whether early-on injuries are much 
different than injuries of those who died later (Figs. 1 
and 2).  As seen earlier, the CIREN dataset indicates 
that thoracic injuries, skull fractures, and cervical 
spine injuries appear more often in early-on deaths.  
The CIREN dataset also shows, as expected, that 
early-on deaths more often have injuries that are 

 

Abdominal Organs 

Base Skull Fx 

Pelvis/Hip/Thigh 

Brain Cortex, SDH, SAH 

Ribs/Sternum 

Thorax Organs 

        CIREN 

                 OCME 

 CIREN 

OCME 

         CIREN 

OCME 

                      CIREN 

                                            OCME 

                                    CIREN 

OCME 

                                                          CIREN 

                                          OCME 

Figure 3.  Reduced Dataset Comparison.  Injury make-up of CIREN and OCME datasets by time-to-death. 

Key N Avg. MAIS N
Avg. 

MAIS

Died Early-on 93 4.6 207 3.7

Died Later 195 4.5 301 3.8

OCMECIREN
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unsurvivable than in those who die later (49% vs. 
13%).  In the OCME dataset, unsurvivables are about 
the same in both (18% vs. 20%).  This latter finding 
within the OCME may be an artifact of the data 
abstraction process (see below).  
 
Data Origin - OCME vs. CIREN. The differences in 
injury make-up between the CIREN and OCME 
datasets prompt further discussion.  For early-on 
deaths in particular, one would expect CIREN and 
OCME to be very similar.  On-scene deaths in 
CIREN (which include the majority of early-on 
deaths) represent cases in which occupants receive no 
hospital treatment.  It follows that CIREN early-on 
deaths should be just like any other early-on deaths, 
suggesting that the make-up of injuries sustained in 
CIREN early-on deaths should not differ from those 
in all Maryland early-on deaths.   
 
Nonetheless, the make-up of injuries in the OCME 
and CIREN early-on deaths do differ.  In the OCME 
dataset, there is little difference in the MAIS levels 
per injury (Fig. 2) between early-on vs. later deaths.  
But this is uncharacteristic, as it seems reasonable to 
believe that early-on deaths should have more severe 
injuries than those who died later.   
 
The abstraction process used to code OCME reports 
probably played a roll in the uncharacteristic data.  
As stated earlier, those with less information on the 
injury list appear to be biased by time-to-death.  In 
the OCME dataset, 23% of early-on deaths contain 
three or fewer AIS 2+ codes on the injury record, 
compared to 4% in died later cases.  On the other 
hand, only 11% of CIREN cases - for both early-on 
and later deaths – have three or fewer injuries coded. 
 
The injury severity discrepancy between OCME and 
CIREN is also related to the process of abstracting 
injury codes.  Often, injury lists are not detailed 
enough to ascertain injury severity level. The practice 
of assuming a “moderate” severity level when coding 
cases has the general affect of undercoding injuries, 
as many are probably “major” or “complex” injuries 
with corresponding scores of AIS 4 or 5 given that 
they occurred in a victim that died.  On the other 
hand, CIREN medical records are coded by AIS 
directly, resulting in more accurate coding.  
 
The CIREN and OCME are relatively consistent in 
the frequency of the various injury categories (i.e., 
the descriptions listed in Figs. 1 and 2).  The largest 
discrepancy is with the greater incidence of brain 
injuries (non-DAI) in the OCME data.  This may be 
related to the CIREN enrollment criteria, which may 
under-sample crash scenarios where brain injuries 

may be particularly prominent, such as crashes 
involving unbelted occupants and crashes involving 
vehicles without frontal airbags.  This merits further 
investigation. (The other big difference is with 
DAI/Level of Consciousness injuries, which will be 
discussed later.)   
 
Notwithstanding the differences discussed above, the 
content of predominant injuries (i.e., those occurring 
in over 50% of deaths) is still fairly similar:  thoracic 
organ injuries, rib injuries, brain injuries (non-DAI), 
and abdominal injuries.  
 
Maryland vs. U.S Population.  Given that trauma care 
and crash response time in Maryland is very good, 
the injuries sustained by victims of fatal crashes may 
vary in other parts of the U.S. The OCME’s records 
constitute a census of all motor vehicle fatalities in 
Maryland (about 450 per year).  However, not all 
records were retained for this analysis. 
 

Table 3.  Characteristics of  
Fatally Injured Drivers, 2000-2002. 

 

FARS 
Entire U.S. 
(N=66,160) 

% 

FARS 
Md Only 
(N=998) 

% 

Male 71 71 

Mean Age 42 43 

Taken to hospital 41 56 

Seat Belt Used 36 53 

Rollover Crash 31 18 

Ejection 27 19 
    
 
Table 3 compares the FARS dataset between 
fatalities occurring in Maryland and those occurring 
in the United States at large for the years 2000-2002.  
Maryland fatalities are shown to be aligned with the 
U.S. population in terms of occupant age, sex, and 
time-to-death.  Although Maryland had a higher 
percentage of fatally injured drivers taken to the 
hospital, this may not necessarily reflect more 
treatable (and less severe) injuries among Maryland 
deaths.  Maryland has been shown to have a very 
well coordinated trauma system that gets patients to 
the hospitals efficiently.  In fact, the FARS dataset 
indicates that some drivers who died within 30 
minutes – classified as “early-on” deaths herein – 
were actually brought to the hospital. 
 
In addition, Maryland has one of the highest driver 
belt use rates in the country (Glassbrenner, 2004).  
Table 3 also shows that rollover crashes occur less 
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often in Maryland.  These two factors contribute to 
fewer occupant ejections, and ejections generally 
produce more severe injuries than other crash modes.  
This merits further study since the degree to which 
injuries differ among deaths of those who are belted 
vs. unbelted and ejected vs. non-ejected was not 
investigated herein. 
 
Implications for determining mortality rankings.  The 
methodology described in the Introduction to rank 
injuries provides a relative comparison of the threat-
to-life posed by various injuries.  As stated earlier, 
the accuracy of the rankings (and hence, the fatality 
attribution process) is contingent upon complete and 
accurate injury records in fatal cases.  The effects of 
biased and incomplete injury records directly affect 
the rankings. 
 
Prior to this study, the authors were concerned that 
many CIREN crash victims who die at the scene 
might have incomplete injury records.  The concern 
was that medical records might be lacking for those 
who never made it to a hospital, and only a few, easy-
to-observe, low-threat injuries would be reported.  It 
would have meant that rankings of injuries 
undetected in early-on deaths would be too low 
because the injuries would have been detected (and 
reported) in a disproportionate share of nonfatal cases.   
However, the results reported herein have tempered 
this concern. 
 
The findings of this study do highlight another 
concern regarding the category of brain injuries that 
are coded by level of consciousness or as diffuse 
axonal injuries (DAI, LOC of AIS 3+ in Figs. 1 and 
2).  According to the AIS coding manual, a level of 
consciousness code is only applied in the absence of 
an anatomical description of a brain injury, or when 
the LOC severity level is greater than the anatomical 
severity level.  And it is never applied to fatalities 
that occur within 24 hours.  Diffuse axonal injuries, 
observable only from radiographs, are rarely reported 
in early-on deaths.  This coding convention is clearly 
evident in Figs. 1 and 2.   
 
Similarly, any other injury categories or severity 
levels that are difficult to observe positively in an 
autopsy (such as codes which can only be applied if a 
certain amount of blood loss is observed) may not be 
coded as heavily in early-on deaths.  The end effect 
on the mortality ranking process is for such injury 
categories to be ranked relatively low. 
 
Implications for General Studies  Biased or miscoded 
fatal data affects any benefits analysis, such as that 
described in the Introduction, where a fatally injured 

occupant is characterized by a single injury.  Thus all 
benefits are directed to the prevention of that injury.  
Though fatalities are relatively low in number 
compared to survivors, they have high associated 
costs.  Thus, the underlying data should be correct.  
 
Other limitations. While not examined at this time, 
the overall fraction of fatal cases within CIREN has 
been shown to be representative of the U.S. 
population for crashes that meet the CIREN 
enrollment criteria for crash type, vehicle model, and 
injury severity.  The use of the methodology is 
limited to this criteria.  However, these cases are 
generally the ones NHTSA priorities are focused 
upon. 
 
Future effort:  Imputation. As mentioned earlier, 
certain injury categories may have deflated threat-to-
life rankings due in part to the AIS coding convention 
and the ability to observe certain injuries at autopsy.  
Given the logistics involved with the disposition of 
early-on fatalities, there may be no practical way to 
observe such injuries.  A solution may be to impute 
codes in early-on deaths.  
 
Methods to impute missing data within NHTSA’s 
databases have been developed for certain variables. 
For example, Rubin et al (1998) describes a method 
to impute blood alcohol levels that are missing from 
fatality crash data. It may be possible to develop a 
method to impute injuries in early-on fatality records 
using the other variables within the dataset.   
 
CONCLUSIONS 
 
The purpose of this study is to investigate the extent 
of any selection bias in CIREN for fatal cases.  The 
primary goal is to help refine methods to estimate 
mortality associated with particular injuries and 
combinations of injuries.  In pursuit of that goal, the 
following observations were made. 
 
1.  The CIREN dataset appears to be representative of 
crash fatalities in terms of the fraction of early-on 
deaths.  However, CIREN also appears to have a 
higher fraction of cases where occupants died after 
twenty-four hours than in the U.S. population.   
 
2.  Occupants who die early-on appear to have 
different injuries than those who die later.  Those 
who died at the scene tend to have more unsurvivable 
injuries.  It follows that they have more severe 
injuries in terms of MAIS and their probability of 
fatality.  Early-on deaths also tend to have a higher 
frequency of brain injuries, skull fractures, thorax 
organ injuries, and cervical spine injuries. 
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3.  The CIREN dataset also appears to be 
representative of crash fatalities in terms of the 
frequency of injuries in early-on vs. later deaths, but 
this could not be confirmed by comparison with the 
OCME dataset.  This issue should be investigated in 
the future.  Also, brain injuries appear to be under-
represented within CIREN deaths. 
 
4.  When considering a reduced dataset in which all 
cases with unsurvivable injuries have been removed, 
a dataset derived from CIREN is similar to that of the 
OCME in terms of the frequency of the most 
predominant categories of injuries and the fraction of 
early-on deaths.  However, CIREN cases tend to be 
more serious.   

 
5.  Implications for injury costs/benefits analyses 
suggest that benefits could be misplaced if injury 
records of fatalities are not complete. 
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ABSTRACT 
 
Although motorcycle ABS is meanwhile well 
established on the public market, detailed 
investigations about the relationship between crash 
scenarios and the effectiveness of motorcycle-ABS 
are rare. 
Within the EC-funded SIM Project (Safety In 
Motion) a detailed analysis of different accident 
scenarios with PTWs (Powered Two Wheelers) has 
been performed, using the DEKRA PTW-database. 
The basis of this data pool is the accumulation of 
written expert opinions containing the accident 
analyses that are drawn up by skilled forensic 
experts throughout Germany. From this database 
containing 350 real-world accidents, 51 cases have 
been selected by imposing a reaction demand and a 
following braking of the motorcycle rider in order 
to evaluate the benefit of advanced brake control 
systems. The following parameters have been 
extracted for the evaluation: 
  

- Collision speed and initial speed 
- Distance of falling location to collision 

point 
- Braking distance 
- Median braking deceleration  
- Starting point of breaking 
- Reaction point/demand 
- Kind of reaction 
- Road surface 
- Weather 

 
With this information several real accident 
scenarios without ABS were analysed under the 
condition that an ABS system would have been 
installed on the motorbike. With such an approach 
the difference in the accident consequences with 
and without ABS can be observed. In addition a 
variation in the ABS control has been 
accomplished by considering different brake 
control systems developed by CONTI, like partial 
and full integral brake systems as well as systems 
with advanced driver-assistance functions (ADAS). 

 
 
 
 
 
 
 
 
 
As a result, a tremendous reduction in the accident 
consequences can be shown, for example up to 
50% of the selected accidents could have been 
avoided by a simple 2 channel ABS. 
 
 
INTRODUCTION  
 
Within the EC-funded SIM Project (Safety In 
Motion) active and passive safety components are 
studied in PTWs (Powered Two Wheelers) to 
demonstrate possible improvements in accident 
avoidance and mitigation. 
In order to evaluate the possible benefits of CONTI 
active safety components, especially ABS, but also 
integral-brake, brake-assist and advanced driver-
assist systems (ADAS), several real accident cases 
provided by DEKRA were studied. The 
fundamental basis of the DEKRA accident 
databases is the accumulation of written expert 
opinions containing the accident analyses that are 
drawn up by skilled forensic experts at the 
DEKRA branches throughout Germany and 
totalling about 28,000 annually. The particular 
feature of these reports is that normally the experts 
are called by the police or prosecuting attorney to 
come to the accident scene directly after the 
accident happened. The DEKRA experts operate 
all over Germany on a 24hour/7day week basis. 
Consequently, the nearly 500 DEKRA accident 
experts have the opportunity to acquire all the 
information necessary for their task. The reports 
provide a substantial basis for accident research 
work. The DEKRA Accident Research department 
has the opportunity to select and analyse 
interesting cases, which normally consist of the 
written expert opinions, detailed accident 
reconstructions, sketches and photo material. The 
actual DEKRA PTW database comprises 350 cases 
from 1996 to 2007 with all kinds of other vehicles 
as well as single PTW accidents. About 300 
parameters per accident are reviewed when using 
the DEKRA questionnaires. Since expert 
opinions are normally commissioned only 
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when the accident is of a really serious nature, the 
main focus of the PTW database is directed 
towards accidents resulting in severely- or fatally 
injured persons. These accidents happen mostly in 
rural areas and involve elevated driving speeds. 
 
In each accident case, one PTW is involved. In 
almost all cases the reason for the accident seems 
to be, that a car driver couldn’t estimate the speed 
of the PTW correctly or didn’t recognise the PTW 
in time.  
In several cases we can watch the standard 
situation, where a car driver intends to drive a U-
turn without taking notice of a PTW approaching 
from behind.  
As an example of this, fig. 1 shows an original 
crash photo and fig. 2 an according sketch of the 
whole accident situation, both provided by DEKRA 
accident database. 
  

 
Figure 1.  Crash photo of PTW and U-turning 
car (DEKRA accident database) 
 
Another class of severe accident situations results 
from car drivers turning into a road without giving 
way to PTWs driving on this road with 
considerable speed. 
In all these collision cases, the speed of the 
involved car is rather low, and the severity of the 
impact just depends on the speed of the PTW, 
which usually crashes into the car.  
Normally the speed of the PTWs was not above the 
allowed speed limit, so that the PTW drivers 
behaved correctly. 
On the contrary the accidents were in almost all 
cases caused by the erroneous behaviour of the 
involved car drivers, who were not able to evaluate 
the traffic situation properly. 
 
Nevertheless the severe injuries and big damages 
result from the low medium deceleration of the 
PTWs, as we can learn from the accident database.     
 

In about 43% of the studied cases, the braked PTW 
gets unstable (due to overbraking) and hits the 
ground before the collision with the car occurs. 
 

 
 
Figure 2.  Sketch of the accident situation of 
figure 1 (DEKRA accident database) 
 
The task of the CONTI investigation described on 
the following pages is to make an estimation, in 
which way the effects of all those real accidents 
could have been mitigated with the help of 
different electronic brake control systems. 
 
 
Electronic brake-control devices for collision 
mitigation  
First of all, even a standard ABS should reduce the 
effects of PTW accidents considerably, providing 
braking stability for the PTWs on one hand, so that 
falls can be avoided and the PTWs remain in a 
manoeuvrable state, and on the other hand 
increasing braking deceleration due to adjusting 
operating points just near the friction optimum. 
Furthermore, a so-called integral brake can be very 
much of help in case of panic braking. A PTW 
driver may focus only on one brake lever during an 
emergency case, because he is shocked by the 
suddenness of the situation. It may be impossible 
then to manage two separate brake levers in an 
adequate manner simultaneously. In those cases the 
integral brake adjusts balanced pressure 
amounts to both wheels, even if the driver 
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applies only one brake lever.  
In addition, a brake-assist function can improve the 
first pressure build-up time interval just after the 
first reaction of the PTW driver, which results in 
applying the brake(s) with a high pressure increase 
gradient. It’s very important then to reach the 
optimal braking point in short time, in order to 
achieve the shortest possible braking distance. But 
investigations of panic-brake situations show us, 
that a normal driver indeed applies the brake with a 
high gradient but often releases it a little before the 
locking pressure of the wheel is reached. The 
brake-assist function recognises those patterns of 
behaviour and applies the maximum pressure to the 
wheels, so that the hesitation of a driver is 
compensated. 
Another class of assist-functions is based on 
environmental sensors, such as infrared, radar and 
cameras. With the help of those sensors a critical 
situation may be recognised just at the beginning 
and valuable reaction time may be saved. Within a 
few ms the central computer of the assistance 
system can make a decision how to react properly 
and may warn the driver and/or get active without 
any driver request. In order to avoid driver 
irritations and due to legal restrictions, the system 
should not perform full braking, but can reduce gas 
and pre-fill the brakes in time, which may lead to a 
vehicle deceleration of about 0.3g. This action 
shows a lot of benefits. First, the vehicle speed is 
already slightly reduced, when the driver decides to 
brake. Secondly, the driver gets sooner aware of 
the severity of the situation, and additionally, the 
brakes are already pre-filled when the driver takes 
over, so that the first pressure increase goes much 
faster. 
 
Data from DEKRA accident database 
The accidents described in the DEKRA database 
are documented with the help of the following data, 
which had been evaluated by police and crash 
experts with the help of situation reconstruction 
methods, such as measuring brake traces and 
scratches on the road surface: 
 
1. Distance between “obstacle in sight” (reaction 
demand) and the later collision location: 
This is the distance between the PTW and the later 
collision location, when the PTW driver first 
recognises that a problem occurs and he is forced 
to react. 
 
2. Distance between “start of braking” and the later 
collision location: 
This is the distance between the PTW and the later 
collision location, when the PTW driver has 
already applied at least one brake, that means at 

this point the brake is already filled (visible brake 
traces on the road start at this point). 
Unfortunately, from these data we do not know 
exactly, where and when the driver first started to 
apply the brake and in which way he applied it. At 
the first point, he was forced to make a decision 
and to react, and at the second point, the reaction 
time interval is already finished. 
Between these two points, no vehicle deceleration 
is considered, although the driver started to apply 
the brake in that interval. Due to the fact, that we 
do not know the braking behaviour of the PTW 
driver exactly, this simplification is unavoidable. 
 
3. Initial speed: 
This is the speed of the PTW at the first and still at 
the second distance point, because no vehicle 
deceleration is considered in the interval between 
the two points. 
 
4. Collision speed: 
This is the speed with which the PTW crashes into 
the collision partner. 
 
5. Falling distance: 
This is the distance between the falling location 
and the later collision location. 
 
6. Braking deceleration: 
This is the median vehicle deceleration, which 
occurs between the “start of braking location” 
(point 2) and the collision or the fall location (if a 
fall happens). 
 
As further information the road surface type 
(asphalt or other), weather conditions and the 
lighting were taken into account.   
 
With the help of the distances and vehicle speed 
amounts, time diagrams can be created with 
corresponding time steps and time intervals. 
Fig. 3 shows such a time diagram consisting of two 
parts, where the upper part presents the vehicle 
velocity and the lower part the wheel brake 
pressures as functions of the time. 
 
The time step t_obstacle_in_sight corresponds with 
point 1, time step t_brakes_filled with point 2. 
Additionally the reaction time step t_reaction is 
shown, which defines the start of the brake 
application. This time step is not defined directly in 
the database, but can only be estimated from other 
database information. 
Normally this time step occurs 0.3 up to 0.5s 
before the time step 2, where full braking is already 
in steady state. 
For the following calculations, a medium time 
interval of 0.4s is assumed as time distance 
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between  t_reaction  and  t_brakes_filled  for all 
studied accident cases. 
In fig. 3 three distances are defined, which in sum 
yield the full stopping distance s (equal to point 1). 
The distances are the reaction distance s_react, 
which the PTW passes through without any 
braking action of the driver, the filling distance 
s_fill, which the PTW passes through during driver 
reaction until the brake(s) are filled, and the brake 
distance s_brake, which the PTW passes through 
during full braking or sliding (in case of a fall) 
until the crash occurs. 
 
Normal PTW braking without support of 
electronic brake components 
Furthermore, fig. 3 shows as examples two typical 
patterns of behaviour of PTW-drivers in panic.  
The first one leads to the situation the result of 
which is shown with the dashed signal lines. The 
driver first applies the front-wheel brake with high 
pressure increase gradient, then hesitates a little, 
and afterwards applies too much brake pressure, 
which forces the front wheel to locking. The PTW 
gets unstable, hits the ground and slides towards 
the crash partner. Although the hard brake 
application leads to good deceleration results in the 
first braking interval, the overall deceleration is 
rather low due to the occurring fall and the sliding.  
The second braking behaviour shown in fig. 3 with 
the continuous signal lines is similar to the first 
one, but instead of overbraking the PTW, the driver 
being aware of the danger of wheel locking shows  
 

 
Figure 3.  Time diagram of a panic-braking 
situation without electronic brake control 

a more careful and hesitating braking behaviour, 
which leads to a clear underbraking with a bad 
overall deceleration result [1]. 
 
Therefore, in both cases the collision speed is 
rather high.  
 
The most important problem of braking a PTW 
with high deceleration is the fact, that a locking 
front wheel leads to an unavoidable fall in almost 
all cases. Even if a driver is very much used to full 
braking and knows his PTW behaviour quite well, 
it won’t be easy for him to find an optimal 
operating point abruptly in case of a panic 
situation. This is due to the fact that the wheel-
locking pressure level varies considerably with the 
wheel load (violet lines P_fw_lock in fig. 3), which 
again is highly depending on the dynamic 
behaviour of the PTW. So the locking pressure is 
rather low at first, when the driver performs an 
extremely hard front-brake application, because 
almost all PTWs need about 300ms to get the 
maximum load on the front wheel. Afterwards this 
full amount of load is reduced regarding to a 
certain characteristic, which is installed by the 
spring and damper adjustments. After about 800ms 
the PTW is in steady state and the locking level 
remains on a constant value, presumed that the 
friction between tire and road surface remains 
constant too. But this friction is also a complex 
function of several parameters, which cannot be 
evaluated properly while acting in panic. 
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PTW braking with an ABS control device 
 
Therefore, one of the most important advantages of 
ABS is that the driver may fully apply the brake 
levers and can absolutely rely on the optimal slip 
control with a highly reduced risk of getting 
unstable. Hesitating and careful braking is no 
longer necessary. ABS will always limit the wheel 
pressures to values just below the respective 
locking pressure line, which is shown in the 
example of fig. 4. Here, the same dangerous 
braking situation is presented as in fig. 3, but the 
braking PTW is assumed to be equipped with ABS. 
The two lines  P_fw_lock  (violet) and  P_rw_lock  
(pink)  represent the locking-pressure levels of the 
front and the rear wheel during the braking 
manoeuvre. The load of the PTW is dynamically 
transferred from rear to front wheel. With the help 
of the pressure decrease and increase patterns ABS 
is always trying to find the wheel-pressure 
optimum, which is recognised by wheel slip and 
acceleration observation (recognition mechanism 
not shown in fig. 4).  
In order to demonstrate the benefits of ABS based 
on the DEKRA accident data, the following 
assumptions were made (see fig. 4): 
In all cases the driver of the respective PTW is 
considered to behave different now, because he can 
rely on his electronic brake control system. So it is 
assumed that he will apply the brake levers harder 
with the result of filling at least the front brake in 
just 300ms (compared to the assumed 400ms 
without ABS). 
 

 
Figure 4.  Time diagram of a panic-braking  
situation with ABS control 

Unfortunately, another uncertainty has now to be 
dealt with. Due to the two separated brake 
actuation levers, we do not know exactly, how the 
respective driver would have behaved concerning 
the succession of applying the brake levers. 
 
Therefore, we have to consider three different 
scenarios: 
1. The driver may be extremely shocked by the 
situation, so that he activates only the front brake. 
In this case, we assume that the possible vehicle 
deceleration is not higher than 0.8g.  
2. The driver first activates only the front brake and 
after a short time interval applies the rear brake 
additionally, so that a medium deceleration of 0.9g 
is reached in case of highest road friction. 
3. The driver is at once fully aware of his brake 
actuations and applies both levers in parallel. In 
this case the maximum deceleration is assumed to 
1g. 
 
These maximum deceleration values have now to 
be corrected (reduced) with the help of the road 
surface and weather information provided by the 
DEKRA database, because only a dry and warm 
asphalt or concrete surface enables the PTW to 
make use of these theoretical values. 
 
The following reductions were considered and 
taken for the calculation: 
1. 95% of the values in case of darkness or 
cloudy sky. 
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2.  90% of the values in case of a wet asphalt 
surface without heavy rain. 
3.    80% of the values in case of heavy rain. 
4.    90% of the result in case of slight, 75% in case 
of considerable and 60% in case of extreme curve 
braking 
 
Because no other road surfaces and manoeuvres 
occur in the 51 studied cases and nothing is said 
about road inclinations, no other reductions had to 
be made.  
Nevertheless it should be mentioned that the 
deceleration values in reality highly depend on 
certain technical conditions of the PTW. First of 
all, good brakes and tires are the most important 
pre-conditions for maximum braking deceleration. 
Other devices, like dampers and springs with well 
adjusted characteristics are very much of help to 
exploit the maximum friction between tires and 
road surface. Therefore, networking of electronic 
control devices can be helpful to make adjustments 
dynamically according to the respective situation.  
With properly working brakes, tires and chassis 
components more than 10 m/s2 of braking 
deceleration are possible on dry asphalt, so that the 
assumptions made here are in no way too 
optimistic. 
 
Based on the above assumptions and considering 
constant circumstances, the following simple 
calculations can be made to get the expected 
collision speed and other relevant data for a PTW 
equipped with properly working ABS: 
 
Available distance for full braking: 
 
s_brake ABS   =   s_brake + (0.1s * v_initial) 
 
The values for  s_brake  and  v_initial  are the 
original values from the database. 
The  0.1s result from the assumption that the driver 
will perform a harder brake application with ABS 
and therefore save at least 0.1s to fill the brake. So 
the full braking starts 0.1s earlier.  
An important remark is necessary here concerning 
the initial speed of full braking. Strictly speaking, 
in case of a fast brake application the initial speed 
would be a little higher than after a slow brake-
pressure increase. But in the estimation, this effect 
can be neglected due to the fact, that without ABS 
the driver will normally not be able to reach an 
optimal braking point at all. Due to this effect, an 
overall time benefit of 0.1s with equal initial speed 
seems to be realistic when using ABS. 
 
The needed distance for full braking with the above 
assumed constant deceleration is: 
 

s_brake_needed ABS   =    
   ½  *  (v_initial)2  / a_brake ABS 
 
If  the needed distance  s_brake_needed ABS  is 
lower than the available distance s_brake ABS no 
collision would have occurred. Otherwise the 
collision speed would have been  
 
v_collision ABS    =   sqrt (2 * a_brake ABS * 
   (s_brake_needed ABS - s_brake ABS) ) 
 
If a collision had occurred,  the  time step  of the 
crash would have been delayed by delta_T_c ABS   
compared to the situation without ABS: 
 
delta_T_c ABS   =   t_collision ABS  –  t_collision 
 
t_collision ABS   =   t_brakes_filled  –  0.1s   
   +  2 * s_brake ABS / (v_initial + v_collision ABS) 
 
 
t_collision  =   t_brakes_filled  +  2 * s_brake / 
   (v_initial + v_collision) 
 
� 
 
delta_T_c ABS   =   - 0.1s  
   +  2 * s_brake ABS / (v_initial + v_collision ABS) 
   –  2 * s_brake / (v_initial + v_collision) 
 
In order to get a feeling for the effects of the ABS 
control, the following example should be looked at 
(data is based on real accident scenario of DEKRA 
database): 
 
v_initial          =   26 m/s 
s_brake           =   26 m 
v_collision      =   19.4 m/s 
 
� 
 
s_brake ABS       = 28.6 m 
a_brake ABS       = 0.9g = 8.83 m/s2 
s_brake_needed ABS  =  38.28 m 
v_collision ABS  = 13 m / s 
delta_T_c ABS   =  0.221 s 
 
So the collision speed would have been reduced by 
6.4 m/s, and moreover the driver would have had 
an additional time interval of  0.221s  to react with 
steering to avoid the obstacle, if possible.  
During this time interval a crossing collision 
partner driving with a speed of  20 kph (5.55 m/s) 
moves by a distance of 1.23 m, so that it could 
already be out of way, when the PTW crosses the 
collision course. This situation is shown by the 
example in fig. 5. 
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Figure 5.  Sketch of a critical driving situation 
a) with bad, b) with high PTW deceleration 
 
 
The scenario represents a typical class of severe 
PTW accidents. A car driver intents to make a U-
turn without giving notice to a PTW, which is just 
going to overtake the car. The corresponding time 
steps are illustrated by different colours. At time 
step  t_ois  (obstacle in sight) the driver of the 
PTW can first recognise, what the car driver is 
going to do. So he is forced to react. At time step  
t_brf (brake filled) he already has reacted with 
filling the brakes. Time step t_c (collision) 
represents the time, when the collision actually 
happens.  
As we see from the example, it can be very much 
of help for the PTW to achieve a brake 
deceleration, which is just a little increased. The 
reduced speed in the vicinity of the impending 
crash location increases the manoeuvrability of the 
PTW considerably and may enable the driver to 
avoid the obstacle. Furthermore, he gains an 
additional time interval delta_T_c ABS  (ΔT in fig. 
5) for steering action, and the obstacle might have 
moved already out of the way.  
Therefore, it is not sure whether a collision would 
have happened at all with ABS, even if the 
theoretical calculation yields a still high collision 
speed. For this reason the question mark is added 
to the string “v_collision” in fig. 4.    
 
 
The benefits resulting from ABS are listed in fig. 5. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
PTW braking with ABS control, integral brake 
and brake-assist function 
In the following step the benefits of a so-called 
integral brake and the brake-assist function are 
demonstrated (see fig. 6). 
When using an integral brake, we can be sure that 
both wheel-brake circuits will be filled in parallel, 
so that we always do our calculations with the 
assumption that a maximum deceleration of  1g  is 
possible on highest friction. For lower friction 
values, the maximum deceleration is corrected in 
the same way as above described for the ABS. 
 
The added brake-assist is assumed to have the 
advantage of filling the brakes always with the 
highest possible pressure increase gradient. The 
result shall be a reduced fill time of  200 ms, as 
shown in fig. 6. 
It should be mentioned here, that even shorter 
pressure increase time intervals are possible with 
electronic brake devices from CONTI. Due to the 
adjustment of the orifices of the wheel inlet valves, 
maximum pressure increase gradients are so high, 
that the wheel locking-pressure levels can usually 
be reached within 100ms. But those gradients must 
be set up by the brake force of the driver and 
cannot be applied by the ABS pump of the control 
device alone. For this reason the pressure increase 
interval is set to the more restrictive value of 
200ms. This time interval can be assumed as a 
medium value, which can be easily achieved by the 
cooperation of drivers working with medium hand-
force and a brake-assist function, which 

tois

t brf

t c

tois

t brf

t   + Δ tctois

t brf

tois

t brf

a) b)

Benefits of ABS:

- PTW keeps stablility 
  even during full braking

- high deceleration at optimal
  operational points is possible

- collision speed is reduced,
  if a crash is unavoidable 

- driver has more time to react,
  e.g. to make a decision for 
  steering and avoiding the
  crash

- manoeuvrability of PTW
  is improved due to lower
  speed in the vicinity of the
  impending crash

- obstacle might already be
  out of the way due to delayed 
  crossing of collision courses 
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compensates a certain hesitating during the first 
brake application. 
 
With these assumptions, the following calculation 
can be done in a similar manner as above: 
 
Available distance for full braking: 
 
s_brake INT   =   s_brake + (0.2s * v_initial) 
 
The values for  s_brake  and  v_initial  are the 
original values from the database. 
The 0.2 s result from the assumption that the brake-
filling time with the original initial speed is now 
reached 0.2 s earlier than with the conventional 
braking.  
Needed distance for full braking with the above 
assumed deceleration: 
 
s_brake_needed INT    
   =   ½  *  (v_initial)2  /  a_brake INT 

 

If  the needed distance  s_brake_needed INT  is 
lower than the available distance s_brake INT no 
collision would have occurred. Otherwise the 
collision speed would have been 
 
v_collision INT    =   sqrt (2 * a_brake INT * 
   (s_brake_needed INT - s_brake INT) ) 
 
 
 

 
Figure 6.   
Time diagram of a panic-braking situation with 
ABS, brake-assist and integral brake 

If  a  collision had occurred,  the  time  step of  the 
crash  would have been  delayed  by   delta_T_c INT   
compared to the situation without ABS: 
 
delta_T_c INT   =   t_collision INT  –  t_collision 
 
t_collision INT   =   t_brakes_filled  –  0.2s   
   +  2 * s_brake INT / (v_initial + v_collision INT) 
 
t_collision         =   t_brakes_filled   
   +  2 * s_brake / (v_initial + v_collision) 
 
� 
delta_T_c INT   =   -0.2s  
   +  2 * s_brake INT / (v_initial + v_collision INT) 
   –  2 * s_brake / (v_initial + v_collision) 
 
In order to get a feeling for the effects of the 
integral brake and brake-assist control, the same 
example as above is looked at again. 
  
v_initial        =   26 m/s 
s_brake         =   26 m 
v_collision    =   19.4 m/s 
 
� 
s_brake INT       = 31.2 m 
a_brake INT       = 1g    = 9.81 m/s2 
s_brake_needed INT  =  34.45 m 
v_collision INT  = 7.99 m / s 
delta_T_c INT   =  0.485 s 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

ABS  with integral brake
and brake assist

t

v

t 

P
fw_lock

P
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s
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s
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Additional Benefits:

- full braking at both wheels,
  even if the driver applies 
  just one brake lever

- balanced pressure amounts 
  at both wheels 

- evaluation of driver brake pattern,
  and full pressure increase in case
  of recognised panic braking

- shorter stopping distances

t
200 ms

obstacle_in_sight reaction brakes_filled collisiont t t 
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Even now the collision speed seems to be quite 
high with about 8 m/s, but we have to take into 
consideration that it is reduced by  11.4 m/s, what 
can really be life-saving for the PTW driver. 
Moreover, the crash, if it had happened at all, 
would have been delayed by a time interval of  
0.485 s. This gives us an idea about the chances of 
the PTW driver to avoid the collision.  
The additional benefits of this system are listed in 
fig. 6. 
 
 
PTW braking with ABS control, integral brake, 
brake-assist and automatic pre-fill function 
In the following step the advantages of an 
advanced driver-assistance system (ADAS) are 
described. This system is based on environmental 
sensors and an algorithm for danger calculation. In 
case of recognising a relevant obstacle, the system 
is able to pre-fill the brakes actively without any 
driver intervention (see fig. 7). This normally leads 
to a maximum deceleration of about 0.3g until the 
driver takes over and applies the brakes himself. 
It is very difficult to make an assumption, when the 
system could have reacted in the studied accident 
cases and if the driver would have been aware of 
the danger a little sooner due to the automatic 
deceleration. 
In order to be able to get a result and an idea of the 
possibilities at all, the following assumptions were 
made for each DEKRA case: 

 
Figure 7.  Time diagram of a panic-braking 
situation with ABS, integral brake and ADAS 

- 150 ms after the obstacle occurred, the system 
gets active and starts filling the brakes. 
- It takes another 100 ms to pre-fill the brakes with 
an amount of pressure, which leads to a medium 
deceleration of 0.3g until the brakes are filled 
- The reaction time of the driver is the same as 
described in the studied cases. 
- With the help of ABS, integral brake and brake-
assist, the driver is now able to perform a full brake 
application in just 120 ms, because the brakes are 
already pre-filled.  
With these assumptions, the following simplified 
calculation can be done in a similar manner as 
above: 
 
Available distance for full braking: 
 
s_brake ADAS   =   s_brake + (0.28s * v_initial) 
 
Due to the pre-filling and automatic deceleration of 
0.3s the initial speed is now reduced, when the 
driver takes over: 
 
v_initial ADAS   =   v_initial – (t_brakes_filled – 
   t_obstacle_in_sight – 0.25s) * 0.3g 
 
with      
t_brakes_filled - t_obstacle_in_sight   = 
   (s_obstacle_in_sight – s_brake) / v_initial 
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Additional Benefits:

- automatic recognition of
  relevant obstacles, and active
  pre-fill of brakes 

- first speed reduction during
  reaction time interval of driver
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- improved pressure increase
  due to brake pre-fill

- shorter stopping distances  
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The value for  s_obstacle_in_sight,  s_brake  and  
v_initial  are the original values from the database. 
The 0.28s result from the assumption that the 
brakes are now fully applied in 0.12s, that means 
0.28s earlier than with the conventional braking. 
 
Needed distance for full braking with the above 
assumed deceleration: 
 
s_brake_needed ADAS   = 
   ½  *  (v_initial ADAS)2  /  a_brake ADAS 
 
If   the  needed  distance   s_brake_needed ADAS  is  
lower  than  the  available  distance s_brake ADAS  
no collision would have occurred. Otherwise the 
collision speed would have been  
 
v_collision ADAS    =   sqrt (2 * a_brake ADAS * 
   (s_brake_needed ADAS - s_brake ADAS) ) 
 
If  a  collision had occurred,  the time step of the 
crash would have been delayed by   delta_T_c ADAS   
compared to the situation without ABS: 
 
delta_T_c ADAS   =   t_collision ADAS  –  t_collision 
 
t_collision ADAS   =   t_brakes_filled  –  0.28s   
   +  2 * s_brake ADAS  
       / ((v_initialADAS + v_collision ADAS) 
 
t_collision         =   t_brakes_filled   
   +  2 * s_brake / (v_initial + v_collision) 
 
� 
delta_T_c ADAS    =   - 0.28s  
   +  2 * s_brake ADAS  
       / (v_initialADAS + v_collision ADAS) 
   –  2 * s_brake / (v_initial + v_collision) 
 
The effects of the system, consisting of ABS, 
integral brake, brake-assist control, and the driver 
assistance with automatic brake pre-fill, can be 
demonstrated with the same example as above: 
 
v_initial        =   26 m/s 
s_brake         =   26 m 
v_collision    =   19.4 m/s 
s_obstacle_in_sight   = 52 m 
 
� 
 
v_initial ADAS     =   23.8 m 
s_brake ADAS       =  33.28 m 
 
a_brake ADAS              = 1g = 9.81 m/s2 
s_brake_needed ADAS  =  28.87 m 
v_collision ADAS  =  0 m / s      no collision, because  
s_brake_needed ADAS  is lower than s_brake ADAS 

The additional benefits of this system are listed in 
fig. 7. 
The dashed line is the vehicle speed in case of a 
very early driver reaction, which may occur in 
many cases as a result of the pre-braking done by 
the assistance system. The slight jerk caused by 
this pre-braking is felt as an indicator for an 
impending crash situation and can help the driver 
to come to a quicker decision and braking reaction. 
 
 
RESULTS 
 
Fig. 8 shows the vehicle velocities for all brake 
systems described above combined in one 
comparing time diagram.  
When we take into consideration that the area 
below the respective velocity line is the stopping 
distance travelled through by the PTW during a 
dangerous braking manoeuvre, it is easy to 
imagine, what advantages can result from new 
electronic brake systems. 
 
The overall result of the above estimation done for 
51 DEKRA accident cases is shown in fig. 9 and 
fig. 10.  
In fig. 9 we can see, how many of the 51 studied 
accidents could have been avoided or highly 
mitigated with the help of the respective brake 
system or braking behaviour of the driver. 
 
The black frame bar marks the number of the 51 
cases. The coloured bars represent the numbers of 
collisions, which would have been totally avoided 
due to the higher braking deceleration with the 
according brake-control system (first value on the 
bar). The hatched bars show the numbers of 
collisions, for which the collision speeds of the 
PTWs could have been reduced below 8m/s 
(second value on the bar). In these cases, the 
energy of the crashes would have been rather low, 
and moreover, due to the reduced speed and the 
gained reaction time before the crossing of the 
collision courses, we can assume, that the driver 
would really have had a chance to avoid the crash 
by steering. 
In order to get a feeling of the overall effect of the 
collision speed reduction, fig. 10 may be looked at. 
With the help of the described electronic brake 
control systems the medium collision speeds 
presented by the bar graph could be reduced 
considerably. 
 
Even the system with the lowest expenditure, the 2-
channel ABS, offers an impressive chance to 
mitigate the effects of impending crash situations. 
If the driver is fully aware of these facilities and 
 



___________________________________________________________________________ 
                                                                                                                                           Roll  11                     

 
 

 
Figure 8.  Time diagram of a panic-braking 
situation with different brake control systems 
 
learns to rely on his anti-lock brakes, he will get 
used to hard and simultaneous braking with both 
brake levers. The potential of reducing collision 
speeds to about 50 or even 40% can already be life-
saving and prevent the PTW driver from getting 
seriously injured, even if the impending crash is 
unavoidable.  
As we know from the laws of physical science, the 
demolition effect caused by a collision is increased 
with the kinetic energy of the crash partners in a 
proportional manner, and the energy itself is 
increased with the square of the velocity. 
Therefore, reducing the collision speed to the half 
amount means reducing the demolition effect to  
 
 
No electronic brake-control system, orignal accident data

ABS, only front wheel braked

ABS, front wheel braked, rear wheel braked delayed

ABS, both wheels braked simultaneously

ABS, integral brake and brake-assist system

ABS, integral brake, brake-assist and automatic pre-fill system
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Figure 9.  Numbers of accidents avoidable 
depending on different brake control systems 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
just a quarter of the actual amount. 
This means for the 2 channel ABS handled 
properly by simultaneous braking of both channels, 
that the medium demolition effects could have 
been reduced below 20%. 
But nevertheless, the most important advantage of 
reducing the speed of the PTWs is yielded by the 
fact that the manoeuvrability and steerability of a 
PTW are highly improved for low velocities. 
Moreover, the driver gains more time to make a 
steering decision, because the crossing of the 
collision courses is delayed due to the higher PTW 
deceleration. 
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Figure 10.  Medium collision speeds and 
percentile crash energy depending on 
different brake control systems 
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CONCLUSION 
 
As we can see from the PTW deceleration data 
provided by the DEKRA database, most drivers do 
not use the maximum brake performance due to the 
fact, that they are aware of the danger of wheel 
overbraking. The concentration on two brake levers 
is certainly a big problem and seems likely to 
disable drivers concerning the manoeuvring 
decisions necessary to avoid collisions. The low 
medium deceleration values show us further that 
drivers need long time intervals to get the brakes 
filled and find operating points which are at least 
near the optimum.  
 
The most important task of ABS is to exploit the 
maximum friction amounts between tires and road 
surface and nevertheless to provide the PTW with 
sufficient driving stability for the performed 
manoeuvre. 
But the even more important effect of antilock 
brake control for motorcycles should be, that the 
system gives the driver confidence concerning 
braking stability even in case of hard brake 
application. As the above calculations show us 
unambiguously the best way of reducing speed in 
time is to have an early and hard brake activation. 
Saving just 100 or 200ms of brake-filling time 
means to reduce the whole stopping distance 
considerably. The driver must be sure that the 
brake control can be relied on, that there is no risk 
of wheel-locking, and he should learn to perform 
full-braking with ABS, simultaneously with both 
brake levers or at least with the front brake lever in 
case of a PTW equipped with integral-brake 
facilities. 
Moreover, ADAS systems may be very much of 
help to make time-saving decisions automatically. 
Among the 51 studied DEKRA cases are only very 
few situations, which could not be managed by 
ADAS systems in a satisfying manner. These are 
situations which are characterized by so-called 
sudden cut-ins, meaning that an obstacle crosses 
the driving path of a PTW so abruptly, that a crash 
is unavoidable even in case of immediate full-
braking. 
At this point we see the limits of active safety 
systems, and that it is necessary to provide PTW 
drivers with passive safety as well.  
In the EC-funded SIM-project, active and passive 
safety components for PTWs are investigated. In 
several test vehicles provided by Piaggio, the 
systems are connected via CAN-bus, so that 
important sensor and control-signal information 
can be interchanged. With the help of this 
networking, additional synergy effects are 
achieved.   
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ABSTRACT 
 
The goal of this study was to evaluate side impact 
crash conditions using a detailed human body model 
and side impact crash model to provide an improved 
understanding of side impact injury and the primary 
contributing factors. This study builds on an 
advanced numerical human body model, including a 
detailed thorax, which has been validated using 
available PMHS test data for pendulum and side sled 
impact tests.  Crash conditions were investigated 
through use of a coupled side impact model, used to 
reproduce full scale crash tests.  The model accounts 
for several important factors that contribute to 
occupant response as noted in the literature: the 
relative velocities between the seat and door, the 
occupant to door distance, the door shape and 
compliance.  The coupled side impact model was 
validated using FMVSS 214 and IIHS side impact 
test data, comparing the thoracic response predicted 
by the model to that of the ES-2 dummy used in the 
crash tests. Importantly, the door and seat models 
were developed based on experimental data in the 
literature.   

The side impact model was used to investigate the 
effects of door to occupant spacing, door velocity 
profile, restraint system, and seat foam properties. 
The current study was limited to the use of velocity 
profiles in the direction of impact and did not 
consider rotational effects or motion perpendicular to 
the impact direction. It was found that injury as 
predicted using the detailed human body model and 
the Viscous Criterion (VC) was controlled by the 

second velocity peak typically found in door velocity 
profiles.     

INTRODUCTION 
 
Although there have been tremendous improvements 
in crash safety there has been an increasing trend in 
side impact fatalities, rising from 30% to 37% of total 
fatalities from 1975 to 2004 [1].  Between 1979 and 
2004, 63% of AIS≥4 injuries in side impact resulted 
from thoracic trauma [1].  Lateral impact fatalities, 
although decreasing in absolute numbers, now 
comprise a larger percentage of total fatalities.  
Safety features are typically more effective in frontal 
collisions compared to side impact due to the reduced 
distance between the occupant and intruding vehicle 
in side impact collisions.   

Automotive research is a challenging field due to the 
complexity and cost associated with full-scale vehicle 
testing.  Recent efforts have focused on the 
development of advanced finite element models of 
vehicles and occupants capable of reproducing the 
response present in crash scenarios.  

Forbes [2,3] developed a detailed numerical human 
thorax model with simplified models of the 
remaining body regions. The human body model 
developed by Forbes [2,3] was validated by 
correlating the response of pendulum and sled 
simulations to tests performed on PMHS.  This study 
has integrated the human body model in crash 
scenarios representing FMVSS 214 side impact 
testing. This research is intended to provide a detailed 
understanding of thoracic response due to side impact 
using the numerical human body model previously 
developed [2-5]. The first goal of this study was to 
develop and validate a side impact model capable of 
reproducing the conditions present in full scale crash 
testing.  The second goal of this study was to perform 
a parametric study varying conditions in the side 
impact model to provide an understanding of loading 
and its effect on thoracic trauma in side impact 
collisions.  

SIDE IMPACT MODEL DEVELOPMENT AND 
VALIDATION 
 
The side impact model (Figure 1) was developed to 
reproduce the important conditions present in side 
impact crash scenarios.  The model accounts for 
several factors that contribute to occupant response 
based on the literature [5-11] including: the relative 
velocities between the seat and door, the occupant to 
door distance, door shape, and door compliance.  
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Although some components were simplified in terms 
of geometry, they were based on geometries found in 
typical vehicles and material characteristics 
determined by experiment or found in the literature.    
 
The side impact model consisted of several 
components modeled as rigid materials, including the 
seatbelt anchors, sled base, and outer door.  The seat, 
seatbelts, and door were based on representative 
geometries and material properties determined by 
experimental testing and data from the literature 
[7,12-17].   
 
The simplified door was based on a cross section of a 
Ford Taurus model door [18] for consistency with the 
side impact test data used in this study.  The door was 
sectioned through the area that had the greatest 
armrest depth in order to produce a conservative door 
model geometry.  The mechanical response of the 
simplified door model was set to produce the same 
force-deflection characteristics as found in the 
literature [13]. 
  
The seat pan, sled base, and door were given 
prescribed velocity profiles based on full-scale crash 
tests from the NHTSA database, applied for the 
duration of the simulation.  The sled was constrained 
vertically and in the direction perpendicular to impact 
to prevent rotations. Although rotational velocities do 
exist in full scale crash testing, any significant 
rotation tends to occur long after the maximum 
thoracic response is observed and was not considered 
for this study. 
 

 
Figure 1 Side Impact Model. 
 
The validation of the side impact model was done by 
comparing the thoracic response of the human body 
model to experimental results from an ES-2 for two 
side impact crash scenarios reported here.  Velocity 

inputs from two specific cases were selected and the 
side impact model was modified to represent a 
FMVSS 214 test of a Ford Taurus and an IIHS test of 
a Nissan Maxima. For brevity, only the Ford Taurus 
data is presented in this paper.  These two test cases 
were selected for several reasons.  First, accurate 
velocity profiles for the vehicle CG, seat, and door 
were required to provide input conditions for the side 
impact model.  However, door accelerometers are not 
regularly included in side impact test procedures, 
therefore narrowing the test cases to those tests that 
do include door accelerometers.  Second, current and 
past research using the human body model has 
focused on VC response to predict injury.  However, 
typical side impact test procedures use a Side Impact 
Dummy (SID) with TTI injury criteria based on 
accelerations.  This further narrowed the available 
side impact tests to those that use the ES-2 since VC 
is used as the injury criteria.  Finally, two test types 
(FMVSS 214 and IIHS) with different test procedures 
were selected to validate the side impact model under 
differing test conditions.            

Side Impact Model Input Profiles 
 
Based on information for similar sled tests in the 
literature [10,19,20], input velocities for the sled, 
seat, and door were determined by the integration of 
accelerations recorded by uniaxial accelerometers 
positioned at the vehicle CG, driver seat track, and 
inner door panel respectively.  Full-scale crash data 
was obtained from a FMVSS 214 and an IIHS test 
[21,22].  These tests used a modified 50th percentile 
ES-2 dummy so comparison of the simulated 
occupant response to the ES-2 response was based on 
rib deformation compression, velocity, and the 
Viscous Criterion.  Input pulses for the FMVSS 214 
test are shown in Figure 2 and application to the side 
impact model in Figure 3.  

 

Figure 2  Input Velocity Profiles [22]. 
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Figure 3 Side Impact Model with Input Velocities 
 
It should be noted that vehicles were equipped with 
several accelerometers; however, the exact location 
often varies from vehicle to vehicle.  Also, because 
the door was directly impacted by the intruding 
moving deformable barrier (MDB), sensors may 
rotate during the collision.  This can result in 
inaccurate results, as acceleration will not be 
measured with respect to the expected coordinate 
system.  However, for the purposes of this study, it 
was assumed that the accelerometer data was 
accurate and rotation occurred after injury was 
predicted, approximately 50 msec after the initial 
impact. 

Measuring Thoracic Response  
The ES-2 records numerous acceleration, 
displacement, and force responses throughout the 
duration of a crash event.  However, for this study, 
only the lower, middle, and upper rib responses were 
evaluated for comparison with the human body 
model.  For purposes of comparison, three levels 
have been selected on the human body model, 
representing anatomically equivalent areas to the 
lower, middle, and upper ribs of the ES-2 (Figure 4).   

 

Figure 4 Response Locations (a) ES-2 Rib 
Location (b) Model Chest Levels. 

 

The ES-2 measures deflection based on the half 
thorax dimension, by measuring the deflection of the 
ribs on the struck side.  To ensure comparable results, 
the response of the human body model was also 
predicted using the half thoracic deflection as defined 
by Samaha et al. [23]. 

The degree of injury was measured using the Viscous 
Criterion developed by Lau & Viano [24].  Lau & 
Viano defined the viscous response (VC) as the 
product of deformation velocity, V(t), and the 
instantaneous normalized compression, C(t). 

 )()()( txCtVtVC =  (1).  
 

Where 
oD
tDtC )()( =  and 

dt
tDdtV )]([)( =  

 

Figure 5 The Viscous Criterion [24]. 
 

Validation with FMVSS 214 Crash Test  
 
The human body side impact simulation response 
during an impact with velocity profiles (Figure 2) and 
Arm to Door (AD) distance as determined by the 
FMVSS 214 side impact testing of a Ford Taurus is 
shown in Figure 6. 

 

 
Figure 6 Impact Sequence of Ford Taurus Side 
Impact Simulation (a) t=0 ms (b) t=15ms (c) 
t=30ms (d) t=45ms (e) t=60ms. 
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The simulated compression, velocity, and VC 
response for the upper chest band described in Figure 
4 is compared to the ES-2 response obtained from a 
full-scale FMVSS 214 crash test in the figures below 
(Figure 7, 8 and 9).  Additional data and comparisons 
can be found in Campbell [12].      

 

Figure 7 Upper Rib Compression Response for the 
Side Impact Model with Ford Taurus Inputs. 
 

 
Figure 8 Upper Rib Velocity Response for the Side 
Impact Model with Ford Taurus Inputs. 

 
Figure 9 Upper Rib VC Response for the Side 
Impact Model with Ford Taurus Inputs. 
 

Model assessment was undertaken following the 
methods used by Forbes.  The predicted thoracic 
response was compared to ES-2 based on data for 
loading, peak, unloading, and overall r-squared for 
the curves.   The following qualitative measures as 
applied in previous validation of the human body 
model [2,3] have been used to compare the simulated 
response to the experimental response (Table 1): 
 

• Good Falling close to the 
experimental response at 
the discretion of the 
author 
 

• Reasonable Falling reasonably close 
to the experimental 
response at the discretion 
of the author 
 

• Poor Falling significantly far 
from the experimental 
response at the discretion 
of the author 

 

Table 1  Side Impact Simulation vs Ford Taurus 
v3522 Injury Response Correlation 

CHEST 
BAND 

IMPACT 
PHASE CORRELATION 

  Compression 
(mm/mm) 

Velocity 
(m/s) VC (m/s) 

Loading Good Reasonable Good 

Peak Good Reasonable Reasonable 

Unloading Reasonable Good Good 

Upper 
Rib 

R2 0.83 0.73 0.78 

Loading Good Good Good 

Peak Good Good Good 

Unloading Reasonable Reasonable Reasonable 

Middle 
Rib 

R2 0.67 0.56 0.58 

Loading Reasonable Reasonable Poor 

Peak Reasonable Poor Poor 

Unloading Reasonable Reasonable Reasonable 

Bottom 
Rib 

R2 0.53 0.51 0.40 
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The information presented in Table 1 shows that the 
side impact model closely reproduced the timing and 
injury response as measured in the FMVSS 214 test, 
producing good to reasonable response overall.  
Discrepancies are attributed to minor differences in 
occupant positioning, door positioning and 
compliance, and geometric differences between the 
ES-2 and human body model at the specified chest 
band locations. 

SIDE IMPACT SIMULATION - PARAMETRIC 
STUDY RESULTS 
 
The side impact and human body models were used 
to undertake a parametric study to evaluate the 
different factors that contribute to injury response.   
 
For this aspect of the study, injury was evaluated 
based on full thorax deformation (as opposed to half 
thorax for the ES-2 comparison) using the same chest 
band locations implemented by Forbes [2,3] to ensure 
consistency with prior human body model usage and 
PMHS testing in the literature [2,3,25]. 
 
Thoracic response was measured using upper, 
middle, and lower chest bands located at the lateral 
level of the 4th rib, level of the xiphoid process, and 
the level of the 10th rib respectively (Figure 11).  
Also, it was found that the half thoracic deflection 
was lower than the full thoracic deflection, in 
agreement with the literature [26].  This indicates that 
a considerable amount of deformation occurs on the 
non-struck side, which is unaccounted for when using 
the half thoracic response.   Maltese et al. [26] clearly 
show that the half thoracic deflection is often 
approximately 60% of the full thoracic deflection.  
Similar differences between full and half thoracic 
deflection were found for the human body model as 
seen in Figure 10. 
   

 
Figure 10  Human Body Model Full and Half 
Thoracic Deflection Comparison. 

 

 
Figure 11 Chest band location: (a) Parametric 
Study Location (b) Validation Case Location. 

Side Impact Model Baseline Conditions 
 
The velocity profiles, door compliance, and occupant 
position for the validation case above were used as 
the baseline for the parametric study (Figure 2).   

Full-scale side impact tests typically produce door 
intrusion velocity profiles that consist of three 
common characteristics; first peak, valley, and 
second peak [10].  The first peak occurs immediately 
after the barrier contacts the door causing the door 
velocity to rapidly increase to its initial peak.  The 
door velocity then decreases to its valley as the 
vehicle side structure transfers load to the main 
structure of the vehicle [11].  The second peak in 
door velocity is caused by stiffening of the barrier 
prior to slowing to its final velocity.  It has been 
found that the overall kinematics of the door is 
essentially unaltered by the interaction with the 
occupant [27].      

 

The Effect of Varying Door to Occupant Distance 
 
This study investigates the effect of the door to 
occupant distance by using two door types; a rigid 
plate and a representative door with armrest (Figure 
12).  The AD spacing used in this study was selected 
to cover a range as determined by the maximum and 
minimum values found in FMVSS 214 test reports 
[28].   

One would expect that increasing the spacing 
between the occupant and the intruding door would 
reduce occupant injury.  The amount of space 
between the occupant and the door has a direct effect 
on the contact velocity as well as the contact timing 
with respect to the velocity profile [10].  The effect of 
the occupant to door spacing was investigated by 
varying the spacing of an intruding rigid door and 
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armrest in the side impact model.  As discussed in the 
previous section, the velocity profiles applied to the 
side impact model were controlled by the crushing of 
the vehicle structure and were independent of 
occupant positioning.  Therefore, the velocity profiles 
for the baseline case were applied for each AD 
distance in this study.     

 

Figure 12  Door Type (a) Rigid Door (b) Armrest. 
 
Two cases were used to investigate the effects of 
door to occupant spacing.  First, a rigid door as seen 
in Figure 12 was used to investigate the effect of 
varied AD distance excluding effects caused by 
armrest geometry and compliance.  Second, the same 
AD study was performed to investigate differences in 
thoracic response caused by the presence of an 
armrest in comparison to a flat rigid door.     
 
Rigid Door Simulation - The upper band VC 
response for varying door to occupant distances for 
an intruding rigid door is shown in Figure 13.          

 

Figure 13 Upper Band VC Response for Varied 
AD Distance of an Intruding Rigid Door. 
 
Investigating the VC response shown in Figure 13 
can provide some insight into the timing of injury and 
the role of the occupant to door distance.  Two curves 
(58mm & 90mm) had their peak injury response 
occurring just after the first peak in the door intrusion 

velocity profile (Figure 14).  The remaining three 
scenarios (115mm, 125mm, and 138mm) had their 
maximum injury response closely coinciding in time 
with the second peak of the door velocity profile.  
Further insight may be provided by examining the 
contact timings of the door to chest as determined by 
the upper band velocity response shown in Figure 14.  

 

Figure 14  Contact Timing for Varying Door to 
Occupant Spacing. 
 
The contact timings for the five AD spacings 
discussed occur within 7 ms of each other, but have a 
significant influence on occupant injury despite the 
minor differences in contact timing.  The variance in 
injury responses may be explained by examining the 
occupant motion relative to the sled base by tracking 
the velocity of the center of the occupant chest 
relative to the sled floor (Figure 15).   

 

Figure 15 Occupant Motion Relative to Sled Base 
for Varied Door to Occupant Spacing. 
 
The occupant response relative to the sled base in 
Figure 15 essentially consists of a decrease in 
occupant velocity relative to the sled floor prior to 
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door contact followed by an increase in occupant 
velocity after contact.  Therefore, the decreasing 
relative velocity actually represents the sled floor 
moving while the occupant remains relatively 
stationary due to its inertia.  When contact with the 
door occurs the occupant velocity begins to catch-up 
to and surpass the velocity of the sled.     

One would expect that thoracic response would 
inversely correlate to AD distance, such that an 
increase in AD distance would cause a decrease in 
injury.  This inverse correlation does occur to some 
extent in the scenario presented and would likely 
occur for all AD distances if not for the second peak 
in the door velocity profile. 

For a door to occupant distance of 58mm, the VC 
response is controlled by the first peak and VCmax 
occurs just before the door velocity profile valley.  
The thoracic compression present at the onset of the 
second peak in door velocity was 20.9% and was the 
maximum compression observed in the study [12].  
The velocity of chest compression at the onset of the 
second peak is near zero, confirming that the chest 
has in fact reached the maximum compression at this 
point.  The occupant motion relative to the sled base 
prior to the second peak suggests that the occupant 
has surpassed the velocity of the sled floor due to the 
aggressive impact with the intruding door. 

The 90mm door to occupant scenario can be 
described in much the same way as the 58mm case.  
However, the 115mm case differs as it was controlled 
by the second peak in the door velocity profile.  The 
first peak did produce minor thoracic response as 
observed in the VC response shown in Figure 13, but 
was superseded by the injury produced by the second 
peak.  This response can be largely explained by the 
time of contact and occupant response prior to the 
second peak.  As seen in Figure 14, the contact 
timing for an AD of 115mm occurs as the door was 
decelerating to its valley, which decreased the time 
for the door to compress the chest and accelerate the 
occupant.  In this case, the chest compression is only 
5% prior to the second peak [12].  Also, the occupant 
velocity relative to the sled base suggests that the 
occupant was beginning to accelerate due to contact 
with the intruding door, but was still moving 
considerably slower than the sled floor.  These 
factors significantly increase the effect of the second 
peak because the occupant was not accelerated 
enough to minimize the impact of the second peak. 

The same reasoning can be applied to the final two 
cases (125mm and 138mm).  Injury in both cases was 
highly influenced by the second peak due to the time 

of contact with the intruding door.  As intuition 
would suggest, the first peak response continually 
decreases as AD distance increases, but this decrease 
in first peak response causes an increase in the effects 
of the second peak, thus creating the observed VC 
response.  The later contact time reduces the ability 
of the first peak to accelerate the occupant, thereby 
causing the second peak to be far more injurious than 
observed in scenarios with smaller AD distances.                 

Padded Armrest Simulation - The VCmax of an 
occupant for varied AD spacing of a simplified door 
including an armrest is compared to that of a rigid 
flat door in the following bar chart (Figure 16).  
Trend lines are included to track VCmax for varying 
AD spacings. 

 

 

Figure 16 Variation of VCmax with Door to 
Occupant Distance. 
 

 

Figure 17 VCmax Reduction of an Intruding 
Deformable Door vs an Intruding Rigid Door. 
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As one would expect, the presence of an armrest 
tends to increase the injury response at the level of 
the lower chest band in comparison to the rigid door.  
This response can be attributed to an earlier time of 
contact with the thorax due to the geometry of the 
armrest effectively reducing the door to occupant 
spacing.  Also, the armrest caused the localized 
deformation of the thorax, therefore resulting in 
higher levels of compression and VC response.      
Although the peak VC response observed does not 
change drastically, the maximum injury was found at 
the level of the lower chest band when an armrest 
was present.  However, the presence of an armrest 
tended to reduce the VCmax observed by a maximum 
of 16% compared to the VC response caused by an 
intruding rigid door (Figure 17).  This shows that 
door compliance and shape plays a significant role in 
thoracic response.  The VC response of the upper 
chest band is presented in Figure 18. 

 
Figure 18 Upper Band VC Response for Varied 
AD Distance, Deformable Door. 
 

The effect of door to occupant spacing on the 
thoracic response of an occupant due to an intruding 
armrest can be explained in a similar fashion to the 
case of a rigid intruding door previously discussed.   

 

The Effect of Varying Door Intrusion Velocity 
 

Based on information from the literature and the arm 
to door distance investigation, it is clear that the door 
interaction with the occupant is an important factor in 
occupant injury.  The occupant to door distance study 
above showed that the distance was an important 
factor in determining thoracic response, but the 
relationship between VCmax and AD distance was 
not linear.  This is largely due to the effects of the 

velocity profile and variation in contact timing.   The 
following study examines the effect of the velocity 
profile by varying the first and second peak of the 
velocity profile by +/- 15% as shown in Figure 19.  
This velocity profile study was based on the research 
performed by Morris et al. [10].  As in the previous 
case study, it was assumed that the velocity profiles 
applied to the side impact model were independent of 
occupant positioning.   

 

Figure 19  Varied Door Intrusion Velocity Profile 
& Contact Times. 
 
Figure 20 shows the relationship between injury and 
velocity profile for variations in first and second peak 
velocity. 

 

Figure 20 Variation of VCmax with Door Velocity 
Profile. 
 
The VC responses for the upper chest band are shown 
below.  As expected, the variation in velocity profile 
has a significant effect on occupant response. 
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Figure 21 Upper Band VC Response for Varying 
Velocity Profiles. 
 
Figure 21 shows that the peak VC response in each 
scenario corresponds in time with the second peak of 
the door velocity profile.  However, varying the first 
peak had a significant impact on the magnitude of 
VC response produced by the second peak.  This can 
be explained by investigating the occupant motion 
relative to the sled base (Figure 22).  As it has been 
shown that VC response was largely dependant on 
the second peak in velocity profile, increasing the 
velocity of the second peak would clearly increase 
thoracic response and a decrease in peak velocity 
would result in a decreased VC response.       

 

Figure 22 Occupant Motion Relative to Sled Base 
for Varied Door Intrusion Velocity Profile. 
 
Similar to the previous study on varied AD distance, 
variation in velocity profile had a somewhat counter-
intuitive effect on occupant injury.  Although VC 
response in the current scenario corresponds in time 
with the second velocity peak for all cases, the first 
peak directly contributes to the degree at which the 
second peak influenced VC.     

For the baseline case and therefore the cases varying 
the second peak velocity, the effect of the first peak 
was the same in terms of chest compression, velocity 
of compression, VC, and occupant motion relative to 
the sled base.  Since the conditions prior to the 
second peak were known and constant for the 
baseline, upper second peak, and lower second peak 
it was possible to understand the effect of the second 
peak velocity irrespective of the effects of the first 
peak.  It is clear that the second peak of the door 
intrusion velocity profile follows conventional 
expectations, such that an increase in velocity would 
cause an increase in injury and a decrease in velocity 
would cause a subsequent decrease in injury.   

However, the first peak acts as a means to accelerate 
the occupant following contact with the door, thereby 
increasing the occupant velocity and minimizing the 
impact of the second peak.  An increase in first peak 
velocity would reduce the effect of the second peak, 
while a decrease in the first peak would increase the 
influence of the second peak.  This effect can be 
observed by comparing the occupant motion relative 
to the sled base (Figure 22) and VC response (Figure 
21) for the baseline, upper first peak, and lower first 
peak. 

Figure 23 shows that increasing the first peak 
velocity by 15% can reduce the Upper Band VCmax 
by 27% and decreasing the first peak velocity by 15% 
can increase the Upper Band VCmax by 16%.  
However, increasing the second peak velocity by 
15% increases the Upper Band VCmax by 37% and 
decreasing the second peak velocity by 15% caused a 
33% reduction of the Upper Band VCmax.  

 

Figure 23 The Effect of Varying Velocity Profiles 
on Upper Band VCmax. 
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The middle chest band follows the same tendencies 
as the upper band in response to varied velocity 
profiles.  However, the response of the lower chest 
band did not follow the same trend as the middle and 
upper band for the case of an increase in first peak 
velocity (Figure 20).  This discrepancy was due to the 
high contact velocity at the lower chest band caused 
by the reduced door to occupant distance due to the 
armrest geometry.   

As shown in Figure 24, the Lower Band VCmax 
occurred at the first peak in the response.  Although 
the first peak did not control injury for the middle 
and upper chest bands in this study, a greater increase 
in first peak velocity would result in injury being 
dominated by the first peak, similar to the response of 
the lower chest band.  

 

Figure 24 Lower Band VC Response for Varying 
Velocity Profiles. 
 

The Effect of Varying Seat Foam on Thoracic 
Trauma 
 
The seat acts as a primary point of interaction 
between the occupant and the vehicle, although seat 
foam is predominately used as a means of improving 
occupant comfort.  While the mechanical properties 
of common seat foams fall within a relatively small 
range, their impact on occupant injury can be 
significant despite being largely developed for 
comfort rather than safety.  This study presents the 
relevance of seat foam in side impact by comparing 
the occupant response in a seat modeled using a high 
stiffness (Foam 2) and a low stiffness (Foam 4) foam 
characterized for varying rates of strain [7,12].  The 
results are summarized in the bar chart presented in 
Figure 25.   

 

 

 

Figure 25 Variation of VCmax with Seat Foam 
Type. 
 
Despite modest differences in mechanical properties, 
seat foam clearly plays a significant role in side 
impact occupant safety.  Figure 26 shows that using 
the low stiffness foam instead of the high stiffness 
foam caused a 41% increase in the observed VCmax 
value. 

 

Figure 26 Upper Band VC Response for Varied 
Seat Foam Stiffness. 
 
The response of the three chest bands were 
comparable in terms of their shape and timing, 
however the peak response observed when using 
Foam 4 was elevated for the compression, velocity, 
and VC [12].  This variation in response may be 
explained by comparing the occupant motion relative 
to the sled for each foam (Figure 27).   
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Figure 27 Occupant Motion Relative to Sled Base 
for Varied Foam Stiffness. 
 
It can be seen that seat foam had minimal effect on 
occupant motion relative to the sled; however, the 
minor differences observed translated to considerable 
differences in thoracic response.  A stiffer foam, such 
as Foam 2 in this case, was more capable of applying 
a load to the occupant, thus increasing the occupant 
velocity and reducing the effect of the intruding door.   

Although the differences in mechanical properties 
between the seat foams compared in this study were 
relatively small the effect on thoracic trauma was 
noteworthy.  Stiffer seat foams and more 
encompassing side bolsters may have the potential to 
significantly reduce injury.             

The Effect of Restraint Systems on Thoracic 
Trauma 
 
The effect of restraints on the reduction of occupant 
trauma in frontal collisions is well-known.  However, 
the effect of restraints in side impact is not as clear.  
According to a study performed by NHTSA [1], the 
reduction of fatalities in near-side impacts as a result 
of restraint systems was a mere 5 percent.  In 
comparison, the fatality reduction as a result of seat 
belt usage was 39 percent in farside impacts, 50 
percent in frontals, and 74 percent in rollovers.   

However, because of large variation in crash 
scenarios it is difficult to quantify the effect of 
restraints in side impact.  The study performed in this 
section compares the thoracic response of a belted 
and un-belted occupant under identical crash 
conditions to determine the effect of restraints.  A 
summary of the results is presented in the bar chart in 
Figure 28. 

 

Figure 28 Variation of VCmax for a Belted and 
Un-Belted Occupant.      

  
The small spacing between the occupant and the 
intruding door makes energy dissipation difficult and 
contact inevitable.  However, it is clear that the 
presence of restraints reduces the thoracic response at 
each chest band level and can reduce VCmax by up 
to 13% compared to an un-belted occupant. 

 

Figure 29 Upper Band VC Response for a Belted 
and Un-Belted Occupant. 
 
As seen in Figure 28 and Figure 29 the VC response 
for the un-belted occupant was slightly elevated in 
comparison to the belted occupant.  The modest 
difference in thoracic response may be explained by 
investigating the occupant motion relative to the sled 
base (Figure 30). 
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Figure 30 Occupant Motion Relative to Sled Base 
for a Belted and Un-Belted Occupant. 
 
The presence of a seatbelt accelerates the occupant 
slightly more than in the case of the un-belted 
occupant, thereby moderately reducing the impact of 
the intruding door.  It is likely that the increase in 
occupant velocity relative to the sled base was due to 
an increased interaction with the seat, facilitated by 
the restraint system.  This displays the modest 
improvements to thoracic response in side impact 
collisions as a result of restraint systems.   

  

CONCLUSIONS AND RECOMMENDATIONS 
 

A numerical side impact model has been developed 
to investigate factors and crash conditions present in 
full scale crash tests.  The model was developed to 
account for several important factors that contribute 
to occupant response including the relative velocities 
between the seat and door, the occupant to door 
distance, as well as door shape and compliance.              

Validation of the side sled model was undertaken by 
reproducing the crash conditions present in FMVSS 
214 and IIHS side impact tests and comparing the 
thoracic response determined by the model to the 
response of the ES-2 dummy used in the crash tests. 
The side impact model was shown to produce good to 
reasonable injury response with respect to the full-
scale FMVSS 214 side impact test of a Ford Taurus, 
as well as the IIHS side impact test of a Nissan 
Maxima.   

The side impact model was then used to investigate 
the effects of door to occupant spacing, door velocity 
profile, seat foam stiffness, and the use of a restraint 
system.  It was found that injury as predicted by the 

Viscous Criterion was controlled by both the first and 
second peaks typically found in door velocity 
profiles, but the influence of each varied depending 
on the situation. 

The parametric study presented in this paper has 
provided valuable insight into the factors influencing 
thoracic trauma in side impact collisions.  Clearly, 
occupant protection in side impact scenarios is a 
difficult task due to the limited door to occupant 
spacing associated with lateral collisions.   The study 
performed has shown that thoracic injury was largely 
dependant on relatively small changes in a number of 
factors such as AD distance, door intrusion velocity, 
and seat foam properties.   

It has been shown that the presence of a deformable 
door compared to a rigid door can reduce VCmax by 
up to 16%, showing that door geometry and 
compliance plays a roll in safety.  Also, it was shown 
that the shape of the door intrusion velocity profile 
highly influences thoracic response.  Therefore, 
altering the structural properties of the vehicle to 
minimize door intrusion or idealize the door intrusion 
velocity profile may significantly reduce VCmax.     

The seat foam study performed has shown that using 
the low stiffness foam instead of the high stiffness 
foam can cause a 41% increase in the observed 
VCmax value.  This was based on the investigation 
of seat foams falling in a relatively limited range of 
material properties.  Clearly, seat foam plays an 
important role in crash safety and improving side 
bolsters and increasing foam stiffness may contribute 
to better side impact safety.     

Although the effect of pre-tensioning restraint 
systems are limited in side impact crash, this study 
has shown that this can reduce VCmax by improving 
the contact between the occupant and the seat.  The 
improved occupant to seat contact minimizes the 
impact of the intruding door by accelerating the 
occupant with the seat, thereby reducing the relative 
velocity between the occupant and intruding door.  
Thus causing a 13% decrease in VCmax in this study.    

It should be noted that the current study was limited 
to velocity profiles obtained from a specific FMVSS 
214 test and therefore results and observations are 
restricted to the confines of the input conditions used.  
Also, although based on vehicle geometries, the side 
impact model has been developed using simplified 
geometries for the seat, armrest, and restraints and 
may not fully encompass all vehicle designs.  
However, the side impact model developed is a 
useful tool for evaluating factors influencing side 
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impact and can be used to determine occupant 
response in any side impact crash scenario when the 
appropriate input conditions are provided.   
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ABSTRACT 

Modern vehicle designs tested as part of US consumer 
information programs achieve high ratings for frontal 
crash protection. Research is needed to determine how 
these tests can be upgraded to further improve occu-
pant protection in real-world frontal crashes. The 
present study is a detailed analysis of real-world cases 
with serious injuries resulting from frontal crashes of 
vehicles rated good for frontal crash protection.  

Queries of 2000-06 data from the National Automo-
tive Sampling System-Crashworthiness Data System 
produced 116 occupants meeting selection criteria. 
These were drivers and right front passengers who 
sustained serious injuries in frontal crashes despite 
being coded as belted. Patterns of vehicle impact and 
occupant injury were categorized and discussed in the 
context of potential upgrades to current crash tests. 

Asymmetric or concentrated loading across the ve-
hicle front often resulted in occupant compartment 
intrusion and associated injury. However, just as many 
occupants were in crashes without substantial intru-
sion and were injured by restraint system forces or 
impacts with the vehicle interior not prevented by 
restraints. Crashes producing injury without intrusion 
involved multiple impacts more than twice as often. 

Future test programs promoting structural designs that 
absorb energy across a wider range of impacts, such as 
small overlap, could reduce serious injuries in frontal 
crashes. Further restraint system improvements may 
require technologies that adapt to occupant and crash 
circumstances. It is unclear what types of full-scale 
crash testing would encourage these improvements.  

INTRODUCTION 

There are two consumer evaluation programs of ve-
hicle frontal crashworthiness in the United States. The 
National Highway Traffic Safety Administration 
(NHTSA) assigns occupant protection ratings of 1 to 5 
stars for drivers and right front passengers based on 
vehicle performance in a full-width test into a rigid 

wall at 35 mi/h (56 km/h). The Insurance Institute for 
Highway Safety (IIHS) assigns vehicle ratings of 
good, acceptable, marginal, or poor based on perfor-
mance in a 40 mi/h (64 km/h) test in which 40% of the 
vehicle front impacts a deformable barrier. Since these 
programs were introduced, structural and restraint 
system designs have improved substantially, and high 
test performance now is treated as a de facto standard. 
Among vehicles rated in the IIHS frontal offset test 
between January 2005 and May 2008, 85% received 
good ratings, with the rest receiving the second high-
est rating of acceptable. Under NHTSA’s frontal New 
Car Assessment Program (NCAP), 95% of 2008 
model year vehicles achieved a 4- or 5-star rating for 
both the driver and right front passenger [1]. 

Consumer evaluation programs are most useful when 
they provide comparative information to those pur-
chasing new vehicles. The consistent good perfor-
mance under the current test configurations has 
prompted both NHTSA and IIHS to consider changes 
to their frontal crashworthiness programs. After re-
searching various alternatives, NHTSA announced 
plans to keep the full width configuration but use 
different anthropomorphic test devices (ATDs) and 
include additional injury metrics [2]. IIHS has con-
ducted pole impact research tests to determine 
whether this crash configuration poses problems that 
offset testing does not address. It is important that any 
test program be driven by the types of crashes occur-
ring in the field so that the design changes the program 
encourages have benefits in real-world crashes. Stu-
dies have found that higher ratings in both NHTSA 
and IIHS test programs correlate to reduced injury risk 
[3][4]. To ensure this correlation continues, a better 
understanding of real-world crashes is needed to 
support informed decision making for future frontal 
test programs. 

Progress made in improving the vehicle fleet’s frontal 
crashworthiness and the promise of emerging active 
safety technologies such as electronic stability control 
[5] have resulted in less focus being placed on further 
passive safety improvements. Some new passive 
safety advancements are being developed, such as new 
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structural designs [6] and restraint systems [7], but the 
primary focus has shifted toward implementing active 
safety technologies while maintaining the current 
level of crashworthiness. However, no combination of 
active technologies is expected to completely prevent 
all crashes. A large number of fatal and serious inju-
ries will continue to occur in frontal crashes, and fur-
ther improvements in crashworthiness will be needed 
to address them. 

The present study provides a new perspective on the 
frontal crash picture in the United States. Frontal 
crashes in the National Automotive Sampling Sys-
tem-Crashworthiness Data System (NASS-CDS) that 
produced fatal or serious injuries to belted front-seat 
occupants were analyzed with the goal of categorizing 
them according to potential crash test configurations. 
For each case, vehicle structure performance and 
restraint system performance were assessed and 
compared with injury outcomes. Study findings al-
lowed a more detailed understanding of the types of 
frontal crashes still producing injuries to occupants 
protected by modern safety technology and identified 
some remaining steps that can be taken to improve 
frontal crashworthiness. 

METHODS 

The NASS-CDS crash data collection program is 
conducted and maintained by NHTSA. Twenty-seven 
teams stationed around the United States investigate a 
sample of police-reported towaway crashes in their 
geographic regions. The annual number of total 
crashes investigated each year ranged from around 
4,000 to 5,600 during 2000-06, the years used in the 
present study. Each case is assigned a sample weight 
based on its likelihood of being investigated. These 
weights are intended to allow nationwide estimates 
from the crash data. 

Vehicles selected for analysis received good ratings in 
the IIHS frontal offset test because this is a design 
criterion for virtually every new vehicle model and the 
study objective was to identify crashworthiness issues 
not addressed by the test. A minimum level of per-
formance in the frontal NCAP test was not required, 
but all the vehicles in the final sample had 4- or 5-star 
ratings for both occupants except one, which had a 3- 
star rating for the driver. Only vehicles of model year 
2000 or later were included to capture restraint system 
changes such as depowered airbags, load-limiting seat 
belts, and belt crash tensioners. Frontal crashes were 
defined as those that were coded with primary general 
area of deformation values (GAD1) of “F” by the 
NASS-CDS investigators. All such cases were in-
cluded when a belted outboard front-seat occupant 

sustained an injury with a severity of 3 or greater on 
the abbreviated injury scale (AIS ≥ 3), unless the only 
such injury was to the upper or lower extremities. All 
fatally injured occupants were included regardless of 
the coded maximum AIS.  

Although extremity injuries are not inconsequential, 
the study objective was to identify the crash configu-
rations that still are producing fatal or potentially fatal 
injuries. Injuries were categorized by the AIS body 
regions of head, chest, abdomen, spine, or pelvis.  

Detailed reviews were conducted of each case meeting 
the inclusion criteria in 2000-06 NASS-CDS. Rele-
vant coded variables were included, and crash de-
scriptions, scene photographs, vehicle photographs, 
and injury diagrams were analyzed. Vehicles and 
occupants were grouped according to the various 
criteria outlined below. 

Crash Configurations 

Study vehicles were assigned a crash configuration 
based on photographs of damaged vehicle components 
and the struck object. Beyond the initial “F” code, the 
collision deformation classification (CDC) assigned 
by the NASS investigator was not used to designate 
any of these crash configurations. Instead, the confi-
gurations were defined in reference to the longitudinal 
structures typically designed to manage the crash 
energy involved in frontal crashes. Differences be-
tween CDC and the crash configurations used in this 
study, as defined below, are discussed later. 

Center impact – major load path was between the 
two main longitudinals; all case vehicles in this con-
figuration struck a pole, post, or tree, but this was not a 
specific requirement. 

Small overlap – major load path was outboard of all 
major longitudinal structure; deformation of this 
structure may have occurred but was judged not a 
major source of energy absorption. 

Moderate overlap – major load path was along one 
longitudinal member and associated structures; offside 
member may have been loaded, but this either was less 
substantial, was induced by cross beams connecting 
the two members, or occurred separate from the initial 
engagement with the struck object or partner vehicle. 

Full width – major load paths were along both lon-
gitudinal structural members. 

Underride – major load paths were along components 
vertically above the bumper bar and longitudinals. 
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Override – major load paths were along components 
vertically below the bumper bar and longitudinals. 

Low severity – minor loading to all structural com-
ponents; insignificant longitudinal crush, if any. 

Nonfrontal/unreproducible – miscoded primary 
deformation location or extreme crash scenario with 
limited relevance to general crashworthiness. 

The first four crash configurations, illustrated in Fig-
ure 1, describe lateral locations of vehicle structures 
loaded during the crash. In some instances, one of 
these configurations seemed applicable in addition to 
either underride or override, so a judgment was made 
about which configuration was most significant to 
crash outcome. However, in two cases, a vehicle was 
assigned the underride configuration in addition to one 
of the lateral configurations because both appeared to 
be major factors in producing occupant injury. 

 
Figure 1. Locations of crash loading for various 
configurations 

Cases categorized as nonfrontals or unreproducible 
were not analyzed further, as they were not mea-
ningful for evaluating the types of frontal crashes with 
the potential to be addressed by crash test programs. 

Injury categories 

Although the crash configurations describe the types 
of impacts for case vehicles, on their own they do not 
explain how occupants were injured. The first re-
quirement of a crashworthy vehicle design is a struc-
ture that is able to control deformation in such a way 

that the occupant compartment remains intact. Given 
sufficient survival space, the second requirement is a 
restraint system that controls occupant loading to 
minimize injury risk. In some cases, both of these 
criteria are met but injury still occurs due to some 
other factor such as safety belt misuse or loading from 
an unrestrained rear-seat occupant. To summarize the 
major factors producing injuries in the crashes being 
studied, each occupant was assigned to one of four 
injury categories, as described below: 

Intrusion – injuries attributed mainly to compromise 
of occupant survival space.  

Restraint factor – injuries attributed to inability of 
restraint system to sufficiently control occupant mo-
tion or loading; occupant compartment integrity was 
maintained, but occupant sustained injury either from 
loading by restraint system itself or from impact with 
interior component not prevented by restraints. 

Occupant factor – occupant behavior or characteris-
tic (e.g., misuse of restraint, loading by another oc-
cupant, extreme obesity with use of seat belt extender) 
likely contributed to injury more than any intrusion or 
restraint factor; age alone was not considered an oc-
cupant factor, but some fatally injured occupants were 
assigned to this category because they developed 
postcrash complications that may have been age re-
lated, or they had pre-existing health conditions. 

Unknown: occupant/restraint – occupant behavior 
or other characteristic may have contributed to injury, 
but evidence was unclear; structural integrity was 
good, but injury still occurred due to restraint factor, 
occupant factor, or some combination of factors. 

RESULTS 

There were 116 occupants that met the initial inclusion 
criteria. In 8 cases, the driver and right front passenger 
in the same vehicle met the criteria. In one case, oc-
cupants of two different vehicles were included. 

Twenty occupants were in crash configurations de-
fined as nonfrontal or unreproducible. These cases 
were removed (see Appendix A), leaving 96 occu-
pants for further analysis. Weighting factors for the 
remaining cases ranged from 1 to 1,722, with a total 
weighted count of 6,709. NASS-CDS weighting fac-
tors are more difficult to interpret when analyzing 
smaller case samples. For example, 3 of the 96 occu-
pants studied represented 45% of the total weighted 
occupant count. To reduce the possibility that any 
single case could substantially affect the conclusions, 
only unweighted counts were analyzed. 
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Figure 2. Distribution of crash configurations 

Figure 2 shows crash configurations for cases in-
volving the 96 occupants. Center impact, small over-
lap, and moderate overlap configurations represented 
similar numbers of crashes and together comprised 
two-thirds of the cases. Underride and low-severity 
configurations were the next largest categories, to-
gether making up one-quarter of the total. Full-width 
and override configurations comprised the remaining 
8% of crashes. 

Figure 3 shows the distribution of injury categories. 
Intrusion and restraint factors each comprised more

 
Figure 3. Distribution of injury categories 

than one-third of the cases. Occupant factors made up 
10% of the cases. For the remaining 16% of cases, it 
was not possible to determine whether occupant or 
restraint factors were predominant in causing injury. 

Figure 4 shows the different contributions of injury 
factors for each crash configuration. Intrusion was 
most commonly related to injury in small overlap and 
underride crashes. For center, full-width, override, and 
low-severity crashes, restraint and occupant factors 
were predominant. Moderate overlap crashes had the 
most even mix among the various injury factors. 

 
Figure 4. Distribution of injury categories by crash configuration 
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Figure 5. Distribution of crash configurations for various injury groups  

Figure 5 shows the distribution of crash configurations 
for three injury category groups: crashes where intru-
sion contributed to injury, crashes where restraint 
factors contributed to injury, and all crashes where 
vehicle structure performed adequately but injury 
occurred from any restraint factor, occupant factor, or 
combination. 

Injuries 

Of the 96 occupants involved in crashes relevant to 
frontal crashworthiness analyses, 89 had detailed 

injury data available. Injury comparisons in this sec-
tion are based on these occupants. The median injury 
severity scores (ISS) for occupants in each crash con-
figuration and injury category are shown in Figure 6, 
with the number of occupants in parentheses. Occu-
pants in underride and override crashes had the highest 
median ISS, although the override value is based on 
only two observations. Occupants in low-severity and 
moderate overlap crashes had the lowest median ISS. 
For injury categories, median ISS was higher for oc-
cupants with injuries attributed to intrusion than for 
other occupants. 

 
Figure 6. Median injury severity scores for occupants in each crash configuration and injury category, with 
number of occupants in parentheses 
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Figure 7 shows the percentage of occupants who sus-
tained at least one AIS ≥ 3 injury to each body region. 
The chest was the most commonly injured body region 
at the AIS ≥ 3 level. This was true for the entire sample 
as well as for the subsamples of occupants in center, 
small overlap, moderate overlap, and full-width 
crashes. When injuries were attributed to intrusion or 
restraint factors, more occupants had serious chest 
injuries than any other injury type. After chest injuries, 
a higher percentage of occupants sustained serious 
injuries to the head than to other body regions. Head 
injuries were the most common type of AIS ≥ 3 injury 
for occupants in underride crashes and the second 
most common in center, small overlap, and moderate 
overlap crashes, as well as in crashes where injury was 
attributed to intrusion or restraint factors. Overall, a 
similar percentage of occupants sustained serious 
injuries to the abdomen, spine, or pelvis, but there was 
substantial variation across specific categories. 

Many additional observations can be made about this 
sample of cases. Some of those most relevant to the 
present study are displayed in Figure 8 and Figure 9. 
The column names are descriptions of a certain 

number of cases in each category, not groupings that 
sum to 100%. For example, 11% of occupants in 
center impacts were fatally injured, whereas 50% of 
occupants in underride crashes were killed. The 
number of cases in each category is given in paren-
theses. Because there were only two override cases, 
they were not included in Figure 8. 

DISCUSSION 

Difference between Crash Configuration 
Groupings and CDC Values 

Methods used in this study provide a more complete 
picture of factors contributing to crash severities and 
resulting injuries than can be obtained by grouping 
crashes according to CDC codes. NASS-CDS inves-
tigators assign CDC codes based on evidence of direct 
damage to any part of the vehicle exterior. This can 
result in an overestimate of the extent to which 
structural members were significantly loaded during 
the crash. Figure 10 shows the distribution of CDC 
codes for the specific lateral area of damage (SHL1) 
by crash configuration for the study sample. 

 

 
Figure 7. Percentage of occupants with AIS ≥ 3 injuries to given body regions, with number of occupants in 
parentheses 
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Figure 8. Relevant characteristics for each crash configuration 

 
Figure 9. Relevant characteristics for each injury category 
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Figure 10. Distribution of CDC SHL1 codes for study crash configurations 

 
Figure 11. Distribution of crashes for study crash configurations and CDC codes 

0

2

4

6

8

10

12

14

16

18

Center Small overlap Moderate 
overlap

Full width Underride Override Low severity

N
um

be
r o

f c
as

es

D Y/Z L/R C

0%

5%

10%

15%

20%

25%

30%

35%

Center Small overlap Moderate overlap Full width

Pe
rc

en
ta

ge
 o

f c
ra

sh
es

Study method CDC



 

Brumbelow 9 

Figure 11 shows how the crashes in the sample might 
be categorized according to CDC compared with the 
configurations using the study methods. Underride, 
override, and low-severity crashes were removed 
because CDC codes for vertical area of damage and 
longitudinal extent of damage had very little correla-
tion with these categories. Center impacts were de-
fined with SHL1 values of C or, if damage distribution 
was coded as narrow, Y/Z. The remaining Y/Z codes 
were considered moderate overlap, L/R codes small 
overlap, and D codes full width. Figure 10 and Figure 
11 show that the larger areas of direct damage in CDC 
can obscure patterns in the structural loading of un-
derlying vehicle components. This is similar to find-
ings by Lindquist et al. [8] who used a different me-
thod to study a sample of fatal crashes in Sweden. 

Current Crashworthiness Evaluation Programs 

Analyzing CDC codes alone could lead to an overes-
timate of the number of real-world crashes represented 
by the full-width NCAP test [9][10]. Only 6% of oc-
cupants in this sample were in full-width crashes. No 
occupants were killed, and all vehicles had very little 
intrusion or none at all. Based on this sample of cases, 
relatively few restrained occupants seriously injured 
in frontal crashes are in impacts that resemble the 
NCAP test configuration. 

Moderate overlap is the other crash configuration 
currently used to evaluate the frontal crashworthiness 
of the fleet. This configuration was one of the two 
largest categories of crashes in the sample, even 
though good performance in the IIHS offset test was 
an inclusion requirement. However, as shown in Fig-
ure 12, one-third of the occupants in these crashes 
were seated on the opposite side of the impact (i.e., 
drivers injured in front-right overlap crashes, or pas-
sengers injured in front-left overlap crashes). Among 
occupants seated on the same side as the impact, about 
half (8 of 15) were in crashes where substantial intru-
sion occurred, likely contributing to injury. Calculated 
delta-Vs for these 8 crashes ranged from 70 to 94 
km/h. This compares with an average delta-V of 44 
km/h for the IIHS test when calculated with the 
SMASH algorithm used by NASS investigators [11]. 
The moderate overlap crashes with substantial intru-
sion in this study all likely were higher speed crashes 
than the IIHS frontal offset test. 

Of the 23 occupants in moderate overlap crashes, 14 
were injured due to factors other than intrusion; there 
appeared to be adequate postcrash survival space for 
the restraint system to operate. Because the selection 
criteria for the present study included the requirement 
that an occupant sustain an AIS ≥ 3 injury, it is un-

known how many occupants survived serious mod-
erate overlap crashes without such injury. Neverthe-
less, the sample suggests that many injuries sustained 
by restrained occupants in moderate overlap and other 
frontal crashes can be attributed to the interaction 
between the occupant and restraint system in the ab-
sence of substantial structural collapse. 

 

Figure 12. Crash configurations relative to injured 
occupant’s seat position 
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The ATDs currently available have only limited abil-
ity to address the unique risks of the populations of 
older or overweight occupants [12][13]. The most 
commonly used ATDs represent the 50th percentile 
male, but more than half of the case occupants injured 
in crashes without occupant compartment intrusion 
were female.  

An additional consideration is that occupants who 
sustained injury from factors other than intrusion were 
more than twice as likely to have been in mul-
tiple-impact crashes. These were crashes in which 
some initial event (e.g., striking a curb, running over a 
small tree, being sideswiped) preceded the primary 
impact. Initial events could lead to occupants being 
out of position for the subsequent crash event, or to 
airbag deployment in some cases. In many of the 
multiple-impact cases, overall injury risk may be 
related less to the specific configuration of the most 
severe crash event than to the occupant not being in an 
ideal position for the event.  

The center impacts in the sample highlight some of the 
complications involved in designing future crash test 
programs. Center impacts were the most common 
configuration when accounting for the side of the ve-
hicle being impacted (Figure 12). Vehicle structure 
prevented substantial intrusion in all but 2 of the 19 
cases. Because all center impacts were to trees, poles, 
or posts, they all were off-road crashes, and almost half 
involved initial impacts preceding the primary crash 
event. Due to these factors, it is unclear what design 
changes are necessary to reduce injury risk in center 
impacts, and whether these changes could be driven by 
a single standardized laboratory test condition. 

Fewer occupants were injured in crashes with sub-
stantial intrusion than without (Figure 3). However, 
when intrusion was a factor in producing injury, the 
median ISS was higher (Figure 6) and occupants more 
often were killed (Figure 9). Figure 5 shows that more 
than 70% of these crashes were either small overlap or 
underride, with most of the remainder being moderate 
overlap crashes at higher speeds than the IIHS test 
speed, as discussed above. 

Half of the 14 underride crashes produced fatalities. In 
8 cases, underride occurred when the case vehicle 
struck a medium- or heavy-duty truck or trailer (4 
front and 4 rear), suggesting a need for improved 
underride protection on large commercial vehicles. 
Federal Motor Vehicle Safety Standards 223 and 224 
establish requirements for rear-impact guards on 
heavy-duty trailers in the United States. However, 
crash tests showing that underride still can occur with 
these guards prompted Canadian regulators to develop 

stricter standards [14]. One case in the present study 
included on-scene photographs showing that the trai-
ler’s guard deformed during the crash and failed to 
prevent underride. There are no front underride pre-
vention requirements for large trucks in the United 
States. Research in Europe [15][16] has investigated 
front underride guards, and United Nations Economic 
Commission for Europe Regulation 93 contains re-
quirements for such guards [17].  

The remaining 6 underride cases in the sample in-
volved impacts with light truck vehicles (LTVs). 
Three of these were front-to-front crashes. This con-
figuration is being addressed to some extent by man-
ufacturers’ voluntary commitment to lower the 
front-end structures of their LTVs [18]. One of the 
partner vehicles in the underride cases was an SUV 
that met the criteria of the voluntary agreement, and 
occupant compartment intrusion was limited. How-
ever, the SUV structure did not actually engage the 
main longitudinals of the case vehicle, and a higher 
severity crash may not have been survivable. Vehicles 
underrode the rear of an LTV in two cases and the side 
in another case. High-speed compatibility is not being 
addressed in either of these configurations. 

A crash test designed to represent a real-world under-
ride configuration could produce vehicle structures 
that are compatible with a larger range of partner 
vehicles, or that reduce the severity of intrusion when 
there is incompatibility. However, such a test may 
have only limited effect in the field until there is some 
improvement in the design and implementation of 
underride prevention for the fronts, sides, and rears of 
large trucks, trailers, and LTVs. 

The small overlap configuration was the most com-
mon among crashes where intrusion contributed to 
injury (Figure 5) and the second most common in the 
entire sample when accounting for the side of the 
vehicle being loaded (Figure 12). Of the 22 small 
overlap crashes, 19 were impacts with the front or side 
of another vehicle and 3 were impacts with a pole, 
post, or tree. When included, delta-V estimates for 
these crashes likely were inaccurate because they were 
based on crush measurements taken at the bumper bar, 
which was loaded very little or not at all. 

Currently there are no regulatory or consumer test 
programs evaluating protection in small overlap 
crashes. Such a program could result in vehicle design 
changes that expand the structural protection across 
the full width of the vehicle. Some occupants in 
moderate overlap and full-width crashes also would 
likely benefit from this increased load sharing, as well 
as occupants in some crashes with CDC codes indi-
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cating left or right side impacts where oblique loading 
leads to some front structure involvement. 

Restraint Factor Injuries 

Many cases evaluated had little intrusion in the areas 
of the injured occupants. In 37 of these cases, restraint 
factors appeared to contribute to injury. It was not 
always clear exactly how these injuries occurred. In 
some cases, there appeared to be an injury pattern 
consistent with belt-induced loading. In other cases, 
steering wheel deformation or other evidence sug-
gested restraint forces from the airbag and seat belt 
were insufficient to prevent hard contacts with the 
vehicle interior. Of 32 drivers with injuries attributed 
to restraint factors, 10 had evidence of steering wheel 
loading. However, in most cases it was unclear 
whether the coded injuries were caused by excessive 
or insufficient restraint loads. This especially was true 
for chest injuries, the body region most commonly 
injured at the AIS ≥ 3 level (Figure 7). 

Among occupants injured due to restraint factors, the 
specific body regions sustaining AIS ≥ 3 injuries va-
ried by occupant age (Figure 13). The biggest dispar-
ity was in the distribution of chest and head injuries. 
Occupants 60 or older more often received at least one 
serious chest injury than a serious head injury. The 
opposite was true for occupants younger than 30. 
Other research has found that belt force thresholds 
related to chest injury risk vary widely with occupant 
age [19]. Although not conclusive, the cases analyzed  

 
Figure 13. Occupants with AIS ≥ 3 injuries to 
certain body regions by age for restraint factor 
crashes 

in this study suggest that increasing excursion to re-
duce belt forces also may have an age-related effect 
with respect to the occurrence of head injuries. 

NASS-CDS contains codes for the sources attributed 
to each injury by the case investigator. However, there 
was inconsistency in these codes, and some seemed 
highly improbable given the loading direction. Often 
the “source confidence” codes were questionable as 
well. Many investigators listed the same confidence 
level for every injury to an occupant, even when more 
than 20 injuries occurred with a wide range of severi-
ties. In some cases, the source confidence was listed as 
“certain” even though no details of the injury were 
known. For these reasons, and to limit influence of the 
differences in the investigators’ techniques, the “in-
jury source” and “source confidence” variables were 
not analyzed for this study. 

The crash sample suggests current restraint systems 
can be improved. Occupants with injuries attributed to 
restraint factors in the absence of intrusion were in-
volved in multiple impact crashes nearly 40% of the 
time (Figure 9). If airbags deploy or load-limiting seat 
belts spool out during initial impacts, occupants may 
be more vulnerable during subsequent impacts. Even 
if the initial impact is the most severe, it is possible 
that a less severe subsequent impact could cause se-
rious injury if the airbag and seat belt no longer offer 
sufficient protection. Additionally, many occupants in 
real-world crashes may be loading restraint systems 
more obliquely than the loading in crash tests. Of the 8 
moderate overlap crashes with injuries attributed to 
restraint factors, 5 were impacts to the opposite side of 
the front from the injured occupant, and the other 3 
were crashes against vehicles moving perpendicularly 
to the case vehicle. 
Study Limitations 

A clear limitation of the present study is the sample 
size. Patterns of crashes and injuries that exist in the 
sample may vary from the larger population of frontal 
crashes producing injury in the United States. Addi-
tionally, the sample only includes occupants with 
serious injuries, so there is no way to know the injury 
risk for the different crash types that have been de-
scribed. For example, it might be assumed that un-
derride and small overlap crashes have a higher rate of 
serious injury per involvement than moderate overlap 
or full-width crashes, but there is no way to determine 
this with the current dataset. 

CONCLUSIONS 

The present study analyzes the types of frontal crashes 
causing serious injuries and fatalities to belted 
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front-seat occupants in vehicles achieving good per-
formance in current crashworthiness evaluation pro-
grams. Potential future test programs are considered 
by describing the real-world crash configurations in 
relation to the major longitudinal structures designed 
to absorb energy in most modern vehicles. Based on 
this sample, it is apparent that a large number of se-
rious injuries occur in frontal crashes despite good 
structural integrity. A variety of factors may contri-
bute to injury risk in these cases, such as occupants 
being out of position due to preceding impacts, load-
ing from other occupants, or restraint misuse. In ad-
dition, restraint systems may be unable to adequately 
balance the need for varying restraint forces based on 
occupant age, size, and crash severity. 

These restraint and occupant factors merit continued 
research to develop improved countermeasures that 
adapt to the occupant and crash circumstances and to 
determine which test conditions would allow mea-
ningful evaluation of the countermeasures. Until this 
research is complete, it appears more promising for 
crashworthiness evaluation programs to address the 
substantial number of frontal crashes that are pro-
ducing collapse of the occupant compartment and 
resulting injuries. Small overlap, underride, and 
high-velocity moderate overlap crashes are the most 
common configurations producing substantial 
amounts of intrusion in frontal crashes. Full-scale 
crash testing may have the greatest potential to im-
prove fleet crashworthiness in small overlap crashes. 
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APPENDIX A 

Cases excluded from injury analysis due to their irrelevance to frontal crashworthiness evaluation programs. 

Year PSU Case Details 
2002 45 39 Vehicle traveled down slope, pitched downward at impact with trees. 
2003 11 18 Oncoming snowmobile became airborne, crashed through windshield. 
2004 43 343 (2 occupants) Postcrash fire destroyed vehicle, may have contributed to injury. 
2004 45 118 Rollover was most severe event. 
2004 72 40 After pole impact, electrical utility box fell from pole through windshield. 
2005 9 64 Vehicle struck trees while airborne and pitched forward, involving roof. 
2005 49 137 Unreproducible kinematics resulting from three impact events with vehicles, two with 

poles and an unrestrained rear occupant. 
2005 82 18 Vehicle traveled off end of open drawbridge, fell 40 feet to ground. 
2006 9 131 Subsequent rollover likely contributed to injury. 
2006 11 106 (2 occupants) Vehicle traveled up steep slope to contact underside of overpass. 
2006 13 213 Rollover was most severe event. 
2006 41 132 Rear impact was most severe event. 
2006 43 89 Vehicle traveled down slope, pitched downward at tree impact, involving roof. 
2006 50 120 Rollover was most severe event. 
2006 75 37 Injury caused by side mirror being knocked through window into driver’s face. 
2006 76 72 Rollover was most severe event. 
2006 81 39 (2 occupants) Subsequent rollover likely contributed to injury. 
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ABSTRACT 
This paper describes a basic framework for Safety 
Impact Methodologies (SIM) to estimate potential 
safety benefits of pre-production advanced Driver 
Assistance Systems (DAS).  A common flow-chart, 
showing the interaction between data usage, crash 
scenarios development, model development, testing, 
data generation, and benefits estimation activities, is 
used to describe the basic framework.  Although the 
framework applies to all types of evaluation of DAS, 
this paper focuses on those aspects that support 
evaluation of pre-production systems.   
 
The paper then describes three approaches to 
implementing the SIM framework for pre-production 
systems.  Two of these approaches describe 
effectiveness in terms of reduction in number of 
crashes with the system active.  The third approach 
describes the effectiveness in terms of fatality and 
injury reduction, rather than estimating crashes 
avoided. 
 
The paper concludes with descriptions of how the 
three approaches are being implemented in the SIMs 
that are being developed by the four teams 
participating in NHTSA’s Advanced Crash 
Avoidance Technology (ACAT) program. The paper 
also includes brief descriptions of other benefits 
evaluations as a means of highlighting how the 
framework accommodates evaluation of production 
systems and near-production systems as well as pre-
production systems. 
 
The framework developed in this paper provides a 
cornerstone for development of safety impact 
methodologies for evaluating pre-production driver 
assistance systems and for comparisons of 
methodologies that are used to evaluate production 
and near-production systems. 
 

INTRODUCTION 
The automotive industry has made significant 
progress in the development of advanced 
technologies intended to prevent crashes and their 
consequences.  Advanced technologies that include 
sensing, computing, positioning, and communications 
appear to have the ability to help drivers avoid 
imminent crashes or events that often lead to crashes 
and to reduce the severity of crashes that do occur.  
For example, some of these technologies address 
goals such as preventing rollovers, improving 
visibility, reducing tailgating, and reducing speed for 
safety related conflict conditions. 
 
A key question about these technologies is how 
effective they will be in preventing crashes and 
reducing the severity of injuries to vehicle occupants. 
 
To answer this question NHTSA initiated the ACAT 
program to determine if there is a methodology, or 
one can be developed, that will effectively measure 
the link between technological performance of pre-
production systems and their safety impact.  Benefits 
estimates from such a methodology can be used in 
many ways: 1) as part of the design process of new 
systems, 2) to evaluate the performance of pre-
production systems before marketing, 3) to provide 
guidance to safety advocates, such as NHTSA, on 
new safety improvements, and 4) to form the basis 
for regulatory evaluations of potential new 
requirements. 
 
Methodologies that have been used for estimating 
safety benefits include: 
 
1. Gathering crash data for systems that have been 

available to consumers for sufficient time to 
establish a record of numbers of crashes.  This is 
a common method for evaluating the impact of 
new requirements in Federal safety standards.  
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An example of a regulatory evaluation that uses 
this methodology is provided in Appendix A. 

 
2. Implementing Field Operational Tests (FOT) 

with selected near-production systems to create a 
database of driver/system performance that can 
be used to estimate safety impact.  An example 
of an evaluation of a technology based on FOT 
data is provided in Appendix A. 

 
3. Performing laboratory tests with pre-production 

systems and extrapolating the results to estimate 
the safety impact. 

 
The third of these methods is the most feasible for 
early assessment of pre-production systems.  For this 
reason, this methodology is the focus of the NHTSA 
ACAT program, and this paper. 
 
In summary, part of NHTSA’s goal for the ACAT 
Program is to establish a Safety Impact Methodology 
(SIM) that will support the evaluation of an ACAT 
countermeasure and produce safety benefit estimates. 
 
NHTSA SIM FRAMEWORK 
The above three methodologies used to estimate 
safety benefits are based on the benefits equation  

 [Appendix B] and its derivatives. 
Where, 

WWO NNB −=

B = benefits, (which can be the number of crashes, 
number of fatalities, “harm,” or other such 
measures). 

Nwo = value of this measure, (for example, number of 
crashes) that occurs without the system. 

Nw = value of the measure with the system fully 
deployed.  

 
In this paper a SIM framework is developed to 
populate the various components of the benefits 
equation. This framework identifies the principle 
components of SIM and interaction between these 
components.  The framework does not dictate a 
specific approach or method.  The framework 
communicates NHTSA’s operational vision of a SIM 
and the activities NHTSA identifies as critical to 
developing a sound methodology. The elements of 
the SIM include activities, functions, and 
interactions.  This framework can be adjusted to 
accommodate and communicate various approaches.  
The framework corresponding to the SIM structure is 
shown below in Figure 1. The highlighted portion of 
the framework in Figure 1 is the core of the ACAT 
SIM methodology and is the focus of this project.  
The rest of the activities are similar to other 
methodologies (i.e. evaluation of FOTs and 
Regulatory Evaluation, examples of which are 
available in the Appendix A) involved in the benefits 
estimation process.               .  

Figure 1: SIM Framework 
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Details of the framework 
The SIM structure and framework in Figure 1 is 
expanded to show the details of the functions within 
each activity in Figure 2  The high level activity 
boxes in Figure 2 are the same activities as in Figure 
1 and correspond to the section titles of their 
description.  Functions identified within each activity 
are assigned numbers ([1], [2], etc.). The different 
outline colors of the activity boxes represent two 
distinct areas of the SIM framework, namely the 
model development activities (shown in orange) and 
the model execution and analysis (shown in blue).  
Model development activities include development of 
data and information needed to create the model, 
model inputs for data generation, and data to support 
the validation and calibration of the model.  Not all of 
these activities need to be executed if there exists a 
completed evaluation of a similar ACAT 
countermeasure.  Model execution and analysis 
activities include running the model to generate the 
necessary data to calculate safety benefits estimates 
of the subject ACAT countermeasure.  The details of 
the various components of the SIM, as shown in 
Figure 2, are discussed in the remainder of this 
section. 
 

Data Usage:  
This activity describes the available data that is used 
in the development of a SIM.  The available data 
includes crash data files like General Estimates 
System (GES)[GES, 2006], Crashworthiness Data 
System (CDS) [CDS, 2006], National Motor Vehicle 
Crash Causation Study (NMVCCS), [NMVCCS, 
2008] etc.)[1], naturalistic driving data (such as the 
100-Car Naturalistic Driving Study and Field 
Operation Tests [Dingus, 2006], etc.)[2], Corporate 
body of knowledge [3], and a technical description of 
the ACAT countermeasure [4].  The functions 
included in this activity are as follows: 
 
• The identification of all technology relevant 

crash types and countermeasure data sources. 
 
• Defining and estimating the magnitude of the 

crash problem in relation to the subject ACAT 
countermeasure. 

 
• The identification of real world pre-crash 

scenarios that can be addressed by the subject 
ACAT countermeasure. 
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Figure 2: Details of NHTSA SIM Framework 
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Case Scenarios: 
In this activity, the SIM developer consolidates the 
crashes that are relevant to the specific ACAT 
countermeasure.  The activities include breakdown of 
scenarios [5], crash characteristics [6] and 
countermeasure relevant scenarios [7]. One starting 
point is the Universal Description (updated to most-
recent year of data) which is a high-level description 
of events and conditions that precede crashes 
[Burgett, 2008] The Universal Description utilizes 
the central variables (Critical Event, Corrective 
Action Attempted, and First Harmful Event) of the 
National Automotive Sampling System’s Critical 
Crash Envelope1 [GES, 2006] to describe mutually-
exclusive scenarios that are potentially relevant to 
ACAT countermeasures.  Each relevant scenario can 
be further refined through development of a Crash 
Phase Time Line2 [Burgett, 2008].  The phases of the 
crash time line are defined by specific values of 
Time-to-Collision (TTC).  The logic for interaction 
of the ACAT countermeasure is described in terms of 
the phases and anticipated driver reactions.  The Case 
Scenarios activity has three functions :  
 
• The first area is to identify the broad 

characteristics of representative crashes that are 
to be addressed.  

                                                

 
• The next area identifies the attributes of 

individual scenarios including the values that 
describe the roadway and the operation of the 
vehicle.  

 
• The last area finalizes the relevant crash 

scenarios and summarizes the functional 
characteristics of the countermeasure.  These are 
the scenarios that become the subsets in the 
benefits equation as indicated by the summation 
of “i” (Appendix B).  

 
Model Creation:  
A key element of the NHTSA SIM is that the data 
about driver and system performance is generated by 
a computer model as shown in Figure 2. The purpose 
of the model is to generate the data that produces the 
safety benefits. The details of the model are tailored 
to suit the technology of the ACAT system and the 

 

relevant scenarios identified in the preceding activity. 
The model [13] is a set of equations (differential, 
algebraic, Boolean, etc.) with an embedded set of 
parameters that describe the performance of the 
vehicle/driver/ACAT countermeasure.  The equations 
describe three relationships: 1) the control actions by 
the driver in response to all environmental stimuli, 
including warnings or other input from a ACAT 
countermeasure, 2) the motions of the vehicle in 
response to driver control inputs including 
interactions with other vehicles and the roadway, and 
3) the performance of the countermeasure relative to 
vehicle motion and the driving environment.  The 
data for the value of, or distributions of values of 
parameters [14] are obtained from the objective tests 
described below. The model outputs include the 
answer to the question of whether a crash occurred or 
not, and the dynamic conditions at the point of 
impact when a crash occurs.  The model creation step 
also includes an iterative process of calibration and 
validation [15] that checks for adequacy [16] of the 
computer model outcome against the outcome of 
objective tests and baseline crash data.  
 
Objective Testing:  
Once the relevant crashes, crash data, and the basi

 are established, various types of 

 that would 
opu
od

valu
ela o accurately account for driver, 
ehi
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of s
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 nse to control inputs, 

easure 

c 
concept of the model
tests are used to obtain values for the embedded 
parameters. Testing includes Driving Simulator [8], 
Open loop test [9], Closed loop tests [10], Human 
factors test [11], and Lab tests [12] to determine 
distribution of values of parameters
p late the driver, vehicle and countermeasure 
m els.  Various parameter values and distribution of 

es will be needed to replicate the following 
tionships in order tr

v cle, countermeasure, and scenario interactions 
an obtain representative results to base the estimate 

afety benefits.  The relationships that need to be 
icated include: 

  
• The driver’s response to the ACAT 

countermeasure 

The performance of the ACAT countermeasure 
system 

The vehicle’s respo•
including any direct ACAT counterm
intervention 

1  The NASS Critical Crash Envelope includes six variables:  
Driver Distracted By (D07), Movement Prior to Critical Event 
(V21), Critical Event (V26), Corrective Action Attempted (V27), 
Pre-crash Vehicle Control (V28), Pre-crash Location (V29) and 
First Harmful Event (A06). 

 
• The characteristics of the driver 
 
• The system / component characteristics of the 

ACAT countermeasure 
 

 
2 The Crash Phase Time Line consists of five phases:  Non-
conflict, Conflict, Imminent crash, Crash and Post-crash.  Zero 
time (t = 0) occurs at the beginning of the Crash phase.  
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Data Generation: 
When the model has been completed and validated, it 
is ready to be used for data generation. This activity 
uses the finished model that was validated and 
calibrated in the Model Creation activity.  In this 
activity the model is executed using initial conditions 
and other scenario information to generate the data 
needed to estimate the safety benefits.  Each “run” 
will simulate a period of time during which a driver 
is exposed to a critical event, including initial 
conditions that reflect an appropriate level of risk.  
The performance of the driver (as represented by the 
driver performance model) affects whether or not a 
crash will occur during each run.  Each run with the 
countermeasure system active will be matched by a 
corresponding run without the countermeasure, for all 
of the scenarios. 
 
The computer simulation [17] embodies the 
equations that replicate the driver, the vehicle, and 
the countermeasure and allows each of them to 
interact with the scenarios and each other.  The 
model provides the environment by which the ACAT 
ountermeasure is tested such that an estimate of how 

would perform in a real-world 
c
the countermeasure 
environment can be ascertained. 
The initial conditions [18] in this activity include the 
relevant crash scenarios that describe the scope and 
range of events that the ACAT countermeasure will 
be tested against to determine the countermeasure 
effectiveness and produce the data needed to estimate 
the safety benefits. 
 
Countermeasure Performance Analysis 
This activity uses the data from the Data Generation 
activity to calculate the various ratios needed to 
evaluate the performance of the subject ACAT 
countermeasure and determine the system’s Safety 
Effectiveness in preventing crashes. The Without 
Countermeasure [19] function captures all the data 

nerated by the Computer Simulation tests that are 

acti

ge
conducted when the ACAT countermeasure is not 

vated.  The With Countermeasure [20] analysis 
aptures all the data generated by the Computer 

cou ure is activated.  The System 
ffectiveness [21] analysis uses the data sorted by 
th

c
Simulation tests that are conducted when the ACAT 

ntermeas
E
Wi out Countermeasure and With Countermeasure 

alculate the relevant countermeasure performance 
s that produc

to c
ratio e the System Safety Effectiveness 

tio. 

fety
is

fe
tal tion are transformed 

ashes, fatality and injury severity 

ns of answering how effective their 

at feed into the computer model.  
gainst the 

is for inputs of all parameters that populate the 
. A random number generation 

ra
 

a  Benefits:   S
Th  activity transforms the performance ratios into 
sa ty benefit estimates [22].  Ratios associated with 

ities, exposure, and prevenfa

into estimates of cr
reductions.  This is achieved by implementing the 
Benefits Equations ∑ ×=

i
iWO ENB

i
  and its 

extensions (Appendix B). In this equation, Nwoi is the 
number of crashes that occur in scenario “i” when the 
ACAT countermeasure is not available and Ei is the 
effectiveness of the ACAT countermeasure in 
preventing crashes in scenario “i.”   
 
ACAT PROGRAM  
Given the framework of the NHTSA SIM, three 
approaches are discussed in the remaining part of this 
paper that fit into the NHTSA SIM methodology. 
NHTSA is currently working with four teams that 
have exercised the SIM methodology in the ACAT 
program as a mea
technology would be in preventing crashes and 
reducing the severity of injuries to vehicle occupants. 
A summary of these approaches is given below: 
 
Approach1  
The first approach begins by defining the crash 
problem size by looking into public domain databases 
as well as naturalistic driving data to come up with 
technology relevant crash types. Crashes that fall into 
these categories are sub-sampled to obtain a 
technology relevant subset of crashes. These subsets 
are reconstructed based on their time-domain 
relationships and are subject to test-track testing, 
simulator testing, lab testing, etc. to generate 

arameter values thp
The models are validated and calibrated a
reconstructed data as well as the preliminary results 
obtained from simulation data. This validated model 
is used in the final set of simulation runs that 
generates data for the safety benefits estimation 
process.  
 
Approach2  
The second approach begins similarly by defining the 
crash problem size from public domain research 
databases to narrow down the relevant crash types. 
However, instead of real-world crashes, the approach 
builds heavily on statistical distributions for 
parameter values that populate the driver, vehicle, 
and countermeasure models. The values for these 
distributions are obtained from subjective simulator 
and human factors testing combined with driver-
vehicle involved track tests. These distributions form 
the bas
simulation model
using a Monte Carlo process picks data from each of 
these distributions that will define the initial state of 
the parameters as well as the dynamics of the run. 
Each run will be performed several times to account 
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for all possible range of values that is applicable to 
the prevailing countermeasure system. The output 
from these simulation n the safety 
benefit estimation proces
 
Approach3  
The third approach addresses safety benefits from the 
perspective of fatality and injury reduction by 
reduction in impact speed.  This process is conducted 

y classification of the accident patterns

 runs will be used i
s.  

 for each 
; and use driver and vehicle 

SIM 
ethodology that can be expressed within the 

 these three approaches. The four teams 

 reconstructions of real-world accidents 
ased on their time-domain relationship.  This data is 

sify the crash scenarios in terms of 

d the environment, with 
nd without the ACAT, allowing for uncertainties in 

se to the ACAT system.  The outputs 

lert Control (DAC), Lane Departure Warning, and 
 (ELA) systems.  DAC 

 a conflict 
he vehicle 

elevant 
 not 

 and driving 
istributions 

f parameters, assess system availability, and for 

b
countermeasure system
models to estimate effectiveness of the safety system.  
Driver and vehicle parameters such as subjects’ 
response time to the warning, system response time, 
and reduction speed are obtained from objective tests.  
 
ACAT Implementation 
The three approaches mentioned above form the basis 
of all SIM implementations in the ACAT program. 
All four teams have implemented the 
m
framework of
NHTSA is working with and the details of their 
approach towards the SIM are as follows: 
 
Team 1: . Advanced Collision Mitigation Braking 
System. (ACMBS) Countermeasure. 
Dynamic Research Inc is working with Honda who 
developed an ACMBS.  The ACMBS automatically 
predicts impending collisions, warns the driver, and 
applies braking in order to reduce the effects of an 
impact.  Their approach (1) begins with the 
reconstruction of series of crashes from archival US 
DOT accident databases (NASS/CDS, Pedestrian 
Crashworthiness Data System (PCDS) and FARS) to 
generate a Crash Scenario Database This crash 
scenario database contains in-depth information and 
time-space
b
used to clas
technology relevance and to create sub-samples of 
cases in each technology relevant crash type.  
 
Once the technology relevant crash types defined and 
real world cases are selected, tests are conducted to 
obtain parameter values.  In objective testing, 
relevant scenarios are subject to lab tests, driver-out-
of-the-loop tests, driver-in-the loop test, and driving 
simulator tests to provide the necessary data that 
could be used to validate and calibrate the driver, 
vehicle, and countermeasure performance models.  
These tests would serve as a bridge between the 
reconstructed component of the analysis and the 
simulation runs that generate the data. 
 
 

The computer simulation comprises the validated 
models (driver, vehicle and countermeasure) and 
calibration parameters.  The simulation tool is used to 
simulate driver, vehicle, an
a
driver respon
from the runs are used to estimate the overall effect 
of the ACAT on crash involvement and fatalities for 
each crash type.  
 
Team 2: Lane Departure Collision 
Countermeasure. 
Volvo and Ford, working with the University of 
Michigan Transportation Research Institute 
(UMTRI), are researching Volvo developed Driver 
A
Emergency Lane Assist
monitors lane keeping and curve taking performance 
over long periods of time and warns the driver to take 
a break from driving if performance degrades.  LDW 
uses a camera to detect lane lines and warns the 
driver when the vehicle is drifting out of the lane.  
ELA senses when the driver is making a lane change 
into oncoming traffic that could result in
nd responds automatically to help move ta

back into the lane. 
 
The Volvo/Ford/UMTRI (VFU) approach (2) uses a 
Monte Carlo simulation to generate the data required 
for estimating safety benefits.   Following are the 
steps involved in developing the model: 
 
A detailed investigation of crash circumstances and 
related factors is developed based on a nationally 
representative crash database (in this study GES was 
used).  The VFU team developed a method of 
classifying crashes that results in mutually exclusive 
scenarios that are potentially relevant to ACAT 
countermeasures. This allowed for developing  
scenarios that were as closely tailored as the crash 
data allows to the safety technologies being evaluated 
.the safety technologies are assumed to be r

r crashes in which the subject vehicle wasfo
maneuvering prior to the initiation of the crash 
sequence, i.e. where the lane/road departure appears 
to be unintentional. 
 
Naturalistic driving data from appropriate FOTs 
(Road Departure Crash Warning System Field 
Operational Test (RDCW-FOT)[leBlanc, 2006]) is 
used to assist in assigning initial conditions, and to 
assist in parameterize driver inattention models. 
 
Public road tests, test track tests,

mulator tests are conducted to generate dsi
o
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characterization of vehicle, driver, and environment 
models. 
 
The Monte Carlo simulation model includes a vehicle 
model, an ACAT system model (DAC, LDW, & 
ELA), and a driver model.  All the components of the 
simulation model are validated and calibrated against 
available test data.  This completes the model 
development process. Then the developed model is 

sed to generate data in terms of when crashes are 

s executed with and without the 

pant restraint systems prior to a 
ollision. It addresses safety benefits from the 

d 2005 
ARS are categorized into major accident patterns.  

 test-track tests on driver’s 
action from driving simulator tests.  The reduction 

eam 4: Backing-Collision Countermeasure. 

d control to avoid backing collisions. 

he crash problem size 
tilizing multiple sources like public domain research 

bases like GES, FARS, Special 

nce the technology relevant crash types, scenarios 

. Driver out-of-the-loop Grid Test for Obstacle  

. Naïve driver‐In‐The‐Loop Test of Crash 

u
likely to occur and when there is likely to be no 
crash.  This model i
countermeasure active.  The output from the 
simulation is used to generate an estimate of the  
effectiveness ratio for the technology, and safety 
benefits that given sufficient input could be calibrated 
to represent national statistics. 
 
Team 3: Pre-Collision Safety System (PCS) 
Countermeasure. 
Toyota’s ACAT project develops a safety impact 
estimation methodology (SIM) for a pre-collision 
safety system (PCS) that is designed to mitigate the 
collision impact with obstacles in front of the subject 
vehicle through warning, activation of brake control 
systems, and occu
c
viewpoint of fatality and injury reduction by 
reduction in impact speed. 
 
Accident data from 2005 NASS-GES an
F
Accident patterns applicable to the safety system will 
be selected from the categorized patterns.  A driver 
and vehicle model are used by the SIM to estimate 
the effectiveness of the safety system.  
 
The parameters of the driver model, such as response 
time to warning, are determined from driver 
simulator tests while the vehicle model parameters, 
such as system delay and speed reduction, are 
determined from test track tests.  
 
The reduction in impact speed, with the ACAT 
system active, is determined by overlaying effects of 
ACAT system from
re
in impact speed is then used to estimate reduction in 
fatalities and casualties [Yamanaka, 2006].  These 
effectiveness values are extrapolated to national 
estimates of safety benefits. 
 
T
General Motors, working with the Virginia Tech 
Transportation Institute is researching a Next-
Generation Backing-Collision countermeasure that 

provides levels of information, warning and 
automate
 
The focus of General Motor’s (GM) ACAT Backing 
Crash Countermeasure Program (annual report 1) is 
to characterize backing crashes in the U.S. and 
investigate a set of integrated countermeasures to 
mitigate them at appropriate points along the crash 
timeline, with the objective of estimating the 
potential safety benefit, or harm reduction that this 
countermeasure-set might provide.  The primary goal 
of the SIM is to predict the proportion of certain 
crashes that might be eliminated or mitigated if a 
countermeasure is deployed. 
 
GM’s Safety Impact Methodology (annual report 
2007) begins with estimating t
u
on backing maneuvers, existing GM research, 
national crash data
Crash Investigations (SCI), and NHTSA’s report to 
Congress on backing maneuvers. 
 
The analysis of the crash problem description leads to 
the development of a framework of ten technology 
relevant scenarios (6 representing pedestrian back-
over crashes, 3 representing vehicle-to-vehicle 
crashes, and 1 for vehicle-to-fixed-object crashes). 
 
O
and the countermeasure performance requirements 
are established, objective tests are performed.  As 
part of the ACAT goal, a preliminary set of three 
classes of objective tests were designed. The three 
basic types or classes of objective tests are: 
 
1

Response Performance,  
 
2. Trained driver-in-the loop test for False Alarm 

rate  
 
3

avoidance. 
 
The data from these tests provides information that 
aids in both model construction and model validation. 
The validated model essentially forms the core the 
SIM tool which is a Matlab/Simulink programming 
environment that performs the necessary 
mathematical operations. 
 
The core of the SIM is the Monte Carlo simulation 
process that will extract data from a given set of 
distributions.  The process involves picking values 
from a given distribution for a given iteration, which 
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are obtained from objective tests and other sources of 
data. Each iteration is run several times for a new set 

f parameter values with and without countermeasure 

ee approaches for the 
ur ACAT teams and their components are given 

ework, and provides a 
escription of the implementation of the SIM by the 

o
active to account for the variability in outcomes.  A 
comprehensive set of data is produced for all 
situations which are used in the estimation of safety 
benefits. The main outcome of the safety benefits 
estimation process is the predicted number of crashes 
potentially avoided and injures mitigated annually 
following the deployment of a particular crash 
countermeasure. 
 
ACAT Summary 
A summary comparing the thr
fo
below in Table 1 
 
CONCLUSION AND SUMMARY 
This paper develops a basic framework for Safety 

Impact Methodology (SIM) to estimate potential 
safety benefits of pre-production advanced Driver 
Assistance Systems (DAS), describes three 
approaches for the fram
d
Advanced Crash Avoidance Technologies (ACAT) 
program teams. 
 
Each of the approaches by the four teams exhibits a 
unique and challenging opportunity to assess the 
effectiveness of a countermeasure system.  Given the 
complexity of each of the systems and their 
subcomponents, each process brings with it numerous 
merits.  All four of these projects are still in progress 
so the final step of estimating safety benefits has not 
been completed.  The testing phase of each project is 
almost complete and each of the projects will be 
completed during 2009. 
. 
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Table 1: Comparison of SIM for the four ACAT teams 
 

SIM 
Blocks 

Components Team 1: . 
Advanced Collision 
Mitigation Braking 
System. (ACMBS) 

Team 2: Lane 
Departure 
Collision 
Countermeasure 

Team 3: Pre-
Collision Safety 
System (PCS) 
Countermeasure 

Team 4: Backing-
Collision 
Countermeasure 

D
at

a 
U

sa
ge

 

Archival Data,  
Real world data, 
Corporate body 
of knowledge 
and Technology 
characteristics 

NASS/CDS,  PCDS, 
VTTI data, and 
FARS and GES  
data for an 
Advanced-Collision 
Mitigation Braking 
System 

GES, CDS, 
Highway 
Performance 
Monitoring System 
(HPMS), ,RDCW-
FOT, and data for 
a Lane-Departure 
Prevention System 

GES, FARS and 
Event data 
recorder (EDR) 
for a Pre-
Collisions Safety 
system 

FARS, GES, SCI, 
Public domain 
research, and VTTI 
data for a Backing 
Countermeasure 
System 

Breakdown of 
scenarios,  
Crash 
Characteristics 
and Technology 
relevant 
scenarios 

− vehicle-vehicle, 
rear-end/forward 
impact  

C
as

e 
Sc

en
ar

io
s 

− vehicle-vehicle, 
head-on  

− vehicle-vehicle, 
intersecting paths  

− Single vehicle, 
pedestrian 

 

Inadvertent  lane or 
road departure  

- (Lead vehicle 
stopped(LVS) 
 - Lead vehicle 
decelerating 
(LVD) 

10 scenarios (6 
pedestrian crashes, 
3 vehicle-to-
vehicle crashes, 
and 1 vehicle-to-
fixed-object 
crashes). 
 

O
bj

ec
tiv

e 
T

es
ts

 Driving 
simulator, 
test track and  
Lab/HMI test 
 

Driving simulator 
and lab tests 
involved. Tests 
include guided soft 
Target-vehicle 
impact tests using 
naïve and trained 
driver.  

Driving simulator 
and lab tests 
involved. Naïve 
driver test 
conducted for 
LDW. Trained 
driver tests for 
system validation.  

Driving simulator 
involved. 
Vehicle tests with 
-fixed obstacles 
for system 
performance 
 

Track and public 
road tests involved. 
All 10 scenarios 
tested. Pedestrian 
tests using 
mannequins.  

M
od

el
 

C
re

at
io

n 

 
Model 
definition, 
validation and 
calibration 

Indigenous 
simulation model. 
Cases validated 
against automated 
reconstruction and 
simulation 

Using distribution 
of parameters. 
Model generated 
with Matlab/ 
Simulink/CarSIM 

Model validated 
from test track. 

Matlab/Simulink 
model. Validated 
based on previous 
corporate 
sponsored research 

D
at

a 
G

en
er

at
io

n Digital 
computer 
simulation  and 
simulator 
testing 

 
Reconstructed 
crashes run with and 
without the DAS. 

  
Simulator Testing 
results 

Monte Carlo 
simulation run with 
and without DAS 

 
Monte Carlo 
simulation run 
with and without 
DAS 

C
ou

nt
er

m
ea

su
re

 
Pe

rf
or

m
an

ce
 

A
na

ly
si

s 

Without 
countermeasure, 
With 
countermeasure, 
System 
effectiveness. 

 
DeltaV, Crash, No 
crash, exposure 
ratio, prevention 
ratio 

 
Crash/No, Crash, 
Exposure ratio, 
Prevention ratio 

Crash/ No crash, 
Speed reduction 
Crashes avoided, 
Injuries reduced 

 
Crash/No crash, 
Prevention ratio 
 

Sa
fe

ty
 

B
en

ef
it Safety benefits Crashes, fatalities, 

conflicts , injury 
severity  

Crashes reduced/ 
mitigated 

Crash reduction, 
fatalities and 
injury reduction. 

Crashes 
reduced/ mitigated 
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APPENDIX A 
EVALUATION EXAMPLES 
Estimations of the safety impact of driver assistance 
systems are performed for a wide range of purposes.  
Two of the more common purposes are as part of the 
regulatory analysis for a pending regulatory activity 
and for the evaluation of the safety impact of a 
prototype system as part of a field operational test. 
 
In this Appendix, one example of each of these two 
types of evaluation are discussed in the context of the 
SIM framework. 
 
Regulatory Evaluation [FMVSS #126, 2007]  
This example discusses the Safety Benefits portion of 
the Final Regulatory Impact Analysis for Standard 
No. 126. that requires installation of electronic 
stability control (ESC) systems.  
 
As with most evaluations, the evaluation begins by 
identifying Data that can support the analysis.  In this 
case, the CDS and FARS crash data files were 
determined to be appropriate data sources.  
 
The next step, identifying relevant Case Scenarios, is 
accomplished by comparing the performance 
characteristics of ESC systems with crash 
characteristics from the crash data files.  This 
comparison led to the conclusion that there are two 
main types of crashes that are addressed by ESC 
systems: single-vehicle crashes and a subset of 
single-vehicle crashes where the first-harmful-event 
is a rollover.  The system performance characteristics 
for this evaluation were obtained by testing 
commercially available systems.  
 
ESC systems have been installed on vehicles for 
enough years that there is now a history of crash 
results with these systems.  This evaluation makes 
use of the available crash data for vehicles that are 
equipped with compliant ESC systems.  Availability 
of crash data for vehicles with the system is one 
feature of this evaluation that distinguishes it from 
the evaluation in the ACAT program.  In the ACAT 
methodology it is necessary to have computer 
models, or equivalent tests, that are used to create a 
data base for the evaluation.  In the case of this 
evaluation, the available crash data serves that 
purpose.  Thus, in the framework shown in Figure 1, 
the Objective Test, Model Creation and Data 
Generation activities are replaced by the combination 
of crash data for vehicles with ESC systems and 
vehicles without ESC systems. 
 
The Countermeasure Performance analysis consists 
of estimating system effectiveness through use of the 

available crash data.  The effectiveness estimation 
uses the form of the Benefits Equation described in 
Equation 5 of Appendix B. 
 
In this evaluation the measure of exposure that has 
been selected is the number of “non-relevant crash 
involvements” for each group of vehicles (those 
without ESC and those with ESC [Dang 2007].   
 
The Countermeasure Performance Analysis in this 
evaluation concludes with values of effectiveness in 
preventing single-vehicle crashes and single-vehicle 
crashes with rollover as the first-harmful-event for 
passenger cars.  The analysis also includes similar 
results for fatal crashes and for light-truck and van 
type vehicles.  The two values of effectiveness for 
passenger cars are: 
 

SEPC = 34 % 
SEPC/ Rollover = 71 %. 

 
The final step in the SIM is to combine estimates of 
effectiveness with the size of the problem to obtain 
the estimate of safety benefits.  This analysis 
concluded that in the year 2011 when the requirement 
for installation of ESC goes into effect, there will be 
142,000 relevant single-vehicle passenger car crashes 
and 33,700 relevant single-vehicle passenger car 
crashes with rollover as the first-harmful-event.  Thus 
the annual safety benefits of introducing this 
requirement are the reductions in these numbers that 
will occur due to installation of ESC.  The evaluation 
concludes that these passenger car benefits are 
48,400 single-vehicle crashes and 21,100 single-
vehicle passenger car crashes with rollover as the 
first-harmful-event. 
 
Field Operational Test [Najm, 2006]  
This evaluation uses data that was generated during a 
field operational test of a rear-end crash warning 
system [Zador, 2000].  In this analysis, the GES and 
CDS crash data files were determined to be 
appropriate crash data sources to complement the 
field data from the operational test.  
 
Relevant Case Scenarios were determined by 
comparing the performance characteristics of the 
ACAS with crash characteristics from the crash data 
files.  This comparison led to the conclusion that 
there are three main types of crashes addressed by the 
ACAS.  They are: 
 

1.  Lead-vehicle stopped 
2.  Lead-vehicle moving at lower constant speed 
3.  Lead-vehicle decelerating  
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These three primary scenarios were subdivided 
further by the type of driver response and the speed at 
the time of the event.  There are two basic driver 
responses: brake or steer.  The speeds (V) were 
grouped into three ranges:  V < 25 mph, 25 mph < V 
< 35 mph, V > 35 mph.  Thus, there are a total 18 
scenarios to be evaluated. 
 
The evaluation uses the form of the Benefits 
Equation shown in Equation 7 of Appendix B.  In this 
form, the effectiveness in each scenario is a 
combination of the Exposure Ratio and the 
Prevention Ratio.  The Exposure Ratio quantifies the 
change in rate of exposure to conflicts that results 
from introduction of the ACAS; and the Prevention 
Ratio quantifies the change in number of crashes that 
occur as a consequence of the conflict.  Thus, the 
estimation of effectiveness consists of estimating 
these two ratios.  The data for estimating the 
Exposure Ratio comes directly from the FOT data.  
The evaluation uses two conflict types (Conflict and 
Near-crash) and two intensity levels (Low intensity 
and High intensity) as the basis for determining 
Exposure Ratio.  However, during the test program, 
none of the vehicles experienced a crash; a limitation 
that is common to most FOTs.  Therefore, it was not 
possible to estimate the Prevention Ratio directly 
from the FOT data.  To circumvent this shortcoming, 
the evaluators utilized a model of the relative motion 
between vehicles during braking and overtaking 
scenarios.  Details of the distributions of parameters 
in the model are discussed below.  The model was 
used in a Monte Carlo simulation to create a database 
that could be used to estimate values of Prevention 
Ratio.  The Countermeasure Performance analysis 
utilized the formulation of the Benefits equation that 
is based on values of the Exposure Ratio and the 
Prevention Ratio in each scenario.  The list of 
scenarios discussed above shows that the range of the 
summation for estimating system effectiveness is 1 ≤ 
i ≤ 18.  In summary, the Data Generation activity 
included both the data gathered during the FOT and 
data generated by the Monte Carlo simulation. 
 
The Countermeasure Performance Analysis in this 
evaluation consists of estimating the value of the 
Exposure Ratio and the Prevention Ratio for each of 
the 18 crash scenarios.  The values of Exposure Ratio 
were calculated directly from FOT data.  The model 
mentioned above was used in a Monte Carlo series of 
simulations to estimate the change in number of 
crashes, and hence the value of Prevention Ratio.  
Initial conditions for the simulations were taken from 
the FOT data, but distributions of parameters such as 
level of deceleration and time-to-collision at the time 
of brake application were taken from the literature.  

The results of the Countermeasure Performance 
Analysis are summarized in the following table for 
the seven scenarios that showed statistically 
significant improvements with ACAS.  These are the 
only scenarios that were used to estimate system 
effectiveness. 
 

ACAS Effectiveness Estimation 
Scenario Avoidance 

Maneuver 
Speed 
(Mph) 

Ei Nwoi 
/ Nwo

SE 
Component 

LVS Brake V>35 0.14 0.05 0.68% 
LVM Brake V<25  0.73 0.03 2.09% 
LVM Steer V>35 0.21 0.00 0.01% 
LVD Brake V>35 0.18 0.26 4.60% 
LVD Steer V>35 0.21 0.01 0.23% 
LVS Brake 25<V<35 0.29 0.03 0.99% 
Net System Effectiveness = 8.60% 
 
The final step in the SIM is to combine estimates of 
effectiveness with the size of the problem to obtain 
the estimate of Safety Benefits.  From GES it is seen 
that there are 1,791,000 police-reported rear-end 
crashes annually.  These are distributed between the 
three primary scenarios as follows: 
 

LVS: 28% 
LVM: 8% 
LVD: 61%  
 

There are also approximately 2,149,000 unreported 
rear-end crashes annually, making a total problem 
size, Nwo, of 3,940,000 crashes.  Combining this 
problem size with the system effectiveness of 8.6 % 
leads to the conclusion that the ACAS could help 
prevent 340,000 rear-end crashes per year.  The 
evaluation includes additional details of confidence 
intervals and ranges of possible benefits that are not 
discussed in this short summary. 
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APPENDIX B 
SUMMARY OF EQUATIONS FOR 
ESTIMATING SAFETY BENEFITS  
The purpose of the SIM is to implement the Benefits 
Equation for the estimation of number of crashes 
prevented by the ACAT countermeasure, and provide 
extensions for estimation of impact on level of injury.  
Although there are many formulations, they all are 
based on the fundamental definition of benefits 
[Burgett, 2008]: 
 

WWO NNB −=                                 (1) 
 
Where, 
 
B = benefits, (which can be the number of crashes, 

number of fatalities, “harm,” or other such 
measures). 

 
Nwo = value of this measure, (for example, number of 

crashes) that occurs without the system. 
 
Nw = value of the measure with the system fully 

deployed. 
 
The value of Nwo is usually known from crash data 
files, but Nw is not known for pre-production or early-
production systems.  Thus, it is necessary to estimate 
the effectiveness of a countermeasure and combine it 
with the known value of Nwo, as shown in the 
following 
equation5: 
 

SENB WO ×=                                     (2) 
 
Where, 
 
SE = effectiveness of the system, and  
 
Nwo = size of the problem. 
 
An extension of this idea is that the overall benefits 
consist of the sum of benefits across a number of 
specific scenarios: 
 

∑ ×=
i

iWO ENB
i

                                   (3) 

 
Where, 
 
“i” = individual scenarios. 
 

Ei = effectiveness of the system in reducing the 
number of crashes in a specific crash-related 
scenario 

 
Nwoi = baseline number of crashes in individual 

scenario “i” 
 
Bi = the benefits in each of the individual scenarios. 
 
From expressions (2) and (3), system effectiveness 
can be written as: 
 

∑ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×=

WO

WOi
i N

N
ESE                         (4) 

 
 
An extension of Equation 4 is needed when the 
source of estimates of the number of crashes without 
the system is not the same as the source of estimates 
with the system.  In this case the relative exposure 
between the two sources needs to be included.  This 
extension is expressed in the form: 
 

WOiWOi

WiWi
i XN

XN
E ~~

~~
1~ −=                                            (5) 

Where, 
 
Nwoi = baseline number of crashes in individual 

scenario “i” 
 
Nwi = number of crashes with the system for 

individual scenario “i” 
 
Xwi = Exposure with the system for individual 

scenario “i” 
 
Xwoi= Exposure without the system for individual 

scenario “i” 
 
and the “~” is used to emphasize that these are 

estimates. 
 
Commonly used measures of exposure include 
vehicle miles traveled (VMT), number of registered 
vehicles, or other indirect measures. 
 
A second extension is needed if the number of 
conflict events varies within a scenario.  A modified 
version of Equation 5 that accommodates non-
uniform exposures is given by: 
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Where,  
 
Swoi = number of conflicts that occur without the 

system for scenario “i” 
 
Swi = number of conflicts that occur with the system 

for scenario “i” 
 
VMTwoi = the exposure (VMT is used in this 

expression) that occurs without the system for 
scenario “i” 

 
VMTwi = exposure that occurs with the system for 

scenario “i” 
 
It can be seen that this expression for the estimate of 
effectiveness is composed of rates of crashes per 
conflict (Prevention Ratio) and rates of conflicts per 
unit of exposure (Exposure Ratio). 
 
In this form, the expression for effectiveness is 
written as: 
 

( iii PRERE ×−= 1 )~
                           (7) 

 
Where, 
 
ERi = Exposure Ratio for the specific scenario “i”. 
 
PRi = Prevention Ratio for the specific scenario “i”. 
 
This is the expression for Ei that is included in 
Equation 4 for system effectiveness. 
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ABSTRACT 
 
Over the past several years, there has been seen an 
increasing popularity of side-by-side utility and 
recreational vehicles (also referred to as UTVs and 
ROVs), which resemble road-going passenger 
vehicles more so than typical ATVs due to 
bench/bucket seats, safety belts, steering wheels, etc.  
Some of these perceived safety advances over 
standard ATVs are reasons for their increased 
popularity.  Therefore, it is important to begin using 
basic passenger car vehicle dynamics knowledge and 
testing techniques to enhance the safety of these 
vehicles by making them perform more like road-
going vehicles in terms of both directional stability 
and rollover resistance. 
 
Recent research by The Engineering Institute has 
resulted in a quantification of the performance 
aspects of a typical side-by-side using standard 
automobile tests such as SAE J266, ISO Avoidance 
Maneuvers, J-turns, and a slalom course.  Simple 
vehicle modifications were also performed that 
dramatically improved the performance of the vehicle 
through the same maneuvers. 
 
This paper will discuss the results of both the testing 
on the standard and modified vehicle.  Data from the 
testing will be presented, and the vehicle 
modifications will be illustrated.  Conclusions will be 
made detailing the effectiveness of using basic 
passenger car vehicle dynamics principles at 
drastically improving the safety of side-by-sides.    
 
INTRODUCTION 
 
Understeer, oversteer, static stability, and dynamic 
rollover resistance are basic principles of vehicle 
dynamics understood by engineers with a vehicle 
dynamics background.   
 
Analysis of a vehicle’s understeer or oversteer 
tendency is a good first approximation of a vehicle’s 
directional controllability.  In fact, SAE J266, the 
standard which describes the test methods for 
determining and quantifying the understeer or 
oversteer of a vehicle is entitled Steady-State 
Directional Control Test Procedures for Passenger 

Cars and Light Trucks.  The scope of this document 
states that, “This SAE Recommended Practice 
establishes consistent test procedures for 
determination of steady-state directional control 
properties for passenger cars and light trucks with 
single axles.” [1] 
 
ISO 4138, Passenger cars—Steady-state circular 
driving behavior—Open-loop test methods, echoes 
this in its scope by saying, “This International 
Standard specifies open-loop test methods for 
determining the steady-state circular driving 
behaviour of passenger cars…, such behaviour being 
one of the factors comprising vehicle dynamics and 
road-holding properties.” [2] 
 
The static stability of a vehicle has long been 
recognized as a good first order approximation, albeit 
a conservative one, of a vehicle’s rollover resistance.  
The National Highway Traffic Safety Administration 
(NHTSA) has described it as a “primary means” of 
determining the risk of rollover [3]. 
 
A vehicle’s static stability is just that, static.  
Dynamic rollover resistance addresses the dynamic 
stability of a vehicle including suspension effects by 
testing the vehicle through various maneuvers 
including maneuvers which are considered limit-
handling maneuvers. 
 
VEHICLE TESTING 
 
Typical Passenger Cars/Light Trucks 
 
The majority of road-going vehicles exhibit linear-
range and limit understeer when tested in accordance 
with SAE J266.  These vehicles usually show a 
distinct upturn in the understeer gradient, measured 
by plotting the wheel angle in degrees versus the 
lateral acceleration corrected for the vehicle roll 
angle and taking the slope, as the vehicle nears the 
limits of tire adhesion.  If the front tires of the vehicle 
reach their tractive limits prior to the rear, the vehicle 
understeers. 
 
Figure 1 shows plots for a typical passenger vehicle 
which exhibited limit understeer during a clockwise 
and counterclockwise constant radius, slowly 
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increasing speed test.  Note that the slope is positive 
throughout the range of handling with a distinct 
increase in its positive slope up to the point that the 
tires have saturated, and the test driver is no longer 
able to keep the vehicle on path, the termination 
condition for the test. 
 
For the tests plotted below, the vehicle was tested on 
an approximately 40 m radius circle. 
 

Understeer Gradient

0

2

4

6

8

10

12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

lat accel (g's)

w
he

el
 a

ng
le

 (d
eg

)

 
Understeer Gradient

-12

-10

-8

-6

-4

-2

0
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

lat accel (g's)

w
he

el
 a

ng
le

 (d
eg

)

 
Figure 1. Understeer gradient plots for a typical 
passenger vehicle. 
 
NHTSA has published data concerning the static 
stability in the form of the static stability factor.                      

SSF =
1
2
fffTrackwidth

CG Height
ffffffffffffffffffffffffffffffffffff                      (1) 

NHTSA’s data shows a range from 0.95 for the 1992-
2000 Mitsubishi Montero 4dr, 4X4 to nearly 1.8 for 
the previous generation Corvette. 
 
With regards to dynamic rollover resistance, some 
road-going vehicles have been made to tip in limit-
handling maneuvers at high lateral accelerations (0.8 
g’s +). 
 
Side-by-Side Recreational Vehicle 
     Static Analysis-A side-by-side recreational 
vehicle was tested by The Engineering Institute.   
 
Firstly, the vehicle was tested in order to determine 
its static stability factor, as a means of determining 
how it compared to the road-going vehicles 

previously tested by NHTSA.  The center of gravity 
height of the vehicle was determined by locking the 
suspension and placing the vehicle on a tilt-table.   
 The protocol used was as follows: 
• Document the vehicle “as received.” 
• Determine loading configurations to be tested. 
• Place dummies and cargo (if applicable) in the 

vehicle to simulate the loading configurations. 
• Measure shock/spring or strut/spring length at 

ride height for each loading configuration. 
• Measure the track width for each. 
• Fabricate adjustable suspension rods to fix the 

ride height at the measured values. 
• Load the vehicle to the desired loading 

configuration and set the suspension rod to the 
corresponding length. 

• Place the vehicle on the tilt table with the leading 
tires on the high friction surface and their edges 
against the wooden 11/16” high curb. 

• Tether the trailing edge of the vehicle to the table 
so that the trailing tires can lift from the 
platform, but do not allow the vehicle to tip all 
the way over. 

• Raise one side of the platform until both of the 
trailing tires lift from the platform. 

• Document the angle at which this lift occurred. 
• Perform at least two tests passenger side leading 

and two tests driver’s side leading. 
• If data is not consistent, perform additional tests. 
 
The test vehicle was tested in four configurations.  
These were vehicle only, vehicle plus 73 kg water 
dummy in the driver’s seat, vehicle plus 73 kg water 
dummies in both the driver’s and passenger’s seat, 
and vehicle plus two 73 kg water dummies and cargo 
placed in the bed up to GVWR.  
 
The results of the static testing are summarized in 
Table 1. 

Table 1. 
SSF test results. 

Configuration 
Avg CG 
Height 
(mm) 

Average SSF 

Vehicle Only 622 0.88 

Vehicle Plus 73 kg 
Driver 693 0.79 

Vehicle Plus 73 kg 
Driver and 
Passenger 

719 0.77 

GVWR 790 0.71 
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Two things of note from the above table are that (1) 
the unloaded SSF of this vehicle is lower than that of 
any road-going vehicle as reported by NHTSA, and 
(2) the low curb weight of this type of vehicle results 
in passenger loading having a large effect on the 
static stability of the vehicle. 
  
     Dynamic Analysis-A vehicle whose static 
stability predicts tip-up at acceleration levels of less 
than 0.9 g’s has a high risk of a rollover on a flat, 
level surface.  In order to assess this, dynamic testing 
was carried out on the vehicle.  The photograph 
below shows the vehicle prepared for dynamic 
testing. 
 

 
Figure 2.  Test vehicle as prepared for testing 
(Yamaha Rhino 450). 
 
To determine understeer/oversteer characteristics 
SAE J266: Steady State Directional Control Test 
Procedures for Passenger Cars and Light Trucks [1] 
constant radius, slowly increasing speed circle test 
was used as a test basis.  These tests were conducted 
in both the clockwise and counterclockwise 
directions.  J266 recommends a minimum radius of 
approximately 30.5 m.  However, due to the lower 
top-end speed of these vehicles, this radius was 
reduced to 15.25 m for this testing, resulting in a 30.5 
m diameter circle.  This diameter is in agreement 
with the Consumer Product Safety Commission’s 
recommended use of a 30.5 m diameter circle test for 
ATV analysis to determine both the “maximum 
dynamic lateral acceleration in a turn” and the 
vehicle’s understeer and oversteer characteristics in 
their All Terrain Vehicles (ATVs) Project Status 
Report, February, 2008 [4].   
 
Though the steady state circle test is a good indicator 
of the amount of understeer designed into the vehicle, 
it is not very representative of any real world 
dynamic driving maneuvers.  Therefore, dynamic 

maneuvers were also performed to evaluate the 
transient dynamics of the vehicle.  The purpose was 
to subject the vehicle to maneuvers to evaluate the 
non steady-state handling characteristics of the 
vehicle.  The standard maneuvers chosen were 
avoidance maneuvers, step-steers, and slalom 
courses.  A non-standard maneuver which was also 
evaluated was a U-turn from a stop or from a slow 
rolling speed. 
 
The vehicle was driven at various speeds through an 
accident avoidance maneuver.  The avoidance 
maneuver was patterned after the ISO International 
Standard 3888-2 Passenger cars — Test track for a 
severe lane-change manoeuvre —Part 2: Obstacle 
avoidance [5].  The width measurements for this 
course are based on vehicle width.  Figure 3 shows 
the track and dimensions.  As shown in the figure, the 
driver operates the vehicle through Section 1 in the 
direction marked by the number 6.  As the driver 
enters Section 2, he/she steers left then right to enter 
the offset Section 3 (i.e. avoid an obstacle in the path 
of Section 1).  At the end of Section 3 as the vehicle 
is entering Section 4, the driver steers right then left 
to enter Section 5. 
 

 
Figure 3.  ISO avoidance maneuver illustration 
and dimensions. [5] 
 
The ISO standard calls for the vehicle throttle (gas 
pedal) to be released at the entrance speed at the 
timing strip.  Due to the large amount of drag and 
engine braking with this vehicle, at the timing strip, 
the vehicle was shifted into neutral as the throttle was 
released.  After the throttle release, the driver steers 
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left then right to enter the offset lane.  At the end of 
the offset lane, the driver steers right then left to 
reenter the last lane.  The standard states: The 
obstacle avoidance manoeuvre is a dynamic process 
which involves rapidly driving a vehicle from its 
initial lane to another lane parallel to the first, and 
returning to the initial lane, without exceeding lane 
boundaries. The objective is to have the vehicle reach 
a certain sequence of alternate high, lateral 
accelerations such that the vehicle's lateral dynamics 
can be evaluated.   
 
A second maneuver used was a step steer maneuver 
with various speeds.  During this maneuver the driver 
reached the target speed and rapidly applied the 
predetermined steering angle and then held the 
steering and throttle constant.  180 degree and 270 
degree target step steers were conducted at various 
speeds.  The step steer test is patterned after ISO 
7401, Road vehicles — Lateral transient response 
test methods — Open-loop test methods [6]. 
 
A third maneuver was based on the slalom maneuver 
used by Chrysler.  Due to the relatively low top speed 
of this vehicle, the spacing between cones in the 
slalom was set to 15.25 m. 
 
A non-standard maneuver used for vehicle evaluation 
was a U-turn accelerating from a stop and from low 
speeds.  During this maneuver, the driver accelerated 
while turning the steering wheel sharply to complete 
a U-turn. 
 
The testing was conducted on flat, level concrete for 
repeatability and comparison purposes as well as a 
grass surface. 
  
     Circle Testing Analysis-During the circle testing, 
the side-by-side exhibited both understeer and a 
transition to oversteer.  This transition placed a high 
burden on the driver, as constant corrective steering 
in the form of a reduction in the steering angle was 
necessary to keep the vehicle on path.  The vehicle 
would suddenly lose rear grip at which time the yaw 
rate would quickly increase (see Figure 4) and the 
driver would have to arrest this with counter-steer.  
This made the vehicle highly unpredictable.  Test 
video shows the driver constantly sawing the steering 
wheel to remain on radius.   
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Figure 4.  Yaw rates from circle test. 
 
After the test data was processed, understeer plots 
were generated.  These plots clearly show just how 
unpredictable and directionally unstable the vehicle 
is.  The plots also indicate that the vehicle is 
beginning the transition to an oversteer vehicle at 
very low lateral accelerations of 0.25 g’s, a value that 
is typically still considered the steady-state range of 
vehicle operation. 

 
Figure 5.  Understeer gradient plot showing 
transition to oversteer at 0.25 g’s and terminal 
oversteer. 
 
Not only did the vehicle exhibit directional instability 
in the circle testing, the vehicle even tipped onto the 
outriggers during the circle testing.  As seen from the 
above plot, the maximum lateral acceleration attained 
in the testing was less than 0.65 g’s. 
  
     Obstacle Avoidance Testing Analysis-The 
avoidance maneuver showed similar results to those 
seen in the circle testing.  The vehicle exhibited a 
sudden loss of grip at the rear (indicated on the plots 
by the high yaw rates as shown in Figure 6 for 
example) and if this was not arrested, the vehicle 
tipped.  The tips in the avoidance maneuver occurred 
at a similar lateral acceleration as in the circle test 
with a value of 0.67 g’s. 
 

Transition to oversteer 
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Avoidance Maneuver Rates
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Figure 6.  Plot of rates (yaw rate in red) from an 
avoidance maneuver that resulted in rollover. 
 

Avoidance Manuever Speed, Lateral Accleraion, and Roll Angle
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Figure 7.  Avoidance maneuver plot showing 
speed, lateral acceleration, and roll angle. 
 
     Step-Steer Testing Analysis-The step-steers 
resulted in tip-ups at the lowest lateral accelerations 
of any of the tests.  Tip-up occurred in 8 of the 18 
step steer tests performed on the first day of testing 
with lateral accelerations as low as 0.55 g’s, an 
extremely low lateral acceleration to cause tip-up. 
 
Figure 8 shows this.  Note that the speed at tip is 
around 14 mph (22.5 kph). 
 

Step Steer Speed, Lateral Acceleration, and Roll Angle
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Figure 8.  Step steer test data.   

 
     Slalom Testing Analysis-During the slalom test, 
the dynamics echoed those from the circle and 
avoidance maneuvers.  The vehicle exhibited 
oversteer during the mauever, and could be made to 
drift around the cones.  Tip occurred in these tests at 
0.57 g’s.   
  
     U-Turn While Accelerating Testing Analysis-
During this type of test, the vehicle tipped onto the 
outriggers at a lower speed than in any other tests, 
approximately 19 kph (12 mph).  Tip occurred 
consistently in the lateral acceleration range of 0.57 
to 0.63 g’s. 
  
     General Analysis of Dynamic Testing-The 
dynamic testing revealed a two-part instability with 
the vehicle.  The vehicle consistently showed a loss 
of directional stability due to a loss of grip at the rear 
tires sometimes followed by a tip-up of the vehicle 
onto two wheels or completely onto the outriggers.  
 

  
Figure 9.  Frame capture from vehicle testing 
showing onset of loss of directional stability 
characterized by a lifting of the inside rear tire 
(the green is speed in mph). 
 
As was felt by the test driver, and is easily seen 
during the maneuvers and in Figure 9, the loss of rear 
grip is instigated by a lifting of the inside rear wheel 
during a turning maneuver.  This indicates that the 
rear of the vehicle is too stiff in relation to the front.  
The 2000 Edition of the SAE Manual on Design and 
Manufacture of Torsion Bar Springs and Stabilizer 
Bars [7] warns against a rear-only stabilizer bar.  The 
manual states that, “Stabilizer bars are generally 
installed on both front and rear suspensions or in 
front suspension only.  Use of a stabilizer bar on the 
rear suspension only can sometimes have an adverse 
effect on vehicle handling.  Such installations should 
be tested under severe cornering conditions to ensure 
the desired handling characteristics.” 



 
Roberts, 6 

The use of the anti-sway bar on the rear of the vehicle 
is mandated by the rear-drive.  The rear drive of the 
test vehicle does not employ a differential, rather the 
axle shafts are splined and both shafts are driven at 
the same angular speed.  This configuration would 
result in heavy tire scrub and understeer while 
cornering if not for the anti-sway bar being used to 
unweight and lift the inside tire.  This lifting of the 
inside rear wheel is highly derogatory to the vehicle 
handling. 
 
Appendix A is a summary table of the first set of the 
standard vehicle testing. 
 
     Vehicle Modifications-The vehicle was modified 
with a two-fold purpose.  The goals were (1) to 
increase the directional stability and (2) to increase 
the rollover resistance.  A secondary aim was to 
achieve these goals with as simple vehicle 
modifications as possible. 
 
Simple vehicle dynamics principles were employed 
to accomplish these goals.  In order to increase the 
directional stability, it was known that the roll 
stiffness balance needed to be altered to reduce that 
of the rear of the vehicle in relation to the front.  To 
accomplish this, it was decided that the rear anti-
sway bar must be removed.  As discussed earlier, 
severe tire scrub and understeer would result if this 
was the only modification made.  Therefore, a 
modification to the rear-drive had to be made as well.  
The test vehicle is a four-wheel-drive model which 
employs a front differential.  The front differential 
was taken from another vehicle and mounted on the 
rear of the test vehicle. 
 
In order to increase the rollover resistance, there were 
two basic options as evident from Equation 1.  The 
center of gravity height could be lowered or the 
trackwidth could be widened.  The second option was 
easy to perform as aluminum wheel spacers are 
currently on the market for this type of vehicle.  In 
fact, the website from which the spacers were ordered 
advertised them as increasing the cornering stability.  
The spacers are approximately 5 cm wide.  Two 
spacers were added at each corner giving a little over 
20 cm increase of the front and rear trackwidth.  The 
modifications are shown below. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Modifications to the test vehicle. 
 
     Modified Vehicle Dynamic Testing Analysis-
The vehicle modifications drastically improved the 
vehicle stability.  The vehicle was much more 
directionally stable and predictable.  The rollover 
resistance was also greatly improved.  
 
The modified vehicle performed dramatically better 
in the circle testing.  The vehicle exhibited linear 
range understeer with the understeer increasing until 
the test was terminated with limit understeer in both 
directions.  The vehicle did not tip onto the outriggers 
in either test.    
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Modified Vehicle
Understeer Gradient (Wheel Angle vs Lateral Acceleration)
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Figure 11.  Circle test data plot for the modified 
vehicle. 
 
The alternative design performed significantly better 
in the 15.25 m slalom testing.  The vehicle had 
successful runs through the course with recorded 
lateral accelerations of 0.43, 0.64, and 0.83 g’s with 
no tips onto the outriggers.  During the slalom, the 
standard vehicle rolled over at 0.57 and 0.62 g’s.  The 
alternative design required 0.85 g’s to rollover.  The 
alternative design rolled over on the fourth steer after 
the roll momentum had built up throughout the 
maneuver.  0.85 g’s is a 49% increase over 0.57 and 
is a 37% increase over 0.62 g’s.  Further tuning of the 
suspension system through spring rate modifications 
would likely eliminate rollover. 
 
The alternative design did not roll over in any of the 
180 degree left step steers even with lateral 
accelerations as high as 0.87 g’s with a corresponding 
entrance speed of 51.5 kph.  The standard design did 
rollover at 0.68 g’s in the 180 degree left step steer.  
The alternative design did roll over onto the 
outriggers at 0.88 g’s in the 270 degree left step steer 
with and entrance speed of 29 mph.  The standard 
configuration rolled over at only 16 mph with a 
lateral acceleration of 0.68 g’s.  A 0.88 g rollover 
threshold equates to a 29% increase over 0.68 g’s. 
 
The alternative design did not roll at all in any of the 
four U-turn tests; whereas, the standard design rolled 
over in 11 out of 12 tests with speeds of 
approximately 19 kph at the time of rollover. 
 
Appendix A shows a summary of the modified 
testing. 
 
CONCLUSIONS 
 
The following conclusions were made based on the 
dynamic testing of the side-by-side vehicle. 

Testing revealed the standard configuration side-by-
side is directionally unstable characterized by a 
transition to severe oversteer at lateral accelerations 
as low as 0.25 to 0.3 g’s.   
 
A variety of test maneuvers on concrete and on grass 
demonstrated that this vehicle will roll over from 
driver steering inputs at low lateral acceleration 
levels. Testing demonstrated rollovers at lateral 
accelerations as low as 0.55 g’s.  This rollover 
threshold is very low and can easily be exceeded 
even during proper use of the vehicle. 
 
Testing of the alternative design showed that simple 
design changes greatly increased the directional 
stability.  The alternative design showed a drastic 
improvement in the rollover threshold of this vehicle 
as well with lateral accelerations as high as 0.87 g’s 
on concrete not resulting in rollover. 
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ABSTRACT 
 
Research efforts on crashworthiness and safety 
assessment of paratransit buses were initiated and 
subsequently supported by the Florida Department of 
Transportation over the past ten years.  They 
gradually evolved from computational mechanics 
feasibility studies using non-linear finite element 
(FE) methods to an industry standard implemented 
in the state of Florida in August 2007.  Paratransit 
buses sold in Florida can now be evaluated for safety 
per the state standard based on either experimental 
testing or on rigorous computational mechanics 
analysis with validated FE models.  Verification and 
validation (V&V) process is based on multi-scale 
laboratory testing including: material 
characterization, wall panel and connection tests, and 
testing of the entire bus.  Validated FE models are 
subsequently used to provide a comprehensive safety 
assessment of the entire vehicle.  
  
Two accident scenarios, identified as critical and 
dangerous by bus manufacturers and operators 
in the United States, are rollovers and side impacts.  
Rollover assessment for paratransit buses is based on 
a tilt table test.  It was adopted for 
the Florida Standard from the UN-ECE Regulation 
66 (R66) [1].  In addition, a side impact evaluation 
was introduced due to a significant segment of large 
SUVs and pickup trucks among all vehicles sold 
in the US.  Penetration of the residual space is used 
as a failure criterion in both tests.   
 
The computational track of the assessment program 
supported by the laboratory validation experiments is 
presented in the paper.  A new method of safety 
margin assessment in the rollover test based on 
angular deformations of the bus cross section is 
introduced.  The program has been well received and 
is now partially supported by the bus industry.   

INTRODUCTION 
 
Paratransit buses are defined as small buses that have 
a maximum capacity of 22 passengers.  Production 
and use of paratransit buses has increased 
dramatically after 1990 since the Americans with 
Disabilities Act (ADA) [2] was introduced.  The Act 
defines paratransit buses through their function as 
a complementary service for regularly scheduled 
routes.  According to ADA - paratransit buses shall 
be able to transport at least two disabled passengers 
in their wheelchairs with the use of lifts to assist with 
the loading and unloading of disabled passengers.  
In addition to their smaller passenger capacity and 
different functions compared to a typical bus, 
paratransit buses also vary in their structure and 
construction methods.  Unlike the monolithic 
construction of a larger bus, a paratransit bus is built 
in two distinct stages.  First, the chassis and driver 
cab are produced by a major U.S. automotive 
manufacturer, most commonly: Ford or GM.  
In the second stage, smaller companies (called body 
builders) construct and attach a complete passenger 
compartment (including all necessary interior 
equipment) to the chassis.   
 
The Federal Motor Vehicle Safety Standards 
(FMVSS) define a bus as a motor vehicle with 
motive power, except a trailer, designed for carrying 
more than 10 passengers.  The separate group 
standardized by FMVSS code pertains to the school 
buses.  FMVSS does not recognize paratransit buses 
as a special group of vehicles.  Per FMVSS a bus 
can be either a school bus or “other type of bus” and 
there is no exceptional treatment of paratransit buses 
by the standards [3].  The review of national and 
worldwide standards indicates that paratransit buses 
with their Gross Vehicle Weight (GVW) often 
exceeding 10,000 lb and specific way of two-step 
assembly process make them unique in the existing 
crashworthiness related regulations.  Among US 
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standards,  the FMVSS 208 [4] is the only code 
which provides specific requirements that can be 
applied exclusively to driver’s seat in the bus.  
At the same time production of passenger cars and 
school buses is strictly guided by several FMVSS 
standards and other Regulations: [5], [6], [7], [4], [8].  
As a result, elderly and disabled passengers of 
paratransit buses, who need protection the most, are 
exposed to greater peril than passengers of other 
types of vehicles.   
 
The Fatality Analysis Reporting System (FARS) 
developed by the National Highway Traffic Safety 
Administration (NHTSA) also does not distinguish 
a separate group of paratransit buses and places them 
in the group of “other buses”.  For that reason, 
detailed accident statistics regarding the performance 
of paratransit buses are scarce due to their common 
inclusion within a more general bus category 
in overall crash statistics.  The communication with 
the Florida Department of Transportation (FDOT) 
representatives reveals that paratransit bus accidents 
do not happen too often.  The FDOT indicates 
however, that the structural strength of paratransit 
buses is unpredictable and scattered due to different 
construction techniques and configurations used for 
the bus body structure.  Structure of buses produced 
by the same manufacturer can differ from one 
another depending on the modifications required by 
local bus operators.  Such modifications are rarely 
examined due to the high cost of experimental tests.  
Yet, the purchase of the new buses must be guided by 
both safety and economical reasons.   
 

 
Figure 1.  An example of a severe side impact 
accident between a mid size passenger car and 
a paratransit bus in Orange County, 
California (Courtesy: Orange County Register). 
 
Figure 1 shows an illustration of a side impact 
accident involving a paratransit bus and a mid-size 
passenger vehicle.  The fiberglass-based bus body 
was barely reinforced by the steel structure and 

turned out to be a very weak design solution 
in the impacted bus.  As a result, the impact caused 
a disproportional damage to the bus.   
 
Due to growing size of a paratransit fleet, the FDOT 
expressed its desire to increase passive safety for 
Florida paratransit buses in these types of accidents 
(side impact and rollover).  The FDOT requested and 
sponsored the development of a new methodology 
that could be used for the bus testing and approval 
purposes.  The main objective of the testing 
procedure was to indicate which buses are evidently 
weaker and more susceptible to excessive damage 
during the impacts.  A multilevel research conducted 
under the FDOT sponsorship resulted in introduction 
of the crashworthiness assessment program [9] 
developed by the Crashworthiness and Impact 
Analysis Laboratory (CIAL).  The program utilizes 
the experiences from computational mechanics 
studies, expertise of the FDOT, input from industry, 
and present and past regulations and standards.   
 
This paper is a continuation of the work presented 
earlier at the EVS Conference in 2007, [10].  
Ongoing research performed by CIAL resulted 
in the enhancement of the V&V procedures for bus 
rollover simulations, further development of 
the testing facility for rollover test approval, and 
in the development of new FE bus models.  Multiple 
computational mechanics analyses and experimental 
tests performed by the CIAL and the FDOT resulted 
in valuable findings in the bus rollover safety 
research.  The new safety lever rating system is 
presented in the paper as an outcome of 
the performed work. 
 
CRASH AND SAFETY TESTING STANDARD 
 
The Crash and Safety Testing Standard was initially 
described in the [9].  The complete standard [11] 
became a part of a former Florida Vehicle 
Procurement Program (FVPP), which has been  
recently transformed into the Transit-Research-
Inspection-Procurement Services (TRIPS) Program 
[12]. The main goal of the standard is to assess 
the crashworthiness and safety of a paratransit bus 
either by experimental full-scale crash tests, or by 
the computational analysis using a FE method.  At 
the first step both methods are considered equivalent 
and either one may be selected by the bus 
manufacturer for the bus approval.  
If the computational method is chosen first and 
the result of the evaluation is negative, the evaluation 
can be repeated using the experimental method for 
the final approval.   
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The computational mechanics approval procedure is 
not necessarily the easier one but definitely more 
affordable for local companies producing paratransit 
buses.  The computational analysis using the FE 
method requires a reliable and validated FE model.  
Testing and validation is an additional and necessary 
step in the numerical approach.  The validity is 
assured thorough comparison of results from 
specially designed experimental tests with results 
from the FE simulations (refer to Figure 4 for details 
regarding validation procedure).  The validated FE 
model is used to assess the crashworthiness and 
safety of the bus through: a side impact simulation 
and a rollover test simulation. 
 

 
Figure 2.  Rollover test setup according to ECE 
R66 [1]. 
 
In the rollover test a vehicle resting on a tilting 
platform is first quasi-statically rotated onto a weaker 
side.  When the center of gravity reaches the highest, 
critical point, the rotation of the table is ceased and 
gravitation causes a free falling off the bus onto 
the ditch.  Concrete flooring of the ditch is placed 
800 mm beneath the tilt table horizontal position.  
Figure 2 shows three relevant positions 
in the rollover test: initial, critical and just before 
the contact with the ground.   
 
A paratransit bus is considered to be crashworthy and 
safe if its residual space (see [1] and Figure 17 for 
the definition) is not compromised through either 
intrusion or projection during either actual or 
simulated tests [9], [1].  Passing results from both: 
side impact and rollover tests are required for 
an approval.  Moreover, the experimental full-scale 
crash test is mandatory for further approval 
if the paratransit bus fails either of the computational 
analysis tests.   
 
FE MODEL DEVELOPMENT 
 
The FE model was developed for the LS-DYNA 
simulations [13].  The whole process was in the 

agreement  with the Annex (number 9) to the R66 
[1].  The document provided general rules for FE 
model development, requirements for software used 
for the approval and type of the results that shall be 
included in the report from the simulation.   
 
The considered here FE model of a bus was 
developed in two distinct stages.  During the first 
one, the FE model of the cutaway chassis was 
extracted from the public domain FE model of 
the Ford Econoline Van, developed by the National 
Crash Analysis Center (NCAC) at George 
Washington University [14].  Computer program LS-
PrePost was used to delete redundant Econoline 
Van parts and LS-DYNA keyword definitions.  
Subsequently, various geometry modifications were 
applied to the FE model to convert the chassis from 
the van (E-150 equivalent) to the heavy duty E-450, 
based on the specifications used for the tested bus. 
 
In the second stage three-dimensional AutoCAD 
model of the passenger compartment was built, based 
on the centerline dimensions of the profiles.  Then 
the frame was translated to IGES (Initial Graphics 
Exchange Specification) format and imported to 
HyperMesh preprocessor to create FE mesh and other 
FE features.  Subsequently skin surfaces and relevant 
elements of interior were developed and attached to 
the frame.  All structural and some nonstructural 
components of the interior were included 
in the model to fully replicate mass distribution and 
inertia properties of the bus.  Figure 3 shows 
the complete FE model of the bus-1 with the 
highlighted structural members of the body frame.   
 

 
Figure 3.  FE model of the bus-1 with highlighted 
structural members of the bus body.   
 
All members of the frame were connected into one 
structure using 1-D SPOTWELD elements.  The FE 
model development resulted in over 620,000 finite 
elements in the base model.  Table 1 provides basic 
information about the bus FE model. 



Bojanowski 4 
 

Approval
procedure

Numerical

Material 
characterization

Testing and 
Validation

Tube bendingExperimental

Rollover test

Side impact 
test

Rollover test

Connections

Side impact 
test

Side wall 
impact 

Center of 
gravity

Unit problem
level

Component
level

Subsystem
level

System
level

Composite 
bending

 
Figure 4.  Approval procedure flowchart. 
 

Table 1. 
Finite Element model summary 

 
Specification Count Specification Count 
elements 623,817 spotwelds 14,284 

nodes 661,901 2-d elements 582,467 

parts 349 3-d elements 41,342 

1-d elements 8 - - 
 
The model is primarily built from shell elements.  
Thus, they determine the accuracy and the robustness 
of the solution.  Type 2 shell elements are used as 
default in LS-DYNA and are frequently used 
in crashworthiness simulations.  This under-
integrated element requires about 2.5 times less CPU 
time than the other common element – type 16.  
The drawback of the element formulation 2 lays 
in possible development of nonphysical forms of 
deformations that produce zero strain and no stress – 
a process called hourglassing.  The rollover 
simulation is considered to be long lasting 
(approximately 3 sec.) in comparison to the frontal or 
side impacts (about 0.2 sec).  For that reason 
the model development process needs special 
precautions assuring stability of the solution.   
 
The fully integrated type 16 shell element provides 
the most stable results with low level of spurious 
energies in the overall response.  Thus it was used for 
the majority of the parts in the FE model of the bus.   
 
The AUTOMATIC_SINGLE_SURFACE contact 
definition is recommended for crashworthiness 
simulations [15].  Although it is computationally 
expensive, it is also easy to implement for 

the complex models where multiple parts may 
interact (including self contact) during the simulation.   
 
The concrete pad was modeled by RIGIDWALL 
option entry in the LS-DYNA.  All elements from 
the bus were defined to be in the contact with that 
RIGIDWALL.  The important parameter of 
the concrete pad in the rollover test is the friction 
coefficient between bus skin and concrete.  From 
the experimentally determined range 0.57 to 0.7 [16] 
the most conservative was assumed – 0.7.   
 
The initial simulations were starting at the unstable 
position of the bus.  The bus was rotated so the CG 
was slightly beyond the vertical line drawn from 
the point of the bus rotation to enforce falling from 
the supporting table.  Once the FE model was 
verified, subsequent simulations were starting with 
the FE bus model positioned just above the ground 
(to decrease the CPU time) and proper initial 
velocities were applied to the bus to reflect original 
conditions. 
 
FE MODEL VERIFICATION 
 
Introduced in 2006 the American Society 
of Mechanical Engineers (ASME) standard, titled 
“Guide for Certification and Validation 
in Computational Solid Mechanics” [17], defines 
verification as a process determining that 
computational model accurately represents 
the underlying mathematical model and its solution 
[17], [18].  In other words verification answers 
the question if equations are solved correctly [19].  
Verification process is usually split into two 
independent parts – code verification and calculation 
verification.  Verification of the code develops 
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a confidence that solution algorithms are working 
correctly. 
 
Calculation, solution or model verification builds 
the confidence that the solution of the mathematical 
model is accurate.  It is the analyst’s responsibility to 
perform this part of the verification where the major 
task is to estimate the amount of a numerical error 
[17].  Numerical solution error in FE simulations is 
mainly attributable to the discretization 
approximation.  However, there are other multiple 
factors influencing correctness and stability of 
the solution.  These quantities can be checked based 
on the energy balance during the whole process (see 
Figure 5).  During the whole rollover all components 
defining the total energy should satisfy the principle 
of energy conservation.  Obtained values of energy 
should also be verified against hand calculations as 
a first check of the simulation. 
 
Based on the detailed description of the rollover 
kinematics in [20] an energy balance diagram was 
created as presented in Figure 5.  The  time instances 
marked in the diagram denote: 
 
• t1 – cantrail collision with the ground and 

development of plastic hinges in the bus cross 
sections, 

• t2 – waistrail collision with the ground, 
• t3 – critical structural deformations, plastic 

hinges stop working, 
• t4 – structural deformations end and elastic 

deformations are partially recovered, 
• t5 – end of the process. 

 
The total energy applied to the structure during 
the impact is approximately equal to [1]: 
 

hMgET Δ= 75.0           (1a). 
 

Where:   
M – is the total mass of the bus.  In the considered 
case, after inclusion mass of 13 passengers, it was 
equal to 5.2762 tons.   
g – is the acceleration due to gravity and   

hΔ  – is the vertical distance from the highest, 
unstable position of the bus CG to its final location 
(In this case it was equal to 1246.3 mm). 
Thus the total energy applied to the bus is equal to: 
 

kJET 381.483.124698102762.575.0 =⋅⋅⋅=    (1b). 
 
The remaining 25 % of the potential energy is 
dissipated mostly to the ground and through damped 
vibrations [9].  In the investigated case, 

the numerically determined value of rigidwall 
(ground) energy was 18.083 kJ accounting for 28.03 
% of the total energy.  The maximum value 
of hourglass energy was 1.081 kJ, or 1.7 % 
of the total energy.  The sliding energy was equal to 
2.594 kJ, or 4.09 % of the total energy.  The zero 
level of the potential energy was chosen to be at 
the final position of the CG.  In the graph the energy 
falls below zero reference level, meaning that the CG 
of the bus at some point in the simulation is below its 
final position.  It is due to the elastic rebound of 
the bus. 
 
The energy balance and the grid convergence check 
should be the two major tasks performed 
in the verification of the FE model.  The grid 
convergence study is difficult for such big models 
since subdivision of the elements would result 
in their overall number greater than 1 million.  This 
check should be performed on the smaller, yet 
relevant components of the bus.   
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Figure 5.  Energy balance for second rollover run 
transformed to other form. 
 
FE MODEL VALIDATION  
 
Roache, a pioneer of the V&V techniques, [21], 
describes the difference between verification and 
validation in his statement: “verification deals with 
mathematics whereas validation deals with physics”.  
In simple words validation tells if we have chosen 
correct algorithms to solve our problem [19].  
Technically the validation has the goal of assessing 
the predictive capability of the model for a given 
simulated event [17], [18].  It is performed by 
comparison of predicted results from FE simulations 
to experimental results from the same physical test.  
It is essential to select validation tests that are closely 
related to the event for which model is intended. 
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As advocated by the ASME standard “Guide for 
Verification and Validation in Computational Solid 
Mechanics” [18], the validation experiments of 
complex systems should have hierarchical character.  
Several tests were chosen as the most relevant for 
the bus structure and rollover test considered. 
Material characterization is at the lowest level of 
the validation hierarchy.  Bending of steel tubes and 
skin composite samples can be categorized as testing 
at the component level.  The bending of 
the connections and impact test on the side wall 
panels can be considered as tests on the subsystems 
of the structure.  At the complete system level, 
a center of gravity (CG) check shall be performed.  
The proposed tests comprise only the required 
minimum that provide information about 
the behavior of the main structural components.  
Depending on time and budget constraints, additional 
tests shall be conducted for better results and 
increased model reliability.  The most desirable then 
would be the testing of connectors (adhesive, welds 
and bolts). 
 
Bending of Structural Tubes 
 
Three buses were investigated in this research 
project.  They are coded as bus-1 to bus-3.  However, 
the numerical results are presented for the bus-1 
exclusively.   
 
The main structural elements in the considered 
paratransit buses are usually build from square tubes.  
Their dimensions and results from the steel tension 
testing for all three buses are shown in Table 2.  
According to [22] (Table B4.1) for uniformly 
compressed flanges of rectangular box and hollow 
structural sections subject to bending, the limiting 
ratios for compact and noncompact profiles 
respectively are calculated using the formulas: 
 

y

E
p

σ
λ 12.1=

    y

E
r

σ
λ 40.1=

          (2). 
 

The HSS 1.5 in x 1.5 in x 18 ga tubes, used 
in the bus-1, are in the intermediate level and two 
other cross sections are in the compact regions. 
 
A four point bending test was selected as the direct 
measure of the strength of the tubes and 
the validation of the model.  The testing apparatus for 
the four point bending is shown in Figure 6.   
The distance between the external (moveable) 
supports is equal to 900mm and 300 mm between 
internal supports.  The internal supports were 

connected to the grip through the hinge.  
The diameter of supports was equal to 30 mm.  
The INSTRON 8802 testing machine with FastTrack 
software was used for the tests.  The displacement 
was applied with the rate of 20 mm/min.  The bridge 
tensometer ESAM Traveller PLUS was used for 
the test together with the LVDT’s RC20-100-G [23].  
The displacement of the bottom (moveable) traverse 
is denoted as d0.  Additionally deflection of the beam 
in points d1 and d3 (under the internal supports) and 
d2 (middle of the beam) were recorded.   
 

d3

d2

d1

d0

 
Figure 6.  Testing apparatus for four point 
bending test. 
 
The quantitative results of the tests are shown 
in Figure 7.  For HSS 1.5 in x 1.5 in x 18 ga (bus-1) 
tubes local buckling was the reason of reaching 
ultimate strength.  Although the cross section 
in the case of HSS 1.5inx1.5inx16ga (bus-1) tubes is 
compact the local buckling also occurred.  In the case 
of the bus-3 tubes the cross section was considered as 
compact and with λ  low enough the local buckling 
was not present.  Only global deformations were 
present in this instance as shown at the bottom three 
specimens in Figure 7. 
 

Bus_1

Bus_2

Bus_3

 
Figure 7.  Deformed tubes as a result of the four 
point bending tests. 
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Table 2. 
Mechanical properties of tested steel 

 

Steel source Tubes dimensions Young’s modulus 
E(MPa) 

Yield stress 
 )(MPayσ  

Ultimate 
strain )(−uε  

Cross section 
classification 

bus-1  1.5 in x 1.5 in x 18 ga 171300 281.1 0.36 intermediate 

bus-2  1.5 in x 1.5 in x 16 ga 222400 359.0 0.25 compact 
bus-3 1.0 in x 1.0 in x 16 ga 207300 389.4 0.18 compact 

 
Figure 8 contains averaged curves presenting 
the exerted load plotted against the displacement of 
the point 0d for three types of tested tubes.  Although 
the 1.5 in x 1.5 in x 18 ga tube used in the bus-1 has 
a greater cross-sectional area than 1.0 in x 1.0 in x 16 
ga, bus-3 tube, the obtained ultimate strength is only 
15% greater than the ultimate strength of bus-3 tubes.  
At the same time it is 75% weaker than 1.5 in x 1.5 
in x 16 ga, bus-2 tube. 
 
The same test for the bus-1 was also simulated using 
the LS-DYNA software.  The load – displacement 
curve from the FE analysis is also shown in Figure 8.  
The ultimate load obtained in the simulation was 
5.012 kN which results in 1.8 % of the relative error 
when compared with the experimental value of 5.108 
kN.   
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Figure 8.  Load-displacement characteristics for 
tubes tested in bending. 
 
Bending of the Connections 
 
The bus body is constructed by first assembling 
the major components (floor, sidewalls, backwall, 
roof) individually and then welding and/or bolting 
them together.  This process creates major 
connections between the subsections.  Dynamic 
performance of these connections does not only 
depend on the material properties but even more 
significantly of the selected connection design which 
is affected by the bus assembly process.   

Figure 9 shows location of the wall-to-floor WF (1) 
and roof-to-wall RW (2) connections selected for 
connection testing.   
 

Wall to floor
connection (1)

Roof to wall
connection (2)

Side wall 
panel (3)

 
Figure 9.  Location of components for connection 
testing in the bus structure. 
 
Representative samples of the connections were 
obtained from the manufacturer for the study of 
the RW and WF connections.  Connections are tested 
in bending where one side is clamped and the other is 
pulled quasi-statically to decrease the angle between 
both sides.  The testing apparatus shown in Figure 10 
was designed to measure the resistance response 
of the connections.   
 

 
Figure 10.  RW connection without skin  
fixed for bending testing. 
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It allowed for data acquisition of a rotation angle 
of the connection as a function of the force (or: 
equivalent moment) applied.  A large concrete block 
is used as a base and the lower part of the test section 
is fixed by butting against this block and then being 
bolted to the floor through the aluminum I-beams.  
Two hand winches are attached to either side 
of the block and connected to the test section with 
an in-line Strainsert tension link rated at 17,793 N 
(4,000 lbs) full scale to the load application point.  
Displacement was measured using two SpaceAge 
Control D62-60-82E1 wire-type position transducers 
for each side (North and South), vertically spaced on 
the concrete block (d1, d2, d3, d4), but connected to 
the same point on the test section to provide 
the vertical and horizontal displacement using 
triangulation technique.  The data recorded included 
the load and two displacements for each side using 
a SCXI DAQ data acquisition system and LabVIEW 
8.2 software.  The load application was quasi-static 
and keeping the displacement of each side almost 
equal.   
 
Figure 11 and Figure 12 present characteristic curves 
obtained for two connections – WF and RW 
respectively.  Together with the experimental results 
the curves from corresponding LS-DYNA 
simulations are shown.  The FE simulations were 
conducted for two cases of different tubes thickness – 
100 % of nominal and 93 % of nominal thickness, 
which was equal to the measured thickness of 
the walls. 
 
In the case of the WF connection the deformation of 
18 deg is equivalent to the failure of the bus (in terms 
of the residual space) in the rollover test.  For 
the simulation of the test with reduced thickness 
the bending moment reached 446.4 Nm whereas 
corresponding value in the experiment was equal to 

451.4 Nm.  The relative error was only 1.1 %.  
In the RW connection the angle of the deformation of 
39 deg is equivalent to intrusion into the residual 
space during the rollover test.  The value of 
the bending moment at that deformation level 
in the experiment was equal to 371.1 Nm.  For the FE 
model with reduced thickness the moment was 351.2 
Nm.  It resulted in the relative error of 5.3 %.   
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Figure 11.  Comparison of results for WF 
connection without the skin. 
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Figure 12.  Comparison of results for RW 
connection without the skin. 
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Figure 13.  Deformations in the tested skinless connections from bus-1 (a) WF connection (b) FE model of WF 
connection (c) RW connection (d) FE of RW connection.   
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Figure 13 shows deformations in the connections 
obtained in the experiments and corresponding 
deformations in the FE simulations.  The figures 
reveal poor design of the connections.  The major 
deformations occurred not in the structural beams but 
in the transition members like C-channel in the WF 
connection and L-shape in the RW connection.  
In order to increase the strength, the elements should 
have additional welds and/or bolts preventing 
unnecessary and excessive deformation.   
 
Side Wall Impact Test 
 
A dynamic impact test on the side wall panel was 
developed for additional model validation.  Location 
of the side wall panel used for the testing in the bus 
structure is shown in Figure 9 under the number 3.  
The panel is cut off from the wall and extends from 
the cantrail to the level of the floor.  Its width spans 
two major vertical beams (which are included 
in the panel) thus both dimensions (height and width) 
differ for every single bus model.  Initial conditions 
for the test are shown in Figure 14. 
 
The panel is resting horizontally on raised tubular 
supports with 150 mm diameter.  The two supports 
are at adjustable distance which in this case was 1600 
mm.  The impacting device is comprised 
of impacting square tube, perpendicular rectangular 
arms and crossing rectangular beams.  It is mounted 
to the supporting beams in the way that allows free 
rotation of the device.  All elements are made 
of steel.  The impacting arm is suspended on the steel 
wire and connected to the hand winch allowing for 
raising the arm.  In the test the hammer is dropped 
from the pre-calculated height assuring reasonable 
amount of the deflection imposed by the impact.  
In this case the initial height was 700 mm.  The total 
mass of the impacting device is 132.4 kg.  
The location of the impact zone is selected to be 
below the waistrail level which is close to the middle 
of the panel.  Due to the short duration of the event 
only the final results of the experiment are captured.  
The character of deformation and maximum 

deflection are recorded and then used for comparison 
with numerical results. 
 
In the design of the side wall used for the test 
the waistrail beam was continuous throughout 
the length of the bus and the vertical beams were 
welded to it at the top and the bottom.  Discontinuity 
of the vertical pillars resulted in the excessive local 
deformations in the waistrail beam as shown 
in Figure 15 b.  Figure 15 a shows corresponding 
deformations in the FE simulation for comparison.   
 
The basic model with two finite elements across 
the beam width was not capable of capturing such 
severe deformation.  The mesh density had to be 
increased to fully reflect real deformation pattern.  
With the increased mesh density, obtained deflection 
in the FE simulation was equal to 298.8 mm.  
In the experiment the deflection was 312.0 mm which 
gave the relative error for the FE simulation of 4.2 %.  
Such design should be avoided in the bus structure 
since the capacity of it depends only on the strength 
of the single thin wall of the waistrail beam.   
 
In the research another design was checked where 
the waistrail beam was discontinuous and was welded 
to the continuous vertical columns in the wall 
structure.  The design was subjected to the same 
loading conditions and Figure 15 c shows local 
deformations in it.  The deformation was less 
dramatic and the overall deflection of the panel 
in the test was reduced to 81.1 mm.  It is equal to 
72.8 % reduction of the displacements.   
 
Summary of the V&V program 
 
The FE model of the bus was verified for numerical 
errors and the instabilities in the solution.  
The energy balance was used to prove sanity of 
the calculations and compare obtained values of 
the total energy, and energy dissipated into 
the ground, with empirically expected values.  
The non-physical hourglass energy was shown to stay 
below 5 % of the total.  The same condition applies 
to the sliding interface energy.   

Axis of rotation

Axis of rotation

Free resting panel

Drop height

 
Figure 14.  The FE model of the side wall panel without the skin.   
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Figure 15.  Local deformations in the tested 
panels. 
 
The number of elements on the edge of the main tube 
in the entire bus model was increased to 4 after 
the side wall panel tests.  Still it is lower than 8 
elements used in the FE simulation of the side wall 
impact test.   
 
Other factors also contribute substantially to 
the overall response of the bus in the rollover test.  
The bonding strength of the adhesive used between 
the skin and the frame is one of them.  Yet, the most 
crucial, steel cage can be assumed to be fully 
validated. 
 
SIMULATIONS OF THE ROLLOVER TEST 
 
The verified and validated FE model of the bus was 
subsequently used in the simulations of the rollover 
standardized test.  A follow up case study was 
performed on the FE model that answered several 
theoretical and technical questions regarding the bus 
rollover.  For the purpose of this research a new 
measure quantifying safety margin in the rollover test 
was introduced.  The current UN-ECE Regulation 66 
does not define any quantitative measure to assess 
extent of the deformation and the safety 
margin in the rollover test.  The pass/fail decision is 
the only outcome from the test procedure per R66.   
The proposed deformation index αDI  can be very 
advantageous for comparative studies in rollover 
simulations.  The common measure of the vehicle 

response in the accident – intrusion may be hard to 
interpret in the case of rollover since deformation 
in actual accidents often includes twisted patterns.  
Moreover, the width of the residual space varies with 
the height.  Since the cross-section of the bus 
deforms primarily in several vulnerable spots through 
plastic hinges (PH), the rest of the structure deforms 
considerably less.  It is more innate to measure 
the angular deformations at the expected plastic 
hinges.  Figure 16 presents a cross section of the bus 
with the numbered angles measured at 
the hypothetical PHs.  These are: 
 

• 61,αα  – wall to floor connections angles,  

• 52 ,αα  – waistrail angles, 

• 43 ,αα  – roof to wall connections angles. 
 

These angles are used to measure one deformation 
index αDI .  This index, together with the pass/fail 
grade, can provide a more descriptive assessment 
of the bus structure deformation level in the rollover 
test.  The deformation index αDI can be defined as 
a function of two major angles: 
 

( )21, ααα ΔΔ= fDI
  

(3). 
 
Where:  

21, αα ΔΔ   – are the changes in the respective angles 
due to the rollover impact deformations at the side 
impacting the ground. 
 

2α

1α

3α

5α

6α

4α

 
Figure 16.  Angles of interest in the bus cross 
section. 
 
Figure 17 shows the geometry of the bus cross 
section in an arbitrary failure mode.  Deformation 
angles are combined with the definitions of 
the residual space to lead to the derivation of 
the approximate expression for αDI . 
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The distances 21,ww  from Figure 17 are defined as 
follows:  
 

( )11 tan αΔ⋅= lw            (4). 
 

( ) ( )22 tan αΔ⋅−= lhw   (5). 
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Figure 17.  Geometry of the failure mode.   

 
Their sum for the critical state is equal to d: 

 
mmdww 40025015021 =+==+          (6). 

 
Substituting w1 and w2 from Equations 4 and 5 
yields: 
 

( ) ( ) ( ) dlhl =Δ⋅−+Δ⋅ 21 tantan αα          (7). 
 
or: 
 

( ) ( ) ( ) 1tantan 21 =Δ⋅−+Δ⋅ αα
d

lh

d

l
         (8). 

 
Thus the deformation index αDI can be defined as: 
 

( ) ( ) ( )21 tantan ααα Δ⋅−+Δ⋅=
d

lh

d

l
DI        (9). 

 
or with numerical values: 
 

( ) ( ) ( )21 tan
400

1250
tan

400
ααα Δ⋅−+Δ⋅= ll

DI
 
  (10). 

 
The formula seem to be complicated at the first 
glance but in fact only three quantities need to be 
measured in order to determine the safety level of 
the bus.  Consider three basic cases of failure 
configuration for a modeled bus with the angle 
changes given in Table 3.  The distance l in this case 
was equal to 788mm.  Equation 10 becomes: 

 

( ) ( ) ( )21 tan
400

7881250
tan

400

788 ααα Δ⋅−+Δ⋅=DI (11a). 

 
( ) ( )21 tan155.1tan97.1 ααα Δ⋅+Δ⋅=DI     (11b). 

 
Table 3 shows computation of the deformation 
indices for the three simple failure modes of the bus 
cross section.  It is assumed that the deformations 
occur only in the PHs and the deformation of the rest 
of the structure is negligible.  It needs to be pointed 
out that the 2αΔ  in the formula is a sum of the angle 
changes 1α  and 2α , and the absolute value of angle 
changes are used in the formula.   
 

Table 3. 
Comparison of the deformation index for three 

simple failure modes of the bus cross section 
in the rollover test 

 

Specification 
Failure 
mode I 

Failure 
mode II 

Failure 
mode III 

1α  18.0 0 10.0 

2α  0.0 39 19.0 

αDI  1.015 0.935 0.988 
 

αDI  index can be effectively used to assess a safety 
margin.  The structure is considered inacceptable, or 
it is assigned one rating star, when αDI  is equal or 
greater than 1.  It indicates an intrusion into 
the residual space and the bus fails the rollover test 
according to the UN-ECE Regulation 66.  
The maximum grade of five stars is assigned to 
strong structures with 60 % safety margin with 
the corresponding 4.0=αDI .  Other ratings for 

the αDI  are proposed in Table 4.   
 

Table 4. 
Rating ranges for the proposed  

deformation index αDI  
 

Range 
Descriptive  

strength rating 
Star rating 

4.0<αDI  strong ***** 

6.04.0 <≤ αDI  intermediate **** 

8.06.0 <≤ αDI  acceptable *** 

18.0 <≤ αDI  poor ** 

1≥αDI  inacceptable * 
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Influence of the Skin Layers 
 
The influence of the skin layers on the bus rollover 
performance was checked.  R66 requires testing 
the strength of the superstructure in the rollover test.  
The superstructure is defined as a part of the bus 
structure that contributes to the bus performance 
in the rollover test.  Often the skin part is ignored 
in the FE model to simplify the modeling.  Although 
this procedure may seem effective and trustworthy 
for long buses it appears to be vague for the shorter 
vehicles.  Whenever the thin walled structure (like 
bus shell) is in torsion then that thin layer 
of the skin really matters as far as strength is 
considered.   
 
Figure 18 shows the deformed cross section of 
the buses with- (a) and with-out (b) the skin on it.  
In the case (a) the residual space is not compromised. 
Computed for this case the deformation index was 
equal to 0.69, what gives the bus “three stars” in the 
rating system introduced in Table 4.  In the case (b) 
the results are completely different.  The residual 
space is visibly penetrated.   
 

 
Figure 18.  Deformation of the bus body 
in rollover simulation (a) bus with the skin (b) bus 
without the skin 
 

Table 5. 
Comparison of angular deformations  

in the models with (model 1)  
and without the skin (model 2) 

 
angle initial 

stage 
angle 

change 1 
angle 

change 2 

1α  90 -11.5 -21.8 

2α  177.6 -2.5 -16.3 

3α  180.0 19.8 34.1 

4α  180.0 -7.9 -41.7 

5α  177.5 -0.2 2.2 

6α  90 7.5 14.8 

αDI  
- 0.69 1.31 

 
The angular deformations in the plastic hinges 
presented in Table 5 differ substantially.  
The deformation index for the model without 
the skin is 1.31, meaning, it increased 89.8 %.  
It becomes obvious that the skin sheets contribute 
substantially to the rollover resistance of 
the paratransit buses.   
 
Initial Conditions Sensitivity 
 
Sensitivity of the results due to variations of initial 
conditions has been checked.  The repeatability 
of the results from a full scale rollover test according 
to R66 is sometimes questioned by engineering 
community in the US [24].  FE analysis is an efficient 
method to check that hypothesis.  In the simulation 
presented previously the bus hits the ground 
uniformly along the entire cantrail length.  Two 
additional cases were investigated.  In the first 
the bus was rotated 3 deg with respect to its yaw axis 
in such a way that the front part of the bus is closer to 
the ground (negative yaw angle) – model “F”.  This 
way, the more vulnerable frontal part of the bus will 
take the first impact.  Subsequently, a positive angle 
of 3 deg was applied and the bus had its first impact 
to the ground at the the back cantrail corner – model 
“R”.  Such apparently negligible disturbance may 
easily happen in the real world test where many 
factors (e.g. behavior of the tire during the test) are 
of a rather unpredictable nature.   
 

Table 6. 
Comparison of angular deformations 

in the models with different initial conditions 
 

angle initial 
stage 

angle 
change F 

angle 
change R 

1α  90 -16.1 -13.2 

2α  177.6 -1.1 -1.2 

3α  180.0 20.4 14.2 

4α  180.0 -12.4 -9.0 

5α  177.6 -0.3 -0.3 

6α  90 14.6 6.2 

αDI  - 0.93 0.76 
 
Table 6 shows the values of the angle changes 
compared for both cases considered.  In the first case 
the αDI  increased from the initial 0.69 (base model) 

to 0.93 (34.7 %), and in the second case it increased 
to 0.76 (10.1 %).  This study shows that rollover tests 
are sensitive to variations in the initial conditions.  
Different structure stiffness of the front and rear end 

(a) (b) 
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of the paratransit bus may cause significant 
discrepancies in real tests depending on which part 
of the bus will touch the ground first.   
 
Influence of the Strain Rate Effect 

 
The question about the importance of strain rate 
effect in the structural steel for the rollover accidents 
was raised among the bus rollover testing community 
too [25].   
 
Additional FE bus model was virtually tested to 
investigate the strain rate effect on rollover test 
results.  In the modified base model - the strain rate 
effects were not accounted for (model “NO-CP”).  
The only difference between the base model and 
“NO-CP” model is that the C and p parameters 
in the Cowper-Symonds strain rate dependency 
model were turned off.  The set of parameters: C=80 
and p=4 was used in the base model [14].  No 
dramatic difference in the response of the bus was 
noticed in the simulations.  Table 7 shows angle 
changes for these models.  Yet, the αDI difference 

for the models was 7.2 %.   
 

Table 7. 
Comparison of angular deformations 

in the models with different Cowper Symonds 
parameters and different mesh densities 

 

angle initial 
stage 

angle   
change  

angle   
change  
NO-CP 

1α  90 -11.5 -9.3 

2α  177.6 -2.5 -10.7 

3α  180.0 19.8 17.7 

4α  180.0 -7.9 -10.6 

5α  177.6 -0.3 -0.5 

6α  90 7.5 11.9 

αDI  - 0.69 0.74 
 
CONCLUSIONS AND FUTURE WORK 
 
The current status of the research on the Florida 
standard for crashworthiness and safety evaluation of 
paratransit buses was presented.  Verification and 
validation methodology for the Finite Element 
simulations of standardized rollover test are 
introduced.  Computational mechanics analyses were 
verified by the energy balance tracking and 
complementary hand calculations.  The numerical 
results were compared to the results from the 
experiments on different levels of the validation 

hierarchy. Good correlation of results was obtained 
for each case.  Computer simulations provided 
answers to several technical questions. In particular it 
was shown that: 
  
• The bus skin is an essential element of the FE 

model. It significantly contributes to the overall 
strength of the bus. 

• The rollover test according to R66 [1] may be 
sensitive to the disturbance of initial conditions 
depending on the bus structure.  

• Negligence of the strain rate effect in the rollover 
test results in about 7% of the difference in the 
response of the bus.  

 
Also the deformation index and the star rating system 
are proposed to assess safety margin in the rollover 
test.  
 
The first full scale rollover tests on paratransit buses 
in the state of Florida was performed by CIAL and 
FDOT in December 2008. It is planned to provide in 
the future comparative results from these tests along 
with results from the corresponding numerical 
simulations.   
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ABSTRACT 

The pedestrian protection given by a vehicle is 
assessed according to four independent impact test 
procedures, related to different body segments. 
Four impactors were developed specifically: leg, 
femur (or upper-leg), child head and adult head. 
These impactors, which are thrown against specific 
zones of the front face of the vehicle, allow the 
measurements of biomechanical criteria simulating 
the injury risk during the impact  
Such test procedures are used by Euro NCAP and 
by the European regulation on pedestrian 
protection.  
Concerning the upper-leg impactor, two 
biomechanical criteria are analysed: the sum of 
force and the three femur bending moments. A 
specific study has been carried out on the scatter of 
upper-leg tests by PSA Peugeot Citroën in 
cooperation with UTAC in order to assess the 
scatter of this set of biomechanical criteria in 
different laboratories.  
In order to reduce the number of parameters of 
scatter and to isolate those linked to the upper-leg 
impactor, these tests have not been made on a full 
vehicle but on a simplified sub-system which 
permits to obtain biomechanical criteria very close 
to those obtained with a complete vehicle.  
Tests conditions of the upper-leg impactor (weight 
and speed) vary in protocols (Euro NCAP as well 
as regulation) according to the vehicle style. About 
forty tests have been carried-out in each laboratory 
according to two different impact energies and with 
two different upper-leg impactors.   
Results of those tests have enabled us to better 
understand and to quantify the scatter of the upper-
leg impactor and to improve the design of our 
vehicles for the pedestrian protection. 

INTRODUCTION - AIM OF THE STUDY 

Every year, approximately 8,000 pedestrians and 
cyclists are killed and 300,000 others injured in 
road accidents in Europe. The accidents are 
particularly frequent in urban zones. Even when 
cars are driving at relatively reduced speeds, very 
severe injuries can occur.  
Below a speed of approximately 40 km/h, it is 
nevertheless possible to considerably reduce the 
gravity of injury with modifications of the frontal 
parts of vehicles 
 
So, since 2005, a new European Directive [1] 
(called “phase 1”) requires the car manufacturers to 
treat their new vehicles for pedestrian protection. 
 
Moreover, the consumerist organization Euro 
NCAP assesses the pedestrian protection offered by 
a new car through component tests [2], [3]. The 
level of pedestrian protection is then ranked by 
attributing the vehicle a given number of stars. 
 
The assessment of pedestrian protection offered by 
a vehicle is made through three different and 
independent component test procedures 
corresponding to different body segments: 

- the first one is related to the assessment of the 
protection of the leg. The test is called “legform to 
bumper test” 

- the second one is related to the upper leg. The 
test is called “upper legform to bonnet leading 
edge” 

- the last one is related to the head, adult head 
impact and child head impact. The tests are called 
“Adult and Child headforms to bonnet and 
windscreen test” 
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Four specific body form impactors are used in these 
tests. They are propelled against the front part of 
the vehicle (from the bumper up to the windscreen 
depending on the type of test) and they are 
equipped with several sensors in order to measure 
biomechanical criteria that are used to assess the 
risk of injuries (see Figure 1). 
 

 
Figure 1.  Euro NCAP Pedestrian tests made of 
body form impactors propelled against the car 
front-end. 
 
The leg and head impactors have already been 
discussed in a previous paper [4]. 
 
The upper leg impactor requirements are only 
present in the Euro NCAP assessment (a maximum 
of 6 points is given to the upper leg test 
performance). Whereas, the European Directive 
only asks the upper leg tests to be carried out for 
monitoring purpose. The reason is that this test has 
not been proved to be relevant to real world 
pedestrian accident and because the results of this 
test are highly scattered. 
 
Because of the increasing requirements on the 
pedestrian protection performance in the Euro 
NCAP new rating (overall rating), predicting the 
performance of upper leg tests becomes more and 
more sensible. 
 
This paper aims to assess the scattering measured 
on the upper leg impactor tests.  

THE UPPER LEG IMPACTOR TEST 
PROTOCOL 

Euro NCAP Test Protocol [2] 

The upper leg impactor aims to represent the adult 
femur. It is made of a rigid frame on which a 
metallic tube (the femur) is fixed. This tube is 
surrounded by a specific foam which behaviour 
represents the muscles and the skin.  
The link between the rigid frame and the femur is 
made of two load cells. Three extensometric gages 
are present in the central part 
 
The upper leg impactor tests consist in propelling 
the femur impactor against the front part of the car 
(hood). The impact test parameters (angle, velocity 
and mass) depend on the geometry of the car front 
(see Figure 2).  
 

 
Figure 2.  Upper-Leg impactor test. 
 
The impact zone is named “Bonnet Leading Edge”. 

Definitions 

In order to define the impact test conditions, we 
first need to know the following definitions. 
 

- The Bonnet Leading Edge Reference Line: 
The Bonnet Leading Edge Reference Line is 
defined as the geometric trace of the points of 
contact between a straight edge 1000mm long and 
the front surface of the bonnet, when the straight 
edge, held parallel to the vertical longitudinal plane 
of the car and inclined rearwards by 50° and with 
the lower end 600mm above the ground, is 
traversed across and in contact with the bonnet 
leading edge (see Figure 3). 
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Figure 3.  Definition of the Bonnet Leading Edge 
Reference Line. 
 

- The Upper Bumper Reference Line: 
The Upper Bumper Reference Line is defined as 
the geometric trace of the upper most points of 
contact between a straight edge and the bumper, 
when the straight edge, held parallel to the vertical 
longitudinal plane of the car and inclined rewards 
by 20°, is traversed across the front of the car 
whilst maintaining contact with the upper edge of 
the bumper (see Figure 4). 

 
Figure 4.  Upper Bumper Reference Line. 
 

- The Bumper Lead: 
This is defined as the horizontal distance between 
the Bonnet Leading Edge Reference Line and 
the Upper Bumper Reference Line.  
Please note that the vehicle has to be in its Normal 
Ride Attitude 

- The Bonnet Leading Edge Height: 
This is defined simply as the vertical height above 
the ground of the Bonnet Leading Edge Reference 
Line. 

Impact Test Conditions 

At the time of first contact the impactor centre line 
shall be midway along the Bonnet Leading Edge. 
 
The shape of the front of the car determines the 
velocity, angle of incidence and kinetic energy of 
the impactor. Indeed, these three parameters will be 
calculated from the Bonnet Leading Edge Height 
and Bumper Lead.  
 
Therefore, three simple test parameters (velocity, 
angle of incidence and impactor mass) will vary 
from: 

- mass: from 9.5 to 17.7 kg 

- velocity: from 20 to 40 km/h 

- angle: from 10° to 47° 

 
Figure 5 presents the total kinetic energy with 
respect to Bumper Lead and the Bonnet Leading 
Edge Height. 
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Figure 5.  Upper Leg kinetic energy variation 
depending on the car shape. 
 

Impact Test Measurements 

Two type of biomechanical criteria are measured 
during the Upper Leg impactor tests: 

- Force: measured from the two load cells that fix 
the femur to the rigid frame 

- Bending Moment: measured from the three 
extensometric gages 
 
Table 1 presents the measurements performed of 
the Upper Leg impactor. 
 

Table 1. 
Measurements performed of the Upper Leg 

impactor. 

Location Measurement 
Upper femur Force 
Lower femur Force 
Centre of femur Bending moment 
50mm above centre 
of femur 

Bending moment 

50mm below centre 
of femur 

Bending moment 

 
The requirements to get the upper leg full score in 
Euro NCAP [3] are: 

- total force < 5kN 

- each of the 3 bending moments < 300 N.m 
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PRESENTATION OF THE STUDY  

Presentation Of The Test Rig 

To get a relative high number of tests, we decided 
to carry out simplified test instead of test on a full 
car. The simplified test is made of a test rig (a rigid 
frame) that supports two absorbers. These 
absorbers are made of blocks of polypropylene 
foam and will be impacted by the upper leg 
impactor. Figures 6 and 7 present the test rig. 
 

 
Figure 6.  Drawing of the test rig used for 
characterization of the upper leg impactor 
scattering. 
 

 
Figure 7.  Picture of the test rig used for 
characterization of the upper leg impactor 
scattering. 
 
The two blocks of polypropylene foam present a 
20 mm of difference in height to reproduce a non 
symmetrical contact with the upper leg impactor. 
They have a 90 mm square surface and a 45 g/l 
density. 
 

For each test, the upper leg impactor is centered 
midway between the two blocks of foam. (see 
Figure 7). 

 
Figure 7.  Drawing of the test between the upper 
leg impactor and the two absorbers. 
 

Presentation Of The Two Test Series 

In order to reproduce Euro NCAP test conditions, 
two test series were carried out. They are described 
in Table 2. 

Table 2. 
Test parameters used in the two test series 

Test parameters Test 
Series 1 

Test 
Series 2 

Mass of the Upper Leg 
impactor (kg) 

12.8 10.9 

Velocity of the Upper Leg 
impactor (km/h) 

31.0 24.2 

 
For each test series, two laboratories performed the 
test: Lab 1 and Lab 2. 
In each laboratory, up to three different Upper Leg 
Impactors were used:  

- the one of the Lab,  

- the one of the other Lab  

- and sometimes a third one that belongs to 
another lab.  
 
These Upper Leg Impactors will be named UL1, 
UL2 and UL3. 
 
Each impactor was systematically calibrated before 
the lab test series according to the Euro NCAP test 
protocol [1]. 
 

558  442  

898  

40° 180  

1300  

500  

Absorbers 

Rigid Frame 
Frame base 

Reinforcements 

80 

90  90  20  

Support plates 

Corner 

Plate 
Absorbers 

100 

Upper Leg 
Impactor 

Absorbers 

Base 

40 
40 



  Pinecki   5 

RESULTS  

For each test series, two sets of results will be 
presented: the one measured in Lab 1 and the one 
measured in Lab 2. 

Results Of Test Series 1 (Mass = 12.8 kg and 
Velocity = 31.0 km/h) 

Results from Lab 1 are presented in Table 3, 
whereas results from Lab 2 are in Table 4. 
The analysis of the results will be presented in the 
next Section: “Analysis Of Test Results”. 
 

Table 3. 
Results from Lab 1 for Test Series 1 

Upper Leg 
Impacteur 

Total femur force 
(kN) 

Maximum 
bending moment 

(N.m) 

UL1 

8.77 393 

8.53 383 

8.44 369 

8.45 372 

8.32 370 

UL2 

9.31 399 

9.49 413 

9.59 409 

9.56 404 

UL3 

9.41 402 

9.26 416 

9.36 413 

9.08 401 

 
Table 4. 

Results from Lab 2 for Test Series 1 

Upper Leg 
Impacteur 

Total femur force 
(kN) 

Maximum 
bending moment 

(N.m) 

UL1 

9.57 414 

9.66 415 

9.75 417 

9.62 415 

9.52 424 

UL2 

9.60 426 

10.10 450 

9.41 422 

9.56 423 

9.79 431 

 
 
 

Results Of Test Series 2 (Mass = 10.9 kg and 
Velocity = 24.2 km/h) 

Results from Lab 1 are presented in Table 5, 
whereas results from Lab 2 are in Table 6. 
The analysis of the results will be presented in the 
next Section: “Analysis Of Test Results”. 
 

Table 5. 
Results from Lab 1 for Test Series 2 

Upper Leg 
Impacteur 

Total femur force 
(kN) 

Maximum 
bending moment 

(N.m) 

UL1 

5.87 316 

5.90 279 

6.02 289 

5.85 286 

5.86 283 

UL2 

5.80 272 

6.15 293 

5.68 271 

6.00 281 

6.20 295 

 

Table 6. 
Results from Lab 2 for Test Series 2 

Upper Leg 
Impacteur 

Total femur 
force (kN) 

Maximum bending 
moment (N.m) 

UL1 

5.31 274 

5.22 268 

5.25 269 

5.41 276 

5.63 287 

UL2 

5.24 278 

5.24 280 

5.22 283 

5.37 285 

5.36 286 

 

ANALYSIS OF TEST RESULTS  

Concerning the total femur force, we can notice 
that: 

- The average femur force obtained during the 
first trial series is 9.27 kN. 

- The average femur force obtained during the 
second trial series is 5.63 kN. 
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Concerning the total maximum bending moment, 
we can notice that: 

- the average maximum bending moment 
obtained during the first trial series is 407 N.m. 

- the average maximum bending moment 
obtained during the second trial series is 262 N.m. 

Analysis Of The Total Femur Force With 
Regards To The Recorded Trial Speeds 

Forces obtained during the first series according to 
the recorded trials speeds are shown in Figure 8. 
Whereas Figure 9 presents the total femur force 
obtained during the second test series according to 
the recorded trials speeds. 
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Figure 8. Force vs impact speed for the first test 
series 
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Figure 9. Force vs impact speed for the second 
test series 
 
The Euro NCAP protocol imposes to comply with 
the impact speed with a tolerance of 2 %, this 
means 0.62 km/h in the first test series and 
0.48 km/h in the second test series. 
 
In the first test series, a maximum scattering of 
1.82 kN was measured. This means a scattering of 
almost 20% of the 9.27 kN global average value for 
this test series. 
In the second test series, a maximum scatter of 
0.92 kN was measured. This means a scatter of 
almost 18% of the 5.63 kN global average value for 
this test series. 

Therefore, we can conclude that for the two test 
series where impact parameters are close to Euro 
NCAP requirements, the maximum scatter can go 
up to 20% of the average femur force value. 

Analysis Of The Average Femur Force Values 
Obtained With The Same Upper-Leg Impactor 
And At The Same Laboratory 

Average femur forces obtained with the same 
upper-leg impactor and same laboratory for the first 
test series are presented in Figure 10. 
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Figure 10. Comparison of femur forces (average 
and scatter) measured in the same lab and with 
the same upper leg impactor for the first test 
series 
 
Average femur forces obtained with the same 
upper-leg impactor and same laboratory for the 
second test series are presented in Figure 11. 
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Figure 11. Comparison of femur forces (average 
and scatter) measured in the same lab and with 
the same upper leg impactor for the first test 
series 
 
The maximum scattering measured for a same lab 
and a same upper leg impactor (what can be called 
repeatability scattering) is 0.69 kN for the first test 
series and 0.52 kN for the second one. 
 
If we take into account all the different 
combinations of lab and upper leg (what can be 
called reproducibility scattering), we can derive an 
average scattering.  
 

0,69 kN 

0,52 kN 
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This average scattering, for the first test series is 
equal to: 
 

(0.23 + 0.69 + 0.33 + 0.38 + 0.28) / 5 = 0.38 kN. 
 
And for the second test series the average scattering 
is equal to: 
 

(0.40 + 0.17 + 0.15 + 0.52) / 4 = 0.31 kN. 
 
First of all, this means that there is no significant 
decrease of the femur force scattering with the 
impact energy. 
 
Then, if we look at the average values obtained for 
the different lab and different upper-leg impactor 
combination, we get a scattering of 1.12 kN (which 
is 12% of the average value, 9.27 kN) for the first 
test series and 0.68 kN (which is 12% of the 
average value, 5.63 kN) for the second test series. 
 
In conclusion, we can say that the reproducibility 
scattering (scattering between average values of 
different test configurations) is two times or three 
times higher that the average repeatability 
scattering (scattering measured inside a same test 
configuration: same lab and same impactor).  
 

Analysis Of The Average Values Of Bending 
Moment, Obtained With The Same Upper-Leg 
Impactor And At The Same Laboratory 

Average bending moments obtained with the same 
upper-leg impactor and same laboratory for the first 
test series are presented in Figure 12. 
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Figure 12. Comparison of femur forces (average 
and scatter) measured in the same lab and with 
the same upper leg impactor for the first test 
series 
 
Average bending moments obtained with the same 
upper-leg impactor and same laboratory for the 
second test series are presented in Figure 13. 
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Figure 13. Comparison of bending moments 
(average and scatter) measured in the same lab 
and with the same upper leg impactor for the 
first test series 
 
The maximum scattering measured for a same lab 
and a same upper leg impactor (what can be called 
repeatability scattering) is 28 N.m for the first test 
series and 23 N.m for the second one. 
 
If we take into account all the different 
combinations of lab and upper leg (what can be 
called reproducibility scattering), we can derive an 
average scattering. This average scattering, for the 
first test series is equal to: 
 
(24 + 14 + 15+ 9 + 28) / 5 = 18 N.m 
 
And for the second test series the average scattering 
is equal to: 
 
(20 + 23 + 20 + 7) / 4 = 17.5 N.m 
 
First of all, this means that there is no significant 
decrease of the bending moment scattering with the 
impact energy. 
 
Then, if we look at the average values obtained for 
the different lab and different upper-leg impactor 
combination, we get a scattering of 53 N.m (which 
is 13% of the average value, 407 N.m) for the first 
test series and 33 N.m (which is 12% of the 
average value, 262 N.m) for the second test series. 
 
In conclusion, we can say that the reproducibility 
scattering (scattering between average values of 
different test configurations) is 1.5 to 2 times 
higher that the average repeatability scattering 
(scattering measured inside a same test 
configuration: same lab and same impactor). 

CONCLUSIONS 

We assessed the scattering of the upper-leg 
impactor through tests carried out in two 
laboratories with up to three different impactors.  
The tests we made were close to the Euro NCAP 
impact energies applied to current cars. Therefore 

28 N.m 

53 N.m 

23 N.m 

33 N.m 
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we can assess the scattering of the Euro NCAP 
upper leg impactor tests. 
We measured we can be called repeatability 
scattering and reproducibility scattering. As 
expected, the repeatability scattering is always 
smaller than the reproducibility scattering. 
 
These strong scatterings can be bound to the choice 
of the impactor, to the choice of the laboratory, the 
temperature, the impacted element, or the 
hygrometry. 
 
By taking as an hypothesis that by increasing the 
number of tests, the Gaussian centre would be close 
to the calculated average values, we found that the 
maximum scattering between 2 pairs (laboratory / 
impactor) is 12 % of each of the two biomechanical 
criteria average. 
 
Then, we can apply this scattering value in the Euro 
NCAP pedestrian rating. We recall that the 
maximum of points in the pedestrian upper-leg 
Euro NCAP protocol is given when the total femur 
force is lower than 5 kN, and the maximum 
bending moment lower than 300 N.m. We also 
recall that the femur zone is divided into 3 parts, 
each of them receive a maximum of 2 points in the 
Euro NCAP rating. 
Therefore, a 12% scattering of the biomechanical 
criteria level, will give a difference of 1.2*3=3.6 
points for the total femur force and 0.9*3=2.7 
points for the maximum bending moment, out of 6 
in the pedestrian upper-leg Euro NCAP rating. So, 
we can lose a maximum of 3.6 points out of 6, for a 
target from 5kN and 300 N.m. 
 
As a final conclusion it should be stressed that this 
assessment of the upper-leg scattering will be 
added to other scatterings such as the difference in 
car behaviour or the scatter in the impact points. 
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ABSTRACT 
 
Head injuries are the most common injuries sustained 
by children in motor vehicle crashes.  Prevention of 
these injuries through advances in vehicles and 
restraint systems requires a biofidelic 
anthropomorphic test device (ATD).  Pediatric ATDs 
are primarily developed from scaling down adult 
volunteer and cadaver impact test data.  Limited 
experimental data exist on pediatric head and neck 
kinematics in order to evaluate the biofidelity of the 
ATDs.  The aim of the current study was to evaluate 
the head and spinal kinematics of pediatric and adult 
volunteers in response to a dynamic low-speed 
frontal sled test.  Low speed volunteer testing of five 
male subjects in each of two specific age groups (9-
12, and 18-30 years) were performed using a 
pneumatically actuated – hydraulically controlled 
sled.  Safe limits were established from measurement 
of bumper car accelerations at an amusement park 
ride (4.9 g, 55.7 msec rise time, 110 msec duration), 
which we believed to be sub-injurious to the adult 
and child amusement park population.  We 
subsequently recreated the bumper car environment 
in the laboratory, by developing a low-speed hydro-
pneumatic sled.  As an added measure of safety, our 
average maximum cart acceleration was 3.59 g for 
children and 3.78 g for adults, thus producing 
occupant loads that are approximately 25% less than 
the bumper car amusement park ride.  Spherical 
reflective markers were placed on the head, neck, 

torso, upper and lower extremities and tracked using 
a 3D motion analysis system.  An angular rate sensor 
was mounted to a bite plate of an athletic mouth 
guard to measure the head rotational velocity.  
Electromyography sensors were attached to key 
muscle groups to measure the muscle response of the 
subjects to the loading environment.  Each subject 
was subjected to six sled runs.  Head and neck 
trajectories were compared between the adult and 
pediatric subjects.  In addition, the effect of 
habituation on kinematic response was examined by 
comparing within subject changes in kinematics 
throughout the series of six sled runs. 
 
INTRODUCTION 
 
Traumatic brain and skull injuries are the most 
common serious injuries sustained by children in 
motor vehicle crashes regardless of age group, crash 
direction, or restraint type (Arbogast et al. 2005; 
Arbogast et al. 2002; Durbin et al. 2003; Howard et 
al. 2003; Orzechowski et al. 2003; Arbogast et al. 
2004).  Head injuries are responsible for one-third of 
all pediatric injury deaths (Adekoya et al. 2002; 
Thompson and Irby 2003) and are particularly 
relevant clinically as the developing brain is difficult 
to evaluate and treat.  Prevention of these injuries 
through effective motor vehicle safety systems 
requires a biofidelic anthropomorphic test device 
(ATD) to ensure safety systems mitigate injuries in 
real children.  The extent to which the pediatric ATD 
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accurately predicts the dynamics and kinematics of 
the occupant’s head and spine in particular restraint 
and crash conditions directly influences safety system 
design and thus injury potential. 
 
A growing body of evidence points to critical 
differences in spinal kinematics between humans and 
ATDs in the same restraint system.  Compliance in 
the thoracic and cervical spine is a primary cause of 
this difference.  The human spine is a relatively 
mobile, multi-segmented system, while the Hybrid III 
dummy’s thoracic spine is essentially rigid.  This 
difference in spinal compliance can generate 
differences in the head trajectory of the dummy 
relative to a human.  Studies have shown that crash 
environments that would be defined as non-injurious 
based on a dummy’s response can actually generate 
substantial injuries to the head, neck, and thorax of a 
cadaver since increased compliance in the spine 
creates an entirely different head trajectory and 
results in severe head contact with interior vehicle 
structures. (Shaw et al. 2001) 
 
The same phenomenon has been demonstrated in the 
pediatric literature where the thoracic spine of the 
pediatric ATD has been shown to be much stiffer 
than that of a real child (Sherwood et al. 2003).  This 
sled-based data compared pediatric post mortem 
human subjects (PMHS) data from the 1970s 
(Kallieris et al. 1978) with Hybrid III 6 year old ATD 
response and demonstrated the inaccurate predictions 
of a child’s head trajectory and total forward 
excursion as well as the development of 
unrealistically high moments at the OC-C1 junction.  
As pediatric PMHS data is extremely limited, 
additional evidence on kinematic differences between 
pediatric ATDs and live humans comes from 
comparison of laboratory findings to field accident 
data.  In many sled and vehicle frontal crash tests 
using pediatric ATDs, the published thresholds for 
the cervical spine injury metrics, Nij and neck 
tension, as well as the Head Injury Criterion (HIC) 
are often exceeded (Menon et al. 2003; Sherwood et 
al. 2003; Malott et al. 2004). Experience in 
incorporating pediatric ATD’s in the rear seat of 
NHTSA’s frontal NCAP tests and in development of 
enhancements to FMVSS 213 resulted in the ATD’s 
inability to meet the proposed head and neck 
tolerance criteria. (Kuppa 2005)  These results are at 
odds with several reports on the rarity of cervical 
spine injuries in child restraints and booster seats in 
the field and the overall effective protection of these 
restraints (Durbin 2002; Arbogast et al. 2002; 
Zuckerman et al. 2004).     
 

These biofidelic inaccuracies are due in part to the 
pediatric ATD’s spinal construction as a single steel 
beam rather than the multi-segmented, multi-degree-
of-freedom complex structure characteristic of real 
children.  As a result, the actual injury risk to a 
human child exposed to a similar collision 
environment may be overstated potentially providing 
misdirected guidance for restraint design.  To further 
confound the issue, the effects of the non-biofidelic 
spine of the ATD’s are restraint system dependent 
(Shaw et al. 2001). Thus, comparisons of alternative 
design concepts may be skewed due to poor 
predictions of head trajectory and thus inaccurate 
assessment of head injury risk.   
 
Traditionally, improvements in ATD biofidelity are 
achieved through rigorous evaluation of PMHS 
impact testing.  Although this approach is an 
accepted method for obtaining adult ATD design 
specifications, child PMHS data is limited and thus 
current pediatric ATD’s are based on adult 
biomechanical test data scaled to account for 
geometric and material differences between adults 
and children, to the extent such data is available.  
However, during the human developmental process, 
local and regional anatomical structures change in 
ways that are not quantitatively considered in the 
scaling processes.  Thus, to address this limitation 
and improve the ability of the current pediatric ATDs 
to mimic the interaction of real children with a 
restraint system, novel methods for determining 
pediatric dynamic response are required.  
 
Human volunteer experiments have a long 
established history in biomechanics research.  Early 
researchers used themselves as test specimens (Stapp 
1949) or enrolled adult human volunteers to define 
the dynamic response of the head and neck to trauma 
(Ewing et al. 1968; Mertz and Patrick 1971; Wismans 
et al. 1987).  To our knowledge, no data exists on the 
dynamic response of the head and neck of children 
relative to the automotive environment.  Therefore 
the objective of this research was to develop a 
methodology to safely study the sub-injurious 
kinematics of child volunteers in dynamic 
automotive-like events and through testing of adult 
volunteers in a similar loading environment, evaluate 
the effect of age on the kinematic response.   This 
paper describes the methodologic development of the 
test protocol and provides exemplary data from both 
the child and adult test subjects. 
 
METHODS 
 
This study protocol was reviewed and approved by 
the Institutional Review Boards at The Children's 
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Hospital of Philadelphia, Philadelphia, PA and 
Rowan University, Glassboro, NJ.   
 
Test device 
A pneumatically actuated – hydraulically controlled 
‘low-speed acceleration seating buck’ (LASB) shown 
in Figure 1, was designed to subject restrained human 
volunteers to a sub-injurious, low-speed frontal crash 
pulse.   
 

 
 

Figure 1.  Schematic of the low-speed acceleration 
seating buck (LASB). 
 
The LASB is primarily comprised of three sub-
assemblies, namely frame, actuator and seating buck.  
The frame for the LASB was constructed of extruded 
aluminum tubing (MiniTec Framing Systems LLC, 
Victor, NY).  The structural framework included a 
platform (for the actuator assembly) which was 
rigidly connected to two 18 feet long parallel support 
rails with equally spaced cross members for rigidity.  
A steel bar between the two support rails served to 
slow the sled to a stop following the primary 
acceleration pulse.  The actuator assembly was 
comprised of a pneumatic actuator (Mc Master-Carr, 
Robbinsville, NJ) (diameter – 4 inches, stroke length 
– 20 inches, operating pressure – 200 psi) connected 
to an opposing dual hydraulic piston-cylinder (Model 
TZ22, Vickers Cylinders, Eaton Corporation, 
Cleveland, OH) arrangement using a rigid frame.  A 
2-way high dynamics proportional throttle cartridge 
valve (Model LIQZO-LE, Atos, Italy) was used in 
the custom-designed hydraulic circuit to control the 
displacement profile of the pneumatic actuator.  
When the pneumatic actuator was fired, it delivered 
the impact force to the seating buck. 
 
The seating buck assembly (Figure 2) framework was 
also constructed using extruded aluminum tubing 
(MiniTec Framing Systems LLC, Victor, NY).  It 
was comprised of a moving platform mounted on the 
two support rails by means of six low friction linear 
bearings.  A custom-built impact fixture was 
mounted on the platform to transfer the force from 
the pneumatic actuator to the moving platform.  A 
rigid low-back padded seat, an adjustable height 

shoulder belt anchor post (similar to a B-pillar in an 
automobile), lap belt anchors and an adjustable 
footrest were mounted on the platform.  The low-
back seat allowed for the motion analysis markers 
along the spine to be visible to the cameras.  A 
standard automotive three-point belt system was 
attached to the lap belt and shoulder belt anchor 
points.  An onboard pneumatic braking system was 
provided to interact with the braking rail to decelerate 
the moving platform.  In order to limit the excursion 
of the subject during rebound associated with 
braking, a nylon strap was attached to two vertical 
bars behind the seat (at the location of T4). 
 

 
 

Figure 2.  Schematic of the seating buck assembly. 
 
Safe volunteer crash pulse 
An amusement park bumper car ride was studied to 
provide a benchmark of a crash-like situation 
commonly and safely used by children for recreation 
and enjoyment.  Safe limits on the volunteer crash 
pulse were defined from measuring a bumper car-to-
wall impact in an amusement park (Six Flags Great 
Adventure, Jackson, NJ).  An accelerometer was 
secured to the rigid cross-member of the steering 
assembly of a bumper car.  The car was used in its 
typical usage patterns, impacting the wall of the 
arena, another vehicle head to head, and another 
vehicle in a T-type configuration.  This process was 
repeated with two different bumper car vehicles.  The 
maximum pulse obtained was 4.9 g in 55.7 msec 
(Figure 3).  This was defined as the envelope of 
safety for the human volunteers.  
 
Design considerations for safety 
Additional safety evaluations were performed during 
the design and operation of the LASB to ensure 
safety, comfort and protection of the human subjects.  
Firstly, the restraints of the amusement park bumper 
car were studied and the LASB restraints were 
designed to provide more custom-fit protection.  The 
amusement park bumper cars provided restraint 
through two load paths – 1) a loop of belt across the 
torso, and 2) a footrest that restrained the lower 
extremities.  The bumper car restraints were not 

Frame  

Seating Buck  

Actuator  

Linear bearing 

Impact 
fixture  

Low back 
seat  Footrest Shoulder 

belt anchor 
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adjustable for different size occupants.  The LASB, 
in contrast, features a customizable restraint system 
to distribute test forces over three load paths: 1) torso 
loads are carried by a shoulder belt that rests on the 
clavicle, 2) pelvic loads by a lap belt, and 3) lower 
extremity loads by the foot rest.  The LASB belt and 
foot rest are fully adjustable to maximize occupant 
comfort, ensuring that that shoulder belt passes over 
the clavicle and sternum, that the lap belt engages the 
iliac wings, and that the leg restraints are adjustable 
to allow a bent knee.  Thus, because the LASB 
restraints distribute forces through more load paths 
than the traditional bumper car restraint, and provide 
adjustability for optimal fit, we expect that the 
pressure applied by the restraints to the test subjects 
to be lower in magnitude and more optimally placed 
than a typical bumper car. 
 
As further confirmation of the safety of this event, a 
literature review on sub-injurious loading to human 
volunteers was performed.  All of this literature uses 
adult human subjects, as there is no data on children, 
however we believe the findings are relevant to our 
study and support the safety of our test environment.  
First in the amusement environment, the top 7 roller 
coaster rides by g-loading in the United States in 
2001 exposed occupants to accelerations of 5 to 6.5 g 
(Braksiek and Roberts, 2002).  Roller coaster loading 
likely differs in loading direction, duration and onset 
rate and thus limit our ability to directly compare 
roller coaster data to the volunteer sled.  More direct 
comparisons can be obtained from Ewing et al. 
(1968) who measured the dynamic response of the 
head and neck by exposing seated and restrained 
adult human volunteers to a frontal peak sled 
acceleration of 2.8 g.  Mertz and Patrick (1971) 
subjected a human volunteer to frontal sled plateau 
accelerations ranging from 2 to 9.6 g.  Although low 
levels of acceleration (<8 g) were well tolerated by 
the volunteer, he experienced neck pain beyond 8 g.  
This review further confirms that the acceleration 
levels at which the LASB is designed have 
previously been tolerated safely by human 
volunteers.   
 
Lastly, the design of the LASB itself had several 
safety mechanisms through which the application of 
the low-speed acceleration was controlled. The 
hydraulically controlled – pneumatic powered 
actuator system was designed to deliver an 
acceleration pulse with a maximum acceleration of 
less than 4.5 g with a rise time of 50-70 msec – 
within the defined safety envelope.  However, the 
subjects received a slightly lower pulse (shown in the 
results section).  Other safety system redundancies 
included: 

1. Well documented countdown procedure, safety 
check list and testing protocol 

2. Manual pressure checks at the pneumatic and 
hydraulic accumulators equipped with pressure 
relief valves 

3. Synchronized trigger circuit with key operated 
‘arm’ switch and push button ‘fire’ switch to 
operate all systems simultaneously 

4. Warning light on control box when system is 
‘armed’ and ready to be fired 

5. On board pneumatic system activated braking 
calipers on the front and back of the moving 
platform 

6. Emergency braking system consisting of two 
hydraulic dampers mounted at the end of the 
rails 

7. Multiple abort switches for each system 
8. Fail safe volunteer-controlled abort contact-

switch 
 
These safety checks ensured that the LASB delivered 
the appropriate pulse and could only be triggered and 
actuated when the test area of the LASB was cleared 
by personnel and the subject was appropriately 
restrained and ready for testing.  Dynamic proof 
testing of the LASB and all components was also 
completed prior to human volunteer testing. 
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Figure 3.  Bumper car to wall acceleration pulse. 
 
Human Subjects 
 Inclusion criteria – Specific inclusion criteria 
were male subjects aged between 6 and 40 years 
whose height, weight and BMI were within 5th and 
95th percentile for the subject’s age (based upon CDC 
growth charts for children (CDC Growth Charts, 
2000) and CDC NHANES data for subjects 18+ 
years (NHANES data, 1994)).  Subjects with existing 
neurologic, orthopedic, genetic, or neuromuscular 
conditions, any previous injury or abnormal 
pathology relating to the head, neck or spine were 
excluded from the study.  Subjects were recruited 
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from flyers placed in the community and throughout 
CHOP and Rowan sites.  Prior to the testing dates, 
telephone interviews were conducted with the adult 
subjects and parent / guardian of child subjects to 
confirm eligibility.   
 
For the analyses presented herein, a total of 10 male 
subjects – five subjects in each of the two age groups 
(9-12 years and 18-30 years) were tested.  Upon 
arrival at the test site, the study was explained in 
detail to all subjects including a demonstration of 
how the LASB functions by firing the sled without an 
occupant.  The adult subjects were given a self-
consent letter and the parent / guardian of the child 
subjects were given a parental consent letter with a 
child subject assent.  After the subjects had been 
consented, height and weight were measured to 
verify that their height, weight and body mass index 
(BMI) were consistent with the inclusion criteria.   
 
The subjects were asked to remove their shirt(s) to 
facilitate placement of the instrumentation and the 
following anthropometric measurements:  
1. Head medial-lateral width at the level of nasion 
2. Head anterior-posterior depth at the level of 

opisthocranion 
3. Head girth at the level of opisthocranion 
4. Head length from head top to mandible 
5. Neck medial-lateral width at the level of C3-C4 
6. Neck anterior-posterior depth at the level of C3-

C4 
7. Neck length (Opisthocranion to C7) 
8. Neck girth at the level of C3-C4 
9. Chest medial-lateral width at Xyphoid process 
10. Chest anterior-posterior depth at Xyphoid 

process 
11. Shoulder width (distance between left and right 

acromion processes) 
12. Distance between Suprasternal notch to Xyphoid 

process 
13. Seated height measured from head top to seat top  
14. Waist girth at umbilicus 
15. Hip width at Iliac crests 
16. Buttock to Popliteal length 
17. Knee to foot distance measured from lateral 

femoral condyle to floor 
 
Instrumentation 

Subject – Spherical reflective markers (10 mm 
diameter) were placed on the head, neck, torso, upper 
and lower extremities and tracked using a 3D motion 
analysis system (Model Eagle 4, Motion Analysis 
Corporation, Santa Rosa, CA).  Specifically, the 
photoreflective targets were attached to the following 
anatomical landmarks:  
 

1. Head – On a tight-fitting elastic cap (Left and 
right temple, top and front of head in two places 
along the mid-sagittal plane, and on the occiput 
posteriorly), nasion and anterior to the left and 
right external auditory meatus.  

2. Spine – Spinous processes of C4, T1, T4, T8, 
and L1. 

3. Upper Extremity – Lateral humeral epicondyle, 
and ulnar styloid, all bilaterally 

4. Torso – Acromion process (bilaterally), 
suprasternal notch, and Xiphoid process 

5. Pelvis and Lower Extremity – Anterior superior 
iliac spine, lateral femoral epicondyle, lateral 
malleolus all bilaterally.  

 
A comprehensive list of all the markers is provided in 
the Appendix – Table A1.  An angular rate sensor – 
ARS (Model ARS-300, DTS Inc, Seal Beach, CA) 
was mounted via a custom fixture to a subject-
specific athletic mouth guard to measure the head 
rotational velocity.  Surface Electromyography 
(EMG) sensors were attached bilaterally to key 
muscle groups of the neck (Sternocleidomastoid, 
Paraspinous and Trapezius), lower torso (Erector 
Spinae), and lower extremities (Rectus femoris) to 
measure the muscle response of the subjects to the 
loading environment.  A grounding electrode was 
centered over the right mastoidale.  A telemetric 
Surface EMG system, Noraxon – TeleMyo 2400T V2 
(Noraxon USA Inc, Scottsdale, AZ) was used to 
record the EMG signals.  For each subject, their 
maximum isometric contraction for these muscles 
was measured prior to sled testing. 
 
 LASB – Spherical reflective markers were also 
placed on various locations on the seating buck and 
tracked using a 3D motion analysis system (Model 
Eagle 4, Motion Analysis Corporation, Santa Rosa, 
CA).  A piezoresistive accelerometer (Model 7264-
200, Endevco, San Juan, CA) was mounted to the 
moving platform frame to record the acceleration of 
the LASB.  Lightweight belt webbing load cells 
(Model 6200FL-41-30, Denton ATD Inc, Rochester 
Hills, MI) were attached five inches from the D-ring 
location on the shoulder belt and on the inboard and 
outboard locations on the lap belt, respectively.  Six-
axis load cells was placed under the seat pan (Model 
IF-217, FTSS, Plymouth, MI) and footrest (Model 
IF-234, FTSS, Plymouth, MI), respectively to 
measure the reaction forces exerted by the subjects.   
A high-speed video camera (MotionXtra HGTH, 
Redlake, San Diego, CA) was placed sagittally to 
record the event at a rate of 1,000 frames per second 
(fps).  In addition, two standard video camcorders 
(Model DC20, Canon Inc., Japan) were used to 
capture the frontal and sagittal views at 30 fps.  The 
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hydraulic controller, Motion Analysis, T-DAS, EMG 
and high speed camera systems were triggered 
synchronously using a custom made circuit. 
 
Testing 
After the instrumentation setup was completed, the 
subjects were seated in the LASB as shown in 
Figure 4.  The torso and knee angles were maintained 
at 110 degrees by adjusting the position of the 
footrest and nylon strap to mimic the posture of a 
seated occupant in an automobile (Reed et al. 2005).  
The shoulder belt angle at the D-Ring (defined as the 
angle the shoulder belt makes with the horizontal) 
and lap belt buckle angle (defined as the angle the lap 
belt buckle makes with the horizontal) were set at 
70 degrees at initial position for all the subjects.  In 
order to minimize the effect of initial head position, 
the subjects were asked to focus at a point placed 
directly in front of them at the level of their nasion.  
The lap and shoulder belts were then adjusted and 
secured to fit optimally for the subject’s size. 
 
The experimental procedure with the LASB is a 
series of six tests, with each successive test designed 
to encourage the occupant to relax their muscles and 
allow the restraints to support their weight during the 
acceleration event, thus simulating the condition of 
an unbraced occupant in a frontal vehicle crash 
whose inertial forces are supported by the restraint 
system in the vehicle.  Subjects received a countdown 
in each test prior to firing of the actuator.  Each 
subject was given the option to either continue or 
withdraw from further testing at the completion of 
each test run.  All the tests were conducted 
identically with a rest period of approximately 
10 minutes between subsequent tests.  
 

 
 
Figure 4:  Child subject seated in LASB. 
 
Data acquisition and analyses 
Signals from the ARS, accelerometer and load cells 
were sampled at 10,000 Hz using a T-DAS data 
acquisition system (Diversified Technical Systems 
Inc., Seal Beach, CA) with a built-in anti-aliasing 

filter (4,300 Hz).  The Motion Analysis data were 
acquired at 100 Hz and analyzed using EVaRT5 
software (Motion Analysis Corporation, Santa Rosa, 
CA).  MyoResearch XP software was used to export 
the EMG data into ASCII format.  The T-DAS, 
Motion Analysis and EMG data processing were 
automated using MATLAB 8.0 (The Mathworks Inc, 
Natick, MA).  The high-speed video data were 
analyzed with Falcon software (Falkner Consulting 
for Measuring Technology GmbH, Gräfelfing-
Lochham, Germany). 
 
For the analyses presented herein, only the Motion 
Analysis data and the sled acceleration data will be 
discussed.  The sled acceleration data were filtered at 
SAE channel frequency class (CFC) 60, as 
recommended by the SAE J211 standards. 
 
RESULTS 
 
The age, height, weight and BMI for the subjects 
whose data are presented herein are listed in Table 1. 
 

Table 1. 
Height, Weight and BMI for subjects 

Subject 
# 

Age 
years 

Height 
cm 

Height 
Percentile 

Weight 
kg 

Weight 
Percentile 

BMI 
kg/m2 

BMI 
Percentile 

11 9 124 5 25.1 17 16.3 51 

8 10 136 31 28.5 22 15.4 23 

18 10 144 68 33.1 47 16 32 

16 12 165 92 50.3 74 18.5 54 

19 12 155 68 40.3 41 16.8 29 

21 22 172 38 64.8 14 21.7 31 

23 22 176 51 86.6 65 28 66 

24 22 180 69 106.6 94 32.8 93 

22 24 169 22 73.4 37 25.8 47 

27 30 180 69 80.7 53 24.8 39 

  
For Child subjects, ages 6-18 years: Height, Weight and BMI 
percentiles were calculated using the CDC growth charts (2000)  
 
For Adult subjects, ages 20+ years: Height, Weight and BMI 
percentiles were calculated using the NHANES data (1994)  
 
The individual and averaged sled acceleration pulse 
for a set of six trials on a single subject is shown on 
Figure 5.  The activation of the synchronous trigger 
(henceforth called ‘time zero’) was followed by a 
time delay before the movement of the sled (event).  
The time delay (approximately 100 msec) was 
attributed to the response lag associated with the 
LASB hydraulic system.  Event onset (vertical line in 
Figure 5) was defined as the time at which the sled 
acceleration reached 5% of its peak value.    
 
The five phases of the event are outlined below: 
1. Acceleration – This is the first phase of the event 

that immediately follows event onset and 
corresponds to the pre-programmed acceleration 
pulse of the sled.   
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2. Restraint loading – The subject loads the seatbelt 
restraints. 

3. Rebound – After maximum excursion, the 
subject rebounds back and interacts with the 
nylon strap behind the seat. 

4. Coasting – During this phase, the sled coasts on 
the rails. 

5. Braking – The pneumatic brakes are applied 
during this phase causing the gradual 
deceleration of the sled. 
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Figure 5.  Sled acceleration pulse of six individual trials 
and their average for a single human volunteer.  
Various phases of the event are shown in red – dashed 
boxes. 
 

 
The sled acceleration pulse from the six trials for 
each subject were averaged and plotted for the two 
age groups – child and adult (Figure 6).  The children 
had slightly lower average peak acceleration (3.59 g) 

with slightly longer rise time (64 msec) compared to 
adults (3.78 g in 59 msec).   
 
The marker on the right rear of the cart (‘Cart back 
right – CBR #32’) was chosen as the reference point 
(origin) for the local coordinate axes shown in 
Figures A1a and A1b (Appendix).  All marker 
trajectories were plotted with respect to this reference 
point.  As an example, the head top marker 
trajectories were plotted along the sagittal plane (X-Z 
plane) for each of the six trials and averaged in time.  
An exemplar head top trajectory for a child and adult 
subject is shown in Figures 7a and 7b, respectively.  
Standard deviation bars in X and Z, indicating the 
variability among the six trials, were plotted at 
100 msec intervals for a total duration of 600 msec.   
 
The start point for each trajectory coincides with time 
zero.  The average head top trajectories for the child 
and adult groups are shown in Figures 8a and 8b, 
respectively.  The variation in the initial position of 
the trajectory start point between subjects can be 
attributed to the difference in seated height (Z-axis) 
and initial fore-aft head position (X-axis).  The range 
of total displacement for the head top marker in the 
pediatric population was 298 – 371 mm (X-axis) and 
38 – 109 mm (Z-axis).  Similarly, the total 
displacement ranges for head top marker in the adult 
population were 297 – 463 mm (X-axis) and 35 – 
79 mm (Z-axis).   
 
The average trajectories for the C4 marker are shown 
on Figures 9a and 9b.  The range of total 
displacement for the C4 marker in the pediatric 
population was 180 – 260 mm (X-axis) and 41 – 
90 mm (Z-axis).  Similarly, the total displacement 
ranges for C4 marker in the adult population were 
211 – 294 mm (X-axis) and 40 – 77 mm (Z-axis).  
The average left iliac crest (pelvis) marker 
trajectories are shown on Figures 10a and 10b.  The 
range of total displacement for the pelvis marker in 
the pediatric population was 81 – 128 mm (X-axis) 
and 15 – 36 mm (Z-axis).  Similarly, the total 
displacement ranges for pelvis marker in the adult 
population were 138 – 167 mm (X-axis) and 18 – 
38 mm (Z-axis). 
 
The average trajectories for the left and right 
acromion markers were plotted in the transverse 
plane (X-Y plane) along with the schematic of a 
subject in the initial position (Figures 11a and 11b).  
Both the left and right marker trajectories remained 
almost perpendicular to this plane throughout the test.  
This is indicative of a lack of rotation of subjects 
about their Z-axis during the acceleration, restraint 
loading and rebound phases.   
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Figure 6.  Average sled acceleration pulse with peak 
values for child and adult subjects. 
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Figure 9.  Subject-Average C4 marker trajectories in the sagittal plane for the (a) child and (b) adult group. 
 

0 100 200 300 400
900

910

920

930

940

950

960

970

980

990

X (mm)

Z
 (

m
m

)

 

 

Average
Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6

 
(a) 

0 100 200 300 400
1020

1040

1060

1080

1100

1120

X (mm)

Z
 (

m
m

)

 

 

Average
Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6

 
(b) 

 
Figure 7.  Individual and average (with standard deviation bars in X and Z) head top marker trajectories in the sagittal 
plane for an exemplar (a) child and (b) adult subject. 
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Figure 8.  Subject-Average head top marker trajectories in the sagittal plane for the (a) child and (b) adult group. 
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Figure 10.  Subject-Average left iliac crest marker trajectories in the sagittal plane for the (a) child and (b) adult group. 
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Figure 11.  Subject-Average left and right acromion marker trajectories in the transverse plane for the (a) child 
(superimposed by a schematic of a subject) and (b) adult group. 
 
 
DISCUSSION AND CONCLUSIONS 
 
This paper describes the development of method and 
device capable of providing a safe frontal pulse to 
restrained pediatric and adult human volunteers.  
While adult volunteers have previously been used in 
impact biomechanics, this effort represents the first to 
use child subjects in this manner.  The envelope for a 
safe volunteer crash pulse was derived using a novel 
approach – determining the “pulse” associated with a 
bumper car to wall impact in an amusement park 
setting.  From this envelope, a custom designed sled 
was constructed that allowed for the safe conduct of 
low speed frontal sled tests for the volunteers.  
Across the six trials for a single subject, the 
acceleration pulse is very repeatable.  Both adult and 
child volunteers experience similar accelerations 
however the mass differences between the subject 

groups lead to slightly greater restraint loading and 
rebound phases for the adults.   
 
From the preliminary analyses of the head top marker 
trajectories, the adult subjects displayed a greater 
maximum displacement in the X-axis when 
compared to pediatric subjects.  However, in the Z-
axis, the pediatric group had a higher maximum 
displacement when compared to the adult group.  
This is indicative of a greater angular head rotation in 
children.  Anatomic differences in the pediatric 
cervical spine – including more horizontal facets, 
ligaments with increased laxity, and a higher fulcrum 
of rotation – likely lead to these differences.  It is 
important to note that these results demonstrate 
differences between adults and those 9-12 years – an 
age group which is not universally considered 
“pediatric” from a biomechanical perspective.   
 

Right Acromion Right Acromion 
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Future studies will combine data from the angular 
rate sensor with the head trajectories to understand 
the nature and timing of these differences in head 
rotation.  Normalization schemes using 
anthropometric measures will shed insight into 
whether this variability is truly age dependent or can 
be explained by differences in size.  .  
 
Previous rear impact studies of adult human 
volunteers exposed to repeated acceleration of similar 
magnitude demonstrated a habituation response of 
the neck muscles, thereby leading to muscle 
relaxation with subsequent exposure (Blouin et al., 
2003).  In this study the pediatric and adult 
volunteers were subjected to a series of six frontal 
impacts of equal magnitude.  If there is attenuation in 
neck muscle response with repeated exposure, one 
would expect increased head excursion in subsequent 
trials.  But, no such trends were observed in these 
tests.  Future work will correlate the dynamic EMG 
activity to the head and neck kinematics. 
 
Several limitations of this approach need to be 
discussed.  First, the head and neck trajectories were 
measured using a ‘state of the art’ 3D motion capture 
system utilizing markers affixed to the skin.  Some 
error exists in assuming these skin markers exactly 
match the movement of the skeletal structures they 
represent.  The magnitude of this error can be 
assessed by examining the time change of the 
distance between markers affixed to points on the 
same rigid body.  For the head and neck, these 
differences are less than 2%.  Second, examination of 
the acromion trajectories in the transverse plane 
revealed little movement perpendicular to this plane.  
Subjects primarily moved in the sagittal plane.  For 
this reason, in this manuscript, although, three 
dimensional data were recorded, only two 
dimensional analyses were performed.  The 2D plots 
of the marker trajectories were projections of the 3D 
trajectories on the sagittal plane.  This approach may 
lead to slight under estimation of marker 
displacements.   
 
In the absence of traditional efforts to define 
biomechanical response for children using pediatric 
PMHS, this approach represents a novel means by 
which to obtain important data that is needed for the 
design of biofidelic ATDs.  By subjecting living child 
volunteers to sub-injurious dynamic loading, we gain 
a quantitative understanding of how real children 
move compared to adults.  The human volunteer 
work described herein is part of a larger project in 
collaboration with University of Virginia and Takata 
Corporation in which adult PMHS will be subjected 
to crashes similar to those experienced by the 

volunteers and then those same PMHS will be loaded 
at crash relevant speeds.  The synthesis of the 
volunteer data with the adult PMHS data using either 
traditional scaling methods and/or computational 
models will greatly increase our knowledge of the 
biomechanics of child occupants, leading to better 
tools for optimizing protection of these occupants in 
motor vehicle crashes.   
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APPENDIX 
 

Table A1. 
List of motion analysis marker locations on the subject and seating buck 

 
Marker # Name Abbreviation Marker # Name Abbreviation 

1 Head Top HT 28 Buckle Bottom BB 

2 Head Front HF 29 Buckle Top BT 

3 Head Left HL 30 
Angular Rate 
Sensor 

ARS 

4 Head Right HR 31 Cart Back-Left CBL 

5 Opisthocranion OP 32 Cart Back-Right CBR 

6 EAM Left EAML 33 Cart Front-Left CFL 

7 Nasion NAS 34 
Cart Front-Right 
Reference 

CFR 

8 EAM Right EAMR 35 
Foot Rest Back 
Left 

FRBL 

9 C4 C4 36 
Foot Rest Back 
Right 

FRBR 

10 T1 T1 37 
Foot Rest Front 
Left 

FRFL 

11 T4 T4 38 
Foot Rest Front 
Right 

FRFR 

12 T8 T8 39 Seatback 1 SB1 

13 T12 T12 40 Seatback 2 SB2 

14 Acromion Left ACL 41 Seatback 3 SB3 

15 Acromion Right ACR 42 Seatback 4 SB4 

16 
Humeral 
Epicondyle Left 

HEL 43 Seatpan Back-Left SPBL 

17 
Humeral 
Epicondyle Right 

HER 44 
Seatpan Back-
Right 

SPBR 

18 
Ulnar Styloid 
Process Left 

USPL 45 Seatpan Front-Left SPFL 

19 
Ulnar Styloid 
Process Right 

USPR 46 
Seatpan Front-
Right 

SPFR 

20 
Supra-Sternal 
Notch 

SSN 47 
Tower Bottom-
Front 

TWBF 

21 Xiphoid Process XP 48 
Tower Bottom-
Rear 

TWBR 

22 Iliac Crest Left ICL 49 Tower Top-Front TWTF 

23 Iliac Crest Right ICR 50 Tower Top-Rear TWTR 

24 
Femoral 
Epicondyle Left 

FEL 51 Belt BLT 

25 
Femoral 
Epicondyle Right 

FER 52 D-Ring Front DRF 

26 
Lateral Malleolus 
Left 

LML 53 D-Ring Rear DRR 

27 
Lateral Malleolus 
Right 

LMR    
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(a) 

 

 
(b) 

 
Figure A1.  (a) Frontal view and (b) rear view of an adult subject seated in LASB with all motion analysis markers 
labeled. The local coordinate axes along with the reference marker is shown. 
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ABSTRACT 

Research on pedestrian protection currently is 
focusing mainly on passenger cars. However, impacts 
with heavy goods vehicles (HGV) and buses are also 
important, especially in urban areas and in 
developing countries. This study is an attempt to 
show the distribution of injury patterns focused on 
the head injury mechanism. In the European project 
APOLLO WPII database with a number of 104 
pedestrians injured by a HGV or bus were identified. 
The head was found the most severely injured 
anatomic region, with an average AIS of 3.1, 
followed by the abdomen/pelvis (AIS 2.9), and the 
thorax (AIS 2.1). Using the Dr. Martin 
transformation matrix, head injury mechanisms were 
assigned to codified head injuries. Around 69% of the 
sustained head injuries had a rotational injury 
mechanism, 21% translational, and 10% either. Three 
multi-body vehicle models, representing two HGV 
and one bus, were used in a large parameter analysis. 
The simulations showed that the angular velocity 
change is exceeding 30rad/s and the angular 
acceleration is exceeding 10.000rad/s² in simulations 
where the HIC value was below 1000. Additionally 
the head injury risk was assessed by prescribing the 
accelerations of the human pedestrian model’s head 
to a finite element head and brain model. It can be 
concluded that head injuries are the most frequent 
injuries sustained by pedestrians involved in a 
collision with a flat-fronted vehicle and rotational 
accelerations are responsible for around 70% of head 
injuries. Impactors currently used in pedestrian 
protection regulations do not assess rotation-induced 
injuries. 

 
Keywords: Vulnerable Road Users, Pedestrian, 
Bicyclist, Heavy Goods Vehicles, Trucks, Head 
Injuries, Rotational accelerations, FE head/brain 
model 

MOTIVATION 

In numerical studies conducted in the project 
APROSYS [1], [2], [3] the interaction between 
vulnerable road user and heavy goods vehicle were 
studied by means of finite element vehicle models 
(IVECO Stralis and generic short-haul goods vehicle) 
and finite element  and multi-body pedestrian models 
(pedestrian accident compliant (PAC) model and 
Madymo human pedestrian models). The numerical 
studies highlighted threatened and highly loaded 
body regions [1].  
In parallel the HV-CIS injury and accident database 
was analysed by Smith [4]. The accidentology 
pointed out, that the head is the most frequently 
(seriously) injured body region. Other studies proof 
the same [5]. 
The numerical studies, however, did not show the 
relevance of head injuries to that extent. It was 
therefore assumed, that the secondary contact with 
the ground leads to the large number of head injuries. 
The secondary impact (with the ground) was not 
investigated in the previously mentioned studies. 
In 2008 a workshop organised by APROSYS SP2 
was held in Neumünster, Germany. There, Arregui 
[6] pointed out that head injuries in accidents 
between pedestrians and flat front vehicles are more 
frequently due to rotation (rotational 
acceleration/velocity) than due to translation.  
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It therefore seemed worthwhile to rerun the 
numerical simulations and pay attention to the head 
rotation and the secondary impact (with the ground). 
In collaboration with APROSYS SP5 (biomechanics) 
the head injury risk was re-evaluated using a finite 
element head/brain model.  
Eventually, the findings of the numerical studies 
were compared with the field data of the injury 
database APOLLO.  

INTRODUCTION 

Very little research has been carried out so far in the 
field of pedestrian collisions involving HGV. Most 
studies performed are focusing on passenger cars, 
and LTV (light truck vehicle).  
Graz University of Technology and the University of 
Strasbourg were involved in the EC funded project 
APROSYS. Sub-project 2 initiated research in the 
field of HGV-VRU accidents, investigated the 
interaction of vulnerable road users (VRU) with 
heavy goods vehicles (HGV) in experiment and in a 
numerical environment and came up with a so-called 
aggressivity index (HVAI) assessing the risk imposed 
by a HGV on vulnerable road users. Sub-project 5, 
Biomechanics, developed improved head injury 
criteria based on a finite element head-brain model 
by reconstructing 68 accident case results (6 
motorsport, 22 football player, 29 pedestrian and 11 
motorcycle accidents) [7]. This model is capable of 
assessing the potential head injury risk in road safety 
and distinguishing between contusion, sub-dural 
haematoma (SDH), skull-fracture, and diffuse axonal 
injuries (DAI). 
The European Center for Injury Prevention was 
involved in the European Project APOLLO, in the 
Work Package II, investigating the injuries associated 
to the hospital discharges in Europe. Work-package 
II, "The burden of injuries in the EU: indicators and 
recommendations for prevention and control", is 
coordinated by the University of Navarra [8]. The 
"core" project consists on the development of report 
on the burden of (non-fatal) injuries in the European 
Union. The APOLLO database stores the information 
of 1.085.673 cases from the hospital discharges, of 
which some 74.660 cases are traffic-related injuries.  

HEAD INJURY MECHANISMS 

Many experiments and studies on head impact have 
been carried out to investigate the head’s mechanical 
response properties. In general, the impact response 
was described in terms of head acceleration, impact 
force and intracranial pressure. 

Translational accelerations 

The pioneer of the experimental studies in this field 
was Holburn (1943) [9]. He worked on tangential 
stresses in a gel model, observing that the rotation 
between skull and brain could explain most of the 
traumatic brain injuries. It was noted that translations 
were not as harmful as rotations; an amazing 
conclusion that is still valid nowadays. 
Profound research has been carried out on impact 
tolerance of human head sponsored by the 
automotive industry. The first approach to human 
tolerance limits was introduced by Gurdjian in 1953 
[10] and Lissner et al in 1960 [11], and it is widely 
known as the Wayne State Tolerance Curve (WSTC). 
Figure 1 reproduces that curve. 
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Figure 1: Severity Index, based on [12] 

The WSTC indicates a relationship between average 
translational anterior-posterior acceleration level and 
duration of the acceleration pulse that accounts for 
similar head injury severity in head contact impacts. 
Gurdjian and colleagues assumed that measuring the 
tolerance of the skull to a fracture was equivalent to 
measuring the tolerance to a brain injury. 
Combinations of acceleration level and pulse 
duration that lie above the curve are assumed to 
exceed human tolerance, and will cause severe 
irreversible brain injury. Combinations below the 
curve do not exceed human tolerance. 
In 1966 Gadd [12] introduced the SI (Severity Index) 
based on WSTC studies. It was calculated by 
integrating the linear acceleration and raised to the 
power of 2.5 (the slope of curve expressing the 
WSTC in log t– see Figure 1). Gadd indicated an 
acceptable maximum value of 1000. 
Using the WSTC and the criteria developed 
thereafter, restrictions that arise from the test 
conditions have to be considered. The major 
limitations are the shortage of data of initial curve 
points, the accelerometer position located in the back 
of the head (far from the centre of gravity) and 
techniques for scaling the animal data and the 
supposed correspondence of skull fracture and brain 
injury. Bearing in mind that WSTC is based on direct 
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frontal impact tests, the result should not be applied 
to other impact directions. 
In 1971, Versace [13] proposed an alternative 
formulation of the Severity Index, subsequently 
proposed by the US National Highway Traffic Safety 
Administration (NHTSA) and included in the 
FMVSS 208. This injury criterion is called HIC 
(Head Injury Criterion) – see (1): 

 
(1) 

Where ar is the resultant linear acceleration measured 
at head centre of gravity (in G’s) and t1 and t2 are two 
arbitrary times (in s). 
To determine the relationship between HIC and 
injuries to the skull and brain, available test data were 
analysed statistically by fitting normal, log normal, 
and two parameter Weibull cumulative distributions 
to the data set, using the maximum likelihood method 
to achieve the best fit for each function [14]. The best 
fit of the data was achieved with the log normal 
curve. 
A major limitation of the HIC - not taking into 
account rotational acceleration - is often criticized. 
Another common limitation is the lack of a 
relationship between human head injury and the 
acceleration response measured with 
anthropomorphic test devices that is the 
transformation function between the dummy and the 
cadaver. 
Nevertheless, the HIC is the index of cerebral 
damage most commonly accepted by the scientific 
community and the only value that the automotive 
industry uses to develop new vehicles or to fulfil 
regulations.  
The a3ms (or cum3ms) criterion is also based on the 
WSTC, and it is defined as the maximum 
acceleration level obtained for an impact-duration of 
3 ms, where any three milliseconds window should 
not exceed 80 g in the resultant acceleration curve. 
This requirement has also been incorporated in 
European and American regulations. 

Rotational accelerations 

In experimental studies using animals by 
Unterharnscheidt and Higgins [15], angular 
accelerations were applied to primates’ heads. They 
could reproduce subdural haematoma, bridge veins 
ruptures between skull and brain, as well as brain 
injuries and spinal cord injuries. 
Ommaya [16] carried out a study with 25 monkey 
squirrels, in which they induced and compared pure 
translational motions with combinations of rotational 
and translational accelerations, determining the 
reduction of the resistance in case of combined 

motion - despite being smaller in intensity. It was 
also found that the angular acceleration and the 
according injury thresholds are related to the mass of 
the brain. The tolerance limit for human beings was 
obtained by scaling the results from the primate test. 
In 1993, working on rotational acceleration as an 
injury mechanism, Melvin [17] determined human 
being’s tolerance to angular acceleration in 7500 
rad/s² with a concussion probability of 99%. In 1974 
Löwenhielm suggested that the bridging veins 
between skull and brain started to tear from 400 
rad/s² angular acceleration or a change of angular 
speed from 70 rad/s [18].  
Margulies and Thibault [19] proposed a criterion to 
produce a Diffuse Axonal Injury (DAI) according to 
the Angular Acceleration and the Delta Angular 
Speed, which is reproduced in Figure 2.  
The area below the curve indicates the head 
acceptable limit for two different brain weights 
(500g, 1400g). The solid black curve indicates the 
tolerance for the human brain.  
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Figure 2: Rotational acceleration and rotational 
velocity as injury mechanism, based on [19] 
 
Table 1 shows tolerance values commonly used. 
However, additional studies on volunteers suggest 
that much higher tolerance values may be possible 
for short durations. 
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Table 1.  
Tolerance thresholds for rotational acceleration 

and angular velocity. [20] 
Tolerance threshold, 

50% probability 

Type of brain 

injury 
Reference 

α = 1800 rad/s², Δt<20ms 

ω = 30 rad/s, Δt>20ms 

Cerebral 

concussion 

Ommaya et 

al., 1967 

α < 4500 rad/s², Δt<20ms 

ω < 70 rad/s 

Rupture of 

bridging veins 

Löwenhielm 

et al., 1975 

α < 3000 rad/s² 
Brain surface 

shearing 

Advani et 

al., 1982 

For ω< 30 rad/s: 

AIS 5; α > 4500 rad/s² 

For ω> 30 rad/s: 

AIS 2; α > 1700 rad/s² 

AIS 3; α > 3000 rad/s² 

AIS 4; α > 3900 rad/s² 

AIS 5; α > 4500 rad/s² 

General injury 
Ommaya et 

al., 1984 

 
In an attempt to combine translational and rotational 
acceleration, Newman in 1986 [21], in contact with 
Transport Canada, introduced the concept of 
generalized GAMBIT (Generalized Acceleration 
Model for Brain Injury Tolerance). The model 
attempts to weight, in an analogous manner to the 
principal shear stress theory, the effects of the two 
forms of motion. The GAMBIT equation is as 
follows: 

 
(2) 

Where a(t) and α(t) are the instantaneous values of 
translational and rotational acceleration respectively. 
αc and ac are limiting critical values and n, m and s 
are empirical constants selected to fit the available 
data from Kramer and Appel field accident database 
[22]. (n = m = s = 2.5, ac=250g, αc = 25.000 rad/s²). 
These values were more or less confirmed in a more 
recent publication [23]. G=1 is set to correspond to a 
50% probability of MAIS 3. 
Using simulations of the injuries sustained by 
passengers in documented automobile accidents, the 
severity / probability relationship shown in Figure 3 
was generated [21] These have not been fully 
validated but may serve as basis for future 
development. 
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Figure 3: Head injury severity probability as a 

function of GAMBIT criterion [21] 
 
The GAMBIT has been criticized on the grounds that 
it does not take into account any time related aspect 
of head injury process. That is, it only depends on 
maximum values and does not invoke any particular 
limit of velocity change or time duration of 
acceleration exposure. Another weak point of this 
criterion is its inadequate validation. 
The HIP (head impact power) is a more global 
approach to a head protection criterion [24]. The 
formula is the sum of power terms for all rotational 
and translational degrees of freedom – see (3) -and is 
based on the hypothesis that head injuries do occur if 
a certain rate of kinetic energy change is exceeded. A 
threshold value of 12.79 kW (kNm/s) is proposed for 
50% of concussion, a mild traumatic brain injury 
where unconsciousness [25] may occur (see Table 2).  

 
(3) 

 
Table 2.  

Relationship between HIP and probability for 
concussion [25] 

Probability for concussion HIP [kW] 
5% 4.7 
50% 12.79 
95% 20.88 

 
Gennarelli et al. [26] presented a set of 
interrelationships between biomechanical metrics and 
the entire spectrum of DBI (Diffuse Brain Injury), 
and the first hypothesis of the potential influence of a 
generic factor on human tolerance to trauma. The 
main limitation of this study is the simplification 
used in presenting the tolerance hypothesis, assuming 
that just the angular acceleration is responsible for 
the DBI (when it is commonly accepted that duration 
of acceleration and angular velocity are also 
required). 
Table 3 represents the connection between rotational 
acceleration and Diffuse Brain Tolerance related to 
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the Abbreviated Injury Scale (AIS) – as found by 
Gennarelli et al. [26]. 

 
Table 3. 

Relationship between rotational acceleration and 
AIS, based on [26] 

AIS Rotational Acceleration [rad/s²] 
1 2878 
2 5756 
3 8633 
4 11511 
5 14389 

 
At this time, no rotational criteria have been 
approved by the scientific community or adopted by 
the automotive industry. 
Currently, the FE models are gradually becoming 
more sophisticated and they have the potential for 
understanding the complex injury mechanism of head 
impact. And the scientific community aggress in 
exploring this new tool to increase the knowledge the 
head injury field. 

METHOD 

Earlier numerical studies showed that the injury risk 
of a certain body region depends largely on the 
vehicle size and initial position of the VRU with 
respect the HGV [27]. In these studies, however, 
different codes and numerical pedestrian models 
were used. Therefore, it was difficult to draw 
consistent conclusions. 
Instead of using different numerical models of 
vehicle and pedestrian, one parameterisable multi-
body vehicle model was developed. Three front 
shape geometries (short-haul HGV: MAN L2000, 
long-haul HGV: IVECO Stralis and one bus: MAN 
Lion) were used for the analysis of head-injuries and 
later for the front-shape optimization based on a 
generic-algorithm. The bus geometry was included in 
order to be consistent with the analysis of the 
APOLLO injury database, which does not allow for a 
discrimination of bus and truck. 
The numerical study is conducted in three steps: 
1. The three breed models were used to analyse the 

head acceleration (rotation/translation) and head 
rotation velocity. Additionally a number of 
parameters were varied to find the maxima and 
minima of the simulation outputs. Parameter that 
have been varied: 
- Friction between HGV and VRU: 0.2 … 0.4  
- Friction between Shoes and Ground: 0.5 … 

0.7  
- Friction between VRU and Ground: 0.4 ... 

0.75  
- Facing direction of pedestrian: +60° … -60°  

- Start of braking:  -1s … 0.2s  
- Initial velocity: 30 … 40 km/h  
- Pedestrian gait: 10 postures 
- Ground-Clearance of the vehicle: depending 

on vehicle model 
2. In a further step, the secondary impact (with the 

ground) was studied. Finally head accelerations in 
primary and secondary impact are compared. 

3. The three breed models were used in a generic 
algorithm aiming to reduce the objective function. 
The objective function is a combination of head 
injury risk evaluation (rotation and translation) 
and thorax injury risk evaluation. Weighting 
factors are based on the findings of the 
accidentology. (To be described in another 
publication to come). 

4. Accelerations measured in the COG of the 
pedestrian’s head were prescribed to a finite 
element head/brain model. That model was used 
to assess the risk for brain injuries. The evaluation 
is compared to the results obtained by applying 
“conventional” injury criterions 

5. The APOLLO database was analysed. Head 
injuries related to an accident with a heavy goods 
vehicle or bus were distinguished in rotational 
acceleration induced injuries and translational 
acceleration induced injuries. 

Numerical Vehicle Model 

Multi-body framework of vehicle - The vehicle 
consists of four major rigid bodies (see Figure 4): 
1. Two rigid bodies representing the unsuspended 

mass of the rear and front axle. The front axle is 
connected to the reference body (the ground) by a 
translational joint (front axle) and a restraint (rear 
axle). The front and rear axle are supporting the 
chassis. Spring-damper elements account for the 
suspension of the vehicle. 

2. The chassis is bearing the bumper and the front 
underrun protection (the lower bumper). 

3. The cabin is bearing the remaining front (grill, 
hood, windshield frame and windshield). The 
cabin is suspended by a planar joint (and 
restraints in x- and z-direction) and a free joint 
(and a restraint in z-direction). 

4. Other rigid bodies are supporting the contact 
surfaces (ellipsoids or facet surface) of the vehicle 
front. A marginal mass and inertia is assigned to 
these rigid bodies. 
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Figure 4: Multi-body framework of the HGV 
model 
 

Geometry  
The geometry of the vehicle (the phenotype) can be 
defined by a number of parameters (the genotype) 
[28]. Generally the front shape is defined by the 
following parameters: 
- Height of facet surface and ellipsoid (z_name) 
- Rotation of facet surface and ellipsoid in relation 

to parent ellipsoid (ry_name) 
- Offset of facet surface and ellipsoid in relation to 

parent surface (dx_name) 
In total a string of 18 numerical parameters defines 
the geometry.  
Using initial scaling, the facet surfaces (e.g. the facet 
surface for the bumper) are scaled accordingly to the 
parameter z_name. As a result the mesh size changes 
from one vehicle to the other. The initial element size 
was chosen such that the maximal effective element-
size is not exceeding 5x10mm (as long as the value 
of z_name is not exceeding a predefined value).  
Three reference models were created, to fit the front 
shape of a short-haul truck, a long-haul truck and a 
bus (see Figure 5).  
 

   
Figure 5: The three breed models 
 

Contact Pedestrian – Vehicle 

The initial truck model was built up by ellipsoids. 
Initial simulations showed up the deficiencies of the 

ellipsoid contact for the analysis of the primary 
contact with the truck: The MB-MB contact does not 
take into account the shape of the contact partners 
and gaps between the ellipsoids might cause body 
parts to be braced. Generally the contact involving at 
least one ellipsoid (the human body) has a major 
drawback: As soon as the penetration is exceeding 
the semi-axis, contact forces are inversed. 
The stress-based FE-MB contact shows drawbacks as 
well. Failure of materials (e.g. windshield) can not be 
modelled directly, but by a work-around. Facet 
models are less CPU time efficient. Hysteresis model 
3, where “[…]the unloading curve is shifted and 
scaled without using a hysteresis slope […]“ [29] is 
not available and again: as soon as the penetration is 
exceeding the ellipsoid’s semi-axis, the contact-force 
is inversed.  
Still, the advantages of FE-MB contact with a stress-
based contact model prevail for the analysis of the 
primary contact (which is the contact with the truck 
front). For the analysis of the secondary contact 
(which is the contact with the ground), the ellipsoid 
HGV model was used, since less CPU time is needed 
for rather long simulation durations. The sub-chapters 
below describe briefly the particular issues 
considered with the contact interaction of the 
ellipsoid HGV model and the facet HGV model. 
 

Multi-body-Multi-body (MB-MB) contact 
The ellipsoid HGV model and consequently the MB-
MB contact were used in the study of the secondary 
impact (pedestrian to ground contact). No contact 
characteristics were assigned to the HGV ellipsoids. 
The contact type was referring to the characteristics 
of the pedestrian model. The vehicle was assumed to 
be non-compliant. This assumption is fair for the 
analysis of the secondary contact. 
For the contact with the ground the contact type 
“combined” was used. 
 

Multi-body-Finite Element (FE-MB) contact- 
By a switch in the input file, the user can select 
between the ellipsoid HGV model and the facet 
surface HGV model. The FE-MB stress based contact 
requires the force-penetration functions (as they are 
normally used in MB-MB contacts) to be transformed 
into stress-strain functions (or in fact a stress-
penetration functions, when the thickness of the null-
shells is selected to be 1m).  
A force-penetration F(e) curve is given from quasi-
static or dynamic testing. The shape of the 
penetrating body is given and can be approximated 
by an ellipsoid. That ellipsoid (master surface) is 
impacting a flat facet surface (slave surface). The 
stress as a function of the penetration (contact 
thickness =1m) can be calculated in the following 
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manner: The nominal penetration is ej=Δe j, where Δe 
is the step-width of the numerical solution and j the 
number of the step. The penetration of node i at 
timestep j is pij. The area associated to each step is Aj. 
For a sphere with a radius r the area associated to a 
newly penetrating node i* is Ai*j = π [(2 r ej – ej²) – (2 
r ej-1 – ej-1²)] / cos(α i*j) where α ij is the angle between 
the vector from node i to the centre of the ellipsoid 
and the vertical at time j (see Figure 6).  
For node 1, which always has the largest penetration 
(p1j) of all penetrating nodes, the stress σ1j is 
calculated such that the formula F(e)=∑ σij (pij) Ai is 
met. For all other nodes the stress σij is interpolated 
from previous steps j. A simple visual basic macro 
implemented in MS Excel is solving that problem 
numerically with a step-width Δe=r/100. 
 

 
Figure 6: Approach for converting the force-
deflection curves to stress-strain curves for slave 
nodes intruding into a master surface 
 
Some body parts of the vulnerable road user are 
penetrating deeply into the truck front, such as into 
the grill area or into the windshield when this is 
failing. Two approaches were chosen as work-
around:  
- The struck-side arm, hand and shoulder ellipsoid 

were converted into a facet surface 
- A multi-layered surface was chosen to model the 

windshield and the grill 
The windshield is modelled by up to three layers of 
facet surfaces (there are only two layers required for 
the windshield close to the windshield frame, three 
layers are required more to the centre of the 
windshield, see Figure 7) . The first layer is for 
simulating the glass itself, while the second and third 
layer is for simulating the laminate (the polyvinyl 
butyral film). The second layer has an offset of 7mm. 
As soon as the contact force between the intruding 
surface and second windshield layer exceeds a certain 
threshold value, the contact with the first windshield 
layer is turned off. By doing so, the failure (the 
cracking) of the windshield can be simulated. The 
third layer has an offset of about 60mm to the second 
layer, which is a little less than the half-diameter of 
the adult pedestrian’s head. This is to prevent contact 
force inversion, when an ellipsoid is intruding by 
more than its semi-axis. The third layer is inactive for 
facet-facet contacts (with the shoulder and the arm). 

It was assumed, that the failure of the windshield 
affects any following contacts with the windshield. 
Example: Is the pedestrian’s shoulder contacting the 
second layer of the windshield (which can be the 
case, when the pedestrian is hit by a flat front vehicle 
with a low windshield, e.g. a bus) and the contact 
force is exceeding a predefined force level (about 
200-700N), the first layer’s contact is turned off. That 
in turn means that any body part (e.g. the head) 
impacting the windshield later than the shoulder is 
never intercepted by the first layer. This was found a 
reasonable assumption, when looking to impactor 
tests of the windshield, where the circumferential and 
in particular the “spider-web” cracks propagated well 
beyond the outer dimensions of the intruding body. 

 
Figure 7: Three layered windshield model 
 
This approach was found to be very effective for 
simulating the failure of the windshield or generally 
non-monotonously increasing force-deflection 
characteristics. Figure 7 shows the modelling of the 
windshield. Figure 8 shows a comparison between 
the given force-deflection curve of a dynamic 
impactor test and the model response of the three 
layered windshield model. 
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Figure 8: Three layered windshield model 
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The grill area is modelled by two layers. The second 
layer is to model the more rigid parts behind the grill 
-like the radiator.  
 

Stress-Penetration Characteristics 
It was assumed that the windshield of a HGV is 
comparable in terms of force-deflection to a 
windshield of a passenger car. Hence, the force-
deflection characteristics as obtained by Mizuno [30] 
and used in other publications on pedestrian accident 
simulation [31] were applied to the HGV windshield. 
Two experimental tests of the windshield impacted 
by an EEVC WG17 adult hemisphere were available. 
A comparison with the response of the numerical 
model showed a fair correlation. The first 
experimental test was performed at 20kph, leading to 
a HIC of 286. A similar point selected on the 
windshield of the numerical model led to a HIC of 
362. A second test, performed at 25kph showed a 
HIC of 756 in the experiment and 848 in the 
numerical simulation. 
Most of the contact characteristics of the generic 
multi-body trucks are based on the quasi-static 
measurements of the IVECO Stralis front [32]. These 
characteristics have been assigned to the front of the 
three reference models. Dynamic impact tests of the 
MAN L2000 and IVECO Stralis front with adult and 
child EEVC WG 17 head impactors were available 
[33], too. Finally, the performances of the generic 
multi-body models have been compared with the 
results of these dynamic tests – see Figure 9 and 
Figure 10. 
 

 
Figure 9: Performance of generic Madymo model, 
long-haul HGV [32] 
 

 
Figure 10: Performance of generic Madymo 
model, short-haul HGV [33] 
 

Friction Characteristics 
In pedestrian accident reconstructions, Ziegenhain 
[34] found a friction-coefficient of 0.2 between 
pedestrian and vehicle appropriate in almost all 
accidents. Deviations are marginal. However, the 
values may get larger in form-locking cases (e.g. 
where the pedestrian’s clothes are caught by the 
wiper or other protruding parts).  
Same value was used by Wood et al. [35], [36]. A 
slightly higher value (0.25) was used by Yoshida 
[37]. IHRA used a value of 0.3 [38]. 
In a recent study by Untaroiu [39] a value of 0.4 was 
used. In the present study a friction between 0.2 and 
0.4 was used. 

Contact Pedestrian - Ground 

Force-Deflection Characteristics 
Stevenson [40] referred to values given by 
Chadbourn et al. [41] and used these values in a 
sensitivity analysis of the HIC response to the ground 
stiffness, Stevenson used values from 2.6 kN/mm 
(lowest value from Chadbourn et al.), over 
40 kN/mm (mid-range value from Chadbourn) up to 
10.000 kN/mm (extremely stiff-approximately 
equivalent to a solid steel road). Finally an infinitely 
stiff road was assumed, where only the head’s force-
deflection characteristics were used for the 
calculation of the head accelerations. Stevenson 
concluded, that the “[…] ground stiffness values only 
need to be of the correct order of magnitude to ensure 
reasonable results […]“. 
Davich et al. [42] examined the mechanical 
properties of 36 soil specimens from six subgrade 
soil samples. The specimens were different with 
respect to confinement and moisture content. The 
young’s modulus reached from 129 MPa (having a 
poisson’s ratio of 0.4) up to 958 MPa (with a 
poisson’s ratio of 0.36). The poisson’s ratio in all soil 
specimens ranged from 0.18 up to 0.40. 
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Salem et al. [43] studied the asphalt concrete 
modulus of 11 freeze and non-freezing sites in the 
US. At a mid-depth temperature of 20°Celsius, the 
young’s modulus reached from 8800 to 14000 MPa 
in the samples from non-freezing sites, and from 
3800 to 7000 MPa in those from freezing sites. 
Overall the values reached from 1600 up to 
22500 MPa. 
In another publication, Nessnas [44] set up a 
numerical model of a pavement, where a young’s 
modulus of 3745 MPa, 7490 MPa and 14980 MPa 
and a Poisson ratio of 0.35 for the wearing course 
were assumed.  
Using Hertz’s Formulas [45] for spheres impacting a 
flat plate, the force deflection curves were calculated. 
The following values were used: 
- The head was assumed to be a sphere with a 

diameter of 165mm. 
- For soil-grounds, a young’s modulus of 129 and 

958 MPa (according to Davich [42]) was assumed 
- For roads with an asphalt wearing course, a 

stiffness of 1600, 3750, 7490, 14980 and 
22500 MPa (according to Nessnas and Salem 
[44], [43]) was assumed. 

- Additionally three Poisson’s ratios were used 
0.18, 0.35 and 0.4 (according to Davich and 
Nessnas [42], [44]). 
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Figure 11: Force-deflection curve for roads with 
asphalt course (poisson’s ratio = 0.35) 
 
For a penetration of 2mm (see Figure 11), the linear 
stiffness of the road is in between 2.5kN/mm (soil) 
and 30 to 440 kN/mm (asphalt). These values are 
correlating very well with the linear stiffness used by 
Stevenson [40]. 
 

Friction Characteristics 
Two coefficients of friction are needed for the 
contact between pedestrian and ground: one for the 
contact between the shoe sole and the ground and 
another one for the contact between the pedestrian’s 
body and the ground.  

For the contact between shoes and ground, Simms 
and Wood [46], [36] used a value of 0.58. Sacher 
[47] reported a coefficient of friction of 0.5 (for turf). 
Stevenson [40] used a value of 0.7 in the numerical 
study. 
Table 4 summarizes the values reported in various 
studies on the coefficient of friction, showing a range 
from 0.37 to 0.75. These values do not apply for the 
friction with the shoe sole.  
In previous numerical studies the upper range of 
these values was applied: Yoshida [37] used a 
friction-coefficient of 0.67. The same value was used 
by IHRA [38]. In a recent study by Untaroiu [39] a 
friction coefficient of 0.6 was applied. 
 

Table 4. 
Coefficient of Friction Pedestrian-Ground [46], 

[40] 
Source Surface n Range Mean 

Becke, Golder 
Asphalt, 

wet 
15 0.43-0.53 0.47 

Becke, Golder Asphalt 30 0.50-0.72 0.63 
Kuhnel Asphalt 4 0.52-0.67 0.54 
Sturtz Asphalt 8 0.40-0.74 0.57 

Lucchini Asphalt 16 0.37-0.51 0.43 
Severy  15 0.40-0.75 0.66 

Searle (1983) Asphalt   0.66 
Severy (1966) Asphalt  0.45-0.60  
Fricke (1990) Concrete  0.40-0.65  
Wood (1988) Asphalt  0.57-0.58  
Searle (1983) Grass   0.79 
Fricke (1990) Grass  0.45-0.70  

Numerical Human Model 

Posture 
Earlier studies by Anderson et al [48] showed that the 
walking posture of the pedestrian influences 
kinematics and injury outcomes. 
IHRA [38] conducted a parameter study with multi-
body pedestrian models in three walking positions 
(corresponding to a six stance sequence). A more 
recent study by Untaroiu [39] describes an accident 
reconstruction based on optimisation techniques and 
taking into consideration a number of initial postures. 
Based on 10 stances of the gait cycle, functions for 
H-point height and joint-angles were approximated, 
allowing for a continuous stance sequence. 
Based on curves published in the study by Untaroiu 
[39], a sequence of ten gait cycles for the 50th 
percentile human pedestrian model was developed. 
The hip-angle (the curve published by Untaroiu [39] 
for the hip seems to be corrupted) was changed 
properly, to fit the pictures of the gait cycle (and the 
angles of the ankle) published in the same. 
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Figure 12: Gait Cycle  
 
Table 5 summarizes initial joint positions as set in the 
numerical simulations. In pre-simulations (where all 
major joints except for the human joint were locked) 
the H-Point was altered such that the contact force 
between floor and shoes (contact characteristics of 
the shoes were used) amounted for about 730-740N. 
The human body’s joints were locked at simulation 
start. A logic switch (connected to a contact sensor) 
is unlocking all joints as soon as there is a contact 
force between HGV and the pedestrian. The free 
joints between shoes and feet were kept locked 
throughout the simulations.  
 

Table 5. 
Initial Joint Positions for a continuous sequence of 

gait 
Stride 0% 10% 20% 30% 40% 
H-Point 0.872 0.901 0.915 0.919 0.911 
Hip left 0.201 0.178 -.279 -.454 -.470 
Hip right -.413 -.282 -.200 0.018 0.175 
Knee left 0.342 0.840 1.120 0.871 0.255 
Knee right 0.093 0.093 0.327 0.120 0.156 
Ankle left -.349 -.205 -.082 0.090 0.115 
Ankle right 0.049 0.041 0.041 0.000 -.100 
Shoulder left -.171 -.112 0.034 0.190 0.295 
Shoulder right 0.329 0.261 0.138 0.011 -.125 
Elbow left -0.817 -0.727 -0.545 -0.443 -0.386 
Elbow right -0.352 -0.352 -0.352 -0.611 -0.733 
Neck low -0.400 -0.400 -0.400 -0.400 -0.400 

Design of Experiments 

Three breed models (a long-haul and a short-haul 
traffic truck front and a bus) have been used in the 
numerical simulations. Beside of the front geometry 
the following parameters have been varied: 
- Friction: HGV and VRU: 0.2 … 0.4  
- Friction: Shoes and Ground:0.5 … 0.7  
- Friction: VRU and Ground: 0.4 ... 0.75  
- Facing direction of pedestrian: +60° … -60°  
- Start of braking: -1s … 0.2s  
- Initial velocity: 30 … 40 km/h  
- Pedestrian gait: 10 postures  
- Ground-Clearance of the vehicle: depending on 

vehicle model 
The software ModeFrontier Version 4.1.0 by Esteco 
was used for the design of experiments (DOE). The 

experiments are based on a random sequence. The 
software fills the design space (bounded by the 
values mentioned above) randomly, with a uniform 
distribution. The randomly generated simulations are 
used to analyse the head accelerations 
(rotation/translation) and associated injury criteria. 
 

Finite Element Head Model  

Model 
Conventional head injury predictors such as HIC 
cannot predict the risk for injuries due to rotational 
accelerations. Also, they fail in distinguishing the 
types of injuries to the head, as there are: 
- Skull-fractures: Fractures of the skull can be 

comminuted, depressed – due to local forces, 
leading to inward displaced bones - or linear – 
due to widely distributed forces. 

- Subdural (SDH) or subarachnoid haematoma 
(SAH): Injuries to the vasculature, leading to 
bleeding between brain and skull (subdural) or 
under the arachnoid membrane, which covers the 
brain and spinal cord (subarachnoid). 

- Diffuse axonal injuries (DAI): Extensive lesions 
in white matter tracts, leading in most cases to 
unconsciousness and persistent vegetative state. 
90% of all patients suffering a severe DAI never 
regain consciousness [49].  

Furthermore, conventional head injury predictors are 
insensitive to the direction of force/acceleration 
imposed to the head.  
A finite element skull-brain model overcomes these 
deficiencies. Currently there are a number of such 
finite-element models available. These models differ 
from each other with respect to the number of 
elements, ranging from the 10 to the 300 thousands, 
and the anatomic details modelled. 
- WSUBIM: The Wayne State University brain 

model consists of approx. 320.000 elements and 
represents a 50th percentile male human head with 
a mass of 4.3 kg. It was used extensively for the 
reconstruction of sports accidents, resulting in 
concussions.  

- SIMon: The simulated injury monitor FEM head 
model was initially developed by DiMasi et al. 
[50] and extended by Eppinger, Takhounts and 
Bandak [51], [52]. It represents a 50th percentile 
male human head with a mass of 4.7 kg. The 
model has less than 10.000 elements. 

- KTH: A head-neck model developed by Kleiven 
and Hardy [53]. 

- UCDBTM: The University College Dublin Brain 
Trauma Model was created by Horgan and 
Gilchrist [54]. The influence of number of 
elements on the model response was investigated, 
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by varying the element density from 9000 to 
50000 elements. Also, the model is scalable with 
respect to size, weight and thickness of the CSF. 

In the present study, the Strasbourg University Finite 
Element Head Model (SUFEHM) head model was 
used. The model was initially developed by Kang et 
al. [55] in 1997. The SUFEHM head model has 
approx. 13.000 elements. It represents a 50th 
percentile male human head with a mass of 4.7 kg. 
First tolerance limits for that head model were 
identified by Willinger and Baumgartner [56]. 
Further improvements to the model’s geometry were 
initiated by Deck et al. [57]. More tolerance limits 
were identified by the reconstruction of 68 accidents 
[7].  
By contrast to other models, e.g. SIMon, the skull is 
non-rigid, made of a three-layered composite shell. In 
order to reproduce the overall compliance of cranial 
bone, a thickness in combination with an elastic 
brittle law were selected for each layer with a Tsaï-
Wu criterion. The cerebral spinal fluid filling the 
space between the brain and the skull is made of 
brick elements using an elastic material. The brain is 
modelled by brick elements using a visco-elastic 
material model [58] (see Figure 13). 

 
Figure 13: Section of SUFEHM  

 
The SUFEHM injury predictors 

Based on the simulation of 68 well documented 
accidents with occurrence of head trauma, tolerance 
limits for the SUFEHM head model have been 
identified within APROSYS SP5 [7], [59]. Using 
logical regression techniques, tolerance limits have 
been identified by comparing the FE model response 
and the reported injuries.  
Diffuse axonal injuries were further distinguished by 
severity: Mild (or moderate) diffuse axonal injuries 
(DAI) assigned to AIS 2 or 3 and severe DAI 
assigned to AIS 4+. 
With the help of the regression, tolerance limits for 
three types of injuries (fracture, SDH, DAI) were 
established. The mechanical parameters constituting 

the tolerance limits refer to a risk of 50% (see Table 
6) for the respective injury [7]. 
 

Table 6. 
Tolerance limits for 50% risk of injury used in FE 

simulation [7] 

Injury Mechanical Parameter 
Tolerance 

limits 
Skull fracture Strain Energy, Skull 865 mJ 
Subdural or 
subarachnoid 
haematoma 

Min. Pressure Spinal Fluid 
Strain Energy, Spinal Fluid 

-135 kPa 
4211 mJ 

Mild diffuse 
axonal injury 

Von Mises Stress, Brain 
Von Mises Strain, Brain 

First Principle Strain, Brain 

26 kPa 
0.25 
0.31 

Severe 
diffuse axonal 
injury 

Von Mises Stress, Brain 
Von Mises Strain, Brain 

First Principle Strain, Brain 

33 kPa 
0.35 
0.40 

Analysis of Apollo Database 

One of the biggest challenges in head injury is to 
identify the injury mechanisms leading to a certain 
injury type. One of the main hypotheses of this study 
is to assume that rotational accelerations have a great 
influence in the case of pedestrians involved in an 
accident with a flat front vehicle. 
Martin et al [60] analysed the different AIS codes for 
head injury, and classified these codes by injury 
mechanisms: Injuries induced by rotational 
acceleration, translational acceleration and either 
(when the injury could be produced by rotational 
and/or translational acceleration). Table 16 (in the 
Annex) shows an excerpt of the matrix by Martin 
which classifies the head injury codes by their injury 
mechanism.  
To evaluate the influence of the rotational 
acceleration in the APOLLO database a new variable 
has been included. The Martin transformation matrix 
has been implemented in the database to evaluate the 
presence of the different injury mechanisms. 

RESULTS 

Multi-body Simulations 

Results are separated by primary impact (the impact 
of the pedestrian with the front of the vehicle) and 
secondary impact (the impact of the pedestrian with 
the ground). For the calculation of the HIP (head 
impact power), the following values were applied: 
Mass = 4.69kg, Ixx=0.02kgm², Iyy=0.0222kgm², 
Izz=0.0145kgm². These values are consistent with the 
values applied in the human pedestrian model 
supplied with Madymo. When referring to HIC, the 
HIC 36ms is meant. 
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Primary Impact 
Statistical parameters of the 300 numerical 
simulations are summarized in Table 7. The table 
shows the mean value and the quartiles (25th, 50th and 
75th percentile) for the peak rotational/translational 
acceleration, head injury criterion (HIC), cumulative 
3ms criterion (cum3ms), Gambit (G) and head impact 
power (HIP). 
The median value of the HIC is only slightly above 
the widely applied threshold value of 1000. The 
median Gambit suggests a rather low risk for head 
injuries. The HIP, which is used to assess the risk for 
concussion, is exceeding the 50% probability value 
for concussion (12.8kW). The median cum3ms value 
is clearly above 80g. 

Table 7. 
Mean and statistical dispersion of the numerical 

simulation – Primary Impact 

 
Peak head 

acceleration 
HIC 3ms G HIP 

 
[rad/s²] [g] [ ] [g] [ ] [kW] 

Mean 9605 195 2999 136 0.82 90 
25th p. 5329 93 477 87 0.40 30 
50th p. 7848 156 1022 114 0.64 55 
75th p. 11616 225 2041 160 0.95 83 
 
Table 8 distinguishes the results by vehicle type. 
Clearly the short-haul truck is leading to the worst 
results. That is also in line with the findings of 
previous studies, where full finite element models 
were used to study the interaction between vulnerable 
road users and HGV [27].  

Table 8. 
Median by vehicle type – Primary Impact 

 
Peak head 

acceleration 
HIC 3ms G HIP 

 
[rad/s²] [g] [ ] [g] [ ] [kW] 

All 7848 156 1022 114 0.64 55 
s. HGV  11919 216 1756 159 0.89 79 
l. HGV  6642 117 835 108 0.59 40 
Bus 6452 92 577 87 0.40 31 
s. HGV = short-haul HGV, l. HGV = long-haul HGV 

 
Secondary Impact 

 

 
Figure 14: Hybrid III impacting the floor 
 
Previous experimental tests with a standing Hybrid 
III [2] dummy have shown that the secondary contact 
is extremely critical with respect to loading of the 

head. A HIC of 17600 to 33900 was found in four 
tests (see Figure 14). Peak head accelerations reached 
up to 1170g. 
The numerical simulations show similar results. 
Statistical parameters of 300 numerical simulations 
are summarized in Table 11. A median (50th 
percentile) head rotation acceleration (peak) of 66 
krad/s² and a translational acceleration of 870g was 
found. These high accelerations come along with 
extremely high criterions: a HIC of 20500, a cum3ms 
of 430g and a Gambit of 4. 

Table 9. 
Mean and statistical dispersion of the numerical 

simulation – Secondary Impact 

 
Peak head 

acceleration 
HIC 3ms G HIP 

 
[rad/s²] [g] [ ] [g] [ ] [kW] 

Mean 69285 809 21013 398 3.82 444 
25th p. 44552 553 6850 284 2.75 240 
50th p. 66292 866 20527 434 4.10 406 
75th p. 91976 1026 29122 499 4.74 605 
 
Still, cases were found with very low criterions: 
About 5% of simulations show uncritical HIC, 3ms, 
Gambit and HIP criterion values. 
A very severe case was selected for a sensitivity 
analysis of the ground stiffness. A linear force-
deflection curve was assumed. Results are shown in 
Table 13. Starting from 40kN/mm, there was a 
relatively limited influence of different orders of 
magnitude of ground contact stiffness on the resulting 
injury criteria. Soil grounds (2.6kN/mm), however, 
led to completely different results with respect to 
injury criteria. 

Table 10. 
Sensitivity to stiffness of ground 

Stiffness Peak head acceleration HIC G HIP 
[kN/mm] [krad/s²] [10³g] [ ] [ ] [kW] 
2.6 36.9 5.1 13641 2.1 318 
40 59.4 11.8 46503 4.8 595 
60 61.2 12.4 49930 5.1 625 
100 62.6 12.8 51591 5.3 628 
10.000 67.9 13.9 56827 5.7 654 

Finite Element Simulation 

Nine out of 300 numerical simulations have been 
selected for a more detailed analysis with a FEM 
head model. Angular and translational accelerations 
measured in the multi-body simulations of the 
primary impact were prescribed to the SUFEHM 
head model. The acceleration curves were pre-filtered 
with CFC-1000. 
Besides assessing these nine cases with the SUFEHM 
head model, conventional injury predictors, such as 
the HIC (head injury criterion), the GAMBIT 
(Generalised Acceleration Model for Brain Injury 
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Threshold), the cum3ms (the accumulative 3 
milliseconds acceleration) and the HPC (Head power 
criterion) – see Table 11 – were applied, too.  
The simulations are: 
(1) A 50th percentile, ellipsoid male human 

pedestrian model in walking posture is hit on the 
left side by the generic facet heavy goods vehicle 
model having the geometry and the characteristics 
of an IVECO Stralis. The cabin pivot is 950mm 
above ground. The vehicle is travelling at 40kph.  

(2) A 50th percentile, ellipsoid male human 
pedestrian model in walking posture is hit on the 
left side by the generic facet heavy goods vehicle 
model having the geometry of a MAN L2000. 
The cabin pivot is 870mm above ground. The 
vehicle is travelling at 40kph.  

(3) Like ID 2, however, cabin pivot 930mm above 
ground  

(4) Like ID 2, however, cabin pivot 800mm above 
ground  

(5) Like ID 2, however, cabin pivot 1080mm above 
ground  

(6) Like ID 2, pedestrian turned about the z-axis such 
that the pedestrian is approaching the truck front 
at 45°. 

(7) Like ID 6, however, cabin pivot: 800mm above 
ground 

Finally two simulations were performed with a 50th 
percentile facet male occupant model in standing 
posture 
(8) hit on the rear by a finite element heavy goods 

vehicle model having the geometry and the 
characteristics of a MAN L2000. The cabin pivot 
is 930mm above ground. The vehicle is travelling 
at 40kph.  

(9) Like ID 8, however, hit on the left shoulder. 
Cabin pivot 830mm above ground. The vehicle is 
travelling at 30kph.  

Table 11 summarizes the characteristics of the 
selected cases. 

Table 11. 
Characteristics of selected cases 

ID Peak head acceleration HIC G cum3ms HIP 
[rad/s²] [g] [ ] [ ] [g] [kW] 

1 6327 108 817 0.47 102.3 41.9 
2 4520 88 366 0.38 66.1 33.7 
3 8562 146 700 0.64 100.3 67.1 
4 11423 269 1958 1.11 86.3 103.9 
5 7416 135 1090 0.58 132 51.9 
6 22841 410 4915 1.65 197.6 122.8 
7 6428 191 1864 0.76 160.8 70.8 
8 2730 151 1613 0.6 138.1 68.2 
9 2672 74 359 0.3 70 22.1 
 
By applying the expanded Prasad-Mertz [61] curves 
and it’s counterpart for the Gambit (see Figure 3), the 

risk of head injuries associated to the HIC and 
Gambit were summarized in Table 12. 

Table 12. 
Conventional injury predictors and the associated 

risk for injury 

ID 
Risk of Head injury 

related to the HIC [%] 
Risk of Head injury 

related to the Gambit [%] 

 
Moderate Severe Moderate Severe 

1 77 9 9 0 
2 22 2 4 0 
3 64 6 31 <3 
4 100 87 91 71 
5 93 22 <3 <3 
6 100 100 100 1 
7 100 82 0.74 8 
8 99 65 22 <3 
9 21 2 <3 0 
 
Table 13 and Table 14 summarize the risk for 
specific head injuries as predicted by the SUFEHM 
head model. In six out of nine cases under study a 
risk greater than 50% for severe DAI and SDH is 
predicted. 

Table 13. 
Injury predictors calculated by SUFEHM head 

and the associated risk for injury – Part A 

ID 
Von Misses stress 

Brain [kPa] 
Risk of diffuse axonal injury [%] 

Moderate Severe 
1 39.5 100 88 
2 39.5 100 88 
3 51 100 99.9 
4 74 100 99.9 
5 44.6 100 98 
6 52 100 99.9 
7 31.4 100 38 
8 16.1 <1 0 
9 12 <1 0 

 
Table 14. 

Injury predictors calculated by SUFEHM head 
and the associated risk for injury – Part B 

ID 
Minimum pressure 
Spinal Fluid [kPa] 

Risk of subdural 
haematoma [%] 

1 -126 34 
2 -126 34 
3 -145 66 
4 -166 90 
5 -151 75 
6 -177 98 
7 -159 84 
8 -114 18 
9 -68 <1 

Analysis of Apollo Database 

The APOLLO database contains 1.085.673 cases 
from the hospital discharges, of which 74.660 are 
traffic related injuries (8 European countries codify 
including the injury mechanism). This subgroup 
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comprises 10.341 pedestrians. Taking into account 
only cases that were codified according to the 
International Classification of Diseases (ICD 10) [62] 
3.786 pedestrians remain, of which 104 are 
pedestrians involved in an accident with Heavy Good 
Vehicles. 
 

HGV or bus versus pedestrian 
Table 15 was obtained by analyzing the APOLLO 
database and classifying the injuries by body region 
and nature (Barell injury matrix) [63]. Remark: Table 
15 shows only an excerpt of the results (the original 
table contains a total of 252 injuries).  
 

Table 15.  
Barell injury matrix for pedestrian involved in 

HGV collision (excerpt) 
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A
IS

 

Traumatic 
brain injury 

17 58 4 0 6 37% 3.14 

Thorax 14 12 0 4 0 12% 2.14 
Abdomen, 
pelvis, trunk  

17 4 0 2 6 12% 2.91 

Lower 
extremity 

24 0 18 4 0 21% 1.87 

TOTAL 102 74 25 12 12 100% 
 

 
It can be observed that the most frequently injured 
area is the head with 37% of all injuries, followed by 
lower extremities 21%, thorax 12%, and the 
abdominal/pelvic area 12%. 
Compared with the injuries sustained for pedestrians 
involved in passenger car collisions in case of 
survival, the results are different: According to Yang 
et al [64] the most frequently injured area was found 
the lower extremities with 32.4% of all injuries, 
followed by the head (26%), the abdominal/pelvic 
area (12%), and the thorax (5.5%).  
To evaluate the influence of the rotational 
acceleration in the APOLLO database a new variable 
has been included. The Martin transformation matrix 
[60] has been implemented in the database (see 
excerpt in Table 16) to evaluate the presence of the 
different injury mechanisms. 
From the 93 head injuries only 74 could be matched 
with the AIS code or matrix to be included in the 
study. All of the not classifiable were categorised as 
minor injuries (AIS 1), so there is no loss of 
information for moderate or more severe injuries 
(AIS 2+). 
Figure 15 shows that just 21% of all head injuries 
analyzed have the translation acceleration as a single 

injury mechanism, in 69% of all cases rotational 
acceleration is the only injury mechanism, and in 
10% of the cases rotational or translational 
acceleration can be responsible for the head injury. 
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Figure 15: Head injuries by injury mechanism 
(HGV or bus versus pedestrian) 
 
Following the methodology developed by Martin et 
al. examining all 104 pedestrian cases individually, 
all the head injuries have been re-processed with the 
transformation matrix, analyzing all the different 
combinations of Translational, Rotational or Either. 
Some of the codes show up several times while 
others never appear at all. Cases where a single 
pedestrian sustains two or more types of head 
injuries, a “combination” is assigned – see Figure 16. 
From initial 104 injured pedestrians only 44 sustained 
head injuries that can be processed with the Martin 
matrix. From these pedestrians only 8 had sustained 
head injuries solely due to translational acceleration, 
28 due to rotational acceleration, 2 pedestrian had 
head injuries due to rotational or translational 
acceleration and 6 due to a combination of injury 
mechanisms. 
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Figure 16: Injured pedestrians and injury 
mechanism (HGV or bus versus pedestrian) 
 
Rotational acceleration is clearly more frequent as the 
translational acceleration in the case of pedestrian 
accident. The large presence of “combined” as an 
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injury mechanism is due to the immense number of 
injuries sustained by some pedestrians, making it 
very unlikely that all injuries are assigned to one 
single injury mechanism. 
 

Passenger car versus pedestrian 
The results are considerably different from the 
figures reported in the literature: Pedestrians involved 
in a crash with a passenger car [65] (see Figure 17) 
only 17% sustain head injuries due to rotational 
accelerations. Another 17% sustain injuries solely 
induced by translational accelerations, 38% either 
and 28% due to combined mechanisms (data from the 
Pedestrian Crash Data Study PCDS). The percentage 
in motorbike accidents is quite similar: 5% for 
translational, 13% for rotational, 34% for either and 
48% in case of combined [60].  
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Figure 17: Injured pedestrians and injury 
mechanism (Passenger car versus pedestrian) 
 

DISCUSSION 

Multi-body Simulations 

Considering the median values found in the study of 
the primary impact, the findings of previous studies 
were confirmed: The HIC is rather uncritical. The 
peak head rotational accelerations (median value for 
all flat front vehicles: 7848 rad/s²) can be assessed 
more critical, when applying the values found by 
Genarelli [26] or Ommaya [66]. The same applies to 
the median value of the cum3ms, which is clearly 
above 80g. Also the HIP is clearly exceeding the 
level of 12.8 kW (50% probability of concussion). A 
median Gambit, of 0.64 was found for all vehicles 
under study, which is equivalent to 25% probability 
of AIS 2 head injuries. 
The study showed that the short-haul truck is leading 
to the worst results with respect to head injury 
criteria. This is in correlation with the findings of 
previous studies. While the adult’s head is impacting 
the unforgiving lowermost edge of the windshield of 
the short-haul truck, the head is intercepted rather 

softly by the grill of the long-haul truck. The 
vehicles, that were inspiring the generic models, are 
not only different with respect to size. Also, different 
materials are applied in the design of the front 
structure. While sheet metal is covering the front of 
the short-haul truck, almost the complete grill of the 
long-haul truck is made of fibre reinforced plastics. 
For the short-haul truck a Gambit median value of 
0.89 was observed, which is equivalent to a 40% 
probability of AIS 3 injuries. Best results were 
achieved by the bus.  
 

Secondary Impact 
Experimental tests with a standing Hybrid III dummy 
hit by a MAN L 2000 truck travelling at 30kph 
showed clearly the severity of the secondary impact. 
In the four experimental tests the resultant peak head 
acceleration ranged from 1020g to 1170g, leading to 
a HIC between 17.600 and 33.900. The Hybrid III 
pedestrian dummy was facing towards the front of 
the HGV. The situation does not reflect what really 
happens on the road: In most real-world accidents the 
pedestrian is hit laterally. The Hybrid III, however, 
was designed for frontal impact: Hitting the Hybrid 
III pedestrian dummy laterally will have likely led to 
damage of thorax and legs and knee joints 
respectively. 
As a result of the initial orientation of the pedestrian, 
the dummy’s back of the head was fiercely hit, when 
falling to the ground (see Figure 14). 
It was expected, that the numerical simulations show 
less severe head to ground impacts, since the 
pedestrian model is mostly hit laterally in the 
numerical simulations. Consequently it was assumed, 
that the human model hits the ground with its side 
first. However, in most cases the walking posture of 
the human model led to a rotation about the 
pedestrian’s vertical axis. Eventually, the pedestrian 
was hitting the ground with the face or the back of 
the head. The shoulder did not mitigate the severity 
of the impacts. As a result injury criteria for the head 
were extremely high and so is the risk for fatal 
injuries.  
The present study shows clearly that the secondary 
impact is by far more severe than the primary impact. 
Pedestrian protection afforded by HGV and flat front 
vehicles need to address the pedestrian post-impact 
kinematics. Studies by Faßbender [32] indicate that a 
sort of an aerodynamic front (referred as “nose-
cone”) is capable of reducing the severity of the 
secondary impact – beside of reducing the risk for 
run-over. 
Clearly, the problem of the secondary impact exists 
also with passenger cars. Yang et al. [67] noted that if 
the pedestrian strikes the ground head-first, following 
a collision with a passenger car, head injuries from 
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the secondary impact will generally be more severe 
than injuries related to the primary impact. Otte and 
Pohlmann [68] concluded that 56% of all injuries are 
due to the secondary impact.  
The forward projection kinematics of pedestrians hit 
by a flat fronted vehicle seems to facilitate the 
severity of the secondary impact. Same was noted by 
Tanno et al. [69] and [70]. 
In two multibody simulations a facet human occupant 
model was used, instead of the ellipsoid human 
pedestrian model. Previous studies showed [27] that 
the facet model can be used for the very initial phase 
of the impact. The head–neck kinematics differed 
significantly: While in the facet model the head 
showed a distinct translational movement in the very 
initial phase of the impact (followed by a rotation), 
the ellipsoid model showed a rotational movement 
right from the beginning. 

Finite Element Simulations 

For the simulations with the finite element head 
model, cases have been selected, where at least one 
criterion (peak acceleration, HIC, cum3ms or 
Gambit) was exceeding the given threshold value.   
The comparison of injury predictors calculated with 
the SUFEHM head and “conventional” injury criteria 
showed that one criterion is not enough for predicting 
head injuries. According to a regression analysis by 
Deck [7], the HIC shows a high correlation to severe 
DAI and skull fracture. To other injuries (SDH, mild 
DAI), there is little regression. 
The analysis with the FEM head predicts for 6 out 9 
cases under study a very high risk (greater than 50%) 
for DAI, even in cases where the HIC was well below 
1000 (e.g. case ID 2). For six out of nine cases under 
study a high risk (greater than 50%) for SDH is 
predicted by the finite element head model. 

Analysis of Apollo Database 

Clearly the analysis of the Apollo database shows the 
high relevance of head injuries sustained by 
pedestrians following a collision with a flat front 
vehicle. The database also shows the high relevance 
of head injuries due to rotational accelerations. While 
in passenger cars hitting a pedestrian the occurrence 
of head injuries induced by rotational and 
translational accelerations is almost equivalent, 
rotation-induced head injuries to pedestrians in HGV 
and busses are three times more frequent than 
translation-induced injuries.  
A possible explanation for the difference could be the 
different kinematics in these pedestrian accidents, 
and also the small sample size used in the present 
study. 

Connecting the findings of the field data with the 
numerical simulations is not straight-forward, but it 
can be assumed that head injuries are more likely 
caused by the secondary contact, as it is the more 
severe contact, showing extremely high translational 
and rotational accelerations. 

CONCLUSIONS 

In a multi-disciplinary approach (using generic multi-
body vehicle models, a detailed finite element 
head/brain model as well as field data from an injury 
database) it was tried to investigate the relevance of 
rotation-induced head injuries to pedestrians hit by a 
large flat front vehicle (a heavy goods vehicle or 
bus). 
The primary and the secondary impact of the 
pedestrian were investigated by using a 
parameterisable multi-body vehicle model and a 
numerical human pedestrian model.  
Using DOE software a number of boundary 
conditions were varied, such as vehicle geometry, 
gait, orientation of the pedestrian, vehicle speed and 
friction coefficients. For the study in total 600 
numerical simulations were analysed. 
Measured head accelerations were evaluated by using 
HIC, HIP, Gambit and cum3ms. Nine simulations of 
the primary impact were selected and the measured 
head accelerations were prescribed to a FEM head 
model and evaluated by applying the tolerance limits 
developed for the SUFEHM.  
Additionally field data from a European database on 
hospital discharges was included in the analysis to 
highlight the relevance of rotation-induced head 
injuries. 
 
Following conclusions can be drawn 
- There is no single injury predictor (like HIC, 

Gambit, HIP), that can assess the risk for injuries 
to the head or brain alone. The present study 
suggests that FEM head models can predict head 
injuries more reliably and more differentiated, 
than conventional injury predictors or criteria. 

- The secondary impact (with the ground) is a big 
issue for all vulnerable road-users hit by a 
vehicle. In particular for flat fronted vehicles, like 
busses or trucks. Providing a better protection in 
the primary impact only is not enough. 
Additionally the post-impact kinematics needs to 
be considered. These could mitigate the 
consequences of the ground impact significantly 
(e.g. by causing a sliding impact of the pedestrian 
to the ground). 

- Future human pedestrian models need a good 
validation of head rotation kinematics. The use of 
different numerical models revealed in-consistent 
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head and neck kinematics, resulting in deviations 
with respect to rotational accelerations. 

- The HIC (Head injury Criterion) is a good 
indicator for head injuries like severe DAIs or 
skull fractures in frontal impacts and is a good 
initial tool to improve pedestrian protection. 
However this criterion cannot predict all the 
injuries sustained by a pedestrian. Rotational 
velocity and rotational acceleration should also be 
included in the pedestrian criteria in the future; 
otherwise injuries could be sustained by 
pedestrians despite a low HIC. The use of FE 
models to predict brain injuries needs to be the 
first source of knowledge in the near future. Such 
models are required to be applicable for any 
direction of impact. 

LIMITATIONS 

Multi-body Simulation 

For the analysis of the secondary impact (when the 
pedestrian is hitting the ground) a rigid vehicle was 
assumed. In the primary impact some of the impact 
energy will be dissipated by the vehicle. This might 
slightly change the post-impact kinematics. 
Also, the impact speed was assumed to be between 
30 to 40kph and only frontal impacts were 
considered. The data in the Apollo database, 
however, contain all sorts of HGV-pedestrian 
accidents including those at lower impact speeds and 
to the side of the vehicle. 

Finite Element Simulation 

In this study the SUFEHM is driven by accelerations 
fields applied at the centre of gravity of the head 
which skull is supposed to be rigid. In this context no 
bone fractures can be predicted but similar analysis 
can be done with a deformable skull by simulating 
direct impacts. In this case the SUFEHM (deformable 
skull) is launched - just before impact - with an initial 
velocity on deformable structures and head injuries 
can be estimated. 

Injury Database 

The small number of pedestrian injured by a HGV is 
the main limitation of this epidemiologic study. The 
Transformation Matrix have been developed by well 
know researchers, but some AIS codes could be 
classified by other researches in a different group. 

ANNEX 

Table 16. 
Excerpt of transformation Matrix [60] 

Code Severity Type Code Severity Type 
113000 6 T 120602 4 R 
115099 9 B 121002 5 R 
115299 9 B 121004 4 R 
115999 7 B 121099 3 B 
120202 5 R 121202 4 R 
120402 5 R 121299 3 B 
120499 5 B 121402 5 R 
R – rotation induced, T- translation induced; B- induced by 

either translation or rotation 
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ABSTRACT 

The last decade has witnessed the introduction of 
several driver assistance and active safety systems in 
modern vehicles. Considering only systems that depend 
on computer vision, several independent applications 
have emerged such as lane tracking, road/traffic sign 
recognition, and pedestrian/vehicle detection. Although 
these methods can assist the driver for lane keeping, 
navigation, and collision avoidance with 
vehicles/pedestrians, conflict warnings of individual 
systems may expose the driver to greater risk due to 
information overload, especially in cluttered city 
driving conditions. As a solution to this problem, these 
individual systems can be combined to form an overall 
higher level of knowledge on traffic scenarios in real 
time. The integration of these computer vision modules 
for a ‘context-aware’ vehicle is desired to resolve 
conflicts between sub-systems as well as simplifying 
in-vehicle computer vision system design with a low 
cost approach. In this study, the video database is a 
subset of the UTDrive Corpus, which contains driver 
monitoring video, road scene video, driver audio 
capture and CAN-Bus modalities for vehicle dynamics. 
The corpus includes at present 77 drivers’ realistic 
driving data under neutral and distracted conditions.  In 
this study, a monocular color camera output is used to 
serve as a single sensor for lane tracking and road sign 
recognition. Finally, higher level traffic scene analysis 
will be demonstrated, reporting on the integrated 
system in terms of reliability and accuracy.  

INTRODUCTION 

It has been reported that the fatality rate is 40,000-
45,000 per year with annual cost of 6M [1] in USA. 
Although each year the number and the scope of 
vehicle safety systems (ABS, brake assist, traction 
control, EPS) are increased, these figures have reached 
a plateau, and further reduction in the number of 
accidents and associated costs require a pro-active 

approach. It is known that 90% of the accidents have 
drivers as a contributing factor while 57% are solely 
caused by human errors [2]. These figures reveal 
another explanation for the constant level of accident 
rates despite the increased efforts for safety systems: 
However well equipped the vehicles, and however well-
designed the infrastructure, accidents generally happen 
due to human error. This does not necessarily mean that 
most accidents are inevitable. On the contrary, if all 
available road scene analysis, lane tracking, collision 
avoidance and driver monitoring technologies are 
applied, it is estimated that at least 30% of the fatal 
accidents (including several accident types) can be 
averted [3]. The obstacle preventing these systems from 
being applied is primarily cost-related. Therefore, 
resolving this problem lies in system integration to 
reduce the cost in order to obtain more compact and 
reliable active safety systems. In this study, a proposed 
integration is studied in the scope of in-vehicle 
computer vision systems. Video streams, whether 
processed on-line or off-line contains rich information 
content regarding road scene. It is possible to detect and 
track vehicle, lane markings, and pedestrians and 
recognize the road signs using a frontal camera and 
some additional sensors such as radar. It is of crucial 
importance to be able to detect, recognize and track 
road objects for effective collision avoidance. However, 
we believe that higher level context information can be 
extracted as well from the video stream for better 
integration of these individual computer vision systems. 
By interpreting the traffic scene for the driver, these 
systems can be employed for driver assistance systems 
as well as providing input for collision systems. In the 
scope of the work presented here, a lane tracking and 
road sign recognition algorithm is combined for future 
context-aware active vehicle safety applications. This 
paper first presents the proposed system, and then 
provides details on each individual computer vision 
algorithm. Next, the individual algorithms are 
combined to (1) extract higher level context 
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information on traffic scene, (2) lower the 
computational cost of road sign recognition using lane 
position cues from lane tracking algorithm. 
Experimental results and performance evaluation of the 
system is proposed in the following section. Finally, 
prospective applications for active safety and driver 
assistance are discussed together with conclusions.  

Proposed system 

The proposed system offers the ability to extract high-
level context information using a video stream of the 
road scene. The videos considered form a sub-database 
of multi-media naturalistic driving corpus UTDrive. In 
fact, CAN-Bus information from OBD-II port is used to 
improve the performance of the designed lane tracker. 
The system distinguishes itself from existing in-vehicle 
computer vision approaches in two ways: (1) the lane 
tracking algorithm is used to feed the road sign 
recognition algorithm with spatial cues providing a top-
down search strategy which improves process speed, 
(2) detected lane and road signs are combined using a 
rule-base interpretation to represent the traffic scene 
ahead at a higher level. The signal flow of the final 
system is presented in Fig.1. Three main blocks in this 
diagram (i.e. lane tracking, road sign recognition and 
rule base) are addressed in the next sections. 

 

Figure 1. Signal flow in computer vision system  

Lane Tracking Algorithm 
There has been extensive work in developing lane 
tracking systems in the area of computer vision.  
These systems can be potentially utilized in driver 
assistance systems related to lane keeping and lane 

change. In [4], a comprehensive comparison of 
various lane-position detection and tracking 
techniques is presented. From that comparison, it is 
clearly seen that most lane tracking algorithms do not 
perform adequately to be employed in actual safety-
related systems, however, there are encouraging 
advancements towards obtaining a robust lane 
tracker. A generic lane tracking algorithm has the 
following modules: a road model, feature extraction, 
post-processing (verification), and tracking. The road 
model can be implicitly incorporated as in [5] using 
features such as starting position, direction and gray 
level intensity. Model based approaches are found  to 
be more robust compared to feature-based methods, 
for example in [6] B-snake is used to represent the 
road. Tracking lanes in real traffic environment is an 
extremely difficult problem due to moving vehicles, 
unclear/degraded lane markings, and variation of lane 
marks, illumination changes, and weather conditions. 
In [7] a probabilistic framework and particle filtering 
was suggested to track the lane candidates selected 
from a group of lane hypotheses. A color based 
scheme is used in [8]; shape and motion cues are 
employed to deal with moving vehicles in the traffic 
scene. Based on this previous research, we propose a 
lane tracking algorithm as presented in Fig. 2 to 
operate robustly in real traffic environment.  

The lane tracking algorithm presented here 
uses conventional methods seen in the literature; 
however, the advancement here is the combination of 
a number of them in a unique way to obtain robust 
tracking performance. It utilizes a geometric road 
model represented by two lines. These lines represent 
the road edges and are updated by a combination of 
road color probability and road spatial coordinate 
probability distributions which are built using road 
pixels from 9 videos each at least containing 200 
frames. The detection module of the algorithm 
employs three different operators, namely, steerable 
filters [9] to detect line-type lane markers, yellow 
color filter, and circle detectors. These three operators 
are chosen to capture three different lane-marker 
types existing in Dallas, TX where data collection 
took place. After application of the operators, the 
resultant images are combined since it is bow 
believed to have all the lane-mark features that could 
be extracted. This combined image is shown as the 
‘lane mark image’ block in Fig.2. Next, Hough 
transform is applied to extract the lines together with 
their angles and sizes in the image. The extracted 
lines go through a post-processing step name as ‘lane 
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verification’ in Fig.2. Verification involves 
elimination of lane candidates which do not comply 
with the angle restrictions imposed by the geometric 
road model. From the lane tracking algorithm, 5 
individual outputs are obtained: (i) lane mark type, 
(ii)lane positions and (iii)number of lanes in the 
image plane, (iv) relative vehicle position within its 
lane, and (v) road coordinates.  

 

Figure2. Lane Tracking Algorithm 

Two different types of updates are needed in the lane 
tracking algorithm. First, the road probability image 
updates the geometric road model for each frame and 
runs simultaneously with lane detection. Some of the 
false lane candidates are eliminated by the imposed 
angle limits of the geometrical road model; however, 
it is not adequate for robustness. The prominent lane 
candidates which exist in each n consecutive frame 
are held in a track-list, supplying the system with a 
time coherency or memory. A lateral vehicle 
dynamics model is applied together with Kalman 
filter to smooth the lane position measurement given 
by the lane candidates in the tracking list.  
A sample output of the lane detection algorithm is 
given in Fig. 3(a).  To observe the performance of the 
lane detection part the raw lane position measurement 
is compared with the lane position calculated by the 
vehicle model (see Fig.3(b)). In Fig.3 (c), the road 
area and possible lane candidates are marked by the 
algorithm.  
 The full evaluation will be presented in section 
‘Results and Performance Analysis’.  
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Figure3(a) .Sample output from lane detection 
algorithm  

 
Figure3(b). Comparison of lane position 
measurement from raw lane detection (top) and 
vehicle model calculation (bottom) before outlier 
removal and tracking 

 
Figure3(c). Road area and prominent lane 
candidates are projected on image (top), detected 
lanes after outlier & false candidate removal  
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The performance of the lane tracker algorithm 
depends heavily on feature (i.e. lane mark) detection; 
and feature detection based vision systems are 
vulnerable since they are affected by illumination 
change, occlusion, imperfect representations (i.e. 
degraded lane marks) plane distortion and vibration 
in our case since the road surface is not flat. Some of 
these disadvantages of feature based lane detection 
are overcome by employing a vehicle model for 
correcting the measurements in time domain and road 
model helps removing the outliers in spatial domain 
in the image. Since vehicle and road model are 
crucial for reliability and accuracy of the resultant 
system, they are briefly presented here.  
Vehicle Model 
The vehicle model used is known as ‘bicycle model’ 
[10] for calculating the lateral dynamics of the 
vehicle and linearized at a constant longitudinal 
velocity. In order to obtain more realistic behaviour 
from this model, it is updated by changing 
longitudinal velocity at discrete time steps. Therefore 
the resulting vehicle model is a hybrid system 
containing a set of continuous time LTI vehicle 
models switched by a discrete update driven by 
longitudinal speed changes. As a consequence the 
resultant model is non-linear and closer to realistic 
vehicle response. The model inputs are steering 
wheel angle, longitudinal vehicle velocity and 
outputs are lateral acceleration and side slip angle. 
The lateral acceleration output of this model is used 
to calculate the lateral speed and finally lateral 
position of the vehicle employing numerical 
integration by trapezoids. The variables of model are 
given in Table 1.  
 
Table1. Variables of vehicle model 

Symbol Meaning 

cf or cr cornering stiffness coefficients for front and back tire 

J Yaw moment of inertia about z-axis passing at CG 

m Mass of the vehicle 

r Yaw rate of  vehicle at CG 

U Vehicle speed at CG 

yc Lateral offset or deviation at CG 

τ Wheel steering angle of the front tyre 

αf or αr Slip angle of front or rear tyre 

β Vehicle side slip angle at CG 

ρref Reference road curvature 

ψ Yaw/ heading angle 

ψd Desired yaw angle 

ω Angular frequency of  the vehicle 

The equations of motion using the variables given in 
Table 1 are presented in equations (1-2).  
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here: 
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Road Model 
The road area is the main region of interest (ROI) in 
the image since it contains important cues on where 
the lane marks and road signs might be located.  In 
other words, it allows performing a top-down search 
for the road objects that needs to be segmented. The 
color of the road is an important cue for detecting the 
road area, however it is affected by illumination and 
the surface does not always have the same 
reflection/color properties on all roads. Therefore, 
road and non-road color histograms using R, G and B 
channels are formed using 9 videos. The color 
histogram is normalized to obtain road color 
probability which is a joint measure in 3-D color 
space. The probability surface is shown in 2D R-B 
space in Figure 4. Also, probability image and the 
extracted road area is shown together with updated 
road model.  
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(a) 2-D color probability surface in R-B space 

 
(b) Road area extraction and update process: updated 
road model(top), probability image (bottom left), 
extracted road area (bottom right) 
Figure4. Road color probability model and its 
implementation 
 
In addition to color probability, spatial coordinates of 
the road area is also used to obtain a location 
probability surface.  

Road Sign Recognition Algorithm 
The methods used for automatic road sign 
recognition can be classified into three groups: color 
based, shape based and others. The challenges in 
recognition of road signs from real traffic scenes 
using a camera in a moving vehicle has been listed as 
lighting condition, blurring effect, sign distortion, 
occlusion by other objects, sensor limitations. In [11] 
a nonlinear correlation scheme using filter banks is 
proposed to tolerate in/out of plane distortion, 
illumination variance, background noise and partial 
occlusions. However, the method has not been tested 
on different signs in a moving vehicle. [12] has 

addressed real time road signs recognition in three 
steps: color segmentation, shape detection and 
classification via neural networks, however, vehicle 
motion problem is not explicitly addressed. [13] used 
FFT signatures of the road sign shapes and SVM 
based classifier. The algorithm is claimed to be 
robust in adverse conditions such as scaling, 
rotations, and projection deformations and 
occlusions.  
The road sign recognition algorithm employed in this 
paper (see Fig.5) uses a spatial coordinate cue from 
the lane tracking algorithm to achieve a top-down 
processing of the image; therefore, it does not need 
the whole frame but particular regions of interest, 
which are sides of the road area. This provides faster 
processing of the image and reduces the 
computational cost as well as eliminating the number 
of false candidates that might exist after color 
filtering.  

 

 
Figure 5. Road Sign Recognition Algorithm 

 
After ROI cutting, color filters (designed for red, 
yellow and white) are used to perform the initial 
segmentation. Since they are critical for safety 
applications, we include only stop, pedestrian 
crossing and speed limit signs in our analysis for this 
stage. These signs have distinctive features related to 
color and shapes that are not shared, therefore 
classification becomes an easier problem since 
determining color and the shape is enough for 
recognizing the particular sign. Most of the time the 
speed limit sign segmentation ends with multiple sign 
candidates from the scene since the road scene might 



 

  Boyraz 6 

contain road objects in that color range. Furthermore, 
the challenges exist due to moving vehicle vibrations, 
illumination change, scaling and distortion. An 
example of color segmentation for speed sign is 
presented in Fig.6.  

 

 
Figure 6. Sample output for white color filter 
segmenting the speed limit sign 
Since the road sign shape edges are not clear, 
morphological operators (dilation and erosion) are 
used to correct this with a structural element of line 
or disk; an example of resultant image is given in 
Fig.7 for a road scene containing stop signs.  

 
 

 
Figure7. Color segmented stop signs after dilation 

The next step involves FFT correlation of the 
predetermined road sign shape templates (octagon, 
rectangle and triangle) with the ROIs in the image. 
The resultant image can be interpreted as location 
map of prospective sign. After application of a 
threshold the peak value of correlation image yields 
the location of the searched template. An example 
FFT correlation between the original frame seen in 
Figure 5 and rectangle template is given in Fig. 8. 
The speed limit sign gives a peak in this image and 
the location of the sign can be extracted easily by a 
threshold. 

 
Figure8. FFT Correlation result with a 
rectangular template showing a peak in the 
location of speed limit sign 
 
Although rare, false sign candidates may exist in the 
image after the threshold operation or multiple 
versions of the same sign may require distinguishing 
(i.e., speed limit signs are the same although the 
limits written on them are different) therefore an 
subsequent verification step/classification is needed. 
This is achieved via Artificial Neural Networks. For 
each sign a separate ANN is trained for negative and 
positive examples using at least 50 real world images 
of the aforementioned road signs and 50 negative 
candidates. The candidate sign images are obtained 
by cutting the image area around the row and column 
suggested by threshold image attained after FFT 
correlation. In order to obtain false candidates the 
threshold is lowered, therefore obtaining more 
candidates from FFT correlation image. The output of 
the initial sign classification and verification by ANN 
is a sign code (1, 2, 3) corresponding to speed limit, 
stop and pedestrian crossing signs in order. If there is 
no sign in the scene or if ANN verifies the sign is a 
false candidate the output is 0.  
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Integration of Algorithms for Context-aware 
Computer Vision  

Previous studies such as [14] has combined different 
computer vision algorithms for a vehicle guidance 
system using road detection, obstacle detection and 
sign recognition at the same time. However, to the 
best knowledge of the authors very few studies if any 
focused on the traffic scene interpretation for 
extracting driving-related context information in real-
time. This study proposes a framework for the fusion 
of outputs from individual computer vision 
algorithms to obtain higher level information on the 
context. The awareness of the context can pave the 
way in design of truly adaptive and intelligent 
vehicles. The fusion of information can be realized 
using a rule based expert system as a first step. We 
present a set of rules combining the outputs of vision 
algorithms with output options of warning, 
information message, and activation of safety 
features.  

Case 1: If road sign is 0, standard deviation of lane 
position< 10 pixels, standard deviation of vehicle 
speed <10 km/h, context: normal cruise.  

Case 2: If road sign is 0, standard deviation of lane 
position<10 pixels, standard deviation of vehicle 
speed >10 km/h, context: stop-go traffic, likely 
congestion, and output: send information to traffic 
control center. 

Case 2: If road sign is 1, vehicle speed >20 km/h, 
context: speed limit is approaching, output: 
warning.  

Case 3: If road sign is 2, vehicle speed >20 km/h, 
context: stop sign is approaching and the driver 
did not reduce the vehicle speed yet, output: 
warning and activation of speed control and brake 
assist.  

Case 4: If road sign is 3, vehicle speed >20 km/h, 
context: pedestrian sign is approaching, output: 
warning and activation of brake assist.  

The cases represented here are only a subset of the 
rule-base and it can be possible to use more advanced 
rule-base construction methods such as fuzzy logic. 
An inference engine acting as a co-pilot monitoring 
the context and driver status continuously can be 
designed with more inputs from other vision systems 

and in-vehicle sensors such as pedestrian and vehicle 
tracking, CAN-Bus analyzer, audio signals.  

Results and Performance Analysis 

Lane tracker and road sign recognition algorithms are 
tested on 9 videos each having at least 200 frames. 
The lane tracker with the help of probabilistic road 
model can overcome difficult situations such as 
passing cars as demonstrated in Fig.8. A similar 
recovery is observed when there is shadow on the 
road surface. 

 

Figure8. Road model overcoming the occlusion  

In order to assess the accuracy of the lane tracking 
algorithm the error between the lane position 
measured by the algorithm and the ground truth lane 
position marked manually on the videos is calculated. 
As an error measurement the angle of the lanes is 
taken. Table 2 shows the mean square error and 
standard deviation of the error in lane position 
measurement.  
 

Table 2. Mean square error and standard deviation 
of the error in lane measurement 

  MSE STD 
Left Lanes 15.24 3.86 
Right Lanes 28.02 4.67 

 
The algorithm runs close to real-time and the speed is 
increased by using lane position measurement as a 
cue for top-down search for road signs. The 
improvement in speed can go up to 3-fold based on 
the processed image area. The road sign recognition 
algorithm is capable of detecting the signs in 5-30 m 
range without failure. If the road sign occupies less 
than 10x20 pixel area, the recognition is not possible.  
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CONCLUSIONS 

A context-aware computer vision system for active 
safety applications is proposed. The system is able to 
detect and track the lane marks and road area with 
acceptable accuracy. The system is observed to be 
highly robust to shadows, occlusion and illumination 
change thanks to road and vehicle model based 
feedback and correction. Road sign algorithm uses 
multiple cues such as color, shape and location cues. 
Although it can recognize the signs after the 
correlation result, a verification step is added to 
eliminate false candidates that might exist due to 
existence of similar road objects. Lastly, two 
algorithms are combined under a rule-based system 
to interpret the current traffic/driving context. This 
system has at least three possible end uses: driver 
assistance, adaptive active safety applications and 
lastly it can be used as mobile probes reporting back 
to the centre responsible for traffic management.  

In our future work, more modules are planned to be 
added to detect and track more road objects and fuse 
additional in-vehicle signals (audio, CAN-Bus) to 
obtain a fully developed cyber co-pilot system to 
monitor the context and driver status.  
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ABSTRACT

A64 km/h offset frontal crash test was conducted with the
THOR-NT and Hybrid III to investigate the responses of
both dummies under a crash situation that includes both
deformation and rotational behavior of a vehicle.
Though the dummies were installed in the driver seat
according to the ECE R94 positioning procedure, their
postures were slightly different. The head and heels of the
THOR-NT were positioned rearward. Similarly, the
shoulders and knees were positioned forward compared to
the Hybrid-III. Therefore, it is expected that these
differences will affect the responses of both dummies.
During the tests, both dummies showed similar kinematics,
except for the rotation about Z-axis of the head, and the
contact situation to the instrument panel of the arms.
For the injury measures, the chest acceleration of the
THOR-NT showed sharp inclination at 100 ms to 120 ms,
presumed to be caused by the contact between the arms
and instrument panel. The initial time history curve of the
lap belt force was approximately the same between both
dummies; however, the maximum force of the THOR-NT
was less than half of the Hybrid III. For this difference, it
was strongly presumed that more kinetic energy was
absorbed by the knee bolster for the THOR-NT since its
longer femur shortened the initial clearance between the
knee and knee bolster. In addition, it was also presumed
that the difference of the flesh characteristics around the
iliac wing between both dummies affected the results.
The injury measures of both dummies were compared to
the injury criteria specified in FMVSS 208 and ECE R94.
As for the results, almost equivalent values between the
two dummies were observed.
Moreover, as reference, the additional injury measures in
the THOR-NT are shown in this paper.

INTRODUCTION

In 1976, the Hybrid III mid-sized male, instrumented test
dummy was first released [1]. Subsequently, the Hybrid
III has been adopted in the current regulations for frontal
impact tests in many countries. The National Highway
Traffic Safety Administration (NHTSA) of the U.S.
acknowledged the need for improved biofidelity and
measurement capabilities of the Hybrid III, consistent with
the advancement of vehicle safety devices. Moreover,
NHTSA announced plans to develop an advanced crash
test dummy with improved biofidelity under frontal
impact conditions with expanded injury assessment
capabilities [2]. In 1992, the initial advanced ATD known
as "Trauma Assessment Device - 50th percentile male
(TAD-50M)" was developed by a NHTSA-sponsored
consortium of universities and industrial partners [3]. The
principal objectives were to review the anthropometry and
dynamic biofidelic responses subject to more
contemporary occupant seat positionings and restraint
systems. In 1994, NHTSA initiated an aggressive effort to
integrate existing advanced ATD components. Then, in
1996, the "Test Device for Human Occupant Restraint
(THOR)" prototype was introduced [4]. Research
organizations in several countries conducted experiments
to improve this prototype dummy, leading to the
introduction of the THOR-Alpha in 2001 [5]. In 2005,
NHTSA released the THOR-NT (New Technology),
which was a modified and improved version of the
THOR-Alpha [6]. Currently, to improve the THOR-NT
further, the discussion regarding the improvement for each
body region and the certification and positioning
procedures is in progress in SAE THOR Evaluation Task
Force Group.
JAMA (Japan Automobile Manufacturers Association)
/JARI (Japan Automobile Research Institute) has so far
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performed the research activities for contributing to
development and improvement of the THOR [7][8][9]. As
part of the research activities, in order to investigate the
responses of the THOR-NT and Hybrid III under a crash
situation that includes both deformation and rotational
behavior of a vehicle, authors conducted 64 km/h offset
frontal crash tests (ODB tests), and compared the results
between the dummies.

64 km/h ODB Tests with the THOR-NT and the
Hybrid III

Test Condition
Figure 1 shows the collision configuration of the ODB test.
The tests were conducted with 40 % overlap of the vehicle
width against the deformable barrier at a impact speed of
64 km/h.
The test vehicles were a compact hatchback type
passenger car with 5 doors. The test weights of the two
vehicles were both 1090 kg. As shown in Figure 2, the
front door of the driver's side was replaced by the steel bar
in order to analyze the whole-body behavior of the
dummy.
In each of the two ODB tests, the THOR-NT or the
Hybrid-III was set on only the driver's seat. The seat
positions were subject to the ECE R94 procedure. For the
restraint devices, an airbag and a seatbelt with pretensioner
and with force-limiter were used.

Load Cell Wall
DB

64 km/h

40%

Figure 1. Collision Configuration of the ODB Test

Figure 2. Appearances of the Door Frame of the
Driver's Seat Side

Measurements
During the ODB tests, the electrical measurements (e.g.
acceleration) of the dummy and vehicle and the optical
measurements using a high-speed digital video camera
were done. In both pre-test and post-test, the
deformation of the test vehicle was measured with the
three-dimension measurement device.
For the electrical measurements, the accelerations,
deflections and forces of the dummy were measured, and
the accelerations at the engine block and the lower of
B-pillar of the test vehicle were measured. These data
were recorded by a data acquisition system mounted in the
luggage room of the test vehicle, and they were filtered
compliantly to SAE J211. The detail information of the
instrumentations of the THOR-NT and Hybrid III is
shown inAppendix.
For the optical measurements, a high-speed video camera
was used to take the behaviors of the dummy and vehicle
during the impact. The behavior of the dummy was
observed as follows: The motions of the marks attached to
some parts on the dummy were recorded by the video
camera, then these were converted into the numerical
movements using the video analyzer.
In both the pre-test and post-test, the some coordinate
values on the vehicle were measured with the
three-dimension measurement device, and the vehicle
deformation amounts were calculated from the pre- and
post-data. Note: the coordinate system of the vehicle was
defined as follows: An origin point was on the trunk lid
striker; the X-axis was the fore-aft direction; Y-axis was
the lateral direction; and the Z-axis was the vertical
direction.

Dummy Positioning
The THOR-NT and the Hybrid III were respectively set in
the vehicle in accordance with the positioning procedure
described in the ECE R94. Table 1 indicates the X and Z
coordinate values of the head, shoulder, hip point (H.P.),
knee and heel of the dummies respectively. Figure 3
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compares the positions of each component of the
dummies in the X-Z coordinate system.
When the H.P. of each dummy was set at the
approximately same positions in the fore-aft direction
(X-axis), the head and heels of the THOR-NT were
positioned rearward, and its shoulders and knees were
positioned forward, compared with those of the Hybrid III.
In the vertical direction (Z-axis), the H.P., head, shoulders
and knees of the THOR-NT were positioned above,
compared with those of the Hybrid III. It was presumed
that the knees of the THOR-NT were positioned more
forward and upward than those of the Hybrid III, because
the legs of the THOR-NT are longer than those of the
Hybrid III.

Table 1. Coordinate Values of Each Component of the
THOR-NT and the Hybrid III

X Z X Z
Head -77.6 448.6 -107.0 424.1
Shoulder -78.0 189.9 -50.5 147.1
H.P. -228.5 -223.5 -227.1 -233.7
Knee -631.2 -91.1 -600.7 -118.3
Heel -876.4 -563.5 -898.0 -560.2
Origin: Door Striker Bolt Unit: mm

HYIIITHOR
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Figure 3. Comparison of Positionings of the
THOR-NT and the Hybrid III

Test Results
(1) VehicleAcceleration
Figure 4 indicates the comparison of the vehicle
accelerations in the 64 km/h ODB tests. The acceleration
responses between the test vehicles with the THOR-NT
and Hybrid III were approximately similar.

(2) Vehicle Deformation
Figure 5 indicates the appearance of the vehicle
deformation after the tests. The vehicle deformations in the
two tests was similar each other.

(3) Vehicle Behavior
As shown in Figure 6, the behaviors of two vehicles
during the impact were similar. The vehicles moved
almost straightly until 80 ms, then these began to rotate
greatly after 120 ms.

(4) Kinematics of the Dummies
In Figure 7 and Figure 8, the behaviors of the THOR-NT
and Hybrid III were compared based on the track of each
body part from the impact to just before the vehicle started
rotating (120ms). It seems that the forward displacements
of each body part of the dummies reached to the
maximum at about 120 ms, and these behaviors were
approximately similar, except for the rotation about Z-axis
of the head, and the contact situation to the instrument
panel of the arms. However, the maximum displacements
relative to the initial positions of each body part between
the dummies were different as shown in Table 2. With
regard to the fore-aft direction, the head of the THOR-NT
moved forward 28 mm than that of the Hybrid III, and the
shoulder of the THOR-NT moved forward 12 mm than
that of the Hybrid III. Oppositely, the H.P., knee, and ankle
of the Hybrid III moved forward 19 mm, 13 mm, and 24
mm respectively than those of the THOR-NT. With regard
to the vertical direction, the head and ankle of the Hybrid
III moved downward 31 mm and 17 mm respectively than
those of the THOR-NT. The shoulder of the THOR-NT
moved downward than that of the Hybrid III, while the
knee of the Hybrid III moved upward than that of the
THOR-NT. The displacements of the H.P. were
approximately same between the two dummies.
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Figure 4. VehicleAccelerations in 64 km/h ODB Tests
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Figure 5.Appearance of the Vehicle Deformations in the Post-Tests
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Figure 6. Vehicle Behavior During the Impact
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Figure 8. Comparison of the Track of Each Body Part
of the Dummies (0 ms to 120 ms)

(5) Dynamic Responses of the Dummies
Figure 9 indicates the head acceleration responses of the
THOR-NT and Hybrid III. Although the initial time
history curve of acceleration and the duration time were
similar between the dummies, the responses of both
dummies were different at the time (around 100 ms) when
the peak accelerations occurred; namely, the peak
acceleration of the THOR-NT was higher than that of the
Hybrid III.
Figure 10 indicates the chest acceleration responses of the
dummies. The initial time history curve of the acceleration,
the values of the peak acceleration, and the duration time
were similar in both the dummies. The acceleration
responses were similar in both the dummies until about 70
ms, however, at about 70 ms to 100 ms, the acceleration of
the Hybrid III was slightly higher than that of the
THOR-NT.
Figure 11 indicates the pelvis acceleration responses of the
dummies. The acceleration responses were similar in both
dummies until about 40 ms. However, the responses from
about 40 ms to the peak acceleration were different in both
dummies, thus, the peak acceleration of the Hybrid III was
higher than that of the THOR-NT.
Figure 12 and Figure 13 indicates Fz (axial force) and My
(flexion and extension moment around the Y-axis)
responses of the upper neck of the THOR-NT and Hybrid
III. For the Fz, both the THOR-NT and the Hybrid III
began to generate the tension forces at about 25 ms and
reached the maximum forces at about 90 ms. For the My,
on the whole, the occurring situations on moment were
similar in both dummies; however, the timings of the peak
flexion and extension of the Hybrid III were earlier than
those of the THOR-NT.
Figure 14 indicates the thoracic deflection responses

(fore-aft direction) of the THOR-NT where measured at
four points (upper right, upper left, lower right, and lower
left) on the thorax. Figure 15 indicates the thoracic
deflection responses (fore-aft direction) of the Hybrid III
where measured at one point (center) on the thorax. The
deflection values on the lower left of the THOR-NT and
the center of the Hybrid III were approximately same, and
the deflection appearance was similar. However, the upper
right of the THOR-NT indicated smaller deflection than
the Hybrid III, and returned to the deflection around zero
at about 120 ms. Furthermore, the deflection on the lower
right of the THOR-NT was small, but generated in the
opposite direction to the deflections on the other three
points.
Figure 16 indicates the relative location between the
seatbelt and the four measurement points of the
THOR-NT thorax. The upper and lower measurement
points on the left side of the thorax were approximately
lapped over the seatbelt, and the point on the upper right
was close to the seatbelt. Therefore, the three measurement
points deflected in the compressive direction by loading of
the seatbelt. On the other hand, the measurement point on
the lower right was far position where it did not lap over
the seatbelt. Due to this, it was presumed that the lower
right of the thorax deflected in the tensile direction because
the whole left side and the upper right of the thorax were
distorted by the pressure of the seatbelt.
Figure 17 indicates the deflection response of the upper
abdomen of the THOR-NT, and Figure 18 shows the
deflection responses of its lower abdomen. The deflection
of the upper abdomen was measured by the string
potentiometer, while the right and left deflections of the
lower abdomen were measured by the DGSP unit with

Table 2. Difference in the Maximum Displacement of
Each Body Part of the Dummies

X Z X Z X Z
Head CG 570 -211 542 -242 28 31
Shoulder 423 -170 411 -147 12 -23
H.P. 156 -69 175 -70 -19 1
Knee 129 44 142 52 -13 -8
Ankle 43 -34 67 -51 -24 17
X-axis : Forward +, Rearward - Unit : mm
Z-axis : Upward +, Downward -

Difference between
THOR and HYIIITHOR HYIII
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Figure 11. PelvisAcceleration
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Figure 16. Relative Location between the Thoracic Measurement Points (UR, UL, LR, LL) and the Seatbelt

a linear potentiometer for measuring the fore-aft
displacement and with two rotatory potentiometers for
measuring the yaw and pitch angles. The abdominal
deflection of the Hybrid III was not measured because it
had not a sensor to measure the deflection. Therefore, only
the results of the THOR-NT are stated herein. The
deflection of the upper abdomen was smaller than that of
the lower abdomen. The deflection of the upper abdomen
reached the maximum value (10 mm) at about 90 ms and
decreased to about 2 mm at about 120 ms. On the other
hand, the right and left deflections of the lower abdomen
exhibited a gentle decrease after reaching to the maximum
deflection; the right side maintained the deflection of about
40 mm, and the left side was about 25 mm at 200 ms.
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Figure 17. UpperAbdomen Deflection of the
THOR-NT
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Figure 18. Lower Abdomen Deflection of the
THOR-NT (Right and Left)

Figure 19 and Figure 20 indicates the axial force responses
of the right and left femurs of the THOR-NT and Hybrid
III. For the left femur, both the THOR-NT and the Hybrid
III began to respond at about 40 ms. However, while the
THOR-NT remained showing the compressive force from
the occurrence and reached the maximum compressive
force, the Hybrid III shifted to compressive force after
showing the tensile force once, and then reached the
maximum compressive force. The time of the maximum
compressive force of the THOR-NT was slightly earlier
than that of the Hybrid III, and the maximum force value
of the THOR-NT was larger than that of the Hybrid III.
For the right femur, also, the difference in the initial force
response between the THOR-NT and the Hybrid III was
observed. Although the time of the maximum
compressive force of the Hybrid III was slightly earlier
than that of the THOR-NT, the maximum forces of both
the dummies were approximately the same.
Figure 21 to Figure 24 indicates the axial force responses
of the tibia (upper right, upper left, lower right, and lower
left) of the THOR-NT and Hybrid III. For the right tibia,
the maximum force of the upper tibia was similar between
the THOR-NT and Hybrid III. The maximum forces of
the lower tibia were slightly different between the
THOR-NT and Hybrid III, but the dummies exhibited
similar responses. For the left tibia, the maximum axial
forces of the upper and lower of the Hybrid III were larger
than that of the THOR-NT, but the force responses were
similar between the dummies.
Figure 25 to Figure 28 shows the time-series data of the
Tibia Index (upper right, upper left, lower right, and lower
left) of the THOR-NT and Hybrid III. For the upper side
of the right tibia, the value of the Hybrid III increased until
about 45 ms, whereas that of the THOR-NT decreased at
30 ms to 40 ms. In addition, the value of the THOR-NT
increased at 40 ms to 55 ms and reached the maximum,
while the value of the Hybrid III increased again after
decreased at 40 ms and 70 ms and reached the maximum
at about 80 ms. For the lower side of the right tibia, while

UR

LR

UL

LL
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the THOR-NT showed two local peaks before the
maximum at about 80 ms, the Hybrid III did not show any
local peaks before the maximum at about 80 ms. As a
result, the difference of the values between the dummies
was large at about 55 ms. For the upper side of the left
tibia, the time of the maximum value was approximately
same between the dummies. For the lower side of the left
tibia, the response until reached the maximum value was
different; the time of the maximum value of the
THOR-NT was earlier than that of the Hybrid III.

(6) Force Responses of the Seatbelt
Figure 29 shows the force responses of the shoulder belt of
the dummies, and Figure 30 shows those of the lap belt.
For the shoulder belt, the occurrence situations and
amplitudes of the force were approximately the same
between the dummies, whereas, for the lap belt, large
difference of the force was observed between the
dummies. The initial time history curve of the force was
approximately the same (about 20 ms) between the
dummies, however, the maximum force of the THOR-NT
(3.1 kN) was less value than a half, compared to that of the
Hybrid III (6.8 kN).
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Figure 19.Axial Force of the Right Femur
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Figure 21.Axial Force of the Right UpperTibia
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Figure 23.Axial Force of the Left UpperTibia
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Figure 20.Axial Force of the Left Femur
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Figure 22.Axial Force of the Right LowerTibia
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Figure 24.Axial Force of the Left LowerTibia
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Figure 25. Tibia Index of the Right UpperTibia
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Figure 26. Tibia Index of the Right LowerTibia
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Figure 27. Tibia Index of the Left UpperTibia
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Figure 29. Shoulder Belt Force
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Figure 28. Tibia Index of the Left LowerTibia
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Figure 30. Lap Belt Force

(7) Injury Measurements
Table 3 indicates the injury measures of each component
of the THOR-NT and Hybrid III. Furthermore, Figure 31
shows the ratios of the injury measures of the dummies to
the injury criteria regulated in the ECE R94 and
FMVSS208.
With regard to HIC 36 ms, HIC 15 ms, and head 3 ms G,
the differences of the ratios of the measurements to the
injury criteria between the dummies were larger than other
injury measures; the injury values of the THOR-NT were
larger than those of the Hybrid III. Secondly, with regard
to the tension force and extension moment of the neck and
the compressive force of the left femur, the differences of
the results between the dummies were large; the neck

tension force and femur force of the THOR-NT was larger
than that of the Hybrid III, whereas the neck extension
moment of the Hybrid III was larger than that of the
THOR-NT. Other injury measures were approximately
the same between the dummies. All injury measures of
both dummies were less than the injury criteria. The chest
G of both dummies and the head G of the THOR-NT
showed relatively larger ratio against the injury criteria,
comparing to the other injury measures.
On the other hand, as reference, the additional injury
measures for the abdomen, knee-thigh-hip (KTH) and
tibia in theTHOR-NT are shown in Table 4.
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Table 3. Injury Measures of theTHOR-NT and the Hybrid III
Injury Criteria THOR HYIII

HIC 36ms 1000 549.0 351.2
HIC 15ms 700 339.4 158.4
3ms clip (G) 80 56.97 43.84
Shear Force (Fx+) (kN) 3.1 0.320 0.170
Tension Force (Fz+) (kN) 3.3 1.881 1.542
Compression Force (Fz-) (kN) 4.0 0.197 0.337
Extension Moment around Y-axis (My-) (Nm) 57 17.22 24.60
Nij 1.0 0.350 0.305
Deflection (Upper Right) (mm) -16.33 -
Deflection (Upper Left) (mm) -32.00 -
Deflection (Lower Right) (mm) 8.34 -
Deflection (Lower Left) (mm) -25.94 -
Deflection (Center) (mm) - -28.91
Viscous Criterion (Upper Right) (m/s) -0.053 -
Viscous Criterion (Upper Left) (m/s) -0.178 -
Viscous Criterion (Lower Right) (m/s) 0.030 -
Viscous Criterion (Lower Left) (m/s) -0.093 -
Viscous Criterion (Center) (m/s) - -0.149
3ms clip (G) 60 46.78 44.57
Right Femur Axial Force (Compression) (kN) 3.38 3.05
Left Femur Axial Force (Compression) (kN) 3.33 2.25
Right Tibia to Femur Translation (mm) 2.47 0.01
Left Tibia to Femur Translation (mm) 0.16 0.75
Right Upper Axial Force (kN) 1.44 1.45
Right Lower Axial Force (kN) 2.15 1.58
Left Upper Axial Force (kN) 0.95 1.55
Left Lower Axial Force (kN) 1.31 1.77
Right Upper Tibia Index 0.39 0.37
Right Lower Tibia Index 0.31 0.27
Left Upper Tibia Index 0.26 0.31
Left Lower Tibia Index 0.28 0.27

For calculation of the upper rib VC of THOR-NT; Deformation Constant at #3 Rib: 219 mm, Scaling Factor: 1.3
For calculation of the lower rib VC of THOR-NT; Deformation Constant at #6 Rib: 234 mm, Scaling Factor: 1.3
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Figure 31. Ratio of the Injury Measures of the Dummies to the Injury Criteria in the Frontal Impact Regulations
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Table 4. Injury Measures of theTHOR-NT Except the Injury Criteria in the Frontal Impact Regulations

THOR

Deflection (Upper) (mm) 9.93
Deflection (Lower Right) (mm) 42.14
Deflection (Lower Left) (mm) 40.02
Viscous Criterion (Upper) (m/s) 0.012
Viscous Criterion (Lower Right) (m/s) 0.141
Viscous Criterion (Lower Left) (m/s) 0.169
Acetabulum Force with Neutral Posture (Right) (kN) 1.46
Acetabulum Force with Neutral Posture (Left) (kN) 0.25
Femur Bending Moment (Right) (Nm) 108.1
Femur Bending Moment (Left) (Nm) 94.3
Rivised Tibia Index (Right Upper) 0.39
Rivised Tibia Index (Right Lower) 0.37
Rivised Tibia Index (Left Upper) 0.28
Rivised Tibia Index (Left Lower) 0.30
Proximal Tibia Axial Force (Right) (N) 1437.7
Proximal Tibia Axial Force (Left) (N) 955.0
Distal Tibia Axial Force (Right) (N) 2147.8
Distal Tibia Axial Force (Left) (N) 1306.5
Ankle Dorsiflexion Angle (Right) (deg) 20.96
Ankle Dorsiflexion Angle (Left) (deg) 20.39
Ankle Inversion Angle (Right) (deg) 7.15
Ankle Eversion Angle (Right) (deg) 6.66
Ankle Inversion Angle (Left) (deg) 17.72
Ankle Eversion Angle (Left) (deg) 21.16

For calculation of the upper and lower abdomen VC of THOR-NT;
Deformation Constant: 250 mm

Scaling Factor: 1.3
(Supposed the abdominal depth of the THOR-NT equals that of the Hybrid III.)

Tibia

Knee-
Thigh-Hip

(KTH)

Abdomen

DISCUSSION

Differences in the Kinematics and Responses of the
Dummies

(1) Differences in the Kinematics and Response of the
Head
The face of the Hybrid III was positioning approximately
forward at the early contact with the airbag, whereas the
face of the THOR-NT was positioning downward (Figure
32). Furthermore, the head of the Hybrid III was rotating
about Z-axis during the contact with the airbag by yaw of
the vehicle, while the head of the THOR-NT was little
rotating. For these differences in the kinematics of the
flexion and twist of the head-neck, it was presumed that
the difference in the structure and characteristics of the
neck caused the different kinematics, but that the act on the
head-neck of the resistant force from the airbag might
have differed. The difference in the kinematics based on
the different structure and characteristics of the neck might
have affected the difference in the head response.
The head-neck of the THOR-NT flexed than that of the
Hybrid III at near 100 ms. It was presumed that since the
Z-axis sensitivity of the THOR-NT's head was near the
fore-aft direction, the Z-axis acceleration of the THOR-NT
was higher than that of the Hybrid III. On the other hand,
the X-axis acceleration of the Hybrid III was smaller than
that of the THOR-NT.
The Hybrid III generated the Y-axis acceleration because

the head was rotating about Z-axis at near 120 ms.
However, the THOR-NT was low Y-axis acceleration due
to little rotating. With regard to the difference of the twist
behaviors of the head-neck about Z-axis, it was presumed
because of the differences in the structure and
characteristics between both dummies.

(2) Differences in the Responses of the Thorax, Pelvis
and Lap Belt
As shown in Figure 33, the chest acceleration response of
the dummies differed. In the section of the mark 1, as for
the relative position between the thorax and the steering
wheel, and the thorax contact situation with the airbag, the
difference between the dummies was not observed.
Therefore, it was presumed that the difference in the
acceleration in the section of the mark 1 was different in
the transmissive force from the pelvis in the internal of the
dummy. The pelvis acceleration of the Hybrid III was
higher than that of the THOR-NT. It was presumed that
the difference in the pelvis acceleration was caused by the
different contact situation of the knees, due to the different
leg length between the dummies, and caused the
difference in the thorax acceleration because this
difference was transmitted to the thorax as the transmissive
force in the internal of the dummy. Furthermore, it was
presumed that the event that the arms came in contact with
the instrument panel affected the occurrence situation of
the acceleration in the section of the mark 2.
As shown in Figure 30, for the lap belt, large difference of
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the force was observed between the dummies. Herein, it
states the consideration why the lap belt force of the
THOR-NT was lower than that of the Hybrid III.
Figure 34 shows the lap belt force relative to the pelvis
stroke of the dummies, and the femur force (total of the
right and left) relative to the pelvis stroke. Moreover, Table
5 shows the cause of the difference in the lap belt force
relative to the pelvis stroke between the dummies. Herein,
the pelvis stroke was calculated according to Equation 1.
The difference of the lap belt force between the dummies
began to appear until the pelvis stroke of the dummies
reached to 39 mm. This difference is presumed because
the characteristics of the lower abdomen of the THOR-NT
is softer than that of the Hybrid III [8].
The difference of the lap belt force between the dummies
became larger until the pelvis stroke of the dummies
reached to 39 mm to 114 mm; this cause was presumed as
follows: The characteristics of the lower abdomen of the
dummies differ. In addition, the restricted timing of the
motion of the legs was different. Because the THOR-NT
has longer upper legs than the Hybrid III, the initial
clearance between the knees and instrument panel for the
THOR-NT was shorter than Hybrid III. Due to this, the
timing when the legs of the THOR-NT contacted to the
instrument panel was earlier than the Hybrid III. The
THOR-NT began to generate the femur force from about
39 mm of the pelvis stroke (the legs contacted to the

instrument panel), while the Hybrid III began to generate
the femur force from about 114 mm. Based on this
difference, the load to the lap belt of the THOR-NT was
reduced, and its lap belt force became lower, compared to
the Hybrid III.
The lap belt force of the THOR-NT was lower than that of
the Hybrid III after 114 mm in the pelvis stroke; this cause
was presumed as follows: In addition to the consideration
explained above, it was presumed that the difference in the
femur force affected the lap belt force. The femur force of
the THOR-NT after 114 mm in the pelvis stroke was
larger than the Hybrid III. The THOR-NT was earlier than
the Hybrid III with regard to the timing when the legs
contacted to the instrument panel, and the legs of the
THOR-NT deeply intruded into the instrument panel.
Furthermore, it states the factor of the difference in the
resultant pelvis acceleration in the tri-axis of the dummies
shown in Figure 11 and Figure 33.
Figure 35 shows the resultant pelvis acceleration in the X
and Z-axis relative to the pelvis stroke of the dummies,
and the calculated pelvis acceleration relative to the pelvis
stroke. The calculated pelvis acceleration means the
acceleration calculated from the lap belt force and femur
force (Equation 2).
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Figure 32. Differences in the Kinematics and Response of the Head



Yaguchi 13

0

200

400

600

800

1000

1200

-200 0 200 400 600 800 1000

X-Position[mm]

Z-
Po

si
tio

n[
m

m
]

0

200

400

600

800

1000

1200

-200 0 200 400 600 800 1000

X-Position[mm]

Z-
Po

si
tio

n[
m

m
]

Chest Resultant Acceleration

0

100

200

300

400

500

600

0 50 100 150 200
Time [msec]

A
cc

el
er
at
io
n
[m

/s
^2
]

THOR

HYIII

Pelvis Resultant Acceleration

0

100

200

300

400

500

600

0 50 100 150 200
Time [msec]

A
cc
el
er
at
io
n
[m

/s
^2
]

THOR

HYIII

80ms

THOR

HYIII

1

2

80ms

100ms

100ms

Figure 33. Differences in the Kinematics and Response of the Thorax and Pelvis

The resultant pelvis acceleration in the X and Z-axis and
the calculated pelvis acceleration was almost the same.
Therefore, it was presumed that two factors of the lap belt
force and femur force affected the difference in the
resultant pelvis acceleration between the dummies. The
cause that the lap belt force and femur force differed
between the dummies is as stated above. Therefore, it was
presumed that the following factors affected the difference
in the resultant pelvis acceleration in the tri-axis of the
dummies; i) the lower abdomen of the THOR-NT is softer
than the Hybrid III, and ii) the THOR-NT was earlier than
the Hybrid III with regard to the timing when the legs
contacted to the instrument panel because the THOR-NT
has longer upper legs than the Hybrid III.

Equation 1:

  dtaaStrokePelvis VehiclePelvis )(

AxisXtheinAccVehiclea
AxisZandXtheinAccPelvisResultanta
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Table 5. Cause of the Difference in the Lap Belt Force
Relative to the Pelvis Stroke Between the Dummies.

Factor for affecting the difference in the lap belt force

Section 1 To 39 mm Difference in the characteristics of the lower abdomen

Section 2 39 mm to 114 mm
↑ + Difference in the timing when the legas contacted
to the instrument panel

Section 3 After 114 mm ↑ + Difference in the femur force
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Figure 35. Resultant Pelvis Acceleration in the X and
Z-axis and Calculated Pelvis Acceleration vs Pelvis
Stroke

CONCLUSIONS

A64 km/h offset frontal crash test was conducted with the
THOR-NT and Hybrid III to investigate the responses of
both dummies under a crash situation that includes both
deformation and rotational behavior of a vehicle.
Although the THOR-NT and the Hybrid III were
respectively installed in the driver seat in accordance with
the ECE R94 positioning procedure, their postures were
slightly different. The knees of the THOR-NT were
positioned more forward and upward than those of the
Hybrid III, because the THOR-NT has longer legs than
the Hybrid III.
The THOR-NT and Hybrid III showed similar kinematics
during the tests, except for the rotation about Z-axis of the
head, and the contact situation to the instrument panel of
the arms.
It was presumed that the difference in kinematics between
both dummies affected the differences in the head, chest,
and pelvis acceleration responses of the dummies. The
difference in the head acceleration was affected by the

different kinematics of the flexion and twist of the
head-neck of the dummies caused by the differences in
both structure and characteristics of the neck. The
difference in the chest acceleration was affected by the
differences in the transmissive force from the pelvis in the
internal of the dummy, and the contact situation between
the arms and the instrument panel. The difference in the
pelvis acceleration was affected by the differences in the
lap belt force and femur force between both dummies.
With regard to the differences in the lap belt force between
the dummies, it was presumed that was because of the
following factors; i) the lower abdomen of the THOR-NT
is softer than the Hybrid III, and ii) the difference in the
femur force between the dummies (The THOR-NT was
earlier than the Hybrid III with regard to the timing when
the legs contacted to the instrument panel because the
THOR-NT has longer upper legs than the Hybrid III).
The injury measures showed almost equivalent values
between the dummies, and all injury measures were less
than the injury criteria specified in FMVSS 208 and ECE
R94.
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APPENDIX

TableA-1. Instrumentations of theTHOR-NT and Hybrid III

THOR-NT Hybrid III

Head Head accelerometer array 9 9

Upper neck six-axis load cell 6 6

Lower neck six-axis load cell 6 -

Neck compression load cells (front and right) 2 -

Head rotation potentiometer 1 -

CRUX chest rotary potentiometers 12 -

Chest displacement potentiometer (normalized) - 1

Chest accelerometer triax 3 3

Mid sternum uniaxial accelerometer 1 -

Upper abdomen string potentiometer 1 -

Lower abdominal DGSP transducers (left and right) 6 -

Upper abdomen uniaxial accelerometer 1 -

Spine T1 accelerometer triax 3 -

T12 five-axis load cell 5 -

Lumbar spine three-axis load cell - 3

Spine T12 accelerometer triax 3 -

Acetabular three-axis load cells (left and right) 6 -

Iliac load cells (left and right) 2 -

Pelvis accelerometer triax 3 3

Femur six-axis load cells (left and right) 12 -

Femur single-axis load cells (left and right) - 2

Knee slider potentiometers (left and right) 2 2

Knee clevis, inside load cells (left and right) - 2

Knee clevis, outside load cells (left and right) - 2

Upper tibia five-axis load cells (left and right) 10 -

Lower tibia five-axis load cells (left and right) 10 -

Upper tibia four-axis load cells (left and right) - 8

Lower tibia four-axis load cells (left and right) - 8

Tibia x-axis uniaxial accelerometers (left and right) 2 -

Tibia y-axis uniaxial accelerometers (left and right) 2 -

Ankle Ankle rotary potentiometers (left and right) 6 -

Foot Foot accelerometer triaxes (left and right) 6 -

120 49Total

Tibia

# of channels

Spine

Pelvis

Femur

Knee

Neck

Chest

Abdomen
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ABSTRACT 
 
Standard methods of investigating real-world crashes 
are hampered by the rapid rate at which the vehicle 
fleet changes as well as logistical hurdles involved in 
collecting sufficient quantities of data regarding 
specific vehicle and crash conditions to draw useful 
conclusions regarding injury causation.  This 
degrades the ability of real-world crash data to 
contribute in a timely fashion to the assessment and 
improvement of vehicle and occupant protection 
systems.   
 
The University of Michigan Health System, General 
Motors and OnStar are collaborating on a project to 
collect real-world crash data using the OnStar system 
to identify and screen crash cases from around the 
US.  For crash events of interest, informed consent is 
obtained, medical interviews are conducted and the 
vehicle is inspected for photographic documentation.  
Medical records and digital medical imaging data 
files are also obtained for determination of injury 
mechanism and outcome.   
 
Most real-world crash data collection systems have 
limitations.  Systems in which a small subset of 
crashes is randomly sampled have very limited 
numbers of crashes from specific vehicle models and 
crash conditions.  Geographically based census 
collection systems can have the same limitation.  
Medically based crash data collection systems 
provide optimal detail and insight regarding injury 
causation factors, but are also biased by being 
outcome-sampled and expensive.  The novel use of 
advanced automatic collision notification technology 
for screening allows researchers to very efficiently 
identify the subset of real-world crash cases that hold 
most value for assessment of injury risk or evaluation 
of vehicle safety performance.  Cost effectiveness 
will increase even further once photographic 
documentation of crash damage is no longer 

necessary.  The involvement of independent, 
academically based medical researchers significantly 
enhances subject enrollment and enables the 
collection of sensitive medical records and digital 
imaging data.   
 
 
INTRODUCTION 
 
Deaths and injuries resulting from motor vehicle 
crashes are the leading cause of death for people of 
every age from 3 through 6 and 8 through 34 (based 
on 2005 data).  During the year 2007 in the United 
States, 41,059 people were killed in the estimated 
6,024,000 police-reported motor vehicle traffic 
crashes and 2,491,000 people were injured (1).   
 
Efforts to improve traffic safety must be guided by 
real-life data that is timely, accurate, precise and 
representative.  There are many research projects and 
databases that collect and analyze traffic safety data, 
each with their distinct advantages and 
disadvantages.   
 
The National Automotive Sampling System (NASS) 
Crashworthiness Data System (CDS) is a nationwide 
crash data collection program sponsored by the U.S. 
Department of Transportation. It is operated by the 
National Center for Statistics and Analysis (NCSA) 
of the National Highway Traffic Safety 
Administration (NHTSA).  NASS/CDS data has very 
significant strengths including its reliable sampling 
weights and its nationally representative data.  
Approximately 5000 crashes are collected each year 
with detailed analysis of the vehicle.  Vehicle 
occupant interviews as well as police records are 
utilized to gather information.  Due to its collection 
methodology, NASS/CDS contains a very large 
contingent of minor injuries (Maximum Abbreviated 
Injury Scale - MAIS 1-2) but relatively few 
moderate, severe and fatal injuries (MAIS 3-6).  
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Detailed occupant and injury outcome information is 
limited. 
 
The Crash Injury Research Engineering Network 
(CIREN) is a crash injury collection network 
operated by the NHTSA.  It is sponsored primarily by 
NHTSA with assistance from several automotive 
manufacturers.  The cases collected by CIREN are 
screened from trauma admissions to eight Level 1 
Trauma Centers across the US and must meet set 
injury and crash criteria.  CIREN collects very 
detailed occupant injury and medical information; it 
also collects detailed crash and vehicle data using 
NASS-derived protocols.  CIREN cases undergo 
multi-disciplinary review of crash, vehicle and 
occupant injury data to determine injury causation 
mechanisms.  While CIREN gives unprecedented 
detailed data regarding injured vehicle occupants and 
heretofore unavailable insight into mechanisms of 
injury causation, it is resource- as well as manpower- 
intensive and relatively costly.  Due to its collection 
methodology and injury severity requirement for 
entry, the CIREN database contains detailed 
information on a large number of serious injuries; 
however, because it is outcome-sampled, CIREN 
data cannot be used alone to predict risk of injury or, 
as it now functions to provide an early assessment of 
the effectiveness of safety technologies, as they are 
newly introduced into the vehicle fleet. 
 
The University of Michigan Program for Injury 
Research and Education (UMPIRE) has been a 
member of CIREN since its inception; UMPIRE has 
also been an enthusiastic user of NASS/CDS data as 
an essential complement to its CIREN work to 
improve motor vehicle safety.  Recently, there been a 
large increase in the number of vehicles on US 
roadways equipped with Advanced Automatic 
Collision Notification (AACN) capabilities.  At the 
same time, vehicle development cycles have become 
progressively shorter, increasing the need for fresh 
real-life crash data to assess the safety efficacy of 
recent vehicle design changes.   We therefore sought 
to collect crash cases of interest that would likely 
escape NASS/CDS or CIREN collection by 
combining the national reach of a vehicle telemetry 
service provider and automotive manufacturer with 
the research capability of medical research group 
(UMPIRE) based at an independent university.  The 
use of AACN allows the rapid detection of relatively 
rare crashes of interest nationwide so that 
communication can be established to obtain informed 
consent for vehicle inspection and study 

participation.  The use of university-based medical 
researchers provides assurance to the study subject 
that their confidentiality is preserved and also allows 
the collection of comprehensive injury and medical 
imaging data files.  Procedures were developed that 
prevent the telematics provider and automotive 
manufacturer from being able to link collected 
research data with any specific vehicle owner or 
occupant so as to protect confidentiality.    
 
This paper describes our initial medical experience 
with this pilot project. 
 
 
 
OBSERVATIONS 
 
Subject Recruitment 
 
As per the protocol approved by the University of 
Michigan Institutional Review Board (IRB), 
UMPIRE adheres to very strict guidelines during the 
process of establishing contact with potential study 
subjects.  The telematics provider makes initial 
contact with the vehicle occupants to determine their 
interest in becoming subjects.  The contact 
information of those occupants agreeing to 
participate is then forwarded to UMPIRE staff.  Once 
with the UMPIRE staff, neither the telematics 
provider nor the vehicle manufacturer have any 
further contact with, nor do they receive any 
information about, the individual potential subjects.  
In order to protect subject privacy, if contact is not 
established within ten days, no further attempts are 
made.  The number of phone call attempts is also 
strictly limited.  Adhering to these guidelines, we 
have been able to contact and interview over two-
thirds of potential study subjects.  To date, only 6% 
of the individuals contacted have declined 
participation beyond the initial description of the 
proposed research and screening.    
 
The overwhelming majority of individuals contacted 
have been receptive and cooperative with the initial 
screening interview.  Many of the subjects 
volunteered very positive comments regarding the 
fact that the manufacturer and telemetry services 
provider had facilitated such a project to assess the 
field performance of their products.   
 
The initial interview allows UMPIRE to efficiently 
determine whether the crash event and study subject 
met our inclusion criteria.  One unanticipated finding 



_____________________________________________________________________________________

Wang  3 

 

was the large number of crashed vehicles which had 
already undergone repair or were undergoing repair 
at the time of the subject interview.  At the current 
time, our study requires an independent investigator 
to examine and photograph the damaged vehicle to 
supplement and corroborate the AACN vehicle 
telemetry sent during the crash event; therefore, 
subjects whose vehicles were undergoing repair or 
already repaired were dropped from the study.  
Changing the day of week and time of attempted 
initial contact with potential subjects has helped 
increase the proportion of subjects contacted before 
vehicle repair.  If vehicle inspection and 
photographic documentation is not necessary once 
the relationship between crash telemetry and vehicle 
damage has been confirmed, this problem with 
vehicles unavailable for inspection will no longer be 
a concern.  In future, if studies target more severe 
crashes where a greater proportion of vehicles are 
considered beyond repair, this problem will be less 
significant.  Since the rate of injury observed in the 
potential study population has been quite low, the 
option of increasing the AACN crash severity criteria 
for study inclusion seems reasonable.   
 
 
Documentation of Informed Consent 
 
It is absolutely imperative in research involving 
human subjects that informed consent of the study 
subjects is performed by suitably qualified and 
trained research personnel and that this informed 
consent be documented in writing.  The consenting 
subject must also receive materials that inform them 
of their right to withdraw their participation as well 
as how to do so.  We found the logistics of providing 
written information regarding the research project to 
the study subject and documenting their informed 
consent more challenging than initially anticipated.  
There is a need to contact the study subject early to 
facilitate vehicle inspection, but this increased the 
difficulty of getting written materials to the study 
subject before the initial phone contact.   At the same 
time, prior experience has shown us that sending the 
necessarily long and detailed informed consent 
documents to potential subjects without prior 
personal contact to explain the study purpose and 
techniques resulted in many of the documents being 
discarded without reading or consideration.    
 
We found that it is important to have multiple, 
redundant means of transmitting and receiving 
written documents to potential study subjects.  The 

addition of express mail services as well as multiple 
Web-based technologies and services has improved 
our efficiency in obtaining documentation of 
informed consent.  Simultaneous phone contact to 
guide the potential study subject through their 
reading of the informed consent document helps to 
allay confusion caused by the many formally written 
clauses required by the IRB. 
 
 
Medical Records and Imaging Data 
 
Once having obtained documentation of informed 
consent from the study subjects, we have not 
encountered any difficulty in obtaining all necessary 
medical records and complete medical imaging 
studies such as CT scans and MRI scans.  For ease of 
handling and to facilitate de-identification to protect 
study subject confidentiality, we request that records 
be sent in electronic form.  Medical imaging studies 
are stored and sent in standardized DICOM format by 
medical facilities nationwide.  Therefore, transfer of 
very large data files from complete medical imaging 
studies performed on consented study subjects has 
been very straightforward.   
 
This ability to obtain medical imaging files from 
AACN crashes represents a key source of vital crash 
information not available from NASS/CDS or 
CIREN.  Medical imaging files such as CT scans 
performed on recruited study subjects provide 
tremendous detail regarding the subjects’ body 
characteristics.  They also provide great insight 
regarding the mechanism of any observed injuries.   
Our work with medical imaging analysis in the 
CIREN population has demonstrated very clear links 
between the subject’s body composition and their 
severity and pattern of injury(2-4).   NASS/CDS does 
not currently collect the medical imaging files.  
While CIREN does collect medical imaging files, the 
fact that CIREN is outcome sampled means that the 
body composition information from CIREN imaging 
studies cannot be used along with CIREN injury data 
to determine the effect of body composition 
differences on injury risk in a given crash.  Such 
determination is essential for the development and 
validation of human body finite element models 
capable of predicting crash injuries (5).    
 
As anticipated prior to initiation of this study, a large 
majority of the medical imaging studies that we have 
obtained have been from study subjects who did not 
sustain any significant injuries in their crash.  This is 
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therefore the control population needed to determine 
the effect of body composition on injury risk in a 
given crash condition.  These CT scans provide us 
with detailed documentation of the subjects’ body 
characteristics as well as any observed injuries and 
the vehicle telemetry from their AACN system 
provides us with information regarding crash 
direction and severity.  Taken together, the data from 
this type of study can provide information that will 
allow more accurate prediction of injury risk for 
different crash conditions.  This information can be 
used by EMS systems and trauma centers to deliver 
optimal post-crash care.   
 
 
 
CONCLUSIONS 
 
Motor vehicle crash injuries remain a major global 
health problem.  Real-life crash data that is more 
timely, detailed and representative is necessary to 
guide improvements in vehicle safety.  Most real-
world crash data collection systems in which a small 
subset of crashes is randomly sampled have very 
limited numbers of crashes from specific vehicle 
models and crash conditions.  Geographically based 
census collection systems have the same limitation.  
Medically based crash data collection systems 
provide optimal detail and insight regarding injury 
causation factors and outcomes, but are also biased 
by being outcome-sampled and expensive.  The use 
of advanced automatic collision notification 
technology for screening allows researchers to very 
efficiently identify the subset of real-world crash 
cases that hold most value for assessment of injury 
risk or evaluation of vehicle safety performance.  
Cost effectiveness will increase even further once 
photographic documentation of crash damage is no 
longer necessary.   
 
The involvement of independent, academically based 
medical researchers significantly enhances subject 
enrollment and enables the collection of sensitive 
medical records and digital imaging data while 
preserving subject privacy and protecting confidential 
personal medical information.  The results of such 
studies hold great potential to enhance post-crash 
EMS and trauma care as well as the development of 
human body finite element models that can 
accurately predict crash injury patterns and risk.  
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ABSTRACT 
The THOR-NT dummy has been developed and 
continuously improved by NHTSA to provide 
manufactures an advanced tool that can be used to 
asses injury risk in crash tests. With the recent 
improvements of finite element (FE) technology and 
the increase of computational power, a validated FE 
model of the THOR-NT provides an efficient tool for 
design optimization of vehicles and their restraint 
systems.  The main goal of this study is to assess the 
current version of THOR-NT FE dummy model in 
the frontal crash environment. A three-dimensional 
(3D) FE model of the dummy was developed in LS-
Dyna based on the drawings of the THOR-NT 
dummy.  The material properties of the deformable 
parts and the properties of joints connecting rigid 
components were derived from the impact test data.  
To provide validation data for the assembled dummy 
model, two 40 km/h sled tests were conducted with 
the dummy restrained by a standard belt system and 
positioned in a rigid seat with the legs constrained at 
the knees.  The upper body kinematics of the dummy 
was recorded by means of a 3D motion capture 
system that tracked the movement of retro-reflective 
markers attached to the dummy and to the buck.  The 
dummy model fidelity was quantitatively assessed by 
comparing the displacement time histories of upper 
body and the reaction forces from the crash 
simulation with the corresponding data from the sled 
test.  While the relatively low score of the model 
(0.55 -on a scale from 0 to 1) suggests the need of 
additional model improvements and validations under 
different test conditions (e.g., different shapes of 
deceleration pulses, and initial velocities), its 
reasonable performance in the direction of sled 
deceleration during 40 km/h frontal crash event 
would recommend it for use in impact simulations 

intended to improve the design of new vehicles and 
their restraint systems. 

INTRODUCTION 

Anthropometric test devices (dummies) are 
frequently used in crash testing to evaluate injury risk 
for vehicle occupants.  The THOR (Test device for 
Human Occupant Restraint) dummy has been 
developed and continuously improved by the 
NHTSA (National Highway Traffic Safety 
Administration), and has shown improved biofidelity 
in impact tests relative to the Hybrid III, the dummy 
used in the current regulations (Shaw et al. 2002).  
While experiment testing is the current basis of 
crashworthiness evaluation for new car models, rapid 
advances in both computational power and crash 
simulation technology enables the use of a 
complementary computational component during the 
manufacturer’s design process, especially in the 
optimization of vehicle components or restraint 
systems (Untaroiu et al. 2007).  In order to provide 
maximal utility of the dummy model, its kinematical 
and dynamical predictions must be extensively 
verified under various crash scenarios before use in 
the vehicle design process.  

The main goal of this study was to evaluate 
a FE model of THOR-NT Dummy in a frontal impact 
environment.  A crash simulation with the 
deceleration pulse of a sled test was performed with 
the THOR-NT FE dummy model and the three-point 
restraint system positioned in a test setup model 
developed in LS-Dyna software (vers. 971, 
Livermore, CA, US).  The displacement time 
histories of several characteristic nodes on the 
dummy surface (corresponding to the markers used in 
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testing), and dummy interaction loads with the belt 
and the sled obtained from the simulation, were 
compared with test data using objective rating criteria 
developed in previous studies (Jacob et al. 2000, 
Hovenga et al. 2004 and 2005).  It is believed that the 
rating methodology and the associated ‘objective’ 
values can help identify priorities for further 
improvements in the THOR-NT dummy model.  

METHODOLOGY 

The Finite Element Model of the THOR-NT 

A three-dimensional finite element model 
was developed to represent the THOR-NT dummy 
using the LS-Dyna software package (vers. 971).  
CAD drawings of the THOR-NT physical dummy 
were used to construct the geometry of the model.  
Most head-neck elements (Figure 1) were modeled as 
rigid bodies except the elastomers (neck pucks and 
neck bumpers, OC joint stops), the non-linear springs 
(front and rear spring subassemblies), the foam 
material (face padding and head skin), and the steel 
neck cables. The rigid bodies that articulated relative 
to each other were connected with joint elements. 
The head-neck FE model was constructed to output 
equivalent measurements as those recorded in the 
physical THOR-NT Head-Neck: an upper and lower 
neck load cell; force in the front and rear spring 
assemblies; face load cells, and rotation of the OC 
joint. The completed FE model was correlated with 
the physical THOR-NT Head-Neck by simulating a 
head drop test and a frontal flexion test (Malone et al. 
2007a). 
 In the thorax FE model (Figure 2), 
deformable materials have been used in the following 
components: elastomer (shoulder and neck bumpers, 
flex joints, jacket and bib), foam material (upper 
abdomen and mid-sternum), and the steel (ribs). Joint 
elements were defined between the articulating rigid 
bodies and a variety of contact definitions were used 
to define the interaction between rigid bodies and 
deformable materials. The thorax FE model outputs 
the same measurements as the THOR-X CRUX 
(Compact Rotary Unit), that is deflection units in four 
locations and one accelerometer located on the Mid-
Sternum. The thorax FE model was correlated with 
the physical THOR-X by simulating two Kroell 
impact tests, one at 4.3 m/sec and the other at 6.7 
m/sec, and comparing to the experimental results. 
The force deflection curves for impactor force vs. 
chest deflection derived from the simulation were 
well correlated with those obtained from 
experimental data.  It was concluded that the FE 
model can be used to accurately predict the results of 

physical tests performed with the THOR-X (Malone 
et al. 2007b). 

 

 
In the lower extremity FE model (Figure 3), 

the parts defined as deformable were the following: 
the tibia skin, foot skin, tibia compliance spring, the 
heel padding/shoe, and the Achilles‘cable.  To 
account for the movement of the leg and ankle, one 
translational joint was created for compression of the 
tibia and three revolute joints were created to allow 
movement of the ankle.  Stiffness and damping 
properties were assigned to each of the joints to 
represent the mechanical properties in the physical 
THOR-LX.  The finite element model outputs the 
same measurements as the THOR-LX dummy: two 

Figure 2. The Thor-NT Thorax FEM 

Lumbar Joint 
Assembly 

Upper Thoracic 
Joint Assembly 

Shoulder Joint 
Assembly 

Ribs Assembly 

Figure 1. The Thor-NT Head-Neck Assembly  

Head 
Assembly 

Neck 
Assembly 
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six-axis load cells, two accelerometers, and rotation 
angles of the ankle.  The completed finite element 
model was correlated with the physical THOR-LX by 
simulating ten physical experiments and comparing 
the results (Varellis et al. 2004).  Three impacts to the 
forefoot were conducted to evaluate the dorsi joint 
performance.  Two heel impacts were performed to 
evaluate the tibia compliance.  Three Achilles’ tests 
were conducted to assess the Achilles’ cable forces.  
Two skin tests were performed to determine the 
effect of the skin on the tibia forces.  The time 
histories of impactor deceleration, load cell forces, 
joint angles and moments calculated for these tests all 
compared well to the experimental data.  Therefore, it 
is concluded that the finite element model can be 
used to accurately predict the results of physical tests 
performed with the THOR-LX  

 
The THOR-NT FE model (Figure 4) has 329 parts 
(components) and almost 340,000 elements, majority 
of them (93%) defined as rigid. The material models 
and joint definitions used in the FE model can be find 
in the THOR-NT manuals (Malone et al. 2007a, 
2007b, Varellis et al. 2004). 

 

The THOR-NT dummy in frontal crash 
environment 

The THOR-NT dummy was subjected to 
two 40 km/h frontal sled tests in order to provide test 
data for the validation of THOR-NT FE model. The 
dummy was positioned on a rigid planar seat and its 
torso was restrained by a standard 3-point shoulder 
and lap belt system (without pre-tensioner an/or load 
limiter systems). Since the primary goal of this test 
was the response evaluation of the dummy upper 
body regions (thorax, neck, and head), additional 
restraints for the lower regions of the dummy were 
applied (Untaroiu et al. 2009).  A rigid knee bolster 
was used to restrain the motion of the pelvis and 
lower extremities, and ankle straps were applied to 
constrain the feet on a footrest. The dummy was 
positioned on the seat in a specified posture that 
approximated the posture of a front seat passenger 
(Figure 5a).  The linear and angular dimensions, that 
characterize the dummy and belt initial position (e.g. 
H-point position, lower extremity angles, belt angles) 
with respect to the sled system, were recorded prior 
to testing (Table 1).  Dummy kinematics were 
recorded by means of a 3D motion capture system 
that consisted of 16 cameras (Vicon MX13) arrayed 
to track the movement of retro-reflective markers 
attached to the dummy and to the sled buck during 
the impact event (Figure 5). In addition, load cells 
were used to record the interaction forces between 
the dummy and the sled or belt system. 

 

 

 

Table 1. Initial posture setup 
 
Measurement Test FE 
Belt angle (deg) 24.9-25.2 25.7 
Sternal angle (deg) 66.2-67.6 68.9 
Femur angle (deg) 6.4 -7.1 6.6 
Tibia angle (deg) 34.7 40.6 
 

Figure 5. The Thor-NT dummy test setup. The 
Vicon marker positions A) Left shoulder, B) Right 
shoulder, C) Upper spine, and D) Lower spine.  

Knee bolster
Footrest 

x 
y 

Figure 4. The FE model of Thor-NT dummy 

Figure 3. The Thor-NT lower extremity FEM 
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 The frontal crash test was simulated in the 
LS-Dyna software (ver. 917, Livermore, CA, USA) 
using THOR-NT dummy FE model and the FE 
model of the test setup developed using the sled CAD 
design (Figure 5b). The dummy and the finite 
element (FE) belts were positioned based on the 
corresponding data recorded prior to the test. FE belts 
were modeled with quadrilateral elements which 
have been assigned a material model with tensile 
force-deflection characteristics determined from 
testing (6-8% elongation, 6000 lbf minimum tensile 
strength).  A set of the nodes corresponding to 
locations of Vicon markers used in testing was 
defined, and their trajectories were calculated during 
the crash simulation.  Since the dummy feet were tied 
to the footrest using straps during the tests, a tied 
contact was defined between the nodes corresponding 
to the FE models of shoes and the foot rest in the FE 
simulation.  Surface-to-surface contacts were defined 
between each leg and the knee bolsters, and between 
the seat belts and thorax.  The time histories 
corresponding to these contacts were calculated 
during the impact simulation. 

 
The crash was simulated by applying the 

time history of linear buck acceleration recorded in 
Test 1 to the sled model along the x-direction (Figure 
7) and constraining the sled motion in all other 
directions. 

 

 
The evaluation of THOR-NT FE model response 
in frontal crash environment using objective 
rating methods (ORM) 

 Continuous development of crash simulation 
technology considerably increases the utility of 
virtual testing for the development of restraint 
systems.  However, a dummy model must be 
evaluated relative to test data before using in crash 
applications.  

Traditionally, model evaluations have been 
performed by comparing the peak values of the test 
and simulation data, by evaluating the overall curve 
shapes qualitatively, or by satisfying several 
certification guidelines. Recently, there have been 
several efforts (Jacob et al. 2000, Hovenga et al. 2004, 
and 2005) focused on developing systematic 
methodologies for model evaluations, especially in a 
crash event where a large number of channels must 
be compared.  Based on the characteristics of the data 
channel to be evaluated, Jacob et al 2000 developed 
four different methods: the Global Evaluation 
Method (GEM)- for “normal” channels, the 
Threshold Evaluation Method (TEM) – for “poor 
interest” channels, the Criterion Evaluation Method 
(CEM) – for “criterion” channels. and Limit 
Evaluation Method(LEM) – for corridor data.  In 
each of these methods, specific criteria were defined 
based on the local and global characteristics of the 
test curves. Hovenga et al. 2004 suggested three 
criteria for evaluating the similarity of the two 
curves: the peak criterion, the peak-timing criterion, 
and the Weighted Integrated Factor (WIFac). The 
first two are the methods in which scalar values, 
simply the peak values or the times to the peak values 
from both the simulation and test, are compared. The 
similarity of overall shapes from two curves is 
compared by WIFac, defined as: 
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where ( )tf and ( )tf * are the time histories of the 
experimental signal and the simulation signal, 
respectively.  
 In our study, the load signals and the 
displacement signals that recorded peaks values 
exceeding 40 mm (in absolute value) in testing were 
considered as “high interest” channels  and were 
calculated as a linear combination of the peak 
criterion pC , the peak to time criterion timepC _ , and 
the WIFac. 
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where the peak criterion pC and  the peak to time 

criterion timepC _  were defined as in Jacob et al. 2000. 
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where evalref tt ∆⋅=∆ 4.0  (Jacob et al.2000) 
The peak criteria was considered the most important 
followed by the peak time criteria and WIFac and 
have been assigned the following weighting factors: 

;5.0=pw ;3.0=ptw ;2.0=whw  
The TEM ((Jacob et al. 2000) was used for 

the displacement signals that recorded low peak 
displacements in testing (under 40 mm in absolute 
value).  The channels included in this category were 
the following: z-displacement of upper spine marker, 
and y and z displacements of pelvis and lower spine. 
This method just evaluates how much the signal of 
the model stays within a prescribed corridor defined 
based on its maximum values (Figure 8). First criteria 
of this method was defined based on maximum value 
of the signal with respect to the threshold  
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V
C j

thv max
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where mVThreshold 5.1=  ((Jacob et al. 2000) 
The second criterion used by this method is defined 
based on the time the signal remains in the corridor 
as: 
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where evalref tt ∆=∆ 4.0  (Jacob et al. 2000) 
The total score of the “low interest” channels was 
calculated as a linear combination of both criteria  

thtthtthvthv
low
channel CwCwC ____ +=     (7) 

The total score of the displacement of each marker 
was computed as a weighted average of all cartesian 
displacements as: 

zchzychyxchxch CwCwCwC ___ ++=  (8) 
The score in the direction of deceleration was 
considered the most important with a weighting 
factor ;7.0=xw the weighting factors of other two 

cartesian scores were defined as ;15.0== zy ww . 
The kinematic and load scores of the model were 

defined as the average of markers scores and the load 
scores, respectively. 
 

 

RESULTS 

Since a good repeatability was observed between 
tests in term of the time histories of buck pulse 
deceleration (Figure 7) and the dummy kinematics 
(Figure 9), the simulation results were compared with 
data from only one test (Test 1).  A qualitative 
comparison between the relative motion of the 
dummy with respect to the buck and corresponding 
data predicted using the THOR-NT FE model was 
performed at different time steps (Figure 10).  The 
time histories of marker displacements along each 
coordinate axis obtained from the analysis of the 
Vicon data were compared to the similar data 
obtained from tracking a set of dummy nodes located 
at the positions of photo-target markers (Figure 11). 

Two significant time intervals can be 
observed in the dummy motion during the frontal 
crash test.  First, the dummy has an almost 
translational motion under the inertia forces 
generated by the deceleration pulse until about 60 ms.  
In this phase, the thorax rotates slightly in the sagittal 
plane and the dummy spine becomes almost vertical 
at the end of 60 ms.  In the second phase, the dummy 
thorax begins to rotate in the transverse plane toward 

b) 

a) 

Figure 8. Schematic diagram of TEM 
criterion a) threshold line setting from the 
test results and b) procedure of TEM 
scoring
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the right side in addition to continued anterior motion 
(along to the deceleration direction).  The neck-head 
and upper extremities assemblies begin to move 
forward relative to the thorax (restrained by the 
shoulder and lap belts) to almost horizontal positions 
at the end of the simulation (120 ms). 

 
 In the frontal crash FE simulation, two 
specific time intervals can be delimitated in the 
motion of THOR-NT FE relative to the buck as well.  
As in testing, the model demonstrates a translational 
motion until 60 ms.  The time histories of 
displacements along the direction of deceleration (x-
axis) predicted by the THOR-NT FE model were 
almost identical to the corresponding data recorded in 
testing (Figure 11 a-b).  However, several differences 
start to occur in the time histories of the right 
shoulder and the pelvis x-axis displacements (Figure 
11 c, f) which are lower and respectively higher than 
the corresponding test data due to the sagittal rotation 
observed in testing, but not in the FE simulation.  
Time histories of contact forces at the knee bolster 
and footrest predicted by the FE model are in good 
agreement with test data, except a region around 40 
ms when high force spikes occur in the knee bolster 
force and a drop in footrest force (Figure 12 d-f).  In 
the second part of the crash (after 60 ms), all time 
histories of the x-displacement predicted by the 
model show similar trends to the test data, but 
differences occur in the peak levels of this data, due 
to the inability of the THOR-NT model to replicate 
the sagittal rotation of the dummy spine observed in 
testing.  The Thorax model exhibits mostly 
translational motion, as observed in the low levels of 
maxima (20 mm) of time histories of y and z 
displacements of thorax and pelvis markers, except 
for the right shoulder where the attached marker 
showed displacements similar to the test data along 

the z-direction, but generated much lower values in 
the y-direction (Figure 11 c).   

 

Figure 9. Comparison between the dummy 
head displacements relative to the buck 
recorded in testing 
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Figure 11. The time histories of marker displacements a) head, b) left shoulder c) right shoulder d) 
upper spine e) lower spine and f) pelvis 
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The time histories of the shoulder belt loads 

recorded during testing showed a bi-modal trend with 
maximum values around 6.2 kN and 5.6 kN at the 
upper location and lower location, respectively.  A 
diminished bi-modal trend was observed in the 
shoulder belt forces predicted by the model, and the 
maximum values were recorded on the second peaks 
instead of the first ones as in testing (Figure 12 a-b).  

While an almost constant load (0.2 kN) was recorded 
in the lapbelt in testing, the load belt was almost 
negligible in the simulation after a 0.2 kN peak at 
about 35 ms. (Figure 12 c).  Reasonable correlation 
between test and simulation was observed in the time 
histories of resultant force in the dummy contacts 
with knee bolsters and the footrest during the second 
part of the crash simulation (Figure 12 d-f).  
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Figure 14. The channel scores of the time histories of reaction forces 
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Figure 13. The channel scores of the time histories of marker displacements 
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 The rating scores of each marker 
displacement (Figure 13) and loadcell channels 
(Figure 14) were calculated using the procedure 
explained in the previous section.  The displacement 
of head marker recorded the highest kinematic score 
(0.71) and the upper spine the lowest (0.37).  The 
highest loadcell score was calculated in upper 
shoulder belt (0.76) and the lowest in right knee 
bolster (0.43).  The average kinematics and loadcell 
scores were 0.51 and 0.59, respectively. 

DISCUSSION 

This study presents a multifaceted assessment of a FE 
model of THOR-NT dummy in a frontal crash 
environment.  In addition, to visual comparison of 
dummy kinematics used mainly in all previous 
validation studies (e.g. Dsouza and Bertocci 2009), a 
new quantitative kinematics comparison was 
introduced.  This new approach employed the 
displacement time histories of retro-reflective 
markers attached to specific dummy body regions, 
which were recorded during a frontal crash event by 
an array of 16 Vicon cameras.  These tri-dimensional 
measurements recorded with a high measurement 
precision (under 1 mm) help to better understand the 
complex interaction of the dummy with the restraint 
systems and test setup and allow a quantitative 
comparison with similar data calculated easily by 
computer models.  In addition, to the kinematics 
component, load time histories in belts (shoulder and 
lapbelt) and in the lower limb contacts with the test 
setup were measured and compared with the FE 
model predictions. 
 Although the numerical simulation showed a 
reasonable qualitative correlation with testing in 
terms of overall motion of the dummy relative to the 
test setup, some discrepancies were observed in the 
time histories of marker displacements and the 
external loads (belts and test setup).  In addition to 
the forward translation along the direction of 
deceleration pulse, the thorax of THOR-NT dummy 
recorded two significant rotations in sagittal and 
transverse planes.  The FE simulation predicts well 
the forward motion of the dummy, but not the levels 
of thorax rotations.  While the causes of these un-
correlations are still unknown, it is obvious that these 
causes are internal, due to the THOR-NT dummy FE 
model, or external, due to a poor replication of the 
dummy-test setup interaction.   

The dummy Thorax FE model was 
developed according to CAD drawings of the THOR-
NT physical dummy and its components were 
assumed either deformable or rigid.  While 
deformable parts require to be assigned material 
properties, the rigid parts are connected by defined 

joints which required structural properties (e.g. 
moment vs. angle).  Both material and structural 
properties are generally strain rate dependent.  The 
deformable parts (e.g. foam and rubber) were usually 
defined based on force vs. deflection curves recorded 
in tension and compression at discrete strain rates 
(using Mat 181 in Ls-Dyna).  More material 
characterization tests, in different loading conditions 
(e.g. shear tests, more strain rates) and then material 
parameter identifications using optimization 
techniques (Untaroiu et al. 2007) would improve the 
accuracy material properties of deformable parts.  In 
addition, validations of the upper thoracic and lumbar 
joints, and then of the whole thorax against tests 
more appropriate to the frontal crash test than the 
Kroell tests (e.g. dynamic belt tests – Kent et al. 
2004) would certainly increase the capability of 
Thorax FEM to replicate the dummy response.   
 The external causes of test-simulation un-
correlations include the pre-impact position of the 
dummy relative to the test setup and the inaccurate 
characterization of dummy-test setup interfaces.  The 
dummy was positioned in the test setup according to 
angular (e.g. sternal angle, belt angle, femur angle, 
tibia angle etc.) and linear (e.g. neck to medial belt 
edge etc) positioning data recorded prior the impact 
test.  Although this test data was generally matched 
well in the model, some inherent differences occurred 
in a few parameters (e,g. tibia angle).  While the 
influence of these positioning parameters on the 
overall behavior of the model is unknown, a 
sensitivity study based on FE simulations is 
recommended.  It is believed that the results of this 
study would help both future tests and simulations in 
giving a greater importance to the measurement or 
matching to test data of the most sensitive positioning 
geometrical parameters.  Although the level of 
lapbelt force (max. 0.2 kN) was much lower than the 
level of shoulder belt (max. around 6 kN), a special 
attention should be allowed in future tests and 
simulations of pre-impact positioning of this belt.  
The definition of dummy-buck contacts may have 
also a significant influence on the dummy kinematics, 
especially through the friction force between seat and 
dummy. Therefore, in the future tests it would be 
recommended the measurement of the time histories 
of seat–to-dummy contact forces, and verification of 
this data in FE simulations. 
 A model of the dummy is considered to be 
good if it can replicate accurately the dummy 
kinematics and reaction forces with the test setup 
recorded in testing. A quantitative comparison 
between physical dummy and its model is difficult to 
obtain, especially when the number of channels is 
high, as in the current test.  The objective rating 
methods, recently developed and used in other 
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previous study, can be a promising tool for model 
assessment.  The THOR-NT dummy FE model 
obtained relatively closed scores in the kinematic and 
kinetics assessment (0.51 and 0.59, respectively).  If 
the average of these scores is calculated, the total 
score of the model will be 0.55 which place it in a 
poor quality range according to Jacob et al 2000’s 
classification (1 is the best score, and 0 is the worst).  
However, it should be mentioned that the quality 
values used in these rating methods are heavily 
dependent on the criteria and weighting factors 
applied.  Therefore, these methods are especially 
useful for comparing models that use the same rating 
conditions.  

Although it is obvious that the THOR-NT 
FE dummy model requires additional improvements 
and validations under additional test conditions (e.g., 
pulses of different shapes, and directions), its 
relatively reasonable performance in 40 km/h sled 
tests would recommend it for use in impact 
simulations intended to improve the design of new 
vehicles and their restraint systems. 

 

CONCLUSIONS 

 This study presents a multifaceted 
assessment of a finite element model of THOR-NT 
dummy in a frontal crash environment.  First, the 
three-dimensional kinematics of certain points on the 
dummy and the interaction forces between the 
dummy and the test setup were accurately recorded in 
a 40 km/h sled test with an advanced optical system 
and load cells.  The FE of the dummy, developed and 
validated at the component level in previous studies, 
was positioned with respect to a FE model of the test 
setup according to the test configuration recorded 
prior to the test.  The load and displacement signals 
(especially along the deceleration direction) show a 
similar trend with the test data, but some 
discrepancies were observed: their peak values and in 
sagittal and transversal motion of the dummy.  While 
the main causes of the low capability of the model to 
predict the torso rotations observed in testing are 
unknown, several ideas for model improvement were 
suggested for the future development and validation 
of the model.  Objective rating techniques, which 
quantify the similarity of peak level, peak time, and 
overall shape of two curves, were employed to 
compare the results of simulations with the test data.  
Although, the rating values calculated are greatly 
dependent on the criteria and the weighing factors 
used in their definition, it is believed that the rating 
approach would be useful for comparing different 
versions of the dummy model which will use the 
same rating condition. In addition to further 

refinements of current THOR-NT model, the 
numerical approach presented in this study, which try 
to determine an overall score from comparison of 
numerous time histories curves, can be applied in the 
process of verification/validation of other dummy or 
human models used in crash simulations. 
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ABSTRACT 
 
In the last decade,air pollution has become a major 
problem in metropolises.Therefor using alternatives 
for common fuels, especially gasoline was ordered. 
In a country like Iran with the second biggest 
natural gas resources in the world, CNG was the 
most important choice.This potential led to vast 
manufacture and usage of CNG consuming 
automobiles. Being used in different climates and 
areas and because of the susceptibility of natural 
gas,these automobiles have always been vulnerable 
in accidents. 
Based on the statistics from reliable sources and 
scientific methodes,this research tries to present the 
order of importance of CNG fuel system parts in 
accidents.The results of this reaserch will reveal the 
priority of making the system parts safe. 
 
INTRODUCTION 
 
After the prevalent manufacture and usage of bi-
fuel engine aoutomobiles ,especially CNG 
consuming automobiles in the recent years, 
currently there are around 750000 automobiles of 
such kind in Iran.This puts Iran in the forth place 
among the countries using alternative fuels. The 
parts of the fuel systems of CNG automobiles are 
manufactured under strict standards and are 
installed on the automobiles both in factories and 
workshops. The information received from reliable 
sources shows flaws in different parts during the 
usage and in accidents. The results shows problems 
first in unprotected areas and then in the the 
assemblage of parts. 
These problems have mostly occured with the 
systems which have been installed in workshops 
and caused incidents like fire or explosion. 
Using the  statistics of the  parts damaged in 
accidents happened to CNG automobiles and 
analyzing them using Delphi method,this research 
presents the scientific ranking of  the importance of 
securing and checking the parts.The results could 
be used in the process of writing and correction of 
the standards,as well as the manufacturing and 
installation. 
 
 

RESEARCH METHOD 
 
In  order to have results most compatible to 
reality,this article tends to apply the CNG and car 
safety expert's opinions as well as group decision 
making to give the best possible picture of CNG 
system weak points. 
This research is based on Delphi method,hence a 
brief explanation of this method is presented. 
In the early 1950s a project known as Delphi was 
satarted by th U.S air force.The goal was to use the  
the experts opinions to estimate the number of 
Russian  atomic bombs that can cause a certain  
damage  in the USA technic called Delphi was used 
in this project.This technic aims to access the most 
reliable group agreement (of the expert`s opinoins) 
for an issue and it does through questioning the 
experts frequently and questionaires. Dephi method 
has three properties,impartial answers to the 
questions,repeated sending of the questionaire, and 
collecting and analysing the answers in groups. 
The number of resendings varies between 3 to 5, 
and depends on the answerer's agreement  and the 
additional information needed. The first  
questionaire usually needs answers to a major 
question while the other questionaires are based on 
the the answers to previous ones. Delphi process 
stops when a group agreement has been reached or 
sufficient exchange of information has been done. 
 Delphi method has 11 levels which are the 
followings: 
1.Preparation of the questionaire 
2.Choosing the expert group 
3.Propounding the main question in the first 
questionaire 
4.Analysys of the answers collected from 
questionaire no1 
5.Preparation of the second questionaire based on 
the answers from questionaire 
6.Analysys of the answers collected from 
questionaire no 2 
7.Preparation of the third questionaire  
8.Analysis of the third questionaire  
9.Analysys of the answers collected from 
questionaire no3 
10.Preparation of the final report of the Delphi 
process 
11.Informing the questioned experts of the results 
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CASE STUDY 
 
First the experts who are going to answer the 
questions are identified.This group consists of 
experts  in CNG installation and safety who work 
in automobile factories,traffic police and etc.  
The minimum number of experts is  10 to 15 
,suggested by Delphi method,which can be more if  
possible.In this research  almost 20 experts 
opinions have been used. 
In the next stage,the key question is prepared and 
the first questionaire is presented.In the first 
questionaire,we tend to expose the experts to the 
general information and then the details are 
presented to clarify the possible  ambiguities. 
In this questionaire the experts are asked to choose 
the most important parts of the CNG fuel 
system.These parts  are the followings: 
1. tank 
2. steel pipes 
3. tank valve 
4. feeding valve 
5. solenoid 
6. safty valve 
7. electrical circut wires 
8. stepper 
9. regulator 

10. electronic control unit(ECU) 
11. connection nut 
12. mixer 
 
After the important parts are identified,a 
questionaire called questionaire no2 is prepared. 
In this stage experts have been asked to use their 
experience to give each of the parts a factor of 
importance between 1 and 12. 
No 12 shows the most important part while no 1 is 
the least important one. 
After the responses were analysed,the geometric 
averages of weighted index assiegned by the 
experts have been calculated. 
The resultant numbers have been written in the 
tables of another questionaire and given to the 
experts. 
Being informed about  the averages of the numbers 
assigned by the other experts,each expert is able to  
delibarate and present the best possible value for 
the final weighted index. 
The final index of importance for each part gained 
from questionaire 3 are given in table 1. 
 
 
 
 

 
 
 
 

Table 1. 
 CNG system`s part final weighted index  

  
  

element tank Steel 
pipes stepper Connection 

nut 
safty 
valve 

tank 
valve solenoid regulator ECU electrical 

circut wires 
feeding 
valve mixer 

Final 
weighted 

index 
2.47 9.18 4.75 7.03 7.52 4.09 5.60 5.47 3.87 3.91 4.45 3.54 

 
 
 
After the factors are written down,it's time to make 
the pair comparison matrix, in which: 
 

n,...,3,2,1j,i
a
1a

ji
ij =∀=             (1) 

 
If the judgments are totally compatible and stable, 
they should: 

 
n,...,3,2,1k,j,iaa.a ijkjik =∀=       (2) 

 
Because: 

 
 
 

(3) 

n,...,3,2,1k,j,ia
w
w

w.w
w.wa.a ij

j

i

jk

ki
kjik =∀===

 
 
Hence the inputs of this matrix are correct only 
when we have full satability and  aij could be 
gained from equation 4. 

 
 











=

j

i
ij w

wa                (4) 
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In figure 1 the pair comparison matrix for prats of 
CNG system is presented. 
 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Now  using Mathematica software,eigenvectors and 
eigenvalues for each of the part are 
attained,according to equation 5. 

 
 
 
 

  

 
[ ]asEigenvalue                     (5) 

 
The eigenvectors and eigenvalues relative to the 
 maximum eigenvalue( maxλ ) are presnted in table 2

. 
  

Table 2. 
 Eigenvalues and eigenvectors of CNG system`s parts pair comparison matrix

 

 Normalized 
eigenvectors eigenvectors Eigenvalue 

W1 0.010874 0.1305 000.12max =λ  
W2 0.0403459 0.4842 -0.0000813388+0.000042003i 
W3 0.020891 0.2507 -0.0000813388-0.000042003i 
W4 0.03088625 0.3706 0.0000676155+0.0000414148i 
W5 0.03305 0.3966 0.0000676155-0.0000414148i 
W6 0.017967 0.2156 0.0000572791+0.0000220286i 
W7 0.024619 0.2954 0.0000572791-0.0000220286i 
W8

 0.024043 0.2885 -2.38002*10-6+0.0000466114i 
W9 0.017027 0.2043 -2.38002*10-6-0.0000466114i 
W10 0.017197 0.2064 -0.000022273+8.91057*10-6i 
W11 0.019535 0.2344 -0.000022273-8.91057*10-6i 
W12 0.01554 0.1865 4.02022*10-6 

 
 
 
 
 
 

 
 
 
 
 















































0000.17955.09036.09126.06463.06312.08649.04702.05031.07438.03852.04290.1
2571.10000.11359.11473.18125.07935.00873.15911.06325.09351.04842.07964.1
1067.18803.00000.10100.17153.06985.09572.05203.05568.08232.04262.05814.1
0957.18716.09901.00000.17082.06916.09477.05152.05513.08150.04220.05657.1
5472.12307.13980.14121.10000.19766.03382.17275.07784.01509.15959.02109.2
5843.12602.14315.14459.10240.10000.13702.17449.07971.01784.16102.02639.2
1562.19197.00447.10552.17473.07298.00000.15436.05817.08600.04453.06522.1
1269.26918.19218.19411.13747.13425.18395.10000.10701.15820.18192.00392.3
9876.15811.17960.18140.12846.12546.17191.19345.00000.14785.17655.08402.2
3444.10694.12148.12269.18689.08486.01627.16321.06764.00000.15178.09211.1
5964.20653.23460.23696.26781.16388.12456.22207.13063.19313.10000.17101.3
6998.05567.06323.06387.04523.04417.06053.03290.03521.05205.02695.00000.1

Figure 1. Pair comparison matrix in related to CNG system`s 
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The normalized eigenvector for each criterion 
shows the order of importance of that criterion 
comparing to the other criteria. The results are 
presented in table 3. 
 

Table3. 
 CNG system`s parts in order of importance 

final weighted 
index part priority 

0.040346 Steel pipes 1 

0.033050 Safety valve 2 

0.030886 Connection nut 3 

0.024619 solenoid 4 

0.024043 regulator 5 

0.020891 stepper 6 

0.019535 Feeding valve 7 

0.017967 tank valve 8 

0.017197 electrical circut wires 9 

0.017027 ECU 10 

0.015540 Mixer 11 

0.010874 tank 12 
 
 
CONCLUSION 
 
In orther to specify the influence rate of each 
CNG system parts on automobile safty,a model 
was presented.To identify  the important parts 
according to  experts opinions feedback,a lot of 
repeated opinoions that could cause confusion 
or misleading have been omited. The results 
were reached through the process of accessing 
to priority criterias and identification of each 
part`s level of importance in accordance to 
Delphi method steps, are desireble and reliable. 
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ABSTRACT 
 
As statistics have shown, forty-two percent of all 
injury accidents in Germany’s road traffic happen 
at intersections. Infrastructure-mounted cameras for 
traffic analysis have been proposed to reduce this 
number as well as simulation tools, which assist in 
developing Car-to-Infrastructure (C2I) communication 
applications in the field of driver assistance, 
pedestrian, vehicle and traffic safety by a combination 
of a real application and virtual scenarios. 
This paper describes an infrastructure-based vision 
system for pedestrian and vehicle detection, its 
integration in the C2X-communication software 
development framework viilab and the visualisation 
to display the acquired data in a C2X-vehicle. Two 
cameras are used to monitor an intersection in the 
visible spectral range out of different views. With 
methods of computer vision and machine learning 
road users are detected and analysed as pedestrians 
or vehicles for both views. The merged objects’ 
positions are transformed into world coordinates 
and tracks within the traffic trace are generated. 
The data can be used in a simulation or can be 
requested in real time from C2X enabled cars via a 
roadside unit (RSU) as an environment radar. The 
performance of the system is discussed. 
 
INTRODUCTION 

 
In the future vehicles will be equipped with 
technology for car-to-car- and car-to-infrastructure-
communication (C2X-communication). Examples 
for car-to-infrastructure-communication to avoid 
dangerous situations or an accident might be the 
broadcast of the traffic light status to cars near a 
crossing or a warning if a pedestrian crosses the 
road behind a bend. With forty-two percent of all 
road traffic accidents intersections are hotspots for 
accidents involving injury in Germany’s road traffic 
[1]. This project focuses on infrastructure-based 
image processing at intersections. 
 
Infrastructure-based image processing is already 
widely used for surveillance applications of road 
traffic. Examples are traffic control systems that 
recognise cars moving reverse to the driving 
direction on motorways or that detect smoke in 

video images to avoid a fire in a tunnel, frequently 
assisting security personnel who monitor many 
video cameras in a coordinating office [2]. Other 
concepts of infrastructure based image processing 
are topic of research projects. For instance the 
project OIS (“Optische Informationssysteme”) [3] 
evaluated a system for adaptive control of traffic 
lights at a crossing depending on the volume of 
traffic. The detection mechanism rests upon several 
stationary mounted cameras monitoring the 
intersection from different angular fields. Another 
concept similar to the system introduced in this 
paper is discussed in the project PUVAME ([4] and 
[5]), where a detection of pedestrians with a multi 
camera setup on a park deck is executed. The 
evaluated system communicates the results of the 
road based image processing to an omnibus. The 
aim is to avoid collisions between pedestrian and 
omnibus in urban road traffic. The focus for this 
monitoring system is set on intersection and bus 
stop. 
 
The development of intelligent co-operative 
systems requires a new generation of development 
tools which assist the automotive manufacturers 
and suppliers in developing Car2X communication 
applications. The software development framework 
viilab (vehicle infrastructure integration laboratory) 
([6] and [7]) is especially designed for Car2X 
communication application developments. It can be 
installed as On Board Unit (OBU), Road Side Unit 
(RSU) or Monitoring Device (MON). Typical 
vehicle related interfaces (navigation, positioning, 
Display/HMI or bus systems) as well as 
infrastructure related interfaces (camera, traffic 
light) can be included. viilab is used in this project 
for the demonstration of the integration of 
infrastructure based data in a C2X environment.  
 
This paper describes the architecture and the 
integration of a two-camera-based vision system for 
pedestrian-vehicle detection and tracking and the 
visualisation to display the acquired data in a C2X-
vehicle. The performance of the subsystem is 
discussed. 
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REALISATION 
 
For visualisation of pedestrians and vehicles within 
the simulation tool the following tasks have been 
solved: 
 

1. Background/foreground separation and 
segmentation of objects in a region of 
interest 

2. First classification of the segmented 
objects 

3. Transformation of the position of the 
segmented objects into an ortho picture 

4. Datafusion in the ortho picture 
5. Tracking of the objects and second 

classification step 
6. Transformation of the objects’ positions in 

the ortho picture into WGS84 coordinates 
7. Visualisation inside the simulation tool 

 
Experimental 
 
Figure 1 shows the positions of the two cameras 
and the corresponding fields of view. The cameras 
have resolutions of 720x576 pixels and 640x480 
pixels, respectively. They are installed on the fourth 
floor of the university building, the baseline of 
approximately 20 m corresponds to the width of the 
building. For the implementation of image 
processing and machine learning methods the Open 
Computer Vision Library (OpenCV) and MVTec 
Halcon 8.0 were used on a 3 GHz dual-core CPU 
under Windows XP. The video data have been read 
out serially via Halcon addressing two frame 
grabbers. The time-lag due to synchronisation was 
about 52ms, resulting in a maximum positioning 
error of about 1m, if a maximum speed of 70 km/h 
is assumed. An overall repetition rate of processed 
data of 10 Hz was achieved with this system. 
 

 
 
Figure 1.  Setup of the cameras to monitor the 
intersection and field of view. 
 
To implement the communication of the 
infrastructure based data to a C2X-vehicle the C2X 
software development framework viilab was used. 
In the C2X-vehicle both the CAN bus and GPS data 
can be accessed with the help of viilab to evaluate 

possible applications of C2X communication. 
Another part of viilab is the data-visualisation 
inside the C2X-vehicle, the so called viilab user 
interface (vui). Based on Mozilla’s XUL 
technology visualisation pages for received data 
were programmed using JavaScript and scalable 
vector graphics (SVG) and displayed on the cars’ 
monitor.  
 
Video based pattern recognition 
 
Differencing which means subtracting two images 
in succession (movement detector) has been 
implemented for background/foreground 
separation. In each of the two images a region of 
interest is used to confine the necessary operations 
on the observed intersection. The region of interest 
is visualised in figure 2 and 3 by the outer white 
polygon surrounding the monitored area. Due to the 
requirement that the region of interest should cover 
an identical area of the crossing in both camera 
pictures, prominent points serve as vertices of the 
polygons to limit this region.  
 

 
 
Figure 2.  Results of the fusion algorithm for 
moving objects (Camera picture 1). 
 

 
 
Figure 3.  Results of the fusion algorithm for 
moving objects (Camera picture 2). 
 
To discriminate between pedestrians and vehicles, a 
two step approach was implemented. In the first 
classification step features based on the normalised 
centered moments of second and third order were 
used. The second classification step is based on 
tracking statistics and will be described later on. 
The normalised centered moments of second order 
(M02, M20, M11) describe the variance of the 
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object regions from translation and scaling 
independently. The moments of third order (M30, 
M03, M21, M12) specify the asymmetry of the 
region also independently from translation and 
scaling. A Support Vector Machine (SVM) was 
trained with these features. For training a feature 
array was manually generated from a set of objects 
observed at an image sequence recorded from this 
crossing. Table 1 shows the confusion matrices of 
this first classification step for both cameras. The 
sensitivities for pedestrians and vehicles are in the 
order of 0.8. 
 

Table 1. 
Confusion matrices for the two implemented 

Support Vector Machines 
 

Confusionmatrix 
Camera 1 

Real Class 
Pedestrian Vehicle 

Determined 
Class 

Pedestrian’ 108 76 
Vehicle’ 19 769 

    
Confusionmatrix 

Camera 2 
Real Class 

Pedestrian Vehicle 
Determined 

Class 
Pedestrian’ 67 119 
Vehicle’ 26 711 

 
Coordinate transformation and data fusion 
 
The approach for datafusion was to transform the 
center of mass of all classified objects into an ortho 
picture of the intersection and to use the pixel 
coordinates of the ortho picture as reference 
coordinate system. The ortho picture was a survey 
map with reference points given in Gauss-Krüger 
coordinates.  
If an identical object is detected by the two sensors 
within this approach it is assumed that a 
transformation of its centers of mass should result 
in two points that are located next to each other in 
the ortho coordinate system. So the minimum 
Euclidean distance within the ortho system was 
used to join objects.  
  
The task of transformation from the two camera 
coordinate systems into the ortho coordinate system 
is achieved by artificial neural networks (ANN). 
For each camera a separate ANN is created to 
transform an x-/y-coordinate from the camera 
picture into an x-/y-coordinate in the ortho picture 
of the crossing. The training vectors were created 
from pixel coordinate pairs within the ROI of the 
ortho picture. The backpropagation algorithm was 
used to train two multilayer perceptrons. Figures 2 
to 4 show the results of the implemented fusion 
algorithm for objects that were detected by the 
movement detector. Regions that belong to an 
identical road user obtain an identical ID in the two 
images as well as in the ortho picture of the scene. 
Furthermore the outlines of the detected objects are 
transformed into the ortho picture of the crossing. 

With respect to real time processing contour data 
was approximated by means of the Douglas-Peuker 
algorithm [8] before this transformation was 
applied. 
 

 
 
Figure 4.  Results of the fusion algorithm for 
moving objects (ortho picture). The white circles 
mark the reference points, for which Gauss 
Krüger coordinates are available. 
 
To use the results of image processing in the C2X-
vehicle a final transformation from the ortho 
coordinate system to the WGS84 (World Geodetic 
System 1984) coordinate system was applied, 
because the coordinates which are determined by a 
GPS receiver are based on WGS84. This second 
transformation is based on artificial neural networks 
as described above. An equidistant grid with a point 
distance of three meters was placed over the ortho 
picture of the crossing and the correspondent 
WGS84 coordinates were calculated from the 
known Gauss-Krüger coordinates. With these pairs 
of coordinates an additional multilayer perceptron 
was trained. A mean displacement error and a 
standard deviation both of about 0.2m were 
achieved by this method. 
 
Tracking 
 
In order to track the detected objects the following 
Euclidean distances are calculated: 
 

• The distance of a tracked object's center of 
mass in the old and in the new picture 

• The distance between a coordinate that 
results from the old center of mass plus its 
mean measured displacement vector and 
the object's center of mass in the new 
picture 

• The distance between the new position 
estimated by a Kalman filter and the 
position of the center of mass in the new 
picture 

 
These three distances are summed up to an overall 
distance giving the last two distances double weight 



Schaack 4

to adapt their influence. The overall distance is used 
to assign the newly detected objects to already 
tracked objects. Newly detected objects that haven’t 
been assigned to an already tracked object yet get 
added to the list of tracked objects as a new track. 
To avoid that a quick change of illumination or a 
reflection can create foreground objects that will 
get tracked, objects have been detected and 
assigned to tracked objects several times 
consecutively before they are valid for 
communication with the car. Results of the tracking 
algorithm are classification statistics, object IDs 
and displacement vectors for the tracked objects. In 
later steps the displacement vector is used to 
determine the object heading in the display of the 
C2X-vehicle. Figure 5 illustrates the tracking result 
for a pedestrian, figures 6 to 8 show the tracking of 
vehicles in both camera pictures and in the 
orthopicture of the crossing. 
 

 
 
Figure 5.  Tracking of a pedestrian visualised in 
the picture of the second camera. 
 
Objects that are tracked obtain an object ID. 
Additionally the displacement vector of each 
tracked road user is displayed in the colour white, 
the trajectory is displayed in red. When the tracking 
algorithm is activated the final classification results 
from the fusion of both acquired images and the 
classification history collected in the previous 
tracking steps. In each cycle the tracking algorithm 
counts how often the road users were assigned to 
the class pedestrian and to the class vehicle. The 
class label the object received at most will be the 
resulting class label of the tracking algorithm. Table 
2 shows the confusion matrices of this second 
classification step for both cameras. The historical 
tracking data improves the classification results. 
With enabled tracking sensitivities for pedestrians 
and vehicles are increased to 0.95. In addition the 
results of classification are visualised by the colour 
of the outline of the tracked objects. Pedestrians 
obtain a yellow (Figure 5), vehicles a green contour 
(Figure 6 and 7). 
 
 
 

Table 2. 
Confusion matrices for the two cameras with 

enabled tracking 
 

Confusionmatrix 
Camera 1 

Real Class 
Pedestrian Vehicle 

Determined 
Class 

Pedestrian’ 55 29 
Vehicle’ 0 606 

    
Confusionmatrix 

Camera 2 
Real Class 

Pedestrian Vehicle 
Determined 

Class 
Pedestrian’ 41 16 
Vehicle’ 0 663 

 

 
 
Figure 6.  Tracking results displayed in the 
image of camera 1. 
 

 
 
Figure 7.  Tracking results displayed in the 
image of camera 2. 
 

 
 
Figure 8.  Tracking results displayed in the 
ortho image. 
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Communication and visualisation 
 
To transfer the data from the infrastructure to the 
C2X-vehicle the viilab communication technology 
based on standard wireless 802.11g technology is 
used. To exchange the acquired information a 
SOAP-Server (Simple Object Access Protocol) is 
implemented in the infrastructure image processing 
software. From this infrastructure server viilab, 
which may be used as a simulation environment or 
an onboard unit, can request information about the 
objects on the crossing. The SOAP-Server replies to 
such a request with the WGS84 coordinate and 
heading, the class and the object ID of all detected 
objects. If any objects were received from the 
image processing environment, these objects are 
visualised in the viilab user interface. To display 
the received information an environment radar page 
was created for the vui. Depending on the simulated 
or real time position and heading of the C2X-
vehicle determined by an onboard GPS receiver all 
detected objects in the surrounding are shown in 
this environment radar. Figure 10 shows the 
visualisation page implemented in the viilab user 
interface.  
 
The communication to viilab was tested with a 
virtual C2X-vehicle. Figure 9 shows position and 
heading of such a virtual C2X-vehicle at the 
observed crossing. Figures 6 to 8 visualise the 
detection and tracking results in the two camera 
pictures and the ortho picture of the crossing. 
Figure 10 finally shows this traffic situation at the 
crossing in the environment radar of vui with 
respect to the position of the virtual C2X-vehicle in 
figure 9. 
 

 
 
Figure 9.  Position and heading of the virtual 
C2X-vehicle at the crossing. 
 

 
 
Figure 10.  The environment radar visualises the 
actual traffic at the crossing in front of the 
virtual car. 
 
CONCLUSIONS 
 
The integration of an infrastructure-based vision 
system for pedestrian and vehicle detection in 
viilab, which may be used as simulation tool or as 
on board unit, and the visualisation to display the 
acquired data in a C2X-vehicle is described. A two 
camera approach, a neural net-based camera 
calibration, a two step classification and a data 
fusion based on Euclidean metric allow a tracking 
of road users within a trace of the road in real time 
even when occlusions occur in a single camera 
view. 
 
The approach may be adapted to a multi-camera 
view. To increase the reliability and quality of 
recognition, classification and positioning the 
fusion of onboard and offboard sensor data may be 
considered as a future development target. Due to 
the fact that cameras for the visible spectral range 
are used, the current system’s time of operation is 
limited, because good lighting conditions are 
needed to obtain evaluable images. So in further 
steps infrared cameras may be added to the system 
to allow a 24-hour service. Extended training of the 
first classifier using databases of pedestrians and 
vehicles as well as integrating additional features, 
e.g. histograms of oriented gradients, will increase 
its performance. Another development aim might 
be the implementation of intelligent assistance into 
the software of the on board unit. By coupling this 
infrastructure based technology with C2X-
technology benefits for C2X-vehicles in the 
introduction phase of the new C2X-technology on 
the market can be expected. Vehicles and 
pedestrians without communication technology can 
be detected, localised and tracked on intersections, 
vehicles with communication technology can 
receive their positions and use it for intersection 
assistance.  
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ABSTRACT 

 

A flexible pedestrian legform impactor (FlexPLI) 

with biofidelic characteristics is aimed to be 

implemented within global legislation on 

pedestrian protection. Therefore, it is being 

evaluated by a technical evaluation group (Flex-

TEG) of GRSP with respect to its biofidelity, 

robustness, durability, usability and protection level 

(Zander, 2008). Previous studies at the Federal 

Highway Research Institute (BASt) and other 

laboratories already showed good progress 

concerning the general development, but also the 

need for further improvement and further research 

in various areas (Zander et al., 2007). This paper 

gives an overview of the different levels of 

development and all kinds of evaluation activities 

of the Flex-TEG, starting with the Polar II full scale 

pedestrian dummy as its origin and ending up with 

the latest legform impactor built level GTR that is 

expected to be finalized by the end of the year 

2009. Using the latest built levels as a basis, the 

paper reveals gaps that are recommended to be 

closed by future developments, like the usage of an 

upper body mass (UBM), the validation of the 

femur loads, injury risk functions for the cruciate 

knee ligaments and an appropriate certification 

method. A recent study on an additional upper 

body mass being applied for the first time to the 

Flex-GT is used as means of validation of the lately 

proposed modified impact conditions by Konosu et 

al. (2007-2). Therefore, two test series on a modern 

vehicle front using an impactor with and without 

upper body mass are being compared. A test series 

with the Flex-GTR will be used to study both the 

comparability of the impact behavior of the GT and 

GTR built level as well as the consistency of test 

results. Recommendations for the implementation 

within legislation on pedestrian protection are 

made. 

 

 

 

 

INTRODUCTION 

 

After being adopted by the World Forum for 

Harmonisation of Vehicle Regulations (WP.29) and 

the Executive Committee of the Agreement on 

Global Technical Regulations from 1998 (AC.3), 

the Global Technical Regulation on Pedestrian 

Safety (GTR No. 9) has been published in January 

2009 (UNECE, 2009). Its preamble considers the 

flexible pedestrian legform impactor (FlexPLI), 

which is deemed to have high biofidelic 

characteristics along with an excellent leg injury 

assessment ability to replace the currently used 

rigid EEVC WG 17 pedestrian legform impactor 

(EEVC, 2002) in the future. Therefore, the 

Working Party on Passive Safety (GRSP) of 

UNECE has tasked the Flexible Pedestrian 

Legform Impactor Technical Evaluation Group 

(Flex-TEG) with the technical evaluation of the 

FlexPLI and a recommendation on the date on 

which the FlexPLI could replace the EEVC 

impactor within legislation. Subsequent to a 

summary of the history of the FlexPLI, the present 

study gives an overview of the activities carried out 

by the FlexTEG. The injury criteria and currently 

proposed, tentative threshold values are briefly 

discussed. The recently introdcued inverse 

certification method will be used to assess the 

repeatability and reproducibility of test results of 

the final impactor built level. In a test series with 

the Flex-GTR the protection potential of two 

modern car frontends are assessed and a 

comparison between the built levels GT and GTR 

is made afterwards. An additional series of tests 

evaluates the effect of a missing upper body mass 

on the assessment of two modern vehicle front 

shapes representing the categories SUV and Sedan. 

Finally, still existing gaps of the final built level 

GTR are revealed and recommendations for 

implementation within legislation and future 

improvements are given. 
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FLEX-PLI HISTORY 

 
Subsequent to the development of the POLAR-II 

Pedestrian dummy, the Japanese Automobile 

Research Institute (JARI) developed the “New 

JARI legform impactor” in the year 2000. This 

antecessor of the FlexPLI with a knee joint derived 

from the POLAR-II leg and rigid aluminium tubes 

representing the femur and tibia sections of the 

human leg already showed a higher biofidelity 

within PMHS tests (Wittek et al, 2001). The next 

built level called “JAMA-JARI legform impactor 

ver. 2002” with flexible femur and tibia bones had 

a more compact design and further improved 

biofidelic properties on component as well as on 

assembly level (Konosu et al., 2003). In the years 

2003 and 2004 the first two built levels of the 

FlexPLI were released. Main changes were a 

further improved biofidelity on component level in 

version 2003 and  improvements w.r.t. the impactor 

robustness, usability and biofidelity on assembly 

level in version 2004. Besides, a biofidelity rating 

system was introduced (Konosu et al., 2005). The 

subsequent impactor built level Flex-G showed a 

good repeatability and reproducibility of test results 

under idealized test conditions, but a comparatively 

low robustness (Zander et al., 2006). This impactor 

level was followed in the year 2006 by the Flex-

GTα with modified specifications, a higher knee 

stiffness and knee bending angle limitation. 

Besides, an increased impact height was meant to 

improve the injury assessment ability of the 

impactor (Konosu et al., 2007). Built level GT then 

revealed moderate changes only, having a 

continuous outer neoprene skin and symmetrical 

bones with a smaller diameter (Konosu et al., 

2007), which were found to have no significant 

influence on the impactor output (Zander, 2007).  

 

FLEX-GTR 

 

The final built level Flex-GTR (Figure 1) that has 

been released as prototype version at the end of 

2008 and that is currently assessed by the Flex-

TEG shows further improvements like the 

avoidance of dissymmetric sensitivities and twist in 

the knee area, an optional on-board data acquisition 

system and internal wiring. Furthermore, a tibia 

accelerometer as well as a potentiometer for the 

acquisition of the lateral collateral ligament 

elongation are added with the purpose of obtaining 

additional information during the pendulum 

function test (Been, 2008). All design changes are 

intended not to have any influence on the test 

results. However, the very first validation tests at 

BASt experienced an inconsistent tibia acceleration 

signal caused by high vibration during the impact. 

Due to that reason, the acceleration output will not 

be examined further within this study. 

 

 
 

Figure 1.  Flex-GTR impactor and knee detail. 

 

INJURY CRITERIA AND TENTATIVE 

THRESHOLD VALUES 
 

The Flex-GTR is aimed by the Flex-TEG to assess 

pedestrian leg injuries by the maximum bending of 

the tibia section measured by four strain gauges and 

the maximum elongations of the medial collateral 

ligament and the anterior and posterior cruciate 

ligaments acquired by three string potentiometers.  

 

The current tentative threshold values for the 

maximum tibia bending moments of the Flex-GTR 

have been derived from previous studies on the 

50% injury risk of the 50
th

 AM (Nyquist et al., 

1985 and Kerrigan et al., 2003). Those injury risk 

levels have been transformed by Konosu (2007) 

into the upper and lower performance limits for the 

tibia bending moment of the human model, the 

Flex-GT model and the Flex-GT impactor. The 

Japan Automobile Manufacturers Association 

(JAMA, 2008) lately proposed an average value 

between the lowmost and upmost limit as injury 

threshold for the Flex-GTR tibia bending moment. 

 

The tentative threshold values for the medial 

collateral ligament have been derived by Konosu 

(2007) transforming the 50% injury risk levels for 

the 50
th

 AM found by Ivarsson et al. (2004) into the 

lowmost and upmost limits for the human model 

knee bending angle and the elongation of the 

medial collateral ligament (MCL), the Flex GT 

model MCL elongation and finally into the Flex-

GT impactor MCL elongation. JAMA lately 

proposed a more relaxed threshold value taking 

into account high bumper vehicles and the effect of 

muscle tension (2008). On the other hand, BASt 

proposed new tentative threshold values based on 

the dynamic response corridor found out by 

Ivarsson et al. (2004) and the injury risk curve of 

Konosu et al. (2001), pointing out that high bumper 

vehicles still have to be taken into account (Zander, 

2008-2). 

 

In terms of the threshold values for the cruciate 

ligaments, no injury risk curve has been developed 

so far. Therefore, and as the cruciate ligaments are 

estimated being sufficiently protected by the MCL 

thresholds, the International Harmonised Research 
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Activities Pedestrian Safety Working Group 

(IHRA-PS) suggested 10 mm maximum elongation 

of the anterior cruciate ligament (ACL) / posterior 

cruciate ligament (PCL) taking the risk of cruciate 

ligament rupture sufficiently into account (IHRA, 

2004). Meanwhile, BASt tried to derive an injury 

threshold from impact tests with the Flex-PLI and 

the EEVC WG 17 PLI on identical impact locations 

of different vehicles representing a modern vehicle 

fleet (1box, Sedan, SUV). By linear regression it 

was found that the assessment of cruciate ligament 

protection provided by car front shapes using the 

FlexPLI ACL/PCL elongation readings is not 

comparable to the assessment using the WG 17 PLI 

shearing displacement results and vice versa. 

Therefore, BASt proposed to stick with PMHS 

knee shearing results evaluated by Bhalla et al. 

(2003) for knee shear displacement of the 50
th

 AM 

as the tentative threshold value, even though the 

timing of injury could not be clearly identified and 

the common injury mechanisms still have to be 

better understood. (Zander, 2008-2). 

 
Due to the missing effect of an upper body mass on 

the impactor kinematics and test results, the 

loadings of the femur sections are currently not 

considered as injury criteria for the assessment of 

pedestrian leg injuries. However, the knee and tibia 

injury assessment ability were found within a 

computer simulation study to be improved by 

lifting up the impactor by 75 mm above ground 

level when impacting the vehicle bumper (Konosu 

et al., 2007-2). The actual effects of an upper body 

mass on the femur, tibia and knee loadings are 

discussed later within this study. 

 

An overview of the currently proposed Flex-GTR 

injury threshold values based on the 50% injury 

risk for the 50
th

 AM is given in Table 1. 

 

Table 1. 

Proposed Flex-GTR injury threshold values 

based on the 50% injury risk of the 50
th

 AM  

(Zander et al., 2009) 
 

Leg 

region 

50% injury risk level 

for 50
th

 AM 

Flex-GTR 

thresholds 

(tentative) 

Tibia 312 - 350 Nm 318 Nm 

MCL 16 - 20° 16 - 23 mm 

ACL 12,7 mm 12,7 mm 

PCL 12,7 mm 12,7 mm 

 

FLEX-TEG EVALUATION ACTIVITIES 

 

The Flex-TEG of GRSP that had been tasked with 

the technical evaluation of the FlexPLI started its 

work in 2005. Previous activities included the 

technical evaluation of built levels G and GT by 

means of a technical review of the impactor and its 

calibration methods, an analysis of the so far 

applied certification methods by carrying out 

inverse and pendulum tests, and an analysis of the 

injury assessment ability by performing simplified 

vehicle tests and real car tests. In this context, the 

repeatability and reproducibility of test results were 

found as good in most cases respect to the tibia and 

MCL values, while a partly high scatter was found 

in the cruciate ligament test results. From the 

simplified vehicle tests no direct correlation 

between the impact height and the test results could 

be derived. Furthermore, only the loadings on the 

medial collateral ligament were found critical when 

modern shaped vehicle frontends were tested with 

the Flex-GT, while good test results obtained with 

the rigid legform impactor according to EEVC WG 

17 were in line with good results with the Flex-

GT/GTα (Zander, 2008). Besides, first studies 

related to the application of an upper body mass to 

the FlexPLI were performed, showing already to 

some extent comparable results of a Flex-GT 

legform model and a MADYMO full pedestrian 

dummy (Mallory et al., 2008). Moreover, the injury 

risk functions were reviewed and the tentative 

threshold values modified as discussed before. 

Finally, a first evaluation of the pedestrian 

protection level provided by the FlexPLI was done, 

estimating 2797 lower extremity injuries being 

prevented by the introduction of the FlexPLI, 

which is equal to 40% addressed by the GTR 

(JAMA/JARI, 2007).  

 

Currently ongoing Flex-TEG activities related to 

the final built level GTR as the finalization of the 

inverse certification test procedure, repeatability 

and reproducibility (r&R) assessment, real car tests 

and a comparison of the impactor output to the GT 

version will be discussed in the following chapters 

as well as the introduction of an upper body mass 

for future improvement of the injury assessment 

ability and impact kinematics. 

 

INVERSE CERTIFICATION TEST  

 
An inverse test setup, having its origin in the 

assessment of the repeatability and reproducibility 

of tests results with the EEVC WG 17 legform 

impactor (Zander et al., 2005) is proposed to be 

introduced as the certification procedure for the 

FlexPLI. In this test, the stationary FlexPLI is 

impacted by a linearly guided aluminium 

honeycomb impactor having its upper edge in line 

with the impactor knee joint, causing  bending of 

the bones and shearing and bending of the knee in a 

soft impact (Figure 2). 
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Figure 2.  Flex-GTR inverse certification test. 

 

Pass/fail parameters of the inverse certification test 

are the outputs of the four tibia strain gauges and 

the ACL, PCL and MCL potentiometer. As 

exemplarily shown by means of the traces for 

ligaments and tibia bending moments (Figure 3), 

this procedure is found to mirror the loadings of the 

FlexPLI during a real car impact in a realistic way 

with respect to the timing, the kinematics and the 

maxima. Besides, the impactor rotation as well as 

the high influence of the impactor mass and the 

location of its center of gravity on real car test 

results are appropriately taken into account. 

 

 
 

Figure 3.  Comparison of the traces in real car 

and inverse certification test (Zander et al., 

2008). 

 

Currently, the FlexTEG is discussing the type of 

honeycomb material used for the inverse test w.r.t. 

properties and dimensions. The material so far used 

was of 5052 alloy type with a crush strength of    

75 PSI, a density of 3.1 lb/ft³ and a cell size of  

3/16 inches. The honeycomb dimensions were 

250*160*60 mm.  

 

 

 

 

ASSESSMENT OF REPEATABILITY AND 

REPRODUCIBILITY OF TEST RESULTS 

 

In a joint project with the European Automobile 

Manufacturers’ Association (ACEA) BASt has 

carried out a series of inverse certification tests 

with the first prototypes of the Flex-GTR in order 

to assess the repeatability and reproducibility of 

test results. By using the inverse test setup 

idealized impact conditions with identical test 

parameters kept the focus on the impactor output 

itself.  

 

Test results under idealized impact conditions 

 

Three GTR impactors, one of these equipped with 

the conventional external Data Acquisition System 

(DAS) (SN01) and two with different on-board 

DAS, the MESSRING M-BUS (SN02) and the 

DTS Slice system (SN03) were each tested three 

times at an impact speed of 40 km/h. The results 

for the tibia bending moments and knee elongations 

(ACL, PCL and MCL) being the currently by the 

Flex-TEG proposed pass/fail parameters are given 

in Figures 4 and 5. 

 

 
 

Figure 4.  Tibia bending moment results of Flex-

GTR inverse certification tests. 

 

 
 

Figure 5.  Knee ligament elongation results of 

Flex-GTR inverse certification tests. 
 

The impactor output of all three prototypes showed 

very comparable results with the maximum values 

in a range being expected for real car test results as 

well. 
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Repeatability 

 

The repeatability (r) of test results was studied 

using the best practice guidelines for crash test 

dummies. Here, the coefficients of variation (CV) 

of the three impactors are assessed according to 

Table 2. 

 

Table 2. 

Assessment of repeatability of test results 

 

Ranking Criterion 

Good 0% ≤ CV ≤ 3% 

Acceptable 3% < CV ≤ 7% 

Marginal 7% < CV ≤ 10% 

Not acceptable 10% < CV 

 

Figure 6 gives an overview of the coefficients of 

variation of all tibia bending moment and knee 

ligament elongation results of the three impactors. 

Thus, the repeatability of all tibia bending moments 

is assessed good, while the repeatability of the 

ligament elongations is between good and 

acceptable. Even though the repeatability was, most 

likely by the symmetrical knee design, significantly 

improved being compared to impactor built level 

GT, the cruciate ligament elongations still produce 

the highest coefficients of variation. However, all 

results are in an at least acceptable range. 

 

 
 

Figure 6.  Repeatability of GTR impactor test 

results under idealized impact conditions. 
 

Reproducibility 

 
The reproducibility (R) of test results is assessed by 

drafting a reproducibility corridor which is based 

on the pooled means (MV) of all segments with a 

coefficient of variation lower than 5% according to 

Mertz (2004): 

 

Table 3. 

Assessment of reproducibility of test results 
 

Ranking Criterion 

Not acceptable x < 0,9*MV 

Acceptable 0,9*MV ≤ x ≤ 1,1*MV 

Not acceptable x > 1,1*MV 

According to this assessment method, all tibia 

segments and knee ligaments gave reproducible test 

results with their pooled means within the 

reproducibility corridor. Only the ACL results of 

the impactor with external DAS (SN01) were 

outside the reproducibility corridor (CV = 6%). 

 

REAL CAR TESTS 

 
Aim of performing impact tests with the Flex-GTR 

on modern vehicle fronts was to obtain information 

on the feasibility of the current requirements as 

well as a verification of the impactor output of built 

level GTR that was required to stay in line with the 

previous results. 

 

Flex-GTR tests on Sedan #1 

 

A modern vehicle with Sedan front shape and a 

borderline to green bumper area according to the 

Euro NCAP requirements (Euro NCAP, 2009) was 

tested three times on two different impact locations 

with the same impactor (SN02) at 40 km/h and the 

currently proposed impact height of 75 mm above 

ground level. The test results are given in Figures 7 

and 8. 

 

 
 

Figure 7.  Tibia bending moment results of 

Sedan #1 tests. 
 

 
 

Figure 8.  Knee ligament elongation results of 

Sedan #1 tests. 
 

Both impact locations fulfilled the tentative 

requirements for most of the tibia segments except 

impact location #1 for the two tibia segments that 
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were at height of the vehicle cross beam. The 

tentative thresholds for the cruciate ligaments were 

clearly met by both impact locations. In terms of 

the medial collateral ligament, all results were 

found in between the lowmost and upmost tentative 

threshold. Thus, the marginal Euro NCAP knee 

bending angle results were confirmed by the MCL 

test results with the Flex-GTR. 

 

The tests showed a high repeatability of the MCL 

and most tibia segments while the coefficient of 

variation of the cruciate ligaments was partly not 

acceptable (Figure 9). This was, to some extent, 

according to the results of the previous built level 

GT. 

 

 
 

Figure 9.  Repeatability of impactor test results 

with Sedan #1. 
 

Flex-GTR tests on Sedan #2 

 
In a tests series on a second Sedan shaped vehicle 

front within this joint project between ACEA and 

BASt two impact locations were tested, the first 

one with all three impactors three times each, the 

second one three times with Flex-GTR SN02.  

 

Figure 10 gives an overview of the tibia peak 

results. At the first impact location impactor SN03 

obviously gave a significantly higher output at 

segment A3 in all three tests.  

 

 
 

Figure 10.  Tibia BM results of Sedan #2 tests. 
 

The peak knee ligament elongation results are 

summarized in Figure 11. The output of all three 

impactors at impact location #1 is comparable 

except in the first test of SN03. The test results at 

impact location #2 were similar as well. 

 

 
 

Figure 11.  Knee EL results of Sedan #2 tests. 

 

In terms of repeatability of test results, the cruciate 

ligament output was still partly not acceptable 

(Figure 12). The high coefficient of variation of 

SN03 MCL was found due to the detachment of a 

fixation in the first test. Altogether, Flex-GTR 

SN03 showed the lowest repeatability of test 

results. However, the majority of results was good 

or acceptable. 

 

 
 

Figure 12.  Repeatability of impactor test results 

with Sedan #2. 

 

COMPARISON OF THE OUTPUT OF BUILT 

LEVELS GT AND GTR 

 
A comparison of the impactor output of the final 

built level GTR with the previous one (Zander, 

2007-2) was meant by the FlexTEG to ensure a 

consistent level of biofidelity. As the tests under 

idealized conditions focusing on the impactor only 

were generally found to have a higher repeatability 

than tests on real cars they were examined more in 

detail. 

 

Most tibia segments of impactor level GTR gave an 

output that was about 10 to 15 percent higher than 

that of built level GT. Only segment A1 showed 

comparable results with both built levels. This 

trend was confirmed by real car tests on Sedan #1 

that had been conducted within a previous study 

with the Flex-GTα. Also the Sedan #2 tests 

confirmed the higher results obtained with the 



Zander  7

Flex-GTR at both impact locations. On the other 

hand, in latter case it has to be taken into account 

that only one test on each impact location had been 

carried out with the Flex-GTα (Zander, 2007). 

 

A comparison of the ligament elongation results of 

the two impactor built levels showed a higher 

output of the medial collateral ligament 

potentiometer of the latest built level GTR. This 

trend was in line with the real car tests of Sedan #1 

with Flex-GTR and Flex-GTα w.r.t. the second 

impact location. Here, the Flex-GTR gave an 

output that was 10 to 20 percent higher for all 

ligament elongations. At the first impact location, 

the real car tests did not show any clear tendency. 

 

In a comparison of the coefficients of variation it 

was found out that built level GT still had segments 

with a repeatability in a marginal or even not 

acceptable range only, especially with respect to 

the cruciate ligaments, while at GTR level, the 

repeatability of test results was generally further 

improved. This improvement most likely had been 

addressed by the new symmetrical knee design. 

 

On the other hand, the repeatability improvement 

of the cruciate ligament elongation results was only 

partly mirrored by the real car tests on both Sedans. 

However, the MCL and most of the tibia car test 

results showed a significantly improved 

repeatability. 

 

EFFECTS OF AN UPPER BODY MASS 

 
The Flex-TEG had been tasked by GRSP to 

evaluate the FlexPLI with the aim of its 

introduction into global legislation on pedestrian 

protection and, after a certain transition time, 

replacing the rigid legform impactor according to 

EEVC WG 17. However, as the FlexPLI in its final 

built level is missing an upper body mass (UBM), 

the output of the femur strain gauges is currently 

not considered for the assessment of femur injuries 

and therefore is used for monitoring purposes only. 

On the other hand, computer simulation studies 

carried out by JARI found that vertically lifting the 

impactor by 75 mm in relation to ground level 

would compensate best the missing effect of an 

upper body mass with respect to impact kinematics 

and impactor tibia and knee loadings (Konosu et 

al., 2007-2). 

 

Based on simulation results with the Pedestrian 

Total Human Model for Safety (THUMS) on a 

generic SUV front, a pedestrian upper body mass 

was developed and applied to the flexible legform 

impactor built level GT within the European FP6 

research project on Advanced Protection Systems 

(APROSYS). In tests against a real SUV front 

shape the effects of this upper body mass on the 

impact kinematics and test results were studied in 

detail. SUV front shapes were found to have a 

greater influence on the impact kinematics of a 

pedestrian in a collision. The isolated legform 

impacted above its center of gravity in most cases 

results in overrunning the legform. This impact 

behaviour is not according to a real pedestrian 

impact because its torso mass causes the 

pedestrians’ body to wrap around the vehicle even 

when being impacted above the center of gravity of 

the leg (Bovenkerk et al., 2009). 

 

Besides, the effect of the pedestrian upper body 

mass was also studied by BASt within additional 

tests on a Sedan shaped vehicle in order to verify 

the proposed impact conditions for lower bumper 

vehicles as well. 

 

Upper body mass development 

 

THUMS simulations of a collision between a 

pedestrian and a large SUV carried out by 

Compigne et al. (2009) found optimum parameters 

for an upper body mass to be applied to the 

FlexPLI in a total mass of 6 kg, an adjustable 

location of the center of gravity w.r.t. height and 

offset and an inclination of the leg by 6° taking into 

account the orientation of the human leg. 

According to these recommendations an upper 

body mass of 6.8 kg with four adjustable positions  

was developed and manufactured (Figure 13). 

 

 
 

Figure 13.  Development of an upper body mass 

for the Flex-GT (Bovenkerk et al., 2009). 
 

For feasibility and comparability purposes it was 

decided to carry out the real car tests at the center 

lower position of the UBM (CoG at 110 mm, no 

offset) without leg inclination angle. 

 

SUV test matrix and impact kinematics 

 

In a first series of tests an SUV with a soft nose 

design and a consistently green rated bumper area 

according to Euro NCAP was tested at two 

different impact locations three times with the 

Flex-GT with and without UBM (Table 4). 
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Table 4. 

SUV Test matrix for Flex-GT and Flex-GT 

UBM 

 

 
 

As test positions the most likely worst impact 

locations according to the European New Car 

Assessment Programme (Euro NCAP, 2009) 

pedestrian testing protocol were selected       

(Figure 14).  

 

 
 

Figure 14.  Test setup Flex-GT UBM against 

SUV and impact locations. 
 

An exemplary evaluation of the high speed film 

sequences of impact location #2 already revealed 

the significant differences of the impact kinematics 

of the Flex-GT Standard and the UBM version 

(Figure 15).  

 

 
 

Figure 15.  Effects of the upper body mass on 

the SUV impact kinematics (t0 = impactor 

release). 
 

In the first flight phase up to 100 ms from impactor 

release the kinematics of the standard impactor and 

the one with applied upper body mass were quite 

similar. Having reached its maximum knee bending 

the Flex-GT Standard passed over into the rebound 

phase while the UBM version reached its highest 

bending level at a significantly later time at around 

125 ms, likely due to the forces induced by the 

additional mass.  

 

A comparison of the time of maximum loads of the 

femur segments of the Flex-GT Standard and the 

Flex-GT UBM showed the standard impactor being 

loaded with the maximum femur bending moments 

at an earlier stage than the UBM version. In the 

latter one, the peak value of segment A1 being the 

closest one to the vehicle cross beam occurred at a 

later time, i.e. that the additional mass was 

suspected to have the highest influence on the 

impact kinematics of this segment.  

 

Like for the femur bending moments, the maximum 

loads of the tibia section of the standard impactor 

version occurred earlier than those of the UBM 

version. The maximum values for segment tibia A1 

of the UBM impactor were reached at a later time 

than those for the other segments. This effect could 

have been caused by the decreased impact height in 

relation to the standard impactor version along with 

a possibly different influence of the lower stiffener 

on that area of the legform. 

 

A comparison of the ligament elongations 

confirmed the different impact kinematics of both 

impactors w.r.t. the time and maximum loading. 

The maximum ligament elongations of the UBM 

version all occurred at a later time. Despite the 

modified impact height for the UBM version the 

additional mass showed its highest influence on the 

medial collateral ligament and the cruciate 

ligaments. 

 

Analysis of SUV traces 
 

In Figures 16 and 17 the traces for the femur and 

tibia segments of both impactor versions are 

exemplarily given for the respectively first test of 

impact location #2. 

 

 
 

Figure 16.  Femur and tibia test results of Flex-

GT Standard at impact location #2 (Test V4). 
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Figure 17.  Femur and tibia test results of Flex-

GT with UBM at impact location #2 (Test V4). 

 

The traces show the femur and tibia segments of 

the UBM version being longer loaded than those of 

the standard impactor. 

 

All three femur segments of the standard GT 

impactor reached their maximum values at almost 

identical times in all three tests of impact location 

#2. Femur segment A1 showed the highest 

bending. The time interval for the maximum femur 

bending moments of the Flex-GT with UBM was 

within 22 ms. In the UBM version of the impactor 

segment A3 showed the highest results. Besides the 

application of the upper body mass, the changed 

impact height (25 mm with UBM vs. 75 mm w/o 

UBM) was expected to have an influence on the 

femur test results as well. In addition, the UBM 

version of the impactor showed a significantly 

higher negative bending of the femur segments 

after the zero-crossing. 

 

In terms of the tibia section, all segments of the 

standard GT impactor reached their highest loads in 

a time interval of 5 ms in all three tests, again in 

each test at almost identical times. Tibia segment 

A2 showed the highest bending moments, closely 

followed by segment A1. The maximum tibia 

bending moments of the UBM equipped legform at 

impact location #2 occurred in a time interval of    

9 ms, and to some extent at a later time than with 

the standard impactor. Tibia segment A1 showed in 

all three tests the highest bending moments, closely 

followed by segment A2. An explanation for this 

reciprocal order was assumed by the changed 

impact height along with a modified distance of the 

segments to the vehicle main cross beam and the 

body mass having an effect on the peak results. 

 

A comparison of the femur and tibia traces of the 

impactor with and without upper body mass gave 

clear evidence that especially the loads on the 

femur parts and the upper tibia segments (A1 and 

A2) increase significantly with a additional mass 

induction. In other words, the higher load 

transmission due to the upper body mass is not 

proven to be sufficiently compensated by an 

increase of the impact height by 50 mm compared 

to GTR level when related to SUV fronts. 

 

Finally, the tibia A1 load measured by the Flex-GT 

with applied UBM was comparable to its bending 

moment simulated by the weighted impactor model 

w.r.t. to time and curve progression. On the other 

hand, the result was not comparable to that 

produced by the THUMS model. 

 

The ligament traces for both impactors are 

exemplarily given as well for the respectively first 

test of impact location #2 (Figures 18 and 19). 

 

 
 

Figure 18.  Ligament test results of Flex-GT 

Standard at impact location #2 (Test V4). 
 

 
 

Figure 19.  Ligament test results of Flex-GT 

UBM at impact location #2 (Test V4). 
 

The peak values for the ACL, PCL and MCL 

elongation of the standard impactor occurred at 

almost identical times with very similar ACL and 

PCL maxima. Only the maximum PCL value in the 

last test was observed at a later time. The cruciate 

ligament characteristics are very similar to each 

other before the zero-crossing of the MCL 

elongation. After 130 ms measured from impactor 

release, the ACL output was significantly lower 

than that of the posterior cruciate ligament. 

 

In the tests with Flex-GT UBM, the MCL and PCL 

maxima occurred almost simultaneously. The 

cruciate ligament traces diverged to a higher extent 

than in the standard tests which was more related to 

the structure of the impact location than to the 

effect of the upper body mass because at impact 

location #1 this divergence could not be observed. 

On the other hand, after the zero-crossing of MCL, 

the ACL output stayed always lower than that of 

PCL. 

 

A comparison of the ligament elongation traces of 

the Flex-GT standard and Flex-GT UBM again 
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revealed the significant influence of the upper body 

mass on the test results. The potentiometer output 

of all ligaments was increased by nearly             

100 percent in all tests at impact location #2. The 

difference in ACL/PCL results at impact location 

#1 showed similar tendencies. As already with the 

femur and tibia loads, the increase of impact height 

by 50 mm doesn’t seem to compensate the mass 

effect when testing an SUV shaped vehicle front. 

 

Finally, a comparison of the Flex-GT UBM traces 

with the output of the THUMS and 6 kg UBM 

impactor model confirmed the produced MCL 

values around or beyond 40 mm elongation. 

Anyway, it has to be stated that those loads were 

far beyond the biomechanical limits of the human 

knee. 

 

SUV test results 

 

Tentative threshold values for the maximum tibia 

bending moments of the Flex-GTR had been 

derived from a previous study on the 50% injury 

risk of the 50
th

 AM (Kerrigan et al., 2003). As the 

femur bending moments of the FlexPLI had not 

been taken into account by the Flex-TEG for the 

assessment of leg injuries, for the time being those 

limits were withdrawn. For the introduction of an 

upper body mass and the corresponding assessment 

of femur injuries, those thresholds were tentatively 

introduced again. Thus, the 50 % risk of femur 

fracture for the 50
th

 AM was estimated at a bending 

moment between 372 and 447 Nm. 

 

Figure 20 shows the peak femur bending moment 

results on impact location #1 when tested with the 

Flex-GT with and without upper body mass. 

 

 
 

Figure 20.  Femur bending moment results of 

impact location #1 (SUV).  
 

It can be easily seen that the peak values for the 

femur loads increased significantly when the 

impact location was loaded with the UBM-

equipped legform. The vertical distance between 

the vehicle cross beam and the particular femur 

strain gauge seemed to have an influence on the 

effect of the upper body mass. However, test results 

obtained with UBM were more homogeneous over 

the whole femur length. Altogether, all test results 

obtained with this configuration still fulfilled the 

tentative upper performance limits. 

 

The results of the tibia bending moments for impact 

location #1 are shown in Figure 21. 

 

 
 

Figure 21.  Tibia bending moment results of 

impact location #1 (SUV). 

 
The tibia results for segments A1-A3 were 

significantly higher when the impact location was 

tested with the Flex-GT with UBM. In this context 

it also had to be taken into consideration that the 

height of the segments A1 and A2 was close to that 

of the vehicle main cross beam; therefore these 

loads were by trend higher than those of the two 

lower tibia segments. For segment A4, no 

difference in test results between standard and 

UBM legform could be observed.  

 

Figure 22 shows the ligament elongation results of 

impact location #1. 

 

 
 

Figure 22.  Knee ligament elongation results of 

impact location #1 (SUV). 

 

As already seen with most of the bending moment 

results, the upper body mass also had a significant 

influence on the test results of the cruciate and 

medial collateral ligaments. While the cruciate 

ligament elongation requirements could just be 

fulfilled by impact location #1 when being 

impacted with the Flex-GT with UBM, the 

currently discussed MCL threshold values were 
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exceeded by almost 100 percent, i.e. as well that 

the MCL results obtained with the Flex-GT with 

UBM clearly exceeded the biomechanical limits of 

the human knee.  

 

No evidence was given that the Flex-GT Standard 

being lifted up by 50 mm in relation to the UBM 

version could compensate the missing mass effect 

on the tibia and knee loads when testing an SUV 

shaped vehicle front. 

 

The peak femur bending moment results of impact 

location #2 are given in Figure 23. 

 

 
 

Figure 23.  Femur bending moment results of 

impact location #2(SUV).  
 

For the femur segments A3 and A2 the same 

tendencies as for impact location #1 could be 

observed: the test results obtained with Flex-GT 

and UBM were significantly higher than those 

without UBM. Again, latter ones were more 

homogeneous over the whole femur length. 

Besides, this impact location did not meet the upper 

performance limit at femur A3 when tested with 

UBM. At femur segment A1, the UBM did not 

have any influence on the peak values. 

 

The tibia test results at impact location #2 showed 

the same tendencies as at impact location #1 

(Figure 24). 

 

 
 

Figure 24.  Tibia bending moment results of 

impact location #2 (SUV). 

 
On the tibia segments A1 and A2 the applied UBM 

had a significant influence on the test results. For 

segment A3 the difference was marginal, while for 

segment A4 no influence of the UBM could be 

observed. 

 

The test results of the crucial and medial collateral 

ligaments of impact location #2 are given in   

Figure 25. 

 

 
 

Figure 25.  Knee ligament elongation results of 

impact location #2(SUV). 

 
Again, the application of the upper body mass was 

of significant influence on all ligament test results. 

In case of the ACL results, the UBM signed 

responsible for the exceedence of the currently 

proposed threshold values. In case of the MCL 

results, latter ones clearly missed the tentative 

upmost threshold and were almost twice the results 

obtained without UBM. Once again, the 

elongations of the medial collateral ligament 

measured by the Flex-GT equipped with UBM 

clearly exceeded the biomechanical limits of the 

human knee which is expected to suffer from 

ligament rupture at an earlier stage of the accident 

already. 

 

Influence of upper body mass on repeatability of 

test results (SUV) 

 
As for the Flex-GTR inverse and Sedan tests, in 

order to gain additional information on the 

repeatability of test results, the influence of the 

upper body mass on the coefficient of variation for 

each of the segments was examined. 

 

Figure 26 summarizes the repeatability of all 

ligament elongation results as well as all tibia and 

femur bending moment results for both impact 

points when impacted with the Flex-GT standard 

version. 
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Figure 26.  Repeatability of Flex-GT standard 

test results on SUV front. 

 

As it can be seen, the repeatability of test results 

was at least in an acceptable range for most of the 

segments. Only the femur loads of segments A3 

and A2 were in a marginal range when testing 

impact location #1. Besides, the repeatability of the 

cruciate ligament elongation results when testing 

impact location #2 was not acceptable. This was, to 

some extent, a confirmation of previously made 

observations w.r.t. the repeatability of the 

ACL/PCL results of impactor built level GT. The 

partly high scatter was found due to the play in the 

knee area and the dissymmetrical design of the 

knee in combination with impactor rotation caused 

by the design of particular impact areas (Zander et 

al., 2007 and 2008). 

 

The repeatability of test results obtained with the 

Flex-GT with applied upper body mass is shown in 

Figure 27. 

 

 
 

Figure 27.  Repeatability of Flex-GT UBM test 

results on SUV front. 
 

All test results were in a good or at least acceptable 

range (CV < 5.5%). The influence of the applied 

upper body mass seemed to some extent the cause 

for this improved repeatability such that the knee 

dissymmetries and possible knee twist at the point 

of impact appeared to be negligible. 

 

 

 

 

Study of UBM effects on Sedan test results 

 
An additional test series carried out by BASt was 

meant to study the effect of an applied upper body 

mass on test results of a Sedan shaped vehicle. The 

influence was expected to be lower in comparison 

to that on SUV fronts due to the center of gravity of 

the isolated legform at or above bumper height in 

most of the cases. 

 

Therefore, three tests with the Flex-GT with UBM 

were performed at the proposed impact height of  

25 mm on a Sedan shaped car at an impact location 

formerly being tested with the rigid EEVC WG 17 

legform impactor and assessed borderline to green 

according to Euro NCAP (Figure 28). The results 

were compared to tests with the Flex-GTα Standard 

at 25 as well as 75 mm impact height carried out by 

Zander et al. (2007).  

 

 
 

Figure 28.  Test setup Flex-GT UBM against 

Sedan and impact location. 
 

The high speed sequence for the respectively first 

test of the Flex-GTα at 75 mm and the Flex-GT 

UBM is given in Figure 29. 

 

 
 

Figure 29.  Effects of the upper body mass on 

the Sedan impact kinematics (t0 = impactor 

release). 
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As for the SUV, the first flight phase up to 100 ms 

from impactor release the kinematics of both 

impactors were comparable. Having reached its 

maximum knee bending the Flex-GTα standard 

impactor turned over into its rebound phase while 

the UBM version was loaded with a high bending 

moment during a significantly longer time interval. 

Thus, the second flight phase in its entirety was 

different due to the induced upper body mass. 

 

Figures 30 shows the curve progressions of the 

respectively first test carried out with each test 

setup. 

 

   
 

Figure 30.  Femur, tibia and knee test results of 

Flex-GTα Standard at 25 and 75 mm and Flex-

GT with UBM (Test V1). 

 
While the traces of the Flex-GTα at 25 and 75 mm 

impact height showed to some extent a comparable 

behavior for the tibia segments and ligament 

elongations, the Flex-GTα femur output in the tests 

at an impact height of 75 mm w.r.t. its shape went 

more in line with the UBM version. The Flex-GT 

UBM showed an entirely different behavior of the 

knee ligaments w.r.t. shape and time interval. 

Altogether, the loadings measured by the UBM 

version were significantly higher for the femur part 

and occurred during a longer time interval. The 

traces for the tibia section were in line with those 

acquired by the standard impactor regardless its 

impact height. 

 

A comparison of the peak femur results acquired 

with all three test setups is given in Figure 31. 

 

 
 

Figure 31.  Femur bending moment results of 

Flex-GTα Standard (25 and 75 mm) and Flex-

GT with UBM.  

 

The results give evidence of the modified impact 

height not having any effect on the maximum 

femur loads compensating a missing upper body 

mass. Far from it, the peak results acquired by the 

UBM version went more in line with the results 

when using the original test setup. However, the 

tentative upper performance limit was met in tests 

with all three test setups. 

 
In Figure 32, the maximum tibia bending moments 

are given. 

 

 
 

Figure 32.  Tibia bending moment results of 

Flex-GTα Standard (25 and 75 mm) and Flex-

GT with UBM.  

 

Only in terms of tibia segments A1 and A3 the 

upper body mass effect was meant to be 

compensated by an increased impact height of the 

standard impactor. For segment A2, no effect could 

be observed, the peak results of segment A4 using 

the UBM impactor version were closer to the 

standard test setup at 25 mm impact height. Again, 

the tentative threshold was met in all three cases. 

 

The knee elongation peak results are summarized 

in Figure 33. 
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Figure 33.  Knee elongation results of Flex-GTα 

Standard (25 and 75 mm) and Flex-GT with 

UBM.  

 

Again, no justification for the increased impact 

height of the standard impactor could be found in 

the maximum output of the ligaments during the 

Sedan testing. 

 

Figure 34 shows the coefficients of variation for the 

assessment of the repeatability of test results. 

 

 
 

Figure 34.  Repeatability of Flex-GT test results 

on Sedan front. 

 
As during the SUV tests, the repeatability of the 

Sedan test results was significantly improved using 

the UBM impactor. All results were in a good or 

acceptable range. Concerning the standard impactor 

version, the cruciate ligament results gave as 

expected the highest scatter regardless the selected 

impact height. 

 

DISCUSSION 

 

In the present study, tests with the final built level 

of the FlexPLI were carried out on two Sedan 

shaped vehicles with pedestrian-friendly bumpers 

according to Euro NCAP. Once again it could be 

confirmed that pedestrian protection packages that 

pass the Euro NCAP criteria are as well in line with 

the Flex-GTR requirements. On the other hand, in 

the current tests the impactor output of built level 

GTR was observed in most cases to be 10 to         

20 percent higher than that of the Flex-GT while 

showing an improved repeatability especially for 

the cruciate ligament elongation results.  

The developed inverse certification method gives 

an output that is in the range of real car tests w.r.t. 

traces and maxima and is therefore proposed as the 

Flex-GTR certification method.  

 

New threshold values for the ligament elongations 

and the tibia bending moments were proposed. 

However, no injury risk curves for the cruciate 

ligaments are available due to the fact that ACL / 

PCL rupture is expected to be prevented as well by 

the protection of MCL. On the other hand, high 

bumper vehicles as well as the effect of muscle 

tension still need to be included when transforming 

the human knee bending angles into impactor 

model elongation results.  

 

A comparative test series with built level GT and  

upper body mass against an SUV shaped car front 

revealed the effects of an applied upper body mass 

on the impact kinematics and test results of the 

FlexPLI. This effect cannot be compensated by just 

an increase of the impact height of the standard 

impactor by 75 mm in relation to ground level as 

recommended by Konsou et al. (2007). In the tests 

against a modern SUV with green rated bumper 

according to Euro NCAP, the loads on the medial 

collateral ligament increased by almost               

100 percent. Furthermore, the femur loads showed 

significantly different characteristics w.r.t their 

traces and maximum values. Despite of the 

different impact heights, a comparison of the 

kinematics between the Flex-GT UBM version and 

the Flex-GT UBM model gave quite similar results 

until maximum loading. Therefore, the influence of 

impact height compared to the mass effect is 

concluded to be marginal. All in all it has to be 

stated that the pedestrian protection packages of 

modern SUV frontends that fulfill regulatory as 

well as the biomechanical requirements assessed by 

the FlexPLI do not necessarily take sufficiently into 

account the influence of the upper body mass 

during a pedestrian vehicle collision. It is therefore 

recommended to aim for the introduction of an 

upper body mass for the assessment of leg injuries 

caused by SUV frontends.  

 

Testing a Sedan front shape also revealed the very 

limited effect of an increased impact height in 

comparison to the application of an upper body 

mass. Therefore, the UBM effect on Sedan shaped 

car fronts needs to be investigated further. 

 

CONCLUSIONS 

 
In the present study the final built level of the 

FlexPLI foreseen for the implementation within 

global legislation on pedestrian protection was 

evaluated. The robust impactor shows an output 

that is mostly 10 to 20 percent higher than that of 

the previous built level. An extension of the test 
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series to vehicles with different front shapes is 

recommended. The repeatability and 

reproducibility of test results has been improved 

especially by eliminating the previously 

dissymetrical knee design along with possible knee 

twist. Due to an inconsistent tibia acceleration 

signal caused by high vibration during the impact it 

is recommended to remove the tibia accelerometer 

because the output value is not found to give any 

usable additional information. 

 

A new impactor certification method is 

recommended to be introduced for the Flex-GTR 

and new tentative injury threshold values are 

derived.  

 

For an improved assessment ability of cruciate 

ligament injuries and a development of ACL/PCL 

injury risk functions, further research on the knee 

injury mechanisms is needed. 

 

Gaps  regarding the assessment of the risk of femur 

fracture are proposed to be closed by the 

introduction of an upper body mass developed in 

the FP 6 project APROSYS rather than by an 

increased impact height because latter one does not 

compensate the effects of a missing upper body 

mass of the FlexPLI. However, further research in 

this field is needed. It is therefore recommended to 

extend the study on the influence of the upper body 

mass to more vehicle frontend shapes in order to 

generate a classification of vehicles to be tested 

with the FlexPLI with upper body mass.  
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ABSTRACT 

The objective of the paper is to estimate UK fleet 
penetration of stability controlled vehicles, and 
casualty reduction, particularly for younger drivers. 
Two models (timeline 2003-2030) were developed 
for predicting UK fleet ESC penetration, one for 
Availability of ESC, and one for new car 
Registrations with ESC. Availability of standard 
ESC fitment increased from 40-53% from 2006-
2008, whilst new car registrations increased from 
20-56% from 2003-2008. EC regulation requires 
ESC new car penetration by 2014, and the models 
were modified to reflect this requirement. The 
models therefore project complete standard fitment 
in new cars by 2014, and full car stock penetration 
by 2021. The projections also reveal that another 3 
million more new cars purchased without ESC in 
the interim from 2009 before ESC becomes 
mandatory in 2014, and these cannot be retro-fitted 
with ESC so represent a missed opportunity for 
casualty reduction. ESC casualty reduction was 
calculated using recent effectiveness values from 
UK studies based on a case control method and 
induced exposure. With full fleet penetration in 
2021 ESC is projected to prevent 9,587 casualties 
annually including 382 fatalities, with £764 million 
savings (compared to no ESC). ESC effectiveness 
estimates reveal that ESC could be effective in 
reducing 14% of injury crashes for young drivers. 
These young drivers commonly drive small used 
cars with ESC rarely fitted. Since full fleet 
penetration could take 12 years, faster ESC 
introduction into smaller cars is needed for casualty 
reduction amongst younger drivers who represent 
30% serious injuries & fatalities. Providing ESC on 
smaller cars so that younger drivers are protected 
equates to savings of £227 million and 2,844 
casualties annually.  

INTRODUCTION 

Electronic Stability Control (ESC) is an important 
safety technology that is capable of preventing 
vehicles skidding or spinning out of control. ESC 
was first developed by Bosch in 1995, and the first 

manufacturer to fit ESC was Mercedes-Benz. The 
system compares a driver’s steering wheel 
commands to the actual behaviour of the vehicle 
(direction of travel).When the sensors (lateral 
acceleration and yaw) indicate the vehicle is 
leaving the intended line of travel, ESC applies the 
brake pressure needed at each individual wheel to 
bring the vehicle back to the intended course. Some 
ESC systems also reduce the engine torque. ESC 
systems may differ in their response, with some 
programmed to intervene sooner and take away 
more driver control of speed than others. The driver 
is not normally aware of the operation of ESC. 
ESC is intended to be applied mostly in bends 
where the driver may lose control of the vehicle. 
Loss of control is likely when the driver is 
attempting to steer whilst the vehicle is skidding, or 
the driver enters a bend too quickly without 
applying the brakes (understeer). The vehicle may 
leave the road, sometimes rolling over, or it may 
collide with other vehicles. ESC can also help in 
oversteer situations, for example if you swerve to 
avoid an obstacle, oversteer can occur making the 
vehicle turn more than intended, ultimately 
spinning. The rear of the car might skid out and 
turn the car in the same direction as the intended 
steered direction, but at a faster rate and not under 
the control of the driver. ESC can prevent this by 
braking individual wheels to maintain control. 
 
There is much research establishing the benefit of 
ESC for preventing crashes. Several authors have 
analysed the crash rates of cars equipped with ESC 
to compare with non-ESC vehicles 
[1,2,3,4,5,6,7,8,9,10]. These studies have covered a 
wide range of countries, road types and surfaces, 
weather conditions, crash types and severities. All 
of these studies conclude that ESC has a positive 
effect on reducing crashes, although there is a large 
variation in the level of the effectiveness. In a UK 
based study in 2007 Frampton and Thomas [10] 
established that ESC effectiveness is 7% in crashes 
of all severity. Serious crashes are 11% lower 
compared to non ESC cars and fatalities 25% 
lower. The potential savings in accident costs for a 
100% take up of ESC amounts to some £959 
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million pounds annually by preventing some 7,800 
crashes [10]. 
 
Since 2006 Thatcham has been publishing fitment 
information about the availability of ESC in new 
cars sold in the UK. This paper uses this fitment 
data to estimate the penetration of stability 
controlled vehicles into the UK car fleet over the 
next two decades. Combining this model of 
standard ESC penetration with the previous 
estimates from Frampton and Thomas [10] the 
paper also provides a new estimate of the effect of 
actual fleet penetration on casualty number and the 
severities over the time period. Additionally the 
paper will estimate the effect of ESC introduction 
on casualty rate for younger drivers given that they 
predominantly use older smaller vehicles.  

ESC FITMENT RATINGS 

Evidence from real world studies shows the 
effectiveness of ESC, so there is a need to promote 
fitment of ESC systems. In 2006 Thatcham began 
to publish ESC fitment ratings [11]. The ESC 
ratings are a form of public information to help 
guide new car buyers in their next car choice.  
 
The ESC fitment ratings use a simple system 
associating colours with availability of ESC. Green 
indicates standard fitment, Yellow indicates 
optional fitment where the buyer will have to 
specify ESC on the order and pay extra when 
purchasing a new car, and Red indicates that ESC 
is not available at all. The rating is given as a 
coloured bar, with proportional areas of red, yellow 
and green, according to the availability of ESC for 
a particular car model. Only new passenger cars are 
rated, and the ratings are updated on an annual 
basis each summer. Car manufacturers sell their 
cars with ESC, but under different names such as 
ESP, DSC, VSA etc. Therefore alongside the ESC 
ratings bars the name of the ESC system for that 
particular manufacturer is also given to inform the 
new car buyer of the name of the system on the 
particular car they are buying.  
 
The fitment information is gathered from publically 
available information from car manufacturers, so it 
directly represents the information on ESC fitment 
that an average new car buyer might receive in the 
real world. Data sources include price lists and 
brochures published by the vehicle manufacturers 
that include the derivative line up and the detailed 
specifications of ESC fitment for each vehicle 
model. The data is downloaded from websites as 
webpages, or PDF files, or sometimes requested as 
hardcopy in the post if electronic versions are not 
available.  
 

The goals of the rating system are to raise 
awareness of ESC and increase sales of cars fitted 
with ESC. Also, the ESC ratings will encourage 
vehicle manufacturers to increase the availability of 
ESC as standard fit. Optional fitment is a useful 
step toward increasing ESC fitment in cars on the 
road, although it is not as effective as standard 
fitment. Take up of ESC as an option is low since 
buyers are not aware of the system, nor of its 
importance. According to manufacturer reports, 
take up of an ESC option is around 1% or less from 
new cars sold. Therefore, for increasing fitment of 
ESC in cars on the road, standard fitment is the 
most effective option since optional take up is so 
low. The ideal situation would be for every car sold 
to have 100% standard fitment – so the ratings 
would all be solid green bars. Standard fitment of 
ESC means that all car occupants will be protected 
by the system without having to select it or pay for 
it as an option.  
 
Following Thatcham’s work on the fitment ratings, 
Euro NCAP decided to introduce a similar scheme 
in order to promote ESC fitment throughout the 
EU. The data covers the 27 EU member states. 
Euro NCAP first published fitment ratings in 2007 
[12], and has also updated the ratings in 2008.  

Example ESC Rating: Volkswagen Polo 

The Polo is a supermini car sold by Volkswagen. In 
August 2008 [13] there were 8 trim levels 
available. In total there were 32 variants 
(engine/gearbox/trim combinations) of Polo 
available. There were three trims (Dune, 
Bluemotion, and Bluemotion 2) where ESC was 
not available, which is 6 variants in total (19%). 
ESC was fitted as standard on the GTi trim level, 
which has 2 variants (6%). On the remaining 4 trim 
levels ESC was fitted only as an option on new car 
orders, and this represents 24 variants in total 
(75%). The cost of ESC as an option was £445 
during 2008, and it is sold as Electronic Stability 
Program (ESP) by Volkswagen. So overall the ESC 
fitment on the VW Polo has the following 
proportions, in Table 1: 

Table 1.  
ESC availability on VW Polo for Summer 2008 - 

proportions for generation of ESC rating bar 

ESC 
fitment 

Variants Percentage Rating 
colour 

Not 
available 

6 19% RED 

Optional 
fit 

24 75% YELLOW 

Standard 
fit 

2 6% GREEN 
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These percentages of availability for ESC are then 
used to generate the proportions of the colours in 
the rating bar for the VW Polo [13], as shown in 
Figure 1: 
 

Volkswagen Polo: Electronic Stability 
Program (ESP) 

 

Figure 1.  ESC rating for Volkswagen Polo 
(2008) 

ESC Fitment Ratings for 2006 to 2008 

ESC ratings have been generated for all new cars 
on sale in the UK during 2006 [11], 2007 [14], and 
2008 [13]. One measure of ESC fitment rates that 
can be quantified is the number of models on sale 
with 100% standard fitment (solid green bars) as a 
proportion of the total models on sale; termed the 
“percentage of standard fit models”. In 2006 the 
percentage of standard fit models was 40% i.e. 
40% of models had 100% standard ESC fitment. In 
2007 this rose to 47%, and by summer 2008 
percentage of standard fit models had reached 53%. 
The progression over the years 2006 to 2008 for 
percentage of standard fit models is summarised 
below in Figure 2: 
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Figure 2.  Percentage of standard fit models 
available for sale in the UK for 2006 to 2008. 
 

MODEL OF ESC STANDARD FITMENT 
PENETRATION ON NEW CARS 

Using the fitment information available it is 
possible to develop models of how ESC is 
penetrating the market within the UK. Two 
different models are developed based on two data 
sources. The first model uses the fitment ratings 
from Thatcham describing the availability of ESC 
on new cars. The second model uses new vehicle 
registration data from Bosch.  

ESC Availability Model 

The Thatcham ratings describe the availability of 
ESC in new cars as standard fitment. Using the 
data from Figure 2 the average increase in the 
percentage of standard fit models is 6.5%. This rate 
of increase is projected forward based on the 
assumption that the increase will remain at 6.5%, 
and this is modelled in Figure 3 up to the year 
2030.  
 

 
Figure 3.  Model of ESC standard fitment 
availability 2006-2030 (data source: Thatcham 
ESC fitment ratings) 
 
This model of ESC standard fitment availability 
reveals that it will take until 2016 before all new 
cars sold in the UK have ESC fitted as standard. 

ESC Registrations Model 

An alternative model uses data from Robert Bosch 
for the percentage fitment of ESC in new car 
registrations [15], which is data gathered by the 
agency R.L.Polk & Co for nine European countries 
including the UK. This data has been published 
from 2003 to date, and is shown in Figure 4.  
 

0%

20%

40%

60%

80%

100%

20
03

20
04

20
05

20
06

20
07

20
08

Year

P
er

ce
nt

ag
e 

o
f 

st
an

d
ar

d 
fi

t 
m

od
el

s 
re

gi
st

er
ed

 
Figure 4.  Percentage of standard fit models 
registered in the UK for 2003 to 2008. 
 
Using the data from Bosch in Figure 4 the average 
increase in percentage of standard fit models is 
6.97%. Based on the assumption that the increase 
will remain at 6.97% this rate of increase is 
projected forward to 2030, and this is modelled in 
Figure 5. 
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Figure 5.  Model of ESC standard fitment 
registrations 2003-2030 (data source: Bosch new 
car registrations). 
 
This model of ESC fitment registrations reveals 
that it will take until 2015 before all new cars sold 
in the UK have ESC fitted as standard. 

Comparison of Availability and Registrations 
Models 

The Availability and Registrations models are 
based on two different data sources, and are 
consequently slightly different. The Availability 
model uses Thatcham fitment ratings data 
[11,13,14], and the Registrations model uses new 
car registrations data from Bosch [15]. However 
both models make similar predictions for when 
100% penetration of ESC standard fitment on new 
cars will be reached. The Availability model 
predicts 100% penetration by 2016, and the 
Registrations model by 2015. Since there is only 
one year difference as shown in Figure 6 it can be 
concluded that these models are in close 
agreement.  
 

 
Figure 6.  Comparison between Availability and 
Registrations models for new car penetration of 
ESC standard fitment. 
 

Model of ESC standard fitment penetration on 
vehicle stock 

Annually there are around 2,500,000 new cars sold 
in the UK [16]. Using this data on new car sales the 
proportion of new cars sold fitted with ESC can be 
calculated using the percentages from both the 
Availability and Registrations models. This is then 
used to find the proportion of cars fitted with ESC 
within the entire vehicle stock. Based on vehicle 

licensing data from the UK Department for 
Transport [17] the vehicle stock data is shown in 
Figure 7. The vehicle stock is currently 
approximately 28,000,000 cars, and this is also 
projected forward until the year 2030.  
 

 
Figure 7.  Vehicle stock on UK roads (1998-
2030). 
 
The proportion of ESC equipped cars in the vehicle 
stock is then calculated as the proportion of new 
ESC equipped cars entering the fleet each year 
cumulatively. This is modelled from 2005 to 2030. 
This model reveals that 100% penetration of ESC 
into the vehicle stock will be achieved in 2021 
according to both the Availability and Registrations 
models. There is a close agreement between these 
two models, as shown in Figure 8.  
 

 
Figure 8.  ESC penetration into UK vehicle 
stock: Availability model compared to 
Registrations model. 
 
The Availability and Registrations models of ESC 
standard fitment into new cars and into the vehicle 
stock are based on two different data sources. 
However there is a close agreement between the 
two models with only one year difference between 
them for full fleet penetration. Since there is a close 
agreement it can be concluded that the estimate for 
2016 for new car fleet penetration and 2021 for 
vehicle stock penetration is a reasonable estimate. 
Vehicle licensing statistics show that in the period 
1998-2007 the average age of cars on the road was 
6.6 years, which corresponds to the last cars 
registered in 2014 without ESC being taken off the 
road by 2021.  
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ESC Regulation and Vehicle Stock Penetration 

On 10 March 2009, Members of the European 
Parliament voted for a compulsory introduction of 
ESC in all new types of vehicles from 1 November 
2011, and for all new vehicles from 1 November 
2014. This will have some impact upon the fitment 
of ESC in the vehicle stock. The Availability and 
Registrations models have been re-generated, but 
with fitment projections following the pattern 
required in order to meet the regulatory 
requirement of full penetration of new car sales by 
2014. These models are shown in Figure 9.  
 

 
Figure 9.  Availability and Registrations models 
for new car penetration of ESC standard 
fitment in order to meet EC regulatory 
requirement of standard fit by 2014. 
 
This model indicates that there is a gap between the 
current market rate of ESC penetration (Figure 6) 
into the new car market, and the fitment rate 
required in order to meet the regulatory 
requirement in 2014 (Figure 9). Current market 
penetration rates will achieve new car fleet 
penetration by 2016, but it is required by the EC 
regulation by 2014. For some vehicle 
manufacturers this will simply mean providing 
ESC as standard, instead of as an option or being 
unavailable on some trim levels. For example the 
VW Polo in Figure 1 indicates that ESC is 
available on most trims, so the system need only be 
produced and sold as standard in order to meet the 
regulation. However for other manufacturers such 
as Proton this regulation for ESC will mean a 
substantial task since no Proton models in the UK 
are currently sold with ESC systems available at all 
[13].  
 
The revised vehicle stock penetration, based on the 
models in Figure 9 to meet the requirement for 
standard fitment by 2014, therefore reveals that full 
stock penetration of ESC equipped cars will be 
achieved by 2021, as shown in Figure 10.  
 

 
Figure 10.  Availability and Registrations 
models of ESC penetration into the UK vehicle 
stock, with regulatory requirement for standard 
fitment of ESC by 2014 met.  
 
In the period from 2009 before full stock 
penetration of ESC is reached another 3 million 
cars will be purchased as new without ESC fitted. 
ESC cannot be retro-fitted so all of these cars 
remain on the roads without this important safety 
technology.  
 
This model (Figure 10) is used to generate 
estimates of casualty and cost savings offered by 
the standard fitment of ESC in accordance with the 
EC regulation by 2014.  

CASUALTY AND COST SAVINGS FOR ESC 

Using the ESC fitment and penetration models, it is 
possible to estimate the casualty and financial 
savings that can be projected when these models 
are combined with the true casualty numbers of 
occupants in cars. Like many other countries the 
UK has declining numbers of traffic casualties. 
Table 2 shows the average annual reduction since 
the current baseline values of the 1994-8 average. 
The reduction for all casualty severities is 1.2% 
annually, and the fatal casualty numbers have 
reduced by a mean of 0.5% each year. 

Table 2.   
Mean annual casualty reduction over 1994-8 

baseline.  

Total car 
occupants 

1994-8 
average 

2005 Mean 
annual 
decline 
from 1996 

Killed 1,762 1,675 0.5% 
Serious 21,492 12,942 4.0% 
Slight 180,034 163,685 0.9% 

 
The most conservative estimate for fleet 
penetration is given by the Availability Model with 
a slightly slower fitment of ESC than in the 
Registrations model, so this Availability model is 
used to generate the casualty and cost reduction 
afforded by ESC. When the existing casualty 
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reduction rates are combined with the increasing 
fleet penetration of ESC equipped cars from the 
Availability model, estimates can be made for the 
reduction in total casualties due to the increasing 
ESC numbers in the fleet. These casualty and cost 
savings are shown in Figure 11, and this also shows 
the financial savings based on the standard UK 
model using willingness to pay methods [18].  
 

 
Figure 11.  Annual casualty and financial 
savings with ESC. 
 
By 2021 when full fleet penetration is achieved 
ESC systems are projected to be reducing total 
casualties by 9,587 each year, compared to the 
baseline of no ESC in the fleet. This includes 382 
fatalities. Taking account of the different costs for 
each severity level, the value of these savings, 
equal £764 million (€1.1 billion) each year (at 2005 
prices). 
 
Table 3 shows the projected numbers of each injury 
category in 2010 and 2021 when all cars in the fleet 
are expected to be equipped with ESC for the two 
groups. 

Table 3.    
Casualty Reduction Projections. 

 Total without further ESC 
Year Slight Serious Fatal 
2010 156451 10553 1634 
2021 141640 6735 1546 
    
 Reduction with ESC 
Year Slight Serious Fatal 
2010 2906 343 125 
2021 8498 707 382 

 
Comparing the estimates for ESC fleet penetration 
using these new models and the original model 
from Frampton and Thomas [10] also reveals 
similarities. The casualty and cost savings achieve 
similar levels, although over a slightly longer 
timescale taking approximately three years longer 
to reach the same level of savings. Furthermore the 
costs are based on data from 2005 so are probably 

underestimated, which might bring the estimates 
back to a similar time scale to the original.  

EFFECTIVENESS OF ESC FOR YOUNGER 
DRIVERS 

Over 3,000 car drivers aged under 25 are killed or 
seriously injured on Britain’s roads each year [19]. 
A young driver is more than 2.5 times as likely to 
be involved in a crash as a mature driver [20]. 
Young drivers are more likely to be involved in 
single vehicle accidents involving loss of control, 
excess speed for conditions, and accidents on all-
purpose single carriageway rural roads [20]. These 
are all the types of crashes where ESC is likely to 
be effective.  
 
The effectiveness of ESC for young drivers (aged 
25 and under) compared to mature drivers (aged 
over 25) has been calculated using the same 
method as in the previous study by Frampton and 
Thomas [10]. The analysis used a case-control 
method based on the induced exposure method 
[21]. Case vehicles were defined as those known to 
be equipped with ESC. A comparable group of 
control vehicles not fitted with ESC were also 
defined, and these were generally the previous 
version of a case vehicle. There were 10,475 case 
vehicles and 41,656 control vehicles in the dataset. 
The case control method also required vehicle 
manoeuvres to be separated into those where ESC 
may have an effect and those where no ESC effect 
is assumed. Table 4 shows the numbers of matched 
cases used to calculate effectiveness estimates.  

Table 4. 
Numbers of Cases used to Calculate Overall 

Effectiveness  

Crash 
Severity  

ESC Cars  
N  

Non ESC 
Cars N  

All Injuries  10,475  41,656  
Fatal  110     491  
Serious  846  3,564  
Slight  9,519  37,601  

 

ESC Effectiveness Estimates: Comparison of 
Young and Mature Drivers  

Effectiveness estimates are calculated for drivers 
aged 25 years and younger, compared to drivers 
aged over 25 years. Driver age was known in 93% 
of cases. Figure 12 shows the distribution of young 
driver crashes compared to mature driver crashes. 
Crashes involving young drivers are in the minority 
at 13%.  
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Figure 12.  Numbers of Vehicles Involved in 
Crash. 
 
Figure 13 shows effectiveness rates for cars 
equipped with ESC in young driver crashes. The 
best estimates are shown for different injury 
severity levels together with 95% confidence 
limits. Overall effectiveness for younger drivers is 
14% dropping to 12% for slight crashes. For all 
fatalities and serious injuries (KSI) the 
effectiveness for younger drivers is estimated as 
16%, which is greater than the effectiveness for all 
ages (12%) previously published [10]. ESC is 
shown to be more effective in reducing KSI for 
younger drivers than all drivers on the road.  
 
Considering all injury levels (KSI and slight 
injuries), the overall effectiveness for all ages was 
7% as previously published by Frampton and 
Thomas [10]. The overall effectiveness of ESC in 
reducing all injuries for young drivers is shown to 
be double (14%). 
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Figure 13.  ESC reduction for young drivers. 
 

Cost and Casualty Savings for Young Drivers 

Young drivers account for 30% of car drivers killed 
or seriously injured on roads in the UK [22]. 
Applying this proportion to the casualty and cost 
savings reveals that when full fleet penetration is 
achieved by 2021 ESC systems are projected to be 
reducing total casualties by 2,844 each year for 
younger drivers, compared to the baseline of no 
ESC in the fleet. This includes 114 fatalities. The 

value of these savings, equal £227 million (€320 
million) each year. These savings in casualties and 
costs are compared to the total annual savings in 
below in Table 5: 

Table 5.   
Summary of casualty and cost savings: total 

compared to young drivers. 

 Young drivers Total 
Casualty 
reduction 

2,844 9,587 

Fatalities 114 382 
Value of 
savings 

£227 million £764 million 
(€320 million) (€1.1 billion) 

 

UK ESC Fitments in Young Drivers’ Supermini 
Cars 

Examining the ESC fitment ratings for 2008 
reveals that only 5 models out of 47 supermini cars 
(11%) have ESC fitted as standard. Since younger 
drivers most commonly drive small cars this is a 
very small choice for the drivers who could benefit 
most from ESC technology. These models are 
relatively expensive within the supermini segment, 
most being priced from £12,000. The Suzuki 
Splash is cheapest from £9,000, but this is still 
expensive for a young driver.  
 
Young drivers most commonly drive a second 
hand, older car. It will take a long time before ESC 
is available in the small used car market, which 
makes it extremely difficult for young people to 
drive cars fitted with this important safety system. 
The small car market is increasing, with new car 
sales data from SMMT indicating that the mini and 
supermini segments combined have increased their 
market share from 26% to 33% in the last decade 
[16]. Younger drivers are most likely to buy a 
second hand small car, but other drivers also buy 
these small cars – for example as a second car 
within the household. Given current economic and 
environmental concerns, households are potentially 
more likely to purchase a smaller car, and so small 
car sales are likely to continue to increase. With so 
few of the small cars fitted with ESC as standard, 
most of these cars will be entering the market 
without ESC, which is an opportunity missed in 
terms of safety provision. Small cars are still being 
brought to market without ESC fitted as standard. 
For example the latest Ford Ka launched in January 
2009 in the UK only has ESC fitted as an option 
across the range, not fitted as standard. The small 
car segment has the largest gap in fitment to fill. In 
order to ensure that all drivers are protected by 
ESC it should be fitted as standard on all vehicles 
regardless of size. Results suggest that it would be 
most effective to introduce ESC into smaller cars 
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first in order to address the casualty rates amongst 
younger drivers. 

LIMITATIONS 

Both the Availability and Registrations models for 
standard ESC penetration are based upon the 
assumption that ESC standard fitment will increase 
in a linear manner, which may not be accurate. 
However the data does indicate a linear progression 
up to 2008. 
 
Neither the ESC availability ratings from 
Thatcham, nor the ESC new car registrations from 
Bosch can indicate how many ESC equipped cars 
have actually been sold in the UK historically in 
the period before these fitment and registrations 
data were collected. The model of ESC cars in the 
vehicle stock therefore has to be assumed to follow 
the backward projection of the Availability and 
Registrations models.  
 
A limitation of these models is the assumption that 
100% standard fitment ESC throughout the entire 
vehicle stock can be achieved. In reality, there are 
likely to always be a small number of cars on the 
road that do not have ESC, for example classic cars 
and imported cars. However the models do provide 
an estimate of ESC penetration for the majority of 
passengers in the UK. 
 
The model of new cars sales and vehicle stock is 
based on data up to 2008. Given the economic 
recession, it is evident that car sales are reducing 
during 2009. The effect might be to overestimate 
car sales, and therefore overestimate the benefit to 
be derived from ESC. However as ESC systems are 
sold in increasingly greater numbers of car models 
as the deadline for mandatory fitment in 2014 
approaches, the unit costs for ESC systems will 
reduce. This will likely reduce the price of ESC as 
an option, and hence improve the take up of ESC as 
an option, which could mean the calculations of 
casualty and cost reductions are underestimated.  
 
There are a number of factors to consider when 
interpreting the results of the effectiveness 
estimates for young drivers. The Great Britain 
national casualty data used in this analysis provides 
one of the largest samples of ESC equipped cars 
studied to date but further methodological 
procedures may be required to fully isolate the 
crash reduction benefits of the system.  
 
The case-control method compares ESC and non-
ESC cars in total and hence compares all the 
differences between these groups. It has been 
hypothesized that since all ESC cars have ABS 
systems, the differences in crash involvement could 
be due to ABS not ESC. However previous studies 

of ABS systems have shown the effects of ABS to 
be small [23,24], and most of the non-ESC cars in 
this study would also have been fitted with ABS.  
 
The part played in injury reduction due to 
improvements in passive safety of the cars is also 
important to consider. There may have been further 
vehicle improvements introduced at the same time 
as ESC systems. Whilst vehicle safety 
improvements are unlikely to change driver 
behaviour, they would change injury outcomes. It 
was not possible to quantify the effects of passive 
safety improvements in this study, but the results 
are considered to be a measure of improvements in 
handling performance – mostly ESC.  
 
In making the comparisons every effort was made 
to compare cars that were as similar as possible so 
that the major difference was ESC fitment. 
However it is possible that a few were mis-
classified, although Kreiss et al [25] stated the 
effect will be to consistently underestimate the 
effects of ESC, so these study results can be 
viewed as conservative. Crashes involving 
vulnerable road users were excluded from this 
analysis because the effect on ESC effectiveness 
rates would have however been marginal [10].  
 
The cost savings are based on the cost per casualty 
in 2005, where costs would be expected to raise 
meaning cost calculations are probably an 
underestimate. 

CONCLUSION 

Standard ESC fitment will reach 100% by 2014, as 
per the EC regulatory requirement. However 
current market rates indicate that fleet penetration 
of ESC in new cars will not be reached until 2016, 
revealing a gap in provision that vehicle 
manufacturers will have to fill. Full vehicle stock 
penetration will be achieved by 2021 according to 
the models. Projections also reveal that another 3 
million cars will be purchased without ESC in the 
interim between 2009 and 2014 when it becomes 
mandatory. This means that the opportunity to 
reduce casualties is being missed. Earlier standard 
fitment of ESC could annually save £764 million 
and 9,587 casualties.  
 
A previous study has shown that ESC effectiveness 
is 7% in crashes of all severity [10]. ESC appears 
to offer additional benefit for young drivers.  
Overall effectiveness was estimated as 14% for 
young drivers. For KSI the effectiveness for young 
drivers is 16%, and for slight injuries the 
effectiveness is 12%. For all these estimates, ESC 
effectiveness is around double the previously 
published overall effectiveness of 7% for all ages 
and all injury severities. 
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Young drivers commonly drive small used cars 
with ESC rarely fitted. Since full fleet penetration 
could take 12 years, faster ESC introduction into 
smaller cars is needed for casualty reduction 
amongst younger drivers where it will be most 
effective. These young drivers represent 30% of 
serious injuries and fatalities, equating to savings 
of £227 million and 2,844 casualties annually. With 
current economic and environmental concerns the 
small car market is likely to increase, so fitment of 
ESC as standard in small cars is key to increasing 
stock penetration of ESC.  
 
There are many factors that can influence the rate 
of ESC fitment, including the national economy. In 
these current times of recession new car sales and 
second-hand cars are dropping. With decreased 
turnover in the vehicle stock, and people 
potentially keeping their vehicles for longer, full 
fleet penetration of ESC equipped cars may be 
limited. In these circumstances public awareness of 
ESC must be the focus, so that car buyers make an 
informed safety choice. Fitment ratings information 
published by Thatcham is useful tool for raising 
public awareness of the importance of ESC.  
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ABSTRACT 

The European Research Project APROSYS has 

evaluated the interior headform test procedure de-

veloped by EEVC WG 13, representing the head 

contact in the car during a lateral impact. One im-

portant aspect within this test procedure was the 

selection of an appropriate impactor. The WG13 

procedure currently uses the Free Motion Headform 

as used within the FMVSS 201. The ACEA 3.5 kg 

headform used in Phase 1 of the European Direc-

tive and the future European Regulation on Pedes-

trian Protection is still discussed as a possible alter-

native. 

 

This paper reports work performed by the Federal 

Highway Research Institute (BASt) as a part of the 

APROSYS Task 1.1.3. The study compares the two 

headform impactors according to FMVSS and 

ACEA, in a series of basic tests in order to evaluate 

their sensitivity towards different impact angles, 

impact accuracy, the effect of differences to  impac-

tors of the same type and the effects of the repeat-

ability and reproducibility of the test results. The 

test surface consisted of a steel tube covered with 

PU foam and PVC, representing the car interior to 

be tested.  

Despite of the higher mass of the FMH the HIC 

values of this impactor were generally lower than 

those of the ACEA headform. The FMH showed a 

higher repeatability of test results but a high sensi-

tivity on the angle of roll, the spherical ACEA im-

pactor performsed better with regards to the repro-

ducibility. In case of the ACEA impactor-, the an-

gle of roll had no influence.  

 

INTRODUCTION  

The terms of reference of WG 13 indicate a critical 

review of the competing headforms: 

 

 

... 

5) Interior Surface Test.  

Review the proposed EEVC interior surface test 

procedure, including any validation testing that has 

been completed and, if necessary, refine the proce-

dure such that it is fit for regulatory application.  

Deliverables 

a. A report of the outcome of validation testing and 

a critical review of the competing headforms 

b. Development of a refined test procedure that is 

suitable for regulatory application.  

EEVC Steering Committee March 2006 

... 

 

To identify differences and advantages from one 

headform to the other an elementary test pro-

gramme was necessary. Tests on simplified struc-

tures representing surfaces like, A-, B-, C-pillars 

and side roof rails were of interest. 

 

The following investigations assess the quality of 

test results by checking how sensitive the head-

forms are at small variations of the 

 

• impact angle 

• target accuracy 

• head orientation 

• use of different headforms of the same type. 

 

CHOICE OF HEADFORMS AND USE IN RE-

GULATIONS 

The EEVC WG13 test procedure currently uses the 

FMH (Free Motion Headform) impactor to assess 

the interior car structure concerning head injury risk 

in lateral impacts. Due to difficulties in head align-

ment and in finding the appropriate impact target 
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on the calibrated impact zone of the FMH impactor, 

the question was raised to review suitable head-

forms. To simplify testing, a headform that is all-

over calibrated and not sensitive on impact direc-

tion would be beneficial. A spherical headform like 

those used in pedestrian testing fulfils these re-

quirements. Therefore the ACEA (European Auto-

mobile Manufacturer Association) headform im-

pactor used for headform to bonnet rating in EC-

Directive 2003/102/EC was chosen.  

 

Both headforms, the FMH and ACEA, are used in 

regulations to assess the severity of a head contact 

during a crash. The FMH is used in the American 

FMVSS201 for interior headform testing, the 

ACEA headform is used in the European EC-

directive 2003/102/EC and the Japanese Regulation 

TRIAS 63 for pedestrian headform testing. 

 

The first obvious difference of the two competing 

headforms is the shape. While the FMH is only 

symmetrical to its z-x plane, the ACEA headform is 

symmetrical to its z-x and z-y plane with the excep-

tion of the backplate. 

 

y

x

z

 

y

x

z

 
Figure 1.  Side view of competing headforms. 

 

Further information about the differences of the 

impactors are available in Annex A. 

 

BASIC TEST SPECIFICATION 

The validation and comparison of two different 

types of impactors requires a simple and robust 

experimental set-up. Each impactor gets tested on 

the structure several times. Therefore it is very im-

portant that the structure offers the same basic con-

ditions at each test run to achieve reliable and com-

parable results. To minimise the influence of the 

tested structure, a very repeatable and homogene-

ous structure was necessary. 

A structure was chosen, that fulfils the following 

requirements: 

 

 

Test structure: 

• Rotation-symmetric assembly (tube) 

• Similarity to typical car structures (e.g. B-

pillar) 

• Mix of typical car-body materials 

• Dimensioning of sample structure on real-

istic HIC values 

• No plastic deformation after test 

 

Also fixed boundary conditions are necessary to 

avoid any interference, simplify testing and reduce 

tests costs. 

 

Boundary conditions 

• High stiffness of restraints 

• Stress-free deformation of the tube 

• Vibration-free bearing of the test tube  

• Rotational free supports 

• Easy replacement of the test sample  

• Removable and simple assembly 

• Low cost 

 

This resulted in the following test structure: 

 

 

Figure 2.  Rig testing tube assembly. 

 

tube assembly

Impactor
(ACEA headform)

restraints

 

 

Figure 3.  ISO and side-view of the complete rig 

testing set-up. 

For more detailed test specification please see An-

nex B. 
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Test set-up and parameters 

The test runs are carried out on the test bench of 

BASt.  

  

Figure 4.  Test-set-up showing aligned FMH im-

pactor. 

Sensitivity on impact angles variation 

Finding the correct perpendicular vector to the se-

lected target is often complicated at curved struc-

tures. The configurations shown in the figures be-

low should lead to information about the influence 

of the angle deviation in headform testing. 

 

 

 

Figure 5.  

Top:  Angle variation on vertical tube (a, b). 

Bottom: Angle variation on horizontal tube (c, d). 

Sensitivity on target accuracy 

It was observed, that the contact on the impactor 

during a test varied from one test laboratory to an-

other. On the one hand this was due to a missing 

definition of contact location in the calibrated field. 

Therefore a consistent procedure was developed. 

On the other hand variations in contact location in 

the calibrated can still occur. The test procedure 

allows a 10mm radius accuracy of the target point. 

This means possible target locations can be 20mm 

apart. It is of interest how both headforms react on 

deviations from the initial position. 

 

 

 

 

Figure 6.   Top:  ACEA headform - target 

deviation on vertical tube (same set-

up on horizontal tube).  

Mid:  FMH headform on target 

deviation vertical tube.  

Bottom: FMH headform on target 

deviation horizontal tube. 



 Langner  4

 

  

 

Influence by using different headforms / repro-

ducibility 

Variations in test results may not only occur be-

cause of differences in the test set-up. It may also 

occur because of differences in the test device / 

headform. Therefore comparisons of different im-

pactors of the same type can provide information 

about the reproducibility of test results. 

 

The following figures show the used headforms. 

Already visible are differences of the FMH impac-

tors. 

 

 

 
Figure 7.  Different FMH and ACEA headforms. 

Assessment parameters 

Both impactor types will be compared by the HIC 

value and not the HICd value. The HICd is calcu-

lated from the measured HIC of the FMH taking 

into account the connection of the dummy head to 

the rest of the body (HICd = 0.75446 * HICFMH + 

166.4)  

This formula cannot be used for the ACEA head-

form as the dummy related HICd value is only re-

lated from the FMH impactor to the dummy head-

form. 

 

For both impactor types the absolute HIC deviation 

and the deviation in percentage, within test repeti-

tions, are determined to evaluate reproducibility. 

The deviation of HIC in dependency of an increas-

ing impact angle and a displacement of impact vec-

tor will be shown and analysed regarding the im-

pactors’ sensitivities.  

 

To achieve reliable results and to obtain additional 

information about repeatability, tests were per-

formed three times. Additionally information could 

be gained about repeatability. After one test the 

tube was turned by 180° and after the second test 

the tube was replaced by a new tube. 

Altogether 73 tests were performed (see test matrix 

in the Annex C) 

 

RESULTS: INVESTIGATION ON IMPACT 

ANGLE SENSITIVITY 

Sensitivity on impact angle (vertical tube) 

In the case of vertical tube orientation, the initial 

alignment of both impactors is pitched by 10°. This 

action is required by the clean-contact requirement 

of the FMH. Plotting the average HIC values for 

FMH and ACEA headform, in dependency of an 

increasing impact angle, shows a nearly similar and 

linear allocation for both impactor types (see figure 

8 and 9). The absolute HIC values of the ACEA 

headform are always higher in average than those 

of the FMH. This can be explained by less head-

form rotation, caused by the mid-central position of 

the spherical headform’s CoG. Increasing the im-

pact angle by additional 5° causes a HIC value de-

crease of about 11 % for both impactor types. A 

further increase up to a total impact angle deviation 

of 10° from the initial position shows a HIC de-

crease of 18.5 % for the FMH and 15.8 % for the 

ACEA headform. 

 

The variation of the HIC values, within test repeti-

tions, is quite different between the impactors. Test-

ing under vertical tube orientation, the FMH results 

do vary 0.6 % between minimum and maximum 

value in the initial position of 10° head pitch, the 

ACEA headform varies about 10 times higher. 

With a variation of about 10 % at 15° head pitch, 

the ACEA varies twice as high as the FMH. Under 

these test conditions the FMH shows a better test 

repeatability.  
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Figure 8.  Variation of impact angle, FMH verti-

cal tube. 

 

ACEA impact angle sensitivity
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Figure 9.  Variation of impact angle, ACEA 

headform vertical tube. 

 

Sensitivity on impact angle (horizontal tube) 

The horizontal tube orientation defines the initial 

position of both impactors at 0° head pitch and 0 

mm lateral offset relative to the test tube. 

 

The measured values show a nearly similar depend-

ency between impact angle and HIC-value decrease 

for the ACEA and FMH impactor. Under horizontal 

tube orientation the load level between FMH and 

ACEA differs considerably to that seen in the verti-

cal tube position.  This is caused by the fact that the 

external diameter of the tube is smaller than the size 

of the FMH and therefore the FMH impactor freely 

rotates without having a secondary impact with its 

chin on the structure.  

While the HIC results between FMH and ACEA 

headform differ in average about 10 % in case of 

vertical tube orientation, the difference at horizontal 

tube testing was an average of 21 %. 

 

The following figures show the variation of the 

HIC values under horizontal tube alignment. Up to 

10° impact angle, the deviation is nearly identical 

for both impactor types. While the variation of the 

FMH impactor decreases below 5 % when increas-

ing the impact angle up to 20°, the HIC values of 

the ACEA headform was very sensitive to further 

angle deviation, with a variation of about 20 %. It 

should be noticed that the number of repeated tests 

is too low to draw a precise conclusion. 
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Figure 10.  Variation of impact angle, FMH 

horizontal tube. 

 
ACEA  impact  angle sensitivity

500

600

700

800

900

1000

1100

-5 5 15 25

Impact angle horizontal [°]

Av
er
ag
e

HP
C

BAH0-0
BAH10-0
BAH10-0

Side view

sperical
headform

10°
20°

0°

ACEA  impact  angle sensitivity

500

600

700

800

900

1000

1100

-5 5 15 25

Impact angle horizontal [°]

BAH0-0
BAH10-0
BAH10-0

Side view

sperical
headform

10°
20°

0°

A
v

e
ra

g
e
 H

IC

Figure 11.  Variation of impact angle, ACEA 

headform horizontal tube. 

 

Table 1 gives an overview of the HIC results for the 

FMH and ACEA impactors. In addition to the abso-

lute HIC values the relative deviation for each test 

setup  is shown. 

 

 

Table 1.  Results of physical rig tests (impact 

angle) 

The following figures show the data quality in ac-

cordance to the impact angle. The values of re-

peated tests of the FMH impactor are closer to-

gether than the values of the ACEA impactor. 
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Figure 12.  Comparison of test variation for im-

pact angle deviations (vertical). 
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Figure 13.  Comparison of test variation for im-

pact angle deviations (horizontal). 

 

INVESTIGATION ON IMPACT VECTOR 

DISPLACEMENT SENSITIVITY 

Sensitivity on impact vector displacement (ver-

tical tube) 

The initial position of the FMH is defined as 10° 

head pitch and 0 mm offset to the vertical tube axis; 

the ACEA headform will be aligned under 0° head 

pitch and 0 mm offset. The impactors get aligned 

with a lateral vector offset to the headform’s hori-

zontal axis in increments of 10mm.  

 

The ACEA impactor shows a linear decrease of 

HIC values due to an offset of the impact vector 

(see figure 14). At a displacement of 10 mm from 

the initial position, the HIC-value decreases about 

2.5 %, at 20 mm 5.4 %. For the FMH the HIC val-

ues decrease about 1.6 % for 10 mm axis offset and 

7.4 % at 20 mm offset. 
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Figure 14.  Sensitivity on impact vector dis-

placement, ACEA headform (vertical tube). 

 

FMH horizontal displacement sensitivity

vertical tube

700

800

900

1000

1100

-5 0 5 10 15 20 25

Impact vector displacement right [mm]
BFV10-0-H

BFV10-10-H

BFV10-20-H

A
v
e

ra
g

e  
H

IC

10°

FMH

Side view

FMHTop view

 
Figure 15.  Sensitivity on impact vector dis-

placement, FMH (vertical tube). 

 

Sensitivity on impact vector displacement (hori-

zontal tube) 

Under horizontal tube orientation the impactors get 

aligned with an increasing impact vector offset 

moving down on the head’s local z-axis. The per-

formance characteristic of both headforms is nearly 

linear as on vertical tube alignment. The FMH’s 

lower face parts do “under-run” the test structure. 

Because of the zx-symmetry of the ACEA head-

form, testing under a lateral vector offset needs 

only to be performed in the vertical tube position. 

The influence of gravity during the short free flight 

distance can be neglected. 
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Figure 16.  Sensitivity on impact vector dis-

placement, ACEA headform (horizontal tube). 
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FMH vertical displacement sensitivity
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Figure 17.  Sensitivity on impact vector dis-

placement, FMH (horizontal tube). 

 

Table 2 gives an overview of the HIC results for the 

two different impactor types FMH and ACEA.  

 

Table 2. Results of physical rig tests (impact vec-

tor offset) 

The variation of results within the test repetitions is 

shown in figure 18 and 19. For both impactor types 

the reliability of the results is decreasing due to an 

increase of impact vector offset under vertical tube 

orientation. Up to 10 mm deviation the variation is 

in an acceptable range, minor to 5 %. At 20 mm 

offset the ACEA impactor shows a nearly 50 % 

higher variation in the HIC-values than the FMH. 
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Figure 18.  Comparison of test variation for im-

pact displacement deviations (vertical). 
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Figure 19.  Comparison of test variation for im-

pact displacement deviations (horizontal). 

 

COMPARISON OF IMPACTORS OF SIMI-

LAR DESIGN 

 

Additional tests were performed to check the repro-

ducibility depending on the differences in design 

between impactors. Therefore two ACEA and FMH 

impactors have been borrowed from TÜV to be 

compared with the BASt impactors. In addition to 

this the skins have been exchanged between the 

BASt and TÜV impactors. Some of the previous 

mentioned test conditions were used for the impac-

tor comparison. 

 

An optical comparison between the three FMH, 

regarding outer geometry and surface condition, 

shows significant geometrical differences (see fig-

ure 20). While the nose of the BASt FMH is com-

pletely removed and the lips stick out, the FMH 

models from the TÜV are designed with a visible 

nasal-bone reaching down to the lips. The differ-

ences in the FMH skins probably are the result of 

different manufacturers (Denton and FTSS). A 

definition of the nose shape is quite dificult. The 

ACEA spherical headform is easier to define. Be-

cause of the head rotation over its face, those dif-

ferences in nose design could cause deviations in 

the kinematic behaviour of the FMH headform im-

pactor. 

 

Figure 20.  Different designs of FMH impactors. 
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The analysis of the high-speed videos show “flut-

tering” of the TÜV FMH skin on the aluminium 

body and a marginal relative displacement of the 

skin in the direct contact area on the forehead. The 

skin of the FMH impactor from BASt is tightly 

fixed to the inner skull and does not slide under 

impact. All three FMH impactors do have the same 

mass of 4.5 kg.  

 

Figure 21 shows clear differences in HIC results 

between the compared FMH impactors. The BASt 

FMH achieves about 14 % higher HIC-values in 

average than the TÜV FMH impactors. The ex-

change of the skins demonstrates that the BASt skin 

causes higher HIC-values. The inner aluminium 

skulls of all three impactors are identical in mass 

and geometry. Both TÜV impactors achieve nearly 

identical results. The results support the assumption 

that the different skin design has an influence on 

the results. But also the inner skulls do vary as they 

are not completely identical. On the inside balance 

weights are attached to compensate the differences 

of the moment of inertia Using the BASt skin with 

the TÜV 1 skull also reduced the HIC. As a result, 

skins and skulls cause variations in HIC results for 

the FMH. Calibrations have been performed after 

changing the skin. 

The variation within the respective test repetitions 

does not exceed 5 %. 
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Figure 21.  Comparison of different FMH im-

pactors. 

 

The same tendency could be observed by horizontal 

displacement of the both FMH types (with and 

without nose) at 10mm and 20mm displacement. 
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Figure 22.  Comparison of different FMH im-

pactors with impact displacement. 

 

The comparison of the ACEA headforms (see fig-

ure 23) indicates lower differences between the 

impactors. The average deviation between BASt 

and TÜV HIC is below 3 %; the variation within 

the respective test repetitions is about 4%, that 

means higher than the deviation between the head-

forms itself. Furthermore the ACEA impactors do 

not show any differences in geometry, surface de-

sign or mass. 
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Figure 23.  Comparison of different ACEA im-

pactors. 

SENSITIVITY ON HEADFORM ORIENTA-

TION 

The current WG13 interior headform test procedure 

includes a 90° roll of the FMH, in case the gap be-

tween chin and structure is less than 10°. It was of 

interest to investigate differences in HIC result, 

when testing identical targets with the same impac-

tor with this two possible head orientations. A rota-

tion up to 90°, leads to a HIC-value decrease of 
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about 30% for the FMH. The analysis of the high-

speed videos shows higher head rotation than in 

vertical tube position, caused by the missing secon-

dary contact of the chin. Beside the 90° roll of the 

impactor, this would also mean a 30% difference, 

testing identical target structures on a vertical pillar 

or horizontal side roof rail. 

Because of the over-all symmetry of the ACEA 

headform, testing 90° rolled has no influence on the 

HIC. 
 

  

 

Figure 24.  Influence of head roll. 

CONCLUSION 

In this study two different headform impactors have 

been compared, regarding their sensitivities to de-

viations of defined test parameters. A test rig and a 

specific test sample, representing a typical car 

structure (e.g. B-pillar), were developed and pro-

duced. Extensive test runs were performed at the 

test facility of BASt. 

A simplified summary of the sensitivities of the 

different headform impactors towards a variation of 

impact parameters are shown in Table 3.  
 

FMH ACEA Headform

repeatability  + o

head orientation  -- ++
(90°roll)

sensitivity in  + +

impact angle

sensitivity on  o o
target accuracy

use of different  o +
headforms of

the same type  
++ very good, + good, o acceptable. – insufficient, -

- very insufficient 

Table 3.  Comparison of impactor sensitivities 
 

At vertical tube orientation the FMH and the ACEA 

headform impactor show similar results. An exact 

impactor alignment regarding the head pitch is very 

important. Both headforms are more sensitive to 

deviations of the head impact angle than to lateral 

offset of the impact vector from the mid-axis. The 

variation of the ACEA impactor rig test results is 

higher than the variation of the FMH.  

At horizontal tube orientation the FMH impactor 

shows lower variation and sensitivities to the test 

parameters than the ACEA headform. The rig test 

results of the ACEA headform impactor show a 

high variation and sensitivity to impact angle devia-

tions.  
 

The FMH impactor is sensitive to the orientation of 

the tube structure. In the initial alignment position, 

the HIC results differ about 30 % between verti-

cally and horizontally orientated tubes. This is un-

acceptable. In contrast, the spherical ACEA head-

form impactor shows no sensitivity to this parame-

ter and offers an easier handling during rig tests. 
 

To achieve reproducible and comparable results for 

tests on real car structures precise first-contact point 

alignment has to be clearly defined. 
 

The comparison of FMH impactors of same design 

shows differences in geometry and surface design. 

A different nose design of the FMH impactors in-

fluences the kinematic behaviour and the HIC re-

sults. The FMH impactors from the TÜV achieve 

13 % lower HIC-values than the FMH impactor 

from BASt.  
 

The ACEA headform impactors from TÜV achieve 

less than 3 % lower HIC-values than the ACEA 

impactor from BASt. This is less than the deviation 

using the same impactor. The geometry, surface 

design and mass of the compared ACEA headforms 

are identical. 
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ANNEX A 

 

DESCRIPTION OF THE IMAPCTORS 

 

Characteristics of the FMH impactor - 

FMVSS201 

The FMVSS 201 was introduced by the NHTSA 

(National Highway Traffic Safety Administration) 

in the US to enhance the safety standards for the 

protection of passengers regarding head impacts on 

interior structures. Since the year 2002 this regula-

tion is applied to all vehicles up to 4.5 tons total 

mass. 

The impactor is the head of the Hybrid 3 Dummy 

with its nose removed. This Free-Motion-Headform 

(FMH) impactor of 4.5 kg mass gets impacted on 

selected target points on the car interior surface, 

with a minimum free-flight distance of 25 millime-

tres and a speed of 24.1 km/h, the latter being the 

average velocity for the onset of severe injuries in a 

car accident. Typical target areas in the passenger 

compartment are the A- and B-pillars, the steering 

wheel, the dashboard and exposed parts like the belt 

fixing and handholds.  

 

1
2

3
5

4

pos. description

1 Part 1: Skin PVC-Rubber

2 Part 2: Aluminium Skull

3 Part 3: Rigid Body

4 Part 4: Added Balancing Mass

5 Part 5: Accelerometer

 
Figure 25.  Characteristics of the FMH impactor 

[1]. 

 

The test procedure mandates that the calibrated 

forehead region of the FMH hits the target point 

first without contacting any other part outside of the 

specified impact zone.  

 

The severity of head impacts is assessed by the 

HICd 

 

4.16675446.0HIC d +×= HIC  

 

Figure 26.  HICd formula, calculation for com-

parison with dummy values. 

 

The HICd is a dummy-related value which dimin-

ishes high HIC values and considers the fact that 

the headform is detached from the neck of the Hy-

brid 3 dummy. The acceptance criterion is HICd < 

1000. 

 

Calibration Procedure FMH impactor 

According to FMVSS 201 the free-motion head-

form impactor must be calibrated and verified. 

Therefore a free-fall drop test is described (see fig-

ure 27). The headform gets dropped from a height 

of 376mm +/- 1mm on a flat rigid steel plate. To 

avoid secondary contact of the chin a rotation of the 

impactor of 28° +/- 0.5° about the horizontal axis is 

required. The measured resulting acceleration must 

not exceed a value of 250g +/- 25g. 

 
Figure 27.  FMH head drop test setup specifica-

tions [2]. 

 

Characteristics of the ACEA impactor - EC-

Directive 2003/102/EC 

Since 2005 the new pedestrian safety legislation is 

effective as EC-Directive 2003/102/EC phase 1. 

Besides leg and hip impact tests, two types of free 

motion head impactors are impacted on the front 

end of passenger cars. These headforms are of 

spherical shape with 165 mm in diameter and cor-

respond to the ACEA design. The child / small 

adult headform of 3.5 kg and the adult headform of 

4.8 kg mass get impacted on selected target points 

within defined areas on the bonnet and windshield. 

An internal tri-axial acceleration sensor measures 

the corresponding acceleration-time function from 

which the Head Performance Criterion HPC (equal 

to HIC described under FMVSS 201) is computed. 
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1
2

3
4

pos. description

1 Part 1: Skin PVC-Rubber

2 Part 2: Aluminium Skull

3 Part 3: Rigid Body

4 Part 4: Accelerometer

 
Figure 28.  Characteristics of the ACEA head-

form impactor [3]. 

 

 

Calibration Procedure ACEA impactor 

The calibration of the ACEA spherical headform 

impactors is different to the FMH drop-test proce-

dure. While the FMH impactor is calibrated only in 

a limited area on the forehead, the ACEA headform 

is calibrated in a wide area of the sphere surface. 

As shown in the figure below, the headform is sus-

pended on a wire with the rear face at an angle be-

tween 25° and 90° with the horizontal. A linear 

guided certification impactor of 1 kg mass is pro-

pelled horizontally at a velocity of 7 m/s into the 

stationary headform. The certification impactor 

must be positioned so that the centre of gravity of 

the headform impactor is located on the centre line 

of the certification impactor with a tolerance of five 

millimetres. The tests have to be performed on 

three different impact locations on the headform 

impactor. Previously used and/or damaged skins 

shall be tested in those specific areas. 

The peak resultant acceleration measured by one 

tri-axial accelerometer in the headform shall not be 

less than 290 g and not more than 350 g. The resul-

tant acceleration time curve shall be uni-modal. 

 

 
Figure 29.  Calibration test setup for ACEA 

spherical headform [4]. 
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ANNEX B 

 

DEFINITION OF TEST SET UP 

 

The adequate design of the test sample support has 

an important influence on the informational value 

of the results. On the one hand a fixed clamping on 

both sides of the tube represents a nearly realistic 

connection of a vehicle pillar at the roof rail and 

rocker-rail. On the other hand stress-free deforma-

tion is not warranted. So the complete restraints and 

its fixing to the test rig could deform. Resulting 

vibrations can influence the quality of measure-

ment. 

Figure 30 shows a mechanical replacement system 

including a simply supported bearing of the test-

tube according to a three point bending test. The 

tube can bend freely in the direction of impact.  

 

movable bearings

axial stopper

 

Figure 30.  Substitute mechanical system for rig 

testing set-up. 

Construction of test object and test rig 

The headform impactors get impacted on a tube-

assembly of 1000 mm length. The external overall 

diameter is 110 mm, the inner diameter measures 

62.6 mm. The structure as shown in figure 2 con-

sists of a thin walled steel tube with a gauge of 1.2 

mm, an energy absorbing PUR-foam of 20 mm 

thickness and a PVC tube of 2.7 mm thickness.  

This assembly should represent a typical car body 

structure, like a B-pillar which consists of an inner 

steel sheet, damping material and interior covering. 

The rotation-symmetric setup determines a specific 

mounting position in the test rig. To avoid rotation 

of the different material layers amongst each other, 

a light press fit is applied. 

 

Figure 31 shows the assembled test rig with aligned 

ACEA headform. To avoid deformation and vibra-

tions in the test rig the tube assembly gets sup-

ported according to a three point bending test. 

 

tube assembly

Impactor
(ACEA headform)

restraints

 

 

Figure 31.  ISO and side-view of the complete rig 

testing set-up. 

 

 
Figure 32.  Tube clamping and anti-twist device. 

 

On both sides of the restraints the tube assembly 

bears on a steel plate [A] of 5 mm thickness. The 

small overlap between sleeve [B] and steel plate in 

relation to the total tube length of one meter ensures 

a nearly freely jointed bearing. 

 

Test configurations with an impact vector vertical 

to the tube axis could cause twisting of the tube 

assembly. Therefore a so called anti twist device 

[C] is welded on one side of the steel tube as shown 

in figure 32, right side. This device fits in a groove 

which is milled in the axial stopper [D] of the re-

straint. The tube can still bend freely but rotation 

around its longitudinal axis is suppressed. The foam 

and outer PVC tubes are joined with a press fit. 

 

To avoid stress concentration and carving of the 

steel plate in the outer PVC tube, two slotted, thin-

walled steel sleeves are mounted on each side of the 

restraints. 
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ANNEX C 
 

Test Matrix Basic Tests at BASt 
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ABSTRACT 
 
In Germany approximately 12% of all accidents 
with persons injured and approximately 20% of 
all material damage accidents are caused by cars 
in rear end collisions. As a consequence, Bosch is 
introducing collision avoidance and mitigation 
systems for rear impact scenarios. Warning, 
brake support, and autonomous emergency 
braking are part of Bosch's Advanced Emergency 
Braking Systems which address such accidents. 
This study determines the benefit of these 
assistance and safety systems and estimates the 
collision avoidance capability considering the 
driver’s behavior. By analyzing representative 
accidents with injuries from the GIDAS (German 
In-Depth Accident Study) database, a high 
potential for collision warning and avoidance 
systems was determined. For the first time in such 
a study, this analysis considers the effects of 
different driver reactions due to warning, braking 
support, or autonomous braking with respect to 
the possible driver behavior. For this, a 
calculation method was developed and used for 
evaluating the accidents automatically. Both 
accident avoidance and average speed reduction 
was determined for different driver types, 
warning strategies and applications. From the 
results, an avoidance ratio of 38% for Predictive 
Collision Warning up to 72% for Automatic 
Emergency Braking, of all rear-end accidents can 
be expected for a realistic driver. Therefore it is 
estimated that 3 out of 4 accidents with severe 
injuries could be avoided based on the Emergency 
Brake Assist function and assuming a 100% 
installation rate. The potential to reduce collision 
speed in non avoided accidents is calculated on an 
average basis and is determined to be between 
25% and 55% for the realistic driver. The results 
in the analyses show the high efficiency of the 
Bosch AEBS functions in avoiding accidents or 
mitigating injuries by reducing collision speed 
and should encourage the introduction of 

Advanced Emergency Braking Systems across a 
wide range.  
 
INTRODUCTION 
 
Since active safety systems have become more 
popular over the past few years, they are now an 
integral part of new vehicles. The vehicle stability 
control system ESP® (Electronic Stability Program) 
is considered to be a representative example of these 
active safety systems. ESP® supports the driver in 
nearly all critical driving situations in which an 
unstable driving condition might occur. By 
automatically braking individual wheels the system 
helps to prevent skidding and keeps the vehicle 
stable. This results in fewer single vehicle accidents 
with high severity. A large number of international 
studies by well-known automobile manufacturers and 
independent institutes have proven the effectiveness 
of ESP® in reducing the number of accidents. For 
example Baum et al [1] stated ESP® would save 
4000 lives per annum assuming a 100% penetration 
of  ESP® for all passenger cars within the European 
Union (EU25). Furthermore approximately 95.000 
injuries would be prevented in such accident 
scenarios. In the US even up to 9.500 lives and 
252.000 injuries per annum could be saved or 
prevented respectively by a vehicle stability control 
system like ESP®. Such high avoidance potential 
could reduce the share of accidents against fixed 
objects significantly. Figure 1 gives an overview of 
all accidents with casualties by kind of accident for 
three different countries. 
  

 
 
Figure 1.  Accidents with casualties by kind of 
accident [3], [4], [5] 
 
As a result, other types of accidents come to the fore. 
As shown in Figure 1, a high share of accidents are 
rear-end collisions against a leading vehicle. With a 
fraction of 15% of all accidents in Germany, 28% in 
the US and even 32% in Japan, these accidents cover 
a high quantity of accidents with casualties. 
Approximately 4 out of 5 accidents are caused 
primarily by a passenger car, whereas the remaining 
accidents are caused primarily by trucks. 
 
In fact, accidents with only property damage are 
neglected typically, hence their relevance and 



potentials are underestimated. Together with  Allianz 
Zentrum für Technik (AZT) - a leading specialist in 
damage analysis and prevention - we established that 
approximately 1.1 Million rear-end crashes per 
annum in Germany occur. This database consists of 
accidents caused by a passenger vehicle wherein 
either a police report or individually regulated 
insurance claim was filed [6]. Such collisions occur 
mainly at lower speeds but with higher frequency. In 
summary, a higher need for collision avoidance 
systems is given. Aside from ESP®, Bosch also 
provides a family of driver assistance and safety 
functions which are part of the Advanced Emergency 
Braking Systems (AEBS). The idea behind AEBS is 
scalable functionality - from driver warning over 
optimized braking support to a fully autonomous 
braking system. To estimate long term effects within 
the development process, the scope of all functions is 
a proven benefit within the real world according to 
their functional specifications. 
 
Real world accidents have to be taken into account to 
evaluate this benefit. Up to now, other studies 
considered only one part of the aspects above. For 
example autonomous braking systems were part of 
the study from Schittenhelm [7]. He quoted that 20% 
of all passenger vehicles which caused rear-end 
collisions would be avoided by the Distronic plus 
and the Brake Assist System (BAS). Based on semi-
autonomous braking and additional braking support 
by increasing brake pressure, this analysis does not 
consider any driver reactions due to acoustic or 
tactile warning strategies.  From this point of view it 
seems to be a more conservative estimate regarding 
the benefit of predictive safety systems.  
 
In harmony with this concept, the goal of this study 
is to evaluate the benefit of the Advanced Emergency 
Braking Systems functions from Bosch using the 
German In-Depth Accident Study (GIDAS) database. 
A driver model was developed which considers 
driver behavior and reaction in order to gain the 
function’s benefit not just based on functional 
characteristics. As an outcome two major results 
were obtained - firstly the accident avoidance 
potential and secondly the reduction of injury 
severity. 
 
METHODOLOGY 
 
The analysis is based on data from the GIDAS 
project [8]. Since 1999, accidents with injuries were 
surveyed within Germany around the region of 
Hanover and Dresden. Approximately 2000 
accidents per year were reviewed and deemed to be 
valid as representative for accidents with injuries in 
Germany. For each accident, approximately 3000 
details are collected and provided within a database 
for further analysis. Along with the vehicle damage 
and personal injuries, information from prior to the 

accident also is obtained based on the fact that each 
accident is reconstructed in detail. Therefore, 
physical information regarding the pre-, during- and 
post- post crash phase is available and essential for 
the analysis of safety systems as AEBS. For this 
study, 9323 reconstructed accidents with injuries 
were used. By selecting collisions with significant 
characteristics, it was ensured that only relevant 
accidents were taken into account for the AEBS 
benefit calculation. In this study only passenger 
vehicles causing rear-end collisions are considered. 
Thus rear end collisions against a motorcycle caused 
by a passenger car are also included. Furthermore, 
accidents were also taken into account wherein a 
passenger car as the primary cause has had a frontal 
impact against an opposing vehicle. Hence 1103 
relevant accidents (12%) remain from 9323 GIDAS 
accidents. Those accidents define the so called field 
of effect. In other words these are the accidents that 
could be influenced positively by any of the AEBS 
functions. For Germany, this data represents 
approximately 39.000 accidents with injuries per 
annum. In the next step the benefit for each AEBS 
function is determined by considering driver 
behavior, functional characteristics and additional 
system assumptions.  
 
It is apparent that by integrating different driver and 
sensor characteristics, a complex handling for each 
accident within the benefit estimation results. Due to 
this, a tool was developed which allows the handling 
of sensor parameters, driver reactions and additional 
system values in a more simple way. By using the 
Matlab environment from MathWorksTM it is now 
possible to determine the benefit for a wide range of 
AEBS functions easily. Modifications within the 
driver model and functional applications are now 
easy to handle and it is open for the integration of 
new applications. 
 
DRIVER MODEL 
 
The effect of predictive collision avoidance systems 
is directly linked to the driver's reaction. It is evident 
that a critical situation will be handled in a better 
way if the driver reacts immediately after warning 
with a braking intervention. This is also true for 
autonomous braking systems because the efficiency 
increases with the braking support of an active driver. 
For this reason, a driver model was developed and 
integrated to estimate the driver behavior and 
reaction.  
 
In the first step, the driver reactions were analyzed in 
real accident situations. For each accident within the 
field of effect, deceleration and brake distances were 
evaluated and classified into three categories. Figure 
2 shows the distribution of the classified drivers. 
31% of the drivers did not show any (brake) reaction 
which is assigned to driver type I. Compared to this, 



49% of the drivers brake but with less braking 
performance due to late reaction or light deceleration 
- this type of driver is categorized as driver type II. 
Finally 20% of the drivers - driver type III - brake 
with maximum deceleration but with delayed 
reaction. Weather and road surface conditions were 
taken into account. 
 

 
Figure 2: Distribution of the driver behavior for 
three classified driver types from GIDAS 
accidents  
 
The question arises why the classification is so 
important. The reason for classification is that the 
real braking performance is considered in the 
functional activity. 
 
In addition to that, Bosch’s Advanced Emergency 
Braking Systems identify the driver's activity to 
adopt its warning strategy according to his driving 
behavior. For a less active driver, the warning time is 
set up earlier relative to a more active driver who 
reacts faster and therefore the warning strategy could 
comprise a later warning. The reason for this is clear: 
Less active drivers need more time to recognize the 
situation and to employ any brake intervention. 
Another advantage of this strategy is to minimize 
false alarms which results in a higher system 
acceptance and as a result, a higher benefit of the 
system. As Wilhelm in [9] stated the probability that 
the driver will subjectively assess the system poorly 
for providing false warnings rises with the quantity 
of warnings which preceed his own normal personal 
brake timing. In the benefit analyses, this is 
considered by separating inactive from active drivers 
using weighting factors for the benefit calculation. 
For instance, if a driver was classified as driver type I 
(no (brake-)reaction) in the real GIDAS accident it is 
more likely that this is an inactive driver in the real 
world. For this reason we set the activity level to 
30% for these cases. In other words the status 
“inactive driver” was set to 70% for all drivers 
classified as driver type I. For driver type II and 
driver type III other distributions were used. These 
values were consolidated in other studies, internal 
investigations, and expert knowledge.  
 
Depending on a driver's activity level and relative 
closing velocity, the warning strategy is adapted. The  

strategy of the Bosch AEBS functions consists of 
two warning levels. The first level is an acoustic 
signal, whereas the next level uses a brake jerk to 
alert the driver. The time delay between first and 
second level is variable with respect to the driver's 
activity level. In the calculation, it is also considered 
that in the real world some drivers will not show any 
reaction based on simply an acoustic or tactile 
warning. This is likely due to inattention caused by 
alcohol, drowsiness or other inactivity. Figure 3 
shows the warning level process in a simple way. 
 

 
Figure 3: Two-level warning strategy depending 
on drivers activity and relative closing velocity 
 
Finally, for the driver model it is necessary to know 
how and in what way the driver reacts after each 
warning. For this, three driver categories with 
different behaviors are defined. In Figure 4, the three 
classes are shown. It was distinguished between a 
realistic-, lethargic and best-case driver with different 
reaction times and deceleration levels respectively. 
Based on [10] and [11] such a driver population is 
expected whereas the realistic driver has a higher 
share with mean reaction time and deceleration 
compared to lethargic and best-case driver with poor 
reaction and low deceleration or fast reaction and 
higher deceleration respectively. It is furthermore 
assumed that the lethargic and the best-driver 
represent the borderline of the distribution as seen in 
Figure 4.  
  

 
Figure 4: Classes of different driver behaviors  
 
After all in Figure 5 the whole driver model is shown 
as it is realized for the benefit calculation of the 
AEBS functions. However it is recognizable how 
driver type, driver activity, warning strategy and 
driver behaviors are integrated and work together. As 
mentioned before, there are different reactions 
expected if an acoustic or tactile warning is given 
from the system. It is apparent that for different 
safety systems these kinds of reaction vary. For the 
purpose of the AEBS function evaluation we proceed 



on the assumptions that a share of 10% will still 
show no reaction after warning. Another share of 
50% will react after the acoustic warning and 40% of 
the drivers will react after the brake jerk was 
activated. 
 
Based on the distributions stated above for each 
driver behavior, a single result is calculated by taking 
the real deceleration (real driver type), driver’s 
activity, and proposed reaction after warning into 
account. 
   

 
 
Figure 5: Driver model  
 
The overall benefit is calculated afterward by 
weighting each single result depending on the driver 
type which is in focus, i.e. realistic driver. 
 
AEBS FUNCTIONS AND MODE OF ACTION 
 
The main objective of the Bosch AEBS functions is 
collision avoidance by driver warning. This also 
includes those cases wherein the driver shows no 
reaction. In such cases, the system intention is to 
prompt the driver to react by pushing the brakes. If 
reaction time was too late or poor brake pressure was 
measured, an earlier brake intention or a more 
powerful braking respectively would be the target of 
the AEBS functions. This is shown in Figure 6. 
 

 
 
Figure 6: Potential benefit of collision warning 
systems  
 
The Bosch AEBS functions use radar technology to 
detect a potential collision object. The sensor is 
placed on the front end of the car and monitors the 

frontal field of the vehicle. If a critical situation is 
detected indicated by potential opposing obstacles 
and high closing velocities the system will run 
through different levels of warning strategies. These 
strategies again depend on closing velocity and 
driver behavior. As mentioned above, aside from  
acoustic warning a tactile warning is given which is 
realized as a brake jerk. This functionality is called 
Predictive Collision Warning (PCW) and is part of 
the Bosch AEBS family. 
 
It is clear that this function can be extended to a 
target braking function. The system calculates in 
advance the deceleration which is necessary to avoid 
any collision but still does not interfere. The target 
braking will be activated if the driver pushes the 
brakes. Based on the pre-calculation the optimized 
deceleration is controlled. If a collision is 
unavoidable the maximum deceleration will be set 
for injury mitigation. This function characteristic is 
helpful for driver type II as seen in Figure 2 due to 
the fact that their deceleration level was too low. 
Together with warning and target brake this function 
is called Emergency Brake Assist (EBA). 
 
As can be seen in the real world (Figure 2), there is 
still driver type I which shows no (brake-) reaction. 
To be consistent, the next level of functional 
characteristic is an autonomous brake initiation. The 
Automatic Emergency Braking (AEB) function from 
Bosch fulfills these requirements. This is realized by 
a multistage intervention. At a very early stage the 
first level sets a deceleration of 0.3g. Depending on 
reaction and the ongoing situation, a second level is 
selected. Finally if a collision is unavoidable 0.5s 
prior to impact, a maximum brake deceleration will 
be initiated. It is expected that a driver of driver type 
III will react eventually due to the multiple 
interventions and will be prompted to brake on his 
own. However, comparing EBA and AEB, increased 
development effort, system costs and foremost 
liability risks for the autonomously acting AEB have 
to be taken into account.  
 
BENEFIT ESTIMATION   
 
In order to avoid false alarms, the warning strategy 
uses different warning times depending on relative 
closing  velocity, classification of the driver as active 
or inactive, as well as the initial speed of the vehicle 
itself. It is apparent that the variety of different 
accident scenarios tend to be complex if they were to 
be analyzed in detail. Nevertheless to gain the benefit 
for each function, the collision speeds are 
recalculated by taking driver reaction (GIDAS) and 
hypothetical driver reaction (driver model) into 
account. Furthermore, time of braking as well as 
deceleration level will be established by fusion of 
functional intervention and driver initiated braking. 
In the end, the collision speed is calculated by 



numerical integration. As a result for all AEBS 
functions, the total quantity of accidents avoided as 
well as the calculated speed reduction is received. A 
100% penetration with AEBS functions of the (Ego-) 
vehicles is assumed. Figure 7 shows the results for 
avoided accidents for the three different driver types. 
The benefit calculation is based on a production level 
application for the PCW and EBA function and an 
application close to production level for the AEB 
function. These are optimized in terms of warning 
strategy and not for maximum benefit. Therefore 
more efficiency could be possible by other parameter 
applications. 
    

 
Figure 7: Accident avoidance potential of AEBS 
functions in rear-end crashes for different driver 
types 
 
For the Predictive Collision Warning system (PCW) 
an avoidance benefit of approximately 38% is 
obtained assuming a realistic driver. 
 
For the Emergency Brake Assist (EBA) function 
with the target braking, the benefit raises to more 
than half (55%) of the accidents in the field of effect. 
This is a remarkable result for a non autonomous 
function like EBA. 
 
For the full scale characteristic like the Automatic 
Emergency Braking (AEB) function, 72% of the 
accidents can be avoided. This is not surprising due 
to the fact that in an early stage, a braking 
intervention is initiated if no reaction of the driver is 
detected by the system. As a consequence, collision 
speed is reduced significantly and accidents can be 
avoided.  
 
Focusing on the different driver types in Figure 7, the 
influence on the accident avoidance potential for the 
different functions show significantly different 
potential. Regarding the collision warning functions 
(PCW) the potential varies from 1% to 74% for a 
lethargic driver and the best driver respectively. 
These deviations are caused by different reaction 
times after warning - 2s reaction time for a lethargic 
driver and 0.7s reaction time for the best driver. It is 
apparent that a lethargic driver with poor reaction 
times and less deceleration does not avoid a collision 
by means of a pure warning system alone. The 
analyses show that in real accidents braking was 
initiated after collision. In comparison to lethargic- 
and realistic drivers the best driver is able to avoid 

more accidents due to fast reaction and high 
deceleration level. 
 
By looking at the level of automation, another 
important result is recognized. For the AEB function 
the difference between lethargic and best driver is 
21%. This small gap results in the early activation of 
the AEB function if no reaction is detected by the 
system. Hence the biggest benefit of this function is 
realized for lethargic drivers. 
 
If these results were transferred to accidents at injury 
level we obtain the effects as shown in Figure 8 
taking a realistic driver behavior into account. The 
first bar shows the distribution of severity level for 
all rear-end crashes in the field of effect. While the 
amount of 1% for fatal accidents is low, the 
remaining accidents are shared between accidents 
with severe and slight injuries. The distribution 
herein shows a share of 10% for accidents with 
severe injuries and 89% for accidents with slight 
injuries. 
  

 
Figure 8: Distribution of avoided injuries by the 
AEBS functions in avoided rear-end crashes for a 
realistic driver 
 
The benefit received from the AEBS functions leads 
to two major conclusions: 
  

• The relations for all considered functions 
(PCW, EBA and AEB) stay the same regarding 
all severities for the rear end-crashes. 

• The benefit increases enormously by 
increasing the automation level of the safety 
system.  

 
For example, the quantity of reduced accidents with 
severe injuries has a share of 7% for EBA function. 
With respect to all rear-end crashes with severe 
injuries about 3 out of 4 accidents are avoided. 
Furthermore, every 2nd accident with slight injuries is 
avoided compared to all accidents with slight injuries 
in rear-end crashes. A prediction regarding fatal 
accidents is not made due to the lower share within 
this accident type for the field of effect used. If 
39.000 relevant accidents with injuries are 
considered, in 2006 for Germany the following 
reduced number of accidents with severe and slight 
injuries will be avoided (Table 1). 
 



 PCW EBA AEB 
Accidents w/ 

slight injuries 12500 19100 25000 

Accidents w/ 
severe injuries 2000 2700 3100 

 
Table 1: Estimated number of reduced accidents 
with injuries by the AEBS functions for Germany 
 
Furthermore it must be kept in mind that there are 
still benefits given from the AEBS functions due to 
accident mitigation by taking the reduced collision 
speed into account. This is part of the following 
discussion.  
 
Along with the high accident avoidance potential, the 
benefit of AEBS functions is especially established 
in the reduced collision speed. In Figure 9 the 
average reduction in collision speed is shown for 
each AEBS function and for different driver types. 
 

 
Figure 9: Average Reduction in Collision Speed of 
AEBS Functions for not avoided rear-end crashes  
 
The average reduction in collision speed is 
determined based on accidents with reduction in 
speed and accidents with unchanged course. 
Therefore, all avoided accidents are excluded. For 
the realistic driver, a collision avoidance function 
based on warning only, like PCW, can on average 
reduce speed by 25%. By an EBA-function (warning 
+ brake boost), the collision speed can be reduced on 
average by almost 34%. This share even increases to 
55% for the AEB function. 
 
It is apparent that minor variations occur regarding 
different driver types within one functional 
characteristic. Due to the fact that the best-driver 
brakes immediately with maximum deceleration this 
share is less when compared to that of lethargic- or 
realistic driver 
 
Regarding the collision warning functions (PCW), 
the potential varies from 3% to 33% for a lethargic 
driver and the best driver respectively. Again the 
major difference in reaction time and deceleration 
level results in a different benefit.  
 
This deviation will be reduced if the automation level 
is increased. For unavoided accidents, the EBA 
function reduces the collision speed by about 34% 

for a realistic driver. Even a higher reduction is given 
for the AEB function (55%).  
 
It is expected that the significant reduction in 
collision speeds will have a considerable positive 
effect on the injury severities. Ongoing work aims at 
a comparison of the injuries in real crashes with the 
injury severities in the same accident with the 
intervention of a collision avoidance/mitigation 
system. A statistical model for predicting injury 
severities is currently being generated with SAS1. 
Hereby, a logistic regressions model is setup as a 
convenient statistical approach for predicting 
specified injury severities. 
 
With a logistic regression model, the probability of 
suffering a specified injury severity or not can be 
estimated. Based on univariate and multivariate 
frequency and correlation analyses of cars in the field 
of effect of AEBS functions, variables are selected 
which have a significant influence on suffering a 
specified injury severity in a crash.  
 
Two regression models will be identified. The first 
model2 provides the estimation of the probability for 
suffering minimally “slight injuries.” With the 
second regression model3 the probability of having 
minimally “severely injured” car occupants after 
crash will be estimated. 
 
COMPARISON TO LEGAL REQUIREMENTS 
 
As proposed in the NHTSA review for the New Car 
Assessment Program (NCAP) from July 2008 [12], 
new test requirements will be introduced for Forward 
Collision Warning (FCW) systems. Currently there 
are three test scenarios defined although two 
scenarios are in focus of the discussion: 
 

• 1st scenario: Subject vehicle approaches a 
stopped principle other vehicle at 45mph 
(72.5kph). The system must give a warning 
2.7s prior to collision. 

• 2nd scenario: Subject vehicle follows 
principle other vehicle at 45mph (72.5kph). 
The other vehicle starts braking. The system 
must give a warning 2.4s prior to collision.  

• 3rd scenario: Subject vehicle at 45mph 
(72.5kph) encounters a slower principle 
other vehicle with speed 20mph (32.2kph). 
The system must give a warning at 2.1s 
prior to impact. 

 

                                                 
1 Statistical Analysis System 
2 Significant Hosmer-Lemeshow test (0.86), R²=0.62, 
c-Statistics=0.89 
3 Significant Hosmer-Lemeshow test (0.11), R²=0.15, 
c-Statistics=0.78 



The systems in use must fulfill the velocity range 
which is specified between 30kph and 80kph. 
Furthermore, it has been claimed that the FCW 
systems do not necessarily have to work at night and 
under rainy conditions. As a matter of fact the AEBS 
functions from Bosch fulfill the requirements. 
Moreover the speed range is specified through the 
entire test range and above. Additionally, the Bosch 
system also works in misty or rainy conditions at 
both day and night. It is apparent that the systems can 
be compared to each other. Due to the early and fixed 
warning times specified in the NCAP requirements it 
is assumed that more false positive alarms will be 
given from such a collision warning system. A false 
positive alarm hereby is defined as a warning given 
to driver which does not address a potential accident 
scenario and should be classified as not relevant. 
Therefore it is more probable that a driver will switch 
off the system if there is an alarm in a non critical 
event. As a result, the FCW functionality would be 
inactive and not available in case it is required. This 
is why the Bosch AEBS functions use a more 
flexible warning strategy. The strategy minimizes 
positive false alarms and a higher acceptance by the 
driver is realized due to its familiarity and reliability. 
Nevertheless a comparison of the FCW and the 
Bosch PCW function was done by setting the 
requirements for FCW as stated above. In other 
words for example, accidents which occurred at night 
are not considered in the benefit calculation for the 
FCW function. The results are shown in Figure 10 
and Figure 11 for the avoided accidents and the 
average reduced collision speed respectively. The 
calculation was done for all driver types defined 
before.  
 

 
Figure 10: Comparison of FCW vs. PCW in rear-
end crashes, Fraction of avoided accidents  
 
As seen in Figure 10 the results show a decreasing 
benefit if the minimum requirements for FCW 
functionality were fulfilled. The difference between 
FCW and the Bosch PCW function for a realistic 
driver was estimated to be 15%. The same situation 
is shown in Figure 11 for the average reduction of 
collision speed. Approximately 16% difference is 
estimated between FCW and PCW for the realistic 
driver. 
 

 
Figure 11: Average reduction in collision speed 
for not avoided rear-end crashes 
 
CONCLUSIONS 
 
• The study considers 1103 rear-end accidents with 

injuries from 9323 GIDAS accidents as 
representative for Germany. 

• The analysis is based on three specified 
applications from the Bosch Advanced 
Emergency Braking Systems. The PCW and EBA 
functions are based on production level 
application whereas the AEB function is based on 
a market level application. The optimization 
strategy was to ensure a reduced number of 
positive false alarms taking maximum avoidance 
potential into account. Other application settings 
are also possible by optimizing the accident 
avoidance.  

• A high accident avoidance potential for rear-end 
collisions is given from the Bosch Advanced 
Emergency Braking Systems. The share of 
avoided accidents for a realistic driver was 
calculated for the PCW system to be 38%, for 
EBA system to  be 55% and for the AEB system 
to  be 72% respectively.  

• The efficiency of collision warning systems like 
PCW depends on driver behavior and on reaction 
time. The variations are from 1% to 74% for the 
lethargic and the best-driver respectively. 

• An increased system automation level - from 
PCW, EBA to AEB - reduces the driver influence 
on the one hand significantly and increases the 
accident avoidance potential on the other, in 
particular for lethargic drivers. However, 
comparing EBA and AEB, increased 
development effort, system costs and foremost 
liability risks for the autonomously acting AEB 
have to be taken into account. Therefore an 
optimum benefit over cost ratio is expected for 
the EBA function. 

• The number of avoided accidents with severe 
injuries is estimated to be approximately 2700 
rear-end accidents in Germany annually. 
Furthermore, the amount of avoided rear-end 
accidents with slight injuries is estimated to be 
approximately 19100 accidents. Hereby the EBA 
function for a realistic driver is considered and a 
100% installation rate. 



• If an accident is unavoidable, the AEBS functions 
will reduce the collision speed significantly. For 
the PCW function an average reduction of 
collision speed is encountered for 25% of 
unavoided accidents. For the AEB function a rate 
of even 55% was determined. 

• The Bosch Advanced Emergency Braking 
System functions operate over a wide velocity 
range, even at night and under rain or bad 
weather conditions. 

• By fulfilling NCAP requirements for FCW 
systems, accident avoidance potential is reduced 
from 38% for the PCW system to 23% for the 
FCW system assuming a realistic driver.  

• Furthermore, by fulfilling NCAP requirements 
for FCW systems, a significantly decreased 
benefit is determined for the average reduced 
collision speed for unavoided accidents. For the 
realistic driver a decrease from 25% to 9% is 
given based on the PCW function compared to 
the FCW function respectively.  

• A high probability for positive false alarms is 
expected and hence less acceptance by the driver 
without variable warning strategy. This strategy 
should be individually controlled by a driver 
classification system and taking the relative 
closing velocity into account. 
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ABSTRACT 
 
Since its beginning in 1999, the German In-Depth 
Accident Study (GIDAS) evolved into the 
presumably leading representative road traffic 
accident investigation in Europe, based on the work 
started in Hanover in 1973. The detailed and 
comprehensive description of traffic accidents 
forms an essential basis for vehicle safety research. 
Due to the ongoing extension of demands of 
researchers, there is a continuous progress in the 
techniques and systematic of accident investigation 
within GIDAS. This paper presents some of the 
most important developments over the last years. 
Primary vehicle safety systems are expected to have 
a significant and increasing influence on reducing 
accidents. GIDAS therefore began to include and 
collect active safety parameters as new variables 
from the year 2005 on. This will facilitate to assess 
the impact of present and future active safety 
measures. A new system to analyse causation 
factors of traffic accidents, called ACASS, was 
implemented in GIDAS in the year 2008.  

The whole process of data handling was optimised. 
Since 2005 the on-scene data acquisition is 
completely conducted with mobile tablet PCs. 
Comprehensive plausibility checks assure a high 
data quality. Multi-language codebooks are 
automatically generated from the database structure 
itself and interfaces ensure the connection to 
various database management systems. Members of 
the consortium can download database and 

codebook, and synchronize half a terabyte of 
photographic documentation through a secured 
online access. 

With the introduction of the AIS 2005 in the year 
2006, some medical categorizations have been 
revised. To ensure the correct assignment of AIS 
codes to specific injuries an application based on a 
diagnostic dictionary was developed. Furthermore a 
coding tool for the AO classification was 
introduced. 

All these enhancements enable GIDAS to be up to 
date for future research questions. 
 
INTRODUCTION 
 
Though having the advantage of leveraging the 
whole experience in accident collection 
methodology of the Hanover medical university, a 
large project like GIDAS with its staff of about 100 
people has a lot of aspects to care about [1,8], while 
being confronted with new challenges. 
Additionally, changing demands from customers 
and improvements in technology lead to a 
continuous evolvement of the project. This paper 
tries to highlight some of these changes and 
improvements in the methodology of the GIDAS 
accident collection effort. 
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PRIMARY VEHICLE SAFETY 
 
In the last years vehicles are fitted more and more 
with primary vehicle safety systems like e. g. anti-
lock braking systems (ABS), traction control, 
vehicle stability control (VSC) or other advanced 
driver assistance systems. Since these active safety 
systems are expected to have a significant and 
increasing influence on reducing accidents, 
fatalities and injuries in the future, this should show 
up in accident databases as well. In-depth studies 
therefore began to include active safety issues as 
new variables and to collect corresponding data. In 
the German In-Depth Accident Study (GIDAS) 
such a data collection was started with the year 
2005 [2]. Features like e. g. adaptive cruise control, 
lane departure warning systems, park distance 
control or night vision systems are included now. 
On the one hand it is recorded whether the vehicle 
is fitted with some of these devices, on the other 
hand it is recorded how sophisticated the system is 
or which kind of functionality the system offers. It 
is the aim to be able to assess the positive or 
negative impact on traffic safety associated with 
these devices after several years of data collection. 
 
Since active safety systems are developed to avoid 
accidents it seems to be an antagonism to detect 
effects in in-depth accident studies. Accidents 
which are avoided by these systems will not take 
place and thus will not appear in the database. 
However, it might be possible to elaborate cases in 
which a certain vehicle segment is equipped with a 
safety device and a second comparable segment is 
not. Such a situation would allow checking whether 
the segment of vehicles not being equipped is to a 
higher extent involved in special classes of 
accidents than the vehicles being equipped. 
 
Prerequisites 
 
An assessment of the impact of active safety 
measures by means of accident analyses should 
help to optimise the systems and give advice for 
policy making with regard to vehicle safety. For 
such an impact assessment it is necessary that 
accident data can offer information about the 
following items: 
 
• Was the vehicle equipped with the safety 

system of interest? 
• If yes, was the system enabled? 
• If yes, did the system influence the course of 

the accident? 
• Could a system which was not fitted to the 

vehicle have had an accident avoiding or 
mitigating effect if it had been fitted? 

 
The possibility to benefit from collecting active 
safety data while analysing accidents at the 

roadside depends on the usability of the data 
recorded. A general and obvious prerequisite is that 
the physical figures and facts are ascertained 
correctly and the questions to the participants are 
answered truly. 
 
To determine the safety gains of a system the user 
of the accident database needs as much cases and as 
detailed figures as possible. A sufficient number of 
cases will be reached earlier if more vehicles are 
equipped with the relevant systems. For the 
majority of active safety devices this will require to 
wait for several years. 
 
Another prerequisite is that the real accident causes 
are known. Only with this knowledge it can be 
assessed whether the active safety system has had a 
chance to interfere and do its beneficial job. Here 
accident reconstruction as a part of in-depth study is 
indispensable especially for active safety issues. 
 
Attributes of Active Safety within GIDAS 
 
In a special record GIDAS collects the information 
by means of about 80 variables associated with 
primary safety. Among others driving stability, 
braking performance, tyres, visibility, lighting or 
ergonomics are addressed. 
 
Some examples of issues of active safety systems 
being recorded in GIDAS are: 
 
• Cruise Control / Adaptive Cruise Control 
• Lane Departure Warning / Lane Change Assist 
• Mirrors 
• Daytime Running Light 
• Advanced Frontlighting Systems 
• Night Vision 
• Parking Aid 
• Run-Flat Tyres 
• Collision Warning / Collision Mitigation 
• Brake Assist 

 
Also the function and operation of communication 
systems and comfort systems which enhance or at 
least influence the condition of the driver are part of 
the active safety record. It is for example checked 
how the phone or the navigation system can be 
operated, whether a voice control is there, how the 
gear shift can be operated or where the buttons and 
switches for the engine brake or the distance control 
system are located etc..  
 
Some of the active safety systems can be found 
together with the primary information of the vehicle 
in another record of the GIDAS database. This is 
the case for technical failures, vehicle stability 
control systems or anti lock braking systems. 
Information about active safety features is also 
available via the recorded questioning of the drivers 
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or other participants of the accident. There it is 
asked what the reaction of the driver was with 
regard to steering or braking, how the visibility 
conditions were and what was done or operated 
before and during the course of the accident and 
why. The questioning comprises also whether the 
driver has knowledge about certain safety features 
like ABS or brake assist which his vehicle is fitted 
with. The driver also should state if he had got 
some feedback from operating safety systems. 
 
The GIDAS Codebook [3] yields a detailed listing 
of all active safety variables being recorded.  
 
For each of the active safety variables a certain 
value is recorded in GIDAS, indicating whether the 
vehicle was equipped and - if yes - representing 
system properties. As an example, the variable “run 
flat tyres” is split up into the following values: 
 
0) not applicable  
1) yes (without add. info)  
2) no  
3) with support ring  
4) reinforced side wall  
5) repair kit  
8) others  
9) unknown  
 
Together with the launch of collecting primary 
vehicle safety data an expert group was established 
to accompany this part of the data survey. The 
group is responsible for the selection of variables 
and their parameter values. In addition, 
refinements, updates and checks of the variables 
associated with active safety as well as discussion 
on the usability of the data collected are carried out 
by the group. 
 
Accident Reconstruction Analysis 
 
Based on data collection at the accident scene with 
documentation of all tyre marks and artefacts at the 
scene, the final position of vehicles and vehicle 
deformation pattern, the motion of casualties during 
the collision phase can be reconstructed after the 
accident and the speed of vehicles can be 
determined. A true to scale drawing based on 3-D-
Laser-Scans and fotogrammetric procedure are the 
basis for the technical-physical analysis as well as 
for the replication of the vehicle motion and other 
important parameter for describing the accident 
severity, i.e. delta-v and EES. For pedestrian 
accidents the absolute collision speed is calculated 
on traces and throw distances [9]. 
 
Accident Causation Analysis 
 
As the official German catalogue of accident causes 
has difficulty in matching the increasing demands 

for detailed psychologically relevant accident 
causation information, a new system, based on a   
“7 Steps” model, so called ACASS, for analyzing 
and collecting causation factors of traffic accidents, 
was implemented in GIDAS in the year 2008. A 
hierarchical system was developed, which describes 
the human causation factors in a chronological 
sequence (from the perception to concrete action 
errors), considering the logical sequence of basic 
human functions when reacting to a request for 
reaction. With the help of this system the human 
errors of accident participants can be adequately 
described, as the causes of each range of basic 
human functions may be divided into their 
characteristics (influence criteria) and further into 
specific indicators of these characteristics (e.g. 
distraction from inside the vehicle as a 
characteristic of an observation-error and the 
operation of devices as an indication for distraction 
from inside the vehicle). The analysis of the human 
causation factors in such a structured way provides 
a tool, especially for on-scene accident 
investigations, to conduct the interview of accident 
participants effectively and in a structured way. 
 
Perspective of Recording Active Safety Data 
 
The effort of collecting active safety data within in-
depth accident studies is based on expectations that 
the data will be suitable to show the impact of any 
safety, comfort or communication device on traffic 
safety, either positive or negative. Knowing this 
impact will enable researchers or policy makers to 
carry out cost-benefit assessments for the 
introduction of safety measures and to take 
corresponding actions. The latter was done in the 
past mainly for passive safety devices like seatbelts 
or airbags. Now the analyses should be extended to 
measures concerning longitudinal and lateral 
control of vehicle dynamics, vision, conspicuity or 
ergonomics. First studies were carried out with 
regard to vehicle stability control, brake assisting 
systems and automatic emergency braking [4-7]. 
Knowledge about the real safety benefits will on the 
one hand help to optimise the systems and on the 
other hand to support legislation. 
 
Researchers in the area of vehicle safety therefore 
hope to be able to answer questions like e. g. 
 
• how far do advanced (emergency) braking 

systems reduce (severity of) rear end 
accidents? 

• what is the influence of lane keeping or lane 
change assist on accidents with vehicles in the 
adjacent lane? 

• does a head-up display reduce accidents due to 
eye distraction? 
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The importance of gaining information about active 
safety will increase in the next years since progress 
in vehicle safety will rely more on accident 
avoiding systems rather than on classical passive 
safety measures. 
 
Although the number of recordings for active safety 
is still small and biasing effects do not always allow 
carrying out statistical evaluations the examination 
of single cases already helps to get insight into the 
accident avoiding mechanisms and the possible 
benefits of active safety devices. Especially for 
vehicle or system manufactures information 
gathered from these single cases can therefore be 
useful already at the time being. 
 
But if the demonstration of safety benefits will be 
possible for a safety system only fitted to a minority 
of vehicles now, this would indicate a big potential 
for traffic safety since a coming high market 
penetration would lead to a high safety gain in the 
future. Under the assumption that the equipment 
rates grow linearly the effects in accidents and 
accident databases should increase nearly to the 
square since the vehicles being equipped once will 
remain in the stock for years. 
 
There is no doubt that starting to collect active 
safety data was a necessary and sensible step, but 
patience is needed for searching for effects in in-
depth accident databases. 
 
DATABASE STRUCTURE 
 
Several important steps have been undertaken to 
further optimise the process of data handling with 
GIDAS. In all areas of work, from data input to 
data utilisation by the end-user enormous 
improvements were achieved. 
 
Relational Database Structure 
 
During the last years the GIDAS database has been 
converted into a completely hierarchically 
structured relational database. In accordance with 
the common definition enacted by the expert group, 
the database has been organized in different 
records, that are recombined for each single 
accident, providing the user a logical 
comprehension and overview. Thus, the structure 
contains only the exact data records the accident 
requires and allows a consistent comparability of 
accidents on every level of the dataset. 
Furthermore, GIDAS now allows a common 
interface to export the data to various database 
management systems. Due to this fundamental 
advancement a database independent data access is 
now guaranteed. However, despite of these radical 
amendments it was carefully ensured that all 
previous cases were included and updated, always 

allowing an analysis in accordance with the 
corresponding dataset version. 
 
Multilingual Codebooks 
 
To guarantee an easy and consistent analysis of 
each dataset copy, the codebooks are automatically 
generated in concordance with the current database 
version. The codebook itself is stored in a database, 
ensuring a perfect compatibility with each dataset 
copy. In addition to that the data input-forms are 
derived from this database likewise, to allow an up-
to-date encoding of each case by the teams.  
Furthermore, to meet the expectations of various 
different clients, a new codebook structure has been 
developed. As more and more international 
contractees and associates work with GIDAS, the 
necessity of a multilingual access to the data led to 
the realization of a codebook database comprising 
more than one language. Currently a German and 
an English version are available and further 
languages can now easily be added.  
 
Quality Management 
 
Due to the enormous amount of recorded data, 
errors can hardly be excluded. To reduce mistakes 
and implausibilities in the database, a thorough 
reviewing network has been developed. To keep 
track of necessary amendments and corrected errors 
a joint platform has been created. After processing 
each error, possible automatic plausibility checks 
are applied to exclude the error in future cases. 
These plausibility checks do already take effect 
during the coding process to reveal errors right 
away. In addition to that a verification of 
completeness follows every encoding section to 
prevent an inadvertent loss of information. Finally, 
every case that is completely coded goes through a 
peer-reviewed double-check and will be returned 
for discussion if an obvious error is found. In this 
process, repeated time consumption by mistakes is 
reduced to a minimum and a steady improvement of 
data quality can be achieved. 
 
External Sources 
 
During the constant review of specific variables in 
the expert groups several sections were brought out 
that asked for additional sources. As there are 
sometimes inevitable circumstances (both logistic 
and physical) that impede a thorough data 
acquisition at the accident scene, external databases 
and resources are now used to provide additional 
information and fill this gap. Thus, vehicle 
databases, environment information and official 
police records are acquired after the accidents, to 
deliver crucial specifications. 
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On-Spot Digital Data Recording 
 
Another fundamental improvement was the 
introduction of mobile tablet computers for the on-
spot data recording. Not only was the time for data 
encoding reduced significantly because transferring 
the data from the forms to the database could be 
avoided, also was the loss of information during 
this process eliminated. Using the “database to go” 
the team sees necessary variables right away and 
encoding aids apply immediately, again saving time 
and preventing errors. Also the electronic forms 
were adapted exclusively for the on-spot encoding 
to meet the special circumstances at the scene. 
Furthermore, the recorded data is available for 
processing immediately, allowing up-to-date 
discussions and fastest results for data analysis. 
 
Online Data Access 
 
Finally, the complete data access for the contractees 
and associates has been renewed and modernized 
essentially. In a new web area a secured online 
access is now available to obtain both data and 
photographic records. Unique and user-specific 
access authorization grants secure access to all 
online data. A tool for efficient synchronization of 
half a terabyte of photographs and related files has 
been implemented and guarantees the members of 
the consortium fast and up-to-date access to all data 
of each accident case. An up- and download area 
and a content management system allow a modern 
interaction and exchange of experience of 
associates in different projects or working groups. 
Finally a webgallery of all accident files even 
provides quick access to the data on the move. 
 
MEDICAL ASPECTS 
 
To provide the best possible utilisation of the 
obtained data and derive both strategies and ideas 
for innovations, a complete understanding of the 
whole accident situation is indispensable. Beside 
the documentation of the course of the accident, the 
technical equipment, and environmental factors, 
detailed information about the medical aspects of 
the accident are given in GIDAS. Apart from the 
specific physiological and psychological 
specification of the involved persons, a thorough 
documentation of all injuries is ensured, including 
the injury causation, the rescue phase, treatment 
and therapy, rehabilitation, and outcome. To 
accomplish this goal the data acquisition is 
performed by specially educated medical personnel 
right at the accident scene, in cooperation with the 
rescue services during transport, and physicians at 
the clinics. Subsequently, comprehensive 
interviews are conducted and all medical results are 
analysed. The following illustration gives an 
overview of the medical data input (See Figure 1). 

 

 

Figure 1.  Overview of medical data input in the 
GIDAS accident investigation process. 

 
 
  
 
New Technological Possibilities 
 
To provide a steady high-quality data acquisition, 
several new technological possibilities have been 
incorporated in the medical investigation during the 
last years. The use of high-quality digital 
photography at the accident scene and for the 
documentation of x-rays and medical results allows 
a higher level of detail for the injury description. To 
preserve these specifications new software for 
diagnostics and classifications were implemented 
consequently. With this higher level of injury 
specification a more comprehensive understanding 
of the causation and coherences is given to allow 
data analysis in various new sectors. The use of 
clinical software for the analysis of computer 
tomography scans and magnetic resonance imaging 
now even permits the detection of concealed 
injuries for an extensive coverage. 
 
Systematic Injury Encoding 
 
As the Association for the Advancement of 
Automotive Medicine published a new Abbreviated 
Injury Scale (AIS) in 2005 a broad step towards a 
more systematic injury encoding has been 
undertaken in GIDAS. After the AIS code has been 
coded for suffered injuries ever since, the catalogue 
is now the principal basis for the injury 
specification. Including the assignment of a specific 
identification number for each injury, numerous 
specifications can now be encoded automatically 
excluding typing errors or mistakes with regard to 
contents. Providing a diagnostic list of all possible 
injuries described by one single ID, GIDAS offers 
essential and consistent filter possibilities for data 
analysis. Furthermore the inclusion of both old and 
new AIS codes allows a continuous and comparable 
investigation of existent and future cases to exclude 
bias from the scale change and distinguish real 
trends in accident severity. 
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In-Service Education 
 
Since only innovative and state of the art 
knowledge allows prospective inventions, the 
continuous education and advanced training of the 
medical team members has become a primary 
commitment during the last years. An important 
part of this development was the clarification of a 
standardized scheme to interview the involved 
persons and the instruction of the team by 
professional psychologists. Thus, the recorded data 
becomes not only more comparable and consistent 
but also more exhaustive as the compliance of the 
involved persons could be increased notably. In 
addition to that qualified lecturers from business 
associates and educational institutions inform the 
teams about technological automotive 
improvements and essential fields of attention in 
periodic trainings and review courses. 
 
CONCLUSIONS 
 
Over the years, the GIDAS project has seen several 
improvements in various fields of the accident data 
acquisitioning process. This includes: 
 
• Inclusion of primary safety systems. 
• Analysis of accident causation. 
• Improved data management and distribution. 
• Maintenance and generation of multilingual 

documentation closely tied to the database 
structure. 

• On spot digital recording and leveraging of a 
variety of technical third-party data sources. 

• Introduction of AIS 2005 and a corresponding 
diagnostic dictionary. 

• Program for classification of fractures. 
 
Despite the high level that already has been 
successfully achieved, the challenge remains to 
adapt to changing and increasing demands in the 
need of comprehensive accident data. So, the 
concerted effort of all contributors to the GIDAS 
project can be viewed as a work in progress. 
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ABSTRACT 

First outcomes of activities carried out in Safety 

In Motion EU project are hereafter described. SIM 

Project is aimed at identifying a suitable and 

comprehensive safety strategy for powered-two-

wheel (PTW) vehicles, in order to avoid road 

accidents and/or mitigate their consequences. 

Starting from the outcomes of previous 

accidentology activities an in-depth analysis was 

conducted focusing on the scenarios identified as the 

most frequent and dangerous for PTWs accidents. 

Significant accident parameters were identified and 

related values were analyzed. Also a technology 

evaluation based on state-of-the-art analysis as well 

as partners expertise was conducted and the 

effectiveness of potential benefits of safety systems 

was evaluated in reconstructed accident scenarios. 

On such a basis a PTW safety strategy has been 

identified in all safety areas. 

 The active safety improvement is reached by 

actively controlling PTW stability and improving 

riding comfort (advanced braking and suspension 

systems). 

In preventive safety area an HMI Information 

Management concept for motorbike was identified as 

the most effective solution for enhancing the PTW 

rider’s awareness. Focusing on passive safety aspects, 

a frontal airbag fitted on motorcycle (aiming at 

protecting rider against the primary impact) and an 

inflatable wearable device (mainly for secondary 

impact) have been chosen to be tested either 

separately and jointly. 

The following safety devices have been finally 

selected in order to be implemented and tested on 

vehicle prototypes: 

- Active Brake System 

- Stability management by traction 

control 

- Semi-Active Suspension System 

- Frontal airbag  

- Inflatable wearable device 

- HMI Information management concept 

for motorBikes (IMB) 

- Enhanced HMI (ergonomic handlebar 

controls, wireless communication, 

Head-Up Display) 

An integral approach to PTW safety 

enhancement was adopted, since all the safety devices 

will be implemented and tested on the same vehicle 

platform, the innovative PTW tilting three-wheelers 

Piaggio MP3. 

 

 

INTRODUCTION  

The background of SIM project are the findings of the 

MAIDS project [1] which main objectives are: 

- the identification of the main factors that 

contribute to PTW accidents causation; 

- the definition and proposal of suitable 

countermeasures in order to reduce the 

number of accidents and mitigate the 

consequences for the rider. 

MAIDS causative factors have been categorized in 

three items or pillars of safety: 

-Powered-two wheelers 

-Human 

-Infrastructure. 
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Figure 1. The Safety Matrix 

The approach of SIM project is described by the 

Safety matrix (Figure 1) where the pillars of safety 

are crossed with the typical safety areas. 

SIM project is mainly focused on integrated safety 

for PTW. 

Even if the human factor belongs to PTW rider 

and vehicle driver (i.e. car, bus and truck), 

nevertheless SIM activities deal with this topic from 

PTW rider perspective in terms of protective devices 

(helmet and clothing) and HMI improvement. 

        The activities’ flow within the project started 

with the analysis phase, based on accidentology and 

effectiveness evaluation of the most promising safety 

devices. After the safety devices have been selected, 

their development has been carried out for more than 

one year.  In the last phase of the project the adopted 

solution will be integrated and tested into the final 

prototypes. 

 

 

SELECTION OF PTW SAFETY STRATEGY 
The SIM project has established a strong 

collaboration link with APROSYS (Advanced 

PROtection SYStems) SP4 – an Integrated Project 

(IP) under 6th Framework Programme of the 

European Commission - in order to share the 

knowledge gained during the first phase of SP4 

concerning motorcycles passive safety [2]. As a result 

of this collaboration, the outcomes contained in 

deliverables from SP4 subproject are briefly 

described. 

During the first phase of SP4, activities were 

carried out to achieve the goal of extracting 

information about motorcyclists’ road accidents. In 

particular, aspects such as the following were 

identified: 

- the most relevant accident scenarios, 

- the causes of the accidents, 

- the interactions between PTWs / riders 

and vehicles, 

- the interactions between PTWs / riders 

and infrastructure, 

- the performance of motorcyclists 

protective devices, 

- the kinematics of the collisions, 

- the most frequent riders’ injuries 

patterns. 

 

On the basis of the mentioned features, a number 

of scenarios capable to represent a wide number of 

casualties were identified. In a first step the National 

Statistics of four countries (Spain, Italy, The 

Netherlands and Germany) have been deeply 

analysed. The findings were seven main accident 

scenarios, describing the PTW accident occurrence as 

a whole, Table 1:  

 

Table 1 PTW main accident scenarios 

Urban Area Non Urban Area 

Moped against car in 

intersections. 

Motorcycles against car 

in Intersections. 

Moped against car in 

straight roads. 

Motorcycle against car 

in straight roads. 

Motorcycle against car 

in intersections. 

Motorcycle. Single 

vehicle accidents. 

Motorcycle against car 

in straight roads. 

 

  

In a second step the identified accident scenarios 

were further investigated by means of in-depths 

databases available within the consortium (GIDAS 

2002, COST 327, NL-MAIDS, DEKRA PTW), 

focussing mainly on passive safety aspects. 

 

Accident In-depth Analysis 
As afore mentioned the results of APROSYS SP4 

have been integrated in the SIM database analyses. 

The identified main accident scenarios have therefore 

been chosen as a starting point. Within the SIM 

consortium the MAIDS database, the DEKRA PTW 

database and the GIDAS 2002 and 2003 datasets were 

available for examination and, as far as the databases 

are of very different character and the coding 

regulations are oftentimes not common, several 

shared parameters have been identified and analysed 

(Table 2) 
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Table 2. Common parameter list 

PTW design Visibility conditions 

PTW colour Weather conditions 

PTW user injury patterns Lighting conditions 

Accident location Technical defects 

Rider behaviour before impact Evasive manoeuvres 

Kind of collision Kind of PTW driver reaction 

Tyre conditions Accident avoidance 

Influence of tyre fault Accident causation 

Classification of skidmarks Question of guilt 

Road characteristics PTW initial driving speed 

Road condition PTW speed of first collision 

Involved parties PTW brake system 

Right-of-way regulations  

 

By analysing the most relevant parameters it is 

possible to notice that in the DEKRA database, with 

mostly elevated speeds outside urban areas, severe 

and fatal injuries play a major role. In the MAIDS 

database 22 riders only received first aid treatment at 

the scene of the accident. A total of 785 riders were 

treated in hospital and then released. 100 PTW riders 

and 5 passengers died as a result of injuries sustained 

in the accident. The GIDAS database shows a large 

number of AIS 1 and AIS 2 injuries, Figure 2. 

 

Injury level, GIDAS

0

20

40

60

80

100

120

140

160

MAIS 1 MAIS 2 MAIS 3 MAIS 4 MAIS 5 MAIS 6

 

Figure 2. Injury level, GIDAS 

As being representative in respect of the National 

Statistics in Germany, the accident site in the GIDAS 

database is in most cases within urban areas. The 

DEKRA database with its focus on severe and fatal 

PTW accidents shows a converse site distribution. 

Within MAIDS approximately two-thirds of the 

accidents took place in urban areas. In order to 

develop passive safety devices installed on the 

vehicle it is important to have a clear understanding 

of the impact kinematics. In the case of an impact 

against an opposing vehicle it is essential to 

differentiate between upright impacts and sliding 

impacts. In the DEKRA database most of the PTW 

impacts occurred in an upright driving position, 

Figure 3. 
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Figure 3.  Kind of collision, DEKRA 

In the DEKRA as well as in the GIDAS datasets 

the road was mainly dry. Only few cases with wet or 

moist road surface were recorded. In MAIDS data the 

roadway was found to be dry and free of 

contamination in 84.7% of all accidents ,wet in 7.9% 

of all collected cases. Ice, snow and mud were 

reported in 5 cases respectively and gravel or sand 

was reported in 2.5% of all cases. The main part of 

the PTW crashes occur on straight normal roads.. 

About half of the PTW accidents in MAIDS happen 

on minor arterial road or local street, according to 

urban area characteristics. Based on MAIDS data, 

roughly in 70% of the cases the PTW was travelling 

on a straight path. Junctions, intersections and curves 

– especially in rural areas – do also play an important 

role. As reported also in detail MAIDS data show that 

more than 50% of accidents happen at intersections. 

The different intersection types reported in MAIDS 

are shown in Figure 4. 

 

Road intersection type, MAIDS
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Figure 4. Intersection type, MAIDS 

 In the major part of the accidents the road surface is 

made of asphalt. MAIDS data indicates that in 56% of 

the cases asphalt was found in optimal condition. As 

expected the passenger car was in the three databases 

the main opposing vehicle within PTW crashes 

followed by PTW–PTW and PTW–pedestrian as well 

as PTW- truck impacts, Figure 5. 
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PTW collision partner, MAIDS
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Figure 5. PTW collision partner, MAIDS 

As far as the weather at the time the PTW 

accident happened is concerned, a distinction between 

clear/sunny/dry, cloudy but dry,  rainless not further 

indicated, rain, fog/haze, hail/snow, and storm/gust of 

wind has been made. Most PTW accidents happened 

at dry weather conditions confirming the assumption 

that motorcycle riding is mostly a leisure activity. In 

the DEKRA cases were a sight obstruction at the 

accident scene was detectable mostly bushes or trees 

limited the vehicle users view. For the GIDAS 

database sight obstructions have been classified as 

being non-permanent (e.g. parked vehicles) or 

permanent (e.g. buildings). In 9.5% of the cases a 

mobile vehicle obstructed the view of the PTW rider, 

while in about 10% of the cases a mobile view 

obstruction for the OV driver was present at the time 

of accident. As for the light conditions most accidents 

happened at daytime. In Germany it is mandatory for 

powered two-wheelers to have the low-beam light 

switched on also at daylight. In most of the cases of 

the DEKRA and GIDAS database the PTW driver 

met this demand, however a not negligible amount of 

PTW drivers disregarded this directive, Figure 6. 
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Figure 6. PTW light status 

From MAIDS data, it was found that in 87.5% of 

the cases the main contributing factor is human 

related. It is divided between PTW rider (37%) and 

OV driver (50%). Among these a perception error of 

the OV driver is the most frequent event, while for 

the PTW rider decision and perception errors are the 

most relevant ones. The data in Figure 7 indicates 

that a PTW rider traffic-scan error was reported in 

27.7% of all cases involving an OV. 
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Figure 7. Traffic scan error, MAIDS 

The initial driving speed bands are illustrated in 

Figure 8 and Figure 9. In the representative GIDAS 

database most PTW users drove in the speed band 

31–45 km/h whereas in the DEKRA database also the 

61–75 km/h and the 79–90 km/h speed range is of 

interest. In MAIDS it was found that in roughly 45% 

of all cases the PTW was travelling below 45 km/h, 

while only in 23% of cases the travelling speed was 

between 46 km/h and 60 km/h. It has to be noticed 

that both L1 and L3 PTW legal categories are 

included. 

 

PTW driving speed [km/h], DEKRA
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Figure 8. PTW driving speed [km/h], DEKRA 
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PTW travelling speed [km/h], MAIDS 
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Figure 9. PTW driving speed [km/h], MAIDS 

The speed of the PTW´s first collision in the 

DEKRA database is described in Figure 10. A speed 

reduction in respect of the initial speed is observable 

though not always significant. 
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Figure 10. PTW speed of first collision [km/h], 

DEKRA 

 
In the MAIDS datasets the PTW impact speed is 

in 63% of the cases below 45 km/h while in 17% of 

the cases the impact speed was found between 46 

km/h and 60 km/h. In order to better understand the 

correlation between driving speed and first collision 

speed a case related speed inspection is of great help. 

The data was sorted in a descending order. Here, only 

a section in the driving speed band from 60-40 km/h 

is displayed, Figure 11. In about 50% of the 

displayed cases, no speed reduction prior to the first 

impact was detectable. 
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Figure 11. Case related speeds, DEKRA 

For what concerning data coming from MAIDS, 

only cases with impact speed less than or equal to 

travelling speed were considered. Here, the 

percentage of Kinetics Energy (KE) reduction by 

travelling speed has been calculated. KE is defined 

as: 
2

1 i

t

V

V

 
−  
   

 

Where Vi  is the impact speed and Vt is the PTW 

travelling speed. In roughly 30% of these cases there 

was no KE reduction (with a travelling speed between 

31 km/h and 45 km/h). Most of the KE reduction 

values (32%) is between 20% and 70% reduction in 

the speed range from 31-60 km/h. In most cases 

modern disk brakes were observed apart from a not 

negligible amount of drum brakes at the front wheel 

in the DEKRA cases. Where possible, the involved 

PTWs within the DEKRA and GIDAS database have 

been analysed in respect of anti-lock brake systems 

(ABS) furniture. The penetration of ABS in the 

motorcycle market is up to now very limited, hence 

only an insignificant amount of PTWs is outfitted 

with such systems in the investigated case collections. 

 

Technology selection 

The analysis of potential PTW and protective 

equipment improvement (active, passive and 

preventive safety devices) has been carried out 

starting from the literature review in PTW safety field 

and collecting information about state-of-the art for 

safety devices applied in automotive and PTW field. 

The state of the art of such systems is described in 

detail in [3]. 

An effectiveness evaluation has been performed 

on systems that can be realistically implemented on 

PTW based on two criteria: 

- market availability and potential transfer 

to PTW field; 

- technical feasibility (i.e. vehicle 

constraints). 

As a result of the effectiveness evaluation a list 

of safety system to be installed on vehicle prototypes 

was defined. 

 

Effectiveness evaluation in real accident scenarios  

Starting from the previously described accident 

analysis and scenarios defined in Table 1, single 

cases, representative of each accident situation,  have 

been extracted from DEKRA PTW database. The 

fundamental basis of the DEKRA accident database is 

the accumulation of written expert opinions 

containing the accident analyses that are drawn up by 

skilled forensic experts at the DEKRA branches 

throughout Germany. Apart from the database also 

the raw material (written expert opinions) is available 
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for investigation having the advantage to extract 

parameters which were originally not directly implied 

in the database. 

From the DEKRA datasets 51 cases have been 

selected, extracting the following parameters: 

- Collision speed 

- Initial speed 

- Distance of falling location to collision 

point (if applicable) 

- Braking distance (referring to the 

collision point) 

- Mean value of braking deceleration 

- Starting point of braking (referring to 

the collision point) 

- Reaction point/reaction demand 

(referring to the collision point) 

- Kind of reaction demand 

- Road surface conditions 

- Weather conditions 

It is worth to be mentioned that the analysed 51 

accidents have been chosen depending on reaction 

demand and following rider braking behaviour in 

order to evaluate the benefit of an advanced braking 

system. 

Also if database analyses can simply give general 

insights into the accident occurrence, for more 

detailed data considerations it is essential to analyse 

case-related accident characteristics. One opportunity 

to face this problem is the preparation of in-depth 

accident reports, containing common information 

about the accident and the vehicles involved, 

sketches, vehicle kinematics, pre-crash phase 

calculation tables and picture documentations (Figure 

12). From the raw data, at DEKRA 16 in-depth 

accident reports have been drawn up and made 

available to the project consortium for further 

examination. analyses. The whole in-depth analyses 

can be found in Annex A of [3]. 

 

 

Figure 12. In-depth accident analysis example 

 

With the data coming from the 51 cases and 16 

fully reconstructed cases (DEKRA database) brake 

system and suspension system have been evaluated 

taking into account the typical “boundary” conditions 

of the accidents.  

A different approach has been followed for the 

effectiveness evaluation of the passive safety devices 

(airbag, leg protectors, wearable devices…).  that has 

been made starting from results of previous studies 

[4] and analysing 20 cases from DEKRA database in 

which PTW impact was against passenger car, PTW 

was in upright position, and the rider was severely 

injured or killed. 

The potential benefits of HMI improvement was 

extrapolated mainly based on MAIDS findings that 

reports human factors as the main contributing 

accident causation factor (Figure 13) and according 

to ESoP in HMI [5]. 

 

 

Figure 13. Accident Causes From MAIDS 

database. 

 

Safety Systems Requirements 

From the effectiveness evaluation, based on the 

partners’ expertise, system requirements for most 

promising solutions have been set. 

The brake systems analysis on real case accident 

scenarios pointed out that in most cases an electronic 

brake system with active brake distribution could lead 

to accident avoidance or, at least,  to a massive impact 

energy reduction (Figure 14). 
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Figure 14. Performance comparison between 

different braking systems 

 

To achieve that, the advanced brake system to 

be implemented in SIM prototype has to be able to 

independently build up pressure on each caliper, 

allowing active brake force distribution depending on 

actual grip on single wheel. By this feature it is 

possible to implement advanced functions for 

electronic brake management (e.g. rear lift off 

protection and brake traction control). 

On the other hand the vehicle suspension must be 

able to adapt to the road condition and to the 

instantaneous brake/acceleration request, providing 

the highest tire adherence and force stability 

achievable in each situation (Figure 15), so assuring 

the maximum effectiveness respect to accident 

avoidance. 

 

 

Figure 15. Damping modulation effect on tire force   

 

 In order to realize that, the SIM suspension 

system must provide a real time variable damping in 

order to allow instantaneous self-adaptation by means 

of fast electronic valves and programmable ECU for 

suspension management algorithms implementation. 

In case the accident can not be avoided at all, a 

protection strategy for vehicle occupants must be 

investigated. Due to the highly variable rider motion 

during a crash event, a cooperative strategy between 

protective devices fitted on the vehicle and worn by 

the rider could be needed.  

In this respect, SIM prototype must be provided 

at least of one specifically designed airbag and an 

inflatable wearable device (airjacket).  

From a technical point of view, the real challenge 

is the integration of the airbag in the limited spaces 

available on a motorcycle and the setup of an 

effective deployment strategy of inflatable devices. 

In order to set-up the passive safety devices, 

extensive virtual tests coupled with a limited number 

of real crashes are performed both in standalone and 

cooperative configuration. Because of the intrinsic 

active safety enhancement assured by the innovative 

front suspension the Piaggio Mp3 (Figure 16) vehicle 

have been chosen as the ideal platform for the test of 

SIM advanced safety features. 

 

 

Figure 16. Piaggio Three Wheeler Motorcycle 

(Mp3).  

 

Active And Preventive Safety Systems 

After an in-depth analysis of the most promising 

active and preventive safety devices, it is pointed out 

that the most advanced technologies could lead to a 

significant reduction of accidents or at least to a 

mitigation of eventual consequences in terms of rider 

injuries, for example avoiding the rider’s loss of 

vehicle control or significantly reducing the kinetic 

energy at the impact. In addition to that an efficient 

human machine interface represents an effective 

preventive safety feature reducing possible distraction 

in riding activity. 

In such vision, the following active and 

preventive safety devices have been selected in order 

to be implemented and tested taking into account the 

architecture and the dynamic behaviour of the vehicle 

chosen as technological platform for SIM prototype, 

the PIAGGIO MP3 motorcycle: 



Santucci 8 

- Semi-Active electronic suspension system 

- Traction control system 

- Enhanced anti-lock braking system 

- HMI management concept for motorbike 

- Enhanced HMI (ergonomic handlebar 

controls, wireless communication, Head-Up 

Display)  

 

Active safety systems 

Regarding the active safety systems that are 

developed inside the SIM project, an electronic 

suspension system and an enhanced anti-lock braking 

system are studied and implemented. 

It is noticeable that the effectiveness of braking 

system and traction management could be improved 

by integrating the suspension control system.  

The suspension system for the project have been 

developed in order to guarantee a semi-active 

function. This kind of implementation requires a very 

fast modulation of suspension damping in order adapt 

the vehicle to the driving conditions but also to the 

driver’s behaviour. In fact the characteristics are 

modified by using sensors to continuously detect 

vehicle and environmental parameters such as 

movement of the suspension parts, brake pressure, 

throttle angle and vehicle roll. The sensor signals 

are transferred to the suspension ECU which 

according to control algorithms transforms the signals 

into an electric signal.  

 

 

Figure 17. Continually Electronically Steered 

(CES) valve. 
 

The fast damping modulation is granted by a 

continuously variable electronic valve specifically 

designed for Mp3 application (Figure 17). 

In order to adapt the PTW suspension to the 

driver’s behaviour, a setting switch has been used to 

allow the rider to choose between pre-programmed 

suspension behaviour (comfort, sport, normal). 

 

  

Figure 18. SIM suspensions settings. 

 

During SIM project development an automatic 

safety system control is foreseen in order to maximize 

comfort, performance and safety. With the safety 

system active, the suspension is adapted to minimize 

braking distance, to prevent high side situations, 

smoothening the suspension behaviour when in fully 

extended or compressed state and to optimize the 

damping setting in order to achieve optimal stability 

and handling of the vehicle. In order to achieve the 

goal Sky-Hook and Ground Hook control algorithms 

will, be implemented in the dedicated suspension 

ECU. 

Apart from the suspension system, for increasing 

rider stability control and preventing MP3 wheels 

from locking, an enhanced anti-lock braking system, 

based on two independent hydraulic circuits has been 

developed (Figure 19). The system is developed also 

in order to integrate further functionalities like FIB 

(Full Integral Brake) ABD (Active Brakeforce 

Distribution), RLP (Rear wheel Lift off Protection) 

and TCS (Traction Control System) able to ensure a 

good performance of the overall braking system. 
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Figure 19. Electro Hydraulic scheme for SIM 

innovative brake system. 

 

In order to set-up the main parameters for active 

safety systems management a complete vehicle model 

and virtual driver have been developed in virtual 

environment (Figure 20). 
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Figure 20. Mp3 virtual model with integrated 

active safety systems. 

 

In such a manner, the virtual vehicle (validated 

with experimental tests) has been used in order to 

collect an extended database of simulation results 

with different sets of suspension characteristics and 

brake system logics both on flat and uneven road 

surfaces, also assessing the possible active systems 

effectiveness in terms of comfort and performances 

[7]. 

 

Preventive safety systems  
An important role of support to active safety 

systems is played inside the SIM project by the 

preventive safety concept of HMI improvements.  

The basic idea is to reduce road accidents 

possibility by the optimization of information flow 

from vehicle to rider that can greatly improve rider 

awareness. In order to reach this goal, a system have 

been developed able to redistribute the information, 

generally shown only in the central dashboard, to 

other communication channels. In this way the rider 

is informed about possible failures, incoming calls or 

navigations messages thought ad-hoc acoustic, visual 

and vocal signals. In such a manner  the rider do not 

need to put off the eyes from the road, nor to take the 

hands away from the handlebar, remaining in the 

meantime focused on driving task. 

 

HMI information management concept 

The motorcycle rider receives several 

information referred on one hand to vehicle status and 

on the other hand to personal infotainment devices. 

In fact, nowadays riders are interested not only to 

diagnosis information about vehicle functionality but 

also to data related to user’s devices like mobile 

phone and PDA or to integrated applications like 

navigation system or media player. An easy access to 

this kind of information is strongly desired by the 

rider and so the need of communication management 

becomes a fundamental topic . 

With the aim “to reduce the rider distraction 

concentrating his/her attention on the driving 

manoeuvres” is therefore designed and developed an 

HMI Information Management concept for 

motorBikes (IMB). 

The significant information that the dashboard, 

the mobile phone and the navigation system provide 

are structured, prioritized and assessed in terms of 

riding safety by the IMB: the signals are handled in 

order to create the proper balance among the different 

elements of the motorbike-rider-protective equipment 

system. 

While the output information is distributed to the 

rider using visual and acoustic modality, the IMB 

receive input commands by the rider through the 

vocal and the tactile modality. 

Summarising, the Information Management 

Board picks up: 

- Rider input (by voice or by handlebar 

controls) 

- Vehicle information (like for example 

specific ECU malfunction, ECU settings and 

vehicle alerts)  

- Mobile phone information including media 

player, SMS reader and hands-free Bluetooth 

- Navigation system information 

and redistributes them through the SIM enhanced 

HMI, that includes an additional display mounted on 

the handlebar and an head up display mounted in the 

helmet (Figure 21). 

 

 

Figure 21. Helmet head up display placement. 

 

The helmet is also equipped with a microphone 

and headsets wireless connected to the IMB through 

which the audio communication is permitted. 

It is important to highlight that the SIM HMI 

displays does not substitute the conventional 

dashboard because its role is to enhance some critical 

messages about the vehicle status. Moreover, in order 

to ensure that the surrounding ambient noise is being 

perceived by the rider since his safety depends also 

on such an information, the solution with only one 

active earphone in the helmet is implemented. 

 

Passive Safety Systems  
In order to develop a passive safety system, the 

first step is related to the definition of most relevant 

crash scenarios used in order to evaluate its 

effectiveness.  In [8], based on kind of injuries 

sustained by the rider in similar crashes and 

complexity of rider motion during the event, two 

main scenarios have been selected from ISO 13232 

standard: configuration 413 and 114 (Figure 22). 
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Figure 22. Crash configuration analysed in SIM 

project  
 

In fact, in those configurations, previous full 

scale crash tests shown that a frontal airbag totally 

avoids the contact with the car in 431 situation 

drastically reducing the injuries suffered by the rider, 

specially in head and neck. Otherwise the ISO 114 

configuration can be considered the worst case 

scenario on which the airbag, also if it do not cause 

additional damages, can not avoid the contact with 

the other vehicle nor the ground. For this kind of 

accidents where the rider separates from the PTW, the 

only effective protection can be provided by 

protective devices located on the rider garment. 

Based on this analysis, the passive safety system 

for SIM project have been designed as a cooperative 

architecture composed by: 

- frontal airbag system 

- wearable inflatable device  

In the next research and development phases, 

each subsystem has been tested as standalone and/or 

in combination with the other module in simulation 

environment by multibody codes (Figure 23). 

 

 

Figure 23. Multibody model for passive safety 

systems assessment.  
 

 In addition to multibody analysis that give a 

preliminary estimate of  rider and dynamic and 

interaction with protective devices during crash 

sequence, a finite element model has been developed 

in order to obtain a more detailed simulation of 

energy absorption and rider injury level (Figure 24).  

 

 

Figure 24. Mp3 FE model and simulation of 114 

configuration crash test.   

 

The FE model has been set-up by acceleration 

data collect on specific vehicle position during full 

scale tests against rigid wall performed in cooperation 

with Aprosys Project (Figure 25) 

 

 

Figure 25. Mp3 full scale crash test (from Aprosys 

project). 

 

As preliminary strategy, the main functionality of 

the airbag should be to restrain the rider 

(protecting/damping the rider from the primary 

impact), while the major benefits from the wearable 

module are expected in case of separation between 

rider and PTW (secondary impact). The effectiveness 

of the wearable module on the primary impact and the 

potential side-effects when used in combination with 

airbag module has also been evaluated by multibody 

code without harmful results. 

 In detail the defined PTW airbag functions are: 

- To hold back the rider and avoid  

handlebar contact. 

- To guarantee a large volume able to  

dissipate rider kinetic energy. 

- To reduce rider forward displacement. 

The wearable safety system used and tested in 

SIM project consists of an inflatable jacket which 

provides a better level of protection for the rider. The 

airbag jacket is expected to have more benefits for the 

secondary impact injuries, even if it will be tested 
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also in combination with the frontal airbag module 

(Figure 26). 

 

 

Figure 26. Rider protection air-jacket. 

 

Using the data collected during real crash tests 

between PTW and passenger cars, from the 

accelerometers placed along the MP3, an algorithm 

has been programmed in order to have the decision-

making ability of crash event recognition for safety 

systems activation. The “no fire” thresholds for the 

algorithm have been set by an experimental campaign 

of signal registration during normal vehicle operation 

conditions and also some “misuse” tests (e.g. potholes 

or drop tests). From further videos and deceleration 

diagrams analysis of full scale tests, the preliminary 

set of parameters for the activation of the passive 

safety system and satellite sensor position has been 

decided. 

The frontal airbag shape and volume and inflator 

pressure levels have been empirically developed by 

static bench tests on physical prototypes in order to 

provide an overall energy absorption similar to the 

one coming into play in the real crash (Figure 27). 

 

 

Figure 27. Frontal airbag prototype. 

Final optimization of airbag prototype have been 

realized through sled  tests that reproduce on a one 

axis configuration the decelerations felt by the rider 

during full scale crash. In such a manner it is possible 

to perform several set-up runs for bag, inflator and 

firing strategy without significant damages on vehicle 

structure (Figure 28).  
 

 

Figure 28. Sled test for frontal airbag 

development. 
 

CONCLUSIONS 
As a whole, the PTW overall safety strategy 

followed in SIM project started from findings of the 

MAIDS project and from the current situation of 

PTW accidents and fatalities trends in EU roads. 

The main factors that contribute to accident 

causation have been categorized and crossed with the 

safety areas (active, preventive and passive). By such 

an approach, the topics in which PTW safety 

improvement is feasible are identified for each cell of 

the Safety Matrix. 

SIM project does not expect to cover all aspects 

of the Safety Matrix, however since the consortium is 

well-balanced in terms of industrial partners, 

universities and research centres and it is led by a 

PTW manufacturer, the efforts are focused on PTW 

safety improvement and PTW rider protection and 

comfort.  

Further accident analyses were conducted on in-

depth databases and results were compared with ones 

obtained in previous EU projects (i.e. APROSYS 

SP4). The outcomes are reported in [6]. 

In [3] the most promising safety enhanced 

technologies have been selected based on partners’ 

expertise and by evaluating their effectiveness in real 

accident scenarios. 

The safety devices to be developed and tested 

within the project have been selected taking into 

account also the real market perspectives. 

Summarizing SIM activities, at the end of the second 

year, the design and development of the active safety 

systems have been completed and system prototypes 

have been realized: 

-stability management system based on a three-

channel advanced braking system  
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-semi-active suspension system with three setting 

levels (normal, sport, comfort) 

Also a Human-Machine Interface concept has 

been realized by an Information Management Board 

that gathers data from vehicle via CAN bus and sends 

ad-hoc messages to HMI display and in helmet audio 

speakers.  

Some additional information (like RPM and 

speed) are provided to rider via Head-up Display 

integrated into the helmet housing. 

Beside the great challenge represented by the 

implementation of rider protection system on a 

scooter and the strong effort needed for validation of 

results, passive safety devices characteristics have 

been selected by several simulation both in FE and 

multibody environment.  

Currently a frontal airbag is installed on vehicle 

and its preliminary set-up and effectiveness 

evaluation has been performed by experimental sled 

tests.  

The actuation logic of protection system has been 

selected and first set of parameters for firing strategy 

has been set-up from vehicle “misuse” tests, as well 

as sensor position from full scale crash tests. 

 

To conclude, powered-two-wheelers rider safety 

is a complex phenomenon that requires a 

comprehensive approach and the aim and  

responsibility of SIM project can only be addressed 

within design and development of new products 

featuring advanced technologies in all field of safety, 

related to vehicle and rider helmet and clothing. 

Nevertheless it should be underlined that road 

safety can be achieved in a structural way only with 

the support and common effort of all stakeholders, 

first of all road users that have to make the most out 

of the new technologies available today and in the 

foreseeable future on the market. 

In such a vision the major effort of road operators 

should be oriented to improvement of passive safety 

performances of the infrastructure and in a long term, 

to effectively make the infrastructure cooperative 

with vehicles within a common communication 

architecture for safety and traffic management issues. 
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ABSTRACT 

This paper describes reconstructions of rollovers 
involved in the initial velocity before accidents are very 
important and the body structures of automotive vehicles 
with some curved configurations that have the 
incontestable superiority for occupant protection in 
rollover accidents over plain square body structures. The 
oval configuration and the curved structure are 
recommended. Furthermore, in a rotational movement 
system, acceleration force, inertia force and rotational 
moment of the vehicle to dummy should be considered as 
input forces. 
  
INTRIDUCTION  

Researching the safer body structures for occupant 
protection during rollovers, main analyses are performed 
as indicated below: 

1. Introducing the accident data reported by the 
Institute for Traffic Accident Research and Data 
Analysis in Japan regarding rollovers. 

2. Discussing the deformation of body structures and 
the conditions of contact areas between the roof and 
the loading panel after testing according to the 
FMVSS No.216. 

3. Considering occupant behavior in the cabin based 
on not only the equation of inertial motion but also 
the equation of motion including the Coriolis’ force 
and the force of inertia. 

4. Researching the influence of the initial distance 
between the occupant’s heads and the roofs of 
vehicles before accidents, and the occupant survival 
space after accidents. 

 
INTRODUCING ACCIDENTS DATA [1] 

The accident data reported by the Institute for Traffic 
Accident Research and Data Analysis [ITARDA] in Japan 
regarding rollovers are introduced. The data was taken 
during 10 years from 1993 to 2003 in the Tsukuba area 
located north of Tokyo.  

 

 
 
 
 

 
 
 
 

STUDTY OF BODY CONFIGURATION AND SUPERIOR OCCUPANT
PROTECTION DURING ROLLOVER  
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Department of Mechanical Engineering, Iwaki Meisei University, Japan 
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Results classified all the accidents into a single accident 

and a mutual accident of auto vehicles with four wheels.  
The total numbers of accidents were 1965. Rollover 

accidents are about eleven (11) % among the total 
accidents. They also classified the trigger of rollover into 
three categories: 

/From side slip to rollover 
/Instability after riding on the banks  
/Dropping 

They reported on the velocity of vehicles before 
accidents of drivers that did not use the brakes. The rate of 
accidents in the higher velocity shows the high scores 
compared with the lower velocity. Also the rate of 
accidents of rollovers on highways is higher than that of 
standard roads. 

 The rate of rollover accidents of classified vehicles is 
shown in Figure 1. Light vehicles, sports utility vehicles 
(SUV) and cargo trucks occupied higher averages. The 
unbelted passengers face more danger compared with the 
belted passengers. Research was conducted to determine 
the impact point of the head to the car body of passengers 
not using seatbelts. They showed that the necks of 
passengers made contact with the roof interior during 
rollovers. There is no information of the relationship 
between roof strength and occupant injury.   
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Figure 1.  The relation of the rate of rollover accidents 
of classified vehicles 
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Investigation of the accident cases reconstructed with 
real accidents. 

 
Case 1: 
 On a highway road, a belted driver turned the steering 
wheeled sharply when the vehicle encountered a strong 
side wind. The vehicle slipped to the side and after the 
vehicle rolled over with one turn. Two unbelted occupants 
seated in the rear seats were ejected and one suffered a fatal 
injury.    
 Recently, all passengers including rear occupants are 
required to fasten the seat belt in Japan and it is assumed 
that the ejections from vehicles will reduce during 
rollovers.  

It is important in the actual accidents that the processes 
to rollover are clarified by considering the reconstruction.  

 
FMVSS216, DROP TEST AND RAMP 
ROLLOVER TEST BY SAKURAI [2] 

In 1991, T. Sakurai published a paper with tests results 
according to FMVSS 216, dummy drop test and ramp 
rollover test. 

Figure 2 shows the schematic drawing of the body 
structures after tests carried out according to FMVSS216.  

 
Figure 2. The schematic drawing of the body 
structures after tests according to FMVSS 216 

 
In Figure 2, the line HL’ shows the base line of the load  

plate and point C indicates the first contact point with the 
loading plate and the body structure before testing 
according to FMVSS 216. The line AL shows 
schematically the line of collapse of the body after testing. 
Point A indicates the position of the top of the engine hood 
and point B the intersection of the center pillar and the side 
roof rail.  
  
 

We would like to design a body configuration along the  
Lines with the final body configuration after testing. 
Because of the curved roof configuration, contact areas are 
wider compared to the plain square ones as described later. 
As a result, the stress level becomes lower. 
  We performed the drop test with the inverted HybridⅢ
dummy whole body drops and the ramp rollover tests. The 
relationship between the initial height of the drop tests and 
ramp rollover tests and the neck loads is shown in Figure 
3. 

 

Figure 3. The relation between dummy neck load and  
the height of drop tests and the ramp rollover test. 
 

As shown in Figure 3, the higher the height, the more 
the neck loads. Comparison of the loads, the loads of the 
ramp tests are lower to the drop test. The reasons why 
lower values are considered is that in the ramp rollover test 
dummy neck loads would be applied to not only the axial 
load but also bending load or twist loads. 

The ramp rollover tests were performed. 
Figure 4 shows the relationship between the neck load, 

roof deformation and time history.  

 

 
Figure 4 The relationship between the neck load, roof 
deformation and time history. 

T. Sakurai 



First, the neck would contact the side roof rail, and then 
the position of the roof located at the conjunction of the 
side and front roof rails and front pillar are formed and 
reaches the maximum roof deformation. When the 
maximum load of the dummy neck occurred, the roof 
deformation would still be deformed at the position less 
than 10mm. Important to note is that the dummy head and 
the deformed roof do not contact at the time of the roof’s 
forming. 
 

Here, summarized data referring the dolly test [3] is 
shown, Figure 5 indicates the time, the neck load, and roof 
deformation. 

 

 

 
Figure 5. The time, dummy neck load, and the roof  
deformation 
 

In ramp rollover tests, first, the dummy neck maximum 
load appears and next the maximum roof deformation 
occurs. The interval of the two phenomena is about 
0.1 second. By reading the maximum of neck load, the 
value shows about 1250N. The roof deformation at the 
point of maximum neck load is around 10mm. In dolly 
rollover tests, the same tendency occurs. The interval 

tΔ

tΔ  
is about 0.14 second. . 

 
It is known that the human endurance is a higher value 

at the shorter duration time. By the reference of the Wayne 
State Tolerance Curve, the acceleration depends effectively 
on the duration times.  

In the ramp test, duration time is very little and is very 
little in the dolly test. 

 
 
BODY CONFIGURATION TO ROLLOVER 

As shown in the previous Figure 2, we understand that 
bodies collapsed a certain configuration according to 
FMVSS216 test method. In the first design stage, a body 

configuration should be considered to be superior to 
rollover.   
 

It is necessary to consider kinematics and plastic 
deformation of the body. There are many textbooks 
teaching these principles in the nature. We selected an egg. 
The egg has a dimension that the long axis is 46mm and 
short axis is 40mm, and thickness is 0.5 mm. One of the 
typical characteristics is that it transfers toward direction 
during rotation. We can explain the mechanism by using a 
formula and schematic figure.  

Figure 6 shows the schematic feature of rotation and its 
kinematics formula (2). The configuration having a 
deviative elliptical oval configuration can change the 
direction in rotation. 

 
Figure 6. Rotation of egg feature  

 
αtanSPOP =     (1) 

 
We try to make a deviative elliptical oval configuration 

by using the mathematical formula. It is found that the oval 
of Cassini curve is suitable for the mathematical 
expression in many formulae as shown in the formula. 

2
21 brr =         (2) 

 
Figure 7 indicates Cassini Curves of oval configuration. 

  
 
Figure 7. Cassini curves of oval configuration 
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By using the Computer Aided Design (CAD), we can 
identify an elliptical oval configuration of an egg as shown 
in Figure 8[4].    

 
 
Figure 8.  An expression according to Cassini curves 
shown in Figure 7 by using CAD 

 
Figure 9 shows an identification of an elliptical oval 

configuration using CAD, not using free curves like 
B-spline function. 

 

 
 

Figure 9. Identification of an elliptical oval  
configuration using CAD 
 
As an example, by using the Finite Element Method 

(FEM), we try to calculate stress analysis of frames that are 
constructed from the box and oval configurations. 
Calculation results shown in Figure 10 are the same as 
mechanical conditions like dimensions, materials, and 
restraint conditions. As shown in Figure 10, the feature 
having an elliptical oval configuration has a constant stress 
distribution compared with the box type configuration. 
 

The strength of the oval type frame is superior to that of 
the box type frame if the same mechanical conditions are 
used. From the point of contact fields, occupants contact 
with the body structures having curvatures to be a lower 
stress level. 
 The oval body structure as satisfied with the above effects 
will make it possible to decrease occupant injuries. But we 

have not yet confirmed these characteristics by using 

(A

actual vehicles. 

) Box type frame            

 
(B) Oval type frame 

Figure 10. Ca lation results of box and oval type  

ONSIDERING OCCUPANT BEHAVIOR  
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C

As rollover phenomena of the occupant movements in 
e cabin are complicated, we must consider not only the 

deformation and the configuration of body but also 
kinematics motion. In rotational motion, the equation of 
motion (3) should be introduced into the accident analysis 
to correctly seek the precise solutions.  
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2  is precisely called Coriolis Acceleration. 

 
The m ed as 
lative motion in the rotational system. We must assume 

th

ent during rollover 
own in Figure 5. Here, a coordinate is defined as 

Ca

the right wheel of the vehicle reaches the 
ra

rom the point of relative motion, if the motion of the 
head (neck) of dummy is considered to be the fixed 
co

 AND TEST 
ETHOD   

f strength and injuries of the occupants 
is 

ctual rollover 
ac

tion force, inertia force, rotational moment occurs 
an

 
o find evidence 

 order to request car makers to make countermeasures of 
bo

ment with the dummy 

ending load 

4. 
cidents [5]  

ations of the roof like 

6. 

re
e coordinate systems during rollover. 

   
Again we think the occupant movem

as sh
rtesian coordinate system  (x, y, z). X-axis is a 

direction of processing of vehicle by the right hand system 
clockwise.  

In the ramp rollover test, the test vehicle goes to the 
ramp. When 

mp, the vehicle leans slightly toward the left side y-axis. 
The direction of both vehicle and dummy faces straight. 
The vehicle leans to the left direction and also the torso of 
dummy when the front wheel is swiftly compelled to turn 
to left in the center of x-axis (rolling). On the other hand, 
the head (neck) on the torso of dummy keeps moving 
straight ahead. The phenomenon raises the relative motion 
between the vehicle and the head (neck) of dummy. When 
the vehicle touches down on the ground rolling, head 
(neck) relatively rotating to the vehicle hits the side roof 
rail and soon the neck load reveals the maximum load. 
When the head hits these parts of the vehicle, the roof 
deformation reveals about 10mm and does not yet reach 
the maximum deformation when the neck reaches a 
maximum load. Progressively, 0.01second after, the roof 
deformation shows the maximum deformation, about 
20mm far from the neck hit to the roof position. As for 
these phenomena, it does not seem that the strong 
relationship between the neck load and the roof 
deformation exists. By these phenomena, the relative 
motion of the dummy and the first impact to the vehicle 
body might become fatal injuries of the dummy.  

 
 
 

F

ordinate system, the motion of roof deformation is the 
motion from the motion system. On the contrary, if the 
roof deformation is looked upon as the fixed coordinate 
system, the head (neck) of dummy is the motion. It moves 
toward the roof and contacts the body structures. It looks 
like diving movements relatively. 
 
PROPOSE RESEARCH
M

In reports regarding real world rollover accidents, the 
relation between roo

studied. When they inspected the body deformation 
collapse after rollover accidents, the roofs showed severer 
collapses and there were no survival spaces in the cabins. 
They proposed designing a stronger roof.  

According to consideration of the ramp rollover test, we 
must investigate the phenomena of a

cidents.  
First, what is the initial velocity of vehicles before 

rolling?  
Why happened to the rollover, and what triggers is it to 

roll?  
The relative motion of occupants to the vehicle like 

accelera
d the first impact of the head to the vehicle body occurs 

before producing larger collapses of roof and these factors 
might become fatal injuries of occupants.  

When ultimately fatal injuries occur during rollover, 
where is its position in the vehicle body?  

By considering these papers, we have t
in

dy structures to prevent fatal injuries as follows: 
1. Reconstructions of rollover accidents involved in the 

initial velocity 
2. Considering roof configuration, deformation and 

rotational move
3. To make the dummy for rollover with the neck 

having measurements of axel force and b
(tort ional load) 
To make test procedure and methods reflecting the 
actual rollover ac

5. To evaluate not only the strength and intrusion of the 
roof but also deformation situ
sharp edges, folding patterns, etc. 
To evaluate the survival space areas after collapse 
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CONCLUSIONS 
Some results of our researches are summarized as follows: 

2. dy configuration should be considered from point 

3. ents, acceleration force, inertia force, 

4.
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ABSTRACT 
 
Advanced safety systems which use pre-crash 
sensing information from the environment and/or the 
vehicle occupants have an “active response” which 
improve primary or secondary safety. Many systems 
are in development which use pre-crash sensing 
information as a decision input and it is widely 
predicted that the implementation of such safety 
systems, together with appropriate actuators and 
control algorithms, offer significant safety potential.  
 
Existing test methods evaluate the crash performance 
of a vehicle, but are unsuitable for the assessment of 
advanced safety systems because additional 
evaluations of the sensing performance and the effect 
of autonomous actions on the driver response are 
required.  To meet this need, work package 1.3 of the 
European Advanced Protection Systems (APROSYS) 
project developed a generic methodology which was 
intended to define guidelines for development of a 
specific test programme. This paper presents the final 
generic methodology for advanced safety systems 
and details a ‘test case’ carried out to demonstrate the 
application of the methodology. 
 
INTRODUCTION 
 
The European 6th Framework Programme Integrated 
Project (IP) on Advanced Protection Systems 
(APROSYS) was focused on developments in the 
field of vehicle safety. Within work package 1.3 (WP 
1.3) “Advanced safety functions”, the objective was 
to develop an evaluation method for the assessment 
of advanced safety systems that employ pre-crash 
information from environmental sensor systems. As 
defined in APROSYS deliverable D1.3.1 [1], these 
systems were considered to be primary or secondary 
safety systems that adapt to different scenarios to 
reduce accident severity and/or injury risk. These 
systems use sensed occupant data and/or pre-crash 
information obtained from environmental sensors and 
vehicle data.  
 
This definition covers a broad range of advanced 
systems, ranging from occupant classification 
systems for intelligent airbag and restraint 

deployment, to pre-crash braking or other collision 
mitigation and avoidance systems.  
 
The methodology developed was intended to be 
generic in terms of the systems to which it could be 
applied and also in terms of the application of the 
assessment. For example, the methodology could be 
used by OEMs in development, regulators as the 
basis for type approval compliance, or consumer 
information organisations to provide information on 
advanced system performance. 
 
Current Regulatory Compliance 
 
For a vehicle to gain type approval, it must satisfy the 
requirements of EC Directive 92/53/EEC. Article 
8(2) of Directive 92/53/EEC (amending Directive 
70/156/EEC), prescribes that if the vehicle is 
equipped with technologies or concepts incompatible 
with current directives, the Member State should 
provide a report containing: 
• The reason why the technologies prevent the 

vehicle or component from complying with the 
requirements of the relevant(s) Directive(s); 

• A description of the areas of safety and 
environmental protection concerned and the 
measures taken; 

• A description of the tests and their results that 
demonstrate at least an equivalent level of safety 
and environmental protection as is provided by 
the requirements of one or more of the relevant 
separate Directives; 

• Proposals for amendments to the relevant 
separate Directives or new separate Directive(s) 
as applicable. 

 
In the case of systems involving pre-crash sensing, a 
modification of the vehicle behaviour or safety 
system to improve the level of protection offered is 
made. Thus, in order to gain regulatory compliance, 
proof that the sensor and actuator system function as 
intended is necessary. Tests of the sensor, actuator, 
and the effect on safety of false triggering are 
required for most systems employing pre-crash 
sensing. For example, this is true for pre-crash 
pedestrian systems. However, in the case of some 
advanced safety systems, for example reversible 
occupant systems, it is considered that these could 
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function in existing regulatory and consumer crash 
tests.  
 
For autonomous pre-crash braking there is a 
compliance issue with all current legislative and 
consumer crash tests because such a system would 
reduce the impact speed prescribed by regulatory 
tests. In this case, the pre-crash braking should be 
deactivated for the regulatory test and further tests to 
demonstrate the system function and safety carried 
out to prove that the sensing and activation of the 
system is appropriate and that the activation of the 
system only occurs in the unavoidable accident 
phase.  
 
Systems which take control of the car away from the 
driver are also in conflict with at least some 
interpretations of the wording of the 1968 Vienna 
Convention, which states that the driver must be in 
control of the vehicle at all times. The content of the 
relevant sections of this convention may require 
amendment to reflect the significant technical 
developments in advanced safety systems, which take 
control away from the driver, providing that the 
safety implications of this action can be scientifically 
justified and assessed using an agreed methodology. 
 
GENERIC ASSESSMENT METHODOLOGY 
FOR ADVANCED SAFETY SYSTEMS  
 
The generic evaluation methodology developed by 
APROSYS is suitable for use by a wide variety of 
stakeholders, for example, consumer organisations, 
legal authorities and industry, all of whom have a 
need to verify or evaluate the technical performance 
of pre-crash safety systems. 
 
In case of regulatory approval, the route for advanced 
safety systems is currently defined by Article 8(2) of 
EC Directive 92/53/EEC. Advanced safety systems 
which are incompatible with existing Directives 
require additional testing, but the evaluation 
methodology is not defined. In the future, this 
generic methodology could be used as a basis for 
these tests to assure a minimum performance 
requirement for advanced safety systems.  
 
Description of the Generic Methodology 
 
The generic evaluation methodology is shown in 
Figure 1. In the following sections, each the stage of 
the flowchart is described in greater detail. The 
following sections should therefore be read and 
interpreted with reference to Figure 1. 
  

 
Figure 1. Flow chart for the generic assessment 
methodology for advanced safety systems. 
 
     System Description and System Objective - The 
system description is a brief description of the 
product or function to be evaluated. The following 
key characteristics of the system should be addressed: 

• The application name and type; 
• The major technologies and application 

under assessment (especially relevant for 
integrated systems); 

• The functionality or service offered by the 
system; 

• Any technical system limitations in terms of 
the conditions under which the technology is 
not designed to function effectively (e.g. in 
darkness or above/below certain speed 
thresholds).  

 
The evaluation process should always be performed 
for the complete system which offers the stated 
function. For example, if sensing systems provide 
information to multiple systems, the information 
from the sensing system should be assessed 
separately for each function. 
 
The objective of the system will provide the key 
indicators to determine the parameters which must be 
assessed in the evaluation of the system. Therefore, it 
is necessary to specify the manner in which the 
system is expected to reduce the injury risk. The 
description should also include limitations relating to 
the intended system objective. Further to any 
technical limitations, the limitations on performance 
should be noted. For example, the performance of an 
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emergency braking system would be reduced by a 
low friction road surface, despite the fact that the 
sensing system functions appropriately.  
 
     Application Category - In the application 
category, information should be provided regarding 
the road-user groups and accident types in which 
protection is offered. The categories of road users 
protected by the safety system are recommended as 
follows: 

• car occupants  
• truck and bus occupants 
• non-motorised vulnerable road users  
• motorcyclists  

 
The broad categories of accident types for which the 
safety system is considered relevant are listed below. 
Note that this is not necessarily the direction in which 
the sensor information is focussed: 

• frontal impact 
• lateral impact 
• rear-end impact 
• rollover 

 
In addition, the vehicle category to which the safety 
system is implemented should be identified and this, 
along with the application category, used as input for 
box 3 where the relevant accident types are 
identified.  
 
     Typical Traffic / Accident Scenarios - In box 3, 
a set of generic scenarios should be defined based on 
accident data or real world situations. These should 
include relevant accident scenarios and, depending on 
the type of system and actuator, relevant traffic 
scenarios that may include situations with a high 
accident risk, near miss scenarios, and other critical 
situations.  
 
The definition of relevant scenarios is a critical step 
in defining appropriate test conditions because these 
must be representative of the most important 
situations in the real world for which the system is 
expected to provide a benefit. Thus, it is 
recommended that the scenario selection process 
consider the following general steps: 

• Identify an accident data source that is 
applicable in scope and level of detail which 
is representative of the region for which the 
assessment is being made; 

• Identify accidents which occurred in general 
conditions where the system should be 
functional (i.e. design limitations of the 
system are excluded); 

• Identify accidents involving the user group 
for which the system is designed to offer a 
benefit; 

• Assess frequency of fatal and/or seriously 
injured casualties by accident parameters, 
including, but not limited to: road type, 
impact speed, impact angle, impact object, 
road conditions. 

 
In addition, accident and injury causation should be 
examined. Although this information may not be 
necessary to define the test scenarios, it is important 
for estimating the injury benefit of the advanced 
safety system. It is recommended that the relevant 
scenarios are identified based on the accident types 
resulting in the greatest frequency of fatalities, since 
this criteria is more directly comparable among 
European countries than other severity levels or 
national cost benefit values.  
 
     Definition of Specific Test Conditions and 
Assessment Criteria - In the box “definition of 
specific test conditions and assessment criteria”, the 
test conditions and the assessment criteria should be 
defined for the pre-crash tests, crash tests and driver 
in the loop tests. In addition to test conditions 
developed from accident data, test conditions may be 
developed which are not derived directly from box 3, 
e.g. to assess environmental conditions that are 
expected to be more complex for the sensor system 
and which are not recorded in existing accident data. 
Details regarding the test conditions should be 
defined, including possible new test devices which 
might be necessary, for example new test 
environments, new barriers for the sensor tests, or 
new types of impactors or dummies for crash tests.   
 
The assessment criteria used to evaluate the benefit 
of the advanced safety system should be defined. 
Standard legislation or consumer crash test criteria 
could be used for this purpose. However, other 
criteria may be used to assess the system. Note that 
the definition of the test conditions and criteria  were 
outside the scope of this work, since this is 
application and system specific. Therefore, this 
should be addressed by the party applying the generic 
methodology. Within WP 1.3, this process was 
performed for a pedestrian pre-crash system to 
evaluate the applicability of this methodology.  
 
     Technical Performance - The assessment of the 
technical performance of the safety system is 
achieved by the assessment of the pre-crash 
performance, the crash performance, and the driver 
in the loop performance. Within the methodology 
presented here, evaluation of the driver-in-the-loop 
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performance was considered a compulsory 
component if the driver behaviour could influence the 
performance of the system. In the case that this 
methodology is being used to obtain compliance with 
existing or future regulation, “driver in the loop” tests 
should be performed to ensure that the pre-crash 
system does not have a negative influence on the 
driver during trigger events, and that the level of 
safety is not less than that without the system fitted. 
 
     Assessment of Pre-crash Performance - For pre-
crash performance, test scenarios and criteria defined 
in box 4 will be used in non-destructive tests to assess 
the pre-crash performance of the system. A range of 
scenarios should be assessed ranging from very 
relevant (but simple) to less relevant (but more 
complex). The number of test scenarios passed by the 
system may be used to rate the pre-crash 
performance. In this way it can be shown that the 
system works as intended in a defined proportion of 
real world accident cases, since the test scenarios can 
be defined as covering a percentage of the real world 
accident data cases.  
 
For each individual advanced safety system, specific 
criteria are required to evaluate the pre-crash 
performance in the defined accident scenarios. One 
possible convenient assessment criterion which could 
be applicable for some safety systems is the trigger 
time. If this time is not available, the ‘system-in-
function time’ might also be used as an assessment 
criterion. The ‘system-in-function time’ is defined as 
the time at which the system offers the designed level 
of protection. In some cases it may be problematical 
to obtain this measure, especially as it might be 
impossible to gain direct access to the system on a 
signal level. For the Pedestrian GTR (Global 
Technical Regulation) it was proposed that the 
manufacturer provides both the head impact time and 
the sensor time. Based on this information it is 
decided if the head-to-bonnet impact tests can be 
performed with the bonnet in its deployed state [2]. 
 
For some systems, a minimum system-in-function 
time might not be an appropriate criterion, because an 
exact timing of the complete activation of the system 
could be necessary for optimal system performance. 
For example, for some type of pedestrian protection 
airbag systems, the airbag timing is critical to the 
level of safety offered. Thus for these systems, not 
only a minimum system-in-function-time, but also a 
time window of activation must be determined. An 
appropriate method must be developed for each 
specific safety system under assessment.  
 

After the pre-crash performance has been assessed, 
two different paths can be followed to complete the 
system evaluation: 

• Path A should be followed in case the 
actuator is expected to have an influence on 
the crash performance, or if the crash 
performance is not available; 

• Path B should be followed in case the 
actuator will not influence the crash 
performance and the crash performance 
without the system is already available, for 
example a driver warning system.  

• For both paths, if the system effectiveness 
could be influenced by the driver response, 
then driver in the loop tests should form part 
of the system evaluation. 
 

     Assessment of Crash Performance - If path A is 
followed, the crash performance must be assessed 
using the measured pre-crash performance. Using 
existing test procedures from regulations or consumer 
tests as a basis, the actuator system will be triggered 
(by the sensing system or synthetically) according to 
the results of the pre-crash performance tests. During 
the test, measurements will be made according to the 
standard procedures (if they are available) and the 
results will be compared and rated using the standard 
crash test as a reference. 
 
For some new safety systems, the existing procedures 
from regulations or customer tests might not be 
appropriate to measure the crash performance. For 
example in some cases the dummy kinematics could 
be significantly different to those of a real occupant 
or the dummy injury criteria might not be sensitive 
enough to accurately represent any injury benefit. In 
such a case, other additional methods might be 
considered. This could include using new testing 
devices as well as numerical simulation (e.g. human 
body models) to evaluate the benefit of the system. 
 
     Assessment of Driver-in-the-Loop Performance 
- In the driver in the loop tests, the scenarios and 
criteria defined in box 4 will be used to investigate if 
and how the system activation influences the safety 
of the occupants. The influence could be negative 
(e.g. in terms of distraction in case of a false alarm) 
or neutral. In addition, driver-in-the-loop tests are 
important to evaluate the driver reaction, or to 
generate missing input for scenarios. Driving 
simulators or subject trials are tools which could be 
used to evaluate the driver-in-the loop performance.  
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Relevant Supporting Information - This box 
provides the manufacturer of the system the 
opportunity to provide additional larger scale or 
longer term information to the evaluation. Studies 
may be retrospective (using accident data) or realistic 
estimations based upon field studies or numerical 
simulations. Examples include: 

• driving tests with professional drivers; 
• field operational trials 
• large scale driving simulator tests; 
• accident data collection to monitor real 

world effectiveness 
This generic methodology is focussed the assessment 
of technical performance. However, information 
supplied by the OEM or tier one suppliers regarding 
the longer term effects, and the “on the road” system 
effectiveness are an important part of the assessment 
of pre-crash systems. This information may be 
supplied from manufacturer testing carried out in the 
development phase. Furthermore, it is recommended 
that for any future regulation, and for systems gaining 
approval under the current Article 8 (2) route, this 
information should be mandatory. This evidence will 
demonstrate the safety of the system in a much 
greater range of road situations than can be assessed 
in specific evaluation tests. Future regulation may 
wish to explicitly specify the requirements for these 
tests.   
 
     Overall System Performance - At the system 
performance stage, the quality of the overall system 
must be evaluated. Therefore, the driver-in-the-loop 
performance, the pre-crash performance and the 
crash performance will be combined to calculate an 
overall system performance. The procedure to 
determine the overall system performance has yet to 
be developed since it is dependent on the specific 
application of the generic methodology. The 
procedure to assess the overall system performance, 
including the performance limits, may be different 
depending on the application of the assessment. The 
focus in regulatory testing is to guarantee a minimum 
performance requirement which systems must fulfil 
to be admitted to the market, whereas the intention of 
consumer information schemes are to differentiate 
between the performance of products available on the 
market.  
 
A casualty benefit estimate could be made by 
considering the size of the target population; the 
number of fatal, serious and slight casualties which 
the system might influence. The results of the testing 
phases could then be used to estimate the 
effectiveness of the system in influencing the target 
population. This would lead to an estimate of the 
casualty reduction estimate of the system based upon 

the actual system performance as measured by the 
test developed using the generic methodology. 
 
APPLICATION OF THE GENERIC 
METHODOLOGY TO A SPECIFIC SYSTEM 
 
The generic methodology was evaluated by applying 
it to a specific safety system: a pre-crash pedestrian 
system. In parallel with this, APROSYS SP6 (titled 
“Intelligent Safety Systems”) developed a pre-crash 
side impact system which was also evaluated using 
the generic methodology [4].   
 
Pre-crash Pedestrian System ‘Test Case’ 
 
Since a complete system was unavailable, the ‘test 
case’ pedestrian safety system consisted of separate 
sensing and actuator systems fitted to two different 
vehicles, and as such was a “theoretical” pre-crash 
pedestrian system. The actuator, was provided in a 
vehicle front-end developed in the German research 
project INVENT. The sensing system was from the 
Daimler PRE-SAFE® Brake/ BrakeAssist Plus 
system, with a modified decision algorithm to allow 
this dedicated testing within the project; basically this 
sensing system was not designed for pedestrian 
detection.  
 
     System Description and Objective - The system 
assessed was a theoretical pre-crash pedestrian 
protection system installed on a passenger (M1) 
vehicle, which uses radar sensors to detect 
pedestrians in front of the vehicle. When an imminent 
collision is detected, the actuators in the lower spoiler 
and bumper are activated to adjust the lower spoiler 
position and bumper stiffness. In addition, a pop-up 
bonnet is deployed using the same pre-crash 
information in order to provide head protection. The 
overall aim of the system is to reduce pedestrian 
injury. 
 
The major sensor technologies are: 24 GHz forward 
looking short and 77 GHz long range radar. The field 
of view and range of the radar sensors are shown in 
Figure 2. 
 

Figure 2. Field of view and range for short range 
(24 GHz) and long range (77 GHz) radar sensors 
(Source: Daimler). 
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The trigger output from the sensing system was 
displayed using LED indictor lamps fitted to the side 
of the test vehicle. These included an LED to indicate 
the trigger signal from the decision algorithm which 
would be provided to the actuators (had they been 
fitted on the same vehicle). A second LED was 
linked to a contact strip on the leading edge of the 
vehicle’s bumper which provided indication of the 
contact point. These LED indicator lamps are shown 
in Figure 3. 
 

 
Figure 3. Position of LED indicator lamps for 
system trigger and bumper contact. 
 
The vehicle front-end consisted of actuators under the 
bonnet, in the bumper and the lower bumper (Figure 
4). The bonnet actuators produced an increase in 
height at the upper part of the bonnet of about 70 
mm. The lower bumper actuator moved the lower 
bumper 100mm forward and 60 mm downward. The 
actuator in the bumper can be adjusted in two stages: 
compliant (0.2 kN) for collisions with pedestrians, 
and stiff (84 kN) for other impacts. All actuators 
functioned pneumatically with 12V magnetic valves. 
 

 
Figure 4. An overview of the actuator systems: 
pop-up bonnet (A), adjustable bumper stiffness 
(B), and extendable lower bumper (C) (Source: 
CSE).  

 
Figure 5: Prototype actuator system for pop-up 
bonnet (Source: CSE). 
 
Figure 5 shows the basic operation of the actuators in 
deploying the rear region of the hood.  
 
     Application Category - The pre-crash pedestrian 
system increases the protection offered to 
pedestrians. It is indented to work in cases where the 
pedestrian is struck by the front of the vehicle by 
triggering advanced secondary safety devices on the 
basis of pre-crash sensing information.  
      
     Typical Accident / Traffic Scenarios - Accident 
scenarios were selected from analysis of the German 
In-depth Accident Study (GIDAS) database. The data 
used was not assessed for representativeness of a 
particular region; the assessment was focussed on the 
derivation of relevant accident situations.   
 
Within the GIDAS database, selections were made 
for pedestrian accidents with passenger cars and 
MPVs. From 1,924 accidents, cases were selected in 
which the Maximum Abbreviated Injury Scale [3], 
(MAIS) injury of the pedestrian was AIS 2 or greater. 
This resulted in 896 accidents, of which 649 
accidents related to frontal collisions. This group of 
accidents were taken as basis for further analysis and 
were classified into different pedestrian accident 
types as shown in Figure 6.  
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Figure 6. Frontal pedestrian accidents with MAIS 
2+ by accident type (GIDAS data). 
 
Using the scenarios illustrated in Figure 6, four main 
types of pedestrian accident were identified based on 
the relevance with respect to MAIS 2+ injury. These 
groups can be seen in Table 1. 
 

Table 1. Scenario groups and their relevance in 
the GIDAS data 

 
Pedestrian 
accident 
type 
description 

Schematic view of 
pedestrian accident 
type 

Relevance 
(% of MAIS 
2+ 
pedestrian 
accidents) 

Pedestrian 
crossing on 
straight road 

 
59 % 

Pedestrian 
crossing on 
straight road 
with 
occlusion 

 
27.4 % 

Pedestrian 
crossing 
road shortly 
after vehicle 
turning at 
junction 

 
7.1 % 

Others - 6.5 % 
 
A more detailed analysis was performed on the 
GIDAS data to derive the ranges of the relevant 
parameters to be used in the definition of the specific 

test conditions. The parameters considered are 
presented in Table 2. 
 

Table 2. 
Relevant parameters 

 
Parameter Description 
Vvehicle initial Vehicle initial velocity 
Vvehicle impact Vehicle impact velocity 
Vpedestrian Pedestrian velocity 
Dpedestrian Direction of the pedestrian 

movement relative to the vehicle 
(angle) 

Xvehicle-

pedestrian 
Initial distance between the vehicle 
and the pedestrian 

Yvehicle-

pedestrian 
Initial lateral distance (offset) 
between the vehicle and the 
pedestrian 

Hpedestrian Standing height of pedestrian 
Dobject Direction of object movement 

relative to the vehicle (angle) 
Xobject-

pedestrian 
Initial distance between the 
pedestrian and the object 

Tobject Type of object obscuring view 
Rvehicle Turning radius of the vehicle 
Light Light conditions 
Weather Weather conditions 
Road Road condition 
Objects Other surrounding objects 

 
The accident data was analysed to derive relevant 
ranges for each of the parameters listed in each 
accident type. The three generic scenarios can be 
seen in Figure 7 and the ranges for each of the 
parameters can be found in Table 3. 
 

 
   
Figure 7. Pre-crash pedestrian test scenarios. 
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Table 3. Parameters for the pre-crash test 
scenarios 

 
Parameter Scenario 1 Scenario 2 Scenario 3 
Vvehicle initial 
[km/h] 

50 ±20 45 ±25 20 ±10 

Vvehicle impact 

[km/h] 
35  +20 -10 35 ±20 20 +10 -15  

Vpedestrian 

[km/h] 
5.4 +10.8 -3.6 5.4 +10.8 -3.6 5.4 -3.6 

Dpedestrian 

[°] 
±90 ±90 ±90 

Xvehicle-

pedestrian 
[m]1) 

> 20 > 20 > 20 

Yvehicle-

pedestrian 
[m]2) 

To be 
calculated 
(see note) 

To be 
calculated 
(see note) 

8 

Tvehicle [-] Passenger 
car 

Passenger 
car 

Passenger 
car 

Hpedestrian 
[m] 

1.7 ± 0.2 1.7 ± 0.2 1.7 ± 0.2 

Dobject [°] - Fixed - 
Xobject-

pedestrian [m] 
- 0.5 - 

Tobject [-] - Parked car 
/ van 

- 

Rvehicle [m] - - 6 
Environment related parameters 
Light Day, night Day Day, night 
Weather Dry Dry Dry 
Road Dry 

asphalt 
Dry 
asphalt 

Dry 
asphalt 

Objects n/a n/a n/a 
1) Pedestrian initially outside sensor field of view.  
2) Impact point should be mid-front of the vehicle. 
The initial offset needed should be derived from the 
initial distance between the vehicle and the pedestrian 
and their velocities. 
 
The parallel work conducted by APROSYS SP6 
identified that some expert knowledge was necessary 
to define ‘typical’ traffic environments relevant for 
the performance of the sensor system. Consequently, 
in the APROSYS SP6 evaluation, additional 
scenarios were defined which were a greater 
challenge for the sensor system and decision 
algorithm than those derived from accident data. 
 
 
 
 
 
 

Definition of Specific Test Conditions and 
Assessment Criteria 
 
     Pre-crash Performance Tests - Pre-crash tests 
are required to assess the performance of the sensing 
system and decision algorithm. These tests are 
derived from the scenarios defined in box 3, The tests 
are required to be non-destructive, because 
performance characterisation of sensor systems is 
based on statistical performance measures. A series 
of test scenarios were defined based on the ranges of 
the parameters listed in Table 3, which involved 
varying vehicle and pedestrian velocities, test objects 
travelling from  the left and right, and with and 
without vehicle braking. Each test was repeated up to 
four times. Other assessments might consider a 
greater number of tests depending on the statistical 
significance required. 
 
The pre-crash tests were performed both on a test 
track (see Figure 8) and in laboratory (see Figure 9). 
 

 
Figure 8. Example track test set up. 
 

 
Figure 9. Example laboratory test set up. 
 
 In order to conduct the track tests, a mechanism was 
developed so that the test object (a foam cylinder) 
could be presented into the path of the vehicle at the 
required velocity and time. A pulley system enabled a 
small carriage to be driven by a motor calibrated to 
drive the carriage at the required test speeds. The test 
object was linked to the carriage via four guide ropes 
and these were attached with Velcro so that they 
would detach on impact. The test object was attached 
so that the bottom edge of the target was in line with 
the lower spoiler of the test vehicle. The test object 
was initially positioned off the carriageway marked 
for the test vehicle. The motion of the test object was 
triggered by positioning contact sensors on the test 
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vehicle’s approach. These were positioned according 
to the speed of the test run and whether or not the test 
configuration involved vehicle braking. 
 
The test results for the track and laboratory tests were 
analysed by reviewing the high-speed video of each 
test and determining the time between the trigger 
signal and first bumper contact. Information on the 
contact point of the target with the vehicle, assessed 
by examining the test video was also recorded. 
 
The testing was performed both on a test track (TRL 
and CSE) and in a laboratory facility (TNO). It was 
found that both test strategies had strengths and 
weaknesses; track testing was very flexible and 
allowed all test configurations to be performed, but 
controlling all experimental variables proved 
difficult. Testing in a laboratory environment resulted 
in excellent control of experimental variables (test 
velocity and impact site). However, not all of the test 
scenarios were within the capabilities of the facility, 
meaning only one test scenario could be assessed. 
 
     Crash Performance Tests - Part 1 of EC 
Directive 2003/102 was chosen to assess the 
performance of the actuator system. Three head form 
to bonnet impactor tests: above each actuator and in 
the middle of the bonnet and two legform impactor 
tests; mid-vehicle and offset to one side by 427 mm 
were performed (see Figure 10). Three non-impact 
deployments were also recorded. 

 
 
Figure 10. Test sites for headform and legform 
impacts. 
 
Since the actuator component of the system under 
assessment was not linked to the sensing and decision 
algorithm, a synthetic trigger was provided to the 
vehicle front end 160 ms before impactor contact. 
The intention of these tests was that the actuators 
should be ‘in function’ directly before the impact of 
lower-leg or head-impactor. In a ‘real’ assessment, 
the information on the measured sensing performance 

would be used as an input to these tests; however, in 
this test case, the sensing systems was assumed to 
work as intended and provide a trigger signal to the 
actuators 160ms prior to impact. 
 

 
Figure 11. Example actuator tests 
 
Testing was performed by both TRL and CSE; this 
demonstrated successful pre-triggering of the 
actuators of a pre-crash pedestrian system to co-
ordinate with existing headform and legform test. 
 
     Driver-in-the-Loop Performance Tests - In 
order to investigate the actuator systems whose 
activation in either the pre-crash or false triggering 
events might influence safety, “driver in the loop” 
tests were devised. These were carried out in the 
Daimler driving simulator and aimed to assess 
reaction of the driver and the effect on safety during 
“crash” or “no-crash” conditions.  
 
In the test case, driver reactions to a pre-crash 
pedestrian protection system (pop-up hood) were 
investigated and evaluated for various driving 
circumstances and hazard situations. The main focus 
was to compare behaviour in a pedestrian impact 
event (“true”) with that of a false activation (“false”) 
and a “reference event”; a realistic event with which 
to compare the effect on the driving task. These 
events assessed are shown in Figure 12. 
 
 

 
Figure 12. Scenarios defined and tested for 
“driver in the loop” testing of a pop-up bonnet. 
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The tests were carried out in the Daimler AG 
dynamic driving simulator using a total of 44 test 
subjects. Changes in the lateral dynamics (steering 
angle) and longitudinal dynamics (speed) during each 
event were recorded. Small, oscillating steering or 
"control" movements made by the driver (steering 
entropy), were used as a measure of the level of 
mental stress, since this has been proposed as a 
suitable measure for this parameter [5].  The results 
are shown in Figure 13. 
 

 
Figure 13. Steering entropy before and after each 
event. 
 
In all events, the steering entropy increased 
noticeably after each event, indicating increased 
driver stress. The increase was greatest and longer-
lasting for the pedestrian impact event (“true”). The 
false trigger event (“false”) was similar to the 
reference event in terms of the effect on mental 
stress. Ultimately, and in relation to these parameters, 
no increased risk in managing the task of driving was 
observed in the driving scenarios chosen here. 
Subjective evaluation via subject interviews 
confirmed the objective data and allowed the false 
activation event to be compared to both a pedestrian 
impact and a reference event.  
 
     Relevant Supporting Information - No relevant 
supporting information was produced as part of the 
test case assessment for the pedestrian pre-crash 
system. However, APROSYS SP6 developed an 
advanced side impact protection system which used 
pre-crash radar and video sensing to detect side 
collisions. SP6 devised a field test to measure sensor 
performance under normal driving conditions. A 
route of about 3,000km was selected, comprising 
different road types, driving conditions and traffic. It 
was found to be a successful method to collect data 
on the numbers of false activations in normal traffic.  
 
 
 

DISCUSSION 
 
The generic methodology has been developed as a 
framework which can be applied to a range of 
advanced systems, and used by a range of 
stakeholders. For example, it is intended that the 
guidelines may be used by industry, regulators, or by 
consumer testing organisations. These stakeholders 
will apply the methodology with different end goals. 
For example, the methodology might be used as a 
basis for regulatory tests to ensure a minimum level 
of performance and to ensure that risks are 
adequately controlled. If this is the case, then 
information supplied via box 6 by OEMs or suppliers 
might be considered a requirement to demonstrate the 
performance of the system in a wider range of 
conditions than can be tested in box 5. 
 
Related to the application of the methodology is 
whether the tests developed under this framework are 
in addition to the existing secondary safety 
requirements, or if the performance assessment could 
replace existing requirements. For example, if a 
system includes an automatic braking function and 
the sensing system can be shown to work as intended, 
this will result in a reduced impact speed. The 
generic methodology developed here assesses the 
performance of the system and the crash evaluation is 
carried out in line with the pre-crash performance 
(i.e. conducted at a reduced impact speed). Indeed, 
this is essential to fully assess the performance at the 
system and to allow the casualty benefit of the system 
to be estimated. However, this approach is not 
incompatible with the current regulatory or consumer 
testing regimes, as the tests developed from this 
methodology can be viewed as additional to existing 
requirements.  
 
For some integrated systems, there may be actuators 
which utilise the same sensors but react to different 
trigger signals from the decision-making algorithm. 
Should a vehicle be equipped with systems which 
address more than one application category, this 
results in the derivation of different relevant test 
conditions (and target populations) being defined. 
This may result in more than one test suite (pre-crash, 
crash, driver in the loop) being performed since the 
generic methodology is system-focussed.   
 
The accident data used to define the relevant accident 
scenarios is a critical component to ensure that the 
tests derived are representative of the appropriate 
accident conditions. The scope of the data required is 
to some extent dependent on the purpose of the 
application of the methodology. Furthermore, it 
seems unlikely that a European data source 
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containing information at the required level of detail 
will be available. Therefore, the accident data used as 
an input to the methodology is likely to remain a 
combination of representative national data and more 
detailed in-depth information. The generic 
methodology provides guidance regarding how the 
accident data should be used.  
 
The generic methodology does not specify the 
number of test scenarios or the number of repeats of 
each test. It is not possible to specify these, since the 
methodology is generic, and therefore the range of 
relevant accident scenarios for each system depends 
on the system. However, the number of repeats 
should be such that adequate representation of the 
pre-crash and crash performance can be achieved. 
Since sensing system for different systems might be 
set at different levels of sensitivity, depending how 
“safety critical” the activation is, the number of 
repeat tests required to characterise the performance 
is also system dependent. However, the number of 
tests should be such that as close to 100% of the 
target population as possible is considered. 
Furthermore, the number of repeat tests for each test 
scenario may also depend on how the methodology is 
being used, but should be such that the performance 
of the sensor is appropriately accounted for. 
Ultimately, the required level of confidence required 
in the results is dependent on the stakeholder and the 
type of evaluation being undertaken. 
 
The final methodology does not provide detailed 
specifications for the “driver in the loop” study. 
However, the pedestrian pre-crash system test case 
devised a series of simulator events designed to 
evaluate driver response between true (pre-crash), 
false (false triggering) and a reference event (realistic 
driving hazard). This approach was successful in 
comparing the response of the driver in these 
situations. Assessment of the effect of the system on 
the driver was successfully assessed in a driving 
simulator and this was shown to be an appropriate 
tool for this purpose.  
 
The principle of measuring the long-term effects of 
advanced safety systems is important, and may be 
applied by stakeholders depending on the scope of 
the assessment. Specifications for field operational 
tests exist [6] and these may be used to provide 
requirements for the information supplied via this 
step of the methodology. 
 
The overall assessment is dependent on the 
application of the methodology and also on the 
specific system being assessed. It is envisaged that 
the results from the technical performance could be 

integrated to formulate an overall rating scheme, 
similar to the system used by EuroNCAP. The 
methodology is also capable of being used to provide 
an estimate of the casualty-saving potential of the 
system. This would be achieved by considering the 
proportion of all casualties accounted for by the 
accident types derived from step 3 (real world 
accident data). The performance of the system in the 
tested accident types would provide performance 
information to estimate the effect of the system on 
this group of casualties. The type of overall 
assessment made is dependent on the stakeholder 
carrying out the evaluation and the purpose of the 
evaluation. 
 
CONCLUSIONS 
 
This paper presents the final APROSYS generic 
methodology for active safety systems. This 
methodology is intended to be applicable to a wide 
range of advanced safety systems and describes the 
different steps that should be taken in the 
development of a performance evaluation protocol 
for a specific advanced safety system. The flowchart 
providing an overview of the methodology is shown 
in Figure 1.  The generic methodology is also 
designed to be flexible such that it can be used by a 
wide variety of stakeholders, from consumer 
organisations, legal authorities and industry, all of 
whom have a need to evaluate the technical 
performance of pre-crash safety systems. The main 
conclusions can be summarised as follows: 
 

• The application of the methodology within 
the APROSYS project showed that relevant 
accident scenarios could be identified and 
transferred to appropriate test conditions. 
The test procedures developed from the 
methodology allowed the systems to be 
evaluated in terms of the pre-crash, crash 
and driver-in-the-loop performance. 

 
• The generic methodology focuses on 

developing testing for a specific system to 
evaluate the system performance. This 
testing can be applied in addition to existing 
regulatory and assessment procedures. 

• Stakeholders should ensure that the tests as 
accurately as possible represent the target 
population (those accidents influenced by 
the system) and that a sufficient number of 
repeat tests are performed to characterise 
system performance; what constitutes this 
threshold depends on the application of the 
methodology. A specific test programme 
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should define requirements for valid tests 
and suitable means of monitoring the key 
parameters (such as vehicle speed) to ensure 
that any testing is repeatable.  

• The test conditions developed during the 
APROSYS testing were highly simplified 
with relation to the road environment as 
seen by the sensing system. This indicates 
that, depending on the specific system under 
assessment and the purpose of the 
assessment, relevant supporting information 
on the “real world” performance of the 
sensing system may be important. This 
would assess the pre-crash performance in a 
wider range of situations than defined in any 
assessment tests.  

• Expert knowledge has been permitted by the 
methodology to supplement situations 
derived from accident data, in order to 
represent typical environmental conditions 
which cannot be defined from existing data. 

• Pre-crash tests were carried out using track 
and laboratory facilities; both these 
approaches had strengths and weaknesses. 
The pre-crash testing carried out on a test 
track was found to be very adaptable in that 
all of the relevant test types could be 
successfully represented on the test track. 
However, although flexible in terms of the 
types of test configurations, it was found 
that achieving a “valid test” – one in which 
the vehicle struck the test object correctly at 
the correct speed was affected by small 
variations in vehicle or target velocity and/or 
braking level. In contrast, testing in 
laboratory facilities proved to be very 
repeatable; however, only one test scenario 
could be tested in this facility. This suggests 
a need for a “virtual laboratory” approach, 
comprising several facility types.  

• The overall assessment should be developed 
by the stakeholder, depending on the 
purpose of the assessment and the system 
being assessed. The assessment can be made 
in terms of the performance of the system 
within those accident types assessed and/or 
in terms of the estimated casualty reduction 
potential of the system. 
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ABSTRACT 
 

In addition to seatbelts, most vehicles today are fitted 

with airbags in the front seats as restraint devices for 

protecting occupants in frontal collisions. However, 

various constraints in the rear seats have prevented 

progress in adopting the same type of airbag system as 

that used in the front seats. Therefore, a new airbag 

system has been developed as a crash energy absorbing 

device to improve protection of the head and neck of 

rear-seat occupants. This new airbag system can be 

installed under the traditional constraints present in the 

rear seats. 

 

INTRODUCTION 

 
Research on rear-seat occupant restraint systems is 

under way in many countries around the world today 

accompanying the rising concern in recent years about 

protection for rear-seat occupants in frontal collisions. 

In Japan, the Road Traffic Law was amended on June 1, 

2008 to make the use of seatbelts mandatory in the rear 

seats as well, in addition to mandated use for the driver 

and front passenger. Beginning from April 1, 2009, a 

test procedure for evaluating rear-seat occupant 

protection is scheduled to be included in the New Car 

Assessment Program in Japan. As a result, information 

about rear-seat occupant safety performance will be 

made available to the general public. 

At present, passenger vehicles are generally fitted with 

seatbelts and airbags in the front seats and seatbelts in 

the rear seats as restraint devices for protecting 

occupants in frontal collisions. It has been reported that 

the use of seatbelts by rear-seat occupants could have 

the effect of reducing their present levels of fatal and 

serious injuries by approximately one-half and their 

fatality rate by approximately two-thirds[1]. These 

figures are indicative of the effect that using seatbelts 

could have on improving rear-seat occupant protection. 

A breakdown of the locations of fatal and serious 

injuries incurred by belted rear-seat occupants in frontal 

collisions shows that the most frequent region of the 

body in descending order are the chest, arms, head, legs 

and neck (Figure 1). For fatal injuries, in a similar way  

are the chest, abdomen, head and neck (Figure 2)[2]. 

 

Figure 1.  Location of fatal and serious injuries. 

 

 

Figure 2.  Location of fatal injuries. 

 

It has been reported that, among these injury locations, 

seatbelt systems work to improve chest protection for 

rear-seat occupants[3]. However, little research has 

been done so far on protection for the head and neck, 

which account for approximately 30% of both 

fatal/serious injuries and fatal injuries. 

The purpose of this research is to improve protection 
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performance for the head and neck of rear-seat 

occupants. A new rear-seat airbag system has been 

developed that does not require any airbag mounting 

part or any reaction force support structures in front of 

the occupants. This makes it possible to install the 

system even under the traditional constraints present in 

the rear seats. This paper presents an outline of the new 

airbag system, an analysis of bag deployment behavior 

and the results of sled tests conducted to confirm the 

effect of the system on reducing occupant injury levels. 

 

OVERVIEW OF NEW AIRBAG SYSTEM 
 

Structure 

 

In order for an airbag to absorb an occupant's kinetic 

energy, the bag must be supported so that it can 

generate reaction force toward the occupant when it 

receives force from the occupant. In the front seats, the 

steering wheel, steering column and instrument panel 

are among the forward parts that can serve to support 

the airbags, enabling them to absorb the occupants' 

kinetic energy. 

In contrast to that situation, the rear-seat airbag system 

described here generates reaction force by deploying 

two airbags in the area between an occupant's head and 

thighs when the occupant’s upper body tilts forward in 

a frontal collision. This mechanism serves to absorb the 

occupant's kinetic energy. 

The shoulder belt cover and lap belt cover of a 

three-point seatbelt system each house one airbag. In 

the event of a frontal collision, the bags split the covers 

in the process of deploying in front of an occupant 

(Figure 3).  

 

       
Figure 3.  The bags deploy and split the covers in 

front of an occupant. 

Gas is supplied from an inflator incorporated in the 

buckle to the shoulder belt airbag through a pipe built 

into the tongue. For the lap belt airbag, gas is supplied 

directly to the bag from an inflator positioned at the 

side of the seatbelt anchor (Figures 4, 5). 

 

 

 

Figure 4.  System overview. 

 

               
 

Figure 5.  Buckle, tongue and belt anchor. 

 

Airbag impact tests 

 
Airbag impact tests were conducted to confirm the 

ability to supply sufficient gas pressure to the bags and 

the reaction force characteristics of the bags themselves. 

The two airbags and the gas supply mechanism were 

secured to a wall, and gas was supplied to the bags 

using the same system configuration as that installed in 

a vehicle. The bags were struck with an impactor when 

they were fully deployed. The impact test results 

confirmed that the necessary airbag internal pressure 

could be secured and that the bags did not tear or suffer 

any other damage. (Figures 6) 
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Figure 6.  Airbag impact tests. 

 

Static deployment tests 

 

Static airbag deployment tests were conducted using 

belted Hybrid-III AF05 and 6YO crash test dummies 

seated in the rear seats. The purpose of these tests was 

to investigate the influence of airbag deployment under 

a condition with belted rear-seat occupants. The test 

setup in Figure 7 left and center shows the dummies 

leaning against the door and window with the shoulder 

belt resting on their neck.  

 

AF05 dummy    6YO dummy  belts semi-twisted 

Figure 7.  Static deployment tests conditions. 

 

This situation represents the slumping posture of 

rear-seat occupants. The setup in Figure 8 right 

simulates a situation where the belts are worn 

incorrectly in a semi-twisted condition, with the result 

that the bags are deployed between the dummy and the 

belts. The results of both of these static deployment 

tests showed injury levels that would not be any 

problem from the standpoint of occupant protection. 

 

SIMULATION STUDY OF AIRBAG 

DEPLOYMENT BEHAVIOR 

 

Confirmation of bag behavior for head support 
 

As described in the preceding section, this airbag 

system is designed to restrain a rear-seat occupant in a 

frontal collision by deploying two airbags from the lap 

and shoulder belts in the area between the head and 

thighs. With this mechanism, it is important for the two 

airbags to come together without missing one another 

in the deployment process, so as to provide stable 

support for an occupant's head. 

In order to verify that deployment behavior, 

simulations were conducted with the MADYMO 

(Mathematical Dynamic Models) to confirm airbag 

behavior and the effect of the system on reducing 

occupant injury levels. The simulations were 

performed by varying the inflator output, deployment 

timing and other parameters. The MADYMO 

simulation model is shown in Figure 8 at different 

elapsed times. 

 

   
0 msec         35 msec        75 msec 

Figure 8.  Sled test simulation model (MADYMO) 

 

A simulation conducted using the final test 

specifications showed that an occupant's head would be 

supported by the two bags and that the airbag internal 

pressure was higher than the level in the bag 

deployment tests. Figures 9 and 10 compare the 

internal pressure of the shoulder belt airbag and lap belt 

airbag, respectively, when the pressure was normalized 

to the level in the bag deployment tests. 
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Figure 9.  Comparison of the shoulder airbag 

internal pressure, bag deployment test model and 

sled model. 
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Figure 10.  Comparison of the lap airbag internal 

pressure, bag deployment test model and sled 

model.  
 

SLED TESTS 

 

Sled test method 

 
Sled tests were conducted to confirm the effect of the 

specifications obtained in the MADYMO simulations 

on improving rear-seat occupant protection. Hybrid-III 

AM50 crash test dummies were seated in the right and 

left rear seats of the sled with and without the new 

rear-seat airbag system, with the same type seatbelt 

with a pretensioner and a loadlimitter, and tests were 

conducted under conditions corresponding to a 

full-overlap frontal collision at a speed of 56 km/h. The 

results were then compared to confirm the effect of the 

system on reducing occupant injury levels.  

 

Sled test results 
 

Head injury level - Head acceleration (G) values in 

the x- and z-axis directions and the 3-axis resultant 

values obtained in the sled tests with and without the 

new airbag system are compared in Figures 11, 12 and 

13, respectively. The head acceleration values were 

normalized to the peak values recorded without the 

airbag system. 

In Figure 11, it is seen that head acceleration in the 

x-axis direction in the interval from 40 ms to 110 ms 

was higher with the airbag system than without it, 

owing to the reaction force generated by contact 

between the head and the shoulder belt airbag. The 

peak value with the airbag system was 31% higher than 

that without the system. 
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Figure 11.  Comparison of the head G in x-axis 

direction, with and without airbags. 

 

Similarly, in Figure 12, head acceleration in the z-axis 

direction was higher with the airbag system than 

without it in the 40-70 ms interval. During that initial 

period when the dummy leaned forward, the head was 

supported at the front from below by the airbags. 

However, in the latter period from 80 ms to 130 ms 

when the shoulder belt airbag suppressed the turning 

motion of the head, acceleration induced by centrifugal 

force decreased(Figure 13). The peak value with the 

airbag system was 23% lower than that without it. 
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Figure 12.  Comparison of the head G in z-axis 

direction, with and without airbags. 

 

 

 

 

 

 

 

Figure 13.  Comparison of the turning motion of 

the head. 

 

As a result, after 80 ms the 3-axis resultant acceleration 

was lower with the airbag system than without it, 

although the former value was higher than the latter 

one in the initial impact interval from 40 ms to 70 ms 
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(Figure 14). The peak value with the airbag system was 

10% lower in the latter period, and the system had the 

effect of reducing the head injury criterion HIC36 

value by 26% . 
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Figure 14.  Comparison of the head resultant G, 

with and without airbags. 
 

The dummy's behavior without and with the airbag 

system at three elapsed times is compared in Figure 15, 

respectively. 

 

 

60 msec     90 msec      120 msec 

          Without airbags 

 

60 msec     90 msec      120 msec 

            With airbags 

Figure 15.  Comparison of the dummy’s behavior, 

with and without airbags. 

 

Neck injury level - The shear load Fx, tensile load 

Fz and bending moment My of the neck recorded with 

and without the airbag system are compared in Figures 

16, 17, and 18, respectively. The injury levels have 

been normalized to the peak values without the airbag 

system. 

Without the airbag system the neck shear load Fx was 

caused by shearing action between the dummy's upper 

body and the head and neck. The forward motion of the 

former was stopped by the shoulder belt while the latter 

tried to continue to move forward due to the inertial 

mass. In contrast, the results with the airbag system 

show a large reduction in Fx after 60 msec because the 

forward movement of the head was restrained by the 

airbags. The peak value of Fz was 30% lower than the 

value recorded without the airbag system(Figure 16). 
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Figure 16.  Comparison of the neck UPR shear 

force (N), with and without airbags. 

 
The neck tensile load Fz was higher with the airbag 

system than without it in the 40-70 msec intervals 

because the head was supported at the front from below 

by the airbags in this initial period when the dummy 

leaned forward. This result is similar to that mentioned 

above regarding the acceleration of the head in the 

z-axis direction. However, Fz was lower with the 

airbag system than without it after 70 ms because the 

airbags worked to suppress the turning motion of the 

head, which reduced the tensile load due to centrifugal 

force. The system reduced the peak value of Fz by 7% 

compared with the result without the airbag 

system(Figure 17). 
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Figure 17.  Comparison of the neck UPR tensile 

force (N), with and without airbags. 
 

The neck bending moment My without the airbag 

system showed a larger peak on the negative side 

owing to a moment in the extension direction that 
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occurred when the lower neck was lifted upward by the 

upthrust load induced by the bottoming out of the 

pelvis. The forward movement of the dummy's upper 

body was stopped by the shoulder belt while the head 

was bent downward. In contrast, with the airbag system, 

the airbags supported the head at the front from below, 

which reduced the forward flexion of the head in the 

60-75 ms interval. The upthrust load became a 

compressive load component in the z-axis direction of 

the neck, thereby suppressing the increase in the 

moment in the extension direction, and the peak value 

of My was reduced by 49%. In addition, following the 

peak on the flexion side around 100 ms, the airbags 

supported the head, which suppressed the amount of 

flexion and the peak value was reduced by 17% 

compared with the result recorded without the airbag 

system(Figure 18). 
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Figure 18.  Comparison of the neck UPR bending 

moment in y-axis direction (Nm), with and without 

airbags. 
 

CONCLUSION 
 

This paper has described a newly developed rear-seat 

airbag system that is designed to provide improved 

protection performance for the head and neck, which 

together account for approximately 30% of the fatal 

injuries incurred by rear-seat occupants in frontal 

collisions. This system does not require any airbag 

mounting part or reaction force support structure in 

front of the rear-seat occupants, making it possible to 

install the system even under the traditional constraints 

present in the rear seats. 

Sled tests conducted with a prototype model of the new 

airbag system confirmed that it is effective in reducing 

occupant injury levels. The following results were 

obtained in the tests. 

・ The new airbag system restrains an occupant's 

head and absorbs its kinetic energy, thereby 

suppressing the centrifugal force resulting from 

the turning motion of the head and reducing 

head injury levels. 

・ By suppressing the turning motion of the head, 

the new airbag system is also effective in 

reducing neck injury levels in terms of the shear 

load, tensile load and bending moment. 

The present prototype system houses the airbags inside 

the covers of the shoulder and lap belts, making the 

belts stiffer and heavier and thus detracting from their 

ease and comfort of use. These are aspects that must be 

examined in future work. It will be necessary to 

examine ways of weight reduction of the airbags and 

making them thinner when folded up inside the belt 

covers, without sacrificing their deployment 

performance. 
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ABSTRACT 
 
Accidents involving either illegal or inappropriate 
speeding play a part in a large proportion of 
accidents involving cars.  The types of typical 
failure generating scenarios found in car accidents 
where illegal speeding or inappropriate speeding is 
contributory are compared using the detailed 
human functional failure methodology developed in 
the European TRACE project (TRaffic Accident 
Causation in Europe), funded by the European 
Commission. 
 
Using on-scene cases from the UK ‘On The Spot’ 
database (funded by the UK Department for 
Transport and Highways Agency), a sample of 
cases where speed is contributory have been 
analysed.  An overview of speeding cases from the 
4,000 in-depth cases available in the dataset is also 
presented. 
 
The results highlight not only the differences 
between inappropriate and illegal speeding cases, 
but also the differences in the functional failures 
experienced by both the ‘at fault’ and ‘not at fault’ 
road users in both types of speed-related accidents. 
 
The results form a unique base of knowledge for 
future work on the human-related issues associated 
with speeding of both types, for all crash 
participants.  Also considered is how new 
technologies can address speeding accidents. 
 
INTRODUCTION 
 
This paper describes part of an analysis undertaken 
by the Vehicle Safety Research Centre at 
Loughborough University, UK, in the EC funded 
TRACE project (TRaffic Accident Causation in 
Europe). The work investigated the main 
characteristics of accidents which involve driving 
task related factors. 
 
In this study, driving task related factors are defined 
as being ‘directly and causally contributing to the 
accident occurrence, very specific and detailed, are 
short-term lasting or dynamic in nature, and refer to 
the actual conditions of the components’.  They can 
be present in all or part of an overall trip, but will 

only affect the road user when undertaking a certain 
part of the driving task.  Examples of driving task 
related factors include speed, weather conditions 
and risk taking.  They are thought to be effects of 
the wider trip related factors (e.g. alcohol 
impairment, road geometry, vehicle maintenance), 
which are in turn effects of background factors (i.e. 
pre-existing factors that are sometimes sociological 
such as education, income residence etc…). 
 
From the main types of driving task related factors 
identified, the factor ‘speeding’ was chosen to be 
analysed using data from the UK Department for 
Transport and Highways Agency joint funded ‘On 
The Spot’ (OTS) project, firstly because of the 
large number of detailed cases available, but 
secondly because it is possible to identify two 
separate types of ‘speeding’ cases.  Therefore, an 
interesting comparison of accidents involving these 
two types of speeding is possible.  The two types of 
speeding identified are: 
• Inappropriate speeding - where a road user in 
the accident travels too fast for the conditions (e.g. 
surface, visibility, layout, traffic); 
• Illegal speeding – where a road user in the 
accident travels above the posted speed limit. 
 
Keywords: Inappropriate speeding, Illegal 
speeding, Human Functional Failure, Causation 
factors 
 
METHODOLOGY 
 
Two types of analysis are described in this paper: 
• A general statistical overview of accidents 
where either inappropriate speeding or illegal 
speeding is a contributory factor (frequency and 
characteristics); 
• A detailed case-by-case analysis of a sample 
of 40 cases where either inappropriate speeding or 
illegal speeding is a contributory factor using the 
Human Functional Failure (HFF) methodology 
developed in the EC TRACE project (Van Elslande 
et al. 2007). 
 
The On The Spot Database 
 
The data source utilised is the UK Department for 
Transport and Highways Agency joint funded ‘On 
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The Spot’ (OTS) project.  There are two 
investigation teams working on the OTS project in 
the UK, the Vehicle Safety Research Centre 
(VSRC) at Loughborough University, working in 
the Nottinghamshire region and the Transport 
Research Laboratory (TRL), working in the 
Berkshire region.  The OTS teams attend and 
investigate, in total, 500 real-world collisions per 
year on a rolling shift pattern, covering all times 
and days of the week.  The OTS teams investigate 
all collision types including all road users, all injury 
severities (from non-injury to fatal) and all road 
classifications.  OTS cases include a wealth of 
information available to the analyst, as derived 
from physical examinations and interviews made 
on-scene followed by detailed analysis of findings 
and calculations made to reconstruct events and 
speeds. Both teams work in slightly different road 
network areas, which collectively are broadly 
representative of the UK. The study has been 
running since 2000 and has investigated over 4,000 
real world collisions.  The detailed methodology 
has been described elsewhere by Hill et al. (2001 
and 2005). 
 
The OTS database includes a number of advanced 
systems for coding accident causation.  The method 
used in this study to identify speeding-related cases 
is the ‘Contributory Factors 2005’ system, which is 
the same coding system used by the Great Britain 
national accident data collection system since 2005.  
All cases in the OTS database have also been coded 
using this system, including those from before 
2005.  Each contributory factor can be coded at one 
of two levels of confidence, either a ‘very likely’ or 
a ‘possible’ cause. 
 
Analysis has focussed on accidents involving at 
least one passenger car.  Therefore, cases including 
each type of speeding causation factor are selected 
for analysis from the 3,663 cases involving at least 
one car currently in the OTS database. 
 
Definitions and Sample Selection: Inappropriate 
Speeding 
 
The contributory factor ‘travelling too fast for 
conditions’ is used to identify cases where 
‘inappropriate speeding’ was causative.  The on-
scene accident investigators use their expert 
judgement of the evidence available to them at the 
scene to determine the likelihood that the road user 
was travelling too fast for the conditions they were 
confronted with.  The type of ‘conditions’ included 
could be the road surface conditions (e.g. wet road, 
ice, diesel, defective surface), conditions reducing 
visibility (e.g. rain, fog, vehicle smoke, sun glare, 
road geometry, roadside objects, other vehicles), 
high winds and also traffic condition (e.g. traffic 
flow/speed). 

 
Only cases where inappropriate speeding was 
recorded as being a very likely cause (rather than 
just possible) are included in the sample of cases.  
In order that there is no overlap with the sample of 
illegal speeding cases, cases are not included if road 
users were also recorded with illegal speeding (i.e. 
driving above the speed limit).  Therefore, 
inappropriate speeding is defined as a road user 
who is not travelling above the speed limit set for 
the road, but the speed is inappropriate for the road 
conditions.  In the OTS database, 564 cases 
involving cars are identified, which involved 885 
vehicles, including 788 cars. 
 
Definitions and Sample Selection: Illegal 
Speeding 
 
Cases in the OTS database where ‘exceeding speed 
limit’ was recorded as a contributory factor are 
included in the sample of ‘illegal speeding’ cases.  
The on-scene accident investigator will use their 
expert judgement using the evidence available to 
them at the scene (e.g. skid marks and vehicle 
damage) to determine the likelihood that the road 
user was travelling above the posted speed limit of 
the road at/on approach to the accident scene and 
whether this was contributory. 
 
In this sample, cases are included if inappropriate 
speeding was also a factor.  The reason for this is 
that it is likely that in most cases where illegal 
speeding occurs, the speed will also be 
inappropriate for the conditions (i.e. this is denoted 
by the speed limit itself).  As with inappropriate 
speeding, only cases where illegal speeding was 
recorded as a very likely cause (rather than just 
possible) are included in the sample of cases.  In the 
OTS database, 307 cases involving cars are 
identified, which involved 487 vehicles, including 
441 cars. 
 
Statistical Analysis:  Explanatory Variables 
 
The explanatory variables listed in Table 1 are 
included in the general statistical overview to 
describe the typical characteristics of accidents 
involving either inappropriate speeding or illegal 
speeding. 
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Table 1. 
Explanatory variables in statistical overview 

Explanatory 
variables 

Values Analysis 
level 

Intersection Yes / No Accident 
Manoeuvre Yes / No Car drivers  
Accident 

configuration 
Single car 

Car v pedestrian 
Car v car 

Car v PTW 
Car v pedal cycle 

Car v large vehicle 
>3 cars only 

Others involving a car 

Accident 

Traffic density Light / Moderate / 
Heavy / Congested 

Accident 

Area type Rural / Urban Accident 
Road class Motorway / Major / 

Minor 
Accident 

Carriageway 
type 

Single / Dual Accident 

Speed limit <10 / 20 / 30 / 40 /  
50 / 60 / 70 mph 

Accident 

Horizontal 
geometry 

Straight / Bend Accident 

Weather Good / Poor Accident 
Road surface 

condition 
Good / Poor Accident 

Lighting 
condition 

Daylight / Darkness  
Dusk / Dawn 

Accident 

Vehicle type Car / Van / Truck / 
Bus / Motorcycle / 

Pedal cycle / 
Pedestrian 

All road 
users* 

Impact type Front / Side / Rear / 
Top / Bottom 

Vehicles (no 
pedestrians) 

Age <25 / 25-44 / 
45-64 / >65 

All road 
users* 

Gender Male / Female All road 
users* 

*Including pedestrians 
 
For both the contributory factors (inappropriate 
speeding and illegal speeding) and for each 
explanatory variable analysed, cross-tabulations 
have been produced to compare the distribution of 
all cases with only cases where inappropriate 
speeding or illegal speeding was/was not a 
causation factor.  The results were displayed in 
tables, such as the example shown in Table 2.  It 
was therefore possible to determine whether 
accidents involving either causation factor appear 
to be more likely to occur when a specific type of 
explanatory variable is present (e.g. more likely on 
rural roads than urban roads). 
 

Table 2. 
Example of results cross-tabulation 

Area 
type 

Inappropriate speeding 
a causation factor? All 

cases 
Yes No 

Rural - - - 
Urban - - - 

Unknown - - - 
All - - - 

 
To determine whether any differences found are 
significant enough to be a result of the speeding, 
and not due to chance, two-tailed chi-squared tests 
(using known-data only) were undertaken to test for 
statistical significance.  A result was significant 
when p≤0.05 (i.e. the probability that the results 
were due to due chance were 5% or less). 
 
In-depth Analysis of Cases Using the Human 
Functional Failure (HFF) Methodology 
 
To analyse further the type of accidents where 
either inappropriate speeding or illegal speeding is 
a contributory factor, an in-depth analysis of a 
sample of cases involving either inappropriate 
speeding or illegal speeding has been undertaken 
using human factors methodologies developed in 
the EC TRACE project (Van Elslande et al. 2007). 
 
The aim of the HFF methodology is to be able to 
clearly define the types of functional failures that 
humans experience in road collisions, using a 
sequential approach to the driving task which 
defines five main stages that the road user goes 
through when undertaking the driving task 
(perception, diagnosis, prognosis, decision-making 
and taking action).  These failures can occur at any 
of the stages in the chain and it has been possible to 
classify five main types of failures that can occur 
during the driving task, as outlined in Figure 1.  In 
addition to failures occurring at the five main stages 
of driving, there are also failures which are directly 
related to the overall capacities of the human which 
affect the whole functional chain.  For example, the 
loss of psycho-physiological capacities (e.g. falling 
asleep, loss of consciousness), the alteration of the 
sensori-motor and cognitive capacities (e.g. 
alcohol/drug impaired) and the overstretching of 
the cognitive capacities (e.g. infrequent driving, 
age) (Van Elslande et al. 2007). 
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Figure 1:  Description of Human Functional 
Failures (TRACE Deliverable 5.1) 
 
In this methodology, a clear distinction is made 
between human failures and human factors.  
Human factors are defined as ‘characteristics of the 
system which have weakened its capacity to 
function safely’, whereas human failures are 
defined as ‘the unwanted outcome of a 
confrontation of the driver with a task in which a 
difficulty was met’.  Human failures are not defined 
as ‘faults’, as failures can also be found for ‘not at 
fault’ road users.  The aim is to use the failures to 
identify the limits (physical and mental) of human 
capacity and therefore be able to understand better 
the types of countermeasures (i.e. safety systems) 
that would assist in overcoming these human 
limitations. 
 
Grids of contributory factors and pre-accident 
driving situations were also developed as part of the 
TRACE study, to be used alongside the 
classification model of human functional failures to 
determine typical failure generating scenarios in 
samples of accidents.  The grids were developed 
using current accident causation systems included 
in existing data collection systems from countries 
across Europe. See Naing et al (2007) for further 
details. 
 
Closely related to the pre-accident driving situation 
is the ‘conflict’, which is also identified for each 
road user in each accident analysed.  This is defined 
as the initial conflict that the road user was faced 

with prior to the accident (e.g. another road user or 
object in the road).  It is possible for a road user to 
have no conflict (e.g. losing control of vehicle 
when falling asleep or unconscious, or being 
distracted by another task or person). 
 
Also, distinctions are made between the road users 
who are ‘primary active’ in each accident, and 
those who are not.  In the majority of accidents, the 
primary active road user is the one who is at the 
centre of the ‘destabilisation of the process’, and 
either intentionally or unintentionally initiate the 
point at which events start to go wrong (i.e. 
traditionally ‘at fault’).  The remaining road users 
in the accident (i.e. those ‘not at fault’) are 
described as ‘other road users’ in this paper. 
 
To utilise the HFF methodology on OTS cases, 
detailed recoding of existing cases and in-depth 
analysis of each individual case was necessary to 
identify failure generating scenarios in each sample. 
 
The selection criteria for these cases were as 
follows: 
• Cases with injured casualties; 
• Cases with an appropriate level of detail to 

undertake the analysis; 
• Cases specifically from the local area so that 

the investigator’s first hand experience of the 
cases could be utilised, if necessary. 

 
The cases were sourced from the 564 OTS cases 
where inappropriate speeding was a cause and the 
307 OTS cases where illegal speeding was a cause.  
From the sample of cases which met the above 
selection criteria, 20 inappropriate speeding and 20 
illegal speeding cases were selected, taking care not 
to introduce any bias into the sample.  
 
RESULTS 
 
Statistical Analysis - Inappropriate Speeding  
 
An overview of the typical characteristics of the 
564 accidents where inappropriate speeding was a 
cause has been undertaken using the list of 
explanatory variables given in Table 1. Table 3 
shows an example of the cross-tabulation results 
calculated, in this instance area type.  
 

Perception Failure when searching 
for information 

(detection) 

Diagnosis Failure when 
evaluating/ 

understanding 

Prognosis Failure when 
anticipating/ predicting 

(expectations) 

Decision 
making 

Failure when deciding 
what action to take 

Taking Action 
(Psychomotor) 

Failure when taking 
action 

Inform
ation Processing 

O
verall – E

xceeding//loss of hum
an capacities 
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Table 3. 
Area type when inappropriate speeding was/was 

not contributory 

% of 
cases 

Inappropriate speeding 
a causation factor? All 

cases 
Yes No 

Rural 64% 43% 46% 
Urban 36% 57% 54% 

All 100% 100% 100% 
 
Table 3 shows that the proportion of accidents 
involving cars on rural roads is larger when 
inappropriate speeding is a causation factor 
compared with accidents when inappropriate 
speeding is not recorded as a causation factor.  
Statistical testing reveals that the differences in the 
results are statistically significant (p≤0.05). 
 
Similar analysis has been undertaken for the 
remaining explanatory variables listed in Table 1.  
The results reveal that the following accident 
characteristics are statistically significantly 
(p≤0.05) more prevalent when inappropriate 
speeding is a cause compared with when it is not:  
• Minor roads (UK classification <“A”);  
• Single carriageway roads; 
• Not at an intersection; 
• No manoeuvre was being undertaken (i.e. 

‘going ahead’); 
• Single car accident (no pedestrian or other 

vehicle involvement); 
• Car drivers; 
• Frontal impacts; 
• 60mph (97km/h) roads (less prevalent on 

30mph (48km/h) or 70mph (113km/h)  roads);  
• Bend in road; 
• Poor weather conditions (e.g. raining, 

snowing, foggy, windy...); 
• Poor road surface conditions (e.g. wet, icy, oil, 

diesel, defective...); 
• Night conditions; 
• Light density traffic conditions; 
• Drivers under the age of 25 years; 
• Male drivers. 
 
Statistical Analysis - Illegal Speeding 
 
The results of the statistical analysis of the 307 
OTS accidents where illegal speeding was a cause 
reveal that the following accident characteristics are 
statistically significantly (p≤0.05) more prevalent 
when illegal speeding is a cause compared with 
when it is not:  
• Minor roads (UK classification <“A”); 
• Single carriageway roads;  
• Not at an intersection; 
• No manoeuvre was being undertaken (i.e. 

‘going ahead’); 

• Single car accident (no pedestrian or other 
vehicle involvement); 

• Car drivers; 
• Frontal impacts; 
• 30mph (48km/h) roads (less prevalent on 60 

or 70mph (97 or 113km/h) roads);  
• Bend in road; 
• Night conditions; 
• Light density traffic conditions; 
• Drivers under the age of 25 years; 
• Male drivers. 
 
In-depth Analysis Using the Human Functional 
Failure (HFF) Methodology - Inappropriate 
Speeding 
 
From the OTS database, 20 cases have been 
analysed from the 564 cases where inappropriate 
speeding was a contributory factor in the accident. 
There are 6 serious injury cases and 14 slight injury 
cases, according to the UK police classification 
system (UK, DfT 2004). There are 46 road users in 
total, of which 20 are primary active road users 
(one in each accident) and 26 are other road users.  
An overview of the vehicle involvement is given in 
Table 4. 
 

Table 4. 
Vehicle involvement - Inappropriate speeding 

Vehicle 
involvement 

Number of 
cases 

Single car 4 

Car v car 4 

Car v PTW 2 

Car v pedal cycle 1 

Car v truck 1 

Car v van 1 

3 cars 3 

Van v 2 cars 1 

Van v 3 cars 2 

4 cars 1 
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Pre-accident Driving Situations and Conflicts 
 
Figure 2 shows the most frequent driving situations 
for the primary active road users in the 20 
inappropriate speeding accidents. 
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Figure 2:  Most frequent driving situations for 
primary active road users - Inappropriate 
speeding 
 
Figure 2 shows that the majority of primary active 
road users are going ahead and not undertaking a 
manoeuvre at the time of the accident.  The most 
frequent ‘conflict’ comes from vehicles ahead, 
travelling in the same direction (either stationary or 
moving – 11 road users). 
 
For the 26 other road users, the most frequent 
situation involves the road user being stationary (11 
road users), while 7 road users are stopping or 
starting from stationary in a traffic queue.  The 
most prevalent conflict comes from a vehicle 
following behind. 
 
Human Functional Failures 
 
Figure 3 shows the main types of human functional 
failures that occur in the 20 inappropriate speeding 
accidents analysed. 
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Figure 3:  Human Functional Failures for road 
users in inappropriate speeding cases 
 
Figure 3 shows that for the primary active road user 
in each accident, the most frequent type of human 
functional failure is related to a failure in 
perception (9 road users).  When these cases are 
looked at in more detail, in the majority of cases (7 
road users) the road user ‘neglects the need to 
search for information’ (i.e. does not search, 
therefore does not detect a danger). 
 
Of the 26 other road users, 11 do not experience a 
human functional failure.  In other words, they are 
passive in the accident (stationary).  Of the 
remaining other road users, 8 experienced a 
prognosis failure - actively expecting another user 
to take regulating action. 
 
Other Factors Which Lead to the Human 
Functional Failures Occurring 
 
Table 5 outlines the most frequent (≥3 road users) 
other factors which are found to contribute to the 
human functional failures occurring (in addition to 
inappropriate speeding). 
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Table 5. 
Most prevalent other factors contributing to the 

HFFs - Inappropriate speeding 

Other factors which lead to the 
human functional failures 

Number of road 
users 

Primary 
active  Other 

User state - In a hurry 14 3 

User state - Right of way status  3 

User inexperience - Driving 3  
User behaviour - Distraction within 

user 
5  

User behaviour - Risk taking 
(vehicle positioning) 

11 3 

User behaviour – Risk taking 
(‘eccentric’ motives) 4  

Road surface condition 7  

Road geometry 4  

Traffic condition – Flow  4 

Traffic condition – Speed 5  

Traffic condition  - Other road user  14 
 
In Table 5 it can be seen that, for the primary active 
road user, in addition to inappropriate speeding, 
other user behaviour-related factors are most 
frequent in the sample, in particular the road user 
being in a hurry and the road user ‘risk taking – 
vehicle positioning’ (driving too close to the 
vehicle in front). 
 
For other road users involved in these accidents, it 
is the behaviour of the other road user(s) (usually 
the primary active road user) which most frequently 
contributes to their failure (absence or ambiguity of 
clues to their manoeuvre or atypical manoeuvre). 
 
In-depth Analysis Using Human Functional 
Failure (HFF) Methodology - Illegal Speeding 
 
From the OTS database, 20 cases have been 
analysed from the 307 cases where illegal speeding 
was a contributory factor in the accident using the 
selection criterion outlined previously.  There is 1 
fatal case, 5 serious injury cases and 14 slight 
injury cases.  There are 34 road users in total, of 
which 20 are primary active (one in each accident), 
and 14 are other road users.  An overview of the 
vehicle involvement in the sample of cases is given 
in Table 6. 
 

Table 6. 
Vehicle involvement - Illegal speeding 

Vehicle involvement Number of 
cases 

Single car 10 

Car v car 4 

Car v pedestrian 3 

Car v motorcycle 2 

6 vehicles (4 cars v 2 vans) 1 
 
Pre-accident Driving Situations and Conflicts 
 
Figure 4 shows the most frequent driving situations 
for the primary active road users in the 20 illegal 
speeding accidents. 
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Figure 4:  Most frequent driving situations for 
primary active road users - Illegal speeding 
 
From Figure 4, it can be seen that the majority of 
the 20 primary active road users are going ahead at 
the time of the accident and are not at or 
approaching an intersection.  When a manoeuvre is 
taking place, the road user is overtaking. 
 
For half of the 20 primary active road users in the 
sample, there is no ‘conflict’, meaning the road user 
loses control for reasons which do not involve 
another road user or object on the road and, as a 
result, leave the carriageway before a collision.  
When there is a conflict, it comes from either ahead 
(oncoming or travelling in same direction) or from 
the side (from a side road or a pedestrian crossing 
the road). 
 
For the 14 other road users, going ahead on a 
straight road is the most frequent pre-accident 
driving situation (7 road users).  The most frequent 
conflict amongst the other road users involves 
another road user ahead (7 road users), most 
frequently travelling in the same direction.  
However, there are also instances of conflicts from 
behind (4 road users) and from the side (5 road 
users). 
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Human Functional Failures 
 
Figure 5 shows the main types of human functional 
failures that occur in the 20 illegal speeding 
accidents analysed. 
 

Primary Active Road Users

Action, 1

None (passive), 0

Prognosis, 3

Decision, 3

Overall, 2

Perception, 4

Diagnosis, 7

 

Other Road Users

None (passive), 0

Decision, 0

Action, 0

Diagnosis, 0

Prognosis, 2

Overall, 2

Perception, 10

 

Figure 5:  Human Functional Failures for road 
users in illegal speeding accidents 
 
Figure 5 shows that for the primary active road user 
in each accident, the most frequent type of human 
functional failure is related to the diagnosis of the 
situation (7 road users).  When these cases are 
looked at in more detail, in the majority of cases, 
the road user makes an erroneous evaluation of a 
passing road difficulty (6 road users) meaning the 
road user misjudges the layout (or conditions) of 
the road ahead (e.g. under-estimating the tightness 
of a bend or the surface friction on the road). 
 
The most frequent type of human functional failure 
experienced by the 14 other road users in the 
sample is a failure in perception (10 road users), 
with half of these failures involving the road user 
neglecting the need to search for information. 
 
Other Factors Which Lead to the Human 
Functional Failures Occurring 
 
Table 7 outlines the most prevalent (≥3 road users) 
other factors which are found to contribute to the 
human functional failure occurring (in addition to 
illegal speeding). 

 
Table 7. 

Most prevalent other factors contributing to the 
HFFs - Illegal speeding 

Other factors which lead to 
the human functional failures 

Number of road 
users 

Primary 
active Other 

User state – Substances taken 
(alcohol) 

3  

User state – In a hurry 14  
User state – Right of way status  3 

User behaviour – Distraction 
within user 

8  

User behaviour – Risk taking 
(vehicle positioning) 

 4 

User behaviour – Risk taking 
(‘eccentric’ motives) 

6  

Road surface condition 3  
Road geometry 9  

Traffic condition – Other road 
user manoeuvre 

 13 

 
From Table 7, it can be seen that, for the primary 
active road user, in addition to the speeding, in a 
hurry is the most frequent type of factor in the 
sample (14 road users).  Road geometry is the most 
frequently occurring environmental factor in the 
sample for primary active road users. 
 
For all but 1 of the 14 other road users in the 
sample, it is an atypical manoeuvre, or the 
ambiguity or lack of clues to a manoeuvre of other 
road user(s) (most likely the primary active) in the 
surrounding environment that contributes to the 
functional failure. 
 
DISCUSSION 
 
Inappropriate Speeding – Statistical Analysis 
 
From the statistical overview of the 564 cases in the 
OTS database where inappropriate speeding is a 
contributory factor, a number of explanatory 
variables are found to be more likely to be present 
when inappropriate speeding (i.e. travelling too fast 
for the conditions) is a cause.  A combination of 
these circumstances could increase the likelihood of 
an accident occurring when a road user is travelling 
at an inappropriate speed. 
 
The results give an indication of the type of 
characteristics more likely to be involved in 
accidents where inappropriate speeding was 
contributory. These appear to be high speed limits 
(60mph, 97km/h) minor rural roads during low 
density traffic at night when the environmental 
conditions are poor, involving young, male car 
drivers going ahead on a bend.  This suggests that 
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the conditions in question - which mean that the 
driver is driving at an ‘inappropriate’ speed - could 
either be the poor weather conditions, poor road 
conditions, the road geometry (bend) or the night 
(darkness) conditions.  However this also suggests 
that it can be the posted speed limit itself that is 
inappropriate for the road conditions (i.e. too high), 
which leads to the driver travelling at an 
‘inappropriate’ speed. 
 
Inappropriate Speeding – HFF Analysis 
 
The analysis of the sample of 20 cases using the 
Human Functional Failure methodology finds a 
number of different accident scenarios where 
inappropriate speeding is a cause.  The 46 road 
users involved in these cases are split into 2 
categories: 
• Primary active road users (20) 
• Other road users (26) 
 
     Primary active road users     When bringing 
the information together to identify typical human 
functional failure generating scenarios for primary 
active road users in accidents where inappropriate 
speeding is a cause, the most frequent scenario 
involves a perception-related failure (9 road users), 
in particular a late detection of a vehicle slowing 
down ahead (in 7 cases).  When looking in more 
depth at the 7 road users who experienced this type 
of scenario, in all instances, the road user does not 
detect the slowing/stationary vehicle(s) ahead until 
it is too late to avoid a collision.  The reason given 
for this lack of detection is that the road user does 
not feel the need to search for information.  In these 
scenarios, it is likely that this is either due to the 
stationary/slow vehicle being at an unexpected 
location (e.g. not at a junction, when a vehicle is 
turning into a side road or private driveway), or, in 
the scenarios where the accident does occur at or 
near a junction, the road user had not expected a 
traffic queue as far back from the junction as it was, 
so did not undertake a detection for stationary 
traffic.  Therefore, in these scenarios, the 
inappropriate speeding is related to the traffic 
condition (i.e. the sudden change in the traffic 
speed), rather than the road geometry or surface 
conditions. 
 
When looking at the other type of factors (in 
addition to inappropriate speeding) which 
contribute to these ‘failure in perception’ accidents, 
the road user being in a hurry, being positioned too 
close to the vehicle in front, the sudden slow speed 
of the traffic ahead and the visibility being impaired 
by the weather are contributory factors that feature 
in at least 2 of these 7 accidents.  Therefore, this is 
building up a picture of one type of ‘typical 
scenario’ which involves inappropriate speeding as 
a cause, where the road user approaches unexpected 

stationary vehicle(s) but does not detect them early 
enough because it was not expected.  In addition, 
their high (but not illegal) speed, coupled with other 
factors present, such as the road user being in a 
hurry to get to their destination, their close 
positioning to the vehicle in front, the poor 
visibility conditions and the slowing traffic itself, 
leads to a collision occurring. 
 
Closely related to the scenarios of these 7 road 
users, 2 additional road users experience a scenario 
which involves them not seeing the slowing 
vehicle(s) ahead due to an internal/external 
distraction.  Although the reason for the non-
detection is different, the outcome is the same as 
with the 7 previously discussed road users. 
 
Other failure generating scenarios which occur in 
the sample include decision-making failures (6 road 
users), in particular a scenario related to the 
intentional risk taking of the primary road user (5 
road users).  In the sample of cases, this includes a 
road user overtaking another road user on a curved 
road during wet conditions, a road user weaving 
through traffic on a busy dual carriageway road and 
also a road user overtaking another road user at an 
intersection just as the second road user is about to 
turn across traffic (turning right in UK) into a side 
road.  In all of these cases, the road user is 
travelling under the road speed limit, but it is still 
too fast to be able to undertake any emergency 
avoidance when it is needed.  Certain risk taking 
factors are found to be contributory in these 
accident scenarios, including the road user driving 
too close to other road users (‘vehicle positioning’), 
and road users thrill-seeking/competing with other 
vehicles (‘eccentric motives’).  The road user being 
in a hurry and also user inexperience are causative 
in a number of these scenarios. 
 
The final reoccurring type of scenario identified 
involves a failure when taking action (4 road users).  
In 2 cases, the road user loses control on a bend 
with road surface contaminants present, and in both 
cases it is the combination of this external 
disruption, the bend and the road user’s 
inappropriate speed that leads to the loss of control.  
In the third case, the road user loses control on a 
pool of standing water (aquaplaned) on a straight 
dual carriageway road.  Therefore, it is the sudden 
wet road surface, coupled with the road user’s 
inappropriate speed that leads to the loss of control.  
In the final case, the road user is driving a vehicle 
adapted with hand controls for disabled drivers.  
The road user accidentally presses the incorrect 
hand control on approach to a traffic queue, which 
accelerates the vehicle.  Due to the inappropriate 
(but not illegal) speed at which the road user is 
approaching the intersection, the road user is unable 
to regain control of their vehicle and collides with a 
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number of vehicles in the traffic queue ahead.  It 
could be said that if the road user had been driving 
at a more appropriate (i.e. slower) speed for the 
approaching conditions ahead, this would have 
given the road user more time to regain control 
after this sudden unexpected ‘disruption’ in the 
driving task. 
 
     Other road users     Bringing the information 
together to identify typical failure generating 
scenarios for other road users in inappropriate 
speeding accidents, the most frequent failure 
generating scenario is found to involve a prognosis 
failure (9 road users), in particular, actively 
expecting another road user behind to take 
regulating action when braking (8 road users).  This 
scenario is linked to the human functional failure 
‘actively expecting another road user to take 
regulating action’ (Van Elslande et al, 2007) and 
often involves contributory factors such as the 
behaviour of other road users and traffic flow.  In 
this scenario, when a road user starts to brake, they 
actively expect the (primary active) road user 
behind to also be able to brake safely.  However, 
due to the vehicle behind travelling too close and 
also too fast for the traffic condition, the vehicle 
behind is unable to brake in time to avoid a 
collision. 
 
Using the HFF methodology, this is seen as not 
only a functional failure of the primary active road 
user in terms of their speed and positioning, but 
also of the non primary active road user, as their 
expectations of the road user behind and also the 
‘rules of the road’ (‘right of way status’) mean that 
they are concentrating on avoiding the road user 
ahead, and expect the road user behind to avoid 
them. 
 
This is not implying that road users should also be 
responsible for avoiding vehicles behind them.  On 
many occasions, it might be beyond human 
capability to avoid impacting a vehicle ahead and a 
vehicle behind.  However, this has highlighted an 
area where certain types of safety systems in a 
vehicle may be able to assist the road user to avoid 
collisions which a human alone may not find 
possible to do. 
 
In addition to accident scenarios involving 
prognosis failures, there are also a number of 
accident scenarios involving perception failures (5 
road users).  This failure in detection is due to a 
number of reasons, including an obstruction to 
visibility, the road user focussing on only one part 
of the scene, the road user only undertaking a quick 
detection of the scene (e.g. due to being in a hurry) 
or the road user doesn’t think there is a need to 
undertake any detection at all. 
 

Inappropriate Speeding – Possible Solutions 
 
From the analysis undertaken, possible current and 
future solutions for helping to reduce the type of 
accidents where inappropriate speeding is found to 
be a contributory factor could include the 
following: 
• Educating less experienced drivers about the 

dangers of inappropriate speeding as well as 
illegal speeding; 

• Current in-vehicle technologies such as ABS, 
brake assist and ESC could help road users 
who find themselves travelling too fast for the 
conditions to overcome difficulties they might 
encounter and avoid possible collisions; 

• Advance warnings of the dangers ahead (e.g. 
of bends in road) at higher risk locations 
which can also be seen at night will assist road 
users to travel at a more appropriately safe 
speed on approach to these high risk locations; 

• Signs giving advisory speed limits on 
approach to high risk locations, although such 
systems cannot take weather and road surface 
conditions into account unless equipped with 
environmental sensors; 

• Future solutions such as in-vehicle devices 
which provide road users with advance 
notification of the road geometry/surface 
conditions and hazards ahead and possibly 
also assist by automatically reducing the 
vehicle speed on approach to these high risk 
locations.  Full collision avoidance 
technologies could also be integrated into such 
systems. 

• Further improved definitions of speed limits, 
considering the road conditions, geometry, 
traffic conditions etc, which will provide 
better guidance to road users on the driving 
limits of the road.  

 
Before implementation, it would be necessary to 
evaluate some of these potential solutions for their 
effect on the mental workload of the driver, to 
determine whether overload could be possible.  
Field Operation Tests and simulator trials could 
inform such work. It is also important to more fully 
understand any risk compensation effects. That is to 
say any possibilities that driver perceptions of 
increased safety due to the presence of in-vehicle 
technologies, such as brake assist, may encourage 
inappropriate speeding. 
 
Changing attitudes to inappropriate speeding can be 
expected to have a “knock-on” effect whereby 
drivers are also less likely to speed illegally.  
 
As the definition of inappropriate speeding is 
‘travelling too fast for the conditions’, conditions 
which can change, it is clear that the most effective 
advance warnings systems will rely on the 
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development of environmental sensors integrated 
into the highway infrastructure and vehicle to 
infrastructure communication. 
 
Illegal Speeding – Statistical Analysis 
 
From the statistical overview of the 307 cases in the 
OTS database where illegal speeding is a 
contributory factor, a number of explanatory 
variables are found to be more likely to be present 
when illegal speeding (i.e. travelling above the road 
speed limit) is a cause. 
 
These results give a good indication of these 
characteristics, which appears to be low speed 
(30mph, 48km/h) minor roads during low density 
traffic at night (not at an intersection), with a young 
male car driver going ahead on a bend. 
 
Illegal Speeding – HFF Analysis 
 
The analysis of the sample of 20 cases using the 
HFF methodology found a number of different 
accident scenarios where illegal speeding is a 
causation factor.  The 34 road users involved in 
these cases are split into 2 categories: 
• Primary active road users (20) 
• Other road users (14) 
 
     Primary active road users     The most 
frequent type of failure generating scenario for 
primary road users in illegal speeding accidents has 
been found to involve a diagnosis failure (7 road 
users), in particular an incorrect evaluation of an 
approaching road difficulty (6 road users).  In this 
scenario, the primary road user is negotiating a 
bend and it is a single vehicle accident (i.e. no 
impact with other road user on road).  They either 
have knowledge of the bend ahead and therefore 
are more complacent than if they were negotiating 
an unfamiliar bend, or think they will be able to 
negotiate it faster, and therefore misdiagnose the 
conditions on this bend on this particular occasion.  
Or, they are focusing more on the thrill-seeking 
aspects of driving an unknown bend rather than 
evaluating the road conditions.  In this scenario, it 
is found that the road user being in a hurry, the 
eccentric risk-taking motives of the road user and 
the road geometry (i.e. the bend) are also often 
contributory to the functional failure occurring (in 
addition to the illegal speed). 
 
In addition to diagnosis-related failure generating 
scenarios, perception-related scenarios are also 
identified in the sample of primary active road 
users (4 road users).  The types of perception 
failure in each scenario vary, and are shown below: 
• A primary road user undertakes a hasty search 

for information whilst attempting to overtake 
another road user ahead who is attempting to 

turn across traffic (turning right in the UK) from 
a main road into a side road (the road user fails 
to detect that the vehicle was indicating); 

• In two instances, the road user detects a 
pedestrian crossing the road/slow vehicle ahead 
too late due to their belief that there is no need 
to search for information (i.e. encountering a 
conflict that was not usual at the road location); 

• A primary road user who does not detect a 
vehicle approaching from the side when they 
are about to cross because they are distracted. 

 
In a hurry and “distraction within user” (i.e. lost in 
thought), and road surface condition are additional 
factors to illegal speeding. 
 
     Other road users     The majority of failure 
generating scenarios identified for other road users 
involved in the illegal speeding cases involve a 
perception failure (10 road users),  more 
specifically the road user neglecting the need to 
search for information (5 road users).  In these 
cases, the road user does not detect until too late a 
road user ahead (either another vehicle or a 
pedestrian).  The reason for the lack of detection is 
either because they do not expect another road user 
(a possible conflict) to appear at this location or do 
not expect to encounter slow vehicles ahead at this 
location, as it is not a crossing or intersection.  The 
main factors which contribute to this failure in this 
type of scenario include their rigid attachment to 
the right of way status, their close positioning to 
another vehicle ahead and the atypical manoeuvre 
of another road user (i.e. the primary road user). 
 
Scenarios involving prognosis failures are also 
indentified in the sample (2 road users). One 
involves the road user failing to expect another road 
user in an opposing lane to carry out an overtaking 
manoeuvre in heavy traffic.  The other, the road 
user actively expects a road user behind to also take 
regulating action when they start to slow down 
because of slowing traffic ahead.  In both scenarios, 
it was the atypical manoeuvre of another road user 
that was the main contributory factor to the failures. 
 
There are also 2 cases in the sample which involve 
a scenario with the ‘overall’ failure of ‘exceeding 
sensorimotor/cognitive capacities’. In both cases, 
the main contributory factor for the road user is 
alcohol impairment and the road user was a 
pedestrian crossing the road.  In the first scenario, 
the road user is half way across the road just 
beyond a bend when the primary road user 
approaches the bend at speed, entering the opposing 
carriageway where the pedestrian is located.  
Because of the alcohol impairment, the road user is 
unable to react at all and a collision occurs.  It was 
decided that due to the alcohol impairment of the 
pedestrian, that even without the poor visibility due 
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to the bend, the pedestrian would have been too 
alcohol impaired to react.  In the second scenario, 
the alcohol impaired pedestrian is trying to cross 
the road when a collision occurs with the primary 
road user’s vehicle, which is speeding.  In this case 
it was concluded that the pedestrian may have been 
able to avoid the collision if there had been no 
alcohol impairment, so the pedestrian’s main failure 
was directly related to the alcohol impairment. 
 
Illegal Speeding – Possible Solutions 
 
From the analysis undertaken, possible current and 
future solutions for helping to reduce the type of 
accidents where illegal speeding is found to be a 
contributory factor could include the following: 
• On lower speed limit roads, in particular at 

night, stricter enforcement of the speed limits; 
• Better education of higher risk road users (i.e. 

those found most at risk of speeding in this 
study), of the dangers of driving above the 
speed limit, not only for others, but for 
themselves; 

• Speed limiters in vehicles of the highest risk 
road users (e.g. young/new drivers; convicted 
speeders), the limiters working in particular on 
higher risk roads, especially at night.  This 
would be a focused application of a mandatory 
Intelligent Speed Adaption system (ISA); 

• Educating road users of the increased risk of 
making errors when driving at high speeds (i.e. 
not only less time to evaluate their 
surroundings, but also to detect potential 
dangers and make correct decisions); 

• Advance warning devices (and collision 
avoidance systems) to help road users avoid a 
collision with a speeding motorist. 

• The introduction of traffic calming procedures, 
in particular those which are more subtle to the 
road user, will help to promote a natural 
reduction in driving speeds. 

 
Comparison between Inappropriate Speeding 
and Illegal Speeding Cases  
 
As opposed to inappropriate speeding, poor weather 
and surface conditions are not more likely to be 
found in accidents where illegal speeding is a 
cause, which implies that the increased risk of 
travelling above the speed limit as opposed to just 
travelling too fast for the conditions, over-rides the 
risk of the presence of poor weather and conditions. 
 
Whereas rural roads lead to a greater likelihood of 
an accident occurring when inappropriate speeding 
occurs, neither rural nor urban roads are more likely 
to lead to collisions where illegal speeding is 
causative.  However, as with inappropriate 
speeding accidents, minor roads still have the 
greater accident likelihood when illegal speeding 

occurs.  Another difference observed between the 
inappropriate speeding accidents and the illegal 
speeding accidents is that roads with low speed 
limits (30mph or 48km/h) are more likely in illegal 
speeding accidents, whereas roads with high speed 
limits (60mph or 97km/h) are more likely in 
inappropriate speeding cases. 
 
When comparing the results of the Human 
Functional Failure analysis, the illegal speeding 
accidents most often involve a scenario where the 
primary road user misdiagnoses the road geometry 
ahead, either due to over-familiarity or thrill 
seeking.  Whereas in the inappropriate speeding 
accidents, primary road users are more frequently 
travelling too fast (and too close) for the conditions 
and often fail to detect a conflict in time to react. 
 
When comparing the frequent failure generating 
scenario between both speeding samples for the non 
primary road users, the first main difference 
observed is the high number of non primary active 
road users who do not experience a failure 
generating scenario in the sample of inappropriate 
speeding cases compared to the illegal speeding 
cases, where there are no passive road users.  This 
is mainly due to the stationary road users in the 
inappropriate speeding cases, who are impacted 
from behind by the primary road user who is 
considered to be driving too fast for the conditions 
(i.e. the erratic traffic flow).  Also, the other main 
difference observed is that for the illegal speeding 
cases, a scenario involving a perception failure is 
most frequent, whereas a scenario with a prognosis 
failure is most frequent in the inappropriate 
speeding sample.  However, both of these scenarios 
do involve the road user’s expectations.  In the 
perception-related failure, the road user fails to 
detect because they do not undertake any search at 
all, because they feel there is no need for it at that 
location (i.e. they’re not expecting to encounter a 
conflict).  In the prognosis-related failure, the road 
user has detected a possible conflict (i.e. another 
road user in their path), but because they have right 
of way, they expect the other road user to undertake 
the avoiding action. 
 
It is interesting to note that in the inappropriate 
speeding cases, the most frequent scenario for the 
primary active road user involves a perception 
failure and for the non primary active road user, the 
most frequent scenario involves a failure in 
information processing, whereas in the sample of 
illegal speeding cases, it is vice-versa. 
 
Future Work 
 
Using the HFF methodology on a larger sample of 
cases could inform the development and 
implementation of Intelligent Speed Adaption 
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(ISA).  Whilst the current ISA systems themselves 
are only concerned with illegal speeding, 
adaptations utilising advanced warning systems to 
deal with inappropriate speeding could be of 
benefit.  It would also be interesting to consider that 
an ISA system may incorrectly reassure a driver 
that their speed is appropriate, because they know 
the system is fitted and it hasn’t activated, when in 
fact they are travelling too fast for the conditions.  
For example, whilst travelling on a rural road with 
a posted speed limit of 60 mph (97 km/h) but with 
sharp bends. 
 
CONCLUSIONS 
 
This study finds that the driving task-related factors 
inappropriate speeding and illegal speeding 
significantly contribute to accidents occurring with 
the accident likelihood increasing when specific 
conditions (e.g. road type, area, road user type…) 
are present. 
 
The statistical analysis reveals distinct differences 
in accident characteristics between the two types of 
speeding.  A positive link with high speed limit 
(60mph, 97km/h) roads, rural roads, poor surface 
conditions and weather conditions is found when 
inappropriate speeding is a cause, which is not 
found when illegal speeding is a cause.  However, 
accidents on low speed (30mph, 48km/h) roads are 
found to be prevalent when illegal speeding is a 
cause. 
 
This study also shows that the presence of these 
two speed-related factors leads to failures at various 
stages of the driving process, from the initial 
perception (detection) stage, during information 
processing (diagnosis/prognosis stage), through to 
the decision making stage or when undertaking the 
resulting action.  However, as with the statistical 
analysis, differences in the prevalence of the 
failures between the two types of speeding are 
found when undertaking the Human Functional 
Failure analysis. 
 
For primary active road users, scenarios with a 
perception-related failure are most frequent in the 
sample of inappropriate speeding cases and 
scenarios with an information processing diagnosis-
related failure are most frequent in the sample of 
illegal speeding cases.  Whereas for other (‘not at 
fault’) road users involved in each type of speed-
related accident, the opposite was found to be the 
case (i.e. information processing prognosis failures 
in inappropriate speeding cases and perception 
failures in illegal speeding cases). 
 
These findings imply that different solutions to 
prevent accidents involving these two types of 
speeding-related factors are needed.  Also, this 

outlines the importance of ensuring that in future 
analysis, these two types of speeding-related factors 
are considered separately, as it has been shown 
from this work that the failures behind 
inappropriate speeding and illegal speeding 
accidents and their characteristics are often not the 
same. 
 
Road users could benefit from current and future 
technologies to help avoid travelling at 
inappropriate speeds, including better advance 
warning/advisory signage, driver education, and in-
vehicle technologies such as advance warning 
systems. It will be important for future research to 
monitor the proliferation of in-vehicle systems such 
as brake assist, ESC and collision avoidance as they 
may prove able to prevent accidents at speeds 
currently judged to be inappropriate. However, 
accidents may not be prevented if drivers continue 
to drive at inappropriate speeds due to any 
increased perceptions of safety resulting from these 
new technologies. Risk compensation as well as 
any distraction or mental loading aspects of new 
technologies should therefore be evaluated. It is, 
furthermore, likely that fully effective warning 
systems will require a step change in infrastructure 
(highway sensors and communication systems). 
 
Road users would also benefit from technologies to 
help avoid travelling at illegal speeds (such as ISA), 
or being involved in a conflict with a road user who 
is travelling above the speed limit.  In addition 
stricter enforcement of speed limits at high risk 
locations (as outlined in this study), improved 
education to new drivers, speed limiters in vehicles, 
and advance warning mechanisms to help road 
users to avoid collisions with speeding motorists 
would be of benefit. 
 
It has been possible, using the TRACE HFF 
methodology, to identify a number of typical 
scenarios that road users are faced with when either 
travelling too fast for the conditions or above the 
road speed limit and the failures they encounter.  
While the current sample is small, and results 
should therefore be interpreted with appropriate 
caution, this study has shown the methodology to 
be a useful tool in accident causation analysis by 
highlighting the differences between the 
characteristics of accidents where inappropriate 
speeding is a cause and accidents where illegal 
speeding is a cause. 
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ABSTRACT 
 
Although modern vehicles are equipped with 
multiple restraint systems such as airbags and 
seatbelts, there would be a further possibility to 
reduce occupant injury in even the best-pick 
category vehicles. The protection systems are 
mainly designed for occupants that are positioned 
closest to the intrusion. However, side-impact 
field data show approximately one-quarter to one-
third of severely injured occupants sit on the far-
side of the vehicle, furthest from the intrusion. 
 
This study presents a novel protection system 
which is placed between the two front passengers 
to protect them from injuries caused by far-side 
impacts. The fixation of the performance-added-
airbag to the seat is designed in a pivot-like 
method to ensure a laterally stiff protection 
element, minimizing the excursion of the 
occupant’s torso and head. The concept is 
designed to incorporate only minimal changes to 
existing seat and seatbelt designs. With reference 
to field data accidents, different impact angles 
have been sled tested under LINCAP conditions. 
 
Results show a high benefit of the proposed Mid-
Mount Bag. Keeping the occupants on their own 
side of the vehicle as much as possible can 
mitigate many injuries caused by the vis-à-vis 
interior or by other occupants. The total torso 
excursion could be reduced by 45% compared to 
scenarios without adequate far-side protection. 
 
With regard to the field data, approx. 70% of 
MAIS3+ far-side injuries can be avoided by the 
Mid-Mount Bag. Although installing additional 
airbag systems will have a cost impact, this impact 
is balanced by potentially saving numerous lives. 
The Mid-Mount Bag brings us closer to our dream 
of having zero victims due to traffic accidents. 
 
INTRODUCTION 
 
Throughout the past decades, major advances in 
automotive safety have been achieved. Today, the 
human toll due to road accidents is decreasing in 
nearly all developed countries [7]. Active safety 
which seems nowadays to take most of the 

attention is making good progress by putting new 
safety systems on the road in order prevent an 
immanent crash or support and guide the driver. 
Nevertheless, there are still further advances 
needed in passive safety. Looking at various 
safety rating schemes you will find listings which 
show the safest cars available. However, it is to be 
remembered that those ratings are focusing on 
standardized testing protocols. In the real world 
there are frequent accident scenarios which are 
only partially or not at all addressed by those 
rating schemes. In this paper, we consider lateral 
crashes in which an occupant is seated at the far 
side of the impact, i.e. the occupant is located at 
the non-stuck side of the vehicle. 
 
MOTIVATION 
 
An objective of this study was to examine injury 
patterns for belted far-side front seated occupants 
in lateral collisions. Concluding the results, 
various crash tests were conducted to better 
understand the occupant kinematics that cause the 
most frequent injuries as well as developing 
countermeasures in terms of a protection system to 
significantly reduce these injuries. 
 
Roughly half of all car accident casualties are 
involved in side collisions. Throughout the 
literature, it is a well-know fact that this accident 
type causes severe injuries to the passengers.   
Especially those occupants who are seated on the 
non-struck or far side of the collision experience 
injuries that account for about one-third of all side 
collision caused injuries [1],[4]. Further field data 
activities dealt with a closer analysis on the 
causation of far-side injuries and occupant 
kinematics. This was done in order to identify the 
method to protect far-side occupants by means of 
a protection system. 
 
ANALYSES OF FAR-SIDE INJURIES 
BASED ON NASS/CDS 
 
In a NASS/CDS query from 1998-2005, far-side 
occupants were defined as front left passenger 
with right side damage and principle direction of 
force (PDOF) 90° ±50° or front right passenger 
with left side damage and PDOF 270° ±50°. 
 
The following boundary conditions were set: only 
the MAIS 3+ respectively AIS 3+ filter was 
applied; unbelted occupants as well as rollover 
were excluded from the analysis. The resulting 
data contained a total number of 216 cases, 
whereby 163 cases were the front left passenger 
and 53 were the front right passenger. 
 
On the injury level, it resulted in a total of 245 
injuries to the front left passenger and 75 injuries 
to the front right passenger. Table 1 shows the 
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distribution of body regions by passenger seating 
position. 

 
Table 1 

MAIS 3+ injury distribution for belted 
occupants in far-side crashes by body region 

only one injury counted per body part 
 
Front Left Passenger AIS 3+ 

Body Region No. Percentage 
Chest 85 35% 
Head/Neck 77 31% 
Abdomen 26 11% 
Pelvis 21 9% 
Upper X 18 7% 
Lower X 12 5% 
Other 6 2% 
Total 245 100% 
 

Front Right Passenger AIS 3+ 
Body Region No. Percentage 
Chest 26 35% 
Head/Neck/Face 28 37% 
Abdomen 6 8% 
Pelvis 4 5% 
Upper X 4 5% 
Lower X 4 5% 
Other 3 4% 
Total 75 100% 
 
 
Digges et al. also investigated injuries to 
restrained occupants in far-side crashes [2] in 
NASS/CDS data set. Herein it was concluded that 
the most frequent injuries in the case of a far-side 
accidents are head and torso injuries. 
 
The injury mechanisms and kinematics of chest 
and abdominal injuries in far-side crashes have 
been researched in detail by Fildes et al. [5]. As a 
result from this paper, the head, chest and 
abdominal injuries are also the top three injuries 
associated with far-side crashes. Charles [6] 
highlights the head and thorax injuries as the top 
injuries as well. 
 
Diagram 1 shows the distribution of AIS 3+ 
injuries by the injuring contacts.  The blue bars are 
related to the front left passenger contacts. The 
green bars are related to the front right passenger 
contacts. The categories ‘Seat/Back’, ‘Belt/Webb’, 
‘Front Interior’, ‘Other/Misc’ are somehow 
distributed equally between front left and right 
side passengers. At least there are no significant 
recognizable discrepancies. 
 
The unequally distributed category ‘Other 
Occupant’ roots back to the fact that a front left 
side passenger is always seated in the vehicle, 
whereas not always is a passenger seated in the 

right front seat of the vehicle. It is a trivial fact 
that the category Right Interior addresses the front 
left passenger in a far-side crash, whereas the 
category Left Interior addresses the front right 
passenger in a far-side crash. 
 
 

Diagram 1 
Distribution of injuring contacts for AIS3+ 

injuries of front left and front right passengers 

 
Charles [6] did a comparison of mortality, injury 
severity and injury patterns between near and far-
side occupants in side collisions. He also showed 
two single cases where large deformations of the 
side structure of the vehicle are visible. Thereby 
injury sources such as vis-à-vis side interiors 
become evident. 
 
All these field data define the requirements and 
boundary conditions for a restraint system. From 
the analyzed body regions it is obvious that an 
optimally designed restraint system needs to have 
both a protection zone for the head as well as for 
the thorax, respectively the chest. The results from 
the analysis of the injuring contacts concluded that 
a protection system, too, needs to protect against 
perpendicular contacts as well as oblique contacts 
from a view of a far-side seated occupant. 
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CONCEPTUAL CONSIDERATIONS 
 
Altogether, the field data and injury pattern show 
that the following categories need to be addressed 
for maximum protection: 
• Protect the far-side occupant not only for 

perpendicular impact but also for oblique 
impact. 

• Limit the potential interaction with the 
vehicle interior as much as possible. 

• Develop a protection system not only 
beneficial for dummies but also for humans. 

 
 

 
 

Figure 1  
Far-side dummy kinematics in a far-side lateral 

impact 
 
 
Figure 1 shows the dummy excursion in a possible 
far-side condition. It is to be considered that 
current dummies have a fairly stiff spine (no 
bending, no stretching). Digges [3] shows the 
fundamental differences between a dummy and a 
human in a far-side condition. In a real crash the 
far-side occupant is well supported at the pelvis by 
means of the middle console and the lap belt. 
However, the shoulder belt typically slips off and 
hence the upper torso and head will rotate about 
the pelvis towards the intruding side wall. 
Significant bending and stretching of the spine of 
the far-side occupant is seen. The result is a much 
larger excursion of the head and upper torso when 
comparing those two measures with a dummy. As 
shown in Diagram 1, there are not only injuries 
from contact to interior parts but also from the belt 
and webbing. In consequence, the likelihood of 
severe injuries becomes much higher for humans 
than for dummies. But it is only true if the 
occupant is actually allowed the higher excursion. 
If we can avoid the occupant excursion we may 
also avoid the injuries. 
 

Assuming the dummy/occupant is actually kept 
well within its seat (by a to-be-installed protection 
system); we can expect their lateral motion pattern 
of both the dummy and the occupant to be the 
same. This is a fair assumption because the 
difference in spine bending and stretching will not 
occur. 

 
 

Figure 2 
Both dummies are at risk for interaction 

 
 
In case of two occupants in one seating row 
(driver and passenger next to each other) there is 
the further injury risk of interaction. This is shown 
in Figure 2. Calculations from t1 (t1 = triggering of 
restraint devices) show we want to focus on 50ms 
at which point the two occupants have the 
following status: 
• Near-side occupant: Intrusion of the side 

structure is in full progress; the Head-Side 
Airbag and Thorax Airbag are fully engaged; 
the occupant is under its highest loading and 
the rebound is about to start. 

• Far-side occupant: The propagation of the 
crash pulse throughout the vehicle structure is 
somewhat delayed and has just arrived at the 
far-side seat. Hence, the far-side occupant 
starts to move towards the middle of the 
vehicle and beyond. 

As a result, the two occupants now move towards 
each other and there is a significant injury risk 
from potential occupant interaction. To prevent 
injuries in such a scenario a protection system is 
needed to keep the two occupants apart from each 
other. 
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Figure 3 
The far-side dummy/occupant needs to be kept 
as much as possible in its seat (smallest possible 

excursion) 
 
Figure 3 illustrates the specification of the far-side 
protection device in terms of limiting the occupant 
excursion towards the middle of the vehicle. In 
summary, the following specification is 
postulated: 
• Limit the occupant excursion towards the 

middle of the vehicle as much as possible, i.e. 
the CoG of the far-side occupant/dummy head 
should not cross the geometrical middle line 
of the vehicle. 

• Cover various impact angles, e.g. 60° and 90° 
lateral impact (60° = 2 o’clock; 90° = 3 
o’clock). 

• The crash pulse should be equivalent to a 
standard side impact pulse e.g. LINCAP (max. 
acceleration at far-side seat: 20g). 

• The integration of such new protection device 
should require minimum modifications to an 
existing vehicle design. 

• Cost, package and weight need to be as low as 
possible. 

• The comfort of the occupant should not be 
reduced by an additional protection device for 
the far-side condition. 

Note: Throughout the development of the far-side 
protection system, it is assumed that the occupant 
is secured by a standard 3-point seatbelt including 
a pyrotechnic pretensioner. 
 
Several concepts were considered as possible 
technical solutions: 
• Extended seat side wings at shoulder and/or 

thorax (Feist [4]) 
• Improved seatbelt (e.g. X-type or H-type) 
• Deployable middle console (e.g. airbag 

deploys upwards) 
• Deployable head-shoulder-thorax support 

(airbag) in seat side wing 

These concepts were compared with the provided 
specifications shown above. The preferred 
protection concept is an airbag mounted at the seat 
side wing. It is deployed by a hybrid or stored gas 
inflator and designed to be airtight for an extended 
time to provide protection not only during the first 
impact but also during a multiple crash scenario or 
a rollover. Further on this concept shall be called 
MID-MOUNT BAG. 
 
MID-MOUNT BAG CONCEPT 
 
With a novel protection system which is mounted 
to the seat frame in a specific way, it is possible to 
reduce injuries and fatalities in the case of far-side 
crashes significantly. The cushion is designed to 
keep the occupant restrained as shown in Figure 3. 
The specific cushion design and a special way of 
attachment of the protection system to the seat 
frame are two of three key factors for the restraint 
effect. 
 
Figure 4 shows the principle function of the Mid-
Mount Bag in a top view. In contrast to ordinary 
Side-Thorax Airbags, the Mid-Mount Bag is 
designed to limit the excursion of the occupant by 
keeping the person in its position as much as 
possible i.e. it is rather a supporting device than an 
energy absorbing one. The cushion has no means 
for venting. 
 
The Mid-Mount Bag is attached and mounted to 
the seat frame on a lateral portion. The distal ends 
of the airbag can freely rotate around a lateral 
connection. 
 

 
 

Figure 4 
Principle mode of function of the Mid-Mount 

Bag. 
 
Combining the advantages of the high internal 
pressure of the Mid-Mount Bag (approx. 200kPa) 
with a pyrotechnically pretensioned seatbelt, the 
excursion of the occupant/dummy is reduced 
significantly. The high pressure is the third key 
factor of the Mid-Mount Bag. The occupant 
applies a force on a lateral side of the Mid-Mount 
Bag, the bag then rotates around its rotational 
point and distributing the force to the side of the 
seat frame. This requires a stiff transfer of the 
force which is established by the internal pressure. 
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The design of the cushion contains some novel 
features. Figure 5 shows a side view of the Mid-
Mount Bag. 
 

 
 

Figure 5 
Side view of the Mid-Mount Bag 

 
The cushion has been designed to meet not only 
perpendicular but also oblique crash types. The 
two big zero tethers’ function is to reduce volume, 
allowing for a smaller inflator. Combining all 

those different properties of the Mid-Mount Bag, 
it was possible to create a protection system that 
achieves high benefit and improvement in the case 
of a far-side side collision. 
 
 
RESTRAINT PERFORMANCE 
 
Compared to ordinary side airbag applications, the 
Mid-Mount Bag has a slower deployment. This is 
due to a longer period of time for the crash pulse 
to reach the far-side seat/occupant. The 
deployment criterion was to achieve the pressure 
level of 200kPa within 40ms. 
 
In Figure 6, the deployment sequence is shown. 
The deployment pattern must be as close as 
possible to the occupant in order to avoid the 
potential for the airbag to be hindered by the 
neighboring seat or occupant or any other interior 
part. The two high pressured areas atop and below 
the shoulder, including the special cushion 
attachment design to the seat frame, gives enough 
side support to adequately restrain the occupant. 
 
This can be observed in the dynamic tests which 
were conducted with two different impact angles, 
90deg and 60deg, and a crash pulse similar to the 
LINCAP test configuration. 
 
Figure 7 shows the maximum excursion of the 
dummy at different impact angles. It is obvious 
from the pictures that the Mid-Mount Bag limits 
the excursion much more effectively. 

 

Figure 6 
Sequence of a deployment test 

 

40ms 30ms 20ms 10ms 0ms 
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Impact angle: 90deg 

 
 

Impact angle: 60deg 

 
Figure 7 

Maximum torso excursion at two different 
impact angles 

 
The results of a more objective measurement are 
shown in Diagram 2. The excursion of the head 
CoG was measured in both cases with and without 
the Mid-Mount Bag at the 90deg and 60deg 
impact angle. 
 

 
Diagram 2 

Maximum head displacement  
at 60 deg and 90 deg impact angle 

 
In these cases, the Mid-Mount Bag reduces the 
excursion by 45% in the 90deg impact angle and 

by 40% in the 60deg impact angle. In both cases, 
the head CoG did not cross the vehicle center thus 
fulfilling the previously set target specification. 
 
In summary, the occupant was kept on its own 
vehicle seat and therefore avoided many of the 
typical injuries that are likely in today’s vehicles 
without an appropriate far side protection device. 
 
The force retaining the shoulder, which is applied 
by the seatbelt, is the most important for the 
restraining benefit. The smaller the impact angle 
becomes, the higher the effect of the safety belt 
becomes. Figure 8 shows the difference in the 
60deg case with and without pretensioning. 
 

Belt pre-tensioning 
ON                                 OFF 

 
 

Figure 8 
Comparison of torso excursion with and w/out 

belt pre-tensioning 
  
OUT-OF-POSITION 
 
Tests have been conducted to evaluate the system 
in OOP tests. In the absence of a defined position 
for a far-side device, a position according to the 
TWG was chosen. The most critical one was 
found to be a rearward facing position. The 
dummy was placed on the inboard side of the seat 
kneeling partially on the middle console.  Figure 9 
illustrates the dummy position. Here, the 3-year-
old dummy is leaning with its torso and head 
directly towards the front of the tear seam through 
which the Mid-Mount Bag inflates. 
 
The tests produced good results. None of the 
dummy values were higher than 60% of the 
allowed limits. 
 
Other positions have not yet been tested due to the 
lack of any defined requirements for this specific 
application. But as soon as there are any direction-
giving proposals exist, these positions will be 
further evaluated.  
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Figure 9 

Dummy position in out-of-position testing 
 
 
Concluding on the restraint performance the Mid-
Mount Bag improves the situation for a far-side 
occupant in lateral collisions much by establishing 
an effective support between the both occupants. 
The Mid-Mount Bag supports the occupant that 
well that the occupant stays on its own vehicle 
side and does not cross the vehicle center line 
which was defined as the limit. 
 
DISCUSSION 
 
Considering the amount of work and resources put 
into the protection for near-side occupants in a 
side crash, it can be assumed that industry, 
regulatory bodies and consumer information 
institutes are deeply concerned about life 
endangered by a vehicular side-impact. But side-
impact protection is not only near-side occupant 
protection. As shown in the chapter 
MOTIVATION, about a third of all side-impact 
injuries (MAIS 3+) are associated to far-side. 
However, there is no clearly determined group 
within the safety community to reduce these risks 
in daily traffic. Up until now, there have been 
many research papers explaining the need for a 
far-side protection system. A few in the industry 
have chosen to work towards an improvement but 
no determined actions were taken. This is an 
unfortunate situation were we clearly have an 
opportunity to reduce traffic fatalities. 
 
The proposed Mid-Mount Bag concept has 
demonstrated its effectiveness under various 
requirements. Without any doubt, this concept can 
be further improved to produce an even better 
protection performance. However, there is the 
saying, ‘A bird in the hand is worth two in the 
bush’ meaning we need to take small steps in the 
right direction first instead of bigger steps in 
possibly the wrong direction. 
 

CONCLUSIONS 
 
The project set out to tackle the issue of occupants 
which are seated on the non-struck side of the 
vehicle in a lateral crash. By employing the Mid-
Mount Bag, a clear advance in restraint 
performance is shown. However, no sacrifice was 
made towards passenger comfort. The concept is a 
straight forward combination of existing and new 
technology, offering a solution to a well known 
issue.  
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ABSTRACT 
 
The agency released the final rule for Federal Motor 
Vehicle Safety Standard (FMVSS) No. 214 “Side 
Impact Protection” in September 2007, which put in 
place upgrades that involve moving deformable 
barrier (MDB)-to-vehicle and vehicle-to-pole crash 
tests with a 50th percentile adult male, the EuroSID 
2re (ES-2re) and a 5th percentile adult female, the 
SID-IIs dummy.  Recently, the National Highway 
Traffic Safety Administration (NHTSA) 
began evaluating the 50th percentile male WorldSID 
in these types of crashes using the same fleet vehicles. 
This paper includes an evaluation of the dummy’s 
durability in crash testing and gives a comparison of 
the test results with those of the ES-2re dummy.  The 
two dummies have different anthropometries and 
seating procedures which affect the final results.  In 
general, the WorldSID produced more elevated 
responses than the ES-2re dummy for both test 
modes.      
 
INTRODUCTION 
 
The FMVSS No. 214 final rule upgraded the 50th 
percentile male dummy from the US SID to the ES-
2re dummy.  This dummy was a European enhanced 
side impact dummy which was used in the Economic 
Commission for Europe Standard, R95 (ECE R95).  
It was developed originally as the ES-1, which was 
later modified to ES-2.  The ES-2 is the current 
dummy used in European standards.  The ES-2 was 
modified with rib extensions, thus the name ES-2re 
and is the current dummy being used in the new 
FMVSS No. 214 test requirements. [1]  
 
At the same time the EuroSID dummy was evolving, 
a second dummy was also being developed as a 
collaborative project to develop a world harmonized 
side impact dummy.  The dummy’s anthropometry 
was based on a NHTSA study done by the University 
of Michigan Transportation Research Institute 
(UMTRI) that looked at the anthropometry of actual 
humans in actual vehicle seats. [2][3] After extensive 
evaluations, the NHTSA concluded that the 
WorldSID was not ready for use in Federal 
regulations and its potential use had not been fully 

assessed by the agency for inclusion in the 2007 
FMVSS No. 214 Final Rule.  The agency further 
stated that, upon completion of its evaluation of the 
WorldSID, it would consider possible incorporation 
of the device in FMVSS No. 214. [4]   
 
DUMMIES 
 
ES-2re 
 
The ES-2re sits in an upright position, with a seating 
height of 660mm (see Figure 1 for more details).  It is 
instrumented with the following:  an upper neck load 
cell, a shoulder load cell, three rib potentiometers that 
measure lateral deflection, three abdominal load cells 
that measure the lateral loads, a pubic load cell, and 
accelerometers at numerous locations to measure the 
“g” levels that are applied to the dummy during a 
side impact. 
 
WorldSID 
 
The WorldSID sits in a more slouched position and is 
slightly shorter than the ES-2re dummy (see Table 1 
for more details).  It was instrumented with the 
following:  upper and lower neck load cells; IR-
TRACCs in the shoulder, thoracic ribs, and abdomen 
ribs; a shoulder load cell; a pubic load cell; iliac and 
sacrum load cells; and accelerometers at numerous 
locations to measure the “g” levels that are applied to 
the dummy during a side impact.  The WorldSID also 
has the option of having its data acquisition system 
onboard.   All of the tests conducted with the 
WorldSID dummies utilized the onboard data 
acquisition system. 
 

Table 1. 
Dummy Anthropometry Measurements 

 WorldSID    ES-2re   
Shoulder width  480 485 
Thorax width (nipple) 371 337 
Pelvis width  410 355 
Seating height  
(neck/torso interface)   600 660 
Seating height (erect)       870 920 
Leg Length 555 452 

All measurements are in millimeters. 

_____________________________________________________________________________________________ 
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Both dummies are designed to study occupant 
response to potential injury in side impact crash tests.  
In Figure 1, the ES-2re is in the red suit (left) and the 
WorldSID is in the purple suit (right).  As you can 
see, the ES-2re sits slightly higher than the WorldSID, 
which puts the head and ribs in different vertical 
locations. 
 

 
Figure 1.  ES-2re and WorldSID Dummies. 
 
Anthropometry Analysis 
 
Anthropometry had a large effect in the crash tests.  
The two dummies sat differently in the vehicle seats, 
which in turn allowed different body areas to be 
loaded, which caused differences in the final 
responses of the dummies.   
 
Figure 2 shows the UMTRI manikin. [2] This 
manikin represents a series of real adult people and 
how they sit in vehicles.  Figure 3 shows the ES-2re 
superimposed on the UMTRI manikin.   The ES-2re 
sits taller and more upright in the vehicle seat.  
Notice the placement of the head and shoulder. The 
ES-2re head and shoulder are more vertical and 
rearward than those of the UMTRI manikin.  The ribs 
of the ES-2re are approximately 20-25 degrees from 
horizontal, even though the dummy is sitting straight 
up. 
 

 
Figure 2.  UMTRI Adult Male Manikin. 
 

 
Figure 3.  ES-2re Superimposed with the UMTRI 
Manikin. 
 
Figure 4 shows the WorldSID dummy compared with 
the UMTRI manikin.  The heads and shoulders are 
almost aligned with each other.  The ribs of the 
WorldSID are in a horizontal plane.  Figure 5 shows 
the ES-2re and WorldSID dummies superimposed on 
each other.  The differences described earlier are 
more visible when the two dummies are 
superimposed.  The ES-2re head and shoulders are 
above that of the WorldSID, and its ribs are angled 
compared to the WorldSID.  Also note that the ES-
2re dummy’s abdomen vertically overlaps the 
WorldSID’s lowest thoracic and top abdominal ribs.      

_____________________________________________________________________________________________ 
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Figure 4.  WorldSID Superimposed with UMTRI 
Manikin. 
 

 
Figure 5.  WorldSID and ES-2re Superimposed. 
 
Figure 6 shows a side by side comparison of the two 
dummies without their jackets.  The thoracic ribs do 
not align directly with each other as previously noted. 
This is especially important when analyzing the data.  
According to the pictures an assumption can be made 
about the approximate alignments of the ribs.  The 
WorldSID shoulder rib aligns with the ES-2re’s 2nd 
thoracic rib, and the WorldSID’s 1st thoracic rib 
aligns with the ES-2re’s 3rd thoracic rib.  The ES-
2re’s abdomen aligns with the WorldSID’s thoracic 
rib #3 and abdomen rib #1; the WorldSID’s abdomen 
rib #2 is aligned with the ES-2re’s pelvis.   

 
Figure 6. ES-2re and WorldSID Comparison View. 
 
The anthropometry of the two dummies is very 
important in how the two dummies respond in the 
crash, especially in the pole test where the head CG 
determines the impact point on the vehicle. 
 
TEST MATRIX and PROCEDURES 
 
The NHTSA tested eight model year (MY) 2005 
vehicles in the oblique pole test and five MY 2005 
vehicles in the MDB test.  The vehicles chosen to be 
tested with the WorldSID had been previously tested 
with the ES-2re dummy (Table 2).  All of the 
vehicles had some form of head protection.  The 
2005 Subaru Forester and Volkswagen Beetle 
convertible had seat-mounted head and thorax air 
bags.  The 2005 Saturn Ion had a head curtain but no 
thoracic air bag, whereas the other six vehicles had 
thoracic and head curtain air bags. 
 

Table 2. 
Test Matrix 

 Vehicles MDB Oblique Pole
2004 Honda Accord   √ 
2005 Subaru 
Forester  √ √ 
2006 Toyota 
Sienna    √ 
2005 Ford 500  √ √ 
2006 VW Jetta √ √ 
2005 Saturn Ion √ √ 
2005 Ford 
Expedition   √ 
2005 VW Beetle 
(Convertible)   √ 
2005 Honda CRV √   
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Test Setup 
 
The tests were conducted per the FMVSS No. 214 
2007 final rule test procedures.  The dummies were 
instrumented with additional instrumentation than 
required by the rule.  The MDB tests were conducted 
with two ES-2re or two WorldSID dummies seated in 
the left front and left rear seating positions. The 
oblique pole tests were conducted with one ES-2re or 
WorldSID dummy in the left front seating position. 
 
The ES-2re dummies were seated in accordance with 
the final rule seating procedures; seat in midtrack, 
seat full down, and seat back angle determined by the 
OSCAR procedures (~25 degrees).  The WorldSID 
was seated using the same initial conditions for the 
seat and adjusted per the seating procedures for the 
WorldSID dummy drafted by the WorldSID Task 
Group (version 1.0).[3]   This seating procedure 
allowed for the seat back to be moved in both fore 
and aft directions in order to level the thorax and the 
head.  In some of the vehicles, the seat back was 
moved one or two notches forward or rearward from 
the initial position. 
  
The final seating position of the dummies plays a 
vital role in determining the vehicle-to-pole impact 
location in the oblique pole test.  The final impact 
point is based on the head center of gravity (CG).  In 
some instances, there was a difference in the final 
head position between the ES-2re and the WorldSID 
dummy.   
 
Injury Criteria 
 
The injury criteria used for the ES-2re were those 
specified in FMVSS No. 214. Some of the injury 
responses represent a 50% risk of AIS 3+ injury 
where others represent a 25% risk of AIS 3+ injury. 
[4]   The WorldSID’s injury criteria used for this 
testing were formulated by the WorldSID task group.  
Table 3 shows the corresponding injury assessment 
reference values (IARVs) used for both dummies.  
The WorldSID proposed values represent a 50% risk 
of AIS 3+ injury. [3] 
 

 
 
 
 
 
 
 
 
 

 

Table 3. 
Injury Assessment Reference Values (IARVs) 

 WorldSID*   ES-2re    
HIC36 1000 1000 
Thorax Deflection 
(mm) 56 44 
Abdomen 
Deflection (mm) 53 n/a 
Lower Spine 
Resultant (g's) 78 82** 
Abdomen Force 
(N) n/a 2500 
Pubic Force (N) 1790 6000 
Pelvis Resultant 
(g's) 77 n/a 

*WorldSID values are proposed IARV’s by working group. 
**Not in used in final rule, but used to monitor the lower spine 
results. 
 
TEST RESULTS 
 
The vehicles chosen for this testing were not 
designed to meet the requirements of the oblique pole 
test; however the purpose was to compare the 
different dummy responses.  The dummy responses 
for each test are shown in the Appendix.   
 
The MDB tests produced similar responses between 
the two dummies, although the WordSID had more 
elevated responses (i.e. 80-99% of the proposed 
IARV) for both occupants than the ES-2re dummy.  
The pole tests resulted in some vehicles exceeding 
the IARVs for both dummies. The WorldSID 
produced more elevated injury responses in both of 
the test modes. 
 
MOVING DEFORMABLE BARRIER 
 
The MDB tests resulted in all vehicles meeting 
IARVs for their corresponding dummy.  For the 
WorldSID tests, the 2005 Saturn Ion met the IARV 
for maximum rib deflection by a very narrow margin 
(55.98 mm).  It also had elevated responses for the 
abdomen deflection, pubic force, and pelvis 
acceleration (Figure 7).  In the ES-2re tests, the 2005 
Honda CRV had an elevated thorax deflection 
response in the left front seat.  These minor 
differences may be attributed to the differences in 
dummy positioning in the vehicle and seat.  The rib 
responses may also differ due to how the ribs react 
with the deformable barrier and door intrusion. 
Unlike the ES-2re’s rib modules, which are 
constrained to deflect only in the pure lateral 
direction, the IR-TRACCs in the WorldSID’s ribs 
may deflect obliquely, and the IR-TRACCs are 
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designed to measure displacement in the direction of 
the rib loading. 
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Figure 7.  2005 Saturn Ion Normalized IARV 
Responses.  
 
OBLIQUE POLE 
 
The test results for the oblique pole varied for each 
dummy, and the injury responses can be found in the 
Appendix.  The tests with the ES-2re dummy resulted 
in five of the eight vehicles exceeding at least one 
IARV.  The VW Jetta, Honda Accord and VW Beetle 
Convertible met all IARVs.  The tests with the 
WorldSID dummy also had five of the eight vehicles 
exceeding at least one of the proposed IARV 
responses.  As with the ES-2re, the Jetta and Accord 
met all the IARVs with the WorldSID, but the third 
vehicle was the Toyota Sienna rather than the VW 
Beetle. 
  
Head Positioning and Responses 
 
The impact point of the oblique pole test is 
determined by the final location of the head CG.   
Comparing the same vehicles with the two different 
dummies, a general trend was noticed.  For the 
vehicles tested, the two dummies sat differently in the 
same vehicle seat.  This was due to the differences in 
the dummies’ anthropometries and to the WorldSID’s 
seating procedure which allows the seat back to be 
moved to level the thorax and pelvis.  These 
differences changed the impact point on the vehicles 
depending on which dummy was used.  On certain 
vehicles, this difference affected the deployment time 
and path of the air bag, and also the structural 
deformation of the door during impact.  This resulted 
in some significant differences in the HIC36 
responses (Figure 8). 
 

 
Figure 8.  HIC 36 Responses for ES-2re and 
WorldSID. 
 
Three vehicles, 2005 Ford Five Hundred, 2005 
Subaru Forester, and 2005 Volkswagen (VW) Beetle, 
had very different HIC36 responses when comparing 
the two dummies.  The Ford Five Hundred and the 
VW Beetle resulted in high HIC responses when 
tested with the WorldSID and low responses when 
tested with the ES-2re.  The Subaru Forester resulted 
in high HIC responses for both dummies, but they 
were higher for the ES-2re. 
 
In the 2005 Ford Five Hundred, the WorldSID’s head 
CG was lower and 3½ inches more forward than the 
ES-2re in the same vehicle model (Figures 9 and 10).  
Therefore, the pole struck the vehicle more forward, 
and the air curtain deployed approximately 15 ms 
later than in the ES-2re test.  This resulted in the 
WorldSID head striking the pole, which resulted in a 
HIC36 of 1609 compared to the ES-2re HIC36 of 422.   
 

 
Figure 9.  ES-2re Head Position in 2005 Ford Five 
Hundred. 
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Figure 10.  WorldSID Head Position in 2005 Ford 
Five Hundred. 
 
The 2005 VW Beetle also showed a large difference 
in the HIC36 response between the ES-2re and 
WorldSID.   The HIC36 for ES-2re was 315 
compared to 3630 for the WorldSID.  As shown in 
Figure 11, the final placement of the WorldSID in the 
seat resulted in the seat back being more reclined and 
the dummy’s head CG 1½ inches more rearward than 
the ES-2re.  This affected the impact point of the pole 
and most likely, the deployment path of the seat 
mounted combination air bag.  In the WorldSID test, 
the air bag inflated rearward from the side of the seat 
and didn’t get in between the dummy’s head and the 
pole in the correct time, thus resulting in a high HIC 
response. 
 

 
Figure 11.  ES-2re and WorldSID at 55ms in 2005 
VW Beetle. 
 
Thorax and Abdomen Responses 
 
The WorldSID measures the deflection of three 
thoracic ribs and two abdominal ribs, whereas the 
ES-2re measures the deflection of three thoracic ribs 
and the force applied to the abdomen (Figure 6). 
 
The thorax and abdomen directly interact with the 
door liner, arm rest, and/or thoracic air bag.  When 

comparing the two dummies, the WorldSID gave 
higher thoracic responses than the ES-2re in four of 
the eight vehicles tested (Figure 12).  The differences 
in the responses between the two dummies were 
minimal (within 10%) for four of the vehicles, while 
they were larger for the other four.  The WorldSID 
had higher abdominal responses than the ES-2re in 
seven of the eight vehicles, and the responses from 
the eighth vehicle were nearly identical (Figure 13).  
The differences in the responses between the two 
dummies were minimal for three of the vehicles, 
while they were larger for the other five. 
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Figure 12.  ES-2re and WorldSID Normalized 
Thorax Responses for Oblique Pole. 
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Figure 13.  ES-2re and WorldSID Normalized 
Abdomen Responses for the Oblique Pole. 
 
It is believed that the differences in the thoracic and 
abdominal responses between the two dummies can 
be attributed to the differences in their seating 
postures and positions.  Even though the seat back 
positions were only different by a notch or two, the 
dummies responded differently.  The WorldSID had 
higher rib responses in Rib 1, whereas the ES-2re had 
similar responses for all three ribs, and it usually was 
lower than the deflection that occurred in the 
WorldSID.    
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For example, the normalized abdominal responses for 
the 2005 Saturn Ion went from 0.60 with the ES-2re 
to 1.32 with the WorldSID.  This could be due to the 
interaction of the armrest, which directly loaded the 
WorldSID’s abdominal ribs, while it loaded the lower 
half of the abdomen and the upper edge of the pelvis 
in the ES-2re.   
 
The posture differences in the dummies can possibly 
create different impact locations, structural 
deformation, and air bag deployments. These 
differences can also create different alignment of 
body regions and interior door surfaces.  
   
Pelvis Responses 
 
The WorldSID and ES-2re pubic load cell are located 
in very similar areas, but the pelvic areas surrounding 
the pubic load cell are made of different materials.  
Also, as discussed previously, the dummies have 
different abdomen designs.  The WorldSID has two 
abdominal ribs whereas the ES-2re has three 
abdominal load cells, and the pelvic skin of the ES-
2re extends higher than that of the WorldSID (Figure 
6). 
 
The WorldSID produced similar responses in all of 
the vehicles, while the ES-2re responses were more 
varied (Figure 14).  Although low, the WorldSID 
produced higher responses than the ES-2re in five of 
the eight vehicles, and they were nearly identical in 
two of the others.  
 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

VW Jetta Saturn Ion Honda
Accord

Ford 500 Subaru
Forester

Toyota
Sienna

VW Beetle
Convertible

Ford
Expedition

ES-2re Pubic Force (N)

WS Pubic Force (N)

 
Figure 14. Normalized Pubic Load Cell Responses 
for ES-2re and WorldSID. 
 
DUMMY DURABILITY 
 
The WorldSID dummies were examined after each 
test, and pre and post test calibrated after the 3rd use.  
The dummies only had minor damages; the damage 
that did occur was a result of the oblique pole testing.   

The maximum shoulder deflection was reached 
during four of the eight oblique pole tests. The 
shoulder IR-TRACC was damaged during one of 
these tests.  Both ends were bent and one end was 
damaged (Figure 15).  Also, over the testing period, 
the rib damping material de-bonded from the metal 
ribs.   
 

  
Figure15.  WorldSID IR-TRACC Damage. 
 
CONCLUSIONS 
 
• Regardless of which dummy was used, the 

following were determined: 
o In the MDB tests, all dummy responses were 

below their corresponding IARVs for all 
five of the vehicles tested, although several 
had elevated responses.  The driver 
WorldSID in the Saturn Ion had a maximum 
thoracic rib deflection of 55.98 mm, which 
was below the proposed IARV by a very 
narrow margin (56 mm). 

o In the oblique pole tests, at least one IARV 
was exceeded for the Saturn Ion, Ford Five 
Hundred, Subaru Forester, and Ford 
Expedition. 

o In the oblique pole test, all dummy 
responses were below their IARV for the 
Volkswagen Jetta and the Honda Accord. 

o In the oblique pole test, the ‘meet/exceed’ 
performance of the Volkswagen Beetle and 
the Toyota Sienna depended on which 
dummy was used.  The VW Beetle exceeded 
the HIC criterion with the WorldSID and the 
ES-2re exceeded the HIC criterion in the 
Toyota Sienna. 

o In both the MDB and oblique pole tests, the 
WorldSID dummy produced more elevated 
(80-99% of proposed IARV) and high 
(exceeded IARV) responses than the ES-2re. 

• The 50th Male WorldSID and ES-2re have 
different dummy anthropometries.   

• The WorldSID is based on the UMTRI 
anthropometry study, which is based on actual 
humans sitting in vehicle seats. 

• WorldSID sits in a more slouched position and 
sits lower in the seat than the ES-2re. This places 
the body regions of the WorldSID and ES-2re in 
different locations. 
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• Different head positions produce different impact 
locations in the oblique pole tests.  This may 
affect the head impact location on the air curtain, 
sensor responses, and structural deformation. 

• The WorldSID and ES-2re thorax and abdomen 
are aligned differently with the vehicle interior.  
This can produce different loading on the 
dummies (e.g. armrest to abdomen), possibly 
resulting in different responses. 

• The overall WorldSID dummy durability is good. 
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APPENDIX:  DUMMY RESPONSES 
 

Table 1. 
MDB Driver WorldSID Responses 

Vehicles 
HIC36 

Thorax 
Deflection

(mm) 

Abdomen 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Pelvis 
Resultant 

(g’s) 
Proposed Injury 

Criteria 
1000 56 53 78 1790 77 

VW Jetta (C+T) 131 37 26 48 1355 44 
Saturn Ion (C) 136 56 51 56 1571 75 
Ford Five 
Hundred (C+T) 42 17 22 47 778 38 

Subaru 
Forester(Combo) 33 19 9 35 849 55 

Honda CRV 
(C+T) 47 17 8 31 746 40 

 
Table 2. 

MDB Passenger: WorldSID Responses 

Vehicles 
HIC36 

Rib 
Deflection 

(mm) 

Abdomen 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Pelvis 
Resultant 

(G’s) 
Proposed Injury 

Criteria 
1000 56 53 78 1790 77 

VW Jetta (C+T) 131 18 23 38 871 47 

Saturn Ion (C) 260 39 41 55 1192 54 
Ford Five 
Hundred (C+T) 242 36 32 46 1068 68 

Subaru 
Forester(Combo) 122 21 30 36 n/a 43 

Honda CRV 
(C+T) 89 21 32 39 1052 74 

 
Table 3. 

MDB Driver: ES-2re Responses 

Vehicles 
HIC36 

Rib 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Abdomen 
Force 

(N) 
IARVs 1000 44 82 6000 2500 

VW Jetta (C+T) 101 26 28 1969 733 

Saturn Ion (C) 110 29 52 2431 1524 
Ford Five 
Hundred (C+T) 66 25 35 1176 1006 

Subaru 
Forester(Combo) 44 21 33 1694 598 

Honda CRV 
(C+T) 100 35 31 1137 524 
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Table 4. 

MDB Passenger:  ES-2re Responses 

Vehicles 
HIC36 

Rib 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Abdomen 
Force 

(N) 
IARVs 1000 44 82 6000 2500 

VW Jetta (C+T) 211 29 53 2542 1378 

Saturn Ion (C) 168 27 47 2275 1511 
Ford Five Hundred 
(C+T) 213 25 44 1407 1649 

Subaru 
Forester(Combo) 226 23 35 1948 967 

Honda CRV (C+T) 126 5 33 1847 1192 
 

Table 5. 
Oblique Pole Driver:  WorldSID Responses 

Vehicles 

HIC36 
Thorax 

Def. 
(mm) 

Abdomen 
Def. 

(mm) 

Lower 
Spine 

Result. 
(g's) 

Pubic 
Force 

(N) 

Pelvis 
Result. 

Accel. (g’s)

Proposed Injury 
Criteria 

1000 56 53 78 1790 77 

2006 VW Jetta 
(C+T) 528 48 50 63 1002 57 

2005 Saturn Ion (C) 612 49 70 80 1264 68 

2005 Honda Accord 
(C+T) 380 26 29 52 1305 53 

2005 Ford 500(C+T) 1609 62 66 82 1209 66 
2005 Subaru 
Forester (Combo) 1463 60 37 79 1227 77 

2006 Toyota Sienna 
(C+T) 418 38 52 68 1085 62 

2005 VW Beetle 
Convertible(Combo) 3680 44 25 69 1127 81 

2005 Ford 
Expedition (C) 665 36 71 77 1270 86 
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Table 6. 
Oblique Pole Driver:  ES-2re Responses 

Vehicles 

HIC36 
Rib 

Deflection
(mm) 

Lower 
Spine 
(G's) 

(monitored)

Pubic 
Force (N) 

Abd'm 
Force (N) 

IARVs 1000 44 82 6000 2500 

2006 VW Jetta (C+T) 652 36 60 3372 1663 

2005 Saturn Ion (C) 806 50 76 1585 1494 
2005 Honda Accord 
(C+T) 446 31 52 2463 1397 

2005 Ford 500 (C+T) 422 35 68 2133 3020 

2005 Subaru 
Forester (Combo) 2054 43 46 2291 1377 

2006 Toyota Sienna 
(C+T) 667 47 60 2127 1751 

2005 VW Beetle 
Convertible (Combo) 315 37 69 3815 1018 

2005 Ford 
Expedition (C) 689 26 75 6973 2575 

 
 

Legend: 
 Lower than 80% of IARV80%-99% of IARVExceeding IARV 
 C=Curtain only; C+T=Curtain and thorax; Combo=Head thorax combination 
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ABSTRACT 
 
The protection of children in traffic, especially in cars, 
is one of the most important tasks facing our society.  
Children in cars are dependent on the assistance of their 
parents to provide them with adequate protection 
through the use of child restraint systems (CRS).  Good 
advice to parents on how to use and fit CRS properly 
and which CRS offers the best protection are essential. 
 
In Europe, due to the use of differing assessment 
criteria and rating schemes, the information provided to 
parents has been very confusing to date.  Since there are 
still major differences in CRS use within EU member 
states, increased consumer information is a predominant 
European task. 
 
The largest single advantage gained from this EU 
project “New Program for the Assessment of Child 
Restraint Systems” is that all members of the NPACS 
Project, representing the Governments of four European 
countries, research institutes, ICRT European consumer 
organizations and FIA automobile clubs, have 
cooperated to develop a scientifically based EU-wide 
harmonised test program and rating procedure.  This 
program covers advanced test criteria in frontal and side 
impact, as well as comprehensive usability tests to 
reduce the potential for CRS misuse; misuse has been 
the predominant problem with CRS use for years.  In 
addition, the NPACS procedure has not only been 
developed as to help parents and other purchasers of 
CRS, but also to encourage child seat manufacturers 
with their current and future designs, encourage new 
technologies to be brought to the market and to reduce 
the potential for misuse of their products. 
 
 
 
INTRODUCTION 
 
The NPACS consortium was funded in 2005 by 
governments of four nations, United Kindom, the 

Netherlands, Catalunia and Germany and five non 
governmental organisations, ADAC, ÖAMTC, 
AIT&FIA, ICRT  and GDV and had the objectives 
to provide scientifically based EU wide harmonised 
test and rating protocols to offer consumers clear 
and understandable information about dynamic 
performance and usability of child restraint 
systems. The group worked on reliable methods of 
dynamic testing, the assessment of their ease of use, 
and periodically evaluation of the performance of 
test products. 
 
The first phase was to develop test protocols and 
conduct accordingly the new test procedures in a 
second phase. For the first time a new generation of 
child dummies, FTSS Q-series, was used and new 
injury criteria were developed. The side impact, 
today this is not tested for child safety at mandatory 
tests, was developed to reflect real accident data in 
laboratory tests. Another focus of the project was 
handling and misuse, which are not covered by 
ECE R-44 as well. Therefore handling tests with 
inexperienced subjects under different test 
conditions were made to develop a protocol for 
CRS ratings. Special handling dummies were 
developed to allow consistent results for testing and 
rating. Despite challenges in the validation process 
of the NPACS program, NPACS developed test 
procedures. Some of them are applied by the 
European Test Consortium (ETC) for Child 
Restrain Seats in 19 European Nations since May 
2007. 
 
 
REVIEW OF TEST METHODES 
 
In a first step all potentially CRS test methods over 
the world were studied and the information 
collected. So a wide range of information had to be 
compared, differences listed and potential 
advantages and disadvantages worked out. The 
sources which delivered possible information could 
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be found in the ISO Draft N589/N653, ICRT CRS-
Testing, NHTSA 2004, Euro NCAP CRS protocol and 
JNCAP protocol. 
For frontal side and rear impact scenarios the data of all 
relevant crash test configurations of national standard 
and consumer tests, such as Euro NCAP, JNACP, 
ANCP, ECE-R44, CREP, FMVSS 213, were collected 
to get a objective  view of  the boundary conditions for 
a dynamic child seat test. 
 
 
 
DEVELOPMENT OF TEST METHODS 
 
 
Frontal impact 
 
To start at a basic level, analyse of existing in-depth 
accident databases should be done to establish 
characteristics of accidents involving serious and/or 
fatal injured children. In a second step a proposal of test 
speed, impact angles and velocity should be made. Also 
taking into account the big data base of EuroNCAP 
crashed frontal impact cars  by their mass and pulse. 
In an additional step a selection of 30 - 50 cars of  
EuroNCAP tests, ADAC-database and registration 
statistics delivered date for seat belt geometry, 
geometry of the seatback and seat base and the stiffness 
of the cushions. 
This information lead to a range of seat back angles, 
showing a difference of  4° rearward, in comparison to 
the ECE test bench, but a good correlation of  the seat 
base angle, which is close to 15° to the horizontal. 
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Figure 1.  Distribution of seat back angle in comparison 
to the ECE R44 bench (1) 
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Figure 2.  Distribution of seat base angle in 
comparison to the ECE R44 bench (1) 
 
A quite huge variety of the upper and lower 
anchorage points could be measured while using 
different kind of vehicles. The biggest difference 
could be recognized in the horizontal distribution of 
the shoulder anchorage points, leading to the 
decision to test in most rearward, mid and most 
forward position of the d-ring loop and check out 
the influence of this anchorage point. 

 
 
Figure 3.  Distribution of upper anchorage point (2) 
 
For the lower anchorage points inner and outer 
position of the seatbelt and locks a variation could 
be measured, but these points were allocated around 
the H-point area of the seat. 
 

 
 
Figure 4.  Distribution of lower anchorage points 
(2) 
 
This evaluation lead to a specific seat bench with a 
certain seat belt geometry and a variation of the D-
loop, the lock and lower anchorage point. 
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Figure 5.  NPACS specific test bench (3) 
 
To evaluate the frontal impact pulse NPACS has on one 
hand analyzed the B-pillar acceleration result of 23 
vehicles tested by Euro NCAP. On the other hand the 
results of the EC CREST program, which examined 
accidents in Germany, France, Spain, UK and Italy, 
should be taken into account. Based on these results 
NPACS has defined an acceleration pulse for frontal 
tests. 
The analyse of crash pulses of different vehicle sizes are 
shown in  
Figure 6. There is a big variety in the length of the 
pulse, the frequency and the maximum acceleration. 
With the introduction of a 65kph pulse which is quite 
close in shape to the ECE-R44 pulse, but on a higher 
energy level, a lot of full scale pulses of several vehicle 
classes could be covered. 
The developed NPACS frontal impact pulse is in 
between the borderlines of the CREST pulse 
requirement, so both terms were fulfilled. 
 

 
 
Figure 6. Deceleration pulses of Euro NCAP frontal 
offset tests and NPACS pulse (blue) (4) 
 
In addition to the 0° frontal impact test a 30° test was 
considered as a relevant crash scenario, which lead to 
severe injuries. This type of test and in addition with the 
worst case belt geometry, which was the most forward 
one, the potential of CRS in a worst case scenario 
should be tested. But this chosen configuration led to 

extreme dummy loadings and even destroyed the 
dummies itself. Because of this the angular 
configuration was not taken into account for the 
rating in the near future. 
 
 
 
Side impact 
 
The work of EEVC WG18, show that side impacts 
cause the second highest number of fatal and 
serious injuries to restrained child car occupants. 
Therefore the introduction of a side impact test 
procedure is necessary, even there is no current 
dynamic side impact test in the European 
regulation. 

In European consumer testing a side impact test is 
in use, with a fixed door system. A intruding door 
variant of ISO and some derivate are existing, too. 

In order to get reliable data to compare full size and 
a sled test a number of 6 different CRS were tested 
in vehicles of 3 different classes, mini, small family 
and large family car. The test setup was done 
according the Euro NCAP/ECE R95 test procedure. 
On the struck side of the car 2 CRS and dummies 
were installed on the driver and passenger seat. The 
biggest intrusion, in this kind of side impact, is the 
B-pillar. To set up the worst case scenario the 
rearward facing CRS was placed on the rear bench 
of the struck side and the forward facing on the 
driver seat. In this case both kinds of CRS are 
charged with the maximum loading in the head 
form area, which is remembered as the most serious 
one.  

The final decision which type of side impact should 
be introduced in the NPACS test procedure was 
taken in September 2005. It was possible with all 
three relevant test methods to differentiate CRS 
according their protection and to rate those seats.  
At the end he fixed door principle was dropped 
because an intruding door seems to be more 
realistic and could be seen in the full size crashes. 
The intruding door mechanism was pointed out to 
represent the side impact as its best. At the end the 
version of TUB was recognized as the most 
sufficient one, based on scientific research and 
introduced in the test procedure. 

In Figure 7 the relation between the test results of 
the full size crashes and the different side impact 
test procedures could be seen. In this example the 
head acceleration of the forward facing CRS of  
Group 1 were used. The results of the sled tests are 
pointed out in the circle.  
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Figure 7. Comparison of side impact sled and vehicle 
tests (5) 

It was considered that the most important body region 
in side impact, the head of the child, must be assessed 
according the head acceleration and the head 
containment.  

 

Rear impact 

One working package addressed the rear impact 
collision. In a scenario of purely rear impact and under 
30° angular rear impact, rearward facing shells show 
pitching and in the angular situation possible contact to 
the outer surface. But a review of the accident data 
showed that rear impact accidents were a low priority 
for fatal and serious injuries to restrained children. This 
lead to the decision, not to introduce a rear impact 
dynamic test, right now.  

 
 
Handling 
 
Misuse data 
The German GDV used their database to locate possible 
misuse during adjustment of the CRS, position in the 
car and belting of the child. These findings were 
separated in all single CRS weight classes and offered a 
good overview of potential risk while using a child seat. 

Table  1. 

misuse study of GDV (6) 

  
 
 

 
Handling Dummies 
The GDV data showed a lot of problems which 
came up during the installation of a CRS and 
buckling up a child in a car. So the handling of a 
child seat is a very important issue to reduce severe 
injuries, because of misuse. To address this problem 
in the test procedure special dummies should be 
used to get information of the handling of the seat 
and the fixation of child in the seat. Additional 
information could be gathered out of the positioning 
of the dummy in the seat, possible adjustments, 
suitable belt routing or the fitment of the seat in the 
car. A special family of handling dummies, called 
“Kieler Kinder” should provide the information for 
the tester according the handling issue. 
 

 
 
Figure 8 . Kieler Kinder, handling dummy and P-
dummy  
 
 The positive effect of these handling dummies is a 
size which reflects the height, extremity length, 
weight, body sizes better than a 50%ile crash test 
dummy, e.g. the P- or Q-series. 
For the final rating the seat has to be assessed 
according following criteria: 

• Instructions 
• Set up of cars/harness 
• Installation 
• Restraining child 
• Ergonomics and comfort 
• Cleaning and safety designs 
• Removal of the occupant 
• Removal of the ISOFIX seat 

 
 In a first consideration the use of a universal 
handling body in white was discussed, but due to a 
lot of problems caused by the enormous variety of 
vehicle geometry, differences in foams, seat belt 
anchorages the idea was cancelled. The handling 
test should now be carried out in a variation of 
different sized vehicles, 3 and 4 door cars, different 
seat belt geometry, but fulfilling the Gabarit 
specifications. 
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Dummy 
 
For assessing the dynamic potential of CRS, child 
dummies have to be used according following boundary 
conditions: 

• different size and weight, covering all ECE 
classes 

• measurement capabilities according the need 
of NPACS 

• the measurements need to be repeatable 
• the dummies should be durable for the use in 

NPACS test scenarios 
• the dummy family must be biofidelic 
 

 There are 4 different types of child dummies available 
on the market. In Europe the TNO P-series and Q-
series, old and new version, are used for testing. In the 
USA the Hybrid III child dummies are used for CRS 
and out of position testing. Comparison testing was 
done by TRL in the same side impact situation with the 
3 year old P,Q and HIII child dummies 3 times to show 
the repeatability. The best repeatability data for head 
and chest was delivered by the P3 dummy. But this 
dummy has one disadvantage due to the old 
construction the use of additional transducers in the 
dummy is restricted to head, chest and rudimentary 
neck measurement for frontal impact. The P-series is 
durable for the use in NPACS, also the Q.-series didn’t 
show an damages in the different test hoses during their 
use in frontal and side impact. The big advantage of the 
Q-series is the more biofidelic behaviour and the 
possibility to measure not only head and chest 
acceleration. At the end the decision for the Q-series in 
it´s old version was driven by fulfilling most of the 
NPACS requirements. This dummy showed a good 
repeatability, good biofidelic response in the head and 
neck, the chest was estimated to be too stiff, it proved 
the durability in a lot of tests, covered nearly all 
required masses of the ECE R44 except the upper 
boundary of group III. For the Hybrid III only small 
data was available so this dummy was not taken into 
account.  
 

 
  
Figure 9. Q-Series dummy family 
 

 
 
Rating 
 
For the overall rating, the results of the usability 
evaluation, the dummy reading of the frontal and 
side impact dynamic test and the observation of 
these tests are assessed. The individual results of 
these tests together are forming the overall rating of 
the CRS. Based on accident analyses, user and 
misuse surveys and on experience of studies and 
CRS tests the individual results of the test could be 
weighted against each other. The weighting 
proposed, on consultation with the NPACS 
Foundation Committee, is 50 percent for Usability, 
25 percent for Frontal Impact and 25 percent for 
Side Impact.  The reason for this weighting reflects 
the importance of a well installed CRS. Misuse of 
installation is the most common problem in the 
field, also pointed out in several studies. A well 
designed seat could show it’s potential if the 
installation is not done correctly. 
In general the rating is designed to work out 
differences between actual child restrains but still 
allow space for improvement. 
It was considered that two effects, which are not 
measured will have a capping effect and reduce the 
score to 0 even when the seat scored points in the 
rated body regions. This effect will be caused in 
side impact  by a failure to provide any head 
containment will lead to total score capping to the 
lowest band and in the frontal impact test, the total 
structural failure of the product will have the same 
effect. A third case, were capping could be applied 
is an abdominal loading of the dummy, caused by 
the lap belt. Because of insufficient assessing 
possibilities, only video data could be used, the 
abdominal rating is not used in the near future until 
a solution for a possible measurement is found. 

 

 
 
VALIDATION 
 
After the 1st phase of developing the test methods, 
pulses and the decision for the Q-dummy these 
methods should be validated according the 
repeatability and the reproducibility. This process 
included both the frontal and side impact test and in 
addition the usability test, too.  
The result out of this huge test series should show a 
test procedure, producing reliable results of CRS 
even if this test were conducted in different test 
houses with different equipment and different 
dummies.  
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Frontal impact 
 
Based on the data of the TWG the participating test labs 
built seat benches according the NPACS specification. 
 

 

Figure 10. Frontal impact test design 

 
In November 2006, frontal crash tests were conducted 
with the Chicco Key 1 (validation step 1A). The results 
were presented at the Validation Workgroup meeting in 
December 2006.  The variations of the results of the test 
facilities are shown in Table  2. 
Measurement variations between the test facilities for 
the frontal impact below. 
 

Table  2. 

Measurement variations between the test facilities 
for the frontal impact 

 
Since the frontal impact test revealed major variations 
between the measurements, the analysing of the 
possible reasons was taken into account before 
continuing validation with other CRS. 
Since different positioning of the seat belt retractor was 
identified as one potential cause for measurement 
variation, ADAC altered the retractor position for an 
additional test. Testing two extremely different retractor 
positions was aimed at demonstrating that different belt 
routing and belt webbing length may be the main cause 
for the measurement variations. The above tests show 
that the position of the belt retractor has little impact on 

the measurements, with a significant variation only 
for the neck moment: 
 

 
 
Figure 11. Testing different belt retractor positions 
(green circle 
 

Table  3. 

Influence of retractor position on the 
measurements and measurement variation in 

percent 

  Retractor 1 Retractor 2 Deviation 

Head ares [g] 92 89 4% 

Head excursion [mm] 490 500 2% 

Chest ares [g] 58 59 3% 

Chest compression [mm] 36 n. a.   

Neck Mres [Nm] 34 29 17% 

Neck Fres [N] 3506 3293 6% 

Pelvis ares 74 71 4% 

 
Another reason why the test facilities obtain 
varying measurements might be attributable to 
inconsistent seat bench rigidity and belt attachment 
points. Also, the influence of different Q-dummy 
versions cannot be ruled out. 
Excursion was measured using different methods. 
Since parallax-based errors may be the cause for the 

  

Basic tests Additional tests 

Q1, 
upright 

Q1, 
reclined 

Q3, 
upright 

Q3, 
reclined 

Q3, 
upright, 

30° 

Q3, 
upright, 
upper 
belt 
fore 

Head ares 20% 22% 6% 18% 6% 17% 
Head excursion 23% 19% 13% 8% 16% 26% 
Chest ares 35% 40% 26% 25% 32% 27% 
Chest 
compression 11% 14% 14% 14% 46% 18% 

Neck Mres 57% 54% 55% 54% 11% 47% 
Neck Fres 30% 25% 23% 15% 13% 18% 
Pelvis ares 22% 19% 18% 9% 8% 10% 
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measurement variation, it was agreed to use the ECE-
R44 measuring method. 
To improve the test procedure additional comparative 
testing will be needed for the frontal impact in order to 
identify the causes for major variations. 
To discover differences in the rigidity of the test 
configurations, the belt forces and acceleration of the 
belt attachment points should be monitored. 
In addition, all test facilities should use the same 
version of Q-dummy or even 1 dummy, which is 
circulated, to reduce the error potential. 
 
 
Side impact 
 

The first test on a new built test bench, according the 
specifications showed difficulties to remain within the 
corridors required in the protocol and that both the CRS 
mass and its attachment mechanism have an impact on 
the movement pattern of the intruding door. In addition, 
angular velocity was difficult to reproduce, which 
increased the problems to remain within the required 
corridor.  

 
Figure 12. Side impact test setup with hinged door and 
belt routing 

 
The Validation Workgroup verified the measurements 
(validation step 1A) at their meeting in December 2006. 
Three labs did tests with CRS and 2 different dummy 
sizes on their side impact test rig. Table 1 shows the 
variations between the measurements of these test 
facilities: 
 
 
 
 
 
 
 
 
 
 
 

Table 1. 

Variations between side impact measurements of 
the various test facilities (TRL, TUB and ADAC) 

 

 
 
At subsequent meetings of the Validation 
Workgroup, some members pointed out that they 
faced major problems with the test setup and their 
measurements considerably differed from those of 
the other test facilities.  
Since measurement results varied considerably it is 
useful to first identify the reasons for the variations 
before continuing the validation tests with other 
CRS.  
 
In November 2007, the two remaining test labs, 
performing side impact validation tests, met for 
joint testing and an exchange of experiences for 
side impact tests. Overall, the following issues were 
identified for the need of optimisation: 

• The corridor for the angular velocity of the 
door is not sufficient to deliver a 
reasonably exact description of the door 
movement. As a corrective, the inclusion 
of an angle over time requirement is 
needed 

• Since different sensors and measuring 
methods deliver different angular velocity 
data, a uniform sensor should be specified 
and used by all test facilities. 

• The initial distance between the centre of 
the tested CRS and the door panel should 
be specified. 

• Dummy arm positioning is not sufficiently 
specified in the test protocol. This may 
influence the load transfer between the 
seat and the dummy thorax, and impact 
measurements. An additional description 
of the dummy installation procedure 
should help reduce the resulting 
measurement variations. 

• To prevent that test setup alignment for 
every new CRS (and further CRS are 
needed for such additional test) a 
calibration routine should be implemented.  
This involves testing a calibration block 
(or a standard CRS initially) meeting all 
test protocol parameters. For subsequent 
CRS testing, the parameters remain 

Measurements Dummy: Q1 Dummy: Q3 
Head ares 12% 19% 
Chest ares 21% 19% 
Chest compr. 18% 46% 
Neck Mres 181% 58% 
Neck Fres 46% 51% 
Pelvis ares 38% 26% 
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unchanged – corridors are no longer an issue. 

To establish whether the above improvements reduce 
the test result variations, it was suggested to compare 
the measurements again at the Validation Workgroup 
meeting in January 2008. To exclude variations based 
on the dummy used (relatively frequent and unverifiable 
changes in the dummy versions), all test facilities 
should use the same dummy. This idea was not 
accepted by all parties and the next round robin test was 
conducted between only two test houses. Several 
problems seem to be solved an further improvement 
were made to achieve the corridors in different labs 
with different test rigs. But the results of this last round 
robin test, conducted under the NPACS Validation 
group, again showed deviation of the two participant 
labs in spite of new corridors, only one dummy used for 
the test. and the use of the calibration rig. Not only the 
reproducibility was checked, the repeatability was also 
an issue to have a focus on. 
 

 
 

Figure 13. Deviation of the dummy readings (white and 
dark repeatability of same lab) (7) 

 
 
RESULTS 
 
One of the most challenging tasks is the protection of 
children in the traffic especially in cars. Adult 
occupants have the protection of frontal, side and 
curtain airbags, seatbelts with pretensioner and load 
limiter, retracting pedals, reinforced side structures and 
seats. The only possible protection of a child a a child 
seat. But a child seat which offers good protection must 
be installed in the right way otherwise it cannot provide 
the protection it could do. The target was and will be in 
future to push forward the development of child seats so 
that they can offer to bet possible protection and to 
minimize the handling mistakes and misuse 
possibilities. 
A lot of different organisations in Europe are 
conducting CRS tests with different results. The 
NPACS-project, representing the Governments of four 
European countries, research institutes, ICRT European 
consumer organizations and FIA automobile clubs tried 
to bring all this knowledge together and used the latest 

test equipment on the market to form a new test and 
rating procedure for the European market. 
A lot of research work was done to identify the 
worst case situations for dynamic and static tests to 
reflect the real world accidents and rate the seats for 
consumer information.  
The following findings of the research in the 
NPACS program is proved and could be used for 
future activities: 
 

• Test bench for frontal impact, reflecting 
modern car environment and geometry 

• Frontal impact test pulse as a simplified 
frontal offset crash pulse 

• The Q-series dummy were introduced and 
showed good performance in repeatability 
and durability combined with a good 
biofidelic relationship 

• Handling dummies were developed and 
could be used for handling and usability 
tests 

• A rating scheme based on accident data, 
which is taking into account the problem 
of misuse Usability and misuse tests 

 
But there are still open issues which need 
further investigations: 
 
• Influence of seat belt geometry on the  test 

results 
• The side impact is not validated right 

know, in spite of a lot investigation of 
corridors, calibration issues etc. 

• Review of the injury criteria is needed 
• The durability of the handling dummies 

must be improved  
 
To come back to the question in the header: 
NPACS, First step for future activities? The answer 
of this question is yes. Some of the research results 
could be used for future activities, but the validation 
process showed the problems in the reproducibility 
especially in the side impact.  
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Abstract 
 
In June of 2008, it became mandatory in Japan for 
rear seat occupants to wear a seat belt under the 
new Road Traffic Act. Rear seat occupants 
involved in frontal collision traffic accidents in 
Japan are mainly women. Considering this 
situation, we will start to evaluate rear seat 
occupant safety performance in frontal collision 
tests using a Hybrid III AF05 dummy. The 
evaluation includes not only this dynamic 
collision test but also the usability of the rear 
seatbelt and seatbelt reminder for passengers 
including those in the rear seat, which is not 
mandated by the law. We will show in detail the 
methods for rear occupant protection in a frontal 
collision and the ease of use of rear seatbelt, 
which will be the first introduction worldwide by 
JNCAP. 

 
1. Background of introduction of this 
evaluation 
 
The number of traffic fatalities in the year 2008 in 
Japan were dramatically reduce to 5,155 victims 
from the levels of around 10,000 10 years ago, 
This nearly met the Japanese government target 
established in 2003 which called for the reduction 
of traffic fatalities to under 5,000 victims by 2012. 
However, a new target was established in January 
of 2009 to reduce the number of victims to under 
2,500 within 10 years. Under these circumstances, 
the Japan New Car Assessments Program 
(JNCAP) has the duty to contribute to the 
reduction of traffic accident victims.  

Number of accidents and fatalities in Japan
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Figure 1. Number of accidents and fatalities in 
Japan 
 
Since the JNCAP introduced the Full-wrap frontal  

 
collision test and Braking performance test in 
1995, a Side collision test was added in 1999, 
followed by the Offset frontal collision test in 
2000 enhancing the overall collision safety 
performance evaluation for driver and front 
passenger. But the rear seat passenger safety 
performance was not evaluated by the JNCAP. 
With the Road Traffic Act revision of 2008, 
making rear seatbelts mandatory, the rate has 
begun to improve (road：  8.8% →  30.8%; 
Expressway：13.5% → 62.5%; see Figs. 2 and 3). 
Under these circumstances, the safety assessment 
for rear occupants with seat belts now has 
increasing significance. 

Seat belt wearing rate on road
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Figure 2. Seat belt wearing rate on road 
 

Seat belt wearing rate on expressway
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Figure 3. Seat belt wearing rate on expressway 
 
In addition, the rear seat belt is less convenient to 
use than that of the front seat. According to 
Anders, Lee4 and Motoki5, although a Seat Belt 
Reminder (SBR) serves to increase the seat belt 
wearing rate, it is rarely installed for rear seats in 
Japan. Thus, the JNCAP decided to introduce 1) 
dynamic evaluation for rear seat passengers to 
improve protection performance, 2) evaluation of 
usability performance of the rear seat belt to 
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improve the belt fastening rate, and 3) evaluation 
of SBR for all passenger seats by JNCAP.  
 
2. Study of evaluation method for rear seat 
occupant protection performance 
(1) Evaluation of occupants protection 

performance during crash - introduction in 
2009 FY 

1) Prerequisite condition 
As a prerequisite condition of this test, the test 
will be developed without an additional new crash 
test due to serious budget limitations. 
2) Study of evaluation for test method 
“The report of Traffic Accident Case Study in 
2007”5 published by the Institute for Traffic 
Accident Research and Data Analysis (ITARDA) 
provided an accident analysis of rear seat 
occupants belted in by a 3-point seat belt in Japan. 
The report showed that frontal collisions caused 
the highest number of fatal or serious injuries for 
both car-to-car accidents (see Fig. 4) and single 
vehicle accidents (see Fig. 5). Therefore, the 
JNCAP has decided to adopt a frontal collision 
test to evaluate rear seat occupant protection as a 
first step.    

   
 

 

 
 
 
 
 
 
 
 

 

The JNCAP conducted both a Full-wrap frontal 
collision test and an Offset frontal collision test. 
The Full-wrap frontal collision test6 is reportedly 
appropriate for the evaluation of an occupant 
protection system such as a seat belt because of 
the high vehicle acceleration. The driver dummy 
and front passenger dummy data are used for the 
overall evaluation, and if another dummy was 
placed in the rear seat, it would be 3 dummies in 
the test vehicle. In this case, 
a) It is rather difficult to install 3 dummies and 
measuring devices aboard a mini-car. 
b) If 3 dummies are equipped, a rear dummy may 
contact a front dummy, thereby adversely 
affecting dummy measurements. 
c) Generally speaking, there is some tendency for 
floor acceleration in a Full-wrap frontal collision 
to be more severe than for an Offset frontal 
collision. However, the North American traffic 
accident (NASS-CDS1997-2006) analysis 
conducted by the Japanese Automobile 
Manufacturer Association (see Fig. 6) shows that 
the injury risk to rear seat occupants in a 
Full-wrap frontal collision and an Offset frontal 
collision is nearly the same. 

Comparison of AIS3+ injury risk to rear
occupants in terms of front collision
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Figure 6. Comparison of AIS3+ injury risk to 
rear occupants in terms of front collision 
 
The Offset frontal collision test, on the other hand, 
is suited to evaluate aggressiveness to the driver 
due to vehicle body deformation6. That is why the 
JNCAP utilizes only the driver-side dummy data 
for an overall collision safety performance 
evaluation. 
d) Since the front passenger dummy measurement 
results are not used for the overall collision safety 
performance evaluation6, and even if the front 
passenger dummy is moved to a rear seat, there is 
no influence on the overall collision safety 
performance evaluation. 
e) In this case, 2 dummies are used, and 
measuring instruments are nearly the same, so it is 
easy to install these devices.  
f) Additionally, the rear dummy does not contact 
the front passenger-side dummy because there is 
no dummy in the front passenger seat.  
For all these reasons, the JNCAP decided to use 

Figure 4. Car-to-car fatal or serious injury 
number of rear passengers with 3-point belt 
(N=1,180) 

Figure 5. The number of rear passengers 
with 3-point belt having fatal or serious 
injury in single vehicle accidents (N=521) 
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the offset frontal collision test for rear occupant 
protection performance evaluation (see Fig. 7). 

 
Figure 7. Dummy seating condition 
 
We intend to popularize safety devices such as the 
seat belt pre-tensioner and force-limiter, and 
increase safety performance for the introduction 
of the rear seat occupant protection performance 
evaluation. Based on the traffic accident data in 
Japan5, it is shown that women have a high rate of 
occupancy in rear seats, so we decided to use the 
Hybrid III AF05 Dummy. 
 

 
Figure 8. Proposed point calculation procedures 
for rear seat dummy head 

 
 
 
 

 
 
 
 
 
 
 
 

Figure 8-1. Example: Contact force not 
separable 

 

 
Figure 8-2. Contact force separable, but time 
not separable for HIC calculation  

 
 
 
 
 
 
 
 
 
 
 

Figure 8-3. Both contact force and time span 
separable for HIC calculation  

 
Referring to FMVSS 208７and US new NCAP8, 
the injury evaluation criteria for rear seat 
occupants were established. Dummy parts for 
evaluation include the head, neck, chest, abdomen 
and lower limbs. Under secondary impact, we 
evaluate the head in HIC15 and also apply a -1 
penalty point (see Figure 8.). When the external 
force acting on the head exceeds 500N according 
to SAE J2052, a secondary impact is considered 
to exist. In addition, we decide to exclude the 
secondary impact from a calculation of HIC, 
when a secondary impact occurred, since the 
secondary impact between the head and the 
vehicle interior is clearly separate as seen by the 
on-board camera. Here, we present an example of 
head contact with another body region. Figure 8-1 
gives an example when dummy head contact with 
the vehicle interior and the head contact with 
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another body region cannot be separated. (In these 
cases, all contact forces are used in the calculation 
to be on the safe side.) Fig. 8-2 shows an example 
in which the dummy head contact with dummy 
knee, etc. can be separated, but the HIC calculated 
time cannot be separated. (Head injury 
measurements are calculated by separating the 
HIC calculation time to remove the influence of 
head contact with the knee, etc.) Fig. 8-3 shows 
an example in which the impact wave produced 
when a dummy head makes contact with a 
dummy knee, etc. can be separated. (In this case, 
HIC is calculated to exclude head contact with 
knee, etc.)  
HIC15 is calculated using the above-mentioned 
methods, and the HIC value is evaluated between 
500 (lowest) to 700 (highest) like FMVSS 2087.  
Although JNCAP examined scaling of the 
cumulative time of upper neck tensile load, 
shearing load and flectional moment using in the 
previous AM50 evaluation to the AF05, some 
industry experts voiced their concern that many 
car models scored 0 points for neck, although 
actual accidents indicated a low rate of neck 
injury when wearing a seat belt compared with 
injuries of other body regions. Taking this point 
into consideration, we re-studied the neck 
evaluation method. The FMVSS injury index is 
derived from the reproduction of an actual 
accident using a Hybrid dummy in a 48 km/h 
Full-wrap frontal collision. However, this index 
was considered unsuitable for the ODB test, due 
to the long duration and inadequate verification. 
For this reason, we used SAE J2052 and decided 
to evaluate the peak value of tensile load between 
1700 to 2620N, without a secondary collision. If 
the head had a secondary collision, the neck 
injury would be evaluated by the peak values of 
flectional moment of 36/49N, neck shearing load 
of 1200/1950N and neck tensile peak load.  
Regarding chest injury, we referred to Laitiuri’s 
paper9, which also referred to the US new NCAP, 
and considered that Japanese average age was 
higher than that of the US. In addition, we 
considered the target age for the evaluation on 
side impact chest deflection in   
ISO/TC22/SC12/WG6. We decided to evaluate a 
chest deflection of 23/48 mm based on the risk 
curve of 40-years-old in the AF05 (see equations 
(1), (2), and Fig. 9).   
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Figure 9. Risk curve of chest deflection for 40- 
year-old AF05 
 
We intend to perform quantitative evaluation of 
abdominal injury in the future, but at this time we 
have tentatively decided to evaluate the pelvis 
restraint condition (evaluated by ilium restraint 
condition). (The pelvis is well restrained by the 
lap belt: 4 points; one side of the pelvis is not 
restrained by the lap belt: 2 points; both sides of 
the pelvis are not restrained by the lap belt: 0 
points) This restraining condition will be judged 
using photography via an onboard camera and 
ilium load on both sides of the dummy.  
We decided to evaluate the femoral load 
(4.8/6.8kN), which is already established 
verification method of the AF05. As weighting 
factors for these regions of the body, it was 
decided to use Japanese accident data involving 
fatal or serious injuries divided by the body 
regions for belted rear seat passengers, and 
average loss divided by injury levels. Based on 
these data, we calculated the human loss for every 
body region and weighting factor. The evaluation 
used these weighting factors (head: 4; neck: 1, 
chest: 4; abdomen: 4; femur: 2). For the dummy 
installation method, we referred to FMVSS2087 

and UMTRI developed AF05 installation method 
used by IIHS12 and finalized the installation 
protocol. 
 

 
Figure 10. Dummy seating arrangement for 
rear seat 
 

(1) 

(2) 
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(2) Usability evaluation for rear seat belt: 
planned introduction from 2009 FY 

 
The JNCAP aims to increase the usability level of 
the rear seat belt because users have commented 
that the rear seat belt is not as easy to use as the 
front seat belt. Issues pertaining to rear seat belts 
are as follows; 
a) Rear seat belt buckle is not readily buckled (it 
is difficult to insert the tang of the belt into the 
buckle one-handed). 
b) Belt buckles for the outer seat and middle seat 
are not easily identified (the outboard/center 
passenger may not insert his/her tang into the 
buckle for center/outboard seat). 
c) Tang accessibility may poor. 
d) Rear seat arrangements vary widely, and the 
tang and buckle are sometimes hidden in or 
behind the seat.  
To evaluate usability, we are planning to 
announce evaluation points based on an   
established objective evaluation procedure. 
a) Easy insertion of buckle: Can the tang be 
inserted into buckle and latched easily with one  
hand? 
b) Easy identification of buckle: Can the outboard 
and center seat belt buckles be easily identified by 
direction and/or layout?  
c) Accessibility of seat belt: Use a 3D mannequin  
and measuring device to measure from the base 
point to the belt (evaluate at the standard seating 
position and most forward seating position) 
d) Other: Evaluate tightening of the seat belt. 
Additionally, JNCAP will announce installation of 
the 3-point belt for the rear center seat in our 
publication in advance of the regulation effective 
date, because the 3-point seat belt installation 
requirement for the rear center seat is not  
mandatory until 2012 FY.  
 
(3) Evaluation of seat belt reminder (SBR) for 

passengers       
 
The PSBR installation will be announced in the 
2009 FY and quantitative evaluation will start in 
the 2010 FY.  
Installation of the seat belt reminder for the driver 
seat is mandated, but SBR for seats other than 
driver seat is not. SBR for the front passenger seat 
is offered as an option in some car models, but 
very few offer rear seat SBR.  Motoki4, Lie10 and 
others have reported on the effectiveness of a seat 
belt reminder in increasing the seat belt wearing 
rate. We believe the introduction of this 
evaluation for all passenger seats will aid in the 
popularization of SBR and increase the rear seat 
belt wearing rate. As part of the evaluation 
method of SBR requirements for passengers, we 

plan to examine methods for quantitative 
evaluation of the visible warning location and 
mode of warning, such as audible (signal, voice, 
etc.) and/or visual means this year. Before 
introduction of SBR quantitative evaluation to 
JNCAP, we plan to make a public announcement 
regarding whether or not the SBR is installed if it 
meets certain requirements, which referred to 
Japanese safety regulations or the requirements of 
the Euro NCAP11. 
 
3. Conclusions 
 
The JNCAP has decided to introduce occupant 
protection methods for rear passengers to 
decrease the number of fatal or serious injuries to 
rear passengers in traffic accidents. As an   
evaluation method, we modified the offset frontal 
crash test and install a Hybrid III AF05 (female 
dummy) in rear seat instead of the Hybrid III 
AM50 (male dummy) used for the front passenger 
seat. The JNCAP developed its own rear seat 
dummy evaluation method referring to the 
FMVSS208 and new US-NCAP. In addition, the 
JNCAP introduced a usability evaluation for the 
rear seat belt and an evaluation of a seat belt 
reminder for all passengers. 
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ABSTRACT 

This paper presents research results from the first 
phase of a project to develop a tire fuel efficiency 
consumer information program for passenger vehicle 
replacement tires. In this phase of the project, the 
agency completed a test program using 600 tires of 
25 model/size combinations to evaluate five different 
rolling resistance test methods. These test methods 
were derived from two SAE and two ISO standards. 
The test matrix included two separate test 
laboratories to examine lab-to-lab variation.  
 
The results indicated that all of the five test methods 
had very low variability and all methods could be 
cross-correlated to provide the same information 
about individual tire types. While multi-point rolling 
resistance test methods are necessary to characterize 
the response of a tire’s rolling resistance over a range 
of loads, pressures, and/or speeds, either of the two 
shorter and less expensive single-point test methods 
were deemed sufficient for the purpose of simply 
assessing and rating individual tires in a common 
system. The single-point ISO 28580 draft 
international standard has an advantage over the 
single-point SAE J1269 recommended practice 
because it contains a lab-to-lab measurement result 
correlation procedure. There was a significant offset 
observed in the data generated by the two 
laboratories when using the identical test, even when 
testing the same tire, which must be accounted for in 
a rating system. Results show that for all the tests 
conducted, lab-to-lab variation can be statistically 
minimized if data from each lab is normalized to the 
test results of a Standard Reference Test Tire 
(SRTT). Two additional retests of a given tire did not 
produce statistically different rolling resistance 
values from the first test. So the concept of limited 
retesting of the same tires for lab alignment or data 
quality monitoring appears valid. 

INTRODUCTION 

Rolling resistance is the effort required to keep a 
given tire rolling at steady speed to compensate for 
the amount of energy dissipated within the volume of 
the tire. 80 to 95 percent of this loss is attributed to 
viscoelastic behavior of tire rubber compounds as 
they cyclically deform during the rotation process. It 
is reported in units of force, or as a coefficient when 
normalized to the applied normal load. This notation 
indicates the amount of force measured by the testing 
machine at the tire and test drum interface to keep the 
tire rolling at steady state conditions. In vehicle and 
powertrain dynamics, it is included as a force at the 
tire/surface contact area opposing the direction of 
vehicle motion. This simplifies the analysis of energy 
loss and the derivations of the equations of motion, 
and should not be understood as another loss at the 
contact surface similar to Coulomb friction. In this 
paper the rolling resistance is reported in units of 
force (Newton or lb) rather than as a coefficient, 
since the divisor of the coefficient can be determined 
from one of many varied load formulas. 
 
The National Academy of Sciences (NAS), 
Transportation Research Board report of April 2006 
concluded that a 10% reduction of average rolling 
resistance of replacement passenger vehicle tires in 
the United States was technically and economically 
feasible, and that such a reduction would increase the 
fuel economy of passenger vehicles by 1 to 2%, 
saving about 1 to 2 billion gallons of fuel per year 
[1]. One of the primary recommendations of the 
committee in their report was that:  
 

“Congress (US) should authorize and make 
sufficient resources available to NHTSA to allow 
it to gather and report information on the 
influence of individual passenger tires on vehicle 
fuel consumption.”  
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In response to the NAS recommendation, NHTSA 
embarked on a large-scale research project in July 
2006 to evaluate existing tire rolling resistance test 
methods and to examine correlations between tire 
rolling resistance levels and tire safety performance. 
The first phase is composed of the following research 
milestones: 

� Benchmark the current rolling resistance 
levels in modern passenger vehicle tires in 
terms of actual rolling force, rolling 
resistance coefficient, as well as indexed 
against the ASTM F2493-06 Standard 
Reference Test Tire (SRTT). 

� Analyze the effect of the input variables on 
the testing conditions for non-linear 
response. 

� Examine the variability of the rolling 
resistance results from lab to lab, machine to 
machine. 

� Evaluate the effects of first test on a tire 
versus multiple tests on the same tire. 

� Select a test procedure that would be best for 
a regulation. 

 
The NAS report suggests that safety consequences 
from a 10% improvement in tire rolling resistance 
“were probably undetectable”. However, the 
committee’s analysis of grades under the Uniform 
Tire Quality Grading Standards (UTQGS) (FMVSS 
575.104) for tires in their study indicated that there 
was difficulty in achieving the highest wet traction 
and/or treadwear grades while achieving the lowest 
rolling resistance coefficients. This was more 
noticeable when the sample of tires was constrained 
to similar designs (similar speed ratings and 
diameters) [1].  
 
In December 2007, Congress enacted the Energy 
Independence and Security Act of 2007 that 
mandated that USDOT/NHTSA establish a national 
tire fuel efficiency rating system for motor vehicle 
replacement tires within 24 months. The rulemaking 
was to include a replacement tire fuel efficiency 
rating system, requirements for providing 
information to consumers, specifications for test 
methods for manufacturers, and a national tire 
maintenance consumer education program [2]. To 
address these requirements, the agency conducted a 
second phase of the project to examine possible 
correlations between tire rolling resistance levels and 
vehicle fuel economy, wet and dry traction, and 
outdoor and indoor treadwear. 
 
Since tire traction can be characterized by mechanical 
properties that play a fundamental role in defining 
vehicle handling and control performances, direct 

measurements were made to characterize the force 
generation process of tires in comparison to rolling 
resistance.  
 
The mechanical properties estimated from tire data 
measured on a Flat-Trac® tire testing machine (dry 
testing only) are longitudinal, lateral, vertical, and 
torsional stiffnesses, peak longitudinal and lateral 
frictions and their decay coefficients, and moment 
arms (first derivatives of moments to the principal 
force). These are the fundamental constituents of 
steady tire forces and moments [3]. The correlation 
between these properties and rolling resistance will 
be studied for all tires measured in this project. 
 
In addition to the steady force and moment data, 
tread viscoelastic (dynamic mechanical) properties of 
all tires used in this project were measured. The tread 
compound has been reported to be a major 
contributor to rolling resistance. The dynamic 
measurements of the tread consisted of measuring the 
viscoelastic behavior, notably the tangent delta (tan 
δ) of the compounds over a range of temperatures. 
Tan δ, referred to as the loss modulus, is the phase 
angle between which the strain lags behind the 
applied stresses. It is predictive of the rolling 
resistance and wet traction/handling characteristics of 
a tire. In a later phase of the project, rolling resistance 
will be correlated with tires’ static and dynamic 
properties to study the marginal effects on rolling 
resistances. 
 
This paper focuses on summarizing the findings of 
phase 1. The full details of this study and subsequent 
phases of the project will be reported in agency 
technical reports as they are completed. This paper 
provides a brief introduction to the standards 
evaluated in phase 1 of the research program, the list 
of all the tires tested, and test location. A summary of 
the statistical analysis is introduced where each 
rolling resistance test method is analyzed for 
consistency, and then all the test methods are 
compared to each other. Lab-to-lab variations for 
each method are analyzed. Finally, the normalized 
data is analyzed and the recommended test for rolling 
resistance rating program is discussed. 

ROLLING RESISTANCE 
EXPERIMENTS 

The test program utilized an assortment of 
approximately 600 new tires of 25 different models. 
15 tire models were passenger, 9 were light truck tire 
models, and one was the ASTM F2493-06 
P225/60R16 97S Standard Reference Test Tire 
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(SRTT). Five different test methods were used that 
included single- and multi-point SAE J1269, SAE 
J2452, ISO 18164:2005 (E) -Annex B.4, and ISO 
28580 (Draft). The testing was conducted under 
contract by two independent organizations: The 
Smithers Tire and Automotive Test Center in 
Ravenna, Ohio, USA and the consortium of Akron 
Rubber Development Lab, in Akron, Ohio USA and 
Standards Testing Labs in Massillon, Ohio, USA. In 
this paper, these two test organizations are referred as 
SSS and ARDL-STL respectively. 

Rolling Resistance Tests 

Figure 1 shows an example of a laboratory rolling 
resistance test machine. Test standards include the 
provision of testing tires on different wheel diameters 
and correcting for the diameter with a mathematical 
equation. In this project, all tests were conducted on 
1.707-m roadwheels. This practice eliminated the use 
of an approximation formula that corrects for the 
curvature of the footprint contacts between the tires 
and drum surface. Comparing measured values 
versus adjusted measured values to account for road 
wheel diameter variation might add variations not 
originating from the physical process itself, but from 
the empirical corrections. 
 

 

Figure 1. Example of Laboratory Tire Rolling 
Resistance Test Machine (Torque-Measurement 
Style). 

Table 3 provides a detailed comparison of the tests 
used in phase 1 and the standard conditions followed 
for each test. The term “single point” refers to a 
method that uses a single set of test conditions. The 
term “multi point” refers to a method that uses more 
than one set of conditions to test a tire, usually 
varying speed, pressure, and/or load. Passenger and 
light truck tires generally have different test 
conditions and can have a different number of test 
points in the set of conditions. 
   

Depending on the rolling resistance test method, the 
rolling resistance force can be measured by up to four 
different means: Force method, torque method, 
power method, or deceleration method. Of the five 
rolling resistance test methods evaluated at the two 
test laboratories, all testing was completed on 
machines utilizing the force measurement method, 
with the exception of the SAE J2452 test at Standards 
Testing Labs, which used the torque measurement 
method. Therefore, the results of the study cannot 
characterize testing completed on machines that use 
power or deceleration methods of measurement, 
which are permitted in some rolling resistance test 
standards (Table 3). 

Test Tires 

The national tire fuel efficiency rating system will 
apply to replacement passenger car tires only.  The 
system will not apply to deep tread tires (i.e. LT-
designated tires), winter-type snow tires, space-saver 
or temporary use spare tires, tires with nominal rim 
diameters of 12 inches or less, and limited production 
tires. However, because this research project initiated 
more than a year prior (July, 2006) to the enactment 
of the legislation, the mix of 25 tire models includes 
2 winter-type passenger tire models and 9 light truck 
tire models. The 16 passenger tires were selected to 
provide a three-dimensional variation in terms of 
size, construction, and manufacturers. The details of 
the passenger tires are included in Table 4. A similar 
testing approach is used for the 9 DOT-approved 
light truck tire models. Details of these tires are 
included in Table 5. 
 
In an attempt to minimize variability in the 
experiments, tires of each model were purchased with 
identical (or very similar) build dates. Tires were 
tested on wheels of the corresponding “measuring 
rim width” for their size. Wheels of each size used in 
the test program were purchased new, in identical lots 
to minimize wheel-to-wheel variation. Tires 
participating in multiple tests at the same lab or 
between two labs were mounted once on a single 
wheel and continued to be tested on that same wheel 
until completion of all tests. 
 
The ASTM F2493 - Standard Specification for 
P225/60R16 97S Radial Standard Reference Test 
Tire (SRTT) provides specifications for a tire “for 
use as a reference tire for braking traction, snow 
traction, and wear performance evaluations, but may 
also be used for other evaluations, such as pavement 
roughness, noise, or other tests that require a 
reference tire.” The standard contains detailed 
specifications for the design, allowable dimensions, 
and storage of the SRTTs. The F2493 SRTT is a 
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variant of a modern 16-inch Uniroyal TigerPaw 
radial passenger vehicle tire and comes marked with 
a full USDOT Tire Identification Number (TIN) and 
UTQGS grades. The details of the SRTT tire are 
included in Table 6. 
 
The SRTTs were used extensively throughout the test 
programs at both labs as the first and last tire in each 
block of testing in order to track and account for the 
variation in machine results. In theory, by monitoring 
first and last tests for each block of testing at each lab 
with a SRTT, and referencing rolling resistance 
results for each tire back to the SRTT results for that 
block of testing, the results should be corrected for 
variations in the test equipment over that time period, 
as well as variations in test equipment from lab to 
lab. 
 
Table 7 lists all the rolling resistance experiments for 
the tires listed in Tables 4, 5, and 6 and for the 
standard tests included in Table 1. Due to its large 
similarity with SAE J1269 multi-point conditions, 
only ten tires were tested to ISO 18164. The list on 
Table 5 was designed to study variation from lab-to-
lab, correlations between standards within the same 
lab, and experimental repeatability “or consistency” 
for a typical tire within a specific testing standard.    
 
Additional testing using single point J1269 and ISO 
28580 with a smaller selection of tire models are 
listed in Table 8. This addition was designed to 
investigate the following conditions: 
 

� Capped versus regulated inflation 
pressure 

� Nitrogen versus air inflation 
� Smooth versus textured (grit) surfaces 

 
The combined list of experiments specified in Tables 
7 and 8 resulted in more tires of a model being tested 
in one test in one lab than another. The collected data 
is unsymmetrical. Multivariate statistical analysis 
was used to evaluate the effects of the input variables 
and different labs. 
 
As the findings of this project are presented next, we 
should note that each tire is designed and 
manufactured for its specific market niche. The 
ranking of tires as presented in this paper is solely 
based on rolling resistance experimental values and 
does not by any means reflect NHTSA’s preferences 
of one tire over the others. Rolling resistance is very 
important, likewise tire traction, load capacity, 
durability, ride quality, and other aspects are 
important too, and this paper does not address them. 
 

RESULTS AND DISCUSSION 

Tables 9-13 list the results of the SAS General Linear 
Model (GLM) analysis of all the standard tests done. 
The ability of the model to explain the data is shown 
by the F Value and the R2 value. The F Value is based 
on the ratio of the variance explained by the model to 
the variance due to error. Its significance is given by 
the Pr > F, where values less than 0.050 are 
considered significant. The R2 value is a measure of 
the distance between the points predicted by the 
model and the measured points, values of R2 greater 
than 0.95 were considered significant. The influence 
of each factor is shown by the Sums of Squares for 
the individual terms, their significance is shown by 
the Pr > F, where a Pr > F less than 0.050 is 
considered significant. 
 
All models produced high R2 values, above 0.98, and 
high F values with Probability > F of 0.0001. The 
most significant variable as measured by any test is 
the individual tire model. This variable was at least 
an order of magnitude more important to the 
statistical model than all other variables combined. 
For each tire type the variability within the group of 
tires was very low, approximately 2 percent of the 
mean value.1 
 
The test sequence (ordering of testing the same tire: 
first, second or third) is statistically insignificant for 
SAE J1269 single-point (Table 9), ISO 28580 single-
point, and SAE J1269 Multi-point. For SAE J2452 
the test sequence is statistically significant but with a 
small effect as can be seen by the ‘sum of squares’. 
ISO 18164 test sequence could not be analyzed due 
to insufficient data and data covariance. 
 
For the test of capped versus regulated pressure done 
for SAE J1269 standard only, Table 9 shows that the 
Sums of Squares for the individual terms indicate that 
(capped vs. regulated) is the third significant term 
after tire type and lab to lab variations. The F value 
and the sum of squares are very close to lab-to-lab 
variations and very small when compared to tire type. 
The capped tires showed a mean predicted rolling 
resistance of 49.42 N (11.11 pounds) compared to 
51.64 N (11.61 pounds) for the regulated tires. The 
term was significant with a Pr > F of 0.0001. The 
lower rolling resistance for the capped tires is 
expected due to the increase in inflation pressure as 
the tire cavity temperature rises during the test. This 
pressure rise is vented during a regulated test. 
                                                           
1 One tire of type C9 was excluded from the analysis 
since it had abnormally high values on multiple tests 
compared to the rest of the type C9 tires. 
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For each of the testing methods the Coefficient of 
Variation (C.V.) is about 2%, except for the ISO 
18164 multi-point experiments with only 10 tires 
tested, which had a C.V. of 5.25%.  
 
The potential for discrimination within each test is an 
estimate of the ability of a test measure to classify the 
entire range of tire data into groups. It is calculated as 
the range of the means of the data (maximum mean 
value - minimum mean value) divided by three times 
the root mean square error for the test. For most tests, 
tire models could be divided from five to six groups. 
This analysis indicates that all standards can be used 
to distinguish rolling resistance values of tires, but 
these tests were done at different pressure, load and 
speed values, as detailed in Table 5. Moreover, some 
of these tests that are based on single-point 
measurements are a direct measure of rolling 
resistance; while rolling resistance from a multi-point 
measure uses regression equations to estimate a 
single value.  
 
To determine if these values are measures of the 
same physical phenomena we compare them to each 
other. A simple method is to test if these measures 
are collinear and have linear relations by preserving 
the same ordering of clusters or groups. We 
hypothesize that if each group contains the same tires 
measured by different standards then we can 
conclude that the measures report the same physical 
phenomena. 
 
Using Duncan’s statistical method for hypothesis 
testing of pair-wise comparison, the results showed 
that all tested tires were divided into 7 groups that are 
made of the same tire list independent of the testing 
standard used. Within each group the ranking of the 
rolling resistance is not the same but it is within the 
expected variation of each test. Table 14 lists all 
these groups for each standard test and the ordering 
from lowest to highest, and Figure 2 plots their linear 
relations. Therefore all standard tests are equivalent 
measures for rolling resistance force. 
 

 

Figure 2. Comparing Standards: 1=ISO 28580 
value; 2 = SAE J1269 multi-point value at SRC; 3 
= ISO 18164 value at SRC; 4P = SAE J2452 value 
@ SRC for Passenger Tires; 4T = SAE J2452 
value @ SRC, Light Truck Tires; 5P = SAE J2452 
SMERF value for Passenger Tires; 5T = SAE 
J2452 SMRF value for Light Truck Tires. 
 
But how do these testing standards compare when 
compared from lab to lab? To understand the 
significance of the different measures between labs, 
each testing standard is correlated between the SSS 
and ARDL-STL labs. Table 1 lists all the regression 
equations. These equations produced a fit with 
R2>0.97. The intercepts range from nearly zero to 
±10% of the average force value, and the slopes 
range from 0.9 to 1.17. A slightly better fit was 
produced with a second order. There is no data to 
suggest that these equations remain unchanged over 
time, or there won’t be a drift or offset that require 
additional standardizations.  
 
Using regression equations to relate results at 
different labs might produce accurate results, which 
is the case in this research. However, making this 
method as a standard for reporting rolling resistance 
values is not practical due to the possibility of 
changes of the machine/tire system over time, and the 
amount of data required for setting up conversion 
equations each time when the system is re-calibrated.  

RRf (pounds)

SAE J1269 Single-Point RRf  (pounds) 
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Table 1.  

Correlation Equations for Conversion of Pounds 
Force Values Obtained at ARDL-STL to 

Estimated SSS Lab Data 

Test To Convert ARDL-STL Value (A) 
to SSS Value (S)  

SAE J1269 Single-point S = 0.2568 + 1.0239*A 

ISO 28580 Single-point S = -0.0994 + 1.0120*A 

SAE J1269 Multi-point  S = -1.7463 + 1.1732*A 

SAE J2452 SRC  S= -0.02306 + 1.0769*A 

SAE J2452, SMERF  S= -0.1425 +  1.0772*A 

 
A better approach is to normalize each lab data with a 
reference tire. This research used the aforementioned 
16-inch ASTM SRTT for both control and lab-to-lab 
normalization purposes. Table 2 lists all the 
regression equations. The linear relationships 
between labs, and between all tests for passenger 
tires, indicate that this tire may be used as an internal 
standard for test reference. Accordingly, all values 
for passenger tires were normalized to the average 
value of the SRTT tested at the same conditions. For 
ease, the values were multiplied by 100 to give an 
index of rolling resistance (RRIndex). Figures 3-8 
show a direct comparison between the two labs for all 
the tests performed. All correlations between labs are 
nearly one-to-one for each test, with an average of 
1.0022, with a standard deviation within the limits of 
the accuracy of the test.  
 
Normalization to the SRTT value is a valid method of 
maintaining correlation between labs. The use of the 
SRTT as a reference, and for statistical process 
control techniques within each lab will give results 
that can be directly compared. Within the scope of 
data collected in this project, none of the test methods 
outperformed the other when the SRTT 
normalization method is employed. Many tires from 
all models in the study, including the SRTT, were 
retested two additional times and did not produce 
statistically different values from their first test. 
Therefore, the limited retesting of control and lab 
alignment tires appears to be a viable concept. 
 

Table 2. 
Correlation between Labs using RRIndex 

Normalized to SRTT 
 

Test SSS Index = ARDL-STL 
Index 

SAE J1269 Single-Point 0.9884 
ISO 28580 Single-Point 0.9911 
SAE J1269 Multi-Point @ SRC 1.0046 
ISO 18164 Multi-Point (All 
Conditions) 

0.9966 

SAE J2452, Calculated @ SRC 1.0163 
SAE J2452, SMERF 1.0167 
Average 1.0022 ± 0.0112 

 

 

Figure 3. Lab-to-Lab Correlation of SAE J1269 
Single-Point Test Using RRIndex (Normalized to 
SRTT). 
 

 

Figure 4. Lab-to-Lab Correlation of ISO 28580 
Test Using RRIndex (Normalized to SRTT). 

Index at SSS

Index at ARDL-STL

Index at SSS

Index at ARDL-STL
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Figure 5. Lab-to-Lab Correlation of SAE J1269 
Multi-Point Test Using RRIndex (Normalized to 
SRTT). 
 

 

Figure 6. Lab-to-Lab Correlation of ISO 18164 
Multi-Point Test at Various Conditions Using 
RRIndex (Normalized to SRTT). 1= 50% load and 
+70 kPa; 2 = 50% load and -30 kPa; 3 = 90% load 
and +70 kPa; 4 = 90% load and -30 kPa; 5 = 
Standard Reference Calculation (70% load and + 
20 kPa). 

 

 

Figure 7. Lab-to-Lab Correlation of SAE J2452 
SRC Value Using RRIndex (Normalized to 
SRTT). 
 

 
Figure 8. Lab-to-Lab Correlation Using RRIndex 
(Normalized to SRTT). 
 
Figures 3-8 show that using RRIndex, the 
correlations between labs for the SAE and ISO 
single-point tests are nearly identical. More 
importantly, each standard test is capable of 
discriminating tires, and when they are compared to 
each other, the reported rolling resistance values are 
consistent and do provide a measure of the same 
physical phenomena, and when they are normalized 
to SRTT, rolling resistance index between the 
different tests and labs are well correlated and very 
accurate. 
 

Index at SSS

Index at SSS Index at SSS

Index at ARDL-STL 

Index at ARDL-STL Index at ARDL-STL

Index at ARDL-STL

Index at SSS
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Figure 6 shows the values for the ISO 18164 test 
performed at the range of load and inflation 
conditions indexed to the SRTT values at those same 
conditions. Use of the RRIndex gives similar values 
for each tire over this broad range of conditions. 

CONCLUSIONS 

The five tests studied were all capable of providing 
data to accurately assess the rolling resistance of the 
tires surveyed. The variability of all tests was low, 
with coefficients of variation below 2 percent. The 
rank order grouping of tire types was statistically the 
same for each of the rolling resistance test methods 
evaluated. However, it should be noted that the 
relative rankings of the tires within the population of 
the 25 models tested shifted considerably when tires 
were ranked by either rolling resistance force or 
rolling resistance coefficient. 
 
Empirical equations were derived that allowed 
accurate conversion of data from any one test to the 
expected data from any other test. However, these 
equations are only valid for those specific test 
machines at that point in time. These equations must 
be periodically validated and adjusted for possible 
drifts in machine output due to mechanical, electrical 
and environmental changes over time.  
 
The analysis showed that there was a significant 
offset between the data generated by the two labs that 
is not consistent between tests, or even between tire 
types within the same test in some cases. The rating 
system must institute a methodology to account for 
the lab-to-lab variation. Results show that for all the 
tests conducted, lab-to-lab variation can be 
statistically minimized if data from each lab is 
normalized to the test results of a Standard Reference 
Test Tire (SRTT). Two additional retests of a given 
tire did not produce statistically different rolling 
resistance values from the first test. So the concept of 
limited retesting of the same tires for lab alignment or 
data quality monitoring appears valid. 
 
It was concluded that while multi-point rolling 
resistance test methods are necessary to characterize 
the response of a tire’s rolling resistance over a range 
of loads, pressures, and/or speeds, either of the two 
shorter and less expensive single-point test methods 
were deemed sufficient for the purpose of simply 

assessing and rating individual tires in a common 
system. 
 
The draft single-point ISO 28580 method has the 
advantage of using defined lab alignment tires to 
allow comparison of data between labs on a 
standardized basis. The use of other test methods 
would require extensive evaluation and definition of 
a method to allow direct comparison of results 
generated in different laboratories, or even on 
different machines in the same laboratory. 

The lab alignment procedure in ISO 28580, which for 
passenger tires uses two dissimilar tires to calibrate a 
test lab to a master lab, states that it will compensate 
for differences induced from tests conducted using 
different options under the test standard. These 
options include the use of one of four measurement 
methods (force, torque, power, or deceleration), 
textured or smooth drum surface, correction of data 
to a 25°C reference temperature, and correction of 
data from tests conducted on a test drum of less than 
2.0-m in diameter to a 2.0-m test drum. The 
variability in test results induced by allowing the 
various test options, as well as the effectiveness of 
the temperature and test drum correction equations 
has not been determined by the agency. 
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Table 3.  
Comparison of the Five Laboratory Rolling Resistance Test Methods Evaluated (Passenger and Light Truck 

Conditions with Speed of 80 kph, 50 mph) 

 
ISO 28580 Draft  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

ISO 
18164:2005(E) 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

SAE J1269 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

SAE J2452 

Single Point Multi Point Single Point 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Multi Point Multi Point 

Note Ref. ISO 28580 
Draft 

Annex B SRC Conditions   

Roadwheel 
Diameter 

2.0 m  or > 1.7 m 
corrected to 2.0 m 1.5 m or greater 

1.7 m commonly 
used 

1.7 m commonly 
used 1.219 m or greater 

Measurement 
Methods 

Force Force Force Force Force 
Torque Torque Torque Torque Torque 
Power Power Power Power   

Deceleration Deceleration    
Roadwheel 
Surface 

Smooth  
(Texture optional) 

Smooth 
(Texture optional) 

Medium-coarse 
(80-grit) texture 

Medium-coarse 
(80-grit) texture 

Medium-coarse 
(80-grit) texture 

Temperature 
Range 20 to 30 C  20 to 30 C  20 to 28 C 20 to 28 C 20 to 28 C 

Reference 
Temperature 25 C  25 C  24 C 24 C 24 C 

Speed 80 km/h 

80 km/h  
 

(Optional 
passenger 

multiple speeds of 
50 km/h, 90 km/h 

and 120 km/h. 
Optional truck/bus 

multiple speeds 
80km/h & 120 

km/h) 

80 km/h 80 km/h 
SRC = 80 km/h ; 

Coast downs (115 
to 15 km/h range)  

Base 
Pressure 

  
  

  
  
  

Molded sidewall 
load@ T&RA 
pressure 

Molded sidewall 
load@ T&RA 
pressure 

Reference table in 
standard 

Test  
Load and 
Pressure 

Passenger Passenger 
(Table B.1) Passenger & LT Passenger Passenger 

Load Pressure Load Pressure Load Pressure Load Pressure Load Pressure 

SL 
80% 

210 kPa 
Capped 

50% +70 kPa 
reg. 

70% +20 kPa 
Regulated 

90% 
-50 kPa  
(-7.3 psi) 
Capped 

30% +1.4 psi 
reg. 

XL 
80% 

250 kPa 
Capped 50% 

-30 kPa 
reg. 

 

90% 
+70 kPa 
(10.2 psi) 
reg. 

60% 
-5.8 psi 
reg. 

 

90% +70 kPa 
reg. 

50% 
-30 kPa  
(-4.4 psi) 
reg. 

90% +8.7 psi 
reg. 

90% 
-30 kPa 
reg. 50% 

+70 kPa 
(10.2 psi) 
reg. 

90% 
-5.8 psi 
reg. 

     

C, Truck/ Bus 
(single) ≤Li 121 

≤Li 121 Highway 
Truck and Bus 

(Table B.1) 

Light Truck  
(single) 

Light Truck 
(single) 

85% 100 % 
Capped 

100% Pressure 100% 100 % 
Capped 

20% 110 % 
reg. 

 

100% 
100 % 
Capped 70% 

60 % 
Reg. 40% 

50 % 
Reg. 

75% 
95 % 
Reg. 

70% 
110 % 
Reg. 

40% 
100 % 
Reg. 

50% 70 % 
Reg. 

40% 30 % 
Reg. 

70% 60 % 
Reg. 

25% 
120 % 
Reg. 40% 

60 % 
Reg. 100% 

100 % 
Reg. 

 40% 110 % 
Reg. 
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Table 4.  
Specifications for Passenger Tire Models 
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1 

G10 Goodyear P205/75R15 97 S Integrity 460 A B 9 Passenger All Season  
G11 Goodyear P225/60R17 98 S Integrity 460 A B 8 Passenger All Season  
G8 Goodyear   225/60R16 98 S Integrity 460 A B 9 Passenger All Season  
G9 Goodyear P205/75R14 95 S Integrity 460 A B 9 Passenger All Season  
U3 Dunlop P225/60R17 98 T SP Sport 4000 DSST 360 A B 11 Run Flat  

 

2 

B10 Bridgestone   225/60R16  98 Q Blizzak REVO1 - 9 Performance Winter  
B15 Dayton   225/60R16 98 S Winterforce - 14 Performance Winter  
B13 Bridgestone P225/60R16 97 T Turanza LS-T 700 A B 11 Standard Touring All Season  
B14 Bridgestone P225/60R16 97 V  Turanza LS-V 400 AA A 11 Grand Touring All Season  
B11 Bridgestone P225/60R16  97 H Potenza RE92 OWL 340 A A 11 High Performance All Season  
B12 Bridgestone P225/60R16 98 W Potenza RE750 340 AA A 7 Ultra High Performance Summer  

 

3 
M13 Michelin   225/60R16 98 H Pilot MXM4 300 A A 7 Grand Touring All Season  
D10 Cooper   225/60R16 98 H Lifeliner Touring SLE 420 A A 11 Standard Touring All Season  
P5 Pep Boys P225/60R16 97 H Touring HR 420 A A 11 Passenger All Season  
R4 Pirelli   225/60R16 98 H P6 Four Seasons 400 A A 11 Passenger All Season  

 
Table 5. 

Specifications for Light Truck Tire Models 
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4 
D7 Cooper LT235/85R16 120(E) N Discoverer ST-C  19 All terrain on/off road 
D8 Cooper LT245/75R16 120(E) N Discoverer ST-C  19 All terrain on/off road 
D9 Cooper LT265/75R16 120(E) N Discoverer ST-C  19 All terrain on/off road 

 

5 
M10 Michelin LT245/75R16 120(E) R Michelin LTX A/S  15 All season on-road 
M11 Michelin LT245/75R16 120(E) R Michelin LTX M/S  16 All season on-road 
M12 Michelin LT245/75R16 120(E) R Michelin X RADIAL LT 15 All season on-road 

 

6 
P4 Pep Boys LT245/75R16 120(E) N Scrambler A/P  15 All season on-road 
C9 General LT245/75R16 120(E) Q AmeriTrac TR  15 All terrain on/off road 
K4 Kumho LT245/75R16 120(E) Q Road Venture HT  15 All season on-road 

 
Table 6.  

Specifications for ASTM F2493-06 SRTT 
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M14 Uniroyal  P225/60R16 97 S  ASTM 16" SRTT  540 A B 8 ASTM F 2493-06 Reference  
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Table 7.  
Rolling Resistance Tests 

 

Tire 
Type 

J2452 J1269 - Single-point J1269 - Multi-point ISO 28580 ISO 18164 

Total 
ARDL-STL SSS ARDL-STL SSS ARDL-STL SSS ARDL-

STL SSS ARDL-
STL SSS 

1st 
Run 

3rd 
Run 

1st 
Run 

3rd 
Run 

1st 
Run 

2nd 
Run 

1st 
Run 

2nd 
Run 

3rd 
Run 

1st 
Run 

2nd 
Run 

1st 
Run 

2nd 
Run 1st Run 1st 

Run 
2nd 
Run 

2nd 
Run 

1st 
Run 

B10 3 1 3 1 1 3 3  1 3 1 3 1 2 2     28 
B11 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B12 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B13 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B14 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B15 3 1 3 1 2 2 3 1  3 1 3 1 2 2     28 
C9 3 1 3 1 3 1 3 1  3 1 3 1 2 2     28 
D10 3 2 3 1 1 2 2   3 1 3 1 2 3     27 
D7 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
D8 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
D9 3 1 3 1 3 1 3 1   1 3 1 2 2     25 

G10 3 1 3 1 3 1 3 1  3 1 3 1 2 1 1 1 1 30 
G11 3 1 3 1 3 1 3 1  3 1 3 1 2 1 1 1 1 30 
G8 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
G9 3 1 3 1 2 2 3 1  3 1 3 1 2 1 1 1 1 30 
K4 3 1 3 1 3 1 3 1   1 3 1 2 2     25 

M10 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
M11 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
M12 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
M13 3 1 3 1 2 2 3 1  3 1 3 1 2 2     28 
M14 3 1 3 1 3 1 3 1  3 1 3 1 1 3 2 1 1 32 
P4 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
P5 3 1 3 1 1 3 3  1 3 1 3 1 2 2     28 
R4 3 1 3 1 2 2 3 1  3 1 3 1 2 2     28 
U3 1 1 3 1 3 1 2 1  3 1 1 1 2 6 1 1 1 30 

Total 73 26 75 25 55 44 73 17 7 51 25 73 25 49 48 11 10 10 697 
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Table 8. 
 Rolling Resistance Specialty Tests 

 

Tire Type 
J1269 - Single-point - Regulated - N2 

J1269 - Single-point - Capped 
- N2 

J1269 - Single-point – Capped 
- air 

ISO 2850 Bare Surface 
- air 

Flat-Trac Surface  
-air 

Total 
ARDL-STL SSS ARDL-STL SSS ARDL-STL SSS SSS 

1st Run 1st Run 1st Run 1st Run 1st Run 2nd Run 3rd Run 1st Run 
B10     2 1  2 5 
B11     2  1 2 5 
B12     2  1 2 5 
B13     2  1 2 5 
B14     2  1 2 5 
B15     1 1  2 4 
C9      1  3 4 
D10     2 1  2 5 
D7 1 1 1 1  1  3 8 
D8 1 1 1 1  1  2 7 
D9      1  2 3 

G10       1 2 3 
G11 1 1 1 1   1 2 7 
G8 1 1 1 1 2  1 2 9 
G9     1  1 2 4 
K4      1  2 3 

M10      1  2 3 
M11      1  2 3 
M12      1  2 3 
M13     1 1  2 4 
M14       1 2 3 
P4        2 2 
P5     2   2 4 
R4     1 1  2 4 
U3       1 2 3 

Total 4 4 4 4 20 13 10 52 111 
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Table 9.  
SAS GLM Analysis of SAE J1269 Single-Point Data 

Dependent Variable: Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       29     49358.72877      1702.02513    15122.2    <.0001 
       Error                      191        21.49733         0.11255 
       Uncorrected Total          220     49380.22610 
 
                       R-Square     Coeff Var      Root MSE       RR Mean 
 
                       0.995985      2.371565      0.335487      14.14623 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Lab Where Tested             1        9.453262        9.453262      83.99    <.0001 
       Procedure for Inflation      1        2.995675        2.995675      26.62    <.0001 
       Test Order                   2        0.072031        0.036015       0.32    0.7265 

       Type (Tire Model)           24     4871.637615      202.984901    1803.49    <.0001 

 

 
Table 10.  

SAS GLM Analysis of ISO 28580 Single-Point Data 

 
Dependent Variable: Rolling Resistance 
 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       27     30273.83087      1121.25300    8320.88    <.0001 
       Error                       72         9.70213         0.13475 
       Uncorrected Total           99     30283.53300 
 
                       R-Square     Coeff Var      Root MSE       RR Mean 
 
                       0.996745      2.210444      0.367086      16.60687 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Laboratory where Tested      1        0.288688        0.288688       2.14    0.1476 
       Test Sequence                1        0.091518        0.091518       0.68    0.4126 
       Type (Tire Model)           24     2760.627024      115.026126     853.61    <.0001 
 

 
Table 11.  

SAS GLM Analysis of SAE J1269 Multi-Point Data @ SRC 

Dependent Variable: Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       27     46274.88079      1713.88447    15929.5    <.0001 
       Error                      173        18.61335         0.10759 
       Uncorrected Total          200     46293.49414 
 
                       R-Square     Coeff Var      Root MSE       rr Mean 
 
                       0.995958      2.271922      0.328012      14.43763 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Laboratory where Tested      1       11.245985       11.245985     104.52    <.0001 
       Test Sequence                1        0.232031        0.232031       2.16    0.1438 
              Type (Tire Model)           24     4574.379431      190.599143    1771.51    <.0001 
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Table 12.  
SAS GLM Analysis of ISO 18164 Multi-Point Data @ SRC 

Dependent Variable: Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
       Model                       11     2197.142210      199.740201    2687.60    <.0001 
       Error                        9        0.668873        0.074319 
       Uncorrected Total           20     2197.811083 
 
                       R-Square     Coeff Var      Root MSE       rr Mean 
 
                       0.989061      2.637529      0.272615      10.33602 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Type                         9     60.15851716      6.68427968      89.94    <.0001 
       Lab                          1      0.31936479      0.31936479       4.30    0.0680 
 
 

Table 13.  
SAS GLM Analysis of Rolling Resistance for J2452 Test – Pounds at SRC and SMERF Values 

Dependent Variable: SRC Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       26     33751.58386      1298.13784    23535.8    <.0001 
       Error                      164         9.04555         0.05516 
       Uncorrected Total          190     33760.62941 
 
                       R-Square     Coeff Var      Root MSE    SRCRR Mean 
 
                       0.995310      1.814428      0.234853      12.94362 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Lab                          1       41.707153       41.707153     756.17    <.0001 
       Test                         1        1.164989        1.164989      21.12    <.0001 
       Type                        23     1880.549151       81.763007    1482.40    <.0001 
 
 
Dependent Variable: SMERF 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       26     30622.39559      1177.78445    22051.3    <.0001 
       Error                      164         8.75944         0.05341 
       Uncorrected Total          190     30631.15503 
 
                       R-Square     Coeff Var      Root MSE    SMERF Mean 
 
                       0.994955      1.874051      0.231109      12.33204 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Lab                          1       29.074086       29.074086     544.34    <.0001 
       Test                         1        1.419295        1.419295      26.57    <.0001 
       Type                        23     1699.996725       73.912901    1383.85    <.0001 
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Table 14.  
Grouping of Tires by Rolling Resistance Force – Lowest to Highest 

Group # 

Population 

J1269 single-
point 

J1269 multi-
point@ SRC 

ISO 28580 ISO 18164 J2452 @ 
SRC 

J2452, 
SMERF 

1 
B11 

G8 

G11 

G11 

B11 

G8 

G8 

B11 

G11 

G11 

G8 

B11 

G11 

B11 

G8 

G11 

G8 

B11 

2 

G9 

G10 

M13 

M14 

B10* 

G9 

G10 

M14 

M13 

B10* 

G9 

M13 

M14 

G10 

B10* 

G9 

M14 

G10 

 

G9 

M13 

G10 

M14 

B10* 

G9 

M13 

G10 

M14 

B10* 

3 

D10 

U3 

P5 

B14 

B15* 

U3 

D10 

P5 

B14 

B15* 

D10 

B14 

U3 

B15* 

P5 

U3 

B14 

 

 

D10 

U3 

B14 

P5 

B15* 

D10 

U3 

B14 

P5 

B15* 

4 
R4 

B13 

B12 

B12 

R4 

B13 

R4 

B13 

B12 

B13 

B12 

R4 

B12 

B13 

R4 

B12 

B13 

Passenger 

 

 

Light Truck 

Tires 

 

 

Tires 

  

 

 

   

5 

M10 

M12 

M11 

D8 

K4 

D7 

P4 

M10 

M12 

K4 

M11 

D8 

P4 

D7 

M10 

M12 

M11 

K4 

P4 

D8 

D7 

 M12 

M10 

M11 

K4 

P4 

D8 

D7 

M12 

M10 

M11 

K4 

P4 

D8 

D7 

6 D9 D9 D9  D9 D9 

7 C9 C9 C9  C9 C9 

*Snow tires 
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ABSTRACT 
 
FMVSS 202a and the head restraint gtr specify a dynamic 
sled test with Hybrid III dummy as an alternative to static 
tests.  However, the poor biofidelity of Hybrid III 
dummy and the evaluation method based on the neck 
rearward rotational angle of the dummy during rear impact 
are urgent issues.  To solve these issues, a dynamic 
evaluation of OC-T1 displacement, corrected for the seat 
back rearward inclination (hereinafter called “dynamic 
backset”), using BioRID II which has superior biofidelity, 
was studied to establish a test method with higher 
effectiveness, repeatability and reproducibility. 
From dynamic Backset evaluations by dynamic tests and 

simulations using IIWPG crash pulse on various types 
of seats and analysis of real world minor neck injuries 
involving such seats in Japan, the following new facts 
were found. (1) Dynamic backset can evaluate the 
effectiveness of various types of seats with whiplash 
mitigation features, such as reactive, passive, and 
WHIPS, more accurately than neck rearward rotation 
of Hybrid III.  Since the seat effectiveness increases 
as dynamic backset decreases, it is appropriate for a 
dynamic evaluation parameter as an alternative of 
static backset tests. (2) By setting each seat back to its 
design torso angle, instead of 25 degrees for every seat, 
the variation in BioRID II installation is decreased, 
resulting in higher repeatability and reproducibility. 
(3) According to the correlation analysis among real 
world accidents, minor neck injury phenomena, and 
various evaluation indicators, reduction of dynamic 
backset has an inhibitory effect on occurrence of 
minor neck injuries. (4) Confirming the relationship 
between other injury criteria 

 

BACKGROUND 

 
As a result of the Global Technical Regulation for 

Head Restraints, ("head restraint gtr"), which was 
established at the UN ECE-WP29 meeting in March 2008, 
it became necessary to evaluate the effect of static backset 
between head and head restraint as part of the evaluation 
of the head restraint's protection performance from minor 
neck injury in rear-end collision. In view of the technical 
difficulty of properly evaluating the static backset of 

reactive and other non-static head restraints, discussion 
had to be directed to the possible development of a 
dynamic evaluation method alternative to the static 
evaluation method. However, it was difficult to get all 
contracting parties consensus for selecting one common 
dummy for dynamic evaluation. Therefore, it was decided 
that each contracting party could select FMVSS202a 
dynamic evaluation method by using Hybrid-III dummy 
or could develop unique evaluation method by using 
BioRID II dummy. In Japan, although the number of road 
accident fatalities has been on the decrease, the number of 
rear-end accidents is on a marked rise (See Figure 1) and 
there is an urgent need to establish an appropriate method 
of evaluating the vehicle's occupant protection 
performance against the minor neck injury. Consequently 
the Japan Automobile Manufacturers Association 
("JAMA") and the Japan Automobile Research Institute 
("JARI") are conducting a joint study on the dynamic 
evaluation method using BioRID II to help the Japanese 
government introduce measures to protect vehicle 
occupants in rear-end collisions, because we have already 
studied that BioRID II has more better biofidelity than 
Hybrid III. 
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Figure 1.  No. of accidents by accident configuration 
(as of end of December each year) 
 
Alternative evaluation method 

 
The dynamic evaluation method using BioRID II has 

been practiced by IIWPG, Folksam and ADAC. 
EuroNCAP is scheduled to apply it to neck injury 
assessment from 2009. However, in its study report on 
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neck injury, EEVC stated that there were still many 
questions remaining unanswered about actual whiplash 
associated disorders and that, to identify the neck injury 
mechanism involved, it would be necessary to determine 
appropriate injury parameters through the statistical 
analysis of both real world accident data and accident 
simulation data1). Similarly, Japanese researchers reported 
that the reproducibility of measurement values obtained by 
BioRID II was questionable at a time when measurement 
data by BioRID II are serving as the basis for the currently 
proposed injury parameters2). 

Consequently Japan and EEVC made a joint proposal 
at the UN/ECE/WP29/GRSP meeting in May 2008 to 
introduce into the ECE Regulation an alternative dynamic 
head restraint evaluation method using static backset and 
BioRID II as Phase 1 and to introduce into the gtr a 
dynamic evaluation method based on injury parameters as 
Phase 2. At the same meeting, Japan and EEVC proposed 
as Phase 1 evaluation method the OC-T1 displacement (“ 

dynamic backset”) evaluation incorporating the 
seatback angle correction by the ∆V=16km/h triangular 
pulse applied by IIWPG (refer to 3.3.1 for more details). 
Both proposals were accepted by UN/ECE/WP29/GRSP. 

In the present study, therefore, simulation and testing 
analysis of dynamic backset and also other evaluation 
criteria employed in neck injury assessment were 
conducted to examine the relation to static backset and the 
suitability of the proposed alternative dynamic evaluation 
method. 

 
Analytical Method 

 

A simulation and sled tests for the rear-end collision 
proposed by Japan and EEVC was applied to analyze 
following items. 

(1) Whether dynamic backset correlates with static 
backset, and can evaluate the effectiveness of various 
types of seats with whiplash mitigation features, such 
as reactive, passive, and WHIPS more properly. 

(2) Whether repeatability and reproducibility can be 
ensured.  

(3) Whether decrease in dynamic backset has an effect 
on decrease in occurrence of real-world minor neck 
injuries. 

 
Simulation Model of the Rear-end Collision Sled 

 

With MADYMO 6.4 employed as the solver, a 
simulation model of the rear-end collision sled was 
produced. The simulation model consisted of a dummy 
model and a seat model. Then, tests on parameters were 
carried out. 

Dummy Model - A BioRID II Facet Ver.2.23)  
developed by TASS (TNO Automotive Safety Solutions) 
was used as the dummy model of the present simulation 
study. In the preliminary test the dummy model data were 
compared with the experimental results of rear-end 
collision sled tests at ∆V = 8km/h and ∆V = 16km/h 
(Dummy test)4)  to examine the dummy's behaviors and 

impact responses (acceleration, neck load, moment). From 
the differences found between the dummy model's 
behavior and the experimental results, the stiffness of the 
joint between the dummy's seventh cervical vertebra 
("C7") and first thoracic vertebra ("T1") was reduced by 
50% from that of the initial dummy model (See Figure 2). 
Figure 3 shows the comparisons of post-improvement 
behavior. 

 

Occipital Condyle (O.C.)

First thoracic (T1)

Reduce joint stiffness
between C7 and T1 by 50%

 
 
Figure 2.  Spine of BioRID II facet dummy model 
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(a) Neck angle relative to T1 
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 (b) Head angle relative to T1 

 
Figure 3.  Movement of BioRID II dummy model 
 

Seat Model - The seat model was a simple model 
consisting of a head restraint, seatback, seat cushion and 
footrest. The contact stiffness of the seatback and head 
restraint and the joint stiffness of the seat and head 
restraint were calculated in advance from the results of 
static evaluation tests, and were adjusted to the results of 
the present rear-end collision simulation test at ∆V = 
16km/h. Figure 4 shows the adjusted values for the seat 
and the head restraint. 
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  (a) Seat Joint Stiffness
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  (b) Seatback Contact Stiffness
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(c) Headrest Joint Stiffness
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(d) Headrest Contact Stiffness
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Figure 4.  Property of seat and head restraint 

 
Sled test  

 
To examine the appropriateness of dynamic backset, 
repeatability of the test and reproducibility with different 
dummies, sled test was conducted using seats for mass 
production vehicles.  Sled acceleration pulse is the same 
as that used in Euro NCAP “medium severity pulse” or 
IIWPG Delta-V of 16kph pulse, as shown in Figure 5. 3 
types of seats with different mechanisms used in the test 
are: “A” for normal seat, “B” for passive seat, and “C” for 
reactive seat. Setting condition of seats and dummies is the 
same as that used in Euro NCAP, except that the seatback 
angle was adjusted at the design reference angle.5)  For 
each seat, reproducibility due to the use of different 
dummies was evaluated using 3 BioRID II (Level G) 
dummies.  In addition, test was conducted 3 times for 
each seat using one of these dummies to evaluate 
repeatability of the test.   
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Figure 5.  Sled Pulse 
 

Evaluation Method 

 

Evaluation of Dynamic Backset - Dynamic backset is 
defined as the maximum relative displacement of BioRID 
II's occipital condyle ("O.C.") and T1 in the vehicle 
longitudinal direction. To derive the value of dynamic 
backset, coordinates are converted in relation to the 
rearward inclination angle of the seatback and the 
following calculations were performed: a) Calculate the 
seatback angle from equation (1). b) Determine the angle 
variation from the original angle according to equation (2). 
c) Perform coordinate conversions in equation (3) and (4), 
and rotate the coordinate system in keeping with the 
variation of seatback angle. d) Subtract T1 from OC in 
equation (5). e) According to equation (6), subtract the 
OC-T1 reminder of the original dummy position from the 
OC-T1 reminder derived by formula (5). The final value 
thus obtained represents the amount of relative 
displacement. Figure 6 shows the conceptual drawing of 
dynamic backset measurement. 
 

)()(

)()(
tan)( 1

tSBLxtSBUx

tSBLztSBUz
t

−
−= −θ  ······························ (1) 

)0()()( θθθ −=Δ tt  ····················································· (2) 
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)(sin)(1)(cos)(1)('1 ttzTttxTtxT θθ Δ+Δ=  ········ (3) 

)(sin)()(cos)()(' ttOCzttOCxtOCx θθ Δ+Δ=  ········ (4) 

)('1)(')( D T1)-(OC txTtxOCt −=  ······························ (5) 

 (0)D)( D)( T1)-(OCT1)-(OC  T1)-(OC −=Δ ttD  ············ (6) 

The symbols in the above equations denote the 
following meanings: 

 
SBU: Target mark position in the upper part of seatback 
SBL: Target mark position in the lower part of seatback 
OC: Position of the dummy's occipital condyle 
Tl: Position of the dummy's first thoracic vertebra 

 
Note: The equations represent the visual observation 

of the dummy from its right side. The OC-T1 value 
obtained by dummy observation from its left side is 
derived by multiplying the OC-T1 value from the 
right side by a conversion value of -1. 

 

SBU

SBL

Doc-T1(0)

O.C. point

T1 point

)( tθ

)( tθ
T=0[ms]T=t[ms]

 
 
Figure 6.  How to measure dynamic backset 
 
Parameter Study 

 

Discussion of Dynamic Backset - To determine the 
relation between static backset and dynamic backset, a 
simulation analysis was conducted with the amount of 
backset set at 5, 25, 45, 65 and 85mm. The ∆V = 16km/h 
acceleration waveform proposed by IIWPG6) was used as 
sled pulse. To analyze the effects of various seat design 
parameter on dynamic backset, the horizontal distance 
between head and head restraint (static backset +15mm), 
and distance from top of head (vertical distance between 
head and head restraint), seat hinge stiffness and contact 
stiffness of the seatback were varied from base model to 
80, 90, 110, and 120%. Figure 7 illustrates the definitions 
of the static backset and the distance from top of head.  
 

Distance from
top of head Static Backset

 
Figure 7.  Static backset measuring position 
 

Comparative Assessment of Other Evaluation 
Criteria - The neck evaluation criteria which will be 
included in the EuroNCAP assessment are NIC, Nkm, 
T1G (T1 x acceleration), UNFX (upper neck shear force), 
UNFZ (upper neck axial force), T-HRC (head restraint 
contact time), and Rebound V (head rebound velocity). In 
the present simulation study the amount of backset in 
relation to these parameters were calculated. 

 
RESULTS 

 

Relation between Backset and Dynamic Backset  

 
Simulation analyses - Figure 8 shows the simulation 

result of relation between static backset and dynamic 
backset, NIC and Nkm. It was found that every 3 indictors 
increased with the increase of static backset practically in a 
nearly linear proportion. However, in case of coefficient of 
determination between evaluation criteria and static 
backset point of view, dynamic backset shows the highest 
coefficient rate (R2) among all indicators as shown in 
Figure 9. 
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Figure 8.  Relation between backset and 
dynamic backset etc. 
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Figure 9.  Coefficient of determination between 
evaluation criteria and static backset  
 
Figures 10 shows the relation between dynamic backset 
and seat design parameters such as distance from top of 
head, seat hinge stiffness and seatback contact stiffness, 
respectively. When these seat design parameters are 
changed +/- 20% from base seat model, the static backset 
and seat hinge stiffness show higher influence to dynamic 
backset than others, and the seatback contact stiffness 
show lower influence to dynamic backset.  
Decrease in “horizontal distance between head and head 
restraint” simulates the effectiveness of active and reactive 
head restraints, decrease in “seat hinge stiffness” simulates 
the effectiveness of WHIPS seats, and decrease in 
“seatback contact stiffness” simulates the effectiveness of 
passive seats.  As the dynamic backset decreases in each 
of these cases, it was found that the effectiveness of 
various types of seats with whiplash mitigation features in 
the market can be reflected.  
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Figure 10.  Sensitivity analysis to Dynamic Backset 
 

Sled test analyses - In order to examine the 
simulated correlation with static backset for various 
types of seats with whiplash mitigation features in the 
market, either sled test was conducted or EEVC test 
data was used for 33 types of seats shown in Table 1.  
The result shows that for normal seat, there is a 

correlation with static backset as shown in Figure 11.  
And for both passive and reactive type of seats with 
whiplash mitigation features, there is a tendency to show 
smaller dynamic backset than a normal seat with the same 
static backset. 

 
 

 
Table 1  Sled Test Seat Specifications  

    

IIHS Ranking Seat Type Number (*:EEVC data)

Good

Normal 4

Reactive 2(3*)

Passive 2

WHIPS (1*)

Acceptable

Normal 1

Reactive (1*)

Passive 2

Marginal

Normal 1

Reactive 1

Passive 4

Poor

Normal 5

Reactive 5

Passive 1

Total 33

IIHS Ranking Seat Type Number (*:EEVC data)

Good

Normal 4

Reactive 2(3*)

Passive 2

WHIPS (1*)

Acceptable

Normal 1

Reactive (1*)

Passive 2

Marginal

Normal 1

Reactive 1

Passive 4

Poor

Normal 5

Reactive 5

Passive 1

Total 33  
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Figure 11. Relation between static backset and 

dynamic backset 
 
Repeatability and Reproducibility study 
 

Seating condition - As it was found that the dynamic 
backset is relatively sensitive to static backset based on the 
above simulation result, the dummy seating procedure 
used by Euro NCAP was modified as follows in order to 
decrease variation. 

(1)  Seatback design angle: from 25 degrees for every 
seat to design reference angle.   

(2)  Backset tolerance: from +/-5mm to +/- 2mm. 
For seatback design angle, one of the studies reports 

that 25 degrees for every seat does not reflect the 
real-world usage, and the static backset, serving as a 
reference for installation of the BioRID II dummy, varies 
due to considerable variation during adjustment.7) 

Repeatability - Test was conducted 3 times for each of 
the 3 types of seats, and repeatability was evaluated using CV 
value as shown below. 
 

Repeatability C.V = ⎥
⎦

⎤
⎢
⎣

⎡

X

Sd  100 (%)  
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X = Average value of each dummy 

dS = Standard deviation of each dummy 

Admissible level: C.V < 10% 
 
The evaluation result shows that dynamic 

backset represents CV values at a practical level and 
is lower compared to other assessment parameters, as 
shown in Figure 12. 
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Figure 12.  Repeatability Evaluation 
 

Reproducibility – Test was conducted 3 times with 3 
dummies for each of the 3 types of seats, and repeatability 
was evaluated using CV value as shown below. 
 

Reproducibility C.V = ⎥
⎦

⎤
⎢
⎣

⎡

G

b

X

S
 100(%)  

GX = Average value of 3 dummies 

 BS = 

2/1

⎥⎦

⎤
⎢⎣

⎡ −
n

MSWMSB
 

 MSB: Average square between dummies 
MSW: Average square within a dummy 
n: Number of repetitions of test 
Admissible level: C.V < 10% 

 
The evaluation result shows that dynamic 

backset represents CV values at a practical level and 
is lower compared to other assessment parameters, as 
shown in Figure 13. 
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Figure 13.  Reproducibility Evaluation 
 
Correlation with Real-World Injury Rate 
 
First, by both simulation and actual testing, we 
examined correlation with IIWPG assessment rating, 
which has been used for evaluation of a number of 
seats and is utilized by NHTSA for review of 
dynamic assessment procedure 8). (See Figure 14, 15）
It was found that dynamic backset decreased with higher 
IIWPG rating. The IIWPG rating and dynamic backset 
indicated practically a linear correlation.  
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Figure 14.  Correlation between IIWPG rating and 
dynamic backset based on simulation  
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Figure 15.  Correlation between IIWPG rating and 
dynamic backset based on sled test 
 

Next, correlation was examined between dynamic backset 
and permanent disability ratio in neck due to rear-end 
collision in field, which is one of the major issues in 
real-world accidents in Japan (see Figure 16).  The result 
shows that there is a decreasing tendency in dynamic 
backset with decrease in residual disability ratio. 
 

0

10

20

30
40
50

60

70

80

90

0 0.5 1 1.5 2

Permanet disability ratio

R
el

at
iv

eD
is

pl
ac

em
en

t[
m

m

0809-A（Normal）

0809-B（Passive）

0809-C（Re-Active）

 
Figure 16.  Correlation between Dynamic Backset 
and Permanent Disability Ratio 
 

 

Comparison with Hybrid III Head Rearward Rotation 
Angle 

 

We examined correlation with dynamic backset in BioRID 
II by performing sled test to assess head rearward rotation, 
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using Hybrid III specified in FMVSS 202a for 7 different 
types seats. The result shows that there is a general 
correlation with dynamic backset as shown in Figure 17. 
However, WHIPS, showing too large head rotation angle 
in the case of Hybrid III , showed relatively smaller value 
in the case of dynamic backset. 
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Figure 17.  Correlation between Hybrid III head 
rearward rotation angle and dynamic backset 
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CONCLUSION 

 
From dynamic backset evaluations by simulations and 

sled tests using IIWPG crash pulse on various types of 
seats and analysis of field minor neck injuries involving 
such seats in Japan, the following new facts were found. 

 
(a) Relation between static backset and dynamic backset 

i) As the amount of static backset increased, the 
dynamic backset increased in a linear proportion. 
In the various evaluation parameters (dynamic 
backset, NIC, Nkm, UNFX, UNFZ, T-HRC, 
Rebound V and T1-G), dynamic backset indicated 
the highest correlation with the amount of static 
backset. 

ii) Dynamic backset can evaluate the effectiveness of 
various types of seats with whiplash mitigation 
features, such as reactive, passive, and WHIPS, 
more appropriately than head rearward rotation 
angle of Hybrid III.  

iii) By setting each seat back to its design torso angle, 
instead of 25 degrees for every seat, the variation 
in BioRID II installation is decreased, resulting in 
higher repeatability and reproducibility. 

iv) According to the correlation analysis with IIWPG 
assessment rating and filed accidents ratio, 
dynamic backset has an inhibitory effect on 
occurrence of minor neck injuries in real world.  

 
DISCUSSION 
 
Evaluation of dynamic backset found that assessment 
of seats with whiplash mitigation features is feasible, 
which is difficult to be assessed by static backset. 
However, assessment by dynamic backset is only 
possible for mainly Phase I in minor neck injury 
phenomenon as shown in Figure 18. For more proper 
evaluation of minor neck injury phenomenon, we 
believe it would be appropriate to evaluate by injury 
parameter taking Phase II and III also into account.  
Therefore, JAMA and JARI are working with 
Japanese Government and EEVC to promote head 
restraint gtr Phase 2 activities.  And in the future, 
we are aiming to establish more appropriate minor 
neck injury assessment procedure through such 
activities.  
 

Phase I:
Before 
Head/Head restraint 
contact

Phase II:
After
Head/Head restraint
contact

Phase III:
Rebound

contactBackset extension flexioncontactBackset extension flexion

 

Figure 17.  Minor Neck Injury Phenomenon 
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INTRODUCTION 
Daimler firstly introduced PRE-SAFE® 

applications in the S-Class, 2002. Up to now sensor 

information is used to bring front seats in a crash 

optimized position, to close windows and sunroofs, 

to eliminate the risk of penetrating objects, to pre-

stress restraint systems and to activate braking 

systems in advance of a physical impact. 

 

Future PRE-SAFE® applications are under 

investigation at the Research and Development Lab 

of Daimler. In cooperation with suppliers and 

Research Institutes crash structures have been 

developed which can be adapted to the individual 

impact scenario.  

In general the strengthening of vehicle BIW-

structures can be introduced for frontal impact 

scenarios as well as for side impact scenarios.  

 

The benefits of pressurized front and side members 

and door components have been evaluated. In 

general pressurizing is done by gas generators. 

These components are comparable to state of the art 

gas generators which are used for airbag 

applications. Within a few milliseconds the 

pressure increases up to 20bar. Depending on the 

initial shape of the structure, pressurizing can force 

an increase of the cross section and moment of 

inertia. 

 

Various door beam designs have been investigated. 

Pressure increased the initial cross section by about 

200%. Component and vehicle tests were 

conducted to assess the repeatability of beam 

deformation, to emphasis benefits and to set up 

validated simulation tools.  

 

Using simulation tools active BIW-structures have 

been assessed for frontal and side impact scenarios.  

 

Having pre-crash triggered crash structures 

available, an impact on vehicle crash performance, 

passenger protection and weight reduction is 

expected.  

 

 

STATE-OF-THE-ART 
Individual mobility and road transports have a 

fundamental impact on the economical situation  

 

 

 

and development of the country community. With a 

vehicle density of about 550 vehicles/1000 

inhabitants, Germany is of a comparable order as 

the US with 470 passenger cars/1000 inhabitants. 

For China there is a rate published of about 15, for 

India of 7-8 vehicles/persons; - knowing that traffic 

distribution can vary quite drastically within the 

different areas within the countries.   

For the year 2008 there was an overall market of 

about 55Mio vehicles at Germany, 240Mio 

passenger cars at US and about 27.3 Mio (non 

military used vehicles) at China (2004) and about 6-

7 Mio vehicles at India. In total there is an 

estimated worldwide market of about 942Mio 

vehicles (passenger cars, commercial vehicles). 

Compared to the 942Mios vehicles the number of 

worldwide newly manufactured vehicles (passenger 

cars, trucks, busses) is less than 10% and was 

73,1Mio vehicles (2007), with a German 

achievement (6.2Mio) of less than 10%. 

 

The vehicles move on an established road 

infrastructure of about 32 Mio km (2007) 

worldwide. 32Mio km runs in the magnitude of 800 

times the circumferences of the earth or more than 

80 times the distance between moon and earth. 

 

Within Europe there is a number of about 226Mio 

vehicles in the road with a total amount of  

9800km/person/year and about 4444Billion Pkm.  

 

With about 1.25Mio accidents and 41000 fatalities 

(EU25, 2005) the European Community has to deal 

with two main aspects:  

 

- environmental impacts and 

- safety issues. 

 

 

 

ENVIRONMENTAL ASPECTS 

The actual discussions are mainly focused on the 

reduction of fine dust pollution and greenhouse gas 

concentration (carbon dioxide, methane, nitrous 

oxide, sulfur hexafluoride). The European 

Commission ratified the United Nations Kyoto 

Protocol, which was initially presented 1997 in 

Kyoto and entered 2005 in force. The industrialized 

countries agreed a greenhouse gas reduction of 

5.2% (8% for the European Union). For Germany 

the agreed overall greenhouse gas reduction is 

about 21% compared to the 1990’s level, 

achievable until 2012. 

 

Germany started in 1990 with an amount of 1014to 

Co2-äquivalents/year. Until 2002 a reduction of 

15.4% was achieved. With a worldwide Co2-

equivalent of about 30892Mio to/year the German  

 

 

 

 



share is about 2.78% (Co2 Germany 2007: 861to), 

which amounts to about 10to/person/year.  

For Germany it is established that less than 20% of 

the Co2-emission is related to transportation (s. Fig. 

1). 

 

Fig. 1: Co2 share representing German market. 

 

 

 

 

 

 

 

 

 

On a more detailed look, only about 50% of the 

transportation share is related to passenger cars.  

 

To force the reduction of the passenger cars Co2-

emission, the European Commission agreed on a 

directive, targeting maximum Co2-limits to 

130g/km as an average-equivalent for new vehicles, 

sold in the European community starting 2012, with 

a minimum percentage of 65% volume and climbs 

up to 100% latest 2015. Penalties for non-

compliance will follow.   

It is expected that the new US-government might 

set up comparable targets in the next future.    

 

Figure 2: CO2-levels and European market 

share [3]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     

 

Comparing various car manufacturers, fuel con-

sumption is obviously widely spread and so are  

market shares for the individual car makers  

(s. Fig. 2). The average Co2-equivalent for all new 

cars, sold in Germany in 2007 was about 170g/km 

(Europe (2007: 158g/km)). Daimler’s 2007 Co2-

average was 176g/km.  

 

 

 

 

 

To achieve the EU-committed fuel efficiency  

there is a strong need to strengthen all main impact 

aspects which provide a higher level of fuel 

efficiency.  Next to premium, luxury and super 

sports cars with a higher level of fuel consumption, 

Daimler offers with the SMART CDI a vehicle, 

which fulfills already today future requests (fuel 

consumption 3.3l, 88gr Co2/km). The new E-Class 

introduced 2009 cuts fuel consumption by 13% to 

24%.  

 

For our today’s vehicles various counter measures 

are actually introduced or will be introduced in the 

next future. Under discussion are optimized and 

new propulsion systems and gear boxes, energy 

management countermeasures, rolling resistance 

tires, aerodynamic counter measures as well as 

adapted vehicle designs. Lightweight is another 

major key function for all vehicle components due 

to the fact that various counter measures will 

initially add weight (s. Fig. 3).    

 

Fig. 3:  Weight balancing aspects. 
 

 
 

From theoretical investigations it is known that a 

weight reduction of 100kg can reduce fuel 

consumption by 0.2-0.5l for standard propulsion 

systems, depending on the utilization scenario.  

To reach a minimum vehicle weight, advanced 

vehicle-, material-, joining- and manufacturing 

concepts are an absolute necessity.  

 

Daimler has presented at Detroit 2009 a visionary 

contribution to sustainable mobility. 3 propulsion 

lines are presented: Blue ZERO E-Cell, Blue ZERO 

F-Cell, and Blue ZERO E-Cell Plus (s. Fig. 4). 

 

Fig. 4: Blue ZERO vehicle lines. 
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The indicated traveling ranges ran from 200 (Blue 

ZERO E-Cell) to 600km (Blue ZERO E-Cell plus). 

To store energy, lithium-ion batteries with a weight 

of about 200-250kg are needed. 700bar hydrogen 

storages (Blue ZERO F-Cell) add additional masses 

of approximately 100-150kg. The entire propulsion 

systems could increase vehicles weight in order of  

about 150kg to 300kg compared to standard 

powered vehicles. To reduce vehicle weight, for all 

kinds of propulsions, intensive weight saving 

counter measures has to be applied.  

There is a fundamental premise at Mercedes-Benz 

that there is no compromise or back stepping 

regarding safety, comfort or handling attitudes - 

standards for all Mercedes-Benz cars. 

 

 

SAFETY CHALLENGE 

It seems that road safety will be one major 

challenge for the future. Looking at German traffic 

fatalities one can see a reduction in total numbers 

from 21332 (1970) to today’s level of 4467 (2008).  

 

Nevertheless starting 2001 with about 40000 

fatalities within EU 15 the WHO predicted that 

about 1.2 Mio people are fatally injured each year, 

worldwide. The number of severely injured people 

will run between 20 and 50Mio persons/year. 

 

The European Community enforced the goal to 

reduce the European fatalities from 40000 (EU 15) 

in the year 2001 to 25000 (EU 25) in 2010, which is 

equivalent to a 50% reduction in fatality. The 

fatality rate for Germany came down from 6977 

(2001) by almost 30% (2007). Up to now it is not 

obvious, if the 2010’s safety-goal can be reached 

for Europe in time. 

 

Taking a look into the future the grade of mobility 

could increase from today’s 9600km/person to 

about 10300km/person (Europe, 2020). In addition 

it has to be expected that the vehicle/1000 persons-

quote will increase quite quickly in countries like 

India and China.  

Minor increases are expected for Western Europe, 

USA and Japan (less 10%).    

Nevertheless we have to face ourselves with the 

expectation that with the increasing markets the 

number of fatalities could raise up to 2,1Mio/year 

between 2030/2050.    

 

Sensors and software tools which are able to detect, 

predict and announce critical driving situations can 

help to break out of this vicious circle.  

Using pre-crash sensors it is possible to establish  

PRE-SAFE® applications like introduced in 

Mercedes-Benz S-Class, 2002, and established at 

the 2009’s E-Class (s. Fig. 5). 

 

 

 

 

Fig. 5: Sensors incorporated at the new E-Class. 

 

  

Pre-crash applications are triggered using 3 radar 

sensors (2 short range 24 GHz radar, 1 long range 

77 GHz radar) installed in the bumper area. Various 

standard acceleration sensors are used for trigger 

confirmation.  

 

Overall, for typical frontal impact scenarios, such as 

cross-over collision or running up to preceding 

trucks, it can be assumed that sensor information 

can indicate critical situations up to 100-200m in  

advance of an impact. Side /lateral sensing is still 

under development, but sensing will be limited to a 

few 100 millimeters.  

 

For Germany/Europe studies have been shown that 

about 49% of severe accidents are frontal impacts 

and about 35% are side impacts (s. Fig. 6a, 6b).  

 

Fig. 6a: Real world passenger car impact 

distribution. 
 

 
 

 

Fig. 6b: Fatality rate (cars involved, Europe) [4]. 
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Using pre-crash information it is possible to adapt 

vehicle structures as well as restraint systems.  

Using a 77GHz radar sensor, obstacle detection can 

be done in a rage of about 200m with two 24GHz 

sensors up to 30m. Therefore there are about 3s 

available for triggering an action (closing velocity 

200km/h). For side impact applications reaction 

time comes down to 0,14s (50km/h, 2m). Time 

which can be used to reduced the speed of the 

vehicle, change seating from a comfort optimized 

position to the safest position and to strengthen 

BIW-components and restraint systems.   

 

Crash adaptive safety applications are introduced at 

passenger cars up to now mainly for interior, 

restraint and seat applications.  

The optimization and pre-activation of the restraint 

systems in advance of a physical impact leads to 

various benefits such as lower speed deployment of 

the driver and passenger airbags as well as 

improved belt action do to pre-strengthening.  

Having sensor information available one has the 

ability to reduce the vehicle’s velocity before crash. 

By reducing the impact speed passenger loadings 

are reduced in general.  

 

Preparing vehicle structures in advance of an 

impact there is the possibility to  

 

-  increase deformation length/deformation space   

- (active motor hood (pedestrian  

  protection s. Fig. 7)),  

- movable front-end (improved frontal  

  impact, s. Fig. 8, Fig. 9)) 

-  increase/decrease crash load levels (s. Fig. 10). 

 

Fig. 7: Crash active motor hood (E-class).     
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Movable front-end with improved crash 

            length (research study).     

                   

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Fig. 9: Pressurized crash box with improved  

            crash length (research study). 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Crash active crashbox.  
 

 

 

 

 

 

 

 

 

 

 

 

        
 

All solutions shown in Fig. 7 to 10 were investi-

gated at the Daimler Research and Development 

Lab, in a strong cooperation with the Safety-

Department. Safety benefits were confirmed for 

standard test procedures. Real life safety benefits 

can be expected.  

Nevertheless all of these technical solutions have in 

common that the vehicle weight increases and the 

technology is proven up to now to a feasibility level.  

 

Only the crash active motor hood, was introduced 

to fulfill pedestrian protection requirements.       
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Having crash performance, weight restrictions and 

packaging aspects and multi propulsion vehicle  

solutions in mind, one technical solution seem to be 

a very attractive approach to create overall 

benefits: ”Pressurized structures”. 

 

 

PRESSURIZED VEHICLE COMPONENTS  

(P-VCs) 
Together with the company AUTOLIV GmbH 

basic research and development has been conducted. 

Autoliv is technology experienced as a main 

supplier of standard airbags and “metallic airbags”, 

as are used in the LEXUS LS600H and Renault 

Laguna, acting as seat anti sub-marining devices 

(front and rear seat applications). Basic 

investigations for structural applications have been 

announced [1], [2]. For passenger cars BIW-

applications are not established up to now.  

 

The research project, which runs at Mercedes-Benz 

over 2 years, incorporating various departments, 

was directed mainly to BIW- and door components. 

 

Investigations were performed to apply the 

technology to structural components which are 

especially loaded during front and side impacts.  

 

During the design process various simulation tools, 

finite element codes like ABACUS and LSDYNA, 

have been used to analyze moments of inertia and 

to assess crash performance under quasi-static and 

dynamic load conditions. 

  

In general two principals have been investigated: 

 

- For the first principal the initial structural shape of 

the components stay in the same way they were 

before being pressurized (s. Fig. 11a). Therefore 

pressure has to be adjusted carefully.   

 

- The second principal is described in a way that the 

structure expands from a small cross-section to a 

bigger one when being pressurized. This effect can 

provide great benefits, such as packaging benefits (s. 

Fig. 11b) or extending the crash length. 

 

Fig. 11a: Pressure loaded front member. No 

significant geometry change. 

 

 

 

    

 

 

 

 

 

 

 

         

 

Fig. 11b: Pressure loaded side impact protection 

beam. Significant geometry increase. 

 

 
 

In addition two ways of action can generally be 

applied: 

 

- Adding a gas generator which keeps a defined, 

almost constant pressure level over a period of time. 

This firing time should fit with the ongoing 

deformation of the involved structures and run for 

the various applications between 10ms and 20ms. 

 

- Having a gas generator which is able to deform a 

component from an initial structural shape to a final  

one, without generating pressure longer than needed   

for deployment.  

 

Modified standard gas-generators, like used for 

airbag applications, are suitable to fulfill the tasks. 

Other applications like explosive cords are a cost-

effective and lightweight options. Up to now there 

are various technical and handling questions open, 

which contradict a short range product application.  

 

In general there is an almost sealed component 

design necessary to work without an additional 

sealing bag. If that is not possible, due to 

cataphoretic treatment or other aspects, an 

additional bag has to be applied to the structure.  

 

Various components such as front members (P-

FMC), side members (P-SMC), e. g. door beams, 

rockers and seat lower cross members have been 

assessed theoretically.  

 

In addition, there seems to be a good change to 

achieve safety and/or packaging benefits for non-

structural applications (s. Fig. 12), such as 

mounting and assembly frames for hydrogen 

storages. 

 

 

 

 

 

 



 

Fig. 12: Sub-frame for gas storages. 

 

 
 

Detailed investigations have been conducted for 

front side members and door side impact members, 

knowing that lateral pre-crash sensing is not solved 

finally yet.  

 

 

FRONT MEMBER APPLICATION (P-FMC) 
Basic investigation, using the explicit finite element 

code LS-DYNA, proved the possibility to increase 

crash load levels and energy absorption for regular 

front members. 

For assessment purposes a S-Class structure has 

been chosen. The side member is made from steel 

(ZstE 340), with about 110mm*75mm (heights/ 

width) and 1,75mm in thickness. Two facial sheets 

are glued and spot-welded together. The members 

are structurally quite inhomogeneous due to local 

reinforcements and weaknesses (holes) and 

mountings such as a highly stiff sub-frame (s. Fig. 

13). 

 

Fig. 13: Front structure of the Mercedes-Benz  

S-Class. 
 

 

 

 
Simulations have been performed with a modified 

front structure (no engine, with and without sub- 

frame). For pressure levels of up to 15bar the mean 

crash load increased by more than 20% (s. Fig. 14). 

 

 

 

 

 

 

 

 

Fig. 14: Mean crash-load versus pressure level 

         (reduced front structure incorporating sub- 

          frame). 

 

 
 

For the simulation model it was assumed that there 

is a constant pressure level over the whole 

deformation process. In total the mean crash load 

increased by about 30kN, deformation was reduced 

by 100mm. These results open crash-wise the 

opportunity to reduce the wall thickness in theory 

by 20 to 30% or to shorten the required crash-

length.  

In general there is an overall assessment required. A 

higher load level has to consider also front 

bulkhead intrusions, thickness reductions NVH-

constrains and shortening the member length will  

have an impact on crash pulse, packaging and 

design.   

   

The crash model of the pressurized structure was 

set up using fully integrated shell elements (type 

16). A distributed load was applied representing the 

internal pressure.  The pressure load is adapted over 

time, corresponding to pressure measurements from 

tests.   

In particular, the interaction of pressure and 

structure has been considered, which only works in 

one direction, i.e. the pressure load causes 

deformation of the structure, but the deformation of 

the structure doesn’t cause a change of the pressure 

load. Jointing was considered in a non-failure 

model (spot-welds, adhesive) during the pre-

assessment stage. With the ongoing project the 

impact of the joints was getting obvious and 

therefore failure criteria were considered.  

 

Further investigations have been directed towards 

the consideration of P-FMC for different car 

specifications, such as 

  

- the size of the car (large vs. small),  

- mass of car (heavy vs. light) and  

- the propulsion (large versus small engine     

  and multi propulsion BIW approaches).  
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In addition P-FMCs seems to be suitable to 

combine national specific crash rating requirements 

with reduced weight. 

 

For the initial development step the crash boxes 

were kept non-pressurized. Pressure was added to 

one or to both front members. That allows to fulfill 

low impact crash and easy to repair requirements. 

Nevertheless the system could be optimized, by 

pressurizing the side member as well as crash boxes 

for high speed crashes. 

If the crash boxes are not pressurized the system 

can be triggered by contact sensors. With an overall 

time request of about 20ms, frontal impacts can be 

addressed up to 50km/h with a S-Class vehicle 

concept. For higher impact speeds, or more 

sophisticated actor responses, pre-crash sensors, 

which provide 12ms to 16ms (100km/h, 200km/h 

closing velocity) additional time, are requested.  

Two frontal impact scenarios (Euro-NCAP, US-

NCAP) have been investigated (s. Fig. 15). 

 

Fig. 15: Crash simulation Euro-NCAP, full 

frontal US-NCAP.  
 

 
 

 

Simulations provided benefits regarding the mean 

crash loads between 29 to 39kN (s. Tab. 1) and 

energy absorption (unmodified reference structure).  

 

 

 

 

 

For Euro-NCAP the deformation seems to be 

reduced by more than 100mm. For the full frontal 

US-NCAP set-up the improvement came down to 

10mm.  

 

Tab. 1: Simulation results for Euro- and US-

NCAP. 

 

 
 

 

All simulations have been conducted with a 

simulation model comparable to the standard test 

configuration. 

 

Further simulations and tests have to prove, if front 

structures might be shortened (EURO-NCAP) by  

using pressurized members, fulfilling all other 

requirements. 

 

For validation tests have been conducted with a 

special test set-up. To correlate the structural 

deformation with US-NCAP, test mass and test 

velocity have been adjusted and set to v: 40km/h, 

impactor mass: 1190kg, equal 70kJ, pressure: 15bar 

(s. Fig. 16).  

 

Fig. 16: Test set-up for dynamic component 

testing. 
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Results showed a good correlation between tests 

and simulations. Nevertheless it was getting  

obvious that jointing should be redesigned to 

achieve more repeatable results. In addition high 

speed videos proved a need to come up with a 

modified test set-up (mounting rupture).  

 

With increased mean crash loads, P-FMCs could be 

introduced to cover small and large sized engines  

 

without BIW- modifications. In addition it seems to 

be possible to introduce new propulsion concepts, 

which can incorporate higher component weights 

(batteries, hydrogen storages), without major 

structural modifications. 

With a weight optimized design of P-FMCs it 

seems to be possible to safe 1.5 to 3kg/vehicle in 

weight.  

 

Next to a crash assessment all technical functions 

have to be addressed.   

 

 

SIDE MEMBER APPLICATION (P-SMA) 
There are various load carrying components 

involved during a side impact (s. Fig. 17).  

 

Fig. 17: Load carrying structures for side impact.  
  

 
To assess achievable benefits pressurized rockers, 

seat lower cross beams and other components were 

assessed.  

 

In the first step a side impact intrusion bar was 

investigated in detail.    

 

Standard side protection door beams are made from 

steel or aluminum. The door/door beam-stiffness 

performance has to be assessed quasistatically 

(FMVSS214, door component test) and 

dynamically (IIHS and others, full vehicle side 

impact test).  

  

 

 

 

Various beams have been designed and analyzed 

via simulation to fulfill FMVSS214 without gas 

generator ignition. 

 

The main design parameters were: 

 

- sealed double sheet design  

- material: steel, aluminum, FRP or hybrid material 

- ability to increase the cross-section more than 

100%  

- comparable moments of inertia without being  

  pressurized  

 

- weight reduction compared to serial product  

- improvements for dynamic impact performance  

  with and without pre-crash sensing 

- jointing technology 

- component/door assembly  

 

The door beam of the actual C-Class is made from 

steel, grade: MSW 1200. It has a length of about 

1030mm, a maximum depth of 26mm, which  

results in 1900gr weight. With an additional weight 

of 200gr to 400gr for the gas generator there was a 

real challenge to establish a design which provides 

weight reduction as well as safety performance 

benefits.    

 

Instead of having an open shaped profile various 

crash active designs have been investigated (s. Fig. 

18): 

 

Fig. 18: Cross-section door beam study. 
 

 
Design 1: Main   Design 2: Main Design 3: Main  

deployment deployment          deployment 

direction:             direction:             direction: 

 

 

The extension rate, which describes the rate 

between deformed and undeformed cross-section 

shape came out to approximately 250%, 100%, 

300%. 

 

With materials of 1.0 mm for the front sheet and 

about 0.5mm for the rear sheet (design 3) weight 

was reduced to 1,2kg, without recognizing the gas 

generator’s weight.  

 

 

75mm

 



 

The SPS itself was seamwelded and almost sealed.  

The front door beam was directed within the door 

frame, comparable to the C-Class side protection  

beam. This fact allowed, for assessment purposes, 

to use the original door structure and mountings. 

Nevertheless simulations showed an important 

impact of the jointing area design. For the initial 

assessment the gas generator was mounted at the 

left end of the P-SMA.  

 

In addition to the prototype set up other component 

designs have been established and assessed. Weight 

came down below 1kg (without considering gas 

generator weight) incorporating aluminum and  

aluminum/FRP designs. Especially CFRP, with a 

very high stiffness directed along the fiber direction 

and a quite low strength perpendicular to the fibers,  

constrains almost the application of an aluminum/ 

unidirectional CFRP reinforced P-SMA. 

 

Depending on the initial design the main 

deployment direction is directed outward the car, to  

the driver/passenger, or up-/downward within the 

door.  

From safety aspects there was a strong demand to 

have the main deployment directed outwards or 

within the door. During the assessment process up-/  

downward directed deployments do not prove 

major benefits. Therefore there was a development 

focus on design 1. 

 

All designs fulfilled undeployed FMVSS214 static 

requirements (s. Fig. 19). 

 

Fig. 19: FMVSS214 static pole test. 

 
 

 

   

 

 
 

 

 

 

 

In the first design step the door beam has been 

designed, along with stiffness requirements, to  

fulfill FMVSS214 standard without being 

pressurized. 

 

Analyzing the failure mode it was obvious that 

failure occurred mainly in the mid range of the 

beam. Therefore the position of the gas generator 

has been changed from one end of the SPS to the 

middle. Having the gas generator tube as a load 

carrying component introduced, the load level 

increased by 4.5kN 

 

Additional benefits could be achieved by adding a 

flexible bridge, which could be realized by a  

 

modified gas generator. This structure should be 

able to bridge the gab between the front and rear 

sheet of the SPS after deployment.  

Having in addition a pre-crash trigger (20ms before 

impact) of the P-SMC, which seems to be not 

excluded by the static standard test procedure, the 

mean crash load would increase in addition. 

 

Fig. 20: Performance various impact scenarios 

(design 1; sub-component test, sensing, pressure). 
 

 
 

For pre-triggered, pressurized beams it was shown 

in door sub-component tests that the crash load 

stays on a high level right from the beginning. For 

in-crash deployed and pressurized beams, it took 

about 8ms, after applying pressure, to achieve the 

load level of the pre-triggered component.  

 

Various door sub-component tests proved a load 

increase by deployment and applying pressure. Pre-

triggering can course a change of the shape of the 

load-deflection-curve. 

 

To deform the beam in the described manner an 

interior pressure of about 2 to 3MPa has to be 

applied. Pressurizing and deploying the beam takes 

about 20-27ms in total. With a seal component  
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pressure was kept nearly constant over 100 to 

120ms, which corresponds with the ongoing 

deformation (s. Fig. 21).   

 

Fig. 21: Pressure line versus time. 
 

 
 

For IIHS configuration (s. Fig. 22), it was proven 

via crash simulation that deployment can be 

initiated during impact and will provide component 

strength.  

 

Fig. 22: Test set-up for IIHS validation. 

 
 

Tests and simulations proved comparable 

maximum intrusions for the design 1 and 3 to the 

reference car, with lower component weight (s. Fig. 

23).  

 

Reviewing the results, it has to be remembered, that 

the door was not specially designed and adapted to 

incorporate inflatable beams. 

 

In a second assessment step the focus of the 

investigation was directed towards door trim 

behavior and occupant protection.  

It was very exciting to see that the predicted 

intrusion velocity came down by more than 15% for 

the design 1 (pelvis area). Design 3 velocities were 

comparable to the reference. 

 

 

 

 

 

 

 

Fig. 23: Assessment for 2 door-beam designs. 

 

 
 

FMVSS 214 pole tests have been assessed for 

design 3 via simulation for the 5% and 50% pole 

position. 

For both test configurations the maximum 

intrusions have been quite similar to the reference 

values. 

 

 

CONCLUSION 
As a long-term goal, emphasized safety assistance 

systems, as well as internet and car-to-car 

communication will lead to accident free driving. 

Nevertheless it is expected that infrastructural 

countermeasures have to be introduced to support 

the safety goals.      

It is expected that the world automotive market 

could rise from about 800Mio vehicles today to 

2Mrd vehicles before 2050.   

Having no significant safety innovations, which can 

be applied worldwide, especially to the rapidly 

growing markets, we have to realize that road 

driving fatalities will exceed the 2Mio limit 

between 2020 and 2030. In addition we find a 

multiplier of about 80 between fatal and injured 

road users (Germany, 2007).   

 

New propulsion and modified vehicle concepts are 

necessary to achieve confirmed fine dust pollution 

and greenhouse gas concentration levels.  

For all vehicle concepts and propulsion systems 

there is a strong demand to optimize and reduce 

weight, not only for the BIW, but also for all other   

disciplines like power train, chassis, and interior. 

 

Pressurized structural components seem to be a 

technology which can help to apply safety 

improvements and establish packaging and design 

freedoms without adding weight. 
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To transfer the technology to commercial 

applications a few challenges have to be solved. 

Knowing, that the maximum benefits will be 

achieved for pre-crash applications, front and  

lateral sensing has to be established, which allows 

to introduce pre-triggered, pyrotechnical based  

safety devices, without additional in-crash signal 

confirmation.   

 

In addition optimized jointing, handling and 

assembly concepts have to be developed and 

established. 

 

From the suppliers there is a strong need to come 

up with cost and weight reductions for gas 

generators or other deployment devices. 
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ABSTRACT 

Injury patterns in real-world frontal crashes and the 
forces predicted in computational simulations of knee 
impacts suggest that the risk of hip injury is higher 
than the risk of knee/distal femur injury in most 
frontal crashes that are similar in severity to those 
used in FMVSS 208 and NCAP.  However, the knee-
thigh-hip (KTH) injury criterion that is currently used 
with Hybrid III femur forces in FMVSS 208 and 
NCAP only assesses the risk of knee/distal femur 
injury. 
 
As a first step to developing new KTH injury 
assessment criteria that apply to hip and knee/distal 
femur injury, a one-dimensional lumped-parameter 
model of the Hybrid III ATD was developed and 
validated.  Simulations were performed with this 
model and a previously validated lumped-parameter 
model of the cadaver to explore relationships 
between peak force at the Hybrid III femur load cell 
and peak force at the cadaver hip over the range of 
knee-loading conditions that occur in FMVSS 208 
and NCAP crash tests.  Results of these simulations 
indicate that there is not a singular relationship 
between peak Hybrid III femur force and peak force 
at the cadaver hip or at the knee/distal femur.   

Because of the complex relationship between femur 
force measured in the Hybrid III femur load cells and 
forces and injury risks in the human KTH, a new 
injury assessment criterion has been developed for 
the KTH that uses peak force and impulse calculated 
from force histories measured by the Hybrid III load 
cell to determine if the probability of KTH injury 
exceeds a specified value.  The use of impulse allows 

the new injury assessment criterion to identify the 
high-rate, short duration loading conditions that are 
likely to produce knee/distal femur fractures and the 
slower loading rates and longer durations that are 
more likely to produce hip fracture/dislocation. 

INTRODUCTION 

Fractures and dislocations (i.e., AIS 2+ injuries) to 
the knee-thigh-hip (KTH) complex occur in 2% to 
3% of all tow-away frontal crashes of airbag-
equipped vehicles (Kirk and Kuppa, 2009) and occur 
at a rate of approximately 30,000 per year in the US. 
(Rupp et al. 2002).   Of these injuries, approximately 
60% are to the shaft of the femur and hip (Kuppa and 
Kirk, 2009).  Although a high proportion of KTH 
injuries are to the hip and femoral shaft, the risk 
curve used to establish the current 10-kN maximum 
femur force injury assessment reference value 
(IARV) used in FMVSS 208 and NCAP is based on a 
risk curve that was developed from fracture force 
data that are almost exclusively associated with knee 
and distal femur injuries (Rupp et al. 2002, Rupp 
2006).  

As part of a research program aimed at addressing 
this shortcoming, previous studies measured the force 
required to produce fracture of the human cadaver 
hip under knee-bolster-like loading conditions (Rupp 
et al. 2002 and 2003, Rupp 2006).  Hip fracture force 
data from these tests were statistically analyzed to 
develop a new risk curve that expresses the 
probability of hip fracture as a function of force 
transmitted to the hip while accounting for stature 
and lower-extremity posture (Rupp 2008, Rupp et al. 
2009).  An earlier version of this risk curve was used 
along with the knee/distal femur injury risk curve 
reported by Kuppa et al. (2001) in a series of 
simulations with lumped parameter and finite 
element models of the KTH complex (Rupp et al., 
2008, Chang et al. 2008).  Results of these 
simulations predict that the hip is the part of the KTH 
complex that is most likely to be injured in a frontal 
crash for symmetric knee loading and in the absence 
of muscle tension. 

Development of improved IARVs from these KTH 
injury risk curves is challenging because risk curves 
are based on fracture forces measured in testing of 
cadavers, while IARVs must apply to femur forces 
measured by the Hybrid III family of crash-test 
dummies.  Specifically, results of previous studies 
demonstrate that the Hybrid III can produce 
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substantially higher knee impact forces than a similar 
sized cadaver and that forces at the femur load cell 
location (or anywhere else in the Hybrid III KTH 
complex) are different from the forces at 
corresponding locations in the cadaver (Donnelly and 
Roberts 1986, Masson and Cavallero 2003, Rupp et 
al. 2005).  This suggests that either the response 
biofidelity of the Hybrid III dummy needs to be 
improved so that it produces similar KTH forces as 
the human, or that the KTH injury criteria need to be 
adjusted before the current Hybrid III ATD can be 
used to assess KTH injury risk in frontal crashes. 

Typically, this adjustment would be developed 
empirically, using data from studies in which the 
knees of cadavers and ATDs are loaded using similar 
loading conditions, such as those by Donnelly and 
Roberts (1986) and Rupp et al. (2005).  However, the 
empirical approach to adjusting injury criteria is only 
valid if the experimental knee-loading conditions 
span those that occur in crashes, which those reported 
in previous studies do not.  In particular, the force-
deflection characteristics of the surfaces used to load 
the knees in previous studies were either linear elastic 
or hyperelastic, and therefore do not represent current 
real-world knee bolsters, many of which are likely 
exhibit a force-limiting behavior.  As a result, the 
relationships between forces measured by ATD 
femur load cells and force in the cadaver KTH 
developed from existing experimental data would not 
apply to many of the knee-loading conditions that are 
likely to occur in real-world crashes. 

Figure 1 illustrates how knee bolsters with different 
force-deflection characteristics can produce different 
relationships between force applied to the dummy 
and human knee under similar loading conditions.  
For the linear elastic (constant stiffness) and 
hyperelastic knee bolsters, force applied to the knee 
is higher for the Hybrid III than for the similar-sized 
cadaver because the Hybrid III KTH is stiffer and has 
more tightly coupled mass than the cadaver KTH 
complex and therefore penetrates further into the 

knee bolster.  For a force-limiting knee bolster, the 
Hybrid III knees still penetrate further into the knee 
bolster than the cadaver, but the peak forces applied 
to both the Hybrid III and cadaver knees are the same 
if the knees of both the Hybrid III and cadaver 
penetrate into the force-limiting region.   

As a consequence of the differences in force applied 
to the knees of the cadaver and Hybrid III by each 
type of knee bolster, the relationships between force 
measured by the Hybrid III femur load cell and the 
risk of KTH injury (which is a function of force 
produced at the cadaver knee and hip) will vary with 
the force-deflection characteristics of the surface 
loading the knee.  Because of this, and because 
previous research demonstrates that the knee-impact 
response of the cadaver varies with loading rate and 
loading duration (Atkinson et al. 1997, Yoganandan 
et al. 2001, Rupp 2006), an unreasonably large 
number of cadaver and Hybrid III knee-impact tests 
would need to be conducted to empirically define the 
relationships between forces in the human KTH and 
Hybrid III femur force measurements.   

GENERAL APPROACH 

Because a purely experimental approach is not 
feasible, this study used a computational approach to 
define relationships between forces measured by 
Hybrid III femur load cells and the risk of human 
KTH injury.  This approach involved (1) developing 
and validating a lumped-parameter model of the 
Hybrid III midsize male ATD and then (2) performing 
simulations in which this model and the lumped 
parameter midsize male cadaver model (Rupp et al. 
2008) were loaded by knee bolsters with a wide range 
of force-deflection characteristics.  Results of these 
simulations were used to establish relationships 
between the risk of injury to the human cadaver KTH 
complex and forces measured by Hybrid III midsize 
male femur load cells.  These relationships were then 
scaled using established techniques to develop new 
injury criteria for the Hybrid III small-female ATD. 

 

   

Figure 1. Force-deflection characteristics from linear-elastic (left), hyperelastic (middle), and force-limiting knee bolsters 
(right) illustrating peak applied force levels at the knee for midsize-male cadavers and the midsize-male Hybrid III.
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DEVELOPMENT OF A HYBRID III LUMPED 
PARAMETER MODEL 

The one-dimensional lumped parameter model that 
was developed to simulate the response of the Hybrid 
III midsize male ATD to symmetric knee loading is 
shown in Figure 2.  This model represents the 
response of one side of the Hybrid III and is identical 
in form to the lumped parameter model that Rupp et 
al. (2008) used to describe the human cadaver knee 
impact response and to predict the drop in force 
between the knee and the hip.  The methods used to 
develop the model involved defining known 
parameters from physical measurements of ATD 
components and identifying unknown parameters by 
simulating physical tests in which the knees of the a 
Hybrid III ATD were loaded and varying unknown 
model parameters were varied until predicted 
responses matched experimental results.   

Model Formulation 

There are 21 parameters in the Hybrid III model, 
including 7 masses, 6 springs, 6 damping 
coefficients, and two forces.  Most of these 
parameters are known or can be inferred from the 
results of a series of physical tests in which the knees 
of a seated Hybrid III midsize male ATD were 
symmetrically loaded using the 1.2 m/s, 3.5 m/s, and 
4.9 m/s loading conditions described by Rupp et al. 
(2008).   

Table 1 summarizes the values for masses in the 
Hybrid III model.  The static masses of the dummy 
knee, femur load cell, femur, and hip casting combine 
to form mA.  Similarly, mB is also made up of the 
static masses of the dummy pelvis and thigh flesh.  
The stiffness and damping coefficients describing the 
coupling between the knee, femur, pelvis, and pelvis 
flesh were set so that the masses of the knee/femur 
(mA), the mass of the pelvis (mB), and the mass of 
the pelvis flesh (mC) were tightly coupled.  Support 
for this is provided by the similarity in the magnitude 
and the phasing of femur and pelvis acceleration 
histories measured in symmetric knee impact tests 
performed on the Hybrid III ATD (Rupp et al. 2005).  
Because pelvis flesh is tightly coupled to the pelvis, it 
was not necessary to describe the mass of the pelvis 
flesh independently of that of the pelvic bone.  
Therefore, mB was set to the one half of the entire 
mass of the Hybrid III pelvis plus pelvis flesh and 
mC was set to a low value (0.001 kg). 

Coupling between masses was described using linear 
springs and dampers in parallel, as shown in Figure 2, 
because this arrangement is thought to represent the 
simplest combination of elements that can 

appropriately describe the coupling of body segments 
across a wide range of knee impact conditions.  
Further, this arrangement was able to describe the 
response of the human cadaver to knee impact 
loading over a wide range of loading conditions and 
was therefore thought to be capable of modeling 
ATD response. 

 
Figure 2. Lumped-parameter model. 

Table 1.  Descriptions of Masses in Hybrid III 
Midsize Male Lumped-Parameter Model 

Mass Descriptions 
mA Mass of knee, knee flesh, femur load cell, 

femur, and hip casting 
mB Mass of pelvis and flesh that is coupled to 

the pelvis 
mC Mass of the pelvis flesh 
mD Mass of leg below knee that is effectively 

coupled to the KTH 
mE Mass of torso that is effectively coupled to 

the pelvis 
mF Mass of thigh flesh that is coupled to femur 
mg Mass between femur and pelvis (set to 0.001 

kg for all tests, needed so that femur force-
deflection characteristics could be specified 
separately from those of the hip joint) 

ATD Tests Used for Model Development  

The ATD tests that were simulated to establish 
unknown parameters in the model are reported in the 
NHTSA biomechanics database (Test series ID 
NBED0607, Test Numbers 9346-9385).  The 
methods for these tests are described by Rupp et al. 
(2005) and Rupp et al. (2008) and are therefore only 
summarized here. 

The apparatus used in the Hybrid III tests is 
illustrated in Figures 2a and 2b.  The apparatus 
functions by pneumatically accelerating a weighted 
platform into the knees of a stationary test subject.  
The velocity of the platform was set to be 1.2 m/s, 
3.5 m/s, or 4.9 m/s just prior to impact.  These 
velocities were used along with padding on the knee 
impact surfaces to produce knee loading rates and 
peak femur forces that were close to the 5th, 50th, and 
95th percentiles of peak femur forces and loading 
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rates produced in FMVSS 208 and NCAP tests 
conducted between 1998 and 2004 (Rupp et al. 
2008). For all tests, the ATD was seated in an upright 
posture with the knees at a 90˚ angle.  The feet were 
supported by a platform whose height was adjusted to 
maintain this angle.  The pelvis was supported by a 
force plate that measured the friction force produced 
by the pelvis flesh interacting with the platform.  The 
ATD’s feet were also supported by a different 
platform, the height of which was set so that the 
centerline of the impactor was aligned with the most 
forward surface on the knee. The Hybrid III midsize 
male ATD used in these tests was instrumented with 
a 6-axis femur load cell and triaxial accelerometer 
blocks were attached to the shaft of the femur, the 
pelvis, and the spine box.  Prior to all tests, the knee 
response was verified by repeating the knee 
calibration test (SAE Dummy Testing and Equipment 
Subcommittee, 1998). 

 
Figure 2a.  Side-view (top) illustration of apparatus 
used to characterize ATD response. 

 

Figure 2b.  Top-view (bottom) illustration of 
apparatus used to characterize ATD response. 

Establishing Values for Unknown Model Parameters 

Of the 21 model parameters (7 masses, 6 springs, 6 
damping coefficients, and 2 forces), 15 are known 
and 6 are unknown, although reasonable bounds on 
all unknown parameters can be established.  Table 2 
lists values and data sources for the known 
parameters and bounds on the unknown parameters, 
which include the amounts of leg and torso mass that 
can couple to the KTH complex and the spring 
stiffnesses and damping coefficients that describe this 
coupling.  Rows containing these unknown 
parameters are highlighted in Table 2. 

 
Table 2.  Parameters and Bounds on Parameter Values Used in Hybrid III Model 

Element Source Value/Constraints 

Fa Test data NA (from test data) 
Ff 0.5*(Friction force applied to pelvis flesh) NA (from test data) 

mA Static mass of Hybrid III knee + femur load cell + femur + hip casting mass 6.68 kg 
mB 0.5*(Static mass of Hybrid III pelvis)  7.11 kg 
mC mC is rigidly coupled to mB and the mass of the pelvis flesh is treated as 

part of the pelvis. 
0.001 kg 

mD Determined from optimization 0.1 < mD < 4.5 kg 
mE 0.5*(Static mass of Hybrid III torso). 0.1 < mE < 20.8 kg 
mF Static mass of Hybrid III thigh flesh. 0.9 kg 

mg Set to near zero so that it has no effect on simulation results. 0.001 kg 
kAg, cAg Set to high values so that knee/femur/hip casting are effectively rigid. kAg = 1,000 kN/m 

cAg = 25,000 Ns/m 
kgB, cgB Set to high values the coupling between the femur and pelvis is effectively 

rigid. 
kgB = 1,000 kN/m 
cgB = 25,000 Ns/m 

 kBC, cBC Set to high values the coupling between the femur and pelvis is effectively 
rigid. 

kBC = 1,000 kN/m 
cBC = 25,000 Ns/m 

kAD, cAD Determined from optimization. 100 < kAD< 50000 N/m 
10 < cAD< 5000 Ns/m 

kBE, cBE Determined from optimization. 0.01 < kBE < 20 kN/m 
10 < cBE < 5000 Ns/m 

kAF, cAF Set to high values the coupling between the leg and knee is effectively rigid. kBC = 1,000 kN/m 
cBC = 25,000 Ns/m 
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Bounds on the leg and torso masses were set so that 
the masses were varied between 0.1 kg and their 
static mass.  Bounds on the coefficients describing 
the coupling of the masses to the KTH were set so 
that the coupling varied from loose (little effect on 
forces and accelerations predicted by the model) to 
stiff (effectively rigidly coupled). 

The masses of the leg and torso that are effectively 
coupled to the KTH complex and the parameters 
describing the coupling between these masses and the 
KTH complex were determined using optimization 
techniques that are similar to those to define 
unknown parameters in the cadaver model by Rupp 
et al. (2008).  In brief, the knee impact force histories 
from the 4.9 m/s test described above were applied to 
the knee of the Hybrid III model (mA).  Unknown 
model parameters were then varied using a simulated 
annealing algorithm in Mathematica 6.0 (Wolfram 
Inc., Chicago, IL) until the until the sum of the areas 
between predicted and experimentally measured 
femur force and acceleration histories, and pelvis-
acceleration histories in the direction of impact 
loading (x axis for pelvis and z-axis for femur) were 
minimized.  For all model development simulations, 
half of the friction force measured by the force 
platform on which the ATD was seated was applied 
to the pelvis flesh (mC).  Predicted femur force was 
calculated by inertially adjusting the predicted force 
at the connection between mA and mg using femur 
acceleration and the mass between mg and the femur 
load cell location (3.9 kg). 

Table 3 shows the model parameters that produced 
the best fit of the experimental femur force, femur 
acceleration, and pelvis acceleration histories from 
the 4.9 m/s impact velocity.  Figure 3 compares the 
femur force history predicted by the Hybrid III model 
to femur forces measured in repeated symmetric knee 
impacts performed using the Hybrid III midsize male 
ATD using the 4.9 m/s loading condition.  Figures 4 
and 5 make similar comparisons for femur and pelvis 
accelerations, respectively.  All model predictions are 
within the range of experimentally measured 
responses from repeated tests on the same ATD. 

Table 3.  Parameters Used in Hybrid III Model 
Param Description Final Value 

mA Static mass of Hybrid 
III knee, femur lc, 
femur, and hip casting  

6.68 kg 

mB 0.5*(Static mass of 
Hybrid III pelvis)  

7.11 kg 

mC Mass of pelvis flesh 
(assumed to be tightly 
coupled to the pelvis) 

0.001 kg 

mD Mass of leg from 
optimization 

0.5 kg 

mE Coupled torso mass of, 
from optimization 

5.4 kg 

mF Static mass of Hybrid 
III thigh flesh 

0.9 kg 

mg Set to near zero so that 
it has no effect on 
simulation results 

0.001 kg 

kAg, 
cAg 

Stiffness and damping 
coefficient between 
knee/femur and hip 

kAg = 3,000 kN/m 
cAg = 25 kNs/m 

kgB, 
cgB 

Stiffness and damping 
coefficient of hip 

kgB = 3,000 kN/m 
cgB = 30 kNs/m 

kBC, 
cBC 

Stiffness and damping 
coefficient between 
pelvis and pelvis flesh 

kBC = 1,000 kN/m  
cBC = 25 kNs/m 

kAD, 
cAD 

Stiffness and damping 
coefficient between leg 
and knee/femur 

kAD= 13.52 kN/m 
cAD= 1 kNs/m 

kBE, 
cBE 

Stiffness and damping 
coefficient between 
pelvis and torso 

kBE= 0.5 kN/m 
cBE= 1.5 kNs/m 

kAF, 
CAF 

Stiffness and damping 
coefficient between 
thigh flesh and femur 

kBC = 100 kN/m 
cBC = 25 kNs/m 

 

 

Figure 3. Predicted and experimentally measured 
femur force from 4.9 m/s tests. 
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Figure 4 Predicted and experimentally measured 
femur Z-axis accelerations from 4.9 m/s tests. 

 

Figure 5. Predicted and experimentally measured 
pelvis X-axis accelerations from 4.9 m/s tests. 

Model Validation 

Model validation was performed by applying the 
average force histories applied to the Hybrid III ATD 
knees in repeated tests at the 3.5 m/s and 1.2 m/s 
impact velocities to the knee of the Hybrid III model 
and then comparing experimentally measured and 
predicted femur force, femur acceleration, and pelvis 
acceleration histories.   To further verify that the 
parameters describing masses and the coupling of 
masses were appropriate, knee impacts in which the 
torso and thigh flesh had been removed from a 
Hybrid III midsize male ATD were also simulated.  
These tests were conducted using the 1.2 m/s, 3.5 
m/s, and 4.9 m/s impact conditions described above. 
Predicted and measured femur force and acceleration, 
and pelvis acceleration, were compared.  To simulate 
tests in which the dummy torso and the dummy thigh 
flesh were removed, the masses of these components 
in the lumped parameter model were set to 0.001 kg, 
so as to be close to zero but still high enough so that 
model predictions were stable. 

Model validation results are shown in Figures 6 
through 11.  Figures 6 through 8 show that model 
predictions for femur force, femur z-axis 
acceleration, and pelvis x-axis acceleration from 
whole ATD tests at 3.5 m/s, respectively, are within 
the range of experimental results.  Although not 
shown in this paper, a similar finding held for 
simulations of whole-dummy tests at 1.2 m/s.      

Figures 8 through 11 demonstrate that model 
predictions of femur force, femur acceleration, and 
pelvis acceleration are within the ranges of 
experimentally measured values for simulations of 
tests in which thigh flesh and torso were removed at 
the 3.5 m/s impact condition.  Simulations of the tests 
in which only the torso was removed (not shown 
here) indicate similar agreement with experimental 
results. 

 

Figure 6. Predicted and experimentally measured 
femur forces from tests at 3.5 m/s with the whole 
Hybrid III midsize male ATD. 

 

Figure 7. Predicted and experimentally measured 
femur z-axis accelerations from tests at 3.5 m/s with 
the whole Hybrid III midsize male ATD. 
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Figure 8. Predicted and experimentally measured 
pelvis x-axis accelerations from tests at 3.5 m/s with 
the whole Hybrid III midsize male ATD. 

 

 

Figure 9. Predicted and experimentally measured 
femur forces from 3.5 m/s tests with the dummy torso 
and thigh flesh removed. 

 

Figure 10. Predicted and experimentally measured 
femur z-axis accelerations from 3.5 m/s with the 
dummy torso and thigh flesh removed. 

 

Figure 11. Predicted and experimentally measured 
pelvis x-axis accelerations from 3.5 m/s tests with the 
dummy torso and thigh flesh removed. 

SIMULATIONS TO ESTABLISH INJURY 
ASSESSMENT CRITERIA 

Simulations to Explore Relationships Between 
Peak Force at the Femur Load Cell and Peak 
Force at the Cadaver Hip 

The relationship between Hybrid III peak femur force 
and risk of knee/distal femur injury is specified by 
existing injury criteria (i.e., the knee/distal femur risk 
curves reported by Kuppa et al. 2001 and Rupp et al. 
2009).  However, the relationship between peak force 
at the Hybrid III femur load cell and peak force at the 
human hip under similar knee-loading conditions is 
not known.  Therefore, as a first step in developing 
new IARVs for the KTH complex, a series of 
simulations was performed to explore the 
relationships between peak forces in the cadaver and 
Hybrid III midsize male KTH complexes produced 
by similar knee-loading conditions.     

In this series of simulations, the cadaver and Hybrid 
III models were loaded by simulated knee bolsters 
with three different types of force-deflection 
characteristics, including linear force-deflection 
(constant stiffness), bilinear force-deflection, and 
force-limiting.  Figure 12 illustrates these force-
deflection characteristics and shows how they were 
parameterized.  

These three types of knee bolsters were selected 
because they span the range of force-deflection 
characteristics expected to occur in current 
production knee bolsters.  In particular, a force-
limiting knee bolster represents an ideal knee bolster 
design for a particular size of occupant because it 
limits the force applied to the knee while maximizing 
the amount of energy absorbed over the least amount 
of knee bolster compression.  In contrast, for a 
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constant-stiffness knee bolster, the force applied to 
the knees increases linearly with compression of the 
bolster until the knees are completely stopped.  A 
knee bolster with a bilinear force-deflection 
characteristic represents the scenarios where the 
stiffness of the knee bolster either suddenly decreases 
from yielding of components or suddenly increases 
because the occupant’s knees bottom out the bolster. 

 
 

 
 

 
 

Figure 12.  Illustrations of knee bolster force-
deflection characteristics used in simulations: 
constant stiffness (top), bilinear force-deflection 
(middle), and force-limiting (bottom). 

Table 4 lists the ranges of knee bolster force-
deflection characteristics and impact velocities used 
in the simulations.  These ranges were selected so 
that the simulated knee-loading conditions produced 
peak Hybrid III femur forces and loading rates that 
span the upper portion of the ranges of those that 
occur in FMVSS 208 and US NCAP tests.  Knee 
bolster stiffness in these simulations was varied from 
50 N/mm to 450 N/mm.  The lower bound on knee 

bolster stiffness is based on data reported by Rupp et 
al. (2007), who loaded isolated production knee 
bolsters with cadaver knees.  The upper bound on 
knee bolster stiffness is based on simulation results 
reported by Rupp et al. (2008), which indicated that a 
bolster stiffness above 450 N/mm produces knee-
loading rates in excess of 2 kN/ms, which previous 
studies have associated with knee loading by a rigid 
(non-knee-bolster like) surface (Rupp et al. 2002, 
Rupp et al. 2007). 

Table 4.  Ranges of Parameters Used in Simulations 

Bolster Type Parameter Ranges 
Force Limiting Initial Stiffness: 200 to 450 N/mm 

Force Limit: 4 kN to 18 kN, 
Velocity: 3 to 8 m/s 

Linear Force-
Deflection 

Stiffness: 50 to 450 N/mm 
Impact velocity: 2 to 8 m/s 

Bilinear Force-
Deflection 

Initial stiffness: 50 to 450 N/mm 
Transition force: 2 to 8 kN 

Secondary stiffness: 50 to 250 N/mm 
Impact velocity: 2 to 8 m/s 

 
To simulate knee-to-knee bolster loading, the 
lumped-parameter model was modified so that the 
force-based driving function was replaced by a 500-
kg impactor mass, mI, which was connected to the 
knee by a spring.  The stiffness of this spring, kIA, 
represents the combined stiffness of the impactor and 
the knee surface.  The modified model is shown in 
Figure 13.   

 

Figure 13.  Lumped-parameter model with knee-
bolster mass (mI).   

Figure 14 compares the range (shaded area) of peak 
femur forces and loading rates produced in the 
simulations with the Hybrid III lumped-parameter 
model using the combinations of loading conditions 
listed in Table 4, to peak femur forces and loading 
rates from FMVSS 208 and NCAP tests from 1998-
2004.  To generate the data points in Figure 14, 
loading rate was calculated by taking the slope of the 
force history from the Hybrid III femur load cell 
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between 15% and 85% of peak force.  Figure 14 
shows that the knee-loading conditions used in the 
simulations span the upper portion of loading rates 
that occur in staged frontal crashes.  As a result, these 
simulations represent knee-impact forces that are 
likely to produce significant risks of KTH fractures 
and are therefore relevant to exploring the 
relationship between Hybrid III femur force and force 
at the cadaver hip as it pertains to KTH injury 
assessment 

   

 

Figure 14.  Comparison of peak Hybrid III femur 
forces and loading rates from FMVSS 208 and 
NCAP tests to combinations of similar parameters 
produced in all simulations. 

Figures 15 and 16 illustrate the relationships between 
forces at different locations in the Hybrid III and 
cadaver KTH complexes that were produced by 
simulations with the Hybrid III and cadaver lumped-
parameter models.  Figure 15 shows forces at the 
knee, femur load-cell of the Hybrid III ATD, and hip 
that have been normalized by dividing the peak 
applied force at the knee.  As illustrated by Figure15, 
the percentage of peak force at the Hybrid III knee 
that is transmitted to the femur load cell and the 
percentage of peak force applied to the cadaver knee 
that is transmitted to the hip are approximately 77% 
and 55%, respectively.    Importantly, these values 
are relatively constant over the range of simulated 
knee-loading conditions.  This finding indicates that 
knee loading by a surface that applies the same force 
to the knees of the cadaver and the Hybrid III (i.e., a 
force-limiting knee bolster) will produce a ratio of 
peak force at the femur load cell to peak force at the 
cadaver hip of 1.4 (0.77/0.55).  

Because a singular relationship exists between peak 
force at the Hybrid III femur load cell and peak force 
at the cadaver hip for knee loading by a force-
limiting knee bolster when both the cadaver and the 
Hybrid III load the bolster to the force limit, peak 
femur force can be used to predict the risks of both 
knee/distal femur injury and hip injury.   For 

example, as illustrated by the thick black and gray 
lines in Figure 16, knee loading by a force-limiting 
knee bolster that applies a force of 8.3 kN to both the 
Hybrid III and cadaver knees will produce a peak 
Hybrid III femur force of ~6.4 kN and force at the 
cadaver hip of ~4.6 kN (6.4/1.4).  Using the 
knee/distal femur and hip injury risk curves reported 
in Equations 1 and 2 in the following section of this 
paper, 6.4 kN at the Hybrid III femur load cell 
corresponds to an ~8% risk of knee/distal femur 
fracture and a ~25% risk of hip fracture/dislocation. 

 

  
Figure 15.  Percentages of force transmitted from the 
knee to the cadaver hip and from the knee to the 
Hybrid III femur load cell produce in all simulations. 

For knee loading by knee bolsters that are not-force 
limiting (or loading by a force-limiting knee bolster 
that is not impacted at a velocity sufficient to 
generate a force in excess of its force limit), the peak 
force applied to the Hybrid III knee will always be 
greater than the peak force applied to the cadaver 
knee.  This is because the Hybrid III has greater 
effective mass and stiffness than the cadaver and will 
therefore penetrate further into the knee bolster, 
regardless of bolster force-deflection characteristics.  

Figure 16 illustrates the implications of the 
differences in knee impact force produced by 
different types of knee bolsters on the relationships 
between peak forces at in the Hybrid III and cadaver 
KTH complexes for all loading conditions that 
produce a 25% risk of hip fracture.  Since all forces 
in Figure 16 are associated with the same risk of 
injury to the cadaver hip, they are associated with the 
same force at the cadaver hip (4.56 kN).   As 
discussed earlier, the thick gray and black lines in 
Figure 16 represent the Hybrid III and cadaver 
responses produced by knee loading by a force-
limiting knee bolster.  The gray shaded area in Figure 
16 illustrates how, for knee loading by a knee bolster 
that is not force-limiting (e.g., a constant-stiffness 
bolster) a higher peak force will be applied to the 
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Hybrid III knee and that this produces greater 
differences between peak Hybrid III femur force and 
force at the cadaver hip.  As a result, knee loading by 
a force-limiting knee bolster will always produce the 
smallest possible difference between peak force at the 
Hybrid III femur load cell and peak force at the 
cadaver hip.   

 

Figure 16.  Relationships between peak forces at 
different locations in the cadaver and Hybrid III KTH 
complexes associated with a 25% risk of KTH injury 
(i.e., a force of 4.56 kN at the cadaver hip).   

In summary, Figure 16 illustrates that there is no 
singular relationship between peak force at the 
Hybrid III femur load cell and peak force at the 
cadaver hip that is valid over the full range of knee 
bolster force-deflection characteristics that are 
thought to occur in production vehicles.  As a result, 
it is not reasonable to base IARVs for the entire KTH 
complex on peak Hybrid III force alone.  However, 
as discussed below, it is possible to develop injury 
assessment criteria for the hip that define the set of 
femur force histories that can be associated with a 
risk hip injury in excess of a target value.   

Development of KTH Injury Assessment Criteria 
for the Hybrid III Midsize Male ATD 

Simulations with the cadaver model reported by 
Rupp et al. (2008) demonstrate that the risk of hip 
injury is higher than the risk of knee or distal femur 
injury over most of the range of loading conditions 
that occur in frontal crashes.  However, these 
simulations also demonstrate that the likelihood of 
knee/distal femur injury is higher than the likelihood 
of hip injury for high-rate, short-duration knee 
loading.  This is because under these conditions, the 
femur has not displaced enough to recruit sufficient 
pelvis mass to produce a force at the hip that 
corresponds to a risk of hip injury that is greater than 

the risk of knee/distal femur injury associated with 
the force applied to the knee. 

These observations suggest that injury criteria for the 
entire KTH should assess the risk of knee/distal 
femur injury for high-rate and short-duration loading, 
and should assess the risk of hip injury for the lower-
rate, longer-duration loading conditions that are more 
typical of those produced in frontal crashes.  Since a 
comprehensive KTH injury assessment criterion must 
determine whether to assess hip or knee/distal femur 
injury risk, such a criterion will need to incorporate a 
parameter that relates to femur displacement that can 
be measured by the Hybrid III femur load cell.  For 
the injury assessment criteria development effort 
described below, this parameter was impulse (the 
integral of the femur force history between two 
points in time). 

When plotted, the combination of the Hybrid III 
femur forces associated with a specified level (e.g., 
25%) of knee/distal femur injury risk and hip injury 
risk along with the transition impulse that defines the 
transition between the two methods of injury 
assessment takes the form illustrated in Figure 17.  
Since the generalized injury assessment criterion 
shown in Figure 17 is a boundary and not a single 
value, or set of values, it has been termed an “injury 
assessment reference boundary.” The three parts of 
the injury assessment reference boundary are called 
the lower- force limit (or hip-injury risk-based limit), 
the transition impulse, and the upper-force limit (or 
knee/distal-femur risk-based limit). 

 

Figure 17.  Generalized form of the KTH injury 
assessment reference boundary. 

For all injury assessment reference boundaries, the 
transition impulse was determined by integrating 
Hybrid III femur force from the start of loading to the 
time that force last fell below 4.05 kN, as illustrated 
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in Figure 19.  This value was chosen because it is the 
Hybrid III femur force that corresponds to the lowest 
hip fracture force of 2.89 kN reported by Rupp et al. 
(2003) – i.e., 4.05 = 1.4 times 2.78. 

 
Figure 18.  Impulse calculation. 

Upper-force limit – The forces associated with the 
upper-force limit for a given level of knee/distal 
femur injury risk and hip injury risk were established 
using the injury risk curve in Equation 1. 

 [1] 

where F is the peak compressive force measured by 
the Hybrid III femur load cell in kN and risk lies 
between zero and one. 
 
Equation 1 is a slightly modified version of the risk 
curve that underlies the current FMVSS 208 
maximum femur force criterion (Kuppa et al. 2001) 
that accounts for censoring in the knee impact 
fracture force data that were used to develop the 
current FMVSS 208 KTH injury risk curve (Rupp et 
al. 2009).  This risk curve defines the risk of 
knee/distal femur injury in terms of peak force at the 
Hybrid III femur load cell. 

Lower-force limit – Equation 2 defines the 
relationship between hip injury risk and force at the 
human hip as a function of occupant stature and hip 
posture (Rupp et al. 2009):   

 

RiskHipFX =
ln[F] (0.2141+ 0.0114s)*(1 ( f a) /100)

0.1991

 

 
 

 

 
  [2] 

 
where,  is the cumulative distribution function of the 
standard normal distribution, 
F is peak force transmitted to the hip in kN, 
s is the stature of the target population for the risk curve 
(178 cm for midsize males), 
f is the hip flexion angle in degrees, and 
a is the hip abduction angle in degrees. 
 

For developing midsize male injury assessment 
criteria, a stature of 178 cm was used and hip posture 
was set to 15˚ hip abduction and 30˚ flexion, which 
has been estimated to represent the typical hip 
posture at the time of peak femur force in full frontal 
crashes (Rupp et al. 2008).  For reference, Figure 19 
compares hip and femur injury risk curves. 

Once the force at the human hip associated with a 
given level of hip injury risk was calculated, the 
lower-force limit was determined by multiplying this 
value by 1.4.  As discussed above, this value 
represents the ratio of peak femur force at the Hybrid 
III femur load cell to peak force at the cadaver hip for 
knee loading by a force-limiting knee bolster, which, 
by virtue of applying the same force to the Hybrid III 
ATD and cadaver knees, produces the smallest 
possible difference between peak Hybrid III femur 
force and force at the cadaver hip. 
 

 

Figure 19.  Femur injury risk curve and hip injury 
risk curve developed using with a stature of 178 cm 
and 15˚ abducted and 30˚ flexed hip posture.  

Transition impulse–For a given level of KTH injury 
risk, the transition impulse was established by 
performing simulations with the Hybrid III and 
cadaver models to identify the smallest value of 
impulse that can be associated with a risk of hip 
injury above a specified percentage for peak femur 
forces between the upper and lower-force limits.  
Because the goal of these simulations was to 
establish the minimum impulse value associated with 
a given risk of hip injury, all of the transition impulse 
development simulations were performed using the 
highest knee bolster stiffness that was reasonable, 
which, for reasons previously noted, was 450 N/mm. 
The rationale for this approach was that the highest 
possible knee-loading rate produces the shortest 
duration of applied force, and therefore the smallest 
impulse, necessary to generate a specific force at the 
hip (and a specific level of hip injury risk). 
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When the knees of the cadaver model were loaded 
using a knee bolster with a stiffness of 450 N/mm, 
there was only a single knee impact velocity that 
produced a force at the cadaver hip associated with 
the target level of hip injury risk.  However, this 
combination of impact velocity and bolster stiffness 
always produced a peak Hybrid III femur force that 
was greater than the value associated with the upper-
force limit.  Since the transition impulse does not 
apply to this loading condition, the force-deflection 
characteristics of the knee bolster were modified so 
that the knee bolster was force-limiting and had a 
force limit that produced a peak femur force that 
corresponded to the level of risk associated with the 
transition impulse.  The impulse of the femur force 
produced by this knee bolster stiffness and impact 
velocity, calculated in the manner described above, 
represents the minimum impulse that can be 
associated with a given level of hip injury risk.  This 
finding was confirmed by an alternate approach to 
transition impulse development in which knee bolster 
force-deflection characteristics and impact velocity 
were varied until the minimum impulse necessary to 
produce a given risk of hip injury was determined for 
forces between the upper and lower-force limits. 

Example Development of 25% Risk Boundary–A 
more detailed example of how the injury assessment 
reference boundaries were developed is provided 
below and in Figure 20 for the injury assessment 
reference boundary corresponding to a 25% risk of 
KTH injury.  Based on Equation 2, peak force at the 
cadaver hip associated with a 25% risk of hip injury 
is 4.56 kN.  Multiplying this value by 1.4 indicates 
that the lower-force limit is 6.38 kN.  As illustrated in 
the left column of Figure 20, the lower-force limit is 
produced through knee loading by a force limiting 
knee bolster with a force limit of 8.25 kN, which 
produces 4.56 kN at the cadaver hip and 6.38 kN at 
the Hybrid III femur load cell.  As discussed above, 
this is because a force limiting knee bolster produces 
the smallest possible Hybrid III femur force that can 
be associated with a 25% risk of hip injury.  To 
produce the responses shown in the left column of 
Figure 20, an impact velocity of 6.25 m/s was used.  
This velocity was selected because it is large enough 
so that the cadaver model knee sufficiently 
compresses the knee bolster to exceed its force limit. 

The middle part of Figure 20 shows the loading 
condition and simulation results that define the 
transition impulse for the 25% risk boundary.  For 
reasons discussed above, this loading condition was 
determined by loading the knees of the cadaver and 
Hybrid III models with a force limiting knee bolster 
with an initial stiffness of 450 N/mm.  The force limit 

for this knee bolster was set to 11.56 kN, which 
produces a peak Hybrid III femur force of 8.93 kN, 
which Equation 1 associates with a 25% risk of 
knee/distal femur injury. 

Simulations with the cadaver model using these 
loading characteristics indicated that an impact 
velocity of 5.2 m/s produced peak force at the hip of 
4.56 kN (i.e., a 25% risk of hip injury).  Since a 5.2 
m/s impact velocity produces a force at the cadaver 
knee that is below the bolster force limit, the cadaver 
knee does not penetrate far enough into the knee 
bolster to reach the limiting force, as shown in the top 
and bottom cells in the middle column of Figure 20.  
However, as is also shown in Figure 20, at this impact 
velocity, force at the Hybrid III knee reaches the force 
limit.  The impulse of the Hybrid III femur force, 
calculated using the procedure shown in Figure 18, 
associated with this loading condition is 137.1 Ns.  
This value is the smallest impulse capable of 
producing a force at the hip in excess of the value 
associated with 25% KTH injury risk, provided that 
knee bolster stiffness is not greater than 450 N/mm 
and that peak Hybrid III femur force is less than the 
upper-force limit for knee/distal femur injury. 

The right side of Figure 20 shows the results of a 
simulation that was performed to check the transition 
impulse of the 25% injury risk boundary.  This 
simulation used the same knee-bolster force-
deflection characteristics as those used to establish 
the lower-force limit (8.25 kN force limit with a 450 
N/mm initial stiffness), and a knee-impact velocity 
that resulted in an impulse of 137.1 Ns at the Hybrid 
III femur load cell.  As shown in the bottom right part 
of Figure 20, at this impact velocity, there is not a 
sufficient amount of impact energy to cause the force 
at the knee to exceed the knee bolster force limit for a 
duration that is long enough for force at the hip to 
exceed the value associated with a 25% risk of hip 
injury.  
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Force Histories Used to Establish  
Lower-force limit 

(force limit = 8.25 kN,   
Velocity=6.25 m/s, impulse=173.5 Ns, 
HIII penetration into bolster = 50 mm, 
Cad penetration into bolster = 26 mm) 

Risk = 25% 

Force Histories Used to Establish 
Impulse and Upper-force limits 

(force limit = 11.56 kN,  
Velocity = 5.2 m/s, impulse = 137.1 Ns 
HIII penetration into bolster = 32 mm, 
Cad penetration into bolster = 19 mm) 

Risk=25% 

Force Histories Used to Check 
Transition impulse 

(force limit = 8.25 kN,   
Velocity = 5.1 m/s, impulse = 137.1 Ns 
HIII penetration into bolster = 36 mm, 
Cad penetration into bolster = 18 mm) 

Risk < 25% 

Cad. 

   

HIII 

   

F 
drop 

   

F-
def. 

   

Figure 20.  Force histories, plots of the decrease in force along the KTH, and knee bolster force penetration 
responses produced in simulations used to develop and check the upper and lower-force limits and the transition 
impulse associated with the 25% risk injury assessment reference boundaries.  
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Injury Assessment Risk Boundaries for Multiple 
Levels of KTH Injury Risk–Table 5 lists the lower-
force limit, the transition impulse, and the upper-
force limit associated with injury assessment 
reference boundaries for 3%, 5%, 10%, 15%, 20%, 
25%, 30%, 35%, 40%, 45%, 50%, and 75% risk of 
KTH injury at a hip posture that is 30˚ flexed and 15˚ 
abducted (i.e., the typical posture at the time of peak 
femur force in an FMVSS 208 or NCAP test).  The 
differences in the slopes of the femur and hip injury 
risk curves explain why the difference between the 
upper and, shown in Figure 17, the lower-force limits 
increases with the level of risk associated with each 
boundary.  These same differences also explain why 
the upper and lower-force limits are equal at the 3% 
risk level.   For reference, Figure 21 plots some of 
these injury assessment reference boundaries for each 
level of injury risk and Figure 22 plots each of the 
reference boundaries as a function of injury risk. 

Table 5.  Injury Assessment Reference Boundaries 
For 3% to 75% Risks of KTH Injury 

Risk Lower-force 
limit  
(kN) † 

Transition 
impulse  
(Ns) † 

Upper-force 
limit  

(kN)†† 
3 4.97 NA* 4.97 
5 5.22 113.5 5.69 

10 5.63 121.8 6.87 
15 5.92 127.7 7.69 
20 6.16 132.7 8.35 
25 6.38 137.1 8.92 
30 6.59 141.3 9.44 
35 6.79 145.5 9.92 
40 6.98 149.4 10.37 
45 7.18 153.3 10.80 
50 7.35 157.2 11.23 
75 8.40 180.7 13.45 

*Not applicable because the upper and lower-force limits are 
equal. 

 

Figure 21.  Select injury assessment reference 
boundaries. 

 

Figure 22.  Lower force limit, upper force limit and 
transition impulse as functions of the associated level 
of injury risk. 

Using the Injury Assessment Reference Boundaries 
to Estimate Hip and Knee/Distal Femur Injury Risk 

The previous section described the development of 
injury assessment reference boundaries associated 
with specific levels of KTH injury risk. While each 
of these boundaries defines a pass/fail injury 
assessment criterion, like the current 10-kN 
maximum femur force criterion, no single boundary 
provides sufficient information to estimate the risks 
knee/distal femur and hip injury associated with a 
specified femur force history.   However, when 
combined, multiple injury assessment risk boundaries 
can be used to estimate the risk of knee/distal femur 
injury and the maximum possible risk of hip injury 
associated with a Hybrid III femur force history.  For 
example, based on the upper-force limit, a Hybrid III 
femur force history that is has a peak of 7.69 kN and 
an impulse of 145.5 Ns is associated with a 15% risk 
of knee/distal femur fracture based on Equation 1. 
The risk of hip fracture for this combination is the 
smaller of the risks of hip injury determined by 
comparing peak femur force to the lower force limit 
and impulse to the transition impulse.  This approach 
is identical to determining which boundary passes 
through a particular combination of peak force and 
impulse.   For example, as illustrated in Figure 21, a 
peak force of 7.69 kN and an impulse of 145.5 Ns are 
on the 35% risk boundary and are therefore 
associated with no more than a 35% risk of hip 
injury. 

Checks on the Injury Assessment Reference 
Boundaries–As a check on the injury assessment 
reference boundaries listed in Table 5, peak Hybrid 
III femur force, impulse at the Hybrid III femur load 
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cell, and KTH injury risk were calculated from the 
set of Hybrid III and cadaver model predictions 
produced when the loading conditions in Table 4 
were simulated.  Combinations of peak femur force 
and impulse associated with KTH injury risks greater 
than the level of risk associated with each injury 
assessment boundary were then compared.  For these 
comparisons, KTH injury risk was the maximum of 
the risk of injury to the hip predicted by the cadaver 
model and risk of injury to the knee/distal femur 
predicted by the Hybrid III model.  Figure 23 shows 
that the 25% risk boundary defines all combinations 
of peak femur force and impulse that were associated 
risks of KTH injury greater than 25%.  A similar 
finding held for all of injury assessment reference 
boundaries listed in Table 5.  

 

Figure 23.  Comparison of 25% injury assessment 
reference boundary to combinations of peak femur 
force and impulse that produced risks of KTH injury 
greater than 25%. 

Development of Injury Assessment Reference 
Boundaries for the Hybrid III Small-female ATD 

The injury assessment reference boundaries listed in 
Table 5 only apply to the midsize male ATD.  
Development of injury assessment reference 
boundaries for the small-female ATD in the same 
manner that was used to develop the midsize male 
IARVs is currently not feasible, since it would 
require knee impact response data for similar-size 
female cadavers, which are not available.  
Consequently, injury assessment reference 
boundaries for the small-female ATD were 
developed using scaling techniques. 

Mertz et al. (2003) used a factor of 0.679 to scale 
femur force in the Hybrid III midsize male to femur 
force in the Hybrid III small female based 
anthropometric and dimensional analysis 
considerations, so this factor was applied to scale the 
upper-force limit.  An appropriate lower-force limit 
was established using Equation 2 with a posture of 

15˚ abduction and 30˚ flexion and the small female 
stature (150 cm) to determine the force associated 
with each level of hip injury risk.  The lower-force 
limit was then determined by multiplying this factor 
by 1.4 (the scale factor between peak force at the 
human hip and peak force at the Hybrid III femur 
load cell for the midsize male for knee loading by a 
force-limiting knee bolster).  

Like the upper-force limit, the transition impulse for 
the small female injury assessment criteria was also 
developed by scaling midsize male data.  For 
impulse, the scaling factor was 0.580.  This factor 
was derived as described in the Appendix, using the 
same dimensional analysis based scaling techniques 
described by Mertz et al. (2003).  Scaling the 
transition impulse also requires scaling the method 
used to calculate impulse.  For the KTH injury 
assessment criteria for the Hybrid III midsize male, 
impulse is calculated by integrating the femur force 
history from the start of knee loading to the time that 
force last exceeds 4.05 kN.  For the small-female 
ATD, impulse is calculated by integrating the femur 
force history from the start of knee loading to the 
time that force last exceeds 2.75 kN, which is equal 
to 4.05 kN multiplied by the 0.679 femur force 
scaling factor reported by Mertz et al. (2003).  

Table 6 lists the small female injury assessment 
criteria for levels of KTH injury risk ranging from 
3% to 75%.  Transition impulse and the lower-force 
limit for the 3% and 5% injury assessment reference 
boundaries do not apply with this ATD since the 
upper-force limit is less than the lower-force limit 
and therefore applies to all femur force histories.  
These injury assessment reference boundaries 
individually assess whether a particular Hybrid III 
small female femur force history is associated with a 
risk of injury greater than a specified value.  
Alternatively, these boundaries can be used together, 
as described above, to assess the maximum possible 
risk of hip injury and the risk of knee/distal femur 
injury associated with a particular femur force 
history. 
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Table 6.  Injury Assessment Criteria Associated with 
Risk of KTH Injury from 3% to 75% for Hybrid III 
Small-Female ATD. 

Risk 
(%) 

Lower-force 
limit  
(kN)  

Transition 
impulse  

(Ns)  

Upper-force 
limit  
(kN) 

3 3.65* NA* 3.37 
5 3.82* NA* 3.86 

10 4.13 70.6 4.66 
15 4.33 74.1 5.22 
20 4.49 77.0 5.67 
25 4.65 79.5 6.06 
30 4.79 81.9 6.41 
35 4.91 84.4 6.74 
40 5.05 86.6 7.04 
45 5.18 88.9 7.34 
50 5.33 91.2 7.62 
75 6.09 104.8 9.14 

*Not applicable because the upper and lower-force limits 
are equal. 

 

DISCUSSION 

The injury assessment reference boundaries listed in 
Table 5 were computed such that, under the 
assumptions of the model, all combinations of peak 
Hybrid III femur force and impulse that are 
associated with a risk of KTH injury that is greater 
than a specified percentage will be above the 
boundary.  However, some combinations of peak 
femur force and impulse that are associated with risks 
of injury that are less than the value associated with 
the boundary can fall above the boundary.  In other 
words, each boundary represents a test with 
approximately 100% sensitivity but less than 100% 
specificity for peak forces between the upper and 
lower-force limits.  For peak femur forces that are 
less than the lower-force limit or greater than the 
upper-force limit, the injury assessment reference 
boundary will accurately predict injury risk, subject 
to the limitations discussed below. 

Because they were developed using one-dimensional 
lumped parameter models, the injury assessment 
reference boundaries listed in Tables 5 and 6 are 
limited in several ways.  First, the models and the 
IARVs only apply to symmetric knee loading.  The 
farther a knee-loading condition deviates from 
applying similar forces to both knees, the less 
applicable these IARVs will be.  This is because 
asymmetric knee loading has the potential to increase 
the amount mass behind the hip on the side to which 
higher force is being applied.  This will increase the 
percentage of force applied to the knee transmitted to 
the hip and thereby increase the risk of hip injury in a 
manner that is not accounted for by the lower force 

limits described in this paper.  As a result, the new 
injury assessment criteria described in this paper will 
under predict hip-injury risk for asymmetric knee 
loading.  However, this limitation is not important for 
frontal crash testing in FMVSS 208 and NCAP, 
where loading is primarily symmetric. 

In addition, because the injury assessment reference 
boundaries were developed using one-dimensional 
models, they cannot predict two-dimensional 
phenomena, such as femur bending, which is thought 
to be the primary mechanism of femoral shaft 
fracture in frontal crashes (Viano and Stalnaker, 
1980).  However, since most femur bending in frontal 
crashes is produced by axial compression (which is 
assessed by the injury reference boundaries), the 
failure of the injury assessment reference boundaries 
to account for femur bending may not be a major 
limitation.   

The models also do not account for the effects of 
lower-extremity muscle tension due to occupant 
braking and/or bracing on KTH injuries.  Based on 
the results of recent FE modeling, muscle activation 
reduces the percentage of force applied to the human 
knee that is transmitted to the hip by increasing the 
coupling of muscle mass distal to the hip (Chang, 
2009).  As a result, with muscle activation, the ratio 
of peak force at the Hybrid III femur load cell to peak 
force at the cadaver hip used to establish the lower 
force limit of the new IARVs will be greater, and the 
ATD femur forces associated with the lower bound 
will also be greater. 

The injury assessment reference boundaries listed in 
Tables 5 and 6 are all associated with a single hip 
posture, which is considered typical of a midsize 
male at the time of peak knee-bolster loading.  
Variations from this posture will affect hip-injury 
tolerance, and will therefore shift the lower force 
limit and the transition impulse, but will have no 
effect on the upper force limit associated with 
knee/distal-femur fracture, which is posture 
independent.  

The injury assessment reference boundaries 
developed in this study are based on limiting the risks 
of hip and knee/distal-femur injuries to the same risk 
levels.  However, hip injuries are generally 
considered more costly to society, more difficult to 
treat, and more disabling than knee or distal femur 
injuries (Read et al. 2002).  Therefore, in the future, it 
may be appropriate to calculate the new injury 
assessment criteria using lower risks of hip injury 
than the risks of knee/distal-femur injury. 
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The new KTH injury assessment criterion developed 
in this study were tested to ensure that they 
appropriately identify loading conditions that are 
associated with risks of KTH injury greater than 
specified levels.  Further evaluation of the new injury 
criterion is described in a companion paper (Kirk and 
Kuppa 2009), which applies the injury assessment 
reference boundaries to Hybrid III femur forces 
measured in NHTSA and IIHS crash tests, and 
compares the predicted levels of injury risk to those 
observed in similar real-world crashes investigated in 
the National Automotive Sampling Systems (NASS). 

Developing KTH injury assessment criteria for ATDs 
would be greatly simplified if the Hybrid III family 
of dummies produced similar knee impact forces and 
transmitted similar amounts of force to the hip as the 
humans that they are designed to represent.  With 
improved ATD biofidelity, the risks of KTH injury 
could be assessed by applying peak forces measured 
by ATD femur and acetabular load cells to existing 
injury risk curves for the femur and hip, respectively.  
However, with current ATDs, the modeling approach 
described in this paper is needed to accurately 
interpret ATD femur forces with respect to human 
injury risk. 

CONCLUSIONS 

A one-dimensional lumped-parameter model of the 
midsize-male Hybrid III ATD has been developed 
and validated.  Simulations with this model and the 
previously described lumped-parameter model of the 
midsized male cadaver were performed to explore the 
relationship between forces in the Hybrid III KTH 
complex and forces in the human KTH complex.  
Results of these simulations indicate that the 
relationships between peak forces measured by the 
Hybrid III femur load cell and peak forces in the 
cadaver KTH complex vary with the force-deflection 
characteristics of the knee bolster.  Since knee bolster 
characteristics in different vehicles vary, it is not 
possible to develop a singular relationship between 
peak forces measured by the Hybrid III femur load 
cell and the risks of injury to the human KTH 
complex. 

For this reason, a new injury assessment criteria for 
the KTH was developed that uses peak Hybrid III 
femur force and the impulse of Hybrid III femur 
force to define the smallest possible femur force 
histories that are associated with a given probability 
of KTH injury.  The use of impulse allows the new 
injury assessment criteria to identify the high-rate, 
short-duration loading associated with knee/distal- 

femur fractures and the lower-rate, longer-duration 
loading conditions associated with hip fractures. 
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APPENDIX:  DERIVATION OF IMPULSE 
SCALING FACTOR 

Since the units of impulse are Ns, the scale factor for 
impulse, I, must equal the scale factor for force, F, 
multiplied by the scale factor for time, Time, as 
shown in Equation A1.  The scale factor for force is 
defined by Equation A2 (Mertz et al. 2003).  The 
scale factor for time was derived by recognizing that 
the units of force are kg m/s2 and that as a result, the 
scale factor for force must equal the scale factor for 
mass, m, multiplied by the scale factor for 
width/height, x, divided by the square of the scale 
factor for time (Equation A3).  Since this quantity is 
equal to the scale factor for force ( x

2), it follows that 
the scale factor for time is defined by Equation A4.  
Substituting Equation A4 into Equation A1 gives the 
formula scale factor for impulse that is listed in 
Equation A5.   Applying the values for F, m, and x 
reported by Mertz et al., which are 0.679, 0.601, and 
0.824, respectively, to Equation A5 gives a scale 
factor for impulse of 0.580. 

I= F* Time   [A1] 

From Mertz et al. (2003), F= x
2 [A2] 

Since the units of force are kg m /s2, 

F= m * x / Time 
2 = x

2  [A3] 

Time = [ m/ x]
0.5   [A4] 

I = F * [ m/ x]
0.5  [A5] 
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ABSTRACT 

Starting around 1980 with the introduction of ABS, 
followed in 1995 with the presentation of ESP/ESC, 
and recently with the development of radar and 
camera based driver assistance systems, the 
automotive industry has introduced a great number 
of electronic systems with the specific goal of 
enhancing the active safety of vehicles. 

The paper discusses evaluation methods for the 
effectiveness of modern Active Safety systems with 
respect to: 

� Analyses of accident statistics 

� In-depth studies on real world accidents 

� Case by case evaluations of real world accidents 
and/or field studies 

� Performance tests and measurements on test 
tracks 

The paper gives an overview of the latest methods 
with their benefits and limitations as seen by an 
OEM. 

INTRODUCTION AND MOTIVATION 

One of the first electronic systems that was 
introduced to enhance Active Safety was ABS. The 
degree of innovation of the system at that time made 
it necessary to demonstrate the specific 
characteristics and highlight the benefits that ABS 
delivers in critical driving and braking situations. 
There was a need to convince authorities to 
homologate and consumers to purchase this 
innovative technology. Figure 1 shows one of the 
typical demonstrations that displayed the benefits of 
ABS controlled braking vs. conventional braking.  

Figure 1: ABS Demonstration 1978 

 

However, not only practical demonstrations were 
done at this time. Already, attempts were made to 
quantify the accident reduction potential of ABS on 
the basis of statistical accident data [1]. In this study, 
an effect of 4 to 7% accident reduction due to the 
introduction of ABS was assumed. Unfortunately, 
the attempts to confirm this prognosis in 
retrospective accident analyses were not successful. 
Only many years later it was possible to create a 
successful retrospective accident analysis – for a 
different system, the Electronic Stability Program 
(ESP) / Electronic Stability Control (ESC) [2, 3, 4, 5, 
6]. 

The motivation to show potential benefits of Active 
Safety systems has grown over the years due to the 
increased complexity and functionality of the 
systems. Consumers need to be informed and 
motivated and authorities are not only in the position 
to homologate but also play an important role of 
raising consumer awareness and even implementing 
legislation. Additionally, rating organizations and 
insurance companies have entered the scene to play 
their part in enhancing the market penetration of 
certain Active Safety systems. All these interested 
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parties have a strong interest to assess the efficiency 
of Active Safety systems. 

EVALUATION METHODS FOR THE 
EFFICIENCY OF ACTIVE SAFETY SYSTEMS 

Figure 2 gives an overview of potential methods that 
can be used to evaluate the efficiency of Active 
Safety systems. 

Figure 2: Examples for Efficiency Evaluation of 
Active Safety  

 

Defining and predicting efficiency is a very 
challenging task: An Active Safety system cannot be 
analyzed “stand alone” since it functions together 
with both the driver, his perception and specific 
driving skills and the vehicle with its specific 
dynamic characteristics. So even when the objective 
characteristics, the functionalities and the 
performance of an Active Safety system can be 
defined and measured, they are by far not sufficient 
to quantify system efficiency. In this paper the 
following approaches will be discussed: 

� Analysis of accident statistics 

� In-depth studies of real world accidents 

� Case by case evaluation of real world accidents 
and/or field studies 

� Performance tests and measurements on test 
tracks 

Which method is applicable depends on the system 
type and functionality. 

Examples are given for several Mercedes-Benz 
braking assistance systems in Figure 3. 

Figure 3: Mercedes-Benz Braking Assistance 
Systems from BAS to PRE-SAFE® Brake 

 

The Brake Assist BAS interacts with the driver: If 
the drive applies the brake pedal in a way which is 
characteristic for emergency reactions, brake 
pressure is automatically increased to provide full 
deceleration. This system is complemented by the 
radar based Brake Assist Plus. It warns the driver in 
case of an imminent collision danger and - upon 
pedal application - increases the brake pressure to the 
level that is necessary to avoid the accident. PRE-
SAFE® brake reacts if the driver ignores the visual 
and audible warning and initiates a partial braking 
(stage 1) and a full deceleration (stage 2). PRE-
SAFE® brake stage 2 is activated approximately 0.6s 
before the impact, i.e. when an accident can not be 
avoided. PRE-SAFE® brake stage 2 is designed to 
mitigate the crash outcome and can therefore be 
regarded as an “electronic crumple zone”. 

ANALYSIS OF STATISTICAL ACCIDENT 
DATA 

The most impressive method to prove and quantify 
the efficiency of an Active Safety system in real 
world accident scenarios is clearly the retrospective 
accident analysis. The excellent results that could be 
obtained for the Electronic Stability Program (ESP) 
in numerous studies [i.e.: 2, 3, 4, 5, 6] are a very 
good example. They were so impressive that they 
caused the brake-through of this assistance system.  

Unfortunately, it was not possible to verify the real 
world performance for any other Active Safety 
system in a comparable magnitude. The main 
challenge is identifying statistically relevant changes 
in accident behavior between cars with and without a 
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system that project beyond the noise of accident 
data. ESP was rapidly introduced over numerous 
model lines and hence the effect on accident 
statistics was so significant. 

A further example of a successful retrospective 
accident analysis is the efficiency of the Mercedes-
Benz Brake Assist BAS. BAS was introduced in 
1996 and became standard equipment on all 
Mercedes-Benz passenger vehicles by 1997. Again, a 
very steep gradient of introduction allowed to clearly 
distinguish between cars with and without Brake 
Assist, allowing a tangible evaluation of the effect of 
BAS on rear end crashes in accident statistics.  

Figure 4: Analysis of Accident Statistics, Brake 
Assist (BAS): Fewer Rear-End Accidents. 

 

Figure 4 shows an 8% decrease in rear end crashes 
after the introduction of BAS. 

Of course, a retrospective analysis of accident data is 
only possible if a system has been on the market long 
enough to provide a sufficient market penetration. 
Before and during the introduction of a new Active 
Safety system only prospective methods are helpful. 

IN-DEPTH STUDIES OF REAL WORLD 
ACCIDENTS 

If a retrospective accident analysis is not successful 
for given systems or not possible for new systems, 
in-depth studies of real world accident can be very 
helpful. Real world accidents can be reconstructed 
and re-analyzed considering the assumed effect of a 
specific Active Safety system. For that purpose the 
accident data needs to provide detail (including 
driver behavior). The German GIDAS data base [7] 

is a good source for this purpose. As an example, it 
was possible to recalculate to positive effect of Brake 
Assist on pedestrian accidents on the basis of GIDAS 
data [8]. This study and similar other studies formed 
the basis for the European legislation on pedestrian 
protection that includes the mandatory fitment of 
BAS on passenger cars [9]. 

A different example is the recently published 
prognosis of the efficiency of BAS PLUS on real 
world accidents [10]. 

Figure 5: Efficiency - Prognosis on Basis of Real 
World Accident Analysis (GIDAS)  

 

Figure 5 shows that the predicted efficiency of BAS 
on the basis of GIDAS data is very similar to the 
value that was obtained in retrospective statistical 
accident data analysis. BAS PLUS, a system 
launched in 2005, shows a prognosis of 20% 
accident reduction and additional 25% of accidents 
with mitigation effects. Values for highway- and 
Autobahn-scenarios only are even higher. 

This approach is associated with significant analysis 
effort, but will gain importance in future for system 
development and optimization as well as for creating 
positive public awareness of modern safety 
technologies. 

CASE BY CASE EVALUATION: REAL 
WORLD ACCIDENTS AND/OR FIELD 
STUDIES 

Real world accidents can also deliver very valuable 
information when analyzed case by case. 

Mercedes-Benz has a long tradition in real world 
accident analysis. Mercedes accident engineers have 
been systematically evaluating severe accidents with 
occupant injuries on-site since 1969. An extremely 
detailed database, only comprising Mercedes-Benz 
passenger vehicles and – more recently – light 

Source: * Federal Statistical Office 2006, ** GIDAS 12/2006 Real world accident analysis* 
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commercial Mercedes-Benz vans, has accrued over 
time. Even though comprising a comparatively small 
number of ca. 3,800 cases, the underlying database is 
an invaluable resource for product real world 
performance monitoring and improvement that no 
accident other study can offer. 

But such studies of real world accidents cannot only 
show optimization potential for Passive Safety. 
Accident reconstruction delivers inspiration for 
innovative Passive and Active Safety systems. The 
idea of exploiting the PRE-SAFE® phase, a time 
between departure from safe driving and the actual 
accident, was directly derived from the Mercedes-
Benz accident research. Accident analysts showed 
that the PRE-SAFE® phase was of considerable 
duration, exceeding the time available for crash-
activated devices by orders of magnitude. This 
marked the advent of reversible safety systems, most 
prominently the reversible PRE-SAFE® seat belt 
tensioner. 

The reconstruction of the accident scenario under the 
assumption that a specific Active Safety system was 
present allows a prediction of the systems effect on 
the specific case.  

Additionally, the reconstruction of real world 
accidents can be used to create artificial or virtual 
scenarios for field tests with normal drivers on test 
tracks or in the driving simulator.  

An example for a typical critical driving scenario that 
can be used for field studies on test tracks is 
described in Figure 6. A driver who is not prepared 
for the event experiences an unexpected emergency 
braking situation when an obstacle crosses his 
driving path. The emergency bracing reaction of the 
driver and the resulting stopping distance can be 
measured. The results with BAS and without BAS 
can be evaluated and compared. 

Figure 6: BAS Efficiency on Test Track 
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In this case a significant enhancement of braking 
performance and reduction of stopping distance was 
observed for test runs with BAS. 

Most of the relevant accident scenarios that can be 
derived from accident analyses are of a much more 
complex type, including other traffic and more 
sophisticated driving situations. In these cases a 
driving simulator can be used to gain repeatable 
results under complex conditions without risk for the 
test persons. 

Figure 7: BAS PLUS Efficiency in Driving 
Simulator 

  

Figure 7 shows the result of a study in the Daimler 
driving simulator in Berlin. 110 drivers experienced 
typical critical situations derived from accident 
research. BAS PLUS lead to a reduction of the 
accident rate of 75% in these specific situations 
compared to the conventional BAS. 

 

PERFORMANCE TESTS AND MEASURE-
MENTS ON TEST TRACKS 
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All the effects that Active Safety systems have in real 
world accident scenarios as well as in field studies on 
test tracks or in simulators are of course related to 
their specific functionalities and objective 
performance. Functionalities and performance of the 
Active Safety system are usually well known to the 
OEM and are used as input parameters for all of the 
above described evaluation methods. Nevertheless, 
objective tests are necessary for demonstration and 
especially for validation purposes, e.g. in 
combination with ratings or with homologations. 
Objective tests and minimum performance levels 
have been defined for Electronic Control Systems 
[11] and also for BAS [9]. 

Figure 8: Measurement of Speed Reduction by  
PRE-SAFE® Brake 

 

The result of a typical performance test of the 
recently launched PRE-SAFE® brake stage 2 is 
shown in Figure 8. The diagram shows the result of a 
critical approach to a stationary obstacle that 
simulates a vehicle. Even without any driver reaction 
the vehicle speed is reduced from 54 km/h to 34 
km/h. Partial braking of PRE-SAFE® brake reduces 
the speed by 13 km/h, PRE-SAFE® brake stage 2 
delivers an additional 7 km/h reduction under these 
circumstances. This translates into an energy 
reduction of almost 63% which is not only beneficial 
for the occupants of the car equipped with PRE-
SAFE®, but also for the passengers of the other 
vehicle. 

LIMITATIONS 

Although the functionality and the performance of 
Active Safety systems form the basis for their real 
world efficiency, they are not sufficient to describe 
all relevant effects and will not allow an efficiency 
prediction. Active Safety systems interact with the 

driver, they support the driver, they help to avoid 
mistakes and they interact with the vehicle and the 
environment. A full forecast of their potential is only 
possible with respect to the complete relation of 
driver-vehicle-system-environment (Figure 2). 
Statistical methods or field tests can be an approach 
to that aim, but a test track test alone will not be 
sufficient.  

Even the inviting opportunity to at least compare 
different Active Safety systems with similar 
functionality is questionable. Active Safety systems 
are very complex; they usually contain a variety of 
sub-functionalities. As an example, figure 10 gives a 
rough overview of the functions that are contained 
within a current Electronic Stability Control system. 

Figure 9: ESP® Functions 

 

All these sub-functions are optimized and developed 
during a development phase that takes several years. 
Each function is tested under numerous test 
conditions and situations [12, 13, 14]. It is not 
realistic that this overall functionality and 
performance be evaluated on basis of a limited 
number of tests. 

This is even more important with respect to real 
world accident scenarios, since it is not clear in most 
cases which sub-function had the greatest real world 
effect. 

Finally, even systems that more or less autonomously 
react without driver interaction cannot be evaluated 
completely with simple tests. The test result of PRE-
SAFE® brake in Figure 9 may serve as an example: 
Evaluating the performance of this system on the 
basis of a “positive test” can be very misleading. In 
case of the PRE-SAFE® brake the “positive-false” 
performance is by far the greater challenge. 
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“Positive-false” implies that the system may not 
activate in non-critical real world situations. It is not 
sufficient to create a system that brakes as often and 
as hard as possible. The challenge is to overrule 
system activation in all non-relevant real world 
situations that might occur, and to activate it only 
when really necessary. To verify this, Mercedes-
Benz tests new systems under realistic traffic 
situations (Figure 10). 
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Figure 10: Mercedes-Benz Real World Testing of 
Active Safety Systems 

 

Normal drivers use specially equipped cars in real 
traffic in several countries on different continents to 
evaluate the system performance under real world 
conditions. In a first step the test cars are equipped 
with the system in a passive state, i.e. the sensors, 
controllers and algorithm are on board and active, 
but do not lead to a vehicle system intervention. The 
cars are equipped with several sensors and video 
cameras that allow the evaluation of driving 
situations, driver actions, and system reactions. In a 
second phase the system is active when driven on 
public roads. PRE-SAFE® brake for example 
experienced a total test volume of more than 1 Mio. 
km in real traffic. The collected test data is stored 
and used to recalculate and optimize the effect of 
different algorithms offline. 

SUMMARY AND OUTLOOK 

The evaluation of the effectiveness of Active Safety 
systems is possible on several levels of abstraction. 
Basic tests are functionality and performance tests on 
test tracks that can be used for development or 
demonstration purposes. A broader view of the 
system’s performance, including the driver-system 
interaction, can be gained by field tests on test tracks 
or in a driving simulator, ideally on the basis of 
scenarios derived from real world accidents. 
Statistically more significant are accident 
reconstructions on the basis of in-depth accident data 
analyses. The probably most accurate efficiency 
evaluation is the retrospective statistical accident 
data analysis that delivers the most reliable results, 
but is not viable in most cases and not feasible for 
new systems. 

The effectiveness evaluation of Active Safety 
systems has shown huge impact in the past, 
especially with respect to ESP®. It can be expected 
that in future, the importance of these kinds of 
evaluations will continue to increase. Motivation of 
this is the demand to raise consumer awareness by 
manufactures, authorities, insurance companies and 
others. 

This consumer information is required to increase 
the acceptance and market penetration of effective 
Active Safety systems for the achievement of the 
overall goal: To increase traffic safety, i.e. to reduce 
the number and severity of accidents and to save as 
many lives as possible. 
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DEIS-Università degli Studi della Calabria,
Via Pietro Bucci, Cubo 42-C, 87036, Rende (CS),
Italy
Gianluigi Brasili
g.brasili@infomobility.it,
Infomobility.it S.p.A.,
Via Isidoro e Lepido Facii,
64100, Sant’Atto di Teramo (TE),
Italy
Paper Number 09-0312

ABSTRACT

This paper presents a data fusion algorithm which is
able to robustly estimate the Time-to-Lane-Crossing
(TLC) of a vehicle traveling along a lane on the basis
of road images, collected by an on-board videocamera,
and kinematic data coming from car sensors. This algo-
rithm is instrumental to built Lane Departure Warning
Systems (LDWS) with enhanced predictive capabilities
which allow the generation of earlier warnings able to
better prevent dangerous driving situations coming from
unintentional vehicle lane crossing occurrences. Com-
parisons with no predictive strategies are carried out and
discussed in order to verify the effectiveness of the pro-
posed approach in some critical driving scenarios simu-
lated within the Carsim simulation framework.

INTRODUCTION

Traffic safety is a key problem in nowadays automotive
industry, having relevant social and economic impacts.
The European Road Safety Observatory (ERSO) doc-
ument [1] reports over than 1, 000, 000 accidents, with
around 40, 000 fatalities, only in 2006. In Italy, more
than 15% [2] of this amount is due to driver fatigue and
negligence: in many cases the driver falls asleep, mak-
ing the vehicle to leave its designated lane and possibly
causing an accident.
During the last two decades much effort has been de-
voted to the development of Advanced Driving Assis-
tance Systems (ADAS). AntiLock Braking (ABS) or
Electronic Stability Program (ESP) apparatuses are well
known examples of such systems, the latter being now
standard equipments in all commercial cars where they
contribute to the overall vehicle stability and safety.
Many new ideas and concepts for enriching existing
ADAS systems with new functionalities are currently
under development or have been recently introduced
into the market. Amongst many, we focus here on
the development of Lane Departure Warning Systems

(LWDS) which, according to a recent report of the EU
Intelligent Car Initiative [3], are supposed to have the
potentiality to save 1, 500 accidents in 2010, given a
0.6% of penetration rate, and 14, 000 in 2020 for a pen-
etration rate of 7%.

LWDS refer to systems that try to help the driver to stay
into the lane. A DSP equipped with an on-board camera
is typically used to identify the lane strips, computing
the position and the heading with respect to the lane and
the TLC by exploiting data, such as wheel speeds and
yaw and steering angles, taken from the car ECUs, via
the CAN bus, or provided by additional sensors. Some
interesting contributions to LDWS development can be
found in [4]-[10]. An interesting approach is the so-
called TLC-based method, first proposed by Godthelp
et al. [11], where an alarm is triggered when the TLC
is below a specified threshold. Such systems typically
use acoustic or vibration warnings, the latter applied to
the driving seat or the steering wheel. In general, TLC-
based methods provide earlier warnings than roadside
rumble strips (RRS), because alarms are triggered with
sufficient advance before the driver being really in dan-
ger.

Here, the development of a TLC-based LDWS system
is described. A single calibrated camera has been used
for capturing road images and a data fusion algorithm
has been implemented and used for determining the lane
markings and estimating the TLC time. Details on the
data fusion algorithm are also reported.

The outline of the paper is as follows. First, the TLC
estimation problem is defined and two strategies for its
computation described. Hence, the mathematical model
of the vehicle is described and used, along with an Ex-
tended Kalman Filter, for data fusion. Computer simu-
lations and comparisons with no-predictive approaches
are presented. Finally, some conclusions end the paper.

Casavola 1



SYSTEM OVERVIEW

In this section we will give an overview of the LDWS
system under development. Figure 1 depicts the set of
devices used for estimating the vehicle dynamics and
detecting the road stripes. In particular, it is assumed
that the vehicle is equipped with a camera mounted be-
hind the windshield, an absolute angle sensor is used
for measuring the steering angle and an angular speed
sensor is mounted on a rear wheel.

Figure 1. System Overview.

In figure 2, the overall functional and computational
scheme for the proposed LDWS system is reported.
The ingredients can be summarized as follows. Based
on a mathematical description of the vehicle, that will
be discussed later, the LDWS consists of two functional
blocks: the Data Acquisition and Elaboration and the
Warning Generation modules.
In the Data Acquisition and Elaboration module, the
lane geometry and the vehicle position relative to the
lane are estimated from the camera frames: such a task
is of course crucial to detect a lane departure because it
provides unique information for that purpose, no deriv-
able by other on-board sensors.
Because all driver assistance systems share the need
of knowing the driving surroundings, the information
coming from the Video Frame Elaboration and from the
Sensor Data Elaboration, i.e. elaboration of kinemat-
ics data coming from the on-board sensors, are com-
bined into a model of the vehicle surroundings by using
a suitable Data Fusion algorithm. Typically, a data fu-
sion algorithm operates in discrete time cycles. At each
step, a measurement update includes new sensor mea-
surements into the model, while a time update predicts
the model behavior from the current state towards the
next fusion cycle.
In this paper, such a phase will be performed by means
of an Extended Kalman Filter [12]. The Warning Gen-
eration module is in charge to generate an alarm when-
ever necessary on the basis of information coming from
the Data Acquisition and Elaboration module. The
latter consists of a Lane Departure Detection scheme
which is mainly based on the computation of an esti-
mate of the TLC time.
Finally, the LDWS could be connected to some Hu-

man Machine Interface (HMI), e.g. acoustic alarms or
LCDs, in order to advise the driver of the forthcoming
lane departure.

Figure 2. System Overview.

TIME TO LINE CROSSING

Roughly speaking, TLC can be defined as the available
time interval before a vehicle crosses any lane boundary
following a pre-specified path direction. An important
application of TLC in driver warning systems is to de-
tect instances when the vehicle actually moves out of
the lane and to warn the driver in order to avoid an im-
mediate accident. As a consequence, it could be consid-
ered a further indicator to support the driver assistance
in case of severe impairments caused by drowsiness.
In the last decade, many researchers have studied the
problem of an exact TLC computation (see [13],[14]
and references therein). Unfortunately, exact real-time
TLC computation is not an easy task due to several lim-
itations concerning an a priori knowledge of both the
vehicle trajectory and the lane geometry. Beside this,
another major restriction factor is the complexity of its
computation in real-time. In the sequel, we will discuss
two methods that allow a quite effective TLC evalua-
tion.

The trigonometric computation

This first method has been proposed in [13] and the key
idea is that the vehicle is rarely driving on a straight
path, therefore it has been assumed that the vehicle tra-
jectory alternates between curves to left and to the right.
A mathematical description of the TLC is as follows

TLC =
DLC

u
, ∀ u > 0 (1).

where DLC [m] is the distance to lane crossing along
the vehicle path and u [m/s] the vehicle speed. Note
that the parameter DLC is directly computable via the
cosine rule (see Figures 3, 4):

DLC = α Rv (2).

where the radius of the vehicle path Rv is computed as
Rv = u/r, with r [rad/s] the yaw rate. As far as the
parameter α is concerned, it represents the angle be-
tween the line from the centre point (Xv, Yv) of the ve-
hicle trajectory to the lane departure point d and the line
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from the front wheel to the centre point (see Figures 3,
4). Differently from Rv, its computation depends on
the road geometry. First, let us consider the straight
road scenario (Figure 3). In this case, α is computed

Xv,Yv

d

Figure 3. DLC calculation for a straight road.

by using the cosine rule

α = arccos
(

A2 + R2
v − C2

2 AC

)
(3).

where

- A = Rv − A′ and A′ = Y/cos(α1), with Y
the distance between the front wheel and the lane
boundary (along a perpendicular line to the road)
and α1 the angle between such a perpendicular line
and the line from the front wheel to the centre point
(Xv, Yv)

- C = 2·A·cos(β)+
√

(2·A·cos(β))2−4(A2−R2
v)

2

Conversely, Figure 4 depicts the road curve scenario. In

Xv,Yv
Xr,Yr

Rv

Rv

A

d

DLC

α

β

α1

Figure 4. DLC calculation for curved road.

this other case, α is differently computed as

α = β − α1 (4).

where

- β is the angle between the line passing from the
centre point (Xv, Yv) of the vehicle curve to the
centre point of the road curve (Xr, Yr) and the line
passing from (Xv, Yv) and the left front wheel (if
the vehicle turns towards the inner lane boundary);

- α1 = arccos
(

(A2+R2
v−R2

r)
(2·A·Rv)

)
, with A the distance

between (Xr, Yr) and (Xv, Yv), and Rr the radius
of the curved road segment.

The approximate computation

In practice, the computation of the TLC is performed by
using an approximation procedure because the trigono-
metric method is based on the knowledge of relevant
parameters , e.g. the distance to line crossing, the radii
of the vehicle path and of the curved road segment, that
in real scenarios are not available. Even if an approxi-
mate computation of the TLC is of interest, its calcula-
tion depends on the following assumptions

a) the lateral vehicle position Y is a priori known or
can easily be measured

b) the lateral vehicle velocity Ẏ is constant, which
imposes that the vehicle preserves a constant ve-
locity while approaching to lane boundaries

It is well recognized that the computation of the lateral
vehicle position Y is a more simpler task than the com-
putation of the vehicle radii and curved road segment
paths [14].
Then, the TLC can be easily computed as the ratio be-
tween the lateral position and the rate of change of the
lateral position [13]

TLC =
Y

Ẏ
(5).

It is worth to note that, even if the assumption b) is
not realistic, in [13] the expression (5) has been proved
to be a tight overestimation of the minimum TLC (1),
whose accuracy increases as the time to cross the lane
decreases. Finally, it is interesting to recall that the use
of this approximation has provided good simulation re-
sults as testified in [13].

LATERAL SPEED ESTIMATION

This section is devoted to describe a Kalman-based filter
for lateral speed estimation purposes. In the sequel, we
will first discuss the mathematical vehicle model, then
the extended Kalman filter will be outlined and applied
to the vehicle model under consideration.

Vehicle Model

A vast variety of mathematical models able to describe
the vehicle dynamics during driving have been proposed
in the literature (see [15], [16] for a detailed survey). In
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most cases, even if many models are very accurate, they
usually require a good knowledge of many vehicle pa-
rameters (stiffness, yaw moment of inertia, etc.) and
this precludes their practical use [17], [18]. Therefore,
it is necessary to look for mathematical models that are
sufficiently accurate and simple to be used in practical
contexts. A well-known vehicle description that satis-
fies these requirements is the kinematic model proposed
in [19].
Such a model is based on a three state description, that
comprises the Cartesian coordinates (x, y) of the vehi-
cle CoG, mid-way centered between the rear wheels,
and the vehicle orientation angle φ. Following the no-
tation of Figure 5, VRW hereafter denotes the longitu-
dinal velocity of the rear wheels, VFW the longitudinal
velocity of the front wheels (taking care of the steered
angle δ) and B the wheelbase. Then, a continuous-time
description can be derived as follows:





ẋ(t) = VRW (t) cos(φ(t))

ẏ(t) = VRW (t) sin(φ(t))

φ̇ = VF W (t) sin(δ(t))
B

(6).

with
VFW (t) = VRW (t)

cos(δ(t))

φ̇(t) = VRW (t) tan(δ(t))
B

x

y

V

V

B

δ

φ

FW

RW

Figure 5. Vehicle’s kinematic model

The continuous-time system (6) can be discretized us-
ing forward Euler differences with a sampling time ∆T .
As a result, the following discrete-time description is
achieved




x(k)
y(k)
φ(k)


=




x(k − 1) + VRW (k)∆T cos(φ(k − 1))
y(k − 1) + VRW (k)∆T sin(φ(k − 1))

φ(k − 1) + VRW (k)∆T
B

tan(δ(k))




(7).
Note that such a model does not take into considera-
tion the discrepancy between the vehicle speed and the
wheel speed when spinning or skidding phenomena oc-
cur. The same holds true for the difference between
the measured steer angle and the actual angle steered

in presence of wheel side slip situations. Therefore,
to compensate for some of these effects a wheel ra-
dius state can be added, hereafter named R(k). In par-
ticular, such a quantity increases when the wheel slips
whereas it conversely decreases when the wheel skids.
Beside this, it is important to underline that the wheel
radius varies w.r.t. different vehicle payloads, tempera-
tures and tyre pressures. Hence, the following four state
model can be proposed:



x(k)
y(k)
φ(k)
R(k)


=




x(k − 1) + ω(k)R(k − 1)∆T cos(φ(k − 1))
y(k − 1) + ω(k)R(k − 1)∆T sin(φ(k − 1))

φ(k − 1) + ω(k)R(k−1)∆T
B

tan(δ(k))
R(k − 1)


+




εx(k)
εy(k)
εφ(k)
εR(k)




(8).
where R(k) ∈ R and ω(k) is the forward wheel an-
gular velocity measured by the wheel sensor. More-
over, the additive vector [εx(k), εy(k), εφ(k), εR(k)]T ,
whose components are stochastic processes with zero
mean and fixed variances, reflect inaccuracies in the
state model and the static error occurring when the ve-
hicle is in a steady-state condition.

Extended Kalman filter

The Kalman Filter (KF) [12],[20] is one of the most
widely used methods for tracking and estimation due
to its simplicity, optimality, tractability and robustness.
However, the application of the KF to nonlinear sys-
tems can be difficult. The most common approach is to
use the Extended Kalman Filter (EKF) [21], [22] which
simply linearizes the nonlinear model along the trajec-
tory so that the traditional linear Kalman filter can lo-
cally be applied at each computational step.
Let us consider the following nonlinear discrete-time
system

xk = fk−1(xk−1) + wk−1, (9).
zk = hk(xk) + υk (10).

where xk represents the state vector of the system, zk

the measurement vector, wk the noise process due to
disturbances and modelling errors and υk the measure-
ment noise. It is assumed that the noise vectors wk and
υk are zero-mean, uncorrelated and with covariance ma-
trices Qk = QT

k > 0 and Rk = RT
k > 0 respectively,

ie.
wk ∼ ℵ(0, Qk), υk ∼ ℵ(0, Rk)

The signal and measurement noises are assumed un-
correlated also with the initial state x0. Then, the es-
timation problem can be stated, in general terms, as fol-
lows: given the observations set Zk := {z0, z1, . . . , zk}
evaluate an estimate x̂k of xk such that a suitable cri-
terion is minimized. In the sequel, we will consider
the mean-square error estimator, and therefore, the esti-
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mated value of the random vector is the one that mini-
mizes the cost function

J [x̂k] = E[(xk − x̂k)2|Zk] (11).

At each time instant k, the EKF design can be split in
two parts: time update (prediction) and measurement
update (correction). In the first part, given the current
estimates of the process state x̂k−1 and covariance ma-
trix Pk−1 and based on the linearization of the state
equation (9)

Φk =
∂fk

∂x

∣∣∣∣
x=x̂k−1

(12).

the updating of the covariance matrix and state predic-
tion x̂k|k−1 are performed as follows

Pk|k−1 = ΦkPk−1ΦT
k + Qk, (13).

x̂k|k−1 = fk(x̂k−1) (14).

Then, given the current measurement zk and by lineariz-
ing the output equation (10) according to

Hk =
∂hk

∂x

∣∣∣∣
x=x̂k|k−1

(15).

the following Kalman observer gain is derived

Kk = Pk|k−1H
T
k (Rk + HkPk|k−1H

T
k )−1 (16).

Finally, the state and the matrix covariance estimates are
updated as

x̂k = x̂k|k−1 + Kk(zk − hk(x̂k|k−1)), (17).
Pk = (I −KkHk)Pk|k−1 (18).

and the procedure is iterated.
Because the aim is to use the EKF for estimating the lat-
eral position y(k) and the yaw angle φ(k) of the vehicle
model (8), real measurements (y(k), φ(k)) are needed.
Such a task will be accomplished by resorting to data
made available by the vision system, because we as-
sume that the vehicle is not equipped with gyroscopes
and/or radar/GPS devices.

VISION SYSTEM

This section is devoted to describe the proposed vision
algorithm. Two main phases can be characterized: Lane
Detection and Lane Tracking. It is assumed that a cam-
era is mounted behind the vehicle windshield and used
for capturing road image frames.

Lane Detection

The lane detection system is represented in Figure 6. It
consists of all steps related to each frame elaboration in
extracting relevant features. It includes five steps that
will be discussed in details below.

Figure 6. Lane Detection.

Frame acquisition − In this first phase, the aim
is to recover image frames from the vehicle camera. To
this end, it is important to adequately set the camera
position on the vehicle and its orientation w.r.t. the hor-
izontal road line. An example of an acquisition frame is
shown in Figure 7.

Figure 7. Frame acquisition.

Image Preprocessing - Inverse Perspective −
Once an image frame is obtained, an image processing
phase is required. Here, we apply the Inverse perspec-
tive mapping, hereafter denoted as IPM.
The IPM is a geometrical transformation technique that
re-maps each pixel of the 2D perspective view (see Fig-
ure 7) of a 3D object in a new planar image (see Figure
10) with a bird’s eye view. In other words, the IPM is
the projection from the image plane I = (u, v) ∈ R2

onto the Euclidean space W = (x, y, z) ∈ R3 (world
space) [23], [24], [25].
Therefore, the side view geometrical model of the IPM
is as depicted in Figure 8, while Figure 9 represents the
top view geometrical model.
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Figure 8. Inverse Perspective: lateral view.

Figure 9. Inverse Perspective: bird view.

In particular, the equations describing the projection
from the image plane I onto the world space W and
viceversa are given by

x(r) = h

(
1+[1−2( r−1

m−1 )] tan(αv) tan(θ0)

tan(θ0)−[1−2( r−1
m−1 )] tan(αv)

)

y(r, c) = h

(
1+[1−2( c−1

r−1 )] tan(αu)

sin(θ0)−[1−2( r−1
m−1 )] tan(αv) cos(θ0)

)

(19).
r(x) = m−1

2

(
1 + h−x tan(θ0)

h tan(θ0)+x
coth(αv)

)
+ 1

c(x, y) = n−1
2

(
1− y

h sin(θ0)+x cos(θ0)
coth(αu)

)
+ 1

(20).
where

• h the height of camera w.r.t. the ground level;

• m× n the image resolution;

• (r, c) image pixel coordinates;

• αv and αu vertical and horizontal camera half-
angle of view, respectively;

• θ0 pitch camera angle.

By using the equation (19), each IPM image pixel is
rephrased by adopting the real world metric coordinates
(x, y), see Figure 10.

4

0

-10

10

18 32

y

x

[m]

[m
]

Figure 10. Inverse Perspective.

Edge Detection and Line Identification − The
task of this phase is that of identifying points in a digital
image at which the image brightness changes sharply
or more formally has discontinuities. For instance, a
strip may be distinguished from the asphalt by means of
the associated intensity changes. The ultimate goal of
the edge detection is the characterization of significant
intensity changes in the digital image in terms of edge
points.
To this end let us denote with IPM(x, y) the gray-
scale image (see Figure 10). An edge point is defined
as the zero crossing of the Laplacian of the function
IPM(x, y) [32] (see Figure 12)

L(x, y) = ∇2 IPM(x, y) =
= ∂2IPM(x,y)

∂x2 + ∂2IPM(x,y)
∂y2

(21).

The intensity changes can be identified by using the
above Laplacian operator. However, because the com-
putation of L(x, y) is highly sensitive to image noises
unacceptable errors could arise. For this reason, a
well-known procedure consists of first convolving the
function IPM(x, y) with a smoothing two-dimensional
Gaussian filter of the following form

G(x, y) =
1

2πσ2
e
−(x2+y2)

2σ2 , σ the standard deviation,

(22).
and then applying the Laplacian operator to the obtained
result.
Here the idea is to reverse such steps thanks to the lin-
earity properties of ∇2 : first we compute ∇2G(x, y),
then the result is convolved with IPM(x, y). The main
reason of such a choice is that it allows one to off-line
compute ∇2G(x, y) and to on-line use low-demanding
filters.
To reduce further the computational burden, we select
the class of steerable filters introduced by Freeman and
Adelson [26]. Such filters can be rotated very efficiently
by taking a suitable linear combination of a small num-
ber of filters. Steerable filters have a number of desir-
able properties that make them excellent for lane detec-
tion applications.
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The steerable filters used here are based on second
derivatives of the Gaussian filter (22), where

Gxx(x, y) = (x2−σ2)
2πσ6 e

−(x2+y2)
2σ2

Gxy(x, y) = xy
2πσ6 e

−(x2+y2)
2σ2

Gyy(x, y) = (y2−σ2)
2πσ6 e

−(x2+y2)
2σ2

(23).

are the second order derivative filter kernels which can
computed off-line and separated into their x and y com-
ponents. At each time instant, the filters are convolved
with the gray-scale image IPM(x, y) to get its deriva-
tives, i.e. Dxx, Dxy, Dyy. The next step is to build the
following binary matrix

IPMb(x, y) =
{

1, L(x̄, ȳ) < λth min(L(x, y))
0, otherwise

(24).
where (x̄, ȳ) are the coordinates of a generic pixel and
λth represents a threshold used to discriminate the edge
pixels. The matrix IPMb(x, y) is used to appropri-
ately select the edge pixels (1-entries) on the image
IPM(x, y).

Figure 11. Edge Detection.

Amongst all the edge pixels, only the stripes need to
be detected. Therefore, an additional filtering phase is
necessary. In particular, the ∇2IPM(x, y) w.r.t. any
angle orientation is defined as follows

∇2IPMθ(x, y) := Dxx cos2(θ) + Dyy sin2(θ)
−2 Dxy cos(θ) sin(θ)

(25).

and we want to determine all pixels (x, y) at which the
gradient of the Gaussian ∇2IPMθ(x, y) along the di-
rection perpendicular to the stripe assumes a maximum
value. This can be achieved by computing

θmax = tan−1
(

Dxx−Dyy+ξ
2Dxy

)

ξ =
√

D2
xx − 2DxxDyy + D2

yy + 4D2
xy

(26).
Finally, by moving the search along the maximum di-
rections, the stripe pixels selection is performed by
searching for zero crossing of L(x, y) [27] (see Figure
11).

zero crossing zero crossing

Figure 12. Zero crossing.

Line Fitting − In this phase, we resort to a simple
parabolic road model [28] which is a sufficiently accu-
rate approximation of the clothoid model usually used
in civil engineering [29]. Therefore, each stripe can be
simply described by the following quadratic function

y(x) = c + bx + ax2 (27).

where y and x represent the physical coordinates as de-
picted in Figure 10 while the sign of the constant c de-
pends on which line is taken into consideration w.r.t. the
optical axis x (see Figure 13: positive values of c cor-
respond to the red line while negative ones to the green
line).

Figure 13. Line Fitting.

Here, for curve fitting purposes, we apply a well-
established algorithm known as RANdom SAmple
Consensus procedure (RANSAC) [30]. The RANSAC
is a robust fitting algorithm that has been successfully
applied in several computer vision problems [31]. The
algorithm consists in an iterative procedure to estimate
the unknown parameters of a given mathematical model
using a set of measured data. It can be considered non-
deterministic in the sense that it produces reasonable
results within a pre-specified probability. RANSAC, as
opposite to the conventional smoothing techniques, uses
as small initial data sets as feasible and enlarges these
sets with consistent data as much as possible.
The paradigm can be more formally stated as follows.
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1. Given a model M, which requires a minimum of
n data points to instantiate its free parameters, a
set D of data points such that card(D) ≥ n and a
number Nmax of trials;

2. Randomly select a subset Si of n data points from
D and instantiate the model M as Mi;

3. Determine a subset S∗i ⊂ D of data points such
that it satisfies a fixed tolerance error w.r.t. Mi.
S∗i is defined as the consensus set of Mi;

4. If card(S∗i ) ≥ Nth (a given threshold which is a
function of the number of data points ofD not con-
sidered in S∗i ) and i < Nmax, use S∗i to generate a
new instantiate model Mi+1, i := i + 1 and goto
the step 3.;

5. Else if card(S∗i ) < Nth and i < Nmax, i := i + 1
and goto the step 2.;

6. Else if i = Nmax,

• if card(S∗Nmax
) ≥ Nth then use MNmax

• otherwise consider that model Mi such that
card(S∗i ) is maximal.

Figure 14. Ransac Fitting.

Lane Tracking

The second phase of the proposed vision system con-
sists of the development of a Lane Tracking algorithm.
The elaborations here take care of data coming from dif-
ferent video frames and try to make consistent quanti-
tative conclusions on how the lane changes during the
vehicle motion. To this end, we will use a Kalman Fil-
ter (KF) [22] in order to estimate and update the coef-
ficients (a, b, c) of the line model (27) during the vehi-
cle motion. Therefore, we consider the following linear
time-invariant system

xk = Axk−1 + wk−1

zk = Hxk + vk
(28).

where the state is

x = [a b c ∆a ∆b ∆c]T (29).

with ∆xk := xk − xk−1, w and v are zero mean white
noises with covariance matrices Q and R respectively,
and

A=




1 0 0 1 0 0
0 1 0 0 1 0
0 0 1 0 0 1
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1




,H=




1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0




Following the standard notation, at each time step k the
state estimation is given by

x̂k = x̄k + Kk(zk −Hx̄k) (30).

with

x̄ = Ax̂k−1 (31).
P̄k = AP̂k−1A

T + Q (32).
P̂k = (I −KkH) P̄k (33).

Kk = P̄kHT
(
HP̄kHT + R

)−1
(34).

where the above iteration is initialized with x̂0 = 0 and
a covariance matrix P̂0 is appropriately chosen as indi-
cated in [22].

SIMULATION RESULTS

All the above software modules (EKF, Inverse perspec-
tive, Steerable filters, RANSAC and KF) have been
implemented within the Matlab/Simulink R© package.
Simulations have been carried out by using video and
sensors data provided by the Carsim R© simulator.
Simulations were conducted to estimate key vehicle pa-
rameters and to validate the models used in vehicle dy-
namics simulation. Accurate knowledge of the param-
eters is useful for system design, for evaluation of re-
sults in simulation, and for on-board use, in estimating
the vehicle and roadway states and to compute the TLC
time.
We have considered the following simulation scenario.
Double lane crossing - While the vehicle is proceed-
ing along a straight road with a longitudinal veloc-
ity of 90 Km/h, it moves from the right lane to the
left one with a constant lateral velocity of 0.31 m/s
during the time interval [11, 26] sec. Then, it remains
on the left lane until time instant 35 sec. and finally
the vehicle changes again the lane in the time interval
[35, 50] sec.
Numerical results are reported in next Figures 15-18.
First, we have compared the estimates of the lateral po-
sition, lateral velocity and yaw angle against the exact
data provided by Carsim. As it clearly results, the pro-
posed EKF is able to accurately estimate such vehicle
kinematical parameters. In particular, Figure 15 shows
that the proposed procedure allows one to accurately
identify the lane boundaries (with a relative mean error
around 2%) while a larger relative error (around 10%)
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is detected when the car crosses the line. However, this
will not influence the successive TLC computation. The
latter is mainly due to the fact that in such a case the
EKF has to be updated for recovering the new lane po-
sition: this operation leads to a certain degree of loss
of tracking because the EKF has to acquire at least ten
frames of the new lane for a more accurate identifica-
tion. Similar remarks apply for the lateral velocity and
yaw angle estimates (see Figures 16, 17), even if a larger
discrepancy (relative mean error around 5%) w.r.t. the
exact values arises. However, such estimates are still
consistent even for relatively large steer motions.
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Figure 15. Lateral Position estimation
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Figure 16. Lateral Velocity estimation

Finally, Figure 18 depicts the TLC computation by
means of the predictive approach described in the pre-
vious sections. First, the TLC computation has been
saturated (in software) at five seconds if larger values
result. There, it is assumed that a lane departure warn-
ing is issued if TLC is lower than 1.5 seconds. As it is
evident from the figure, the TLC estimate is sufficiently
accurate. In fact, the relative mean error w.r.t. the exact
curve (dashed line) is approximately around 5%.
Next simulations are instrumental to show the capabil-
ity of the proposed approach to avoid false alarms for
drivers who hug one side of the lane.
For comparisons purposes, we have contrasted the
proposed approach with the recently proposed no-
predictive method described in [9], [10]. By referring

to the scheme depicted in Figure 6, the main differ-
ences of such a strategy w.r.t. the proposed LDWS can
be summarized as follows:

• Lane detection -

- Image preprocessing: each single frame is
first converted to a gray-scale picture, then
the bottom region under the frame horizon,
named Region of Interest (ROI), of the im-
age is selected [28] for the next steps;

- Edge detection: a Sobel filter [32] is applied
to each single ROI;

- Line identification: this task is achieved by
resorting to the Hough Transform [32] that
allows one to map each road line into an
accumulator point of the Hough parameter
space in the (ρ, θ) coordinates;

- Line fitting: a linear model of the road is used
[9].

• Lane Tracking - A Kalman Filter is used in or-
der to numerically identify the accumulator points
(ρi, θi), i = 1, 2 of the Hough parameter space
which describe the lines of two adjacent and suc-
cessive frames;
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Figure 17. Yaw Angle estimation
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Figure 18. TLC computation
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• Lane Departure - The numerical method is as fol-
lows. Let θl and θr the left and right orientation an-
gles of the lane boundaries of a specified frame, see
Figure 19. If the vehicle is traveling in a straight
portion of the road and stays at the center of the
lane we have θl + θr ≈ 0, with θl < 0 and θr > 0.
If the vehicle drifts to its left, both θl and θr in-
crease, while if the vehicle drifts to its right, both
θl and θr decrease. Thus, a simple and efficient
measure for trajectory deviations is given by

β = |θl + θr| (35).

If β gets sufficiently large, the vehicle is leaving
the center of the lane. In practice, β is compared
to a threshold T , and a lane departure warning is
issued if β > T.

θ θrl

Figure 19. Orientation of lane boundaries

Finally, Figure 20 reports the simple lane departure
warning activation scheme of [9], [10] with the thresh-
old T set to T = 30o. Then, at each time instant the
absolute sum of angles β is computed. Hence, if the
numerical value β(t) (continuous line) overcomes the
threshold T (dashed-line) a warning (red circle) is in-
stantaneously activated.
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Figure 20. Departure warning method [9]

In the sequel we shall consider the following critical sit-
uation.
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Figure 21: Proposed approach: Warning alarms
(Up) TLC computation (Down)

Single lane warning scenario - While the vehicle is
proceeding along a straight road with a longitudinal
velocity of 70 Km/h, it shows unintentional displace-
ments from the center lane towards the right and/or left
boundaries and viceversa with a varying lateral veloc-
ity ẏ ∈ [−0.5, 0.5] m/s.
This scenario simulates situations when drivers are
sleepy or drowsy driving and they are not capable to
adequately conduct the vehicle.
Figure 21 depicts the sequence of warnings computed
by the proposed LDWS strategy. The dashed and dot-
dashed lines describe the left and right lane boundaries
respectively while the red circles represent the vehicle
positions (distance from the boundary) when the warn-
ing is issued. Moreover, the TLC computation is also
provided in the figure.
Figure 22 shows the warning events signaled by the no-
predictive strategy [9]. In this case, besides the red
circles which represent correct warnings, this strategy
gives rise to some false alarms (green circles). The
main reason for the latter relies upon the fact that the
alarm is automatically activated when the vehicle stays
at specified orientations with respect to the lane bound-
aries without taking care of the vehicle dynamics. In
principle, one could increase the threshold to reduce the
generation of false alarms but this would imply the ac-
tivation of true alarms too late for any safe maneuver.

CONCLUSIONS

In this paper, the development of a TLC-based lane de-
parture warning system has been presented. An on-
board vision system has been used for collecting road
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images and extracting useful features, relevant to iden-
tify the lane strips and compute the position and the
heading of the vehicle with respect to the lane. Beside
a single calibrated camera mounted behind the wind-
shield, also steering angle and angular speed sensors are
used to collect relevant kinematical data to be used in a
model-based data-fusion strategy for the computation of
the TLC and the generation of warnings about possible
imminent lane departures.
Experimental results have shown good accuracy and
robustness, w.r.t. road and weather conditions, in the
estimation of the TLC. It has been also shown that
the proposed LDWS system is able to reduce false
alarms and increase, in comparison with traditional no
model-based strategies, the time margins for warnings
generation.

Future work will include the full development of a
hw/sw demonstrator to be mounted in a commercial car
to verify the effectiveness of the concepts and the qual-
ity of the implemented strategies. Field tests will be
also conducted in order to verify the drivers acceptance
of this sort of equipments in terms of readiness and ac-
curacy in generating lane departure warnings or possi-
ble rejections due to a too high interference into their
normal driving habits.

ACKNOWLEDGEMENT

This work has been partially supported by Orangee
s.r.l., under the contract n. 1861, 22 November 2007 en-

titled: Algoritmi e metodi per il riconoscimento tempo-
reale della corsia percorsa tramite visione artificiale e
della stima del tempo di invasione di corsia attigua.

REFERENCES

[1] Annual Statistical Report 2008, European Road
Safety Observatory (ERSO), 2008.

[2] Incidenti Stradali - Anno 2007, Istituto Nazionale
di Statistica (ISTAT), 2008.

[3] i2010 Intelligent Car
brochure,http://ec.europa.eu/inteligentcar, 2009

[4] P. Batavia, Driver-adaptive lane departure warn-
ing systems, Ph.D. Dissertation, Robotics Institute,
Carnegie Mellon University, Pittsburgh, PA, 1999.

[5] D. J. LeBlanc, G. E. Johnson, and P. J. Th. Ven-
hovens, et al., CAPC: an implementation of a road-
departure warning system, Proceedings of IEEE Inter-
national Conference on Control Application, pp. 590-
595, 1996.

[6] Y. Wang, E.K. Teoh, D. Shen, Lane detection and
tracking using B-Snake, Image and Vision Computing
22, pp.269-280, 2004.

[7] J. C. McCall, M. M. Trivedi, Video-Based Lane
Estimation and Tracking for Driver Assistance: Sur-
vay, System and Evalutation, IEEE Trans. on Intelligent
Transportation Systems, Vol. 7(1), 2006.

[8] M. Bertozzi, A. Broggi, GOLD: A parallel real-
time stereo vision system for generic obstacle and lane
detection, IEEE Trans. on Image Processing, Vol. 7(1),
pp.62-81, 1998.

[9] J. W. Lee, A machine vision system for lane-
departure detection, Computer Vision and Image Un-
derstanding 86, pp. 52-78, 2002.

[10] J.W. Lee, U.K. Yi, A lane-departure identification
based on LBPE, Hough transform, and linear regres-
sion, Computer Vision and Understanding 99, pp.359-
383, 2005.

[11] H. Godthelp, P. Milgram, and G. J. Blaauw, The
development of a time-related measure to describe
driver strategy, Human Factors, 26, pp. 257-268, 1984.

[12] M. S. Grewal, A. P. Andrews, Kalman Filtering:
Theory and Pratice Using Matlab, 2nd Ed., Wiley,
2001.

[13] W. van Winsum, K.A. Brookhuis, D. de Waard,
A comparison of different ways to approximate time-to-
line crossing (TLC) during car driving, Accident Anal-
ysis and Prevention 32, pp. 47-56, 2000.

Casavola 11



[14] S. Mammar, S. Glaser, M. Netto, Time to lane
crossing for lane departure avoindace: A theoretical
study and experimantal setting, IEEE Trans. on Intellin-
gent Transportation Systsems 7(2), pp. 226-241, 2006.

[15] Farrelly J., Wellstead P., Estimation of Lateral ve-
locity, Proceeding of the 1996 IEEE International con-
ference on Control Applications, Dearborn, pp. 552-
557, 1996.

[16] A. Y. Ungoren, H. Peng, H.E. Tseng, A Study on
Lateral Speed Estimation Methods, Int. J. Vehicle Au-
tonomous Systems,Vol. 2, Nos 1/2, pp. 126-144, 2004.

[17] U. Kiencke, A. Daib, Observation of Lateral Ve-
hicle Dynamics, Control Eng. Practice, Vol. 5, No. 8,
pp. 1145-1150, 1997

[18] C. Lin, A. G. Ulsoy, D. J. LeBlanc, Vehicle Dy-
namics and External Disturbance Estimation for Vehi-
cle Path Prediction, IEEE TRANS. on Control System
Technology, Vol. 8(3), 2000.

[19] S. Clark, Autonomous Land Vehicle Navigation
using Millimetre Wave Radar, PhD Thesis Department
of Mechanical and Mechatronic Engineering, Univer-
sity of Sydney, 1999.

[20] H. W. Sorenson, Kalman Filtering: theory and ap-
plication. IEEE Press, 1985.

[21] G. T. Schmidt, Pratical Aspects of Kalman Filter-
ing Implementation, AGARD-LS-82, NATO Advisory
Group for Aerospace Research and Development, 1976.

[22] D. E. Catlin, Estimation, Control and the Discrete
Kalman Filter, In Applied Mathematical Sciences 71,
Springer-Verlag, 1989.

[23] A. M. Muad, A. Hussain, S. A. Samad, M. M.
Mustaffa, B. Y. Majlis, Implementation of inverse per-
spective mapping algorithm for the development of an
automatic lane tracking system, TENCON 2004. 2004
IEEE Region 10 Conference (A),pp.207-210, 2004.

[24] A. Broggi, An Image Reorganization Procedure
for Automative Road Following Systems, Proc. Interna-
tional Conference on Image Processing, Vol. 3. 1995.
pp. 532-535, 1995.

[25] D. H. Ballard, C.M Brown, Computer Vision,
Prentice Hall, New Jersey, 1982.

[26] Freeman, Adelson, The design and use of steer-
able filters, IEEE Trans. on Pattern Analysis and Ma-
chine Intelligence, Vol. 13(9), pp.891-906, 1991.

[27] M. Jacob, M. Unser, Design of Steerable Filters
for Feature Detection Using Canny-Like Criteria, IEEE
Trans. on Pattern Analysis and Machine Intelligence,
Vol. 26(8), pp.1007-1019, 2004

[28] C.R. Jung,C.R. Kelber, A lane departure warn-
ing system based on a linear-parabolic lane model,
Proceedings of IEEE Intelligent Vehicles Symposium,
pp.891-895, Parma, Italy, 2004.

[29] K.G. Baass, The use of clothoid templates in high-
way design, Transportation Forum, Vol. 1, pp. 47-52,
1987.

[30] M. A. Fischler, R. C. Bolles, Random sample con-
sensus: A paradigm for model fitting with applications
to image analysis and automated cartography, Comm.
of the ACM, Vol. 24, pp. 381395, 1981.

[31] Zu Kim, Realtime Lane Tracking of Curved Local
Road, Proceedings of the 2006 IEEE Intelligent Trans-
portation Systems Conference Toronto, pp. 1149-1155,
2006.

[32] R. C. Gonzalez, R. E. Woods, Digital Image Pro-
cessing, 2nd Ed. Prentice Hall, 2002.

Casavola 12



 Brecher 1 

CHARACTERIZING AND ENHANCING THE SAFETY OF FUTURE PLASTIC AND COMPOSITE 
INTENSIVE VEHICLES (PCIVs) 
 
Aviva Brecher 
John Brewer 
Volpe National Transportation Systems Center 
United States 
Stephen Summers 
Sanjay Patel 
National Highway Traffic Safety Administration (NHTSA) 
United States 
Paper No. 09-0316 
 
ABSTRACT 
 
There is concern that a trend toward smaller, lighter, 
fuel-efficient vehicles could adversely affect overall 
fleet safety.  Since 2006, the U.S. Congress has directed 
the National Highway Traffic Safety Administration 
to “examine the possible safety benefits of lightweight 
plastic and composite intensive vehicles (PCIVs)” with 
Federal and industry stakeholders. This paper 
identifies near-term research priorities and 
partnership opportunities to facilitate the deployment 
of safe and energy efficient PCIVs by 2020.   
  
A critical literature review and focused survey of 
subject matter experts identified knowledge gaps on 
automotive composites crashworthiness and consensus 
safety research priorities. Initial results were published 
in a 2007 PCIV Safety Roadmap report with milestones 
to 2020. The roadmap was developed to address 
development of plastics and composites 
crashworthiness test standards, improved 
computational simulation tools, and automotive 
design strategies.   
 
Additional inputs on key safety issues for automotive 
composites were obtained from an August 2008 experts’ 
workshop, which examined in depth critical near-term 
research priorities and strategies to meet crash 
occupant protection challenges for future PCIVs.  
 
There is broad consensus that future PCIV structural 
composites with high energy absorption may enhance 
crash safety by preserving occupant compartment 
strength and protecting crush space.  Near-term 
cooperative research is needed to:  
• improve understanding of composite failure 

modes in vehicle crashes,  
• develop a database of relevant parameters for 

composite materials, and  
• enhance predictive models to avoid costly 

overdesign.  
 
PCIV safety research is synergistic with ongoing 

NHTSA research (hydrogen and alternative fuel 
vehicle safety, integrated safety, crash occupant 
protection), the US Government (DOE/USCAR 
consortia), and the global automotive industry and 
research community.   
 
This paper concentrates on safety-related research issues, 
assuming that other potential barriers to PCIV 
deployment (e.g., economic viability, manufacturability, 
sustainability) will be resolved. An updated safety 
roadmap and supporting cooperative research efforts are 
planned to facilitate the development and deployment of 
PCIVs with equal or superior crash safety by 2020.   
 
 
INTRODUCTION 
 
In fiscal year 2006, the United States Congress 
directed the National Highway Traffic Safety 
Administration (NHTSA) to “begin development of a 
program to examine the possible safety benefits of 
lightweight Plastics and Composite Intensive 
Vehicles (PCIVs)” and to develop a foundation for 
cooperation with the Department of Energy (DOE), 
industry and other automotive safety stakeholders.  
NHTSA tasked the Volpe National Transportation 
Systems Center (Volpe Center) to conduct focused 
research, in cooperation with industry partners from 
the American Plastics Council (APC), now the 
American Chemistry Council - Plastics Division 
(ACC-PD).  
 
NHTSA’s goal is to evaluate the potential safety 
benefits of plastics and composites applications in the 
emerging lighter weight, more fuel efficient and 
environmentally friendly vehicles.  The PCIV safety 
research project is synergistic with ongoing NHTSA 
research efforts (hydrogen and alternative fuel 
vehicle safety, integrated safety, crash occupant 
protection). PCIV safety research also supports 
global and national efforts to improve vehicles’ 
energy efficiency and preserve the environment with 
equal or better safety performance and affordability.  



 Brecher 2 

THE PCIV SAFETY RESEARCH ROADMAP 

In 2007, the Volpe Center published “A Safety 
Roadmap for Future Plastics and Composites 
Intensive Vehicles (PCIV)” [1]. The report described 
the approach, activities, and results of an evaluation 
of potential safety benefits of PCIVs. The safety- 
focused effort complemented earlier and more 

general technology integration roadmaps developed 
by ACC-PD [2].  

A simplified summary of the 2020 PCIV Safety R&D 
Roadmap priorities is shown in Figures 1 and 2. 
Figure 1 summarizes the strategic research priorities 
and timeline for 2020 PCIVs while Figure 2 
addresses options to enhance PCIV safety 
performance.  

 
Figure 1: Strategic priorities for 2020 plastics and composite intensive vehicle (PCIV) safety assurance [1] 
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Figure 2: Enhancing plastics and composite intensive vehicle (PCIV) safety performance with plastics [1] 

 
The Volpe Center conducted structured interviews 
with leading subject matter experts (SMEs), 
representing a broad cross-section of automotive 
safety stakeholders. Interviews were complemented 
by written inputs and supporting materials provided 
by the SMEs.  The process identified priority 
knowledge gaps and safety research and development 
(R&D) needs to predict the crashworthiness of 
automotive composites.  The SMEs encouraged 
NHTSA participation in cooperative research efforts 
on automotive light-weighting, and in standards 
development activities for structural polymeric 
composites.  
 
The Volpe Center also reviewed and summarized the 
knowledge base on automotive light-weighting 
materials crash safety, and identified related national 
and international research programs offering high-
leverage partnership opportunities.  Federal and 
industry initiatives identified include the DOE 
FreedomCAR and Fuel Partnership consortia and the 
Advanced Lightweight Materials Program [3], which 
develops strong, lightweight vehicle material options 
to improve energy efficiency.  
 
There is broad consensus that future PCIV structural 
composites with high energy absorption may enhance 
crash safety by preserving occupant compartment 
strength and volume to optimize crush space.  
Composite materials standards development efforts 
are particularly important for designing PCIVs that 

meet NHTSA crashworthiness requirements and the 
associated occupant protection challenges.   
 
These roadmaps defined safety-related R&D 
activities for near-term (three to five years), mid-term 
(five to ten years) and longer term (ten to 15 years), 
as well as milestones and metrics for progress 
towards the successful design, development, and 
deployment of lightweight, fuel-efficient and 
environmentally sustainable PCIVs.  Near-term 
cooperative research is needed to:  
• improve understanding of composite failure 

modes in vehicle crashes,  
• develop a database of relevant parameters for 

composite materials, and  
• enhance crash damage predictive models to 

avoid costly overdesign.  
 
The focus of this project was on the identification of 
PCIV crash safety research needs germane to the 
NHTSA vehicle safety mission, and complementary 
to DOE/USCAR industry consortia research on 
vehicle light-weighting materials [3]. Thus, it was 
assumed that other potential barriers to PCIV 
deployment (e.g., economic viability, manufacturability, 
sustainability) would be resolved by 2020 through other 
efforts. 
 
 
 
 



 Brecher 4 

Research Needs to Predict the Crashworthiness of 
Composite Automotive Structures 
 
The safety roadmap development effort identified 
high-priority research needs for advancing the design 
and analysis of composite automotive structures for 
crashworthiness. These would enable greater 
utilization of automotive plastics and composite 
materials in future PCIVs. They include: 
• Continued refinement of full three-dimensional 

analysis modeling tools; 
• Understanding of how failure and energy 

absorption are controlled by processes at several 
length scales; 

• Inclusion of all damage modes (and associated 
failure models criteria) in computational models; 

• Consideration of interaction effects in crashes; 
• Standardized tests for fatigue, creep, and aging 

effects; 
• Consideration of structural configurations in 

impact crash performance; 
• Understanding issues related to manufacturing 

and lifetime handling; 
• Inclusion of probabilistic aspects of failure; and 
• Identification and proper modeling of the actual 

crash reality (i.e., geometry and force). 
 
Research Needs for Occupant Safety 
 
High confidence in PCIV safety performance 
characterization will also require research to: 
• Improve statistical crash data analysis to 

understand how severity of injuries and 
survivability vary with age and identify 
mitigation options. 

• Develop stronger passenger compartment 
designs with frontal crush boxes. 

• Improve the occupant restraints and seating 
systems to restrict side head movements and 
limit head and neck injuries. 

• Adaptive restraint systems “tuned” to occupant 
size, weight, and age or fragility. 

• Reduce impact loads with customized occupant 
space (seating, bolsters, belt system) for 
improved protection and comfort. 

• Optimize the design and performance of the 
combined passive and active restraints system 
(“sum total of interior passive foams, active air 
bags and belts”).  

• Verify that PCIVs would be sufficiently safe in 
the case of a post-crash fire. 

 
Other industry-identified priority PCIV safety 
applications include: 

• Four-point seat belts and seat belt limiters to 
protect aging drivers; 

• Plastics that have strain-to-fail characteristics 
similar to steel that are not strain rate or 
temperature sensitive; 

• Vehicle structure that produces a similar vehicle 
crash pulse as current production vehicle 
structures using metal (aluminum or steel); 

• Enhanced visibility (glass composites to reduce 
nighttime glare); and 

• Pre-crash sensors for gentler deployment of 
safety devices (smart air bags, load limiters, 
inflatable seat belts). 

 
Near-Term Safety Research Priorities  
 
The near-term (three to five year) PCIV R&D 
priorities identified in the roadmap process include: 
• Stronger foam filling on side doors and posts, 

combined with soft foam padding on interior 
surfaces to mitigate side impact intrusions; 

• Rigid “structural foams” to fill in and reinforce 
metal roof structure and pillars in order to 
mitigate rollover injuries; 

• Use of lightweight plastic structures in roofs to 
lower the center of gravity of top heavy vehicles; 

• Improvement of cushioning and belt restraints 
(e.g., use woven cylindrical seat belts, four-point 
attachments); 

• Use of “smart” materials for “smart” safety 
devices; and 

• Standardization to high-performance safety 
subsystems (such as head restraints, seat system 
designs, etc.). 

 
A cross-functional PCIV industry team identified 
additional near-term research topics to address 
specific NHTSA safety requirements in the relevant 
Federal Motor Vehicle Safety Standards (FMVSS) 
through the use of: 
• Interior plastics and foams to address applicable 

NHTSA safety requirements (e.g., FMVSS 201 - 
Occupant protection in interior impact; 207 - 
Seating systems; 208 - Occupant crash 
protection; and 214 - Side Impact protection); 

• Vehicle body enhancement foams that address 
NHTSA crash safety performance regulations 
(e.g., FMVSS 208, 214, and 216- Roof crush 
resistance); 

• Seatbacks responsive to standards (e.g., FMVSS 
202A - Head restraints); and 

• Bumper structural strength for both occupant and 
pedestrian protection in low speed crashes (49 
CFR Part 581 – Bumper Standard). 
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Mid-Term Safety Research Priorities  
 
The mid-term (five to ten year) R&D priorities 
identified in the roadmap process include: 
• Validated composite components; 
• OEM design guidelines for automotive 

composites; 
• Validated crashworthiness performance of 

Carbon Fiber Reinforced Composites using 
improved: 
o Testing standards for high-rate impacts; 
o Energy absorption predictive tools; 
o Three-dimensional computer modeling of 

material behavior versus time; 
o Durability testing standards; 
o Verification in full-scale field testing; and 
o Integrated designs for active seat belt, air 

bags, and seat systems to enhance protection 
in side impacts. 

• Development of new PCIV designs (three to 
seven years); and 

• Marketing of successful PCIV prototype (seven 
to ten years).  

 
The industry team specified priorities such as: 
• Interior and exterior plastic applications;  
• New Federal Motor Vehicle Safety Standards 

(FMVSS) for vehicle occupant protection 
development that appropriately accommodate 
PCIVs; and 

• Vehicle body engineered systems to support new 
FMVSS requirements. 

 
Long-term Safety Research Priorities 
 
The long-term (ten to 15 year) R&D priorities 
identified in the roadmap process include: 
• Utilization of improved fiber reinforced plastics 

for rigid door panels, to tailor energy absorption 
to depth of deformation in side crashes; 

• Improved vehicle occupant protection; 
• Reduce the mass of the entire fleet, or reduce the 

mass of the heaviest vehicles; 
• Improved passive and active safety devices that 

can compensate for any disadvantage of lighter 
weight and smaller size cars in collisions with 
larger and heavier vehicles; and 

• Use of advanced materials (e.g., nano-
composites, hybrid polymers, bio-polymers, and 
natural fiber materials) in automotive safety 
applications, but only to the extent they can meet 
crash and performance requirements. 

 
 
 

THE 2008 PCIV SAFETY WORKSHOP  
 
In August 2008, NHTSA sponsored and the Volpe 
Center organized and hosted a workshop for subject 
matter experts (SME) entitled “The Safety 
Characterization of Future Plastic and Composites 
Intensive Vehicles” [4]. Its primary purpose was to 
obtain and integrate inputs and clarifications to the 
roadmap process that would facilitate the definition, 
characterization, and quantification of safety benefits 
expected from using advanced plastics and composite 
materials for the next generation of mass-market 
lightweight, fuel-efficient vehicles. A related goal 
was to gather lessons learned from the use of 
structural composites in high-end, high-performance 
sports and racing cars that could be applied to mass-
market PCIVs.  

Approximately 50 leading experts on automotive 
safety and advanced materials representing 
government, industry, academia, and standards 
developing organizations attended the workshop.  
Presentations and focused discussions contributed to 
refining the near-term vehicle safety research 
roadmap, to facilitate safety-centered PCIV design 
and deployment by 2020. The workshop findings will 
broaden, deepen and clarify the PCIV Safety 
Roadmap research and development priorities, and 
better define relevant PCIV safety metrics and 
milestones. [4] 

The thematic presentations were followed by focused 
panel discussions that engaged the experts on specific 
PCIV safety issues in order to:  
• Build consensus on the PCIV Safety Roadmap 

research and development priorities 
• Identify, characterize and quantify the potential 

safety benefits of proposed lightweight 
composites in emerging PCIV design concepts;  

• Determine safety challenges and safety 
technology opportunities for emerging and future 
PCIV concepts.  

Industry experts noted that plastics consume just 3% 
of US oil and natural gas and account for only 10% 
of the material in automobiles, but offer the 
possibility of improved fuel-efficiency (through mass 
reduction), design flexibility, durability, 
environmental sustainability through end of life 
(EOL) recyclability, and enhanced crash safety. 
Additional safety-enhancing applications were cited 
such as plastic bumpers and fenders to improve 
pedestrian safety in crashes. 



 Brecher 6 

Refined Definition of PCIVs 

The focused discussion after the first technical 
session addressed the definition of PCIV. There was 
the sense that, for the time being, systems such as the 
engine block were not plausible applications for 
intensive utilization of plastics.  Other vehicle 
systems were more amenable to redesign in plastics 
and composites.  Attendees representing Original 
Equipment Manufacturers (OEMs) and material 
suppliers indicated that a minimum of 30% to 40% 
(by weight) plastics and composite content in one or 
more subsystems beyond interior trim could qualify a 
vehicle as a PCIV. Note that this is less stringent than 
the DOE/USCAR light-weighting "Factor of Two" 
goal desired for improved fuel efficiency.   

Automotive Safety Applications of Plastics and 
Composites 
 
Attendees were asked to expand on the list of 
applications in which the use plastics and composites 
could enhance vehicle and fleet safety.  The safety 
benefits for the structural and semi-structural 
applications in the Body In White (BIW) were treated 
separately from those applications designed to sustain 
impacts and the interior applications of padding 
intended to redistribute, deflect and cushion impact 
forces on the occupants (thicker, softer plastic foams, 
air bags, and restraints).  
 
Data indicate that smaller and lighter vehicles are 
more “crash-involved” (despite presumed enhanced 
maneuverability) and therefore less safe in collisions 
with heavier and larger vehicles [5]. Some experts 
believe that weight disadvantage in crashes could be 
offset by maintaining size and crush space to protect 
the occupants. The use of strong but lightweight 
composites could improve both safety and fuel 
efficiency. At any given crash velocity, lighter cars 
have less crash energy.  Reduced vehicle weight 
across the fleet could also reduce the weight disparity 
and improve crash safety. [6] 
 
A safety benefit of carbon-fiber composites (CFC) in 
vehicle structures is superior specific energy 
absorption (SEA). Formula 1 racing cars have strong 
CFC nose cones for driver compartment crush 
protection, but these nose cones may not be 
sufficiently robust in off-axis collisions and shear 
loading to be applicable to passenger vehicles. From 
a clean-sheet approach, lighter structural materials 
might permit optimization and flexibility in design of 
“package space” and promote better maneuverability 
for crash avoidance (through “tunability” of vehicle 

handling). Such lightweight PCIVs would 
presumably have a shorter stopping distance as well.  
 
Workshop participants believed that careful 
application of plastics and composites could enable 
enhanced crush zone dimensions with minimal 
impact on interior and exterior dimensions. Robust 
crush zone behavior is needed for this concept to be 
viable in production vehicles. Designers particularly 
cautioned against using high energy absorption 
components to shrink the crush zone; the effect 
would be to spike the deceleration forces on the 
occupant compartment, yielding greater occupant 
decelerations and increased risk of injury.  
 
Attendees noted the promise of composite parts to 
promote structural engagement during vehicle-to-
vehicle crashes, but these concepts would need to be 
supported by:  
• Parts consolidation  
• Mass adjustments  
• Flexibility in designing component geometry  
• Design to improve energy absorption   
• Improved understanding of the effects of process 

and geometry on performance.  
 
Current Practice for Automotive Materials 
Selection 
 
It is crucial to understand how new materials and 
technologies infiltrate a generation of vehicles. 
Industry representatives discussed the process of 
materials selection.  The key criterion is value, 
including initial cost, life cycle cost, and profitability 
in the context of performance. In particular, a 
material change can occur only if the value or unique 
capability (e.g., safety benefits) is clear to both 
producers and customers.   
 
Materials selection is increasingly facilitated by 
better data on crush characteristics and by evolving 
modeling tools.  Mandatory performance 
requirements (e.g., new CAFE regulations) hold the 
promise of encouraging the use of composite 
materials for both light-weighting and crash strength.  
The value of durability, longevity and damage 
tolerance of composites might also spur further 
material substitution. On the other hand, a potential 
unintended consequence of improved durability and 
immunity to corrosion is that it might delay fleet 
renewal and thus fleet penetration of future safety 
advances.  
 
The value of a composite system or sub-system must 
be considered at the vehicle level. The point was 
made several times at the workshop that feedback 
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loops such as mass compounding (i.e., lighter 
structure requires smaller engine, etc.) can enable 
concepts that might appear questionable as isolated 
material replacements.  The ability to optimize a 
structure early in the design process (in lieu of 
material replacement in a subcomponent redesign) 
can radically affect material selection.  
 
Design tradeoffs will come into play in these 
applications just as in any other. For example, 
enhanced safety might be enabled at the expense of 
reparability. Automobile manufacturers must 
carefully consider how this might affect consumer 
acceptance.  It might be acceptable if the expense of 
replacement components and their installation could 
be kept low relative to traditional repair. 
 
Alternatively, OEMs might consider how economical 
repair of composite components could become a 
more viable option for PCIVs. Repair education for 
OEM dealership and independent repair shops would 
be essential to ensure quality and integrity of the 
repair. Repair facilities would likely need to be 
OEM-certified in plastics and composites repair. A 
partnership might be formed between the plastics 
industry, automotive experts and the Independent 
Council for Automotive Repair. Reliable repair cost 
estimates could be established once repair techniques 
are developed and quality certified. OEM design 
optimization and materials characterization are 
important considerations for cost effectiveness and 
quality assurance for component repair.  
 
Analytical Techniques for Estimating Crash 
Safety Performance  
 
The process of developing computational models and 
comparing them to physical reality is important.  The 
degree of imperfection of a model and the regime 
over which the model is accurate can eventually lead 
to understanding of the underlying phenomena. Thus, 
advances in materials characterization and 
computational modeling often go hand-in-hand. 
 
The safety analysis of a vehicle depends on the 
fidelity of several analytical layers.  Material models 
must appropriately capture the behavior of materials 
(especially deformation and failure) over a wide 
range of loading environments.  Once these models 
are verified for general material classes, parameters 
for specific materials must be determined – usually 
through extensive material testing.  These properties 
may be sensitive to manufacturing processes.  Finally, 
the component geometry and loading details must be 
understood and modeled. Each of these layers will be 

important in the design and testing of plastic and 
composite components expected to see crash loading.   
 
There is concern that not all failure modes and 
conditions are accurately addressed by current 
models. The consequence is often that good 
engineering practice results in costly overdesign.  
Models can particularly have trouble with the myriad 
local failure conditions and interactions that are 
important on the microscale. For example, 
composites plies with unidirectional fibers can be 
subject to transverse cracking which can adversely 
affect strength. A failure criterion developed for and 
verified with fabric composite structures could 
therefore significantly overestimate component 
properties if applied to a structure with unidirectional 
plies. 
 
Participants were concerned with appropriate 
materials characterization. Baseline static and 
dynamic data are needed for all categories of 
composites in order to evaluate their crash 
compatibility. Another need is to define appropriate 
test coupons for different types of composites (e.g., 
fiber-filled, long vs. short fiber, weave, etc.). 
Precompetitive cooperation in developing material 
models and test specimens was deemed preferable. 
“Round robin” testing and modeling was suggested 
(e.g., modeling of specific medium-size component, 
specific loading) to determine the degree of 
disagreement between different test procedures and 
models.  
  
It was also noted that material properties determined 
from coupon tests can be quite different from the in 
situ values realized in composite components. 
Processing affects material properties and models 
often do not reflect these effects adequately.  
 
There was concern regarding the confidence in 
current computational analyses.  Attendees indicated 
that there is less than 50% confidence in predicted 
performance of composites, whereas a confidence 
level of more than 90% is desirable. While steel 
analysis is typically much greater than 90% accurate 
and aluminum is about 90% accurate, the 
commonplace factor-of-two errors with composites 
often necessitate specialized “development 
programs.”  
 
At the component level, composite crash predictions 
can reach 80-90% accuracy. At the vehicle level, it 
appears that engineering modeling tools are currently 
inadequate to predict real crash performance for 
specific materials and designs, while real-world 
crashes are difficult to control and simulate. 
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Therefore, one suggestion was to revive the 
DOE/USCAR Automotive Composites Consortium 
(ACC) Focal Project 3 (FP3) whole vehicle crash 
analysis effort.  FP3 had been scaled down to 
component level. Since extreme confidence in crash 
performance is required to set the signal processing 
requirements for airbag deployment, the finite 
element analysis models for multi-materials vehicles 
must improve considerably. The key questions are:  
• How to predict failure in non-homogeneous 

materials?  
• How precise does this failure prediction for a 

material choice need to be?  
• How does the failure impact surrounding 

material? Is failure propagation consistent in 
failure mode? 

 
Crash energy management that combines protective 
designs with advanced structural materials was 
considered by the SMEs at the workshop to be the 
key safety research need [4]. Multiple approaches to 
energy management warrant considerations of 
multiple materials and material configurations (resin, 
foam, profiles, etc). The use of plastics and hybrid, 
sandwich structures that combine metals and 
composites may be more cost effective than 
polymeric composites per se.  

CONCLUSIONS REGARDING THE PCIV 
SAFETY RESEARCH STRATEGY  

Safety research for future PCIVs must be 
strategically focused on providing adequate tools and 
data to the automotive industry. This will allow the 
industry to confidently design and produce 
economically viable commercial light and fuel-
efficient vehicles with crash safety performance 
equivalent to or better than today’s vehicles. The 
most basic element of this research will require 
enhancing the understanding of relevant crash 
environment material failure mechanisms and their 
interactions. As these are better understood, 
standardized test specimens can be developed and 
material property databases generated. The material 
models and experimental data must then be integrated 
into robust analytical capabilities. When these 
systems approach the accuracy currently enjoyed by 
those for metals, expensive test and re-design cycles 
can be eliminated.  

The weight and space savings available through part 
consolidation could be explored as a method to 
enhance and facilitate the deployment of integrated 
safety concepts. In particular, the ability to tailor 
shape and stiffness could be used to “tune” the 

vehicle’s structure and may create sufficiently 
enhanced maneuverability to optimize some crash 
avoidance strategies. There could also be efforts to 
understand the effects of material aging, structural 
repairs, and of non-crash or post-crash safety issues 
such as toxicity and flammability. This work could be 
performed cooperatively, in public-public and public-
private partnerships, and be coordinated and 
integrated with associated topics in manufacturing 
capabilities, material costs, and sustainability, since 
the long-term economic viability of PCIV production 
is as important as enhanced performance. 
 
Several research topics suggested by the SMEs also 
appear as priority activities identified by the 
November 2005 ACC-PD workshop [2].  Those 
selected for the Safety Roadmap development have 
near-term aspects (e.g., development of improved 
predictive tools and certified databases on the 
mechanical properties of advanced automotive 
composites) that can be continued in the mid-term 
(e.g., verification and validation of the improved 
crashworthiness modeling tools). Similarly, the most 
promising mid-term activities should also have 
promise and payoffs for long-term PCIV safety 
technology integration and deployment. For instance, 
PCIV prototyping and crash testing are needed to 
demonstrate enhanced protection for all occupants, 
including the elderly.  
 
NEXT STEPS 
 
Follow-on research partnerships are planned to 
broaden, deepen, and implement the key near-term 
PCIV Safety Research Roadmap priorities.  
 
Ongoing NHTSA-sponsored PCIV safety research 
will focus on the near-term consensus PCIV R&D 
priorities identified above.  PCIV R&D partnership 
opportunities, that are being currently explored so as 
to leverage limited resources, include: 
• Collaboration with the DOE National 

Laboratories and DOE/USCAR light-weighting 
materials crashworthiness and occupant safety 
consortia; 

• Joint funding (with the ACC-Plastics Division 
and DOE) of Standards Developing 
Organizations (like the Society of Automotive 
Engineers), to accelerate  the development of 
testing standards of polymeric composites at 
high strain rates typical of vehicle crashes; 

• Participation in collaborative efforts to update 
the Composite Materials Handbook (CMH-17) 
materials testing, database development and 
modeling tools, specifically its Crashworthiness 
Working Group (CWG);  
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• Co-sponsorship of leading academic research 
Centers of Excellence pursuing research on 
automotive and aerospace composites. 

 
Further strategies to cost effectively meet the crash 
safety challenges for lighter vehicles will be 
considered. The Volpe Center team plans to 
investigate how overall crash safety in crashes is 
impacted by structural application of advanced 
materials for given weight, size and geometry. The 
team will consider how occupant safety in lighter 
vehicles can be enhanced by combining crash 
avoidance systems with advanced occupant restraints.  
 
The approach of this multi-year project and 
accomplishments to date are intended to facilitate 
development and deployment of next generation safe 
and fuel efficient PCIVs by 2020. 
This conference offers an opportunity to invite 
international cooperation on automotive composite 
materials crashworthiness characterization, 
quantification, modeling and demonstration [7, 8].  
Progress in safety research, technologies and 
strategies for emerging global platform automotive 
prototypes of smaller and lighter composite-rich 
vehicles can inform this project. Inputs from and 
knowledge sharing with international peers and 
stakeholders promise to accelerate the resolution of 
potential PCIV crash safety challenges.  International 
cooperation to quantify the safety of structural 
composite materials in the early design phases is 
needed to achieve common goals for crash safety 
performance and enable early deployment of energy-
efficient, sustainable, affordable commercial PCIVs 
by 2020. 
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ABSTRACT 

Advanced Driver Assistance Systems (ADAS) are 

today becoming increasingly common in the market. 

The safety potential of these systems has been evalu-

ated using different approaches in several studies. In 

order to quantify the effects of ADAS on accidents 

described by insurers` claim files, German Insurers 

Accident Research has performed a comprehensive 

study. The database used for the study was a repre-

sentative excerpt from the German Insurers' data, 

covering 2,025 accidents. Statistical methods were 

used to extrapolate these accidents up to 167,699 

claims. 

The conclusions of the analyses are as follows: a 

Collision Mitigation Braking System (CMBS) which 

is able to gather information from the environment, to 

warn the driver and to perform a partial braking ma-

neuver autonomously (CMBS 2), could prevent up to 

17.8 % of all car accidents with personal injuries in 

the data sample. The theoretical safety potential of a 

Lateral Guidance System, consisting of Lane Change 

Assist and Lane Keeping Assist, was determined to 

be up to 7.3 %. 

Hence, a car fleet equipped with CMBS 2 and 

Lateral Guidance could avoid up to 25.1 % of all car 

accidents in the data sample. This theoretical safety 

potential is based on the assumptions that 100 % of 

the car fleet is equipped with these systems and the 

driver reacts perfectly when warned. 

DATABASE 

German Insurers Accident Research (UDV) is a 

department of the German Insurance Association 

(Gesamtverband der Deutschen Versicherungswirt-

schaft e.V. - GDV) and has access to all the third 

party vehicle insurance claims reported to the GDV. 

For 2007, these amounted to 3.4 million claims, of 

which 2.6 million were claims involving cars. For the 

purposes of accident research, the UDV set up a da-

tabase (referred to as the UDB), taking a representa-

tive cross-section (years 2002-2006) from this large 

data pool. The data collected is conditioned for inter-

disciplinary purposes for the fields of vehicle safety, 

transport infrastructure and traffic behaviour. The 

contents of the claim files from the insurers form the 

basis of the UDB. The depth of information provided 

by the UDB is significantly higher than that of the 

Federal German statistics [1] (see Figure 1). It is 

comparable with GIDAS [2, 3], although some at-

tributes are less meaningful because no analysis is 

carried out at the scene of the accident. Around 1,000 

new cases are added to the UDB each year. 

 

Figure 1.  The UDV database compared with 

other accident databases. 

Data set and representativeness 

Only third-party vehicle claims involving per-

sonal injury and at least € 15,000 total claim value 

have been taken into account for the GDV accident 

database. Cases involving only damage to property 

and less serious accidents involving personal injury 

(total claim value < € 15,000) are not included in the 

UDB. Each year, a random sampling method [4] is 

used to collect stratified random samples that take 

into account the type of traffic involvement, the dam-

age sum class and the time of year as stratification 

variables. Case-dependent extrapolation factors allow 

the sample in the UDB to be extrapolated to the target 

population of all claims in Germany. This ensures 

that the statements with respect to the safety potential 
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of driver assistance systems refer to a representative 

sample of all claims dealt with by German insurers.  

This current study is based on a total of 1,641 car 

accidents, which were extrapolated to a total of 

136,954 cases. All types of traffic involvement were 

taken into account as the collision parties for the car 

(cars, trucks, buses, motorcycles, bicycles and pedes-

trians) as well as single car accidents. Single car 

accidents are, however, underrepresented, as cases in 

which there is no injury or damage to a third party are 

not brought to the attention of GDV. 

METHOD 

Analysis of the safety potential was carried out 

using a multi-step-approach (see Figure 2). Starting 

from the accident data stored in the UDB ("A – UDB 

database"), the accidents involving cars were selected 

in a first step ("B – Data pool"). In a second step, key 

aspects of the course of the accidents and groups of 

ADASs were defined ("C – Relevance pool 1") that 

could be expected to exert a positive influence on the 

key aspects of the accidents that had been derived 

(e.g. Intelligent Braking Assist, Lateral Support). In a 

third step, the system characteristics were derived for 

generic ADASs. Different stages of development of 

the systems were defined and evaluated ("D – Rele-

vance pool 2"). It was of no significance for the 

analysis whether it is currently already possible to 

implement the technical system characteristics and 

whether the systems under consideration are already 

available on the market. It was also not the intention 

to carry out a comparison of specific products. 

Fourthly, the theoretical safety potentials of the 

defined generic ADASs were determined by system-

atic case-by-case analysis ("E – Calculation of the 

theoretical safety potential"), and driver behaviour 

and HMI layout were additionally considered in the 

fifth step. ("F – Calculation of the achievable safety 

potential").  

The cases were analyzed using the "What would 

happen if..." method. The prerequisite for this is that 

none of the vehicles involved in the accidents that 

were analyzed were fitted with an ADAS. This ap-

proach considers the course of the accident as it hap-

pened in reality and contrasts it with the course of the 

accident as it would have been with ADAS (see also 

[5]). This makes it possible to determine the influ-

ence an ADAS would have had on the course of the 

accident if all the cars had been fitted with the ADAS 

under consideration. Although a comparison between 

"cars with ADAS" and "cars without ADAS" would 

have been theoretically possible, this was not done,  

 

 

Selection of one type of traffic involvement 

 

 

 

Key aspects of the course of the accident 

 

 

 

Definition of generic systems 

 

 

 

Case-by-case analysis 

 

 

 

Adaptation of the HMI 

 

 

Figure 2.  Multi-step-approach where A ≥ B ≥ C ≥ 

D ≥ E ≥ F with respect to the size of the data pool. 

B - Data pool 

All accidents involving a passenger car 

C - Relevance pool 1 

Derivation of "promising" system groups 
e.g. Intelligent Braking Assist, Lateral Support 

F – Calculation of the achievable safety potential 

Correction of the theoretical safety potential to account for 

actual driving behavior and the design of the HMI 
e.g. HMIF = 0.5 for CMBS 1, because it is not triggered by a 

driver braking hesitantly 

SPreal 

E - Calculation of the theoretical safety potential 

Assessment of the cases from relevance pool 2 taking into 
account the properties of the generic ADAS 

e.g. excluding accidents due to skidding 

SPtheor 

A – UDB database 

All types of traffic involvement, e.g. passenger car, truck, bus, 

motor cycle 
Accidents involving personal injury and total claim  

value ≥ € 15,000 (years 2002-2006) 

D - Relevance pool 2 

Specification of the system characteristics with defined ranges 

of functions 
e.g. CMBS1-3, Lane Keeping Assist with TLC>0 s 
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on the one hand because there are still too few cars 

fitted with modern ADASs in the overall total (and 

involved in the accidents) and on the other because it 

was not intended to compare specific products [6, 7].  

The method of investigation selected initially as-

sumes that a driver reacts ideally to the warnings 

issued by the system, which is generally not the case 

in reality. This means that the theoretical safety po-

tential calculated in step four of the method repre-

sents an upper limit that is unlikely to be achieved 

under real driving conditions. Taking adequate ac-

count of driver behaviour is a huge challenge in acci-

dent research, in particular in the context of ADASs. 

The problem is approached in different ways in the 

various studies. Thus, it is for instance possible to 

divide drivers into groups and to characterize these 

groups with specific attributes such as braking behav-

iour [8]. A different approach was adopted in this 

study: In order to provide a quantitative description 

of the influence of the systems and their various de-

velopment stages on driver behaviour, existing exper-

tise based on the most recent information was used. 

The index derived from this ("HMIF") takes account 

of the following parameters: driver reaction, behav-

iour adaptation, and the design of the human-machine 

interface [9]. The HMIF can take a value between 0 

and 1. This is multiplied by the theoretical safety 

potential in order to determine the safety potential 

that can be achieved when the aspects mentioned 

above are taken into account. 

SPreal = HMIF × SPtheor 

HMIF – Human Machine Interface Factor where  

HMIF ∈∈∈∈ {{{{0...1}}}} 

SPreal – achievable safety potential 

SPtheor – theoretical safety potential 

 

A value of HMIF=0 means that there is only a 

theoretical safety potential that cannot, however, be 

exploited in practice because of poor interface design. 

One example would be an optical collision warning 

system that directs the driver's attention into the vehi-

cle instead of onto the road. A value of HMIF=1 

means that the potential that can be achieved in the-

ory and in reality are identical. An example of such a 

system is the Electronic Stability Program (ESP): 

When the ESP intervenes, the driver's attention is not 

distracted, neither is there a risk of any negative be-

haviour adaptation associated with a different driving 

style. 

 

APPLICATION OF THE METHOD TO 

SELECTED SYSTEMS 

Using the method described, the car accidents in 

the UDB (n=1,641) extrapolated to n=136,954 were 

categorized on the basis of the attribute "kind of acci-

dent" and ordered by the frequency with which the 

different types occurred (see Table 1). The "kind of 

accident" attribute describes the directions in which 

the vehicles involved were heading when they first 

collided on the carriageway, or, if there was no colli-

sion, at the time of the first mechanical impact on a 

vehicle [1]. 

Table 1. 

Most frequent accident scenarios for car accidents 

from the data pool 

Most frequent accident situation  

(ndata pool=136,954) [100 %] 

Proportion 

(1) Collision with another 

vehicle which is turning 

into or crossing a road 

  

34.5% 

(2) Collision with another 

vehicle 

- moving forwards or 

waiting 

- which is starting, 

stopping or is station-

ary  

 

22.2% 

(3) Collision with another 

oncoming vehicle  

 
 

15.5% 

(4) Collision between 

vehicle and pedestrian 

 

12.1% 

(5) Collision with another 

vehicle moving laterally 

in the same direction 

 

6.9% 

(6) Leaving the carriage-
way to the right or left 

 

6.3% 

(7) Collision with an 

obstacle in the carriage-

way 

 

0.1% 
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The list of typical accident scenarios in Table 1 

can be used for preliminary selection of sensible 

ADAS groups (see Table 2). This list does not, how-

ever, provide the theoretical safety potential of ge-

neric ADASs. Instead, it is possible to identify poten-

tial promising ADAS groups in accordance with the 

stated methodology (relevance pool 1). 

Table 2. 

Ranking of possible ADAS groups on the basis of 

the data pool 

ADAS group Accident situa-

tion addressed 

Data pool 

Intelligent Braking Assist (1) (2) (7) 56.8 % 

(n=77,775) 

Rear-end collisions and all situations where the directions of 

travel of vehicles cross each other 

Pedestrian/Bicyclist Detec-

tion Assist 

(1) (4) 46.6 % 

(n=63,865) 

Also possible: All other situations where pedestrians/bicyclists 

interact with vehicles 

Junction/Intersection 

Assist 

(1) 34.5 % 

(n=47,243) 

Addresses all situations where the directions of travel of vehicles 

cross each other 

Lateral Support (3) (5) (6) 27.7 % 

(n=37,895) 

Covers situations where drivers leave the lane unintentionally or 

intentionally, e.g. overtaking and blind spots 

This reveals that intelligent braking systems that 

are, among other things, able to prevent rear-end 

collisions would be able to address the great majority 

of the accidents in the database, followed by an assis-

tance system able to prevent accidents with vulner-

able road users (pedestrians and cyclists). This study, 

however, only investigates intelligent braking sys-

tems and lateral support systems.  

Collision Mitigation Braking Systems (CMBS) 

Collision Mitigation Braking Systems are able to 

positively influence specific accident scenarios (see 

tables 1 and 2) [6]. For this study, three different 

development stages of a CBMS were investigated 

with the aim of revealing sensible directions in which 

development can be pursued and to assess these in 

terms of safety potential. The system properties  

selected have a direct impact on the accidents in 

which any influence can be exerted (see Table 3 to 

Table 5). To comply with the methodology, steps 

must be taken to ensure that the vehicles in the data 

pool are not fitted with a CMBS. This could not, 

however, be guaranteed in all cases for CMBS 1.  

The first development stage of a CMBS 

(CMBS 1) virtually corresponds to the traditional 

braking assist systems as required in passenger cars 

by the pedestrian protection directive [13] that has 

been approved. The second stage already has the 

capability of collecting environment information and 

is able to detect double-track vehicles driving in 

front. On the systems currently available on the mar-

ket, this is done almost exclusively with radar sen-

sors. The third development stage describes a system 

that as yet does not exist in the form presented. As 

such, the system is based on the functionality pro-

vided by the second stage and is also able to detect 

potential collision parties crossing from the side. The 

system is not restricted to the detection of double-

track vehicles. Instead, all motorized vehicles as well 

as pedestrians and cyclists are detected. 

 

Table 3. 

System properties and derived database attributes 

for the first development stage of a CMBS 

(CMBS 1) 

CMBS 1 

System description Application to the UDB 

- Enhancement of the brak-

ing force up to the blocking 

threshold in the event that a 

driver initiates an emergency 

braking maneuver but does 

not actually carry it out 

- Only those accidents in which 

the driver braked and in which the 

driving and collision speeds are 

known 

- The "case car" is the vehicle on 

which the primary impact is at the 

front 

- Maximum deceleration that 

can be achieved: 9.5 m/s² 

(dry road surface); 7 m/s² 

(wet road surface) 

- Sub-categorization of the acci-

dents by the state of the road 

surface (dry/wet) 

- No detection of the envi-

ronment 

- All accident scenarios 

 

Taking account of the system characteristics of 

the CMBSs described in Table 3 through Table 5 we 

arrive at the case material collated in Table 6. Only 

cases from relevance pool 2 are used to determine the 
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Table 4. 

System properties and derived database attributes 

for the second development stage of a CMBS 

(CMBS 2) 

CMBS 2 

System description Application to the UDB 

- As for CMBS 1 plus: 

- Forward detection of the 

environment (sensor-

independent) 

- Detection of double-track 

vehicle driving in front (not 

stationary) 

- Rear-end collisions with 

double-track vehicles 

- Speed range: 0-200 kph 

- warning at TTC 2.6 s, i.e. 

2.6 s before the calculated 

collision with the vehicle in 

front 

All accidents in which the 

driving speed of the "case car" 

is known and: 

- automatic partial braking at 

0.6 g by the system if there is 

no reaction from the driver at 

TTC 1.6 s 

- the driver has not braked 

- if the driver has reacted, a 

modulated braking maneuver or 

an emergency braking maneu-

ver is performed 

- the driver has braked 

 

theoretical safety potential. Case-by-case analysis is 

used to determine those accidents from relevance 

pool 2 that could have been avoided by CMBS 1, 

CMBS 2 or CMBS 3. An analogous approach is used 

for all the other systems under investigation (see 

Table 8 and Table 11). 

Taking CMBS 2 as an example, we shall explain 

the procedure used to form the individual pools: 

Starting from a data pool with 65,328 car accidents, 

all rear-end collisions are selected. These then form 

relevance pool 1. In a following step, these cases are 

further restricted on the basis of the specified system 

characteristics (see Table 4). For CMBS 2, this means 

that only rear-end collisions with moving, double-

track vehicles are taken into account (relevance 

pool 2). This pool is finally used for case-by-case 

analysis. 

 

 

 

Table 5. 

System properties and derived database attributes 

for the third development stage of a CMBS 

(CMBS 3) 

CMBS 3 

System description Application to the UDB 

- As for CMBS 2 plus: 

- Forward and lateral detec-

tion of the environment 

(sensor-independent) 

- Detection of all types of 

road users including pedes-

trians and stationary ob-

jects/obstacles 

- All accident scenarios 

- Automatic maximum 

braking by the system at 

TTC 1 s in the sense of a 

modulated braking maneu-

ver 

- All accidents in which the driv-

ing speed of the "case car" is 

known 

 

Table 6. 

Relevant extrapolated accident data for the three 

development stages of a CMBS 

 Data pool Relevance 

pool 1 

Relevance 

pool 2 

CMBS 1 52,226 29,365 14,318 

CMBS 2 65,328 23,640 7,409 

CMBS 3 83,524 46,628 46,628 

 

There are significant differences between the 

CMBSs with respect to the HMIF: The HMIF for 

CMBS 1 is 0.5. The most important reason for this is 

that today's systems are parameterized for normal to 

sporty drivers. This does not account for apprehen-

sive or hesitant drivers who would be in particular 

need of the system. This was confirmed by trials in a 

driving simulator, where the braking assist system 

only registered as having triggered in 47 % of cases 

[10]. 

In the case of CMBS 2 and CMBS 3, the HMIF 

is 1, since no behaviour adaptation is to be expected. 
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Lateral Guidance Systems 

Overtaking accidents, accidents in the context of 

changing lanes and departure from the carriageway 

form a further important group of accidents (see 

Table 2). A Lane Keeping Assist system and a Lane 

Change Assist system were assessed for these acci-

dents. The latter was divided into two subsystems: 

One system warns of oncoming traffic when overtak-

ing and the second system warns of vehicles ap-

proaching from behind in the blind spot during a 

deliberate overtaking or lane change maneuver. 

 

Table 7. 

System characteristics and derived database at-

tributes for the Lane Keeping Assist system 

Lane Keeping Assist system 

System description Application to the UDB 

- Capturing of the lane mark-

ing(s) using sensors and cam-

eras (range: approx. 50 m) 

- Detection of an impending 

inadvertent departure from the 

lane by comparing the current 

direction of travel with the 

course of the current lane 

- Active between 10 kph and 

200 kph 

- Warning issued to the driver 

at TLC > 0 s (Time to Lane 

Change, speed-dependent) 

- No intervention in the steering 

by the system 

- Function is maintained even 

in bends provided that the 

radius is at least 200 m 

- Accidents caused by inadver-

tent departure from the car-

riageway (e.g. as a result of 

inattention, distraction, over-

tiredness) 

- The "case car" is the vehicle 

with the reference number 01 

(party responsible for the 

accident) 

- Function is only available if at 

least one lane marking is 

available 

- Assumption: At least one lane 

marking was present in all the 

accidents investigated 

- Detection of all types of 

markings except overlaid lines 

(e.g. in the vicinity of road-

works) 

- Accidents in the vicinity of 

roadworks are not taken into 

consideration 

- Coupled to the indicator unit, 

i.e. the system is deactivated 

when the indicator is switched 

on 

- Accidents resulting from a 

deliberate lane change maneu-

ver are not taken into account 

Lane Keeping Assist  - The functions of the Lane 

Keeping Assist system investigated here are based on 

systems already available on the market. 

Taking account of the system characteristics de-

scribed in Table 7, we arrive at the accident data 

shown in Table 8.  

In the case of the Lane Keeping Assist system, 

relevance pool 1 is formed by the key aspect of the 

accident "departure from the lane/carriageway". For 

relevance pool 2, accidents in the vicinity of road-

works and in tight bends, etc. are filtered out, as it 

cannot be guaranteed that the system will function 

reliably in such cases. The case-by-case analysis was 

carried out on relevance pool 2 (7,207 cases). 

 

Table 8. 

Relevant extrapolated accident data for a Lane 

Keeping Assist system 

 Data 

pool 

Relevance 

pool 1 

Relevance 

pool 2 

Lane Keeping 

Assist system 

136,954 17,848 7,207 

 

An HMIF of 0.5 was determined in [9] for deriv-

ing the achievable safety potential of a Lane Keeping 

Assist system. The reason for this is that a low mag-

nitude haptic warning tends to be selected in order to 

prevent frequent false warnings from being perceived 

as a nuisance. Acoustic warnings on the other hand 

are not sufficiently specific and direction-dependent 

acoustic warnings do not deliver any additional bene-

fit [9]. 

Lane Change Assist  - A variety of studies and 

statistics [1, 11] provide evidence that rural roads 

represent the greatest safety problem in Germany 

with respect to fatal accidents. In this context, acci-

dents involving oncoming traffic are conspicuous. In 

such situations, an Overtaking Assist system provid-

ing support to the driver would be desirable. How-

ever, such a system (see Table 9) is currently not 

available [12]. Theoretically, it would also be con-

ceivable to implement a system such as this using 

car-to-car communication. Although such systems 

currently belong to the future, it nevertheless makes 

sense to analyze the safety potential, because it can 

provide insights into future development priorities. 
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Table 9. 

System characteristics and derived database at-

tributes for the Overtaking Assist system 

Overtaking Assist system 

System description Application to the UDB 

- Monitoring of the area in 

front of the vehicle at a signifi-

cant distance (assumption: at 

least 300 m; sensor-

independent) 

- Detection of oncoming dou-

ble-track vehicles and motorcy-

cles 

- Calculation of the theoretical 

collision time using the speeds 

and distance between the 

vehicles (without taking into 

account the course of the road, 

e.g. humps) 

- Collisions with oncoming 

vehicles during overtaking 

(using accident types in the 

magnitude of hundreds and the 

attribute "direction of travel, 

vehicle 1"/"Collision with 

vehicle 2 which ...") 

- The "case car" is the vehicle 

with the reference number 01 

(party responsible for the 

accident) 

- Warning issued to the driver 

when the indicator is set if the 

overtaking maneuver is judged 

to be critical 

- Assumption: The driver had 

set the indicator for each over-

taking maneuver 

 

The Overtaking Assist system described in Ta-

ble 9 was not assessed on the basis of the HMIF be-

cause there are currently no concrete, scientific find-

ings with respect to such a system. 

For the Blind Spot Detection system (see Ta-

bles 10 and 11), relevance pool 1 was formed by the 

key aspect of the accident "lane change", in other 

words those accidents in which a collision occurred 

when changing lane (7,403 cases). For relevance 

pool 2, only those accidents were taken into account, 

for example, in which the party changing lane was hit 

from the rear or side and was driving at least 10 kph. 

The accident material meeting this criterion is given 

in Table 11. 

The HMIF for a Blind Spot Detection system is 

assumed to be 0.8 in accordance with [9]. The reason 

is that the system assumes that the driver looks in a 

particular direction, which does not always happen. 

This applies, for instance, for systems designed with 

a flashing signal on the wing mirror. 

 

 

Table 10. 

System characteristics and relevant accident data 

for a Blind Spot Detection system 

Blind Spot Detection system 

System description Application to the UDB 

- Monitoring of the areas 

behind and to the side of the 

vehicle 

- Detection of approaching 

double-track vehicles and 

motorcycles that are between 

20 kph slower and 70 kph 

faster. 

- Collisions with approaching 

vehicles when pulling out or 

with overtaken vehicles when 

pulling in again (accident types 

in the magnitude of hundreds) 

- The “case-car” is the vehicle 

with the primary impact to the 

rear or to the side (right or left) 

- System active as of 10 kph 

- Accidents caused by changing 

lanes from stationary are not 

taken into account  

- Warning issued to the driver 

when the indicator is set and 

when an approaching  vehicle 

or  motorcycle is in the blind 

spot area  

- Assumption: Indicator is set 

on each overtaking maneuver  

 

Table 11. 

Relevant extrapolated accident data for a Lane 

Change Assist system 

 Data 

pool 

Relevance 

pool 1 

Relevance 

pool 2 

Overtaking Assist 

system 

136,954 7,403 2,222 

Blind Spot Detec-

tion system 

136,954 7,403 3,582 

 

RESULTS 

This current study on the safety potential of se-

lected ADAS systems is based on a total of 1,641 car 

accidents. Extrapolated to the total claims on the 

insurers, this corresponds to a total of 136,954 cases. 

Depending on the question being investigated and the 

ADAS under consideration, this number of cases is 

reduced because the information required is not al-

ways 100 % present in the database. For instance, in 

order to determine the safety potential of CMBS 1, 

only those cases are considered where it is known 

whether the driver braked before the collision, which 

means that all the accidents in which it is not possible 
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to determine whether the driver braked must be fil-

tered out. The same principle applies to the other 

ADASs considered here. This aspect is reflected in 

Tables 12 through 14. 

A multi-step-approach was used for each ADAS 

under investigation (see Figure 2). Considerable 

differences in the magnitude of the safety potential 

can be observed for longitudinal guidance systems 

(CMBS 1-3) and lateral guidance systems.  

Collision Mitigation Braking Systems (CMBS) 

Table 12 indicates the fundamentally high safety 

potential for CMBS systems. It can be seen that even 

CMBS 1 has a significant positive impact on the 

accident situation. The configuration of the generic 

CMBS 1 corresponds to the braking assist system that 

will become mandatory when the pedestrian protec-

tion directive takes effect [13]. In this case, the 

achievable safety potential SPreal differs considerably 

from the theoretical safety potential SPtheor. Neverthe-

less, even if this is taken into account, it would be 

possible to avoid SPreal=5.7 % of all car accidents. 

It can also be clearly seen that a significantly higher 

safety potential can be expected in future. If we as-

sume that the generic CMBS 2 corresponds to the 

CBMS already available on the market, SPreal=12.1 % 

of all car accidents in the database could be avoided 

if 100 % of cars were fitted with the system.  

On the basis of all the rear-end collisions in the 

database (n=23,640), the resulting safety potential is 

28 % for CMBS 2.  

 

Table 12. 

Extrapolated numbers of accidents and theoretical 

and achievable safety potential of CMBSs 

 Data 

pool 

[100 %] 

Relevance 

pool 1 

Relevance 

pool 2 

SPtheor SPreal 

CMBS 1 52,226 29,365 14,318 5,960 

11.4% 

 

5.7% 

CMBS 2 65,328 23,640 7,409 4,213 

(6.4%) 

17.8% 

 
(6.4%) 

12.1% 

CMBS 3 83,524 46,628 46,628 24,027 
(28.7%) 

46.5% 

 
(28.7%) 

40.8% 

 

It can be expected that systems in the more distant 

future would closely resemble the characteristics of 

the CMBS 3. Such systems can be understood as 

"Junction/Intersection Assist systems". If vehicles 

were fitted with CMBS 3 type systems, SPreal=40.8 %  

of all car accidents could be avoided. Toyota have 

already presented initial attempts at such systems 

with their Front-side Pre-crash detection system [14]. 

Lane Keeping Assist 

Systems that warn a driver when leaving a lane 

are becoming increasingly common in modern vehi-

cles. Against this background, the safety potential 

determined here is extremely relevant, especially as 

the design of the generic Lane Keeping Assist system 

investigated here approximately corresponds to cur-

rent systems. The achievable safety potential of a 

Lane Keeping Assist system is SPreal=2.2 % (see 

Table 13). As with the CMBS 1, this case clearly 

shows the considerable influence the human-machine 

interface has in respect of system design. 

On the basis of all the accidents in the database 

resulting from inadvertent departure from the lane 

(n=17,848), the resulting safety potential for a Lane 

Keeping Assist system is SPreal=16.8 % 

(SPtheor=33.6 %). 

 

Table 13. 

Extrapolated numbers of accidents and theoretical 

and achievable safety potential of a Lane Keeping 

Assist system 

 Data 

pool 
[100 %] 

Relevance 

pool 1 

Relevance 

pool 2 

SPtheor SPreal 

Lane 
Keeping 

Assist 

system 

136,954 17,848 7,207 6,005 

4.4% 

3,003 

2.2% 

 

Lane Change Assist 

Blind Spot Detection systems are also already 

available in many new vehicles. The design of the 

system investigated here approximately corresponds 

to that of currently available systems. The achievable 

safety potential SPreal is 1.4 % (see Table 14).  

If the avoidable accidents (n=1,826) are consid-

ered in relation to all accidents where the driver de-

liberately changed lane (relevance pool 1, n=7,403), 

this results in a safety potential of SPreal=24.7 %. 
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Table 14. 

Extrapolated numbers of accidents and theoretical 

and achievable safety potential of a Lane Change 

Assist system 

 Data 

pool 

[100 %] 

Relevance 

pool 1 

Relevance 

pool 2 

SPtheor SPreal 

Overtaking 

Assist 

system 

136,954 7,403 2,222 1,583 

1.2% 

 
------ 

Blind Spot 

Detection 

system 

136,954 7,403 3,582 2,282 

1.7% 

1,826 

1.4% 

 

The Overtaking Assist system is intended to pro-

vide an insight into the future. The safety potential 

determined shows that despite the considerable tech-

nical outlay required to implement the function, only 

a relatively low theoretical safety potential of 

SPtheor=1.2 % can be expected. 

However, if the avoidable accidents (n=1,583) are 

considered in relation to all accidents where the 

driver deliberately changed lane (relevance pool 1, 

n=7,403), this results in a safety potential of  

SPtheor=21.4 % for the Overtaking Assist system. 

Human factor issues 

This study underscores the importance of taking 

the human-machine interface into account when de-

signing the system. It is only possible to derive realis-

tic safety potentials when this aspect is taken into 

account. If this factor is ignored, any potential that is 

determined can at best be seen as an estimate. One of 

the challenges that will face accident researchers 

generally in the future will be to reveal solutions for 

integrating the aspect of HMI in analyses of safety 

potential. 

CONCLUSIONS 

After the ESP, CMBSs are the systems that de-

liver the greatest safety potential in the field of active 

safety. They should therefore be fitted to the car fleet 

as soon as possible. In Europe, a first step has been 

taken in the right direction with the Regulation con-

cerning type approval requirements for the general 

safety of motor vehicles [15, 16]. 

Hence, a future car fleet equipped with CMBS 2 

and Lateral Guidance (Lane Keeping Assist, Overtak-

ing Assist and Blind Spot Detection systems) could 

avoid up to SPtheor=25.1 % of all car accidents in the 

data sample. Methodologically, it is correct to add up 

these safety potential figures, as they arise from inde-

pendent subsets of accident data.  

The study also reveals a further issue: Above all 

in first-generation systems, it is crucial that the hu-

man-machine interface is taken into account. Signifi-

cant contributions to improving safety can be 

achieved even with systems that are already on the 

market (CMBS 1, Lane Keeping Assist systems and 

Blind Spot Detection systems): If all cars were fitted 

with these systems, SPreal=9.3 % of all car accidents 

in the current database could have been avoided.  
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ABSTRACT 
 
In U.S. pedestrian crashes, serious lower extremity 
injuries are second only to head injuries in frequency.  
The Global Technical Regulation (GTR) for 
pedestrian safety uses the EEVC/TRL pedestrian 
lower legform to evaluate the risk of these injuries 
from bumper impact.  In order to evaluate the level of 
pedestrian lower extremity protection offered by 
front bumpers in the U.S. fleet, NHTSA’s Vehicle 
Research and Test Center (VRTC) conducted 40 
pedestrian lower legform impact tests on 9 vehicles.  
These vehicles were selected to represent the U.S. 
fleet, with a focus on light trucks and vans.  The goal 
was to generate an overall picture of current U.S. 
vehicle performance with respect to lower extremity 
protection requirements in the regulation.  Results 
showed that pedestrian lower extremity protection 
was poor overall, with no vehicle meeting the GTR 
injury limits in all locations tested.  One vehicle was 
able to meet the requirements by a wide margin in all 
but one impact location.  Two other vehicles each 
had a single passing impact location.  Results are 
consistent with prior results from legform testing on 
U.S. passenger cars.   
 
INTRODUCTION 
 
In U.S. pedestrian crashes in the Pedestrian Crash 
Data Study (PCDS), injuries to the lower extremity 
are more frequent than injuries to any other body 
region (Mallory and Stammen 2006).  Among serious 
pedestrian injuries, lower extremity injuries are 
second in frequency only to head injuries (Figure 1).  
Approximately 80% of the vehicle impact injuries to 
the thigh, knee, and lower leg are caused by bumper 
contact. 
 
To evaluate lower extremity protection in pedestrian 
impacts, the Global Technical Regulation (GTR) for 
pedestrian safety includes front bumper testing with 
the EEVC/TRL lower legform or the upper legform 
depending on the height of the bumper.  The 
EEVC/TRL lower legform is manufactured by TRL 
Limited and conforms to EEVC (European Enhanced 

Vehicle-safety Committee) requirements.  According 
to the GTR, at locations where bumpers have a 
LBRL (Lower Bumper Reference Line) below 425 
mm, the lower legform test is required.  At locations 
where the LBRL is greater than or equal to 500 mm, 
the bumper is subjected to the upper legform test.  At 
locations where the LBRL is between these two 
limits, the manufacturer may choose either test.  As 
shown in Figure 2, PCDS bumper height data 
indicates that the majority of pedestrian-involved 
vehicles in the PCDS data set would be required to 
use the lower legform under GTR requirements 
(Mallory and Stammen 2006).  Although the PCDS 
cases were collected between 1994 and 1998, they 
represent the most current U.S. pedestrian crash data 
available.  
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Figure 1.  Distribution of injuries in the PCDS by 
body region (Mallory and Stammen 2006).    

The performance of the U.S. fleet relative to the GTR 
lower legform test requirements has not previously 
been reported.  In 2005, VRTC reported on the 
performance of five U.S. passenger cars in tests with 
the EEVC/TRL legform under EuroNCAP pedestrian 
test conditions (Mallory, Stammen et al. 2005).  
However, the EuroNCAP test conditions differ from 
those defined in the GTR.  Furthermore, since the 
nature and risk of lower extremity injuries is affected 
by vehicle type (Ballesteros, Dischinger et al. 2004; 
Matsui 2005) the prior study of passenger cars may 
not reflect the level of pedestrian protection offered   
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Figure 2.  Lower bumper reference line height 
(Mallory and Stammen 2006). 

by the rest of the U.S. fleet, which includes a large 
proportion of light trucks and vans.   
 
In order to evaluate the performance of the current 
fleet relative to the GTR requirements, NHTSA’s 
Vehicle Research and Test Center (VRTC) has 
conducted 40 pedestrian lower legform impact tests 
on 9 vehicles from the U.S. fleet with a focus on light 
trucks and vans.  One vehicle from the previous 
series of testing done according to EuroNCAP test 
procedures was re-tested in the current series of tests 
according to GTR lower legform test procedures.  If 
the results from the two sets of tests were similar 
enough, the prior test results with passenger cars 
could be combined with the current results to 
generate a more comprehensive picture of the current 
level of US vehicle performance.   
 
METHODS 
 
Testing was performed according to the lower 
legform procedures in the Proposal for a Global 
Technical Regulation (GTR) for the Protection of 
Pedestrians (GRSP 2006). 
 
Vehicles Tested 
 
The vehicles were selected to represent a range of 
vehicle types and sizes, including three sport utility 
vehicles (SUV), two pickups (PU) of different sizes, 
one minivan (MV), one full-size van (VAN), and two 
passenger cars (PC) as shown in Table 1. 
 
Of the vehicles listed, only the Mazda Miata had 
been tested previously in lower extremity component 
tests  under EuroNCAP conditions (Mallory, 
Stammen et al. 2005).  The Passat, Wrangler, 
Durango, CR-V, Tacoma, and E-350 van had been 
previously tested in VRTC’s evaluation of the U.S. 

fleet relative to the head test requirements in the GTR 
(Mallory, Stammen et al. 2007).  The Silverado tested 
in the current series was a different vehicle than the 
Silverado used in the previously-reported head test 
series.  The Sienna had not previously been used in 
pedestrian testing at VRTC. 
 

Table 1. 
Vehicles tested 

Year Vehicle VIN 
2002 Mazda Miata JM1NB353320228887 
2006 VW Passat WVWGK73C56P171110 
2002 Jeep Wrangler 1J4FA39S42P744167 
2006 Dodge Durango 1D8HD38K66F118432 
2005 Honda CR-V JHLRD68585C000383 
2006 Toyota Tacoma 5TENX22N16Z291865 
2005 Chevy Silverado 1GCHC23U05F921031 
2006 Toyota Sienna 5TDZA23C365448521 
2003 Ford E-350 Van 1FBSS31L03HB67515 
 
Bumper measurements made on each vehicle 
included the height of the Upper Bumper Reference 
Line and the Lower Bumper Reference Line, the 
width of the Bumper Test Area, and the distance 
from the vehicle centerline to the Corner of the 
Bumper.  The maximum and minimum LBRL 
heights for each vehicle are documented in Table 2.  
Part of the Dodge Durango test zone is in the 
mandatory lower legform height range and part is in 
the manufacturer’s option height range.  The Jeep 
Wrangler test zone is entirely in the manufacturer’s 
choice height range.  The Silverado test zone has 
portions in all three ranges.   

Table 2.   
Range of LBRL height across width of test zone, 

color-coded by required test procedure 

 LBRL 
Minimum  

(mm) 

LBRL 
Max.  
(mm) 

Dodge Durango 405 452 
Jeep Wrangler 451 481 SUV 
Honda CR-V 410 415 
Chevy Silverado 420 505 PU Toyota Tacoma 378 378 

MV Toyota Sienna 260 264 
VAN Ford E350 Van 348 408 

VW Passat 219 230 PC Mazda Miata 200 218 
Upper Leg > 500 mm
Manufacturer Choice 

Color Legend: 
Test procedure required in 

GTR based on LBRL 
Height 

Lower Leg < 425 mm

Upper legform required 
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Impact Point Locations 
 
Five impacts were planned for each vehicle.  All 
impacts were within the test zone defined in the GTR.  
Assuming symmetry, these tests are equivalent to a 
center impact, an outboard impact, and three impacts 
between.  In order to maximize the number of tests 
per bumper, the impacts were performed on both 
sides of the test zone as shown in Figure 3.  The 
impacts are spaced at intervals proportional to 1/8 of 
the width of the bumper test zone, with the exception 
of the far outboard impact which was moved inboard 
from the edge of the test zone by 5 mm to ensure it 
was within the test zone.  The intention of the test 
location selection was to represent the range of 
typical bumper performance.  A maximum of three 
impacts were planned per bumper, before 
replacement of all bumper system parts.  Damage 
was inspected following each impact.  If post-test 
damage was identified that could have an effect on 
subsequent tests, the damaged parts were replaced 
prior to additional testing, or subsequent tests were 
cancelled.  Subsequent tests were also cancelled if a 
vehicle produced damage to the legform in multiple 
tests.  As a result, two vehicles underwent only four 
tests, and one vehicle was tested only twice.  The test 
locations for each vehicle are listed in Table 3. 
 

 
Figure 3.  Example of five test locations on Toyota 
Sienna.  Dashed boundaries show limits of test 
area and solid lines are impact locations.  White 
and blue arrows indicate impacts performed on 
different bumper systems.   

Table 3.   
Location of each impact in mm from centerline of 

vehicle, positive toward driver’s side 

 A B C D E 
Durango -540 -360 0 -- 715
Wrangler -545 -364 0 182 722
CR-V -347 -232 0 116 458
Silverado -590 -394 0 197 782
Tacoma -- -- 0 -- 503
Sienna -404 -269 0 135 533
E350 Van -596 -398 0 -- 790
Passat -361 -241 0 120 476
Miata -368 -245 0 123 485

Test Procedure 
 
Temperature and humidity were maintained within 
GTR-defined corridors for testing and during pre-test 
soaking.  Impact speed in the GTR is required to be 
11.1 m/s (+/- 0.2 m/s).  Test speed was measured by 
an Aries laser speed meter (Model SM-2BL/F). 
During initial testing the speed meter was positioned 
at the approximate height of the CG of the legform.  
After testing demonstrated negligible pitch rotation in 
the legform during flight, the speed meter was moved 
down to allow a better lateral view of the legform-to-
bumper impact.  Integration of the upper tibia 
accelerometer was also performed to track velocity in 
case the speed meter failed to measure the speed.  
Deviations from the required speed range are 
documented. 
 
The bottom of each vehicle tire was positioned 25 
mm below the level of the bottom of the legform at 
impact. 
 
Between tests, the ligaments and foam flesh on the 
EEVC/TRL legform were replaced.  Legform 
inspection was performed and any necessary repairs 
were made, including replacement of the neoprene 
skin if needed.   
 
The GTR specifies that the axis of the legform shall 
be perpendicular to the horizontal with a tolerance of 
+/- two degrees in the lateral and longitudinal plane, 
and the rotation about the vertical axis will have a 
tolerance of +/- five degrees.  Initial video analysis of 
legform flight without a vehicle in place showed that 
legform alignment in the lateral and longitudinal 
planes were consistently within tolerance, but that 
orientation about the vertical axis showed variation.  
Therefore, overhead video was recorded during all 
vehicle testing and reviewed following each test.  
Any test that appeared to approach the five degree 
limit on rotation underwent video analysis using 
TEMA motion analysis software (Version 2.6, Image 
Systems AB).   
 
The EEVC/TRL lower legform was instrumented as 
specified in the GTR.  A uniaxial accelerometer 
(7264-2000) was mounted on the non-impact side of 
the upper tibia.  The legform was equipped with 
rotary potentiometers located in the upper tibia and 
lower femur (Contelec, Type GL 60) to measure knee 
bending angle and knee shearing displacement.  The 
knee bending angle and shear displacement are 
calculated based on the potentiometer angles as 
specified in the TRL Legform User’s Manual (TRL, 
2007). 
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Static and dynamic certification of the legform was 
performed after not more than 20 vehicle impacts, 
following GTR defined procedures.   
 
RESULTS 
 
Results are presented separately for each vehicle, 
followed by a comparison of peak measures across 
all vehicles.  Peak injury measurements are compared 
to GTR requirements which limit peak knee bending 
angle to 19 degrees and shear displacement to 6 mm.  
Over most of the test area upper tibia acceleration is 
limited to 170 g, but the limit is relaxed to 250 g over 
areas totaling up to 264 mm of the width of the 
bumper.  The location of the relaxed bumper area is 
designated by the vehicle manufacturer. 
 
     Mazda Miata - Time histories for injury 
measures on all tests are shown in Figure 4 and peak 
values are tabulated in Table 4.  The Mazda Miata 
was below GTR limits for the impact to the center 
bumper (Impact C) only.  In impact C, peak bending 
angle was within 0.3 degrees of the GTR limit of 19 
degrees.  In all other impacts, the bending angle limit 
was exceeded.  Impact A, which was close to the 
bumper support location, resulted in the highest shear 
displacement, bending angle, and tibia acceleration of 
any of the Miata test locations.   
 
As indicated in Table 4, impact B was slower than 
the required impact speed range of 10.9 -11.3 m/s and 
impact D was faster than the required speed.   
 

 

 
Figure 4.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Mazda Miata, with GTR limits shown in red. 

Table 4.   
Peak results for each Mazda Miata impact, with 

passing impact (C) shaded green 

Impact Location   

GTR 
Limit A B* C D** E 

Bending 
angle 

(degrees) 
19 25.7 22.9 18.7 20.9 24.9

Shear 
displacement

(mm) 
6 8.6 7.8 4.2 4.9 7.9 

Tibia 
acceleration 

(g) 

170 
(250) 440 247 159 163 210

*  Location B impact speed was 10.87 m/s  
** Location D impact speed was 11.39 m/s  
 

A video frame showing the legform in the center 
impact (C) at the moment of peak bending angle is 
shown in Figure 5.  In all impacts, the tibia segment 
of the legform was supported by the lower bumper 
structures on the Miata while the femur segment 
wrapped forward toward the hood.   
 

  
Figure 5.  Legform at time of maximum bending 
angle in Mazda Miata center impact (C).  

 
     Volkswagen Passat - None of the impacts to the 
Volkswagen Passat met the GTR requirements, as 
shown by the time histories in Figure 6 and the peak 
values in Table 5.  Peak bending angle exceeded the 
19 degree limit in every test.  Shear displacement 
exceeded the GTR limit only in impact A.  Tibia 
acceleration was over 170 g centrally, and exceeded 
250 g in the more outboard test locations.  
 
Figure 7 shows the legform at the moment of peak 
bending deformation in the center impact.  At all 
impact locations, the legform conformed with the 
vehicle front by the time of maximum bending with 
the tibia segment essentially vertical against the 
bumper structures and the femur segment wrapped 
around the grille structures.   
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Figure 6.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Volkswagen Passat, with GTR limits shown in red. 

Table 5.   
Peak results for each Volkswagen Passat impact 

Impact Location   

GTR 
Limit A B C D E 

Bending 
angle 

(degrees) 
19 30.5 25.1 28.5 25.8 29.0

Shear 
displacement 

(mm) 
6 7.8 5.2 5.4 5.4 --* 

Tibia 
acceleration 

(g) 

170 
(250) 300 166 181 161 405 

* Shear pot wire broken – data invalid. 
 

 
Figure 7.  Legform at time of maximum bending 
angle in Volkswagen Passat center impact (C). 
 

     Jeep Wrangler - In four of the five Jeep 
Wrangler impacts, all three injury measures were 
above the GTR limit (Figure 8, Table 6).  In the fifth 
impact, the outboard-most point tested, the injury 
measures were well below the GTR limits.  The 
negative shear displacement documented in the 
Wrangler tests indicates that, relative to the femur, 
the tibia segment moved toward the vehicle.  Figure 9 

shows a video frame from the moment of maximum 
bending angle in impact C.   

 
Figure 8.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Jeep Wrangler, with GTR limits shown in red. 

Table 6.   
Peak results for Jeep Wrangler each impact, with 

passing impact (E) shaded green 

Impact Location   

GTR 
Limit A B C D E 

Bending 
angle 

(degrees) 
19 31.9 32.2 31.3 31.2 3.2 

Shear 
displacement

(mm) 
6 -7.5 -7.6 -7.8 -7.5 -0.75

Tibia 
acceleration 

(g) 

170 
(250) 427 305 445 455 60 

 

  
Figure 9.  Legform at time of maximum bending 
angle in Jeep Wrangler center impact (C). 

Video showed that there was little to no bumper 
deformation in the four failed impacts, but there was 
significant deformation of the bumper end in the 
passing outboard impact.  The end cap of the bumper 
bent rearward, allowing the legform to move into the 
front surface of the tire and fender, supporting the 
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legform along its full length to limit bending and 
shear. 
 
     Dodge Durango - The Dodge Durango was tested 
in only four locations because legform damage was 
sustained in three of the first four impacts.  The 
Durango exceeded the bending angle limit by a wide 
margin in three impacts, and by a narrow margin in 
the outboard-most impact (Figure 10 and Table 7).  
Tibia acceleration limits were exceeded by all but the 
outboard-most impact.  Shear limits were exceeded at 
points B and C.  The negative shear values indicate 
that, relative to the femur, the tibia moved toward the 
car in all impacts.   
 

 
Figure 10.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Dodge Durango, with GTR limits shown in red. 

Table 7. 
Peak results for each Dodge Durango impact 

Impact Location   

GTR 
Limit A B C E 

Bending  
angle 

(degrees) 
19 31.0 30.9 31.6 21.5 

Shear 
displacement 

(mm) 
6 -8.4 -7.6 -8.4 -5.3 

Tibia 
acceleration 

(g) 

170 
(250) 314 552 314 167 

 
A video frame from the moment of maximum 
displacement (Figure 11) shows that the upper leg 
and lower leg both rotate toward the car around the 
bumper.  In the outboard-most impact at location E, 
the legform has started to rotate outboard by the time 
of maximum bending.   

 

  
Figure 11.  Legform at time of maximum bending 
angle in Dodge Durango center impact (C). 

 
     Honda CR-V - In four of the five impacts, the 
Honda CR-V was well below GTR limits in all 
measures.  The exception was the outboard-most 
impact, where the tibia acceleration exceeded even 
the relaxed limit of 250 g, and the bending angle 
exceeded the 19 degree limit (Figure 12, Table 8).  
Shear displacement in the outboard impact E was 
negative, indicating that the tibia displacement was 
toward the vehicle relative to the femur, rather than 
away from the vehicle relative to the femur as was 
seen in the other four tests.   
 
As indicated in Table 8, the rotation about the Z axis 
exceeded the GTR limit of 5 degrees in the impacts at 
locations D and E.  Table 8 also shows the higher 
peak bending angle in outboard impact E, compared 
to the much lower peak bending angles in the 
remaining tests.  The outboard impact E also shows 
dramatically less bumper and vehicle-front 
deformation than the inboard, passing impacts. 

 

 
Figure 12.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Honda CR-V, with GTR limits shown in red. 
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Table 8. 
Peak results for each Honda VR-V impact, with 

passing impacts shaded green 
Impact Location   

GTR 
Limit A B C D* E**

Bending 
angle 

(degrees) 
19 9.5 2.8 1.5 3.6 31.5

Shear 
displacement 

(mm) 
6 1.6 1.8 1.8 1.5 -2.8

Tibia 
acceleration 

(g) 
170/250 97 96 85 91 329

*   Location D rotation about Z axis exceeded 5 degrees.   
** Location E rotation about Z axis exceeded 5 degrees.   

 

     
Figure 13.  Legform at time of maximum bending 
angle in Honda CR-V impact (C). 

 
     Toyota Tacoma - Only two tests were performed 
on the Toyota Tacoma due to vehicle damage.  After 
two tests there was extensive unforeseen damage to 
the grille, the grille surround and to the headlamp 
mounts.  With no replacement parts available, 
subsequent testing was suspended because these 
structures could potentially have been limiting the 
peak bending angle and shear displacement of the 
legform.  Therefore, testing with damaged structures 
may not have been valid.  Figure 14 and Table 9 
show that all injury limits were exceeded in both tests.   
Figure 15 shows that the upper leg tended to rotate 
into the grille structures while the tibia segment of 
the legform rotated much less.   
 

 
Figure 14.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Toyota Tacoma, with GTR limits shown in red. 

Table 9.   
Peak results for each Toyota Tacoma impact 

Impact Location  

GTR 
Limit C E 

Bending 
angle 

(degrees) 
19 23.9 27.4 

Shear 
displacement

(mm) 
6 8.2 8.1 

Tibia 
acceleration 

(g) 

170 
(250) 388 523 

 

  
Figure 15.  Legform at time of maximum bending 
angle in Toyota Tacoma center impact (C). 

     Chevrolet Silverado - None of the Chevrolet 
Silverado impacts met the GTR requirements.  In 
contrast to other vehicles, two of the failing impacts 
did meet bending angle requirements (Figure 16 and 
Table 10).  Shear displacement limits were exceeded 
in every test.  Tibia acceleration was over 170 g in all 
tests, but below the relaxed limit of 250 g in one test.   
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Figure 16.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Chevrolet Silverado, with GTR limits shown in 
red. 

Table 10.   
Peak results for each Chevrolet Silverado impact 

Impact Location   

GTR 
Limit A B* C D E 

Bending 
angle 

(degrees) 
19 16.3 22.9 28.3 24.8 11.8

Shear 
displacement 

(mm) 
6 7.6 7.8 8.4 7.8 7.5 

Tibia 
acceleration 

(g) 

170 
(250) 245 311 306 330 342

* LBRL higher than 500 mm at location B.   
 

As indicated in Table 10, impact location B was 
tested with the lower legform in spite of the fact that 
the Lower Bumper Reference Line at this test 
location put it in a zone where upper legform testing 
would have been required per the GTR requirements. 
 

Figure 17 illustrates the interaction of the legform 
with the bumper at peak bending angle, with the 
lower leg bending under the bumper and the upper 
leg supported almost vertically by the bumper 
structures.   
 

 
Figure 17.  Legform at time of maximum bending 
angle in Chevrolet Silverado center impact (C). 

 

     Toyota Sienna - All impacts to the Toyota Sienna 
failed to meet GTR requirements.  Although the 
center impact (C) was below the shear displacement 
limit and impact D was below the 170 g limit on tibia 
acceleration, bending angle was well over the 19 
degree limit in all tests (Figure 18 and Table 11).  
The video frame at the moment of maximum bending 
angle show that the top of the bumper contacts the 
legform near the knee and the upper portion of the 
legform wrapped down to the hood of the Sienna in 
all impacts (Figure 19).     

 
Figure 18.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Toyota Sienna, with GTR limits shown in red. 

 
As indicated in Table 11., the rotation about the 
vertical axis exceeded the GTR limit of 5 degrees in 
the impact at location B. 
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Table 11. 
Peak results for each Toyota Sienna impact 

Impact Location   

GTR 
Limit A B* C D E 

Bending 
angle 

(degrees) 
19 30.8 32.7 31.0 32.5 31.4

Shear 
displacement 

(mm) 
6 -7.6 -6.0 -6.7 -6.8 -6.5

Tibia 
acceleration 

(g) 

170 
(250) 233 172 202 162 228

*  Location B rotation about vertical axis exceeded 5 degrees.   
 

  
Figure 19.  Legform at time of maximum bending 
angle in Toyota Sienna center impact (C). 

 
     Ford E-350 Van - The first four impacts to the 
Ford E-350 bumper exceeded injury limits by a wide 
margin with bending angle over 31 degrees in all 
tests and tibia acceleration exceeding 350 g’s in three 
tests (Figure 20 and Table 12).  In the center impact 
(C), acceleration data was not collected due to wire 
damage.  In the fourth impact (B) the pot arm of the 
potentiometer sustained damage.  Due to a limited 
number of replacement pot arms, and the assumption 
that point D results would be similar to points B and 
C, testing was suspended prior to testing point D.  
Figure 21 shows that the femur segment tended to 
rotate into the grille while the tibia segment rotated 
under the bumper in all impacts.  The knee was 
approximately centered over the height of the bumper.   
 
As indicated in Table 12, the rotation about the 
vertical axis exceeded the GTR limit of 5 degrees in 
the impact at location C.   
 

 
Figure 20.  Time histories for shear displacement, 

knee bending angle, and tibia acceleration for 
Toyota Sienna, with GTR limits shown in red. 

Table 12. 
Peak results for each Ford E-350 impact 

Impact Location   

GTR 
Limit A B C* E 

Bending 
angle 

(degrees) 
19 31.8 31.7 32.0 32.7 

Shear 
displacement

(mm) 
6 -7.5 -7.5 -7.6 -7.5 

Tibia 
acceleration 

(g) 
170/250 516 592 --* 379 

*  Location C rotation about vertical axis exceeded 5 degrees.   
 
 

  
Figure 21.  Legform at time of maximum bending 
angle in Ford E-350 center impact (C). 

Comparison of results among vehicles 
 
Peak results for tibia acceleration are shown for all 
vehicles in Figure 22.  The acceleration limit of 170 g 
and the relaxation limit of 250 g are indicated in red.  
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Only five of 39 (13%) test locations met the 170 g 
limit with a wide margin: the four passing CR-V 
impacts and the outboard Wrangler impact.  The 
remaining impacts were all either very close to, or in 
excess of, 170 g.  Some tests exceeded the 
acceleration limits dramatically and six vehicles 
exceeded 400 g in at least one test location.   
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Figure 22.  Peak acceleration for all impacts by 
vehicle and impact location. 

 
Peak magnitude of shear displacement is shown in 
Figure 23.  This peak is an absolute value, 
representing the peak magnitude.  The GTR shear 
displacement limit of 6 mm is indicated in red.  Only 
the CR-V passed shear limits in all tests, but six of 
the nine vehicles were able to pass the shear 
requirement in at least one test location.   
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Figure 23.  Peak shear displacement for all 
impacts, by vehicle and impact location. 

 
Peak knee bending angle is shown in Figure 24.  
Only 8 of 40 (20%) impacts resulted in bending angle 
peaks below the injury limit of 19 degrees, which is 
shown in red.  The majority of the failing impacts 
showed bending angles in excess of 30 degrees.   

0

5

10

15

20

25

30

35

40

Durango Wrangler CR-V Silverado Tacoma Sienna E-350 Passat Miata-07

Pe
ak

 B
en

di
ng

 A
ng

le
 (d

eg
re

es
)

C (Center)
D
B
A
E (Edge of zone)

 
Figure 24.  Peak bending angle for all impacts, by 
vehicle and impact location. 

 
DISCUSSION 
 
Adherence to GTR Testing Requirements 
 
Several tests in the results section are reported as not 
meeting the test conditions required by the GTR.  
The test parameters that were “failed” in those tests 
will be discussed in this section, along with 
implications for interpreting the results of those tests.   
 
In four tests, axial rotation about the vertical axis 
exceeded the 5 degree limit listed in the GTR:  
locations D and E on the Honda CR-V, location B on 
the Toyota Sienna, and location C on the E-350.  In 
all of these tests axial rotation was 7 degrees or less.  
It is likely that the injury measures were the same or 
lower than they would have been had the axial 
rotation been less than 5 degrees.  Since acceleration 
is a single-axis measurement in the direction of 
impact, pre-impact rotation would reduce the 
acceleration measured.  Based on trigonometry, a 
rotation of up to 7 degrees would be expected to lead 
to a drop in measured acceleration of less than 1% 
compared to a perfectly aligned impact.  Similarly, 
the EEVC/TRL legform is designed to measure shear 
and bending angle in only one direction.  If the 
measured shear displacement and knee bending angle 
are affected by rotation of the legform off its normal 
design direction, the rotation would be expected to 
lead to lower measured shear displacement and knee 
bending angle. 
 
Two tests on the Mazda Miata were not within the 
impact speed requirements of the GTR, which are 
11.1 m/s +/- 0.2 m/s.  The test at impact location B 
was slow at 10.87 m/s and the test at location D was 
fast at 11.39 m/s.  It is assumed that impact D 
produced higher injury measures than those expected 
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had the test been within the speed range, and the 
impact B produced lower injury measures than those 
expected had the test been within the speed range.  In 
the case of the impact at location D, the higher-than-
allowed impact speed may have been responsible for 
the failing bending measurement, which was only 1.9 
degrees beyond the injury limit.  Had the impact been 
in the correct speed range, impact D may have met 
GTR requirements.  In the case of impact location B, 
the lower-than-allowed impact speed did not have an 
effect on its failure to meet GTR requirements.   
 
Impact B on the Silverado (Figure 25) deviated from 
the requirements of the GTR in that it was performed 
at a location where the Lower Bumper Reference 
Line exceeded 500 mm and therefore was not subject 
to lower legform testing.  Shear and bending 
measurements may have been affected by LBRL 
height, as these measures were lower for impacts C 
and D in the lower central portion of the bumper.  
However, all tests on the Silverado failed the GTR 
limits by a wide margin.  The height of the LBRL at 
location B was not believed to have been the cause of 
the failure at this test location.   
 

 
Figure 25.  Chevy Silverado bumper showing 
Lower Bumper Reference Line (LBRL) in white 
and impact location B in yellow, where LBRL is 
greater than 500 mm.   

 
The tests listed above were not tested in strict 
accordance with the GTR procedures.  These should 
not therefore be used directly to evaluate compliance 
with the GTR.  The results are reported here because 
they are not expected to be significantly different 
from the expected result had the GTR test procedure 
requirements been met.  With the exception of 
location D on the Miata, all of the impacts that failed 
would still have been expected to fail had the GTR 
test requirements been met.  Location D on the Miata, 

which was impacted too fast and exceeded injury 
measures by a narrow margin, may have passed had 
it been tested within the GTR test procedure limits. 
 
Relative Difficulty of Injury Measures 
 
Six of the nine vehicles tested met the 170 g limit on 
upper tibia acceleration in at least one test location.  
Of the 39 impacts where acceleration was measured, 
20 indicated upper tibia acceleration over 250 g, and 
8 were above 170 g but below the relaxed limit of 
250 g (Figure 22).  Of the 11 impacts that were below 
170 g, only 5 impacts met the requirement with a 
margin wider than 10 g.  The relaxed GTR 
acceleration limit of 250 g applies only to a width of 
bumper equal to approximately 2 widths of the 
legform, which is equivalent to one test location on 
each side of the car.  In the current series, it is 
assumed that a vehicle could potentially pass the 
requirements if it has only one test over 170 g (but 
under the relaxed limit of 250 g) with the remainder 
of the tests under 170 g.  The CR-V came closest to 
achieving those requirements with four of five tests 
under 170 g, but exceeded the limits with a fifth test 
over the relaxed limit of 250 g.  The Sienna was able 
to remain under 250 g for all tests, but exceeded the 
170 g limit in four out of five tests; given that there is 
not enough relaxation zone to cover all four of those 
impact locations, this vehicle would not meet the 
GTR acceleration requirement.   
 

B 
As shown in Figure 22, whether acceleration was 
higher in inboard locations or outboard locations was 
design-specific.  The highest measures of 
acceleration were often measured near the bumper 
support, suggesting that tibia acceleration is more 
sensitive to stiffness of structures under the bumper 
than to the gradual changes in profile shape that 
occur across the front of the vehicle.  Among vehicle 
types, the pickup trucks and the full-size van showed 
consistently high levels of acceleration, with all 
impacts close to or in excess of the 250 g limit.   
 
Six of nine vehicles tested passed the knee shear 
displacement limit in at least one location, and one 
vehicle (CR-V) passed the shear requirement in all 
locations tested (Figure 23).  Fourteen impact 
locations were at or below the shear limit of 6 mm, 
and 25 impact locations exceeded the knee shear 
limit of 6 mm.  Many of the tests that exceeded 6 mm 
indicated shear displacements in the range of 7.5 mm 
to 8.5 mm suggesting a possible physical limit on the 
magnitude of shear displacement allowed by the 
EEVC/TRL legform.  If this injury measure is 
bottoming-out, estimates of injury risk based on this 
level of shear may be underestimated.   
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Knee shear measures appeared to be related to 
inboard/outboard position on the vehicle.  Most 
vehicles either showed a trend toward increased or 
decreased shear displacement as the impacts moved 
outboard, suggesting that shape change across the 
front of the vehicle may have more effect on shear 
displacement than the stiffness of under-bumper 
structures.   
 
The knee bending angle limit appeared to be the most 
challenging to meet for the vehicles tested.  Only four 
of the nine vehicles tested met the 19 degree bending 
angle limit in at least one location, and only 8 
impacts in the series passed this limit.  Many of the 
failing impacts showed peak bending angle clustered 
between 30 and 32 degrees, suggesting a physical 
limit on knee bend in this range.  It is likely that the 
legform is physically bottoming out so estimates of 
injury risk based on this level of bending may be 
underestimated.   
 
Peak bending angle tended to either increase or 
decrease as the impacts moved outboard, suggesting 
that, as with knee shear, the shape change across the 
front of the vehicle had more effect on bending angle 
than did stiffness of under-bumper structures.   
 
To summarize the relative difficulty of the injury 
measures, bending angle was the most frequently 
failed injury criterion.  Shear and bending angle 
appeared related to the change of shape across the 
front of the vehicle while acceleration seemed more 
linked to stiffness of the underlying structures.  
Measurements of knee shear and bending angle may 
be bottoming out, leading to potential 
underestimation of injury risk. 
 
Results by Vehicle Type 
 
Based on the vehicles tested in this series, the 
passenger vehicles (Miata and Passat) and minivan 
(Sienna) showed relatively better results in 
acceleration and peak shear displacement compared 
to the full-size van (E-350) and pickup trucks 
(Silverado and Tacoma).  Results for the SUVs were 
mixed, with the CR-V performing better than other 
vehicles in all three injury measures, and the 
Wrangler and Durango performing relatively poorly.   
 
Characteristics of Passing Impacts 
 
There were a total of six passing impacts in the 
current series, four for the CR-V, one for the 
Wrangler, and one for the Miata. 
 

In the passing impacts, video showed visibly more 
bumper deformation than there was in impacts that 
exceeded acceleration limits.  Passing and failing 
CR-V impacts (Figure 26), Miata impacts (Figure 27), 
and Wrangler impacts (Figure 28) are compared 
below to illustrate that deformation appears to be 
associated with better performance relative to upper 
tibia acceleration.  In all three passing impacts 
illustrated below, there was visible deformation of 
the bumper, resulting in varying degrees of damage.  
In the CR-V center impact (C), the CR-V sustained 
permanent deformation to the bumper cover, the 
underlying bumper support, and adjacent grille and 
air conditioning structures.  The Miata center impact  
impact (C) resulted in damage to the ribbed energy 
absorber immediately adjacent to the impact point but 
showed no external evidence of damage.  On the 
Wrangler, the end-cap on the bumper snapped off at 
impact allowing the legform to move into the front 
face of the fender and the tire tread.  The fender, 
which is parallel to the bumper in its undeformed 
state, then deformed to absorb additional energy from 
the impact.  In the passing impacts, the bumper and 
underlying structures absorbed energy and reduced 
the levels of deceleration in the legform by 
deforming during impact.   

 

    
Figure 26.  Passing CR-V center impact C on left 
(acceleration 85.3 g) and failing CR-V outboard 
impact E on right (acceleration 329 g). 

   
Figure 27.  Passing Miata center impact C on left 
(acceleration 159 g) and failing Miata impact A on 
right (acceleration 40 g). 
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Figure 28.  Passing outboard Wrangler impact E 
on left (acceleration 60 g) and failing Wrangler 
impact center impact C on right (acceleration 445 
g). 

Another characteristic of passing impacts appears to 
be the distribution of impact forces over a large area 
on the legform above and below the knee.  In passing 
CR-V tests, the load is applied over a relatively tall 
bumper that makes contact above and below the knee 
of the legform (Figure 29).  In the Miata passing 
impact C, the top of the bumper is adjacent to the 
lower femur, and tibia loads are shared by a lower 
spoiler.  On the passing Wrangler test, the failure of 
the bumper end-cap allowed the femur to move into 
the vertical fender and the tibia to move into the tire 
tread, sharing the loads over a large portion of the 
legform.   
 

   
Figure 29.  Bumper contact area in passing 
impacts  CR-V (C), Miata(C), and Wrangler(E). 

It should be noted that the low injury measures 
indicated in passing Wrangler impact E do not 
account for the potential injury risk posed by striking 
the tread of a tire on a moving vehicle.   
 
Comparison to Prior Testing of U.S. Vehicles 
using EuroNCAP Test Procedures 
 
Testing was performed previously with the 
EEVC/TRL legform in a collaborative study with 
Transport Canada (Mallory, Stammen et al. 2005).  
That initial series of testing was done using 
EuroNCAP procedures.  Those EuroNCAP 
procedures were similar to, but not the same as, GTR 

lower legform test procedures.  Each vehicle 
underwent impacts to the center of the bumper and 
over the bumper support.  The following North 
American vehicles were tested: 
 

• 1999 Ford Focus, 
• 2001 Honda Civic, 
• 2002 Mazda Miata MX5, 
• 1999 VW Beetle, and  
• 1997 Volvo S40. 

 
The 2005 series of tests performed according to 
EuroNCAP procedures and the current series of GTR 
tests both used the EEVC/TRL legform at an impact 
speed of 40 km/h.  The primary difference between 
the tests defined in the EuroNCAP procedure and the 
GTR procedure, and between the two series of tests 
run at VRTC, is the height of the bottom of the 
legform, which is at ground reference level in the 
EuroNCAP procedure/VRTC’s 2005 series and 2.5 
cm above ground reference level in the GTR test 
series being reported in this paper.   
 
Test data from the Mazda Miata was compared for 
the two series in order to evaluate whether the 
passenger car results from the first series of 
EuroNCAP testing at VRTC could be combined with 
the results from the currently reported GTR testing.  
Figure 30 shows the location of comparable impacts 
in the two series.  Each series had at least one test at 
the center of the bumper that can be compared 
directly.  The 2005 EuroNCAP tests included an 
impact directly over the bumper support that can be 
compared to tests adjacent to the bumper support in 
2007 GTR testing.  Figure 31 compares the test 
results for impacts in the center of the bumper for 
both series, and Figure 32 compares the results for 
impacts near the bumper support.   
 
 
 
 
 
 
 
 
 
 

Figure 30:  Photograph of Mazda Miata showing 
comparable impact locations in 2005 EuroNCAP 
testing (green, upper arrows) and in 2007 GTR 
testing (red and blue, lower arrows).   



 
Figure 31:  Shear displacement, bending angle  and tibia acceleration for center impact using GTR procedure 
in 2007 VRTC testing (red) compared to prior testing at the center bumper according to 2005 EuroNCAP 
testing (green).   

 
Figure 32:  Shear displacement, bending angle  and tibia acceleration for impacts adjacent to bumper 
support 2007 GTR testing (red, blue) compared to prior testing over left and right bumper support according 
to 2005 EuroNCAP testing (green).   

 
Figure 31 and Figure 32 show that the differences 
between the peak values from 2005 EuroNCAP 
testing and 2007 GTR testing do not appear 
significantly greater than the differences in peak 
results among repeats of individual 2005 EuroNCAP 
tests over the lateral bumper in spite of difference in 
leg-to-ground-reference height.  However, it should 
be noted that the difference in test results at the 
center bumper location in Figure 32 are important, in 
that the 2005 tests failed the acceleration and bending 
angle requirements in the current GTR (175 g and 19 
degrees, respectively), while the 2007 tests passed. 
 
In spite of the differences in results between the 2005 
series of tests and the 2007 series, data from the 2005 
offer pedestrian performance information on four U.S. 
passenger cars, in addition to the two tested in the 
2007 series, even if results must be considered 
approximate relative to the requirements in the GTR 
(Table 13).   

 

Table 13.   
Peak measures in 2005 test series (Mallory, 

Stammen et al. 2005), average values for tests at 
center bumper and over bumper support 

 
 Tibia 

Acceleration 
(g) 

Bending
Angle 

(degrees)

Shear
Displ.
(mm)

Center 195 33.4 -4.9Ford 
Focus Support 209 32.3 -3.8

Center  221 31.0 4.7 Honda 
Civic Support 369 30.7 7.7 

Center 209 24.7 3.4 Mazda 
Miata Support 264 25.1 7.4 

Center 462 34.7 8.3 VW 
Beetle Support 264 29.1 8.2 

Center 263 31.1 8.2 Volvo 
S40 Support 246 30.2 6.2 

 
As with the larger vehicles that were the focus of the 
current study, all of the U.S. passenger cars tested 
exceeded the GTR limits.  The best performing 
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vehicle in the 2005 EuroNCAP series, the Mazda 
Miata, was only able to pass GTR requirements in 
one test location when retested to GTR conditions.  
Given the wide margin by which most of the 
passenger car test locations exceeded the injury limits, 
it is assumed that these vehicles would not have met 
the requirements even had they been run under GTR 
conditions.  Average values for all impact locations 
exceeded the 19 degree bending limit and the 170 g 
upper tibia acceleration limit.  Four of five vehicles 
showed higher acceleration in impacts over the 
support, while four of five vehicles showed higher 
bending values in the central bumper area.  These 
passenger car results are consistent with the 
performance of the vehicles in the currently reported 
series of tests.   
 
CONCLUSIONS 
 
The results from the current series of tests, along with 
tests previously reported, can be used to provide a  
snapshot of the level of pedestrian lower extremity 
protection  provided by the current U.S. fleet.   
 
Relative to GTR requirements, pedestrian lower 
extremity protection was poor overall in the U.S. 
vehicles tested.  No vehicle was able to meet GTR 
injury limits in all locations tested, although the CR-
V came closest by meeting the requirements by a 
wide margin in all but one of the impact locations 
tested.  Two other vehicles each had a single passing 
impact location.   
 
Knee bending angle limits were the most difficult 
requirement for the tested U.S. vehicles to meet.  
Only 8 impacts in the current series were below the 
19 degree limit, and only 4 vehicles met that 
requirement in any location.  Bending angle appeared 
to be most associated with the shape of the front of 
the vehicle.  Upper tibia acceleration limits were also 
challenging for the vehicles tested, with only 11 
impacts meeting the 170 g limit and 8 more over 170 
g but below the relaxed limit of 250 g.  Acceleration 
appeared to be associated with the stiffness and 
deformation of structures under the bumper, and 
tended to be highest in the area of the bumper support.   
 
Impacts that passed all injury measures tended to be 
associated with deformation of bumper structures at 
the impact point and distribution of loads over a large 
area on the legform, both above and below the knee.   
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ABSTRACT 
 
In this paper an approach of using surround sensor 
information for passive safety is being proposed. 
The combination of active and passive safety is 
necessary to reach the high aims to reduce the 
fatalities in road traffic up to 50% since 2000. 
Especially the surround sensor, like the video 
sensor, offers lots of information that can 
beneficially be used for advancing the current 
passive safety systems and design new functions 
that are not possible with current state of the art 
passive safety sensors. 
An overview about such possible passive safety 
functions is given with subject to the necessary 
sensor requirements. These requirements are 
derived among others from accident statistics and 
the required restraint system which should be 
activated. A major outcome of this evaluation, the 
different sensor requirements for comfort and 
safety functions, is presented. 
As an example for such kind of passive safety 
functions, the Video-supported pedestrian 
protection is presented with focus on reducing the 
crash severity by activation of a brake system and 
by supporting the current pedestrian protection 
system to pop up the hood by recognizing the 
pedestrians.  
As another example, Video-based PreSet and 
Video-based PreFire are presented with focus on 
protecting the occupant in the best way possible by 
an optimal choreography of the reversible and 
irreversible restraint systems. Therefore, the sensor 
characteristic must be slightly different and well 
designed to the special functional variant. 
In the end a first indication about the potential of 
such systems and a forecast of future systems is 
given. 
 
INTRODUCTION 
 
In the European Union still almost 40.000 people 
die in traffic annually. The aim is, to halve the 
fatalities from the year 2000 to the year 2010 of the 
road fatalities (see fig. 1). Current active and 
passive safety systems have done the first step in 
this direction. But the current status illustrates, that 
the set target will probably not be reached in 2010.  
 

52,000

39,432
(-24%) 26,000

(-50%)

Fatalities

2000 2006 2010
� Halving the number of road 

fatalities within 10 years, 
White paper of European 
transport policy

EU 25

basebase statusstatus targettarget

 
Figure 1. Overview of aim to reduce the 
fatalities in EU and the current state (see [1]) 
 
Nevertheless a positive trend can be seen. Currently 
the equipment with active and passive safety 
systems will be supported by legislation and 
consumer tests (e.g. EuroNCAP).  
In the market two movements are perceived for the 
combination of active and passive safety. On the 
one hand the functional enhancement of existing 
hardware, like the use of radar-sensor information 
for passive safety functions or the use of night 
vision information for pedestrian recognition is 
known. The target here is, to use synergies of the 
systems without influencing the requirements of the 
specific components. On the other hand the 
specialization of the surround sensors for optimal 
use for passive safety is another trend. The chance 
here is to address new functions which are 
necessary to handle megatrends like CO2 reduction 
for example.  
 
Motivation Of Using Surround Sensor 
Information For Passive Safety 
 
The expectations in surround sensors are legitimate. 
With the help of the surround sensors many 
important information can be produced prematurely. 
This will be clear as follows. 
     Physical Motivation – To determine the crash 
severity the following parameters are relevant: 

• Impact velocity  
• Crash type (e.g. full frontal crash, offset 

crash, …) 
• Mass / stiffness of crash participant. 
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Traditionally the typical crash sensors, like 
acceleration sensors, allow gaining information 
about 

• Mass / stiffness of crash participants 
• Crash type (e.g. by using y-part of crash 

signal). 
Basically, the acceleration sensors can provide this 
information, but typically not within the required 
time. 
The Surround sensors allow getting additional 
information about 

• Impact velocity 
• Crash type 
• Object type  

The advantage compared to the typical crash 
sensors is that this information is available before 
the crash. So the information could be used already 
at the beginning of the crash. 
Basically, a lot of surround sensors can deliver one 
or more of the above mentioned information. But 
they often differ in the quality of the information. 
Radar sensors for example deliver a high precision 
of the closing velocity or distance (see [2], [3]). A 
mono video-sensor for example offers the potential 
to deliver a first indication of the crash type (e.g. 
offset-crash) and the object type.  
Many mono video based systems are already in the 
market. They are used for a wide set of different 
functions like Night View, Road Sign Recognition 
and Lane Departure Warning.  Additionally the 
detection of traffic scenario relevant objects is 
possible. When looking at these functions, there is 
a trend in delivering the mentioned functions all 
from the same camera. 
It is obvious that the market penetration and the 
increasing number of such systems give the 
opportunity to use this information also for passive 
safety functions, especially the object information 
without modification of the requirements. 
 
Overview Of Possible Passive Safety Functions 
 
The passive safety covers two topics in general, the 
pedestrian protection and the occupant safety.  
The scope of pedestrian protection is to protect the 
pedestrian in case of an unavoidable accident. In 
2005 for example 18% of all fatalities in European 
road traffic are pedestrians (see fig. 2). Currently 
the protection is reached by structural measures 
(passive solution) and by activation of a pop up 
hood (active solution). In case of using acceleration 
sensors in the bumper that detect the collision with 
a pedestrian and the system activates the pop up 
hood by a pyrotechnical activation for example. 
The function Video-supported Pedestrian 
Protection could be helpful here to classify the 
collision objects in an alternative way or to reduce 
the degree of freedom of acceleration-sensor-based 
classification. 
 

 
Figure 2. Fatalities in Road Traffic 2005 – Share 
of VRUs (see. [4]) 
 
The scope of occupant safety is to protect the 
occupant by activation of available restraint 
systems to reduce the injury risk. Video-based 
PreSet and Video-based PreFire are two possible 
functions, who assist to generate an optimized 
firing choreography and to couple the occupant 
early on the deceleration of the vehicle. These 
functions address up to 40% of all accidents (30% 
of all collisions, see fig. 3). The PreSet 
functionality is already represented in the market 
based on radar or lidar information. 
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Figure 3. Accident data base analysis of 
Potential for PreCrash functions 
 
Video-supported Pedestrian Protection 
 
The function Video-supported Pedestrian 
Protection (VPP) supports the conventional 
pedestrian protection, which is already in the 
market. 
This support can basically be given in two ways: 

• Direct classification, which means that the 
video sensor information is used to 
recognize a collision object as a pedestrian 

• Indirect classification, which means that 
video information is used to support the 
acceleration sensors of state of the art 
pedestrian protection systems. 

The direct classification can be done using strong 
or weak classification approaches.  
By saying strong classification approach, pattern 
matching and the use of trained classifiers with the 
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focus on shape and appearance are meant. Strong 
classification of pedestrians for pedestrian 
protection, which has to work milliseconds before 
crash is a very challenging task. In this phase 
before the crash happens, a pedestrian is partly 
occluded and can be in a variety of different poses 
and orientations in front of the vehicle. That is why 
a weak classification offers more robust support to 
a pedestrian protection function. 
 By weak classification, methods using more 
general features like size and aspect ratio combined 
with generic features like motion are meant. 
Especially motion patterns are very powerful for 
classification, because over 90% of the hit 
pedestrians are moving before the collision happens 
(see fig. 4) and 75% cross from left or right (see fig. 
5). Measuring motion by using optical flow gives 
strong support to detect and classify pedestrians. 
Due to the fact that VPP only needs information at 
the time of impact, even not moving pedestrians 
can be detected shortly before collision by the 
parallax caused through the elevation of the 
pedestrian. 
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Figure 4. Distribution of the movement types of 
pedestrians before crash 
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Figure 5. Moving directions of pedestrians 
before crash 
 
Both methods of classification can be realized with 
current cameras in principle. But they suffer from 
limited resources and detection capabilities as well 
as classification performance. 
Indirect classification supports the classification 
given by the state of the art pedestrian protection 
systems. The benefit given by video sensors can be 
found in the better adjustment of fire thresholds 
according to the information given by the video 
sensor (e.g. impact position). This can be also 
fulfilled by using weak classification method as 
described above. 
The aim of both classification methods (directly / 
indirectly) is to enhance the fire decision 

characteristics, for example by better separation of 
the mayfire object from the mustfire objects. 
Regarding the necessary field of view, an opening 
angle of 40° is a possible choice. 100% of the fatal 
accidents can be addressed by selecting this 
opening angle and nearly 86% of all badly injured 
people (see Table 1). By the way, the opening 
angle of many state of the art video based driver 
assistance systems is 40°. 
 

Table 1. 
Cases of Pedestrian accidents covered according 

to field of view 

badly
injured

100,0%97,6%97,3%± 60°

100,0%97,6%96,4%± 50°

100,0%95,8%93,9%± 40°

100,0%95,1%90,4%± 30°

100,0%85,9%80,0%± 20°

84,9%58,7%49,2%± 10°

fatal
slightly
injured

Cases in the range of the field of 
view

badly
injured

100,0%97,6%97,3%± 60°

100,0%97,6%96,4%± 50°

100,0%95,8%93,9%± 40°

100,0%95,1%90,4%± 30°

100,0%85,9%80,0%± 20°

84,9%58,7%49,2%± 10°

fatal
slightly
injured

Cases in the range of the field of 
view

 
 
A second effort is to support the pedestrian 
protection in reducing the impact velocity by 
preparation or activation of the brake system. For 
this function it is necessary to use a surround 
sensor who delivers the closing velocity and the 
time to impact. Mono video is not able to deliver 
metric information like distance or velocity directly 
from the sensor. Furthermore pedestrians are 
strongly varying objects which are very hard to be 
modeled. Due to these facts the use of a stereo 
video system is strongly recommended.  
Test scenarios, based on GIDAS data base 
information [5], show that for pedestrian protection 
the closing velocity will be reduced by around 15%. 
The underlying assumption is that the system is 
able to build up the brake pressure to reach a 
deceleration of 4 m/s² in 400 ms and continues the 
braking for another 400 ms. To activate the brake 
system the requirements for the necessary attributes, 
like closing velocity or time to impact, are higher 
than for support of classification, because of the 
avoidance of an inadvertent activation. 
The third manner is to warn the driver or the 
pedestrian in a critical situation that could result in 
a collision. 
The last two points are mostly covered by the 
BMBF project AKTIV with extensive studies.  
 
Video-based PreSet 
 
The name PreSet stands for PreCrash Setting of 
algorithmic parameters. The main functionality is 
to reduce the severity of injury in the case of a 
crash by optimized deployment of restraint systems. 
Therefore a high accuracy of the information about 
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the relevant parameters which define the crash 
severity is needed.  
If Video-based PreSet is realized with a mono 
video system it is only possible to get information, 
like offset/overlap and object type of a high quality. 
According to the accuracy of the desired 
information there are two ways of data acquisition: 
One is to get the exact offset and overlap 
information at the time of impact. Then the 
distance is known and the relevant data can be 
calculated from the image dimensions and positions. 
The second one is to get information before the 
impact, a model of the collision object has to be 
assumed. Assuming the collision object is a 
passenger car, then the width is known and the 
relevant data can be derived.  
Also knowing the type of the collision object by 
classification helps to prepare the restraint systems 
accordingly. 
Regarding the necessary field of view for PreSet, 
an opening angle of 40° is also a good choice. Once 
again, 100% of the fatal accidents can be addressed 
by selecting this opening angle, and almost 95% of 
the badly injured people (see Table 2). 
 

Table 2. 
Relevant cases of crashes covered according to 

field of view 

100,0%99,6%98,7%96,3%± 60°

100,0%99,1%98,1%95,1%± 50°

100,0%98,2%96,3%92,6%± 40°

100,0%97,2%92,3%88,4%± 30°

100,0%94,8%88,0%81,9%± 20°

94,1%86,3%75,0%73,3%± 10°

fatal
badly

injured
slightly
injuredunviolated

Cases in the range of the field of view

100,0%99,6%98,7%96,3%± 60°

100,0%99,1%98,1%95,1%± 50°

100,0%98,2%96,3%92,6%± 40°

100,0%97,2%92,3%88,4%± 30°

100,0%94,8%88,0%81,9%± 20°

94,1%86,3%75,0%73,3%± 10°

fatal
badly

injured
slightly
injuredunviolated

Cases in the range of the field of view

 
 
If the mono video deliver offset/overlap 
information in the required quality the algorithmic 
thresholds can be modified to recognize an offset-
crash earlier (see fig. 6). 
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Figure 6. Active principle of a threshold 
modification in case of offset-information 
 

If the mono video deliver a reliable classification of 
the object it is possible to make a first estimation of 
the mass and stiffness of the collision object. With 
this information it is possible to modify the 
algorithmic thresholds in the same manner as 
shown above. In this case the modification is done 
for all crash types. 
If the surround sensor allows getting additionally 
closing velocity and time to impact in the required 
quality, then it is possible to prosecute a complete 
approach in dependency of the expected crash 
severity. 
 
Video-based PreFire 
 
The name PreFire stands for PreCrash Firing of 
reversible restraints. The main functionality is 
preconditioning of the occupant before the crash 
happens. Because under real driving conditions, the 
occupants of a vehicle are in many cases not in the 
optimal position for the best protection offered by 
today’s restraint systems. 
For this function it is necessary to get high quality 
information about the distance and the closing 
velocity of the objects, preferential to reduce 
possible faulty activations. If the sensor delivers 
additional offset and overlap information about the 
objects the number of inadvertent activations could 
be reduced significantly. 
 
Challenges And Chances Of Future Systems 
 
On the bases of the already mentioned functions it 
appears that these functions have different 
requirements for using surround sensor information. 
All in all the passive safety systems will adjust 
their functions on the following information: 

• Closing velocity 
• Time to impact 
• Offset, overlap 
• Impact angle 
• Contour (point of impact) 
• Mass / stiffness of participant 

With these attributes on the interface the passive 
safety is well prepared for the future to enhance the 
protection of the system. It is evident that the 
surround sensors could not deliver all information 
in the best quality. For example, currently there is 
no existing surround sensor who delivers exact data 
about the mass and stiffness of an object, but in 
future C2X-information can complete this. The 
challenge here is to use the transmitted information 
in the best possible way.  
In the future two trends can be seen in the market: 
On the one hand, the trend for further networking 
with existing surround sensors (see also [6], [7]) 
and on the other hand, developing specialized 
surround sensors for passive safety. These 
specialized sensors have to fulfill the high 
requirements of passive safety more exactly for 
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further improvement of the passenger protection. 
Such sensors then allow the use of information for 
example for new functions like PreAct or 
PreTrigger. The function PreAct – PreCrash 
Activation of structure elements – will modify the 
stiffness of structure elements of the vehicle before 
the crash happens.  The advantage here is to use an 
additional control element for further optimizations 
of the crash choreography or further pedestrian 
protection. The modification of the front structure 
provides potential for weight reduction with equal 
safety for the occupant. This will have positive 
effects on CO2 reduction. The function PreTrigger 
– PreCrash Triggering of irreversible restraints – 
will activate new irreversible restraints (e.g. smart 
airbags [8]) even before the crash contact. This new 
functions will require high quality of the 
information from the surround sensors or C2X 
communication in a high data rate. 
 
CONCLUSIONS 
 
New functions for driver assistance like Adaptive 
Cruise Control, Lane Departure Warning, Road 
Sign Recognition etc. use many different surround 
sensors to process the information about the 
vehicle’s environment. This information can be 
used to enhance the classical passive safety 
functions. When looking at the requirements of 
such functions, it shows up that the sensor field of 
view is suitable for a wide range of addressable 
accidents. Considering the required latency times, 
update rates and accuracy, it comes out that these 
numbers are often not met by current surround 
sensors for driver assistance functions. 
To reach all theses requirements for passive safety 
functions, the sensor performance still needs to be 
improved. This will be a chance to enhance the 
protection of passengers and pedestrians.  
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ABSTRACT 

Against the background of an always growing 

traffic volume on the roads and the thereby 

resulting aim to reduce the number of traffic 

fatalities continuously, the recent years saw a 

number of research projects and field studies. 

As a result of this, legal tests and consumer 

requirements have been significantly tightened. 

Consequently, car manufacturers and suppliers are 

faced with completely new challenges as to the 

adaptation of occupant restraint systems. Here, so-

called “smart” restraint systems gained more and 

more importance. 

 

The US-NCAP requirements for the MY 2010, 

adopted by NHTSA in 2008, are a new milestone 

for the improvement of occupant protection. For 

the minimization of the total injury risk in frontal 

impacts, the protection criteria for head (HIC), 

neck (Nij), and thorax (chest deflection) are under 

special consideration. 

 

With regard to the new requirements, it seems to be 

quite challenging to achieve a very good rating in 

frontal crash tests by standard restraint systems, 

especially when different dummy sizes and the 

legal requirements according to FMVSS 208 have 

to be considered. 

 

The present study shall demonstrate which 

potential adaptive airbag and seat belt technologies 

can possess. Thus, the performance of different 

concepts of adaptive airbag techniques, knee bags, 

double pretensioning systems and adaptive force 

limiter are compared. Following, an evaluation of 

the different concepts as to their efficiency and 

benefits in terms of critical injury criteria will be 

made. Finally, a survey is given on how the 

consequent use of adaptive restraint systems can 

address the future requirements (law, ratings). 

 

 

 

 

 

CHALLENGES OF THE NEW US-

NCAP RATING 

Based on the significant improvement of passive 

safety level in recent years, NHTSA has decided to 

change the existing front and side crash rating 

programs. These changes are effective for the 2011 

model year. NHTSA will maintain the 35 mph (56 

kph) full frontal barrier test for the frontal crash test 

program, but the 50%ile dummy on passenger side 

will be replaced by the 5%ile dummy. The 

assessment of the frontal impact star rating is 

extended by additional injury criteria for neck (Nij, 

compression/tension force), chest deflection and 

femur forces. [1] 

 

The current moving deformable barrier test at 

38.5mph (63kph) is still used for the side impact 

crash configuration. In future this test includes new 

side impact test dummies (SID-2s and ES-2 

dummy) and new assessment criteria (HIC36, rib 

deflection, abdomen and pelvic force). 

Additionally, a 20mph (32kph) oblique pole test 

with a 5% female ES-2 dummy will be applied for 

the assessment of new vehicles. 

 

For rollover, NHTSA will continue to use the static 

stability factor (SSF) and the manoeuvrability 

assessment (tip-up or no tip) to rate the risk of 

vehicles to rollover. It is expected that the agency 

will update this rollover risk assessment, as soon as 

more real-world crash data of vehicles equipped 

with electronic stability control are available. 

 

With the new US-NCAP rating, NHTSA will 

establish a new overall Vehicle Safety Score (VSS) 

that combines the front, side, and rollover star 

rating. 
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Furthermore, vehicles equipped with selected 

advanced technologies (crash avoidance 

technologies) will be noted: A text display will be 

used to inform about a standard vehicle (without 

advanced technologies) or an optional presence. 

 

• Electronic Stability Control (ESC) 

• Lane Departure Warning (LDW) 

• Forward Collision Warning (FCW) 

 

This article is focussed on the challenges resulting 

from the new requirements for the frontal crash 

test. 

 

The assessment of the occupant protection in the 

frontal impact bases on injury probabilities of the 

considered body regions (head, neck, chest, and 

thigh) which correlate with a defined injury 

severity. For detecting the single probabilities 

selected injury / protection criteria on the basis of 

risk injury curves (generally AIS 3+, except femur 

axial forces: AIS 2+) are used. Here, the AIS3+ 

injury risk curves correspond to those taken for 

FMVSS 208. Figure 1 illustrates this exemplarily 

for the driver side (50%-ile dummy). 

 

 
Figure 1. Injury criteria and probabilities for 

driver side (AM 50). [1] 

 

From the product of the single probabilities the so-

called combined injury probability Pcomb is 

calculated for each the driver and passenger side. 

 

Pcomb [Driv./Pass.]=1-(1-Phead)(1-Pneck)(1-Pchest)(1-Pfemure) 

 

For the actual assessment a “relative risk score“ 

factor (RRS) is taken being a quotient from 

combined injury probability and a statistical 

quantifying parameter
1
: 

 

RRS[Driv./Pass.] = Pcomb [Driv./Pass.] / 0.15 

 

                                            
1
 For the time being NHTSA has set this statistical 

quantifying parameter on 0.15, based on the 

statistical survey to assess the safety level of 

vehicles of MY 2008. 

The probability and RRS values may then extract 

the “star rating” – separated into driver and 

passenger side - (See Figure 2). 

 

  Frontal/ Side 

  probability RRS �����
 P < 0.10 RRS <0.667 ����

 0.10 � P 0.15 0.667 � RRS <1.0 ���
 0.15 � P < 0.20 1.0 � RRS < 1.33 ��

 0.20 � P < 0.40 1.33 � RRS < 2.667 �
 P � 0.40 RRS � 2.667 

Figure 2. Star rating based on combined 

probability and/or relative risk score (RRS). [7] 

 

A total assessment is made by a so-called „Vehicle 

Safety Score“ (VSS), uniting the weighted risk 

assessments from frontal crash test, side MDB pole 

test, as well as from the rollover assessment (See 

Appendix A). 

 

The probability functions (See Figure 1) allow the 

conclusion that the following injury criteria for the 

rating according to US-NCAP New (frontal crash 

test) are to be considered especially critical: 

 

Driver side: 

 

- HIC 15 

- chest deflection 

 

Passenger side: 

 

- HIC 15 

- Nij 

- Chest deflection 

 

For a conceivable scenario to achieve a „5 star 

rating“ on the driver and passenger side  (RRS < 

0,667 the following target values should be 

reached:  

 

Driver side: 

 

- HIC 15 ≤ 200 

- chest deflection ≤ 23 mm 

- Nij ≤ 0,3
2

 

- Femur Force ≤ 2,5 kN 

 

                                            
2
 Due to the stored probability functions for the 

calculation of the single probabilities Pneck_Nij, 

Pneck_Comp und Pneck_Tens, the Nij is normally the most 

critical load criterion. 
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Passenger side: 

 

- HIC 15 ≤ 250 

- chest deflection ≤ 19 mm 

- Nij ≤ 0,3 

- Femur Force ≤ 1,5 kN 

 

Considering these target values on the one hand 

and the legal load cases according to FMVSS 208 

on the other, it can be safely assumed that only 

very few vehicles from latest model years would 

have been able to reach a “5 star” rating in the 

frontal impact according to US-NCAP NEW. 

 

HOW ADAPTIVITY SHOULD WORK 

Basically, the adaptation of components of an 

occupant restraint system can be divided into two 

groups: active and passive adaptation. 

An outstanding feature of active adaptation is the 

integration of a control mechanism into the system 

component. 

 

Passive adaptivity is a special feature already 

inherent in the component that has not been added 

afterwards. Due to its viscous characteristics even 

the gas vent from an airbag, e.g., has to be 

considered an adaptive adaptation [2]. 

 

Further considerations, however, will focus on 

active adaptation because the efficiency factor here 

can increase to a much higher degree than for 

passive adaptations.  

 

It is the goal of adaptive protection components to 

adjust the force application at the occupant to the 

initial and boundary conditions of the accident. 

This mainly involves the accident severity, type 

and sort of accident, the occupants’ mass, size, 

position, and, possibly, even their age. 

 

In simple terms we can say that adaptivity means 

the ability of the protection system to adapt its 

stiffness to selected accident and occupant 

parameter in order to increase the biomechanical 

quality of the complete protection system. Pre-

studies reveal which parameters are especially 

relevant for an adaptation in a frontal impact. [3] 

 

It is without any doubt that the accident severity 

comes in the first place of factors followed by mass 

and size of the occupant. Adjusting the level of a 

belt force limiter, for instance, allows to adapt the 

protection performance of a system very well as 

shown in [4]. 

 

Furthermore, adaptation mechanisms may also 

result in an increase of efficiency. Here, especially 

the first phase of interaction between restraint 

element and occupant is put into the focus of 

attention. Pressure-controlled venting holes of an 

airbag, being under series production for many 

years now, are a classical example to illustrate this 

[5]. 

 

Reducing the gas mass during the filling phase of 

the airbag by using a dual-staged gas inflator or 

redirecting the gas flow does not lead to an increase 

of efficiency of the protection system due to 

functional reasons. [6] 

 

But those measures can restrict the aggressiveness 

of the airbag system and thus contribute to reduce 

the danger of the occupant to get injured by the 

airbag deployment in out-of-position situations. 

ADAPTIVITY COMBINED WITH 

STANDARD AND ADVANCED 

RESTRAINT SYSTEMS 

In parallel to the introduction of adaptive solutions, 

an enlargement of the system components by 

design can increase the protection potential 

purposefully. 

 

In contrast to a „Standard Restraint Systems“, the 

„Advanced Restraint Systems”, e.g., are 

characterized by a special airbag tailoring, knee 

airbags, digressive belt force limiters, and/or 

inflatable seat cushions (See Figure 3).  

 

 
 

Figure 3. Adaptivity and its impact on standard 

and advanced restraint systems. 
 

Depending on the restraint system performance and 

the boundary conditions (e.g. vehicle and module 

package, costs) it might be useful to prefer 

„advanced“ components instead of adaptive 

solutions or respectively to combine both features. 

 

For example, the use of a knee airbag can reduce 

the chest deflection but increase the head loadings. 

Adaptivity in the airbag makes it possible to 

neutralize this effect and, moreover, to reduce the 

head loadings clearly. 

 

The following chapters will show concrete 

examples illustrating this. 
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EFFICIENCY AND BENEFIT OF 

DIFFERENT ADAPTIVE CONCEPTS 

FOR FRONTAL CRASH 

CONFIGURATIONS 

On the basis of the design of today’s restraint 

systems for the different frontal crash 

configurations, the target conflict is even getting 

sharper as to safe fulfillment of legal requirements 

(FMVSS 208) and new US-NCAP rating . 

 

It is especially an airbag design (stiffness, shape) 

focussed on unbelted load cases according to 

FMVSS 208 (0° and 30° impact) and on the 

requirements of phase 2b (30mph, 5%- und 50%-

dummy) that will lead to worse rating results in the 

future. In the case of demanding crash  pulses (high 

motorization) this dilemma will even get worse. 

 

The results of this study are based on valid 

occupant crash simulation of driver and passenger 

side. As to its interior geometry, the selected 

vehicle obviously corresponds to a European 

middle-class car. The dummy models used are the 

50%-ile male and the 5% -ile female dummy (See 

Figure 4). 

 

 

Figure 4. CAE model for driver and passenger  

side. [7] 

 

The vehicle components and the dummies as well 

are exclusively modelled by the FE-method. In 

advance, the parameters of the airbag and seat belt 

model have been validated in their range of 

variations by component tests. 

 

Basis for the choice of crash pulses for the 

simulation models were vehicles with extremely 

high front end stiffness (See Figure 5). 

 

From previous studies we learned that especially 

these crash pulses require the highest performance 

from the protection system. 

 

 
Figure 5. Comparison of US-NCAP crash pulses. 

The evaluation of the simulation results does not 

only include the classical occupant load values (see 

above) but also the kinematics of the dummies 

themselves (e.g. the risk for „submarining“) and the 

double forces/moments in the lumbar region. Only 

thus, a holistic analysis of the effects of single 

components in the occupant protection system can 

be made. 

 

Furthermore, all changes and/or adaptive measures 

at the protection system are evaluated for several 

crash configurations. The influence on the 

configurations of FMVSS 208 is considered as 

well. The measure for the evaluation is a shortfall 

of 20% under the legally allowed limits for the 

dummy loads. 

 

Thus, the statements or recommendations, that can 

be made, become broader, but the focus, however 

remains to be the new US-NCAP. 

DRIVER SIDE 

First step of the analysis is to study the single 

changes at the protection system separately. So it 

becomes possible to evaluate the respective 

potential apart from the others and to quantify its 

use for an advanced and/or adaptive protection 

system.  

 

The use of an adaptive seat belt force limiter in the 

retractor, which is able to switch from a high level 

to a lower one at a defined moment, is analyzed 

first.  

 

According to the US-NCAP NEW assessment the 

injury probability reduces by approximately 10% 

(see Figure 6). 

 

Without this adaptive seat belt force limiter a safe 

fulfillment of FMVSS208 would not be possible in 

the vehicle under evaluation (load case: 5%-ile 

dummy). Thus, the adaptive belt becomes a 

confirmed part for all further variants.  
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Figure 6. Adaptive belt load limiter compared to 

standard system. 

 

The application of a knee bag reduces the injury 

risk by further 25% (see Figure 7). 

 

The knee bag induces a reinforced support of the 

occupant in the pelvis area. This is accompanied by 

a reduction of the belt force in this area leading to 

positive effects on the chest deflection.  

 

The modified kinematics of the occupant caused by 

the knee bag also results in reduced head loads of 

the dummy. 

 

 
Figure 7. Kneebag compared to baseline. 

 

Optimizing the airbag shape allows to evidently 

increase the protective effects in the US-NCAP 

NEW. The airbag tailoring is trimmed so that the 

head restraint becomes better and the force 

application on the thorax is restricted to bio-

mechanically acceptable values (see Figure 8). 

 

 
Figure 8. Advanced airbag shape compared to 

baseline. 

 

The use of an adaptive airbag component, such as 

well as the adaptive seat belt, shows a high 

potential for an improvement of the protective 

effects in connection with the 5%-ile dummy. 

 

Under the boundary conditions of the   US-NCAP 

NEW, i.e. with the 50%-ile dummy, the efficiency 

of the analyzed airbag adaptivity is rather low. 

 

A double belt pretensioning in the retractor and in 

the belt bracket or in the buckle results in a 

reduction of the total injury risk by approximately 

10%. 

 

As already mentioned in the beginning, the baseline 

crash pulse corresponds to an extremely stiff 

vehicle front end structure. Therefore the vehicle 

response was also used as a parameter within the 

CAE study to see which impact an average US-

NCAP crash pulse has on the load values. 

 

In comparison to the other selected modifications 

particularly head, neck and femur injury 

probabilities could be reduced significantly (See 

Figure 9, No. 6: average crash pulse). 
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Figure 9. Overview: Benefit for driver side. 

 

Figure 9 demonstrates clearly to which regions of 

the body the injury risk can be addressed by 

adaptive and advanced measures. The total of all 

measures leads to a reduction of more than 60%. 

 

This outstanding result almost completely traces 

back to improvements in the head and chest area.  

 

In contrast, the probability for injuries in the neck 

and lower leg regions is hardly addressed by the 

analyzed modifications under the given boundary 

conditions. 

PASSENGER SIDE 

The basic design for the passenger side was in that 

case a standard restraint system with 3D airbag 

shape and constant belt force limiting (without 

knee airbag). 

 

As for the driver side, the influence of the restraint 

performance of the complete system is reported 

separately for each modification. This allows to 

derive the potential of an adaptive and advanced 

protection system for the passenger side. 

 

In a first step, based on the standard system an 

adaptive airbag system reduces the head injury 

probability (HIC15) for the 5%-ile female dummy 

significantly. Hence, clear benefits for the total 

assessment according to US-NCAP can be 

achieved (See Figure 10). 

The second modification in form of a dual-stage 

belt load limiters, which goes down to a lower 

force limit (e.g. to 2kN) at a very early stage, is 

made. 

 

This modification leads also to a positive effect on 

the US-NCAP rating (particularly chest deflection), 

though the chest load values are mainly dominated 

by the airbag. As already described for the driver 

side, an adaptive belt load limiting is a basic 

prerequisite for the safe fulfillment of legal 

requirements with equally good results in the 

ratings. The biggest benefit here is drawn from the 

reduction of the chest acceleration. 

 

The combination of adaptive belt force limiting and 

adaptive airbag system is therefore primarily 

necessary to address the target conflict between 

208 load case (56kph, 50%AM belted) and US-

NCAP requirements (5%AF).  

 

The combined adaptivity in the belt and airbag 

system allows a reduction of the HIC15 by 30% 

and of chest deflection by approximately 10% in 

the present parameter variation compared to the 

standard system (See Figure 10). 

 

 
Figure 10. Adaptive airbag and belt load limiter 

compared to standard system. 

 

The adaptive components as part of a new basic 

system are also used in all other parameter 

variations. 

 

As already stated for the driver side, the use of a 

knee bag leads to an improved pelvis restraint. 

Thus, especially the chest deflection can be reduced 

by approximately 40%. 

 

In combination with the adaptive belt load 

limitation and an adaptive airbag system, the 

reduction of the head loads turns out to be 

surprisingly high (HIC15 by about 70%). At the 

same time, it has to be accepted that the knee bag 

causes a significant increase of the axial femur 

force when the loads are on a low level. 
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As to the FMVSS 208 load cases, this modification 

also effects benefits for the chest acceleration 

(primarily 5%-ile dummy). 

 

All in all, the injury probability can be reduced by 

approximately 12 % when a knee bag is used (See 

Figure 11). 

 

 
Figure 11. Knee bag compared to baseline. 

 

The modifications studied by now showed clear 

reductions for the head and chest loads. Benefits 

for the neck loads (Nij), however, could not been 

proved yet.  

 

The next step will therefore be an optimization of 

the airbag shape as this seems to dominate the neck 

loadings of the 5%-ile dummy.  

 

Due to the positive influence of the knee bag on the 

head and chest loads it will further be part of the 

considerations.   

 

First a modification of the standard 3D shape is 

made for the region of the head and chest contact. 

This already allows a significant reduction of the 

neck injury risk. But at the same time head and 

chest loads change for the worse. Nevertheless, the 

total injury risk declines by 15% when all load 

criteria are considered. (See Figure 12, advanced 

airbag shape). 

 

This is why the second step analyzes the Takata 

patented Twinbag [8]. Using a two-chamber airbag 

shape the „coupling“ of head and thorax and the 

resulting force application in this area can be 

improved systematically. This variant allows to 

reduce the chest deflection again by more than 50% 

compared to the basic variant (adaptivity in 

belt/airbag + knee airbag). 

 

Furthermore, in comparison to the baseline the 

neck injury probability (Nij) can be reduced by 

approximately 30%. 

 

The use of the Twinbag results in a reduction of the 

combined injury risk by more than 30% (See 

Figure 12, Twinbag). 

 

 
Figure 12. Advanced airbag shape and Twinbag 

compared to baseline (all modifications with 

knee bag). 

 

The modification in the belt using double 

pretensioning (retractor and anchor or buckle), 

analyzed hereinafter, leads to a significant 

improvement of chest acceleration and chest 

deflection values, but it has a negative effect on 

head and neck loadings resulting in a clearly worse 

rating in the US-NCAP. 

 

Analogous to the driver side, finally the influence 

of a (average) crash pulse on the evaluation 

according US-NCAP NEW is studied. On the 

passenger side, too, this variant results in  an 

improvement of the head and chest loadings, those, 

however, not being that clear referring to the total 

rating of the 50%-ile dummy on the driver side 

(See Figure 13, No. 5: average crash pulse). 

 

Finally, the study should find out whether 

disregarding an optimized airbag shape may allow 

for doing without an adaptive airbag system. Here, 

the Twinbag formidably shows its benefit on the 

combined injury probability using a hard crash 

pulse and the modifications explained above 

(adaptive belt limiter + knee airbag). 

 

With reference to the combined injury probability 

this variant shows an improvement of 

approximately 55% even without the use of airbag 

adaptivity when directly compared to the standard 

system. This mainly traces back to considerable 

reductions in HIC15 and chest deflection (See 

Figure 13, No. 6: Twinbag w/o airbag adaptivity). 
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In contrast to the driver side, the injury risk for the 

neck (Nij) also sinks by 15% to 20% when the 

system is supported by the analyzed modifications 

at the airbag shape (advanced airbag or Twinbag). 

 

Figure 13 gives an overview on the studied 

modifications and their potential with reference to 

the injury risks according to US-NCAP NEW 

rating. 

 

 
Figure 13. Overview: Benefit for passenger side. 

CONCLUSIONS 

According to the new US-NCAP requirements, the 

assessment of the frontal impact star rating is 

extended by additional injury criteria for neck (Nij, 

compression/tension force), chest deflection and 

femur forces. With conventional airbag and seatbelt 

technologies, it seems to be very difficult to 

achieve a 5-star rating; on top of that if the tuning 

of the restraint system is based on a hard crash 

pulse. 

 

Facing the legal requirements according to FMVSS 

208 – unbelted and belted load cases (particularly 

Phase 2a and 2b) and the new US-NCAP rating 

scheme, HIC15, chest a3ms und chest deflection 

can be addressed sufficiently using an adaptive seat 

belt and airbag system on driver and passenger 

side. 

 

On the driver side and on the passenger side as well 

a significant reduction of the injury risk could be 

evidenced for the 5%-ile and 50%i-le dummy load 

cases, particularly with regard to the head and 

thorax loadings. Combined with a knee bag and/or 

measures at the airbag shape the use of adaptivity 

for the restraint system can be obviously extended. 

 

In principle, the airbag stiffness/damping is adapted 

to the unbelted load case with a 50%-ile dummy 

according to FMVSS 208. On the driver side an 

adaptive (airbag) system is primarily not needed to 

improve the rating according to US-NCAP. 

Provided an occupant classification system (OCS), 

here an adaptive parameter might be required to 

address the 5%-ile dummy load cases according to 

FMVSS 208. Due to the requirements for the 50%-

ile dummy (unbelted) the usually applied extension 

of the venting area in the airbag is normally not to 

realize.  

 

When the moments of activation of the adaptive 

airbag and belt system differ, the load cases for the 

5%-ile and 50%-ile dummy can be addressed 

separately.  

 

On the passenger side especially the injury 

probability for head and thorax is clearly reduced 

by the use of an adaptive airbag and airbag system. 

Here, benefits fort he neck loads can be proven 

having a positive effect on the total rating. 

 

The combination of adaptive and advanced 

technologies (adaptive airbag / seat belt, knee bag, 

airbag shape) leads to a reduction of the combined 

probability of about 50%. 

Using a knee bag or a double pretensioning belt 

system (retractor and buckle ore anchor), pelvis 

forward movement and dummy kinematics can be 

controlled sufficiently. 

 

An optimized / advanced airbag shape can help to 

control load paths on head and thorax and to reduce 

chest deflection and neck loads (Nij). 

 

In the end, the analyzed parameter variations show 

that adaptivity with regard to legal and consumer 

requirements are an important part in the adaptation 

of the restraint system. 
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Figure A1. Overall vehicle rating acc. to US-NCAP New based on weighted Relative Risk Scores (RSS). 
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ABSTRACT 

The provision of protection for vulnerable road users 
(pedestrians and pedal cyclists) is not a new concept 
for vehicle design. Directives 2003/102/EC [1] and 
2005/66/EC [2] assess the “structural aggressivity” of 
passenger cars and front protection systems 
(“bullbars”) with respect to the protection of 
pedestrians. Adopting these directives for assessing 
heavy goods vehicles (HGVs) would be straight-
forward. However, assessing the “structural 
aggressivity” only, will fail to address a relatively 
large number of fatalities, particularly those that 
occur at low-speeds. 
 
This manuscript describes the development of the test 
procedures and assessment criteria for the Heavy 
Vehicle Aggressivity Index (HVAI). The procedure 
and criteria are derived based on the study of real 
world accidents. The proposed procedure integrates 
numerical simulation and physical testing methods. 
 
The HVAI aims to reduce the number or severity of 
vulnerable road user (pedestrian and pedal cyclist) 
casualties from accidents involving HGVs by 
providing guidance to manufacturers/designers of 
such vehicles.  
 
The HVAI consists of three parts, assessing the field 
of view of the driver (active HVAI), the direct 
contact between the casualty and the vehicle structure 

(structural HVAI) and the risk of the casualty being 
over run by the HGV (run-over HVAI). Each of these 
sub-indexes returns a value between 0 and 10. The 
three parts ensure that a wide range of accident 
scenarios are addressed. 
 
Keywords: Vulnerable Road Users, Pedestrian, 
Bicyclist, Heavy Goods Vehicles, Trucks 

INTRODUCTION 

The Heavy Vehicle Agressivity Index (HVAI) aims 
to improve the protection offered to pedestrians and 
pedal cyclists – often referred as vulnerable road 
users in impacts with HGVs. The HVAI is a set of 
test procedures for the assessment of the protection 
afforded to vulnerable road users (VRU) by heavy 
goods vehicles (HGV). The HVAI aims to encourage 
HGV manufacturers and designers to develop more 
pedestrian and cyclist friendly vehicles in order to 
reduce the number or severity of VRU casualties 
from accidents involving HGVs.  
 

METHOD  

The HVAI consists of three parts assessing the 
performance of the design in relation to the following 
areas (see Figure 1): 
• Active Index: The ability for the accident to be 

avoided though good visibility and/or active 
safety systems. 
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• Structural Index: Direct contact between the 
casualty and the vehicle structure, 

• Run-over Index: Risk of the casualty being run 
over by the HGV. 
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Figure 1. Presentation of the HVAI. 

Each individual part of the HVAI is assessed on a 
scale from 0 to 10 with the score increasing with 
improved protection of the VRU. 

Active Index 

The accident analysis revealed numerous accidents at 
low impact speeds [3]. Passive safety measures will 
have limited effect on very low speed accidents 
because of the kinematics involved. These accidents 
are addressed by the active AI. The index evaluates 
the field of view of a 50th percentile driver, separated 
into a primary area of interest (in the close 
surroundings of the vehicle) and a secondary area of 
interest (>5m away from the right front edge of the 
HGV). 
 
The active part of the HVAI is a methodology for 
comparison of cab designs of HGVs over 7.5t with 
respect to the driver’s field of view. It is a proposal 
for comparing the driver’s field of view by 
considering four basic components: 
• areas only seen directly;  
• areas only seen through the various mandatory 

mirrors;  
• areas which can be seen directly and at least 

through one mirror;   
• blind spots /areas not visible at any time. 
 
The development of this assessment procedure is 
based on geometrical relations in 2D blueprints of the 
commercial vehicles and cabs. In addition, the 
mandatory mirror view areas around the vehicle were 
used. The assessment could be carried out using 3D-
CAD and/or ergonomics software packages. 
 

The current proposal is restricted to the assessment of 
cab-over-engine HGVs and includes only the primary 
structures affecting the visible area (edge of glazing 
and mirrors). Obstructions due to the dashboard or 
the steering wheel were not considered.  
 
The test procedure defines two areas of interest in 
which measurements will be taken. These are the 
primary area of interest (PAI) and the secondary area 
of interest (SAI) as shown in Figure 2. 
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Figure 2. Definition of primary and secondary 
areas of interest. 
 

Direct field of view 
The direct field of view is that which can be seen by 
the driver without the use of visual aids such as 
mirrors or cameras. The direct field of view is often 
measured by marking the boundary of the visible area 
on the ground plane either physically or numerically 
by the use of CAD/ergonomics software. For the 
purpose of this proposed assessment protocol, the 
direct field of view is measured at a height of 1.6m 
from the ground. 1.6m is an estimate of the vertical 
position of the centre of the head of a walking 50th 
percentile person and will ensure that a pedestrian of 
this stature will be seen when standing in the visible 
area. However there are also other statures of VRU 
that could be considered for future development of 
this procedure, for example 5th percentile females, 
cyclists or child pedestrians. 
 
Figure 3 shows an example of the direct field of 
view. Blind spots that result from the main structure 
of the cab are shown in red, whilst blind spots 
associated with other structures such as the mirrors 
are shown in blue. The assessment is based upon the 
monocular vision of a 50th percentile male driver 
sitting in a normal driving position. 
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Figure 3. Direct field of view. 

 
Indirect field of view 

The indirect field of view is that which can be seen 
by the driver through the mirrors (or other features 
such as video cameras). Current legislation requires 
that the indirect field of view is measured on the 
ground plane. This can allow small objects within the 
prescribed area to be seen, however, it may not 
necessarily be possible to identify what the object is. 
To allow the driver to correctly identify a VRU, it is 
proposed that the indirect field of view is assessed at 
a distance of 0.5m from the ground plane. This 
should allow at least the lower half of a pedestrian’s 
leg or half a bicycle wheel to be identified in the 
mirrors. The proposed assessment of indirect view 
does not include the Class II (main exterior mirrors) 
because they are not considered influential for current 
VRU accident scenarios. However, they are included 
for the purpose of assessing the direct field of view 
because they form an obstruction to the direct field of 
view. Figure 4 shows an example of the indirect field 
of view. The proposed index promotes an indirect 
field of view that exceeds existing regulations. 
 

 
Figure 4. Indirect field of view. 
 

Valuation of visible areas and blind spots 
The areas defined above are combined as shown in 
Figure 5 and the following areas are calculated for 
both the PAI and SAI: 
• Blind spots; 
• Mirror view only; 
• Direct view only; and 
• Combined mirror and direct view. 
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Figure 5. Diagram combining direct and indirect 
fields of view and blind spots. 
 
To allow for the relative importance of the different 
view areas with respect to the safety of VRU, 
weighting factors were applied: 
• Blind spots in the PAI were considered more 

relevant than those in the SAI because of the 
close proximity to the vehicle. These were 
therefore upgraded by 20% by applying a 
weighting factor; 

• It is often more difficult to correctly identify an 
object in a mirror than through the windshield 
(direct view). Therefore areas that were only 
visible in mirrors were downgraded by 20%; 
o Mirror views in the SAI were downgraded 

a further 20% because the mirror views at 
that distance are even more difficult to 
interpret. 

• Where the direct and indirect views overlap 
there is an increased probability that the driver 
will be able to correctly identify the VRU, for 
example if part of the head is visible through the 
window and part of the leg is in the view given 
by a mirror. However, because this area is also 



 
Feist 4 

part of the direct view, a neutral weighting is 
applied. 

 
PAI Example 

As example, the PAI around the truck has a total 
visible area of 123m² (see Table 1). The visible area 
of the PAI is divided in the areas of direct view 
(49m²) and in areas of mirror view (55m²). An area of 
14m² can be seen both directly and in-directly (in the 
mirrors). The blind spot areas have a value of 5m². 
The value of direct view and overlapped view are un-
weighted and will not be changed, remaining at 49m² 
+ 14m² respectively. The value for the mirror view 
will decrease 20% from 55m² to 44m² and the value 
of the blind spot areas will increase 20% from 5m² to 
6m². Consequently, the sum of the weighted areas of 
the PAI will decrease from 123m² to 113m². The 
direct view and overlap view areas will account for 
43% and 12% of the total weighted area. The mirror 
view area is 39% (and 12% overlap) and the blind 
spot areas account for 5% in the PAI. 
 

Table 1.  
Example of calculated and weighted areas, PAI. 

 Primary Area of Interest 
 Weightin

g Factor 
Area 

([m²])[%] 
Weighted Area 

([m²]) [%] 
Blind spots 1.2 (5) 4 (6) 5 
Mirror view 0.8 (55) 45 (44) 39 
Overlap 
direct -mirror 

1.0 (14) 11 (14) 12 

Direct view 
area 

1.0 (49) 40 (49) 43 

Total  (123) 100 (113) 100 
 

SAI Example 
The SAI around the truck is usually about 60% larger 
than the PAI and has in our example a total amount 
of 195m² (see Table 2). The weighted value of direct 
view will not be changed and remains at 131m². The 
value of mirror view will decrease from 45m² by 20% 
to account for it being the indirect view and by a 
further 20% because it is the SAI (as described 
earlier) to 35m² (including 16m² overlap). The value 
of the blind spot areas on the other hand remain at 
19m². Hence the sum of the areas of the SAI will 
decrease to 184m². The direct view area and overlap 
area will account for 71% and 9% of the weighted 
area. The mirror view area is 19% (incl. 9% overlap) 
and the blind spot areas 10% in the SAI. 
 

Table 2.  
Example of calculated and weighted areas, SAI. 

 Secondary Area of Interest 
 Weightin

g Factor 
Area 

([m²])[%] 
Weighted Area 

([m²])[%] 
Blind spots 1.0 (19) 10 (19) 10 
Mirror view 0.64 (29) 15 (19) 10 
Overlap 
direct- mirror 

1.0 (16) 8 (16) 9 

Direct view 
area 

1.0 (131) 67 (131) 71 

Total  (195) 100 (185) 100 
 

Modifiers 
Even when the design of HGV enables the driver to 
see almost every detail around the vehicle, there will 
remain some specific situations when the VRU is not 
visible, particularly when in very close proximity to 
the HGV: 
• VRU is standing just in front of the HGV; 
• VRU is just to the nearside of the HGV; or 
• VRU is walking towards the HGV roughly 

behind the B-pillar. 
 
Modifier points are awarded to vehicles where the 
following criteria apply: 
 
1. Step one is to evaluate if there is an overlap area 

of direct view and indirect view by one of the 
mirrors in the PAI around the vehicle. For 
example, this overlap could be found between 
the area covered by the direct view and the area 
covered by the wide-angle-mirror on the 
nearside. This criterion is fulfilled, if there is an 
overlap of at least 100mm, in which case a 
modifier of 3 will be awarded; 

2. The second criterion is applied if the first 
criterion is fulfilled. This criterion focuses on the 
overlap of the direct view out of the nearside 
window and the proximity mirror area. The 
criterion is fulfilled, if there is an overlap of at 
least 100mm between the interior borderline of 
the direct view through the nearside window and 
the exterior borderline of the proximity mirror 
view. In this case the modifier number increases 
to a maximum of 6. 

3. This criterion focuses on the overlap of the direct 
view out of the side window and the wide angle 
mirror area in the PAI on the nearside of the 
vehicle. The criterion is fulfilled, if there is a 
point were the overlap of the rear borderline of 
the direct view through the right window and the 
frontal borderline of the right wide angle-mirror-
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view. If this is the case, the modifier number 
increases to a value of up to  10. 
 

Overall score for Active HVAI 
Figure 6 shows an example of the presentation of the 
results of the assessment. The outer circle shows 
results for the SAI, the inner circle is the PAI and the 
number in the centre refers to the modifier score. 

44%

13%

38%

5%

71%

9%

10%

10%
Direct view areas

Direct- and Mirror-
view areas
Mirror-view areas

Blind spot areas

10

 
Figure 6. Example presentation of assessment 
results. 
 
There are three important values required to assess 
the overall field of view (direct view, mirror view 
and blind spots). For each area of interest, the direct 
view and blind spots were benchmarked against 10 
existing HGV designs. Benchmarking two of the 
three values was considered sufficient since the 
mirror view would be the remainder of the total (i.e. 
mirror view = 100% - direct view – blind spots). The 
results of the benchmarking are shown in Table 3. 
 

Table 3.  
Benchmarking of direct view and blind spots. 

PAI Direct 
View 

Blind 
Spot 

SAI Direct 
View 

Blind 
Spot 

10 58% 4,0% 10 80,0% 9,0% 
9 55,5% 5,5% 9 77,5% 10,5% 
8 53,0% 7,0% 8 75,0% 12,0% 
7 50,5% 8,5% 7 72,5% 13,5% 
6 48,0% 10,0% 6 70,0% 15,0% 
5 45,5% 11,5% 5 67,5% 16,5% 
4 43,0% 13,0% 4 65,0% 18,0% 
3 40,5% 14,5% 3 62,5% 19,5% 
2 38,0% 16,0% 2 60,0% 21,0% 
1 35,5% 17,5% 1 57,5% 22,5% 
 
This allowed a score from 0 to 10 to be applied to 
each of the four parts (direct view PAI, blind spot 
PAI, direct view SAI and blind spot PAI). These four 
values are then combined with the modifier score and 
averaged to give the Active HVAI score out of 10 as 
shown by the example in Table 4. 
 

Table 4.  
Example of overall Active AI score. 

 Single Rating Overall Rating 
Modifier 10 

8.8 
Direct view PAI 9 
Blind spot PAI 9 
Direct view SAI 8 
Blind spot SAI 8 
 

Structural Index 

Test procedures for the assessment of the structural 
interaction between passenger cars and pedestrians 
already exist, both, for type approval purposes and 
for use in consumer assessment ratings of vehicles. 
These existing protocols have been used as a basis for 
the development of a test procedure for the 
assessment of the protection for VRU in impacts with 
HGVs [4]. 
The structural aggressivity index defines two impact 
zones (adult and child) with 6 areas per zone and 4 
regions per area. One region within each area is 
tested by propelling adult and child headforms (as 
defined by EEVC WG 17) horizontally at 11.1m/s. 
Up to 15 tests per vehicle are conducted to assess the 
structural response. Up to 2 credit-points are assigned 
to each test area. 
 

Vehicle preparation and marking 
The protocol specifies the marking out of the front of 
the vehicle into two zones, one an adult zone, and the 
other a child zone. The adult zone is the area where 
the head of an adult pedestrian is likely to hit and the 
child zone is the equivalent area for a child 
pedestrian. The marking procedure includes 
allowances for changes in ride height of the vehicle 
and defines the “corner” of the vehicle. The lower 
boundary of the test zone is defined with the vehicle 
at its maximum ride height, and the upper boundary 
with the vehicle at its minimum ride height. The 
heights of the boundaries are defined based on 
anthropometric data [5]. Figure 7 shows the marking 
of the two test zones. 
 



 
Feist 6 

 
Figure 7. Marking out of test zones accounting for 
ride height of vehicle. 
 
This approach has been developed based on flat-
fronted vehicles, which are the most common HGV 
design currently in use in Europe. The protocol 
provides an alternative approach for marking vehicles 
that are not flat fronted, which allows the wrap-
around kinematics to be considered. 
 
Both the child and adult test zones are divided 
horizontally into six areas. Each area is then sub-
divided into quarters and labelled as shown in Figure 
8. 
 

 
Figure 8. Labelling of test zones. 
 

Impact points 
The test points are selected by the test engineer from 
the testing organisation (as is the case in EuroNCAP 
pedestrian testing of passenger cars). At least one 
point must be selected from each test zone (A1, 
A2…..C5, C6). The test point selected should be 
expected to be the most injurious within that zone. In 
some cases, multiple test zones can cover the same 
structure, which is expected to have equivalent 
performance (e.g. the windscreen). Where this 
occurs, the protocol allows for only one test to be 
performed, with the same result translated to the 
second (and third etc) test zone. 
 

The vehicle manufacturer may specify up to three 
additional tests (one per test zone), allowing for a 
total maximum of 15 tests. 
 

Testing 
The testing is carried out with air, spring or 
hydraulically propelled headforms. The protocol 
provides details on how to position the headform. 
The headform is propelled at the vehicle in the x-
direction (nominally this is normal to the surface). 
However, alternative set-up requirements are 
described where the geometry of the HGV could 
affect the dynamics of the head impact due to wrap-
around kinematics [4]. 
 
The testing is carried out using adult headforms for 
area A and child headforms for area C (Figure 8). 
The test speed used is 11.1± 0.2m/s selected based on 
analysis of accident data that showed approximately 
50% of fatalities occur at impact speeds up to 40-
45km/h [3]. 
 

Assessment criteria 
The 15ms Head Injury Criteria (HIC15) is used for the 
assessment of the structural aggressivity. For each 
test location, up to two points can be awarded, based 
on the performance criteria shown in Table 5. The 
scores for each test zone are combined to give a total 
of up to 24. This is then linearly scaled to a 
maximum score of 10. 
 

Table 5.  
Performance criteria. 

HIC Points Colour Rating 
0 < HIC < 1000 2 Green 

1000 < HIC < 1350 1 Yellow 
1350 < HIC 0 Red 

 
If additional points are tested (up to 3 extra points), 
the score for each test location within a zone is 
weighted to the test zone. For example, if two tests 
are conducted in zone A6 (Figure 8), with one impact 
location scoring 1 point and the other scoring 2 
points, then the overall score for the area is 
(0.5x1)+(0.5x2) = 1.5. 
 

Example 
Figure 9 shows an example of the test locations 
selected and the associated HIC15 category (left) and 
the scores attributed to each test zone (right). 
 
The left hand figure shows a total of 15 test points. 
The additional points selected are highlighted with a 
black border. Also two of the twelve selected points 
were not tested because there was no expected 
benefit. These two points are in the adult zone on the 
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left and right A-pillars. These two points have been 
assigned a score of 0, because the anticipated 
headform response is HIC15>1350. 
 

 

Figure 9. Example of test locations and results 
(left) and scoring (right). 
 
The figure on the right shows how the overall score is 
derived. Where an additional test point has been 
included (for example in zone A1) half of the test 
zone is rated red and half green. Zone A5 is also 
rated half red and half green because of the second 
test point within the zone. The zone A6 was also 
tested twice, but this zone was rated half amber and 
half red. The overall score for this vehicle is 
calculated as shown in Table 6. 
 

Table 6.  
Calculating the overall score. 

 Zone Score 

A
D

U
L

T
 

A1 0x0.5 + 2x0.5 
A2 1 
A3 0 
A4 2 
A5 0x0.5 + 2x0.5 
A6 1x0.5 + 0x0.5 

Adult Total 5.5 

C
H

IL
D

 

C1 1 
C2 2 
C3 1 
C4 1 
C5 2 
C6 1 

Child Total 8 
 Overall Score (13.5 / 30 x 10=) 4.5 

Run-over Index 

A virtual testing procedure based on multi-body 
simulation techniques is used to assess the risk of the 
VRU being run-over. The HGV is approximated by 
rigid facet surfaces. A human pedestrian model with 
and without bicycle is used. In total 21 simulations 
have to be carried out, covering two accident 
scenarios (turning and going straight), two road users 
(bicyclist and pedestrian) and seven impact areas, 

depending on the scenario (two on the front and five 
on side). 
 
The rationale for developing a virtual test procedure 
is discussed later in the paper.  
For the development of the proposed assessment 
procedure, the following basic objectives were 
considered: The procedure should remain simple 
therefore uniform contact characteristics (those of the 
pedestrian) are assigned to the vehicle, allowing 
CAD data to be transferred easily. To aid 
comparison, only one code, one human model and 
one type/mode of bicycle is currently proposed. 
 
To help achieve these development objectives, the 
following steps were taken: 
• Standard input-decks were developed and used. 

Only the data describing the outer shape of the 
specific HGV has to be provided.  

• In order to keep the simulation simple, active 
safety systems were not considered. However, 
deployable systems can be included in this 
assessment in the deployed position 
(deployment of the system will need to be 
evaluated by additional testing not yet defined). 

• The MADYMO multi-body solver was chosen 
as the common simulation tool, because 
MADYMO offers a broad variety of pedestrian 
human models validated with respect to initial 
impact kinematics. The HGV is represented as a 
rigid facet model in MADYMO;  

• For the purpose of this study, rigid HGVs have 
been used to demonstrate the assessment 
procedure. The assessment of HGVs with 
trailers is also possible but more difficult, 
because only a certain combination of truck and 
trailer can be tested. Therefore, it is proposed 
that a standard trailer should be used.  

 
Accident scenarios and impact locations 

To assess the risk of the VRU being run over, a range 
of accident scenarios were identified from literature 
and accident data. The outcome of this analysis was 
the definition of impact locations on the HGV as 
shown in Figure 10 (for the side) and Figure 11 (for 
the front). 
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Figure 10. Definitions of impact sub-areas - Side. 
 

 
Figure 11. Definitions of impact sub-areas - Front. 
 
The accident scenarios were combined with the 
relevant impact locations on the HGV. The final 
simulation matrix for assessing the risk of run over 
encompasses 21 simulations (Table 7). 

Table 7.  
Simulation matrix for run-over assessment 

procedure. 
No. Impact 

Location 
Accident Scenario Orientation 

of VRU 
1 F.1 

HGV turning vs. 
pedestrian 

45° 
2 F.2 45° 
3 SO.1/ ST.1 0° 
4 SO.2/ ST.2 0° 
5 SO.3/ ST.3 0° 
6 SO.4/ ST.4 0° 
7 SO.5/ ST.5 0° 
8 F.1 

HGV turning vs. 
cyclist 

45° 
9 F.2 45° 
10 SO.1/ ST.1 45° 
11 SO.2/ ST.2 45° 
12 F.2 0° 
13 SO.1/ ST.1 0° 
14 SO.2/ ST.2 0° 
15 SO.3/ ST.3 0° 
16 SO.4/ ST.4 0° 
17 SO.5/ ST.5 0° 
18 F.1 Forward driving 

HGV vs. pedestrian 
90° 

19 F.2 90° 
20 F.1 Forward driving 

HGV vs. cyclist 
90° 

21 F.2 90° 
 

For the purpose of weighting the impact locations in 
relation to the frequency of their involvement in real 
world accidents, it was necessary to combine the 
impact locations (the data from accidentology do not 
allow for distinguishing the impact locations to that 
degree). The sub-areas defined in Figure 10 and 
Figure 11 are combined into the main areas shown in 
Figure 12. For one main area to pass the assessment, 
the associated sub-areas must show that run-over is 
prevented. The association between the main areas 
and the sub-areas are shown in Figure 12 and Table 
9. 
 

 
Figure 12. Definition of main impact areas. 
 

Table 8.  
Relationships between areas & sub-areas, Part A 

Turning 
Sub area Front Edge Cabin Wheel Side 
F.1 X     
F.2 X X    
SO.1/ ST.1  X X   
SO.2/ ST.2    X  
SO.3/ ST.3     (X)* 
SO.4/ ST.4    (X)*  
SO.5/ ST.5     (X)* 

(X)* Not relevant for the sub scenario with the HGV 
turning and the bicyclist on a separate lane 
 

Table 9.  
Relationships between areas & sub-areas, Part B 

Forward driving 
Sub area Front Edge 
F.1 X  
F.2 X X 

 
Determining risk of run over 

The output from the simulations is an assessment of 
whether or not the VRU is run over by the HGV.  For 
that purpose, run-over is defined in two ways (see 
Figure 13 and Figure 14). The two definitions of run 
over are: 
• The VRU is run over if one of the body regions 

coloured red is in contact with a wheel of the 
HGV (Figure 13); or 

• The centre of gravity of the head or the hip is 
within the critical area defined (Figure 14) 
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Figure 13. Body regions that must not contact 
wheels (shown in red). 
 

Zone durch Reifen beschrieben

Projektion der Kontur
Kritische Zone

Contour defined by wheels
Contour defined by outer truck surface at z=450mm
Critical area  

Figure 14. Definition of critical area under HGV. 
 
If the VRU is not run over, there are a number of 
possible outcomes from the impact. Three types of 
outcome were defined: 
• “Fixing”  - the VRU is not run over and 

subsequently none of the red coloured body 
regions are involved in the secondary impact 
with the ground; 

• “Isolating” - the VRU is not run over and 
subsequently the red coloured body regions are 
involved in the secondary impact with the 
ground and the HGV; 

• “Moving away” – the VRU is not run over and 
is deflected away from the HGV by the primary 
impact. 

 
The risk of injury associated with each of these 
different outcomes can be different. Fixing is 
considered to result in a lower risk of injury than 
isolating because the VRU is not pushed over the 
ground. Moving away is considered to result in a 
high risk similar to that associated with isolating, 
because of the uncertainty in relation to the direction 
and velocity of the secondary impact. The following 
risk factors are applied depending on the type of 
protection after the initial impact: 

• Fixing = 1 
• Isolating = 0.7 
• Moving away = 0.7 
 

Weighting factors 
The literature and accident analysis has shown the 
variation in the frequency of the impact 
scenarios/locations. To allow for the distribution of 
real world accidents, the scores are weighted as 
shown in Figure 15 - based on the main areas defined 
in Figure 12. 

 
Figure 15. Weighting factors for each accident 
scenario. 
 

Example  
The following figures show a comparison between a 
flat fronted HGV and an HGV fitted with a 
“nosecone” [6]. Figure 16 and Figure 17 show 
simulations where the nosecone prevents run-over, 
while the flat front does not. Figure 18 and Figure 19 
show a scenario where none of the designs prevents 
run-over. More examples can be found in APROSYS 
WP2.1 report [7]. 
 

 
Figure 16. Flat front simulation result: Pedestrian 
frontal 90 degree - Sub Area F2. 
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Figure 17. Nosecone simulation result: Pedestrian 
frontal 90 degree - Sub Area F2. 
 

 
Figure 18. Flat front simulation result: Cyclist 
with HGV turning 0 degree – sub-area SO1. 
 

 
Figure 19. Nosecone simulation result: Cyclist 
with HGV turning 0 degree – sub-area SO1. 
 
The outcomes from the simulations in terms of run 
over/not run over and the injury risk associated with 
the post impact kinematics are entered into a 
calculation spreadsheet. The spreadsheet returns a 
score between 0 and 10. 
To continue the example of the nose-cone HGV: 
While the conventional flat front vehicle scores 0.3 
points out of 10, the nose-cone HGV reaches 5.5 
points. 

DISCUSSION 

Assessing the protection of VRU is not new to 
vehicle engineering. Directives 2003/102/EC [1] and 
2005/66/EC [2] assess the “structural aggressivity” of 

passenger cars and front protection systems 
(“bullbars”). Revisions of these directives to come, 
will consider active collision avoidance systems, too. 
For HGV legislations addressing the protection of 
VRU are related to the sideguards and the geometry 
of the front of the HGV in relation to protrusions. 
Comparable directives to 2003/102/EC and 
2005/66/EC do not exist for HGV. Adopting these 
directives for assessing HGVs would be straight-
forward. However, assessing the “structural 
aggressivity” only, will fail to address a large number 
of low-speed fatalities that result from accidents 
involving HGVs [3]. 
 
The HVAI, developed by APROSYS, addresses these 
low-speed accidents by assessing the field of view 
around the vehicle and the risk of the VRU being 
run-over. Analysis of accident data has shown that a 
“structural index” has to concentrate on the front of 
the vehicle (including the vehicle’s corners). The 
pedestrian is most frequently impacting the HGV 
front (64 to 75 % [3], [8, 9], [10]). For cyclists, the 
co-driver side is also highly relevant. However, 
where the impact is with the side of the HGV, the 
relative speeds between cyclists and HGV are lower 
and there is a greater risk of the cyclist being 
caught/run over by the HGV[8] and therefore this 
scenario is covered by the run-over index. 
 
In APROSYS [11] major accident scenarios were 
defined. Table 10 cross-references each part of the AI 
with the accident scenarios that are most relevant to it 
(more stars represents closer correlation between the 
sub-index and the accident scenario).  
 

Table 10. 
Heavy Goods Vehicle Aggressivity Index versus 

accident scenarios 

Scenario 
Active  

AI 
RunOver 

AI 
Structural 

AI 
1.1 (Turning) ��� ���  
1.2 (Turning) ��� ���  
2.1 (Overtaking, 
frontal impact) 

  ��� 

2.2 (Overtaking, 
lateral impact) 

� �  

3.1 (Crossing, 
pulling away) 

��� ���  

3.2 (Crossing)   ��� 
4 (Autobahn)   � 
 

Figure 20 shows the accumulated percentage of fatal 
HGV-pedestrian accidents versus impact speed. The 
red bars highlight the impact speed range that is 
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addressed by each of the sub-indexes. It can be 
concluded, that the HVAI covers a significant range 
of HGV-VRU accidents and fatalities. 

 

 

Figure 20. Heavy Goods Vehicle Aggressivity 
Index versus impact speed. 
 
Presenting the three aspects of the HVAI separately 
allows the vehicle design to be assessed with respect 
to each individual component of the AI. Combining 
the three parts into one overall rating was discussed, 
however it was decided that presenting the individual 
results would be easier to understand (have more 
meaning) and enable designers/engineers to identify 
which aspects of the vehicle design to focus on in 
relation to the protection of VRU. A single overall 
score might distort the vehicle’s performance. 
The current index is a starting point and should be 
used as the basis to motivate further discussions and 
developments in the field of VRU protection of 
HGV. 

Active Index 

Vehicle blind spots and the driver’s field of view 
from the cab of HGVs are often cited as contributory 
factors in a range of accident scenarios. The most 
recent changes in legislation requiring the fitment of 
close proximity mirrors to the front and nearside of 
the vehicle, have been intended to help reduce the 
number of casualties that are attributed to blind spot 
accidents. However, legislation provides a minimum 
performance requirement and does not account for 
the overlap of direct and indirect views. VRU are a 
group of casualties that are often severely or fatally 
injured in accidents caused by a driver’s blind spot 
impaired field of view. Examples of accidents 
involving VRU casualties are those where the HGV 
is turning to the nearside and collide with a pedal 
cyclist or where the HGV is held up in stop-start 
traffic and a pedestrian crosses close to the front of 
the vehicle. This active AI aims to identify and 

encourage vehicle designs that can help to reduce the 
number of VRU casualties through improved 
visibility or the use of active safety systems. 
 
The active index promotes areas that are covered by 
both direct and in-direct view consecutively, through 
the use of modifiers. The driver’s view to the co-
driver’s side with its dangerous blind spot areas has a 
strong influence/effect. 
By applying weighting factors improvements to the 
direct field of view are promoted. Of course, 
improved vision can be provided by mirrors as 
well,however, mirrors have a number of drawbacks: 
• Mirrors need to be correctly set and adjusted to 

provide the view that is required by legislation: 
• The number of mirrors fixed to current HGV 

makes it hard for the driver to correctly use 
these mirrors: 

• Identification of objects in the mirrors is 
sometimes hard, as only parts of the VRU are 
shown (e.g. the legs of a cyclist). 
 

The calculated values for the vehicles analysed while 
developing this methodology ranged from 2.4 to 9.2. 
From the 14 vehicles analysed, 10 of the vehicles 
reach only an index value between 2.4 and 4.0. 
Comparison of the active index result with the height 
of the lower edge of the windscreen from the ground 
showed some correlation, particularly for the lower 
scoring vehicles. There are already some designs on 
the market which achieve a good result for the active 
index despite a very high lower edge of the 
windscreen and vice versa. Therefore the lower edge 
of the windscreen is not the only factor that 
influences the visibility.  
 
Further development of the active AI should consider 
the following issues: 
• Evaluation of electronic vision aids is not 

implemented yet. Currently there are a number 
of such system under development, e.g. by Hino 
Motors [12] or Volvo [13], that overcome some 
of the limitations of mirrors. 

• The current version of the active AI considers 
mandatory mirror areas only. However, mirror 
systems may exceed the requirements set by 
legislation. Also the new class VI mirror was 
not considered, yet. 

• Obstructions caused by internal structures such 
the steering wheel and dashboard were not 
considered.  
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Run-over Index 

For the development of the protocol assessing the run 
over aggressivity of HGVs several basic 
requirements were considered. The main objective 
was to offer a quantitative value representing the 
ability of an HGV to prevent the VRU from being 
run over when hit by a HGV. The assessment value 
has to reflect the influence of a broad variety of 
possible design modifications whilst ensuring that the 
biofidelity of the VRU is appropriately represented.  
 
A number of approaches can be used to assess the 
risk for VRU being run over: 
• experimental test; 
• directive requiring simply measurable attributes 

(e.g. geometry or strength); 
• combination of experimental testing combined 

with numerical simulation; or 
• test procedure based mainly on numerical 

simulation. 
 

Each of these approaches was assessed for their 
advantages and disadvantages against a range of 
criteria [7]. 
 
At the start of the project it was acknowledged that 
any proposed assessment protocol should be 
developed with minimal costs associated with any 
testing. Clearly, that aim was contradictory to 
experimental testing for assessing the risk of run-over 
due to potential damage to the dummies and HGV. 
Also, reproducibility and costly test set-ups of such 
experiments are an issue. For a test procedure that is 
based on numerical simulation, the effort is 
acceptable with respect to time effort and costs. 
Also, virtual models of the VRU already exist while 
the development of experimental dummies for HGV 
vs VRU accidents would still require an extensive 
effort.  
 
In parallel to the run-over index a new HGV front 
shape was developed, reducing the risk for run-over. 
This “nose cone” (see Figure 21) was tested at 20 and 
30kph. In both tests, the pedestrian was deflected to 
the side and a run-over was prevented (see Figure 
22). 
 

 
Figure 21. Nose cone  
 

 
Figure 22. Experimental testing of nose cone  

Structural Index 

The current proposal has been based on head impacts 
with the HGV, particularly because it is one of the 
most frequently injured body regions and there are 
test tools currently existing for evaluating those 
impacts. Future developments of the structural index 
could include the development and inclusion of new 
test tools, for example to assess impacts with the 
thorax of the VRU. 
 
Currently the structural AI is addressing the primary 
contact only (the contact with the truck front). 
However, numerical studies and experiments [14] 
have shown the severity of the secondary impact 
makes it a highly relevant aspect for future 
consideration. Studies of the “nose cone” [6] 
indicated not only a reduced likelihood for run-over, 
but also a reduced severity of the secondary impact 
(prevent forward-projection of pedestrian). 
 
Existing test methods for passenger cars are 
continually under development, such as the research 
into rotational acceleration as an assessment method. 



 
Feist 13 

The future development of the structural index should 
be based on the lessons learned from existing test 
methods. 
 

CONCLUSIONS 

Legislation relating to the protection of VRU in 
impacts with HGVs is very limited, currently only 
covering the fitment of sideguards and geometric 
requirements for structures on the front of the HGV 
in relation to protrusions. 
 
A set of assessment criteria to assess the risk posed 
by HGVs to pedestrian and cyclists were developed 
by APROSYS WP2.1. The index is a combination of 
physical and virtual testing. Each sub-index is 
returning a value between 0 and 10. 
 
The active AI evaluates the field of view of 50th 
percentile driver. Weighting factors are applied to 
promote improvements to the direct field of view 
Modifiers are applied to promote the overlap of direct 
and in-direct fields of view within the PAI. 
 
The run-over AI is based on multi-body simulation 
techniques using 21 simulation set-ups 
 
The structural AI defines two impact zones (adult, 
child). Up to 15 tests per truck are conducted to 
assess the structural response using EEVC WG 17 
headform impactors.  
 
A separate score is reported for each of the three sub-
indices, which prevents  the masking of important 
design features within a single score. The 
presentation of the individual scores also shows the 
assessment in a way which is considered to be easy to 
read and understand (see Figure 1). 
 
The HVAI could be developed for future 
legislation/consumer testing or could be used by 
manufacturers during the development of future 
vehicle designs. The current index is a starting point 
and should be used as the basis to motivate further 
discussions and developments in that field. 

LIMITATIONS 

Where available, accident data was used to define the 
so-called weighting factors. In case of the run-over 
index the weighting factors are based on accident 
data. However, in other cases, (e.g. Active Index) 
arbitrary weighting values were applied- based on 
experience from accident researchers and expert 
opinion. 
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ABSTRACT 
 
Automotive seat design requires knowledge of the 
structural response of the seat under various impact 
conditions as well as understanding the complex 
interactions between an occupant, seat content and 
restraint systems. For the case of rear impact 
collisions, the seat becomes the primary restraint 
while seatback and head restraint design become 
increasingly important in mitigating the risk of 
occupant injury. This study involved the testing of 
three different seatback designs under FMVSS 202a 
dynamic conditions to determine the effects of 
seatback comfort content on occupant response and 
injury risk measures. Controlled variables include 
seatback content and seatback stiffness. Three 
different recliner stiffness values were simulated that 
resulted in nominal seatback rotation angles of 5, 10 
and 15 degrees. Additionally, three different lumbar 
support mechanisms were tested, including a static 
suspension, horizontal lumbar support and vertical 
lumbar support. Results from the 18 tests conducted 
are presented and analyzed. 
 
It is expected that the various comfort content will 
affect torso penetration into the seatback, altering the 
torso angle and therefore influence the resulting head 
with respect to torso angle. It is determined that 
seatback rotation (stiffness) and backset are 
predictors of head angle and that lumbar support type 
and foam stiffness affect the backset. The time of 
maximum head with respect to torso angle 
(determined as the critical event time) is influenced 
by seatback stiffness, lumbar support type and lower 
torso rebound. Both seatback stiffness and lumbar 
type are found to be good predictors of torso 
penetration. The amount of torso penetration and the 
rebound effect on torso angle at the critical time in 
the event are key findings. None of the independent 
factors are found to have a significant influence on 
HIC. 
 
 
 

INTRODUCTION 
 
Although injuries associated with low speed rear 
impacts are typically minor, the annual societal cost 
associated with these injuries in the US has been 
estimated at approximately $2.7 billion by the 
National Highway Traffic Safety Administration 
(NHTSA) [1]. Based on epidemiological data and 
scientific research, the NHTSA published the 
upgraded FMVSS 202a head restraint standard in 
2006 [1], which provides a dynamic option for the 
evaluation of vehicle seats that might perform better 
in rear impact collisions than their geometric 
measures may indicate. 
 
Numerous scientific studies have reported connection 
between neck injury risk and seat design parameters 
during a rear impact [2-9]. Farmer et al. [3] found 
that active head restraints which moved higher and 
closer to the occupant’s head during rear-end 
collisions reduced injury claim rates by 14-26 percent.  
Voo et al. [8] evaluated original equipment 
manufacturer (OEM) seats with active head restraints 
under dynamic test conditions to determine whether 
dynamic seat performance correlated with static 
geometric positioning. Results showed that seat 
design factors influenced the dynamic performance 
of the seats. 
 
This study investigates the effects of changes in 
comfort content and frame stiffness (related to seat 
adjuster type) under the dynamic option 
specifications of FMVSS 202a. For seat design, it is 
important to recognize the difference between frame 
stiffness and lumbar support system stiffness and 
their influence on torso penetration into the frame. 
Relative stiffness of these components affect the 
amount and timing of torso penetration into the seat, 
which in turn affect the motion of both the torso and 
head.  
 
Head displacement relative to the torso during the 
dynamic event is a function of head support relative 
to torso support after compression of the foam 
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covering the structures in these areas. The type of 
lumbar support or suspension system will affect the 
dynamic torso angle due to localized stiffness or 
ability to flex. The type of lumbar support can also 
affect the H-point location and backset during the 
initial dummy positioning. The manufacturing 
variations of seatback and cushion foam properties 
are known to affect the H-point location, torso angle 
and backset. H-point height is also directly related to 
the height of the head restraint. The seat frames, head 
restraints, foam and trim used in this experiment were 
of the same design, but with varied torso support 
features. 
 
METHODOLOGY 
 
Deceleration Sled System 
 
The rear impact vehicle collision environment was 
simulated with a Via Systems HITS Deceleration sled. 
The system contains a tunable hydraulic decelerator 
that absorbs the kinetic energy from the sled carriage 
and payload by forcing fluid through a series of 
orifices. The selected orifice array determines the 
crash pulse experienced by the sled system.  
 
Impact conditions - Rear impact collisions were 
simulated with a deceleration tuned to the FMVSS 
202a Dynamic test pulse. 
 
Adjustable Seatback Stiffness  
 
The standard dual recliners that connect the seat 
cushion frame to the seatback frame were modified 
so that they became free-pivots. Each seatback was 
modified to accommodate a C-channel frame for 
interfacing with a spring-damper assembly (Figure 1) 
used to control seatback rotational stiffness.  
 
The frame allowed for variable positioning of the 
support system and modifications of seatback 
rotational stiffness. Spring stiffness and position 
settings for targeted seatback rotations of 5, 10 and 
15 degrees were selected using predictive models. 
The settings for the test conditions are provided in 
Table 1. 

 
Table 1. 

Simulated recliner stiffness for desired 
magnitudes of rotation 

Nominal Rotation 
(degrees) 

Recliner Stiffness 
(Nm/degree) 

5 219 
10 108 
15 71 

 

 
Figure 1.  Seat system and spring-
damper assembly. 
 
Instrumentation and Data Acquisition 
  
The coordinate system used for the Hybrid III and 
sled is shown in Figure 2. The dummy was 
instrumented with tri-axial accelerometer arrays at 
the center of gravity (CG) of the head, torso and 
pelvis. Six-axis load cells, sensing tri-axial forces and 
moments, were installed in the upper and lower neck 
and a three-axis load cell was placed in the lumbar 
spine.  
 

 

Sled Leftward 
Dummy  
Rightward 
+Y 

Sled Rearward 
Dummy  
Forward 
+X 

+Z 
Sled Downward 
Dummy 
Downward

Figure 2.  Sled and Hybrid III coordinate system. 
 
Angular rate sensors were attached at the head CG 
and the spine at T4. An accelerometer was mounted 
to the sled to record the deceleration during impact. 
The complete list of the instrumentation used during 
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these tests is provided in Table 2. All designated 
polarities, filtering, and sampling rates were 
determined in accordance with SAE Recommended 
Practice J211. All sensor data were collected at a 
sampling rate of 10 kHz using an on-board TDAS 
Pro data acquisition system mounted to the sled base 
plate. 
 

Table 2.   
Sled and ATD instrumentation 

Sensor  Location  
Accelerometer Sled (x) 
Head Contact Switch  Head-Head Restraint  

Angular Rate Sensor  Head (y)  

Angular Rate Sensor  Torso (y)  

Accelerometer  Head CG (x,y,z)  

Accelerometer  Torso CG (x,y,z)  

Load Cell Upper Neck (Fx,Fy,Fz,Mx,My,Mz) 

Load Cell Lower Neck (Fx,Fy,Fz,Mx,My,Mz) 

Load Cell Lumbar (Fx,Fz,My) 

Accelerometer  Pelvis (x,y,z)  

 
High-speed Video 
  
Video images were captured at 1000 frames per 
second with one on-board and one off-board camera. 
The on-board camera, used for motion analysis, has a 
resolution of 512x512 and was mounted to provide a 
left lateral view of the dummy kinematics from a 
fixed distance of approximately 5 feet. Video 
collection was synchronized with the data acquisition 
system using both a contact switch and optical flash 
within the field of view. Examples of the captured 
images during impact are provided in Figure 3.  
 

    
Figure 3.  High-speed camera views at 111 
milliseconds for test LH15C.  
 
Quadrant targets were attached to the ATD to allow 
for motion tracking including the calculation of 
angular displacement measurements and the amount 
of torso displacement. Key targets were attached to 
the upper spine box and lower spine box to determine 

torso movement. Torso penetration is defined as the 
amount the torso translated toward the seatback 
frame with respect to the normal of the C-channel 
located on the seatback frame. Targets were also 
placed on the seat system, the C-channel and the 
supporting A-frame.  
 
Experimental Protocol 
  
 ATD Positioning Procedure - Proper installation 
of the Hybrid III into the seat system required a 
multi-step process. First, the seat system was 
installed on the sled baseplate and the seat cushion 
and adjuster assembly was adjusted to the mid-point 
of the track. A spring-damper support system was 
then installed to support the seatback. The lengths of 
the supports were adjusted to maintain a nominal 
SAE J826 H-point machine torso angle of 25 degrees 
with respect to the vertical plane when the seat is in 
static equilibrium with the H-point machine seated. 
FMVSS 202a specifies that the seatback angle, as 
determined by the torso angle of the installed H-point 
machine, must reside between 24.5 and 25.5 degrees. 
If this specification was met, we continued the 
positioning procedure, if not, the H-point machine 
was removed completely and the positioning 
procedure was repeated. 
 
Upon satisfying the angle specifications, the seat H-
point location was measured. Next, the Head 
Restraint Measuring Device (HRMD) was installed 
to measure backset and head-to-head restraint height 
when it was set to the locking notch just lower than 
mid-height (if there is no locking notch at mid-
height), according to the specifications of FMVSS 
202a.  
 

 
Figure 4.  Measurement of Hybrid III backset and 
head-to-head restraint height. 
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The H-point machine and HRMD were then removed 
and the 50% Hybrid III dummy was placed on the 
seat and positioned such that the head was level and 
the dummy H-point was within 0.5 inches of the 
measured seat H-point location. Initial dummy head 
positioning included a measure of the head angle 
with respect to horizontal, the effective backset and 
the height difference between the top of the head and 
the head restraint (Figure 4). The horizontal (X) and 
vertical (Z) H-point location of the dummy relative to 
the measured seat H-point was recorded. 
 
 Test Matrix - Three seat systems were being 
studied (Table 3) with the difference between 
systems determined by the seat content in the form of 
lumbar support. The three seatback content types 
were categorized as vertical lumbar, horizontal 
lumbar and static suspension systems (Figure 5). 
Three nominal levels of rotation (5, 10, and 15 
degrees) were selected for study. This results in a 
total of nine test combinations. Conducting a full 
factorial experimental design and replicating it once 
produced a test matrix consisting of 18 impact tests. 
 

Table 3. 
Independent factors contributing to the design of 

the test matrix 

Factor No. Categories 

Seatback 
Content  

3 Static Suspension, Horizontal 
Lumbar, Vertical Lumbar 

Seatback 
Rotation (deg)  

3 5, 10, 15  

 
 

 

 
Figure 5.  Seatback content types.  
 
The picture (Figure 5) shows the structural 
differences between the three lumbar support systems 
which include a) static suspension, b) horizontal and 
c) vertical lumbar support systems from left to right. 
The static suspension is a wire mesh supported by 
vertical wires attached at the upper and lower frame 
cross-members and two springs, one attached one-
third of the distance up from the bottom of each side-
member. The horizontal lumbar is a plastic strap 

supported by flexible brackets attached to each frame 
side-member and a cable fixed to each bracket. The 
vertical lumbar is a sheet metal panel supported by 
vertical wires attached at the upper and lower frame 
cross-members. Some of the adjustment mechanism 
is between the panel and the frame lower cross-
member. All adjustable lumbar supports are set to the 
fully retracted position for the FMVSS 202a 
Dynamic procedure. 
 
RESULTS AND DISCUSSION 
 
Test Sample Measurements 
 
Tables 4 and 5 list the H-point location and head 
restraint backset and height dimensions for both the 
H-point machine/HRMD and Hybrid III by lumbar 
support type. 
 
     Initial frame angle - One of the main issues with 
foam and trim variation, as well as differences in the 
way a lumbar type supports the seatback foam, is that 
this may require the seatback frame angle to be 
varied in order to achieve the H-point machine torso 
angle of 25 degrees. In Table 5 we can see that this is 
not a problem for these tests as the initial seatback 
frame angle was controlled reasonably well and 
varied by a maximum 1.6 degrees for the horizontal 
lumbar and 1.1 degrees for the static suspension and 
the vertical lumbar. The Hybrid III is then positioned 
by the FMVSS 208 procedure without adjusting the 
frame angle. 
 

Table 4. 
SAE J826 and Hybrid III H-point coordinates and 

SAE J826/HRMD backset and height 
 

x z x z Backset Height
(mm) (mm) (mm) (mm) (mm) (mm)

LH05A Horz. 11 -26 20 -21 63 65
LH05B Horz. 16 -26 17 -31 65 65
LH10B Horz. 13 -17 16 -21 63 66
LH10C Horz. 22 -24 29 -26 69 67
LH15B Horz. 23 -26 22 -26 63 65
LH15C Horz. 22 -23 27 -22 68 72
LS05A Static 8 -14 8 -20 84 69
LS05B Static 9 -18 8 -23 77 75
LS10B Static 7 -25 9 -27 80 74
LS10C Static 17 -25 19 -24 63 69
LS15B Static 7 -29 8 -33 77 69
LS15C Static 16 -25 21 -25 84 69
LV05C Vert. 16 -24 16 -24 76 62
LV05E Vert. 20 -23 22 -28 73 69
LV10A Vert. 13 -29 14 -28 79 71
LV10B Vert. 16 -24 18 -22 80 70
LV15A Vert. 11 -17 9 -18 72 67
LV15B Vert. 10 -25 11 -31 75 71

HRMD

H-pt coordinates are with respect to the design H-point reference.  

J826 H-pt HIII H-ptTest 
ID

Seat 
Content

 
 
 

  Locke 4 



Table 5. 
Initial seatback frame angle, Hybrid III backset 
and height, actual maximum seatback rotation 

angle and head restraint contact time 
 

Initial Frame 
Angle

HIII H/R 
Backset

HIII H/R 
Height

Max. S/B 
Rotation

H/R Contact 
Time

(degrees) (mm) (mm) (degrees) (msec)
LH05A Horz. 21.9 71 52 7.5 60
LH05B Horz. 22.7 84 51 7.7 65
LH10B Horz. 22.4 87 55 10.5 69
LH10C Horz. 23.5 85 53 10.5 68
LH15B Horz. 21.9 84 50 14.4 73
LH15C Horz. 22.7 77 58 13.3 76
LS05A Static 23.0 108 53 7.4 72
LS05B Static 22.7 104 61 7.2 70
LS10B Static 23.1 108 60 10.6 74
LS10C Static 22.3 88 63 10.7 65
LS15B Static 22.3 101 55 13.9 76
LS15C Static 23.4 105 52 14.0 74
LV05C Vert. 22.9 95 52 7.8 68
LV05E Vert. 22.5 104 57 7.7 68
LV10A Vert. 22.9 99 57 10.4 69
LV10B Vert. 23.6 111 63 10.4 77
LV15A Vert. 22.6 96 55 14.3 75
LV15B Vert. 22.5 94 60 13.6 73

Test 
ID

Seat 
Content

 
 
     Backset - The backset and height of these seats 
were not varied by experimental design. The 
differences are caused by a combination of foam 
properties, lumbar support type and initial seatback 
frame angle. The mean backsets in Table 6 are 
calculated by lumbar support type. Lumbar type 
appears to be the dominant factor for influencing 
backset where the horizontal lumbar and static 
suspension have the smallest and largest backsets, 
respectively. 
 

Table 6. 
Backset mean by lumbar support type 

 
Lumbar Support Type Backset mean (mm) 

Horizontal Lumbar 81 
Static Suspension 102 (105 without LS10C) 
Vertical Lumbar 100 

 
 
Referring to Tables 4 and 5, one particular seat 
backset, LS10C, stands out as being well below the 
mean of the other five static suspension seats. It is of 
the same design, but the seatback foam was 
manufactured at a later date. This is an example of 
the manufacturing difficulties of controlling foam 
properties. This foam is easier to compress with the 
H-point machine and Hybrid III upper torso. The 
upper torso (shoulders) and lower torso (top of 
lumbar sine) are approximately 20 mm and 10 mm 
closer to the seatback frame than LS10B, respectively, 
as judged by the backset and H-point data. This will 
also be seen in the torso penetration data later in the 
discussion. 
 

     Head contact time - The head contact time with 
the head restraint in Table 5 was found to depend 
upon backset and frame stiffness. The head restraint 
contact time increases as frame stiffness decreases for 
all lumbar types. For greater frame stiffness, the 
contact time increases with a backset increase. The 
difference in head contact time relative to backset 
appears to diminish as the frame stiffness decreases. 
 
The Hybrid III head restraint height, referenced down 
from the top of the head, differs by a maximum 13 
millimeters for all tests. This difference is caused by 
seat cushion foam property and head restraint 
dimensional variations. It will influence the results if 
the head center-of-gravity becomes higher than the 
top of the head restraint structure due to ramping of 
the dummy upward with respect to the seatback. 
Ramping of the dummy may be affected by the 
stiffness of the lumbar support system and seatback 
rotation angle which will be discussed. 
 
Acceleration pulse - The acceleration pulses for all 
tests are shown in Figure 6. The onset of all 
accelerations and the peak values, with a few 
exceptions, are within the required corridor. The 
repeatability is acceptable for this test series, 
however two pulses, LS05B and LH15C, show a 
significant early reduction in magnitude before the 
peak and fall below the corridor. All pulses are 
slightly long in time duration. 
 

 
Figure 6.  Sled pulses for all tests. 
 
Table 7 lists the impact velocities and the peak 
deceleration for all tests. The effect of the low pulses 
will be considered during the discussion. The initial 
dummy positioning and the backsets for tests LS05B 
and LH15C were very similar to their respective 
repeat tests. The torso angles were lower and the 
head angles were considerably lower, resulting in 
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reduced head with respect to torso rotation (H-T 
rotation). This will be discussed in greater detail in 
the following sections. 
 

Table 7. 
Sled acceleration peaks and velocities 

 
Test ID Impact Vel. (km/h) Peak Decel. (g) 
LH05A 17.3 9.0 
LH05B 17.5 9.3 
LH10B 17.4 9.2 
LH10C 17.8 9.4 
LH15B 17.7 9.7 
LH15C 16.3 7.9 
LS05A 17.2 9.1 
LS05B 16.6 8.6 
LS10B 17.3 9.3 
LS10C 17.7 9.5 
LS15B 17.4 9.2 
LS15C 17.7 9.4 
LV05C 17.4 9.3 
LV05E 17.3 8.9 
LV10A 17.3 9.4 
LV10B 17.3 9.0 
LV15A 17.8 9.7 
LV15B 17.0 8.8 

 
     Seatback rotation - Figure 7 shows that the 
actual seatback rotation angles are above the 5 and 10 
degree targets and below the 15 degree target, but are 
reasonably repeatable. The largest variation for the 
same type of test is 1 degree for the horizontal 
lumbar at 15 degrees of rotation and is likely caused 
by the low pulse in LH15C. The spacing of these 
responses clearly delineates three discrete 
populations for investigating the influence of 
seatback stiffness. 
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Figure 7.  Actual maximum seatback rotation 
angles. 
 
Note that the data used throughout the balance of this 
discussion is motion analysis data. Rigidly mounted 
quadrant targets were used in all cases rather than 
quadrant targets attached to flexible seat trim. 
Angular rate sensors were used to derive the head and 
torso angles and compared to motion analysis results. 

This comparison can be found in the appendix. The 
differences are acceptable and motion analysis 
includes additional data such as seatback rotation, 
upper and lower torso initial distance from the 
seatback frame, penetration towards the frame, x- and 
z-translation and head restraint angular displacement. 
 
Figure 8 is the 15 degree seatback rotation time-
history for all lumbar types and shows that the rate of 
rotation is greater for the horizontal lumbar which is 
the stiffest lumbar type. The more flexible static 
suspension and vertical lumbar have the lowest rate. 
This effect can be seen for all seatback rotation 
angles, but is less pronounced as the seatback 
stiffness increases. 
 

Motion Analysis - 15 degree Seatback Rotation
All LumbarTypes
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 Figure 8.  15 degree seatback rotation for all 
lumbar types. 
 
     Head restraint angular displacement - Figure 9 
shows the head restraint angular displacement 
relative to the seatback frame at the time of 
maximum H-T rotation. For greater seat stiffness, an 
increase in head restraint angular displacement 
relative to the seatback frame is observed. The 
displacement is lower for the horizontal lumbar and 
is likely related to the greater seatback rotation rate. 
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Figure 9.  Head restraint angular displacement @ 
maximum H-T rotation time. 
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     HIC15 – The HIC15 values in Table 8 are very low 
compared to the FMVSS 202a limit of 150. The 
construction of the head restraints consists of a semi-
rigid expanded polypropylene core attached to a 10 
millimeter diameter solid frame (and posts) covered 
by 20 mm of polyurethane foam and a trim cover. 
The stiff head restraint construction used in the 
experiments had no detrimental effect.  Statistical 
analyses showed that seatback rotation and lumbar 
support types were not significant in influencing HIC. 
 

Table 8. 
HIC15 Values 

 
Test ID HIC15 
LH05A 36 
LH05B 38 
LH10B 29 
LH10C 34 
LH15B 41 
LH15C 29 
LS05A 40 
LS05B 31 
LS10B 34 
LS10C 29 
LS15B 36 
LS15C 42 
LV05C 31 
LV05E 39 
LV10A 33 
LV10B 38 
LV15A 36 
LV15B 37 

 
     Hybrid III ramping – The z-direction 
displacement relative to the seatback frame will show 
the effect of lumbar type and seatback rotation on 
Hybrid III ramping. The z-axis is parallel to the 
seatback frame and rotates with the seatback. 
Increased ramping may reduce the effectiveness of 
the head restraint, depending on the initial height. 
Figure 10 shows the upper torso z-direction 
displacement for all lumbar types at the 15 degree 
seatback rotation angle. 
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Figure 10.  Upper torso z-axis displacement - 15 
degree seatback rotation – all lumbar types. 

 
The 15 degree seatback rotation proves to generate 
the greatest ramping, but only a few millimeters more 
than other cases. The static suspension is slightly 
greater in magnitude and peaks slightly earlier. At all 
seatback rotation angles, all lumbar types allow 
essentially the same amount of ramping (see 
appendix). 
 
     Hybrid III segment angles - The Hybrid III head 
and torso rotation time-histories are used to calculate 
the maximum head with respect to torso rotation (H-
T rotation). This angle is the maximum difference 
between the head and torso rotation at any point in 
time during the event, up to 200 milliseconds. The 
time of maximum H-T rotation is studied for the 
influence of lumbar support type and seatback 
rotation. Much of the data presented will be at this 
critical time. 
 
Figure 11 shows that the changes in head rotation at 
each seatback stiffness level are generally greater 
than the increase in seatback rotation at the time of 
maximum H-T rotation. The exception is for the 
vertical lumbar for which the rate of head rotation 
increase is approximately equivalent to that of 
seatback rotation. This implies that head support 
generally degrades as seatback rotation increases 
although the head restraint angular displacement 
findings (Figure 10) show that it has less 
displacement at greater seatback angles. 
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Figure 11.  Head angle @ maximum H-T rotation 
time. 
 
The static suspension shows the largest variation at 
the ten degree seatback rotation. The lowest head 
angle is test LS10C seat which has a backset much 
smaller than the average of the other static 
suspension seats. The horizontal lumbar consistently 
has the lowest head angles and it also has the lowest 
average backset of all lumbar types. However, 
backset is not the only contributor to head support. 
The distance of shoulder penetration will also affect 



head angle. An analysis of upper torso penetration is 
conducted in the following sections. 
 
Similar to observations with head rotation, Figure 12 
shows that changes in torso angle for each seatback 
stiffness condition increase at a rate greater than that 
of seatback rotation at the time of maximum H-T 
rotation. There does not appear to be a significant 
influence of lumbar support type on torso angle. The 
vertical lumbar does exhibit a slightly greater torso 
angle, particularly at the 10 degree seatback rotation. 
The distance of the upper and lower torso penetration 
at critical time as well as the rebound will be 
analyzed to help understand this as well as the affect 
on head support. 
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Figure 12.  Torso angle @ maximum H-T rotation 
time. 
 
Figure 13 shows the time-history of the Hybrid III 
segment angles for the static suspension repeat tests 
at 10 degree seatback rotation. These tests represent 
the greatest difference in head angles between repeats 
due to the LS10C backset (Table 5) as discussed 
earlier. The maximum head angle occurs just after 
critical time and just before the time of maximum 
seatback rotation. The maximum torso angle occurs 
well after maximum seatback rotation. These 
observations apply to all tests. 
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Figure 13.  HII segment angles for the static 
suspension - 10 degree seatback rotation. 

     Torso Penetration - The starting point of each 
curve is the initial distance of the torso target to a line 
on the structure attached to the seatback frame and 
parallel to the seatback frame. The x-axis is normal to 
the seatback frame and rotates with the seatback. The 
magnitude becomes smaller as the torso displaces 
toward the seatback frame. 
 
Figure 14 shows the upper torso penetration towards 
the seatback frame of the static suspension tests at all 
seatback rotation angles. At the critical time, the 
upper torso has penetrated to its maximum for the 5 
and 10 degree seatback rotation angles. While all 
penetrations are fairly stable at this time, the 15 
degree rotation tests have not yet reached their 
maximum and the 5 degree rotation is in rebound 
shortly after. This is typical for all lumbar types. 
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Figure 14.  Upper torso x-direction penetration - 
static suspension - all seatback rotation angles. 
 
The LS10C initial position shows why the backset is 
smaller for this test. The LS10C upper torso 
penetration is deeper than LS10B, reinforcing the low 
foam stiffness observation. 
 
Figure 15 shows the upper torso penetration for all 
tests at the time of maximum H-T rotation. The upper 
seatback should present less resistance to the torso as 
it rotates at the greater angles since more energy is 
being absorbed by the spring-damper controlling the 
rotation. The horizontal lumbar is most representative 
of this theory. However, the static suspension and 
vertical lumbar both show an increase in penetration 
for the 10 and 15 degree seatback rotations. This 
should result in lower head angles (Figure 11), but 
does not because the head restraint angular 
displacement (Figure 9) is also greater. The static 
suspension and vertical lumbar both allow more force 
to be distributed to the upper seatback due to their 
inherent flexibility and method of attachment to the 
frame. This distribution of force along the seatback 
supports the finding of the lower rate of seatback 
rotation (Figure 8). 
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Figure 15.  Upper torso penetration @ maximum 
H-T rotation time. 
 
Figure 16 shows that the lower torso is in rebound at 
the time of maximum H-T rotation for the static 
suspension tests at all seatback rotation angles. This 
is typical for all lumbar types. 
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Figure 16.  Lower torso x-direction penetration - 
static suspension - all seatback rotation angles. 
 
It is a key finding that the torso angle is increasing at 
relative to the seatback frame at the time of 
maximum H-T rotation. Since the upper torso 
remains at a stable or increasing penetration, this 
lower torso rebound is a major factor of torso angle 
and is likely susceptible to changes in the stiffness 
and energy return of a lumbar support system. If the 
lower torso rebound occurs earlier or is larger in 
magnitude, the head with respect to torso angle will 
be reduced. 
 
Both torso penetration plots (Figures 14 and 16) also 
show the initial distance of the torso targets to the 
seatback frame reference line. These targets are at the 
same locations on the dummy and the seatback for all 
tests. This data shows the variation in dummy set-up 
due to what is believed to be foam variation, not 
mechanical or dimensional differences in the static 
suspensions. Foam stiffness is known to vary with 
temperature and humidity differences during the 
manufacturing process. The torso penetration plots 

for the horizontal and vertical lumbar supports are 
available in the appendix for review. 
 
The lower torso x- and z-axis displacement at the 10 
degree seatback rotation in Figure 17 shows some 
differences in displacement characteristics of lumbar 
types. The horizontal lumbar is able to restrain the 
Hybrid III pelvis/lumbar while the static suspension 
and vertical lumbar provide restraint to a lower extent. 
This explains why the static suspension and vertical 
lumbar upper torso continues to penetrate. This data 
is truncated at the time of maximum H-T rotation. 
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Figure 17.  Lower torso x- & z-axis displacement 
@ 10 degree seatback rotation – all lumbar types. 
 
The maximum lower torso penetration for all tests in 
Figure 18 shows that the horizontal lumbar has the 
highest resistance to penetration at all seatback 
rotations. The static suspension is the least resistant 
to torso penetration with the exception of the 15 
degree seatback rotation where it is the same as the 
vertical lumbar. The seatback frame lower cross-
member is contacted in all tests as evidenced by 
permanent deformation that increases in magnitude 
with seatback stiffness. The resistance to lower torso 
penetration by the horizontal lumbar shows that it 
transfers more force to the lower portion of the 
seatback frame which increases the rate of seatback 
rotation (Figure 8).  
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Figure 18.  Maximum lower torso penetration. 
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The lower torso rebound from maximum penetration 
at the time of maximum H-T rotation in Figure 19 
shows that rebound increases as the seatback rotation 
increases. There is little difference in the magnitude 
of all lumbar types. The amount of rebound appears 
to be mainly a function of time. This time is the 
difference in the time of maximum penetration and 
the time of maximum H-T rotation. If the time 
difference increases as the seatback rotation increases, 
then there is more time for lower torso rebound and 
this will result in an increase of the torso angle. 
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Figure 19.  Lower torso rebound @ maximum H-
T rotation time. 
 
Since the horizontal lumbar has no energy storage 
and return properties and the lower torso still exhibits 
substantial rebound, rebound must be a mainly a 
function of time rather than the mechanical properties 
of the lumbar type. Table 9 lists the time duration of 
the rebound from maximum lower torso penetration 
to the time of maximum H-T rotation. 
 

Table  9. 
Time duration of lower torso rebound 

 
Test ID Max. 

Penetration 
Time (msec) 

Max H-T 
Rotation Time 

(msec) 

Rebound 
Duration 
(msec) 

LH05A 83 98 15 
LH05B 83 98 15 
LH10B 82 103 21 
LH10C 80 100 20 
LH15B 79 104 25 
LH15C 84 109 25 
LS05A 87 102 15 
LS05B 87 103 16 
LS10B 85 107 22 
LS10C 82 97 15 
LS15B 84 110 26 
LS15C 82 111 29 
LV05C 86 100 14 
LV05E 85 102 17 
LV10A 82 103 21 
LV10B 85 105 20 
LV15A 83 107 24 
LV15B 84 112 28 

The lower torso penetration peaks earliest at the 5 
degree seatback rotation for the horizontal lumbar, 
otherwise all results are similar. The time of 
maximum H-T rotation is delayed as seatback 
stiffness decreases, therefore the time duration of 
lower torso rebound increases as seat rotation 
increases. The static suspension and the vertical 
lumbar have a slightly longer rebound time duration 
at the 15 degree seatback rotation. 
 
For the lower torso penetration at the time of 
maximum H-T rotation (Figure 20), the horizontal 
lumbar, with no significant spring characteristics, is 
farthest from the frame. The static suspension 
appears to have more energy return due to the spring 
tension at mid-height of the frame. At the 15 degree 
seatback rotation, it reduces the distance between it 
and the horizontal lumbar at maximum penetration. 
The vertical lumbar, which has long spring-steel wire 
supports, shows a similar characteristic at the 15 
degree seatback rotation. 
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Figure 20.  Lower torso penetration @ maximum 
H-T rotation time. 
 
The maximum H-T rotation in Figure 21 is one of the 
compliance requirements of FMVSS 202a with a 
twelve degree maximum. The largest variations occur 
with the static suspension and the horizontal lumbar 
at 10 and 15 degree seatback rotations, respectively. 
The LS10C is the lowest due to the low head angle 
caused by the smaller backset (Table 5) and low 
seatback foam stiffness described earlier. The lowest 
horizontal lumbar point is LH15C and is due to the 
low head angle caused by the low pulse (Table 7). 
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Figure 21.  Maximum H-T rotation. 
 
Considering the small differences in torso angles 
(Figure 12), the static suspension generally has the 
greatest maximum H-T rotation which is caused by 
greater head angles (Figure 11). This is mainly 
attributed to larger backsets caused by the most 
prominent seatback foam support (Table 6). The 
vertical lumbar provided seatback foam support 
similar to the static suspension and has similar 
backsets. Given the similar head angles and slightly 
greater torso angles, it performed slightly better than 
the static suspension. The horizontal lumbar has the 
lowest head with respect to torso angles because of 
the lower head angles. This is attributed to 
approximately 20 millimeter smaller backsets caused 
by the least prominent seatback foam support which 
offsets the approximate 10 millimeter reduction in 
shoulder penetration.  
 
CONCLUSIONS 
 
During test set-up, the backset is affected by both 
lumbar type and foam stiffness variation. The static 
suspension provided more prominent support of the 
seatback foam and tended to increase the backset. 
The largest foam variation, a reduction in foam 
stiffness in one static suspension test, caused a 
significant reduction in backset. During that test 
event, the torso penetration was also the greatest of 
all tests. This resulted in the earliest head contact 
time, the lowest head rotation and the lowest H-T 
rotation (for a valid pulse). For all other tests with 
reasonably consistent foam properties, the static 
suspension tends to have the highest H-T rotation. 
Therefore, seatback foam properties have a 
significant influence on head support with more 
compliant foam improving head support. 
 
The HIC15 is low for all tests and did not appear to be 
affected by the stiff head restraint construction or the 
controlled parameters of seatback rotation or lumbar 
support type. 
 

The head restraint angular displacement relative to 
the seatback frame increases as seatback stiffness 
increases, however the horizontal lumbar tests have 
lower head restraint displacement and head angle. 
The horizontal lumbar provides greater restraint of 
Hybrid III pelvis/lumbar displacement due to the 
attachment at the frame side-members and relative 
inability to flex rearward. The horizontal lumbar 
increases the rate of seatback rotation, reducing the 
upper torso penetration, head restraint displacement, 
head rotation and H-T rotation. Therefore, a stiff 
lumbar support attached in a manner that limits 
rearward displacement reduces maximum H-T 
rotation. 
 
Ramping of the Hybrid III, which may reduce the 
effectiveness of the head restraint, was not 
significantly effected by lumbar support type or 
seatback stiffness.  
 
Head angle increases at a greater rate than the 
controlled maximum seatback rotations, regardless of 
the head restraint angular displacement finding. 
Torso angle also increases at a greater rate than the 
controlled maximum seatback rotations. This is due 
to stable upper torso penetration and lower torso 
rebound at the time of maximum H-T rotation. Lower 
torso rebound is found to be a mainly a function of 
time rather than a function of the energy return 
characteristics of lumbar type. The maximum torso 
penetration is a function of lumbar support stiffness, 
foam stiffness and seatback stiffness. The maximum 
torso penetration and the amount of time for lower 
torso rebound determine the torso angle at the time of 
maximum H-T rotation. 
 
In this experiment, the horizontal lumbar proved to 
have the highest resistance to lower torso penetration. 
Maximum lower torso penetration time is essentially 
the same for all lumbar types and seatback stiffness 
with only a slight delay for the more flexible lumbar 
support types. The time to maximum H-T rotation 
increases as the maximum seatback rotation increases. 
This results in greater lower torso rebound time and 
distance as the maximum seatback rotation increases. 
Therefore, there is an increase in torso angle at 
maximum H-T rotation time as the maximum 
seatback rotation increases. This results in a lower 
maximum H-T rotation. 
 
RECOMMENDATIONS 
 
Head support is reduced as seatback rotation 
increases as evidenced in the head angle discussion. 
Therefore, decreasing the seatback stiffness (adding 
to lower torso rebound time) to increase torso angle is 
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probably neutralized at some undetermined 
maximum seatback rotation. If comfort specifications 
allow, it would be recommended to reduce the 
backset (to reduce head angle) and/or stiffen the 
lumbar support mechanism to reduce lower torso 
penetration (to increase torso angle) at the critical 
time to improve the Hybrid III maximum H-T 
rotation result. 
 
A follow-up study will be done to analyze the Hybrid 
III neck forces and moments collected during this 
experiment. 
 
STUDY LIMITATIONS 
 
Listed are some notable limitations of this study: 
 The width of the seatback frame may affect the 

ability of the torso to penetrate regardless of the 
lumbar support system. 

 The stiffness of the head restraint posts and the 
attachment to the seatback frame may affect the 
amount of head restraint angular displacement 
relative to the seatback. 

 The amount and properties of compressible foam 
covering the seat structure. 

 The construction of the head restraint, backset 
and height. 

 The type of anthropomorphic test device 
(dummy), particularly spine flexibility, may 
affect the results. 

 
All of these seat design factors vary with seat 
manufacturer and vehicle model styling requirements. 
Other rear impact simulation protocols specify 
different crash pulses and dummy types. The 
observations reported here are directionally correct 
for the Hybrid III dummy, but the magnitude will 
vary with other seat types. 
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APPENDIX 
 
Seatback Rotations 
 

Motion Analysis - 5 degree Seatback Rotation
All Lumbar Types
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Motion Analysis - 10 degree Seatback Rotation
All Lumbar Types
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Angular Rate Sensor and Motion Analysis 
 

Test ID

Gyro Head 
Rotation 

(degrees)

MA Head 
Rotation 

[degrees]

Gyro Torso 
Rotation 

(degrees)

MA Torso 
Rotation 

[degrees]

Gyro H wrt T 
Rotation 
(degees)

MA H wrt T 
Rotation 
[degrees]

LH05A 18.15 18.55 10.76 11.67 10.06 9.51
LH05B 18.88 19.17 11.92 13.02 9.81 8.92
LH10B 22.55 23.64 16.65 17.58 9.67 9.60
LH10C 22.22 22.95 17.72 19.14 8.68 8.01
LH15B 27.48 28.23 23.57 24.46 9.11 8.88
LH15C 23.69 24.37 21.74 22.92 6.14 5.51
LS05A 20.81 21.48 11.29 12.26 12.23 11.83
LS05B 17.75 18.76 10.32 11.14 9.87 9.99
LS10B 25.30 25.19 19.06 19.84 10.50 9.51
LS10C 18.30 18.99 18.05 18.75 5.91 5.87
LS15B 26.98 27.74 22.02 23.14 10.14 9.62
LS15C 28.85 29.93 23.89 25.02 9.29 8.99
LV05C 20.44 20.99 12.12 13.16 11.01 10.31
LV05E 19.69 20.36 12.00 12.79 10.47 10.22
LV10A 24.33 25.32 18.40 19.00 9.65 10.01
LV10B 24.32 24.90 19.52 20.91 9.02 8.50
LV15A 27.38 27.96 23.52 24.60 8.72 8.10
LV15B 28.26 28.92 23.38 24.40 8.44 7.86  

 
HIII-50 Segment Angles - Horizontal Lumbar
Motion Analysis 5 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Gyro 5 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Motion Analysis 10 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Gyro 10 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Motion Analysis 15 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Motion Analysis 5 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Gyro 5 degree Seatback Deflection
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HIII-50 Segment Angles - Static Suspension
Gyro 10 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Motion Analysis 15 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Gyro 15 degree Seatback Angle
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HIII-50 Segment Angles - Vertical Lumbar
Motion Analysis 5 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Gyro 5 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Motion Analysis 10 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Gyro 10 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Motion Analysis 15 degree Seatback Rotation
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Lower Torso Penetration - Vertcal Lumbar
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HIII-50 Segment Angles - Vertical Lumbar
Gyro 15 degree Seatback Rotation
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Torso Displacements Upper Torso Z-Displacement

5 degree Seatback Rotation
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Upper Torso Penetration - Horizontal Lumbar

250
260
270
280
290
300
310
320
330
340
350
360
370
380
390

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (sec)

D
is

ta
nc

e 
fr

om
 F

ra
m

e 
R

ef
. (

m
m

)

LH05A U Torso X
LH05B U Torso X
LH10B U Torso X
LH10C U Torso X
LH15B U Torso X
LH15C U Torso X

 
 

Upper Torso Z-Displacement
10 degree Seatback Rotation
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Lower Torso X- & Z-Displacement
5 degree Seatback Rotation
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Lower Torso X- & Z-Displacement
15 degree Seatback Rotation
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ABSTRACT 
 
The aim of this work is to define and evaluate a “yaw 
rate error” (YRE) derived from naturalistic driving 
data to quantify driver steering performance during 
lane keeping.  This measure of lane keeping 
performance is based on the predicted kinematic 
control error at any instance.  Scope is limited to the 
demonstration that such a quantity exists, that can be 
computed from naturalistic driving data, and that it 
correlates with instantaneous control performance in 
real-world driving.  The YRE is defined as a measure 
of conflict: the difference between current vehicle 
yaw rate and kinematic values required to be 
consistent with forward lane boundary crossing. A 
second, well-known measure is computed for 
comparison: the predicted time to lane crossing 
(TTLC).  All data is obtained from naturalistic 
driving databases containing detailed information 
(over 200 signals at 10 Hz.) on driver input and 
vehicle response as well as aspects of the highway 
and traffic environment.  As a continuously updated 
measure of the control correction required by an alert 
driver, it is expected that the YRE will be more 
informative of driving situations than the simpler 
kinematic measure TTLC.  This latter measure is only 
loosely related to the closed loop control of vehicle 
motion.  For example a very small TTLC can represent 
either a critical case where the vehicle is about to depart 
the lane and requires a large correction, or it could be a 
case where the vehicle is close to the lane boundary but 
with small lateral velocity requiring only a small 
correction.  The YRE represents the severity of the 
possible lane departure in a natural way, accounting for 
current position, path direction, and path curvature.  
While no in-depth statistical analysis is conducted for 
YRE, it is proposed as a new tool for post-hoc analysis 
of driver steering performance during lane keeping. 
 
 
 

INTRODUCTION 
 
Driving is a control task based on visual input; it 
includes filtering of input for relevance, extracting 
signals or patterns from that visual information, and 
hence provides a reference to guide steering and 
speed control. Control action then involves manual 
effort by the driver to modulate vehicle motion using 
further force and acceleration cues [1-3]. Here we 
focus on the visual reference for lane keeping in 
terms of a conflict measure or error criterion. In 
broad terms we seek a simple measure of the control 
reference for when the driver is concerned with 
staying in the lane but less concerned with some 
optimal path within that lane. To this end we 
introduce and evaluate a suitable measure of “yaw 
rate correction required” or yaw rate error. Since no 
preferred path is computed, the YRE is computed for 
multiple lane boundary points and the most critical of 
these will represent the overall correction required. 
This metric has been used previously in driver 
modeling [4] and applied to collision avoidance [5] 
 
The approach is analogous to longitudinal speed 
control in traffic, where control action required can 
be found in terms of the vehicle deceleration required 
to avoid a collision with the vehicle in front. Again, 
this contrasts with the predicted time to collision 
(TTC), based on instantaneous positions and 
velocities of the vehicles [6]. While in the speed 
control problem there is essentially a single target 
point, the more complex lane keeping activity 
involves multiple conflict points and more complex 
vehicle kinematics. 
 
We focus on yaw velocity rather than the related 
variables of path curvature and lateral acceleration 
because of the focus on visual reference. Yaw 
velocity is directly available to the driver as the 
perceived angular rate of distant or peripheral objects 
across the field of view. Path curvature by contrast 
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requires a constructive element as the driver 
“imagines” the path of the vehicle, something that is 
surely more appropriate to low speed maneuvering 
Again, vehicle lateral acceleration is not a visual 
input, but rather a feedback for the lower level 
manual control of the vehicle. Thus the emphasis on 
yaw rate as the reference is based on its availability 
through visual feedback, analogous to what happens 
in vehicle stability control [7] – vehicle yaw rate is 
directly measured and compared to a reference – 
though in this case it is based on anticipated vehicle 
response to steering at the current speed. In this case 
path curvature is not directly measurable, and lateral 
acceleration is subject to disturbances such as body 
roll; also, the lateral acceleration is dependent on 
sensor location, unlike the yaw rate, which is only 
sensitive to sensor orientation.  
 
It is also worth noting that under simple conditions of 
constant speed, minimal vehicle sideslip (i.e when the 
vehicle is in a normal stable condition) and negligible 
body roll angle,  the three variables mentioned (path 
curvature, yaw rate and lateral acceleration) are 
actually proportional to each other. So under these 
simple conditions any one of these variables might be 
used for the present purpose. We now turn to the 
details of the yaw error criterion. 
 
For any point on the road or lane boundary, we are to 
determine whether a yaw rate correction is needed to 
avoid going outside of the lane/road.  If so the yaw 
correction required is a measure of conflict.  The 
maximum magnitude of all such corrections (left or  
right) is to be our conflict measure, though it is often 
of interest to analyze “worst right boundary case” and 
“worst left boundary case” in parallel. Additional 
information is relevant, namely the distance and 
polarity (left, right) of any conflict point, as well as 
the horizon distance: the maximum distance or 
headway for which – under ideal yaw rate – no 
conflicts occur).  The horizon distance is a combined 
measure of position and direction error, as well as 
road geometry, and arises naturally out of the YRE 
analysis. 
 
As mentioned, YRE and these associated measures 
are related to TTLC, but are expected to incorporate a 
greater degree of continuity and relevance to the 
control task.  Unlike TTLC, the “angle of attack” of 
the lane excursion is implicitly included, so it 
potentially attaches due significance to how severe 
the predicted lane excursion will be, not just when it 
will be.  For this reason YRE is expected to be a 
superior combined metric of lane keeping 
performance analysis than TTLC. 
 

This study was motivated by a more general problem 
of establishing surrogates for road departure crashes 
[8,9]. The idea is to find kinematic or other variables 
that respond to road, traffic and driver conditions in a 
way that mimics the pattern of crash occurrence. 
Provided the dependency is based on common cause 
(for example due to disturbances in the closed loop 
control of the vehicle), detailed analysis of surrogates 
and counter-measures is much more feasible than the 
corresponding analysis of crash occurrence. In this 
paper we restrict attention to the YRE metric of 
interest, and leave aside its factorial analysis relative 
to crash frequencies. 
 
 
YAW RATE ERROR DEFINITION 
 
In Figure 1 we consider the lateral vehicle control 
relative to a single “conflict point” P. This is 
presumed to be on the right lane boundary, so the 
yaw rate (assumed positive in the case shown, with 
the vehicle curving to the right) should be no more 
than for the critical case shown; the vehicle point Q 
required to pass to the left of P, while here it just 
intersects with P. Using polar coordinates ),( dφ , φ  
is the azimuth angle and d is the distance-to-target, 
both computed relative to the velocity vector at the 
reference point Q. This in turn is oriented at an angle 

0φ  relative to the vehicle axes, and if we assume Q to 

be at the outside edge of the front right tire, then 0φ is 
very roughly equal to the steering angle at the right 
front wheel.    

 
Figure 1.  Turning kinematics – critical case 
where reference point Q intersects with boundary 
edge point P during a steady-state turn. 
 
Assuming the vehicle path is in the form of a circular 
arc, the geometry is represented in Figure 2; we find 
that the critical case occurs when the turning radius R 
satisfies the equation 
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which is equivalent to the yaw rate condition  
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d

U
r

φsin2=  (2) 

 
U being vehicle speed.  Thus equation (2) defines the 
maximum yaw rate of the vehicle to avoid conflict 
with a right boundary point P 

 
Figure 2.  Basic geometry of steady turning 
motion. 
 
ESTIMATION METHOD 
 
When using driving data, we do not have direct 
information on all of the variables used in equation 
(2) – the absolute coordinates of the boundary points 
are unknown, as are their relative locations to the 
vehicle; hence they must be inferred from the lane 
tracker, which estimates of lateral position and lane 
width. Note that while in principle GPS could be 
used, it is far from being accurate enough to give 
useful estimation of the lane keeping performance, so 
this was not considered.   
 
The idea is to use the vehicle itself, with known 
speed and yaw rate, to provide a reference for which 
to estimate the relative position of the lane boundary 
over time.  From the variations in lateral lane position 
over time, the lane geometry is to be estimated, and 
variables such as φ  and d derived.   
 
We also need to estimate the azimuth offset 0φ  for 
the direction of the velocity vector at the front wheel 
relative to the vehicle longitudinal axis (at low speed 
this is the steer angle, but in general it depends on the 
front axle cornering stiffness).  In the case where 
steer angle and cornering stiffness is not available, a 
simple estimate can be made based on general 
vehicle dynamics properties  
 

    
rcU

rL

−
=0tanφ  (3) 

 

where r is the yaw rate, L is the wheelbase, 2c is the 
front track, and U is the instantaneous vehicle speed 
(this equation is based on the assumption of near-zero 
slip angle at the rear axle, but is expected to be 
reasonably accurate).  Simple adjustments are to be 
made to this equation when considering left side 
boundary points. 
 
Figure 3 shows the modified geometry when 
boundary point B is offset from the vehicle path.  For 
simplicity assume a fixed preview time T to the 
boundary point, and an approximately constant 
curvature for the path of the reference point from Q 
to P.  In the figure, φ  is the azimuth angle to the 
boundary point B, while θ  is now the critical 
azimuth angle corresponding to the motion from Q to 
P.  (Again, both angles are defined relative to the 
velocity vector, not the vehicle longitudinal axis). 

 
Figure 3.  Sketch of turning geometry for an offset 
boundary point B. 
 
During the vehicle motion from Q to P, the heading 
angle and direction of velocity vector V change by 
2θ  , so numerically integrating the yaw rate over the 
time interval T we have 
 

      ttr
i

i δθ ∑= )(2
1  (4). 

The mean radius of turn, R, during the time interval 
can also be obtained from the yaw rate: 
 

           
R

U

T
=θ2

 (5) 

 
where U  is the mean vehicle speed during the 
interval, and both sides of this equation are estimates 
of the mean yaw rate during time interval T. Then, to 
determine φ , we consider triangle BPQ  in Figure 4.  
Angles at P and Q are known in terms of φ  and θ , 
and hence the angle at B is given by  
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Figure 4.  Geometry to determineφ  
 
Then from the sine rule 
 

 
sR

)sin(

sin2

sin θφ
θ

β −=  (6) 

 
which is a nonlinear implicit equation for φ  in terms 
of other known variables.  For normal highway 
driving we expect θφα −=  to be sufficiently small 
(less than around 5°) to allow the approximation 

αα ≈sin , 1cos ≈α .  In this case 
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Substituting this into equation (6) then gives 
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giving the approximate expression for φ  (with all 
angles in radians) 
 

 
θ

θφ
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s

−
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Distance QBd =  is also found from the geometry of 

Figure 4:  

 
θθ

θα
sinsin2

)90cos(cos

sR

BPQPd

−≈

−−=
 

and hence 
       θsin)2( sRd −=  (7). 

 
Equations (4), (5), (6a) and (7) then determine all the 
relevant terms in the critical yaw rate expression 
 

        
d

U
rc

φsin2=  (8) 

 
where U is the instantaneous vehicle speed at Q, and 
now we use cr to denote the critical yaw.   
 
Multiple calculations can be performed for point 
pairs (P,Q) for values of T in a range of say 0.5-2 
seconds, and the results referenced on the initial point 
Q.  We are then interested in the minimum value of 

cr (Q) and its corresponding distance d from Q.  The 
yaw rate error is then  
 

)(*)()( Qrtrtyre cQQ −=                 (9) 

 
where )( Qtr  is the vehicle yaw rate at time Qt , and 

)(* Qrc  was the minimum critical yaw rate at Q.   
 
A second yaw rate error for left boundary points also 
has to be found, making similar calculations with 
relevant shift of reference point (to the outside of the 
left front tire) together with relevant sign changes. 
 
The above equations are obtained for computing 
YRE, but it is worth noting that with a minor 
adjustment they can be used to determine local road 
curvature from the on-board vehicle data (assuming 
lane position, speed and yaw rate are measured) 
removing the effects of vehicle lateral drift. The 
method is to estimate the critical yaw rate for a 
shifted point P that has the same lateral offset as 
current point Q: thus replace )(Pss =  in the above, 

by )()( QsPss −=′ .  The critical yaw rate cr ′  is then 
the yaw rate that maintains equal lane deviation over 
time interval T, and hence provides the radius of 
curvature eR  (referenced at the right lane boundary) 
we obtain 

            s
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U
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c
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RESULTS 
 
The estimation method described above was used to 
determine the YRE for driving events recorded in the 
Road Departure Crash Warning (RDCW) field 
operational test database [10], which contains more 
than 200 data channels recorded at 10 Hz or 20 Hz, 
depending on the signal; included within these data is 
a wide range of information on driver input, vehicle 
response as well as aspects of the highway and traffic 
environment.  As well as objective data from sensors, 
video images of the forward scene and drivers face 
were available to establish context. Here we present 
data from three events which appear quite typical or 
real-world lane keeping. 
 
Event 1, depicted in Figure 5, was of a driver 
negotiating an on-ramp which is in the form of a 
right-hand curve.  The left plot shows the location of 
the left and right front wheels relative to the lane 
boundaries (note that there is some variation in the 
lane width, but that most of the variations are in the 
dashed lines which depict the outside edges of the 
front tires). This event shows a situation where the 
driver maintained a position very close to the lane 
boundary with several excursions beyond the 
boundary. From video review, it appeared that the 
driver’s attention was switching between reading a 
map and looking at the road ahead. Clearly the event 
represents an example of poor lane keeping.  Figure 
6(a) shows critical and actual yaw rate time histories, 
as well as lateral distance within the lane boundary 
(scale by a factor 0.1 so that scales are reasonably 
consistent). 
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Figure 5.  The vehicle path for event 1.  (a) The 
dotted lines represent the left and right edges of 
the vehicle with respect to the center of the lane 
markings (solid lines).  (b) The X-Y position of the 
vehicle in space. 
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Figure 6.  The yaw rate parameters for event 1; 
(a) the actual yaw rate, critical yaw rate, and 
distance to the right lane boundary, and (b) the 
calculated YRE through the curve. 
 
All conflicts for this event appear to be “right side 
only”, so the yaw rate error in Figure 6(b) is positive 
whenever the current location and path predict at 
least on lane boundary conflict within the chosen 
time horizon (0.5 – 2 sec). We see that YRE is 
always positive at the start of a lane excursion, and 
actually always becomes positive before a lane 
excursion occurs. In this sense, as would be expected, 
it is predictive of each lane excursion.  
 
Figure 7 shows YRE again (lower plot) together with 
the time to lane crossing (TTLC) in the upper plot 
and also its reciprocal (inverse TTLC, or ITTLC) in 
the center plot. ITTLC might be preferred as a 
conflict metric since large values indicate proximity 
to a lane excursion, in contrast to TTLC which is 
large when the vehicle is tracking the lane well. The 
main features seen in Figure 7 are the great variations 
and major discontinuities in TTLC and ITTLC, as 
compared to the much more continuous form of YRE. 
This suggests that YRE may potentially connect more 
directly to the continuous steering control behavior of 
the driver, especially since lane crossing is not 
generally a catastrophic event and does not generate a 
panic response from the driver.  
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Figure 7.   A comparison of the driver risk 
parameters for event 1; (a) the TTLC,  (b) the 
ITTLC, and (c) the YRE. 
 
In Figure 8 this is tested informally by plotting steer 
response (upper curve) as well as YRE (lower curve). 
Each local peak of the YRE curve seems to coincide 
with a sharp negative slope in the steering, and this is 
clearly the case at the YRE peaks at around t=2, 7, 16 
and 24 seconds – these sharp reactions seem to 
correlate with corrective actions by the driver in a 
way that TTLC, ITTLC and even lane crossing in 
Figure 6(a) do not. The distracted driver in this event 
is not responding to YRE as it reaches positive values, 
but arguably when attention to the road coincides 
with a positive value of YRE. 
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Figure 8.   A comparison of the driver controlled 
steering angle and the calculated YRE for event 1. 
 

 
The second event from the RDCW data was a single 
boundary crossing followed by a correction back to 
the middle of the lane.  The vehicle trajectory data 
can be seen in Figure 9. The event is somewhat 
simpler than event 1, in that only one major 
excursion exists. Figure 10 shows the event in terms 
of yaw rate and critical yaw rate, and it’s interesting 
that the conflict most heavily dominated by variations 
in the critical yaw rate rather than the actual yaw rate. 
In the upper plot, the yaw rate exceeds its critical 
value at around 7 seconds, while the first lane 
excursion takes place around 1 second later, again 
showing the predictive nature of YRE. In the lower 
plot, the YRE undergoes a correction at t=10 seconds 
and from the previous analysis we would expect to 
see a sharp negative slope in the steering angle then. 
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Figure 9.   The vehicle path for event 2.  (a) The 
dotted lines represent the left and right edges of 
the vehicle with respect to the center of the lane 
markings (solid lines).  (b) The X-Y trajectory of 
the vehicle. 
 
First we note however that in Figure 11, the previous 
comparisons with TTLC and ITTLC are repeated, the 
time-based metrics showing large discontinuities, 
while YRE varies continuously and in a simple way 
during the event – it grows at a very roughly uniform 
rate until the correction is presumably applied at t=10 
seconds, then decays uniformly until at around 12 
seconds it is corrected again in the opposite sense. 
Turning to Figure 12 a sharp negative slope is seen at 
t=10, and a positive slope steering correction takes 
place at t=12, as expected. Of course there are other 
steering corrections visible in Figure 12, and not all 
are directly predicted by conflicts with the right lane 
boundary, but perhaps some involve the right lane 
boundary. To this end we consider below a modified 
plot of vehicle yaw rate plotted over the pair of 
critical boundary cases. 
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Figure 10.  The yaw rate parameters for event 2; 
(a) the actual yaw rate, critical yaw rate, and 
distance to the right lane boundary, and (b) the 
calculated YRE through the curve. 
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Figure 11.   A comparison of the driver risk 
parameters for event 2; (a) the TTLC,  (b) the 
ITTLC, and (c) the YRE. 
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Figure 12.   A comparison of the driver controlled 
steering angle and the calculated YRE for event 2 
 
 
First however we consider a third example, also on a 
curved road section, but where there are no obvious 
lane boundary conflicts – see Figure 13 – which 
shows a nearly uniform distance from the car to the 
lane boundaries while negotiating the right-hand 
curve.  Surely in this case the control loop is 
“inactive”, meaning the driver has found a stable line 
and has no need to make multiple corrections to 
avoid boundary conflicts.  Figure 14 appears to show 
otherwise. Again we are plotting YRE for the right 
boundary and steering control actions. Far from being 
random or disconnected from the boundary conflict, 
the driver appears to be making regular steering 
corrections (negative slope interventions) whenever 
YRE approaches a critical (zero or positive) value 
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Figure 13.   The vehicle path for event 3.  (a) The 
dotted lines represent the left and right edges of 
the vehicle with respect to the center of the lane 
markings (solid lines).  (b) The X-Y position of the 
vehicle in space. 
 



 
Gordon 8 

0 2 4 6 8 10 12 14 16 18
-0.05

0

0.05

0.1

0.15

0.2

0.25

time [s]

S
te

er
in

g 
A

ng
le

 [r
ad

], 
Y

R
E

 [r
ad

/s
]

 

 
Steering Angle
YRE

r

 
Figure 14.   A comparison of the driver controlled 
steering angle and the calculated YRE for event 3. 
 
Figure 15 now shows the yaw rate versus its two 
critical limits, where conflict avoidance takes the 
form 

       rightcleftc rrr ,, <<  (11). 

All three events are shown, but the most striking is 
for event 3 in the lower plot: the vehicle appears to be 
controlled very precisely within the critical 
boundaries, with minimal overshoot but using the full 
range. Far from a stable “on center” steering control 
tracking the lane center, in “YRE space” the vehicle 
is “bouncing” quasi-periodically between its limits. If 
this interpretation is correct, the YRE provides a 
simple picture of lane-keeping control actions by the 
human driver.  Turning to the center plot, where a 
single excursion event was seen, the degradation in 
control appears to be initiated as early as t=3 seconds 
when the more stable “bouncing between limits” is 
interrupted. After the lane excursion is corrected, 
normal effective control appears to be regained at 
around 14 seconds. Turning back to Figure 9(a) this 
same interpretation seems reasonable from the within 
lane drift – intuitively the driver is drifting right from 
about t=3, and only recovers full control at around 15 
seconds. The point here is that YRE seems to provide 
a direct measure of lane keeping performance, and 
may even correlate with the error criterion active in 
the control loop of the human driver.  In Figure 15(a) 
it appears that the driver does not regain effective 
control of the vehicle throughout the 15 seconds, and 
this is consistent with the distracted nature of the 
driving event. Finally in the upper two plots we see 
that left and right boundaries actually cross over, so 
no “solution” to (11) actually exists! We briefly 
consider this intriguing situation in the discussion 
below.  
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Figure 15. Comparison between the critical yaw 
rate for left and right boundary conflicts and the 
actual yaw rate for (a) event 1: riding the right 
boundary, (b) event 2: single boundary crossing 
with correction, and (c) event 3: good lane 
following.    
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DISCUSSION 
 
In the above we have defined a yaw rate error (YRE) 
criterion that is motivated by the potential 
shortcomings of time to lane crossing (TTLC) as a 
measure of steering control performance during lane 
keeping. The main features have been seen above, 
but in summary: 
• YRE behaves in a continuous way, even when 

lane boundary crossings take place, and this is 
not the case for TTLC and its reciprocal 

• YRE excursions correlate strongly with rapid 
steering interventions by the driver, especially 
when the driver is providing effective control of 
lane position 

• When left and right critical yaw rate boundaries 
are considered simultaneously, the normal 
effective control of lane position appears to 
operate to constrain between the crucial limits 

• YRE may be a useful predictor of actual lane 
excursions, but more importantly it seems to 
provide a strong indicator of degraded or 
ineffective lane keeping 

 
In events 1 and 2, the lane excursions appear to 
induce an “impossible” situation for the driver – the 
left and right limits cross over. This is most easily 
seen in Figure 15(b), where crossover takes place 
between approximately t=8 and t=12 seconds. From 
Figures 9(a) and 10(a) this corresponds to the vehicle 
being outside the lane boundary – clearly the steering 
task changes from lane keeping to lane recovery, 
though from Figure 12 the reaction seems to be 
consistent with a single sharp correction to “divert” 
the YRE to a correct linear rate of descent, followed 
by a second sharp correction in the opposite direction 
at around t=12 seconds. Thus it seems the crossover 
is not a major factor to the driver, who perhaps 
applies focus to one boundary at a time. 
 
 
CONCLUSIONS 
 
A simple yaw rate error criterion has been proposed 
for the analysis of steering control behavior. It can be 
used for the post-hoc analysis of naturalistic driving 
data, and with suitable development is likely to be 
feasible for real-time evaluation on the vehicle.  It 
offers a number of simple advantages in terms of 
continuity and correlation to steering response, and 
offers a potential means of distinguishing between 
normal and degraded steering control while lane-
keeping. In this paper there has been no attempt to 
analyze a large number of driving events, or establish 
a formal relationship between YRE and particular 

driving situations or other measures of control (e.g. 
eyes off the road, secondary tasking). The results 
above were based on randomly chosen events, and 
there was no selection procedure other than to find 
events from lane position typical of (1) an extended 
period of degraded lane control (2) a single event 
lane excursion error (3) well controlled lane keeping.  
 
Further work will expand the number of events and 
attempt to more formally and accurately quantify the 
relationships hinted at in the three events presented. 
Also, further work is anticipated to evaluate YRE as 
a potential surrogate for crashes that happen due to 
disturbed control during lane-keeping. This 
particularly refers to lane-departure crashes and 
single-vehicle road departure crashes. Surrogate 
validation is to be based on factor analysis that link 
the statistical properties of both crash and surrogate. 
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ABSTRACT 

The paper estimates the benefits of low speed 
autonomous vehicle braking technologies (e.g. City 
Safety from Volvo) on reducing whiplash injuries, 
and whether driver adaptation is likely. Potential 
UK whiplash injury reduction and cost savings 
associated with autonomous braking systems are 
calculated. Assuming standard fleet wide fitment, 
predictions show autonomous braking systems 
(City Safety) could annually prevent 263,250 
crashes, mitigate 87,750, and prevent 151,848 
injuries, equalling nearly €2 billion savings in 
repair costs and whiplash compensation. In driver 
adaptation testing participants drove toward an 
inflatable target car at 15km/h without braking. 
Responses were collected from 99 driver tests, 
where the vehicle autonomously brakes preventing 
impact. 11% of drivers braked instinctively when 
approaching targets, and 95% of drivers stated they 
would not rely on City Safety for normal driving, 
and understood that it was for emergency braking 
only. Feedback was also gathered from 11 drivers 
experiencing the system on thousands of kilometres 
of normal UK roads. None reported either positive 
interventions or false interventions. City Safety, an 
example of low speed autonomous braking 
systems, shows huge potential for reducing crashes 
and whiplash injuries valued at nearly €2 billion in 
insurance claim savings. Other current autonomous 
braking systems operating at higher speeds require 
driver activation, and can only mitigate impact 
speeds. City Safety operates autonomously at low 
speeds and can prevent collisions occurring 
completely, so no risk compensation issues are 
expected. 

INTRODUCTION 

Over the last few years vehicle manufacturers have 
been launching a wide range of primary safety 
technologies.  These are technologies that are 
designed to prevent a collision from occurring by 
warning the driver to intervene, or to lessen the 
speed and severity of the collision by autonomous 
vehicle braking. Some examples are Adaptive 
Cruise Control (ACC), Automatic Emergency 
Braking Systems (AEBS), and Low Speed 
Avoidance technologies. 

ACC and AEBS 

ACC uses a radar unit mounted on the front grille 
of the car to sense the proximity and speed of 
vehicles ahead. This allows the functionality of a 
standard cruise control system to be extended to 
control braking as well as acceleration. The driver 
can then let the ACC control acceleration and 
braking, and only has to provide steering input. 
ACC is designed to work on motorways and dual 
carriageways and most systems are only 
operational at over 30 km/h.  
 
ACC systems also have the facility to provide a 
warning to the driver if the car is at risk of a 
collision. These warnings can take many forms 
including visual symbols or lights, audible beeps or 
‘bongs’, or a haptic tug on the seat belt.  
 
A further development of ACC is AEBS, which 
will automatically apply the vehicle brakes when 
an imminent collision is identified. AEBS aims to 
prevent the collision or to mitigate severity by 
reducing speed. AEBS functionality is known by 
different names by individual manufacturers, such 
as Collision Mitigation Braking System (CMBS) 
by Honda, or Collision Mitigation by Braking 
(CMbB) by Ford.  
 
So both ACC and AEBS use radar sensors and 
show some potential for mitigating crashes, but 
they are not designed to prevent crashes from 
occurring completely. The potential effect for 
reducing crashes and injuries may also be limited 
by certain HMI (Human Machine Interface) issues. 
The systems are only operational when activated by 
the driver, and can be turned off easily if the driver 
chooses. The systems also issue warnings to the 
driver that they need to intervene to prevent a 
collision. Since different systems issue different 
types of warnings there is potential for confusion 
that might lead to either a lack of response from the 
driver, or an inappropriate response, which limits 
the effectiveness of the warning.  
 
An example of a Low Speed Avoidance technology 
is City Safety, and that does not appear to have 
these associated HMI issues. This uses LIDAR 
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(Light Detection and Ranging) sensors, which is an 
optical remote sensing technology that measures 
properties of scattered light (laser) to find range 
information of a distant target (vehicle in front). 
These LIDAR sensors are mounted behind the 
windscreen and scan the road ahead for 
approximately 6m. In a situation with a likely 
collision, the system will pre-charge the brakes to 
give a faster response if the driver does brake. 
Should the driver still fail to brake in an imminent 
collision situation, automatic braking power up to 
5m/s2 is applied, and throttle control by the driver 
is disconnected. In tests at speeds up to 22 km/h 
undertaken by Thatcham a car fitted with the City 
Safety system successfully prevented contact with 
another car. At speeds of up to 30 km/h the system 
is able to mitigate collisions by 50%. The system is 
active for speeds up to 30 km/h. To prevent drivers 
from adapting their normal driving to the system 
the design of the system is intended to give a 
harsh/unpleasant braking sensation. The system is 
not operational against on-coming traffic, and is 
operational against stationery or moving traffic. 
The system calculates that the driver is taking 
evasive action if they give a large steering, throttle, 
or brake input, and the system is therefore 
overridden by the driver. 
 
By default the system is always turned on when the 
vehicle starts, so it is always on and able to activate 
to mitigate/prevent a collision. Once the system has 
operated the driver is given a display notice, but 
there is no warning given prior to intervention of 
City Safety. It is not possible to give a driver 
warning of a potential collision since there is not 
enough time available once a collision risk is 
identified. Because City Safety is always turned on, 
and because it has no warnings, the HMI issues 
associated with ACC and AEBS are not problems 
for City Safety.  
 
The City Safety system was launched as standard at 
the end of 2008 on the Volvo XC60, and it is 
expected to be fitted on other models from Volvo 
as well as other manufacturers. However it will still 
be a number of years before enough evidence can 
be gathered about the effectiveness of City Safety 
in the real world to form a conclusion as to its 
potential for crash and injury prevention. This 
paper outlines estimates of crash reduction and cost 
savings offered by City Safety. It also presents two 
preliminary studies that have aimed to investigate 
whether drivers are likely to adapt their driving 
habits to the City Safety system by relying on its 
crash prevention technology, with the risk that they 
consequently negate any advantages offered by the 
system by paying less attention to the road.  

POTENTIAL CITY SAFETY 
EFFECTIVENESS ESTIMATES 

Since City Safety is designed to prevent low speed 
collisions, it shows potential for reducing not only 
these crashes and the associated repair costs, but 
also whiplash injuries and costs. The main focus of 
whiplash injury reduction countermeasures has 
been with better seat design. Data indicates that 
75% of all crashes occur below 30 Km/h [1] with 
the front to rear end crash at intersections being the 
most prevalent. British insurers report a cost in 
excess of €3 billion annually in the United 
Kingdom due to whiplash [2]. In Sweden 70% of 
all injuries leading to disability are due to whiplash 
injuries [3]. According to Watanabe [4] et al. 
43.5% of all injuries from vehicle crashes were 
from rear impacts, and approximately 90% of these 
injuries were to the neck. Whiplash is an AIS 1+ 
injury and the vast majority of occupants who 
suffer initial soft tissue neck injuries typically 
recover fully, although around 10% of the 
occupants with initial neck injury symptoms 
continued to have symptoms after one year [5,6,7]. 
However collision avoidance technology offers a 
huge potential to avoid the sorts of collisions that 
typically cause whiplash injuries. 
 
Based on dose-response models Kullgren [8] has 
made estimates of the effectiveness of City Safety, 
which indicates a 60% reduction in injured 
occupants. It is only possible to make estimates of 
the effectiveness of the system for preventing 
crashes at present, with only a small number of 
vehicles in the fleet fitted with the system. Once a 
greater number of vehicles can be found on the 
road in the real world it will be possible assess the 
effectiveness of the system in detail. However by 
identifying those typical crash scenarios where the 
system can be expected to have benefit, it is 
possible to make some estimates of the potential 
savings in crash reduction, both in terms of damage 
and injury costs.   

Potential Crash Reduction 

Although there are many well established crash 
frequency databases, such as GIDAS or CCIS, 
most of the criteria for inclusion relate to serious 
injures and typically require Police involvement or 
tow-aways. When comparing these to insurance 
statistics it is clear that the total amount of all 
crashes is far higher than the established databases 
report. The types of crash and direction of impact 
also tend to differ considerably. Overall there is a 
huge amount of under reporting is present in most 
published crash data sets when considering 
whiplash injuries or non-injury crashes handled by 
insurers. For example the Department for Transport 
reported 247,780 casualties on UK roads in 2007 
[9], and yet there are around 2.7 million motor 
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crashes resulting in an insurance claim annually in 
the UK [10].  
 
Estimates of the effectiveness of City Safety for 
reducing all crashes (not just casualties) can be 
generated from the insurance claims data. These 
estimates assume a fleet wide fitment of City 
Safety. According to analysis of motor insurance 
claims data, around 26% of claims are for rear-end 
impacts where one vehicle runs into the back of 
another [11]. This represents 702,000 crashes from 
the 2.7 million motor crashes that result in an 
insurance claim [10]. Many of these crashes occur 
at intersections, junctions and traffic islands and 
result from poor driver attention. Most of these 
crashes occur at low speed (under 30km/h) in the 
speed range where City Safety is active. City 
Safety is designed to specifically operate on rear-
end impacts, but it could also have a positive effect 
in other crash types. Effectiveness estimates for 
City Safety are therefore only focussed on the 
front-into-rear impact scenario.  
 
Research [12] has shown that in a front-into-rear 
collision situation 50% of drivers will respond by 
applying braking. When City safety detects that the 
driver is braking it will disengage since the driver 
is in control. However for the other 351,000 
crashes (50%) the driver will not brake and the 
system could therefore help to prevent or mitigate 
the crash. Previous estimates were made by the 
authors in [13]. These were more cautious 
estimates based on only 30% of drivers no applying 
braking [14], rather than the 50% [12] used in this 
paper to show the greater potential effectiveness.  
 
Over 75% of crashes are at speeds under 30 km/h 
[1]. This data suggests that for the 263,250 crashes 
that are under 30 km/h City Safety could help to 
prevent the impact from occurring completely, and 
for the other 87,750 crashes it could help to 
mitigate the severity (speed) of the impact.  
 
According to crash repair costs analysis [15] the 
average repair cost per vehicle is €1,868 making a 
total repair cost of €3,736 per crash. So for the 
263,250 crashes under 30km/h that City Safety 
could help to prevent this equates to a saving of 
€983,502,000. For the 87,750 higher speed crashes 
it is assumed that City Safety lowers the crash 
speed and consequently the repair costs are brought 
down to the average level of €3,736 per crash, 
equating to a saving of €327,834,000. This gives a 
total saving of approximately €1.3 billion, as 
summarised in Table 1.  

Table 1.  
Summary of Estimated Crash Repair Cost 

Savings from City Safety 

 Crash 
prevention 

Crash 
mitigation 

% of crashes 
over/under 
30km/h 

75% under 
30km/h 

25% over 
30km/h 

Number of 
crashes without 
driver braking 

263,250 87,750 

Average crash 
repair cost 

€3,736 €3,736 

Sub-total repair 
cost savings 

€983,502,000 €327,834,000 

Total repair cost 
saving €1.3 billion 

 

Potential Whiplash Injury Reduction 

Whiplash is a high cost burden to both the motor 
insurers, all those who purchase motor insurance 
and the wider society in general. Costs in excess of 
£2 billion are reported annually by British insurers 
due to whiplash [2]. Statistics from the Comité 
Européen des Assurances [16] show that four 
countries have a very high rate of claims for 
whiplash injuries, including the United Kingdom 
(76% of bodily injuries), Italy (66%), Norway 
(53%), and Germany (47%). Average claims costs 
linked to cervical trauma can be very high, for 
example Switzerland has the highest average cost 
per claim [16] with approximately €35,000 per 
claim, followed by the Netherlands (€16,500), and 
Norway (€6,050).  
 
The annually UK has 432,000 whiplash injury 
insurance claims [17]. Analysis by Thatcham of 
whiplash injury claims cases [18] reveals that 70% 
of whiplash claims come from front impacts and 
rear impacts, which equates to 303,696 whiplash 
injuries.  
 
Until now there have been no technologies to 
prevent or mitigate whiplash injuries in frontal 
collisions. City Safety is the first technology that 
offers any potential to tackle the issue of frontal 
whiplash, and can prevent this injury from 
occurring at low speeds which is an important 
contribution to reducing the societal burden of 
whiplash.  
 
In order to calculate the possible effect on whiplash 
frequency the same method of estimates was used 
to calculate the efficacy of the City Safety system. 
With acceptance criteria of low speed rear end 
crashes where the striking car does not brake (50% 
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of crashes) 151,848 whiplash injuries would be 
saved.  
 
The average whiplash claim cost is €4,000 [2]. This 
equates to an estimated cost saving of 
€607,392,000 for the 151,848 whiplash injuries that 
could be saved by City Safety. Combined with the 
repair cost savings of €1.3 billion, a City Safety 
equipped fleet could potentially reduce Insurance 
Claims by nearly €2 billion annually. 

Driver adaptation 

The potential effectiveness of any automatic 
braking system like the City Safety system depends 
upon whether a driver will adapt and rely on it, 
negating any crash reduction potential. There are 
progressively more and more automotive primary 
safety technologies coming onto the market from 
increasing numbers of manufacturers, including 
technologies offering similar automatic braking 
systems to City Safety. However there is little 
commonality between the different systems in 
terms of functionality and system operation. The 
introduction of these new systems raises a number 
of important questions. Will drivers understand the 
meaning of a warning when it is given, what the 
warning is referring to, and its criticality? More 
importantly will they react appropriately? Will 
drivers adapt to these technologies reducing any 
safety benefits that may have been available? In a 
worse situation, if one vehicle usually indicates a 
non-critical occurrence such as low fuel, in another 
vehicle a similar warning may indicate an 
imminent collision. Such misunderstandings could 
be potentially fatal. 
 
Two test types were undertaken on the City Safety 
system. The first test involved creating a collision 
scenario that is prevented by the system. The 
second test type was normal driving on public 
roads with the system operational, followed by 
questionnaires used to investigate drivers’ reactions 
and opinions of the system.  

DRIVER COLLISION ASSESSMENT TEST 

Method 

The participants drove the test car toward an 
inflatable target car at 16km/h (10m.p.h.) without 
braking. The City Safety system autonomously 
braked the vehicle so preventing the impact. To 
avoid risk of damage to vehicles or injury to 
participants an inflatable target was used. The 
inflatable target was a life sized representation of a 
car to elicit the appropriate response from the 
driver – many people were frightened by its 
realistic dimensions. Prior demonstrations of the 
system using traffic cones revealed that whilst the 

system was activated correctly, driving toward the 
traffic cones did not alert the driver in a realistic 
manner because it did not resemble a real crash 
situation. The realistic size and shape of the 
inflatable car aids the drivers understanding of the 
situation, and so gives a more realistic response.  
 
The collision assessment tests were carried out on a 
test track. The driver was asked to drive normally 
toward the stationery inflatable car at the required 
speed, but not brake (see Figure 1). The test 
conditions and timings varied, for example some 
tests were in the rain with the windscreen wiper 
system in operation, some in normal dry daylight 
conditions, and some in partial darkness.  
 
There were 99 participant drivers. Participants were 
aged from 20 to 70 years, and all of them were 
qualified to drive in the UK. Not all participants 
were from the UK, with 10% from other countries 
internationally. Most drivers were asked to 
complete the survey immediately after completion 
of the test, and some were given chance to reflect 
upon their experience.  
 

      

 

 
Figure 1.   Driver Collision Assessment Test. 

Results 

Only 4% of drivers believed prior to the test that 
the car would not actually brake. 37% of drivers 
had seen the system operate for another driver so 
believed that the car would brake automatically. 
59% of drivers believed prior to the test that the car 
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would brake without having seen it operate 
previously.  
 
67% of drivers felt the urge to apply the brakes as 
they approached the target balloon car and did not 
act upon it. 11% of drivers felt the urge to brake 
and actually applied braking by pressing the brake 
pedal. Some of these drivers actually had to repeat 
the test several times in order to overcome their 
instinctive fear of a collision and their consequent 
urge to apply braking. 22% of drivers did not feel 
any urge to brake as they approached the target.  
 

Did you feel the urge to brake as you 
approached the target inflatable car?
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Figure 2.  Drivers urge to brake in response to 
collision situation. 
 
Assuming that they could afford it, 93% of drivers 
said that they would choose to have City Safety 
fitted on a car that they were purchasing.  
 
Drivers were asked if they would rely on the City 
Safety system to brake for them during normal 
driving conditions i.e. that they would adapt their 
driving style to incorporate the functionality of the 
system. Only 5% of drivers stated that they would 
rely on City Safety during normal driving. 95% of 
drivers stated that they would not rely on City 
Safety during normal driving, and that it was only 
for automatic braking in emergency situations if the 
driver was distracted. 

Discussion 

The collision assessment survey results from 
drivers reveal a strong trend indicating that they are 
unlikely to adapt their driving style to a City Safety 
type system, and allow the system to brake for 
them. 78% of drivers felt the urge to brake when 
approaching the target and 95% of drivers stated 
that they would not rely on the system during 
normal driving. Driver adaptation to the City 
Safety system therefore seems highly unlikely.  
 
There was also a group of non-participants i.e. 
those drivers who refused to participate. They were 
so afraid of relinquishing control of the vehicle 

braking to the vehicle that they would not 
participate in the collision assessment test. This 
also confirms the trend that drivers are unlikely to 
adapt their driving style to rely on the system to 
brake for them in normal driving. These 5 drivers’ 
responses are not counted in the analysis of the 99 
drivers who did participate in the tests. 
 
2 drivers commented on their perceived increased 
risk of a rear-end impact in additional comments on 
the survey. Their concern was that the car behind 
would be more likely to run into the rear of their 
car when City Safety braked suddenly. These 
drivers were informed that City Safety cannot 
apply more braking force than the driver so cars 
autonomous braking is merely replacing that of the 
driver. If the car does not have City Safety fitted 
and the driver does not brake there would 
inevitably be a crash, consequently leaving the 
person travelling behind little time to respond 
either since no brake lights would show. The 
autonomous braking of City Safety activating the 
brake lights could indeed help to warn any 
following drivers earlier, hence adding to the 
potential benefit of the system.  

ROAD DRIVING TEST 

Method 

Participants were loaned the test vehicle shown in 
Figure 3 for a period of up to one week to allow 
familiarisation with the controls. The test car was 
an S80 loaned by Volvo that was retro-fitted with 
the City Safety system for purposes of the research. 
The system is only fitted to new cars, and was 
launched on the XC60 in November 2008. 
 

 

 

 

LIDAR 
sensor 
unit 

Figure 3.  Road driving test vehicle fitted with 
City Safety. 
 
The drivers used the car for normal road driving 
within the UK on varying urban and inter-urban 
journeys. Feedback was gathered from 11 drivers 
who regularly travel high mileages. The mileage 
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travelled included an equal split between 
motorways as well as urban and rural roads, all of 
which were normal UK roads, for a combined 
distance of over 20,000 kilometres. Participants 
were aged between 25 and 55 years old, and all 
held full driving licences.  

Results 

During the road driving trials all the 11 drivers had 
the City Safety system operational, since it could 
not be de-activated on the test vehicle. For all 
drivers, no positive interventions of the City Safety 
system were reported, and no false interventions 
either.  
 
50% of drivers reported that they felt safer than 
usual knowing that they were driving the car fitted 
with City Safety that had the capability of 
preventing a low speed collision. 30% felt no 
different driving the test vehicle compared to their 
usual driving. 10% of drivers felt more confident 
driving the car fitted with City Safety, and the 
remaining 10% felt more nervous.  
 

How did you feel whilst driving the car fitted 
with City Safety?
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Figure 4.  How drivers felt whilst driving car 
fitted with City Safety on normal UK roads. 
 
Only 2 of the drivers were aware of the system 
whilst driving. These drivers were conscious that 
they could see the components of the system or 
they were monitoring whether the system was 
operating. The majority of drivers (82%) were not 
aware of the system during normal driving, so it 
was in the background and did not distract them.  

Discussion 

None of the drivers encountered an emergency 
situation where the system would activate, so the 
City Safety system did not actually intervene for 
any drivers during their road trials. None of the 
drivers encountered a situation where City Safety 
was required to prevent a collision. Furthermore 
there were no false interventions. False 
interventions could annoy drivers and lead them to 
mistrust such technologies preventing their 
widespread adoption in the vehicle fleet, so the lack 

of false interventions in this study is an important 
finding.   
 
The majority of the participant drivers reported that 
they felt safer, or no different to normal, driving 
when using the system. This indicates that most 
drivers were content with City Safety on their car. 
The 2 road drivers who were aware of the system 
during normal driving noticed it because of the 
prototypical nature of the equipment fitted onto the 
loan vehicle’s windscreen with visible components 
and wiring. Production vehicles have the system 
sensors cosmetically encased and will consequently 
be less noticeable. 

CONCLUSIONS 

In order to identify an impending low speed impact 
the City Safety system uses a LIDAR sensor 
mounted in the front windscreen. The car brakes 
are automatically applied when an imminent 
collision is identified. The automatic braking can 
prevent an impact under 15 km/h and can mitigate 
an impact between 15 and 30 km/h. The City 
Safety system prevents common low speed crashes 
where whiplash typically occurs. It shows potential 
for reducing the burden on the wider society as 
well as insurers. The UK estimates presented 
indicate the system could affect 351,000 crashes 
annually by preventing or mitigating the crash. The 
estimates show that City Safety could also save 
over 150,000 crashes involving whiplash injuries. 
This equates to an estimated cost saving of nearly 
€2 billion.  
 
Studies of driver responses in normal road driving 
showed no interventions of the system, including 
no false activations. Collision prevention testing 
involved drivers driving toward an inflatable target 
car resulting in automatic application of the brakes 
to prevent an impact. In these collision assessment 
tests the majority of drivers felt the instinctive urge 
to brake in response to the collision situation that 
was created. Drivers also stated that they 
understood that the system is designed for 
emergency situations only and they would not rely 
upon the system in normal driving. This driver 
study indicates that driver adaptation to the City 
Safety system seems unlikely.  
 
The City Safety system appears to offer significant 
benefits to all drivers in preventing the most 
common sort of impacts. The system is low cost 
and can be readily made available across a new car 
fleet. Estimates presented in this paper indicate that 
significant reductions in injuries and repair costs 
are possible. Due to the late activation of the 
system in the collision process and the harsh and 
unpleasant emergency braking applied, an 
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activation of City Safety is expected to discourage 
drivers from adapting to the technology.  
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ABSTRACT 
 
Vehicle compatibility combines aspects of both self 
and partner protection.  Self protection involves a 
vehicle’s compartment strength and occupant 
protection systems.  Partner protection involves 
vehicle design attributes that work towards 
providing occupant crash protection of a vehicle’s 
collision partner.  Research has suggested that good 
engagement of the front structures and high 
compartment strength could be effective 
components for improving compatibility between 
passenger cars and other vehicles [1].   Studies have 
shown, however, that incompatible force 
distributions and greater relative front end stiffness 
are prevalent in the fleet.  To research this issue, the 
Progressive Deformable Barrier (PDB) was 
evaluated for its ability to assess the compatibility 
between the front end force of vehicles equipped 
with and without compatibility countermeasures. 
 
The paper investigates self protection and partner 
protection in the offset frontal crash test 
configuration using the data produced by a joint 
research program carried out at the Union 
Technique de l’Automobile du Motocycle et du 
Cycle (UTAC) in conjunction with the Directorate 
for Road Traffic and Safety (DSCR) in France and 
the National Highway Traffic Safety Administration 
(NHTSA) of the United States (U.S.). The program 
was initiated to investigate whether barrier 
deformation using the PDB, intrusion, and dummy 
injury measures could differentiate compatibility 
performances between vehicles with and without 
advanced frontal structures designed specifically to 
address vehicle compatibility. 
 
INTRODUCTION 
 
Safety researchers around the world, including the 
U.S. and France, have been concerned with vehicle 
compatibility in crashes for many years.  NHTSA 
has conducted studies on vehicle aggressiveness 
(the injury risk vehicles pose to drivers of other 

vehicles in a collision) and methods for measuring it 
for over 25 years [2].  Examination of U.S. crash 
statistics shows a disparity in fatality risk for 
passenger car occupants in vehicle-to-vehicle 
collisions with light trucks and vans (LTVs).  Past 
studies have shown that LTVs, as a class, were 
twice as aggressive toward their collision partners as 
passenger cars [2]. This mismatch in crash 
performance has considerable consequences for the 
traffic safety environment, as approximately half of 
all passenger vehicles sold in the U.S. are LTVs. 
 
While LTVs are not nearly as widespread in 
Europe, vehicle compatibility has been a growing 
concern for its countries as well.  Researchers have 
observed that European vehicles have generally 
been produced with greater mass, stiffer front ends, 
and higher compartment strengths to provide 
occupant crash protection in fixed offset barrier 
crash tests [1].  As vehicles get heavier and stiffer, 
however, the deformable barriers used for the 
evaluation of frontal offset crash protection begin 
bottoming out.  As a consequence, the test becomes 
more severe for the stiffer, heavier vehicles, and 
they become more incompatible with smaller 
collision partners. 
 
In 1996, European Enhanced Vehicle-Safety 
Committee Working Group 15 on vehicle 
compatibility was established in order to explore 
methodologies to assess vehicle compatibility, and 
develop test procedures to address it.  In March 
2002, vehicle compatibility was included as an area 
of focus for the exchange of information in the 
program of work adopted under the World Forum 
for the Harmonization of Vehicle Regulations 
(WP.29) 1998 Global Agreement.  Both the U.S. 
and France are signatories to that agreement, and 
have concurrently undertaken international research 
collaborations. 
 
DSCR has been researching the PDB test procedure 
approach for over 10 years as a means to address 
vehicle compatibility and recently proposed an 
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upgrade to United Nations Economic Commission 
for Europe (UNECE) Vehicle Safety Regulation 94 
to incorporate the barrier [1][3].  The PDB 
progressively increases in stiffness horizontally at 
both the upper and lower load levels, thus earning 
its name, PDB, or Progressive Deformable Barrier.  
Its characteristics were designed to represent an 
actual vehicle structure with sufficient force level 
and energy absorption capacity to mitigate any 
occurrences of bottoming out.  In doing so, the PDB 
may be better able to harmonize test severity among 
vehicles of different masses.  The PDB test 
procedure aims to encourage lighter vehicles to be 
stronger without increasing the force levels of large 
vehicles [1].  By design, the PDB is also able to 
detect all frontal structures involved in a crash (i.e. 
cross members, subframes, blocker beams, and 
longitudinal frame rails).  By detecting the impact 
deformations, the test procedure can encourage 
vehicle designs that incorporate structures to 
distribute homogeneous force levels over large 
surfaces. 
 
In 2004, NHTSA and DSCR signed a bilateral 
agreement to enhance cooperation and increase the 
efficient use of resources.  As a result, the two 
agencies elected to conduct joint analyses to 
promote the development of improved vehicle 
safety programs and related regulations.  Vehicle 
compatibility was chosen as one focus area.  The 
agencies initiated a joint research program to 
investigate the potential utility of the PDB in 
discerning levels of partner and self protection in 
full width and offset test configurations using heavy 
vehicles[4].  This research demonstrated that the 
PDB-XT was able to differentiate between vehicle 
frontal designs, such as unibody and body-on-frame 
construction.  (The PDB+ was renamed the PDB-XT 
and is the most recent configuration of the PDB.)  
Based on these results, further research was initiated 
to determine if the PDB could identify structures 
designed for vehicle compatibility, such as Honda's 
Advanced Engineering Compatibility (ACE) body 
structure [5]. 
 
The paper investigates whether barrier deformation 
using the PDB, intrusion, and dummy injury 
measures could differentiate compatibility 
performances between vehicles without advanced 
frontal structures and those equipped with these 
structures designed specifically to address 
compatibility.  It evaluates criteria of self protection 
and partner protection in the offset frontal crash test 
configuration.  It also compares the results to car-to-
car crash tests and real world crash analysis. 

METHOD OF TEST EVALUATION 
 
Test Severity 
 
One approach toward evaluating both self protection 
and partner protection is to normalize the test 
severity for all vehicles—large and small—by using 
the PDB.  Test velocity alone is not a good 
indication of the severity of the event because, 
unlike a rigid barrier test, a portion of the test 
energy is absorbed by the deformable element of the 
barrier.  The energy absorbed by the barrier is a 
factor of the vehicle’s mass, structural design, and 
stiffness.  Therefore, the parameter used to equate 
the test severity for different vehicles at a common 
speed using the PDB is the Energy Equivalent 
Speed (EES) as defined in (Equation 1). 

 

M
EabshkmEES ×

×=
26.3)/(      (1a). 

Eabs = energy absorbed by the vehicle (J) 
Eabs = Kinetic energy – Energy in the barrier 
M = mass of the vehicle (kg) 
 

∫=
max

min

x

x

FdxEbarrier     F = P * S (1b). 

P = barrier stiffness (MPa) 
S = crushed surface (m2) 

 
Self protection 
 
Self protection is conceptualized as the ability of a 
vehicle to protect its own occupants in a vehicle-to-
vehicle crash.  Many of the crashworthiness 
regulations around the world are directed toward 
evaluating a vehicle’s “self protection,” or how the 
vehicle protects its own occupants.  To achieve 
good self protection, front end design must limit 
intrusion and acceleration levels in the passenger 
compartment as well as limit occupant injury 
criteria.  The following parameters were measured 
to evaluate the level of self protection the vehicles 
offered: 
 

- Compartment intrusion 
- Dummy injury criteria 
- Vehicle acceleration 

 
Partner protection 
 
The concept of partner protection involves vehicle 
design attributes that function to maximize 
protection of the occupants within the collision 
partner.  In order to take advantage of the potential 
energy absorption of a vehicle front end in a 
vehicle-to-vehicle crash, good engagement of the 
vehicle’s energy absorbing structures must occur.  
To achieve this result, the deformation of the front 
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end must be distributed over a large surface.  In this 
study, post-crash test barrier digitization is used to 
examine the different barrier engagement patterns.  
The study also compares the following barrier-based 
parameters that have been identified in previous 
research as influential in the evaluation of partner 
protection [4]: 
 

- Average Height of Deformation (AHOD): 
height at which the median deformation 
occurs, (evaluates the frontal geometry of a 
vehicle) 

- Average Depth of Deformation (ADOD): 
average deformation over the barrier, 
(evaluates the frontal stiffness of a vehicle) 

- Maximum Deformation (Dmax): the 
maximum depth of deformation to the 
barrier, (evaluates the localized stiffness of a 
vehicle) 

 
Calculation method 
 
- Average Height of Deformation (AHOD) 
(Equation 2): 

 
For a given rectangular investigation 
region, the “depth profile” is computed as a 
function of height: 

∫=
max

min

),()(
y

y

dyzyXkzρ  (2a). 

Where k is a normalization constant 
ensuring that: 
 

1)( =∫ dzzρ   (2b). 

 
The AHOD is then obtained as a mean 
value:  

 

∫= dzzzAHOD )(ρ  (2c). 

 
- Average Depth of Deformation (ADOD) 
(Equation 3): 

 
For a given investigation region with an 
area S:  

 

∫= dydzzyX
S

ADOD ),(1     (3). 

In addition to these PDB barrier-based parameters, 
the vehicles were also compared based on 
parameters developed in prior full width rigid 
barrier testing of these vehicles: KW400 and AHOF 
[6]. 
 
- KW400: 

 
The stiffness-related crush energy absorbed 
by a vehicle in the first 400 mm of crush 
(also called the work stiffness). 
 

- Average Height of Force (AHOF): 
 

The average height of force delivered by a 
vehicle in the first 400 mm of crush. 

 
TEST CONFIGURATION 
 
This test procedure is based on the current PDB test 
protocol (Figure 1 and Figure 2) [3]. The barrier 
used is the barrier defined in the current test 
protocol version “XT”. 
 

 
PDB-XT 50% Offset 
 
 
Barrier 
Speed 
Overlap 
 
Dummie
s 

 
PDB-XT 
60km/h 
50% 
 
H3 50% male 
H3 50% male 
+ Leg Lx 

Figure 1: Vehicle in front of the offset PDB. 
 
In these tests, a Hybrid III 50th percentile male 
dummy fitted with Thor-Lx legs was seated in the 
driver's seat and a Hybrid III 50th percentile male 
dummy was seated in the passenger position.  The 
dummies were positioned using a seating procedure 
that mimics the procedures used by humans to 
position themselves in the vehicle [7]. 
 
This procedure ensured the feet were in neutral 
position.  In the case of the driver position dummy, 
the right foot was placed on the accelerator pedal, 
which provided proper dummy interaction with the 
vehicle interior to predict lower leg injuries.  This 
procedure was developed to achieve repeatable 
positioning of the Thor-Lx feet with respect to the 
pedals in some vehicles.  The data from the driver 
dummy’s ankle measurements were inconclusive 
because of data acquisition problems. 
 
VEHICLE SELECTION 
In a previous cooperative research effort between 
DSCR and NHTSA [4], it was shown the PDB test 
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configuration was able to discriminate between a 
body-on-frame vehicle structure in a Chevrolet 
Silverado pickup truck and the unibody construction 
of a Chrysler Town & Country minivan.  At the 
time it was stated future research could include 
evaluating the PDB’s ability to identify secondary 
energy absorbing structures or other novel designs 
and assess their partner protection performance for 
crash compatibility.  Research could also be 
expanded to appraise how the PDB performs with 
vehicles that have similar frontal stiffness and force 
matching to identify additional design factors that 
may play a roll in crash compatibility. 
 

 

 
 

 
 

Figure 2 : PDB-XT barrier specification. 
 
This series of tests evaluated the PDB's ability to 
differentiate the performance of vehicles with and 
without advanced frontal structures designed to 
improve self and partner protection when involved 
in a frontal crash with an incompatible vehicle.  The 
2005 Honda Odyssey minivan and 2006 Honda 
Civic compact car were selected because they were 
designed with Honda’s Advanced Compatibility 
Engineering (ACE) body structure. 

According to Honda marketing literature [5], the 
ACE body design helps spread out the forces of a 
frontal collision to help avoid concentrated impact 
forces that cause injuries. The ACE body structure 
is further reported to be highly effective at 
absorbing the energy of a frontal crash. It is also 
reported to help minimize the potential for under-
ride or over-ride during head-on or offset frontal 
collisions with a larger or smaller vehicle. 

According to Honda, the ACE body structure also 
creates a network of fully integrated load-bearing 
elements that helps attenuate peak impact forces by 
more evenly distributing them across a relatively 
large area in the front of the vehicle. 

Honda further stated that unlike most conventional 
designs that direct frontal crash energy only to the 
lower load-bearing structures in the front end, the 
ACE body structure actively channels frontal crash 
energy to both upper and lower structural elements, 
including the floor frame rails, side sills, and A-
pillars. Honda suggested that by engineering 
specific pathways that help distribute these frontal 
impact forces throughout a greater percentage of the 
vehicle's overall structure, the ACE body structure 
can more effectively route them around and away 
from the passenger compartment to help limit cabin 
deformation and further improve occupant 
protection. Honda reported that its unique front 
main structure composed of polygonal frame 
members is integral to the ACE body structure 
concept. 

In addition to the two vehicles with ACE the 
previous generation 2004 Honda Odyssey—without 
the ACE body structure—was selected as a baseline 
vehicle. 

Load cell data collected to compute frontal stiffness 
and force matching height, drawn from the U.S. 
New Car Assessment Program (USNCAP), was 
available for the two Honda Odyssey vehicles.  In 
this test program, vehicles equipped with belted 50th 
percentile male Hybrid III dummies are impacted 
into a full width rigid barrier at 56 km/h, and load 
cell data is collected from the test. Additionally, the 
selected vehicles were part of a series of vehicle-to-
vehicle tests in which the bullet vehicles were 
crashed into a Ford Focus in a full frontal crash 
configuration.  For the recent PDB-XT offset tests, 
the Honda Odysseys were ballasted to 
approximately the same weight as in the vehicle-to-
vehicle test series to allow for a direct comparison 
of the results. 
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Figure 3:  2005 Honda Odyssey 
 

2005 Honda Odyssey 
Test Mass 2,245 kg 
Width 1,920 mm 
Structure ACE 

Figure 4:  2005 Honda Odyssey Specifications 
 

 
Figure 5:  2004 Honda Odyssey 
 

2004 Honda Odyssey 
Test Mass 2,245 kg 
Width 1,920 mm 
Structure Without ACE 

Figure 6:  2004 Honda Odyssey Specifications 
 
TEST RESULTS 
 
The following sections describe the test results 
based on test severity, self protection, and PDB-XT 
partner protection.  Three PDB-XT tests were 
performed, but this discussion is focused on the 
performance of the two Odyssey vehicles.  The 
results from the 2006 Honda Civic with ACE test 
yielded consistent findings and are presented in 
Appendix A for information only. 
 
2005 Honda Odyssey with ACE 
 
     Test severity - The amount of energy absorbed 
in the offset PDB-XT was 104 kJ for the 2005 
Honda Odyssey test with ACE. The calculated EES 
for this test was 49.6 km/h, which is 10 km/h less 
than the test speed. 
 
     Self protection - In terms of self protection, the 
2005 Honda Odyssey maintained its occupant 
compartment integrity (Figure 7).  The front end 
crushed the barrier uniformly without any 
undeformed load paths.  The subframe appeared 
strong and transferred loads in the test.  

Additionally, the left rear subframe attachment bolt 
broke off.  It should be noted that the upper turret 
above the wheel that connects to the crossbar 
deformed down in front of the tire. After the test, 
the front left door was not able to close properly 
after it was opened. 
 

  
Figure 7:  2005 Honda Odyssey with ACE PDB-
XT Offset. 
 
The injury measures for the 50th percentile male 
driver and passenger dummies are reported in 
Figure 8. 
 

 IARV* Driver Pass. 
HIC36 1,000 290 284 

Chest Def (mm) 50 26.6 26.5 
Chest Gs 60 39.2 27.4 

Left Femur (kN) 8 4.76 2.03 
Right Femur (kN) 8 1.21 0.97 
UL Tibia Index 1.3 0.46 0.76 
UR Tibia Index 1.3 0.51 0.43 
LL Tibia Index 1.3 0.39 0.34 
LR Tibia Index 1.3 0.57 0.21 

* As defined in UNECE R.94, except for Chest G's 
which is defined in U.S. FMVSS No. 208. 
Figure 8:  2005 Honda Odyssey with ACE PDB-
XT offset – Dummy Injury Measures 
 
None of the occupant injury measures were elevated 
in this test.  The calculated mean intrusion on the 
driver's side upper region (dashboard and A-pillar) 
was 30 mm and 87 mm in the lower region (pedal 
axle and footwell).  Although the intrusion (Figure 
9) was localized in the footwell area on the driver’s 
side, the driver’s side dummy lower leg injury 
measures were not significantly affected. 
 
The maximum acceleration measured was 29 g at 86 
ms, corresponding to 1.059 m of displacement 
(Figure 10).  The average acceleration was 15.8 g. 
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     Partner protection - A large deformation of the 
longitudinal and lower load path was observed in 
the PDB-XT offset test of the 2005 Honda Odyssey 
with the ACE body structure.  Two levels of the 
load paths and the connection between them created 
a large reaction surface for engagement with a 
partner vehicle (Figure 11 and Figure 12).  The 
vertical structural element protecting the left wheel 
was also imprinted on the barrier.  There was no 
bottoming out of the barrier. 
 

 
Figure 9: 2005 Honda Odyssey with ACE PDB-
XT Offset – Driver Side Intrusions. 
 

  
Figure 10: 2005 Honda Odyssey with ACE PDB-
XT offset – Acceleration Pulse. 
 

  
Figure 11:  2005 Honda Odyssey with ACE PDB-XT 
offset – front end deformation. 

 

  
Figure 12: 2005 Honda Odyssey with ACE PDB-
XT offset – barrier deformation. 
 
In Figure 13, the barrier was able to detect the 
homogeneous frontal structure of the vehicle.  The 
barrier did identify the deformation due to the 
crossbeam and the subframe in addition to the 
strong vertical connections between the load paths.  
The calculated partner protection parameters based 
on barrier digitization analysis are presented in 
Figure 14.  The energy absorbed in the barrier was 
104 kJ which represented 33 percent of the total 
kinetic energy. 
 

 
Figure 13: 2005 Honda Odyssey with ACE PDB-
XT offset – barrier digitization. 

 
Partner protection 

ADOD (X) 321 mm 
AHOD (Z) 397 mm 
Dmax 619 mm 

Figure 14: Partner Protection Parameters for the 
2005 Honda Odyssey with ACE PDB-XT offset 
test. 

 
2004 Honda Odyssey without ACE 
 
     Test severity - The amount of energy absorbed 
in the offset PDB-XT test was 97 kJ for the 2004 
Honda Odyssey without ACE. The calculated EES 
for this test was 50.6 km/h, which is approximately 
9 km/h less than the test speed. 
 

 
 
Vertical 
Connections 
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     Self protection - In terms of self protection, the 
2004 Honda Odyssey without ACE performed well.  
It resulted in good occupant compartment integrity, 
including the front left door maintaining its ability 
to open and close (Figure 15).  The left longitudinal 
frame rail did not compress. Also the subframe 
detached at it rear attachment point to the floor pan. 
 

  
Figure 15:  2004 Honda Odyssey without ACE 
PDB-XT offset. 
 
The injury measures for the 50th percentile male 
driver and passenger dummies are reported in 
Figure 16.  The head, chest and leg injury 
measurements of the dummies were low. 
 

 IARV* Driver Pass. 
HIC36 1,000 283 273 

Chest Def (mm) 50 28.7 33.4 
Chest Gs (3ms) 60 37.1 28.7 

Left Femur 
(kN) 

8 1.61 2.78 

Right Femur 
(kN) 

8 0.75 1.36 

UL Tibia Index 1.3 0.28 0.45 
UR Tibia Index 1.3 0.29 0.16 
LL Tibia Index 1.3 0.22 0.27 
LR Tibia Index 1.3 0.32 0.11 

* As defined in UNECE R.94, except for Chest G's which 
is defined in U.S. FMVSS No. 208. 
Figure 16: 2004 Honda Odyssey without ACE 
PDB-XT offset Dummy Injury Measures. 
 
The calculated mean intrusion on the driver's side 
upper region (dashboard and A-pillar) was 59 mm 
and 155 mm for the lower region (pedal axle and 
footwell).  The intrusion was highly localized in the 
footwell area (Figure 17).  However, the driver’s 
side lower leg injury measurements were not 
significantly affected. 
 

 
Figure 17:  2004 Honda Odyssey without ACE 
PDB-XT Offset – Driver side intrusions. 
 
The maximum acceleration measured was 32 g at 93 
ms, corresponding to 1.164 m of displacement 
(Figure 18).  The average acceleration was 15.4 g. 
 

  
Figure 18:  2004 Honda Odyssey without ACE 
PDB-XT offset – Acceleration 

 
     Partner protection - There was good integrity 
and no bottoming out of the PDB-XT after the 2004 
Honda Odyssey without ACE test.  The deformation 
was not, however, homogeneous.  The barrier 
detected the non-deforming left longitudinal frame 
rail and the horizontal crossbeam and lower 
subframe (Figure 19) in the test.  The left wheel also 
engaged and deformed the barrier.  The PDB-XT 
was able to detect the unique load paths of this 
vehicle (Figure 20). 
 
The calculated partner protection parameters based 
on barrier digitization analysis (Figure 21) are 
presented below (Figure 22).  The energy absorbed 
in the barrier was 97 kJ which represented 30 
percent of the total kinetic energy. 
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Figure 19: 2004 Honda Odyssey without ACE 
PDB-XT - front end deformation. 

 
 

  
Figure 20: 2004 Honda Odyssey without ACE 
PDB-XT – barrier deformation. 
 
 

 
Figure 21:  2004 Honda Odyssey w/o ACE PDB-
XT – barrier digitization. 

 
 

Partner protection 
ADOD (X) 287 mm 
AHOD (Z) 401 mm 
Dmax 676 mm 

Figure 22:  Partner Protection Parameters for 
the 2004 Honda Odyssey without ACE PDB-XT 
offset test. 

DISCUSSION 
 
Self protection 
 
The 2005 Honda Odyssey with ACE and 2004 
Honda Odyssey without ACE had similar injury 
numbers for both the driver and passenger dummies.  
The vehicles demonstrated good performance in 
protecting the head, chest, and legs of the dummies 
in the PDB-XT offset test condition. 
 
The Honda Odyssey with ACE had lower intrusion 
numbers than the Odyssey without ACE.  The pedal 
axle intrusion values in the Odyssey without ACE 
were more than double that of the Odyssey with 
ACE.  It is unknown why there was not an 
appreciable difference in the lower leg injury 
measurements. 
 
Partner protection 
 
The test results showed that structural differences 
between the two vehicles are detected by the PDB-
XT in the offset test configuration (Figure 23). The 
2004 Honda Odyssey without ACE barrier 
deformation was more localized and the left 
longitudinal frame rail (round yellow-orange 
coloration) and the vehicle’s crossbeam are 
detected.  In contrast, the deformation of the 2005 
Honda Odyssey with ACE barrier was large and 
homogenous as identified by the graduated color 
change across its surface.  The deformation was also 
wider and taller, protecting more of the front of the 
vehicle, and provided a broader reaction surface.  
The 2006 Honda Civic with ACE barrier 
deformation was consistent with the 2005 Honda 
Odyssey with ACE (Appendix A). 
 
 

  
with ACE without ACE 

Figure 23: Honda Odyssey Comparison of 
barrier deformation – Offset. 
 
Figure 24 summarizes the partner protection 
parameters calculated for this test configuration. 
The AHOD values for the Honda Odyssey with and 
without ACE were within 1 percent of each other.  
This is consistent with USNCAP tests that similarly 
found the average height of force (AHOF400) 
values to be 450 mm, and 443 mm for the Odyssey 
with and without ACE, respectively [6].  The 

Frame Rail 

Crossbeam 

Frame Rail 
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ADOD for the Odyssey with ACE was slightly 
higher but the Dmax was less.  This is an indication 
the deformation was more uniform with the ACE 
structure. 
 
Figure 24 also includes the results of earlier PDB 
offset tests with a 2005 Chrysler Town & Country 
unibody minivan and a 2003 Chevrolet Silverado 
body-on-frame pickup truck.   For all four tests the 
AHOD values are similar.  Of interest, Dmax was 
greatest in the 2004 Honda Odyssey without ACE 
and even greater than the Chevrolet Silverado.  The 
Chevrolet Silverado was the stiffest vehicle in this 
series of tests as measured by KW400.  It should be 
noted, the test weight for the Chevrolet Silverado 
and the two Honda Odyssey minivans were within 
about 50 kg.  The Chysler Town & Country was 
almost 300 kg less than the Honda minivans. 
 
 T&C Silverado Odysse

y 
w/ACE 

Odysse
y 

w/o 
ACE 

ADOD 
(X) (mm) 

275 289 321 287 

AHOD 
(Z) (mm) 

404 414 397 401 

Dmax 
(mm) 

570 654 619 676 

Figure 24:  Comparison of Partner protection 
Parameters in the Offset Tests. 
 
The barrier digitization showed the 2005 Honda 
Odyssey with ACE and the 2005 Chrysler Town & 
Country (Figure 25) produced a homogenous 
deformation in the barrier as indicated by the 
graduated color change across its surface and 
absence of abrupt color changes indicating 
increased penetration.  The 2003 Chevrolet 
Silverado and 2004 Honda Odyssey without ACE 
produced more localized deformation at the location 
of the longitudinal frame rails.  In prior series of 
tests, the 2003 Chevrolet Silverado and the 2003 
Chrysler Town & Country were also crashed into a 
full width PDB-XT.  The patterns of deformation 
between the full-width test and the offset test were 
also similar. 

 

  
Town & Country Silverado 

Figure 25:  Comparison of barrier deformation – 
Offset. 
 
NHTSA had also been evaluating the merits of a 
stiffness metric, KW400, in its compatibility 
research program [6].  As part of this research, 
NHTSA conducted four full frontal vehicle-to-
vehicle crash tests using a 2005 Chrysler Town & 
Country, a 2003 Chevrolet Silverado, a 2003 Honda 
Odyssey without ACE and a 2005 Honda Odyssey 
with ACE.  Each vehicle impacted a standard 
collision partner, the 2002 Ford Focus.  In this 
series of tests all the striking vehicle’s were 
ballasted to a test weight of 2,273 kg and struck the 
target vehicle with an impact speed of 71.8 km/h.  A 
review of the KW400 metric obtained from full 
frontal USNCAP barrier tests for these vehicles 
would suggest that the Chevrolet Silverado is the 
stiffest vehicle, the two Odysseys are less stiff, and 
the Chrysler Town & Country is the least stiff 
vehicle.  When looking at the acceleration at the 
center of gravity (CG) from the vehicle-to-vehicle 
crash test with the Ford Focus, however, the data 
suggests that the 2005 Honda Odyssey with ACE is 
the stiffest vehicle and the Chevrolet Silverado is 
the least stiff of the bullet vehicles (Figure 26). 
 
 KW400 

N/mm 
Accel. 
At CG 

in 
Focus 
(m2/s) 

Accel. 
At CG in 
Striking 
Vehicle 
(m2/s) 

2002 Ford Focus 934    
Bullet Vehicles    
2005 Chrysler 
Town & Country 

1,137 90.5 47.6 

2003 Honda 
Odyssey w/o 
ACE 

1,448 108 32.1 

2005 Honda 
Odyssey w/ACE 

1,456 113.5 40.3 

2003 Chevrolet 
Silverado 

1,619 86.2 32.9 

Figure 26:  Vehicle-to Vehicle Full Frontal Test 
Results Including USNCAP Computed Stiffness 
[8]. 
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An examination of the post crash photos for these 
tests shows that the Chevrolet Silverado did not 
fully engage the frame rails of the Focus and 
actually pushed the frame rails outward (Figure 27).  
Photos from the Chrysler Town & Country test 
exemplified homogeneous loading on the Focus 
(Figure 28).  In the photos of the Ford Focus 
crashed by the Honda Odyssey without ACE, it is 
evident that the Honda Odyssey overrode the Ford 
Focus frame rails (Figure 29) but the Honda 
Odyssey with ACE, provided homogeneous loading 
(Figure 30).  A review of the barrier digitization of 
the four vehicles shows similar deformation patterns 
as the Focus. 
 

 
Figure 27:  2002 Ford Focus Post Crash with 
2003 Chevrolet Silverado. 
 

 
Figure 28:  2002 Ford Focus Post Crash with 
2005 Chrysler Town & Country. 

 

 
Figure 29:  2002 Ford Focus Post Crash with 
2003 Honda Odyssey without ACE. 

 
Figure 30: 2002 Ford Focus Post Crash with 
2005 Honda Odyssey with ACE. 
 
The frontal crush profile of the Focus measured 
after the vehicle-to-vehicle tests is an indicator of 
the level of structural engagement between the 
vehicles (Figure 31).   The 2005 Chrysler Town & 
Country test resulted in uniform deformation of the 
bumper on the 2002 Ford Focus.  This was 
consistent with the results of the offset and full 
width barrier digitization analysis showing 
homogenous deformation in the barrier.  The 2003 
Honda Odyssey without ACE did not fully engage 
the 2002 Ford Focus and produced non-uniform 
crush.  The 2005 Honda Odyssey with ACE 
produced more crush and uniform deformation 
when compared to the non-ACE test.  This was also 
consistent with the offset barrier analysis.  The 
crush profile of the 2002 Ford Focus after the 2003 
Chevrolet Silverado test could not be measured. 
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0
100
200
300
400
500
600
700
800
900

C1 C2 C3 C4 C5 C6

Location

C
ru

sh
 (m

m
)

Without ACE
With ACE
T&C

 
Figure 31:  Focus Frontal Crush Profile at 
Bumper. 
 
The higher stiffness of the Honda Odyssey and a 
more robust engagement with the 2002 Ford Focus 
appears to explain the higher acceleration at the CG 
in the 2002 Ford Focus when compared with the 
2005 Chrysler Town & Country (the test weights for 
the striking vehicles were the same).  In this same 
series of tests the 2005 Chrysler Town & Country 
experienced a higher acceleration at its CG 
compared to the stiffer 2005 Honda Odyssey with 
ACE.  It also should be noted that 2003 Chevrolet 
Silverado and 2003 Honda Odyssey without ACE, 
which did not have good engagement with the 2002 
Ford Focus, experienced the lowest acceleration at 
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the CG compared to the vehicles that showed good 
engagement.  For all tests, the injury measurements 
were low for the striking vehicle.  Furthermore, the 
accelerations at the CG provided a better indication 
of the interaction between the vehicles than relying 
on the dummy injury measures because it decoupled 
the occupant performance, which is subject to 
tuning of the restraint system from the forces the 
vehicle experienced. 
 
Real-World Performance of ACE 
 
The 2005 Honda Odyssey was the first vehicle 
released in the U.S. with ACE.  Since that time 
Honda has been incorporating the ACE attributes 
into its vehicles as they undergo major designs.  As 
of the 2009 model year, almost all Honda vehicles 
sold in the U.S. incorporate this new body structure 
philosophy. 
 
A query of the 2005 through 2008 National 
Automotive Sampling System - Crashworthiness 
Data System (NASS-CDS) identified approximately 
70 frontal crashes involving Honda vehicles with 
ACE.  Almost all of the frontal cases identified were 
minor low delta-v crashes and did not significantly 
engage and crush the ACE structure.  Also, at the 
time of the review, pictures for many of the 2008 
cases were not published and the performance of the 
vehicle's structure could not be assessed.  However 
a few cases shed some light on the real-world 
performance of the ACE design in the field. 
 
For example, NASS-CDS Case No. 2007-04-0137 
involved a 2006 Ford Escape and a 2005 Honda 
Odyssey with ACE.  This was a relatively minor 
severity crash between two vehicles with a weight 
disparity.  The 2006 Ford Escape weighted 1,545 kg 
compared to the 2,102 kg 2005 Honda Odyssey. 
 
According to the case summary, the 2006 Ford 
Escape was traveling eastbound negotiating a left 
curve.  The 2005 Honda Odyssey was traveling 
westbound negotiating a right curve. The front of 
the 2006 Ford Escape impacted the front of the 2005 
Honda Odyssey with a CDC code of 01FYEW02.  
The principle direction of force with respect to the 
2005 Honda Odyssey was 20 degrees.  In this 
frontal oblique impact the total delta-v for the 2005 
Honda Odyssey was estimated to be 15 kp/h.  The 
frontal air bag in the 2006 Ford Escape did not 
deploy but deployed in the 2005 Honda Odyssey. 
 
The 43 year old female drive of the 2006 Ford 
Escape and the 68 year old driver of the 2005 
Honda Odyssey sustained minor injuries from the 
event.  It was not known if the drivers were 
restrained. 
  

Based upon the photos, the ACE structure appeared 
to have engaged the 2006 Ford Escape in a 
consistent pattern to what was observed in the PDB-
XT tests (Figure 32).  The upper corner ACE 
structural element that connects to the crossbeam 
crushed downward at the left tire and absorbed the 
energy of the Escape.  This is similar to what was 
observed in Figure 16. 
 
Given the weight difference between the two 
vehicles, the lighter 2006 Ford Escape did not 
experience significant damage (Figure 33).  For this 
case the intrusion values were not measured by the 
NASS-CDS researchers, however, based upon an 
examination of the interior photos, any intrusion 
was likely insignificant. 
 

 
Figure 32: NASS-CDS No. 2007-04-0137 – 2005 
Honda Odyssey. 
 

 
Figure 33: NASS-CDS No. 2007-04-0137 – 2006 
Ford Escape. 
 
Future considerations 
 
The DSCR is developing a parameter to assess the 
homogeneity of the vehicle crush pattern using the 
barrier digitization analysis.  It will be based on the 
shape of the deformation, discriminating between 
localized deformation and homogeneous 
deformation. This parameter has the potential to be 
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very useful in differentiating the crash 
characteristics between two vehicles. 
 
In this testing, a load cell wall was installed behind 
the PDB-XT to measure the global front end force.  
The PDB-XT procedure is able to measure this 
force with a high level of accuracy.  With further 
research, it could be used for evaluating self and 
partner protection.  (See test results in Appendix B). 
 
With regard to the real world analysis, due to the 
limited data available at the time, there were an 
insufficient number of NASS-CDS cases to fully 
explore the performance of the ACE structure in 
vehicle-to-vehicle crashes.  NHTSA will continue to 
monitor NASS-CDS for new cases. 
 
CONCLUSIONS 
 
This paper is an extension of PDB research that was 
presented at the 2007 Enhanced Safety of Vehicles 
Conference held in Lyon, France [4].  It investigated 
whether barrier deformation using the PDB, 
intrusion, and dummy injury measures could 
differentiate compatibility performances between 
vehicles equipped with and without advanced 
frontal structures, designed specifically to address 
compatibility.  It also evaluated criteria of self 
protection and partner protection in the offset 
frontal crash test configurations and then compared 
these results to those of vehicle-to-vehicle crash 
tests and real world crash analysis. 
 
The barriers performed as expected and no 
bottoming out with these vehicles occurred.  With 
respect to self protection, both Honda Odysseys had 
similar dummy injury numbers, but the 2004 Honda 
Odyssey without ACE produced higher intrusion 
results.  The testing also demonstrated the ability to 
assess partner protection.  The PDB-XT digitization 
analysis was able to differentiate between the 
homogeneous crush of the 2005 Honda Odyssey 
with ACE and the localized crush of the 2004 
Honda Odyssey without ACE. 
 
The ACE produced a homogeneous deformation to 
the PDB-XT barrier suggesting it would provide 
good horizontal and vertical engagement with a 
partner vehicle throughout the crash event.  This 
was verified through the analysis of vehicle-to-
vehicle crash tests and preliminary real-world crash 
investigations.  An analysis of various compatibility 
metrics indicated that stiffness alone may not 
indicate aggressivity.  Similarly, AHOD and/or 
AHOF values among vehicles may not insure a 
proper engagement of the front structure over the 
full course of the crash.  This was particularly 
apparent in the 2003 Chevrolet Silverado and 2002 
Ford Focus tests. 

 
In this test series, broader and less localized PDB-
XT barrier deformation indicated better structural 
engagement with a partner vehicle.  It was found, 
however, that when a stiffness disparity occurs with 
better engagement, it can result in the partner 
vehicle unequally sharing the crash energy.  The 
homogeneity of the barrier deformations also 
provides an indicator of the degree of uniformity of 
the vehicle’s frontal stiffness.  The analysis in this 
paper suggests that further evaluation is needed to 
address both the stiffness of a vehicle as well as the 
homogeneity of that stiffness. 
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APPENDIX A 
 
2006 Honda Civic with ACE 

 
Figure 34:  2006 Honda Civic. 
 

2006 Honda Civic 
Test Mass 1,487 kg 
Width 1,572 mm 
Structure With ACE 

Figure 35:  2006 Honda Civic Specifications 
 
     Test severity - The amount of energy absorbed 
in the offset PDB-XT test was 59.3 kJ for the 2006 
Honda Civic with ACE. The calculated EES for this 
test was 51.3 km/h, which is 9 km/h less than the 
test speed. 
 
     Self protection - In terms of self protection, the 
2006 Honda Civic maintained good integrity of the 
occupant compartment space (Figure 36).  There 
was a large amount of deformation of the 
longitudinal and lower load paths.  Overall the front 
end crushed uniformly without any undeformed 
load paths.  It should also be noted that the upper 
turret above the wheel that connects to the crossbar 
deformed down in front of the tire. 
 

 Figure 36: 2006 Honda Civic with ACE PDB-XT 
offset. 
 
The injury measures for the 50th percentile male 
driver and passenger dummies are reported in 
Figure 37.  The occupant injury measures were low. 
 

 IARV* Driver Pass. 
HIC36 1,000 428 263 

Chest Def (mm) 50 30.8 36.4 
Chest Gs 60 34.6 31.5 

Left Femur (kN) 8 1.46 2.8 
Right Femur (kN) 8 1.26 0.74 
UL Tibia Index 1.3 0.31 0.43 
UR Tibia Index 1.3 0.68 0.34 
LL Tibia Index 1.3 0.30 0.30 
LR Tibia Index 1.3 0.63 0.23 

* As defined in UNECE R.94, except for Chest G's 
which is defined in U.S. FMVSS No. 208. 
Figure 37:  2006 Honda Civic with ACE PDB-XT 
offset – Dummy Injury Measures 
 
The calculated mean intrusion on the driver's side 
upper region (dashboard and A-pillar) was 27 mm 
and 57 mm for the lower region (pedal axle and 
footwell).  The intrusion was localized in the 
footwell area (Figure 38).  However, the driver's 
side dummy lower leg injury measures were not 
significantly affected. 
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 Figure 38:  2006 Honda Civic with ACE PDB-
XT Offset – Driver Side Intrusions. 
 
The maximum acceleration measured was 44 g at 77 
ms, corresponding to 0.978 m of displacement 
(Figure 39).  The average acceleration was 18.4 g.  
 

 Figure 39: 2006 Honda Civic with ACE PDB-XT 
offset – Acceleration Pulse. 
 
     Partner protection - In the PDB-XT offset test, 
the forces generated by the longitudinal and lower 
load paths of the 2006 Honda Civic with ACE were 
distributed and crushed uniformly, resulting in 
homogeneous deformation of the barrier (Figure 40 
and Figure 41).  The two levels of load paths and 
connections between them created a large reaction 
surface for engagement with a partner vehicle.  
There was good engagement between the front of 
the vehicle and the barrier.  No bottoming out of the 
barrier was observed. 
 

 Figure 40: 2006 Honda Civic with ACE PDB-XT 
offset – front end deformation. 
 

  
Figure 41: 2006 Honda Civic with ACE PDB-XT 
offset – barrier deformation. 
 
In Figure 42, the barrier was able to detect the lower 
load path of the vehicle.  The calculated partner 
protection parameters based on barrier digitization 
analysis are presented in Figure 43.  The energy 
absorbed in the barrier is 59 kJ that represented 28 
percent of the total kinetic energy. 
 

 
Figure 42: 2006 Honda Civic with ACE PDB-XT 
offset – barrier digitization. 
 

Partner protection 
ADOD (X) 262 mm 
AHOD (Z) 402 mm 
Dmax 488 mm 

Figure 43: Partner Protection Parameters for the 
Civic with ACE PDB-XT offset test. 
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APPENDIX B 
 
Global force 
 
     PDB-XT Offset test (2005 Honda Odyssey 
with ACE) - The maximum global force was 463 
kN at 1.078 meter displacement of the B-Pillar 
(Figure 44). 
 

 
Figure 44: 2005 Honda Odyssey with ACE PDB-
XT offset – Global force. 
 
     PDB-XT Offset test (2004 Honda Odyssey 
without ACE) - The maximum force was 476 kN at 
1.183 m displacement of B-Pillar (Figure 45). 
 

 
Figure 45:  2004 Honda Odyssey without ACE 
PDB-XT offset – Global force. 
 
     PDB-XT Offset test (2006 Honda Civic with 
ACE) - The maximum force was 363 kN at 1.002 m 
displacement of B-Pillar (Figure 46)  
 

 
Figure 46:  2006 Honda Civic with ACE PDB-XT 
offset – Global force. 
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ABSTRACT 
This paper provides the status of the Vehicle Safety 
Communications-Applications (VSC-A) research 
project, which was designed to determine if dedicated 
short range communications (DSRC) paired with 
accurate vehicle positioning can improve upon 
autonomous vehicle-based safety systems or enable 
new communication-based safety applications.  This 
three-year project is a collaborative effort between 
government and industry to develop the underlying 
pre-competitive elements needed to enable the 
deployment of vehicle-to-vehicle (V2V) 
communication-based crash avoidance applications.  
The effort includes the development of core software 
and hardware modules and prototype applications.  
These use DSRC in conjunction with enhancements 
to vehicle positioning systems to demonstrate crash 
avoidance capabilities, which are interoperable 
between different vehicle manufacturers.  To support 
the development of interoperable systems, the 
partners have participated in standards and security 
protocol development activities.  The core modules 
and prototype applications are implemented on a 
five-vehicle testbed fleet, which will be used to 
conduct objective tests that are then used to validate 
minimum performance specifications established as 
part of this project.  These tests will in turn support a 
safety benefits estimation process to determine the 
potential for preventing or mitigating crashes and 
associated fatalities, injuries, and property damage.   
 
BACKGROUND 
In 19991, the US Federal Communications 
Commission (FCC) allocated wireless spectrum in 
the 5.9 GHz frequency range for use by DSRC 
systems supporting Intelligent Transportation 
Systems.  One of the goals in establishing this DSRC 
capability was to improve traveler safety by 

                                                 
1 FCC Report and Order 99-305, adopted October 21, 1999. 

supporting the development of vehicle safety 
applications.  In 20062, the FCC further refined the 
rules for DSRC to explicitly consider "vehicle-to-
vehicle collision avoidance and mitigation," 
reflecting the results of research experience.  As a 
result, DSRC is enabling the development of these 
next-generation communications-based vehicle safety 
systems in the VSC-A initiative. 
 
The VSC-A project builds upon the results of the first 
Vehicle Safety Communications (VSC) project(1), 
conducted from 2002 to 2005 through collaboration 
between the National Highway Traffic Safety 
Administration (NHTSA) and automakers in the 
Crash Avoidance Metrics Partnership3 (CAMP) 
Vehicle Safety Communications Consortium 
consisting of seven automotive original equipment 
manufacturers (OEMs).  Working together, they 
investigated the potential of V2V and vehicle-to-
infrastructure communications as a means of 
improving crash prevention performance. 
 
Building upon the success of the VSC project, the 
CAMP Vehicle Safety Communications 2 
Consortium (Ford, General Motors, Honda, 
Mercedes-Benz, and Toyota) and NHTSA are now 
engaged in the final year of a 3-year cooperative 
agreement to conduct enabling research to support 

                                                 
2 FCC Memorandum Opinion and Order 06-100, adopted July 20, 
2006. 
3 The Ford Motor Company and General Motors Corporation 
formed the Crash Avoidance Metrics Partnership (CAMP) in 1995. 
The objective of the partnership is to accelerate the implementation 
of crash avoidance countermeasures to improve traffic safety by 
defining and developing necessary pre-competitive enabling 
elements of future systems. CAMP provides a flexible mechanism 
to facilitate interaction among additional participants as well, such 
as the US DOT and other OEMs, in order to execute cooperative 
research projects.  
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pre-competitive system development and 
demonstrate the performance of V2V 
communications-based safety applications.  The 
VSC-A project aims to develop and test the system 
components that are required before automotive 
OEMs can develop and deploy production systems. 
 
 
CRASH SCENARIO IDENTIFICATION 
Figure 1 gives the distribution of the 6.2 million 
crashes reported in 2004 via NHTSA’s General 
Estimate System (GES) (2).  Classification of crashes 
is by the GES variable “Manner of Collision.”  While 
radars have a limited FOV (field of view) for 
detecting potential collisions, V2V communications 
and GPS receivers enable a 360 degree FOV.  Thus, 
rear-end, head-on, angle, and sideswipe crashes are 
all relevant to V2V applications.  Angle and 
sideswipe crashes would also include intersection 
related crashes.  Crashes classified as “not collision 
with motor vehicle in transport” represents road 
departure crashes that are not relevant to the VSC 
applications.  Based on this classification, the V2V 
applications discussed above are applicable to 
approximately 66% or 4 million crashes annually.  
 
 

Angle, 
26%

Not Collision 
With Motor 
Vehicle In 

Transport, 33%

Sideswipe, 
8%

Rear-end, 
30%Head-on

2%

 
Figure 1, Crash problem classified by manner of 
collision, 2004 GES.  
 
 
To focus the development efforts, the U.S. DOT 
provided the VSC-A team with crash scenarios to 
serve as a starting point for analysis and as a 
reference for the selection of the set of safety 
applications for study under the VSC-A project.  The 
U.S. DOT, with support from the U.S. DOT’s Volpe 

national transportation Systems Center and Noblis, 
evaluated eight pre-crash scenarios in order to 
provide high potential benefit crash imminent safety 
scenarios for study.  The crash scenarios chosen were 
based on: 
 

• Crash rankings by frequency; 
 
• Crash rankings by cost; 
 
• Crash rankings by functional years lost4; and 
 
• A composite crash rankings (based on the 

above three ranks) 
 
The 2004 GES crash database is the basis for the set 
of crash scenarios.  The evaluation also indicated 
which system type (autonomous, V2V, or both) 
addresses, or could address, the different crash 
scenarios presented. 
 
From the composite ranking of crash imminent 
scenarios , the top five crash scenarios, ranked based 
on crash frequency, crash cost, and functional years 
lost, that could be addressed by V2V safety 
applications, were selected.  This ranking allowed the 
team to focus on the most frequent, highest cost, and 
most damaging crashes, while keeping the program 
scope to a manageable level.  Table 1 contains the 
final set of crash imminent scenarios, as agreed 
between the VSC-A team and U.S. DOT, to be 
targeted under the VSC-A project 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

 
Crash Imminent 

Scenario 
High 
Freq 

High 
Cost 

High 
Years 

                                                 
4 Functional Years Lost is a non-monetary measure that sums the 
years of life lost to fatal injury and the years of functional capacity 
lost to nonfatal injury (3) 
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1 
Lead Vehicle 
Stopped � � � 

2 
Control Loss Without 
Prior Vehicle Action5 � � � 

3 
Vehicle(s) Turning at 
Non-Signalized 
Junctions 

� �  

4 
Straight Crossing 
Paths at Non-
Signalized Junctions 

  � 

5 
Lead Vehicle 
Decelerating � �  

6 
Vehicle(s) Not 
Making a Maneuver 
– Opposite Direction 

  � 

7 
Vehicle(s) Changing 
Lanes – Same 
Direction 

�   

8 
LTAP/OD at Non-
Signalized Junctions 

   

A “�” Denotes a Top Five Ranking in each category 

Table 1 Crash Imminent Scenarios 
 
 
VSC-A OBJECTIVES 
To address the goal of the VSC-A program, the 
program has the following objectives, broken out into 
two parts: 1) Technology development and 2) 
Benefits assessment activities:  
 
Technology development objectives: 
 

1. Develop scalable, common vehicle safety 
communication architecture, protocols, and 
messaging framework (interfaces) necessary 
to achieve interoperability and cohesiveness 
among different vehicle manufacturers.  
Standardize this messaging framework and 
the communication protocols (including 
message sets) to facilitate future 
deployment. 

 
2. Develop accurate and affordable vehicle-

positioning technology needed, in 
conjunction with the 5.9 GHz DSRC, to 
support most of the safety applications with 
high potential benefits. 

                                                 
5 The control loss cases being addressed by vehicle to 
vehicle communications are those in which a vehicle 
that begins to experience control loss (e.g. slippery 
conditions- detected using ABS or stability control) 
broadcasts a message to other vehicles.  The first 
(transmitting) vehicle does not need to crash for this 
warning to be transmitted. 

 
3. Define a set of DSRC + Positioning-based 

vehicle safety applications and application 
specifications including minimum system 
performance requirements. 

 
Benefit assessment activities objectives: 
 

1. Assess how previously identified crash-
imminent safety scenarios in autonomous 
systems could be addressed and improved 
by DSRC + Positioning systems. 

 
2. Develop a well understood and agreed upon 

benefits, with respect to market penetration, 
analysis, and potential deployment models, 
and crash reduction and mitigation for a 
selected set of communication-based vehicle 
safety applications. 

 
3. Develop and verify a set of objective test 

procedures for the vehicle safety 
communications applications. 

 
 
VSC-A PROGRAM 
To achieve the goals outlined in the introduction, the 
VSC-A program is organized as follows: 
 

• Technology Development 
 
• Performance Specifications Development 
 
• Safety Benefits Estimation 

 
Technology Development 
The U.S. DOT has conducted extensive research on 
the effectiveness of autonomous vehicle-based 
collision countermeasures for rear-end, road 
departure, and lane change crashes(4, 5, 6, 7, 8).  
Field operational tests of rear-end and road departure 
collision warning systems have shown measurable 
benefits in reduction of crashes.  However, the 
systems have inherent shortcomings that reduce their 
effectiveness and limit driver acceptance.  These 
shortcomings include misidentification of stopped 
vehicles and other in-path obstacles for rear-end 
collision warning systems, as well as map errors , 
misidentified lane markings, and limited availability  
for road departure crash warning systems.  
 
A VSC-A equipped vehicle uses DSRC, in 
conjunction with vehicle positioning information, to 
broadcast its location, travel path, and status (e.g. 
braking, etc.).  By using wireless communications, 
VSC-A has the potential to prevent vehicle crashes in 
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situations where an autonomous vehicle safety 
system may have difficulties.  For example, if a 
braking vehicle on a curve falls outside the coverage 
area of an autonomous radar-based system, a wireless 
message could still relay information to a following 
vehicle so that it would recognize the need to stop.  
As part of this project, CAMP has investigated 
specific scenarios in which communications-based 
safety systems may be more effective than 
autonomous systems. 
 
V2V wireless communications, paired with accurate 
vehicle positioning, may truly overcome these 
shortcomings and thus enable improved safety 
system effectiveness by complementing or, in some 
instances, providing alternative approaches to 
autonomous safety equipment. 
 
To access the performance of the scenarios identified 
above a test program was proposed.  Implementing 
this test program requires that CAMP build a fleet of 
test vehicles.  The testbed fleet consists of five 
different vehicles (a 2007 Ford Flex, a 2005 GM 
Cadillac STS Sedan, a 2006 Honda Acura RL, a 2006 
Mercedes-Benz ML 350, and a 2006 Toyota Prius).  
Each participating OEM will build a vehicle, and 
each is equipped with identical VSC-A system 
components.  The major technology components 
developed and installed in each vehicle include: 
 

• A DSRC Radio – the DSRC radio transmits 
and receives messages to/from other 
vehicles 

 
• A Global Positioning Satellite (GPS) 

Receiver – the GPS receiver provides real-
time location information for the host 
vehicle 

 
• An Interface for each Specific Vehicle – the 

interface provides a common connection to 
permit access to information on the internal 
vehicle bus of the host vehicle 

 
• On-Board Equipment – this hosts the system 

core software modules and the prototype 
applications  

 
The system core modules provide the supporting 
capabilities that enable the applications to function.  
They include path history, host vehicle path 
prediction, target classification, wireless message 
handler, and threat arbitration.  These modules 
receive messages from other vehicles, store and 
process relevant information to determine threats, and 
monitor host-vehicle location and actions and 

transmit messages to other vehicles, enabling them to 
do the same.  
 
DSRC + Positioning 
This stage of the program is concerned with the 
development of accurate, and affordable, vehicle 
positioning.  DSRC provides the wireless 
communications system supporting V2V 
communications for the safety applications.  Under 
VSC-A, an equipped vehicle will be able to keep 
track of surrounding vehicles and the potential threat 
they pose by receiving periodic wireless messages.  
For a vehicle to determine the potential threats posed 
by other vehicles, it needs to know the relative 
position of surrounding vehicles and other relevant 
information such as braking status from those 
vehicles.  The relative position can be determined 
using knowledge of a vehicle’s own position in 
conjunction with the other vehicle’s broadcasted 
position information.  The core modules developed 
for the VSC-A testbed support the necessary 
processing and tracking for both transmission of 
messages to other vehicles and receipt and processing 
of other vehicles’ messages. 
 
The positioning information necessary to support the 
applications requires sufficient precision to support 
lane-level positioning so that other vehicles posing a 
potential threat could be classified by lane. 
 
The VSC-A team investigated existing GPS-based 
systems used in high accuracy relative-positioning 
applications.  Based on results from the CICAS-V6(9) 
lane-level positioning system implementation, and 
results from an expert workshop on existing 
technologies, appropriate relative positioning 
methods were identified for further evaluation(10).  
The interface definition of the relative positioning 
system was defined so that different relative 
positioning implementations can be used in the 
testbed without changing the over-the-air message 
format. 
 
Interoperability / Standards 
Without standardization, different vehicles cannot 
communicate properly with other vehicles, and an 
interoperable solution involving different 
manufacturers would be impossible.  To this end, 
CAMP is focused on the development of scalable, 
common communications architecture.  Thus, an 
important goal of the VSC-A project is the 
standardization of the message sets, message 
composition approach, and communication protocols 

                                                 
6 CICAS-V stands for Cooperative Intersection Collision 
Avoidance System - Violation 
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for DSRC-based vehicle safety.  To achieve this goal, 
the VSC-A standards working group developed a 
standards support plan in February 2007 (10).  This 
plan outlines the current standards landscape.  The 
plan also provides a guideline by which the VSC-A 
standards working group will coordinate their 
interactions between the various task activities and 
results and the identified relevant Standard 
Development Organizations activities.  
 
As part of the short-term standards support activities 
highlighted in the plan, the VSC-A team has 
substantially increased OEM participation under the 
Society of Automotive Engineers (SAE) DSRC 
Technical Committee.  The following standards were 
impacted as a result:  
 

• SAE J2735, which specifies message sets, 
data frames and elements to permit 
interoperability at the application layer.  
This supports development of different 
applications that can rely upon the same 
standard message set elements. 

 
• Institute of Electrical and Electronic 

Engineers (IEEE) 802.11p standard, which 
is similar to 802.11g used for home wireless 
networks, covers the lower layer 
communications standards that enable low-
latency wireless communications critical for 
vehicle-based safety communications. 

 
• The IEEE 1609.x Family of Standards for 

Wireless Access in Vehicular Environments 
(WAVE) defines the architecture, 
communications model, management 
structure, security mechanisms, and physical 
access for wireless communications in the 
vehicular environment.  WAVE is a mode of 
operations for use by 802.11p compliant 
devices that enable low latency 
communication exchanges.   

 
The VSC-A team will continue active participation to 
guide these developing standards based on the output 
of the work being performed under the VSC-A 
project.  
 
Security 
In order for communications-based vehicle safety 
systems to be deployed, the systems must implement 
security protocols and capabilities ensuring that 
drivers are given warnings based only on authentic 
threats, and that drivers’ privacy is protected.  Within 
the VSC-A project, the security task is focused 
primarily on message authentication while preserving 

driver/owner privacy, controlling bandwidth 
overhead, processing requirements, and latency. 
 
Working with a consulting security expert, a VSC-A 
threat model document was developed which 
considers privacy vs. revocation, certificate 
distribution and revocation, and computational and 
bandwidth requirements.  Threats to privacy were 
identified as a major priority.  Several candidate 
security protocols for broadcast authentication and 
privacy protection were also developed and subjected 
to a preliminary evaluation.  In addition, development 
includes the definition of over-the-air security 
message formats and initial efforts to interface the 
security module with the rest of the testbed system.   
 
Prototype Applications 
The VSC-A project is prototyping six distinct 
applications intended to address different crash 
scenarios (see Table 1).  However, the project does 
not focus on production-ready applications, only 
prototype applications to demonstrate and evaluate 
system capabilities.  The applications, and a brief 
description of each, follow: 
 

A. Emergency Electronic Brake Light (EEBL) - 
The EEBL application enables a host vehicle 
to broadcast a self-generated emergency 
brake event to surrounding remote vehicles.  
Upon receiving such event information, the 
remote vehicle determines the relevance of 
the event and, if necessary, warns the driver.  
This application is particularly useful when 
the driver’s line of sight is obstructed by 
other vehicles or bad weather conditions - 
fog, heavy rain, for example. 

 
B. Forward-collision warning (FCW) - The 

FCW application warns the driver of the 
host vehicle of an impending rear-end 
collision with a remote vehicle ahead in 
traffic in the same lane and direction of 
travel.  FCW is intended to help drivers 
avoid or mitigate rear-end vehicle collisions 
in the forward path of travel. 

 
C. Intersection-Movement Assist (IMA) - The 

IMA application is intended to warn the 
driver of a host vehicle when it is not safe to 
enter an intersection due to high collision 
probability with other remote vehicles. 

 
D. Blind-Spot Warning (BSW) + Lane-Change 

Warning (LCW) - During a lane-change 
attempt, the BSW + LCW application warns 
the driver of the host vehicle if the zone into 
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which the host vehicle intends to switch is, 
or will soon be, occupied by another vehicle 
traveling in the same direction.  Moreover, 
when a lane change is not being attempted, 
the application informs the driver of the host 
vehicle when a vehicle in an adjacent lane is 
positioned in a host vehicle’s blind-spot 
zone. 

 
E. Do-not-pass warning (DNPW) - When the 

host-vehicle driver attempts to pass a slower 
vehicle, the DNPW application issues a 
warning when the passing zone is occupied 
by a vehicle traveling in the opposite 
direction.  In addition, even when a passing 
maneuver is not being attempted, the 
application informs the host-vehicle driver 
of the host vehicle that the passing zone is 
occupied . 

 
F. Control-loss warning (CLW) - The CLW 

application enables a host vehicle to 
broadcast a self-generated control loss event 
to surrounding remote vehicles.  Upon 
receiving such event information, the remote 
vehicle determines the relevance of the 
event and, if necessary, provides a warning 
to the driver. 

 
These applications have been prototyped in the 
testbed and the OEMs have begun testing their 
performance under a variety of controlled conditions. 
Table 2 shows the relationship between the crash 
types and applications. 
 

 SAFETY APPLICATIONS 
A B C D E F 

C
R

A
SH

 T
Y

P
E

S
 

Lead Vehicle Stopped � �     

Lead Vehicle 
Decelerating 

� �     

Vehicle(s) Turning at 
Non-Signalized 
Junctions 

  �    

Straight Crossing 
Paths at Non-
Signalized Junctions 

  �    

Vehicle(s) changing 
lanes – same direction 

   �   

Vehicle(s) Not 
Making a Maneuver – 
Opposite Direction 

    �  

 Control Loss Without 
Prior Vehicle Action      � 

Table 2: Crash Types vs. Safety Applications 
 

Performance Specifications Development 
The VSC-A project also includes the development of 
performance specifications for each of the prototype 
applications.  These specifications represent the 
minimum performance that an application must 
satisfy in order to achieve basic crash avoidance 
capability.  It is expected that application developers 
will go beyond these minimum specifications when 
production systems are developed.  However, a 
common basis established by minimum performance 
criteria can be used to test application performance 
across different vehicles and application developers. 
 
The project also includes the development and 
execution of objective tests.  These tests will verify 
system performance at the prototype stage.  The tests 
will include specific procedures based on the 
minimum performance specifications developed and 
will result in objective measures of how well the 
prototype satisfies the criteria under specific test 
conditions.  Since the VSC-A system is not yet at the 
stage of a field operational test, the objective test plan 
will attempt to capture how well the prototype 
applications and underlying core modules developed 
in this project achieve the crash avoidance 
capabilities in a variety of scenarios.  These scenarios 
are selected based on the particular application, and 
since the tests are intended to capture prototype 
performance, they will not include evaluation of the 
driver-vehicle interface performance. 
 
Safety Benefits Estimation 
The Volpe Center is leading the effort to estimate 
safety benefits associated with deployment of safety 
applications within the VSC-A project.  To determine 
the safety benefits of this new technology the Center 
will implement a benefits equation for the estimation 
of number of crashes prevented by the V2V 
countermeasure, and provide extensions for 
estimation of impact on level of injury.  Although 
there are many formulations, they all are based on the 
fundamental definition of benefits (11): 
 

WWO NNB −=                                 (1) 

 
Where, 
 
B = benefits, (which can be the number of crashes, 

number of fatalities, “harm,” or other such 
measures). 

 
Nwo = value of this measure, (for example, number of 

crashes) that occurs without the system. 
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Nw = value of the measure with the system fully 
deployed. 

 
The value of Nwo is usually known from crash data 
files, but Nw is not known for pre-production.  Thus, 
it is necessary to estimate the effectiveness of a 
countermeasure and combine it with the known value 
of Nwo, as shown in the following equation: 
 

SENB WO ×=                                     (2) 

 
Where, 
 
SE = effectiveness of the system, and  
 
Nwo = baseline number of crashes. 
 
An extension of this idea is that the overall benefits 
consist of the sum of benefits across a number of 
specific scenarios: 
 

∑ ×=
i

iWO ENB
i

                                   (3) 

 
Where, 
 
“i” = individual scenarios. 
 
Ei = effectiveness of the system in reducing the 

number of crashes in a specific crash-related 
scenario 

 
Nwoi = baseline number of crashes in individual 

scenario “i” 
 
Bi = the benefits in each of the individual scenarios. 
 
This safety benefits estimation effort will incorporate 
the results from objective tests conducted in the 
coming year and use NHTSA crash databases to 
determine the crashes scenarios likely to be avoided 
by each VSC-A application.  In support of this 
process, Noblis is developing a market penetration 
model to capture the impact of deployment of the 
system over time.  The results of the safety benefits 
estimation will utilize the best available information 
to guide further development and deployment. 
 
 
FUTURE ACTIVITIES 
During the final year of the project, objective tests 
will be run to evaluate the prototype’s performance, 
support estimation of safety benefits, and guide 
future development. 

 
 
SUMMARY 
This paper provided the status of research on the use 
of V2V communications and relative positioning for 
crash avoidance applications.  The VSC-A project 
has made considerable progress in developing the key 
components necessary for interoperable crash 
avoidance applications.  Project activities have 
focused on two major areas: 
 
Technology development objectives: 
 

1. Develop scalable, common vehicle safety 
communication architecture, protocols, and 
messaging framework (interfaces) necessary 
to achieve interoperability and cohesiveness 
among different vehicle manufacturers.   

 
2. Develop accurate and affordable vehicle-

positioning technology 
 

3. Define set of DSRC + Positioning-based 
vehicle safety applications and application 
specifications. 

 
Benefit assessment objectives: 
 

1. Assess how previously identified crash-
imminent safety scenarios in autonomous 
systems could be addressed and improved 
by DSRC + Positioning systems. 

 
2. Develop a well understood and agreed upon 

benefits, with respect to market penetration, 
analysis, for a selected set of 
communication-based vehicle safety 
applications. 

 
3. Develop and verify a set of objective test 

procedures. 
 
Coordination and support with other programs / 
organizations has also taken place. 
 
The system concept and prototype described in this 
paper has already experienced substantial 
development in the form of testbed fleet with 
functioning system core modules and six prototype 
applications.   
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ABSTRACT 

 

     During the last decades, numerical simulation of 

crash events has become one of the key topics in 

the reduction of costs for the phases of 

development of new automotive products. The 

former conception as a tool to provide qualitative 

support to designers has evolved up to the point of 

talking about “virtual testing” and about the 

feasibility of include it in standards and regulations. 

This evolution of the perspectives requires more 

and more predictive simulation models, leading to a 

continuous improvement in the mathematical 

reproduction of the physical reality. 

 

     Within this background, the correct numerical 

reproduction of the material behaviour has a critic 

role. The techniques for material characterization 

have also evolved from the use of simplified curves 

obtained from scarcely instrumented tensile tests, 

including strain rate dependency in a higher or 

lower degree, up to the use of complex yield 

surfaces obtained from the exhaustive analysis of 

the local phenomena that occur during the necking 

process in tensile tests, as well as the inclusion of 

other load cases different to the uniaxial tension. 

 

     The current paper reflects the results of some 

studies about the influence of different levels of 

material characterization on the correct 

reproduction of the material behaviour. The base 

case is the simulation of the characterization tests 

themselves, analyzing both local and global 

parameters for the validation of the models. Three 

different materials (one metallic and two plastics 

respectively) have been used in these studies, trying 

to deepen into their basic characteristics and 

requirements. Finally, a load case closer to a 

common energy absorption application has been 

chosen for the case of the plastics in order to 

illustrate and validate the hypothetical 

consequences of the use of the different material 

definitions. 

 

INTRODUCTION 

 

     Numerical simulation is nothing else than a 

mathematical description of the reality. If we intend 

to reproduce mathematically the behaviour of a 

material working in a dynamic situation, first of all 

we will need to know how this material behaves in 

a similar range of mechanical conditions and, in 

second place, to determine a set of equations and 

parameters that serve us to describe the desired 

behaviour. One of the roles of the so-called 

material characterization process is to determine 

experimentally the response of the materials in a 

range of mechanical conditions and to use these 

data to obtain a reliable mathematical reproduction 

of it to be included in simulation codes. This short 

introduction is somehow obvious. Nevertheless, it 

helps us to remark the importance of using a 

correct mathematical description of the materials 

employed in simulation. Briefly, to include an 

incorrect material characterization in a simulation 

model would be the numerical equivalent to 

introduce a wrong plastic material in an injection 

machine.  

 

     Even though almost any experimental method 

producing plastic deformations on the material 

could be used for mechanical characterization 

purposes, tensile testing is probably the most 

employed way to describe the relationship between 

stress and strain in materials subjected to 

mechanical efforts. This experimental method 

provide us with very valuable information about 

the characteristics of the tested material up to its 

failure and rupture, allowing us to obtain data of 

different aspects of its elastic, plastic and damage 

behaviour. Besides, tensile tests are relatively 

simple of executing and measuring in comparison 

with other testing configurations, allowing a wide 

range of testing speeds and temperatures that cover 

the most common requirements of the automotive 

industry. As a consequence, one the most common 

ways of obtaining mathematical descriptions of 

materials to be used in numerical models for 

crashworthiness applications is based on the 

execution of groups of tensile tests at several 

speeds, with the aim of obtaining stress-strain 

curves for different constant strain rates.  

  

     The exclusive use of the tensile test results for 

the mechanical characterization of the materials is 

based on the assumptions that the tensional state 

developed during this test is basically uniaxial, and 

that the relationship between stress and strain 

measured under these conditions can be used to 

create a description of the material behaviour 

representative of other load states, such as 

multiaxial loads, compression, shear, etc. The most 

extended mathematical transcription of these 

hypotheses is reflected on the isotropic elastic 

plastic laws. These laws, implemented in the most 

of the numerical simulation codes used for 
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crashworthiness applications ([1], [2] or [3] among 

others), use a quite simple description of the elastic 

behaviour that generally requires a set of only two 

parameters (i.e., Young Modulus and Poisson 

Ratio), whereas plastic behaviour is commonly 

described by a surface defined either by a 

mathematical expression or by a set of curves, 

representing the yield stress as a function of the 

effective plastic strain ant the strain rate. 

Commonly, Von Mises criterion [4] is employed to 

discern between both behaviours.  

 

     At this point, a link is needed to obtain the input 

for simulation from the experimental outputs. The 

most traditional way to do this is to estimate the 

true stress and plastic strain from the force applied 

to the tensile specimen (measured commonly with 

a load cell fixed to the testing machine) and the 

distance between two sections or points of the 

specimen, usually measured using an extensometer 

or another equivalent method and known as gage 

length. The expressions employed to perform these 

conversions are widely documented (e.g. [5] and 

[6], among many others) and there is no point in 

reproducing them here, but it is interesting to 

remember some of the assumptions that base these 

calculations: In the first place, the true strain, and 

consequently the true stress, are expected to be 

homogeneous between the sections measured with 

the extensometer. Secondly, the transversal area 

needed to calculate the true stress is normally 

unknown, so a hypothesis must be posed in order to 

estimate it from the original area and the 

engineering strain (measured on the longitudinal 

axis of the specimen). The most common 

suppositions are the hypothesis of constant volume 

and the hypothesis of elastic behaviour (depending 

on the particular case). Finally, an additional 

supposition is done related to the strain rate, which 

is implicitly supposed to be constant during the 

tests. This is done when true stress – plastic strain 

curves obtained from the experimental results are 

taken as representative of a unique strain rate 

associated to the test.  

 

     Although the underlying concepts of the 

previous methodology seem to appear very clear, 

there exist important issues that affect to the final 

result of the material characterization. On the one 

hand, the reliable acquisition of experimental data 

depends highly not only on the correct execution of 

the tests, particularly at the higher strain rates, but 

also on the adequate selection of the measurement 

methods and instrumentation. On the other hand, 

the treatment of the experimental results for the 

generation of numerical material laws can be done 

applying different methods, leading to different 

material descriptions. 

 

     Paying attention to the selection of the 

instrumentation, the correct measurement of the 

strain will play a fundamental role in the current 

analysis. Leaving out of consideration generic 

characteristics such as range, accuracy or dynamic 

response, we can classify strain measurement 

methods in “average” and “local” measurement 

methods (see Figure 1). The first group, which 

include the traditional extensometers, provide 

information about the relative displacement of two 

sections of the specimen, what in practise means 

that the measured strain is only representative of 

the average strain of all the material placed 

between both sections. The second group is 

composed by methods that provide information 

about the deformation of small zones of the 

specimen. The most classical example of these 

systems is the strain gauge. 

 

 

  
Extensometer (average 

measurement) 
Strain gauge (local 
measurement) 

Figure 1. Use of extensometers and strain gauges 

for measurement of strain in tensile tests. 

 

     Within the second category, it begins to be 

extended the use of specific software packages 

dedicated to provide a continuous field of 

deformation based on the photogrammetric analysis 

of digital video frames recorded during the tests. 

Further information about these methods can be 

found in [7] and [8]. Although this system has 

certain disadvantages with regards to the classical 

instrumentation, such as the accuracy at low strain 

levels or the need of an additional analysis process 

posterior to the test, at present it provides the most 

complete information about the local evolution of 

the strain on the whole surface of the specimen. 

These data are extremely valuable, since they allow 

the analysis of local phenomena (concretely the 

necking process), which often include information 

required for the characterization of the material at 

strain levels close to the rupture. A typical result 

from this kind of software can be observed in 

Figure 2. 

 

     In order to fully understand the scope of the 

previous affirmations, it is necessary to make a 

brief analysis of the necking phenomenon and its 

effects on the characterization process. This 

phenomenon, already documented in 1885 [9], 

could be very roughly described as a lack of 

homogeneity observed in specimens of ductile 
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materials before fracture occurs during tensile tests. 

At the beginning of these tests, the stress, strain and 

strain rate remain homogeneous in the whole zone 

of the sample destined for strain measurements. At 

this stage, average deformations are representative 

enough of the strain state of the material. 

Nevertheless, when the necking process starts, 

strain distribution begins to be heterogeneous and 

average measurements lose representativeness. 

 

 
Figure 2. Output of software based on 

calculation of strain from image analysis 

      

     In a typical situation, the necking process begins 

when a limited zone of the specimen suffers a local 

increase of the plastic strain higher to the expected 

in a homogeneous deformation. This effect leads to 

the creation of the shape known as neck, where the 

distribution of the stress, strain and strain rate is not 

homogeneous any more. After this first nucleation 

of the neck, its evolution will depend highly on the 

characteristics of the material. In some materials, 

the plastic strain growth keeps concentrating on the 

central part of the neck, which evolves quickly up 

to the rupture. In order to establish a simplified 

nomenclature, we will refer to this behaviour as 

“Concentrated Neck”. The result of this evolution 

can be a strongly heterogeneous distribution of the 

mechanical magnitudes along the specimen, 

invalidating the calculations based on the 

homogeneity of these magnitudes. This behaviour, 

characteristic of steels, can also be found in many 

plastic materials used in industrial applications.  

 

      On the other extreme of the behaviour of the 

ductile materials, the speed of the growth of the 

plastic strain at the original nucleus of the neck can 

descend due to microstructural reasons. In this 

case, the plastic strain of the central zone of the 

neck evolves more slowly, up to remain practically 

frozen in some cases (“blocking” of the neck). In 

the meanwhile, the neighbouring zones of the 

specimen begin to increase their plastic strain 

(“growing” of the neck). The macroscopic 

translation of this effect is an extension of the zone 

affected by the neck, which can expand even 

beyond the limits of the measurement zone of the 

sample. This transmission of the neck can occur in 

a way more or less gradual, producing a wide range 

of possible neck geometries. The softest cases of 

this phenomenon can lead to a practically 

homogeneous distribution of the mechanical 

magnitudes. We will refer to this situation as 

“Distributed Neck”.  

 

     Figure 3 and Figure 4 show respectively some 

results of the simulations of quasi-static tensile 

tests considering two different plastic materials 

where both behaviours have been detected. It can 

be noticed the different distributions of the 

effective strain, and, the most important, how in the 

case of the distributed neck the average strain 

(measured with a simulated extensometer) is 

similar to the local strain observed at the neck, 

while in the case of the concentrated neck both 

magnitudes can differ considerably. 

 

 
CONCENTRATED NECK (Talc filled PP Compound) 
Effective strain 
 

  

 

 
 
 
Extensometer: 20.8 % 
Neck:   93.6 % 

Figure 3. Effective strain distribution in a tensile 

specimen with concentrated neck. 

 

     As explained above, the most common 

implementation of plasticity in the simulation codes 

requires the definition of the yield stress as a 

function of the plastic strain and the strain rate.  

These data will define the plastic behavior of each 

element of the simulated material, independently of 

its size. According to the concept inherent to the 

Finite Elements Method, the parameters to be 

included in the modelization should be 

representative of the average behavior of the 

volume associated to the element. Therefore, if 

elements satisfy the premise of being small enough 

as to allow the correct reproduction of the 

experimental neck geometry with the numerical 

tensile specimen, then the values to be used should 
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be the ones corresponding to the average 

magnitudes in a quite small volume, what is 

equivalent to talk about local measurements.  

 

 
DISTRIBUTED NECK (HCPP Copolymer) 
Effective strain 
 

 
 

 

 
 
 
Extensometer: 23.4 % 
Neck:  23.4 % 

Figure 4. Effective strain distribution in a tensile 

specimen with distributed neck. 

 

     Obviously, the heterogeneity of the magnitudes 

does not affect exclusively to the strains, but also to 

any physical magnitude associated to them. Figure 

5 and Figure 6 show that local distribution of the 

strain rate can also be very different to the average 

one. This fact affects particularly to our study, as 

our final aim is to obtain an expression of the real 

stress as a function of the plastic strain and the 

strain rate. The main conclusion to be extracted is 

that strain rate is subjected to local and temporal 

variations during the tests, and, consequently, its 

approximation by a constant magnitude implies a 

certain degree of error that will depend on the 

heterogeneity observed in the specimen.  

 

     Once arrived to this point, some important 

concepts have arisen related to the phenomenology 

of tensile tests and to the different options for strain 

measurement. Unfortunately, these concepts point 

to the fact that some of the hypotheses accepted by 

the traditional characterization methods are 

unrealistic in many practical applications. On the 

other hand, we have seen that additional 

experimental methods are available nowadays to 

measure local strains, and that, thanks to these 

methods, some of the assumptions required by the 

traditional methodologies are not needed anymore. 

All this leads to a situation where numerical 

materials characterized with both traditional and 

new methods coexist in data bases, either because 

of having been characterized years ago or because 

of having been characterized recently in 

laboratories still using traditional methods.  

 

 
CONCENTRATED NECK (Talc filled PP Compound) 
Strain rate 
 

  

 

 
 
Extensometer: 0.032 s-1 

Neck:   0.235 s-1 

Figure 5. Strain rate distribution in a tensile 

specimen with concentrated neck. 

      

 
DISTRIBUTED NECK (HCPP Copolymer) 
Strain rate 
 

 

 

 

 
 
Extensometer: 0.029 s-1  
Neck:  0.023 s-1 

Figure 6. Strain rate distribution in a tensile 

specimen with distributed neck. 

 

     In a further step, it is also possible to eliminate 

the hypothesis of independence with the load 
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conditions (either uniaxial or multiaxial), leaving 

the use of classical elastic-plastic material 

definitions and using more advanced material laws 

(e.g. [10], [11]). Nevertheless, in spite of their 

promising capabilities, in practise the use of these 

laws is still not very extended. 

 

     Coming back to the original idea of obtaining a 

reliable numerical reproduction of the reality, some 

questions come immediately to mind: If there are 

diverse coexistent methods that lead to a range of 

possible characterization results, how do these 

different descriptions of the material behaviour 

affect to the accuracy of the final simulations? Up 

to present, simulation models based on traditional 

methods have provided reasonable results. Then, 

what are the advantages brought by these new 

methods?  

 

     Although these questions are almost philosophic 

and there will not be a general answer applicable to 

all the materials and applications, the studies 

presented in this paper try to outline a first 

quantification based on the application of different 

modelization techniques to a limited but 

heterogeneous array of materials and applications. 

 

METHODS 

 

     The basis of the presented studies has been the 

selection of a group of materials, applications and 

characterization levels limited enough as to make 

affordable a detailed analysis of the different 

combinations, but at the same time varied enough 

as to be representative of a wide range of situations.  

 

     Three materials have been selected as 

representative of some of the behaviours to be 

analysed. All of them are commonly used in 

automotive applications. From now on, they will be 

referred as “Steel”, “Plastic 1” and “Plastic 2”. 

“Steel” is a high strength steel, “Plastic 1” is a 

plastic blend based on polyamide and ABS, and 

“Plastic 2” is a high cristalinity polypropylene 

copolymer. As seen in previous experiences with 

these materials, “Steel” presents the typical 

behaviour of steel, including the concentrated neck 

in tensile tests, while “Plastic 1” and “Plastic 2” 

present different degrees of distributed necks (in 

general, more homogeneous in “Plastic 1” and less 

in “Plastic 2”). These behaviours can be observed 

in Figure 7. 

 

     The applications selected for the study should be 

relatively simple, in order to be indicative of the 

influence of the material modelization, avoiding 

interferences of other less controlled parameters, 

such as contacts, frictions, etc. On the other hand, 

they should be demanding enough as to use a high 

proportion of the definition of the material in strain 

and strain rate and, in this way, to be more sensitive 

to possible different characterizations. Finally, they 

should be representative of different possible load 

states present in automotive typical applications.  

 

      Attending to these considerations, two test 

procedures were chosen. Tensile test was selected 

to be the first application because of obvious 

reasons: The load state is the same used for the 

characterization process, existence of very detailed 

experimental results and high demand on the 

material. For the second application, a test based on 

a drop test was chosen. In this test, a 20 Kg body 

with a flat surface falls over a piece whose 

geometry includes two conical shells that collapse 

during the impact. The geometry of this specimen 

prior and after the tests can be seen in Figure 8. 

Two different speeds have been used in order to 

produce different degrees of deformation in the 

material. 

 
Steel 

 
Plastic 1 

 
Plastic 2 

      
Figure 7. Distribution of local longitudinal 

strain in tensile specimens of the materials 

employed in the studies. 

 

 

Figure 8. Energy absorption specimens before 

and after the higher speed drop tests. 
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     The same experimental tests have been 

employed to obtain data for the different 

characterization options. For all the materials, 

tensile tests at between four and five different 

speeds have been performed, being the first of them 

quasi-static and the rest dynamic speeds. These 

speeds cover the most common strain rates required 

in crashworthiness applications. In all the cases, a 

minimum of three repetitions have been performed 

at each speed in order to consider possible 

variability of the materials. Also in all the cases, 

one high speed camera has been employed to 

record the temporal evolution of the deformation of 

the specimen, allowing the study of local strains 

and the simulation of the measurement registered 

by an extensometer, estimated through the motion 

of two points on the specimen surface situated at a 

distance of 25 mm, and placed around the central 

section of the specimen.  

 

     With regard to specimen geometries, 2 

millimetre thickness ISO 527-2 1BA  tensile 

specimens [12] were used for the characterization 

of the plastic materials, whereas 1 mm thickness 

samples were employed for the characterization of 

the steel, with a geometry based on three sections 

(5, 10 and 15 mm). 

 

     Three material characterization levels have been 

defined for comparison. They will be referred as 

Level 1, 2 and 3 respectively:  

 

     Level 1 corresponds to the most traditional 

methodology of material characterization. Strain 

data from the simulated extensometer are used. 

Strain rates are supposed to be constant and 

homogeneous during the entire tests. One curve is 

obtained corresponding to each tested speed and 

introduced into the material cards for the 

simulation input. 

 

     Level 2 is basically similar to Level 1, but local 

strains at the points of maximum deformation in the 

neck are used instead of extensometer values. The 

hypothesis of homogeneous distribution of strains 

along the specimen is consequently eliminated. On 

the other hand, constant strain rate is still accepted. 

 

     Level 3 removes at the same time the 

hypotheses of homogeneous strain and strain rates. 

Local strains are employed to calculate 

instantaneous and local strain rates. Points at 

several locations of the specimen are analysed in 

order to obtain different load conditions. All this 

information is combined to obtain a mathematical 

surface from which true stress – plastic strain 

curves at constant strain rates are obtained. This 

method allows the obtainment of a number of 

curves different to the number of speeds tested. 

Consequently, a more detailed description of the 

yield surface is given. Figure 9 and Figure 10 show 

typical yield surfaces obtained with this method for 

a metal and a plastic respectively.  

 

 
 

Figure 9. Typical shape of the yield surface of a 

high strength steel obtained with methods 

described as “Characterization Level 3”. 

 

 
 

Figure 10. Typical shape of the yield surface of a 

plastic with behaviour near to elastomeric 

obtained with methods described as 

“Characterization Level 3”.  

 

     One interesting point is that curves obtained 

with this method produce satisfactory results with a 

relative independence of the simulation code either 

for shell and solid elements. Some differences can 

be found in elements working with high 

deformations, when other factors not related to the 

material law acquire bigger influence on the 

deformation of the elements. Figure 11 shows the 

results of the simulation of dynamic tensile test 

performed on steel specimens. Three experimental 

repetitions are shown, referred as “EXP 1, 2 and 3”. 

Next to them appear the results of a set of 

simulations using three simulation codes of 

extended use in automotive. Figure above shows 

the numerical results using models of specimens 

defined with shell elements, while figure below 

displays the same results using solid elements. The 

same stress-strain curves have been used in all the 

elastic-plastic material laws employed for the 

different simulations. As can be observed, despite 

small deviations due to the different 
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implementations employed, all numerical results 

reproduce quite satisfactorily the experimental 

curves.  

 

 
Figure 11. Results of simulation of dynamic 

tensile tests of a metallic material using different 

codes and element types (Characterization Level 

3”).  

 

     All the simulations presented henceforth in this 

document have been performed using the software 

LS-DYNA. Shell and solid elements have been 

employed in studies, using in all the cases the 

material type 24 (Piecewise Linear Plasticity). The 

use of parameters or material laws associated to 

damage and rupture has been avoided in order to 

obtain a major representativeness of the influence 

of the original yield surface, in spite of a possible 

loss of accuracy on the reproduction of the 

behaviour just previous to the failure. 

 

TENSILE TESTS 

 

     The first of the applications to check the 

differences between the characterization levels is 

the numerical reproduction of the tensile tests from 

which characterization data were obtained. Mesh 

size used for the definition of the models has been 

chosen small enough as to allow a reasonable 

representation of the geometries adopted by the 

specimens during the necking process. Figure 12 

and Figure 13 display the meshes of solid elements 

employed in the models of tensile tests. 

Simulations have been made in parallel using 

similar specimens with shell elements. 

 

     Engineering stress versus grip displacement 

curves have been chosen for validation purposes 

because of their representativeness of the whole 

behaviour of the specimen. Additionally, local 

strain contours have been checked in order to 

analyse the distribution of the loads in the 

specimen.  

 

 
Figure 12. Mesh employed in the simulation of 

tensile tests of Steel material (solid elements).  

 

 
Figure 13. Mesh employed in the simulation of 

tensile tests of Plastic 1 and Plastic 2 materials 

(solid elements).  

 

Steel 

      

      As mentioned before, steels are a typical case 

of concentrated neck. Figure 14 displays the strain 

measured at one of the dynamic speeds tested. Two 

different stages can be differenced paying attention 

to this graphic. During the first part of the test, 

local strains coincide with the measurement of the 

extensometer. This indicates that deformation is 

approximately uniform. After the initiation of the 

necking process it can be observed how local strain 

and extensometer begin to diverge, being the 

difference quite important just before the rupture 

occurs. The consequence of this effect on the 

different characterization options should be a 

divergence of the results after the creation of the 

neck, prior to the rupture. 

  

 
Figure 14. Different experimental strain 

measurements of Steel (Dynamic 1 s
-1
).  
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Figure 15. Tensile test of Steel (Static). Shell 

elements  

 

 
Figure 16. Tensile test of Steel (Static). Solid 

elements  

 

 
Figure 17. Tensile test of Steel (Dynamic). Shell 

elements  

 

 
Figure 18. Tensile test of Steel (Dynamic). Solid 

elements 

       

     Paying attention to the element type, we can see 

that, in general, shell elements initiate the 

descending part of the presented curves before than 

solid elements, and that, in short, there is some 

divergence in the behaviour of the specimen not 

associated to the yield surface, which is actually the 

same.  

 

Plastic 1 

 

     The behaviour observed in Plastics 1 and 2 is 

more complicated than the studied in the previous 

case. While in Steel material neck concentrated up 

to the rupture point, in a typical plastic the neck 

extends to other sections of the specimen, 

producing effects of blocking and growing more 

complex to measure and to adjust numerically.  

 

     Tensile tests performed on Plastic 1 have 

exhibited different tendencies depending on the 

strain rate. At low strain rates neck has tended to 

more distributed and homogeneous neck shapes 

(like the one shown in Figure 7), while at higher 

strain rates the tendency has been to a higher 

concentration, although not as marked as in Plastic 

2. This translates into a higher homogeneity of the 

results between the options based on local strain 

measurement (Levels 2 and 3) and extensometer 

(Level 1) for the static situations, next to a lower 

homogeneity at higher strain rates. In any case, 

only characterization of Level 3 has been able to 

reproduce satisfactorily the phenomenology in all 

the cases. Figure 19 to Figure 22 illustrate these 

observations, displaying results for static and 

dynamic tests, as well as for shell and solid 

elements.  
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Figure 19. Tensile test of Plastic 1 (Static). Shell 

elements  

 

 
Figure 20. Tensile test of Plastic 1 (Static). Solid 

elements  

 

 
Figure 21. Tensile test of Plastic 1 (Dynamic). 

Shell elements  

 

 
Figure 22. Tensile test of Plastic 1 (Dynamic). 

Solid elements 

 

Plastic 2 

 

     Plastic 2 offers a good sample of concentrated 

neck in plastic materials (see Figure 7). As already 

explained, this implies possible important 

differences between local strains measured in 

different sections of the specimen. Therefore, 

curves defining yield surfaces between 

characterization options based on both 

measurements could be substantially different.  

 

     As with the precedent materials, Figure 23 to 

Figure 26 show the results of the simulations of 

static and dynamic tensile tests using both shell and 

solid elements. As expected, results correspondent 

to characterization Level 3 offer in all the cases a 

more realistic reproduction of the experimental 

observations.  

 

 
Figure 23. Tensile test of Plastic 2 (Static). Shell 

elements  
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Figure 24. Tensile test of Plastic 2 (Static). Solid 

elements  

 

 
Figure 25. Tensile test of Plastic 2 (Dynamic). 

Shell elements  

 

 
Figure 26. Tensile test of Plastic 2 (Dynamic). 

Solid elements 

     As can be seen in the figures, Level 1 

characterization has produced quite deficient 

results in static tests for both types of elements, 

leading even to instabilities in the case of the solid 

elements (this is the cause of the vertical line in 

Figure 25). On the other hand, dynamic results are 

not so bad, in spite of the differences between local 

and average deformations.  

 

ENERGY ABSORTION TESTS 

 

     A second application has been chosen in order 

to provide further information about the effective 

influence of the material characterization on the 

accuracy of the numerical models, looking at the 

same time for load states different to the uniaxial 

tension, analysed in the tensile tests. With this aim, 

guided drop tests have been performed on conical 

specimens (see Figure 8). These specimens are 

used for the analysis of energy absorption 

capabilities of different materials. In these tests the 

material works mainly under compressive and 

flexional loads, being different to the one employed 

for characterization. Therefore, the degree of 

realism of the hypothesis of equal response to 

different load states, assumed by the elastic-plastic 

law, can affect to the accuracy of the numerical 

results. As mentioned before, although there are 

material laws taking into account this phenomenon, 

the current study has been limited to the more 

extended elastic-plastic laws.  

 

     The drop tests have been performed only with 

plastic materials. Two speeds of the impactor have 

been tested with each material. The first of them, 

referred ad “High demand tests”, produces the 

almost complete collapse of the smaller cone. The 

second speed, referred as “Medium demand tests”, 

produces an intermediate deformation of the 

specimen. Figure 27 shows two specimens of 

Plastic 1 after both types of tests. Due to the 

different characteristics of both plastics, different 

speeds have been used with each one of them. 

 

  
High demand tests Medium demand tests 

 
Figure 27. Specimens of Plastic 1 after Medium 

and High demand tests. 

 

     The numerical simulation of the tests has been 

performed using shell elements and the same 

material cards employed in the first application. 

Two states of one of these simulations can be seen 

in Figure 27. Figure 28 shows a comparison 

between the geometries achieved experimentally 

and numerically. 
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Figure 28. Model employed in the simulation of 

the drop tests. (Plastic 1, High Demand) 

 

 

 

 
Figure 29. Numerical (Level 3) and physical 

specimens after High Demand energy 

absorption test (Plastic 1) 

 

     Curves representing force on the impactor 

versus its displacement are used for comparison 

purposes.  These curves are representative of the 

energy absorbed during the process, and allow a 

quick check-up of the behaviour of the specimen 

during its collapse. A very interesting indicator is 

the maximum displacement, which basically 

coincide with the length collapsed by the specimen 

to absorb the kinetic energy of the impactor. 

Experimentally, both force and displacement have 

been calculated from acceleration signals on the 

impactor, as well as from the measurement of the 

speed just before the impact with the specimen. 

 

Plastic 1 

 

     Figure 30 and Figure 31 display the results for 

the energy absorption tests performed on Plastic 1. 

On them, particularly in Figure 30, it can be seen 

that the influence of the characterization level on 

the effective curves is almost negligible.  

 

 

 
Figure 30. High Demand Energy Absorption 

tests of Plastic 1. 

 

 

 
Figure 31. Medium Demand Energy Absorption 

tests of Plastic 1. 

 

     The results obtained are easily explained paying 

attention to the evolution of the magnitudes during 

the collapse of the cones and to the observations 

made for the case of the tensile tests. Peaks of force 

are produced by the resistance of the material to 

produce new folds, whereas valleys are produced 

during the bending process, when the material is 

sagging, and finish when the fold is completely 

formed and there is contact between zones of the 

plastic wall. This means that during the formation 

of peaks the process is governed by material zones 

with none or small plastic strain and low strain 

rates (material is still resisting or initiating the 

folding). As observed for this material in the first 

application, results were quite homogeneous at low 

strain and strain rates independently of the 

characterization level. This is in accordance with 

the observations made in this new case. 
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Plastic 2 

 

     The results of the drop tests for Plastic 2 are 

shown in Figure 32 and Figure 33. It can be 

observed that in this case there is a clearer 

influence of the characterization method on the 

final results of the simulation. It can be also noticed 

that experimental behaviour has been better 

reproduced by Level 3, particularly paying 

attention to the maximum deflection of the cones. 

 

     As for Plastic 1, the results are perfectly 

coherent with the observation made for tensile 

tests. In the case of Plastic 2, the static tests showed 

a big influence on the material characterization 

level due to the differences between local and 

average strains at the neck. This effect can be seen 

here again, producing differences on the simulation 

of the drop tests much more marked than the ones 

observed for the case of the Plastic 1.  

 

 

 
Figure 32. High Demand Energy Absorption 

tests of Plastic 2. 

 

 

 
Figure 33. Medium Demand Energy Absorption 

tests of Plastic 2. 

 

CONCLUSIONS 

 

     As introduced initially, experimental methods 

and expressions used traditionally for the 

characterization of materials are based on a certain 

number of hypotheses, which can be more or less 

realistic depending on the material simulated. 

Current methodologies include state of the art 

experimental and numerical techniques that allow 

the exclusion of some of these assumptions, leading 

to presumably more accurate material descriptions. 

The presented study tries to outline an answer to 

the question of how much these different models 

obtained for the same material affect to the 

accuracy of the results when used in the simulation 

of physical events.  

 

     Three characterization levels have been defined 

based on the use of tensile tests. The first of them 

(Level 1) coincides with the traditional methods 

(average strain estimated by the displacement of 

two sections of the specimen and constant strain 

rate). In the second one (Level 2), the hypothesis of 

homogeneous deformation has been removed 

thanks to the use of local strain measurement 

methods. In the Level 3, the hypothesis of 

homogeneous and constant strain rate has also been 

eliminated by the use of specific mathematical 

algorithms for the analysis of the experimental 

results. 

 

     These different characterization methods have 

been applied to three different materials (one high 

strength steel and two different plastics), looking 

for the representativeness of the study in different 

cases.  The resultant material models have been 

used for the simulation of two different 

applications. The first of them has consisted in the 

reproduction of some of the tensile tests that served 

for the characterization of the materials. Two 

different testing conditions (static and dynamic) 

have been evaluated. The second application has 

been the simulation of drop tests used for the 

analysis of energy absorption. As before, two 

different speeds have been tested and simulated, 

although only the plastic materials have been 

considered this time. 

 

     After the results obtained in the simulation of 

the tensile tests, it has been observed how the 

differences between local and average strain 

measurements have shown to be decisive in the 

good reproduction of the experimental results. As 

predictable, the good correlation between different 

characterization levels was in general related to the 

homogeneity of the material behaviour during the 

formation and progress of the neck (for instance, 

the first part of the curves in “Steel” material or the 

static case in “Plastic 1”). Differences have been 
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also found when using solid and shell elements, 

associated normally to a more realistic behaviour 

when using the first ones. In general, only 

characterization Level 3 has shown to produce 

good results in all the evaluated cases. 

 

     When going to the second application, previous 

observations have been easily translated to the new 

situation. On the other hand, it has been 

demonstrated that phenomena occurring during 

these test are mainly controlled by material zones 

working at low plastic strain and strain rates, 

making this application less representative of the 

whole characterization of the material than 

expected. In any case, Level 3 characterization has 

shown again to produce more accurate results in 

independence of the material. As predictable, it can 

also be concluded that the final influence of the 

characterization method will depend on the 

simulated application.    

 

      In summary, although good results have been 

obtained by traditional characterization methods in 

cases when the assumed hypotheses were near to 

reality, only the elimination of these hypotheses has 

proved to provide good results in all the evaluated 

situations. This has seen to be particularly relevant 

in the simulation of the complex phenomenology 

associated to the plastics. 
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ABSTRACT 

The main idea behind the pan-European eCall 
project is to automate the emergency call that is 
simultaneously extended by a message containing 
information such as current position and prior-to-
crash speed, type of vehicle, VIN, VRN, number of 
passengers travelling, etc. The in-vehicle unit 
consists of measurement, communication, 
positioning and user-interface sub-systems, and all 
those sub-systems need to pass functional and 
performance type examinations before the device 
can be granted formal approval from the notified 
laboratory. The usual way of testing the module 
will be during the type approval of the car, as 
performance of the unit is strongly correlated to the 
dynamical parameters of the vehicle body and 
fitting procedures. 

Technology of today makes it relatively easy and 
straightforward to measure linear and angular 
accelerations of the vehicle chassis to estimate its 
full state in the 6DOF space, however, the number 
of sensors required and resulting cost is mostly 
prohibitive, thus in practical solutions the crash 
detection is to be implemented based on signals 
acquired from a limited number of available 
sensors, preferably already present in the existing 
set-up, using also additional sources of data, such 
as longitudinal velocity from the speed sensor. 

The purpose of the project is to design a testing 
methodology and set-up a testing bench for the type 
certification of the in-vehicle e-Call system units 
for the accredited laboratory. The test stand should 
allow the production of precise and repeated 
predefined testing conditions to excite the device-
under-test sensors and to relate their logged data 
and results to those of reference set of sensors 
built-in to the test stand. 

Another question we address during the study is the 
feasibility of data gathered in the in-vehicle e-Call 
unit for the purpose of reconstructing the crash. 

INTRODUCTION 

Within the framework of e-safety programme, a 
European Union initiative [3,9,15], eCall system is 
currently being implemented, which will decisively 
improve the process of road accident notification in 
the EU area. A few years ago, a need to introduce a 
uniformed emergency call number 112 across the 
EU territory was recognised by European 
legislation. The number is supposed to be operated 
with the same efficiency and effectiveness as the 
other traditional emergency numbers in each 
member state. Moreover, the personnel of the 
emergency call centre should be able to accept 
notifications in more than one language [1,4,16,18]. 

However, technical evolution has lead to further 
modifications of emergency call number 112, due 
to the development of new functionally extended 
version of the emergency call system named E112 
(location-Enhanced 112), which will enable the 
emergency centre to automatically determine the 
location of the caller. This new feature of the 
technology is particularly important for people 
being abroad since the victims of the accidents 
often cannot precisely describe their current 
location and the time in emergency situations often 
means the difference between life and death. 

The eCall system is another stage in the 
development of E112 technology. It assumes, the 
vehicles would be equipped during the production 
process with emergency sensors and 
communication modules, which, if the predefined 
emergency conditions are registered, will 
automatically dial the emergency centre and 
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convey exact information regarding place of the 
accident, vehicle identification (registration number 
and VIN), its type as well as initiate the voice 
connection allowing the call centre personnel to 
gather additional data on the accident details, 
therefore, reaching optimal decision as to the 
parameters of the rescue operation. 

Organisation of the eCall system 

The eCall system consists of three main 
subsystems, which should be adequately designed 
and compatible in order to allow their 
interoperability and functionality. 

The first main element of the system consists of 
emergency sensors – devices installed in the 
vehicle – containing a set of inertial sensors which 
detect excessive linear and angular acceleration 
values (breaking deceleration, impact into the 
obstacle or another vehicle) which allow detection 
of the accident, GPS module determining 
geographical position of the vehicle, direction and 
speed of its movement shortly before the accident, 
and GSM module to automatically or manually 
initiate dialling sequence to Public Safety 
Answering Point (PSAP). 

The other element of the eCall system is the ground 
telecommunication infrastructure of the GSM 
operator as well as the ground and space 
infrastructure of satellite navigation systems. The 
infrastructure of GSM operators should allow 
dialling of emergency module installed in the 
vehicle also outside native mobile operator. The 
roaming should be available not only outside 
country borders in which the vehicle is registered 
and where the SIM card was issued, but also in the 
territory of the country of the origin, especially 
when the accident took place outside the coverage 
of a native mobile operator or when the position of 
the vehicle after the accident does not allow 
connection to the native operator whose signal in 
the given location is weak and in particular 
conditions, i.e. when the vehicle is turned over and 
the GSM antenna is shielded by its body and/or 
local topographical conditions in which case, the 
propagation of radio waves is heavily limited and 
the use of another mobile network, that provides 
stronger signal is possible. At the current stage of 
works on the subject, the decision has not been 
reached yet, whether the SIM cards are to be 
installed in the vehicles or not. If the SIM cards 

were not to be used, a European wide 
harmonisation of regulations would be required in 
order to allow emergency notifications without the 
possibility of identification of the caller [4,16] 

In order for the notifications generated 
automatically by eCall modules or those initiated 
manually to take effect, the PSAP centres must be 
equipped with appropriate technical means that 
would allow receiving emergency information, its 
efficient verification and processing as well as 
effective management of rescue resources. 

Technical requirements – eCall car module 

The device installed in the vehicles according to the 
specification in the working documents [1,2,5,18] 
of the expert bodies of European Commission, 
must perform the following functions:  

• if the accident occurs, it should automatically 
decide (after predefined criteria of accident are 
satisfied) whether to initiate dialling sequence 
with emergency number 112, 

• the system should provide possibility of 
manual initiation of dialling to PSAP centres 
with the use of easily accessible user interface; 
this implies the device should be equipped 
with button/keyboard to initiate dialling, its 
cancellation if activation is accidental as well 
as indicators of connection state (initiation, 
cancelling), 

• the system should also allow sending the 
Minimum Set of Data required, which would 
identify the vehicle and circumstances of 
accident occurrence. 

• initiation of the voice connection when dialling 
the emergency number 112 should be allowed. 

At the current stage of works within the expert 
groups, a decision whether to install additional 
independent GSM modules with the emergency 
sensors in the vehicles or if to allow the use of 
mobile phones and SIM cards owned by 
driver/passengers has not been finally reached yet. 
From the technical point of view, the second choice 
is possible, from the economic perspective it seems 
even more plausible since it would decrease the 
general costs of the system introduction. However, 
there are also significant technical disadvantages of 
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this solution, which very likely will eventually 
cause its rejection. 

The built-in GPS module allows the read out of 
current parameters of motion (geographical 
location, value and direction of speed) and it is 
required to transfer data on speed and direction of 
movement from the last three validly determined 
positions. In the communication protocol it was 
also agreed that the information on the quality of 
the determined position is to be transferred in order 
to estimate statistical uncertainty of the rescue 
calculated position. 

Satellite navigation systems – GPS, Galileo, 
GLONASS 

Currently, GPS (Global Positioning System) is the 
only fully functional system of satellite navigation, 
which was designed and constructed and is run by 
US Department of Defence in the framework of 
NAVSTAR programme. 

Theoretically, as soon as in 1996, the full 
functionality of Russian system GLONOSS was 
announced, however, at the moment the number of 
working satellites in the orbit is less than the 
nominal 24, therefore, the system does not allow 
determination of position in any given time or area. 
In the worst period for the system (November 
2001) due to the short life of the satellites, only six 
satellites were functional rendering the whole 
system useless. Now, the system consists of dozen 
or so of space vehicles located in two out of three 
planned orbits and there are plans to rebuilt the 
system to its full potential in the future.[18] 

The third satellite navigation system, currently 
under development, is Galileo system. It is 
European project, financed by EU, being designed 
exclusively for civilian purposes (the other two 
systems depend on military structures, respectively 
of the US and Russia). The project also includes 
participants from outside EU, namely China, India, 
Israel, Morocco and Ukraine who have their share 
in co-financing. The future of the system as well as 
its completion date are still being hotly debated 
among its participants and regard mostly its 
financing and division of expected profits from its 
operation. 

For the last few years there are plans to build a 
worldwide satellite navigation system GNSS 
(Global Navigation Satellite System), which would 

under the control of independent international 
organisation. Accession to the project was declared 
by the multitude of countries, including USA, 
Russia and EU member countries. During the first 
stage of GNSS development, the existing 
navigation systems are to be utilised, however, 
ultimately a completely new system of satellite 
navigation is to be constructed [9]. 

Every satellite navigation system consists of three 
segments: the ground segment, the orbitting 
vehicles and receivers which position is determined 
by receiver firmware. Currently, all of the systems 
in operation support passive receivers which means 
the user’s receiver can calculate its own position, 
time as well as direction and velocity of the 
movement, based on the signals obtained from 
visible satellites only. In order to determine 
position it is vital to be able to receive navigational 
message from at least four satellites. The accuracy 
of positioning depends on many factors, among 
others, the number of visible satellites, their 
relative positions in the orbit and signal disruptions 
on the way from satellite to the receiver (these 
interferences are a result of refraction in the 
ionosphere, troposphere and multipath distortions 
of signal – receiving signals indirectly from 
satellites, reflected from various obstacles and 
object in the vicinity of the receiver). 

Table 1.  
Comparison of satellite navigation systems 

accuracy [7,9] 

Parameter 
Satellite Navigation Systems 

GPS GLONASS Galileo 

Accuracy of 
horizontal 
positioning 

(95%) 

100m (with SA 
distortion) 

13-36m (without 
SA distortion) 
3,7m (after 

modernisation - 
GPSIII) 

30-40 m 
(50-70m 

according to 
spec.) 

15/4 m 
≤0,8-7 m 

Accuracy of 
vertical 

positioning 
(95%) 

300m (with SA 
distortion) 

22-77m (without 
SA distortion) 

7m (after 
modernisation - 

GPSIII) 

60-80 m 
(70m according 

to spec.) 

35/8 m 
≤1-15 m 

Accuracy of 
determining 
speed (95%) 

≤2m/s - 
20cm/s - 
50cm/s 

Time (95%) 340ns 1 μs 50/30 ns 
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All of the currently existing and planned satellite 
navigation systems provide free of charge and 
unlimited access to public services, on the 
assumption that determining of the position is done 
automatically by the navigation receiver. In case of 
the augmented navigation systems, when the 
calculation of the position of the given receiver is 
done externally and sent back to the user or 
corrective data indispensable for differential GPS is 
sent, such services may be payable. 

The satellite navigation system enables its 
operators to selectively turn off public availability 
of the service (e.g. in the area of warfare), while 
providing unchanged accuracy of dedicated 
services to authorised users (i.e. military users). 
Due to the nature and importance of satellite 
navigation in the course of military activities, the 
systems are assessed as to their susceptibility to 
deliberate distortion of signals which is to disrupt 
the regular system use or to falsify its readings. 

For the purpose of using satellite navigation in 
eCall system, the following features of the existing 
and planned systems seems vital: general 
accessibility of positioning services in the analysed 
area regarding both the geographical location and 
time (how often and for how long the service may 
be unavailable), accuracy of determining location, 
speed and time, sensitivity of the receivers 
regarding the strength of signal which translates 
into using the system in difficult conditions: in 
urban areas, in mountains and forests (e.g. between 
high buildings, in valleys, under trees the visibility 
of satellites is limited and so is the possibility of 
receiving the signal). Further technological 
development of the space segment of the 
navigation system (i.e. increase of strength of 
emitted navigation signals, more active satellites in 
the orbit, improved orbit models) as well as 
development of the receivers (new constructions of 
the antennas, increase of their sensitivity, improved 
algorithms for elimination of signal distortions) 
will allow in the near future to improve functional 
parameters of receivers, more accurate positioning 
also inside buildings, in the areas of intense 
vegetation or diverse topographical features. 

In case of eCall system, the sensibility of the 
receiver may be of vital importance for determining 
the position of the vehicle after the accident, in 
particular, when the vehicle after the accident is 
turned over or under construction elements (bridge, 

flyover). However, the system assumes the constant 
work of the receiver and requires to send the three 
last correctly determined positions of the vehicle 
including the direction and speed. Therefore, in 
case of the unfavourable conditions it should be 
possible to send sufficient information regarding 
the place of the accident and position of the 
vehicle. Obviously this possibility depends on the 
GSM network signal availability. 

In-vehicle unit eCall positioning sub-system 
testing 

For the purpose of verification of the vehicle unit 
fitted into particular car under test set of 
procedures, devices and designated software has 
been developed. Two identical GPS sensors have 
been connected (fig.1) to the recorder (fig.2) which 
simultaneously records all the GPS data produced 
by the sensors. Using two independent sensors of 
known sensitivity, mounted on the top of the car is 
assumed to deliver reference level of possible 
signal reception in particular conditions during the 
test. If the signal is not available to branded GPS 
sensors fixed to the roof of the car, outside of its 
metal chassis, the technical feasibility of producing 
a high quality solution, i.e. characterised by low 
HDOP/VDOP/PDOP parameters, by in-vehicle unit 
shall not be overestimated. The prototype recorder 
capable of logging GPS and IMU (inertial 
measurement unit) data is depicted in figures 1 and 
2. The data is recorded on a SD/MMC card, thus 
available capacity is sufficient and available 
memory space can be easily expanded if necessary. 

 

Figure 1. The reference GPS sensors in set-up 
designed for verification of statistical robustness 
of the positioning subsystem of the in-vehicle 
eCall unit. 
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Figure 2. On-trip recorder designed for logging 
data from reference inertial measurement unit 
and two reference GPS sensors 

To record the motion parameters of the vehicle 
output data stream of inertial measurement unit is 
used. In the prototype logger 6-DOF ADIS16350 
has been utilised (fig.3) to produce reference 
stream of data to be compared with the eCall unit 
logged data. Data from the GPS sensors alone (both 
embedded in the eCall unit under test as well as in 
the reference sensor set) cannot be used for the 
purpose of attitude and trajectory determination for 
many different reasons, limited sample rate and   
continuity of signal availability among the most 
obvious ones, to list just two of them. In general 
raw data logged in in-vehicle eCall recorder cannot 
be easily used to retrace the vehicle trajectory. 
However combined information gathered from 
IMU and GPS can be seen as complete and 
sufficient to calculate the position and attitude, 
there are no legal requirements to facilitate in the 
eCall on-board unit algorithms to estimate the 
current parameters of the vehicle spatial attitude 
and heading, and without prior knowledge of used 
sensor parameters and performance it is generally 
impossible to reconstruct precisely the vehicle 
chassis trajectory, due to uncertain boundary 
conditions, unknown sensor stochastic noise 
parameters, and vehicle body dynamics. All the 
named information and noise characteristic of 
measurement channels and sensors is necessary to 
design a precise Kalman filter algorithm, the most 
commonly used family of algorithms to solve the 
problem of data fusion and processing  of noisy, 
real-life data [6,7,8,14]. 

During the certification process it is to be 
manufacturer role to demonstrate how to use 
registered data to retrace the accident course, if 

claimed possible, or required by binding legal 
specification of minimal set of parameters and 
functional features of future eCall in-vehicle unit. 
The data registered by the reference tool is to verify 
the claim and to asses the precision of data and 
signals produced by eCall unit under test. 

 

Figure 3. 6-DOF reference inertial measurement 
unit ADIS16350 

The ADIS16350 inertial measurement unit is a 6-
DOF sensor which consists of tri-axis (fig.3) 
accelerometers (+/-10g measurement range) and 
tri-axis gyroscopes (up to 300 deg/s digitally 
adjusted measurement range), producing data of 
14-bit resolution in each measurement channel. The 
bandwidth of 350Hz, digitally controlled bias 
calibration, sample rate and filtering, with 
embedded temperature sensor sum up to a very 
convenient solution for motion control and analysis 
applications. If during the course of experiments 
the necessity of higher precision of measurement of 
accelerations emerge, there are compatible inertial 
measurement units available and tested in the set-
up, featuring higher precision at the expense of a 
lower acceleration range. 

GPS sensor sensitivity and performance 
assessment 

In order to test statistical quality of the signals 
received by GPS sensors, data collected during the 
relatively long trip was evaluated statistically. In 
figure 4 there are showed short periods of precision 
parameters logged during the trip depicted in fig. 5. 
The VDOP, HDOP, PDOP (Vertical-, Horizontal-, 
Position Dilution of Precision) strongly correlate 
with the current number of satellites used in the fix.  
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Figure 4. Quality of the GPS solution differs 
with current local conditions, with main factor 
being the number of available satellites used in 
the fix. 

 

Figure 5. Two example registrations taken with 
the trip logger to gather data for statistical 
analysis referred to in the text and the following 
diagrams. 

The higher the number, the more precise the 
navigational solution, however it depends also on 
the relative position of space vehicles used in the 
solution. In order to obtain good quality of the 
solution from minimal number of satellites, they 
had to be uniformly dispersed in the orbit, from the 
observer/receiver standpoint. Diagrams presented 
in fig. 6 depict histograms of satellite number used 
in solution during the test trip and related 
histograms of PDOP. Pairs of diagrams present 
data collected on the same route – upper two 
diagrams Southbound trip, and the lower two on 
the way back, Northbound. On the way Southwards 
most of the time eight or nine satellites were 
present and used in the fix, with considerable 

fraction of time when ten and eleven satellites 
available. On the way Northwards even better 
coverage of GPS signal has been registered, as for 
over 60% of time there were nine and more 
satellites available, frequency almost evenly spread 
for nine, ten and eleven satellites. That produced 
good PDOP distribution, of the value of 1.0 for 
most of the time, and negligible frequency for 
PDOP values above 2. In figure 7 the example of 
mapping the logged data is presented. It can be 
easily noticed that due to inadequacy of freely 
available Google map service, or GPS precision 
issues, or both the precision in mapping easily can 
be lower than a few meters, which agrees well with 
technical specification. 

 

Figure 6. Histograms of satellite number and 
responding PDOP (Position Dilution of 
Precision).  

 

Figure 7. Example of inaccuracy of GPS 
mapping. 



Grzeszczyk 7 

 

Figure 9. GPS logged data mapped in urban 
environment of low intensity 

In figure 9 GPS signal was mapped on an aerial 
map, where again inaccuracy of a few meters is 
noticeable and repeatability of measurements far 
from ideal, even if the experiment was conducted 
in an urban area where no high buildings nor heavy 
vegetation were present. Additionally, there is 
tangible instability in GPS sensors read-out close to 
the final u-turn of the test ride, where bigger lost of 
precision has been observed. This demonstrates 
limit of potential trajectory reconstruction on the 
base of GPS output alone. 

Data transmission  

The basic difference between eCall system and 
E122 is the principle that the system should 
automatically detect the emergency event and send 
sufficient data to the PSAP centre. The data has to 
be transmitted on the main voice channel i.e. during 
the established connection with the operator. In the 
past, there were considered also other models of 
data transmission in GSM systems, such as GPRS 
or SMS. However, due to various reasons 
(reliability, limited accessibility, time required for 
connection different than voice connection in case 
of GPRS) these solutions were disqualified and 
currently the EU expert working groups consider 
the use of in-band modem technology or other 
similar systems of transmission at the beginning or 
during voice connection. 

In the specification of the eCall car module there 
was defined the Minimum Set of Data (MSD) 
which the emergency sensor installed in the vehicle 
has to send in case of an accident. During the next 
development stage  of eCall system it is expected 
the amount of data to be sent will increase and 
covey more information concerning the course and 
effects of the emergency event, which will 

influence the optimisation of the rescue operation. 
The additional data will concern number of 
passengers in the vehicle at the moment of the 
accident, the force of the impact, acceleration 
values, velocity change at the moment of the 
accident and thus it will allow estimation of the 
possible level of injuries. If these data and other 
will exceed 120 bites of MSD will be sent as Full 
Set of Data (FSD). 

Certification of eCall system components 

Certification of eCall system components is crucial, 
since their excessive sensibility (generation of false 
alarms) will cause the increase of the maintenance 
cost of the entire rescue system in EU. On the other 
hand, insufficient sensibility of the components 
will influence the whole system which will fail to 
meet the expectations as to diminishing the fatality 
rate of the road accidents.   

Therefore, during the certification process, 
accuracy of sensor modules performance should be 
measured as well as their functionality in vehicles 
(do they meet the high technological criteria of the 
automotive industry). During these examinations it 
is necessary to measure the susceptibility of these 
devices to electromagnetic interferences, i.e. 
electromagnetic compatibility, as well as to 
measure their distortion emissions. What’s more, 
the devices should undergo climatic research in 
order to determine their performance proprieties 
within the required temperature range i.e. -40 to 
+85°C. 

The algorithms for emergency event detection 
should be assessed separately. In the first version of 
the documents announced to the public on EU web 
pages, the certification process was to be carried 
out by the producers of vehicles and realised based 
on the existing legislation regarding homologation 
of vehicles. However, currently, due to the recent 
arrangements, the independent suppliers may 
produce and install the sensors, therefore, a detailed 
technical specification is required, also test and 
research methods should be elaborated in order to 
be able to verify eCall modules. 

Detection of the accident. Assessment of the 
potential injuries. 

In order to detect accidents, there are used signals 
from available or specially installed linear 
acceleration sensors (accelerometers) and angular 
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acceleration sensors (gyroscopes), magnetometers 
(compasses) but also from conventionally installed 
acceleration sensors in the vehicles. In most 
vehicles that are equipped with airbags, two-axis 
acceleration sensors are used to activate the bag, 
which allow determining e.g. delta velocity, that is 
commonly regarded as an effective estimator of 
potential accidents results. 

Regrettably, having at your disposal the two-axis 
acceleration sensor does not allow outlining the full 
trajectory of vehicle movement, moreover there are 
justified doubts whether it will be possible to even 
detect the turnover of the vehicle. In accordance 
with the EU statistics [14] only 0.2% of vehicle 
sold in Europe is equipped with sensors 
determining turnover of the vehicle. Due to the cost 
of the essential devices (gyroscopes) which would 
have to be installed in each eCall sensor, at the 
current stage of research, in order to determine the 
position of the vehicle after the accident, only 
acceleration sensors are being considered when 
developing eCall system since they are already 
installed in the vehicles to initiate airbags.  

Among potential applications of eCall, which 
directly result from the fact of registration and data 
collection regarding the accident, there is the 
attempt to use these data to reconstruct the course 
of the accident, identify its main causes and the 
guilt of the accident participants both in minor 
events and in case serious road catastrophe. The 
usefulness and reliability of collected data 
regarding reconstruction of the events should be the 
subject of further research and analysis. Other 
important issue is legislative aspects of the 
collected data use, who is their owner, who is 
allowed and in what way should access and analyse 
the data, can the vehicle owner reject data 
availability, what procedures should be used when 
the data is purposely destroyed, etc. Law 
enforcement bodies as well as insurers should 
definitely be interested in these data.  

Testing the eCall module using vehicle model 

To produce motion to excite both reference 
measurement system and the device under test a 
remotely controlled vehicle model has been 
adopted. The model (fig.10) previously used by 
authors for testing the “black-box” recorder [10] 
has been upgraded and equipped with new sensors 

and new control system to facilitate extensive tests 
of eCall in-vehicle module. 

 

Figure 10 . Vehicle model  

Previously the model was controlled by “classical” 
remote controller equipped with two potentiometric 
manipulators (one  for speed and one for direction 
control), now the control on-board the model is 
effectuated by 32-bit Freescale micro-controller 
receiving commands via wireless Zigbee link from 
the PC based application. This allows to produce 
repeatable, pre-programmed control sequences, for 
instance designed as Scilab scripts, allowing for 
visualisation of data gathered during the tests. 
Optionally it is possible to use game console 
connected to the PC USB port to allow controlling 
of the model with the use of steering wheel, and 
accelerator and brake pedals. The model on-board 
controller is responsible for maintaining precise 
control over the model vehicle, i.e. close-loop 
algorithms ensure following precisely pre-
programmed trajectory at pre-programmed vehicle 
velocity. All the motion parameters are logged in 
the model controller memory. 

To produce higher velocities and to allow of testing 
of bigger and heavier eCall modules more robust 
and more powerful model driven by combustion 
engine also has been equipped with similar set of 
equipment, remote controller link and actuators. 

The first couple of tests have been carried out 
without any eCall in-vehicle unit as there weren't 
any available for tests at the time of writing. Data 
was only registered in the reference data 
acquisition system. The electric-motor-driven car 
model was directed towards concave ramp to force 
a roll-over accident (fig.11). Only data from model 
IMU has been logged, no GPS sensor data was 
collected nor analysed, due to the fact that the 
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experiment was conducted inside the building, the 
ride duration was considerably shorter and the 
reached velocities was tangibly lower than 
anticipated in the real-life conditions preceding an 
accident. However, the IMU registered data is 
expected to be relevant to real-life conditions, even 
at lower velocities, due to smaller dimensions and 
lower weight and moments of inertia of the model. 
Some data have been also logged on the real 

passenger cars, commercial good vehicles and 
coaches, to verify dynamics of registered signals, 
both on the models and real vehicles.  

In following experiment the model has also been 
driven with marking its trace piece of chalk 
(fig.12), to allow to assess the reliability of 
collected data for the purpose of accident course 
reconstruction. 

 

Figure 11. Selected consecutive video frames featuring a rollover 

 

Figure 12. A trajectory reconstruction test 

 

CONCLUSIONS 

Many publications express the necessity of further 
research on accident detection and severity 
estimation algorithms, as deep understanding and 
wide availability of complete and robust solutions 
is far from satisfactory. In order to fully explore all 
possible benefits that can be brought by eCall 
implementation within the EU territory, not only 
well designed algorithms to detect the accident and 
estimate its severity are required, but also legal 
framework, methods and technical means to allow 
the formal authorisation of all the devices and 
systems (in-vehicle units, telecommunication and 
GNSS infrastructure and the public, emergency 
answering point network, both equipment and 
organisation performance). Without verification 
and certification before the legal approval is 
granted to introduce such devices to operation, if it 
leads to approval of devices producing false alarms 
or failing to recognise the actual accident, the chaos 
sparked by the eCall implementation could 
jeopardise all the hopes and expectations in 
reducing severity of injuries and number of 
fatalities. 
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ABSTRACT 
 
German In-Depth Accident Study (GIDAS) data 
from 1999 to 2007 was compared to Hanover 
Medical School (MHH) data from 1973 to 1987 
and it was found that the relative percentage of 
passenger cars sustaining more than one impact in 
a crash, so called multiple impact crashes, has 
increased by about one third within the last two 
decades. An analysis of 9316 GIDAS accidents 
from 1999 to 2007 showed a three-fold greater risk 
of severe injury and a four-fold greater risk of fatal 
injury for a multiple as opposed to a single impact 
crash. 
This study analyses multiple impact crashes in 
general and in particular occupant protection by 
out-of-position mitigation between impacts. 
 
It was found that in two thirds of all multiple 
impacts with severe injury outcome, the 
irreversible restraint systems, front airbags and 
pretensioners, were not activated in an initial front 
impact. The corresponding proportion for non-
activation of side and curtain airbags in initial side 
impacts was approximately fifty percent.  
To evaluate the risk of occupant out-of-position 
and the effect of one type of reversible system, a 
retractor pre-pretensioner, a finite element sled 
model including the human body model THUMS, 
was used. 
In the simulation of initial front impacts with 
different changes of velocity, followed by a 
braking sequence, the pre-pretensioner leads to an 
obvious reduction in the forward chest 
displacement of the human model. Furthermore, 
depending on the pre-pretensioner force, the human 
model may be pulled back into its initial seating 
position. 
The calculated time distribution between initial and 
subsequent impacts with a median of 0.6 to 0.8 
seconds, was used for the evaluation of “pre-crash” 
measures. 
The effectiveness of pre-pretensioning to position 
the occupant between impacts, ranges from 24% 
with 200N, to 93% with 400N pre-pretensioning 
force. 
 

INTRODUCTION 
 
Consumer rating crash test results, which usually 
have higher requirements than legal crash tests, 
have become a leading argument for the sales 
success of a vehicle model and therefore are an 
important orientation for vehicle manufacturers 
(OEMs) in the development and integration of 
safety innovations. However, there is a foreseen 
risk that the safety development might be more 
oriented toward rating tests rather than on the 
potential benefit for real traffic accidents [1]. 
 
Both crash tests required by legislation and 
consumer tests reproduce single impact crashes 
either in vehicle-to-vehicle or in vehicle-to-object 
constellations. Multiple impact scenarios have not 
yet been considered in these test modes. As a 
consequence, passive safety measures, especially 
irreversible systems, are generally optimised for 
occupant protection in only one impact. 
 
The results from a MHH study [2] on multiple 
impact crashes, conducted in 1987 for the German 
Federal Highway Research Institute (BASt), 
showed that about 18% of the passenger cars were 
involved in multiple impact crashes. Studies based 
on the US National Automotive Sampling System / 
Crashworthiness Data System (NASS/CDS), the 
UK Co-operative Crash Injury Study (CCIS) and 
GIDAS data stated that the percentage of occupants 
involved in a multiple impact crash is around one 
quarter, whereas the percentage of severe (AIS3+) 
injuries in multiple impact crashes accounts for 
30% to 42% [3], [4]. US data publishes that the risk 
of severe injury is more than two times higher in a 
multiple impact crash than in single impact crashes. 
Head and trunk were the body regions that showed 
a significantly higher risk of severe injury [4], [5]. 
UK and German accident data confirmed that head 
and thorax are the most often MAIS3+ injured 
body regions in multiple impact crashes [3]. 
 
In two multiple impact studies, the benefit of 
independent deployment of front and side airbags 
and the benefit assumed for maintaining airbag 
inflation for a longer time period [3], [6] was 
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discussed. Furthermore, an enlarged protection 
range of restraint components was proposed for 
out-of-position occupants after an initial impact [3]. 
 
The initial stage of this study provides statistics for 
multiple impact scenarios and injury outcomes for 
involved occupants. The activation probability of 
irreversible occupant restraint systems was used to 
determine the potential benefit of reversible 
restraint systems such as seat belt pre-pretensioners 
(pre-impact, seat belt, tensioner). Furthermore, the 
time distributions between impacts have been 
calculated to gain information about the time span 
for pre-crash measures before a subsequent impact. 
 
Using the human body model, THUMS, the time to 
pull an occupant back in position after an initial 
front impact by pre-pretensioning, was derived. 
The effectiveness of pre-pretensioning at different 
force levels is shown for various first impact 
severities, by comparison of the time required to 
pull an occupant back to normal position and the 
time available between subsequent impacts. 
 
 
METHODOLOGY 
 
Definitions 
 
Defining certain terms was necessary for the 
correct interpretation of results. Although the 
expression “crash” in “single impact crash” or 
“multiple impact crash” may seem to be on an 
accident level, a vehicle level has been expressed. 
The term “impact” means that a vehicle sustains a 
change of velocity in a very short time interval 
while position remains practically unchanged. All 
coded impacts, independent on delta V, are 
considered in this study. 
 
In a single impact crash, a vehicle sustains only one 
collision with a vehicle, an object, a person or an 
animal. A multiple impact crash is present if one 
vehicle sustains two or more collisions. It does not 
mean that two or more vehicles are involved in an 
accident. 
The term “rollover crash” or “rollover” relates to 
vehicles that sustain a non-planar motion and reach 
a position at least 90º rotated over the longitudinal 
or lateral vehicle axis. 
The expression “severe injury” is used for 
occupants with MAIS3+ injury outcome. This also 
includes fatalities. Nevertheless, fatalities will be 
presented separately. 
 
The GIDAS Project 
 
The GIDAS project is a joint venture of the FAT 
(German Automotive Research Organization) and 
the BASt (German Federal Highway Research 

Institute). The project was started July 1st, 1999 and 
is still running. Data from approximately 2000 
accidents yearly was recorded at two sites; 
Hanover, Dresden and surroundings [7]. 
A statistically developed sampling plan defines the 
work shifts for the teams, which covers 12 hours 
per day. If an accident occurs with at least one 
injured person suspected, the GIDAS team is 
notified directly by the local police or rescue 
service via radio communication. GIDAS’s 
investigation teams approach the crash scene with 
blue-lights [8]. This near immediate, on-the-scene 
investigation allows data collection of marks and 
traces available only for a short period of time after 
the accident. Sample criteria for the GIDAS 
database are that at least one accident participant 
has been injured and the accident occurs within the 
shifts and the specified regions. 
 
Data Aggregation and Weighting 
 
For specific research questions, filter criteria need 
to be applied to real world accident data. For this 
study, the GIDAS data from July 1999 to July 2007 
was used with two general filters applied: 
 

• Only cases with completed reconstruction 
• Only passenger cars 

 
After application of these filters the data set 
consisted of 9316 accidents, involving 13392 
passenger cars with 15639 occupants, sustaining 
18169 impacts. The data aggregation and statistical 
analysis were conducted with the software SPSS 
version 15. Furthermore, the software SAS 9.1 and 
the Enterprise Guide 4.1 were used for specific 
analyses. 
 
The sampling plan for GIDAS was developed and 
stepwise improved to be representative of German 
national statistics. Nevertheless, studies have 
considered the application of weighting factors for 
specific research questions [9], [10]. Relative 
weighting factors were calculated to evaluate the 
generalisability of the analysed data. 
 
Rollovers 
 
The treatment of rollovers in previous multiple 
impact studies has been different. They were either 
included without separate examination [6], 
included with association of roof impact as rollover 
[4], or they were excluded from the data sets [5], 
[11]. One study presents more detailed rollover 
figures [3]. From both CCIS and GIDAS data, it 
was reported that rollovers mainly occur in 
multiple impact crashes [12]. This study considers 
rollovers in the statistical analysis. For the 
effectiveness assessment of pre-pretensioners, 
rollover crashes have not been considered, as the 
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coded GIDAS variables up until 2007 do not 
enable the calculation of time between impacts for 
these scenarios. 
 
Delta V Groups 
 
The change of velocity (delta V) is grouped in five 
ranges for the analysis. Besides an impact severity 
evaluation the ranges also consider an appropriate 
impact frequency distribution for further analysis. 
 
The following delta V ranges have been defined: 

• minor delta V (0 – 5 km/h) 
• low delta V (6 – 15 km/h) 
• moderate delta V (16 – 25 km/h) 
• medium delta V (26 – 50 km/h) 
• high delta V (>50 km/h) 

 
Occupant Injury Outcome 
 
The occupant injury analysis was conducted for 
belted occupants only. The exclusion of vehicles 
with only unbelted and “belt status unknown” 
occupant(s), resulted in a 19.6% reduction of single 
impact crashes and a 19.8% reduction of multiple 
impact crashes. Therefore this data-filtering step 
did not influence the relative proportion of single to 
multiple impact crashes. 
 
Triggering of Irreversible Restraint Systems 
 
It is not always obvious in a multiple impact crash 
which impact leads to the deployment of the 
irreversible restraint device. 
To analyse the deployment threshold in a 
simplified system model, univariate logistic 
regression was applied to determine the probability 
of irreversible restraint activation depending on 
delta V. All single impact passenger cars equipped 
with the corresponding irreversible restraint system 
are classified by a status variable (0 = not 
activated) and (1 = activated). Pretensioner 
activation was coded accordingly to the airbag 
deployment status, because the airbag activation 
was easier to identify and therefore a more reliable 
variable. Deployment threshold differences 
between pretensioners and airbags are, therefore, 
not considered. 
As the delta V is a vector and has both magnitude 
and direction, it is transformed into a longitudinal 
and lateral scalar component by usage of the 
change of momentum angle. 
 
The probability of deployment is calculated with 
use of the logit )( 10 xββ +  including two 

regression coefficients 1,0 ββ  (Equation 1). 
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The application of a multivariate regression with 
predictors other than delta V may provide a more 
accurate estimate of the deployment threshold. 
However, the number of vehicles with activated 
restraint devices involved in multiple impact 
crashes is too small for the application of 
multivariate regression. 
 
Reversible versus Irreversible Restraint System 
 
Reversible restraint systems can operate far below 
the threshold of irreversible restraint systems. In 
general, the trigger level is more dependant on 
comfort than safety criteria. 
To estimate the benefit of reversible restraint 
systems, like pre-pretensioners, multiple impact 
crashes were compared by triggering versus non-
triggering of irreversible restraint systems at first 
impact.  
 
The analysed crash scenarios were: 

• Front - Front 
• Front - Side 
• Front - Multiple 
• Side - Front 
• Side - Side 
• Side - Multiple 

 
The term “Multiple” in the above scenarios 
expresses a combination of subsequent impacts in 
three or more impact crashes. 
To consider the importance of the injury outcome, 
only MAIS2+ and MAIS3+ crashes respectively, 
were selected. 
 
Time between Impacts 
 
The time between impacts was not a variable in the 
GIDAS database status July 2007. Therefore these 
times had to be computed from existing variables. 
For vehicles with constant velocity between 
impacts, the time was calculated by the distance 
between impacts and the vehicle velocity. Where 
the vehicle was braked, skidded or accelerated 
between two consecutive impacts, a mean 
acceleration was also considered. 
For 2076 passenger cars that sustained a multiple 
impact crash, the times between the impacts and 
the overall scenario time were calculated. 
 
As the span of time between impacts can have only 
positive values and there was a higher frequency of 
shorter time spans but only a few very long time 
spans, a gamma distribution was applied to 
describe the calculated time distributions. 
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The gamma distribution function is valid for t >θ , 
where θ  is the threshold parameter, σ  is the scale 
parameter ( 0>σ ) and α  is the shape parameter 
( 0>α ) (Equation 2). 
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The displayed cumulative percentage curves for the 
scenario time and the times between impacts are 
generated by the estimated quantiles of the gamma 
distribution. 
 
The scenario time is defined as the time span from 
the first to the last impact and summarizes the time 
between impacts. The impacts themselves were not 
considered having temporal length. It is to be noted 
that rollovers were not considered in the scenario 
time calculation. 
 
THUMS Simulation Model 
 
The human body model THUMS (Total Human 
Model for Safety, adult male 50%ile version 2.21-
040407) was used in a generic sled model to 
simulate the forward displacement of the occupant 
due to an initial frontal impact and to estimate the 
time to pull the occupant back to a normal seating 
position by a pre-pretensioner.  
Different frontal impact levels were defined to 
represent previously defined delta V ranges where 
the mean delta V was below the 50% deployment 
probability of irreversible front restraint devices. 
This implies that both pretensioner and frontal 
airbags were not activated in the simulation model. 
The initial impact time was considered with a 
temporal length of 150 milliseconds. After the 
initial impact, a constant negative acceleration 
according to the distribution of the coded 
deceleration between subsequent impacts in 
GIDAS, was applied to the sled model with the aim 
of reflecting braking and skidding of the vehicle, 
respectively.  
The pre-pretensioner was activated at the beginning 
of the initial front impact. Simulations without pre-
pretensioner activation were used as references. 
The pre-pretensioner force was measured from the 
shoulder to the b-pillar loop. Forward displacement 
of the chest is measured at the 8th thoracic vertebra 
in a purely horizontal longitudinal direction. The 
measurement position corresponds to a HIII 
50%ile, chest x-accelerometer position. The pull 
back time defines the time from end of the first 
impact (150ms) until the occupant’s chest has 
reached the original position in the longitudinal x-
direction. The initial occupant seating position 
corresponds to ECE-R94 (EU 96/79) [13] for a 
50%ile occupant size. The second impact was not 

simulated. Muscle activation was not utilized for 
the THUMS model. 
 
Effectiveness of Pre-Pretensioning 
 
Passenger cars sustaining an initial front impact 
below the 50% probability of irreversible front 
restraint activation (N) can be split in two groups 
by comparison of the time between impacts (tBI) 
and the time to pull the occupant to the normal seat 
position (tIP) (Equation 3). 
 

IPBIIPBI tttt NNN <≥ +=   (3). 

 
The effectiveness (E) of pre-pretensioning was 
calculated by the proportion of vehicles exposed to 
an interval between impacts equal to or greater than 
the time required to pull the occupant back into the 
normal seating position (Equation 4). 

N

N
E IPBI tt ≥=    (4). 

 
 
RESULTS 
 
Data Weighting 
 
When the data set was split into groups by injury 
outcome according to the police record, the relative 
weighting factors for the GIDAS data were: 

• Slightly injured: 1.10 
• Severely injured: 0.85 
• Fatally injured: 0.72 

 
A factor equal to 1.00 represents a percentage in 
GIDAS that corresponds to the national statistics, a 
factor below one expresses over-representation, 
and a factor above one expresses under-
representation. 
 
As the main analysis results are presented as a 
relative comparison between single and multiple 
impacts or focus on MAIS3+ injured persons only, 
the bias of the dataset towards severe and fatal 
injuries was assessed to be of lesser importance. 
Therefore the data set was not weighted in this 
study, but the given weighting factors could be 
applied for evaluation beyond this study. 
 
Multiple Impacts Crashes 
 
Twenty-four percent of all passenger cars in the 
GIDAS data sample sustained a multiple impact 
crash. 
Two-impact crashes accounted for 16%, three-
impact crashes for 5% and four-impact crashes for 
2% of all passenger cars. Less than 1% of all 
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passenger cars were exposed to more than four 
impacts in one crash (Table 1). 
 

Table 1. 
Frequency of impacts GIDAS 1999-2007 

GIDAS Data 
(1999 - 2007) 

Passenger Cars 

Crash Type Freq. 
Percent 

All 
Impacts 

Multiple 
Impacts 

Single Impact 10184 76.0%  

Multiple 
Impacts 

3208 24.0% 100.0% 

2 Collisions 2151 16.1% 67.1% 
3 Collisions 699 5.2% 21.8% 
4 Collisions 250 1.9% 7.8% 

5+ Collisions 108 0.7% 3.3% 

Total 13392 100.0%  

 
If all vehicles that sustained a rollover were 
excluded from the sample, the relative percentage 
of multiple impact crashes was reduced from 
24.0% to 20.5% (Figure 1). 
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Figure 1.  Distribution of crash type. 
 
Rollovers were sustained by 4.4% of all passenger 
cars, of which 4.0% were involved in a multiple 
impact crash and 0.4% involved in a single impact 
crash. 
 
Pre-Crash Velocity 
 
Multiple impact crashes are often associated with 
high-speed crashes, as it is more likely to sustain a 
subsequent impact if the kinetic energy is high after 
the first impact. 
 
The median (50% percentile) pre-crash velocity in 
two impact crashes was nearly twice as high as the 
median for single impact crashes. 
 
Approximately 50% of all vehicle crashes with 
three or more impacts had a pre-crash velocity 
higher than 100 km/h (Figure 2). 
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Figure 2.  Cumulative pre-crash velocity 
distribution for single, two, and three-plus-
impact crashes. 
 
 
MAIS3+ and Fatality Risk 
 
In Table 2 single impact crashes are denoted “SIC” 
and multiple impact crashes “MIC”. Injury risk is 
calculated as the quotient of occupants with 
MAIS3+ and fatal injury, respectively, and all 
exposed occupants. The abbreviation “CI [+/-]” 
shows the confidence interval for the injury risk. 
 

Table 2. 
Injury risk in single and multiple impact crashes 

all SIC 
CI 

[+/-] 
MIC 

CI 
[+/-] 

Ratio 

MAIS 3+ 
Risk 

1.5% 0.2% 4.7% 0.7% 3.1 

Fatality 
Risk 

0.5% 0.1% 2.2% 0.5% 4.7 

 
Rollover 
only 

SIC 
CI 

[+/-] 
MIC 

CI 
[+/-] 

Ratio 

MAIS 3+ 
Risk 

5.2%  7.6% 2.0% 1.5 

Fatality 
Risk 

  3.0% 1.3%  

 
w/o 
Rollover 

SIC 
CI 

[+/-] 
MIC 

CI 
[+/-] 

Ratio 

MAIS 3+ 
Risk 

1.5% 0.2% 4.1% 0.7% 2.8 

Fatality 
Risk 

0.5% 0.1% 2.0% 0.5% 4.3 

 
The risk of a serious injury was approximately 
three times higher in a multiple impact crash 
compared to a single impact crash. For fatal injury 
the risk was approximately five times higher. 
 
With the exclusion of rollovers, which occur 
mainly as multiple impact crashes, the ratios for 
severe and fatal injury risk between single and 
multiple impact crashes were slightly lowered. 
 
The significance of the difference in MAIS3+ and 
fatal injury risks for single and multiple impact 
crashes without rollover is shown in Figure 3. 
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Figure 3.  Risk comparisons with confidence 
intervals for single and multiple impact crashes 
without rollover. 
 
The MAIS3+ injury risk was calculated for specific 
two-impact scenarios (Table 3). For three or more 
impact scenarios the number of MAIS3+ injured 
occupants per scenario was too small to derive a 
risk of severe injury with confidence intervals. 
 
The comparison to single impact crashes (Table 4) 
shows, that the MAIS3+ injury risk in a multiple 
impact crash is generally higher than in a single 
impact crash. 
 

Table 3. 
MAIS3+ risks in multiple impact crashes 

Scenario MAIS3+ 
risk 

Confidence 
interval 

Front – Front 3.2% +/- 2.1% 

Front – Side 5.5% +/- 2.5% 
Side – Front 4.8% +/- 2.4% 
Side – Side 3.9% +/- 1.9% 

 
 

Table 4. 
MAIS3+ risk in single impact crashes and 

rollovers 
Scenario MAIS3+ 

risk 
Confidence 
interval 

Single Front 1.6% +/- 0.3% 

Single Side 1.8% +/- 0.5% 

Single Rear 0.1% - 

 
 
The MAIS3+ injury risk in a front-side and side- 
front collision was about three times higher and for 
front–front and side–side about two times higher 
compared to a single front or single side impact. 
An MAIS3+ injury outcome was rarely found in 
single rear impacts. 
 
Triggering of Irreversible Restraint Systems 
 
The probability of irreversible front and side 
restraint systems activation in single impact crashes 
was derived from the GIDAS data. 
 

The logistic regression for front restraint device 
deployment probability in a front impact was based 
on 2089 vehicles equipped with driver airbag, from 
which 735 were activated. 
For side protection systems the deployment 
probabilities for side airbag only and side airbag 
plus curtain airbag were determined by logistic 
regression. 
One hundred and seventy vehicles exposed to a 
side impact were equipped with a side airbag. In 52 
vehicles the side airbag was activated. In 8 of 36 
vehicles exposed to a side impact, both side and 
curtain airbag were deployed. 
 
The probability of front airbag deployment 
depending on the longitudinal delta V during a 
front impact is shown in Figure 4. 
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Figure 4.  Front airbag deployment probability 
by longitudinal delta V. 
 
 
Regression coefficients and percentages were 
calculated for front airbag, side airbag only and 
side plus curtain airbag deployment probability 
(Table 5, 6 and 7). 
 

Table 5. 
Front airbag deployment probability 

Front Airbag Deployment Probability 
Regression Coefficients 

0β  1β  

-2.897 0.133 

Probability 25% 50% 75% 95% 

Long. delta V 
13 

km/h 
22 

km/h 
30 

km/h 
44 

km/h 

 
Table 6. 

Side Airbag only deployment probability 
Side airbag only deployment probability 

Regression coefficients 

0β  1β  

-1.640 0.074 

Probability 25% 50% 75% 95% 

Lat. delta V 
7 

km/h 
22 

km/h 
37 

km/h 
N/A 

N/A = Not applicable, no data available 
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Table 7. 
Side plus curtain airbag deployment probability 

Side plus curtain airbag deployment probability 
Regression Coefficients 

0β  1β  

-2.481 0.161 

Probability 25% 50% 75% 95% 

Lat. delta V 
8  

km/h 
15 

km/h 
22 

km/h 
N/A 

N/A = Not applicable, no data available 
 
The 50% deployment probability of a front airbag 
and side airbag only are presented by a longitudinal 
and lateral delta V of 22 km/h, respectively. For the 
combination side and curtain airbag the 50% 
activation probability was present at a lateral delta 
V of 15 km/h. 
 
Scenarios for Reversible Restraint System 
Evaluation 
 
In about two thirds of multiple impact crashes with 
MAIS2+ or MAIS3+ injury outcome the 
irreversible (front) restraints were not triggered in 
an initial front impact. If the first impact was a side 
impact, the proportion of non-activated, irreversible 
side protection systems corresponds to 
approximately 50% (Table 8 and 9). 
 

Table 8. 
Percentage of “no trigger” for irreversible 
restraint systems in first impact, MAIS2+ 

Vehicles with at least one AIS2+ injured occupant 
Initial impact: Front Initial impact: Side 

Front – 
Front 

64% 
Side – 
Front 

39% 

Front – 
Side 

65% 
Side – 
Side 

59% 

Front – 
Multiple 

100% 
Side – 

Multiple 
89% 

All subsequent impacts 
Front – x 67% Side – x 50% 

 
 

Table 9. 
Percentage of “no trigger” for irreversible 
restraint systems in first impact, MAIS3+ 

Vehicles with at least one AIS3+ injured occupant 
Initial impact: Front Initial impact: Side 

Front – 
Front 

83% 
Side – 
Front 

21% 

Front – 
Side 

53% 
Side – 
Side 

60% 

Front – 
Multiple 

100% 
Side – 

Multiple 
86% 

All subsequent impacts 
Front – x 71% Side – x 48% 

 
 
 

Evaluation of Vehicle Acceleration before and 
after Initial Front Impact 
 
To enable the simulation of representative impact 
scenarios below the threshold of irreversible 
restraint systems the acceleration situation of 
vehicles before and after the first impact was 
investigated. 
The results showed that approximately 30% of all 
vehicles braked or skidded before an initial front 
impact (neg. Acc.), whereas this proportion 
increased to over 80% after initial front impact. 
Less than 10% of the passenger cars had a constant 
velocity (no Acc.) between initial front and 
subsequent impact (Figure 5). 
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Figure 5.  Vehicle acceleration status before and 
after initial front impact. 
 
The quantile plot shows the cumulative distribution 
of mean deceleration in [m/s^2] for the vehicles 
that braked or skidded after the initial front impact 
(Figure 6) 
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Figure 6.  Quantile plot for mean deceleration of 
vehicles after initial front impact. 
 
Roughly 95% of all passenger cars that sustained 
an initial front impact had a mean deceleration of 
less than 7m/s^2. 
 
THUMS Simulation of Occupant Pre-
Pretensioning after Initial Front Impact 
 
The simulation scenarios were defined according to 
the results from real traffic accidents. Only those 
delta V ranges were considered for which the mean 
delta V of the category was below the 50% 
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deployment probability of irreversible restraint 
systems. All initial front impacts were simulated 
with duration of 150 milliseconds. 
The corresponding (constant) deceleration during 
the impact was calculated based on the given mean 
delta V per range and the impact period (Table 10). 
The minor delta V impact was equivalent to a 
braking sequence. 
 

Table 10. 
Simulation of initial front impact 

Delta V range Mean 
Acceleration 

Mean 
Delta V 

Minor (1-5 km/h) 0.7g / 150ms ~4 km/h 

Low (6-15 km/h) 2.0g / 150ms ~10 km/h 

Moderate (16-25 km/h) 4.0g / 150ms ~20 km/h 

 
After the first impact, a constant negative 
acceleration of 0.7g was applied to the sled model 
according to previous results (Figure 5 and 6). 
 
When no pre-pretensioning was applied, the 
THUMS simulation results showed a maximum 
longitudinal chest displacement of 9 cm for the 
minor delta V impact, 11 cm for the low delta V 
impact and 15 cm for the moderate delta V impact 
(Table 11).  
 
For example, with the application of a pre-
pretensioning force of 200N (400N), the forward 
displacement of the chest of the THUMS model 
was reduced from 9 cm to 3 cm (0 cm) for the 
minor delta V impact. 
 
The pre-pretensioning force necessary to pull back 
the occupant to its original position was dependent 
on the delta V. For low delta V a force of 300 N is 
required, while a force of 200 N was needed for 
moderate delta V. 
 

Table 11. 
THUMS simulation results for chest 

displacement (CD) and  
occupant in position time (IPT) 

THUMS Simulation Results 

PPT 
Force 
[N] 

Minor 
delta V 

Low 
delta V 

Moderate 
delta V 

0.7g 150ms 2.0g 150ms 4.0g 150ms 
CD 
[cm] 

IPT 
[s] 

CD 
[cm] 

IPT 
[s] 

CD 
[cm] 

IPT 
[s] 

w/o 9 N/A 11 N/A 15 N/A 

200 3 N/P 9 N/P 14 0.37 

300 0 0 8 0.36 13 0.27 

400 0 0 7 0.26 12 0.21 

N/A = Not applicable 
N/P = Chest not fully pulled back by the pre-pretensioning force 

 

Effectiveness of Pre-Pretensioning 
 
For the effectiveness of pre-pretensioning the time 
elapsed between the impacts in the GIDAS data 
sample was calculated. The estimated quantiles of a 
gamma distribution were used to describe the 
cumulative percentage distribution of the time 
between the first and second impacts for minor, 
low and moderate delta V impacts (Figure 7). 
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Figure 7.  Quantile plot for gamma distribution 
of time between impacts with minor, low and 
moderate delta V at the first impact 
 
 
Additionally, the gamma distribution parameters 
for the minor, low and moderate delta V first 
impacts are shown (Table 12). 
 
It is noted that the distribution characteristic for 
low and moderate delta V were nearly identical and 
therefore only shown in one table. 
 

Table 12. 
Gamma distribution parameters for  

time between impacts  
Time between Impacts 

Minor  delta V 
Parameter Symbol Estimate 

Threshold Theta 0.00 

Scale Sigma 1.22 

Shape Alpha 0.96 

Time between Impacts 
Low and Moderate delta V 

Parameter Symbol Estimate 

Threshold Theta 0.00 

Scale Sigma 1.07 

Shape Alpha 1.22 

 
The distribution of the delta V ranges below the 
50% activation probability of front restraint 
systems was considered for the calculation of the 
pre-pretensioner effectiveness (Table 13). 
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Table 13. 
Distribution of delta V ranges below the 50% 

activation probability of front restraints 
Time between Impacts - Gamma Distribution 

Delta V range Percent 
Cum. 

Percent 
Minor (1-5 km/h) 39.5% 39.5% 
Low (6-15 km/h) 30.2% 69.7% 
Moderate (16-25 km/h) 30.3% 100.0% 

 
The following results for the effectiveness of pre-
pretensioning after an initial front impact were 
derived: 
 

• 200N: 24% effectiveness 
• 300N: 90% effectiveness 
• 400N: 93% effectiveness.  

 
Thus with, for example, a pre-pretensioner force 
level of 300N in 90/100 vehicles that sustained an 
initial frontal impact the occupants were pulled 
back in position before a subsequent impact. 
 
 
DISCUSSION 
 
The comparison of the multiple impact crash 
frequency between this study and the BASt report 
from 1987 lacks information for the sampling 
criteria for the BASt report. Nevertheless, it was 
stated that older MHH data was more biased 
towards severe and fatal accidents than the current 
analysed GIDAS data, collected along with the TU 
Dresden [14]. As the risk of severe or fatal injury is 
much higher in a multiple than a single impact 
crash it is obvious, that the older MHH data is more 
likely to over-represent multiple impact crashes. 
Therefore it can be stated that the relative 
percentage of multiple impact crashes has 
increased by about one third in the last two 
decades. 
 
The calculations for the deployment probability of 
irreversible occupant protection systems are based 
on a univariate regression model depending on 
delta V alone. This is a gross simplification of 
complex occupant restraint system algorithms, but 
considered acceptable for plain statistical usage. 
One may assume an identical deployment 
probability for side airbag only and side plus 
curtain airbag. It can be noted that the vehicles 
equipped with both side and curtain airbags were 
generally newer and, moreover, that the number of 
these vehicles was limited in the sample. 
 
We propose an approach towards a benefit analysis 
method for pre-pretensioner in multiple impact 
crashes. The method is based on a system model 
including the human body model THUMS, where 

both the vehicle interior and the occupant model 
have been validated mainly for higher impact 
velocities than used in this study. Also, muscle 
activation was not considered in the model, which 
is seen by the large head displacements in Figure 8. 
Therefore, the displacement of the chest was used 
instead of head displacement as a more reliable 
measurement. In comparison to volunteer 
experiments, differences might also be expected. 
 

 
 
Figure 8.  THUMS displacements for initial 
position (light grey), without pre-pretensioning 
(grey) and with pre-pretensioning 400N (black). 
 
The pullback force was seen to depend on the 
delta-V due to the rebound of the occupant upper 
body and head. A lower force to reposition the 
occupant was thus required for the moderate delta 
V case (with large rebound) compared to the low 
delta V case (with small rebound). Volunteer tests 
with the moderate delta V level do not seem to be 
feasible as they are likely to induce harm. 
 
The effectiveness of a pre-pretensioner to pull back 
the occupant into the normal seating position after 
an initial side impact has not been discussed. It 
might be assumed that the possibilities of the pre-
pretensioner are smaller due to the reduced lateral 
restraint function of a seat belt. But this is part of 
further investigations. 
Several reversible occupant restraint solutions have 
already been presented discussing an enhanced 
lateral fixation of the occupant, e.g. 3+2-point belt, 
or active seat side bolsters [15], [16]. 
 
The calculation of the overall scenario time can be 
used for further evaluation of the occupant 
protection benefit in multiple impact crashes with 
curtain airbags that have longer stand up 
capabilities, e.g. when activated in an initial 
impact. 
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The quantiles for gamma distribution of the 
scenario time show that 90% of all multiple impact 
crashes with a side and curtain airbag deployment 
in the first impact have an overall scenario time of 
less than 4 seconds. Ninety five percent of these 
crashes do not exceed 5 seconds (Figure 9). 
Multiple impact crashes including rollovers were 
not considered. 
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Figure 9.  Quantile plot for gamma distribution 
of overall scenario time after curtain airbag 
activation. 
 
The gamma distribution parameters which describe 
the distribution uniquely, are presented in Table 14. 
 

Table 14. 
Gamma distribution parameters for overall 
scenario time after curtain airbag activation 

Scenario Time - Gamma Distribution 

Parameter Symbol Estimate 

Threshold Theta 0.03 

Scale Sigma 1.19 

Shape Alpha 1.32 

 
The potential protection benefit by a curtain airbag 
with a stand up time of about five seconds is 
obvious and it represents available technology, 
although it has been developed mainly for rollover 
protection. 
 
In general, the pre-pretensioner shows a very high 
potential to reduce out-of-position in frontal 
impacts, especially those with a small delta V, and 
additionally pull occupants back into previous the 
seating position. One boundary condition is a smart 
activation and force level algorithm, ensuring that 
no additional harm is induced by pre-pretensioning. 
 
 
CONCLUSIONS 
 
The comparison of MHH data 1973-1987 and 
GIDAS data 1999-2007 reveals that the relative 
percentage of passenger cars sustaining a multiple 
impact crash has increased in the last two decades 
by about one third. 
 

The risk of sustaining a severe injury is three times 
higher in a multiple impact crash than in a single 
impact crash and for fatal injury the risk is four 
times higher, even if rollover crashes are excluded. 
 
With use of the 50% probability deployment 
thresholds in about two thirds of all multiple 
impact vehicles with at least one MAI3+ injured 
occupant, the front airbag is not activated in the 
first impact. When the first impact is a side impact, 
the percentage of non-deployed side and curtain 
airbag is about 50%. This reveals an obvious 
potential for a reversible occupant restraint system 
like a pre-pretensioner to retain or retract the 
occupant in position. 
 
To assess the occupant forward displacement 
during an initial frontal impact, a finite element 
sled model including the human body model 
THUMS and standard interior safety systems was 
used. No muscle activation was applied. 
The activation of a pre-pretensioner with different 
force levels demonstrates a major benefit firstly in 
reducing occupant out-of-position, especially in 
impacts with a small delta V, and secondly in 
getting the occupant back into the original seating 
position. 
 
With a pre-pretensioning force of 200N the 
occupants in 24% of the vehicles, sustaining a front 
impact without front airbag activation (50% 
probability), are in position before a subsequent 
impact. With a pre-pretensioning force of 300N 
this percentage is increased to 90%. With 400N 
pre-pretensioning force, an effectiveness of 93% is 
achieved. 
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ABSTRACT 

Although extensive modeling efforts have been made 
in the past decades to predict occupant/pedestrian 
knee-thigh-hip (KTH) injuries, prediction for the 
injuries at the tissue level for various loading 
conditions observed in automotive crashes is still 
challenging.  This study develops model-based tissue 
injury criteria and a tool to predict occupant KTH 
injuries subject to different postures and loading 
rates. 

An effective plastic strain based injury criterion with 
a defined universal threshold was developed for 
identification of the potential injury locations in the 
KTH body region.  The published cadaver KTH low-
rate impact tests at three postures of neutral, 
adduction, and flexion by UMTRI (University of 
Michigan Transportation Research Institute) have 
been simulated with the Takata 50th% male human 
model.  Using the defined criteria, the model 
predicted the hip-bone and hip-joint fractures for the 
three postures, were well correlated to those observed 
from the tests.  The KTH impacts were also 
simulated at two loading rates.  The simulation 
results indicated a possible mode shift of the impact 
rate-associated injury with assumptions of viscous 
effects on hip-joint.  A high rate impact more likely 
generates a fracture at the femur shaft; and the impact 
at a lower rate more likely fractures the hip-joint.   

The validated KTH injury criteria and tool were thus 
applied for accident reconstruction of two vehicle 
crash cases (full frontal and offset frontal impacts) 
selected from the NASS/CDS & CIREN database, 
which caused occupant KTH injuries at AIS 2-3 
scale.  The simulations match the injury outcomes of 
the reported field observations.   

INTRODUCTION 

Lower extremities are the most injured body regions 
resulting from vehicle crashes.  Their long term 
effect on societal “harm” due to permanent 
disability and impairment and associated cost is 

significant.  The analysis of NASS-CDS database 
for the years 1990-1997 by Kuppa et al.  [1] 
indicated that the risk of the AIS 2+ lower extremity 
injures in all frontal crashes was higher than any 
other body region.  They estimated that the KTH 
complex injures accounted for ~55% of all the lower 
extremity injuries annually.  Additional analysis of 
NASS-CDS database for the years 1993-2001 [2] 
concluded that the complex accounted for 18% of all 
AIS 2+ injuries sustained by frontal seat occupants 
involved in frontal automobile crashes and 23% of 
the associated Life-years Lost to Injury (LLI).  Rupp 
et al.  [3-4] estimated from 1995-2000 NASS-CDS 
database that about 30,000 KTH AIS 2+ injuries 
occurred annually in frontal crashes, of which 
approximately 47% were to the hip, and 30% to the 
thigh.  Our latest analysis of NASS-CDS database 
confirm that lower extremities injuries in the years 
2001-2005 remain the highest injured body region, 
accounting for ~21% of the total injuries and 17% of 
the AIS 3+ injuries.    

Detailed investigations on the real-world automobile 
crash data indicate that the KTH injury locations and 
severity vary with crash severity.  Although the risk 
of KTH injuries generally increase with increasing 
crash severity, quite a large number of the KTH 
injuries are occurring at crash severities of less than 
35 mph [2].  The analysis of the UM CIREN 
database [5] indicated that the number and 
percentage of hip injures are particularly high in the 
26-35 mph range, while the knee & thigh injuries 
are more frequent in the lower crash severity of less 
than 25 mph, which is less than current regulatory 
and consumer testing levels in FMVSS 208 and 
NCAP.  The KTH injury locations and severity are 
also affected by other various factors, such as 
occupant seating posture, age and gender, the KTH 
contact object type and area, the lower leg/foot 
loading condition, vehicle crash modes and impact 
direction, etc.  Some of these variables have been 
investigated in the laboratory PMHS (Post Mortem 
Human Subject) experiments [6-8].   
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To develop countermeasures for reduction of the 
KTH injuries in the real-world crashes, we need to 
fully understand why and how the KTH injuries 
occurred, especially in the low severity crashes of 
delta V less than 25 mph.  Such injury mechanisms 
and outcomes could not be investigated and 
measured from physical laboratory tests for the 
anthropomorphic test devices such as Hybrid-III 
dummies, due to deficiencies in biofidelity of their 
lower extremities and associated measurable 
engineering parameter based injury criteria.  
Therefore, it is very important for us to conduct 
accident reconstruction for selected vehicle crash 
cases by computational simulation using a human 
body model.  This requires fully validated human 
KTH and full body model and associated injury 
criteria for the tissue failures.   

Many occupant/pedestrian KTH or full body models 
[9-16] have been developed in the past decades.  
The modeling work was mainly for the tissue 
material characterization and for the kinematics and 
response validation.  However, few have attempted 
to develop an injury criterion for estimation of the 
KTH tissue injuries for various loading conditions 
observed in automotive crashes.  To the our best 
knowledge none of the previous full body models 
have been applied to the accident reconstruction of 
car crash cases with KTH injuries at the tissue level.  
In previous research, we developed the Takata 
human body model [9-10] as a tool to evaluate the 
hard tissue injuries.  Although the human model was 
previously validated at some extent in a series of 
sled tests simulations, an applicable injury criterion 
for the KTH tissues was not established, and the 
models applicability for accident case study and 
prediction of the occupant KTH injuries in car 
crashes were not verified.   

This research pursued the following objectives: 

1. to develop a better human KTH FEA (finite 
element analysis) model with associated tissue 
injury criterion applicable for identification of 
the potential injury locations in the KTH body 
region and for estimation of the KTH injury 
modes;  

2. using Takata human full body model integrated 
with newly developed KTH sub-model to 
conduct accident reconstruction of two vehicle 
crash cases (full frontal and offset frontal 
impacts) caused the occupant hip or femur 
fractures. 

 

KTH MODELING 

Figure 1 shows the model of the KTH complex 
subtracted from the Takata 50th% male human 
model [9-10].  The hard tissues modeled in the 
pelvic region included the lumbar, sacrum and 
coccyx, ilium, ischium, pubis, symphisis pubica, and 
acetabulum, which have the trabecular bones 
modeled in solid elements and the cortical bones in 
shells.  The sacroiliac joint was modeled as tied 
surfaces.  The hip joints consisted of the hip joints 
ligaments (ligament of femur head, the capsular 
ligaments), the synovial membranes and contact 
between the femur head and acetabulum.  In the 
thigh and knee regions, the cortical bones of the 
shaft of the long bones (femur, tibia and fibula) were 
modeled as solid elements, and those in the 
head/condyle region were modeled as shells with 
varying regional thickness.  Two joints in each of 
the knee, the femoro-patellar joint and femoro-tibial 
joint, were modeled.  The femoro-patellar joint 
consists of the patella, patellar and quadriceps 
tendons, and the patellar groove.  The femoro-tibial 
joint consists of the femur condyle and articular 
cartilage, the tibia and fibula and meniscus, as well 
as the ligaments of ACL, PCL, MCL, LCL.  The 
synovial membranes were modeled as surfaces for 
soft contact.  Various tissue level correlations, such 
as the pelvis pendulum impact test, femur 3-point 
bending test, femur head and shaft impact tests, knee 
pendulum impact test have been implemented 
previously.  The material properties of main tissues 
were provided [9-10].  In this study, we focus on 1) 
upgrading the hip joint model for KTH impact in 
neutral, adducted and flexed postures; and 2) 
investigating the impact rate effects to the KTH 
complex through an engineering approach.   

1.  Simulate the Effects of Hip Posture  

The published UMTRI cadaver tests by Rupp, et al 
[3, 6] were used in upgrading the KTH model.  The 
simulation setup for the impact is shown in Figure 1.  
The pelvis was held by fixed potting material in the 
top wing of the pelvis.  The knee was impacted at 1.2 
m/s and the response of the KTH complex was 
simulated.   

In simulation, the model excluded the knee damage 
from the impact, as designed in the tests, with the 
material property management throughout the knee 
area.  The impact loading pattern was measured 
through the total boundary force of the fixed potting 
material as well as the contact force of the impactor 
to the knee.  The femur force was measured through 
the mid shaft of femur.  After the KTH complex 
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model modification and the impactor stiffness 
management, the 300 N/ms impactor loading profile 
with the peak force about 6 KN at 40 ms, close to the 
defined by Rupp [3], was created, as shown in Figure 
2.   

  

Figure 1.  KTH complex and impact model setup. 

At first, the responses of the KTH impact in a neutral 
position were analyzed.  Figure 3 illustrates a Von-
Mises stress distribution in the cortical bone of 
acetabulum.  The maximum stress above threshold 
could indicate a potential fracture in the cortical 
bone.  Comparing to the injury observed in the lab 
test [6], the FEA model reasonably correlates to the 
test in terms of the fracture location.   

     

Figure 2.  The 300N/ms impactor loading profile 
simulated. 

Then a simulation was conducted of the KTH in three 
postures: neutral, 10 degree adducted and 30 degree 
flexed.  Figure 4 shows the model top section views 
and side views of the three KTH postures.  Figure 5 
gives a typical shear stress distribution at 23 ms for 
the KTH impact at 30 degree flexed posture.  In 
comparison to the neutral posture (Figure 3), the 
flexed posture generates a different injury pattern and 
the FEA indicates the vulnerable area for the flexed 
posture is at edge of the posterior wall of acetabulum. 

Considering that different KTH postures yield 
different stress distribution patterns and it is difficult 
to find a unique fracture strength pattern and 
threshold for the cortical bone fracture of the hip 
joint, instead an engineering approach was developed 

to account for the posture variations with FEA 
feasibility in the strength evaluation, although the 
approach may reduce the precision in fracture 
sensitivity and location.   

  
Figure 3.  FE-evaluated acetabulum stress 
distribution vs.  lab test injury observation (Lab 
test courtesy of Rupp).   

 

Figure 4.  Modeling for the three KTH postures. 

        

Figure 5.  Shear stress yielded at flexed posture 
around a possible fracture time in acetabulum. 

The often-used engineering strength measure in 
current FEA solvers is plastic strain.   A plastic strain 
of 2.11% was applied to the three postures as a 
universal strength threshold to the hip fractures for 
the Takata 50th% KTH model.  The forces at the 
fracture of the acetabulum were calculated, the 
results are provided as shown in Figure 6.  These 
values match well to the laboratory test results 
observed by Rupp [3, 6].  Table 1 compares the hip 
fracture characteristics in the KTH impact to the 
neutral posture between the FEA and laboratory tests.  
Table 2 is the summary of the hip tolerance variation 
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with the other two postures to the neutral posture 
from the FEA and laboratory tests.  In conclusion, the 
universal criterion of 2.11% plastic strain applied to 
the Takata 50th% male KTH model provides a 
reasonable assessment of the hip fracture tolerance 
for these postures. 

 

Figure 6.  Hip tolerance evaluated with 2.11% 
plastic strain applied to the Takata 50th% male 
KTH model. 

Table 1.                                                                    
Hip tolerance from UMTRI test [4] and Takata 

FEA for KTH impact in neutral posture 

             Item      Lab.  Test [4]  FEA 
Test ID Mean 

Value 
sd Value 

Force at Fracture to all Subjects 
(KN) 

5.70 1.38  

Force at Fracture to Male (KN) 5.96 0.61 5.95 
Time to Peak (ms) 38.3 11.5 38 
Loading Rate (N/ms) 193 114 198 
KTH Stiffness (N/mm) 233 110 328 

Table 2.                                                                   
Hip tolerance percentage change of a given 

posture to the tolerance of neutral posture: Lab 
test [5] and FEA 

 Neutral Adducted 10 deg. Flexed 30 deg. 
Lab.  Test  0 18 +/- 8% 34 +/- 4% 
FEA 0 16% 37% 

            
Figure 7.  FE-evaluated injury location by element 
elimination at the time of fracture of acetabulum. 

The LS-Dyna element elimination option, a 
computation method to eliminate those elements 

whose yielded plastic stains reach the defined 
threshold in the simulation, enables us to easily 
identify the injury locations in the KTH impact 
simulation.  Figure 7 shows the fractures of the 
acetabulum in the KTH impact of the two different 
postures at the time of each fracture.  As expected, 
the injury occurs at the posterior wall edge of the 
acetabulum to the adducted and flexed postures.   

The above results demonstrate that the Takata 50th% 
male KTH model is successfully upgraded and 
applicable for KTH impacts of different postures with 
a universal strength threshold for injury estimation.   

2.  Explore Impact Rate Effects to KTH by FEA 

As defined in the current Federal Motor Vehicle 
Safety Standard (FMVSS) 208, the force at mid 
femur of a midsize-male Hybrid III ATD shall not 
exceed 10KN in vehicle compliance crash testing.  
The 10KN force is established from the femur 
tolerance which is higher than that of the hip joint of 
the KTH impact studied above.  In the KTH frontal 
impact, the knee contacts the impactor and the force 
is primarily transferred through the femur shaft to its 
proximal end.  Then, the femoral head transfers the 
force through articular cartilage to the hip cup.  If 
the acetabular tolerance is reached, the hip joint 
injures.  However, in a significant amount of vehicle 
accidents with KTH impact, the occupant sustains a 
femur injury rather than a hip joint injury, one 
suspected reason is possibly due to the loading rate 
as mentioned in previous work by Rupp et al.  [3].   

Along with the Takata KTH modeling efforts, FEA 
was extended for a preliminary exploration to the 
impact loading rate effects.  The knee damage 
concern was excluded in this particular study.  The 
impact rate effects could be explored on the 
mechanical loading performance in the remaining 
parts of KTH complex: femur, articular cartilage, 
and hip cup. 

Because of its anatomic geometry, the femur could 
experience a loading eccentricity when impacted   
resulting in bending.  The FEA indicates that 
approximated uniaxial tensile stress and uniaxial 
compressive stress can be found along the sides of 
the shaft as shown in Figure 8.  Figure 9 presents the 
two FEA measurements of the maximum stress.  It 
is known that the bone tensile strength is 
significantly lower than the compressive strength 
(1/3 lower).  The plot indicates that the vulnerable 
region of the shaft is at the lateral side with the 
approximated uniaxial tensile stress.   
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Figure 8.  Stress yielded at the shaft during 
bending. 

  
Figure 9.  Maximum stress development at the 
location marked in Figure 8. 

In contact with the femur proximal end, the articular 
cartilage has a biphasic structure, consisting of a 
solid phase and a fluid phase.  Precise modeling of 
these structures can be challenging in FEA.  Instead, 
a simplified modeling method for their mechanical 
characteristics was applied.  An impact rate related 
viscous effect could be assumed as a hypothesis for 
the articular cartilage: the friction coefficient of the 
contact surface is a function of a relative velocity of 
the femur head to the acetabulum as shown in 
Figure 10.  A tangential force is distributed at 
cartilage generated by the impact loading and 
becomes a part of the boundary conditions to the 
femur in bending.  The boundary condition varies 
with the relative velocity.   

Considered together with the femur bending feature 
and the assumed mechanical viscous effect of 
articular cartilage, FEA was conducted to 
investigate the responses of KTH impact at different 
rates.  Two impact loading patterns, shown in Figure 
11, were created in the KTH impact simulations, by 
varying the impact speed and adjustment of 
impactor stiffness.  The slow rate impact peaked at 6 
KN femur loading around 40 ms; and the fast rate 
impact peaked at 8 KN within 10 ms.  The function 
of Figure 10 for the contact in the hip joint was used 
in simulations.  Material strain-rate properties of the 
cortical bones of the femur and hip bone were 
previously implemented in the KTH model. 

 
Figure 10.  Assumed rate dependent mechanical 
viscous effect of articular cartilage.      

Figure 11.  Two impact loading patterns created 
for impact rate effect study. 

Three stress measurements were taken in the 
analyses: 1) the first principle stress at the maximum 
stress location on the lateral side femur, 2) the first 
principle stress at the maximum stress location at 
acetabulum 3) Von-Mises stress at the maximum 
stress location in acetabulum.  The three locations are 
indicated in the picture shown in Figure 12. 

              
Figure 12.  Three stress measurements for 
strength analysis. 

Figure 13 presents the FEA results for the slow rate 
impact, and Figure 14 presents the data for the fast 
rate impact.  In these plots, the red curve represents 
the measurement from acetabulum, and the blue 
represents the measurement from femur.  In general, 
the different patterns of the stress status should not be 
put together for a direct strength comparison.  
However, in this particular situation, a fair 
assumption could be established for the strength 
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applications by considering that the uniaxial tensile 
strength to the cortical is the lowest of all. 

 Figure 13.  Stress measurements from a slow 
impact case. 

  
Figure 14.  Stress measures from fast rate impact 
pattern. 

For the slow rate impact, Figure 13 shows that the 
two stress measures of the acetabulum (red curves) 
are much higher than that of the femur (blue curve).  
Therefore, the slow rate impact most likely generates 
a hip joint injury, though the femur may still have a 
chance to fracture when the tensile stress is close to 
the acetabulum stresses.  For the fast rate impact case 
in Figure 14, the plot in blue overlaps all the plots in 
red after 10 ms, which passes the peak time at 7 ms in 
this case.  If the Von-Mises stress of the hip reaches 
its fracture strength around that time, it is possible to 
fracture the hip joint.  However, tensile stress of the 
femoral bone with lower strength may also have a 
chance to fracture at the time.  Along with the 
development of the bending mode, the femur stress 
continuously moves up; then the chance for the femur 
fracture would increase significantly.  The femur 
could fracture during the unloading of the impact 
after the peak force.  Figure 14 includes an additional 
fast rate impact case, presented by dense dot plot in 
red and marked as “free friction hip”.  This is a case 
of free tangential force inside the articular cartilage 
during the impact.  The difference can be found 

between the two dot plots in red.  It indicates the way 
of the friction influence to the maximum V-M stress 
level of acetabulum.  It seems that the less viscous 
effect in the tangential plane of hip to a fast rate 
impact would increase the femur injury chance, 
because the acetabulum stress level moves down 

The universal strength threshold was not tried for the 
two impact patterns from two kinds of impact rates 
because it could be strain rate dependence.  The 
factors contributing to the effects of the impact rate in 
this model are biomaterial strain rate dependence 
characteristics of cortical bone, the assumption of the 
relative velocity of hip joint contact, and the strength 
of the cortical bone associated to the strain rate. 

The assumption made for the articular cartilage is 
based on a physics concern that an easier bending of 
femur for a fast rate impact is throughout a less 
tangential restraint in the proximal femur head at the 
hip joint contact.  In other words, an easily sliding of 
the femur proximal head may let a bending femur 
more easily reach an unstable condition than those 
with hardly sliding.  Since the assumption needs test 
data for support, the function as the one in Figure 10 
is only considered as an option for the Takata’s KTH 
model. 

The FEA offers a preliminary exploration to the KTH 
impact rate effects through a hypothesis concerned 
with a mechanical effect modeling of the hip joint.  
The viscous effect may not be limited to the articular 
cartilage.  Other tissues, like muscle, could also be 
included.   

KTH MODELING APPLICATION CASE 1 

With the application of the upgraded Takata Human 
model from the above efforts, two vehicle accident 
field cases associated with KTH injury were studied 
to understand the injury development and injury 
mechanisms.  All the vehicles involved in the cases 
studies are Honda Accords.  A generic FE model of a 
1994 Honda is publicly available in the NHTSA 
website.  The model was downloaded and was 
improved by installing a generic frontal IP 
(instrument panel) model.  The IP model was 
originally from a 2001 Taurus model available from 
NHTSA and its knee bolster geometry is modified to 
represent the Accord for the KTH study.  A 1998 
Honda Accord 30 mph Flat Frontal Barrier crash was 
taken from the NHTSA database for the knee bolster 
model correlation of both driver and passenger sides.  
The outlines of the vehicle correlation are addressed 
in Appendix.   
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Case 1: CIREN Case 830094706 

Case 1 concerns an injured driver who was airbag 
restrained in a single vehicle crash with a relative low 
delta V impact.  A 2003 Honda Accord, 4-door sedan 
was traveling west on a two-lane, two-way road.  The 
driver of the Honda Accord reportedly fell asleep and 
crossed the eastbound lane, passed through an 
intersection and struck a guardrail at the southwest 
corner of the intersection.  Figure 15 depicts the crash 
diagram of the scene.   The impact was classified as a 
moderate 12 o’clock impact with a 10 degree PDOF 
(Principle Direction of Force).  The WinSmash 
reconstruction program calculated an equivalent 
barrier speed of 35 kph (22 mph) which appears to be 
consistent with the vehicle damage.  Figure 16 shows 
the left and right knee bolster contact. 

Figure 15.  The crash diagram of the 2003 Honda 
Accord vs.  Guardrail. 

 
Figure 16.  Left and right knee bolster contact. 

Vehicle Crash Re-Construction Simulation 

The case occupant: a 57-year-old male, 175 cm (5ft.  
9in.), 95 kg (209 lb.), unbelted driver, restrained by 
the deployed steering-wheel airbag.  The driver 
sustained fractures to the left anterior-lateral 5th and 
6th ribs (AIS 2) and an OIS Grade III laceration of 
the spleen (AIS 3), these injuries are attributed to 
contact with the steering wheel rim as demonstrated 
by the rim deformation.  The KTH injuries related to 

this investigation are the right acetabular fracture 
(AIS 3), right hip dislocation involving the articular 
cartilage (AIS 2), and right knee meniscus tear (AIS 
2).  These injuries are attributed to contact with the 
knee bolster as seen in Figure 16. 

A vehicle at velocity 21.74 mph (35 kph) impact 80 
degree to a flat barrier was simulated.  The flat 
barrier was modeled with IIHS bumper honeycomb.  
Figure 18 shows the crash at 140 ms.   

 
Figure 18.  Vehicle impact simulation to a barrier 
crash in 80 degree at approximately 20 mph. 

The vehicle motion profile obtained from the crash 
simulation is presented in Figure 19, where the 
positive side direction is from passenger side to 
driver side.  The vehicle starts the impact at nearly 10 
m/s speed, and rebounds at about 80 ms while the 
side velocity reaches highest level about 1m/s.   

 Figure 19.  Vehicle velocity profile after crash. 

Figure 20.  FE-evaluated vehicle frontal crash 
sensing signal of a rigid wall case and the 
reconstruction case.   
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To define the airbag deploying in the accident, crash 
sensing signals from the center radiator frame were 
measured through FEA to approach the TTF (time to 
fire).  The signals, resulted from simulations of 30 
mph frontal rigid wall impact and the accident case, 
are presented in Figure 20.  The known TTF in the 
30mph rigid wall crash is 12 ms.  Depended on the 
algorithm aggressive level, the airbag could be 
deployed at a time between 26 ms and 38 ms in the 
crash.  In the following addressed simulation, 
TTF=38ms is used. 

During the low severity crash, the compartment 
entirety was kept without deformation.  To simplify 
the occupant injury simulation in the next step, the 
vehicle crash can be moved into a simple sled 
protocol.  The motion profile and airbag management 
were imposed to the sled model with a driver 
occupant. 

Driver Occupant Injury Simulation 

Simulation setup for the driver occupant at pre-crash 
is shown in Figure 21.  The driver occupant is not 
restrained by belt, but by a frontal airbag (Figure 21).  
The male driver had the similar height but 20 kg 
more weight than that of the 50th% male human.  
The Takata 50th% male human model was scaled up 
without changing the stature in height but to match 
the total weight of the driver.  The driver was 
assumed at a neutral posture; and initially at the same 
speed of the vehicle about to crash. 

    

Figure 21.  Simulation of unbelted driver in 
vehicle system. 

The simulation showed the occupant moved 
obliquely forward to the passenger side and toward 
the windshield during the crash.  As a result, the 
occupant’s left side thorax contacts the steering 
wheel and the head contacts the windshield close to 
middle; as shown in Figure 22.  The kinematics of the 
occupant is basically consistent with the contacts 
outlined in the accident case report.  The oblique 
motion of the occupant results in uneven loading to 
the lower extremities during the crash.  Figure 23 
shows the FE-evaluated knee contact locations: the 

right knee impacts into the right corner of knee 
bolster and the left knee does the other end of the 
knee bolster of the generic model.  Those basically 
match the contact points of knee bolster shown in 
Figure 16.  Besides, knee meniscus tear (AIS 2) 
occurred in the right knee of the driver enable to be 
revealed from FEA for that the right knee was loaded 
from that contact.  On the other hand, the shear stress 
was not observed in the left knee.   

 
Figure 22.  FE-evaluated occupant left thorax 
bending the wheel and head towards windshield. 

    
Figure 23.  FE-evaluated knee impact location to 
bolster and right knee meniscus tear from the 
knee bolster contact. 

    
Figure 24.  FE-evaluated occupant femur loading.   

The femur loads were measured, as shown in Figure 
24.  Around 80ms, the left femur shaft experiences 
5.8 KN and the right shaft experiences 4.2 KN.  The 
loadings start at 40 ms.  Therefore, both loading 
profiles can be categorized as a low rate impact.  
Figure 25 shows the KTH posture change with time.  
The occupant has his left KTH in abduction while 
flexion during the crash.  In general, abduction 
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possesses a relative higher tolerance.  The occupant’s 
right KTH is in adduction and flexion with a higher 
femur loading.   

       
Figure 25.  FE-evaluated occupant KTH posture.   

Figure 26.  FE-evaluated occupant KTH posture 
in top and side view; and fracture in right hip 
joint.   

The occupant KTH loading profile and posture status 
are inclined to a high chance of injury to the right hip 
joint.  The snapshots of animations of the KTH are 
shown in Figure 26.  Fractures were observed in the 
right acetabulum.  The first fracture occurred at 72 
ms when the right KTH at posture adducted 8 degree 
and flexed 10 degree with 5 KN femur loading. 

Figure 27.  FE-evaluated stress distribution in rib 
cage, and wheel penetrates into spleen in 
simulation.   

The KTH injury evaluated from the FEA is consistent 
with the related hip joint injuries reported in the case 
investigation. In addition to the lower extremity 
injuries, the FEA reconstructed the left anterior-
lateral 5th and 6th ribs (AIS 2) and an OIS Grade III 
laceration of the spleen (AIS 3) that occurred in the 
accident due to the wheel rim impact are illustrated 
by the snapshots in Figure 27.   

Overall, the Takata human model with the KTH 
modeling upgrade successfully predicts the KTH 
injury for the case application. 

KTH MODELING APPLICATION CASE 2 

Case 2 concerns an injured frontal passenger without 
airbag restraint in a two-car crash of a very low delta 
V impact.  The delta V is less than 10 mph.  The 
reported injuries to the front passenger are a left 
femur fracture (AIS 3) and left lower extremity skin 
contusion.  The remaining two occupants, the driver 
and a rear-seat occupant, of the same vehicle have no 
reported injuries. 

Case 2: NASS CDS Case 2000-049-268: Honda 
Accord vs. Honda Accord  

A 1991 Honda Accord vs. 1991 Honda Accord: 
Vehicle 1 was traveling east in the first lane of a two 
lane undivided driveway, approaching a main cross 
street.  Vehicle 2 was traveling south in the 3rd lane 
of a 3 lane divided road.  Vehicle 1 began to make a 
left hand turn and contacted the front right corner 
and right rear side of Vehicle 2.  Figure 28 depicts 
the crash diagram of the scene. 

Figure 28.  The crash diagram of the 1991 Honda 
Accord vs. 1991 Honda Accord. 

    
Figure  29.  Vehicle 1 damage. 
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WinSMASH computed a Delta V of 15 kmph/9mph 
which is consistent with the barrier equivalent speed 
of 15 kph (9 mph).  Vehicle 1 sustained minimal 
damage as is seen in Figure 29.  The case occupant: 
A 19 year old male 6 ft 0in.  (183 cms) 170 lbs (77 
kgs) was the right front passenger of Vehicle 1.  The 
occupant sustained a left femur fracture (AIS 3) and 
left lower extremity skin contusion from apparent 
contact with the knee bolster. 

As Vehicle 1 contacted the right front corner of 
Vehicle 2, the case occupant moved forward to the 
left, toward the point of impact.  The occupant 
loaded the lower knee bolster, resulting in a femur 
shaft fracture.  There were no other significant 
injuries.   

Vehicle Crash Re-Construction Simulation 

Figure 30 demonstrates the simulation model of a 
two-car crash in which the injured frontal passenger 
seated in Vehicle 1.  Vehicle 1 impacted at 60 
degree and 15 kph.  Vehicle 2 moved forward at 45 
kph.  Vehicle 2 barely contacted the right frontal 
corner of Vehicle 1. 

      
Figure 30.  Two-car crash simulation. 

Figure 31.  FE-evaluated motion profile including 
rotation of vehicle 1 post crash. 

The motion profiles for Vehicle 1 evaluated from 
the FEA are presented as shown in Figure 31, where 
the positive x is from vehicle rear to front, and 
positive y from vehicle passenger side to driver side.  
Vehicle 1 at merely 4 m/s hits obliquely to Vehicle 

2; and starts moving sideways and spinning toward 
the passenger side at around 100 ms.  It is a very 
low delta V impact, and the deceleration is only 
about 4 G. 

The occupant injury simulation can be simplified to 
a simple sled protocol simulation.  The calculated 
motion profiles were imposed to the sled model with 
a passenger occupant 

Passenger Occupant Injury Simulation 

The injured frontal male passenger is close to a 
50th% male human in weight and size, though he 
may be a little taller.  So the Takata 50th% male 
human model in a neutral posture was directly 
applied to the system.   

 The vehicle was equipped with an automatic 
shoulder belt and manual lap belt.  It is clear that the 
manual lap belt was not used from the final 
investigation report.  No airbag was available in 
Vehicle 1.  The occupant injury simulations were 
conducted for a condition of only automatic shoulder 
belt in use.   

The accident happened when Vehicle 1 was making a 
left hand turn at the intersection.  A crash of such low 
delta V indicates that the driver of Vehicle 1 was 
trying to stop the vehicle but initiated braking too late 
to fully stop.  Assume the passenger, as a free motion 
body before the belt is active, possesses an initial 
velocity which is the same as the vehicle tuning 
speed before breaking.  The passenger could be 
traveling at up to 30 mph just being about the crash.  
Therefore, an initial velocity of 12m/s (27mph) is 
defined for the passenger speed in the following 
simulation.  The belt inertia management feature is 
triggered at 15ms when the vehicle reached 0.7G of 
deceleration for the motion profile. 

First, the occupant was positioned in a normal seated 
posture.  Under the belt condition for such a low delta 
V impact, simulation indicated the passenger’s 
movement was restricted to all regions of his body 
except the knee.  The only contact to the IP of the 
passenger is his knee to the knee bolster.  Figure 32 
demonstrates the most forward posture that the belted 
occupant could reach during the crash.  The 
calculated femur loads are also presented and they 
are about 4KN at 10 to 20ms. 

Though this is a fast rate impact, 4KN loading seems 
unlikely to fracture the femur.  However, if the two 
equivalent loadings mainly act to just one leg, the 
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total force level then could fracture the shaft.  
Consider that the frontal passenger could have more 
flexibility in the posture and position, one candidate 
posture was defined for the simulation: the passenger 
abducted each of his thighs in about 5 degrees and 
turned his whole body 5 degrees toward the outboard 
side.  At this posture, the left knee was closer to the 
knee bolster than the right knee.  The human body 
model was positioned to replicate the assumed 
posture from pre-crash simulations.  Figure 33 shows 
the occupant with the new posture in the system.  
After repeating the simulation, as expected, we have 
the calculated femur loading by the plots in Figure 
34.  The left femur experienced about 8KN at a fast 
rate loading while the right femur load was 
negligible.   

Figure 32.  FEA evaluated belted occupant at 
140ms and plots of the femur load. 

                

Figure 33.  Occupant with one candidate posture 
leading a possible left femur fracture. 

The case was once also evaluated for an unbelted 
condition as that could be a possible scenario in the 
field.  Through simulation, FEA indicates the 
unbelted condition is unlikely because being unbelted 
would have lead to multiple injuries rather than just a 
single femur fracture. 

The potential KTH fracture locations can be 
referenced to the maximum stress locations shown in 
Figure 35.  The same as the previous strength 
analysis, the femur takes the first principle stress at 
the lateral side of the left femoral shaft; and the hip 

joint takes the Von-Mises stress.  Figure 36 presents 
the time-histories of the stresses.  It indicates that the 
femur has a higher chance of developing a fracture 
because the femur stress overlaps the acetabulum 
stress even before the KTH loading peak, and the 
stress reaches over a potential cortical bone strength 
tolerance level 125MPa after loading peak time at 
22ms.   

       
Figure 34.  FE-evaluated femur loading profile to 
a belted occupant at a new posture.               

       
Figure 35.  FE-evaluated the stress distribution in 
left femur and acetabulum at 38ms. 

 
Figure 36.  FE-evaluated stress development at the 
potential fracture locations of femur and 
acetabulum. 

With the application of the Takata 50th% male 
human model, the field case is successfully 
investigated.  The femur fracture mechanism of the 
belted occupant in a very low delta V impact is 
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explored, and the conditions leading to the injury is 
revealed.   

DISCUSSION 

Injury protection for KTH impact could be 
implemented by properly using the available restraint 
systems.  For the first case, if the driver were belted, 
his kinematics would have managed to reduce the 
KTH adduction and flexion, and the lap belt would 
also share a part of knee loading.  The driver would 
have had less chance of experiencing the acetabular 
fracture.  Even if the driver failed to use the belt, if 
the vehicle was equipped with a knee airbag, it would 
also improve the KTH impact conditions.  

In the knee airbag simulation the research indicates 
the knee bag is capable to manage the femur loading 
of less than 3KN for the unbelted heavy occupant.  
During the knee bag simulation the deploying knee 
bag did not affect the posture of the right KTH, 
however, the maximum plastic strain in the 
acetabulum was 1.548%, less than the threshold value 
of 2.11%.  Therefore, the driver is less likely to have 
injury at the hip joint with the knee bag application.  
Figure 37 illustrates the performance. 

  

Figure 37.  Driver in a system with knee airbag 
protection and the hip maximum plastic strain 
status in the protection. 

For the second case, if a 3-point belt is equipped with 
a pretensioner, it would help to control the passengers 
initial velocity before knee impact and reduce the 
chance of fracture to the femur. 

Though the upgraded Takata KTH model features 
three key posture of neutral, 10 degree adduction and 
30 degree flexion, to be a “full” posture model, 
correlation to more posture variations may be needed.  
In the study, a posture computing post-processor tool, 
generating plots of Figure 25, is used with the 
universal strength threshold together for the 
assessment.   

FE simulations for case reconstruction may operate 
with some uncertainties.  Since the main target in the 

study is KTH injury, correlations were more focused 
on the crash environments directly related to KTH.  
The KTH injury in both cases occurs early in the 
crash sequence and later injury experienced in the 
crash were not concentrated on.  To make a complete 
reconstruction simulation to study all injures in each 
case a vehicle crash simulation correlation for 
FMVSS 208 in the study could be further undertaken 
and some other components in the motion profile 
would not be ignored.   

In this study, we only focused on the hip joint 
fractures and femur fractures from the PMHS 
laboratory tests and the real-field case studies.  The 
modeling and model injury prediction capability 
verification should also be extended to the other body 
parts of the lower extremities, such as knee, ankle 
and foot, which are our continued effort for future 
work on the KTH injury mitigation. 

CONCLUSION  

The Takata 50th % male human model is upgraded 
especially for occupant KTH injury prediction or 
estimation.  The model, with the effective plastic 
strain based injury criterion with a universal cortical 
bone fracture threshold developed in this study, is 
capable of predicting effects of occupant postures on 
the KTH injury patterns and severity under the 
conditions of UMTRI PMHS KTH impact tests for 
the neutral, 10 degree adducted, and 30 degree flexed 
postures.    

The model is applied for a preliminary exploration of 
the effects of impact loading rate on the KTH fracture 
location and mode, with an assumed mechanical 
effect modeling for articular cartilage.  An 
engineering approach is established through stress 
analyses of the femur and hip cup to judge the injury 
mode due to the rate effects.  The engineering 
approach offers an option for Takata human KTH 
model applications.   

The hip joint fracture and femur fracture are studied 
by simulating two vehicle crash cases at relative low 
delta V impacts.  The simulations match the injury 
outcomes of the reported field observations.  The 
occupant injury development and injury mechanisms 
in these two cases were explored. 
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APPENDIX: VEHICLE IP CORRELATION 

NHTSA Vehicle Database #V2836 of 1998 Honda 
Accord 30 mph into a flat frontal barrier is taken for 
vehicle system model correlation.  The test in 
NHTSA was to evaluate the vehicle and occupant 
dynamics during a flat frontal barrier test at 30 mph.  
The vehicle was instrumented with 13 
accelerometers to measure vehicle acceleration.  
Squib current was also collected to measure fire 
times of the airbag.  The vehicle contained two 
instrumented Hybrid III 50th% percentile ATD, 
instrumented with head and chest accelerometers, 
chest deflection potentiometers, left and right femur 
load cells and upper neck load cells.  The collected 
vehicle and occupant data was used to verify the 
vehicle model for simulation.    

                                   
Figure 38.  30 mph flat frontal barrier FE 
simulation. 
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FEA was conducted to correlate the test for getting a 
reasonable mechanical property of knee boaster to 
use for the accident case simulation.  The system 
model including Hybrid III 50th% dummy, airbag, 
and generic IP is shown as Figure 38.  The dummy 
chest G is monitored in the simulation to make a 
basic assessment of correlation of the dummy 
kinematics to the test.  The dummy femur loads are 
measured for the assessment of the mechanical 
properties of knee bolster.   

Figure 39.  Driver performance correlation for 
chest G and femur loading of dummy. 

Figure 40.  Passenger performance correlation 
for chest G and femur loading of dummy. 

The correlations of the dummy performance to the 
both driver and passenger sides are obtained 
reasonably.  The results for the driver side are 
presented in Figure 39, and passenger side at Figure 
40.  The FE correlations offer a fair base for the 
accident case simulation. 
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ABSTRACT 
 
As of today, active knee bolsters called knee airbags 
are available in some vehicles. However no 
assessment of the risk in Out-of-Position (OOP) 
conducted on Post Mortem Human Subject could be 
found in the literature. In total, 3 tests were 
performed in OOP on the Hybrid III 50th percentile 
dummy and 2 on two 50th percentile PMHS using a 
rigid subsystem based on the geometry of a 
commercially available mid-size European vehicle 
equipped with a knee airbag. The distance between 
the tibia and the airbag module ranged between 55 
and 67 mm on the Hybrid III and was equal to 53 
and 54 mm on the PMHS. The tests conducted on 
Hybrid III resulted in tibial drawer measurements in 
good agreement with the injury assessments since no 
injury was observed except bruises and abrasions 
(AIS 1). The results from the tests were compared to 
36 real world frontal accident cases reported in 
France where drivers sustained only AIS 1 injuries 
(abrasion, contusion and bruise) during knee airbag 
deployment. The conclusions of this study are 
limited by the size of the sample (only 2 PMHS). 
However, the consistency between the outcome of 
the dummy and PMHS tests and the information 
from real world accidents provides a good 
confidence in the very low risk of injury associated 
with the knee airbag tested in OOP. Furthermore, the 
use of the Hybrid III dummy and the knee injury 
criteria based on the tibial drawer was appropriate in 
the tests conducted. 

 
INTRODUCTION 
 
Information on the different kinds of knee 
solicitations in car accidents is provided in the 
literature. Prior to the implementation of knee 
bolsters in the vehicles, the knee used to impact rigid 
elements such as the dashboard or the steering 
column, resulting in patella and femoral condyles 
injuries [1] [2] [3] [4] [5] [6]. Today, the knee 
bolsters have softened the contact between the knees 
and the vehicle and the solicitations are more 

distributed. Therefore, frequency of patella and 
femoral condyles injury occurrence has decreased 
and consequently, hip and knee ligament injuries 
have become of higher relative importance [7] [8] 
[9] [2] [5] [10] [11] [12] [13]. The development of 
active knee bolsters (knee airbag) brought a new 
type of loading, with an unusual range of impact. 
The literature does not report the existence of any 
tests on PMHS with such devices. Moreover, 
dummies have not been validated for this kind of 
tests [14] [15].  

 
A study was performed on 36 real world frontal 
accident cases with knee airbags deployment reported 
in France between 2004 and 2008. The only injuries 
reported were abrasions, contusions and bruises 
(AIS1). 
 
 
MATERIAL AND METHODS 
 
As no assessment of the risk of knee airbag in Out-
of-Position (OOP) conducted on Post Mortem 
Human Subject (PMHS) could be found in the 
literature, PMHS and dummy tests were performed. 
The tests were performed in a rigid subsystem based 
on the geometry of a commercially available mid-size 
European vehicle equipped with a knee airbag. 

Specimen Preparation 
 

For the dummy tests, the Hybrid III 50th 
percentile male was used. It was instrumented with a 
femur load cell (Fz), a knee ball slider assembly with 
linear potentiometer (Dx), a biaxial knee clevis load 
cell (Fz), a biaxial upper tibia load cell (Mx, My) and 
a three-axis lower tibia load cell (Fy, Fz, Mx).  
 

The PMHS were obtained through the Body 
Donation to Science at the Saints Pères University of 
Medicine in Paris Vth after approval of the 
experimental procedure by the ethics committee of 
the university. The PMHS were tested for 
Cytomegalovirus (CMV), Human T cell 
Leukemia/lymphoma Virus (HTLV), Hepatitis C 
Virus (HCV), Hepatitis B Virus (HBV) and Human 
Immunodeficiency Virus (HIV), and a medical 
survey was documented. PMHS suspected of bone 
fragility (long bed stay, bone cancer, metastasis, etc.) 
were excluded. The PMHS were frozen and then 
thawed at ambient temperature during 48 hours 
before preparation. They were chosen to be as close 
as possible to a 50th percentile male. Their 
anthropometry, age and sex are reported in Table 1 
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Table 1 : PMHS Main Characteristics 
PMHS # 586 588 

Age 74 88 

Sex M M 

Total weight (kg) 77 69 

height (m) 1.76 1.67 

Thigh height (m) 0.46 0.46 

Lower leg height (m) 0.55 0.52 

 
A clinical examination of the knees was 

performed prior to and after the tests, to exclude the 
subjects presenting an abnormal laxity. In addition, 
prior to and after test, X-rays were taken while the 
thighs were fixed and a force was applied to the tibia 
by means of a weight of 4.5kg (Figure 1) in order to 
assess the range of anteroposterior tibial drawer 
laxity.   

The effect of the test on the knee laxity was 
evaluated through the comparison of the range of 
laxity prior to and after testings. Finally, a dissection 
of the knees was performed to check the articular 
capsule and the knee ligaments. 
 

 
 
Figure 1 : Assembly for the radiographic 
examination 

Test setups 
 

A rigid subsystem based on the geometry of a 
commercially available mid-size European vehicle 
equipped with a knee airbag was used (Figure 3). The 
surrogate was seated in a standard car seat with the 
foot laying on a footrest. As in the car, the seat 
position was adjustable in height and in the antero-
posterior direction. The angle of the backrest was 25° 
relative to the vertical plane. The knee airbag was 
fixed to a rigid plate placed in front of the knees and 
with an angle of 38° relative to the vertical plane.  A 
rigid profile of the steering column was fixed to the 

plate with an angle of 35° with regard to the plane of 
the plate.  

 
The coordinate system was defined as following: the 
YZ plane was the plane of the plate, the Z-axis 
corresponded to the lateral edge of the plate, the 
center was the left upper corner of the hole of the 
airbag. The X-axis was positive towards the subject, 
the Y-axis was positive towards the right and the Z-
axis was positive upward. 

Positioning procedure 
 
The dummy was installed in the worst but realistic 
case of Out of Position.  It was seated with the knees 
together, the feet on a rigid foot rest and the heels in 
contact with a fixed horizontal plan. The seat was 
initially adjusted in the lower vertical position and 
was then moved forward until the knees and the 
profile of the column were in contact. The left-right 
symmetry was verified. The femur and tibia angles 
and the distance between the plate and the tibias were 
used as guidelines for the PMHS positioning.  
 
The PMHS were seated in the car seat with the knees 
together, the feet on a rigid foot rests and the heels in 
contact with a fixed horizontal plan. The heels were 
spread of 240 mm. The seat was positioned to obtain 
the following target position (Figure 2): the knees in 
contact with the profile of the column, a distance (D) 
of 55 mm between the tibias and the center of the 
airbag (measurement taken perpendicularly to the 
plate), the femur tilted by 22° and the tibia by 57° 
with regard to the horizontal plane.  
 
A 3D measuring arm (Romer type 100) was used to 
digitize the targets and the bone landmarks during the 
specimen positioning 

 

 
 

Figure 2 : Leg position 
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Figure 3 : test setup 

Test matrix 
The test configurations are described in Table 2. Two 
reference tests (HIII-C1 and HIII-C2) were 
performed with the dummy in the realistic OOP. A 
dummy test (HIII-F) was also performed by 
increasing the distance D while keeping the knees in 
contact with the profile of the column. 
 
The PMHS were positioned to obtain the same 
position than for the dummy in the reference tests.  
 

Table 2 : test matrix 

Test # Subject  

D 
(plate
-tibia) 
(mm) 

Tibia 
angle 
(°) 

Femur 
angle 
(°) 

L 58 57 21 
HIII-C1 

HIII 
50th R 57 58 23 

L 55 58 23 
HIII-C2 

HIII 
50th R 55 57 22 

L 66 57 20 
HIII-F 

HIII 
50th R 68 57 23 

L 51 55 23 
PMHS-1 MS586 

R 54 56 26 
L 54 55 24 

PMHS-2 MS588 
R 54 54 28 

Instrumentation and data processing 
 
Instrumentation. Four load cells were mounted 
between the airbag plate and a rigid fixed frame, to 
measure the forces applied onto the legs. 

 
Filtering. The data were filtered CFC180. 
High speed video. The tests were recorded using 
three high-speed cameras at 2000 frames-per-second 
(fps). The views consisted of a global view (right 
side), a zoom view centered on the left leg and a ¾ 
general view (back-above). 
 
RESULTS 
 
Deployment phases 
 
The deployment of the airbag was composed by 
several phases, showing alternately falls and ascents 
of the plate forces. These phases are described below 
and illustrated by a sequence presented in Figure 4. 
Phase 1 (F ↑): After the firing, the airbag fabric and 
the cover were expulsed. 
Phase 2 (F ↓): the cover movement in X was stopped. 
Phase 3 (F ↑): the airbag deployed against the tibias. 
Phase 4 (F ↓): the airbag spread on sides. 
Phase 5 (F ↑): the deployment on sides was ended, 
the airbag pushed on the knees backwards. 
Phase 6 (F ↓): the upward unfolding and deployment 
of the bag. Vent holes opening. 
Phase 7 (F ↑): the airbag continued to unfold and 
pushed on the knees. 
Phase 8 (F ↓): the airbag passed over the knees and 
freely completed its upward deployment. 
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Figure 4 : Pictures of airbag deployment phases  

 
Plate forces 
 
As the plate was rigid and still, once the fabric was in 
contact with the lower leg, the plate reaction force 
can be assumed to be equal to the fabric/leg force. 
The forces are shown Figure 5. Eight phases of the 
deployment of the airbag are annotated in Figure 5. 

The maximum plate forces and the impulse are 
presented in Table 3. The dummy tests HIII-C1 and 
HIII-C2 were very similar in amplitude and in 
profile. The oscillations observed at the various 
phases of the unfolding were synchronous. The 
forces of the PMHS-1 and PMHS-2 tests were also 
comparable in amplitude and in profile. The curve 

6- opening of the vent holes 8- airbag over the knees 

3- unfolding against the tibias  2- free deployment 1- cover reaction 

5- knee contact 4- lateral deployment  

7- unfolding continuation and 
knee contact 
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profiles were also comparable between the dummy 
and the PMHS, with synchronous oscillations, but 
more marked for the PMHS tests. The maximum 
forces showed no significant difference between the 
PMHS and the dummy tests. The forces decreased 
more rapidly for the PMHS than for the dummy, so 
the total impulse was 30% lower for the PMHS, 
while at 22 ms, the impulses had the same order of 
magnitude. 
 

Table 3 : Plate reaction 
 Maximum plate 

force (X-axis) 
(kN) 

Total plate 
impulse 

(N.s) 

Impulse 
at 22ms 
(N.s) 

HIII-C1 7.7 218 80 
HIII-C2 8.4 240 85 
HIII-F 7.0 219 67 

PMHS-1 8.0 137 74 
PMHS-2 7.6 168 69 
 

 
Figure 5 : Plate reaction forces 

 
Injury assessments 
 
The lower limbs of the subject MS586 and MS588 
showed no bone or ligament injury. The ranges of 
knee laxity were not increased by the tests for none 
of the two specimens. Abrasions were found at the 
level of the third superior of the tibia or of the joint 
on each of the knees. (AIS1). The subject MS586 
presented a bruise of the semi-membranous muscles 
at the lower level of the right and left femurs (AIS1). 
Abrasions and bruises were also observed in the real 
world accident cases. 
 
Knee injury criterion 
 
According to the bibliography, with the 
implementation of the knee bolsters in the vehicles, 
the injuries of the hip and the ligaments of the knee 
became dominant. It can reasonably be assumed that 
in OOP, the intrinsic aggressivity of the active 

systems concerns first the injuries of the ligaments of 
the knee. The dummy criterion associated with the 
knee injury is the tibial drawer. This translation was 
measured during the tests on the Hybrid III (Figure 
6). The maximum values are presented in  
Table 4 and ranged between 6.3 mm and 11 mm, 
while it was less than 5mm in the reference car. The 
threshold of the tibial drawer is 15 mm in the 
European regulation [16] and 6 mm for the 
EuroNCap. The translation is lower for the HIII-F 
test than for the two others where the dummy was 
positioned closer to the plate. The translation was 
systematically greater for the left than for the right 
knee. The femur forces are presented Figure 7. 

 

 
Figure 6 : Tibial drawers 

 
Table 4 : Dummy tests results 

HIII-C1 HIII-C2 HIII-F 
  L R L R L R 

3.9 2.6 4.3 4.1 3.8 3.2 Max. plate force 
(kN) 7.7 8.4 7.0 
Max. tibial 
drawer (mm) 

10.1 8.3 11 10 8.8 6.3 

Max. femur 
force (kN) 

2.6 2.5 2.8 2.7 2.4 2.2 

 

 
Figure 7 : Femur forces 
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Bibliographic comparison 
 
Several studies on PMHS were performed to estimate 
tibial drawer injury threshold. Viano et al. [7], 
Balasubramanian et al.[12] and Meyer et al.[11] 
reported that the posterior crossed ligament (PCL) is 
damaged for an average translation of 16 mm of the 
tibia relative to the femur. This tibial drawer ranged 
between 9.5 mm and 30 mm depending on the 
specimen (Table 5). An injury risk curve for the 
posterior crossed ligament was calculated as a 
function of the tibial drawer using the data provided 
in the literature (Figure 8). Since the tibial drawer 
value is available at the injury occurrence, the 
survival method was used. Meyer et al. [11] 
performed tests with and without axial tibia loading. 
Balasubramanian et al. [12] performed tests on 
specimen with knees either intact or with the PCL 
only. As there is no statically significant difference of 
the tibia sliding in cases of PCL trauma between the 
different series of tests for each study, all the data 
were included to calculate the injury risk curve. 
 

Table 5 : Tibial drawer for PCL injury – 
bibliographic data 

Reference 

PCL injury 
translation 

(mm) 
9.5 
10.7 
18 

Viano [7] 
  
  
  30 

19.9 
14.5 
17.9 
20.9 
16.1 
9.5 
10 

Meyer [11] 
  
  
  
  
  
  
  13.1 

16.3 
15.9 
21.5 
19.7 
15.3 

Balasubramanian 
[12] 
  
  
  
  
  14.5 

 
Balasubramanian et al. [12] compared the behavior of 
the Hybrid III 50th percentile and the PMHS. They 
found that apart from an initial higher stiffness, the 
overall response of the ball bearing knee slider of the 
Hybrid III dummy lay within the corridors for the 
PCL rupture. 

 
Assuming the HIII dummy to be biofidelic, the tibia 
sliding of the HIII-C1 and HIII-C2 tests was 
associated to the PMHS, as the tests were performed 
in the same conditions and have shown plate forces 
similar in amplitude. The tibia sliding of the subjects 
was thus estimated to be equal to 10 mm. According 
to the injury risk curve, the risk associated with 
10mm of tibia sliding is 11 %.  It has to be noticed 
that the injury risk is overestimated compared to the 
reference car, as the subsystem was rigid, and then 
the force applied to the femur was higher than in real 
car tests. 
 

 
Figure 8 : Injury risk as a function of the tibial 

drawer 
 
 
CONCLUSION 
 
The objective of this study was to estimate the 
intrinsic aggressivity of the knee airbag in OOP. 
Based on the literature review, it was assumed that 
the risk due to the system in OOP concerns 
essentially the knee ligaments. 
 
Three tests on HIII 50th percentile were performed in 
an Out-of-Position configuration using a rigid 
subsystem based on the geometry of a commercially 
available mid-size European vehicle equipped with a 
knee airbag. Two cadaver tests were performed in the 
same conditions. A 10mm translation was estimated 
for these tests. No bone or ligament injury was 
observed. This is in agreement with the literature 
tests, from which an injury risk curve was calculated. 
According to the injury risk curve, the risk associated 
with a 10mm translation is 11 %. Furthermore, this 
injury risk overestimated the real car performance 
since the subsystem was rigid, and then the force 
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applied to the femur was higher than in real car. 
Abrasions and bruises were observed on the 
cadavers. They were in agreement with the real world 
accident reports. 
 
The conclusions of this study are limited by the size 
of the sample. However, the consistency between the 
outcome of the dummy and PMHS tests and the 
information from real world accidents provides a 
good confidence in the very low risk of injury 
associated with the knee airbag tested in OOP. 
Furthermore, the use of the Hybrid III dummy and 
the knee injury criteria based on the tibial drawer was 
appropriate in the tests conducted. 
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ABSTRACT 
 
To increase driver’s interaction with vehicles, 
research interest is growing to develop new 
approaches that allow for detecting the driver’s 
intention. The extraction of features from 
electroencephalograph (EEG) data enables 
establishing a new communication channel by the use 
of brain signals as additional interaction channel. So 
far, the applicability of EEG data in the context of 
driving is strongly limited by the robustness and 
ambiguity of the chosen features. The major goal of 
the presented approach is the robust discrimination of 
EEG patterns preceding intended actions of the driver 
for predicting upcoming manoeuvres.  
A pilot study on a test track containing elements of 
driver safety trainings was carried out. While driving, 
the manoeuvres the brain activity (64/32 EEG 
channels) and data from the car controller area 
network (CAN) was recorded.  
In this paper we present the bottom layer of a 
classification model for upcoming driver’s 
movements by classifying left against right foot 
movement as well as left and right obstacle avoidance 
manoeuvres as sub-classes of the classes hand and 
feet movements.  
This way, we present two ways in which features 
extracted from EEG can be used: (1) by exploiting 
event-related potentials of independent components 
for identifying sources of consolidated neural activity, 
and (2) to establish the fundamentals of an approach 
for an EEG-based rapid-response system that can 
predict the upcoming action of the driver. The latter 
was done by an offline classification of variances in 
certain frequency bands of the EEG. Feature 
validation was implemented by spatial and functional 
filtering driven by independent components of the 
corresponding EEG datasets.  
 

 
INTRODUCTION 
 
The year 2007 saw a number of 335.845 injured and 
4949 fatalities as a result of traffic accidents in 
Germany [1]. In comparison with the last decade, the 
decreasing number of injured and fatalities indicates 
that vehicle-safety research has proven to be very 
effective. Nevertheless, this positive trend suffers 
from the constant high number of traffic accidents 
and also from the fact that there are still a high 
number of fatalities.  
To reduce these numbers, a new approach in vehicle 
safety research is necessary. 
One possible approach focused on this context is an 
absolutely driver-centred point of view. The idea is to 
use the driver’s intention to improve and trigger 
existing drive-dynamic and driver support systems. 
Therefore, cognitive processes before an intended 
action, particularly movement preparations and 
decisions, can be identified as a possible source for 
such a trigger-support system. 
In this manner the EEG allows associating mental 
processes with measurable electrical recordings which 
reflect brain activity and dynamics with a precision in 
the range of milliseconds. This way, changes in the 
EEG data could be analyzed that are induced by 
intended actions (e.g. emergency braking or left/right 
steering) as well as decision-making processes during 
driving (Fig. 1). Hence, the major goal is the robust 
discrimination of EEG patterns correlated to different 
mental processes in this context. Therefore, a pilot 
experiment was carried out for analysing EEG signals 
in a real-world driving scenario with an unforeseen 
obstacle. Hence, the first research question is whether 
it is possible to find EEG features which reflect 
cognitive processes following the popped up obstacle, 
and second, the possibility to transfer the idea of 
using this information to discriminate the upcoming 
driver’s action or manoeuvres (Fig.2). 
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EEG features 

ERP ERD 

Figure 2. The figure shows a general categorization 
of EEG features that reflects event-related brain 
activity. 

 

Figure 1. The figure shows a general approach for 
a hierarchical classification model of upcoming 
drivers movements based on brain dynamics. 

 
The following section gives an overview of the 
neuropsychological background of the presented 
approach. Then we explain the used experimental 
environment and setting and go on describing the 
experiment, the data acquisition, and the used 
methods for analyzing the EEG data. Finally, we 
show how the findings of the presented experiment 
can be used for answering the research questions. 
 
Neuropsychological background 
 
In the domain of neuropsychological research, it is 
well known that aspects of the human information 
processing, expectation and movement preparation 
can be examined by means of event-related potentials 
(ERPs) and event-related desynchronisations (ERD). 
The potentials not only reflect direct brain activity 
with a latency and precision in the range of 
milliseconds, but also allow for a qualitative 
discrimination of various cognitive processes.  
 
 
 
 
 
 
 
 
 
 
 
 
One category of ERPs is related to a given stimulus 
and occurs only by averaging EEG data from 
different trials locked to the given stimulus. The other 
category is locked to the response of the participant 
e.g. a keystroke.  

Both, the stimulus-locked and the response-locked 
ERPs can be induced by the processing of e.g. visual, 
auditory or semantic information and also due 
preparing motor tasks.  
Different neuropsychological consolidated ERPs are 
suitable as a possible source for projecting the 
abstract concept of driver’s intention to features in 
EEG data. This way, for feature selection the 
readiness potential or the contingent negative 
variation (CNV) could be applied.  
In the field of response-related ERPs the pre-motor or 
readiness potential (BP) seems to be a useful ERP for 
approaching the representation of the driver’s 
movement intention in EEG data. In preparation of 
motor tasks, this potential precedes the actual 
execution. Before accomplishing motor tasks, this 
potential is characterized by a negative shift in the 
averaged EEG data at the scalp, reflecting the motor 
preparation.  
The CNV is both, stimulus-locked, but also response 
orientated. This ERP is also known as a potential 
related to expectancy. This kind of CNV can be 
induced by a 2-stimuli paradigm. The first stimulus is 
the request to prepare an action and the second 
stimulus is the corresponding go-signal e.g. for a 
motor response. Between these two stimuli a negative 
shift in the averaged EEG data can be observed at the 
scalp, reflecting the expectation of a task.  
To transfer the idea of using these potentials for 
predicting the upcoming driver’s action the extracted 
information from these potentials has to be related to 
the upcoming movement. Therefore, the spatial 
information of the negative shifts induced by BP and 
CNV could be used to discriminate the upcoming 
movement. 
Different studies figured out that several brain areas 
contribute to the readiness potential (BP). Activity of 
the medial-wall motor areas as well as activity of the 
primary motor cortex MI affect this potential [2,3]. 
Multi-channel EEG recordings of unilateral finger 
movements show that this negative shift originates on 
the frontal lobe in the area of the corresponding motor 
cortex (homunculus) contra-lateral to the performing 
hand [4,5]. This spatial information used as feature 
allows for discriminating EEG recordings towards 
upcoming left from right hand movements [4,5,6]. 
The literature does not suggest any information 
towards comparable characteristics of the CNV. On 
the other hand, event-related desynchronisation in 
certain frequency ranges of the EEG also 
accompanies brain activity.   
It is well known from neuroscience that for instance 
the mu rhythm is induced by idle motor neurons. 
These neural networks tend to exhibit locally 
synchronous polarity oscillations which can be 
observed above the motor cortex. Performance of 
motor actions causes this synchrony to break down 
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and as a result, the measured amplitudes in the 
affected EEG signal spectra drop accordingly. This 
can be used to infer the laterality of the ongoing 
motion [7]. This fundamental finding is also known 
from the occipital area of the human brain. The well 
known alpha-block in the alpha rhythm can be caused 
by an abruptly opening of the eyes after a period of 
closed eyes. In the latter condition the neural 
structures of the occipital brain that are responsible 
for visual information processing generate these 
locally synchronous polarity alpha oscillation. 
In sum, there are a lot of features in EEG data 
preceding and accompanying neural processes which 
allow differentiating between these diverse cognitive 
processes. The application of methods from the area 
of statistical machine learning has proven to be very 
practical and efficient for extracting and classifying 
EEG features in this kind of research [4,5,6,8]. 
 
 
METHODS 
 
Experiment 
 
The presented pilot experiment was carried out at the 
ADAC Fahrsicherheitszentrum Berlin-Brandenburg. 
Participants were requested to repeatedly perform 
obstacle avoidance manoeuvres when the obstacle 
(water wall) popped up (Fig. 3, obstacles in red).  
The direction of the manoeuvres was self-paced 
decided by the drivers. With reference to a two-way 
traffic scenario the participants were required to pass 
a water gate at the end of the track. The whole 
experiment lasted one day totally (half day for each 
participant). The car utilized for this study was a VW 
Touran from the Chair of HMS, TU Berlin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Participants 
 
A female (age 28, participant S) and a male (age 28, 
participant T) participant took part in this pilot 
experiment. Both of them are free from 
neurological/psychiatric disorders. 
 
Data Acquisition 
 
While performing the driving task brain activity was 
recorded with 62 Ag/AgCl (participant T) and 32 
Ag/AgCl (participant S) impedance-optimized 
electrodes (ActiCap, Brain Products), referenced to a 
signal measured at the intersection of the frontal and 
two nasal bones of the skull (Nasion) were no neural 
activity occurs. This was used as baseline of the 
electrical measurement. Finally, brain activity was 
sampled 1000 Hz and wide-band filtered. The 
horizontal eye-movement of participant T was 
recorded using the Electrooculogram (EOG).  
Data from the car controller area network (CAN) was 
sampled with 50 Hz and recorded as well as videos 
(30 fps) of the driver’s action and the view through 
the windshield. All of the data was synchronized by 
an external sync signal. 
 
Data Pre-processing 
 
For ERP analysis, the EEG data was digitally filtered 
using a high pass filter (1 Hz) to minimize drifts. In a 
next step, the recorded data was divided into causal 
epochs related to the drivers’ actions like the steering 
response (increase of the steering speed [deg/s]) or to 
slam on the brake or clutch (switch [0 1]). Data 
epochs were extracted from 5000ms before the 
driver’s response, until 4000ms after the taken action. 
The average of time range [-5s,-2s] was chosen as 
baseline. The corresponding baselines were removed 
from every epoch.  
For ERD analysis, data was sub-sampled to 200 Hz 
and digital filtered between 1 Hz and 90 Hz. 
 
ERD Feature Extraction and Classification 
 
To extract ERD features from the EEG data, the 
Common Spatial Patterns (CSP) algorithm was used 
[9]. The rationale behind CSP is to find few, e.g. 4 to 
6, linear combinations of EEG channels such that the 
variance in each trial projected according to these 
patterns is most discriminative (i.e. differs maximally 
between two classes). Subsequently, the EEG data for 
each trial is projected according to each pattern and 
the logarithmic power spectral density is calculated 
similar to the above method, yielding 4 to 6 features. 
To estimate conservative classification accuracy, 
features from the EEG data (sub-sampled to 200Hz) 
were extracted using a moving window with a length 

Figure 3. The figure shows the setup and the 
research car (VW Touran) with participant. 
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Figure 4. Averaged EEG signal from 244 clutch 
presses of participant T at electrodes C1, Cz  
and C2. 

of 150 ms and an overlap of 125ms. The CSP-based 
feature distributions generated for this window were 
classified using the Linear Discriminate Analysis 
(LDA) for each of the time windows [10]. The 
classification accuracy was computed by using a  
10-fold cross-validation (CV) for a comparable 
number of trials per class. This was implemented for 
every bin of the Fast-Fourier-Transformation (FFT) 
with a micro band range (± 2 bins) around each 
measured band for the CSP computation. 
Consequently, the resulting plot contains information 
about the estimated classification accuracy depending 
on class specific variances for each time window and 
corresponding frequency range.  
 
Analysis 
 
In the analysis we concentrated on the EEG data 
obtained where the participants performed the 
obstacle avoidance manoeuvres. In this manner an 
ERP and ERD analysis of the EEG data was carried 
out. EEG recordings involve plenty of influences 
(artefacts) to the quality of the EEG signal, such as 
eye movements, muscle noise, cardiac signals and 
coincidental noise patterns. In this study, two 
methods, Independent Components Analysis (ICA) 
and Average Re-reference, were used to improve the 
data quality for identifying ERP components and for 
verification of ERD features.  
To improve the data quality we used a method to re-
reference the data to the average potential across the 
whole head [11], termed Average Re-reference. 
Therefore, the average time course of all electrodes 
was calculated and removed from each electrode. 
The ICA decomposes EEG data into temporally 
independent and spatially fixed components, which 
account for artefacts, stimulus and response locked 
events and spontaneous EEG activities. Recently, it 
has been considered as a powerful tool for EEG 
components identification and artefacts removal as 
well as source identification [12, 13, 14, 15, 16, 17]. 
After calculation of independent components (IC), we 
followed the following procedure to remove artefacts: 

� Rejection of Independent Components (IC) that 
are related to eye and muscle movement from the 
neck as well as ICs that reflects the heart beat and 

� Rejection of IC-dipoles outside the head. 

The following section gives an overview over the 
ERP analysis for each participant driven by events 
inferred from the CAN data (i.e. de-clutch) and go on 
analysing the ICs for each participant separately since 
this depends on each of the dimensionalities of the 
recorded EEG. Finally we show the estimated 
classification accuracy for clutching vs. braking as 
well as obstacle avoidance to the left vs. right side 
based on oscillatory features for both participants.   

RESULTS 
 
ERP analysis and ICA – participant T 
 
On Figure 4, the EEG signal at electrodes C1, Cz and 
C2 averaged over all extracted clutch presses  
(left foot) shows characteristic waveforms. The time 
range represents the clutching procedure with an 
onset around 1500 ms before the CAN-bus indicates 
that the driver has de-clutched (Figure 4,  
point of origin). 
This pre-processed data shows significant 
components across the central part of the brain with a 
two-peak maximum at the latency of around 400 ms 
before and after the foot response (clutch). The same 
characteristic was observed using the common 
averaged reference. For taking the brake or steering in 
both directions no clear ERP could be observed in the 
raw data. 
 
 
 
 
 

              
 
 
 

              
 
 
 

              
 
 
 
 
 
 
 
Independent Component Analysis  
 
The independent component analysis (ICA) 
decomposes the EEG into temporally independent 
and spatially locked components.  
These components could either be the result of task 
events or stimulus, or account for artefacts. Figure 5 
shows some of the independent components from the 
EEG set of participant T. 
Figure 5(1) shows an Independent Component which 
contains noise that is spread over the whole head (this 
component is missing when the ICA was computed 
on a common averaged EEG set); while Figure 5  
(2 and 3) demonstrates clear ICs which decomposes 
vertical and horizontal eye-movements.  

C2 

Cz 

C1 
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Figure 6. Averaged EEG signal [Cz] and IC 29 
activity from 244 clutch presses [T]. 

 

Figure 8. Event-related spectral perturbation 
of IC 29 (baseline [-5 to -4]) – participant T. 

Figure 5. Selected scalp maps of the independent 
components of the EEG set from participant T. 

Figure 7. Dipole fitting of IC 29 for a boundary 
head model with warped electrode positions of 
participant T. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In contrast Figure 5 (29) shows an IC dipole that 
seems to contain neural information of the central 
area of the brain. These components are of particular 
interest since they should represent only real 
movement related brain activity (cf. homunculus). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 shows the IC activity across the time for an 
extracted epoch determined by slamming the clutch. 
The IC activity shows a hight correlation to the the 
observed ERP at electrode Cz (cf. Fig. 4). 
The spatial information given in Figure 7 allows for 
interpreting the source of the observed potential at Cz 
in comparison to the observed activity of IC 29. The 
IC 29-based dipole is located in the motor cortex of 
subject T for the used head model. 
To transfer the idea of using spatial information of 
negative shifts induced by the readiness potential or 
the location of the IC-based dipole for discriminating 
the upcoming drivers action, these features have to be 
class-specific. Otherwise they are not suitable for an 
EEG-based classification system for upcoming 
driver’s movements.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The spectral properties of the ICs can also be used for 
selecting brain based components. By exploiting 
differences in known movement-related EEG spectra 
it is possible to separate movement related 
independent components which contain information 
of activity in the motor cortex. This way, it is well 
known from the neuropsychological literature that the 
movement imagination as well as the movement 
execution is accompanied by variances in the alpha 
and beta band of the corresponding EEG [6, 8].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 shows the event-related spectral perturbation 
of the activity in component 29. Here, clear changes 
in different frequency bands could be observed. 
Changes in self-contained and characteristic spectral 
ranges of the EEG spectrum could be used as 
indicator for a brain based component. Such a 
component is suitable as carrier of information 
preceding the driver’s movement.  

Cz 

IC 29 
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Figure 8. Scalp maps of computed independent 
components – participant S. 

Figure 9. Time course of IC 26 for de-clutching –
participant S 

Figure 10. Dipole fitting of IC 26 (green) and IC 30 
(yellow) for a boundary head model with warped 
electrode positions of participant S.  

ERP analysis and ICA – participant S  
 
The average of each extracted epoch shows no clear 
ERP for participants S in the raw EEG data. 
In Figure 8 the ICs that are computed for the 
continuous EEG set of participant S are presented. A 
clear decomposition of noise and eye-movement 
could be observed (Fig. 8 1-3). 
Figure 9 shows the averaged time course of the 
activity from component 26 that is also located in the 
middle of the primary motor cortex. Here, a weak 
ERP could be observed in the component activity that 
is comparable to the observed ERP of IC 29 from 
participant T (see Fig. 6). The dipole fitting of the 
computed independent components reveals that the 
decomposition was not so clear like for participant T. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
There are two diploes located in the expected area of 
the motor cortex containing information of this 
source. No other ERP in the component activity could 
be observed by averaging epochs based on the 
driver’s responses (clutch, brake and steering). 
 
ERD Classification 
 
One of the central research questions in this research 
area is whether the analysis and extraction of EEG 
features is suitable for projecting the driver’s 
intention. Therefore the chosen EEG features have to 
be related to the cognitive process.  
Furthermore, they have to be detectable in single trial 
conditions. The analysis of the induced ERPs 
revealed that there are potentials preceding the 
movement execution.  
The extraction and classification of ERD features is 
an approach for establishing an EEG-based driver 
support system, too. Of particular interest here is the 
classification of ERDs between different drivers’ 
movement representations in the EEG data.  
To define the class-specificity of the ERDs preceding 
the driver’s action, the classifier output was estimated 
based on a data-driven approach (see ERD-Feature 
Extraction and Classification).  
 
According to machine learning methodology, the 
machine will be trained on the extracted spectral 
features [18]. Especially in this phase, the EEG data 
typically consists of underlying cognitive processes 
but also coincidental noise patterns and artefacts. This 
additional information has to be removed from the 
recorded EEG data before the classifier can be trained 
to stress the neural source of the feature. 

IC 26 
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Therefore, for participant T, 14 out of 61 and for 
participant S 18 out of 31 independent components 
were selected as brain based.  
To estimate the ERD-based classification accuracy 
these brain components where re-projected to the 
EEG data. In a second step the presented data-driven 
feature extraction was computed. To compare and 
validate, both the raw EEG set and the re-projected 
EEG set were used as input for the data-driven feature 
selection and classification. 
Figure 11 (top) and 13 (top) shows the estimated 
classification accuracy based on variances in certain 
frequency bands of the EEG spectra preceding the 
feet movement execution on raw data. The results are 
going up to more than 75% accuracy around the 
movement execution. There are also good 
classification estimations around 500 ms before the 
movement in different frequency bands. As seen in 
Figure 5 and 8, the EEG dataset contains a lot of 
components which have probably no neural source. 
To validate the data-driven ERD-features, the spatial 
information of these components was used for 
functional filtering. All of the components which do 
not reflect brain activity were rejected. To separate 
the brain ICs from the artefact ICs the spatial 
localisation of the IC-based dipole was used as well 
as the properties of the components.  
Figure 11 (bottom) shows that there are very different 
results from those estimated without the rejection of 
components that are containing information from eye 
and muscle movements. For both participants, a new 
weakly class-specific area in the range of 45Hz to 
65Hz at 1500ms before the foot movement becomes 
evident. 
Figure 12 and 14 show the estimated classification 
accuracy for the left and right obstacle avoidance 
manoeuvre. Here the exact point in time of the 
driver’s response was inferred from the increase of 
the steering speed following the unforeseen obstacle 
(i.e. water wall). The classification of raw data shows 
for both participants very good results in the 
beginning of the taken avoidance manoeuvre. 
Preceding the steering act there are also areas of  
class-specific variances in the spectra of the data sets. 
The back-projection of the brain components reveals 
other areas of interest for classification. These areas 
become evident in the beta band as well as in the 
gamma band of the EEG data sets. 
 
DISCUSSION 
 
The presented results indicate (1) that there is the 
possibility to decompose EEG data into independent 
components representing artefacts caused by the 
driver’s movement and the car environment to some 
degree and (2) that the presented data-driven 
approach for feature extraction is highly applicable, 

but fragile in the presence of coincidental noise 
patterns and artefacts.  
 
ICA and feature extraction 
 
The main challenge of this approach is that the 
decomposition of the EEG implies that the neural 
sources are really independent from each other. This 
question cannot be answered finally. Also, the 
residual variance of the dipole fitting indicates that 
the source identification is not definite in each case. 
Rejecting components that contain for instance  
eye-movements could also contain suitable parts of 
real class-specific brain dynamics.  
The results also reveal that an observed ERP in the 
raw data can be found in independent components. 
This indicates that the ICA is able to decompose EEG 
data under very hard experimental conditions. The 
fact that an ERP for de-clutching can be observed in 
the components for both of the subjects indicates that 
there are similar neural processes preceding and 
accompanying the de-clutch procedure while driving.  
Furthermore, the time course of this ERP allows for 
an extraction of clutch-specific features up to 700ms 
before the action can be observed in the EEG data. 
Unfortunately, this feature is only related to the left 
feet movement and does not allow for a classification 
of braking against clutching. Furthermore, the 
observed ERP does not match to any of the expected 
related motor ERPs. It seems to be a mixture of 
readiness potentials and CNV. Although, the 
observed ERP is well located at Cz and the IC also 
reflects the characteristic of the raw data, the 
behaviour of this signals could be affected by a haptic 
process. It could be that the EEG signal is affected by 
the process of de-clutch and clutch-in or due to a 
clutch sensor that induces this kind of signal 
characteristic. But an ERP only reflects the linear 
parts of the epoched EEG data. More and other 
information preceding the driver action could be 
present in the frequency domain. 
Regarding the presented classification results, the 
good classification of brake against clutching implies 
that these two feet movements are really comparable 
and only body-side specific. But this comparison 
suffers from the fact that for breaking a foot 
movement from the accelerator to the braking pedal 
precedes the actual braking. The shown classification 
results are probably affected by this foot movement. 
This foot movement preceding the actual braking 
probably affected also the absence of a braking 
response related ERP.  
To validate the classification accuracy, a 10-fold 
cross-validation was carried out. Nevertheless, the 
number of trials for the obstacle avoidance 
manoeuvre was too small for a significant 
computation of the ability to classify.   
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Figure 14. Estimated classification accuracy before the 
obstacle avoidance to left or right side on EEG raw data 
(top) and IC-filtered EEG data (bottom) [S]. 

Figure 12. Estimated classification accuracy before the 
obstacle avoidance to left or right side on EEG raw data 
(top) and IC-filtered EEG data (bottom) [T]. 

Figure 11. Estimated classification accuracy before 
using the clutch against brake on EEG raw data (top) 
and IC-filtered EEG data (bottom) [T]. 

Figure 13. Estimated classification accuracy before 
using the clutch against brake on EEG raw data (top) 
and IC- filtered EEG data (bottom) [S]. 
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CONCLUSION 
 
Conclusively, we have presented a pilot study for 
exploring the electrical brain dynamics (i.e. EEG) 
preceding intended actions of the driver in a  
real-world environment. This way, a hierarchical 
classification scheme was used for predicting the 
upcoming movement of the driver.  
 
Potential 
 
We have shown that the human brain contains 
information preceding the movement execution that 
can be extracted from the EEG and that these features 
can be used for single trial detestability. We also 
presented a useful approach for validating these 
extracted features by decomposing the EEG data into 
independent components. This way, it is possible to 
select features which contain information of real brain 
based EEG representations in single trial conditions.  
Hence, the brain as origin of intentions and distributor 
of information preceding an action has a very high 
potential to increase traffic safety since data from the 
cat area network only reflects the driver’s action but 
not the corresponding intention. 
We observed a potential in the EEG raw data related 
to the process of de-clutch and clutch in for 
participant T. The analysis of the corresponding 
independent components reveals that one of these 
components clarifies this ERP to a high degree. This 
indicates that the ICA was able to separate real brain 
sources from sources that contain other sources of 
electrical activity. Furthermore, this kind of analysis 
enables a better understanding of ERP observations in 
the EEG since the decomposition of EEG into ICs 
contains information about the localisation of the 
source in the brain. 
The presented results of an ERD-based classification 
of upcoming feet movements as well as the direction 
of obstacle manoeuvres promises a good possibility 
the extract features from the EEG containing 
information about the driver’s movement intention in 
these conditions. This additional information can be 
used in a driver support system i.e. to prepare the 
braking system 
 
Challenges 
  
To classify different foot movement, the extracted 
feature has to be definite and class-specific. The 
observed ERP was only descriptive to the class of left 
foot movements (clutch). Furthermore it is well 
known from the neurophysiologic literature that ERPs 
reflect brain activity in the range of milliseconds but 
only by averaging a couple of trials. This way, ERPs 
are not well qualified to predict the upcoming driver’s 
movement in single trial conditions. The ERD 

representation of brain dynamics is much more 
applicable. Nevertheless, this estimated classification 
accuracy indicates that there is class-specific 
information in the EEG data. The estimated 
classification accuracy is in fact too imprecise as 
suitable definite information channel for a driver 
support system.  
To validate these findings this analysis has to be 
carried out for more subjects. Due to the fact that the 
number of independent components depends on the 
dimensionality of the recorded EEG, this study should 
be carried out with more EEG electrodes. This should 
affect the decomposition positively and would allow 
for a better identification of non-artefact affected 
EEG representations of brain dynamics. Furthermore, 
to classify the feature distributions only a simple but 
robust classifier (LDA) was used. Here, a lot of other 
classifiers (i.e. support vector machines) are also 
suitable for this kind of classification approach. 
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ABSTRACT 
 
The SubProject 7 “Virtual Testing” [1] of the 7th FP 
Project APROSYS (Advanced PROtection SYStems) 
was aimed at development of a complete and 
consistent methodology for the implementation of the 
virtual testing of vehicles for safety improvement. 
Recall that by Virtual Testing we imply any 
analytical certification procedure which uses 
experimental and numerical simulation methods [2]. 
To achieve this goal, specific models, methods, and 
tools were developed. One of the final achievements 
relates to the future use of virtual testing in 
regulations, not only in the design of vehicles for 
safety [3]. 
The implementation of virtual testing in regulations 
would be a very complex process involving several 
steps [2], and concerning many different actors and 
stakeholders from car manufacturers to consumer 
organizations, and from regulatory bodies to experts 
group in automotive engineering. Among the many 
envisaged steps, which are being currently structured 
in a specific roadmap, there is the qualification 
problem. For both type of accreditation method, 
either the type approval scheme usual in the EU, or 
the US style self-certification scheme, a qualification 
process is required. 
To this aim the authors propose to establish a series 
of benchmarks, the Virtual Testing Benchmarks 
(VTB), to be used for qualification at two different 
levels: codes and methods validation, and operators’ 
qualification. These benchmarks consist of typical 
crash cases to be tested in the virtual environment: 
there are several different cases covering different 
topics of modeling (different element types, material 
models, contacts…). The code validation can be 
achieved by giving a well defined problem to be 
solved, whereas the operators qualification can be 
achieved giving a less defined framework and leaving 

more freedom to the operators to generate their own 
models of the problem. 
At least 5 different cases are provided and described 
in the paper. Verification by means of experimental 
or theoretical solutions is given. Of course, this will 
not cover all possible modeling situations but is a 
first step towards this electronic certification. 
 
1. INTRODUCTION 
 
One of the main concerns about the applicability of 
VT in regulations is the validation of the VT 
predictions. In the APROSYS SP7 workshop, held in 
2007 at the Delft TNO location, a presentation [4] 
was given putting in evidence possible downsides for 
the applicability: different codes were shown to give 
different results. A discussion was initiated during the 
period following that workshop, coming to a couple 
of main results [5]: 

1. VT is the results of the application of a model: 
whatever the model and whatever sophisticated, 
detailed, and accurate the model it will always 
have limits of validity and, therefore, does not 
extend to any possible boundary conditions and 
scenarios unless with careful verification 

2. It is necessary to have some validation 
procedures for VT 

VT is a complex methodology, which has many of 
aspects, all examined in this APROSYS  subproject: 

• Virtual models 
• Virtual methods 
• Virtual tools 
• Virtual testing procedures 

As a consequence, it involves several “components” 
and steps within the preparation and development of 
a VT approach: 

• The model data (materials data, dimensional data 
and geometry, contacts...) and the scatter 
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involved in the set of data (dispersion, 
distribution...) 

• The code (with its implemented material models, 
element models, and their options, contact 
models and definition, boundary conditions...) 

• The computer used in the analysis, including the 
interface with the codes and with the operator 

• The procedures and scalars used for the analysis  
and evaluation stated either internally in the 
company or the research centre, or externally by 
some institutional reference (national or 
international standard, EU directive or any 
applicable national or international law, other 
institution or organization like NAFEMS, 
APROSYS standards, etc.) 

• The operator himself, with his skills and 
experiences, including the possibility of human 
errors during the manual work 

Thus, several validation levels should be taken into 
account and different benchmarking procedures 
should be defined. Already within the ADVANCE 
FP5 project, a multi-level validation approach for 
crash models was proposed [6]. The validation of a 
model was, in this case, at the component, subsystem, 
and full-vehicle or car compartment levels. 
Consequently, within APROSYS benchmarks for 
Virtual Testing have been conceived. They are called 
Virtual Testing Benchmarks (VTB) and try to solve 
the previously discussed problems by treating most of 
the proposed items. In the current definition of the 
proposed simple models to be used as a basis for a 
benchmark procedure, two validation phases have 
been selected: 

1. Human factor influence or operator validation 
2. Instrumental certification or code validation 

(including the validation of the models 
implemented in the codes, the data input/output 
and the computer used in the analysis) 

In phase 1 only generic definition are given since it is 
exactly the human factor that has to be assessed. That 
is, the test case is only defined in general terms, and 
although fully detailed, no mesh or input cards are 
given. It is the operator’s job to prepare his/her own 
model, selecting the types of elements and material 
models that he/she thinks most appropriate for the 
purpose, etc.  
In phase 2 all that can be associated to the human 
factor has to be avoided or at least limited as much as 
possible. This is done not only by precisely defining 
the test case with all its input data and parameters, 
but also by giving the involved operator the explicit 
inputs in terms of geometry (that is, even the mesh is 
given in some widely used format or some general 
purpose definition style), materials data (in terms of 
input values or curves in some reference format 

universally accepted or precisely documented), 
contact definitions, etc. 
Reference results are given for the validations. The 
reference results are obtained either from 
experiments, from a theoretical model, or from 
validated simulations whenever neither experiments 
nor a sound theory are available. 
In the following section, the various proposed cases 
are summarized. The cases are then described and 
commented in details. All the data that are not 
suitable to be written on a document will be available 
on files. 
It was the aim of the authors in this activity to cover 
the main topics of interest for crash simulation. In 
this respect, the different cases consider different 
types of elements (solids rather than shell elements), 
different materials (polymeric foams rather than 
metals), and other essential modeling issues like, for 
example, contact definition (including modeling of 
friction, elastic constant...). 
The family of simple cases or benchmarks for VT 
finalized up to now is considered a starting point. 
Since the development in APROSYS DIP3 and DIP4 
were focused on pedestrian protection (mainly head 
and leg impacts), the partners chose to select a set of 
cases related primarily to this subject. The B-pillar 
case, and future proposals, will cover all the other 
aspects related to safety and crash simulations. 
The VTB method should be, in the authors’ idea, a 
common background for engineers approaching 
virtual testing, but also for all the people working in 
crash simulations. The VTB family should 
continuously improve and adapt to the ever changing 
requirements of simulations and evolution of 
modeling codes and techniques.  
 
2. VTB OVERVIEW 
 
Table 1 and Figure 1 summarize the main aspects 
taken into account with the VTBs. Each case is 
described synthetically here and will be addressed in 
details in the following section. 
In phase 1 the modeling capacities have to be 
evaluated, and, therefore, most of the job is left to the 
operator under review. No mesh or material cards can 
be given, but a precise geometrical description 
together with material curves and indications of the 
type of material model to be used (i.e. elastic vs. 
plastic, hardening model, strain-rate sensitivity…). 
The choice of the type of elements is somewhat 
enforced, but freedom is still given for what concerns 
the element formulation (fully integrated vs. under-
integrated, linear vs. parabolic…). Perhaps the most 
difficult problems, as is often with FE analyses, arise 
from boundary conditions modeling: contact is for 
example a critical issue to be addressed. 
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Table 1.  
Summary of the VTB cases 

 

Name  VTB1  VTB2  VTB3  VTB4  VTB5  

  Foam  Legform  Bouncing  Bending B-pillar  

Description  Impact on foam  Legform knee  Bouncing ball  Bending beam  B-pillar impact  

Scope  

Evaluate modeling 
of soft foam 
materials for 
dummies and other 
EA components  

Evaluate 
modeling of 
metals and of  
bending 
situations, solid 
elements  

Evaluate 
modeling of 
contacts, energy 
management 
and stability  

Evaluate 
performance of 
shell elements, 
simple contacts  

Same as for 
VTB4  

Material  
Foam+rigid 
impactor Elasto-plastic  Elastic  Elasto-plastic  Elasto-plastic  

Elements  
Solids (shell only 
rigid)  

Solids (shell 
only rigid)  

Solids   Shells  Shells  

Other      Contacts      

Phase 1  

Foam material 
stress-strain curves 
at different strain-
rates 
(loading/unloading) 

Geometry and 
description of 
the case.  
Material 
description 

Geometry and 
description of 
the case.  
Main material 
properties 
(elastic) 

Geometry and 
description of 
the case.  
Main material 
properties 
(elasto-plastic). 
Contact 
parameters.  

Same as for 
VTB4 

Phase 2  

Mesh 
Foam material 
model specification 
and curves 

Mesh 
Boundary 
conditions 
Material data 
(yield stress, 
yield curve, 
strain rate 
sensitivity)  

Mesh 
Material 
(elastic) 
Contact 
definition 
Contact 
parameters   

Mesh 
Boundary 
conditions 
Yield stress 
curves   

Mesh 
Boundary 
conditions 
Yield stress 
curves   

Validation  
Experimental 
curves 

Experimental 
curves 

Theoretical 
results (for the 
0° case only)  

Experimental 
results  

Simulations 
results  

 
 
In phase 2 topics like material and element modeling 
are crucial. This activity is aimed to evaluate code 
functionality and ability to correctly address these 
features; therefore it is necessary to fix the other 
modeling issue: the geometrical description is given 
(mesh and boundary conditions) together with a 
detailed description of the material model and of the 
necessary curves. 
 
The last issue in the definition of the VTB regards the 
evaluation of the results. 

Comparison results have to be provided. Two 
approaches are possible: the comparison can be with 
experimental results or with some theoretical 
prediction. The first possibility is preferable, for 
obvious reasons. However, whereas most of the VTB 
come from real cases and have a physical counterpart, 
in some cases the problem is only “virtual”, that is, is 
a generic problem with, possibly, a theoretical 
solution. 
 



Avalle 4 

Name Description 

VTB1 

Foam 
 

 

VTB2 

Legform 
knee 

 

 

VTB3 

Bouncing 
ball 

   

 

VTB4 

Bending 
beam 

 

 

Name Description (cont.) 

VTB5 

B-pillar 

 

 
 

Figure 1. Pictorial summary of the VTB cases 
 
3. VTB DETAILED DESCRIPTION 
 
Following is a description of the first five VTB 
defined. As discussed previously, the VTB family 
would be further increased and improved with more 
cases related to impact and crash analysis.  
These five cases are as follows: 

• VTB1: Foam 
• VTB2: Legform 
• VTB3: Bouncing 
• VTB4: Bending 
• VTB5: B-pillar 

 
The impact of a ball on a piece of foam (VTB1) and 
the impact of a headform like spherical component 
between two rigid surfaces (VTB3) are inspired to the 
activities carried out in APROSYS SP7 (head 
protection demonstrator [3]). The knee ligament test 
(VTB2) is equally motivated by APROSYS SP7 (leg 
protection demonstrator [3]). The last two cases 
(VTB4 and VTB5) come from typical crash 
situations. 
The various VTBs try to cover as many modeling 
topics as possible. As previously argued, future needs 
can be equally covered by defining more VTB cases. 
 
3.1 VTB1: impact on foam 
 
The first VTB can be summarized as follows: 
• Description: hemispherical impactor on foam 

specimen 
• Aim: evaluate modeling capacity for solids and 

soft materials  
• Reference: experimental impact tests on an EPP 

foam  
 

 

α 

V
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Highly compressible low density foam models are 
often used in passive safety numerical simulation. 
Main applications are for seat cushions and padding 
elements on biomechanics test devices. A 
compression test with a spherical impactor on an EPP 
20 g/dm³ foam specimen is proposed as VTB test 
(Figure 2). 
 

 
 
Figure 2. Impact of a spherical impactor on low 
density foam model 
 
In phase 1 of the evaluation of this VTB only generic 
guidelines about geometry, boundary conditions and 
material have been given to the different operators 
that worked on the model. In particular: 
• The foam specimen is 42 mm thick with a base 

of 110 mm × 110 mm 
• The rigid spherical impactor has a 42.5 mm 

diameter, an 8.3 kg mass and different test 
velocities: 1.4 m/s, 2.0 m/s and 2.4 m/s. 

• Some graphs (Figure 3) based on foam material 
experiments 

 

 
 
Figure 3. Impact of a spherical impactor on low 
density foam model 
 
In phase 1 the model has been developed for three 
different codes (RADIOSS, LS-DYNA, and 
MADYMO). 

In phase 2 the same mesh for the foam has been used 
for the different models and the foam material model 
has been chosen as similar as possible between the 
different codes in order to give to the imaginary 
operators not only the experimental foam results but 
directly the material defined for the used code. 
In this case also, the model has been developed in 
RADIOSS, LS-DYNA and PAM-CRASH. 
All the different data specified for phase two are 
summarized in Table 2. 
 

Table 2.  
Data specified for phase 2 

 
Average element 
dimension 

10 mm (10×10×4 
elements) 

Boundary conditions Supported (not 
constrained) on a rigid 
plane 

Data for material card Depends on code 
Young Modulus 1.89 MPa 
Density 20 g/dm³ 
Poisson Ratio 0.02 (for compression) 
Compression Curves at 0, 1×10–6, 1×10–4, 

2×10–1 and 1×10–1 
strain-rate 

Tension Curve  
Unloading Curve  

 
Numerical results have been compared between 
codes, but in this case with experimental results also. 
A qualitative comparison of results is represented in 
Figure 4. The three codes analyzed are able to 
reproduce the experimental test at different velocities 
with sufficient fit of the experimental curves. Figure 
5 reports some results of an unacceptable case of 
analyses performed. The scatter is not acceptable and 
more detailed modeling is required. 

 
3.2 VTB2: legform knee 

 
This second VTB can be summarized as: 
• Description: knee joint element used in the 

EEVC WG17 (WG10) legform to bumper test 
• Aim: evaluate modeling of steel materials 
• Reference: experimental 4-point bending tests 
 
The deformable, simulated knee joint element (Figure 
6) used in the EEVC WG17 (WG10) legform to 
bumper test has been chosen for the second VTB [7-
8].  
The geometry has been obtained from the sketch 
shown in Figure 6. 
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Figure 4. Comparison of the results obtained from 
two of the used codes 
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Figure 5. Comparison of some unacceptable 
results 
 

 

 

 
Figure 6. The EEVC knee ligament: photo of the 
component, sketch, and detailed drawing 
 
The aim here was to obtain an easily reproducible 
test, avoiding the experimental and numerical 
complexities and uncertainties of a “real” case. 
Therefore, the ligament only was tested, and not the 
entire legform. Testing the ligament in bending can 
be made at least in two configurations (Figure 7). The 
first is the usual 4 point bending test. A second case 
is the 4 point asymmetrical loading, shown in the 
same Figure 7. In this case the middle section is 
loaded in pure shear instead of pure bending. This 
loading case has not been considered yet, but it is 
certainly a future possible step ahead in VTB method 
development. 
The knee specimen has been modeled by using a mild 
steel material (Table 3). 
The behavior in terms of moment vs. rotation and 
force vs. displacement histories has been used as 
reference for the comparison between the different 
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codes. In particular, in order to compare numerical 
results with experiments also, boundary conditions 
schemes represented in Figure 7 have been 
considered and the force vs. displacement history of 
the impactor has been used. The experimental results 
are reported in Figure 8. 
 

 

Moment diagram 

F 

Shear force diagram 

Moment diagram 

Shear force diagram 

F 

 
 
Figure 7. Loading schemes for the knee ligament: 
left, classical 4 points bending test; right, 4 points 
asymmetrical loading 
 

Table 3.  
Material data VTB2 

 
Material model Bilinear 
Density 7.8×10–6 kg/mm3  
Young modulus 210 GPa  
Poisson ratio 0.3 
Tangent modulus 6 GPa  
Yield stress 150 MPa  
Element property Reduced integration 
Impactor velocity 0.06 m/s 
Support material Rigid 

 
The VTB results, given here for phase 2 only, are in 
good accordance with the experimental results. The 
comparison with the experimental results is shown in 
Figure 9, whereas Figure 10 shows a simple 
comparison of the deformed shapes obtained from 
two of the codes already mentioned (LS-DYNA and 
RADIOSS). It is important to notice, the level of 
details necessary despite the simplicity of the 
problem. Some preliminary investigations 
demonstrated that simpler boundary conditions’ 
modeling is insufficient to obtain the correct 
behavior.  

 

 
 
Figure 8. Experimental results for comparison 
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Figure 9. Comparison of the experimental curves 
with the numerical simulations of two codes used 
 
3.3 VTB3: bouncing ball 
 
This third VTB also inspired by the headform 
experiment for pedestrian protection has the 
following characteristics: 
• Description: a spherical head, similar to the adult 

headform of the pedestrian, bouncing between 
two rigid parallel surfaces 

• Aim: evaluate modeling for contacts 
• Reference: analytical/numerical solution 
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Figure 10. Comparison of the numerical results 
from two explicit simulation codes  
 
The case is explained by Figure 11: a ball made of 
aluminum covered by rubber, is constrained to 
bounce between two rigid surfaces moving at an 
initial given speed v0 and angle α. 
 

Stiff material

Soft material

V0 = 40 km/h

α = 0º, 10º, 20º, 30º     

α

V0

 
 
Figure 11. The VTB3 case 
 

In VTB3 focus is on the modeling of contacts rather 
than on materials that are simplified as linear elastic. 
This is to avoid that possible difficulties in material 
modeling overshadow the contact modeling aspects. 
The sphere is launched normally against the first wall 
with a v0 velocity equal to 40 km/h (as in Figure 11). 
The angle α between v0 direction and the surface 
normal varies (0°, 10°, 20° and 30°) to take into 
account contact friction. Tables 4 and 5 give 
additional details about the problem. 
 

Table 4.  
Definitions for VTB3: phase 1 

 

 
Elastic 

modulus 
(GPa) 

Density 
(kg/mm3) 

Poisson 
coefficient 

Inner sphere, 
80 mm radius 70  2.8×10–6 0.3 

External layer, 
12 mm thick 

0.05  1.05×10–6  0.3 

 
Table 5.  

Definitions for VTB3: phase 2 
 
Fixed planes Meshed with elements (not 

defined as rigid planes); 
E = 210 GPa (for contact 
stiffness) 

Contact properties Surface to surface contact 
Solid element Full integration 
Solid elements covered with skin of null shells or 
segments 
Static friction coefficient 0.6 
Dynamic friction coefficient 0.6 
Contact thickness (gap) for 
both slave and master side 

0.5 mm 

 
Contact force histories and sphere trajectories have 
been considered for the comparison between the 
different models. 
For this VTB also, the work has been divided in the 
two phases. In addition to the general description 
given to the operators during the first phase, mesh 
density and contact definition and parameters have 
also been given in the second phase. The different 
requirements for phase one and two are summarized 
in Tables 4 and 5. 
Figure 12 shows a comparison of some results 
obtained at different moving angles. Together two 
images of two different models, obtained from 
different operators as in phase 1, are reported. Figure 
13 reports two comparisons in terms of contact forces 
vs. time: first the phase 1 comparison is reported, and 
the phase 2 results follows. 
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Figure 12. Some VTB3 results at different angles: 
lines overlaid to the balls images represent the 
trajectories. On the left different models obtained 
from a couple of different operators in phase 1 
analysis 
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Figure 13. Results from phase 1 and phase 2 
analyses: contact forces vs. time; angle 30° 
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Figure 14. Theoretical approximation of the ball 
impact 
 
As expected, there is a certain amount of scatter 
between the results from phase 1: the uncertainty on 
the data is slightly greater. However, phase 2 

comparison is excellent and the three used codes 
already mentioned give more or less the same results. 
Some minor discrepancy appears after repeated 
impacts. 
Finally an approximate theoretical solution is 
available and shown in Figure 14. 
 
3.4 VTB4: thin walled beam bending 
 
The VTB4 problem is summarized as follows: 
• Description: formation of plastic hinges in a thin-

walled square cross section aluminum beam 
• Aim: evaluate shell modeling capability 
• Reference: experimental bending tests [9] 
 
Deep bending collapse is often the main failure mode 
in the thin walled tubular members of vehicle 
structures. This occurs because this energy absorption 
mechanism requires a lower specific energy 
(dissipated energy/material volume) than the axial 
crushing. This VTB is related to the formation of 
plastic hinges in a thin-walled square cross-section 
aluminum beam. The numerical model tries to 
reproduce the experimental test represented in Figure 
15. 
 

 
 
Figure 15. The VTB4 experiment [9] 
 
For this case, only phase 2 has been considered. The 
model has been developed in LS-DYNA, RADIOSS 
and MADYMO and the mesh in Figure 16 (taking 
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into account double symmetry of the problem, only 
one quarter has been modeled). The main problem 
data are summarized in Table 6. 
 

Table 6.  
Definitions for VTB4 

 
Property  Value 
Shell thickness 2 mm 
Material properties Piecewise Linear 

Plasticity 
Density 2.7×10–6 kg/mm3 
Young modulus 70 GPa 
Poisson ratio 0.3 
Yield stress 0.079 GPa 
Contact properties Surface to surface 

contact 
Static friction coefficient 0.61 
Dynamic friction coefficient 0.47 
Contact thickness (gap) for 
both slave and master side 

2 mm 

Impactor Rigid 
Support Rigid 
 

 
 
Figure 16. The VTB4 numerical result 
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Figure 17. The VTB4 results comparison 
 
The comparison is acceptable for all the three codes 
used (Figure 17). Of course, small differences cannot 
be avoided since different modeling (materials, 
elements, contacts…) are present. One of the codes 
gives more dissimilar results and is not really 
acceptable in this case. 
 
3.5 VTB5: B-pillar impact 
 
The VTB5 problem is summarized as follows: 
• Description: bending collapse of GCM4 B-pillar 
• Aim: the use of shell elements, contacts, inelastic 

materials  
• Reference: Numerical simulations of the 

APROSYS GCM4 [10] 
 
The GCM4 (Generic Car Model 4) is one of the 
results of the FP6 APROSYS project. Generic Car 
Models [10] are virtual vehicles developed to be 
shared between researchers without confidentiality 
restrictions. These models of vehicles (5 car of 
different sizes and a heavy truck model), provided for 
some typical impact scenarios, are validated against 
the best-in-class models on the market. 
Even if this VTB seems quite simple if compared to 
real crash analyses, it is of interest taking into 
account different aspects of a complex crash analysis, 
and it can be useful to investigate differences 
between codes due to: 
• the use of shell elements for sheet components 
• contacts 
• non elastic materials 
 
The pillar is composed of two parts connected by 
means of rigid spot-welds and it is fully constrained 
in its extremity. A cylindrical impactor is moved with 
an imposed velocity of 8 m/s. The impactor is 
modeled as a rigid component. 
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An elasto-plastic material model, usually known as 
simplified Johnson Cook, has been used. The flow 
stress is given by: 

( )( )*ln1 εεσ CBA N
py ++=  

 
Table 7.  

Parameters for material model 
 

Material Parameter (*) Value 
Density, ρ 7.8×10–6 kg/mm3 
Young modulus, E 200 GPa 
Poisson ratio, ν 0.3 
A 0.25 GPa 
B 0.08 GPa 
N 0.60 
C 0.03 

* Units in table are referred to a mm/ms/kg/kN set 
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Figure 18. The VTB4 numerical result 
 
Values for the parameters are summarized in Table 7. 

Final deformed shapes, contact forces and node 
displacements have been taken as references. 
In Figure 18 a comparison of the displacement of 
some reference points between the three examined 
codes is reported, together with a comparison of the 
global load exchanged with the supports. 
The results (phase 2 analyses) are quite encouraging 
despite the difficulty related to the complexity of the 
problem (Figure 19).  
 

 
 
Figure 19. B-pillar results comparison between 
three different codes 
 
4. DISCUSSION 
 
The examples shown demonstrate the capability of 
different software codes to replicate real crash type 
scenarios accurately. 
The accuracy of results obtained has shown to be 
improved if material data has been obtained prior to 
performing the analysis. The implications for full 
scale virtual testing mean that smaller component 
tests may be critical in building more accurate 
models. These smaller component tests may be a 
simple material test or a sub assembly of the structure 
which can be tested in isolation. 
Although it is recognized that there are differences in 
the material models of different codes, in general, 
they demonstrate the capability to reproduce real life 
scenarios. 
When performing a blind simulation the need to 
provide as much information as possible is essential. 
This has been demonstrated mainly in the knee 
impactor scenario. Material and boundary conditions 
must be accurately stated. 
When a physical test was repeated for the knee 
impactor, a cloud of data was obtained. In a similar 
manner, there is also a scatter of results when using 
different software codes. For future VT legislation it 
is important to characterize the scatter from repeat 
tests and understand the implications when 
performing simulations. 
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5. CONCLUSIONS 
 
A first step towards electronic certification of 
numerical codes for crash analysis and of the 
operators working on impact simulations has been 
made. This step is very important to fully exploit the 
potentiality of virtual testing and make it acceptable 
as a tool for certification. 
To do this a series of simple case studies, called 
Virtual Testing benchmarks (VTB) has been defined. 
The examples presented in this work are 
representative of situations mainly related to head 
and leg impact situations (EC regulations 
2003/102/EC). Each different case tries to analyze an 
important aspect of the model and considers different 
topics arising in each situation (element type, 
material modeling, etc.). References are also given, 
from experimental, analytical, or numerical results. 
The simulations allow to certificate by comparison 
either the operators (phase 1) and the codes (phase 2). 
In most cases some codes were checked and fully 
validated. An important further step is the definition 
of metrics to evaluate and accept or reject the 
obtained results. It is also to be noted that we have 
not presented here the complete 3R method (rating, 
reliability and robustness) which was devised during 
the APROSYS-SP7 project which provide a full 
assessment methodology for a virtual testing scenario 
to be implemented (a paper is in preparations). 
This is a first proposal to define VTBs, to be included 
in a full or partial virtual testing regulation 
investigation. More cases are being defined by the 
authors and the results which include the widest 
range of simulation capabilities will be published 
regularly, depending on the accident scenario 
investigated. Up to now VTBs can be used for 
internal self certification, but some quantitative 
assessment system is necessary to use virtual testing 
in regulations. 
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ABSTRACT 

Vehicle accidents in which the automobile “rolls 
over” or overturns are among the most difficult 
accidents to reconstruct.  Vehicles typically overturn 
about their longitudinal axis and in highway speed 
rollovers can overturn multiple complete revolutions.  
The accident reconstruction specialist is left to piece 
together the incident from physical evidence 
produced both on the vehicle and at the accident site.  
A number of works have been published by various 
authors detailing the methods for calculating many 
aspects of the accident.  Using these methods the 
reconstruction professional is obliged to illustrate and 
present the accident using two-dimensional or three-
dimensional drawings to illustrate the accident.  One 
can also use such a diagram to produce an animation 
of the accident.  These animations are based on one’s 
own conceptualization of the accident as physical 
evidence reveals, but they are not the result of the 
extensive time step calculations of vehicle dynamics 
that can be done with computer reconstruction 
software. 

As the computer has become more powerful and 
faster, physics based modeling programs have been 
developed to aid the reconstruction professional with 
the analysis of automobile accidents.  For the most 
part, accident reconstruction software packages do 
not contain detailed component/suspension modeling 
capability.  However, for the purposes of accident 
reconstruction, the models in these software packages 
are more than sufficient to model an accident 
scenario such as a vehicle tumbling or rolling over. 

In this paper, a reconstruction of a staged rollover 
accident involving an SUV type vehicle will be 
presented.  The subject rollover is a staged un-tripped 
rollover.  The test vehicle overturns because of 
frictional forces at the tires imparted by steering 
inputs.  This rollover is modeled using PC CrashTM.  
The test site was well documented after the event and 

pertinent physical data was recorded.  Damage 
produced on the vehicle as a result of the rollover is 
also well documented.  Numerous video cameras 
were used to record the rollover from a variety of 
vantage points.  All of this information is used in 
conjunction with the software to demonstrate how 
properly used software can effectively model a 
rollover accident.  If rollover accidents can be 
accurately modeled, then the data may be used in 
developing vehicle safety and occupant protection 
systems. 

INTRODUCTION 

In recent years rollover accidents have become more 
significant in number. Computer modeling is 
becoming more widely used for the reconstruction of 
rollover accidents. PC-Crash is a modeling program 
which is able to simulate the vehicle motion during 
rollover events.  The accuracy of any accident 
reconstruction depends heavily on the available 
evidence used in analyzing the event.  The accident 
reconstruction professional is obliged to ascertain 
whether sufficient information is available to draw 
whatever level of conclusions are desired. 

Over the past years modeling programs have become 
powerful tools to aid in determining vehicle and 
occupant motions. PC-Crash is just one of the 
programs which have gained popularity over the past 
few years.  PC-Crash has been validated in many 
studies and has proven its accuracy and capability (1-
3). Studies have even shown that occupant motion 
can be determined by coupling PC-Crash and 
MADYMO (4). The majority of these studies have 
not necessarily included rollovers. 

Although rollover accidents are among some of the 
most difficult to accurately reconstruct, PC-Crash has 
been found capable of determining vehicle paths, 
timing, number of rolls and most relevant rollover 
parameters (5). In this study, the vehicle motion prior 
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to and during the rollover event is determined using 
PC-Crash, version 7.3.  

Rollover simulations to model occupant kinematics 
have been published in peer reviewed publications as 
early as 1984 (6). Shortly thereafter three-
dimensional rollover modeling of occupant 
kinematics using ATB and MADYMO begin to 
appear in publication (7-9). Next, complete vehicle 
and occupant kinematics were modeled within 
MADYMO and demonstrated a good match to 
FMVSS 208 test data.(10,11). The combined use of 
MADYMO and a separate vehicle dynamics 
prediction program approach appeared in publication 
in 1999 (12)  Direct simulation by extracting vehicle 
motion and accelerations from NTSHA crash data 
has been limited due to the unreliable data rendered 
by the rollover crash sensing for these tests (13). This 
difficulty in rollover crash sensing was 
acknowledged and addressed by Viano, et. al. in a 
research program aimed at defining rollover sensing 
requirements to activate belt pretensioners, roof-rail 
airbags and convertible pop-up rollbars. (14) Here is 
an interesting excerpt: 

Throughout the [research] program, mathematical 
simulation was used to assure robust testing, sensing 
and algorithms. The mathematical models were 
applied to each specific test condition, validated and 
used for evaluation of parameters influencing 
rollover sensing requirements. The simulations were 
found to be robust representations of a vehicle 
rollover. Two simulations tools were used: PC-
Crash, which simulates vehicle dynamics and the 
rollovers, and Madymo, which simulates occupant 
kinematics in the vehicle. Madymo allows the quick 
study of various safety systems to prevent ejection 
and interior impact injury. Excellent comparability 
was demonstrated between the tests and 
simulation. [Bold Emphasis Added] 

In this study, a staged rollover collision is 
reconstructed using a computer simulation program 
known as PC-Crash.  The results of the PC-Crash 
reconstruction were compared to results from a 
conventional hand reconstruction and data collected 
from the staged rollover collision.  The hand 
reconstruction has been published in Collision 
magazine. (15) 

PC-CRASH MODEL 

PC-Crash utilizes physical vehicle data that can be 
obtained through several databases or data that can 
be actual measurements.  Once the vehicle data has 
been entered, sequences are used to define 
braking/acceleration, steering, friction parameters, or 

vehicle geometry changes.  These sequences are used 
to model the vehicle as it moves over the intended 
path. 

The test vehicle for this event is a 1991 Ford 
Explorer XLT, 4-door, 4X2.  The VIN is 
1FMDU32X5MUD76298.  The vehicle is equipped 
with a 4.0 L V-6 and an automatic transmission.  The 
vehicle is loaded with sandbag ballast of 150 lbs for 
each seating position for a total of 750 lbs.  The tires 
are Goodyear Wrangler RT/S P235/75R15.  The 
vehicle data used in the PC-Crash model are shown 
in table 1 found in Appendix A. 

The model has been overlaid onto a very detailed 
survey of the rollover site.  This survey was 
performed with a Total Station type laser device and 
documents tire marks, scrapes, gouges, location of 
broken glass, and other pertinent information.  The 
survey data was imported directly into PC-Crash. 

SEQUENCES 
 
PC-Crash uses sequences in order to provide inputs 
to the model and re-create the accident scenario.  
These sequences specify the vehicle steering, drag 
factors, timing, and other parameters, such as 
geometry changes to be input for the simulation. 

• Sequence 1:  Starts the model at 50 mph and last 
for 0.6 seconds.  No braking or steering is 
applied during the first sequence.  This sequence 
allows the vehicle to approach the first set of 
yaw marks. 

• Sequence 2:  Applies left steer to match the first 
set of documented yaw marks.  No braking is 
applied during the yaw marks.  The sequence 
last for 0.38 secs. 

• Sequence 3:  This sequence last for 4.5 secs and 
applies right steer to match the final yaw marks 
leading up to the point of roll.  Steering was 
applied at the same rate and magnitude as the 
steering input in the staged rollover.  (note: 
steering remains constant throughout the rest of 
the rollover sequences.)  

• Sequence 4:  At the end of sequence 3, 
sequences  4 and 5 are activated.  The left rear 
tire breaks off of the vehicle and the friction is 
increased to 1 at the left rear tire location in 
order to account for any axle gouging. 

• Sequence 5:  Is a geometry change at the left rear 
tire position that is used to simulate the left rear 
wheel breaking from the axle. 
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• Sequence 6:  Is a time sequence used to separate 
sequence 5 and sequence 7.  At the left rear tire 
position the brake force is set to 500% to 
simulate the broken off wheel.  Steering remains 
unchanged.  

• Sequence 7:  Is a second friction change used to 
simulate the right front wheel breaking from the 
vehicle and at the same time, sequence 8 is 
activated. 

• Sequence 8:  Is a second geometry change used 
to simulate the right front wheel breaking off. 

• Sequence 9:  Is used to finish out the simulation.  
The time is set for 15 sec, the steering is constant 
and the same as sequence 3,  and the braking 
force for the two broken wheel are set at 500% 
to prevent any possibility of rolling. 

The data for the sequences are presented in table 2 in 
Appendix B. 

The results of the simulation show the vehicle 
approaching the first set of yaw marks at 
approximately 50 mph.  The vehicle is traveling 
approximately 43 mph at the point of roll.  The 
vehicle then rolls 4 complete revolutions and comes 
to rest in an upright position.  Figure 1 shows the 
motion of the vehicle as indicated by the PC-Crash 
simulation. 

 
COMPARISON OF SIMULATION TO 
ACTUAL DATA 

 
The results of the simulation were compared to the 
prior reconstruction and the actual data collected at 
the time of staged rollover.  The data from each of 
the four rolls are compared in table 3 located in 
Appendix C.  As can be seen in the table, the results 
of the PC-Crash simulation very closely correlate to 
the data and manual reconstruction results. 

 

 

Figure 1:  PC-Crash vehicle motion diagram. 
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PC-Crash was able to model the vehicle passing over 
the surveyed yaw marks.  In figure 2 the heavy yaw 
marks are surveyed marks and the thin/light marks 
are yaw marks from the PC-Crash model.  As can be 
seen in figure 2, the PC-Crash yaw marks very 
closely correlate to the surveyed yaw marks.  

 

 

 

 

 

 

 

 

The following figures (figures 3 through 6) compare 
the position of each roll from the simulation to that of 
the hand reconstruction diagrams.  The image on the 
top of each figure is the layout according to the hand 
reconstruction and the image on the bottom of each 
figure is from the PC-Crash output.  In general, the 
positions during the rollover sequences are 
consistent.  However, as can be seen, the angle of the 
vehicle varies in agreement between the two.  

 

 

 

 

 

 

 

 

Figure 2:  Vehicle positions during pre-
roll yaw from PC-Crash.  The heavy yaw 

Figure 3:  Roll 1 of the rollover sequence.  
Hand reconstruction results above and PC-
Crash output below. 
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PC-Crash generates data and graphs of pertinent 
reconstruction results such as yaw rate, roll rate, 
acceleration, and other information.  Yaw rate and 
roll rate were compared to actual data collected 
during the staged rollover.  The figures below show 
the comparison of the data presented in the form of 
graphs. 

As can be seen in figure 7 the yaw rate during the 
first yaw (left hand yaw) from PC-Crash very closely 
matches the data collected during the staged rollover.  
The data comparison of the second yaw (right hand 
yaw) shows that PC-Crash produced a slightly higher 
yaw rate than the actual data suggested.  This is also 
shown in figure 2 with the left rear wheel of the 
model tracking just outside the surveyed yaw marks. 

Figure 8 compares the roll rate from recorded data 
and PC-Crash.  It should be noted that the roll rate 
exceeded the capability of the instrumentation at 350 
deg/sec.  PC-Crash indicates that the peak roll rate 
was approximately 520 deg/sec., and occurred during 
the time when the instrumentation clipped data at the 
maximum.  The graph shows that PC-Crash data 

Figure 4:  Roll 2 of the rollover sequence.  
Hand reconstruction results above and 
PC-Crash output below. 

Figure 5:  Roll 3 of the rollover sequence.  
Hand reconstruction results above and PC-
Crash output below. 

Figure 6:  Roll 4 and the final rest position 
of the rollover sequence.  Hand 
reconstruction results above and PC-
Crash output below. 



Andrews, 6

closely matched the actual data before and after the 
truncation at 350 deg/sec. 

 

 

An additional feature of PC-Crash is the ability to 
produce real time videos of the simulation.  Figures 9 
and 10 compare the video frames of the PC-Crash 
simulation to videos of the actual staged rollover. 

Figures 9 and 10 illustrate the comparison of the 
vehicle positions at the Point of Roll and the Point of 
Rest, respectively.  In the PC-Crash model, the 
vehicle comes to rest at the documented Point of 
Rest.  However, the final rest position in PC-Crash is 
approximately 15 deg clockwise of the documented 
Point of Rest for the staged rollover. 

 

 
 

 

 

 

Figure 9:  Compares the Point of Roll form 
PC-Crash (upper image) to an actual video 
frame of the rollover (lower image). 

Figure 10:  Compares the Point of Rest form 
PC-Crash (upper image) to an actual video 
frame of the rollover (lower image). 

Figure 7:  Yaw rate comparison of data from 
staged rollover and PC-Crash model. 

Figure 8:  Roll rate comparison of data from 
staged rollover and PC-Crash model. 
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CONCLUSIONS 

PC-Crash was successfully utilized to reconstruct the 
staged rollover collision.  The PC-Crash 
reconstruction showed the speed of the vehicle at the 
point of roll to be within 2.1 mph of the actual data.  
The number of rolls and the vehicle path during the 
yaw phase and the rollover phase were consistent 
between PC-Crash and the collected data. 

There were slight deviations in the vehicle position 
angles throughout the rollover sequences.  However 
the vehicle locations were consistent with the hand 
reconstruction and evidence documented in the 
survey. 

The yaw rate recorded in PC-Crash was slightly 
higher than data suggested but followed similar 
trends.  Roll rates calculated by PC-Crash also 
followed similar trends as the actual data collected 
during the rollover. 

Although the final point of rest in the PC-Crash 
model was consistent with the surveyed data, PC-
Crash showed the vehicle point of rest rotated 
approximately 15 deg clockwise of the documented 
point of rest. 

In general, PC-Crash was able to accurately 
reconstruct the staged rollover collision based on the 
surveyed data.  When compared to actual data, PC-
Crash data followed similar trends and was consistent 
with data collected during the staged rollover 
collision.  
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APPENDIX A 
 
 
 
 
 

Length [in] :   184
Width [in] :   70
Height [in] :   67
Number of axles :   2
Wheelbase [in] :   112
Front overhang [in] :   30
Front track width [in] :   59
Rear track width [in] :   59
Mass (empty) [lb] :   4142
    
Mass of front occupants [lb] :   303
Mass of rear occupants [lb] :   457
Mass of cargo in trunk [lb] :   0
Mass of roof cargo [lb] :   0
    
Distance C.G. - front axle [in] :   55.91
C.G. height above ground [in] :   28.75
    
Roll moment of inertia [lbfts^2] :   513.2
Pitch moment of inertia [lbfts^2] :   2875.5
Yaw moment of inertia [lbfts^2] :   2732.5
    
Stiffness, axle 1, left [lb/in] :   175.7
Stiffness, axle 1, right [lb/in] :   175.7
Stiffness, axle 2, left [lb/in] :   175.11
Stiffness, axle 2, right [lb/in] :   175.11
Damping, axle 1, left [lb-s/ft] :   237.19
Damping, axle 1, right [lb-s/ft] :   237.19
Damping, axle 2, left [lb-s/ft] :   236.4
Damping, axle 2, right [lb-s/ft] :   236.4
Max. slip angle,axle 1, left [deg]:   10
Max. slip angle,axle 1, right [deg]:   10
Max. slip angle,axle 2, left [deg]:   10
Max. slip angle,axle 2, right [deg]:   10

 

Table 1: 
PC-Crash input data 
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APPENDIX B 
 
 
 
 
 
Sequence 1   
Velocity [mph] :  50.5
Time [s] 0.6
Brake force [%]  0
    
Sequence 2   
Time 0.38
Brake force [%]  0
    
STEERING   
Steering time [s] :  0.4
New steering angle [deg]  
  Axle 1 :  13.34
  Axle 2 :  0
    
Sequence 3   
Time [s] 4.5
Brake force [%]  0
    
STEERING   
Steering time [s] :  0.99
New steering angle [deg]  
  Axle 1 :  -19
  Axle 2 :  0
    
Sequence 4   
Friction change   
Friction coefficient (mu)           
  Axle 1, left :  0.8
  Axle 1, right :  0.8
  Axle 2, left :  1
  Axle 2, right :  0.45
    
Sequence 5   
GEOMETRY CHANGE 
    
Sequence 6   
Time [s] 0.95
Brake force [%]    
  Axle 1, left :  0
  Axle 1, right :  0
  Axle 2, left :  500
  Axle 2, right :  0
mean brake acceleration [g] :  -0.1
    

STEERING   
Steering time [s] :  0.99
New steering angle [deg]  
  Axle 1 :  -19
  Axle 2 :  0
    
Sequence 7   
Friction change   
Friction coefficient (mu)           
  Axle 1, left :  0.8
  Axle 1, right :  1
  Axle 2, left :  1
  Axle 2, right :  0.45
    
Sequence 8   
GEOMETRY CHANGE 
    
Sequence 9   
Time [s] 15
Brake force [%]    
  Axle 1, left :  0
  Axle 1, right :  500
  Axle 2, left :  500
  Axle 2, right :  0
mean brake acceleration [g] :  -0.2
    
STEERING   
Steering time [s] :  0.99
New steering angle [deg]  
  Axle 1 :  -19
  Axle 2 :  0

 

Table 2: 
PC-Crash sequences 
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APPENDIX C 
 

 
 

 

 
  

Manual 
Reconstruction 
Results  

PC-
Crash 
Results

 Speed at Point 
of Roll  [mph] 44.8  42.7 

Roll 
1      
 Distance [ft] 84  91 

 Ave Speed 
[mph] 41  36 

 Time [sec] 1.4  1.8 

 Ave Roll Rate 
[deg/sec] 250  173 

      
Roll 
2      
 Distance [ft] 34  31 

 Ave Speed 
[mph] 29  24 

 Time [sec] 0.8  0.9 

 Ave Roll Rate 
[deg/sec] 450  417 

      
Roll 
3      
 Distance [ft] 23  22 

 Ave Speed 
[mph] 18  18 

 Time [sec] 0.9  0.8 

 Ave Roll Rate 
[deg/sec] 400  451 

      
Roll 
4      
 Distance [ft] 23  22 

 Ave Speed 
[mph] 11  11 

 Time [sec] 1.5  1.5 

 Ave Roll Rate 
[deg/sec] 250  248 

Table 3: 
Comparison of manual accident reconstruction 

to PC-Crash 
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ABSTRACT 

Within the process of integrating passenger airbags 
in the vehicle fleet a problem of compatibility 
between the passenger airbag and rearfacing child 
restraint systems was recognised. Especially in the 
US several accidents with children killed by the 
passenger airbag were recorded. Taking into 
account these accidents the deactivation of a 
present passenger airbag is mandatory if a child is 
carried in a rearfacing child restraint system at the 
front passenger seat in all member states of the 
European Union. This rule is in force since the 
deadline of 2003/20/EC at the latest. 
  
In the past a passenger airbag either could not be 
disabled or could only be disabled by a garage. 
Today there are a lot of different possibilities for 
the car driver himself to disable the airbag. 
Solutions like an on/off-switch or the automatic 
detection of a child restraint system are mentioned 
as an example. Taking into account the need for the 
deactivation of front passenger airbags two types of 
misuse can occur: transportation of an infant while 
the airbag is (still) enabled and transportation of an 
adult, while the airbag is disabled, respectively. 
Within a research project funded by BASt both 
options of misuse were analysed utilising two 
different types of surveys amongst users (field 
observations and interviews, Internet-
questionnaires). In addition both analysis of 
accident data and crash tests for an updated 
assessment of the injury risk caused by the front 
passenger airbag were conducted. 
  
Both surveys indicate a low risk of misuse. Most of 
the misuse cases were observed in older cars, 
which offer no easy way to disable the airbag. For 
systems, which detect a child seat automatically, no 
misuse could be found. The majority of misuses in 

cars equipped with a manual switch were caused by 
reasons of oblivion.  
 
Also the accident analysis indicates a minor risk of 
misuse. From more than 300 cases of the GIDAS 
accident sample that were analysed, only 24 
children were using the front passenger seat in cars 
equipped with a front passenger airbag. In most of 
these cases the airbag was deactivated. When 
misuse occurred the injury severity was low. 
However, when analysing German single accidents 
the fatality risk caused by the front passenger 
airbag became obvious. 
 
From the technical point of view, there were 
important changes in the design of passenger 
airbags in recent years. Not only volume and shape 
were modified, but also the mounting position of 
the entire airbag module was changed 
fundamentally. 
 
Even if these findings do not allow obtaining 
general conclusions, a clear tendency of less danger 
by airbags could be identified. For future vehicle 
development a safe combination of airbags and rear 
faced baby seats seems to be possible in the long 
term. This would mean that both types of misuse 
could be eliminated. For parents an easier use of 
child seat and car would be the result. 

INTRODUCTION 

During the integration of passenger airbags into the 
vehicle fleet a problem of incompatibility between 
the passenger airbag and rearfacing child restraint 
systems was recognised. Especially in the US 
several accidents with children killed by the 
passenger airbag were recorded. Taking into 
account these accidents the deactivation of a 
present passenger airbag is mandatory in all 
member states of the European Union if a child is 
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carried in a rearfacing child restraint system on the 
front passenger seat. This rule is in force since the 
deadline of 2003/20/EC (April 2008) at the latest. 
 
In recent years the possibilities of airbag deactiva-
tion have changed considerably. While the only 
way to disable the airbag was the general deacti-
vation by a garage several years ago, some techni-
ques are offered today allowing the deactivation 
and reactivation in a simple way. The most com-
mon one is an on/off-switch integrated in the car. It 
can be designed as a key switch, which is used with 
the car key to switch off the airbag. This compara-
tively simple way to deactivate the airbag for the 
front passenger seat facilitates the use of that seat 
for rearfacing child restraint systems (CRS), which 
is an important relief for parents. 
 
However, with this method two types of misuse can 
occur: transportation of an infant while the airbag is 
enabled (first kind of misuse) and the transportation 
of an adult, while the airbag is still disabled 
(second kind of misuse). With systems of automatic 
airbag deactivation, which are able to detect the 
presence of a child restraint system, both types of 
misuse should be prevented. 

ACCIDENT DATA 

This analysis is based on data from the GIDAS 
(German In-Depth Accident Study), NHTSA as 
well as data of a small number of single accidents. 
In 337 GIDAS cases with children in cars 58 were 
transported on the passenger seat. In 24 of them an 
airbag was present. In 15 accidents the airbag was 
not deployed, which can be caused by deactivation 
or by technical failure. In one out of the 9 cases in 
which the airbag deployed the child was transport-
ted in a baby shell. This is the only clear document-
ted case of misuse out of 337 situations with chil-
dren transported in a car. In this accident the child 
received only minor injuries, which were classified 
as AIS 1. 
 
Second data retrieval to the GIDAS data was rela-
ted to the second type of misuse. However, no 
accident with a non-deploying airbag was detected. 
 
Comparing the injury severity for with and without 
airbag deployment indicates a higher injury risk 
with airbag deployment, see Figure 1. However, the 
accident severity is also an important factor 
influencing the injury risk. In cases with active 
airbag the airbag deployment depends on the 
accident severity. That means that the cases with 
airbag deployment are generally of higher accident 
severity than those without. Looking at the GIDAS 
data the average delta-v for the cases with airbag 
deployment is higher than for those cases without. 
Furthermore the injury severity in this sample did 
not exceed AIS2. 
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Figure 1.  Comparison of injury severity for 
children with and without deployed airbag. 

In addition the risk associated with the front 
passenger seat compared to the rear seats was 
analysed, see Figure 2. There seems to be a slightly 
higher risk at the front seat compared to the rear 
seats. However, in the sample the injury severity 
did not exceed AIS 2 for both configuration and the 
sample is rather small. Therefore the results are not 
significant.  
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Figure 2.  Comparison of injury severity for 
children using a rear seat or the front passenger 
seat. 

Lesire et al. [Lesire, 2007] also compared the injury 
severity for children in the front seat with those in 
the rear seat. Based on French and UK data they 
came to the conclusion that there is no difference 
between front and rear seats with respect to the 
injury severity. However, the UK data indicates a 
higher CRS usage in the front seat compared to the 
rear, which may not be neglected when comparing 
the injury risk. 
 
The analyses of single accidents showed two fatal 
accidents in Germany, both with low accident 
severity and cars equipped with the first generation 
of passenger airbags. In one case the low mount 
Eurobag deployed even so it was disabled by a 
garage, while in the other case there was no 
possibility to deactivate the mid mount full-size 
airbag. In both accidents the babies received fatal 
head injuries due to the deploying airbag. 
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Figure 3.  US children killed due to airbag deployment [NHTSA, 2008]. 
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Finally NHTSA data show that fatal injuries in 
children due airbag deployment has significantly 
reduced by information campaigns (resulting in a 
general decreasing trend since 1995) and airbag 
improvement (resulting in lower figures for newer 
cars compared to older ones), see Figure 3. 

AIRBAG TECHNOLOGY 

In the beginning of the introduction of airbags these 
were developed for the frontal impact of the driver 
only. The driver airbag was an important step 
towards reduced injuries, which were often caused 
by the small distance between the occupant and the 
steering wheel resulting in a hard contact even for 
belted drivers. The airbag needs to inflate rapidly 
after the detection of a severe accident to have the 
airbag completely inflated before the occupant 
contacts it.  
 
As a second step airbags for front seat passengers 
were introduced. Due to the larger distance 
between the passenger and the instrument panel 
front seat passenger airbags need to be larger and 
faster than the driver airbags. In addition the 
seating position of the front seat passenger is not as 
well defined as for the driver, who needs to operate 
the car. The combination of the more aggressive 
size and inflation procedure of passenger airbags 
on the one hand and the risk of dangerous position 
of front seat passengers on the other hand resulted 
often in serious injuries. Therefore NHTSA 
introduced regulations (modification of FMVSS 
208) aiming at reducing the risk caused by airbags. 
Both low risk deployment and automatic detection 
of dangerous situation and disabling of airbags are 
addressed. For assessing the low risk deployment 
several static airbag deployment tests need to be 
conducted. One of them utilises a CRABI 1 YO 
dummy using rearfacing CRS. The CRS is 
positioned in a way that it is just not touching the 
instrument panel.  
 
While the driver airbag is mounted at the steering 
wheel since its introduction the mounting position 
of the front seat passenger airbag changed during 
time. In the beginning most passenger airbags were 
mounted in the low mount position and replaced 
the glove box. Due to package requirements and 
the low risk deployment strategies the mounting 
position changed to the mid mount and later top 
mount position. Today almost all new cars are 
equipped with front seat passenger airbags in the 
top mount position. While the low mount position 
airbags inflated directly in the direction of the 
occupant, the top mount positioned airbag starts 
with the inflation in the direction of the wind 
screen and the movement in the direction of the 
occupant follows with a lower energy input. 
 

Finally it is important to note that there are consi-
derable differences in the airbag design depending 
on the region of use of the car. While airbags are 
meant to be an additional safety device for belted 
occupants in Europe they are designed to be used 
without the seat belt in the US: This difference 
requires larger airbags for the US market.   

TECHNIQUES OF AIRBAG DEACTIVATION 

In general, three different types of airbag deactiva-
tion are available: the deactivation using a switch, 
the automatic detection of a CRS and the perma-
nent deactivation by a garage. 

Deactivation by a switch 

Today, this possibility to activate the airbag is the 
most common. Most of the European car manufac-
tures offer this integrated systems in cars as a stan-
dard or it can be ordered as optional equipment. For 
the customer this system is easy to use: he can 
disconnect the airbag either by a key or manually 
himself. If the airbag is disabled, its status is shown 
to occupants by a warning light. Depending on the 
car, the switch is integrated in the glove compart-
ment, dashboard or in the transmission tunnel. 

Automatic detection 

This system, called CPOD (Childseat Presence and 
Orientation Detection) detects the existence of a 
child seat in a car and its orientation. The system, 
which is available in Germany, is called AKSE 
(Automatische Kindersitzerkennung; automatic 
detection of CRS). Even if it is nearly identical to 
CPOD it is originally not designed to detect the 
orientation of the CRS. A special transponder at the 
CRS is necessary, which is identified by the AKSE. 
In Germany, there are two car manufactures which 
offer this system: Mercedes and Opel. Even if the 
systems of both manufactures are nearly equal, 
Opel seats can only be used in Opel cars and 
Mercedes seats in Mercedes cars only. There are 
ongoing activities by an ISO-working group to 
define an international standard for such systems. 

Durable deactivation by a garage 

A further possibility to disconnect the airbag is its 
deactivation by a garage. There the airbag is 
deactivated permanently. Thus, the airbag can’t be 
enabled by the driver himself if required. Usually, 
the occupants are informed by a warning decal. 
Today, this way of deactivation is less common 
than some years ago. Compared to the deactivation 
by a switch, with this method there is a high risk of 
an adult on the passenger seat while the airbag is 
disabled. 
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No possibility of deactivation 

Even if it is mandatory to disable the front airbag if 
a child is transported in a rearfacing CRS on the 
passenger seat, there are still some car manufac-
turers not offering any possibility to switch-off the 
airbag. Even the deactivation by a garage is 
impossible. The outcome is that rearfacing CRS 
have to be mounted on the rear seat. 
 
To summarise the available techniques for airbag 
deactivation the majority of old cars do not offer 
any possibility for deactivation or the durable deac-
tivation by a garage, while recent cars normally 
offer the possibility by a switch. However, there are 
still models in production, which do not offer any 
possibility. 

RISK POTENTIAL OF PASSENGER 
AIRBAGS 

Due to recent developments with respect to the 
airbag geometry, size and mounting position a 
number of tests was conducted to be able to 
reassess the risk resulting from airbag deployment.  
 
The first public available tests, e.g. published by 
GDV [GDV, 2003] mainly focused on video 
analysis. In contrast this study emphasised on 
dummy readings. The tests included a number of 
sled tests with a body in white of a recent mid-size 
class car with different airbags, one static airbag 
deployment test with the same car body and a 
number of dynamic and static tests with old cars 
offering the first generation of passenger airbag 
technology. All tests utilised the same ECE R44 
group 0+ CRS and the same Q1.5 dummy.  
 
One of the first problems recognised within this 
study was the question how to assess the dummy 
readings. Looking at the accident data described 
above the main problem seems to be head injuries. 
However, compulsory tests according to FMVSS 
208 mainly rate the neck loads with a combined 
assessment of neck forces in Z direction and neck 
moments along the Y axis. This so called Nij (neck 
injury criterion) requires the knowledge of critical 
neck tension and neck compression forces as well 
as critical neck flexion and neck extension 
moments. These values were defined for the Hybrid 
III series of dummies including CAMI and CRABI. 
For the dummy used in the tests, the Q1.5, the Nij 
reference values have not been defined. Based on 
the results of the CHILD project [Palisson, 2007] 
critical neck tension force and neck flexion 
moments can be derived from the calculated injury 
risk functions for the Q3 using scaling technolo-
gies. As the critical neck tension differs from the 
critical neck compression and the critical neck 
extensions differs from the critical neck flexion the 
ratio as used for Hybrid III dummies was utilised 

for the Q1.5. The other IARV are based on the 
results of the CHILD project. Taking into account 
that the critical forces and moments for the used 
dummy have not been officially defined the used 
neck injury criterion is called Nij*. 
 

Table 1. 
Injury criteria and corresponding load limits 

used for assign the different tests 

Criterion IARV 
Head a3ms 79 g 
HIC15 585 
Neck tension force 1550 N  
Neck compression force 1126 N 
Neck flexion moment 61 Nm 
Neck extension moment 27 Nm 
Nij* 1.0 
 
The static airbag deployment tests with cars 
offering the first generation of passenger airbags 
showed different results for different cars – or to be 
more precise between cars with different airbag 
sizes, see Table 2. The results indicate that the risk 
resulting from the small airbags in car1, car2 and 
car3 is relatively low, while it is high for the cars 
with the larger airbags (car4 and car5). However, 
one needs to take into account that only one CRS 
has been tested and that the results of the static 
airbag deployment does not necessarily represent 
realistic loading conditions. 
 

Table 2. 
Results of static airbag tests 

criterion car1 car2 car3 car4 car5 

position low low low mid mid 

size ~ 50 l ~ 65 l ~ 65 l ~ 110 l ~ 130 l 

head a3ms 8 g 12 g 14 g 30 g 49 g 

HIC15 1 6 6 43 137 

neck FZ 
148 N 

(comp.) 
371 N 

(comp.) 
299 N 
(tens.) 

730 N 
(comp.) 

322 N 
(comp.) 

neck MY 
4 Nm 
(flex.) 

11 Nm 
(flex.) 

10 Nm 
(flex.) 

22 Nm 
(flex.) 

54 Nm 
(ext.) 

Nij* 0,15 0,44 0,29 0,99 2,86 

chest a3ms 3 g 10 g 6 g 9 g 38 g 

 
The video analysis clearly shows the differences 
between the tests with low dummy loadings and 
those with high dummy readings. While the smaller 
airbags hit the CRS directly from the front when 
the airbag is almost completely inflated, the larger 
airbags caused two impacts (firstly from the front 
with high energy input and then from the top). 
Figure 4 shows the airbag when it is completely 
inflated for car1 and car5 as an example. 
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Figure 4.  Maximum airbag deployment: car 1 
(top) and car 5 (bottom). 

As a next step car model 2 was used for dynamic 
tests with and without the passenger airbag. Due to 
the age and therefore different histories of the two 
cars there were slight differences in the car 
acceleration but overall the tests are comparable. 
The main characteristics of the tests are listed 
below: 
 

• full frontal, rigid wall, 
• 55 km/h, 
• front passenger seat in mid position. 

 

Table 3. 
Results of dynamic tests with old cars 

 
criterion with 

airbag 
without 
airbag 

static airbag 
test 

head a3ms 92 g 93 g 12 g 

HIC15 1061 989 6 

neck FZ 
677 N 

(comp.) 
2020 N 
(tens.) 

371 N 
(comp.) 

neck MY 
21 Nm 
(ext.) 

39 Nm 
(ext.) 

11 Nm 
(flex.) 

Nij* 0,96 3,06 0,44 

chest a3ms 73 g 83 g 10 g 

 
Although the CRS and Q1.5 kinematics was 
completely different in both tests the dummy 

readings, except the neck are almost the same, see 
Table 3. 
 
The neck loads within this comparison are much 
higher without airbag deployment than with. 
Looking at the kinematics the babyshell turns after 
the impact of the airbag by 90° along the Y axis 
while it stays stable in the test without the airbag. 
 
When comparing the tests with the fatal injuries 
recorded in German accidents it becomes evident, 
that the chosen test severity might be too high. It 
could be that the airbag mainly causes harm in 
accidents with a moderate severity level and does 
not changes much in high severity accidents. 
Within the tests described above the dummy 
readings already exceeded the proposed load limits 
for the head. 
 
Finally recent and future airbag designs have been 
tested in sled tests in a body in white of a mid size 
car of today. The main characteristics of these tests 
are listed below: 
 

• 60 km/h, 
• pulse according to NPACS frontal impact 

protocol, 
• front passenger seat in most forward 

position. 
 
Non of the airbag tested in this series have been 
calibrated for the car, therefore better results can be 
expected in the field. The following airbags have 
been tested: 
 
Airbag A 

• designed for the European market 
• volume 60 l 
• 1 gas generator 

 
Airbag B 

• designed for the US market 
• volume 120 l 
• 2 gas generators 

 
Airbag C 

• based on airbag B 
• prototype 
• special venting technology with additional 

vents, which are open at the beginning of 
the inflation and will normally be closed 
except the airbag get in contact to anyone 
or anything 

• volume 120 l 
• 2 gas generators 

 
Airbag D 

• prototype 
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• special venting technology with additional 
vents, which are open at the beginning of 
the inflation and will normally be closed 
except the airbag get in contact to anyone 
or anything 

• 2 chambers connected in the centreline 
resulting in a geometry which emphases at 
restraining the shoulders and reducing the 
loads at the head  

• volume 100 l 
• 2 gas generators 

 
In addition to the airbag tests two reference tests 
without airbag and one static airbag deployment 
test with airbag D were conducted.  
 
Analysis of the test data shows that the test without 
airbag already has a considerable high severity and 
that the Nij* shows the worst repeatability, see 
Table 4. The head acceleration and HIC value is 
considerably higher in the airbag tests as in the 
reference tests. The best results amongst the airbag 
tests was obtained in the test with Airbag C. 
Especially the neck loads expressed by Nij* were 
lower in the test with Airbag C than the average of 
both reference tests. The static airbag deployment 
tests with Airbag C did induce minor loads only. 
 
Again it is important to note, that the tests showed 
a considerable high impact severity, causing 
already critical neck loads in the reference tests. 
Probably a lower impact severity would be better to 
assess the risk resulting from the airbag. 

SURVEY AND FIELD STUDY 

To evaluate the risk of misuse of airbag deactiva-
tion during the transportation of children in rearfa-
cing CRS it is important to include the user’s point 
of view. Level of knowledge, stance on child safety 
and risk assessment should be considered as well as 
the marginal conditions which make misuse more 
likely. 
 

For this analysis a field study and an internet 
survey were carried out and accident data were 
evaluated. 

Field study – first type of misuse 

The central approach of this study was to interview 
people on the spot, who were just transporting a 
child in their car. Typical interview mistakes and 
response biases were excluded by this real time 
procedure. Furthermore, the interviewer had the 
possibility to check the airbag state in the car 
himself. Because of the more frequent use of the 
back seat for child transportation, it was time-
consuming for the interviewer to find the desired 
situation of transport. Based on results of 
Fastenmeier et al. [Fastenmeier, 2006] only one of 
seven children is using the front passenger seat. 
 
The survey has been conducted in Munich, Berlin, 
Stuttgart and Saarbrücken. The interviews were 
carried out at places where parents with young 
children or babies could be expected, e.g.: nursery 
schools, baby swimming courses, etc. Using this 
procedure of different places at different times of 
day the interviewer could ensure that with the 
survey there was a variation in trip purpose. 
Within this survey 140 interviews took place (54 in 
Munich, 21 in Berlin, 25 in Stuttgart, 40 in 
Saarbrücken). More than three-quarter of the 
interviewees were women and in 97% the people 
asked were the parents of the child.  
 
The most important aim of this investigation was to 
find out how often the airbag is activated when a 
child is transported on the passenger seat. In 20 out 
of 140 cases the airbag was not deactivated, which 
corresponds to a rate of 15% of misuse. If misuse 
was detected parents were asked whether they think 
that this combination is dangerous, which was 
confirmed by 62.5% of the parents. This suggests 
that 7% of all interviewees consciously accepted 
the risk of a deploying airbag. 
 

Table 4. 
Results of dynamic tests with new airbags 

 

Criterion reference 1 reference 2 airbag A airbag B airbag C airbag D 
airbag C 
static test 

Head a3ms 62 g 61 g 73 g 78 g 72 g 76 g 13 g 

HIC15 362 405 572 572 517 560 5 

Neck FZ 
474 N 

(comp.) 
400 N 

(comp.) 
1126 N 
(comp.) 

1255 N 
(comp.) 

1121 N 
(comp.) 

916 N 
(comp.) 

207 N 
(comp.) 

Neck MY 
27 Nm  
(ext.) 

36 Nm 
(ext.) 

18 Nm 
(ext.) 

15 Nm 
(ext.) 

9 Nm 
(ext.) 

20 Nm 
(ext.) 

7.5 Nm  
(ext.) 

Nij* 1,26 1,40 1,60 1,65 1,29 1,54 0,23 

Chest a3ms 63 g 67 g 74 g 68 g 65 g 69 g 3.6 g 
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The replies to further questions reveal a considera-
ble coherence between airbag deactivation and age 
of the car: the newer the car the less misuse 
occurred (p<0.001, Chi-square-test), see Figure 5. 
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Figure 5.  Misuse depending on year of 
manufacture. 

This leads to the question of the airbag deactivation 
technique in dependence of the car’s age. It seems 
obvious that newer cars offer easier deactivation 
possibilities, (e.g. a switch) than older ones, in 
which the airbag could deactivated at most by a 
garage. As Figure 6 shows, there is coherence 
between misuse rate and airbag deactivation 
technique. Especially the relation between 
deactivation and misuse in connection with the 
garage shows that this comparatively complicated 
way of deactivation leads to a high rate of misuse. 
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Figure 6.  Misuse compared to different airbag 
deactivation techniques. 

In cases of automatic airbag deactivation (CPOD) 
no misuse was detected. 
 
The age of the interviewees had no significant 
influence on the misuse rate. Trip duration showed 
a tendency for increasing misuse for short distan-
ces. By contrast, the coherence of misuse and fre-
quency of child transportation is highly significant 
(p < 0.01, Chi-square test). Trips that take place 
several times per week show a clearly lower misuse 
rate than trips which take place rarely. Apparently, 
it is more common to switch off the airbag if it is 
part of a daily routine procedure. 
 

Surprisingly, the largest explicit effect is regional 
differences: there is a clear coherence between 
misuse and the city of survey (p<0.05, Chi-square 
test), see Figure 7. 
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Figure 7.  Percentage of misuse in different 
cities. 

While the rate of misuse is 5.6% in Munich, it is 
approximately 24% in Berlin and 30% in Saar-
brücken – in Stuttgart no misuse case was observed 
at all. The possibility that these differences are due 
to differences in interview strategies can be exclu-
ded because of an exactly defined questionnnaire 
and a defined interview situation. Possible reasons 
for these variations may be the following facts: in 
Munich the newest car fleet was part of the inter-
view and the highest rate of female interviewees 
occurred. However, the car fleet does not show any 
important differences between Berlin, Saarbrücken 
and Stuttgart. 
 
These varieties might be attributable to differences 
in social backgrounds of interview participants. 
Social differences usually lead to differences in 
educational standards, safety attitudes and know-
ledge structures. As social status was not controlled 
for in the interviews, differences in this respect 
may explain the large regional differences in 
behaviour. 

Field study – second type of misuse 

In 58 out of 140 cases an adult person was 
transported on the passenger seat after the first 
airbag deactivation. In 6 of these cases the airbag 
was not reactivated for the adult passenger, which 
results in a misuse quote of 10%. 

Internet study – first type of misuse 

The internet survey was online from January to 
March 2009. Links to the survey were placed on 
popular automotive websites like the automobile 
club “ACE” or the magazine “auto motor und 
sport”. In addition child seat manufacturers were 
asked to link the questionnaire. In total, 309 
questionnaires were collected. All participants had 
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transported a child on the passenger seat, which 
was equipped with an airbag. In 194 cases the child 
was seated in a rearfacing CRS. The following data 
analysis is based on these cases. 
 
Note that online surveys are less representative 
than compared to field studies, which was confir-
med in the present study. 54% of the participants 
were men, while in the field study 75% of the 
interviewees were women. The education level of 
the participants was also above-average: 74% of 
the interviewed people had a general university 
qualification (Abitur), while only 4% had a low 
education level. This does not correspond to the 
average education level in Germany. 
 
In 20 out of 194 analysed cases of rearfacing CRS 
on the passenger seat the airbag was not deactiva-
ted, resulting in a misuse (rate) of 11%. This quote 
is surprisingly low compared to the field study with 
15% of misuse. However, the rate corresponds to 
the average of all analysed cities. The aberration 
from the average in Munich and Stuttgart was 
hypothetically explained by variables of social 
positions. According to the high education level of 
the respondents, this explanation is consistent with 
the results of the internet survey. The analysis of 
the survey shows that the rate of misuse decreases 
with increasing level of education. Considering the 
fact that participating in this online survey was 
voluntary and that it was impossible to control 
whether the participants answered honestly, the 
result above seems to be plausible. However, a 
detailed analysis of these correlations cannot be 
carried out due to a low number of cases. 
 
With respect to the car’s year of manufacture the 
results of the field study are confirmed: in newer 
cars with easier airbag deactivation devices less 
misuse occurs than in older ones. In five out of 
eight cases misuse occurred in cars where the 
deactivation was impossible or only practicable by 
a garage. There was only one case of misuse in 
which a switch was present.  

Internet study – second type of misuse 

In 14% of the situations in which an adult was 
transported on the passenger seat the airbag was not 
reactivated. This quote is slightly higher than in the 
field study. Interviewees justified this misuse with 
a supposedly low risk of a deactivated airbag and 
with the fact that the airbag could only be deactiva-
ted by a garage. 

CONCLUSION 

Looking at accident data and the results from the 
field investigation it becomes evident that children 
are transported on the rear seats in most of the 
cases – especially in those cars equipped with a 

passenger airbag. That is the main reason why the 
misuse risk with respect to the deactivation of the 
front passenger airbag is very low. If children are 
using the front passenger seat in cars with passen-
ger airbag mostly the airbag is deactivated. The 
share of misuse mainly depends on the possibility 
of airbag deactivation. While minor rates of misuse 
where observed in cars offering a switch or auto-
matic deactivation (the latter one without any case 
of misuse), misuse is more common in cars which 
do not offer any deactivation or require durable 
deactivation by a garage. 
 
In several accidents the fatal risk resulting from the 
combination of rearfacing child restraint systems 
and deploying passenger airbags was proven. 
However, other accidents indicate that there is no 
certain risk coming from the passenger airbag. The 
real risk seems to depend on the airbag itself, the 
seating position and the accident severity. Looking 
at the airbag itself especially the mounting position 
and the size are important parameters defining the 
risk. Today’s top mount airbags result in lower risk 
than the earlier airbags in low mount and mid 
mount position. Taking into account the differences 
with respect to the mounting position of the airbag 
larger airbags cause higher injury risks than smaller 
ones. It is obvious that proximate seating positions 
expose the passengers to a higher risk than farther 
seating positions. Finally there are indications that 
the main risk resulting from modern passenger 
airbags is connected with a moderate severity level.  
 
Summarising the results of the study manual 
switches for the airbag deactivation are good 
practise. Within this study no evidence for the 
commonly feared misuse risk for the automatic 
deactivation (i.e., CPOD / AKSE) could be found. 
In contrast, no misuse occurred in the rare cases of 
cars offering automatic deactivation. Finally it 
seems to be possible to design airbags which avoid 
any risk in the long term. 
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ABSTRACT 
 
Studies of child occupant safety in cars in have 
consistently reported that one of the biggest problems 
with unsafe use of child restraints is premature 
graduation of children into restraint systems that the 
intended for older children.  
 
In 2007 our team conducted a study to identify ways 
of ensuring that children travel in the safest restraint 
for their age and size.  The outcome of the review 
was subsequently included in revisions to Australian 
road rules. 
 
During the study we identified the potential for the 
concept of a ‘safe ride height’ line.  That is, the child 
restraint systems, and vehicles in which they travel, 
could both be clearly marked with a ‘safe ride height’ 
line to be used to indicate whether a child was an 
appropriate size for the restraint.  
 
The ‘safe ride height’ line could be integrated 
prospectively and retrospectively across the full width 
of the seat back of the vehicle. If a child’s shoulders 
are below the line, the child is too small for an adult 
seatbelt.   
 
In child restraints, the ‘safe ride height’ lines can be 
tailored for each type of restraint system.  For 
example, in a forward facing child seat, there could 
be a lower ‘safe ride height’ line for a child who has 
just grown big enough, and an upper ‘safe ride 
height’ line for a child who now needs to graduate out 
of the restraint. 
 
‘Safe ride height’ lines are included in the current 
draft for a revised Standard for child restraint systems 
in Australia. 
 
What this paper offers that is new is the concept of a 
‘safe ride height’ line that will provide an easy guide 
for carers as to the appropriate size restraint for a 
child and allow simple self evident enforcement of 
correct restraint usage rules.  

 
INTRODUCTION  
 
Premature graduation to booster seats and adult belts 
is widespread among child occupants in most 
developed countries [1-3], and is associated with an 
increased risk of injury [4-7]. Encouraging children to 
use the most appropriate restraint for their size is 
therefore a high priority in many jurisdictions. 
 
The first step in achieving this is to clearly 
communicate to parents what restraint their child 
should be using and when their child should move to 
the next type of restraint. Graduation information is 
usually supplied to parents in terms of height and/or 
weight, and sometimes age. However, parents do not 
always know the height and/or weight of their 
children, particularly as their children move out of the 
infant and toddler stage. In a recent Australian 
telephone survey of parents with children aged 0-10 
years, 16% reported being unsure of their child’s 
weight, and 34% reported being unsure of their 
child’s height (Brown & Bilston, unpublished data). 
Furthermore, without measuring heights and weights, 
parents often make inaccurate estimations [8]. This 
partly underlies the recent suggestion made by 
Anderson & Hutchinson [9] that restraint transition 
could be more easily complied with if parents and 
carers used age instead of weight and height. 
 
Nevertheless, size, particularly seated height, is 
important in designing child restraint systems since:- 
 
(i) there must be a good match between the 

restraint system and the size of child using 
the restraint, and  

(ii) the quality of the transition from child 
restraint (i.e. booster) to adult seat belt 
requires a certain seated height and upper leg 
length to ensure adequate belt fit [10].  

 
There are also some issues with weight in child 
restraint systems that use top tether straps as integral 
parts of the anchorage system as there is theoretically 
a need to stay within the design rule load 
requirements of tether anchorage points.  Importantly 
however, in practice, there have been no reported 
failures of top tether anchorages in Australia, even in 
very severe real world frontal crashes up to 100km/hr 
in Australia since 1976. Full scale new vehicle crash 
barrier tests at up to 100km/h have also found no 
failures of top tethers or their anchorages (Griffiths & 
Wasiowycz, unpublished data).  
 
The second step is the implementation of strategies to 
encourage parents/carers to always use the most 
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appropriate forms of restraint for their child. This is 
achieved through widespread education campaigns 
and increasingly through mandating the appropriate 
size/age transitions using legislation. In countries or 
states with laws stipulating the use of specific types 
of restraint, the laws are written in terms of age or 
size, or a mix of both. However, it is well established 
that for legislation to be effective it must be 
accompanied by enforcement. Without realistic 
enforcement tools that are acceptable to enforcement 
officers, there is likely to be poor enforcement. Laws 
based on weight/height and age of child are difficult 
to check at the roadside.  It is not realistic to expect 
police to carry weight scales and a tape measure, or 
for parents to carry a child’s birth certificate with a 
photo ID. 
 
Taking all of the above into account, we recently 
authored a discussion paper for the (Australian) 
National Transport Commission (NTC) reviewing 
child restraint legislation in Australia [11]. Previous 
Australian legislation required children up to 12 
months of age to use a dedicated child restraint and 
beyond that age the legislation allowed the use of a 
dedicated child restraint or a seat belt. Clearly a one 
year old child should be in a dedicated child restraint 
with built-in harness rather then just an adult seat belt 
but the previous law has given some parents/carers 
the impression that a seat belt is acceptable.  
 
The purpose of our review was to examine the 
possibility of extending the mandatory use of child 
restraints in Australia by addressing two primary 
issues: (i) if mandatory use of dedicated child 
restraints were to be extended, to what children 
should it be extended; and (ii) how should any 
legislation addressing appropriate use be written 
given age/size/weight issues outlined earlier. The 
discussion paper we prepared for the NTC formed the 
basis of a regulatory impact statement (RIS) [12] that 
initiated the formation of new Australian child 
restraint legislation based on child age. A copy of the 
legislation is included in Reference [11].  
 
This paper presents a concept originating from that 
review aimed at improving the ease of 
communication of appropriate restraint transition 
sizes, and allowing for easier enforcement of 
legislation specifying appropriate restraint transitions. 
The benefits of the safe ride height concept were 
recognised in the RIS but were unable to be 
incorporated in this legislation as no vehicles were 
marked with these lines, and at the time the relevant 
Australian Federal authorities indicated they were 
unlikely to formulate a new Design Rule requiring 
ride height lines. 

 
THE CONCEPT OF A ‘SAFE RIDE HEIGHT’ 
LINE FOR REAR SEAT OCCUPANTS 
 
Anthropometric measurements are the best primary 
indicators of when good seat belt fit can be achieved 
[10]. Seated height and upper leg length in particular 
are important determinants for good seat belt fit, and 
these are likely to be related to overall stature, which 
is used by some jurisdictions to determine appropriate 
restraint usage. A difficulty is communicating the 
safety message associated which such measurements. 
 
There are other common examples in the community 
where communicating a safety issue is achieved using 
‘safe height’ indicators. For example, the Plimsoll 
line is a marking system at the waterline of a ship’s 
hull to ensure the ship is not overloaded. “Safe 
height’ indicators are also common at fairgrounds and 
amusement parks where a minimum height is needed 
to ensure safe retention of the child in the ride seat. 
These systems work because the regulatory ‘height 
mark’ is immediately available to both the users and 
enforcers. For fairgrounds, if you are not above the 
line, “you don’t ride”. The self evidence of the mark 
also assists parents and carers to explain to children 
why they are too small to ride. 
 
We propose a similar approach for communicating 
the correct restraint transition size for child 
occupants. This would take the form of some marking 
on the vehicle seat trim that would indicate a 
minimum seated shoulder height for using a seat belt. 
The intention is that this would eventually replace the 
stature limit used in Europe and the USA for booster 
seats. 
 
A recognised mark on the seat is clearly better than 
expecting parents to measure their children using a 
tape measure.  It takes into account seat properties, 
such as the angle and a reclined seated height, child’s 
seated position, and the downward compression of 
the seat base cushioning because of the weight of the 
child. It also removes the impractical need for 
enforcement officers to carry tape measures or other 
means of assessing height. Another advantage is that 
this allows children to see for themselves whether or 
not they fit the seatbelt. For example, this should 
assist the problem faced by parents of children who 
do not want to use child restraints because ‘they are 
for babies’.  
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THE ‘SAFE RIDE HEIGHT’ LINE LIMITS AND 
ASSESSMENT 
 
The most commonly cited anthropometric transition 
point for child occupants moving into seat belts is a 
standing height of 145cm [10, 13-14]. This roughly 
equates to an 11.5 year old at the 50th percentile. In 
Europe, the recommended or legislated transition 
point varies from 135cm in some countries (equates 
approximately to the 50th percentile 9.5 year old) to 
150cm in others (equates approximately to the 50th 
percentile 12.5 year old) [11]. These current 
recommendations are a useful starting point to 
determine what the ‘safe ride height’ line should be.  
 
To include the ‘safe ride height’ line in a regulatory 
environment requires the availability of a measuring 
tool. There are two existing internationally accepted 
test dummies representing the 50th percentile 10 year 
olds. The overall length of these dummies falls within 
the 135cm to 150cm range and either dummy could 
be used as the reference tool, taking into account real 
child/test dummy seated posture differences like 
those described by Reed et al [18]. 
 
In our review we examined:- 
 
- how to relate the seated ‘safe ride height’ line to 

anthropomorphic data on standing height, 
including the 1.35m to 1.50m guidelines 

 
- whether the marked ‘safe ride height’ line should 

be at head height, eye height or shoulder height 
 
Although generally overall height refers to the length 
between the floor and the crown of the head, 
accurately pinpointing the crown of a seated 
dummy’s head can be problematic (e.g. due to chin 
tilt). Similar problems exist for seated eye height. 
Seated shoulder height appeared to be better because 
the child’s shoulders are immediately adjacent to and 
normally resting on the seat back. Furthermore, 
seated shoulder height is a primary characteristic that 
is important in achieving good sash belt fit. Indeed, it 
could be argued that stature is a surrogate for this 
measurement. 
 
Using United States data from 1997 [17] the 
correlation between seated shoulder height and 
stature among children aged four to twelve years is 
shown in Figure 1. 

 
Figure 1: Shoulder height, stature, seat belt 
transition points and ATD anthropometry 
 
Figure 1 also includes the relevant dimensions from a 
range of ATDs, where available. It is evident from 
this graph that the seated shoulder height of the TNO 
P10 ATD of 483mm (vertical dashed line) 
corresponds to the range of standing heights that have 
been suggested in Europe and the USA. That is, the 
P10 seated shoulder height is equivalent to a stature 
of about 1420mm in the US population (the actual 
stature of the P10 is 1376mm). This is slightly less 
than the 1450mm recommended by US authorities. It 
also spans most of the range of 1350mm to 1500mm 
standing height implemented in Europe.  
 
At this point, we can not compare the seated shoulder 
height between the TNO P10 and the Hybrid III 10 
year old, because we do not have that measurement 
for the Hybrid III available. However, the overall 
seated height of the two dummies is similar but 
exactly the same (72.5mm for the TNO P10 and 71.9 
for the Hybrid III 10 year old) and we would expect 
the comparative seated shoulder height to be in the 
same ball park. 
 
It is noted, that 1500mm stature is the same as that of 
the Hybrid III 5% adult female ATD. Basing the 
requirements on a seated shoulder height of 483mm, 
rather than 1500mm stature would exclude most 
small adult females from the booster rules, as 
intended. 
 
Therefore we would propose the safe ride height line 
should be positioned close to a height of 483mm from 
the seat bite after allowing for some depression of the 
seat cushion because of the weight of the occupant. A 
possible alternative to using a dummy to specify this 
position, would be to use a simple test rig that 
simulates the seat cushion loading (i.e. mass and 
buttock shape) of the P10 dummy (i.e. something 
similar to a H-point machine). 
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As previously discussed, seated shoulder height is the 
primary measure for good sash belt fit. The main 
reason that standing height may have been used in 
booster rules to date is that it is perceived as more 
likely to be known by parents/carers (although 
subsequent surveys have shown that this is not the 
case) or that it is more readily linked to age through 
published growth chart data. 
 
By introducing a ‘safe ride height’ line based on 
seated shoulder height in each vehicle seating 
position, the difficulties of determining child age or 
stature for enforcement of booster rules are 
eliminated. 
 
Whilst other anthropometric measurements, such as 
seated eye height were considered by the authors, the 
seated shoulder height was clearly the most relevant 
and practical measurement to use for a ‘safe ride 
height’ line. For example any vehicle seat back not 
high enough to incorporate a shoulder height line 
would be unlikely to provide safe restraint for 
occupants whose shoulders were above the height of 
the seat back. Furthermore rear seat height is 
commonly below head and eye height (these areas 
being commonly protected by head restraints that 
occupy a small fraction of the width of the overall 
rear seat). 
 
Figures 2, 3 and 4 demonstrate the ‘safe ride height’ 
line concept. The ride height line illustrated is 
indicative only and is 480mm above the seat bite. It is 
expected that using the TNO P10 ATD or some other 
means to measure height while depressing the 
cushion, would result in a slightly lower line. 
 

 
Figure 2:  5 year old girl with a shoulder height 
clearly too small for the nominal safe ride height 
line. 

 
Figure 3: 5 year old girl in booster and nominal 
safe ride height line 

 
Figure 4: 13 year old boy with shoulder height 
greater than nominal safe ride height line. 
 
OTHER BENEFITS 
 
Other potentially significant benefits are that the ‘safe 
ride height’ line:- 
 
- would be a compelling highly visible indicator of 

appropriate occupant height in rear seats 
 
- as such, it would give vehicle manufacturers a 

stimulus to provide better sash belt geometry and 
provide an envelope in which they could 
optimise their sash belt fit. 

 
CUSHION LENGTH, ANOTHER ISSUE 
 
The ‘safe ride height’ line would effectively limit 
seated shoulder height for those using adult seat belts 
and give vehicle manufacturer’s a more specific 
lower boundary to aim for when designing the sash 
geometry.  
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It would also address sash positioning problems 
associated with premature graduation to seat belts. 
 
 However, it would not have any influence on the 
current problem of the depth of the rear seat cushion. 
 
 Recent studies by Huang and Reed [15] and Bilston 
and Sagur [16] have demonstrated significant 
variability in rear seat cushion length and that current 
rear seat cushions are too deep for many occupants. 
Huang and Reed measured 56 vehicles in the North 
American fleet and found the rear seat cushion to be 
deeper than required for a 145cm child in all vehicles. 
Bilston and Sagur [16] in the 50 vehicles they 
measured from the Australian fleet, found all seat 
cushions were too deep for a child with upper leg 
length at the 50th percentile until approximately 11.5 
years, and half were too deep for a 15 year old at the 
50th percentile.  With more attention being given to 
rear seat occupants it is expected  that future seat 
cushion designs will cater for smaller occupants .   
 
Whilst, in the authors’ view, the benefits of a ‘safe 
ride height’ line are so significant that they should be 
quickly implemented, it is acknowledged that it 
would not resolve all of the problems with good seat 
belt fit in vehicles.  
 
 Better seat cushion length is an area that also needs 
attention.   
 
EXTENDING THE CONCEPT TO CHILD 
RESTRAINT SYSTEMS 
 
The ‘safe ride height’ line concept can easily be 
extended to dedicated child restraint systems and high 
back booster seats. The Australian/New Zealand child 
restraint Standards committee is currently considering 
a revised draft of the Standard that incorporates this 
concept. ‘Safe ride height’ lines are currently being 
incorporated as a more reliable way of identifying 
when children are too big or too small for the various 
classes of child restraints by using maximum and 
minimum ‘safe ride height’ lines. These match the 
upper and lower seated height for age limits of the 
various restraint types to correspond with the age 
based legislation being introduced into Australia (see 
reference 11). 
 
PROPOSED METHOD FOR DETERMINING 
‘SAFE RIDE HEIGHT’ 
 
The following is suggested as one possible method 
for determining what the ‘safe ride height’ line should 
be in the seats of each vehicle.   

 
1. Position the chosen anthropomorphic test 

device (e.g. TNO P10) in each seating 
position. 

2. Position a “level” across both mid shoulder 
positions of the test dummy, so that one end 
of the level touches the seat back. 

3. Record the positions on the seat back trim 
which is contacted by the level. 

4. Position a tape or similar marker 
approximately 10 -20 mm wide (to allow for 
variability) to mark the ‘safe ride height’ line 
across the full width of the seat back of the 
seating position.   

 
IMPLEMENTING THE CONCEPT 
 
One way to implement the ‘safe ride height’ line 
concept would be to create an internationally 
harmonized vehicle regulation.  
 
Alternatively, vehicle manufacturers could develop a 
voluntary set of guidelines to ensure uniformity 
across international markets.  
 
Consumer strategies such as NCAP’s could reward 
manufacturers who adopted this concept ahead of any 
mandatory requirements. In new vehicles it is 
envisioned the markings would be incorporated by 
manufacturers into the vehicle seat. For older vehicles 
there is the possibility of retro-fitting safe ride height 
indicators. In Australia this could be by the 
Government certified child restraint fitting stations. 
Elsewhere, organizations such as motoring service 
clubs could provide retro-fit services.  However, since 
suitable child dummies are not readily available for 
this purpose it would be necessary for road safety 
authorities to arrange for each popular vehicle model 
to be assessed and safe ride height line locations 
determined. This information could then be 
disseminated for in-field use.  
 
It would be feasible to develop a simple test rig that 
simulates the seat cushion loading (i.e. mass and 
buttock shape) of the P10 dummy and enables the 
safe ride height line to be established without the 
need for an expensive crash test dummy. 
 
CONCLUDING REMARKS 
 
In conclusion, the ‘safe ride height’ line concept:- 
 
- provides a direct primary indicator of safe sash 

and shoulder height geometry tailored for each 
restraint system, in each seating position of a 
vehicle 



Griffiths 6

 
- provides a simple, easy to understand, and easy 

to enforce tool to assist safer, more appropriate 
use of restraint systems 

 
- is a minimal cost measure which could be 

quickly introduced for new and existing vehicles. 
 
The content of this paper is the views of the authors 
only and does not reflect the views or policy of the 
Australian Government, Standards Australia or any 
other organisation.   
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ABSTRACT 
 
Other studies have identified, and recent studies in 
Australia and the U.S. have confirmed, that whilst 
the 1970’s concept of boosters to try to improve 
adult seatbelt geometry for growing children is a 
good one, many of the currently available boosters 
do not provide children with optimal restraint. 
 
This paper recommends a new category of CRS 
booster with the intention of providing more 
effective restraint to children in the 6 to 10 age 
group. 
 
Recommended features include:- 
 
- a mandatory requirement for side wings with 

performance based requirements.  
- lap belt guides  
- sash belt guides 
- top tether strap  
- anti-submarining features 
- that the base of the booster seat be narrower so 

that three of these child restraints can fit across 
the rear seat of a typical mid size car’s rear 
bench seat and allow for arm rests from car 
doors 

- the seat incorporate ‘ride height’ lines. 
 
Furthermore, this category of booster should have 
more demanding assessment procedures to ensure 
booster seats coming onto the market actually 
achieve improved protection for the children using 
them. 
 
What this paper offers that is new is a safer class of 
booster to take older children through till they 
safely fit an adult seatbelt. 
 
This paper explains the need for each component 
and shows the suggested dimensions of an 
exemplar restraint.  
 

INTRODUCTION 
 
There have been a number of recent studies 
demonstrating the typical three point (lap/sash) 
seatbelt restraints in the rear seats of cars are not an 
optimal restraint system for children until they are 
approximately 11 or 12 years of age [1-3].   
 
Depending on the country, infants are generally 
restrained in rearward facing restraints up to six 
months or several years of age. Children then 
typically move from the rearward facing infant 
restraint into a forward facing child seat with an 
inbuilt five or six point harness.  These restraints 
are attached directly to the car, and then the child is 
attached to the restraint through the five or six 
point harness.   
 
These first two categories of restraint have been 
proven to be highly effective when used correctly 
[4-6]. 
 
Top tether anchorage points and later anchor 
fittings were compulsorily introduced into new 
vehicles in Australia over a number of years, 
starting with sedans in July 1976, and station 
wagons and hatchback vehicles in January 1977.  It 
consequently became mandatory practice to secure 
child restraints using both the lap part of the adult 
seatbelt and a top tether strap in the rear seat. Most 
authorities in Australia advise that children should 
stay in these forward facing child seats with in-built 
harnesses until they physically will no longer fit, 
i.e. shoulders too wide. Depending on the child’s 
rate of growth (and these days, obesity) children 
typically outgrow these restraints between the age 
of 4 and 6 years.   
 
Once they outgrow these restraints, they mostly 
become reliant upon restraint from an adult 
seatbelt.  The problem with this is that the 
geometry of adult seatbelts is generally not suited 
to children. This can be potentially rectified, by 
adjusting the path of the seatbelt webbing to try and 
better transfer the loads onto the strong bony 
structures of the child.  This is generally done with 
what is called a booster seat.  Booster seats raise 
the child up with the intention of making the 
webbing of the lap parts of the seatbelt more 
vertical so that they apply a higher downward force 
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on the child’s thighs. This makes the seatbelt less 
likely to ride up into the abdomen. Boosters also 
raise the child higher so that the sash part of the 
seatbelt is more likely to be take a pathway over 
their shoulder, rather than across their face or neck. 
 
Children seated on seat cushions with a length 
greater than their femur, tend to take a slouched 
position increasing the likelihood of the lap part of 
the seatbelt riding up the abdomen [1] 
 
For these reasons the use of a booster seat is 
recommended and sometimes regulated for children 
once they outgrow forward facing child restraints. 
However, booster seats and booster cushions design 
mass limits (in regulatory standards) effectively 
(based on mass alone) limit booster seat use to 
children up to approximately age 8. Currently the 
upper most mass limit for boosters is in the vicinity 
of 36 kg. Based on anthropometric data [7] this 
would mean that 11% of 8 year olds, 22% of 9 year 
olds, and more than half of children over age 10 
would be above the design mass limit (personal 
communication Michael Paine). In many instances 
the upper most design limit is 26kg, and this equates 
approximately to the 50th percentile 8 year old [7]. 
Furthermore in a recent study that looked at seat 
back height and seat width in boosters, the authors 
reported that some boosters would not accommodate 
children between 6 and 8 years [3]. Therefore, for 
many children over the ages of 6- 8 years, the lap 
sash belt is the only available restraint. 

Booster seats vary considerably in what they offer 
and the effectiveness of their design.  Some booster 
seats have no back which means the child 
(especially a sleeping one) is not given any lateral 
support.  Moreover, recent studies have 
demonstrated that many booster seats currently on 
the market do not achieve the objective of 
improving belt fit for the child occupants who 
would be using them [8-9]. 
 
There is therefore a need for a new class of child 
restraint that caters for children from approximately 
the age of 6 to 10, and ensures a better match 
between seat belt geometry and these child 
occupants.  
 
WHAT IS NEEDED 
 
Based on the deficiencies observed in the current 
generation of boosters the desirable qualities of a 
new class of child restraint primarily designed to 
suit children in the 6 to 10 year age range include 
qualities of:- 
 
- low strength lateral support to keep a sleeping 

child in position so that in the event of a crash, 
they are correctly positioned 

 
- stronger lateral support (e.g. wings) of a 

sufficient height to provide crash energy 
absorbing padding protection for the child’s 
head in a side impact 

 
- raised base of the restraint to make the angle of 

the seatbelt lap webbing more vertical, so that 
it applies a higher downward load to the 
thighs, and has less opportunity or likelihood 
of slipping up over the relatively unformed 
front pelvis structure of the child into the 
abdomen 

 
- a narrower base, that is, not much wider than a 

child’s buttocks, to assist in more downward 
vertical application of force over the child’s 
thighs, and less likelihood of the seatbelt 
slipping rearward into a submarine position 

 
- a belt guide at the shoulder level to position the 

seatbelt so it passes over the child’s shoulder 
and departs the child’s shoulder in an 
approximately horizontal angle. This can 
provide some lateral stability to the child and 
ensures the sash belt does not pass over the 
child’s neck or face 

 
- anti-submarining features. That is design 

features to prevent the webbing of the lap part 
of the seatbelt sliding over the child’s pelvis 
into its abdomen. 

 
One of the difficulties with booster seats is that 
because they further raise the child above the seat 
base, the seat bite and hence seatbelt buckles are 
more difficult to reach.  There is a need to provide 
better access to the seatbelt buckle below the 
booster’s base, so that adults can easily find the 
buckle part of the seatbelt and fasten it to the 
sliding latch plate.  This is assisted by having a 
narrow base on the booster, which in turn provides 
an opening for the adults hand to reach down to the 
seat bite.   
 
SIDE WINGS 
 
In lateral impacts, then, the two primary safety 
goals of a child restraint system are to:- 
 
- retain the child’s head within the child restraint  
- provide energy absorption for better head 

protection in the side wings of the child 
restraint. 

 
Head retention within the restraint requires three 
things. Firstly there must be a barrier or side wing 
to contain the head. Secondly by good top and base 
tethering of the child restraint, rotation of the child 
restraint towards the side door or oncoming object 
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can be prevented or minimised, and thirdly the 
motion of the torso should also be controlled to 
prevent undesirable motion towards the impact and 
in rebound. Energy absorption within the side 
wings or lateral structure of the restraint is 
desirable if there is direct impact between the child 
restraint and the adjacent vehicle door or incoming 
object. 
 
In Australia, thanks to enhanced regulatory 
protocols that assess the likelihood of a head strike 
with a static door in 90 degree impacts, and 
consumer testing (CREP) at 90 or 66 degrees, the 
head retention capacity of many restraints including 
high back boosters has improved. However, in 
current model booster seats we still see many high 
back booster seats that do not provide adequate 
torso control in side impact, particularly in 
rebound. More importantly in many restraints the 
side wing height is insufficient for children at the 
upper limits of the mass limit. 
 
LAP BELT GUIDES 
 
Whilst many jurisdictions’ have mandatory 
requirements for good front seat belt geometry, 
many jurisdictions do not have the same 
demanding requirements for rear seat belt 
geometry.   
 
As a result of this, it is not uncommon to encounter 
poor rear seat belt lap geometry in popular cars.  
This can include very shallow angles of the lap part 
of the adult seatbelt that makes it easier for the 
seatbelt to slip up over the pelvis of a wearer into 
the abdomen. Sometimes there is also poor lateral 
spacing of the lower ends of the lap parts of the 
seatbelt.   
 
Because a booster raises the child’s buttocks and 
pelvis above the seatbelt anchorages, it is possible 
to use lap belt guides which provide a more vertical 
downward angle of the lap parts of the seatbelt 
which can then better engage with the child’s pelvis 
and reduce the likelihood of “submarining”.   
 
A narrower base on the booster can also assist more 
vertical downward application of loads from the lap 
webbing of the seat belt across the upper aspects of 
the child’s thighs, again leading to significantly 
lower likelihood of “submarining”. 
 
SASH BELT GUIDES 
 
Again, because rear seat geometry is less tightly 
regulated than front seat belt geometry, it is more 
common to experience poor sash belt geometry in 
the rear seats of vehicles.   
 

This poor sash belt geometry can be even worse for 
shorter rear seat occupants with sashes taking 
angles that may slip off because they do not engage 
well with the shoulder, or the webbing may pass 
across the child’s face or neck in a potentially 
hazardous manner.   
 
Boosters can incorporate either structural or non-
structural seatbelt webbing guides that reposition 
the sash belt in a more optimal location for the size 
of the intended occupant of the booster. 
 
Non structural guides rely upon good positioning of 
the seatbelt early in the crash when loading 
commences, and then hope that the occupants 
shoulders and upper torso will “wrap” around the 
sash part of the seatbelt and keep the seatbelt in a 
good position on the child’s shoulder.   
 
Structural belt guides can make use of the structural 
rigidity of the back of the booster cushion achieved 
by the use of a tightly adjusted top tether strap.  
These structural sash belt guides are less dependent 
upon early loading for engagement from the 
occupant and “wrapping” of the child’s shoulder 
and upper torso around the webbing, and, as such, 
provide more reliable and robust protection in 
multiple impacts or impacts where the directions of 
primary force or loading can vary during the 
impact.   
 
TOP TETHER STRAPS 
 
As stated earlier, mandatory provision of top tether 
anchorages in new passenger cars commenced in 
Australia in 1976.  This was subsequently extended 
to include other passenger vehicle types, including 
coaches (long distance buses).   
 
What this means is, as at the date of ESV 2009, 
Australia has had 33 years of experience of the 
performance of top tether straps with child restraint 
systems in the real world of crashes on public 
roads.  This has been backed up by extensive 
research into the performance of top tethers in 
crash sled tests and some full scale barrier tests by 
NSW RTA Crashlab.   
 
What has been learnt is that top tethers can 
provide:- 
 
- good lateral stability of the portion of the child 

restraint containing the child’s shoulders 
 
- excellent limitation of forward displacement of 

the child’s head. 
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ANTI SUBMARINING FEATURES 
 
Anti-submarining features have the purpose of 
keeping the lap belt positioned over the child’s 
thighs during crashes and preventing the seatbelt 
slipping up over the child’s pelvis into their 
abdomen   
 
A dramatic demonstration of the need for and the 
benefits of anti-submarining features (that is, the 
function often performed by crotch straps or anti-
submarining clips) was experienced in Australia in 
the late 1970’s.  
 
A new style of forward facing child seat was 
introduced into the market with a four point harness 
not incorporating any crotch strap.  Within a short 
time there was an unfortunately significant number 
of child fatalities recorded, not just in crashes, but 
also in stationary mode.  The child could slide 
down under the harness to the extent that the cause 
of death was blockage of an airway and 
suffocation.   
 
The lack of collation of a national data system 
meant that in the order of more than 9 deaths were 
recorded before action was taken. 
 
The first recorded death in New South Wales was 
investigated jointly by the then New South Wales 
Traffic Accident Research Unit and Standards 
Australia.  An immediate recall and addition of a 
crotch strap appeared to entirely eliminate the 
problem.  There were no more reports of deaths 
associated with this (previously) crotch strap less 
four-point harness.   
 
It was not until some years after that, that 
Australian researchers came to a good 
understanding of the submarining phenomenon and 
what kind of seatbelt geometry was required to 
reduce the likelihood of submarining.   
 
Again, it has been the consumer program, CREP, 
which has led to better identification and 
understanding of the submarining phenomenon in 
different types of forward facing booster seats.   
 
As is now well known in adults, the prospect of 
submarining can be, amongst other means, reduced 
by:- 
 
- an anti-submarining pan which engages with 

the buttocks of the adult and, in conjunction 
with the downward pressure of the lap part of 
the seatbelt, provides forward restraint 

 
- ensuring a more vertical angle of the lap part 

of the seatbelt, so that it applies pressure across 
the tops of the upper thighs of the adult. 

 
What has been learnt in the consumer child 
restraint program, CREP, is that some booster seats 
appear to inadvertently have an anti-submarining 
base.  That is, the bases of those booster seats are a 
blow moulded shell, with the horizontal seating 
surface of the shell sufficiently thin so that under 
the forces of a crash, the area under the buttocks 
deflects downward while the front lip maintains its 
height because of the front vertical panel.  The 
combination of the central downward deflection 
and the undeformed front lip appears to form an 
impromptu anti submarining pan and provides 
some restraint on the front of the buttocks of the 
child occupant. 
 
Whilst this attribute appears to be accident of 
manufacture and was initially viewed as poor 
design, the downward depression of the seat base 
was very effective in preventing submarining in the 
consumer program (CREP) sled tests. 
 
This seemingly inadvertent, but effective feature 
had the significant benefit that it did not require the 
parent or carer to undertake the extra action of 
fastening a crotch strap (anti submarining clip).   
 
If all parents and carers consistently used all 
components of a child restraint in complete 
accordance with the manufacturer’s instructions 
then one of the most reliable methods of preventing 
a child’s pelvis sliding forward would be to have a 
crotch strap that attaches to the lap part of the 
seatbelt, that is, an anti-submarining clip.  However 
in the real world of poor behavioural compliance, 
an engineering feature which automatically does 
the task of preventing submarining is more likely to 
result in consistently safer restraint use and less 
submarining injuries to children. 
 
REQUIREMENTS FOR THREE BOOSTERS 
PER REAR SEAT 
 
An issue of considerable debate in Australia is that 
wider child restraints can mean that only two will 
fit across the rear seat of medium size passenger 
cars and many large family sedans.  This means 
that a family with more than two children, or that 
wants to carry more than five occupants, needs to 
move into a vehicle with three rows of seating.  
(This is also a perceived problem with ISOFIX and 
LATCH). The most commonly chosen, and the 
cheapest style of vehicle with three rows of seating, 
is a four-wheel drive vehicle (4WD/SUV).   
 
As a generalisation, 4WDs/SUVs are more prone to 
rollover, more prone to single vehicle run off road 
crashes, and are heavier and more aggressive 
vehicles in the road mix. When 4WDs roll, their 
roll rate is generally more violent than a car and 
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the likelihood of serious injury is greater. Overall 
then anything which pushes families into four 
wheel drives can lead to an overall degradation of 
the safety of not just them, but other road users.   
 
Therefore, it is desirable to keep as many families 
as possible within standard family sedans.   
 
One way to do this is to try and revise the design of 
child restraints so that three can be comfortably 
fitted in the rear seat of medium and large family 
sedans. 
 
Two of the most significant problems in 
accommodating three child restraints in a vehicles 
rear seat are the arm rests which protrude from the 
lower rear corner of many car doors and the 
reduction in seat width between intruding wheel 
arches. 
 
It would assist installation of child restraints if 
vehicle manufacturers reviewed the need for these 
adult armrests, made them retractable or, at least 
made them easy to detach. 
 
Nevertheless, booster seats be made to fit above 
rear door arm rests, if the boosters have a narrower 
base, and the booster’s lateral side wings do not 
commence until approximately 200mm or so above 
the seat base  
 
The 200mm dimension was arrived at by inspecting 
the rear seat of a number of popular sedan cars. 
Some photographs of typical armrests are shown in 
adjacent Figures 1 and 2. 
 

 
Figure 1 – Arm rest in Honda Civic mid/small 
sedan 

 
Figure 2 – Arm rest in Australia’s most popular 
family size station wagon 
 
It is of limited use to provide energy absorbing side 
wings and lateral support, if the back and the sides 
of the child restraint are not held in position in 
impacts which have lateral components.  The best 
way to provide this lateral stability is to have a top 
tether strap which firmly secures the top rear of the 
booster seat against the vehicle’s seat back, that is, 
not just in a fore and aft direction, but also in a 
sideways/lateral direction.   
 
One of the difficulties with booster seats is that 
because they raise the child further above the seat 
base, the seat bite where the seatbelt buckles are 
located are more difficult to reach.  Better access 
for adults to these buckles below the booster’s base 
can be provided if the boosters have a narrower 
base.  The adult can then more easily locate the 
buckle part of the seatbelt and then fasten it to the 
sliding latch plate.   
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Figure 3 – Author’s initial concept sketch depicting possible front elevation of three Type F seats. Shows 
the narrow base cut outs to allow for seatbelt buckle access and car door arm rests.  Further development 
on these dimensions is underway. 

 
Figure 4 – Author’s initial concept sketch of possible front elevation.  Shows dimensions of seat base cut 
outs to allow for seatbelt buckle access and car door arm rests and wheel arches. Work is continuing on 
optimal dimensions of this new type of booster. 
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SAFE RIDE HEIGHT LINES 
 
The concept of safe ride height lines is explained in 
greater detail in the authors’ paper ESV 09-0354. 
 
There is a considerable amount of research which 
has arrived at a degree of consensus as to at what 
dimensions a child can safely use an adult seatbelt, 
and at what dimensions a child should remain in a 
forward facing six point harness.   
 
A similar volume of research has documented the 
greater exposure to risk of injury to children who 
prematurely graduate into boosters from forward 
facing child seats, and from boosters into adult 
seats. 
 
The concept of ‘safe ride height’ lines as applied in 
booster seats consists of:- 
 
- a lower line across the rear of the booster seat 

back and sides which indicates the minimum 
shoulder height for a child to safely ride in the 
booster.  If the child’s shoulders are below that 
line, then they should be in a forward facing 
six point harness child seat 

 
- an upper line across the booster seat back and 

sides which indicates the shoulder height at 
which a child could safely use a seatbelt.   

 
PATHWAY TO A STANDARD 
 
Once all these desirable features had been 
identified, the next task was to see whether it was 
technically possible to satisfy all of these in a real 
product.   
 
A number of requests had been made to Standards 
Australia by many organisations seeking better and 
safer restraint systems for children in the 5 to 10 
year age bracket. 
 
As a result of these requests, the task of designing a 
standard for this new category of restraint system 
was taken on to the work program of Standards 
Australia Child Restraint Systems committee.  
 
Unlike many new Standards, this was not one 
where there was existing product and the task was 
to develop a Standard which discriminated between 
those which offer good protection and those which 
offer less than adequate protection.   
 
In this instance the authors were not aware of any 
existing product which satisfied consumer or 
researcher expectations.   
This meant that the design and performance 
specifications had to be developed in the absence of 
any current product.   

 
Because of the strong motivation to be able to fit 
three of these child restraints in the rear seats of 
cars, there was inherently going to be some 
dimensional design restrictive requirements as part 
of the Standard.   
 
CHOICE OF A TEST TOOL 
 
In terms of evaluating the fit and crash test 
performance of a child restraint, the best kind of 
tool is an anthropomorphic, biofidelic test dummy.   
 
To a degree, what was available in the way of 
dummies had a large influence on the ultimate 
design specifications for the upper end of this new 
category of booster.  The most suitable, and the 
largest child test dummy, was the 50th percentile 10 
year old Hybrid III 
 
A review of anthropomorphic data revealed that a 
child restraint which fitted a 50th percentile 10 year 
old Hybrid III should also fit 95th percentile 8 year 
old children.   
 
What this meant was that in terms of mandatory 
use, it was possible for Authorities to mandate use 
of this kind of booster for children up to the age of 
8 years, in the knowledge that there would not be a 
need for widespread exemptions.   
 
When there is a need for widespread exemptions, 
laws become unenforceable, because Police 
officers will not enforce laws where they are 
frequently overturned by the courts.   
 
CONCLUDING REMARKS 
 
In conclusion, there is a widely agreed need 
amongst researchers and carers for a new style of 
restraint system to provide more effective 
protection for children in the 6 to 10 years age 
group. 
 
This paper summarised and discussed both the 
safety and usability issues that this new type of 
restraint system would need to both offer good 
protection to children, and be user friendly for 
parents and carers.   
 
The Australian Standards Committee on Child 
Restraint Systems has the development of a 
Standard for this new type of booster on its current 
work program, and development of the new 
standard is reportedly well advanced.   
 
It is hoped to be able to produce a prototype of this 
new class of restraint at the ESV 2009 Conference.   
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ABSTRACT 
 
Besides functioning as an engine compartment cover, 
the hood of modern vehicles can also help manage 
the impact energy of a pedestrian’s head in a 
vehicle-pedestrian impact. However, a hood’s ability 
to absorb impact energy may be impeded by the 
proximity of the hood to components packaged inside 
the engine compartment, i.e., by its underhood 
clearance. For example, for a given hood design, the 
hood’s ability to absorb impact energy through 
deformation can be significantly reduced when the 
hood and engine block are in close proximity. 
Therefore, a large underhood clearance would be 
preferred for pedestrian protection. However, it could 
negatively affect driver visibility, as well as a 
vehicle’s aerodynamics and aesthetic appeal. This 
paper presents a sandwich hood design that has a 
potential to improve the hood’s ability to absorb the 
impact energy of a pedestrian’s head with a relatively 
small underhood clearance. Using nonlinear finite 
element and the EEVC headform impactor models, a 
design analysis was conducted with an underhood 
clearance target of 60 mm and 75 mm for the child 
head impact area and the adult head impact area, 
respectively. A set of design parameters of the 
sandwich hood was optimized. The analysis shows 
that out of the 12 impact points covering the main 
hood area, about half of the impact points achieved 
Head Injury Criterion (HIC) values less than 800 and 
the others yielded HIC values between 800 and 1000.  
 
INTRODUCTION 
 
The hood of modern vehicles can help manage the 
impact energy of a pedestrian’s head in a 
vehicle-pedestrian impact.  European Enhanced 
Vehicle-Safety Committee (EEVC) Working Group 
10 (WG10), followed by Working Group 17 (WG17), 
has recommended component test procedures so as to 
perform the pedestrian protection verification tests 
for vehicles [1][2][3][4].  The pedestrian protection 

performance rating reported by European New Car 
Assessment Program (EuroNCAP) [5] is one of the 
consumer metrics taking advantage of the component 
test procedures. The EuroNCAP pedestrian protection 
rating is determined by four types of component tests: 
adult headform and child headform impacting the 
hood, upper legform impacting the hood leading edge, 
and the lower legform impacting the bumper. The 
focus of this paper is on the first two, in which the 
adult headform (AH) and the child headform (CH) 
are used to impact with specified hood areas with an 
impact angle of 65˚ and 50˚, respectively, at an 
impact speed of 40 km/h. The Head Injury Criterion 
(HIC) calculated from the resultant acceleration is 
adopted as the injury index with a threshold of 1000 
by the EuroNCAP.   
 
To meet the HIC threshold, the hood must be 
designed to manage the impact energy of a 
pedestrian’s head.  However, a hood’s ability to 
absorb energy may be impeded by the proximity of 
the hood to components packaged inside the engine 
compartment, i.e., by its underhood clearance. For a 
given hood design, the hood’s ability to absorb 
energy through deformation will be significantly 
reduced when the hood and engine compartment 
components, like engine block, battery, etc., are in 
close proximity.  Therefore, a large underhood 
clearance would be preferred for pedestrian 
protection. However, a large underhood clearance 
may negatively affect driver visibility, as well as a 
vehicle’s aerodynamics and styling.  
 
Otubushin and Green [6] reported that the theoretical 
minimum intrusions in the impact direction, which 
determines the amount of the required underhood 
clearance for a 40 km/h headform impact to meet 
HIC 1000 and 800, are 51.1 mm and 59.3 mm, 
respectively.  However, the head acceleration-time 
history waveform corresponding to the theoretical 
minimum intrusions requires infinite head 
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acceleration at time zero as implied by Figure 1, 
which is practically impossible to achieve.   

 
Figure 1.  Ideal acceleration waveform for the 
theoretical minimum intrusion [6]. 
 
More recently, Wu and Beaudet [7] compared several 
acceleration waveforms analytically and proposed a 
compromise waveform as the target for pedestrian 
head impact to achieve with HIC<1000.  According 
to their study, with the parameters as shown in Figure 
2, the theoretical intrusion in the impact direction 
will be as small as 67.9 mm, while meeting the 
requirement of HIC<1000. However, the authors 
didn’t provide any hood designs that could result in 
such a performance.  

 
Figure 2.  A compromise acceleration waveform 
to achieve HIC<1000 [7]. 
 
This paper presents a sandwich hood design that 
could improve the hood’s ability to absorb the impact 
energy of a pedestrian’s head with a relatively small 
underhood clearance. The sandwich structure consists 
of three layers of substructures. Using nonlinear 
finite element and EEVC headform impactor models, 
a design analysis is presented.  
 
PRELIMINARY CONSIDERATIONS 
 
Definition of underhood clearance  
 
Figure 3 shows the geometrical relationship of a 
headform impacting a hood, with an impact angle γ 

and a local hood angle θ, which may vary at different 
hood locations depending on hood design.  
Underhood clearance Δ is defined as the vertical 
distance between the hood outer surface and the 
engine compartment upper limit.  Intrusion in the 
impact direction, I, and its vertical component, Iz, are 
also shown in Figure 3.  One should pay special 
attention between the vertical component of intrusion 
Iz and underhood clearance Δ.  The relationship 
among them is shown in EQ 1.  Notice that Iz 
depends on the impact angle γ  while Δ depends on 
both angles γ and θ, and that the underhood clearance 
Δ is always greater than the vertical component of 
intrusion Iz because of the hood angle θ.  Only when 
the hood angle θ is zero, does the underhood 
clearance Δ equal the vertical component of intrusion 
Iz.  Should one confuse the underhood clearance 
with the vertical component of intrusion, it may lead 
to a design with insufficient underhood clearance 
since the former is always greater than the latter.   

sin

cos tan
z

z

I I

I I

γ
γ θ

=
Δ = +

   (1). 

 

Figure 3  Relationship among underhood 
clearance, intrusion and its vertical component. 
 
Target HIC threshold 
 
A 20% safety margin for the HIC threshold, i.e., a 
HIC threshold of 800, is chosen as the target for this 
study to account for possible test variations due to the 
tolerances of impact speed, impact direction and 
impact location. 
 
Target waveform shape  
 
Consider a typical 40 km/h headform-hood impact 
test. On the one hand, a waveform with a high and 
long duration deceleration during the early stage of 
the headform impact is preferred to achieve a smaller 
underhood clearance design.  On the other hand, a 
waveform with such a high and long duration 
deceleration imposes a high risk of resulting in an 
undesired high HIC value. We see that a small 
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underhood clearance and a low HIC value are two 
competing performance requirements. Therefore, in 
order to balance these competing performance 
requirements an ideal headform deceleration pulse 
should have a waveform with a sudden increase 
peaking at an appropriate level followed by a quick 
decrease during the early stage of the impact.  
Figure 4 depicts such a balanced waveform, which 
offers an excellent HIC performance of 800 and a 68 
mm intrusion in the impact direction. This waveform 
is generated using a design tool, called the Dual 
Asymmetrical Triangle Pulse Generator [8].  We use 
it as the target waveform for our sandwich hood 
structure.  
 

 

Figure 4.  Target waveform using the Dual 
Asymmetrical Triangle Pulse Generator [8]. 
 
MODEL DESCRIPTION 
 
Sandwich hood  
 
A late model mid-sized car, not designed to meet any 
pedestrian protection requirements, is selected as the 
study vehicle for the development of the sandwich 
hood structure.  A finite element (FE) model of the 
sandwich hood, together with other necessary 
front-end structures and components of the study 
vehicle, was developed.  
 
Figure 5 shows the exploded view of the sandwich 
design and Figure 6 shows a sectional view of the 
sandwich hood.  The sandwich hood design consists 
of three aluminum substructures: the outer hood as an 
upper layer, the ripple plate as a middle layer, and the 
support plate as a lower layer.  The ripple plate has 
two sections: the core ripple section in the central 
area of the hood and the boarder section, in which the 
ripple gradually diminishes toward the edge of the 
hood.  The support plate is divided into two sections 
corresponding to CH and AH impact areas, namely 
CH section and AH section.  The outer hood is 
bonded to the ripple plate with glue strips spread on 
the upper ridges of the main section of the ripple 
plate and glue spots in the outlier section of the ripple 

plate, as illustrated in Figure 7.  The support plate is 
bonded to the ripple plate with “finite rigid links” 
(e.g., bolts, rivets or spotwelds), as shown in Figure 
8. 

 
Figure 5.  Exploded view of the sandwich design 
for main hood area with color coded labels 
(upside-down view of the hood assembly). 

 

 
Figure 6.  Enlarged sectional view of sandwich 
hood assembly. 
 
A design optimization analysis of the sandwich hood 
structure was performed using nonlinear finite 
element models. The final geometry parameters and 
material parameters of an optimized sandwich hood 
are shown in Table 1 and Table 2.  The total mass of 
this sandwich hood design is 11.8 kg, about 27% 
more than that of the original hood of the study 
vehicle. 

 
Figure 7.  Glue distribution between the ripple 
plate and the outer hood (top view). 
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Figure 8  Rigid link distribution between the 
support plate and the ripple plate (bottom view). 
 

Table 1. 
Optimized geometry design parameters of the 

sandwich hood assembly (unit: mm) 

Component Dimension 

Outer hood thickness 1.05 

Support plate thickness: CH / AH 1.2 / 1.8 

Ripple plate thickness 0.5 

Ripple upper ridge width 8 

Ripple lower ridge width 20 

Ripple height 6 

Ripple interval 70 

 
Table 2. 

Material parameters of the sandwich hood 
assembly 

 Material 
model 

Density 
(kg/mm3) 

Modulus 
(GPa) 

Yielding 
strength 
(MPa) 

Ripple/ 
support  

*MAT_024 2.6e-6 70 200 

Glue *MAT_001 1.27e-6 0.03 / 

 
Other components in the FE model 
 
Besides the hood assembly, the FE model also 
includes other components shown in Figure 9 near 
the hood assembly that may be engaged in pedestrian 
head impacts, including the fenders, the front panel, 
the bumper stops, the towers, and the cowls, etc.  
These components constitute a more complete 
environment for pedestrian head impacts.  The 
lower part of the fenders, the towers and the cowls 
are all fixed to the vehicle reference frame in the 
model to provide the necessary boundary condition 
as shown in Figure 9.  The hood assembly is 
constrained at the latch and hinge positions as a 

conventional hood as shown in Figure 10.  
Specifically, the outer hood is fixed at the latch 
position and the ripple plate is rigidly linked to the 
original hinges in the model.   

 
Figure 9.  The FE model (hood assembly and 
underhood rigid wall excluded). 

 

Figure 10.  The hood assembly constraints at the 
latch and the two hinge positions. 
 
Impact area definition 
 
The wrap around distance (WAD) 1500 mm line [5] of 
the study vehicle is very close to the hood rear edge 
and leaves a rather small AH impact area as shown in 
Figure 11.  To provide adequate AH impact area for 
the purpose of this study, we artificially reduce the 
CH area and increase the AH area as shown in Figure 
12.  A base point (x=0 or xbase) is set at 
WAD=1400 mm.  Line x=0 separates CH area and 
AH area. Three impact points for AH and nine impact 
points for CH are selected as marked in Figure 13.   

 
Figure 11. Baseline hood CH area definition 
according to EuroNCAP. 
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Figure 12.  CH and AH area definition for 
analyses in this study. 

 

 
 

Figure 13.  CH and AH impact cases in the main 
hood area. 
 
Target underhood clearance 
 
An underhood clearance target of 60 mm and 75 mm 
is selected for the CH area and the AH area, 
respectively, as shown Figure 14 and Table 3.  A 
rigid wall of the same curvature as the outer hood at 
the specified vertical distance beneath the outer hood 
is used in the FE model to represent underhood 
components, such as an engine block.   
 

 
Figure 14.  Underhood clearance set for different 
impact areas. 
 

 

 

 

 

Table 3. 
Underhood clearance required for HIC<800 

Headform requirement 
Underhood 
clearance 

(mm) 
CH 2.5 kg, 40 km/h, HIC<800 60 
AH 4.8 kg, 40 km/h, HIC<800 75 

 
SIMULATION RESULTS AND DISCUSSIONS 
 
The results of all the 12 impact cases are summarized 
in Table 4.  As shown, HIC<1000 has been achieved 
for all the impact points.  Of these, all five impact 
points along the centerline of the hood achieve 
HIC<800.  For the impact points away from the 
centerline of the hood, the HIC value becomes higher.  
Rigid wall contact is observed from simulations at all 
the four “ycenter” points and four “y+200” points.  
No rigid wall contact occurs in any of the four 
“y+400” cases.  This means that at these “y+400” 
impact points, the given underhood clearance is not 
fully utilized, which implies that there is room for 
further improvement for these impact points.  
 

Table 4. 
Simulation results 

Area 
Underhood 
clearance 

(mm) 

Impact 
point 

HIC 

y+400 y+200 ycenter 

AH 75 x+200 841 703* 764* 

CH 60 

xbase  973 872* 751* 

x-100 889 817* 776* 

x-200 934 874* 788* 

* Contacted with the underhood rigid wall. 

 
Impact results in the CH area 
 
Taking the three cases of “CH x-100” in Figure 15 as 
example, “CH x-100ycenter” and “CH x-100y+200” 
cases have similar resultant acceleration waveform 
shapes.  The latter has a higher first peak, probably 
due to the effect of discontinuity of the scattered 
lower links, while the former has the biggest 
intrusion (represented by the Z_distance in Figure 15 
(b)).  “CH x-100y+400” case has a similar first peak 
to that in “CH x-100ycenter” case.  
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(a) 

 
(b) 

Figure 15.  Simulation results of “CH x-100” 
impact points. 
 
Impact results in the AH area 
 
The simulation results of AH at “x+200” points 
where the underhood clearance is set as 75 mm are 
shown in Figure 16.  All the three cases achieve 
HIC below 900.  Note that the first acceleration 
peaks for the three AH cases are lower than those of 
CH cases in the last sub-section.  Actually, without 
considering CH, the hood can be optimized for AH to 
reach less underhood clearance required for HIC 800.  
However, such optimized hood will be too strong and 
may have too much active mass for CH impact, 
causing high first peak of acceleration and generating 
HIC greater than 800.  Therefore, the hood must be 
designed somewhat softer for satisfying CH impact, 
and yet the softened hood needs larger underhood 
clearance for AH impact. 
 

 
(a) 

 
(b) 

Figure 16.  Simulation results of “AH x+200” 
impact positions. 
 
SUMMARY 
 
A sandwich hood structure is proposed for improving 
the hood’s ability to absorb the impact energy of a 
pedestrian’s head with a relatively small underhood 
clearance. A design optimization analysis for the 
sandwich hood structure is performed using a study 
vehicle and FE models. The total mass of this 
optimized sandwich hood design is about 27% more 
than that of the original hood of the study vehicle.  
An underhood clearance of 60 mm and 75 mm is 
achieved for the child headform impact area and the 
adult headform impact area, respectively.  Of the 12 
impact positions covering the main hood area, about 
half of the impact points meet the HIC<800 and the 
others achieve HIC from 800 to 1000. However, no 
attempt was made to assess manufacturability of the 
sandwich structure in this study. Further 
developments to address all safety requirements, 
including performance in real-world crash events, are 
also necessary before implementing this feature in a 
production vehicle. 
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ABSTRACT 
The research of child restraint systems tested 
under side impact test conditions has been 
conducted extensively in the past few years. In 
May 2008 US Government and Industry meeting, 
US National Highway Traffic Safety 
Administration (NHTSA) presented a summary 
of the 3 year old child side impact dummy 
evaluation result with some desired 
improvements, including the neck biofidelity 
and thorax rib cage durability. With further 
evaluation later at Ford, Transport Canada and 
NHTSA Vehicle Research and Test Center 
(VRTC), it was observed the hip ball popped out 
from the cup retainer during some of the tests. 
The overall biofidelity of this dummy was 
summarized by Carlson et al, and also updated 
biofidelity summary was presented by Rhule [3] 
in 2008 Government Industry meeting. This 
paper summarizes the improvements that 
address these identified issues in the past year.  

INTRODUCTION 

NHTSA Traffic Safety Facts 2007[4] data shows 
that there were 61 million children age 14 and 
younger in the United States, which is about 20% 
of the total US population in 2007. Motor 
vehicle crashes are the leading cause of death for 
ages 3 to 6. There were total 41,059 traffic 
fatalities in the United States in 2007. The 14-
and younger age group accounted for 4 percent 
(1670) of these traffic fatalities. Research has 
shown that lap/shoulder seat belts, when used, 

reduce the risk of fatal injury by 45 percent and 
risk of moderate-to-critical injury by 50 percent. 
Research on effectiveness of child safety seats 
has found that they reduce fatal injury by 54 
percent (1 to 4 years old) for toddlers in 
passenger cars. Among children under age 5, an 
estimated 382 lives were saved in 2007 by child 
restraint safety seats.  It is obvious that child 
restraint systems play a significant role in saving 
children’s lives. However, the NHTSA data 
shows 165 fatalities with the use of the child seat 
restraint systems for age group of 1-4 years old. 
The 165 fatalities account for nearly 43 percent 
of the total fatalities. These numbers imply that 
improvements to child restraint systems to better 
protect children are needed.  The child dummy 
has served as a good tool to assess the protection 
of children. A biofidelic child dummy is 
essential in developing safer child restraint 
system. 

As part of the efforts to develop a safer child 
restraint system, the Q dummy series was 
developed in Europe during 1995-2004.  The 
dummy was developed to have more human-like 
anthropometry and performance as the next 
generation of the P child dummies specified in 
UNECE Regulation 44. The dummy was 
designed to perform in both frontal and lateral 
test conditions. With more field accident data 
and biofidelity data under side impact test 
condition, the Q3s was introduced focusing on 
improving biofidelity for side impact test.  
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The overall bofidelity evaluation result of the 
Q3s dummy was published by Carlson et al in 
2007[1]. The biofidelity corridor was based on 
the work published in 2002 by Irwin et al [2]. 
Also additional neck torsion biofidelity 
requirement was proposed by Mertz (informal 
communication between Dr. H. Mertz and 
NHTSA Vehicle Research and Test Center). 
These criteria serve as the basis of the dummy 
biofidelity evaluation. 

In the 2008 presentation from Rhule [3], the Q3s 
dummy showed superior biofidelity in shoulder, 
thorax and pelvis area compared to the Hybrid 
III 3 year old child side impact dummy, while it 
also showed the neck flexion and torsion 
biofidelity responses required further 
improvement. In addition, the thorax rib cage 
durability became a concern from testing. One 
rib cage cracked after approximately 90 tests (30 
sled tests and 60 pendulum tests) at 25 mm chest 
deflection magnitude. In spring 2008, Occupant 
Safety Research Consortium (OSRP) of United 
States Council for Automotive Research 
(USCAR) found the hip joint ball came out in a 
test. This issue was also observed later in 
VRTC’s sled test.  This paper presents a new 
neck design for improved biofidelity 
performance and also summarizes the solutions 
to address the durability concerns of the thorax 
rib cage and hip joints. 

NECK DESIGN  

A new neck was designed to meet the flexion, 
extension, lateral bending and torsion biofidelity 
requirements. Since each test has its own 
performance specification, it requires a complex 
structure to meet these requirements 
simultaneously. The neck design consists of  
four aluminum vertebra discs and rubber 
segments between the aluminum discs. The 
rubber segments have an oval-like shape with 
circumferential V-shaped groves. The V shape 
opening angle varies around the neck in different 

locations (frontal, lateral and rear) in order to 
govern the performance of the neck. Cuts were 
introduced into the front of the neck to soften it, 
and comply with the extension performance 
requirement. The molded neck is shown in 
Figure 1. Different rubbers were experimented 
with to optimize the neck performance. The test 
data is summarized later in this paper. 

 

Figure 1, molded neck 

 

Figure 2, Neck assembly with cable 

A torsion cable was designed into the neck 
assembly to govern the torsion performance. The 
cable has metal sheaths crimped to both ends. At 
one end, the metal sheath has a key to engage 
with a ring underneath to control the torsion 
performance of the neck. During the 
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development of the previous torsion cable, it 
was found that the asymmetrical torsion cable 
caused asymmetrical performance, which 
requires offset of the key position to compensate 
and induce earlier rotation in order to gain 
symmetrical neck performance. It was found a 
symmetrical torsion cable was desired and 
identified in the design to eliminate the offset of 
the key feature. The cable and the rings are 
shown in Figure 2. 

NECK TESTING SETUP 

The neck biofidelity test was conducted on the 
pendulum specified in US Regulation 49CFR 
Part 572 with a special headform (same design 
as the Q3 frontal impact dummy). The neck was 
tested for flexion, extension, lateral bending 
with this headform as shown in Figure 3. 

 

Figure 3, Headform for flexion, extension and 
lateral bending pendulum test 

 

Figure 4, Headform for torsion pendulum test 

The torsion was tested with a special headform
designed by VRTC, shown in Figure 4. This
headform has a neck load cell to measure the
moment Mz of the neck and a rotary pot to
measure its rotation about Z axis.  

NECK TEST DATA 

Neck flexion test was conducted at 5.5 m/s
impact speed. Three necks with different rubber
stiffness were fabricated for testing. The test
results are shown in Figure 5. 

 

Figure 5, Flexion pendulum test, 5.5 m/s 

From the test result, we can see that rubber with
a stiffness range from 65 to 85 durometer shore
A is close, but not well within the biofidelity
specification.  

Figure 6, Neck extension pendulum test, 5.5 m/s 
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Neck extension test was conducted at 5.5 m/s 
impact velocity. The test result is shown in 
Figure 6. 

The extension pendulum test shows close results 
for the neck with rubber stiffness at 65 and 85 
durometer shore A. No significant performance 
difference was observed in the test results. 
During the neck extension test, the neck rotates 
up to a range of 90 to 100 degrees. At the 
maximum bending, the V groves are completely 
closed and bottomed out, causing the moment to 
increase quickly after it reaches 85 degrees. 

 

Figure 7, neck lateral bending test, 3.9 m/s 

The lateral bending test was conducted at 3.9 
m/s velocity. The test results are shown in 
Figure 7. We can see both necks with 60 and 85 
durometer shore A meet the biofidelity corridor 
very well. 

Neck torsion test was conducted with a special 
headform as described in the previous section. 
The test results are shown in Figure 8. From the 
test results, we can see the 85 durometer shore A 
rubber neck is too stiff to meet the test 
requirement, while 60 and 65 durometer shore A 
neck meet the biofidelity corridor very well. As 
mentioned in design section, the neck cable has 
an asymmetrical mechanical property, which 
requires offsetting the cable key to balance the 
rotation between the left hand and right hand 

rotations. At the submission of this paper, the
symmetrical cable is in the fabrication process. 

Figure 8, Neck torsion test, 3.6 m/s 

From these tests, we concluded that the neck
with 65 durometer rubber performs the best
considering all four biofidelity requirements
However, we noticed the neck flexion
performance, which is soft to meet the
biofidelity requirements. After investigating the
neck rubber geometry, we added some rubber
material on the V grove at the front side of the
dummy. This is to reduce the angle neck rotation
before it bottoms out. It was also examined from
CAD design that other performance would not
be affected after this modification. A mockup
neck was fabricated by gluing some additional
rubber pieces to the corresponding area. The test
results shows in Figure 9. 

Figure 9, Neck flexion pendulum test, 5.5 m/s 
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The mold was updated to reflect the mockup 
design. At the time of submitting this paper final, 
the final version for neck is in the process of 
manufacturing. 

THORAX RIB CAGE 

Thorax rib cage is a critical component in the 
dummy design. It was observed that the rib cage 
was broken with a limited number of tests.   

 

Figure 10, damage of the thorax rib cage 

One rib cage was damaged after approximately 
90 pendulum and sled tests combined, while 
another rib cage failed after 30 pendulum tests.  
The damage always happens toward the rear side 
of the rib contour as shown in Figure 10. 

It was noticed some ribs have relative longer life 
than the others. From the analysis of the 
fractured surface, it has been noticed there were 
always defects, mainly air bubble like void on 
the fractured surface. These defects are typically 
buried inside and can’t be observed visually in 
the quality inspection. The crack initiates from 
these defects and starts to propagate and become 
catastrophic. The rib cages that have very long 
life time, we believe have no such defect buried 
in the parts. Since it is difficult to inspect these 
invisible defects, quality control was a problem.  

From the investigation of the damaged parts, it is 
clear that damage is a fatigue life issue. If we 

can make the design insensitive to the defects, it 
will elongate the life of the parts. To solve the 
problem, the following parameters were 
considered to increase the fatigue life cycles. 

• Optimize the thickness of the rib to reduce 
the maximum stress level. If the maximum 
stress level was reduced, the fatigue life will 
increase accordingly. 

• Introduce a Nitinol sheet metal insert. To 
maintain the same rib cage stiffness, 
therefore to maintain the same performance, 
the plastic material stiffness has to be 
reduced. When the plastic material stiffness 
is reduced, its elongation will be increased 
accordingly and fatigue life will increase 
accordingly. Also by introducing the 
Nitianol sheet metal insert, the plastic 
material thickness is as a consequence 
reduced. Under the same deflection level, 
the thinner plastic rib portion reduces the 
stress level as well from beam theory. 

Finite element analysis was used to study the 
stress distribution of the fractured area, which 
was identified as the highest stress level in the 
whole rib cage. We noticed that the bending area 
was thickened in the early Q3 development, 
which was intended to address frontal failure. 
However, for lateral impacts, the damage shifted 
further forward to the thin area as it is now. 

 

Figure 11a, FEA - the stress distribution of the 
rib cages (baseline – thickened contour) 
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We conducted analysis of the cage to compare 
the uniform thickness and the thickened design. 
It was found that rib cage with uniform 
thickness actually has less stress level than the 
thickened one that was intended to address the 
fracture. 

)  

Figure 11b, FEA – stress distribution of the rib 
cage (uniform thickness) 

 

Figure 11c, FEA – stress distribution of the rib 
cage (uniform thickness with Nitinol sheet metal 
insert). 

We also conducted an analysis of the rib cage 
with a Nitinol sheet metal insert to study the 
maximum stress level of the plastic material and 
also investigate if stiffness of the metal insert 
together with the plastic material is feasible to 
maintain the same dummy performance. The 
maximum stress is summarized in table 1. 

From the analysis, we can see 25% stress 
reduction can be achieved with the Nitinol metal 
insert, and the proper stiffness of the rib cage 
can be achieved with proper combination of 
metal insert and plastic material stiffness. 

Table 1, Max stress comparison of rib cage 

Cases 
Max Stress  

(MPa) 
Reduction 

(%) 
baseline 17.4 NA 

uniform thickness 15.1 -13% 
uniform thickness 

with insert 
13.8 -25% 

 

THORAX RIB CAGE TESTING 

After the finite element analysis, prototype parts 
were fabricated accordingly for testing to 
validate the concept. The shape of the metal 
insert was optimized in design to address some 
manufacturing challenges. The final design of 
the rib cage with the insert is as shown in Figure 
12. 

 

Figure 12, Q3s rib cage design with metal insert 

 

Figure 13, Pendulum impact test of the new rib 
cage and the old one. 
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The rib calibration with pendulum impact test 
was used to verify the rib performance. After 
eight iterations of refining the insert and plastic 
material, the performance is very similar to the 
existing rib cage. Further biofidelity tests will be 
conducted at VRTC in the near future. 

 

Figure 14, Rib durability drop tower test setup 

 

Figure 15, rib deflection under drop tower test 
(total 500 tests, data collected every 10 tests). 

Drop tower testing was used to verify the 
durability of the ribs. The test setup is shown as 
Figure 14.  

From the sled tests and pendulum tests 
performed previously, it was noticed the thorax 
was compressed to a level of 25 to 28 mm 
deflection. The drop tower reproduced this level 
of deflection for each impact. The rib cage was 
inspected carefully after each test. 

Rib deflection data was collected every 10 tests.  
The deflection is plotted in Figure 15. From the 
data we can see the rib performance is very 
stable and there is no damage to the rib cage 
after 500 tests. The durability of the rib has 
improved significantly. 

HIP JOINT DURABILITY 

It was observed in some severe test condition, 
the hip ball popped out of the ball retainer, also 
referred as the cup.  

 

Figure 16 Hip ball pop out from its cup 

From the investigation, the cause of this problem 
was due to the plastic cup, not being strong 
enough to retain the hip joint in position. Under 
severe test condition, the hip cup will deform 
and allow the hip ball to slip out of the cup 
retainer. To address this problem, the 
deformation of the hip cup needs to be limited 
while the engagement between the ball and the 
cup needs to be improved. 

To reengineer the joint, aluminum material was 
used to replace the plastic material for the cup, 
which increases the rigidity of the hip cup 
significantly. At the same time, the plastic hip 
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ball and ball shaft was replaced with a hardened 
aluminum ball.  The ball diameter was reduced 
from 30 mm to 25.4 mm, while the shaft 
diameter was reduced according to maintain the 
hip joint range of motion. This design change 
increases the engagement area between the ball 
and the cup and therefore strengthens the ball 
joint. 

 

Figure 17, New hip joint design 

 

Figure 18, hip joint durability test (courtesy of 
VRTC) 

A pendulum test was used to evaluate the new 
design at VRTC. The dummy was restrained in a 
test bench with one leg removed, and a 
pendulum was used to impact the other leg at the 
foot location from inboard. The test setup is 
shown in Figure 18. The plastic design hip joint 
ball popped out immediately, while the new 
design survived the test without any damage. 
The test was considered severe enough for the 
conditions that the dummy is used. 

CONCLUSIONS 

The few outstanding issues identified from 2008 
Government Industry meeting and thereafter 
were addressed with new designs. The new neck 
design can meet the flexion, extension, lateral 
bending and torsion requirements. A robust rib 
cage design with identical geometry was 
validated and was shown to improve the 
durability significantly. A more durable hip joint 
design was evaluated as well. The design is very 
promising in a severe test condition and further 
evaluation will be conducted in the future. The 
Q3s dummy is ready as a robust tool for child 
restraint system development. 
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ABSTRACT 
 
Validation data for assessing dummy child biofidelity 
are limited, especially with regard to whole-body 
kinematics.  Therefore, the goal of this study was to 
assess the kinematic biofidelity of current child 
dummies relative to results obtained from analysis of 
a child cadaver sled test.  The baseline data were 
obtained from a previously unpublished test 
performed with a 13-year old pediatric cadaver 
restrained by a three-point belt.  The cadaver test 
conditions were reconstructed using two dummies 
with anthropometry closest to that of the cadaver, the 
HIII 10-year old and HIII 5th female dummies.  Due 
to anthropometric and age-equivalent differences 
between the dummies and the child cadaver, 
geometric scaling was performed on the signals based 
on the seated height and material properties.    
Kinematic evaluations of head, hip, and knee 
trajectories were obtained from film analysis.   
Accelerations of the head, shoulder and lap belt loads 
were measured and compared among the dummy and 
child cadaver data. While this study shows that the 
HIII 10-year old, scaled HIII 5th female and scaled 
pediatric cadaver reasonably agree for the shoulder 
belt force, the resultant head acceleration, and the 
maximum head excursion, differences in kinematics 
were identified between the dummies and the 
cadaver.  Some of these differences in dummy 
kinematics were attributed to nonbiofidelic motion of 
the rigid thoracic spine with extensive bending at the 
cervical and thoracic spine junction.  In addition to 
new cadaver data, the study provides insight into the 
applicability of geometric scaling for dummy 
evaluation and suggestions for improved dummy 
biofidelity. 
 

INTRODUCTION 
 
The design and evaluation of current child restraint 
systems relies heavily on the biofidelity of current 
anthropometric test devices. Given the paucity of 
biomechanical data available for both development 
and validation of child dummies, child response 
targets have largely been achieved through geometric 
and material property scaling of adult responses.  
Dimensional scaling, however, involves a number of 
assumptions in terms of geometric similarity and 
loading of homologous structures that may not be 
justified with the differences in regional dimensions 
and mass distributions between children and adults 
(e.g., the child head comprises a disproportionate 
share of the overall body mass relative to the adult 
head).  Furthermore, the scaling of response for 
material property from adults to children are usually 
limited to one tissue type (e.g., bone) within a body 
region whereas the actual response typically involves 
the composite response effects of a large number of 
soft and hard tissue types.  Therefore, it is essential 
that dummies are evaluated under whole body 
loading conditions similar to the test environment in 
which they will be used to design restraint systems. 
While reconstructions of crashes involving children 
provides valuable injury data (c.f., Ash et al., 2009), 
the lack of information regarding initial occupant, 
restraint, and vehicle conditions introduces large 
uncertainties into reproducing these events in the 
laboratory for the purpose of dummy validation.  For 
the validation of occupant kinematics, pediatric 
cadaver tests arguably provide the best condition for 
evaluation of dummy seat belt and booster seat 
restraint of children (Kallieris, 1976) despite some 
differences in muscular effects between dummies and 
cadavers.  In the study presented here, data from a 
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sled test using a 13-year old cadaver was analyzed 
and compared to a series of tests conducted with 
dummies under identical test conditions to those of 
the pediatric cadaver.  The two anthropomorphic test 
devices (ATD) that were closest in size to the 
pediatric cadaver were used including the Hybrid III 
(HIII) 10-year old and Hybrid III 5th percentile adult 
female (AF5)  (~size of 12 year old).  The tests and 
analysis in this paper compare the pediatric cadaver 
kinematic and kinetic data to the data obtained using 
the dummies.   
 
METHODS 
 
Pediatric cadaver 

 
The pediatric cadaver data was taken from an 
unpublished test performed at the University of 
Heidelberg in 1976.  Though the test analyzed in this 
study comes from an unpublished test, information 
about the general test setup can be found in Kallieris 
(1976).  While the Kallieris (1976) study uses 
pediatric cadavers and child restraint systems which 
differ from this study, information regarding general 
testing methodology and cadaver preparation from 
the original study may provide additional information 
useful to the reader. 
A 13-year old cadaver was positioned in a mid-
1970’s Volkswagen Golf Type 1 seat and restrained 
by a high elongation (17%) three-point belt.  The 
impact velocity of the sled was 41 km/h and the pulse 
was trapezoidal with a median sled deceleration of 21 
g.   Black and white photos were taken before and 
after the test and high speed cameras acquired lateral 
and frontal views with frame rates of 1000 frames/s 
and 500 frames/s, respectively.  Photo targets were 
placed on the head, shoulder, and pelvis of the 
cadaver (Figure 1).  
 

 
 
Figure 1.  Seated position of the pediatric cadaver 
and placement of photo targets.  

Their trajectories were subsequently analyzed using a 
commercial software package (Phantom Camera 
Control, Version 8.1.607 XP).  The cadavers were 
instrumented with X and Z axis accelerometers fixed 
to the side of the head at the lateral projection of the 
head center of gravity (CG).  In order to conform to 
the SAE J211 standard coordinate system (SAE, 
2003), the Z axis component from the original data 
collection (Figure 2) was inverted to ensure it was 
positive in a downward direction.   
 

 
 
Figure 2.  Mounting diagram of accelerometers in 
the pediatric cadaver test (from Kallieris, 1976). 
 
In addition to the head and buck accelerations, forces 
were measured in the shoulder and lap belts.   
 
Anthropometric test dummies 
 
Subsequent to the pediatric cadaver test, tests with 
anthropometric dummies were designed to duplicate 
the experimental conditions of the cadaver using the 
UVA sled system (Via Systems Model 713).  The test 
fixture, or “buck,” consisted of the front passenger 
bucket seat of a 1975 Volkswagen Golf with matched 
anchorage locations for the seatbelts.  The seat-
adjustment mechanism was removed to make it more 
durable for repeated testing, and both the seat pan 
and seat back were rigidly fixed to the buck.  The 
three-point belt was a custom-made, approximate 
replica of the original belt with 18% elongation 
webbing (Figure 3). 
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Figure 3.  Hybrid III 10-year old dummy in 
rigidly fixed seat with replica seat belt.  
 
The tests designed to duplicate the test conditions of 
the pediatric cadaver were three repeated tests with 
the HIII 10-year old tests and two repeated tests of 
the AF5.  The dummies were calibrated prior to the 
testing, and all joints were adjusted to the relevant 
specification (1 g).   The dummy was instrumented 
with accelerometers and angular rate sensors in the 
head (CG), accelerometers in the chest (CG) and 
pelvis, load cells in the upper and lower neck, femur, 
left and right ASIS, and clavicle.  In addition, the 
dummies were modified to allow for attachment of 
instrumentation cubes containing accelerometers and 
angular rate sensors on the upper thoracic spine.   
Though the X, Y and Z components of the head CG 
acceleration were measured, only the X and Z were 
used in the calculation of the resultant acceleration 
since these were the only two channels collected for 
the pediatric cadaver. 
Before placing the dummy in the seat, photo targets 
were attached to the dummy at the head CG, hip, 
knee, ankle, shoulder, and points along the thigh. 
Other photo targets were placed at measured 
distances on the test fixture in order to provide spatial 
resolution in various planes for the video analysis.  
The dummy was positioned in the Volkswagen seat 
according to the procedure developed by Reed 
(2006).  This procedure made modifications to the 
specifications of FMVSS 213 in order to more 
accurately model real world child seated posture.  
After the dummy was centered, a force of 178 N was 
first applied to the pelvis and then to the thorax of the 
dummy to ensure it was properly seated. At this 
point, minor adjustments were made to ensure the 
dummy’s position matched that of the cadaveric test 
using the pre-test photos of the pediatric cadaver .  
With the dummy firmly positioned in the seat, the 
three point belt was positioned and buckled.  Belt 
tension load cells (Interface Model DK113523) were 

attached to the outboard lap and shoulder portions of 
the belt.   
The tests were recorded using three high-speed (1000 
frames/s) digital video imagers (Kodak RO) that were 
positioned to provide a perpendicular view from the 
driver’s side of the sled track, an oblique view from 
the front/passenger side, and an overhead view.  
Photo target trajectories were tracked using video 
analysis software (Phantom Camera Control, Version 
8.1.607 XP).  To ensure test to test repeatability, a 
three dimensional positioning device (Faro arm) was 
used to confirm the initial condition of each dummy 
prior to launching the sled.    In addition, photos were 
taken to record the pre-crash and post-crash position 
and the orientation of the dummies.  
 
Geometric scaling 

 
In order to compare the kinematics among the 
surrogates, the accelerations and loads of the 
dummies and the pediatric cadaver were scaled. The 
scaling methods take into account variations in 
subject anthropometry in order to calculate 
equivalent values between the two subjects and are 
based on dimensional analysis (Irwin, 1997 and 
Irwin, 2002).  The nondimensional ratio used in the 
scaling analysis is the length scaling ratio (Equation 
1),   
 

   
2

1

L
L

L =λ   (1)  

 
where λL is the scaling factor, L1 is the seated height 
of the reference subject (i.e.,the subject that will not 
be scaled) and L2 is the seated height of subject to be 
scaled.  The seated height was used in the length 
scaling factor since this information was directly 
measured for both the cadaver and the dummies.  In 
addition to the length scaling factor the other 
fundamental nondimensional ratio used was the 
modulus of elasticity ratio λE.  In order to scale the 
forces, accelerations and event times the following 
scale factors were used (Equations 2-4),  
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In the above equations, λA is the acceleration scaling 
factor (Equation 2), λF is the force scaling factor 
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(Equation 3) and  λT is the time scaling factor 
(Equation 4) from Irwin (1997).  The force scaling 
factor was based on the ratio of the stiffness of the 
subjects’ chests, λK.  This chest stiffness ratio takes 
into account the difference in stiffness of the 
subjects’ ribs along with the contribution that the 
viscera and flesh have on the overall stiffness of the 
chest.  The development of the chest stiffness ratio 
can be found in Appendix A.  
The heights, elastic moduli, and masses used in this 
scaling approach along with the scale factors can be 
found in Table 1.  The value of the Elastic Modulus 
for the HIII 10-year old was found in Irwin (2002) 
and the value of the elastic modulus for the 13-year 
old pediatric cadaver was estimated from 
interpolating between data points provided by Irwin 
(1997).  Once the modulus scale factor was 
determined, it was used to determining the stiffness 
scale factor.  The stiffness scale factor was then used 
in the force scaling factor development.    
Once the values of the accelerations and forces were 
scaled the maxima, and minima in the case of the 
head CG X component, were found and compared. 
Since three repeat tests were performed with the 
Hybrid III 10-year old dummy, the average and 
standard deviations of responses were calculated.   
 

Table 1. 
Scale factors (compared to HIII 10-year old) and 

surrogate measurements 
 

 
 

HIII 
10yo 

HIII 
AF5 

Pediatric 
Cadaver 

Seated Height, 
[m] 0.72 0.79 0.81 

Elastic Modulus, 
[GPa] 8.45 9.9 9.0 

Mass, [kg] 35.0 49.1 50.0 
λL 1 0.91 0.89 
λE 1 0.85 0.94 
λA 1 1.10 1.13 
λK 1 0.85 0.89 
λF 1 0.77 0.79 
λT 1 0.99 0.92 

 
For the pediatric cadaver and Hybrid III 5th female 
dummy, there were an insufficient number of tests 
(i.e., statistical degrees-of-freedom) to calculate 
standard deviations.  Since direct comparison of point 
estimates (i.e., average response values at any time t) 
would not have accounted for test variability inherent 
even in controlled laboratory dummy tests, a 
methodology of generating estimates of confidence 

intervals was created.   In order to compare dummy 
and cadaver responses, a normal distribution was 
assumed around the mean response.  The upper and 
lower bounds of the 95% confidence interval were 
estimated using,   
 

    
µ
µ

)*1(
)*1(

zCOVLB
zCOVUB

+=
+=   (5). 

 
In Equation 5, UB and LB are the upper bound and 
lower bound, respectively, COV is the coefficient of 
variation, z is the number of standard deviations to 
achieve the desired confidence interval, and µ is the 
mean of the quantity for which the boundaries are 
found.  The COV that was used for the dummies was 
10% because this was stated as the upper limit of 
acceptable values in the automotive safety field by 
Shaw (1994).  Though 10% is considered the upper 
limit, a COV of 5% is considered good repeatability 
(Foster, 1977).     
The length scaling factor was applied to the 
kinematic trajectories obtained from the video 
analysis.  The lap and shoulder belt loads as well as 
the head center of gravity accelerations were scaled 
by the force and acceleration scaling factors, 
respectively.  In order to scale the whole body 
kinematics of the various test subjects, a common 
reference origin was created to account for 
differences in local origins among the dummies of 
different sizes (Figure 4).   
 

 
 
Figure 4.  Location of common reference origin 
where the black cross represents the H-point of 
the dummy and the origin of the reference 
coordinate system is shown directly below H-
point.  (Adapted from NHTSA 2000) 
 
The common point that was chosen for comparing 
these tests was the point directly below the H-point in 
the vertical direction to where the subject meets the 
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seat.  This was done so that all trajectories would 
have a common reference point as the origin.  For the 
dummies the H-point information was found from the 
technical specification drawings and the reference 
manuals for each dummy (HIII 10-year old: NHTSA 
2005, AF5: NHTSA 2000).  In order to determine an 
appropriate value of the vertical distance from the H-
point in the pediatric cadaver, scaling was used.  
Since no measured value for this distance was 
included in the anthropometry, the known value of 
the vertical distance was taken for the HIII 6-year old 
and scaled, using the length scaling factor, to the 
approximate distance for the cadaver.   
 
Video Analysis 
 
To assess the kinematics of each surrogate, the points 
of interest from the videos were the head CG, the 
shoulder, the H-point, and the knee joint.  
Subsequently, the pixel trajectory values were 
converted to a quantitative measurement using the 
spatial resolution of the imager in the plane of the 
surrogate.  Once the conversion into spatial 
dimensions was completed, the trajectories of the 
points of interest were filtered using the convention 
specified in ISO/DIS 13232-4 (ISO, 2004).  This 
filter employs a four pass moving average designed 
to smooth the data.   
The points of interest were tracked from the dummy 
tests using the photo targets that had been placed on 
the dummy at desired locations prior to testing.  It 
was considerably more difficult to determine the 
location of these points in the cadaver test because 
the desired location was either not available for direct 
measurement (i.e., a photo target had not been placed 
at the location of interest) or the photo targets were 
placed on clothing that moved during the impact 
event.  Therefore, several hybrid techniques were 
developed to account for either the lack of targets at a 
location or local movement of a target.   
In the case of the head CG, the knee and the H-point, 
approximations of the point of interest had to be 
inferred.  In order to account for out-of-plane 
rotations of the head that resulted in perceived 
movement of the head CG target on a planar 
projection, the location of the head CG points was 
determined by the head outline at the following 
locations: the highest point, the most leftward, the 
most rightward, and the lowest point.  This method 
for approximating the location of the head CG by 
tracking the location of the centroid of the projected 
head area is shown in Figure 5.   

 
 
Figure 5.   Approximation of the head CG of the 
pediatric cadaver by tracking the centroid of the 
head. 
 
The head CG points (Equation 6) could then be 
approximated as 
 

2
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In order to find an approximate location for the knee 
joint, points were taken where the leg meets the thigh 
anterior and posterior to the actual location of the 
knee center of rotation (i.e., the knee center).  The 
location of these points and their practical placement 
can be seen in Figure 6.   
 

 
 
Figure 6.  Determination of the location of the 
knee joint in the pediatric cadaver video analysis. 
 
Once the location of these two points was 
determined, labeled 1 and 2 in Figure 6, the 
approximate location of the knee joint (Equation 7) 
was 
 

         2
,
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+
=

+
=

   
  (7).

  
 
Once the location of the knee joint was determined, 
the approximate location of the H-point was 
calculated using the knee joint and femur length.  
This approach was taken because the location of the 
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hip marker was observed to move during the test as 
the cadaver’s clothing moved.  As shown in Figure 7, 
points are taken along the top of the thigh between 
the knee and hip.  
 

 
 
Figure 7.  Method used for finding the 
approximate location of the H-point of the 
pediatric cadaver. 
 
Using points 1, 2, 3, and 4 from Figure 7, which are 
four points along the top of the thigh, a least squares 
slope was found through those points.  Since the 
femur could not be measured directly, it was assumed 
that the least squares slope was the same as the slope 
of the line connecting the knee and the hip.  
Validation of this technique was performed by 
overlaying the approximate hip points on the video of 
the test.  It was observed that the approximate hip 
points predicted the location of the hip more 
accurately than the photo target, which moved 
considerably during interaction of the clothes with 
the seat and belt.  The length of the femur was not 
listed in the cadaveric anthropometric data so its 
length was estimated (Snyde, 1977).  By matching 
the known measurements of body weight, body 
length, and seated height with average measurements 
in the database, an age range based on the cadaver’s 
anthropometry was determined based on those 
measurements rather than the subject age.  With the 
assumed femur length and thigh angle, the 
approximate location of the H-point was determined 
based on the previously calculated knee joint 
location. 
 
RESULTS 
 
Scaling accelerations and forces 
 
Before using scaling (Equations 2, 3, and 4) was used 
to qualify the performance of the dummies relative to 
the cadaver, the applicability of scaling techniques 
for this particular sled environment was evaluated.   
We determined the extent of the violations of the 
assumptions related to geometric similarity (i.e., the 
assumption that the dummies responses are scaled 
versions of each other) and homologous loading 
points (i.e., the assumption that if the belt loads a 
particular point in one sized dummy it loads the same 

point in another) by assessing the effectiveness of 
scaling the dummy responses to each other.   Since 
the dummies were developed with the same 
dimensional analysis scaling procedures utilized in 
our analysis (Mertz, 2001), we reasoned that a 
dummy’s response should be scalable to that of 
another dummy if the assumptions of geometric 
similarity and homologous loading are not drastically 
violated.  In order to test this assumption, the 
responses of the HIII 10-year old were compared to 
the scaled responses of the Hybrid III 5th female.  It 
was observed that the scaled acceleration and seat 
belt forces produced comparable results (see 
Appendix C).   
After determining that the scaling method was 
capable of providing comparable results between the 
two dummies, the seat belt load and head CG 
acceleration were scaled (Figure 8 and Figure 9 ).  
Additional graphs of the scaled lap belt load and X 
and Z components of the head CG acceleration are 
included in Appendix B. 
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Figure 8.  Scaled values of the AF5 and pediatric 
cadaver graphed with the values of the HIII 10-
year old for the shoulder belt. 
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Figure 9.  Scaled values of the AF5 and pediatric 
cadaver graphed with the values of the HIII 10-
year old for resultant head CG acceleration. 
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Table 2. 
 HIII 10-year old, Scaled AF5, and Scaled pediatric cadaver values 

 
  HIII 10-year old Scaled AF5 
      

Scaled Pediatric 
Cadaver 

  Average 
St. 

Dev. COV 
Upper 
bound 

Lower 
bound Average 

Upper 
bound 

Lower 
bound Value 

Lap 3999 325 0.081 4782 3215 4119 4926 3312 2886 Belt Forces, 
[N] Shoulder 4545 64 0.014 5436 3654 3976 4756 3197 4119 

X -1085 267 -0.246 -1298 -872 -715 -855 -575 -352 
Z 551 81 0.147 659 443 542 649 436 663 

Head CG, 
[m/s2] 

Resultant 1086 266 0.245 1299 873 739 884 594 720 
X -189 3 -0.018 -226 -152 -235 -281 -189 -352 
Z 404 29 0.070 484 325 542 649 436 296 

Pre-strike 
Head CG, 

[m/s2] Resultant 427 39 0.092 511 343 569 681 457 456 
X -459 12 -0.026 -549 -369 -553 -661 -445  
Y 71 41 0.574 85 57 53 64 43  
Z -401 134 -0.333 -480 -323 -127 -152 -102  

Chest CG, 
[m/s2] 

Resultant 501 72 0.144 599 403 573 685 461  
 
In Figure 8 and Figure 9 it is seen that the general 
trend of the data along with the peak value are similar 
between the scaled values of the AF5, scaled 
pediatric cadaver, and the HIII 10-year old.    
The upper and lower bounds found in Table 2 were 
calculated using Equation 5 with the average values 
and 95% confidence intervals (z = 1.96).  To find the 
upper and lower bounds for the scaled AF5, a 
coefficient of variation of 10% was assumed since 
the sample size was insufficient (n = 2) to determine 
a standard deviation.    
 
Kinematic scaling 
 
In order to validate the technique of length scaling for 
kinematic factors, the trajectories of the HIII 10-year 
old and the Hybrid III 5th were compared.  It was 
found that scaling between the dummies provided 
good agreement of the kinematic trajectories (see 
Appendix B for more detail).  Scaling the pediatric 
cadaver trajectories to the HIII 10 and AF5 dummy 
sizes (Figure 10 and Figure 11) resulted in similar 
maximum head excursion values (Table 3.) and H- 
point trajectories.   
 

 
 
 
 
 
 
 
 
 

Table 3. 
 Percent Difference between dummies and 

pediatric cadaver in head excursion 
 

 Cadaver Scaled to: 
 HIII 10-year old AF5 

Cadaver, [cm] 16.5 24.6 
Dummy, [cm] 15.8 22 
% Difference 4.4% 11.8% 

 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-0.3 -0.1 0.1 0.3 0.5

X axis (m)

Z 
ax

is
 (m

)

HIII 10yo Head CG
HIII 10yo Shoulder
HIII 10yo H Point
HIII 10yo Knee Joint
Scaled Cadaver Head CG
Scaled Cadaver Shoulder
Scaled Cadaver H Point
Scaled Cadaver Knee Joint

T=0

T=0

T=0

T=0

 
 
Figure 10.  HIII 10-year old and scaled pediatric 
cadaver kinematic trajectories 
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Figure 11.  AF5 and scaled pediatric cadaver 
kinematic trajectories. 
 
The head excursion values in Table 3 are the 
maximum distance that the head CG traveled past the 
origin in the +X direction.  The percent difference 
calculation is based on this distance relative to the 
excursion of the pediatric cadaver.  The differences in 
the knee joint trajectories for the cadavers (Figure 10) 
occurred because the HIII 10-year old foot not 
contact the floor of the buck.    The differences in the 
shoulder trajectories in Figure 10 and Figure 11 were 
due to the rigid spine and shoulder assembly that are 
part of the HIII dummies.  As the cadaver engaged 
the seat belt, the shoulder and upper body bent over 
the shoulder belt, causing a larger travel distance of 
the shoulder.   
 
Differences in Kinematics 
 
Though the head excursions of the dummies and the 
scaled cadaver produced similar results, the 
mechanism in which these excursions were achieved 
was quite different.  In order to determine the way in 
which the dummies and the pediatric cadaver reached 
their points of maximum excursion, points were 
digitized along the approximate location of the spine 
and head using the video analysis software.  These 
points along the spine to the base of the skull, to the 
most posterior point of the skull or and ending with 
the most superior point of the skull will be referred to 
as the spinal contour.  The spinal contours were taken 
in 10 ms intervals back from the time of maximum 
excursion, labeled t = 0 ms, for 70 ms and included 

one contour after the time of maximum excursion for 
both the pediatric cadaver (Figure 12) and HIII 
dummy (Figure 13). 
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Figure 12.  Spinal contours of the pediatric 
cadaver with approximate T1 location shown 
during motion 
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Figure 13: Spinal contours of HIII dummy with 
approximate T1 location shown during motion 
 
The equivalent location of the T1 vertebra was 
tracked along with other points along the spine and 
head to form the spinal contour for the HIII dummy 
(Figure 12 and Figure 13).  It was observed that the 
T1 location travels further in the test with the 
pediatric cadaver, which is to be expected given the 
rigid nature of the HIII spine.  In order to compare 
the relative horizontal displacement of T1 between 
the surrogates the displacement relative to the initial 
position of the approximate location of T1 was found 
when the most distal point of the spine is held fixed.  
The T1 displacement of the cadaver is much larger 
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than that of the HIII dummy, as seen in Figure 12 and 
Figure 13, caused by noticeable bending of the 
thoracic region of the pediatric cadaver’s spine.  This 
result is consistent with observations made by 
Sherwood (2002), where it was found that the non-
biofidelic thoracic spine of the HIII 6-year old 
produced unrealistically high flexion moments in the 
dummy’s lower neck.  Additionally shown by 
Sherwood (2002) in crash simulations was that 
additional thoracic spine flexibility decreases all 
forces and moments in the neck and improves the 
dummy’s kinematics relative to the cadaver’s.   
  
LIMITATIONS 
 
A limitation of this study is that there is only one 
pediatric cadaver was used in the analysis.  The 
approximations used in determining the head CG 
location, knee joint and H point location all provide 
reasonable estimations, but are still approximate 
methods for determining the desired location.  It is 
also possible that the seat that was used for the test 
was worn and that this affected the response of the 
dummy.   Additionally, scaling procedures will 
introduce some error into the study due to violations 
of geometric similarity.  The process of video 
analysis used in this study is a potential source of 
error.   
 
CONCLUSION 
 
This study found that scaling techniques provided 
reasonable results when scaling between the 
dummies.  When comparing between the dummy and 
the pediatric cadaver, the scaling techniques 
reasonably predicted the shoulder belt force, head CG 
resultant acceleration and occupant head kinematics.  
Though the scaling techniques for the occupant 
kinematics produced comparable results between the 
cadaver and the HIII 10-year old and AF5, this does 
not necessarily indicate that the cadaver could be 
scaled to the any size child dummy.  Violations in 
geometric similarity (i.e. different loading locations 
of the belt on the dummies of different size and 
seating position between subjects) would likely have 
a large influence on the scaling results.  This study 
showed that the rigid spine of the dummy greatly 
influences the biofidelity of head CG and torso 
kinematics.   As shown in the Sherwood (2002) and 
this study in the lack of non-biofidelic head 
movement, increasing the flexibility of the spine of 
the dummies would produce more accurate dummy 
head CG kinematics.  With the information gained in 
this study, additional data into the kinematics and 
kinetics of children are obtained, that, in turn, may be 
used in the further development of child dummies.  

Areas where the dummy responses are shown to be 
non-biofidelic, the rigid thoracic spine for example, 
can be improved.    
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APPENDIX A 
 
 Stiffness Scaling Development 
 
This Appendix provides a discussion and shows the 
development of the chest stiffness scaling that is used 
in scaling the shoulder and lap belt forces.  Since 
scaling the forces by the modulus scaling factor alone 
would seem to neglect the effect of the flesh and the 
viscera on the magnitude of the scaled belt forces, an 
alternative way was developed.  
Dimensional analysis scaling techniques state that 
forces are scaled by modulus and length as shown in 
Equation A1  
 

    (A1).  2
LEF λλλ =

 
Since it is also known that stiffness would scale by 
modulus and length (Equation A2) as,  
 
  LKF λλλ =   (A2). 
 
It is shown that force can also be scaled (Equation 
A3) as  
 
 LKLLEF λλλλλλ == )(  (A3) 
 
The reason that the chest stiffness cannot be scaled 
simply by the modulus and length, as was shown 
above, is that there are differences in the child and 
adult thorax.  These differences are not accounted by 
scaling only by the elastic modulus of the ribs and 
therefore another approach was taken.  Using 
normalized stiffness information from Kent et al. 
(2005), the development of the chest stiffness scaling 
was possible.  The intact thorax had a value of 1, the 
denuded thorax had a value of 0.87 and the 
eviscerated thorax had a value of 0.69.   
The model of the thorax was assumed to be three 
springs in parallel.  This assumption is made because 
it is observed that as additional elements are added to 
the eviscerated case, i.e. the flesh and viscera, the 
stiffness increases.  Since the normalized total 
stiffness, kT, is known to be 1 and the stiffness of the 
ribs, kR, is known to be 0.69,  the stiffness of the 
viscera, kV, and flesh, kF, are also known from the 
following relations:  
 

  
 
and, 
 

   
 
and,  
 

   
 
The relative contributions of the flesh, the viscera and 
the ribs are known to be:  
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A stiffness ratio can be found between the child and 
the adult, represented as 1 and 2, respectively,  
 

  
 
It was assumed that the stiffness of the flesh and the 
viscera is constant between the adult and the child 
and that the ribs themselves are geometrically similar 
their stiffness values can be scaled as done in 
Equation A2.  
The stiffness ratio is then known to be 
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Since the stiffness ratio is known the force scaling 
ratio is also known (Equation A4)  
 
      ( ) LLELKF λλλλλλ 69.031.0 +==      (A4).  
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APPENDIX B 
 
Comparison of HIII 5th Female to HIII 10-year old 
dummies 
 
In the comparison of the belt forces and head CG 
accelerations between the HIII 10-year old and the 
scaled Hybrid III 5th female (Figure B1 - Figure B5 , 
the general trends as well as the approximate 
magnitudes of the data peaks are similar.  Since data 
obtained from the HIII 10-year old and the scaled 
AF5 appeared to be an approximately equivalent, the 
scaling method will be used to scale between the 
dummies and the pediatric cadaver.   
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Figure B1.  Lap belt load of the scaled AF5 
Dummy and HIII 10-year old.   
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Figure B2.  Shoulder belt load of the scaled AF5 
Dummy and HIII 10-year old.   
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Figure B3.  Head CG acceleration (X component) 
of the scaled AF5 Dummy and HIII 10-year old.   
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Figure B4.  Head CG acceleration (Z component) 
of the scaled AF5 Dummy and HIII 10-year old.   
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Figure B5.  Head CG acceleration (resultant) of 
the scaled AF5 Dummy and HIII 10-year old.   
 
Kinematic Scaling 
 
The kinematic trajectories scaled between the HIII 
10-year old and the AF5 shown in Figure B6 show 
that the trajectories can be scaled between the 
dummies and that the excursion of the head, which is 
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particularly important when analyzing child dummy 
kinematics, differed by less than 3 cm. 
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Figure B6.  HIII 10-year old and AF5 kinematic 
trajectories 
 
All other points showed similar kinematics between 
the dummies with the exception of the knee joint.  
The reasons for the differences in the knee joint 
trajectories between the dummies were due to 
violations in geometric similarity, more specifically 
the violation of homologous points.  These violations 
were seen in the seating positions of the two 
dummies (Figure B7). 
 

 
 
Figure B7.  HIII 10-year old seated position. 
 

 
 
Figure B8.  AF5 dummy seated position. 
 
Since the foot of the Hybrid III 5th resides on the 
footrest of the buck, the knee joint was forced 
upward as the entire dummy translated forward.  This 
motion was not seen in the HIII 10-year old where 
the knee would sink into the seat padding as the 
dummy was restrained by the belt system.  The neck 
assembly of the HIII 10-year old dummy, seen in 
Figure B7, was in a more posterior position than the 
AF5 dummy.  To correct this, the initial position of 
the HIII 10-year old was adjusted to begin at a 
similar X position as the AF5.    
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APPENDIX C 
 
Scaled pediatric cadaver and AF5 graphed with 
HIII-10 year old acceleration and belt load 
 
The shoulder belt loads and head CG accelerations of 
the pediatric cadaver and AF5 were scaled to the HIII 
10-year old (Figure C1 - Figure C3 ).  
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Figure C1: The scaled X component of the head 
CG acceleration.    
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Figure C2: The scaled Z component of the head 
CG acceleration.    
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Figure C3: The scaled shoulder belt force.  
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ABSTRACT 
 
Recent years the numerical method of the simulation 
for the airbag deployment process has been improved 
with new material model and thermodynamic model, 
and has become a standard application of finite 
element codes. With such simulation tools, it is 
possible to attempt supporting the airbag module 
design and evaluating the injuries of dummy in 
airbag hazard area or out-of-position. Although the 
simulation model for the airbag’s deployment 
process is usually correlated with the static airbag 
deployments and reaction force results, up-to-date 
the numerical approach to represent the fluid flow 
within the airbag is both costly and time consuming. 
This paper will provide an overview of the 
correlation process for reducing the resource to be 
invested. The following two tests are conducted for 
acquiring the reference data.  
1. Static deployment test for acquiring the airbag 
internal pressure during the deployment process and  
2. Drop tower test for acquiring the fully deployed 
airbag’s reaction force. 
The drop tower test is simulated to determine the 
parameter related to the leakage of fabric and vent 
holes with the airbag model using the uniform 
pressure method offering the relatively short solving 
time. And then Static deployment test is simulated 
for determining the parameter related to the 
unfolding phase with the airbag model using the 
corpuscular (particle) method. These two simulations 
are compared to the test results and satisfactory 
correlation is found in both the cases. 
The drop tower simulation using the uniform 
pressure method leads to reduce the total correlation 
time and to easily extend the application for 
protection of the driver occupant while in-position. 
This airbag model can be used in parametric studies 
to investigate the effects of airbag module design 
changes and to study the out-of-position (OOP) load 
case. 

 
 
INTRODUCTION 
 
The safety system integration for in-position situation 
has held a main portion of the safety related 
simulation which usually uses the uniform pressure 
method for inflating the airbag. The airbag model 
adopted the uniform pressure distribution within the 
airbag volume provides adequate results for the in-
position situation because the occupant and the 
airbag does not have a reciprocal action until the 
airbag is fully deployed. It is the basic assumption for 
the uniform pressure method that the gas inside the 
airbag is an ideal gas and assuming that the pressure 
and temperature are uniform everywhere inside the 
airbag. These assumptions are acceptable in the 
occupant analysis for the in-position situation. 
Recent years the need of simulation beyond the 
uniform pressure method is increased in airbag 
module design and the OOP situation. In terms of the 
OOP situation or the airbag module design, the effect 
of gas flow plays a very important role at the early 
stage of airbag deployment. In order to simulate the 
deployment process of folded airbag with various 
folding pattern and the vent hole design, the 
meaningful safety simulation tools that allow the 
integration of the computational fluid dynamics 
analysis into the finite element airbag model are 
developed. These sophisticated simulation tools 
allow to handle the interaction between the gas and 
the airbag fabric, but the calculation is very 
expensive in CPU time [1], [2], [3].  
Several validation tests and corresponding 
simulations are usually conducted to get the reliable 
airbag model on the deployment kinematics and 
these successive correlating processes are very time 
consuming job that have to be reduced. 
In this study, the effective validation methodology 
that alternately adopts the uniform pressure method 
and the recently developed corpuscular method in the 
LS-DYNA 971 is described. And the model setup for 
the driver side airbag module is described. 
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Driver Side Airbag Model Setup 
 
A typical 60 liter driver side airbag used in a mid-
size car is selected in this study. Flat airbag cushion 
is folded with ∑-Roll folding and then the finite 
element model of the folded airbag cushion is placed 
in the canister with Y-tear pattern cover is built. The 
dynamic relaxation is performed until the internal 
energy of the folded airbag cushion in the canister 
become stable. The steering wheel is modeled, as it is 
an important part for the airbag support. The inflator 
characteristics and the mechanical properties of 
airbag cushion fabric are considered to achieve the 
accurate airbag model.  
Figure 1 shows the modeling process for the finite 
element airbag module. 
 

 
a. Flat airbag cushion modeling 

 
b. Folding 

 
c. packing 

 
d. Relaxation 

Figure 1. The modeling process for the finite 
element airbag module 

Fabric Material Property - Both ‘tightly’ and 
‘loosely’ woven fabrics can show differences on 
mechanical properties, because woven fabrics can 
resist in-plane shear loads once the yarn lock-up 
angle has been reached and the lock-up angle is 
much lower for tightly woven than loosely woven 
fabrics [4]. The differences of material property on 
material direction can affect the shape of fully 
deployed bag.  
Recently developed tools for safety analysis provide 
a material model that incorporates an in-plane shear 
stiffness property into warp and weft properties. This 
shear material model is appropriate for a typical 
airbag fabric in opposition to the ISOLINEAR and 
OTHOLINEAR material model which are both linear 
and cannot rotate relative to each yarn. To gain the 
in-plane shear stiffness of tightly woven airbag 
fabrics, the picture frame test can be conducted. The 
picture frame test device that is made for this study is 
shown in Figure 2. The corners of the test frame have 
revolute joint to transform an applied axial loading 
into the shear deformation of specimen. 
 

 
 

 
 

Figure 2. The picture frame test device and fabric 
specimen 
 
The axial force and axial displacement acquired 
during a test are converted the true shear stress and 
the true shear strain in order to be used for the fabric 
material model. The converted non-linear stress-
strain curve is used for representing the initial soft 
response of the fabric due to the crimp effect [5]. The 
picture frame tests are conducted with the various 
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loading velocity, and Figure 3 shows the force-strain 
curve with 1.0x and 1.6x loading velocity. The result 
shows the inclination of the force-strain curve 
increases in proportion to the loading velocity. The 
picture frame simulation is conducted with the fabric 
test result and the validation procedure that is based 
on the test setup. The use of LS-DYNA’s 
MAT_FABRIC material and recent parameter helps 
enhancement of prediction of the picture frame test 
data.  

 
a. 1x 

 
b. 1.6x 

Figure 3. The picture frame test result with 
different loading velocity 
 

 
a. Deformed shape 

 

 
b. Force-displacement 

 
Figure 4. Comparison between the picture frame 
test result and simulation result 

In Figure 4 the deformed shape with wrinkle on 
fabric and the force-displacement results are depicted.  
The figure shows the simulation result is coincident 
with the test result. The validated material model 
based on the sufficient tests is the basis for the 
reliable airbag model.  
 
Inflator Definition – Two types of inflator are 
modeled according to the validation phase: 
AIRBAG_HYBRID_JETTING and 
AIRBAG_PARTICLE. 
AIRBAG_HYBRID_JETTING is used for the 
conventional uniform pressure method that gives 
relatively short CPU elapsed time.  
AIRBAG_PARTICLE corresponding to the 
corpuscular method is newly developed for airbag 
deployment simulation in LS-DYNA. In this method, 
the gas is modeled as a set of individual particles. 
The corpuscular method shows the accuracy and 
agreement with experimental results in [1]. 
The multiple radial jets at gas discharge orifice are 
modeled in AIRBAG_PARTICLE option, the 
vertical jetting vector is employed for comparable 
result in AIRBAG_HYBRID_JETTING option. Due 
to these two options have similar parameters, they 
can be easily switched each other for airbag 
deployment simulation. 
 

  
Figure 5. Radial jets and gas discharge orifices  
 
Experimental pressure data of tank test is converted 
to mass flow rate and temperature input using the 
MADYMO Tank test Analysis (MTA) program. 
The inflator gas exit temperature and mass flow rate 
that are validated through a tank test simulation in 
LS-DYNA are used for defining inflator. 
 
Drop Tower Test and validation 
 
The two phase validation process for reducing the 
resources is employed in this study. The following 
two tests are conducted for acquiring the reference 
data; a) Drop tower test for acquiring the fully 
deployed airbag’s reaction force, b) Static 
deployment test for acquiring the airbag internal 
pressure during the deployment process. The drop 
tower test is simulated to determine parameters 
related to the leakage of fabric and vent holes with 
the airbag model using the uniform pressure method 
offering the relatively short solving time. And then 
Static deployment test is simulated for determining 
the parameter related to the unfolding phase with the 
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airbag model using the corpuscular (particle) method. 
 
Flat Driver Side Airbag – Drop tower test and 
simulation with flat driver side airbag are conducted 
to determine parameters related to the leakage of 
fabric and vent holes. The main events during drop 
tower test are depicted in Figure 6. 
 

 
Figure 6. Scheme of Drop Tower Test  
 
To represent the flat airbag cushion on the steering 
wheel, the pre-position simulation is conducted as a 
type of pre-simulation as shown in Figure 7. 
 

 
Figure 7. Initial stage of Drop Tower Test with 
flat bag 
 

 
a. Comparison of kinematics 

 
 

 

 
b. Comparison of acceleration of drop mass 

 
Figure 8. Comparison between the drop tower test 
result and simulation result with flat bag 
 
Drop tower test and simulation results for the flat 
airbag are depicted in Figure 7 and the simulation 
time history of acceleration data is closely correlated 
to the test result. Several parameters related to the 
leakage need to be tuned, because typical leakage 
model may not be able to cover the leakage 
characteristics of the specific airbag module. 
 
Folded Driver Side Airbag – Drop tower test with 
folded airbag is conducted to validate the folded 
DAB model. In this phase parameters related to the 
contact definition of airbag fabric itself and the 
control of the strain that is caused element distortion 
during folding process are tuned. Increasing the scale 
factor on slave penalty stiffness, the contact 
parameter, leads to higher contact forces. The higher 
contact forces accelerates the airbag deployment and 
leads to lower pressure peak during unfolding due to 
faster volume increase. LS-DYNA provides a 
numerical option to assure that airbags that have 
reference geometry is able to open to the correct 
geometry [6, 7]. During airbag folding, some 
elements are stretched and distorted compare to the 
reference geometry and these elements result in 
tensile strains. The airbag that is initially stretched 
result in the incorrect geometry. So this numerical 
option can be used to control the transition from 
initial mesh to reference mesh. But inadequate value 
for this factor can cause a lower pressure that result 
from larger element size in vent orifice area or a 
pressure peak change that result from different 
contact forces of airbag self contact. 

 
Figure 9. Initial stage of Drop Tower Test with 
folded bag 

20ms 

30ms 

40ms 

0ms 

0ms 
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a. Comparison of kinematics 

 
b. Comparison of acceleration of drop mass 

 
Figure 10. Comparison between the drop tower 
test result and simulation result with folded bag 
 
Driver Side Airbag Module – The folded airbag 
cushion is placed in the canister with Y-tear pattern 
cover. Tear seam mechanism that uses material 
failure of element requires smaller time step than the 
constraint failure mechanism and it can help to 
reduce the elapsed CPU time. The tear seams are 
defined as taking advantage of the constraint with 
failure. 
The dynamic relaxation is conducted as a type of pre-
simulation until the internal energy of the folded 
airbag cushion in the canister reaches sufficiently 
stable state as shown in Figure 12. 
 

 
Figure 11. Tear Seam Mechanism 

Section LH side

Section RH side

 
Figure 12. Dynamic relaxation of folded airbag 
within canister 
 
Drop tower test with airbag module is conducted to 
validate the DAB module model. In this phase 
parameters related to the contact definition between 
the DAB cover and the airbag fabric is tuned. These 
three drop tower tests and simulations with the 
uniform pressure method contribute to fast 
confirmation of the parameters related the gas 
leakage, contact, stress and strain. 
 

 

 
a. Comparison of kinematics 

 

 
b. Comparison of acceleration of drop mass 

Figure 13. Comparison between the drop tower 
test result and simulation result with airbag 
module 
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Static Deployment Test and validation 
 
The drop tower test is a widely used tool for the 
validation of the airbag characteristic. Good 
correlation between the tests and simulation models 
in of the measured acceleration has been achieved 
with the conventional FE airbag models based on 
uniform pressure method. Although the reliable and 
predictable airbag model for fully deployed status 
provides a confidential result in interaction between 
the airbag and the in-position occupant, in case of 
evaluating the injuries of occupant in airbag hazard 
area or out-of-position and the airbag module design 
such as the effect of different airbag folding patterns 
on the OOP occupant or the DAB cover, the drop 
tower test is not a suitable validation tool. 
In OOP situation, the airbag shape and reaction force 
on each region in time history are important factors 
for the occupant injuries. Various dynamic test 
methods with the head form, pendulum or the matrix 
of load cells have been developed to provide a better 
evaluation data for airbag deployment simulation 
model. The distribution of the pressure inside airbag 
provides an insight into the airbag module and a 
direct comparison between a test and a flowing gas 
integrated simulation, whereas the simulation that 
uses impactor has additional interaction between 
airbag and impactor. To this purpose, airbag static 
deployment tests were conducted to acquire the 
pressure distribution inside a folded airbag and 
covered airbag. 
The folded and covered airbag are modeled with a 
corpuscular method using 200,000 particles in LS-
DYNA for the gas flow, based on the previously 
validated model with the uniform pressure method 
and the drop tower tests. 
 
Folded Driver Side Airbag – Airbag static 
deployment test and simulation with folded driver 
side airbag is conducted. The transmission hose is 
fixed onto the retainer ring of airbag and the pressure 
transducer is connected with the transmission hose. 
Even though the transmission hose is fixed onto the 
airbag fabric for flat airbag, the mounting of 
transmission hors for folded or covered airbag is 
subjected to restriction on position. The folded airbag 
is mounted on the steering wheel and inflated with 
primary output because the primary output of 
advanced airbag is adopted for static OOP tests 
scenario of FMVSS 208 issued by NHTSA. 
The pressure peak level at the early moment of the 
deployment, punch-out phase, of the simulation is 
substantially coincident with the test data. The 
decrease in pressure during opening the airbag is also 
observed, and similar pressure level can be seen in 
the fully deploying stage. The kinematics during 
airbag opening of the simulation is coincident with 
the test data before 15ms. The central area of 
simulation result expands more toward the perimeter 

of the bag. But a subjective evaluation provides little 
information such as the above mentioned, so 
quantitative assessment method is adopted to 
evaluate the accuracy of the simulation model in 
kinematics. 

 
Figure 14. Comparison between the test pressure 
result and simulation result with folded bag and 
primary inflator output 
 

0 ms 5 ms

 
 

10 ms 15 ms

 
Figure 15. Airbag deployment kinematics with 
folded bag and primary inflator output 
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Radial lines with origin in steering wheel are used for 
estimation of the deployment shape error between 
test and simulation. 19 lines are used for side view 
and 36 lines are used for front view as depicted in 
figure 16. The test and simulation result are scaled in 
the same size and then positioned at same origin. The 
distance between the origin of radiated line and 
intersection on airbag outline is measured. Total error 
is calculated with equation below. 
 

100×
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Figure 16. Radiated lines for quantitative error 
assessment 

 
Table 1. 

Results of quantitative error assessment in side 
view for folded airbag 

error side@6.0

-80.0

-60.0

-40.0

-20.0

0.0

20.0

40.0

0 20 40 60 80 100 120 140 160 180

Angle

e
rr
o
r 
(%
)

error side@6.0

 

a. Side view@6ms 
error front@16.0
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b. Front view@16ms 
Figure 17. Deployment shape error for folded 
airbag 

 
The measured distances and errors in side view at 
6ms and 16ms are summarized in Table 1. The 
diagram of error in terms of angle provides insight 
into the tendency of shape difference. The average 
error for folded airbag’s kinematics is 29% and a 
point of reference has to be determined through 
statistical research.  

 

Driver Side Airbag Module – Airbag static 
deployment test and simulation with covered driver 
side airbag (DAB Module) is conducted. The covered 
airbag are modeled with a corpuscular method in LS-
DYNA for the gas flow, and the model is based on 
the previously validated model with the uniform 
pressure method and the drop tower tests. The 
distances and errors are also measured for covered 
airbag in side view and front view. 

 
Figure 18. Comparison between the test pressure 
result and simulation result with covered airbag 
and primary inflator output 
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Figure 19. Airbag deployment kinematics with 
covered bag and primary inflator output 
 

Good correlation of the pressure peak level was 
observed at the early stage of deployment (about 
5ms) and the pressure level at the fully deployed 
stage (about 25~30ms) of the simulation is 
coincident with the test data on the whole. The 
kinematics during airbag opening of the simulation is 
coincident with the test data before 15ms similar to 
the folded airbag simulation result. 
 
CONCLUSIONS 
 
The validation process to reduce the total simulation 
time has been developed. This validation process 
using the uniform pressure method and the 
corpuscular method alternatively can decouple the 
parameters into several problems; gas leakage, 
contact and cover tearing, the target parameter of 
validation can be easily determined through 
correlation to corresponding test data. The uniform 
pressure method (AIRBAG_HYBRID_JETTING) 
and the drop tower tests are employed to decide the 
gas leakage and the contacts. The corpuscular 
method (AIRBAG_PARTICLE) and small 
modifications for the contacts and cover tearing are 
appended to the model based on the validated 
uniform pressure method. Each validation stage 
corresponding to the drop tower tests and the static 
deployment tests shows the good agreement with 
experimental results in time history. 
Switching the simulation method, from the uniform 
pressure method to the corpuscular method, is quite 
easy and has no discontinuity because the 
AIRBAG_HYBRID and AIRBAG_PARTICLE in 
LS_DYNA have similar parameters for airbag 
definition. As shown in Figure 20, proposed 
validation process, switching the simulation method 
alternatively, can shorten the total simulation time 
against the case using the corpuscular method only. 
Therefore the predictable and reliable simulation 
model is able to get easily, more accurate 
investigation into the airbag cushion and module 
design can be made to improve the occupant injuries. 
 

 

 

Figure 20. Comparison of computing time 
between the different simulation model on 4 CPU 
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ABSTRACT 
 
The JNCAP intends to introduce a minor neck 
injury protection performance evaluation test 
method within the JNCAP program. Our research 
began with a 4-year project in 2005. In the first 
year, we conducted rear-end vehicle collision tests 
using a MDB to ascertain vehicle rear crash 
characteristics. In the second year, we conducted 
crash tests to allow changing the test conditions 
such as braking effect and excluding the influence 
of the MDB honeycomb. Basic data collected 
included floor G during a crash and measurement 
of the dummy injury level. In the third year, we 
conducted dynamic component sled tests to select 
an actual vehicle crash test or sled test. As a result, 
we found that the vehicle seat structure has a 
greater influence on the results than the vehicle 
structure. Additionally, in examining the sled 
acceleration pulse which represents the vehicle 
crash, we found that the crash characteristics of 
recent vehicles exhibited a triangular pulse rather 
than a trapezoidal pulse in the actual rear-end 
vehicle crash test. Delta-V is determined based on 
the cumulative figures for the rear-end crash 
accident speed rate. In the final year, all research 
results and conclusions were incorporated in our 
test protocol, and trial tests were conducted using 
the draft test procedure, which consists of the 
dynamic component sled test with a generic 
triangular pulse of delta-V=20 km/h. Effective 
evaluation indices will be finalized using recent 
biomechanical information. We will then publish 
all research results and present our final proposal. 

 
1. Background 
 
Thirty percent of traffic accidents in Japan are 
rear-end collisions and more than 90% of 
involved drivers sustain a neck injury1. When 
focusing on long-term injuries resulting from 
vehicle collisions during the decade from 1992 to 
2002, the rear-end collisions were second and the 
most common were head-on collisions. The 

number of rear-end collisions increased annually 
and in 2002 comprised 24% of all accidents 
resulting in long-term injury2. Comparison of 
traffic accident injuries reveals that rear-end 
collisions are responsible for 38% of all injuries, 
resulting in 456,421 victims. This is now the most 
common type of traffic accident and the human 
loss has reached 288.8 billion Yen, second only to 
pedestrian-vehicle accidents. Neck injuries, 
specifically, account for 76% of rear-end collision 
injuries3.  
Technical countermeasures, such as the neck 
injury reduction seat, are gradually becoming 
more common in the market. The JNCAP will 
introduce an assessment program for neck injury 
protection performance in rear-end collisions to 
reduce neck injuries, popularize protection 
devices, and promote technological improvement.  
 
2. Prerequisite condition 
 
Dynamic evaluation will be introduced using an 
improved biomechanical rear-end collision 
dummy. Based on our study, the BioRID IIg was 
selected; it has been studied in the global 
technical regulation No. 7 (gtr-7) and is used by 
the Euro NCAP and IIHS. Due to budget 
constraints, we try to avoid overlap with 
regulations and the NCAP. Static geometric 
measurements for head restraints, which are based 
on the gtr-7, will be stipulated in national 
regulations in the near future. Therefore, we will 
not include this evaluation. Although it is 
preferable to use multiple pulses to eliminate 
pinpoint countermeasure, we intend to select a 
single pulse for evaluation for economic reasons. 
Our main goal is the reduction of long-term 
injuries, as a part of a broader aim to reduce fatal 
or serious injuries. 
 
3. Considerations in introducing dynamic 

collision test    
   
At first, the appropriateness of conducting a 
rear-end collision vehicle crash test was examined 
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as a part of the program. We initially considered 
using the frontal collision test car for the rear-end 
collision test due to budget constraints. However, 
industry experts strongly opposed using the same 
vehicle for both frontal collision and rear-end 
collision tests because damage from the first 
collision could influence the results of the second 
collision. This idea was therefore discarded.  
The influences of vehicle and seat structures were 
then examined because Haland et al.4 reported 
that seat structure is a greater factor for neck 
injury from rear-end collisions than vehicle 
structure. As a first step, we studied the crash 
pulse of a Moving Deformable Barrier (MDB) 
crashed into the rear of test vehicles (see Figure 1). 
Test results are shown in Table 1 and Figure 2-1, 
2-2 and 2-3. 

 

Figure 1. Test car vs. MDB rear-end collision 
Test 
In these tests, Case 1 and 3 showed 2-peak pulses, 
which were also reported by Avery (2001) 5, but 
case 2 did not, possibly because the mass of the 
tested vehicle was much heavier than that of the 
MDB and this influenced the energy-absorbing 
characteristic of the MDB. In the MDB barrier 
test, the crash pulse may have been affected by 
the barrier characteristics, and may have included 
tire influences because the brake was applied in 
the crashed test vehicle. 
 

   
 

Table 1. Acceleration pulse produced by 
MDB-to-car crash 

Tp: Time when acceleration became minus, after 
more than 90% speed change was recorded.                         

Conditions were modified to eliminate these 
influences by conducting the test using a Moving 
Rigid Barrier (MRB). Figure 3 shows the exterior 
of the MRB, which has a mass of 1110 kg with 
plywood. 

 
Figure 2-1. Acceleration pulse (MDB to car test, 
delta-V=23.4 km/h) 

 
Figure 2-2. Acceleration pulse (MDB to car test, 
delta-V=15.5 km/h) 

 
Figure 2-3. Acceleration pulse (MDB to car test, 
delta-V=16.7 km/h) 

 

MDB to Car Case 1 Case 2 Case 3 
 Filter Value Time  

(m sec) 
Value Time 

(m sec) 
Value Time 

(m sec) 
Peak Vehicle C.G. Ax (g) CFC20 14.7 44.1 13.3 35.2 10.8 47.4  
Peak Vehicle C.G. Ax (g)  CFC36 15.5 43.0 14.4 34.7 11.8 45.4 
Peak Vehicle C.G. Ax (g) CFC60 15.7 43.6 16.3 35.6 13.1 42.9 
Mean Vehicle C.G. Ax G) 
(Tzero –TP) 

- 7.31 87.1 
(Tp) 

7.18 58.2 
(Tp) 

5.51 85.9 
(Tp) 

Vehicle C.G. Vel. Change (km/h) - 23.4 147.9 15.5 80.9 16.7 85.5 
Impact speed (km/h) - 30.2 - 30.2 - 30.3 - 
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Figure 3. MRB (Moving Rigid Barrier) 
In the MRB test, masses of the three test vehicles 
were adjusted to the same mass and the brake was 
not applied to conduct the tests under conditions, 
which permitted the characteristics of the vehicle 
structures to be evaluated easily. The MRB test 
results are shown in Figure 4-1, 4-2 and 4-3. 
The two-peak characteristic was not observed in 
the change of vehicle acceleration; case 1 and 3 
showed a high peak in the initial stage, but case 2 
showed a trapezoidal shape without a clear peak. 
One reason that case 2 produced a different 
acceleration pulse may be that the vehicle had a 
bumper crash box that absorbed energy during the 
rear-end crash (see Figure 5). 

 
Figure 4-1. MRB-to-car test 1 (delta-V=17.2 
km/h) 

 
Figure 4-2. MRB-to-car test 2 (delta-V=17.9 
km/h) 

 
Figure 4-3. MRB-to-car test 3 (delta-V=17.6 
km/h) 

 

 
Figure 5. Photo of bumper crash box 
 
Next, we studied the feasibility of conducting sled 
test for neck injury protection performance 
evaluation based on the results of the MRB test. 
For the sled pulse, the MRB test pulses of case 1 
and 2 were used. Five seats were used, including 
the seats of case 1 (A seat) and case 2 (B seat), as 
well as three evaluated by the IIHS; two better 
performing seats (D and E) and one poor 
performance (C). Figure 6-1 shows comparisons 
of the Euro NCAP pulses and actual vehicle crash 
pulses, and Figure 6-2 shows comparisons of the 
Euro NCAP pulses and the re-produced sled 
pulses. 
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Figure 6-1. Comparisons of Euro NCAP pulses 
and test vehicle pulses of seat A and seat B  

 

EuroNCAP High・Medium・Low pulse and sled simulated pulse A and B
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Figure 6-2. Comparisons of Euro NCAP pulses 
and sled-simulated pulses of seat A and seat B 
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Table 2. Sled test conditions 

 

  
Figure 7. Sled test 
 
 
 
 
 

  

 

 
Tests were conducted under these conditions 
using a BioRIDⅡg dummy, the same as used in 
the vehicle crash tests (see Figure 7).  Sled 
pulses shown in Figure 8-1 and 8-2 and five 
different seats were employed under the same 
condition. Table 2 shows the testing conditions 
described above. 
Figure 9 shows comparison of dummy response 
using a triangular pulse and the test results of 
vehicle A. Table 3 shows the dynamic responses 
of the dummy of the sled test (A seat) and vehicle 
A test. In the table, MY shows a slightly different 
behavior, but the sled test reproduced nearly the 
same results as the vehicle test. Table 4 shows a 
comparison of the head contact times of the sled 
test (seat A) and vehicle A test. 
 

 
Figure 8-1. Sled acceleration pulse (triangular 
pulse) 
 

 
Figure 8-2. Sled acceleration pulse (trapezoidal 
pulse) 
 

 
Figure 9. Dynamic responses of main body 
regions of dummy (Comparison of triangular 
pulse vs. vehicle test results) 
 
 
 
 
 
 

Dummy Pulse Target speed 
(km/h) 

Test No Type of seat 

 
 
 
 

BioRID Ⅱg 

 
Triangular 

Pulse 

 
 

17.2 

2007-A-11 Passive seat 
2007-B-11 Normal seat 
2007-C-11 Normal seat 
2007-D-11 Whips seat 
2007-E-11 Reactive seat 

 
Trapezoidal 

Pulse 

 
 

17.9 

2007-A-12 Passive seat 
2007-B-12 Normal seat 
2007-C-12 Normal seat 
2007-D-12 Whips seat 
2007-E-12 Reactive seat 
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Table 3. Dynamic responses of dummy 
(comparison of triangular pulse and vehicle 
test results) 

 
 

 
Table 4. Head contact time for sled test and 
vehicle test (triangular pulse vs. vehicle test 
results) 

       
 
 
 
 
 
 
                                                     

Unit:msec 
 
Table 5. Dynamic response of dummy 
(trapezoidal pulse vs. vehicle test) 

 

 
 
 
 
 

Table 6. Head contact time for sled test and 
vehicle test (trapezoidal pulse vs. vehicle test 
results) 

Unit: msec 

 
Figure 10. Dynamic response of dummy main 
regions (comparison of trapezoidal pulse vs. 
vehicle test results) 

Figure 10 shows the dynamic response of the 
dummy using a trapezoidal pulse and the test 
results of vehicle B. Comparing sled test to the 
vehicle test, the maximum values of FX and FZ 
are markedly different. This means reproducibility 
of the sled test was insufficient, perhaps because 
the sled machine did not accurately simulate 
acceleration of the vehicle crash. Table 5 shows 
the dynamic response of the dummy of the sled 
test (B seat) and vehicle B test. Table 6 compares 
the head contact time for the sled test (B seat) and 
vehicle B test. Table 7 and Table 8 show the 
dynamic responses of the dummies in the sled 
tests using triangular pulse and trapezoidal pulse 
to compare the five different seats. We compared 
the seat of vehicle A using a triangular pulse to 
the seat of vehicle B using a trapezoidal pulse, 
then compared the seat of vehicle A using a 
trapezoidal pulse to the seat of vehicle B using a 
triangular pulse. The test results show that seat A 
tended to have lower dummy response levels, 
whereas seat B had higher values. In these tests, 
we found and confirmed that the influence of the 
seat dominated the influence of the crash pulse (or 
vehicle structure). Additionally, the order of the 
seat performance did not change even when the 
triangular and trapezoidal crash pulses were 
exchanged. 

Test No Hx Acc. 
(m/s2) 

 

T1-R 
Acc. 

(m/s2) 
 

T1-L 
Acc. 

(m/s2) 
 

Upper 
FX 
(N) 

 

Upper 
FZ 
(N) 

 

Upper 
MY-Flx. 

(Nm) 
 

Upper 
MY-Ext. 

(Nm) 

NIC-R 
(m2/s2) 

NIC-L 
(m2/s2) 

2007-A-11 -180.6 -142.6 -135.8 101.4 683.4 20.3 -6.0 17.4 18.2 
Vehicle test -195.0 -141.7 -142.5 161.8 664.9 24.2 -5.0 21.5 21.6 

 2007-A-11 Vehicle test 
Backset 53.0 50.0 

Contact start 64.3 64.0 
Contact end 147.0 160.0 

Contact Time 82.7 96.0 

Test No. Hx Acc. 
(m/s2) 

T1-R 
Acc. 

(m/s2) 

T1-L 
Acc. 

(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 

(Nm) 

Upper 
MY-Ext. 

(Nm) 

NIC-R 
(m2/s2) 

NIC-L 
(m/s2) 

207-B-12 -367.8 -153.5 -148.7 334.7 1653.5 33.7 -8.7 30.8 31.2 
Vehicle test -284.1 -201.3 -198.9 167.3 861.9 22.4 -10.2 40.2 40.3 

 2007-B-12 Vehicle test 
Backset 79.0 80.0 

Contact start 78.0 72.0 
Contact end 143.0 148.0 

Contact Time 65.0 76.0 
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Table 7. Dynamic response of dummy (triangular pulse) 

 
Table 8. Dynamic response of dummy (trapezoidal pulse) 

 
As a result, we decided to introduce the sled test 
method for the evaluation of neck injury 
protection performance. We also compared injury 
levels using the triangular pulse and the 
trapezoidal pulse shapes. We expected test results 
using the triangular pulse to show a higher level 
of neck injury than the trapezoidal pulse, but the 
results were the opposite. The reason may be that 
not only peak acceleration but also average 
acceleration has some influence. 
 
4. Study of test crash pulse 
Through these vehicle tests, we found that many 
recent vehicles have a crash pulse characteristic 
with a triangular pulse or a 2-peak pulse, and the 
dummy response with a triangular pulse has better 
reproducibility than an actual rear-end vehicle 
crash. 

  
Based on this finding, we studied maximum 
acceleration, average acceleration and duration 
time as shown in Table 9-1, 9-2 and 9-3. Neck 
injury frequently occurred in rear-end crashes 
which had delta-V= 10~20 km/h. We conducted 
vehicle tests using this range of delta-V, and had 
gained the maximum acceleration of 100~130 
m/s2, average acceleration of 45~70 m/s2, and 
duration time of 80~110 ms (see Table 10). 
Next, we studied the influence of delta-V in neck 
injuries because delta-V is influenced by the mass 
of crashed vehicle.  We found that increasing 
delta-V tends to provide higher dummy response 
values (see Figure 11, 12 and Table 11, 12). 
Figure 11 shows  selected sled pulses and 
Figure 12 presents the dummy dynamic responses 
of three different delta-V pulses. 

 

  
Figure 11. Sled pulses 

 
Figure 12. Dynamic response of main region of 
dummy 

Test No. HX Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ext. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-11 -180.6 -142.6 -135.8 101.4  683.4 20.3 -6.0 17.4 18.2 
2007-B-11 -316.8 -152.5 -151.0 237.6 1402.4 30.1 -9.0 23.7 24.3 
2007-C-11 -341.6 -151.7 -150.7 441.2 1470.6 26.2 -5.3 36.2 36.3 
2007-D-11 -188.5  -95.6 -99.1  76.1  520.9 20.5 -5.5 13.4 14.4 
2007-E-11 -190.9 -134.5 -134.7  -0.6  504.2 15.6 -4.2 15.6 15.9 

Test No. HX Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ex
t. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-12 -202.1 -175.7 -166.0 253.3  770.8 26.8 -6.6 21.8 22.1 
2007-B-12 -367.8 -153.5 -148.7 334.7 1653.5 33.7 -8.7 30.8 31.2 

2007-C-12 -360.5 -159.2 -165.9 472.2 1570.4 25.3 -4.0 45.6 45.6 
2007-D-12 -194.0 -110.9 -111.1  73.4  484.6 23.6 -6.8 16.3 16.0 

2007-E-12 -199.3 -140.3 -136.5  -3.0  578.5 16.5 -3.1 20.1 19.7 
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Table 9. Maximum acceleration, average acceleration, duration time 
Table 9-1. Car-to-Car Test (tested by ITARDA) 
Car to Car Filter Case 1 Case 2 Case 3 Case 4* 
Max. acceleration (m/s2) CFC 60 101.9 162.7 162.7 53.9 
Ave. acceleration (m/s2) - 47.63 80.07 78.60 27.44 
Duration (ms) - 111.6 107.7 105.0 128.5 
Delta-V (km/h) - 19.0 27.7 23.2 12.6 
Collision speed (km/h) - 35.2 49.9 30.1 29.1 

* Note: In Case 4, the crashed car was a one-box type vehicle, which possibly nose-dived. 
 
Table 9-2. MDB to Car Test 
DB to Car Filter Case 1 Case 2 Case 3  
Max. acceleration (m/s2) CFC 20 144.1 130.3 105.8 
Ave. acceleration (m/s2) - 71.64 70.36 54.00 
Duration (ms) - 147.9 80.9 85.5 
Delta-V (km/h) - 23.4 15.5 16.7 
Collision speed (km/h) - 30.2 30.2 30.3 

 
Table 9-3. MRB to Car Test 
MRB to Car Filter Case 1 Case 2 Case 3 
Max. acceleration (m/s2) CFC 20 136.2 112.7 141.1 
Ave. acceleration (m/s2) - 60.17 79.16 69.19 
Duration (ms) - 109.9 90.9 70.0 
Delta-V (km/h) - 17.2 17.9 17.6 
Collision speed (km/h) - 35.1 35.4 35.5 

 
Table 10. Proposal   

Note: Collision tests results which have a 
delta-V=10 to 20 km/h, were reviewed, and the 
range of each item was examined. We focused on 
the car-to-car and MDB crash test results.  

 
Table 11. Dynamic response levels 

 
 

Test No. HX 
Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ext. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-21 -207.8 -120.6 -115.6 33.9 704.4 18.3 -4.2 16.2 16.3 

2007-A-22 -193.6 -133.9 -130.7 104.4 800.1 20.7 -3.8 17.9 16.7 
2007-A-23 -212.8 -154.3 -153.1 205.1 937.2 25.0 -6.4 18.8 19.2 

 
Table 12. Head contact time to head restraint 
 2007-A-21 2007-A-22 2007-A-23 
Backset 53.0 51.0 51.0 
Contact 
start 

78.0 70.6 71.0 

Contact 
end 

151.0 148.0 160.0 

Contact 
Time 

73.0 77.4 89.0 

Unit: ms 

 Proposal 
Max. acceleration (m/s2) 100~130 
Ave. acceleration (m/s2) 45~70 
Duration Time (ms) 80~110 



Ikari 8 

 

0

4

8

12

16

20

～5 ～10 ～15 ～20 ～25 ～30 ～35 ～40 41～

⊿v [km/h]

N
u
m
b
e
r

0%

20%

40%

60%

80%

100%

C
u
m
u
la
t
iv
e
 
r
a
t
e
 
[
%
]Neck Injury (AIS1)

Cumulative Neck Injury (AIS1) 

 
Figure 13. Delta-V of crashed vehicle and 
driver injury 
(Crashed vehicle: passenger cars and mini 
cars) 
(Number of accidents for which delta-V was 
calculated: passenger cars (89 persons), mini cars 
(20 persons), from ITARDA Report 2007) 
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Figure 14. Pulses 
 

 
Figure 15. Removal of dispersion of Head 
Restraint Contact Time 
 

We focused on long-term injury to select the test 

delta-V because the goal of the JNCAP is the 
reduction of fatal or serious injuries. In addition, 
Kullgren6 recommended the use of delta-V=20 
km/h or higher for the evaluation of WAD2+ 
injury or injury lasting more than one month, and 
delta-V=20 km/h covers 70% of the neck injuries 
in Japanese rear-end crash accidents (see Figure 
13). Based on these results, we decided to select 
delta-V=20 km/h. Referring to the Europe and 
IIHS rear-end crash pulses, we decided to use the 
triangular pulse for the rear-end crash at 
delta-V=20 km/h, since it is similar to both the 
Euro NCAP medium pulse and IIWPG pulse (see 
Figure 14). Main dispersions are related to the 
dummies and the seats. We focused on the seat 
dispersion in an attempt to eliminate their 
influence. Dispersion of the seats is caused by 
deformation of the seat backs, and we hypothesize 
that this dispersion is representative of the 
dispersion of the head contact time in relation to 
the head restraint. Since the head restraint contact 
time (HRCT) and the dummy response values 
approach a linear relationship, we determined the 
CV (coefficient of variation) values of the dummy 
responses after having shifted the relation to an 
approximate straight line at which HRCT 
becomes constant (see Figure 15). 
 

 
Figure 16. Repeatability test Results (data at 
16 km/h are courtesy of JAMA and JASIC.)  
 

Although the repeatability of the BioRID was not 
considered a problem for the speed range of the 
test, some seat back deflection was found to enter 
a range of plastic deformation and broad 
dispersion at delta-V=20 km/h. This means that 
some existing seats do not have adequate 
countermeasure levels in this speed range. Given 
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these seat performance levels, we cannot 
objectively evaluate rear-end collision 
performances for all seats under the delta-V=20 
km/h condition (see Figure 16). For this reason, 
we will start the evaluation tentatively with the 
delta-V=17.6 km/h, which is 10% higher than the 
proposed future regulation level. 
Delta-V will be increased to 20 km/h after 3 years, 
when a dynamic test will be required for reactive 
seats under the regulation, and manufacturers will 
also have made improved and safer seats 
commercially available. 
 
5. Study of evaluation guideline 
Evaluation guidelines have been developed based 
on researched injury mechanisms utilizing 
research papers8 and volunteers test conducted by 
Ono et al.  
Deng (2000)9 and Yoganandan (2001)10 have 
reported their crash test using cadavers and found 
that injuries of the intervertebral discs and the 
facet joint capsule of the lower cervical vertebrae, 
especially, tearing of the soft tissues, occurred due 
to shearing and tension. Deng (2000)9 also 
reported that dynamic motion and strain rates 
influence the tearing of soft tissue in the cervical 
vertebra. Yoganandan (2001)10, Barnsley (1995)11 

and Lord (1996)12 reported that neck pain was 
related to intervertebral discs and facet joint 
capsule injury resulting from treatment of the disc 
joint block. Lee (2006)13 reported that strain of 
facet joint capsule was related to pain in his test 
using rats. The volunteer low speed mini-sled test 
conducted by Ono et al.8, in which they 
hypothesized that the strains on the facet joint 
capsule and the motion of the intervertebral disc 
were equivalent, measured the motion of the local 
transformation of the intervertebral disk using 
sequential cineradiography of the vertebral 
motion during impact. The maximum principal 
strain and principal strain rate, and the maximum 
shear strain and shear strain rate, were determined 
from these motions. Injury thresholds were 
defined by the strain value and strain rate at which 
volunteers felt some discomfort after the test (see 
Table 13). 
 
Table 13. Defined injury thresholds 
Principal strain value: 
0.06 or more 

Principal strain rate: 
2.68 or more 

Shear strain value: 
0.05 or more 

Shear strain rate: 
1.81 or more 

 
Since actual injuries often occurred in or near the 
C5~C6 region, the dummy can be used to 
measure the upper neck Fx, Fz, My, lower neck 
Fx, Fz, My, head G and T1G (see Figure 17 and 
18). We decided to use these factors and evaluate 

the load applied to the neck during the head 
contact to head restraint and seatback. 

          

Head Acceleration

T1 Acceleration

 
Figure 17. Dummy motion 1) 

Upper Neck Fx

Upper Neck Fz

Upper Neck My

Lower Neck Fx

Lower Neck Fz

Lower Neck My

 
Figure 18. Dummy motion 2) 
Neck injury occurred: 1) when the neck became 
S-shaped through transformation of the cervical 
vertebrae before the head contacted with the head 
restraint, and 2) after the head contacted with the 
head restraint to just before the neck attained 
maximum backward flexion. Neck injuries were 
evaluated in phase 1) using the index of NICmax 
proposed by Bostron et al7., and Ono8 reported 

NICmax correlated well with the maximum strain 
rate. Phase 2) was evaluated using the indices of 
the upper neck Fx, Fz, My, lower neck Fx, Fz and 
My, proposed by Ono8. The reasons for selecting 
these factors are shown in Table 14. 
Simulation analysis was conducted using accident 
data for the selected injuries indices, and risk 
curves of these selected indices were made using 
the analytical results. Due to unavailability of 
detailed accident data for neck injury, 1) we could 
not create all of the injury risk curves, and 2) due 
to the lack of the NIC and lower Fz, we could not 
identified 0% risk point. However, we specified 
the discomfort level of volunteers as the 5% risk 
and made injury risk curves. Additionally, when 
injury curves were unobtainable, we tentatively 
used other available injury indices, and made 
expedient injury risk curves (see Figure 19 and 
Table 15).  
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Table 14. Reasons to select following factors  

Figure 19. Risk curves of neck injuries 
 
Based on these injury risk curves, we developed a 
scoring method to evaluate the injury index using  

Figure 20. Sliding scale of injury indices and 
their scores 
 

a sliding scale method (see Figure 20 and Table 16). 
 
 

Index of injury Correlation 
with strain / 
strain rate 

Comments Overall 
decision 

Upper 
Fx 

Forward Marginal  Correlation coefficient is low, dispersion is large  No 
Backward Good Correlation of discomfort in volunteer test Yes 

Upper 
Fz 

Tension Good Correlation to strain of vertebra, strain rate are high Yes 
Compression Marginal Simulation output is too small to judge the correlation No 

Upper 
My 

Extension Marginal Purpose to evaluate control effect of neck upper motion  Yes 

Flexion Good Correlations with strain of vertebra and strain rate are high Yes 
Lower 

Fx 
Forward Marginal Correlation coefficient is low, dispersion is large No 
Backward Good Correlations with strain of vertebra and strain rate are high Yes 

Lower 
Fz 

Tension Good Correlations with strain of vertebra and strain rate are high Yes 
Compression Marginal Simulation output is too small to judge the correlation  No 

Lower 
My 

Extension Marginal Purpose to evaluate control effect of neck lower motion Yes 
Flexion Good Correlations with strain of vertebra and strain rate are high Yes 

NIC Max. Good Correlations with strain of vertebra and strain rate are 
high before the contact with head restraint 

Yes 

NIC Min. Poor No correlation No 
T1G Good Substituted by NIC (NIC included acceleration of T1, NIC 

can evaluate both head G and T1G)  
No 

Nkm Marginal Substituted by upper Fx, My No 
LNL Good Substituted by lower Fx, Fz, My No 
Rebound V Good Phase is different of max. strain and strain rate No 
OC-T1 Good This is displacement, substituted by lower Fx No 
Head-chest rotation 
angle 

Good This is rotational angle, substituted by lower My No 
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Table 15. Neck injury indices 
Index of injury Before correction (WAD2+) After correction (WAD2+) Remarks 

5% value 95% value 5% value 95% value 
Max. principal strain 0.08 0.24 0.08 0.24  
Max. shear strain 0.05 0.13 0.05 0.13  
Max. principal strain rate - 10.8 2.68 10.8 5%: refer volunteer data 
Max. shear strain rate - 5.8 1.81 5.8 5%: refer volunteer data 
NIC Max. - 30 8 30 5%: refer volunteer data 

95%: from Risk curve 
Upper Fx Backward - - 340 730 Substitute for Lower Fx 
Upper Fz Tension 475 1130 475 1130 From risk curve 
Upper My Extension - - 12 40 Substitute for Upper My 

Flexion 12 40 12 40 From risk curve 
Lower Fx Backward 340 730 340 730 From risk curve 
Lower Fz Tension - 1480 257 1480 5%: refer volunteer data 

95%: from risk curve 
Lower My Extension - - 12 40 Substitute for Upper My 

Flexion - - 12 40 Substitute for Upper My 
 
Table 16. 5%/95% values of WAD2+ injury of injury evaluation items 

 
Before finalizing the evaluation method, we 
studied weighting factors between NIC and the 
neck force/ moment. Using simulation results 
based on accidents data, we compared the points 
of the NIC and the points of the neck 
force/moment. We found that the neck 
force/moment scored only half the points of NIC 
(see Figure 21). This means that the neck 
force/moment has twice the influence of the NIC. 
Therefore, we determined the weighting factor as 
follows. 

 NIC : neck force / moment =1:2 
 

3.20
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0

0.5

1

1.5

2

2.5

3

3.5

4

NIC NECK
FORCE/MOMENT

 
Figure 21. Comparison of NIC points and neck 
force/moment points in simulation 
 
 

 
Evaluation methods for 1) injury before contact 
with the head restraint evaluated by the NIC (full 
score of 4 points), and 2) injury during contact 
with the head restraint evaluated by Upper Fx 
(Head backward direction, Shear), Upper Fz 
(Tension direction), Upper My (Flexion), Upper 
My (Extension), Lower Fx (Head backward 
direction, Shear), Lower Fz (Tension direction), 
Lower My (Flexion) and Lower My (Extension) 
(full score of 4 points); in case 2) worst points 
will be selected from the eight indices. Then, we 
added the NIC points and doubled the weighted 
neck force/moment points. Finally, we evaluated 
the total points, which included 12 points in all. 
 
6. Conclusion  
 
The JNCAP developed a rear-end collision neck 
injury assessment testing method, which will 
reduce long-term neck injuries in Japan, by 
including the selection of delta-V=20 km/h with 
triangular pulse after studying accident data and 
research, and based on available overseas studies. 
Due to the performance levels of some existing 
seats, it was difficult to conduct properly 
evaluations with delta-V=20 km/h in all cases due 

Neck injury evaluation items for rear-end collision WAD2+ 
5% Value 95% Value 

NIC (m2/s2) 8 30 
 
 
 

Neck 
force, 

moment 
 
 

Upper Fx(N) Backward 340 730 
Upper Fz(N) Tension 475 1130 
Upper My 

(Nm) 
Flexion 12 40 

Extension 12 40 
Lower Fx(N) Backward 340 730 

Lower Fz(N) Tension 257 1480 
Lower My 

(Nm) 
Flexion 12 40 

Extension 12 40 
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to the dispersion of the test results caused by 
plastic deformation of the seat structure. We will 
tentatively start with delta-V=17.6 km/h, but will 
return to delta-V=20 km/h after 3 years. 
Regarding injury indices, we used volunteer test 
results and accident reconstruction simulation on 
the supposition that intervertebral disc motion and 
strain of the facet joint capsule are equivalent.  
We selected injury indices NICmax, Upper Fx 
(Head backward direction, Shear), Upper Fz 
(Tension direction), Upper My (Flexion), Upper 
My (Extension), Lower Fx (Head backward 
direction, Shear), Lower Fz (Tension direction), 
Lower My (Flexion) and Lower My (Extension).  
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ABSTRACT 
 
Validation data for child anthropomorphic test 
devices (ATDs) are scarce, making it difficult to 
assess their biofidelity.  The goal of this study was to 
use previously collected real-world data involving a 
frontal crash with a child occupant to assess the 
biofidelity of current child dummies.  The 9-year old 
child’s anthropometry placed him between the size of 
the Hybrid III 10-year old and 5th-percentile Adult 
Female (AF5) dummies.  Though injuries on the 
child indicated that he was properly belted, there 
were contact points on the vehicle interior and the 
exact position of the child before the accident could 
not be definitively determined from the crash 
investigation.  Sled tests with identical seat belts and 
bench seat were conducted with the HIII-10 year old 
(n=9) and AF5 (n=6) in various seating 
configurations to explore the possible posture of the 
child before the accident.  The tests were designed to 
reproduce the predicted Delta-V of 51 km/h with a 
smaller subset of the tests performed at 59 km/h to 
assess the implications of a higher speed on occupant 
contacts.  Video analysis was performed to determine 
trajectories of the dummy head, chest, pelvis, and 
extremities.  Despite the variation in speed, neither 
dummy was able to achieve the maximum head 
excursion necessary to make contact with the dash 
board.  The results suggest that the dummies may 
underestimate the magnitude of excursion 
experienced by the child involved in the actual crash.  
To further investigate this finding, a sensitivity study 
was carried out using MADYMO Hybrid III 5th 
percentile female model.  In addition to making use 
of existing data to further the investigation of child 
dummies, this study examines the biofidelity of two 
dummies used in child response approximation.   
 

INTRODUCTION 
 
The design of safety equipment for children relies on 
accurate biomechanical information about their 
response in crashes.  Given the paucity of validation 
data for child ATDs used in the development and 
evaluation of safety equipment, efforts must be made 
to use all available sources.  The source of additional 
data examined in this study is the reconstruction of an 
automobile crash involving a child.  Information 
about the characteristics of the crash will be used to 
attempt to recreate the outcome of the crash in 
laboratory conditions.  In the actual crash, the child 
appeared to be correctly belted in a three point belt 
when the vehicle had a severe frontal crash with a 
tree. It is likely that the child was leaning in some 
fashion to the left in an attempt to help steer the 
vehicle due to the fact that the driver had lost 
consciousness while driving.  This hypothesis stems 
from the fact that the child had a head contact closer 
to the centerline of the vehicle. 
This case was chosen for reconstruction because the 
child seemed to be belted properly (lung contusions, 
chest contusions, right clavicle fracture all consistent 
with good shoulder belt placement), did not show 
signs of submarining (no abdominal injuries, 
presence of contusions from lap belt low on pelvis), 
and had a definitive head contact in the vehicle 
(severe head injury and definite head loading marks 
on dash).  The only criteria which were not ideal 
were that the child had some degree of non-optimal 
initial positioning leading to the head contacting the 
dash approximately 40 cm left of his centerline 
seating position. 
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METHODS 
 
Real World Crash 
 
The case was drawn from the Partners for Child 
Passenger Safety (PCPS) Crash Investigation 
database.  The PCPS Crash Investigation database, 
from a collaboration between Children’s Hospital of 
Philadelphia and State Farm Insurance Companies, 
consists of crashes involving child passengers 
reported to a US auto-insurance company and 
selected for detailed crash investigation.  
The case vehicle was a 1998 Chevrolet W/T 1500 
pick-up truck.  The W/T stands for “work truck” and 
indicates the trim level of the vehicle.  The work 
truck is the most basic model of the 1500 series.  The 
work truck trim level differs in several ways from the 
other trim packages offered in the 1998 model year 
selection of 1500 series truck with one of the most 
important differences being the vinyl bench seat as 
opposed to a cloth bench or cloth captain’s chairs that 
were offered in other levels.  The vehicle was also 
equipped with an after-market seat covering 
resembling a cotton blanket.  The vehicle had cargo 
in the bed of the truck that increased the overall mass 
of the vehicle by 159 kg which included the 
following: camping equipment, 3 bicycles, and tents.  
With cargo and occupants included the total mass of 
the vehicle was 2141 kg.   
The vehicle was traveling on a tortuous, wooded road 
when the driver, an adult male, lost consciousness, 
veered off the road and struck a tree.  The driver was 
restrained with a three point belt and airbag while the 
child passenger, a 9-year old male, was only 
restrained with a three point belt.  The passenger 
airbag had been turned off due to the age of the child 
according to current recommendations.  Based on the 
crash reconstruction, the vehicle had a Delta V of 
51.4 km/h and an impact speed of 55.6 km/h.  The 
vehicle made impact with the tree near the centerline 
of the vehicle causing the crash to be a directly 
frontal crash with no rotation.  The principal direction 
of force was approximately 360 degrees and the 
maximum crush depth was 78.4 cm located 7 cm 
right of the vehicle center line.  The child showed 
injury signs consistent with belt loading on his pelvis 
and right shoulder indicating proper belt use.  The 
vehicle interior contact locations suggested that the 
child was out of position at the time of the crash.  It 
was speculated that the child was attempting to either 
assist the driver or steer the vehicle before the tree 
impact occurred.   
The injuries to the child were severe and caused the 
child to remain deeply comatose for 12 days after the 
accident.  His head impact was attributed to contact 
with the displaced vent cover.  Heavy scuffing and 

residual epidermis deposits were found on the vent 
cover located on the dashboard near the centerline of 
the vehicle (Figure 1).   
 

 
 
Figure 1.  Interior of vehicle with contact locations 
identified.   
 
The case occupant’s severe head injuries consisted of 
a cerebral edema (AIS-3), left medial 
temporal/posterior basal gangliar hemorrhagic 
contusions (AIS-5), a diffuse subarachnoid 
hemorrhage and a diffuse axonal injury with a white 
matter injury (AIS-5).  He also sustained soft tissue 
ecchymosis areas above each eye (AIS-1).  The 
proper use of belts was determined by injuries 
sustained to the child’s torso and pelvis.  His lower 
torso loaded the lap belt webbing which resulted in 
ecchymotic lesions over his pelvis (AIS-1).  His 
interaction with the shoulder belt webbing resulted in 
a right chest contusion (AIS-1), a complete fracture 
through the mid-shaft of the right clavicle (AIS-2) 
and a right lung contusion (AIS-3) with residual 
atelectases.  Though other injuries occurred, these 
injuries were the most pertinent to crash 
reconstruction and the severity of the crash.      
 
Crash Reconstruction 
 
The child’s anthropometry placed him between the 
size, stature and approximated seated height, of the 
Hybrid III 10 year old and Hybrid III 5th percentile 
female dummies (Table 1).  Both dummies were 
tested, and due to the relatively small differences 
between the child and each dummy size, no scaling 
was performed on the dummy injury metrics or 
kinematic trajectories.   
 
 
 

Head contact 
location 

Additional interior 
contact 
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Table 1. 
Anthropometric data for 9-year old involved in 

crash 
 

Measurement Unit Value 
Shoulder to Hip cm 41 
Elbow to Beginning of Hand  cm 20 
Hip to knee cm 37 
Knee to ankle  cm 33 
Seat to Shoulder  cm 50 
Bottom of Neck to Top of Head  cm 20 
Head Circumference cm 51 
Neck Length  cm 5 
Chest Circumference  cm 76 
Height cm 145 
Weight kg 34 
Percentile based on Height % 95 
Percentile based on Weight  % 85 

 
The sled tests were conducted using the UVA sled 
system (Via Systems Model 713).  The test fixture, or 
“buck,” utilized in this test series consisted of the 
front bench seat of a 1998 Chevrolet 1500 W/T with 
correct anchorage locations for the vehicle seatbelts.  
The anchorage locations were determined from 
measurements of a similar vehicle using a portable 
measurement device (Platinum FARO Arm, FARO 
Technologies Inc.).  The seat-adjustment mechanism 
was removed to make it more durable for repeated 
testing, and both the seat pan and seat back were 
rigidly fixed to the buck.  One test was conducted 
with the standard seat fixture to determine the effect 
of rigidizing the seat.   
The tests were recorded using three high-speed (1000 
frames/s) digital video imagers. The color imagers 
(Redlake HG-TH) were positioned to provide a 
perpendicular view from each side of the sled track, 
and an overhead view.  These imagers were used to 
capture complete video records of the entire 
deceleration phase of the test event.  Numerous photo 
targets were placed on the occupant and vehicle buck.  
Photos documenting both pre- and post-test 
conditions were taken with a digital still camera. 
Sled deceleration and restraint belt loads were 
recorded for all of the tests. The ATD was 
instrumented to record accelerations, forces, and 
moments. Triaxial accelerometers were mounted at 
the head center of gravity (CG), at the chest CG, and 
at the pelvis CG.  Load cells were located at the 
upper neck, lower neck, and lumbar spine and 
captured Fx, Fy, Fz, Mx, and My forces and moments.  
Load cells were also located at the left and right iliac 
spines, capturing Fx and My data.  Chest displacement 

was also measured.  Appendix C contains complete 
instrument descriptions. 
Electronic data was acquired at 10,000 samples/sec 
using TRAQ-P, a DSP Technology Transient 
Acquisition and Processing System. The data was 
collected using IMPAX (DSP Technology) a PC-
based data acquisition program. Data associated with 
a time domain from the beginning of the test event 
(T0) until 150 ms after T0 were selected for post-
processing.  Raw force and acceleration data were 
processed by subtracting small initial offset values, 
filtering to SAE J211-prescribed filter classes, and 
calculating resultants and injury criteria parameters. 
Several parameters were included in the test matrix.  
The original case analysis predicted a Delta-V of 51 
km/h, and the majority of the sled tests were 
performed at this speed.  A subset of test conditions 
was repeated at 59 km/h to test the effect of speed.  
One final test was also performed in which the 
vehicle bench seat was tested without the rigidized 
base which was used for every other test.  Replacing 
the seat support system with a rigid component is 
common in sled tests to create a more consistent, 
durable testing environment.  For this final test, 
however, the original seat support system was 
installed.   
The most important parameter varied, however, was 
the initial position of the dummy.  The baseline tests 
positioned the dummies as specified by FMVSS 213, 
except for modifications suggested by Reed (2006) 
(Figure 2  and Figure 3 ).   
 

 
 

Figure 2.  View of baseline ATD positioning in 
reconstruction tests with Hybrid III 10-year old.  
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Figure 3.  Oblique view of baseline ATD 
positioning in reconstruction tests with Hybrid III 
10-year old.  
 
The dummy was calibrated prior to the baseline 
testing, and all joints were adjusted to the relevant 
specification (1 g).  For the Hybrid III 10-year old the 
lumbar joint was adjusted to a zero degree angle 
(most upright), while the adjustable neck was located 
in the 8 degree position.  In addition, a 20 mm pad 
was placed behind the pelvis so that the dummy more 
accurately matched the sitting position of real 
children (Reed, 2006).  To attempt to account for the 
unknown position of the child before the crash began, 
each dummy was moved in a variety of possible 
postures that the child could have been in before the 
crash.  One position, “Torso,” was based on the 
possibility that the child was leaning forward (sitting 
more upright) without moving his lower body (Figure 
4).   
The dummy was also positioned to simulate the 
situation in which the child may have been slouched 
significantly forward (possibly sleeping) and then sat 
straight up.  For this condition “Body,” the entire 
dummy was translated forward, which provided a 
good comparison with the baseline tests with no 
significant change in dummy orientation (Figure 5).   
 

 
 
Figure 4.  View of “Torso” adjusted position of 
ATD in reconstruction test with Hybrid III 10-
year old. 
 

 
 
Figure 5.  View of “Body” adjusted position of 
ATD in reconstruction test with Hybrid III 10-
year old.   
 
Since there was strong evidence that the child had 
moved to the left prior to the crash, possibly while 
shaking the driver or attempting to steer the truck, the 
next dummy position, “Lean,” involved leaning the 
dummy to the left with no other rotation along the Z 
axis, although there was some forward movement of 
the upper body (Figure 6).   
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Figure 6.  View of “Lean” adjusted position of 
ATD in reconstruction test with Hybrid III 10-
yeal old.   
 
Finally, the most extreme position, “Lean-Rotate,” 
involved both leaning the dummy to the left and 
rotating the dummy to the left along the Z axis 
(Figure 7 and Figure 8).   
 

 
 
Figure 7.  Frontal view of “Lean-Rotate” adjusted 
position of ATD in reconstruction test with 
Hybrid III 10-yeal old.   
 

 
 
Figure 8.  Side view of “Lean-Rotate” adjusted 
position of ATD in reconstruction test with 
Hybrid III 10-yeal old.   
 
Both of the ATDs were tested in each of the adjusted 
positions with the Hybrid III 10-year old tested at the 
higher speed as well.  The 5th percentile female was 
not tested at the higher speed but was tested with the 
standard, non-rigidized, seat support (Table 2).  
 
 

Table 2. 
Test matrix for reconstruction tests involving the 
Hybrid III 10-year old and 5th percentile female 

ATDs 
 

9-Year Old Real World Reconstruction Tests 
 HIII 10yo AF5 
Baseline X X 
Baseline, higher speed X  
Baseline, non-rigidized 
seat 

 X 

Torso leaning forward 
(“Torso”) 

X  

Whole body shifted 
forward (“Body”) 

X X 

Whole body shifted 
forward (“Body”), higher 
speed 

X  

Leaning left (“Lean”) X X 
Leaning left/whole body 
rotated (“Lean-Rotate”) 

X X 

Leaning left/whole body 
rotated (“Lean-Rotate”), 
higher speed 

X  

 
For use in the sled testing, a crash pulse was 
developed that represented the unknown crash pulse 
of the case vehicle.  Using Insurance Institute for 
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Highway Safety (IIHS) event data recorder (ERD) 
pulse information for totally frontal pole crashes it 
was found that the velocity-time curves were similar  
between crashes with an 80 ms duration for several 
crash events.  The shape of the known velocity-time 
curves was used along with the 80 ms duration to 
develop the crash pulse that would be used in our test 
series (Figure 9).  
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Figure 9.  Example crash pulse from 
reconstruction tests developed from ERD pulse 
information involving totally frontal pole crashes.  
 
Video Analysis 
 
Markers for post test video analysis were placed on 
the ATDs.  The markers were placed on tape that was 
directly attached to the outer skin of the dummy.  
Holes were cut in the clothing covering the ATDs to 
allow for direct attachment of the tape markers to 
dummy skin.  This direct attachment was done to 
prevent any introduction of error in the video analysis 
from marker movement during testing.  A coordinate 
system was established for the kinematics of the 
ATDs with the origin at the junction of the top 
surface of the seat cushion and the rear surface of the 
backrest. 
 
Sensitivity Study 
 
In order to assess the sensitivity of subject response 
to various conditions, a series of computer 
simulations were conducted using the MADYMO 
6.4.1 solver (MADYMO, 2008). 

 

+Z 

+X 

 
Figure 10.  Origin of coordinate system for ATD 
kinematics.  
 
A baseline simulation mirroring the initial sled test of 
the Hybrid III 5th percentile small female test dummy 
(Figure 11) was refined to within 10% of the 
measured response for shoulder belt tension, head 
excursion, head acceleration, chest acceleration, and 
chest deflection.  Before conducting a parameter 
sensitivity study, the MADYMO model of the Hybrid 
III 5th percentile female was modified to include joint 
in the thoracic spine, similar to a previous study 
using the Hybrid III six-year-old test dummy 
(Sherwood, 2003).  However, instead of a revolute 
joint, a free joint was added with restraints in all six 
degrees of freedom:  longitudinal shear, lateral shear, 
tension/compression, flexion/extension, lateral 
bending, and torsion.  The baseline restraint functions 
for each of these degrees of freedom were set to be 
twice as stiff as those of the modified Hybrid III six-
year-old dummy, though the initial magnitude was 
not expected to influence the parameter sensitivity 
study. 
A total of nineteen parameters were included in the 
parameter sensitivity study (Table 3).  The first 
eighteen parameters represent a scale factor applied 
to the force or moment component of the force-
deflection or moment-rotation restraint characteristics 
of the lumbar spine, thoracic spine, and the neck.  
Changes to the neck joint restraints are applied to 
each of the five neck joints.  The final parameter 
describes the orientation of the subject about the 
longitudinal axis of the vehicle, expressed in radians.   
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20 ms 60 ms 100 ms 140 ms 
 
Figure 11.  Comparison of the MADYMO simulation (top) to the physical sled test of a Hybrid III 5th 
percentile female dummy. 

 
 

Table 3. 
List and description of variables included in the MADYMO Hybrid III 5th percentile female parameter 

sensitivity study. 
 

Category Description Component Minimum 
Value 

Maximum 
Value 

Longitudinal Shear FX 0.01 1.5 
Lateral Shear FY 0.01 1.5 
Tension/Compression FZ 0.01 1.5 
Lateral Bending MX 0.01 1.5 
Flexion/Extension MY 0.01 1.5 

Neck 

Torsion MZ 0.01 1.5 
Longitudinal Shear FX 0.01 1.5 
Lateral Shear FY 0.01 1.5 
Tension/Compression FZ 0.01 1.5 
Lateral Bending MX 0.01 1.5 
Flexion/Extension MY 0.01 1.5 

Thoracic Spine 

Torsion MZ 0.01 1.5 
Longitudinal Shear FX 0.01 1.5 
Lateral Shear FY 0.01 1.5 
Tension/Compression FZ 0.01 1.5 
Lateral Bending MX 0.01 1.5 
Flexion/Extension MY 0.01 1.5 

Lumbar Spine 

Torsion MZ 0.01 1.5 
Orientation Lateral Leaning RX 0.0 radians 0.25 radians 
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Using these nineteen parameters, 5,000 designs were 
onstructed using a randomizing algorithm that 
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c
results in a uniform distribution of each variable 
between its minimum and maximum values.  If 
computational errors occurred during simulation o
any of the designs, the design was removed from
initial population.  Such errors occurred when the 
chosen parameters resulted in model instability, 
which can occur when low restraint forces allow 
unrealistically high relative velocities between rig
bodies. 
The output from each design was the forward head 
excursio
initial position of the center of gravity (CG) of the 
head and the forward-most position of the head CG
any point in the simulation.   
This calculation assumed that the distance between 
the CG and the anterior portio
similar to the distance between the CG and the 
superior portion of the head, either of which coul
impact the instrument panel of a vehicle in a fro
collision. 
 
RESULTS
 
Video analy
 
The trajectories 
jo
measurements, the location of the H-Point was 
determined based on a distal thigh marker
and the angle of the femur, which was recorded 
during ATD placement.  Thus, the data presented ar
those of the actual H-Point location, except for te
involving “Lean” and “Lean-Rotate” when the out of 
plane positioning of the dummy eliminated the use of
this procedure.  In these tests, the approximate 
position of the H-Point was estimated during the 
video analysis digitization process.  Figures pre
are from tests where the ATD was translated forw
in the seat or leaning forward (Figure 12 - Figure 18) 
where out of plane motion is not substantially 
present.   
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Figure 12:  Kinematic trajectory for a low speed 
baseline test involving the Hybrid III-10 year old 
(Test #1267).  
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Figure 13:  Kinematic trajectory for a low speed 
“Torso” positioned test involving the Hybrid III-
10 year old (Test #1269).  
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Figure 14.  Kinematic trajectory for a low speed 
“Body” positioned test involving the Hybrid III-10 
year old (Test #1270).  
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Figure 15.  Kinematic trajectory for a high speed 

aseline test involving the Hybrid III-10 year old b
(Test #1273).  
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Figure 16.  Kinematic trajectory for a high speed 
“Body” positioned test involving the Hybrid III-10 
year old (Test #1274).   
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Figure 17.  Kinematic trajectory for a low speed 

aseline test involving the 5th percentile female 

T=0

b
ATD (Test #1278). 
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Figure 18.  Kinematic trajectory for a low speed 

aseline test involving the 5th percentile female 

ng conditions produce similar kinematic 

d 

 

 

ead CG point found during video analysis.  

Peak Front of Head excursion data (data in cm) 
 
 

Speed 

b
ATD with original (non-rigid) seat support (Test 
#1282). 
 
The low speed and high speed tests under the same 

ositionip
trajectories with a slightly larger head excursion 
value (Figure 12 vs Figure 15 and Figure 14 vs 
Figure 16).  The effect of making the seat base rigi
may cause the dummy excursion values to be 
overestimated.  When the seat base was allowed to 
deform during the test, the head excursion value was 
reduced by 3.5 cm (Figure 18 compared to Figure 
17). 
In order for the ATDs to achieve a head excursion 
value that would cause contact with the vent on the 
vehicle’s dashboard, the front of head excursion 
would need to exceed 71.3 cm in the kinematic 
trajectory reference frame (Figure 10).  The front of
head excursion value was digitized during video 
analysis in order to determine the forward-most point
on the ATD’s head (Figure 19).  No excursions 
reached the 71.3 threshold. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 19.  Front of head excursion point and 
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Forward-most 
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Table 4. 

Low Speed High 

 H
10yo 

o III AF5 HIII 10y

Baseline 55.4 61.0 59.1 
Baseline non-rigid 57.5   
Torso 58.3   
Body 62 66.1 69.4 .5 
Lean 62.4 67.6  
Lean-Rotate 62.4 69.1 64.9 
Truck head 

 
71

contact point
71.3 71.3 .3 
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nged from 24.4 to 59.6 
entimeters (parameters that result in each of these 
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conditions are listed in Table 5).   
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Table 5. 
Parameter values that result in the lowest and 

highest rsions. 

Category C Excursion 
ax. Head 

Excursion 

head excu
 

omponent Min. Head M

FX 0.0116 0.9924 
FY 1.3663 0.5468 
FZ 0.1090 1.0072 
MX 1.2378 1.1990 
MY 

Neck 

0.9023 1.1581 
MZ 0.2820 0.8485 
FX 0.4934 0.2083 
FY 0.9801 0.1921 
FZ 0.5836 0.3922 
MX 0.9444 1.3581 
MY 

Thoracic 
Spine 

0.7079 1.4102 
MZ 0.8138 0.9837 
FX 0.9353 0.8258 
FY 1.0499 0.4395 
FZ 1.2172 0.8479 
MX 0.5496 1.4118 
MY 

Lumbar 
Spine 

Orientation ad ad 

0.7383 0.1920 
MZ 0.6336 0.9876 
RX 0.0034 r 0.2175 r

 

or each of the nineteen variables, an analysis of 
ariance (ANOVA) was carried out to determine 

es 
 

 to 

ive 

effect on the head excursion.  The two 
were 

 

 
 

ion 
sing 

ll as 

f 
head excursion betw s of values for each 

Category Compo tistic P-value 

 
F
v
whether changes in that variable resulted in chang
in head excursion.  To begin this process, the head
excursion values for the design population were 
divided into five bins based on the value of the 
respective variable.  The ANOVA was conducted
determine whether the differences in the means of the 
five bins were statistically significant (p<0.05), 
which indicates that the model prediction of head 
excursion was sensitive to changes in the respect
variable.   
All but two of the nineteen parameters had a 
significant 
parameters which do not affect head excursion 
thoracic spine longitudinal shear (FX) stiffness and
lumbar spine lateral shear (FY) stiffness.  For the 
remaining parameters, the variance between the bins
was much larger than the variance within each bin,
indicating that the head excursion changed with 
changes in the parameter values (Table 6).  The 
strongest trend occurred with changes the orientat
of the subject in the seat, which showed an increa
trend (Figure 20).  There was also a strong influence 
of the model prediction of head excursion with 
changes in longitudinal shear stiffness and 
tension/compression stiffness of the neck, as we
lateral rotation stiffness of the thoracic spine. 

Table 6. 
Results of an ANOVA comparing the means o

een group
variable. 

 
nent F-sta

FX 19.56 <0.000001 
FY 9.48 <0

 

Neck 
.000001 

FZ 21.92 <0.000001 
MX 5.36 2.68E-04 
MY 7.36 6.71E-06 
MZ 5.76 1.29E-04 
FX 1.01 4.00E-01 
FY 6.52 3.18E-05 
FZ 3.51 7.25E-03 
MX 12.09  

 

Thoracic 
Spine 

 

<0.000001
MY 2.45 4.44E-02 
MZ 4.54 1.18E-03 
FX 8.69 <0.000001
FY 2.16 7.08E-02 
FZ 7.21 8.93E-06 
MX 8.31 1.15E-06 
MY 

Lumbar 
Spine 

Orientation 2  

3.08 1.52E-02 
MZ 6.74 2.14E-05 
RX 445.8 <0.000001
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Figure 20.  Median (red), 5% range (notch), and 
inter-quartile range (blue box) of head excursion 
for five increments of initial longitudinal 
orientation of the subject on the seat.  
 
 

Ash 11  



The sensitivity study determined an absolute 
ifference in the head excursion between the 

 
ared to 

e 

e 

6.2 to 

e 

 

N 

est that the child dummies likely 
nderestimate the excursion amounts experienced by 

ould 

 
en when 

n, 
en 

o the existing Hybrid 

ithout 
e 

 bending 
re 

e 

the 
 

ONS 

 study was the limited number of 
sts conducted at each position of the dummy.  

f the 

igid 

SIONS 

at under the reconstructed 
onditions of the crash using ATDs of similar size 

the 

e of 
O 

TS 

SA for their support of 
e dummy tests although the opinions expressed in 

 technical 

ES 

, Abdelilah, Y., C., Crandall, J., 
arent, D., Kallieris, D (2009).  Comparison of 

ntal 
e 

d
beginning of the test and the point of maximum
excursion.  This excursion values can be comp
the excursion values from the ATD tests by using th
initial offset in the baseline 5th percentile female test 
(Figure 17).  This initial offset can be used because 
the positioning used in the MADYMO simulations 
before any lateral adjustments matched this test.  
Once the lateral adjustments were incorporated the 
initial X value of the head CG would still match th
baseline position value since only lateral movement 
was included.  The initial offset in the X direction of 
the baseline 5th percentile female was 21.8 
centimeters.  This offset then caused the simulation 
maximum excursion values to range from 5
81.4 centimeters in the kinematic trajectory 
coordinate system.  The maximum value of the 
simulation maximum excursion value exceeded the 
truck head contact point value, indicating that th
adjusted 5th percentile female from the simulations 
would be capable of striking the vent of the vehicle’s
dashboard.   
 
DISCUSSIO
 
The results sugg
u
the child involved in the actual crash.  There were 
many complex factors involved in the analysis of this 
data, and the results do not lend themselves to 
definitive conclusions.  There were some results, 
however, which are promising, and this data sh
be considered to be a single component of a large 
study of the response of pediatric ATDs. 
The overall kinematic motions of the dummy were
consistent and similar among all tests.  Ev
rotated or leaning to the left, the shoulder belt 
maintained its position on the chest, which is likely 
occurred in the actual crash as evidenced by the 
clavicle fracture.  Despite very different initial 
positions, the measured forward head excursion 
values fell in a very narrow range.  This might 
suggest that given any reasonable seating positio
the total excursion value is relatively consistent wh
measured with the dummy.   
This parameter sensitivity study suggested that even 
with spinal stiffness changes t
III 5th percentile female test dummy, the head 
excursion necessary for a subject of similar size to 
impact the instrument panel was not possible w
changes to the initial position of the subject from th
standard seating position.  However, head excursion 
did increase with the addition of a joint in thoracic 
spine of the dummy model, though the main 
influence of thoracic spine stiffness on head 

excursion occurred with changes to its lateral
stiffness.  This suggests that the dummy is mo
sensitive to the load path of the shoulder belt when 
additional degrees of freedom are introduced in th
spine, as increased head excursion occurs as the 
dummy rotates around the axis of the shoulder belt.  
Adjustments to rigid spine of 5th percentile adult 
female yielding larger excursion values also agrees 
with other  studies that have examined the role of 
rigid spine in ATD kinematics (Sherwood, 2003 and
Ash, 2009) 
 
LIMITATI
 
A limitation of this
te
Additionally, though several positions were tested in 
an attempt to account for the unknown position o
child before the crash, the various positions were not 
a comprehensive examination of all possible 
positions.  Though it would have been impractical to 
have each test performed on a standard, non-r
seat, the introduction of the rigidized seat likely 
affected the response of the ATDs.  There are also 
errors inherently introduced during the video 
analysis.  
 
CONCLU
 
This study found th
c
compared with the child involved in the crash, 
maximum head excursion needed to have head strike 
on the dash was not achievable with the current 
dummies.  It was found that if adjustments were 
made to the neck, thoracic spine and lumbar spin
the 5th percentile female ATD model in MADYM
simulations, the excursion value needed for head 
strike was achievable.   
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ABSTRACT 

This paper investigates the effect of muscle 

contraction on lower extremity injuries in low-

speed car-pedestrian lateral impacts for a walking 

pedestrian. The full body model, PMALE, which 

was configured in symmetric standing posture, has 

been repositioned in the walking posture. FE 

simulations have then been performed for its 

impact with the front structures of a car. Two 

impact configurations, i.e. impact on the right and 

on the left leg have been simulated. Two pre-

impact conditions, that of a symmetrically standing 

pedestrian, representing a cadaver and an unaware 

pedestrian have been simulated for both the impact 

configurations. Stretch based reflex action was 

modeled for the unaware pedestrian. It is concluded 

that (1) with muscle contraction, risk of ligament 

failure decreases whereas risk of bone fracture 

increases (2) in lateral impacts, MCL could be 

considered as the most vulnerable and LCL as the 

safest ligament and (3) for a walking pedestrian, 

PCL would be at a higher risk in case of impact on 

rear leg whereas, in case of impact on front leg, 

ACL would fail. 

Keywords: PMALE, Lower extremity model, 

Finite element model, Dynamic simulation, Muscle 

contraction, Standing posture, Walking posture, 

Car-pedestrian impact, Knee injury 

INTRODUCTION 

Pedestrians constitute 65% of the 1.17 million 

people killed annually in road traffic accidents 

worldwide (World Bank 2001). Epidemiological 

studies on pedestrian victims have indicated that 

after the head, the lower extremities are the most 

frequently injured body region (Chidester et al. 

2001; Mizuno 2003). Pedestrian Crash Data Study 

(PCDS) (Chidester et al. 2001) reports that 

passenger cars have the biggest share in vehicle-

pedestrian accidents. Further, the front bumper was 

the major source of injury to the lower extremity 

when injuries were caused by a vehicle structure 

(Mizuno 2003). This has posed a challenge for 

vehicle designers to design pedestrian friendly car 

front structures. To devise effective pedestrian 

protection systems, it is essential to understand the 

injury mechanism.  

So far, lower limb injury mechanism in car-

pedestrian crashes have been studied through tests 

on human cadaver specimens (Kajzer et al. 1990, 

1993, 1997, 1999; Bhalla et al. 2005) and 

simulations using validated passive FE models 

(Schuster et al. 2000; Maeno et al. 2001; Takahashi 

et al. 2001; Nagasaka et al. 2003; Chawla et al. 
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2004; Soni et al. 2007). However, the major 

shortcoming in these experimental and 

computational studies was that they did not account 

for reflex muscle action. Therefore, effects of pre-

crash muscle contraction on the response of lower 

limbs in car-pedestrian crashes remained unclear. 

Of late, Soni et al. (2007) have investigated the 

probable outcome of muscle contraction using a 

lower limb (single leg) FE model with active 

muscles (A-LEMS). More recently, Soni et al. 

(2008) have extended the single leg model A-

LEMS to a full body Pedestrian Model with Active 

Lower Extremities (PMALE) and studied the 

effects of muscle contraction on the response of 

lower extremity for a symmetrically standing 

pedestrian (with legs in side by side stance) in full 

scale car-pedestrian impact. They concluded that 

with muscle contraction the risk of knee ligament 

failure is likely to be lower than that predicted 

through the cadaver tests or simulations with the 

passive FE models. However, Pedestrian Crash 

Data Study (PCDS) (Chidester et al. 2001) reported 

that prior to the crash, only 4% pedestrians were 

found standing stationary whereas, a majority, i.e. 

55%, was walking. 

The present study extends our earlier studies to 

investigate the effect of muscle contraction on the 

response of lower limb for the walking pedestrian 

in low speed car-pedestrian lateral impact using FE 

simulations. The PMALE, which was configured in 

standing posture, has been repositioned in walking 

posture in the current study. The real world car-

pedestrian lateral impact has been simulated using 

the PMALE configured in the walking posture and 

front structures of a validated car FE model. Two 

impact configurations, i.e. impact on right and on 

left leg have been simulated. This is to account for 

the equal chances of impact on either leg of a 

walking pedestrian in real world crashes. Two sets 

of simulations, i.e. with deactivated muscles 

(cadaveric) and with activated muscles (including 

reflex action), mimicking an unaware walking 

pedestrian have been performed for both the impact 

configurations. Strains in knee ligaments and 

VonMises stresses in bones for two levels of 

muscle activation have been compared to assess the 

effect of muscle contraction. 

METHODS 

PMALE in Walking Posture 

In the present study, PMALE (Soni et al. 2008), 

which was configured in symmetrically standing 

posture of a pedestrian with legs in side by side 

stance, has been adopted as the base model. Body 

segments of the PMALE configured in the standing 

posture have then been repositioned in the walking 

posture in the current study. Relative angles 

between the body segments required to define the 

alignment of the walking posture (Table 1) are 

taken from Mizuno et al. (2003).  

Table 1 Definition angles for pedestrian walking 

posture (Mizuno et al. (2003) 

Definition Angle 
 

Left Leg Right Leg 

BA (deg) +5 

SA (deg) -15 +15 

EA (deg) 0 +27 

HA (deg) +29 -12 

KA (deg) -14 -10 

FA (deg) 0 +22 

 

A series of FE simulations have then been 

performed with the PMALE in standing posture to 

reposition its body segments in the walking 

posture. Figure 1 shows the PMALE in walking 

posture (referred as PMALE-WP) obtained after 

the repositioning process. In PMALE-WP, right leg 

(positioned in rear) corresponds to the terminal 

stance phase of the human gait cycle whereas; left 

leg (positioned in front) corresponds to heel strike 
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phase. Upper body is leaned forward by 5 degrees 

with the vertical axis. 

Simulation Setup 

Figure 2 shows the simulation setup used in the 

present study. Here, the real world car-pedestrian 

impact has been reproduced using the PMALE-WP 

and front structures of a validated car FE model. 

PMALE-WP represents a pedestrian walking on 

rigid ground in gravity field. The coefficient of 

friction between shoe and ground is set to 1.0 as 

suggested for grooved rubber on road (Li K.W. et 

al. 2006). Car model with a total mass of 1158 kg 

(mass of the front structures is 355 kg and 803 kg is 

modeled as added mass to account for the 

remaining car structures) is propelled with a speed 

of 25 kmph towards the PMALE-WP. Since in real 

world car-pedestrian crashes, a car may hit any one 

of the two legs of a pedestrian; therefore, to 

account this variability, two impact configurations, 

i.e. impacting the right leg (Figure 1 (a)) and the 

left leg (Figure 1 (b)) on the lateral side, have been 

simulated. In both the impact configurations, the 

PMALE-WP is placed in front of the car model 

such that it interacts with mid portion of the 

bumper whereas; the car model is positioned at a 

height above the ground such that it corresponds to 

the car rolling on its tyres. 

   
Figure 1 (a) Definition angles with sign conventions for pedestrian walking posture (Mizuno et al. 2003) 

and (b) PMALE in walking posture (i.e. PMALE-WP) 

     
Figure 2 Simulation set up used in the present study for (a) impact on right leg and (b) impact on left leg 
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Pedestrian Pre-Impact Conditions 

Two pre-impact pedestrian conditions, i.e., one 

with deactivated muscles (cadaveric) and the other 

with activated muscles (including reflex action) for 

an unaware pedestrian have been simulated for 

both the impact configurations in the present study. 

We call these conditions cadaveric and reflex 

conditions respectively. These conditions differ in 

terms of initial activation levels in muscles and 

whether the reflex action is enabled. By enabling 

the reflex action for a muscle, the activation level 

in that muscle rises with time during the 

simulation; thereby increasing the force produced 

by that muscle.  

Cadaveric Condition - In this condition, a 

cadaver aligned in walking posture has been 

simulated. To model a cadaver in FE simulation, all 

the muscles in PMALE-WP have been assigned the 

minimum value of 0.005 as the initial activation 

level. The reflex action is disabled. As a result, in 

this condition, activation levels in each muscle 

remain at the minimum value (i.e. 0.005) for the 

entire duration of the simulation. Therefore, all the 

muscles function at their minimum capacity.  

Reflex Condition - In this condition, a 

pedestrian who is walking on road and is unaware 

of an impending crash has been simulated. Here, 

we have considered that prior to the impact, 

pedestrian’s right leg (in rear) is in terminal stance 

phase (i.e. right heel is about to leave the ground) 

of the human gait cycle and left leg (in front) is in 

heel strike phase (i.e. left heel is just landed on the 

ground). To model an unaware pedestrian in such 

walking posture, right leg muscles have been 

assigned the activation levels corresponding to the 

terminal stance i.e. 60% gait whereas, muscles in 

the left leg have been assigned the activation levels 

corresponding to heel strike i.e. 0% gait. Values of 

these muscle activation levels (Table A1 in 

Appendix A) have been taken from the 

electromyography (EMG) levels recorded in human 

subjects during the gait cycle by Winter (1987).  

A stretch based involuntary reflex action has also 

been enabled in this condition. For enabling the 

reflex, a threshold value of elongation is to be 

defined in Hill material card of a muscle. When the 

elongation in muscle crosses the threshold value, 

stretch reflex in a muscle gets activated. However, 

the increase in muscle force starts only after a 

certain time known as reflex time. This delay 

between the activation of stretch reflex and the 

onset of increase in muscle force represents the 

time taken by the signal to travel through the 

central nervous system (CNS) circuitry (muscle-

spinal cord-muscle). A delay of 20 ms has been 

assigned to all the muscles in PMALE-WP 

(Ackerman 2002). This mimics the ability of live 

muscle to respond to a small stretch produced by an 

outside agency. In medical terms, this kind of 

reflex action is known as “stretch reflex” (Vander 

et al. 1981). 

Data Analysis 

Element elimination approach has been enabled to 

simulate the failure in the ligaments and the bones. 

Strain time history of each knee ligament and 

VonMises stress contours in bones of the impacted 

leg of the PMALE-WP have been recorded from 

the simulations. Response in cadaveric and reflex 

conditions has then been compared to determine 

the role of muscle contraction. 

RESULTS AND DISCUSSION 

In all, four simulations, each of 100 ms duration, 

have been performed in the present study. For the 

first 50 ms (stabilization duration), PMALE-WP 

has been stabilized under gravity load in each 

simulation. At the end of first 50 ms, car front 

impacts the right leg or the left leg of the stabilized 

PMALE-WP. Ligament strains and VonMises 
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stresses in bones have been recorded from the 

simulations to assess the effect of muscle 

contraction. Results presented here are for the 

impact duration and the initial time (i.e. 0 ms) 

corresponds to the time of contact. 

Impact on Right Leg 

In this section we present the results obtained from 

the simulations of impact on right leg in both 

cadaveric and reflex conditions. 

Strain in Knee Ligaments - Figure 3 illustrates 

the calculated strain time history in knee ligaments 

of the right leg of PMALE-WP for both cadaveric 

and reflex conditions. It is apparent that strains in 

knee ligaments have reduced significantly in the 

reflex conditions as compared to the cadaveric 

condition.  

ACL: Figure 3 (a) compares the strain time 

history in ACL for both the conditions. It is 

observed that upto 30 ms, ACL remained nearly 

unstrained in both the conditions. At about 30 ms, 

strain in ACL has kicked-in and then increased for 

the remaining portion of the simulations in both the 

conditions. However, active muscle forces in the 

reflex condition (peak strain 2.96%) have 

significantly reduced the strain in ACL as 

compared to the cadaveric condition (peak strain 

4.37%).  

PCL: Strain time history in PCL is compared for 

both the conditions in Figure 3 (b). It is observed 

that upto 28 ms, PCL is strained equally (approx. 

3.5%) in both the conditions. However, after 30 

ms, strain in PCL has suddenly increased in the 

cadaveric condition and reached to the peak value 

of 13.1% at around 45 ms. Whereas, in the reflex 

condition, active muscle forces have shared the 

load and hence reduced the strain in PCL (peak 

strain reached only up to 8% at 50 ms). 
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Figure 3 Comparison of strain time history in knee ligaments (a) ACL (b) PCL (c) MCL and (d) LCL of 

the right leg 

MCL: MCL strain for both the conditions is shown 

in Figure 3 (c). It is observed that peak MCL strain 

has reached the ligament failure limit of 15% in 

both the conditions. However, in comparison to the 
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cadaveric condition (30 ms), failure is delayed by 5 

ms in the reflex condition (35 ms). Effect of 

rupture of MCL is reflected as a sudden increase in 

strain in ACL (Figure 3(a)) and PCL (Figure 3(b)) 

around 30 ms in both cadaveric and the reflex 

conditions.  

LCL: It is observed that LCL (Figure 3 (d)) has 

remained unstrained in both the conditions. This 

can be ascribed to the lateral impact which forces 

tibia to bend medially and consequently keeps the 

LCL slackened. 

VonMises Stresses in Bones - Figure 4 

compares the VonMises stress distribution in the 

bones (i.e. femur, tibia and fibula) of the right leg 

at 34 ms in both cadaveric and reflex condition. It 

is apparent that stresses in bones have increased 

significantly in the reflex condition as compared to 

the cadaveric condition.  

It is observed that in the reflex condition, stresses 

in the bones have reached up to 124 MPa at the 

lateral femoral condylar region and 118 MPa at the 

medial side of mid tibia whereas; it has reached 

only up to 104 MPa in the cadaveric condition. 

This can be attributed to the higher compressive 

forces caused by the muscle pull in the reflex 

condition. 

Impact on Left Leg 

Now, we present the results obtained from the 

simulations of impact on left leg in both cadaveric 

and reflex conditions.  

Strain in Knee Ligaments - Figure 5 illustrates 

the calculated strain time history in knee ligaments 

of the left leg of PMALE-WP for both cadaveric 

and reflex conditions. It is evident that strains in 

knee ligaments have reduced significantly in the 

reflex conditions as compared to the cadaveric 

condition.  

ACL: Figure 5 (a) compares the strain time 

history in ACL for both the conditions. It is 

observed that peak ACL strain has reached the 

ligament failure limit of 15% in both the 

conditions. However, active muscle forces in the 

reflex condition (47 ms) have delayed the failure 

by 7 ms as compared to the cadaveric condition (40 

ms). 

 
Figure 4 Comparison of VonMises stress distribution in bones (peak stress values are also given) of the 

right leg in both cadaveric and reflex conditions at 34 ms state 

(124 MPa) 

(118 MPa) (104 MPa) 

Cadaveric Reflex 

High stress 
zone 
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Figure 5 Comparison of strain time history in knee ligaments (a) ACL (b) PCL (c) MCL and (d) LCL of 

the left leg 

PCL: Strain time history in PCL is compared for 

both the conditions in Figure 5 (b). It is observed 

that, in the reflex condition, strain in PCL has 

remained lower than the cadaveric condition for the 

entire duration of the simulation. It is found that 

peak strain in PCL has dropped by a factor of 1.78 

in the reflex condition (3.5%) as compared to the 

cadaveric condition (6.2%).  

MCL: MCL strain for both the conditions is 

shown in Figure 5 (c). It is observed that peak 

MCL strain has reached the ligament failure limit 

of 15% in both the conditions. However, in 

comparison to the cadaveric condition (29 ms), 

failure is delayed by 6 ms in the reflex condition 

(35 ms). Effect of rupture of MCL in both the 

conditions is reflected as a sudden increase in strain 

in ACL (Figure 5 (a)) between 29-32 ms in both 

the conditions. 

LCL: It is observed that LCL (Figure 5 (d)) has 

remained unstrained in both the conditions. This 

can be ascribed to the lateral impact which forces 

tibia to bend medially and consequently keeps the 

LCL slackened. 

VonMises Stresses in Bones - Figure 6 

compares the VonMises stress distribution on the 

bones (i.e. femur, tibia and fibula) of the left leg at 

36 ms in both cadaveric and reflex condition.  

It is apparent that stresses in bones have 

increased significantly in the reflex condition as 

compared to the cadaveric condition.  

It is observed that in the reflex condition, stresses 

in the bones have reached up to 120 MPa at medial 

side of mid tibia; whereas; it has reached only up to 

98 MPa in the cadaveric condition. This can be 

attributed to the higher compressive forces caused 

by the muscle pull in the reflex condition. 
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Figure 6 Comparison of VonMises stress distribution in bones (peak stress values are also given) of the 

left leg in both cadaveric and reflex conditions at 36 ms state 

CONCLUSIONS 

In the present study, effect of muscle contraction 

on the response of lower limb in low speed lateral 

impact has been studied for the pedestrian walking 

posture. The full body model with active lower 

extremities i.e. PMALE, which was configured in 

standing posture, has been repositioned in the 

walking posture. The real world car-pedestrian 

lateral impact has been simulated using the 

PMALE-WP and front structures of a validated car 

FE model. Two impact configurations, i.e. impact 

on the right leg and on the left leg have been 

simulated. For each impact configuration, two sets 

of simulations, i.e. one with deactivated muscles 

(cadaveric condition) and the other with activated 

muscles (including reflex action) mimicking an 

unaware walking pedestrian have been performed. 

Differences in responses of a cadaver and an 

unaware pedestrian have been then studied. To 

assess the effect of muscle activation, strains in 

knee ligaments and VonMises stresses in bones 

have been compared. It has been concluded that:  

1. For both impact configurations, peak strains 

in knee ligaments were lower in the reflex 

condition (with active muscles) as compared to the 

cadaveric condition. This supports our previous 

findings that the risk of ligament failure in real life 

crashes is likely to be lower than that predicted 

through cadaver tests or simulations. 

2. For both impact configurations, VonMises 

stresses in the bones were significantly higher in 

the reflex condition as compared to the cadaveric 

condition. This leads to the conclusion that chances 

of bone fracture increase with muscle contraction.  

3. In all the four simulations, MCL has failed, 

whereas, LCL remained nearly unstrained. This 

implies that in lateral impacts, MCL could be 

considered as the most vulnerable and LCL as the 

safest ligament. 

4. In the right leg impact configuration, strain in 

PCL is found to be significantly higher than that in 

ACL. This suggests that in case of impact on rear 

leg of a walking pedestrian, PCL would be at a 

higher risk than ACL. 

5. In the left leg impact configuration, ACL has 

failed in both the conditions. This indicates that in 

case of impact on front leg of a walking pedestrian, 

ACL would be at a higher risk. 
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APPENDIX-A 

Values of activation levels used in the present 

study to model the 42 active muscles in each leg 

are listed in the Table A.1. These values are taken 

from Winter (1987). Here, right leg muscles are 

modeled for 60 % gait (i.e. terminal stance) and left 

leg muscles are modeled for 0 % gait (i.e. heel 

strike). 

Table A-1 Activation levels in muscles of left 

and right leg (Note: Activation levels labeled 

with (*) are taken from Winter (1987)) 

Activation levels 
Lower extremity muscles  Left Right 
Vastus Lateralis 0.5* 0.1* 
Vastus Intermedius 0.005 0.005 
Vastus Medialis 0.005 0.005 
Rectus Femoris 0.5* 0.1* 
Soleus 0.2* 0.35* 
Gastrocnemius Medialis 0.2* 0.2* 
Gastrocnemius Lateralis 0.2* 0.3* 
Flexor Hallucis Longus 0.005 0.005 
Flexor Digitorium Longus 0.005 0.005 
Tibialis Posterior 0.005 0.005 
Tibialis Anterior 0.4* 0.1* 
Extensor Digitorium 0.4* 0.1* 
Extensor Hallucis Longus 0.005 0.005 
Peroneus Brevis 0.005 0.005 
Peroneus Longus 0.4* 0.2* 
Peroneus Tertius 0.005 0.005 
Biceps Femoris (LH) 0.4* 0.1* 
Biceps Femoris (SH) 0.4* 0.1* 
Semimembranosus 0.4* 0.1* 
Semitendinosus 0.4* 0.1* 
Piriformis 0.005 0.005 
Pectineus 0.005 0.005 

Obturator Internus 0.005 0.005 
Obturator Externus 0.005 0.005 
Gracilis 0.005 0.005 
Adductor Brevis 1 0.005 0.005 
Adductor Brevis 2 0.005 0.005 
Adductor Longus 0.5* 0.5* 
Adductor Magnus 1 0.25* 0.1* 
Adductor Magnus 2 0.25* 0.1* 
Adductor Magnus 3 0.25* 0.1* 
Gluteus Maximus 1 0.5* 0.15* 
Gluteus Maximus 2 0.5* 0.15* 
Gluteus Maximus 3 0.5* 0.15* 
Gluteus Medius 1 0.5* 0.05* 
Gluteus Medius 2 0.5* 0.05* 
Gluteus Medius 3 0.5* 0.05* 
Gluteus Minimus 1 0.005 0.005 
Gluteus Minimus 2 0.005 0.005 
Gluteus Minimus 3 0.005 0.005 
Sartorius 0.4* 0.25* 
Tensor Fascia Lata 0.005 0.005 
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ABSTRACT 

 

According to 2005 national census, more than 65 

year older population is about 10% of total 

48millions population. In 2030, the elderly rate will 

be reached up to 23%. The statistical analysis of 

elderly traffic accident from the national policy 

report, the elderly fatalities was 2,183 (33.3% of 

6,563) in 2004. This was the double increase 

compared with 14 year years ago. In 1994, elderly 

fatality was 1,748 (17.3%). Elderly driver and 

passengers have a disproportionately higher crash 

involvement rate and commonly sustain more severe 

injuries than the other generation.  

 

The current frontal impact regulation of Korean 

safety standard (KMVSS 102) is based on the 

FMVSS 208 to protect the motor vehicle occupant in 

the event of frontal crash type accidents. The injury 

criteria utilized in the regulation is based on 50%tile 

Hybrid III dummies in both driver and passenger 

sides. Therefore, no motor vehicle standards in 

Korean are designed to specially address the needs of 

elderly persons. Since the elderly population is 

rapidly increasing, it is more important to improve 

the safety standard to mitigate elderly casualties.  

 

A primary objective of the study is to develop a 

guideline or standard for elderly occupants protection 

with new injury criteria on the frontal impact 

regulation and to promote design of restraint system 

or so call silver vehicle for elderly in the domestic 

market. The physical characteristics of elderly 

Korean occupant are relatively small and lighter than 

that of western elderly. Data from the SizeKorea 

database (total surveyed number of subjects in 

SizeKorea database was 14,200 between 0 to 90 

years old), the 50th %tile height and weight of the 

subjects in target group (527 male samples) were 

162.8cm and 62kg, respectively. 

 

From the in-depth study of recent years vehicle-to-

vehicle frontal crash accidents, the elderly occupant 

sustain more thorax rib fracture injury within MAIS 

<2. More than MAIS >3 case, elderly suffers more 

hemo/pneumo thorax injury than younger occupant.  

 

In this study, as an assessment tool with scaling 

methods 50%tile Korean elderly Hybrid III type 
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simulation model was developed to mitigate elderly 

thorax injury.  

 

INTRODUCTION 

 

Each nation has it's own vehicle safety standard as a 

regulation to protect the peoples. Therefore, a vehicle 

must meet the requirements of specific safety 

standards as minimum requirements such as 

structural performances and occupant protections. 

For assessing the occupant protection of the vehicles, 

the various types of standardized Anthropomorphic 

Test Devices (ATDs) are used. The first regulation 

utilizing full scale frontal crash testing of vehicles 

with test dummies is the FMVSS 208 in 1973. The 

crash test dummy used was the Hybrid II dummy, 

developed by General Motors in 1972, mainly to 

assess the integrity of lap and shoulder belt restraint 

system. Hybrid III dummy has the size, shape and 

mass distribution of a 50th percentile American adult 

male. Currently, world-widely using new dummy 

called the Hybrid III, was developed by G.M. with 

substantial improvement in biofidelity over the 

Hybrid II dummy in all parts of the dummy. In 1984, 

the Hybrid III dummy has become the only dummy 

that can be used for compliance purposes. Frontal 

Crash Regulations in Korea has also accepted the 

Hybrid III dummy as the test device with controls 

over the measured dummy responses.  

Beside as a regulation tool, the dummy can be used 

as a Occupant injury assessment tools to research and 

development of advanced occupant restraint systems. 

Traditionally, Anthropomorphic Test Devices 

(ATDs) have been used in laboratories to evaluate 

the restraint system performance with built-in various 

types of sensors attached in the most frequently 

injured body parts such as head, neck, chest, femur 

and lower extremity.  

 

In Korea, the occupant protection standard for the 

frontal crash test is KMVSS 102. In the regulation, 

Hybrid III 50%tile dummies are used to assess the 

safety of a vehicle.  

From 2000 national census, the population of 65 year 

and more (65+) was reached 3.4 million (7.2%) and 

entered aging society. Due the current extremely 

lower birth rate, the aging rate is rapidly increased. 

The most demographic forecasts indicate the 

proportion of Korean over 65 years of age by the 

year 2019 will be more than 14% of total population 

as a aged society. Therefore, it will become 

increasingly more important that safety standards be 

optimized to mitigate elderly casualties. Currently, 

no motor vehicle safety standards in Korea are 

designed to specifically address the needs of elderly 

persons. Elderly drivers and passengers have a 

disproportionately higher crash involvement rate and 

commonly sustain more severe injuries than the 

general population. From the National Police 

Reported Accident Data for the years 1994 to 2006, 

the fatality of the age group 61 and older (61+) was 

continuously increased 1,748 (17.3%) to 2,136 

(33.8%). Still, the majority of elderly fatality is 

coming from the pedestrian casualty, however, the 

fatalities of elderly occupants (driver or passenger) is 

continuously increasing year by year.  

 
Figure 1.  Elderly Population in Korea. 
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Figure 2.  The Number of Korean Elderly 

Involved in Accidents. 

 

Therefore, providing mobility as well as 

improvement of safety for older occupants is 

essential for aging society by the means of 

development of older occupant friendly vehicle. 

NHTSA launched "Safer Mobility for a Maturing 

Society: Challengers and Opportunities" program in 

2003. The program shows the target and strategic 

plans for older drivers and pedestrian to promote 

safer mobility. Due to the global trend of the societal 

aging with more than 20% of elderly population, auto 

manufactures in the advanced nations such as US and 

Japan concentrate their endeavors on the 

development of the technologies for the elderly 

friendly vehicle. The research group includes Korean 

government (MLTM) and domestic auto makers are 

putting their enormous efforts to develop key 

technologies for the elderly friendly vehicle. In the 

project, the target was set for the comfort and safety 

improvements of the transportation with vulnerable 

people, preparing the aging society, consists of the 

following 5 categories that will provide a safe and 

convenient transportation to elderly population and 

also comfort ingress and egress (boarding and un-

boarding) to the disabled.  

To provide the safety for the elderly occupants, it 

will be necessary to review the safety standards to 

mitigate elderly casualties. Currently, the injury 

criteria in KMVSS are determined by Hybrid III 

50%tile dummy readings similar to other countries. 

In the project, the best suitable injury criteria for 

Korean elderly occupant will be developed. It is 

almost impossible to develop a physical Korean 

elderly dummy to assess the injury mitigating 

performance of the so called "elderly friendly 

vehicle" and the restraint system. Since the Hybrid 

III 50%tile male dummy is only the dummy 

regulatory body accepted, the main objective of the 

research is focus developments of converting table or 

equation. This scale method will be convert Hybrid 

III 50% dummy tested injury values to the Korean 

elderly injury values.  

 

In this paper, the traffic accident patterns and injury 

types of elderly occupants suffered are examined and 

analyzed using the insurance company database. To 

investigate the converting equation, the standard 

50%tile Korean elderly Hybrid III model is 

developed by scaling method in MADYMO model.  

 

 

INJURY CHARACTERISTICS OF ELDERLY 

OCCUPANTS 

 

Literature Survey 

 

Although older drivers are involved in relatively few 

collisions due to limited exposure, once involved in a 

crash they are more likely to sustain severe injuries 

or death. Several studies have confirmed that as 

people age, they are more likely to sustain serious or 

fatal injuries from the same severity crash (Evans, 

Evans, Bedard et al., Mercier et al). Elderly drivers 
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and occupants are especially at risk of thoracic region 

injuries due to increased bone fragility (University of 

Michigan, Wang et al., Wang, Augenstein et al., 

Foret-Bruno, Schiller, Sjogren et al., Bulger et al.). 

Currently, no motor vehicle safety standards in 

Canada are designed to specifically address the needs 

of elderly persons. Results from S.C Wang, the head 

injury is the most frequent in younger age group, 

while the older age group is suffered from mostly 

thoracic injury as shown in Figure 3. It is clearly 

show that in the Figure 4, the older age group, the 

more numbers of rib fracture is occurred in the 

frontal collision. 
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Figure  3.  Incidence of Thoracic and Head 
Injury by Age. 
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Figure  4.  Age Distribution of Rib Fractures in 
Frontal Crash Occupants age 20~79, NASS 1993-
1996. 
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Figure  5.  Head and Chest MAIS by Driver 
Age Group - Frontal Impacts.  
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Figure  6.  Head and Chest MAIS by Passenger 
Age Group - Frontal Impacts. 
 
 
According to the R. Welsh paper, there is no 

significant difference in MAIS 2 or less head injury 

among the different age group selected frontal 

collision accident database of seatbelt restrained 

driver and passenger only. But, older age group was 

more experienced in sever thoracic injury.  

 

Korean Elderly Occupant Accident 

Characteristics 
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7 years period of accident database (2000-2007) was 

statistically evaluated to examine the elderly 

occupant's accident patterns and injury types. The 

total 64,424 car-to-car type frontal accidents was 

scanned but injury involved 32,195 accidents 

(injured person: 61,645) was collected as 1st data set. 

After eliminate the improper data not provide 

sufficient information, the final data set was targeted 

26,057 injured accidents. The data was categorized 4 

different age group, such as less than 25 year old, 25 

year to 54 year, 55 year to 64 year and 65 year and 

older. The injury characteristics were classified by 9 

AIS injured body segment classes. The 3 highly 

injured body parts compared with other age groups 

were carefully investigated to find any statistical 

significant. From results, the elderly occupants 

exposed higher risk in thorax, head and abdomen. 

The thoracic injury risk is 2.6 time higher than other 

ages. The head injury is 1.3 time higher and abdomen 

injury is 1.9 time higher. The abdomen of male 

elderly injury is 26.2% higher than that of female 

elderly occupant.   But, female elderly has higher 

 

potential risk in head and lower extremity 57% and 

11.6% respectively more than those of male elderly. 

In seating position, driver side is 2.9 time more 

suffered thorax injury compared with 25 - 54 year 

old age group. The elderly occupant seated in front 

passenger seat or rear seats reveals 1.4 - 1.8 times 

higher injuries in abdomen and lower extremity as 

well as thorax injury.  

 

Regardless the type of vehicles, the thorax injury of 

the elderly occupant is more than 1.7 - 2.1 times 

more frequently occurred. The elderly seated in SUV 

and RV vehicles are more injured than sedan type 

vehicle during the car-to-car frontal collisions. The 

seat belted elderly is more suffered thorax, abdomen 

and upper extremity injuries than other age groups. 

However, compared with non belted occupants, there 

are no differences in terms of injury between 

different age groups. Even the airbag equipped 

vehicle cases, still elderly occupants exposed 12.9% 

more sever thorax injury compared with other age 

group.  

 

 

 

 

 

 MAIS 3↑ MAIS 2↓ 

Age ~ 24 25 ~ 54 55 ~ 64 65 ~ ~ 24 25 ~ 54 55 ~ 64 65 ~ 

Head 28 194 34 20 736 4,316 505 220 

Neck 52 420 84 37 2,078 11,719 1,265 473 

Lumber 19 219 47 27 179 1,142 136 55 

Thorax 25 325 55 41 14 1,91 36 24 

Abdomen 37 192 31 21 59 212 29 21 

Arm 53 402 54 40 316 1,613 156 87 

Leg 41 244 33 21 177 810 83 38 

Whole Body 21 86 18 14 45 275 30 13 

Total 227 1,408 246 153 3,508 19,314 2,248 987 

Table 1.  Injury Patterns with Different Age Group in Car-to-Car Frontal Accidents 
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KOREAN ELDERLY HYBRID III TYPE 

DUMMY MODEL 

 

Dimension of Korean Elderly 

 

In order to develop the elderly friendly vehicle and 

special injury criteria for elderly occupant, it is need 

to define the standard elderly person. In this study, 

65 year and older male is defined as the elderly. The 

SizeKorea database was applied to develop the 

computer simulation model. The physical 

characteristics of elderly Korean occupant are 

relatively small and lighter than that of western 

elderly. Data from the SizeKorea database (total 

surveyed number of subjects in SizeKorea database 

was 14,200 between 0 to 90 years old), the 50th %tile 

height and weight of the subjects in target group (527 

male samples) were 162.8cm and 62kg, respectively. 

Table 2 show the height, weight and seated height of 

50%tile Korean elderly male standard.  

 

Table 2.  Body Dimensions of Korea Elderly 
 50%tile Mean 

Weight (kg) 62.1 62.34 

Height (mm) 1627.5 1629.62 

Seated Height (mm) 973.5 971.57 

 

Development of Korean Elderly Hybrid III Type 

Dummy  

 

The MADYMO / Scaler has been created to scale 

occupant models in MADYMO (DE LANGE, 2005). 

It allows the user to scale a model in three different 

ways:  

 

1) Specifying gender, mass and standing height for 

creating a model based on the GEBOD 

anthropomorphic database (BAUGHMAN, 1986) 

2) Specifying a data set of 35 anthropomorphic 

values. 

3) Specifying direct scaling factors λx, λy, λz and λxyz 

for each dimension of the 14 scalable body sections. 

 

The definitions of the anthropomorphic values are 

given in the MADYMO Utilities Manual Release 

6.3.1 (2006). With respect to the dimensions, x is 

always referring to the depth of a body section (e. g. 

“chest depth” for body region “thoracic spine”, y to 

its lateral width (e. g. “head breadth ”for region 

“head” and z to its height (e. g. “knee height seated” 

for region “lower leg”).  

In this study, using SizeKorea database for 65 year 

and older person's body dimension, the second 

scaling method is taken to develop the Korean 

elderly Hybrid III 50% male dummy model. The 35 

body dimension list is shown in Table 3. The 

dimensions of item 5, 14, 15 and 22 were not listed 

in the SizeKorea database. These dimension were 

generated using GEBOD program by input the 

weight and standing height. With given dimensional 

data, the Korean elderly size dummy is created as 

shown in Figure 7.  

 
The results of the converted dimension for Korean 

elderly 50%tile is shown in Table 4 with high 

accuracy.  

 
 
Table 3.  Anthropomorphic data set for scaling 

No. Items 
Hybrid 

Ⅲ 
Korean
Elderly

1 Weight (kg) 77.14 62.1 

2 Standing Height (mm) 1,690 1,6275

3 Shoulder Height (mm) 1,396 1,328 

4 Armpit Height (mm) 1,301 1,2105

5 Waist Height (mm) 1,007 962.9 

6 Seated Height (mm) 902 873.5 

7 Head Length (mm) 209 188 
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8 Head Breadth (mm) 146 146.5 

9 Head to Chin Height (mm) 228 201.5 

10 Neck Circumference (mm) 370 371.5 

11 Shoulder breadth (mm) 437 369.5 

12 Chest Depth (mm) 260 220.5 

13 Chest Breath (mm) 316 294.5 

14 Waist Depth (mm) 223 208 

15 Waist Breadth (mm) 280 284.9 

16 Buttock Depth (mm) 236 234.5 

17 Hip Breath, Standing (mm) 366 321.5 

18 Shoulder to Elbow Length (mm) 341 330.5 

19 Forearm-Hand Length (mm) 460 440.5 

20 Biceps Circumference (mm) 286 280.5 

21 Elbow Circumference (mm) 286 271.5 

 

 

 

 

 

 

 

 

 

 

22 Knee Height, Seated (mm) 563 489.5 

23 Forearm Circumference (mm) 276 267 

24 Wrist Circumference (mm) 174 168.5 

25 Thigh Circumference (mm) 541 506.5 

26 Upper Leg Circumference (mm) 534 465.5 

27 Knee Circumference (mm) 416 356.5 

28 Calf Circumference (mm) 358 339.5 

29 Ankle Circumference (mm) 223 250.5 

30 Ankle Height, Outside (mm) 120 67.5 

31 Foot Breath (mm) 92 99.7 

32 Foot Length (mm) 267 246.5 

33 Hand Breadth (mm) 96 82.5 

34 Hand Length (mm) 168 182.5 

35 Hand Depth (mm) 50 26.5 

 

 

Figure 7.  Comparison of the Original Hybrid Ⅲ 50%ile Dummy(right) and the 

Scaled Hybrid Ⅲ Korea Elderly Dummy(left). 

Table 4 Results of Model Scaling

Parameters Requested  Modeled Ratio (%) 

Weight 62.1 62.1199 100.03 

Standing Height 1.6275 1.6279 100.02 

Seated Height 0.8735 0.8734 99.99 

Shoulder Breadth 0.3695 0.3696 100.03 
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Computer Simulation Analysis 
 

Occupant Simulation Model - The converted 

Korean Elderly 50%tile Hybrid III Dummy model 

has been constructed with sled test model to compare 

with 50%tile standard Hybrid III model. In the 

simulation, occupant kinematics and injury values 

are examined to find relationship between two 

dummy models. From the accident data analysis and 

literature survey, since the most sever injury for the 

elderly occupant is thoracic injury, the detailed seat 

belt and airbag model are added in the typical sled 

model. In the seat belt model, load-limiter and pre-

tensioner are also adopted as shown in Figure 8. 

 

Figure 8. Configurations of the Frontal Sled 

Simulation model with A/bag and Seat Belt 

 

Simulation Results - In the simulation, the 

various force level of load-limiters were examined to 

define the influence of belt force level. Table 6 

shows the simulation results of driver side and Table 

7 is results of passenger side. The current 2+1kN 

dual stage load-limiter is optimized to protect Hybrid 

III 50%tile male dummy both in driver and passenger 

side. The lower force load-limiter can help to reduce 

chest deflection in standard 50%tile Hybrid III, but 

the other injuries were getting worse.  

In other hand, since the load-limiter and pre-

tensioner is not intended to design for elderly 

occupant, there are rooms for improvements.  

 

Table 6 Results of Elderly Driver Dummy Model 

Driver  
Original Dummy 

(50%ile) 

Scaling of Dummy 

(Only size) 

Load-limiter

(DLL) kN 
1.5+1 2+1  3+1 1.5+1 2+1  3+1  

Head 

(HIC36) 
380.31 357.65 396.09 371.28 385.44 467.5 

Chest def. 

(mm) 
33.37 35.74 40.7 26.4 30.44 35.02 

Chest acc (g) 47.11 46.14 49.38 46.82 45.06 49.51 

Femur (kN) 5.50  5.3 5.21 9.95 8.87  9.33  

 

Table 7 Results of Elderly Passenger Dummy 

Model 

Passenger 
Original Dummy 

(50%ile) 

Scaling of Dummy 

(Only size) 

Load-limiter

(SLL) kN 
1.5  2  3  1.5  2  3  

Head 

(HIC36) 
361.44 323.87 301.25 321.87 286.17 305.05 

Chest def. 

(mm) 
31.67 26.88 30.54 18.02 21.11 26.15 

Chest acc (g) 45.59 42.08 43.29 37.51 38.45 45.08 

Femur (kN) 8.30  8.17 9.19 9.71 9.61  9.68  

 

As given same crash severity, the Korean elderly 

model is less weight and height. Due to the small 

moment of inertia during the ride-down stage, the 

force acting on the head and trunk is less than 

standard size Hybrid III dummy. Therefore, except 

femur load, the injury, HIC, Chest deflection, Chest 

acceleration is less than standard size Hybrid III 

dummy.  

It is also well established that the human injury 

tolerance decreases as the age increases. An aging 
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person becomes increasingly susceptible to sustain 

thoracic injuries, primarily rib fractures, during a car 

crash. In the development of the human injury 

tolerance criteria for automotive crashes, only a few 

researchers have paid attention to age effects. About 

age-related changes occurred in the thorax, the 

degeneration of human bones and soft tissues is an 

important factor which modified significantly their 

mechanical properties. The material properties of the 

bone obviously have a significant influence on the 

condition at which fractures occur. In general, all 

humans begin to lose progressively bone mass at the 

age between 30 and 40 as a result of a physiologic 

inability to maintain a positive balance between the 

removal of old bone and the replacement of new 

bone. After 55 years old, the decrease in bone 

mineral content becomes more pronounced, and the 

negative skeletal balance increases significantly 

between ages of 60 to 70. The chest deflection injury 

threshold is strongly dependent upon the age of the 

subject as shown in Figure 9. From R. Kent's curve, 

the chest deflection of standard size Hybrid III 

dummy is 35.74 mm with 260 mm chest 

circumference and the percentage of deflection rate is 

about 13.74. Korean elderly occupant has been 

experienced 30.44 mm chest deflection who has 

220.5 mm chest circumference size. Although the 

chest deflection was less than the standard Hybrid III, 

the chest deflection rate is about equal. From Figure 

9, 13.8 % of chest deflection rate is 5% of probability 

which 0+ number of rib fractures injury for the 30 

year old adult. But 13.8% of chest deflection rate for 

the elderly occupant may occur 50% of .0+ number 

of rib fractures injury probability. The same rate 

chest deflection, but the different level of injury can 

be expected.  

 
Figure 9. Thoracic Injury Probability Curves in 

Deflection Rate of Rib Based on Kent (7). 

 

CONCLUSIONS  

 

Analysis of traffic accident data, the fatality and 

injury of elderly occupants are continuously 

increasing. As entering the aging society, safety 

issues for elderly driver and passenger must be 

carefully studied to provide the best possible 

protections or special safety regulation for elderly 

occupants. To provide optimal restraint system for 

the elderly, the scaled Korean elderly occupant 

dummy model was developed. With this model, the 

sled type simulation was conducted to examine the 

elderly injury and to find the suitable converting 

table for injury criteria for the safety standard.  
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ABSTRACT 
 

Crash test dummies act as a surrogate for humans in 
high loading conditions. Their anthropometry and 
properties have been retrieved in extensive research 
in the field of biomechanics. Accessibility to 
technical drawings and other specifications of crash 
test dummies is normally limited to their 
manufacturers. Furthermore, the hardware is 
affected by manufacturing tolerances, especially the 
complex shapes of dummies. Nevertheless reliable 
numerical simulation models are needed to support 
virtual engineering processes. 

In order to build up a Finite-Element-Method 
(FEM) simulation model, a process was defined to 
retrieve all relevant data by investigation of the 
hardware. The BIORID-II dummy was chosen to 
demonstrate this process. 

In a first step, it was necessary to capture the 
geometry of the BIORID-II. It is important to 
identify not only the exact geometry of every single 
part but also the assembly to know about the initial 
position. Different measuring methods such as 
optical 3D scanners, photographic analysis and 
manual measuring methods were used for this 
purpose. Based on these geometrical data FEM 
meshes were created. 

In a next step, functional characteristics of 
subassemblies were analyzed by separate testing. In  

case of the BioRID II - Dummy, the behavior of 
different springs, dampers and cables were 
determined, especially the characteristic of the 
materials. In the spine of the dummy several pre-
stressed elements made of hyper-elastic materials 
exist, therefore not only the behavior of the material 
but also the initial condition were important. 

For validation purposes, three different tests have 
been used: the prescribed calibration test, an 
additional sled test, both with the torso only, and a 
sled test with a car seat and the whole dummy. The 
numerical simulations showed good accordance in 
comparison to both hardware tests and component 
tests. The calibration test was passed. 

INTRODUCTION 

According to the Economic Commission of Europe, 
about 14.9% of accidents in Europe are rear 
impacts [10]. 

 

Figure 1: Fraction of rear-end collisions (1/2) 
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Figure 2: Fraction of rear-end collisions (2/2) 

In Figure 1and Figure 2 the fraction of rear-end 
collisions relative to the number of accidents in 
different countries is shown. 

Within these accidents, the risk for so-called 
Whiplash Associated Disorders (WAD) [8] is two 
times higher than in two- way traffic  
(see Figure 3 [9]). 

 

Figure 3: Appearance of Whiplash Associated 
Disorders according to accident types [9] 
The black column shows the number of all involved 
belted occupants, the white column the number of 
involved belted occupants with a WAD injury. The solid 
line shows the fraction between these two numbers. 
WAD injuries are two times more frequent in rear end 
collisions compared to frontal and side collisions.  

The injury mechanism has not been definitely 
clarified yet, and is still under investigation. 
Research in biomechanics, carried out by Chalmers 
University of Sweden and Denton ATD [2], has 
resulted in the development of the BioRID II 

dummy. This manikin reproduces the typical 
kinematics of a human being in a straight, two 
dimensional rear end collision. For development of 
systems for neck protection, dynamic testing (e.g. 
the new Euro-NCAP whiplash assessment) [7] is 
widely used by automotive industry. Yet, 
requirements of time-to-market and cost-efficient 
development processes also require numerical 
simulation models of the BioRID II. 

The present paper describes a method how to build 
up a numerical FEM model based on investigation 
of the hardware. This approach was chosen for two 
reasons: First of all, technical drawings and other 
specifications of dummies are usually not 
obtainable outside of the manufacturing company. 
Secondly the properties of the hardware are 
affected by manufacturing tolerances.  

The BioRID II dummy was used for demonstration 
of the process described here. It is based on the 
Hybrid III Dummy and modified in the following 
body regions [2] (see Figure 4): 

 

Figure 4: BioRID II Dummy, configuration [2] 

The extremities were adopted from this dummy, 
torso and the head/neck region were redesigned: In 
the BioRID II a new articulated spine with 7 
cervical, 12 thoracic and 5 lumbar vertebrae was 
implemented. The neck contains a pre-stressed 
system with cables, springs and dampers to 
reproduce the behavior of muscles. Cervical 
vertebrae made of rubber belong to this pre-stressed 
system. The silicon flesh of the torso contains a 
water filled bulb to represent soft tissue. Head and 
pelvis are based on the Hybrid-III design and were 
modified for connection to the new torso. 
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METHODOLOGY  

For carrying out the investigation a hardware model 
of the BioRID II dummy was available. The 
proposed process can be described by a modified 
V-model approach, see Figure 5. It starts by 
disassembling the hardware into subsystems and 
components. All parts are modeled and simulated. 
Suitable experiments from component to system 
level provide data for verification of the model at 
all levels.  

Figure 5: Working process (V-model approach) 

 

Starting from the complete hardware, the dummy 
was modeled, simulated and verified at different 
levels of complexity (component, subsystem and 
system level) 

The whole process is divided into five main steps: 

- Capturing the geometries 

- Translating geometries to CAD data 

- Generation of the FEM meshes 

- Development of the single components 

- Validation of the model 

 

Capturing the geometries 

In a first step, the geometry of the dummy was 
digitized. Therefore both the surfaces of every 
single part and the shape of the assembled object 
were captured. 

Most of the outer parts of the dummy are made of 
soft materials. So it was decided to use a contactless 
method for recording the outer shape of the whole 
dummy to avoid influences due to compression of 
single parts. An optical 3D scanner had been 
selected because of its fast mode of operation (see 
Figure 6).  

 

Figure 6: Optical 3D-scanner Atos III (GOM) 

To capture the parts, the dummy was disassembled 
completely. Every single part was examined to 
decide for the adequate method for capturing its 
geometry. Simple shapes like cylindrical bolts were 
measured by using manual procedures. More 
complex parts were digitized by using the 3D 
scanner (see Figure 7). 

  

Figure 7: 3D- scan of the dummy head  

The torso of the dummy presents the most complex 
component. It is too unstable to catch the whole 
part with the 3D scanner with a single scan. 
Therefore it was necessary to turn it around. That 
movement caused deformations and it was not 
possible to get consistent measurement data. To 
identify the outer geometry manual as well as 
scanner based methods were used in conjunction 
with geometrical matching concerning the attached 
parts. The internal parts like the water bulb were 
captured by using x-ray in combination with the 
above mentioned methods (see Figure 8).  
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Figure 8: X- ray photograph of the torso  

 

Translating geometries to CAD data 

It appeared that the accuracy of the geometries 
provided by the 3D system was limited for creating 
FE meshes. Because of the complexity of the 
generated geometry it is intricate to use them as 
base for meshes. So the next step was to develop a 
CAD model based on the available geometrical data  

 

Generation of the FEM meshes 

The CAD data provided a suitable base for the 
meshing process and a complete FEM mesh of the 
dummy was built. 

Again, the torso was the most challenging part for 
meshing. It was necessary to use 3D elements 
(solids) to represent it in the FE model  
(see Figure 9). Due to its complex shape automated 
meshing routines could not be used to build up the 
mesh so it had to be done manually. 

   

Figure 9: FEM-mesh of the torso  

 

Development of the single components 

To reproduce the behavior of the dummy in FEM 
simulation it was necessary to determine the 
characteristics of materials and its functional 
subassemblies.  

First of all the material had been characterized. 
Therefore several hardware tests with the different 
materials like the silicon of torso and extremities 
and the bumpers at the spine were carried out: a 
pendulum was used to identify the dynamic 
behavior of the materials at different strain rates. 

 

Figure 10: Pendulum for material tests from 4A 
(formerly A.P.E.) 

For this reason defined material samples had been 
loaded dynamically by a pendulum. The 
deceleration of the pendulum was used for the 
determination of the material data (see Figure 10). 

In a next step the components like the springs at the 
spine were tested concerning their behavior. 
Because of some known characteristics [4] it was 
agreed on skipping testing of the rotational damper. 

 

Validation of the model 

To validate the model on system level three tests 
were chosen: 

- Denton calibration test [3]  

This test is prescribed to calibrate the 
hardware dummy within its designated 
loading conditions. The torso is mounted 
onto a rack without pelvis and extremities. 
A pendulum accelerates the rack according 
to a predefined acceleration pulse. Several 
dummy responses have to stay within 
prescribed corridors. Tests and simulations 
were performed according to the official 
calibration protocol data. [5]. 
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- Sled tests with torso only 

These tests had been performed with a 
special defined configuration. It is similar 
to the Denton calibration test but an 
adjustable headrest is included. The 
acceleration was oriented at the trapezoid 
shaped pulse of the EuroNCAP procedure 
for seat tests [7]. 

- Sled tests with whole dummy and car seat 

To validate the behavior of the model in a 
realistic environment, testing data of sled 
tests were provided by the project partners. 
The tests included a whole dummy inside 
of a car seat. 

 
RESULTS 

 

The project’s aim was to build up an accurate FEM 
model of dummies based on inspection of the 
hardware. The model should achieve the following 
defined criteria: 

- The model’s geometry in the model should 
fit to the hardware 

- The components should reproduce the 
characteristics of the hardware 

- The subsystems should reproduce the 
characteristics of the hardware 

- The dynamic behavior of the whole model 
should reproduce the behavior of the 
hardware 

 

Geometry 

The overlay of captured geometry and mesh shows 
the accordance of single parts and assembly (see 
Figure 11). 

 

Figure 11: Accordance of CAD- Data (base of 
the mesh) and captured geometry  
The transparent parts represent the captured geometry, 
the opaque parts are showing the FE mesh 

 

Validation tests on component level 

For material tests, original components were used 
to derive the properties of the FEM material model. 
Figure 12 shows the accordance between test and 
simulation by the example of the torso flesh 
material. 

 

Figure 12: Accordance of simulation and test 
The continuous lines show test results, the dotted lines 
show the according simulations 

 

The behavior of the rotational damper- sub- model 
fits to the specified corridors (see Figure 13). The 
neck springs have been tested by static charging 
tests. 
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Figure 13: Characteristic of the rotational 
damper with 9kg- charging; limits according  
to [3] 

 

Validation tests on subsystem level 

In the present case study “BioRID II” it was 
essential to implement pre-stress in the spine 
subsystem. Therefore simulation models were 
prepared to simulate the pre-stress in the neck by 
emulating the assembly process (see Figure 14). In 
a first step the spine subsystem was assembled 
without stressing the bumper elements of the 
vertebrae. This was followed by a second step 
where the spine was positioned into its design 
position, thereby stressing the bumper elements.  
Then, these results were used to create a model for 
finding the balanced state of equilibrium. 

 

First step: assembly: The bumper is built in without 
deformation 

 

Second step: The vertebra is rotated to initial 
position, so the bumper is pre- stressed 

Figure 14: Setting up pre-stress in bumpers 

Validation tests on system level 

To validate the dynamic behavior three tests were 
used. 

 Denton calibration test - For this test, the 
torso of the dummy was mounted on a rack without 
pelvis and extremities (see Figure 15). 

 

Figure 15: Experimental design of the Denton 
calibration test [1]  

A pendulum accelerates the rack to get a defined 
longitudinal acceleration. The sled acceleration and 
velocity were preset in the simulation according to 
the calibration test [5].To pass this test it is 
necessary that several dummy responses stay within 
defined corridors, Figure 16 shows the location of 
these signals. In Figure 17 to Figure 21 the results 
of the FEM simulations are illustrated, all dummy 
responses pass the requirements. The requirements 
can be differentiated in a “peak corridor” 
requirement where signal peaks have to be within 
certain limits without respect to timing and a “tube 
corridor” requirement where signals have to be 
within a corridor with respect to time. 

 

Figure 16: Location of the analyzed values  
Here the measured values are shown (compare to  
Figure 17 - Figure 21) 
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Figure 17: Acceleration of the 1st thoracic 
vertebra (Denton calibration test) 
The initial peak of the T1 acceleration in longitudinal 
direction is within the peak corridor (dotted line).   
 

 

Figure 18: Rotation of the 1st thoracic vertebra 
(Denton calibration test) 
The rotation of T1 stays within the tube corridor (dashed 
line) with respect to timing. 

 

Figure 19: Relative rotation between head and 
4th cervical vertebra  
The initial peak of the relative rotation between head and 
C4 passes requirements of the peak corridor (dotted  line) 
and the tube corridor (dashed line) in the later phase of 
the movement. 

 

Figure 20: Relative rotation between 4th cervical 
and 1st thoracic vertebra (Denton calibration 
test)  
The initial peak of the relative rotation between C4 and 
T1 passes requirements of the peak corridor (dotted line) 
and the tube corridor (dashed line). 

 

Figure 21: Relative rotation between head and 
1st thoracic vertebra (Denton calibration test)  
The relative rotation between head and T1 stays within 
the tube corridor (dashed line). 

 Sled tests with torso only - These tests were 
done to retrieve reliable validation data. For this 
reason a reproducible test-setup was chosen that 
was similar to the Denton calibration test, but 
includes an adjustable head restraint (see Figure 
22). The rack was accelerated by a sled system 
(HyperG, [6]). The preset pulse is shown in  
Figure 23. 

2 

3 
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Figure 22: Configuration of the sled test 

 

Figure 23: Acceleration of the sled test 

For validation purposes, the results of the 
simulation are compared to the measurement data 
of the hardware test. Exemplarily, the accelerations 
in longitudinal direction of head, C4, T1 and T8 
and the force in longitudinal and vertical direction 
between head and C1 are illustrated in Figure 24 to 
Figure 29. 

All calculated dummy responses correlated to the 
experimental results in a satisfying manner. 
Experiments which showed the repeatability and 
reproducibility of the experiments were not 
performed within the scope of the project. 
Magnitude of peaks and the overall time history of 
the simulated dummy responses are expected to fit 
within the accuracy of repeated tests. For the 
accelerations of the different vertebrae some higher 
frequency oscillation is observed. 

 

Figure 24: Acceleration of the head x (sled test) 
Peak acceleration and time history of FEM simulation 
(solid line) and experiment (dashed line) of the head 
acceleration in longitudinal direction coincide 
sufficiently. 

Figure 25: Acceleration of the 4th cervical 
vertebra x (sled test) 
Peak acceleration and time history of FEM simulation 
(solid line) and experiment (dashed line) of the C4 
acceleration in longitudinal direction coincide 
sufficiently. Higher frequency oscillation in the 
experiment is observed. 

Figure 26: Acceleration of the 1st thoracic 
vertebra x (sled test) 
Again, peak acceleration and time history of FEM 
simulation (solid line) and experiment (dashed line) of 
the T1 acceleration in longitudinal direction coincide 
sufficiently. 
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Figure 27: Acceleration of the 8th thoracic 
vertebra x (sled test) 
A similar behavior as observed for C4 and T1 is also seen 
in T8 longitudinal acceleration. 

Figure 28: Force between head and the 1st 
cervical vertebra x (sled test) 
Time history of the shear force between head and C1 
show good accordance. The head restraint contact can 
bee seen between 100 and 125ms. 

Figure 29: Force between head and the 1st 
cervical vertebra z (sled test) 
Time history of the axial force between head and C1 
show good accordance for the peak values. Minor 
deviation in the initial compression phase is observed. 

 

The overall comparison between simulation and test 
showed that the model was able to reproduce the 
dynamic behavior of the hardware dummy in a 
satisfying manner.  

 

CONCLUSIONS 

Numerical FEM models of crash test dummies such 
as the BioRID II are a suitable tool for the 
development of vehicle safety systems. The 
BioRID II model allows for cost effective 
parameter studies for an improved head restraint 
and seat design. In order to predict the risk for 
Whiplash Assocociated Disorders (WAD) in a 
satisfying manner, high requirements on the 
prognosis quality of dummy responses are essential. 
In particular, modeling of the BioRID II is a 
difficult task because of the lack of geometry, 
material and other property data. Furthermore, the 
complex design of the articulated spine with pre-
stressed elements requires a high level of detail in 
the model. In the present study a development 
process has been shown which is following the V 
model approach. The modeling of the dummy is 
based on the hardware which was disassembled and 
investigated. The full system of the dummy was 
broken down into subsystems and components. 
Modeling and simulation were performed on the 
corresponding level. The geometry of each 
component, the subsystem and full system was 
received by a combination of 3D scanner methods 
and manual measurements. Validation tests on 
different level of complexity were performed to 
retrieve reliable validation data.  
Following this process of validation on different 
levels a FEM model with satisfying prognosis 
quality with respect to dummy kinematics, 
responses and injury criteria was built. 
The limitation of this study is mainly related to 
further experimental test data. On the one hand 
repeatability and reproducibility tests to investigate 
the spread in the dummy responses would be 
helpful; on the other hand additional tests with 
other loading conditions would further improve the 
results.  
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ABSTRACT 

Side impact regulations have been introduced in many 
countries to improve occupant protection in side 
collisions. As a result, car structures have been 
improved significantly. However, the number of 
fatalities and serious injuries in side collisions is still 
large. To understand the causes of these injuries and to 
identify their potential countermeasures, accident 
analyses of side collisions were newly conducted.  

From the accident data analysis, it was shown that the 
contacts with the head and chest during side crashes 
are still a major cause of serious injuries and death. 
The impact vehicle type affected the injured body 
regions of the occupant in the struck vehicle, and the 
chest was frequently injured in the struck car when 
impacted by an 1BOX type vehicle. Occupant seating 
postures were surveyed in vehicles on the roads, and it 
was found that from a side view that the head location 
of 50% of the drivers was in line or overlapped with 
the vehicle’s B-pillar. This observation suggests that 
in side collisions head injuries may occur frequently 
due to contacts with the B-pillar.  

A series of side impact tests were conducted to 
examine test procedures that would be beneficial for 
improving occupant protection. When the 1BOX was 
a striking vehicle, the chest deflection of the ES-2 
dummy was large. The crash tests also included car-to-
car crash tests in which either (1) both cars are moving 
or (2) one car is stationary, i.e., an ECE R95 test. The 
injury measures of the ES-2 dummy were substantially 
smaller if the struck car was moving. 

The tests also were conducted for an occupant seating 
position where the head would make contact with the 
B-pillar. To investigate the effectiveness of curtain 
side airbags for head protection in car-to-car crashes, 
these test were conducted for struck cars with and 
without a curtain side airbag. It was demonstrated that 

the curtain side airbag was effective for reducing the 
number of head injuries in car-to-car crashes.  

INTRODUCTION 

Though the number of vehicle accidents is decreasing 
recently, in 2008 it was 760,000 or more, and the 
number of injuries was 940,000 or more. Considering 
this traffic accident situation, regulations for occupant 
protection including the side impact protection [1] 
have been introduced in Japan. Additionally, The 
Japan New Car Assessment Program (JNCAP) 
conducts safety evaluation of new cars.  

In traffic accidents in Japan, intersection collisions and 
rear-end collisions account for about 60% when 
classified by collision configuration and vehicle-to-
vehicle collisions account for 80% or more when 
classified by crash objects. In fatal and serious injuries 
to drivers, vehicle-to-vehicle collisions account for a 
large proportion. In vehicle-to-vehicle side collisions, 
since the crash configurations are widely varied (such 
as a large array of impact velocities and angles), an 
investigation of representative crash test procedures is 
necessary in order to effectively reduce the number of 
fatal and serious injuries in side crashes, and to protect 
the occupants most frequently seriously injured body 
regions.  

In this study, building on the bases of our past studies 
[2][3][4][5][6][7], side accident analyses, field surveys 
of occupant postures, and car-to-car side impact tests 
were conducted. Based on the results of these studies, 
the trend for a representative side impact test 
procedure for the future was investigated. In accident 
analyses, the general trend of side collisions were 
investigated based on the Institute for Traffic Accident 
Research and Data Analysis (ITARDA) global 
accident data for 3 years (2006-2008). In the occupant 
posture investigation, the relative positions of the head 
of the driver and passenger with respect to the B-pillar 
were examined to understand the potential of injury 
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causation by the B-pillar in side collisions. Several 
car-to-car crash tests were conducted to investigate 
potential side impact test procedures for the future. 
Taking the results of seating posture investigation into 
account, the crash tests were conducted to understand 
the effects of curtain side airbag (CSAB) and side air 
bag (SAB) which were installed recently on many cars.  

STUDY ON SIDE IMPACT ACCIDENT IN 
JAPAN 

In this study, the accident analyses in Japan were 
examined using the police data. From the data, in 2008, 
the number of traffic accidents in Japan was 766,147, 
the number of injuries was 950,659, and the number of 
fatalities (i.e., fatalities within 30 days after an 
accident) was 6,023.  

General Trend of Side Impact Accidents 

The number of traffic accidents in which occupants of 
four-wheel vehicles were involved was 1.4 million 
from 2005 to 2007. Figure 1 shows the crash 
configurations as classified by impact locations. A 
large portion of the total accidents were rear-end 
collisions. In the fatal and serious accidents, the 
percentage of frontal collisions was large. Side 
collisions occupy about 20% of fatal accidents as well 
as fatal and serious accidents. These findings indicate 
that, when considering the potential safety benefit of a 
crash configuration, the side collision is next in 
importance to the frontal collision, of which the risk of 
fatal and serious injury to occupants was high. 

The fatal and serious injuries of front seat occupants 
were examined for side collisions which included 
vehicle-to-vehicle intersection collisions and single 
vehicle collisions. Multiple collisions were excluded. 
Figure 2 shows the percentage of striking vehicle and 
object types by seat position (struck-side or non 
struck-side) of the front seat occupants in the struck 
vehicle. Sixty percent of the fatal and serious injuries 
in side collisions are on the struck side occupants, and 
40% are the non-struck side occupants. Eighty percent 
of the striking objects were vehicles, which account 
for the largest source of striking objects. Among these, 
the mini passenger cars and passenger cars account for 
60%. Narrow objects (e.g., signals, telephone poles, 
and road signs) account for 6% or less. 

Figure 3 shows the injured body regions of the 
occupants by striking objects. When struck by an 
1BOX or SUV, and a Large vehicle or Truck, the 
percentage of head and chest injuries was large, 
whereas that of neck injury decreases. When struck by 
a pole, the percentage of head injuries is large. The 
percentage of abdomen injuries is lowest, irrespective 
of striking objects.  

Figure 4 shows the relation between injured body 
regions to the struck-side occupants and injury causes. 
The door and window account for the largest 
percentage of injury causes. Seats account for 60% of 
the injury causes for the neck. The pillars, which have 
probably high injury potentials in the passenger 
compartment, account for only small percentages of 
injury causes. To understand the injury causes in side 
impact collisions in more detail, it is necessary to 
examine the injury causes using in-depth accident data. 

 
Figure 1 Impact configuration of vehicle accidents 
 

 
Figure 2 Type of striking vehicle and object 
involved in side impact accidents (fatal and serious 
injuries). 
 

 
Figure 3 Injured body regions for fatal and serious 
injuries in side impact accidents by striking object. 
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Figure 4 Contact parts for injuries in side impact 
accidents (struck-side occupant) 
 
 
INVESTIGATION OF RIDING POSTURE 
POSITION 

The postures of the driver and front passenger in the 
real-world were surveyed in order to provide a basis to 
predict injury causes of the car interior in side impact 
accidents. The pictures of the position of a front seat 
occupant were recorded by a video camera from a side 
view of the vehicle, and the occupant head’s position 
was observed. From the accident analyses, the head 
was a frequently injured body region in side impact 
accidents. Therefore, the percentage of occupants 
whose head location overlapped with the vehicle’s B-
pillar was examined. By analyzing the results, the 
conditions for which occupant protection devices 
effectively work (i.e., the area to be covered by the 
occupant protection device) also could be estimated. 

Investigation on Driver and Passengers Seating 
Position in Real World 

Side views of vehicles traveling in both directions of 
the road near an intersection were filmed with a video 
recorder. From the side view of the occupants, the 
percentage of the occupants whose head overlapped 
with the B-pillar was examined. The head positions of 
drivers (right side) and front passengers (left side) 
were surveyed. The surveyed vehicles were passenger 
cars (sedan, wagon, and 1BOX) and mini passenger 
cars. The large vehicles such as truck and bus, and 2-
door cars were excluded from the survey. In total, 377 
cars were surveyed from driver side, and 256 cars 
were surveyed from the front passenger side. However, 
note that only 45 front passengers were examined 
since front passenger seating frequency was observed 
to be 18%. Figure 5 shows the criterion used to 
evaluate whether the head overlapped the B-pillar. 
Even if only a part of the head overlapped with the B-
pillar, it was defined as head/B-pillar overlap. 

 

Figure 5 The criterion of judgment for the head 
overlapping B-pillar 
 

Figure 6 shows the percentages of head/B-pillar 
overlap for the driver and front passenger. Fifty 
percent of drivers and 70% of front passengers were 
determined to have head/B-pillar overlap. The 
percentage of front passengers was large probably 
because front passengers have the freedom to change 
their seat positions, whereas the drive must adjust the 
seat to accommodate reaching the steering wheel and 
floor pedals. Figure 7 shows the percentages of the 
head/B-pillar overlap of drivers by male and female. 
The percentage of head/B-pillar overlap for female 
was about half of that for male. It is likely that the 
body size of the driver affects the overlap percentages.  

Figure 8 shows the percentage of the head/B-pillar 
overlap of the driver by car type. The percentage of 
head/B-pillar overlap for 1BOX was larger than that 
for the sedan and wagon. This is probably because the 
B-pillar of the 1BOX is located more forward as 
compared to the sedan due to its vehicle design. 

Based on the survey, it was found that 50% of the 
driver heads overlapped the B-pillar. The male has a 
high frequency of head and B-pillar overlap. The 
driver head overlaps more frequently with the B-pillar 
of 1BOX as compared to that for the sedan. 
Accordingly, it is predicted that the head is likely to 
contact the B-pillar during side crashes, and thereby 
lead to head injuries. 

 
Figure 6 Seat location for the head and B-pillar 
overlapped. 
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Figure 7 Gender for the head and B-pillar 
overlapped (Driver). 
 

 
Figure 8 Type of vehicle for the head and B-pillar 
overlapped (Driver). 
 
 
FULL-SCALE SIDE IMPACT TEST 

Test Method 

In order to understand the injury situation in side 
collision accidents and to investigate the occupant 
protection in side collisions, two series of crash tests 
were carried out using a car. In test series of Tests 1 to 
4, Sedan 1 was used as a struck car. In the test series 
of Test 5 to 7, Sedan 2 was used. Table 3 presents the 
test car specifications, and Table 4 presents the test 
matrix. Tests were conducted based on the 
specifications of Regulation ECE/R95. An ES-2 
dummy was seated in the stuck side of the front seat. 
Figure 9 shows the car test configurations and 
conditions. Figures 10 and 11 show the dummy 
postures before and after test, respectively. In Tests 1, 
2, 3, and 4, the influence of car types on the occupant 
injury measures was examined. In Test 1 to 4, an ECE 
R95 moving deformable barrier (MDB), Sedan 1 
(same car model as used for the struck car), and 1BOX 
vehicle were used as the striking cars. The impact 
velocity ranged from 48 to 50 km/h (Tests 1 to 6). A 
side impact test with two moving cars using the same 
car model (Sedan 1) for the striking and struck 
vehicles also was conducted to simulate a real car-to-
car accident (Test 4). In Test 4, the velocities of the 
striking car and struck car were 48 and 24 km/h, 
respectively. 

In Tests 5 and 6, the effectiveness of the CSAB was 
examined. The ECE R95 MDB impacted the Sedan 2 
at 50 km/h. Considering the occupant posture survey 
that the head can contact with B-pillar, Tests 5 and 6 
were prescribed to investigate the effect of the CSAB 
and SAB (torso side airbag) to when the occupant 
head would make contact with the B-pillar with and 
without these devices. Therefore, for Tests 5 and 6, the 
seat position was adjusted so that the dummy head 
overlapped the B-pillar. The CSAB was not equipped 
in the Sedan 2 in Test 5 and was equipped in the 
Sedan 2 in Test 6. Test 7 is the JNCAP test of Sedan 2, 
from which data was used for reference, though the 
impact velocity of the MDB was 55 km/h. In this 
paper, results of only the front seat dummy are 
discussed even though there were rear seat occupants 
in some tests.  

 

Table 3 Specification of tested vehicles 

Type
MDB

(ECE/R95)
Sedan 1 Sedan 2 1BOX

Kurb mass 948 kg 1100 kg 1130 kg 1370 kg

Engin displacement - 1498 cc 1496 cc 1789 cc

Dimension ( L x W x H)
500 x 1500 x  500
( Barrier Face )

4395 x 1695 x 1535 4410 x 1695 x 1460 4285 x 1635 x 1980

 
 

 

Table 4 Test configurations 

1 2 3 4

50 km/h 50 km/h 50 km/h 48 x 24 km/h
Striking
vehicle Vehicle C/L Vehicle C/L Vehicle C/L Vehicle C/L
Struck
Car SRP SRP SRP SRP

Type ECE/R95 MDB Car (Sedan 1) Vehicle (1BOX) Car (Sedan 1)

Mass 948 kg 1257 kg 1553 kg 1195 kg

Type Car (Sedan 1) Car  (Sedan 1) Car  (Sedan 1) Car (Sedan 1)
Curtain
air bag without without without without

Mass 1194 kg 1257 kg 1240 kg 1240 kg
Front
Dummy ES-2 ES-2 ES-2 ES-2
Rear
Dummy SID-IIs ES-2 SID-IIs SID-IIs

C/L: Center line
SRP: Seating reference point of driver in front seat

Struck
car

Striking
vehicle

Test No.

Test config.

Impact velocity

Impact
Point

 
 

5 6 7

50 km/h 50 km/h 55 km/h
Striking
car Vehicle C/L Vehicle C/L Vehicle C/L
Struck
car SRP SRP SRP

Type ECE/R95 MDB ECE/R95 MDB ECE/R95 MDB

Mass 948 kg 948 kg 948 kg

Type Car (Sedan 2) Car (Sedan 2) Car (Sedan 2)
Curtain
air bag without with CSAB and SAB without

Mass 1253 kg 1279 kg 1192 kg
Front
Dummy ES-2 ES-2 ES-2

C/L: Center line
SRP: Seating reference point of driver in front seat

Struck
car

Striking
vehicle

Test No.

Test config.

Impact velocity

Impact
Point
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(a) Test 1                              (b) Test 2 , 4  

MDB to Sedan 1                  Sedan 1 to Sedan 1 

   
(c) Test 3                           (d) Test 5 , 6 ,7  

1BOX to Sedan1                      MDB to Sedan2 

Figure 9 Test vehicles before crash tests 
  

 
(a) Seating position (Sedan 2: Test 1,2,3,4 ) 

 

   
(b) Seating position                 (c) Seating position 
(Sedan 2: Test 5, 6)                   (Sedan 2: Test 7) 

Figure 10 Photo of dummy seating position before 
tests. Parenthesis indicates the struck car 
 

 
(a) Seating Position (Sedan 1: Test 5) 

 

   
(b) Seating position                 (c) Seating position 

(Sedan 2: Test 6)                      (Sedan 2: Test 7) 

Figure 11 Photo of dummy seating position after 
tests. Parenthesis indicates the struck car 
 
 

Test Results 

Comparison by striking cars (Test 1 to 4) 

The struck car deformation and dummy injury 
measures were compared from Test 1 to 4. Figure 12 
shows the car exterior deformation at the dummy 
thoracic level, H-point level, and side sill level. In the 
front seat location (2170 mm) at the thoracic level for 
the struck car, the deformation increased in the 
ascending order of the striking vehicle being the 
Sedan 1 (both cars moving, Test 4), MDB (Test 1), 
Sedan 1 (Test 2), and 1BOX (Test 3). At the hip point 
level, the deformation was smallest when the Sedan 1 
(Test 4) was the striking vehicle, whereas the 
deformations were similar when impacted by 1BOX 
(Test 3), MDB (Test 1) and Sedan 1 (Test 2). At the 
side sill level, the deformation increased in the 
ascending order of the striking vehicle being the Sedan 
1 (Test 4), Sedan 1 (Test 2), MDB (Test 1) and 1BOX 
(Test 3). Accordingly, overall the deformation of the 
struck car was largest when struck by the 1BOX. The 
flat shape and stiffness of the 1BOX probably affected 
the deformation of the struck car. The deformation of 
the struck car was comparable when struck by the 
MDB and Sedan. When the struck car was moving 
(Test 4), the deformation of the struck car was 
smallest among the test series. 

 

 
 
 

 
 
Figure 12 Exterior panel deformation of Sedan 1 
 

Line Color Index 
Test 1 : MDB to stationary car 
Test 2 : Moving vehicle ( Sedan 1) to stationary car 
Test 3 : Moving vehicle ( 1box ) to stationary car 
Test 4 : Both cars are moving (Sedan 1) 
Pre crush 

a) Thoracic Level 

b) H.P Level 

c) Side Sill Level 

a) Thoracic level 

b) H-Point level 

c) Side sill level 



Yonezawa, 6

 
 
Figure 13 shows the injury measures of the front seat 
ES-2 dummy in the Sedan 1 with the various striking 
vehicles. In Tests 1 and 4, all injury measures of the 
ES-2 were less than the acceptance levels of ECE R95. 
The HPC of the dummy in Sedan 1 struck by the 
1BOX (Test 3) and Sedan 1 (both car moving, Test 4) 
were about 400, which were smaller than the values 
when stuck by the Sedan 1 (Test 2) and MDB (Test 1). 
The thoracic rib deflection was larger in the ascending 
order of the striking vehicle being the Sedan 1 (both 
car moving, Test 4), MDB, Sedan 1, and 1BOX. The 
lower rib deflection was larger than the upper and 
middle rib deflection except in Test 4 for the moving 
vehicle to moving vehicle test. The V*C exhibited a 
similar trend as the rib deflection. The abdominal 
force and pubic force of the ES-2 were comparable 
when struck by Sedan 1, irrespective of whether the 
struck car was moving (Test 2 and Test 4). The V*Cs 
were smaller than in these two tests then those 
measured when the striking vehicles were the 1BOX 
and MDB. 

Figure 14 shows the ES-2 dummy kinematic behavior 
at the time the head resultant acceleration was 
maximal. When struck by the 1BOX (Test 3), the head 
of the ES-2 rotated around the x- (anterior-posterior) 
axis toward the striking vehicle, whereas the head 
orientation was close to a vertical position in the other 
tests. In the impact by the 1BOX, the door 
deformation of the struck car at the thoracic level was 
large, which led to a large displacement of the ES-2 
torso. Then, the head moved toward the inboard side 
of the car, and it is likely that the head contact velocity 
with the roof side rail was small. As a result, the HPC 
was small while the rib deflection was large when 
struck by 1BOX.  

 

 
 
Figure 13.  Injury measures of ES-2 in front driver 
seat in struck car (Sedan 1). 
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(a) Test 1 (MDB, -5 deg.)      (b) Test 2 (Sedan 1, -2 deg.) 

 
 

  

 

 
(c) Test 3 (1BOX, 19 deg.)    (d) Test 4 (Sedan 1, -3 deg.) 
                                                      Both cars were moving 

 

Figure 14 Dummy behavior at the time of 
maximum resultant head acceleration; parenthesis 
indicates striking vehicle and inclination angle of 
dummy head 
 
 
 
Comparison by moving and stationary struck cars 
(Test 2 and 4) 

 
In Tests 2 and 4, the car-to-car tests were conducted 
using the same models (i.e., both the striking and the 
struck vehicles were a Sedan 1). In Test 2, the struck 
car was stationary, and in Test 4 the struck car was 
traveling at 24 km/h. The influence of a moving struck 
car was examined based on the results of these two 
tests. Figure 15 shows the head contact locations in the 
struck cars for Test 2 and Test 4. The head contact 
locations in the struck car were similar in both tests, 
which demonstrate that the head contact velocity in 
the A-P direction was relatively small even though the 
struck car was moving in Test 4. The HPC and rib 
deflection was large when the struck car was 
stationary (see Figure 13).  

Figure 16 shows the struck car deformations in Tests 2 
and 4. The deformation of the striking car was larger 
when the struck car was moving. On the other hand, 
the deformation of the struck car was larger when the 
struck car was stationary. In Test 4, the longitudinal 
member bent laterally in the direction that the struck 
car was moving. Accordingly, it is likely that the 
effective stiffness of the striking car was smaller when 
the struck car was moving than when the struck car 
was stationary. In Test 4, where both cars were 
moving, the deformation of the struck car was 
relatively small but was distributed more widely in the 
struck car’s longitudinal direction (Figure 12 and 16). 

 
 

    
      Test 2                                  Test 4 

Figure 15 Head contact location in the struck car 
when struck car was stationary (Test 2) and 
moving (Test 4) 
 
 
 

  

 

 
Striking car 

   
Struck car 

Test 2                                  Test 4 

Figure 16 Car deformation when struck car was 
stationary (Test 2) and moving (Test 4) 
 
 
 
Comparison between a curtain side air bag 
equipping car and a non-equipping car 

Based on Tests 5, 6, and 7, the effect of a CSAB was 
examined. In Tests 5 and 6, the dummy’s head was 
aligned to overlap the B-pillar, and the CSAB and 
SAB were installed in Test 6. In Test 7 (i.e., the 
JNCAP test), the impact velocity of the MDB was 
55 km/h and the dummy torso made contact with the 
door.  

Figures 17 and 18 show the dummy injury measures 
and the time histories of the dummy readings. The 
HPC in Test 6 where the CSAB deployed and made 
contact with the head was 86, which was less than 
those for Test 5 (255) and Test 7 (113), which were 
conducted without a CSAB installed. As shown in the 
head resultant acceleration-time histories [see 
Figure 18(a)], in the case with a CSAB installed 
(Test 6), the CSAB deployed between the head and the 
B-pillar within 20 ms after the collision, the head was 
accelerated earlier in the crash event, and the peak 
acceleration was small. In contrast, in the case of the 
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struck car not having a CSAB installed (Test 5), the 
head made contact with the B-pillar at the velocity of 
the B-pillar intrusion, the head acceleration increased 
suddenly, and the peak was relatively high.  

The rib deflection was smaller in the test with the 
CSAB installed than that without the CSAB. The rib 
deflection was smallest in JNCAP test where the chest 
made contact the door (Test 7). Accordingly, it is 
likely that the B-pillar has a higher potential of 
causing thoracic injuries than the door with respect to 
the rib deflection. The lower rib deflection was larger 
than the upper rib deflection in Test 6 probably 
because the SAB deployed. As shown in the time 
history of rib deflections [see Figure 18(b)], the lower 
deflection increased earlier during the crash event as 
compared to the upper rib. The rib deflection could be 
smaller with an optimization of the SAB design.  

The V*C of thoracic upper rib, middle rib, and lower 
rib was compared in Figure 17(c). The trend of the 
V*C responses in these tests were comparable to those 
of the rib deflections.  

Figure 17(d) shows the abdominal and pubic forces. 
The abdominal force and pubic force do not change 
appreciable, irrespective of the CSAB equipment. In 
Test 7 (i.e., the JNCAP test), the abdominal force was 
larger and the pubic force was smaller as compared to 
Tests 5 and 6. Therefore, it is likely that the B-pillar 
has more of an injury potential to the upper torso as 
compared to the lower torso. Figures 18(c) and 18(d) 
show the time histories of abdominal force and pubic 
forces. Although there were differences in the 
abdominal force in Tests 5, 6, and 7, the pubic forces 
in these tests were comparable. Since the pelvis was 
not covered with the SAB, and the gap between the 
pelvis and B-pillar (Tests 5 and 6) and that between 
the pelvis and door (Test 7) would be comparable. 

 
(a) HPC 

 
(b) Thoracic rib deflection 

 
(c) Thoracic rib V*C 

 
(d) Abdominal and pubic force 

Figure 17 Injury criteria of ES-2 seated in front 
seat (Test 5, 6 and 7). 
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(a) Head resultant acceleration 

 
(b) Thoracic rib deflection 

(c) Abdominal force 

 
(d) Pubic force 

Figure 18 Injury parameter time histories of ES-2 
in Test 5, 6, and 7. 
 

DISCUSSION 

Accident analyses were conducted using police data. 
Sixty percent of the fatal and serious injuries to front 
seat occupants in side collisions were to those seated 
on the struck side, and 40% were to those seated on 
the non-struck side. The percentage of thoracic 
injuries was large, whereas that of the neck injuries 
was small when the striking vehicle was an 1BOX, 
SUV, or truck. The percentage of pillars being among 
the injury causes for head injuries was only 5.4%. A 
field survey of the occupant posture was conducted, 
and it was shown that 50% of the driver head locations 
overlapped the B-pillar. In order to understand this 
difference in the percentage of B-pillar as injury 
causes of the head, it is necessary to conduct further 
in-depth accident analyses. 

The deformation and injury risk of the occupants in 
the struck cars are affected by the striking vehicles. 
Based on the accident analysis, the percentage of chest 
injuries was large when the struck vehicle was 
impacted by an 1BOX. In Test 3, the 1BOX impacted 
the Sedan 1. Since the 1BOX has a high leading edge, 
the loading and the deformation of the struck car at the 
thoracic level was large. This deformation mode of the 
struck car led to large thoracic deflection of the 
dummy. 

The effect of struck car movement was examined by 
conducting car-to-car tests (Tests 2 and 4). In Test 2, 
the struck car was stationary, and in Test 4 struck car 
was traveling at 24 km/h. The injury measures of the 
ES-2 seated in the struck car were smaller when the 
struck car was traveling compared to those when the 
struck car was stationary. In the car-to-car crash, when 
the struck car was traveling, the longitudinal members 
of the striking car bent laterally. As a result, the 
stiffness of the front structure of the striking car 
possibly may be less stiff than that for the striking car 
in Test 2. (In Test 2, the struck car was stationary and 
the longitudinal members of the striking car collapsed 
in an axial mode.) In Test 4, where both cars were 
moving, the deformation of the struck car was 
distributed widely in the struck car’s longitudinal 
direction. The delta-V in the lateral (i.e., L-R) 
direction of the struck car was lower when the struck 
car was moving than when the struck car was 
stationary. The less stiff deformation mode of the 
striking car and the wide distribution of the struck car 
deformation led to a lower intrusion velocity and 
smaller intrusion of the struck car. As a result, the 
injury measures of the dummy in the struck car were 
smaller. In Test 4, because the impact force applied by 
the striking car to the struck car was small, the 
acceleration in the longitudinal direction of the struck 
car was small. Accordingly, the dummy movement in 
the A-P direction in the struck car was small in Test 4, 
and the dummy behavior was comparable between 
Tests 2 and 4.  
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Based on the field survey of occupant posture, it is 
probable that the occupant head makes contact with 
the B-pillar in side impact accidents. To understand 
the head injury risk in contact with B-pillar and its 
protection by the CSAB, Tests 5 and 6 were carried 
out with a dummy posture that the head overlapped the 
B-pillar. In Test 5, the head was impacted by the B-
pillar at the intrusion velocity of the B-pillar, and the 
peak of the head acceleration was high. The HPC in 
the Test 5 was less than the injury assessment 
reference value possibly because of the energy 
absorbing structure in the B-pillar. In Test 6, the struck 
vehicle was equipped with a CSAB and SAB. The 
CSAB deployed and decelerated the head at an early 
stage of the impact, and thereby effectively reduced 
the head acceleration. It is likely that the CSAB is 
effective for reducing head injury risk in the case 
where the head would make contact with B-pillar.  

 

CONCLUSIONS 

In order to discuss potential side impact test 
procedures for the future and to identify the issues in 
side collisions, accident analyses, a field survey of 
occupant posture, and crash tests were carried out. The 
results are summarized as follows:  

1. From accident analyses using police data, 60% of 
the fatal and serious injuries to front seat 
occupants in side collisions were to the struck 
side occupants, and 40% were to the non-struck 
side occupants. The percentage of thoracic 
injuries was larger as the striking vehicle was the 
1BOX, SUV, or truck.  

2. Based on the field survey on the road, it was 
shown that 50% of driver heads overlapped the 
B-pillar. Accordingly, it is predicted that the head 
will make contact with the B-pillar which can 
lead to head injuries. 

3. The deformation and injury measures of the 
dummy of the struck car were affected by the 
properties of the striking car. When the 1BOX 
vehicle, which has a flat front shape and a stiff 
front structure, impacted the side of the car, the 
thorax was impacted because of the large 
deformation of the belt-line of the struck car. As 
a result, the HPC of the dummy in the struck car 
was small and the chest deflection was large.  

4. The effect of struck car movement was examined 
from the car-to-car tests. When the struck car was 
moving, the loading and the deformation of the 
struck car was small, and the injury measures of 
the dummy in the struck car were smaller than 
those for when the test was conducted with the 
struck car being stationary. 

5. The effect of CSAB was examined in the case 
where the dummy placement resulted in the 
dummy head being overlapped with the B-pillar. 
The CSAB decelerated the head at the early stage 
of the impact, and thereby effectively reduced the 
head acceleration. It is likely that the CSAB is 
effective for reducing head injury risk as 
compared to the case where the head otherwise 
would make contact with the B-pillar. 
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ABSTRACT 
 
Intersections represent 43% of Europe’s injury 
accidents and 21% of fatalities. Although 
specifically targeted, intersection accident 
mechanisms merit further investigation.  
This study, part of the European TRACE project 
(Traffic Accident Causation in Europe), analyzes 
specific intersection accident causation issues from 
systemic viewpoints (driver, vehicle and 
environment) and risk factor research angles 
(visibility problems, speed, manoeuvres, etc.).  
Causation analysis uses a three-step methodology. 
A macroscopic approach highlights the frequency 
and severity of accidents and determines key 
scenarios. A microscopic approach, details accident 
causes. Because the driver plays an important role 
in the accident process, a dedicated "Human 
Functional Failure (HFF) analysis" is employed. 
Finally, risk factors are identified and related to 
accident configurations. 
Project partners and the CARE database supply 
national and European data. Because CARE does 
not contain data from all 27 countries, statistical 
adjustment was necessary. 
Partners also provided in-depth databases. The HFF 
concept is new and necessitated common 
codification of related data. 
Intersection accidents are grouped by common 
characteristics, such as road layout, driver 
manoeuvres... Macroscopic analysis identified 3 
main scenarios. The “cutting” scenario groups 
initial perpendicular trajectories and covers 53% of 
European intersection accidents. The “turn across” 
scenario combines accidents involving turning 
manoeuvres on the same road, different direction. 
Finally the “other” scenarios include rear-end 
collisions. 
In-depth analysis furthered understanding of 
accident mechanisms and showed mechanisms and 
countermeasures to be directly linked to right of 
way rules. 
In “cutting” scenarios for example, 60% of drivers 
without “right of way” failed to look and react 
before crash, while 70% of opponent drivers braked 

before impact. Results suggest that the former need 
help to improve opponent and situational perception 
while the latter need improved braking and 
evaluation for earlier avoidance manoeuvres. HFF 
and related factor identification enable the 
association of current preventive or curative 
systems with observed driver needs.  
 
INTRODUCTION   
 
According to the World Health Organization and 
other sources, the total number of road deaths is 
estimated at 1.2 million, with a further 50 million 
injured every year. Two thirds of the casualties 
occur in developing countries. 70 % of casualties in 
these countries are vulnerable road users such as 
pedestrians, cyclists and motorcyclists. 
Major studies published by the World Health 
Organization have identified the growing 
importance of road crashes as a cause of death, 
particularly in developing and transitional 
countries. Murray (1996) showed that in 1990 road 
crashes as a cause of death or disability were by no 
means insignificant, lying in ninth place out of a 
total of over 100 separately identified causes. 
However, by the year 2020 forecasts suggest that as 
a cause of death, road crashes will move up to sixth 
place and in terms of years of life lost (YLL) and 
‘disability-adjusted life years’ (DALYs) will be in 
second and third place respectively. 
These projections show that, between 2000 and 
2020, road traffic deaths will decline by about 30% 
in high-income countries but increase substantially 
in low and middle-income countries. 
The European Community has been trying for 
many years to promote initiatives through the 
different Framework Programs in order to 
contribute to the safety effort. However, without a 
real target, the progress is difficult to evaluate. This 
is why, in 2001, the European Commission 
published its “White Paper” on transport policy 
(European Commission 2001), in which the main 
research axes to be improved and quantified targets 
are determined for road traffic safety. 
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The short-term strategic objective is to halve the 
number of fatalities by 2010 compared to 2001. The 
medium term objective is to cut the number of 
people killed or severely injured in road accidents 
by around 75% by 2025, while the long-term vision 
is to render road transport as safe as all other modes. 
It is hoped that supporting research addressing 
human, vehicle and infrastructure environment 
could achieve this last strategic target. Research  

 
Figure 1. TRACE organisation 

 
should also combine measures and technologies for 
prevention, mitigation and investigation of road 
accidents paying special attention to high risk and 
vulnerable user groups, such as children, 
handicapped people and the elderly. 
Within this context, the European project, TRACE 
(TRaffic Accident Causation in Europe), was set up 
to reduce or avoid road accidents in Europe by 
identifying and continuously up-dating the causes 
of accidents under three different but 
complementary research angles: types of road users, 
types of situations and types of factors. The 
identification and the assessment (in terms of saved 
lives and avoided accidents), of the most promising 
technology-based safety functions that can assist 
the driver or other road users in a normal or 
emergency situation or, as a last resort, mitigate the 
violence of crashes and protect vehicle occupants, 
riders and pedestrians in the event of a crash. 
     
OBJECTIVES 
 
The general objective of the TRACE project was to 
provide the scientific community, the stakeholders, 
the suppliers, the vehicle industry and other 
Integrated Safety program participants with an 
overview of the road accident causation issues in 
Europe, based on the analysis of any current 
available databases which include accident, injury, 
insurance, medical and exposure data (including 
driver behaviour in normal driving conditions). The 
idea was to identify, characterise and quantify the 
nature of risk factors, groups at risk, specific 
conflict driving situations and accident situations 

and to estimate the safety benefits of a selection of 
technology-based safety functions. 
 
 
 
 
 
 
 

 
To carry out these objectives, TRACE was broken 
down into three series of Work packages (See 
Figure 1): 

The operational work packages 
The methodology work packages 
The data supply work package 

The aim of TRACE was to improve knowledge on 
accident causations. To reach this goal, TRACE 
analyzed road accidents according to several points 
of view (road users, road user situation and accident 
factors).  
The purpose of this publication is to highlight the 
situation point of view. A situation is defined as a 
pre-accidental event to which the driver or the rider 
is confronted in normal driving conditions just 
before it turns into an accident1 . It is assumed that 
there are specific accident causation factors related 
to these situations that deserve to be studied. The 
types of situation can include one or more accident 
scenarios2 which contributed to the accident. 
Four specific groups of situations, which 
correspond either to normal driving situations with 
no specific driver solicitation, or to driving 
manoeuvres where driver intervention is 
specifically required, have been identified: 
Stabilized Traffic Scenarios (no specific 
manoeuvre), Intersection Scenarios, Specific 
Manoeuvre Scenarios (such as overtaking) and 
Degraded Scenarios (where atmospheric conditions 
lead to a degradation of the visibility or surface 
friction). 

                                                 
1 A situation is linked to a vehicle. One accident 
with two vehicles count two situations 
2 A scenario clusters several similar situations 
according to predefined criteria. 
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INTERSECTION ACCIDENTS 
 
Accidents at intersections represent 43% of road 
injury accidents in EU27. This result is largely due 
to countries such as UK, Czech Republic, Italy, 
Denmark and Netherlands with the rate varying 
between 47% and 59%. Several reasons explain 
these differences such as the intrinsic definition of 
the criteria. In UK for example, intersection 
includes the point where the roads cross plus the 20 
m on either side which means that accidents 
occurring close to intersections are also counted as 
intersection accidents. 
Although intersection accidents account for around 
the half the total number of accidents in EU27, they 
are at the origin of only 21% of fatalities and 32% 
of fatalities and serious injuries. 
 
Method 
 
The methodology proposed in TRACE and 
common to all operational work packages, is 
divided into three steps: 
Descriptive analysis - uses macro-accidentology 
(use of extensive databases) to identify the main 
scenarios associated with each pre-defined situation 
type and their respective frequency and severity.in 
order to rank them.  
In-depth analysis - details the main scenarios to 
provide information on the accident mechanisms, 
the main causes, through relevant indicators, 
specific to the scenario (such as precipitating event, 
contributing factors, driver functional failures, etc.). 
This analysis requires the use of in-depth databases. 
Risk analysis - identifies the likelihood of being 
involved in an accident taking into account the 
results obtained from the ‘in-depth’ level. 
An intersection is an area formed by the connection 
of two or more roadways. An intersection situation 
concerns all situations directly related to an 
intersection location.  
Because in Europe, 85 to 90% of intersection 
accidents involve at least one passenger car we 
focused our analysis on this configuration. As such, 
the scenarios were defined on the basis of the 
involvement of at least one passenger car,. In-depth 
analysis showed that the right of way attributes of 
protagonists provided the most pertinent 
conclusions, as opposed to relative trajectories (the 
opponent coming from the left or the right) or 
vehicle type,. Scenarios were therefore grouped 
according to vehicle priorityb: 
“Yield” drivers without Right Of Way 
“Priority” drivers with Right Of Way 
 
Literature review 
 
TRACE builds on the findings of the PReVENT-
INTERSAFE project which carried out an 

intersection accident analysis in the United 
Kingdom, Germany, and in France using available 
accident data (Simon et al 2006). The magnitude of 
intersection accidents and the most relevant 
accident situations were defined according to pre-
accident manoeuvres. This distribution was 
predominantly based on the French National data. 
The study provided a list of 50 accident situations 
including 20 intersection situations, from which. the 
top five were selected. Roundabout accidents were 
intentionally excluded from this analysis. 
The top five situations include 4 turn onto/cross 
scenarios and 1 turn off scenario and represent 60-
70 % of intersection injury accidents depending on 
the country.  This classification was useful to 
launch the TRACE approach. 
Numerous surveys have broadly described 
intersection problems, mainly from infrastructure 
layout, traffic flow, and traffic regulation 
standpoints.  
     Traffic flow. The traffic flows seem to have a 
great effect on accident frequency, in particular the 
traffic flow on minor roads which is directly 
proportional to the accident rate. 
     Sight distance. A poor sight distance increases 
the accident rate in particular when it concerns the 
sight distance from the minor road.  In fact, sight 
distance threshold depends on the road layout, the 
V85 of the main road (speed of 85% of the drivers), 
the stopping time (in relation to the speed on the 
main road), the crossing time (in relation to the 
speed on the main and secondary roads).On the 
other hand, a survey highlighted that a visual 
restriction can result in decrease of approach speeds 
at rural intersection and a reduction in accident 
severity by limiting driver anticipatory decision-
making. 
     Road Layout. Intersections are laid out with 
different devices such as road signs, road lighting, 
turn left or right lanes, central separator, traffic 
regulation. 
It emerges from all the literature that the 
“channelization”3 of the space reduces vulnerable 
user accident rate (and the overall intersection 
accident rate) by inviting the user to follow a 
dedicated lane and thus reducing the conflicts 
between different categories of road users. 
The number of lanes combined with the intersection 
layout on the whole show a great influence on the 
accident rate. So, if we classify intersection layout 
in term of increasing accident rate, the literature 
shows that the best results are to be found at T 
intersections then Y intersections and offset 4-arm 
intersections. The worst results are attributed to the 
conventional 4-arm intersection. Once again, this 
information is related to traffic flow, the skew angle 

                                                 
3 Channelization : is the separation of conflicting traffic 
movements into defined paths of travel to facilitate the safe and 
orderly movement of vehicles, pedestrians, and bicycles. 
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of the lanes (the rate increases with the increasing 
skew angle) and obviously with the regulation type 
(increasing effectiveness from intersections with no 
regulation (except conventional right of way) to 
roundabouts and finally traffic lights). 
In addition accident rate is linked to layout and 
level of the intersection. At-grade intersections 
experience more accidents than grade-separated 
intersections. 
Although we can consider the roundabout as a safe 
intersection layout notably for vulnerable users, the 
literature shows that there is no effect for car 
occupants. Moreover, the efficiency will depend on 
approach speed. 
     Traffic regulation. At last, traffic regulation 
plays a role by managing and regulating the traffic 
flows. The literature shows that traffic light 
intersections experience fewer accidents than 4-arm 
intersection with no traffic control. Accidents are 
less severe when STOP or Give way signal are 
replaced by traffic lights. The same trend appears 
with roundabouts. 
     User type. Intersection accidents are linked to 
the road layout, the traffic flow and regulation but 
the literature also shows that the type of user plays 
a great role. Vulnerable users (such as pedestrians) 
and elderly users are well documented. 
Pedestrian accidents for example occurred more 
often (85% source Herms) on the marked 
pedestrian crossings 
The number of pedestrians using them is smaller 
(77% source Herms).  
The risk goes up as traffic volume rises. 
The youngest and oldest groups of drivers were 
found to be over-represented in junction accidents. 
The young drivers had particular problems turning 
onto major roads and are more likely to violate such 
red lights.  
The oldest drivers are more involved at intersection 
than anywhere else. More than half fatal accidents 
with drivers of 80 years and older occurred at 
intersections (25% for the drivers up to age 45 
source Hauer). More over, 37% of all fatalities and 
60% (source Hauer) of injuries experienced by the 
older drivers occurred at intersections. These data 
show the high frequency and severity of 
intersection accidents for older drivers. Many 
reasons can explain this involvement and their 
severity.  
Why are older drivers more involved at 
intersections than in other configurations? The 
literature recalls the deficits in vision (acuity, 
contrast, spatial functions). These deficits express a 
bad perception of movement as well as this function 
taking longer (in particular at constant speed)  when 
compared to younger drivers.  Moreover older 
drivers are less able to manage sudden changes in 
situations which are often the case at intersections. 
Physically, older drivers show an age-related 
decline in head and neck mobility. So, older drivers 

present more difficulties in making left or right 
turns and in negotiating traffic signals. 
One important factor is the interaction between 
older and younger road users. No differences 
appear in attention behaviour between the age 
groups but different acceleration habits and thus 
different turning times are reported. The outcome of 
the turning manoeuvre was dependent on age. The 
time gaps to the vehicles on the main road were 
shortest when an old driver was turning and a 
young driver approached on the main road. 
Gender of the driver also seems to have an effect on 
accident occurrence. So, women were more likely 
than men to stop before turning; they tended to 
have their collisions with other women and they 
were under-represented as drivers of the non-
turning vehicle.  
     User behaviour. While user type, gender and age 
are shown above to have a great effect on accident 
occurrence, the opponent driver manoeuvre plays a 
role in the driving strategy too. So, usually the 
driver would give way less to the opponent driving 
on the main road (right of way) in 3-arm 
intersection (60 to 69% source Björklund) than 
coming from his right in a 4-arm intersection (75 to 
78% source Björklund).The expectation is based on 
what the drivers think is the rule in force (priority 
rule or road design). 
It was also shown that the drivers’ behaviour was 
more dependent on the other driver’s behaviour 
(approach speed) than on road width (priority to the 
wider road is commonly admitted) and that the 
priority to the right rule was equally as important as 
the other driver’s behaviour. 
So driver strategy is linked to the transversal traffic 
and the intersection layout. When there is traffic 
visible on the other intersection arms, despite the 
fact that they have right of way, drivers regulate 
their speed. But when there is no traffic on the other 
intersection arms, driver strategies depended on 
intersection and approach characteristics. 
     Emergency reaction. When accidents occur, the 
drivers instinctively try to avoid each other by 
braking, swerving or accelerating. But this 
emergency manoeuvre is only possible if the 
intersection layout provides sufficient space. The 
literature shows that widening the approach allows 
a decrease in the accident rate whereas widening 
the whole road may increase the accident rate. 
 
RESULTS 
 
The main issues related to intersection accidents 
- the frame of the in-depth analysis. 
 
Most of the intersection accidents involved at least 
one passenger car.  
65% to 76% of drivers involved in intersection 
accidents involving at least one passenger car are 
male. 
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9% to 15% of intersection accidents are pedestrian 
accidents. Pedestrian accidents occurred mainly 
inside urban area and at intersections with traffic 
regulation. Older pedestrian are overrepresented 
(12% to 41% of the pedestrians involved at 
intersection). 
64% to 73% of intersection accidents occurred 
inside urban area. Moreover 73% to 85% of 
intersection accidents with at least one passenger 
car occurred in urban area and 45% to 68% of 
intersection accidents occurred at intersection with 
traffic regulation. 
65% to 74% of intersection accidents (with at least 
one car) occurred in daylight. 
82% to 90% of all intersection accidents occurred 
while the weather was normal. Moreover, 68% to 
88% of all intersection accidents occurred while the 
road surface was dry. 
According to the above information, intersection 
accidents occurred particularly within urban area, 
during daylight, with good visibility conditions and 
involved passenger cars driven by male drivers. 
 
Identification of the most relevant intersection 
scenarios.  
 
In order to identify the parameters linked to the 
intersection, accidents occurring at intersection 
have been split into scenarios. We have based our 
selection on the available parameters in the 
extensive databases 4  such as the pre-accident 
manoeuvre, the relative direction, the right of way, 
the vehicle type. 
Each scenario was characterized with the frequency 
(number of accidents in this scenario compared to 
all intersection accidents, either in national database 
or in European databases). The second criterion is 
the KSI or “Killed and Seriously Injured” rate 
(number of fatalities and serious injuries compared 
to all injuries in the related sample).  
Obviously, we were confronted to the problem of 
data compatibility. Each European partner had to 
adapt the data to suit the scenario request. We 
decided to group scenarios into six main common 
European scenarios. They represent 97% of all 
intersection accidents in Europe.  
The “cutting scenario” where 
vehicles crossed the roads 
and/or the trajectory of the 
opponent vehicle (the drivers 
turned left or right or 
continued straight) is more 
frequent and the most severe . 
53% of all intersection accidents and 59% of the 
fatalities and serious injuries at intersection belong 
to the “cutting scenario” class. 

                                                 
4 BAAC, France; STATS19, UK; DGT, Spain; 
ODV, Czech Republic; OGPAS, Germany. 

The remaining 47% of intersection accidents belong 
to the following scenarios. 
 
     
     
     
     
 
The in-depth analysis related to the most 
relevant scenarios.  
 
The analysis of the pre-accidental events allowed us 
to identify the accident mechanisms according to: 
The “key event” which tips the driving phase over 
into the rupture phase. It should be remembered 
that accident occurrence is the result of different 
related causes which affect the 
Driver/Vehicle/Environment system. In general, the 
key event is mainly attributed to the driver who 
does not have right of way, but sometimes to both 
drivers. 
The “Human Functional Failures” such as 
perception, diagnostic, prognostic, decision. 
The “accident causes” such as the explanatory 
elements of the Human Functional Failures, the 
initial speed, the visibility distance, the stopping 
distance and the emergency reaction. 
Through the literature review and our experience, 
we know that road layout, traffic flow, speed and 
visibility distances have a great effect on accident 
occurrence. All accident research teams (LAB 
included) and institutes mention that speed is a 
crucial factor in the severity of a crash and 
obviously in the potential for crash avoidance.  The 
impact of speed differs according to the related 
moment in time within the sequential phases 
leading to the accident.  
The “driving speed” is the speed during the driving 
phase or initial speed. The speed can be adapted or 
inappropriate to the circumstances (according to the 
difficulties of the situation such as road layout, 
weather conditions), excessive (higher than the 
speed limits) or not. The speed at the beginning of 
the crash phase determines the crash violence. 
The speed at the end of the crash phase determines 
the post collision phase 
Because one of the aims of the TRACE project is to 
define the main causes related to the intersection 
situations, we focused our analysis on the initial 
speed to show the effect of this parameter on the 
genesis of the accident. 
According to the relevant criteria, we analyzed: 
The initial speed for both drivers according to the 
right of way and their respective directions. 
The visibility distance which is determinant in 
crossing the main road and depends on the vehicle 
speed on the main road. 
Finally, the emergency reaction of both drivers 
according to the location and the right of way at 
intersection. 
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The in-depth analysis sample.  
 
In-depth databases all gather detailed information 
related to the accident, but can be built using 
different data collection methods. In the case of in-
depth analysis based on police reports, the data are 
collected by the police teams and analyzed by 
accident experts. Alternatively, accident experts 
investigate accidents on the scene and record data 
concerning the driver, the vehicle and the 
environment in a detailed database. Experts analyze 
the information and perform a reconstruction of the 
accident. On the base of these two approaches, 
causes, Human Functional Failures and risk factors 
are identified.  
Whatever the data collection method employed, in-
depth data help us to accurately identify accident 
causes and in particular Human Functional Failure 
HFF. Such, data are not generally available in 
police reports nor in most in-depth databases. This 
is therefore a new concept developed within the 
European project and which gives the survey a new 
dimension and a new vision of the causes of 
accidents. 
The sample we used in this accurate analysis is 
composed of seven European in-depth database 
sources5. We took into account accidents occurring 
from 1997 onwards to analyze the most recent 
vehicles and situations. 
 
The intersection scenarios.  
 
The intersection scenarios were previously 
identified (descriptive analysis) on one hand 
according to driver manoeuvre, the relative 
direction of the vehicles and the regulation and on 
the other hand according to the frequency and the 
KSI severity. In-depth analysis highlights how 
accidents occurred (accident mechanisms) and their 
main causes. The following analysis will show that 
among the relevant parameters, regulation (right of 
way or not) and direction of the opponent vehicle 
are the main parameters which differentiate 
accident causation. This analysis led us to split the 
results according to right of way.  Obviously the 
related counter-measures we can propose will be 
adapted to the driver according to his driving tasks 
and his needs. 
In order to propose an accurate analysis and to 
avoid sample size bias, we have focused the 
analysis on the 2 main intersection accidents 
scenarios: 
The “Cutting Scenario” covers 53% of all 
intersection accidents in Europe and 59% of the 
KSI.  

                                                 
5 EDA, LAB, France ; EDA, INRETS, France ; 
OTS, VSRC, UK ; GIDAS, Germany ; RIDER ; 
ETAC ; EACS. 

The “Pedestrian scenario” covers 9 to 15% of the 
intersection accidents depending on the country. 
Despite the lack of information concerning 
pedestrian accidents in the in-depth databases, we 
intend to analyze the circumstances of such cases 
and highlight the requirements for further 
investigation.  
We highlighted the “key events” (previously 
defined), the “Human Functional Failures” and the 
“related causes”. 
 
The “Cutting Scenario” 
 
The “cutting scenario” is a 
set of several sub-scenarios 
in which the Opponent 
Vehicle comes from the left 
or the right. The Case 
Vehicle has right of way or 
not and is going straight or turning.  
     The drivers having not the right of way- 
“Yield drivers” – Key events. These drivers are 
generally driving on secondary roads. Key events 
that tip the driving phase into the rupture phase are 
mainly represented by endogenous parameters (i.e. 
related to the driver) with on the one hand the 
“internal conditions of the task” and on the other 
hand “driver behaviour”.  
The “internal conditions of the task” means all 
factors related to the driving task such as the 
manoeuvre (turning, going straight) be it correctly 
performed or not, the speed and so on. These 
factors are essential for understanding the accident 
mechanisms. 
The “yield drivers” are more likely to be concerned 
by incorrect driving manoeuvres or incorrect 
positioning (2/3 non respect of traffic regulation 
and 1/3 incorrect decision to perform a manoeuvre 
according to the information available (visibility or 
available time gap)). 
These drivers also present a poor prognosis 
(evaluation) of the situation or of the opponents’ 
manoeuvre. “Poor evaluation” means that drivers 
saw the other vehicle (on the main road) but 
estimated that they had time to cross. 
 Finally, the “yield drivers” showed a 
misinterpretation of the situation. “Misinterpreted 
the driving situation” includes 1/3 of poor 
knowledge of the site, 1/3 of misleading 
infrastructure (the road is not as we think it is!) and 
1/3 of miscellaneous factors such as driver state or 
visibility obstructions.  
The “driver behaviour” means all factors directly 
linked to the drivers’ awareness of the situation 
(attention, distraction for example). Most drivers 
who did not have the right of way and who 
presented “driver behaviour” as a key event, “failed 
to look”.   
2/3 of “failed to look” causes are exogenous and 
related to the infrastructure and the environment 
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(road layout, mask, weather luminosity). Moreover, 
1/3 of these drivers had to deal with a problem of 
geometrical visibility directly linked to the road 
layout.  
1/3 of “failed to look” are endogenous and related 
to the driver state (age, mood, experience). 
     The drivers having not the right of way- 
“Yield drivers”  – Human Functional Failures. 
Half of drivers having not the right of way 
experience a “perception failure” rather than the 
other functional failures.  
The “perception failure” can be explained by:  
a “quick look” (quick look at the environment and 
the opponent),  
“focused attention” (focus on a part of the situation 
instead of the opponent vehicle),  
“did not look” (the driver stopped searching for 
information and carried out a non-driving task for 
example),  
“no visibility” (the information is not available or 
there is a geometrical obstruction). 
“inattention” (low effort driving task, 
inattention…). 
     The drivers having not the right of way- 
“Yield drivers”  – Related causes and discussion. 
The emergency reaction 
Because, the driver didn’t perceive the opponent 
vehicle correctly, he couldn’t anticipate and avoid 
the crash. Only 1/3 of “yield drivers”, with 
“perception failures”, attempted to avoid the crash 
by braking or accelerating while 2/3 did not react 
before the crash. Moreover, 20% of these drivers 
(perception failures) were driving at excessive 
speeds, thus reducing the chance of avoiding the 
crash through emergency braking action.  
     Older drivers. Despite the fact the proportion of 
older drivers (65+) in the TRACE sample is low 
(11% of the drivers at intersection), they are more 
often involved as “driver having not the right of 
way” than the other categories. It means that older 
drivers have trouble managing the driving task at 
intersection and especially when they do not have 
right of way. Several situations characterize older 
driver involvement at intersection: 
“Perception” issues. They failed to look (looked 
but didn’t see or looked, didn’t see anything and 
decided to cross without checking again) 
They have navigation problems (attention focused 
on finding their route) or mood (irritated),  
“Misinterpretation” of the traffic lights in 
operation, 
“Hesitant manoeuvre” or slow manoeuvre (after 
looking at the traffic, pulled out slowly). 
So, older (65+) “yield drivers” had problems related 
to the perception of the other vehicle but also 
problems related to the understanding of the 
situation. Moreover, when they correctly performed 
the perception and the understanding, their action 
was too slow. 

As a result of these failures, they pulled out or 
crossed the intersection and most of them did not 
react. They could not avoid the crash.  
     The drivers having the right of way- “Priority 
drivers”– Key events. Although the key-events 
mostly concern the drivers, who do not have right 
of way, sometimes both “Priority drivers” and 
“yield drivers” contributed to tipping the driving 
phase over into the rupture phase. 
“Internal conditions of the task” and “driver 
behaviour” are the main relevant key events related 
to the “Priority drivers”. 
“Internal condition of the task” is split into: 
“Incorrect driving manoeuvre” is related to risk 
taking. The driver sees the other driver, understands 
the danger but does not anticipate. 
 “Misinterpreted the driving situation” is related to 
the driver who misunderstands the intentions of the 
other driver.  
“Excessive speed” is related to the speed limits 
(above the speed limit) while “inappropriate speed” 
is related to the driving conditions (weather, road 
surface, traffic…) even if the speed limit is not 
reached. 
 “Inappropriate reaction” concerns drivers who 
brake to avoid the crash but lock the wheels 
(sample of accidents with passenger car not 
equipped with ABS). Moreover, the stopping 
distance is not long enough to allow correct 
avoidance of the crash. The “Priority drivers” see 
the other driver (on the secondary road), but 
understand his intentions too late. 
“Driver behaviour” is mainly “failed to look”. 
“Failed to look” is related to the “Priority driver” 
who was attentive to the traffic but didn’t see the 
other vehicle because he didn’t look for the 
information (feeling of priority). 
     The drivers having the right of way- “Priority 
drivers”– Human Functional Failures. Drivers 
having the right of way experience more 
“prognostic failures” such as anticipation of the 
opponent driver manoeuvre, prediction of opponent 
driver presence and “perception failures”.  
The “prognostic failures” can be explained with 
the fact the “Priority driver” is: 
“Waiting for the regulation” of the situation by the 
other driver (sees the other vehicle slowing down 
up to the intersection and assumes it is going to 
stop) 
“Assuming that the other driver will not 
manoeuvre” (sees the other driver stopped on the 
secondary road but does not anticipate his 
manoeuvre) 
 “Not predicting obstacle” in his path (unusual or 
prohibited manoeuvre performed by the other 
driver). 
75% of “prognostic failures” can be explained by 
endogenous explanatory elements (related to the 
driver) with a feeling of priority, inappropriate 
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speed, time constraint, risky driving, 
misunderstanding the situation. 
The “perception failures” can be explained by 
“focused attention” (on the priority rules), 
“inattention” (lost in thought),  
“no visibility” (mobile obstruction to visibility), 
“no look” (break in information search because of 
non driving task) and  
a “quick look” (feeling of right of way) 
75% of “perception failures” are due to endogenous 
explanatory elements (related to the driver) with 
feeling of priority, inappropriate speed, non driving 
task or misunderstanding of the situation. 
     The drivers having the right of way- “Priority 
drivers”– Related causes and discussion.  
The emergency reaction 
In almost nine out of ten “prognostic failures”, the 
drivers with right of way braked before the crash.  
However, in the case of “perception failures”, only 
half of drivers with right of way braked before the 
crash.. 
 “Focused attention” failures led to “no reaction” 
(as emergency reaction) performed by the “Priority 
driver” while the other classes (inattention, no look 
and quick look) led to a braking response. 
When the driver with right of way is confronted 
with a vehicle coming from the left or the right, his 
emergency manoeuvre is slightly different. When 
the other vehicle OV comes from the left, the driver 
with right of way reacts mainly by braking. 
Whereas, when the other vehicle comes from the 
right, the driver with right of way reacts with a 
braking response or a combined braking and 
evasive steering action. There are more avoidance 
manoeuvres when the OV comes from the right.  
The initial speed of the “Priority drivers” 
More than a half of the initial speeds, where vehicle 
braked before the crash, were higher than 80 km/h. 
1/4 of the calculated initial speeds were “excessive 
speed” (over the speed limits). 
The stopping distance 
More importantly than the initial speed or the 
driving speed, the “stopping distance” is crucial in 
determining crash avoidance possibilities. The 
“stopping distance” is the distance required to stop 
the vehicle before the crash. It includes the distance 
travelled during the reaction time and the braking 
distance. 
Despite drivers performing a braking manoeuvre to 
avoid the crash, the accident happened. If we 
compare the stopping distance to the available 
distance (distance to crash used in the 
reconstruction of the accident to evaluate the initial 
speed), 66% of the drivers did not have sufficient 
distance to stop their vehicle and avoid the crash. 
So, the “Priority drivers” braking before the crash 
didn’t avoid the accident because: 
They did not have the time and the space to perform 
a manoeuvre 
They drove too fast (excessive speed) 

The road surface was wet, decreasing the efficiency 
of the braking 
They could not see the other driver 
     Generic counter-measures. The main generic 
counter-measures related to the “cutting scenario” 
drivers are closely linked to the accidents involving 
older drivers, followed by driver perception 
problems and finally driver emergency manoeuvre.  
Consequently, we need to think about the best way 
to help older drivers at intersections. The evolution 
in the population structure (and the driver 
population structure) means that older drivers are 
becoming more numerous. Today the best way to 
help them with the available ITS is through obstacle 
detection. But when older drivers perceived the 
other vehicle and performed a manoeuvre such as 
crossing the main road or turning left into the main 
road, they were confronted with fast moving traffic 
which left them insufficient time to perform their 
manoeuvre. So, the best help is to reduce the 
approach speed limits on the main road to allow 
older drivers to perform the manoeuvre safely. 
Then drivers “having not the right of way” need to 
be helped in their perception of the other vehicle, to 
look properly and to detect the other vehicle. It is 
necessary to control the available geometric 
visibility (sight distance), to take remedial actions if 
necessary or develop new road layouts with 
appropriate sight distances. 
Lastly, the drivers “having the right of way” need to 
be helped to be more attentive (more concentrated 
on the driving task) and to anticipate the other 
driver’s manoeuvre.  These drivers have a strong 
feeling of priority. They don’t understand the 
situation as being risky but rather as being safe. 
They see but don’t anticipate or anticipate too late. 
They need to be informed of the approaching 
situation with an up-to-date navigation tool that 
informs the driver of the potential risk situation 
according to geometry, visibility constraints and 
referenced “black spots”. They also need to be 
helped during their emergency manoeuvre. EBA 
can help reduce the braking distances. 
 
“Pedestrian scenarios” 
 
It should be 
remembered that in 
Europe, 14% of road 
fatalities were 
pedestrians in 2004, 
11% in France, and 
21% in UK. 67% of 
pedestrian fatalities occurred inside urban areas, 
34% of pedestrian fatalities are aged 65+ and 45% 
are aged 0 to 24 (CARE 2006). 
Despite the lack of information, we know that 
pedestrians are mostly involved at intersections 
with neither regulation nor traffic lights. In this 
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configuration, the youngest and the eldest are 
overrepresented.  
     The causation factors. Accident causation 
factors are mostly related to the “pedestrian” 
followed by the “internal conditions of the 
passenger car driver task”. 
For both pedestrians and passenger cars, “failed to 
look properly” is the first causation factor. In fact 
the visibility problem related to this scenario is 
specific. The visibility is linked to the way the 
pedestrian crosses the road. Half of intersection 
accidents involving pedestrian in our sample 
occurred at night and most of them inside urban 
area. We suppose that in daylight the problem can 
be linked to the different traffic flows, the urban 
environment, and “visual pollution”. The literature 
review highlighted that when volumes are higher 
than 12 000 vehicles/day, marked pedestrian 
crossings on multi-lane roads were more prone to 
crashes than unmarked locations, and the risk goes 
up as the volume rises. During the night the 
problem is different. We know that factors such as 
contrast related to the vehicle colour and lights and 
to the pedestrians’ clothes appear to have an effect 
on the conspicuity of both users.  
Half of the pedestrians cross at intersection with no 
regulation. But half of them cross at intersection s 
with traffic lights! The literature indicates that 
pedestrians look before crossing at both marked and 
unmarked pedestrian crossings, except at signalized 
intersections.  
The emergency reaction. Although 60% of 
passenger car drivers did brake before the crash, 
40% of them did not react! In fact 9 pedestrian 
accidents out of 10 were the pedestrians’ fault 
which could explain the lack of reaction. Moreover, 
all intersection accidents involving a pedestrian 
occurred when the initial speed of the passenger car 
was lower than 60 km/h. For half of them, the 
initial speed was lower than 40 km/h. A passive 
safety survey (ref LAB) performed on pedestrian 
accidents showed that when the impact speed is 
raised from 45 km/h to 55 km/h that is to say 
“only” 10 km/h, (the risk of sustaining fatal injuries 
rises from 30% to 50%! 
Generic Counter- measures. Generic counter-
measures linked to pedestrian intersection accidents 
are related to the vehicle (passenger car) driver. 
In this way, the passenger car driver needs to be 
helped to perform his emergency manoeuvre. The 
driver braked most of time (60%) but did not avoid 
the crash. EBA can be useful to help the drivers. 
They also need to be helped to predict the presence 
of a pedestrian, to see the pedestrian and to 
anticipate avoidance. Obstacle detection is required 
when the pedestrian is on the road but when the 
pedestrian is previously hidden from view, 
detection is more difficult.  Navigation tools can be 
useful to inform the driver about a potential risk 
zone (likelihood of pedestrian presence). 

 
CONCLUSIONS 
 
Descriptive analysis based on European national 
databases led us to identify the main relevant 
scenarios observed at intersections. The first in 
terms of frequency and severity is the so called 
“cutting scenario” grouping crossing trajectories 
and turning trajectories and representing 53% of 
intersection accidents. No distinction was possible 
at European level. The remaining 47% concerned 
rear end collisions with or without manoeuvres, 
roundabout scenarios and pedestrian scenarios. 
In-depth analysis of the intersection accident 
scenarios highlighted that we have to consider the 
scenario as a combination of two situations related 
to the driver who has “right of way” confronted 
with the driver who does not. This point of view is 
very important to infer the best countermeasures 
related to each requirement. 
Endogenous factors, related to the driver are 
common. They are either related directly to “driver 
behaviour” through “driving speed” or related to 
the “conditions of the task” through “poor 
evaluation” or “poor understanding” of the situation. 
“Perception failures” are often found in both groups 
but are overrepresented in the group of the “yield 
drivers”. This functional failure can be explained 
through factors such as “priority feeling” for the 
driver with right of way but also in the case of the 
driver who does not have right of way through the 
“sight distance”. This last result leads to question 
the intersection design of future roads.  
More drivers with right of way performed an 
emergency reaction to avoid the crash. The 
countermeasures recommended to these drivers 
could help the driver perform the emergency 
manoeuvre earlier and improve vehicle efficiency. 
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ABSTRACT 

Rear-end collisions account for a substantial 
amount of crashes. The vast majority of rear-end 
collisions occur at speeds up to 30 km/h, mostly 
in city traffic. A common cause of these crashes 
is driver distraction. A rear-end collision might 
lead to soft-tissue neck injuries for the occupants 
in both vehicles involved, as well as material 
damages. The objective of this study is to 
present and discuss the potential benefit of a 
production system helping the driver to mitigate 
and in certain situations avoid rear-end collisions 
in low speed. 

City Safety monitors the traffic in front with 
the help of a laser sensor that is built into the 
windscreen’s upper section. It can detect the 
rear-end of a vehicle in front of the City Safety 
equipped car. If the driver is about to drive into 
the vehicle in front and does not react in time, 
the car brakes itself. The scope for the system is 
every day low speed scenarios, like cues or 
entering roundabouts, situations where a large 
portion of collisions appear due to distracted 
drivers. City Safety is active at speeds up to 30 
km/h. If the relative speed difference between 
the vehicles is less than 15 km/h it can help the 
driver to avoid a collision completely. In relative 
speed differences above 15 km/h up to an 
absolute speed of 30 km/h the objective is to 
reduce speed as much as possible before a 
collision occurs. 

Independent evaluation has shown that this 
technology offers the potential benefits of 
reducing collisions, leading to a substantial 
reduction in car damage costs and injuries to the 
occupants. Based on available statistics and 
dose-response model techniques, the reduction 
of impact severity is estimated to have the 
potential to reduce the risk of soft-tissue neck 
injuries in the rear-end impacted car by 
approximately 60%. Real-world retrospective 
studies of the production system will enable 
more precise quantification of the effect in the 
future.  

 
 
 
 
 
 
 
 
 
 
 
 

INTRODUCTION 

Focusing on light vehicle crashes Najm et al. 
(2007) using the NASS/GES database, show that 
rear-end collisions are the most frequent among 
all crash types, accounting for 29% of all police-
reported crashes in the United States, summing 
up to approximately 1.8 million annually. In 
Japan, ITARDA data reveals rear-end collisions 
consistently being the most numerous of all 
types of crashes (Watanabe and Ito, 2007). In 
2005, they accounted for approximately 32% of 
all crashes, representing approximately 300,000 
collisions. The numbers of rear-end collisions in 
UK are around 26% of the approximately 2.7 
million motor crashes resulting in insurance 
claims, annually (Avery and Weeks, 2008).  

Studying German GIDAS data, Eis et al. 
(2005) found that most of the car-to-car single 
rear-end collisions occurred on urban roads. 
Using reconstruction techniques, Eis et al. show 
that approximately 70% of the striking cars in 
car-to-car single rear-end collisions have an 
impact speed lower than 30 km/h. Another 
German study found that the difference in speed  
between the vehicles at the time of the collision 
was less than 15 km/h in more than 70% of 496 
random sampled rear-end collisions involving 
personal injury (Langwieder et al. 1998). 

A typical causation of low speed rear-end 
collisions is driver distraction or inattention. In 
the so called US 100 car study, the first of its 
kind where detailed information on a large 
number of near-crash events is collected, nearly 
80 % of all crashes and 65 % of all near-crashes 
involved driver inattention just prior to the onset 
of the conflict (Neale et al. 2005). Inattention 
was a contributing factor for 93% of rear-end 
collisions. Half of these drivers did not brake 
before the impact. This is found in statistical 
crash data collections as well. Analyzing UK 
National accident database (STATS19) from 
2005, Grover et al. (2007) found that the drivers 
in 44% of the vehicles in the sample took no 
avoiding action prior to the impact. 
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For occupants in cars being impacted from 
the rear, soft tissue neck injuries are the most 
frequent injury type. Although usually not life 
threatening it can result in long term pain and 
disability. Seat technology such as WHIPS 
(Lundell et al. 1998) and SAHR (Wiklund et al 
1998) are developed and found very effective in 
reducing the risk of neck injuries in a rear-end 
impact (Viano and Olsén 2001, Farmer et al. 
2003, Jakobsson and Norin 2004, Kullgren et al. 
2007). Jakobsson et al. (2008), summarizing 
almost ten years of experience of Volvo cars 
equipped with WHIPS, stated that although the 
risk is higher in higher impact severity, a large 
number of occupants reporting neck injuries is 
found in impacts, only requiring repair of the 
bumper system. For total injury reduction, low 
impact severity events are just as important to 
focus. 

Also, for the occupants in the impacting car, 
there is a risk of sustaining injuries such as soft 
tissue neck injuries (Kullgren et al. 2000, 
Jakobsson et al. 2004, Jakobsson 2004). Airbags 
and seat belt pretensioners have been found 
effective in reducing AIS1 neck injuries in 
frontal impacts (Kullgren 2000), although this is 
not applicable at severities below activation 
levels. 

Ultimately, systems of avoidance would be 
optimal, eliminating the impact as such. In recent 
years, collision avoidance or mitigation systems 
have been introduced with the aim to alert the 
driver of an impending impact into the rear of 
the car in front. Forward collision warning with 
auto brake is such a technology (Coelingh et al. 
2007), warning the driver and pre-charging the 
brakes if there is a risk of running into the car in 
front and in case the collision is imminent 
applying the brakes to mitigate the impact. 

This study presents the most recent system 
put in production that can help the driver to 
avoid rear-end collisions in low speeds.  

   

CITY SAFETY - SYSTEM DESCRIPTION 

City Safety is a low speed collision 
avoidance and mitigation system with the aim to 
mitigate and in certain situations avoid rear-end 
collisions. The scope for the system is to assist in 
every day scenarios like cues, entering 
roundabouts or parking situations, scenarios that 
may end up in collisions due to drivers being 
distracted or inattentive, Figure 1. 

 

  
Figure 1. City Safety – a low speed auto brake 

system 
 

If the vehicle in front suddenly brakes and 
City Safety determines that a collision is likely, 
the brakes are pre-charged. If the driver remains 
inactive, the car automatically applies the brakes. 
If the relative speed difference between the two 
vehicles is less than 15 km/h then City Safety 
may help to entirely avoid the collision. In 
relative speed differences above 15 km/h up to 
an absolute speed of 30 km/h, the focus is on 
reducing speed as much as possible prior to 
impact. 

City Safety is always on at startup but the 
driver has the possibility to temporarily turn off 
the system if this is required in a specific 
situation, e.g. off-road driving. City Safety is 
developed to react to vehicles in front that are 
either at a standstill or are moving in the same 
direction as the car itself.  

Once the system has activated, the driver is 
given a message as shown in Figure 2. There is 
no warning given. To help prevent drivers from 
adapting their normal driving to the system it is 
deliberately designed to give a harsh/ unpleasant 
braking sensation, with brake activation that is 
intentionally set late to be outside the drivers 
comfort zone. 

 

 
Figure 2. City Safety activation message 

 

Sensor system 

The City Safety system actively scans the 
area in front of the vehicle through the use of an 
infrared laser sensor (LIDAR) integrated into the 
top of the windscreen at the height of the rear-
view mirror, Figure 3. The position ensures a 
clear view since the area in front of the sensor is 
cleaned by the windshield wipers.  
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Figure 3. Placement of City Safety laser 

sensor behind the windshield.  
 

The sensor utilizes 905 nm laser light. It has 
multiple IR laser channels to detect at which 
lateral position in front of the vehicle a potential 
target vehicle is placed. The transmitted laser 
light is reflected by the reflective surfaces of the 
target and the sensor uses the time of flight 
principle to calculate the distance to potential 
targets. In other words, the time from 
transmission to reception determines the distance 
to the potential targets. Relative velocity and 
acceleration is derived from multiple distance 
measurements. Vehicles within 10 m in front of 
the sensor are detected. 

 

City Safety Controller  

Scenario Detection 
City Safety has been developed to assist in a 

large number of real world situations addressing 
rear-end collisions, exemplified by; stationary 
and moving objects, straight roads and when 
negotiating a curve, different road conditions, 
speeds (<30 km/h) and car-to-car overlaps, day 
and night. Although the system can not detect 
distraction as such it is developed with 
distraction in real life driving situations in focus, 
exemplified by; the rush hour queue 'eyes and 
mind somewhere else', 2nd car in roundabout 
'finding your gap', parking lot driving 'finding 
the spot', city driving 'finding your way' and 
other in-car and road-side distractions. 

Continuously when driving, the path of the 
City Safety equipped vehicle (host) is calculated 
and a potential target vehicle in the host vehicle 
path is evaluated by the threat assessor (see 
Figure 4). Vehicle cut-ins and cut-outs are also 
treated as unique scenarios. 

 

Distance

Credible Imminent

Host Target

Distance

Credible Imminent

Host Target

 
Figure 4. Illustration of threat assessment 

 

Threat Assessment 
Based on the speed and acceleration of the 

host vehicle, the speed and acceleration of the 
target vehicle and their relative distance, the 
system makes 50 calculations per second to 
determine what deceleration would be needed to 
avoid a potential collision. The calculation 
includes compensations for system response 
times. 

The measured information is used to 
determine the probability of running into a 
stationary or moving potential target vehicle in 
the host vehicle path. If the calculated 
deceleration needed to avoid a collision exceeds 
a certain level without the driver responding, the 
system determines that the probability of a 
collision is credible. If the needed deceleration 
rises even higher it is judged to be imminent, see 
Figure 4.  

System Activation  
If the threat assessor is judging the collision 

probability as credible, the brake system is pre-
charged for faster brake response. If determined 
to be imminent, auto brake is activated and 
emergency brake assist sensitivity is raised. 

Once City Safety is activated it helps either 
to avoid or reduce the severity of the collision by 
automatically braking the car with on average 
0.5 g and reducing the throttle opening. At the 
same time, the brake lights are activated to warn 
the traffic coming from behind. The symbol as in 
Figure 2 will inform the driver about the 
activation. When a collision towards a stationary 
vehicle is avoided, the host vehicle is kept 
stationary by the brakes for approximately 1.2 
second, after which the brakes are released.  

Driver Override 
The system is overridden by the driver if 

he/she gives a large steering or throttle input, the 
system having calculated that the driver is taking 
evasive action and is aware of the situation. 

 

SYSTEM PERFORMANCE 

Verification methods 

To validate and verify the functionality of 
City Safety, extensive testing was carried out. 
The tests were performed on test tracks as well 
as in real traffic on public roads in order to:  
- verify that the system provides an 

intervention in the driving scenarios that 
constitute a high probability for a rear-end 
collision and does not fail to intervene in 
these collision scenarios, and to  

- verify that the system does not disturb the 
driver with false activations, under normal 
driving conditions.  
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Test track tests 
The positive system activation (intervention 

as intended) performance was verified in a large 
variety of rear-end collision scenarios performed 
at different test tracks. The scenarios were based 
on situations identified as frequent and important 
from real world driving situations. Numerous 
test set-ups were established using stationary and 
moving target vehicles of different sizes and 
shapes; a combination of straight roads and 
when negotiating a curve in different angles; a 
variety of different lateral offsets between host 
and target vehicle; varying roads, weather and 
light conditions in different accelerations and 
speeds. Differences in driver behavior were also 
considered.  

Special test equipment was developed and 
used for the different test purposes. Target 
vehicles were represented by large inflated 
balloon cars (Figure 5) and modified vehicles 
(Figure 6) that allow for possible collisions with 
the host vehicle. The balloon car can also be 
attached to a horizontal beam connected to a 
vehicle such that it also can represent a moving 
target in different scenarios.  

 

 
Figure 5. Target vehicle represented by an 

inflated balloon car. 
 

 
Figure 6. Target vehicle represented by a half 

real vehicle body. 
 

Public road tests 
Extensive testing on public roads was 

performed to verify that the system does not 
disturb the driver with false activations under 
normal driving conditions. During these tests, 
the system automatic brake intervention was not 
active. However, data was collected and 

analyzed with respect to whether an activation 
would have occurred or not. 

Normal driving conditions were defined 
using real-world user profiles. A profile 
represents the contextual conditions in terms of 
road type, lighting and weather condition as well 
as input from the driver population. A total of 
one million kilometer relevant data was 
collected, stored and analyzed. The data was 
collected in all major European cities, in 
Sweden, cities in Thailand, Malaysia as well as 
the west and east coast of United States. 
Emphasize was put on gathering information 
from different types of city traffic as well as with 
different types of driving attitude and other 
driver characteristics (age, experience etc). A 
blend of defensive and offensive drivers 
including professional were used. Tests were 
also run during extreme weather situations, such 
as desert heat and Nordic winter weather. 

The purpose of the testing was to gather data 
to provide input for the system performance 
when exerted to all possible situations in real 
traffic with the goal to ensure that false 
activation was minimized.  

 

EFFECTIVENESS 

Data from Germany indicates that in 
approximately 70% of car-to-car single rear-end 
collisions the striking car impacts with speeds 
below 30 km/h (Eis et al. 2005). Other studies 
claim that in approximately half of the cases the 
driver do not brake at all before the collision, 
mainly because of distraction (Neale et al. 2005, 
Grover et al. 2007). In these cases, City Safety 
could make a crucial difference. City Safety 
brakes the car automatically if the driver is about 
to drive into the vehicle in front. A collision can 
either be entirely avoided or if this is not 
possible, the damage to cars and people can be 
reduced, for absolute speeds up to 30 km/h.  

The area of predicting the real-life safety 
benefit of an active safety systems covers a 
broad variety of aspects from the driver-car 
interaction to issues such as socioeconomic 
impact by reducing accidents and occupant 
injuries. This area is complex and today 
impossible to cover completely. Even the more 
limited focus of a car manufacturer is wide; 
accident avoidance and accident severity 
reduction addressing both potential injury 
reductions in host as well as target vehicle are 
key areas. To this can also be added the potential 
savings in terms of car damage costs and repair 
time.  

A study by Thatcham stated that the City 
Safety system by preventing common low speed 
rear-end collisions, where soft tissue neck 
injuries typically occur shows great potential for 
reducing the burden on insurers and the wider 



  

  Distner 5 

society (Avery and Weekes 2008). The authors 
estimate that the system, if available in all cars, 
could affect 210,600 collisions in the UK 
annually by preventing or mitigating the 
collision. This includes over 91,000 collisions 
involving soft tissue neck injuries estimated to 
save costs of 1.1 billion Euros. 

A study by IIHS in US estimates that systems 
focusing prevention or mitigation of frontal 
impacts by intervening in these situations 
address a very large amount of relevant 
situations (IIHS, 2008). No details are given in 
the study with respect to impact speeds or other 
circumstance, whereby no more detailed benefit 
estimation of what a system like City Safety 
would offer is to be found.   

A Volvo car equipped with City Safety offers 
a range of benefits both to the occupants in the 
City Safety equipped vehicle and to the 
occupants in the potential target vehicle in its 
path. 

 

Occupants in City Safety equipped vehicle 

Impacting a vehicle in front of you can be 
both a physically harmful and an emotionally 
unpleasant experience. By reducing the velocity 
prior to the impact, City Safety reduces the 
injury risks for the occupants, or even eliminates 
them completely if the collision is avoided. 

Using information from crash recorders, 
Kullgren (2008) found that long term (>1 month) 
soft tissue neck injury risks in frontal impacts are 
approximately 10% in 15 km/h change of 
velocity and 20% in 30 km/h. Crash recorder 
data from Volvo cars in frontal impacts confirms 
that there is an increased risk of soft tissue 
injuries with increased change of velocity 
(Jakobsson 2004). It is also seen that soft tissue 
neck injuries are found in very low speed frontal 
impacts. Jakobsson (2004) also concludes that 
not only the crash pulse measures influence the 
injury occurrence, but other parameters related to 
occupant and sitting posture are probably of 
equal importance. None of the two studies 
provide details enabling to sort out the rear-end 
collision types of frontal impacts as the City 
Safety target; making it difficult to quantify the 
total potential effectiveness of such a system. 
However, these overall facts and figures provide 
support that the occupants in the City Safety 
equipped vehicle have much to gain by avoiding 
or mitigating a potential low speed rear-en 
collision.  

 

Occupants in potential target vehicle 

For the occupants in the target vehicle, City 
Safety will offer a less severe impact or no 
impact, saving health, time and money. Soft 
tissue neck injuries are frequent in rear-end 

impacts, even at rather low impact severity 
(Jakobsson et al. 2008).  

Based on crash recorder data and long term 
neck injury risks in rear-end impacts, using dose-
response models, Kullgren (2008) has made 
estimates of the effectiveness of City Safety. 
Assuming that all rear-end impacts can be 
regarded as rear-end collisions and that the 
reduction in change of velocity would be 
approximately half of the reduction in impact 
speed, a system that automatically brakes in rear 
end collisions with 15 km/ at impact speeds 
below 30 km/h, has the potential to reduce the 
number of  injured occupants by 60%.  

 

Reduced owner costs 

Even collisions at the lowest speeds can 
result in significant costs and repair time. City 
Safety helps the owner to reduce time-
consuming contacts with the workshop and 
insurance company. This has been 
acknowledged by several insurance companies 
that are now providing incentives such as 
insurance premium discounts for cars equipped 
with City Safety. 

In UK, Avery and Weeks (2008) estimate 
that a system like City Safety would save a large 
amount of repair costs. They base the 
calculations on the fact that rear-end collisions 
account for 26% of the totally around 2.7 million 
motor crashes resulting in an insurance claim 
annually in the UK and that 75% of these occur 
at speeds below 30 km/h. Avery and Weeks 
estimate that in 30% the driver does not apply 
the brake, acknowledging that the estimate is 
currently conservative since insurance data 
indicates that for up to 50% of cases the driver 
does not apply braking. Based on these 
assumptions they identify 157,950 collisions that 
City Safety could help to prevent, with estimated 
savings of €590,101,200 and additional 52,650 
collisions with reduced repair costs estimated to 
savings of €196,700,400. 

 

DISCUSSIONS 

Soft tissue neck injuries as a result from rear-
end collisions is despite effective seats in the 
impacted car still a frequent and costly injury in 
car crashes. Adding to the fact that the occupants 
in the impacting car also can sustain neck 
injuries and the time and money needed to repair 
the vehicles, it is easy to understand the high 
benefit of avoiding or mitigating rear-end 
collisions. City Safety addresses the frequent 
low speed rear-end collisions, usually occurring 
in heavy city traffic and often when the driver is 
distracted in some way.  

Although City Safety is developed to react to 
vehicles in front that are either at a standstill or 
are moving in the same direction as the car itself, 
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it might also detect other objects like 
pedestrians, appearing in front of the car. 
However, the main recognition pattern used to 
develop the system is that of the rear end of 
another vehicle. Other systems with higher 
effectiveness for vulnerable road users are under 
development.  

City Safety does not offer a warning prior to 
activation. The reason for this is mainly the time 
available. At low speeds it is more effective to 
break to avoid a collision than to steer away 
from one making it possible to create a collision 
avoidance system by utilizing braking. City 
Safety is developed based on these principles. 
Other systems exists and are under development 
addressing other situations, where warning 
aspects are important. 

The system is designed to give a late, harsh 
and unpleasant braking sensation to prevent 
drivers from adapting their normal driving to the 
system. Avery and Weekes (2008) concluded, 
based on collision assessment tests by 98 drivers 
using City Safety equipped vehicle towards an 
inflatable target vehicle, that driver adaptation to 
the system seemed highly unlikely. 78% of the 
drivers felt the urge to brake when approaching 
the target and 95% of the drivers stated that they 
would not rely on the system during normal 
driving. Thus it seems that the system works as 
intended. 

The sensor behind City Safety offers not only 
the avoidance and mitigation aspect of safety, 
but also incorporates the functionality of further 
enhancing the passive safety by preparing the 
restraint systems in a frontal impact (so called 
Pre-prepared Restraints, PRS). This is a unique 
customer offer coupling active and passive 
safety using the same sensor technology 
hardware.  

Independent evaluation has shown that this 
technology offers great potential benefits in 
substantial reduction of injuries and damage 
costs. Estimates based on crash recorder data and 
dose-response techniques predicts an 
effectiveness of approximately 60% for long 
term neck injuries in the potential target vehicle. 
The availability of precise low speed collision 
data is limited and thus influences the 
possibilities to calculate an effectiveness figure 
for the occupants in the City Safety equipped 
vehicle with respect to risk of injuries. However, 
based on the relatively high risk of neck injuries 
even in low impact severity, it is realistic to 
estimate an almost as high effectiveness figure as 
for the target vehicle. Real-world follow-up 
studies of the production system will enable 
more precise quantification of the effect. 

The system does not only include benefits 
with respect to injury prevention and risk 
reduction but also include benefits with respect 
to cost of ownership with reduced repair costs. 
Low speed rear-end collisions with drivers being 

distracted or inattentive are very frequent so the 
effectiveness of a system like City Safety has 
great potential with respect to savings in costs 
and time for the owner. Also, less than a year 
after introduction, there are several insurance 
companies worldwide offering discounts for the 
cars equipped with the system, and thus 
consequently adding extra savings to the owner. 

The estimated benefit calculations as 
presented in this study as well as by independent 
institutes in the United States (IIHS, 2008), the 
United Kingdom (Avery and Weeks 2008) and 
Sweden (Kullgren 2008) all identifies large 
potential benefits in reductions of crashes, 
injuries and thus reductions of costs and time 
savings both for the society and the individuals. 

 

CONCLUSIONS 

This study presents and discusses a new 
active safety system, City Safety. Being standard 
equipment in a Volvo model, it helps the driver 
to avoid rear-end collisions in low speeds. If the 
driver is about to drive into the vehicle in front 
and does not react in time, the car brakes itself. 
If the relative speed difference between the two 
vehicles is less than approximately 15 km/h then 
City Safety may help to entirely avoid the 
collision. In relative speed differences above 15 
km/h up to an absolute speed of 30 km/h the 
focus is on reducing speed as much as possible 
prior to impact.  

A car equipped with City Safety offers a 
range of benefits both to the occupants in the 
City Safety equipped vehicle and to the 
occupants in the potential target vehicle in its 
path. Also, City Safety helps the owner reduce 
time-consuming contacts with the workshop and 
the insurance company and saves costs for the 
repairs. In several countries insurance companies 
offer insurance premium discount, for cars 
equipped with City Safety. The benefit of such a 
system on the potential of soft tissue neck 
injuries in both the vehicles is obvious, and an 
important step towards prevention of neck 
injuries in minor impact severities. Independent 
evaluation estimates that City Safety has 
potential to reduce the risk of soft-tissue neck 
injuries in the rear-end impacted car by 
approximately 60%. Real-world follow-up 
studies of the production system will enable 
more precise quantification of the effect. 
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ABSTRACT 
 
The objective of this paper is to discuss the 
potential capabilities of inertial sensors for point 
tracking and the presentation of a new tool which is 
able to place vehicle and dummy parts in 3D during 
a crash. This tool can help in the understanding of 
crash dynamics and optimize restraint system 
integration as well as CAE correlation. 
 
This paper analyses the uses given to inertial 
sensors in crash applications, describes the errors 
obtained and proposes methods to correct them. 
The use of accelerometer-only based and 
accelerometer and gyroscope-based platforms is 
discussed. Recommendations for placement, 
filtering and calculation methods are given. A tool 
able to track in 3D the trajectory of a point is 
presented and the limitations found are commented.  
 
The sled tests carried out to obtain relevant 
information are presented. Possible applications in 
current tests and probable new tests exploiting the 
capabilities of the new tool are suggested. 
 
INTRODUCTION 
 
Accelerometers are the most commonly utilized 
sensors for crash applications in the automotive 
industry today. They are installed in order to obtain 
acceleration, relative speeds and displacement, thus 
providing invaluable information to aid in the 
calculation of the most important injury 
parameters. The specification of their response 
characteristics is pre-defined and the operation and 
signal filtering is described by the testing protocols. 
 
Another type of sensor used in crash testing is the 
gyroscope, although the use of this instrument is 
not that widely spread in crash testing. The 
precision data provided by the new damped 
gyroscope generations is enabling their use in a 
broader variety of applications. Despite the 
exceptional performance that these inertial sensors 
could have, their capabilities are not fully 
exploited. If errors are minimized and an additional 
degree of accuracy in the use and calculation is 

given, they may be used to precisely track the 
position of any part they are installed and 
referenced to. Gyroscopes add an important value: 
they can measure rotation, which can be used as an 
input to correctly project the signals. 
 
Tracking a moving object’s position in time is a big 
issue, found in a wide variety of applications, 
including the military, industrial and medical. 
Nevertheless, and up to date, the most used 
methodology is 2D tracking of the parts, which 
only allows tracking of simple movements. In 
addition to that, tracking requires a huge set up, 
which is not always possible during a crash: 
calibrated optics, targets always visible and fixed 
reference points on the same plane and close to the 
visual range of the camera. Films obtained by high 
speed cameras are not capable of providing enough 
information about dummy parts that stay behind the 
vehicle’s chassis. It is also impossible to determine 
with precision the amount of intrusion of certain 
parts of the dummy, such as the head or chest 
against the airbag, as they are obscured on contact, 
losing any visual reference available.  
 
METHODOLOGY 
 
The fore mentioned problem can be solved 
efficiently with an inertial measuring system and its 
related methodology, consisting of three 
accelerometers (measuring linear acceleration) and 
three gyroscopes (measuring angular velocity) 
orthogonally placed in the dummy and the vehicle. 
Thanks to this data flow, the required mathematical 
calculations and the development of special 
software, we are now able to trace the movement of 
the dummy with respect to the vehicle.  
 
Euler’s Rotational Theorem 
 
According to Euler’s Rotational Theorem, any 
rotation or group of successive rotations may be 
expressed as one rotation around a single direction 
or main rotational axle. In this manner, every 
rotation or group of rotations, found in a three-
dimensional space can be specified through the 
equivalent rotation axle defined by vectors with 
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three parameters. Generally, these three parameters 
are called rotational degrees of freedom.  
 
These angles constitute a group of three angular 
coordinates used to specify the orientation of a 
reference system of orthogonal axles, generally 
mobile, respect to another reference system of 
orthogonal axis, but in this case, fixed.  
 
They are based in describing the way to achieve the 
final position from the initial one with three 
rotations, called yaw, pitch and roll. They must be 
given and calculated in that order, since the final 
result depends on the order of application.  
 
Coordinate Systems 
 
For this project, three different coordinate systems 
have been chosen: 
 

• A fixed global system. 
• A system referenced to the vehicle. 
• A system with origin in the C.G. of head, 

chest and pelvis of the dummy.  
 
Six parameters describe the location and orientation 
of a mobile segment relative to the reference 
segment: three translations (X, Y, Z) and three 
rotations (yaw, pitch, roll) in the reference point.  
 
Rotations: 

• Yaw – rotation around X axis 
• Pitch – rotation around Y axis 
• Roll – rotation around Z axis 

 
Translations: 

• Longitudinal (X) – Direction of the 
vehicle. 

• Lateral (Y) – In direction of Y axis of the 
vehicle. 

• Vertical – In direction of the Z axis of the 
vehicle. 

 

 
Figure 1.  Coordinate Systems. 
 
 
 
 
 
 
 

Calculation Sequence 
 
In figure 2 we find the calculation sequence 
developed in this project, designed specifically to 
measure the dummy’s global kinematics during a 
frontal crash. From this methodology, special 
software was programmed for Diadem 10.1, 
capable of calculating automatically the necessary 
operations.  
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Figure 2.  Calculation sequence.  

 
First, the different angular components for the 
dummy (given by the corresponding three-axial 
gyroscope) are integrated with respect to time, 
obtaining the Euler angles. From these angles, a 
rotational 3D matrix is generated, from the local to 
the global system, which will be directly multiplied 
by the different acceleration components (obtained 
from the accelerometers located in the C.G. of each 
of the dummy’s parts). As a result, a matrix with 
the acceleration components given as global 
coordinates is obtained.  
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By integrating the matrix components, the linear 
velocity is obtained and after a second integration 
the dummy’s position with respect to the origin in 
global coordinates is calculated.  
 
Parallel to this activities, the analogous calculus for 
the vehicle will be made (accelerometers and gyros 
located in the car) and will finally be subtracted 
from the dummy’s position, giving then the relative 
dummy position respecting the vehicle.  
 
Frontal Crash Analysis for 2D Modelling 
 
Data from a frontal crash test  were used during the 
first displacement analysis. The crash had a frontal 
configuration (Frontal impact 40% ODB 64 km/h), 
with a 40% offset, impacting on the left side of the 
car (left hand drive car). Crash speed was 
designated at 64±1 km/h, having a real impact speed 
of 63.68 km/h. The available 2D methodology was 
used to analyze its deficiencies. In this phase of the 
project, dummy kinematics were studied with the 
2D macro (rotation in Y, accelerations in X and Z 
axes).  
 
In the next figure, two instants of the frontal crash 
are presented with a superposed X-Z graph (for the 
driver) obtained via the 2D methodology. Good 
results are obtained until the 125th millisecond, 
when the trajectory graph falls abruptly, due to car 
rotation (not considered in 2D methodology) and 
some other factors (integration in time).  
 

 

Figure 3.  2D kinematics. 

 
Car Reference Selection 
 
The graph in figure 4 reflects the importance of 
wisely choosing the X acceleration reference point 
in the car. Until now, the B pillar driver’s side had 
been the reference point for calculations made for 
dummies both in the driver and passenger side. 
Nevertheless, this study demonstrates that the ideal 
place for reference is the B pillar on the side closest 
to the dummy whose kinematical data are to be 
analyzed.  
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Figure 4.  Relative head displacements of the 
dummy for different vehicle parts.  

 
We can observe the results from the relative head 
displacement study in a car during a frontal crash 
test, taking as an acceleration reference for the car, 
different parts where accelerometers have been 
installed. There are accelerometers located in: B 
pillar opposite side (red line), B pillar dummy side 
(green line), frontal tunnel (blue line) and 
arithmetical average between frontal tunnel and B 
pillar dummy side (pink line). 
 
After superposing the lines with the static 
measurement (figure 5) of the dummy’s contour 
(passenger side), seat and dashboard; before (blue 
contour) and after (red contour) the crash, we prove 
that the B pillar closest to the dummy should be the 
X reference point in the car.  
 

 
Figure 5.  2D head, chest and pelvis kinematics 
superposed to the static measurement. 
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SLED TEST WITH DUMMY ROTATION 
 
Objective 
 
The objective of this test was to determine the 
precision of the followed 3D methodology. Due to 
the fact that frontal crash tests are not completely 
linear, as they include a slight dummy and vehicle 
rotation, the established method is to be validated 
using a sled test adapted to the purpose.  
 
After evaluating a series of alternative tests, a 
rotation in the dummy was forced by putting the 
seat with a 30º angle with respect to the 
longitudinal forward direction, as shown in the next 
figure. 
 

 
Figure 6.  Dummy and seat placement for sled 
test. 

 
Dummy Instrumentation 
 
In the next figure, the final dummy instrumentation 
can be observed inside the head, chest and pelvis 
(accelerometers and three-axial gyroscope IES 
3103-3600). 
 

 
a) Accelerometers 

 
b)Head Gyroscope 

 
c) Chest Gyroscope 

 
d) Pelvis Gyroscope 

Figure 7.  Dummy instrumentation. 

 
Test Results 
 
     Visual Tracking vs. Calculated Trajectory – 
To estimate the exactitude and liability of the 
methodology developed during the course of this 
study, the calculated position graphs have been 
superimposed (on the same scale) to the films 
captured during the test. In figure 8, the calculated 
projections (a) X-Z and (b) X-Y of the head path 
(red lines) can be seen, superposed in a picture 
taken in the instant of greatest X displacement of 
the head (t= 90ms.). 
 
From the available videos, (a) left side camera and 
(b) top view camera, an estimation of the real C.G 
of the head is made (green lines) during the entire 
duration of the test. Note that, due to the nature of 
the test and equipment, it is very difficult to make a 
visual tracking of the chest and pelvis.  
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a) Left View (X-Z) 

 
b) Top view (X-Y) 

Figure 8.  Head path comparison (red line: real 
path; green line: calculated). 

 
Shown next is a chart that shows all the data 
obtained, including the estimated error (εX, εX’,εY, 
εZ) from the video analysis. Up to the 120th ms, the 
methodology would give a position error of less 
than 15% in all cases, which, although improvable, 
is considered satisfactory. In fact, as shown in the 
chart, up to the 120th ms the average of all errors 
taken every 10 ms is in all cases, less than 7%.  
 

Table 1. 
Estimated error 

 

t (s) x y z x x' y z εx (%) εx' (%) εy (%) εz (%)

0,000 0,000 0,000 1,000 0,000 0,000 0,000 1,000 0,000 0,000 0,000 0,000
0,010 0,004 0,002 1,000 0,004 0,004 0,002 1,001 7,036 7,036 2,050 0,087
0,020 0,026 0,004 1,000 0,025 0,030 0,004 1,001 2,494 14,589 0,395 0,083
0,030 0,071 0,006 1,000 0,071 0,078 0,006 1,001 0,062 9,031 6,560 0,074
0,040 0,140 0,009 1,001 0,160 0,140 0,010 1,001 12,197 0,346 7,059 0,027
0,050 0,233 0,013 0,997 0,274 0,225 0,012 0,997 14,959 3,675 5,672 0,035
0,060 0,341 0,018 0,979 0,375 0,340 0,018 0,970 9,062 0,299 0,432 0,921
0,070 0,447 0,025 0,946 0,466 0,449 0,022 0,930 3,970 0,442 13,499 1,756
0,080 0,517 0,038 0,902 0,521 0,509 0,033 0,887 0,818 1,520 14,534 1,639
0,090 0,536 0,060 0,856 0,535 0,535 0,055 0,852 0,135 0,135 9,435 0,457
0,100 0,521 0,095 0,817 0,510 0,521 0,095 0,810 2,105 0,051 0,154 0,923
0,110 0,487 0,140 0,785 0,460 0,486 0,140 0,765 5,786 0,045 0,130 2,588
0,120 0,439 0,191 0,756 0,430 0,439 0,170 0,800 2,047 0,046 12,297 5,450
0,130 0,382 0,246 0,733 0,395 0,381 0,210 0,820 3,347 0,204 17,129 10,601
0,140 0,319 0,303 0,713 0,340 0,320 0,225 0,870 6,323 0,468 34,702 18,080
0,150 0,249 0,359 0,691 0,290 0,270 0,260 0,930 14,306 7,959 38,111 25,717
0,160 0,167 0,412 0,660 0,233 0,199 0,290 0,948 28,337 15,882 41,960 30,366
0,170 0,073 0,465 0,617 0,150 0,120 0,325 0,948 51,417 39,272 43,211 34,958
0,175 0,023 0,494 0,590 0,109 0,070 0,338 0,955 78,788 66,969 46,200 38,200

HEAD
Calculated movement Real movement Error
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Displacement in X is considered valid until the 
150th ms, as the error is still underneath the 15% 
mark.  
 
2D vs. 3D Comparison 
 
The results obtained through the 3D methodology 
developed in this project and the results that would 
have been obtained following the original 2D 
methodology (considering only angular velocity in 
Y and accelerations in X and Z) were compared. As 
presented in figure 9, after the 80th ms, 2D 
simplification (green lines) would not have been 
valid, as the tendency lines fall abruptly.  
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a) X-Z  
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b) X-Y  

Figure 9.  Head trajectory from 2D 
methodology. 

It is worth mentioning that the advantages of the 
3D methodology reside in the fact that it allows the 
representation of the trajectory of the different parts 
of the dummy in a 3D space, not just in the bi-
dimensional projections. In figure 10 we can 
appreciate the 3D representation of the global 
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dummy kinematics during the 30º test, for the head 
(red line), chest (green line) and pelvis (blue line). 
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Figure 10.  Global Dummy Kinematics. 

 
The test concluded at a mere 49,59 km/h against 
the sled decelerators from the planned 50 ± 1 km/h. 
The angle was 30º from the centreline and the 
airbag was triggered at 17 ms.  
 
ALTERNATIVE SOLUTIONS 
 
There are a number of alternative solutions to 
obtain these data during crash testing. For this 
project, the tests included a 2D analysis, which 
used data obtained from accelerometers and 
gyroscopes. These accelerometers were installed in 
the B pillars, the central tunnel and the arithmetical 
average between the tunnel and B pillar. A 
gyroscope was used to measure rotation around the 
Y axis.  
 
For the proposed 3D test, a setup of 3 
accelerometers and 3 tri-axial gyroscopes were 
used. The recalled information was analyzed and 
good results were obtained.  
 
One of the proposed alternative methods, instead of 
making use of tri-axial accelerometers and 
gyroscopes, is to use 2 tri-axial accelerometers in 
the same test. This setup has to be orthogonal, so 
that no axles end up aligned in the same plane as 
another one. This assures the consecution of 6 
different acceleration pulses, each one in a specific 
direction, using (Equation 1) for solution.  

 
(1). 
 

Using this procedure, any combination of points 
would be enough to solve the problem, as in the 
end, there are 6 unknowns: 3 Ω and 3 Ω´ 
(derivatives), having a total of three equations.  
 

Until now, a triple tri-axial accelerometer setup has 
been tested and the Ω and its derivative have been 
calculated via iterative methods. This setup faces a 
number of problems, such as convergence, 
sensitivity to signal filtering, etc. Every time 
iteration is made, an approximate result is obtained 
and when deriving, some signal noise is generated. 
This noise is the cause that the convergence is low 
for the system.  
 
In 1975, Padgaonkar et al. developed a new method 
using nine accelerometers placed on a mount, 
which has the form of a rectangular Cartesian 
coordinate system. There were two accelerometers 
at the end of each axis, normal to that axis, and 
three at the origin. Having this 3-2-2-2 
arrangement, the equations become algebraic, thus 
eliminating the need for integration.  
 
People at Robert A. Denton, Inc. have created a 
female dummy head that allows an array of up to 
15 accelerometers. This head, the one of a Hybrid 
III 5th percentile female, has been developed using 
the 9-accelerometer model, accounting now for top, 
front, left, rear and a C.G. mount inside the device.  
 

 

Figure 11.  Robert A. Denton’s dummy head 
array. 

Padgaonkar et al. (1975) showed that this 3-2-2-2 
scheme presents a significant advantage over the 
six accelerometer scheme in that the calculation of 
angular acceleration at any time point is 
independent of previous measurements, avoiding 
the possibility of errors accumulating over time. 
 
The 3-2-2-2 array concept has been widely used 
and there has been considerable work done to 
develop techniques for the compensation and 
calibration of the array. 
 
Some other techniques for measuring rigid body 
acceleration have been developed. These include 
measuring the angular velocity directly, using 
magneto-hydrodynamic sensors and an array of 
nine accelerometers divided in three tri-axial 
groups. However, these improved techniques are 
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more costly and require more data acquisition 
channels.  
 
Whichever the case may be, it is difficult to obtain 
reliable data. Unreliable data is obtained because 
of:  

• Accelerometer integration errors. 
• Accelerometer alignment. 
• The systems (as a whole) are used to find 

peak accelerations, not rotation. 
• We look for trajectory, so the error 

accumulates and shows the wrong data 
(second derivates and much iteration). 

 
CONCLUSIONS 
 
The initial tests conducted using 2D and 3D models 
have shown an important improvement in 
movement tracking and trajectory calculation. 
Nevertheless, more testing and model 
improvements need to be made. An important part 
of the future steps is the trial of 1 tri-axial 
accelerometer plus 3 pairs of 2 single axle 
accelerometers setup. This setup will serve as a 
comparison array to aid the other tests in selecting 
the most precise testing setup.  
 
Signal managing is another issue, as noise 
generated through integration and iteration may 
create large errors that may lead to incorrect data 
management and use. These errors must be 
quantified and corrected, so as to have the 
knowledge on how integration and sensor 
positioning have an influence on the result.  
 
The general purpose of these tests is to obtain a 
reliable and robust methodology and equipment 
that leads to a better understanding and modelling 
of passenger behaviour during an accident. All the 
tests and their respective results must develop into 
a precise, yet practical instrument system for 
dummy monitoring.  
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ABSTRACT 

64km/h frontal offset crash tests are conducted by 

consumer crash test programs in Australia/New 

Zealand, Europe, the USA, Korea and Japan. Data 

from ANCAP and Euro NCAP crash tests are analysed 

and trends for head, chest and leg protection and 

structural performance are discussed.  

Vehicle designs have evolved to provide better 

occupant protection in frontal offset crashes. 

Consumer crash test programs have accelerated this 

process. 

INTRODUCTION 

The Australasian New Car Assessment Program 

(ANCAP), US Insurance Institute for Highway Safety 

(IIHS) and Euro NCAP have conducted 64km/h offset 

crash tests since the mid 1990s. Japan NCAP and 

Korean NCAP also conduct this test. In 1999 ANCAP 

aligned its test and assessment protocols with Euro 

NCAP and began republishing applicable Euro NCAP 

results.  

This paper sets out the results of an analysis of offset 

crash test results for 332 models of passenger vehicles. 

Results have been analysed by year model to check for 

trends over 12 years of testing (1996 to 2008). 

DATA SOURCES 

Crash tests conducted by Euro NCAP and ANCAP 

have been analysed. Table 1 sets out the number of 

models evaluated by year and vehicle category. Three 

categories have been used in the analysis: 

• Cars - Passenger cars, multi-purpose passenger 

vans, sports cars 

• SUVs - Sports Utility (four-wheel-drive) vehicles 

• Commercial ("Comm")  - Utilities ("pick-ups") and 

goods vans 

Table 1. Sample Sizes 

Year Model Cars Comm. SUVs All 

1996 4     4 

1997 9  3 12 

1998 15  2 17 

1999 17  1 18 

2000 14   14 

2001 17 5  22 

2002 8  16 24 

2003 26  3 29 

2004 20  7 27 

2005 26 11 8 45 

2006 24 1 11 36 

2007 28 5 5 38 

2008 30 9 7 46 

Total 238 31 63 332 

Sample sizes in some cells are small, resulting in some 

uncertainty with derived trends. Also it should be 

noted that NCAP organisations sometimes conduct 

campaigns targeted at particular groups of vehicles and 

this can affect the derived trends. 

All injury measurements are for Hybrid III 50%ile 

males. 

RESULTS - INJURY MEASUREMENTS 

Driver HIC 

Figure 1 shows the trends for driver Head Injury 

Criterion (HIC36). There is a slight downward trend. It 

is rare to see HIC above 650 (the Euro NCAP lower 

limit) after 2001. The few cases above this value 

generally do not have a driver airbag. ANCAP is likely 

to have influenced the uptake of airbags, particularly 

with commercial vehicles that can meet Australian 

regulations without an airbag. 

INJURY AND STRUCTURAL TRENDS  DURING 12 YEARS OF NCAP FRONTAL OFFSET CRASH TESTS 
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Figure 1. Trends in Driver HIC 

 

Figure 2. Trends in Driver Chest Compression 
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Figure 3. Trends in front passenger chest compression 

 

 

Figure 4. Trends in driver tibia index 
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Chest compression 

Figures 2 and 3 show trends in driver and passenger 

chest compression. The Euro NCAP system assigns a 

good rating for compression of 22mm or less and a 

poor if more than 50mm. 

There is a slight downward trend for car drivers but the 

average remains well above the desired 22mm level. 

There is a slightly stronger downward trend with 

passenger chest compression, compared with drivers, 

but the averages remain well above 22mm. 

For both the driver and passenger the average 

commercial vehicle values are substantially higher 

than for cars and SUVs. 

Seat belt technologies such as pretensioners and load-

limiters are usually fitted to models that achieve 

relatively low chest compression values. 

Driver Tibia Index 

Four separate tibia index values are measured. The 

worst of these four readings is used in the analysis (as 

it is for scoring under the Euro NCAP protocol). 

Results are plotted in Figure 4. The Euro NCAP 

system assigns a good rating for a tibia index of 0.4 or 

less and poor for 1.3 or more. 

The strong downward trend (that is, reduced risk of 

serious injury) that was evident in the 2001 analysis 

has continued (Paine 2001). 

RESULTS - DEFORMATION MEASUREMENTS 

A-Pillar Movement 

Residual rearward displacement of the A-pillar 

(adjacent to the upper hinge of the front door) gives an 

indication of the integrity of the passenger 

compartment. Large displacements are usually 

associated with catastrophic collapse of the roof, 

driver's door and floorpan. 

Euro NCAP applies a "chest score modifier" to A-

pillar displacements greater than 100mm, scaling up to 

a 2 point penalty at 200mm displacement. 

Results are plotted in Figure 5. A downward trend that 

was evident in 2001 has continued (Paine 2001). 

Commercial vehicles tend to have a larger 

displacement than cars or SUVs. 

 

Figure 5. A-pillar rearward displacement (mm) 
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Brake Pedal Movement 

Residual rearward displacement of the brake pedal 

gives an indication of potential injury to lower legs and 

feet. Breakaway pedal mounts are becoming common 

to eliminate rearward movement of pedals. 

Under the Euro NCAP system a good result is obtained 

if the displacement is less than 100mm and a poor 

result is obtained if the displacement is 200mm or 

more. Results are plotted in Figure 6.  

There is a downward trend for cars and SUVs. 

Commercial vehicles generally have much larger pedal 

displacement than cars and SUVs. In some cases it is 

possible that the groin of the dummy contacted a pedal 

that was displaced close to the front edge of the seat. 

Offset score 

The Euro NCAP system assigns a score out of four for 

each of four body regions: head/neck, chest, upper leg 

and lower leg. In some cases "modifiers" are applied to 

the scores - the scores are reduced to take into account 

the potential for further injury due to intrusion or stiff, 

sharp interior components. Figure 7 shows the trends 

for offset scores between 2000 and 2008.  

The general trend is an improvement in offset score, 

indicating reduced risk of serious injury. However, 

there are still some cases with comparatively poor 

offset scores. The average for commercial vehicles 

remains well below that for cars and SUVs. 

Vehicle body deceleration 

Vehicle body decelerations were available from model 

year 2000 for ANCAP tests. After review of the data it 

was decided to use the peak b-pillar x-axis deceleration 

on the non-struck side because the struck side plots 

had some unrepresentative spikes. The non-struck side 

was therefore considered to be more appropriate for 

comparison purposes.  

Figure 8 shows that there is no strong trend with peak 

vehicle deceleration over the eight years. This is 

despite the downward trend in a-pillar displacement 

over the same period (Figure 5). This result suggests 

that car designers are finding ways to manage vehicle 

decelerations at the same time that the cabin structural 

integrity is being improved. 

There was no noticeable change in average kerb mass 

of cars over the study period (not graphed). 

 

Figure 6. Pedal rearward displacement (mm) 
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Figure 7. Trends in offset test score (with modifiers) 

 

Figure 8. Trends in B-pillar deceleration (peak G, non-struck side) 
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TRENDS WITH TWO AUSTRALIAN CARS 

ANCAP began 64km/h offset crash tests of Australian 

cars in 1995. The trends with two popular large cars - 

the Holden Commodore and Ford Falcon - are 

analysed below. Both models reached an ANCAP 5-

star occupant protection rating for the first time in 

2008 (the Commodore offset test injury scores are 

based on the 2006 year model). 

ANCAP began assigning star ratings, based on Euro 

NCAP protocols, in 1999. ANCAP introduced more  

stringent requirements for a 5 star rating in 2004 when 

it required a score of at least one point in the side pole 

test. This effectively required head-protecting side 

airbags. In 2008 ANCAP added electronic stability 

control as a requirement for 5 stars. 

Deformation trends 

Figure 9 shows the trends with A-pillar displacement 

and pedal displacement for both models. 

The Falcon pedal displacement measurements  are not 

available for pre 2000 models but were large.  

There has been strong improvement in both 

deformation measurements over the decade. This is 

also evident in the images from the peak of the crashes 

(see Appendix 1). 

Injury Trends 

Driver injury measurements have been normalised 

using the Euro NCAP limit and the results are 

presented in Figures 10 & 11. The lower limit is used 

for HIC, chest compression and femur compression. 

The upper limit (1.3) is used for tibia index due to the 

very high values in the initial years. The Euro NCAP 

lower limit for tibia index is 0.4. 

The Commodore shows a strong improvement in 

driver HIC between 1996 and 1997. Chest 

compression and femur compression improved 

gradually. Tibia index improved strongly between 

1996 and 2003. 

For the Falcon the driver HIC, femur compression and 

tibia index improved strongly. Chest compression 

changed little. 

DISCUSSION 

The average values for HIC and chest compression for 

the driver, as measured in the 64km/h frontal offset 

crash test have reduced gradually over the 12 years of 

analysis. As observed in 2001 (Paine & Griffiths), 

some vehicles already had a driver airbag and 

advanced designs of seat belt by the mid 1990s.  

 

Figure 9. Deformation trends with Commodore & 

Falcon 

 

Figure 10. Commodore injury trends 

 

 

Figure 11. Falcon injury trends 
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The main effect of NCAP programs has been to 

influence the models that do not have these 

technologies and this appeared to be the case in Europe 

when Euro NCAP commenced.  By the late 1990s, 

however, Australia and New Zealand were noticeably 

lagging in the uptake of these features, which were not 

essential for meeting regulations. ANCAP is therefore 

likely to have resulted in accelerated introduction of 

these features (Fildes and others 2000). 

The risk of lower leg and foot injury has reduced 

substantially over the period of analysis. Footwell, 

pedal and underfloor designs continue to improve. This 

can be attributed, in part, to the consumer offset crash 

tests which can be very demanding on the vehicle 

structure in this region. Structures that channel crash 

forces around the vulnerable footwell area are evident 

in recent designs (Paine and others 1998). An 

increasing number of models have pedals with 

breakaway mounts or designs that move the pedal 

forward in the event of relative movement between the 

firewall and pedal mounting bracket. 

Commercial vehicles 

Unfortunately there remain on the Australian and New 

Zealand markets many models of commercial vehicle 

that have much lower performance than typical cars. 

This is a concern because these vehicles are usually 

used for work purposes, the drivers may have little say 

in the selection of these vehicles at the time of 

purchase and may travel many more kilometres per 

year than the average, increasing their crash exposure.  

There are now several ANÇAP 4-star commercial 

vehicles for sale in Australia and New Zealand. A few 

commercial utilities and vans have head-protecting 

side airbags as an option and these may achieve a 5-

star rating during 2009. 

Structural performance 

The analysis of vehicle body deceleration indicates a 

slight increase in the average of the peak B-pillar 

deceleration of tested models between 2000 and 2008 

(Figure 8: 28g to 34g). This slight increase contrasts 

with major improvements in lower leg protection 

(Figure 4) and suggests that footwell design 

improvements not been at the expense of substantially 

higher vehicle body deceleration.  

Prior to 2000 many models experienced excessive 

collapse of the front occupant compartment (see Figure 

5 and examples in the appendix). It is likely that 

vehicle body decelerations did increase during this 

period, when cabins were strengthened and more crash 

energy was absorbed by the front structure.  

Figures 1 and 2 indicate that front occupant restraint 

systems evolved to cope with these increased vehicle 

body decelerations. For example, seat belt 

pretensioners and load limiters allow the occupant to 

ride down the crash while controlling the loading on 

the human body. 

Digges and Dalmotas (2007) have proposed that US 

NCAP introduces a 40km/h full-frontal crash test using 

5%ile adult female dummies in both front seats. They 

note a rise in chest injuries suffered by frailer 

occupants in crashes of relatively low severity and 

suggest that occupant restraint systems appear to be 

optimised for the 50%ile adult male used in the 

56km/h US NCAP full frontal crash test. They also 

note that chest compression may be more relevant for 

frailer occupants than the chest deceleration that is 

rated by US NCAP. 

While comparison data was not available at the time of 

writing, it is possible that the Euro NCAP/ANCAP 

64km/h offset test (that already rates chest 

compression) would provide similar incentives to the 

proposed 40km/h full frontal test to address the 

protection of frailer occupants. In particular, car 

designers are known to have experienced challenges in 

getting front occupant chest compression below the 

22mm lower limit that is a "good" rating under Euro 

NCAP/ANCAP protocols. 

Consideration could be given to replacing the 50%ile 

adult male dummy in the front passenger seat with a 

5%ile adult female to further address the concerns 

about frail occupants. 

Rear seat occupants 

Rear seat restraint systems tend to be much less 

sophisticated than the front seat systems. There are no 

dynamic performance requirements for rear seat belts 

in Australian regulations. Recent analysis by Esfahani 

and Digges (2009) found concerns about rear seat 

occupant protection, compared with front seats. 

Brown and Bilston (2007) found that older children 

could be better protected in rear seats. Seat belt 

geometry and dynamic performance deserved greater 

attention. 

Mizuno and others (2007) conducted a series of full-

frontal crash tests with the intention of showing the 

hazards of not using seat belts in rear seats. An 

unexpected result was that the injury measurements for 

a restrained 5%ile adult female dummy indicated a 

high risk of head and thorax injury. As a result of 

follow-up research it is likely that Japan NCAP will 

add this dummy to the rear seat for its full frontal and 

frontal offset crash test protocols. 
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Timing of introduction of vehicle safety initiatives 

The table in Appendix 2 gives a timeline for 

introduction of various vehicle safety initiatives, such 

as the frontal offset crash test. This illustrates that 

NCAPs frequently introduce new requirements well 

ahead of the regulations and, in many cases, sets 

tougher requirements than subsequent regulations. 

These demanding NCAP tests are likely to have been a 

key factor in the improvements to occupant protection 

evident over the twelve years analysed for this paper. 

CONCLUSIONS 

Analysis of vehicle deformation and front occupant 

injury trends for NCAP frontal offset crash tests 

conducted between 1996 and 2008 indicated a gradual 

reduction in the risk of serious head and thorax injury 

and a strong reduction in the risk of serious lower leg 

injury. 

NCAP programs have likely had an influence on the 

models that did not perform well and many of these 

have dropped out of the Australasian market.  

Now that there is an ample choice in most vehicle 

segments, fleet purchasers are increasingly demanding 

a minimum 4 star ANCAP performance and this 

appears to have triggered some manufacturers into 

taking more notice of the ANCAP ratings. There have 

even been cases of retests of improved models in order 

to gain a better rating. 

Concerns remain about the dismal offset crash 

performance of many models of commercial vehicle. 

NCAPs should focus more attention on testing this 

group and draw attention to the large differences in 

performance. 

There are also concerns about the protection of rear 

seat occupants and it is clear that most rear seat 

restraint systems are not keeping pace with the design 

of front seat restraints. NCAPs should consider adding 

a small adult female dummy to the rear seat for the 

offset crash test. 
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APPENDIX 1 - IMAGES FROM CRASH TEST VIDEOS 

The following images illustrate the improvements in structural performance evident from 12 years of ANCAP offset 

crash tests. ANCAP began the Euro NCAP-style star rating in 1999. 

 

Year Model Holden Commodore Ford Falcon 

1994-6 

  

1997-8 

  

2000 

 

 
 

2003 

 

 

 

2008 
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Commercial utility vehicles - 64km/h offset crash tests conducted by ANCAP 

 

Vehicle 

Model 

1995 2005-8 

Holden 

Rodeo 

  

Mazda 

Bravo/ 

BT50 & 

Ford 

Courier 

 
 

Mitsubishi 

Triton 

 

 

Toyota 

Hilux 
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APPENDIX 2 - TIMING OF INTRODUCTION OF ROAD USER PROTECTION INITIATIVES 

 

Table A2. Timing of Road User Protection Initiatives 

Test Procedure Procedures 

Developed 

Consumer Tests Regulation (cars) 

Full frontal crash test USA: late 70s US NCAP: 1979 

ANCAP: 1992  

(56 km/h) 

FMVSS 208: late 1970s 

(48km/h) 

FMVSS 2008: 2007 (56km/h) 

ADR 69/00 1995 (48km/h) 

Offset crash test (40% 

frontal) 

EEVC: early 90s ANCAP: 1993 (60km/h) 

IIHS: 1995 (64km/h) 

ANCAP 1995 (64km/h) 

EuroNCAP: 1996 (64km/h)  

ECE R94: 1998 (56km/h) 

ADR73/00: 2000 for new 

models, 2004 for existing 

models (56km/h) 

Side Impact (Moving 

barrier, perpendicular 

impact) 

EEVC: early 90s EuroNCAP: 1996 (50km/h) 

ANCAP: 1999 (50km/h) 

ECE R95: 1998 (50km/h) 

ADR72/00: 2000 for new 

models, 2004 for existing 

models (50km/h) 

Side Pole Impact 

(29km/h perpendicular 

or 32km/h oblique) 

EEVC: mid 90s Euro NCAP: 1999 

ANCAP: 2000 

US NCAP: 2010 

US FMVSS 214: 2010 

ECE ? 

ADRs ? 

Pedestrian Protection EEVC: early 90s EuroNCAP 1996 (40km/h) 

ANCAP: 2000 (40km/h) 

ECE 2005 (first phase) 

ECE 2010 (second phase) 

ADRs ? 
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ABSTRACT 
 
It is known that some Electronic Control Units 
(ECUs) that are installed in a vehicle can record pre-
crash and/or post-crash information in an accident. 
The aim of this study is to understand the availability 
and usefulness of the ECU data and to develop 
various analysis methods enhancing the accident 
investigation. 
With respect to ABS-ECU, engine-ECU, and Event 
Data Recorder (EDR), two types of crash test data 
are analyzed in this study. The first type is the J-
NCAP crash tests, for understanding the EDR 
characteristics under standardized crash test 
conditions. The second type is the real-world 
accident reconstructions for evaluating the 
performance of those ECUs under highly complex 
and/or severe crash conditions, including multiple 
rear-end collisions, car-to-car side impacts, and 
frontal and side pole impacts. The data obtained from 
ECUs are compared with the results from the 
instrumented sensors. 
The study concludes that, the pre-crash velocities 
recorded by the EDR were highly accurate and 
reliable when cars proceeded without braking prior to 
the collision. The accuracy and reliability of the EDR 
impact velocity could be affected by the braking 
conditions and the EDR time zero information. The 
accuracy and reliability of the maximum delta-V 
recorded by the EDR decreased under highly 
complex or severe crash conditions, especially in the 
pole impacts. The EDRs underestimated the 
maximum delta-V in almost all the J-NCAP tests. 
The difference between the EDR maximum delta-V 

and the reference value was greater than 10 % in 4 of 
14 tests. One of the factors responsible for this result 
might be attributable to the characteristics of the 
accelerometers used in EDR. 
Diagnosis freeze data recorded in ABS-ECU and 
engine-ECU have a potential to be utilized for the 
accident investigation by providing additional pre-
crash vehicle information. However, further study is 
needed for understanding the reliability and accuracy 
of the diagnosis freeze data. 
 
INTRODUCTION 
 
Currently, many Electronic Control Units (ECUs) are 
used in a vehicle. Our preliminary study suggests that 
some ECUs such as ABS-ECU and engine-ECU 
could record pre-crash information in an accident 
[Nakano et al, 2008]. An ABS-ECU may record the 
tire wheel velocity when one of the four wheels is 
damaged at the collision. An engine-ECU could also 
record the engine control data including pre-crash 
vehicle speed when the engine is damaged at the 
collision. 
 
Whereas, Event Data Recorder (EDR) is an 
additional function installed in airbag control module 
(ACM) to record vehicle and occupant information 
for a brief period of time before, during, and after a 
crash event. Accordingly, EDRs are promising for 
accident investigation. They record delta-V, indicated 
vehicle speed, engine speed, seat position and safety 
belt status; furthermore, they verify whether or not 
the brake was applied, to what extent the accelerator 
pedal was depressed. 
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The National Highway Traffic Safety Administration 
(NHTSA) in the USA published a final rule on EDRs 
in August 2006 [49 CFR Part 563, 2006]. In January 
2008, NHTSA published a revised final rule on 
EDRs and responded to several petitions for 
reconsideration of the rule published in August 2006 
[49 CFR Part 563, 2008]. The US EDR rule became 
effective in March 2008. 
 
The Japanese Ministry of Land, Infrastructure, 
Transport and Tourism (J-MLIT) decided on the 
technical requirements for the application of EDRs to 
light vehicles (3500 kg GVWR or less) in March 
2008 [J-MLIT website, 2008]. This requirement—so 
called J-EDR technical requirement—is comparable 
to the US Part 563. However, J-EDR is adding two 
data elements which are the pre-crash warning and 
the pre-crash brake operating status. EDRs are now 
being installed in ACMs by several automakers. 
 
EDRs have the potential to enhance the accident 
investigation by adding the pre-crash and post-crash 
information. ABS-ECU and engine-ECU are 
expected to provide an additional pre-crash vehicle 
condition. However, if the read out data from these 
ECUs are to be utilized for accident investigation, it 
is first necessary to examine their reliability and 
accuracy. 
 
OBJECTIVE 
 
The objective of this study is to understand the 
availability and usefulness of the ECU recorded data 
and to develop analysis methods of those data for the 
improvement of accident investigation. 
 
APPROACH 
 
The analysis is based on two types of crash tests. The 
first type is the J-NCAP crash tests conducted in 
2006–2007 by National Agency for Automotive 
Safety and Victim's Aid (NASVA). The analysis of 
the J-NCAP data is for understanding the EDR 
characteristics under standardized crash test 
conditions. The second type is the real-world 
accident reconstructions conducted by National 
Research Institute of Police Science (NRIPS) in 
2007–2008 for evaluating the performance of the 
EDRs and investigating the diagnosis data of the 
ABS and engine ECUs under highly complex and/or 
severe crash conditions. The accident reconstruction 
tests consist of eight cases which are an offset frontal 
rigid barrier impact, multiple rear-end collisions (2 
cases), car-to-car side impacts (2 cases), frontal pole 
impacts (2 cases) and a side pole impact. 

RETRIEVAL OF DIAGNOSIS FREEZE DATA 
FROM ECUS 
 
We used a scan tool (Denso DST-2) for retrieving the 
diagnosis data from the ECUs. Some ECUs such as 
ABS-ECU and engine-ECU record pre-crash 
information as a freeze data in an accident. When a 
system detects the engine failure during the collision, 
engine control data including vehicle velocity could 
be recorded as freeze data in an engine-ECU. A 
typical engine failure was reconstructed in our 
previous study, in which the engine was intentionally 
stopped by disconnecting the airflow meter [Nakano 
et al, 2008]. 
 
Figure 1 shows an example of the results in this study, 
indicating the velocity data recorded as freeze data in 
the engine-ECU. The difference between the velocity 
data recorded in the engine-ECU and the reference 
value measured by using a chassis dynamo was less 
than 1 m/s. However, further study is needed for 
understanding the reliability and accuracy of those 
diagnosis freeze data to be used for the accident 
investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Velocity data recorded in engine-ECU. 
 
 
ANALYSIS OF J-NCAP TEST DATA 
 
The pre-crash velocity, maximum delta-V, and delta-
V time history recorded in the EDRs are compared 
with the results obtained from instrumented sensors 
and high-speed video cameras. According to the test 
procedures, three or four accelerometers are attached 
to the cars tested, and high-speed video cameras are 
employed. Acceleration data are recorded with a 
sampling rate of 10 KHz. High-speed video cameras 
capture displacement with a recording rate of 500 or 
1000 fps. The acceleration data from the sensors are 
integrated to obtain the delta-V during the collision. 
The displacement of the target marks on the cars 
captured by a high-speed video camera is 
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differentiated to obtain the delta-V. An external 
optical speed sensor is employed to obtain the impact 
velocities of the cars.  
 
Car models installed with EDRs are used for the 
analysis. The car velocities obtained as pre-crash data 
recorded in the EDRs are compared with the 
velocities obtained from the optical speed sensor and 
high-speed video cameras. The delta-V recorded in 
the EDR is compared with the delta-V calculated 
using the accelerometers and high-speed video 
cameras. 
 
Fourteen separate crash tests involving seven vehicle 
models equipped with EDR were analyzed. The 
analysis was based on the data obtained from the J-
NCAP full-lap frontal barrier (FLB) tests at 55 km/h 
along with 40% overlap offset frontal deformable 
barrier (ODB) tests at 64 km/h. The pre-crash 
velocity recorded in each EDR (VEDR) was compared 
with the data obtained from the optical speed sensor 
placed in front of the barrier (VOP). 
 
The EDR pre-crash velocity data were aligned along 
the EDR time zero, the time of airbag deployment 
algorithm-wakeup. In the crash tests, the beginning 
of the event is the time when the test vehicle contacts 
the opposing barrier or vehicle. That is, EDRs and 
crash test procedures use different definitions for the 
beginning of the event. However, the time axis is not 
adjusted in our study. 
 
The maximum delta-V and delta-V time history 
recorded in the EDRs were compared with the J-
NCAP test data obtained from three 
accelerometers—placed on the left-side sill (A-L), 
right-side sill (A-R), and center floor (A-C)—and 
from a high-speed video camera (Video). In several 
tests, the values obtained from the accelerometers 
significantly differ from those obtained from the 
video. Accordingly, after an intensive analysis of the 
J-NCAP crash test data, reference J-NCAP data for 
comparisons with the EDR data were selected as 
follows: 
・ For the maximum delta-Vs, the data obtained 

from the video were selected as reference values. 
・ For the delta-V time histories, the data obtained 

from the center-floor accelerometer (A-C) and the 
video were selected. However, when the values of 
the delta-V time history obtained from the A-C 
significantly differed from those obtained from 
the video, the average of the delta-V time history 
obtained from the accelerometers at the left-side 
sill (A-L) and right-side sill (A-R) was used. 

 

EDR Pre-Crash Velocity in J-NCAP Tests 
 
Table 1 compares the results obtained for the pre-
crash velocity. In all the cases, the difference 
between the EDR pre-crash velocity (VEDR) and the 
J-NCAP test velocity (VOP) is less than 4% (average: 
approximately 2%). The EDR pre-crash velocities are 
highly accurate and reliable but generally lower than 
the optically derived velocities (VOP). 
 

 
Test Model VOP VEDR Difference 

  m/s m/s m/s % 
 PC-1 15.3 15.0 -0.3 -2.0 
 PC-2 15.3 15.6 0.3 2.0 

FLB PC-3 15.3 15.0 -0.3 -2.0 
 PC-4 15.3 15.0 -0.3 -2.0 
 PC-5 15.3 15.0 -0.3 -2.0 
 Mv-1 15.3 15.0 -0.3 -2.0 
 Mv-2 15.3 14.9 -0.4 -2.6 
 PC-1 17.9 17.2 -0.7 -3.9 
 PC-2 17.8 17.8 0.0 0.0 

ODB PC-3 17.8 17.2 -0.6 -3.4 
 PC-4 17.8 17.2 -0.6 -3.4 
 PC-5 17.8 17.2 -0.6 -3.4 
 Mv-1 17.9 17.8 -0.1 -0.6 
 Mv-2 17.7 17.1 -0.6 -3.4 

Average   -0.3 -1.8 
Root mean square   0.4 2.6 

 
EDR Post-Crash Delta-V in J-NCAP Tests 
 
Table 2 compares the results for the post-crash 
maximum delta-V. The maximum delta-Vs recorded 
by the EDR (Max delta-VEDR) shows uncertainty in 
measurement in several cases when compared with 
the results obtained from the video (Max delta-VVideo) 
or the reference value. The difference is greater than 
5 % in 10 of 14 tests and greater than 10 % in 4 of 14 
tests. The average difference in the maximum delta-V 
is approximately 7 %, and the mean square difference 
8.4 %. The maximum delta-V values recorded by the 
EDR are generally lower than those measured by the 
high speed video (Max delta-VVideo). 
 
We also examined the degree of deviation of the 
maximum delta-Vs calculated by accelerometer 
signals (A-C, Ave. A-R and A-L) from the video 
results. As shown in Table 2, the deviation of the 
maximum delta-V calculated by A-C from the video 
results is greater than 5 % in 8 of 14 tests and greater 
than 10 % in 4 of 14 tests. Whereas, the deviation of 
the maximum delta-V calculated by average of A-R 
and A-L from the video results is less significant, that 
is, the deviations is less than 5 % in 10 of 14 tests. 

Table 1 
Comparison results of pre-crash velocity  

(J-NCAP) 
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Accordingly, the accuracy and reliability of the EDR 
maximum delta-V appeared to be of the same order 
as the data obtained by the single accelerometer in 
the crash tests. The accelerometers utilized in the 
EDRs could have the same performance as that of the 
instrumented accelerometers used in the crash tests. 
However, the maximum delta-Vs recorded by the 
EDRs were slightly lower than those obtained by the 
video and accelerometers in the J-NCAP tests (See 
Table 2), that is, the EDRs underestimated the 
maximum delta-V in almost all the tests. One of the 
factors responsible for this result might be 
attributable to the characteristics of the 
accelerometers to be used for an airbag sensor. 
 
In general, every accelerometer has its unique 
characteristics under the exposed environment. One 
of the typical characteristics of the accelerometer is 
the temperature dependency. An accelerometer signal 
contains an apparent acceleration due to the 
temperature dependency besides the actual 
acceleration. The apparent acceleration is a signal 
including the DC and/or low frequency components 
in frequency domain. The airbag sensor should have 

a function to cut the low frequency signal off by 
using a high-pass or band-pass filter, accordingly. 
The deletion of the low frequency components 
including the DC acceleration from the original 
acceleration signal affects the delta-V calculation. 
The characteristics of the filter designed in the airbag 
sensor plays an important role in the reliability and 
accuracy of the delta-V recorded by the EDR. 
 
Figure 2 compares the delta-V time history curves 
obtained by EDR with those from the accelerometers 
and video in the FLB and ODB tests . In many cases, 
there was an apparent difference between the EDR 
data and the results from the accelerometers and 
video. However, when we focused on the initial short 
time window of the delta-V curve, the EDR data 
were very comparable with those from the 
accelerometers. This initial short time window was 
up to about 60 ms in the FLB test and about 100 ms 
in the ODB test. This result suggests that the 
acceleration calculated by the EDR data agrees well 
with the accelerometer signal in these short time 
windows. 
 

 
Table 2 

Comparison results of post-crash maximum delta-V (J-NCAP) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Comparison of delta-V time histories from EDR, video and accelerometer. 
(*: Max ΔVEDR differed more than 10 percent compared with Max ΔVVideo.) 

m/s % m/s % m/s %
PC-1 17.2 17.0 17.7 16.5 -0.2 -1.2 0.5 2.9 -0.7 -4.1
PC-2 16.9 17.1 17.8 15.3 0.2 1.2 0.9 5.3 -1.6 -9.5
PC-3 17.1 16.4 18.1 14.9 -0.7 -4.1 1.0 5.8 -2.2 -12.9
PC-4 17.3 17.9 18.5 16.2 0.6 3.5 1.2 6.9 -1.1 -6.4
PC-5 17.0 18.8 17.6 16.7 1.8 10.6 0.6 3.5 -0.3 -1.8
Mv-1 17.1 21.4 17.1 14.7 4.3 25.1 0.0 0.0 -2.4 -14.0
Mv-2 17.0 18.1 17.5 15.2 1.1 6.5 0.5 2.9 -1.8 -10.6
PC-1 20.3 19.0 19.3 19.1 -1.3 -6.4 -1.0 -4.9 -1.2 -5.9
PC-2 19.4 22.1 19.4 19.2 2.7 13.9 0.0 0.0 -0.2 -1.0
PC-3 20.0 21.7 19.4 18.4 1.7 8.5 -0.6 -3.0 -1.6 -8.0
PC-4 20.7 20.2 19.9 18.7 -0.5 -2.4 -0.8 -3.9 -2.0 -9.7
PC-5 20.1 19.4 19.4 18.7 -0.7 -3.5 -0.7 -3.5 -1.4 -7.0
Mv-1 18.4 22.4 20.8 18.5 4.0 21.7 2.4 13.0 0.1 0.5
Mv-2 19.9 18.8 20.1 17.5 -1.1 -5.5 0.2 1.0 -2.4 -12.1

0.9 4.9 0.3 1.9 -1.3 -7.3
1.9 10.5 0.9 5.0 1.5 8.4

Test Model
Difference

[B]-[A]
Difference

[C]-[A]

Max
ΔVVideo

[A]
m/s
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ΔVA-C
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Figure 3.  Comparison of acceleration time histories from EDR and accelerometer. 
(*:  Max ΔVEDR differed more than 10 percent compared with Max ΔVVideo.) 

 
Figure 3 compares the calculated EDR acceleration 
and the accelerometer signal. The calculated EDR 
acceleration agreed well with the accelerometer 
signal for the entire period of 200 ms. Even in the 
worst cases (PC-3(FLB) , Mv-1(FLB), Mv-2(FLB) 
and Mv-2(ODB)), in which the EDR maximum delta-
V (Max ΔVEDR) differed by more than 10 percent 
from the video results (Max ΔVEDR), the calculated 
EDR acceleration plots were almost comparable with 
the accelerometer signals. 
 
A previous study [Niehoff et al, 2005] on EDRs 
produced results similar to those in our study; the 
difference between the pre-crash velocities was less 
than 1 mph in all the cases (average difference: 
1.1 %). The average difference in the maximum 
delta-V was approximately 6 %, and in nearly all the 
cases, the maximum delta-V recorded by the EDRs 
was less than the delta-V obtained by the 
instrumented accelerometers. In the previous study, it 
was explained that the EDR data loss was responsible 
for the difference in the delta-Vs, because the 
majority of the EDRs did not record the entire event. 
In contrast, although the EDRs used in our study 
recorded the entire event up to 200 ms, the EDRs 
underestimated the maximum delta-V in almost all 
the tests. 
 
ACCIDENT RECONSTRUCTIONS 
 
Typical real world accidents such as single car 
collisions against a road facility, car-to-car collisions 
at an intersection and multiple rear-end collisions on 
a freeway were reconstructed in order to understand 
the performance of an EDR. Diagnosis data from 
ABS-ECU and engine-ECU were also investigated in 
the accident reconstruction tests. In our instrumented 
laboratory tests, an offset frontal rigid barrier impact 
(See Fig. 4), car-to-car 90-degree side impacts (See 
Fig. 5), multiple rear-end collisions (See Fig. 6), and 
frontal and side pole impacts (See Fig. 7) were 
conducted, and their test data were analyzed. 
The analysis method was similar to that used in the J-
NCAP data analysis. The pre-crash velocity recorded 

by each EDR (VEDR) was compared with the data 
obtained from the optical speed sensor (VOP). Four 
accelerometers were used for calculating the post-
crash delta-V. The maximum delta-V and the delta-V 
time history recorded in the EDRs were compared 
with those obtained from four instrumented 
accelerometers—placed on the left-side sill (A-L), 
right-side sill (A-R), center floor (A-C), and airbag 
control module or ACM (A-EDR)—and from a high-
speed video camera (Video). The average 
acceleration measured by A-R and A-L (ave. A-R 
and A-L) was also used for obtaining the delta-V.  
 
Toyota Corolla (E140) equipped with EDR and front, 
side and curtain airbags (model year 2007 - 2008) 
was mainly used for the tests. In Figures 4-7, the test 
cars indicated as O-1, A-1, A-2, A-4, R-2, R-3, R5, 
R-6, P-1, P-2 and P-3 were Toyota Corolla (E140). 
Cars (R-1 and R-4) used for the multiple rear-end 
collisions in the front-most position were Toyota 
Progress (G10) equipped with EDR and front, side, 
and curtain airbags. A bullet car (A-3) used in the 
case 2 car-to-car side impact was Toyota Corolla 
previous model (AE110) not equipped with EDR. 
After the crash tests, the ACMs were removed for 
downloading the EDR data. 
 
Offset Frontal Rigid Barrier Impact  
 
As shown in Figure 4, the target velocity was 17.8 
m/s. The test was successfully conducted under the 
targeted conditions. O-1 collided against the rigid 
barrier with 40% overlap. After the collision, O-1 
rotated approximately 45° clockwise, and rebounded 
approximately 2 m from the barrier. Front airbags 
were deployed at the instant of the crash. 
 
Car To Car 90-Degree Side Impact 
 
As shown in Figure 5, the target velocity was 15.3 
m/s for both cars. Impact angle was 90-degree. Two 
tests (case 1 and case 2) were successfully conducted 
under the targeted conditions. 
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Figure 4.  40% overlap offset frontal rigid barrier 
test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Car to car 90-degree side impact tests 
 
 

 
 
 

 
 
 

Figure 6.  Multiple rear-end collision. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(1) Frontal pole impact 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(2) Frontal offset pole impact 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(3) Side pole impact 
 

Figure 7.  Pole impact tests. 
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In the case 1, A-1 and A-2 collided with each other at 
their front corner. Each car rotated along its outer 
direction (clockwise for A-1 and counterclockwise 
for A-2) and separated from each other at 
approximately 150 ms. The two cars maintained the 
rotation and impacted their rear sides again at 
approximately 300 ms. The front airbags of both A-1 
and A-2 were deployed at the instant of the crash. 
 
In the case 2, A-3 impacted the right side of A-4 near 
the rear wheel. Each car rotated along its outer 
direction (clockwise for A-3 and counterclockwise 
for A-4) and separated from each other at 
approximately 150 ms. A-3 and A-4 maintained the 
rotation for approximately 2 seconds. The angular 
displacement of A-3 at the final rest position was 
about 230-degree and that of A-4 about 410-degree. 
The front airbags of A-3 and the driver side curtain 
airbag of A-4 were deployed at the crash. 
 
Multiple Rear-End Collision 
 
As shown in Figure 6, two tests (case 1 and case 2) 
were conducted under the similar impact 
configuration. The case 1 was successfully conducted 
under the targeted conditions. The car (R-1) in the 
front-most position kept stopping by using the foot 
brake. The car in the middle position (R-2) and the 
car in the rearmost position (R-3) approached R-1. R-
2 activated full braking and then crashed into the rear 
end of R-1 (1st crash phase), and both the cars 
moved forward by approximately 1 m. Airbags of R-
1 and R-2 were not deployed in the 1st crash phase. 
Then, R-2 stopped and moved backward. 
Approximately 800 ms after the 1st impact, R-3 
crashed into the rear end of R-2 (2nd crash phase). 
The impact center of R-3 was off to the right side by 
approximately 0.2 m. The driver side curtain airbag 
of R-2 and the front airbags of R-3 were deployed in 
the 2nd crash phase. R-3 pushed R-2 forward and R-
2 crashed into the rear end of R-1 again (3rd crash 
phase). Approximately 2 seconds after the 1st crash 
phase, all the cars came to a stop. R-1 moved forward 
by approximately 4.5 m from the initial position. 
Airbags of R-1, R-2 and R-3 were not deployed in 
the 3rd crash phase. 
 
In the case 2, the car in the middle position (R-5) 
intended to avoid the rear end collision against the 
car (R-4) in the front-most position, however R-5 
crashed into the rear end of R-4 (1st crash phase) at 
4.1 m/s, and both the cars moved forward by 
approximately 0.2 m. The impact center of R-5 was 
off to the right side by approximately 0.2 m. Airbags 
of R-4 and R-5 were not deployed in the 1st crash 

phase. Then, R-4 and R-5 stopped. Approximately 
1.5 seconds after the 1st impact, the car in the 
rearmost position (R-6) crashed into the rear end of 
R-5 (2nd crash phase). The impact center of R-6 was 
off to the right side by approximately 0.1 m. Only the 
front airbags of R-6 were deployed in the 2nd crash 
phase. R-6 pushed R-5 forward and R-5 crashed into 
the rear end of R-4 again (3rd crash phase). 
Approximately 3 seconds after the 1st crash phase, 
all the cars came to a stop. R-4 moved forward by 
approximately 3.5 m from the initial position. 
Airbags of R-4, R-5 and R-6 were not deployed in 
the 3rd crash phase. 
 
Frontal and Side Pole Impacts  
 
As shown in Figure 7, the target velocity was 22.2 
m/s for each car and the pole diameter was 300 mm. 
Three tests were successfully conducted under the 
targeted conditions.  
In the frontal pole impact, the body center of P-1 
collided against the rigid pole. After the collision, P-
1 rebounded approximately 1.5 m from the pole. 
Front airbags were deployed at the instant of the 
crash. 
 
In the frontal offset pole impact, the front right side-
member (driver-side) of P-2 collided against the rigid 
pole (offset of 460 mm) with the engine idling. After 
the collision, P-2 rotated clockwise and crashed into 
the cushion barrier from the rear end. Front airbags 
were deployed at the instant of the crash. 
 
In the side pole impact, the driver-side of P-3 
collided against the rigid pole laterally with the 
engine idling. Impact center was the wheel base 
center of P-3. During the collision, P-3 wrapped 
around the pole and the body deformation was 
recovered significantly after the collision. Driver side 
curtain airbag was deployed at the instant of the crash. 
 
Pre-Crash EDR Data in Accident Reconstruction 
 
Table 3 shows the pre-crash data recorded by the 
EDRs in the accident reconstruction tests. Table 4 
summarizes the comparison results of the impact 
velocities recorded by the EDRs with those from the 
optical speed sensor and video. 
 
In the offset frontal rigid barrier impact, the test car 
(O-1) did not brake; hence, all pre-crash velocities 
had the same value of 17.8 m/s, whereas the optical 
speed sensor (VOP) indicated 17.9 m/s. The difference 
between the EDR impact velocity (VEDR) and VOP 
was 0.1 m/s, that is, a difference of less than 1%.  
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m/s %
Offset frontal 1 O-1 front-right Off 17.9 17.8 -0.1 -0.6

A-1 front-left Off 15.4 15.6 0.2 1.3
A-2 front-right Off 15.4 15.6 0.2 1.3
A-3 front Off 15.4 N/A N/A N/A
A-4 side-right Off 15.4 15.6 0.2 1.3
R-1 (1s t crash phase) rear On 0.0* 0.0 0.0 0.0

R-1 (3rd crash phase) rear On 0.0* 0.0 0.0 0.0

R-2 (1s t crash phase) front On 8.5 11.1 2.6 30.6
R-2 (2nd crash phase) rear On 0.6* 1.7 1.1 -**
R-3(2nd crash phase) front Off 21.5 21.7 0.2 0.9
R-4 (1s t crash phase) rear On 0.0 0.0 0.0 0.0

R-4 (3rd crash phase) rear On 0.0 0.0 0.0 0.0

R-5 (1s t crash phase) front On 4.1* 4.4 0.3 7.3
R-5 (2nd crash phase) rear On 0.0* 0.0 0.0 0.0

R-6(2nd crash phase) front Off 22.0 22.2 0.2 0.9
1 P-1 front-center Off 22.4 22.8 0.4 1.8
2 P-2 front-right Off 22.2 22.2 0.0 0.0
3 P-3 s ide-right Off 22.3 N/A N/A N/A

0.4 3.2
0.7 8.5

*:Data from video Analys is
**:VOP and VEDR are so small that percentage is  excluded

Average
Root mean square

Multiple
rear-end

Pole

1

2

1

2

VOP

m/s
VEDR

m/s
Difference

Car to car
90 degree

s ide impact tes t

Test type No. Model Ｂｒａｋｅ
Impact-

direction

Table 3. 
EDR pre-crash data in accident reconstruction tests 

Model Model
Time(sec)* -4.1* -3.1* -2.1* -1.1* -0.1* 0* Time(sec)* -4.9* -3.9* -2.9* -1.9* -0.9* 0*
Velocity(m/s) 17.8 17.8 17.8 17.8 17.8 17.8 Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0
Brake Off Off Off Off Off Off Brake On On On On On On

Model
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0*

Model Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0* Brake On On On On On On
Velocity(m/s) 12.8 14.4 15.6 15.6 15.6 15.6 Model
Brake Off Off Off Off Off Off Time(sec)* -4.6* -3.6* -2.6* -1.6* -0.6* 0*
Model Velocity(m/s) 21.7 22.2 22.2 22.2 16.1 11.1
Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0* Brake Off Off Off Off On On
Velocity(m/s) 13.3 15.0 15.6 15.6 15.6 15.6 Model
Brake Off Off Off Off Off Off Time(sec)* -4.4* -3.4* -2.4* -1.4* -0.4* 0*
Model Velocity(m/s) 22.2 22.2 22.2 16.1 3.3 1.7
Time(sec)* -4.6* -3.6* -2.6* -1.6* -0.6* 0* Brake Off Off Off On On On
Velocity(m/s) 13.9 15.0 15.6 15.6 15.6 15.6 Model
Brake Off Off Off Off Off Off Time(sec)* -4.2* -3.2* -2.2* -1.2* -0.2* 0*

Velocity(m/s) 22.2 22.2 22.2 21.7 21.7 21.7
Brake Off Off Off Off Off Off

Model Model
Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0* Time(sec)* -4.5* -3.5* -2.5* -1.5* -0.5* 0*
Velocity(m/s) 21.1 22.2 22.8 22.8 22.8 22.8 Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0
Brake Off Off Off Off Off Off Brake On On On On On On
Model Model
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0* Time(sec)* -4.0* -3.0* -2.0* -1.0* 0*
Velocity(m/s) 16.1 18.3 20.6 21.7 22.2 22.2 Velocity(m/s) 0.0 0.0 0.0 0.0 0.0
Brake Off Off Off Off Off Off Brake On On On On On
Accelerator Off Off Off Off Off Off Model
Engine(rpm) 400 400 400 400 400 400 Time(sec)* -4.8* -3.8* -2.8* -1.8* -0.8* 0*
Model Velocity(m/s) 19.4 21.7 22.2 22.2 12.8 4.4
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0* Brake Off Off Off On On On
Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0 Model
Brake Off Off Off Off Off Off Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0*
Accelerator Off Off Off Off Off Off Velocity(m/s) 22.2 22.2 12.8 4.4 0.0 0.0
Engine(rpm) 400 400 400 400 400 400 Brake Off On On On On On

Model
Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0*

** Result from video analys is Velocity(m/s) 22.2 22.8 22.8 22.2 22.2 22.2
Brake Off Off Off Off Off Off

   * EDR time zero is the time of airbag dep loyment algorithm-wakeup .

Multiple
rear-end
collis ion

1

R-1 in 1st crash phase(rear crash)

R-1 in 3rd crash phase(rear crash)

R-2 in 1st crash phase(frontal crash)

R-2 in 2nd crash phase(rear crash)

R-3 in 2nd crash phase(frontal crash)

2

R-4 in 1st crash phase(rear crash)

R-4 in 3rd crash phase(rear crash)

R-5 in 1st crash phase(frontal crash)

R-5 in 2nd crash phase(rear crash)

R-6 in 2nd crash phase(frontal crash)

Frontal and
side pole
impacts

1

P-1 (frontal pole impact)

2

P-2 (frontal offset pole impact)

3

A-2 (front-right s ide crash)

2

A-4 (s ide-right crash)

Optical speed sensor: A-1 = 15.4 m/s, A-2 = 15.4 m/s , A-3 = 15.4 m/s , A-4 = 15.4 m/s

Optical speed sensor: O-1 = 17.9 m/s

Optical speed sensor: P-1 = 22.4 m/s , P-2 = 22.2 m/s , P-3 = 22.3 m/s

Optical speed sensor: R-2 = 8.5 m/s , R-3=21.5 m/s , R-5=4.1** m/s , R-6=22.0 m/s

P-3 (s ide pole impact)

Offset
frontal rigid

barrier
impact

1

O-1

Car to car
90-degree

s ide impact

1

A-1 (front-left s ide crash)

Table 4. 
Comparison results of EDR pre-crash impact velocities in accident reconstruction tests 
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In the case 1 of the car to car 90-degree side impact, 
the two cars (A-1 and A-2) were accelerated and 
maintained the same velocity for approximately 3 
seconds immediately before the impact, without 
braking. For the two cars, the impact velocity (VEDR) 
recorded by their EDRs was 15.6 m/s and the optical 
speed sensor velocity (VOP) was 15.4 m/s. The 
difference in the impact velocity between the EDR 
and laboratory test data was 0.2 m/s, a difference of 
approximately 1 %. 
 
In the case 2 of the car to car 90-degree side impact, 
only the target car (A-4) was equipped with the EDR. 
The EDR pre-crash data of A-4 indicated that A-4 
was accelerated and maintained the same velocity for 
approximately 3 seconds immediately before the 
impact, without braking. The impact velocity (VEDR) 
recorded by the EDR was 15.6 m/s and the optical 
speed sensor velocity (VOP) was 15.4 m/s for each car. 
The difference (0.2 m/s) in the impact velocity 
between the EDR and laboratory test data was 
approximately 1 %. 
 
In the case 1 of the multiple rear-end collision, the 
car (R-1) in the front-most position was impacted 
twice by the middle car (R-2). In both the events for 
R-1, the impact velocity of R-1 recorded by the EDR 
was 0 m/s, and this value agreed with the results 
obtained by the video. At the first impact, the impact 
velocity of R-2 recorded by the EDR was 11.1 m/s, 
and this value differed by 2.6 m/s (31%) from the 
results obtained by the optical sensor (8.5 m/s). At 
the second impact, the impact velocity of R-2 
recorded by the EDR was 1.7 m/s, and this value 
differed by 1.1 m/s from the results obtained by the 
video (0.6 m/s). In the cases with braking on, the 
EDR overestimated the impact velocity by 1.1–2.6 
m/s. One of the factors responsible for this difference 
should be the different definitions between EDRs and 
crash test procedures for the beginning of the crash 
event. In the second crash phase, the EDR impact 
velocity of R-3 was 21.7 m/s, and this value differed 
by 0.2 m/s (1%) from the result obtained by the 
optical sensor (21.5 m/s). The EDR pre-crash 
velocities of R-3 had almost similar values since R-3 
did not brake. 
 
In the case 2 of the multiple rear-end collision, the 
car (R-4) in the front-most position was impacted 
twice by the middle car (R-5). In both the events for 
R-4, the impact velocity of R-4 recorded by the EDR 
was 0 m/s, and this value agreed with the result 
obtained by the video. At the first impact, the impact 
velocity of R-5 recorded by the EDR was 4.4 m/s, 
and this value differed by 0.3 m/s (7.3 %) from the 

results obtained by the video (4.1 m/s). At the second 
impact, the EDR impact velocity of R-5 was 0.0 m/s, 
and this value was the same result obtained by the 
video (0.0 m/s). In these cases, the EDR recorded the 
impact velocity accurately even if the brake was used. 
In the second crash phase, the EDR impact velocity 
of R-6 was 22.2 m/s, and this value differed by 0.2 
m/s (1%) from the result obtained by the optical 
sensor (22.0 m/s). All the EDR pre-crash velocities 
of R-6 had almost similar values.  
 
In the case of the frontal pole impact, the EDR of the 
test car (P-1) indicated that P-1 was accelerated and 
maintained the same velocity for approximately 3 
seconds immediately before the impact, without 
braking. The impact velocity (VEDR) recorded by the 
EDR was 22.8 m/s and the optical speed sensor 
velocity (VOP) was 22.4 m/s. The difference in the 
impact velocity between the EDR and laboratory test 
data was 0.4 m/s, a difference of approximately 2 %. 
 
In case of the frontal offset pole impact, the EDR of 
the test car (P-2) indicated that P-2 was accelerated 
immediately before the impact, with the engine idling 
at 400 rpm, braking off and accelerator off. The 
impact velocity (VEDR) recorded by the EDR was 
22.2 m/s and the optical speed sensor velocity (VOP) 
was 22.2 m/s. The EDR pre-crash data corresponded 
to the laboratory impact conditions. 
 
In case of the side pole impact, the EDR of the test 
car (P-3) indicated that the P-3 was stationary with 
the engine idling at 400 rpm, braking off and 
accelerator off. P-3 was accelerated laterally before 
the impact with the engine idling, without brake. 
Accordingly, the P-3 EDR recorded data 
corresponded to the targeted test condition. 
 
As shown in Table 4, the difference between the 
EDR impact velocity (VEDR) and that obtained from 
the optical speed sensor (VOP) is less than 0.5 m/s in 
almost all the tested cars except for R-2. The 
difference in R-2 was 2.6 m/s for the first crash and 
1.1 m/s for the second crash. In the case of R-2, the 
EDR time zero could significantly affect the pre-
crash velocity recorded by the EDR because R-2 
decelerated by braking before the impact. Even a 
slight shift in the time zero can cause a significant 
deviation in the impact velocity obtained by the EDR. 
It should be noted that the pre-crash velocities 
recorded by the EDR were highly accurate and 
reliable when cars proceeded without braking prior to 
the collision. The accuracy and reliability of the EDR 
pre-crash velocity might be affected by the braking 
condition and the time zero definition of the EDR. 
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Post-Crash EDR Data in Accident Reconstruction 
 
Table 5 compares the results obtained for the post-
crash longitudinal maximum delta-V. The maximum 
delta-Vs recorded by the EDR (Max delta-VEDR) 
shows uncertainty in measurement in several cases 
when compared with the results obtained by the 
video (Max delta-VVideo) and/or the accelerometers.  
 
In case of P-1 in the frontal pole impact, the EDR 
maximum delta-V (Max delta-VEDR (17.5 m/s)) was 
approximately 30 % lower value as compared to the 
results from the video and accelerometer (Max delta-
VVideo (24.8 m/s), Max delta-VA-C (25.0 m/s)). In case 
of P-2 in the frontal offset pole impact, the difference 
between those velocities was less than 10 %.  Front 
airbag sensors were located in the front side members 
of the tested cars and the side member of P-2 directly 
crashed against the pole. Accordingly, the airbag 
sensors of P-2 could detect the crash event much 
earlier as compared to those of P-1. Airbag 
deployment could be delayed in this type of frontal 
pole impact and the time delay affects the safety 
performance of the airbag system. During the initial 
contact against the pole, the airbag deployment 
algorithm may not wakeup, and the vehicle driver 
and passengers could move forward according to the 
vehicle deceleration or velocity change. 
When excluding the pole impacts, the differences 
between the EDR maximum delta-Vs and the 
reference values (Max delta-VVideo, Max delta-VA-C) 
were less than 2 m/s. The deviation of the EDR 

maximum delta-Vs from the reference values was 
approximately 2 m/s by the root mean square velocity.  
 
The results indicate that the accuracy and reliability 
of the maximum longitudinal delta-V obtained by the 
EDR decreased under more complex crash conditions 
as compared to the standardized crash tests or the J-
NCAP test. However, the errors in the data obtained 
by the video and accelerometer should be considered. 
 
Table 6 compares the results obtained for the post-
crash lateral maximum delta-V. The lateral maximum 
delta-Vs (Max delta-VEDR) obtained by the EDR 
showed lower values as compared to the data 
obtained by the accelerometer (Max delta-VA-EDR) 
and the difference was less than 2 m/s when 
excluding the side pole impact (P-3). In case of the 
side pole impact (P-3), the EDR lateral maximum 
delta-Vs was approximately 4 m/s lower value than 
the reference (Max delta-VA-EDR). The difference 
between the maximum lateral delta-Vs was greater 
than 20 % in 2 of 4 tests (average: approximately 
18 %).  
 
Figure 8 shows the post-crash longitudinal delta-V 
time histories obtained from the EDR, video and 
accelerometers in offset frontal rigid barrier impact. 
During the initial time window, the delta-V time 
history obtained from the video showed a phase 
delay as compared with the data obtained from the 
EDR and accelerometers.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

m/s % m/s % m/s %
Offset frontal 1 O-1 front-right 20.5 17.4 20.2 -0.3 -1.5 2.8 16.1 -3.1 -15.1

A-1 front-left 6.1 8.3 8.0 1.9 31.1 -0.3 -3.6 2.2 36.1
A-2 front-right 6.3 8.8 7.9 1.6 25.4 -0.9 -10.2 2.5 39.7
A-3 front 4.0 4.5 N/A N/A N/A N/A N/A 0.4 11.1
A-4 side-right N/A 3.8 3.5 N/A N/A -0.4 -9.2 N/A N/A
R-1 (1st) rear 3.6 3.8 4.2 0.6 16.7 0.4 10.5 0.2 5.6
R-1 (3rd) rear 6.6 6.6 6.9 0.3 4.5 0.3 4.5 0.0 0.0
R-2 (1st) front 7.0 5.7 6.1 -0.9 -12.9 0.4 7.0 -1.3 -18.6
R-2 (2nd) rear 5.7 7.5 6.9 1.2 21.1 -0.6 -8.0 1.8 31.6
R-3 (2nd) front 17.6 17.7 16.8 -0.8 -4.5 -0.9 -5.1 0.1 0.6
R-4 (1st) rear 1.9 1.9 1.9 0.0 0.0 0.0 0.0 0.0 0.0
R-4 (3rd) rear 6.4 6.3 6.7 0.3 4.7 0.4 6.3 -0.1 -1.6
R-5 (1st) rear 4.1 4.2 3.2 -0.9 -21.5 -1.0 -23.4 0.1 2.4
R-5 (2nd) front 8.3 8.3 9.1 0.8 9.9 0.8 9.9 0.0 0.0
R-6 (2nd) front 17.0 16.8 16.0 -1.0 -6.1 -0.8 -5.0 -0.2 -1.2

1 P-1 front-center 24.8 *25.0 17.5 -7.3 -29.4 -7.5 -29.9 0.2 0.8
2 P-2 front-right 23.2 22.5 20.9 -2.3 -9.8 -1.6 -7.0 -0.7 -3.0
3 P-3 side-right N/A 8.0 7.9 N/A N/A -0.1 -1.7 N/A N/A

-0.5 1.8 -0.5 -2.9 0.1 5.5
2.2 16.6 2.0 11.9 1.3 17.0

Difference
[C]-[A]

Difference
[C]-[B]

Difference
[B]-[A]

Pole

1

2

1

2

Test type No.

Car to car
90 degree

side impact test

Multiple
rear-end

MaxΔVVideo

[A]
m/s

MaxΔVA-EDR

[B]
m/s

MaxΔVEDR

[C]
m/s

* Data of center floor acceleration (A-C)

Average
Root mean square

Impact-
direction

Model
(crash)

Table 5. 
Comparison results of longitudinal maximum delta-V in accident reconstruction tests 
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Figure 8.  Delta-V time history curves obtained 
from EDR, video and accelerometers for 
longitudinal direction in offset frontal rigid 
barrier test. 
 
 
The delta-V time history obtained from the EDR 
reached a constant value and was approximately 
similar to the result obtained from the video after 100 
ms. However, the delta-Vs obtained from the 
instrumented accelerometers indicated a different 
tendency after 100 ms as compared with the data 
obtained from the EDR and video. The delta-VA-EDR 
differed significantly from the other data. The factors 
responsible for these differences in velocities were 
estimated to be the large deformation at the location 
of ACM. It can be noted that this deformation could 
cause the distortion against the ACM outer cover and 
the accelerometer case since the accelerometer was 
bonded on the ACM. The distortion of the outer case 
of the accelerometer could affect the internal strain 
gage sensor. 
 
Figure 9 compares the post-crash longitudinal delta-
V time history obtained by the EDR with that 
obtained from the accelerometer on the ACM (A-
EDR) for the three cars (A-1, A-2 and A-4) in car-to-
car 90-degree side impacts. In these cars, the delta-V 
time history obtained by the EDR was comparable 

with that obtained from the accelerometer on the 
ACM for the entire period of 200 ms. The difference 
between the maximum delta-VEDR and the maximum 
delta-VA-EDR was less than 1 m/s (0.3 m/s for A-1, 0.9 
m/s for A-2 and 0.4 m/s for A-4) in the three cars. 
 
Figure 10 compares the post-crash lateral delta-V 
time history obtained by the EDR with that obtained 
from the accelerometer on the ACM (A-EDR) in car-
to-car 90-degree side impact tests. For the time 
window from 0 to 50 ms, the lateral delta-V time 
history obtained by the EDR agreed well with the 
data obtained by the accelerometer (A-EDR) for the 
three cars (A-1, A-2 and A-4). After 50 ms, the 
difference between the curves started to increase. 
This tendency is very similar to the result obtained 
when comparing the EDR longitudinal delta-V curve 
with the corresponding accelerometer data in the 
analysis of the J-NCAP full lap barrier (FLB) tests. 
 
Figure 11 compares the longitudinal delta-V time 
histories obtained by the EDR with those obtained 
from the accelerometers and video in multiple rear-
end collision tests. The EDRs of R-1 and R-4 
recorded the longitudinal delta-V for 150 ms. This 
limitation may not affect the data analysis since the 
time duration of a car-to-car collision is 
approximately 150 ms in general. 
 
In the case 1 of the multiple rear-end collision test, 
the EDR delta-V time history of R-1 in the first crash 
phase agreed well with the results obtained by the 
accelerometers and video. In the third crash phase, 
according to the different definitions for the 
beginning of the crash event, the delta-V time 
histories of R-1 obtained from the accelerometers and 
video showed a phase delay from the EDR data. The 
phase delay can be adjusted by shifting the EDR time 
zero. The difference between the values of delta-Vs 
of R-1 in the third crash phase became minimal by 
shifting the EDR time zero. 
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MaxΔVA-EDR MaxΔVEDR

m/s m/s m/s %
A-1 front-left 8.9 7.8 -1.1 -12.4
A-2 front-right 9.1 7.2 -1.9 -20.9

2 A-4 front-right 2.0 1.8 -0.2 -9.7
Pole 3 P-3 s ide-right 15.7 11.4 -4.3 -27.2

-1.9 -17.5
2.4 18.9Root mean square

Difference

1

Average  

car to car
90 degree

side impact tes t

impact-
direction

Test type No. Model

Table 6. 
Comparison results of lateral maximum delta-V in accident reconstruction tests (0 to 80 ms)
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Figure 9.  Delta-V time history curves obtained 
from EDR and A-EDR for longitudinal direction 
in car-to-car 90-degree side impacts. 
 
In the first crash phase, the delta-V time histories of 
R-2 obtained from the EDR and video were 
comparable for the entire period of 200 ms. In the 
second crash phase, the delta-V time histories of R-2 
obtained from the EDR and accelerometers were 
comparable for 100 ms, however the data obtained 
from the center floor accelerometer (A-C) was not 
usable after 120 ms due to the measurement error. In 
the second crash phase, the delta-V time histories of 
R-2 obtained from the video was significantly 
different from the data obtained from the EDR and 
accelerometers. High speed video analysis indicated 
the independent motion between the outer body shell 
(on which the target marks for video analysis were 
attached) and the inner main body (in which the EDR 
and accelerometers were fixed).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Delta-V time history curves obtained 
from EDR and A-EDR for lateral direction in car-
to-car 90-degree side impacts. 
 
The independent body motion could be possible since 
R-2 was sandwiched between R-1 and R-3 in the 
second crash phase. 
In the second crash phase, the delta-V time histories 
of R-3 obtained from the EDR, video and 
accelerometers were comparable for the entire period 
of 200 ms. 
 
In the case 2 of the multiple rear-end collision test, 
the EDR delta-V time history of R-4 in the first crash 
phase agreed well with the results from the video and 
accelerometers. In the third crash phase, the delta-V 
time histories of R-4 obtained from the 
accelerometers and video showed an apparent phase 
delay from the EDR data again according to the 
different definitions of time zero. 
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Figure 11.  Delta-V time history curves in multiple rear-end collision tests. 
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Accordingly, the difference between the values of 
delta-Vs of R-4 in the third crash phase became 
minimal by shifting the EDR time zero for about 50 
ms. 
In the first crash phase, the delta-V time histories of 
R-5 obtained from the EDR, video and 
accelerometers were comparable for the entire period 
of 200 ms. In the second crash phase, the delta-V 
time histories of R-5 obtained from the EDR and 
accelerometer (A-EDR) were almost comparable for 
200 ms. However, the data obtained from the video 
was different from those obtained by the EDR and 
accelerometers. One of the reasons causing this 
difference was previously mentioned for the R-2 
second crash.  
In the second crash phase, the delta-V time histories 
of R-6 obtained from the EDR, video and 
accelerometers were comparable for the entire period 
of 200 ms. 
 
Figure 12 compares the longitudinal delta-V time 
histories obtained by the EDR with those obtained by 
the accelerometers and video in the pole impacts. The 
EDR longitudinal delta-V time history of P-1 was 
significantly different from the data obtained from 
the video and accelerometers. One of the factors 
responsible for this difference was the delay 
detecting the crash event by the airbag sensors 
located in the front side members. The data obtained 
from the accelerometer attached on the ACM (A-
EDR) was not usable after 50 ms due to the 
measurement error. 
In the cases of P-2 and P-3, the EDR longitudinal 
delta-V time history was comparable with that 
obtained from the accelerometer attached on the 
ACM (A-EDR) 
 
Figure 13 compares the lateral delta-V time histories 
obtained by the EDR with those obtained by the 
accelerometer (A-EDR) and video in the side pole 
impact. The EDR delta-V time histories in lateral 
direction of P-3 were obtained for 80 ms at the 
positions of ACM, B-pillar and C-pillar where the 
airbag sensors were installed. Each of the EDR 
lateral delta-V time history was different according to 
the location of the measurement. The EDR lateral 
delta-V time history curve recorded in the ACM was 
comparable with that of the C-pillar. At about 70 ms, 
each of the EDR lateral delta-V became a similar 
value. The slope of the EDR lateral delta-V curves of 
the ACM and C-pillar was less steep as compared 
with the result obtained by the video and 
accelerometer.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Longitudinal delta-V time history 
curves in frontal and side pole impacts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Lateral delta-V time history curves in 
side pole impact. 
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ABS-ECU and Engine-ECU Data in Accident 
Reconstruction 
 
Diagnosis data recorded in the ABS-ECU and 
engine-ECU were downloaded by using a scan tool 
(Denso DST-2) from the cars that were tested. Two 
cars (P-2 and P-3) were crashed with the engine 
idling and the remaining cars were tested with the 
engine stopped. In the cases of P-2 and P-3, onboard 
diagnosis (OBD) connectors were severely damaged 
and the ABS-ECU and engine-ECU were not 
diagnosed by the scan tool. In other cases, the 
diagnoses for the ECUs were conducted successfully 
by the scan tool; however, useful information, 
including pre-crash vehicle conditions, was not 
available from the ECUs except in one case (A-4). In 
the case of A-4, the diagnosis data, including the 
vehicle speed, were downloaded from the ABS-ECU 
successfully. 
 
A-4 was the target car in the car-to-car 90-degree 
side impact test and its right rear wheel was damaged 
during the collision. The diagnosis data included the 
vehicle speed and the rotational velocity of the four 
wheels as follows: 

Vehicle velocity: 15.6 m/s 
R. F. wheel: 14.4 m/s, L. F. wheel: 15.6 m/s 
R. R. wheel:  4.4 m/s, L. R. wheel: 16.1 m/s 

The vehicle velocity recorded in the ABS-ECU (15.6 
m/s) corresponded to the EDR impact velocity (15.6 
m/s). When one of the ABS sensors is damaged 
during collision, the ABS-ECU may record the 
vehicle speed and wheel velocities at the event of the 
ABS malfunction. 
 
CONCLUSIONS 

With respect to ABS-ECU, engine-ECU, and Event 
Data Recorder (EDR), two types of crash test data 
are analyzed in this study. The first type is the J-
NCAP crash tests. The analysis of the J-NCAP data 
is for understanding the EDR characteristics under 
standardized crash test conditions. The second type is 
the real-world accident reconstructions for evaluating 
the performance of those ECUs under highly 
complex and/or severe crash conditions. The 
conclusions are summarized as follows: 
・ The pre-crash velocities recorded by the EDR 

were highly accurate and reliable when cars 
proceeded without braking prior to the collision. 
The accuracy and reliability of the EDR impact 

velocity could be affected by the braking 
conditions and the EDR time zero information. 

・ The accuracy and reliability of the maximum 
delta-V recorded by the EDR decreased under 
highly complex or severe crash conditions, as 
compared to the results obtained from the 
standardized crash tests. The factors responsible 
for this result were attributable to the 
characteristics of the accelerometers used in 
EDR, the large deformation at the location of the 
airbag control module, vehicle body rotation in a 
collision, etc. 

・ When one of the ABS sensors installed in an 
impacted vehicle was damaged during collision, 
the ABS-ECU recorded the vehicle speed and 
the tire rotational velocity of the four wheels at 
the event of an ABS malfunction. 

・ The engine-ECU could record the vehicle speed 
information when the engine was damaged 
during collision. In order to obtain and 
understand the information of the engine-ECU, 
crash tests are recommended to be carried out 
with the engine running. 
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ABSTRACT 
 
Around 15% of traffic accident casualties in 
Europe are pedestrians. To date, most of the studies 
carried out only provide statistical information on 
the problem and few in-depth studies provide 
countermeasures which might correct it. 
 
There are many studies concerning pedestrian 
protection, which can be grouped into ‘pedestrian 
modelling’, ‘biomechanical limits for pedestrians’ 
and ‘statistical analysis for pedestrian accidents’. 
Despite these studies, there is no predictive analysis 
of the benefits of pedestrian protection systems 
based on their intrinsic capabilities applied to a real 
accident sample. 
 
This paper describes a methodology for the 
evaluation of pedestrian protection systems based 
on the analysis of a wide sample of urban 
pedestrian accidents. All of them are analysed in-
depth and reconstructed with PC-Crash®. The 
effects of the frontal structure of the vehicles and 
several active systems, such as BAS and Pedestrian 
Detection Systems are evaluated. 
 
The paper includes the description of the 
methodology followed for a sample of 
approximately 140 pedestrian urban accidents in 
three cities of Spain (Madrid, Barcelona and 
Zaragoza) and the corresponding reconstructions 
generated with PC-Crash®. Then, a methodology 
to simulate the passive and active improvements 
(including pedestrian friendly structure, BAS and 
Pedestrian Detection Systems) is defined and 
applied to all sample accidents. The results of these 

new simulations are used to evaluate the benefits of 
these systems. The main conclusions are discussed, 
accounting for the limitations of the study, which 
basically lie in the modelling of the Pedestrian 
Detection Systems. 
 
The methodology proposed in this paper can be 
applied to other vehicle safety devices to evaluate 
their effectiveness, based on the analysis of real 
accidents. All the results presented here come from 
a project partly funded by the Spanish Ministry of 
Industry. 
 
In-depth Analysis of a Sample of Pedestrian 
Accidents 
 
The following general methodology was used for 
the pedestrian accident analysis: 
 

• Accident Scenario Information 
� Accident description 
� Sketch 
� General photographs 
� Pedestrian Data 

• Analysis and information process 
� Damage to the vehicle 
� Pedestrian injuries 

o Injury description 
o Injury mechanism 

• Virtual reconstruction of the accident 
� Vehicle parameters and profile 

definition 
� Pedestrian model 
� Simulation with PC-Crash® 

o Tyre-road adherence 
o Impact velocity 
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o Previous phase to the 
pedestrian accident 

 
Definition of the Simulation Methodology with 
PC-CRASH® and Parameter Adjustment 
 
Once the initial phase of information compilation 
from the accident scenario is complete, and after 
having carried out the complete analysis of that 
information, a series of input data is obtained for 
simulation with PC-Crash®. 
 
The first step in the reconstruction of the pedestrian 
accident is the definition of a complete, scaled 
sketch of the accident scenario (street geometry and 
configuration, vehicles involved in their initial, 
intermediate and final positions, manoeuvres, 
pedestrian trajectory, obstacles, distances, 
comments, etc). In the complete project, all 
sketches and accident analyses can be found for 
each case. 
 

 

Figure 1.  Sketch of the accident scenario. 

 
The next step and according to the real situation, 
vehicle properties and parameters (make & model, 
manufacturing year, version, engine, weight, etc.) 
are chosen from the PC-Crash® data base. Some of 
these parameters can be modified according to the 
real case. 
 
Related to this topic, the real geometry of the 
frontal profile of the vehicles involved has been 
measured in the available cases, as it is shown in 
the following figure. This geometry has been used 
during the virtual reconstructions. 
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Figure 2.  Real geometry of the frontal profile of 
the vehicles. 

 
Once the vehicle and its parameters have been 
adjusted properly, the pedestrian model is defined 
by using a multi-body model created for this 
project, where height, weight, age and gender are 
taken into consideration. 
 
Next, the adherence conditions are defined by 
adjusting the pedestrian-vehicle and pedestrian-
ground friction coefficients, adding the dynamic 
adherence of the tyres.  
 
Finally, the pedestrian accident is simulated. All 
the information about the parameters involved, 
driver manoeuvres before the accident, reactions, 
events, initial speed, etc. are included and adjusted 
for the simulation. In order to simplify and 
standardize the simulations, some basic criteria 
were established: 
 

• Driver reaction time is always 1 second. 
• The time reaction for a conventional brake 

system is 0.25 second. 
• The possible perception point (PPP) is the 

point where the pedestrian invades the 
lane where the vehicle was driving. 

• Just before the accident and according to 
the case, the vehicle can drive with 
constant speed (without reaction), brake 
with medium intensity (pre-established 
value) or brake with maximum intensity 
(skid marks were seen on the accident 
place). 

 
Analysis of the Sample of Studied Accidents 
 
A data base for 139 pedestrian accidents from three 
representative cities in Spain (Madrid, Barcelona 
and Zaragoza) was created. It includes information 
on the vehicle, person (anthropomorphic variables, 
injury codification), scenario and pedestrian 
accident kinematics. This data base constitutes one 
of the most complete data bases for pedestrian 
protection studies in Europe. In general, the studied 
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cases are frontal accidents involving touring cars 
inside urban areas. 
 
The following characteristics have been analyzed: 
 

• Time when the pedestrian accident 
happened 

• Characteristics and geometry of the 
vehicle involved in the accident 

• Pedestrian parameters: 
� Gender 
� Age 
� Height and weight (when 

available). 
� Walking velocity. 
� Relative to vehicle orientation 

before the accident. 
• Injuries produced during the accident 

� Severity of pedestrian 
injuries 

 
 

 

Figure 3.  Severity of pedestrian injuries. 

 
� Location and kind of injury 

 
 

 

Figure 4.  Body location and severity of injury. 

 
� Distribution of the main injury 

mechanisms  
• Driver manoeuvres before the 

accident 
 

 

Figure 5.  Principal Injury Mechanism 
Distribution. 

 
According to the analyzed pedestrian sample 
accidents, the majority of them occurred in broad 
daylight. 93% of the vehicles involved in these 
accidents were passenger cars and most of them 
small cars. In almost half of the cases (49%) the 
vehicle was equipped with ABS, but only 8% of the 
total incorporated BAS. In 71% of the cases, the 
driver of the vehicle involved in the pedestrian 
accident tried to do a braking manoeuvre before the 
accident. 34% of the pedestrians were older than 60 
years old, and 21% were younger than 20. 60% of 
the persons were seriously injured and 18% 
accounted as fatalities.  
 
The majority of serious injuries occur in the head 
(49%) and lower extremities (20%).The most 
frequent injury mechanism is the vehicle (82%), for 
which the most important element is the 
windscreen (52%), followed by the bonnet (17%) 
and the bumper (13%). In 14% of the cases the 
most important injury for the pedestrian was 
produced when impacting against the ground. 
 
Primary Safety Technologies Effectiveness 
Evaluation Methodology 
 
     PC-CRASH® Simulation Methodology for 
the Chosen Systems - Parameter adjustment and 
the simulation methodology for the primary safety 
systems subject to study (ABS+BAS System and 
Pedestrian DETECTION + Automatic Brake 
system) are detailed in the entire project. 
Nevertheless, some of the most important aspects 
are emphasized in this paper. 
 
     Simulation Parameters - The parameters 
under simulation, bearing in mind the different 
performance of both braking systems (ABS+BAS 
and pedestrian DETECTION + Automatic brake 
systems) are: 
 
     ABS+BAS System: 
 

• Pedestrian reaction time: pre established at 
1 second. 

• Brake System with BAS reaction time: 
pre-established at 0.1 second. 
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• ABS Action Frequency: in general 10 Hz. 
• Adherence coefficient: general value. 
• Tyre adherence curve (one of the four 

predefined models): implies the definition 
of the μmax, μd, Fmax, Fd values. 

• Maximum deceleration possible 
depending on the chosen adherence model 
and the ABS performance. 

 
     Pedestrian DETECTION + Automatic Brake 
System: 

 
• Detection range with risk sector division, 

remarking especially automatic system 
actuation area. 

 

 

Figure 6.  Division of the risk areas for the 
pedestrian DETECTION + Automatic Brake 
system. 

 
• All parameters from the BAS+ABS 

system mentioned above, apply for the 
Automatic brake system 

 
In both cases, simulations provide a series of 
parameters which can be used for the evaluation of 
the vehicle’s dynamic performance in each case. 
Some of these parameters are: 
 

• Braking distance (Sf), by measuring 
directly in the simulation. 

• Medium deceleration (aK) from the 
resultant graphics. 

• Brake time (tf), directly from the 
simulation. 

 
     Simulation Algorithms 

 

     Simulation with ABS+BAS - Having 
previously defined the adherence model and tyre 
performance, ABS is activated in the vehicle 
options, the system reaction time is reduced from 
0.25 seconds to 0.1 seconds and the brake force is 
amplified to the maximum (pedal position). 
 
 

     Simulation with BAS and Pedestrian 
Detection Systems - With the same configuration 
used before, the driver reaction time is eliminated 
and the entry moment for the BAS function is 
chosen based on the scope ratio established for the 
detection system. 
 
Pedestrian Injury Risk Evaluation 
 
     Development of a Software Tool for Head 
Injury Risk Evaluation - A software tool for 
determining head injury risk values was developed 
in this project. After all possible impact points in 
the frontal part of a standard vehicle have been 
mapped; a bench test rig simulating the front part 
of a standard vehicle was built and validated by 
means of correlating the results with those of Euro 
NCAP tests.  
 
By these means, a software tool for the 
determination of head injury risk values in different 
areas of the frontal part of the vehicle was 
developed in this project. As an example, some of 
the results for a speed of 30 km/h are shown in the 
next figure: 
 

  

Figure 7.  Head Injury Risk Value Evaluation 
by means of the developed software tool. 

 
     Methodology for Software Tool Application 
in PC-CRASH® Simulations - The software tool 
for determining head injury risk values developed 
in this project is applied to the simulations done 
with PC-Crash®, following the next algorithm: 
 
As a result of the simulations, the value of the run 
over speed (Vk or Vat) is known; this is one of the 
input data in the application. Next, the head impact 
point with the vehicle has to be determined. This 
step lies in the application of the impact area matrix 
to the frontal part of the vehicle and the location of 
the pedestrian head contact cell. 
 
Simulation is stopped when the pedestrian head 
impacts against the vehicle, instant in which two 
images are taken (cross-section and elevation). In 
the cross-section of the vehicle used during the 
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simulation, a wrap-around measurement is done 
and the contact line in the matrix is determined, as 
shown in Figure 8. The head impact column is also 
determined using the elevated view, as shown in 
Figure 9. 
 

 

Figure 8.  Head impact line determination. 

 

 

Figure 9.  Head impact column determination. 

 
The next step consists of choosing the vehicle make 
and model from the application data base and 
calculates the ISP (head injury risk index) value for 
the respective cell. In those cases in which the 
vehicle make and model were not included in the 
software application database, another similar 
model (with similar frontal cross-section) was 
chosen. 
 

 

Figure 10.  Head injury risk index ISP  
calculation (C7 cell, Vat = 16 km/h, ISP = 0.51). 

 
RESULTS AND EVALUATION OF SYSTEM 
EFFECTIVENESS 
 
In this section the results of the new simulations are 
used to evaluate the benefits of the systems. The 
main conclusions are discussed, taking into account 

the limitations of the study, which basically lie in 
the modelling of Pedestrian Detection Systems. 
 
Their efficiency, capacity for reducing run over 
speed, avoiding the accident or reducing the 
severity of the injuries produced are some of the 
aspects analysed in this section. 
 
Many investigations discuss, from a general point 
of view, the reduction of distance and brake time 
by using BAS systems, concluding that the number 
of accidents can be reduced; but until now the 
benefits of the system as a primary safety tool for 
avoiding pedestrian accidents have not been looked 
at. 
 
Even more interesting are the results obtained for 
the Pedestrian Detection Systems. In this case, the 
results obtained based on real accidents represent, a 
priori, an evaluation of the potential benefits of this 
kind of system. This information could be very 
appreciated for evaluating the cost/benefit ratio in 
case of implementation. 
 
Efficacy and Influence on Run over Speed 
 
According to the simulations, 48% of the 
pedestrian accidents analysed could have been 
avoided with a system of pedestrian detection and 
automatic brake. The brake system ABS+BAS 
would have helped the driver to avoid the accident 
in 11% of the cases. 44% of the accidents could not 
have been avoided with any of the analysed 
systems. See Figure 11: 
 

 

Figure 11.  Pedestrian accidents that could be 
avoided by means of the use of the protection 
systems. 

 
In the next figure, pedestrian accident reduction 
tendency with each of the two systems is shown. 
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Figure 12.  Reduction of the run over speed. 

 
The blue curve represents the speed reduction 
obtained with the pedestrian DETECTION + 
automatic brake system and it reaches its peak 
value at about 42 km/h. In contrast, with the BAS 
system, the speed reduction remains practically 
constant (red line) at about 5-7 km/h. 
 
In only 21% of the cases, the BAS system would 
have reduced vehicle speed in the moment of the 
accident to less than half of its initial driving speed. 
On the other hand, with the DETECTION+ 
Automatic Braking System this reduction would 
have happened in 74% of the cases. 
 
 

 

Figure 13.  Percentage reduction of the 
pedestrian accident speed with the BAS system. 

 

 

Figure 14.  Percentage reduction of the 
pedestrian accident speed with the 
DETECTION + Automatic Brake system. 

 

Influence of the Systems in Head Injury 
Risk 
 
In the following figures the ISP (index that 
represents the probability of a serious head injury) 
based on driving speed is shown for both systems: 
BAS system and DETECTION + Automatic brake 
system. 
 

 
(a)  

 
(b) 

Figure 15.  Absolute variation of the ISP. (a) Vc 
= 0 – 41 km/h    (b) Vc = 41 – 87 km/h. 

 
In the following figure, the reduction (in 
percentage) of the ISP with the vehicle equipped 
with ABS+BAS in comparison to the ISP value in 
real life accidents is shown. It is observed that the 
ISP would be reduced by more than 80% in 18% of 
the cases. 
 

 

Figure 16.  Relative reduction of the ISP with 
ABS+BAS. 

As shown in the next figure, by equipping the 
vehicle with a DETECTION + Automatic Brake 
System the ISP is reduced by the same amount in 
66% of cases. 
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Figure 17.  Relative reduction of the ISP with 
DETECTION + automatic brake. 

 
Influence on Parameters from Secondary Safety 
Devices 
 
An important factor related to the actuating time of 
pedestrian protection devices installed in the frontal 
part of some vehicles, is the impact time of the 
pedestrian head on the vehicle from the moment in 
which the pedestrian lower extremities came in 
contact with the frontal part of the vehicle. 
 
The impact time of the pedestrian head on the 
vehicle, according to the pedestrian accident speed, 
is shown in the following three graphics: (a) 
without security systems (b) with ABS+BAS (c) 
with DETECTION + automatic brake system. 

 

 
(a) Without security systems 

 
(b) With ABS+BAS 

 
(c) With DETECTION + automatic brake system 

Figure 18.  Head impact time.  

 
It is observed that the dot clusters for both systems 
(b) and (c) is displaced to the left and upwards 
compared to the real accident conditions (a). This 
fact is due to the lower pedestrian accident speed 
achieved with these systems and the increase of the 
pedestrian impact time with the vehicle 
 
These times are used as a reference for pedestrian 
secondary protection systems which are activated 
once the pedestrian has impacted against the frontal 
bumper, such as, for example, an active bonnet and 
pedestrian protection external airbags installed in 
the bonnet and on the lower part of the windscreen.  
 
CONCLUSIONS 
 
This project is the result of collaboration between 
Spanish Research Institutes such as SERNAUTO 
(coordinator), Applus+IDIADA (participant), 
Centro Zaragoza (participant) and INSIA 
(subcontractor), and Local Traffic Authorities 
(Madrid, Zaragoza and Barcelona councils) who 
will have at their disposal a common methodology 
for pedestrian accident investigation. 
 
A database for 139 pedestrian accidents was 
created, in which information of the vehicle, person 
(anthropomorphic variables, injury codification); 
scenery and pedestrian accident kinematics were 
included. This database constitutes one of the most 
complete databases for the study of pedestrian 
protection in Europe. 
 
According to the analyzed pedestrian sample 
accidents, the majority of them occurred in broad 
daylight. 93% of the vehicles involved in these 
accidents were passenger cars with the majority of 
them being small cars. In almost half of the cases 
(49%) the vehicle was equipped with ABS, but 
only 8% of the total incorporated BAS. In 71% of 
the cases the driver of the vehicle involved in the 
pedestrian accident tried to do a braking manoeuvre 
before the accident. 34% of the pedestrians were 
older than 60 years old, and 21% were younger 
than 20 years old. 60% of the persons were 
seriously injured and 18% were fatalities. 
 
 The majority of serious injuries occur in the head 
(49%) and lower extremities (20%).The most 
frequent injury mechanism is the vehicle (82%), for 
which the most important element is the 
windscreen (52%), followed by the bonnet (17%) 
and the bumper (13%). In 14% of the cases the 
most important injury for the pedestrian was 
produced when impacting against the ground. 
 
The compiled information has been used for the 
evaluation of the effectiveness of two primary 
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security systems: BAS (brake assistance system) 
and the Pedestrian Detection Systems. The 
performance of these two systems has been 
simulated during reconstructions done with 
PCCrash©, analyzing their capacity for reducing 
severity of run over accidents or for avoiding them. 
 
A new software tool was developed for calculating 
head injury risk values based on the runover speed 
and the head impact point over the frontal part of 
the vehicle. 
 
Both analyzed systems (BAS and Pedestrian 
Detection Systems) proved efficient for reducing 
severity of pedestrian accidents in the majority of 
cases. BAS is being progressively incorporated in 
the current fleet. Nevertheless, Pedestrian 
Detection Systems are still being investigated as a 
prototype. 
 
Pedestrian Detection Systems would avoid run over 
cases by at least half and greatly reduce falling 
speed in the rest of the cases, which reduces the 
head injury risk. The brake assistance system 
(BAS) presents lower effectiveness in the 
prevention of pedestrian accidents compared to 
Pedestrian Detection Systems. 
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ABSTRACT 

Several trials of speed limiter devices are underway 

in Australia. The authors review these trials and 

estimate potential road safety benefits. This review 

builds on a paper that was prepared for the 20th ESV. 

It was found that the technology is ready for 

widespread implementation. Extensive trials of ISA 

throughout the world have demonstrated the potential 

for significant accident savings as well as other 

community benefits. 

There is a compelling case for governments to 

actively support ISA implementation. 

INTRODUCTION 

Most motorists do not appreciate the extra risks 

involved in travelling just a few km/h over the speed 

limit. Most think that the risk of a casualty crash is 

doubled if you are travelling at least 25km/h over the 

speed limit (Hatfield & Job 2006). Research has 

found that that, in urban areas, the risk of a casualty 

crash is doubled for each 5km/h over the limit. So 

travelling at 70km/h in a 60km/h zone quadruples the 
risk of a crash in which someone is hospitalised. As a 

result, it is estimated that about 10% of casualties 

could be prevented if the large group of motorists 

who routinely travel at up to 10km/h over the limit 

were encouraged to obey the speed limits. About 

20% of casualties could be prevented if all vehicles 

complied with the speed limits (Kloeden & others 

2002, Tate & Carsten 2008). Savings in fatal crashes 

would be larger. 

"Minor" speeding therefore makes up a large 

proportion of preventable road trauma. It is difficult 

for enforcement methods alone to have an effect on 
this minor speeding. An added problem is that even 

motorists who want to obey the speed limits (to keep 

their life, licence or livelihood) have difficulty doing 

so in modern cars on city roads.  

This is where Intelligent Speed Assistance (ISA - 

also known as Intelligent Speed Adaptation) comes 

into its own. The system has a simple function, 

backed up by clever technology. It knows the 

location and speed of the vehicle and, from an on-

board database of speed limits, it can alert the driver 

to speeding. The authors have been using ISA 

devices in Sydney since mid 2006 (Paine and others 

2007).  

Some road safety researchers are surprised that 

Australia is leading the world with this technology. 

An initial reaction is that there could be negative 

outcomes, such as driving at the speed limit rather 

than to the conditions, but numerous ISA trials 

around the word have shown these concerns are 
unsubstantiated (Paine and others  2007). 

Some car manufacturers have expressed concern that 

some types of speed limiters "take control away from 

the driver". This is also unsubstantiated, firstly 

because ISA systems do have provision for over-ride 

by the driver in the event that the set speed is 

inappropriate and secondly, the claim is somewhat 

hypocritical given that cruise control has been in use 

on vehicles for many years and forces the vehicle to 

travel at a minimum speed unless there is driver 

intervention. 

Classification of Speed Limitation Devices 

Speed limitation devices assist the driver in not 

exceeding a specified or selected speed, which is 

generally the posted speed limit for the section of 

road being driven along. There are several 

classifications of speed limitation devices: 

• Top-speed limiting - prevents the vehicle for 

exceeding a set speed. Most modern vehicle engine 

management systems have a top speed setting but it is 

usually well in excess of maximum national speed 

limits and could not be regarded as a safety device. 

• Speed alarm set by the driver - alerts the 

driver if a selected speed is exceeded. Some 

production vehicles have this feature (eg Holden 

Commodore). 

• Speed limiter set by driver - prevents the 

vehicles from exceeding the selected speed, except 

for temporary over-ride situations (eg "kickdown" of 
throttle pedal). A few production vehicle models have 

this feature (eg Renault Megane). These are also 
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known as "Adjustable Speed Limitation Function" 

(ASLF). 

• Intelligent speed alarm ("Passive ISA") - 

system "knows" the speed limit of the current section 

of road and direction of travel and alerts the driver if 

that speed is exceeded. Feedback may be an audible 

alarm, a visual signal, haptic feedabck such as a 

vibrating throttle pedal or a combination of these.  

• Intelligent speed limiter ("Active ISA") - the 

system "knows" the speed limit of the current section 

of road and direction of travel and prevents the 

vehicle from being accelerated beyond this speed. 

These systems normally have provision for 

temporary over-ride.  

With the two ISA the speed limit information is 

available on three levels: static (location based), 

variable (time and location based) or dynamic (able 

to be changed in real time through communication 

with the road infrastructure - eg roadworks). There 

are increased road safety benefits for each level. 

In recent years the feasibility and performance of ISA 

system have been substantially improved by 

developments in the Global Positioning Satellite 

systems (GPS) and the digital mapping of speed 

limits. Some systems augment the GPS positioning 
with dead-reckoning systems that work in tunnels. 

Systems that require the driver to manually set the 

speed have several limitations: 

• • they assume that the driver knows the speed 

limit or can decide on a "safe" speed - in both 

situations the driver can be in serious error. 

• • the task of setting the speed is tedious and 

may be distracting. 

•  in jurisdictions with many speed limit 

changes (e.g., in New South Wales where urban 

speed limits can be 40, 50, 60, 70 and 80 km/h, 

depending on the road and location) the task of 
constantly setting and resetting the speed is 

cumbersome and repetitive. 

• • in practice these voluntary systems are 

unlikely to be used on a regular basis 

The following table sets out estimates of the potential 

savings in serious road crashes in Australia through 

the widespread implementation of various speed 

limitation devices. The estimates of effectiveness for 

passive and active ISA are considered to be 

conservative and result in lower estimated savings 

than those predicted in the UK and Europe (Tate & 
Carsten 2008). This is on the assumption that ISA 

will be voluntary. 

Table 1. Estimates of crash savings in Australia 

Device % of all 
serious 

crashes 

potentially 

influenced 

(relevant 

crashes) 

% of 
relevant 

crashes 

that are 

saved by 

device 

(effective-

ness) 

% of all 
serious 

crashes 

saved 

by 

device 

Top-speed 

limiting 

1% 

(exceeding 

120kmh) 

100% 1% 

Speed 

alarm/limiter 

set by the 

driver 

20% 5% (low 

due to the 

task of 

setting the 
device) 

1% 

Passive ISA 20% 25% 5% 

Active ISA 20% 50% 10% 

 

 

Figure 1. Estimated serious crash savings from speed 

limitation devices 

Passive and active ISA rank highly in a recent 

analysis of a wide range of vehicle safety 

technologies to identify priorities for government 

support (Figure 2, Paine and others 2008). For 

several reasons ISA ranked higher than Electronic 

Stability Control (ESC) that has received much 
attention in recent years. 

One reason for this is a 2007 study of ESC in real-

world Australian crashes by Monash University. This 

found that ESC reduced single vehicle car crashes by 

27% and single vehicle four-wheel-drive crashes by a 

remarkable 68%. However, multi-vehicle crashes 

were unaffected and the overall reduction was found 

to be about 5% of all crashes (Scully & Newstead, 

2007). Savings in serious and fatal crashes could be 

expected to be greater but are still somewhat less than 

some estimates for ESC savings derived in parts of 

Europe and the USA. The Australian results are 
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Figure 2. Provisional ranking for a range of in-vehicle technologies deserving government support (nominal 

maximum score 20). The "growth" category refers to potential for increased uptake through government initiatives. 

similar to studies in the UK which found that ESC 

effectiveness was likely to be highly dependent on 
local conditions (Thomas 2007). For example, ESC 

was found to be much more effective in icy and wet 

conditions  - conditions that are comparatively rare in 

Australia. 

Another advantage of ISA is that it is easily 

retrofitted to most vehicles. The average age of 

vehicles in Australia is more than ten years. This 

means it will take at least ten years for a technology 

that is only fitted to new years to penetrate half of the 

fleet.  

In contrast there is no technical limit to the rate at 

which a retrofittable technology like ISA could be 
introduced. It could also be targeted at high-risk 

groups such as novice drivers, who generally drive 

older vehicles and tend to be last to benefit from 

technologies such as ESC, that can only be 

reasonably fitted to new vehicles. This may be one of 

the reasons that the European Transport Safety 

Council strongly supports the introduction of ISA 

(ETSC 2006). 

The point is that ISA deserves no less attention than 

ESC when it comes to government road safety 

strategies. Furthermore, these strategies should 
consider opportunities for retrofitting older vehicles 

and not just look at standards for new vehicles. 

Daytime running lights (DRLs) are another 

technology that ranks highly in the list for 

government support and is easily retrofitted. The 

"intelligent" component of DRLs refers to light-

sensing technology that automatically switches to 

headlights when ambient light levels drop (ie 

automatic headlights). 

AUSTRALIAN ISA PRODUCTS 

There are two ISA products for sale in Australia. 

Both products are technically fully-functional. Their 

only limitation is the extent of mapping of speed 

limits and this coverage is expanding swiftly to 

become nationwide. 

 

SpeedAlert passive ISA 

In mid-2006 a Sydney company, Smart Car 

Technologies, began commercial sales of a GPS- 

based speed limit advisory system. SpeedAlert is a 

software package that is designed to work with 

compatible Personal Digital Assistants (PDAs), 

programmable mobile phones and Sat-Nav Systems. 

SpeedAlert works with GPS to pinpoint the position 

of the car. Using a pre-recorded database of speed 

limits, the software is able to recognise the current 
speed zone the car is travelling in (including direction 

of travel). Using GPS, SpeedAlert is also able to 

accurately calculate the speed of the vehicle and so is 

able to warn the driver, using audible and/or visual 

alerts, if  the car exceeds the speed limit at any time. 

No connection to the vehicle's speedometer system or 

other components is required.  

The system is designed to be highly portable and can 

be easily transferred between vehicles. Costs range 

from US$90 for software and a 12 month update 

subscription to about US$500 for a PDA with built-in 

GPS receiver and the SpeedAlert software and update 
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service. Updates are downloaded over the Internet 

and are typically several megabytes.  

SpeedAlert displays the current speed limit as large 

black numerals inside a red circle (Figure 3). The 

current vehicle speed is displayed in smaller 

numerals below the speed limit. If the speed limit is 

exceeded the numerals turn to red. Depending on user 

settings, an audible beep is activated at higher speeds. 
The beeps continue until the vehicle speed is 

decreased. There are two levels of beeping depending 

on the amount by which the speed limit is exceeded. 

The driver can choose to mute the beep, but the mute 

facility is over-ridden in the vicinity of a school 

zones or fixed speed cameras.  

In 2008 the SpeedAlert system was integrated into an 
Australian portable sat-nav device that sells for about 

US$100. The SpeedAlert component costs less than 

US$10 to "activate" after a trial period but even if the 

full $100 cost is used, this is highly cost-effective 

safety device that can be used in any vehicle. 

The system can be set to operate in SpeedAlert mode 
(Figure 3) that only displays the current speed limit 

and vehicle speed. This overcomes concerns about 

the distraction caused by the display of navigation 

maps. When operated in map mode the speed limit is 

displayed in the bottom left of the screen (Figure 4). 

The visual and audible speed alerts still function 

when the map is displayed. 

 

Figure 3. SpeedAlert mode for the sat-nav device. 

 

Figure 4. Speed limit displayed on navigation map. 

Early in 2009 Smart Car Technologies began beta-

testing a live-update version of SpeedAlert that uses 
the mobile phone network: 

"SpeedAlert™ LIVE determines the position of your 

vehicle on the road by accessing the GPS signal from 

your mobile phone. It sends those co-ordinates to our 

server through your mobile phone’s GPRS service. 

Our server then interrogates a proprietary database of 

speed limits and returns to the mobile phone the 

speed limit for that section of the road you are on." 

(from www.speedalert.com.au) 

With cooperation from road authorities this new 

system will be able to provide drivers with current 

information about variable speed limits on 
motorways and temporary speed limits such as 

roadworks or accidents (the latter does not apply 

anywhere in Australia at present but a live-update 

ISA system would make this feasible). 

SpeedAlert and the associated speed limit database 

has been developed as a commercial product, 

independently of government projects. Mapping was 

carried out using on-road data collection. Most major 

cities in Australia, and their connecting highways, are 

now covered and more areas are being added each 

month. The SpeedAlert system can be readily 
implemented in other countries. 

 

Speedshield passive/active ISA 

Melbourne company, Automotion Control Systems 

(ACS), has developed an active speed control system 

which has been in operation in industrial locations 

such as warehouses since 2003. The system is in 

widespread use on forklifts and similar vehicles by 

several major Australian companies.  

The company further developed this system for use in 

cars and commercial vehicles. In 2006 ACS was 

awarded a contract to conduct ISA demonstration 
projects with the Transport Accident Commission of 

Victoria and with the Office of Road Safety and Main 

Roads WA of Western Australia. In 2008 New South 

Wales Roads and Traffic Authority also installed 

Speedshield Active ISA in two vehicles for 

evaluation purposes. Approximately 100 units were 

in operation across Australia at the time of writing.  

Speedshield uses a combination of GPS and 

gyroscope dead-reckoning to establish vehicle 

location and local speed limits. Radio beacons and 

wireless communication are used to provide speed 
zone database updates to the in-vehicle speed zone 

map. The system accommodates temporary speed 

control (e.g. roadworks, accidents etc.) by use of 

bollards fitted with roadside transceivers (developed 

fore the industrial application) and time-based limits 
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such as school zones. Figure 5 shows the display 

used in the demonstration projects.  

 

Figure 5. Speedshield display 

A control module is installed between the accelerator 

pedal and the engine and mirrors the driver's throttle 

movement until the speed limit is reached, at which 

stage the module will hold the throttle signal. An 
optional over-ride can be engaged if the driver briefly 

pushes the accelerator pedal to the floor.  

Speedshield stores the last known position so that ,on 

start up, the system is provided with the last known 

speed value instantly. This has the benefit of giving 

an instantaneous start up and allowing start up in 

non-GPS areas, such as underground car parks. Use 

of the dead reckoning system also assists in obtaining 

a GPS fix more quickly.  

Because the Speedshield system interacts 

electronically with the throttle regulation system 
there is no decrease in power to the vehicle when 

travelling at or below the speed limit. The kickdown 

override can be set at variable levels, for driver 

preference, however the authors prefer a setting 

whereby the pedal has to be depressed almost fully to 

the floor to activate, much like the kickdown function 

of an automatic transmission. This allows the driver 

to easily engage the override when necessary but 

prevented inadvertent activation (such as when 

driving up steep hills).  

A noticeable benefit of the system is reduced fatigue, 

particularly for longer trips. This benefit was also 
reported by truck and bus drivers when top-speed 

limiters were introduced for these vehicles in the 

early 1990s (Paine 1996). 

AUSTRALIAN ISA PROJECTS 

Three Australia States are currently conducting ISA 

projects. The following descriptions are based on 
advice provided by the State authorities early in 

2009. 

In addition to the government ISA projects , 

individual companies have also bought into ISA 

technologies, and the systems are in use for day-to-

day operations (e.g., heavy vehicles used for transport 

haulage). As yet, there have been no public reports 

relating to these activities. 

Transport Accident Commission of Victoria 

In 2002 the TAC commenced the Safecar project that 

developed and trialled several ITS technologies, 

including ISA with haptic feedback. Positive results 

were reported by Regan and others (2006). 

TAC has commenced a new ISA demonstration 
project, as described below.  

In Phase 1, participants were provided with 

instruction sheets on how the ISA system works after 

the system was successfully installed in their vehicles 

but were not provided with verbal briefings. A total 

of 34 participants participated in Phase 1 of the 

demonstration project 

Phase 2 entails stronger expectation setting. The 

instruction sheets were modified slightly to 

emphasise the limitations of the map database and 

participants are also given a verbal briefing by staff at 

the TAC post installation to reiterate the device is 
still in prototype form and the mapping is not 

complete and that anomalies are to be expected.  

Phase 3 will entail varying the operational settings of 

the ISA system to determine the best fit between road 

safety benefits and consumer acceptance.  

Participants’ experience from phase one of the 

project have mainly been positive. The overall 

ranking for the usability, acceptability and 

functionality of the ISA device in its current form 

was considered good by over half the participants, 

with an even greater proportion believing ISA has 
great road safety benefits. A few minor, but 

important issues such as the inaccuracies of the 

current incomplete map will be addressed in 

subsequent phases. In phase 2 of the demonstration 

project, participants will receive instruction sheets 

with stronger emphasis on the limitations of the 

database upfront and a verbal briefing to reiterate the 

limited coverage of the database will be provided. 

Participants’ response will be monitored to gauge the 

success of this approach and any feedback will be fed 

into phase 3 of the demonstration project.  

Roads and Traffic Authority of New South Wales 

In November 2007, the RTA commenced the 

development of the New South Wales ISA Trial.  By 

the end of the project it is expected that around 100 

vehicles from private fleets in the Illawarra Region 

will be fitted with an ISA device, as well as a speed 
data recorder.  
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The project will cover three Local Government 

Areas: 

  Wollongong City  

  Shellharbour City  

  Kiama Municipality  

The total length of the road network in this area is 

approximately 2,500 km and boasts a population of 

more than 263,000. 

The region includes a large workforce that commutes 

up to 80 km per day into Wollongong City from the 

neighbouring Shellharbour and Kiama areas.  The 

roads have a wide variety of speed zones including 

40 km/h high pedestrian, 40 km/h school zones, 50 

km/h and 60 km/h urban areas, 80 km/h winding 
rural roads and 100km/h freeways.  This Region also 

boasts a culturally and socio-economically diverse 

population including people employed in the heavy 

manufacturing, mining, and rural industries as well as 

government administration and tertiary education. 

Mapping of all 960 speed zones in the trial area has 

been completed and a process for updating changes to 

speed zones has been developed through spatial web 

server software.  Data recorders are in the process of 

being installed in all participants’ vehicles.  The data 

recorders send a snapshot of each vehicle’s location 
and speed every ten seconds.  Vehicle speed data is 

then joined spatially with speed zone information to 

build speed limit compliance reports for each vehicle 

in the trial.  It is planned to log vehicle speeds for up 

to three months before ISA devices are installed as a 

baseline measure of speed limit compliance. 

Supportive ISA systems will be installed in 

approximately 40% of trial vehicles with the 

remainder receiving an Advisory System.  Vehicles 

will retain their ISA device for around four months 

during which speed limit compliance data will 

continue to be captured.  Preliminary results of the 
trial will be presented at the 2009 Intelligent Speed 

Adaptation Conference to be held in Sydney, 

Australia on 10 November 2009. 

Western Australia 

The Office of Road Safety (ORS) and Main Roads 
West Australia (MRWA) are conducting a trial of 

advisory ISA systems using GPS and other potential 

technology in the State of Western Australia (WA). 

The objective of the trial is to test user acceptance of 

the system with the aim of creating demand within 

the general community for ISA as a tool that will 

support them in choosing speeds that are at or below 

the prevailing speed limit. 

Promotion of the ISA trial will highlight the 

community benefits of this driver support technology. 
The ISA pilot project involves the development and 

demonstration of a low cost compact advisory ISA 

unit that can be fitted to most modern vehicles and is 

marketable to the public. Fifty advisory Speedshield 

units have been purchased and installed in various 

fleets for an evaluation of driver’s attitudes to and 

experiences with the technology. A PDA display unit, 

alerts the driver, via a system of audible and visual 

signals, if they are exceeding the speed limit 

applicable to the road. 

The WA ISA trial has required the creation of a 

Statewide electronic speed limit map database by 
MRWA, as well as development of associated 

technologies for remotely updating speed information 

on installed ISA units.  The partnership that Victoria 

and WA have entered into with ACS (Speedshield) 

for the demonstration trial has given Main Roads WA 

valuable knowledge and experience in providing 

speed limit data to external providers of ISA 

technology and, when the trial is fully underway, will 

allow them to address critical issues such as data 

security, reliability and accuracy. 

In December 2007 45 key stakeholders across Perth 
and regional WA were invited to trial the ISA 

devices.  Installations of advisory ISA units in the 

volunteer vehicles commenced in the first week of 

March 2008, with around 35 vehicles fitted to date.  

All bar one of the vehicles fitted to date are 

metropolitan-based, although a number do regular 

country trips. Volunteers are expected to trial the ISA 

units for around 6 months, during which their 

experiences and feedback on the usefulness and 

convenience of the devices will be surveyed. 

Exit surveys have been sent to the first 25 

participants, with around half returned to date. Initial 
feedback has shown that the biggest problem has 

been with the PDA display unit itself (sequence of 

starting). Some errors in the map database have also 

been reported.  

A communications plan promoting the benefits of 

ISA to both government fleet managers and the 

general community will be finalised by mid 2009. 

The next phase of the MRWA trial sees the 

deployment of transmitter systems to make automatic 

in-vehicle updates to the speed limit map (without the 

driver needing to take any action) and warning 
transmitters for accident scenes, roadworks zones and 

level crossing. ISA-equipped vehicles travelling 

within a theoretical 5 km radius of these beacons will 

automatically receive map updates. It is expected that 

the beacons will be in operation by June 2009.  
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Wireless Speed Limit updates  

One issue with ISA systems is keeping data in the 
vehicle up to date as speed limits change. The 

MRWA project trials transmitters that are used to 

send data updates to ISA equipped vehicles. These 

transmitters send selected data to replace any part of 

the in-vehicle speed limit dataset that has been 

updated. Only the part of the dataset that has changed 

is updated, thereby reducing the amount of data that 

needs to be transferred. This reduces communications 

costs and the time a vehicle has to be within range to 

receive updates.  

These transmitters may also be configured to provide 

temporary updates such as would be required in the 
case of accident scenes or road works zones.  

 

Level crossing transmitters 

Another innovative development in the MRWA ISA 

trial is the deployment of level crossing transmitters. 

These transmitters, are used to warn drivers when 

there is a train in proximity to the level crossing. The 

signal from the transmitters can be used to trigger 

passive (audio/visual) alerts and/or active speed 

limiting in vehicles.  

For the trial, if a train is in proximity, the PDA 
displays an icon and sounds and audible alert 

notifying the driver that there is a train close by. The 

screen switches between the train icon and the current 

speed limit. For the MRWA trial the speed limit is 

maintained at the current road speed limit, however it 

is possible to drop the speed limit to any value when 

a train is in proximity (i.e. the speed limit drops from 

80 normally to 60 but only when there is a train in 

proximity, once the train is gone the speed limit 

returns to 80).  

For the MRWA trial passive functionality only is to 

be deployed, with warning icons – no vehicle speed 
control is proposed, however further investigation of 

functionality with an active ISA vehicle are proposed.  

Once a vehicle enters the transmitters range it is 

provided with information on the current conditions 

(i.e. whether there is a train approaching or not).   

Changes in transmitter message can be triggered a 

variety of ways – using fixed transmitters near level 

crossings that communicate wirelessly with trains, 

using contact switches, or having transmitters 

mounted to trains.   

CONCLUSIONS 

This review of the status of ISA in Australia has 

found that the technology is ready for widespread 

implementation. The conclusions from our 2007 

paper are still applicable: 

Extensive trials of ISA throughout the world have 

demonstrated the potential for significant accident 

savings as well as other community benefits. 

There is a compelling case for governments to 

actively support ISA implementation through: 

a) assistance with the mapping of speed limits and 

the maintenance  of databases 

b) being the first major customers for commercial 

ISA systems 

c)  inclusion of ISA in fleet vehicle purchasing 

policies and occupational health and safety 

guidelines 

d) promoting the benefits and functionality of ISA 

e)  introducing financial incentives such as tax 

concessions 

f)  educating motorists that most fatalities occur at 

surprisingly low impact speeds and that just a few 

km/h over the speed limit greatly increases the risk 

of a serious injury crash. 

g) introducing subsidised ISA rental/purchase 

schemes for novice drivers 

Additional points from the latest review are: 

1. Mapping of Australian speed limits for 

commercial purposes is progressing reasonably 

well. However, there is still no national system 

that keeps track of changes to speed limits. This 

is necessary for keeping the maps up-to-date. 

2. Government support is needed for mapping 

speed limits. ISA will not take-off until a useful 

proportion of a region has been mapped. There is 

a chicken-and-egg dilemma here - the 
technology will not penetrate the fleet until 

mapping is complete but commercial mapping is 

unlikely to proceed unless there are ISA products 

to use it. Indeed, recent changes to the Euro 

NCAP rating system encourage manual speed 

limitation devices but the protocol states "The 

systems currently available have limitations in 

the map coverage and map quality.  When these 

technical limitations have been resolved, or when 

systems are available which use other technical 

approaches, Euro NCAP will incorporate ISA 
systems into the protocol".  

3. The appendix contains proposed functional and 

performance requirements for ISA systems, 

based on the authors' experience using ISA 

systems in Australia. These requirements should 

be considered for incorporation in ECE 

Regulation 89. 

4. Strategies for promoting various ITS 

technologies often overlook the existing vehicle 

fleet. ISA can be retrofitted to vehicles, thus 
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enabling a much swifter fleet penetration than 

technologies that can only be fitted to new 
vehicles. 

5. ISA is absent (or given token treatment) in some 

international ITS programs, such as the USA. 

ISA also holds great potential for nations that are 

becoming motorised such as China because it 

does not require any roadside infrastructure and 

can be retrofitted to the current fleet. 

A conference on ISA was held in Sydney, Australia, 

on 1 August 2007 (Faulks and others, 2008)., 

coinciding with a meeting of a small group of 

governmental road safety representatives involved in 

vehicle safety and speeding control activities.  
Subsequently, the Australian Intelligent Speed Assist 

Initiative (AISAI) was formed, and this group held a 

forum in Sydney on 24 June 2008 to discuss 

minimum standards and functionality issues for ISA, 

preparatory to developing an integrated national 

approach.   

The 2009 Intelligent Speed Adaptation Conference 

will be held in Sydney, Australia on 10 November 

2009 and is being organised by the Roads and Traffic 

Authority of NSW. 
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APPENDIX 

Proposed functional and performance 

requirements for ISA systems. 

These suggestions are intended for the Euro NCAP 

protocol for assessing "speed limitation devices" and 

ECE Regulation 89, neither of which currently sets 

requirements for ISA. 

The recommended tolerance of 2km/h above the 

speed limit is based on the demonstrated accuracy of 

ISA systems and extensive experience using passive 

ISA. A 2km/h tolerance allows drivers to travel at the 

speed limit without excessive speed alerts due to 

normal variations in vehicle speed. A higher 

tolerance would lose the road safety benefits arising 
from a reduction in minor speeding. 

 

Definitions 

• Intelligent Speed Assistance (ISA) system 

means a vehicle technology that is able to determine 

the statutory speed limit of the current section of road 

and direction of travel and takes action if the vehicle 

exceeds that speed limit by a specified amount. 

• An Active ISA system prevents the vehicle 

from exceeding the speed limit (beyond a specified 

amount) through normal operation of the accelerator 
control. An unusual, positive action by the driver is 

needed to intentionally exceed the speed limit. 

• A Passive ISA system provides a warning to 

the driver if the speed limit is exceeded by a specified 

amount. 

• Vlimit is the statutory speed limit as 

determined by an ISA system. 

 

Requirements for ISA systems 

X.1 Requirements for all ISA systems 

X.1.1 The ISA system must be capable of locating 

the vehicle to within a radius of 10m of the true 
vehicle position (based on a recognised GIS system) 

for at least 99% of the time that the vehicle is 

operating on roads with reasonable GPS reception (or 

other applicable location technology)   

X.1.2 In tunnels and other poor reception areas a 

backup location system is preferred.  

X.1.3 At speeds above 20km/h the vehicle speed 

shall be calculated to within 1km/h of the actual 

travelling speed (eg 1% accuracy at 100km/h).  

X.1.4 The ISA function shall operate whenever the 

vehicle is travelling at more than 20km/h (it may also 
operate at lower speeds) 

X.1.5 In the event that the system is not functioning 

correctly the driver is to be notified and the system is 
to completely disengage.  

X.1.6 When the vehicle is travelling along roads at 

the speed limit the ISA system shall act on a change 

of speed limit as close as possible to the change 

location but in no case more than 3 seconds after the 

change point has been passed. 

X.1.7 When there is reasonable GPS reception (or 

other location technology is available) the time to 

activate ISA functions shall be no more than 60 

seconds after the vehicle is started. 

X.1.8 The operation of the ISA functions must be 

simple, intuitive and cause minimal driver 
distraction. The system shall be capable of automatic 

operation whenever the vehicle is started. For 

important functions audio/voice feedback is preferred 

to confirm driver selections so that the driver does 

not need to look at the display after making a 

selection. 

X.2 Requirements for Speed Limit Database  

In order to operate correctly, most ISA systems in use 

or under development need access to a database of 

speed limits for roads that will normally be used by 

the vehicle. The following are provisional 
requirements for such databases, pending the 

development of appropriate standards for speed limit 

databases. Other technologies such as roadside 

transmitters and optical recognition system are not 

precluded but should provide equivalent system 

performance. 

X.2.1 The ISA system shall have access to an 

acceptable speed limit database or equivalent data 

system. This may be stored on the vehicle, accessed 

by electronic communication or a combination of 

methods. 

X.2.2 The speed limit database shall cover at least 
80% of the roads in the region in which the ISA 

system is marketed and be at least 99% accurate for 

the speed limits on these roads (determined on a per 

kilometre basis). Partial coverage is acceptable for an 

on-board database, provided that users can obtain 

replacement/supplementary data for additional areas 

to make up the minimum 80% coverage requirement. 

X.2.3 Temporal speed limits (eg special speed limits 

during school commuting times) shall be recorded in 

the speed limit database. 

X.2.4 The speed limit database shall be updateable 
and the service provider must have a system in place 

to track speed limit changes and provide updates to 

users at least every three months. 
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X.2.5 Other road features/hazards such as tunnels and 

railway level crossings may be recorded in the 
database. Roadside speed cameras and similar 

enforcement devices may also be recorded, where 

permitted in the country concerned. 

X.2.6 ISA systems shall be tested by travelling on a 

test course that is covered by the ISA speed limit 

database. It is recommended that the test course 

includes non-public sections of road so that the 

vehicle can be driven in excess of a nominal speed 

limit, set in the ISA speed limit database for this 

purpose.  

X.3. Requirements for alarms/warnings (applies to 

active and passive ISA) 

Alarms may be visual, audible or haptic (physical 

feedback to driver). 

X.3.1 ISA alarms shall activate whenever the vehicle 

is travelling 2km/h or more beyond Vlimit . No alarm 

shall activate when the vehicle is travelling at Vlimit  

or less.  

X.3.2 Visual ISA alarms may activate at 1km/h 

beyond Vlimit. An audible or haptic alarm must not 

activate at a lower speed than a visual alarm. 

X.3.3 There should be no designed delay to the 

activation of any alarm (that is, it should activate as 
soon as the designated speed exceedance is detected). 

However, an audible or haptic alarm may gradually 

increase in intensity provided that it is 

audible/detectable in a quiet vehicle from the start 

and reaches full intensity within 5 seconds. 

X.3.4 After the 5 second period the audio warning 

signal shall be clear to the driver and distinguishable 

from audio signals used for other purposes. Quieter 

systems are acceptable if the ISA system causes the 

audio entertainment system of the vehicle to mute 

whenever the vehicle is travelling 2km/h or more 

beyond Vlimit for more than 5 seconds. 

X.3.5 Volume adjustment and muting of audio 

warning signals is acceptable provided that the 

system resets to at least half volume when restarted 

and there is visual indication to the driver that muting 

is in effect. 

X.3.6 The audio alarm may vary (eg more frequent or 

more intense) if Vlimit is exceeded by more than 

10km/h (or other increments). 

X.3.7 Haptic feedback should not cause driver 

discomfort or distraction. Preferred methods are mild 

resistance when depressing the accelerator control or 
vibration of the accelerator control. 

X.3.8 A visual ISA signal must be clearly visible to 

driver, without the need for the head to be moved 

from the normal driving position. The system should 

display Vlimit  (preferably in black numerals) and 
should flash or change colour (preferably to red) 

whenever the vehicle is travelling 2km/h or more 

beyond Vlimit (a change at 1km/h beyond Vlimit is also 

acceptable) [this is a good time to set standards for 

use of colours in ISA displays] 

X.3.9 The visual signal may also display the current 

vehicle speed, as determined by the ISA system and 

other information relevant to safe driving and 

operation of the ISA system, provided that the 

speeding warning of clause X.3.8 is the most 

prominent part of the display. 

X.4 . Requirements for Passive ISA systems 

X.4.1 Passive ISA  systems shall use a visual signal 

(X.3.8)  and at least one of the following: audible 

alarm (X.3.4)  or haptic feedback (X.3.7). 

X.4.2 Passive ISA systems may allow the driver to 

change the Vlimit in the same manner as ASLFs. 

Where a driver-selected Vlimit is being used there 

must be a clear visual indication of this to the driver. 

For example the display of Vlimit numerals could be a 

different colour such as orange. It is preferred that 

there is a voice announcement of the selected Vlimit. 

X.5 . Requirements for Active ISA systems 

Stringent requirements for active ISA are necessary 

to ensure that motorists are not placed in risky 

situations, such as not being able to accelerate up to 

speed to join a motorway. In addition, since it is 

possible that a vehicle will exceed the speed limit 

without the driver needing to depress the accelerator 

pedal (eg speed limit changes or driving down steep 

hills) then the warning functions of a passive ISA are 

required so that the driver may intervene to slow the 

vehicle. Future systems that are able to apply braking 

might be exempted from this requirement.  

X.5.1 Active ISA shall work through modulation of 
engine power  (for example, by intercepting the 

signal between the accelerator control and the engine 

management system). 

X.5.2 The active ISA system shall prevent an 

increase in engine power through normal operation of 

the accelerator control if the vehicle travel speed 

exceeds Vlimit  by 2km/h or more. 

X.5.3 A "kickdown" capability shall be available 

where the driver may decide to press the accelerator 

control with extra force or through a large travel in 

order to over-ride the ISA system and allow the 
vehicle to exceed Vlimit .  

X.5.4 The "kickdown" function shall deactivate when 

the vehicle returns to a speed at or below Vlimit . See 

also clause X.5.7. 
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X.5.5 If an active ISA is capable of  applying the 

brakes or engine braking to reduce vehicle speed then 
this must be able to be deselected by the driver. 

X.5.6 Active ISA systems shall include a visual 

signal (X.3.8)  and at least one of the following: 

audible alarm (X.3.4)  or haptic feedback (X.3.7). See 

section X.3 for alarm requirements. Subject to clause 

X.5.7, the audible or haptic alarm must operate in  

"kickdown" mode (X.5.3) but in this case the 

audible/haptic alarm need not activate until 20 

seconds after Vlimit (+2km/h) is exceeded. 

X.5.7 In "kickdown" mode, an audible or haptic 

alarm need not operate provided that the ISA 

operation reactivates after two minutes of exceeding 
Vlimit and the driver is given clear warning 

(preferably voice announcement) of the pending 

activation at least 30 seconds beforehand. Other 

methods of discouraging prolonged periods of 

exceeding Vlimit will be considered. 

X.5.8 Active ISA systems may allow the driver to 

change the Vlimit in the same manner as ASLFs. 

Where a driver-selected Vlimit is being used there 

must be a clear visual indication of this to the driver. 

For example the display of Vlimit numerals could be a 

different colour such as orange. It is preferred that 
there is a voice announcement of the selected Vlimit. 

X.5.9 Active ISA shall be capable of working in 

conjunction with any cruise control fitted to the 

vehicle or shall disable cruise control, where 

appropriate. It shall not be possible to over-ride the 

ISA system through operation of a cruise control 

function. 

X.5.10 Active ISA must allow normal use of the 

transmission and selection of gears. In particular, 

when the clutch is depressed the ISA system must 

allow the engine speed to be controlled to match the 

gear selection. 

X.5.11 Where an active ISA becomes inoperative (eg 

loss of GPS signal or system malfunction) it shall 

either disengage completely (restoring all normal 

control to the driver) or set Vlimit to the maximum 

speed permitted in the country or region of operation. 

Driver setting of Vlimit is permitted in these 

circumstances, provided that the over-ride functions 

of clause X.5.3 are still available. 

X.5.12 The driver shall be given a warning if the ISA 

system becomes inoperative. A voice announcement 

is preferred. 
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ABSTRACT 
 
An evaluation of the influence of crash pulse shape 
on the risk to sustain injuries in medium severity 
frontal collisions was carried out by reconstructing a 
number of real world accidents using mathematical 
simulations. 
 
Ten crashes with restrained occupants, recorded crash 
pulses and known injury outcomes were selected for 
reconstruction. The crashes were selected from the 
Folksam accident database. Delta-V and mean 
acceleration were derived from the recorded crash 
pulses. The injury outcome was collected from 
hospital records and questionnaires and coded 
according to the 2005 version of AIS. Only restrained 
occupants were included. 
 
Computer simulations using a mathematical model of 
the 50%-ile Hybrid III dummy were used to evaluate 
the influence of the crash pulse on the loading of the 
occupants. The restraint system was a state of the art 
system with a driver side airbag and a belt system 
equipped with a pretensioner and a load limiter. 
Simulations were carried out in which the crash pulse 
shape was varied according to what can be achieved 
with the frontal longitudinal beam in which the crush 
force can be varied. Injury reducing benefits for the 
occupants were achieved by varying the crash pulse 
shape in medium severity impacts. 
 
The principal technical solution to vary the crash 
pulse is to pressurize the frontal longitudinal beams 
in the frontal structure prior to impact. In low and 
medium-speed impacts, the beams are not pressurized 
to use the available crush distance of the vehicle front. 
In high-speed impacts, the beams are pressurized to 
increase the force level of the beam and use the 
available crush distance of the vehicle front 
efficiently. 
 
 
 
 

INTRODUCTION 
 
An evaluation of the CCIS (Co-operative Crash 
Injury Study) database of front seated occupant 
injuries in small family cars involved in frontal 
crashes with an equivalent test speed (ETS) of 20-40 
km/h was performed. Thorax injuries (AIS 2+) were 
found to be more numerous than any other type of 
injury. The vast majority of chest injuries were 
skeletal. The sample sizes were limited but there 
were fewer serious chest injuries to front seat 
passengers in newer cars (registered 2000 or later) 
than in old cars (registered 1983 to 1997). There was 
no such reduction of chest injuries evident for drivers 
but injuries to other body parts decreased in newer 
cars. As a matter of fact serious chest injuries to older 
drivers in newer cars increased sharply. Also there 
was no decrease of serious chest injuries for young 
female drivers of newer cars. 

 
The manufacturers of cars are faced with the problem 
of a continuing down sizing and mass reduction trend 
to reach low fuel consumption levels and to minimize 
environmental impact. One limiting factor is the need 
to provide a sufficiently long deformation zone in the 
frontal part of the car body. Conventional test 
methods to perform crash tests into deformable or 
non-deformable barriers at speeds between 40-64 
km/h (25 to 40 mph) have resulted in cars with 
specific crash pulses and restraint systems tuned to 
give a low occupant loading. It can be reasoned that 
in real life, given the many different crash types that 
occur in real life, the importance of tailored crash 
pulses do not have such a significant effect. However, 
it can be stated that the longer the crush depth the 
lower the loading on the occupants will be, given that 
the crash pulse is not too heavily skewed with a high 
deceleration level at the end of the crash.  
 
The concept of crash pulse tuning to reduce occupant 
loads in barrier testing has been discussed and 
evaluated previously [1,2]. Recent advances provide 
the opportunity for crash pulse variation in real time 
through variable beam buckling force technology. 
Such technology will have at least a three fold 



Pipkorn  2  

advantage namely: to enable softer crash pulse at low 
and medium velocity impacts in order to decrease the 
loading on the occupants, to produce a square wave 
crash pulse at high impacts velocities and to make it 
possible to improve compatibility in vehicle to 
vehicle impacts.  
 
An effort was made to understand the influence of the 
crash pulse and vehicle deformation length on the 
driver occupants in frontal impacts in moderate to 
high velocity impacts. Mathematical analysis and 
mechanical sled tests were carried out [3, 4 and 5]. 
Significant benefits for the occupant were obtained. 
However, these analyses were carried out on vehicle 
crashes into a rigid wall. There is a need to evaluate 
the potential for active crash pulse control for 
vehicles in real world accidents. 
 
METHOD 
 
Crashes with recorded crash pulses in the Folksam 
crash recorder database were used. Since 1992, 
approximately 270 000 CPR’s have been installed in 
vehicles in Sweden, comprising of 4 different car 
makes and more than 20 models aimed at measuring 
frontal and rear-end impacts. To date the database 
contains approximately 700 frontal crashes with a 
recorded crash pulse. The inclusion criteria and 
content of the database has been described in 
previous studies [6, 7].   
 
The crash recorder measures the acceleration in 
frontal crashes with a sampling frequency of 1000. 
The crash pulses are filtered at CFC60.  
 
The injuries were collected from hospital records, 
questionnaires sent to the occupants or from 
insurance claims. The injuries were classified 
according to the 2005 revision of the Abbreviated 
Injury Scale [8].  
 
The inclusion criteria in this study were a vehicle 
overlap of at least 25% (measured as the proportion 
of the front that was deformed), a crash angle within 
+/- 30 degrees, restrained occupants (belt use was 
verified from inspections of the seat belt systems) 
and a change of velocity in the interval 40 to 75 
km/h.  
 
In total 13 crashes with restrained occupants, known 
crash pulse and injury outcome were selected for 
reconstruction.  The ∆V varied from 40 – 72 km/h 
with an average of 50 km/h. The stopping distance 
varied from 1.3 – 0.5 m with an average of 0.75 m.  
Peak acceleration varied from 21 – 45 g. 
 

The crash circumstances and injury outcomes are 
listed in Table 1.  
 

Table 1. 
Crash Types, Occupant Age/Gender and Injuries   

∆∆∆∆v Injury Accident type Gender
(km/h) / age

72,3 AIS1
Full frontal into a rolled truck 
trailer m / 71

55,3 AIS1
Full frontal into side of other 
vehicle m / 48

53,1 AIS1 Frontal collision with large car m / 25

52,9 AIS2
Full frontal into front of small 
family car f / 36

52,1 AIS1 Full frontal into a family car f / 48

51,3 AIS1
Full frontal into front of small 
family car m / 35

49,7 AIS0 Front to rear of tractor f / 36

48,0 AIS1
Single vehicle crash into a 
concrete culvert m / 71

44,3 AIS1 Frontal collision into tree f / 57

43,9 AIS1
Frontal, 30 % overlap with large 
MPV f / 64

43,7 AIS2
Single vehicle crash into a 
rock/stone m / 51

41,5 AIS2 Frontal into a truck m / 62

40,2 AIS2
Frontal collision with small car + 
sideswipe with large car f / 45

 
 
The crash pulses were modified to two levels. The 
levels were 15g and 20g constant acceleration. An 
available crush distance (vehicle front length) of 600 
mm was assumed. The total crush distance was not 
altered for the adaptive crush pulses. All crash pulses 
can be found in Appendix A. 
 
To reconstruct the crashes a mathematical model was 
used. The geometry of the occupant compartment in 
the mathematical model was based on the geometry 
of the occupant compartment of a common mid size 
vehicle. The mathematical model was a full finite 
element model (LS-DYNA) that incorporated a 50%-
ile HIII-dummy, a windscreen, a ceiling, a seat, a 
knee bolster, a belt system, an airbag, a steering 
wheel and a fixed steering column (Figure 1).  The 
belt system incorporated a buckle pretensioner and a 
load limiter at the retractor. The level of the 
pretensioner was 1 kN and the load limiter 3.6 kN (at 
the retractor). 
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Figure 1. Model with HIII Dummy 
 
The model was validated by means of results from 
mechanical sled tests at 48 km/h [9]. The predictions 
and results that were used for evaluation were HIC15, 
chest acceleration and chest deflection. 
 
RESULTS 
 
For the reference pulse HIC15 varied from 74 to 998 
(Table 2). When the pulse was active HIC15 was 
reduced with as much as 467 (HIC15). The average 
reduction for the 13 pulses was 133 (46%).  For one 
crash pulse HIC15 increased from 74 to 78. 
 

Table 2 
HIII HIC15 Results  

Reference 
Pulse

Active 
Pulse

∆v Injury HIC15 HIC15
(km/h)

72,3 AIS1 524,0 335,0

55,3 AIS1 998,0 531,0

53,1 AIS1 769,0 378,0

52,9 AIS2 548,0 460,0

52,1 AIS1 574,0 487,0

51,3 AIS1 512,0 398,0

49,7 AIS0 196,0 154,0

48,0 AIS1 88,0 78,0

44,3 AIS1 408,0 318,0

43,9 AIS1 267,0 207,0

43,7 AIS2 232,0 109,0

41,5 AIS2 74,0 78,0

40,2 AIS2 286,0 211,0

 
For the reference pulse, chest acceleration varied 
from 490 to 175 m/s2 (Table 3). When the pulse was 
active chest acceleration was reduced with as much 
as 124 m/s2. Average reduction was 67 m/s2 (18%). 
Least reduction was 7 m/s2. 
 
 
 

Table 3 
HIII Chest Acceleration Results 

Reference 
Pulse Active Pulse

∆v Injury Chest Acc Chest Acc
(km/h) (m/s2) (m/s2)

72,3 AIS1 396,0 360,0

55,3 AIS1 486,0 362,0

53,1 AIS1 429,0 332,0

52,9 AIS2 490,0 370,0

52,1 AIS1 427,0 356,0

51,3 AIS1 370,0 315,0

49,7 AIS0 269,0 247,0

48,0 AIS1 222,0 215,0

44,3 AIS1 392,0 317,0

43,9 AIS1 334,0 250,0

43,7 AIS2 335,0 230,0

41,5 AIS2 175,0 166,0

40,2 AIS2 345,0 281,0  
 
For the reference pulse peak chest deflection was 33 
mm (Table 4). It was for the pulses with 53 km/h in 
∆v. For active crash pulses the greatest reduction in 
chest deflection was 4 mm. It was for the crash pulse 
with 40 km/h ∆V. The average reduction was 1.3 mm 
(5%). There were a number of crashes in which no 
reduction in chest deflection was obtained for the 
active crash pulse. 
 

Table 4 
HIII Chest Deflection Results 

Reference 
Pulse

Active 
Pulse

∆v Injury Chest Def Chest Def
(km/h) (mm) (mm)

72,3 AIS1 31,0 29,0

55,3 AIS1 32,0 32,0

53,1 AIS1 33,0 32,0

52,9 AIS2 33,0 31,0

52,1 AIS1 32,0 32,0

51,3 AIS1 31,0 31,0

49,7 AIS0 27,0 25,0

48,0 AIS1 17,0 17,0

44,3 AIS1 30,0 28,0

43,9 AIS1 28,0 27,0

43,7 AIS2 18,0 16,0

41,5 AIS2 19,0 18,0

40,2 AIS2 31,0 27,0  
 
For the diagonal belt generally the peak force was 
reduced when the pulse was active (Table 5). The 
force was reduced for all ∆V:s but 2. For the 
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configuration with ∆V 48 km/h the force increased. 
Greatest reduction was 0.6 kN. This was for the pulse 
with a ∆V of 43.7 km/h.  Average reduction was 0.2 
kN (5%). 
 

Table 5 
Diagonal Belt Force 

Reference 
Pulse

Active 
Pulse

∆v Injury Diag Belt 
Force

Diag Belt 
Force

(km/h) (kN) (kN)

72,3 AIS1 4,2 4,0

55,3 AIS1 4,4 4,1

53,1 AIS1 4,4 4,0

52,9 AIS2 4,2 4,1

52,1 AIS1 4,1 4,1

51,3 AIS1 4,3 4,0

49,7 AIS0 3,8 3,7

48,0 AIS1 3,7 3,8

44,3 AIS1 4,2 4,0

43,9 AIS1 3,9 3,8

43,7 AIS2 4,1 3,5

41,5 AIS2 3,2 3,0

40,2 AIS2 3,9 3,5  
 
 
NIJ was generally reduced when the pulse was active 
(Table 6). The pulse was reduced for all ∆V:s but one. 
Greatest reduction was 0.17. This was for the pulse 
with 55.3 km/h in ∆V. Average reduction was 0.11 
(22%). 
 

Table 6 
NIJ 

Reference 
Pulse

Active 
Pulse

∆v Injury NIJ NIJ

(km/h)

72,3 AIS1 0.61 NTE 0.52 NTE

55,3 AIS1 0.69 NTE 0.52 NTE

53,1 AIS1 0.63 NTE 0.47 NTE

52,9 AIS2 0.66 NTE 0.54 NTE

52,1 AIS1 0.64 NTE 0.53 NTE

51,3 AIS1 0.53 NTE 0.46 NTE

49,7 AIS0 0.46 NTE 0.34 NTE

48,0 AIS1 0.17 NTF 0.15 NTF

44,3 AIS1 0.59 NTE 0.49 NTE

43,9 AIS1 0.52 NTE 0.38 NTE

43,7 AIS2 0.49 NTE 0.29 NTE

41,5 AIS2 0.19 NTE 0.20 NTE

40,2 AIS2 0.55 NTE 0.39 NTE  

 
DISCUSSION 
 
For none of the evaluated crash pulses chest 
acceleration and chest compression reached the 
FMVSS208 injury criteria levels of 60 g and 63 mm. 
However, for two of the crash pulses HIC15 was 
greater than the FMVSS208 injury criteria level of 
700. However, in the data no head injuries were 
obtained in those crashes. For the configurations with 
an active pulse HIC15 was less than 700 for all 
evaluated crashes. 
 
In a number of cases the belt force and not the chest 
deflection was reduced for the active pulse. In those 
cases when the belt forces were reduced an increased 
force from the airbag contact with the chest was 
obtained that compensated for the reduced belt force. 
 
Many vehicles on the roads today have an available 
stopping distance of approximately 0.6 m [10 and 11]. 
The vehicles are designed for high-speed impacts to 
use the stopping distance as efficiently as possible. 
Therefore the initial acceleration in a crash is 
significant. In moderate impacts the acceleration of 
the vehicle is therefore also significant resulting in 
short stopping distances. For an initial acceleration of 
the vehicle of 160 m/s2 the stopping distance in a 40 
km/h crash is 0.4 m with a square wave pulse. 
However, a small city car designed for rigid barrier 
impact at 50 km/h and a crush zone of 0.5 m as 
described by Walz [12] would exhibit an acceleration 
of 270 m/s2 with a square wave pulse at 50 km/h. In a 
40 km/h crash that acceleration level corresponds to a 
crush of 0.260 m. Such vehicle accelerations in low 
speed impacts may cause injuries. In particular for 
the elderly such acceleration levels can be injurious. 
For a majority of the crashes evaluated peak 
acceleration was greater than 270 m/s2. 
 
In many modern cars the load limiter in the seat belt 
is set to a level of 4.0 kN in order to limit the belt 
loading on the chest [13 and 14]. (3.6 kN was used in 
this study). However increasing the ride down of the 
occupant by using a load limiter has two major 
drawbacks. The forward displacement of the 
occupant inside the occupant compartment is 
increased and the efficiency of the load limiter in 
spooling out webbing is dependent on the mass of the 
occupant. The heavier the occupant is, the greater the 
forward displacement. The lighter the occupant is, the 
smaller the effect of the load limiter. One of the 
benefits with an adaptive crash pulse is that the input 
inertia field (crash pulse) can be adjusted based on 
the impact speed. An adaptive crash pulse can 
therefore reduce the loads on all occupants regardless 
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of the mass of the occupant. Adaptive crash pulse 
technology has the potential of decreasing the 
demands on the “tuning” of the interior restraint 
systems for the individual occupants and to produce 
low occupant loadings in a majority of crashes. 

 

Kent [15] has published injury risk curves (AIS3+) 
for different age categories as a function of chest 
deflection. In the simulations in this study with the 
50%-ile HIII dummy and an impact velocity of 40 
km/h chest deflection was in one case reduced from 
31 mm to 27 mm when the crash pulse was made 
active. This would correspond to a decrease in risk of 
chest injury (AIS 3+) from 21% to 11% for a 60+ 
year car occupant. 

 
In 81% of the vehicle frontal crashes at least one of 
the longitudinal members is loaded [10]. In addition 
the main longitudinal members generally absorb a 
significant amount of the crash energy. Therefore a 
system that adapts the force level on the main 
longitudinal members addresses the majority of the 
frontal impacts. A technical solution to vary the crush 
force in the vehicle front can be to pressurize the 
main longitudinal members. Tests were carried out in 
which 600 mm long tubes with a wall thickness of 
1.0 mm were crushed axially (Figure 2).  The 
diameter of the tubes was 80 mm. 
 
 

 
Figure 2. Test Set Up Tube Crush Tests 
 
The tests were carried out at an impact velocity of 17 
km/h (4.8 m/s). Tests were carried out with both 
reference tubes (unpressurized), pressurized sealed 
tubes and pressurized ventilated tubes. 
 
In the results it can be observed that for the reference 
tubes the crush force was 40 kN (Figure 3). For the 
pressurized tubes the crush force was 70 kN.  For the 

pressurized ventilated tubes the crush force was 60 
kN. 
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Figure 3. Force vs Deformation for Crushed 
Tubes 
 
By pressurization a significant increase in the energy 
absorbed was obtained (Figure 4). At 200mm 
deformation of the tubes the reference tubes absorbed 
7.7 kJ. The pressurized tubes absorbed 14 kJ. By 
pressurization the energy absorbed was increased by 
82%. 
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Figure 4. Energy Absorbed by the Tubes 
 
The increased crush force from pressurization 
depends linearly on the cross sectional area of the 
tubes (Figure 5), the greater the cross sectional area 
of the tube, the greater the increase in crush force by 
pressurization. 
 
Significant weight reductions can be achieved with a 
thin-walled beam with a large cross sectional area 
that is pressurized. For a tube with a diameter of 160 
mm that is pressurized the increase in crush force is 
80 kN. 
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Increase in Crush Force By Pressurisation
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Figure 5. Increase in Crush Force 
 
This concept can then be used in other types of 
crashes in order to achieve effective protection in 
other crash velocities and also to improve vehicle 
compatibility.  
 
CONCLUSIONS 
 
An active crash pulse can reduce HIC15 by 46%, 
chest acceleration by 18%, chest deflections by 5% 
and NIJ by 22% in accidents with 72 – 40 km/h in ∆v. 
 
Pressurising thin-walled tubular structures can 
significantly increase the crush force and energy 
absorption. 
 
 
REFERENCES 
 
[1] Witteman W.J., Kriens R.F.C. “The necessity of 
an adaptive vehicle structure to optimise deceleration 
pulses for different crash velocities”. Technische 
Universiteit Eindhoven, 1999 
 
[2]  Shi Y., Wu J., Nusholtz G. “Optimal Frontal 
Vehicle crash Pulses- A numerical method for 
design”. Paper 514. 18th Technical Conference on 
the Enhanced Safety of Vehicles, Nagoya, Japan. 
2003 
 
[3] Mellander H., Pipkorn B., Håland Y. “Driver 
protection potentials in high severity frontal impacts 
with up to 50 mph delta-V”. Safety 2004 conf., 
Institution for Mechanical Engineers, London 2004 
 
[4] Pipkorn B., Mellander H., Håland Y. “Car driver 
protection at frontal impacts up to 80 km/h (50 mph)”. 
Paper Number 05-0102. ESV Conference 2005 
 
[5]  Pipkorn B.,  Mellander  H., Olsson J.,  Håland Y. 
“On the combined effect of the variation of driver 
restraint configuration and crash pulse for high and 
very high impact velocities”.  IRCOBI 2006 

 
[6] Kamrén B, Krafft M, Kullgren A, Lie A, Nygren 
Å, Tingvall C. Advanced Accident Data Collection - 
Description and Potentials of a Comprehensive Data 
Collection System. Proc. of the 13th ESV Conf., 
Paris, 1991: Vol1:41-45 
 
[7] Kullgren A. Validity and Reliability of Vehicle 
Collision Data: Crash Pulse recorders for Impact 
Severity and Injury Risk Assessments in Real-Life 
Frontal Collisions. Thesis for the degree of Doctor in 
Philosophy, faculty of Medicine, Folksam Research 
106 60 Stockholm, 1998. 
 
[8] AAAM, Abbreviated Injury Scale 2005, AAAM 
Des Plaines, IL, USA, 2005. 
 
[9] Pipkorn, B., Mroz K. “Validation of a Human 
Body Model for Frontal Crash and its Use for Chest 
Injury Prediction”. SAE Paper No 08DHM-0015. 
Digital Human Body Modelling Conference, 2008, 
Pittsburgh, USA 
 
[10] Ng, E., Hassan, A., Cuerden R. “Effectiveness of 
Longitudinal in Frontal Impacts”,  Paper No: 2008-
099, IJ Crash Conference 2008, Japan 
 
[11]  Ono Y, Kimura Y; Mizuno K. “What we 
learned from JNCAP and our proposals”.  ESV 2003 
paper 244 
 
[12] Walz F., Kaeser R., Niederer P.  “Occupant and 
Exterior safety of low mass cars”. IRCOBI 1991 

[13]  Bendjellal F., Walfish G., Steyer C., Ventre P., 
Foret-Bruno J-Y.. “The Programmed restraint system 
– A lesson from accidentiology”. SAE 973333 Stapp 
conf., 1997 
 
[14] Foret-Bruno J-Y., Troisseille X., Le Cox J-Y. 
“Thoracic Injury Risk in Frontal Car Crashes with 
Occupant Restrained with Load Limiter”. Stapp 
Conf., 1998 
 
[15] Kent R., Patrie J., Poteau F., Matsuoka F., 
Mullen C.. “Development of an age-dependent 
thoracic injury criterion for frontal impacts restraint 
loading”. Paper 72, 18th Technical Conference on the 
Enhanced Safety of Vehicles, Nagoya, Japan. 2003 
 



Pipkorn  7  

APPENDIX A 
 

Dv 72,3 km/h

0

5

10

15

20

25

30

35

40

0 0,5 1 1,5
Deformation (m)

A
cc

el
er

at
io

n
 (

g
)

Reference Pulse
Active Pulse

 
Figure A1.  Dv 72,3 km/h 

 

Dv 55,4 km/h

0

5

10

15

20

25

30

35

40

0 0,5 1 1,5
Deformation (m)

A
cc

el
er

at
io

n
 (

g
)

Reference Pulse
Active Pulse

 
Figure A2.  Dv 55,4 km/h 
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Figure A3.  Dv 53,1 km/h 
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Figure A4.  Dv 52,9 km/h 
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Figure A5.  Dv 52,1 km/h 
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Figure A6.  Dv 51,3 km/h 
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Figure A7.  Dv 49,7 km/h 
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Figure A8.  Dv 48,0 km/h 
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Figure A9.  Dv 44,3 km/h 
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Figure A10.  Dv 43,9 km/h 
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Figure A11.  Dv 43,7 km/h 
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Figure A12.  Dv 41,5 km/h 
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Figure A13.  Dv 40,2 km/h 
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ABSTRACT 
 

Human body segments and whole body 
models are more and more used in automotive 
safety research. Detailed in deep validated 
segmental models exist and are used for the 
definition of improved injury criteria, transforming 
the models into injury prediction tools. The present 
collaborative work’s objective is to couple and to 
validate the Strasbourg University Head FE Model 
(SUFEHM) with the THUMS human body model 
under Ls-Dyna code before applying the new tool 
under accidental environment. 

In a first effort, Strasbourg University 
Head Model and related injury criteria developed in 
earlier studies under RADIOSS code had to be 
transferred under Ls-Dyna code, both at constitutive 
laws and injury criteria definition level. For this, a 
validation of the SUFEHM against Nahum and 
Yoganandan’s experiments in order to validate 
brain and skull behavior respectively under Ls-
Dyna has been done. After these validations the 
reconstruction of 59 real world head trauma has 
been conducted in order to propose head tolerance 
limits to specific injuries under Ls-Dyna code. 

After this, the SUFEHM was coupled to 
the THUMS neck in order to create a hybrid 
“THUMS-Strasbourg head” model. At geometrical 
level the coupling was performed by creating 
interfaces at bone contact level and connecting 
ligaments and soft tissue elements to the head 
model. At mechanical level the coupled FEMs was 
validated under front, lateral and oblique impact 
regarding head-neck kinematics superimposed to 
experimental data. 

This coupled model constitutes an original 
research tool for further investigation on the 
importance of human head boundary condition in 
case of head impact, whatever the accident 
condition are, car occupant, pedestrian or even 
motorcyclists. 
 

INTRODUCTION 
 

Since several years human body models 
became a useful tool for the simulation of the 
human body under impact conditions. Human body 
models are directly modelled like the human body. 
In comparison the common dummy simulation 
models are modelled like the anthropomorphic test 
device which they are representing.  

Generally the results which can be 
obtained by a simulation model of the dummy are 
limited to the measurements which are delivered by 
the anthropomorphic test device.  

The results which human body simulations 
deliver have of course also limitations. But 
compared to an anthropomorphic test device human 
body models are able to represent the kinematics of 
the human body in a more realistic way. A human 
body model can be loaded from different directions. 
For instance the same model is able to simulate the 
frontal and the side impact loading of an occupant. 
In fact the same model should be able to simulate a 
pedestrian accident situation if positioned in a 
standing posture.  

All over the world several human body 
models are available. Additionally detailed models 
of body regions are also available. Body region 
models can be used for special impacts like a leg 
model impacting a front end model of a car. 
Regarding the body regions under the aspects of 
crash and impact the head is one of the most 
vulnerable body regions despite of having a strong 
bone structure. Therefore models of the head have 
been developed to simulate the impact and the 
possible injury caused by these impacts.  

A typical human body model for the whole 
human body is the THUMS model used with Ls-
Dyna code [Iwamoto2002, Oshita 2002]. Due to the 
fact, that the basic version of the THUMS model 
has a rigid skull modelling, the head impact of this 
whole body human model cannot be evaluated for 
possible head or brain injuries.  
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     A typical state of the art head model is the 
Strasbourg University Head FE Model (SUFEHM), 
which is able to predict head injuries caused by 
impacts. This model is available under Radioss 
code. The aim of this study is first to transfer 
SUFEHM under Ls-Dyna code, validate it and 
propose some tolerance limits to specific injuries by 
reconstructing real world head trauma under Ls-
dyna code, second to couple SUFEHM with the 
THUMS and validate the head-neck kinematics. 
 
STRASBOURG UNIVERSITY FINITE 
ELEMENT HEAD MODEL UNDER L-DYNA 
CODE 
 
Meshing presentation 
 
Kang et al., in 1997, has developed the Strasbourg 
University Finite Element Head Model. The 
geometry of inner and outer surfaces of the skull 
was digitised from a human adult male skull. The 
main anatomical features modelled were the skull, 
falx, tentorium, subarachnoid space, scalp, 
cerebrum, cerebellum, and the brainstem. The finite 
element mesh is continuous and represents an adult 
human head. Globally, SUFEHM model consists of 
13208 elements. Its total mass is 4.7 kg, a 
representation is given in Figure 1. 

 
Figure 1. Section through the Strasbourg 

University Finite Element Head Model 
(SUFEHM). 

 
Mechanical properties under Ls-dyna software 
 
     Introduction - The source model is available 
under Radioss code; the aim here is to implement 
mechanical properties under Ls-Dyna code before 
SUFEHM’s validation. Material properties of the 
cerebral spinal fluid, scalp, facial bones, tentorium 
and falx are all isotropic, homogenous and elastic, 
with mechanical properties similar than those used 
under Radioss code (*MAT_ELASTIC law) 
(Willinger et al., 1995). 
 
     Brain material law choice – The brain is 
assumed to be visco-elastic. The visco-elastic law 

used under Ls-Dyna code is Material Type 6 
(MAT_VISCOELASTIC). This model allows the 
modeling of visco-elastic behavior for beams, shells 
and solids. The shear relaxation behavior is 
described by: 

)()()( 0 tExpGGGtG β−−+= ∞∞  

With �� short-time shear modulus, �
∞

 Long-time 
shear modulus and � Decay constant. Values of the 
parameters are the same than for Radioss code i.e. 
��=4.9E-02 MPa, �

∞
=1.62E-02 MPa and β=145s-1. 

 
     Skull material law choice - The skull was 
modelled by a three layered composite shell 
representing the inner table, the diplöe and the 
external table of human cranial bone. For this an 
INTEGRATION_SHELL card has been 
implemented in order to define the three skull 
layers (cortical bone and diploe) as layers’ 
thicknesses. The material model 55, which is 
available under a single label “mat_enhanced 
composite_damage”, in LS-DYNA was used to 
represent the mechanical behavior of the skull 
bones The material model 55 has three failure 
criteria expressions for four different types of in-
plane damage mechanisms. Each of them predicts 
failure of one or more plies in a laminate. The 
expressions accommodate four in-plane failure 
modes: matrix cracking, matrix compression, fiber–
matrix shearing and fiber breakage. Skull 
mechanical parameters are presented in Table 1. 
 
Table 1. Skull mechanical parameters under Ls-

Dyna code 

 
Cortical 

bone 
Diploe 
bone 

Mass density [Kg/m3] 1900 1500 
Young modulus [MPa] 15000 4665 

Poisson’s ratio 0.21 0.05 
Shear stress parameter -0.5 -0.5 

Longitudinal and transverse 
compressive strength [MPa] 

145 24.8 

Longitudinal and transverse 
tensile strength [MPa] 90 34.8 

 
 
Validation 
 
After Strasbourg University Head FE meshing 
transfer under Ls-Dyna code and after the 
identification of the material laws, the SUFEHM 
validation under this code for Nahum’s impact (in 
order to validate brain response) and for 
Yoganandan’s impact (in order to validate the skull 
behaviour and bones failure) is proposed. 
 
     Nahum’s validation - The experimental data 
used in order to validate brain behaviour were 
published by Nahum et al.(1977) for a frontal blow 
to the head of a seated human cadaver. For this 
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impact configuration, a 5.6 kg rigid cylindrical 
impactor launched freely with an initial velocity of 
6.3 ms-1 generates an interaction force and a head 
acceleration characterised by their peak values 
which are respectively 6900 N and 1900 ms-2 over 
a duration of 6 10-3 s. Intracranial pressures were 
also recorded in this test, at five well defined 
locations : behind the frontal bone, adjacent to the 
impact area, immediately posterior and superior to 
the coronal and squamosal suture, respectively in 
the parietal area, inferior to the lambdoidal suture in 
the occipital bone (one in each side), and at the 
posterior fossa in the occipital area. 
Since the neck was not included in this model, a 
free boundary condition was used to simulate 
Nahum's impact. This hypothesis is based on the 
justification that the time duration of the impact is 
too short (6 ms) for the neck to influence the 
kinematics head response during pulse duration. 
In order to reproduce the experimental impact 
conditions, the anatomical plane of the SUFEHM 
was inclined about 45°, as shown in Figure 2, like 
in the Nahum's experiment. For modelling a direct 
head impact, the model was frontally impacted by a 
5.6 kg rigid cylindrical impactor (with an elastic 
padding, E= 13.6MPa, Poisson’s ration=0.16) 
launched freely with an initial velocity of 6.3 m/s. 
 

 
Figure 2. Nahum’s configuration 

 
 
     Yoganandan’s validation - Experimental tests 
carried out by Yoganandan et al. in 1994 has been 
used in order to validate the ability of the human 
head finite element model to predict a skull 
fracture. The impact configuration is shown in 
Figure 3. The surface of the impactor was modelled 
by a 96mm diameter rigid sphere. Initial conditions 
were similar to the experimental ones i.e. a mass of 
1.213kg with an initial speed of 7.1 m/s. The base 
of the skull was embedded as in the experiment. For 
the model validation, the contact force and the 
deflection of the skull at the impact site, were 
calculated. 
 

 
Figure 3. Yoganandan’s configuration 

 
Tolerance limits to specific injury mechanisms 
 
     SUFEHM tolerance limits to specific injury 
mechanisms are available under Radioss code and 
published by Deck et al. (2008). The objective here 
is to propose tolerance limits under Ls-dyna code. 
For this, 59 head impact conditions that occurred in 
motorcyclist, American football and pedestrian 
accidents were reconstructed with the SUFEHM 
under Ls-Dyna code. A summary of the type and 
number of accident reconstructions is given through 
Table 2.  
The reconstructions involved applying the motion 
of the head from the accidents to the rigid skull of 
the SUFEHM. Same methodology (statistical 
analysis) than methodology used by Deck et al. 
(2008) has been undertaken.  
For the statistical analysis the injuries for the 
accident data were categorised into the following 
types and levels based on the details of the medical 
report from each accident case: 
- Diffuse axonal injuries (DAI): DAI cases 

covered all incidences in which neurological 
injuries occurred and covered concussion, 
unconsciousness and coma. Incidences of DAI 
were broken down into mild and severe levels 
according to coma duration (<24H for 
moderate DAI and >24H for severe DAI) 

- Subdural Haematomas (SDH): This category 
of injuries covered all incidences in which 
vascular injuries with bleeding were observed 
between the brain and the skull of which there 
were six cases. 

 
Table 2. Summary of the type and number of 

accident reconstructions 

Accident Type Number of 
cases 

Motorcycle accidents 11 
American football accidents 20 

Pedestrian accidents 28 
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THUMS SUFEHM COUPLING 
 
THUMS presentation 
 
The Total Human Model for Safety (THUMS) was 
originally developed in the late nineties by the 
Biomechanics Laboratory from Toyota, with the 
help of a part of the model developed by the Wayne 
State University […]. The geometry of the model 
represents a 50th percentile American adult male 
body with 175 cm height and weighting 77 kg. This 
initial version of the model, composed of about 
80,000 elements, is presented in Figure 4. Several 
projects performed at Daimler have led to an 
advanced model (165,127 elements) that is shown 
in Figure 5. This later model was used in the 
present study. Figure 6 gives an overview of the 
resulting global THUMS with the implemented 
SUFEHM (174,058 elements). 
 

 
 

Figure 4. Basic THUMS model 
 

 
 

Figure 5. Advanced THUMS model 

 
 

Figure 6. Advanced THUMS model with 
Strasbourg University Head FE Model 

(SUFEHM) 
 
 
Coupling 
 
The coupling of the SUFEHM head with the 
advanced THUMS model has been done manually 
by using a FE pre processor. The original head of 
the THUMS models has been replaced completely. 
The mesh of the THUMS neck has been changed in 
the connection area between the SUFEHM head 
and the THUMS neck. The connection methods are 
the same like in the original THUMS model. 
Between head and neck elements the same nodes 
are shared. The mesh is continuously without any 
tied contacts or boundary conditions. The Figure 7 
shows the new generated head-neck complex.  
 
Due to the changed head model it is necessary to 
verify the validation of the new generated head 
neck complex. 
 

 

 
 

Figure 7. Head neck complex with SUFEHM 
head and modified THUMS neck.  
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Validation 
 

After implementation of the SUFEHM on 
the THUMS model, a validation of the head-neck 
coupling was carried out according to data from 
studies on the human volunteer experiments 
conducted by Ewing et al. (1968, 1977) at the 
Naval Biodynamics Laboratory (NBDL). 
 

In the experiments of Ewing et al. very 
healthy volunteers, from U.S. Army Air Defense 
Command, were put in seated position on a chair 
rigidly attached to a sled consisting of a horizontal 
accelerator that is shown in Figure 8. They were 
equipped with pelvic and torso restraint systems 
while allowing the head and neck to move freely as 
illustrated in Figure 9.  

 
The subjects were then submitted to 

impact accelerations in frontal, lateral and oblique 
directions.  

 
Two redundant systems were used to 

monitor the kinematics of the head-neck coupling. 
The first one is composed of transducers positioned 
over the posterior spinous process of the first 
thoracic vertebra (T1), over the posterior superior 
aspect of the head and at the mouth level as shown 
in Figure 10. The second system consists of high-
speed cameras mounted to the sled.  
 

Results of these tests give access to the 
dynamic responses (linear and angular accelerations 
and displacements) of the head with respect to the 
input accelerations, velocities and accelerations 
which have been recorded at T1.  
 

Table 3 summarizes the conditions of the 
experiments for the different impact configurations. 
 
 

 
 

Figure 8. Human volunteer positioned in the sled 
for a lateral impact (NBDL website) 

 

 
 

Figure 9. Restraint systems (NBDL website) 
 

 
 

Figure 10. Anatomical locations for the 
transducer systems on volunteer head (Ewing et 

al. 1968) 
 
 
 

Table 3. Summary of the set-up of the 
experiments for the three impact configurations 
(adapted from van der Vorst, PhD. Thesis, 2002) 
 

 
 

In the validation procedure the THUMS 
model with the SUFEHM head model has to be 
loaded with the same accelerations like the 
volunteers in the tests of Ewing et al. To achieve 
the same loading conditions it is necessary to either 
model the same environment like in the test set up 
including the belt system or a simplification which 
allows validating the head-neck complex has to be 
done. A simplification of an existing deformable 
finite element model can be achieved by reducing 
the elements degrees of freedom for a part of the 
model. In this study the head-neck complex has 
been left deformable. The rest of the body has been 
defined as a rigid body. The rigid area includes the 
T1 bone (Figure 11). 
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Figure 11. THUMS model rigid parts including 

T1 bone for validation procedure. 
 
The velocities in the sled tests measured 

kinematics at the T1 bone can now be applied to the 
rigid part of the model. This approach saves 
computation time and allows validating the head-
neck complex as an independent system in the first 
step.  

From the tests of Ewing et al. average 
velocity curves are available for the three different 
loading directions. Figures 12 to 14 show the 
measured average speed. 

For the validation of the model a change of 
any material property of the model has to be 
simulated and compared for all three loading 
directions (latatefrontal and oblique).  

Tests with human volunteers deliver of 
course different results for each person despite of 
having similar body sizes and weights. Plotting the 
results in one diagram delivers usually a corridor of 
possible results. The aim in the validation is to 
achieve results for all three loading directions 
which are in the corridor.  

The new created head-neck complex did 
not deliver simulation results which fit in the 
corridor of the test results with the original material 
properties of the THUMS neck model. It was 
necessary to change material properties for the neck 
in this validation procedure.  
     For realistic global kinematics of the head-neck 
complex it is necessary to define a contact between 
the head and the torso. Impact loadings of this 
severity can cause contacts of the head to the torso. 

 
Figure 12 Velocities imposed on T1versus time 

for the lateral impact. 
 

 
Figure 13. Velocities imposed on T1versus time 

for the frontal impact. 
 

 
Figure 14. Velocities imposed on T1versus time 

for the oblique impact. 
 
 
RESULTS 
 
SUFEHM Results 
 
     Nahum’s validation results – In order to 
validate brain mechanical properties under Ls-Dyna 
code, a Nahum’s experiment has been numerically 
replicated. The comparison of numerical and 
experimental forces is shown in Figure 15a for the 
Nahum's impact. A good agreement for the impact 
force was found as the time duration of impact and 
the amplitudes were well respected. The 
comparison of pressure time histories between 
numerical and experimental data is presented in 
Figure 15b, c, d, e for the Nahum's impact 
simulation. As shown in these figures, five 
intracranial pressures from the model matched the 
experimental data very well. The maximum 
difference of pressure peak is under 10 %. 
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Figure 15. Experimental and numerical results comparison obtained for a Nahum’s impact in terms of 
interaction force (a), frontal pressure (b), Fossa posterior pressure (c), parietal pressure (d) and occipital 

pressure (e) under Ls-Dyna code. 
 
     Yoganandan’s validation - In order to validate 
material and section definition of the skull under 
Ls-Dyna software, Yoganandan’s experiment was 
simulated. The numerical force-deflection curves 
are compared to the average dynamical response of 
experimental data (Figure 17). The dynamical 
model responses agree well with the experimental 
results, both the fracture force and the stiffness 
level.  
 
When a layer fails, a parameter, called damage 
parameter, which is zero by default is set to one. 
Figure 16 illustrates damaged layer(s) in the 
simulation. The blue color indicates that at least one 
layer of the element failed. The model indicates 
fracture located around the impact point which 
complies with pathological observations. 
 

Figure 16. Skull failure description in terms of a) 
tensile fiber break, b) compressive fiber break 

and c) compressive matrix break 
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Figure 17. Experimental versus simulated force 
deflection curves until fracture (+ gives the 

corridor of Yoganandan’s experimental results). 
 
 
SUFEHM Tolerance limits under Ls-dyna code 
 

Results computed with the SUFEHM 
under Ls-Dyna code are reported in terms of 
correlation coefficients (Nagelkerke R-Squared 
values) in order to express their injury prediction 
capability.  

Based on SPSS method it appears that DAI 
are well correlated with intra-cerebral Von Mises 

a) b) c) 
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stress. Maximal principal strain as well as Von 
Mises strain presents also an acceptable correlation.  
Coming to maximum R² values, the maximum Von 
Mises stress conducts to 0.6 and 0.39 for 
respectively moderate and severe neurological 
injury.  
 

The threshold for this parameter are of the 
order of 28 and 53 kPa respectively for moderate 
and severe neurological injuries as it appears in the 
injury risk curves reported in Figure 18. 
 

Concerning the SDH injuries two 
mechanical parameters, i.e. CSF minimum pressure 
and CSF strain energy were considered. 

With the SUFEHM it was shown (Table 4) 
that the best correlation with SDH was the 
maximum strain energy within the CSF, with a R² 
value of 0.465 and a threshold value of about 4950 
mJ. 
 

After the analysis of regression correlation 
method Figure 18 and figure 19 report the injury 
risk curves obtained with the SUFEHM for each of 
the injury types and the corresponding equations 
which permit to draw the S-curves. Finally Table 5 
and Table 6 provide the tolerance limits for each 
injury mechanisms with an injury risk of 50%. 
 

 
 

Table 4. Nagelkerke R-Squared value for the 
logistical regressions between the injury predictors 

computed with SUFEHM and the injury data. 
 

Table 5. Tolerance limits calculated for DAI 
injuries (mild and severe) with the ULP FE head 

model and LS-DYNA software. 
 

Injury Predictors Mild 
DAI 

Severe 
DAI 

SDH 

CSF minimum 
pressure 

  0.367 

CSF strain energy   0.465 

Peak brain Von 
Mises stress 

0.6 0.39  

Peak brain first 
principal strain 

0.43 0.355  

Peak brain Von 
Mises strain 

0.43 0.35  

 

 
Mild 
DAI 

Severe 
DAI 

Brain Von Mises stress [kPa] 28 53 

Brain Von Mises strain [%] 30 57 

Brain First principal strain [%] 33 67 
 

 

 
Table 6. Tolerance limits calculated SDH injury 

with the ULP FE head model and LS-DYNA 
software. 

 

 SDH 

Minimum of CSF pressure [kPa] 290 

CSF strain energy [mJ] 4950 
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Figure 18. Best fit regression models for DAI injury (moderate up and severe down) investigated for the 
SUFEHM considering brain Von Mises stress. 
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Regression: log(p/(1-p)) = -4.931 + 0.001X 

where X is the CSF strain energy 

 
Figure 19. Best fit regression models for SDH/SAH injury investigated for the ULP head model 

considering CSF pressure (up) and CSF strain energy (down). 
 
 
 
 
THUMS Validation Results 
 

For the validation the simulation results 
can be compared for the head centre of gravity 
accelerations and displacements. In the tests of 
Ewing et al. the accelerations of the head centre of 
gravity have been calculated by considering the 
accelerometer positions which the occupants of the 
sled had fastened on their heads.  
 

The centre of gravity for the SUFEHM 
model has been calculated by pre processing 
software tools. For the comparison of the results the 
closest node of the calculated head centre of gravity 
has been used (Figure 20).  
 

The validation results for the impact 
loading are strongly dependent from the contact 
between torso and head. Therefore both curves with 
and without head contact to the torso are plotted in 
the result plots (Figures 21, 23 and 25 for frontal, 
lateral and oblique impact respectively).  

 
Motions for a frontal, lateral and oblique 

impact of the finite element model deprived of the 
contact definition are given in figures 22, 24 and 26 
respectively. 

 
 
 

 
 
 
 
 
 
 

 
 

Figure 20. SUFEHM centre of gravity and 
closest node for comparison with simulation 

results. 
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Figure 21. Simulation results of a frontal impact. Kinematics responses of the anatomical centre of the 

head: (a) x- angular acceleration; (b) y- linear displacement; (c) y- angular acceleration; (d) y- rotation; (e) 
z- linear acceleration; (f) z- linear displacement; Corridors and inputs for simulations follow experiments 

from Ewing et al. (1968, 1977) 
 

   

 
Figure 22. Motion for a frontal impact of the finite element model deprived of the contact definition (head 

and spine up to T1). 
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Figure 23. Simulation results of a lateral impact. Kinematics responses of the anatomical centre of 
the head: (a) x- (b) y- and (c) z- linear accelerations; (d) x- (e) y- and (f) z- linear displacements; (g) 

Motion of the finite element model deprived of the contact definition (head and spine up to T1). Corridors 
and inputs for simulations follow experiments from Ewing et al. (1968, 1977) 

 
 

 
 

Figure 24. Motion for a lateral impact of the finite element model deprived of the contact 
definition (head and spine up to T1). 
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Figure 25. Simulation results of an oblique impact. Kinematics responses of the anatomical centre of the 
head: (a) x- (b) y- and (c) z- linear accelerations, (d) x- (e) y- and (f) z- displacements; Corridors and 

inputs for simulations follow experiments from Ewing et al. (1968, 1977) 
 
 

 
 

Figure 26. Motion for an oblique impact of the finite element model deprived of the contact definition 
(head and spine up to T1) 
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CONCLUSIONS AND DISCUSSION 
 

In this study the Strasbourg University 
Finite Element Head Model (SUFEHM) has been 
transferred under LS-DYNA code, and mechanical 
properties have been implemented. Two 
experimental impacts have been replicated 
numerically, a Nahum’s impact in order to validate 
the brain behaviour and a Yoganandan’s shock to 
validate the skull stiffness and fracture.  
In an attempt to develop improved head injury 
criteria under Ls-Dyna code, 59 real world head 
trauma that occurred in motorcyclist, American 
football and pedestrian accidents were 
reconstructed with SUFEHM. Statistical analysis 
was then carried out on intra cerebral parameters 
computed in order to determine which of the 
investigated metrics provided the most accurate 
predictor of the head injuries sustained in the 
accidents. Two tolerance limits to specific injury 
(for a 50% risk of injuries) have been computed: 
- A maximum Von Mises stress value: 28 kPa for 

moderate DAI and 53 kPa for severe DAI. 
- A maximum CSF strain energy: 4950 mJ for 

SDH 
The original head model of the THUMS 

model has been replaced by the Strasbourg 
University Finite Element Head Model (SUFEHM). 
The Validation of the new head-neck complex has 
been done against the volunteer tests of Ewing et al. 
The results show a good fit for the linear 
accelerations and linear displacements of the head 
centre of gravity for all three impact directions.  

The coupled model can now be used for 
further studies in which the whole body kinematics 
is important before the head suffers any impact. 
Compared with the real accident situations the 
whole body simulation is more realistic than a head 
impact model alone. The complete deformable 
finite element model can be used directly for 
simulations with other finite element models, 
without any pre simulations like with multi body 
models.  

In car accidents the new model can be used 
for the analysis of pedestrian accidents and for 
occupants the oblique or multi directional loading 
can be simulated.  

Another interesting study would be the 
accident analysis of motor cyclists. Especially the 
whole body kinematics with a helmet model can 
deliver new information. 
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ABSTRACT 
 
When a motorcycle is driven on a curved road, 
the motorcycle headlamp inclines horizontally as 
the motorcycle body banks, and the area 
illuminated by the headlamp becomes limited. 
Therefore, minimizing the horizontal inclination 
of the headlamp would improve the visibility. 
This study was conducted to clarify the effects of 
a system to adjust the horizontal inclination of the 
motorcycle headlamp (hereafter, “motorcycle 
AFS”) on visibility for the rider, and to examine 
the side-effects of the motorcycle AFS (e.g., 
discomfort glare for oncoming drivers). 
The study included the following two parts: 
(1) A simulation survey and an actual driving 
survey to test the visibility demonstrated that a 
motorcycle AFS enhances visibility for the rider 
while the motorcycle is being driven on curved 
road. When the horizontal inclination of the 
headlamp is adjusted by the same or greater 
amount than the bank angle of the motorcycle 
body, the visibility evaluation scores are equal to 
or above the just acceptable level. However, 
when the adjustment amount is less than the bank 
angle, the visibility evaluation scores are below 
the just acceptable level. 
(2) A simulation survey and an actual driving 
survey to evaluate the discomfort glare showed 
that when the horizontal inclination of the 
headlamp is adjusted by the same or smaller 
amount than the bank angle, the glare evaluation 
scores are equal to or above the just acceptable 
level. However, when the adjustment amount is 
more than the bank angle, the glare evaluation 
scores are below the just acceptable level. 
 
 
 
 
 
 

Based on the results obtained in this study, the 
following technical requirement is proposed for 
the motorcycle AFS: 
"A horizontal inclination adjustment system 
(HIAS) may be installed. However, the 
adjustment amount of horizontal inclination shall 
not exceed the vehicle's bank angle." 
 
  
INTRODUCTION 
 
In recent years, adaptive front lighting systems 
(AFS) have been increasingly introduced for 
four-wheeled vehicles. The AFS is designed to 
improve the visibility for the driver in 
accordance with the driving conditions by 
controlling the optical axis of headlamps in 
coordination with steering wheel operation 
and/or by using a supplementary light source in 
addition to existing headlamps. 
With regard to the motorcycle AFS, Japanese 
motorcycle manufacturers have presented 
AFS-mounted prototype vehicles as part of the 
Advanced Safety Vehicle (ASV) Project, which 
is being implemented by Japan’s Ministry of 
Land, Infrastructure and Transport. However, 
the motorcycle AFS has not yet been released. 
In the case of a motorcycle headlamp, when a 
motorcycle is driven on a curved road, the 
motorcycle headlamp inclines horizontally as the 
vehicle body banks, and the area illuminated by 
the headlamp becomes limited. The range of road 
illuminated by the headlamp in the direction of 
travel tends to become narrow because the 
headlamp horizontally inclines with the vehicle 
body in curves. 
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Therefore, the visibility could be improved if the 
horizontal inclination angle of the headlamp 
(hereafter, “inclination angle”) could be adjusted 
to keep the cut-off line horizontal (Figure 1). 
In order to obtain the data required to draw up 
motorcycle AFS regulations, this study 
examined the effect of inclination angle on 
improving the visibility for riders and on the 
discomfort glare for oncoming vehicle drivers. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1.  Illuminated area by AFS headlamp 
and non-AFS headlamp 

 
 
MEASUREMENT OF THE INCLINATION 
ANGLE AND THE AIMING DIRECTION 
OF A MOTORCYCLE HEADLAMP IN A 
CURVE 
 
Objective 
 
The objective of this research item was to 
measure the inclination angle and the aiming 
direction of a motorcycle headlamp in a curve. 
 
Method 
 

 Test Vehicle and CCD Cameras - The test 
vehicle was a 400 cc class motorcycle fitted 
with a CCD camera at the usual headlamp 
position (850 mm above the ground). The 
images taken by the onboard camera (Figure 2) 
and the images taken by the CCD camera fixed 
on the ground (Figure 3) were analyzed to 
determine the inclination angle and the aiming 
direction of the motorcycle headlamp. These 
two images were synchronized by LED lamps. 

 
 
 
 
 

 
 
Figure 2.  Image by motorcycle mounted  
CCD camera 
 
 

  
Figure 3.  Image by CCD camera fixed on 
the ground 

 

 Test Course - While a motorcycle was driven 
counterclockwise around a circular test track 
(marked with white lines of different radii; see 
Figure 4), the inclination angle and the aiming 
direction of the motorcycle headlamp in a left 
curve were measured. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.  Test course (circular test track) 
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   Measurement Conditions - Four radii of 
lane curvature were used: 30 m, 50 m, 70 m and 
140 m. 
The vehicle speeds were determined by the 
method for calculating minimum radii in 
"Interpretation and implementation of the road 
construction ordinance 1)." 
 
   Test Riders - The test riders were four males 
who frequently rode motorcycles for test work. 
 
 
   Number of Measurements - The 
measurements were taken 20 times under each 
measurement condition (4 riders x 5 runs). 
 
Results 
 
Based on the analysis results of the 20 rounds 
for each measurement condition, the median 
values of the inclination angle of the motorcycle 
headlamp and the aiming direction for that 
inclination angle were obtained as shown in 
Table 1. 
 

Table 1.  Results of headlamp inclination 
angle and aiming direction measurement 
 

Y Z

30m 30km/h 12.9° 1.7 0.3

50m 40km/h 13.3° 3.6 0.2

70m 50km/h 15.2° 0.5 0.2

140m 60km/h 13.4° 1.3 0.4

Radius
Vehicle
Speed

Headlamp

Inclination
Angle

Aiming Direction (Degree)

  
 Y : + Indicates rightward.    Z : + Indicates upward. 

 
 

SIMULATION SURVEY ON VISIBILITY 
OF MOTORCYCLE AFS  
 
Objective 
 
The objective of this computer simulation was to 
compare visibility performance among 
headlamps with fixed inclination angle 
adjustment, a headlamp whose cut-off line was 
adjusted to remain parallel to the ground at all 
times (AFS headlamp), and a conventional 
headlamp. 
 
 
 
 

Method 
 
Visual targets were assumed to be visible by the 
rider if they were located below the cut-off line 
of the motorcycle headlamp’s passing beam (i.e. 
within the reach of intense headlamp light). 
Therefore the visibility distance was determined 
based on the criterion that the visual target is 
considered visible when it is located in the range 
below the cut-off line of the headlamp. 
 
   Headlamps - A simulation was conducted on 
the headlamp’s passing beam presenting a 
symmetrical lighting pattern with a horizontal 
cut-off line. The headlamp aiming direction was 
set with a cut-off line 1% (0.57 degrees) 
downward of the horizontal. 
 
   Simulation Conditions - The simulation was 
conducted for the condition where the 
motorcycle headlamp inclination angle was 
adjusted and for the conditions where the 
inclination angle was not adjusted. A total of 
four adjustment conditions were set: three 
conditions with the fixed inclination angle 
adjustments (7.5 degrees, 15 degrees and 22.5 
degrees) and one condition with the cut-off line 
adjusted to remain parallel to the ground (AFS 
headlamp). 
 
   Driving Course and Visual Targets - The 
motorcycle driving course and the visual targets 
are shown in Figure 5. The lane width was 3.5 m, 
and the motorcycle was driven along the center 
of the left lane on a left curve. The distance was 
indicated based on the circular distance along the 
lane center. 
Four radii of lane curvatures were used: 30 m, 50 
m, 70 m and 140 m. 
Three visual targets were set: lane edge line, lane 
center, and center line in the left curve. 
 
   Range of Calculation - The range of 
calculation was determined to be that where the 
distance between the motorcycle headlamp 
location and the visual target reaches 1/4 of the 
circle or 100 m. That is, the calculation was 
performed using the 47 m range for the radius of 
30 m, the 78 m range for the radius of 50 m, and 
the 100 m range for the radii of 70 m and 100 m. 
 
 
 
 Motoki 3



   Input Data - The input data necessary for the 
calculation (the inclination angle and the aiming 
direction of the motorcycle headlamp) as shown 
in Table 1 were used. 
 

 
Figure 5.  Driving course and visual targets 
 
 
Results 
 
The results of simulating motorcycle AFS 
visibility are shown in Table 2. 
The ground angle is indicated as negative when 
the inclination angle adjustment of the 
motorcycle headlamp is smaller than the bank 
angle of the vehicle body, as zero when they are 
equal, and as positive when the inclination angle 
adjustment is larger (hereafter the same applies). 
Compared with the case in which the inclination 
angle is not adjusted (= 0 degree), the cut-off line 
reaching distance becomes longer when the 
inclination angle is adjusted. 
When the inclination angle adjustment is 22.5 
degrees (with the positive ground angle) and at 
the AFS condition (with the zero ground angle), 
all the visual targets are located below the cut-off 
line. 
Assuming that an acceptable visibility distance is 
40 m or longer, all the visual targets are within 
the acceptable range when the inclination angle 
adjustment is 15 degrees, 22.5 degrees and at the 
AFS condition. 
Consequently, the visibility for the rider is 
improved by adjusting the headlamp inclination 
angle in a curve. 
 
 
 
 

In particular, when the adjustment is the same as 
the bank angle of the vehicle body (with zero 
ground angle) or higher (with positive ground 
angle), the visibility is greatly improved. 
 
 
Table 2.  Results of visibility simulation for         
headlamp inclination angle adjustment          
(Distance between headlamp and cut-off line 
: m) 
 

 
 
 
ACTUAL DRIVING SURVEY ON 
VISIBILITY OF MOTORCYCLE AFS  
 
Objective 
 
An actual driving survey was conducted to 
confirm the results of the computer simulation 
survey by comparing the visibility performance 
among headlamps with fixed inclination angle 
adjustment, a headlamp whose cut-off line was 
adjusted to remain parallel to the ground at all 
times (AFS headlamp), and a conventional 
headlamp. 
 
Method 
   Test Motorcycles - Two 250 cc class 
motorcycles, two 400 cc class motorcycles and a 
1200 cc class motorcycle were used (Figure 6). 

 
 Headlamps - Five motorcycle halogen 

headlamps conforming to the light distribution 
requirements for motorcycles (125 cc or more) 
of ECE R 113 were used. The headlamp heights  

 
 
 

  

 

Center Line 
 

 

  

Lane Edge 
Line 

 

Distance 
along Lane Center

Lane Center   

 3.5 m 

Inclination Angle Ground Angle Lane Lane Center
Adjustment (Degree) Edge Center Line

   0° -12.9 9 13 16
  7.5° -5.4 19 21 23
  15° 2.1 ○ ○ ○

  22.5° 9.6 ○ ○ ○
AFS 0 ○ ○ ○
   0° -13.3 9 15 18
  7.5° -5.8 20 23 26
  15° 1.7 ○ ○ ○

  22.5° 9.2 ○ ○ ○
AFS 0 ○ ○ ○
   0° -15.2 11 18 23
  7.5° -7.7 21 25 29
  15° -0.2 95 95 94

  22.5° 7.3 ○ ○ ○
AFS 0 ○ ○ ○
   0° -13.4 18 26 33
  7.5° -5.9 36 41 46
  15° 1.6 ○ ○ ○

  22.5° 9.1 ○ ○ ○
AFS 0 ○ ○ ○

○  : Indicate all visual targets are below cut-off line. 
 : Indicate cut-off lines are over 40m ahead from headlamp.

30m 30km/h

70m 50km/h

140m 60km/h

Visual TargetHeadlamp
Radius

Vehicle
Speed

50m 40km/h
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were 850 mm above the ground. Passing beams 
with symmetrical light distributions (horizontal 
pattern cut-off line) were evaluated. 
The following five headlamp conditions were 
used: 
(1) Inclination angle is not adjusted (0 degree) 
(2) Fixed inclination angle adjustment of 7.5 
degrees 
(3) Fixed inclination angle adjustments of 15 
degrees 
(4) Fixed inclination angle adjustment of 22.5 
degrees 
(5) Prototype AFS headlamp with the cut-off 
line adjusted to remain parallel to the ground at 
all times 

 
 
 
  
 
 
 
 

 
 
 
 
 

       
(Non-AFS headlamp)        (AFS headlamp) 

 
Figure 6.  Test motorcycles and headlamps 
 

   Driving Courses - The circular test track 
(Figure 4), an urban test road and a middle-speed 
oval test track were used for the visibility 
evaluation. The motorcycles were driven 
counterclockwise around the circular test track. 
Four radii of lane curvature were used: 30 m, 50 
m, 70 m and 140 m. 
 

 Driving Methods and Vehicle Speed - 
Subjects wearing helmets (light transmittance of 
windshields was around 90%) drove the 
motorcycles, and were instructed to drive at the 
following speeds. 
(1) Circular test track: Same as Table 1. 
(2) Urban test road and middle-speed oval test 
track: Within the speed limits (maximum speed 
was 60 km/h). 
 
 
 
 
 
 

   Headlamp Visibility Evaluation - After 
each driving, the subjects reported on the 
headlamp visibility using the following 
evaluation scale: 
 
1: Inadequate 
2: Somewhat inadequate 
3: Just acceptable 
4: Somewhat adequate 
5: Adequate 
 
A value of 3.0 is the “just acceptable” level, so 
3.0 or higher means an acceptable or adequate 
level of visibility. 
 
   Subjects - Nine subjects participated in the 
test on the circular test track, and 8 subjects 
participated in the test on the urban test road and 
the middle-speed oval test track. All of them 
were lamp experts. 
 
Results 
 
The average visibility evaluation values rated by 
the 9 or 8 subjects are shown in Figures 7 and 8. 
A significant difference between the evaluation 
value for when the inclination angle of the 
headlamp was not adjusted (0 degree) and that 
when it was adjusted is indicated as * (p<0.05) or 
** (p<0.01). 
 
   Visibility Evaluation on a Circular Test 
Track - The test results on a circular test track 
are summarized as follows (Figure 7). 
(1) The visibility evaluation value is higher when 
the inclination angle is adjusted or at the AFS 
condition compared with when the headlamp is 
not adjusted (0 degree), with a significant 
difference at all radii. 
(2) The visibility evaluation value at the AFS 
condition is highest. 
(3) The visibility evaluation value is higher when 
the headlamp inclination angle adjustment is 
bigger. 
(4) The visibility evaluation value for the 0 
degree condition is below the acceptable 
borderline of 3.0 at all radii. But the visibility 
evaluation value for 15 degrees, 22.5 degrees and 
the AFS condition are within the acceptable 
range at all radii. 
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Figure 7.  Visibility evaluation on the circular 
test track 
 

   Visibility Evaluation on the Urban Test 
Road and the Middle-speed Oval Test Track - 
The test results on the urban test road and the 
middle-speed oval test track are summarized as 
follows (Figure 8). 
(1) Both on the urban test road and the 
middle-speed oval test track, the visibility 
evaluation value for 15 degrees, 22.5 degrees and 
the AFS condition is significantly higher 
compared with the case in which the inclination 
angle of the headlamp is not adjusted (0 degree). 
(2) Both on the urban test road and the 
middle-speed oval test track, the visibility 
evaluation value at the AFS condition is highest. 
(3) The visibility evaluation value is higher when 
the headlamp inclination angle adjustment is 
bigger. 
(4) Both on the urban test road and the 
middle-speed oval test track, the visibility 
evaluation values for the 0 degree and 7.5 degree 
conditions are below the acceptable borderline of 
3.0. But the visibility evaluation value for the 15 
degrees, 22.5 degrees and AFS conditions are 
within the acceptable range. 
Consequently, it was clarified that the visibility 
for the rider is improved by adjusting the 
headlamp inclination angle in a curve. 
In particular, the 15 degrees, 22.5 degrees and 
AFS headlamp conditions greatly improve the 
visibility in different road conditions. 
The results of the computer simulation survey  
were confirmed by the actual driving survey on 
headlamp visibility. 
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Figure 8.  Visibility evaluation on the urban test 
road and the middle-speed oval test track 
 
 
SIMULATION SURVEY ON GLARE OF 
MOTORCYCLE AFS  
 
Objective 
 
The objective of this computer simulation was to 
compare the glare for the oncoming vehicle 
driver among headlamps with fixed inclination 
angle adjustment, a headlamp whose cut-off line 
is adjusted so that it remains parallel to the 
ground at all times (AFS headlamp), and a 
conventional headlamp. 
 
Method 
 
The range of the motorcycle headlamp glare for 
the oncoming vehicle driver was determined on 
the criterion that the glare is considered present 
when the eye location (“eyepoint”) of the 
oncoming vehicle driver is below the cut-off line 
of the motorcycle headlamp’s passing beam (that 
is, when the relatively strong light of the 
headlamp reaches the eyepoint). 
The headlamps, aiming direction and inclination 
angle adjustment conditions used in the glare 
simulation are the same as those described in 
"Simulation survey on visibility of motorcycle 
AFS". 
The input data necessary for the calculation (the 
inclination angle adjustment and the aiming  
direction of the headlamp) as shown in Table 1 
were used. 
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   Driving Course and Driver Eye Location - 
The motorcycle driving course and the oncoming 
car driver’s eyepoint location are shown in 
Figure 9. 
The lane width is 3.5 m, and the motorcycle was 
driven along the center of the left lane on a left 
curve or right curve. The oncoming vehicle 
driver’s eyepoint location was set at the standard 
eyepoint location of the drivers of passenger cars 
driving along the center of the oncoming lane 
(1.35 m outward from the center line and 1.1 m 
above ground). The indication of distance and 
the conditions of radii of curves are the same as 
those described in "Simulation survey on 
visibility of motorcycle AFS". 
 

 
(Left curve) 

 
 

 
(Right curve) 

 
Figure 9.  Driving course and driver eyepoint 
location 
 
 
 
 
 
 
 

   Range of Calculation - The range of 
calculation was determined to be the range where  
the distance between the motorcycle headlamp 
location and the eyepoint reaches from 30 m to 
1/4 of the circle or from 30 m to 100 m. That is, 
the calculation was performed using the 30–47 m 
range for the radius of 30 m, the 30–78 m range 
for the radius of 50 m, and the 30–100 m range 
for the radii of 70 m and 100 m. 
 
Results 
 
The results of the simulation of motorcycle AFS 
glare are given in Table 3. Here, the ranges 
where the oncoming vehicle driver’s eyepoints 
are below the motorcycle headlamp cut-off line 
are considered. 
The eyepoints are located above the motorcycle 
headlamp cut-off line without exception when 
the headlamp inclination angle adjustment is 0 
degrees (with the negative ground angle), 7.5 
degrees (with the negative ground angle), and at 
the AFS condition (with the zero ground angle). 
Therefore, the oncoming vehicle driver receives 
no glare under all these conditions. 
For the 15 degree headlamp inclination angle 
adjustment, when the ground angle is negative 
the oncoming vehicle driver receives no glare 
since the driver eyepoint is above the cut-off line, 
but when the ground angle is positive the 
oncoming vehicle driver receives glare since the 
driver eyepoint is below the cut-off line of 
headlamp. 
For the 22.5 degree headlamp inclination angle 
adjustment, the ground angle is positive for all 
radii, and the oncoming vehicle driver receives 
glare since the driver eyepoint is below the 
cut-off line of the headlamp. 
In summary, the oncoming vehicle driver 
receives no glare when the headlamp inclination 
angle is adjusted to the same or lower level as the 
vehicle body bank angle, but does receive glare 
when it is adjusted to a higher level. 
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Center line 

  
3.5 m 
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Driver eyepoint  
   

Center line 
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Table 3.  Results of glare simulation for         
headlamp inclination angle adjustment          
(Range where driver eyepoints are below           
cut-off line: m) 
 

Ground Angle Left Right
(Degree) Curve Curve

0° -12.9 ○ ○
7.5° -5.4 ○ ○
15° 2.1 35～47 30～47

22.5° 9.6 30～47 30～47
       AFS 0 ○ ○

0° -13.3 ○ ○
7.5° -5.8 ○ ○
15° 1.7 56～78 50～78

22.5° 9.2 30～78 30～78
       AFS 0 ○ ○

0° -15.2 ○ ○
7.5° -7.7 ○ ○
15° -0.2 ○ ○

22.5° 7.3 33～100 30～100
       AFS 0 ○ ○

0° -13.4 ○ ○
7.5° -5.9 ○ ○
15° 1.6 ○ ○

22.5° 9.1 47～100 30～100
       AFS 0 ○ ○

Radius
Vehicle
Speed

Headlamp
Inclination

Angle

Curve

30km/h

 ○    : Indicate driver eyepoints are always above  cut-off line.

 x～y : Indicate the range (m) where eyepoints are below cut-off line.

70m

140m

50km/h

60km/h

30m

50m 40km/h

 
   
 
ACTUAL DRIVING SURVEY ON GLARE 
OF MOTORCYCLE AFS  
 
Objective 
 
The objective of this actual driving survey was to 
confirm the results of the computer simulation 
survey comparing glare for the oncoming vehicle 
driver among headlamps with fixed inclination 
angle adjustment, a headlamp whose cut-off line 
is adjusted so that it remains parallel to the 
ground at all times (AFS headlamp), and a 
conventional headlamp. 
 
Method 
 
   Test Motorcycles and Headlamps - The test 
motorcycles and headlamps used in this survey 
are the same as those in "Actual driving survey 
on visibility of motorcycle AFS". 
 
   Driving Course - The middle-speed oval test 
track was used for glare evaluation. Motorcycles 
were driven clockwise on a right curve of radius 
180 m (Figure 9). 
 
 
 
 
 

 Evaluation Method and Vehicle Speed -   
Subjects in the driver seat of the stationary car 
were instructed to look ahead and to evaluate the 
glare of the oncoming motorcycle headlamp. 
The observation was performed between 100 m 
and 30 m ahead from the driver eyepoint. 

 
   Headlamp Glare Evaluation - After each 
driving, subjects reported on headlamp glare 
using the following De Boer’s 9-point scale, 
which is widely used for evaluating discomfort 
glare: 
 
1: Unbearable glare 
2: 
3: Glare obstructing driving 
4: 
5: Permissible maximum glare (just acceptable) 
6: 
7: Fully permissible glare 
6: 
9: No perception of glare 
 
A value of 5.0 is the “just acceptable” level, so 
5.0 or higher means an acceptable or adequate 
level of glare. 
 
   Subjects - A total of 8 subjects participated. 
All of them were lamp experts. 
 
Results 
 
The average glare evaluation values rated by the 
8 subjects are shown in Figure 10. 
A significant difference between the evaluation 
value for the condition in which the inclination 
angle of the headlamp is not adjusted (0 degree) 
and for the condition in which the inclination 
angle is adjusted is indicated as * (p<0.05) or ** 
(p<0.01). 
The test results are summarized as follows. 
(1) Compared with the case in which the 
inclination angle of the motorcycle headlamp is 
not adjusted (0 degree), the glare evaluation 
value is significantly lower when the inclination 
angle is adjusted to 7.5 degrees, 15 degrees and 
22.5 degrees. 
(2) The glare evaluation value is lower when the 
headlamp inclination angle adjustment is bigger. 
(3) The glare evaluation value for the 0 degree, 
7.5 degrees and AFS condition is within the  
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acceptable range, but the glare evaluation values 
for 15 degrees and 22.5 degrees are below the 
acceptable level. In this driving situation (on a 
curve of radius 180 m at 60 km/h), the bank 
angle of the motorcycle body is estimated to be 
13 degrees. Therefore, for the 15 degrees and 
22.5 degrees conditions, the headlamp 
inclination angle adjustment exceeds the bank 
angle of the vehicle body (with the positive 
ground angle), 
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Figure 10.  Glare evaluation for headlamp 
inclination angle adjustment 
 
Hence, the oncoming vehicle driver receives 
glare within the acceptable range when the 
headlamp inclination angle is adjusted to the 
same or lower level as the vehicle body bank 
angle, but does receive unacceptable glare when 
it is adjusted to the level higher than the vehicle 
body bank angle. 
 
CONCLUSION 
 
The results obtained in the “Simulation survey 
on visibility of motorcycle AFS” and 
“Simulation survey on glare of motorcycle AFS” 
are summarized in Table 4. 
In the visibility evaluation, it is assumed that 
visibility is acceptable if the cut-off line of the 
headlamp light reaches 40 m or longer forward at 
the lane edge line. 
In the glare evaluation, it is assumed that 
oncoming vehicle drivers receive no glare when 
their eyepoints are located above the headlamp 
cut-off line. 
 
 
 
 
 
 

In the overall synthetic evaluation of the 
motorcycle headlamp performance in curves, it is  
deemed satisfactory if both visibility and glare 
are satisfied. 
The results of the study on the motorcycle AFS 
visibility and glare are summarized as follows: 
(1) It was found that the headlamp visibility is 
improved by adjusting the headlamp inclination 
angle in curves. The motorcycle headlamp 
visibility in curves was found to be within the 
acceptable range when the headlamp inclination 
angle is adjusted to equal the vehicle body bank 
angle (with the zero ground angle) or to the level 
higher than the vehicle body bank angle (with the 
positive ground angle). 
(2) It was found that the oncoming vehicle driver 
receives no glare when the headlamp inclination 
angle is adjusted to equal the vehicle body bank 
angle (with the zero ground angle) or less (with 
the negative ground angle), but does receive 
glare when adjusted to more than the vehicle 
body bank angle (with the positive ground 
angle). 
(3) The overall synthetic evaluation of 
motorcycle AFS visibility and glare showed that, 
if the motorcycle headlamp inclination angle is 
adjusted in curves, it will be appropriate to use 
an adjustment angle that is close to the vehicle 
body bank angle but does not exceed it. 

 
 

Table 4.  Summary of visibility evaluation, 
glare evaluation and overall synthetic 
evaluation for motorcycle AFS  
 

Inclination Angle Ground Angle Synthetic
Adjustment (Degree) Evaluation

0° -12.9 ○
7.5° -5.4 ○
15° 2.1 ○

22.5° 9.6 ○
       AFS 0 ○ ○ ○

0° -13.3 ○
7.5° -5.8 ○
15° 1.7 ○

22.5° 9.2 ○
       AFS 0 ○ ○ ○

0° -15.2 ○
7.5° -7.7 ○
15° -0.2 ○ ○ ○

22.5° 7.3 ○
       AFS 0 ○ ○ ○

0° -13.4 ○
7.5° -5.9 ○
15° 1.6 ○ ○ ○

22.5° 9.1 ○
       AFS 0 ○ ○ ○

Visibiliy Glare

 ○ : Indicate evaluation value  is equal to or above just acceptable level.

 Indicate evaluation value is below just acceptable level.

140m 60km/h

70m 50km/h

30m 30km/h

50m 40km/h

Radius
Vehicle
Speed

Motorcycle Headlamp Evaluation
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Furthermore, the validity of the results of the 
“Simulation survey on visibility of motorcycle 
AFS” and “Simulation survey on glare of 
motorcycle AFS” was also confirmed in the 
actual driving tests using the motorcycles with 
the inclination angle adjusted headlamps, a 
motorcycle with the prototype AFS headlamp 
and a motorcycle equipped with the conventional 
headlamp. 
 

REQUIREMENT 
 
Based on the results obtained in this study, the 
following technical requirement is proposed for 
the motorcycle AFS: 
"A horizontal inclination adjustment system 
(HIAS) may be installed. However, the 
adjustment amount of horizontal inclination shall 
not exceed the vehicle's bank angle." 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The formal document submitted to GRE by the 
expert from Japan proposed the amendment to 
Regulation No. 53 in order to introduce the 
requirements concerning the the vehicle's 
horizontal inclination angle adjustment-type 
headlamps installed on motorcycles 2). 
 
REFERENCES 
 
[1] Japan Road Association. 2004. 
"Interpretation and Implementation of the Road 
Construction Ordinance," pp. 309-320. 
 
[2] ECE/TRANS/WP.29/2009/4. January 2009. 
"Visibility of adaptive front-lighting system 
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ABSTRACT 
 
In 2009, Euro NCAP intends to change its rating 
system. The new rating will put a greater emphasis 
on the pedestrian protection potential. Therefore, 
Euro NCAP endeavours to assess the vehicle’s 
overall safety performance and communicate it 
simply to consumers using a single star rating.  
 
This study aims to estimate, how well the 
pedestrian rating system matches the expected real-
world benefit. Furthermore, the benefit range 
achieved for different Euro NCAP pedestrian 
protection scores is determined. The vehicle impact 
zones and their related NCAP points are also 
evaluated for their actual effectiveness.  
 
The analysis bases on the German In-depth 
Accident Study (GIDAS) database. A case-by-case 
analysis was carried out for 667 frontal pedestrian 
accidents where the vehicle speed was 40kph or 
less. More than 500 AIS2+ injuries are analysed 
regarding severity, affected body region, impact 
point on the vehicle, and the particular NCAP zone. 
An injury shift method was then used to determine 
the benefit derived from each testing zone. 
 
One result of the study is a detailed impact 
distribution for AIS2+ injuries across the vehicle 
front. The rating colour code distributions for 
different vehicles with various higher point levels 
were compared to the original dataset and to the 
current standard in pedestrian protection. In order 
to estimate the overall benefit range, the analyses 
used optimistic and pessimistic approaches. 
 
It is shown that current vehicles already exhibit 
significant real-world benefits. Furthermore, the 
additional benefit for vehicles achieving various 
point scores were estimated although the calculated 
benefits are mostly over-estimations due to missing 
test results for older vehicles and conservative 
assumptions. 
 
This is the first detailed analysis of injury causation 
in NCAP zones and has been made possible by 
high accident numbers. Thus, the expected real-
world benefits of any vehicles can be compared to 
their Euro NCAP test results. 
 

 
 
INTRODUCTION 
 
The present study deals with frontal pedestrian 
accidents under participation of M1 vehicles and 
collision speeds up to 40 kph. Basing on in-depth 
accident data, a detailed distribution of pedestrian 
impact points in Euro NCAP test zones is created. 
The data is then used for the evaluation of the Euro 
NCAP pedestrian rating method. Furthermore, the 
expected real-world benefit of different Euro 
NCAP colour distributions is estimated.  
 
DATASET 
 
This chapter deals with the data source which is 
used for the analysis. The sample criteria as well as 
the creation of the master-dataset are described. To 
get an overview of the pedestrian accident 
scenarios some statistical information is provided. 
 
Data source 
 
For the present study accident data from GIDAS 
(German In-Depth Accident Study) is used. GIDAS 
is the largest in-depth accident study in Germany. 
The data collected in the GIDAS project is very 
extensive, and serves as a basis of knowledge for 
different groups of interest. 
 
Due to a well defined sampling plan, 
representativeness with respect to the federal 
statistics is also guaranteed. Since mid 1999, the 
GIDAS project has collected on-scene accident 
cases in the areas of Hanover and Dresden. GIDAS 
collects data from accidents of all kinds. Due to the 
on-scene investigation and the full reconstruction 
of each accident, it gives a comprehensive view on 
the individual accident sequences and the accident 
causation. 
 
The project is funded by the Federal Highway 
Research Institute (BASt) and the German 
Research Association for Automotive Technology 
(FAT), a department of the VDA (German 
Association of the Automotive Industry). Use of 
the data is restricted to the participants of the 
project. However, to allow interested parties the 
direct use of the GIDAS data, several models of 
participation exist. Further information can be 
found at http://www.gidas.org. 
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Sample criteria and master-dataset 
 
The study is carried out on the basis of the current 
GIDAS dataset, effective July 2008. Out of all 
17052 cases in the database only the 13653 
reconstructed accidents are used as only these do 
include information regarding the collision speed.  
 
For the creation of the master-dataset only 
accidents with at least one involved pedestrian are 
chosen. Only the first pedestrian hit by the vehicle 
is considered in the few cases with two or more 
pedestrians. Taking all reconstructed accidents with 
a collision of a vehicle and a pedestrian into 
account 1821 cases can be found in the dataset. 
 
The first sample criterion is the vehicle class. The 
study considers all accidents with passenger cars of 
the M1 type (according to the UN-ECE definition). 
Out of all 1821 pedestrian accidents, 1284 
accidents meet this condition, making up 70,5%. 
 
In the next step, only accidents with a frontal 
impact of the pedestrian are taken into account. 
This criterion is defined on the basis of the 
Collision Deformation Classification (CDC, 
according to the SAE J224). Furthermore, special 
types of accidents have been excluded from the 
analysis. These are accidents, where no “typical” 
frontal impact occurred, for example: 

- run-over accidents, where the pedestrian 
already laid on the road 

- accidents where a pedestrian was crushed 
between two vehicles 

- side-swipe accidents, where the pedestrian 
was hit by the external mirror but not by 
any other part of the vehicle front 

 
Using the second digit of the CDC (impacted 
vehicle side) and filtering for frontal accidents will 
lead to a number of 856 accidents. 
 
At last, the accidents are grouped by the collision 
speed. The impactor velocity in Euro NCAP tests 
and in the test definitions of the Directive 
2003/102/EC is 40kph. Above this velocity, there is 
only a very limited potential for passive safety 
measures. Furthermore, there are hardly any 
impacts on the bonnet expected. Thus, a distinction 
is drawn between accidents with a collision speed 
up to 40kph and the ones above.  
 
The following figure shows the accident numbers 
within the two groups and the resulting injury 
severity distribution (Figure 1). 
 

 
 
Figure 1.  Distinction of accidents with collision 
speeds up to 40kph and above. 
 
Due to the above mentioned facts, the study 
considers only accidents with a collision speed of 
up to 40kph. This leads to the final master-dataset 
which consists of 667 frontal pedestrian accidents 
with M1 vehicles and collision speeds up to 40kph. 
That means, that 36,6% of all pedestrian accidents 
(667 out of 1821) are principally addressed by 
legislation and Euro NCAP tests. 
 
Descriptive Statistics 
 
At this point, some information on the master-
dataset is given. The distributions of relevant 
accident parameters as well as some vehicle data 
and injury severity distributions are displayed to 
get an overview of the pedestrian accident 
scenarios. 
 
     The accident site and accident scene  – are 
considered first. (Figure 2). More than 98% of all 
pedestrian accidents in the dataset happened in 
town. The already large proportion of in-town 
accidents in the German pedestrian accident 
scenario (94% in 2006) is thereby further increased 
by the restriction to accidents with collision speeds 
up to 40kph within the present study. 
 
Looking at the distribution of accident scenes, it 
can be seen that more than half of all pedestrians 
are hit by the car while crossing a straight road. 
Another 38% collide with the car on crossings and 
T-junctions. These are mostly accidents where the 
vehicle turns off to the left or right side without 
giving right of way to the pedestrian. 
 
     The collision speed  – is one of the most 
important parameter in frontal pedestrian accidents, 
due to the large influence on the injury severity 
outcome of the pedestrian. As mentioned above, 
the study deals with frontal pedestrian accidents 
with collision speeds up to 40kph. The following 
chart shows the distribution of the collision speed 
for all accidents in the master-dataset (Figure 2). 
 
 
 
 

collision speed
up to 40 kph:
667 (77,9%)

frontal pedestrian accidents with M1 vehicles: n = 856

collision speed 
above 40 kph:

189 (22,1%)

385 (57,7%) sligthly injured
271 (40,6%) severely injured

11 (1,6%) fatally injured
pedestrians

29 (15,3%) sligthly injured 
123 (65,1%) severely injured

48 (19,6%) fatally injured 
pedestrians
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Figure 2.  Distribution of collision speed. 
 
     The vehicle age – is closely linked to the shape 
of the vehicle front because the steady development 
progress as well as the statutory provisions always 
influences the design of vehicles. It is well known 
that the front shape is decisive for the pedestrian 
kinematics and injury causation in case of a frontal 
impact. The front design of passenger cars changes 
over time and thus, it is important for the benefit 
estimation to know how old the vehicles in the 
dataset are. Thus, the year of market introduction is 
considered for all vehicles (Figure 3). 
 

 
 
Figure 3.  Year of market introduction of the 
667 vehicles in the master-dataset. 
 
It can be seen that from today’s point of view, the 
vehicles are rather old. Considering the respective 
day of the accident for each case, the vehicle age is 
11,3 years on average. Furthermore, only few 
modern vehicles can be found in the dataset due to 
their small market penetration.  
 
The vehicle age should be considered during the 
benefit estimation because most of the vehicles did 
not have to comply with the current legislation 
concerning pedestrian protection. The vehicles in 
the dataset do not completely reflect the current 
vehicle fleet and most of them did not benefit from 
recently achieved progresses in pedestrian safety. 
 
     The age of the involved pedestrians – has a 
large influence on the injury severity outcome, 
beside the collision speed and the impacted part of 
the vehicle. Due to the human physiological 
properties, elderly people often sustain worse 

injuries than younger people. Otherwise, children 
are often hit by other vehicle parts than adults, due 
to their smaller body height. Especially the head 
impact areas of children differ substantially from 
the impact zones of adults.  
 
In the following graph, the age distribution of the 
pedestrians in the master-dataset is compared to the 
distribution within the German pedestrian accident 
scenario of the year 2006 (Figure 4).  
 

 
 
Figure 4.  Distribution of the age of the involved 
pedestrians (master-dataset vs. Germany). 
 
There are some small differences between the 
distributions, especially in the proportion of 
children. It has to be considered that the master-
dataset only consists of frontal pedestrian accidents 
with M1 vehicles, whereas the German accident 
scenario includes all types of pedestrian accidents. 
This may result in small variations within the 
distribution. However, the number of involved 
children (226 persons below 15 years) seems to be 
sufficient for an estimation of the child head test. 
 
     Injury data – are coded in the GIDAS database 
for every single injury. Pedestrians mostly suffer 
different injuries. Looking at all injuries in the 667 
accidents, 2045 single injuries can be found in the 
master-dataset. As shown in Figure 6, the majority 
of these injuries are slight injuries (AIS1). Severe 
injuries, defined as AIS2 to AIS6 injuries, make up 
25,4%. There are 519 AIS2+ injuries in the dataset 
which will be used for the benefit estimation. 
 

 
 
Figure 5.  Distribution of injury severity in the 
master-dataset (n=2045 single injuries). 
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METHODOLOGY 
 
This chapter describes the methods used in the 
study. Furthermore, all definitions as well as the 
assumptions made for the analysis are explained. 
 
Estimation of the Euro NCAP test zones 
 
For the intended benefit estimation of the Euro 
NCAP test procedures it is necessary to evaluate 
every single Euro NCAP test zone. For this 
purpose, the 60 single Euro NCAP test zones have 
to be determined individually for every single 
vehicle model. After that, every actually sustained 
injury in the 667 real-world accidents can be 
allocated to a particular Euro NCAP test zone if it 
occurred in such an area.  
 
The determination of the test zones is done on the 
basis of CAD models, according to the Euro NCAP 
testing protocol. Due to the different shapes, bonnet 
lengths and heights, every single vehicle model has 
to be measured. 
 
     The head impact zones – are determined 
exactly according to the Euro NCAP testing 
protocol. There are 24 test zones for the child 
headform test and 24 test zones for the adult 
headform test. There are four longitudinal rows 
(two child headform test rows and two adult 
headform test rows), which are defined by different 
Wrap Around Distances (WAD). The lateral 
borders are the Side Reference Lines. Between 
these two Side Reference Lines, the rows are 
divided into 12 equal width areas which finally lead 
to 48 head impact zones.  
 
The resulting grid of testing zones is shown in 
Figure 6. The example vehicle is taken from a real-
world accident out of the master-dataset and is 
hereafter used for the explanation of the method. 
 

 
 
Figure 6.  Distribution of injury severity in the 
master-dataset (n=2045 single injuries). 
 
     The upper leg test zones – are primarily 
defined by the Bonnet Leading Edge Reference 
Line (BLERL) which is determined according to 
the Euro NCAP testing protocol.  

Basically, the vehicle is laterally divided into six 
equal test zones. For the determination of the 
longitudinal boundaries, the WAD is used.  
In the study, all injuries are considered to be in the 
upper leg test zone when they have a WAD of 
±100mm around the BLE, as shown in Figure 6. 
 
     The lower leg test zones – are also determined 
according to the Euro NCAP testing protocol. The 
impact zones of the lower legform test are 
determined by the Upper Bumper Reference Line. 
Again, the vehicle is laterally divided into six equal 
test zones. In the study, the lower boundary of the 
test zones is determined for every vehicle model by 
the constant WAD value of 150mm. The upper 
boundary is defined as the Upper Bumper 
Reference Line plus 50mm (see Figure 6). 
 
Case-by-case analysis 
 
Prior to the benefit estimation, a detailed case-by-
case analysis is done for every accident, using a 
variety of different variables. The aim is the 
merging of impact data and injury data. The steps 
of the case-by-case analysis are again illustrated on 
the basis of the shown real-world accident. 
 
At first, detailed injury information is extracted 
from the GIDAS database. The following variables, 
encoded for every single injury, are used: 

- injury description (name) 
- type of injury (fracture, contusion etc.) 
- entire AIS code, including the severity 

value (AIS1 to AIS6) 
- injury location (exact body region) 
- injury causing part 

 
As shown in Figure 8, the pedestrian in the 
example case sustained four injuries. The worst of 
them, a complicated tibia fracture, leads to the 
resulting injury severity of MAIS3, which is the 
maximum AIS value of all single injuries. 
 

 
 
Figure 7.  Injury information (example case). 

WAD: 1000mm

WAD: 2100mm
Side Reference 

Line (SRL)

WAD = Bonnet 
Leading Edge
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Euro NCAP grid
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Injury 1:
cerebral concussion – AIS2

caused by vehicle

Injury 2:
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caused by vehicle

Injury 3:
abrasion – AIS1

caused by ground impact

Injury 4:
tibia fracture – AIS3
caused by vehicle

MAIS = 3
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In addition to the medical information, a lot of 
vehicle data and impact data are investigated at the 
accident scene for every accident. Chiefly, the 
impact points on the vehicle are important for the 
injury causation and the reconstruction. Therefore, 
every impact point is measured exactly and can 
thus be described by its WAD (using a measuring 
tape, see Figure 8) and the lateral distance from the 
vehicle’s longitudinal axis (y-value). 
 
The following illustration shows the collision 
partner in the example case, a BMW 3-series (E36). 
The three impact points, which could be found at 
the vehicle, are marked with blue arrows. The 
relevant WAD and y-values are listed beside.  
 

 
 
Figure 8.  Involved vehicle and documented 
impact points (example case). 
 
In the next step, injury data and vehicle/impact data 
are merged. Every single injury that occurred on 
the vehicle is allocated to an impact point. 
 

 
 
Figure 9.  Allocation of single injuries and 
impact points (example case). 
 
As illustrated in Figure 9, the two head injuries in 
the example case can be allocated to the impact 
point 1. The third injury was caused by the ground 
impact. It is therefore not assignable to an impact 
point on the vehicle. The fourth injury is allocated 
to the impact point 3 at the bumper. It can be seen, 
that an impact point at the vehicle must not 
necessarily lead to an injury. Impact point 2, for 
instance, results from an impact of the shoulder, 
even though the pedestrian did not sustain any 
injuries in this body region. 

In the next step the injuries are allocated to the 
Euro NCAP test zones. As described above, the 60 
test zones are determined separately for every 
vehicle model, using WAD and y-values. As seen, 
all single injuries have been allocated to an impact 
point and thus, they also have individual WAD and 
y-values now. Hence, every single injury can be 
assigned to a Euro NCAP test zone.  
 

 
 
Figure 10.  Allocation of single injuries to the 
Euro NCAP test zones (example case). 
 
As mentioned, only AIS2+ injuries are considered 
for the analysis. According to this restriction, the 
pedestrian in the example case sustained two severe 
injuries in a Euro NCAP test zone (Figure 10). The 
first injury (AIS2) occurred in the adult head test 
zone A4a. The second injury is not considered due 
to its severity (AIS1). The third injury was caused 
by the ground and thus, it can not be allocated to a 
Euro NCAP test zone. Finally, the fourth injury 
(AIS3) was caused by the bumper, within the Euro 
NCAP test zone L2b (lower leg). 
 
This method is used for all 667 accidents. As a 
result, all 519 AIS2+ injuries in these accidents can 
be either allocated to a Euro NCAP test zone or to 
another vehicle zone or to the ground impacts. The 
consequent distribution is shown later. 
 
Optimistic and pessimistic approach 
 
Over time, several studies concerning the 
evaluation of passive pedestrian safety measures 
have been carried out. The underlying number of 
injuries which are used for the benefit estimation is 
often the decisive point. There are two different 
possibilities to evaluate passive safety measures.  
 
The first approach uses all injuries which are 
sustained in all test areas. For example child head 
injuries are also regarded if they are caused by the 
bonnet leading edge, although this vehicle part is 
essentially addressed by tests concerning upper leg 
and pelvis injuries. By using this approach it is 
assumed that all injuries in all body regions will 
benefit from passive safety measures. For this 
reason the approach is called optimistic approach. 
This method probably overestimates the benefit of 
passive safety measures. 

+ y – y 

impact point 2:
WAD = 1650mm

y = – 40mm

impact point 3:
WAD = 450mm
y = – 150mm

impact point 1:
WAD = 2050mm

y = – 10mm

impact point 1

impact point 3

Injury 1:
cerebr. concussion – AIS2

caused by vehicle

Injury 2:
laceration (head) – AIS1

caused by vehicle

Injury 3:
abrasion – AIS1

caused by ground impact

Injury 4:
tibia fracture – AIS3
caused by vehicle

MAIS = 3 impact point 2

MAIS = 3

Injury 1:
cerebr. concussion – AIS2

NCAP test zone: A4a

Injury 2:
not considered due to 

severity (AIS1)

Injury 3:
not considered due 
to ground impact

Injury 4:
tibia fracture – AIS3

NCAP test zone: L2b



Liers 6 
 

In contrast, the pessimistic approach only uses 
injuries which are sustained in addressed areas of 
the vehicle. That means that only injuries are 
considered in the three body regions which are 
addressed by Euro NCAP tests: head, lower leg and 
upper leg/pelvis. Consequently, all injuries to the 
upper extremities, thorax, abdomen and spine are 
left out. So, the above mentioned child head injury, 
which was caused by the bonnet leading edge, is 
not considered within this approach.  
 
However, it can be expected that an optimised 
impact zone will even have a positive effect on 
injuries in other body regions. An optimised head 
impact zone on the bonnet, for instance, could 
mitigate injuries to the thorax or abdomen, too. 
Thus, the pessimistic approach underestimates the 
benefit of passive safety measures. 
 
It is difficult to decide which of the two approaches 
is more realistic. Hence, the study uses both 
approaches in order to estimate the benefit range. 
The actual benefit lies somewhere between. 
 
Injury Shift Method  
 
For the intended evaluation of the Euro NCAP 
pedestrian rating method and the benefit calculation 
of different rating results, the performance of 
particular Euro NCAP test zones has to be 
estimated. Due to the fact, that real-world accident 
databases do not contain any information about the 
Euro NCAP testing parameters like HIC, bending 
moment, knee bending angle, leg impact force and 
lower leg acceleration, the evaluation cannot 
directly take place on the basis of these physical 
parameters. For this reason, the Euro NCAP test 
zones are estimated on the basis of their colour, 
representing these parameters. 
 
Within the Euro NCAP pedestrian rating, all 60 test 
zones are judged on the basis of physical 
parameters. Afterwards, a characteristic colour is 
assigned to every test zone, namely green for a 
good pedestrian protection, yellow for an adequate 
pedestrian protection and red for a marginal one. 
 
This colour code can be used for the estimation of 
effectiveness of single test zones. It is assumed that 
the original severity of an injury could be reduced 
by a green or yellow test zone. That means the AIS 
value is shifted downwards if the injury was 
sustained in a Euro NCAP zone which is coloured 
green or yellow within the present distribution. 
This method is called injury shift. The extent of the 
injury severity reduction depends on the colour of 
the particular test zone which should be evaluated. 
As shown in Figure 11, it is assumed that the injury 
severity in a green Euro NCAP test zone decreases 
stronger than in a yellow one. 

Injuries in red Euro NCAP test zones are neither 
shifted within the optimistic approach nor in the 
pessimistic one. It is assumed that red test zones 
will have no injury reduction potential. Generally, 
the severity of an injury can be shifted towards 
AIS1 at the maximum. It is assumed that no injury 
is entirely avoided (AIS0). 
 

 
 
Figure 11.  Assumptions (Injury shift method). 
 
The injury shift method considers the idea of using 
an optimistic and a pessimistic approach. As seen 
in Figure 11, the injury severity shift is bigger 
within the optimistic approach which finally leads 
to a greater benefit. Within the pessimistic 
approach, the injury severity shift is done more 
conservatively.  
 
The methodology of the injury shift method is 
explained on the basis of an example within the 
following chapter. 
 
Benefit estimation 
 
For every real-world accident in the dataset it is 
known which injuries the pedestrian has sustained 
and which impact zones were responsible for them. 
Along with the measured Euro NCAP test zones for 
every vehicle model it is now possible to evaluate 
any Euro NCAP colour distribution regarding its 
actual real-world benefit. In Figure 12, an example 
for such a colour distribution (left side) as it may 
result from a Euro NCAP rating test is shown. 
 
This colour distribution is then assumed for all 
vehicles in the dataset. Using the injury shift 
method, it is calculated how the injury severity 
outcome will be if all M1 vehicles in pedestrian 
accidents would have this Euro NCAP distribution. 
For this purpose, an assumption has to be made 
concerning the original pedestrian safety 
performance of the vehicles in the dataset. 
 
Basically, it is assumed that all vehicles in the 
GIDAS dataset will solely have red test zones 
which corresponds to zero Euro NCAP points (see 
right picture in Figure 12). 
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Figure 12.  Euro NCAP colour distribution 
(example) / Assumed GIDAS distribution. 
 
Due to the fact that the vehicles in the GIDAS 
dataset are rather old, this assumption seems to be 
suitable. Unfortunately, the actual pedestrian 
protection performance is unknown for the majority 
of the vehicles, due to missing Euro NCAP test 
results. However, especially in windscreen and 
bonnet test zones a better performance is realistic 
even for older vehicles. Hence, this assumption is 
very conservative and leads in any case to an 
overestimation of the benefit. 
 
Keeping this in mind, the benefit is calculated. As 
described, the severity of all AIS2+ injuries in 
green or yellow test zones is shifted downwards 
according to the assumptions in Figure 11. Then, 
the injury severity (represented by the MAIS) is re-
calculated, resulting from the maximum AIS value 
of all injuries. Depending on the number, the 
severity and the causation of the injuries, the MAIS 
of a pedestrian is reduced or remains constant.  
 
The following illustration shows the methodology 
in an example (Figure 13). On the basis of the 
example accident, two different Euro NCAP colour 
distributions are evaluated (pessimistic approach). 
The distributions are chosen in a way to show 
different resulting MAIS values for the pedestrian. 
 

 
 
Figure 13.  Evaluation of Euro NCAP colour 
distributions (injury shift method). 
 
As seen above, the pedestrian in the real-world 
accident suffered two AIS2+ injuries in Euro 
NCAP test zones. His injury severity is MAIS3, 
resulting from his tibia injury.  

Now, the two different Euro NCAP colour 
distributions are assumed for the accident vehicle.  
According to the colour in the test zones A4a and 
L2b, the injury severity is either shifted (green or 
yellow zone) or remains unchanged (red zone). As 
a result, the pedestrian will have a re-calculated 
injury severity of MAIS3 or MAIS1.  
 
This procedure is done for all 667 pedestrians. The 
overall benefit of a Euro NCAP colour distribution 
is then calculated. Thereby, the benefit is defined as 
the number of reduced MAIS2+ injured 
pedestrians. In the above given example, only the 
second distribution (rightmost column) will achieve 
a reduction from MAIS2+ injured MAIS1 injured. 
 
ANALYSES AND RESULTS 
 
This chapter contains information about the single 
steps of the analysis and the related results. At first, 
the detailed impact distributions are considered. 
Afterwards, the estimation of different Euro NCAP 
rating results is done.  
 
Impact distribution 
 
At first, the results of the case-by-case analysis are 
presented. As described above, all AIS2+ injuries 
are either allocated to a Euro NCAP test zone or to 
another (non-tested) vehicle zone or to the ground 
impact. Using this data, a detailed analysis 
concerning single Euro NCAP test zones is done. 
 
     The optimistic approach – uses all injuries of 
the pedestrian, independent from the body region. 
For this reason, all injuries in Euro NCAP test 
zones are considered for the impact distribution. 
Figure 14 gives an overview of the general impact 
location for the 519 AIS2+ injuries in the dataset. 
 

 
 
Figure 14.  Type (location) of impacts (AIS2+ 
injuries, optimistic approach). 
 
It can be derived from the diagram that about 55% 
of all AIS2+ injuries were sustained in Euro NCAP 
test zones. Nearly one third of the injuries were 
caused by the ground impact and the remaining 
14% occurred in non-tested vehicle areas. 
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In the next step, a detailed distribution is generated 
for all 60 Euro NCAP test zones. As seen in Figure 
15, two of the considered injuries result from the 
example case. Thus, they are recorded in their 
specific test zones as shown in Figure 15. 
 

 
 
Figure 15.  Transfer of impact zones (example). 
 
This procedure is repeated for all 667 accidents 
respectively for the 283 AIS2+ injuries that 
occurred in Euro NCAP test zones. The number of 
impacts in every test zone is added and finally, the 
following distribution can be derived (Figure 16).  
 

 
 
Figure 16.  Distribution of impact zones (AIS2+ 
injuries, optimistic approach). 
 
In addition to the absolute number of impacts, the 
frequencies are illustrated by a colour scale. 
Furthermore, the proportions of single test rows 
and within the six vertical columns are displayed. 
 
It can be seen that the pedestrian impacts, which 
caused AIS2+ injuries, are not symmetrically 
distributed. The majority (59%) of the pedestrians 
are hit by the right side of the vehicle which seems 
to be a result of the right-hand traffic in Germany. 
Nearly one quarter of the impacts are located 
rightmost on the vehicle front. The frequency in the 
rightmost lower leg test zone is more than twice as 
high as the frequency in the leftmost zone. 
 
Considering the single test rows, it can be stated 
that approximately half of all AIS2+ injuries (45%) 
occur in the lower leg test zone. This area is by far 
the most frequent injury causing area for AIS2+ 
injuries on the vehicle.  

Another third of the impact points is located within 
the adult head test zones and 11% are found in the 
child head test area. Impacts in the upper leg test 
row make up about 10%. It has to be considered 
that the comparably high numbers of AIS2+ 
injuries in this zone result from the high proportion 
of old vehicles in the dataset. These vehicles often 
have sharp-edged bonnet leading edges and thus, 
they caused severe injuries in this test area. 
However, the number of such injuries decreases in 
accidents with younger vehicles. Not more than 
three out of the 29 injuries in the upper leg area 
were caused by vehicles introduced 1997 or later. 
 
     The pessimistic approach – only bases on 
injuries within the three addressed body regions. As 
shown in Figure 17, the 283 AIS2+ injuries in Euro 
NCAP test zones are separated into two groups. 
Out of all injuries in Euro NCAP test zones, one 
quarter (71 of 283) is not directly addressed by the 
specific tests. However, 212 AIS2+ injuries remain 
for the analysis of impact distribution, representing 
41% of all AIS2+ injuries in the dataset. 
 

 
 
Figure 17.  Type (location) of impacts (AIS2+ 
injuries, pessimistic approach). 
 
The impact zones of the relevant AIS2+ injuries are 
summed up for all 667 accidents which finally lead 
to the distribution shown in Figure 18. Again, an 
asymmetrical distribution can be derived from the 
data. About 60% of the impact points were located 
in Euro NCAP test zones on the right vehicle side. 
 

 
 
Figure 18.  Type (location) of impacts (AIS2+ 
injuries, pessimistic approach). 
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In comparison to the results of the optimistic 
approach, the proportion of impacts in the lower 
leg test zones increases further to more than 55%. 
The proportion of impacts in the adult head test 
zone decreases slightly to 31% whilst the 
proportion of head impacts in the child head test 
zone decreases substantially to not more than 3,3%. 
This implies that this test zone hardly causes severe 
head injuries but injuries to other body regions, like 
thorax, abdomen or upper extremities. The 
proportion of impacts in the upper leg test zones 
remains constant. Again, the majority of these 
injuries results from accidents with older vehicles. 
Two out of the 22 injuries in this zone were caused 
by vehicles introduced in 1997 or later. 
 
Evaluation of the Euro NCAP pedestrian rating  
 
Using the results of the case-by-case analysis and 
the detailed impact distribution, various analyses 
can be carried out with the available data. Two of 
them are shown hereafter.  
 
At first, the general potential of passive safety 
measures concerning the Euro NCAP tests is given. 
Principally, all passenger cars are addressed by the 
Euro NCAP tests. The test procedures are meant 
for frontal collisions and, as mentioned above, the 
potential of passive safety measures is limited to 
certain collisions speeds. For this reason, the filter 
criteria for the present study were determined 
according to these facts. 
 
The following overview, including the numbers of 
MAIS2+ injured pedestrians, is given to illustrate 
the possible benefit for the entire pedestrian 
accident scenario. 
 

 
 
Figure 19.  Relevance of accidents addressed by 
the Euro NCAP pedestrian rating. 
 
It can be derived from the figure, that not more 
than 30% of all MAIS2+ injured pedestrians are 
involved in the considered frontal accidents with 
M1 vehicles and collision speeds up to 40 kph. For 
this reason, the benefit of passive safety measures 
in Euro NCAP test zones is generally limited. For 
the intended analyses, 262 MAIS2+ injured 
pedestrians are available in the 667 accidents. 
 

The first analysis deals with the allocation of points 
to the single test zones and the benefit of single 
areas. The analysis should answer the question, 
which benefit for the real accident scenario can be 
expected from the optimisation of single test zones 
and how the Euro NCAP rating method does factor 
in the real-world injury causation. For this purpose, 
seven idealised Euro NCAP colour distributions are 
generated. Then, their real-world benefit is 
estimated and compared to the related Euro NCAP 
rating result. Figure 20 shows the seven colour 
distributions and their Euro NCAP point scores. 
 

 
 
Figure 20.  Idealised Euro NCAP shapes. 
 
There are six distributions with one optimised (i.e. 
green) test row (each corresponding to six Euro 
NCAP points) and another distribution, where all 
head impact test zones are optimised (resulting in 
24 Euro NCAP points). 
 
Every distribution is then assumed for all vehicles 
in the dataset and the resulting number of MAIS2+ 
injured pedestrians is calculated. Using the 
optimistic as well as the pessimistic approach, the 
benefit range can be estimated, too. The following 
graph shows the calculated reduction of MAIS2+ 
injured pedestrians for the seven idealised Euro 
NCAP colour distributions. 
 

 
 
Figure 21.  Reduction of MAIS2+ injured 
pedestrians by single optimised test zones. 
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Due to its high number of impacts, an optimised 
lower leg test area will have the greatest benefit, 
considering the reduction of MAIS2+ injured 
pedestrians. As illustrated, an optimised lower leg 
area, which achieves six Euro NCAP points, can 
save between 53 and 60 pedestrians from being 
MAIS2+ injured whilst an optimised head impact 
test area (achieving 24 Euro NCAP points) will 
save between 27 and 35 of these pedestrians. From 
this point of view the lower leg test zones seems to 
be underestimated towards the head impact zones 
within the Euro NCAP pedestrian rating. 
 
In conclusion, a higher Euro NCAP result is not 
always linked to a higher benefit. A several times 
higher Euro NCAP point score must not necessarily 
be as effective as single optimised test zones. 
 
Benefit estimation of various Euro NCAP point 
scores 
 
The second analysis deals with the question, which 
benefit range can be expected from increasing the 
average pedestrian protection level by six Euro 
NCAP points. Furthermore, it is estimated how 
large the benefit range can be between different 
vehicles achieving the same number of Euro NCAP 
points. For the study, two Euro NCAP colour 
distributions achieving 18 points as well as two 
colour distributions achieving 24 points are 
generated. The latest Euro NCAP tests show, that 
these point scores are realistic for currently 
developed and recently testes vehicles. 
 
On the one hand, the real-world impact distribution 
is used as a basis for the creation of one “good” and 
one “bad” Euro NCAP colour distribution. On the 
other hand, the distributions are generated with 
regard to current Euro NCAP test results. Thus, 
nearly all distributions already have green lower 
leg areas, although they have the greatest effect on 
the calculated benefit. If one would additionally 
look for colour distributions with red lower leg 
areas on purpose, even more wide-spread results 
could be achieved. In addition, nearly all of the 
outermost test zones in the head impact areas (near 
the Side Reference Lines) are coloured red which 
represents the current technical feasibility. 
 
The used distributions are shown in Figure 22. 
 

 
 
Figure 22.  Euro NCAP colour distributions for 
the estimation of 18 and 24 points vehicles.  

The benefits of the four colour distributions are 
estimated, assuming again that all 667 vehicles in 
the dataset have the same colour distribution. Then, 
the results of the four distributions are compared.  
 
The calculated numbers of MAIS2+ injured 
pedestrians are shown in the following table.  
 

Table 1. 
Reduction of MAIS2+ injured pedestrians for 

the estimated 18 and 24 points vehicles 
 

 

NUMBER  
of MAIS2+ 

injured  
pedestrians 

REDUCTION 
of MAIS2+ 

injured  
pedestrians 

 
pessi-
mistic 
appr. 

opti-
mistic 
appr. 

benefit 

basis 
(master-
dataset) 

262 --- 

18 points 
distribut. 1 172 171 90 … 91 

18 points 
distribut. 2 188 181 74 … 81 

24 points 
distribut. 1 162 158 100 … 104 

24 points 
distribut. 2 178 177 84 … 85 

 
Looking at the 18 points vehicles, it can be derived 
from the table that the number of reduced MAIS2+ 
injured pedestrians already differs between the two 
distributions. The first distribution reduces the 
number of MAIS2+ injured pedestrians by 74 
(pessimistic approach) respectively 81 (optimistic 
approach) persons. The second distribution leads to 
a reduction of 90 (91) severely injured pedestrians.  
The range within the group of 18 points vehicles 
amounts 10 (16) MAIS2+ injured pedestrians, 
representing 12,3% for the optimistic approach and 
even 21,6% within the pessimistic approach. 
 
Similar results can be derived from the two 
distributions reaching 24 points. The first one will 
reduce the number of MAIS2+ injured pedestrians 
by 100 (pessimistic approach) respectively 104 
(optimistic approach) persons. The second 
distribution leads to a reduction of 84 (85) MAIS2+ 
injured pedestrians. The range between both 24 
points distributions again reaches considerably high 
values of 16 respectively 19 persons, which are 
19,0% for the pessimistic approach and 22,4% for 
the optimistic one.  
 
Figure 23 illustrates the calculated benefit ranges, 
separated by the two approaches. Every bar is built 
by the results of the two distributions with the same 
Euro NCAP point score. 

18 points
distribut. 1

18 points
distribut. 2

24 points
distribut. 1

24 points
distribut. 2
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Figure 23.  Comparison of calculated benefits 
(reduction of MAIS2+ injured pedestrians) of 18 
and 24 points Euro NCAP colour distributions.  
 
The benefit of the bad 24 points distribution is 
smaller than the benefit of the good 18 points one. 
The benefit range within one NCAP level may be 
greater than the difference between two levels that 
are six points apart from each other. Comparing the 
two good distributions with each other as well as 
the two bad ones with each other shows that the 24 
points vehicles will finally have higher benefits. 
 
RESTRICTIONS OF THE STUDY 
 
As mentioned, not all vehicles will actually achieve 
zero Euro NCAP points. Unfortunately, only ten 
vehicles (in 667 accidents) have already been tested 
by Euro NCAP. In these ten accidents, one AIS2 
injury is still found that was caused by a green Euro 
NCAP zone. Thus, the assumption, which says that 
a green test zone does not cause AIS2+ injuries, is 
not entirely exact. Furthermore, the assumption that 
all GIDAS vehicles have zero Euro NCAP points, 
leads to an over-estimation of the absolute benefit.  
 
Another fact is the use of the Abbreviated Injury 
Scale (AIS). The process of the injury shift method 
is not distinguished for different severity levels. An 
AIS5 injury, for instance, is treated the same way 
as an AIS2 injury. The severity of both injuries is 
reduced to AIS1 (optimistic approach) in case of 
green Euro NCAP test zones. Thus, the maximum 
injury severity may be reduced to MAIS1 in both 
cases. However, there is a large difference between 
an originally MAIS5 injured person and an 
originally MAIS2 injured one. The effect of the 
injury severity reduction on the probability of 
surviving depends substantially on the MAIS level. 
 
SUMMARY AND CONCLUSIONS 
 
The study deals with frontal pedestrian accidents 
under participation of M1 vehicles and collision 
speeds up to 40kph. In a case-by-case analysis of 
667 accidents, the pedestrian’s impact points on the 
vehicle are measured exactly regarding the WAD 

and the lateral distance from the vehicle mid. More 
than 500 AIS2+ injuries are analysed concerning 
severity, body region and injury causation. 
 
At first, a detailed impact distribution is generated 
out of the accident data. The front shapes of the 
involved vehicles are measured and every AIS2+ 
injury is allocated to the actual Euro NCAP test 
zone or to other vehicle areas or the ground impact. 
Nearly half of all AIS2+ injuries occurred in Euro 
NCAP zones and about one third of the considered 
injuries were sustained in the ground impact.  
 
Various analyses can be done on the basis of the 
impact distributions. This study uses the data for 
the evaluation of the Euro NCAP pedestrian rating 
and for the benefit estimation of different Euro 
NCAP colour distributions. Here, the benefit is 
defined as the reduction of MAIS2+ injured 
pedestrians, resulting from single injury severity 
reductions in yellow and green test zones. 
  
At first, some idealised shapes are evaluated to 
answer the question, which benefit can be expected 
from the optimisation of single test rows. Finally, it 
can be stated that an optimised lower leg area could 
reduce most of the AIS2+ injuries in Euro NCAP 
test zones, due to the frequent impacts in this zone.  
 
Next, the benefit of different Euro NCAP colour 
distributions achieving 18 respectively 24 points is 
estimated. For this purpose, one “good” and one 
“bad” Euro NCAP colour distribution is generated 
for each point score and then evaluated concerning 
the expected real-world benefit. The results show 
that the benefit range within one Euro NCAP level 
can be as large as or greater than the difference 
between an 18 points and 24 points vehicle. This 
conclusion is derived from the analysis of realistic 
(feasible) Euro NCAP distributions. Using the real-
world impact distribution and disregarding the 
feasibility, it is even better possible to derive a 
“most effective” distribution as well as a “hardly 
effective” one for nearly every Euro NCAP level. 
The real-world benefit will differ substantially, 
although the Euro NCAP point score is the same! 
 
Taking the actual real-world impact points as a 
basis, vehicles with different Euro NCAP colour 
distributions will achieve different real-world 
benefits, depending on the individual position of 
their red, yellow and green fields. Vehicles with 
equal Euro NCAP pedestrian ratings (point scores) 
may have great as well as small real-world benefits. 
 
The results of the study show that it is highly 
recommended to include findings out of real-world 
accident data and associated effectiveness studies 
in the development of passive safety measures, 
legislation tests or ratings like Euro NCAP. 
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ABSTRACT 
 
Passive safety systems are reaching a limit in 
improving vehicle safety. Fundamental 
enhancement of passenger protection can only be 
obtained by including predictive, active safety 
systems. This field of development is termed 
integrated safety. A central step to tap the full 
potential of integrated safety is the expansion of 
this topic by vehicle-to-vehicle communication. 
The paper discusses the embedding of applications 
using vehicle-to-vehicle communication into an 
enhanced integrated safety concept. The main 
objective is to increase vehicle safety by using a 
proactive sensor which exceeds the physical limits 
of existing sensors and augments the context 
information for the driver. 
The development process is designed by including 
impartial and subjective characteristics and 
evaluations. The impartial part consists of, e.g., 
accident research, simulations and trial runs. The 
subjective part covers experiments with probands 
who have to evaluate the new safety concept with 
the upgraded information context for the driver, for 
example acceptance tests or human machine 
interface development. 
In addition to presenting the methodical 
development this paper discusses a first 
implementation of this method using as example 
the vehicle-to-vehicle communication. 
Expected results are rules and standards for the 
development of new enhanced integrated safety 
concepts in the future. The paper highlights the 
basic necessity of new methods for developing 
safety concepts in the course of technological 
change of integrated safety. 
 
INTRODUCTION 
 
Since the development of the first car an increase in 
road traffic can be observed. Also, the number of 
accidents increased dramatically due to the lack of 
standards to improve vehicle safety. This topic 
gained importance already in the 1960s. [1] 
During the history of vehicle safety, the influence 
of electronics expanded continuously in the field of 
safety systems.  
 

At first vehicles learned “to feel” - to detect a crash 
and to activate airbag systems.  
Today vehicle safety departments are developing 
cars which can “see”. The sense “seeing” is 
essential for the development of foresighted active 
safety systems to detect imminent accidents. 
In the future vehicles have to learn “to hear and to 
speak” using vehicle-to-vehicle communication. 
This will be a fundamental milestone for the 
integrated safety approach to prevent accidents and 
to decrease accident severity. 
 
THE INTEGRATED SAFETY APPROACH 
 
In the future new vehicle safety systems have to be 
designed to merge active and passive safety 
components. Passive safety systems are starting to 
achieve saturation in efficiency to protect 
occupants. In contrast, active safety systems 
significantly foster the potential to enhance the 
efficiency of vehicle safety. A further improvement 
for occupant-, pedestrian- and bicyclist protection 
at the advanced efficiency level can be achieved by 
combining active and passive safety systems. 
Figure 1 illustrates this issue. 
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Figure 1.  Efficiency of the Integrated Safety 
Approach 
 
 
Due to this approach, the objective of vehicle 
safety broadens: not only occupants should be 
protected as good as possible but also the severity 
of accidents should be decreased by the pre-
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conditioning of safety systems (e.g. brake prefill) 
or even accidents should be prevented. 
 
The integrated safety approach includes not only 
the combination of active and passive safety but 
also every system along the timeline of different 
driving conditions. Figure 2 shows the timeline of 
the integrated safety approach within several 
driving conditions. 
The integrated safety is segmented into four main 
parts: driver condition, active safety, passive safety, 
save and rescue. The driver condition part includes 
comfort systems acting in a normal driving 
condition. Comfort systems help drivers by 
exchanging information. The second part of the 
timeline is the active safety. These driver assistant 
systems are working in critical and instable driving 
conditions by warning and supporting drivers. The 
passive safety part describes pre-crash and restraint 
systems in unavoidable crash situations and crashes 
respectively. In the fourth part -save and rescue- 
drivers are helped by activating emergency systems 
in situations after a crash. 
  
 

 

 
Figure 2.  Timeline of the Integrated Safety 
Approach 
 
 
During the alteration of vehicle safety a change of 
the components involved as well as a redefinition 
of the respective weightings and importance 
occurs. Beside classical components like airbag and 
seatbelt which belong to the main component 
vehicle/system a further important factor comes to 
the fore – the driver. Figure 3 presents the four 
main components of  integrated safety: 
 

- driver 
- vehicle/system 
- environment 
- task. 
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Figure 3.  The Four Main Components of the 
Integrated Safety Approach 
 
 
Figure 3 shows that the main components driver 
and vehicle/system are sharing the task of vehicle 
guidance. So far it has been assumed that the driver 
has to solve a task for which he uses the vehicle as 
a tool. Due to the improvement in the area of 
integrated safety, the vehicle also learns to feel, to 
see, to hear and to speak. Thus the environment can 
be perceived by the new “sense organs” of 
vehicles. Tasks (Table 1) can now be performed by 
vehicles to support drivers in normal, critical, 
instable driving conditions, crashes and after crash 
situations, respectively. The task sharing between 
vehicle and driver depends on the driving 
conditions which vehicles must assume. 
Approaching a crash situation, the vehicle takes 
over more responsibility. During a normal driving 
situation the vehicle supports drivers in navigation 
tasks (e.g. providing information about routes). The 
vehicle performs guidance tasks in critical driving 
situations by using a driver assistant system (e.g. 
adaptive cruise control system). Additionally driver 
assistant systems can support drivers by assuming 
stabilization tasks in an instable driving condition 
(e.g. electronic stability control system). The 
vehicle takes full control during a crash situation by 
protecting occupants (e.g. airbag deployment).  
Also the type of task changes along the timeline 
(Figure 2). First of all, vehicles support drivers in 
navigation tasks. In critical driving conditions 
vehicles can undertake tasks of vehicle guidance 
and vehicle stabilization. Thereby, task sharing 
must not let the driver off the hook of vehicle 
guidance [2]. The driver is simply supported during 
his tasks by a system.  
Table 1 shows the tasks of vehicle guidance. 
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Table 1. 
Tasks of vehicle guidance [3][4] 

 
navigation task 
length scale:   
time scale:         

 
n x 100 km 
minutes to 
hours 

vehicle guidance 
task 
length scale:   
time scale:     

 
 
0.2 to 200 m 
1 to 10 seconds 

primary task 

vehicle 
stabilization task 
length scale:   
time scale:     

 
 
1 to 10 meter 
1 to 50 ms 

secondary 
task 

environmental and traffic-related 
tasks within the primary task 
e. g. to indicate, to honk, to wipe, 
light on/off, etc. 

tertiary task tasks to satisfy comfort-, 
entertainment- and information 
requirements 
e. g. to use radio, air-conditioning 
system, etc. 

 
 
A further main point, that has to be discussed is the 
perception of the environment. The two main 
components driver and vehicle/system share this 
task with each other. Future researches have to 
survey which task plays an important role in 
environmental perception. What can be perceived 
better by humans and what by sensors?  
Drivers perceive the environment by sense organs 
(e.g. eye, ear). Vehicles have to use sensors for the 
perception task. Thereby, it can be distinguished 
between inertial sensors and foresighted surround 
sensors. The integrated safety approach attributes 
great importance to foresighted sensors like 
autarkic onboard-sensors or cooperative systems 
which communicate with other traffic participants 
or infrastructure. The main objective is to increase 
vehicle safety by using a proactive sensor which 
exceeds the physical limits of existing sensors. For 
example, a “view around a corner” can be achieved 
by using vehicle-to-vehicle communication. 
This requires further research in the field of 
vehicle-to-vehicle communication. Can the 
environment be perceived by vehicle-to-vehicle 
communication in the accuracy which is required to 
perform tasks of guidance? Can vehicle-to-vehicle 
communication exceed physical limits (e.g. 
coverage, aperture angle, occlusion) of existing 
sensors? 
 
 
 

VEHICLE-TO-VEHICLE 
COMMUNICATION FOR INTEGRATED 
SAFETY 
 
The chapter “integrated safety approach” identified 
the communication channel as an important 
mandatory sensor for integrated safety to tap the 
full potential of safety efficiency. 
In this chapter a concept is developed to 
incorporate vehicle-to-vehicle communication into 
integrated safety. Development methods are 
demonstrated which are indispensable due to the 
enhancement of the main component driver. 
Furthermore, this method is applied for a first draft 
of vehicle-to-vehicle communication in vehicle 
safety. 
 
So far, an impartial path for developing safety 
systems is used exclusively in the classical passive 
vehicle safety. For example crash tests are 
conducted; scenarios are simulated on computers; 
etc. 
Thanks to the enhancement of vehicle safety due to 
systems of active safety, driver assistance systems 
and driver conditioning systems the driver moves 
into the focus of development. From now on it is 
not enough to develop systems using impartial 
criteria, but subjective components and features of 
the future customer have to be considered during 
the development task.  

  

 
 
Figure 4.  Processes for Developing Vehicle-to-
Vehicle Communication Concepts 
 
Figure 4 illustrates the impartial and subjective 
methods which have to be considered in the 
development process of new systems of integrated 
vehicle safety. The impartial methods are currently 
established.  
In the following, subjective methods have to be 
considered in detail. 
The human factor has to be involved early in the 
development process because it has a relevant 
effect on future use and sales figures respectively. 
The first step consists of a proband survey without 
input. It analyzes contents which users accept and 
need. This can be studied by questionnaires, 
individual interview or by focus groups.  
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In the second step a proband survey with visualized 
use cases, simple mock-ups or videos as use cases 
are shown to potential users. Thereupon interviews 
can be done. 
In the third step systems are demonstrated to users 
by simulated scenarios. Probands are able to 
contribute on the improvement of the human 
machine interface. They get haptic, optic and 
acoustic feedback by the system according to 
interface design. 
The final step contains real test runs with probands. 
Probands are brought in situations where systems 
should work. Thus impartial system redundancy 
can be tested against subjective sensation. 
Furthermore, the human machine interface can be 
improved in a real environment. 
Thus the future user is involved in the continuous 
development process of integrated safety systems 
using these four subjective methods. 
 
Initially some impartial methods are applied for a 
first draft for embedding vehicle-to-vehicle 
communication in the enhanced integrated safety 
approach. 
Looking at the accident statistics most accidents 
happen at intersections (Figure 5). 
 
 

 
Figure 5.  Accident Statistic Based on Accident 
Types [6] 
 
However, some accident types provoke a fatal 
impact on accident severity but do not happen 
frequently (e.g. accidents caused by wrong way 
drivers on highways). Considering this fact 
accident severity has to be included into accident 
analysis. 
Derived from this analysis, a potpourri of functions 
and applications is defined which influences the 
vehicle-to-vehicle communication concept: 
 

1. intersection assistent 
2. left turn assistent 
3. pedestrian-/bicyclist protection 
4. wrong way driver warning 
5. warning against disregarding of red lights. 

Considering the evaluated expert interviews the 
contents of the message packet for vehicle-to-
vehicle communication can be extracted. These 
points partly enlarge the existing Car2Car 
Communication Consortium message set [5]: 
 

- vehicle weigth 
- vehicle dimensions 
- position 
- velocity 
- acceleration 
- vehicle type (car, truck, motorcycle, etc.) 
- driver condition/- type 
- track condition 
- time stamp 
- yawrate 
- steering wheel 
- braking activation 
- number of occupants. 

 
 
Further analysis will be done focusing on the 
application intersection assistant. The involvement 
of driver command is a central fact which has to be 
considered in the development process (e.g. turning 
request, stopping request). 
A general statement about driver behaviours cannot 
be given because drivers differ extremely in several 
operation characteristics. There exists a 
conservative driver which blinks and brakes at an 
early stage. However some drivers execute these 
actions late and drive very dynamically. 
Also in this case the comprehension of the human 
factor plays an important role. 
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ABSTRACT 

This study proposes to assess the interaction 
between the 3 years old child Head-Neck system 
and a typical airbag, a protective system frequently 
used in the automotive field. Two separated models 
(Head and Neck) developed at the Strasbourg 
University (UDS) were coupled in order to estimate 
the injury risk during this type of impact. The first 
model developed is a three years old child Finite 
Element neck Model (FEM) based on a realistic 
geometry (Meyer et al. 2008). This FEM was 
validated in four directions against an original 
method based on scaling method (Irwin et al. 1997). 
The second FEM is a 3 years old Head FE model 
published by Roth et al. in 2008. This model 
proposed an injury criterion in terms of Von Mises 
stress in the brain for moderate neurological 
injuries. After a coupling of these two FE models 
two impacts a frontal and lateral impact 
configuration is simulated. These impacts consisted 
of an airbag deployment at different gaps in order to 
calculate and estimate child brain injury risks. 

INTRODUCTION 

The growing demand for greater mobility in Europe 
has made individual transportation an essential and 
even inevitable feature of modern leaving. Children 
are more and more often conveyed in cars or other 
modes of road transportations. With this increased 
travels, the risk for children, of becoming involved 
in an accident as occupant has consequently 
increased. Based on the above accident data, it is 
obvious that in spite of the significant 
improvements in recent years in vehicle safety, the 
current number of deaths and casualties added to 
the social and economic costs is still unacceptable. 
Fatalities and injuries, especially to children, shall 
be reduced by all the available ways: public 
regulation, prevention/education of road users, road 

infrastructure, compatibility between vehicles, 
active, passive and tertiary safety devices. 

As regards children, it is very difficult to obtain 
figures for fatalities or severely injured children in 
the 27 European Countries, but if we consider the 
EU 15 countries, where the use of child restraint is 
mandatory since a long time, approximately 600 
children are killed in cars on the European roads 
and 80 000 are injured (data source: IRTAD).If 
there has been a hudge effort on human adult FE 
modeling only very few attempts exist as long as 
children are concerned. 

Due to ethical reasons, there is paucity in 
experimental data concerning the child's head and 
neck characterization. As a consequence, there is a 
considerable difficulty for the validation of children 
FE models. For the neck validation one solution is 
to use the Scaling method’s established by Irwin’s 
and Mertz 1997. This method permits to calculate a 
theorical experimental corridor based on on the 
adult experimental data, in terms of displacement 
and acceleration. The mechanical properties such as 
the mass density of the cervical vertebrae, the 
rigidity both for the intervertebral discs and the 
ligament are calculated with this scaling method.  

One way to investigate child Head injury criteria 
using numerical models is to simulate real world 
head trauma. Well documented accidents can help 
to understand child injuries in comparing numerical 
mechanical parameters with what really happened, 
distinguishing biofidelic behavior of a child 
numerical head and the ability to have an injury 
predicting tool. Indeed, even if the biofidelic 
behavior of child models cannot be checked, based 
on classical experimental versus numerical 
validation process, investigations of child injury 
mechanisms can be performed by developing an 
injury predicting tool, studying numerical 



simulation of a large number of real accidents and 
to correlate mechanical parameters outputs with 
observed injuries. In the present work these 
previous published Head and Neck models are 
coupled to a simplified thorax in order to 
investigate child Head-Neck response under frontal 
and lateral airbag deployment as a function of 
initial distance between airbag and Head. 

MATERIALS AND METHODS 

Three years Old Child’s Neck FE model 

The neck model used in the present study has been 
previously published (Meyer et al. 2008) and will 
therefore be presented very shortly. 

A three year old male child head and neck was 
scanned (figure 1) in order to base this study on a 
realistic human geometry, and to integrate the 
detailed vertebrae anatomy. The surfaces were 
reconstructed, so that the cervical vertebrae could 
be completely meshed.  

 

Figure 1. Reconstruction of the cervical spine 
based on scanner section. 

For the cervical vertebrae, shell elements offer the 
possibility of strictly respecting the anatomical 
surface. The upper and the lower ligamentary 
system were reproduced with springs elements and 
the intervertebral discs with bricks elements (3 
layers). 

 

Figure 2. Surface meshing of the cervical column 
(C1-T1) with its ligamentary system. (See also 
Meyer et al. 2008 for further details). 

Finally the model of the three year old child neck 
contains a total of 2 826 brick elements and 44 758 
shell elements and 712 springs.  

Finite element models of adult neck are typically 
validated against experimental data carried out by 
the N.B.D.L (Van der Horst M.J. 2002, Meyer et al. 
2004), with frontal, oblique, lateral impacts (Ewing 
et al. 1968, Ewing et al. 1977). Unfortunately, for 
ethical reasons, it is not possible to perform similar 
tests on children so no data exist in the literature for 
dynamic validation of a paediatric neck model. In 
the present study, inputs for the three-year-old-child 
model correspond to those used in the NBDL tests 
(Frontal, Lateral, Oblique) but outputs, i.e., head 
accelerations and displacements ' corridors , are 
scaled down in accordance with Irwin’s method 
(1997). An example of the frontal validation is 
illustrated in figure 3 where the superimposition of 
experimental response corridors obtained with the 
scaling method, and numerical curves obtained with 
the finite element model of the child neck is 
reported. 



 

Figure 3. Results under frontal impact: X-axis 

(a), Z-axis (b) linear head acceleration, X-axis 

(c), Z-axis (d) head displacement and kinematic 

response of the whole head/neck system (e). 

 

Child’s head model and injury criteria. 

The head model wich will be coupled to the neck 
was published by Roth et al. in 2008. Hereafter a 
short presentation is re-called. 

As illustrate in figure 4, the developed three years 
old head model takes into account the main 
anatomical features of a three year old child. It 
includes the scalp, the skull, the sutures (sagittal, 
coronal, lambdoid), the face, the cerebro spinal 
fluid (CSF), the falx, the tentorium and the brain. 
Finally, the whole model of the three year old child 
head (a) contains a total of 23000 brick elements 
and 3500 shell elements.  

  

Figure 4. Meshing description of the detailed 
three year old child head finite element model 
(a) Cross section of the HEAD FEM (b) 
Membranes Falx & tentorium. (See also Roth et 
al. 2008) 

In order to investigate child injury criteria with the 
finite element model, 25 real world accidents 
involving child aged from 2.5 to 3.5 year old were 
collected. These accidents are free fall from 
different heights and are simulated with the 3YOC 
head in order to extract the best mechanical 
parameter able to predict injury occurrence. From 
medical files, several data are available: gender, 
age, height of fall, type of impacted surface, type of 
injury. Injuries are classified into two categories: 
Moderate neurological injuries (2 in the AIS scale, 
unconsciousness limited to few hours after impact) 
and severe neurological injuries (>3 in the AIS 
scale, with a >24hours coma). Among these 25 
cases, 15 accidents induced with no neurological 
injuries, 8 lead to moderate neurological injuries, 
and 2 to severe neurological injuries.  

The determination of the head injury risk curves for 
specific injury mechanisms is based on a 
correlation study between the values of the 
proposed candidate criteria and the neurological 
lesions occurrences. Maximum values of 
mechanical parameters are used to build a 
histogram. The accident cases are finally sorted 
according to the injury classification, i.e. moderate 
or absence of neurological injuries. When the injury 
predictor candidate is adequate, a distinction is 
visible between the low values of the uninjured 
cases and the high values of the computed for the 
injured cases. This threshold can accurately be 
calculated since it is the value leading to a 50% risk 
an injury. For the statistical approach, the modified 
maximum likelihood method is chosen. It is a 
logistic regression method developed and described 
by Nakahira et al. (2000). The quality of the 
regression is thereby given by the negative 
estimator EB which should be as close to zero as 
possible. For each of these parameters: Von Mises 
stress, peak linear acceleration , maximum pressure, 
peak angular acceleration and HIC value, EB were 
calculated in order to identify the most relevant 
injury parameter (figure 5). 
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Figure 5. EB regression parameters for several 
candidates for moderate neurological injury 
criterion.  



As a result of numerical reconstructions of real 
world cases, shear distribution in term of stress 
appear to be an interesting predicting candidate for 
neurological lesions. These parameters had also 
been used for prediction of neurological injuries in 
adult head finite element model by Deck et al. 
(2008). As a conclusion a Von Mises brain shearing 
stress of 48 Kpa will be retained for neurological 
injuries. 

 

 

Figure 6. Histogram illustrating the correlation 
between the best mechanical parameter 
candidate (brain Von Mises stress) computed 
with 3 YOC FE model and corresponding injury 
risk curves. 

Coupled three years child Head-Neck-Thorax 
model under impact. 

In the framework of the present study the Neck FE 
model was coupled to the Head FE model. The 
connection between the Head and the Neck is made 
through the ligamentary system. The existing upper 
ligaments were connected to the Head FEM and the 
contact between the atlas and the occiput was 
reproduced with a sliding interface. The objective 
of the coupling between the Neck and the Thorax 
was to take into account the mass and inertia effect 
of the thorax in case of an airbag impact. The 
geometry was taken from an adult thorax and scaled 
down in accordance with Irwin’s method. As the 
thorax has only an inertial effect in the context of 

this study a very simplified thorax model is 
proposed. The whole three years old coupled model 
is illustrated in figure 7. 

 

Figure 7. Coupling of the three years old Head-
Neck FEM to a simplified thorax model. 

In order to provide realistic inertia, the thorax was 
meshed with bricks elements and the density was 
adjusted in order to have a mass of 6.61 Kg (Irwin 

et al 1997) and an inertia of Ixx=3.15*10
7
g.mm², 

Iyy=2.73*10
7
g.mm², Izz=2.36*10

7
g.mm². Finally 

T1 vertebra was associated to the thorax as a key 
element for the coupling of this segment to the 
head-neck complex. 

In order to simulate child airbag interaction during 
airbag deployment two impacts conditions are 
suggested, a frontal and a lateral one. For each case 
the child is supposed to be seated statically without 
seat back, i.e. without any restrain of his thorax and 
with no initial velocity. For the frontal impact five 
distances between the chin and the airbag are 
proposed i.e. 6, 8, 10, 12 and 13.5 cm. For the 
lateral impact five distances between ear and airbag 
are suggested as well, being 6, 8, 10, 12 and 13.5 
cm. For these ten impacts the injury parameters at 
head will be computed in order to express the injury 
risk for each case. Figure 10 presents more details 
relatively to the initial conditions of this impact 
simulation for the frontal configuration, as the 



airbag center of mass is set at 4.2 cm below the 
child head center of mass. 

 

Figure 8. Child under airbag deployment under 
frontal configuration. 

 

RESULTS 

In this section results are reported separately for the 
frontal airbag deployments as the lateral ones. 

Frontal Impact 

Figure 9 represents the maximum of forces 
calculated per head/airbag distances. It can be 
observed that there is no significant correlation 
between head/airbag distance and calculated 
maximum interaction force. 
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Figure 9. Maximal interaction force calculated 

for the five head-airbag distances (d=6 cm; d=8 

cm; d=10 cm; d=12 cm; d=13,5 cm). 

For the five airbag distances simulated the intra-
cerebral Von Mises stress calculated (location and 
time evolution curves) are reported in figure 10. 
The locations of these maxima are similar in the 
five cases (at the vertex area). Five bricks were 
considered to obtain a mean value of the time 
evolution of Von Mises stress at these maxima 
location.  

Figure 10. Illustration of the intracerebral Von 
Mises stress computed for the distance 100 mm 
(location of these maxima on left and time 
evolution on right) in frontal impact 
configuration. 

Maxima of Von Mises stress are obtained after the 
total airbag deployment (after 10ms) and all results 
are summarized in figure 11.  

For the head-airbag distance of about 60mm, an 
intracerebral Von Mises stress of 59kPa wich is 
higher than the tolerance limits calculated for a 
50% risk of moderate neurological injuries (48kPa) 
is obtained. It is interesting to observe that the intra-
cerebram Von Mises stresses are much more 
correlated with the head-airbag distance then the 
interaction force is. 

 

Figure 11. Maxima of intracerebral Von Mises 

stress computed within for the five head/airbag 

distances under frontal impact configuration. 

Lateral impact  



The conditions of the lateral airbag impact are 
similar to the frontal impact i.e. a free thorax 
boundary conditions boundary conditions. An 
overall view of the kinematics under this lateral 
airbag deployment (d=100 mm) is illustrated in 
figure 12. 

  

Time = 0 ms Time = 4 ms 

  

Time = 6 ms Time = 14ms 

Figure 12. Overall kinematics of the Head FEM 
under lateral airbag impact. 

As for frontal impact configuration no significant 
correlation between head/airbag distance and 
maximum interaction force calculated is observed 
as illustrated in figure 13. 

 

Figure 13. Maximal interaction force calculated 
for the five head-airbag distances (d=60mm; 
d=80mm; d=100mm; d=120mm; d=135 mm). 

Figure 14 shows the maximum intracerebral Von 
Mises stress computed (location and time evolution 
curves) for the five airbag distances in lateral 
impact configuration. Location of these maxima is 
similar in the five cases (at the opposite side to the 
impacted area). Except for the 135 mm distance all 
simulated cases conduced to the same conclusion 
i.e. that it exits a risk of moderate neurological 
injury due to the fact that the intracerebral Von 
Mises stress calculated exceed tolerance limit fixed 
to 48kPa.  

 

Figure 14 Maxima of intracerebral Von Mises 

stress computed within the brain for the five 

head/airbag under lateral impact configuration. 

 

DISCUSSIONS 

After the development of a three years old child 
Head-neck FE model and its use under airbag 
deployment it’s important to define the limitations 
of this study. A number of limitation exist at 
biomechanical modeling level were clearly 
improvement are needed in the future especially as 
long as neck injury criteria are concerned. The 
boundary conditions applied aren't the same as in 
accident condition as the simulations don't take into 
account the initial velocity of the whole body, the 
effect of the seatbelt and the initial position 
influence kinematic’s and the injury risk. The main 
originality of the proposed head-neck-thorax model 
is to consider a realistic and detailed geometry of 
the cervical spine and a FE head model who 
proposed tolerance limits for moderate neurological 
lesion. It’s therefore a step towards numerical tools 
for the assessment of the child head and neck injury 
risk under airbag deployment. 



CONCLUSIONS  

The objective of this study was to assess the injury 
risk of the child head-neck system under airbag 
deployment for frontal and lateral configuration. 

The presented work is based on a head and neck 
model of the three year old child developed in 
earlier studies as well as first head injury criteria. 
Proposed then is the coupling of the head-neck 
system to a simplified thorax model in order to 
assess head injury risk under frontal and lateral 
airbag deployment. A parametric study on head-
airbag distance is finally conduced with following 
main conclusions. 

For the frontal airbag deployment it’s shown that 
there is a low correlation between initial distance 
and the interaction force. A head injury risk appears 
only if the initial distance between the airbag and 
the head is less than 80 mm.  

Concerning the lateral airbag deployment 
configuration a similar conclusion can be made as 
for the frontal impact i.e. no correlation between the 
interaction force and the injury risk. However the 
brain injury risk appears to be much higher as for 
the frontal impact. For all distances a brain injury 
risk over 50% has been computed. 

Even if a number of limitations exist in this child 
response simulation under impact first steps have 
been provided towards numerical tools designed for 
the assessment of child head-neck injury risk under 
deployment. 
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ABSTRACT 
 
The research activities presented in this paper were 
carried out within Sub-Project 7 of APROSYS 
(Advanced PROtection SYStems), a European 
Integrated Project implemented within the 6th 
Framework Programme which main objective is the 
development and introduction of critical 
technologies that improve passive safety for all 
European road users in all relevant accident types 
and accident severities. Furthermore, this IP aims 
to increase the level of competitiveness of the 
European industry by developing new safety 
technologies (safety is a proven selling point) and 
by developing design tools and evaluation methods 
that will increase the efficiency of the development 
process of the involved industries. 
 
SP7 (Virtual Testing) deals with the development 
of knowledge and tools to facilitate the design and 
evaluation of advanced crash protection systems by 
virtual testing (numerical simulation). Within SP7 a 
Virtual Testing (VT) demonstrator based on a 
combination of simulations and physical tests for 
pedestrian protection (head impact) was delivered. 
Where VT has proven to be predictive and where 
benefits in terms of increasing safety are expected.  
 
In a first approach, experimental adult head form 
impacts against bonnet structures were performed. 
Besides, a series of virtual tests with standard adult 
head form numerical model and numerical model 
of the test rig were performed. VT was performed 
with limited data (only initial conditions) from 
physical test and no validation results were 
provided to adjust the nominal simulation model. 
Finally, a study of experimental testing variation 
using stochastic models was performed. The effects 
of these variations were quantified using stochastic 
analysis. 
 
INTRODUCTION 
 
Pedestrian protection has been identified as one of 
the fields with greatest potential for improvement. 
It can be asserted that numerical simulation is 
meanwhile highly predictive for pedestrian 
protection testing. Moreover, studies carried out in 
current EC projects such as APROSYS [1][2] 
conclude also that the implementation of virtual 
testing in homologation/regulation with regards to 
pedestrian protection directives, could lead to 

tangible benefits in terms of injury reduction and 
cost reduction in vehicle design. Pedestrian 
regulation has a medium degree of complexity in 
comparison with a full scale crash, as impactors are 
used for the assessment, and only the front part of 
the vehicle is significantly affected. Nevertheless, 
unfortunately not a high number of cars reach the 
maximum level on pedestrian protection. Thus, the 
potential impact of improving pedestrian protection 
will be very worthy since the number of pedestrian 
fatalities is still high like mentioned above. 
 
Within APROSYS SP7 a Virtual Testing (VT) 
demonstrator based on a combination of 
simulations and physical tests for pedestrian 
protection (head impact) was delivered. The goal of 
these activities is to show the feasibility of the 
simulation models as well as the accuracy of the 
virtual and physical tests.  
 
In a first approach, experimental adult head form 
impacts against bonnet structures were performed. 
The test matrix was defined covering following 
characteristics:  

 
- Extended instrumentation (additional 

instrumentation to measure 3D deformation 
contours) 

- Sensitivity analysis testing (level of results 
variation due to slight variations in testing 
configuration) 

- Repeatability ranges (level of repeatability for 
same testing configuration).  
 

Besides, a series of virtual tests with standard adult 
head form numerical model and numerical model 
of the test rig were performed. VT was performed 
with limited data (only initial conditions) from 
physical test and no validation results were 
provided to adjust the nominal simulation model. 
Finally, a study of experimental testing variation 
using stochastic models was performed. The effects 
of these variations were quantified using stochastic 
analysis. 
 
ADULT HEAD IMPACT TESTS 
  
Test bench 
 
A bonnet test bench was built (Figure 1). The 
design of the test bench is adaptive so it can be 
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used for testing different kinds of bonnets by only 
performing minor modifications. The bonnet is 
mounted on rigid crossbeams placed in 
correspondence of its hinges, front lock and rubber 
mountings/grommets. Furthermore, a plate for 
representation of the motor block was placed. 
 

 

Figure 1.  Bonnet test bench. 

 
The adult head form as specified in Directive 
2003/102/EC, phase II [3] was used to record head 
accelerations caused by contact with the bonnet 
top. Additionally, a system for measuring three-
dimensional deformations has been employed in 
order to provide additional data about the 
mechanical behaviour of the bonnet and the 
positioning and kinematics of the head form. The 
base of this system is software that computes the 
deformations of a surface based on the stereoscopic 
analysis of pictures registered with two high speed 
video cameras [5]. These results allow to achieve a 
more complete validation of the results of the 
numerical simulations, as well as to check the 
correct positioning of the head form at the contact 
time. 
 
Test conditions 
 
Four different impact locations were investigated 
(Figure 2). These locations were selected to 
represent the most frequent occurred impact points:  

 
1. close to the front lock 

2. close to the hinges 

3. close to the rubber mountings 

4. close to the motor block highest point 
 

 

Figure 2. Impact locations. 

The objectives of performing these tests were to 
analyse the level of results variations due to slight 
variation in testing configuration (sensitivity 
analysis testing) as well as the level of repeatability 
for same testing configuration. According to these 
objectives the test matrix was define. 
 
Initially four reference tests were performed (one in 
each point). These tests were launched according to 
the Directive 2003/102/EC [3], phase II. Test 
conditions for the adult head form impactor are as 
following: 

 
• Angle of impact: 65º±2º to the ground 

reference level 

• The point of first contact: within ±10mm of 
tolerance to the selected impact location 

• Impact velocity: 11.1±0.2m/s 
 

Then, variations of the impact variables were taken 
into account. These variations were carried out only 
in points 1, 2 and 3 whereas point 4 was used to 
perform the repeatability analysis. Thus, three tests 
were performed at this point with the same impact 
conditions (reference boundary conditions 
according to the standard). At points 2 and 3 the 
reference test was also repeated so repeatability 
could be checked also in different points of impact. 
The test matrix is shown in the next table: 

Table 1.  Tests matrix. 

Point 1  (front lock) Point 2 (hinge) 
v 

 [m/s] 
Ang. 

[º] 
Pos.  

[mm] 
v  

[m/s] 
Ang. 

[º] 
Pos.  

[mm] 
11.1 65 0 11.1 65 0 
10.6 65 0 11.1 65 0 
11.6 65 0 10.6 65 0 
12.1 65 0 11.6 65 0 
11.1 60 0 11.1 60 0 
11.1 70 0 11.1 70 0 
11.1 65 y-10 11.1 65 y-10 
11.1 65 y+10 11.1 65 y+10 

Point 3 (supports) 
Point 4 (motor  
highest point) 

v 
 [m/s] 

Ang. 
[º] 

Pos.  
[mm] 

v 
 [m/s] 

Ang. 
[º] 

Pos.  
[mm] 

11.1 65 0 11.1 65 0 
11.1 65 0 11.1 65 0 
10.6 65 0 11.1 65 0 

11.6 65 0    
11.1 65 y-10    
11.1 65 y+10    
11.1 65 x-10    
11.1 65 x+10    

 
BLIND VALIDATION      
 
Series of virtual tests with standard adult head form 
numerical model and numerical model of the test 
rig were performed. VT was performed with 
limited data from physical test. The FE model was 
built starting from the CAD, material data 

X 
Y 
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properties, description of the connections among 
the different parts of the bonnet (adhesives, spot-
welds…) and test conditions (test set-up) but no 
validation results were provided to adjust the 
nominal simulation model.  
 

 

Figure 3. Numerical model. 

 
In order to check the accuracy of the simulation 
model, a comparison between the simulation results 
and the test results were performed. This model 
was not tuned once the comparison with the test 
results was done.  
 
First of all the four reference tests were considered. 
The curves obtained are depicted in the following 
images: 
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 Figure 4.  Acceleration pulses (point1). 
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Figure 5.  Acceleration pulses (point2). 
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Figure 6.  Acceleration pulses (point3). 

 
Point 4

0

50

100

150

200

250

0 3 6 9 12 15
Time [ms]

A
cc

el
er

at
io

n 
[g

]

Simulation Test 1

Test 2 Test 3
 

Figure 7.  Acceleration pulses (point4). 

 
In the case of the first point there is not repetition 
of the test, so only one test result is available. 
Nevertheless, the results presented in all cases 
show a good correspondence between the output 
signals of both, simulation model and tests, in 
shape as well as in absolute peak values. 
 
As it was explained above, a system for measuring 
three-dimensional deformations has been employed 
in order to provide additional data about the 
mechanical behaviour of the bonnet and the 
positioning and kinematics of the head form 
impactor.  
 
This system allows measuring of displacements and 
three-dimensional deformations by two cameras 
simultaneously recording. A previous calibration 
process is required. This process consists on taking 
series of images of several points from a panel 
which exact distances are known. Then, the 
program is provided with information about the 
specific spatial position of the cameras and then it 
is able to interpret correctly the images obtained 
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during the tests. On the other hand, the test’s object 
(bonnet and headform impactor in this case) has to 
be painted with a random mottled (see Figure 8) 
which provide reference points in order to work out 
deformations in consecutive images. 
 

 

Figure 8.  Cameras location and random mottle 
of the bonnet and headform impactor. 

 
As far as the behaviour of the bonnet is concerned, 
the kinematics observed in the simulations correlate 
well with the one registered with the stereoscopic 
analysis of the high speed images. Some examples 
can be seen in the next figures. In the upper images 
(in a white background) the simulation contour is 
depicted whereas in the lower ones (in a grey 
background) the contour obtained from the 
stereoscopic analysis is shown. 
 

  

[mm] 
  

 
     
Figure 9.  Displacement contours (point1). 

 
Displacement contours of the bonnet as well as the 
absolute displacement values are very close in all 
cases for both, virtual tests and real tests 
(stereoscopic analysis of the high speed images). 

  

[mm]  

 
 
Figure 10.  Displacement contours (point3). 

 
Once the results of the reference cases were 
compared, the analysis was extended to all the test 
cases with the variations in the input conditions 
(see Table 1). The results obtained are shown in 
following tables:  
 

Table 2.  Experimental - Simulation results 
point 1. 

Point 1  (front lock) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 

11.1 11.06 65 0 109.3 115.4 487.2 703.7 

10.6 10.48 65 0 80.5 109.9 487.6 643.6 

11.6 11.73 65 0 109.8 121.0 562.2 799.3 

12.1 - 65 0 - 126.4 - 914.8 

11.1 11.08 60 0 110.8 127.7 559.1 726.6 

11.1 10.97 70 0 92.8 116.6 603.4 660.1 

11.1 11.15 65 y-10 101.6 121.1 533.0 667.6 

11.1 11.15 65 y+10 110.9 117.2 481.4 534.2 

 
 
The system that launches the head form impactor 
against the bonnet allows reaching velocities higher 
than 12.1m/s. Nevertheless, when the system works 
close to this maximum threshold it is possible to 
have problems during the test. These problems 
appeared in this case. The system was out of 
control and then, it was not possible to know the 
real velocity achieved. Thus, it was decided not to 
use this test results. This problem only appeared in 
the point 1 since in the other cases the maximum 
velocity was 11.6m/s. 
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Table 3.  Experimental - Simulation results 
point 2. 

Point 2 (hinge) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 

11.1 10.98 65 0 146.6 
151.0 

988.9 
955.3 

11.1 11.19 65 0 146.4 937.1 

10.6 10.78 65 0 142.2 141.6 1038 838.8 

11.6 11.8 65 0 157.4 159.5 1042.6 1080.1 

11.1 10.96 60 0 143.8 146.3 1209.2 904 

11.1 11.00 70 0 161.4 151.1 1142.3 972.7 

11.1 11.11 65 y-10 129.7 148.1 883.4 896.8 

11.1 11.10 65 y+10 152.8 164.6 1189.4 1000.1 

 

Table 4.  Experimental - Simulation results 
point 3. 

Point 3 (supports) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 

11.1 10.91 65 0 124.1 
130.6 

1095 
1087.5 

11.1 11.13 65 0 120.5 937.5 

10.6 10.61 65 0 103.6 125.4 777.9 1013.7 

11.6 11.47 65 0 132.6 137.4 1130.5 1158.8 

11.1 11.16 65 y-10 121.0 138.8 954.4 1091.1 

11.1 11.05 65 y+10 114.0 166.9 866 1181.7 

11.1 10.93 65 x-10 126.0 157.7 1034.2 1405 

11.1 11.17 65 x+10 146.6 127.1 989.2 987.1 

 

Table 5.  Experimental - Simulation results 
point 4. 

Point 4 (motor) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 
11.1 11.03 65 0 194.2 

207.2 

1485.3 

1627.8 11.1 10.97 65 0 200.2 1696.9 

11.1 11.22 65 0 213.8 1686.2 

 
 
 The correlation (similar trends are seen for 
experiment and simulation results) is very good for 
point 2 and point 4 in both maximum acceleration 
and HPC and good for point 3, whereas the 
simulation results are overestimated in case of 
point 1. This point is close to the lock of the 
bonnet. In the blind simulation model, the lock 
system was modelled as a rigid body, this fact 
makes that the acceleration peaks and the HPC 
values were higher than the obtained in the physical 
tests.  
 
These results leads to conclude that more 

information regarding the bonnets and the test rig 
would be needed to build the nominal simulation 
model. For instance, it is very important to know 
the material cards so material characterizations 
would be required. 
 
STOCHASTIC ANALYSIS   
 
The target of the study is the generation of 
knowledge about the influence on the pedestrian 
adult head criteria responses (according to the 
Directive 2003/102/EC [3], phase II) regarding 
slight experimental testing variations such as 
impact velocity, impact angle and relative impact 
position.  
 
In the above sections, a deterministic approach has 
been shown. Simulations with the same 
experimental conditions have been performed and 
results of corresponding simulations and tests 
results have been compared. This study consisted in 
one simulation results vs. one physical test results 
comparison. With the stochastic approach, the level 
of results variations due to slight variation in 
testing configuration (sensitivity analysis) can be 
study. Correlation between experimental and 
simulation clouds can be checked as well as the 
robustness and accuracy of the simulation models. 
 
Stochastic pre-processing: stochastic modelling 
and sampling 
 
Four stochastic analysis were performed, one per 
point of impact. The values of dispersion 
considered for the impact conditions covers the 
ones used in the experimental tests at each point. 
Thus, the next tables show the set of input 
parameters as well as the considered variability: 
 

Table 6.  Stochastic variables - Point 1 study. 

Stochastic 
variables Range 

Numerical variable 
Nominal 

value Range Name 

Impact 
velocity 

±1m/s 11.1m/s [10.1,12.1] Veloc 

Impact angle ±5º 65º [60º,70º] Ang 

Impact point 
position X 

+ 10 mm 0 mm [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm [-10,10] Pos_Y 

 

Table 7.  Stochastic variables - Point 2 study. 

Stochastic 
variables Range 

Numerical variable 
Nominal 

value Range Name 

Impact 
velocity 

±0.5m/s 11.1m/s [10.6,11.6] Veloc 

Impact angle ±5º 65º [60º,70º] Ang 

Impact point 
position X 

+ 10 mm 0 mm. [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm. [-10,10] Pos_Y 
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Table 8.  Stochastic variables - Point 3 study. 

Stochastic 
variables Range 

Numerical variable 
Nominal 

value Range Name 

Impact 
velocity 

±0.5m/s 11.1m/s [10.6,11.6] Veloc 

Impact angle ±2º 65º [63º,67º] Ang 

Impact point 
position X 

+ 10 mm 0 mm. [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm. [-10,10] Pos_Y 

 

Table 9.  Stochastic variables - Point 4 study. 

Stochastic 
variables Range 

Numerical variable 

Nominal 
value Range Name 

Impact 
velocity 

±0.2m/s 11.1m/s [10.9,11.3] Veloc 

Impact angle ±2º 65º [63º,67º] Ang 

Impact point 
position X 

+ 10 mm 0 mm. [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm. [-10,10] Pos_Y 

 
In this last case (point 4), the variability of the 
input variables considered matches with the 
allowed range of tolerances established by the 
standard [3] for the tests. Thus, the variability 
obtained in the tests results at point 4, which were 
performed with the same impact conditions can be 
analyse through this study. For the study the 
reference model built by a blind validation 
presented above was used. 
 
Once the stochastic variables were identified in the 
reference model, the next step was to get a set of 
simulation cases in accordance with one of the 
sampling methods available [6]. The “Optimal 
Latin Hypercube” method was chosen in order to 
provide better coverage of the multivariate space 
with less simulation runs (30 per point of impact, 
total 120 simulations cases). Uniform distributions 
for the ranges established in the table above were 
defined to account for the estimated variability.  
 
Before starting the set of simulation runs, the 
resultant values to be extracted and analysed were 
defined. As the main interest was to know the 
sensitivity of pedestrian adult head criteria, 
evaluation files .sto and .crit were built in order to 
get the maximum acceleration pick, time at this 
maximum acceleration pick and the HPC value. 
 
Stochastic post-processing: sensitivity analysis 
 
The results were analysed with several approaches, 
and valuable conclusions resulted from the 
different analysis carried out.  
 
Following tables show the main statistics of the 
outputs or properties, resulting from the different 
clone model runs at each point: 

Table 10.  Stochastic results statistics - Point 1. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 

30 9.77866E+01 1.30101E+02 1.15357E+02 

HPC 30 5.53438E+02 8.81923E+02 7.03893E+02 

TIME_ 
MAX-
ACC 

30 3.00047E+00 4.20028E+00 3.69039E+00 

Property Points Ave 
Deviation 

Std 
Deviation 

|SDev/Mean| 

MAX-
ACC 30 6.94042E+00 8.31786E+00 0.0721056 

HPC 30 8.33078E+01 9.73500E+01 0.138302 

TIME_ 
MAX-
ACC 

30 3.19323E-01 3.88878E-01 0.105376 

 

Table 11.  Stochastic results statistics - Point 2. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 

30 1.40797E+02 1.68239E+02 1.52388E+02 

HPC 30 8.03288E+02 1.14861E+03 9.46985E+02 

TIME_ 
MAX-
ACC 

30 5.30068E+00 9.20039E+00 7.33040E+00 

Property Points 
Ave 

Deviation 
Std 

Deviation |SDev/Mean| 

MAX-
ACC 30 6.32505E+00 7.82325E+00 0.0513376 

HPC 30 7.43241E+01 8.94827E+01 0.0944922 

TIME_ 
MAX-
ACC 

30 1.56135E+00 1.60564E+00 0.219039 

 

Table 12.  Stochastic results statistics - Point 3. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 

30 1.23533E+02 1.67693E+02 1.41284E+02 

HPC 30 9.59821E+02 1.43727E+03 1.14476E+03 

TIME_ 
MAX-
ACC 

30 2.10027E+00 4.70008E+00 2.99370E+00 

Property Points 
Ave 

Deviation 
Std 

Deviation |SDev/Mean| 

MAX-
ACC 

30 1.29068E+01 1.47524E+01 0.104416 

HPC 30 1.02722E+02 1.34482E+02 0.117476 

TIME_ 
MAX-
ACC 

30 7.23537E-01 8.65761E-01 0.289194 

 

Table 13.  Stochastic results statistics - Point 4. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 30 1.80371E+02 3.18280E+02 2.54933E+02 

HPC 30 1.42373E+03 2.41783E+03 1.89340E+03 

TIME_ 
MAX-
ACC 

30 1.02005E+01 1.08004E+01 1.03638E+01 

Property Points 
Ave 

Deviation 
Std 

Deviation |SDev/Mean| 

MAX-
ACC 

30 3.37991E+01 3.99696E+01 0.156785 

HPC 30 2.18702E+02 2.68302E+02 0.141704 

TIME_ 
MAX-
ACC 

30 8.32636E-02 1.15837E-01 0.0111771 
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From the tables, some results are concluded by 
looking at the [standard deviation/mean] ratio. This 
ratio is an estimation of the sensitivity of the 
parameters in terms of ratio variability. Values of 
around 1, present a percentage of sensitivity from 
the mean of 100%. Different behaviours can be 
observed at the different points of impact.  
 
Not so high sensitivities can be seen. At point 2 
(close to the hinges) and point 3 (close to the 
supports - rubber mountings) the most sensitive 
parameter is the time at the maximum acceleration 
(>20%). This variation can be produced due to a 
second impact of the head form owing to the input 
variations. At point 1 (close to the lock) no major 
variations can be seen (maximum ≈13% in the case 
of HPC). And finally, at point 4 (close to the motor 
block) the most sensitive parameters are the 
acceleration pick and the HPC value (≈15%). 
 
Then, the next stage is looking for the input 
variables whose scatter is responsible for this 
output variability. 
 
The correlation matrix is one of the outputs offered 
by ADVISER [6] to the user, showing relationships 
between the problem parameters. The linear 
correlation matrices can be seen in the following 
figures: 

Point 1                        Point 2 

 
 

Point 3                        Point 4 

 
 
Figure 11.  Linear correlation matrices. 
 
Looking at the correlations higher than 0.5 (in 
absolute value), the stochastic input variables more 
clearly related (linearly) to the variability of the 
output parameters are different at each point of 
impact.  
 
At point1 the most influence variable is the velocity 
on the maximum acceleration and the HPC value. 
The variation of x position is the following 
influencing factor, but in this case the influence is 
on the time at the maximum acceleration. This 
effect is due to a second impact of the head form as 

results of the variation of the x position. 
 
Similar effect can be seen at point 2. The most 
influence variable is the velocity on both the 
maximum acceleration and the HPC value and the 
variation of the y position on the maximum 
acceleration and the time at this maximum 
acceleration. This point 2 is closed to the hinges. 
The variation of the y position has two effects. One 
is that the first impact point is closer to the hinge so 
the acceleration peak is increased. And the other 
effect is the opposite; the first impact point is 
farther to the hinge and the acceleration peak is 
later in time. 
 
This last effect appears again at point 3; the 
variation of the y position has a big influence in the 
maximum acceleration and the time at this 
maximum acceleration. But also the variation of the 
x position has a big influence in the HPC value. 
 
Finally at point 4, the most influence variable is the 
variation of the x position on the maximum 
acceleration and the HPC value. The x position 
variations makes that the point of impact is closer 
or farther to the motor block highest point and then 
has a direct effect on the acceleration peak and then 
in the HPC. As closer is the impact point to the 
motor block highest point, higher is the 
acceleration peak. 
 
Another calculation can be done in terms of the 
norm of the regression coefficients, for the input 
variables. Using the stochastic post processing of 
ADVISER [6], is presented the next Error! 
Reference source not found., that represent the 
global relative influence in the variability of the 
model of each one of the input variables taken into 
account in the study.  
 

Point 1                               Point 2 

 
 

Point 3                                  Point 4 

 
 
Figure 12.  Global sensitivity rating. Point 1. 
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Input parameters like velocity of impact and impact 
position (in X or Y direction depending on the 
point of impact) are the most sensitivity variables 
whereas the angle of impact has not so much 
influence in the responses for all the points of 
impact. 
 
All the results (test, simulation and stochastic 
results) are plotted on scatter plots to highlight 
relationships between responses and variables. 
Only scatter plots of variables with a correlation 
value higher than 0.5 in absolute value (see Figure 
11) are shown since lower values do not show a 
clear relation. Blue dots are used for simulation 
results, red dots for experimental results and black 
triangles for stochastic results. 
 

 
Figure 13.  Scatter plot; Point 1 – Acceleration 
peak [g] vs. Velocity [m/s] 

 
Figure 14.  Scatter plot; Point 1 – HPC vs. 
Velocity [m/s] 

 
As it was advanced in the linear correlation 
matrices (Figure 11) at point 1, only the velocity 
has a very high influence on the maximum 
acceleration and the HPC value in a direct and 
positive correlation. This means that increasing the 
impact velocity affects in an increasing of these 
values. 
 
At point 2, not only the velocity shows a high 
influence on the maximum acceleration and the 
HPC value (Figure 15 and Figure 16) but also 
variations in the y-position lead to high variations 
on the maximum acceleration value.  
This effect is due to the location of point 2 (close to 

the hinge). Small variations of y-position lead to an 
impact position closer to the hinge, a very rigid 
area, so the acceleration peak (first contact between 
the headform impactor and the bonnet) is increased. 
 

 
Figure 15.  Scatter plot; Point 2 – Acceleration 
peak [g] vs. Velocity [m/s] 

 
Figure 16.  Scatter plot; Point 2 – HPC vs. 
Velocity [m/s] 

 
Figure 17.  Scatter plot; Point 2 – Acceleration 
peak [g] vs. y-Position [mm] 

 
The influence of the velocity in the HPC is higher 
than in the maximum acceleration. This is due to 
the fact that the variation of the velocity does not 
only increase the severity of the impact (increase 
the acceleration peak) but also modify the shape of 
the acceleration curve leading to higher increments 
of HPC than maximum accelerations.  The formula 
used to calculate the HPC is identical to that used 
to calculate the Head Injury Criterion (HIC): 
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where ‘a’ is the resultant acceleration as a multiple 
of ‘g’, and t1 and t2 are the two instants (expressed 
in seconds) during the impact, defining the 
beginning and the end of the recording for which 
the value of HPC is a maximum. The difference 
between HPC and HIC is that for HPC, values 
which the time interval (t1 - t2) is greater than 
15ms are ignored for the purposes of calculating 
the maximum value. 
 
Looking at the linear correlation matrix related to 
point 3, the velocity is not the variable with more 
influence in the output parameters but the position. 

 
Figure 18.  Scatter plot; Point 3 – Acceleration 
peak [g] vs. x-Position [mm] 

 
Figure 19.  Scatter plot; Point 3 – HPC vs. x-
Position [mm] 

 
Figure 20.  Scatter plot; Point 3 – Acceleration 
peak [g] vs. y-Position [mm] 

 
At point 3, contrary to what append in the other 
points, the velocity has not clear influence in the 
maximum acceleration and the HPC value whereas 
the position variation presents a direct correlation. 

This point of impact is close to the rubber 
mountings, positive increments of the impact 
position in x direction leads to move away the 
impact point from the stiffer point that are the 
rubber mountings. Thus, the acceleration peak as 
well as the HPC value decreases. 
 
In the case of impact point 4, variations of the input 
variables taken into account (velocity of impact, 
angle of impact and position of impact – x and y 
directions) match with the allowed range of 
tolerances established in the standards [3]. 
 
Variations of the velocity and the impact position 
in x direction are the ones with more influence in 
the maximum acceleration and the HPC value in a 
direct and positive correlation in case of the 
velocity (Figure 21 and Figure 22) and in a direct 
and negative correlation in case of x position 
(Figure 23 and Figure 24). 
 
Looking at the results obtained, e.g. in the case of 
HPC, it can be observed that small variations of 
these input variables (ΔV=±0.2m/s and 
ΔX=±10mm) lead to differences in the HPC value 
of even 1000 (from HPC≈1400 to HPC≈2400). 
These variations (allowed range of tolerances 
established in the standards [3]) can not be detected 
by experimental tests since the testing system are 
not allowed performing variations within these 
ranges under control. 
 

 
Figure 21.  Scatter plot; Point 4 – Acceleration 
peak [g] vs. Velocity [m/s] 

 

 
Figure 22.  Scatter plot; Point 4 – HPC vs. 
Velocity [m/s] 
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Figure 23.  Scatter plot; Point 4 – Acceleration 
peak [g] vs. x-Position [mm] 

 

 
Figure 24.  Scatter plot; Point 4 – HPC vs. x-
Position [mm] 

 
In this specific case, all HPC values are higher than 
1000 so this point would not pass the standards. 
But there are other cases where this HPC variability 
is around 1000. So it would be a good point or a 
bad point depending of the different tolerances 
achieved in the experimental conditions. Even 
performing sensitivity analysis via physical tests is 
not possible to cover a wide range of parameter 
variations since it would mean among others, high 
costs and time. 
 
CONCLUSIONS 
 
The pedestrian subsystem tests were chosen in 
APROSYS SP7 as demonstrator for a Virtual 
Testing procedure, because virtual testing turned 
out to be predictive for the pedestrian head form 
assessment using accurate material and CAD data.  
 
Experimental adult head form impacts against 
bonnet structures were performed. The test matrix 
was defined so the level of results variations due to 
slight variation in testing configuration (sensitivity 
analysis testing) as well as the level of repeatability 
for same testing configuration could be analysed. 
Slight variations in the velocity and angle of impact 
as well as the impact positions (in x and y 
directions) were taken into account (Table 1) and 
their effects on the maximum acceleration and HPC 
values were studied. On the other hand, four 

different points of impact were considered (Figure 
2) so it was possible to analyse the effects of the 
variations of the input parameters on the outputs in 
different impact situations. 
 
At the same time, blind simulations according to 
the tests carried out were performed. When 
performing blind simulations the need to provide as 
much information as possible is essential. But 
limited data (material, boundary conditions…) 
from physical test can be provided and no 
validation results to adjust the nominal simulation 
model are available.  
 
In order to check if the simulation model predicts 
closely enough the physical tests, simulation and 
test results were compared for all cases. Very good 
correlations were obtained for the reference cases 
(test conditions according to the Directive 
2003/102/EC [1], phase II) in terms of the shape of 
the acceleration curves as well as absolute peak 
values (see Figure 4 to Figure 7).  This analysis 
was extended to all the test cases with the 
variations in the input conditions. For these cases, 
the accuracy of the models was not so high like in 
the reference cases. The correlation is very good 
for the points of impact 2 and 3 but in the case of 
point 1 the simulation results were overestimated 
(see Table 2 to Table 4). 
 
In order to provide additional data about the 
mechanical behaviour of the bonnet and the 
positioning and kinematics of the head form a new 
system for measuring three-dimensional 
deformations was employed.  Thanks to this 
system, deformation contours as well as maximum 
deformations of the bonnet during the physical tests 
could be measured and compared with the ones 
obtained by the simulation model (Figure 9 and 
Figure 10).  
 
Results of these comparisons (acceleration vs. time 
curves, HPC values and deformations) pointed out 
the capability of the simulation model to reproduce 
the physical tests. It is important to remark that this 
simulation model was not validated. It was not 
tuned after comparison with the test results.  
 
Next step was to perform a study of experimental 
testing variation using stochastic models. The 
effects of these variations were quantified using 
stochastic analysis. Four stochastic analysis were 
performed, one per point of impact. The values of 
dispersion considered for the impact conditions 
covers the ones used in the experimental tests at 
each point. 
 
The stochastic variables more clearly related 
(linearly and quadratically) to the variability or 
sensitivity of the responses are clearly the impact 
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velocity and the position (in x and y directions) 
being the less related the impact angle in the ranges 
studied. This has been confirmed by the correlation 
matrix, scatter plots and global sensitivity rating. 
Again, this effect is different for the different 
points of impact selected. Thus, the most relatively 
sensitive input parameters with global sensitivity 
rating greater than 0.7 are: 

• Point 1: velocity and x-position 

• Point 2: velocity and y-position 

• Point 3: x and y-position 

• Point 4: velocity and x-position 
 

It is very interesting the analysis of the results 
obtained at point of impact 4. In this case, 
variations of the input variables taken into 

account (velocity of impact, angle of impact and 
position of impact – x and y directions) match 

with the allowed range of tolerances established 
in the standards [3]. These variations are 

allowed when physical tests are performed. 
Within this study three tests were carried out. 

The required velocity (according with the 
standards) is 11.1±0.2m/s and the achieved ones 
were: 11.03m/s, 10.97m/s and 11.22m/s. These 
variations in the achieved velocity led to slight 

variations in the HPC values (see  
Table 5). Nonetheless, though the stochastic 
analysis where variations of all the input variables 
were taken into account, it can be seen that the 
variability of the results is higher (variations in the 
HPC value of even 1000 were obtained, see Figure 
22 and Figure 24).  
 
Even performing sensitivity analysis via physical 
tests is not possible to cover a wide range of 
parameter variations since it would mean among 
others, high costs and time. Virtual testing covers a 
wider range of vehicles and boundary conditions 
not yet available for real testing. 
 
Nowadays, minds are changing progressively 
towards virtual testing and simulation is already 
state of the art technology within the automotive 
industry. Nevertheless, relationship between real 
testing and virtual testing is globally seen as a 
necessary coupled approach. Real testing is still 
needed to demonstrate virtual testing capabilities 
by comparison to real testing with a necessary 
feedback. And also virtual testing provide an added 
value for real testing as it induce improvements of 
experimental testing. 
 
An important issue for further studies would be to 
analyse how virtual testing could result in cost 
reductions and increase competitiveness for 
European car manufacturers by substituting a range 
of real tests by virtual testing. And in a step by step 

process, to study the possibility of a higher content 
of virtual testing within the existing or within 
future homologation procedures. 
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ABSTRACT 
 
Policy makers require evidence of the costs and 
benefits of a safety measure to inform their views 
in policy decisions. These analyses are often 
required in a short period of time with limited 
research budgets. Increasingly, the measures 
considered are advanced control systems intended 
to help drivers to avoid a collision. It is inherently 
difficult to accurately assess the casualty effects of 
such systems and this, combined with resource 
constraints, often results in a wide range of 
conflicting predictions based on different 
assumptions, simplifications and analytical 
techniques. Substantial variation in the presentation 
of results can make it difficult for researchers to 
directly compare different studies. In turn, this 
makes it difficult for policy makers to be confident 
of the right approach. As a result, studies of very 
different levels of reliability are often given equal 
weight in policy debates, risking the possibility of 
less than optimal implementation of new safety 
features.  
 
This paper describes the development of a 
methodology intended to allow a preliminary 
assessment of the potential benefits of advanced 
safety systems to be undertaken in a consistent and 
objective manner. An initial methodology was 
developed, based on literature and expert opinion, 
and then tested and refined by applying it to an 
assessment of existing studies of advanced braking 
systems for motorcycles. 
 
The research was, therefore, limited to a relatively 
narrow scope. However, the potential for the 
method to be expanded in future was explored to 
assess the possibility of providing a generic 
methodology to provide guidance for policy makers 
and researchers alike regarding the: 
• Scientific confidence required from a new 

study or implied by existing analyses; 
• Suitability of different analysis techniques for 

the measure being assessed; and 
• Consistent presentation of results to aid 

subsequent comparison of different studies. 
 
 
 

INTRODUCTION 
 
The need for evidence-based policy decisions has 
developed during recent years. There are a number 
of techniques that are available to determine the 
impact of different policy options or proposed 
legislative changes. The extent of the evidence 
provided for regulatory change is often directly 
related to the proposal under consideration. 
 
This paper discusses the issues surrounding the 
generation of evidence for regulatory change. A 
number of examples of recent benefit studies are 
used to highlight the issues. Smith et al (2008) 
developed a methodology for assessing the benefits 
of active safety systems for Powered-two wheelers 
(PTWs). Information from this study which was 
funded by the UK Department for Tranpsort is used 
as a starting point to stimulate and inform further 
debate and the future improvement of the research 
and policy making community’s efforts to improve 
the evidence on which decisions are based.  
 
IDENTIFICATION OF THE PROBLEM 
 
Historically, safety improvements have been 
developed quite slowly. For example, the European 
Frontal Impact Directive came into force in the 
mid-nineties but was supported by research and 
development going back to the 1970s/80s. The 
rapid development of new active safety systems 
coupled with the fact that safety has become a 
strong selling point for manufacturers and 
consumers means that governments are often under 
pressure to regulate much more quickly. For 
example, the very first collision mitigation braking 
systems (CMBS) came on the market only a few 
years ago and currently are only available as 
options on a small number of high end passenger 
cars and one or two truck models, but it is proposed 
that they are mandatory on all new heavy vehicles 
by 2013. This means that impact assessments for 
the regulations must be completed at a time when 
little, if any, accident data for vehicles equipped 
with such systems exists. This situation is further 
complicated when assessing the benefits of primary 
safety (accident avoidance) technologies. Unlike 
secondary safety (severity reduction) measures, 
success means that there is no accident and 
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therefore no accident data with which to compare 
the outcome before and after implementing the 
measure. These factors combine to result in 
considerable variation in the quality/depth of the 
analyses produced. 
 
However, each level of analysis has its place with 
respect to the change in legislation being proposed. 
For example, well supported proposals, such as the 
introduction of Electronic Stability Control (ESC) 
for Heavy Goods Vehicles (HGVs), may require 
only minimal evidence to be successful. However, 
more controversial proposals such as those for 
Brake Assistance Systems (BAS), Daytime 
Running Lights (DRL) and Advanced Emergency 
Braking Systems (AEBS) have been supported with 
a wide variety of studies of differing scientific 
quality/depth. The scientific quality of benefit 
assessments is influenced by a number of factors, 
such as the availability of data upon which to base 
the assessment and suitable information about the 
effect of the proposal. 
 
Many benefit assessments consider the potential 
effect of each safety measure on its own. However, 
in many cases, a number of different measures 
could influence the same groups of casualties. One 
example of this is the proposal of the European 
Commission to mandate Automated Emergency 
Braking Systems (AEBS). The systems have an 
automated braking function, the benefits of which 
can be predicted using existing accident data. 
However, it is anticipated that the production 
systems will include functions such as Adaptive 
Cruise Control, Forward Collision Warning and 
pre-impact adaptive restraint systems, which will 
not be mandatory. These types of system are 
already fitted to some vehicles and will be fitted to 
more vehicles than AEBS. Therefore the fleet 
penetration of such systems will be ahead of AEBS, 
thus reducing the benefits of the AEBS function 
itself; a factor not accounted for in the benefits 
study undertaken. There are also potential effects 
on completely separate systems such as anti-
whiplash seats, because AEBS will influence the 
frequency/severity of rear impacts. 
 
DEVELOPMENT OF A METHODOLOGY 
 
Smith et al (2008) developed a generic 
methodology to evaluate the casualty benefits of 
advanced safety systems for PTWs. The research 
was funded by the UK Department for Transport 
and the objectives of the methodology were to: 
• Identify the most suitable and cost effective 

method of providing evidence of a safety 
benefit for a range of motorcycle safety 
systems. 

• Include provision to estimate the potential for 
accident avoidance or injury mitigation using 

accident statistics or in-depth accident data by 
identifying causation factors and then 
assessing the likely impact of advanced safety 
systems for relevant accidents. 

 
In addition to achieving these two objectives, it 
should also be possible to use the methodology 
developed to appraise critically research that has 
already been completed. Although these objectives 
are specific to assessing advanced safety systems 
for PTWs, the principles of the methodology can be 
applied to all safety measures across all types of 
vehicle. The following section describes the 
methodology developed by Smith et al (2008). The 
methodology consists of three main steps and an 
overview is shown in Figure 1. 

 
Figure 1.  Overview of methodology. 
 
The methodology starts by identifying the burden 
of proof that the evidence must satisfy, for example: 
• Policy makers are sometimes confronted with a 

large number of proposals for a huge range of 
potential new safety measures. In this type of 
situation it is considered useful to have an 
initial filter to help identify which measures 
warrant further investigation. It is not 
necessary to have rigorous proof of the exact 
effects, merely a broad indication of the 
potential. This sort of requirement is 
considered to represent a very low burden of 
proof. 

• By contrast, if a major new safety regulation is 
planned, that is likely to have a high cost, 
carries a risk of adverse effects on other policy 
areas (e.g. GHG emissions) and/or is likely to 
encounter significant opposition, then very 
rigorous supporting analysis that accurately 
and incontrovertibly demonstrates the effects 

 

Burden of 

Proof 
Required? 

Step 1        
Preliminary Filter 

Step 2        

Target 
Population 

Step 3          

Define 
Effectiveness 

Very Low Low – Very High 

Medium – Very High 



Robinson 3 
 

might be required. This would be considered to 
require a very high burden of proof. 
 

Step 1 – preliminary filter 
 
Step 1 of the methodology is the definition of a 
preliminary filter that can be applied to accident 
data. The primary objective of this step is to define 
groups of accidents, against which an initial 
evaluation of the potential benefit of a safety 
measure can be assessed. Additionally, a secondary 
objective is to allow the most frequent or most 
severe groups of accidents to be identified in order 
to inform the development of new safety systems. 
 
Step 1 can be used for quick stand-alone 
comparisons for a range of potential safety 
measures. It could also be used to quickly assess 
how relevant proposals from one country are to the 
vehicle and accident population in another country, 
or as a quick reference to assess the maximum 
potential benefit of a new safety system. For 
example, such a filter was developed as part of a 
review of heavy vehicle safety priorities (Smith et 
al, 2007). During a subsequent policy debate about 
the possible extension of the scope of UNECE R66 
to double deck buses and minibuses, this filter was 
used, in a matter of minutes, to identify that in the 
UK large bus/coach occupant casualties (i.e. 
including those in single deck vehicles already 
included in R66) in rollover accidents were the 
157th most important casualty group involving 
heavy vehicles (out of a total 244 groups) with an 
annual casualty valuation of £1.8m. Thus, 
extending the scope of R66 to double deck vehicles 
was considered unlikely to be cost effective in the 
UK unless the measure could be implemented very 
cheaply. A similarly quick analysis found that 
extension to minibuses had much greater potential.  
 
In order to carry out step one, a definition of the 
system specification is required. This should set out 
the functional requirements of the system under 
consideration, allowing the casualty groups that 
could be affected to be identified. When setting up 
a preliminary filter, there are three main 
considerations: 
 
     What is an appropriate data set? - It is 
recommended that the data set is a national sample, 
or is known to be representative of the national 
sample (evidence of how the data set represents the 
national population should be presented). The data 
should cover a period of at least one year, ideally 
an average of a number of years and be as up to 
date as possible. 
 
     How should accidents be grouped in the filter? 
- The grouping of accidents can be influenced by 
the vehicle type to which the safety system is to be 

fitted, as well as the type(s) of system under 
consideration. The following aspects should be 
considered and any limitations of the grouping 
should be noted. 
• The grouping should allow comparison of 

accident types and be independent from the 
detailed functionality of the safety systems. 

• The grouping should be appropriate to the 
systems being reviewed. It should allow 
differentiation between different systems 
where possible (e.g. a braking system could 
influence a small proportion of a large number 
of groups, whereas a cornering stability control 
system might influence only one or two 
groups). 

• The groups should be mutually exclusive to 
avoid double counting where multiple groups 
are affected by a system. 

• All casualties within the accidents should be 
included if possible, i.e. casualties in the 
vehicle to which the system is to be fitted, 
casualties in the opponent vehicle (1st impact) 
and any other casualties in the accident 
(including pedestrians). 

 
     How will the groups be compared? - The 
accident groups can be compared using a number 
of different measures that reflect the frequency 
and/or severity of the casualties (e.g. number of 
casualties, number of fatalities, monetary valuation 
associated with the prevention of casualties etc.). 
 
The output from this step is an estimate of the 
maximum potential benefit of the system. The 
estimate will be the sum of the casualty groups that 
can potentially be affected.  Although a relatively 
crude assessment, the preliminary filter will 
identify if there are 10s or 1,000s of casualties that 
could be addressed by the system. 
 
Additionally, the preliminary filter will produce 
groups of casualties. This enables a reference tool 
for policy makers and researchers to identify where 
resources should be targeted. For example, in 2005 
there were no fatally injured riders of PTWs with 
engine capacity less than 50cc in collision with a 
minibus, and only three seriously injured. In 
comparison, there were 101 fatally and 818 
seriously injured PTW riders where a PTW with 
engine capacity more than 500cc was the only 
vehicle involved.  
 
Step 2 – target population 
 
Step 2 of the methodology is intended to identify 
more accurately the accidents that could be affected 
by the system under consideration (defined as the 
target population). The target population is specific 
to the safety system and should be as accurate as 
possible including causation factors where required. 
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The term “target population” can be used in a 
variety of ways, for example: 
• The number of casualties that could be 

prevented by a system that is 100% effective in 
each of the accident situations it is intended to 
influence e.g. works in all weather conditions, 
at all speeds and accounts for driver 
behaviours etc.; or 

• Casualties within a group of accidents that 
could potentially be influenced by the measure 
e.g. head-on collisions, rear-end shunts etc. 
 

This measure is one that is often used differently in 
different studies. For example, the number of 
detailed data fields (e.g. impact location, speed, 
driver behaviour factors etc.) that are used to 
identify it can vary considerably between studies, 
often leading to misunderstandings and difficulties 
for policy makers comparing the results of different 
studies. There is, therefore, a need for a more 
common understanding of what is meant by the 
term. For the purpose of this methodology, the 
target population is defined as the number of 
casualties that could be prevented by a system that 
is 100% effective in each of the accident situations 
it is intended to influence. For example, for a 
forward collision warning system it would be all 
casualties where the impact location was the front 
of the vehicle, the vehicle was moving forward 
prior to impact and the driver/rider was considered 
to have been inattentive. This number can also be 
expressed as a percentage of all accidents. 
 
To carry out step 2 of the methodology a detailed 
specification of the system and appropriate accident 
data are required. There are five aspects to be 
considered in this step: 
 
     In what situations is the system intended to 
be of influence? - In order to define the target 
population it is necessary to understand how the 
system operates and the situations where it is 
intended to be of influence. There should be a 
written description included in the write-up of the 
analysis. 
 
     What are the relevant types of accident and 
vehicle for the system being assessed? - The 
definition of each accident type and relevant 
vehicles should follow these guidelines: 
• The accident types that could be influenced by 

the safety system should be identified in as 
detailed manner as possible for the data source 
being used. The definition should include 
criteria that will allow the accidents relevant to 
the specific system to be identified. For 
example, head-on collisions can have a number 
of different causative factors (inattention of 
one or more of the drivers involved, 
impairment of the rider/driver etc.). It is 

recommended that the accident type is defined 
by the impact configuration (where appropriate) 
as well as at least one causation factor such as 
rider/driver behaviour (where appropriate). 
There may be multiple types of accident that 
could be influenced.  

• It is often appropriate to define the target 
population in relation to the vehicle type to 
which the system is to be fitted (e.g. HGV, 
passenger car, PTW etc.). The composition of 
the vehicle fleet can be very different when 
comparing different countries. Sometimes it 
may be appropriate to define the target 
population for a sub-set of one vehicle type. 
For example, when considering ABS for PTWs, 
the target population can be separated by 
engine capacity, PTW less than 50cc and PTW 
greater than 50cc because small urban mopeds 
are involved in different types of accidents to 
larger, more powerful motorcycles. 

 
     What information is available to estimate the 
target population? - The target population can be 
estimated based on different sources: 
• Accident data will allow the most flexibility in 

defining the target population (within the 
constraints of the data sample being used). 
This is the preferred method for defining target 
population. 

• Existing scientific literature and benefit studies 
can also be used but the definition of the target 
population is likely to vary between different 
studies and if no studies are available for the 
required country, the answer could be 
misleading, particularly where patterns of use 
vary considerably between different countries, 
as is the case for PTW accidents. 

 
     How can these relevant accidents be 
identified in the accident data? -  
• Does a national data sample have a sufficient 

level of detail? Is causation data and pre-
impact information available to identify the 
relevant accidents in the national data sample? 

• If it is not possible to identify the relevant 
accidents using a national data sample, is there 
an in-depth study available that has appropriate 
detail and represents the national sample 
appropriately (at the level of detail required)? 
If so, the use of a more detailed accident 
database should be considered. However, it is 
necessary to identify the limitations of such an 
approach. One of the most important 
limitations will be related to the 
representativeness of the data sample. Any 
assumptions must be reported, for example if 
the representativeness is not known at the level 
of detail required (e.g. rider behaviour factors) 
but is known at a high level (types of casualties 
and vehicles involved), it can be reasonably 
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assumed that the rider behaviour data is also 
representative. However, such assumptions 
must be stated clearly in the report of the 
analysis. 

• What factors could influence the target 
population? The target population can be 
defined in a number of ways. This could lead 
to the inclusion or exclusion of accidents 
where certain factors were involved. For 
example, should impaired drivers (e.g. 
intoxicated through alcohol or drugs) be 
included in the target population? In general, 
accidents should only be excluded from the 
target population on the basis of this type of 
factor if it is clear that there is no chance that 
the measure under consideration will affect 
them. This will help to allow consistency in 
study approaches using different data sets, for 
example, in different countries. However, in 
some circumstances it will be appropriate to 
restrict the target population in this way and 
wherever this occurs the restriction should be 
stated and the calculation of effectiveness that 
will be applied in step 3 should be modified 
accordingly. 

• Are there any limitations with the criteria that 
have been used to define the target population? 
Some data recorded in databases have inherent 
limitations. For example, the information 
required may frequently be unknown, or some 
may rely on subjective assessments. 
 

     Have the correct accidents been identified? - 
It may be possible that the criteria used to select a 
specific group of accidents could unintentionally 
return some non-relevant accidents. The analysis 
should be accompanied with some indication of 
confidence in the query that has been used. If the 
data source has written descriptions of the 
accidents then these could be used. However if 
there are no written descriptions then an alternative 
method should be considered, for example cross-
referencing to another database that does have 
written descriptions. 
 
The output from Step 2 is the target population for 
the specific system that is being assessed. The 
target population is a group of accidents that are 
relevant to the system under consideration. This is 
the maximum potential benefit for the system, i.e. 
if it were 100% effective; target population is equal 
to the expected benefit. In reality, most systems are 
not 100% effective at preventing the 
collisions/casualties for which they are designed 
and thus, step 3 is required to more accurately 
quantify the expected benefits.  
 
Where possible, the target population should be 
expressed for each casualty severity as a proportion 
of all casualties of that severity. However, in some 

cases it is not possible to identify all casualties of a 
particular severity. For example, official statistics 
for the EU-27 provide the number of fatalities and 
the number of all accidents but not the number of 
serious and slight casualties. Therefore, the target 
population should also be shown as a proportion of 
all accidents (of all severities) within the sample. 
This will assist direct comparisons across different 
countries. However, when using the target 
population as a proportion of all accidents, care 
should be taken when translating results from one 
country to the accident numbers from another 
country because of variations in the definitions 
used for the casualty severities. A table showing 
how that data should be presented is shown in the 
example below. Figures that may not be readily 
available in all countries/regions are identified by 
an asterisk. 
 

Table 1. 
Example presentation of target population data 

 
 Fatal Serious Slight Total 

Target 
Population 
(number of 
casualties) 

123 467 1252 1842 

Total number 
of  GB 

casualties (by 
severity) 

3512 24571* 256830* 284913* 

Total number 
of GB 

accidents 
- - - 197856 

Target 
population (% 

of GB 
casualties by 

severity) 

3.50% 1.90%* 0.48%* 0.65%* 

Target 
Population (% 

of all GB 
accidents) 

0.06% 0.24% 0.63% 0.93% 

 
Step 3 – effectiveness 
 
Step 3 of the methodology is intended to refine the 
benefit estimate that was defined in Step 2, that is, 
to translate the analysis from the maximum 
possible benefit (target population) to a realistic 
likely benefit. The main objective of this step is to 
determine how effective the system will be for 
preventing the casualties/accidents that make up the 
target population. There are a number of different 
methods for determining/identifying the 
effectiveness of the system and this step is intended 
to help identify the most appropriate method for the 
quality of estimate/burden of proof required. It is 
possible to define the effectiveness of the system 
under consideration without defining the target 
population in Step 2. The inputs into Step 3 of the 
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methodology can depend on the approach taken, 
but can include: 

• Accident data; 
• Literature; 
• System specification; 
• Quality requirements; 
• Test/trial results. 

 
In order to determine the effectiveness of the 
system in the most appropriate manner, the 
following aspects require consideration: 
 
     What burden of proof is required? - The 
burden of proof required should be classified on a 
scale from very low to very high. Step 3 is typically 
only required when the burden of proof is medium 
or higher, for example, proposals for voluntary or 
mandatory fitment. Figure 2 summarises how to 
determine the most appropriate method. Additional 
guidelines are provided below: 
 
     What is most appropriate assessment method 
for the information available? - The selection of 
the method to be used will be based on the burden 
of proof required, the availability of the system 
being assessed, constraints on cost and time and the 
availability of accident data and literature. The 
main types of method that can be used for 
determining/estimating the effectiveness of the 
system are: 
• Predictive studies examine accidents where 

vehicles were not equipped with the specific 
feature under consideration and make 
calculations and/or judgements to assess 
whether the accident would have been avoided 
or mitigated if the safety feature had been 
present. There are a number of different 
methods that can be used when carrying out a 
predictive study. The most appropriate method 
will again be influenced by the burden of proof 
required and budgetary/time constraints: 

• A parameter based predictive study is the most 
straightforward, and it is likely to be 
appropriate for a medium burden of proof.  
This type of study is an extension of the target 
population exercise described in Step 2 and 
involves interrogating an accident database to 
identify in more detail the casualties where a 
system is likely to be effective. If a forward 
collision warning system was assessed, the 
target population might be all front to rear 
shunt collisions where the vehicle to which the 
system is to be fitted approached from the rear. 
The effectiveness calculation might further 
restrict the target population to exclude 
accidents where the driver of the vehicle of 
interest was impaired, accidents on a bend, or 
those that occurred in severe weather 
conditions where the system was known not to 
function well. The quality of this type of 

analysis will depend upon the detail, accuracy 
and representativeness of the data source used, 
the available definitions of system functional 
performance and any assumptions made to 
overcome limitations in the data. 

• Case by case analysis involves the detailed 
review, reconstruction and prediction of effects 
in a range of individual accidents. The 
predictions can be made in a number of ways: 

o An assessment of the effectiveness of 
the safety system can be made for 
each accident case identified based on 
the information available and 
engineering judgments. Again the 
quality of this assessment can be 
influenced by the source of data. If 
the cases have been reconstructed 
based on the sequence of events, the 
evidence left at the scene (e.g. tyre 
marks) and mathematical calculations 
(e.g. police accident reconstruction) 
there is more information available 
than what may be available from a 
limited number of database fields. 
The method can be made less 
subjective by providing guidelines 
that define when the system is 
expected to be effective. Weighting of 
the assessment with estimates of the 
probability of effectiveness (e.g. 
definitely, probably or maybe) can 
also reduce the subjectivity of the 
assessment. This method is likely to 
be appropriate for a high burden of 
proof (e.g. proposal for mandatory 
regulation of a moderately costly 
system). 

o Mathematical modelling can be used 
on a case by case basis and is less 
subjective than the method  

described above. This method 
involves creating a computer 
model of an accident and 
simulating the outcome with the 
fitting of the safety system. Such 
an approach has the advantage of 
being fully objective but is more 
complex and time consuming and, 
because it is firmly rule based, 
can miss some more subtle 
factors that influence outcomes. 
This method is likely to be 
appropriate when a high burden 
of proof is required. 

A limitation of both techniques above is 
that it is difficult to rigorously include 
driver behaviour factors associated with 
the new system in the assessment of its 
effectiveness. Particularly for primary 
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Figure 2.  Identification of appropriate method for determining effectiveness.
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safety systems, this means that it can be easy 
for critics to argue that the results are not valid 
because the system would induce a behavioural 
change that would reduce or eliminate the 
predicted benefits. Where the highest burden 
of proof is required this limitation can be 
overcome through the use of physical trials 
involving ordinary drivers as subjects. These 
can take the form of simulator trials, track 
trials or field operational trials. This method 
can allow for human factors issues to be 
combined with the accident data assessment, 
however the reliability of the data is dependent 
on the assumptions made and the experimental 
methods used. 

• Retrospective studies treat the feature under 
investigation as a risk factor and use statistical 
methods to compare the relative risk of 
accidents in real world accident data where 
vehicles can be identified that both do and do 
not have the safety feature fitted. Where such 
an approach is possible, it has the most 
potential for providing a rigorous and 
defendable outcome because it seeks to 
objectively measure the actual effect on real 
vehicles in service with real drivers, thus 
accounting for many of the factors that can 
confound predictive studies. The size of the 
sample will have a strong affect on whether 
statistically significant conclusions can be 
drawn and the analytical design, particularly 
the control of confounding factors (e.g. 
systematic biases such as age of driver etc.), 
will strongly affect the quality of the results.  

 
     Is the system on the market? - Whether the 
system is on the market, or available for trials will 
influence the type of analysis that can be completed. 
• No – If the system is not on the market, or at 

least not in significant numbers, then the 
estimation of effectiveness is restricted to a 
predictive study. 

• Yes – If the system is on the market then either 
a retrospective study, a predictive study, or 
both can be carried out depending on the 
burden of proof required, analytical design 
factors and budgetary constraints for 
completing the analysis. 

 
     What sources of information are available for 
determining the effectiveness? -  
• Literature, which could include the findings 

from a range of studies that have already been 
carried out which could have determined the 
effectiveness of the system under consideration. 
The findings from other studies should be 
reviewed critically and any assumptions made 
should be identified in order to determine if the 
effectiveness quoted is appropriate for the 

target population.  The use of multiple sources 
is recommended, identifying where there is 
agreement or differences between studies. It 
may be necessary to define a range of 
effectiveness if there is no consensus in the 
literature and the logic used to define the range 
should be reported. Where sufficient detail 
exists a formal meta-analysis can be 
undertaken. This essentially involves 
calculating a statistical weighted mean of the 
effects identified by the previous studies. 
However, this can require substantial time and 
effort and requires the data in the literature to 
be well reported in considerable detail. 

• Specific research studies can be used as a 
substitute for accident data and can include 
field operational trials or questionnaire surveys 
to compare the accident involvement of 
equipped and unequipped vehicles and 
estimate the relative change in risk for 
equipped vehicles.  

• Accident data can be used to allow either 
predictive or retrospective studies. The data 
sources used will be influenced by the burden 
of proof required, the type of analysis and also 
the function that the system is intended to 
achieve. For example a parameter based 
predictive analysis for assessing the benefits of 
improved helmets is likely to require a 
different source of data to a case-by-case 
predictive analysis of an advanced braking 
system. Retrospective analyses have different 
requirements again, and are typically based on 
national accident data. 

• Vehicle equipment data can be used to 
identify whether the specific vehicles recorded 
in the accident data are fitted with a specific 
safety system. This type of information is an 
essential pre-requisite of retrospective analyses. 

• Exposure data, or the use of an induced 
exposure technique, is required to allow the 
probability of an accident occurring to be 
determined when carrying out a retrospective 
analysis. 
 

The output from Step 3 is an estimate of system 
effectiveness that is relevant to the target 
population that was defined in Step 2. This can then 
be applied to the target population to estimate the 
casualty benefits for the safety system. 
The estimated benefits should be clearly expressed 
as a percentage of the target population (so it can 
be seen how effective the system is at addressing 
the intended group of accidents) and as a 
percentage of all accidents. In particular, the latter 
measure is important for comparison with other 
studies and for context for the predicted casualty 
benefit. 
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The estimated casualty benefits can be combined 
with vehicle registration data, casualty valuation 
information and details of the costs of the system to 
produce a full cost benefit analysis. Defining 
procedures or guidelines for the generation of cost 
benefit analyses was beyond the scope of this 
project. However, it is possible to define a 
preliminary assessment on the basis of the 
calculation of a break-even cost for the system. 
This is calculated by multiplying the number of 
casualties by their casualty prevention value and 
dividing by the number of new registrations 
expected each year. This represents the maximum 
cost that can be associated with fitting the system 
to a single vehicle that could still produce a benefit-
to-cost ratio to equal one. If the actual costs of the 
system are likely to be substantially below this 
break-even cost then it is likely that the system 
would prove to have a positive benefit to cost ratio 
(greater than one) if a full analysis was undertaken. 
If the cost is substantially greater it is likely to have 
a negative ratio (less than one). Where the actual 
costs are relatively close to the break-even cost, the 
simplifications inherent in this method mean that 
the outcome remains uncertain. 
 
APPLICATION OF THE METHODOLOGY 
 
Smith et al (2008) applied the proposed 
methodology to assess the potential benefits of 
advanced braking systems for PTWs. The 
methodology was applied for three systems: 

• Anti-lock braking systems (ABS);  
• Combined braking systems (CBS); and  
• Brake assist systems (BAS). 

 
This paper describes the information collated for 
the assessment of ABS as an example of how the 
methodology can be applied. The assessment of the 
potential benefits of ABS was restricted (by 
available budget) to the use of existing information 
only, i.e. mainly literature supplemented by limited 
analysis of existing accident data. 
 
Step 1 – preliminary filter 
 
The preliminary filter is intended to be used to 
identify casualty groups that could potentially be 
affected by the technology under consideration. 
However, ABS can influence a broad range of 
casualty groups to varying extents. It is, therefore, 
only possible to generate a coarse estimate of the 
target population for braking systems using this 
tool. However, analysis by the type of PTW 
involved could provide an insight into where to 
target the technology. Additionally, it is possible to 
logically assess the types of accident where 
advanced braking systems are more likely to have 
an influence, for example accidents at junctions 
where the PTW is travelling ahead and single 

vehicle accidents involving loss of control on a 
bend, and then quantify the number of casualties 
occurring in these “more likely” accident types. 
Such an assessment will be imperfect because not 
all of these casualties will be influenced by the 
technology and there will also be other casualty 
groups that have been excluded but may be 
influenced. However, it could give a closer 
indication than considering “all” accidents only. 
 
A preliminary filter was developed based on a three 
year sample of national road accident data 
(STATS19). The PTW casualties were grouped by 
the type of PTW being ridden (i.e. <50cc, 50-125cc, 
125-500cc and >500cc) and the number of vehicles 
involved in the accident (single vehicle vs multi-
vehicle). Further categorisation is based on criteria 
such as: where the accident occurred (at a junction 
or not), whether there was loss of control, the first 
point of impact on the motorcycle and what 
manoeuvre the PTW was making. Table 2 shows 
an example of the data that can be obtained by 
using the preliminary filter. 
 
Ideally the target population for all three braking 
systems would be any accident where the vehicle 
braked. Unfortunately, this cannot be identified 
from the available data. Therefore, the only 
rigorously acceptable target population is all 
casualties. The preliminary filter has been used to 
compare the relative size of the different casualty 
groups. It can be seen that the greatest benefits 
would appear to lie with larger motorcycles, simply 
because of their greater involvement. 
 

Table 2. 
Examples of casualty groups where ABS is more 

likely to have an influence 

 Junction 
accidents - PTW 

going ahead 

Single vehicle loss 
of control on bend 

 

Casualties 

% of all 
PTW 

accidents 
by 

severity* 

Casualties 

% of all 
PTW 

accidents 
by 

severity* 

Fatal 108 18.5% 46 7.9% 

Serious 1238 20.7% 296 4.9% 

Slight 3218 18.6% 320 1.8% 

KSI 1347 20.5% 342 5.2% 

Total 4565 19.5% 662 2.8% 

*Note: percentage values are not a direct output 
from the preliminary filter but are calculated using 
only the data generated by the preliminary filter. 
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A more subjective approach can be used to try to 
get a more realistic target population. An upper 
estimate was based on excluding accidents where 
the PTW was waiting or turning (where it is logical 
to assume braking might be less relevant). A lower 
estimate was derived from considering only 
accidents with loss of control on a bend and 
junction accidents (where logically, braking is 
likely to occur frequently). The estimated target 
population using this approach is: 

• 154 to 572 PTW fatalities; 
• 1534 to 5624 serious PTW casualties; and 
• 3538 to 15323 slight PTW casualties. 

 
Step 2 – target population 
If a new full-scale analysis of GB accidents was 
being carried out, then the target population would 
be identified as defined previously. Data from a 
detailed in-depth study which is representative of 
the national statistics (STATS19 data) would be 
used to identify the proportion of PTWs that braked 
prior to impact and this proportion would be 
applied to the casualty numbers recorded in 
STATS19 to obtain a sound estimate of the target 
population nationally. However, the scope of the 
research was restricted to analysis based on 
existing accident data and literature. So, although a 
definition for the target population is provided in 
the previous section, based on the methodology 
defined in this report, the analyses reported in 
existing literature may have structured their 
findings differently. Table 3 summarises the 
literature and data relating to target populations for 
ABS that was identified. 
 
Step 3 - effectiveness 
 
If a new analysis of the potential benefit of ABS 
was to be undertaken in accordance with the 
methodology defined earlier, to meet a high burden 
of proof then the programme of work could involve: 
• Detailed definition of the performance 

characteristics of the system; 
• Predictive analyses, based on case by case 

review and reconstruction of on-the-spot 
and/or fatal cases to assess the influence of 
each system with extrapolation of results to the 
national statistics (STATS 19) for an estimate 
of national benefits. 

• Human factor experiments on the test track to 
assess rider response to the system and identify 
any behavioural risks; 

• Identification of makes and model of PTW 
fitted with ABS (which is possible based on 
manufacturers literature but is labour 
intensive); 

• Retrospective statistical analysis of the relative 
accident involvement of PTWs with and 
without the system. 

 

However, the scope of this research was limited to 
a review of existing literature. Table 4 summarises 
the findings from this review with respect to the 
effectiveness of ABS. 
 

Table 3. 
Summary of target populations for ABS as 

defined in the literature 
 

Target Population Source 
  
All cases in which it can be 
conclusively proven that braking 
took place in the pre-crash phase 
(45% of all accidents) 

Gwehenberger 
et al (2006) 
Allianz centre 
of technology  

All in-depth data collected from 
Hurt (1981) and MAIDS (2004) 
studies, i.e. a sample substitute for 
all motorcycle accidents 

Kebschull and 
Zellner (2007) 
Dynamic 
Research for 
IMMA 

All motorcycle accidents  McCarthy and 
Chinn (1998 & 
1999) TRL  

All motorcycle accidents involving 
downfall* prior to first impact 

Baum et al 
(2007) 
University of 
Cologne 

Collisions between motorcycles and 
cars that involved braking (65% of 
all accidents) 

Sporner and 
Kramlich 
(2000) cited in 
Vavryn and 
Winklebauer, 
2005 and 
Gwehenberger 
et al, 2006  

All accidents in sample Teoh (2008) 
Insurance 
Institute for 
Highway Safety 
USA.  

All accidents in sample where at 
least one wheel has locked prior to 
impact or loss of control (34% of 
all fatal PTW accidents) 

McCarthy et al 
(2008) PISa 

* downfall accidents are when the rider becomes 
detached from the PTW before the first impact. 
 
To allow a detailed assessment of the benefit of 
fitting ABS, the effectiveness of the system for 
each accident severity is required. The literature 
review did not identify the effectiveness for PTW 
fatalities that could be applied to the target 
population.  Therefore, the effectiveness of ABS 
used to identify the proportion of fatal casualties 
that can be prevented, was based upon the 
information found from a review of the PISa Fatal 
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Accident Database. The development and analysis 
of the database was reported in McCarthy et al 
(2008). However, the target population used was 
not consistent with the other research identified and 
therefore the data was re-analysed.  From this 
additional review of fatal accidents, an 
effectiveness of between 8.8% and 35.7% was 
estimated, with a best estimate of effectiveness of 
18%. 
 
For serious casualties, the effectiveness used is 
based upon the estimates outlined in Gwehenberger 
et al (2006) and McCarthy and Chinn (1999). 
Although Gwehenberger et al (2006) include 
accidents of all severities, the sample is most 
representative in relation to serious casualties and 
states an effectiveness range of between 8% and 
17%. McCarthy and Chinn (1999) state an 
effectiveness of 3% for fatal and serious casualties, 
however the estimate is likely to be dominated by 
the effectiveness for serious casualties because the 
sample included only a relatively small number of 
fatalities. Therefore 3% was selected as an 
approximate lower boundary for the effectiveness 
for serious casualties 
 
There was no research that specifically identified 
the effectiveness of ABS for slight casualties. 
However, Sporner (2000, cited in Gwehenberger et 
al, 2006) stated that ABS is effective in 10% of 
PTW accidents of all severity levels. In comparison, 
Kebschull and Zellner carried out a comprehensive 
study resulting in an overall effectiveness of 
between 1% and 3%.  However, there were 
limitations associated with both studies as 
described below. 
 
Sporner et al (2000), cited in Vavryn and 
Winklebauer (2006), undertook a study of 610 in-
depth accident reports. Vavryn and Winklebauer 
(2006) stated that Sporner et al’s findings were that 
on average: 
“Approximately 55% of the motorcycle accidents 
could be avoided or at least positively influenced 
by ABS”. 
Multiple papers by Sporner et al (2000, 2002 and 
2004) are cited by Gwehenberger et al (2006). 
Gwehenberger et al (2006) stated that Sporner et 
al’s findings were that:  
“approx. 10% of motorbike accidents involving 
bodily injuries can be avoided or at least positively 
influenced through ABS”. 
 
There appears to be some discrepancy between 
these two interpretations of an estimate of 
effectiveness from a single source. The only 
immediately apparent difference in the citations is 
the effectiveness estimate and the fact that 
Gwehenberger et al reference their effectiveness as 
a proportion of PTW accidents involving bodily 

injury whereas Vavryn and Winklebauer’s citation 
does not mention injury severity so could refer to a 
specific severity level. However, it has not been 
possible to locate an English language version of 
the original paper to clarify the exact findings. The 
estimate of 10% is most likely to be applicable to 
the target population that has been defined for this 
study for the following reasons: 

• The effectiveness of 55% was written as 
though it may be the effectiveness for a 
different target population. 

• Sporner was one of the authors of the 
Gwehenberger et al (2006) paper and 
would be expected to ensure that his 
previous research was cited correctly. 

Kebschull and Zellner (2007) found a relatively 
low effectiveness compared with other studies. A 
large percentage of the 900 European accidents 
investigated contained accidents which involved 
either no braking or braking with no loss of control, 
which was assumed in their investigation to be sub-
limit braking. A large proportion of the accidents 
that involved over braking also involved an 
emergency steering action. In general, PTW ABS 
does not allow the PTW to maintain stability while 
braking heavily in a curve/swerve. This was 
reflected in the ABS model used in this study, 
which was not capable of maintaining stability in a 
swerve when braking was severe enough to activate 
the ABS. This was a predictive study that used 
computer simulation to predict how the outcome of 
real accidents involving PTWs without ABS would 
have been changed if the vehicle had been fitted 
with ABS. This approach would result in evidence 
that has a high burden of proof according to the 
methodology defined earlier in this paper. However, 
the assumption that ABS would have no influence 
in any accident where braking occurred without 
loss of control contradicts several other studies 
which suggests that ABS gives the rider more 
confidence and in turn, results in higher maximum 
achievable deceleration. Therefore, the method 
used in the analysis may tend to under-estimate the 
benefits.  
 
Because of the limitations with both studies, it was 
not clear which effectiveness was most appropriate 
and therefore a weighted average from these two 
studies has been used for the best estimate. Based 
on the mid range value from Kebschell and Zellner 
of 2% and a quality rating of 3 for each study, the 
best estimate is 6%. This was generated by 
multiplying the effectiveness by the score (2%x3 
and 10%x3), summing (6+30) and dividing by the 
sum of the effectiveness scores (36/6). The extreme 
values from the two studies have been used to 
generate the overall range of effectiveness.  
 
Using the 6% value for all accidents and the best 
estimates of 18% for fatalities and 10% for serious  
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Table 4. 
Effectiveness of ABS as identified from the literature 

 

Effectiveness Source Region Study type Sample size 
85% of all  downfall accidents 
with downfall before initial 
impact 

Baum et al (2007) based on a 
retrospective study.  

Germany Retrospective  

Approximately 10% of 
motorbike accidents involving 
injury can be avoided or 
positively influenced 

Sporner et al (2000,2002,2004) cited 
in Gwehenberger (2006) describe the 
dangers of braking with conventional 
braking systems and the avoidance 
potential through ABS in several 
studies based on the GDV accident 
database (insurance claims). 

Germany Predictive   

Avoids 8%-17% of serious 
motorbike accidents 

Gwehenberger et al (2006). Results of 
analysis of 200 serious accidents by 
Allianz Center of Technology. 
Extrapolated to Germany would result 
in around 100 deaths and more than 
1,000 serious injuries avoided a year 

Germany Predictive  
case by case; 
subjective 

200 
accidents 

Net injury benefit 1%-3% of 
all casualties 

Kebschull and Zellner (2007) 
conducted a series of computer 
simulations based on data collected in 
the MAIDS (2004) and Hurt (1981) 
studies. Several configurations of ABS 
were simulated. 

USA and 
Europe 

Predictive 
case by case; 
computer 
modelling 

1800 
accidents  

Analysis of Austrian statistics 
showed that the benefit was 
comparable to the 55% stated 
by Sporner et al (2000) 

Vavryn and Winkelbauer (2005) Austria  
and 
Germany 

Predictive  

Increase in braking 
performance observed of 
novice and experienced test 
riders from 5.7ms-2 to 7.7ms-2 
for novice riders and 6.6ms-2 to 
7.8ms-2 for experienced riders 

Vavryn and Winkelbauer (2005) Austria Human 
factors study 

47 novice 
riders and 
134 
experienced 
riders 

ABS reduces risk of riders 
being thrown from the bike. 
May lead to a reduction in 
forward collision and off-road 
crashes. 

Bayly et al (2006) Australia N/A N/A 

3% reduction in fatal and 
serious casualties 

McCarthy and Chinn (1999) UK Retrospective  

The effectiveness of ABS is 
currently under investigation as 
part of the PISa project. 
However, the report contains a 
ranking of various safety 
systems including ABS, CBS 
and BAS. Each system was 
given a score based on the 
potential influence on the 
accident outcome, however 
was not expressed as a 
percentage of the target 
population. ABS was given a 
score of 2.39  

McCarthy et al (2008), review of GB 
OTS/COST327 cases for PISa project 

UK and 
Europe 

Predictive  
case by case; 
subjective 

60 
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casualties, a best estimate effectiveness of 4.2% 
was calculated for slight casualties. The upper and 
lower effectiveness values are calculated using the 
same method. Table 5 shows the estimated benefit 
of fitting ABS. The target population and 
effectiveness are shown in the table to allow  
readers to understand how the benefits have been 
derived. A best estimate of the effectiveness is 
shown in the table, accompanied by minimum and 
maximum effectiveness values. 

 
Table 5. 

Estimated benefit of fitting ABS to all PTW 
 

Severity 

Target 
population 
(All PTW 
casualties) 

Effectiveness 
(%) 

Estimated 
benefit 

Fatal 585 
18           

(9-36) 
105         

(52-209) 

Serious 5991 
10*          

(3-17) 
599         

(180-1018) 

Slight 17293 
4            

(0-7) 
692         

(0-1159) 

Total 23870 
6            

(1-10) 
1432        

(239-2387) 

* This is the mid-point of the range (rounded to 
nearest integer) and not a best estimate 
 
DISCUSSION 
 
An increase in the number of safety measures and 
the rate at which they are coming to market can put 
an increased burden on the regulatory process. 
Impact assessments are, therefore, often required 
before there is sufficient voluntary market 
penetration to effectively measure the impact on 
the number and severity of road casualties using a 
retrospective statistical approach. Literature exists 
that describes the different types of research 
methods available (Elvik and Vaa, 2004) or to 
provide guidelines for assessing benefits (Burgette 
et al, 2008). However, within budgets and 
timescales available, it is often not possible to 
follow such guidance. TRL have seen an increase 
in requests for the assessment of the benefits 
associated with safety measures, based on existing 
literature, rather than new research. These are often 
required in short timeframes and on low budgets, 
thus limiting the depth of analysis that can be 
undertaken. This type of study has frequently 
identified widely varying and conflicting results 
amongst the existing literature meaning that if 
scientific rigour is applied, only wide ranges of 
potential benefits can be produced, which do little 
to resolve policy debate about the merits of 
proposals. It also allows stakeholders to select 

different values from within the quoted range, 
based upon broad assumptions that may or may not 
be accurate. 
 
The project to develop a methodology to assess the 
benefits of advanced safety systems for PTWs 
provided an opportunity to begin to highlight these 
previous experiences and to consider the wider 
issues within a more formalised framework for 
undertaking benefit analyses. Although the 
application of the methodology was limited to 
reviewing existing literature and accident data, the 
methodology itself was developed to include all 
benefit assessment methods, to assist in identifying 
the limitations of existing estimates, and also to 
help identify knowledge gaps. 
 
The methodology provides a framework, in which 
each method has its place, from a quick look at the 
casualty groups that can be affected, to full 
statistical retrospective analyses.  It is intended that 
the methodology will allow policy makers to 
understand the limitations of the benefit estimates 
with which they are presented, and also what 
actions are required to develop the estimates to 
meet a higher burden of proof, if that is what they 
deem to be necessary.   
 
The application of the methodology to the 
estimation of the potential benefits of fitting ABS 
to PTWs highlighted many of these issues. An 
estimate was possible but produced a large range of 
potential benefits because the quality of the 
estimate was severely limited by the ability to 
extract appropriate information from the existing 
literature.  Some of the issues identified during the 
application of the methodology were: 
• Variation in the presentation of the data within 

the studies. It was not always possible to relate 
the target population or effectiveness to an 
overall number of accidents/casualties so that 
they could be applied to the UK accident data. 

• Not all assumptions were clearly stated and 
widely differing assumptions were clearly used 
in different studies.  

• Conflicting results from low effectiveness/high 
cost to high effectiveness/low cost 

• Insufficient detail on context and exposure. For 
example, papers where an effectiveness was 
stated for all casualties, but no data was 
presented about the severity distribution of all 
casualties so that different severity 
distributions in different countries could not be 
accounted for. 

 
Many of the studies that were identified by Smith 
et al (2008) had used appropriate methods to assess 
benefits. However, there was insufficient 
information available to directly apply the findings 
to an alternative source of accident data, i.e. it was 
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not possible to trace the benefit estimate back to the 
original source data. Following the methodology 
described in this paper should lead to a consistent 
style in which benefit assessments are reported, 
which in turn will allow wider application of the 
results in different countries or under different 
regulatory options. 
 
The methodology that has been developed is 
appropriate to meet the objectives of the specific 
research project for which it was intended. 
However, it could be considered just a starting 
point for a wider debate about how the scientific 
community and policy makers could work together 
to improve the quality, consistency and 
understanding of casualty benefit assessment. 
Ideally this would enable more effective 
implementation of the safety improvements that 
today’s rapid development of advanced active 
safety systems make possible.  
 
Future developments could include: 
• Extending the methodology to  include 

assessment based on regional representation, 
analytical quality and sample size;  

• More detailed guidance on specific analytical 
techniques (e.g. highlighting known 
confounding factors that should be accounted 
for in retrospective statistical studies or the 
strengths and weaknesses of different ways of 
accounting for exposure) 

• Development of new, improved data sources 
specifically designed to overcome limitations 
of existing data with respect to active safety 
systems 

• How to encourage widespread use of a 
common methodology 

• Methods to ensure that the use of a common 
approach does not compromise the flexibility 
needed to assess a wide variety of different 
systems 

• A methodology for assessing costs. 
 
CONCLUSIONS 
 
• There are a range of methods that can be used 

to estimate the benefits of safety measures. 
None are perfect and each has strengths and 
weaknesses. However, to the reader, the 
limitations and assumptions are not always 
transparent. This can mean conflicting results, 
extended policy debate and slower 
implementation of technology. 

• A generic methodology has been developed for 
a specific type of analysis that will assist both 
researchers and policy makers to identify the 
most appropriate methods to use and the 
limitations of each method without unduly 
limiting the range of analysis that could be 
undertaken. 

• This methodology has the potential to be 
expanded to the full range of casualty benefit 
analyses, which if successfully implemented in 
a wide range of research projects, could 
substantially improve the overall quality and 
cost effectiveness of the research and 
regulatory processes of implementing new 
technologies. 
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ABSTRACT 

The effectiveness analysis assesses the benefit of 
future safety systems in terms of collision 
mitigation or collision avoidance based on real life 
accident data. The safety systems are evaluated by 
case-by-case analyses based on in-depth accident 
data (e.g. GIDAS). For this purpose an innovative 
simulation environment was developed that 
recreates the technical specification of the proposed 
system consisting of function algorithm, sensor, and 
actuators. Therefore results of component tests and 
complete system tests are included into the 
simulation. The accidents from the database are 
varied in the simulation by applying stochastic 
methods, guaranteeing the validity of the results 
from a statistical viewpoint. In addition to technical 
parameters such as a reduction in collision speed, 
the evaluation also includes a reduction in collision 
probability. Furthermore, when evaluating the 
functions a distinction is made between controlled 
and regulated actions. For each type a special 
simulation technique is used, which on the one 
hand is a purely offline analysis of previously 
simulated data and on the other hand an online or 
in-the-loop simulation. In order to be able to 
consider driver reactions on defined warning 
strategies realistically, it is essential to integrate a 
driver behaviour model into the simulation. To 
determine the driver behaviour, studies with 
probands are conducted using a new simulator 
technology. The test scenarios for these proband 
studies are based on accidents of the internal Audi 
accident research unit (AARU) database. In order to 
convert the technical evaluation parameters of the 
accident, e.g. collision speed, to injury severity, 
injury-risk-functions are required. To sum up, a 
new method of assessing the effectiveness of 
integrated safety systems will be presented, which 
incorporates new simulation techniques, driving 
experiments and real life accident data to assess a 
well-founded evaluation of integrated safety 
systems.  
 

 

INTRODUCTION 

The requirements arising from pedestrians’ safety 
legislation and consumer ratings have intense 
effects on the today’s vehicle development. The 
design of the vehicle and the technology of the 
front end especially depend strongly on these 
measurers and induce trade-offs during the vehicle 
development process. Further passive measures 
lead to an increasing vehicle weight or cars being 
built higher and consequently to higher emissions. 
Besides secondary collisions of the pedestrians e.g. 
with the road are not covered by passive measures. 
Studies based on real accident data proved that 
systems enhancing the driver’s braking are 
considerably more effective in pedestrian accidents. 
These studies lead to the definition of phase 2 
regarding pedestrian legislation in the European 
Community which prescribes the installation of a 
brake assist system in new cars since November 
2009 in combination with reduced passive measures 
compared to the original proposal of pedestrian 
legislation phase 2. Consequently a first step in 
resolving the conflicts of aim described above has 
been carried out. 
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driving
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driver
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passive safety
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Figure 1: Chronological sequence of a normal 
driving condition until collision [3] 

A further reduction of accidents and injuries of 
pedestrians can be achieved by using integrated 
safety systems. These systems consist of sensor 
systems, functional algorithms and actuating 
elements in addition to passive safety measures. 
These integrated systems are also effective during 
the pre-crash phase, e.g. a critical or unstable 
driving situation, compared to passive measures 
which are only effective when the collision has 
already happened (Figure 1). Studies of accident 
data have shown that a high percentage of accidents 
result from incorrect driving behaviour, so that 
integrated safety systems can help to avoid or 
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mitigate the collision during the pre-crash phase 
and account for reaching the goal of a further 
reduction of injuries or fatalities in road traffic 
accidents. To quantify the effectiveness of these 
integrated systems on real accident data, new 
methods of evaluation are necessary. In this article 
a method for an effectiveness analysis of integrated 
safety systems is presented and exemplified on the 
use case for pedestrian safety. [3], [8], [9], [10] 

DEVELOPMENT PROCESS AND 
EFFECTIVENESS ANALYSIS 

Development process of integrated safety 
systems  

The development process of integrated safety 
systems consists of three main steps that are passed 
through iteratively. These three steps are function 
definition, testing and effectiveness analysis (Figure 
2). The function definition comprehends the 
development of the functional algorithms, 
triggering strategies and the design of actuating 
elements. The testing includes an assessment of all 
system components or the total system itself in a 
realistic environment. Further, the effectiveness 
analysis contains the benefit assessment of collision 
avoidance and collision mitigation regarding a 
definite system component or the total safety  

building proper 
test systems

extraction of 
test scenarios

definition of 
assessment criteria

system and 
component testing

building proper 
test systems

extraction of 
test scenarios

definition of 
assessment criteria

system and 
component testing

scenario simulation

deflection of requirements
for sensor systems

deflection of 
feasible actuating elements

deflection of 
feasible triggering strategies

scenario simulation

deflection of requirements
for sensor systems

deflection of 
feasible actuating elements

deflection of 
feasible triggering strategies

pedestrian accident analysis 

identification field of activity definition of relevant accident scenarios

integration of information by 
function definition 

simulation of actuating 
elements 

integration
of information by testing
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Figure 2: Function development process of 
integrated pedestrian safety systems [7] 

system. The evaluation is accomplished for 
different abstraction levels based on real world 
accident data by a case by case analysis. The 
effectiveness analysis includes the influencing 
variables established from the testing and the 
function definition (Figure 3). Only with the 
integration into the development process is it 
assured that all results of the other development 
steps are included and a requirement based system 
development regarding the total system 
effectiveness in real world road accidents is 
enabled. 

sensor system

actuating elements
functional
algorithm

environment

passive 
measures

effectiveness

driver  
Figure 3: Influencing variables on the 
effectiveness of integrated safety systems [6] 

Method to evaluate the benefit of integrated 
safety systems 

To integrate the effectiveness analysis in the 
development process consisting of the function 
definition and testing a new method is presented 
here (Figure 4). This method allows an assessment 
of the integrated safety system taking into account 
all relevant influencing variables (Figure 3) and 
thus provides a realistic forecast of the system’s 
effectiveness in real world accident scenarios.  
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Figure 4: Method to evaluate the benefit of 
integrated safety systems 

To achieve this goal the information from studies of 
probands, component testing and the injury criteria 
are combined in the central block of the simulation. 
Testing means the analysis of system components 
or their interaction in a realistic test environment or 
the real world. These include e.g. the testing of 
sensor systems, functional algorithms or different 
braking actuating elements. A particular challenge 
describes the driver integration. For this reason the 
driver reactions to various warning strategies were 
identified with the help of studies with probands. 
The cognitions from component testing and studies 
with probands are integrated into the simulation in 
form of models in order to achieve a realistic total 
system model. The goal is to assess the benefit of 
integrated safety systems in real world accidents. 
Because of that all process steps are based on real 
accident data, which are taken from different 
databases. Here information of the accident 
databases of the AARU (Audi Accident Research 
Unit) and the project GIDAS (German In Depth 
Accident Study) are integrated. In the sequel to this 
article the central block of the simulation and the 
system design based on saved injuries or fatalities 
are explained. 
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Levels of system evaluation 

The goal of an integrated safety system is to protect 
the pedestrian (Figure 5). The strategy to achieve 
this goal consists of collision avoidance and 
collision mitigation which depends on the 
effectiveness of the subsystem components and 
their interaction with each other. An objective 
assessment of the system’s effectiveness requires 
the consideration of all influencing variables 
(Figure 3). The actuating elements which are 
represented as e.g. braking systems or driver 
warnings are directly influencing the collision 
course. These are just preceded by the passive 
measures and their effect on the occurred collision. 
To activate the actuators only at specified 
situations, the triggering is computed by functional 
algorithms acquiring information from the 
environment or vehicle internal sensor systems. 
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Figure 5: Levels of system evaluation 

The complex interaction of the system components 
and the impact of changing subsystem parameters 
regarding the effectiveness cannot be analysed 
without a structured assessment. The simulation 
method enables the calculation of the effectiveness 
for individual system components or combinations 
from the strategic point of view. That means the 
assessment is carried out on different levels of 
system modelling always against the strategy level 
(Figure 5). In the process the approximation to 
reality increases with the number of subsystem 
components included (Figure 5). With this 
approach an identification of the relevant subsystem 
parameters or the subsystems themselves 
influencing the effectiveness is possible. The 
assessment results can be quantified based on both 
technical and injury parameters. A technical 
parameter to quantify the achievement of objectives 
for pedestrian safety for example is the collision 
speed. Parameters describing the injuries can be 
defined by the number of seriously injured 
pedestrians or fatalities. The effectiveness of a 
safety system can be quantified as the difference 
between the technical or injury based results of two 
system configurations. This implies high 
performance models of the system components. 
Possible specifications of a level-based system 
evaluation are shown in Figure 6. Different system 
modelling states can be identified e.g. model, ideal 
or not relevant.  

Figure 6: Exemplary specifications of a level-based 
system evaluation 

The influencing factors of passive measures are 
always implemented as a model. Without 
consideration of these an evaluation of integrated 
safety systems is not possible, because these 
systems consist of a combination of passive and 
active measures. The environment parameters are 
also implemented as a model for every accident 
scenario. An idealisation of the environment 
parameters would be possible, but assuming e.g. 
limiting friction for every accident scenario, the 
effectiveness analysis would no longer relate to real 
world accident data. In the first step of a total 
system evaluation, only the subsystem consisting of 
actuating elements is conducted as a model. The 
other components have an ideal behaviour or are 
not relevant. Assuming the functional algorithm as 
ideal, the actuating elements are always triggered to 
the specified point of time to collision. This 
evaluation step is independent of the pedestrian 
detection by the sensor system. On this level of 
evaluation the requirements to the actuating 
elements can be deviated, because only the 
influence of this subsystem component is 
considered. If the result of this evaluation step is 
indicating little benefit, a substantiated decision 
continuing the system development based on these 
actuation elements is possible. The addition of 
further modelled subsystem components are just 
leading to a decreasing effectiveness. In a second 
evaluation step an ideal sensor system can be 
comprised. An ideal sensor system could be 
characterised by range or angle of aperture and 
systematic effects like cycle time or lines of sight 
obstruction. In this case the actuating elements 
would be triggered if the addressed object is located 
in the sensor system’s field of vision. During 
further steps evaluating the total system 
components, these are integrated step by step as a 
model. Every evaluation step enables an 
identification of the relevant subsystem parameters 
reducing the effectiveness and structured 
optimization loops. Because of that the subsystem 
models require a high quality deviated by real 
world testing and validation as the simulation itself. 
Because of that the accident simulation program 
PC-Crash [11] is used to model and simulate the 
accident scenarios. To integrate braking systems, 
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pressure or deceleration gradients are used. The 
functional algorithm is integrated by a 
Simulink/Stateflow application development 
system. Considering realistic models of the sensor 
system, models characterising the sensor system 
technology are included and also validated by real 
world measurements. Driver integration constitutes 
a particular challenge because driver reactions on 
defined warning strategies strongly diversify and 
depend on the situation triggered there. Therefore 
the driver is included as a probabilistic model 
gaining from studies with probands. These studies 
are carried out with the simulation and testing 
method Vehicle in the Loop [1].  

SIMULATION 

Generating accident scenarios  

Analysing the effect of safety systems on the 
collision course through case by case studies 
requires runnable simulation scenarios based on 
real world accident data. In the first step the 
original course effecting the collision must be 
reconstructed. For this purpose the kinetic 
quantities of the vehicle and pedestrian, the impact 
location and the environment at the place of 
collision have to be modelled in detail. By this 
means, runnable accident scenarios according to a 
real world accidental database are preserved. 
Equipping the vehicle with a virtual integrated 
pedestrian safety system, the influence of this 
system on the original collision course can be 
analysed during the next evaluation steps. The 
creation of simulation scenarios in general, results 
from defining basic scenes that are parameterised 
with defined values of an accident database (Figure 
7). 

basic scene

scenario

parameterisation 
parameter 1
parameter 2
…

 
Figure 7: Generation of accident scenarios from basic 
scenes 

One the one hand, values of the GIDAS accident 
database are used to parameterise the basic scenes. 
In this way runnable real world accident scenarios 

are created. On the other hand a multiplicity of 
fictitious single cases is generated by using 
stochastic parameters to set the basic scenes (Figure 
8). Both methods generate a collection of single 
scenarios whereby the GIDAS  

basic scenes basic scenes 

GIDAS parameters Stochastic parameters

real world accident scenarios stochastic scenarios

scenarios scenarios
 

Figure 8: Different simulation databases 

cases always effect a collision. The cases built on 
stochastic parameters also include non-collisions. 
So these cases must be processed for further 
evaluations e.g. separation of the collision from 
non-collision scenarios. As an essential difference 
to the import of original GIDAS scenarios, the 
stochastic method generates accident scenarios not 
included in GIDAS and also apparently 
unimaginable ones. 

Sensor equivalent accident scenes 

An effective generation of runnable case by case 
accident scenarios requires a new approach to 
achieve a high level of detail with a similar high 
level of atomization. That’s why sensor equivalent 
accident scenes (SEAS) are created (Figure 9). 
These scenes can be derived from the specific 
feature that different accident scenarios often 
deliver an equivalent view for the sensor system. 
The sensor system’s view is influenced by several 
environment parameters e.g. road design and 
layout, approximation direction of the pedestrian or 
lines of sight obstructions. By combination of these 
criteria, sensor equivalent accident scenes can be 
deviated by assigning the single accidents from the 
database to these.  

 
Figure 9: Examples of sensor equivalent accident 
scenes 

For example there is no difference for a sensor 
system assuming a rectilinear motion of the vehicle, 
whether the pedestrian approaches from the left 
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side at a crossroad, straight road or other 
intersections as long as no information of the 
characteristic environment features provided by the 
sensor system are pulled up for situation 
classification. Sensor equivalent accident scenes 
can roughly be grouped in straight road and turn or 
intersection accidents. Straight road accidents 
comprehend pedestrians crossing at intersections as 
long as there is no turning off by the vehicle. 
Sensor equivalent scenes for turn accidents include 
collisions occurring on a non rectilinear trajectory 
of the vehicle or at turning off. Every sensor 
equivalent accident scene for single accidents from 
the database is assigned to comply with the sensor 
system’s view of the SEAS by using several 
parameters of the GIDAS accident database. One of 
these variables is represented by the type of 
accident UTYP. An explicit interpretation of the 
collision course by the accident type on its own is 
not possible. For that reason other parameters are 
comprised. These are for the vehicle RICHT 
defining the direction the vehicle moved in before 
the collision. Further RICHTVU describing the 
vehicle’s line passed through before collision and 
the parameter RICHTUE defining the design and 
layout of the road at collision [2]. Combining these 
three parameters, the design and layout of the road 
can be suggested. Adding the accident type, the 
collision course is defined explicitly. Using only the 
accident type to classify a sensor equivalent 
accident scene, accidents that never happened that 
way were allocated to a SEAS type, which 
indirectly effects a falsification of benefit 
assessment in further evaluation steps. 

Semi-automatic generation of accident scenarios  

For the creation of runnable accident scenarios two 
approaches are applied. On the one hand, all 
straight road accidents are reconstructed semi-
automatically by using basic scenes derived from 
sensor equivalent accident scenes. For that reason, 
several basic scenes have to be created and 
parameterised by values of the GIDAS database.  
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Figure 10: Generating accident scenarios 

On the other hand, the remaining SEAS for turning 
accidents have to be modelled manually. The 
generation of straight road accidents is carried out 

automatically by comprising further parameters of 
the GIDAS database exceeding the allocation to 
sensor equivalent accident scenes. The additional 
values have to be selected according to an explicit 
definition of the collision and in the same manner 
that the effectiveness of an integrated safety system 
can be evaluated. A summary of exemplary 
parameters needed to be imported to set the straight 
road basic scenes is shown in Figure 10. Combining 
the vehicles’ and pedestrians’ kinetic quantities and 
the acknowledgment for the exact impact location 
of the pedestrian at the vehicle, an explicit 
modelling of the collision course is possible by 
calculating the basic positions of vehicle and 
pedestrian out of the parameters from the GIDAS 
database as described before. The exact position of 
the line of sight obstruction for the GIDAS accident 
can only be extracted by the sketch of the accident. 
For this reason the position for the line of sight 
obstruction in the accident scenario is set manually. 
Information about the road surface or other 
environment parameters is retained for system 
evaluations in further steps. For example, the road 
surface affects the transferable braking 
decelerations individually for every accident 
scenario. Turning or crossroad accidents strongly 
vary in regard to the possibility of generic 
modelling and setting basic scenes by GIDAS 
parameters. The variation of turning accidents is 
nearly indefinite and can thus be carried out 
manually calling for a detailed accident modelling.  

Accident scenarios from stochastic parameters 

In-depth databases like GIDAS are only available 
for a few countries in the world. In most countries, 
accidents are recorded centrally in national statistics 
by a federal statistical office. It is not feasible to 
generate runnable accident scenarios out of these 
databases so an evaluation of safety systems based 
on case by case studies is not possible. For this 
reason the second method to generate accident 
scenarios, as described before, can be applied 
(Figure 8). This method describes the 
parameterisation of basic scenes by stochastic sets 
of values. In this way a multiplicity of various and 
also non-collision scenarios can be created. To 
assess the effectiveness of an integrated safety 
system, the evaluation is focused on the potential to 
avoid or mitigate collisions. That is why the non-
collision scenarios have to be separated before this 
database can be used for further analysis. 
Weighting the stochastic accident database 
according to the national accident statistics enables 
a system evaluation for countries with non in-depth 
accident databases. Using this method, the 
correlation between weighted accident scenarios 
according to global statistics and in-depth accident 
data, the global statistic results have to be proven at 
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first. To check this correlation, the global 
distribution of the GIDAS accidental parameters 
and the runnable GIDAS accident scenarios are 
used. 

Open-loop- and closed-loop-simulation 

An evaluation of integrated safety systems on the 
basis of different system modelling levels (Figure 
6) demands different simulation methods. These are 
represented by an open-loop- and closed-loop-
simulation. The selection of a specific method 
depends on several factors which are explained 
consecutively. The open-loop-method is 
characterised by pre-simulated driving situations in 
consequence of the implementation of different 
measures to definite time increments. The results of 
the pre-simulated driving situations are archived in 
a kind of look-up table. The simulation is based on 
time series of the original accident trajectory. Such 
a trajectory is shown in Figure 11. In the upper 
diagram the trajectory is represented by a velocity-
time-chart und in the lower as a velocity-distance-
chart. From the velocity-time-chart can be 
recognized that the vehicle, beginning from t=0, is 
moving with a constant velocity. At the point t=tb 
the vehicle introduces a braking manoeuvre. The 
collision occurs at the point t=tcoll with a collision 
velocity of v=vcoll. Based on this exemplary 
trajectory and the charts in Figure 11, the method of 
the open-loop-simulation is explained. To pre-
simulate driving situations, the simulation must be 
stopped at specified time increments, and instead of 
the original nominal trajectory, a measure is 
implemented and simulated with the current 
momentums. This means that a sub-simulation is 
carried out. This measure could be emergency 
braking [12]. In this special case the simulation is 
stopped at the point ti and emergency braking is 
simulated. For this sub-simulation the current 
simulation parameters at the point ti are set as the 
basic values for the sub-simulation. In this case, 
that would be the current velocity because other 
factors are not considered in this simple 
explanation. Through the implementation of the 
braking measure with a sharp deceleration 
characteristic, a new nominal trajectory is generated 
at the point of ti (Figure 11). For this trajectory 
different parameters are archived e.g. the collision 
velocity, collision occurring or final positions of the 
objects in the simulation. At the point ti+1 the same 
braking action is implemented and simulated again 
and the new results are archived. The braking 
action is simulated through the whole chronological 
sequence of the scenario at definite time 
increments. All these steps are independent from 
the triggering strategy of the technical system and 
must be understood as pre-processing for the 
generation of simulation data. Whether or when 

emergency braking is triggered in this scenario is 
not relevant at this point. This method generates an 
accident scenario data file, which is the basis for the 
effectiveness of emergency braking for every 
simulated time ti. This method is executed for every 
single accident scenario in the database and for 
every action that should be assessed. For the two 
sub-simulations at the point ti and ti+1, shown in 
Figure 11, the collision based on the nominal  

0 0.5 1 1.5 2 2.5
0

10

20

30

40

50

60
velocity-time-diagramm

time

ve
lo

ci
ty

0 5 10 15 20 25
0

10

20

30

40

50

60
velocity-path-diagramm

path

ve
lo

ci
ty

nominal trajectory of the 
original accident scenario

nominal trajectory by
breaking system 
implementation

trajectories
distributing the 

nominal trajectories of 
the breaking system

trajectories
distributing the 

original
nominal trajectory

tb tcollti ti+1t=0

s=scolls=0

vcoll

vcoll

velocity-distance-chart

velocity-time-chart

 
Figure 11: Time series vehicle trajectories 

trajectory is prevented. This simulation method can 
be used for probability analysis as well. For this 
case not only one sub-simulation is carried out at 
definite time increments but several, which derive 
from a covering of the sharp deceleration 
characteristic with a parameter distribution. A band 
of sub-trajectories is thus generated, which disperse 
about the nominal sub-simulation trajectory. It can 
also be ascertained that not all sub-trajectories can 
prevent the collision compared to the nominal 
trajectories. As a consequence, the sub-simulations 
can be used to define a collision probability that is 
defined as the number of collisions based on the 
whole number of sub-simulations for a specific 
point ti. The collision probability is a new 
parameter for a technical assessment concerning the 
effectiveness of an integrated safety system. To 
make the probability results out of the sub-
simulations comparable with the nominal accident 
scenario, the original scenario parameters must also 
be distributed. The probability background can be 
interpreted via the technical system’s own 
variability because of system internal or external 
effects. As described before, the pre-processing 
generates accident scenario data files as a kind of 
look-up table, in which the effectiveness of an 
emergency braking action for every simulated time 
ti is disposed. To identify the effect of the simulated 
actions, only the scenario specific points ti when an 
action is enabled, have to be detected. To assess 
just the actuating elements with ideal algorithm 
behaviour, the action always gets triggered to the 
specified time to collision. For every accident 
scenario, the action effectiveness for the point ti, 
which is equal to the scenario specific time to 
collision, can be extracted from the look-up tables. 
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Another use case is to analyse the algorithm 
behaviour based on the nominal trajectory of the 
accident scenario und analyse the time of 
classification of a critical situation. Latency or  
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tlatency + treaction

tcollisiont0
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tcollision

simulation databasesimulation database

 
Figure 12: Evaluating action effectiveness including 
pre-simulated databases 

reaction times can also be considered, so the 
triggering point ti can be extracted as shown in 
Figure 12. To accomplish the system assessment in 
a separate post-processing step turns out to be very 
efficient. Through look-up tables, it is possible to 
replace a run-time computation with fast search 
operations. The savings in terms of processing time 
can be significant because retrieving a value from 
memory is often faster. Further, the simulated 
actions can be reused discretionally and it is 
possible to regard probabilistic considerations to 
achieve stochastic confirmed benefit statements. 
First of all the simulation data for the post 
processing step have to be created. This step 
requires a one time simulation effort. For more 
complex or interlacing actions which affect earlier 
measures than emergency braking regarding the 
chronological sequence until collision, it has to be 
considered that there might be feedback by driver 
engagement or environment behaviour. For 
measures triggered a short time before collision 
such as emergency braking, the feedback can be 
neglected. To assess complex measure 
combinations with an estimated feedback, a closed-
loop-simulation is required. A closed-loop-
simulation calculates the complete system 
behaviour for every simulation step. That means the 
information detected by a sensor model is 
conducted to the algorithm calculating the current 
behaviour of the safety system whether a fire or a 
non firer situation is existent. If there is a non-fire 
scene the loop is passed through again. If there is a 
fire scene, a warning actuating element could be 
triggered. The triggering of a warning actuator 
occurs quite a long time before collision. That 
means that the situation can be affected by driver 
engagement, the pedestrian leaving the critical area 
or by the sensor system. For driver modelling the 
closed-loop-simulation comprehends a probabilistic 
driver model created from studies with probands. 
For this purpose the distribution of driver behaviour 
for every single warning strategy analyzed in the 
studies is included. From distributions of e.g. 
reaction time and corresponding braking 
deceleration, it is possible to convey a probabilistic 
parameter combination and integrate stochastic 
driver behaviour into the simulation. This means 

that triggering a warning actuator leads to a 
simulation stop at the point of triggering and the 
simulation is processed several times with different 
sets of parameters. Further it is possible to integrate 
sensor models, algorithms and actuator models as 
described before in both simulation methods. Both 
simulation methods deliver technical collision 
parameters like collision speed or impact location. 
To calculate the benefit based on injuries or 
fatalities it is necessary to convert the technical 
parameters.  

SYSTEM DESIGN BASED ON INJURY 
SEVERITY 

To quantify the effectiveness of an integrated safety 
system in real world accidents, two kinds of 
parameters can be used, as described before. These 
are, on the one hand, the technical parameters and 
on the other hand, the injury severity. The injury 
severity can be quantified by the number of 
seriously injured pedestrians or fatalities. 
Quantifying the effectiveness by the injury severity 
an injury risk function can be applied. With this 
function it is possible to calculate the injury 
severity based on the technical parameters. 
Generally an injury risk function is defined as the 
probability to achieve a defined injury severity 
depending on quantitative influencing factors. 
Through injury functions different passive safety 
measures can be modelled having direct influence 
on the form of the curves [4]. Two exemplary 
injury risk functions are shown in Figure 13. These 
curves indicate the probability e.g. for a pedestrian 
to suffer a MAIS2+ injury at a certain collision 
speed. Accumulating the injury probabilities for a 
MAIS2+ injury of every single accident scenario in 
the database, the absolute number of seriously 
injured pedestrians can be calculated and the 
effectiveness of two-system configuration 
identified. 
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Figure 13: Exemplary injury risk functions for 
different passive measures 

In Figure 13 the curve for passive measure 2 
indicates a lower probability for a MAIS2+ injury 
at equal collision speed. Accordingly this curve 
represents more effective passive measures 
compared to passive measures 1. In general, the 
injury severity depends not just on one parameter 
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like the collision speed but on a number of 
parameters influencing the grade of injury severity 
e.g. impact location, pedestrian age or vehicle front 
characteristics. To generate injury risk functions 
with a high modelling quality these additional 
parameters have to be identified. In consequence, 
there are more injury risk functions depending on 
the influencing factors. For example, injury risk 
functions for young and old pedestrians or frontal 
and lateral impacts. On the one hand, the injury risk 
function can be derived directly from the GIDAS 
database. In this case, a model for the injury 
severity is gained based on the vehicles’ passive 
measures existing in the GIDAS database. To 
identify the influence to injury severity for defined 
passive measures like prospective passive measures 
for pedestrians, these measures have to be modelled 
at first because the GIDAS database contains a 
huge variety of vehicles and different passive 
measures resulting from the date of manufacturing. 
To model passive measures the method of injury 
shift can be applied [5]. 

total system evaluation effectiveness
as function of system components

sensor
system

actuating
elements

functional
algorithm

environment

passive 
measures

effectiveness

driver  
Figure 14: Effectiveness of integrated safety systems 
subjected to total system behaviour 

With this method the expected injury reduction of a 
pedestrian caused by a synthetic improvement of 
passive measures can be modelled. Using this new 
distribution of injuries for every single accident in 
the database to generate an injury risk function, the 
result is a new curve with a lower probability of 
MAIS2+ injuries. Regarding Figure 13, the injury 
risk functions for passive measures 1 and 2, 
conveying the results of the method qualitatively. 
Applying injury risk curves, the effectiveness of 
passive measures and integrated safety systems are 
comparable, because a decreasing collision speed 
by active measures directs a decreasing injury 
probability for the pedestrian (Figure 13). 
Consequently, the described simulation method 
calculating the technical parameters caused by an 
integrated safety system on real world accident 
scenarios in combination with injury risk functions 
enables a new application spectrum designing 
integrated safety systems. So the effectiveness of 
passive and integrated system approaches can be 
compared during the development process (Figure 
14).  

CONCLUSION 

Former studies indicate high potential of brake 
assist systems regarding the effectiveness in terms 
of reducing seriously injured pedestrians or 
fatalities in real world traffic accidents. This applies 
pedestrian safety in particular, because softer front 
end structures or measures like active bonnets 
illustrate limited effectiveness. Further reduction 
can be achieved by using integrated safety systems 
consisting of functional algorithms, actuating 
elements and sensor systems in addition to passive 
safety measures. To enable a requirement based 
system development regarding the total system 
effectiveness in real world traffic accidents, the 
effectiveness analysis has to be integrated into the 
function development process assuring that all 
results of the other development steps in terms of 
function definition and testing are included. An 
evaluation of these systems during the function 
development process requires new methods. A lot 
of information about the system’s influencing 
factors is detected in the testing and defining 
process steps. This information is considered in a 
central simulation method including detailed 
models and enables a level based system 
evaluation. That means the influence of the system 
components affecting the benefit evaluation can be 
identified in a structured and objective way. To 
evaluate the system benefit on real world accident 
data, runnable accident scenarios from an in-depth 
accident database for case by case evaluations have 
to be created in an effective way. So a semi-
automated method based on sensor equivalent 
accident scenes to build up the scenarios is 
developed. Further, it is possible to generate 
stochastic scenarios applied to predict the system 
benefit for countries with no in-depth accident 
information. The accident scenarios are processed 
in a closed- and open-loop simulation. The open-
loop method is characterised by pre-simulated 
driving situations in consequence of the 
implementation of different measures to definite 
time increments. The system evaluation is carried 
out in a separate post-processing step making this 
method very efficient for application in the function 
development process. More complex combinations 
of different actuating elements and triggering 
strategies induce feedback by e.g. the driver, system 
components or the environment. In this case, a 
closed-loop simulation is required. Both open-loop 
and closed-loop simulation had the potential to 
integrate detailed models of the system components 
as described before. The effectiveness of a safety 
system can be quantified as the difference between 
the technical or injury based results of two system 
configurations. In the first step, the simulation 
provides technical parameters to quantify the 
benefit of the tested system configuration. A 
conversion of these to injury values requires injury 
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risk functions. With these functions different 
passive measures are modelled and the 
effectiveness of different system strategies can be 
detected. Consequently, it is possible to design 
integrated safety systems with regard to their 
effectiveness in real-world accident scenarios 
during the development process by using the 
method presented in this article. The integration of 
the effectiveness analysis into the development 
process enables a requirement based system design 
regarding the total system effectiveness in real 
world accidents contributing to achieve the goal of 
vision zero. 
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ABSTRACT 
 
The lack of information from the surrounding of the 
vehicle is one of the reasons of collisions and 
accidents. There is a radical limitation of unobstructed 
observation of the whole area surrounding trucks of N1 
category in comparison to the car of M1 category. 
Vehicles which have the same body and which are 
designed to transport people – M1 category or load – 
N1 category, they have different equipment, such as 
side glazing and back walls. Those who are driving 
these vehicles don’t have comparable and identical 
visibility. Technical progress and development in the 
area of visual transfer devices helps to use them in the 
vehicles in order to improve the possibility of 
observing the surrounding of the vehicle. There is an 
important need to change the regulation as far as 
construction and vehicles equipment is concerned. The 
regulation should compel the vehicles manufacturers to 
ensure such construction of the vehicle that the driver 
will have a possibility of observing the surrounding of 
vehicle in the range of scope and placement  visible 
area would be comparable to the car. Setting this kind 
of requirement will force the producers to ensure 
visibility from the trucks comparable to that of cars. 
This will help avoid collisions and accidents which are 
caused by the substantial limitation of the possibility to 
observe the surrounding of the vehicle. These facts 
speak for the necessity and need of changes to the 
regulations. This paper offers the change of the 
philosophy of the regulations requirements in the area 
of visibility. The novelty is the definition of the needs 
and possibilities of changes in the regulations 
concerning visual transfer for trucks. There is no 
reason to tolerate the worse visual transfer in the 
vehicles N1 category. It is possible and is imperative to 
introduce regulations which will obligate the vehicles 
manufacturers to equip trucks in such a way that the 
possibility of observing the surrounding will be the 
same as in the passenger car version. 
Key words: demands, visibility, construction of 
the car  
 
INTRODUCTION  
 
Ensuring the visibility of the road and around it, 
conforming to the regulations does not always 
guarantee the good visible transfer for drivers 
(inside the vehicle) – sufficiently good visibility. 

Often the regulations on the road formation do not 
cater for the limitations of visibility resulting from 
the constructional features of the vehicle. 
The open load-carrying body in the truck creates 
the screen obscuring of the big part of the vehicle’s 
surrounding which precludes the direct observation 
of the considerable area. 
The devices of the indirect visibility enable to 
observe only the part of the area which is directly 
invisible. 
 
THE SUBJECT OF THE TESTS 
 
The subject of the tests is the car construction 
aimed at ensuring possibility to observe the car 
surroundings while driving  
The figure 1 presents the areas around the vehicle 
which the driver should have the possibility to 
observe while driving it (making various 
manoeuvres) during a day and at night – with the 
street lighting and without it. 
 

 
 
Figure 1. The areas around the vehicle which 
must be visible  
 
The practical realization of the need to have a 
visibility of surroundings (according to the current 
regulations in force) is considerably different from 
the ideal. In spite of the installation of indirect 
visibility devices in the cars, the big part of directly 
invisible area is still invisible.   
The figure no. 2 shows the area surrounding the 
vehicle of N1 category, observed directly by the 
driver through the windows forward and on each 
side and also indirectly through the mirrors. Areas 
A and B – observed areas. Areas D – minimal areas 
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demanded by regulations. Areas C – areas the 
observation of which is impossible till now.  

 

 
 

Figure 2. The areas around the vehicle category 
N1 which are visible  
 

 
 
Figure 3. Placement and vastness of the visibility 
field for the main rear view mirrors of class III – 
by thickened line denotes requirements hitherto 
in force  - dmc ≥ 2000 kg 
 
In order to estimate the degree of divergence 
between the ideal and the real situation the 
visibility of surroundings of the M1 category car 
and the N1 category truck were tested. The 
estimation was conducted on the example of the 
Renault Kangoo vehicle in the passenger car 
version and in the truck version. The similarity 
exists  between the vehicles of categories M1 and 
N1 of the same brands and models in the range of 
the external resemblance of the body but big 
differences in the visibility outward. The cars with 
the identical bodies dedicated for the transport of 
people – category M1 and goods – category N1, 
have the various sets of equipment, among other 
thing, as far as glazing of side walls and rear wall 
are concerned. The test was made using the method 
presented in the directive 2003/97 EC, 77/649/EC. 
The results of visibility tests of car surroundings 
were presented at the figure no. 5. From the 
comparison of figures no. 1, 2 and 3 it transpires 
that the driver does not have any possibility to 
observe this part of the area around the car which 
should be observed during manoeuvring of the car 
to avoid the collision and accident. 

 

  

  

Figure 4. Vehicle Renault Kangoo – truck and 
car – body versions  
 
Moreover the drivers of the above do not have 
identical possibilities to observe the surroundings. 
In the truck of category N1 the area which can be 
observed by the driver is radically reduced. Is it 
needed, is it necessary, and is it possible to 
eliminate the difference in the “surroundings 
visibility” of trucks in comparison with the 
passenger cars, especially these which are based on 
the identical body. The lack and also insufficient 
information from the cars surroundings during 
driving are one of the causes of the rise of 
collisions and accidents. Unobscured observation 
of all the area surrounding the vehicle is radically 
limited, in the small trucks of category N1 in 
comparison with passenger cars of M1 category. It 
is particularly easy noticeable and perceptible in 
the vehicles of categories M1 and N1 of the same 
brand whose bodies are similar. In the vehicle of 
the passenger car version the side walls and the 
rear wall have the glazed windows, through which 
the driver can observe surroundings. Additionally it 
is equipped with the indirect visibility devices 
which are identical as in the version of the truck 
except the interior mirror. In general the interior 
mirror is not mounted in the truck. In the truck, in 
the area behind the driver, in general the windows 
in the side walls and in the rear wall are not fitted 
or used. As a result the driver can observe 
considerably smaller area of his surroundings. 
 



 

Olejnik 3 

 

a).   b). 

   
 

   
 

   
 

Figure 5. The direct and indirect visibility field 
for Renault Kangoo: a). truck category N1 and 
b). car category M1 

The perceptible technical progress and the 
development of the visibility devices allow to 
equip the vehicle in such a way that the driver of 
the truck could observe the areas surroundings 
comparable with passenger cars. 
 
RECAPITULATION AND CONCLUSIONS 
 
The vehicle the driver does not have any chance to 
receive the visible transfer from the significant part 
of the area surrounding and thus to have the 
possibilities to act adequately to the situation 
during the car driving.  
 

 
 
Figure 6. Situation on the angular intersection 
with reduced visibility on the right side of the 
vehicle 
 
This problem is particularly important on oblique 
road crossings when the angle of the cutting of 
their axles is considerably different from the right 
angle – difference exceeds the value of 15º. With 

reference to vehicles in use, insufficient (for the 
most part of cases) visible transfer from the 
surroundings is the essential cause of rise of 
collisions and accidents taking place in the road 
traffic. The increase of possibilities to observe 
areas of the vehicle surroundings (in the newly 
designed constructions), which till now couldn’t be 
supervised, is the step in the proper direction. It is 
possible to change the regulations and to change 
the vehicles equipment by the manufacturers. It is 
expected to radically extend the visibility and to 
diminish the danger of accidents in the vehicles of 
N1 category which were caused by the previous 
visibility limitations 
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ABSTRACT 
 
Multiple, life-threatening injuries, often termed 
polytrauma, do not only demonstrate a high risk of 
mortality, but also for long-term or persistent 
disabilities for surviving victims. Road traffic 
accidents represent the most frequent cause for 
polytraumata in Germany. However, there are only 
estimates for the annual incidence rate of these 
critical injuries and little information exists about the 
share of different road users among these patients and 
their respective injury patterns. This is partly due to 
the fact that – at least in Germany – these most 
severely injured cannot be identified from national 
traffic accident statistics. 
A multi-center study is being conducted in a large 
part of southern Germany that attempts to document 
all polytrauma cases from traffic accidents and the 
circumstances of the collisions in a defined 
geographical region over a 14-month period. Patients 
with an Injury Severity Score ISS > 15 and injuries in 
at least two body regions are included for evaluation. 
This paper describes injuries sustained by 34 car and 
minivan occupants during the first months of the 
study, the related collision configurations and the 
vehicle passive safety features that were used or 
activated, like seat belts and airbags. Most of the 
occupants were between 18 and 45 years old. More 
women than men had severe multiple injuries, 
especially in the range above 35 years of age. Drivers 
were by far the largest group among the patients and a 
substantial number of them were unbelted. Many of 
the involved vehicles were from the small or compact 
car segment and belonged to older model generations, 
but most of them featured driver and passenger 

airbags and sometimes also airbags for side 
protection. 
The most severe injuries (AIS 4 and 5) were those to 
the head and especially to the thorax. Severe spine 
injuries were few and limited to side impacts or 
ejection from the vehicle. 
 
INTRODUCTION 
 
High-speed impacts from road traffic accidents are a 
major cause of polytrauma. Polytraumata have a high 
mortality risk and are considered a major challenge 
both for the pre-hospital treatment and the intensive 
care in the trauma center. Beside its acute danger to 
the life of the accident victim, there is also a high 
potential for long-term or persistent disability. 
The motivation for this study came from the results of 
a pilot study that was conducted by the German 
Highway Research Institute (Bundesanstalt für 
Straßenwesen BASt) in 2004 and published as a 
summary in 2005 [1]. BASt tried to determine the 
incidence rate of “most severely injured” from traffic 
accidents in Germany and its development over 
several years. “Most severe injuries” were defined as 
injuries which cause permanent or long-lasting 
disabilities. For this purpose, hospital diagnosis 
statistics, national statistics for the disabled and data 
from the trauma registry of the German Society for 
Trauma Surgery (Deutsche Gesellschaft fuer 
Unfallchirurgie DGU) were analysed. Based on these 
figures, the authors could not observe a decrease in 
the number of “most severely injured” over a nine-
year period whereas road traffic fatalities have seen a 
steady decline during these years in Germany. A 
follow-up study was commissioned to analyse the 
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trauma registry in more depth and obtain more insight 
into this phenomenon [2]. 
An earlier study for BASt had evaluated data from 
German compulsory health and accident insurers and 
concluded that most severe, but survived injuries have 
a share of approximately 10 % among the seriously 
injured in Germany [3]. Like in many other countries, 
the German national accident statistics define 
“seriously injured” as traffic accident victims who 
remain in the hospital for 24 hours or more and 
survive at least 30 days. 
Although impairments may also result from injuries 
that are not life-threatening, e. g., isolated injuries to 
the lower extremities, polytraumata have a 
particularly high potential to cause disabilities for the 
surviving patient. However, only estimates exist for 
the incidence rate of polytraumata in Germany.  
Extrapolated figures from hospital statistics for the 
total number of new polytrauma cases in Germany 
range between 32,500 (Haas et al. [4]) and 35,000 
(Kuehne et al. [5]) annually, caused by work 
accidents, falls from great height or other injury 
mechanisms, including traffic accidents. Liener et al. 
[6] determined the incidence of severe multiple 
injuries in one German county and city for the period 
from 1996 until 2000. The extrapolated rate for 
Germany yielded 18,700 polytraumatised patients and 
was considered to underestimate the average rate for 
Germany. 
Beside the lack of knowledge about the number of 
polytraumata from road traffic accidents in general, 
their distribution among the different kinds of road 
users (pedestrians, cyclists, motor-cyclists, passenger 
car and heavy vehicle occupants) and the 
circumstances of the incident (e. g., the kind of 
collision or the seating position in motor vehicles) are 
largely unknown. 
 
Objective and methodology of study 
 
This multi-center, interdisciplinary study was started 
by the end of 2007 with the objective to document all 
polytrauma cases caused by traffic accidents in a 
defined geographical region [7]. The time period for 
the prospective collection of relevant incidences 
comprised the months of November and December of 
2007 and the complete year 2008, altogether 14 
months. Accidents were recruited for the study when 
they occurred in public space and when at least one of 
the victims sustained life-threatening multiple 
injuries, i. e., a polytrauma, or died at the scene of the 
accident. Data were obtained from trauma centers, the 
police and district attorneys, from rescue dispatch 
centers and fire departments in the region. 
The most important descriptors of the patients like 
age, gender etc. and their injuries and pre-hospital and 
clinical treatment were documented. Furthermore, 

vehicular parameters (e.g., air bag equipment and seat 
belt type, vehicle mass) and the characteristics of the 
collision (e.g., kind of road user, impact direction, 
collision opponent, depth of occupant compartment 
deformation) as well as the use of restraints and 
protective gear (e.g., seat belt, motorcycle helmet) 
were determined.  
Six counties and two larger cities in the southern part 
of Germany which form one coherent area were 
chosen as a study region for several reasons. The 
region features both urban and very rural areas and 
different types of roads including two major 
motorways (“Autobahn”) crossing it in the east-west 
and north-south direction. There are three trauma 
centers which are suited for the treatment of 
polytraumatised patients. Other hospitals in the area 
provide only basic medical care so that the vast 
majority of accident victims with multiple life-
threatening injuries will be transported to one of the 
three maximum care hospitals. Patient names, 
adresses, license plate numbers on photos etc. were 
sanitized before being made available for evaluation 
so that all personal data remained anonymous to the 
project coordinator. The amount of patient data and 
the collection method for this study was reviewed and 
accepted by the ethics committee at the University of 
Ulm. Relevant data about injuries, vehicles and their 
damage as well as general characteristics of the 
collision were entered into a Microsoft Office 
Access © database for analysis. 
 
Representativeness of study region 
 
The study region comprises eight administration 
districts in southern Germany, consisting of six 
counties and two larger independent cities, and covers 
an area of 5545 km2 with approximately 1.32 million 
inhabitants [8, 9]. In many ways, the conglomerate of 
counties with a rural character and densely populated 
cities that form the study territory resembles the 
situation for entire Germany regarding demographic 
and infrastructural, but also traffic accident data. 
Both the population density and the density of the 
road network outside of built-up areas are very 
similar to those of Germany in average [7]. The ratios 
of fatally, seriously and slightly injured per 1000 
inhabitants demonstrate good comparability, too. 
These figures were determined from official road 
casualty statistics for the respective administration 
districts and for entire Germany for the years 2005, 
2006 and 2007. Comparison of the number of 
casualties per 1000 inhabitants indicates that the 
incidence rate of seriously injured was slightly below 
the national average, not only for 2007, but also for 
the two previous years (Fig. 1). The rate of fatalities 
matches that for Germany very well, although it was 
slightly higher than the national figures in 2005 and 
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2006 (Fig. 2). A statistical comparison of accident 
rates on motorways is not possible due to the small 
absolute numbers of casualties on this kind of road in 
the study region. The frequency of killed or seriously 
injured on motorways within the region tends to 
underestimate the accident situation on a national 
basis, however. Nevertheless, the study region can be 
regarded as a good representative for the German 
situation when analysing accidents with most severely 
injured. 
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Figure 1.  Incidence rate of seriously injured per 
1000 inhabitants for counties/cities of study region, 
federal states of Baden-Wurttemberg and Bavaria 
and Germany. 
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Figure 2.  Incidence rate of fatalities per 1000 
inhabitants for counties/cities of study region, 
federal states of Baden-Wurttemberg and Bavaria 
and Germany. 
 
 
Rescue and pre-hospital care 
 
Pre-hospital care after traffic accidents is generally 
provided by ground ambulances. After severe 
collisions, an emergency physician will be alerted, 
too, either immediately by the rescue dispatch center 
or if the ambulance team requests medical assistance. 

Mostly, the physician will join the scene by car (so-
called “rendez-vous” system) or by rescue helicopter. 
One such helicopter is stationed at one of the 
maximum care level hospitals in the region and a 
large portion of the study region lies within its regular 
operating radius. Other helicopters are located at 
hospitals in neighboring regions and cover most of 
the remaining part of the region (Fig. 3). Rescue 
helicopters will typically be called if the accident 
location cannot be reached in due time by a ground-
based emergency physician or if the accident situation 
requires several medical professionals. However, air 
rescue availability is very limited during darkness or 
under severe weather conditions. 
 

 
 
Figure 3.  Study region with six counties and two 
independent cities. Circles indicate operating 
range of rescue helicopters, based on a 60 km-
radius [10]. 
 
The general philosophy in the German rescue system 
for treatment of severely injured is to provide pre-
hospital care at the scene to allow a safe transport of 
the patient to the next suitable hospital. Medication, 
intubation or thorax drainage will be performed 
mostly or exclusively by emergency physicians. 
Nevertheless, a very rapid rescue and transport of the 
victim may be ordered if the necessary means for 
diagnosis or treatment are available only in a hospital 
(e. g., in case of massive internal bleeding). Patients 
in critical condition or where such a situation may 
develop will be transported to the trauma center either 
by ground ambulance or rescue helicopter and 
accompanied by the physician. Therefore, all cases 
which were recruited for the present study included 
the presence of emergency physicians and the 
admission to an emergency room. The large majority 
of the polytraumatised victims from road traffic 
accidents were taken directly to one of the three 
trauma centers in the region. Only few were 
transported to other maximum care hospitals, mostly 
by helicopter and when the collision involved several 

Rescue
Helicopter 60 km
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severely injured. Cases where a patient was initially 
taken to a hospital of lower care level and had to be 
transferred to a maximum care level facility later 
were very rare in our study. 
Fire departments in the region are responsible for the 
technical rescue after traffic accidents. This includes 
especially the extrication of entrapped vehicle 
occupants or if the emergency physician demands a 
patient-oriented rescue, for instance because of 
suspected spine injuries. Furthermore, fire 
departments will be called at night time when 
illumination of the accident scene or landing spots for 
rescue helicopters is required. In contrast to some 
other German federal states, fire departments in the 
region are not directly involved in medical rescue 
with the exception of a few communities where fire 
fighters provide so-called first-responder service to 
bridge the time interval until an ambulance arrives. 
 
Polytrauma 
 
Polytrauma describes the presence of multiple injuries 
or organ systems in several body regions with at least 
one of them or the combination of several injuries 
being life-threatening [11]. In addition, most studies 
require that the resultant Injury Severity Score (ISS) 
[12] be 16 points or higher to qualify as a polytrauma 
[13]. Haeusler et al. [14], however, provided 
examples that various studies have defined a 
polytrauma slightly differently in the past, especially 
between the USA and Germany. This pertains mostly 
to the number of body regions or the minimum 
Abbreviated Injury Scale (AIS) value accounted for 
in the ISS calculation. Both the German Society of 
Traumatologists (DGU) [13] and Tscherne [11] 
emphasized the difference between a polytrauma and 
multiple injuries that do not represent a threat to the 
patient’s vital status. Sometimes, life-threatening 
monotraumata with an AIS of at least four points are 
also subsumed under “polytrauma” although this 
contradicts the intention of describing multiple 
injuries. Where a polytrauma definition demands the 
presence of several injured body regions, variations 
can be found regarding the required lowest AIS to 
qualify as a relevant injury. While an AIS 1 in a 
second body region would suffice some studies 
demand at least an AIS 2 injury to exclude skin 
abrasions or other minor injuries from the injury 
pattern. Another potential source for deviations in the 
ISS values exists in the definition of the body regions 
themselves. According to the coding rules of AIS-98 
[15], the human body is subdivided into the 
head/neck, face, thorax, abdomen, extremities and 
external area. The cervical, thoracic and lumbar spine 
belong to the head/neck, the thorax and the abdomen 
portion, respectively. Earlier definitions for the six 
body regions defined the head separately and 

included the face in the neck region [16]. In certain 
cases, these differences alone will result in different 
ISS values for the same injury pattern. For instance, 
an injury pattern of 

• brain injury (AIS 3) 
• facial injury (AIS 1) 
• cervical spine injury (AIS 2) 
• thoracic injury (AIS 2) 

will result in: 
 
ISS = 32 (AIS head/neck squared) + 
12 (AIS face squared) + 22 (AIS thorax squared) = 14 
 
when applying the current definition of body regions 
and will therefore not fulfill the inclusion criterion of 
ISS > 15 for a polytrauma. The earlier definition of 
body regions will produce: 
 
ISS = 32 (AIS head squared) + 
22 (AIS face/neck squared) + 22 (AIS thorax squared) = 17 
 
and will consequently classify as a polytrauma.  
For different injury patterns, the opposite situation 
may result. These effects should be borne in mind 
when comparing study results from populations of 
trauma patients and polytrauma patients in particular. 
Our study applies the coding rules of AIS-98 and the 
most recent definition of body regions. The inclusion 
criteria for a polytrauma include the documentation of 
injuries in at least two of these regions and require an 
ISS greater than 15 points. Severity levels of AIS 1 
and greater are considered a relevant injury in our 
study if the remaining polytrauma criteria are met. 
Therefore, a single AIS 4 injury, e.g., to the head, that 
is accompanied by an AIS 1 injury in another region, 
e.g., overall abrasions in the external area, will be 
considered a relevant injury pattern. On the other 
hand, bony injuries like single rib fractures or facial 
fractures with an AIS 1 will contribute to a 
polytrauma with this definition whereas they would 
be ignored otherwise. Where no detailed injury 
description was available from patient documentation, 
AIS coding was performed conservatively according 
to the AIS-98 coding rules. 

 
STUDY RESULTS 
 
The following results represent a subset of all 
polytrauma cases from traffic accident incidences in 
the study region during the term between November 
1, 2007 and December 31, 2008. Since the study 
design and method of data collection requires several 
weeks to identify and sufficiently document injuries 
and the circumstances of the collision only a portion 
of all polytrauma cases that occurred during the entire 
study term is currently available for evaluation. The 
accidents included for this work come primarily from 
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the first half of the study period where winter 
conditions may have played a greater role than during 
the second half. 
Furthermore, this subset is restricted to car and van 
occupants who reached the hospital alive and where a 
polytrauma was confirmed according to the criteria 
described above. It needs to be mentioned that 
another 24 car occupants died at the accident scene 
during approximately the same period in the study 
region. Since post-mortem investigations of car 
occupants are rarely conducted in Germany there is 
very little information about their injuries, but 
polytrauma can be suspected in many cases from the 
documented occupant compartment intrusions. In 
addition, 19 polytrauma cases of motor-cyclists, 
cyclists and pedestrians were documented and another 
seven from these groups of road users died before 
being transported to a hospital. 
 
Epidemiology 
 
34 car and minivan occupants suffered a polytrauma 
(at least two body regions with documented injuries 
and an ISS > 15) and were available for further 
analysis. One driver of a small commercial van was 
included because the vehicle design was derived from 
a passenger minivan. A statistical analysis was not 
carried out at this stage, but will be performed with 
more cases being available. 
Of the 34 vehicle occupants, 15 were males and 19 
were females. Except for a 7-year-old rear seat 
passenger, all polytrauma patients were adults with 
the majority between 18 and 45 years of age (Fig. 4). 
While more male occupants were found in the group 
up to 35 years old, female patients dominate in the 
age groups above 35 years. 26 drivers, four front seat 
passengers and four rear seat passengers sustained a 
polytrauma and arrived at the hospital alive. Six of 
them, three male and three female patients, died in the 
trauma center. 
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Figure 4.  Age of car/minivan occupants with 
polytrauma.  
 

Collision configurations 
 
Among the accidents in which vehicle occupants 
sustained a polytrauma, front-to-front collisions with 
another passenger car or commercial vehicle were the 
most frequent (12 cases). In three additional 
collisions, the vehicle impacted a tree head-on and in 
one case the rear of truck-trailer. 
In 13 cases the vehicle side was struck either by the 
front of the crash opponent (6 cases) or in skidding 
accidents when impacting a tree (7 cases). Four 
incidents with a polytrauma patient occurred in which 
the vehicle left the road and rolled. Seven collisions 
involved multi-impacts, mostly situations in which 
the vehicle ran off the road and impacted several 
trees. No polytrauma occurred in accidents where a 
car was struck in the rear. 
Fig. 5 shows the distribution of collision 
configurations among the relevant cases. The 
denotation indicates the impacted side of the vehicle 
with the polytrauma occupant and the affected side of 
the crash opponent or the roadside object. For multi-
impacts, the diagram shows the type of collision 
which represented the most severe of the impacts. 
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Figure 5.  Collision configuration and impacted 
side of vehicles with polytrauma occupants. 
 
 
Occupant protection 
 
Beside the impact severity and collision configuration 
the protection of the occupant with seat belt and 
airbags is of importance. For 63 % of the front seat 
passengers with polytrauma belt use could be 
confirmed, but only one of the four rear seat 
passengers wore a seat belt. As a result, three drivers 
and two rear seat passengers were ejected from the 
vehicle in the accident (Fig. 6). 
Most of the vehicles had a driver airbag and a 
passenger airbag. However, depending on the impact 
severity and direction, only 14 of the 27 driver 
airbags and eight of the 23 passenger airbags 
deployed (Fig. 7). The lower rate of passenger airbag 
deployments can be explained with some vehicles in 
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which airbag deployment is suppressed if the front 
passenger seat is not occupied. No malfunction of the 
frontal airbags, e. g., airbags that had not deployed 
although the crash scenario would have demanded it, 
could be seen in the collective. The crash severity as 
judged by the vehicle deformation was high enough 
to require an airbag activation in the vast majority of 
cases. Only one head-on collision of moderate 
severity with a polytrauma occurred which remained 
under the trigger threshold. In another case, a 
passenger car collided with a small trailer that had 
detached from an oncoming car. Since the impact 
occurred only at the level of the A-pillar the front 
airbags were not activated. 
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Figure 6.  Distribution of seating position and belt 
use of polytrauma occupants. 
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Figure 7.  Airbag equipment and their activation 
in vehicles with polytrauma occupants. 
 
Side airbags designed to cover the thorax portion of 
the occupant and window airbags to protect the head 
in a lateral impact or roll-over were fewer. 15 
vehicles were equipped with side airbags and seven of 
them had additional window airbags. The deployment 
situations were less clear for these types of airbags. In 
singular cases, the window airbag was triggered while 
the side airbag on the same side was not (one frontal 
and one multiple-side collision). In another case, the 

side airbag was jammed between the seat and the 
door and could not unfold completely when the side 
of the car struck a tree. In one moderate and one 
severe side collision with a tree, followed by a roll-
over and a turn-over, respectively, the window 
airbags did not deploy. 
 
Injury severity and injury pattern 
 
According to the collective of patients recruited for 
this study, all injured car and minivan occupants had 
an Injury Severity Score (ISS) higher than 15 (Fig. 8). 
Modal values were found at ISS 17 and ISS 29. The 
median was at ISS 26. A score value of 42 was the 
highest ISS among occupants that arrived alive at the 
hospital. One driver with multiple severe injuries 
from a frontal crash died within minutes after 
admission. Since no diagnostic measures were 
possible an ISS could not be determined for this 
patient and he was eliminated from further injury 
evaluation. 
Since the polytrauma definition applied here requires 
documented injuries in at least two body regions there 
are no ISS values of 16 present. The calculation rule 
for ISS entails that certain numerical values also do 
not exist [17].  
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Figure 8.  Distribution of ISS values among 
car/minivan occupants with polytrauma. 
 
The maximum AIS (MAIS) values as well as the 
second-highest AIS values were determined in order 
to identify the character of these multiple injuries 
(Fig. 9). When two body regions featured the MAIS 
value at the same time the upper region was assigned 
the MAIS, the lower region the second-highest AIS 
(e. g., for AIS 3 both for head and thorax, MAIS 3 
was assigned to the head and second-highest AIS 3 
assigned to the thorax). MAIS 4 were the most 
frequent, followed by MAIS 3 values. Among the 
second-highest values, AIS 3 were the most frequent 
severities. The leading injury severities resulted 
mostly for the thorax and the head/neck region 
(Fig. 10). For the second-most severe injuries found 



Malczyk 7 

per injury pattern, the thorax clearly dominated in 
frequency. 
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Figure 9.  Distribution of highest and second-
highest AIS values of polytrauma occupants. 
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Figure 10.  Body regions with highest and second-
highest AIS values of polytrauma occupants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  AIS 5 and AIS 4 injuries by body 
region and collision configuration. 

Life-threatening head injuries (five AIS 4 and seven 
AIS 5) were recorded in eight collisions which 
included three side impacts into a tree, two front 
impacts also into a tree and two head-on collisions 
with another car. They included subdural hematoma 
and diffuse axonal injury. Very severe head injuries 
were absent in roll-over accidents of the collective. 
Very severe thoracic injuries were found only on the 
AIS 4 level. However, this was the body region with 
the most frequent injuries of this severity (18 times). 
Ten patients had bilateral lung contusions and six had 
serial rib fractures (five of them in combination with 
a pneumothorax or hemopneumothorax). These types 
of injuries occurred both in lateral and frontal impacts 
and with and without belt use. Thorax injury 
severities above AIS 3 were not found in any of the 
roll-overs. 
Abdominal injuries higher than AIS 3 were small in 
number and pertained only to liver ruptures (3 times). 
Spine injuries were frequent, but usually did not 
exceed an AIS 2 value. However, five AIS 3 spine 
injuries occurred (four of them pertaining to the 
cervical spine), three of them in lateral impacts into a 
tree and one in conjunction with a pure roll-over. The 
only AIS 5 injury to the spine resulted from an 
unbelted driver who was ejected from her car also in a 
roll-over and sustained a translation injury at the C3-
C4 level with a complete cord syndrome. 
Injuries to the face and to the extremities were 
frequent, but did not exceed AIS 3 values in any of 
the documented polytrauma cases. 
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Of the six patients who died in the hospital, five were 
drivers and one was a rear-seat passenger. One belted 
driver was killed when her compact car skidded on 
the snow-covered road and hit a tree with the left door 
(ISS 29). The side airbag could not unfold completely 
from the seat back and the window airbag was not 
triggered. In another case, the unbelted driver died 
after his large-size car had side-swept one tree and 
then struck another tree head-on (ISS 33). The driver 
sustained three AIS 5-rated brain injuries while the 
injuries in the other body regions did not exceed an 
AIS 2-level. 
Two fatalities each occurred in collisions where the 
drivers of the oncoming cars had lost control and 
collided head-on with the patient’s vehicles. In both 
cases, the driver airbag was activated, but their cars 
received severe intrusions into the occupant 
compartment and the drivers’ head, thorax, abdomen 
and extremity regions were injured. 
The remaining fatalities occurred on street crossings 
in urban areas, each. One was an 81-year old driver 
whose small car was struck in the driver side under a 
90° angle by a truck and 51-year old rear-seat 
passenger of a van who was ejected from the vehicle 
when it was hit by passenger car. Both received 
severe head and thorax injuries (ISS 30 and ISS 42, 
respectively). 
 
Rescue system 
 
Information on the rescue times and the dispatched 
rescue vehicles was available for most of the relevant 
accidents. A simple overview of the times between 
the incoming emergency call at the dispatch center 
and the arrival at the hospital demonstrates that in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Time from emergency call to hospital 
admission and technical rescue measures. 

many cases the theoretical goal of a maximum of one 
hour between the accident and treatment in a suitable 
hospital could not be achieved. It needs to be 
remarked here that the German rescue system with 
qualified medical staff already at the accident site 
allows to screen the patient for potential injuries and 
to take measures to stabilize respiration and 
circulation. In a number of accidents the occupant had 
to be extricated from the vehicle by the fire 
department. These actions reached from simple 
opening or removal of jammed vehicle doors to 
removing the car’s roof and applying hydraulic rescue 
cylinders to free entrapped occupants. The overall 
rescue times appear not be substantially prolonged by 
these measures. Interviews with the local fire 
departments showed that in the majority of cases the 
technical rescue could be carried out without any 
problems. Since the overall duration of the rescue 
chain is influenced by various parameters, like 
weather and light conditions, accessibility of the 
accident location and pre-hospital measures, no 
conclusions can be drawn directly. A closer analysis 
of the different phases of the rescue chain and their 
time should therefore be conducted. 
 
DISCUSSION AND CONCLUSIONS 
 
The results of the analysis of most severe multiple 
injuries sustained by vehicle occupants confirm many 
findings from earlier research. Otte et al. [18] 
compared polytrauma injury patterns from traffic 
accidents in the mid-seventies with those from the 
late nineties. They reported that in contrast to the 
earlier collective with severe injuries in almost all 
body regions, the later study group showed life-
threatening injuries primarily in the head and thorax  

Occupant extrication and overall rescue time

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

Technical rescue measure

Time from  emerg. call to 
hospital admiss . [m in.]

only door 
opening/rem oval

roof removal or 
ins trum ent panel 

displacem ent

no extrication roof rem oval and 
ins trum ent panel 

displacement

unknown

n = 25 polytraumata, 
with docum. rescue times



Malczyk 9 

region. Impacts into narrow objects like trees were 
considered the major cause for these types of injuries. 
Bakaba et al. [19] analysed the German national road 
accident statistics and found that more than 1,000 
fatalities occurred in impacts into trees in 2007. 85 % 
of these accidents happened on country roads. 
Our results show a stronger dominance of head-on 
collisions between motor vehicles among the 34 
polytraumatised occupants concerning the number of 
accidents. Nevertheless, impacts into trees, both 
involving the front and the side of the car, produced 
nearly the same amount of AIS 5 and AIS 4 injuries 
like collisions with other motor vehicles (Fig. 11).  
Two of the six fatalities among the 34 patients were 
the result of tree impacts. One contributing factor is 
that the impact energy is dissipated almost entirely on 
the side of the car and over a rather small portion of 
the vehicle structure when a tree is struck. 
Where polytraumatised occupants were involved in 
collisions with other cars, the occupant compartment 
showed severe intrusions and extrication of the 
patient was required in most cases. Despite the 
presence and activation of frontal airbags the steering 
wheels as well as the lower instrument panels were 
significantly deformed in several of the frontal 
collisions. This indicates that these cars where 
subjected to substantially higher impact severities 
than what they were designed for. 
The collective of collisions involving polytrauma 
includes a large portion of accidents which were 
caused when the driver lost control of his vehicle on a 
slippery road surface. In consequence, the car either 
moved to the opposite side of the road and collided 
with oncoming traffic or ran off the road where it 
struck a roadside object or had a roll-over. There may 
be a bias in our material due to the fact that most of 
the accidents came from the winter period of the 
study term. 
A considerable share among the occupants with a 
polytrauma were unbelted (nine confirmed unbelted 
of 34) while the belt use rate for Germany is 95 % in 
average for car occupants according to the surveys of 
the German Highway Research Institute [20]. This 
supposed contradiction may be explained in part by 
the fact that unbelted occupants generally have a 
higher risk of being severely injured in a crash. Thus, 
our collective of polytrauma patients may particularly 
filter out the unbelted. In addition, other studies found 
that drivers who do not use their seat belt also tend to 
display more risk-taking in their driving behaviour 
[21]. 
Interestingly, more women than men can be found in 
our population of polytrauma patients. This appears to 
be in contrast to some studies on polytrauma that 
reported a clearly larger number of males than 
females in their material [22]. There could be several 
reasons for this phenomenon: first, many studies on 

polytrauma included patients irrespective of the injury 
mechanisms. Since these studies include not only 
traffic accidents, but also mechanisms like falls from 
great height or workplace accidents, men may 
represent such a large share among these groups that 
this affects also the average ratio of male patients in 
the entire population. Furthermore, polytrauma 
patients from traffic accidents comprise also 
pedestrians, cyclists and motor-cyclists whereas our 
cases are based exclusively on vehicle occupants. 
Especially the group of motor-cyclists shows a vast 
share of male users and accident victims as well. With 
the future inclusion of other road users in addition to 
vehicle occupants from our study region an answer 
can be expected. If further evaluation confirms that 
female car occupants are more prone to sustain severe 
multiple injuries investigations either into the gender-
specific causes of these crashes or into the tailoring of 
safety systems for women should be intensified. 
Modern car structures and restraint systems with 
airbags and advanced belt systems, including belt 
tensioners and force limiters in some of the vehicles, 
have presumably prevented or reduced head injuries 
in frontal impacts among the polytrauma occupants in 
our study. Thus, thorax injuries have gained in 
importance. They are dominated in our material by 
lung contusions; in frontal impacts often in absence of 
any rib fractures, in side impacts also in conjuction 
with rib fractures or hemo- or pneumothorax. 
While there is indication that the deployed window 
airbags contributed much to the prevention of head 
injuries in some of the side impacts of our study, 
thoracic injuries are present also with thorax side 
airbags. Several of the severe lateral impacts into a 
tree were preceded by other, mostly lighter impacts. It 
is not possible to tell from the documentation when 
the side airbags were triggered, but it can be assumed 
that some deployed during the first contacts before 
the most severe impact occurred. While window 
airbags are usually designed to retain their bag 
pressure for some seconds thorax side airbags, like 
frontal airbags, will deflate almost instantly. It should 
therefore be investigated in the future whether 
pressure retention would be beneficial also for thorax 
side airbags in multi-collisions and whether this 
would present a disadvantage for the occupant in 
single impacts. 
In several accidents with a lateral tree impact the car 
was slightly tilted about the longitudinal axis when 
the contact with the object occurred. Hence, the 
deformation was larger in the roof portion than on 
window sill level. In some of these cases the window 
airbags were not activated although they probably 
would have had a protective effect. If it can be 
verified that this is a common impact scenario for 
side crashes it be should be accounted for in window 
airbag trigger algorithms. 
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Among the five fatalities with known ISS, there were 
three that exhibited several severe head injuries at the 
same time. In the maximum, one driver sustained 
three AIS 5 and two AIS 3 injuries to the brain alone. 
Because the ISS calculation rule accounts only for the 
most severe of the injuries in one body region the ISS 
value will rather underestimate the mortality risk in 
such cases. 
Currently, our work incorporates a rather small 
number of polytrauma cases from the study region. 
With documentation of the remaining polytrauma 
patients and the corresponding circumstances of the 
accidents becoming available the database will be 
strengthened to allow statistical evaluation in more 
depth. 
 
ACKNOWLEDGMENTS 
 
This study is funded by the Loss Prevention 
Commission of the German motor insurers. The 
authors would like to thank all supporting 
organisations and individuals who have either given 
permission to access data or have actively contributed 
with information, documentation and expertise. 
Special appreciation is extended to the Ministries of 
Interior of Baden-Wurttemberg and Bavaria, the 
police headquarters Ulm, Schwaben Sued-West and 
Schwaben-Nord and the fire departments of the Alb-
Donau-Kreis, the Landkreis Neu-Ulm, Guenzburg, 
Dillingen/Donau, Augsburg, Aichach-Friedberg and 
the cities of Ulm and Augsburg, the emergency 
dispatch centers in Ulm, Krumbach and Augsburg 
and the staff at the hospitals at the University 
Hospital and Hospital of the German Armed Forces in 
Ulm and the Augsburg Hospital. This study would 
not be possible without their dedication. 
 
REFERENCES 
[1] Höhnscheid KJ, Lippart D, Bartz R, 2005, 

„Kurzinfo 5/05“, Kurzinfos der Bundesanstalt für 
Straßenwesen, 15.7.2008, 
http://www.bast.de/cln_007/nn_40694/DE/ 
Publikationen/Infos/2005-2004/05-2005.html,  

[2] http://www.bast.de/cln_007/nn_42716/DE/ 
Forschungsprojekte/laufende/fp-laufend-
u3.html, 18.1.2009 

[3] Busch S, 1994, „Verkehrsunfallfolgen 
schwerstverletzter Unfallopfer“, Berichte der 
Bundesanstalt für Straßenwesen, Mensch und 
Sicherheit, issue M 25 

[4] Haas NP, von Fournier C, Südkamp NP, 1997, 
„Traumazentrum 2000 - Wieviel und welche 
Traumazentren braucht Europa um das Jahr 
2000?“, Unfallchirurg 100, pg. 852 – 858 

 

 
[5] Kühne CA, Ruchholtz S, Buschmann C, Sturm J, 

Lackner CK, Wentzensen A, Bouillon B, Weber 
M, 2006, „Polytraumaversorgung in 
Deutschland – Eine Standortbestimmung“, 
Unfallchirurg 109, pg. 357 - 366 

[6] Liener U, Rapp U, Lampl L, Helm M, Richter G, 
Gaus M, Wildner M, Kinzl L, Gebhardt F, 2004, 
„Inzidenz schwerer Verletzungen, Ergebnisse 
einer populationsbezogenen Untersuchung“, 
Unfallchirurg 107, pg. 483 – 490 

[7] Malczyk A, Mayr E, Ecker M, Feitenhansl A, 
Weber C, Lampl L, Helm M, Kulla M, 
Gebhard F, Liener U, 2008, „A Prospective and 
Interdisciplinary Study on Polytraumata 
in Traffic Accidents“, proceedings of ESAR 
2008 Expert Symposium on Accident Research, 
Sept. 5 – 6, 2008, Hannover 

[8] www.kreisnavigator.de, 24.3.2007, data base of 
structural data of German counties (Landkreise) 
and cities (kreisfreie Städte) 

[9] www.kommon.de, 24.3.2007, data base of 
structural data of German counties (Landkreise) 
and cities (kreisfreie Städte) 

[10] Ministerium fuer Arbeit, Soziales, Gesundheit 
und Frauen des Landes Brandenburg (editor), 
Ausschuss “Rettungswesen”, Konsensgruppe 
“Luftrettung”, 2004, “Weiterentwicklung der 
Luftrettung in Deutschland, Abschlussbericht 
zur Phase II“, pg. 282, 
http://www.stmi.bayern.de/imperia/md/content/ 
stmi/sicherheit/rettungswesen2/publikationen/au
sschussrettungswesen/abschluss_luftrettung_ 
phase2.pdf 

[11] Tscherne H (editor), 1997, “Unfallchirurgie – 
Trauma Management”, Springer, Heidelberg 

[12] Baker SP, O’Neill B, Haddon WJ, Long WB, 
1974, “The injury severity score: a method for 
describing patients with multiple injuries and 
evaluating emergency care”, Journal of Trauma 
Vol. 14, pg. 187 – 196 

[13] Deutsche Gesellschaft fuer Unfallchirurgie 
(DGU), “Leitlinien Polytrauma”, 27.8.2008, 
http://www.dgu-
online.de/de/leitlinien/polytrauma.jsp 

[14] Häusler JM, Zimmermann H, Tobler B, Arnet B, 
Hüsler J., 2001, “Die volkswirtschaftlichen 
Kosten von Polytrauma”, Luzern/Bern 

[15] Assoc. for the Advancement of Automotive 
Medicine (AAAM), 1998, “Abbreviated Injury 
Scale (AIS) 1990 - Update 98”, Barrington, IL 

[16] Arbeitsgemeinschaft “Polytrauma” der DGU, 
2003. “Jahresbericht 2002 des Traumaregisters 
der Arbeitsgemeinschaft Polytrauma der DGU”, 
Cologne, chapter 8 

[17] Stevenson M, Segui-Gomez M, Lescohier I, Di 
Scala C, McDonald-Smith G, 2001, “An 



Malczyk 11 

overview of the injury severity score and the 
new injury severity score”, Injury Prevention, 
Vol. 7, pg. 10 – 13 

[18] Otte D, Pohlemann T, Wiese B, Krettek C, 2003, 
“Änderung des Verletzungsmusters 
Polytraumatisierter in den zurückliegenden 30 
Jahren”, Der Unfallchirurg, Vol. 106 (6), pg. 448 
– 455, Springer, Heidelberg 

[19] Bakaba JE, Ortlepp J, 2009, “Die Bedeutung der 
Bekämpfung von Baumunfällen bei der 
Verbesserung der Verkehrssicherheit auf 
Landstraßen”, Zeitschrift für Verkehrssicherheit, 
issue 2/2009, Cologne 

[20] Evers C, 2008, “Gurte, Kindersitze, Helme und 
Schutzkleidung - 2007”, Wissnschaftliche 
Informationen der Bundesanstalt für 
Straßenwesen, 02/2008, Bergisch Gladbach 

[21] Siegel JH, Mason-Gonzales S, Dischinger PC, 
1993, “Causes and costs of injuries in multiple 
trauma patients requiring extrication from motor 
vehicle crashes”, Journal of Trauma, Vol. 35, no. 
6, pg. 920 – 931 

[22] Bardenheuer, M, Obertacke U, Waydhas C, 
Nast-Kolb D, AG Polytrauma der DGU, 2000, 
“Epidemiologie des Schwerverletzten”, Der 
Unfallchirurg, Vol. 103, pg. 355 – 363 

  
 
  



ANALYSIS OF 3D RIGID BODY MOTION USING THE NINE ACCELEROMETER ARRAY AND THE 
RANDOMLY DISTRIBUTED IN-PLANE ACCELEROMETER SYSTEMS 
 
Erik G. Takhounts 
NHTSA 
Vikas Hasija 
GESAC, Inc 
Rolf H. Eppinger 
NHTSA (retired) 
United States 
Paper Number: 09-0402 
 
ABSTRACT 
 
The nine accelerometer array sensor package is used 
extensively in injury biomechanics research to obtain 
the rotational acceleration time histories of a rigid 
body. It has been shown in the past to remain 
computationally stable while the alternative, the six 
accelerometer array, becomes unstable in the 
presence of small inaccuracies in the individually 
measured accelerations. The nine accelerometer array 
process achieves its stability by requiring the 
measurement of three rotational accelerations, thus 
eliminating the six accelerometer array’s dependency 
on having knowledge of the rigid body’s three 
rotational velocities at each instant in time.  The nine 
accelerometer array’s additional three measurements 
also provide other important benefits:  1. Identifying 
whether or not any one of the nine translational 
acceleration measurements is inconsistent with rigid 
body motion, 2. If an incorrect acceleration is found, 
determining what the actual time history should be 
for that case, 3. Use of optimization methodology to 
obtain the best possible solution for the rigid body 
motion.  This paper presents the derivation of an 
additional set of constraint equations that a given set 
of nine linear accelerations must satisfy to be 
consistent with rigid body motion, demonstrates how 
an inconsistent acceleration input is discovered, and 
describes the process by which the true time history 
of the acceleration is recovered. In addition, 
optimization methodology is introduced to obtain the 
best possible solution for a randomly distributed in-
plane accelerometer system when errors in 
measurements are artificially introduced. 
 
INTRODUCTION 

The Nine Accelerometer Array Package (NAAP) 
uses translational accelerations to describe the 
angular motion of a rigid body. It has been used 
extensively in injury biomechanics research to obtain 
human and dummy head 3D kinematics (Hardy et al., 
2001, 2007, Takhounts et al., 2003, 2008). This 
sensor package typically uses nine accelerometers 

placed in a 3-2-2-2 configuration (Figure 1) to track 
the motion of a rigid body (Padgaonkar et al., 1975). 
The advantage of this configuration was shown to be 
in the stability of the NAAP when compared to the 
six accelerometer array (Figure 2) which required the 
knowledge of rotational velocities at each instant of 
time. This stability advantage of the NAAP is 
achieved at the expense of measuring three additional 
translational accelerations (in Figure 1 the three 
additional accelerations are a2x, a3x, and  a3y).  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  Nine accelerometer array configuration. 
 

 

 

 

 

 

 

 

Figure 2.  Six accelerometer array configuration. 
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It will be shown in this paper that these tree 
additional measurements are not independent and are 
subject to the rigid body constraints. To do so, first 
consider a general 3D motion of a rigid body (Figure 
3) about a fixed point that is the same as the motion 
of point B measured by the observer located at point 
A.
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Figure 3.  Rigid body subjected to a 3D general 
motion. 

This relative motion occurs about the instantaneous 
center of rotation and is defined by: 

vB/A  = ω × rB/A                      (1) 
 

and            aB/A  = α × rB/A  +  ω × (ω × rB/A ),        (2) 
 

where vB/A and aB/A  are the relative velocity and 
acceleration of point B with respect to point A, ω and  
α are rotational velocity and acceleration. For 
translating axes, the relative motions are related to 
absolute motions by vB = vA + vB/A and  aB = aA + aB/A, 
and the absolute velocity and acceleration of point B 
are determined from the following equations: 
 

vB  = vA  + ω × rB/A                  (3) 
 

aB = aA + α × rB/A  +  ω × (ω × rB/A ).        (4) 
 

If the vectors are defined as: aA = [aAx, aAy, aAz]T, aB = 
[aBx, aBy, aBz]T, α = [αx, αy, αz]T,        ω = [ωx, ωy, ωz]T, 
and rB/A = [rx, ry, rz]T, then equation 4 can be rewritten 
in the component form: 
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Equations 5 will be used extensively throughout the 
paper in deriving both – the closed form constraints 
equations for the NAAP and the optimization based 
solution for a randomly distributed in-plane 
accelerometer system. 

 

METHODOLOGY 
 
NAAP Constraints Equations 
 
Consider the 3-2-2-2 NAAP configuration illustrated 
in Figure 1 arranged within a rigid body. The 
accelerations of points 1, 2, and 3 with respect to 
point 0 can be expressed using equations 5.  For 
points 1 and 0 substitute 1 for B, 0 for A, rB/A = r1 = 
[rx, 0, 0]T , where rx is the distance between points 1 
and 0: 
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Similarly, for points 2 and 0, substitute 2 for B, 0 for 
A, rB/A = r2 = [0, ry, 0]T, where ry is the distance 
between points 2 and 0: 
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For points 3 and 0, substitute 3 for B, 0 for A, rB/A = r3 
= [0, 0, rz]T, where rz is the distance between points 3 
and 0: 
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From equations 7 and 8, αx is found to be:  
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Similarly, αy is found from equations 6 and 8: 
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and αz is found from equations 6 and 7: 
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By adding the paired equations 9, 10, and 11, the 
three angular accelerations αx, αy, and αz can be 
expressed as functions of the nine translational 
accelerations and the arm lengths, i.e.: 
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Equations 12 are given in Padgaonkar et al. (1975), 
and currently serve as the basis for derivation of 
angular motion of a rigid body from a set of nine 
translational accelerations.   Translational 
accelerations, as shown in equations 12, are usually 
functions of time.  Therefore, angular velocities of 
the rigid body could be obtained by simply 
integrating equations 12 with respect to time: 
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However, by subtracting the paired equations 9, 10, 
and 11 from each other, another set of equations can 
be found: 
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To fully describe a general 3D motion of a rigid body 
in space and time all nine equations 12 – 14 must be 
satisfied. This implies that nine measured 
acceleration in a NAAP configuration are not 
independent functions of time, but rather are bound 
by the additional set of equations (14). Let’s call 
these equations – rigid body constraint equations. 
  
To illustrate this point, consider a simple example of 
pure rotation of a rigid body where:   

 
a0x(t) = a0y(t) = a0z(t) = 0,                  (15) 

 
and the remaining six accelerations are identical 
functions of time: 
 
a1y(t) = a1z(t) = a2x(t) = a2z(t) = a3x(t) = a3y(t) = t.  (16) 

 
Then, equations (12) become: 
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Integrating these equations (17) with respect to time 
gives the following angular velocities: 
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Using equations 18, the products of the angular 
velocities are found to be: 
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However, substituting equations 15 and 16 into 14 
directly yields another relationship for the products of 
the angular velocities: 
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Comparing equations 19 and 20 and noticing their 
inequality it can be conclude that the conditions 12, 
13, and 14 cannot be satisfied simultaneously if nine 
translational accelerations are chosen in the arbitrary 
form of 15 and 16.  In other words, in order to satisfy 
equations 12, 13, and 14, the nine translational 
accelerations cannot be arbitrary functions of time.  
 
Closed Form Solutions for an Erroneous Channel 
in NAAP 
 
Suppose it is known that one of the accelerations in 
Figure 1, e.g. a1y(t), a1z(t), a2x(t), a2z(t), a3x(t), or a3y(t) 
is not measured properly or missing. Assume first for 
the sake of simplicity that the accelerations at point 0 
a0x(t), a0y(t), and a0z(t) are measured properly. To 
identify and correct the improperly measured trace 
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equations 12 – 14 will be used. From the first set of 
equations (14) the acceleration trace a2z(t) can be 
expressed as: 
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Using equations 13 for ωy(t) and ωz(t) and equations 
12 for αy(t) and αz(t), and substituting them into the 
equation above for a2z(t) (21), we get: 
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In a functional form the above equation can be 
rewritten: 
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(22a) 
 

It should be observed that the acceleration trace a2z(t) 
is a function of all the other eight acceleration traces 
in the array and the distances rx, ry, and rz.  This 
means that if acceleration trace a2z(t) was measured 
incorrectly, but all the rest traces were correct, the 
correct a2z(t) can be calculated using equation 22.   
Similarly, for the rest accelerations the relationship 
will be: 
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Each one of the six computed acceleration traces (22 
through 27) in the nine accelerometer array can be 
compared with the corresponding originally 
measured acceleration trace.  If one of the computed 
traces is not coincident with that originally measured, 
then the originally measured acceleration trace 
contains an error, and it should be replaced with the 
computed one.  If more than one of the computed 
traces is not coincident with the corresponding 
originally measured traces, then the error could be in 
one of the three accelerations [a0x(t), a0y(t), or a0z(t)], 
or may be due to more than one of the acceleration 
traces (or arm lengths) being measured improperly.    
To check for an incorrect trace, first let’s derive 
additional equations for the three acceleration traces 
at point 0: a0x(t), a0y(t), and a0z(t).    From the second 
equation of set 14 and by using relations 12 and 13, 
a0x(t) can be expressed as: 
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 (28a) 
 

Similarly, from the third equation of set 14: 
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If equations 28a and 28b yield the same result, then 
all nine traces are self-consistent and no further 
investigation is required.  However, if these equations 
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don’t yield the same result, then the acceleration trace 
a0x(t) should be expressed as a function of the 
remaining eight acceleration traces.  One of the 
possible ways to accomplish this is to subtract 
equation 28b from 28a and solve the newly obtained 
equation for the velocity : ∫

t
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 (29) 
The equation above allows for the calculation of the 
acceleration a0x(t) when the other eight accelerations 
in the nine accelerometer array are known.   
Similarly for the acceleration trace a0y(t), from the 
first equation of set 14: 
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 (30a) 
And by following the previous method, from the third 
equation of set 14: 
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 (30b) 
By subtracting 30b from 30a: 
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(31) 
Again, for the acceleration trace a0z(t), from the first 
equation of set 14 we have: 
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 (32a) 
and from the second equation of set 14: 
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 (32b) 
By subtracting 32b from 32a:  
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 (33)  
 
The derived above equations 22 through 27, 29, 31, 
and 33 give the closed form solution for each 
acceleration trace in a NAAP configuration (Figure 
1) as a function of the rest eight traces in the array, 
thus allowing for correction/calculation of any 
inaccurate/missing acceleration trace. An example in 
the Results section illustrates the use of these 
equations. It should be noted, however, that the 
closed form solutions above are given under the 
assumption of one inaccurate trace out of nine. If 
there are measuring errors in more than one trace 
then the optimization methodology similar to the one 
presented below should be utilized. 
 
Optimization Methodology for an In-plane 
Accelerometer Array Configuration 
 
Consider a rigid body (Figure 4) with a set of 
translational accelerometers affixed to it at random 
locations with the known coordinates in a global 
coordinate system XYZ. For each point in Figure 4 
equations similar to equations 5 can be written and 
solved for angular accelerations ),,( zyx ααα . These 
angular accelerations are then served as the design 
variables so that the cumulative error given in 
equation 34 is minimized at each time step between 
the measured translational accelerations and the 
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corresponding computed translational accelerations 
derived from equations 5. 

  

 

 

 

 

 

 

 

 

Figure 4.  Rigid body with accelerometers affixed 
to it at random locations. 

The objective function (error function) minimized at 
each time step is defined as: 
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(34) 

where n is the number of points from which the 
acceleration data is obtained, m is the measured, and 
c is the computed data. This methodology allows for 
obtaining 3D angular accelerations that best satisfy 
all translational acceleration time histories at all 
given points. 

 

RESULTS 

Example of a Closed Form Solution 

This example first takes a consistent set of nine 
accelerations from one of the NHTSA conducted 
NCAP tests, calculates angular accelerations using 
only Padgaonkar equations (12), then inputs these 
angular accelerations into a rigid body finite element 
model of a human skull (Figure 5) that calculates 
translational accelerations at the locations similar to 
those used in NAAP, and then compares the model 
output with the original measured translational 
accelerations.   
Next, one of the acceleration traces from the initially 
consistent set of nine accelerations was modified in 
the manner shown in Figure 6 in which the signal 
was clipped in half of its original amplitude. The 
purpose of this was to see the effect of this clipping 
procedure on the computed translational accelerations 
output from the model (Figure 7) 
Figure 8 shows the results for the original and 
computed sets of accelerations confirming 

consistency of the original set, Figure 9 shows the 
results of all nine traces after one of them was 
clipped. 
 

 

X 

Y

Z 

Figure 5.  Rigid human finite element skull with 
accelerometer locations shown. 
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Figure 6.  An original and clipped acceleration 
traces. 
 

 
Figure 7.  An original (blue), clipped (green), and 
model output (magenta) acceleration traces. 
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Figure 8.  Consistent set of nine accelerations. 
 

It is clear from Figure 9 that by clipping one of the 
original traces, then calculating angular accelerations 
using equations 12, and applying them to the finite 
element model, yields results that are inconsistent 
with the original set of translational accelerations. 
Interestingly, as illustrated in Figure 9, almost all of 
the original traces were affected by clipping only one 
of them. This illustrates the point that was made 
previously using equations 15 through 20. 
The consistency/inconsistency of nine acceleration 
traces in NAAP can also be illustrated through the 
use of constraints equations (14). For a consistent set 
equations 14 will be satisfied, while opposite is true 
for an inconsistent set. 
Equations 14, however, along with the derived above 
equations 22 through 27, 29, 31, and 33 can be used 
to identify and correct the erroneous trace. The 
procedure for this identification and correction is as 
follows: 

1. Compute αx, αy, αz using original traces 
and Padgaonkar equations 12, 

2. Compute products of angular velocities 
ωxωy, ωxωz, ωyωz using rigid body 
constraint equations 14, 

3. Compute each translational acceleration 
time history as a function of the remaining 
eight accelerations and radius vectors using 
equations 22 through 27, 29, 31, and 33, 

4. Compare computed and original eight 
translational accelerations (excluding the 
one under consideration) and find their 
cumulative error using equation similar to 
34, 

5. When the cumulative error is very small, the 
erroneous trace is found and it should be 
substituted with it’s computed equivalent. 

When the described above procedure was applied to 
the set of nine acceleration traces with one of them 
clipped, the clipped trace was identified and 
substituted with its computed equivalent giving 
results similar to the one shown in Figure 8 with all 
the traces overlapping each other. 
 
Optimization Methodology Example 
 
Consider a small triangular plate with accelerometers 
mounted in the manner shown in Figure 10. The 
small size of the plate is chosen such that it fits into a 
mouthpiece of a boxer, football or hokey player.   
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Figure 9.  Inconsistent set of nine accelerations (magenta) as compared with the original consistent set (blue). 
 
Using the general equations 5, translational 
accelerations shown in Figure 10 can be expressed 
as: 
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(37) 
where αx, αy, αz are angular accelerations of the 
plate, ωx, ωy, ωz are angular velocities, and rx, ry, rz 
are distances between points 1, 2, and 3 in the 
directions X,Y, and Z respectively. 
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Figure 10.  Small triangular plate setup with nine 
accelerometers fixed at points 1, 2, and 3. 
 
Using numerical finite element model of the rigid 
triangular plate an arbitrary 3D motion was applied to 
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generate the nine consistent traces. Figure 11 shows 
comparison of the angular accelerations from the 
finite element model with those obtained using 
optimization (equations 35 – 37, and 34 as an 
objective function). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Original versus optimized angular 
accelerations. 
 
Assume now that there is a 3% cross-axis sensitivity 
error for each tri-axial accelerometer located at points 
1, 2, and 3 in Figure 10. This error can be expressed 
as: 

iziyixix aaaa 03.003.0 ++=

izixiyiy aaaa 03.003.0 ++=

iyixiziz aaaa 03.003.0 ++=

iziyixix aaaa 03.003.0 ++=

izixiyiy aaaa 03.003.0 ++=

iyixiziz aaaa 03.003.0 ++=
 

When the new (erroneous) accelerations (38) are used 
in place of the old traces obtained from finite element 
simulation and the optimization procedure, described 
above, applied to this new set of accelerations, the 
resulting angular accelerations are identical to those 
shown in Figure 11. 
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This procedure demonstrates the applicability of the 
optimization methodology to recover proper set of 
acceleration traces when some of the channels are 
contaminated with random errors. The closed form 
solution for this hypothetical situation is not currently 
available. 

Alpha-X-Opt
Alpha-X-Original

 
DISCUSSION 
 
This paper demonstrates some of the limitations in 
the use of NAAP when only Padgaonkar equations 
(12) are considered. In particular, if one or more of 
the accelerometers in the array are not measured 
properly, the resulting kinematics of a rigid body is 
substantially affected because these errors are present 
in the computed angular accelerations. To correct for 
these possible errors, two methods were derived in 
this paper and their use was demonstrated.  
The first method – the closed form solution - uses 
additional constraint equations (14) to express each 
accelerometer in the array as a function of the other 
eight. The computed and original translational 
accelerations can then be compared, erroneous 
acceleration identified, and replaced. This method is 
limited to the cases when one of the acceleration 
traces is incorrect. It was also demonstrated that nine 
accelerations in the NAAP are not independent of 
each other, but rather bound by the rigid body 
constraints. This is somewhat intuitive because a 
rigid body has six degrees of freedom and any 
additional measure beyond six must be governed by 
an additional constraint.  In the case of NAAP, three 
additional accelerations are governed by three 
additional constraints – equations 14. 
The second method – the optimization method – uses 
angular accelerations as design variables for the 
objective function set to minimize the 
differences/errors between the measured and 
computed translational accelerations. This method, 
although not as elegant as the first one, can be used 
when multiple channels of accelerations in NAAP or 
any other configuration are not measured properly. 
Both methods can be used by the biomechanical 
laboratories to analyze and gain confidence in the 
measures of angular kinematics of human or dummy 
heads.  
 
 
 
 

A
lp

ha
-X

 (r
ad

/s
^2

) 

-3000 
-2000 
-1000 

0 
1000 
2000 
3000 
4000 

0 0.05 0.1 0.15 0.2 0.25 0.3

Time (sec) 

Alpha-Y-Opt
Alpha-Y-Original

A
lp

ha
-Y

 (r
ad

/s
^2

) 

-
1000 

-
800 

-
600 

-
400 

-
200 

0

20
0 

40
0 

60
0 

0 0.0
5 

0.
1 

0.1
5 

0.
2 

0.2
5 

0.
3

Time (sec) 

Alpha-Z-Opt
lpha-Z-Original A

A
lp

ha
-Z

 (r
ad

/s
^2

) 

i = 1 to 3. (38)

  
Takhounts 9   



CONCLUSIONS 
 
The paper presents two methodologies to analyze 
angular kinematics of a rigid body when an array of 
translational accelerometers is used as the motion 
sensing device. It was demonstrated that: 

• Nine accelerometer measures in NAAP are 
not independent, but rather constrained, 

• The constraint equations can be derived and 
used to identify and correct an erroneous 
acceleration trace using a closed form 
solution method, 

• The closed form solution method is limited 
to one erroneous accelerometer trace in the 
array, 

• Optimization methodology can be utilized to 
correct errors in multiple channels of 
translational accelerometers. 
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ABSTRACT 

The importance of a vehicle sub-frame is often 

discussed in vehicle compatibility. To observe how 

the sub-frame geometry influences the vehicle 

response, three different sub-frame configurations 

were modeled and simulated in US NCAP crash test 

configurations as well as car-car simulations. The 

former simulations were used to observe how the 

design changes would influence self protection in a 

crash test influencing the original design of the 

vehicle. The latter simulations were to observe how 

the modification would influence vehicle 

compatibility under “real world” conditions. 

 

The rigid barrier impacts could detect the changes 

in the design.  The most forward placement of the 

sub-frame had a stiffer response than the other 

configurations as observed in acceleration pulse and 

barrier wall loads. Self protection also tended to be 

improved over the baseline configuration. In car-car 

testing, it was difficult to identify a clear subframe 

configuration that provided improved compatibility. 

Both the standard and forward placed subframe had 

better performance than the most rearward 

configuration. Neither the baseline nor extended 

sub-frame versions were clearly better for all car-car 

impact configurations but an extended sub-frame 

exhibited better self protection, especially when the 

vehicle was lower than its collision partner. 

 

INTRODUCTION 

The main problem in frontal collisions between two 

vehicles with similar - or even identical - structures 

and mass are the geometrical mismatches that can 

occur. The geometric incompatibility has two main 

origins, the pre-impact alignment of the vehicles 

and the structural layout. The horizontal 

misalignment is often called the fork effect and a 

vertical misalignment is referred to as 

under/overriding. Horizontal overlap of the vehicles 

is highly unpredictable and can vary more than 

1.5m for different crash scenarios. Vertical 

misalignment is not influenced as much by vehicle 

alignment as the vertical positions of structures 

seldom varies more than a few centimeters from a 

reference condition. Thus variations within the 

vehicle structures are the main source of vertical 

misalignment.  

 

The challenge to design vehicles for compatibility is 

to achieve good vehicle crash performance that can 

accommodate the foreseeable impact orientations 

for lateral overlap and interact with the vertical 

structural variations within the vehicle fleet. 

Because of the large range of geometric possibilities, 

many researchers promote the concept of structures 

with many vertical load paths with strong lateral 

connections [1,2]. The idea is that the distribution of 

load carrying elements across the vehicle front can 

interact with a wide variation of vehicle designs and 

impact configurations. One proposal for vehicle 

designs to improve compatibility is the inclusion of 

a lower load path and many vehicles already have a 

sub-frame that can provide this function. 

 

The structural layout of different vehicles was 

investigated in a recent European Community 

funded projects VC-Compat [ 3 ]. The database 

developed in VC-Compat is the most relevant 

information as it contains relatively modern 

vehicles. To demonstrate the role of a sub-frame in 

frontal crashes, the alignment between vehicle 

structures was analysed [4] and 

 

Figure 1 shows the results for longitudinals and 

subframes.  

 

Crash testing of vehicles with and without sub-

frames has been conducted in various research 

activities[2,3,5 ]. However controlled changes in 

overlap height and horizontal offset has not been 

possible due to the costs. As a first step to 

understand how the front structures perform due to 

different vertical and horizontal alignments, a 

simulation study of the NCAC Ford Taurus model 

was conducted [6]. This study provided important 

information describing how the loads in the front 

structures changed due to vehicle alignment. One 

interesting performance feature was that the vehicle 

response (measured by vehicle accelerations and 

intrusions) did not vary monotonically with changes 
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Figure 1: Vertical and Longitudinal Positioning of Vehicle Structures [4] 

 

in the vertical overlap. To further understand how 

specific vehicle structures altered the vehicle crash 

performance, a study of the influence of the 

subframe geometry was conducted using the same 

numerical vehicle models. 

 

METHODOLOGY 

 

In order to study the performance of the vehicle 

structures, it was important to control as many 

confounding variables as possible. The same basic 

vehicle model was used as a basis for the study to 

avoid any influence of different mass and/or global 

frontal stiffness. 

 

The FE vehicle of study was the 2001 model year 

Ford Taurus available from the FE model achieve of 

National Crash Analysis Center (NCAC) [7]. This 

model was chosen because it was the closest 

representation of a European mid-sized vehicle that 

was publicly available. The Taurus was developed 

for the US market where the FMVSS 208 full 

frontal crash test defines the primary performance 

criteria. As a result, the vehicle design exhibits a 

deformation response for the longitudinals and 

occupant compartment which were not completely 

representative of a similar European vehicle 

designed for an offset deformable barrier test. Some 

modifications of the vehicle model were made to 

provide a more “European” performance. The main 

change to the model was the introduction of a beam, 

shown in Figure 2, to restrict the upward rotation of  

the longitudinals.  

 

 

To shorten the simulation time, a simplified version 

of the model was used. Parts with a low priority for 

frontal structural interaction were taken out and the 

rear components of the vehicle were made rigid. 

Essentially all components forward of the B-Pillars 

were deformable to allow intrusion to be included in 

the analyses [6]. This simplified Finite Element 

(FE) Taurus model is referred to as the Basic model 

and is the basis for subsequent modifications.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Simplified FE vehicle model of Taurus                          

 

The weight of vehicle is about 1.39 ton. Failure of 

the mounts between the sub-frame and floor of 

vehicle are defined in the FE model when the load 

reaches the (50 kN).  

 

It is assumed that the outputs of the simplified 

model in crash simulations are not directly 

comparable with the real crash test data 
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quantitatively. The results are considered 

comparable with simulation results under different 

crash conditions with the same simplified model.  

 

 

 

 

 

 

 

 

 

 

 

(a) Height                  

 

 

 

 

 

 

 

 

 

 

 

                 

 

                 (b) Sub-frame 

Figure 3: Dimension of frontal structure of 

Taurus 

 

The simulations of frontal Full Width Rigid Barrier 

(FWRB) and Car-to-Car (C2C) tests were 

performed by LS-DYNA [8]. The Basic mode was 

used for both reference and partner vehicles. In 

future discussions, the reference vehicle is called 

Vehicle 1 (V1) and the partner vehicle is Vehicle 2 

(V2). The reference vehicle was then modified to 

investigate the influence of different sub-frame 

geometries. The original sub-frame geometries are 

shown in Figure 3. The three configurations 

investigated were the original, a 100 mm forward 

extension (ExSub) and a 100 mm shortened sub-

frame (ShSub) shown in Figure 4. The speed of 

each vehicle in a FWRB or C2C tests is 56 km/h. 

The partner vehicle is horizontally and vertically 

offset from the reference vehicle. In the horizontal 

offset, there are three cases, full, 60% and 40% 

overlap of vehicle. In the vertical offset, there are 2 

cases, full and 25% overlap of vehicle. The partner 

vehicle in 60% and 40% horizontal overlap is 

translated 742mm and 1080mm in lateral direction 

respectively. The partner vehicle in 25% vertical 

overlap is moved 105mm up. Table 1 summarizes 

simulation cases. There are many cases so  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Description of modification of the 

length of sub-frame of vehicle 

 

abbreviations for the simulation cases are used. For 

example, B2E_H60V25 means that the reference 

vehicle (the first letter, B) is the Basic model and 

the partner vehicle (the next letter, E) is the ExSub 

model in C2C test. H60 means 60% horizontal 

overlap and V25 is a 25% vertical overlap. 

 

In any vehicle crash test, there are many measurable 

outputs. Among those outputs, however, some 

specific ones are essential measurements to evaluate 

safety and crashworthiness performance. In a 

compatibility test, it’s not yet been clearly agreed 

what measurements are objective and relevant to 

evaluate the self and partner protection of vehicles. 

In this study, the intrusion profiles of vehicles are 

mainly considered. The measurement locations of 

the intrusion of vehicle are described in Figure 5 
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Table 1: List of simulation case 

 

  

Vehicle 1 

(under-ridden)  

Vehicle 2 

(over-riding) 

Horizontal  

Overlap 

Vertical  

Overlap 

Cases 

(Abbreviation) 

Basic Basic or B 

ExSub ExSub or E 

F
W
R
B
 

ShSub 

- - - 

ShSub or S 

Basic Basic B2B_H100V100 

Basic ExSub B2E_H100V100 

Basic ShSub 

Full 

B2S_H100V100 

Basic Basic B2B_H100V25 

Basic ExSub B2E_H100V25 

ExSub Basic E2B_H100V25 

Basic ShSub B2S_H100V25 

ShSub Basic 

Full 

25% 

S2B_H100V25 

Basic Basic B2B_H60V100 

Basic ExSub B2E_H60V100 

Basic ShSub 

Full 

B2S_H60V100 

Basic Basic B2B_H60V25 

Basic ExSub B2E_H60V25 

ExSub Basic E2B_H60V25 

Basic ShSub B2S_H60V25 

ShSub Basic 

60% 

25% 

S2B_H60V25 

Basic Basic B2B_H40V100 

Basic ExSub B2E_H40V100 

Basic ShSub 

Full 

B2S_H40V100 

Basic Basic B2B_H40V25 

Basic ExSub B2E_H40V25 

ExSub Basic E2B_H40V25 

Basic ShSub B2S_H40V25 

C
2
C
 

ShSub Basic 

40% 

25% 

S2B_H40V25 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion         

 Figure 5: Description of measurement locations 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

(b) Vertical Intrusion 
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FRONTAL FULL WIDTH RIGID BARRIER 

(FWRB) TEST 

 

The simulations of the FWRB test with three 

vehicle models were performed to check how the 

crash performance (self-protection) of vehicles is 

changed when the sub-frame of the vehicle is 

extended or shortened. The impact speed of the 

vehicle was 56km/h (35mph).  

 

Figure 6 shows the deformation of the vehicles in 

FWRB test when the speed of vehicle reaches zero 

(maximum dynamic crush). In the ExSub model, 

the sub-frame is quite bent which absorbs a lot of 

crash energy. The sub-frame in not as bent as much 

in the ShSub model, instead the whole frontal unit 

of the vehicle is bending upwards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Basic model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) ExSub model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) ShSub model 

 

Figure 6: Deformation of vehicle in FWRB test  

 

Figure 7 shows the acceleration and velocity 

profiles of vehicles in FWRB test. There are four 

peaks in the acceleration profile of the Basic model. 

The first peak occurs when the rails of the vehicle 

impact the rigid wall, the second peak happens 

when the front cross-member of the sub-frame 

impacts the rigid wall, the third peak comes when 

the engine of vehicle impacts the firewall of the 

vehicle, and the fourth peak appears before the 

vehicle rebounds. The acceleration profile of the 

ExSub model is similar to the Basic model, but peak 

times occur earlier in the crash event. In the ShSub 

model, the engine of vehicle hits the rigid wall at 

the second peak and the cross-member of sub-frame 

of vehicle impacts the rigid wall at the third peak. 

 

The dots in the acceleration profiles indicate the 

impact time of the sub-frame cross-member against 

the rigid wall. In the Basic model, it occurred near 

the highest acceleration level and at 80% of vehicle 

crush. In the ExSub model, it occurred earlier when 

accelerations are still climbing and at 50% of 

vehicle crush and, in the ShSub model, the sub-

frame cross-member contact with the wall occurred 

at the time of peak acceleration and at 90% of 

vehicle crush. 

 

The wall forces in FWRB tests are shown in Figure 

8. Dots indicate the time (or crush) when the cross-

member of the sub-frame of the vehicle impacts the 

rigid wall. The initial stiffness (Ks), which is the 

slope of the curve from 0 to 200mm of vehicle 

crush [9,10,11], are similar in all three models. 

After 0.015sec (or 150mm of vehicle crush), 

however, the ExSub model becomes stiffer but the 

ShSub model becomes softer than the Basic model.  
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Figure 7: Acceleration, velocity, and deflection 

histories of vehicle in FWRB test 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Wall force histories of load cells in 

FWRB test 

 

The work stiffness (Kw400) [10,11], which is the 

area of the curve from 25mm to 400mm of vehicle 

crush, AHOF [12,13] and AHOF400 [10,11,14] are 

summarized in Table 2. It shows that the work 

stiffness of ExSub model is stiffer but the ShSub 

model is softer than the Basic model. The AHOF 

and AHOF400 of the ExSub model is lower than 

one of the Basic model but the ShSub model is 

higher. The intrusion profiles of the three models 

are shown in Figure 9. The ExSub model has less 

intrusion at right toepan but the ShSub model has 

more intrusion at the right toepan and dashboard 

than the Basic model. 

 

According to the results, the modification of the 

sub-frame of the vehicle in terms of length makes 

the effective stiffness of vehicle change. The 

extended or shortened sub-frame of vehicle makes 

the vehicle stiffer or softer respectively. This change 

of the stiffness of vehicle affects the crash 

performance (self-protection) of the vehicle 

structure. The stiffer vehicle shows less intrusion in 

the vehicle (better crash performance) and is  

exhibited in the longer sub-frame case. 
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Table 2: Summary of work stiffness, AHOF and 

AHOF400 of vehicles in FWRB test 

 
Basic 

model 

ExSub 

model 

ShSub 

model 

Work stiffness 

(Kw400) 

950 

N/mm 

1,521 

N/mm 

763 

N/mm 

AHOF 

(Difference 

from Basic 

model) 

363 mm 
346 mm 

(-17mm) 

419 mm 

(+56mm) 

AHOF400 

(Difference 

from Basic 

model) 

450 mm 
386 mm 

(-64mm) 

475 mm 

(+25mm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (b) Vertical intrusion profile 

Figure 9: Intrusion profiles of vehicles in FWRB 

test 

FRONTAL CAR-TO-CAR (C2C) TEST 

The simulations of frontal C2C test with three 

vehicle models were performed to check how the 

compatibility performance (self and partner 

protection) of vehicles is changed when the sub-

frame of the vehicle is extended or shortened. The 

impact speed of both vehicles was 56km/h. The 

intrusion profiles of vehicles in the C2C tests with 

modified vehicles are compared with baseline 

conditions in B2B cases to evaluate the 

compatibility performance of the modified vehicles. 

 

Horizontal offset 

Figure 10 shows the most extreme case for intrusion 

profiles of both vehicles for a 40% horizontal and 

full vertical overlap. The results from C2C tests 

with all three sub-frame models are displayed. The 

range of intrusions values is much greater than in 

the FWRB tests. This is not unexpected as the 

FWRB provides the best structural interaction 

possibilities.  

 

In B2E cases, the intrusions in the ExSub model are 

smaller, but for one of the partner vehicles (Basic 

model) the intrusions are larger than those in the 

B2B cases. In B2S cases, the intrusions of both the 

ShSub and the partner vehicle (Basic model) are 

larger than one in B2B cases. The results show that 

the vehicles which have a longer sub-frame in C2C 

tests have the best self protection since the vehicle 

with the longer sub-frame is stiffer. However, the 

longer sub-frame gives worse partner protection. 

One exceptional case is B2S_H60V100 in which 

the ShSub model has less intrusion than the Basic 

model even though the Basic model has a longer 

sub-frame than the ShSub model. This difference 

was explained by the deformation mode of the 

vehicle. In the horizontal offset C2C test, the 

vehicles are rotated and a large moment is applied 

on the vehicle body. There is a particularly large 

moment on the body of the Basic model in 

B2S_H60V100 and this caused the buckling 

deformation on the floor near left B-pillar of the 

Basic model which is shown in Figure 11. Therefore, 

the larger intrusions of the Basic model in 

B2S_H60V100 are reported than for the ShSub 

model. This phenomenon underlines the need for a 

strong occupant compartment for self protection.  

 

Mixed offset 

Figure 12: Intrusion profile of vehicle in 60% 

horizontal and 25% vertical overlap test (V1)Figure 

12 and Figure 13 show the intrusion profiles of both 

vehicles in a frontal crash with 60% horizontal and 
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25% vertical overlap. Figure 12  shows the cases 

with the Basic model as the reference and in Figure 

13 all three sub-frame configurations are the 

reference vehicle with the Basic model acting as the 

partner. The partner vehicle is positioned relative to 

the reference vehicle. The first feature to notice is 

that more intrusion occurs in the mixed offset 

conditions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion profile     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

 (b) Vertical intrusion profile 

Figure 10: Intrusion profile of vehicle in 40% 

case 

 

Changes in the Y-velocity of vehicles in C2C tests 

could be used to identify sudden changes in the 

behaviour of the Basic model in B2E_H60V25 and 

B2S_H60V25. This means that the buckling 

deformation, as previously shown in Figure 11 

occurred. This resulted in intrusions of the Basic 

model in B2S_H60V25 which were larger than 

those in ShSub model even though the sub-frame of 

Basic model is longer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Buckling deformation of vehicle 

induced by moment force in B2S_H60V100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              

 

(a) Horizontal intrusion profile   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (b) Vertical intrusion profile 

Figure 12: Intrusion profile of vehicle in 60% 

horizontal and 25% vertical overlap test (V1) 
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The results in Figure 12 and Figure 13 show that the 

relative positioning of the vehicles is important. The 

longer subframe had a different outcome if it was in 

the underriding (V1) or overriding vehicle (V2).  

 

In Figure 13 the modified vehicles become the 

reference vehicle and the partner vehicle, Basic 

model, is offset, which means that the modified 

vehicles are under-riding the Basic model. In both 

cases, the ExSub model and its partner vehicle have 

less intrusion, which means that the ExSub model 

gives good self and partner protection when it 

underriding. The extended sub-frame vehicle model 

was stiffer than the Basic and ShSub models. This 

shows that the under-ridden vehicle in frontal C2C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion profile            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 (b) Vertical intrusion profile 

Figure 13: Intrusion profile of vehicle in 60% 

horizontal and 25% vertical overlap C2C test (2) 

crash should be stiffer to have good compatibility 

performance. 

 

DISCUSSION 

 

According to the result for each C2C test listed in 

Table 1, the safety performance of the vehicles was 

evaluated and summarized in Table 3. The 

compatibility performance was evaluated by two 

parameters, self and partner protection. These 

factors were evaluated by comparing the intrusions 

of the reference and its partner vehicles in C2C tests 

to the modified vehicle to the intrusion in B2B 

cases. Table 3 shows that the ExSub model gives 

good compatibility performance when it is under-

riding its crash partner. The case of E2B_H100V25 

is exceptional and indicates the importance of 

sufficient compartment strength.  

 

The intrusions of the partner vehicle (Basic model) 

were large and the sub-frame mounts in the Basic 

model were not failed during the E2B_H100V25 

crash simulation. However, it can not be said that 

the compatibility performance is really bad. 

Actually, the intrusions of the vehicles in the cases 

of full horizontal and full or 25% vertical overlap 

C2C tests were not much different with each other. 

In other words, it can not be clearly said that the 

compatibility performance is really bad in those 

cases. 

 

The differences of AHOF and AHOF400 for the two 

vehicles in C2C tests are also summarized in Table 

3. In the case of E2B with 25% vertical overlap test, 

the differences of AHOF and AHOF400 are large 

and the compatibility performance is good. In this 

study, the differences of AHOF and AHOF400 

between two vehicles in C2C tests are not consistent, 

which means that geometric and structural 

interactions are more important to evaluate and 

need to be studied further to understand 

compatibility performance in frontal C2C test. 

 

 

CONCLUSIONS 

 

The study of sub-frame geometries in this study 

resulted should be carefully investigated. The 

structural changes conducted can be considered 

outside the basic design criteria of the original 

vehicle. However these changes are interesting to 

investigate to understand how structural changes to 

the subframe influence vehicle compatibility 

performance. 
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Table 3:Summary of results of C2C tests with three vehicle models (O: Good, △△△△: No better, and X: Poor)  

Cases Difference
1
 (mm) in Vehicle 

12
 

 
Horizontal 

Overlap 

Vertical 

Overlap 
AHOF AHOF400 

Self 

Protection 

Partner 

Protection 

Compatibility 

Performance
3
 

100% △ O O 

60% X O X 

40% 

100% -17 -64 

X O X 

100% △ △ △ 
60% X O X 

B2E 

40% 

25% 88 41 

X X X 

100% △ X X 

60% O O O E2B 

40% 

25% 122 169 

O O O 

100% △ X X 

60% X X X 

40% 

100% 56 25 

△ X X 

100% O X X 

60% X △ X 

B2S 

40% 

25% 161 130 

O X X 

100% △ O O 

60% X O X S2B 

40% 

25% 49 80 

△ △ △ 
 1. Difference is given by subtracting AHOF or AHOF400 of vehicle 1 from one of vehicle 2. 

 2. Self- and partner-protection of vehicle 2 is opposite of vehicle 1.  

 3. The results are compared with B2B under same C2C test condition. 

 

 

The longer sub-frame provided better self protection 

in most cases. In particular it provided better self 

protection when the vehicle was underriding its 

collision partner. In most cases it even provided an 

improvement in partner protection. Shorter sub-

frames had more intrusions in general and did not 

exhibit any significant safety benefits in this study. 
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ABSTRACT 
 

The FACE (Facial Attention for Conspicuity 
Enhancement) design, a lighting system design that 
enhances motorcycle conspicuity with regard to the 
detection rate from the view of a driver at night, is 
described in this paper. Past research has shown that 
there is  part of the human brain that reacts to the 
image of a face[1] and we thought of a method to 
enhance the detection rate of a motorcycle by 
incorporating the element of a face in the front design 
of the motorcycle. The effect of a simple FACE 
design, a reverse triangular arrangement of lamps, is  
evaluated and its effectiveness is shown. Moreover, 
we develop a simulation method that could be used to 
evaluate the enhanced detection rate of a FACE 
design motorcycle under conditions that are close to 
some real traffic environments. The method is 
evaluated by comparing it with the results of a 
full-scale test and demonstrates the method could be 
used to evaluate the detection rate of a motorcycle 
 
INTRODUCTION 
 

We obtained the motorcycle fatal accident data in 
which car drivers were deemed most at fault, and 
thus were designated as the “Primary Party”*, from 
the database of "Japanese traffic accident statistics"[2].  
The data was analyzed to determine the cause of each 
accident. This analysis resulted in a conclusion that 
an car driver’s failure to detect the motorcycle was 
one of the key factors in the accidents. (Fig. 1).  

*Primary Party: 
: In the Japanese integrated database, vehicles 

whose drivers were most at fault in traffic accidents 
are called the “primary party,” and the other vehicles 
are called the “secondary party.” 

Compared to a car, a motorcycle is smaller in size 
and presentment, and the possibility of non-detection 
is relatively high in a mixed traffic environment 
where there are many large-sized vehicles, such as 
trucks and passenger cars. In Japan, a 
countermeasure against the lack of motorcycle 
detection, Automatic Headlight On, was mandated in  
1998. Its positive effect has been recognized.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Analysis of motorcycle tr affic 
accidents in Japan.  

 
However, the positive effect of Automatic 

Headlight On could not be expected at night when 
cars are also using their headlights.  Moreover, 
recently, many cars and trucks are also equipped with 
Daytime Running Lights (DRLs) and many countries 
are considering laws that require use of DRLs. Thus, 
if more and more various types of vehicles are 
equipped with DRLs, a further reduction of 
motorcycle conspicuity is possible.  Based on these 
facts, a countermeasure that enhances the conspicuity 
of a motorcycle under a complicated mixed traffic 
environment was sought. To this end, we tried to 
enhance the detection rate by incorporating the 
elements of a face in the front design of a motorcycle 
because it has been found that people naturally show 
a high recognition capability to specific figures 
including a "face".  We decided to call lighting 
system designs that utilize the elements of a face to 
enhance motorcycle detection rate FACE (Facial 
Attention for Conspicuity Enhancement) design. A 
simple example of FACE design was evaluated to 
confirm its effect.  The details of the evaluation 
method developed for this research are also 
discussed. 
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Enhancement Effect in Conspicuity of FACE 
 
 A "face" is one of the stimuli seen most frequently.  
Humans are able to understand detailed information, 
such as visual line and facial expressions, in a "face" 
instantaneously [3]. Significant research about the 
high-level facial recognition capability of primates, 
including human beings, has been performed for 
many years and several conclusions have been 
reached. For example, Bruce reported that the part of 
the brain that reacts to a face picture exists in the 
lower temporal lobe of a monkey [3].  Recently, 
research using Functional Magnetic Resonance 
Imaging (fMRI) has confirmed that the same kind of 
reaction also exists in a human's brain [1]. It has also 
been confirmed that the Fusiform Face Area (FFA) 
of the fusiform gyrus in the temporal lobe and 
Occipital Face Area (OFA) of the inferior occipital 
gyrus have a high sensitivity to a face figure[4]. Since 
part of the human brain specializes in the recognition 
of a face, it is thought that humans can rapidly 
recognize a face.  Given this, it is reasonable to 
believe that motorcycle conspicuity might be 
enhanced by incorporating the elements of a "face" in 
the front design.  
 In order to investigate the feasibility of enhanced 
motorcycle conspicuity by using the elements of a 
"face" in the front design, we first measured the 
detection rate of a motorcycle in traffic using an 
image. Fig. 2a shows the motorcycle that utilized the 
elements of a "face" in its front design that was used 
in the experiment. (Hereafter, a motorcycle which 
uses the elements of a "face" is called a "FACE 
design" motorcycle.) Fig.2b shows a single headlight 
motorcycle used as the standard for comparison.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 .  Motorcycles used for  proving our  
hypothesis that FACE design enhances 
conspicuity. 
 
 

Five subjects (four men aged 20 - 40 and one woman 
in her 20's) were tested. Each subject drives a car 
daily. The presentation time of the image was 0.5 
seconds. After image presentation, a black screen 
was presented until the subject answers. 144 
measurements per subject were carried out. The 
result of measurement is shown in Fig. 3.  
 Fig. 3a shows the average motorcycle detection rate 
by the subjects. The detection rate of a single 
headlight motorcycle was 47.6% and the detection 
rate of the FACE design motorcycle was 91.4%. 
Fig. 3b shows the time after a subject was shown the 
image until a reply button was pushed. The average 
response time in the case of the single headlight 
motorcycle was 910ms, while the average response 
time in the case of FACE design motorcycle was 
706ms. These results show that the conspicuity of a 
FACE design motorcycle was increased compared to 
a single headlight motorcycle and this may enhance 
the motorcycle’s detection rate by drivers of other 
vehicles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Enhanced conspicuity by FACE 
design. 
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Motorcycle Detection Rate Evaluation Method 
 
In a past study, Sugawara et al. confirmed that 

cerebral activation could be measured by using fMRI. 
So, it is possible that a quantitative evaluation of 
Facial levels of the front design of a motorcycle 
could be carried out [5]. However, fMRI equipment is 
large-scale and cannot be used for measurement in a 
real traffic environment. On the other hand, it is 
difficult to measure the detection of a motorcycle 
under the actual traffic environment in which 
large-sized vehicles, such as trucks, and passenger 
cars are driving. Therefore, we developed a 
simulation method that can measure the detection 
rate a similar, real traffic environment. This section 
reports on the simulation technique.  

For an enhancement in conspicuity at night, the 
key point of motorcycle front design is the lighting 
system. It is difficult to recognize the form of a 
vehicle emitting high luminous intensity light, such 
as from a headlight, due to the vision phenomenon 
referred to as “glare” The overall evaluation of 
conspicuity requires the evaluation of the lighting 
system and how it was seen. In this method, paying 
close attention to "contrast ratio" and "expression of 
glare", and by calibrating them to a real traffic 
environment, computer graphics (CG) that is 
equivalent to a real traffic environment was produced.  
In order to evaluate the simulation method , a CG of 
the test track was created, and comparison with a real 
vehicle was performed. The creation method of the 
CG and the comparison result between the full-scale 
test and the simulation test are described below.  

 
     Contrast Ratio - In past research it has been 
shown that the detection rate of a motorcycle during 
a short-time presentation can be measured using a 
simulated computer graphic image as long as the 
contrast ratio of the real environment and the 
simulated environment are matched. [6][7][8].  This 
information was used to create CG of various vehicle 
arrangements to be used in the evaluation of the 
FACE design motorcycle.  

First, we created CG of the test track. The reason 
was it then  easy for a real vehicle to perform the 
same test as the simulation. Thus, it was possible to 
verify the validity of the simulation method that used 
CG instead of actual environments.  

In creating CG, the important elements are the 
position of the display and its hi-resolution 
performance. The display was set at a 1.3m distance 
from the subject in order to set the horizontal field 
angle at 45 degrees. The viewing height of the CG 
was 1.2m from the ground. The actual measurement 
luminosity of the test track was 1 cd/m2 for the dark 
part of the road surface and 1500 cd/m2 to 3000 
cd/m2 for a headlight. A display that could reproduce 

3000 or more contrast ratios was required. We used a 
plasma display to satisfy the requirements. The size 
of this display was 50 inches, luminosity was 0.1 
cd/m2 for the dark area and 400 cd/m2 for the bright 
area, and it has 4000 contrast ratios. The contrast 
ratio of the CG of the simulated test track was 
calibrated with the real environment on this display.  

 
     Glare - Another visual phenomenon important 
in this research is glare.  Glare is the light that 
appears to be generated around a light source, 
causing things in the area around the light source to 
fade to white, such as when people look at a bright 
light. Since the physical luminosity of the display 
was limited, it was difficult to actually generate this 
glare. As an alternative, expressing a high-intensity 
light in simulation is often performed by adding glare 
artificially with CG [9][10][11][12][13].  This research 
utilized a method of inserting a mathematically 
generated glare pattern.  

The pattern of the glare was verified by 
comparative experiments with a real vehicle that is 
described in the next part of this paper. 

CG of the simulated test track is shown in Fig. 4.    
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  CG example of test tr ack. 

 
 

     Comparative experiments with a r eal 
vehicle - In order to verify whether the simulation 
method was an effective way to evaluate motorcycle 
conspicuity, we conducted an experiment comparing 
a simulation environment to one with real vehicles. 
Fig. 5 shows the experiment scenery in a real vehicle. 
The vehicles used for the experiment are four cars 
and one motorcycle.  
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Figure 5.  Exper iment scene at the test cour se.  
 
 
The motorcycles used were a single headlight 

motorcycle and a motorcycle with a three light,  
inverted triangle arrangement formed by the 
headlamp and two auxiliary lights (5W 16cd for 
each) (Fig. 6). The reason for using three lights, 
inverted triangle arrangement was that it was 
reported to be one of  simple arrangement that was 
reminiscent of a face [14]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6.  The motorcycles used for  the 
exper iment. 
 
 

There were three arrangements of vehicles utilized 
for the test.  The first included a single headlight 
motorcycle, the second included a FACE design 
motorcycle, and the third did not include a 
motorcycle.  The first two are shown in Fig.7.     

The subjects were 16 men aged 20 – 40 who 
operate a car daily.  Each subject was shown a 
vehicle arrangement at random.  Each arrangement 
was shown two times for 0.5 sec per a metronome. 

The subject then had to identify the number of 
vehicles and how they were arranged.  Twenty-four  
measurements were taken for each subject. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.  Arrangements  of vehicles used for  
test.   

 
 
Fig. 8 shows a comparison of the FACE design 

detection rate between tests using actual vehicles and 
the simulation tests. In order to cancel the influence 
of the environmental factor, such as the numbers of 
vehicles, the detection rate of a FACE design 
motorcycle was shown divided by the detection rate 
of a single headlight motorcycle.  

The result shows that there was no significant 
difference in 5% level, so it was concluded that the 
simulation can be used as for a test method. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.  Compar ison of detection r ate between 
r eal motorcycle and CG. 
 
 
Actual Traffic Environment for  Compar ison 
Exper iment  

 
Next, in order to carry out the evaluation in the 

real traffic environment, the image of actual 
intersection was created with CG.  The intersection 
has 4 lanes in each direction, and has heavy traffic, 
including many motorcycles. (Fig. 9) 
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Fig. 10 shows examples of CG. The viewpoint 
position in the simulations was a car driver who was 
waiting to make a right-turn in the center of an 
intersection. Two intersections were simulated, and 
for each intersection images of seven different car 
and truck traffic arrangements were created.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  View of an inter section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.  Examples of CG simulations. 
 
 
The motorcycle was placed 20 to 140 meters from 

the viewpoint of the car driver. In each of the 14 
traffic arrangements, 1 to 3 motorcycles were 
introduced in the traffic mix for a total of 28 different 
images. Finally, 84 images were created;  28 with a 

standard single headlight motorcycle, 28 with a 
"FACE” design motorcycle  and 28 with no 
motorcycle were included. 

 
Effect of Face Element  

 
 By using the CG simulations described in the 

preceding section, the detection rate of the FACE 
design was measured. The measured FACE design 
was a lighting-system of three lights in an inverted 
triangle arrangement. Horizontal distance W from the 
headlight to the additional light was set to 375mm, 
and perpendicular distance D was set to 350mm. The 
measured control motorcycle utilized a 
lighting-system arrangement in which W was set to 
375mm and D was set to 0mm as a control condition. 
Luminous intensity of the additional lights was set to 
16 cd. The luminosity of the additional light was 
adjusted based on the distribution of luminous 
intensity characteristic of position lamps. The 
composition of test equipment is shown in Fig. 11.  

 
 
 
 
 
 
 
 
 
 

 
Figure 11.  Composition of the exper iment 
system.  

 
 
Twelve men aged 20 - 40 who drive a car daily 

were selected as subjects.  Subjects were shown 
each of the 84 traffic simulation images for 0.5 
seconds at random, and then answered whether a 
motorcycle appeared on the screen by pressing either 
Yes or No button on the steering wheel.  After the 
CG was shown, a black screen was presented until 
the subject answers. Each traffic simulation image 
was shown 2 times for a total of 168 answers per 
subject. 

Only the cases where the distance of the 
motorcycle was 80m or more from the driver were 
included in the final results.  This is because our 
past research has shown that traffic at 80m distance 
from a car turning right is the threshold for making 
the turn or not [15].  

The results are shown in Fig. 12. The graph shows 
the increase in detection rate of motorcycles with 
additional lighting compared to a standard single 
headlight motorcycle.   

 

a)  Example A 

b)  Example B 
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Figure 12.  Compar ison of detection rate 
between FACE design and control motorcycle. 

 
 
The FACE design (W=375mm, D=350mm) was 

detected 2.4 times more often than the standard 
motorcycle. The control motorcycle lighting system 
design (W=375mm, D=0mm) was detected 1.6 times 
more often than the standard single headlight 
motorcycle.  

 
CONCLUSION  

 
Under the limited scope of study reported here, it 

was shown that the FACE design using three lights, 
inverted triangle arrangement, which was one of the 
simple figures reminiscent of a face, could enhance 
the detection rate of a motorcycle from the point of 
view of a car driver.  

In order to evaluate the detection rate of the 
motorcycle by a car driver, a simulation method that 
reproduced real traffic environments was developed.  
A comparison between actual vehicles and the 
simulation was carried out, and it was shown that the 
simulation was effective. 

 Additionally, the effect on the detection rate of 
motorcycles using FACE design motorcycles (using 
a lighting design of three lights, inverted triangle 
arrangement) was measured using this simulation.  
It is shown that the detection rate of a FACE design 
is 2.4 times greater than that of a single headlight 
motorcycle.  
 We would like to make an effort to further advance 
"FACE design", to enhance the detection rate of 
motorcycles in various traffic environments, in the 
future. 
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ABSTRACT 

Today the numerical simulation is an inherent 
process of the development of the passive safety 
of vehicles. Robust and predictable computa-
tional models are the base of successful applica-
tion of numerical simulations. The evaluation of 
the level of correlation of those models to the 
real world needs objective and reliable rating 
methods. In the past this rating was either done 
by engineering judgment or by analysing single 
peaks or zero-crossings of response curves in 
comparision with test data. Nowadays, it is 
common agreement that for an objective rating 
the complete curve data have to be taken into 
account. 

In this paper, a new method is presented that 
provides an objective evaluation of whole 
response curves coming from test and 
simulation. The method combines two 
independent sub-methods, a corridor rating and a 
cross-correlation rating. The corridor rating 
evaluates the fitting of a response curve into 
user-defined or automatically calculated 
corridors. The cross-correlation method 
evaluates phase shift, shape and area below 
curves. It was found that the use of both of these 
two sub-methods is essential because the 
disadvantages of each sub-method are 
compensated by the other method. Both methods 
were implemented into a tool called CORA – 
correlation and analysis. The philosophy of this 
tool is to separate engineer’s knowledge from the 
algorithms. External parameters to adjust the 
algorithms are representing this knowledge. So it 
is possible to tune the evaluation to the specific 
needs of the application. 

The rating method was successfully used in a 
project on the improvement of Hybrid III 50th 
dummy models. It was possible to distinguish 
qualitatively and quantitatively between different 
releases of the model. In summary, the 

development of this rating method is a step 
forward to get an objective quality criterion of 
computational models.  

In a next step the robustness of the rating will be 
analysed by varying the external parameters. 
Furthermore, the tool will also be used to analyse 
and evaluate results of physical tests. 

INTRODUCTION 

The analysis and comparison of signals coming 
from test and simulation is one of the major tasks 
of engineers working in vehicle safety business. 
A standardised method with reasonable scores is 
required to obtain an objective rating of the 
correlation of signals. So the requirements to a 
supplier regarding the level of validation of a 
computational model could be described more 
precisely in the future. The first step to an over-
all evaluation of the level of validation is the 
development of a metrics to compare a set of 
signals.  

The evaluation of the correlation of two or more 
signals is not only relevant for the automotive 
industry. Hence, there are few rating tools on the 
market and even more published in the literature. 
For instance, the international standard 
ISO/TR9790 [1] uses a corridor method to com-
pare cadaver and dummy responses for the biofi-
delity assessment of side impact dummies. 

Each of the existing tools and algorithms has 
pros and cons but none seems to be both 
universal and adjustable to specific applications. 
Therefore, a new approach was developed to 
fulfil these requirements. 

APPROACH 

The existing rating algorithms suffer mainly 
from two reasons. Firstly, most of the algorithms 
are at least semi-universal but the settings, as-
sumptions and simplifications made for imple-
mentation into software tools restrict the versatil-
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ity. Secondly, many of the known algorithms are 
not robust enough to provide a reliable and 
applicable rating for good correlation as well as 
for poor correlation. 

The new approach CORA avoids these issues. At 
first, the algorithms were consequently separated 
from the knowledge. Almost every parameter 
can be adjusted by the user. So it is possible to 
tune the algorithm to specific applications. Fur-
thermore, completely different rating algorithms 
are integrated into the tool. Disadvantages of 
each algorithm are compensated by another 
algorithm. The user can decide about use and 
weighting of the different methods. 

METHODS OF EVALUATION 

CORA uses two different methods to calculate 
and assess the correlation of signals. While the 
corridor method calculates the deviation between 
the curves with the help of user-definied or 
automatically generated corridors, the cross 
correlation method analyses specific curve 
characteristics via parameters like phase shift or 
shape of the signals. The rating results ranges 
from “0” (no correlation) to “1” (perfect match). 

The influence of the methods on the global rating 
is adjusted by user-defined weighting factors. 
Figure 1 shows the structure of the rating scheme 
in principle. 

Global Rating C

Corridor Method C1 Cross Correlation Method C2

Phase Shift C2a Size C2b Shape C2c

Global Rating C

Corridor Method C1 Cross Correlation Method C2

Phase Shift C2a Size C2b Shape C2c

 

Figure 1. Interaction of the sub-methods. 

The equations (1), (2) and (3) are showing the 
calculation of the global rating of a signal by 
using weighting factors for each sub-method. 

 

2211 CwCwC ⋅+⋅=  (1). 

 

ccbbaa CwCwCwC 2222222 ⋅+⋅+⋅=  (2). 

 

∑= iw1  (3). 

 

Other algorithms are analysing the global peak 
and the timing of peak. These parameters are 
captured by the metrics of CORA indirectly and 
can be controlled by a reduction of the corridor 
width around the peak. The direct 

implementation of these features into CORA is 
not intended, because it would somehow overrate 
the evaluation of signal parts. It is emphasised 
that the focus of CORA is on the assessment of 
the overall correlation of signals and not on the 
evaluation of single characteristics. 

Filtering of the signals is a crucial point of al-
most every method. Noisy signals are difficult to 
analyse. Especially mathematical methods like 
the cross correlation method may fail to calculate 
the right level of correlation. Therefore, the user 
has to filter the signals prior the start of the rat-
ing tool. 

Corridor method 

The corridor method calculates the deviation 
between two signals by means of corridor fitting. 

At first the mean curve of the references signals, 
usually coming from tests, is calculated. Two 
corridors, the inner and the outer corridor, are 
defined along the mean curve. If the evaluated 
curve is within the inner bounds, a score of “1” 
is given. The assessment declines from “1” to 
“0” between the bounds of inner and outer corri-
dor. This transition is user-defined. Usually it is 
linear, quadratic or cubical. The three different 
rating zones are shown in Figure 2. 

The compliance with the corridors is calculated 
for each time step. The final rating of a signal is 
the average of all single time step ratings. 

 

Figure 2. Corridor method using corridors 
of constant width. 

The philosophy is to use a narrow inner corridor 
and a wide outer corridor. It limits the number of 
“1” ratings to only good correlations and gives 
the opportunity to distinguish between poor and 
fair correlations. If the outer corridor is too nar-
row, too many curves of a fair or moderate corre-
lation would get the same poor rating of “0” like 
signals of almost no correlation with the refer-
ence. The width of the corridors can be adjusted 
in order to reflect the specific signal characteris-
tic.  

One of the advantages of the corridor method is 
the simplicity and the clearness of the algorithm. 
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It reflects criteria which are used intuitively in 
engineering judgement. Especially the rating 
results are easy to understand because the 
method rates the hits of the rating zones. The 
simplicity is at the same time the disadvantage of 
the method. In case of little curve coincidence it 
may lead to an inadequate rating. As shown in 
Figure 12, the simulation curve scores 0.431 
(corridor rating only) without any correlation to 
the reference signal. The scores are gathered by 
hitting the inner and the outer corridor arbitrar-
ily. Therefore, a second method is required to 
counterbalance this disadvantage. Typically, the 
corridor method gives realistic results above 
ratings of approximately 0.5. 

Different approaches to define the width of the 
corridors are implemented. The most common 
option is the use of constant corridor widths 
(Figure 2). Typically a share of the global abso-
lute maximum is used as width. 

The width can also be calculated by using the 
root mean square deviation (sigma). Sigma is 
added to baseline corridors of constant width. So 
it is possible to consider the scatter of the refer-
ence signals. If the balance between constant 
baseline width and variable sigma term is 
inadequate, the corridors could become either 
very small or large (Figure 3). The signals shown 
in Figure 2 and Figure 3 used the same data to 
calculate the corridors. 

Finally, it is also possible to integrate user-
defined corridors. 

 

Figure 3. Corridor method using sigma-
based corridor width. 

Cross correlation method 

The cross correlation method avoids the disad-
vantages of the corridor method by analysing the 
characteristics of signals. Three sub-methods 
with individual weightings factors are imple-
mented. Similar to the corridor method, the mean 
curve of the reference signals is taken as base for 
the evaluation. 

Firstly, the time shift of a signal to its reference 
is analysed (Figure 4). The maximum range of 
shifting is limited to avoid confusions of the 

algorithms in case of sinus-like signals. The size 
and progression of a signal is evaluated after 
adjustment of the phase error.  

 

Figure 4. Evaluation of the phase shift. 

Secondly, the size of the signals is analysed by 
comparing the area below the two curves 
globally. It is a helpful evaluation but is not 
sufficient to evaluate the real level of 
correlation. For instance, the area below a signal 
with high and narrow peak could be identical to 
the area of a curve with low but wide peak. The 
size method would evaluate this example with 
“1” although the shape of the signals is 
completely different. 

Thirdly, the progression of the signal is 
calculated by means of the cross correlation 
function. This rating can be considered as a 
quantitative assessment of the shape of a signal.  

The transition between ratings from “1” to “0” 
can be adjusted in all three sub-methods. Usually 
it is either linear or quadratic. Higher degrees are 
possible. 

Compared to the corridor method, the cross 
correlation algorithms evaluate the level of 
correlation analytically. This kind of analysis is 
quite complex. Hence, the acceptance by users 
might be less than of the corridor method. The 
split of the cross correlation rating into three less 
complex sub-ratings improves the clearness and 
acceptance. 

As shown in Figure 11, the cross correlation 
method is sensitive to noisy signals. The rating 
could be wrong if the noise interferes 
significantly the correct analysis of a signal. 

Interval of evaluation 

Most of the tools available on the market are 
analysing whole curves. The recording time of 
crash signals and simulation runs is typically 
slightly longer than required. So it would not be 
correct to simply use the whole signal for 
correlation analysis. Non-relevant parts of a 
signal may improve or worsen the rating. To 
avoid this, the response curve has to be cut 
properly before starting the rating. Figure 5 
shows exemplarily the problem. The score of the 
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signal improves from 0.611 to 0.822 (approx. 
+35%) in this example when extending the inter-
val of evaluation from the red tagged area to the 
whole curve, tagged in yellow. The differences 
may increase further if there are oscillations or 
peaks in the non-relevant parts of the signal. 

 

Figure 5. Interval of evaluation. 

Therefore, it is essential to restrict the interval of 
evaluation to the relevant part of a signal. Two 
options are implemented. Firstly, the user can 
define this interval for every signal manually and 
secondly, the software calculates this interval for 
each signal individually. 

To define the start of the interval, the analysis 
starts from the first recorded value of the mean 
reference signal by forward scanning of the 
signal along the timeline. If the signal exceeds a 
pre-defined threshold, the start of the interval of 
evaluation is set. There are additional parameters 
available to modify the starting point slightly. 
This mechanism is very reliable. 

Very similar to that, the signal is scanned back-
wards along the timeline to define the end of the 
interval of evaluation. The end is set if the signal 
falls below a given threshold.  

 

Figure 6. Critical signals for automatically 
definition of the interval of evaluation. 

Unfortunately, this mechanism does not work 
properly for all types of response curves. Signals 
which end at an almost constant high level (e.g. 
delta-v curves) or with a secondary impact (e.g. 

peak of a rebound) are not treated in the right 
way (Figure 6). 

Therefore, an additional method is introduced to 
handle signal endings of delta-v-like curves. At 
first, the end of the interval is defined by using 
the standard mechanism. Afterwards, a narrow 
corridor is defined for the remaining curve. The 
new end of the interval is set to that point when 
the signal leaves the corridor. This mechanism 
works fairly well but needs to be improved. This 
corridor is not linked to the corridors of the 
corridor method. 

The second type of crucial signals cannot be 
treated right for the moment. The user has to set 
the end of interval of evaluation manually to 
exclude secondary impacts from the rating. 

APPLICATION 

CORA is a command line tool for several com-
puter platforms that realises the developed ap-
proaches. It is solely a demonstrator of the 
proposed algorithms. There is no intension to use 
CORA commercially. A description of the meth-
ods used as well as the software itself will be 
available to the research community.  

Program flow 

Figure 7 shows the flow of the rating process in 
principle. At first the reference data set (input 
data 1) is defined. The data can be obtained from 
test or simulation. If more than one curve per 
channel is defined, the software calculates a 
mean curve because the rating algorithms are 
only able to compare and assess two signals.  

Afterwards, the interval of evaluation is defined 
by using the information provided with the pa-
rameter set. 

Input Data 1
(e.g. test)

Input Data 2
(e.g. CAE)

Parameter Set
(“knowledge”)

Calculation 
of mean 
curves

Definition of 
the interval 

of 
evaluation ResultRating

Input Data 1
(e.g. test)

Input Data 1
(e.g. test)Input Data 1

(e.g. test)

Input Data 2
(e.g. CAE)

Parameter Set
(“knowledge”)

Calculation 
of mean 
curves

Definition of 
the interval 

of 
evaluation ResultRating

Input Data 1
(e.g. test)

Input Data 1
(e.g. test)

 

Figure 7. Process of preparation and evalua-
tion of the data. 

In a next step, the software imports the second 
data set which has to be compared with the ref-
erence data. The information of setting up the 
rating algorithms is taken again from the pa-
rameter file. Additionally, the validity of the 
interval of evaluation is checked. If the recording 
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time of input data 2 is shorter, the interval is 
adjusted automatically. 

The results of the rating are stored in several 
formats. A plain text file contains a brief sum-
mary of the rating. All control parameters, 
weighting factors, calculated parameters (e.g. 
interval of evaluation) as well as the rating re-
sults are included in this file. It can be processed 
by other software like spreadsheet programs. 
Furthermore, a detailed HTML report is provided 
with graphs of the signals. The calculated mean 
curves and corridors are also exported. They can 
be processed by any CAE postprocessor.  

Hierarchy of the data 

CORA provides not only a rating of a single pair 
of curves. The rating of signals can also be 
extended to sub-ratings (sub-load case) and 
global ratings. All sub-load cases are merged to a 
load case rating. Finally, the rating of the load 
cases is combined to the global rating (Figure 8).  

This four level structure was mainly introduced 
to cover the requirements of the ISO/TR9790 
biofidelity rating. The sub-load cases contain all 
biofidelity tests of a body region such as head, 
neck or plevis. The combination of all load cases 
(body regions) is the total biofidelity rating of a 
dummy. Each signal, sub-load case as well as 
load case has individual weighting factors. So 
the influence of unimportant signals or tests on 
the rating of the higher level can be reduced.  

The intruduced hierachy is also applicable for 
any other application.  

Global rating

Load case 1

Load case n

Sub-load case 1

Sub-load case n

Rating of signal 1

Rating of signal n

Global rating

Load case 1

Load case n

Sub-load case 1

Sub-load case n

Rating of signal 1

Rating of signal n

 

Figure 8. Hierachy of the data. 

Biofidelity rating according ISO/TR9790 

The biofidelity rating according the ISO standard 
was implemented in the latest version of the tool. 
A pre-defined template of the control parameter 
set is provided with the software to simplify the 
rating process. The user has to define the source 
of the test data only. All biofidelity corridors and 

weighting factors are already provided with the 
template. 

Examples 

The pros and cons of the described rating method 
are explained in the following examples. 

Figure 9 shows the chest deflection of a Hy-
brid III 50th dummy and of two different models 
of it. Simulation 2 correlates better with the test 
curve. The corridor rating is 0.648 and the cross 
correlation rating is 0.681 (total rating of 0.665). 
The response of simulation 1 has got a corridor 
rating of 0.400 and a cross correlation rating of 
0.507 (total rating of 0.454). All results corre-
spond with subjective expectations on the rating.  

 

Figure 9. Evaluation of chest deflection, 
constant corridor width. 

The same signals are shown in Figure 10. Solely 
the calculation of the corridors was changed. 
Inner and outer corridors are using the standard 
deviation to calculate the corridor width. 
Furthermore, the width of the corridors is 
significantly reduced. The rating using the corri-
dor method drops from 0.648 to 0.251 (simula-
tion 1) and from 0.400 to 0.168 (simulation 2). 
The cross correlation rating remains unchanged. 

 

Figure 10. Evaluation of chest deflection, 
variable corridor width. 

This scoring does not reflect subjective 
expectations of users. Due to the improper 
adjustment of the outer corridor, which is 
actually too narrow, the signals are very often 
outside of this corridor and obtain scores of “0”. 
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Furthermore, the absolute difference between 
both signals is reduced and the rating does not 
reflect the real level of correlation to the refer-
ence signal. 

Another example demonstrates the influence of 
filtering on the rating. Figure 11 shows the neck 
tension force of a Hybrid III 50th dummy in a 
frontal test. The signals simulation 1 and simula-
tion 2 are taken from the same simulation run but 
using different filter classes.  

 

Figure 11. Evaluation of neck tension forces, 
influence of filtering on the rating. 

The corridor rating is not sensitive to the applied 
filter class in this example. The difference of the 
rating is less than 0.005 (relative change of 
approx. 2%). Compared to that, the sub-ratings 
of the cross correlation method improve up to 
0.07 (relative change of 14%) if the signal is 
filtered with CFC180. The algorithms of the 
cross correlation method are sensitive to noise. 
The spikes makes it is difficult to identify the 
right phase shift and progression. 

The total rating of the simulation improves from 
0.366 (simulation 1) to 0.389 (simulation 2) by 
using CFC180 instead of CFC1000. However, 
ratings should not be improved by applying 
higher filter classes. If there are noisy signals in 
the computational model, the cause of the noise 
should be fixed first. 

The last example points out the limitations of 
rating methods. Figure 12 shows the knee dis-
placement (knee slider) of a Hybrid III 50th 
measured in a frontal sled test without knee 
contact. The signal is caused by the inertia of the 
knee slider only. The maximum displacement is 
less than 2 mm. So the signal might not be rele-
vant when evaluating a model in this specific 
load case. 

 

Figure 12. Evaluation of knee slider, limita-
tions of the rating. 

The total rating of the simulation curve is 0.391 
(0.431 corridor method, 0.351 cross correlation 
method). This rating does not correlate to any 
subjective rating of users because there is no 
correlation between test and simulation. The 
rating of the previous example (Figure 11) is 
similar but the correlation between test and 
simulation is clearly better.  

The disproportion is not necessarily a problem of 
the applied rating methods and their control 
parameters. The user has to define weighting 
factors for each channel. So the rating of the 
knee slider signal (Figure 12) might be accept-
able if the influence on the global rating is 
smaller than that of the neck force (Figure 11). 
The definition of those weighting factors cannot 
be handled with a rating tool automatically. 

LIMITATIONS 

The development of the tool and the methods is 
not completed yet. The current version offers the 
opportunity to compare and evaluate signals 
coming from any source and groups single rat-
ings to combined ratings. It is a first step to the 
objective rating of computational models. 

Limitations of the algorithms 

The introduced mechanism to define the interval 
of evaluation needs to be improved. There are 
certain types of signals that treated not correctly. 
So the user has to ensure manually that the right 
interval is defined. Otherwise the rating would 
not meet the expectations. 

Furthermore, the algorithms are not able to han-
dle signals with hysteresis. So it is impossible to 
evaluate force-deflection characteristics. The 
user has to evaluate the time history signals of 
force and deflection separately. 
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Classification of the rating 

One of the uncertainties of the approach is the 
global meaning of the calculated scores. In case 
of using the same parameter set it is possible to 
distinguish between different variants of a 
model. Most of the results correlate with the 
subjective rating of users.  

Changes of the parameter set do not change the 
ranking totally. The distances between models 
may vary and also the ranking of very similar 
signals may change. However, it is impossible to 
get the best rating for the worst model and the 
other way round just by modifying the control 
parameters. 

The global meaning of the score has to be clari-
fied in the future. There is a reference needed to 
be able to assign 0.6, 0.8 or any other score to a 
certain level of validation. 

Evaluation of models 

The tool offers the opportunity to evaluate whole 
models including different load cases and 
signals. Every signal and load case can be 
assigned with specific weighting factors. 
However, some general decision must be made 
before starting this global rating. At first, 
relevant load cases for the evaluation of a model 
have to be selected and prioritised. Afterwards, 
weighting factors for every signal of the load 
cases must be defined. This has to be done by the 
user. The CORA tool is not able to do this or to 
recommend baseline settings. Furthermore, the 
user has to adjust the control parameters of the 
algorithms. Only these settings can be derived 
from previous evaluations.  

 

The difficulties of the selection and right 
weighting of load cases and signals are 
exemplarily explained on a dummy model. 

Usually, there are extensive databases of 
certification tests available. The validation of 
many dummy models started with these data. It 
is assumend that the performance of the 
computational model in these tests is very well. 
A rating tool would probably calculate high 
scores.  

However, a dummy model is typically used in 
vehicle environments. The load paths as well as 
the load levels may differ significantly to the 
conditions of certification tests. It is not 
guaranteed that the performance of the model in 
vehicle load cases is similar to that in 
certification tests. Therefore, the scoring in 
certification tests is probably not relevant in 
vehicle tests. 

A global rating of a model must include all 
relevant loading conditions including the right 
balance between them (weighting factors). 

The selection and evaluation of the right signals 
of a load case is sensitive too. There are impor-
tant and less important signals measured with a 
dummy. Especially the handling of secondary 
axes has to be considered (e.g. transverse accel-
eration in a frontal crash). Firstly, these axes 
could be treated like the main axes. Acceptable 
deviation would become then a disproportional 
influence on the final rating. Secondly, they 
could also be ignored by using small weighting 
factors but then any problem with one of these 
axes would probably not be noticed in the global 
rating. Thus, there is an optional mechanism in 
the CORA tool that offers a special treatment of 
secondary axes. The main parameters, such as 
width of the corridors are taken from the main 
axis. So the rating of secondary axes is more 
tolerant but relevant deviations are reflected in 
the global rating.  

However, more investigation is needed to extend 
the rating of single signals to a global rating of 
computational models. 

SUMMARY 

A new approach of the evaluation of the correla-
tion of signals coming from test or simulation 
was developed. The algorithms and its control 
parameters are separated. That offers the oppor-
tunity to adjust the rating scheme to specific 
needs of each application and the requirements 
of users.  

In total four methods are implemented to coun-
terbalance the disadvantages of each sub-
method. The influence of each method on the 
global rating can be influenced by control pa-
rameters.  

Besides these features, there is an algorithm 
implemented that calculates the interval of 
evaluation automatically. It ensures that only the 
relevant parts of a signal are considered for the 
rating. All introduced automatisms can be 
switched off and replaced by user-defined set-
tings. 

The latest feature of CORA is the integration of 
the biofidelity rating of side impact dummies 
according ISO/TR9790. 

 

The development of the software is not 
completed yet. More investigation is needed to 
define a valid and robust parameter set. This set 
could become the baseline or starting parameter 
set. Additionally, more investigation is needed to 
improve the implemented automatisms like the 
calculation of the interval of evaluations. 



 

Gehre 8 

The software and the description of the methods 
used will be available for the research commu-
nity. The most likely option is the publication as 
freeware. 

OUTLOOK 

As mentioned above the development is not 
completed yet. It is intended to use this approach 
as part of the evaluation of computational mod-
els in the future.  

Furthermore, the work of ISO TC22 SC10/12 
Working Group 4 is supported. This group is 
working on international standards to evaluate 
the correlation of response curves with the focus 
on the comparison of test and simulation. 
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ABSTRACT 
As accidents with trucks have a large influence on traffic flow, a 
large pilot on the effect of driver assistance systems was kicked 
off in July 2008 in the Netherlands. The primary goals of the 
pilot are to assess the potential for improving safety and 
maintaining traffic flow.  
The potential contribution of driver assistance systems to these 
objectives will be determined with 2550 trucks from about 100 
transport companies. Each truck is equipped with one assistance 
system and a registration unit for monitoring driving and vehicle 
behaviour.  
 
Driver assistance systems used are: Lane Departure Warning, 
Forward Collision Warning, Directional Control, Adaptive 
Cruise Control, Rollover Control and Black Box with Feedback. 
The latter system was developed especially for this project. 
Based on continuous measurements, the driver receives a daily 
report on his “safe and congestion preventing” driving 
behaviour. So far, drivers and transport companies are very 
positive on this system.  
 
When closing the pilot halfway 2009, it will be concluded what 
the effects are of these systems on traffic safety and congestion. 
The conclusions will be based on proving ground tests, 
simulations and measurements from the pilot, like: 

- Average speed, speed variations, accelerations, etc. 
- Time-to-Collision over a time span, headway (time) 
- Warnings and actions by the systems 

Effects on traffic flow will be quantified based on changes in 
driving behaviour and based on expected reductions of 
accidents. This pilot will deliver unique, statistical data on the 
actual effectiveness of a range of driver assistance systems. 
 
The project is performed in a close cooperation between TNO, 
the Dutch Ministry of Transport, Public Works and Water 
Management, Connekt and Buck Consultants. Currently, the 
focus is on the Netherlands, but it is investigated how to 
interpret the results for Europe. 
 
INTRODUCTION 
 
During rush hour, large parts of the Netherlands are suffering 
from traffic jams. Especially the areas around the major cities 
are congested. Besides this, there are on many spots increasing 
congestion problems during the rest of daytime. The Dutch 
infrastructure is relatively vulnerable for incidents. A well know 
example of incidents which can paralyse large areas of 
motorway traffic for hours is the case of the heavy vehicle roll 
over accident, occurring about thirty times a year on a motorway 
and about one hundred times on other roads, often close to 
motorway areas.  
Figure 1 shows the locations of rollover accidents with heavy 
vehicles, in 2006, on Dutch motorways.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
This situation is affecting of course the daily life of many 
commuters, but also has increasing negative economical and 
environmental effects. The Dutch Ministry of Transport, Public 
Works and Water Management has considered this situation 
with growing concerns and launched the so-called FileProof 
Programme in 2006.  
 
At the start of FileProof, ministree employees, local 
governments, private citizens, business, interest groups and 
knowledge institutions provided a host of creative ideas on the 
topic. This host consisted of about 3000 ideas, which were 
evaluated by a group of experts, resulting in a wide programme 
of about forty projects. These projects all aim at short-term 
solutions for traffic congestion, ranging from changing driver 
attitude and improved road signs to implementation of Accident 
Prevention Systems in (heavy duty) vehicles.  
It can be seen that the projects also have different objectives 
from increasing regular traffic flow to a more fluent level, up to 
the reduction of occasional traffic jams. 
 
This paper focuses on the Accident Prevention Systems (APS) 
project. Determining the effects of these systems on safety and 
traffic flow, as well as determining the effectiveness of the 
systems, needs to be done in a joint effort of theoretical work 
and major experimental work. For this last part, a so-called Field 
Operational Test is an appropriate instrument which also is 
being applied in this APS project.  
 
The project described here contains the most comprehensive 
Field Operational Test (FOT) conducted so far, on Accident 
Prevention Systems in heavy duty vehicles.  

Figure 1. Locations of rollover accidents with heavy 
vehicles on Dutch highways, 2006 
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The objectives of this project are divided into these aspects: 
1. Assess the impact of large-scale implementation of 

accident prevention systems on traffic circulation and 
traffic safety 

2. Gain insight into the effectiveness of the various 
systems with respect to lorry traffic safety. 

The APS project is conducted with full support of many Dutch 
transport companies and by the relevant transport interest 
groups.  
 
BASICS OF THE METHODOLOGY 
 
The Dutch Ministry of Transport, Public Works and Water 
Management wanted to be able to measure real-life effects of 
the Accident Prevention Systems, rather than purely simulation 
results or theoretical answers. Furthermore, a boost of the 
implementation of APS in the heavy vehicle fleet was 
considered to be highly desirable, hoping it would increase also 
road safety. Therefore, a FOT turned out to be a very 
appropriate instrument. In starting an FOT, it is best to learn 
from previous experiences as it is a complicated instrument. 
Within the EU project FESTA [1] a FOT was defined as: 
A study undertaken to evaluate a function, or functions, under 
normal operating conditions in environments typically 
encountered by the host vehicle(s) using quasi-experimental 
methods. 
 
It is important to note the wording “to evaluate” in this 
definition. Many aspects of a system can be evaluated, ranging 
from technical aspects to e.g. influencing the actual driving 
behaviour. 
 
In an FOT effects can be studied in real traffic conditions, rather 
than under pre-defined circumstances. That would be the case in 
laboratory testing or driving simulator testing. Though, while 
working in an FOT, one has to be careful with comparing 
measured data from several participating vehicles. Without 
proper reference data (measured in vehicles without APS) the 
benefits and effects of the in-car systems cannot be properly 
assessed. Furthermore, one should compare only results from 
similar situations. External factors like weather type, traffic 
condition, GPS location, time of day and road type must be 
taken into account. 
 
In an early stage of the project, traffic simulations were 
performed to determine the number of vehicles and the period 
during which the measurements should be done. Statistical 
power analyses were conducted, using Monte Carlo simulations. 
This made it possible to take into account the two underlying 
variables; the number of vehicles in each test group (per APS) 
and the measurement duration. In traditional power analysis 
methods (e.g. Cohen [2]), this combination is not accounted for 
in a straightforward manner.  
In the end, it was recommended that the number of vehicles in 
each group should be 400, while the measurements should 
ideally run over about 8 months. All vehicles should have a data 
collection unit on board, to measure basic input for later 
analysis. Parameters to be measured would be e.g. vehicle 
speed, time to collision, time to line crossing, location (GPS), 
time and accelerations. Furthermore, participating vehicles have 
at most one working APS onboard. 

One group of vehicles should have only a data collection unit on 
board, no active APS. This group is the reference group. It is 
essential to have a group like this. Without it, the actual effects 
of the APS cannot be truly determined.  
 
SYSTEMS 
 
An early study in the starting phase of the project looked into 
the support systems to be used in the FOT. Basic issues here 
were the needs on the Dutch roads, availability of systems, 
working principle and expected benefit and effectiveness of the 
system. Furthermore, it was tried to pick systems with different 
principles of work and different types of potential accident 
scenarios in which the APS should be effective (head-tail 
accidents, side accident, single sided accidents). It was also 
decided to have a mixture of systems only informing the driver, 
and systems which actually perform actions. Also the moment in 
which the systems become active differs for the systems chosen 
(see Figure 2). 
 

 
Figure 2.  Accident imminence and activation of APS 
 
There are some reference groups in the project. The trucks in the 
reference groups all are equipped with the same data collection 
unit as all other trucks.  
Based on the pre-study [3, 4], the following systems were 
selected to be included in the FOT.  
 

1. HWM + FCW (Headway Warning and Monitoring + 
Forward Collision Warning). The system used in the 
FOT combines the two functionalities into one module. 
HWM warns whenever the time headway to the 
preceding vehicle becomes too short. The headway is 
determined by using a combination of the vehicle speed 
and the distance to the preceding vehicle. The FCW 
warns the driver when the time to collision becomes 
smaller than a certain threshold value. Within the FOT, 
the driver cannot switch off the HWM/FCW system. 

 
2. LDWA (Lane Departure Warning Assist). This assist 

warns the driver when he is unnoticed leaving his lane 
(i.e. indicator lights are not used during or close to a 
lane departure). This is done based on a time to line 
crossing criterion, determined by a camera. Also this 
system cannot be switched off by the driver in the FOT. 
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3. ACC (Adaptive Cruise Control). ACC intends to 
maintain the speed as programmed by the driver, but 
also tracks down preceding vehicles. The headway 
towards these vehicles is kept to a safe value. The test 
drivers in the FOT can switch on and off the ACC as 
they wish. ACC is most often used during long distance 
travels in uncongested traffic. 

 
4. DC (Directional Control). DC is an autonomous 

system, taking action when the vehicle does not 
properly respond to steering actions or starts sliding. Its 
actions normally are performed by braking at selected 
wheels. DC can be combined effectively with ROC 
(Roll Over Control), which is an algorithm that also 
uses the brakes when the vehicle tends to roll over. 

 
5. BBFB (Black Box FeedBack). This is a new system, 

developed especially for this FOT. This system is 
described in the next section. 

 
The HWM/FCW and the LDWA can be built into (heavy duty) 
vehicles during the vehicle’s commercial life time, as they are 
available as retrofit systems. This essentially speeds up the 
large-scale introduction of these systems. The BBFB 
functionality is a newly developed functionality of a kind of 
fleet management system which also is available as retrofit 
toolkit. For heavy vehicles equipped with a relatively new 
version of the hardware of the fleet management system, a 
remote software update is sufficient to equip existing vehicles 
with the BBFB functionality. 
The ACC, DC and ROC are only available as ex factory 
systems. To get these systems in the FOT, also truck OEMs 
were involved in the project set up. 
  
Figure 3 shows the ordering of these systems in subprojects, 
including the number of trucks in each group. In total, 2550 
trucks are involved in the project. 
 

 
Figure 3.  Groups of trucks in the FOT, including numbers 
 
As can be seen from this figure, there are four subprojects. SP A 
has a focus on retrofit systems, which are being installed on the 
participating trucks. SP B focuses on actively influencing the 
driver’s behaviour, including the development and use of the 
new Black Box FeedBack functionality. SP C works on ex 

factory systems, more cooperation with OEMs is taking place 
here. The sample groups are some smaller here as it turned out 
to be necessary to interfere with the actual production process 
which is not easily done.  
SP D focuses on proving ground tests, going into issues which 
cannot be determined in tests on public roads. Work on SP D 
Track tests will be discussed in one of the later sections. 
 
BLACK BOX FEEDBACK (BBFB) 
 
At the moment the project was initiated, there were no systems 
commercially available which inform the driver on his actual 
driving behaviour. It is expected such system will raise driver 
awareness on effects of driving behaviour. This can lead to 
improved driving behaviour and a more effective traffic flow. 
Therefore, TNO developed in cooperation with the company 
CarrierWeb a new type of Accident Prevention System, the so-
called Black Box FeedBack. This system is based on 
CarrierWeb’s fleet management system, using its existing 
hardware and interface.  
Figure 4 shows an example of the output the driver receives. 
 

 
Figure 4.  BBFB screen output to the driver on his daily 
performance 
 
The fleet management system has a connection to the vehicle 
CAN. Through this connection data are transmitted to the new 
BBFB software. Amongst the data collected within the BBFB 
functionality are the vehicle speed, date, time, vehicle ID, driver 
ID (driver has to log on to the system, and receives personal 
driving information), acceleration parameters (positive and 
negative), fuel rate usage, distance driven, number of brakes 
events and GPS location.  
 
The feedback to the driver includes amongst others: 
• Speed fluctuations 
•  Harsh breaks 
•  Cruise control usage 
•  Fuel usage 
 
The driver receives per variable information and explanation of 
his results of the last day and of the last few weeks. He can 
compare his results with his own long term average, but also 
with the long term average of his colleagues. This feature is 
added on specific demand by a selection of drivers in the test 
group. 
 
Figure 5 shows the functional principle of the BBFB system. 
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Figure 5.  Functional overview of the BBFB system [5] 
 
Feedback to the driver is presented: 
•  Automatically when the driver indicates that he is 

having a break  
•  Automatically when the driver logs off. 
•  Never while driving (where 'driving' is defined as speed        

> 5 km/u) 
•  Upon request  
 
NOT ON THE ROAD, PLEASE 
 
There are some items which could not be tested with large 
groups of vehicles e.g. due to the increased danger level or the 
costs. 
 
For systems like DC and ROC, the risk towards roll over during 
daily transport activities had to be assessed. To do this properly, 
an extensive sensor system would have to be installed on the 
truck. This cannot be done for hundreds of trucks as in the full 
FOT due to high costs of sensors and long installation times. 
Instead, one truck was fully equipped and used extensively. 
There were two types of tests in which this specific truck was 
used: user tests and proving ground tests. 
 
User tests 
For the user test, the fully equipped truck was used by several 
transport companies for one or two weeks in regular transport 
activities. The participating companies had different types of 
transport activities. 
An important part of the measurement equipment is the so-
called RPAS module, a vehicle state estimator for trucks to 
assess rollover risk, developed and patented by TNO. The 
concept of the RPAS module is shown in Figure 6.  
 
RPAS determines the rollover threshold value of any truck 
combination using data from only a few sensors that can be 
installed easily. The system can be used as an autonomous unit 
in which the sensors are incorporated and it is generally installed 
on the trailer. As the rollover propensity of tractor semi-trailer is 
mainly determined by the loading of the trailer, the internal 
algorithm is developed to adapt the critical roll value shortly 
after the load of the trailer has changed. In the user test the 
algorithm has been applied for post-processing of recorded data. 
 

 
 
 

 
Figure 6.  RPAS state estimator concept [6] 
 
During the user test, no emergency situations occurred but 
nonetheless some interesting observations were made. On the 
proving ground it was assessed that for this particular vehicle 
the DC system activates at a rollover risk level of about 55% of 
the rollover threshold value. During three trips (more than 100 
were recorded) the rollover risk marginally exceeded 55%, and 
during the event with the highest recorded rollover risk (61%) 
the DC actually was activated. As expected the rollover risk 
achieves significant values for the loaded truck only. For the 
unloaded truck the maximum rollover risk during trips never 
exceeded 45%. 
 
A detailed analysis was made into the situations where rollover 
risk was relatively high using e.g. recorded GPS coordinates. 
The largest rollover risk is generally found for cloverleaf 
motorway junctions and on motorway entrances and exits. 
 
 
Figure 7 shows the location where the DC intervention occurred 
during the 7400 km User test.  
The rollover risk is indicated in Figure 8 together with measured 
vehicle speed, steering angle and lateral acceleration. 
 
 

 
 
Figure 7.  Cloverleaf with highest measured level of roll over 
risk and DC intervention. 
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Figure 8.  Measured values of speed, steer angle, lateral 
acceleration and rollover risk for the trip recording with DC 
intervention 
 
For the occurrence of high levels of roll over risks the vehicle 
payload is the most influencing factor. Secondly, there is a 
strong relation with road infra structure, and finally the 
recordings have also shown that the maximum level of rollover 
risk is dependent on the driver. In all cases however the drivers 
maintained sufficient margin towards the rollover threshold so it 
can be concluded that in general they have a true perception of 
the vehicle safety levels. 
 
Proving ground tests 
On a proving ground, it is possible to go to the limits of vehicle 
operation. In controlled situations, one can get very close to an 
accident situation, while still being able to avoid it at a very late 
moment. Furthermore it is possible to repeat experiments with 
exactly the same conditions, thus testing several Accident 
Prevention Systems under the same circumstances. 
 
On the proving ground, experiments were performed with roll 
over systems, ACC, FCW and LDWA. The test truck was a 
fully loaded tractor semi-trailer, which was equipped with many 
data acquisition systems (including the RPAS module). The 
truck was e.g. approaching a “target vehicle”. The FCW or ACC 
should in time warn the driver or undertake action, both for 
moving target vehicles as well as for a non-moving target. The 
systems were also tested on their ability to make a distinction 
between a vehicle and road furniture.  
 
Furthermore other tests were performed, like: 

- Driving in a constant circle, with increasing speed. 
Thus, near-critical levels of roll over were achieved.  

- Driving in a circle with decreasing diameter, like in slip 
road situations. 

- Braking while driving in a curve. 
- Changing lanes, including extreme avoidance 

maneuvers. 
- Line crossings including corrections. 

 
 
 
HOW TO COME TO CONCLUSIONS 
 
The FOT is planned to run until the end of June 2009. Only 
then, a full data set will be available for final analysis. The data 
from the 2550 test trucks will be combined with data from the 
track tests, the user test and results found in literature. Of 
course, data has to be properly collected and combined to have a 
solid basis for conclusions on the effects of APS on traffic flow 
and traffic safety. 
From the overall project, some intermediate conclusions have 
been found: 

- The preparations for a FOT like this are easily 
underestimated. The number of partners, the technical 
requirements and data acquisition are key issues for the 
success of a FOT.  

- There is a huge enthusiasm for the project from the side 
of transport companies. They made large parts of their 
fleet available, which did cost them a considerable 
amount of time. 

- For unloaded trucks, the measured level of roll over 
risk was always below 45%. 

- During a majority of working days a moderate level of 
roll over risk are obtained with a loaded vehicle (45-
55% risk level). Drivers normally assess the risk level 
in time and properly. 

- The Black Box Feedback gives drivers information that 
makes them more aware of their driving habits. 

 
Last but clearly not least: never underestimate the effect of daily 
life of drivers to your test…….or how lunch packaged in 
aluminum foil can strongly affect measurements! 
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ABSTRACT

This paper explores opportunities to better protect 
belted right front passengers during frontal crashes.  
Paired comparisons of using NASS CDS 2000-2007 
data showed that, across all ages and genders, belted 
passengers carried a 34% higher serious injury risk 
than belted drivers.  In an effort to explain this 
difference, we explore crash configurations where 
right front passengers most often sustain serious 
injuries.  We also identified primary attributes of 
right front passengers including age and weight to 
determine how they differ from drivers when serious 
injuries occur. 
 
When involved in the same crash, right front 
passengers more often sustain MAIS3+ injuries 
compared to drivers.  However, there are 
fundamental differences between these populations.  
First, a higher percentage of right front occupants are 
injured during angled collisions with a 1 o’clock 
principle direction of force.  These crashes are more 
serious for occupants seated on the nearside or 
passenger side of the vehicle. Often these crashes 
occur at intersections where the struck vehicle 
initiates a turn. 
  
A second reason for this difference in risk is 
principally due to the presence of occupants in the 
passenger location who are more vulnerable to injury 
than the driver.  While only 1 in 10 right front seat 
occupants involved in frontal crashes are age 65 and 
older, the elderly population makes up more than 1/3 
of the MAIS3+ injured group.  When both front seat 
occupants are elderly, the most vulnerable in terms of 
age or gender is in the passenger position 85% of the 
time.  The GES data showed that when two elderly 
occupants (age 65+) were present, the female 
occupied the right front passenger position 73% of 
the time. 
 
Analysis of NASS GES data suggests that, when an 
elderly male occupies the passenger seat he is 

frequently older than the driver.  When investigated 
further, there was no significant difference in the fatal 
injury risk of young belted drivers and young belted 
right front passengers in frontal crashes. 
 
INTRODUCTION 

An earlier study found that when both driver and 
right front passenger were elderly, the right front 
passenger was more likely to have a lower injury 
tolerance [Augenstein 2008]. It was noted that the 
right front passenger has more ride-down room than 
the driver.  Consequently, the safety system for the 
right front passenger could utilize the additional 
distance and be more benign than for the driver. The 
earlier study focused primarily on the needs of the 
elderly right front passenger.  This study is intended 
to examine the needs of a wider range of belted right 
front occupants involved in frontal crashes. 

Numerous studies have shown higher vulnerability to 
injury and death for older occupants involved in 
motor vehicle crashes [Augenstein, 2001; Fildes, 
1991; and Mackay 1994, 2001].  Other studies of 
gender differences indicate that females, like older 
occupants, are more vulnerable to injury than males 
of the same age [Lenard 2001; Welsh, 2001].  Evans 
found that the same physical insult was three times 
more likely to fatally injure a 70 year old compared 
with a younger person age 15 to 45.  He further 
showed that women age 15 to 45 were 25% more 
likely to be killed from a similar physical insult than 
their male counterparts [Evans 2001, 1991].   

Studies of serious injuries by body region for 
restrained occupants in frontal crashes have shown 
that for belted occupants age 65+, the chest is the 
body region most frequently injured at the MAIS 3+ 
level [Augenstein, 2005].  Similar results were found 
for belted fatally injured older drivers in frontal 
crashes [Kent, 2005]. 
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Earlier studies examined changes in chest injury 
propensity using cadaver testing and found a 
significant decrease in injury tolerance by age [Zhou, 
2001].  For frontal crashes, belt loading was found to 
more significantly increase the risk of injury 
compared with loading by air bags.  When compared 
to 16-35 year old occupants or the “young” group, 
the chest injury threshold for bag loading was 
reduced to 84% for the 36-65 year old age group and 
to 79% for the 66-85 year old age group.  For belt 
loading, the reduction was to 47% for the 36-65 year 
old age group and to 28% for the 66-85 year old age 
group. 

Recent evaluations of NASS CDS data identified that 
for a given stature, an obese occupant (BMI ≥30) has 
a 97% higher risk of fatality and 17% higher risk of 
MAIS3+ injury compared to occupants with a normal 
Body Mass Index (BMI) [Viano 2008].  The Viano 
study applied a matched pair methodology 
controlling for occupant age and gender however 
safety belt usage and crash type were not considered.  
A study by Mock et. al. (2002) similarly found that 
the risk of fatal injury increased 1.013 (95% CI: 
1.007, 1.018) for each kilogram increase in body 
weight.  This study controlled for age, gender, 
seatbelt use, seat position and vehicle curb weight. 

Earlier research supports the thesis that females and 
older occupants of both genders could benefit from 
restraint systems that apply forces at lower levels 
than the force allowable for young males.  However, 
restraints design must also adequately treat a 
population of occupants whose weight is steadily 
increasing. 

METHODS 

The 2000-2007 National Automotive Sampling 
System, Crashworthiness Data System (NASS CDS) 
data was used to compare the relative injury risk of 
belted drivers and right front passengers during 
frontal crashes.  The analysis included restrained 
occupants involved in frontal crashes by crash 
severity, gender and age. Subsequently, a comparison 
of the occupancy of the driver and right front 
passenger seats by gender and age was made using 
General Estimates System, GES (2003-2005), data to 
better understand the demographics of right front seat 
occupants.  We also explored NASS CDS data to 
further compare differences in driver and right front 
passenger size for those who are injured and 
uninjured. 

For the NASS data analysis, frontal crashes were 
defined as any crash where the principal direction of 
force (PDOF) was 1, 11, or 12 o’clock or the PDOF 

was 10 or 2 o’clock with the highest deformation 
location coded as front (F).  Typically, crash severity 
is determined using the coded change in velocity or 
deltaV.  For those cases where delta-V was missing, 
the NASS researcher supplied estimated delta-V was 
used.  These estimates are available for those cases 
where delta-V cannot be accurately computed during 
crash reconstruction.  Estimated delta-V values can 
be partitioned into 3 categories which are 0-15 MPH, 
15-25 MPH and 25+ MPH.  

The NASS database provided 23,124 raw cases of 
belted front seat occupants 16 and older exposed to 
frontal crashes with known or estimated delta-V. Of 
these occupants, 2,437 suffered MAIS 3+ injuries.  
When weighted, these cases expanded to 11,768,366 
occupants with 189,034 MAIS 3+ injured.  Table 1 
shows the population of drivers and right front 
passengers used in the analysis. 

Overall, few differences exist in the attributes shown 
in Table 1 comparing driver crash distributions with 
those of right front passengers.  In terms of crash 
severity (deltaV), vehicle type and age, the 
distributions are similar.  As discussed in more detail 
below, the NASS CDS reflects the fact that more 
females ride in the right front passenger seat while 
more males are driving when a tow-away crash 
occurs. 

Table 1. Crash exposure of belted front seat 
occupants involved in frontal crashes (source: 
NASS CDS 2000-2007) 

Front Seat 
Occupant 
Category 

Drivers 
Right Front 
Passengers 

Count % Count % 
All 9,414,686  2,350,643  
 80%  20%  
DeltaV (mph)     
   0-14  5,993,720 64 1,574,201 67 
   15-24 3,091,409 33 720,926 31 
   25+  305,898 3 55,516 2 
Vehicle Type     
   Cars 6,463,688 68 1,574,813 67 
   SUVs 1,185,574 13 294,122 14 
   Pickups 1,111,366 12 292,366 12 
   Vans 614,111 7 188,699 8 
 Age Group     
   16-34 4,965,589 53 1,068,143 54 
   34-65 3,547,415 38 708,879 36 
   65+ 792,518 9 186,784 10 
Gender     
   Male 5,078,752 54 989,060 43 
   Female 4,252,315 46 1,324,584 57 
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Conversely, Table 2 identifies a few key differences 
between crashes where drivers are injured and those 
where right front passengers are injured.  Fewer 
injured right front passengers are pickup truck 
occupants while a higher proportion ride in cars.  
When a passenger is injured, Table 2 indicates that 
higher proportions are age 65+.  Seventeen percent 
(16%) of drivers who sustain an MAIS3+ injury were 
age 65 and older while over 31% of right front 
passengers fell into this category.  Sixty nine (66%) 
of injured right front passengers are females 
compared to only 47% of injured drivers. 
  
Table 2. MAIS3+ injury counts for belted front 
seat occupants involved in frontal crashes (source: 
NASS CDS 2000-2007) 

MAIS3+ 
Injured 

Occupant 
Category 

Drivers 
Right Front 
Passengers 

Count % Count % 
All 156,630  32,404  
 82.9%  17.1%  
DeltaV (mph)     
   0-14 30,024 19 5,766 18 
   15-24 68,657 44 14,527 45 
   25+ 57,949 37 12,111 37 
Vehicle Type     
   Cars 108,429 69 23,418 72 
   SUVs 19,125 12 3,504 11 
   Pickups 20,725 13 2,695 8 
   Vans 8,260 5 2,753 9 
 Age Group     
   16-34 59778 38 10,185 35 
   34-65 71,138 45 9,868 34 
   65+ 25,495 16 8,881 31 
Gender     
   Male 82,759 53 10,943 34 
   Female 73,871 47 21,435 66 

 

Matched Pair Analysis 

In order to evaluate the difference in MAIS3+ injury 
risk for passengers relative to drivers while 
controlling for the influential factors identified above, 
a matched pair analysis using NASS CDS 2000-2007 
data was performed.  Only those belted drivers 
involved in frontal crashes with a belted right front 
passenger present at the time of the crash were 
retained.  In total 11,066 unweighted occupant pairs 
representing 2,350,643 weighted occupant pairs were 
available for evaluation. 

To adequately treat the stratified sampling design of 
NASS CDS, odds ratio estimates, standard errors and 
95% confidence intervals (95% CI) were calculated 
using Stata Software Version 9.0 (Stata Corporation, 
2005).  

Odds of right front passenger injury are 34% higher 
than drivers for belted occupants in frontal crashes.  
When the sample was further stratified by PDOF, for 
the risk of MAIS3+ injury for right front passengers 
it was not statistically different than drivers for 11 or 
12 o’clock crashes when age, gender and crash 
deltaV are controlled for.  However, the effect for 
1’oclock PDOF crashes is significant having a 2.43 
times higher risk of MAIS3+ injury for right front 
passengers compared to drivers. 

The odds of serious injury for female right front 
passengers relative to female drivers is 1.39 (95% CI: 
1.13, 1.69).  For elderly passengers versus elderly 
drivers, the odds of injury were substantially higher 
at 1.89 (95% CI: 1.29, 2.78). 

Table 3. Odds ratios based on matched pairs 
analysis- Odds of MAIS3+ injury for belted right 
front passengers in frontal crashes compared with 
drivers (NASS CDS 2000-2007) 

Category 
Odds Ratio 

(95% Conf. Limits) 

All Frontal Crashes 1.34 (1.16, 1.55) 

11 o'clock PDOF 0.86 (0.62, 1.19) 

12 o'clock PDOF 1.20 (0.96, 1.50) 

1 o'clock PDOF 2.43 (1.76, 3.36) 

Female Passengers 1.39 (1.13, 1.69) 

Elderly Passengers 1.89 (1.29, 2.78) 
 

Crash configurations for two vehicle crashes where 
drivers and right front passenger sustain MAIS 3+ 
injuries are shown in Figure 1.  This plot shows 
results for the crashes used for the matched pair 
analysis so that the population of crashes where a 
right front passenger was present is identical to those 
for the drivers in terms of deltaV, vehicle type and 
crash configuration.  The non-collision category 
indicates a single vehicle crash event has occurred.   

Overall, drivers more often sustain injuries during 
head on collisions with other vehicles.  Right front 
passengers are injured more frequently than drivers 
during angled collisions.  The vast majority (more 
than 88%) of angled crashes where right front 
passengers were injured occurred while turning or at 
intersections. 
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Drivers versus Right Front Passengers

Driver
RF Passenger

 

Figure 1. Comparison of crash configurations 
where drivers and right front passengers 
sustained one or more MAIS3+ injuries (for 
crashes where both occupants were present). 

Figure 2 shows the distribution of injured occupants 
by seating position and specific PDOF for the frontal 
crash event.  As mentioned above, right front 
passengers are more frequently injured in angled 
collisions associated with turns at intersections 
supporting the elevated frequency of injuries where 
the PDOF of the primary impact was 1 o’clock. 
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Figure 2.  Comparison of primary impact PDOF 
where drivers and right front passengers 
sustained one or more MAIS3+ injuries (for 
subset of crashes where both occupants were 
present). 

Figure 3 indicates that a higher proportion of right 
front passengers sustaining MAIS3+ injuries are age 
65 and older than in the driver position.  Although 
only 10% of tow-away crash involved right front seat 
occupants are age 65 and older as shown in Table 1, 
more than 35% of those who sustain one or more 
MAIS3+ injury are age 65+.  For drivers, the 
proportion of occupants age 65 and older who sustain 
MAIS3+ injuries is 16% while the driver position is 
occupied by those 65 and older 9% of the time.   
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Figure 3.  Distribution of occupant ages where 
driver or right front passenger was MAIS3+ 
injured (for subset of crashes where both 
occupants were present). 

Figure 4 indicates 16% of adult females seated in the 
right front passenger seat during any NASS CDS 
crash were similar in weight to the 5th Percentile 
Female Dummy (the 5th percentile female weighs 
46.7 kg or 102 lbs).  A total of 41% were slightly 
heavier than the 5th Percentile female yet lighter than 
the 50th Percentile Male dummy.  Overall, the 5th 
percentile female does not represent female 
occupants most often seated in the right front position 
well. 

2%

16%
14%

41%
45%

26%

39%

16%

0%
5%

10%
15%
20%
25%
30%
35%
40%
45%
50%

P
er

ce
n

t

85-115 115-145 145-175 175+

Occupant Weight Category (lb)

Occupant Weight Distribution for 
Right Front Passengers- All

Males
Females

 

Figure 4. Occupant weight distributions for all 
NASS CDS crashes. 

Within the MAIS3+ injured population, shown in 
Figure 5, increased percentages by weight for all 
categories for both males and females can be seen.  It 
should be noted that Figure 5 includes only belted 
right front passengers involved in frontal crashes 
while Figure 3 includes the complete NASS CDS 
population.  
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Figure 5. Occupant weight distribution for 
MAIS3+ injured, belted right front passengers in 
frontal crashes. 

General Estimates System (GES)- Seat Occupancy 

Figure 6 shows the distribution of occupants by 
seating position based on NASS GES data. This data 
was reviewed to understand frequency of front seat 
occupancy by age and gender.  The subpopulation 
reviewed includes police reported, crash involved 
vehicles where the driver and passenger seat were 
occupied.  The analysis considers both injured and 
non-injured occupants.  There were 153,936 
unweighted pairs of occupants included representing 
1,556,533 drivers in crashes from 2000-2007.  Figure 
6 shows the percent of crashes where a female driver 
or male driver was accompanied by a female 
passenger or male passenger.  This data suggests that 
overall, female passengers occupied the passenger 
seat during 56% of the crash events. 

Gender by Seat Position- Two Occupants Present Per 
Vehicle  (GES 2000-2007- Passenger Vehicles)
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26%

 

Figure 6. All occupants by seating position (GES 
2000-2007). 

Figure 7 indicates that, when both front seat 
occupants were 65 and older, a female occupied the 
right front passenger seat 73% of the time.  Both 
driver and passenger were elderly males in 10% of 

these cases. 

Elderly Occupants (both 65 YO+)  Gender by Seat Position- 
(GES 2000-2007- Passenger Vehicles)
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Figure 7. Elderly occupants by seating position 
(GES 2000-2007). 

DISCUSSION 

In this study, the risk of MAIS3+ injury was 
compared for right front passengers and drivers using 
matched pairs analysis.  Crashes where both the 
driver and right front passenger were present and 
restrained were retained.   

Fundamental differences in crash configurations 
appear to impact the frequency that right front 
passengers are injured. As may be expected, the right 
front passenger is much more likely than the driver to 
be injured in a 1 o’clock crash.  When examining the 
11 o’clock crash the driver would be expected to 
have a higher risk.  However, the driver’s increased 
risk was not statistically significant.  The right front 
passenger’s increased frequency of injuries is further 
illustrated in Figures 1 and 2. The energy absorbing 
steering column may provide some benefit to the 
driver in the angular collision that is absent for the 
right front passenger.  Further, compartment 
intrusions at the right front passenger position could 
impact injury risk.  This result suggests the need to 
provide some additional protection to the right front 
passenger in the 1 o’clock frontal angular collisions. 

Table 2 shows the predominance of females and 
elderly females among right front passengers with 
MAIS 3+ injuries.   

The analysis of GES (Figures 7 and 8) indicates that, 
when all ages are considered, 56% of the right front 
passengers are female.  In NASS CDS, 57% of the 
right front passengers in tow-away crashes are 
female. However, when examined by age, the female 
occupancy rate increases dramatically for older 
occupants.  GES (Figure8) shows that when both 



Augenstein 6

front seat occupants were 65 and older, a female 
occupied the right front passenger seat 73% of the 
time.  This result is consistent with NASS data that 
shows that among right front passengers age 65 and 
older, 81% are female.  For age 50 and older, the 
percentage of female passengers in NASS remains 
about the same. 

An earlier study using paired comparison analysis of 
FARS for belted drivers and right front passengers 
showed that when all ages of occupants were 
considered, the passenger position had a slightly 
higher risk of being fatally injured [Augenstein 
2008].  There was no difference in the risk when both 
occupants were young.  However, when both 
occupants were 65 and older, the odds ratio for the 
passenger was much higher – 1.42.   This result 
further supports the hypothesis that when elderly 
occupants occupy both front seats, the most 
vulnerable to injury is the passenger, not the driver. 

It is interesting to examine the injuries and fatalities 
that occur to belted elderly occupants in the lower 
severity crashes.  An earlier study found that 58% of 
the frontal crash fatalities among belted front seat 
occupants aged 65+ occurred in crashes less severe 
than 25 mph [Augenstein, 2006].  The earlier paper 
showed that, for an elderly occupant, sustaining an 
MAIS 3+ injury carries a much higher risk of death 
compared with the same injury in a younger 
occupant.  The paper suggested that reductions of 
chest injuries in lower severity frontal crashes offered 
a large opportunity for improvement.  

Figure 3 shows the weight distribution for injured 
males and females in the right front occupant 
position.  The distribution suggests the need for tests 
with a dummy heavier than the 5th percentile female.  
It also suggests the need to tailor the restraint system 
for both the weight of the occupant and the severity 
of the crash. 

These results suggest that an opportunity exists for 
providing age, weight and gender appropriate 
restraint systems for the right front passenger.  These 
restraint systems could be more focused on reducing 
the forces on the body in low severity crashes while 
maintaining the current level of safety in high 
severity crashes. 

CONCLUSIONS 

Occupants of the right front passenger position have 
different restraint needs compared with the driver.  
The NASS paired comparison analysis indicates that 
the right front passenger is more vulnerable to frontal 

angular crashes than the driver. Additional protection 
for the 1 o’clock angular crash would be beneficial.   

The right front passenger is more likely to have a 
lower injury tolerance than the driver.  This 
difference suggests the need for a more benign 
restraint system.  However, occupants of the right 
front passenger position exhibit a wide range of sizes.  
The broad population suggests the need for tests with 
a variety of dummy sizes. 
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ABSTRACT 

Today the numerical simulation is an inherent 
process of the development of the passive safety 
of vehicles. So it is understood that every state of 
the art dummy has a virtual counterpart. Based 
on the positive experiences of the development 
of high quality dummy models within FAT 
working groups, German automobile manufac-
turers, represented by PDB, and the software 
vendors Dassault Systèmes SIMULIA, DY-
NAmore and ESI Group decided to develop a 
high quality WorldSID 50th FE model. It will be 
available for Abaqus, LS-DYNA and 
PAM-CRASH. 

The WorldSID programme was initiated to de-
velop an advanced worldwide accepted dummy 
of improved biofidelity to access the injury risk 
to occupants in side impacts.  

The finite element model of the WorldSID is 
based on the latest production version of the 
physical dummy. Its FE mesh was developed by 
using the technical drawings of the dummy and 
additional scans of dummy parts. 

At first, it was necessary to identify the material 
properties of the dummy parts. An extensive test 
programme was started to obtain the required 
data. All materials were tested quasi-statically 
and dynamically. The material samples were 
taken from dummy parts and custom-built mate-
rial plates.  

The first release of the model includes the ge-
ometry and the material properties. It is used to 
design set-up and boundary conditions of com-
ponent and sled tests to validate the components 
as well as the complete model. A large number 

of tests of different types of loading for neck, 
thorax, lumbar spine, pelvis and arm were con-
ducted to obtain data for the validation process. 
The overall response and kinematics of the 
dummy is validated by using sled tests with 
different rigid barriers. 

The final release of the model will be published 
in 2010. Pre-releases of the model will be avail-
able till then. 

INTRODUCTION 

In November 1997 the WorldSID Task Group 
was formed under the led management of the 
ISO (International Organization for Standardiza-
tion). The Task Group’s aim was to develop a 
harmonised, technologically advanced side im-
pact dummy with improved biofidelity to replace 
the variety of side impact dummies used in regu-
lation and in consumer testing. The development 
of the WorldSID 50th under direction of 
ISO/TC22/SC12/WG5 was completed in March 
2004 when the first production version was re-
leased [1]. 

After the completion of the WorldSID and due to 
the activities of the WorldSID Task Group to 
introduce the dummy in legislation, it is clear 
that there will be a need of a high quality finite 
element model of the WorldSID 50th in the fu-
ture. Therefore, PDB, an association of five 
German car manufacturers, and the software 
vendors Dassault Systèmes SIMULIA, DY-
NAmore and ESI Group started the development 
of this model in autumn 2006. The methodology 
of the project is very similar to that of the Ger-
man FAT dummy projects. FAT working groups 
developed the US-SID, EuroSID 1, ES-2/ES-2re 
and BioRID II dummy models. These models are 
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frequently used worldwide and proved their 
suitability in enhancing vehicle safety since 
many years.  

APPROACH 

The development of the WorldSID FE model is 
primarily based on the requirements of future 
customers, represented by PDB.  

All validation tests cover a wide range of ex-
pected loading conditions in vehicle environ-
ments. The validation based on the certification 
tests is only a very small part of the validation 
programme. 

Development plan 

A four step development plan was introduced to 
the project. The dummy release 0 is the first 
result of the project. This model contains the FE 
mesh, correct masses and inertia, all joints and 
sensors. The materials are generic or derived 
from other dummy models. Release 0 is used for 
pre-studies to define component tests for the 
validation work. 

The second step, dummy release 1, comprises all 
data of the material tests as well as roughly vali-
dated components.  

The development of the model is almost com-
pleted after the third step, the release of version 
2. All parts are validated on component and sled 
test level.  

Finally, Version 3 is released after a period of 12 
months of use and user feedback of version 2.  

Interim versions of the model are also released. 
So a pre-version 1 was mainly used to define the 
validation tests of the components. This prelimi-
nary version used almost all results of the mate-
rial tests and was roughly validated by using the 
certification tests. 

 

Release 1 of the dummy model was completed in 
the 1st quarter of 2009 and the release of version 
2 is expected by end of 2009. 

Definition of validation tests 

The validation of the model by using tests with 
loading conditions close to vehicle environments 
requires a new approach of defining these tests. 
The idea is to identify the loading type of a com-
ponent in vehicle environment, to isolate this 
loading and finally, to transfer it into a simple 
test set-up. 

Figure 1 shows this process in principle. At first, 
the estimated load to a component in a vehicle 
crash and its load path is identified. Different 

set-ups of component tests that cover these load-
ing conditions are discussed. The focus is not 
only on these needs, the simplicity of the set-up 
is also an important requirement. The repeatabil-
ity of simple tests is typically higher than of 
more complex configurations. Simple and highly 
repeatable tests are usually more helpful to vali-
date a component because the uncertainties in 
the tests are clearly limited. 

Load path

Load level

Pre-
simulation

Test set-up
Preliminary 
test set-up

Test

Load path

Load level

Pre-
simulation

Test set-up
Preliminary 
test set-up

Test

 

Figure 1. Definition of component tests. 

Different proposals of set-ups are verified by 
using pre-simulations. Finally, the results of the 
first tests are compared with pre-simulation and 
estimations regarding load level and load path. 
The configuration and the boundary conditions 
are modified, if there is any problem or uncer-
tainty.  

This method is also applicable for material in-
vestigations and sled tests with the whole 
dummy. 

In general, it is difficult to use a model that is 
under development to run pre-simulations to 
design validation tests for the same model. How-
ever, the requirements to the predictability of 
such models can be less restricting because sim-
plifications and restrictions of the pre-simulation 
are considered. Iteration loops as shown in Fig-
ure 1 are common. Additionally, pre-simulations 
can also be conducted with other dummy models 
of a similar design. 

STRUCTURE OF THE MODEL 

In a first step the mesh was generated based on 
CAD data, generated from the technical draw-
ings of the WorldSID [2] and 3D scans of several 
parts.  

 

 

Figure 2. WorldSID FE model (LS-DYNA). 



 

Gehre 3 

The rubber and foam parts are mainly made of 
hexahedron elements. Solely the pelvic flesh is 
made of tetrahedron elements because of the 
very complex geometry. The WorldSID finite 
element model is shown in Figure 2. 

The size of the finite elements of the dummy is 
set to ensure a time step of one microsecond. The 
current models are made of approximately 
135,000 nodes and 200,000 elements. They are 
equipped with the same measurement devices as 
the physical dummy. 

VALIDATION TESTS 

A significant effort was made to generate a com-
prehensive database on the static and dynamic 
material behaviour, and the dummy performance 
in component and whole dummy tests.  

The validation starts on the material level with 
detailed analysis of the material properties. 
Component tests of the most important body 
segments are improving the level of validation. 
Finally, sled tests with the complete dummy are 
used to investigate the interactions of the com-
ponents and to improve the quality of the model 
globally. 

Material Data 

In total 26 materials were tested to obtain the 
required data to define the materials. The mate-
rial samples (Figure 3) were directly cut from 
dummy parts, if possible. All rubber- and vinyl-
like samples were taken from custom-built 
plates. Their characteristic was verified with 
samples taken from dummy parts. 

  

© DYNAmore GmbH  

Figure 3. Material samples of the WorldSID. 

Depending on the type of material and the load 
they experience in a crash, static and dynamic 
tension and compression tests were conducted. 
The measured response curves can be directly 
implemented into typical foam and rubber mate-
rial models. 

Compression tests with constrained lateral ex-
pansion and free expansion were performed for 

the rubber-like materials. Lateral strains were not 
constrained and not considered.  

All tests were conducted quasi-statically and 
dynamically. The strain rates range from 20/s up 
to 400/s. Cyclic compression and tension tests 
were additionally performed for rubber-like 
materials. 

Component Level 

The implementation of valid material models 
ensures a certain level of validation. However, it 
is necessary to assure the validation with addi-
tional component tests of the most important 
dummy parts. 

 Head – The skin of the head was validated 
by using data of the head drop tests that are 
required for the certification of the WorldSID. 
The set-up of the frontal and lateral test is shown 
in Figure 4. 

 

Figure 4. Set-up of the frontal and lateral 
head drop test. 

 Neck – At first, the neck was roughly vali-
dated by using results of the certification tests. 
As shown in Figure 5 the head has been replaced 
by a substitute. The pendulum is decelerated by a 
piece of honeycomb. As this test has to be con-
ducted with every WorldSID periodically, the 
available data represents different specimen. So 
the scatter due to variances of the hardware is 
covered.  

 

Figure 5. Neck pendulum tests. 

The certification test does not cover the expected 
loading conditions of the neck in a vehicle envi-
ronment. Therefore, a second test set-up was 
chosen to obtain data of lateral and oblique neck 
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bending modes. Two different necks were tested 
to consider the variance of the hardware. 

As shown in Figure 6 head and neck were 
mounted on an accelerated sled. Two different 
crash pulses were used. The head hit the contact 
plate in the severe pulse only. A load cell meas-
ured head impact force. 

The head was equipped with triaxial angular rate 
sensors.  

 

 

Figure 6. Set-up of the neck sled tests. 

 Thorax – The thorax is one of the most 
important body segments of a side impact 
dummy. Therefore, a special the focus of the 
validation was on the ribcage of the WorldSID. 
More than 400 pendulum tests at different impact 
velocities, impact angles and with different pen-
dulum masses were conducted. Figure 7 shows 
the set-up of the test of the third inner thorax rib 
exemplarily. 

 

Figure 7. Set-up of the pendulum test with 
the 3rd inner thorax rib. 

At first, the inner ribs were tested to get data for 
the validation of the rib steel (Nitinol). The blue 
damping material was scraped from the ribs to 
obtain the pure response of the steel.  

Afterwards, the inner ribs were tested with 
damping material. The properties of the damping 
material were adjusted to get the right rib re-
sponses. The properties of Nitinol remained 
unchanged because the material was already 
adjusted in the first step of the validation. 

After the validation of the inner ribs, the ribcage 
had to be validated for both, inner and outer rib. 
Pendulum tests (Figure 8) with different bound-
ary conditions were used to obtain the required 

data. As all material parameters of the ribs are 
defined and validated in the tests with the inner 
ribs, the parameters to tune the model to these 
tests are limited. However, if the material models 
of Nitinol and blue rib damping material are 
defined correctly, the responses of the simula-
tions with the whole ribs should correlate well 
with the tests. 

 

Figure 8. Set-up of pendulum tests with the 
complete shoulder rib. 

The variance of the ribs was not analysed explic-
itly because most of the ribs had to be replaced 
during the extensive tests. Hence, the scatter of 
the hardware is included indirectly in the data 
set. 

The data of the certification tests with the as-
sembled dummy were also used to support the 
validation process. However, there was no focus 
on these kinds of data. 

 Lumbar Spine – The set-up of the lumbar 
spine tests is very similar to that of the neck sled 
tests. Two lumbar spines were mounted on an 
accelerated sled. The crash pulse as well as the 
mounting angle of the dummy parts was varied. 

 

Figure 9. Set-up of the lumbar spine tests. 

A replacement of the upper torso is mounted on 
top of the lumbar spine rubber. Accelerometers 
and angular rate sensors are directly embedded 
into this part. The geometry of the mass re-
placement was defined by using pre-simulations. 
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The focus was on realistic kinematics and on the 
right ratio of bending and shear of the spine 
rubber. High-speed videos of WorldSID crashes 
were taken as benchmark. 

After the run of the pre-tests, the test set-up had 
to be modified. Mass and centre of gravity of the 
thorax replacement was tuned to improve the test 
results.  

The lumbar spine is indirectly tested in the certi-
fication tests. Figure 10 show exemplarily one of 
the pendulum tests with the dummy. Due to the 
long load path and the large number of involved 
dummy parts, the relevance of these certification 
tests on the validation of the lumbar spine rubber 
is limited. However, some of the certification 
tests were also used to improve the performance 
of the lumbar spine. 

 

Figure 10. Certification test of the WorldSID. 

 Iliac Wings – Pendulum tests were used to 
obtain data for the validation of the bony pelvis. 
Main design parameter of the tests was the pubic 
force. It should be very close to the expectations 
in vehicle crashes. Two different set-ups with 
different impact locations and velocities were 
defined. 

 

Figure 11. Set-up of the iliac wing pendulum 
tests. 

At first, the half pelvis was tested. This set-up 
helped to validate the pubic buffer and the iliac 
wing. The complete pelvis was tested afterwards. 
These tests were conducted to investigate the 
interaction between left and right iliac wing and 

the influence of the soft pubic buffer on the 
pelvis kinematics. 

All test configurations and its boundary condi-
tions were defined by using pre-simulations. 

 Arm – Pendulum tests were used to validate 
the stiffness of the arm joint and to improve the 
material models of the foam and the plastic bone 
of the arm. Impact location and impact velocity 
were varied in the tests. Figure 12 shows one of 
the test configurations exemplarily. 

 

Figure 12. Set-up of the arm pendulum tests. 

Sled Tests 

The defined sled tests imparts loads on the 
dummy, which are similar to loads in the vehicle. 
The boundary conditions of these tests are well 
known and precisely described. That ensures a 
clearly higher level of repeatability of test results 
than tests with vehicles. 

In general, sled tests are very important for the 
validation of a dummy model. Firstly, they are 
required to check the interactions of the 
validated sub-components and secondly, they 
cover typical loading conditions including 
similar kinematics of the dummy in vehicle tests. 

Two different kinds of sled tests are defined. The 
first series with flat barrier faces can be com-
pared to the barrier tests conducted within the 
EuroSID 1 and ES-2/ES-2re test programme [3].  

The second test programme uses more sophisti-
cated barriers. The curved front is derived from 
typical deformation patterns of vehicles in 
oblique pole tests. 

 

The posture of the dummy was measured with a 
3D measurement system prior every tests. So it 
is possible to reproduce it in the simulations 
exactly. 

 Flat Barrier – The test with the flat barriers 
were conducted at two different impact veloci-
ties. They represent severe and mid severe load-
ing conditions. Target parameter for the defini-
tion of the velocity was the maximum deflection 
of the ribs and pubic force. 
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Figure 13. Set-up of the sled test with flat 
barrier. 

Figure 13 shows the set-up of the test with the 
flat barrier. The main load is applied to the 
dummy through the shoulder. The lateral head 
excursion is limited by a contact plate to avoid 
damages of the neck or the sensors mounted in 
the head. 

 

Figure 14. Set-up of the sled test with pelvis 
pusher. 

The second set-up with the flat barrier is shown 
in Figure 14. Compared to the first configura-
tion, the load is mainly applied through pelvis 
and shoulder to the dummy. 

 Curved Barrier – The tests with the flat 
barriers represents purely lateral crashes. There 
is almost no rotation of the upper torso. So it was 
decided to create a new kind of rigid barrier that 
induces upper torso rotation. The 75° degree pole 
test was taken as starting point of the develop-
ment of this barrier face. 

 side walls of 
the seat back 

 

Figure 15. Intrusion profiles of different cars. 

At first, the intrusion of several cars was ana-
lysed. Figure 15 shows feature lines of the door 
trim and the back of the seat at a certain time of 
a pole crash. Based on this information a new 
barrier face was defined. Pre-simulations were 
run with the ES-2 dummy model finalise the 
geometry. A draft of the new barrier is shown in 
Figure 16. The final version will be equipped 
with an arm rest. The impact velocities are not 
defined yet but will be similar to those of the 
tests with the flat barriers. 

 

 

Figure 16. Draft of the curved barrier face. 

RESULTS 

The validation of the dummy is not completed. 
Results of validation tests of some materials and 
body segments are shown exemplarily. 

Material Level 

For some of the materials, the experimental data 
could be incorporated directly as input into the 
material models, for some others the data needed 
further calibration. 

First step in the calibration process was to evalu-
ate various material models to fit the quasi-static 
compression, tension and volumetric test data. 
Second step was to run material tests and come 
up with material parameters to predict the strain 
rate sensitive material behaviour. Figure 17 
shows a simulation of a compression test exem-
plarily. 

  

Figure 17. Abaqus component model for 
compression testing. 
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 Rubber Materials – The results of the defi-
nition and validation of the WorldSID materials 
are exemplarily described for rubber materials of 
PAM-CRASH.  

Rubber is usually modelled as incompressible 
visco-elastic material with viscous response. 
Material models of the Ogden family [4] do have 
these characteristics and are used for the World-
SID model. All Ogden parameters are derived 
from the measured material properties such as 
uniaxial tension, compression and shear.  

The accuracy of the generated material parame-
ter was validated by simulating the material 
tests.  

As mentioned above the material tests were 
conducted at different velocities. Parameters of 
the so-called Prony series have to be defined to 
cover viscous strain rate effects of the rubber. 

 

Figure 18. Quasi-static loading of rubber in 
test (black) and simulation (red). 

Figure 18 shows a comparison of the test and 
simulation results of quasi-static compression. 
The deviances between both curves during the 
unloading phase have to be improved in a next 
step, if this behaviour is considered essential for 
the accuracy of the results of the global dummy 
model. Compared to that, the correlation of the 
signals in a dynamical load case is clearly better 
(Figure 19). 

 

Figure 19. Dynamical loading of rubber in 
test (black) and simulation (red). 

Component Level 

The shown results of the validation are 
preliminary because the model is not completed 
yet. Beside the tuning of the material parameters 
the validation of the components includes also 
improvements of the modelling. 

 Neck – The neck component consists of 
moulded rubber neck, head, lower and upper 
neck brackets, neck buffers and neck interface 
plates. As shown in the previous section the neck 
assembly is attached on a sled and accelerated. 
The focus of the validation was on the right 
kinematics of head and neck and on the good 
correlation of lateral neck shear force Fy and 
neck bending moment Mx. 

The behaviour of the moulded rubber neck rela-
tive to the head on the top and the neck brackets 
at the bottom is determined by the half spherical 
screws and the neck buffers. The moulded neck 
and the buffer material models have been cali-
brated based on the quasi-static and dynamic 
material tests. The behaviour of the half spheri-
cal screws has been validated using the neck 
certification tests. Similarly, the head skin mate-
rial was validated using the material tests and the 
head drop certification tests. 

Comparisons between the experimental results 
(black) and the preliminary results from Abaqus 
simulations (red) of the oblique tests using the 
low severity pulse are shown below. 

 

Figure 20. Angular velocity of the head. 

The angular velocity of the head is a good 
indicator to evaluate the kinematics of the head 
by using responses curves. As the curves of 
Figure 20 indicate, the head of the model starts 
lightly earlier to rotate than the physical head. 
The upper neck torque confirms (Figure 21) 
these findings. However, the correlation between 
model and hardware is already acceptable. 
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Figure 21. Upper neck bending moment Mx. 

The performance of the neck is very similar in 
the other load cases. Nevertheless, the neck 
component validation is not completed yet. Stud-
ies to improve the neck kinematics are still ongo-
ing. 

 Thorax –The WorldSID has one shoulder 
rib, three thorax ribs and two abdomen ribs 
which are designed in a similar way. The ribs 
consist of an inner and outer band made of Niti-
nol. This material is a memory shape alloy which 
undergoes a crystal transformation during de-
formation including high influence on the mate-
rial stiffness. On the inner band of the ribs a 
damping material is used. The damping proper-
ties are similar to the rib damping material of the 
SID-IIs. 

All curves shown in this section are taken from 
the LS-DYNA model. 

In the first step, material tests are used to gener-
ate baseline material parameter sets for ribs and 
damping material. The responses curves of the 
tests with the material sample were directly 
implemented in the material models. 

All ribs are modelled in the same way and use 
the same material models. The mesh fineness 
permits the modelling of different connection 
methods. 

 displ. IR-TRACC  displ. IR-TRACC 

 

Figure 22. Displacement of the 3rd thorax rib 
w/o damping material (different impact ve-
locities). 

The Nitinol material was calibrated by using 
pendulum tests of the inner ribs without damping 
material. The connectors of rib and rib clamping 

bracket were validated in these tests too. Figure 
22 shows the deflection of the 3rd thorax rib 
under different loading conditions. The re-
sponses of the LS-DYNA model (red) are shown 
exemplarily. 

 displ. IR-TRACC  displ. IR-TRACC 

 

Figure 23. Displacement of the 3rd thorax rib 
w/ damping material (different impact veloci-
ties). 

Afterwards, the blue damping material was vali-
dated by using pendulum tests of the complete 
inner ribs. Results of the third thorax rib with 
damping material at two different load levels are 
shown in Figure 23. 

 displ. IR-TRACC  displ. IR-TRACC 

 

Figure 24. Displacement of the complete 3rd 
thorax rib (different pendulum masses). 

Finally, the assembly of inner and outer ribs is 
validated by using pendulum tests of the almost 
fully assembled thorax. Solely the rib above and 
below the tested rib was disassembled to avoid 
contacts of the pendulum with those ribs. These 
tests are used to validate the whole rib assembly, 
including the sternum material and the connec-
tion method of the outer rib clamps. The tests are 
carried out using different velocities and differ-
ent pendulum masses. Some results are shown in 
Figure 24. 

The simulation results show good correlation to 
the test data. The level of validation, exemplarily 
shown for some responses of the 3rd thorax rib, is 
similar for all the other rib tests. Thus, the thorax 
validation is completed for the first releases of 
the WorldSID. The performance of the ribs 
might be improved after the simulation of the 
sled tests. 
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 Lumbar Spine – The lumbar spine is a very 
important part of the WorldSID. Only its right 
implementation in the model ensures correct 
kinematics of the upper torso. Therefore, the 
lumbar spine sled tests have to cover a wide 
range of loading conditions.  

The sled tests are mainly used to improve the 
Ogden and Prony parameters of the lumbar spine 
rubber. Especially the parameters for triaxial 
loading can only be defined with these tests 
because material tests with triaxial loading were 
not conducted. The interactions between the 
different parts involved in those tests needs to be 
considered in the validation process too. 

Figure 25 shows the lateral shear force Fy and 
the torque Mx about the longitudinal axis of the 
dummy. Two different lumbar spines were tested 
(black curves) at the same time and their per-
formance is clearly different. The PAM-CRASH 
model (red) correlates fairly well with one the 
specimen. The rubber of the other specimen 
seems to be different to that used in the material 
tests. However, in a next step the computational 
model will be tuned to correlate to the second 
lumbar spine. The final model will either match 
the first or the second lumbar spine. Averaging 
of the responses of the two specimens does not 
make sense in this special application. 

 F-Y-LUMBAR-SPINE M-X-LUMBAR-SPINE 

 

Figure 25. Shear force and bending moment 
measured in the sacro-iliac load cell. 

Detailed analysis of tests and simulation indi-
cates that pre-stress, which results from gravity 
loading, has to be considered in the model.  

 Pelvis – In order to validate the behaviour of 
the pelvic bones and the pubic buffer, tests were 
performed on the half pelvis and the full pelvis. 

Two configurations were used to test the half 
pelvis. In the first configuration, the iliac wing 
was hit at a position in alignment with the pubic 
load cell. The accelerations measured on the 
impactor and the pubic load cell forces are used 
to calibrate the pubic buffer material. In the 
latter configuration, the iliac wing was hit at its 
outmost position. This test is used to validate the 
pelvic bone material. The iliac wing material 
will influence forces and moments measured at 

the sacro-iliac load cell, which is the interface 
between pelvis bone and the sacrum block. 

The full pelvis was impacted only at its outmost 
position on one side. This is an ideal case to 
validate the interaction and the load path be-
tween the left and right iliac wing, as well as the 
influence of the pubic buffers on the overall 
pelvis kinematics. 

Each component test was repeated for two dif-
ferent velocities, to help calibrate the rate sensi-
tive behaviour of the iliac wing and the pubic 
buffer materials. 

Preliminary results from the Abaqus simulations 
are shown in the plots below.  

 

Figure 26. Pubic force in the full pelvis test. 

The correlation of the pubic force Fy in one of 
the tests using the full pelvis set-up is shown in 
Figure 26. The achieved level of correlation is 
acceptable. 

 

Figure 27. Iliac wing torque at the sacro-iliac 
load cell (full pelvis test). 

Compared to that, the torque Mx at the sacro-
iliac load cell does not correlate well with the 
experiment in the same test (Figure 27). Peak 
and unloading phase of the signal deviate too 
much from the tests. More investigation is 
needed to identify the problem.  
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Sled Tests 

The validation of the model using the barrier 
tests is not completed yet. However, the first 
simulation runs with the flat barriers are very 
promising. So the amount of work to improve the 
level of validation of the sub-components is 
acceptable. New components tests are obviously 
not needed.  

Figure 28 shows exemplarily one of the models 
used to define the boundary conditions of the 
sled tests. Initially, the arm position was defined 
as shown in Figure 28 (2nd notch). After the first 
pre-test the position was changed (Figure 14, 1st 
notch) because of the unrealistic rib deflection. 
While the shoulder rib was deformed up to the 
design maximum, there was almost no deflection 
at the thorax and abdomen ribs. This deformation 
pattern is not helpful for the validation of the 
model and does not correlate with the experi-
ences with the WorldSID in vehicle environ-
ments. The arm covers the rib cage in the revised 
set-up. So the deformation of the ribs is more 
balanced now.  

 

Figure 28. Computational model of a sled test 
with the WorldSID. 

LIMITATIONS 

The current releases of the WorldSID are only 
validated by using material, component and 
dummy certification tests. So the individual 
components have a very good validation level for 
all codes. The validation of the interactions of all 
of these components is still in progress. It will be 
done by using the sled tests with the dummy as 
well as with dummy without jacket. So the 
performance of the model will be increased after 
completion of the validation using sled test data. 

In general, the WorldSID is an unique and very 
new dummy. The experiences with this dummy 
is much lower than for others like ES-2 or 

ES-2re. Thus, it is possible that some behaviour 
appears in the future, that is not covered by the 
extensive validation databases of the WorldSID 
model. 

FURTHER DEVELOPMENT 

The validation of the model will be completed by 
integration of the results of the sled tests with the 
flat barriers. Afterwards, the design of the curved 
barriers will be discussed and modified, if neces-
sary. These tests should help to improve the 
models again. 

CONCLUSION 

A group of car makers and software vendors 
developed high quality FE models of the World-
SID 50th dummy for the crash solvers Abaqus, 
LS-DYNA and PAM-CRASH. The models are 
based on the requirements of the automotive 
industry. All validation tests on material, com-
ponent and sled test level are consequently based 
on experiences with the WorldSID and other side 
impact dummies in vehicle crashes. 

The current models are validated on material and 
component level. The achieved quality is re-
markable, especially as the results of the sled are 
not implemented yet.  

The models of all three crash codes are at a very 
similar level. First releases are ready to use after 
implementation of the component and certifica-
tion test data. 
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ABSTRACT 

The development of new protective systems must 
be performed on tools reliable and representative of 
alive human. In an earlier study, a simplified but 
realistic modeling of the head-neck-torso system 
under moderate rear impact was performed. This 
model of minimum complexity (MC-HNT model) 
but able to reproduce the 5 first experimental 
vibration modes was validated in the frequency 
domain in terms of natural frequencies and 
damping as well as mode shapes. The human model 
was then coupled to a car seat-head rest complex on 
Madymo Code in order to give real body behaviors 
and accurate T1 accelerations. The hypothesis of 
linear behavior was used for the torso being 
subjected to small deformations. The present study 
shows in detail the methodology carried out for 
real-world rear impact accident reonstruction in 
order to establish more accurate neck injury criteria 
as well as associated tolerance limits. In order to 
proceed to that, 87 accident cases were simulated 
using our MC-HNT human body model coupled to 
3 Toyota seats under Madymo code. Several injury 
criteria, such as Neck Fx, Neck Fz, T1 acceleration, 
NICmax, Nkm and NDC, were calculated in order to 
correlate the risk of AIS1 neck injury using MC-
HNT. A similar work has then been done with the 
BioRID II model. Then a comparison between the 
predictive risk curves obtained by analyzing the 
MC-HNT model and the BioRID II model has been 
performed. This comparison was expressed in terms 
of Nagelkerke R-square values obtained with these 
analyses. It appears that the MC-HNT model gives 
a higher correlation than the BioRID II one for all 
parameter, and that the lower neck axial force is 
shown as the best candidate to correlate with the 
neck injury. 

INTRODUCTION 

Despite advances in safety devices, neck injuries in 
traffic accidents, especially non-severe rear impact 
accidents, are still a serious and costly social 
problem. The high cost of whiplash injury has been 
extensively documented in several countries [1,2]. 
In order to decrease the incidence of whiplash 
injuries, development of safety measures requires 
reliability and fidelity of human body surrogates. 

Most injury prevention strategies are based on 
impact analysis using anthropomorphic crash test 
dummies or mathematical models. Improvement of 
injury prevention techniques needs agreement 
between both experimental and computational 
models on the one hand and experimental in vivo 
human body mechanical responses on the other. 
Unfortunately the spine is one of the most complex 
structures in the human skeletal system and its 
behavior during impact is still poorly understood. 

Today no less than three crash test dummies are 
used in experimental rear impact analysis: The 
Hybrid III dummy, developed by Foster et al [3], 
the BioRID II reported by Davidsson [4] and the 
RID dummy proposed by Cappon et al [5]. Several 
validation studies on neck responses have been 
carried out on these dummies against volunteers 
and post mortem subjects [4,5,6,7,8,9]. They 
demonstrated several limitations of this human 
body surrogate under low speed rear impact in 
terms of biofidelity. It is unclear if this lack of 
biofidelity is due to the torso behavior or the neck 
characteristics or a combination of both. 

Modeling of the human trunk began in the middle 
of the last century and existing models can be 
divided into two categories i.e. continuous models 
[10] and lumped parameters models [11]. However, 
most of these models do not have a realistic 
behavior compared to the human body. On the one 
hand, models are often too detailed and involve a 
high number of parameters that are not easily 
identified with existing experimental data. On the 
other hand, they represent only one particular 
dynamic behavior of the trunk and can therefore not 
be used for other applications such as the 
simulations of rear impacts. Finally, most of the 
studies concerning the torso aim at characterizing 
the global dynamic behavior of the trunk-head 
system under seat ejection for military applications. 
In addition, none of them has studied the kinematic 
behavior of the first thoracic vertebra (T1) under 
rear impact, an essential aspect for neck injury 
investigation.  

In previous studies undertaken by Willinger and 
Bourdet [12], the experimental in vivo modal 
analysis of the human head-neck system has 
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provided us with natural frequencies and deformed 
mode shapes of this structure. Later, based on 
Kitazaki [13], the previous authors developed a 
whole human body model including the 
identification on five deformed mode shapes of the 
spine. In 2005, Bourdet et al [14] studied the 
influence of the trunk mobility.  

In the first section the general methodology is 
presented including the use of existing experimental 
modal analysis for the identification of a torso 
lumped parameter model and its coupling to both 
the head neck and the car seat for rear impact 
applications. In the result section, the influence of 
trunk mobility is analyzed through comparison 
between responses of a rigid versus a flexible trunk 
under a standard rear impact pulse. Finally a 
parametric study is performed in order to evaluate 
the effect of mechanical parameters of the seat on 
the human neck response. 

MATERIAL AND METHOD 

Real-world data 

In the present study the crash pulse acceleration of 
87 real-life rear-end impact from Folksam database 
have been reconstructed. The acceleration-time 
history was measured during a crash by a crash 
pulse recorder fixed up on three car models of the 
same make. The recording and the analyzing have 
been described by [15,16,17]. The sampling rate of 
the crash pulse recorder is 1000 Hz during the 
impact phase of the crash. The acceleration data 
recorded were filtered at approximately 60 Hz. The 
occupant injury severity was divided into three 
categories regarding duration of symptoms; no neck 
injury, initial symptoms and symptoms more than 
one month. Examples of symptoms are neck pain, 
headache, dizziness and neck stiffness. The 
numbers of victims are presented in Table 2 for the 
various injury categories, car model and occupant 
location.  

Table 1. Gender and average age for occupants 
with various injury categories. 

 Average 
age 

Gender (%) 
Male Female 

No neck injury 46 52 48 
Initial symptoms 44 33 67 
Symptoms > 1 month 48 47 53 
Total 46 47 53 

The age distribution and gender for the injury 
categories can be seen in Table 1. It was a similar 
proportion of males and females for occupants with 
symptoms more than one month and for all 
occupants. Also average age was similar for those 
groups. 

 
Figure 1. Representation of the Delta V of pulses 
versus injury severity. 

Figure 1 represents the  ΔV of the pulses extracted 
from the accident cases according to the level of 
injury obtained on the victim. It is interesting to 
observe that it appears a correlation between  ΔV 
and injury.  

Minimal complexity multi body torso model 

In a previous study [12], an experimental and 
theoretical modal analysis of the human head-neck 
system in the sagittal plane have been carried out. 
The method has allowed to identify the mechanical 
properties of the head-neck system and to validate a 
mathematical model in the frequency domain. The 
extracted modal characteristics consist of a first 
natural frequency at 1.3 ± 0.1 Hz associated with 
head flexion-extension motion and a second mode 
at 8 ± 0.7 Hz associated with antero-posterior 
translation of the head, also called retraction 
motion, as illustrated in Figure 2. 

Table 2. Number of occupants in various car models (D = Driver, FSP = Front Seat Passenger) 

 Total Car model 1 Car model 2 Car model 3 
Total D FSP D FSP D FSP D FSP 

No neck injury 77 57 20 18 4 23 11 16 5 
Initial symptoms 30 19 11 2 3 13 8 4 0 
Symptoms > 1 month 15 11 4 4 1 3 2 4 1 
Total 122 87 35 24 8 39 21 24 6 
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          f1=1.3 ± 0.1 Hz                   f2=8 ± 0.7 Hz 

Figure 2. Representation of the two deformed 
mode shapes of the head neck system. 

In order to address this issue, an original lumped 
model of the human torso was developed and 
coupled to a car seat-head rest complex. The 
hypothesis of linear behavior was used for the torso 
being subjected to small deformations. In a second 
study, the modal analysis of the human torso in a 
seating position conduced by Kitazaki [13] was 
used for both masses and mechanical properties 
identification [14].  

 

Oi Gi bi xi ai zi  
xi cos i x sin i z
zi cos i x sin i z  

Figure 3. Representation of the lumped 
parameters model of the trunk, where i i0 i

où θi0 is the initial angle and ψi is a time 
dependent parameter. 

In order to reproduce the four mode shapes 
identified experimentally the torso was divided in 
six segments to obtain the five degrees of freedom 
with the head neck system, as illustrated in Figure 
3. This model of minimum complexity but able to 
reproduce the 5 first experimental vibration modes 
was validated in the frequency domain in terms of 
natural frequencies and damping as well as mode 
shapes.  

 
(a) (b) 

Figure 4. Representation of the Minimal 
Complexity Head Neck Torso model (MC-
HNT) : (a) side view and (b) front view. 

BioRID II model 

To compare the MC-HNT model, the BioRID II 
model is used. It is the production version of a rear 
impact dummy developed by Chalmers University 
of Technology, and manufactured by Denton ATD 
Inc., that has been produced to meet the need for 
more biofidelic dummy response to rear impact 
events than can be obtained using a standard Hybrid 
III dummy. While largely based on the Hybrid III 
50th percentile dummy, the BioRID II has a 
hinged-segment spine design, with each of the 24 
vertebrae explicitly represented. Stiffening springs 
and dampers are fitted to model the effect of the 
neck muscles, and the thoracic spine and torso are 
more flexible than that of the Hybrid III. 

Car seat models 

Both models are coupled to the models of three car 
seats used by Kullgren et al [17]. In order to carry 
out the accident simulations, it was necessary to set 
the three impact configurations, i.e. to position the 
dummies in three seats with a torso angle of 25°. 
Moreover, the distance between head and headrest 
is defined for two configurations (50 mm and 90 
mm), without modify the torso angle, in order to 
take account the influence of the initial seatback 
inclination. Figure 5 shows the setting of the 
dummies in various seats configurations. Moreover 
it shows that the initial conditions are very close 
between for both models. 
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Figure 5. Position of the BioRID II and MC-
HNT models in the three seats with two head-
headrest distances. 

87 real accidents have been reconstructed under 
both distance configurations and with both models. 
Thus, 348 simulations have been carried out. A 
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logistic regression has been conducted giving the 
Nagelkerke R² for the risk of initial symptom and 
symptoms over than one month for each model. 

Accident simulations 

The 87 real rear impacts accidents were simulated 
with both BioRID II and Minimal Complexity 
Head-Neck-Torso models seated on three car seats 
modeled in a previous study [17]. These 
reconstructions aim at analyzing the model 
behavior in order to investigate the correlation 
between the output parameters, as Neck Fx, Neck 
Fz and neck My at lower and upper neck as well as 
head and T1 acceleration, and three criteria as 
NICmax [18], Nkm [19] and NDC [20], with the 
injury severity.  

Statistic correlation analysis 

Injury correlation was evaluated by calculating the 
correlation coefficient, of logistic regression for 
each mechanical candidate parameter. The 
correlation coefficient R² proposed by Nagelkerke 
in 1991 [21] was used. This coefficient permits it to 
evaluate the quality of the regression. For that, a 
sample (xi,yi)i=1,…,N was introduced, where the xi are 
the observed values of the explicative variable x 
and yi are the random variable of y taking 0 for no 
injured and 1 for injured at case i. The logistic 
regression model used is a logistic function written 
in equation (1) which defines the probability of 
injury for various x. 

��� � 1|�� � �����

�������
 (1) 

The maximum of likelihood is calculated to identify 
the α and β constants. The likelihood is defined as 
equation (2). 

	�
, �� � ∏ ��������
��� �1 � ���������� (2) 

ℓ�
, �� � � ln�	�
, ��� (3) 

The maximum of likelihood criterion defines the α 
and β values that give a maximum likelihood. For 
this purpose, it must be considered the opposite of 
its logarithm: the log-likelihood function defined in 
equation (3). This function is minimized by using 
the Newton Raphson’s algorithm. 

The correlation coefficient is well established in 
classical regression analysis [22]. It is defined as 
the proportion of variance explained by the 
regression model. It is used as a measure of success 
of predicting the dependent variable from the 
independent variable. In order to generalized the 
concept to models without easily residual variance 
and where the maximum of likelihood is its 
criterion of fit, in 1989, Cox and Snell [23] 
proposed a R² as defined in equation (4). This 

correlation coefficient was modified by Nagelkerke 
in 1991 [21], in order to “normalize” the result, 
expressed in equation (5), where Nk is the 
population number of responses in category k, i.e. 0 
or 1. 

�	

� � 1 � ����,��

��,��
�
�/�

 (4) 

��
� � ���

	

�����,��
	/�

 (5) 

With 
� � ln ���
��

� (6) 

For each parameter, two logistic regressions are 
calculated: the risk of initial symptoms and the risk 
of symptoms over one month. The total number of 
occupants is 122. Concerning the risk of initial 
symptoms, the occupants with initial symptoms and 
the occupants with symptoms over one month were 
merged. Thus the logistic regression was calculated 
for 77 no-injured cases and 45 injured cases. In the 
same way, for the risk of symptoms over one 
month, the occupants with initial symptoms were 
regrouped with the no injured occupants. Thus the 
logistic regression was calculated for 107 cases 
having at most initial symptoms and 15 cases with 
long-term symptoms. 

 

 
Delta V [km/h] 

Figure 6. Histograms of Delta-V used for the two 
logistic regressions, and Delta-V risk curves of 
initial symptoms and symptoms > 1 month. 

As an example, Figure 6 represents the Delta-V 
histogram and risk curves of initial symptoms and 
long term symptoms versus Delta-V for the two 
logistic regressions. It can be observed that Delta-V 
correlates well the long-term symptoms with a R²N 
of 0.6. For a 50% risk of initial symptoms, the 
Delta-V is of 21 km/h and for 20% risk of 
symptoms over one month is of 15 km/h. In 2005, 
Krafft et al [24] found 18 km/h for the same risk. 
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RESULTS 

Comparative results on one case 

An example of a comparative accident 
reconstruction is shown in detail in Figure 7, for a 
distance between head and headrest of 50 mm. It 
illustrates the behavior differences of the head-neck 
system between the BioRID II Madymo model and 
the MC-HNT model. Indeed, BioRID II has a light 
translation movement of the head followed at 150 
milliseconds by an extension movement, while the 
MC-HNT model continues its retraction motion 
until 200 milliseconds.  

Figure 8 and Figure 9 represent T1 linear 
accelerations according to X and Z axis. In spite of 
prevalent oscillations on MC-HNT model, the 
behavior is coarsely identical. The behavior 
difference is especially illustrated in Figure 10 
which represents the rotation of the first thoracic 
vertebrae (T1). Indeed, while the BioRID II upper 
thorax rotates forward (positive rotation), the MC-
HNT model's ones undergoes an extension. Figure 
11 shows relative rotation between the head and the 
neck for both models. It can be observed that 
BioRID II does not present any retraction until 120 
milliseconds (positive relative rotation), while the 
MC-HNT model presents this movement clearly at 
approximately 110 milliseconds.  
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Figure 7. Pictures extracted from a simulation of 
case for the BioRID II and MC-HNT models. 

 
Figure 8. Superimposition of T1 x linear 
acceleration for  both models (⎯ BioRID II 
model, − − MC-HNT model) 

 
Figure 9. Superimposition of T1 z linear 
acceleration for  both models (⎯ BioRID II 
model, − − MC-HNT model) 

 
Figure 10. Superimposition of T1 angular 
displacement for both models (⎯ BioRID II 
model, − − MC-HNT model) 

 
Figure 11. Superimposition of Head angular 
displacement both models (⎯ BioRID II model, 
− − MC-HNT model) 

Global statistic correlation 

Figure 13 to Figure 14 represent the Nagelkerke’s 
R-squared of each parameter under the two 
configurations for each model. It is clear that the 
results from the BioRID II models give different 
regressions according the distance between head 
and headrest. Indeed, concerning the risk of initial 
symptom, on one configuration the best candidates 
are T1 acceleration and the upper neck axial force 
as well as the lower neck shear force with RN² of 
0.26, RN² of 0.25 and RN² of 0.25 respectively. On 
the other configuration the best correlation is 
obtained with the upper neck axial force with RN² of 
0.10. In contrast, for the MC-HNT model, the best 
candidates tied are the lower neck moment, shear 
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and axial forces as well as the upper neck axial 
force with a Nagelkerke R-squared of 0.3 under the 
shorter distance head-headrest configuration, and 
0.32 under the higher distance configuration, 
adding the upper neck shear force and Nkm criterion. 
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Figure 12. BioRID II model R²N for the risk of 
initial symptom (□ dheadrest=50 mm, ■ dheadrest=90 mm). 
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Figure 13. MC-HNT model R²N for the risk of 
initial symptom (□ dheadrest=50 mm, ■ dheadrest=90 mm). 
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Figure 14. BioRID II model R²N for the risk of 
symptom > 1 month (□ dheadrest = 50 mm, ■ dheadrest = 90 
mm). 
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Figure 15. MC-HNT model R²N for the risk of 
symptom > 1 month (□ dheadrest = 50 mm, ■ dheadrest = 90 
mm). 

Concerning the risk of symptoms over one month, 
the BioRID II model shows various best candidate 
parameters according to the configuration. For 
instance, the best candidates for the first 
configuration are the T1 acceleration, the lower 
neck shear force and the upper neck axial force with 
R²N = 0.62 R²N = 0.59 and R²N = 0.56 respectively, 
and for the other configuration the best ones are the 
upper neck axial force and the head acceleration 
with R²N = 0.46 and R²N = 0.40 respectively. On the 
contrary, the MC-HNT model is better correlated 
by the lower and upper neck axial force (R²N = 0.57 
and R²N = 0.54 respectively) as well as T1 
acceleration with R²N = 0.56 in the first 
configuration case. The lower neck axial force is 
clearly the best candidate in case of distance head-
headrest of 90 mm with R²N = 0.65.  

No clear correlation between the common injury 
criteria and the injury outcome could be found for 
BioRID II model, as shown in Figure 12 and Figure 
14. The best scores is given by the NIC with 
R²N = 0.09 concerning the risk of initial symptoms 
and R²N = 0.31 for the risk of symptoms over one 
month in case of shorter distance configuration, and 
Nddistraction in case of higher distance configuration 
with R²N = 0.09 and R²N = 0.31 respectively.  

Candidate parameters to injury correlation 
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Figure 16. Representation of the mean R²N 
obtained with both model and the maximum 
value in black, for initial symptom (  MC-
HNT,  BioRID II,  Maximum value). 
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Figure 17. Representation of the mean R²N 
obtained with both and the maximum value in 
black model for symptom > 1 month (  MC-
HNT,  BioRID II,  Maximum value). 
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In order to extract the parameter which seems to 
present the correlation with neck symptoms, a mean 
value of R²N was calculated from the two 
configurations values. Thus, Figure 16 and Figure 
17 gather the MC-HNT and the BioRID scores 
highlighting the best candidate represented by 
hatched histograms.  
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Figure 18. Lower neck shear force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 
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Figure 19. Lower neck moment risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 
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Figure 20. Lower neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 
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Figure 21. Upper neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 

For MC-HNT model, the lower neck shear force 
seems to be the parameter which give a best 
regression to evaluate the risk of initial symptoms 
with R²Nmean= 0.31. We can observe that, the lower 
neck moment and axial force as well as the upper 
axial force give R²Nmean very close to the maximum. 
For BioRID II model, the best parameter candidate 
is the upper neck axial force with R²Nmean = 0.17. 
Figure 18 to Figure 21 represent the risk curve of 
the four best candidate parameters. The limit at 
50% risk of initial symptoms is about 68 ± 9  Nm 
for the lower neck flexion moment, 480 ± 24 N for 
the lower neck axial force, 350 ± 0.01  N for the 
lower neck shear force and 400 ± 20  N for the 
upper neck axial force. The risk curves obtained 
from both distance configurations are very close 
themselves. Except for the lower neck moment, the 
deviations of the limit at 50% risk don’t exceed 
10%.  

In contrast, for the BioRID II model, the four best 
candidate parameters are the upper neck axial force, 
T1 and Head acceleration and the lower neck shear 
force with R²Nmean= 0.17, R²Nmean= 0.14, 
R²Nmean = 0.13 and R²Nmean= 0.13 respectively.  

0 500 1000 1500 2000 2500
0.0

0.2

0.4

0.6

0.8

1.0

R
is

k 
of

 in
iti

al
 s

ym
pt

om
s

Upper neck axial force [N]
 

Figure 22. Upper neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (BioRID II model). 
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Figure 23. T1 acceleration risk curve of initial 
symptoms. Grey area represents risks limited by 
the minimum and the maximum criterion values 
for both distance configuration and black line is 
the median (BioRID II model). 
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Figure 24. Head acceleration risk curve of initial 
symptoms. Grey area represents risks limited by 
the minimum and the maximum criterion values 
for both distance configuration and black line is 
the median (BioRID II model). 
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Figure 25. Lower neck shear force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (BioRID II model). 

The BioRID II model risk curves of the best 
regressions define large corridors. The limit values 
at 50% risk of initial symptoms are 373 ± 75 N for 
the upper neck axial force, 9 ± 3 g for T1 
acceleration, 18.4 ± 2 g for Head acceleration and 
422 ± 336 N for the lower neck shear force. The 

deviations of the limits exceed 40%, as illustrated 
in Figure 23 to Figure 25. 

Regarding the risk of symptoms over one month, 
Figure 26 represents the risk curves for the lower 
neck axial force obtained from MC-HNT model. As 
for the initial symptoms, the curves are very close 
giving a 50% risk of 703 ± 28 N. 
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Figure 26. Lower neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 

For BioRID II, the risk at 50% of symptoms over 
than one month for the upper neck axial force is 
516 ± 38 N, as shown in Figure 27. The deviation is 
smaller than for initial symptoms risk (15% against 
40 % for initial symptoms risk). 
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Figure 27. Upper neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (BioRID II model). 

DISCUSSION 

Since over ten years many investigation on new 
neck injury criteria for rear end impact have been 
carried out. Bolström et al [25] proposed the NIC 
(Neck injury Criterion) as a value to correlate the 
head-neck movement with the ganglia caused by 
transient pressures changes in spinal canal. It 
addresses the relative acceleration between head 
and torso in the head translational motion. The 
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threshold proposed is of 15 m²/s². In 2002, Schmitt 
et al [19] proposed the Nkm criterion based on the 
linear combination of shear force and bending 
moment at the occipital condyle. 

In 2006, Eriksson and Kullgren [26] simulated 79 
real accident cases from the same database used on 
our study under 100 posture of BioRID II and 
proposed a NIC risk curve for symptoms > 1 
month. It estimates that a NIC of 24.5 ± 10 m²/s² 
corresponds to risk of 50 %, as illustrated in Figure 
28. As for the NICmax, they established a Nkm risk 
curve for symptoms > 1 month. It estimates that a 
Nkm of 0.5 ± 0.3 corresponding to risk of 50 %, as 
illustrated in Figure 29. 
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Figure 28. NICmax Risk curve for symptoms > 1 
month from Eriksson and Kullgren [26]. 
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Figure 29. Risk curve of symptoms > 1 month 
versus lower neck axial force for both models. 

Moreover, several multi body human models have 
been developed for rear-end impacts. A two-
dimensional human model has been proposed by 
Jernström et al [27] and the computed head-torso 
relative angle was compared to the one recorded on 
a volunteer undergoing a velocity change of 
8 km/h. In Jakobsson et al [ 28] it was then shown 
that neither the upper thoracic spine curvature of 
the model nor the calculated duration of the contact 
between the head and the headrest were in 
accordance with experimental data. These 
numerical and physical spine models are usually 
validated against experiments on volunteers or post-
mortem human subjects (PMHS) in the time 
domain by superimposing model and human 
response parameters as a function of time. This 

methodology is limited as it is very difficult to 
characterize a multiple degrees of freedom system 
under impact in the time domain. The mentioned 
limitation illustrates the need for further torso 
experimental and theoretical analysis.  

The present paper is to refer on in vivo human trunk 
characterization available in the literature using 
modal analysis techniques and to develop a lumped 
parameters model of this segment in the sagittal 
plane to be validated in the frequency domain. This 
model was seated in three car seats and 87 real 
accidents have been simulated. The same work has 
been carried out with BioRID II model in order to 
compare the prediction of neck damages. The 
simulations showed different behaviors about the 
head-neck-trunk system. Indeed, the MC-HNT 
model translation phase is longer period of time 
than the BioRID II model. This can be explained by 
the fact that the MC-HNT model presents a lower 
stiffness at the head-neck-trunk system. This 
behavior softer leads the model to be more 
sensitive. Indeed, during the deceleration phases, 
the trunk is pushed by the backseat leaving the 
head. The loading at the head-neck and neck-thorax 
junctions increases considerably if the head is 
pulled by the rest of the body before it contacts the 
headrest. This force can be projected either to axial 
force or to shear force according the head-thorax 
angle.  

One of main limitations of this study is not to know 
the initial posture of the occupants. Indeed, the 
posture has a drastic influence on the behavior, 
leading to different logistic regressions. A first 
evaluation of this influence has been carried out but 
it should be interesting to make in deep a parameter 
study to extract the best candidate parameters which 
correlate the injury severity. Nevertheless, it 
highlighted the difference behavior between the two 
models, and the homogeneous results in terms of 
parameter criteria, for the MC-HNT model. 

CONCLUSION 

Performing 87 real accident cases from Folksam 
database on three seats under two configuration of 
distance between head and headrest using a 
minimum complexity model (MC-HNT model) 
based on the reproducibility of the 5 first 
experimental vibration modes of the vertebrae 
column revealed several parameters with higher 
correlation coefficient values in the logistic 
regression against the lesion severity. The lower 
neck axial force is shown as the best value of 
Nagelkerke R-square for both initial symptoms risk 
and symptoms over than one month risk.  

The 87 accident cases were also simulated using 
BioRID II model. Then we performed a comparison 
between the predictive risk curves obtained by 
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analyzing the MC-HNT model and the BioRID II 
model. In addition we compared the Nagelkerke R-
square values obtained with these analyses. It 
appears that the MC-HNT model gives a better 
regression than the BioRID II one for all parameter. 
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ABSTRACT 
 
According to the German road traffic regulations 
children up to the age of 12 or a body height 
below 150 cm have to use approved and appropriate 
child restraint systems (CRS). CRS must be 
approved according to UN-ECE Regulation No. 44. 
The regulation classifies CRS in 5 body 
weight categories. The upper weight group is 
approved for children from 22 to 36 kg. 
However, studies show that already today many 
children weigh more than 36 kg although they 
have not reached a size of 150 cm. Therefore, no 
ECE R44 approved CRS is available for these 
"overweight" children. In conclusion, today’s sizes 
and weights of children are no longer 
represented by the current version of the ECE R44. 
The heaviest used dummy (P10) weighs just 
32.6 kg and has a body height of 137.9 cm. 
Statistical data of German children show that already 
5% of the children at a size of 137.9 cm 
have a body weight above 45.3 kg. Regarding 
children at a body height of 145 cm, the 95th 
percentile limit is at a weight of 53.3 kg. Based on 
these data 4 dummies with different heights 
and weights were defined and produced. Two of them 
are “overweight”. 
Up to now, there is no experience how current child 
restraint systems perform in a car crash if 
they are used by children with a body weight above 
36 kg and a size smaller than 150 cm. 
In the future, different child restraint systems will be 
tested with respect to the ECE R44 regulation  
using these “overweight” dummies. 
 

INTRODUCTION 
 
Today, child restraint systems are very popular. 
Investigations show that in 2007 97% of all children 
transported on German roads were restrained with 
child restraint systems [1]. Compared to 1992, the 
restraint rate increased by 25%. During the same 
period the number of seriously and fatally injured 
children decreased significantly. Nevertheless, the 
number of children restrained improperly, the so 
called “misuse”, is still very high.  

This paper deals with another problem. In Germany it 
is mandatory that children younger than 12 or smaller 
than 150 cm have to use child restraint systems. The 
size limit results from the fact that the standard safety 
belts in the cars do not fit with smaller children. The 
shoulder belt touches the neck and the lap belt slips 
from the pelvis into the abdominal region as shown in 
figure 1. 

 

Figure 1.  10 year old boy (body size 144.2 cm, 
body weight 41.6 kg) in an Opel Astra (model year 
2003) without child restraint system. Arrows 
indicate critical positions of the safety belt. 
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Using booster seats – which must be approved 
according to UN-ECE Regulation No. 44 – the 
position of children in the seat rises and belt rooting 
is improved. Figure 2 shows the boy from figure 1 
using such a child restraint system.  

 

The shoulder belt no longer touches the neck of the 
boy.  
Unfortunately, the type approval of child restraint 
systems is limited to a maximum body weight of 36 
kg so that the boy from figure 1 and 2 (body weight 
41.6 kg) has to use booster seats which are not 
certified for his weight. This is not a particular case 
as shown in this paper and the crash performance of 
child restraint systems in such overload cases is 
completely unknown. Therefore, the German Federal 
Highway Research Institute (Bundesanstalt für 
Straßenwesen, BASt) initiated a project to investigate 
this problem. First results are presented in this paper. 
 
Detailed results from anthropometric measurements, 
which are presented in the next chapter, clearly 
indicate that a lot of children who are shorter than 
150 cm weigh more than 36 kg. Based on these data 
sizes and weights for new child dummies are defined. 
As it is impossible to develop a completely new child 
dummy a P10 dummy was modified. The exact 
definition of the modified P10 dummies and the 
manufacture process is described in the following 
chapters. 

ANTROPOMETRIC DATA 

Former publications [2] made evident that the median 
weight of children at the size of 150 cm is much 
higher than the 36 kg limit defined in UN-ECE 
Regulation No. 44. Actual data corroborate this 
statement.  The data presented below was collected 
by the University of Jena in cooperation with 
CrescNet. Table 1 and table 2 show the weight and 
size of  34272 German children (girls and boys). 
Even the 50% percentile weight of the 11 years old 
children is above 36 kg. The average size of these 
children is 147.6 cm. An exact correlation between 
weight and size cannot be inferred from table 1 and 2. 

 

Table 2. 
 Body size in cm of German children for three 

different percentiles. The second column shows 
the number of measured children. [database 

CrestNet 2006-2008] 

age 
[years]

N 
body size [cm] 

5%  50%  95% 

6  6703  109.5  117.9  126.6 

7 5908 115.1  124.1  133.7
8 5349 120.4  130.2  140.5
9 4925 125.5  136.1  147.0
10  4288  130.6  141.9  153.4 
11 3767 135.7  147.6  159.7
12 3332 140.8  153.3  166.0

 

Table 1. 
 Body weight in kg of German children for three 
different percentiles. The second column shows 

the number of measured children. [database 
CrestNet 2006-2008] 

age 
[years]

N 
body weight [kg] 

5%  50%  95% 
6 6703 17.3  21.6  29.7
7 5908 19.2  24.4  34.9
8 5349 21.1  27.6  40.8
9 4925 23.3  31.2  47.2
10  4288  25.7  35.2  54.1 
11 3767 28.5  39.6  61.2
12 3332 31.7  44.4  68.5

 

Figure 2.  10 year old boy (body size 144.2 cm, 
body weight 41.6 kg) in an Opel Astra (model 
year 2003) with child restraint system. 
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Therefore, the data were analyzed for three different 
size classes. These classes are defined as follows; 
from 134 cm to 136 cm, from 144 cm to 146 cm and 
from 149 cm to 151 cm. Choosing a range of 2 cm, 
enough children can be evaluated. Exact data are 
listed in table 3 to 5. Due to the fact that not all 
dimensions were evaluated for all children the 
number of measured children differs. Table 3 points 
out that at least 5 % of all children in the size range 
134 cm to 136 cm are heavier than 36 kg. The data in 
table 4 is more critical. The medium weight reaches 
the weight level of 37.5 kg. 5 % of all the children in 
the size range of 144 cm to 146 cm weigh more than 
53.3 kg. Table 5 shows a similar distribution. All data 
indicate that the European regulation No. 44 no 
longer represents current children living in Germany.  
Based on these data new overweight dummies were 
defined and manufactured. 

 

OVERWEIGHT DUMMIES 

The objective of this study is the evaluation of child 
restraint systems with overweight crash test dummies, 
weighing more than 36 kg. Currently, a lot of 
different child crash test dummies are available. A 
precise overview and technical specifications for     

Table 5. 
 Different anthropometric data of German 

children with a body size of 149-151 cm. The 
second column shows the number of measured 

children. [database CrestNet 2006-2008] 

Children body size    percentile 

149‐151 cm N  5%  50%  95%

Age [years]  567  10  12  14 

Weight [kg]  564  33.0  39.5   

Torso length [cm]  382  75.3  78.1  81.1

Shoulder width [cm]  381  30.0  32.0  34.1

Pelvis width [cm]  384  21.6  23.5  25.7

Chest  [cm]  472  63.0  69.3  80.4

Waist [cm]  178  54.3  60.1  73.8

Abdomen [cm]  75  56.6  66.5  82.4

Hip [cm]  91  68.9  78.3  89.0

 

Table 4. 
 Different anthropometric data of German 

children with a body size of 144-146 cm. The 
second column shows the number of measured 

children. [database CrestNet 2006-2008] 

Children body size    percentile 

144‐146 cm N  5%  50% 95%

Age [years]  19104  8.7  10.7  13.5

Weight [kg]  19104  30.4  37.5 53.3

Torso length [cm]  425  73.2  75.9  79.0

Shoulder width [cm]  424  28.9  31.0  33.1

Pelvis width [cm]  427  21.0  22.6  24.6

Chest  [cm]  537  61.5  66.7  78.0

Waist [cm]  223  53.3  58.1  70.2

Abdomen [cm]  103  58.9  64.0  79.8

Hip [cm]  113  66.6  73.9  86.1

 Table 3. 
 Different anthropometric data of German 

children with a body size of 134-136 cm. The 
second column shows the number of measured 

children. [database CrestNet 2006-2008] 

Children body size    percentile 

134‐136 cm  N  5%  50%  95%

Age [years]  658  7  9  11 

Weight [kg]  658  25.5  29.5  36.0

Torso length [cm]  475  69.5  72.1  74.4

Shoulder width [cm]  475  27.2  29.0  30.7

Pelvis width [cm]  476  19.2  21.0  22.6

Chest  [cm]  583  57.5  62.0  68.4

Waist [cm]  245  51.0  55.0  62.1

Abdomen [cm]  107  54.5  60.1  69.5

Hip [cm]  109  63.7  68.6  75.9
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P-series, Hybrid III-series as well as for Q-series 
dummies can be found in the internet [3]. Only a 
weighted version for the Hybrid III 6 year dummy is 
available (115 cm, 27.9 kg).   
Although the assembly of the P-series dummies is 
less sophisticated than the Hybrid III dummies they 
are still utilized for ECE R44 compliant tests. For this 
reason, it was decided to modify a P10 dummy (see 
figure 3). The P10 (P10 base) has a size of 137.9 cm 
and weighs 32.6 kg. 

Three new dummies were defined (P10 heavy, P10 
large and P10 large and heavy). Their technical data 
are summarized in table 6. The weights of the P10 
base and of the P10 large represent the 50% 
percentile whereas the P10 heavy and the P10 large 
and heavy are 95% percentile versions (see table 4.). 
As children with a size of 150 cm are no longer 
legally obligated to use child restraint systems the 
large versions of the new dummies are restricted to a 
size of 145 cm.  

 

Basic dummy data 
Technical data like 3d surfaces and weights of all 
dummy components are not commonly available, 
therefore the P10 base was scanned in detail. Using 
an optical 3d surface scanner the outer surfaces of all 
dummy parts were scanned. The skeleton of the 
dummy was x-rayed. Based on this data a complete 
3d-Catia model of the dummy was built. Results are 
shown in figure 4.  

The net weights of all parts were measured 
necessarily. The 2 heavy versions were weighted 
proportionally to the reference weights. Exemplarily 
table 7 shows the weights of the subassembly leg. 

  

 

Table 7. 
 Subassembly leg: weight of all parts and 

percentage of the total weight 

# Name 
quan-

tity weight [g] %

1 Hip ball joint 1 14,00 0,04

2 Hip joint nut/socket 1 143,90 0,44

3 Upper leg 1 3647,90 11,19

4 Lower leg 1 2566,75 7,87

5 Knee tensioner bolt 1 12,40 0,04

6 Knee tensioner nut 1 2,25 0,01

7 Friction washer 2 2,25 0,01

  total 6389,45 19,60

       

Figure 4.  P10 (P10 base) dummy x-rayed in 2 
views (left) and 3d-Catia model of the total 
assembly (right). 

Table 6. 
 Weights and heights for the P10 dummy and 

three modified versions. 

dummy 
weight 
[kg] 

height 
[cm] 

P10 base  32.6  137.9 

P10 heavy  45.3  137.9 

P10 large  37.5  145.0 

P10 large and heavy  53.3  145.0 

 

Figure 3.  Standard P10 (P10 base) dummy 
belted on standard test device without child 
restraint system. 
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Overweight dummies 
In order to weight the dummy torso and head 
additional metal plates are mounted to the rigid 
structure of the dummy. An additional jacket extends 
the girth of the torso. Shoulder and pelvis width 
remained unchanged. A proportional elongation of 
the torso height is necessary for the large versions of 
the new dummies. A new spine cable and additional 
elements for the lumbar vertebrae assembly increase 
the length. The foam abdominal insert is adapted 
respectively.  
A simple modification of the extremities is not 
possible. Therefore, completely new arms and legs 
were manufactured. On the basis on the P10 
extremities new parts were designed so that weight 
and length correspond to the new defined dummies as 
described in table 6. Exact data for the lower legs is 
given in table 8. 

 

The skeleton parts were scaled only in length for the 
large dummy versions. Therefore, the weight gain 
results, especially for the heavy versions, from an 
increased portion of the flesh. As the flesh is modeled 
with the original two-component polyurethane the 
volume of the heavy extremities was scaled up. 
Pictures in figure 5 and 6 show the new legs and 
lower arms. 

OUTLOOK 

Different types of child restraint systems will be 
inspected with the P10 and the new versions of the 
P10 according to UN-ECE Regulation No. 44. All 
selected CRS belong to ECE group II (15-25 kg) as 
well as to group III (22-36 kg). Some belong also to 
group I (9-18 kg). Figure 7 illustrates the differences 
between the seats. Combination seats allow children 
to use the same seat as they grow up. 

 
CONCLUSIONS 

Statistical data clearly illustrate that for a lot of 
children not a single licensed child restraint system is 

 

Figure 7:  Three typical CRS. From left to 
right: no-back booster seat (group II/III), high-
back booster seat (group II/III) and 
combination seat (group I/II/III). 

  

Figure 6:  Top view of four different left lower 
arms. From left to right: P10 base, P10 heavy, 
P10 large and P10 large and heavy. 

 

Figure 5:  Side view of four different left legs. 
From left to right: P10 base, P10 heavy, P10 
large and P10 large and heavy. 

Table 8. 
 Lower leg assembly: Weights and lengths for the 

P10 dummy and three modified versions. 

lower leg 
weight 
[g] 

length 
[mm] 

P10 base  2567  385 

P10 heavy  3566  385 

P10 large  2953  404 

P10 large and heavy  4197  404 
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obtainable. Moreover, the crash performance of child 
restraint systems is completely unknown if they are 
used by children, weighing more than 36 kg.  

Based on detailed anthropometric analyses the weight 
of real children in Germany was identified and new 
overweight dummies were defined. New dummy 
components were built so that the crash behavior can 
be tested in near future.  
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ABSTRACT 
 
Computerized crash reconstruction of real world 
crashes involves dealing with a lot of unknown 
parameters and as such the reconstruction problem 
cannot be solved deterministically as was shown 
using a parametric methodology presented in our 
previous ESV paper titled “Computational Analysis 
of Real World Crashes: A Basis for Accident 
Reconstruction Methodology.”  This paper introduces 
a modified version of the parametric methodology, 
which involves using an optimization scheme to 
derive an optimal solution for the reconstruction 
problem in a given range of unknown parameters. 
Real world crashes were selected from the CIREN 
database and were solved using the proposed 
methodology. Human-Vehicle-Environment (HVE) 
software was used to generate the crash pulse where 
EDR data were missing.  The problem was set up in 
MADYMO. During the set up, the unknown 
parameters were identified. ModeFRONTIER 
software was used for optimization. The identified 
unknown parameters were treated as design variables. 
The objective function and the constraints were 
defined such that they minimize the differences in 
injuries and occupant-vehicle contacts between the 
real world data and the model prediction. Since the 
objective function has a great effect on the final 
solution, a normalized form of the objective function, 
weighted based on the AIS level of the injuries 
sustained by the occupant, was formed in this study. 
A genetic algorithm with Sobol DOE (Design of 
Experiments) was used for optimization. Results of 
the simulations showed that the optimal solution 
correctly predicted both the occupant-vehicle 
contacts and the injuries sustained by the occupant. 
By viewing the occupant motion inside the vehicle 
during the crash, better occupant protection systems 
can be devised.  Correlation studies were also carried 
out to find the critical parameters affecting the 
solution. In addition, a best case scenario study was 
carried out to find, using optimization, the design 
changes that could help mitigate all or some of the 
injuries sustained by the occupant. 
 

INTRODUCTION 

Computerized crash reconstruction is carried out to 
investigate crash sequences and to study occupant 
kinematics during crashes. Occupant kinematics can 
then be used to design better and more efficient 
safety systems for occupant protection. There are a 
lot of parameters that affect an occupant’s kinematics 
and injury risk. Due to lack of information on these 
parameters, the reconstruction cannot be carried out 
accurately. Since assumptions have to be made for 
these unknown parameters, it is imperative not to 
predict the model outcome using just one set of 
parameter values as different sets of parameter values 
within the range can lead to quite different injury 
predictions for the same case, as was shown in Hasija 
et al [1]. In the past, injury evaluation based on 
reconstruction has been carried out using just one set 
of parameters. For example, Mardoux et al [2] and 
Franklyn et al [3] presented papers where 
computational models used to predict injuries were 
driven using data obtained from physical tests. The 
experiments can have errors associated with them 
that can lead to errors in the model’s injury 
predictions. The effect of these uncertainties was not 
analyzed. 

Optimization, which refers to the study of problems 
in which one seeks to minimize or maximize a 
function by systematically choosing the values of 
variables from within an allowed set, while satisfying 
the constraints, is becoming more popular for 
carrying out crash reconstruction analysis. For 
example, Untaroiu et al [4] presented a paper that 
was used to investigate the application of 
optimization techniques to the field of crash 
reconstructions of pedestrian accidents. In their 
papers, it was shown, using a mock or “ideal” crash 
reconstruction problem, that optimization algorithms 
combined with an appropriate objective function 
have the capability to identify accurately the pre-
impact conditions of the pedestrian and vehicle. The 
pre-impact parameters of pedestrian and vehicle 
models were treated as unknown design variables. In 
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addition, optimization methodology was successfully 
applied to reconstruction of a real-world pedestrian 
crash. Also, Shen et al [5] presented a paper 
evaluating optimization-based method for 
reconstructing pedestrian-vehicle accident and testing 
its performance. By reconstructing two real-world 
pedestrian collisions, they concluded that 
optimization is very effective in finding a optimum 
solution, which not only reduces the number of 
cycles, but also saves manual operation. 

The objective of this paper is to present a 
methodology that utilizes an optimization scheme to 
come up with the best possible solution to a 
reconstruction problem, which has a lot of unknown 
variables that cannot be fixed to a particular value but 
are defined by a range. The best possible solution 
helps provide the occupant kinematics during crash. 
The methodology is shown by reconstructing two real 
world crash cases selected from the CIREN database 
[6]. These cases include: a) a “moderate brain injury” 
case, and b) a “severe brain injury” case. The 
unknown parameters are treated as design variables.  
The occupant-vehicle contacts and the injuries 
sustained by the occupant as listed in CIREN are 
used to set up the objective function and constraints 
for optimization. The best solution obtained for the 
reconstruction problem from optimization is one that 
matches all the occupant-vehicle contacts and injuries 
sustained by the occupant. The paper also shows how 
crirtical parameters are identified and how a best case 
scenario (minimum injury or no-injury) for a given 
case can be obtained. 

METHODOLOGY 
The methodology introduced in this paper (Figure 1) 
for reconstructing real world crashes uses an 
optimization technique to find the best possible 
solution to the reconstruction problem.  

 
Figure 1.  Optimization Methodology. 

The methodology starts with the selection of a real 
world crash case from CIREN. Following the case 
selection, the Event Data Recorder (EDR) 
information available for the case is searched in 
CIREN to get the crash pulse. If the selected case has 
an EDR pulse available, the pulse is directly used for 
occupant simulation.  If EDR pulse is not available, 
the crash details available from the case are used in 
HVE [7] to generate the crash pulse.  Next, the 
occupant simulation is set up in MADYMO [8] based 
on the case information available from CIREN such 
as occupant information, restraints information etc. 
The EDR crash pulse or the HVE-generated crash 
pulse is used to drive the MADYMO model. During 
this set up, the data availability is checked to see if all 
parameters required for reconstruction are available. 
If all data is available, the occupant simulation set up 
in MADYMO can be run and the results can be 
compared with the real world data. But most of the 
time, all data required for reconstruction is not 
available. These unknown parameters are identified 
during the MADYMO set up stage and assumptions 
are made for these unknown parameters. Once the 
MADYMO model is set up, a baseline run is 
obtained by matching the occupant-vehicle contacts 
listed in CIREN for the particular crash case. Using 
these assumed parameters as design variables, the 
optimization is set up around the baseline run in 
modeFrontier software [9]. The range for these 
selected design variables is defined, the objective 
function is set up, and the constraints are defined.  
Two types of constraints are defined i.e. contacts 
based constraints and injury based constraints. The 
constraints and objective functions are defined such 
that they minimize the differences in injuries and 
occupant-vehicle contacts between the real world 
data and the model prediction.  The solution obtained 
from optimization takes into account the variation in 
the assumed parameters, and thus gives the best 
possible answer to the reconstruction problem. The 
methodology is demonstrated by reconstructing two 
real world CIREN cases. 

Case Selection 
The real world crash cases were selected from 
CIREN. Only cases with single event, frontal impact 
with PDOF of 0±10o   and no rollover were 
considered. Cases were selected that provided enough 
information for reconstruction in HVE (vehicle type, 
collision partner involved, Collision Deformation 
Classification(CDC), Principal Direction of Force 
(PDOF), Crush and DeltaV) and also enough 
information for occupant simulation in MADYMO 
(age, height, weight of the occupant, occupant role 
(driver or passenger), restraints used, air bag 
information, seat performance information, etc). One 
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important criterion for case selection was good 
occupant-vehicle contacts that could be simulated. 
All cases with air bag failure, seat performance 
failure and seat belt failure were ignored. Cases 
where the occupant was asleep or in an out-of-
position (OOP) states were ignored. In this study, 
only cases where the occupant had brain injury were 
considered.  Only brain injury cases were selected so 
that these cases, in future, can be evaluated using 
NHTSA-developed finite element head model 
(FEHM). The cases were not filtered based on 
vehicle model year as the idea was to select cases and 
study the use of optimization as a reconstruction tool. 
Based on these criteria, two brain injury cases were 
selected. 

    “Moderate Brain Injury” Case: Details of the 
“moderate brain injury” case are provided below. 

The crash occurred during the hours of daylight.  The 
weather at the time of the crash was clear and dry.  
The posted speed limit was 45 mph. The crash 
occurred on a two lane roadway (Figure 2). Case 
Vehicle (V1, in red), a 1999 four-door Chevrolet 
Cavalier, was traveling eastbound.  Vehicle two (V2), 
a 1997 four-door Oldsmobile Achieva, was traveling 
westbound.  V1 crossed into the westbound lane.  
V1's front struck the front of V2.  The impact caused 
V1 to rotate counterclockwise, coming to rest in the 
eastbound lane.  V2 was forced to the right and 
rearward coming to rest off the shoulder of the 
westbound lane. The case vehicle had a delta-V of 35 
mph. 

 
Figure 2.  Crash Scene for “moderate brain 
injury” case 
The case occupant was the driver of the vehicle (V1).  
The case occupant was a 61 year old male, 175cm in 
height and 86 kg in weight. He was wearing the 
available lap and shoulder belt and had frontal air bag 
deployment.  The occupant sustained moderate brain 
injury (Table 1).  The occupant also sustained AIS 1 
injuries not listed in Table 1. 

Table 1. 
Occupant Injuries 

AIS Code Description 
1610002 Cerebral concussion 

5408243 Colon laceration, perforation 

5420222 Mesentery laceration 

8516143 Fibula Fx, bimalleolar 

 
Occupant-vehicle contacts were taken from CIREN 
(Table 2). 

Table 2. 
Occupant-Vehicle Contacts 

Contact Component Body Region 

1 Air bag-driver side Head 

2 Steering wheel rim Chest 

3 Knee bolster Knee-Left 

4 Knee bolster Knee-Right 

 
    “Severe Brain Injury” Case: Details of the 
“severe brain injury” case are provided below. 

This crash occurred at night (with street lights) on the 
southbound lanes of a six lane divided freeway with 
dry conditions with a slight downgrade in the 
location (Figure 3).  The posted speed limit was 60 
mph. The case vehicle (in red), a 2006 Scion TC 2-
door hatchback, was southbound in lane two of the 
three lanes and attempted to change lanes to the right 
and pass an unknown vehicle in lane two.  Another 
unknown vehicle was traveling at a slower speed in 
lane one. V1 then swerved left and began braking as 
it crossed over lanes two and three before impacting 
the left side concrete barrier with the front of V1.  V1 
rotated slightly counterclockwise and came to final 
rest in lane three facing east.  The case vehicle had a 
delta-V of 29 mph. 

 
Figure 3.  Crash Scene for “Severe Brain Injury” 
case 
The case occupant was the driver of vehicle V1. The 
case occupant, a 27 year old male (178 cm in height 
and 69 kg in weight) was wearing the lap and 
shoulder belt with the seat belt pretensioners firing.  
The frontal steering wheel air bag as well as the knee 
bolster air bag deployed. The occupant rode down the 
deploying steering wheel air bag, causing the head to 
hit the steering wheel rim/hub. The occupant suffered 
severe brain injuries (Table 3). The occupant also 
suffered facial injuries and other AIS 1 injuries that 
are not listed in Table 3 as these were not considered 
in the analysis. 
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Table 3. 
Occupant Injuries 

AIS Code Description 
1406285 Cerebrum diffuse axonal 

injury (DAI) 
1406843 Cerebrum subarachnoid 

hemorrhage 
1504043 Vault skull fracture 
8526043 Pelvis Fx 

6506202 Lumbar Spine Fx, transverse 
process 

 
The occupant-vehicle contacts were taken from 
CIREN (Table 4). Only contacts listed as “Certain” in 
CIREN were considered. “Probable” and “Possible” 
contacts were not considered in this study. This case 
was chosen particularly because the occupant 
sustained “diffuse axonal injury (DAI)”, an injury 
which will be evaluated further using NHTSA 
developed FEHM and it was also the best-described 
case among all others. 

Table 4. 
Occupant-Vehicle Contacts 

Contact Component Body Region 

1 Steering wheel hub Face 

2 Steering wheel rim Face 

3 Knee  air bag Knee-Left 

4 Knee air bag Knee-Right 

5 Knee bolster Knee-Left 

6 Foot controls Right Foot 

Crash Pulse Generation 
The crash pulse generation for the two selected cases 
is described below: 

   “Moderate Brain Injury” case:  For this case, the 
deceleration pulse of the case vehicle was available 
from the EDR.  Since the selected case had a PDOF 
of 350o, there were both longitudinal and lateral 
components of the crash pulse.  Since the EDR did 
not record any lateral component, it was estimated 
from HVE. The case was reconstructed in HVE. Not 
only the crash quantities were matched but also a 
consistent post impact motion, as given in CIREN 
crash analysis, was ensured. Generic vehicle models 
were selected for both vehicles. Both vehicle models 
were updated with respect to the exterior vehicle 
specifications: front overhang, rear overhang, overall 
length and width, wheelbase and weight. The exterior 
specifications for both vehicles were obtained from 
the CIREN case information. The total weight used 
was the sum of the “Curb weight,” “Weight of the 

Occupants,” and “Cargo weight.” Vehicle stiffness 
plays an important role in correct crash pulse 
generation. Hence, the front, side, rear, top and 
bottom stiffnesses and the inertias of these generic 
vehicle models were updated based on the values 
available from actual vehicle models available in the 
HVE vehicle database. After the vehicle set up was 
completed in the vehicle mode, the crash event was 
set up in the event mode (Figure 4). 

 

 
Figure 4.  Crash Event. 

The vehicles were positioned with respect to the 
global coordinate system. An estimated initial 
velocity was then assigned to each vehicle as their 
velocities were unknown. To generate a valid crash 
pulse for the selected CIREN case, various crash 
quantities (i.e. Principal Direction of Force (PDOF), 
Collision Deformation Classification (CDC), Crush 
and Delta-V) were matched between CIREN and the 
HVE simulation by carrying out parametric 
variations with respect to the impact location, vehicle 
velocities, inter-vehicle friction, etc. Since CIREN 
does not report all these quantities for the non-case 
vehicle, only Delta-V was matched for the non-case 
vehicle. A good match between CIREN and HVE 
was obtained for both the case and non-case vehicle 
(Table 5 and Table 6). The EDSMAC4 module [10], 
which is a 2D physics program in HVE, was used to 
generate the crash pulse. 

Table 5. 
Case vehicle match 

Chevrolet CIREN HVE 
DeltaV, mph 35 35.5 

Crush, in 32.6 31.49 
CDC 12FYEW5 12FYEW6 

PDOF(deg) 350 349.3 
 

Table 6. 
Non-case vehicle match 

Oldsmobile CIREN HVE 
DeltaV, mph 33.5 34.5 
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After the crash quantities were matched between 
HVE and CIREN, the longitudinal component of 
crash pulse obtained from HVE was compared with 
the EDR pulse. Since the longitudinal component 
obtained from HVE showed good match with that 
obtained from EDR (Figure 5a), it was decided to use 
the corresponding lateral component of crash pulse 
obtained from HVE for reconstruction.  The final 
crash pulse used for this case included the 
longitudinal component from EDR and lateral 
component from HVE (Figure 5b). 
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Crash Pulse
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   (b) 

Figure 5.  (a) Longitudinal component of crash 
pulse. (b)Crash pulse used for “Moderate Brain 
Injury” case. 
 
   “Severe Brain Injury” case:  For this case, no 
EDR data was available. HVE was used to generate 
the crash pulse. Similar to the “moderate brain 
injury” case, a generic vehicle model was used for 
the case vehicle. The vehicle model was updated with 
respect to the vehicle parameters. Since no stiffness 
and inertia information were available for the case 
vehicle, the stiffness and inertia information from 
2006 Toyota Corolla model available in HVE 
database was used to update the case vehicle. The 
crash event was set up in HVE (Figure 6) and crash 
quantities were matched between HVE and CIREN to 
generate the crash pulse.  

 
 

 
Figure 6.  Crash Event 
A good match between CIREN and HVE was 
obtained with respect to the crash quantities for the 
case vehicle (Table 7). 

Table 7. 
Case vehicle match 

Scion TC CIREN HVE 
DeltaV, mph 29.2 28.7 

Crush, in 18.89 18.92 
CDC 12FDEW3 12FDEW3 

PDOF(deg) 350 351.4 

The EDSMAC4 module in HVE was used to 
generate the crash pulse (Figure 7). 
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Figure 7.  Crash Pulse for “Severe Brain Injury” 
case. 

Occupant Simulation Set Up 

  “Moderate Brain Injury” case:  The occupant 
simulation was set up in MADYMO, which is a 
widely used occupant safety analysis tool that can be 
used to simulate the response of an occupant in a 
dynamic environment. The occupant size for this 
“moderate brain injury” case was close to a 50th 
percentile size, and hence the Hybrid-III (H-III) 50th 
ellipsoid model was used as occupant model in 
MADYMO. The case vehicle interior surfaces were 
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created in MADYMO. The location of these surfaces 
was obtained from HVE, which had the actual 
vehicle model of a Chevrolet Cavalier available in its 
vehicle database. The contact surfaces were first 
created in HVE (Figure 8) and only the necessary 
contact surfaces were created based on the contacts 
listed in CIREN between the occupant and the 
vehicle interior. This information was then used to 
create the case vehicle in MADYMO (Figure 9). 
 

 
(a) 

 
(b) 

Figure 8.   Contact surfaces generated in HVE (a) 
Full View, and (b) No Body View. 
 
The properties for the seat structure, seat back, seat 
cushion, knee bolster, steering column and the 
contact characteristics between the occupant model 
and the vehicle interior were taken from the frontal 
impact application file available in MADYMO [11], 
which has generic but realistic properties. Since the 
occupant (driver) had an air bag deployment during 
the crash, a generic air bag model was added to the 
steering wheel hub. The generic driver air bag model 
was selected from MADYMO applications. Since the 
occupant was wearing the lap/shoulder belt during 
the event, a finite element lap and shoulder belt was 
created and wrapped around the occupant (Figure 9). 
The properties for the belts were taken from 
MADYMO application file to be close to the realistic 
properties. This run was further set up according to 
the case information given in CIREN. The dummy 
was positioned in a normal posture with the right foot 
on the brake and the left foot on the floor. 

 
Figure 9.  Impact Simulation model for “moderate 
brain injury” case.  
The EDR-HVE combination crash pulse (Figure 5b) 
was used to drive the simulation. The baseline run 
was obtained once the occupant-vehicle contacts in 
simulation were matched with those listed in CIREN. 
 
  “Severe Brain Injury” case:   
A similar set up as explained for “moderate brain 
injury” case was followed for the “severe brain injury 
“case with a few additions.  According to the case 
information given in CIREN, a seat belt pretensioner 
and a knee bolster air bag were installed in the 
vehicle. The pretensioner fired and the knee-bolster 
air bag deployed during the crash. A pretensioner and 
knee bolster air bag were added to the MADYMO 
model. Since no generic knee air bag model was 
available in MADYMO, one was created by scaling 
and shaping the generic steering wheel (SW) driver 
air bag model. The case vehicle’s actual knee air bag 
model was 18 liters in volume and had tethers 50 mm 
in length. To create a knee air bag model close to the 
actual air bag, the following was done: 

• The reference geometry of the SW driver air bag 
(which was circular) was scaled non-uniformly 
in X and Y direction to form an elliptical shape, 
which is a better approximation to the actual 
knee air bag (Figure 10a). 

• Tethers were added (Figure 10b) each with a 
length of 50 mm. Since the location of the tethers 
was not known, eight tethers were added to 
control the shape of the deploying air bag. 

• The air bag was scaled until inflated volume was 
close to 18 liters. The volume of the modeled air 
bag was 17.67 liters (Figure 11). 

 
(a) 
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(b) 

Figure 10.  (a) Actual, and (b) modeled knee 
bolster air bag 
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Figure 11.  Volume vs. Time for knee air bag. 
 
The crash pulse obtained from HVE (Figure 7) was 
used to drive the model. The baseline run (Figure 12) 
was obtained for this case by matching the occupant-
vehicle contacts with those listed in CIREN. 

 
Figure 12.  Impact Simulation model for “Severe 
Brain Injury” case.  
The unknown variables were identified for both the 
cases during their respective baseline set up. 

Injury Thresholds 

The injury threshold values for the injuries sustained 
by the occupant were established from literature 
review.  Injury thresholds were also found for the 
uninjured body regions. These injury thresholds were 
established for use in the optimization study. It is 
important to note that the point of the paper was to 
study the optimization methodology as a 
reconstruction tool. The injury threshold values were 
established from the best available data set, and are 

not intended as definitive transformation to the 
reported occupant injuries. Since any chosen injury 
threshold value would represent a certain probability 
of injury and there was an uncertainty in choosing a 
value, the injury threshold values given in reports and 
papers were selected. The injury thresholds for the 
two cases are described below: 

  “Moderate Brain Injury” case:  The occupant 
sustained AIS 1 and AIS 2+ injuries.  AIS 1 injuries 
were not incorporated into this analysis as these were 
minor injuries such as skin abrasion/laceration. The 
occupant sustained: 
• Abdominal Injury (AIS 2 & AIS 3): Since the 

occupant had two abdominal injuries (AIS 2 and 
AIS 3), only the AIS3 injury was considered. It 
was mentioned in the CIREN injury analysis that 
the “Belt Restraint webbing/buckle” was the 
injury source for both the abdominal injuries. 
The Hybrid III 50th dummy model does not have 
any force output or any injury metric output for 
the abdomen. Therefore, the lap belt –abdomen 
contact force was related to abdominal injury. 
The force corresponding to 30% probability of 
injury was obtained as the injury threshold. Since 
there was no test data available for frontal 
impact, the threshold force was obtained from 
the experimental results obtained from lateral 
impacts [12]. 

• Lower Extremity Injury (AIS 3): The occupant 
suffered a bimalleolar fibula fracture on the right 
foot because of inversion-eversion.  The 
inversion-eversion moment corresponding to 
30% probability of injury was obtained as the 
threshold value [13]. The lower tibia moment 
was compared with this threshold value for 
predicting this injury. 

• Head Injury (AIS 2): For cerebral concussion 
sustained by the occupant, the HIC value 
corresponding to mild traumatic brain injury 
(MTBI) given by Pellman et al [14] was used. 
This value is based on national football league 
(NFL) reconstruction data. This was the only 
published human volunteer data available that 
correlated HIC with concussion. Since 
concussion occurred because of soft contact, 
HIC36, which is calculated over an extended time 
period of the acceleration pulse, was thought to 
be better predictor than HIC15 and hence HIC36 
was used. 

The threshold values for the uninjured body regions 
were also obtained from literature [15]. The 
established threshold values (Table 8) were used for 
optimization. 

 
 



  
Hasija 8   

Table 8. 
Established injury threshold values for “Moderate 

Brain Injury” case 

Body 
Region 

Injury 
Criteria 

Threshold 
from 

Literature 
Head HIC36 250 

Neck Nij 1.0 

Thorax Acceleration 
& 

Deflection 

60g 
& 

63mm 
Abdomen Abdominal 

Force 
 

3200N 

Femur Resultant 
Force 

10KN 

Lx-Injury 
(Tibia 
Injury) 

 
Tibia Index 

 
1.3 

Lx-Injury 
(Fibula-
Injury) 

Eversion-
Inversion 
Moment 

 
35Nm 

 
  “Severe Brain Injury” case:  Similar to the  
“Moderate Brain Injury” case, the AIS 1 injuries 
were ignored for this case as well.  The occupant in 
this case sustained: 
• Cerebrum diffuse axonal injury (AIS 5): The 

injury threshold was obtained from Takhounts et 
al [16]. Angular acceleration was used as injury 
criteria. In [16] the relationship between DAI & 
maximum principal strain and that between 
angular acceleration & maximum principal strain 
was used to establish injury risk as a function of 
angular acceleration. The angular acceleration 
corresponding to 50% probability of injury was 
used as the threshold value. 

•  Cerebrum subarachnoid hemorrhage (AIS 3): 
The injury threshold was obtained from 
Takhounts et al [16]. Angular acceleration was 
used as injury criteria. The angular acceleration 
corresponding to 30% probability of injury was 
used as the threshold value. Data was not 
available to form AIS 3 and AIS 5 injury risk 
curves in [16]. Hence, assumptions were made 
for DAI and hemorrhage threshold from the 
injury risk curve available. 

• Vault skull fracture comminuted (AIS 3): This 
was a depressed left, frontal skull fracture 
associated with overlying laceration. Since the 
Skull Fracture Criteria (SFC) is only applicable 
for linear skull fractures, HIC was used as the 
injury criteria for this depressed skull fracture. 
Since this was a contact-type injury, HIC15 was 
used to properly capture the short time period of 

the contact that causes the injury. The HIC15 

value corresponding to 30% probability of 
AIS3+ injury was used as the threshold value 
[17]. 

• Pelvis fracture (AIS 3): According to CIREN 
injury analysis, this fracture was sustained by 
loading onto the lap belt.  The Hybrid III 50th 
percentile dummy model does not have any force 
output or any injury metric output for the pelvis. 
Therefore, the lap belt–abdomen contact force 
was related to pelvis injury. The injury threshold 
was obtained from Salzar et al [18]. 

• Lumbar spine fracture transverse process (AIS2): 
Since no injury risk curves are available for 
lumbar spine, the lumbar spine load cell output 
from H-III 50th dummy model was simply 
monitored and was not used in the optimization 
analysis.  

• Facial Injuries (AIS 3-Orbit fracture, AIS 2-Nose 
fracture): Since the H-III 50th dummy model 
does not have any load cell output from the face 
region, facial injuries were ignored in this 
analysis. 

The established injury thresholds (Table 9) were used 
for optimization. 

Table 9. 
Established injury threshold values for “Severe 

Brain Injury” case 

Body 
Region 

Injury 
Criteria 

Threshold 
from 

Literature 
Head-DAI Angular 

Acceleration 
8000 rad/s2 

Head-
Hemorrhage 

Angular 
Acceleration 

6250 rad/s2 

Head-Skull 
Fracture 

HIC15 1177 

Neck Nij 1.0 

Thorax Acceleration 
& 

Deflection 

60g 
& 

63mm 
Pelvis Force   5470N 

Femur Resultant 
Force 

10KN 

 
Lx-Injury 

 
Tibia Index 

    
1.3 

Optimization Set up 
After setting up the baseline run and obtaining the 
injury thresholds, optimization was set up for the two 
cases using modeFrontier software. The assumed 
parameters identified earlier were used as design 
variable and their ranges were defined (Table 10).  
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Table 10. 
Design Variables 

 Parameters Range [Ref] 
SEAT Seat Friction 0.2-0.4 

 
KNEE 

BOLSTER 

Knee Bolster 
Properties 

± 20% [1] 

Knee Bolster 
Friction 

0.1-0.4 

 
 
 

BELT SYSTEM 

Belt Segment 
Properties 

± 20% [1] 

FE 
Lap/Shoulder 

Belt Properties 

 
± 20% 

[1] 
Belt Friction 0.1-0.3 

Retractor 
Properties (film 

spool effect) 

± 20% [1] 

Retractor 
Locking Time 

1ms -30ms 

 
 
 
 
 
 

DRIVER AIR 
BAG 

Air bag Firing 
Time 

5ms-55ms 

Air bag Friction 0.1- 0.3 
Steering 

Column Angle 
(Air bag 

Deployment 
Angle) 

 
o5±  around 

baseline 

Air bag Mass 
Flow Rate 

(MFR) 

± 20% [1] 

Steering Col. 
Position 

(translation –X-
dir i.e. Air bag 

Position) 

 
± 15% 
around 
baseline 

 
CRASH PULSE 

Crash Pulse-Y 
component 

Scaling 
0.5-1.5 

 
 

OTHER 
PARAMETERS 

Thorax-SW 
Loading 

Scaling 
0.8-1.2 

Friction Shoes 
–Toe 

board/Floor 

 
0.5-0.7 

Friction Brake-
Right Shoe 

0.5-0.7 

 
 

ADDITONAL 
PARAMETERS 
FOR “SEVERE 
BRAIN 
INJURY” CASE 

Knee Air bag 
(KAB) MFR 

± 20% 
[1] 

KAB Firing 
Time 

5ms-40ms 

Pretensioner 
Firing Time 

10ms-40ms 

Load Limiting 
Force 

3.5KN-5.5KN 

Crash Pulse-X 
component 

Scaling 
0.85-1.4 

Objective function and constraints were set up. Since 
the objective function has a great effect on the final 
solution, a normalized form of the objective function 
(Equation 1 & Equation 2) weighted based on the 
AIS score of the injuries sustained by the occupant, 
was formed in this study.  This form of objective 
function can be generalized to other cases. For 
“moderate brain injury” case we had: 

 
                                                                                (1) 
where,  

(2, 3, 3)= AIS score of the respective injuries 
used as weights, HIC=HIC value from 
simulation, HICcr=Critical   HIC value (250), 
AbF=Abdomen force value from simulation, 
AbFcr=Critical abdomen force value (3200N) 
M=Inversion-Eversion moment from simulation, 
Mcr=Critical inversion-eversion moment value 
(35 N-m). 

For “severe brain injury” case we had: 

 
                                                                                (2) 
where,  

(5, 3, 3, 3)= AIS score of the respective injuries 
used as weights, DAI=Head angular acceleration 
from simulation, H = Head angular acceleration 
from simulation, SFC= HIC from simulation, 
P=Pelvis force from simulation, DAIcr=Critical 
head angular acceleration value for   diffuse 
axonal injury (8000 rad/s2), Hcr = Critical head 
angular acceleration value for hemorrhage (6250 
rad/s2), SFCcr= Critical HIC value for skull 
fracture (1177), Pcr=Critical pelvis force value 
for pelvis injury (5470N) 

Two types of constraints were defined i.e. contact 
constraints and injury constraints (Table 11 & Table 
12). 

Table 11. 
Constraints for “moderate brain injury” case 

Contact Constraints Injury Constraints 
Head-Air bag contact-force>0 HIC36 > 250 

Thorax-SW contact-force>0 Abdomen_Force>3200 N 
KneeL-Bolster Contact-force>0 RF_IE_Moment>35Nm 
KneeR-Bolster Contact-force>0 RF_DF_moment <52Nm 

Head-Hub contact-force=0 Nij<1 
Head-SW contact-force=0 Thorax_acc <60g’s 

Thorax-Hub contact-force=0 Thorax_deflection<63mm 
 Femur_force<10KN 
 TI <1.3 
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where RF_IE-Moment is the right foot inversion-
eversion moment and RF_DF_moment is the right 
foot dorsi-flexion moment. Right foot dorsi-flexion 
moment was used to make sure that the right foot 
fracture was because of inversion-eversion and not 
because of dorsi-flexion moment. 

Table 12. 
Constraints for “Severe Brain Injury” case 

Contact Constraints Injury Constraints 
Head-Air bag contact-force>0 HIC15 > 1177 

Head-Hub contact-force>0 Ang_Acc>8000 rad/s2 
Head-SW contact-force>0 Pelvis_force>5470 N 

KneeL-Bolster Contact-force>0 Nij<1 
KneeR-Bolster Contact-force=0 Thorax_acc <60g’s 

Thorax-Hub contact-force=0 Thorax_deflection<63mm 
Thorax-SW contact-force=0 Femur_force<10KN 
KneeR-Knee Air bag>0 TI <1.3 
KneeL-Knee Air bag>0  

The objective function and the constraints were 
defined such that they minimize the differences in 
injuries and occupant-vehicle contacts between the 
real world data and the model prediction. A multi 
objective genetic algorithm (MOGA) with Sobol 
DOE was used for optimization. Convergence for the 
“moderate brain injury” case was obtained after 571 
simulations and convergence for the “severe brain 
injury” case was obtained after 452 simulations. A 
correlation study and a best case scenario study were 
also carried out.  

RESULTS 

Optimization Results 

   “Moderate Brain Injury” case: Of the 571 
simulations (Figure 13), 388 were feasible i.e. 
matched CIREN listed occupant-vehicle contacts and 
injuries. From these feasible solutions, the one with 
the minimum value of objective function was 
selected as the solution.   

 
Figure 13.  Design ID vs. Objective Function.    

The optimized solution obtained was checked for 
injuries and contacts. The optimized solution 

matched all the CIREN listed contacts (Table 13, 
Figure 14). 

Table 13. 

Contact Match 

CIREN listed Contacts Matched by Simulation 
1. Head –Air bag √ 

   2. KneeL-Bolster √ 
   3. KneeR-Bolster √ 

        4. Thorax-SW √ 

 

 

 
Figure14.  Occupant-Vehicle contacts. 

The occupant injuries predicted by the optimized 
solution were also matched with those listed in 
CIREN. The optimized solution predicted all the 
injuries listed in CIREN correctly (Table14). 

Table 14. 
Injury Match 

 

Best Feasible 
Solution 

1 

3 

2 

4 
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   “Severe Brain Injury” case: This case converged 
after 452 simulations of which 119 were feasible 
(Figure 15). The solution with minimum objective 
function value was selected as the solution to the 
problem. 

 
Figure 15.  Design ID vs. Objective Function.    

The optimal solution was checked for both injuries 
and occupant-vehicle contacts. The occupant-vehicle 
contacts (Table 15, Figure 16) and injuries (Table 16) 
predicted by the optimal solution matched with those 
listed in CIREN. 

Table15. 
Contact Match 

CIREN Listed Contacts 
Matched by 
Simulation 

1. Face- SW Hub √ 
2. Face-SW Rim √ 

3. KneeL-Knee Air bag √ 
4. KneeR-Knee Air bag √ 
5. KneeL-Knee Bolster √ 

6. Right Foot-Foot Controls √ 
 
According to the case information, the occupant rode 
down the SW driver-air bag causing the head to hit 
the steering wheel rim and hub. The SW driver-air 
bag bottom-out was captured by the optimal solution 
(Figure 16a). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 16.  (a) Air bag bottom-out, (b, c, d) 
Occupant-Vehicle contacts. 

Table16. 
Injury Match 

 

Best Designs 

Air bag bottom-out 

Air bag not shown 

1 

2 

4 

3 

6 

5 
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Correlation Study and Best Case Scenario Study 
Results 

A Correlations study and a best case scenario study 
were carried out to find critical parameters and to 
find a minimal or no injury scenario for the given 
case. These studies are only presented for the 
“moderate brain injury” case due to space limitations. 

    Correlation Study:  This study was carried out to 
find critical parameters. The critical parameters were 
identified by analyzing the correlation coefficients 
obtained from the optimization study. Apart from the 
design space explored by the optimizer (571 design 
points), the design space was explored further by 
adding 150 Sobol DOE points and 100 random DOE 
points  (Figure 17) in the design space to make sure 
the design space was properly explored to generate 
good correlations. This “physically possible” design 
space with 821 design points was then used to 
generate the correlation coefficients. 

Additional Sobol and 
Random DOE
Additional Sobol and 
Random DOE
Additional Sobol and 
Random DOE

 
Figure 17.  Correlation Study 

The software modeFrontier provides correlation 
coefficients between all the input variables and the 
output variables. The correlation coefficients range 
from -1 (strong negative correlation) to 1 (strong 
positive correlation). Using the correlation 
coefficients, the critical parameters were identified 
for each of the injuries sustained by the occupant 
(Figure18). No particular threshold was used to 
separate out the critical parameters. Only a ranking 
from most-critical to least-critical was obtained.  
Absolute values were used for the correlations plots 
(Figure 18). 
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Head Injury
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(b) 

Fibula Fracture

0

0.2

0.4

0.6

0.8

1

P
ul

se
-Y

 C
om

p

S
ho

e-
T

oe
bo

ad
/F

lo
or

B
ra

ke
-R

ig
ht

S
ho

e 
μ

T
hr

oa
x-

S
W

Lo
ad

_F
un

c
S

te
er

in
g 

C
ol

A
ng

le

A
B

 F
iri

ng
 T

im
e

S
ea

t 
μ

A
irb

ag
 μ

K
ne

e 
B

ol
st

er
 μ

K
ne

e 
B

ol
st

er
P

ro
p B
el

t 
μ

R
et

ra
ct

or
 P

ro
p

S
te

rr
in

g 
C

ol
T

ra
ns

F
E

 B
el

t 
P

ro
p

B
el

t 
S

eg
 P

ro
p

A
irb

ag
 M

F
R

R
et

ra
ct

or
 L

ck
T

im
e

C
or

re
la

tio
n 

C
oe

ff
.
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Figure 18.  Critical parameters for (a) abdominal 
injury (b) head injury, and (c) fibula fracture 
 
If more detailed information can be obtained on some 
of the critical parameters, a more accurate 
reconstruction analysis may be carried out. 
 
    Best Case Scenario Study:  For identifying the 
best case scenario for the “moderate brain injury” 
case, the pulse was fixed to the optimized pulse 
obtained previously. For this given pulse, seat 
position and seat track position, an optimization 
attempt was made to see if a scenario with no-injury 
or minimum injuries could be obtained.  A few 
changes as listed below were made to the problem set 
up. 

• After fixing the pulse to the optimized one, 
the Sobol DOE was re-generated. 

• The injury constraints on HIC, abdomen 
force and fibula fracture were modified with 
respect to the threshold. Lower non-
injurious thresholds were selected. For HIC 
a threshold value of 100, for abdomen force 
a value of 1000N and for Fibula fracture a 
value of 10N-m was selected. The 
constraints and objective function were 
modified accordingly. 

The problem converged after 602 simulations (Figure 
19). 
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Figure 19.  Best Case Scenario 

After the convergence was obtained, the injuries were 
compared between the best case scenario solution and 
the optimized solution obtained before (Table 17). 

Table 17. 
Best case scenario: Injury comparison 

 
 
It was found that for the given crash pulse, seat 
position and seat track position, the optimizer was 
able to find a scenario without head injury. The 
abdominal injury and fibula fracture were still 
present. The abdominal force and fibula inversion-
eversion moment did come down to lower values as 
compared to the optimized solution, but did not go 
below the injury threshold for the given range of 
design variables.  
 
DISCUSSION 
 
This paper presents an optimization methodology for 
reconstructing real world crashes. Optimization was 
selected as it can give the best possible solution to a 
problem where instead of a specific value; a range is 
available for the input parameters. Even though crash 

reconstruction engineers collect a lot of details from 
the crash site, computerized crash reconstruction 
utilizes much more information than reported and, as 
such, specific values for a lot of parameters are not 
available and one has to work with a range of the 
parameters. Since even within a given range of input 
parameters the injury predictions can be quite 
different for the same case [1], it is imperative to take 
into account all the variability and come up with the 
best possible solution to the reconstruction problem. 
Optimization is one way to accomplish this and 
hence was used. 
 
Crash pulse plays a very vital role when predicting 
occupant injuries. The crash pulse for “moderate 
brain injury” case was available from the EDR data 
with part of it, i.e. the lateral component, generated 
using HVE. Also HVE was used to generate the crash 
pulse for “severe brain injury” case. HVE has its own 
limitations, insofar as the stiffness of the vehicle, 
which plays an important role in generating the right 
crash pulse, can only be defined as linear and 
homogenous for any given side of the vehicle. 
Additionally, hard spots cannot be defined. As a 
result, the crash pulse obtained from HVE is not 
precise, but approximate. Hence the Y-component of 
crash pulse for the “moderate brain injury” case and 
the entire crash pulse (X &Y components) for the 
“severe brain injury” case were used as design 
variables during optimization. An EDR pulse, if 
available, should be used to reduce the design 
variables in the optimization process. 
 
Genetic algorithms (GA) are categorized as global 
search heuristics and can help find global minima as 
compared to gradient based methods that have a 
tendency of converge to local minima. Also genetic 
algorithms can provide solutions for highly complex 
search spaces. For these reasons, a GA was used for 
the optimization. Sobol DOE was used to generate 
starting population for the GA as it uniformly 
distributes starting points in the design space. 
 
For the “severe brain injury” case, the retractor 
locking time was not used as a design variable. This 
case had a pretensioner and varying the retractor 
locking time was creating belt problems and thus it 
was fixed to 1ms. Also for the “severe brain injury” 
case, the knee air bag, created from the driver air bag, 
had the same mass flow rate characteristics as the 
driver air bag. During optimization, both the abscissa 
and the ordinate of the mass flow rate curve (for 
driver air bag and knee air bag) were used as design 
variables. They were varied by ± 20% around the 
baseline. The “Thorax-SW loading” design variable 
as used in the “moderate brain injury case” was not 

Best Design 
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used as a design variable in the “severe brain injury” 
case as CIREN did not list any contact between the 
thorax and the steering wheel for this case. 
 
The optimal solution obtained for both the “moderate 
brain injury” case and “severe brain injury” case 
correctly predicted the occupant-vehicle contacts and 
the injuries sustained by the occupant. Since these are 
the two most important things that can be matched 
with the real world data, the kinematics predicted by 
the optimal solution are believed to be reliable.  The 
accuracy of the solution strongly depends on the 
quality of the crash data reported. It is reasonable to 
assume that further improvement in field 
investigation and amount of data collected can help 
improve reconstruction analysis. 
 
The optimized solution for the “severe brain injury” 
and “moderate brain injury” cases did match the 
injury thresholds obtained from literature.  Since 
injury risk curves were not available for some of the 
injuries sustained by the occupant, threshold were 
obtained from  the best available data set,  for 
example for the abdominal injury sustained by the 
occupant in the “moderate brain injury” case, injury 
threshold for frontal impact was obtained from lateral 
impact experiments. So it is possible for some of the 
optimized force levels not to match the reported 
injury severities. A more accurate analysis may be 
carried out if injury risk curves are available for all 
body regions under different impact conditions.  
 
The correlation study conducted helped identify 
critical parameters. Figure 18a shows that for 
abdominal injury, air bag parameters (air bag 
position, air bag deployment angle, air bag firing 
time) and Y-component of the crash pulse were most 
critical.  For head injury, air bag parameters (air bag 
position, air bag deployment angle, air bag firing 
time, air bag mass flow rate) and Y-component of the 
crash pulse were most critical (Figure 18b) and for 
fibula injury, Y component of crash pulse and shoe 
related friction parameters were most critical (Figure 
18c). These critical parameters can help understand 
how different body regions are affected by the 
vehicle environment and what design changes can be 
made to mitigate these injuries. If more detailed 
information can be obtained on some of the critical 
parameters, a more accurate reconstruction may be 
carried out. The correlation coefficients in this paper 
were generated using all the design points i.e. around 
821 simulations. A few hundred more simulations 
exploring the design space and further division of the 
step size defined for the design variables might help 
further improve the correlation coefficients.  
 

A best case scenario study was done to find, using 
optimization, the design changes that could help 
mitigate all or some of the injuries sustained by the 
occupant for the given crash pulse, seating position 
and seat track position. The no-head injury outcome 
predicted by the optimizer was achieved by making 
changes to the belt system and air bag system. 
Compared to the optimal solution, the optimizer, for 
the best case scenario, predicted scaling down the 
belt properties i.e. reducing the stiffness of the 
seatbelts, increasing the air bag mass-flow rate and 
late firing of the air bag as design changes that can 
help mitigate head injury. These three design 
variables converged to values within the feasible 
range of variability. The correlation study results and 
best case scenario results predicted are only for this 
particular “moderate brain injury” case and should 
not be generalized. The results may be different for 
other cases. 
 
In this study, neither full finite element nor human 
facet models that better define human geometry and 
material properties were used because of the 
prohibitive run times. For better reconstruction, 
human models should be preferred if the run time can 
be reduced. This study was done only for frontal 
impacts but an analysis such as the one presented in 
this paper can easily be extended to other types of 
impacts. 
 
Future work may involve, among other things, 
reconstructing more real world crashes with different 
kinds of impacts, using human FE or facet models for 
better occupant simulations.  
 
CONCLUSION 
 
The optimization methodology  presented in this 
paper and demonstrated by successfully 
reconstructing two  real world crash cases introduces 
a method that can be applied for finding solutions to 
crash reconstruction problems, which due to 
unavailability of data, cannot be solved 
deterministically. The kinematics predicted by the 
optimal solution can give insight on how the 
occupant moved inside the vehicle during the crash, 
which can help provide better understanding of the 
crash. The paper also showed how critical parameters 
can be identified using the correlation coefficients 
calculated during the optimization process.  
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ABSTRACT 
 
The objective of this study was to understand the 
structural interaction in frontal collisions 
between a compact passenger car and different 
Option 2 light truck based vehicles (LTVs). 
 
Vehicle-to-vehicle (VTV) crash tests were 
conducted to understand how these new concepts 
perform.   Full frontal VTV crash tests into 
Model Year(MY) 2002 Ford Focus were 
conducted with the MY2006 Ford F-250 
secondary energy absorbing structure (SEAS) 
attached and with the SEAS removed.  Full 
frontal VTV crash tests into Focus were also 
conducted with the MY2006 Honda Ridgeline 
and MY2007 Chevrolet Silverado with the SEAS 
attached only.  Ridgeline and Silverado SEAS 
are fixed below the rails and can not be removed 
like F-250.  The results of these tests are 
presented and discussed in this paper.  The 
largest LTVs are being equipped with new 
frontal structures to prevent override with 
passenger cars and  it cannot be properly 
evaluated with the current full frontal barrier test.  
A new instrumented rigid override barrier (ORB) 
concept has been developed to evaluate the 
strength of SEAS and tested for this purpose.  
This paper summarizes and discusses the design 
and testing of the ORB.  
 
Furthermore, Finite Element (FE) models of 
MY2006 Ford F-250 and MY2007 Chevrolet 
Silverado were developed by the National Crash 
Analysis Center at the George Washington 
University under a contract with National 
Highway Traffic Safety Administration 
(NHTSA) and Federal Highway Administration 
(FHWA).  The structural interaction in frontal 
collisions between a compact passenger car and 
the two LTVs was investigated using computer 
simulations. 
 
 
 

 
 
INTRODUCTION 
 
In December 2003, a voluntary commitment was 
signed by 15 major members1 of the Alliance in 
the USA to begin designing LTVs up to 10,000 
pounds Gross Vehicle Weight Rating (GVWR) 
in accordance with one of the following two 
geometric alignment options no later than 
September 1st, 2009 [Alliance 2003, 2005, and 
2006]. 
 
Alliance submitted an amendment to the 
agreement to the NHTSA on May 10th, 2006, 
which added a strength requirement for the 
SEAS.  Alliance’s research plan for further 
improving front-to-front compatibility also was 
refined to contemporaneously investigate 
potential dynamic geometric, stiffness, and other 
relevant front-end performance characteristics 
that would enhance partner protection without 
sacrificing self-protection in front crashes.  This 
quasi-static test requirement states that the SEAS 
shall withstand a load of at least 100 kN exerted 
by a loading device, before this loading device 
travels 400 mm from the forward-most point of 
the significant vehicle structure. 
 
Option 1: The light truck’s primary frontal 
energy absorbing structure (PEAS) shall overlap 
at least 50% of the Part 581 zone (as defined in 
49 CFR 571.3) AND at least 50% of the light 
truck’s PEAS shall overlap the Part 581 zone (if 
the PEAS of the light truck is greater than 8 
inches tall, then overlap of the entire Part 581 
zone is required). 
 
Option 2:  If a light truck does not meet the 
criteria of Option 1, there must be a SEAS, 
connected to the primary structure whose lower 

                                                           
1 BMW, DaimlerChrysler, Ford, GM, Honda, 
Hyundai, Isuzu, Kia, Mazda, Mitsubishi, Nissan, 
Subaru, Suzuki, Toyota, Volkswagen. 
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edge shall be no higher than the bottom of the 
Part 581 bumper zone.  
 
The voluntary agreement was implemented in 
2004 and, as of August 2008, 81% of MY2007 
applicable vehicles were designed in accordance 
with the front-front criteria.  With this voluntary 
agreement underway, it is useful to examine the 
light vehicle compatibility problem to see what 
vehicle structural changes have been made over 
years. 
 
The emergence of SEAS in 2004 on large LTVs 
led to lack of consensus in developing a vehicle 
dynamic test, largely because the various fleet 
examples of SEAS were so different.  One thing 
was clear however, to evaluate the performance 
of all the different types of SEAS frontal 
structures a new test was needed.  The most 
promising evaluation concepts were either a 
deformable barrier test of some kind, or a low 
rigid ORB designed to engage and deform the 
SEAS to measure its strength in a dynamic test.  
While other organizations evaluated deformable 
barrier concepts, NHTSA focused on the ORB. 
 
The objective of this study was to understand the 
structural interaction in frontal collisions 
between a compact passenger car and various 
Option 2 LTVs.  The goal was to understand 
how these new concepts perform in ORB 
impacts and in VTV tests.   
 
VTV crash tests were conducted to characterize 
the structural interaction between compact 
passenger cars and Option 2 LTVs.  The results 
of these tests are presented and discussed in this 
paper.  A new ORB concept was developed and 
tested for this purpose.  This paper also 
summarizes and discusses the design and testing 
of the ORB.  
 
In addition, Finite Element (FE) models of the 
2006 Ford F250 and 2007 Chevrolet Silverado 
were developed by the National Crash Analysis 
Center at the George Washington University 
under a contract with NHTSA and the FHWA.  
The Ford   F-250 has a cross member type SEAS 
while the Chevrolet Silverado had a non-cross 
member type SEAS.  The structural interaction 
in frontal collisions between a compact 
passenger car and the two LTVs was investigated 
using computer simulations. 
 
The FE models were validated against full 
frontal rigid barrier laboratory crash tests 

[http://www.ncac.gwu.edu/vml/models.html]. 
Full frontal impacts with a compact passenger 
car were performed with and without the SEAS 
to evaluate the change in structural interaction. 
 
The ORB test procedure was expected to 
evaluate the strength and energy absorption 
characteristics of SEAS.  The performance of 
SEAS in VTV tests was expected to show a 
benefit from using SEAS. 
 
Updated ORB design 
 
The initial full frontal tests and ORB design as 
shown in Figure 1 were described but the results 
were not included in ESV paper 07-0231 because 
the results were not completely analyzed at the 
time  of writing that paper.  As shown in Figure 
1, lower one raw is ORB and upper four rows are 
not part of the ORB.  During Honda Ridgeline 
SEAS test, its forces on ORB exceeded the Load 
Cell (LC) capacity (load cells were saturated).  
So after the initial test series, a redesigned ORB 
as shown in Figure 2, similar to first generation 
design except higher capacity LCs was designed 
and tested. 
 

 
 
Figure 1.  The initial ORB design.  
 
Each load cell on the initial ORB was 250 x 250 
mm in size; 222400 N (50,000 lbf) capacity 
(single axis).  The ORB was 500 mm from the 
instrumented back-wall.  The ORB is modular in 
design, with the width adjustable by adding or 
removing individual load cells and the 
supporting structure.  The top of the ORB was 
infinitely adjustable to 16”–20” height (Part 581 
zone) and was adjusted to be below the PEAS of 
the vehicle being tested. 
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Figure 2.  The redesigned ORB    
 
The redesigned ORB as shown in Figure 2 is 
similar to the first generation ORB except that 
each 250 x 250 mm load cell is now replaced by 
four 125 x 125 mm; 300,000 N (67,440 lbf) 
capacity single axis load cells. 
 
VEHICLE CRASH TEST RESULTS 
 
NHTSA conducted three ORB crash tests to 
evaluate the performance of vehicles with SEAS: 
 
2006 Ford F-250 (Blocker Beam SEAS) 
2006 Honda Ridgeline (PEAS Extension) 
2007 Chevrolet Silverado (PEAS Extension) 
 
These PEAS Extensions are basically SEAS with 
added structure at the bottom of the rails (PEAS) 
to bend rails downward.  
  
The tests were subjected at vehicle speeds of 25 
mph (40 kph), based on an estimate of the speeds 
required to generate a significant loading on the 
SEAS.  The tests with the F-250 and Ridgeline 
were conducted with the 1st generation (initial) 
ORB, while the test with the Silverado was 
conducted with the redesigned ORB. 
 

2006 Ford F-250 Results 
 
The F-250 used a blocker-beam as SEAS.  The 
SEAS can be easily removed for comparison 
tests without the SEAS. 
 

 

 
 
Figure 3.  Ford F-250 SEAS design and test 
 
Figure 3 shows the location of the PEAS and 
SEAS of the F-250. 
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Figure 4.  Ford F-250 forces recorded by the ORB load cells and Force-Deformation plot 
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Figure 4 shows that the vehicle met the 
Technical Working Group’s (TWG) criteria of 
the SEAS withstanding a force of 100 kN within 
displacement of 400 mm from the forward-most 
point of the vehicle structure.  It was noted that 
no load cells were overloaded as shown in the 
plot above but the vehicle’s end brackets  which 
are used to attach the SEAS to the rails generated 
higher forces. 
 

 
 
Figure 5.  The energy absorbed by the SEAS   
 
Total crash Energy = 181,237 J 
% absorbed by SEAS in 400 mm = 12.8 % 
 
VTV crash tests into the 2002 Ford Focus were 
conducted with the F-250 SEAS attached and 
with the SEAS removed.  The crash pulses and 
dummy injury assessment values from the two 
tests are shown in Figure 6. 
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Figure 6.  Ford Focus deceleration and 
dummy injury assessment values 
 
In the comparison VTV test with Ford Focus, the 
SEAS on the F-250 appears to have improved 
compatibility by lowering the dummy 
assessment values and the peak g in the partner 
vehicle.  Post test pictures show reduced crush 
(and more occupant compartment space) in the 
Focus in the impact with the F-250 with the 
SEAS attached. 
 
2006 Honda Ridgeline Results 
 
The location of the PEAS (red color) and SEAS 
(yellow color) in the Ridgeline is shown in 
Figure 7.  The PEAS extended into the Part 581 
zone.  This overlap of the PEAS into the Part 
581 Zone resulted in high loads on the ORB in 
this test. 
 
Figure 8 shows the pre-test and post-test pictures 
of the ORB and SEAS alignment and the 
deformed PEAS and SEAS respectively. 
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Figures 7.  Honda Ridgeline SEAS design (PEAS in red and SEAS in yellow color) 
 
 
 
 

 
 
Figure 8.  The pre and post-test pictures of the ORB with the align PEAS and deformed PEAS- SEAS 
respectively. 
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Figures 9.  Honda Ridgeline forces recorded by the ORB load cells and Force-Deformation plot 
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The forces on the ORB easily exceeded 100 kN 
in 400 mm displacement.  However, forces in 
two of the five ORB exceeded the load cells 
capacity as shown in Figure 9 plot of individual 
ORB load cells.  The results of this test beyond 
400 mm displacement are of questionable 
quality. 
 

 
 
Figure 10.  The energy absorbed by SEAS  
 
Total crash Energy = 143,838 J 
% absorbed by SEAS in 400 mm = 27.5 % 
 
VTV crash test into the 2002 Ford Focus was 
conducted with the Ridgeline SEAS only, since 
SEAS can not be removed for this vehicle.  The 
injury measures in this test were much higher.  
These high injury values suggest that the 
Ridgeline SEAS structure was stiff.  This result 
calls for further research to evaluate SEAS 
structure and especially redesign the ORB to 
measure its strength.  
 
2007 Chevrolet Silverado Results 
 
The Silverado has brackets attached to PEAS as 
shown in Figure 11-12.  These brackets are 
intended to bend the PEAS downwards in a 
frontal crash. 
 

 
 
Figure 11.  Silverado SEAS design 
 

 
 
Figure 12.  The pre-test picture of the 
alignment of the ORB and the SEAS  
 

 
 
Figure 13.  The post-test picture showing the 
deformed PEAS and SEAS  
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Figure 14.  Chevrolet Silverado forces 
recorded by the ORB load cells (Force-
Deformation plot) 
 
The SEAS for this vehicle met the TWG criteria 
of 100 kN in 400 mm displacement and observed 
that forces were not exceeded the load cells 
capacity. 
 

 
 
Figure 15.  The energy absorbed by SEAS  
 
Total crash Energy = 160,276 J 
% absorbed by SEAS in 400 mm = 8.9 % 
 
VTV crash test into the 2002 Ford Focus was 
conducted with the Silverado SEAS only. SEAS 
for this vehicle can not be removed.  VTV test 
could be conducted with the SEAS brackets 
removed by cutting off the brackets at the 
attachment point with the PEAS.  However, such 
a test has not been conducted.  The results from 
the VTV test (with SEAS) with the Ford Focus 
had high injury assessment values for the Focus 
occupants. 
 
 

COMPUTER SIMULATION RESULTS 
 
The structural interaction between passenger cars 
and Option 2 LTVs in frontal crashes was 
investigated using computer simulations.  The 
NCAC/GWU has developed a fleet of virtual 
vehicles which were used to evaluate the 
effectiveness of static geometric alignment on 
structural interaction.   The vehicle models 
chosen for this study as shown in Figure 16, 
were based on the 1996 Dodge Neon, 2006 Ford  
F-250 and the 2007 Chevrolet Silverado.  All of 
these FE models were validated to full frontal 
rigid barrier impact tests 
[http://www.ncac.gwu.edu/vml/models.html]. 
 

 
 
Figure 16.  Finite Element Models of Neon,   
F-250 and Silverado 
 
Frontal impacts between the following vehicle’s 
pairs were analyzed in this study: 
 
1996 Dodge Neon–2006 Ford F-250 (Option 2 
LTV, cross-member type SEAS) 
1996 Dodge Neon–2007 Chevy Silverado 
(Option 2 LTV, PEAS Extension) 
 
The Force-Deformation (F-D) characteristic for 
the Neon, F-250 and Silverado in a full frontal 
fixed barrier impact is shown in Figure 17.  From 
the F-D curves, it is evident that the frontal 
structure of the F-250 and the Silverado are 
much stronger than that of the Neon.  True 
AHOF400 (average height of force delivered by 
a vehicle in the first 400 mm of crush), and the 
Kw400 (measure of stiffness based on crush 
energy absorbed by a vehicle in the first 400 mm 
of crush) [Mohan, 2008] were calculated for 
each of the vehicles.  Table 1 summarizes the 
difference in mass, geometry and stiffness 
between the target vehicle (Neon) and the two 
bullet vehicles (F-250 and Silverado).  The 
simulations were conducted such that the target 
vehicle (neon) experienced an impact severity 
similar to that of the frontal NCAP test 
condition.  
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Consequently, the energy required to crush 400 
mm of the front end of the F-250 and the 
Silverado is much higher than the Neon, as 
reflected by their respective Kw400 measures.  
VTV full frontal simulations were conducted 
between Neon-F-250 and Neon-Silverado.  The 
closing speed was chosen to match the impact 
severity of an NCAP test for the Neon. 
 

 
 
Figure 17.  Force Deformation Comparison of 
Neon, F-250 and Silverado 
 
Table 1.  Mass, AHOF400 and Kw400 for 
Neon, F-250 and Silverado 
 

Target Veh. Bullet 1 Bullet 2
Neon F-250 Silverado

Mass kg 1335 2998 2622

Mass Ratio 2.25 1.96

True AHOF400 mm 448 704 584

AHOF Ratio 1.57 1.30

Kw400 N/mm 1251 2940 2550

Kw400 Ratio 2.35 2.04

Approach Velocit mph 35 15.59 17.8

Closing Speed mph 50.59 52.80

 
The front-end structural alignment between the 
Neon-F-250 and the Neon-Silverado is shown in 
Figure 18 and Figure 19.  There is a significant 
vertical geometric mismatch between the PEAS 
of the Neon and F-250.  The SEAS positioned 
below the PEAS of the F-250 overlaps 50% of 
the Neon PEAS as required by the Alliance 
voluntary commitment to improve compatibility 
in frontal impacts for Option 2 LTVs.  Due to the 
presence of SEAS, the Silverado is classified as 
an Option 2 LTV in this study.  Geometrically, 
the vertical mismatch of the PEAS is much lower 
between Neon-Silverado when compared to 
Neon-F-250. 
 

 
 
Figure 18.  Geometric Alignment, Neon-F250 
 

 
 
Figure 19.  Geometric Alignment, Neon-
Silverado 
 
F-250-Neon Simulation Results 
 
Full frontal simulations between the Neon and  
F-250 were conducted with and without the F-
250 SEAS to evaluate the influence of SEAS on 
structural interaction between the two vehicles.  
The interaction between the PEAS of the Neon 
and the F-250 is illustrated in Figure 20 (with 
SEAS) and Figure 21 (without SEAS).  The 
SEAS on the F-250 prevents the Neon from 
completely under riding the F-250.  The front of 
the Neon PEAS interacts with the F-250 SEAS 
and crushes axially in the beginning, but as the 
SEAS starts to fail the Neon PEAS starts to bend 
towards the ground.  Without the SEAS on the  
F-250, the structural interaction between the 
frontal structures is significantly reduced 
resulting in notable underriding of the Neon 
front end. 
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Figure 20.  Structural Interaction between 
Neon and F-250 (with SEAS) 
 

 
 
Figure 21.  Structural Interaction between 
Neon and F-250 (without SEAS) 
 
The change in structural interaction was 
primarily investigated based on the amount of 
crash energy absorbed by the vehicles involved 
in the crash.  The amount of structural intrusion 
into the occupant compartment of the vulnerable 
vehicle was also compared. 
 
The crash energy absorbed by the vulnerable 
vehicle (compact car, Neon in this study) is 
further divided into two groups: 
 

� Front engine compartment energy 
� Occupant compartment energy 

 
The front engine compartment energy is the 
energy absorbed by the components that are 
designed to absorb the crash energy.  The 
occupant compartment energy is the energy 
absorbed by the occupant compartment, which is 
primarily designed to prevent any structural 
collapse into the occupant compartment. 
 

 

 
 
Figure 22.  Energy Distribution (Neon-F-250) 
 
The benchmark for energy comparison is a full 
frontal simulation between identical Neon’s at 
the same impact severity.  The mass, the 
AHOF400 and the Kw400 are all equal.  The 
energy distribution for the Neon front engine 
compartment and occupant compartment for full 
frontal impact between Neon-F-250 (with 
SEAS), Neon-F-250 (without SEAS) and Neon-
Neon is shown in Figure 22.  Due to significant 
mismatch between the Neon PEAS and the       
F-250 PEAS, the Neon frontal structures do not 
deform ideally (as design optimized for frontal 
impact into fixed barrier).  Consequently, the 
energy absorbed by the Neon front engine 
compartment is lower compared to the 
benchmark simulation between identical Neon’s.  
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The presence of SEAS shows that the occupant 
compartment energy initially follows the 
benchmark simulation, but due to the taller, 
stiffer and heavier F-250, the Neon occupant 
compartment continues to crush and absorb more 
energy to satisfy the conservation of energy 
principle.  On the other hand, without the SEAS, 
there is significant underride of the Neon frontal 
structures and the energy absorbed by the Neon 
occupant compartment converges to the 
benchmark simulation.  Based on past crash 
testing, NHTSA has found that structural 
mismatch may reduce compartment acceleration 
on the partner vehicle; however, it is never 
desired. 
 
The energy comparison would not be conclusive 
without evaluating the resulting intrusions into 
the occupant compartment of the vulnerable 
vehicle.  The intrusion into the Neon occupant 
compartment in full frontal impact with F-250 
(with and without SEAS) and Neon is shown in 
Figure 23.  The structural underride between the 
Neon and F-250 without SEAS resulted in lower 
toe pan intrusions compared to the impact 
between Neon and F-250 with SEAS.  This is 
expected as the lower load path is not utilized 
due to the geometrical mismatch of the structures 
without the SEAS on the F-250.  The toe pan 
intrusions in the case of the Neon to F-250 with 
SEAS are very similar to the benchmark impact 
between identical Neons.  However, in both 
cases (Neon to F-250 with SEAS and without 
SEAS) the driver side A-pillar intrusions are 
nearly twice (160mm) that of the benchmark 
impact between identical Neons.  This intrusion 
is highly undesirable as the dash, steering 
column and the air bag modules are moving 
rearward and are compromising the survival 
space of the occupant.  This may also result in 
lowering the effectiveness of the driver air bag in 
reducing risk of serious injuries. 
 

 
 
Figure 23.  Neon Intrusions (Neon-F-250) 
 
Silverado-Neon Simulation Results 
 
The structural interaction between the PEAS of 
the Neon and the Silverado is illustrated in 
Figure 24 (with SEAS) and Figure 25 (without 
SEAS).  The presence or absence of SEAS on 
the Silverado has negligible effect in the overall 
crush kinematics of the Neon frontal structures.   
 

 
 
Figure 24.  Structural Interaction between 
Neon and Silverado (with SEAS) 
 

 
 
Figure 25.  Structural Interaction between 
Neon and Silverado (without SEAS) 
 
The energy distribution between the front engine 
compartment and occupant compartment of the 
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Neon for full frontal impact between Neon-
Silverado (with SEAS), Neon-Silverado (without 
SEAS) and Neon-Neon is shown in Figure 26.  
The energy absorbed by the Neon frontal 
structures in a frontal impact between Neon-
Silverado is similar to the benchmark simulation 
between identical Neons.  The Neon frontal 
structures deform ideally (as design optimized 
for frontal impact into fixed barrier) absorbing 
the crash energy.  However, the energy absorbed 
by the occupant compartment is significantly 
higher when compared to the benchmark 
simulation.  Since, the Silverado is much heavier 
and stiffer than the Neon; the Neon structure has 
to absorb the remainder of the crash energy to 
satisfy the conservation of energy principle. 
 

 

 
Figure 26. Energy Distribution (Neon-
Silverado) 

One interesting observation is that both the front 
engine compartment and occupant compartment 
energies of the Neon are marginally lower when 
impacted by the Silverado without the SEAS.  
The design and placement of the SEAS makes 
the Silverado PEAS stiffer and reduces its 
contribution to energy absorption in a frontal 
impact with the Neon.  When the SEAS is 
removed, there is slightly higher energy 
absorption by the Silverado PEAS which lowers 
the amount of energy to be absorbed by the Neon 
frontal structure. 
 
The resulting Neon compartment intrusions 
complement the observation above on energy 
distribution.  The resulting toe pan and A-pillar 
intrusions are notably higher for the Neon-
Silverado (with and without SEAS) simulation 
compared to the benchmark simulation Figure 
27.  Without the SEAS, the intrusions at the toe 
pan are slightly lower as some of the crash 
energy is absorbed by the Silverado PEAS. 
 

 
 
Figure 27.  Neon Intrusions (Neon-Silverado) 
 
SUMMARY OF COMPUTER SIMULATIONS 
 
The observations from the Neon-F-250 
simulations demonstrate that the cross-member 
type SEAS design helps prevent underriding of 
the Neon frontal structures.  However, the SEAS 
in the Silverado was a non-contributing factor in 
the overall crush kinematics of the Neon frontal 
structures, mainly because of the vertical overlap 
of the PEAS structures of the Neon and 
Silverado.  In fact, the Silverado without SEAS 
showed slight improvement in both intrusions 
and energy absorption of the Neon.     
Improvement in geometric compatibility is 
essentially a step in the right direction.  Further 
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improvement in structural interaction is possible 
by lowering the aggressiveness of the LTV’s.   
 
This preliminary analysis was limited to 
understanding the structural interaction in full 
frontal impacts.  Other frontal and oblique 
impact conditions and impact locations and their 
effect on structural interaction were not 
considered in this preliminary analysis.    
 
CONCLUSIONS 
 
The industry voluntary test for the SEAS is a 
quasi-static push test that requires the SEAS 
structure to withstand a minimum of 100 kN of 
force before 400 mm deflection from the front of 
the primary structure (e.g., the rails on which it is 
mounted).  Such a test may guarantee a 
minimum strength, but it does not prohibit the 
structure from being designed too strong for 
good car compatibility.  An energy absorption 
evaluation could optimize the SEAS for 
compatibility. 
  
The ORB dynamic tests showed that the vehicles 
tested meet the proposed SEAS performance 
criteria suggested by the Alliance’s TWG.  
 
The full frontal simulations between a compact 
passenger car (Neon) and the Ford F-250 without 
the SEAS showed reduced intrusions in the Neon 
toepan area.  However, there was significant 
underride of the Neon which resulted in 
increased intrusions near the driver side A-pillar.  
In the case of F-250 with SEAS, there was 
increased structural interaction between the 
SEAS and the Neon PEAS which prevents 
frontal structures from underriding each other.  
As a consequence there is more intrusion into the 
occupant compartment when compared to the 
frontal impact without the SEAS. This 
observation was based on the simulation results 
with FE model of the 1996 model year Neon.  In 
recent years, the structural design and self-
protection levels of compact passenger cars have 
significantly improved (based on frontal NCAP 
and IIHS front offset test results) and the 
observation may be different in frontal impacts 
between these newer compact cars and the Ford 
F-250 with and without the SEAS.  The presence 
or absence of SEAS on the Chevrolt Silverado 
had negligible effect in the overall crush 
kinematics of the Neon frontal structures.  This 
is primarily attributed to the SEAS design and its 
location. 
 

Further study is needed to determine the 
effective performance requirements for SEAS.  
This study was limited to the three SEAS designs 
that were available in production vehicles at the 
time of testing.  Other SEAS designs and their 
performance may need to be considered before 
an appropriate ORB test procedure is identified.  
The difference in the design of the PEAS 
confounds the study of the effects of SEAS in 
VTV tests.  In the case of the Ford F-250, where 
the SEAS could be removed, the VTV tests show 
a benefit from SEAS.  However, the SEAS on 
the F-250 had the lowest strength.  Additional 
criteria for the SEAS, like energy absorbed, may 
be considered in the future.   
 
Like most programs using crash tests, this study 
is subject to limitations in the number of vehicles 
studied.  Additional SEAS designs will need to 
be studied, along with their effect in mitigating 
injuries in the partner vehicle, before any 
conclusions can be made about the effectiveness 
of the proposed TWG performance criteria. 
 
Option 2 LTV’s reward the added SEAS to 
reduce override of passenger cars.  These 
structures will require a new test procedure for 
evaluation.  This paper shares the designs of the 
ORB, and results from tests of Option 2 vehicles 
equipped with and without SEAS.  
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ABSTRACT 
In the EC FP6 Integrated Project APROSYS, the 
first WorldSID small female prototype was 
developed and evaluated by BASt, FTSS, INRETS, 
TRL and UPM-INSIA. Results were presented at 
the ESV 2007 conference (Been et al., 2007[1]). A 
concern was raised that the current chest deflection 
measurement system, IR-Traccs, registered flat top 
responses and sometimes may not register the peak 
deflection. This was believed to be related to 
forward deformation of the ribs relative to the spine 
and associated extension of the IR-Traccs. In the 
mean time an update version of the dummy, called 
Revision1, was developed to address the issues 
found in the first evaluation round. 
 
To improve oblique thorax loading sensitivity, a 
two-dimensional chest deflection sensor, the 2D IR-
Tracc was developed. Measuring the angle between 
the spine box and the IR-Tracc enables the 
displacement of the most lateral point on the rib rib 
to be calculated in the XY (transverse) plane.  
To evaluate the new system, FTSS conducted single 
rib unit tests on a drop tower under pure lateral and 
oblique test conditions. The compression and 
rotation data were analysed to find the displacement 
of the most lateral part of the rib, and the rib 
deformation in the impact area. In addition, TRL 
subjected a complete Revision1 prototype dummy 
to oblique thorax pendulum tests and LAB 
conducted full dummy static deployment airbag 
tests under various impact angles and impact 
severities.  
 
The 2D IR-Tracc proved to be very useful in 
understanding phenomena taking place under 
various lateral and oblique impact conditions that 
could not have been understood with the current 
(1D) compression sensor alone. The reduced 
sensitivity of the conventional IR-Tracc (Dy rib) to 
oblique impact was confirmed in this study.  
The calculated lateral displacement Y offered a 
simple and straightforward parameter to improve 

the sensitivity to oblique impacts, as compared to 
the current single axis deflection sensor.  
 
INTRODUCTION 
It is generally accepted that the WorldSID dummy 
is superior in thorax biofidelity to other side impact 
dummies. There is information on human response 
in oblique conditions (Viano[2]), but until now 
oblique responses were not considered, because 
older dummies were designed to be sensitive in the 
lateral axis only. During service dummies may be 
loaded in directions other than pure lateral. To name 
a few, the US National Highway Traffic Safety 
Administration specified a 75 degrees oblique pole 
test (FMVSS 214 [3]), rear seat passengers could be 
loaded in frontal oblique direction and seatback 
mounted side airbags could load the dummy from 
the rear of lateral, with a significant forward 
component. Based on its design and construction it 
is expected that the WorldSID oblique biofidelity 
and sensitivity is better than other dummies, but the 
comparative dummy data doesn’t exist to prove 
this. With the existing rib deflection sensor (the IR-
Tracc) of the WorldSID, the dummies displayed a 
reduced sensitivity of the rib deflection 
measurement system to oblique impact in various 
studies [4, 5].  
 
Figure 1 illustrates this problem. The basic 
WorldSID construction is presented schematically 
by an oval, with the spine box in the middle. The 
compression measurement system is represented by 
a telescope. The spine box and deflection 
measurement system base are mounted to the rear 
of the rib, giving anterior-posterior asymmetry. 
Under pure lateral deformation (b) the spine box 
moves rearward and the sternum moves forward. 
The lateral section of the rib, where the chest 
deflection system is connected moves forward with 
respect to the base of the deflection measurement 
device. The forward motion of the rib lateral section 
introduces extension in the chest deflection 
measurement system. Under rear oblique load (c) 
the extension effect is stronger because of the larger  
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forward component of rib displacement. The current 
chest deflection measurement device is suspected to 
be less sensitive to oblique load. Moreover the 
device does not provide information to quantify any 
effect of oblique load.  
 
To address this issue and to improve oblique thorax 
loading sensitivity, a two-dimensional chest 
deflection sensor, the 2D IR-Tracc (Infra-Red-
Telescoping-Rod-for-Assessment-of-Chest-Compression) 
was developed. Measuring the angle between the 
spine box and the IR-Tracc enables the 
displacement of the rib to be calculated in the 
transverse (X-Y) plane. The sensitivity to oblique 
load of the two-dimensional chest deflection 
measurement device was evaluated under three 
different test conditions. First, FTSS conducted 
single rib unit tests on a drop tower; then TRL 
subjected a complete WorldSID small female 
Revision1 prototype dummy equipped with 2D IR-
Traccs to oblique thorax pendulum tests and finally 
LAB conducted full dummy static airbag 
deployment tests. This paper presents details of the 
2D IR-Tracc and its displacement calculation 
method and test results under various loading 
conditions, impact angles and impact severities. 
 
 
MATERIALS AND METHOD 
 
2D IR-Tracc 

 
Working principle  

The 2D IR-Tracc, FTSS part IF-370, is based on the 
standard WorldSID small female IR-Tracc, FTSS 
part IF-369. The deflection sensor working 
principle is based on emission of Infra Red Light 
from a LED in the small end of the IR-Tracc and a 

photocell in the big end of the unit.  The intensity of 
the infra red light on the photocell is inversely 
proportional to the square of the distance: the larger 
the distance, the smaller the light intensity. An 
electronic linearisation circuit is build into the unit, 
providing linear voltage output to the IR-Tracc 
compression. The separate rotation sensor works 
according the voltage division principle of a 
rotation potentiometer. The voltage output of the 
potentiometer central slider is linearly proportional 
to the input voltage and the position of the shaft. 
 
The 2D IR-Tracc shares many components with the 
standard IR-Tracc. A potentiometer housing is 
mounted to the base of the IR-Tracc to measure its 
angle with respect to the interface to the spine box. 
To allow vertical motion of the rib, the housing of 
the potentiometer is pivoted about the anterior-
posterior axis, see Figure 2.  
 

 
Figure 2: 2D IR-Tracc 
 
Built into the dummy the nominal length of the IR-
Tracc from spine box to ball joint axis is 111.5mm; 
the compression range from nominal is 54mm; the 
extension range from nominal is 26mm. The spine 
box interface bracket allows over 60° of rotation of 
the IR-Tracc. In the first version 2D IR-Tracc, used 
in the drop tests and the pendulum tests, the rotation 
range was ±30°. As it was found that during 
compression the rib rotation is biased toward the 
front, an new interface bracket was developed. The 
forward range was made larger than the rearward 
rotation. The new interface allows forward rotation 
of >40° and the backward rotation of over -20°, see 
Figure 3 through Figure 6. The new brackets were 
installed in the dummy before the airbag tests. 
 

  
Figure 3: Fully 

extended range from 
nominal +26mm 

Figure 4: Fully 
compressed range 

from nominal -54mm 

Forward X 

Lateral Y 

a 

b 

c 

Figure 1 Schematic transverse section WorldSID 
chest, (a) uncompressed, (b) lateral compression, (c)

rear oblique compression 
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Figure 5: Fully 

forward rotation +40°  
Figure 6: Fully 

rearward rotation -20°  
 
 

Calculation method  
Interpretation software was written in a spreadsheet 
(MS Excel) to calculate rib displacement in x- and 
y- direction in the dummy co-ordinate system and 
the resultant deformation of the rib in the x-y plane. 
The equations are given below and the symbols 
used are explained in Figure 7 (input in blue, output 
in red) and Table 1.  
 
Xi = (L0-dyi)*sin(φxyi)    (1) 
Yi = L0  - (L0 - dyi)*cos(φxyi)   (2) 
Ri = √(Xi2  + Yi2)    (3) 

 

 
Figure 7: equations symbols 

 
Table 1: equation symbols and description 

Parameter Description 

t0 [s] Time zero 

L0 [mm] Reference length at t0.  

dyi [mm] IR-Tracc compression dy at time step i 

φxyi 

[degrees] 

IR-Tracc angle at time step i  

(positive angle forward)  

Xi [mm] 
Calculated x displacement  

at time step i 

Yi [mm] 
Calculated y displacement  

at time step i 

Ri [mm] 
Calculated Resultant displacement  

at time step i  

 
Calculating the x and y co-ordinate for each time 
step allows to plot the rib displacement trajectory. 
This allows quantifying the amount of lateral (Yi) 
and anterior-posterior (Xi) motion of the lateral rib 
segment. It was expected that these parameters 
would be correlated with impact angle. The 
resultant displacement was also calculated as it 
seemed to be a useful output parameter to correlate 

with and assess impact severity, independent 
impact direction. Five 2D IR-Traccs were inst
in each of the two WorldSID small female revis
prototypes. Figure 8 shows how the 2D IR-Tr
are integrated in the dummy (bottom view 
thorax half, sternum at the top).  

Figure 8: 2D IR-Tracc integrated in dumm
 
Drop tower test set up 
The single rib sensitivity tests were performed 
EuroSID-1 / ES-2 drop rig. Details of the test se
are given in Figure 9.  
 

 
Figure 9 drop tower test set up single rib unit

 
Two 2D IR-Traccs were used, one is mounted in
original position in the dummy (’dummy IR-tra
an additional IR-Tracc is attached to the rib w
clamp in such position that the IR-Tracc centr
is in the impact plane (‘parallel IR-tracc’). 

Drop m

 

Teflon 

(only 3

 

Guide w

 

Rubber

70shor

 

Rib set 

comple

& LH (n

visible)

 

Dumm

IR tracc

 

Paralle

IR- trac

 

Mount

plates 

 

Mount

wedge

W. 3 

from 
alled 

sion1 
raccs 
 left 

 
my 

 on a 
et-up 

t 

n the 
acc’), 

with a 
eline 
 The 

mass  

cover 

m/s) 

wires 

r liner 

reA 

 

ete RH 

not 

) 

y 2D-

c 

l 2D-

cc 

ing 

ing 

s 



 

 Been B.W. 4 

single rib unit tests are done at seven impact 
directions: ±30°, ±20°, ±10°, and 0° pure lateral at 
3m/s, positive angle is forward oblique. Also a high 
speed (5m/s) test condition was done at +30°, +20° 
and ±10°, and 0°. The 5.0m/s -30° and -20° 
rearward oblique tests were not conducted due to 
the limitation of the forward range of motion of the 
rotation sensor. Each test condition was repeated at 
least three times. In total 54 tests were performed. 
 
Full dummy pendulum impact test set up 
The oblique sensitivity tests were conducted with a 
set-up similar to the biofidelity pendulum test 
series. The WorldSID small female Revision1 
dummy was seated on a platform in order to give 
correct vertical alignment. A wooden block was 
fitted to the front of the impactor, measuring 34 x 
120 x 60 mm. This block was aligned so as to strike 
the most lateral aspect of the top thoracic rib. The 
dummy was supported overhead with a leash 
released via an electromagnet prior to contact with 
the pendulum. The torso was reclined until the first 
thoracic rib was level (anterior to posterior). 
To make it easier to observe the deformation of the 
ribs with an overhead mounted camera, the head 
and arms of the dummy were removed. The test 
setup is shown in Figure 10. 
 

 
Figure 10: Full dummy oblique pendulum test 

 
The impact velocity for the oblique sensitivity tests 
was 2.5m/s, the pendulum mass was 14kg. The 
angles of impact were +30°, ±15°, and 0°.  
 
Static airbag deployment test set up 
The testing device is shown in Figure 11. The 
WorldSID small female Revision1 dummy was 
positioned left side onto the unfolded airbag, in an 

upright sitting position. The pelvis was fixed to a 
metallic structure which only rotates about the 
dummy x axis immediately below the pelvis of the 
dummy. Prior to the test, nylon straps kept the 
thorax in a balanced position. At time to fire, the 
lifting strap was released using a controlled 
electromagnetic system. The pyrotechnic generator 
ignition inflated the airbag membrane which 
applied thoracic loads. The airbag-thorax distance 
was varied in order to modify the force magnitude. 
Forces applied to the thorax were measured by 
means of load cells mounted behind the airbag 
mounting plate. The dummy was instrumented with 
rib deflection sensors and thoracic accelerometers. 
 

 
Figure 11: Static deployment airbag test set up 

 
The WorldSID small female Revision1dummy was 
tested at two distances between the thorax and the 
airbag module (178mm and 108mm) and two angles 
(pure lateral and 30°forward). 
 
RESULTS 
 
Drop tower tests 
Figure 12 - Figure 16 show the rib trajectories of 
the dummy 2D IR-Tracc (yellow) and the additional 
parallel 2D IR-Tracc (red), with a pictures of the 
test set-up in the background. The graph’s 
orientations are aligned with the spine box co-
ordinate system and show the actual motion 
trajectories of the rib relative to the background 
picture. The plots are arranged on the page, such 
that corresponding angles are plotted next to each 
other, placed on the left are forward oblique, and on 
the right are rearward oblique.  
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Figure 12: + 30 degrees forward impact 
 

  
Figure 13: +10 degrees forward impact 
 

 
Figure 14: 0 degrees lateral impact (Note: Picture 
shows not actual set-up. For illustration a photo of -10 degrees 
set-up was rotated.) 
 
 

Figure 15: -30 degrees rearward impact 
 

 
Figure 16: -10 degrees rearward impact 
 
Note the considerable differences in respons
rearward and forward oblique tests, by compa
adjacent images. The graphics show that traject
of the rib measured with ‘parallel’ (red) and 
‘dummy’ (yellow) IR-Traccs are very similar. 
note that in all test conditions the rib deforma
starts inline with the impact direction. The p
show 3.0m/s results. 
 
Note that in the drop tower tests forw
displacement has a negative sign, whereas in
pendulum and airbag tests forward displaceme
positive. 
 
Figure 17 and Figure 18 show the rib trajectori
all impact directions, at 3.0m/s and 5.0m/s im
velocity. Figure 17 also shows displacem
parameters X (anterior-posterior), Y (lateral) an
(resultant X-Y). A schematic overhead view 
human is shown for orientation purpose. 
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Figure 17: Rib trajectories all impact directions 
at 3.0m/s and human body overhead view 
 

 
Figure 18: Rib trajectories all impact directions 
at 5.0m/s  
 
Both figures clearly show there is large forward 
deformation even under pure lateral tests. In all 
rearward oblique tests, the forward motion exceeds 
the lateral deformation. Figure 17 also shows that 
the resultant displacement R remains relatively 
constant for pure lateral and forward oblique tests, 
but R is much larger for rearward oblique. The R 
parameter alone is therefore not a good indictor of 
impact severity or injury risk. All test results are 
summarised in Table 2, in a numerical format, 
giving averages of three tests and the coefficient of 
variation, which is the standard deviation divided 
by the average. In the table Fimp is the impactor 
force (N), Dy is the compression of the IR-Tracc 
alone, X, Y, and R are calculated parameters as 
explained in the ‘Calculation Method’ section (in 
mm). The coefficient of variation is well below 3% 
for most test conditions and parameters. Note that 
the parameters Dy, X and Y from dummy IR-Tracc 
and parallel IR-Tracc cannot be directly compared, 
as the results are given in the co-ordinate system 
aligned with the instrument. The resultant 
displacements (R) from the dummy IR-Tracc and 
parallel are independent from impact direction and 
can be compared directly. The R parameters are 

generally very similar. This makes sense, as these 
segments are coupled by the rib section between 
them. Some further observations: The impactor 
forces Fimp are more or less constant and appear to 
be not very dependent on impact direction, however 
the highest impact forces appear under 20° forward 
loading and the lowest under rearward oblique 
impact.  
 

Table 2: Average peak results 3 tests each 
condition 

   Dummy IR-Tracc Parallel IR-Tracc 

   F imp Dy X Y R Dy X  Y  R 

3
m
/
s
 

+30°  827 11.1 19.0 12.9 22.6 19.1 13.2 19.8 22.8 

+20° 846 13.6 15.4 14.5 20.0 19.2 11.3 19.5 20.9 

+10° 802 19.0 5.8 19.2 19.8 20.1 -3.0 20.1 20.2 

0° 795 19.0 -17.9 18.9 20.8 16.8 -13.3 16.8 18.1 

-10° 719 14.3 -33.3 16.4 36.2 16.7 -31.3 20.1 36.8 

-20° 702 9.0 -37.2 13.4 39.5 16.6 -30.8 22.8 38.2 

-30° 709 5.7 -36.7 12.2 38.3 18.3 -28.8 23.9 37.3 

CV 1.24 1.75 1.55 1.73 2.03   1.95 0.80 2.40 

5
m
/
s
 

+30°  1293 19.0 29.9 24.9 38.1 32.8 22.0 34.8 38.4 

+20° 1398 25.0 18.4 27.7 33.0 35.2 7.6 35.5 36.1 

+10° 1299 34.0 8.2 34.6 35.6 36.2 -5.9 36.2 36.2 

0° 1231 35.2 -18.5 35.9 36.9 32.4 -16.0 32.5 32.7 

-10° 1248 26.4 -36.0 31.1 44.7 31.4 -31.5 34.5 44.3 

CV 1.1 1.6 4.2 1.2 1.3     3.6 3.5 

 
Full dummy pendulum impact test 
Observations from the overhead camera view are 
shown in Figure 19 through Figure 22, starting with 
+30° and +15° forward impact followed by lateral 
and -15° rearward oblique tests. Rearward motion 
of the IR-Tracc is observed in the 30° forward 
oblique test; approximately pure lateral 
compression is visible in the 15° forward oblique 
test, which was also observed in the single rib unit 
drop tests at 10° forward oblique. In this test the 
end of the rotation range was reached at around 31° 
rotation, as can be observed in Figure 23 as a 
discontinuity.   
 

 
Figure 19: Overhead image + 30 degrees ~26 ms 
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Figure 20: Overhead image +15 degrees ~26 ms 

 
Figure 21: Overhead image lateral test ~26 ms 

 
Figure 22: Overhead image - 15 degrees ~26 ms 

The purple dotted line is an estimated 
reconstruction of the response without rotation 
bottoming out. As a result of this test, the 2D IR-
Tracc mounting brackets were updated to shift the 
range of motion from ±30° to +40° – -20°. 
 
Figure 24 shows the IR-Tracc compression. The 
output of the IR-Tracc is much lower for the +30° 
and -15° impact angle tests than the lateral and +15° 
forward oblique tests. Figure 25 shows the 
calculated Y lateral displacement. The -15° test 
(purple) clearly shows the bottoming out of the 
rotation, with its deviating waveform. Clearly the 
calculated Y is less dependent from the impact 
angle, however at +30 the output is still lower than 
pure lateral test.  
 

 
Figure 23: 2D IR-Tracc rotation oblique 
sensitivity tests 
 

 
Figure 24: Dy IR-Tracc compression oblique 
sensitivity tests 
 

 
Figure 25: Calculated Rib Y displacement 
oblique sensitivity tests 
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The pendulum acceleration responses from the four 
oblique sensitivity tests are shown in Figure 26. It is 
evident from this figure that the + 30 degree and the 
-15 degree impacts had a slightly lower peak 
pendulum acceleration than the +15 degree and 
lateral impacts. This probably reflects the alignment 
of the pendulum being closer to the dummy centre 
of gravity in the +15 degree and lateral impacts. 
The responses from the 15 degrees forward of 
lateral and pure lateral tests are similar, with a 
difference of only 0.5 % between the peak values. 
 

 
Figure 26: pendulum acceleration responses 
 
The results of the pendulum test are presented in 
numerical format in Table 3. The table includes a 
comparison of the oblique test peak results with the 
peak result from the lateral test. 
 
Table 3: Peak parameters pendulum tests 

Direc-

tion 
Fimp Dy 

2D IR-Tracc calculated Ratio oblique/lateral 

X Y R 
Dy/ 

Dy0° 

Y/ 

Y0° 

R/ 

R0° 

+30° 838 17.2 20.5 20.0 28.1 0.58 0.64 0.74 

+15° 909 27.8 -10.5 27.9 28.1 0.94 0.89 0.74 

0° 904 29.5 -27.4 31.5 38.1 1 1 1 

-15° 835 18.1 -39.4 26.9 45 0.61 0.85 1.18 

 
Static airbag deployment test 
The peak results of the static airbag tests are given 
in Table 4. In this table the average of two tests is 
given. For the ribs results are given for IR-Tracc 
compression Dy, 2D IR-Tracc rotation, X 
displacement, Y displacement and R resultant 
displacement. The bold figures highlight the highest 
of three thorax ribs and two abdomen ribs. The 
table shows that peak thoracic rib deflections occur 
either at thorax rib 2 or 3, and peak abdominal rib 
deflections always occur at the first abdominal rib. 
Figure 38 is illustrative for the reason behind this, 
as the airbag deploys in a spherical shape, putting 
more load on the centrally placed ribs. The 
parameters Dy and Y do not always agree on which 
of the thorax ribs is in highest deflection, however 
the difference between the thorax 2 and thorax 3 are 
generally low for both parameters. The results 
clearly show that the 30° forward tests gives much 

lower rib lateral deflections that the lateral tests. 
The output of the rotation sensor does provide 
insight of the loading direction of the dummy, with 
forward rib displacement under lateral and rearward 
rib displacement under forward load. 
 
The largest rib rotations and X displacements occur 
at thoracic rib 2 in the lateral tests and at thoracic 
ribs in the oblique conditions. 
 
Table 4: Test results airbag average of two tests 

Condition  
  

178mm

, 0deg 

108mm

, 0deg 

108mm

, 30deg 

178mm

, 30deg 

 F 3624 6232 5704 3757 

S
ho

ul
de

r 

Dy 
16.9 21.0 9.6 5.6 

T
ho

ra
x 

1 

Dy 6.4 14.8 3.7 3.2 

Rot 9.3 19.8 -17.4 -11.0 

X 13.3 25.1 -26.7 -16.8 

Y 7.3 19.2 5.4 3.7 

R 14.8 31.4 26.9 16.9 

T
ho

ra
x 

2 

Dy 10.3 18.8 5.5 4.8 

Rot 12.3 20.4 -14.1 -9.1 

X 17.2 25.1 -20.6 -13.9 

Y 11.6 22.9 6.2 5.1 

R 19.9 33.2 20.8 14.0 

T
ho

ra
x 

3 

Dy 10.6 17.3 5.7 5.2 

Rot 10.9 18.9 -10.8 -7.4 

X 15.2 23.7 -16.3 -11.2 

Y 11.5 21.0 6.1 5.5 

R 18.2 31.0 16.5 11.4 

A
bd

om
en

 1
 Dy 9.1 15.0 5.3 4.9 

Rot 9.2 16.3 -7.0 -5.5 

X 12.9 21.1 -10.9 -8.5 

Y 9.9 17.7 5.6 5.1 

R 15.4 27.0 10.9 8.5 

A
bd

om
en

 2
 Dy 2.8 6.0 3.5 2.3 

Rot 4.9 11.5 -6.5 -0.4 

X 7.8 16.1 -10.1 -0.6 

Y 3.0 7.5 3.5 2.3 

R 8.1 17.7 10.1 7.7 

 
Figure 27 shows the trajectories for pure lateral and 
30 degree tests. It can be observed that the 
deflections are more due to the rotation than the 
compression of the IR-Tracc, confirming the 
necessity to measure both parameters. 
The lateral displacement is almost absent in the 30° 
oblique test, and also in the pure lateral test, 
forward motion is larger than the lateral 
compression.  
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Figure 27: Rib trajectories for pure lateral and 
30 deg forward tests at 108 mm 
 
ANALYSIS, DISCUSSION AND SYNTHESIS 
 
Drop tower tests  
In Figure 28 the peak impact forces versus impact 
direction are shown both in absolute values as well 
as in percentages of peak lateral impact forces. For 
this analysis the average peak impact forces are 
calculated for each impact direction and impact 
speed. 
 

 

 
Figure 28: Impact force versus impact direction 
absolute and in percentages of pure lateral  

It can be concluded that the impact force generated 
by the rib is not largely dependent on the impact 
direction and remains rather constant. For impacts 
at an impact speed of 3.0 m/s the deviations are 
between +6.3% and -11.8% and for impacts at an 
impact speed of 5.0 m/s the deviations are between 
+13.5% and 0%. At +20 degrees forward impact 
direction the ribs compressions are 6-14% lower 
than pure lateral and beyond 20 degrees rearward 
impact the ribs displacements are higher by 10%.  
 
In Figure 29 the peak lateral displacements (Y rib) 
versus impact direction are shown both in absolute 
values as well as in percentages of the peak 
displacements at pure lateral impacts. For reference 
the compression of the IR-Tracc (Dy) is also given.   
The average rib displacements at lateral and +10 
degrees impact angles are more or less constant at 
19mm for 3m/s and around 35-36mm for 5m/s. The 
plots in Figure 29 show reduced Y rib compression 
under both rearward and forward impact, around 
20% reduction of the average peak displacement at 
-10° and +20° impact angles increasing to 30% 
reduced average rib displacement at +30° and -20° 
to -30° impact directions. 
 

 

 
Figure 29: Rib displacement versus impact 
direction absolute and in percentages of pure 
lateral  
 
Figure 29 reveals another important difference if we 
compare the output of the ‘plain’ IR-Tracc alone 
(green and purple dotted lines) with the lateral 
displacement Y rib calculated from the 2D IR-
Tracc. The reduced sensitivity of ‘plain’ IR-Tracc is 
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clearly illustrated: at 30 degrees forward impact the 
IR-Tracc compression, Dy, is 54-58% of the pure 
lateral output and at 30 degrees rearward impact the 
output is reduced to 29% of the pure lateral output. 
Although reduced, the calculated parameter Y rib is 
much more sensitive under oblique impact 
direction: at 30 degrees forward impact the Y rib is 
68% of the pure lateral Y rib and at 30 degrees 
rearward impact the Y rib is reduced to 63% of the 
pure lateral Y rib. It can be concluded that Y rib 
obtained from the 2D IR-Tracc provides a much 
better insight in the rib deformation under both 
lateral and oblique impacts, than the deformation 
recorded with the IR-Tracc alone (Dy). More over 
the parameter Y rib discriminates between the high 
severity and the low severity test conditions. 
 
Figure 30 shows a comparison between Y para 
(compression aligned with impact direction) and Y 
rib, lateral compression in spine box co-ordinate 
system. Please note that these parameters are not in 
the same co-ordinate system. The figure shows that 
the deviation between the parameters becomes 
larger with larger deviation of the angle between the 
instrumentation, which is to be expected. The 
compression in impact direction remains more or 
less constant, between +30 and -10 degrees impact 
angle for both 3m/s and 5m/s impacts. The 
compression increases with rearward of lateral tests. 
 

 
Figure 30: Comparison displacement Y para and 
Y rib in instrument co-ordinate system 
 
Figure 31 shows the correlation between the 
calculated peak resultant displacement versus the 
impact angle in absolute values as well as 
percentage of the pure lateral impact value. The 
resultant displacements are relatively flat in the pure 
lateral and forward oblique tests. This means that 
the resultant displacement is not dependant on 
impact angle. However, under rearward oblique 
impacts, the resultant displacements of the 3m/s 
tests are as high as the lateral and forward oblique 
results of the 5m/s test. This parameter alone is not 
able to discriminate between a high severity lateral 
test and a rearward oblique impact of lower 

severity. Figure 31 also shows a comparison 
between the resultant displacements as measured by 
the parallel IR-Tracc and the dummy IR-Tracc. The 
results are clearly close together the dummy IR-
Tracc, is reflecting the rib displacement in impact 
direction, independent form the impact direction. 
 

 
Figure 31: Peak resultant rib displacement 
versus impact angle drop tests   
 
Larger forward than rearward motion of the rib can 
be explained from the construction of the ribs in the 
WorldSID dummy. The rib units are assembled 
from inner and outer ribs. The inner ribs are a 
cylindrical hoop attached symmetrically with 
respect the lateral axis to the spine box. The outer 
ribs are asymmetrically attached only to the rear of 
the spine box, similar to the human thorax 
construction. An asymmetric behaviour of the 
dummy and the human chest is to be expected. 
 
Pendulum tests 
The pendulum tests show similar results to the 
single rib unit drop tests (Figure 32). Rib 
displacements are similar for lateral and small 
angles frontal, with reduced output with increasing 
oblique test angles. Also in the pendulum test the Y 
displacement is less sensitive to impact angle than 
the Dy compression of the IR-Tracc alone. The R 
resultant displacement is higher under rearward 
oblique than forward oblique tests. The force 
response is hardly dependent from impact angle 
(Figure 26). Interestingly, at +15° impact all 
parameters are very close to one another around 
28mm. This indicates that there is very little 
rotation in this test. Indeed around the time of peak 
displacement of the +15° test, the rotation angle is 
close to 0° (Figure 23 & Figure 24). This 
observation is illustrative of the valuable insight the 
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2D IR-Tracc offers in the behaviour of the rib 
deformation. 
 

 
Figure 32: Pendulum tests rib displacements vs. 
impact angle 
 
Airbag deployment tests 
Figure 33 to Figure 37 show the effect of angle 
respectively on the plate force, the IR-Tracc 
compression Dy, the X deflection the Y deflection 
and the Resultant deflection. The compression Dy 
and the Y deflection demonstrate a large sensitivity 
on the loading angle, with reduced output under 
oblique load, while the resultant deflection is less 
affected.  The X deflection parameter is also very 
sensitive for oblique load and clearly indicates the 
direction of load. Regardless of the sign, the peak X 
displacements are rather similar in amplitude in the 
pure lateral and 30° forward tests. This implies that 
the smallest forward and backward displacements 
(thus pure lateral displacement) could be expected 
around 15° forward impact. This is in line with the 
pendulum test result, see Figure 32. 
  

 
Figure 33: Plate force vs. airbag distance 

 
Figure 34: Thorax rib 2 IR-Tracc compression 
vs. airbag distance 
 

 
Figure 35: Thorax rib 2 X-displacement 2D IR-
Tracc vs. airbag distance 
 

 
Figure 36: Thorax rib 2 Y-displacement 2D IR-
Tracc vs. airbag distance 
 

 
Figure 37: Thorax rib 2 Resultant displacement 
2D IR-Tracc vs. airbag distance 
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Table 5 gives a summary of the test results in 
numerical format for the three thorax ribs. In this 
table the results are presented in the ratio of the 
oblique and the lateral parameter. A ratio of more 
than 1 indicates the parameter is higher in the 
oblique condition and below 1 indicates that the 
oblique parameter is lower. The lower severity test 
results are shown in the left column and the higher 
severity in the right column. For Dy and Y 
parameters, the oblique results are lower than the 
lateral results. For the force and thorax rib1 X- and 
resultant displacement the ratio is higher than 1, 
indicating the oblique results are higher. Further it 
is clear that generally the ratios of parameters are 
much lower in the high severity test, with ratios 
around 0.25-0.30. An exception is the X parameter, 
which changes its sign, but the absolute values are 
closer to 1. 
 

Table 5: Ratio of parameters 30° and 
parameters lateral 

    ratio +30° oblique/ lateral 

    178mm  108mm 

  F 1.04 0.92 

T
ho

ra
x 

1 Dy 0.50 0.25 

X -1.26 -1.07 

Y 0.50 0.28 

R 1.14 0.86 

T
ho

ra
x 

2 Dy 0.46 0.29 

X -0.81 -0.82 

Y 0.44 0.27 

R 0.70 0.63 

T
ho

ra
x 

3 Dy 0.49 0.33 

X -0.73 -0.69 

Y 0.47 0.29 

R 0.63 0.53 

 
To study further the reasons for the large difference 
between the outputs of two test condition, the high 
speed videos of the tests were analysed. Sequences 
of high speed videos of the lateral test (Figure 38) 
and oblique test (Figure 39) clearly show the 
different behaviour of the dummy in these test 
conditions. In the pure lateral test, the dummy’s 
response is pure sideways motion; and in the 30° 
oblique the dummy’s chest is rotating backward. 
Peak displacements were around 35ms in pure 
lateral and, much earlier, around 20ms in forward 
oblique tests. The chest rotation could explain a 
lower deflection in the oblique test; however, the 
rotation began after the deflection started to 
decrease, i.e. in the unloading phase.  

A plausible explanation could be the following. In 
the lateral test the vector of force is directed 
towards the centre of gravity of the dummy. The 
inertia of the dummy provides a counter reactive 
force within the dummy against which the ribs 
(which are acting like springs/dampers) are 
deforming. In the forward oblique test however, the  

  

  
Figure 38: Sequence of high speed video stills 20, 
30, 40 & 50ms lateral tests 

  

  
Figure 39: Sequence of high speed video stills 20, 
30, 40 & 50ms, 30° frontal oblique test 
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vector of force is not directed to the centre of 
gravity, causing rotation of the dummy’s chest. It is 
believed that the counter reactive force within the 
dummy has a much larger forward-backward 
component, causing rearward rib rotation and 
highly reduced lateral compression. The rotation 
inertia does not provide the internal counter reactive 
force against which the ribs are compressing. The 
restriction in rotation around a vertical axis at the 
pelvis is not working for the dummy, as the lumbar 
spine is developed to allow human like shear 
motion and is not validated for moment about the 
vertical axis. The rotation of the chest is the ‘easy 
way out’ for the dummy and only restricted by the 
rotation inertia of the chest, neck and head. The 
rotation component is confirmed by the 
asymmetrical loading which is observed on the 
airbag plate forces: the forces at the back of the 
plate are higher than the forces at the front for the 
30° forward loading, indicating a moment reaction. 
For pure lateral tests, the plate forces are almost 
equal between back and front, indicating pure 
lateral loading. 
 
Synthesis drop & pendulum tests and airbag 
tests 
Generally there is a good correlation between the 
Drop test and Pendulum test results. The IR-Tracc 
compression, Dy, and lateral deflection, Y, remain 
at the same level when the impact angle is varied 
between about lateral and 15° forward oblique. This 
means that when the dummy is loaded close to the 
lateral axis direction, there is no problem with the 
current deflection measurement system, the IR-
Tracc.  
 
With further deviation from the lateral, the output of 
the lateral deflection is reduced. The Y 
displacements remain at a higher level than the 
compression Dy of the IR-Tracc alone over a wider 
impact angle variation. The drop test and pendulum 
results indicate that the Y displacements remain 
within 80% of the lateral test output between impact 
angles ranging between 20° forward oblique and 
15° rearward oblique, and about 70% between 30° 
forward and 25° rearward oblique impacts. The Y 
displacement appears to be a simple but efficient 
parameter to improve the sensitivity to oblique 
impacts. 
 
The resultant displacement was also tested for 
oblique impact sensitivity. Due to the large forward 
displacements of the ribs in rearward oblique 
impacts, the resultant displacement becomes very 
large and comes into the range of resultant 
displacement of higher severity tests under lateral 
test conditions. The R parameter is not able to 
discriminate between a high severity lateral impact 
and mid severity rearward oblique test. 
 

The situation for rearward oblique is different from 
forward oblique. This has to do with the 
construction of the WorldSID thorax, with outer 
ribs mounted to the rear of the spine-box and free 
floating connections between left and right ribs in 
the front. Forward rib motions in rear oblique 
impact are larger than rearward motion in forward 
oblique impacts. This results in forward rib 
displacements, even under pure lateral tests. The 
test results indicate that the turning point is at 
around 0° – +15° forward oblique, which impact 
angle leads to more or less pure lateral deflections. 
All of these observations were made possible by the 
addition of the rotation sensor and calculation of rib 
trajectories in the X-Y plane of the ribs.  
 
A discrepancy was found between the Airbag tests 
on one hand and Pendulum and Drop tests on the 
other hand. The output of the deflections sensors 
under forward oblique tests, both from IR-Tracc 
and 2D IR-Tracc, were much further reduced in the 
Airbag tests (~25-30% from pure lateral) than the 
Pendulum and Drop tests (~60-70% from pure 
lateral). The differences in dummy response 
between the drop table and pendulum tests on hand, 
and airbag tests on the other hand can be explained 
from the difference between the test conditions. The 
pendulum and drop tests involve loading with high 
inertia loading devices, which will not easily 
deviate from their path of travel. The dummy ribs 
and the impactor mass are well coupled by the 
friction in the pendulum tests (to lesser extend in 
3m/s drop tests by use of PTFE sheet), therefore, at 
impact, the rib displaces more or less in the 
direction of travel of the impactor. 
 
The airbag on the contrary is a low mass loading 
device, with energy content in the form of 
lightweight expanding gasses and airbag fabric at 
high velocity. It appears that the expanding gasses 
can more easily deviate from the path of travel and 
can take the easy escape route, wherever the lowest 
restrictions are. This is reflected in the airbag 
response trajectories (Figure 27), where the 
displacement of the rib deviates from the impact 
direction right from the start. 
 
No matter the difference between these test 
conditions, also in the airbag tests the 2D IR-Tracc 
results proved to be very helpful indeed to study the 
phenomena taking place. Still many questions 
remain from these tests, but in any case the 2D IR-
Tracc offers a good tool to study them. 
 
CONCLUSION AND RECOMMENDATIONS 
 
Conclusions 
The 2D IR-Tracc was assessed for oblique 
sensitivity in three test conditions: on a drop table 
with rib components, in full dummy pendulum tests 
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and static deployment airbag tests. The impact 
angle and impact severity was varied in the test 
conditions and the outputs of the two-dimensional 
chest deflection sensor were analysed. 
 
The 2D IR-Tracc proved to be very useful indeed in 
understanding phenomena taking place under 
various lateral oblique impact conditions and could 
not have been understood with the current (1D) 
compression sensor. The reduced sensitivity of the 
conventional IR-Tracc compression (Dy) to oblique 
impact was confirmed in this study.  
 
Three calculated displacement parameters from the 
2D IR-Tracc were assessed and compared to the 
standard measurement parameter. The calculated 
lateral displacement Y offered a simple and 
straightforward parameter to improve the sensitivity 
to oblique impacts, as compared to the current 
single axis deflection sensor. The drop test and 
pendulum results indicate that the Y displacements 
remain within 80% of the lateral test output 
between impact angles ranging between 20° 
forward oblique and 15° rearward oblique, and 
about 70% between 30° forward and 25° rearward 
oblique impacts. 
 
The forward-rearward displacement X parameter 
offers very good indication of the loading direction 
of the dummy. The smallest forward-rearward 
displacements were found under 10°-15° forward-
oblique impacts. Large forward displacements were 
found under rearward-oblique impacts and these 
were generally larger than the lateral displacement 
from -10° impact angles and beyond. 
 
The 2D IR-Tracc resultant displacement parameter, 
R, correlates well with the displacements found in 
impact direction in the drop table tests and provides 
information on the magnitude of the rib deformation 
in impact direction. However this parameter is not 
useful as injury assessment parameter, as it does not 
discriminate between impact severity under all 
impact conditions, especially rearward oblique 
impacts. 
 
The objective of improving the oblique loading 
sensitivity has been met with the development of 
the 2D IR-Tracc. Further research is necessary to 
develop an injury criterion based on its output that 
correlates well with injury under lateral and lateral-
oblique loading conditions. 
 
In this study only test-to-test comparisons were 
done by variation of the test condition with one 
dummy. The important open item is, the 
comparison of the PMHS chest deflection in the X-
Y plane with those of the dummy in the same test 
condition. So far, as far as the authors are aware, no 
two-dimensional deflection data have been derived. 

Maltese et.al. [6] used the chest band device to 
obtain deflections in the cross sections of PMHS 
chests in sled tests; however, only single parameters 
of lateral deflection were published. It could be 
useful to re-analyse this database for two-
dimensional rib displacements. Yoganandan et.al. 
2007 [7] expanded the Maltese test conditions with 
an oblique mounted force plate for the thorax, to 
obtain lateral-oblique human response data. It 
would be useful to install 2D IR-Traccs in the 
WorldSID 50the male dummy and subject it to the 
same test conditions. 
 
The objective of improving the oblique loading 
sensitivity has been met with the development of 
the 2D IR-Tracc. Further research is necessary to 
develop an injury criterion based on its output that 
correlates well with injury under lateral and lateral-
oblique loading conditions. 
 
Some inconsistencies were identified when the 
dummy is loaded by an airbag. More investigations 
are needed to understand the inconsistencies. 
 
Recommendations 
It is recommended to validate further the dummy 
oblique thorax response with available human 
response data. It should be considered to develop 
the 2D IR-Tracc so as to be suitable for the 
WorldSID 50th percentile male dummy and explore 
its potential benefits for this dummy. Also 
application in other dummies, such as the Q3s and 
Q6s, the Q-dummy side impact family should be 
considered. 
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ABSTRACT 
 
The introduction of automatic emergency braking 
changes the distribution of impact severity thus the 
resulting injury risk. In the calculation of the possible 
safety impact, risk functions must be used. These 
functions can be derived in different ways. In this 
paper, matched pair techniques have been used to 
study if the power models developed by Nilsson can 
be used.  
 
By applying the risk functions on theoretical changes 
of impact speed as a result of pre impact braking, the 
possible effectiveness on fatal and serious injuries can 
be estimated. It was found, that such braking can offer 
major benefits. A reduction of speed before impact 
with 10 % can reduce fatal injuries in car crashes with 
approximately 30 %.  
 
INTRODUCTION 
 
It is well known that speed and change of velocity in 
crashes are highly related to risk of injury and the 
severity of injuries (Elvik et al 2004). While the risk 
of being involved in a crash is only marginally 
increased for increased speed, injuries and especially 
serious to fatal injuries are dramatically related to 
even small changes in travel speed or change of 
velocity in a crash.  
 
The relation between speed and injury has been 
demonstrated empirically, theoretically as well as 
mechanically and on all levels such as at the macro 
level, in individual crashes as well as on the micro 
level for biological tissue (Elvik et al 2004). While 
this is nothing new or controversial, there are still 
doubts about how risk functions at micro and macro 
level should be developed and understood. While it is 
clear, that changes in average travel speed have a 
major impact on especially serious and fatal injuries, 
it is also clear, that it is not travel speed in itself that 
is injurious but rather rapid energy transients in 

crashes. It can even be questioned if the change of 
velocity is the best predictor for the risk of injury 
when in fact mean and peak acceleration is more 
relevant, although change of velocity and acceleration 
are of the correlated but not necessarily causally 
related (Kullgren 1998). 
 
In the traffic safety literature and in practice, the 
power models are used to describe the relationship 
between travel speed on a macro level and risk of 
injury. The power model was firstly applied by 
Nilsson (2004) in the early 1970s and has since then 
been validated and evaluated several times. The 
function, or rather functions, has been revised several 
times, but in essence the proposed functions have 
been close to each other.  
 
In the biomechanical and injury epidemiological 
literature, the relationship between impact severity, i e 
change of velocity, and injury has been described as 
dose response functions with increasing slope (Evans 
1986). Both power as well as other continuously 
increasing functions has been applied to injury data 
(Krafft 2000a and b). There are many examples for 
both car occupants as well as pedestrians and also in 
different crash configurations and trajectories (Elvik 
et al 2004).  
 
Crash protection for cars has been increased radically 
over the past 10 years or so, and to such extent that it 
can be not only demonstrated in simulated impact 
tests, but also in epidemiological studies (Lie and 
Tingvall 2002). It has also been demonstrated many 
times that the mass relation between cars in two car 
crashes is correlated to injury risk and severity (Krafft 
2000a and b). In both examples, speed and change of 
velocity are critical factors. While in the former 
example, the consequence of improved safety is that 
the car can be crashed at a higher speed with the same 
injury outcome, or rather that for a given speed or 
speed distribution, the risk of injury and the severity 
of injury has been reduced. This factor can possibly 



be measured in speed capability i e that the 
improvement can be expressed in terms of speed.  
In the latter case, it is obvious that the change of 
velocity can vary greatly with mass relations in two 
car crashes and that this is important for injury 
outcome. In both cases, though, it has been observed, 
that fatal and serious injuries are more affected by 
speed and change of velocity, than minor injuries 
(Nilsson 2004, Elvik et al 2004). This is much in line 
of the implication of the power model for the overall 
relationship between travel speed and injury risk.  
 
While the link between travel speed and impact speed 
is not fully understood, it seems logical that there is 
some kind of relationship, and therefore it is of 
interest to study if the power model for travel speed 
could be used also for car safety and the relation 
between impact speed and injury outcome.  
 
More recently, cars have been developed and 
introduced with autonomous automatic emergency 
braking. Such systems can react to a car in the same 
direction, to fixed objects and to pedestrians, but are 
also likely to be expanded to oncoming vehicles and 
even vehicles in oblique direction. In some situations 
crashes can be avoided, in other situations crashes can 
be less severe, mitigated, by braking before impact. 
Some systems can use almost full braking power, and 
brake almost 2 seconds before impact. In doing so, 
speed before impact can be reduced by maybe up to 
35 km/h or even more in some situations. This is a 
substantial change of impact severity.  
 
In order to calculate the potential effects of automatic 
emergency braking, it is essential to use a solid link 
between velocity and injury. 
 
The aim of the present study was to; 
 

- With empirical data evaluate if 
variations in change of velocity in a 
crash and the resulting outcome can be 
described by the power model. 

- Estimate the importance of automatic 
emergency braking 

 

THE POWER MODEL 
 
In simple terms the power model is a concept 
containing a set of power functions for crashes, minor 
injuries, serious injuries and fatal injuries. The 
functions are describing relative changes and can 
normally not give a direct link to absolute travel 
speed or absolute change of velocity in a crash. 
Below are the functions as presented by Nilsson 
(2004).  
Number of fatal crashes: 
Y1 = (V1/ V0)^4 *  Y0 

 

Number of fatalities: 
Z1 =  (V1/ V0)^4 *  Y0 + (V1/ V0)^8 * (Z0 - Y0) 
 
Number of serious crashes: 
Y1 = (V1/ V0)^3 *  Y0 

 

Number of serious injured: 
Z1 =  (V1/ V0)^3 *  Y0 + (V1/ V0)^6 * (Z0 - Y0) 
 
Number of slight crashes: 
Y1 = (V1/ V0)^2 *  Y0 

 
Number of slightly injured: 
Z1 =  (V1/ V0)^2 *  Y0 + (V1/ V0)^4 * (Z0 - Y0) 
 
The following estimates based on a meta analysis, 
were proposed by Elvik et al (2004), to be used. They 
were validated against minor to moderate changes in 
travel speed. The differences between crash outcome 
and outcome for an individual should be noted. In the 
present study, the result of the meta analysis has been 
used.  
 
Crash or injury severity Exponent Interval 

 
Fatalities  4.5  4.1-4.9 
Seriously injured  3.0  2.2-3.6 
Slightly injured   1.5  1.0-2.0 
All injuries  2.7  0.9-4.5 
Fatal crashes  3.6  2.4-4.8 
Serious injury crashes 2.4  1.1-3.7 
Slight injury crashes 1.2  0.1-2.3 
All injury crashes  2.0  1.3-2.7 
Property damage only crashes  1.0  0.2-1.8 
 
 
One major issue in using the power models for either 
crashes or their outcome, or using it for crash 
outcome given that a crash has occurred would be that 
the power for a fatality, serious injury or minor injury 
would be reduced by 1. That would mean that for 
fatalities the power is 3.5, for serious injuries 2 and 
for minor injuries 0.5. This is well in line with that 



the probability of a crash only is just linear. It is 
however important to keep this property of the power 
models in mind when studying either travel speed and 
outcome or crash protection given that a crash occurs. 
It would also be important to keep this in mind when 
looking at different technologies and the distinction of 
for example emergency braking where the full power 
levels would be used, or improved occupant 
protection through improved restraints or structure 
where the reduction of power would be applied. In 
table 1, the impact of changes in speed on injuries of 
varying severity can be seen. An increase of 10% on 
speed can be seen to increase minor injuries with 
15%, serious with 33% and fatal injuries with 53%. 
The differences in the impact of speed change 
become even larger with larger increase or decrease 
of speed.  

Table 1.  
The influence of changing speed on the increase or 
decrease of the relative number of minor, serious 

and fatal injuries with power 1.5, 3.0 and 4.5 
Speed, 
index 

Minor 
injuries 

Serious 
injuries 

Fatal 
injuries 

80 0,72 0,51 0,37 
90 0,85 0,73 0,62 
100 1 1 1 
110 1,15 1,33 1,53 
120 1,31 1,73 2,27 
 
In table 2, the lower power levels have been applied, 
as in the case where only the outcome given a crash is 
considered. It can be seen that especially for minor 
injuries, the impact of speed becomes limited while 
for fatal injuries, the impact is still substantial. The 
figures can also be seen in figure 1.  
 

Table 2.  
The influence of changing speed on the increase or 
decrease of the relative number of minor, serious 

and fatal injuries with power 0.5, 2.0 and 3.5 
Speed, 
index 

Minor 
injuries 

Serious 
injuries 

Fatal 
injuries 

80 0,89 0,64 0,46 
90 0,95 0,81 0,69 
100 1 1 1 
110 1,05 1,21 1,40 
120 1,09 1,44 1,89 

Figure 1. 
Risk functions for minor, serious and fatal injuries 
with power 0.5, 2.0 and 3.5 relative to speed index 
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Risk calculations in the present study were based on 
matched pair technique. The validation of the power 
model was in most cases based on the relation 
between fatal, serious and minor injury. In the first 
analysis of the relative importance of improved crash 
protection of newer cars, the relative risk was 
calculated in two car crashes where the case car 
population was matched with the average crash 
population.  
 
In the second analysis, the opposite cars were varied 
with mass, so that the relative importance of increased 
and decreased change of velocity could be calculated. 
This is done under the assumption that relative impact 
velocity is the same across all masses within the mass 
range 900 to 1500 kg.  

METHOD 

Basically, the change of velocity can be calculated 
from the law of the conservation of momentum;  
Delta v = Vrel (M2 / M1   + M2), 
 

Vrel is the relative velocity and M1 and M2 the masses 
of the two vehicles colliding. 
This relation is true even if the two vehicles involved 
do not have a common velocity after the impact. If the 
masses are equal, both vehicles will undergo the same 
change of velocity. This method uses this fact, and 
that any deviation in mass can be transferred to 
differences in change of velocity, as long as the 
individual masses are known (Figure 2). The method 
cannot generate absolute figures, only risks relative to 
each other.  



Instead of generating new risk functions, the method 
uses the change on the exposure distributions and the 
resulting change in risk.  
 

Figure 2. 
Impact severity (delta-V) for cars in matching 

crashes for equal mass: 
f1(s) = f2(s) and unequal mass:  f1(s) ≠ f2(s) where 

car 1 is of less mass than car 2 

equal mass f(s)=f(s)
1 2

unequal mass f(s)
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The basis for the statistical method is the paired 
comparison technique, where two car accidents are 
used to create relative risks. The method was initially 
developed by Evans (1986), but has been developed 
further for car to car collisions by Hägg et. al. (1992). 
The assumption for the method is that the risk of 
injury is a continuous function of change of velocity.  
This assumption might conflict with safety features 
such as airbags that might generate a step-function. 
This would have to be further investigated.  Another 
assumption is that injuries in one car are independent 
from the injuries in the other car, given a certain 
accident severity.  
For a given change of velocity the risk of an injury is 
p1 and p2 in the two cars, respectively. For that 
change of velocity, the outcome of the accident is 
described in table 3. The outcome of summing over 
all change of velocities is described in table 4. 

 

Table 3. 

Probabilities of injury to driver in car 1 and 2 in a segment of impact severity 

  Driver of Car 2  

  driver injured driver not injured Total 

Driver  
of Car 1 

driver 
injured 

ni P1i P2i ni P1i (1-P2i) ni P1i P2i + ni P1i (1-P2i) = n i P1i 

driver 
not 

injured 
ni (1-P1i) P2i ni (1-P1i) (1-P2i)  

 Total ni P1i P2i + ni (1-P1i) P2i = n i P2i   



Table 4. 

Sums of probabilities of injury to driver in car 1 and 2 in a segment of impact severity 

 

 
Driver of Car 2 

Total 
driver injured driver not injured 

Driver  
of Car 1 

driver 
injured ∑

=

m

i 1

 ni P1i P2i = x1 ∑
=

m

i 1

 ni P1i (1-P2i) = 

x2 

∑
=

m

i 1

 ni P1i P2i + ni P1i (1-P2i) = 

n P1 

driver not 
injured ∑

=

m

i 1

 ni (1-P1i) P2i = x3 ∑
=

m

i 1

 ni (1-P1i) (1-P2i) 

= x4 

 

 Total ∑
=

m

i 1

 ni P1i P2i + ni (1-P1i) P2i = 

n P2 

  

 

The relative risk of an injury, for vehicle 1 to 2, given 
a certain change of velocity distribution is therefore: 

R = (x1 + x2) / (x1 + x3) = 
∑
∑

2ii

1ii

Pn

Pn
 = 

∑∑
∑ ∑

+
+

2i1ii2i1ii

2i1ii2i 1ii

 P)P-(1 n   P Pn

)P-(1  Pn  P Pn
 

 
The method is unbiased for any combination where 
the vehicles are of the same weight; i.e. the mass ratio 
is 1. If the vehicles are of different weights, the two 
vehicles will undergo different changes of velocity, 
which will have to be compensated for. Generally, we 
can introduce any component, K that will affect the 
risk of injury in either, or both of the vehicles. If we 
let K1 denote this factor in vehicle 1, and K2 in 
vehicle 2, this will lead to: 
(1) ni P1i P2i K1 K2 / ni P2i K2 +  …  + ni P1i P2i K1 

K2 / ni P2i K2   =  ∑
=

m

i 1

 ni P1i P2i K1 /∑
=

m

i 1

 ni  P2i  

= K1 ∑
=

m

i 1

 ni P1i P2i /∑
=

m

i 1

 ni P2i 

 
To solve the equation, cars of different weights will 
be used, where the weights are known. K will 
therefore denote the role of change of velocity, and 
could be a constant, or a function of, say, change of 
velocity. 
 

 
(1) is estimated by K1 (X1 / (X1   + X3))  (2) and, K1 = 
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  (3) where, 

ma and mb are mass relations in the matched pairs.  
These mass relations are transformed to relative 
change of velocity by 
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The analytical functions chosen to describe the risk 
functions have been applied simply using either a 
linear function or a power function.  This issue would 
have to be further investigated using more advanced 
material. 
It is obvious, that while the importance of a marginal 
change of velocity will be calculated, as well as parts 
of the risk function, absolute values cannot be given. 
If this is to be done, a key value must be brought into 
the equation. 
 
MATERIAL 
 
Police reported data containing at least one injured 
person on two car crashes in Sweden year 1996-2006 
was used for the analysis. While police reported crash 
data is known to suffer from a number of quality 
problems, none of them is likely to influence the 
findings of this study to any large degree. 
 
 



RESULTS 
 
Two analyses were conducted. In the first, cars of 
different year models were compared, one set of 
vehicles from year model 1988 to 1990 and one set 
from year model 1998 to 2000, in order to study if 
both older and newer car crash protection could be 
described by the power model. In table 3, the risk 
ratios with matched pairs could be seen. While the 
result cannot be fully explained by improved safety 
but also increase in weight, it is obvious that the risks 
have decreased dramatically for fatalities and much 
for serious injuries while minor injuries have only 
been affected slightly.  
 

Table 5. 
Relative risk of minor, serious and fatal injury for 
cars of different year models and equivalent speed 

reduction 
 

 1988-
1990 
Relative 
risk  

1998-
2000 
Relative 
risk  

Injury 
reduction 
          % 

Speed 
equivalent 
% 

Minor 
injuries 

1.02 0.99 - 3 - 6 

Serious 
injuries 

1.18 0.86 - 27 - 14 

Fatal 
injuries 

1.35 0.81 - 40 - 14 

 
It can be seen in table 5, that the resulting speed 
reduction is similar for the three injury severity levels. 
The equivalent speed reduction for minor injuries is 
slightly lower, but if a 14% speed reduction would be 
applied, the reduction in injury risk would have to be 
7% instead of 3%, which is a small difference.  
 
In the second analysis, the importance of change of 
velocity is demonstrated. By varying the weight of 
the opponent vehicle, the change of velocity 
component could be studied in isolation. This can be 
seen for minor and serious injuries. 

 
 

Table 6. 
Expected and real outcome 

 
Weig
ht kg 

Rel 
Delta 
V 

Expec. 
SI 

Expec
. MI 

Outcome 
SI 

Outcome 
MI 

900 81.8 0.32 0.54 0.32 0.49 
1000 87.0 0.36 0.56 0.38 0.57 
1100 91.7 0.41 0.58 0.36 0.57 
1200 96.0 0.44 0.59 0.50 0.62 
1300 100 0.48 0.60 0.42 0.60 
1400 103.7 0.52 0.61 0.51 0.62 
1500 107.1 0.55 0.62 0.55 0.64 
 
In figure 3, the data from table 6 has been used to 
generate regression functions for the real life outcome 
of relative risks for increasing weight of the opposite 
car, i e higher change of velocity. The function 
reinforce that the best representation of a power 
function of more or less the same order as predicted 
by the power model. For minor injuries, the power is 
0.84 instead of 0.5, and for serious injuries 1.89 
instead of 2. Fatal injuries could not be calculated 
because of small numbers.  
 

Figure 3. 
The relation between relative change of velocity (x-

axis), real outcome of serious and minor injuries 
(series 1 and 2), predicted outcome for serious and 
minor injury (series 3 and 4) and regression lines 

and functions 
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In order to control for all severity types, including 
fatalities, a double pair match with the relative risks 
between two vehicles was conducted. It was 
estimated through the power functions that the 
relative risk would vary with the weight for both 
vehicles, so that for serious injuries, the risk for 
increasing weight would be doubled, and contrary for 
the opposing vehicle. The opposite vehicle would 



always be the average car with an average weight of 
1300 kg.  

Figure 4. 
Calculated (series 1) and actual (series 2) matched 

pair risks for cars of different weights, minor 
injuries. Relative speed refers to case car 
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Figure 5. 
Calculated (series 1) and actual (series 2) matched 

pair risks for cars of different weights, serious 
injuries. Relative speed refers to case car 
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Figure 6. 
Calculated (series 1) and actual (series 2) matched 

pair risks for cars of different weights, fatal 
injuries. Relative speed refers to case car 
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Figures 4 to 6 shows that the relationship between 
speed via relative change of velocity is almost totally 
in line from what could be expected from the power 
models. Even for fatalities, with the extreme power of 
changing speed, expected and real life outcome are 
very close. In that sense, there is not much to be 
explained by any added risk reduction from improves 
safety from more heavy cars, most of the variation 
could be explained simply by varying change of 
velocity.  
 
The potential effects of automatic emergency braking 
can be calculated using the power model. While in 
case of braking before impact, both the energy level 
as well as change of velocity will be altered. Using 
the power model for the calculation of the effects can 
only pick up the change of velocity. Simply used, a 
reduction of speed before impact by, say, 10 %, gives 
a reduction of fatality risk by 31 % and the risk of a 
serious injury by 19 %.  
 

Figure 7. 
The reduction of fatality risk (%) in relation to 

reduced speed before impact 
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DISCUSSION 
 
The relation between speed, speed reduction and the 
risk of injury of different severities is well known and 
generally established (Elvik et al 2004). The 
underlying theory is less well known and explained, 
but the fact that the more serious injury, the more 
sensitive to change of velocity seems to be found in 
many different kinds of studies (Kullgren 2008) 
 
The idea that car safety can be described, at macro 
level, in speed and speed reduction seems natural but 
has only been used in looking at change of velocity 
studies. In this study, it is demonstrated that speed 
and change of velocity play a major role in explaining 
variations on safety. Furthermore, is has been 
demonstrated that the power model, implying that the 
impact of speed would vary with injury severity, is 
valid. The finding, that the power models are valid, is 
not in itself surprising, but has a number of 
implications, where one is demonstrated in this study.  
 
The results can be used to demonstrate the impact of 
active or integrated safety systems like brake assist 
(EBA) or autonomous emergency braking and for 
validation of the safety impact of such systems. It can 
be expected that emergency braking, if reducing the 
speed before an impact with, say 10 %, can reduce the 
risk of a fatal injury with approximately 30%. This 
would be expected in crashes into fixed objects, while 
the reduction would be different in a car to car frontal 
collision where occupants in both vehicles would 
benefit. The total effect in a frontal impact would 
though not be lower, in fact the likely outcome is an 
even greater effect. Based on analysis of data from 
crash recorders Kullgren (2008) estimated a reduction 
of AIS2+ injuries in frontal crashes of more than 40% 
if the impact speed could be reduced with 20 km/h in 
all cashes. The studies show a major if not dramatic 
consequence of new technology and probably more 
than what is expected intuitively.  
 
The method used could only pick up the 
consequences of reducing speed before impact on the 
change of velocity. The crash energy would also be 
reduced thus limiting the risk of intrusion, which also 
influence injury risk. The expected benefits of 
braking are therefore likely to be larger than 
presented here.  
 
There are other methods to generate risk functions, 
such as crash recorders (Kullgren 1998, Kullgren 
2008). Such methods have the potential to also 
increase the knowledge about distributions of 
absolute impact velocities or at least distribution of 

change of velocity. In doing so, the effects of braking 
could be further estimated.  
 
Braking before impact could also avoid crashes, 
which would imply that the power should be raised 
by one unit, leaving us with even higher effects. This 
could be the case for pedestrian impacts. If the power 
4.5 would be used, a 10 % reduction of speed before 
impact would lead to a 40 % reduction of fatalities. 
The data in this study can though not be used to 
validate the risk functions for pedestrian impacts, and 
whether the power model is applicable for 
pedestrians.  
 
Finally, the study once more demonstrate the general 
impact of speed, and that speed is more related to the 
outcome of a crash rather than the incidence of a 
crash. While this might not be how citizens perceive 
the role of speed, the introduction of automatic 
emergency braking implies that such knowledge 
should be brought to the general public to increase the 
demand for automatic braking systems.  
 
CONCLUSIONS 
 

- By using empirical data, it seems that 
the power models are applicable to 
estimate the role of change of velocity 
on fatal and serious injury 

- By using the power models, it can be 
estimated that automatic emergency 
braking can have a major effect on fatal 
and serious injury. A 10 % reduction of 
speed before impact can lead to 30 % 
reduction of fatality risk and 19 % on 
the risk of a serious injury 
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ABSTRACT 
 
In the EC FP6 Integrated Project Advanced 
Protection Systems, APROSYS, the first WorldSID 
small female prototype was developed and evaluated 
by BASt, FTSS, INRETS, TRL and UPM-INSIA 
during 2006 and 2007. Results were presented at the 
ESV 2007 conference (Been et al., 2007). With the 
prototype dummy scoring a biofidelity rating higher 
than 6.7 out of 10 according to ISO/TR9790, the 
results were very promising. Also opportunities for 
further development were identified by the evaluation 
group. 
A revised prototype, Revision1, was subsequently 
developed in the 2007-2008 period to address 
comments from the evaluation group. The Revision1 
dummy includes changes in the half arms and the suit 
(anthropometry and arm biomechanics), the thorax 
and abdomen ribs and sternum (rib durability), the 
abdomen/lumbar area and the lower legs (mass 
distribution). Also a two-dimensional chest deflection 
measurement system was developed to measure 
deflection in both lateral and anterior-posterior 
direction to improve oblique thorax loading 
sensitivity. Two Revision1 prototype dummies have 
now been evaluated by FTSS, TRL, UPM-INSIA and 
BASt. The updated prototype dummies were 
subjected to an extensive matrix of biomechanical 
tests, such as full body pendulum tests and lateral 
sled impact tests as specified by Wayne State 
University, Heidelberg University and Medical 
College of Wisconsin.  
The results indicated a significant improvement of 
dummy biofidelity. The overall dummy biofidelity in 
the ISO rating system has significantly improved 
from 6.7 to 7.6 on a scale between 0-10. The small 
female WorldSID has now obtained the same 
biofidelity rating as the WorldSID mid size male 
dummy. Also repeatability improved with respect to 
the prototype. In conclusion the recommended 
updates were all executed and all successfully 

contributed in achieving improved performance of 
the dummy. 
 
INTRODUCTION 
 
Side impact is still one of the predominant causes of 
serious or fatal road accidents. A recent study 
analysing the national accident datasets of the UK, 
France and Sweden showed that side impacts 
typically represent 33% of all fatalities in these 
countries (Thomas et al., 2009).  
For evaluation and improvement of new and 
advanced occupant protection technologies 
anthropometric test dummies specifically designed 
for side impact testing have proven to be very useful. 
However, several different types of side impact 
dummies exist, which are used in various regulations 
and consumer tests. 
The introduction of a family of worldwide 
harmonised side impact dummies to be used for 
vehicle safety development could contribute to an 
increased efficiency of vehicle safety development by 
enabling safety system designers to focus on a single 
set of objectives. 
In a first step to address the need for worldwide 
harmonised side impact dummies the WorldSID 50% 
adult male was developed. Newland et al. (2005) 
showed, based on analysis of worldwide accident 
data, the importance of having also a small adult 
female test device for assessment of vehicle safety 
available. According to Newland’s study done within 
IHRA, the proportions of male and female severely 
or fatally injured occupants in vehicle-to-vehicle 
crashes were either similar or slightly predominated 
by females (up to 60%) in some regions. 
To address this need a prototype of a small female 
WorldSID was developed within the European FP6 
project APROSYS to complete the family of 
worldwide harmonised side impact dummies with 
similar design, instrumentation and functional 
handling. 
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In order to accurately predict injuries of human 
occupants based on tests with these dummies 
biofidelity is crucial. The biofidelity of the WorldSID 
small female prototype was assessed earlier and 
reported by Been et al. (2007). The biofidelity of the 
prototype was already very good. Taking into account 
recommendations from prototype testing an updated 
version, the Revision1, was developed. 
The objective of the study reported in this paper was 
to repeat the tests for biofidelity assessments and to 
analyse the effects of the dummy updates. The 
modifications, which were made based on 
recommendations from the prototype testing, are 
explained. The results of the biofidelity tests are 
presented and compared to the results of the 
prototype evaluation. 
 
SMALL FEMAL REVISION1: DUMMY 
MODIFICATIONS 
 
The dummy requirements and design specifications 
of the small female WorldSID prototype dummy 
were described in detail by Been et al. (2007). 
Therefore in this paper only modifications of 
Revision1 will be explained below. 
 
Anthropometry 
 
Recommendations were given to increase the 
abdomen mass and reduce the lower leg mass by the 
same amount of 1.2 kg total (Martínez et al., 2007). 
New tibia bones were installed, with the mass of each 
tibia reduced by 0.6 kg; the abdomen was ballasted 
with a high density metal lumbar bracket. Further 
mass increase in the thorax and abdomen was 
achieved with 2D IR-Traccs and the addition of 
damping material on the ribs. The WorldSID small 
female Revision1 dummy now represents the target 
body segment mass distribution and overall mass (see 
Table 1. In this table it should be noted that the 
difference in sub-total body segment comes from the 
shoe. The shoe is part of the foot and dummy and the 
sub-total. In the anthropometry reference the shoe is 
outside the sub-total an included only in the total. 
Further small differences may occur due to the fact 
that anthropometric section planes sometimes do not 
match dummy sub-assemblies. 
The half arm length was increased by 40 mm to get 
closer to the human target length. However it was 
decided not to increase the arm length fully to the 
length of the human target to stay clear from the iliac 
wing. An arm contact on the iliac wing during testing 
would cause the arm to bridge between the shoulder 
and the iliac wing and so reducing the loads on the 
thorax and abdomen ribs. The total arm length from 
the shoulder joint to the bottom of the half arm is 
240 mm. The small female anthropometric dummy 
target gleno-humeral joint to elbow joint distance is 
255 mm. 

 

Table 1. 
Mass comparison Revision1 to target 

 

 
 
Instrumentation 
 
The major update in instrumentation was the 
integration of a two-dimensional chest deflection 
measurement system to measure deflection in both 
lateral and anterior-posterior direction. The 
calculation of deformation components in the 
different plane was possible by additional angular 
sensors in the thorax and abdomen ribs. More details 
on the design and performance of this 2D IR-Traccs 
can be found in the ESV paper by Been et al. (2009).  
During this test series the two dummies were not 
fully instrumented as not enough sensors were 
available for full instrumentation at this stage. 
The instrumentation of the WorldSID 5th female 
dummies as it was used in most of the tests reported 
in this paper is given in Table 2. 
 

Table 2. 
Instrumentation of WorldSID small female Rev1  

 
Segment Parameter Nr.  

Head Acceleration (ax,y,z) 3 

Neck Upper loads (Fx,y,z, 
Mx,y,z) 

6 

Shoulder Loads (Fx,y,z) 3 
 Deflection (δy) 1 
Thorax/Abdome
n 

T1 acceleration (ax,y,z) 3 

 T12 acceleration (ax,y,z) 3 
 Rib deflection (δy) 5 
 Rib acceleration (ay) 5 
 Rib rotation(ϕz) 5 
Pelvis Pubic loads (Fy) 1 
 Acceleration (ax,y,z) 3 
Femur Femoral neck load 

(Fx,y,z) 
3 

 Femur load (Fx,y,z Mx,y,z) 6 
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EVALUATION METHODOLOGY 
 
Biofidelity evaluation method 
 
As a basis for evaluation of the biofidelity of the 
WorldSID 5th female Revision1 the response 
requirements as specified in ISO Technical Report 
TR9790 (ISO, 1997) for lateral biofidelity were 
scaled for 5th female according the formulas 
specified by Irwin et al. (2002). 
To achieve similar force plate interaction with the 
small female dummy as the original PMHS test set up, 
the force plates in the sled test conditions were scaled 
according to the method prescribed by Ferichola et al. 
(2007). ISO Technical Report 9790 includes a large 
set of dynamic biofidelity performance specifications 
for the head, neck, shoulders, thorax, abdomen and 
pelvis of a 50th percentile side impact dummy.  
In this study a subset of the ISO test conditions was 
conducted, selected on the basis of the highest 
weighting factor. Some of the tests described in the 
ISO Technical Report 9790 were not performed 
because of a high risk of damaging the dummy. 
In contrary to the prototype test, normalisation was 
not applied for the Revision1 tests for the assessment 
in ISO TR9790. Normalisation is not prescribed for 
ISO corridors, as the dummy is considered to 
perfectly represent the target anthropometry 
pertaining to the corridors. 
In addition full body sled tests of the NHTSA 
configuration were conducted to evaluate the dummy 
against PMHS tests of Yoganandan et al. (2005). The 
NHTSA sled test conditions are not part of the ISO 
TR9790 biofidelity test conditions and rating system. 
ISO/TC22/SC12/WG5 is currently working on 
adopting the NHTSA sled test conditions in ISO 
TR9790 for the mid size male anthropometry and 
apply the ISO method for corridor construction to the 
data set. NHTSA applies a biofidelity rating using 
Cumulative Variance (Rhule et al., 2002) on this data 
set. The NHTSA test conditions are part of the 
NHTSA biofidelity requirements to assess the 
response of Side Impact Dummies of the mid-size 
male anthropometry. Yoganandan et al. (2005) 
derived small female responses from the NHTSA 
sled test database by mass scaling to small female 
anthropometry. This data set is likely to be adopted 
by NHTSA for evaluation of small female side 
impact dummies. The data set has response corridors 
for external load as well as dummy internal 
acceleration and deflection. 
The biofidelity assessment of rib deflection was done 
by a comparison of chest band data from the PMHS 
tests (Figure 2) to calculated dummy signals. The 2D 
deflection sensor of the small female WorldSID, 2D 
IR-Tracc, allows calculating the displacement of the 
ribs in the X-Y (transversal) plane of the dummy 
from the compression and rotation angle of the IR-
Tracc (for details see Been et al., 2009). Two 
parameters could be useful for assessment of rib 

deflection, the parameter ‘Calculated Y 
displacement’ and ‘R resultant displacement’ (Figure 
1). As illustrated in Figure 2 the calculated Y 
displacement could be a good match with what was 
originally measured in the PMHS with the chest 
bands. The resultant deflection R might be an 
overestimation of the rib deflection with respect to 
the original data, getting larger with more forward or 
rearward displacement in the dummy’s chest. For the 
biofidelity evaluation of the chest deflection response 
of the dummy, the resultant displacement and 
calculated lateral displacement Y were both applied 
for comparison with Yoganandan (2005) PMHS data. 

 

 
 

Figure 1: Deflection parameters R and Y 
calculated from deflection and angle measured 
with 2D IR-Traccs. 
 

 
 

Figure 2: Computation method half-thorax 
deflection from PMHS testing instrumented with 
chest band. Source: Yoganandan, (2005). 
 
Repeatability 
 
ISO/TC22/SC12/WG produced a paper on how to 
assess repeatability and reproducibility of a dummy 
(ISO, 2004). Repeatability is defined as the variations 
in measured responses of a single dummy that is 
subjected to a set of identical tests. Reproducibility is 
defined as the variations in measured responses of 
two or more dummies of the same design that are 
subjected to sets of identical tests. The document 
describes the calculation methods and acceptance 
levels for assessing repeatability and reproducibility 
of a dummy design.  
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Requirement: Repeatability CV ≤ 7%: repeat tests 
with the same dummy N times, then the standard 
deviation (σ) divided by the average of selected 
measurements should not exceed 7%.  
Requirement: Reproducibility CV ≤ 10%: repeat tests 
with different dummies, then the standard deviation 
divided by the average of selected measurements 
should not exceed 10%.  
 
Test matrix  
 
Like in the test programme with the prototype 
dummy not the complete set of ISO TR9790 tests 
was performed. Also some of the NHTSA sled test 
configurations (e.g. high velocity, thorax offset) had 
to be omitted due to high risk in terms of dummy 
damage.  
Also not all test configurations reported by Been et al. 
(2007), which were done with the prototype dummy 
were repeated with the Revision1 dummy due to time 
restrictions and the need to limit the risk to the 
dummy. The test matrix relevant for biofidelity and 
repeatability evaluation of this study is provided in 
Table 3. 
 

Table 3. 
Test matrix WorldSID 5th Revision1 for 

evaluation of biofidelity and repeatability 
 

 
 
RESULTS 
 
In the following the results regarding biofidelity and 
repeatability will be shown per body segment. 
 
Head 
 
The head biofidelity was evaluated by drop testing 
according ISO TR9790 with 200 mm lateral drop and 
a 376 mm drop on the forehead. ISOTR9790 
prescribes a resultant linear acceleration on the non 
struck side of the head on a lateral axis passing 

through the head centre of gravity (CG). No such 
instrumentation is available, as the WorldSID 
accelerometer is located at the head centre of gravity. 
The numbers given in Table 4 are obtained by 
calculation of the resultant linear acceleration on the 
non struck side of the head from the accelerations at 
head CG and rotational acceleration. The frontal drop 
test results of 2005 were slightly below the corridor. 
The tests were repeated with two heads of the same 
build level. The results are given in Table 4. Both 
heads now pass the frontal as well as the lateral 
biofidelity corridors. The prototype failed the frontal 
test. The overall biofidelity of the head is now 10. 
The results have increased about 8 g for the lateral 
tests and about 15 G for the frontal tests. The results 
show an excellent repeatability. The coefficient of 
variation is 2.5% or less for all accelerations. 
 

Table 4. 
Results head drop tests 

 

 Revision1 Prototype  

Condition 

Resultant acc. 
[g] 

Resultant acc. 
[g] 

Corridor 

CoG 
non 

struck CoG 
non 

struck 

Lateral 127 152 120 139.5 

107-161 
Lateral 126 151 119 135.9 

Lateral 128 151 - - 

Lateral 132 154 - - 

Frontal 261 NA 244 NA 
250-300 

Frontal 260 NA 236 NA 

 
Neck 
 
The biofidelity tests for the neck component were 
conducted with the prototype dummy. The neck was 
not changed for the Revision1 prototype and the tests 
were not repeated. Based on recommendations (Been 
et al., 2007), new corridors were developed based on 
a new scaling method. This method and pertaining 
corridors shall be submitted to ISO/TC22/SC12/WG5 
for consideration, however strictly speaking ISO only 
have published 50th percentile male response 
corridors (ISO, 1997). 
In this report the new head-neck corridors were 
applied to the prototype responses. The head neck 
response of the Revision1 dummy may slightly have 
changed due to the changes in the shoulder and half 
arm. It is anticipated that the T1 acceleration would 
increase due the increased stiffness of the arm and the 
sternum, providing more support from the entire 
thorax in this test. The results are given in Table 5. 
The results in this table deviate from those published 
by Meijer et al. (2008). When these tests were 
conducted, the results of the first test were not 
satisfactory. The test set-up was slightly changed to 
obtain better shoulder interaction with the impact 
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panel of the sled. Therefore the results of the first test 
were omitted in the current report. Further the peak 
horizontal acceleration was rounded from 11.9 to 12, 
bringing the response just into the corridor. The 
conclusions from the reference report are taken over 
in this report. 
From the comparison of the dummy responses and 
the new corridors the following dummy measures are 
proposed to further improve the head-neck responses: 

1. The head flexion angle may be reduced by 
installing stiffer neck buffers in the lateral 
position. This will reduce the head angle and 
may improve the rating. 

2. The neck twist response may be improved 
by replacing the rear square neck buffers 
with a circular one, which is similar to the 
ones used in lateral positions. The twist 
motion may be doubled by this measure, 
with a potential to approach the lower 

boundary of 32° and increasing the score 
from 0 to 5. The change will have no 
significant effect on the lateral response.  

3. Human necks are more flexible in neck 
extension (backward bending) then in 
flexion. The frontal response has not been 
validated so far, but a change to the rear 
neck buffer will not affect the frontal 
response. It is recommended to assess 
frontal biofidelity according to Mertz OC 
angle moment relationship (Mertz and 
Patrick, 1971). 

It is recommended to apply above mentioned changes 
and repeat neck test 1 with Revision1 updated 
dummy to review its response to the newly develop 
corridors.  
 
 

Table 5. 
Head-neck responses and biofidelity rating prototype dummy in new corridors 

 
Biofidelity

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Neck 6 7.2 g sled 7 Peak horizontal Acc T1 5 12 18 G 5 10 7.5 37.5

test 1 impact Peak hor. Displ. T1/sled 5 38 51 mm 5 5 5.0 25

NBDL Peak hor. Displ. head cg/t1 8 116 145 mm 5 5 5.0 40

Peak vert. Displ. Head CG/T1 6 57 84 mm 10 10 10.0 60

Time of max head excursion 5 0.142 0.157 s 5 5 5 25

Peak lateral Acc head cg 5 9 12 G 10 10 10 50

Peak vertical Acc head cg 5 9 11 G 10 10 10 50

Peak flexion angle 7 44 59 deg 5 5 5 35

Peak twist angle 4 -32 -45 deg 0 0 0.0 0

Peak OC lateral bending moment non ISO 26 43 Nm 5 5 5.0

Peak OC torsion twist moment non ISO 10 17 Nm 5 5 5.0

50 323 6.5

Boundary Ratings

 
 
Shoulder 
 
The biofidelity of the shoulder response was 
evaluated by three pendulum tests and six WSU 
type sled test of two different configurations. 
Figure 3 shows the impact force which is not 
completely inside the corridor. The shoulder 
deflection (Figure 4) is within the corridor for the 
pendulum test and also the NBDL sled test results 
were improved. In the WSU 8.9 m/s padded sled 
impact (Figure 5) the shoulder and thorax beam 
force is inside the corridors for two tests and in one 
test the response is very close to scoring 10 points.  
Table 6 gives the biofidelity rating of the individual 
shoulder tests. Overall shoulder biofidelity has 
significantly improved from 5.0 to 7.4 and meets 
the target of ISO BR>6.5, good biofidelity. 
 

 
Figure 3.  Shoulder impact force, 4.5 m/s, 14 kg. 
 

 
 

Figure 4.  Shoulder deflection, 4.5 m/s, 14 kg 
shoulder impact. 
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Figure 5.  WSU 8.9 m/s, padded foam, shoulder and thorax forces. 

 
Table 6. 

ISO TR9790 biofidelity score for shoulder tests 
 

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Shoulder 5 4.5 m/s 6 Pendulum force-time 8 5 5 5 5.0 40

test 1 APR Pendulum Force 1.2 2 kN

pendulum Peak shoulder deflection 6 28 33 mm 10 10 10 10.0 60

14 100 7.1 42.9

test 2 7.2 G sled 5 Peak horizontal Acc T1 6 15 22 G 5 10 7.5 45

sled Peak hor. Displ. T1/sled 6 38 51 mm 5 5 5.0 30

NBDL 12 75 6.3 31.3

test 4 8.9 G  7 shoulder + thoracic plate force 9 10 10 5 8.3 75

WSU sled 4.4 6.9 kN

23 PSI padded 9 75 8.3 58.3

18 132 7.4

force time corridor

force time corridor

Thorax 
 
To assess the thorax biofidelity of the WorldSID 5th 
female Revision1 prototype dummy, four different 
pendulum and seven sled test configurations were 
conducted. 
 
     Thorax: Pendulum Tests - Thorax Test set-up 
similarly to the original WSU tests are shown in 
Figure 6 and Figure 7. 
Figure 6 shows the force responses of the 4.3 m/s 
WSU lateral thorax pendulum test. The responses 
are close to the upper corridor limit. In the 6.0 m/s 
test the peak force is above the upper limit of the 
corridor and the duration of the response is shorter 
than that of the corridor (Figure 7). 

 
Figure 6.  4.3 m/s, 14 kg, pendulum force 
responses using lateral WSU setup, 
ISO corridor 

.  
Figure 7.  6.0 m/s, 14 kg, pendulum force 
response, ISO corridor 
 
     Thorax: Sled Tests - Thorax plate forces from 
Heidelberg sled tests are shown in Figure 8 and 
Figure 9. Peak forces are shown in Table 7. Even 
though the plate force response just goes out of the 
corridor, the general shape better looks more 
similar to the corridor. However, according to the 
ISO rating the prototype showed a better 
performance. The repeatability was good in this 
test as the CV values in Table 7 show. 
Figure 10 shows the shoulder plus thorax response 
from WSU sled tests along with the ISO corridors. 
In one test the forces were completely within the 
corridor, in the other two tests the signals were 
almost completely within the limits. Compared to 
the prototype tests, the biofidelity of thorax plate 
forces in this test configuration have been 
improved considerably. 
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Table 7. 
Peak thorax plate force results 

 
 Biofidelity target Prototype results Revision1 results 

Lower 
limit 
(kN) 

Upper 
limit 
(kN) 

Peak 
values 
(kN) 

Coefficient 
of variation 

(%) 

Peak 
values 
(kN) 

Coefficient 
of variation 

(%) 
Thorax 

plate 
force 

EEVC 
normalisation 

7.2 12.1 7.9 4.9 10.5 4.3 
8.0 9.9 
8.7 9.7 

ISO 
normalisation 

3.7 12.4 8.0 4.9 10.6 4.3 
8.1 10.0 
8.8 9.8 
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Figure 8.  Heidelberg. 6.8 m/s ,Thorax force 
plates - ISO corridors 
 

 
 

Figure 9.  Heidelberg, 6.8 m/s, Thorax force 
plates - EEVC corridors 
 

 
Figure 10.  WSU, padded 8.9 m/s – Shoulder 

plus thorax beam force 
 

     Thorax: Biofidelity Rating According to ISO 
The thorax biofidelity rating is given in Table 8. 
The thorax rating is significantly improved from 
5.6 for the prototype to 6.9 for the Revision1 
prototype and meets the target of ISO BR>6.5 good 
biofidelity. The external load responses of the 
Revision1 prototype dummy are generally within 
or just outside the upper corridors of the ISO. The 
ISO biofidelity rating of 6.9 for the thorax is 
considered to be quite good. 
 
     Thorax: Yoganadan/NHTSA Sled Tests - In 
the Yoganandan test series there is a variation of 4 
test conditions, padded and rigid flat and offset 
wall and for each condition a large amount of test 
parameters (9) to consider (acceleration 1st and 
12th vertebra and pelvis, load wall force thorax, 
abdomen and pelvis and deflection upper, middle 
and lower ribs). Therefore not all responses are 
shown in this report. Only a limited number of 
relevant responses are shown in the figures below. 
The biofidelity of rib deflection was evaluated as 
described above based on the calculated resultant 
and calculated lateral deflection (Figure 1). 
Figure 11 to Figure 12 show the two different 
calculated deflection parameters for the 1st thoracic 
rib in the sled configuration padded flat with the 
PMHS corridors. In Figure 13 for comparison the 
measured lateral deflection of the prototype 
dummy in this configuration in shown. 
The calculated lateral deflection (Figure 11) is 
close to the lower corridor which indicates only 
moderate biofidelity. The biofidelity in the 
prototype was slightly better (Figure 13). The 
calculated resultant deflection (Figure 12) shows 
the best biofidelity. 
These finding would indicate that the dummy chest 
might be too stiff. Thus the use of the resultant rib 
deformation which is overestimating the real 
deformation could compensate the too stiff dummy 
chest, and finally provide a more biofidelic output. 
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Table 8. 
Thorax biofidelity rating for Revision1 prototype 

 
Biofidelity

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Thorax 10 4.3 m/s 9 Pendulum force 9 5 8.3 6.7 59.9

test 1 HSRI 1.2 2.7 kN

pendulum Peak T4 Y acc. 7 5 5 5.0 35

16 10 18 G 94.9 5.9 53.4

test 2 6.0 m/s 9 Pendulum force 9 5 10 7.5 67.5

WSU/GML 2.1 3.4 kN

pendulum 9 67.5 7.5 67.5

test 5 6.8 m/s  7 Thorax plate force 8 10 10 5 8 66.7

Heidelberg  3.7 12.4 kN

rigid sled peak T1 Y acc. 7 100 149 G 5 0 5 3.3 23.3

peak T12 Y acc. 7 87 131 G 5 5 5 5.0 35

peak rib acc. 6 78 122 G 5 5 5 5.0 30

28 155 5.5 38.8

test 6 8.9 m/s 7 shoulder + thoracic plate force 9 10 10 5 8 75

WSU 4.4 6.9 kN 0

sled Peak lateral displacement of T12 5 65.0 88.0 10 10 10 10 50

23 PSI padded 14 125 8.9 62.5

32 222 6.9

acc. time corridor

Boundary

force time corridor

Ratings

force time corridor

force time corridor

force time corridor

 
 

The plots of deflection calculated parameters of the 
other thoracic ribs and other sled configurations are 
not shown in this report. However, the tendency 
was similar, which can also be seen in the 
biofidelity rating based on the cumulative variance. 
This was done for all configurations and all 
parameters and is shown at the end of the result 
section in Table 16. 
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Figure 11.  Padded Flat Wall 6,7 m/s; WS5F 
Rev1; Lateral measured deflection of 1st 
Thoracic rib. 
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Figure 12.  Padded Flat Wall 6,7 m/s; WS5F 
Rev1; Resultant measured deflection of 1st 
Thoracic rib. 
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Figure 13.  Padded Flat Wall 6,7 m/s; WS5F 
Prototype; Lateral measured deflection of 1st 
Thoracic rib. 
 
The thoracic plate forces of the four different sled 
configurations are shown in Figure 14 to Figure 17. 
The forces are close to the mean PMHS curve 
except for the padded pelvis offset configuration 
where the curve is closer to the lower corridor. The 
results show excellent biofidelity, which improved 
compared to the prototype.  
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Figure 14.  Padded flat, 6.8 m/s, thorax plate 
forces. 
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Figure 15.  Rigid flat, 6.8 m/s, thorax plate 
forces. 
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Figure 16.  Padded pelvis offset, 6.8 m/s, thorax 
plate forces. 
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Figure 17.  Rigid pelvis offset, 6.8 m/s, thorax 
plate forces. 
 
Abdomen 
 
The abdomen biofidelity for the Revision1 
WorldSID 5th was evaluated based on seven 
different sled conditions (three WSU and four 
NHTSA). 
 
     Abdomen: WSU Sled Results - The results 
obtained in the rigid and padded tests are shown in 
Figure 18 and Figure 19 along with the proposed 
corridor. In the rigid configuration the response 
was too stiff and peak duration too short. This 
resulted in the maximum values slightly being 
above the upper corridor and all three curves cut 

the lower boundary. In the padded configuration 
the dummy response was in good agreement with 
the corridors. The dummy rigid test response lies 
within one corridor width out of the proposed 
corridor which leads to a biofidelity score of 5 
according to the ISO TR9790 rating system. The 
padded test result lies entirely within the corridor 
and scores a 10.  
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Figure 18.  Abdominal forces, WSU, rigid, 
6.8 m/s. 
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Figure 19.  Abdominal forces, WSU, 8.9 m/s, 
padded 
 
The overall ISO TR9790 Abdomen rating remained 
the same at a high level of 8.5 based on 2 out of 5 
test conditions; see Table 9. The responses were 
slightly better than the prototype dummy, but it is 
not reflected in the rating. 
 
     Abdomen: NHTSA/Yoganandan Sled Tests - 
The plots concerning abdomen biofidelity (T12 
acceleration and plate forces) are not shown here. 
However, the biofidelity rating is provided at the 
end of the result section (Table 15 to Table 17).  
The responses for lower spine acceleration and 
abdomen force are generally close to or within the 
corridors, which is in good correspondence with 
the ISO biofidelity rating.  
The load wall forces are within the corridors for all 
configurations showing excellent biofidelity. The 
biofidelity of the abdomen load wall forces was 
already very good for the prototype and improved 
further with the Revision1 dummy. 
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Table 9. 
ISO TR9790 biofidelity score for abdomen tests based on 2 out of 5 test conditions 

 
Biofidelity

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Abdomen 8 6.8 m/s 3 Abdominal plate force 9 5 5 5 5.0 45

test 3 WSU 1.5 2.6 kN

rigid sled 9 45 5.0 15

test 5 8.9 m/s 7 Abdominal plate force 9 10 10 10 10 90

WSU sled 1.8 4 kN

23 PSI padded 9 90 10 70

10 85 8.5

Boundary Ratings

force time corridor

force time corridor

 
 
Pelvis 
 
The biofidelity of the small female WorldSID 
pelvis was extensively evaluated based on full body 
lateral pendulum test and sled tests of WSU, 
Heidelberg and NHTSA configuration. 
 
     Pelvis: Pendulum Tests - The biofidelity of 
pelvis impact forces has been improved (Figure 20 
and Figure 21). It should be noted that these tests 
were conducted with a 14 kg pendulum and scaled 
to the required 10.1 kg pendulum mass, by 
applying mass scaling methods. At 6 m/s the 
pendulum forces are just within the lower corridor 
and at 8.3m/s the response moves outside the upper 
corridor. The 8.3m/s test was conducted using an 
additional pendulum accelerator with elastic 
bungee cord. It was not possible to run pendulum 
tests at higher speeds, due to limitation of the 
ceiling height of the building. The linear trend 
indicates that at 10m/s the response would still be 
within the 5 points boundary. Please keep in mind 
that the energy in this test, conducted with 14 kg 
pendulum at 8.3 m/s (482 J), is close to the energy 
of a 10.1 kg test at 10 m/s (510 J). The 8.3 m/s-
14 kg test is considered to be representative for the 
10.1 kg-10 m/s condition at the high end of the 
scale. The repeatability of the pelvis is excellent in 
pendulum test conditions. 
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Figure 20.  Prototype: Peak scaled* 10.1 kg 
pendulum pelvis impact force, normalised. 
 

 

 
*Scaling factor = square root of {[10.1*(14+48)]/[14*(10.1+48)]}=0.877414 

 
Figure 21.  Revision1: Peak scaled* 10.1 kg 
pendulum pelvis impact force not normalised 
 
     Pelvis: Heidelberg Tests - Three Heidelberg 
conditions are applicable for the pelvis rigid sled at 
6.8 and 8.9 m/s and padded 8.9 m/s sled test. The 
high speed tests were not conducted with the 
Revision1 prototype to reduce the risk of damage 
to the dummy and negative consequences for the 
completion of the test program. In the biofidelity 
rating the prototype responses were used for the 
high velocity tests, as nothing was changed in the 
pelvis between prototype and Revision1. The 
Revision1 response in the 6.8 m/s Heidelberg test 
was significantly stiffer than the prototype dummy 
(Figure 22 and Figure 23). As there were no 
changes to the pelvis, this is a little difficult to 
explain. The mass was increased in the abdomen 
area, but this is effectively decoupled from the 
pelvis by a lateral shearing lumbar. The lower legs 
were made lighter, but could not have influenced 
the pelvis responses significantly.  
The repeatability of the responses from the 
Heidelberg sled test was very high and showed an 
improvement compared to the prototype (Figure 8). 
 
     Pelvis: WSU Sled Tests - Figure 24 and Figure 
25 show the pelvis beam forces from the WSU sled 
tests. Although the forces leave the upper corridor 
the biofidelity has improved with respect the 
prototype dummy, because the peak values are 
lower compared to the prototype dummy. 
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Figure 22.  EEVC normalised pelvis plate force, 
7.6 m/s rigid wall test condition 
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Figure 23.  ISO normalised pelvis plate force, 
7.6 m/s rigid wall test condition 

 
Table 10. 

Heidelberg sled test: Peak pelvis plate force results 
 

 Biofidelity target Prototype results Revision1 results 
Lower 

limit (kN) 
Upper 

limit (kN) 
Peak 

values 
(kN) 

Coefficient 
of 

variation 
(%) 

Peak 
values 
(kN) 

Coefficient 
of 

variation 
(%) 

Pelvis 
plate force 

EEVC 
normalisation 

4.1 6.8 
8.4 

5.6 
10.3 

4.0 9.2 11.0 
9.3 11.0 

ISO 
normalisation 

4.6 5.6 
9.4 

10.3 
13.7 

4.3 11.5 14.8 
11.1 14.8 

 
 Pelvic Force  Biofidelity (Rev 1)
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 Figure 24.  WSU, 6.8 m/s, rigid, ISO normalised 
pelvis force 
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 Figure 25.  WSU, 8.9 m/s, padded foam, ISO 
normalised pelvis force 
 

     Pelvis Biofidelity Rating - The overall 
biofidelity pelvis responses according to the rating 
scheme of ISO TR9790 are summarised in Table 
11. 
The results of the high speed Heidelberg tests were 
taken over from the prototype dummy. Generally 
the response of the pelvis improved, except for the 
6.8m/s Heidelberg test. However, in most cases the 
response changes were not large enough to highly 
increase (or diminish) the biofidelity rating of the 
pelvis. Nevertheless the overall pelvis biofidelity 
rating of the Revision1 dummy has improved with 
respect to the prototype from 5.6 to 6.5 and now 
meets the body segment target of ‘good’ biofidelity 
(BR ≥ 6.5).  
The main contributor to the improved rating is the 
10 m/s pendulum result. Please keep in mind that 
the score is not based on an actual test result at 
10 m/s, but on the trend obtained from lower 
velocity tests. Also keep in mind that the energy in 
this test, conducted with 14 kg pendulum at 8.3 m/s 
(482 J), is close to the energy of a 10.1 kg test at 
10 m/s (510 J). The 8.3 m/s-14 kg test is considered 
to be representative for the 10.1 kg-10 m/s 
condition. Indeed the trend of improved biofidelity 
is also indicated by the other test conditions. Also 
note that this score is based on a sub set of seven 
out of thirteen specified test conditions. However, 
the tests with the highest weighting factors were 
included in this sub set. 
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Table 11. 

ISO TR9790 biofidelity score for WorldSID 5th female Revision1 pelvis tests 
 

Biofidelity
Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Pelvis 8 4.5 m/s 8 Pendulum force 9 2.9 3.5 kN 10 10 10 10 90

test 1 10.14 kg impact 9 90 10 80

test 2 11.5 m/s 9 Pendulum force 9 6.7 8.2 kN 5 5 5 5 45

10.14 kg impact 9 45 5 45

test 7 6.8 m/s 8 Peak pelvic force 9 4.6 5.6 kN 0 0 0 0 0

Heidelberg Peak pelvic acc. 7 78 95 G 5 5 5 5 35

rigid sled 16 35 2.2 17.5

test 8 8.9 m/s 7 Peak pelvic force 8 16.2 19.1 kN 10 10 10 10 80

Heidelberg Peak pelvic acc. 7 118 143 G 5 5 5 5 35

rigid sled 15 115 7.7 53.7

test 9 8.9 m/s 8 Peak pelvic force 9 8.4 9.8 kN 10 10 10 10 90

Heidelberg Peak pelvic acc. 8 75 93 G 5 5 5 5 40

padded sled 17 130 7.6 61.2

test 10 6.8 m/s 3 Peak pelvic force 9 5 5 5 5 45

WSU 4 5.4 kN

rigid sled Peak pelvic Y acc. 7 105 142 G 5 5 5 5 35

16 80 5.0 15

test 13 8.9 m/s 7 Peak pelvic force 9 10 10 10 10 90

WSU 2.2 5.1 kN

23 PSI padded Peak pelvic Y acc. 7 80 110 G 5 5 5 5 35

sled 16 125 7.8 54.7

50 327 6.5

Boundary Ratings

force time corridor

force time corridor

 
 
     Pelvis: NHTSA/Yoganandan Sled Tests - 
Because of the large amount of test parameters to 
consider not all responses are shown in this paper. 
Pelvis plate forces of the four tested configurations 
are shown in Figure 26 through Figure 30. All 
responses are within or close to the corridors showing 
increased biofidelity for all configurations. Only in 
the configuration rigid - pelvis offset, the forces leave 
the upper and lower corridor indicating a slightly 
worse biofidelity compared to the prototype. 
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Figure 26.  Revison 1, Padded, flat wall, 6.8 m/s, 
pelvis plate forces. 
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Figure 27.  Figure 28: Revison 1, Rigid, flat wall, 
6.8 m/s, pelvis plate forces. 
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Figure 29.  Revison 1, Padded, pelvis offset, 
6.8 m/s, pelvis plate forces. 
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Figure 30.  Revison 1, Rigid, pelvis offset, 6.8 m/s, 
pelvis plate forces. 
 
Overall Biofidelity 
 
     ISO Rating - The body segment and full dummy 
biofidelity rating for the WorldSID 5th female 
prototype dummy according to the ISO TR9790 
requirements (ISO, 1997) is given in Table 13. The 
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rating scheme used for biofidelity classification 
according to ISO TR9790 is given in Table 12. 
The result is based on a sub-set of high weighted test 
conditions and is a good indication of the dummy’s 
biofidelity. The overall Biofidelity rating is 
significantly improved with respect to the prototype 
dummy. With an overall score of 7.6 the rating of the 
WorldSID small female revised prototype meets the 
Biofidelity of her parent, the pre-production version 
WorldSID 50th percentile male dummy (ISO, 2004). 
Moreover, there are no longer definitive weak 
segments, as all body segments meet the target of BR 
≥ 6.5. 

Table 12. 
ISO TR9790 biofidelity classification 

 

Biofidelity 
Classification 

BR 
(Calculated 

Biofidelity Rating) 

Excellent 8.6  ≤  B  <  10 
Good 6.5  ≤  B  <  8.6 
Fair 4.4  ≤  B  <  6.5 

Marginal 2.6  ≤  B  <  4.4 
Unacceptable 0.0  ≤  B  <  2.6 

 
Table 13.  

ISO TR9790 biofidelity rating of WorldSID small 
female Revision1 and prototype and WorldSID 

mid size male pre production version 
 

Mid size male

 Revision1 Prototype Pre-production

Head 10 10 10

Neck 6.5 4.9 5.6

Shoulder 7.4 5 7.1

Thorax 6.9 5.6 8.3

Abdomen 8.5 8.5 7.8

Pelvis 6.5 5.6 6.1

Overall rating 7.6 6.7 7.6

Small Female

WorldSID Biofidelity rating ISO TR9790 

 
 
     EEVC Assessment - Thorax and pelvis responses 
from sled tests were assessed according the EEVC 
biofidelity corridors (Roberts et al., 1991). For pelvis 
evaluation also responses from sled tests using a 
pelvis plate similar to WSU size and shape were 
applied to the EEVC corridors. 
 
Thorax: The WorldSID 5th female Revision1 
prototype dummy shows a good biofidelity and was 
improved with respect to the prototype. The thorax 
response was more rigid and better representing the 
human response; however one out of three of the test 
results exceeded the EEVC corridor. The high speed 
test was not repeated with the Revision1 prototype 
due to the risk at damage.  
 
Pelvis: The Heidelberg pelvis plate responses suggest 
that the pelvis became stiffer with the Revision1 
prototype. However no changes were made to the 
pelvis. In the low speed sled tests with pelvis plates 

of WSU shape and size the pelvis response is almost 
entirely within the corridor, with a little exceedence 
of the upper corridor. The low-speed test condition is 
likely to be more representative of modern vehicle 
door velocity and is therefore the more important 
requirement to meet. 
  
    NHTSA Biofidelity Rating - The results of the 
sled tests have been analysed and compared to the 
test corridors of the PMHS tests which have been 
conducted by the Medical College of Wisconsin 
(Yoganandan et al. 2005). 
 

Table 14. 
NHTSA Biofidelity Classification 

 

 
 
The biofidelity rating method used is the ‘Cumulative 
Variance’ by Rhule et al. (2002). The green shading 
in the table indicates that the responses were entirely 
within the corridor and would score excellent 
biofidelity; yellow and orange shadings indicate that 
responses are farther outside the corridor for a longer 
duration. Larger numbers indicate a larger deviation 
from the corridors. 
The accelerations of lower spine and pelvis were 
slightly worse in the Revision prototype (Table 15). 
Especially the biofidelity of T12 acceleration clearly 
decreased in the offset tests, which should be 
investigated further. However, most responses were 
still within moderate classification. 
 

Table 15. 
Mean BR values of accelerations 

 

 
 
The chest deflections, as already mentioned above, 
were all improved for all test configurations, when 
considering the 2D IR-Tracc calculated parameter of 
resultant rib displacement (Table 16). Applying the 
parameter calculated lateral displacement for 
biofidelity calculation, resulted in a similar or slightly 
worse rating compared to the prototype. 
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The plate forces from the load wall are an indicator 
for the external biofidelity of the dummy. The 
NHTSA sled test results with the prototype already 
showed an excellent external biofidelity of the small 
female WorldSID (Table 17). The rating in the 
Revision1 tests improved even further. Now all 
forces show an excellent biofidelity except pelvis 
force in the flat padded and the thorax force in the 
padded pelvis offset test. 

 
Table 16. 

Mean BR values of rib deflections (Revision1 
lateral and resultant deflection) 

 

 
 

Table 17. 
Mean BR values of load wall plate forces 

 

 
 
Repeatability 
 
Repeatability was already good for the prototype, as 
reported by Been et al. (2007). Generally for the 
Revision1 test houses indicated improved 
repeatability. A factor in improved repeatability is 
advanced experience of test houses in seating of the 
dummy and running the tests repeatably. 
In almost all tests done in the test series with the 
Revision1 dummies an improvement of repeatability 
was noted. Now all responses meet the criterion of 
CV less than 7%. In the pendulum and drop tests CV 
of the majority of measured responses were even 
below 3% indicating an excellent repeatability. 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
Two WorldSID small female Revision1 prototype 
side impact dummies were extensively evaluated and 
tested to verify compliance of the dummy to its 
requirements and to see if the changes in the revised 
prototype brought about the expected improvements.  
The anthropometry was improved resulting in a good 
correspondence of the Revision1 dummy with its 
requirements of body segment mass distribution. 
The overall dummy biofidelity in the ISO rating 
system has significantly improved from 6.7 to 7.6 on 
a scale between 0-10. The small female WorldSID 
has obtained the same biofidelity rating as the 
WorldSID mid size male dummy. The small female 
dummy also meets the individual body segments 
targets of ‘good biofidelity’. In this respect the small 
female dummy outclasses the 50th percentile male 
dummy, which does not achieve ‘good biofidelity’ 
for all body segments. The improved biofidelity was 
confirmed in the NHTSA/Yoganandan sled test 
conditions and rating system. 
The recommendations regarding durability handling 
were implemented and showed an improvement in 
this test series. Also repeatability was improved with 
respect to the prototype. The repeatability generally 
exceeds the requirement of CV better than 7% and a 
CV better than 3% was achieved with pendulum and 
drop tests, which is considered excellent. 
It can be concluded that the recommended updates 
were all executed and were all successful in 
achieving the expected outcome. The APROSYS 
project laid solid foundation for further activities. 
The WorldSID small female dummy is ready for use 
and further assessment by research parties and 
vehicle manufacturers worldwide. 
 
Recommendations 
 
To optimise the head-neck responses to the new 
targets, some measures are recommended: 1) 
Reduced head flexion angle by installing stiffer neck 
buffers in the lateral position; 2) Increase the neck 
twist response by replacing the rear square neck 
buffers with a circular ones top and bottom; 3) Assess 
frontal biofidelity according to Mertz OC angle 
moment relationship (Mertz and Patrick, 1971) 
Repeat the head neck tests in the NBDL sled test 
condition. 
It is recommended that a harmonised biofidelity 
rating system is developed, combining benefits of 
various systems (EEVC, ISO and NHTSA) that have 
been developed. Furthermore the effect of not 
normalizing responses should be examined in detail. 
It is recommended to improve damping material 
bonding, if possible. 
The reliability of the IR-Traccs needs to be further 
improved. A further validation of the dummy oblique 
thorax response with available human response data 
is also recommended. 
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ABSTRACT 
 
Electronic Stability Control (ESC) has been proven to 
be one of the most effective safety technologies, 
reducing serious crashes substantially. In Sweden the 
first attempt to stimulate the sales of ESC started in 
mid 2003. By using several market oriented methods 
the penetration rate on new cars reached over 90% 48 
months later and is by late 2008 around 98%. 
In this paper, the methods to increase fitment of ESC, 
are presented, including actions from the government, 
administrations, insurance companies and the 
automotive sector. The results show that a structured 
implementation strategy can be very successful. 
 
BACKGROUND 
 
Electronic Stability Control (ESC) has been proven to 
be very effective in reducing crashes related to loss of 
control (Erke, 2008, Ferguson, 2007). While follow 
up studies from real life crashes show a varying 
effect, it is in general large and consistent. The size of 
the effectiveness is larger than many other safety 
systems, like airbags, and is sometimes called the 
biggest step in automotive safety since the 
introduction of seat belts. Such statement seems a bit 
loose in what is defined as safety systems, but 
nevertheless points at the fact that a new technology 
has quickly established itself as a major step in 
history, and that there is hardly any controversy about 
the effectiveness. This is in contrast with ABS 
(Antilock Braking System), introduced on the mass 
market in the beginning of the 1990s. Despite several 
studies with different study design, the effectiveness 
seems to be very small, if not completely ineffective. 
(Burton et al. 2004) 
 
The first studies of the effectiveness of ESC were 
published in 2003. Several studies followed in 2004 
and 2005 establishing a scientific ground for 
declaring that ESC was effective. Several of the 

studies have been published in peer review journals, 
and several study methods have been used. Given that 
the first mass market introduction of ESC took place 
in 1998 with the Mercedes A Class, quickly followed 
by a few other small or midsized high volume 
vehicle, studies might have been done earlier.  
 
The implementation of ESC has so far been based on 
marketplace growth and on some markets by 
supportive interventions. Legislation has not yet been 
brought in, but decision has been made to make ESC 
mandatory in the USA in 2012 and signals have been 
sent from the EU as well (EU Commission 2008).  
 
The rate of penetration of ESC in new cars seems to 
vary substantially across the world, and also on 
markets close to each other or close in market 
structure in terms of size and category of vehicles 
(Euro NCAP 2008). While these results are hard to 
explain given that cars are more or less global 
products, it is interesting to find the characteristics of 
a country with an almost 100 % penetration (97.9 %, 
December sales 2008), and what might have led to an 
extraordinary quick process, without legislation or 
other significant incentives. In most other European 
countries the fitment rate is much lower. The only 
country with a similar rate as Sweden is Denmark. 
Denmark has a totally different approach to increase 
the fitment rate by economic incentives for those 
buying a new car fitted with ESC.  
 
The purpose of this paper is to describe and discuss 
the implementation process of ESC in Sweden. 
 
ACTIONS TO IMPROVE PENETRATION 
 
The first mass market car with ESC was introduced 
late 1998. Following an event in Sweden involving a 
journalist tipping over the car in a manoeuvre test, the 
car was recalled and ESC was added to improve 
handling. ESC was from then on gradually 



implemented on executive mid size and large cars and 
reached a 15 % new car sales penetration in mid 
2003.  
 
The first study of the real life effectiveness of ESC 
was presented in March 2003 by the Swedish Road 
Administration (SRA) and Folksam insurance 
company in cooperation with the Swedish magazine 
“Auto, Motor och Sport”.  
 
The results had been known by the partners since 
early 2003, and would have been presented in 
June2003 at the ESV Conference, but the results were 
considered so sensational that the presentation was 
brought forward. The study was later presented at the 
ESV conference and also published in scientific press 
(Tingvall et al. 2003, Lie et al. 2004). 
 
The organisations involved also took the unusual step 
to take action from results of only one study. A 
recommendation was issued at the same time stating 
that “all car buyers are recommended to choose a car 
with ESC”.  
 
The results and the recommendation caught major 
media interest. At the same time, purchasing and 
rental car policies for SRA and Folksam operations 
were changed so that all new cars bought from the 
date of the presentation should have ESC. The 
policies also changed and were stating that in the near 
future all cars rented for short term or long term 
renting and used by staff of Folksam and SRA must 
have ESC.  
 
This decision was taken to influence the rental car 
market that has a fair market share for new cars, in 
the order of 7-8 %. The car rentals made by the 
Swedish insurance industry accounts for 50% of all 
car rentals. The change in policy also was intended to 
influence other fleet buyers to change their policies.  
 
Later in 2003, the first screening of how car 
manufacturers and importers of cars had reacted and 
to what extent ESC fitment was increasing, was made 
by SRA. Some manufacturers and importers were 
contacted by SRA to discuss their plans for ESC 
fitment, especially those who were to introduce new 
models. The intention was to get in touch with the 
market departments to show the interest in ESC and 
thereby possibly influence their decision to make 
ESC standard fitment. It is likely that several 
manufacturers and importers changed their intended 
decision after those contacts. The key message from 
SRA has been that ESC should be standard equipment 
for as many models as possible. 
 

Late 2004, when more scientific evidence showed 
that ESC was highly effective (Dang 2004, Farmer 
2004), the Director General of SRA sent a letter to all 
manufacturers and importers asking them to as 
quickly as possible stop selling cars without ESC. 
This letter had of course no legislative or any other 
legal basis, it was simply a request based on the 
scientific findings.  
 
In 2004 and 2005, the Swedish Occupational and 
Health Safety (OHS) Administration brought in ESC 
in their checkpoints when employers were asked 
about a systematic improvement of OHS. This of 
course exposed many organisations to the urgency of 
ESC. By the same time, many fleet buyers had picked 
up ESC in their purchasing and rental car policies. At 
this point of time, almost 70 % of new car sales had 
ESC.  
 
In 2004, SRA as a member of Euro NCAP proposed 
that ESC should be promoted through Euro NCAP, 
which Euro NCAP also did in 2005 as a “strong 
recommendation to consumers”. This was later 
followed by the involvement in ChooseESC, the 
major campaign from e-safety, FIA, the EU Com and 
many others.   
 
A new scientific study of the effectiveness of ESC 
was presented by SRA and Folksam in 2005 (Lie et 
al. 2005, 2006), demonstrating both more long term 
effects as well as more broken down effectiveness 
estimates. At the same time, a special commission on 
crashes in wintertime was formed in Sweden, with 
members form many stakeholders, like the tyre 
industry. The commission also issued a 
recommendation on ESC and all stakeholders took a 
decision only to buy and use cars with ESC. Both the 
results of the new study and the results of the 
commission were brought to media attention (SRA 
2005).  
 
In 2006 Folksam made a first evaluation of ESC 
fitment rates on all car models on the Swedish market 
(Folksam 2006). It showed that 33% of the models for 
sale were not fitted with ESC as standard. In 2007 a 
second evaluation was made. The second study was 
made in a same way in several EU member states 
within the RCAR (Research Council for Automobile 
Repairs) p-safe group. The activity was made as a 
bench marking aimed at reaching the same fitment 
rates within the countries involved. In December 
2007 96% of all new cars sold in Sweden was fitted 
with ESC. In 2008 a third review was made that 
showed improvements for all countries. The largest 
improvement, however, was shown for Sweden that 
already from in 2006 had a leading position. 



 
In 2007, Folksam Insurance Group adjusted their 
premiums according to the fitment of ESC. The 
differentiation was set to 15 %. SRA at this time 
initiated that the national vehicle registry should 
contain the possibility for car manufacturers and 
importers to on a voluntary basis register all cars with 
ESC. In 2007 when the government as a whole made 
a purchasing contract with all interested importers of 
cars, ESC was a mandatory requirement. In 2008 this 
will be expanded also to all vehicles except HGV.  
 
In December 2008, the fitment rate was 97.9 % and 
will most probably rise to almost 99 % in   2009. The 
only current signal that is not promising is that one 
importer plan to sell a low cost vehicle without ESC 
(Dacia/Renault). There is no other sign of a process 
moving backwards.  
 
 
What seems to be most critical for the implementation 
of ESC is the following 
 

- The scientific results. Without these 
findings there would be no action from 
all stakeholders involved 

- The involvement of media. Media has 
been involved from the beginning, even 
in presenting the first scientific results, 
and followed this up by mentioning ESC 
in most car tests and asking car 
manufacturers and importers when new 
cars are launched 

- The purchasing behaviour from the 
stakeholders involved. SRA and 
Folksam actually only using cars with 
ESC sent a signal that the issue was 
serious and created a demand from the 
market place.  

- The constant contact with manufacturers 
and importers about their plans showing 
the seriousness from both the 
government and insurance 

- The constant monitoring of the 
implementation process and the 
benchmarking to other countries. 

 
In order to set the process, all these identified steps 
should be taken. What is crucial is the scientific 
evidence.  
 
DISCUSSION 
 
It is obvious that new safety technology can be 
implemented successfully through the market place, 
but that the society must act accordingly. To simply 

leave the issue to the suppliers of new technology, 
and the customers, is not likely to work. The varying 
results across countries are probably a sign of this.  
 
A number of important steps are mentioned, but it 
seems impossible to start to intervene in stimulating 
the market without scientific evidence. While it could 
be research initiated by governmental bodies, NCAP 
organisations or insurance companies, the automotive 
industry could also play a more active role. In this 
particular case, with ESC, there were attempts from 
industry to publish results, but hardly in the way that 
the research community accept. There are, however, 
examples of research published under the scrutiny of 
peer review from industry. Euro NCAP has initiated a 
process whereby car manufacturers can demonstrate 
the safety performance to the society in a staged 
process (Beyond NCAP). This is an opportunity to 
show safety benefits at a quite early stage. 
Nevertheless, governments should also engage in 
collecting information and make that available for 
research. It is still extraordinary strange that the first 
follow up of ESC came from Sweden, one of the 
smallest countries in Europe. In countries like 
Germany, the UK, France, the US and probably more, 
studies of the effectiveness of ESC could have been 
done much earlier, probably around 1999 or 2000. 
Combining data from these countries could also have 
been an option. While the analysis of ESC is quite 
straightforward and could be quite easily done on 
mass databases, there is still no attempt from some 
countries to be involved in follow-up studies of new 
technologies. 
  
The behaviour of the organisations sending the signal 
to the society is probably of great importance. While 
this seems natural, also from the responsibility under 
the OHS act, few governments seem to act in such a 
way. Probably even car manufacturers do not act in 
this way. Corporate behaviour probably played a 
major role in the implementation in Sweden, and 
probably worked in a twofold way. First of all, it is 
sending a signal to the market from organisations that 
would be considered as serious. Secondly, it 
intervenes in the marketplace. Rental cars are a quite 
substantial part of new car sales, and would normally 
be less specified vehicles. When this part of the 
market is triggered it has an influence on the rest of 
the cars specified by the manufacturer and importers. 
Not having ESC as an option at fair price or standard 
equipment to the rental car market and governmental 
fleets leaves a portion of the market outside.  
 
The contact with manufacturers and importers is if 
great value, and without their support the 
implementation would not be so successful. Constant 



monitoring of their behaviour is also important, to 
build trust that not anyone of them returns to lower 
specified vehicles. The only case where this seems to 
happen in Sweden is with one importer, 
Renault/Dacia. The initiative of Euro NCAP on 
integrating ESC in the rating scheme plays a role.  
 
Differentiation of insurance premiums could be very 
important, but is also based on scientific evidence.  
 
Bench marking between countries is also a tool to be 
used to increase fitment rates. The activities within 
the RCAR frame have indicated a general increase in 
fitment rates.  
 
There will be a plethora of new systems and 
technologies that enters and will enter the market. 
They are likely to be introduced in the form of 
optional equipment or on individual car models, and 
the market will have some problems in choosing what 
is effective. The society should take a much bigger 
role in stimulating effective systems and develop 
implementation methods. In this paper, quite simple 
methods were used, but there might be systems that 
will be more complicated to introduce, such as 
alcohol systems. In such cases, there might be an 
opportunity to test and use economic incentives as 
well, something that obviously was not needed for 
ESC.  
 
While legislation to some is in competition with 
market oriented implementation, it should be seen as 
a complement. When the market has matured, 
legislation is a natural next step, but introducing the 
idea about legislation too early could be detrimental 
to rapid implementation. It could slow down the 
process and also build up resistance in the society as 
well as slowing down technological development. 
Each state should instead see the responsibility to act 
on the market before legislation is enforced.  
 

CONCLUSIONS 
 

- It is obvious that new safety technology 
can be introduced massively through 
quite simple methods – in Sweden the 
ESC fitment on new cars is more than 
97 % 

- The basis for stimulating the 
marketplace is scientific evidence that 
there is a benefit of the technology. Both 
industry and the society should engage 
in making such evidence available 

- Important stakeholders, like the 
government and insurance companies, 
should act accordingly and only buy, 
rent and use vehicles with the 
technology that is effective 

- Media and industry are crucial 
stakeholders in the process 
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ABSTRACT 
 
The safety of a vehicle is today of great importance 
for the automotive industry. The light weight 
vehicle designs are to increase in worldwide over 
the next years with respect to environmental and 
road safety regulations to make surface transport 
safer and more effective. The vehicle design 
models are usually complex in nature and nonlinear 
in terms of computational issues. The design and 
optimization in the area of transport are usually 
challenging tasks due to the highly nonlinear 
behaviour of structural parts with respect to 
durability, crashworthiness and vehicle dynamics 
issues. The design optimization process is usually 
limited by the excessive costly computational 
requirements in case of nonlinear model 
simulations and with respect to the difficulties for 
efficient exploration of multi-objective design 
space in the area of vehicle safety research such as 
crashworthiness. Although some studies which are 
given in literature have been carried out to solve 
the safety problems such as crashworthiness, they 
have not been efficiently solved yet. Recently, 
significant research in the area of vehicle safety and 
light weight vehicles through simulation based 
optimization undertaken, and it is expected to 
continue further resulting in reductions in cost and 
time for new vehicle development process. The 
purpose of this paper is to explore design 
optimization approaches for development of light 
weight cars to satisfy safety needs for automotive 
structure and its components. In this paper, the 
shortcomings of traditional approaches, new design 
optimization approaches, stochastic and intelligent 
approaches that can be implemented to handle 
complex and nonlinear models are presented to 
provide a frame for designer in the vehicle 
development phase with the focus on enhanced 

safety for lightweight vehicles in the automotive 
industry.  
 
INTRODUCTION 
 
The number of safety and light weight vehicle 
regulations has been presented to improve safety 
and quality of road transport. The regulations will 
continue to increase in over the next years. This 
will have increase environmental and road safety 
issues worldwide with respect to making surface 
transport safer, more effective, and more 
competitive. The automotive industry must present 
new approaches especially in the automotive design 
process to produce new products, which are least 
sensitive to disturbing factors of manufacturing and 
environment issues with the focus to safety and 
lightweight.  
Road transport safety has improved significantly 
over the last decades as indicated by a 50% 
reduction of the total number of fatalities in the EU. 
This decrease is with respect to continue as new 
safety regulations and technologies and through 
improved passive and active safety systems, but 
with increased mobility the current situation with 
43,000 deaths and 1.9 million injured on European 
roads requires further efforts. A target of halving 
the number of fatalities on European roads by 2010 
has been set (as compared to 2001), and further 
reduction is reported for 75% by 2020. Therefore, 
further research on enhanced safety concepts 
should be carried out in order to achieve these 
targets [1-6].  
It is obvious that a significant improvement in 
vehicle safety will depend upon the presentation of 
innovation and advanced design optimization 
techniques. In addition, a substantial reduction of 
accident fatalities can be achieved through an 
integrated system design and optimization 
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approaches considering both vehicle technology 
and infrastructure.  
The purpose of this paper is to explore design 
optimization approaches for development of 
vehicles to satisfy enhanced safety needs for 
automotive structure and its components. The 
design optimization approaches with less 
computational efforts, stochastic optimization and 
intelligent approaches are presented with the focus 
on enhanced safety applications especially with 
respect to crashworthiness and optimum design of 
vehicle systems and components.   
This paper is organized as follows:  vehicle safety 
R&D aspects are taken into account in “Vehicle 
Safety R&D” Section. It is based on current 
situation, roadmaps and future research directions 
referencing automotive related organizations and 
papers published in literature by academis and 
industry. The optimization techniques with 
reference to vehicle safety are outlined through 
stochastic techniques and simulation approaches in 
“Optimization Techniques in Vehicle Safety R&D” 
Section. Finally, “Conclusions” Section is included 
to summarize vehicle safety R&D and design 
optimization issues to design safer vehicles in the 
automotive industry.    
  

VEHICLE SAFETY R&D 
 
Safety aspects and mobility are growing concerns 
in both developed and developing countries. The 
safety of a vehicle and road transport is today of 
great importance and a high priority research area 
for the automotive industry.  
The reduction in road accident fatalities and 
injuries can only be achieved by introduction of 
improved technologies for newer vehicles and road 
transport systems regarding vehicle safety 
standards. Therefore, further research on enhanced 
safety concepts must be carried out in order to 
reduce the accident fatalities and to achieve better 
occupant protection on road transport. In addition, 
the cost reduction to present safer vehicle designs 
through shorter lead times must be satisfied by 
introducing new optimization approaches. 
Although significant improvements have been 
achieved to meet the safety needs of society and 
industry, there is an increasing demand to further 
increase passive and active safety systems.  

There is a need to define the road maps and 
strategies for future research areas to achieve given 
targets and overcome the limitations of existing 
systems. This will help to reach the social and 
industrial needs in more effective and cost efficient 
way and it will prevent independent works with the 
lack of common position on the issues of vehicle 
safety and road transport. In this section, vehicle 
safety R&D is investigated regarding papers 
published by academia and industry in literatre and 
also from the side of automotive related 
organizations.  
The automotive related organizations are 
established to bring together independent 
companies and R&D providers belonging to 
industry, private and public research institutes and 
universities to enhance vehicle safety and other 
automotive related issues in the automotive sector 
throughout Europe [1-6]. For example, EARPA is 
the association of automotive R&D organizations. 
EARPA-AVDT presents the safety aspects to 
introduce the future safer vehicles and to introduce 
new technologies for safe and secure road transport 
systems. ERTRAC is a technology platform. 
ERTRAC's goal is to provide a framework to focus 
co-ordination efforts of public and private 
resources on the necessary research activities in the 
vehicle development area. Safety issues are also 
covered by APROSYS, APSN, FURORE 
organizations. APROSYS Integrated Project (IP) 
deals with the development and introduction of 
critical technologies that improve vehicle safety for 
all European road users in all relevant accident 
types. Another organization regarding safety issues 
is APSN (Advanced Passive Safety Network). It is 
established to promote passive safety research and 
to help in the dissemination of information and 
results, all with a view to reducing the number of 
casualties on European roads. The APSN is aimed 
at providing prioritised future vehicle safety 
research needs and actions. FURORE is a thematic 
network platform to discuss breakthrough 
technologies and the corresponding research 
demand for the future vehicles. EUCAR developed 
an Automotive R&TD Master Plan in order to 
define a European approach to technologies for 
automotive development and to present the major 
R&D challenges the automotive industry is facing. 
The CARS 21 final report reflects the deliberations, 
opinions and agreements within the CARS 21 High 
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Level Group, which was set up to chart the way 
towards sustainable development of a competitive 
European automotive industry. In CARS21 final 
report, it is stated that a holistic, integrated 
approach involving vehicle technology, 
infrastructure and the road user is the best means 
for increasing road safety and a crucial point is due 
to R&D investments to improve the current levels 
on road transport with particular relevance to safety 
and security [2].   
Research field descriptions and road maps 
regarding vehicle safety and road transport are 
defined by these organizations in details bringing 
together Universities, R&D organizations and 
automotive sector representatives.  
Vehicle safety R&D is becoming one of the 
important research area through the design of 
enhanced safety components using new 
optimization techniques and intelligent systems. 
Research targets and road maps show that the 
significant enhancement in vehicle technologies 
and safety is crucial for future vehicle design 
concepts to satisfy social and industrial needs.  It 
can be concluded that the reduction in accident 
fatalities and injuries can be achieved through 
introduction of new design optimization 
approaches, intelligent systems and innovation to 
produce safer vehicles with new structures and 
safety aspects.  
Recently, several papers have been published in 
literature with respect to vehicle safety especially 
about crashworthiness and structures [7-18]. The 
most common point is that the implementation of 
multi-objective optimization methods through 
stochastic techniques are required to design 
enhanced safety vehicle structures and systems to 
handle with uncertainty and variability and able to 
explore pareto optimal design space for global 
optimization. Multidisciplinary simulation and 
multi objective optimization methodologies, 
techniques for handling uncertainty and variability 
to design are reported to support the design and 
optimize the vehicle components of future 
advanced safer vehicles, for example, the 
development of new methods, that will guide 
protective safety design for the improvement of 
safety in case of crashworthiness of cars in frontal 
and side impacts through global optimization 
approaches.  
 

OPTIMIZATION TECHNIQUES IN 
VEHICLE SAFETY R&D 
 
The automotive industry must present new 
approaches especially in the automotive design 
process to produce newer models with the focus to 
enhanced vehicle safety issues through lightweight 
products, which are least sensitive to disturbing 
factors of manufacturing and environment to make 
surface transport safer, more effective and 
competitive. In this section, the optimization 
techniques which are implemented in vehicle 
development process are introduced referencing to 
vehicle safety aspects, especially crashworthiness 
and vehicle structures. 
The design and optimization in the vehicle 
development process regarding safety aspects such 
as crashworthiness are usually challenging tasks 
due to complex models and highly nonlinear 
behaviour of vehicle structure with respect to 
durability, fatigue and vehicle dynamics. The 
design optimization process is usually limited by 
the excessive costly computational requirements in 
case of nonlinear model simulations and with 
respect to the difficulties for efficient exploration 
of multi-objective design space. For vehicle safety 
problems, such as crashworthiness, the responses 
are often includes uncertainties and it has several 
drawbacks that can cause numerical difficulties to 
find search direction through time consuming 
approaches  and in some applications, it may not 
even be possible to compute the derivatives 
Although some studies which are given in literature 
have been carried out to solve the crashworthiness 
problem, the problem has not been efficiently 
solved yet [7-18].The crashworthiness design and 
optimization are challenging tasks due to the highly 
nonlinear behaviour of a structure. Therefore 
gradient based approaches such as steepest descent, 
conjugate gradient, Newton methods are hard and 
expensive to find the search directions and also 
explore design space. In these techniques, the 
search direction is computed at an initial estimate 
for the minimum design. The initial point definition 
for estimation of a starting design may cause 
drawbacks with respect to convergence rate and 
even to stick in infeasible solution areas [19-21].    
In traditional approach, complexity of design 
models can cause limitations due to analysis, 
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optimization and simulation process requirements 
of vehicle structures.  
The structural layout, which is defined by initial 
design concept, and shape optimization have 
significant effect on product performance and 
manufacturing cost. Therefore, how to achieve 
optimal initial design concept and how to achieve 
efficient shape optimization process are important 
issues which took significant attention by 
researchers in recent years.  Initial design concept 
is often based on experience of designers and it 
includes uncertainties which may cause unexpected 
shortcomings during the development phase and 
the life of the product. These shortcomings of 
traditional design approaches can be handled by 
defining stochastic optimization techniques with 
topology design approach [22]. Topology design 
approach is widely used to define initial conceptual 
structural layout of products. It provides an initial 
design concept for downstream applications 
following design. In traditional approach the 
starting design outlines are not optimal therefore 
further optimization works on the structure will not 
be the right solutions. Topology optimization 
searches for the best conceptual structural layout on 
a predefined design domain with specific boundary 
and loading conditions to achieve optimal initial 
design structure.  
Another problem in automotive industry is how to 
achieve Safer vehicle design concepts by 
considering structure performance and 
manufacturing cost in the early stages of product 
development. The optimisation methods are used to 
design products, which are light-weight to improve 
the cost and fuel efficiency, without sacrificing 
strength and performance due to safety 
requirements. During the optimisation, the shape 
and size of structure can be changed, but the 
topology of the structure is not changed. Therefore, 
optimisation techniques have to be considered in 
the conceptual design phase to create an optimal 
initial design layout. 
Recently, topology design, artificial intelligence 
and stochastic optimization techniques are widely 
implemented to design optimization problems in 
vehicle safety and road transport areas. The 
shortcomings of traditional approaches in vehicle 
design can be handled by defining the optimal 
topology as initial design concept and by using 
artificial intelligence techniques and stochastic 

optimization approaches such that uncertainties can 
be prevented with less computational efforts. 
Most real world engineering problems involve at 
least an element of uncertainty in loading 
conditions, in material characteristics, in analysis 
process, in manufacturing, etc. Many optimization 
approaches do not consider this uncertainty for the 
design optimization process. In recent years there is 
a growing interest in the automotive industry, 
especially in the design process due to the 
effectiveness of the stochastic optimization and 
artificial intelligence techniques for improving the 
quality characteristics of the products and to 
overcome the above mentioned shortcomings [19-
21]. 
Stochastic optimization does not have above 
mentioned drawbacks with respect to search 
direction and exploration of design space which are 
important aspects in case of multi-objective vehicle 
safety cases. Widely used stochastic design 
optimization techniques are Genetic Algorithms 
(GA), Particle Swarm Optimization (PSO), 
Simulated Annealing (SA). In stochastic 
optimization different background variables can 
vary stochastically during the optimization 
procedure. A major difference between stochastic 
optimization and traditional optimization methods 
is that stochastic optimization is rather a 
reproduction of the real model considering 
uncertainties.  
Modelling and simulation techniques are also 
implemented in optimization algorithms to enhance 
the presentation of solution space, to reduce the 
number of experiments and to analyse sensitivity of 
design parameters such as Response Surface 
Method (RSM), Design of Experiments (DO), 
Taguchi Method (TM) [17-19]. For crash 
simulation problems with a highly non-linear 
behaviour of the objective function, the use of local 
gradient based optimization algorithms is not 
suitable. volutionary algorithms are more efficient 
for these problems.  
Artificial intelligence techniques are also used to 
define design optimization models in case of 
uncertainties.   Neural network, also called artificial 
neural system, is an information processing 
technique which is developed to simulate the 
functions of a human brain. Neural network is 
composed of  elementary processing units which 
are called as neurons. Neurons are interconnected 
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by weighted connections. Among various neural 
network architectures, back propagation (BP) is a 
widely used technique for training of multi layer 
perceptrons (MLP). An identical process is 
repeated for each weight of the hidden layer 
connections if there is more than one hidden layer. 
Several repeated solutions with different initial 
weights and network parameters are used to 
converge to the optimal solution [20]. 
The real world design and manufacturing problems 
are usually multi-objective, often conflicting, and 
they have uncontrollable variations in their design 
parameters with complex nature. The objectives 
must be satisfied simultaneously in order to obtain 
an optimal robust solution. The whole problem 
must be taken as multi-objective with the Pareto 
optimal set instead of single objective optimization. 
Traditional optimization methods are not only time 
consuming in solving complex nature problems that 
include multivariable and multi-objective but also 
they may not be used efficiently in finding global 
or near global optimum solutions. In addition, they 
can stick to the local optimum values such as in 
case of crashworthiness problems.  
Traditional design procedure is an iterative process. 
It starts with an initial concept design that is based 
on the experience, knowledge and intuition of the 
designer. Analysis and redesign steps are carried 
out to evaluate and modify the product layout. This 
is time consuming and inefficient procedure that 
can create sub-optimal structure layouts since 
starting topology is not optimal. The designer may 
consider many alternative topologies and one of 
them is chosen as being final component layout. 
This procedure may result with final component 
layout, which is often non-optimal. However, in 
topology optimisation approach, designer does not 
have to choose optimal topology among 
alternatives and no priori knowledge about 
topology is required. The goal of topology 
optimisation is to find the best use of material for a 
component [23].  
 
CONCLUSIONS 
 
In this paper, design optimization techniques are 
outlined with reference to enhanced vehicle safety 
research to support more sustainable transport 
development. It is shown that stochastic 
optimization and intelligent approaches can be 

implemented to handle complex and nonlinear 
design models to provide a frame for designer in 
the vehicle development phase with the focus on 
enhanced safety in the automotive industry. In 
general, conclusions can be given as follows:  

• There is a need to develop computationally 
efficient techniques to design competitive 
products for safer vehicle structures by 
increasing transport safety in line with the 
objectives for European transport policy in 
order to reduce the annual road victims. 

• There is a need to consider uncertainties in 
crashworthiness using stochastic optimization 
techniques to achieve efficient designs, for 
dynamic problems, without considering 
uncertainties may cause infeasible solutions.  

• There is a need to develop design frames to be 
employed at early design stages since the 
problem is due to initial design, which highly 
depends on experience and skill of designer, 
this can cause inefficient design alternatives 
which are not optimal. 

Although some studies which are given in literature 
have been carried out to solve the safety problems 
such as crashworthiness problem, the problem has 
not been efficiently solved yet. Further research is 
essential to improve the vehicle safety and road 
transport systems through the use of advanced 
optimization techniques and innovation. This will 
help to reduce the casualties on road transport to 
the lowest limits and to achieve the targets set 
related to road transport safety.  
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ABSTRACT 

Small overlap frontal crashes occur when vehicles are 
loaded outboard of their longitudinal structural 
members. Studies from the 1990s as well as current 
research have found that these crashes continue to 
account for a significant percentage of all serious 
frontal crashes. The National Automotive Sampling 
System/Crashworthiness Data System database was 
used to study the characteristics of these crashes in 
current model vehicles for drivers with injuries (ex-
cluding extremity injuries) rated 3 or greater on the 
abbreviated injury scale. Cases were individually 
analyzed to only include vehicles in which the major-
ity of the loading was located outboard of the left 
longitudinal member. Occupant compartment intru-
sion was the primary factor in the resulting injuries, 
showing a strong correlation between the magnitude 
of intrusion and injury severity. Results suggest that 
vehicle designs must improve their ability to prevent 
occupant compartment intrusion when a vehicle is 
loaded at the outboard edges of its front end. 

INTRODUCTION 

Vehicle crashworthiness has improved greatly during 
the past 30 years, as indicated by the reduction in the 
occupant death rate per million vehicle registrations of 
1-3 year old cars from 265 in 1979 to 98 in 2007 [1]. 
Despite these improvements, 28,869 vehicle occu-
pants were killed in crashes in the United States in 
2007. Frontal crashes accounted for half of these 
deaths even though new cars almost universally pass 
frontal crash tests with flying colors and have for 
several years. Ninety-five percent of 2008 model year 
vehicles earned 4 or 5 stars out of 5 for frontal crash 
protection in the National Highway Traffic Safety 
Administration’s New Car Assessment Program [2] 
and 91% earned the Insurance Institute for Highway 
Safety’s (IIHS) highest rating of good for frontal 
crashworthiness. Although these two consumer in-
formation programs can be credited for some of this 
progress, neither currently provides incentives to 
further improve frontal crashworthiness. 

In an attempt to identify opportunities to advance 
crashworthiness beyond the current state of the art, 
researchers at IIHS recently studied frontal crashes of 
good-rated vehicles that resulted in serious injuries or 
deaths [3]. Crashes were sorted by type of front 
damage, and three major crash types were identified: 
narrow center damage (from crashes with trees and 
poles), moderate overlap damage (like that from the 
IIHS 64.4 km/h (40 mi/h) 40% offset test), and small 
overlap crashes (with the majority of loading outboard 
of the longitudinal member). Small overlap crashes 
tended to exhibit high levels of intrusion, similar to 
that observed in the early days of the IIHS frontal 
offset test program, suggesting that structural design 
improvements do not extend to crashes with small 
amounts of vehicle overlap. 

Identification of small overlap crashes as a significant 
contributor to frontal crash injuries and fatalities is not 
new. In a study of fatal frontal crashes in the United 
Kingdom, Hobbs [4] found that 27% of the crashes 
had deformation in which neither longitudinal mem-
ber was involved. O’Neill et al. [5] analyzed frontal 
crashes in the United States and determined that 
frontal crashes with less than 33% overlap accounted 
for 22% of fatal crashes. Scheunert et al. [6] examined 
real-world crash data in Germany to study the distri-
bution of frontal crash types and determined that 26% 
of the crashes were equivalent to a 30% overlap crash 
test. In a more recent study of fatal frontal crashes in 
Sweden, Lindquist et al. [7] found that 34% of the 
deaths occurred in crashes in which there was no de-
formation of the outboard longitudinal members. The 
methodologies and terminologies varied among these 
studies, but results consistently indicated that about 
one-quarter of all serious frontal crashes involved 
loading substantially less than 40% of the vehicle’s 
front end. The focus of the present study was to con-
duct an in-depth analysis of the characteristics of small 
overlap frontal crashes that resulted in serious injuries 
or deaths with the idea of understanding how vehicles 
can be improved to better protect people in this im-
portant frontal crash mode. 
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METHODS 

Cases were obtained from the National Automotive 
Sampling System/Crashworthiness Data System (NASS/ 
CDS) database. Small overlap crashes were defined as 
frontal crashes in which the majority of loading to the 
vehicle was outboard of the longitudinal member. The 
majority of these crashes should be captured by FLxx 
and FRxx SAE J224 Collision Deformation Classifi-
cation (CDC) codes (Figure 1). There are instances, 
however, in which a small overlap crash may have 
been given a code suggesting a different type of crash. 
To capture all small overlap crashes, the initial inclu-
sion criteria captured a much wider range of crash 
types, and then all cases were inspected in detail. 

 
Figure 1. SAE J224 CDC horizontal damage codes 
for frontal crashes. 

The SAE J224 code combinations were limited to 
those shown in Figure 2. The crash principal direction 
of force (PDOF) was between -30° and 0°, resulting in 
crash clock directions of 11 or 12 o’clock. All crashes 
had primary damage to the frontal plane (plane of 
damage = F) on either the left or left/center zones 
(horizontal damage = L or Y). Vehicles also had 
damage to (at a minimum) the bumper and other 
structures up to the level of the hood (vertical damage 
= E or A). Finally, the general damage code for the 
type of crash was either E (corner), W (wide), N 
(narrow), or S (sideswipe). There was no requirement 
on the deformation extent. Vehicles involved in a 
rollover or fire were excluded. All vehicles were 
model year 2000-08 passenger vehicles (body type = 
1-49). Occupants were nonejected drivers ages 16 and 
older who were using lap/shoulder belts and who were 
fatally injured or had a maximum abbreviated injury 
score (MAIS) between 3 and 6. Because the point of 
this study was to understand how deaths and life- 

threatening injuries might be prevented in small 
overlap crashes, drivers were excluded if the only 
MAIS 3-6 injury was to the lower or upper extremities. 

In some small overlap frontal crashes there is almost 
no longitudinal deformation of the bumper or longi-
tudinal members, and for this reason occasionally 
these cases are misinterpreted as lateral impacts. To 
capture all potential small overlap frontal crashes, 
some lateral impacts also were included for visual 
inspection. These crashes had the same search criteria 
as the frontal impacts with the following exceptions: 
plane of damage (left), horizontal damage (F or Y), 
and PDOF (-30° to 0°). 

It is common for NASS/CDS cases to have fatalities 
with limited injury information, resulting in injury 
severity score (ISS) values of zero. Two of the fatali-
ties in this study had these misleading ISS values. To 
better represent the severity of these injuries, they 
were given adjusted ISS values of 50. This estimate 
was based on the approximate average of the re-
maining six fatalities in the study. All ISS values 
included in the results are the adjusted ISS values.  

The purpose of the present study was to analyze the 
injury mechanisms and crash characteristics in small 
overlap crashes that have some relevance to potential 
crash test scenarios. Cases with complicating factors 
such as multiple impacts, incorrect belt use, injuries 
caused by events unrelated to the primary impact, or 
injuries primarily due to pre-existing medical condi-
tions were excluded. 

RESULTS 

A total of 21 cases met all inclusion criteria. The 
majority of the vehicles (17 of 21) had CDC codes 
with left horizontal damage (FLEE-10, FLAE-5, 
FLAW-2) denoting damage to the left third of the 
vehicle. Two of the vehicles had a left/center hori-
zontal damage code (FYEW), and the remaining two 
vehicles were coded by NASS/CDS as having primary 
damage to the left plane (LYAW, LYES). The authors 
believe that the latter two vehicles actually were in-
volved in small overlap frontal crashes. Both vehicles 
had initial contact on the bumper, had the wheels torn 
off the vehicle (rather than driven into the axle), and 
had longitudinal, as well as lateral, intrusion.  

Fifteen of the case vehicles were cars and six were 
light trucks (pickups, SUVs, or vans). No case ve-
hicles were minivans. Crash partners, in order of fre-
quency, were light trucks (8), trees/posts/poles (TPP) 
(6), cars (3), minivans (2), and heavy vehicles (HV) 
(2). Heavy vehicles included a school bus and the rear 

  
Figure 2. Possible CDC codes for inclusion criteria 
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trailer tires on a tractor trailer. The combinations of 
case vehicles and crash partners are listed in Table 1, 
with TPP-HV denoting trees, posts, and poles com-
bined with heavy vehicles. In 76% of the cases, the 
crash partner was a light truck or TPP-HV.  

Table 1. 
Case vehicle and crash partner combinations 

Case vehicle Crash partner Number 
Car Car 3 
Car Minivan 2 
Car Light truck 5 
Car TPP-HV 5 
Light truck Light truck 3 
Light truck TPP-HV 3 

All case vehicles had occupant compartment intru-
sion. Because the focus of this study was on 
life-threatening injuries to the driver, all intrusion 
values discussed in the paper are for the driver seating 
area (instrument panel, A-pillar, steering wheel, roof 
rail, door, etc.) and exclude measurements in the 
toepan region. Some vehicles had both longitudinal 
and lateral intrusion, although longitudinal intrusion 
generally was larger and occurred in more vehicles. Of 
the 21 vehicles, 16 had a maximum intrusion value 
that was longitudinal in direction, whereas 5 vehicles 
had a maximum lateral intrusion value. For the 18 
vehicles with specific measurement values, the aver-
age maximum intrusion value was 32 cm. Vehicles 
with a maximum longitudinal intrusion had an average 
value of 34 cm, whereas vehicles with lateral intrusion 
had an average value of 25 cm. 

To provide a comparison for the magnitude of intru-
sion in these vehicles, they were compared with those 
measured in the IIHS frontal offset crash test. Longi-
tudinal intrusion at the left instrument panel is a 
common NASS/CDS measurement, and also is rec-
orded by IIHS. There were 17 cases with measured 
longitudinal left instrument panel intrusion in which 
the same vehicle also had been tested by IIHS. The 
average IIHS intrusion value was 8 cm, whereas case 
vehicles had an average intrusion of 23 cm. When 
only the vehicles with maximum longitudinal intru-
sion (12) were included, the average IIHS intrusion 
value remained 8 cm, whereas the average vehicle 
intrusion increased to 29 cm. This comparison of 
instrument panel intrusion likely underestimates the 
difference in intrusion extent between these small 
overlap crashes and their frontal offset test counter-
parts because many of these vehicles had components 
with even higher intrusion values. These other com-
ponents (A-pillar, steering wheel, roof rail) often were 
those contacted by the occupant resulting in injuries. 

Eight of the 21 case vehicles did not have delta V 
values reconstructed, or the values were coded by 
investigators as “results appear low.” The remaining 
13 vehicles had a mean value of 32 km/h (range 18-54 
km/h). The method for determining delta V is based 
on stiffness estimates of a vehicle’s front structure, 
which are based on crash tests involving the longitu-
dinal structural members. In small overlap crashes, 
these structures are not loaded, and in many cases the 
actual damage locations are not measured. For this 
reason, there is little confidence in the accuracy of the 
delta V estimates.  

Case occupants had an average age of 44 years (range 
19-69), with 15 males and 6 females. There were eight 
fatalities. Injury data for the drivers is shown in Figure 
3. For two of the fatalities, there was limited injury 
information. For one driver, the only information was 
a statement by the investigator that the driver died of 
fatal head/neck injuries. This driver was assigned an 
AIS 6 head injury. For the second fatality, there was 
no injury information, and thus all data shown in 
Figure 3 is based on 20 occupants.  

 

Figure 3. Percentage of drivers with injuries to 
each body region by AIS level. 

For AIS 2+ injuries, the most commonly injured body 
regions were the thorax (75%), head/face (50%), 
lower extremities (55%), and abdomen (40%). For 
AIS 3+ injuries, the most commonly injured body 
regions were the thorax (70%), head/face (45%), and 
lower extremities (30%). These trends were slightly 
different for AIS 4+ injuries, for which injuries to the 
head/face and thorax were equal (35%). It should be 
noted that the percentage of lower extremity injuries 
was directly influenced by the study’s inclusion crite-
ria, which excluded drivers whose only AIS 3+ injury 
was to lower (or upper) extremities. 

There was a strong relationship between intrusion and 
injury severity. Figure 4 shows ISS values as a func-
tion of maximum occupant compartment intrusion.  
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Figure 4. ISS as a function of vehicle intrusion. 

For each driver’s most severe injuries, a proposed 
injury mechanism was determined. This determination 
was based on vehicle intrusion patterns, injury in-
formation, occupant contact points, etc. For the ma-
jority of crashes, there was sufficient intrusion that 
injuries clearly were due to contact with interior 
structures, and even an optimal restraint system could 
not have prevented them. Three distinct patterns of 
intrusion were associated with these injuries (Table 2). 
Both lateral and longitudinal intrusions were ob-
served. Injuries associated with longitudinal intrusion 
tended to be more severe than those associated with 
lateral intrusion. There were four cases, however, in 
which the proposed injury mechanism was due to a 
combination of loads produced by the restraint system 
and longitudinal intrusion. Although these cases were 
characterized by lower levels of intrusion (11-14 cm), 
contact with intruding structures could not be ruled out 
as a possible injury source.  

Table 2. 
Injury mechanisms, intrusion amounts, 

and injury severity scores 

Injury mechanism Cases Intrusion ISS 
Longitudinal intrusion 7 54 cm (long) 49 

Lateral intrusion 5 25 cm (lat) 23 

Longitudinal and 
lateral intrusion 

5 27 cm (long) 31 

Longitudinal intrusion 
and restraint system 

4 12 cm (long) 18 

Although small overlap crashes are a relatively spe-
cific crash type, there still were several crash scenarios 
and damage patterns among the case vehicles. Crashes 
were further organized to capture these different crash 

scenarios based on several factors: crash partner, crash 
angle, and vehicle damage location. 

Crash partners were divided into two categories: 
passenger vehicles and TPP-HV. Crash angles were 
classified as being either collinear or oblique. When a 
case vehicle and partner vehicle had similar damage 
patterns, crash angle was classified as collinear. 
However, if the partner vehicle’s front damage was 
more horizontally distributed than that of the case 
vehicle, such that the partner vehicle’s damage looked 
more like that associated with moderate overlap 
crashes, then the crash angle was classified as oblique. 
All of the crashes with different damage patterns for 
case and partner vehicles were described by 
NASS/CDS investigators as involving the partner 
vehicle crossing the roadway centerline and into the 
path of the case vehicle (Figure 5). The oblique nature 
of the crash could be caused either by the angle of the 
partner vehicle as it crossed the centerline or by the 
case vehicle steering away in a defensive maneuver. 
No attempt was made to further specify the oblique 
angle. All vehicles that struck TPP-HV were classified 
as collinear. 

 

Figure 5. Diagram of vehicle-to-vehicle oblique 
small overlap crash (10° shown); case vehicle 
shown in yellow, partner vehicle in blue. 

Vehicle damage location was divided into three 
possible groups: sideswipe, no sideswipe, and severe 
override. Sideswipe was defined as direct damage to 
the case vehicle by the partner vehicle rearward of the 
A-pillar. An example of sideswipe is shown in Figure 
6. Induced damage to the occupant compartment — 
for example, rearward motion of the A-pillar resulting  

 

Figure 6. Example of vehicle with sideswipe. 
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in driver door deformation — was not considered as 
sideswipe. There also were two cases with a distinctly 
different damage pattern in which there was severe 
override of the case vehicle and direct loading of the 
upper portion of the occupant compartment (Figure 7). 
In each case, the case vehicle was a car struck by an 
SUV. The distribution of the seven crash types and 
average ISS values is shown in Table 3. 

 

Figure 7. Example of vehicle with severe override. 

Table 3. 
Distribution of crash types 

(number of cases) and ISS values 

Small overlap crashes (21) 

  Passenger vehicle (13) 

TPP-HV (8) Oblique (9) Collinear (4) 

No side 

(5) 

ISS-25 

Side 

(3) 

ISS-35 

No side 

(4) 

ISS-57 

Side 

(5) 

ISS-27 

No side 

(1) 

ISS-19 

Side 

(1) 

ISS-10 

Over 

(2) 

ISS-31 

Eighty-one percent of the cases (17 of 21) were either 
oblique crashes with passenger vehicles or crashes 
into TPP-HV. These two crash types also had the 
highest average ISS values, with the exception of the 
two severe override crashes. The remaining crashes 
were either vehicle-to-vehicle collinear crashes (two 
crashes with the lowest ISS values) or the two unusual 
severe override crashes. 

Differences between sideswipe and no sideswipe 
crashes were caused by the initial impact location. In 
crashes with sideswipe damage, the partner vehicle 
struck the case vehicle farther outboard, engaging less 
of the vehicle front end than crashes without this 
damage. Sideswipe crashes also were more likely to 
result in injuries caused by lateral intrusion, with all 
but one sideswipe crash having lateral intrusion as a 
contributing factor.  

DISCUSSION 

The CDC designation often used to represent small 
overlap crashes, FLxx, accounted for only 81% of the 
cases identified in this study. Studies that limit their 
analyses to these CDC codes likely are missing a 
significant number of small overlap crashes. In fact, 
the definition of small overlap crashes in this study 
was relatively conservative, and it is likely there are 
additional cases with more damage to the longitudinal 
members that share many of the same factors.  

The amount of occupant compartment intrusion was 
strongly related to injury severity. Previous attempts 
to correlate injury severity with other surrogates of 
crash severity (delta V, maximum vehicle crush, CDC 
extent zone) were not successful [8]. This likely was 
due to the fact that NASS/CDC measurement tech-
niques and delta V reconstruction software are not 
particularly suited to small overlap crashes. The lack 
of confidence in the delta V estimates prevents de-
termining whether differences in intrusion values were 
due to differences in crash severity or vehicle struc-
tural designs. The present study, however, shows a 
strong relationship between occupant compartment 
intrusion and injury severity. 

Crashes into narrow objects and oblique crashes with 
other passenger vehicles accounted for the majority of 
cases in this study and resulted in some of the highest 
ISS values. It is not clear why collinear vehicle-to- 
vehicle crashes accounted for such a small number of 
cases. The study sample may not have been large 
enough to capture more cases. Another possibility is 
that these crashes result primarily in lower extremity 
injuries and not the severe injuries to the head, thorax, 
and abdomen that were required for inclusion in this 
study. One of the characteristics of many vehicle-to- 
vehicle small overlap crashes is the “rim-locking ef-
fect” resulting in significant deformation into the 
footwell area [9]. Studies of small overlap crashes 
including occupants with only serious lower extremity 
injuries likely will find crash populations with dif-
ferent characteristics. 

Although there were few vehicle-to-vehicle collinear 
crashes, there were several vehicle-to-vehicle oblique 
crashes. In oblique crashes, the partner vehicle con-
sistently had damage to a large proportion of the front 
end, including significant loading of the left longitu-
dinal member. The oblique nature of these crashes 
likely allowed the partner vehicle to more fully engage 
the case vehicle, preventing a “sliding collision” or 
glance-off crash. Thus a greater proportion of the 
kinetic energy went into deformation of the occupant 
compartment of the case vehicle. Continued research 
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will focus on the importance of this oblique angle in 
vehicle-to-vehicle crashes. 

The presence of sideswipe damage to a case vehicle 
was primarily a factor of the outboard location of the 
crash partner. These crashes were more likely to result 
in lateral intrusion and had lower ISS values than no 
sideswipe crashes (28 vs. 37 cm). Study vehicles all 
exhibited loading to the entire vertical profile of the 
front end because all had crashed into either a vehicle 
with an equal or taller profile or a TPP. None of the 
case vehicles had damage suggesting they had struck a 
vehicle with a shorter profile.  

Crash tests devised to evaluate countermeasures for 
small overlap crashes should incorporate several fac-
tors. The test should fully engage the vehicle and 
occupant compartment in a longitudinal direction, 
rather than loading the vehicle far enough outboard to 
cause a sideswipe crash. The test barrier should be at 
least as high as current LTVs, if not higher. Shorter 
barriers will not engage the full vertical profile of the 
vehicle front end. The importance of the type of bar-
rier (pole or simulated vehicle) or angle of impact 
(collinear or oblique) is not currently known. It should 
be noted, however, that these two different crash 
scenarios resulted in very similar damage patterns to 
the case vehicles in this study.  

Small overlap crashes are defined as those in which 
the longitudinal members and other front structures 
typically designed to absorb crash energy are missed. 
Failure to engage this structure may account for the 
subsequent significant deformation of the occupant 
compartment that is the primary factor in the driver’s 
injuries. Two countermeasures for this crash type are 
suggested in the literature. The first is a design that 
deflects the vehicles away from full engagement and 
result in “sliding collisions” [10]. Results suggest the 
potential for significant reductions in occupant 
compartment intrusions. The consequence, however, 
are vehicles that continue on the roadway in an un-
controlled manner. The possibility of secondary 
crashes should be considered. The second counter-
measure involves modifications to the primary 
structural members of the vehicle front end, including 
increases to the width of these structures. Honda has 
redesigned many of its vehicle models to include this 
Advanced Compatibility Engineering™ (ACE™) 
structure [11]. Computer simulations show that the 
ACE™ structure, when compared with previous 
structural designs, reduces the amount of occupant 
compartment intrusion in small overlap vehicle-to- 
vehicle collinear crashes. The effect of these coun-
termeasures in narrow object impacts or oblique ve-
hicle crashes is not known.  

CONCLUSIONS  

Drivers in small overlap crashes are most likely to be 
seriously injured due to occupant compartment intru-
sion. There was a strong relationship between the 
magnitude of intrusion and injury severity. Among 
small overlap crashes with serious injuries, collinear 
crashes into narrow fixed objects and vehicle-to- 
vehicle crashes in which the partner vehicle strikes the 
case vehicle obliquely were the most common. De-
spite structural improvements prompted by frontal 
offset crash tests, this study suggests that vehicle 
structures must improve if they are to prevent occu-
pant compartment intrusion when a vehicle is loaded 
outboard of the longitudinal members.  
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ABSTRACT 
 
Due to extremly different vehicle structural performanse 
it is required to individualy analyze vehicle stiffness in 
any situation where acurate results of calculating crash 
speed are needed. From the begginings of vehicle 
stiffness modeling, by Emori, Campbell or any of there 
successors, methods of establishing equations are 
constantly improved. Nowdays, it is well known that 
normalized crush energy (known as EAF-Energy of 
Approach Factor) vs deformation can be succesfuly 
approximated with linear relationship using results from 
NHTSA 30 m/h frontal crash test speed. For higher 
speeds, bi-linear appeared to be accurate enough in 
most cases. But, there are certain cases where different 
relationship could give better results. Some researchers 
showed that nonlinear relationships could be also 
succesfuly used.  
 
In this work, all known attempt from previous 
researchers where exercized on a YUGO GV vehicle. 
For this vehicle there are three NHTSA full frontal tests 
available. Using those results, it was concluded that, 
altough bi-linar relationship could be succesfuly used, 
best performanse was achived by combined 
approximation. Linear up to speed of 30 m/h and 
quadratic above that speed. This approximation gives 
best results in upper register of speeds, thus it is usefull 
for very deep crash deformations. Using computer for 
analysis eliminate complicated calculations, so 
establishing such relationships is no more hard job. It is 
important to notice that this kind of approximation can’t 
be aplied in situation where only one crash test point is 
known. So, field of application is very limited.  
 
 
УВОД 
 
For a long period YUGO GV has been a national car in 
republic of Serbia (SE Europe). It’s been widely used as 
a common vehicle for transportation and thus very often 
participant in crashes. That’s why this case study is 

conducted for YUGO GV. This vehicle was selled in 
USA during 80s and it was subject to NHTSA 
Compliance and NCAP tests. Results of these tests are 
freely available and for the purpose of this analysis they 
were downloaded from internet adress: http://www-
nrd.nhtsa.dot.gov/database/nrd-11/veh_db.html. In this 
analysis NHTSA database and detailed reports in PDF 
format were used to analyse and select appropriate 
dataset from YUGO GV frontal test.  
 
 
METHOD OF ANALYSIS 
 
Many researches about establishing equation between 
depth of deformation (deflection) and vehicle speed 
during crashes, or some other physical measure which is 
speed dependent, based upon crash test data, has been 
published.  
  
Erliest pioneer work of Emori from 1968. [1] has 
brought into relationship depth of deformation and 
speed during crash testing, but it's been improved and 
Campbell (1974) [1] has established relationship 
between depth of deformation and force, and also 
analyzed crush energy per vehicle weight.  
 
It's appear to be that it is useful, in order to take into 
account difference between masses of different vehicles 
or different test for same vehicle and various width of 
deformations, to analyze some sort of normalized 
energy. An appropriate measure for analysis would be 
Energy of Approach Factor  ( EAF ) which was given 
by Strother [5] and which was extensively used after 
[5]. In fact, EAF  take into account energy calculated 
from crash speed during testing, so it doesn’t include 
energy of restitution, but only energy absorbed by the 
residual deformation. Thus, Energy of Crush Factor 
( ECF ), which also takes into account energy of 
residual deformation, would be better for analysis, since 
it calculates energy in more comprehensive way, but it 
is more demanding for data that are often not available 
[2]. 
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Strother [5] defined EAF  as:  
 

2E
EAF

L
=  

where 
L  -length of deformation 
E  -absorbed energy (J) 
 
This equation can be written as  
 

EAF B C= ⋅  
 
C  -depth (amount) of deflection (m) 

B  -represents coefficient of stiffness, per width unit  
 
B is defined as 
 

C

k
B

L
=  

 
Adding initial energy before residual deformations 

occure, described as 0EAF  (known also as Onset 

Energy Factor), tipicaly comprehended as speed of 
starting deformations, in EAF  equation, we have   
 

0EAF EAF B C= + ⋅  

 
Since ∆v data from tests are not available for all tests of 
YUGO GV, EAF  will be used in this case study.  
 
 
SOME PREVIOUS RESEARCHES 
 
Using least squares method, Strother [5] approximated 
EAF  and crush depth using linear (and bi-linear) and 
nonlinear (quadratic) relationships. They have found 
that, for GM Citation 1980-1982, bi-linear relationship 
is more appropriate (Figure 1) while for Plymouth 
Satellite 1974 (Figure 2), data shows quadratic trend. 
 
Jiang [1] called upon Sakurias work which describes 
that “two-stage constant force-crush relationship with a 
transition as the deformation reaches the engine, could 
be used to represent vehicles’ frontal crush 
characteristics”, and which was confirmed by Futamata 
and Toyama.  
 
Kerkhoff [2] showed, based on repeated crash tests data 
for Ford Escort, that relationship between ECF  or 
EAF  and deflection, can be considered as linear 
between 15 and 40 m/h. 

 
 

 
Figure 1. EAF vs crush for Citation 1980-1982. 

 

 
Figure 2. EAF vs crush for Plymouth Satellites 

1974. 
 
Varat [5] analyzed EAF  and found that there two 
trends of frontal stiffness (relationship between EAF  
and deflection): linear and non-linear. Non-linear takes 
into account some softening of vehicle structure with 
deeper deflections. Some vehicles, as Ford Anglia, 
showed linear trend (Figure 3) up to 35 m/h and non-
linear (Figure 4) for higher speeds (up to 50 m/h). They 
have also analyzed application to accident 
reconstruction using available tests data, for speeds of 
30 and 35 m/h, and not knowing whether appropriate 
relationship between EAF  and crush would be linear 
or non-linear. 
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Figure 3. Anglia up to 35 m/h. 

 

 
Figure 4. Anglia up to 50 m/h. 

 
Bi-linear relationship by Strother [1] was used to 
describe EAF  vs crush. Bi-linear relationship is 
presented as one linear relation for speeds up to 30 m/h 
and second linear for speeds from 30 to 50 m/h (Figure 
5). They share the common 30 m/h data point.  
 

 
Figure 5. Bi-linear approximation. 

 
In general case, bi-linear relationship is mathematicaly 
defined by next equations: 
 

( )
,

,
1 1 30

2 2 30

A B C 0 C C
f C

A B C C C

+ ≤ ≤
=

+ ≤
⎧ ⎫
⎨ ⎬
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where 

30C  -crossover point, crush depth for 30 m/h test 
speed 

 
For establishing relationship in first range (up to 30 

m/h) datapoint for 30 m/h was used and 0EAF  was 

estimated for speed of 7.5 m/h (because they have found 
that average onset speed was 7.7 m/h for analyzed data). 

 
For fitting in second range of bi-linear relationship (30 

to 50 m/h), datapoint for 30 m/h was used and 0EAF  

was estimated for speed of 15.2 m/h. 
 

 
Figure 6. EAF  vs crush for passenger cars. 

 
Neptune [1999] also concluded  that, in general, crush 
response characteristics of vehicle can be divided into 
two regions. First related to engine compartment 
deformation and second to passenger cage. Thus, 
vehicle can be modeled as bi-linear dissipator with 
second one not being compressed until first one 
“bottoms out”. Both regions can be approximated with 
different linear functions.  
 

 
Figure 7. EAF vs crush for cars with a 4cylinder 

transverse engine (1,0-1,9L). 
 
Jiang [1] analyzed EAF  vs average crush depth for 
over 1000 vehicles tests from 1960. to 2002. Average 
crush depth was calculated based on at least 3, but 
mostly six (according to NHTSA vehicle test protocol) 
crush  measurements. Figure 6 shows the results with 
bi-linear trend for analyzed passenger cars. They were 
further grouped according to engine configurations and 
for 4-cylinder transverse engine from 1000 ccm to 1900 
ccm, and also showed bi-linear trend (Figure 7). For 
engines 1000 to 1500 ccm, bi-linear trend is also 
observed. Jiang also proposed a strategy for fitting. It is 
proposed that ECF  should be used, unless rebound 
velocities are not available, when EAF  should be used.  
 
If only one test point is available, bi-linear relationship 
is recommended. The first stage for speeds up to 35 m/h 
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(56 km/h) and with onset estimated at 5 m/h (2.2 m/s or 
8 km/h). The second stage, for speeds 56-80 km/h, and 
with onset estimated at 15 m/h (6,7 m/s 24 km/h), as 
Varat [5] recommended. 
 
 
DATA FOR CASE STUDY ANALYSIS 
 
Four NHTSA crash tests has been conducted with 
YUGO GV. Three frontal and one side test. Results are 
available in NHTSA database, as separate detailed 
reports (in pdf form), and also as files containing digital 
data from accelerometers. Main data source for this 
analysis were NHTSA database and reports.   
 
Three frontal crash tests are available for YUGO GV: 
no. 896, no. 999 and no. 1074. Considering 

recommendations about the test data from previous 
researchers (adjusting the gap during measuring from 
Neptune [3]) and fact that test reports present crush data 
in different manner, and that data from reports and 
database are sometimes different, all used data are 
logicaly checked and, if needed, corrected.   
 
Relevant data 
 
All crash test data for case study were summarized and 
shown in table 1. Vehicle photographs are shown in 
Figure 8. Vehicle width was corrected from obviously 
misspelled 1346 mm to 1546 mm.  
 
Onset speed is estimated as 8 km/h (5 m/h), in 
accordance with recommendations from Jiang [1]. 
 

 
Figure 8. YUGO GV after testing. 
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Equivalent uniform deformation ( Cave ) for six 
measured distances of deformation profile was 
calculated according to recommendation from Neptune 
[3]. Same equation is used in German traffic accident 
analysis software, PC CRASH.  
 

( )1 2 3 4 5 6C 2 C C C C C
Cave

10

+ × + + + +
=  

 
 
ESTABLISHING RELATIONSHIPS-
APROXIMATION 
 
Linear relationship 
 
Since only one test has rebound velocity (896), EAF  
vs deflection was analyzed.  
 
According to recommendations, for linear 
approximation EAF  vs deflection through three crash 
test points, and estimated onset speed of 5 m/h (8 km/h 
or 2,2 m/s), EAF  was calculated using next equation:   
 

2

C C

m v
2

2E 2EAF
L L

⋅

= =  ( N ) 

 
Using MS Excel, linear approximation was conducted 
with equation that is defined as:  
 

0EAF EAF B C 61 697058 C= + ⋅ = + ⋅  

 

0EAF   was calculated with 1052 kg mass (like for tests 

896 and 999) and 1410 mm crush lenght (like test no. 
1074). 
 

From established equation B , which represent 
individual characteristic of vehicle crash performance, 

here is 697058 N . 
 

 
Figure 9. Linear EAF  vs crush YUGO GV 

relationship. 
  
For comparison, Figure 10 shows FORD Escort 1981-
1985. linear approximation [5] for speed up to 35 m/h, 

where EAF  is presented in lb  and crush in inches.  
 

Тбл. 1. Data for YUGO GV case study. 

Test No. 
Vc 

[km/h] 
±0,8 km/h 

Vc 
[m/s] 

Test mass 
[kg] 

Model  
Year 

DPD1 
[mm] 

DPD2 
[mm] 

DPD3 
[mm] 

DPD4 
[mm] 

DPD5 
[mm] 

DPD6 
[mm] 

Cave 

[mm] 

Max 
Deflection 

[mm] 

Lc* 
[mm] 

Vehicle 
Width 
[mm] 

∆v 
[m/h] 

0896 56,5 15,69 1052 1986 462 472 480 480 475 467 0,474 480 1387 1542 39,1 

0999 56,2 15,61 1052 1987 381 414 434 445 447 450 0,431 450 1384 1546 / 

1074 47,2 13,11 1035 1988 302 320 325 335 330 320 0,324 348 1410 1529 / 

estimated 8 2,22 1035-1052  0 0 0 0 0 0 0 0 1410 1529  

*Lc (означено као LENCNT у NHTSA бази података) је укупна дужина контакта на возилу, односно ширина чеоне стране возила 
захваћена оштећењем. Ова дужина обухвата директно и индуковано оштећење. 
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Figure 10. Ford Escort 1981-85, linear up to 35 m/h.  
 
Bi-linear relationship 
 
Varat [5], Jiang [1] and many others recommended that 
bi-linear approximation should be done with one linear 
relationship up to 30 m/h and second for 30 to 50 m/h.  
 
Since for YUGO GV exists points for 35 m/h (35,1 and 
34,9 m/h) and 30 m/h (29,3 m/h), and onset is estimated 
at 5 m/h, first part of bi-linear relationship is 
approximated for 5 and 30 m/h and second for 30 and 
35 m/h. 
 

 
Figure 11. Bi-linear EAF vs deflection 

approximation. 
 
Two linear relationships are defined as: 
 

1 01EAF EAF B C 61 823556 C= + ⋅ = + ⋅  

 

,2 02EAF EAF B C 180 9 301621 C= + ⋅ = + ⋅  

 

This bi-linear relationship is mathematicaly defined 
with next equations:  
 

( )
,

. ,

30

30

61 823556 C 0 C C
f C EAF

180 9 301621 C C C

+ ⋅ ≤ ≤
= =

+ ⋅ ≤

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

 

.30C 0 324 m=  

 

In second part of bi-linear approximation 0EAF  would 

be 180.9 N . Using equation for EAF  and 
expressing v:  
 

2

CL EAF
v

m

⋅
=  

 
we can calculate corresponding onset velocity:  
 

. .

. . .

21 41 180 9
v

1052

6 62 m s 23 8 km h 14 8 m h

⋅
=

= = =

 

 
This velocity is equal to one recommended by 
researchers [1, 3, 5] for second part of bi-linear fitting.  
 
The representer of frontal stiffness (B) for the first part 

of bi-linear would be 823556 N  and for the second 

part, 301621 N . This means that stiffness is about 2.7 
times lesser in second phase, than in the first (about 
37%).  
 
Nonlinear (2nd order polynomial) relationship  
 
It should be beard in mind that all nonlinear 
approximation has been done only for max test speeds, 
so there is no exact recommendations for fitting above 
that speed.  
 
Fitting 2nd order polynomial relationship through 
YUGO GV test data yield us to (Figure 12) 
 

. . . 2EAF 60 4 1188 6 C 822 8 C= + ⋅ − ⋅  
 
Relationship shows great amount of softening for 
speeds above max tested, and for speeds over 65 km/h 
is unuseable, because graph starts to fall down.  
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Figure 12. 2nd order polynomial EAF  vs deflection 

approximation. 
 
2nd order polynomial fitting using only one 56 km/h 
and rest data points has been done also. This yield to 
two relationships: softer and stiffer 2nd order 
polynomial. It could be said that these lines are 
boundary and, based on analyzed data set, represent 
marginal values.  
 
Both of these lines shows some softening with speed, 
but the “stiffer” one (blue line on Figure 13)  could be 
usefull for speeds over 80 km/h while “softer” one is 
unusable for speeds over 62 km/h.  
 
Relationship were expressed as:  
 

. . . 2

HEAF 60 7 1062 8 C 475 98 C= + ⋅ − ⋅  

 

. . . 2

SEAF 60 7 1178 7 C 833 67 C= + ⋅ − ⋅  

 
As a comparison, Figure 14 shows nonlinear 
approximation for Ford Escort 1981-85 [5]. It can be 
seen that this one is very similar to “stiffer” one for 
YUGO GV, but is a bit “softer”. 
 
 

 
Figure 13. Two 2nd order polynomial EAF  vs 

deflection approximations.  
 

 
Figure 14. Ford Escort 1981-85, up to 50 m/h. 

 
Combined relationship  
 
In order to provide best fitting, and inspired by Varat’s  
foundings [5] that quadratic equation is more suitable 
for upper speed register (over 30 m/h), Nesic [4] 
approximated EAF  vs deflection with linear 
relationship for speeds up to 30 m/h and non-linear 
(quadratic) for higher speeds.  
 
Equations that describes combined approximation are: 

 

1 01EAF EAF B C 61 823556 C= + ⋅ = + ⋅  

 
,0 552

2EAF B C 443699 C= ⋅ = ⋅  
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Figure 15. Combined EAF  vs deflection 

relationship. 
 
First equation describes linear relationship for speeds up 
to 30 m/h, and second for speeds over 30 m/h. 
Equivalent uniform deformation for “crossover” speed 
of combined relationship (30 m/h), would be 

,aveC 0 324 m= . 

 
Combined relationship would be fully mathematicaly 
defined as:  
 

( )
,

,

,

30

0 552

30

61 823556 C 0 C C
f C EAF

443699 C C C

+ ⋅ ≤ ≤
= =

⋅ ≤

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

 

.30C 0 324=  

 
Combined relationship demonstrate softening with 
higher speeds, and at the top of the researched range 
(for the average deflection of 1 m), speeds are slightly 
higher than demonstrated by quadratic approximation 
for Ford Escort (Figure 14).  
 
 
 
 
 

y = 834.9x + 61.0

y = -822.8x2 + 1188.6x + 60.4

y = 908.5x + 60.7

y = 549.2x + 180.9

y = 666.11x0.552

y = -476.0x2 + 1062.8x + 60.7

y = -833.7x2 + 1178.7x + 60.7
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Figure 16. Summarium of YUGO GV case study. 
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DISCUSSION  
 
All showed approximation were conducted based on the 
available NHTSA crash test results for YUGO GV.  
 
Results from previous researches, that shows that it is 
acceptable solution to estimate speed that start to cause 
residual deformation (onset speed) as 5 m/h, have been 
used. They have also showed that it is acceptable to 
approximate EAF  vs deflection with linear 
relationship up to speed of 30 m/h, although in extreme 
condition it can be expected substantial error in lower 
range of speeds (or deflections) as, for instance, up to -
19% for VW Rabbit and 9.3% for Ford Escort, 
according to Varat [5].  
 
However, error is more significant if a vehicle that 
shows nonlinear relationship is approximated with 
linear relationship, because errors in lower register are 
then even higher, and goes up to 40%.  
 
On the other side, Jiang [1] estimated that, if linear 
approximation is conducted with only one data point, 
error goes up to 26%, and could be even 50% if 
relationship placed on the higher data margin for certain 
vehicle category was established.  
 
In this case study linear approximation (Figure 16), 
known errors vary but are acceptable in any case, even 
for the worst scenario.  
 
According to known errors in table 2, it could be seen 
that any relationship is good enough for all known data 
points. However, there are substantial differencies in 
higher range of speeds and deflections. Quadratic and 
“softer” quadratic are completely unusable and linear is 
“too stiff”. “Stiffer“ quadratic, bilinear and combined 
are pretty close. Between those three, quadratic shows 
highest maximal error (5.9%), so it is least 
recommendable. Combined showed two errors same as 
bi-linear, but slightly better for one error (0,3% better). 
Thereat, for maximal average deflection of 1 m, 
combined gives speed of about 85 km/h, while bi-linear 

gives higher speeds (for about 10 km/h). Frontal 
performance of YUGO GV in this region is not known, 
but it is for FORD ESCORT (Figure 14) [5], where it 
can be seen that, for 1 m average deflection, speed is 
about 80 km/h. This can be considered as slightly 
advantage toward combined approximation over the 
researched region (0 to 1 m of deflection).  
 
However, it should be recognized that, least error over 
47 to 56.5 km/h region, is achieved by quadratic 
relationship. This make it appropriate for approximation 
in that region of speeds and corresponding deflections. 
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Table 2. Known errors of YUGO GV case study approximations. 

  Linear Bi-linear Quadratic 
Quadratic-

softer 
Quadratic-

stiffer 
Combined 

[m] [m/s] [%] [%] [%] [%] [%] [%] 

Cave V ∈  ∈  ∈  ∈  ∈  ∈  

0,474 56,50 5,7 2,1 1,6 0,0 5,9 2,1 

0,431 56,20 -2,3 -3,0 -2,4 -3,8 0 -2,7 
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ABSTRACT 

According to the Traffic Safety Facts reports from 1999-
2003, an average of 40 fatalities and 18,430 injuries of bus 
occupants occurred per year.  The objectives of this 
research are to characterize the kinematics and injury 
mechanisms of bus passengers during typical frontal, side 
and rear impact conditions. Accident data from the traffic 
Safety Fact Reports, Buses Involved in Fatal Accidents 
Report and Transit Agency data were review to define 
typical crash scenarios. A detailed finite element model of 
a low floor transit bus was used to calculate the crash 
pulses at the passenger compartment for typical frontal, 
side and rear impact conditions. A series of sled tests with 
5th, 50th and 95th percentile occupants were conducted at 
NIAR’s Crash Dynamics Laboratory in order to study the 
occupant kinematics and to identify injury mechanisms to 
bus passengers. 

The results of this study show that the most common injury 
mechanisms to bus passengers are head (HIC) and neck 
injuries (neck extension, flexion and compression). These 
injuries are due to body-body contact between unrestrained 
passengers and/or body-to-seat structure contacts. 

 

INTRODUCTION 
 

According to the Standard Bus Procurement Guidelines 
[1], the passenger seating arrangements in mass transit 
buses shall be such that seating capacity is maximized and 
that it complies with the requirements defined in section 
5.4.5.1. As shown in figure 1 there are several possibilities 
for the arrangement of seats. Passenger seats can be 
arranged in a transverse, forward facing configuration or 
arranged in longitudinal rows facing the centerline of the 
bus (perimeter seating configuration). A limited number of 
rearward facing seats can be used with the expressed 
approval of the procurement agency. Also it is possible to 
have a combination of forward facing and perimeter 
seating arrangements. The Procuring agency recognizes 
that ramp location, foot room, hip-to-knee room, doorway 
type and width, seat construction, floor level type, seat 
spacing requirements, etc. ultimately affect seating 
capacity and layout. 

The objectives of this research are to characterize the 
kinematics and injury mechanisms of bus passengers 

during typical frontal, side and rear impact conditions. 
Accident data from the traffic Safety Fact Reports, Buses 
Involved in Fatal Accidents Report and Transit Agency 
data were review to define typical crash scenarios. A 
detailed finite element model of a low floor transit bus was 
used to calculate the crash pulses at the passenger 
compartment for typical frontal, side and rear impact 
conditions. A series of sled tests with 5th, 50th and 95th 
percentile occupants were conducted at NIAR’s Crash 
Dynamics Laboratory in order to study the occupant 
kinematics and to identify injury mechanisms to bus 
passengers. 

 

Figure 1. Typical Mass Transit Bus Seat Arrangement 

 

ACCIDENT DATABASES REVIEW 

This section presents a summary of statistics on bus 
crashes. Bus crash data was obtained from the Traffic 
Safety Facts report [2]-[3], years 1999-2003, and the Buses 
Involved in Fatal Accidents report [4]-[2], years 1999-
2001.This statistical review was performed to gain insight 
into the types of bus crash mechanisms that result in 
occupant injuries and fatalities. As documented in 
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Reference [2], there is not a standard for collecting crash 
data for mass transit buses. Furthermore, not all agencies 
collect crash data. Based on inquiries to transit agencies by  
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NIAR, the experiences of the authors in Reference [2] and 
the scope of this project, NIAR researchers made the 
decision to proceed with the available crash data in the 
Traffic Safety Facts Reports and the Buses Involved in 
Fatal Accidents (BIFA) reports. 

Traffic Safety Facts Report Bus Data  

The Traffic Safety Facts report is an annual compilation of 
motor vehicle crash data presented by the National 
Highway Traffic Safety Administration (NHTSA). Data 
from the Fatality Analysis Reporting System (FARS) and 
the National Automotive Sampling System General 
Estimates System (GES) is combined to create Traffic 
Safety Facts. The FARS database, established in 1975, 
records data from traffic crashes involving a fatality. The 
GES database, established in 1988, records data from a 
nationally representative sample of police reported crashes 
of all severities, including those that result in death, injury 
or property damage [2, 3]. 

In the Traffic Safety Reports, buses are defined as “Large 
motor vehicles used to carry more than ten passengers, 
including school buses, inter-city buses, and transit buses”. 
Data presented in the Traffic Safety Report is often 
grouped by crash severity, with the following categories: 
(1) Fatal Crash. A police-reported crash involving a motor 
vehicle in transport on a traffic way in which at least one 
person dies within 30 days of the crash. (2) Injury Crash. A 
police-reported crash that involves a motor vehicle in 
transport on a traffic way in which no one died but at least 
one person was reported to have: (i) an incapacitating 
injury; (ii) a visible but not incapacitating injury; (iii) a 
possible, not visible injury; or (iv) an injury of unknown 
severity. The following is a summary of the vehicle data [2, 
3]: 

- Sixty four percent of bus crashes involving fatalities 
result from a frontal initial point of impact. Rear impacts 
account for 16% and side impacts account for 14%. 

- The initial point of impact in bus crashes involving 
injuries is evenly distributed, with frontal accounting for 
37%, side for 36% and rear for 25%. 

- Rollover occurs in less than 3.1% of buses involved in 
crashes with fatalities, and 0.1% of buses involved in 
crashes with injuries. 

- Fire occurs in less than 0.3% of buses involved in crashes 
with fatalities, and less than 0.05% of buses involved in 
crashes with injuries. 

- Thirty eight percent of buses involved in fatal accidents 
are School Buses, 36% Transit Buses, 11% other, 9% 
Intercity, and 6% is unknown. 

The following is a summary of the occupant data: 

- An average of 40 bus occupants per year were killed and 
18,430 injured from 1999-2003. 

- Forty seven percent male and 53% female were killed. 
51% male and 49% female were injured. 

- School age occupants, ages 5-20, account for 24% of bus 
occupants killed. 

- Occupants over the age of 55 years account for 43% of 
bus occupants killed. 

- Sixty eight percent of bus occupant injuries occur during 
two vehicle crashes. 

- Sixty one percent of bus occupant fatalities result from 
frontal crashes, 17% from side crashes and 9% from rear 
crashes. 

- Thirty percent of bus occupant injuries result from side 
crashes, 33% from frontal crashes and 30% from rear 
crashes. 

- Twenty eight percent of bus occupant fatalities result 
from occupant ejection, 53% from non-ejected fatal 
impacts and 19% were unknown. 

- An average of 49 pedestrians and 9 pedal-cyclists per 
year are killed in crashes with buses. 

- Forty percent of bus occupant injuries result from school 
bus crashes, 24% from intercity bus crashes and 23% from 
transit bus crashes. 

- Thirty percent of bus occupant fatalities result from 
intercity bus crashes, 24% from school bus crashes and 
14% from transit bus crashes. 

- An average of 11 bus occupants per year are killed in two 
vehicle crashes while 162 occupants per year of other 
vehicles are killed.(102 occupants in passenger cars, 49 in 
light trucks 9 in motorcycles, 2 in large trucks). 

 - An average of 12,000 bus occupants per year is injured 
in two vehicle crashes while 8,800 occupants per year of 
other vehicles are injured. (6,000 in passenger cars and 
2,800 in light trucks). 

 
Figure 2. Bus Occupants Killed, by Initial Point of 
Impact, 1999-2003. 
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Figure 3. Bus Occupants Injured, by Initial Point of 
Impact, 1999-2003. 

Buses Involved in Fatal Accident (BIFA) Report Data  

The Buses Involved in Fatal Accidents (BIFA) report 
presents aggregate statistics for buses involved in traffic 
accidents, compiled by the University of Michigan 
Transportation Research Institute (UMTRI). The BIFA 
database is a census of all buses involved in a fatal 
accident in the United States, and provides coverage of 
buses recorded in the Fatality Analysis Reporting System 
(FARS) file. BIFA combines vehicle, accident, and 
occupant records from FARS with information about the 
physical configuration and operating authority of the bus 
from the BIFA survey. Modeled after UMTRI’s Trucks 
Involved in Fatal Accidents (TIFA) program, the BIFA 
survey collects detailed information on all buses involved 
in all fatal traffic accidents. Buses are defined as motor 
vehicles with seating for nine or more, including the driver, 
that are not operated as personal transportation, and all 
motor vehicles with seating for 16 or more. The BIFA file 
is produced annually, beginning with the 1999 data year, 
from a survey of bus records extracted from the FARS file, 
compiled by the National Center for Statistics and Analysis 
at the National Highway Traffic Safety Administration [2, 
4]. 

Accident, vehicle, and driver records that appear to involve 
a bus are selected from the FARS file. Police reports for 
each accident represented are requested from the 
appropriate states. The BIFA file is a census file, meaning 
there is one record for each bus involved in a fatal 
accident. The data presented in BIFA reports includes all 
bus type involvements. The data summarized in this paper 
is focused on transit bus involvements only. Involvements; 
counts of the buses involved in a fatal accident. Fatalities; 
counts of fatalities of occupants of bus and/or other vehicle 
involved. Transit; an entity providing passenger 

transportation over fixed, scheduled routes, within 
primarily urban geographical areas [2, 4]. 

 

The following is a summary of the BIFA report trends for 
transit buses for the period from 1999 to 2001: 

- An average of 111 transit buses is involved in a fatal 
traffic accident each year. 

- A total of 246 fatalities resulted from transit bus 
involvements from 1999-2000. 43% of the fatalities were 
drivers of other vehicles, 37% were pedestrians, and 13% 
percent were passengers of other vehicles. 

- About 50% of fatal transit bus involvements occur during 
rush hour, from 6:00 to 9:59 a.m. and from 3:00 to 6:59 
p.m. 

- Eighty percent of transit bus fatal involvements occur 
during the work week. The lowest percentages of 
involvements, 7.8%, occur on Sunday. 

- Eighty eight percent of fatal transit bus involvements 
occurred in urban environments. 

- Sixty two percent of fatal transit bus involvements occur 
in daylight, 29% in dark but lighted conditions. 

- Eighty two percent of fatal transit bus involvements occur 
on dry roadway surface conditions. 

- Eighty nine percent of fatal involvements occur under 
“normal” weather conditions (i.e. no rain, snow, fog, or 
other adverse condition). 

- Fifty eight percent of fatal transit bus involvements occur 
on local streets (township or municipality), 15% on state 
highways, and 8% on county roads. 

- Fifty five percent of fatal transit bus involvements occur 
on 2 travel lanes. 

- Sixty three percent of fatal transit bus involvements 
occurred between 25-35 mph. 

- Ninety nine percent of single vehicle fatal transit bus 
involvements hit an object in the road. 

- Eighty two percent of two vehicle fatal transit bus 
involvements on the same traffic-way, same direction 
resulted from a rear-end, bus struck. 

- Eighty eight percent of two vehicle fatal transit bus 
involvements on the same traffic-way, different direction 
resulted from a head-on collision in the buses lane. 

- Seventy seven percent of two vehicle fatal transit bus 
involvements on intersecting paths, both going straight 
resulted from the bus crashing into the side of the other 
vehicle. 

- Fifty two percent of fatal transit bus by first harmful 
event, collision with non-fixed object, occurred with a 
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motor vehicle in transport, 41% with other type non-
motorist. 

- Sixty eight percent of the fatal transit bus involvements 
by vehicle role in accident occurred from the vehicle 
striking the bus. 
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- Shorter, heavy-duty, transit buses accounted for 73% of 
fatal transit bus involvements. 

- Buses accounted for 99% of fatal transit bus 
involvements. 

- Low platform buses accounted for 65% of fatal transit 
bus involvements. 

- Flat from buses accounted for 96% of fatal transit bus 
involvements. 

- Thirty to forty foot buses accounted for 61% of fatal 
transit bus involvements. 

- Buses with 25,001-30,000 lb. empty weights accounted 
for 70% of fatal transit bus involvements. 

- Buses with gross weight greater than 33,001 lb accounted 
for 62% of fatal transit bus involvements. 

- Eighty nine percent of fatal transit bus involvements were 
from buses with 2 axles. 

- Fifty five percent of fatal transit bus involvements 
occurred in buses with a passenger seating capacity of 36-
45, excluding the driver. 

- Eighty eight percent of fatal transit bus involvements 
occurred in buses with no passenger restraints available, 
excluding the driver. 

- Eighty four percent of fatal transit bus involvements 
occurred on local trips. 

- For the most harmful event, collision with non-fixed 
object, of fatal transit bus involvements, 53% were with a 
vehicle in transport and 41% with a pedestrian. 

Nearly two-thirds of bus occupant injuries occur during 
two vehicle crashes. The crash types are evenly distributed 
between side, frontal and rear. An average of 12,000 bus 
occupants per year are injured in two vehicle crashes while 
8,800 occupants per year of other vehicles are injured. 
(6,000 in passenger cars and 2,800 in light trucks). 

The majority of fatal crashes involving buses result from 
frontal crashes. Half of bus fatalities occur during either 
morning or evening rush hour. An average of 11 bus 
occupants per year is killed in two vehicle crashes while 
162 occupants per year of other vehicles are killed. Transit 
bus crashes account for 14% of all bus occupant fatalities. 
The majority of transit bus fatalities occur during the work 
week, in urban environments, on dry roadway surfaces 
under normal weather conditions. Over half of fatal transit 
bus involvements occur on roadways with posted speed 
limits of 25-35 mph. Shorter, heavy-duty, low-floor transit 
buses account for the majority of fatal transit bus 
involvements. Most fatal transit bus involvements occurred 
on buses with 2 axles. Half of fatal transit bus 
involvements occurred on buses with a passenger seating 
capacity of 36-45 seats, excluding the driver. The majority 
of fatal transit bus involvements occurred in buses with no 

passenger restraints available, excluding the driver seat. An 
average of 49 pedestrians and 9 pedal-cyclists per year are 
killed in crashes with buses. 

Based on the data reviewed, a typical transit bus accident 
occurred: 

- in the afternoon, primarily during evening rush hour. 

- under clear weather conditions 

- on dry roadways 

- in connection with another moving motor vehicle 

- involving a rear-end or angle impact 

- while the bus was either stopped or operating at a slow 
speed 

CURRENT SEAT DESIGN STANDARDS  

The passenger seat frame and its supporting structure shall 
be constructed and mounted so that space under the seat is 
maximized to increase wheelchair maneuvering room and 
is completely free of obstructions to facilitate cleaning [1].  
The transverse seat structure shall be fully cantilevered 
from the sidewall with sufficient strength for the intended 
service.  The lowest part of the seat assembly that is within 
12 inches of the aisle shall be at least 10 inches above the 
floor.  Foldaway or flip seats used in wheelchair 
securement areas, as well as, transverse seats mounted in 
locations at which cantilevered installation is precluded by 
design and/or structure, need not be cantilevered. The 
underside of the seat and the sidewall shall be configured 
to prevent debris accumulation and the transition from the 
seat underside to the bus sidewall to the floor cove radius 
shall be smooth.  All transverse objects, including seat 
backs, modesty panels, and longitudinal seats, in front of 
forward facing seats shall not impart a compressive load in 
excess of 1,000 pounds onto the femur of passengers 
ranging in size from a 5th-percentile female to a 95th-
percentile male during a 10g deceleration of the bus.  This 
deceleration shall peak at .05 + .015 seconds from 
initiation.  Permanent deformation of the seat resulting 
from two 95th-percentile males striking the seat back 
during this 10g deceleration shall not exceed 2 inches, 
measured at the aisle side of the seat frame at height H.  
Seat back should not deflect more than 14 inches, 
measured at the top of the seat back, in a controlled 
manner to minimize passenger injury.  Structural failure of 
any part of the seat or sidewall shall not introduce a 
laceration hazard [1]. 

The back of each transverse seat shall incorporate a 
handhold no less than 7/8 inch in diameter for standees and 
seat access/egress.  The handhold shall not be a safety 
hazard during severe decelerations.  The handhold shall 
extend above the seat back near the aisle so that standees 
shall have a convenient vertical assist, no less than 4 inches 
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long that may be grasped with the full hand.  This handhold 
shall not cause a standee using this assist to interfere with a  
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seated 50th-percentile male passenger.  The handhold shall 
also be usable by a 5th-percentile female, as well as by 
larger passengers, to assist with seat access/egress for 
either transverse seating position.  The upper rear portion 
of the seat back and the seat back handhold immediately 
forward of transverse seats shall be padded and/or 
constructed of energy absorbing materials.  During a 10g 
deceleration of the bus, the HIC number (as defined by 
SAE Standard J211a) shall not exceed 400 for passengers 
ranging in size from a 5th percentile female through a 95th 
percentile male. The seat back handhold may be deleted 
from seats that do not have another transverse seat directly 
behind and where vertical assist is provided in accordance 
with Section 5.4.5.2 [1].  Armrests shall not be included in 
the design of transverse seats. Longitudinal seats shall be 
the same general design as transverse seats but without seat 
back handholds.  Longitudinal seats may be mounted on 
the wheelhouses.  Armrests shall be included on the ends 
of each set of longitudinal seats except on the forward end 
of a seat set that is immediately to the rear of a transverse 
seat, the operator's barrier, or a modesty panel and these 
fixtures perform the function of restraining passengers 
from sliding forward off the seat.  Armrests are not 
required on longitudinal seats located in the wheelchair 
parking area that fold up when the armrest on the adjacent 
fixed longitudinal seat is within 1-1/2 to 3-1/2 inches of the 
end of the seat cushion.  Armrests shall be located from 7 
to 9 inches above the seat cushion surface.  The area 
between the armrest and the seat cushion shall be closed by 
a barrier or panel [1].   

 

FRONTAL IMPACT INJURY MECHANISMS 

A series of sled tests; as shown in figure 4;  for a typical 
frontal crash were conducted for occupant sizes ranging 
from the 5th to the 95th percentile ATDs.  

 
Figure 4. Frontal Sled Test Setup. 

The objectives of these tests were to study the passenger 
kinematics and injury mechanisms for typical seat-to-seat 
and seat-to-divider layout configurations (see figure 6). 
Due to the number of tests conducted it was also possible 
to study the test-to-test variability of the occupant 
kinematics and injury mechanisms for the 50th and 95th 
percentile ATDs. The crash pulse for these tests was 
obtained from a previous structural analysis of typical 
frontal crashes [6]. Figure 5 shows the frontal crash 
configuration; a 30 mph head on collision between a low 
floor transit bus and a Dodge Caravan; and the pulse at the 
bus passenger compartment used for the testing. 

 

 

 
Figure 5. Crash Condition 30 mph Bus – 30 mph DC 
Head-on Collision 100% Overlap. 

 
Figure 6. Seat-to-Seat Configuration (left), and Seat-to-
Divider Configuration (right). 
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As shown in the figures 7, 8, and 9 bellow; the most 
common types of injury mechanisms for passengers seated 
in a Seat-to-Seat configuration are Neck Flexion or 
Extension. These injuries are due to the combination of the 
passengers being unrestrained and the low back seat 
designs. As shown in figures 7 and 10 even for the same 
ATD size (95th and 50th percentile in these cases) and 
similar setup configuration the severity of the neck flexion 
varies with the different seatback/head interactions; in the 
case shown in the left of figure 10 the neck of the ATD hits 
the seatback handle while for the second test the chin of 
the ATD hits the seatback handle. In order to reduce the 
severity of the injuries the design of the seatbacks needs to 
be improved by applying compartmentalization principles. 

 

 
 

Figure 7. Sample Upper Neck Channel 50th percentile 
ATD Seat-to-Seat Configuration Frontal Sled Test 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Seat 
Configuration (5th, 50th and 95th percentile ATDs). 

 

 

 

 
 

Figure 9. Example FE simulation results (5th, 50th and 
95th percentile ATD) Frontal Impact Seat-to-Seat. 

 
Figure 10. 95th Percentile Seat-to-Seat Configuration 

Frontal Sled Tests. 
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Figure 11. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Seat 
Configuration (Repeatability 95th percentile ATDs). 

 

 
Figure 12. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Divider 
Configuration (50th and 95th percentile ATDs). 

 

 

 

 

 

 

 

 

 

 

Figure 13. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Divider 
Configuration (Repeatability 95th percentile ATDs). 

 

  
Figure 14. 95th Percentile Seat-to-Divider 

Configuration Frontal Sled Tests 

As shown in figures 12 through 14 the normalized injury 
values for the Seat-to-Divider configuration are well bellow 
forty percent of FMVSS 208 values for both the 50 and the 
95th percentile ATD. 

 

SIDE IMPACT INJURY MECHANISMS 

A series of side impact sled tests for the crash condition 
shown in figure 15 were conducted for occupant sizes 
ranging from the 5th to the 95th percentile ATDs.  

 

 
Figure 15. Crash Condition 0 mph Bus – 25 mph F800 
Side Impact 90 degrees.  
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Figure 16. 5th percentile Neck Compression Injury 
Mechanism, due to Head-to-Head Contact. 

 

 
Figure 17. 95th percentile Femur Compression Injury 
Mechanism, due to Head-to-Head Contact. 

 

 

 

 
Figure 18. 50th percentile Neck Extension Injury 
Mechanism, due to Head-to-Head Contact. 

 

The most common injury mechanisms for passengers 
seated on side facing seats during sided impact conditions 
are; head and neck injuries due to head-to-head or head-to-
body contacts (see figures 16, and 18) and femur 
compression due to femur-seat contacts (see figures 18 and 
19). 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Bus 0 mph Bus – 25 mph F800 Side Impact 
90 degrees (Repeatability 95th percentile ATDs). 
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REAR IMPACT INJURY MECHANISMS 

A series of sled tests for rear impact configuration were 
conducted for occupant sizes ranging from the 5th to the 
95th percentile ATDs.  

 

 

 
Figure 20. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact 

 

 
Figure 21. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact 

As shown in figures 24 the most common injury 
mechanism for occupants of all sizes (5th, 50th and 95th 
percentile) is neck extension. This injury mechanism is due 
to the low back seat designs and the rearward rotational 
stiffness of seatbacks. Current ongoing research at NIAR 
with modified high seat back designs has shown that the 
neck flexion moment can be significantly reduced to levels 
within FMVSS 208 due care values. 

 

 

 
Figure 22. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact (5th, 50th and 95th percentile Passenger 
Kinematics). 
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Figure 23. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact (5th, 50th and 95th percentile Passenger 
Kinematics). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Bus 20 mph to Bus 0 Rear Impact 
Normalized Injury Values (5th, 50th and 95th percentile 
ATDs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Bus 20 mph to Bus 0 Rear Impact 
Normalized Injury Values (Repeatability 50th percentile 
ATDs). 

 

CONCLUSION 

Buses are one of the safest forms of transportation. 
Nonetheless, bus crashes resulting in occupant injuries and 
fatalities do occur. According to the Traffic Safety Facts 
reports from 1999-2003, an average of 40 fatalities and 
18,430 injuries of bus occupants occurred per year.  The 
objectives of this research are to characterize the 
kinematics and injury mechanisms of bus passengers 
during typical frontal, side and rear impact conditions. 
Accident data from the traffic Safety Fact Reports, Buses 
Involved in Fatal Accidents Report and Transit Agency 
data were review to define typical crash scenarios. A 
detailed finite element model of a low floor transit bus was 
used to calculate the crash pulses at the passenger 
compartment for typical frontal, side and rear impact 
conditions. A series of sled tests with 5th, 50th and 95th 
percentile occupants were conducted at NIAR’s Crash 
Dynamics Laboratory in order to study the occupant 
kinematics and to identify injury mechanisms to bus 
passengers. 
 

The results of this study show that the most common injury 
mechanisms to bus passengers are head (HIC) and neck 
injury (neck extension, flexion and compression) 
mechanisms. The causes of these injury mechanisms are 
the following: 

- For frontal impact conditions are due to head-seat 
back contacts. It should be noted that with current 
seatback designs it is difficult to maintain a 
consistent injury level, the interaction of the 
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unbelted passenger with the seat yields either neck 
flexion or extension issues depending on the  



 

Olivares 15 

- contact area. A compartmentalization approach 
should be used in order to provide head compliant 
surfaces for a wide range of passenger sizes. 

- For passengers seated in side facing seats the most 
common injury mechanisms are head-neck 
injuries due to body-body contact and femur 
compression due to the passenger contact with 
seats across de aisle. These injuries could be 
improved if forward facing seats are used instead 
of side-facing configurations 

- For rear impact conditions the most common 
injury type is neck extension. This injury 
mechanism is due to the low back seat designs and 
the rearward rotational stiffness of seatbacks. 
Current ongoing research at NIAR with modified 
high seat back designs has shown that the neck 
flexion moment can be significantly reduced to 
levels within FMVSS 208 due care values. 
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ABSTRACT 

The paper outlines the nature and severity of the 
injuries suffered by pedestrians in motor vehicle 
accidents in England. Pedestrian admissions to 
hospitals in England as recorded in the Hospital 
Episode Statistics (HES) over a nine year period were 
compared with accidents recorded in Great Britain’s 
national road casualties database (STATS19). 
Alongside this, the most frequently injured regions 
and individual injuries of the pedestrians were 
investigated. The relationship between individual 
injuries and the length of time spent at hospital was 
investigated. The changes in frequency of individual 
injuries were investigated to see whether recent 
changes in vehicle design could have altered the 
types of injuries received by pedestrian casualties.  

The HES data from April 1998 to March 2007 in 
England contained details of 82,811 pedestrian 
admissions following accidents involving motor 
vehicles. In the same time period there were 65,526 
killed or seriously injured pedestrians recorded in the 
STATS19 database. It was found that over the nine 
year period, the number of pedestrian casualties in 
HES remained relatively constant, while the number 
in STATS19 has reduced. In this period, HES data 
shows that tibia and femur fractures have reduced 
slightly. This could be due to a number of factors 
including improved vehicle design.  

The nature of the HES data means that very little 
information is included about the characteristics of 
the accident, which prevents possible causes of 
pedestrian injuries to be studied using the HES 
dataset by itself. However, this paper shows the 
potential of hospital data as an important tool in 
accident research, as the injury information can give 
evidence of the effects of the changing vehicle fleet, 
along with other road safety interventions. Further, 
through an in-depth understanding of the frequency 
and consequences of different injuries, future injury 
prevention strategies can be prioritised. 

 

 

INTRODUCTION 

Every year in the UK thousands of people are killed 
and tens of thousands are seriously injured in traffic 
accidents. As well as the personal tragedy of these 
events, road traffic accidents have economic 
implications. An understanding of how injuries occur 
in accidents is sought in order to implement ideas to 
try and mitigate them, and a major part of gaining 
this understanding is looking at national level 
statistics. The importance of these statistics is such 
that they can affect Government and local authority 
initiatives, policy, spending and legislation, and even 
vehicle manufacturing decisions.  Hence the need for 
them to be accurate and reliable is prevalent.  

This project presents an opportunity to investigate 
two such sources of national statistics: the data 
recorded by the Police (STATS19) and the data 
recorded by the hospitals (Hospital Episode 
Statistics). While the purpose of STATS19 is to 
record traffic accidents, recording details of traffic 
casualties is only a small part of the Hospital Episode 
Statistics (HES). As such, only limited accident 
analysis has been performed using HES in the past. 
This paper provides the opportunity to investigate 
how HES can be used in accident investigation, and 
how it relates to STATS19.  

Hospital Episode Statistics (HES) 

Hospital Episode Statistics are compiled by the 
Department of Health and record details of all 
hospital admissions, finished consultant episodes and 
hospital discharges for England.  Data of this type has 
been collected since 1989, with its main purpose 
being to ensure correct funding of hospitals from 
their Primary Care Trust (PCT) [1]. HES contain data 
such as age, sex, dates of admission and discharge, 
diagnoses, operations and procedures, place of 
residence and ethnicity, with approximately 12 
million new records being added each year. 
Information regarding the diagnosis of injury and its 
causation is coded using the ‘International 
Classification of Diseases’ (ICD), of which the latest 
version ICD-10 has been used since 1995. Injuries 
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sustained in road traffic accidents can easily be 
identified when coded in this way. It should be noted 
that HES do not include details of any casualties 
treated in Accident and Emergency (A&E) that are 
not admitted to hospital [2]. 

Great Britain’s National Road Casualties 
Database (STATS19) 

STATS19 data is comprised of the details of road 
traffic accidents attended by the police in Great 
Britain.  The Police are required to attend every road 
traffic accident that involves an injury and whilst on 
scene, officers fill out a series of standard forms. 
Officers make a judgement, often without further 
information from hospitals, and record the severity of 
the injured casualties and the overall accident as 
‘slight’, ‘serious’ or ‘killed’.  This data is then 
collected, collated and analysed by the UK’s 
Department for Transport (DfT). 

STATS19 is, in principle, the national database in 
which all traffic accidents that result in injury to at 
least one person are recorded, although it is 
acknowledged that some injury accidents are missing 
from the database and a few non-injury accidents are 
included [3]. The database primarily records 
information on where the accident took place, when 
the accident occurred, the conditions at the time and 
location of the accident, details of the vehicles 
involved and information about the casualties. 
Approximately 50 pieces of information are collected 
for each accident [4]. 

The accidents that are recorded in STATS19 are 
summarised annually in the DfT “Road Casualties 
Great Britain” (RCGB) series. 

Overview Of Accidents In Great Britain 

The number of killed and seriously injured road 
casualties per year has been decreasing for 
pedestrians from 1996 to 2006 (see Figure 1); 
however the decrease has been less from 2004 to 
2006. This trend is the same for pedal cyclist and car 
user casualties. Motorcyclist casualties increased 
between 1996 and 2003, decreasing back to the 1994-
98 average by 2006.  

 

Figure 1.  Trend of road casualties in Great 
Britain by road user type [5]. 

In 2006, 1.2% of all road user casualties suffered 
fatal injuries. Both pedestrians and motorcyclists had 
above average rates of fatalities with 2.2% and 2.6% 
of those injured being killed respectively [4]. In total, 
of all the fatally injured casualties on Britain’s roads 
in 2006, 675 (21%) were pedestrians. Of all the killed 
or seriously injured casualties, 7,051 (22%) were 
pedestrians. 

Apart from being a large group of the road casualties 
in Great Britain, there are a number of reasons for 
investigating pedestrians in HES and STATS19. 
Arguably, compared to car occupants, the injury 
epidemiology and characteristics of pedestrians are 
less well understood, because of the lack of large 
pedestrian-focused accident studies.  

Supported by the European Commission (EC), the 
European Enhanced Vehicle-safety Committee 
Working Group 10 (EEVC WG10) and 11 developed 
testing methods and standards for pedestrian 
protection in frontal impacts with cars. These new 
standards have been introduced in a 2-stage approach, 
the first of which was the EC Directive 2003/102/EC. 
This directive introduced a number of tests, including 
limits on the results of impacts between a lower leg 
form and the bumper, and a head form to the bonnet 
top. This new pedestrian legislation has meant that 
the design of cars has and will continue to change, so 
it is important to find any corresponding change in 
pedestrian injury epidemiology.  

In addition to the pedestrian regulation, Euro NCAP 
undertakes pedestrian sub-system impactor tests. Leg 
forms impact with the bumper and the bonnet leading 
edge and the head forms (child and adult) strike the 
bonnet at a variety of locations. As of 2009, the 
pedestrian tests have become an integral part of the 
new overall score given by Euro NCAP for any new 
car [5]. 

Pedestrian casualties are amongst the most vulnerable 
road users. Children have a large exposure to traffic 
as pedestrians, especially on their journey to and 
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from school. Elderly people, who may not have 
another form of transport available to them, are also 
exposed and at greatest risk of serious injuries if they 
are involved in an accident. These are also the two 
groups of pedestrians who are proportionally less 
well equipped for the road-crossing task. 

Previous studies [3] have found that the difference in 
the number of casualties recorded in HES and 
STATS19 is greatest for vulnerable road users. 
Vulnerable road users include pedal cyclists and 
pedestrians; the relationship between HES and 
STATS19 for pedal cyclists has already been 
explored [4]. 

METHODOLOGY 

This section explains some of the systems that were 
used to analyse the databases which are referred to 
later in the paper. 

     International Statistical Classification of 
Diseases (ICD) - In HES, injuries are recorded in 14 
fields (7 before April 2002), which contain 
information about a patient’s illness or condition [6]. 
The first of these fields contains the primary 
diagnosis and the other fields contain 
secondary/subsidiary diagnoses. The codes are 
defined in the International Statistical Classification 
of Diseases, Injuries and Causes of Death [7]. HES 
records currently use the tenth revision (ICD-10). 
Diagnosis codes start with a letter and are followed 
by two or three digits.  

The ICD-10 codes are recorded in HES in both their 
3-character and 4-character formats. The first 3 
characters of the ICD-10 code provide the core 
classification of the injury, whereas the first 4 
characters of the code provide a more specific injury 
description. An example of this would be a 
3-character code of “S01 – an open wound of the 
head” [7].  When split into its 4-character codes it 
could be any of the following: 

• S01.1 – Open wound of eyelid and 
periocular area 

• S01.2 – Open wound of nose 
• S01.3 – Open wound of ear 
• S01.4 – Open wound of cheek and 

temporomandibular 
• S01.5 – Open wound of lip and oral cavity 
• S01.7 – Multiple open wounds of head 
• S01.8 – Open wound of parts of head 
• S01.9 – Open wound of head, part 

unspecified  
 

     Operation Codes - There are twelve fields in 
HES (four prior to April 2002), which contain 
information about a patient’s surgical operations. The 
first code contains the main (i.e. most resource 
intensive) procedure. The other fields contain 
secondary procedures. The codes are defined in the 
Tabular List of the Classification of Surgical 
Operations and Procedures. The current version is 
OPCS4 [8]. Procedure codes start with a letter and 
are followed by two or three digits. The third digit 
identifies variations on a main procedure code 
containing two digits. A single operation may contain 
more than one procedure. 

RESULTS 

This section of the paper presents an overview of the 
two datasets, and compares the datasets where 
possible. Comparisons include the number of 
pedestrian casualties in both databases, the vehicles 
involved in the accidents, and the age and gender of 
the pedestrian casualties. The data analysed for this 
report included all pedestrian casualties contained in 
HES from April 1998 to March 2007 in England, and 
all the killed or seriously injured pedestrian casualties 
in STATS19 from April 1998 to March 2007 in 
England. The period of April to March is referred to 
as a ‘financial year’. 

It is expected that the majority of pedestrian 
casualties recorded in HES should be present in 
STATS19. This is because of the definition of a 
“serious” casualty in STATS19, which includes 
“detention in hospital as an in-patient, either 
immediately or later” [9]. Most of these should be in 
HES, which contains all patients “admitted” to 
hospital. The reverse is not true: there are likely to be 
many pedestrians in STATS19 who would not appear 
in HES. This could be because they had an injury 
which did not require admission to hospital, or 
because they died at the scene so were not admitted 
to hospital. 

Summary of Casualties 

     Hospital Episode Statistics - In HES there were 
82,908 admissions and 80,116 patients in the original 
dataset, which shows that some of the patients were 
admitted more than once. However, some of these 
admissions were duplicated in the dataset due to 
coding errors, once these were removed, there were 
82,811 unique admissions for the 80,116 patients. 
This is summarised in Table 1. 
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Table 1.   
Number of admissions and patients in HES 

Number of admissions in original dataset 82,908 
Number of patients in original dataset 80,116 
Number of unique admissions, after 
duplicate records removed 

82,811 

Number of patients, after duplicate 
records removed 

80,116 

These admissions were then broken down by their 
accident type classification, using their 4 digit 
causation code. From these codes the admissions 
which were described as non-traffic or unspecified 
non-traffic were eliminated for comparison with 
STATS19. This resulted in 72,878 admissions for 
analysis. 

     Police Statistics (STATS19) - The pedestrian 
casualties used for analysis in STATS19 were 
selected to be only those who were killed or seriously 
injured as only these pedestrians could have been 
admitted to hospital and therefore be in the HES 
dataset. In the same 1998 to 2007 time period there 
were 64,233 pedestrian accidents in England 
recorded in STATS19. This consisted of 64,253 
vehicles and 65,526 pedestrian KSI casualties. The 
casualties in this dataset were only those of fatal or 
serious severity, the 65,526 casualties consisting of 
6,000 fatalities and 59,526 seriously injured 
pedestrians. 

Accident Characteristics 

     Admission Date - The year in which the patient 
was admitted is recorded in HES and is compared, in 
this section, to the year of accident in STATS19. 
Figure 2 shows the number of HES admissions per 
year split by the type of accident as recorded by 4 
digit causation code. As described earlier, from these 
codes the admissions which were described as non-
traffic or unspecified non-traffic were eliminated for 
comparison with STATS19. From this figure it can 
be seen that the number of pedestrians recorded in 
HES who were selected for analysis decreased from 
8,907 admissions in 1998 to 7,726 in 2003, but has 
been at a fairly constant level of around 7,800 
admissions from 2003 to 2007. STATS19 data shows 
pedestrian accidents to have been on a steady 
decrease throughout the financial year groups 
decreasing from 8,888 in 1998/99 to 6,132 in 
2006/07. 
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Figure 2. Number of pedestrian casualties from 
1998 to 2007 in HES and STATS19 

This shows that at the beginning of the years 
analysed, the numbers of pedestrian accidents 
recorded were very similar in both datasets, however, 
in recent years the numbers have become less similar. 
These fluctuations could be due to a number of 
reasons. It should be noted that a warning is given on 
the HES website about the admission date data 
stating:  

“Fluctuations in the data can occur for a number of 
reasons, e.g. organisational changes, reviews of best 
practice within the medical community, the adoption 
of new coding schemes and data quality problems 
that are often year specific. These variations can lead 
to false assumptions about trends.” [6]. 

     Vehicle Type - The accidents recorded in both 
STATS19 and HES were broken down by the vehicle 
type that struck the pedestrian. The vehicle type 
categories were selected based on the codes used in 
HES.  

From analysis of the HES data, it was found that the 
majority, 84%, of the pedestrians admitted were 
struck by vehicles in the “Car/pickup/van” category 
compared to 86% of those in STATS19. The 
percentage of pedestrians struck by a pedal cycle in 
HES was 3% which is higher than the 1% of those in 
STATS19, in contrast, the number of pedestrians 
struck by “Heavy transport vehicles” in STATS19 
was 8%, which was higher than the 6% of pedestrians 
in HES. Overall the distributions of the vehicle types 
that struck pedestrians look very similar. 
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Casualty Characteristics 

     Gender - The difference between the gender 
percentages in STATS19 and HES were minimal. 
Males were the most frequent in both datasets with 
61% of STATS19 pedestrians and 63% of HES 
pedestrians being male. 

     Age - The age of pedestrian casualties peaked for 
5-20 year olds in both datasets, with around 19% of 
casualties aged 10-15 in both datasets. For the 
younger age groups (particularly the 0-9 year olds), 
the percentage of casualties in STATS19 was lower 
than the percentage in HES. Overall the distribution 
of age in the datasets looks similar. 
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Figure 3.  Age of pedestrian casualties in HES and 
STATS19. 

When split by gender, a second peak was seen for 
females of 70 to 89 years of age (Figure 5), whereas 
males aged over 20 years peaked in pedestrian 
casualties at the age of 40-49 (Figure 4). These peaks 
occurred at the same ages for both HES and 
STATS19 datasets. 
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Figure 4.  Age of male pedestrians by gender in 
HES and STATS19. 
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Figure 5.  Age of female pedestrians by gender in 
HES and STATS19. 

Injury Characteristics 

Analysis in this section used the ICD-10 diagnosis 
codes to analyse the most frequent injuries, injury 
regions and numbers of injuries received by 
pedestrians in HES. Also investigated in this section, 
is the number and type of operations received by 
pedestrians as classified in OPCS4. ICD-10 and 
OPCS4 are described in the methodology section of 
this paper. 

     Overall Severity - STATS19 records the overall 
severity of the injuries received by the pedestrian 
which has been analysed in this section. 

Overall, 91% of KSI pedestrian casualties in 
STATS19 were recorded to be serious and 9% fatal. 
From Figure 6 it can be seen that males 
proportionally suffered more fatal injuries when 
involved in pedestrian accidents than females. 

 

Figure 6.  KSI pedestrians’ severity split by 
gender in STATS19. 

Figure 7 shows that younger pedestrians received a 
higher proportion of serious injuries, with older 
pedestrians being those that were killed more 
frequently in pedestrian accidents. 
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Figure 7.  Severity split by age group for KSI 
pedestrians in STATS19. 

 

     ICD Analysis - The most frequently injured 
regions coded as primary injuries in HES using 3-
character ICD10 codes are shown in Figure 8. The 
most frequent injury, received by 12,442 of the 
pedestrians in HES was a fracture to the lower leg 
including ankle, followed by 9,345 with unspecified 
injuries of the head. Of these most frequent injuries, a 
large proportion were other injuries to the head and 
legs. 
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Figure 8.  Most frequent primary injuries (using 
3-character code) in HES. 

The injuries coded using the 4-character codes were 
then analysed and are shown in Figure 9. The most 
frequent primary injury in this field was an 
unspecified injury to the head, which 9,051 
pedestrians had. Fractures to the shaft of the tibia 
were present in 6,987 of the pedestrians. The next 
two top injury categories were also fractures to the 
tibia, with 3,526 pedestrians receiving fractures to the 
lower end of the tibia and 3,054 with fractures to the 
upper end of the tibia. 
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Figure 9.  Most frequent primary injuries (using 
4-character code) in HES. 

When grouped into body regions it was found that 
38% of pedestrians had head injuries as their primary 
diagnosis and 29% had knee and lower leg injuries. 

When all the injuries for each pedestrian were 
combined (i.e. the primary injury and all 
secondary/subsidiary injuries recorded) and the 
region of these injuries defined, the head and neck 
was the most frequently injured region still with 38% 
of the injuries being to this region. The next most 
frequently injured region was the lower limb region 
(does not include pelvis) with 32% of the injuries 
occurring here. 

     Operations - From analysis of the number of 
operations each pedestrian underwent, it was found 
that 52% of the 72,878 pedestrians had no operations 
after their accidents. Of those that had operations, the 
most common number of operations to have was 
three; 16% of pedestrians had three operations and 
38% had three or more operations.  

The areas of the primary operations recorded in HES 
for pedestrians were also analysed. After the “no 
operation” category, the most frequent operation area 
was “other bones and joints” with 21,066 pedestrians 
having an operation in this area. “Other bones and 
joints” includes any bones and joints other than those 
in the neck and spine. 

Assuming that the majority of primary operations 
were carried out on the primary injury regions, most 
(75%) of the other bones and joints operations were 
performed on those with leg injuries. Arm injuries 
were the next highest injury category with 18% of 
other bones and joints operations correlated with this 
region.  

     Injury Numbers - The number of injuries 
recorded in HES for each pedestrian was calculated 
and is presented in Figure 10. It should be noted that 
the increase in the number of injuries which could be 
recorded in the HES dataset increased from 7 in 2002 
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and therefore only 3% had 7 or more injuries. 
Pedestrians with only one injury made up 33% of the 
sample, the percentage of pedestrians then decreased 
with the increasing number of injuries.  

 

Figure 10.  Number of recorded injuries for 
pedestrian casualties in HES. 

     Injuries with respect to age - The percentage of 
pedestrians with head injuries decreased with 
increasing age, as can be seen in Figure 11. Hip and 
thigh injuries were fairly constant for all ages until 59 
years of age, after which the percentage of the age 
group with injuries in that region increased from 5% 
for 50-59 to 16% for those over 90. Knee and lower 
leg injuries had the opposite trend, decreasing from 
30% for 60-69 year olds to 23% of over 90 year olds. 
Injuries in the shoulder and arm region were 
particularly low for those aged up to 9 years, but 
were then fairly constant for all other age groups. 
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Figure 11.  Relationship between the most 
frequent injuries and age of pedestrians, as a 
percentage of pedestrians in each age range in 
HES. 

 

     Injuries related to striking vehicle - Knee and 
lower leg injuries were the most common injury 
regions for pedestrians struck by all vehicle types 
apart from 2/3 wheel motor vehicles for which wrist 
and hand injuries were slightly more frequent. 
Pedestrians hit by heavy transport vehicles received 

the highest rate of injuries to multiple body regions, 
the abdominal region and the shoulder. Pedestrians 
struck by pedal cycles received the highest rate of 
ankle and foot, and thorax injuries. 

 

Figure 12.  Pedestrian injuries caused by different 
vehicle types in HES. 

     Injuries related to time in hospital - It can be 
seen in Figure 13 that the number of pedestrians who 
stay in hospital for 0 days increased from 745 in 
1998/99 to 1,345 in 2006/07. This may be due to the 
improvement in treatment over this time period or 
could be due to changes in admission procedures. It 
could also potentially be due to an increase in traffic 
congestion and therefore lower impact speeds so 
lower severity injuries or the better and/or different 
vehicle designs. The number of pedestrians in 
hospital for 2 or more days has decreased from 5,093 
to 3,494, but the stays of 1 day (and unknown stays) 
remained fairly constant at about 2,000 pedestrians 
per year. 
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Figure 13.  Number of pedestrian admissions from 
1998-2007, and duration of stay in HES. 

The duration of stay for pedestrians peaked with 25% 
of pedestrians staying for 1 day. The next two most 
frequent lengths of stay were 0 or 2 days both 
accounting for 11% of pedestrians. 
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Figure 14.  Duration of stay as a percentage of the 
number of pedestrians in HES. 
When comparing primary injury regions with 
duration of stay, it can be seen that the length of stay 
for those with head injuries peaked at 1 day, whereas 
those with knee and lower leg injuries peaked at 2 
days. Patients who were admitted for 2 days or more, 
most commonly had leg injuries compared to head 
injuries. 
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Figure 15.  Duration of stay at hospital for 
pedestrians with the three most frequently injured 
body regions in HES. 

Figure 16 is a box plot which shows how primary 
injuries in different regions related to the length of 
time spent in hospital. The central horizontal line 
within the bars gives the median duration of stay, and 
the bars themselves give the upper and lower 
quartiles. The lines extending from the bars contain 
approximately 99% of the pedestrians. The circles 
and stars outside these lines are outliers. The body 
regions themselves are sorted by the mean duration of 
stay, descending from the left. The mean duration of 
stay for the different injury regions is shown in Table 
2. 

Primary injuries to the hip and thigh were associated 
with the longest mean and median duration of stay in 
hospital. There were a lot of outlying points for 
injuries to all body regions, where the pedestrian had 
been in hospital for a relatively long time. This was 
especially true for injuries to the head, where the 

quartiles of the duration of stay were close together, 
but there were a lot of outliers who were in hospital 
for much longer. This seems to be because a large 
number of pedestrians had relatively minor head 
injuries, and were only in hospital for one day, 
compared to a relatively small sub-set who spent over 
5 days in hospital with serious or life threatening 
head injury. 
 

 
Figure 16.  Mean duration of stay, by region of 

primary injury in HES. 
 

Table 2. 
Mean duration of stay by primary injury region in 

HES 
Primary injury region No. of 

pedestrians 
Mean 

duration of 
stay (days) 

Hip and thigh 4714 16.7 
Neck 695 15.1 
Injuries involving 
multiple body regions 

732 10.4 

Abdomen, lower back, 
lumbar spine and pelvis 

4085 10.2 

knee and lower leg 20342 8.9 
Thorax 1670 8.1 
Certain early 
complications of 
trauma 

100 6.7 

Not S or T group 2183 6.4 
Burns and Corrosions 122 6.3 
Shoulder and upper arm 4340 6.1 
Ankle and foot 2355 5.9 
Elbow and forearm 2964 4.7 
Head 26841 3.7 
Unspecified parts of 
trunk, limb or body 
region 

481 3.4 

Wrist and hand 1212 2.6 
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These injuries were then broken down into the more 
specific injuries as shown in Figure 17, which gives 
the 10 injuries with the highest mean duration of stay, 
received by at least 100 pedestrians. The injuries are 
coded using the 4 character ICD code, the 
descriptions of which are given in Table 3. The 
longest mean duration of stay was 68 days for those 
pedestrians with fractured cervical vertebra. This 
large mean duration was due to two pedestrians who 
received this injury and were in hospital for 1,082 
and 2,878 days. 

The majority of other injuries which led to long 
durations of stay were fractures of the legs. As with 
the other body region injuries, there was a large 
spread in the duration of stay of the pedestrians 
suffering lower limb injuries. 
 

 
Figure 17.  Mean duration of stay for injuries 
suffered by at least 100 pedestrians in HES. 

Table 3.   
Descriptions of 4 character primary diagnosis 

codes in HES 
4 

char 
code 

Injury description No. of 
pedest
rians 

Mean 
stay 

duration 
(days) 

S122 
Fracture of other specified 
cervical vertebra 

101 67.5 

T025 
Fractures to multiple regions 
of both legs 

100 33.9 

S327 
Multiple fractures of lumbar 
spine and pelvis 

150 25.3 

S324 Fracture of acetabulum 308 24.4 
S723 Fracture of shaft of femur 1335 21.9 

S722 
Subtrochanteric fracture of 
femur 

154 20.9 

S729 
Fracture of femur, part 
unspecified 

336 20.3 

S062 Diffuse brain injury 924 19.1 

S721 
Pertrochanteric fracture of 
femur 

379 18.6 

S720 Fracture of neck of femur 1067 17.5 
 

Changes Over Time 

The large amount of data present in the HES dataset 
from 1998-2007 enabled some variations in 
pedestrian injuries over time to be investigated.  

Table 4 compares the ten most frequent injuries 
recorded in 2006/2007, using the 3-character ICD 
codes.  

Table 5 compares the most frequent 4-character ICD 
codes recorded in 2006/2007. In these tables, the 
percentage point difference to the 1998/1999 figures 
for that injury are presented in brackets. 

Although the most frequent injuries have changed 
very little, the changes in the proportion of 
pedestrians receiving these injuries paint an 
interesting picture. With the exception of “fractures 
of other part of lower leg”, all of the injuries which 
have increased in proportion are relatively minor, 
while those that have decreased are fractures and 
other serious injuries. This suggests that pedestrians 
received less severe injuries in 2006/2007 compared 
to those in 1998/1999. 
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Table 4.   
Most frequent 3-character ICD codes, 2006/2007 

in HES 
Injury description No. of 

pedestrians 
% of 

pedestrians 
Fracture of lower leg, 
including ankle 

1867 23.7 (-1.6) 

Other and 
unspecified injuries 
of head 

816 10.3 (-4.1) 

Open wound of head 616 7.8 (+1.9) 
Intracranial injury 524 6.6 (-1.4) 
Superficial injury of 
head 

519 6.6 (+2.7) 

Fracture of shoulder 
and upper arm 

400 5.1 (-0.5) 

Fracture of femur 383 4.9 (-1.3) 
Fracture of skull and 
facial bones 382 4.8 (-0.6) 

Fracture of lumbar 
spine and pelvis 

268 3.4 (-0.2) 

Fracture of forearm 266 3.4 (-) 

 

Table 5.   
Most frequent 4-character ICD codes, 2006/2007 

in HES 
Injury description No. of 

pedestrians 
% of 

pedestrians 
Unspecified injury of 
head 

791 10.0 (-3.8) 

Fracture of shaft of 
tibia 

646 8.2 (-2.4) 

Fracture of lower end 
of tibia 

367 4.7 (-) 

Fracture of upper end 
of tibia 298 3.8 (-0.4) 

Open wound of other 
parts of head 

233 3.0 (+0.7) 

Fractures of other 
parts of lower leg 

215 2.7 (+0.2) 

Superficial injury of 
other parts of head 

198 2.5 (+0.9) 

Open wound of scalp 179 2.3 (+0.8) 
Fracture of upper end 
of humerus 

157 2.0 (-0.5) 

Superficial injury of 
head, part 
unspecified 

150 1.9 (+0.9) 

Fracture of pubis 140 1.8 (-0.3) 
Fracture of shaft of 
femur 

100 1.3 (-1.2) 

Intracranial injury, 
unspecified 

40 0.5 (-1.5) 

Figure 18 shows the change with respect to time of 
two of the injuries which were shown to have 
reduced in frequency between 1998/1999 and 
2006/2007. These were the fractures to the shaft of 
the tibia and femur. This graph shows that there has 
been a steady decline in these injuries over the last 
few years. 
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Figure 18.  Distribution of pedestrians receiving 
tibia and femur fractures in HES by year. 

Figure 19 compares the distribution of the primary 
injuries for the pedestrians admitted in 1998/1999 
and 2006/2007. There was a small decrease in the 
proportion of head and/or neck and lower limb 
injuries, and a slight increase in the proportion of 
upper limb and thorax injuries. 
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Figure 19.  Distribution of injury regions in 
1998/1999 and 2006/2007 in HES. 

Figure 20 compares the age distribution in 1998/1999 
and 2006/2007 of the pedestrians in the HES dataset. 
This shows that the largest difference was a reduction 
in the number of 5-9 year old pedestrian casualties. 
The most significant proportional increase was for 
pedestrians aged 40-49 years. 
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Figure 20.  Age distribution of HES pedestrian 
casualties in 1998/1999 and 2006/2007 in HES. 

Figure 21 shows how the proportion of pedestrians 
aged 5-9 and 40-49 varied from 1998/1999 to 
2006/2007. This shows that the change in the 
proportion of both 5-9 and 40-49 years olds has been 
relatively constant since 1998/1999. Figure 22 shows 
that a reduction in the proportion of 5-9 year olds was 
also present in STATS19. This suggests that the 
change in the proportions of these pedestrians was 
related to some real change, and not just statistical 
variation or changes in recording practices, and this 
will correlate with injury changes. 
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Figure 21.  Change in time of proportion of 
pedestrians aged 5-9 and 40-49 years in HES. 
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Figure 22.  Age distribution of pedestrian 
casualties in 1998/1999 and 2006/2007 in 
STATS19. 

In addition to age, the variation in the gender of the 
pedestrians over time was analysed in both datasets. 

This showed that there was very little change in the 
proportion of pedestrians who were male or female 
from 1998/1999 to 2006/2007. 

The change in the distribution of the vehicles 
involved in the pedestrian accidents in 1998/1999 and 
2006/2007 was also analysed in STATS19 and HES. 
There was a slight increase in the proportion of 
pedestrians impacted by heavy transport vehicles, and 
a slight decrease in the proportion of pedestrians 
struck by cars/pickups/vans. 

Figure 23 shows how the proportion of pedestrians 
struck by heavy vehicles and cars varied in the HES 
dataset from 1998/1999 to 2006/2007. The 
proportions of the two vehicles are shown on 
different scales because of the large difference 
between them. This figure shows that the proportion 
of pedestrian accidents involving heavy vehicles has 
been steadily increasing. The proportion due to 
impacts with cars/pickups/vans decreased from 
1998/1999 to 2003/2004, but since then remained 
relatively constant. 
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Figure 23.  Change in time of proportion of 
pedestrians struck by heavy vehicles and cars in 
HES. 

 

DISCUSSION 

Comparing the number of pedestrians recorded in 
HES and STATS19 from 1998 to 2007 showed that 
while the number of pedestrian admissions in HES 
has remained relatively constant, the number of killed 
and seriously injured pedestrians recorded in 
STATS19 has reduced considerably from 1998 to 
2007. This may be due to a number of reasons. 
Possibly the most important is the warning that HES 
gives on its data stating that fluctuations can occur 
due to such factors as organisational changes, reviews 
of best practice within the medical community, the 
adoption of new coding schemes and data quality 
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problems that are often year specific. STATS19 may 
also be subject to variations in the number of 
pedestrian accidents recorded per year due to factors 
such as the number of pedestrian accidents that are 
actually reported to the police. Reasons for these 
differences have been discussed previously by other 
authors [10, 11, 12, 13]. 

Comparisons of age and gender showed that in 
general the two datasets are very similar with respect 
to these casualty characteristics. The largest 
difference is an increase in the proportion of 
pedestrians in HES aged 0-9 years old. At the time of 
writing the reason for this difference is not clear, but 
potentially could be associated with under-reporting 
by the police of these collisions, due to their 
characteristics. 

STATS19 can also be used to distinguish between 
killed and seriously injured pedestrians, information 
which was not contained in the HES data. This shows 
that males were slightly more likely to be involved in 
fatal accidents, and that children were more likely to 
survive the impact than older pedestrians. This is 
believed to be because of their greater tolerance to 
injury and their different sizes and potentially crash 
types. 

Injuries 

The most valuable part of the HES dataset is the 
injuries it records for pedestrians, data which is not 
available in any other database on such a large scale.  

The most frequent injuries recorded for the 
pedestrians in HES are head and lower leg injuries. 
This is true whether the 3-character or the more 
detailed 4-character ICD codes are used. 

Using the 4-character ICD codes, the most frequent 
injury is “unspecified injury of head”, however, we 
do not know the severity of this injury due to the ICD 
coding system not including a measure of injury 
severity. This also means that different injuries can 
not be compared with respect to their severity. 

The next four most frequent injuries are all fractures 
of the lower leg, and the majority of the top ten most 
frequent injuries are head and leg injuries. This 
agrees with previous studies on smaller samples of 
pedestrians [14]. 

The relationship between the age of the pedestrian 
and the proportion of injury in the four most 
frequently injured regions was investigated. This 
showed that the rate of head injuries decreases with 
age, and the rate of hip and thigh injuries increases 
with age. The rate of hip and thigh injuries increases 
most above the age of 60, which would coincide with 

the decreasing bone density and strength of older 
people, especially women. This would help to explain 
why the number of female pedestrian casualties 
increases above the age of 70. 

The incidence of head injuries was greatest for young 
children (0-9), which is likely to be because they will 
receive a more direct contact to the head from the 
front of the vehicle, because of their height. From the 
age of 16 and older, the proportion of pedestrian 
casualties with a head injury remains relatively 
constant. It might be expected that elderly pedestrians 
would also see an increase in head injuries because 
they are generally less tolerant to injury. However, it 
may be that these pedestrians are being seriously 
injured at lower impact speeds (receiving leg 
fractures), which may counterbalance their reduced 
tolerance to head injuries. Some knowledge of impact 
type and speeds involved would be required to 
determine whether or not this was true. 

Duration of Stay 

The duration of the stay in hospital is one way in 
which the HES data can be used to estimate the cost 
to the hospital of different injuries and the severity 
with respect to the affects on the casualties’ life. 
Overall the duration of stay in hospital of the 
pedestrian casualties in HES is a very skewed 
distribution, with a large number of pedestrians 
staying for only one day, and a very small number of 
pedestrians remaining in hospital for very long 
periods of time. This distribution is a similar shape 
when individual injuries are investigated. For this 
reason, the relationship between individual injuries 
and the duration of stay in hospital has been 
investigated using the mean stay in hospital, and box-
plots showing the distribution of the length of stay for 
different injuries. 

Measuring the mean duration of stay shows that 
injuries to the hip and thigh and neck result in the 
longest average stay in hospital. Injuries to the hip 
and thigh are also some of the most frequent so, 
combined with the long duration of stay in hospital, 
injuries to this region will be some of the most costly. 
This could, however, also be due to the hip and thigh 
injuries frequently being associated with older 
women who generally stay in hospital longer for all 
injuries. 

Looking at individual injuries shows that a fracture of 
the cervical spine leads to the longest mean duration 
in hospital, but this is mainly due to one pedestrian 
who received this injury and remained in hospital for 
almost eight years. Apart from this spinal injury, 
multiple fractures of the lower legs led to the longest 
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mean stay in hospital. The remainder of the ten 
longest mean durations of stay in hospital are mostly 
made up of fractures to the femur. 

There are a number of limitations to using this 
method of determining which injuries are most costly 
to the hospitals. The first is that it only takes into 
account the primary injury, and not any other injuries 
sustained. Secondly, it does not take into account 
other costs, such as operations and procedures in the 
hospital, post-hospital care, and the effect on quality 
of life. These are things which could be investigated, 
but would need information other than that in the 
HES data. 

The HES data provided to TRL covers a period of 
nine years, and the large number of pedestrians 
recorded in each year has enabled some of the 
changes over time to be investigated. Some injuries, 
such as fractures to the shaft of the tibia and fibula, 
show a small but steady decline over the ten year 
period. This could be evidence that improved car 
design in recent years has reduced the rate of these 
injuries. However, further evidence would be 
required relating to the characteristics of the crashes 
and injury mechanisms before this could be known. 

The most startling change over the 9 years of HES 
data is the way that the distribution of the age of the 
pedestrian casualties has altered. Specifically, the 
proportion of pedestrians aged 5-9 years has dropped 
from 15% to 10%, and the proportion of pedestrians 
aged 40-49 years has increased from 6% to 9%. It is 
not clear why these changes have occurred. 
Previously it was shown that the proportion of 5-9 
year olds was different in STATS19 and HES, which 
could have meant that the reduction in 5-9 year olds 
is caused by something which affects the HES data 
only. However, a drop in the proportion of 5-9 year 
old pedestrian casualties is also seen in STATS19. 
This is evidence that it is a real effect, which could 
perhaps be related to a reduction in the exposure of 
children to traffic, for example if fewer children walk 
to school. Or it could be related to road safety 
schemes aimed at this age group, such as the UK’s 
THINK! campaign [15] proving effective.   

Other changes over the nine years were a reduction in 
the proportion of casualties who were in impacts with 
cars, and a reduction in the proportion of casualties 
who lived in the 10% most socially and economically 
deprived areas of England. 

 

 

 

CONCLUSIONS 

TRL successfully collaborated with the South East 
Health Observatory (SEPHO) who provided Hospital 
Episode Statistics (HES) data for pedestrian 
casualties admitted to hospitals in England from 
April 1998 to March 2007. This data was analysed, 
along with STATS19, to explore what the dataset 
contained, how it could be used in the field of 
accident research, and how it compared to STATS19. 
A multi-disciplinary team of researchers designed the 
research study and undertook the work programme. 

While the number of pedestrian casualties in HES 
remains relatively constant, the number of killed and 
seriously injured casualties in STATS19 has reduced 
over the last nine years. This difference matched the 
observations in pervious research which looked at all 
road users. 

In general, the distribution of age, gender, and 
striking vehicle were similar in STATS19 and HES. 
Apart from date, these were the only variables which 
could be directly compared. 

The most frequent injuries recorded for pedestrians in 
the HES datasets were head and lower leg injuries. 
The most frequent individual recorded injury was 
“unspecified injury of head”, followed by four 
different types of lower leg fractures. 

The proportion of head injuries decreased with age, 
while hip and thigh injuries increased with age. 

The duration of stay in hospital was used as a 
measure to determine which injuries resulted in the 
highest cost to the hospital. With the exception of the 
relatively infrequent cervical spine fractures, the 
injuries which resulted in the longest stay in hospital 
were leg injuries, especially fractures of the femur. 

Leg injuries seem to be the area with the greatest 
potential for injury prevention. Tibia fractures were 
among the most frequent injuries, and femur fractures 
led to some of the longest mean durations of stay in 
hospital, so preventing these injuries may have the 
largest benefit in terms of cost to the hospitals. 

There has been a large decrease in the proportion of 
5-9 year olds in the HES and STATS19 datasets over 
the last nine years. 
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ABSTRACT  
 
In this paper, a three-dimensional (3-D) nonlinear 
finite element (FE) method is used in association 
with the Articulated Total Body (ATB) biodynamics 
method, to study the human brain response under 
dynamic loading. The FE formulation includes the 
detailed model of the skull, brain, cerebral-spinal 
fluid (CSF), dura mater, pia mater, falx and tentorium 
membranes. The brain is modeled as viscoelastic 
material, whereas, a linear elastic material model is 
assumed for all other tissue components.  Proper 
contact and compatibility conditions between 
different components are assumed. Instead of direct 
contact, inertial load resulting from the acceleration 
and deceleration of the head mass system is 
implemented. The ATB biodynamic package is used 
to simulate real vehicle impact scenarios, and to 
extract the six translation and rotation acceleration 
data at the center of the mass of the head component. 
These six-degrees of freedom (6-DOF) kinematic 
descriptions are used to represent the inflicted inertial 
loadings. The magnetic resonance imaging (MRI) 
outcomes, from two incidents with head impact, are 
compared with the biomechanical FE simulations to 
present the model capabilities.  To examine and 
verify the material parameters used in FE 
formulations, experiments are conducted on a 
simulated brain material made from silicon dielectric 
gel. The results support that the combination of the 
FE deformation analysis and the ATB rigid body 
model is an effective method in head impact analysis 
and traumatic brain injury (TBI) identification.   
 
Keywords: head impact, traumatic brain injury (TBI), 
Articulate Total Body (ATB) Model, dynamic 
analysis, three-dimensional (3-D) finite element (FE) 
model  
 
 
 
 

INTRODUCTION 
 
Every year vehicle crashes cause over a million 
fatalities and a hundred million injuries worldwide 
[1]. In the United States (U.S.), traffic accidents have 
been the leading cause of death for the age groups of 
1 to 34, in recent years [2].  In European countries, 
45,000 fatalities and 1.5 millions injuries were 
reported in 1995 [3]. The societal and economic 
annual cost of traffic accidents is estimated to be 
$200 million in the U.S. [4], and over $160 million in 
European countries [5].   
 
Due to the devastating consequences of traumatic 
brain injury (TBI), crash analysis and head injury 
biomechanics are important fields in biomedical 
research. The head is routinely identified as the body 
part most frequently involved in life-threatening 
injuries in vehicular collisions [6]. In theU.S., 
approximately 2 million cases of TBI are recorded 
each year [7]. About one third of the hospitalized 
victims suffer from permanent disability [8].  Most of 
these victims undergo injury associated physical and 
psychological distress with a resulting high societal 
burden and cost.  Although many injury protection 
devices, such as safety belts, airbags and helmets, 
have been developed and improved, traffic accidents 
are still responsible for most TBI cases [9].  Crash 
analysis of head injury biomechanics focuses on head 
impact and injury mechanisms that are very 
important in the development of effective TBI 
prevention and minimization strategies.  
 
In an attempt to better understand head injury 
mechanisms, both clinical and laboratory studies 
have been conducted for decades. Mathematical 
models have been acknowledged as increasingly 
valuable tools in crash analysis.  Sophisticated three-
dimensional (3-D) finite element analysis (FEA) and 
rigid body biodynamic methods can be used to study 
impact injury events and the associated 
biomechanical response of the human head. The rigid 
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body model is used to determine the gross dynamics 
and movements of a subject’s head with the results 
introduced in finite elements (FEs) to determine local 
brain deformation. Complex geometry and 
constitutive models of multiple materials can also be 
employed under dynamic loading conditions.  
Combining these methods of analysis is time saving 
and improves effectiveness of the analysis [10]. 
 
The Articulated Total Body (ATB) Model, employed 
here for dynamic analysis of the body, is a validated 
3-D rigid-body biodynamic model.  This method has 
been successfully used by the Air Force Research 
Laboratory (AFRL) and other organizations for crash 
simulation and the prediction of gross human body 
response in crash dynamic environments. The ATB 
Model is quite general in nature and can be used to 
simulate the dynamic response of a wide range of 
physical problems approximated as a system of 
connected, or free, bodies and is not limited to crash 
dummy, or human, applications [11]. 
 
A 3-D FE brain dynamic analysis under impact is 
also employed in this paper. In a previous publication 
[12] the researchers reported the suitability of 
material modeling under frontal head impact 
scenarios. In this paper, the combination of FE and 
the articulated rigid body (ARB) dynamics is used to 
simulate and examine brain behavior under direct 
impact to the occipital portion of the head.  
 
FE MODELING 
 
The geometrical data for the development of the FEs 
of the human head, modeled here, represents a 
modification of existing geometric data obtained, and 
previously published, by Horgan [13].  A 3-D 
simulation, with multiple material model and load 
conditions, is then created.  Altair Hyperwork 7.0 
(Altair Engineering, Troy, Michigan) was used for 
FE pre-processing modeling and data post-
processing.  
 
The ATB modeling facilities are used to perform 
biodynamic simulation and to extract the head 
kinematic data under vehicle impact. These combined 
six degrees of freedom (6-DOF) acceleration data are 
used in the FE model for head response simulation.  
The 3-D FE model takes into account the detailed 
structure of the human head anatomy including the 
brain, falx and tentorium, cerebral spinal fluid (CSF), 
dura mater, pia mater, skull and scalp. The brain, 
CSF and skull are modeled as first-order eight 
nodded brick elements. The falx, tentorium, dura, pia 
and scalp are modeled as four-nodded membrane, or 
shell elements, with uniform thickness. Figures 1 and 

2 show the 3-D FE model of these components.  

 
Figure 1.  The right half model of brain CSF and 
skull bone.  
 

 
Figure 2.   The right half model of dura mater, 
falx and tentorium.  
 
The general-purpose 3-D nonlinear FE code LS-
DYNA is used as the solver. The main solution 
methodology is based on explicit time integration 
using the central difference method differentiating 
scheme. The explicit method is computationally 
efficient due to the small time steps in this problem to 
assure the convergence and stability of the solutions. 
The entire duration of the crash analysis is typically 
10-200 ms and small time steps are required, 
therefore, and are suitable for a converged and 
accurate solution procedure [14].  
 
Using a Lagrangian formulation [15], the time-
dependent finite deformation of continuum material 
can be expressed in terms of convected coordinates

jX , and time t: 

 

( , )i i jx X tφ=  (1.) 

 

where iφ  is the mapping function between the 

reference configuration and the current configuration. 



Ziejewski 3 
 

The equation of motion (balance of momentum) 
describing continuum deformation states that: 
 

..

0 0
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i i
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P
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where ijP is the nominal stress, ib  is the body force 

density, 0ρ is the density in the reference 

configuration, iu  is the displacement of a material 

point and 
..

iu is the acceleration. By integrating the 

equation of motion over the reference configuration, 
we have: 
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Applying the derivative product formula, and the 
divergence theorem: 
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where intwδ  extwδ and kinwδ are, respectively, 
virtual internal work, virtual external work and 
virtual inertial work.  The surface tractions are 

denoted by 
0

it
−

 denotes the surface tractions and SD 

 

is the number of space dimensions. By discretizing 
the domain into a Lagrangian mesh of FEs, where the 
geometry and field variables are described in terms of 
shape functions NI(X), the stationary form of the 
equations is finally written in the simple form of the 
balances of inertia forces (mass matrix times 
acceleration) , internal and external forces as: 
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 (5.) 
where the upper-case indices stand for the node 
number and the lower-case indices stand for the 
directions number. The time rate equations part of the 
equation (5) can be solved using the central 
difference explicit time integration method. For this 
purpose, the time domain is divided into a sequence 
of time steps and the solution is sought with the 
marching in time.   
 
MATERIAL CONSTITUTIVE MODEL  
 
The FE analysis of head impact biomechanics is 
usually based on small deformations of elastic, or 
viscoelastic, material. The assumptions of linearity, 
homogeneity and isotropy are used for the head 
tissues in this work (see Table 1). The linear elastic 
material model is used for the skull, scalp, dura 
mater, pia mater, falx and tentorial membranes.  A 
linear elastic model is also used for the CSF. Low 
shear modulus and high bulk modulus were used to 
simulate incompressibility. Fluid option is used for 
the CSF linear solid elements, in which the deviatoric 
stress is eliminated for fluid like behavior.  
 
 

Table 1.  
 Tissue structure and finite element model 

 
Tissue Anatomical structure 

50th  perc. male 
Constitutive model Finite element model # of 

Elements 
Scalp 5-7mm thick Linear elastic 6 mm thick shell element 2064 
Skull 195mm length, 155mm 

breadth 225 mm height 
4-7 mm thick 

Linear elastic  Solid element  8256 

Dura, falx, 
tentorium 

1 mm thick Linear elastic  1 mm thick  membrane 
element 

2622 

Pia 1 mm thick Linear elastic  1 mm thick membrane 
element 

2786 

CSF  Low shear modulus, high 
bulk modulus  
incompressible 

1.3 mm thick solid 
element 

2874 

Brain 165 mm length 140mm 
transverse diameter 

Homogeneous linear 
viscoelastic material 

Solid element 7318 
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A linear viscoelastic material model is used for the 
brain tissue. The shear relaxation behavior is 
described by the Maxwell model as: 
 

0( ) ( ) tG t G G G e β−
∞ ∞= + −  (6.) 

 

where 0G  is the short term shear modulus, G∞  is the 

long term shear modulus, and β  is the decay factor. 
Table 2 shows the material properties used in the FE 
model.  
 
Brain Substitute Material 
 
Since it is not feasible to use actual brain tissue in 
collision simulation, it is necessary to find a suitable 
modeling material. The material should be 
viscoelastic and have a complex modulus similar to 
brain tissue when subjected to shear strain. 
 
Studies from different species (human, porcine, 
bovine) and from different parts of the brain (white 
matter, cerebrum, brainstem) have consistently 
demonstrated that the viscoelastic properties of brain 
tissue fall into a predictable range [16-26]. Silicone 
dielectric gel (specifically Dow Corning Sylgard 527 
A&B) has been demonstrated to have viscoelastic 
properties approaching those of actual brain tissue 
and has gained widespread acceptance as a physical 
substitute for brain tissue [16, 25-28]. It is worth 

noting, however, that the gel exhibits a lesser degree 
of dynamic deformation because the phase angel of 
the gel material increases at a greater rate with 
respect to frequency than does brain tissue at 
frequencies above 1 Hz. This means that the gel 
exhibits greater viscous damping than brain tissue at 
finite strains. In other words, the gel material 
provides an accurate estimate of the response of brain 
tissue to oscillatory shear strains below 1 Hz in 
frequency and a conservative estimate above 1 Hz. 
The gel is, therefore, an excellent alternative for 
benchmarking studies [16, 25]. 
 
The suitability of silicone dielectric gel is confirmed 
through the independent testing in this research using 
the accepted technique of measuring the complex 
modulus of brain tissue by applying an oscillating 
shear strain and measuring the resulting strain and the 
phase shift between input stress and output strain. 
Testing is conducted using an Advanced Rheometric 
Expansion System (ARES) Rheometer (LS714306), 
from TA Instruments, in the University of 
Minnesota’s Rheological Measuring Laboratory 
(serial no. 199815770). Figure 3 shows the results of 
this testing, along with results published by Brands, 
et al. [16], which includes their tests of the same gel 
material, the results of their testing with several 
samples of porcine brain tissue and other findings in 
the literature, which include several human brain 
tissue samples. 

 
Table 2. 

The head tissue material parameters used in the finite element model 
 
Tissue Young’s mod. (GPa) Density (kg/mm3) Poisson’s ratio 

Skull 8 1.21×10-6 0.22 
Dura mater 0.0315 1.13×10-6 0.45 

Dura 
tentorium 

0.0315 1.13×10-6 0.45 

Dura falx 0.0315 1.13×10-6 0.45 
Pia mater 0.0115 1.13×10-6 0.45 

Scalp 0.0167 1.0×10-6 0.42 
Tissue Young’s 

mod. 
(GPa) 

Bulk 
mod. 
(GPa) 

Shear 
mod. 
(GPa) 

Density 
(kg/mm3) 

Poisson’s 
ratio 

Static shear 
mod. (GPa) 

Dynamic 
shear mod.  

(GPa) 

Decay  
const. 
(ms-1) 

Brain 667×10-6 2.19  1.04×10-6 0.49999635 5.28×10-5 1.68×10-5 0.4 

CSF 667×10-6 2.19 5.0×10-7 1.004×10-6     
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Figure 3.  Our (NDSU) independent testing of 
storage modulus of silicone dielectric gel over a 
range of frequencies in addition to results for gel 
and several samples of brain tissue originally 
reported in Brands et al. [16]. Literature data 
includes porcine cerebrum [18, 20], porcine 
brainstem [21], calf cerebrum [19], human 
cerebrum [22], and human white matter [23]. 
 
BOUNDARY CONDITIONS 

 
The free-boundary condition is defined as the 
junction of the neck and the head in the model.  This 
means that there is no constraint effect at the head-
neck joint, since for short duration impacts, such as 6 
ms in Nahum’s frontal impact [29], the neck does not 
influence the dynamic response of the head. Further, 
in inertial loading analysis, the 6-DOF kinematic 
description is sufficient and no extra boundary 
conditions are required. 
 
According to the anatomical structure and physiology 
of the human head, the interfaces between the scalp 
and skull, the skull and dura, as well as the brain and 
pia, are modeled as a tied surface-to-surface contact 
definition. The interface between the dura, tentorium 
and falx is defined as a tied node-to-surface contact 
model as these components physically adhere to each 
other. A tied contact algorithm is preferred for the 
brain-membrane interfaces because it transfers loads 
in both compression and tension; only loads in 
compression, however, are transferred in a penalty 
contact algorithm, so a gap will be created in the 
contrecoup region where tensile loading is possible in 
frontal impact. [30] 
 
Due to the presence of CSF, and the fact that the 
relative motion between the skull and brain during 
impact has been observed [30], the interfaces 
between the dura, pia, falx, tentorium and CSF are 

modeled as an automatic surface-to-surface sliding 
contact with a friction coefficient of 0.2, as 
previously reported [31]. This contact definition is 
also appropriate for the simulation of CSF fluid 
behavior by linear solid element methods.  

 
HEAD RESPONSE ANALYSIS UNDER 
VEHICLE CRASH LOADINGS  
 
Head impact against padded, or rigid, surfaces is a 
common and important source of loading to the 
human brain.  In the modeling presented here, an 
ATB biodynamic package is used to reconstruct 
impact scenarios of a real vehicle. Six translation and 
rotation acceleration data are extracted at the center 
of gravity (CG) of the head. Since the combined 
acceleration data reflects the head kinematics, 
restraint system interaction and head/neck reaction 
forces during the impact events, these DOF kinematic 
descriptions can be used to replicate the angular and 
translational acceleration momentum and resulting 
inertial loads experienced by the head tissue system 
in the dynamic conditions of a vehicle crash [32]. 
The head kinematic data from the ATB is then 
applied to the FE model to replicate the head 
biodynamic response in car crash cases. Finally, the 
mechanical response outputs are compared with the 
magnetic resonance imaging (MRI) observations of 
brain tissue injury to validate the simulation 
methodology.  
 
ATB Simulation  
 
The ATB computer program is a 3-D, rigid-body 
dynamic crash simulator developed jointly by the 
National Highway Traffic Safety Administration 
(NHTSA) and Armstrong Aerospace Medical 
Research Laboratory at Wright-Patterson Air Force 
Base (AMRL/WPAFB) to predict human body 
dynamics during events such as automobile 
collisions, pilots’ ejections and other hazardous 
events [33]. The Generator of Body Data (GEBOD) 
preprocessing program is used to generate the 
necessary input parameters for ATB, including 
geometric and mass properties of various body 
segments and locations and range of motion 
characteristics of joints [34]. This system can be used 
to predict both human and manikin body motion, as 
well as to provide injury assessment.  ATB is used 
here to simulate the actual incidents and to determine 
the motion of the head for further FE simulation in 
cases for which MRI data is also available.  
 
Case I:  This case represents a rear end collision 
simulation.  A tested impact scenario is based on a 
simulated human male subject weighing 79.3 kg (175 
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lbs) with a height of 1.8 meters (71 inches).  The 
subject is positioned with a head separation of 7.5 cm 
(3 in) and a head rotation of 30º to the left at the time 
of impact, striking the headrest with a head 
angulation of 70º yaw, 0º pitch and 0º roll.  
 
The impact scenario consists of a rearward 
acceleration resulting in a change in velocity of 
approximately 12.9 km/h (8mph).  The translational 
and rotational accelerations, in three directions, are 
shown in Figures 3 and 4.   
 

 
Figure 4.  Translation accelerations in inertial 
coordinate 
 
Case II:   The second analysis is performed for a 
direct head impact in the occipital area.  In this case, 
a female who was 1.5 meters (61 inches) tall and 
weighing between 54-59 kg, (120-130 lbs), loses her 
balance and strikes a rigidly attached wooden 
structure with the back of her head.  At the time of 
impact, her head velocity is approximately 6.5 meters 
per second (4 mph). The translational and rotational 
accelerations, in three directions, are shown in 
Figures 5 and 6.   
 

 
Figure 5.  Rotational accelerations in inertial 
coordinate  
 

 
Figure 6.  Translation accelerations in inertial 
coordinate 
 
FEA of Inertial Loading Response  
 
The FE head model and material model are used to 
analyze the inertial loading response of brain under 
these two scenarios.  The translational accelerations 
from ATB simulation are applied at the center of 
mass of the head model, which is rigidly connected to 
the skull to introduce the loading to the entire system. 
The skull solid elements are defined as solid body to 
apply the rotational accelerations. Because head soft 
tissue injuries are known to occur without large 
deformations of the skull, the rigid skull assumption 
is reasonable for the analysis of soft tissue response 
under dynamic loading [32].  
 
The Mechanical Response and Soft Tissue Injury  
 
Brain soft tissue injuries result from the combination 
of many biomechanical factors such as the material 
nature of brain tissue, anatomic structure of head and 
brain tissue, kinematics and other constraints.  
Basically, the brain deforms when exposed to rapid 
momentum change due to direct impact forces, or 
non-contact forces, transferred through the neck as a 
result of the velocity differences between the head 
and human body.  
 
Brain tissue is resistant to the dilatational 
deformation and hydrostatic stress due to the high 
bulk modulus.  Due to the low shear modulus, 
however, the internal anatomical structure of the 
head-brain complex and the angular kinematic 
loading under impact conditions, brain tissue injury, 
such as, diffuse axonal injury (DAI), may be 
developed from shear deformation and shear stress 
[32]. 
 
Figure 7 compares the FE solutions for maximum 
shear stress distribution with the MRI observations of 
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brain tissue injury for case I at 114 ms, the peak time 
of the impact for the case. In Figures 8 and 9, the FE 
solutions for the variation of maximum shear stress 
and maximum shear strain in the brain, from 114 ms 
to 116 ms, are shown.   
 

 
Figure 7.  Rotational accelerations in inertial 
coordinate 
 

 
Figure 8.  Case I brain shear injury MPI and 
maximum shear stress at 114ms (top-horizontal 
view) 
 

 
Figure 9.  Case I brain maximum shear stress 
(top-horizontal view) 
 
The MRI data for the cases are from patients referred 
for clinical evaluation and were obtained following 
informed consent under IRB approval.  The red 
arrows in the Figures indicate the sites of maximum 
shear stress and observed shear injury of brain tissue. 
In Figures 10- 12, the maximum shear stress 
distribution is compared with the MRI brain tissue 
injury for case II at the peak impact time of 105ms 

from different view directions. In Figures 13, 14 and 
15, a maximum shear stress variation of the brain 
from 104 ms to 106ms is shown from different view 
directions for this case.  

 

 
Figure 10.  Case I brain maximum shear strain 
(top horizontal view) 
 

 
Figure 11.  Case II brain shear injury MPI and 
maximum shear stress at 105ms (top-horizontal 
view) 
 

 
Figure 12.  Case II brain shear injury MPI and 
maximum shear stress at 105ms (mid-sagittal 
view) 
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Figure 13.  Case II brain shear injury MPI and 
maximum shear stress at 105 ms (coronal view) 
 

 
Figure 14.  Case II brain maximum shear stress 
(top-horizontal view) 
 

 
Figure 15.  Case II brain maximum shear stress 
(mid-sagittal view) 
 
Discussion  
 
A good correlation between the internal injury sites 
and high shear stress regions is demonstrated.  The 
FE head model accurately identifies and predicts 
locations of internal brain injury associated with 
blunt trauma as validated here. The maximum 
angular acceleration experienced by the head is 1532 

2/rad s  in case I, and 2155 2/rad s  in case II.  
 
These accelerations are in the range of the published 
values known to cause TBI in the human brain [35-
36]. The type, magnitude, duration and direction of 
acceleration loads all play important roles in brain 
injury mechanisms. 
 
 
 
 

CONCLUSIONS 
 
The combination of FE deformation analysis and an 
ATB rigid body model is an effective method in head 
impact analysis and TBI identification. More real 
accident simulations can be done to test the accuracy 
and the validity range of the head model. Parametric 
analysis of crash simulations can be done to study the 
brain injury mechanism. 
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ABSTRACT 
 

The object of this study is to evaluate the effect of 

Antilock Braking System (ABS) as a preventive 

safety device by statistical analysis of integrated road 

traffic accident database. 

The road traffic accident data including driver and 

road environment condition and the registered 

vehicle data including safety device were integrated.  

The risk of being struck from behind while stopping 

is not influenced by the driver characteristic of the 

struck vehicle.  So the number of those 

vehicles/drivers is able to be considered a 

quasi-induced exposure, and the relative accident 

rates for some combinations of 7 factors listed later 

were calculated.  Data of 253,035 cars, which were 

involved in a traffic accident from the year 2002 to 

2007, manufactured from the year 1993 to 2000 and 

driven by a sober, private purpose and seat-belted 

driver, were analyzed by 7 factors; sex and age of 

driver, types of collisions, day/night, road surface 

condition, with/without a passenger and with/without 

ABS.  ABS is expected to reduce the accident rate, 

especially for some collision types which could be 

prevented by keeping wheels unlocked. 

The results shows; 1) the accident reduction effect of 

ABS on wet road surface was greater than on dry 

road surface, and 2) ABS reduced the relative 

accident rates of a rear-end collision by 1-38% and 

an single vehicle collision by 10-33%. 

There are several discussions about the validity of the 

quasi-induced exposure method.  But the effect of 

ABS was confirmed by considering the interactive 

effect with other factors such as age of driver or 

with/without a passenger.  Further studies are 

required for precise discussion.  The developed 

integrated database and the proposed method are also 

useful to evaluate other preventive safety devices. 

INTRODUCTION 
 

There are a lot of reports about the effect of Antilock 

Brake System (ABS) (Cumming 2007, Evans 1998, 

Farmer 1997 and 2001 and VTI 2007).  And not 

only positive effects but also negative effects were 

reported. 

The effect of ABS in real traffic is influenced by 

several factors, such as driver characteristics, road 

surface condition, and road traffic environment.  

Driver characteristics are related to age and sex, 

safety attitude, trip purpose and others.  Therefore it 

is required to analyze these factors simultaneously or 

to control the effect of these factors for discussion 

the effect of ABS. 

Institute for Traffic Accident Research and Data 

Analysis (ITARDA) constructed a database by 

integrating road traffic accident data and vehicle 

safety device data in the year 2007. 

Information about age and sex of accident driver, trip 

purpose and other driver characteristics are included 

in road traffic accident data, and information about 

equipment of ABS is included in vehicles safety 

device data.  So the effect of ABS in real traffic 

could be studied using this integrated database. 

 

METHOD 

 
There are a lot of factors that influence the risk of 

traffic accident.  Therefore it is necessary to control 

an effect of other factors to discuss an effect of ABS.  

Following factors are controlled in this study; 

Influence of alcohol, seat belt use, trip purpose, 

vehicle type and other safety devices. 

Influence alcohol: The accident rate is increased 

under influence of alcohol (Compton 2002).  

Therefore “sober” was selected. 

Seat belt use: “Belted driver” are analyzed, because 
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the characteristics of accident caused by an unbelted 

driver are different from that of belted drivers, and 

most of drivers are belted nowadays. 

Trip purpose: Driver behavior related with accident 

rate differs in trip purpose.  The number of accident 

drivers on business purpose is smaller than that of 

private (not business) (Nishida, 2006), and “private” 

was selected. 

Vehicle type: Accident characteristics and a field of 

view from a driver seat differ in vehicle type.  “Car 

excluding mini-car” was selected because of its 

popularization. 

Other safety device: Cars equipped with brake assist 

system for ABS, full-time and part-time 4WD, a 

limited slip differential (LSD), traction control 

system (TSC) and electronic brake force distribution 

(EBD) were excluded.  Because they should be 

exclude to discuss the effect of ABS exclusively. (See 

Table 1) 

 

Table 1. 

The number of cars involved in traffic accidents 
from the year 2002 to 2007 by safety devices (%) 

with without unclear
ABS 25.8 1.7 43.9 28.6
Brake assist system for ABS 0.7 1.9 65.0 32.4
High-mounted stop lamp 19.7 0.0 48.8 31.5
Full-time 4WD 9.5 55.1 5.6 29.8
Part-time 4WD 2.5 64.5 2.7 30.3
LSD 1.3 14.0 53.6 31.1
TSC 0.7 27.6 36.8 34.9
Headway warning 0.0 36.8 34.3 28.9 4,627,280
Traction control system 0.0 3.4 67.7 28.9
Stability control system 0.0 36.7 34.3 28.9
EBD 0.7 33.6 36.3 29.4
Auto headway control system 0.0 37.1 34.0 28.9
Lane deviation warinig 0.0 36.8 34.3 28.9
Night vision 0.0 37.3 33.8 28.9
Rear view monitor 0.0 1.8 69.4 28.8
Blind-corner monitor 0.0 36.3 34.8 28.8
Tyre pressure warning 0.1 37.3 33.8 28.9
others: vehicles manufauctured before the device register system.

Equipped
others

total
(100%)

 
 

Following factors are analyzed; 

Sex and age of driver, day/night, road surface 

condition and existence of passenger. 

Sex of driver: male/female 

Age of driver: 18-24 yrs/ 25-44 yrs/ 45-64 yrs/ 65 

years and older/all age 

Day and night: day/night 

Road surface condition: dry/wet*(wet, icy, snowy 

and unpaved) /all  

Passenger: without a passenger/with one passenger 

Cases with more than one passenger were excluded, 

because the effect of multiple passengers was not the 

same as single passenger (Engström 2008 and 

ITARDA 2009). 

The period of analysis was from 2002 to 2006.  

According to a trial, the number of accidents before 

2002 was small for statistical analysis. 

The vehicle registered year was from 1993 to 2000.  

According to a trial, the number of accident vehicles 

without ABS after 2001 was small for statistical 

analysis. 

 

Evaluation index 
 

The relative accident rates were calculated using 

equation 1 or 2.  Rear-end collision with a stopping 

as the 2nd party (See Table 2) was selected as the 

control accident. The effect of ABS is discussed with 

Odds-ratio (Equation 3).  And 95% significant 

limits were calculated using Equation 4 and 5. 

 
Aac 

Rac =  ─────             (1). 
Nac 

 
Anc 

Rnc =  ─────             (2). 
Nnc 

 
Rac 

Eac =  ─────             (3). 
Rnc 

 

Rac: relative Case accident rate of a vehicle with 

ABS 

Rnc: relative Case accident rate of a vehicle without 

ABS 

Aac: the number of Case accidents in which a vehicle 

with ABS was involved during the period  

Anc: the number of Case accidents in which a 

vehicle without ABS was involved during the 

period  

Nac: the number of Control accidents in which a 

vehicle with ABS was involved during the 

period  

Nnc: the number of Control accidents in which a 

vehicle without ABS was involved during the 

period  

 

Case accident 
d: accident occurred on a dry surface road 

w: accident occurred on a wet/icy/snowy road  
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p: accident caused by a driver with a passenger. 

z: accident caused by a driver without a passenger 

 

E: odds ratio for the effect of ABS in Case accident 

 

95% confidence limits 
E – dE (lower)  and  E + dE (upper)       (4). 

 

               ──────────────── 
                1     1     1     1 
dE = 1.96 * E *  ─── + ─── + ─── + ───  (5). 
               Aac   Nac   Anc   Nnc 
            

 

Collision type  The effect of ABS is thought 

to be not the same for all types of collision.  Some 

types of collision are thought to be sensitive to ABS, 

and others are not.  Following major types of 

collision were selected for this study. 

Rear-end/1P: Rear-end collision with a stopping as 

the first party. 

Angle/1P: Angle collision with a vehicle coming 

from left or right approach/side as the first party 

Single-veh: Single-vehicle collision such as collision 

with object, run-off-the-road, rollover and others 

 (See Table 2) 

 

Table 2. 
Collision types and Abbreviations for the study    

level of culpable

1/2P

1P

2P

1P

2P

1P

2P

1P

2P

1P

2P

1P

2P
1P
2P

Abbreviations are bold and underlined follwed by level of culpable(1P/2P).

Level of culpable: 1P is a driver/person having caused the most
culpable failure or the least injured among parties concerned when
their culpable failure are at the same level.
2P is a driver/person having caused the lower culpable failure.

collision type

collision with object, run-off-the-road,
rollover and others

1P

collision with a vehicle coming from
left or right approach while turning

other multiple-vehicle

m
ul

tip
le

-v
eh

ic
le

Si
ng

le
-

ve
h i

cl
e

Rear-end collision with a moving
vehicle (rear-end A)

Vehicle - Pedestrian

Rear-end collision with a stopping
vehicle (rear-end B)

Angle collision with a vehicle coming
from left or right approach

collision with an oncoming vehicle
while turning right

Head-on collision 1P

2P

1P 2P

1P 2P

2P
1P

 
 

RESULTS 
 

Relative Accident Rates of Wet Road Surface 
 

ABS can reduce stopping distance by preventing 

vehicle wheels from locked during hard braking.  

So the effect of ABS in real traffic depends on how 

often are vehicles involved in such situation where 

hard braking is required. 

 

Male driver  The number of accident and the 

relative accident rates by collision type, with/without 

ABS and with/without a passenger for male drivers 

are shown in Table 3.  Odds-ratios are also 

presented in Table 3 to discuss the effect of ABS and 

passenger. 

Due to the data size, there are only a few cases that 

show a significant effect; 

  Day, rear-end/1P, without a passenger (21% 

reduction)  

  Night, rear-end/1P, without a passenger (38%) 

  Night, single-veh/1P, without a passenger (33%) 

  Night, rear-end/1P, with a passenger (55%) 

  Night, all types/1P, without a passenger (24%)  

There are more cases at night than in daytime.  The 

reason might be that more hard braking are required 

at night because of poor visual environment. 

The effect of passenger is greater than that of ABS. 

Because most of human accident causes are thought 

to be visual cognition errors. 

A passenger may assist a driver mostly in collecting 

visual information.  On the other hand, ABS 

reducing a stopping distance may help a driver 

mostly in operating a vehicle.  Therefore it is 

reasonable that the effect of passenger is greater than 

that of ABS. 

The effect of passenger was discussed later. 

 

Female driver  Table 4 shows the result of 

female driver similar way to Table 3. 
There are some groups that show a significant effect 

statistically, but the data size was small.   

ABS was developed to reduce a stopping distance by 

preventing the lockup of vehicle wheels during hard 

braking, and the effect of ABS is thought to be higher 

on wet road surface where wheels may be locked 

easily.  The results shown in Table 3 and 4 were 

consistent with this assumption. 
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Table 3. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age, male drivers and wet* road surface)    
~ Day ~ 

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 2914 241 386 28
Angle/1P 2418 178 439 26
Single-veh/1P 277 20 130 4
Pedestrian 592 35 77 7
All types/1P 9019 693 1546 91

Control: Rear-end/2P 2151 140 1159 59

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.35 1.72 0.33 0.47
Angle/1P 1.12 1.27 0.38 0.44
Single-veh/1P 0.13 0.14 0.11 0.07
Pedestrian 0.28 0.25 0.07 0.12
All types/1P 4.19 4.95 1.33 1.54

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.79 0.62 - 0.96 0.70 0.38 - 1.03
Angle/1P 0.88 0.68 - 1.09 0.86 0.45 - 1.27
Single-veh/1P 0.90 0.46 - 1.34 1.65 0.00 - 3.36
Pedestrian 1.10 0.68 - 1.52 0.56 0.10 - 1.02
All types/1P 0.85 0.69 - 1.01 0.86 0.57 - 1.16

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.25 0.21 - 0.28 0.28 0.14 - 0.41
Angle/1P 0.34 0.30 - 0.38 0.35 0.17 - 0.52
Single-veh/1P 0.87 0.68 - 1.06 0.47 0.00 - 1.00
Pedestrian 0.24 0.18 - 0.30 0.47 0.06 - 0.89
All types/1P 0.32 0.29 - 0.35 0.31 0.19 - 0.43

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger

 
 

~ night-time ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 1821 164 198 20
Angle/1P 1226 66 230 11
Single-veh/1P 292 24 105 4
Pedestrian 765 48 100 2
All types/1P 6110 448 1019 63

Control: Rear-end/2P 1389 77 679 31

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.31 2.13 0.29 0.65
Angle/1P 0.88 0.86 0.34 0.35
Single-veh/1P 0.21 0.31 0.15 0.13
Pedestrian 0.55 0.62 0.15 0.06
All types/1P 4.40 5.82 1.50 2.03

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.62 0.44 - 0.79 0.45 0.19 - 0.72
Angle/1P 1.03 0.68 - 1.38 0.95 0.28 - 1.63
Single-veh/1P 0.67 0.35 - 0.99 1.20 0.00 - 2.47
Pedestrian 0.88 0.56 - 1.21 2.28 0.00 - 5.58
All types/1P 0.76 0.57 - 0.94 0.74 0.41 - 1.06

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.22 0.18 - 0.26 0.30 0.11 - 0.49
Angle/1P 0.38 0.32 - 0.45 0.41 0.10 - 0.73
Single-veh/1P 0.74 0.56 - 0.91 0.41 0.00 - 0.88
Pedestrian 0.27 0.21 - 0.33 0.10 0.00 - 0.26
All types/1P 0.34 0.30 - 0.38 0.35 0.18 - 0.52

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger

 
 

 

Table 4. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age female drivers and wet* road surface)  
~ Day ~   

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 1315 86 185 10
Angle/1P 1520 75 263 16
Single-veh/1P 119 1 37 4
Pedestrian 354 13 43 0
All types/1P 4673 251 766 47

Control: Rear-end/2P 1493 75 554 23

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 0.88 1.15 0.33 0.43
Angle/1P 1.02 1.00 0.47 0.70
Single-veh/1P 0.08 0.01 0.07 0.17
Pedestrian 0.24 0.17 0.08 0.00
All types/1P 3.13 3.35 1.38 2.04

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.77 0.52 - 1.01 0.77 0.18 - 1.35
Angle/1P 1.02 0.68 - 1.35 0.68 0.24 - 1.13
Single-veh/1P 5.98 0.00 - 17.83 0.38 0.00 - 0.81
Pedestrian 1.37 0.55 - 2.19 - -
All types/1P 0.94 0.69 - 1.18 0.68 0.33 - 1.02

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.38 0.31 - 0.45 0.38 0.07 - 0.68
Angle/1P 0.47 0.39 - 0.54 0.70 0.20 - 1.19
Single-veh/1P 0.84 0.51 - 1.15 13.04 0.00 - 42.27
Pedestrian 0.33 0.22 - 0.43 - -
All types/1P 0.44 0.38 - 0.49 0.61 0.27 - 0.95

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger

 
 

~ Night ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 634 40 78 5
Angle/1P 525 25 103 6
Single-veh/1P 92 16 32 1
Pedestrian 310 17 43 2
All types/1P 2253 132 404 21

Control: Rear-end/2P 627 38 301 15

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.01 1.05 0.26 0.33
Angle/1P 0.84 0.66 0.34 0.40
Single-veh/1P 0.15 0.42 0.11 0.07
Pedestrian 0.49 0.45 0.14 0.13
All types/1P 3.59 3.47 1.34 1.40

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.96 0.52 - 1.40 0.78 0.00 - 1.59
Angle/1P 1.27 0.61 - 1.93 0.86 0.02 - 1.69
Single-veh/1P 0.35 0.13 - 0.57 1.59 0.00 - 4.87
Pedestrian 1.11 0.46 - 1.75 1.07 0.00 - 2.69
All types/1P 1.03 0.65 - 1.42 0.96 0.31 - 1.61

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.26 0.19 - 0.33 0.32 0.00 - 0.67
Angle/1P 0.41 0.31 - 0.51 0.61 0.00 - 1.26
Single-veh/1P 0.72 0.42 - 1.03 0.16 0.00 - 0.49
Pedestrian 0.29 0.19 - 0.39 0.30 0.00 - 0.77
All types/1P 0.37 0.31 - 0.44 0.40 0.10 - 0.71

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger
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Table 5. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age male drivers and all road surfaces)   
~ Day ~ 

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 22308 1509 2506 163
Angle/1P 19083 1146 2966 171
Single-veh/1P 975 81 465 28
Pedestrian 4784 257 597 29
All types/1P 70195 4424 10325 596

Control: Rear-end/2P 14823 879 7599 373

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.50 1.72 0.33 0.44
Angle/1P 1.29 1.30 0.39 0.46
Single-veh/1P 0.07 0.09 0.06 0.08
Pedestrian 0.32 0.29 0.08 0.08
All types/1P 4.74 5.03 1.36 1.60

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.88 0.80 - 0.95 0.75 0.61 - 0.90
Angle/1P 0.99 0.90 - 1.08 0.85 0.69 - 1.01
Single-veh/1P 0.71 0.54 - 0.88 0.82 0.49 - 1.14
Pedestrian 1.10 0.95 - 1.26 1.01 0.62 - 1.40
All types/1P 0.94 0.87 - 1.01 0.85 0.74 - 0.96

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.22 0.21 - 0.23 0.25 0.20 - 0.31
Angle/1P 0.30 0.29 - 0.32 0.35 0.28 - 0.42
Single-veh/1P 0.93 0.82 - 1.04 0.81 0.45 - 1.18
Pedestrian 0.24 0.22 - 0.27 0.27 0.16 - 0.37
All types/1P 0.29 0.28 - 0.30 0.32 0.27 - 0.36

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger

 
 

~ Night ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 10188 700 1061 75
Angle/1P 6438 379 1105 73
Single-veh/1P 975 80 346 29
Pedestrian 3144 176 390 22
All types/1P 31851 2049 4823 314

Control: Rear-end/2P 6884 424 3350 191

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.48 1.65 0.32 0.39
Angle/1P 0.94 0.89 0.33 0.38
Single-veh/1P 0.14 0.19 0.10 0.15
Pedestrian 0.46 0.42 0.12 0.12
All types/1P 4.63 4.83 1.44 1.64

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.90 0.78 - 1.01 0.81 0.58 - 1.03
Angle/1P 1.05 0.90 - 1.20 0.86 0.62 - 1.10
Single-veh/1P 0.75 0.56 - 0.94 0.68 0.40 - 0.96
Pedestrian 1.10 0.90 - 1.30 1.01 0.55 - 1.47
All types/1P 0.96 0.85 - 1.06 0.88 0.71 - 1.04

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.21 0.20 - 0.23 0.24 0.17 - 0.31
Angle/1P 0.35 0.33 - 0.38 0.43 0.30 - 0.56
Single-veh/1P 0.73 0.63 - 0.82 0.80 0.44 - 1.17
Pedestrian 0.25 0.23 - 0.28 0.28 0.15 - 0.41
All types/1P 0.31 0.30 - 0.33 0.34 0.27 - 0.41

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger

 
 

 

Table 6. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age female drivers and all road surfaces)   
~ Day ~ 

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 9710 464 1329 56
Angle/1P 11531 499 1833 80
Single-veh/1P 521 25 174 16
Pedestrian 2975 108 390 11
All types/1P 35486 1564 5550 238

Control: Rear-end/2P 9599 378 3723 146

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.01 1.23 0.36 0.38
Angle/1P 1.20 1.32 0.49 0.55
Single-veh/1P 0.05 0.07 0.05 0.11
Pedestrian 0.31 0.29 0.10 0.08
All types/1P 3.70 4.14 1.49 1.63

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.82 0.71 - 0.94 0.93 0.64 - 1.22
Angle/1P 0.91 0.79 - 1.03 0.90 0.65 - 1.15
Single-veh/1P 0.82 0.48 - 1.16 0.43 0.20 - 0.66
Pedestrian 1.08 0.85 - 1.32 1.39 0.53 - 2.25
All types/1P 0.89 0.79 - 1.00 0.91 0.72 - 1.11

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.35 0.33 - 0.38 0.31 0.21 - 0.42
Angle/1P 0.41 0.38 - 0.44 0.42 0.29 - 0.54
Single-veh/1P 0.86 0.71 - 1.01 1.66 0.57 - 2.74
Pedestrian 0.34 0.30 - 0.38 0.26 0.09 - 0.43
All types/1P 0.40 0.38 - 0.42 0.39 0.30 - 0.49

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger

 
 

~ Night ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 2914 241 386 28
Angle/1P 2418 178 439 26
Single-veh/1P 277 20 130 4
Pedestrian 592 35 77 7
All types/1P 9019 693 1546 91

Control: Rear-end/2P 2151 140 1159 59

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.35 1.72 0.33 0.47
Angle/1P 1.12 1.27 0.38 0.44
Single-veh/1P 0.13 0.14 0.11 0.07
Pedestrian 0.28 0.25 0.07 0.12
All types/1P 4.19 4.95 1.33 1.54

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.79 0.62 - 0.96 0.70 0.38 - 1.03
Angle/1P 0.88 0.68 - 1.09 0.86 0.45 - 1.27
Single-veh/1P 0.90 0.46 - 1.34 1.65 0.00 - 3.36
Pedestrian 1.10 0.68 - 1.52 0.56 0.10 - 1.02
All types/1P 0.85 0.69 - 1.01 0.86 0.57 - 1.16

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.25 0.21 - 0.28 0.28 0.14 - 0.41
Angle/1P 0.34 0.30 - 0.38 0.35 0.17 - 0.52
Single-veh/1P 0.87 0.68 - 1.06 0.47 0.00 - 1.00
Pedestrian 0.24 0.18 - 0.30 0.47 0.06 - 0.89
All types/1P 0.32 0.29 - 0.35 0.31 0.19 - 0.43

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger
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Table 7. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Rear-end/1P, male, without a passenger) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 586 61 3231 298
25-44yrs 1129 80 7323 401
45-64yrs 824 66 5957 365

65yrs- 375 34 2883 203

All age 2914 241 19394 1268

18-24yrs 215 21 1027 72
25-44yrs 895 46 5242 272
45-64yrs 807 55 4916 284

65yrs- 234 18 1485 111

All age 2151 140 12672 739

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.73 2.90 3.15 4.14
25-44yrs 1.26 1.74 1.40 1.47
45-64yrs 1.02 1.20 1.21 1.29

65yrs- 1.60 1.89 1.94 1.83

All age 1.35 1.72 1.53 1.72

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.94 0.45 - 1.43 0.76 0.56 - 0.96
25-44yrs 0.73 0.45 - 1.00 0.95 0.80 - 1.10
45-64yrs 0.85 0.54 - 1.17 0.94 0.79 - 1.09

65yrs- 0.85 0.34 - 1.35 1.06 0.81 - 1.32

All age 0.79 0.62 - 0.96 0.89 0.81 - 0.98

dry road surface

dry road surface

wet* road surface

wet* road surface

Case

Control
(Rear-

end/2P)

effect of ABS

 
 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 500 50 2171 159
25-44yrs 805 62 3754 217
45-64yrs 415 39 1923 121

65yrs- 100 13 518 38

All age 1821 164 8367 536

18-24yrs 215 13 827 62
25-44yrs 726 33 2834 167
45-64yrs 395 28 1595 99

65yrs- 53 3 239 19

All age 1389 77 5495 347

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.33 3.85 2.63 2.56
25-44yrs 1.11 1.88 1.32 1.30
45-64yrs 1.05 1.39 1.21 1.22

65yrs- 1.89 4.33 2.17 2.00

All age 1.31 2.13 1.52 1.54

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.60 0.22 - 0.99 1.02 0.71 - 1.34
25-44yrs 0.59 0.33 - 0.85 1.02 0.81 - 1.23
45-64yrs 0.75 0.37 - 1.13 0.99 0.72 - 1.26

65yrs- 0.44 -0.13 - 1.00 1.08 0.46 - 1.70

All age 0.62 0.44 - 0.79 0.99 0.85 - 1.12
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface

 

 

Table 8. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Rear-end/1P, female, without a passenger) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 183 15 990 77
25-44yrs 637 35 3980 135
45-64yrs 447 32 3015 140

65yrs- 48 4 410 26

All age 1315 86 8395 378

18-24yrs 93 7 486 37
25-44yrs 735 35 4038 109
45-64yrs 612 32 3252 144

65yrs- 53 1 330 13

All age 1493 75 8106 303

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 1.97 2.14 2.04 2.08
25-44yrs 0.87 1.00 0.99 1.24
45-64yrs 0.73 1.00 0.93 0.97

65yrs- 0.91 4.00 1.24 2.00

All age 0.88 1.15 1.04 1.25

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.92 0.06 - 1.77 0.98 0.58 - 1.38
25-44yrs 0.87 0.45 - 1.28 0.80 0.59 - 1.00
45-64yrs 0.73 0.36 - 1.10 0.95 0.73 - 1.18

65yrs- 0.23 -0.28 - 0.73 0.62 0.20 - 1.04

All age 0.77 0.52 - 1.01 0.83 0.70 - 0.96

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface

 
 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 150 14 579 52
25-44yrs 309 10 1289 51
45-64yrs 159 15 892 36

65yrs- 16 1 83 2

All age 634 40 2843 141

18-24yrs 71 6 259 22
25-44yrs 328 18 1286 61
45-64yrs 214 14 832 41

65yrs- 14 0 56 1

All age 627 38 2433 125

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.11 2.33 2.24 2.36
25-44yrs 0.94 0.56 1.00 0.84
45-64yrs 0.74 1.07 1.07 0.88

65yrs- 1.14 #DIV/0! 1.48 2.00

All age 1.01 1.05 1.17 1.13

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.91 0.00 - 1.81 0.95 0.45 - 1.44
25-44yrs 1.70 0.36 - 3.03 1.20 0.74 - 1.65
45-64yrs 0.69 0.17 - 1.22 1.22 0.66 - 1.78

65yrs- - - 0.74 -1.06 - 2.54

All age 0.96 0.52 - 1.40 1.04 0.78 - 1.29
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface
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Table 9. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Single-vehicle/1P, male, without a passenger) 
.

age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 59 6 124 17
25-44yrs 112 4 180 14
45-64yrs 69 6 187 19

65yrs- 37 4 207 11

All age 277 20 698 61

18-24yrs 215 21 1027 72
25-44yrs 895 46 5242 272
45-64yrs 807 55 4916 284

65yrs- 234 18 1485 111

All age 2151 140 12672 739

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 0.27 0.29 0.12 0.24
25-44yrs 0.13 0.09 0.03 0.05
45-64yrs 0.09 0.11 0.04 0.07

65yrs- 0.16 0.22 0.14 0.10

All age 0.13 0.14 0.06 0.08

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.96 0.05 - 1.87 0.51 0.22 - 0.80
25-44yrs 1.44 -0.06 - 2.94 0.67 0.30 - 1.04
45-64yrs 0.78 0.10 - 1.47 0.57 0.29 - 0.85

65yrs- 0.71 -0.10 - 1.52 1.41 0.51 - 2.30

All age 0.90 0.46 - 1.34 0.67 0.49 - 0.85

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface

 

 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 73 5 219 18
25-44yrs 143 11 306 22
45-64yrs 54 7 127 15

65yrs- 22 1 31 1

All age 292 24 683 56

18-24yrs 215 13 827 62
25-44yrs 726 33 2834 167
45-64yrs 395 28 1595 99

65yrs- 53 3 239 19

All age 1389 77 5495 347

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 0.34 0.38 0.26 0.29
25-44yrs 0.20 0.33 0.11 0.13
45-64yrs 0.14 0.25 0.08 0.15

65yrs- 0.42 0.33 0.13 0.05

All age 0.21 0.31 0.12 0.16

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.88 -0.06 - 1.82 0.91 0.41 - 1.41
25-44yrs 0.59 0.17 - 1.01 0.82 0.44 - 1.20
45-64yrs 0.55 0.07 - 1.03 0.53 0.22 - 0.83

65yrs- 1.25 -1.64 - 4.13 2.46 -2.58 - 7.51

All age 0.67 0.35 - 1.00 0.77 0.54 - 1.00
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

dry road surface

dry road surface

wet* road surface

wet* road surface

Case

Control
(Rear-

end/2P)

effect of ABS

 

 

 

Table 10. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Angle/1P, male, without a passenger) 
.

age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 273 31 1663 154
25-44yrs 776 50 5044 240
45-64yrs 841 58 6198 342

65yrs- 528 39 3760 231

All age 2418 178 16665 968

18-24yrs 215 21 1027 72
25-44yrs 895 46 5242 272
45-64yrs 807 55 4916 284

65yrs- 234 18 1485 111

All age 2151 140 12672 739

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 1.27 1.48 1.62 2.14
25-44yrs 0.87 1.09 0.96 0.88
45-64yrs 1.04 1.05 1.26 1.20

65yrs- 2.26 2.17 2.53 2.08

All age 1.12 1.27 1.32 1.31

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.86 0.36 - 1.36 0.76 0.54 - 0.98
25-44yrs 0.80 0.47 - 1.13 1.09 0.90 - 1.28
45-64yrs 0.99 0.61 - 1.37 1.05 0.88 - 1.22

65yrs- 1.04 0.44 - 1.64 1.22 0.93 - 1.50

All age 0.88 0.68 - 1.09 1.00 0.91 - 1.10

dry road surface

dry road surface

wet* road surface

wet* road surface

Case

Control
(Rear-

end/2P)

effect of ABS

 
 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 250 21 1070 89
25-44yrs 483 24 2135 115
45-64yrs 391 18 1510 81

65yrs- 102 3 497 28

All age 1226 66 5212 313

18-24yrs 215 13 827 62
25-44yrs 726 33 2834 167
45-64yrs 395 28 1595 99

65yrs- 53 3 239 19

All age 1389 77 5495 347

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 1.16 1.62 1.29 1.44
25-44yrs 0.67 0.73 0.75 0.69
45-64yrs 0.99 0.64 0.95 0.82

65yrs- 1.92 1.00 2.08 1.47

All age 0.88 0.86 0.95 0.90

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.72 0.20 - 1.23 0.90 0.60 - 1.20
25-44yrs 0.91 0.42 - 1.41 1.09 0.83 - 1.36
45-64yrs 1.54 0.60 - 2.48 1.16 0.81 - 1.51

65yrs- 1.92 -1.22 - 5.07 1.41 0.56 - 2.26

All age 1.03 0.68 - 1.38 1.05 0.89 - 1.22
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface
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Table 11. 

Relative accident rates by age group, with/without 
ABS and with/without a passenger 

(Rear-end/1P, male, wet* road surface) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 586 61 92 14
25-44yrs 1129 80 122 3
45-64yrs 824 66 102 9

65yrs- 375 34 70 2

All age 2914 241 386 28

18-24yrs 215 21 123 12
25-44yrs 895 46 416 19
45-64yrs 807 55 443 23

65yrs- 234 18 177 5

All age 2151 140 1159 59

Relative accident rates
Ran Rnn Rap Rnp

18-24yrs 2.73 2.90 0.75 1.17
25-44yrs 1.26 1.74 0.29 0.16
45-64yrs 1.02 1.20 0.23 0.39

65yrs- 1.60 1.89 0.40 0.40

All age 1.35 1.72 0.33 0.47

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 0.94 0.45 - 1.43 0.64 0.12 - 1.16
25-44yrs 0.73 0.45 - 1.00 1.86 -0.44 - 4.15
45-64yrs 0.85 0.54 - 1.17 0.59 0.12 - 1.06

65yrs- 0.85 0.34 - 1.35 0.99 -0.66 - 2.63

All age 0.79 0.62 - 0.96 0.70 0.38 - 1.03

Case

Control
(Rear-

end/2P)

effect of ABS

with a passenger

with a passenger

with out passenger

with out passenger

 

 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 500 50 89 11
25-44yrs 805 62 66 1
45-64yrs 415 39 28 5

65yrs- 100 13 15 3

All age 1821 164 198 20

18-24yrs 215 13 173 9
25-44yrs 726 33 313 9
45-64yrs 395 28 162 10

65yrs- 53 3 31 3

All age 1389 77 679 31

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.33 3.85 0.51 1.22
25-44yrs 1.11 1.88 0.21 0.11
45-64yrs 1.05 1.39 0.17 0.50

65yrs- 1.89 4.33 0.48 1.00

All age 1.31 2.13 0.29 0.65

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 0.60 0.22 - 0.99 0.42 0.03 - 0.81
25-44yrs 0.59 0.33 - 0.85 1.90 -2.06 - 5.85
45-64yrs 0.75 0.37 - 1.13 0.35 -0.05 - 0.74

65yrs- 0.44 -0.13 - 1.00 0.48 -0.35 - 1.31

All age 0.62 0.44 - 0.79 0.45 0.19 - 0.72
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

with a passenger

with a passenger

with out passenger

with out passenger

Case

Control
(Rear-

end/2P)

effect of ABS

 

 

Table 12. 

Relative accident rates by age group, with/without 
ABS and with/without a passenger 

 (Rear-end/1P, male, dry road surface) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 3231 298 497 36
25-44yrs 7323 401 623 36
45-64yrs 5957 365 563 32

65yrs- 2883 203 437 31

All age 19394 1268 2120 135

18-24yrs 1027 72 663 50
25-44yrs 5242 272 2294 98
45-64yrs 4916 284 2430 108

65yrs- 1485 111 1053 58

All age 12672 739 6440 314

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 3.15 4.14 0.75 0.72
25-44yrs 1.40 1.47 0.27 0.37
45-64yrs 1.21 1.29 0.23 0.30

65yrs- 1.94 1.83 0.42 0.53

All age 1.53 1.72 0.33 0.43

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 0.76 0.56 - 0.96 1.04 0.58 - 1.50
25-44yrs 0.95 0.80 - 1.10 0.74 0.45 - 1.03
45-64yrs 0.94 0.79 - 1.09 0.78 0.47 - 1.10

65yrs- 1.06 0.81 - 1.32 0.78 0.43 - 1.13

All age 0.89 0.81 - 0.98 0.77 0.61 - 0.92

with a passenger

with a passenger

with out passenger

with out passenger

Case

Control
(Rear-

end/2P)

effect of ABS

 

 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 2171 159 376 22
25-44yrs 3754 217 299 19
45-64yrs 1923 121 130 3

65yrs- 518 38 58 11

All age 8367 536 863 55

18-24yrs 827 62 654 54
25-44yrs 2834 167 1246 57
45-64yrs 1595 99 606 41

65yrs- 239 19 165 8

All age 5495 347 2671 160

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.63 2.56 0.57 0.41
25-44yrs 1.32 1.30 0.24 0.33
45-64yrs 1.21 1.22 0.21 0.07

65yrs- 2.17 2.00 0.35 1.38

All age 1.52 1.54 0.32 0.34

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 1.02 0.71 - 1.34 1.41 0.69 - 2.13
25-44yrs 1.02 0.81 - 1.23 0.72 0.34 - 1.10
45-64yrs 0.99 0.72 - 1.26 2.93 -0.55 - 6.41

65yrs- 1.08 0.46 - 1.70 0.26 0.01 - 0.50

All age 0.99 0.85 - 1.12 0.94 0.64 - 1.24
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

with a passenger

with a passenger

with out passenger

with out passenger

 



Nishida 9 

 

Relative Accident Rates of All Road Surface 

 

The effect of ABS on wet* surface was confirmed.  

But wheels might be locked on not only wet surface 

but also dry surface, because a driver may make a 

hard braking on dry surface. 

Table 5 and 6 show the results of all road surface 

condition similar way to Table 3 and 4.  The groups 

that show significant effects are as follows; 

Male 

Day, rear-end/1P, with|without a passenger (12%, 

25% reduction) 

Day, single-vehicle/1P, without a passenger (29%) 

Day, all types of collision, with a passenger (15%) 

Night, single-vehicle, with|without a passenger 

(25%, 32%) 

Female 

Day, rear-end/1P, without a passenger (18%) 

Day, single-vehicle, with a passenger (57%) 

Night, rear-end/1P, without a passenger (21%) 

Due to the small data size, the effect of ABS was not 

shown for some potential groups.  But ABS may 

reduce the risk of rear-end/1P and single-vehicle/1P 

on all surface conditions even if there are differences 

between reduction levels. 

  The differences between the reduction levels might 

be explained with the road use and driving 

characteristics. 

 

Relative Accident Rates by Road Surface 

Condition and Driver Age 
 

The road use and driving characteristics are related to 

sex and age of driver. 

Table 7 and 8 show the numbers of accidents and the 

relative accident rates by age group, road surface 

condition and with/without ABS.  Odds-ratios are 

also presented in these tables to discuss the effect of 

ABS by road surface condition. 

The data size of female drivers on wet* surface is so 

small that female drivers on wet* were not discussed 

even if there is a significant effect statistically. 

The significant effects are shown in following 

groups; 

Day, 

Male, 18-24yrs, dry (24% reduction) 

Male, all age, dry|wet* (21%, 11%) 

Female, all age. dry (17%) 

Night 

Male, 18-24yrs|25-44yrs, wet* (40%, 41%) 

These results of younger drivers are consistent with 

an assumption that the effect of ABS is great for 

drivers those who might make a hard braking 

frequently. 

 

Relative Accident Rates by collision type and 
driver age 
 

The effect of ABS was confirmed for rear-end/1P and 

single-vehicle/1P for all age group.  For further 

discussion about type of collision, the number of 

accidents and the relative accident rates by age group, 

road surface condition and with/without ABS for 

single-vehicle and angle collision were calculated.   

Female drivers were not analyzed because of small 

data size.  Odds-ratios are also calculated. 

 

     Single-vehicle  Table 9 shows the result of 

single-vehicle collision.  The significant effects are 

shown in following groups; 

Day, 18-24yrs|44-64yrs, dry (49%, 43% reduction) 

Night, 45-64yrs, dry (47%) 

The difference between the effects of ABS is thought 

to reflect the road use and driving characteristics for 

each age group. 

 

     Angle collision  Table 10 shows the result of 

angle collision.  There is a significant effect for one 

group.  However it is better to conclude that there is 

no effect of ABS for angle-collision as shown in 

Table 3, 4, 5 and 6 considering odds-ratios of others.   

  

Relative Accident Rates by With/without a 
Passenger and driver age 
 

The significant effects of passenger were shown in 

Table 3, 4, 5 and 6.  And Table 11 and 12 were 

shown for further discussion about the effect of ABS 

considering the existence of a passenger. 

The significant effects of ABS were shown in 

following groups; 

Wet* 

Day, 18-24|25-44|45-64|65yrs- , without a passenger 

(6%, 27%, 15%, 15% and 21% reduction) 

Night, 18-24|25-44yrs, without a passenger (40%, 

41%) 
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Dry 

Day, 18-24yrs, without a passenger (24%) 

Day, all age, with|without a passenger (11%, 23%) 

 

Table 13. 

The effect of ABS by road surface condition, sex 
of driver and day/night 

 (Rear-end/1P, all age, without a passenger) 

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)

day 0.79 0.62 - 0.96 0.89 0.81 - 0.98

night 0.62 0.44 - 0.79 0.99 0.85 - 1.12

day 0.77 0.52 - 1.01 0.83 0.70 - 0.96

night 0.96 0.52 - 1.40 1.04 0.78 - 1.29

wet* road surface dry road surface

Male

Female
 

 

Table 14. 
The effect of ABS by road surface condition, 

collision type and day/night 
 (All age, male, without a passenger) 

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)

day 0.79 0.62 - 0.96 0.89 0.81 - 0.98

night 0.62 0.44 - 0.79 0.99 0.85 - 1.12

day 0.90 0.46 - 1.34 0.67 0.49 - 0.85

night 0.67 0.35 - 1.00 0.77 0.54 - 1.00

day 0.88 0.68 - 1.09 1.00 0.91 - 1.10

night 1.03 0.68 - 1.38 1.05 0.89 - 1.22
Angle/1P

wet* road surface dry road surface

Rear-
end/1P
Single-
veh/1P

 

 

Table 15. 

The effect of ABS by with/without a passenger, 

road surface condition, and day/night 
 (Rear-end/1P, all age, male) 

.
Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)

day 0.79 0.62 - 0.96 0.70 0.38 - 1.03

night 0.62 0.44 - 0.79 0.45 0.19 - 0.72

day 0.89 0.81 - 0.98 0.77 0.61 - 0.92

night 0.99 0.85 - 1.12 0.94 0.64 - 1.24

with out passenger with a passenger

Wet *

Dry
 

 

 

DISCUSSION 
 

Age and sex 
 

There are several ideas about the relation between the 

effect of ABS, age and frequency of hard braking. 

A young driver may make a reckless driving easily so 

that he may experience much hard braking. 

An old driver might reduce his cognition ability 

especially visual, so he may make much cognition 

errors and hard braking. 

But there is no remarkable relation between the effect 

of ABS and age (See Table 7 and 8). 

It is necessary to study about road use and driving 

characteristics of younger and older drivers for 

further discussion.  

 

Sex, day/night and road surface condition  
 

The data of odds-ratios for all age of Table 7 and 8 

are arranged (See Table 13).  There are some groups 

without significant effects.  However it is clear that 

the effect of ABS is greater on wet* surface than dry 

surface without regard to sex and day/night.  

For male drivers, the effect of ABS is the greatest on 

wet* surface at night.  But for female drivers, there 

is not such a tendency.  A female driver may change 

her driving behavior according to road traffic 

condition or may make it a rule not drive at night. 

 

Collision type 
 

The data of odds-ratios for all age of Table 7, 9 and 

10 are arranged (See Table 14).  There are some 

groups without significant effects. 

At night the effect of ABS is greater on wet* surface 

(33%) than dry surface (23%) for single-vehicle/1P, 

but there is not a significant difference between wet*  

and dry surface for angle collision/1P. 

Rear-end/1P and single-vehicle/1P can be reduced by 

improving braking performance but angle collision 

can not be improved as much as rea-end/1P or 

single-vehicle/1P. 

Because the main cause of angle collision or 

vehicle-pedestrian collision is cognition-error or 

inadequate driving behavior and an improvement of 

braking performance rarely reduce the risk of these 

collisions. 

 

Passenger 

 

The data of odds-ratios for all age of Table 11 and 12 

are arranged (See Table 15).  There is an effect of 

ABS without regard to existence of passenger or road 

surface condition, and the reduction effect is greater 

for with a passenger (wet*-day 30%, wet*-night 55%, 

dry-day 23%, dry-night 6% reduction) than without a 

passenger (21% ,38%, 11%, 1%).  

On wet* surface the effect at night (without a 
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passenger 38%, with a passenger 55%) is greater 

than in daytime (21%, 30%), but on dry surface the 

effect at night-time (without a passenger 1%, with a 

passenger 6%) is smaller than in daytime (11%, 

23%). 

 

Control data: Quasi-induced exposure 
 

In this study the odds-ratios of day and night, male 

and female and wet* and dry were not compared 

with directly.  Because these factors are related to 

road use and driving characteristics, which influence 

the rate of accident, including rear-end collision. 

The results show that there is an effect of ABS to 

reduce rear-end collisions. So the number of 

rear-end/2P is expected to be decreasing according to 

increase of cars with ABS.  Therefore conditions of 

these factors were controlled to give the same 

influence to each group in this study. 

The author made several calculations using the 

number of vehicle-pedestrian collision or angle 

collision instead of rear-end/2P.  But the results 

were not reasonable, because the number of these 

collisions does not satisfy the condition of control 

data; the control data should be not influenced by 

driving characteristics of concerned drivers. 

 

Improving the effect of ABS 
 

The effect of ABS with a passenger is greater than 

that without a passenger. 

This result shows the mechanism of supporting a 

driver that ABS is helping a driver in operation and a 

passenger is helping him in cognition.  And the 

effect of ABS may be improved with other safety 

device that assists a driver in cognition. 

 

Accident experience 
 

Accident experience might influence driving 

characteristics.  There is not useful information 

about the relation between the effect of ABS and 

accident experience (Cummings 2007), but another 

integrated database of ITARDA (Nishida 2008) may 

be useful for discussion of this topic. 

 

CONCLUSIONS 

 

Using the integrated database, the effect of ABS was 

analyzed considering following factors; road surface 

condition, sex and age of driver, collision type, 

day/night and existence of passenger. 

The results show; 

1) ABS has a reduction effect of rear-end collision 

(1-38% reduction) and single-vehicle collision 

(10-33%),  

2) the level of reduction differs in sex and age of 

driver, day/night and road surface condition, 

3) the effect of ABS with a passenger is greater 

than that without a passenger, 

4) the effect of ABS is not clear for some driver 

groups, but this result is explained by 

considering road use and driving characteristics 

of these groups. 

The information are useful to improve the effect of 

ABS not only the viewpoint of from education but 

also engineering. 
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ABSTRACT 
 
The use of a RibEye system in a SID-IIs crash 
dummy was evaluated.  The SID-IIs is a small adult 
female side impact anthropomorphic test device.  The 
RibEye is a non-contact optical system that uses 
triangulation to measure rib deflection. 
 
This study quantified RibEye measurements using 
four evaluation environments.  First, a SID-IIs thorax 
with an internal RibEye was impacted with a linear 
impactor and the measurements were compared to 
accelerometer and video measurements.  Next, the 
RibEye was mounted in a vertical drop tower and 
impacted with a falling drop mass, simulating a 
purely lateral side impact.  The RibEye 
measurements were compared to data from linear 
potentiometers, which are typically used in the SID-
IIs.   A similar drop tower test series was then 
conducted which included tests with the RibEye 
mounted at an angle to simulate oblique loading to a 
dummy during a side impact. 
 
Lastly, a series of full vehicle crash tests were 
conducted to compare measurements from a SID-IIs 
dummy with a RibEye to a SID-IIs dummy with 
linear potentiometers. 
 
The lateral drop tower tests indicated that peak 
deflections measured by the RibEye were generally 
within 1 mm of the linear potentiometer 
measurements.  In the full vehicle crash tests, the 
RibEye and linear potentiometer measurements fell 
within the expected variability from crash test to 
crash test.  User interface issues and the practicality 

of RibEye in the full vehicle tests are also discussed.  
In oblique loading tests, the RibEye revealed 
significant X-axis motions that cannot be measured 
by linear potentiometers as typically mounted in the 
SID-IIs thorax. 
 
INTRODUCTION 
 
The SID-IIs is a small adult female side impact 
Anthropomorphic Test Device (ATD).  It was 
designed in the 1990s jointly by the three domestic 
U.S. auto manufacturers and First Technology Safety 
Systems working through the Occupant Safety 
Research Partnership (OSRP) of the United States 
Council for Automotive Research (USCAR).  This 
ATD was designed to be a second-generation side 
impact dummy with improved biofidelity compared 
to existing side impact dummies.  It was intended to 
be available for global harmonization of crash test 
regulations.  The biofidelity of this ATD’s beta 
version was reported by Scherer, et al. [1] 
 
To simulate human anatomy, the SID-IIs uses a 
collection of steel bands called “ribs”.  The SID-IIs 
has one shoulder rib, three thoracic ribs, and two 
abdominal ribs, each made of Vascomax© steel with 
bonded dampening material.  The dummy typically 
utilizes linear potentiometers (pots) (as specified in 
the Code of Federal Regulations – 49 CFR Part 572) 
to measure the amount of rib deflection for these six 
ribs during impact tests.  The upper thoracic rib linear 
pot is shown in Figure 1 (with the shoulder rib pot 
removed).   
 
The laboratories represented by the OSRP member 
companies as well as other laboratories have 
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experienced data quality issues with these pots in the 
crash testing environment.  Frequently, electronic 
noise and data dropouts have resulted from damage 
to the resistive elements inside the pots.  The pots are 
mounted using spherical bearings to reduce any off-
axis loading; however, the noise may have been due 
to inertial effects.  Sources of this noise were 
investigated by Arbelaez, et al. [2].  An example of 
erroneous crash data recorded with the pots is shown 
in Figure 2.  Thus, there was a need to investigate 
alternative technologies for measuring the motion of 
the impacted side of the SID-IIs ribs relative to the 
spine box. 
 

Linear PotentiometerLinear Potentiometer

 

Figure 1.  Linear pot mounted to thorax rib. 
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Figure 2.  Sample crash data from a current SID-
IIs linear pot. 
 
RibEye Technology 
 
RibEye is a new electro-optical technology that 
measures deformation of the ribcage in three 

dimensions at high speeds.  The RibEye was 
designed to not affect the biofidelity of the dummy.  
RibEye uses light-emitting diodes (LEDs) placed at 
the desired measurement points, with three optical 
sensors mounted to the dummy spine.  The sensors 
capture light from the LEDs and translate the light 
angle into a deflection measurement.  Simple 
triangulation, as used in sailing and mapping, yields 
data on three-dimensional movement of all ribs.  The 
RibEye sensor module is shown in Figure 3and the 
RibEye LEDs mounted on the SIDIIs ribs are shown 
in Figure 4. 
 

 
Figure 3.  RibEye sensor module. 

 

Figure 4.  RibEye LEDs on SID-IIs ribs. 
 

 
Unlike current methods, RibEye reports 
measurements with respect to the sensor location, as 
opposed to pots which simply report the stroke of its 
shaft. Also, RibEye constantly controls LED 
brightness to get accurate readings over a wide range 
of sensor-to-LED distances, which has not been done 
by previous optical methods. 
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LIMITATIONS 
 

This evaluation was intended to quantify the accuracy 
of the RibEye measurements by exercising the 
system in several different loading conditions.  This 
included linear impact tests, two series of drop tower 
tests and full vehicle crash tests.   During each 
evaluation the RibEye measurements were compared 
to alternate measurements such as linear pots or 
video analysis.   

For controlled laboratory tests such as drop tower and 
linear impact tests, differences in measured peak 
deflections between the alternate technologies of less 
than 1.5 mm were considered “good”.  This 
represents 2% of 75 mm, which was a typical 
displacement observed during these test evaluations.  
Those differences between 1.5 and 3.0 mm (2% - 4%) 
were considered “marginal”.   

This evaluation did not fully address all of the 
laboratory, user and durability issues associated with 
a new measurement technology.   As an example, 
comments concerning the integration of RibEye to a 
data acquisition system are presented but a thorough 
analysis was not completed.    

Previous testing had indicated the RibEye may 
susceptible to ambient light interference.    Alternate 
dummy clothing had been proposed to address this 
issue by blocking ambient light from entering the 
dummy’s chest cavity.  However, this alternate 
clothing was not fully evaluated as part of this study. 
 
For the purposes of this project, rib locations are 
referenced as Rib 1 through Rib 6.  As an example, a 
reference to Rib 2 in this paper corresponds to 
thoracic rib 1 in the dummy (the second rib from the 
top in the dummy.) 
 
 
LINEAR IMPACTOR TEST SERIES 
 
A series of ten linear impactor tests was conducted to 
compare the response of the RibEye system in the 
thorax of the SID-IIs dummy with that of individual 
Y-axis mounted rib accelerometers and with high-
speed video analysis.  Most of these tests 
concentrated specifically on the in-line Y-axis motion 
of the ribcage. 
 
Linear Impactor Test Methodology 
 
The ribcage of a SID-IIs dummy was mounted to a 
reaction block via upper and lower mounting brackets 

as shown in Figure 5.  The shoulder rib of the dummy 
was not included in these tests to improve 
photographic coverage, thus these tests concentrated 
on the remaining ribs of the thorax and abdomen.  
The mounting brackets were attached to the top and 
bottom of the dummy’s spine box.  The reaction 
block was bolted rigidly to the floor of the test 
facility.  Ensolite foam pads for the thoracic and 
abdominal ribs were also included as part of the 
dummy’s ribcage.  Two or three high-speed video 
cameras were used during the testing (mounted off-
board) to capture ribcage motion.  Standard off-board 
lighting was used during the tests. 
 

 
 

Figure 5.  Targets on linear impactor. 
 
The linear impactor machine was positioned to allow 
for pure in-line Y-axis loading.  The intent was to 
exercise the RibEye system at a rib deflection rate 
similar to what is observed in typical side impact 
crash tests. This was estimated to be approximately 
4.9 m/s (11 mph). 
 
Test data was collected using three independent 
methods:  1) a RibEye system, 2) Endevco 7264C-
2000 uniaxial accelerometers, and 3) TrackEye© 
video analysis using targets mounted to the spine box 
and ribcage.  The accelerometers were mounted on 
each rib near the RibEye LEDs (5 total data channels).  
An accelerometer was also mounted to the loading 
ram to measure the input acceleration.  The linear 
impactor face was a wood block.  The spine box was 
assumed to be rigidly mounted to a non-moving 
fixture.  The dummy’s chest jacket and clothing were 
not used during the linear impactor testing so that the 
video cameras could adequately capture the ribcage 
motion. 
 
Although RibEye measures deflections in all three 
axes, the primary focus of these tests was the Y-axis 
deflections.  Each rib-mounted accelerometer was 
double-integrated to obtain the corresponding 
deflection of the individual rib.  In addition, high-
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speed motion analysis techniques were used to 
measure the Y-axis deflection of each rib.  The 
accelerometer and RibEye data were filtered 
according to the Society of Automotive Engineers 
(SAE) standard J211/1 [3]. 
 
Linear Impactor Test Results 
 
Figure 6 shows the deflection time-history plot for 
abdominal Rib 5 for one of the ten linear impactor 
tests.   Rib 5 generally had the best correlation among 
the RibEye Y-displacement, motion analysis, and the 
accelerometer calculations.  The raw RibEye data (Y-
axis deflection) is shown in blue; RibEye data filtered 
at CFC600, CFC180, and CFC60 are shown in green, 
red, and light blue, respectively.   One source of noise 
in the RibEye measurements may have been the 
ambient lighting in this test series as there was no 
dummy clothing on the thorax.  The unfiltered 
uniaxial accelerometer mounted to Rib 5 was 
doubled-integrated by two independent software 
packages (purple and yellow curves).   
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Figure 6.  Sample linear impact test (Rib 5). 

Figure 7 shows an enlargement of the peak 
deflections on Rib 5 during this test.  The peaks for 
the filtered RibEye data were approximately 47 mm; 
accelerometer data peaks ranged from 46.5 to 46.7 
mm; and the motion analysis peak was 46.7 mm.  
The effects of the various CFC filters on the RibEye 
raw data can clearly be observed.     
 
The CFC filter of 180 appears to retain the useful 
waveform while reducing the noise in the signal.  
This is different than the recommended SAE filter 
class of 600 due to the additional noise in the RibEye 
signal for this test set-up.   For the subsequent tests 
which did not use a dummy jacket, CFC class 180 
was used for RibEye measurements, while the 
recommend SAE filter of 600 was used for tests 

using a dummy jacket (such as for the full vehicle 
crash tests.) 
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Figure 7.  Peak deflections in sample linear impact. 

Figure 8 shows an enlargement of the peak 
deflections on Rib 2 during one of the tests.  Rib 2 
generally had the lowest correlation among the 
RibEye Y-displacement, motion analysis, and the 
accelerometer calculations.  The peaks for the filtered 
RibEye data were approximately 54 mm; 
accelerometer data peaks ranged from 50.2 to 51.0 
mm; and the motion analysis peak was 52.3 mm.  
Again, the effects of the various CFC filters on the 
RibEye data are clear. 
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Figure 8.  Sample linear impact test, Rib 2. 

The difference in correlation between Rib 5 (with 
good correlation) and Rib 2 (with marginal 
correlation) prompted an investigation of the 
precision of the LED placement on the RibEye 
calibration fixture.  Some inaccuracies in LED 
placement were found at all locations, which caused 
improper calibration of the RibEye system.  This 
improper calibration resulted in the discrepancies 
between Rib 2 and Rib 5 in the linear impact test 
series. 
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A review of the film analysis of the targets mounted 
to the rigid spine box revealed motion in the Y- 
direction during the tests.  As an example, 
approximately 2 mm of spine box motion was 
observed in one of the tests.  Originally it was 
assumed that the spine box would be completely rigid, 
as it was attached to the reaction block.  This motion 
contaminated the correlation of the RibEye data and 
video data (both of which were able to report relative 
displacement by compensating for spine box motion) 
to the accelerometer data (which could only report 
absolute displacement relative to the earth). 
 
In addition, there were other suspect sources of 
inaccuracy in the linear impact testing.  The rib 
targets were not fully visible for the duration of the 
film analysis, and the imager-to-target measurements 
were found to be suspect following the test series. 
 
Linear Impactor Test Discussion and Limitations 
 
This test series demonstrated that some ribs had good 
correlation between the RibEye and the alternative 
measurement techniques, while other ribs had 
marginal correlation.  This was determined to be due 
to inadequacies of the test set-up and methodology.  
Thus the linear impact testing was most useful at 
identifying methodology issues that needed to be 
corrected for future testing to quantify the RibEye’s 
precision more accurately.  Specifically, the issues 
are: 
• The placement of the RibEye LEDs on the 

calibration fixture was resolved, and the RibEye 
system was re-calibrated. 

• Additional testing using film analysis requires  
1) more accurate measurements of target-to-
camera dimensions and 2) assurance that the 
targets remain visible for the duration of the test. 

• The spine box needs to be completely rigid to 
compare displacements calculated from absolute 
measurements (such as data from the rib-mounted 
accelerometers, which record acceleration relative 
to the earth) to relative displacements (such as 
measured by RibEye). 

• The RibEye signal is most appropriately filtered 
at class 180 rather than class 600 or 60 (for bench 
tests such as these that did not use a jacket.) 

 
DROP TOWER TEST SERIES #1 
 
The goal of this series of tests was to evaluate the 
accuracy of RibEye measurements under dynamic 
conditions that simulate high-speed rib motion during 
a side impact crash test.  To achieve this goal, 

independent measurement instruments were needed 
for comparison. 
 
Drop Tower Test Series 1 Methodology 
 
This series of drop tower testing compared the 
RibEye to linear pots using the EuroSID rib drop test 
facility.  A test fixture was designed that allowed for 
mounting the RibEye in multiple positions to 
measure either one axis or multiple axes of 
displacement.  Although the SIDIIs ribs were not 
used, the fixture allowed for the mounting of the 
LEDs in locations representing their respective 
locations in the dummy (with respect to the sensors 
and to the other LEDs.) 
 
The test fixture (Figure 9) consisted of upper and 
lower aluminum mounting plates, a RibEye system, 
four high-strength steel guideposts, three 6-inch 
linear pots, four brass bearings and two dampers. The 
guideposts (item 1) allowed the RibEye LEDs, which 
are attached to the underside of the upper aluminum 
plate, to glide up to 100 mm (about 65 mm free 
motion followed by 35 mm of restrained motion).  
The RibEye sensors (2) were affixed to the lower 
mounting plate.  The stroke of the pots was aligned 
with the guideposts.  The pot sample rate was set to 
10 samples per ms. 
 

 
Figure 9.  Drop tower fixture. 
 
The three pots were located at the left front corner of 
the plate (3), the right front corner of the plate (4), 
and the left rear corner of the plate (5).  The spacing 
between the front pots was 130 mm and the spacing 
between the front and rear pots was 330 mm.  The 
brass bearings minimized friction and provided 
alignment between the guideposts and the RibEye 
LED mounting plate.  The adjustable dampers (6) and 
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linear springs were mounted between the aluminum 
plates to cushion the LED plate, limit its movement, 
and absorb its energy.  The initial position of the 
aluminum plate was about 60 mm above the 
dampening system and was held by spring loaded 
detents before impact.  A block of expanded 
polystyrene foam was used between the impacting 
mass and the upper plate to minimize high frequency 
noise and inertial effects.  Contact tape was used for 
the time zero signal for the RibEye, the pot data 
acquisition system, and the video imagers. 
 
The EuroSID drop test fixture and 8-kg impact mass 
were used to accelerate the RibEye LED mounting 
plate.  Four tests were conducted:  one at 5 m/s, two 
at 7 m/s, and one at 10 m/s.  These tests simulated 
pure lateral motion (Y-axis only).    These tests are 
identified as test #s GT1 through GT4 (Table 1).   
The dampers were adjusted so that more restraining 
force was applied as the drop speed increased, 
preventing damage to the fixture.  As a result of this 
adjustment, the maximum deflections did not 
necessarily increase with increasing drop speed. 
 
High-speed imaging analysis was also conducted 
using TrackEye©.  Originally the lighting set-up for 
the imagers interfered with the RibEye LED sensors.  
Thus, the imager speed was changed from 1000 
frames per second (fps) to 500 fps to reduce the 
amount of light necessary.  Also, the test fixture was 
surrounded by a light closeout to eliminate 
interference with the sensors.  The closeout consisted 
of black opaque construction paper. Video analysis 
used four 16 mm (5/8 inch) targets over the length of 
travel.  Resolution of the image was approximately 
0.3 mm per pixel. 
 
Drop Tower Test Series 1 Results 
 
Data from pots at the front of the aluminum plate was 
averaged and compared to the closest RibEye LED, 
on Rib 1.   (There were no actual dummy ribs used in 
these tests, however, the LEDs are referred to as Rib 
1, Rib 2, to reference their positions on the plate.)   
Similarly, the pot displacement on the rear corner of 
the plate was compared to the RibEye LED at Rib 6.  
Table 1 reports the peak displacement and data 
analysis from this drop tower test series. 
 
 
 
 
 
 
 
 

 
 

Table 1. 
Peak Displacement for GT Test Series 

 

GT1, 
5 m/s 

GT2, 
7 m/s 

GT3, 
7 m/s 

GT4, 
10 m/s 

mm 
Front pot avg. 81.3 79.2 79.0 69.6 
Rib 1Y 81.3 79.3 79.4 70.1 
Rib 2Y 81.8 79.5 79.5 70.1 
Rib 3Y 81.7 79.5 79.7 71.2 
Rib 4Y 82.1 79.9 80.1 71.2 
Rib 5Y 82.5 80.0 80.4 71.2 
Rib 6Y 82.7 80.0 80.7 71.0 
Rear pot 82.1 79.9 79.8 70.6 
Imaging 
Analysis 81.4 79.6 79.3 70.1 
Mean 81.9 79.7 79.8 70.6 
Std Dev 0.5 0.3 0.5 0.6 
CV % 0.6 0.4 0.7 0.9 
 
 
The first drop tower test, GT1, had good correlation 
between the RibEye system, linear pots, and imaging 
analysis.  Figure 10 shows the peaks for the linear 
pots, imaging analysis, and RibEye measurements for 
Ribs 1 and 6.  The difference between the maximum 
peak displacement of Rib 1 and the average of the 
front pots was 0.04 mm.   (This difference is rounded 
to zero in Table 1.).  The difference between the 
maximum peak displacement of Rib 6 and the rear 
pot was 0.6 mm.  The standard deviation for the peak 
values in Figure 10 was 0.6 mm.  Rib 6 and the front 
pots had the largest deviation, 1.4 mm.  Rib 6 and the 
front pots were on opposite sides of the test fixture; 
thus this difference might have been caused by 
vibrations or tilting of the upper plate during impact.   
 

5.0 m/s Comparison Drop Tower Data
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Figure 10.  Drop tower Test GT1, 5 m/s. 
 
Figure 11 shows the peak displacement measured 
from the RibEye LEDs (Ribs 1 through 6).  The peak 
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displacement difference between Ribs 1 and 6 was 
1.4 mm.   
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Figure 11.  Drop tower Test GT1, 5 m/s. 
 
For drop tower Test GT2, the impactor was raised to 
a height of about 2500 mm to increase speed to 7.0 
m/s.  The peak displacements between the RibEye 
system, corresponding linear pots, and imaging 
analysis is shown in Figure 12.  The peak 
displacement difference between Rib 1 and the 
average of the front linear potentiometers was 0.1 
mm. The peak displacement difference between Rib 
6 and the rear potentiometer was 0.1 mm.  The 
maximum displacement difference of 0.8 mm 
occurred between Rib 6 and the average of the front 
pots. The standard deviation for the measurements in 
Figure 12 was 0.3 mm.  The maximum peak 
displacement difference of 0.7 mm occurred between 
Ribs 1 and 6 (Figure 13), which were on opposite 
sides of the RibEye plate. 
. 
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Figure 12.  Drop tower Test GT2, 7 m/s. 
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Figure 13.  Drop tower Test GT2, 7 m/s. 
 
The second 7.0 m/s test, GT3, confirmed that the 
transducers and/or sensors on the outer periphery of 
the test fixture had the greatest displacement 
differences. 
 
Test GT4 was conducted at 10.0 m/s. The impactor 
was raised to approximately 4800 mm.  Again, the 
maximum difference in peak deflection occurred 
between opposite sides of the fixture:  1.4 mm 
between Rib 6 and the average of the front linear pots 
(Figure 14).  The maximum difference between the 
RibEye system and the high-speed imaging analysis 
was 1.1 mm.  The maximum difference between the 
linear pots and the high speed imaging analysis was 
0.5 mm.  The imaging analysis peak displacement 
correlated better to the linear pots and RibEye 
measurements for Ribs 1 through 3, probably due to 
the proximity of the imaging targets being analyzed.  
Figure 15 shows just the RibEye data for all six ribs 
in Test GT4 
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Figure 14.  Drop tower Test GT4, 10 m/s. 
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10.0 m/s RibEye Drop Tower Data
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Figure 15. Drop tower Test GT4, 10 m/s. 
 
Drop Tower Test Series 1 Discussion 
 
This test series demonstrated that the RibEye, linear 
pots, and high-speed imaging had good correlation.  
The comparison of the pots and their closest rib LED 
indicated good correlation (within 0.6 mm.)  The 
largest deviations between the front pots and Ribs 3 
through  6 (1.4 mm to 1.6 mm) occurred during the 
10 m/s test.  This larger deviation was attributed to 
tilting of the plate during the impact.  Comparison of 
the three data sets shows that as the LED plate moved 
along the Y-axis, the plate tilted rearward, so that the 
rear of the plate traveled further than the front of the 
plate. 
 
As seen in Table 1, when the test speed increased, the 
deflection readings decreased.  This was due to the 
higher setting on the adjustable dampers at higher 
speeds. 
 
DROP TOWER TEST SERIES #2 
 
This test series included single axis and multiple axes 
testing of the RibEye. 
 
Single Axis Methodology 
 
The set-up for this series of drop tower tests was 
similar to that used in the first drop tower series.  
Five tests were conducted to evaluate pure lateral 
motion:  two at 5 m/s, two at 6 m/s, and one at 7 m/s.  
For this series, however, there was no film analysis 
conducted. 
 
Single Axis Results and Discussion 
 
The first drop tower test, DT1, suggested good 
correlation between those RibEye measurements and 
the measurement of the closest linear pots (Table 2).  

Rib 6 and the front pots had the largest deviation, 2.9 
mm.    
 
For these tests the accuracy of the system was 
comparable to the results of the first drop tower test 
series – that is, RibEye measurements between Ribs 1 
and 6 were within 3 mm, and the difference was 
likely due to tilting of the plate as confirmed by the 
pot measurements.  Comparing the LED that was 
closest to a pot, the difference was less than 0.5 mm. 
 
 
 

Table 2. 
Peak Displacement for Single Axis Test Series 

 

 

DT1, 
5 m/s 

DT2, 
5 m/s 

DT3, 
6 m/s 

DT4, 
6 m/s 

DT5, 
7 m/s 

mm 
Front pot avg. 78.6 79.9 66.5 65.3 70.5 
Rib 1Y 78.7 79.9 66.1 65.0 71.2 
Rib 2Y 79.3 80.4 66.8 65.6 71.2 
Rib 3Y 79.9 80.8 66.8 65.6 71.2 
Rib 4Y 80.0 80.4 67.0 65.9 71.2 
Rib 5Y 80.6 81.5 67.5 66.1 70.1 
Rib 6Y 81.5 81.9 67.2 66.0 70.0 
Rear pot 81.2 81.6 67.3 66.2 69.2 
Mean 80.0 80.8 66.9 65.7 70.6 
Std Dev 1.1 0.8 0.5 0.4 0.8 
CV% 1.4 1.0 0.7 0.6 1.1 

 
Multiple Axis Methodology 
 
For the multiple axis drop tower tests, the test set-up 
was modified to simulate oblique loading in a SID-IIs 
dummy.  This was done by tilting the RibEye sensors 
about the X-axis 10 degrees and about the Z-axis 20 
degrees, exposing the RibEye to displacements in all 
three axes.  The RibEye LEDs were not moved or 
tilted.  Figure 16 is an illustration of the test fixture 
with the RibEye sensors (item 1) in an oblique 
position supported by the compound mounting block 
(2). 
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Figure 16.  Test fixture illustration. 
 
Only two pots were used in the multiple axis tests 
because the third pot failed and no replacement was 
available.  The two pots were mounted on the front 
left and rear right of the fixture.  The way the RibEye 
was mounted on the block, the Rib 1 LED was 
closest to the rear pot and Rib 6 LED closest to the 
front pot (the opposite of the first drop tower series). 
 
Multiple Axis Results 
 
Three tests were conducted, all at 5 m/s.  The 
compound angle change of the sensors resulted in the 
pure Y displacements (with respect to the pots) being 
measured as X, Y, and Z displacements by the tilted 
RibEye sensors.  Thus, the RibEye data were 
converted from its coordinate system to the 
potentiometer coordinate system, so that the pot data 
and the converted RibEye Y data could be compared. 
 
Figure 17 shows Rib 1 LED data in the RibEye 
coordinate system (1X, 1Y, and 1Z) and the same 
data converted to the pot coordinate system (X~, Y~, 
and Z~).  Data from other ribs showed similar results.  
Figure 18 shows all rib Y data (Ribs 1-6) in both the 
RibEye and the pot coordinate systems.  Figure 19 is 
an enlarged view of all rib Y data.  It was expected 
that there is two groupings of curves, one represents 
the Y deflection in the RibEye coordinate system the 
other is the same data converted to the pot coordinate 
system.  Table 3 summarizes rib Y data converted to 
the pot coordinate system. 
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Figure 17. Rib 1 LED data. 
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Figure 18. All rib Y data. 
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Figure 19.  Enlargement of all rib Y data.  
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Table 3. 
Peak Displacement for Multiple Axis Test Series 

 
 CP1 CP2 CP3 

mm 
Rear pot 64.9 66.9 66.7 
Rib 1Y~ 65.7 67.3 67.0 
Rib 2Y~ 65.9 67.5 67.2 
Rib 3Y~ 65.0 66.7 66.5 
Rib 4Y~ 64.5 66.6 66.4 
Rib 5Y~ 64.7 66.8 66.6 
Rib 6Y~ 64.8 66.8 66.6 
Front pot 63.3 66.0 65.9 
Mean 64.9 66.8 66.6 
Std Dev 0.8 0.5 0.4 
CV% 1.2 0.7 0.6 

 
 
Multiple Axis Discussion 
 
The maximum difference between a RibEye 
converted Y measurement and the closest pot 
measurement was 1.5 mm (test CP1: the front pot and 
Rib 6Y~).  However, the other tests demonstrated 
good correlation. 
 
The RibEye X and Z data, converted to the pot 
coordinate system, showed differences in 
displacements of less than 1 mm.   Because the 
RibEye sensors were rotated for this series, the LEDs 
are moving through the sensor’s field of view at an 
oblique angle.   The true displacement of the LEDs 
however, is in line with the linear pots.   Thus the 
RibEye X and Z data, converted to the pot coordinate 
system, would theoretically be zero.   The actual 
converted measurements of less than 1 mm suggest 
accurate RibEye measurements in multiple axes. 
 
FULL VEHICLE CRASH TEST COMPARISON 
SERIES 
 
Methodology 
 
Full-vehicle paired crash tests were conducted to 
investigate the three-dimensional capability of the 
RibEye and to compare chest deflection 
measurements obtained with the RibEye to those 
obtained with linear pots. 
 
The vehicle sample included 10 paired tests, which 
included a mix of crossover vehicles and passenger 
vehicles.  The vehicles were all model year 2007-
2008 and equipped with side curtain airbags and seat-
mounted airbags for the driver position, with the 
exception of one vehicle model where only the 

curtain airbag was available for the driver.  
Comparisons were conducted in both the driver seat 
position and the rear struck side passenger seat 
position.  There were three paired tests at the driver 
position and seven paired tests in the rear passenger 
position (Table 4). 
 

Table 4. 
Number of paired tests 

by configuration and seat position 
 

 IIHS FMVSS 214 
MDB 

FMVSS214 
Pole 

Driver 2 -- 1 
Rear 
Passenger 

2 5 -- 

Notes: IIHS tests: perpendicular impact at 50 km/h 
FMVSS 214 tests: crabbed barrier, 27 
degrees at 54 km/h 
Pole test: 15 degrees angle at 32 km/h 

 
One SID-IIs (Build Level D) dummy was 
instrumented with linear pots, while the second was 
modified to accommodate the RibEye measurement 
system.  Both dummies underwent pendulum tests to 
verify that the rib sets had comparable responses.  
Other instrumentation included head, spine, and 
pelvis accelerometers, as well as acetabulum and 
pubic load cells.  The data was acquired and filtered 
according to SAE J211-1 [3] standards and the film 
footage was recorded at 1000 fps. 
 
The dummies were positioned as per the IIHS or 
FMVSS 214 seating procedure in the driver seat.  No 
specific protocol was followed for the rear seat; 
however, an attempt was made to position the 
dummies similarly and their positions were verified 
using a Platinum Faro arm ©. 
 
The impact velocity for the IIHS barrier was  
50 km/h ± 0.4 km/h; FMVSS 214 and pole impact 
were 54 ± 0.13 km/h and 32 ± 0.9 km/h, respectively.  
The impact points for the IIHS barrier tests were 
within 2 mm of the target, the FMVSS 214 barrier 
impact points were within 28 mm, and the pole 
impacts were within 7 mm of the target. 
 
These full vehicle tests utilized the standard jacket 
for the SID-IIs dummy.   A prototype jacket was 
available to reduce ambient light interference.  
However, since the purpose of the study was to 
evaluate dummy measurement capability, it was 
thought inadvisable to conduct tests with different 
jackets.  Furthermore, since the dummy was not 
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subject to direct light exposure in the test vehicle, 
measurement interference was not anticipated. 
 
Calculations for Equivalency 
 
Since the RibEye measures deflection in axes and the 
linear pots measure the compression of the pot shaft, 
some calculations were required to obtain 
comparable measurements.  The initial position of the 
pots and the LEDs needed to be identified to make 
these calculations.  The spatial relationship of the 
LED and the pot are shown in Figure 20, where the 
top dot represents the initial position of the LED on 
the rib. 
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Figure 20. RibEye to pot conversion. 

The mathematical relationship between the two 
instruments is defined by Equation 1, where Lpot_initial 
is the distance between the attachment point of the 
pot on the rib and the corresponding attachment point 
on the spine box. This distance is on average 120 mm.  
Lpot_compression represents the calculated RibEye 
equivalency to the linear pot.  LRibEyeX, LRibEyeY, and 
LRibEyeZ are values recorded by the RibEye along the 
X-axis, Y-axis, and Z-axis, respectively. 
 
(1.) 

Lpot_compression = 
Lpot_initial – 

sqrt [ (Lpot_initial – LRibEyeY)2 + 
LRibEyeX

2  + LRibEyeZ
2 ] 

 
Results 
 
Two principal deflection patterns were found in this 
study:  1) a uni-axial deflection, where the major 
contributor of the deflection was along the Y-axis 
and deflections in X-axis and Z-axis were 
insignificant; and 2) a multi-axial deflection, where 
the major contributor of the deflection was in the 
fore-aft direction with a less important lateral or 
vertical component. 
 
Uni-axial deflection was most frequently observed in 
perpendicular or purely lateral loading environments 
such as the driver position in the IIHS configuration. 
Multi-axial deflections were observed in the oblique 
or combined loading environments such as rear 
passenger for IIHS tests and both rear and front 
occupants for FMVSS 214 barrier and pole test 
configurations. 
 
As shown in Figures 21-23 the differences between 
the peak measurements of the RibEye dummy and 
the standard dummy for Ribs 2, 3, and 4 were 1.7 
mm, 3.7 mm, and 0.3 mm respectively.   Unlike the 
controlled drop tower tests where the linear pots and 
RibEye were measuring the same impact, these 
reported differences reflect different crash tests.   
Thus the differences noted not only reflect on the 
crash test to crash test repeatability but also 
repeatability between RibEye and linear pot 
measurements.  The shapes of the curves suggest 
good test to test repeatability. 
 
Figure 24 presents an example of the X, Y and Z 
components for the same rib (Rib 3) shown in 
Figures 22 as measured by the RibEye.  As described, 
the principal direction of loading in this sample case 
was perpendicular or almost completely lateral. This 
was characterized by the peak deflection occurring in 
the lateral or Y-axis with negligible fore-aft or 
vertical contributions to deflection. 
 
Multi-axial deflection was most frequently observed 
in oblique loading conditions.  As an example, Figure 
25 illustrates the time histories for the corrected 
RibEye deflection and the corresponding pot 
deflection for Rib 3. The peak deflection 
measurement of the pot was equivalent to the 
corrected RibEye measurement.  There was greater 
difference in shapes of the traces as compared to the 
more lateral test conditions because the oblique 
loading of the ribs may have been causing greater 
variability in the rib motion.  Differences may be 
more apparent because the overall magnitude of the 
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Y-deflection was significantly lower for the oblique 
conditions. 
 
The corresponding three deflection components for 
Rib 3 as measured by the RibEye are shown in Figure 
26.  In this loading environment the RibEye indicated 
that a fore-aft deflection of 33.1 mm was present in 
addition to the 20.1 mm of lateral deflection.   
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Figure 21.  Rib 2 deflections measured for driver 
in an IIHS test. 
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Figure 22.  Rib 3 deflections measured for driver 
in an IIHS test. 
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Figure 23.  Rib 4 deflections measured for driver 
in an IIHS test. 
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Figure 24.  Deflection components as measured by 
the RibEye for driver in IIHS test. 
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Figure 25.  Deflection of rib 3 as measured with 
the linear pot and the RibEye for driver in 
FMVSS214 pole test. 
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Figure 26.  Three components of deflection for rib 
3 as measured with the RibEye for driver in 
FMVSS214 pole test. 
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Discussion 
 
The RibEye system was reliable and did not present 
any durability issues throughout the vehicle crash test 
series.  In contrast, the significant loading associated 
with certain tests did cause damage to the linear pots 
both at the attachment point and in the wiring, 
resulting in noise and loss of data. 
 
For the full vehicle crash tests, the proposed dummy 
clothing designed to block ambient light from 
entering the chest cavity was not used.  Standard 
dummy clothing was used.  However, of the ten full 
vehicle crash tests using RibEye, only one test had 
saturated  signals and it occurred after 100 ms post 
impact (after the region of occupant interest.)   Some 
laboratory testing had been completed to demonstrate 
the effectiveness of the new clothing, but that 
evaluation is not reported here. 
 
Another possible limitation of the RibEye system is 
that the software application was not integrated with 
a data acquisition system.  This required a parallel 
set-up to the central data acquisition system and was 
time consuming.  Integrated software that interfaces 
with the standard data acquisition systems would 
greatly improve the usability of the RibEye in the 
laboratory environment. 
 
Under controlled paired crash configurations, the 
RibEye demonstrated the ability to measure rib 
motion in three directions with respect to the spine 
box.  The deflection as measured by the RibEye in 
the Y- direction was found to correlate well with that 
of the linear pots.   It should be noted, however, that 
currently used thorax injury risk curves for side 
impact utilize lateral deflections only.   Additional 
research may be necessary to fully understand the 3-
dimensional aspects associated with thoracic and 
abdominal injury.  
 
 
SUMMARY 
 

The initial linear impactor test series was useful at 
identifying testing shortcomings that were corrected 
for the subsequent tests. 

In the drop tower test series, which were conducted at 
different laboratories, the RibEye measurements, the 
linear pots, and high-speed imaging demonstrated 
good correlation (within 1.5 mm difference).   The 
worst case difference between a peak RibEye 
measurement and the corresponding peak pot 

measurement was 1.5 mm, and occurred during an 
oblique test.   Many of the other measurements 
demonstrated much better correlation (significantly 
less than 1.5 mm difference.) 
 
The RibEye system is designed to measure 
deflections in all three dimensions.   A limited 
amount of oblique tested demonstrated the ability to 
measure displacements in both the Y and X 
directions.   
 
The full vehicle crash tests demonstrated similar peak 
value measurements between the RibEye dummy and 
the standard dummy.   During FMVSS 214 and pole 
impact tests, the RibEye revealed significant X-axis 
deflection that cannot be measured by linear pots. 
 
A full durability analysis was not completed on the 
RibEye, however in the limited amount of testing 
conducted there were no durability issues identified.  
The linear pots, however, did exhibit some damage 
during some of the full vehicle crash tests. 
 
Although there were not significant ambient light 
interference issues with RibEye during the full 
vehicle crash tests, further analysis of the redesigned 
clothing may be necessary. 
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ABSTRACT 

In one of the Advanced Crash Avoidance 
Technology (ACAT) projects, a computational 
simulation approach has been used to assess the 
potential benefit of three advanced Driver 
Assistance Technologies in a lane departure 
scenario. The main advantage of a computational 
simulation approach to driver assistance 
technologies evaluation is that a wide range of 
conditions can be explored at a comparatively low 
cost. Also, though multiple data sources related to 
traffic safety are available, few approaches make 
systematic and integrated use of them. Using them 
to validate simulation components provides a way 
of integrating data from various sources into a 
reusable format. 

When using simulation, the properties of each 
simulated component need validation. The 
objective of this paper is to describe data 
requirements for component validation, as well as 
how data which meet the requirements has been 
identified and extracted. The basic approach of the 
project is to look at each simulated component and 
determine which of its properties influence scenario 
outcome. Data sources which provide input on 
those properties are identified, and data from them 
is extracted and prepared for use in the simulation. 
To achieve a high level of detail and accuracy for 
all components, data from multiple sources are 
used including crash databases, field operational 
tests, testing on test-tracks and driving simulator 
experiments.   

The research conducted in this project shows that 
sufficient data can be obtained to validate the 
properties of the simulation components. There are 
limitations in available data for some sources 
which raises questions of representativity, but these 
can in principle be overcome by extended data 
collection. The research also shows that while 
extensive effort may have to go into validation the 
first time a simulation is developed, similar 
subsequent projects will require much less 

validation effort since the simulation components 
can be reused. 

INTRODUCTION 

This paper describes part of the research performed 
in one of the projects funded by NHTSA under the 
Advanced Crash Avoidance Technologies (ACAT) 
program [1], performed by a team of researchers 
from Volvo Cars, Ford and UMTRI (referred to as 
the VFU-team). The underlying purpose of the 
ACAT program has been to address gaps in current 
knowledge about the performance and likely 
effectiveness of new and emerging active safety 
technologies in reducing crash numbers.  

The VFU-team has focused its work on three 
advanced driver assistance technologies, developed 
by Volvo Cars, which address crashes initiated 
through lane departures. These crashes include road 
departure crashes, head-on collisions, sideswipes, 
and other crash modes. The technologies are Driver 
Alert Control (DAC), Lane Departure Warning 
(LDW), and Emergency Lane Assist (ELA). Driver 
Alert Control is designed to estimate the 
impairment level of a driver and inform the driver 
of his/her impaired state, where impairment is 
assessed through quality of lane keeping over time. 
The driver is informed of his/her state so as to 
support a decision to continue to drive. Lane 
Departure Warning is aimed at warning the drivers 
if they are inadvertently drifting out of their lanes. 
Under such a scenario, LDW supports the driver by 
generating a warning. LDW will not take any 
automatic action to prevent a possible lane 
departure. Responsibility for the safe operation of 
the vehicle remains with the driver. Emergency 
Lane Assist relies on the detection of the vehicle 
position with respect to the road lane markings as 
well as detection of vehicles (both oncoming and 
those being overtaken) in the adjacent lanes. If a 
lane drift or lane change maneuver is commenced 
and this implies a risk for collision with an 
oncoming or overtaking vehicle, ELA applies a 
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torque to the steering wheel in order to prevent 
collision and return the vehicle to its original lane.  

All of these driver assistance technologies aim at 
detecting degraded driving and to provide suitable 
information, warning, or intervention. Together 
they form a logical chain of warnings and 
interventions. DAC is expected to influence the 
exposure of drivers to episodes of drowsy driving 
and hence operates in the earliest phase. LDW and 
ELA are relevant to the evolution of vehicle 
kinematics during a conflict, and operate in the 
early and late conflict stages.  

Non-conflict     Conflict Imminent crash Crash Post-crash

DAC LDW ELA

crash avoidable crash unavoidable

 
Figure 1.  NHTSA crash phase timing. 

 

THE VFU-TEAM APPROACH – 
COMPUTATIONAL SIMULATION 

As described by NHTSA, an ACAT project should 
meet two goals. The first is to develop a formalized 
Safety Impact Methodology (SIM) tool to evaluate 
the ability of advanced crash avoidance 
technologies in full vehicle systems to solve 
specific motor vehicle safety problems. The second 
objective of the program is to demonstrate how the 
results of objective tests can be used by the SIM to 
establish the safety impact of a real driver 
assistance technology.  

The VFU-team has chosen to address the first goal 
by developing a SIM tool which at the core uses a 
detailed mechanism-based (continuous-time 
simulation) approach to represent the potential 
influence of driver assistance technologies. The 
basic SIM procedure starts by exploring real-world 
crash mechanisms using both statistical and in-
depth analysis of recorded crash events in order to 
understand contributory factors and event 
sequences, including the role of tiredness, 
distraction and judgment in actual crashes 
involving lane/road departure. This information is 
then used to develop a comprehensive set of 
Driving Scenarios (DS) which precede the crashes. 
The DS are then further parameterized in all 
aspects necessary to represent them in software via 
a computational model. This means that all 
components needed to evaluate the influence of a 
driver assistance technology in the DS (vehicle, 
driver, road environment and technology) are 
represented through computational sub-models 
interacting in a virtual environment rather than 
physical objects interacting in the real world. 
Following the definition and parameterization of 
the full DS set, multiple cases are sampled and run 
in a Monte-Carlo simulation. The computational 

model time-steps from the starting point of each DS 
until the DS has run for a pre-defined time interval 
(for example 10 or 20 seconds).  

The DS precede the crashes but they are not pre-
crash scenarios in the sense that a crash inevitably 
follows from DS development. Rather, crashes may 
or may not result from any given DS as it develops 
over time (this applies both to real driving and 
simulations). The DS are thus “coarse-grain” in the 
sense that they cover a broad range of situations 
which include the ones that lead to crashes but also 
a number of situations where no crash occurs. In 
other words, rather than looking at single case 
accident reconstruction, the aim is to generate an 
ensemble of crash/no-crash situations, and then 
study whether the crash avoidance technology 
under evaluation changes the overall proportions of 
crash/non-crash outcome for this ensemble. 
Running the simulation for all DS’s therefore 
results in two distributions of virtual conflicts and 
crashes, one with the technology and one without. 
These distributions are then mapped to real-world 
crash types and frequencies using some form of 
crash metric, as illustrated in Figure 2: 

 

crash metric 

1DS 2DS 

N DS 

without  with  

 

 
Figure 2.  Driving Scenario resolution for Monte 
Carlo simulation with and without the specific 
safety technology being evaluated. 

 

DATA REQUIREMENTS AND SOURCES IN 
A COMPUTATIONAL SIMULATION 
APPROACH 

It can be argued that all approaches to evaluation of 
a driver assistance technology have the same 
representation issues which must be addressed. 
Basically, the characteristics of the four 
components necessary for evaluation (driver, 
vehicle, technology and evaluation environment) 
should be either identical or at least sufficiently 
similar to their counterparts in real world crash 
characteristics, otherwise evaluation results could 
be called into question.  

Each of the components necessary for evaluation 
must be correctly represented in two aspects. One 
is the structural aspect. Taking the vehicle as an 
example, for the evaluation to be valid, one must 
first identify the characteristics of vehicles typically 
involved in the targeted crash type, and then find a 
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way to represent those characteristics in the actual 
evaluation. For physical measurements, this usually 
means bringing vehicles with those characteristics 
to the test track or out in the field. For 
computational simulation, it means implementing 
virtual vehicles with those characteristics in the 
simulation, with the general ability to interact with 
the other sub models. 

The second aspect of representation is more 
functional or dynamic in character. Each 
component needs a definition of (1) its initial state 
at the beginning of the evaluation and (2) how it 
should respond to change. Again using the vehicle 
as an example, one must provide clear values for 
the vehicle’s initial state in all test configurations 
(its initial speed, initial lane position, etc). One 
must also provide clear definitions of how it should 
react to, for example, a steering input from the 
driver (suspension settings, tire properties, etc).   

In these representation issues, a computational 
simulation approach faces a somewhat different 
challenge compared to evaluations based on 
physical measurements. Due to the possibility of 
running tens of thousands simulations with 
different component configurations, 
representativeness is less of a problem in a 
simulation approach. While in physical 
measurements one usually must select just a few 
configurations to represent the crash problem due 
to limitations in resources and time, in a simulation 
approach one can run most (or even all) possible 
configurations. On the other hand, since driver, 
vehicle, environment and technology 
characteristics all are represented as sub-models in 
a virtual environment rather than through their 
physical counterparts, extensive work has to go into 
making these models and the environment act as 
they would have in real life in all relevant aspects. 

The main challenge for a simulation approach 
therefore is one of validity rather than 
representativeness, and its outcome will depend on 
how well each sub-model represents its real life 
counterpart in the simulation of relevant aspects. 
This has consequences for how results from 
objective testing can be used in the SIM tool. 
Basically, to ensure that each sub-model represents 
its real life counterpart, all three sub-model aspects 
(functional structure, initial state and response to 
change) must be validated against real world data 
in some way. A substantial part of the VFU team’s 
work has therefore been devoted to retrieving and 
processing the structure and performance data 
needed for such sub-model development and 
validation.  

To achieve a high level of detail and accuracy for 
all components, data from multiple sources must be 
used. Though crash data from sources such as GES 
is a natural starting point for such work, and forms 

an essential part of defining the crash 
circumstances which the technologies under 
evaluation are meant to address, crash data in itself 
contains limited or no detail on a number of the 
pre-crash conditions or parameters which must be 
defined in order to perform reliable simulations.  

To overcome some of the limitations of crash data, 
the methodology developed in this project has been 
to let crash data supply “one leg of the tripod”, 
while the second and third leg is in naturalistic 
driving data and objective testing. Objective testing 
here refers both to testing of vehicle and 
technology performance (“technical testing”) as 
well as to testing of human-technology interactions 
(“human factors testing”).  

This means that in relation to the second objective 
of the ACAT program (demonstrate how results of 
objective tests can be used by to establish the safety 
impact of a real driver assistance technology), the 
role of objective testing is driven towards 
calibration and validation of computational sub-
models and their interaction in the simulation. Data 
sources used in this project include:  

• Design information and algorithms associated 
with the driver assistance technologies 

• Basic scientific knowledge about vehicle 
dynamics and driving dynamics 

• Statistically valid crash databases and detailed 
investigations of crash causation (GES, CDS, 
etc.) 

• Databases of naturalistic driving (obtained 
from previous Field Operational Tests) 

• Databases of roadway characteristics  

• Objective tests in the form of detailed 
technical tests of the vehicle and the driver 
assistance technologies, typically on a test 
track 

• Objective tests designed to capture typical 
ranges of human performance where the 
driver is in the loop, typically on a test track 
or in a driving simulator. 

In the following, the properties of each tripod leg 
will be described. The description will focus on 
how each tripod leg has been used to contribute to 
the development and validation of the 
computational sub-models. 

THE FIRST LEG OF THE TRIPOD - 
DEFINING SUB-MODELS USING CRASH 
DATA  

Data used directly to develop the sub-models used 
in the simulation include the National Automotive 
Sampling System General Estimates System 
(NASS GES) and NASS Crashworthiness Data 
System (CDS), crash data from the State of 
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Michigan, and roadway geometric information 
from the Highway Performance Monitoring System 
(HPMS). While HPMS is not strictly a crash data 
source, it is discussed here because its use is 
entwined with crash data. 

Using Statistical Crash Data 

The NASS GES is a nationally-representative 
sample of police-reported crashes, compiled by the 
National Center for Statistics and Analysis in the 
NHTSA. GES is a probability sample of motor 
vehicle crashes that occurred in the United States. 
The GES file covers crashes of all severities and all 
vehicle types.  Police accident reports (PARs) are 
sampled from approximately 400 police 
jurisdictions within 60 primary sampling units and 
sent to a contractor for coding. The GES data 
includes a description of the crash environment, 
each vehicle and driver involved in a crash, and 
each person involved in a crash. GES data are 
coded entirely from police reports, without any 
supplemental investigation. Consequently, the data 
in GES is limited to what is available on a PAR. 
GES typically includes records for about 100,000 
motor vehicles involved in 60,000 crashes. 

In relation to sub-model development and 
validation, the crash data in the GES file is 
primarily useful to at a high level characterize the 
DS relevant to the technologies. This formed a very 
important part of the work in the project, because 
even if the crash data itself does not contain all 
details needed to run simulations, it provides a 
delimitation of the crash problem and thus the 
framework within which further parameters and 
details are necessary to work out.  

The GES data include a set of variables that 
captures the sequence from just prior to the 
initiation of the “crash envelope” to the collision or 
other harm-inducing event. The crash envelope is 
defined as extending from the point in which the 
driver recognizes an impending danger or the 
vehicle was in an imminent path of collision with 
another vehicle, animal, or non-motorist to the 
point at which the driver either has successfully 
avoided the collision or the collision has occurred.  
Data elements record the vehicle maneuver 
immediately prior to the critical envelope (in the 
pre-crash maneuver variable), the event or 
condition that made the situation critical (critical 
event), the corrective action taken by the driver, 
and the stability of the vehicle after the maneuver. 
There is also an accident type variable that captures 
the relative position and movement of the vehicles 
leading to the first harmful event [2]. All of these 
variables appear in the GES and CDS data sets [3]. 

The approach to capturing crash events in GES 
(and CDS as well) is well-suited to a project 
focusing on evaluation of driver assistance 
technologies. Many other crash data systems focus 

on the first harmful event, or provide a sequence of 
events in the crash, which record the series of 
harmful events. But in crash avoidance research, 
information about the vehicle state prior to the 
initiation of the crash sequence and any harmful 
event is more interesting. The driver assistance 
technologies evaluated in this project all monitor 
vehicle position within the lane in normal driving, 
prior to any crash or conflict. Vehicle movement 
prior to the critical event (P_CRASH1) and critical 
event for this vehicle's first impact (P_CRASH2), 
in the GES file are therefore of primary interest in 
identifying the relevant crash types [4]. 

The identification of target crash types was 
accomplished primarily by the two variables, 
Vehicle movement prior to critical event 
(P_CRASH1) and critical event for this vehicle's 
first impact (P_CRASH2). However, a number of 
other variables were included to refine the 
identification of crashes that might be influenced 
by DAC, LDW or ELA. These variables record the 
number of vehicles in the crash, whether the 
vehicle was involved in the first harmful event in 
the crash, the travel speed of the vehicle, and 
whether the driver was under the influence of 
alcohol or drugs.  

Based on the general crash characteristics identified 
as relevant to the DAC, LDW or ELA technologies, 
four dynamically-distinct crash types were 
identified as relevant to the technologies.  

• Single-vehicle road departure 

• Prior lane-keeping, lane departure 

• Changing lanes, lane departure 

• Other lane or road departure, prior 
lane-keeping or changing lanes 

Furthermore, a number of vehicle, environmental 
and driver factors were examined in relation to the 
target crash types. The purpose was to identify 
factors associated with the crash types which could 
be used to specify the structural and functional 
aspects of the sub-models. For example, in relation 
to the environment, types of roadway, roadway 
alignment, weather, road surface conditions and 
light conditions were studied. In relation to the 
driver model, Driver fatigue was investigated.  

It was found that road type and road curvature are 
stable and can be assumed to be reliably reported. 
Weather, road surface conditions, and light 
conditions are less stable but can still be considered 
sufficiently reliable in the crash data. Driver fatigue 
however is both very difficult to identify and 
transient. However, there is no feasible alternative 
source of information other than the crash data. 
While many cases of fatigue may be missed, it is 
assumed that the cases that are identified are true 
cases of fatigue. 
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In the end, a total of 36 crash scenarios were 
identified, accounting for 96.6 percent of target 
crashes. Of these, the top 25 crash scenarios 
(accounting for 90.5% of the target crash scenarios) 
were targeted for simulation using the Safety 
Impact Methodology (see Table 1).  

Table 1. 

Top 25 Crash Scenarios for Targeted Crash 
Types, From GES 2002-2006 

Road type Roadway 

alignment

Weather & 

road surface

Light 

condition

Driver 

fatigued

Percent Rank

2 or more lanes, 

divided

Straight Not adverse, 

dry

Daylight No 19.7 1

2 or more lanes, 

undivided

Straight Not adverse, 

dry

Daylight No 9.9 2

2 or more lanes, 

divided

Straight Not adverse, 

dry

Not 

daylight

No 9.1 3

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Daylight No 8.6 4

2-lane, 2-way 

undivided

Curve Not adverse, 

dry

Daylight No 5.8 5

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Not 

daylight

No 5.2 6

2-lane, 2-way 

undivided

Curve Not adverse, 

dry

Not 

daylight

No 4.1 7

2 or more lanes, 

undivided

Straight Not adverse, 

dry

Not 

daylight

No 3.1 8

2 or more lanes, 

divided

Straight Adverse, not 

dry

Daylight No 2.5 9

2 or more lanes, 

divided

Curve Not adverse, 

dry

Daylight No 2.4 10

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Daylight Yes 1.9 11

2 or more lanes, 

divided

Straight Adverse, not 

dry

Not 

daylight

No 1.9 12

2 or more lanes, 

divided

Straight Not adverse, 

dry

Not 

daylight

Yes 1.8 13

2-lane, 2-way 

undivided

Curve Adverse, not 

dry

Daylight No 1.8 14

2 or more lanes, 

divided

Straight Not adverse, 

dry

Daylight Yes 1.7 15

2 or more lanes, 

divided

Curve Not adverse, 

dry

Not 

daylight

No 1.6 16

2-lane, 2-way 

undivided

Straight Adverse, not 

dry

Daylight No 1.4 17

2 or more lanes, 

divided

Straight Not adverse, 

not dry

Daylight No 1.2 18

2 or more lanes, 

undivided

Straight Adverse, Not 

dry

Daylight No 1.2 19

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Not 

daylight

Yes 1.2 20

2-lane, 2-way 

undivided

Straight Adverse, not 

dry

Not 

daylight

No 1 21

2-lane, 2-way 

undivided

Curve Adverse, not 

dry

Not 

daylight

No 1 22

2 or more lanes, 

undivided

Curve Not adverse, 

dry

Daylight No 1 23

2-lane, 2-way 

undivided

Straight Not adverse, 

not dry

Daylight No 0.8 24

2-lane, 2-way 

undivided

Curve Not adverse, 

not dry

Daylight No 0.7 25

 

 

Using In-depth Crash Data 

The NASS CDS file was also used in the high level 
characterisation of the DS to identify relevant crash 
types. CDS is a data system complementary to the 
GES file. The CDS investigations go beyond the 
PARs to include on-site investigation and 
documentation of the scene, as well as 
measurements of all crash damage on the vehicles, 
extensive documentation of crash injuries using 
hospital and other records, and estimates of the 
change in velocity (delta v) for each vehicle in the 

crash, where possible. Case materials for individual 
CDS crashes are available on the internet [5].  

Since CDS uses the same set of variables and 
definitions as GES, the CDS cases can be used as a 
sample of the types of events that would be 
selected in GES. CDS cases that met the selection 
algorithms developed for GES were reviewed to 
see if these crashes had the characteristics relevant 
for the technologies. Because the original case 
materials for the GES cases are not available for 
review, the ability to review more in-depth cases in 
CDS also provided valuable insight into how 
crashes are classified. The review confirmed that 
the algorithms developed for GES identified the 
appropriate crashes. 

Using Highway Performance Monitoring Data 

Detailed roadway geometric data are needed to 
make a correct sub-model regarding the 
characteristics of the roadway where lane/road 
departure crashes occur, such as lane widths, lane 
markings, radius of curvature, shoulder width, and 
shoulder type. This information is not available in 
the GES data, which only distinguishes curved 
from straight roads, the number of travel lanes, and 
a few other details. The more detailed information 
is however available in roadway inventory files, 
such as the Highway Performance Monitoring 
System (HPMS) data on the road system. Highway 
Performance Monitoring System (HPMS) Data 
represents the national highway system and 
includes data on the extent, condition, performance, 
use and operating characteristics of the Nation’s 
highways [6].   

However, because GES crashes are not geolocated 
(i.e., located using a standard geographic reference 
system such as longitude and latitude), it is not 
possible to link the GES crashes directly to a 
roadway inventory file. Accordingly, it is necessary 
to obtain descriptions of the roadway geometry for 
the target crash types from some other source. The 
Michigan Crash files was able to provide a link to 
such data, because all crashes in Michigan are 
geolocated (located by latitude and longitude) and 
those locations can be linked to roadway inventory 
data, specifically Highway Performance 
Monitoring System (HPMS) Data.  

The Michigan crash data captures information on 
crashes entered by police officers on the Michigan 
crash report, and includes data on all reportable 
crashes involving a motor vehicle. Reportable 
crashes involve a motor vehicle in transport on a 
roadway resulting in a fatality, injury, or property 
damage of $1,000 or more. This standard is 
reasonably comparable with reporting standards in 
most other states and thus with crashes in the GES 
file. Many of the variables in the Michigan crash 
file that describe the crash environment, such as 
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weather, road condition, number of lanes, speed 
limit, and travel speed, are compatible with similar 
variables in GES, even though it was necessary to 
develop comparable selection criteria for other 
variables. 

The Michigan crash file was analyzed to identify a 
set of crashes which matched as close as possible to 
the target crash types identified in the GES file. In 
addition, selected standard characteristics of the 
Michigan road system were compared with national 
distributions. The purpose of these comparisons 
was to demonstrate that the Michigan roadway 
system is reasonably comparable with the national 
road system. A method was then developed to 
match the crash scenarios on the sampled segments 
in Michigan to national estimates from GES. This 
made it possible to identify detailed crash scenarios 
relevant to the DAC/LDW/ELA technologies in the 
Michigan data which are comparable to those in the 
GES crash data. Since all police-reported crashes in 
Michigan are geolocated, the identified crashes and 
their crash sites could be linked to the HPMS 
roadway files and the detailed roadway information 
they contain, thus providing a very detailed 
geometric description of the roadway at those crash 
locations. This description could then be used to 
calibrate and validate the roadway sub-model in the 
simulation.  

THE SECOND LEG OF THE TRIPOD - 
DEFINING SUB-MODELS USING 
NATURALISTIC DATA  

It is clear that all the parameters needed for a 
reasonably comprehensive representation of the DS 
needed for the SIM simulation are not available 
directly from GES crash data.  For example, 
information about vehicle kinematics such as 
specific speeds, yaw rates, lane positions, etc, just 
prior to a road departure is not captured in crash 
databases.  However, this information is needed in 
order to develop proper sub-models which can 
simulate the potential benefits of the driver 
assistance technologies as envisioned in the Safety 
Impact Methodology (SIM).  Hence these must be 
derived from other sources, specifically from 
naturalistic driving data.  

Naturalistic data from UMTRI’s RDCW (Road 
Departure Crash Warning) Field Operational Test 
(FOT) was found to be sufficiently comprehensive 
in terms of the data for the purposes of populating 
the relevant elements of the scenarios. The RDCW 
FOT collected data from 78 drivers distributed 
evenly by gender and within three age groups.  The 
total distance traveled was 83,000 miles, covering 
almost 2,500 hours and over 11,000 separate trips 
spanning a 10-month window that included 
summer, fall, and winter weather. The drivers used 
11 specially instrumented passenger sedans 
equipped with the RDCW safety technologies 

being evaluated and UMTRI’s data acquisition 
system. The RDCW safety technologies targeted 
crashes involving vehicles that drift off the road 
edge or into occupied adjacent lanes, as well as 
those involving vehicles traveling too quickly into 
turns for the driver to maintain control. A detailed 
report on the FOT results, including technology 
effectiveness, driver responses, and other findings 
was submitted to the US DOT at the conclusion of 
the FOT [7].   

It is clear that the distributions for parameters such 
as vehicle speeds and lane positions need only 
encompass the universe of the relevant crashes of 
interest (i.e., those crashes relevant to the driver 
assistance technology that is being simulated), and 
not the entire universe of driving behaviour.  
Therefore, the data mining from naturalistic 
databases was done using the high level DS 
characterisation obtained from crash data as the 
input variables (see Table 1 above).  

A key element of data mining from naturalistic data 
is to ensure that the parameter distributions exclude 
driving for which the dominant crash type is non- 
technology-relevant. For example, in high traffic 
situations, the probability of a rear-end crash 
occurring because of multi-vehicle interactions 
(two or more) is higher than crashes due to single 
vehicle road departures, so high traffic situations 
should be excluded from the mining process.  

The RDCW database includes a traffic density 
parameter that can be used to filter out high traffic 
situations.  Additional resolution of traffic densities 
can be determined by looking at various other 
vehicle parameters such as the combination of 
repetitive braking and acceleration, inappropriate 
following distances and vehicle speeds not 
commensurate with roadway types (e.g. too slow 
for freeway driving).   

Figure 3 shows the distributions of some of the key 
parameters for Crash Scenario 1 as identified from 
GES in Table 1 above. This scenario consists 
mainly of driving on limited access roads that are 
two or more lanes with divided medians (e.g. 
freeways & interstates), no adverse weather 
conditions, straight and dry roads, with the crashes 
occurring during daylight hours when the driver 
was not fatigued. 
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Figure 3.  Distributions of vehicle parameters 
for Crash Scenario 1 in Table 1 above. 

 

THE THIRD LEG OF THE TRIPOD - 
DEFINING THE SUB-MODELS USING 
OBJECTIVE TESTING 

While GES crash data and naturalistic driving data 
are very valuable data sources, some characteristics 
of the sub-models can only be obtained through 
appropriate objective testing.  

This in particular concerns the functional or 
dynamic aspects of the driver assistance 
technologies and the driver, and is driven by sub-
model implementation issues. For the driver 
assistance technologies, there are two main ways of 
implementing them in the simulation. One can 
either use the actual technology software, or create 
a sub-model which replicates the technology’s 
behaviour without being identical to the technology 
itself. Regardless of choice in this regard, because 
the virtual world in which the technology will run 
will not represent the full complexity of the real 
world, the performance of the technology in that 
virtual world needs to be calibrated against real 
world technology performance.  

If this is not done, there is a risk that the 
technologies will over-perform during evaluation, 
since they would operate under the somewhat 
idealised conditions which exist in the 
computational simulation, and the driver model 
would not capture the behaviour of real drivers. For 
example, if the lane markings which a LDW 
technology depends on for lane tracking always are 
perfectly visible in the virtual world, the LDW sub-
model will always have perfect lane tracking in the 
simulation. However, lane markings in the real 

world sometimes are faded or missing entirely, and 
LDW availability is therefore less than 100 percent 
in the real world, depending on lane marking 
quality. The LDW sub-model used in the 
simulation must therefore be calibrated to match 
the performance of a LDW running on real roads.  

The same is true for the driver sub-model. In this 
case, the option of implementing the actual driver 
software is not available. Driver behaviour 
therefore has to be represented  by a sub-model 
which imitates relevant aspects of driver behaviour 
in the relevant DS, such as inputs to brake pedal 
and steering wheel, without therefore claiming to 
represent the actual structure of human emotional, 
cognitive and/or motor processing. Calibrating the 
driver sub-model’s performance in terms of action 
and reactions to the performance of real drivers is 
therefore very important for the validity of 
evaluation results.  

Of course, the same principle applies also to the 
vehicle sub-model. However, in relation to the 
driver assistance technologies evaluated in this 
ACAT project, the performance of the vehicle sub-
model is a smaller issue. Since none of the 
technologies are intended for scenarios associated 
with dynamic instability (i.e. the vehicle somehow 
starts to skid or lose traction), the influence of 
vehicle dynamics on technology performance will 
be limited. For example, the intervention provided 
by ELA (steering the vehicle back into the original 
lane if there is a risk of collision with a vehicle in 
an adjacent lane) involves only low lateral 
accelerations and speeds in order to avoid the risk 
of dynamic instability.  

Regardless of whether the testing is performed in a 
driving simulator, on a test track or on public roads, 
the objective tests can be said to come in two 
forms. One is in the form of detailed technical tests 
of the vehicle and its driver assistance technologies 
(technical testing). The other is objective tests 
designed to capture typical ranges of human 
performance where the driver is in the loop (HMI 
testing). The technical tests are used to calibrate 
and validate performance of the simulation relative 
to the driver assistance technologies, while the 
HMI tests are used in a similar way to calibrate the 
simulation for the driver performance. Note that in 
the HMI tests, there is a great deal of variability in 
performance, so the driver sub-model developed in 
the project attempts to capture a range of driving 
behaviors rather than just specific values in single 
recorded events.  

Physical tests were conducted on the track at Volvo 
in Sweden as well as on the field, and in Ford’s 
VIRtual Test Track EXperiment (VIRTTEX), a 
hydraulically powered, 6-degrees-of-freedom 
moving base driving simulator [8-11]. The main 
goal of that testing was to retrieve relevant data for 
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calibrating the technology and driver sub-models 
performance in the simulation to real world 
technology and driver performance. The main 
focus of the track and the field testing was to 
validate the physical performance envelope of 
LDW and ELA. Also, some track testing with naïve 
subjects took place at Volvo, as part of the 
evaluation of DAC. In the driving simulator, the 
emphasis was on human factors tests with naïve 
subjects (e.g. distracted and drowsy driver tests 
with LDW) though again some controlled technical 
tests were included. 

Technical Testing for the Technology Sub-
Models 

To calibrate the technology sub-models against real 
world performance, data from objective testing 
should cover true positive performance, false 
positive performance and availability. Testing the 
true positive performance of a driver assistance 
technology means establishing the extent to which 
it correctly detects and acts in the situation it was 
developed to address. For example, true positive 
performance for LDW can be measured as how 
often a LDW technology produces a lane departure 
warning when a lane departure in fact is occurring.  

Testing the false positive performance of a driver 
assistance technology means establishing the extent 
to which it “cries wolf”, i.e. the technology 
informs, warns or intervenes in situations which are 
not of the targeted type. Or put another way, false 
positives occur when the technology generates 
alerts that would not be seen as helpful by the 
driver. For example, false positive performance for 
LDW can be measured as how often LDW 
produces a lane departure warning even though no 
lane departure is about to occur.  

Testing for availability means establishing for the 
extent to which a technology is able to function as 
intended under various road conditions. 
Technology availability can be defined as the 
percentage of time during a test drive that the 
technology is active and operable relative to the 
total drive time. Availability needs to be evaluated 
on a variety of  roads under various  environmental 
conditions. For example, testing availability for 
LDW could be to drive one or more vehicles 
equipped with LDW in the field under a range of 
weather conditions on different road types, while 
recording for which portions of the drives the LDW 
has sufficiently robust lane tracking to be able to 
detect a lane departure.  

All these three areas must be covered, since they all 
affect the performance of the driver assistance 
technology, and thus the technology sub-model 
when integrated into the simulation. Availability 
can be used to determine for which DS one can 
expect the technology to be available. True positive 
performance indicates how the technology can be 

expected to perform within those DS it is available 
in. Finally, the number of false positives is a key 
indicator of the degree to which a driver may come 
to trust and rely on the technology, and therefore 
important for the tuning of how often, how fast and 
how much the driver sub-model should respond to 
an alert from the technology.  

HMI-Testing for the Driver Sub-Model 

In relation to development and validation of the 
driver sub model, data on several driver 
performance aspects is needed. These aspects can 
be split into two main categories: driver 
performance in the conflict driving phase, and 
driver performance in the non-conflict driving 
phase. These two categories have slightly different 
focus in the types of HMI testing needed to 
calibrate and validate the performance of the driver 
sub-model.  

     Driver Performance in the Non-Conflict 
Driving Phase - Driver Alert Control (DAC) is 
intended to elicit a response from the driver to take 
a rest break soon or let another driver take over, 
based on the technology-inferred “driver state” as 
determined by a broad set of sensor data. Basically, 
the DAC acts as a monitor for the driver in that it is 
analyzing vehicle state data and evaluating  how 
well the car is being “controlled” by the driver. A 
warning signal is issued to the driver based on 
predicted future vehicle states.  

The key point here is that the DAC provides a 
warning to the driver in the non-conflict driving 
phase. The effects of DAC are therefore best 
represented in the simulation by estimates of the 
probability of driver compliance with the 
recommendation to take a rest break. Driver 
compliance deals with the effect of a warning, 
which may result in a variety of driver actions.  At 
best, the driver will take some form of action to 
avoid a potential conflict driving phase in the 
future, for example, taking a break from driving or 
switch drivers if that is possible. At worst, a 
fatigued driver could ignore the DAC warning 
altogether.  Depending on the level of driver 
compliance, the alert may reduce the frequency of 
drowsy driving scenarios, thus reducing crash risk.   

While testing the true and false positive 
performance of the DAC technology still forms an 
integral part of the technical testing, the biggest 
challenge in objective testing for DAC is to find 
ways of establishing determinants for compliance 
and rates of compliance with DAC warnings. This 
challenge is not easily met. There are many factors 
which may influence compliance with DAC 
warnings, including the driver’s perceived urgency 
in reaching a certain destination, the physical 
possibilities of actually taking a rest break or 
switching driver (finding a suitable place to stop at 
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reasonably close), whether the driver thinks the 
assessment made by DAC is correct, etc.  

A full evaluation of all these factors were 
determined to be outside the scope of the current 
project both in terms of time and resources. 
However, some limited testing was carried out to 
determine drivers’ responses to DAC warnings. A 
test track HMI clinic with drowsy drivers was 
performed. In this clinic all but one of the drivers 
received a DAC warning during the drive. When 
asked to give feedback on how they perceived this 
warning (questionnaire study) a large majority of 
the drivers felt the feedback from DAC was useful. 
They also reported that the DAC feedback 
influenced how they drove and that it made them 
more awake. Some of the drivers were surprised by 
the feedback from DAC. The drivers did not 
perceive the feedback as annoying or frightening. 

So far, the testing results therefore seem to indicate 
that drivers who receive a DAC warning will be 
motivated to stop and do something about their 
drowsiness. If this is the case, then drivers will take 
action before the driving situation enters a conflict 
phase. This means that the DAC technology 
basically can be treated as a filter in the SIM-tool; 
by having the technology in the vehicle the number 
of drivers experiencing an unintended lane 
departure due to drowsiness will be reduced to a 
substantial degree.  

     Driver performance in the conflict driving 
phase - In relation to basic driver performance in a 
conflict driving phase, the driver sub-model needs 
to capture and be calibrated for two main aspects of 
driver behaviour. One is typical driver reaction 
times for the type of conflict evaluated. For this 
project, this means that objective testing must be 
carried out to determine how long it takes before a 
driver begins a steering correction when  
discovering or being warned of a lane departure. 
The other main aspect is the intensity and speed of 
the driver response, i.e. how fast a driver steers 
back into the lane when correcting for an 
unintended lane departure. This also has to be 
determined through objective testing in order to 
provide driver sub-model development and 
validation data.  

For evaluation purposes, the driver sub-model also 
must be able to represent a range of driver 
behaviours rather than a single average behaviour. 
For example, in this project it was found that crash 
data commonly cites driver fatigue as a 
contributing factor underlying unintended lane 
departures. For a correct evaluation, the influence 
of that factor should be possible to represent in the 
driver sub-model along with the typical behaviour 
of alert, non-drowsy drivers. Put slightly 
differently, it must be possible to tune one or more 
parameters which influence the driver sub-model’s 

control over the vehicle in a manner which can be 
made consistent with both the driving performance 
displayed by drowsy drivers, as well as alert and 
non-drowsy drivers.  

To exemplify, in this project, one way in which the 
influence of fatigue was captured in the driver sub-
model was by including variable time delays in 
lane-keeping control process. For example, to 
represent visual distraction (the driver closing his 
eyes in a micro sleep), one can introduce a delay in 
the driver sub-model’s processing of visual 
information. More specifically, if the driver sub-
model in a non-distracted state responds to new 
information on lane boundaries as soon as it is 
given, then in a drowsy state, a time delay is 
introduced before new information on lane 
boundaries is processed, even though the main 
simulation process keeps on running.  This means 
that the driver sub-model in its drowsy state will 
begin a steering correction calculation later than it 
would in its non-drowsy state.  

To calibrate and validate the time delay settings in 
the driver sub-model, as well as the corresponding 
behaviour of alert drivers, testing of drivers' 
responses to imminent lane departure events with 
and without driver assistance technologies 
activated were needed. A number of driving 
simulator studies were carried out, focusing on both 
alert and drowsy driver's reactions to, and 
acceptance of, different HMI solutions in lane 
departure situations. Participants drove under a 
variety of simulated conditions including night and 
daytime driving on interstate roads, narrower city 
roads and country roads.  In order to increase the 
number of situations that activated LDW, artificial 
"yaw deviations" were introduced, sometimes in 
combination with secondary tasks that increased 
the likelihood of driver distraction [12].  

From the log files of these studies, data could be 
extracted to determine a typical range of alert and 
drowsy driver reaction times and response types 
(e.g., steering/braking input to the vehicle, 
maximum lateral exceedence, etc) to a lane 
departure event. Since the log files from VIRTTEX 
include both the no warning condition as well as 
drivers getting a warning, typical responses could 
be established both for drivers with and without the 
technology available. 

A further aspect of driver sub-model calibration 
and validation for this project concerns driver 
response to an ELA intervention. The basic 
question is whether drivers will interfere with the 
intervention in a way which counteracts what the 
technology is designed to do. Interference may be 
more or less deliberate, for example, if drivers 
perceive the steering input from ELA to be some 
sort of vehicle malfunction rather than a driver 
assistance intervention, drivers may fight the 
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steering torque applied by ELA. If this is the case, 
then ELA will not be able to successfully intervene 
in all situations it could handle if drivers did not 
interfere. 

Some limited testing for this type of driver 
interference was carried out on a test track. The 
results indicate that drivers’ acceptance of the ELA 
intervention is good. There was a high approval 
rate among test drivers for the intervention 
provided, and no indications of driver interference 
with the intervention. More testing needs to be 
carried out to gain a fuller understanding of driver 
responses to this type of intervention, but for this 
project, it was decided to assume that driver 
interference is of limited import for the evaluation 
of ELA. 

DISCUSSION 

It has not been an explicit goal of this project to 
provide a universal analysis tool for estimating 
safety benefits for all vehicle safety technologies, 
or even all active safety technologies. The goals of 
the study are already ambitious, so the VFU-team’s 
approach has been to focus on specific technologies 
and to develop an approach that seems appropriate 
for those. For a different technology a slightly 
different approach might be preferred. The current 
technologies operate in the non-conflict phase or 
early in the conflict phase and involve a relatively 
high degree of technology interaction with the 
driver. If for another technology (e.g. frontal crash 
mitigation by automatic braking) there is little 
interaction (technology performance is largely 
unaffected by driver actions) then fewer DS may 
need to be explored. 

The research goals have also not explicitly included 
effects of vehicle type, driver age and skill. For the 
vehicle a single target vehicle type (mid-sized 
sedan class) was adopted and assumed to be 
“representative” in some sense. Also, though driver 
behaviour has been derived from a range of test 
subjects (including a wide age range and both male 
and female drivers) the population has not been 
resolved further in this study. 

The computational simulation approach as 
described above is quite complex, and certainly 
contains more elements than simply “test and 
evaluate”. This is because the crash environment – 
incorporating interaction between driver, vehicle, 
driver assistance technology and environment – is 
itself complex. The best approach to such complex 
problems seem to be by pooling and integrating 
available data sources rather than fixing on a single 
data source.  

While extensive effort may have to go into sub-
model validation the first time a computational 
simulation approach is developed, it has the 
advantage of being highly reusable; if a new 

technology addressing a particular crash type needs 
evaluation, only a few sub-models, or parameters 
of the sub-models, need to be updated, the rest can 
be largely reused.  

Apart from reusability, this modularity will also 
allow for a great deal of future enhancement and 
refinement, as research in any of the sub-model 
areas can be applied to that sub-model without 
having to change the overall structure of the SIM. 
Future research and findings can thus easily be 
integrated into the basic version of the SIM.  

CONCLUSIONS 

When developing a computational simulation 
approach, the relevant properties of each simulated 
component need validation, and the major 
challenge is not so much achieving representativity 
as validity. The experiences from the current 
project show that in order to achieve a high level of 
detail and accuracy in the development and 
validation for all simulated components, data from 
multiple sources must be used. These sources 
include crash databases, naturalistic driving data 
from field operational tests, objective testing on 
test-tracks and driving simulator experiments.  

The research also shows that sufficient data can be 
obtained to validate the properties of the simulation 
components. There are limitations in available data 
for some sources which may raise questions of 
representativity, such as for some of the objective 
testing of driver compliance with alerts and 
warnings issued by the driver assistance 
technologies. In principle though, these can be 
overcome by extended data collection.  

Though multiple data sources related to traffic 
safety are available, few approaches make 
systematic and integrated use of them. Using them 
to validate simulation components provides a way 
of integrating data from various sources into a 
reusable format.  

While extensive effort may have to go into sub-
model validation the first time a simulation is 
developed, subsequent projects will require much 
less validation effort since the simulation 
components can be reused. 
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ABSTRACT 
 
The development of different sensor technologies 
and powerful signal processing procedures allows 
the automotive industry to develop new E/E-based 
safety systems, which may assist and protect drivers 
and also other traffic participants in very complex 
situations.  The complexity of possible use cases for 
safety systems on the one hand generates on the 
other hand a variety of feasible safety concepts to 
prevent these systems from malfunctioning. But 
which safety concept is adequate for a specific 
safety system? It is not conceivable to standardize 
all possible safety concepts, but to give guidelines 
to the engineers of how to develop new safety 
concepts; the automotive industry has started to 
standardize the process of developing safety – 
related E/E systems. This paper gives insight into 
the ongoing standardisation work within ISO 
TC22/SC3/WG 16 functional safety and how 
companies have started to apply the draft standard 
and consequently how this standard may initiate the 
development of a new state of the art within the 
area of functional safety in the long term. 
 
INTRODUCTION 
 
Safety turns out to be one of the key issues of future 
automobile development. New functionality not 
only in the area of driver assistance but also in 
vehicle dynamics control as well as in active and 
passive safety systems increasingly touches the 
domain of safety engineering. 
With the trend of increasing complexity, software 
content and mechatronic implementation, 
potentially there are increasing challenges from 
systematic faults and random hardware faults. 
When is a safety-related E/E-system reasonably 
well-engineered in order to avoid  
malfunctions? Being able to answer this question 
satisfactorily may help to accelerate market 
introduction of new safety technology. 
Standardisation has been started to give guidance to 
the automotive industry to maintain the very high 
safety level that has been reached within the last 

years also for the coming generation of new safety 
systems. Currently in the state of a committee draft, 
the upcoming international standard ISO CD 26262 
will summarise processes and methods that may 
help to establish comparable standards of processes 
within the entire automotive industry. As these 
standards cover the complete lifecycle of a vehicle 
it will take some time until the described 
procedures will have shown their effectiveness in 
daily work.  
 
Standardization Effort on Functional Safety 
within the Automotive Industry 
 
In contrast to other industries like aviation, rail or 
process industry, the topic of functional safety has 
only started to be discussed in detail a few years 
ago within the automotive industry. This can be 
explained by two main arguments. Firstly, the 
known risks based on failure mechanisms of cars 
are to a large extent still controllable by a driver. In 
most cases a driver can bring his car to a safe state 
by just stopping it. In contrast to that failures during 
a flight or a release of toxic material in a chemical 
plant normally lead directly to extremely risky 
situations. Secondly, the development process of 
the car industry allows an intensive testing phase 
with produced cars, before the product can be 
purchased by a customer. In contrast to that, a plane 
shouldn’t have remaining critical faults already at 
the very first flight. 
Nevertheless the development of new safety 
systems within automotive industry like active 
safety systems, driver assistance systems and 
currently the electrification of the powertrain, lead 
to new functionality, which is mainly based on E/E-
systems. Failures in these systems may have also an 
impact on vehicle safety, as the competence of 
these systems is growing. Currently available 
standards on functional safety like IEC 61508 are 
not especially dedicated to the automotive industry. 
An application of the IEC 61508 within different 
companies would not lead to a harmonization of 
functional safety, as too many interpretations have 
to be made. But to reach a harmonized standard 
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with respect to functional safety should be the goal 
of normative work. Therefore a Working Group 
“Functional Safety “ has been established within 
ISO TC22/SC3/WG16 to develop such a standard 
on functional safety for the automotive industry. 9 
countries are actively involved in that working 
group, i.e. Belgium, Canada, France, Germany, 
Italy, Japan, Sweden, United Kingdom and USA. 
Currently a draft international standard ISO DIS 
26262 is in preparation and may be expected to be 
published in Q3/2009.  
For all companies not involved so far in that 
standardization, the publication of a DIS (draft 
international standard) gives the possibility to apply 
the standard and to give feedback to the working 
group via the national standardization bodies. 
 
The Approach of ISO 26262  
 
The standard ISO 26262 is divided into 9 volumes, 
describing the management of functional safety, 
core processes within product development as well 
as supporting processes and “ASIL”-oriented and 
safety-oriented analyses (see Figure 1). The term 
“ASIL” leads to the approach of that standard. The 
Automotive Safety Integrity Level (ASIL) is 
derived by doing hazard analysis and risk 
assessment. Right at the beginning of a 
development the intended functions are analyzed 
with respect to possible hazards. What may happen 
if malfunctions arise within different operational 
situations?  
The estimation of risk, based on a combination of 
the probability of exposure, the possible 
controllability by a driver and the possible severity 
outcome of a critical event, leads to an ASIL, which 
will be given to a corresponding safety requirement 
that will be generated to avoid this risk. 
There are four possible levels (A,B,C or D) of an 
ASIL to specify the requirements of this standard 
and safety measures for avoiding an unreasonable 
residual risk with D representing the most stringent 
and A the least stringent level. 
 
How to integrate a safety process into an 
installed E/E development process 
 
As outlined above, the ASIL attribute is used to 
give guidance for choosing adequate methods, 
procedures, etc, within the necessary steps in an 
E/E development process, production and after 
sales in order to reach a certain level of integrity of 
the product.  
Does the introduction of a process for functional 
safety change the complete E/E development? 
Certainly not. Currently used processes show, that 
cars are manufactured with a very high safety level. 
The standard ISO 26262 aims to give guidance for 

complementing current processes, which are used 
for safety-related systems. 
 
How to get started with ISO 26262 
 
The main challenge is to get started with a new 
standard. Changing running processes during a 
development is very difficult in practice and cannot 
always be recommended.  
Companies which have started to apply the ISO 
committee draft have experienced the challenge to 
implement the new requirements. Usually pilot 
projects are chosen to demonstrate the changes due 
to the ISO 26262. The experience shows that the 
tasks within a concept phase according to ISO 
26262 are quite easy to be applied. Moreover we 
can already state that the tasks of doing hazard 
analysis and risk assessment as well as deriving 
functional safety concepts right at the beginning of 
a development are seen as very valuable tools to 
create stable safety concepts. A stable concept 
already designed in the concept phase is also seen 
to reduce potentially the effort of eliminating 
remaining faults in later phases. 
More difficulties for implementing the ISO 26262 
requirements arise within later development phases. 
Mainly due to the integration topics of a pilot 
project into an environment, that has not yet been 
developed to the same standard. In future car line 
projects many of these problems will be solved, 
because the aim is to have the complete car 
developed to the same standard. But still also a new 
car line is not completely a new car. There are still 
many basic systems that won’t be changed from 
former car lines. And systems that are already 
installed in millions of cars showing, that they are 
proven in use should not be changed just for 
fulfilling a new standard. This problem has also 
been addressed within the ISO 26262. Systems that 
will be used without changes in following projects 
are still in line with the ISO 26262, if they have 
shown their integrity already in the fleet. That 
means that the full alignment to the ISO 26262 
standard will take time until all E/E safety-related 
systems in a car will be developed accordingly. For 
the companies that are starting with implementing 
ISO26262 it is important to understand the guiding 
idea of this standard. Try to analyse the possible 
malfunctions of your system right at the beginning 
of a development, setup the corresponding safety 
requirements and make sure that these requirements 
are fulfilled during the development and following 
phases. And do not forget the good engineering 
judgement. As the experience of companies that 
have already started with applying the ISO 26262 
draft version show, getting started with it will still 
afford many times the good engineering judgement 
to integrate the guiding idea of ISO 26262 into the 
currently used processes. 
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Figure 1. Overview of ISO 26262-1 to -9 
 
CONCLUSIONS 
 
With the upcoming publication of the automotive 
draft standard ISO DIS 26262, the automotive 
industry initiates the development of a new state of 
the art within the area of functional safety. 
Companies that have already experienced the 
application of preliminary draft versions within 
pilot projects can state the valuable benefit of using 
the described methods to systematically create 
safety concepts. As this standard is a process 
standard, it will take some time until this standard 
will be fully integrated into the existing E/E-
processes. The combination of carry over systems 
and new systems will also imply that not all 
systems in a car line need to be developed 
according to the same standard. In case of 
constellations that are not explicitly described in the 
ISO 26262, it is important to understand the guiding 
idea of the standard and to use the good engineering 
judgement to steadily improve the processes used 
for safety-related E/E systems. If the ISO 26262 is 
understood as a means to improve functional safety 
and not as a burden in terms of a bundle of 
requirements that have to be fulfilled additionally, 
the benefit will be seen very soon. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using the standard with the right attitude may lead 
the automotive industry to a new state of the art in 
the area of functional safety in the long term.  
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ABSTRACT 
 
Wireless communication technologies between cars 
and infrastructure (Car2X communication) will 
play a major role for future driver assistance. Many 
new applications and services in the fields of 
vehicle safety, comfort and infotainment will be 
possible. New test and evaluation procedures are 
required to cover future cooperative traffic 
scenarios with many cars and infrastructure 
equipment involved. An enrichment of real test 
situations with simulated environment scenarios 
(“Extended Reality”) is proposed as an approach to 
develop and test such systems. An integrated 
development and test environment provides a 
flexible and configurable combination of both, real 
and simulated units including OnBoardUnits, 
RoadSideUnits, MonitoringDevices and on-board 
displays with modules e. g. for wireless 
communication (WAVE, DSRC, WLAN, UMTS), 
positioning (GPS), vehicle and infrastructure 
interfaces (CAN-Bus), which can be combined in 
any manner. Based on the integrated architecture a 
real Car2X testing scenario consisting of a car 
communicating with RoadSideUnit(s) providing 
traffic sign and traffic light information was first 
developed and tested in full simulation mode in the 
lab. Then the same scenario was validated in a real 
test car on the real test track of the Connected 
Vehicle Proving Center in USA still with a 
simulated infrastructure environment. Based on that 
received information warning messages appeared 
on the on-board display. Active driver assistance 
functions can be triggered as well. The novel 
approach allows evaluation of the technology 
benefits and effectiveness with significantly 
reduced efforts as compared to traditional 
operational testing methods. This paper will cover 
the technology employed; the assistance and safety 
scenarios evaluated and give an outlook on the 
future use of the technology in combination with 
field operational tests. 
 
INTRODUCTION 
 
Future Driver Assistance Systems in vehicles will 
also be based on advanced technologies like Car2X 

communication techniques. Adding wireless 
communication to cars enables multiple new 
opportunities for enhancing safety, mobility, 
energy efficiency and driving experience in 
vehicles, which never existed before. But this also 
has implications on the requirements for test and 
evaluation procedures. 
When considered in a very simplified fashion 
Car2X communication maybe mistakenly viewed 
as just another type sensor which is simple and well 
known in the art testing and evaluation methods. 
However, when considered from a more detailed 
point of view, it becomes apparent that a 
significantly more complicated scope of testing and 
evaluating is required: Now a car exchanges 
information with other cars (C2C) or roadside 
(C2R) or the infrastructure (C2I). For example it 
might get the information regarding an accident or 
glazed frost hundreds of meters ahead. These 
sample use-cases illustrate that the sources of 
relevant quantities for test and evaluation of those 
Driver Assistance Systems are not anymore a 
physical or a controlled part of the vehicle. Hence 
the vehicle with its assistance systems can no 
longer be tested stand-alone. This kind of vehicle 
has to be tested in a complete environment 
consisting at any times of many other cars and 
Road-Side-Equipment (RSE) such as traffic lights, 
equipped with communication technology. In terms 
of cooperative systems it has to be considered that 
the environment of the vehicle operates within is 
not static. The behavior of the vehicle itself 
influences its environment. It may cause traffic 
lights to change the current and programmed phase 
or it may cause other cars and their driver 
assistance systems to react on the current situation. 
The new requirements illustrated above have to be 
considered and evaluated during all development-
stages: from the research and development of 
applications to their final test and evaluation it is 
highly desired to use the cost effective simulated 
environment on a development PC at early stages 
and introducing progressive levels of reality with 
real vehicles and a real environment. Thus 
simulation tools are indispensable for the 
development of future Driver Assistance Systems 
under complex and dynamic traffic scenarios that 
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include many communication units. Common 
simulation tools are commonly used for simulating 
the communication network (e.g. ns-2 [1]) or the 
traffic flow (e.g. VISSIM [2]). But these tools 
usually run in simulation-time and not in real-time. 
They cover only parts of a whole Car2X scenario 
and are not designed for the combination of 
communication networks, traffic and individual 
Car2X scenarios. Optimized vehicle 
communication technologies are still a part of 
research and standardization processes both in 
Europe [3][4] and the United States [5][6]. 
Nevertheless, even at an early stage, verification 
and validation capabilities help research scientists, 
communication engineers and developers of driver 
assistance systems (which are basically the users of 
those communication technologies), because they 
provide possibility of immediate feedback. 
 
DEVELOPMENT ENVIRONMENT VIILAB 
 
The software package viilab (vehicle infrastructure 
integration laboratory) [7] has been especially 
designed for the requirements of Car2X application 
developers. viilab is an integrated development and 
test environment designed to support the whole 
development process of Car2X-based driver 
assistance systems from the initial idea up to pilot-
series. 
 
Basic Architecture 
 
The development environment viilab is based on a 
modular software-architecture (see figure 1). 
 

 
Figure 1.  viilab architecture. 
 
There are basically two types of modules: (1) 
Modules to connect the environment such as 
communication modules (DSRC, WLAN, etc.), 
vehicle modules (CAN-Bus, GPS, Display/HMI, 
etc.) and infrastructure modules (traffic light 
adaptor, traffic control adaptor, traffic monitoring 
camera, etc.). (2) Logic modules (a.k.a. decision 

modules) which implement the driver assistance 
functionality and handle all information from the 
other modules. The viilab kernel manages the 
lifetime (startup and shutdown) and scheduling of 
all software modules and functions as their runtime 
environment.  
 
Unit Set-up 
 
The different types of units and their specific 
behaviors are achieved by assembling the necessary 
environmental modules with the related logic 
module. For instance a typical OBU has a 
communication module, a CAN-Bus module, a 
GPS module, a display/HMI module and a logic 
module. The logic module contains the driving 
assistance application(s). The logic module deals 
with all the OBU modules, processes the received 
data, calculates the results/outputs and overall 
defines the behavior of this specific OBU. A 
typical RSU for an intersection for example, 
consists of a communication module, a traffic light 
and traffic control module and the appropriate logic 
module to handle these information-sources. 
Figure 2 illustrates a sample configuration for an 
OBU and a RSU. 
 

 
Figure 2.  viilab sample configurations for OBU 
and RSU. 
 
Scenario Set-up 
 
A typical Car2X-scenario consists of many 
elements. Since a running viilab-unit is only a 
single process, a scenario is simply a combination 
of units each represented by a process. Depending 
on the needs and the stage the development 
process, the combination of all those units can 
easily run on only one computer or, if so desired, 
on many different computers (see chapter 
simulation enhancements). 
 
Rapid development support 
 
Viilab incorporates two parallel concepts: It 
supports the rapid development and prototyping of 
Car2X applications and at the same time enables 
the low-level coding and thus highly efficient 
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development of algorithms and/or for integration of 
new hardware. The first concept – rapid 
development – is realized by a scripting language 
which has been specifically adapted to the needs 
and requirements of communication based driver 
assistance systems. It is often used to realize parts 
of the unit-logic, e. g. to for the combination of 
vehicle communications events with vehicle 
electronics. The scripting option is mostly 
attractive for actuating elements in each part of the 
Car2X-application that are under development 
where it is highly desirable and efficient to easily 
implement changes without any compiling effort. 
The second concept – highly efficient low-level 
code development – is realized by the fact, that 
viilab offers a C/C++ API which is designed to 
further be used for effective implementation of 
hardware modules. 
 
viilab user interface 
 
To complete a working Car2X system a user 
interface must be provided. In-car displays can be 
rapidly developed and customized with a specific 
viilab GUI development environment called viilab 
user interface (vui). vui uses SOAP/TCP based 
information transfer which enables remote display 
access. This also enables a distributed installation, 
where the GUI may run on a different device to 
avoid high processor loads on critical 
communication events due to display updates. vui 
is based on the Gecko Rendering Engine and XUL 
technology. This approach allows a highly flexible 
development process and a strict separation 
between design, layout and user interaction. Just as 
viilab it supports different operating systems, e. g. 
Linux and Windows (XP, Vista). To simplify 
handling of states, vui provides a configurable 
storyboard concept. A control file specifies states 
and their transitions, significantly exceeding the 
possibilities provided by a classic state machine. 
Therefore changes in order of display states can be 
immediately applied without a requirement to 
modify any source code. 
 
SIMULATION ENHANCEMENTS 
 
The architecture of viilab which was discussed in 
the previous chapter also leads to transparency of 
the module implementation and operating mode. 
As the software-interfaces for each module like a 
positioning module for example stay the same, 
regardless of the specific implementation of the 
module there is no possibility for the other modules 
to realize weather the positioning data provided 
through the interface is real or simulated. 
 
Simulation of Position Data 
 
Most Car2X-Applications are location based. 

Therefore position data is very commonly essential. 
In reality the position of a vehicle can be detected 
by receiving the signals of the Global Positioning 
System (GPS) by using of a GPS-receiver device. 
For simulation on a computer other sources of real 
GPS data have been developed. At the moment 
there are four possible ways for GPS data input as 
figure 3 illustrates. 
 

 
Figure 3.  Options for the vehicle position data 
source. 
 
One option is to play back GPS data that was 
recorded in a vehicle during real and actual test 
drive. Except for simulation purpose recording and 
playback of position data is necessary for 
reproducibility. In terms of continues changing of 
GPS signal there is no possibility to accomplish 
exactly the same test-drive twice. The position data 
of the vehicle can also be fully simulated by a 
driving simulator with the car driving on a virtual 
test track. For simple investigations the creation of 
programmed virtual GPS data is sufficient, for 
example when a car is driving only straight 
forward. 
 
Simulation of Communication Range 
 
Similar to this inter-module-transparency feature, 
viilab supports also transparency between units. 
Because the connection between units is via 
communication interface, a unit is not able to 
realize if the received messages are generated by a 
real or a simulated unit. To prepare the simulation 
modes (see next chapter) where many units are 
running on one machine a “Virtual-Air”-
functionality has been introduced: All units, 
running on one workstation, could always 
exchange Car2X-messages because they are 
connected via the communication device. This is 
unrealistic because in full reality, communication 
between vehicles (OBUs) and infrastructure 
(RSUs) are effected by the actual environment they 
operate within. For example, an OBU and a RSU 
might be outside of the wireless communication 
range depending on the wireless technology, the 
communication protocol and the environment. 
Therefore the “Virtual-Air” calculates with the 
mentioned parameters the possible connection 
distance and decides depending on the current unit 
distances if units are within connection range. Only 
when communicating units are within that range 
messages are exchanged between them. 
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Monitoring 
 
A simulation of a Car2X scenario with all the 
different modules and across various OBUs and 
RSUs can become complicated to follow and trace 
actual sequences of events. A mechanism to 
visualize the complete set of this important 
information is needed. A viilab Monitoring 
application (MON) has been developed which 
displays the current position of the units and hence 
(a defined clipping of) the scenario. Following the 
principles of the viilab architecture the MON is 
also a specific assembling of modules with the 
viilab kernel: A communication module used for 
receiving the positions of the other units, a display 
module that functions as connector to the display-
application, and a logic module that refines the 
positions for the display-application. 
 
SIMULATION MODES 
 
With all the previously explained design-decisions 
and tools the integrated development environment 
viilab allows a variety of different simulation 
modes. They differ on the level of “virtuality”. 
Scenarios and all Car2X components involved may 
be simulated, components may be simulated, real 
or partially real and some components maybe 
simulated and others real, etc. Two simulation 
modes and their domain will be explained below 
using the example of an intersection scenario which 
is illustrated in figure 4. 
 

 
Figure 4.  viilab intersection scenario. 
 
Full Simulation Mode 
 
In the full simulation mode all viilab processes 
(units) are fully simulated and are all running on 
one computer in the laboratory. In the example 
three cars with OBUs and one RSU are simulated. 
The positioning is simulated as well as the 
connection-range due to the fact, that it is a full 
simulation, without real positioning hardware and 
any wireless-connections. A MON unit is used to 
monitor the scenario. In this mode basic algorithms 

and driver assistance systems can be developed and 
tested without any financial or safety risk. 
The intersection-scenario in the full simulation 
mode is illustrated in figure 5. 
 

 
Figure 5.  viilab intersection scenario. 
 
The OBUs of the three cars amongst others have 
the following functionalities: Displaying of traffic 
signs, pedestrians and current traffic light Signal, 
Phase and Timing (SPT). Additionally there is a 
RSU running, sending out traffic sign information, 
SPT messages, and a virtual pedestrian. These 
messages sent by the RSU are received by the 
OBUs. Beside the 3 OBUs and 1 RSU there is a 
fifth viilab-process running – the MON process. 
Finally there are three vui running, each of them 
connected to one OBU. The vui as in-car-display / 
HMI visualize the driver assistance function. Other 
possible “outputs” like a vibrating-steering-wheel 
for warning purposes, usually activated via CAN-
Bus are not part of this full simulation mode. 
 
Extended Reality Mode 
 
The novel test and evaluation method for future 
Car2X Communication based Driver Assistance is 
the “Extended Reality” method. It means the 
enrichment of real test situations with simulated 
environment scenarios. Since as was explained and 
demonstrated so far simulated units are transparent 
to their environment a real unit can not distinguish 
between real and simulated units within its 
communication-range. This offers a large variety of 
“virtuality”-grades or in other words a large variety 
of “Extended Reality”-situations. 
Using the same given intersection scenario example 
(see figure 4) one of the three OBUs now is used in 
a real car. It uses now a real positioning hardware 
and it is connected to the vehicle (e.g. via CAN-
Bus). The other two OBUs, the RSU and the MON 
can either run similar to the full simulation mode 
on the same machine or run on different machines. 
For example, these modules may be executed on an 
additional Notebook inside the car and be 
connected to the real OBU via communication 
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technology. Now one real test-car is part of the 
scenario. The functionality of the driver assistance 
system that is under development can be tested and 
evaluated. Now in-car equipment, e.g. a Head-Up-
Display, a vibration-steering-wheel, or other 
actuators can be integrated and tested. 
 

 
Figure 6.  viilab “Extended Reality” simulation: 
A real vehicle with a simulated Car2X 
environment. 
 
The level of “Extended Reality” is adjustable. For 
safety purposes testing in the real test-car may 
initially start with a simulated positioning. Hence 
the car can remain stationary but the actuators 
inside the car for example as well as the vui can be 
set to react in reality. The modular and scalable 
viilab architecture allows a smooth transition from 
a fully simulated scenario to a complete real 
scenario through a step by step replacement of 
simulated components or units by real ones. It must 
be pointed out, that the Car2X-application - the 
driver assistance system – stays completely the 
same: There are no changes needed to algorithms 
or other developed modules from a full simulation, 
through the “Extended Reality” method, to a 
completely real test drive. Thus using the viilab 
development environment the testing and 
evaluating of any Car2X communication 
application can be performed without a disruption 
to the development process in a short time and at 
low risk for driver and hardware. This “Extended 
Reality” method and approach enables best in calls 
Design for Testability (DFT) practices and a Test 
Based Development (TBD) processes. It shortens 
or even eliminates expensive, time consuming and 
generally not efficient and ineffective testing 
phases (pre-alpha, alpha, beta, etc.) that are 
normally executed after an application was already 
fully developed. With the “Extended Reality” 
method, the Car2X application under development 
is tested, evaluated, verified and validated in 
parallel to the development processes. 
Development process will start in the full simulated 
mode to evaluate and verify the base design 
requirements and will end with in the full 
“Extended Reality” mode. Verification and quality 
feedback is provided to application developers and 
product managers in real time, leading to a higher 

quality and better accepted Car2X application the 
first time. Less time is spent on quality assurance 
testing and Alpha/Beta tests and the number of 
iterations and expensive version releases is 
dramatically reduced. 
 
EXEMPLARY DEVELOPMENT PROCESS 
 
A typical development process will be described 
next based on real projects at the Connected 
Vehicle Proving Center (CVPC) [8] in Michigan, 
USA. 
In addition to a sophisticated Connected Vehicle 
laboratory that includes vehicle electronics 
laboratory, access to an Anechoic Chamber, a Cray 
Computer laboratory, a Network Operations 
Center, a Vehicle 3D simulator, large garage and a 
Test Operations Center, the CVPC is engaged in 
building Connected Vehicle proving grounds on the 
Michigan International Speedway (home of the 
NASCAR races) private grounds and is operating a 
several test and evaluation sites on public roads in 
South East Michigan (Greater Detroit Area). Based 
on real data of infrastructure components of the test 
and evaluation site which the CVPC operates at the 
intersection of 9 mile road and Hwy 10 (“the 
Lodge”), the existing actual testbed was mapped as 
a fully simulated scenario for viilab. The testbed 
route was transferred as a track for a driving 
simulator, which generates realistic driving 
behaviour of the simulated car. With this 
simulation environment new functionalities, 
specific to the actual and real test area, have been 
developed: For Example new traffic signs have 
been implemented such as a US-bridge-height 
(going under the Southfield freeway), two traffic 
light RSUs adopted to USA-compliant SPT 
messages (without a red-orange-phase), a stop sign, 
a parking lot sign and more. All displaying units 
were configured and adapted to the USA language, 
standards and preferences. Figures 7, 8 and 9 are 
showing screenshots of the MON and the vui 
connected to the simulated OBU of one car (the car 
is monitored as a green dot). 
 

 
Figure 7.  Displaying of max bridge height going 
under Southfield freeway. 
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Figure 8.  Displaying of current SPT and 
parking lot information. 
 

 
Figure 9.  Displaying of stop sign. 
 
The simulated car uses simulated positioning data 
out of a driving simulator. 
After developing the driver assistance system in the 
full simulation mode for the 9-mile testbed an 
“Extended Reality” test was performed. In 
particular the test was not performed on 9-mile 
testbed were the roads and traffic patterns are 
known and well documented but on open public 
roads that are not a part of any testbed setup. The 
test took place at Traverse City, Michigan as part of 
the 2008 Management Briefing Seminars [9] which 
is a conference dedicated to Auto Industry 
Executives. Traffic signs and a traffic light RSU 
providing the SPT messages were realized as 
“Extended Reality”. This generated the simulated 
environment to an actual car as if there were real 
RSUs along the public roads, sending out 
information messages.  
 

 
Figure 10.  A real car running vui on two in-car-
displays, displaying the parking lot information 
received from “Extended Reality”. 
 

As is illustrated in figure 10 there is little 
difference, from point of view of a driver testing 
and evaluating the driver assistance system, 
between testing the Car2X application in complete 
reality  or a with “Extended Reality” enhanced 
actual road. 
 
OUTLOOK 
 
Car2X applications are built upon existing 
technologies and no new invention of technology. 
Still Car2X systems are complex. They introduce a 
challenging integration of multiple enabling 
technologies like Vehicle Electrical Control Units, 
Vehicular communication networks, driver 
assistance computing hardware, aftermarket 
equipment, inter-car communication systems, 
mobile communications systems, intelligent 
transportations systems and roads. The enabling 
infrastructure requires cooperation across 
industries. Many of the required technologies are 
still a subject to research and required interfaces are 
still being defined and standardized. New test and 
evaluation methods like “Extended Reality” are 
proposed to ease the development process of these 
multi-discipline, complicated, driving assistance 
systems. The continuous improvement of 
simulation capabilities to support a Car2X 
development environment is vital. To help mitigate 
the complexity real test-beds were and are 
constructed around the world. In Germany a test-
bed is currently under development within the 
SIM-TD Project [10]. In the US a large test-bed 
was created as part of the US Department of 
Transportation Prove of Concept (POC) project 
which was concluded, in Michigan, last year. The 
Connected Vehicle Proving Center operates 
multiple physical test-beds as part of its Car2X 
testing and evaluation capabilities, some on public 
roads and some on private roads. However, 
physical, full reality test-beds are not a replacement 
to simulation. While test beds are excellent for 
overall solution evaluation and final operational 
testing, they are less suitable and more 
cumbersome for functional testing through the 
development process. The role of simulation and its 
advantages in an application development process 
are well documented and today are basic capability 
in any field. The use of simulation at certain stages 
of the development process is by far more 
productive, enhanced further by the “Extended 
Reality” method that allows taking advantage 
simultaneously of both: the simulation and the 
testbed. The mapping of these testbeds into a 
simulation environment like viilab is necessary to 
support developers of Car2X applications. 
Enhancement of simulation tools is a key and 
required. Like the rest of Car2X applications 
development aspects, simulation tools dedicated for 
Car2X applications need to continue evolving. As 
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soon as new expertise becomes available or an 
interface is standardized it has to be introduced into 
the simulation system.  
The mutual progress and development of 
simulation tools and physical test-beds are crucial 
to provide an effective development environment. 
The combination of both into a common 
development process, using a method like the 
“Extended Reality”, yields best development 
process as was already proven in many other fields 
of application development, some less complex 
than Car2X. 
 
SUMMARY 
 
The development of future Car2X communication 
based Driver Assistance poses a complex problem 
with regard to testing and evaluation. New test and 
evaluation methods help to meet those new 
demands and support a more efficient, simplified 
development-process. The viilab “Extended 
Reality” simulation is a powerful tool to rapidly 
develop and test Car2X communication 
applications and services for traffic scenarios at 
low risk for driver, hardware and budgets. It is 
possible to develop and test the applications and 
algorithms in detail highly efficient. In particular, a 
smooth transition from complete virtual simulation 
on one computer to a complete testing-scenario on 
many units can be accomplished without disruption 
to the development process. Application developers 
can better engage in Test Based Development 
methods where they can test and evaluate their 
efforts as they progress. Finally the discussed 
simulation methods pave the way for testing of 
future driver assistance systems with regard to the 
currently proposed testbeds. 
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ABSTRACT 

The United States Department of Transportation, 
National Highway Traffic Safety Administration 
(NHTSA), has been actively researching ways to 
improve bus safety for several years.  In 2007, 
NHTSA completed a broad review of 
motorcoach safety issues in the United States 
and developed an approach that would be 
pursued to most expediently address those 
issues.  This paper discusses the priority areas 
that are being investigated for improvements, 
presents the approach that is being taken in each 
priority area, and summarizes the status and 
research results obtained thus far.   

While there are a number of agency programs 
that encompass motorcoaches, the agency has 
decided to pursue these efforts as priorities:  
passenger ejection, roof strength, fire safety, and 
emergency evacuation. 

For passenger ejection, incorporation of seat 
belts has been pursued as the most expedient 
way to mitigate ejection.  A full scale frontal 30 
mph barrier crash test was conducted to measure 
the occupant responses for both belted and 
unbelted conditions, and sled testing under a 
variety of configurations was completed to 
assess seat anchorage and seat belt load 
experienced under these conditions. 

Regarding roof strength, tests on four 
motorcoaches were conducted to assess and 
compare European and U.S. requirements for 
roof strength in buses. Survival space and 
emergency exit operation were studied for both 
test conditions. 

To address emergency evacuation on 
motorcoaches, studies and human evacuation 
simulations are being conducted.  Various 
emergency exit scenarios including windows, 
rear stairs/door, existing wheelchair exit doors, 

airplane style portals, and roof exits are being 
evaluated.  Minimum strength requirements for 
opening emergency exits based on the age of the 
occupant are also being examined. 

As for fire safety, NHTSA is conducting 
research to examine how a motorcoach fire 
spreads from the wheel well to and through the 
passenger compartment.  The flammability of 
interior and exterior materials will be 
investigated, as well as detection systems to 
warn the driver of an external fire along with 
automatic suppression systems to quell a fire 
before it spreads. 

INTRODUCTION 
 
Motorcoach transportation has been a very safe 
form of transportation in the United States.  On 
average, about 14 fatalities have occurred 
annually to occupants of motorcoaches in crash 
and rollover events, with about 2 of the fatalities 
being drivers.  Approximately one-third of the 
fatal crashes resulted in rollover.  Ejection of 
passengers from motorcoaches accounts for 
approximately one-half of passenger fatalities.  
Among all motorcoach crashes, about two-thirds 
are single vehicle events and involve running off 
the road, hitting roadside objects, or rolling over. 
 
In addition to the fatal crashes, there have been a 
number of fire incidents, including a tragic 
incident in Wilmer, Texas [NSTB, 2007] 
resulting in the death of twenty-three occupants 
when a fire erupted to engulf the motorcoach. 

In 2007, following completion of several studies 
relevant to motorcoach safety, NHTSA 
conducted a comprehensive review of those 
studies and motorcoach safety issues in the 
United States, and then developed an approach 
that would be pursued to most expediently 
address those issues [NHTSA, 2007].  This paper 
discusses the priority areas that are being 
investigated for improvements, presents the 
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approach that is being taken in each priority area, 
and summarizes the status and research results 
obtained thus far.   
 
PASSENGER EJECTION 

Passenger ejections can be reduced by using a 
number of different technologies, e.g., reducing 
openings by using stronger window retention 
methods, improvements to the integrity of 
window and other glazing areas, use of safety 
belts etc.  Crash and sled tests to study the 
effects of using safety belts are described in the 
following sections.  

For passenger ejection, a full scale frontal 30 
mph barrier crash test was conducted to measure 
the occupant responses for both belted and 
unbelted conditions, and sled testing under a 
variety of configurations was completed to 
assess seat anchorage and seat belt load 
experienced under these conditions.  These tests 
are described in the following. 
 
Crash Test 
 
The agency conducted a crash test in December 
2007 at the NHTSA Vehicle Research and Test 
Center in E. Liberty, Ohio (Test # 6294 in 
NHTSA Vehicle Crash Test Database).  Figure 1 
shows the motorcoach used in the test.  It was a 
2000 MCI 102EL3 Renaissance with a Series 60 
diesel engine and B500 Allison Automatic 
transmission.  The coach was 45 ft long, 12 ft 6 
inches tall, with 54 seats (34 inches apart 
longitudinally). The weight as tested (including 
dummies and equipment) was 42,720 lbs. 
 

 
Figure 1.  Motorcoach Used for Crash Test 
 
The coach had unbelted seats from American 
Seating Co, seats with 2 and 3-point belts from 
Amaya/Fainsa and a seat with 3-point belts from 
Freedman Seating Co. 
 
The crash test speed was 30 mph (48.3 kph) into 
a fixed rigid barrier at 0 degrees, full overlap 
condition.  The test collected data from 355 

dummy channels and 26 vehicle channels at 
12,500 samples/sec.  Figure A1 in Appendix A 
shows the crash pulse (deceleration) from three 
locations in the middle and rear of the coach, 
away from the crush zone. 
 
The coach had the following dummies on-board: 
•Hybrid III 50th male – 17 dummies  
•Hybrid III 5th female – 3 dummies 
•Hybrid III 95th male – 2 dummies 
 
Each dummy had accelerometers in head and 
chest, load cells in upper neck and femur, and a 
chest displacement potentiometer.  The dummies 
were seated at locations shown in Figure 2. 
 
Crash Test Observations 
 
Unbelted dummies had high head accelerations 
and neck injury values (Nij), as did the dummies 
with 2-point (lap) belts.  The highest readings of 
the Head Injury Criteria (HIC15) and Nij in 
unbelted dummies were approximately twice the 
Injury Assessment Reference Value (IARV) (1.9 
and 2.1 respectively). The corresponding ratios 
of the highest HIC15 and Nij for dummies with 
lap belts were 1.9 and 4.7 respectively.   
 
The injury criteria and the IARV are described 
on the Advanced Air Bag Technology page on 
the NHTSA web site.  
http://www-nrd.nhtsa.dot.gov/ 
 
The dummies restrained by 3-point belts had low 
injury assessment values for head and neck.  The 
highest HIC15 and Nij in dummies with lap and 
shoulder belts were 0.6 and 0.8 respectively.  All 
dummies had low chest accelerations, chest 
displacements and femur loads (worst case 
condition of about half of the IARV). 
 
Unbelted dummies typically made head contact 
with the seatback in front within 150-180 ms.  
The unbelted dummies in the aisle seat ended up 
in the aisle, while those in the window seat 
ended up in the row in front or on the floor.  
 
Structurally, all seats remained attached to the 
bus at all seat anchor locations.  One baseline 
(unbelted) seat had a failure of the seat frame at
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Figure 2.  Motorcoach Crash Test Dummy Seat Diagram 
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the floor attachment.  This unoccupied seat had 
unbelted 50th M and 95th M in the row behind 
it.  Baseline seats and the Freedman seat had 
bent/broken seatbacks when impacted by 
unbelted dummies in the seat behind it.  Figure 3 
is an image from the crash test. 
 

 
Figure 3.  Belted Dummies (on left) Remained 
in Their Seats; Unbelted Dummmies (on 
right) Did Not. 

 

Sled Tests 
 
Fifteen crash simulations (sled tests) were run 
using a representation of the crash pulse from the 
crash test at VRTC (VRTC Pulse).  Additionally, 
five sled tests were run using the European ECE 
Regulation 80 tests of seats and anchorages (EU 
Pulse). The crash test acceleration, VRTC Pulse 
and the EU Pulse, including the corridors used to 
define the EU pulse requirements, are shown in 
Figure A2 in Appendix A.  The approximate 
velocity change for the VRTC pulse was 25 mph 
(40.2 kph) and for the EU pulse was 20 mph 
(32.2 kph).  These tests are available in NHTSA 
Vehicle Crash Test Database as test # 6559 
through 6578. 
 
 
 
 
 
 
 
 

Three types of seats were used in the sled tests. 
 
1. Baseline (American Seating) 
 a. No belts 
 
2. M3 belted seats (Amaya/ FAINSA) 

a. 3-point belts 
b. 2-point belts 

 
3. M2 belted seats (Amaya/ FAINSA) 

a. 3-point belts 
 
Baseline seats without seat belts were obtained 
from the 2000 MCI 102EL3 Renaissance Series 
tested bus and the seat supplier, American 
Seating Company (Amer Seat).  
 
Three different seats with seatbelts, supplied by 
Amaya/FAINSA, were used in the sled tests.  
These seats were designed to meet ECE 
Regulation 14 and 
TRANS/WP.29/78/Rev.1/Amend2  
 
M3: These seats are designed for mass 
transportation vehicles having a mass exceeding 
5 tonnes (11,023 lbs).  This uses a load 
equivalent to 6.6g. (referred to as “7G seats” in 
Figure 4). 
 
M2: These seats are designed for mass 
transportation vehicles, having a mass not 
exceeding 5 tonnes (11,023 lbs).  This uses a 
load equivalent to 10g. (referred to as “10G 
seats”).  All such seats used had 3-point seat 
belts and are similar in appearance to the M3 
seats. 
 
The test matrix is shown in Figure 4.  The test 
setup consists of three rows of seats with the 
middle row, subject seat, having load cells at all 
the seat anchor locations.  Figure 5 shows a 
typical buck setup. The occupants at the 6 
possible seating locations are as shown in Figure 
4 along with crash pulse and the type of belted 
seat used.  The test numbers used are as follows: 
 
TEST N 
Test # YYMMDD - Test sequence for that day  
 
where N is the chronological sequence of tests in 
the order they were run (1 through 20). 
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Figure 4.  Motorcoach Sled Test Matrix
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Figure 5.  General Sled Buck Setup 
 
Each seat was attached at 4 locations; 2 on the 
floor, and 2 on the side.  These are marked in 
Figure 6 as locations A, B, C, D, respectively.  
For the sled test program, the center row seat 
was mounted at the 4 locations with rigid 
attachments with 3-axis load cells. Forces in 3 
directions were measured at each of the seat 
anchor locations. 
 

Figure 6.  Motorcoach Seat Anchor Locations 
 
Sled Test Observations 
 
Higher dummy injury assessment values were 
mostly limited to HIC and Nij.  The 3-point 
belted seats prevented critical injury values in 
almost all configurations with VRTC crash 
pulse.  No 3-point belted dummy recorded a 
critical Nij across all test conditions 
 
Unbelted dummies loading the target seat from 
the rear often increased the injury values of the 
3-point belted dummy in the target seat, when 

compared to tests that had no rear dummy 
loading. 
The EU pulse has a shorter duration and higher 
peak G than the VRTC pulse.  EU pulse tests 
resulted in higher HIC when compared to VRTC 
crash test pulse.  Three-point belted dummies 
with the EU pulse reached critical injury values 
in tests. 
 
Dummy injuries values (HIC and Nij) reached 
critical thresholds with 2-point (lap only) belt 
tests. The 5th female dummy consistently 
recorded higher injury numbers when compared 
to the larger occupants in 2-point and unbelted 
conditions.  
 
Low injury numbers were recorded for 15 degree 
angled testing.  However, the unbelted dummies 
were not contained between the seats and often 
fell into the ‘aisle.’ 
 
For similar tests with the Amaya M2 and M3 
seats, the injury values were relatively similar. 
 
ROOF CRUSH/ROLLOVER TESTING 
 
Roof crush/rollover testing was performed on 
two different motorcoach models.  The testing 
was done to evaluate two existing roof 
crush/rollover test procedures on four older 
motorcoaches: Federal Motor Vehicle Safety 
Standard (FMVSS) No. 220 and Economic 
Commission for Europe (ECE) R.66 complete 
vehicle test.   
 
The agency tested two 12,200 mm (40 feet) 1992 
Motor Coach Industries (MCI) model MC-12 
and two 1991 Prevost model LeMirage 
motorcoaches.   MCI and Prevost vehicles were 
selected to “bracket” the roof strength 
characteristics for similar sized motorcoaches in 
the fleet.  The most evident structural difference 
was that the Prevost LeMirage had smaller side 
windows and more roof support pillars than the 
MCI MC-12.  Table 1 presents information about 
each of the buses. 
 
Previous Related Research 
 
From 2003 to 2006, NHTSA and Transport 
Canada had a joint program focused on 
improving glazing and structural integrity of 
motorcoaches to prevent ejections, using 
standard coach windows and different variations 
of glazing and bonding techniques [NHTSA, 
2006].  The research focused on finite element 
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modeling of a Prevost model during a rollover.  
The simulation computed the force applied to the 
roof during the ECE R.66 rollover test, and 
during other scenarios such as sliding into fixed 
objects.  The key findings of the research with 
respect to force on the roof indicated that a force 
of 1,149,529 N (258,424 lbs) (approximately 7.6 
g’s average acceleration) with an applied vector 
angle of 29 degrees relative to the bus 
longitudinal-transverse plane was achieved 
during the rollover.  It was determined that the 
average force distribution along the top corner of 
the bus was approximately 86 N/mm (490 lbs/in) 
along the length of the bus.   

Existing Test Protocols  
 
Two existing roof crush/rollover protection test 
procedures and their associated performance 
requirements for buses were examined to 
determine the feasibility of their application to 
motorcoaches sold in the United States.  One 
procedure is that specified in FMVSS No. 220, 
“School Bus Rollover Protection,” and the other 
is that specified in ECE R.66, “Uniform 
Technical Prescriptions Concerning The 
Approval Of Large Passenger Vehicles With 
Regard To The Strength Of Their 
Superstructure.” 
 
FMVSS No. 220 specifies performance 
requirements for school bus rollover protection.  
It specifies that when a uniformly distributed 
load equal to 1.5 times the unloaded vehicle 
weight (UVW) is applied to the vehicle’s roof 
through a force application plate, the downward 
vertical movement at any point on the 
application plate shall not exceed 130 mm and 
the emergency exits must be operable during and 
after the test. The force application plate is 
positioned along the longitudinal centerline of 
the roof and is 914 mm (36 inches) wide and 305 
mm (12 inches) shorter in length than the vehicle 
roof.  

 
ECE R.66 applies to single-deck, rigid or 
articulated vehicles, designed and constructed for 
the carriage of more than 22 passengers in 
addition to the driver and crew.  ECE R.66 
requires a complete vehicle test but allows 
alternative tests which are based on the full 
vehicle test.  The complete vehicle test was 
conducted for this research program.  
 
In the complete vehicle test, a bus with a blocked 
suspension is placed on an 800 mm (31.50 in)  
high tilting platform.  The bus is tilted slowly to 
its side until it reaches its unstable equilibrium 
and tips onto a horizontal, dry and smooth hard 
surface. 
 
The performance specifications of ECE R.66 
require that the superstructure of the vehicle have 
sufficient strength to ensure that adequate 
residual space to survive a rollover is maintained 
during and after the rollover test.  Templates for 
the ECE R.66 defined residual space are placed 
inside the vehicle in the front, center and rear of 
the bus.  The requirements are such that no part 
of the vehicle which is outside the residual space 
at the start of the test (e.g. pillars, safety rings, 
luggage racks) shall intrude into the residual 
space during the test.  

Test Results 
 
The testing demonstrated that it is possible to 
apply the FMVSS No. 220 test or the full vehicle 
test in ECE R.66 to motorcoaches.  The results 
of the testing are presented below. 
 
For the FMVSS No. 220 tests, neither of the two 
motorcoaches tested were able to attain the 1.5 x 
UVW loading that is required according to the 
specifications in FMVSS No. 220 for school 
buses.  The testing showed that the front sections 

 
 

Table 1. 
Manufacturer’s Bus Specifications for Roof Crush Testing 

 
Make Model Model 

Year 
Unloaded 

Vehicle Weight 
GVWR Window 

Length (mm) 
Window Height 

(mm) 
MCI MC-12 1992 12,474 kg 

(27,500 lbs) 
17,146 kg 
(37,800 lbs) 

1310 685 

Prevost LeMirage 1991 12,426 kg 
(27,395 lbs) 

18,145 kg 
(40,000 lbs) 

815 1040 
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of these two bus models were weaker than the 
back.  This is most likely because the windshield 
and service door were located in the front of the 
bus and offered little resistance to the 
compressive load.  Deformation at the front of 
both buses was such that the luggage racks 
entered the residual space as defined in ECE 
R.66.  The front of the MCI bus yielded to the 
compressive load at 0.91 x UVW, while the front 
of the Prevost bus yielded at 1.17 x UVW.  One 
of the possible reasons for the differences in the 
two buses is the number and size of the pillars.  
The MCI bus had seven pillars, 57 mm (2.24 in) 
wide, while the Prevost bus had 10 pillars, 205 
mm (8.07 in) wide.  While other properties such 
as material and cross-sectional shape play a role 
in compressive strength, the results tend to 
indicate a relationship to the number of pillars. 
 
For the ECE R.66 tests, the interior sidewall of 
both motorcoaches entered the residual space at 
the front of the occupant compartment.  Each bus 
was positioned on the tilting platform with the 
driver’s side (left) adjacent to the platform’s 
hinge.   The platform was raised at a steady rate 
of less than 5 degrees/second until the vehicle 
reached its unstable equilibrium and commenced 
its roll, which occurred at approximately 48 
degrees from the horizontal (MCI) and 51 
degrees from the horizontal (Prevost).  Both 
buses struck the ground near the left upper edge 
of the vehicle just above the windows.  In both 
tests, the vehicle windshields lost retention, the 
emergency roof exits opened, and the front 
residual template made contact with the left side 
window.  In the MCI bus, the left side luggage 
rack inboard hangers rearward of the front two 
hangers broke during the impact, leaving 
exposed sharp metal edges. 
 
Accelerometers were installed on the impact-side 
interior corner of the roof within the same lateral 

planes as the residual space templates.  The 
average accelerations along the top of the bus 
roof when the bus struck the ground surface were 
calculated.  The average accelerations from the 
roof accelerometers when the buses impacted the 
ground ranged from 7.59 (MCI) to 8.2 (Prevost) 
g’s.  These average acceleration values agree 
very well with the Transport Canada simulation 
study that indicated an average roof acceleration 
of 7.6 g’s on a 13,420 mm (44 ft) Prevost bus.   

Energy Analysis Quantitative Assessment 
 
In an effort to quantitatively assess the relative 
stringency between the FMVSS No. 220 and the 
ECE R.66 tests, a review of the energy absorbed 
by the buses in each of the two tests was 
examined.  Table 2 presents the energy absorbed 
by the MCI and Prevost buses in the FMVSS No. 
220 and ECE R.66 tests.  The energy absorbed 
by the two buses in the ECE R.66 test is 2.5 to 3 
times greater than that at the maximum applied 
energy in the FMVSS No. 220 test.  Both buses 
experienced vertical displacement of the load 
application plate that exceeded the maximum 
allowable level of 130 mm (5 1/8 inches) in the 
FMVSS No. 220 tests.  Additionally, both buses 
crushed into the ECE R.66 survivable space 
templates in both the FMVSS No. 220 and the 
ECE R.66 tests.  Since both the buses did not 
meet the FMVSS No. 220 requirement for school 
buses sold in the U.S. and ECE R.66 
requirements for motorcoaches sold in the EU, it 
is not possible to objectively assess the relative 
stringency of these two tests with the available 
information.  Also, since the ECE R.66 test is a 
dynamic event while the FMVSS No. 220 test is 
a quasi-static event, and since the load 
applications in the two tests are significantly 
different, the absorbed energy cannot be directly 
compared.  
 
 
 

 
Table 2 

FMVSS No. 220 and ECE R.66 
Energy Analysis 

 
Energy at Maximum 

Achievable  Load 
ECE r.66 Potential Energy 

(m*g*Δh) 
 Mass 

(kg) 
Energy at 130 mm 

crush 
(J) UVW (J) CG Δh (m) Energy (J) 

MCI 12,700 4,444 0.91 33,960 0.840 104,653 
Prevost 13,381 7,140 1.17 37,599 0.723 94,906 
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Qualitative Analysis 
 
While it was not possible to quantitatively assess 
the relative stringency between FMVSS No. 220 
and ECE R.66, it is possible to perform a 
qualitative assessment.  From a qualitative basis, 
it appears that the FMVSS No. 220 criteria for 
school buses may be more stringent than the 
rollover requirements in ECE R.66 for buses 
meeting that regulation.  This is based on the 
observation that neither of these buses was able 
to support its UVW in the FMVSS No. 220 tests 
and failed catastrophically prior to reaching 1½ 
times UVW.  Both of the buses crushed 
approximately 355 mm (14 in) to the top of the 
ECE R.66 defined residual space template before 
contact with the luggage rack.  The MCI bus 
reached the 130 mm (5.118 in) maximum 
displacement criteria for school buses at 
approximately 70 percent of UVW, and the 
Prevost bus reached the displacement criteria and 
continued to displace at 100 percent of the 
UVW. 
 
During the ECE R.66 rollover tests, imprints 
from the residual space templates where the front 
templates struck the side windows in both the 
MCI and Prevost coaches indicate that only the 
lateral corner of the templates struck the side 
window.  This suggests that with some design 
improvements to counteract the lateral forces 
these buses could pass the ECE R.66 rollover 
test. 
 
In severe rollover incidents where the bus rolls 
over more than a quarter turn, school buses 
meeting FMVSS No. 220 have shown 
remarkable ability to maintain their structural 
integrity.   Based on the above observations, it 
appears that the FMVSS No. 220 test protocol 
may be more stringent that the ECE R.66 
requirement.  However, these observations are 
for buses that are over fifteen years old and may 
not be applicable to the current U.S. fleet. 
 
EMERGENCY EVACUATION STUDY 
 
Several safety recommendations from the 
National Transportation Safety Board (NTSB) 
concern egress, emergency exit designs, lighting 
and signage/marking for motorcoaches (intercity 
buses).  Conducting egress testing to evaluate 
motorcoach emergency evacuation designs under 
various post-incident conditions such as fire, 

smoke and unusable exit situations is also 
included in the NTSB recommendations.   

Research Plan 
 
NHTSA developed a research plan that is being 
conducted by the Volpe National Transportation 
System Center.  The approach included the 
following general areas of investigation or 
activity:  1) Literature review to identify and 
evaluate relevant studies, modeling efforts, and 
regulations and standards from other 
transportation modes (e.g., rail and air) for 
applicability to motorcoaches,  2) survey and 
evaluation of various motorcoach emergency 
egress designs, including signage and marking, 
3) conducting controlled evacuation simulations 
and egress experiments under various conditions 
and from various types of emergency exits,  4) 
measure and evaluate emergency exit opening 
force requirements, and 5) examine performance 
requirements for FMVSS No. 217 concerning 
exit opening force levels, signage, marking and 
lighting. 

Preliminary Findings 
 
Pilot studies [Volpe, 2008] have been completed 
for front door, emergency window, roof hatch, 
and wheel chair access door egress tests in 
addition to naturalistic observations of 
motorcoach egress of passengers.  In addition, 
emergency window exit opening force 
measurements were made on three different 
models of motorcoaches (Prevost, Van Hool, 
MCI).  
 
Some of the preliminary findings [NHTSA, 
2009] from the testing and literature review are: 
the front access door of the motorcoach is the 
fastest and safest path of egress; the time 
required for passengers to determine how to open 
the front access door (in those cases where the 
motorcoach operator is unavailable) can take 
longer than the time required for a full load of 
passengers to evacuate through the door; 
conspicuous placement of the service door 
interior release mechanism and operational 
instructions are critical for passengers; able-
bodied bus passengers are capable of egressing 
through a rear side door without steps (such as a 
wheel chair access door) at a rate that would 
allow evacuation of a fully loaded motorcoach in 
less than three minutes; the time to evacuate a 
fully loaded motorcoach through emergency exit 
windows is less than two minutes provided that 
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passengers have the strength and agility to open 
the windows and climb out, and if methods of 
holding the windows open are available as 
shown in Figure 7. 
 

 
Figure 7.  Window Emergency Egress with 
Support Mechanism 
 
Based upon the results of the pilot studies, 
construction of a motorcoach mockup for further 
egress assessment has been initiated for 
completion in 2009.  The additional investigation 
will include the following general areas of 
investigation or activity:  1) motorcoach egress 
under adverse conditions (e.g., darkness); 2) 
human factors evaluation of egress using 
alternative options including seated jump and 
controlled drop from an elevated platform 
simulating the floor height for wheelchair access 
door, and a steep rear stairway similar to those 
used in European motorcoaches;  3) 
measurement of human strength in applying 
opening forces in the specific postures required 
in motorcoaches;   
4) experimental determination of the effect of 
illumination levels on egress rates; and  
5) development of performance requirements 
including interior egress, vehicle safety aids and 
emergency lighting. 
 
FIRE SAFETY EFFORTS 
 
While motorcoach fires may be relatively rare, 
they can cause a significant number of fatal or 
serious injuries during a single event.   
Based upon the investigation of the Wilmer, 
Texas bus fire, it is evident that the fire 

originated from outside the vehicle cabin due to 
overheating of a vehicle axle.  Additionally, the 
motorcoach recall data and industry studies 
indicate that most motorcoach fires start in areas 
external to the passenger compartment.  It is 
rarely reported that fires start within the 
passenger compartment. 
 
Of the fires that originate from outside the 
vehicle cabin, most originate in one of four 
areas: the engine compartment, the fuel system, 
the electrical system, or the wheel well. [NFPA, 
2006]  Causes of these fires range from 
mechanical failures of the equipment to leaks in 
hoses, couplings, seals and electrical circuit 
shorts. 
 
Because numerous fire safety tests and standards 
already exist, NHTSA’s approach is to build 
upon existing standards and recommended 
practices rather than develop new test procedures 
for materials used in construction of 
motorcoaches.  NHTSA’s approach also includes 
potential improvements to motorcoach 
performance requirements to address fires that 
originate both within the passenger compartment 
and those ignited external to it.  Resistance to 
fire propagation is a key component to 
preventing burn and inhalation injuries, which 
were identified as the leading cause of death in 
fires that primarily originate from sources 
outside the vehicle cabin.  Additionally, low 
flammability of interior components helps 
provide additional time for motorcoach 
occupants to evacuate a burning motorcoach and 
operators to suppress small fires that begin inside 
the cabin [NBSIR, 1978]. 
 
To evaluate potential fire protection tests and 
standards for relevancy to improving motorcoach 
safety, NHTSA initiated a research program with 
the National Institute of Standards and 
Technology (NIST) to establish an 
understanding of the development of motorcoach 
fires and the subsequent spread into the 
passenger compartment, assess the adequacy of 
the current FMVSS No. 302 for flammability 
testing of interior materials for motorcoach 
applications, recommend potential upgrades to 
the existing FMVSS No. 302 requirements, 
determine the feasibility of establishing 
requirements for fire-hardening or fire resistance 
of motorcoach exterior components, assess the 
potential for fire and smoke inhalation injuries to 
occupants in the event of a motorcoach fire, and 
identify potential mitigation strategies. 
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NIST is using the rear section of the motorcoach 
crash tested in December 2007 to create a mock-
up for conducting controlled burn experiments 
that mimic fires originating in the wheel well 
area.  These mock-up studies will be conducted 
in two phases.  During the initial testing phase, 
the cabin will be instrumented with 
thermocouples, calorimeters, and video 
equipment to ascertain the effects of such fires 
on the passenger compartment.  The tests will 
record the rate of fire growth, cabin 
environmental conditions, and cabin visibility vs. 
time for each ignition source.  During the second 
phase of testing, various potential 
countermeasures (firewalls, temperature sensors, 
etc.) will be selected and tested to determine the 
extent to which each countermeasure improves 
the detection time, or potential evacuation time 
allowable for each ignition source. 
 
CONCLUSION 

While motorcoach travel in the United States is 
already very safe, NHTSA has been actively 
researching ways to improve bus safety for 
several years.  The agency has recently launched 
a comprehensive program to improve 
motorcoach safety in a number of priority areas.  
The priority areas being pursued are seat belts to 
reduce passenger ejection, roof strength, fire 
safety, and emergency evacuation.  The results of 
these studies will provide a basis for future 
NHTSA direction to promote additional 
improvements for motorcoach occupant 
protection. 
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Figure A1.  Motorcoach Crash Pulse 
 
 

 
   Figure A2. Accelerations for Crash Test (magenta), NHTSA Sled Pulse (black) and EU Pulse (blue) 
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ABSTRACT 
 
This paper details the methods used to investigate 
motorcycle collisions with roadside objects and the 
initial findings of the study. One factor associated 
with the frequency and severity of motorcycle 
collisions with roadside objects may be the design 
and maintenance of the road. Two methods of 
analysis were used to investigate the influence of the 
road geometry and design of roadside environment 
on motorcycle collisions. Satellite imagery was used 
to develop an overview of different collision sites. 
Individual site visits for 34 motorcycle-roadside 
object crashes were conducted to record details about 
each site, including types of guardrails and distance 
of the object struck from the road. 
 
INTRODUCTION 
 
Motorcyclists are overrepresented in guardrail 
collisions. Motorcycles comprise only 2% of vehicles 
on the roads, but account for 42% of all guardrail 
collisions (Gabler, 2007). Motorcyclists are more 
vulnerable on the road than other vehicle passengers 
due to the instability of their vehicle as well as 
greater exposure to the outside environment. There 
are various causes of motorcycle crashes, including 
the design and maintenance of the road. Roadside 
environments were further investigated to determine 
characteristics that may lead to a higher risk for 
motorcyclists running off the road.  Potential design 
factors include road curvature, superelevation, barrier 
type, and barrier offset distance from the travel lane.  
Road surface factors of interest include the presence 

of rumble strips, potholes, cracking, painted areas, 
and gaps between the road surface and bridge decks.  
 
OBJECTIVE 
 
The objective of this paper is to describe the methods 
used to develop a database with detailed information 
about roadside object motorcycle collision sites and 
to report the findings of the initial analysis of the 
cases investigated to date.  
 
METHODS 
 
The cases used in this study were extracted from the 
New Jersey Crash Records Database (NJCRASH) for 
calendar years 2005-2008.  NJCRASH is a complete 
collection of police accident reports which are 
available in electronic form.   Of particular value to 
this project, most crashes have been geocoded with 
the latitude / longitude coordinates of the crash site.  
The geocoded locations of motorcycle-roadside 
object collisions were investigated using two 
methods: a satellite image analysis and an individual 
site inspection.  For this pilot study, a subset of these 
cases was investigated to determine the feasibility of 
our approach. Motorcycle collisions with guardrails, 
concrete barriers, poles, and trees were investigated. 
 
Satellite Imagery Analysis 
 
The imagery analysis gave a first look at the different 
guardrail collision sites. Using the latitude and 
longitude data recorded in the NJCRASH database, 
sites were located on satellite images using Google 
Earth Pro. A screenshot was taken of each collision 
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site and incorporated with data tables that displayed 
information about the accident based on the coded 
NJCRASH Data. The tables incorporated data about 
the time and date of the crash, location, information 
on the rider and motorcycle, and sequence of events 
to give an overall description of each accident. 
 
The radius of curvature was also investigated through 
the satellite imagery analysis. Collisions that occur 
on any size curve are listed simply as ‘curve’ in the 
NJCRASH database. NJCRASH does not describe 
the radius of the curve.  However, it is important to 
know the radius of a curve: curves with smaller radii 
may be more dangerous for riders (FEMA, 2000). 
Thus, comparing the radii of curves on which 
collisions occurred may help in determining the 
geographic locations where accidents are occurring.  
 
Google Earth Pro was used to measure the radii of 
curves where collisions occurred. The circle tool used 
to draw a circle on the image. The tool measures the 
radius of the circle, which can be adjusted by 
dragging the endpoint of the radius on the map. The 
center of the circle can also be adjusted by dragging 
the center to a new location. Using these two 
operations, the circle was fit as best as possible to the 
curve (Figure 1). The median of the road was used as 
guidance in determining the curvature of the circle, 
and, when possible, the circle was fit to the median. 
On roads where there was no median, the lines on the 
road were used as reference if they were visible in the 
satellite imagery. 
 

Figure 1.  Example radius of curvature 
measurement from Google Earth Pro. This 

collision occurred in Mercer County on Route 640. 
The radius of curvature is 200 feet. 

 
Once the circle was fit to the curve, the radius of the 
circle was recorded to the nearest foot. The Google 
Earth Pro tool records the radius to the nearest 
hundredth of a foot; however, the rounding was made 
in order to compensate for human error in fitting the 
circle to the curve.  

Site Survey Data Collection  
 
Though satellite imagery provided an introduction to 
the area where a crash occurred, the imagery is not of 
a high enough resolution to determine smaller 
characteristics of the road, such as variations in the 
surface and the type of guardrail surrounding the 
road. Motorcycles are more vulnerable to these 
variations as they are significantly less stable than 
other motor vehicles. Data currently available 
through NJCRASH does not include detailed 
information about the roadside objects, such as the 
distance of a struck object from the road or the 
condition of the object. 
 
Site visits were conducted to methodically document 
the characteristics of the roadway, roadside, and 
barrier at each crash site. A data collection form was 
used to ensure the same information was gathered at 
every site. It allowed for investigators to select 
specific characteristics from a list of options, with the 
option of adding characteristics that were not 
included. This format allows for simpler analysis of 
data as opposed to a sheet without any options 
because there are a finite amount of responses to each 
question. Photographs were taken in order to 
compare the road conditions and surrounding 
environments around each crash site. The data 
collection sheet contains a check list of photographs 
to be taken to ensure that common features can be 
compared. The data elements collected in each site 
inspection are presented in Table 1.  
 

Table 1.   
Information gathered at sites by data element type 

 
Data Element Characteristics 

Barrier 
Characteristics 

Concrete Barrier 
 Type 
 Height  
 Damage 
Guardrail 
 Rail type 
 Post type 
 Blockout type 
 Terminal type (if applicable) 
 Distance between posts 
 Damage to rail/posts 
 Additional features 
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Table 1 (continued). 
 

Data Element Characteristics 

Roadside 
Characteristics 

Shoulder presence 
Rumble Strip 
Surface 
Division 
Potholes 
Patches 
Notable Cracks 
Contaminants 

Dimensions 

Object to pavement edge 
 Distance 
 Slope 
Pavement edge to lane end 
 Distance 
 Slope 
Ground to bottom of rail (if 
applicable) 

 
The main focus of the collection process was on 
motorcycle-guardrail collisions. Several different 
characteristics about the guardrail were observed 
through site visits. First, the type of rail was recorded 
since this is the main component of the guardrail. 
Moreover, the height of the rail from the ground was 
measured. In the event of a collision a motorcyclist 
can fall from his/her motorcycle and slide under the 
guardrail, potentially colliding with the post. Second, 
the type of post was recorded. Posts prove to be one 
of the greatest hazards to motorcyclists as they have 
narrow faces and edges which concentrate the force. 
Lastly, it was noted if any additional safety measures, 
such as an additional W-beam or metal guard, were 
used on the guardrail at the collision site. 
Characteristics of other roadside objects were 
incorporated such as type of concrete barrier, pole 
type, and any distinguishing features. 
 
Characteristics about the roadway were also observed 
to see if there were common aspects of the road that 
could potentially be a cause of an accident. It was 
noted if there were any potholes, patches, or cracks in 
the road, as a motorcycle can lose stability from 
riding over one of these defects. Any abrupt changes 
in the elevation were noted as these are also 
hazardous to motorcyclists. However, these 
characteristics may have changed from the time of 
the crash. Several design aspects of the road were 
also examined. First, it was noted if there was a 
rumble strip in the shoulder as the high surface 
variation may cause a rider to lose control. It was also 
noted if there was paint on the road, as this has a 
different coefficient of friction from the road surface 

and this change, though not significant to other motor 
vehicles, may cause a rider to lose control.  
 
Measurements of the shoulder width, slope, and 
distance between the object and end of the pavement 
were also taken at each site. A diagram was included 
in the survey sheet to clarify the required 
measurements (Figure 2). The distance of the object 
from the road may have an effect on the severity of a 
collision; if the object is further away from the flow 
of traffic, the motorcyclist will have more time to 
slow down before colliding with it.  

Figure 2.  Guardrail and Road Environment 
Measurements. This figure was included in the site 
survey sheets to gather data about the distance of the 

object from the road and the slope of the road. 
 
Police reports for each site visited were obtained 
from the New Jersey Department of Transportation 
before most site visits. The police reports contained 
more information about the occurrences of the 
accident, sometimes including a diagram. This 
additional information facilitated finding the site and 
exact location of the collision, as many sites had 
multiple poles, trees, or lengths of guardrails.  
 
RESULTS 
 
To date, a database of 34 collisions which have 
occurred at 31 crash sites has been developed. Four 
crashes occurred at the same location.  Table 2 
presents the composition of the resulting dataset.  
This includes 17 guardrail collision sites, 11 pole 
collision sites, 4 tree collision sites, and 1 concrete 
barrier collision site. The majority of the collisions 
(29) occurred in either 2007 or 2008. 
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Table 2. 
Composition of Data Set of Motorcycle-Roadside 

Object Collisions (NJCRASH 2005-2008) 
 

Variable Number of Cases 
All        34 
Year of Crash 
 2005          1 
 2006        4 
 2007 25 
 2008 4 
Object Struck 
 Guardrail 17 
 Concrete Barrier        1 
 Poles          12 
 Trees             4 
Injury Severity (KABCO) 
 Fatality 5 
 Incapacitating Injury 7 
 Moderate Injury 15 
 Complaint of Pain 7 
 Property Damage Only 0 

 
Example Case 
 
On Route 579 in Bethlehem Township in Hunterdon 
County, a crash location was investigated where there 
were 4 motorcycle-guardrail collisions in 2007. The 
posted speed limit on the road is 35 mph, with a 
reduction to 10 mph around the curve. The road took 
a sharp turn left, and disappeared from vision due to 
the downgrade of the road (Figure 3). There were two 
driveways ending at the curve. 
 

Figure 3.  Route 579, Bethlehem Township, 
Hunterdon County. Four motorcycle-guardrail 

collisions took place at this site in 2007. 

There were at least 5 areas of damage along the W-
beam guardrail, suggesting other vehicle crashes had 
occurred on the same curve (Figure 4). Some of the 
steel strong posts were also bent and damaged.  
 

Figure 4.  Damage to guardrail. There is notable 
damage to the rail and the posts in multiple areas. 

 
The distance of the guardrail from the edge of the 
lane gradually narrows as the road curves left. The 
guardrail-road offset distance was measured in three 
places to be 7.4, 5.0, and 4.0 feet from the edge of the 
lane. Along the curve, the guardrail was located only 
0.75 feet from the edge of the pavement. The 
guardrail is in place to protect vehicles from the 
wooded slope behind it. The road slopes 11° in the 
direction of the road. The road angled 23° toward the 
center of the curve.  
 
During the site visit, a street cleaner was seen at the 
site, implying that the site is well kept. There was 
little debris noticed on the side of the road as well. 
There were no potholes, patches, or large cracks in 
the asphalt surface of the road. However, the road 
was rough and uneven (Figure 5), which may be 
more hazardous for motorcycles than other vehicles.  
 

Figure 5.  Road Surface. The surface of the road 
was noted to be rough and uneven. 

 
The geometry of the site was analyzed using Google 
Earth Pro. The radius of curvature of the site was 
measured to be 49 feet (Figure 6). This is a very 
narrow curve as none of the other sites investigated 
using the satellite imagery were found to have a 
radius under 100 feet.  
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Figure 6.  Radius measurement of example site. 
The radius of the curve was measure to be 49 feet. 

 
Site Survey Data Collection 
 
In our dataset, seventeen motorcycle-guardrail 
collision sites were investigated. The guardrails all 
had W-beam rails with steel strong posts (10), steel 
weak posts (2), or wood strong posts (5). The 
blockouts used in the strong post guardrail also 
varied between steel (9), wood (4), recycled material 
(1), and none (1). This composition is consistent with 
national guardrail inventories which are primarily 
strong post w-beam systems. 
 
The distances of the objects from the edge of the lane 
varied greatly amongst the sites (Figure 7). There 
were sites where the guardrail was on the edge of the 
pavement on a street with no shoulder, and others 
where the guardrail was offset from the edge of the 
pavement on a road with a significant shoulder.  

 
Figure 7.  Distance of object from lane edge by 

object struck. 
 
Of the 31 crash sites investigated, 17 occurred on 
curves. After visiting the sites it became evident that 
some of the curves created an obstruction of view.  
The road surface at the majority of the sites was free 
of debris and blemishes. There were no evident 
potholes at any sites, and only 5 sites had notable 
cracks in the surface.  

 
Satellite Imagery Analysis 
 
A separate analysis for 139 guardrail collision sites in 
New Jersey from 2005-2007 was conducted.  The 
main component of each site investigated through the 
use of Google Earth was the radius of curvature at 
each site. Fifty-eight (41.7%) of the collisions 
investigated occurred on curves, 41 of which (33.6%) 
occurred on a curve with a radius of curvature of less 
than 1000 feet. 
 
The distribution of the crashes across New Jersey 
was also found after each crash was analyzed (Figure 
8). Most motorcycle-guardrail collisions were in 
northern New Jersey.  
 

 
Figure 8.  Distribution of motorcycle-guardrail 

collisions in New Jersey (2005-2007). 
 
DISCUSSION  
 
Two methods of evaluating motorcycle collisions 
with roadside objects were used to develop an 
enhanced database about the roads on which these 
crashes are occurring. Using satellite imagery from 
Google Earth, the radius of curvature at collision sites 
was obtained. It was seen that approximately 1/3 of 
crashes occurred on roads with a radius of curvature 
of less than 1000 feet. However, these data are 
limited by the precision of the user to fit a curve to 
the road.  
 
Motorcycle collision sites were also analyzed through 
site surveys. Thirty-one sites have been visited to 
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date. One challenge was the occasional unavailability 
of latitude and longitude data from the NJCRASH 
database. Most of the recent crashes (2007-2008) 
were geocoded with these coordinates; however, 
there were some crashes that were neither geocoded 
nor included an exact location. In some cases, 
positioning coordinates appeared to be inaccurate. In 
several cases, the investigators’ judgment was used to 
deduce the location of the crash.  
 
A second challenge has been to obtain safe access to 
the sites for physical measurements.  Many of the 
collisions occurred on main roads with higher speed 
limits. These roads sometimes have no place for 
investigators to safely stop for the inspection. For 
sites that were too dangerous to investigate 
thoroughly, a drive-by investigation was completed. 
This allowed for general information to be gathered 
about each site, though no measurements could be 
taken. 
 
A third challenge was the need to promptly visit a 
crash site after the incident.  We investigated several 
sites years after the incident with the hope that 
characteristics, e.g. barrier type or road curvature, 
would be unlikely to have changed.  Some 
characteristics however, e.g. defects in the roadway 
surface or barrier damage, may have been repaired 
prior to our site inspections.  To account for this 
possibility, our protocol required that the investigator 
note any indications of repair, e.g. new barriers or 
poles. 
 
 
 
 
 
 

CONCLUSION 
 
This paper has presented the design of a novel 
database containing detailed road design and 
maintenance information about motorcycle collision 
sites with roadside objects.  This database extends the 
traditional databases of police-reported crash reports 
with engineering data such as guardrail type and 
distance of object struck from the road. Thus far, 31 
sites have been investigated, supplemented with an 
analysis of satellite imagery. This database will 
provide researchers with more information to 
determine what environmental aspects are 
characteristic of motorcycle crashes. Identifying 
these characteristics and taking action to modify 
them, making them more motorcycle-friendly, will 
lead to a reduction in the severity of motorcycle 
crashes with roadside objects.  
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ABSTRACT 
 
This paper investigates the feasibility of using event 
data recorders (EDRs) to characterize the crash 
avoidance behavior of drivers involved in rear end 
collisions.  The study is based upon the records of 
112 crashes from NASS/CDS 2000-2007 with 
associated EDR pre-crash data and of sufficient 
severity to deploy the frontal air bag.  The study 
examined three factors affecting driver response to an 
impending rear collision: driver age, driver alcohol 
use, and road lighting condition.  Crash avoidance 
actions of the drivers were inferred from the pre-
crash EDR records of vehicle speed, throttle position, 
engine speed (RPM), and service brake status five 
seconds prior to impact.  Factors considered included 
time of brake application prior to impact, peak 
braking deceleration, and the time history of throttle 
position.  For these cases, this study combined EDR 
pre-crash records with NASS/CDS case records 
including scene diagrams and site photos to 
determine driver crash avoidance actions. 
 
INTRODUCTION 
 
Previous research on driver pre-crash behavior has 
relied heavily upon controlled driver testing or 
observation, e.g., as in a driving simulator (Lee et al, 
2002) or naturalistic driving studies (Neale et al, 
2005).  Even when detailed crash reconstructions of 
real world crashes are conducted, there is significant 
uncertainty concerning the crash avoidance actions of 
the driver prior to impact.  Event Data Recorders 
(EDRs) can provide a new tool to study this issue.  
Because current generation EDRs record up to five 
seconds of pre-crash vehicle data, these devices have 
the potential to provide important new insights into 
pre-crash driver behavior under real world crash 
conditions.   
 
The focus of this study is on rear-end collisions.  An 
accurate characterization of driver pre-crash actions 

in rear-end collisions is important in the design of 
collision-mitigation systems or radar braking 
systems.  Although the study which follows examines 
rear collisions only, the study of many different 
collision modes could benefit from the use of EDR 
pre-crash records.  Rear-end collisions have the 
advantage that this crash mode is readily defined.  In 
addition, the typical crash avoidance maneuvers are 
braking and throttle reduction – both of which are 
recorded by current generation EDRs.  Other crash 
modes, e.g. passing collisions or lane departure, 
could be examined in future studies as EDRs record 
other pre-crash parameters, e.g., steering inputs and 
yaw rates.    
 
OBJECTIVE 
 
The objective of this paper is to determine the 
feasibility of using EDRs to characterize the driver 
pre-crash behavior in rear-end collisions. 
 
APPROACH 
 
The study was based on cases extracted from the 
National Automotive Sampling System / 
Crashworthiness Data System (NASS/CDS) 2000-
2007 with associated EDR data.  The National 
Highway Traffic Safety Administration (NHTSA) 
now has the records of over 3,100 EDRs downloaded 
during NASS/CDS crash investigations.  All cases 
were downloaded by NASS investigators in the field 
using the Bosch Crash Data Retrieval (CDR) system.  
The EDRs in this dataset were exclusively from 
General Motors (GM) cars and light trucks of model 
year 2000-2006. 
 
The GM EDRs in our dataset recorded 5 seconds of 
pre-crash data in one-second intervals on vehicle 
speed, engine speed, engine throttle setting, and 
brake status.  Vehicle speed is in units of miles/hour.  
Engine speed is in units of revolutions per minute 
(RPM).  Engine throttle setting is reported in percent 
wide open throttle (% w.o.t).  Brake status is limited 
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to on or off, and does not record brake application 
force. 
 
Composition of Data Set 
 
This study included only EDR cases from GM 
vehicles in which the EDR recorded pre-crash data 
and the crash was of sufficient severity to deploy the 
frontal air bags.  In GM EDRs, deployment of the air 
bag locks in the EDR data so that it can not be 
overwritten by subsequent events.  The dataset was 
limited to rear-end collisions in which the subject 
vehicle was the striking vehicle.  The resulting 
dataset contained 112 cases.  Synopses of two of the 
cases in the dataset are presented below. 
 
Example Case 1 
 
Vehicle 1, a 2004 Buick LeSabre, was traveling south 
on a dry asphalt roadway during clear daylight 
conditions.  Vehicle 2, a 2001 Buick Century, was 
traveling south in the first lane of the same roadway 
as vehicle 1.  Vehicle 2 then changed lanes in front of 
vehicle 1 and attempted a left hand turn.  The front of 
vehicle 1 contacted the rear of vehicle 2 causing 
moderate damage to both vehicles.  Vehicle 1 was 
driven by an 18 year old with, according to the NASS 
case, no presence of alcohol.  The vehicle scene is 
shown in Figure 1.  The frontal damage to vehicle 1 
and the rear damage to vehicle 2 are shown in Figure 
2 and Figure 3. 
 

 
 

Figure 1.  NASS/CDS Case 2004-12-081 scene 

 
 

Figure 2.  NASS/CDS Case 2004-12-081 frontal 
damage to Vehicle 1 

 

 
 

Figure 3.  NASS/CDS Case 2004-12-081 the rear 
damage to Vehicle 2 

 
Both vehicles were towed from the scene of the crash 
due to damage. Both occupants were wearing their 
seat belts.  Vehicle 1’s EDR data are presented in 
Table 1.   
 

Table 1.  Striking Vehicle (V1) Pre-Crash EDR 
data (NASS/CDS Case 2004-12-081) 

 
Time 
(sec) 

Speed 
(mph) 

Brake 
Throttle 
(%wot) 

Engine 
RPM 

-5 55 OFF 6 1600 

-4 55 OFF 6 1472 

-3 55 OFF 0 1472 

-2 55 OFF 0 1408 

-1 55 OFF 0 1408 

 
Based on the EDR data, the driver of V1 did not 
brake at any time.  The engine RPM dropped slightly 
from 1600 RPM at 5 seconds before impact to 1408 
at 1 second before impact.  The vehicle speed was 
unchanged in the five samples of pre-crash data.  
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There was a possibility that the driver of V1 did not 
see V2 pull in front of their vehicle and stop.   
 
Example Case 2 
 
Vehicle 1, a 2000 Chevrolet Cavalier and Vehicle 2, 
a 1993 Plymouth Acclaim were traveling south on a 
four lane, undivided asphalt roadway in the passing 
lane with the Acclaim ahead of the Cavalier.  Vehicle 
2 was stopped waiting to make a left turn when the 
back of vehicle 2 was struck by the front of vehicle 1.  
The Cavalier was driven by a 44 year old male who 
attempted both steering and braking intervention 
prior to the impact.  The impact resulted in air bag 
deployment.  The crash scene is shown in Figure 4. 
 

 
 

Figure 4.  NASS/CDS Case 2004-08-162 scene 
 
The frontal damage to the Cavalier and the rear 
damage to the Acclaim are shown in Figure 5 and 
Figure 6. 
 

 
 

Figure 5.  NASS/CDS Case 2004-08-162 frontal 
damage to Vehicle 1 

 
 

Figure 6.  NASS/CDS Case 2004-08-162 the rear 
damage to Vehicle 2 

 
Both vehicles came to rest just a few feet south of the 
point of impact and both were towed from the scene 
due to damage.  The driver of Vehicle 1 was using 
his seat belt.  The EDR data is presented in Table 2 
and graphically in Figure 7. 
 

Table 2.  Striking Vehicle (V1) Pre-Crash EDR 
data (NASS/CDS Case 2004-08-162) 

 
Time 
(sec) 

Speed 
(mph) 

Brake Throttle 
(%wot) 

Engine 
RPM 

-5 48 OFF 4 1728 

-4 46 OFF 4 1664 

-3 47 OFF 38 2624 

-2 47 ON 4 1728 

-1 17 ON 4 1024 
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Figure 7.  Striking Vehicle (V1) Pre-Crash EDR 
data (NASS/CDS Case 2004-08-162) 
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Based on EDR data, the driver of V1 first undertook 
crash avoidance actions about 2 to 3 seconds prior to 
the crash.  Note that at 3 seconds before impact, the 
driver appeared to have stepped on the accelerator 
although this resulted in only a negligible increase in 
speed.  At about 2 seconds prior, the driver applied 
the vehicle service brake, which significantly slowed 
the vehicle.   
 
Factors expected to affect pre-crash driver 
behavior 
 
This study examines the crash avoidance actions of 
drivers just prior to a rear-end collision.  The specific 
parameters of interest are the time prior to collision at 
which the driver took one of two actions: braking or 
release of the throttle.  Other crash avoidance actions, 
e.g. lane changing or swerving, are also possible.  
However, these actions are not recorded by most 
current generation EDRs.   
 
We hypothesize that a number of driver or 
environmental factors could affect the time a driver 
requires to react to an impending rear-collision.  This 
paper examined driver age, driver alcohol 
involvement and road lighting.  Driver age was 
disaggregated into three groups: teens (13-19 years 
old), adults 20-64 years of age, and older drivers 65 
years or older.  A driver was designated as alcohol 
involved if (a) driver blood alcohol concentration was 
not zero or (b) if the police accident report indicated 
that the driver was drinking.  It is expected that this 
method will miss a small number of drivers who had 
been drinking.  But as our dataset was composed 
predominantly of non-drinkers (over 90%) this error 
is not expected to greatly affect our results.  Lighting 
condition of the highway was divided into two 
groups: daylight crashes and non-daylight crashes.  
Non-daylight crashes included crashes on dark, but 
lighted, highways, dark unlighted highways, and 
crashes at dark or dusk.   
 
Driver Pre-crash actions 
 
The EDRs in our dataset recorded five seconds of 
pre-crash data prior to impact in one second 
increments.  The EDRs did not record pre-crash data 
at or just prior to the time of impact.  Data for the 
following vehicle parameters was available: (1) status 
of the brake (on/off), (2) percent throttle, (3) engine 
speed (RPM), and (4) vehicle speed (mph).  These 
parameters were only available on GM vehicles for 
vehicles from approximately model year 2000 
onward.  Older EDRs did not record pre-crash data.   
As markers of when the driver began to attempt to 
avoid an impending crash, we computed the first time 

during this 5 second pre-crash interval that the brake 
was applied, and the time at which the driver 
removed his/her foot from the accelerator and in turn 
decreased the engine throttle.  This calculation 
includes both those drivers that took crash avoidance 
actions and those that did not as reported by the EDR. 
 
It should be noted that these markers are estimates of 
the time when a driver took crash avoidance action.  
Because EDR pre-crash data is captured at the 
relatively slow rate of one sample per second, driver 
actions taken between samples will not be measured 
until the pre-crash parameters are read one second 
later.  These pre-crash parameters are not measured 
synchronously (Chidester et al, 1999).  Also, their 
time of measurement may differ from the timing 
indicated in the Bosch CDR download (Wilkinson et 
al, 2006).  In this study, we assume that the average 
of many cases will approach a 1 second interval 
between measurements. 
 
The time of first brake application was defined to be 
that time when the brake transitioned from brake-off 
to brake-on.  EDR records of the time of first brake 
application could range from -5 to -1 seconds prior to 
collision.  If the EDR had no record of driver brake 
application, our analysis arbitrarily set the brake 
application time to 0 seconds. The time of throttle 
release was defined to be that time when the percent 
throttle equaled zero after being non-zero at the 
previous time step.  The EDR record of the time the 
throttle was released prior to collision could range 
from -5 to -1 seconds.  If the EDR had no record of 
throttle release, the time of throttle release was 
arbitrarily set to 0 seconds. In some cases, the throttle 
was zero throughout the entire 5 second pre-crash 
interval.  The throttle release time for these cases was 
arbitrarily set to -5 seconds.  The period of non-
throttle use may have been longer, but the EDR 
would not include a record earlier than -5 seconds.  
The average response time for braking or throttle 
released was computed for each group.  NASS/CDS 
weights were applied in the computation of all 
averages to provide a national estimate of driver 
response to rear collisions. 
 
GM EDRs only indicate whether the service brake 
has been applied rather than brake application force.  
For this study, brake application force was estimated 
from the pre-crash time history of vehicle speed.  
Maximum brake deceleration in G’s was computed 
using the maximum ΔV in one second.  The EDR 
records wheel speed not the actual vehicle speed.  
Cases in which the brakes appeared to lock-up, e.g. 
from braking on ice or gravel, were omitted from the 
analysis as vehicle speed is incorrectly recorded in 
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these cases.  In some cases, the brake and throttle 
were applied simultaneously.  Our method made no 
compensation for the engine throttle.   
 
RESULTS 
 
Table 3 shows the distribution of cases by driver age, 
driver alcohol involvement and lighting condition. 
 

Table 3.  Composition of the Data Set for Rear-
End Collisions with Pre-Crash EDR Data from 
GM MY 2000+ vehicles (NASS/CDS 2000-2007) 

 
Variable Raw Number 

of Cases 
Weighted 

Number of 
Cases 

All 112        50,762  
   
Driver Age   
 13-19 yrs 19         4,131  
 20-64 yrs 77       36,698  
 65+ yrs 14         9,645  
 Unknown 2            288  
    
Alcohol   
 Not Drinking 100       48,779  
 Drinking 12         1,983  
    
Lighting Condition   
 Daylight 72       36,641  
 Not Daylight 40       14,121  

 
Figure 8 and Figure 9 present the distribution of 
times for first brake application and throttle release.  
On average, the drivers in our dataset first applied the 
brakes on average 1.7 seconds prior to impact.  On 
average, drivers released the throttle 2.1 seconds 
prior to impact.  For over 20% of drivers, the EDR 
contained no record of brake application prior to 
impact.  For approximately 30% of drivers, the EDR 
record did not contain any evidence that the throttle 
was released prior to impact.  
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Figure 8.  Cumulative percent of drivers applying 
brakes as a function of time to collision 

(NASS/CDS 2000-2007, GM MY 2000+ vehicles) 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

5 Seconds or 
Earlier

-4 -3 -2 -1

C
u

m
u

la
tiv

e 
%

Time of Last Throttle Release (s)
 

Figure 9.  Cumulative percent of drivers releasing 
the throttle by time to collision (NASS/CDS 2000-

2007, GM MY 2000+ vehicles) 
 
Effect of Driver Age 
 
Figure 10 presents the influence of driver age upon 
the average time of brake application for drivers who 
struck another vehicle in a rear-end collision.   
Reaction time clearly declines with driver age.  Older 
drivers 65 years and older were the slowest drivers to 
respond to an impending rear-end collision.  Teen 
drivers, despite being the least experienced drivers, 
were the quickest to apply brakes.  On average, teens 
applied the brakes 2.2 seconds prior to impact 
whereas older drivers delayed until 1 second prior to 
impact to apply the brakes. 
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Figure 10.  Average time of brake application 

prior to rear-end collision as a function of driver 
age (NASS/CDS 2000-2007) 

 
By contrast, there was little difference in the time at 
which the throttle was released between the three age 
groups as shown in Figure 11.  On average, all three 
groups of drivers released the throttle approximately 
2 seconds prior to impact.   
 
The number of drivers who took no evasive action 
varied by age group.  16% of teen drivers never 
applied the brakes whereas nearly 30% of drivers 65 
years and older did not apply the brakes.  
Approximately 30% of drivers of all age groups 
either did not release the throttle or released the 
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throttle within 1 second of impact.   Note that these 
figures are based on a small number of cases (19 teen 
drivers, 77 adult drivers, and 14 older adult drivers), 
and should be revisited when larger data sets are 
available. 
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Figure 11.  Average time of throttle release prior 
to rear-end collision as a function of driver age 

(NASS/CDS 2000-2007) 
 
As shown in Figure 12, younger drivers applied the 
brakes with greater force than did older drivers.  
Average maximum vehicle deceleration for younger 
drivers was 0.61 G, but was only 0.16 G for drivers 
65 years and older.  For purposes of comparison, 
normal braking decelerations are typically 0.20-0.25 
Gs.  It is unknown if this age difference is due to a 
overreaction by younger drivers or a lack of strength 
by older drivers.   One limitation of this calculation is 
that the EDRs in our dataset did not have the ability 
to measure deceleration in the final second preceding 
impact.  Because older drivers did not apply brakes 
until approximately one second before impact on 
average, this limitation may have led to an 
underestimate of the braking level applied by this 
category of drivers. 
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Figure 12.  Average pre-crash vehicle deceleration 

prior to rear-end collision by driver age 
(NASS/CDS 2000-2007) 

 
Effect of Driver Alcohol Involvement 
 
Figure 13 and Figure 14 show the effect of alcohol-
involvement upon driver rear-end collision avoidance 

actions.  On average, alcohol-involved drivers 
reacted substantially slower to an impending crash 
than did drivers without alcohol involvement.  
Drivers without alcohol involvement applied their 
brakes an average of 1.7 seconds prior to impact 
while drivers with alcohol involvement delayed until 
0.7 seconds prior to impact.   
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Figure 13.  Average time of brake application 

prior to rear-end collision as a function of driver 
alcohol use (NASS/CDS 2000-2007) 

 
As shown in Figure 14, drivers with alcohol 
involvement were similarly slower to respond to an 
impending collision by releasing the throttle.  Drivers 
without alcohol involvement released the throttle, on 
average, 2.2 seconds prior to impact whereas drivers 
with alcohol involvement released the throttle only 
one second prior to the collision.  36% of drivers with 
alcohol involvement did not release the throttle or 
released the throttle within 1 second of impact.  For 
drivers with alcohol involvement, 31% of drivers did 
not apply the brakes prior to the rear-end collision.   
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Figure 14.  Average time of throttle release prior 

to rear-end collision as a function of driver alcohol 
use (NASS/CDS 2000-2007) 

 
Note that these figures are based on a small number 
of cases (110 drivers without alcohol involvement 
and 12 drivers with alcohol involvement), and should 
be revisited when larger data sets are available. 
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Effect of Roadway Lighting Condition 
 

Figure 15 and Figure 16 examine how driver crash 
avoidance actions are affected by highway lighting 
conditions.  Drivers in daylight were quicker to apply 
the brakes (1.9 seconds prior to impact) than drivers 
in non-daylight conditions brakes (1 second prior to 
impact).  By contrast, there was little difference in the 
time of throttle release.  On average throttle release 
occurred approximately 2 seconds prior to collision 
regardless of lighting condition.  
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Figure 15.  Average time of brake application 
prior to rear-end collision as a function of 

highway lighting condition (NASS/CDS 2000-
2007) 
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Figure 16.  Average time of throttle release prior 

to rear-end collision as a function of highway 
lighting condition (NASS/CDS 2000-2007) 

 
The fraction of drivers who took no evasive action by 
brake application or throttle release was a strong 
function of lighting condition.  In daylight, only 13% 
of drivers failed to apply the brakes prior to impact.  
In contrast, nearly half (46%) of drivers in non-
daylight conditions did not apply the brakes before 
impact.  Likewise, almost half (43%) of drivers 
operating at night did not release the throttle or 
released the throttle within 1 second of impact, as 
compared to 27% of drivers operating in daylight.   
 
 
 

LIMITATIONS 
 
This study has a number of limitations summarized 
below: 
 
• The study was based on a limited dataset.  The 

findings of this study should be revisited when a 
larger EDR dataset is available.  Our study 
provides numeric estimates of the delays in crash 
avoidance actions caused by these factors. 
Nevertheless, the results presented here should 
be viewed primarily as the trends that will be 
observed when this method is applied to a larger 
dataset.   

• The dataset was composed exclusively of GM 
cars and light trucks.  It is not known how the 
results generalize to drivers of other vehicles. 

• The GM precrash EDR data used in this study is 
sampled at the relatively slow rate of once per 
sample.  Hence, the recorded time of driver 
actions may be delayed by up to one second.  
This limitation will be improved upon 
implementation of NHTSA Rule 563 [NHTSA, 
2008] which requires that precrash data to be 
recorded at one sample per 0.5 second. 

• In addition, the GM precrash EDR data used in 
this study is not sampled precisely at 1 second 
intervals.  In this study, we assume that the 
average of many cases will approach a 1 second 
interval between measurements. 

• There may be cross-interactions between the 
factors which control rear-end collision 
avoidance actions.  For example, alcohol 
involved drivers may preferentially drive at 
night.  Because of the small dataset, the 
magnitude of these interactions could not be 
determined. 

• The analysis of driver actions which affect driver 
reaction time to an impending rear-end collision 
did not consider road conditions which may have 
obscured the struck vehicle.  A more complete 
analysis with a larger dataset should also 
consider the effect of road curvature, glare, 
hillcrests, and other conditions which could 
obscure the road and ahead. 

• Braking deceleration levels were computed 
based on vehicle pre-crash speed.  Because the 
last speed recorded by EDRs is at one second 
prior to impact, brake deceleration level could 
not be estimated during the one second prior to 
impact.  In some cases, the braking force applied 
in the final second may have exceeded the peak 
deceleration computed earlier in the event, and 
would cause peak deceleration to be 
underestimated. 
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CONCLUSIONS 
 
This paper has investigated the feasibility of using 
EDRs to characterize the driver pre-crash behavior in 
rear-end collisions.  The study has examined the 
influence of driver age, driver alcohol involvement 
and the lighting condition of the highway the time 
required by a driver to react to an impending rear-
collision.   
 
• Time of first brake application slows with driver 

age.  The older drivers in our sample were 
slower to apply brakes than all other drivers (1 
second prior to impact).  Teen drivers were the 
quickest to apply brakes (2.2 seconds prior to 
impact).  Teen drivers also applied the brakes 
with greater force than did older drivers (0.6 G 
vs. 0.1 G’s). Driver age had little influence on 
the time that the throttle was released. 

   
• Drivers who had used alcohol were substantially 

slower to take crash avoidance actions than non-
drinkers.  Alcohol usage delayed both brake 
application and throttle release. 

 
• Brake application was slower at night than 

during daylight presumably because the vehicle 
ahead was more difficult to see.  Lighting 
conditions did not however change the time of 
throttle release. 

 
This study has shown the potential of using EDR pre-
crash records to determine how the timing of crash 
avoidance actions is affected by both driver condition 
and the state of the environment.  Although the study 
focuses exclusively on rear-end collisions, the study 
of many different collision modes could benefit from 
the use of EDR pre-crash records.   
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ABSTRACT 
 
AHOF400 estimates the average height, from the 
ground, of the interacting force between a vehicle and 
the barrier in a rigid barrier crash test. Similarly, 
KW400 estimates the “stiffness” derived from the 
force-crush relationship corresponding to a vehicle 
crashing into a ridge barrier. Both metrics are 
calculated during the first 400 mm of crush. 
Although, the formulas for calculating both 
AHOF400 and KW400 appear simple, the 
reproducibility for these two measures has not been 
determined. One area of concern is variations in 
numerical methodology, signal processing algorithms 
and/or labs can lead to different results: numerical 
issues such as, determining time zero of a signal may 
increase lab to lab variability. In addition, AHOF400 
and KW400 may not be the invariants of the system: 
they may be velocity dependent. 
 
INTRODUCTION 
 
As a part of NHTSA’s compatibility program [1-4], 
there was an attempt to measure the Average Height 
Of Force, AHOF.  The height of force was defined as 
[5-6] 
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Where, )(tFi  was the i-th load cell force and Hi  
was the height of the corresponding load cell. 
AHOF(t) was obtained by averaging the HOF(t) from 
the weighting function of total force F(t),     
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The summation of HOF to produce AHOF was 
initiated when the total force exceeded 50kN (Eq2). 
An alternative of AHOF was introduced in [7]. 
Instead of using F(t) in Eq1 and Eq2, F(d) was used 
to obtain the height of force and averaged height of 
force, where d was the displacement of a vehicle 
(vehicle crush).  The average height of force 
delivered by a vehicle in the first 400 mm of crush, 
AHOF400 was formulated as:   
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In addition to the AHOF400, the “stiffness” metric 
KW400 was used in the analysis in [7]. KW400, 
defined in [8], was   
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In the analysis presented below, Eq4 and Eq5 were 
used to calculate AHOF400 and KW400 for the16 
tests presented in the paper by Patel et. al.[7], as well 
as other  NHTSA's NCAP and FMVSS208 tests[9]. 
The objective of this study is to understand and 
investigate the reproducibility of AHOF400 and 
KW400 and to determine in a qualitative way how 
these two metrics vary as a function of signal 
processing and computation methods, usage of 
different software, and other relevant variables.  
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METHOD   
 
HOF(d), AHOF400 and KW400 defined  in Eq3 to 
Eq5 and in [7] were used in this study. The 
calculation of AHOF400 and KW400 involves 
obtaining forces and crush (displacements of the un-
deformed part of the vehicle during impact) from a 
full frontal rigid barrier impact. Crush time history 
data used in this study were obtained from the 
accelerometers on the left and right rear sills or rear 
seat brackets. Displacement (d) was obtained by 
double integrating the acceleration data starting from 
the initiation of impact (time zero). Total impact 
force was the sum of all individual load cell data 
obtained from the rigid barrier. The force was filtered 
according to SAEJ211. In some cases, in the NHTSA 
database, the force, the acceleration or both are not 
aligned with the recorded time zero and either or both 
may have to be shifted (time-shifted) to bring them 
into alignment. The Software Matlab® (product of 
The MathWorks Company) was used for most of the 
calculations.  
 
RESULTS  
 
In this section, the treatment of the available data and 
calculation of AHOF400 and KW400 using the 
methodology described above will be presented and 
discussed. 
 
Reproducibility of AHOF400 and KW400  
 
A comparison of the calculated AHOF400 and 
KW400 between the present study and Ref [7] for 16 
reported NCAP (New Car Assessment Program) tests 
from NHTSA's crash test data base is presented in 
Figures 1 and 2, and in Table 1 below.   
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Figure 1. Comparison of AHOF400  
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Figure 2. Comparison of KW400  
 
These 16 tests can be divided into two sets of 8 tests. 
The two sets are identical in the aspect that they 
consist of vehicles of the same make and model. The 
set of the first 8 tests consists of full frontal barrier 
impacts using either a 30 or a 36 load cell flat wall. 
The last 8 tests utilized the same make and model 
vehicles in impact tests using either a 132 or a 134, or 
a 128 load cell flat wall [6]. The same time-shifting 
presented in [7] was applied. The data were 
processed and the results were obtained by using 
routines developed in MATLAB®.   
 
A total of four types of load cell walls were used in 
the 16 tests. The configuration of those different 
types of walls is shown in Appendix A. In the first set 
of  8 tests, 1 through 8 in Table 1, there were two 
different types of load cell walls, as shown in Figures 
A1 and A2 ( Appendix A). The second set, 9 through 
16 in Table 1, used two types of load cell walls. One 
was a nine row barrier, with two different ground 
heights (from the ground to the bottom of the first 
row of load cells) and slightly different top row 
configuration , as shown in Figures A3 and A4 
(Appendix A). The other was an eight row barrier, as 
shown in Figure A5 (Appendix).  It should be noted 
that: the ground height and the size of the load cells 
and the heights to the top of the load cell wall for the 
four types of load cell walls are different. The  total 
heights covered by the two rows, four rows, two of 
the nine rows walls, and the eight rows are 1378mm, 
1050mm, 1205, 1255mm, and 1130mm, respectively. 
These differences result in significant differences to 
the heights of the center of individual load cells.  
 
The numbers (x-axis, 1-16) in Figures 1 and 2 are the 
corresponding numbers in Table 1. The percentage 
difference p between two numbers, a and b, in the 
Table 1 was calculated using the equation, 

        100x
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The following were observed from those results: 
• AHOF400 results of the first 8 tests differ 

from the corresponding results published in 
[7], with the range of difference from 4% to 
8%. 

• AHOF400 results from the last 8 tests differ 
from the published results [7], with the 
difference no larger than 1.4%. 

• KW400 values differ from the published 
values [7], with the range of difference from 
1% to 13%. 

 
 
 

  
Table 1 –Differences of AHOF400 and KW400  

     

Number Test No 

AHOF400 
(Ref. 7) 
(mm) 

AHOF400  
(Present 
Study) 
(mm) 

AHOF400 
difference 

 

 KW400 
(Ref. 7) 
(N/mm) 

 
KW400 
(Present 
Study) 
(N/mm) 

KW 400 
difference 
 

1 4216 436 457 5% 934 942 1% 
2 3456 412 435 5% 1265 1296 2% 
3 4936 476 494 4% 1137 1156 2% 
4 4463 443 464 5% 1448 1477 2% 
5 4472 475 493 4% 1619 1593 2% 
6 5273 450 467 4% 1456 1548 6% 
7 4485 429 466 8% 1027 1031 0% 
8 2997 470 488 4% 1172 1029 13% 
9 5712 460 460 0% 947 970 2% 

10 5710 382 382 0% 1261 1279 1% 
11 5713 463 462 0% 1124 1151 2% 
12 5144 467 472 1% 1360 1396 3% 
13 5711 511 518 1% 1472 1478 0% 
14 5714 457 457 0% 1542 1607 4% 
15 5062 508 514 1% 1027 1051 2% 
16 4990 475 479 1% 1163 1190 2% 

 
Analysis of Numerical Variation 
 
Some factors that could affect the AHOF400 and 
KW400 results are: filtering, resultant total barrier 
force calculation, integration of the acceleration data, 
the software used, time shifted, zeroing, and the load 
cell height information used. 
  
Filtering 
 
The effects of different SAE filters have been 
investigated in this study using Hypergraph® (a 
product from Altair Engineering Inc.). Two 
Hypergraph® built-in filters, SAE60 and SAE (J211) 
ISO6487 Padding CFC60 were evaluated. Figure 3 
shows that different peak values were observed even 
when the “same” SAE class 60 were used. The 
difference is about 2%. 
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Figure 3.  Comparison of Filtering 
 
In general, filtering is shown to have minimal impact 
due to the fact that only the force signal for the 
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AHOF400 and KW400 is affected by filtering and 
that the force is not directly used in the calculations. 
AHOF400 is the result of a force summation process, 
effectively integration, and KW400 is obtained from 
integration of the force and acceleration. Hence 
unfiltered and filtered signals have for all practical 
purposes the same integral values.  
 
Software 
 
It was observed that NHTSA has multiple data 
formats in the database that can be downloaded for 
use with different software. Two formats/softwares 
were used to calculate AHOF400 and KW400. The 
two softwares were Hypergraph® and Matlab®. The 
results of AHOF400 and KW400 from these two 
softwares are presented in Table 2. Comparison of 
those two sets of results indicated that there was no 
significant difference from using the two softwares. 
The maximum difference for AHOF400 is about 
2mm, which is about 0.4%. The maximum difference 
for KW400 is 5N/mm, which is about 0.5%. 
 

Table 2 – Comparison of Result from 
Matlab and Hypergraph 

 AHOF400 (mm) KW400 (N/mm) 
Test 
No. Matlab Hypergraph Matlab Hypergraph 
4216 457 457 942 941 
3456 435 434 1296 1297 
4936 494 494 1156 1153 
4463 464 464 1477 1477 
4472 493 493 1593 1592 
5273 467 468 1548 1548 
4485 466 466 1031 1028 
2997 488 488 1029 1025 
5712 460 460 970 970 
5710 382 380 1279 1283 
5713 462 463 1151 1150 
5144 472 472 1396 1394 
5711 518 518 1478 1473 
5714 457 458 1607 1606 
5062 514 514 1051 1046 
4990 479 478 1190 1185 

 

 
Influence of Signal “Zero”  
 
The influence of aligning the beginning of the 
signals, time-zero, is investigated in what follows. It 
is possible that not all of the conventions used for the 
time-shifting in Ref. [7] are consistent with what was 
used in their calculations. It was noted that if the sign 
of the shifted time is reversed for the test No. 8, 
v2997, the difference of KW400 between the two 
calculations will be as low as 0.3%, instead of 13% 
as listed in the Table 1.  
 

Figure 4 illustrates that slight alternatives in the FD 
curve as a consequence of time-shifted change the 
integration results and the corresponding KW400 
values. The differences in the KW400 could be as 
much as 13% between shifted force time-history by 
2ms and un-shifted force time-history (orange and 
blue curves in the Figure 3). 
 

 
Figure 4.  KW400 Sensitive to the Signal Shift  
 
In what follows, KW400 and AHOF400 values are 
calculated using various time-shifts of the force and 
acceleration time-histories at given intervals prior to 
the construction of the FD curves. Figures 5 to 8 and 
Tables 3 to 4 present the influence of the time shift to 
the KW400 and AHOF400. Applied time-shifts to 
acceleration and force data were from -2ms to 2 ms, 
where positive shift represents the movement of the 
signal from left to right and vice versa. Figures 5 and 
6 represent the change of KW400 and AHOF400 
versus time-shifts in force time-histories with zero 
acceleration time-shift. For other non-zero 
acceleration times-shifted, the same trends were 
observed. Figures 7 and 8 represent general trends for  
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AHOF400 vs. Force Time Shifts
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Figure 6. The Influence of Force Signal Shift to 
AHOF400 
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Figure 7. The Influence of Acceleration Signal 
Shift to KW400  
 
the change of KW400 and AHOF400 versus the time-
shifts in acceleration time-histories while the force 
time-shift was set to zero. 

AHOF400 vs. Acc Time Shifts

360

380

400

420

440

460

480

500

520

540

-2 -1 0 1 2
Acc Time Shifts (ms)

A
H

O
F

40
0

4216
3456
4936
4463
4472
5273
4485
2997
5712
5710
5713
5144
5711
5714
5062
4990

 
Figure 8. The Influence of Acceleration Signal 
Shift to AHOF400  
 
For all the 16 tests investigated, it is observed that: 
 
• Shifting force signals to the left in time (negative 

shifts) results in increased KW400 values. A shift 
to the right results in a reduction of KW400. The 
change could be as much as 10% as shown in 
Figure 13, test v5714, with 1 ms force signal 
shift. 

• Acceleration time-shifting does not influence 
KW400 as much as that from force shifts. The 
changes range from 0.6% to 2% for each 1 ms 
acceleration signal shift. 

• AHOF400 does not show any significant change 
with time-shifting in either force signal or 
acceleration signal. 
 

As an example, the KW400 and AHOF400 values 
from test v5711 are presented in Tables 3 and 4. 
Using the same equation (Eq1) as used in Table 1, the 
percentage differences in the table were calculated 
with a zero shift as the baseline. AHOF400 is found 
to be less sensitive to the time-shifting than KW400. 
The maximum change in AHOF400 is about 1.2%, 
vs. about 8.3% in KW400 for the shift range from -
2ms to 2ms.  
 

Table 3 – KW400 Versus Force and Acceleration Signal Shift 

VC5711  
Acc 
Shift     

 KW 400 2 ms 1 ms 0 ms -1 ms -2 ms 

Force Shift  2 ms -6.14% -6.63% -7.12% -7.68% -8.25% 

 1 ms -2.52% -3.06% -3.60% -4.14% -4.76% 

 
0 ms 0.91% 0.46% 

0.00% 
(1528N/mm) 

-0.46% -0.92% 

 -1 ms 4.35% 4.04% 3.66% 3.35% 3.09% 

 -2 ms 7.56% 7.37% 7.19% 7.01% 6.89% 
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Table 4 – AHOF400 Versus Force and Acceleration Signal Shift 

VC5711  
Acc 
Shift     

 
AHOF 

400 2 ms 1 ms 0 ms -1 ms -2 ms 

Force Shift  2 ms -1.16% -1.16% -0.97% -0.77% -0.58% 

 1 ms -0.77% -0.58% -0.58% -0.39% -0.19% 

 
0 ms -0.19% -0.19% 

0.00% 
(520mm) 

0.19% 0.38% 

 -1 ms 0.19% 0.38% 0.58% 0.58% 0.77% 

 -2 ms 0.77% 0.77% 0.96% 1.15% 1.15% 
 
A manual method similar to what was used in Ref. 
[7] was utilized to find “zero” in this study. This was 
done without checking the values in Ref [7] first to 
avoid bias.  Table 5 shows the time-shifts comparison 
of this study and Ref. [7]. The difference ranges from 
0 to 1.7ms, with the RMS (Root Mean Square) about 
0.8 ms. 
 
Table 5 – Time-Shifts (ms) Comparison  
Test No. This Study Ref. [7] 

4216 1.5 1.3 
3456 -0.9 -0.1 
4936 1.5 1.9 
4463 -3.1 -2.1 
4472 2.7 3.1 
5273 1 2 
4485 0.2 1.3 
2997 0 0.75 
5712 0.5 0.9 
5710 0 0.7 
5713 1 1 
5144 0 -0.15 
5711 0.3 1 
5714 0.5 1.5 
5062 -0.2 1.5 
4990 0.1 0.8 

 
Effects of Load Cell Height on AHOF400  
 
An almost constant difference of the AHOF400 
between this study and Ref. [7] was observed for the 
first 8 tests. If the AHOF400 values from this study 
are reduced by 18mm for the first 8 tests, the 
differences between the two calculations will be in 
the range of 0% to 4%, instead of 4% to 8% reported 
in Table 1. The 18mm was determined by minimizing 
the difference, in a least square sense, of the two 
calculations. One possibility is that the load cell 
height from the test report is different from what was 

used in [7]. If this is correct, then the 18mm 
difference could be explained. Otherwise, it is 
unclear what has caused the differences.    
 
An estimation of errors in AHOF400 induced 
possibly by inaccurate height information was 
performed. For a m-rowed load cell with the height of 
each load cell row Hc and the ground height of the 
load cell wall Hg, HOF from Eq3 can also be 
expressed in the following form,  

∑ −+=
m

iFi
F

Hc
HgHOF

1

)
2

1
(*       (7).                     

Where F is the total barrier force and Fi is the force 
in the i-th row. 

 
Based on Eq7, any error in the ground height, Hg, 
will be added onto the HOF, and then AHOF400 
directly. The effect of the error in a load cell height 
Hc is roughly estimated in the following example. 
Figure 9 shows the load cell force from a four row  
 

 
Figure 9. – Barrie Force from Each Load Cell 
Row in Test v4463 
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load cell wall test. If the forces distributed among the 
four load cell rows are approximately 10%, 60%, 
25%, and 5% of the total barrier force F before 30ms, 
which is typically when 400mm displacement 
occurred, respectively, then approximately, 

HcHOF Δ=Δ 8.1 .     
 
To get an estimate, it is further assumed that HcΔ is 
10% of load cell height, i.e., approximately 10% of 
250mm (which is typical for the barrier in many of 
the current test labs). Then the estimated error 
migrated from HOF to AHOF400 could be as high as 
46mm, which is about 10%. 
 
Analysis of Experimental Variation 
 
In this section, the effects from two variables on the 
AHOF400 were examined. One variable is the 
vehicle impact speed, and the other is the test to test 
variation from a pair of repeat tests. 
 
Influence of Impact Speed to AHOF400 
 
AHOF400 is a measure of the "Average height of 
force" of a vehicle. The characteristic of this metric is 
anticipated to be mainly dependent on the 
characteristics of the vehicle. A preliminary 
investigation on the influence of impact speeds to 
AHOF400 is also included in this study. AHOF400s 
for three different vehicles, at two different impact 
speeds (30 and 35 mph), were calculated and shown 
in Figure 10. The percentage differences from those 
results are 8%, 3% and less than 1% respectively, 
with the AHOF400 from 35 mph impact always equal 
to or greater then those from the 30 mph impact. In 
addition, one other speed comparison (25, 30 mph) is 
also presented with the difference being -6%. The 25 
to 30mph relationship is opposite to that of the 
35mph to 30 mph in that the AHOF400 is higher for 
the lower speed.   
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Figure 10. The Influence of Impact Speed to 
AHOF400 

The FD curves from those tests are presented in 
Figure 11. In most of the comparison of the same 
vehicle at different impact speeds, the total forces in 
the range of 0 to 400mm are significantly different, 
which suggests that the barrier forces are dependent 
on the impact speed. The energy absorbed in the first 
400 mm of displacement is presented in Table 6. In 
general, the higher the speed the greater the energy 
absorbed in the first 400 mm. The data is not entirely 
consistent with this relationship. In one test set, test 
5216 at 30 mph and test 5071 at 25 mph, the energy 
absorbed in the first 400 mm is almost the same. In 
another test set, test 5144 at 35 mph and test 5212 at 
30 mph, the energy absorbed in the first 400 mm is 
higher, about 4%, for the lower speed.  
 

 
Figure 11. Force-Displacement Curves 
 
Table 6 – Integral from FD Curve in Figure 11 

Vehicle 
Test 
No 

Velocity 
(mph) 

Integral 
kN*mm 

Toyota Camry 4871 35.5 96891.587 
Toyota Camry 5216 30 72348.884 
Toyota Camry 5071 25 71919.591 

Honda Odyssey 5144 35 110088.569 
Honda Odyssey 5212 30 114893.049 

Chevy Avalanche 5210 35 128944.091 
Chevy Avalanche   5213 30 110257.985 

 
On the other hand, the difference in the height of the 
individual load cells, the barrier used for the 25mph 
test (test 5071) in Figure 10 was a two row load cell 
wall, while for the 30 mph test (test 5216) was a four 
row load cell wall, could cause significant errors in 
AHOF400, as analyzed in the previous section. Due 
to the limited availability of load cell data additional 
analysis was not possible; therefore, from these 
results  it is unclear if there is a trend or not. If in fact 
the 25 mph impact has a “true’ AHOF400 value 
higher than that from the 30 mph impact then this 
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indicates that AHOF400 might be influenced by the 
impact speed but in a complicated way.  
 
None the less it is also possible that because of the 
small sample size this could be the effect of test 
variability and not the effect of impact speed. 
 
Effects of the Experimental Variation on 
AHOF400  
 
The effect of the test variation in barrier force 
measurement was examined qualitatively in the 
following: The force in the k-th row is assumed to 
have an increased FΔ in one of the two repeat tests. 
Using the same notation from above section, and 
Eq7, the difference in HOF between those two 
repeats will be 

∑ −
Δ+
Δ=Δ

m

ikFi
FFF

FHc
HOF

1

)(*
)(

    (9).                 

It is observed from Eq9 that, typically, if k is above 
the middle of the load cell wall, the HOF will 
increase or decrease with the increase or decrease 
of FΔ correspondingly, and vice versa. 
 
A random distribution of Fi and k were used to 
estimate the change of HOF for a four row load cell 
wall. It was found the change of HOFΔ /HOF, on 
average, is 0.3* FΔ /F, but in some cases, it could be 
as much as 1.1* FΔ /F assuming that the forces in 
both the top and the bottom rows are no larger than 
10% of the total force F.   
 
To qualitatively illustrate the effect of test variation 
on AHOF400, an example of two 30mph repeat tests 
was used. The barrier force distribution from those 
two tests, V4646 and V4714, with the AHOF400 
values 503mm and 522mm (about 4% difference) 
respectively are presented in Figure 12. The solid 
lines in the figure represent the load cell forces at 
each row, A, B, C, and D (which is corresponding to 
1,2,3, and 4 in the notation above) for test V4646, 
and the dashed lines are for test V4717. While the 
forces in the third and the fourth rows are similar for 
the two tests, the forces in first and second rows from 
test V4646 are greater than those from test V4714.  
 
The difference in row 2 (row B) is about 12% of total 
force, and 5% in row 1 (row A), on an average sense 
as shown in Figure 13. A difference in HOF and 
possible AHOF400 between those two repeat tests is 
estimated to be around 5% by assuming 

HOFΔ /HOF is abut 0.3* FΔ /F for this case.  

 
Figure 12. Overlay of Barrie Force from Each 
Load Cell Row  

    

 
Figure 13. Differences in Barrie Force  
 
DISCUSSION 
 
In many of the tests in the NHTSA database the 
defined time zero does not coincide with the force 
and/or acceleration time zero, rather, they can be 
different by as much as 4ms. Therefore, for both 
force and acceleration signals, a “true” time zero is 
needed that can be used in the calculations. This is 
important because KW400 is found to vary 
significantly with the determination of time zero 
(time-shift), which is consistent with [7].  
 
In both this study and in [7] time-zero was obtained 
subjectively. Comparisons of this study and [7] 
indicate that KW400 could differ by as much as 20% 
because of subjective determination of time-zero. For 
the purposes of reproducibility, it will be desirable to 
obtain the “true” signal zero by an objective method. 
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Typically, in a given signal, there is a certain level of 
noise before time-zero of the transducer time history. 
This may limit the ability to determine the “true” 
time-zero. Consequently, improvements in signal to 
noise ratio of the force time histories of the barrier 
load cells may be needed before accurate KW400 
estimation can be made. On the other hand, the 
“noise” in the test signals may be due to the 
disturbance of the impact that produces a signal that 
may not lend itself to objective determination.  
 
It is unclear why there is a need for the perceived re-
determining time-zero. One possible reason for re-
definition of zeros could be that the contact switch 
did not work correctly. However, at the initiation of 
impact, the force and deflection may not start at the 
same time: re-determining time-zero should not be 
done. Neither of these can be easily justified.     
 
Another observation from this preliminary study is 
that AHOF400 may vary with impact speeds for 
some vehicles. The hypothesis is that the body 
materials may be rate sensitive or the number of 
structural components engaged during the impact 
varies as the crash progresses and interact differently. 
Therefore, the “damping” characteristic of the vehicle 
structure is different which will result in a different 
load distribution pattern. Detailed analysis on how 
vehicle structure changes at different impact speed is 
beyond this study. If AHOF400 changes with impact 
speeds, it would be interesting to know whether this 
has any real world significance.  
 
CONCLUSIONS 
 
This is a limited study on the analysis of possible 
sources to impediments of reproducibility of 
AHOF400 and KW400. The results indicate that the 
determination of the starting time of the signals (time 
zero) for the different transducers could affect 
KW400 values significantly. For some vehicles, it 
seems that AHOF400 is dependent on impact speed. 
In addition, some differences observed in AHOF400s 
could be attributed to inconsistent reporting of barrier 
information, or experimental variations. 
 
In this study no effort has been made to determine the 
utility of AHOF400 and KW400, they may only be a 
scientific curiosity. None the less, regardless of their 
utility more research would be needed if it becomes 
necessary to understand the reproducibility of 
AHOF400 and KW400. 
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APPENDIX A 
 
Load Cell Wall Configurations 
This Appendix details the configurations of load cells 
on the rigid wall barriers which were used for the 
vehicle impact tests. The calculation of the AHOF400 
in this study was based on the heights shown in the 
Figures below. 
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1. Two Row Load Cell Wall. 
 
The configuration of a rigid barrier containing 
two rows of load cell is shown in Figure A1. 
There are 2*3 (total of 6) channels of data 
available in the database for the tests conducted 
with this type of load cell configuration. The 
heights measured from the ground for the center 
of the load cells are 365.5mm for the lower row 
and 969mm for the upper row, which were used 
in this calculation for tests 3456 and 4485.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. Configuration of the Two Row Load 
Cell Wall (From the Report for test 4485 [9]). 
 

2. Four Row Load Cell Wall 
 
The configuration of a rigid barrier containing 
four rows of load cell is shown in Figure A2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A2. Configuration of the Two Row Load 
Cell Wall(From the Report for test 4216 [9]). 

 
 

There are 4*9 (total of 36) channels of data available 
for the tests conducted with this type of load cell 
configuration. The heights for the center of the load 
cells used in this calculation are 189, 435, 681, and 
927mm for the rows 1 through 4 (lowest to the 
highest) respectively.  These heights were used for  
tests 4216, 4936, 4463, 4472, 5273, and 2997.  
 
3.  Nine Row Load Cell Wall - 1 

 
The configuration of a rigid barrier containing nine 
rows of load cells is shown in Figure A3. There are 
8*16+4 (total of 132) channels of data available for 
the tests conducted with this type of load cell 
configuration. The heights for the center of the load 
cells used in this calculation are shown on the right 
side of the Figure A3.  These heights were used for  
tests 5712, 5710, 5713, 5711, and 5714. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure A3. Configuration of the Nine Row 
 Load Cell Wall - 1(From the Report for test 5710 
[9]). 
 
4.    Nine Row Load Cell Wall - 2 

 
The configuration of the other rigid barrier containing 
nine rows of load cells is shown in Figure A4. There 
are 8*16+6 (total of 134) channels of data available 
for the tests conducted with this type of load cell 
configuration. The heights for the center of the load 
cells used in this calculation are shown on the right 
side of the Figure A4.  These heights were used for  
tests 5144, and 5062. 

 
 
 

 
 

132 Load Cell Rigid Barrier 
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134 Load Cell Rigid Barrier 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A4. Configuration of the Nine 

                   Row Load Cell Wall - 2(From the Report  
                   for test 5144 [9]). 

 
 
5.    Eight Row Load Cell Wall  

 
The configuration of the other rigid barrier containing 
 eight  rows of load cells is shown in Figure A5. There  
are 8*16(total of 128) channels of data available  
for the tests conducted with this type of load cell configuration.  
The heights for the center of the load cells used in this  
calculation are shown on the right side of the Figure A5.  
These heights were used for test 4990. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5. Configuration of the Eight 

                   Row Load Cell Wall(From the Report  
                   for test 4990 [9]). 

128 Load Cell Rigid 
B i
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ABSTRACT 

 

A major problem of the predominantly flat fronts of 

trucks used in Europe with respect to accidents 

involving vulnerable road users are the kinematics 

of the vulnerable road user after the impact. 

Contrary to car versus vulnerable road user 

accidents the flat truck front pushes the vulnerable 

road user to the road rather than lifting him. This 

effect causes a high risk of a run over. 

 

The main idea of the presented safety device is to 

change the flat front to a tapered shape deflecting 

the vulnerable road user sideways by using the 

impact impulse. The achieved deflection reduces 

the risk of a run over. The tapered truck front has 

been designed and analysed within the EC funded 

APROSYS integrated project. 

 

For a principal investigation the tapered shape is 

realised by an add-on structure mountable to the 

front of a reference truck. Hence, a direct 

comparison of the flat and the tapered shape is 

possible. Regarding a practically relevant 

application of this safety concept with respect to 

technical and economical feasibility the tapered 

shape has to be implemented directly in the cabin 

design. During the development phase of the new 

front structure a large number of design versions 

are generated and assessed. The resulting final 

principal shape is compared to the basis truck in 

various numerical simulations with different 

accident scenarios, pedestrian models and 

parameter settings. 

 

Due to these results it can be concluded that a 

convex truck front significantly reduces the risk of 

a run over. It is most effective in accidents with 

higher speed (> 20 km/h) and the additional 

deformation space allows to reduce the contact 

forces at the primary impact. In this regard it has to 

be discussed whether the implementation of passive 

safety devices in trucks should implicate a revision 

of the vehicle length regulation. 

 

INTRODUCTION 

 

Statistics indicate that more than 1400 vulnerable 

road users in the current EU member states lose 

their lives every year due to accidents with heavy 

vehicles. This number is much larger in the Eastern 

Europe countries. A major problem of the 

predominantly flat fronts of trucks used in Europe 

with respect to accidents involving vulnerable road 

users are the kinematics of the vulnerable road user 

after the impact. The flat truck front pushes the 

vulnerable road user to the road, which causes a 

high risk of a run over. Car versus vulnerable road 

user accidents show a different characteristic. The 

primary contact is followed by a flight phase, in 

which the vulnerable road user is moved away from 

the car before the secondary impact and the sliding 

phase occur. A further contact to the car, the so 

called tertiary impact, is compared to accidents 

with trucks quite seldom. 

 

Currently there are no existing pedestrian safety 

requirements for trucks. The main idea of the safety 

device described within this paper is to change the 

flat front to a tapered shape deflecting the 

vulnerable road user sideways by using the impact 

impulse. The achieved deflection reduces the risk 

of a run over and the additional deformation space 

allows to decrease the contact forces at primary 

impact. Due to the shape of the optimised truck 

front, there is not only a benefit in scenarios, where 

the truck is driving straightforward but also in 

cornering scenarios. The tapered truck front has 

been designed and analysed within the EC funded 

APROSYS integrated project [1]. 

 

To ensure a direct comparison of the flat and the 

tapered shape, it is realised by an add-on structure 

mountable to the front of a reference truck. The 

reference truck is a MAN LE. Regarding a 

practically relevant application of this safety 
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concept with respect to technical and economical 

feasibility the tapered shape has to be implemented 

directly in the cabin design. However, the results of 

the add-on device give sufficient implications on 

the benefits and difficulties to be expected for a 

tapered truck front in accidents between a truck and 

a vulnerable road user. 

 

DEVELOPMENT OF A DEFLECTING 

FRONT SHAPE 
 

The first step on the way to a final design is to 

determine the most appropriate general design. 

 

Front geometry versions 
 

In total the number of front geometry versions 

developed and assessed amounts to 90. The differ-

ences between the single versions are often only 

marginal. This approach is reasonable to examine 

the effect of a specific geometry or to improve 

positive effects. However some versions show 

exaggerated shapes. These versions are meant to 

provide information about the accident kinematics 

but are not practical for an actual application. An 

overview of the different development stages is 

given by the 12 examples shown in Figure 1. 

 

 

Figure 1.  Examples of the 90 front geometry 

concepts. 

 

Regarding the current regulations a practical front 

structure solution should be as flat and even as 

possible. Versions 3, 7 and 8 fulfil these require-

ments but do not provide a sufficient deflection of 

the pedestrian. Version 15 shows a highly 

improved deflection effect. The front structure of 

the versions 3, 7 and 15 is rather steep, which leads 

to a straight and direct impact of the pedestrian. An 

effect that throws the pedestrian slightly upwards 

can be achieved with the versions 25 and 27, which 

show a more shallow shape. 

Examples of front structures bending sharp to the 

centre of the front are the versions 28 and 32. The 

aim of these versions is to deflect the pedestrian 

even from a centre position sufficiently to the side. 

Unfortunately, these solutions have not shown the 

expected effect. In addition they are critical 

because of the disadvantageous primary impact on 

the sharp and stiff edge formed by the centreline, 

which might cause severe injuries of the pedestrian. 

The idea of design concept 34 is a primary contact 

of the arms and torso of the pedestrian instead of 

the lower extremities. Due to its bad test results this 

design is not regarded in further concepts. 

 

To achieve the effect of throwing the pedestrian up 

but having a short front version 41 has been design-

ed with a forward reaching plateau at the lower end 

of the nose. In contrast to this, version 42 shows the 

maximum geometrical design space regarded 

within the study. As of a certain length further 

improvements can not be achieved by extending the 

nose. Version 47 is an optimisation of version 41 

and forms the basis for the remaining 43 versions, 

where the design is further optimised. This concept 

can be seen as the summary of all experience 

gained in the previous designs. The dominant con-

cept idea is the surrounding plateau at the bottom. 

In addition to the effect of throwing the pedestrian 

up the plateau improves the compatibility to cars. 

 

Assessment of the front geometries 

 

During the development of the different designs the 

versions have to be assessed regarding their impact 

kinematics. Due to the large number of different 

versions this can only be done by a reduced number 

of accident scenarios. 

 

The assessment of the different versions comprises 

six tests, but for most of the versions less tests are 

conducted if they do not show appropriate results. 

The complete scope includes three crash-scenarios 

in a forward-driving and three crash-scenarios in a 

right-cornering situation. The simulations for the 

determination of the general shape are carried out 

with a 50 % male pedestrian model only. Later on 

for the assessment of the final design more sce-

narios and pedestrian models will be considered. 

The assessment only assesses the crash kinematics 

and the position of the pedestrian after the impact. 

In this context the two terms run over and roll over 

are used. Both cases are critical since the pedestrian 

gets underneath the truck, whereas roll over implies 

a contact of the pedestrian to the tyres. 

 

     Determination of the best front geometry - 

Regarding the different front geometries the cur-

vature of the plateau along the width of the truck 

front has an important influence. After all, a curved 

platform shows better results because of the 

stronger side deflection of the pedestrian. Addition-

ally, a steeper design of the plateau has a positive 
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effect on the impact kinematics. A slight tapering 

of the outer edges of the plateau has advantages in 

the right-cornering scenarios when the impact 

occurs at the corner of the truck front. Front 

geometry 84 offers all these positive effects 

(Figure 2). 

 

 
 

Figure 2.  Front geometry 84. 

 

The kinematics of the pedestrian model can be seen 

in Figure 3. Shortly after the primary impact the 

pedestrian model looses contact to the ground and 

turns away from the truck. When touching the 

ground the right leg is already beside the plateau. 

The rest of the body is deflected to the side. During 

the secondary contact the pedestrian model rolls to 

the side and rests at a sufficient clearance to the 

truck wheels. 

 
t = 0,25 s t = 0,50 s t = 0,75 s

t = 1,00 s t = 1,25 s t = 1,50 s

t = 0,25 s t = 0,50 s t = 0,75 s

t = 1,00 s t = 1,25 s t = 1,50 s

 
 

Figure 3.  Deflection of the pedestrian in a right-

cornering scenario (Version 84). 

 

For the simulation of the run over tests the multi-

body simulation software MADYMO (mathe-

matical dynamic modelling) is used. 

 

ASSESSMENT OF THE FINAL DESIGN 

 

For the definition of a run over test procedure the 

knowledge of typical accident constellations is 

necessary. This includes the knowledge of the 

predominant scenarios as well as the knowledge of 

the most frequent locations of the primary contact 

in accidents between trucks and vulnerable road 

users (VRU). Accident scenarios and assessment 

parameters can be deduced from those results to 

cover a broad spectrum of real world accidents. 

 

Accident analysis 

 

In countries of the European Union about 1400 

pedestrians (year 2006) and cyclists lost their lives 

after an accident with a truck. Accident experts 

expect a possible decrease of about 30 % through 

new design concepts, test methods and develop-

ment guidelines. The injury severity of a VRU is 

depending on different aspects. The collision speed 

plays an important role beside the geometry of the 

vehicle front and the position during the primary 

impact. But also age and height of the pedestrian 

are relevant. At last, the secondary impact has an 

influence on the severity of the injury. 

 

The results of a previous APROSYS study [2] 

showed that accidents with pedestrians are more 

crucial than accidents with cyclists. Especially the 

danger of a fatal accident by being rolled over is 

higher. In the APROSYS study 26 truck-pedestrian 

accidents from the GIDAS (German In-Depth Data 

Analysis Study) data base and 30 cases of DEKRA 

have been regarded amongst further in-depth 

studies. In 94 % of the cases the truck was driving 

straight-forward. For inner city areas the scenario 

of a right cornering truck is relevant as well with a 

rate of 6 %. Accidents with left-cornering trucks do 

not occur in the studies. The in-depth data show 

three characteristic situations for accidents between 

trucks and pedestrians (Figure 4). 

 

A

B

A B

A
B

1 2 3

A

B

A B

A
B

1 2 3
 

 

Figure 4.  Characteristic situations of truck-

pedestrian accidents. [2] 

 

In the first situation a pedestrian tries to cross the 

road and approaches from the right side. In the 

second situation the pedestrian walks in or against 

the driving direction of the truck. Right cornering is 

the third characteristic situation for an accident. 

Situations 1 and 3 are typical inner city accident 

situations whereas situation 2 is more common on 

non-urban roads. 

 

Regarding the straightforward driving direction of 

the truck (situation 1 and 2) it is obvious that most 

impacts occur at the front, whereas the right corner 

is involved most frequently. The area behind the 

front axle is not very relevant (only 10 %). 
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The front right corner of the drivers cabin is also 

the predominant impact area in situation 3. This 

scenario is crucial because the affected section is 

hardly visible or even not visible at all from the 

drivers seat. As a result the accident partners are 

rolled over in many of these cases. However the hit 

pedestrian gets not necessarily underneath the truck 

in place of the primary impact. Depending on the 

impact constellation the pedestrian is run over at a 

subsequent location. 81 % are run over before the 

right front wheel, 62 % of those are actually rolled 

over by the front or the rear wheels during the tur-

ning process. In contrast to the right side the left 

side is less relevant. Only 10 % of VRU’s impact 

here and reach under the truck. The results of the 

accident analysis are used as a basis for the assess-

ment of the optimised front design. [3] 

 

Accident scenarios 

 

Within the APROSYS project the straightforward 

driving truck turned out to be the predominant 

accident scenario. Beside this, also the right-

cornering situation is relevant. Both situations are 

regarded for the assessment of the final design. The 

straightforward driving scenario is comparable to 

the first situation in Figure 4 with a pedestrian 

approaching from the right side of the street. The 

pedestrian model is placed sideways in a walking 

position in front of the truck. The right-cornering 

scenario is defined according to situation 3 in 

Figure 4 but differs in an important aspect. Here the 

pedestrian model is hit at the entrance of the curve 

and not at its end as it is shown in the picture. 

Correspondingly, the pedestrian model is placed in 

a walking position sideways directly in front of the 

truck. Because of the curve radius the truck moves 

also in lateral direction towards the pedestrian. 

Thereby the position of the pedestrian moves, 

relatively to the truck, to the front centre. As a 

result the cornering counteracts a deflection to the 

right side of the street. This effect has to be 

compensated additionally (worst case). Both 

driving scenarios are displayed in Figure 5. 

 

7 m

7 m

Straightforward driving Cornering

7 m

7 m

Straightforward driving Cornering

 
 

Figure 5.  Movement of the truck model. 
 

Another important aspect for the definition of the 

cornering scenario is the curve radius. The used 

radius of 7 m is deduced from the turning circle of 

the MAN LE 2000, which is 14 m in diameter. 

DEKRA determined radii of 10 to 15 m, but there 

are also smaller radii of about 6 m, therefore the 

chosen 7 m radius represents a good estimation and 

represents the more critical constellation with 

respect to side deflection. 

 

     Pedestrian models - MADYMO offers a full 

body pedestrian model. The model is available in 

five different body heights reaching from a three 

year old child to the 95 % male model. The three 

year old child model is not regarded in the tests, 

due to the low protection potential in an accident 

with a truck. The included models are shown in 

Figure 6. 

6y-child
1,17 m

23,0 kg

5%-female
1,53 m

49,77 kg

50%-male
1,74 m

75,7 kg

95%-male
1,91 m

101,1 kg

6y-child
1,17 m

23,0 kg

5%-female
1,53 m

49,77 kg

50%-male
1,74 m

75,7 kg

95%-male
1,91 m

101,1 kg  
 

Figure 6.  Regarded full body pedestrian models 

from MADYMO. [4] 

 

The kinematics of the pedestrian models were 

precisely determined. The legs are able to break at 

the tibia and the femur. Thereby the impact kine-

matics can be described more exactly. For the 

analysis in the tests measuring points record the 

accelerations, forces and moments. Predictions 

concerning impact kinematics and the behaviour of 

throwing the pedestrian up are feasible. Head 

impact speeds are simulated with a good tendency. 

Head movements, impact angles and impact points 

can be simulated accurately. Precise predictions of 

injuries are not possible. Adequate predictions can 

be deduced from the measured accelerations. 

 

In addition to the kinematics of the human models 

also the head impact speeds at the primary and 

secondary impact are regarded within the assess-

ment of the final design. The head impact point of 

the primary contact is determined to identify the 

influence of the different body heights. 

 

     Collision speed - An essential factor during a 

crash is the collision speed of both opponents. This 

speed has to be chosen appropriate to deliver 

realistic results. Since both regarded accident 

scenarios occur in urban areas the speed range is 
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limited. For the straightforward driving scenario a 

truck speed of 40 km/h is chosen, which is about 

20 % lower than the inner city speed limit and 

covers a wide field of possible accidents. This 

speed corresponds to the speed in several full-scale 

and component tests. 

 

The truck speed in the right cornering scenario is 

inevitable lower. 87 % of the trucks collide in a 

right-cornering situation with a speed of only up to 

20 km/h, whereas the speed range in most of the 

accidents analysed by DEKRA reaches from 11 t o 

15 km/h. Regarding the side deflection behaviour a 

higher speed would reduce the demands for the side 

deflection as it would contribute to the impulse 

given by the shape. Therefore a collision speed of 

14,4 km/h (4 m/s) is chosen in the right cornering 

scenario. Together with the narrow turning circle 

this scenario sets high demands for the new front 

structure. 

 

Analyses reveal that the pedestrian is in movement 

prior to the crash. But within the run over assess-

ment the pedestrian model has no initial speed, 

which correlates with the common procedure. This 

approach is acceptable as the pedestrian model is 

set up directly in front of the truck and due to the 

low kinetic energy of a walking pedestrian. 

 

     Positioning of legs and arms - The positioning 

of the legs and arms has an important influence on 

the accident kinematics. Two different postures are 

simulated to consider this effect. In position 1 the 

left leg and the right arm are moved forward 

(walking position). Position 2 is set contrary. The 

two postures are shown in Figure 7. 

 

Position 1 Position 2Position 1 Position 2  
 
Figure 7.  Positioning of the pedestrian model. 

 

     Collision angles - Besides the angles of arms 

and legs the orientation of the human model in rela-

tion to the truck defines the pedestrian positioning 

and the resulting collision angle. Extensive in-

depth analyses of car-pedestrian accidents revealed 

that in more than 90 % of the accidents the pedes-

trian crossed the street and was hit laterally. In 

more than 80 % of these cases the pedestrian was 

caught in a 3-o’clock or 9-o’clock position by the 

vehicle front. As the accident analysis records the 

hit angle with an accuracy of 15°, two different 

orientations are used for the assessment of the final 

design. In addition to the 90° orientation of the 

pedestrian model an angle of 75° is regarded. Both 

collision constellations are shown in Figure 8. 

 

90° positioning to truck front 75° positioning to truck front90° positioning to truck front 75° positioning to truck front  
 

Figure 8.  Impact constellations. 
 

     Lateral positioning of the pedestrian model - 

Three different lateral positions of the pedestrian 

model in front of the truck are defined for each 

scenario. The classification in right and left front 

side is carried out in driving direction. 

 

In the straightforward driving scenario the pedes-

trian is positioned 50 cm left and right of the trucks 

longitudinal axis. That matches with the respective 

middle of each front half of the truck. The third 

position addresses the centre of the truck with an 

offset of 15 cm to the right of the longitudinal axis. 

This offset is necessary, because with respect to a 

side deflection an exactly centred position repre-

sents an instable and undefined situation. By the 

offset the direction of the deflection is predeter-

mined. Furthermore an exactly centred impact is 

very improbable. The simulation of a corner impact 

is not necessary for the straightforward driving 

scenario, because a sufficient deflection can be 

taken for granted when the pedestrian isn’t run over 

in the first two positions. This has been proven by 

several simulations. 

 

The focus in the cornering scenario lies on the right 

front edge of the truck, which represents the pre-

dominant impact area for this scenario. For this 

reason the pedestrian is positioned in a distance of 

80 cm and 100 cm from the trucks longitudinal 

axis. Since the truck is turning right a wheel angle 

of 25° is defined. The left side is not as critical as 

the right side in this scenario, because here the 

truck moves away from the pedestrian. This effect 

supports the movement out of the critical area. 

Therefore a position closer to the centre of the truck 

front is chosen. Corresponding to the value of the 

straightforward driving scenario the pedestrian is 

positioned at a distance of 50 cm from the trucks 

longitudinal axis. All positions are displayed in 

Figure 9 by vertical lines. 
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50 15 50 5080100

Pedestrian positions

straightforward [cm]

Pedestrian positions

right cornering [cm]

50 15 50 5080100

Pedestrian positions

straightforward [cm]

Pedestrian positions

right cornering [cm]  
 

Figure 9.  Positions of the pedestrian model 

relative to the longitudinal axis. 

 

     Simulation matrix – The shape of the opti-

mised front has been mainly designed for the 50 % 

male. The entire assessment described above covers 

necessarily a much broader spectrum of tests. All 

tests are also carried out with the basis truck front 

as a reference. Altogether the parameters defined 

lead to 192 simulations. The associated simulation 

matrix is shown in Table 1. 

 

Table 1. 

Simulation matrix for the assessment of the final 

design 
 

Parameters Test scope Factor 

Crash 

scenarios 

Straightforward driving 

and cornering 
2 

Pedestrian 

models 

6 y. child, 5 % female, 

50 % and 95 % male 
4 

Collision 

speed 

One collision speed per 

crash scenario 
1 

Positioning of 

arms and legs 

Two postures per 

pedestrian 
2 

Collision angle Two constellations 2 

Pedestrian 

positions 

Three positions per 

crash scenario 
3 

Truck models 
Basic and optimised 

version 
2 

Total amount of simulations 192 

 

For the comparison of the improved truck front to 

the basic design the kinematics, the head speeds 

and the impact points of the pedestrian models are 

regarded. Variations of several simulation para-

meters complete the assessment. 

 

Results of the basis model 
 

The steep front shape of the basis model is repre-

sentative for existing truck designs in Europe. Only 

the slight forward reaching front bumper of the 

MAN LE 2000 is a non-typical feature but is posi-

tive for the loads at the primary contact. Neverthe-

less the steep front shape causes disadvantageous 

kinematics with the pedestrian rotating to the street. 

     Accident kinematics - In all scenarios the 

pedestrian model is thrown straight in front of the 

truck after the impact and is rolled or run over. 

Severe injuries are expected in 80 of 96 cases 

(83,3 %). Only in the 16 cases of the right 

cornering scenario, where the pedestrian model is 

positioned on the left side, the results are not as 

crucial. Here the truck moves away from the 

pedestrian after the impact. In these cases the 

essential parts of the body remain in a sufficient 

distance to the front wheels but still the lower limbs 

are rolled over. Table 2 gives an overview of the 

crash characteristics of the basis model. 

 

Table 2. 

Overview of the crash characteristics of the 

basis model for 6 year old child (Ch), 5 % 

female, 50 % male and 95 % male 

 

Scenario Position Ang Ch 5% 50% 95% 

75°     Pos 

1 90°     

75°     

15 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

50 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Straight- 

forward 

driving 

50 cm 

left Pos 

2 90°     

75°     Pos 

1 90°     

75°     

100 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

80 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Right 

cornering 

50 cm 

left Pos 

2 90°     

 

Roll over of 

outer limbs 

without life 

threatening 

injuries 

 

Run or roll over 

of essential body 

regions 

 

Fields marked in orange highlight situations where 

essential body regions of the pedestrian model are 

run or rolled over. Both effects have to be avoided 

in respect of an improved pedestrian safety. Only a 

rolling over of arms and lower legs can be allowed 

without risking life-threatening injuries. These 

cases are marked in green. 
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Despite the missing contact to the wheels a run 

over implicates a great danger for the pedestrian 

and is almost as critical as a roll over. Therefore 

roll and run over of a pedestrian model are rated 

equally. Besides a roll over can only be determined 

for the front axle with the available model. Further 

axles are not regarded and the roll over of pedes-

trians by the rear axles can not be detected. 

 

Figure 10 shows an example of a run over situation 

in the straightforward driving scenario. The 

sequence shows the 5 % female at a collision angle 

of 75° positioned 50 cm right from the front centre. 

Arms and legs are in position 1. As a result of the 

steep front it cannot be avoided that the pedestrian 

reaches under the truck. In the sequence the model 

is only run over but in 11 of the 16 cases within this 

scenario the pedestrian model is actually rolled 

over. Five of these cases are highly crucial as 

essential body regions are rolled over. 

 
t = 0,02 s t = 0,18 s t = 0,36 s

t = 0,54 s t = 0,72 s t = 0,90 s

t = 0,02 s t = 0,18 s t = 0,36 s

t = 0,54 s t = 0,72 s t = 0,90 s

 
 

Figure 10.  Kinematics of the 5 % female in the 

straightforward driving scenario. 

 

In the right cornering scenario all cases with an 

impact at the right truck side result in a run or roll 

over situation. Figure 11 shows an according crash 

with a six year old child model. 

 
t = 0,04 s t = 0,15 s t = 0,30 s

t = 0,45 s t = 0,60 s t = 0,75 s

t = 0,04 s t = 0,15 s t = 0,30 s

t = 0,45 s t = 0,60 s t = 0,75 s

t = 0,04 s t = 0,15 s t = 0,30 s

t = 0,45 s t = 0,60 s t = 0,75 s

 
 

Figure 11.  Kinematics of the six year old child 

in the cornering scenario. 

     Head impact areas - Body height and collision 

constellation affect the head impact area. Due to the 

fact, that the pedestrian models are positioned 

directly in front of the truck the head impact points 

are nearly identical to the initial head position. In 

four cases of the six year old child, a second impact 

of the head occurs. This happens in the cornering 

scenario when the model is hit by the edge of the 

truck. The head strikes the bumper while the model 

is falling down. 

 

The head impact areas can be seen in Figure 12 

divided into straightforward driving and cornering 

scenario. On the left side impact areas of the six 

year old child and the 5 % female are illustrated. 

The right side shows the impact areas of the male 

pedestrian models. Each mark represents one of the 

defined scenarios and comprises all impact points 

of the corresponding model within this scenario. A 

missing mark indicates, that a head impact has not 

been detected in all of the four belonging cases. 

 

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male  
 

Figure 12.  Head impact areas. 

 

     Summary - The pedestrian safety potential of 

the basis structure can be estimated as very poor. 

All crash situations lead to run or roll over events. 

The flat front design pushes the pedestrians straight 

in front of the truck. Regarding pedestrian pro-

tection, this is a big disadvantage of today’s truck 

front designs. Measurements, like rounding the 

edges, that decrease the severity of injuries at the 

primary impact are not sufficient as long as there is 

such a high risk for the pedestrian of getting under 

the truck. 

 

The head impact speeds of the primary impact can 

be regarded as relatively good, except for the six 

year old child. In many cases there is even no 
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contact of the head with the front due to the straight 

impact of the pedestrian model. The simulations 

reveal high head impact speeds during the secon-

dary impact. The burden on the head is signifi-

cantly higher compared to the primary impact. In 

this context it is interesting to what extent the 

deflection effect of the optimised front shape will 

influence the speed level of the secondary impact. 

 

Results of the optimised model 

 

The optimised front leads to completely different 

kinematics compared to the basis truck. Due to the 

effect of throwing the pedestrian model up with the 

resulting rotary motion towards the truck a head 

contact to the front is very probable. So it can be 

expected that compared to the basis model there 

will be less cases without a head contact. As before 

the roll over of non essential body parts like feet, 

lower legs and arms are regarded as non critical. 

Nevertheless, the predominant aim of the new front 

structure is the entire prevention of run and roll 

over situations. 

 

     Accident kinematics – Only 16 cases of the 

basis model fulfil the requirements for a non 

critical assessment. The optimised model reveals a 

highly improved behaviour with 84 cases rated 

uncritical (87,5 %). So in most cases fatal injuries 

resulting from a run or roll over of the pedestrian 

can be avoided. Regarding the 12 cases with fatal 

injuries the 95 % male model is affected six times, 

the six year old child is involved four times and the 

5 % female two times. The right cornering scenario 

with a position of the pedestrian model 80 cm right 

from the longitudinal axis shows the highest 

number of critical cases. Table 3 gives an overview 

of the simulation results of the optimised front. 

The results for the 50 % male model are particu-

larly good, because the front geometry has been 

designed for it. 

 

Out of the three situations of the straightforward 

driving scenario the impact of the pedestrian model 

next to the front centre is the most challenging 

constellation for the new structure. In this situation 

a maximum deflection of the pedestrian is required. 

Four critical cases occur, where the deflection is 

not sufficient. A roll over of essential body parts is 

identified for the six year old child in both 

constellations with arms and legs in position 2. Due 

to the low impact point of the child model the 

plateau geometry is here mainly responsible for the 

kinematics. Near to the front centre the plateau 

shows only a slight curvature. Thus a strong 

deflection impulse cannot be generated for the child 

model, although its low weight has a positive 

influence. A negative effect of posture 2 can also 

be detected for the other pedestrian models. 

 

Table 3. 

Overview of the crash characteristics of the 

optimised model for 6 year old child (Ch), 5 % 

female, 50 % male and 95 % male 

 

Scenario Position Ang Ch 5% 50% 95% 

75°     Pos 

1 90°     

75°     

15 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

50 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Straight-

forward 

driving 

50 cm 

left Pos 

2 90°     

75°     Pos 

1 90°     

75°     

100 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

80 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Right 

cornering 

50 cm 

left Pos 

2 90°     

 

No run or roll over / 

Roll over of outer limbs 

without life threatening 

injuries 

 

Run or roll over 

of essential body 

regions 

 

Figure 13 shows an example of a prevented run 

over situation in the straightforward driving 

scenario. The sequence shows the 95 % male model 

in posture 1 with an impact angle of 90°. 

 
t = 0,07 s t = 0,22 s t = 0,44 s

t = 0,66 s t = 0,88 s t = 1,10 s

t = 0,07 s t = 0,22 s t = 0,44 s

t = 0,66 s t = 0,88 s t = 1,10 s

 
 

Figure 13.  Kinematics of the 95 % male in the 

straightforward driving scenario. 



__________________________________________________________________________________________ 

Hamacher 9 

Although the impact occurs next to the centre of the 

truck front and despite the height and weight of the 

95 % male the model is deflected far enough to the 

side. This is a good example for the potential of the 

tapered front structure. With only four critical cases 

in 48 situations of the straightforward driving 

scenario its effectiveness can be regarded as good 

in comparison to the basis model showing a run or 

roll over of vital body parts in all constellations. 
 

In Figure 14 an example of the right cornering 

scenario is displayed. It shows the kinematics of 

the six year old child model with arms and legs in 

position 2 and a collision angle of 90°. In the 

illustrated position at 100 cm right to the centre of 

the truck front only one case is critical. The torso of 

the 95 % male dummy is rolled over due to a disad-

vantageous drop behaviour caused by a broken 

shinbone. In all other cases the kinematics are 

good. 

 
t = 0,10 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

t = 0,10 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

 
 

Figure 14.  Kinematics of the 6 year old child in 

the cornering scenario. 
 

In the second constellation (position 80 cm to the 

right) of the cornering scenario it becomes apparent 

that the design is optimised for the 50 % male 

model. The 50 % male dummy is sufficiently 

deflected to the side in all cases while the 95 % 

male dummy is rolled over after fractures of the 

shinbone. The 5 % female shows one critical 

situation. The kinematics of the six year old child 

depend on the collision angle. Both situations with 

a collision angle of 75° show good kinematics 

without a roll over of body parts. However under a 

collision angle of 90° the torso is rolled over. The 

kinematics of the 50 % male for a collision angle of 

75° and with arms and legs in position 1 are shown 

in Figure 15. 

 

No roll over is identified in the third crash 

constellation of the cornering scenario with the 

impact on the left front side. This scenario is not as 

critical as the other scenarios. The basis model has 

no critical cases in this scenario as well. Never-

theless, the pedestrian safety is improved. In the 

basis model the lower extremities are rolled over. 

This can be avoided with the improved front 

structure 

 
t = 0,12 s t = 0,36 s t = 0,72 s

t = 1,08 s t = 1,44 s t = 1,80 s

t = 0,12 s t = 0,36 s t = 0,72 s

t = 1,08 s t = 1,44 s t = 1,80 s

 
 

Figure 15.  Kinematics of the 50 % male in the 

cornering scenario. 

 

Eight critical cases are detected in the cornering 

scenario. That is two times as much as in the 

straightforward driving scenario but still relatively 

low compared to 48 cases tested. 

 

     Head impact areas – As expected the head 

impact occurs more frequently with the optimised 

front. One example is given in Figure 16, where the 

impact of the 50 % male model next to the front 

centre is shown for both models. Whereas there is 

no impact of the head at the truck front with the 

basis model, the kinematics caused by the 

optimised shape lead to a head contact. 

 
t = 0,02 s t = 0,03 s t = 0,10 s

t = 0,03 s t = 0,08 s t = 0,14 s

t = 0,02 s t = 0,03 s t = 0,10 s

t = 0,03 s t = 0,08 s t = 0,14 s

 
 

Figure 16.  Comparison of primary contact with 

basis and optimised front (50 % male). 

 

Despite the throwing up effect in three cases still no 

head impact can be detected for the 95 % male 

model. 
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The head impact areas are displayed in Figure 17 

divided into straightforward driving and cornering 

scenario. On the left side impact areas of the six 

year old child and the 5 % female are illustrated. 

The right side shows the impact areas of the male 

pedestrian models. Each mark represents one of the 

defined scenarios and comprises all impact points 

of the corresponding model within this scenario. 

 

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male  
 

Figure 17.  Head impact areas. 

 

     Head impact speeds - Overall the head impact 

speeds in the straightforward driving scenario vary 

only in single cases from the basis model. Positive 

and negative deviations are found. However the 

rotary motion of the pedestrian models caused by 

the optimised shape has a bad influence on the 

secondary impact. In the regarded constellations the 

head of the pedestrian hits the road first. As a result 

high head loads can be assumed. An evaluation 

within the parameter studies has to show if this 

effect depends on the truck speed or occurs in 

general. 

 

In the cornering scenario the kinematics caused by 

the new front structure have a beneficial effect on 

the head speeds. Especially the more critical 

secondary impact shows lower values in most of 

the cases. However higher speeds are detected for 

the primary impact due to the effect of throwing the 

pedestrian up, which makes a contact of the head 

with the truck front more probable. 

 

     Parameter studies - The parameter variations 

for both accident scenarios are assessed with the 

50 % male pedestrian model at a collision angle of 

90° and arms and legs in position 1. This corres-

ponds with the constellation during the design 

phase of the optimised front. 

In the straightforward driving scenario a speed of 

16 km/h leads to a sufficient side deflection when 

the model is positioned 50 cm next to the front 

centre. For positions closer to the side of the truck 

the speed is even less critical. The rotary motion of 

the pedestrian, which occurred in many simula-

tions, shows a relevant effect at speeds higher than 

30 km/h. At that speed the pedestrian model is 

rotated so far into a horizontal position, that it hits 

the road with the back of the head first.  

 

Increasing the speed from 4 to 5 m/s in the corner-

ing scenario leads to bad results for the male 

models. The shinbone breaks at that speed and 

looses its supporting function. The model falls right 

in front of the truck. However, a reduction of speed 

to 3 m/s is uncritical. Despite the low speed a 

sufficient deflection is still achieved and a roll over 

of the pedestrian model can be avoided. 

 

Another varied parameter is the positioning of arms 

and legs. In the straightforward driving scenario 

also an upright (not walking) posture provides a 

sufficient side deflection. A positive effect with this 

constellation is the missing rotary motion of the 

pedestrian model. Thus the head is not the first 

body part which hits the road at the secondary 

impact. It can be concluded that the rotary motion 

results from the walking posture of arms and legs. 

Figure 18 shows the kinematics of the standing 

pedestrian model. The model is sufficiently 

deflected to the side and is not rolled over by the 

truck. 

 
t = 0,03 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

t = 0,03 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

 
 

Figure 18.  Kinematics of the standing 50 % 

male model. 

 

In the cornering scenario a sufficient deflection for 

the upright posture can only be achieved for an 

edge impact. For the walking postures a position 

70 cm right from the longitudinal axis is critical. 

The pedestrian model is no longer deflected far 
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enough out of this position. It remains within the 

unsafe area. 

 

Beside the parameter studies also strength and HIC 

analyses have been conducted with a FE-model of a 

detailed designed add-on solution. It has been 

proven, that despite lightweight design such a 

structure is able to withstand a pedestrian impact. 

Also the HIC values at primary impact are 

improved by the optimised front. 

 

     Experimental test – A prototype of the opti-

mised front out of EPP foam is tested in a straight-

forward driving scenario at a speed of 30 km/h. For 

good control of the impact speed the truck is not 

driven by its own engine but pulled with a towing 

device. The driver inside the truck is only steering 

(Figure 19). [5] 

 
Cameras

Wooden Plates

Driver (steering only)

Longitudinal support bars

(Fork)  
 

Figure 19.  Connection of prototype to the truck. 

[5] 
 

Due to the risk of possible damage caused by a run 

over, the pedestrian model used for the test is a 

simplified 50 percentile dummy without instrumen-

tation and a weight of 75 kg. It is positioned 

exactly between the centre of the truck and the right 

truck side in a walking position with the leg that is 

standing forward facing the truck front. Conse-

quently, the dummy is impacted laterally. 

 

Figure 20 shows a picture sequence of the experi-

mental run over crash test. It can be observed that 

the pedestrian model is deflected to the side as 

intended instead of being run over. As a result of 

the simple pedestrian dummy mainly set up from 

rigid body parts connected by standard joints the 

biofidelity is limited. However, the experimental 

test shows good consistence compared to the simu-

lation of the same accident scenario. The picture 

sequence of the respective simulation is presented 

in Figure 21. The good correlation between experi-

ment and simulation shows the principal applica-

bility of numerical simulation for the risk eva-

luation of a run over. 

000 ms 200 ms 300 ms

400 ms 500 ms 600 ms

700 ms 800 ms 900 ms

 
 

Figure 20.  Experimental test. [5] 

 
000 ms 200 ms 300 ms

400 ms 500 ms 600 ms

700 ms 800 ms 900 ms

 
 

Figure 21.  Simulation with parameters of 

experimental test. 
 

     Summary - The results of the performed tests 

prove the effectiveness of the optimised front. The 

simulations show that the optimisation of current 

truck front designs can lead to a significant 

improvement. The passive safety is enhanced 

because serious roll over accidents are avoided in 

87,5 % of the simulated cases. 

 

In the straightforward driving scenario, according 

to accident analysis the most important scenario, a 

sufficient deflection can be guaranteed in a wide 

range of constellations even for low speeds of the 

truck. Only an impact very close to the centre of the 

front is sometimes critical and requires a certain 

velocity for a sufficient deflection. 

 

The right cornering scenario is more sensitive. 

Impacts closer than 80 cm to the longitudinal axis 

lead to run or roll over situations on the right side. 
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Within the effective area of the front especially the 

95 % male pedestrian model shows critical results. 

On the one hand there are anthropometrical reasons 

for this but on the other hand a main problem is the 

fracture of the shinbone at the primary impact. 

Further tests have to indicate if this issue can be 

improved by the designated structural foam in the 

bumper, which has not been regarded within the 

simulations. In general better results are achieved 

with an impact angle of 75°. Referring to the real 

accident this is advantageous, because due to the 

cornering an impact angle of exactly 90° is rather 

unlikely. 

 

INTEGRATED DESIGN APPROACH 

 

An add on solution of the optimised front as used 

for the crash test is not an efficient solution with 

respect to costs, weight and appearance. In order to 

fully exploit the benefits of such a design the shape 

has already to be considered in the early design 

phase and must be an integral part of the cabin. 

Figure 22 indicates how such a cabin could look 

like. 

 

 
 

Figure 22.  Integrated design approach. 
 

The design study by DAF, shown in Figure 23, 

could also be considered as a first approach for a 

design with an improved pedestrian safety. 

 

 
 

Figure 23.  Design study by DAF. 
 

Moreover, with respect to the current European 

legislation that limits the total length of trucks the 

market implementation of such a tapered shaped 

front design is unlikely, since the loading space 

would have to be reduced. Discussions during the 

APROSYS final workshop have disclosed that the 

truck manufacturers are principally supporting the 

implementation of passive safety devices at the 

truck front in case legislation allows an increase of 

the total vehicle length for those measures. 

 

Aerodynamics 

 

Beside the improved passive safety the optimised 

design seems also to have potential in reducing fuel 

consumption due to its streamline design. A 1:10 

model is used to study the wind resistance of this 

design versus a flat front design (Figure 24). 

 

 
 

Figure 24.  Overview of wind tunnel with truck 

model. [6] 

 

The truck is modelled of wood and foam. The wind 

tunnel tests are performed with velocities up to 

40 m/s. Measurements are forces and moments in 

all directions. The calculation of the drag coeffi-

cients is referenced to the truck width or the cross 

section area (characteristic dimensions). During the 

tests the airflow is made visible by artificial fog. 

This shows clearly the benefits of a homogenous 

airflow around the vehicle as it is illustrated by 

Figure 25 and Figure 26. 

 

 
 

Figure 25.  Visualisation of aerodynamics in the 

wind tunnel for a tipper type truck. [6] 
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Figure 26.  Visualisation of aerodynamics in the 

wind tunnel for a box truck with spoiler. [6] 
 

The optimised design shows a clearly lower drag 

coefficient compared to the standard truck. The 

decrease of the drag coefficient lies between 0.10 

and 0.33. This is equivalent (not taking into 

account the scale of the model) to a reduced fuel 

consumption of 1.2 to 3.6 litres per 100 km. [6] 

 

CONCLUSIONS 

 

The results of the performed tests prove the 

effectiveness of the optimised front. The simu-

lations show that the optimisation of current truck 

front designs can lead to a significant improvement. 

The passive safety is enhanced because serious roll 

over accidents are avoided in 87,5 % of the simu-

lated cases. 

 

Numerical simulations and experimental testing 

have not only shown the relevance of the primary 

impact for serious injuries. The secondary impact 

on the ground is just as important as the primary 

impact. Further studies of enhanced front structures 

should also consider post-impact kinematics and 

the secondary impact of the VRU. 

 

In general a tapered shaped truck front is a simple 

and cost efficient passive measure to reduce the 

risk of a run over of VRUs by heavy vehicles. 

Beside this main purpose there are also positive 

effects on: 

 

• Contact forces at primary impact of the 

VRU (additional crush space) 

• Vehicle to vehicle compatibility (impoved 

frontal underrun) 

• Occupant safety (additional crush space) 

• Aerodynamics (streamline shape) 

• Package (more space due to longer cabin) 

 

The introduction of an optimised front design for 

trucks requires a reconsideration of the vehicle 

length regulations. With the current legislation the 

vehicles are designed to maximise loading space 

and payload. Because the main business is to carry 

freight with the heavy goods vehicles, optimisation 

is made with regard to maximum loading (volume 

and payload) under current length. All measures 

reducing payload or volume are not taken into 

account. Therefore the allowance for additional 

vehicle length for the implementation of safety 

features is a basic requirement with respect to an 

improved passive safety of current trucks. The 

presented design is also transferable to other 

transportaion systems like trams or buses. 
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ABSTRACT 
 
Injury and collision data from London’s Helicopter 
Emergency Medical Service (HEMS) and the UK’s 
Police fatal files were used to quantify and describe 
the nature of pedestrian head injury and investigate 
the causes.  
 
The HEMS data relating to all pedestrian accidents 
since 2000 was analysed with respect to their injuries, 
and the cost of these injuries was estimated using the 
time they spent on the ward and/or in intensive care. 
In addition to the HEMS data, Police fatal files 
containing details of fatal pedestrian impacts with the 
front of cars registered in 2000 or newer were 
analysed. These included post-mortems, which were 
coded using the Abbreviated Injury Scale. Although 
the fatal file sample was limited in size, it had the 
advantage of containing photographs of the accident 
and many other pertinent details. This enabled the 
causes of individual injuries to be determined. The 
head injuries seen in the HEMS data were then 
compared to the injuries in the fatal files .  
 
The HEMS dataset contained 746 pedestrians struck 
by motor vehicles, with 2,974 recorded injuries. 34 
fatal pedestrian accidents were analysed using the 
Police fatal files. 
 
The analysis of the HEMS data showed that the most 
frequent and costly injuries were to the head and legs. 
Head injuries of fatally injured adults were found to 
be principally caused by contact with the windscreen 
and surrounding structure. 
 
This research highlights the potential of hospital data 
to be an important tool in accident research, as the 
injury information can provide evidence of the effects 
of the changing vehicle fleet, and what injuries 
should be prioritised in the future. The paper also 
begins to quantify the proportion of the most serious 
head injuries (suffered by fatalities) which are caused 
directly by the vehicle, compared with secondary 
impacts with the ground or other objects. 

INTRODUCTION 
 
Pedestrian injuries 
 
In 2007 in Great Britain there were 646 pedestrian 
deaths and 6,924 seriously injured pedestrian 
casualties in traffic accidents [1]. The majority of 
pedestrian impacts are with the front of the car. 
Pedestrians are usually hit from the side, and are 3 to 
4 times more likely to be crossing the path of the 
vehicle than travelling in a parallel direction to it. 
Cases where the vehicle runs over the pedestrian 
(where the wheels travel over the pedestrian) are rare, 
with estimates varying between 2 % and 10 % [2] of 
pedestrian casualties. 
 
Previous studies have seen that the body parts with 
the highest risk of injury for a pedestrian struck by a 
vehicle are the head, followed by the lower 
extremities, the thorax, and the pelvis [2]. For non-
fatal injuries, the lower extremities have been seen as 
the most frequently injured. 
 
The head is often subject to two impacts, the first 
with the car itself, and the second with the ground as 
the pedestrian is thrown from the car. In relation to 
the relative severity of these two impacts, the 
literature is divided. Some observe that the primary 
impact (with the car) is the most severe impact [2]. 
This is in line with papers suggesting that the injuries 
caused by secondary impact are fewer and less 
serious than those caused by primary impact [3]. 
However, others claim that the secondary impact is 
often a source of injury comparable to the primary 
impact [4]. 
 
At-the-scene studies [5] have shown that contact with 
the vehicle was responsible for more life-threatening 
or fatal head injuries than contact with the ground, 
and also that the windscreen frame was more likely to 
give a serious head injury than contact with the 
windscreen glass or the bonnet. There were other 
trends in the type of injuries suffered: head injuries 
were the most frequent injury sustained by those 
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having non-minor injuries, with leg injuries being the 
second most common. As the overall injury severity 
of the pedestrians increased, the likelihood of injury 
for the individual body regions also increased: more 
severely injured pedestrians had more injuries in 
more regions. 
 
Supported by the European Commission (EC), the 
European Enhanced Vehicle-safety Committee 
Working Group 10 (EEVC WG10) and 11 developed 
testing methods and standards for pedestrian 
protection in frontal impacts with cars. These new 
standards have been introduced in a 2-stage approach, 
the first of which was the EC Directive 2003/102/EC 
[6]. This directive introduced a number of tests, 
including limits on the results of impacts between a 
lower leg form and the bumper and a head form to 
the bonnet top. 
 
In addition to the pedestrian regulation, Euro NCAP 
undertakes pedestrian sub-system impactor tests. Leg 
forms impact with the bumper and the bonnet leading 
edge and the head forms strike the bonnet at a variety 
of locations. As of 2009, the pedestrian tests have 
become an integral part of the new overall score 
given by Euro NCAP for any new car [7]. 
 
Much of the previous accident research performed in 
the area of pedestrian injury has been based on 
pedestrian impacts with relatively old cars. Since 
these studies car geometry, stiffness and mass has 
altered such that previous conclusions may no longer 
be valid for the modern car fleet. The purpose of this 
paper is to explore how a new source of data, 
collected by medical professionals, can add to the 
knowledge of the injuries received by pedestrians in 
traffic accidents. The causes of these injuries in 
pedestrian impacts with new cars (registered in 2000 
or later) will also be explored for a selection of fatally 
injured pedestrians using Police fatal files. 
 
London’s Helicopter Emergency Medical Service  
 
A report was produced in the 1980s by the Royal 
College of Surgeons which documented cases of 
patients dying unnecessarily because of the delay in 
receiving prompt and appropriate medical care. 
London’s Air Ambulance was established to address 
the findings of this report and to find a way to 
respond quickly in London’s increasingly congested 
roads. London’s Air Ambulance began operations in 
1989 from a temporary base at Biggin Hill Airport 
and in 1990 moved to a permanent base in central 
London. This is at the Royal London hospital, which 
was the only multidisciplinary hospital with a site 
where it would be safe to build a rooftop helipad. The 

Helicopter Emergency Medical Service (HEMS) 
began to fly from the rooftop at the Royal London on 
30 August 1990 and to date has flown over 17,000 
missions.  
 
Two trauma teams are available to attend major 
trauma incidents seven days a week from 7am to 
sunset. At night the poor visibility makes flying 
around the city dangerous, therefore the teams are 
grounded and rapid response cars are used instead. 
These cars can also be used if the emergency occurs 
whilst the helicopter is away on another mission.  
 
The HEMS primarily deals with major trauma 
accidents of all varieties including serious road traffic 
accidents. The patient is then seen as quickly as 
possible by a specialist trauma doctor and paramedic 
team to provide the greatest chance of survival. The 
paramedic team at the London Ambulance Service 
control room decides which of the 3,500 calls they 
receive a day are appropriate for the HEMS to attend. 
The paramedic team can also request for the HEMS 
to attend if they require further medical resources in 
the field. The helicopter’s medical team are equipped 
with a substantial range of drugs, emergency surgical 
kits, monitors and other equipment so that they can 
begin treatment straightaway. A doctor is part of the 
HEMS team and is able to perform life saving 
medical procedures that a paramedic is not qualified 
to undertake. They can also take the patients to the 
hospital best suited for the patient’s needs rather than 
the closest Accident and Emergency (A&E) 
department. 
 
Police fatal files 
 
Police fatal file accident reports are recognised as an 
important source of information for accident research. 
They can provide detailed information on the events 
leading up to an accident, as well as giving details of 
driver errors and/or vehicle defects which may have 
contributed to the accident and to the injuries that 
resulted in the fatality. 
 
These fatal accident reports cost a great deal to 
produce both in terms of police and pathologists’ 
time. The reports are produced, even where no 
criminal prosecution is envisaged, for presentation in 
evidence at the Coroner’s inquest. 
 
In 1992, TRL was commissioned by the UK’s 
Department for Transport (DfT) to set up and manage 
the police fatal road traffic accident reports project. 
The purpose of this project was to institute a scheme 
whereby police forces in England and Wales would 
routinely send fatal road traffic accident reports to 
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TRL when they were no longer of use for legal 
purposes. 
 
The fatal reports provide a valuable insight into how 
and why fatal accidents occur and offer an 
opportunity to learn from these tragic accidents, so 
that future incidents may be prevented. The current 
archive contains over 34,000 police fatal accident 
reports. 
 
METHOD 
 
The types of injuries sustained by pedestrians in 
traffic accidents were explored using data collected 
by HEMS. This data was also used to estimate the 
cost of these pedestrian casualties to the hospital. The 
causes of the head injuries of a sample of fatally 
injured pedestrians were determined using 
information present in Police fatal files. 
 
HEMS pedestrian data 
 
The data from the accidents attended by the HEMS 
team is entered into a database which is then 
primarily used for various analyses aimed at 
improving patient care and trauma management. This 
database holds information on the age and gender of 
the patient as well as their injuries and the treatment 
they received both on route to the hospital and during 
their stay. This includes information on operations, 
who treated them, outcome (i.e. whether they lived 
and if not then the area of the hospital in which they 
died) and their length of stay in hospital (both on 
wards and in Intensive Care Unit).  
 
The HEMS database is a medical database, and as 
such it has detailed information on the injuries 
sustained by pedestrian casualties. Each injury is 
coded using the International Statistical Classification 
of Diseases and Related Health Problems, Ninth 
Revision (ICD-9). This is a coding system developed 
by the World Health Organisation, where each 
possible injury has a unique four character ICD-9 
code associated with it. There are dictionaries of 
ICD-9 codes freely available on the internet [8]. This 
code describes what the injury is, but does not 
include a measure of the severity of the injury. 
 
The severity of the injuries is recorded by the HEMS 
team using the Abbreviated Injury Scale (AIS 1998). 
Each injury description is assigned a unique six digit 
numerical code in addition to the AIS severity score. 
The AIS severity score is a consensus-derived 
anatomically-based system that classifies individual 
injuries by body region on a six point ordinal severity 
scale ranging from AIS 1 (minor) to AIS 6 

(practically untreatable), shown in Table 3 [9]. This 
paper concentrates on injuries with an AIS score of 2 
or greater. 
 

Table 1. 
Possible values of AIS. 

AIS Score Description 

1 Minor 

2 Moderate 

3 Serious 

4 Severe 

5 Critical 

6 Maximum 

9 Unknown 

 
MAIS denotes the maximum AIS score of all injuries 
sustained by a particular occupant.  It is a single 
number that attempts to describe the seriousness of 
the injuries suffered by that occupant. 
 
The analysis of the HEMS data was carried out at two 
levels: the casualty level (of 746 pedestrians), and the 
injury level (of 2,974 injuries). To investigate injuries 
at the more meaningful casualty level, the maximum 
AIS in different body regions was calculated for each 
pedestrian. The body regions were: 
 
H –  Head (includes Neck) 
L –  Lower limb 
U –  Upper limb 
A –  Abdominal region (includes abdomen, lower 

back, lumbar spine and pelvis) 
T –  Thorax (includes thoracic spine) 
M –  Multiple and Not specified regions 
 
The “Multiple and Not specified regions” category 
was used for injuries such as external burns, which 
are a single injury but affect more than one region. 
 
The cost of these pedestrian casualties to the hospital 
was estimated, by considering the different cost of a 
day on a normal ward and a day in an intensive care 
unit (ICU). The Intensive Care Society state that the 
cost of a day in an ICU is approximately six times as 
costly to the hospital as a day spent on a ward [10]. 
Christensen et al [11] cites the Department of Health 
statistics [12] which say that the mean cost per 
patient per day on a general ward is £281, and the 
mean cost per patient per day in a critical care unit is 
£1,328 (approximately 4.7 times more costly than the 
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ward). The information in the HEMS database 
includes the number of days spent by each patient on 
the ward and in the ICU, so this was used to calculate 
a cost of each patient to the hospital. 
 
It should be noted that this cost only accounts for the 
length of time each pedestrian was in hospital, and 
does not account for the differing costs of surgical 
operations and procedures carried out during their 
stay or other pertinent factors. This is partially 
because this information could not readily be 
provided by the HEMS for this study, but also 
because the length of stay in hospital makes up a 
large proportion of the cost for each patient. In a 
study of blunt trauma patients, Christensen et al [11] 
calculated that approximately 75% of the total costs 
were accounted for by the length of stay in hospital. 
 
The distributions of some variables, for example the 
body regions injured for different age groups, were 
compared using a chi-squared test of significance to 
determine whether any differences were statistically 
significant. Where this was performed the p-value 
given by the test has been quoted. For example, a p-
value of 0.05 means that the probability that the 
distributions being compared are different is 95 %. 
 
Police fatal files 
 
The fatal file archive was searched to find and extract 
any files containing fatal pedestrian accidents 
involving a car registered in 2000 or later. These files 
were then searched through in order to identify 
whether they included photographs of the vehicle 
damage and a post mortem. This was required as the 
aim of looking at the files was to correlate the 
damage on the vehicles to the injuries the pedestrians 
received. 
 
In the time available, 34 fatal files were analysed 
with details obtained on the circumstances of the 
accident (i.e. the location, time, date, contributory 
factors etc.), the driver of the vehicle, the vehicle 
itself and its damage, and the pedestrian and their 
injuries. The details were filled out on forms and 
input into a database for analysis. The injuries 
detailed in the post mortems were coded into AIS 
2005 codes [13]. 
 
The location of damage on the cars which were 
involved in collisions with pedestrians was described 
using a 70 zone grid, shown in Figure 1. The AIS 2+ 
injuries received by each pedestrian were attributed to 
the various zones on the vehicle that were damaged 
or to other causation factors such as the ground, walls 
or acceleration injuries. This was done using a 

combination of the evidence from the photographs, 
scene plans, the post-mortems, and other aspects of 
the Police report (e.g. the direction of travel of the 
pedestrian, the speed and action of the car and the rest 
position of the pedestrian). 
 

 

Figure 1.  Zones on vehicle used for injury 
causation 
 
RESULTS 
 
An overview of the injuries received by pedestrians, 
and the costs associated with these injuries, was 
provided using the data recorded in the HEMS 
dataset. This also provided an overview of the head 
injuries received by pedestrians. The causes of 
pedestrian head injuries in impacts with cars 
registered in 2000 or later were investigated using the 
information present in Police fatal files. 
 
Overview of HEMS pedestrian injuries 
 
In total, the HEMS dataset used in this paper 
consisted of 746 pedestrians struck by motor vehicles 
between 2000 and 2007; with 2,974 injuries received 
in total. Of the 746 pedestrians, 616 survived (83%). 
 
Figure 2 shows the proportion of the pedestrians in 
each of three age groups who received at least one 
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AIS 2+ injury to one of the six different body 
regions. 
 

 
Figure 2.  Injury regions by age group. 
 
Head injuries were the most frequent AIS 2+ injuries 
for pedestrians in all age groups. Like all injury 
regions, head injuries were proportionally more 
frequent in pedestrian casualties aged 60 or older. 
The differences in the injury distributions for the 
different age groups were statistically significant (p < 
0.01). 
 
Selecting only fatally injured pedestrians gave a 
different injury distribution, shown in Figure 3. In 
this figure, head injuries are no longer the most 
frequently injured region: the abdomen and thorax 
both received more AIS 2+ injuries. Also, thorax and 
injuries to multiple or non specified body regions 
were most frequent for the youngest age group. The 
differences in the injury distributions for the different 
age groups for these fatalities are significant (p < 
0.1). 
 

 

Figure 3.  Injury regions by age group for fatally 
injured pedestrians 
 
Table 2 shows the most frequent combinations of AIS 
2+ injuries received by the pedestrians in the HEMS 
dataset, where ‘H’ is head, ‘L’ is lower limb, ‘U’ is 
upper limb, ‘A’ is abdomen, ‘T’ is thorax and ‘M’ is 
injury to multiple or non specific regions. There were 
330 pedestrians who had injuries recorded, and for 
whom the highest AIS in each of these body regions 

were known. This table shows the injury 
combinations received by at least 10 pedestrians. 
 

Table 2. 
Most frequent combinations of AIS 2+ injuries 

H L U A T M Freq. 
X      92 
 X     40 

X    X  16 
  X    14 

X X     13 
 X  X   12 

X  X    10 
X X   X  10 
X X  X X  10 

 
The most frequent combination of serious injuries 
was an AIS 2+ injury to the head only, a combination 
received by 28% of the pedestrians in the dataset. 
AIS 2+ injuries to the lower extremities only were the 
next most frequent, accounting for 12% of the 
pedestrians. Other combinations of injuries made up 
the remaining 60%, although no other single 
combination accounted for more than 5% of the 
casualties. 
 
Of the 2,974 recorded injuries to the pedestrians in 
the HEMS dataset, 1,857 were known to be AIS 2+ 
injuries. Table 3 shows the ten most frequent AIS 2+ 
injuries received by the pedestrian casualties. 
 

Table 3. 
Most frequent AIS 2+ injuries 
Injury description Freq. 

Cerebral contusion closed 158 
Generalized SAH IVH 133 

Cerebral subdural haematoma 93 
Fracture of ribs closed 92 

Fracture of base of skull, closed with 
intracranial injury 81 

Pneumothorax, without wound into 
thorax 73 

Injury to lung without wound into 
thorax 70 

Fracture of malar and maxillary bones 
closed 67 

Fracture of pelvis, pubis closed 54 
Fracture of clavicle, closed 53 

 
The list of the most frequent AIS 2+ injuries is 
dominated by head injuries. The three most frequent 
AIS 2+ injuries were head injuries, which made up 
five of the ten most frequent. 
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Cost of pedestrian injuries (HEMS dataset) 
 
Figure 4 shows the mean cost of the pedestrian 
injuries in the HEMS dataset, calculated using the 
method based on the duration of stay of the casualties 
in hospital. Figure 5 shows the cumulative annual 
cost for these pedestrians by body region injured. 
These figures show the cost of the pedestrians who 
had AIS 2+ injuries in the given body region. 

 
Figure 4.  Mean cost per patient in HEMS dataset 
by injury region. 
 

 

Figure 5.  Annual cost of pedestrian casualties in 
HEMS dataset by injured region. 
 
Although the average cost of head injuries was 
relatively low compared to other body regions, the 
large number of head injuries meant that pedestrians 
with AIS 2+ head injuries had a larger cumulative 
cost than pedestrians with AIS 2+ injuries in other 
regions. 
 
Pedestrian head injuries 
 
The analysis of the HEMS dataset has shown that 
head injuries were the most frequent serious injuries 
received by these pedestrians. Table 4 shows the ten 
most frequent AIS 2+ head injuries received by the 
pedestrians in the HEMS dataset. 
 

Table 4. 
Most frequent head injuries in HEMS dataset 

Injury description Freq. 
Cerebral contusion closed 158 

Generalized SAH IVH 133 
Cerebral subdural haematoma 93 

Fracture of base of skull, closed with 
intracranial injury 81 

Fracture of malar and maxillary bones 
closed 67 

Intracranial injury of unspecified nature 
closed 39 

Fracture of other facial bones, closed 36 
Cerebral haemorrhage extradural closed 35 
Fracture of vault of skull, closed with 

intracranial injury 30 
Fracture of base of skull, closed without 

intracranial injury 29 
 
These injuries are split between injuries involving the 
brain, and fractures of the surrounding bones. Brain 
injuries dominated, especially the two most frequent 
AIS 2+ head injuries: cerebral contusion, and 
generalised SAH IVH (subarachnoid haemorrhage 
and intraventricular haemorrhage). 
 
In comparison, Table 5 shows the most frequent AIS 
2+ head injuries received by the fatalities in the 
HEMS pedestrian dataset. 
 

Table 5. 
Most frequent head injuries of fatally injured 

pedestrians in HEMS dataset 
Injury description Freq. 

Generalized SAH IVH 64 
Cerebral contusion closed 44 

Cerebral subdural haematoma 41 
Fracture of base of skull, closed with 

intracranial injury 33 
Intracranial injury of unspecified nature 

closed 26 
Fracture of malar and maxillary bones 

closed 12 
Fracture of vault of skull, closed with 

intracranial injury 11 
Other or unspec. intracranial haem. 8 

Fracture of other facial bones, closed 6 
Cerebral haemorrhage extradural closed 5 

 
The types of head injuries received by the fatalities 
were very similar to the head injuries received by the 
pedestrian dataset as a whole: nine of the ten most 
frequent pedestrian head injuries for all casualties 
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were also present in the ten most frequent pedestrian 
head injuries of fatalities. 
 
Causes of pedestrian head injuries (In-depth 
review of Police fatal files) 
 

Figure 6 shows the causes of the AIS 2+ head injuries 
sustained by the 27 pedestrians in the Police fatal 
files who received at least one AIS 2+ head injury. 
This figure is at the pedestrian level. 
 

 
Figure 6.  Causes of pedestrian head injuries. 
 
Impacts to the windscreen caused AIS 2+ head 
injuries for 12 of the pedestrians, more than any other 
area of the vehicle. Impacts to the A-pillars caused 8 
pedestrians’ AIS 2+ head injuries, and impacts at the 
base of the windscreen caused 4 pedestrians’ AIS 2+ 
head injuries. The remaining head injuries were 
caused by the header rail, the roof, the leading edge 
of the bonnet, the ground, or had an unknown cause. 
It should be noted that the head injury caused by the 
leading edge of the bonnet was to a 7 year old child, 
in an impact with a large 4x4 vehicle. With the 
exception of this impact, no head injuries were 
caused by any point of the bonnet below the base of 
the windscreen. 
 
The severity of the head injuries caused by these 
different parts of the vehicle are summarised in 
Figure 7. 
 

 
Figure 7.  Severity of head injuries by cause. 
 

Although more pedestrians (at a casualty level) had 
head injuries caused by the windscreen, the greatest 
number of serious head injuries (at an injury level) 
was caused by impacts with the A-pillar. Impacts 
with the A-pillar also caused proportionally more 
AIS 4+ head injuries than the windscreen. 
 
Table 6, Table 7, Table 8, Table 9, Table 10, and 
Table 11 list the AIS 2+ injuries which were recorded 
for pedestrian impacts with the windscreen, A-pillars, 
wiper area, other parts of the vehicle, the road 
surface, and those with an unknown cause 
respectively. The injury descriptions are abbreviated 
versions of those recorded using the AIS injury 
coding system. 
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Table 6. 
AIS 2+ head injuries caused by impacts with 

windscreen 

AIS Description Freq 
5 Brain stem compression 1 
 Cerebellum: haematoma, epidural or 

extradural, large 1 

4 Cerebellum: haematoma, subdural, small 1 
 Cerebrum: haematoma, subdural, small, 

bilateral 1 
 Cerebrum, brain swelling, moderate 1 
 Base (basilar) fracture, complex 1 
 Vault fracture, complex 1 

3 Cerebrum: brain swelling NFS 4 
 Base (basilar) fracture NFS 3 
 Cerebrum: contusion, multiple, at least 

one on each side but NFS 2 
 Cerebrum: haematoma, subdural NFS 2 
 Cerebrum, contusion, single NFS 1 
 Cerebrum: contusion, multiple NFS 1 
 Cerebrum: contusion, multiple, on same 

side but NFS 1 
 Cerebrum: brain oedema NFS 1 
 Cerebrum: NFS 1 

2 Cerebrum: subarachnoid haemorrhage 4 

 Cerebellum: subarachnoid haemorrhage 3 

 Vault fracture NFS 3 

 Cerebrum: intraventricular haemorrhage 1 

 Vault fracture, closed 1 

 Maxilla fracture 1 

Total  36 
 

Table 7. 
AIS 2+ head injuries caused by impacts with A-

pillars 

AIS Description Freq. 
5 Brain stem NFS 3 
 Brain stem compression 2 
 Brain stem: injury involving 

haemorrhage 2 
 Cerebrum: contusion, single, extensive 1 
 Cerebrum: contusion, multiple, extensive 1 
 Diffuse axonal injury LOC > 24 hours 

NFS 1 

4 Base (basilar) fracture, complex 2 
 Sinus: sigmoid sinus, thrombosis, 

occlusion 1 
 Sinus, transverse sinus, thrombosis. 

Occlusion 1 
 Cerebrum: intraventrivular haemorrhage, 

associated with coma > 6 hours 1 
 Vault fracture, complex 1 
3 Cerebrum: contusion, multiple, at least 

one on each side, small 3 
 Cerebrum, haematoma, NFS 3 
 Cerebrum, brain swelling NFS 3 
 Cerebellum: brain swelling/oedema NFS 2 
 Intracranial vascular injury 1 
 Cerebellum: haematoma NFS 1 
 Cerebellum, haematoma, subdural NFS 1 
 Cerebellum NFS 1 
 Cerebrum: contusion NFS 1 
 Cerebrum: brain oedema NFS 1 
 Cerebrum: laceration NFS 1 
 Cerebrum: subarachnoid haemorrhage, 

associated with come > 6 hours 1 
 Cerebrum: NFS 1 
 Base (basilar) fracture NFS 1 
 Vault fracture comminuted 1 

2 Cerebrum: subarachnoid haemorrhage 3 

 Vault fracture NFS 2 

 Orbit, fracture, closed or NFS 2 

 Cerebellum: subarachnoid haemorrhage 1 

 Vault fracture, closed 1 

Total  47 
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Table 8. 
AIS 2+ head injuries caused by impacts with 

wiper area 

AIS Description Freq. 
3 Cerebrum: haematoma, subdural NFS 2 
 Cerebrum: brain oedema NFS 2 
 Cerebrum: contusion, multiple, at least 

one on each side but NFS 1 
 Cerebrum, haematoma, NFS 1 
 Cerebrum: brain swelling NFS 1 

2 Cerebrum: subarachnoid haemorrhage 1 

Total  8 
 

Table 9. 
AIS 2+ head injuries caused by impacts with other 

parts of vehicle 

AIS Description Freq. 
Unknown Unknown 1 

4 Base (basilar) fracture, complex 1 
 Base (basilar) fracture, complex 1 
3 Cerebrum: contusion, single, 

small 1 

 Cerebrum: brain swelling NFS 1 

Total  5 
 

Table 10. 
AIS 2+ head injuries caused by impacts with road 

surface 

AIS Description Freq. 
5 Brain stem: injury involving haemorrhage 1 

4 Base (basilar) fracture, complex 1 

3 Cerebrum: contusion NFS 1 
 Cerebrum: laceration, <2cm 1 
 Cerebrum: laceration NFS 1 
 Base (basilar) fracture NFS 1 
 Vault fracture comminuted 1 

2 Cerebrum: subarachnoid haemorrhage 1 

 Vault fracture NFS 1 

Total  9 
 

Table 11. 
AIS 2+ head injuries with unknown cause 

AIS Description Freq. 
5 Cerebrum: haematoma, subdural, large 1 

3 Cerebrum: haematoma, subdural NFS 1 
 Cerebrum: brain swelling NFS 1 
 Base (basilar) fracture NFS 1 
 Vault fracture comminuted 1 

2 Cerebellum: subarachnoid haemorrhage 1 

 Cerebrum: intraventricular haemorrhage 1 

 Cerebrum: subarachnoid haemorrhage 1 

 Vault fracture NFS 1 

Total  9 
 
The 12 pedestrians who received AIS 2+ head 
injuries caused by impacts with the windscreen 
received a total of 36 AIS 2+ injuries - an average of 
3 injuries each. The 8 pedestrians who received AIS 
2+ head injuries from impacts with the A-pillars 
received a total of 47 AIS 2+ head injuries – an 
average of almost 6 per pedestrian. So although more 
pedestrians received fatal injuries caused by the 
windscreen, the total number of injuries was greater 
for the pedestrians in impacts with the A-pillars. 
 
The head injuries received by the pedestrians were 
largely made up of haematomas, haemorrhages, and 
contusions of various areas of the brain. Of the 113 
known head injuries, 74 % were various brain 
injuries, while the other 26 % were fractures to 
various parts of the skull. The proportion of fractures 
compared to other injuries caused by the windscreen 
was 28 %. This proportion for the A-pillar was 21 %. 
 
DISCUSSION 
 
This project has set out the nature and pattern of the 
injuries received by pedestrian road traffic casualties 
attended by London’s HEMS team between 2000 and 
2007. It is recognised that this dataset typically 
represents the most seriously injured pedestrians, but 
nonetheless the sample size presents a useful 
overview of the types of injuries received. Injuries to 
the head were identified as the most costly based on 
an annual summation of the cost to the treating 
hospital, calculated from length of stay multiplied by 
injury frequency. 
 
Injuries to the head were also seen to be the most 
frequent. A single AIS 2+ head injury was found to 
be the most frequent combination of serious injuries, 
and the list of the most frequent injuries (as recorded 
using ICD-9) was dominated by head injuries. The 
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cumulative cost of head injuries was also seen to be 
greater than the cost of injuries to any other body 
region. 
 
The nature of the injuries to the head recorded in the 
HEMS dataset were investigated and compared with 
injuries observed in the Police fatal files. Similar 
trauma was noted. Forensic investigation of the 
evidence available in the Police fatal files allowed the 
AIS 2+ head injury mechanisms to be investigated.  
 
Head injuries have been seen to be the most frequent 
type of pedestrian injury in other studies of pedestrian 
casualties [2,5]. Head injuries may also be expected 
to be more frequent in the HEMS dataset, as these 
pedestrians are likely to have been involved in 
relatively serious crashes compared to the population 
of pedestrian casualties as a whole. However, 
comparing the most frequently injured body regions 
of all casualties and fatalities only shows that the 
pedestrians who were killed suffered a higher 
proportion of abdomen and thorax injuries than head 
injuries, for all age groups. The analysis of the cost of 
injuries also showed that, although head injuries were 
the most frequent in the HEMS dataset, they 
accounted for the lowest average cost of all the body 
regions. Assuming that the cost (based on the 
duration of stay) is related to the severity of the 
injury, this suggests that serious head injuries are not 
as severe for pedestrians as severe injuries to other 
parts of the body. 
 
When the causes of the pedestrians’ head injuries 
were investigated in the sample of fatal casualties, the 
most frequent cause was an impact with the 
windscreen. The second most frequent cause was an 
impact with the A-pillar. However, a large number of 
injuries were caused by impacts with the A-pillar, 
suggesting that impacts to the A-pillar are more 
severe than impacts with the windscreen. The 
severity of the impacts with the A-pillar was also 
greater, making up the majority of the AIS 4+ head 
injuries. 
 
Comparing the causes of these head injuries with the 
EuroNCAP and European pedestrian directive shows 
that, with the possible exception of the head impact 
of a small child with a large 4x4, not one of the 
impact zones are tested and acceptable limits applied. 
Testing of pedestrian head impacts currently focuses 
on impacts with the bonnet only. On the evidence of 
these fatally injured pedestrians, areas further up the 
car, especially the A-pillars and windscreen, should 
also be tested, or interventions applied to prevent 
head strikes to these areas. 
 

The number of pedestrians with serious head injuries 
caused by secondary impacts was much fewer than 
the number whose head injuries were caused by the 
primary impact with the vehicle. Of the 32 
pedestrians receiving AIS 2+ injuries, only four 
pedestrians had serious head injuries caused by 
secondary impacts with the ground. In comparison, 
Otte and Pohlemann [3] saw that 33 % of pedestrian 
injuries were caused by secondary impacts. The 
method used to determine the cause of the injuries – 
using photographs, statements and post mortems 
contained in Police fatal files – was perhaps more 
likely to attribute injuries to the vehicle rather than to 
secondary impacts. This is because the evidence of 
impacts to the vehicle is more obvious and more 
likely to be collected than evidence of secondary 
impacts. For example, a head may have struck a 
windscreen and the road surface, but the windscreen 
is the most visually obvious contact. Secondary 
impacts are likely to have been recorded as a cause 
when there was no evidence of an impact to the 
vehicle, or if the location of the injuries did not match 
the nature of the impact with the vehicle.  
 
This study has looked at pedestrian impacts with the 
front of cars only. It is likely that other impact 
configurations, such as impacts with the side of cars, 
would produce different injuries and different causes 
of injury. For example, it might be expected that the 
proportion of the head injuries caused by secondary 
impacts with the ground would be larger for these 
types of accident, as the pedestrian would be less 
likely to contact the vehicle with their head before 
they were thrown to the ground. 
 
Both of the datasets used in this paper contained 
more severely injured people than the national 
population of pedestrian accidents. For this reason, it 
is likely that the average costs of the pedestrian 
injuries calculated using the HEMS dataset is higher 
than the national average. However, it is likely that 
due to the rapid response provided by the HEMS and 
the specialized trauma care provided, that pedestrians 
suffering some of these serious injuries may have 
better outcomes than other pedestrians suffering the 
same injuries. However, there is data available which 
could be used to weight these costs – for example the 
national Hospital Episode Statistics – and performing 
this weighting would be a natural extension of this 
study.  
 
With respect to the mechanisms of injury, the 
severity bias of the selection of fatally injured 
pedestrians is more pronounced, and it is likely that 
less severely injured pedestrians receive a different 
distribution of injuries from different causes. 
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Another limitation of the Police fatal files is that the 
post-mortems are often not consistent in the amount 
of information they record for the injuries. This may 
lead less specific, lower severity injuries to be 
recorded using AIS if the information was not 
available (e.g. amount of blood loss, exact location of 
fractures) to code a more severe injury.  Further, the 
sample size is relatively small.  
 
The costing model, based on the duration of stay of 
pedestrians on the ward and in intensive care, is an 
example of one method which can be used to 
prioritise injuries using medical information. The 
costs of individual injuries could be refined if other 
information was considered, such as the operations 
and procedures performed on the patient while they 
were in hospital. Costing road traffic injuries in a 
similar way is already carried out in the USA [14] 
and is used when considering the cost-benefit of 
countermeasures designed to increase road safety. 
 
Finally, the analysis of pedestrian injuries using the 
HEMS dataset and Police fatal files is not limited to 
what has been presented here. For example, it is 
possible to focus on one particular cause of 
pedestrian injuries in more detail. The precise 
location of impacts on the windscreen could be 
investigated, and injuries caused by impacts near the 
edge of the screen could be compared with the 
impacts in the centre of the screen. The changes over 
time of the type of pedestrian injuries could be 
analysed using the HEMS dataset, to determine if 
changes in car design or other factors over time have 
changed the epidemiology of pedestrian injury. The 
costing model could also be developed, incorporating 
the cost of the operations and procedures carried out 
on the pedestrians in the hospital, and weighting the 
costs to be more representative of the national 
population of pedestrian casualties (using, for 
example, the nationally recorded Hospital Episode 
Statistics). 
 
CONCLUSIONS 
 
Using London’s HEMS dataset, serious head injuries 
are more frequent, and have a higher total cost, than 
serious injuries to any other body region. 
 
More fatally injured pedestrians had serious head 
injuries caused by impacts with the windscreen than 
any other part of the car. However, a greater number 
of injuries were caused by the A-pillars, and these 
tended to have a greater severity. 
 

No fatally injured adult pedestrian head injuries were 
caused by any part of the car forward of the base of 
the windscreen. This is in contrast to current 
pedestrian impact legislation and consumer testing, 
which concentrate on head injuries caused by impacts 
with the bonnet. 
 
ACKNOWLEDGEMENTS 
 
The authors would like to thank Alistair Wilson, 
Gareth Davies, Elizabeth Foster and the rest of the 
HEMS team at the Royal London Hospital, 
Whitechapel, for providing data on pedestrian 
casualties, and their help and support throughout the 
study. 
 
This project uses accident data from the Police fatal 
accident reports which are archived and stored for 
research purposes by a project funded by the 
Department for Transport. 
 
REFERENCES 
 
[1] Department for Transport, (2008). Road 
Casualties Great Britain: 2007. London: The 
Stationary Office. 
 
[2] Appel, H; Sturtz, G; Gotzen, L (1975). Influence 
of Impact speed and vehicle parameter on injuries of 
children and adults in pedestrian accidents, IRCOBI 
1975. 
 
[3] Otte, D; Pohlemann, T (2001). Analysis and Load 
Assessment of Secondary Impact to Adult 
Pedestrians after Car Collisions on Roads, IRCOBI 
2001. 
 
[4] Gavrila, DM; Marchal, P; Meinecke, MM (2003). 
Vulnerable Road User Scenario Analysis, SAVE-U 
Project Deliverable 1-A. 
 
[5] Ashton, S J; Mackay, G M (1979). Some 
characteristics of the population who suffer trauma as 
pedestrians when hit by cars and some resulting 
implications, Proceedings of the 4th IRCOBI 
conference 1979. 
 
[6] Directive 2003/102/EC of the European 
Parliament and of the Council of 17 November 2003 
relating to the protection of pedestrians and other 
vulnerable road users before and in the event of a 
collision with a motor vehicle and amending Council 
Directive 70/156/EEC 
 
[7] EuroNCAP (2009). 



Richards 12 
 

http://www.euroncap.com Retrieved on 12th March 
2009. 
 
[8] ICD9, (2008). 
http://icd9cm.chrisendres.com/index.php Retrieved 
on 12th March 2009. 
 
[9] AAAM, (1998). The Abbreviated Injury Scale. 
1998 Revision. Des Plaines, Illinois 60018, U.S.A: 
Association for the Advancement of Automotive 
Medicine (AAAM). 
 
[10] Intensive Care Society, (2008). Critical insight: 
an Intensive Care Society (ICS) introduction to UK 
adult critical care services, http://www.ics.ac.uk 
Retrieved 20th November 2008 
 
[11] Christensen M C, Ridley S, Lecky F E, Munro 
V, Morris S, (2008). Outcomes and costs of blunt 
trauma in England and Wales, Critical Care 2008, 
12:R23. 
 
[12] Department of Health. (2005). NHS reference 
costs 2004. Appendix SRC1 – NHS Trust reference 
cost index. Retrieved 20 November 2008, from 
http://www.dh.gov.uk/en/Publicationsandstatistics/Pu
blications/ 
PublicationsPolicyAndGuidance/DH_4105545 
Retrieved 20th November 2008 
 
[13] AAAM, (2005). Abbreviated Injury Scale 2005. 
U.S.A: Association for the Advancement of 
Automotive Medicine (AAAM). 
 
[14] Miller, T., Romano, E., Zaloshnja, E., & Spicer, 
R. (2001). HARM 2000: crash cost and consequence 
data for the new millennium. 45th annual proceedings 
Association for the Advancement of Automotive 
Medicine. 
 
 



 Kingsley 1

EVALUATING CRASH AVOIDANCE COUNTERMEASURES USING DATA FROM FMCSA/NHTSA’S 
LARGE TRUCK CRASH CAUSATION STUDY 
 
Kristin J. Kingsley 
National Highway Traffic Safety Administration 
United States of America 
Paper Number 09-0460 
 
 
ABSTRACT 
 
Real world crash data are used to estimate the size of 
crash populations addressable by crash avoidance 
countermeasures. Until the release of the data from 
the Large Truck Crash Causation Study (LTCCS) 
that was conducted from 2001 to 2003 by the Federal 
Motor Carrier Safety Administration (FMCSA) and 
the National Highway Traffic Safety Administration 
(NHTSA), only coarse estimates of those target 
populations were possible using data from the 
Fatality Analysis Reporting System (FARS) and the 
National Automotive Sampling System’s General 
Estimates System (NASS GES). Both of these 
databases contain limited information that is coded 
from police reported data.  
 
The LTCCS conducted on-scene investigations of 
real world crashes that resulted in a database of 1070 
cases rich in detail, specifically related to precrash 
conditions and factors associated to why the crash 
occured.  The detail in the data was enough to make 
clinical (case by case) estimations of the applicability 
of crash avoidance countermeasures for each crash, 
based on our knowledge of these systems and how 
effective they are in certain scenarios. Final benefit 
estimates would take into account the applicable 
target populations and the effectiveness of a system, 
as determined through field operational tests or some 
other measure. 
 
This study presents the results of clinical reviews of 
truck crashes from the LTCCS to determine which 
target populations of crashes could be candidates for 
prevention given the multiple factors that came into 
play. Countermeasures related to the truck, truck 
driver, or trucking industry might have prevented 61 
percent of the crashes in LTCCS, including 50 
percent that might have been prevented by advanced 
technologies that are currently available for trucks. 
The newly coded data from these clinical reviews can 
be used to further refine the applicable crash 
populations estimated from FARS and GES. This 
research indicates that only a portion of applicable 
crash scenarios identified through FARS and the 
NASS GES are candidates for prevention by crash 
avoidance countermeasures.  

The results present an option for a more accurate 
methodology for estimating the size of crash 
populations addressable by crash avoidance 
countermeasures. Using these results it is possible to 
prioritize research on crash avoidance 
countermeasures. 
 
BACKGROUND 
 
In 2007, an estimated 413,000 heavy vehicles were 
involved in crashes which resulted in 4,808 deaths 
and 101,000 injuries. Of the fatalities that resulted 
from heavy truck crashes, 75 percent were occupants 
of a light vehicle, 8 percent were nonoccupants, and 
17 percent were occupants of a large truck [1]. 
Crashes involving heavy vehicles are severe events. 
Due to the nature of crashes which involve heavy 
trucks and another vehicle (extreme differences in 
mass and energy), the greatest potential to save lives 
and reduce injuries comes from crash avoidance 
countermeasures. Advances in crashworthiness aim 
to protect motor vehicle occupants given that a crash 
occurs. Advances in crash avoidance technologies 
present the opportunity to prevent these crashes from 
occurring in the first place. Preventing heavy vehicle 
crashes can result in a big impact by focusing on a 
specific population of crashes, whose prevention 
would result in a significant number of lives saved 
and injuries avoided.  
 
INTRODUCTION 
 
The first step to prevent crashes is to gain a complete 
understanding of how and why they happen. Through 
a joint effort by the Federal Motor Carrier Safety 
Administration and the National Highway Traffic 
Safety Administration, a major on-scene data 
collection effort was undertaken to identify events 
leading up to crashes and factors that contribute to 
them. It was called the Large Truck Crash Causation 
Study. 
 
The LTCCS data were collected on-scene by trained 
crash researchers at 24 representative locations 
throughout the United States. The on-scene nature of 
the study allowed for richer and more accurate data 
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than a study based on after-the-fact investigations 
would have.  
 
Data collected on-scene and from follow-on 
investigations were compiled for each case and a 
crash event assessment was made using all of the 
available information. The crash event assessment for 
a crash occurrence consists of three elements for each 
vehicle involved in the crash: the “critical precrash 
event”; the “critical reason for the critical event”; and 
“associated factors”. 
 
The “critical precrash event” is the action or event 
that placed the vehicle on a collision course such that 
the collision was unavoidable given reasonable 
driving skills and vehicle handling. In other words, 
the “critical precrash event” makes the crash 
inevitable. The “critical precrash event” is typically 
coded in relation to a pedestrian, nonmotorist, object, 
other motor vehicle, or animal that the subject vehicle 
was attempting to avoid. It is important to note that 
culpability/fault is not considered when making the 
“critical precrash event” determination.  
 

The “critical reason for the critical event” is the 
immediate reason for this event and is often the last 
failure in the causal chain (i.e., closest in time to the 
“critical precrash event”). This variable establishes 
the critical reason for the occurrence of the critical 
event. Although the critical reason is an important 
part of the description of the crash event, it is not the 
cause of the crash nor does it imply the assignment of 
fault. The primary purpose for the “critical reason for 
the critical event” is to enhance the description of 
crash events and allow analysts to better categorize 
similar events [2].  
 
While there is only one critical reason coded per 
crash, this variable is documented at the vehicle 
level. Therefore, for each multiple-vehicle crash, 
there is at least one vehicle for which the critical 
reason is coded as “No driver error,” which means 
the critical reason was coded to another vehicle in the 
crash. Table 1 shows the results from the LTCCS for 
the “critical reason for the critical event” codes. A 
general level of detail is shown, but each level 
contains several more detailed elements.  

 
Table 1 [3]. 

Weighted Number of Involved Vehicles 
By Critical Reason (General Level), Crash Type, and Involved Vehicle Type 

 
 

# % # % # % # % # % # % # %
No Dri ve r Error 1447 4 61913 60 582 52 58 120164 59 63360 45 5 8252 5 8 1216 12 50
Physi cal  Dri ve r 
Factor 7744 20 1377 1 62 14 6 7590 4 9121 6 6214 6 153 35 6
Dri ve r Re cogni ti on  
Factor 6309 17 15883 15 124 21 12 28304 14 22193 16 1 2421 1 2 346 13 14
Dri ve r De ci s ion  
Factor 12621 33 16886 16 111 06 11 27992 14 29507 21 1 1106 1 1 406 12 17
Dri ve r 
Pe rform ance  
Factor 4425 12 2758 3 76 17 8 10375 5 7182 5 7617 8 148 00 6
Ve h icl e  Re l ate d 
Factor 4831 13 2956 3 15 77 2 4533 2 7787 6 1577 2 93 64 4
Envi ronm e nt - 
Hi ghway 599 2 950 1 5 10 1 1460 1 1549 1 510 1 20 59 1
Envi ronm e nt - 
W e athe r 127 0 114 0 5 41 1 655 0 241 0 541 1 7 82 0
Unk nown Re ason 23 0 238 0 15 91 2 1829 1 261 0 1591 2 18 52 1
Total 38127 100 1 03047 100 998 29 100 202902 100 141200 100 9 9828 10 0 2410 28 100

C ri ti cal  Re ason  
(G e ne ral  Le ve l )

S i n gle -
Ve hi cle  
Crash

Mul ti ve h icl e  Crash Total

Truck Truck Ve hi cl e

Source: NHT SA, NCSA, LT CCS. St udy tim e span: April 1, 2 001 - Decem ber 31, 2 003.

Total Tru ck Ve hi cl e Total

 
 
Associated factors can be related to the drivers 
involved in the crash, the vehicles, and/or the 
environment. The NASS researcher collected as 

much data as possible related to factors present prior 
to the crash. Factors were coded when present; no 
determination was made as to whether or not they 
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contributed to the crash. These factors are important 
to provide more detail for each crash and to set the 
stage for relative risk analyses using the entire data 
set. Relative risk analyses will determine whether the 
presence of certain factors increases the risk of a 
crash occurrence. For example, in the LTCCS, 
alcohol would still be coded for a drunk driver 
stopped for a red light who got rearended even 
though alcohol did not play a role in this crash. 
Statistical analysis in the end would show if alcohol 
was more prevalent in striking or struck vehicles in 
similar crash scenarios. 
 
ANALYSIS 
 
Heavy vehicle research must be focused to have the 
highest impact to prevent crashes involving large 
trucks. To accomplish this, crash types must be 
accurately quantified and mapped to potential 
countermeasures. This results in the identification of 
the largest crash problems and identifies possible 
solutions to them. Analysis of LTCCS data can play 
an important role in this process by improving the 
accuracy of crash population estimates for specific 
countermeasures. 
 
A Volpe study shows that 90 percent of crashes are 
caused by driver error (see Figure 1) [4]. LTCCS data 
also shows that more than 80 percent of associated 
factors are coded as driver-related factors.  
 
 

DDrriivveerr  RReellaatteedd  
FFaaccttoorrss  

9900%%  

VVeehhiiccllee  RReellaatteedd  

22%%  
RRooaadd  

SSuurrffaaccee  

88%%

 
 

Figure 1.  Crash Causal Factors [5]. 
 
Until we had the rich precrash data from the LTCCS, 
we relied solely on estimates from FARS (for 
fatalities) and GES (for injuries). Crash scenarios 
were coded, technologies were mapped to the 
scenarios they may be able to prevent, and then 
populations were defined to feed into effectiveness 
estimates. But, for example, how many run-off-road 
scenarios might actually be prevented by lane 
departure warning systems, if a portion of those are 
due to a physical inability to control the vehicle (i.e. 
heart attack or seizure). We can’t get this information 
from FARS and GES. But we can get it from 
LTCCS. 
 

Findings from the LTCCS analysis show that 
regardless of which vehicle or the types of factors 
that contributed more to the crash, in 52 percent of 
truck vs. light vehicle crashes, countermeasures on 
the truck may have helped to prevent the crash. And 
in 70 percent of the truck vs. nonmotorist crashes, 
countermeasures on the truck may have helped to 
prevent the crash. These are the target populations 
which would then be multiplied by system 
effectiveness estimates to give overall benefits 
estimates of each countermeasure. 
 
As for individual countermeasures – how do we 
prioritize them? Which are applicable to largest target 
populations and present us with an opportunity to 
prevent the most crashes and save the most lives? 
 
The objective of the analysis presented in this paper 
is to estimate the size of crash populations 
addressable by crash avoidance countermeasures 
using very detailed real world crash data. NHTSA 
uses multiple data sources to prioritize research on 
advanced technologies, to support regulatory 
activities, and to provide information to consumers. 
The precrash data from each of these resources, thus 
far, has been extremely limited, with details focused 
on crash configurations and injury mechanisms. The 
detailed precrash data from the LTCCS can explain 
how and why crashes occurred which leads to more 
accurate target population estimates, which in turn 
will lead to more accurate benefits estimates. 
 
There are different ways to analyze a data set such as 
the LTCCS. One can perform relative risk analyses to 
determine whether the presence or absence of certain 
factors increases the likelihood of a crash. Another 
method, which was used in the analysis this paper 
presents is a clinical method.  
 
In depth, clinical reviews of each case were 
completed to make individual determinations as to 
what happened in each crash and what could have 
prevented each crash. 
 
New data elements were coded for each case, 
specifically whether the crash should be included in 
the target population of crashes that may be 
prevented by a countermeasure. The list of 
countermeasures included was identified using 
several factors. Only advanced technologies that are 
newly penetrating the commercial vehicle market or 
are soon to penetrate were included. They had to 
have a reasonable expectation to be successful in 
preventing crashes or mitigating injuries by reducing 
crash severity. The following advanced technologies, 
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from warning systems to active vehicle interventions, 
were included in the analysis: 
 
Augment Driver Performance 

o Lane Departure Warning (LDW)/Lane 
Keeping Assist(LKA) 

o Forward Collision Warning (FCW) 
o Blind Spot Detection (BSD)/Lane Change 

Warning 
o Drowsy Driver Detection 
o Backover Crash Prevention 
o Night Vision 
o Tire Pressure Monitoring System (TPMS)      

 
Augment Vehicle Performance (intervene when 
driver action would be insufficient to prevent a crash 

o Roll Stability Control (RSC) 
o Electronic Stability Control (ESC) 

 
In addition to the technologies listed here, non-
technological countermeasures were considered, such 
as: 
 

o Stricter Vehicle Maintenance Requirements 
o Enhanced Conspicuity 
o Driver Training and Education 
o Stricter Driver Licensing Requirements 
o Alcohol and Drug Enforcement 
o Miscellaneous Others 

 
With these countermeasures in mind each case was 
reviewed using the following clinical review process. 
First, by reviewing case summaries, then scene 
diagrams, pictures, the crash event assessment forms 
and any other coded data identified as necessary, a 
determination was made as to whether or not each 
crash should be included in the target population for 
each countermeasure considered.  
 
In the case example illustrated in Figure 2, a truck 
was traveling in the center lane next to a light vehicle 
in lane 1. The truck initiated a lane change maneuver 
to the right and impacted the car. The crash event 
assessment form shows the critical event, critical 
reason for the critical event and all of the associated 
factors in the crash. The case data (Shown in Figure 
3) includes separate tabs for different kinds of 
factors. Drugs and alcohol are rarely coded as critical 
reasons for the critical event, but if they are present, 
they are included as associated factors. 
 
 

 
 

 
 
Figure 2.  Photos and Scene Diagram from 
Example Case 2003-72-014. 
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Figure 3.  Screen Capture of Case Data from Example Case 2003-72-014. 
 
In this case, the critical reason was coded as 
inadequate surveillance (See Figure 3). The car was 
in the truck’s blind zone. This case was fairly 
straightforward because the countermeasure that 
could have prevented this crash was some kind of 
blind zone detection system or lane change assist. 
There could be confounding factors that would 
exclude a case from the target population (such as 
when a driver suffered a heart attack that precipitated 
the crash), but this case was kept in because there 
were no such factors. For many other cases in the 
LTCCS countermeasures were coded not only for the 
truck, but for the light vehicles and the environment 
as well.  
 
RESULTS 
 
The advantage of such a clinical review is to gain a 
better understanding of what kinds of crashes define 
the target populations that are preventable by crash 
avoidance technologies and what percentage of the 
applicable population of crashes could actually be 
mitigated. In addition, we can identify crashes that 
may be prevented by advanced technologies that 
otherwise would have gone unnoticed based solely on 
the data in a police report. This increases our target 
population and gives better benefits estimates. 

Only 10 percent of the LTCCS crashes could be 
considered unpreventable with the rest having a 
reasonable expectation of being included in target 
populations that have the potential to be prevented by 
some countermeasure on either the heavy vehicle or a 
passenger vehicle, if one was involved. 
Countermeasures include advanced technologies, 
stricter vehicle maintenance requirements, alcohol 
enforcement, etc. If you go far enough back in the 
chain of events, almost everything is preventable.  
 
A breakdown of the unpreventable crashes is shown 
in Table 2 including some reasoning as to why 
countermeasures would not have been able to address 
each. 
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Table 2. 
Unpreventable Crash Types from the LTCCS 

 

Unpreventable Crash Types
Number of LTCCS 

Crashes 
Applicable

Medical Condition 25
Intersection Crash 19
Poor Driving Skills/Bad 
Decisions 16
False Assumption of Other 
Road User's Actions 14
Caused by Previous Event 10
Blew Red Light/Stop Sign 8
Unpredictable Pedestrian 
Behavior 8
Vision Obscured 5
Rare Occurrence 1
Total* 106
Source: LTCCS Analysis, Kingsley, 2009.  

*The total in the table represents 10 percent of all 
crashes in the LTCCS. 
 
A surprising number of crashes in the LTCCS 
involved some kind of medical condition which 
precipitated the physical inability to act. There were 
seizures, heart attacks and diabetic episodes. 
 
Many of the crashes occurred at intersections and 
may only be prevented by technologies that are 
further off into the future, such as vehicle to 
infrastructure or vehicle to vehicle communications. 
 
There were a number of crashes that happened 
because of poor driving skills or poor decisions made 
on the part of one of the drivers. For example, a truck 
backed into a bicyclist after ignoring the audible 
warning from the vehicle’s rear object detection 
system. One of the codes in the LTCCS is “False 
Assumption of Other Road User’s Actions.” Many of 
these may be preventable, depending on the crash 
type, but an example of the type that are 
unpreventable is crashes occurring at an intersection 
controlled by a 2-way stop sign. Five of the cases in 
the LTCCS involved a driver stopping at the stop 
sign, viewing the crossing vehicle, but continuing 
ahead anyway because of the assumption that the 
other driver also had a stop sign. 
 
An unpreventable crash was one where a driver 
swerved to avoid another vehicle or another crash, 
but ended up in their own crash. Other examples are 
crashes that involved erratic pedestrian behavior (e.g. 
one pedestrian who was under the influence climbed 
under a truck who stopped briefly at an intersection 
unbeknownst to the truck driver). 
 

The unpreventable crashes are only a small 
percentage of the crash population as a whole. This 
leaves a large target population that has the potential 
to be addressed by countermeasures. 
Countermeasures for trucks may have prevented 61 
percent of these crashes, regardless of who was at 
fault, and regardless of who was assigned the critical 
reason for the critical event.  
 
In order to prioritize individual countermeasures, to 
have the greatest impact, new codes were added to 
each LTCCS case. These codes were queried and 
then tallied to provide the results.  
 
Analysis shows the technologies ranked in order by 
their potential to prevent the largest number of 
crashes (See Table 3). Unweighted data were used 
and pilot study cases were included. The total number 
of cases reviewed was 1070. 

 
Table 3. 

Advanced Technologies and  
Their Potential to Prevent Crashes from the 

LTCCS 
 

 Advanced Crash 
Avoidance 

Technologies

Percentage of 
LTCCS Crashes 

Applicable

FCW 23.8%
ESC 19.3%
RSC 10.2%
LDW 6.1%
BSD 5.9%
Drowsy Driver 
Warning 4.1%
TPMS 1.7%
Backover 
Prevention 0.3%
Night Vision 0.5%
Total* 49.9%
Source: LTCCS Analysis, Kingsley, 2009.  

*The total value in the chart takes into account 
overlap among the systems. It is not the sum of the 
percentage of crashes applicable for each technology. 
Most of the crashes may be included in target 
populations of more than one advanced technology. 
See the drowsy driver warning example below. 
 
Forward collision warning (FCW) systems have the 
potential to prevent the most crashes, based on in-
depth clinical reviews of LTCCS cases. Although not 
included in this analysis, some form of automatic 
braking technology (e.g. collision mitigation braking) 
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would likely address similar crashes in addition to 
those in the target population for FCW. The most 
common crash scenario for heavy vehicles is rear-end 
crashes (23 percent) as can be seen in the chart 
below. Figure 4 shows the most common accident 

types, which total 75 percent of all of the LTCCS 
crashes. An additional 25 percent of crashes are 
miscellaneous accident types and are not included.  
 

 
 

Accident Type

Right Roadside Departure, 
10%

Rear-End, 23%

Head-On, 3%Turn Across Path, 5%

Straight Paths, 6%

Same Trafficway Opposite 
Directions - 

Sideswipe/Angle, 5%

Left Roadside Departure, 
8%

Same Trafficway Same 
Direction - Forward 

Impact, 0%

Same Trafficway Opposite 
Directions - Forward 

Impact, 0%

Turn Into Path, 3%

Single Driver - Forward 
Impact, 2%

Same Trafficway Same 
Direction - 

Sideswipe/Angle, 10%

 
 
Figure 4.  LTCCS Accident Types (Most Common Types Included – 75 percent of Cases). 
 
Understanding that there is an incremental benefit to 
a crash imminent breaking system in addition to 
FCW, those target populations were not broken out in 
this analysis. Results shown here define the target 
population for FCW, the difference coming into play 
based on the driver’s response to the warning, which 
is outside of the scope of this analysis. 
 
An example of the type of crash that LTCCS would 
shed enough light on to exclude from an FCW target 
population is one in which the heavy vehicle driver is 
aware of the danger of the situation and makes the 
conscious decision to “follow too closely” in traffic. 
 
Another technology with significant potential, 
because of its large target population, is electronic 
stability control. Cases were reviewed separately for 
yaw stability and roll stability and it was found that 
the target population for a combined system was two 
times the size of the target population for roll stability 
alone. While ESC and RSC target populations would 

include rollover crashes some of the accident types 
these technologies map to in Figure 4 include Right 
and Left Roadside Departures. 
 
Notable were the crashes that may have been 
prevented by a drowsy driver warning system. All of 
them in LTCCS could have benefited from either a 
lane departure warning system or a forward collision 
warning system as well. See Table 4. 
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Table 4. 
Drowsy Driver Crashes 

Also Addressable by LDW or FCW 
 

Advanced Crash 
Avoidance 

Technologies

Number of 
Crashes in Drowsy 
Driver Population

Percentage of 
Drowsy Driver 

Population

DDWS 44 100.0%
LDW 33 75.0%
FCW 8 18.0%
LDW or FCW 3 7.0%

Source: LTCCS Analysis, Kingsley, 2009.  
 
Although only LDW and FCW systems were 
considered in the analysis above, if one assumes that 
a drowsy driver warning system (DDWS) would have 
alerted the driver at a point earlier in the pre-crash 
timeline, a DDWS would potentially offer the driver 
more of an opportunity to avoid a crash. For example, 
for cases in which a driver was actually asleep at the 
wheel and awoke to either the sound of rumble strips, 
or the jar of a road departure, it can be assumed that 
an LDW system might not give the driver sufficient 
warning to avoid that crash. In these types of crash 
imminent cases, it was assumed that even if a person 
were awakened by an LDW (or FCW system in the 
case of a rear-end crash scenario), the driver would 
not be able to successfully correct in time. 
 
Another interesting countermeasure, though limited 
in crash population, was the TPMS. Each of those 
crashes that would be in a target population for 
TPMS would also be in a target population of crashes 
that have the potential to be prevented by some other 
non-technological countermeasure, such as stricter 
vehicle maintenance or better driver training. 
Advanced driver training courses teach drivers to 
handle blowouts and tread separations in such a way 
that they are non-events. And TPMS is not a 
replacement for regular vehicle maintenance, 
including checking tire pressures and tread depth. 
 
Surprisingly, a significant impact can be made with 
non-technological countermeasures. See Table 5. 
Though vehicle-related factors rank well below 
driver error, as a causal factor in just 2 percent of 
crashes [6], almost 30 percent of the trucks in the 
LTCCS were coded with some vehicle deficiency. 
Based on this analysis, better vehicle maintenance 
could have prevented 13 percent of the crashes.  
 

Table 5. 
Additional Countermeasures and  

Their Potential to Prevent Crashes from the 
LTCCS 

 
Additional Crash 

Avoidance 
Countermeasures

Percentage of 
LTCCS Crashes 

Applicable

Vehicle Maintenance 12.5%
Conspicuity 2.7%
Driver Training 1.1%
Stricter Licensing 0.8%
Alcohol and Drug 
Enforcement 1.4%

Misc. 0.6%
Total* 17.9%

Source: LTCCS Analysis, Kingsley, 2009.  
*The total value in the chart takes into account 
overlap among the countermeasures. It is not the sum 
of the percentage of crashes applicable for each 
countermeasure. Most of the crashes may be included 
in target populations of more than one advanced 
countermeasure. 
 
Alcohol and drug involvement do not play as big of a 
role for truck drivers in heavy vehicle crashes as it 
does for crashes involving passenger vehicles. The 
percentage of large-truck drivers involved in fatal 
crashes who had a blood alcohol concentration 
(BAC) of .08 grams per deciliter (g/dL) or higher was 
1 percent in 2007. For drivers of other types of 
vehicles involved in fatal crashes in 2007, the 
percentages of drivers with BAC levels .08 g/dL or 
higher were 23 percent for passenger cars, 23 percent 
for light trucks, and 27 percent for motorcycles[7]. 
 
Overall, 61 percent of the crashes in the LTCCS are 
represented in target populations of crashes that may 
be avoided by trucks equipped with advanced 
technologies or truck drivers who have the benefit of 
other non-technological countermeasures. 
The total of 61 percent represents the sum of the 
totals from Tables 3 and 5, minus the crashes that 
were included in both tables (e.g. crashes where 
either advanced technologies or some other non-
technological countermeasure may have prevented 
the crash). 
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CASE EXAMPLES 
 
There are several cases in the LTCCS where the truck 
and its driver did nothing to contribute to the crash, 
but a countermeasure on the truck could have 
prevented it from happening. An example is CASEID 
820003685. A heavy truck impacted a pedalcyclist 
who was riding in the middle of the lane down the 
highway. The impact occurred late at night on an 
interstate highway. It is not reported whether the 
pedalcyclist was under the influence of alcohol or 
drugs at the time. The critical reason for the critical 
event was coded to the pedalcyclist, but advanced 
technologies on the truck (such as forward collision 
warning with object detection, collision mitigation 
braking, and/or night vision) may have helped to 
prevent this crash and others like it (there are also 
two similar cases in LTCCS where alcohol was a 
factor for the nonmotorist). 
 
There are several cases in the LTCCS which, based 
solely on police reported data, might be included in 
effectiveness estimates for advanced crash avoidance 
technologies. But upon clinical review of the cases, it 
is clear that the scenario would not have been 
applicable. An example is CASEID 333006978. 
Other data sources would show that a truck rear-
ended another truck. This should be a prime 
candidate for forward collision warning. But upon 
further review of this case, one can ascertain that the 
driver of the striking truck was following too closely 
when a car suddenly cut off the truck in front of him. 
A forward collision warning system would not have 
helped, but some form of automatic braking 
technology (e.g. collision mitigation braking systems) 
may have mitigated the severity of the crash. 
 
The last example is CASEID 342006805. The truck 
departed the roadway in the curve of an exit ramp. 
One might conclude that the truck was traveling too 
fast for the curve and either electronic stability 
control or roll stability control would have slowed the 
vehicle sufficiently to prevent this crash. The LTCCS 
data shows that this driver lost control of his vehicle 
due to a heart attack, and therefore no advanced 
technologies could have helped in this situation. 
There were many cases in the LTCCS like this. 
 
FUTURE WORK 
 
It is envisioned that the refinement of target 
population estimates from FARS and GES would be 
conducted using the following steps: 
 

1. Define pre-crash scenarios from FARS 
and GES like the 37-crashes typology 

[8], but specific to trucks (this is 
currently being done by NHTSA). 

2. Map crash avoidance technologies to 
each of the scenarios to estimate target 
populations. 

3. Identify the same scenarios in the 
LTCCS data. 

4. Refine target population by: 
a. Calculating the percentage of 

those LTCCS cases which 
were coded during the analysis 
presented in this paper as being 
a candidate for inclusion in the 
target population of the 
countermeasure being studied. 

b. Identifying other cases in the 
LTCCS which were coded as 
being a candidate for inclusion 
in the target population of the 
countermeasure, but were not 
pulled out using the query 
based on crash scenarios. 

5. Apply those proportions back to the 
FARS and GES estimates for a more 
robust target population. 

 
CONCLUSIONS AND CURRENT STATUS 
REPORT 
 
Clinical reviews of the cases from the Large Truck 
Crash Causation Study show that 90 percent of those 
crashes could be prevented by highly effective 
countermeasures and programs. Sixty-one percent of 
the crashes have the potential to be prevented by 
some countermeasure related to the truck, truck 
driver, or trucking industry. An additional 29 percent 
could be prevented by countermeasures related to 
light vehicles, light vehicle drivers or the 
environment. The truck-related countermeasures 
include vehicle maintenance and driver training in 
addition to advanced technologies. Almost 50 percent 
of the crashes in the LTCCS have the potential to be 
prevented by advanced technologies that are 
currently available for trucks.  
The in-depth cases reviews and analysis conducted in 
this paper can be used to prioritize research, refine 
effectiveness estimates from FARS and GES, and to 
define crash scenarios that can be used in follow-on 
research (e.g. simulation studies) to estimate the 
effectiveness of advanced technologies. 
 



 Kingsley 10

REFERENCES 
 
[1], [7] Traffic Safety Facts 2007 Data: Large Trucks, 
DOT HS 810 989. 
 
[2] Toth, Gary R., et al, Large Truck Crash Causation 
Study in the United States, ESV 2003, Paper Number 
252. 
 
[3] Starnes, Marc, Large Truck Crash Causation 
Study: An Initial Overview, DOT HS 810 646, 
August 2006. 

 
[4], [5], [6] Najm, Wassim, et al, Synthesis Report: 
Examination of Target Vehicular Crashes and 
Potential ITS Countermeasures, DOT HS 808 263, 
1995. 
 
[8] Najm, Wassim, et al, “Pre-Crash Scenario 
Typology for Crash Avoidance Research,” DOT HS 
810-767, April 2007. 
 

 



Perez 1 

 

TEST AND EVALUATION OF THE COOPERATIVE INTERSECTION COLLISION AVOIDANCE 
SYSTEM FOR VIOLATIONS (CICAS-V) DRIVER-VEHICLE INTERFACE 
 
Miguel A. Perez  
Vicki L. Neale 
Virginia Tech Transportation Institute 
USA 
Raymond J. Kiefer 
General Motors Corporation 
USA  
Paper Number 09-0461 
 

ABSTRACT 

The Cooperative Intersection Collision Avoidance 
System for Violations (CICAS-V) project was 
conducted to develop and field-test a comprehensive 
system to assist drivers in reducing the number and 
severity of crashes at intersections due to violations 
at stop-sign and signal-controlled intersections.  One 
essential component of such a system is the Driver-
Vehicle Interface (DVI) to warn a driver of an 
impending violation.  A series of test-track studies 
was conducted to support the selection of a DVI for 
subsequent on-road tests of the CICAS-V.  In these 
tests, 18 naive drivers per interface were placed in a 
surprise intersection violation scenario and provided 
with a precisely timed warning presented through a 
variety of DVIs.  Driver braking profiles and vehicle 
stop locations were collected and analyzed, with 
particular emphasis on behaviors that resulted in 
avoiding entering the intersection  DVIs included 
combinations of visual, auditory, and haptic (brake 
pulse) warnings.  Results from the tests showed that 
drivers exposed to a brake pulse tended to stop more 
often and with lower decelerations than drivers that 
were not exposed to the brake pulse.  The 
effectiveness of the brake pulse warning, however, 
was partly moderated by the type of auditory warning 
that accompanied the brake pulse warning.  A 
baseline trial was conducted to determine the benefit 
of the DVI over a non-warning condition.  Overall, 
results supported the recommendation of a DVI 
containing the simultaneous presentation of a 
flashing visual (red stoplight/stop sign icon), a ‘Stop 
Light’ speech warning, and a single brake pulse.  The 
best-performing DVI resulted in an 88% 
improvement over the baseline condition.  Project 
participants included offices of the United States 
Department of Transportation, Daimler, Ford, 
General Motors, Honda, Toyota, and the Virginia 
Tech Transportation Institute. 

INTRODUCTION 

The Cooperative Intersection Collision Avoidance 
System for Violations (CICAS-V) project was 
conducted to develop and field-test a comprehensive 
system to assist drivers in reducing the number and 
severity of crashes at intersections due to violations 
of traffic control devices (TCD).  These crashes 
account for almost 400,000 injuries and fatalities in 
the United States every year (National Highway 
Traffic Safety Administration, 2008).  The approach 
selected to reduce these crashes is to present a timely 
and salient in-vehicle warning to those drivers 
predicted to violate a TCD.  The warning is intended 
to elicit a behavior from the driver to avoid a 
potential violation.   
 
Supporting the warning are several subsystems that 
exchange, process, and present the required 
information from both the vehicle and the 
intersection.  The Driver-Vehicle Interface (DVI), 
which is the means through which the warning 
information is presented to the potential violator, is 
one of these CICAS-V subsystems.  The importance 
of this particular subsystem is based on its function: 
prompting the driver to take the appropriate violation 
avoidance maneuver.  For this reason, a series of 
Human Factors (HF) test track studies were executed 
during the CICAS-V project to determine the DVI 
that would be integrated into the CICAS-V system 
for further on-road testing.  To this end, experimental 
scenarios were developed to attain a set of test 
conditions that simulated a “representative” signal 
violation environment.  Naive drivers were exposed 
to these scenarios while being aided by one of several 
DVI alternatives.  Based on knowledge gaps 
remaining after past research efforts, these test 
scenarios were designed to address the following 
research questions: 
• Within the auditory modality, how does the 

effectiveness of speech warnings compare to 
non-speech warnings? 
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• Is scenario outcome improved by the addition of 
a brake pulse warning? 

• Does the availability of Panic Brake Assist 
(PBA) functionality improve the scenario 
outcomes? 

• Within the context of the experimental scenario, 
what is the effectiveness of each different DVI 
warning relative to when a warning was not 
presented? 

 
Although interesting data were obtained during this 
research addressing signal violation alert timing, this 
timing issue was a secondary goal of this 
investigation.  The range of alert timings examined in 
the current research (as they coupled with the 
examined DVI approaches) was initially based upon 
previous research and then was later modified based 
on the scenario outcomes as the studies progressed.  
It should be noted that the current research did not 
directly examine potential false alarm (annoyance) 
issues associated with the DVIs or alert timings 
examined.   
 
This paper describes the effort to select a DVI that 
can be used to warn a driver that is predicted to 
violate an intersection TCD.  The approach and 
candidate DVIs selected for these experiments were 
based on previous research and consensus of 
stakeholders within the CICAS-V project. 

Description of Past Research 

The magnitude and prevalence of intersection crashes 
have prompted a variety of research efforts in recent 
years.  Within the context of crashes resulting from 
intersection TCD violations, most of these efforts 
have examined the effect of infrastructure-based 
systems in mitigating this problem.  This limitation 
has mainly been due to constraints in technology, 
especially that which allows the vehicle and 
intersection to communicate and share information.  
However, new wireless communications technologies 
(e.g., Dedicated Short Range Communications - 
DSRC) have bridged some of these gaps and 
prompted research into vehicle-based 
countermeasures for addressing the intersection crash 
problem. 
 
The most comprehensive examination of vehicle-
based intersection TCD violation collision avoidance 
systems to date was the Intersection Collision 
Avoidance-Violation (ICAV) project (Lee et al., 
2005).  This effort examined auditory, visual, and 
haptic (in the form of brake pulses and soft braking) 
DVIs in the context of a surprise scenario presented 
to naive drivers, using a visual occlusion approach.  

Some of the key findings from the ICAV study with 
respect to an intersection TCD violation scenario 
include: 

• The effectiveness of a particular DVI is 
dependent upon its timing; that is, the 
optimal warning presentation timing for one 
DVI is not necessarily the optimal timing for 
another DVI. 

• Visual warnings should be accompanied by 
warnings in other modalities and, in the 
intersection TCD violation context, help 
explain the warning meaning. 

• Speech-based (“Red Light”) auditory 
warnings may elicit faster and more 
effective driver responses than non-speech 
(context-free) tones. 

• Brake pulses and automated soft-braking 
appear to be effective warning methods in 
the intersection TCD violation context. 

• Nuisance alarms are a key consideration in 
defining the warning type and timing to be 
used in these systems. 

 
The ICAV project results were complemented by the 
Intersection Decision Support (IDS) project (Neale et 
al., 2006), which examined a wide range of 
infrastructure-based countermeasures in the context 
of similar intersection TCD violation scenarios.  The 
IDS effort allowed for further development and 
refinement of the experimental protocols used in 
ICAV.  Lessons from both of these projects provide a 
strong foundation of knowledge for the studies 
conducted as part of the CICAS-V effort.  This 
investigation builds upon these two efforts in two 
distinct ways.  First, it introduces a naturalistic 
testing approach that will aid in the estimation of 
safety benefits from the countermeasures tested.  
Second, the warnings that are considered are the 
result of consensus of the project team.  As such, it is 
likely that possible implementations of the final 
system will be based on the general characteristics of 
these warnings. 
 
The literature examined to determine the collection of 
DVIs tested as part of this effort was not limited to 
these two projects.  The types of warnings tested in 
this investigation have been examined, often with 
encouraging results, in other crash contexts.  The 
literature examined described these previous tests and 
presented guidelines for the design of haptic, 
auditory, and visual warning systems in automotive 
applications (e.g., Campbell, 2004; Kiefer et al., 
1999; Lee, McGehee, Brown, & Nakamoto, 2007; 
Lloyd, Wilson, Nowak, & Bittner, 1999; Noyes, 
Hellier, & Edworthy, 2006).  The results of these 
efforts, along with the project team’s experience 



Perez 3 

 

enabled the development of multi-modality 
approaches that were production-representative and 
technologically feasible. 

Assumptions of CICAS-V Studies 

To determine the most suitable DVI for inclusion in 
the CICAS-V system, a series of nine studies was 
conducted.  There are three assumptions implicit in 
the results and discussion contained in this paper.  
First, it is expected that the surprise signal violation 
scenarios used in the experiments provide DVI 
effectiveness estimates that may approximate those 
that may be obtained in the real world.  Furthermore, 
the assumption is made here that experimental 
rankings of warning effectiveness will be equivalent 
to rankings based on real-world use.  Second, it was 
assumed that DVI rankings obtained for signalized 
intersection scenarios would be applicable to stop 
sign scenarios (stop signs were not tested as part of 
the experiments described in this paper).  This 
assumption was supported by the findings of the 
ICAV and IDS studies, which showed equivalencies 
in driver stopping behaviors for surprise traffic signal 
and stop sign scenarios.  Third, all studies used 
nominal intersection approach speeds of 35 mph 
(56.3 km/h) and one or more TTIs (times-to-
intersection) at which warnings were presented (the 
warning presentation algorithm was based on TTI). 
The performance measures discussed herein are 
expected to be applicable to speeds that are close to 
the 35 mph nominal speed used, and might change at 
higher and lower approach speeds (in part because 
the alert timing approach may be influenced by driver 
speed).  These performance measures were collected 
in these studies as a means of evaluating various 
DVIs rather than to characterize typical driver 
behavior across a range of intersection types.  
However, the DVI rankings obtained, which were the 
primary focus of the study, are expected to remain 
largely consistent across intersection approach 
speeds.  

METHOD 

In an effort to determine the best method to evaluate 
the DVIs, two protocols were developed that 
employed different methods to distract drivers’ 
attention from the forward roadway.  One protocol 
used visual occlusion, while the other protocol used a 
naturalistic distraction method.  The ICAV and IDS 
studies used occlusion as the method to induce 
‘distraction’ during the surprise trial.  While the 
occlusion method worked well in the context of those 
studies (where it was sufficient to make relative 
comparisons between countermeasures under well-

controlled experimental conditions), the question 
remained as to whether the output could be 
effectively used for the estimation of potential safety 
benefits (one of the goals of the CICAS-V effort).  In 
addition, it cannot be stated with absolute certainty 
that the relative differences observed with the 
occlusion method would necessarily be preserved 
under more naturalistic distraction conditions.  To 
address these issues, the occlusion approach was 
compared to a naturalistic distraction protocol.  For a 
variety of reasons that are discussed in Maile et al. (in 
print), the naturalistic distraction method was 
selected as the approach of choice for the tests 
discussed in this paper.  The nine studies conducted 
with this protocol, the DVI tested in each study, and 
the alert timings (i.e., TTIs) tested are shown in Table 
1 and discussed in this paper.   
 

Table 1. 
CICAS-V Studies Conducted using the 

Naturalistic Driving Protocol 

Study 
# DVI* 

Time to 
Intersection 
(TTI, s) 

1 

Collision Avoidance Metrics 
Partnership (CAMP) Forward 
Collision Warning (FCW) Tone 2.44 

2 Speech 2.44 

3 
CAMP FCW Tone and Brake 
Pulse 2.44 

4 Speech and Brake Pulse 2.44 

5 
Beep Tone and Brake Pulse with 
PBA 2.24 

6 
Speech and Brake Pulse with 
PBA 2.24 

7 
Speech and Brake Pulse with 
PBA 2.04 

8 
Speech and Brake Pulse with 
PBA 1.84 

9 No warning 2.44** 
*All of these studies featured a visual display that 
performed both advisory and warning functions (only 
the advisory function of this display was used in 
Study 9). 
** The yellow light change occurred at 2.44 s TTI. 

The method used to conduct this series of studies is 
summarized in this section.  More comprehensive 
descriptions can be found in Perez et al. (in print). 

Participants 

Participants were recruited through the newspaper, 
broadcast media, word of mouth, and the Virginia 
Tech Transportation Institute’s (VTTI) database of 
possible participants (based on their expressed 
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interest).  On initial contact (usually over the phone), 
individuals were screened to ensure their eligibility 
for the study.  Eligibility criteria included restrictions 
to exclude individuals who had previously 
participated in a surprise-scenario experiment at 
VTTI (which may have predisposed them to expect a 
surprise scenario), health conditions or medication 
intake that may interfere with their ability to operate 
a motor vehicle, and no more than two moving 
violations nor any at-fault accidents within the 
previous three years (for liability and safety reasons).  
Participants also had to possess a valid driver’s 
license.   
 
Most experimental groups contained 18 participants, 
counterbalanced for age and gender.  However, when 
it was apparent that the DVI being tested would not 
yield favorable results, the study was stopped early in 
an effort to conserve resources.  Participants across 
three age groups were recruited for all experiments: 
younger drivers aged 20-30 years, middle-aged 
drivers aged 40-50 years, and older drivers aged 60-
70 years.  Altogether, 195 participants were run for 
the nine studies, of which 136 provided valid data 
points.  Invalid data points resulted from drivers for 
whom the naturalistic distraction technique did not 
work as intended (e.g., drivers were looking directly 
at the forward roadway on or before the time of 
warning or yellow light onset).   

Testing Facility 

The experiments were completed on the Virginia 
Smart Road, a 2.2 mile controlled-access research 
facility.  The designated path driven by participants 
during this series of studies spanned the upper and 
third turnaround areas on the two lane test-bed.  The 
path included a pass through one signalized 
intersection.  At this intersection, the Smart Road 
intersects with an additional access road, which then 
connects to a road that runs parallel to the upper 
portion of the Smart Road.     

Protocol 

Upon arriving at the Institute, participants were asked 
to read an informed consent form which provided 
specific information about the study, including the 
procedures, risks involved, and measures for 
confidentiality.  The participants were initially not 
told the true purpose of the study in order to gain 
information on how naive participants react to an 
intersection violation warning.  The purpose stated in 
the form described the study as an evaluation of the 
effect of in-vehicle tasks on driving behavior.  After 
agreeing to the study and signing the informed 

consent, participants completed a health screening, a 
visual acuity test, and a color vision test.  
 
Participants were then led to the vehicle where they 
were given time to make the necessary adjustments to 
the seat, mirrors, and climate control.  During the 
pre-drive vehicle orientation, different safety systems 
available in the experimental vehicle, including the 
CICAS-V system, were briefly mentioned (e.g., 
forward collision warning, backing aid).  The 
availability of PBA (when it was made available) was 
never mentioned.  Participants were told to follow all 
the normal traffic rules throughout the experiment 
and that maintenance vehicles would occasionally be 
entering and leaving the road at the intersection.  
Unbeknownst to the participants, these maintenance 
vehicles were staged confederate vehicles driven by 
VTTI on-road crew as part of the study.  At this time, 
the participants were given a brief tutorial and 
demonstration of the in-vehicle systems they would 
be using to perform various tasks.  Participants were 
also provided with the opportunity to practice one of 
these distraction task sequences while parked.  They 
were told that information about their speed 
maintenance and lane position accuracy would be 
recorded, including during the execution of any in-
vehicle tasks.  They were asked to place the car in 
third gear and maintain 35 mph throughout the study. 
 
During the experiment, the front-seat experimenter 
(FSE) triggered a pre-recorded message at 
predetermined landmarks on the Smart Road that 
instructed the participant to complete a certain task.  
These tasks were based on those developed for 
CAMP’s Driver Workload Metrics project (Angell, 
Auflick, Austria, Kochhar, Tijerina, Biever, et al., 
2006).  Tasks the participants were asked to complete 
included changing the radio station, changing tracks 
on a CD, changing properties of the heating, 
ventilation, and air conditioning (HVAC) system, and 
turning on the vehicle’s hazard lights.  Each message 
ended with the word “Now.”  Participants were 
instructed to keep both hands on the steering wheel 
prior to hearing the word “Now.”  Upon hearing the 
word “Now,” participants were to complete the task 
as quickly and as accurately as possible.  Once the 
participant finished the task, they were to say 
“Done,” as an indication to the FSE that they had 
completed the task.  The procedure of keeping both 
hands on the steering wheel prior to hearing the word 
“Now” helped to minimize the frequency of early 
glances to the task area or quick return glances to the 
forward roadway.  This in turn helped reduce the 
chance that participants would be glancing away 
from the forward roadway when the warning and/or 
green-to-yellow light change were presented during 
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the surprise trial.  The participant had the option to 
quit or skip any task, or to ask the FSE to play the 
instructions again.  Additionally, for safety reasons, 
the FSE could instruct the participant to stop or skip 
any task.   
 
The first nine trials of the experiment (all of which 
involved intersection crossings, most under a green 
light) were scripted to build the expectation of 
possible cross traffic at the intersection, while the last 
trial was a surprise scenario.  Throughout the 
experiment, tasks were initiated at predetermined 
landmarks. Each 2-3 minute drive (trial) up or down 
the Smart Road contained four or five tasks in total.  
On the first trial down the Smart Road, there was a 
“maintenance” vehicle (Principal Other Vehicle - 
POV) parked on a road parallel to the Smart Road.  
The POV driver appeared to be performing 
maintenance activities on the road.  After the Subject 
Vehicle (SV) circled through the lower turnaround 
and approached the intersection for the second trial, 
the POV drove to the adjacent stop bar at the 
intersection.  The signal, though triggered by the on-
board computer in the SV, appeared to the participant 
to be triggered by the waiting POV.  The participant 
then received a common yellow-red light sequence, 
during which the POV crossed and exited the road.   
 
On the sixth intersection approach, the POV re-
entered the road, crossing through the intersection 
towards the parallel road.  Again, the light sequence 
was triggered by the on-board computer in the SV, 
though appearing to change because of the presence 
of the POV.  When the SV continued to the lower 
turnaround during the seventh trial and was no longer 
in view of the POV, the POV inconspicuously exited 
the road.  At the start of the SV’s tenth (final) 
intersection approach, a second confederate vehicle 
(Following Vehicle - FV) followed the SV up the 
road at approximately a 1.5 to 2 s headway.  
Although participants might have believed that the 
maintenance vehicle was again entering or leaving 
the road, this maintenance vehicle was not near the 
intersection at this time.   
 
During this final approach (the surprise trial), a 
recorded set of instructions was automatically 
triggered by the on-board computer at 24 s TTI.  A 
separate audio file stating “Now” was triggered at 4 s 
TTI.  This consistent timing of events helped to 
maximize the probability that participants would not 
be glancing at the forward roadway as the light 
turned yellow, before the warning and/or yellow light 
were presented.  The light turned yellow about 0.1 s 
before the warning onset, which occurred at 2.44, 
2.24, 2.04, or 1.84 s TTI (depending on the study).   

After the surprise trial was complete and participants 
either stopped or crossed through the intersection, a 
brief questionnaire about the warning(s) just received 
was administered.  Participants were then asked to 
read and sign a new informed consent form that 
explained the true purpose of the study.  The 
experiment was then concluded and participants 
returned to the VTTI main building for payment, 
unless additional trials were performed (see below). 
 
Each participant took approximately 75 minutes to 
complete the experiment, and up to six participants 
could be run per day, depending on weather and 
amount of daylight. The study was run only when the 
road was dry, since the experiment involved the 
potential for hard braking and risk of skidding on wet 
pavement. 

Additional Trials 

In order to obtain additional information on braking 
behavior and PBA activation thresholds, several 
participants in Studies 5 through 8 completed up to 
two additional trials using different PBA activation 
settings following the surprise trial.  After the 
surprise trial questionnaires had been administered, 
and with the participant’s consent, the participant 
completed one or two additional approaches to the 
intersection.  The availability of PBA, or the fact that 
PBA activation was the main measure of interest 
from the additional trials, was not discussed during 
the orientation for these trials.  As the SV approached 
the stop bar, the Collision Avoidance Metrics 
Partnership (CAMP) Forward Collision Warning 
(FCW) Tone warning (as used and described in 
Kiefer et al., 1999) was presented at 2.0 s TTI.  Upon 
hearing the warning tone, the participant was asked to 
apply the vehicle brakes as if trying to avoid an 
intersection crash.  The FSE instructed the 
participants on this procedure after the surprise trial 
and prior to asking for their consent to participate in 
these additional trials.  Altogether, 53 participants 
were run through at least one additional trial, and 88 
trials were conducted.   

Instrumentation 

As previously stated, experimental scenarios were 
developed to attain a set of test conditions that 
simulated signal violation scenarios.  To support that 
effort, the test system emulated CICAS-V 
functionality, but was overbuilt to operate in a more 
precise manner than would be necessary for real-
world implementation.    
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Two 2006 Cadillac STSs were equipped as the SVs 
in this set of studies.  The vehicles were equipped 
with anti-lock brakes, dual front and side airbags, and 
traction control.  To minimize risk for participants 
and experimenters, an emergency passenger-side 
brake was mounted such that the experimenter 
(seated in the front passenger seat) could brake if 
needed.  The confederate vehicles used for these 
studies included a 1999 Ford Contour, posing as 
cross traffic, and a 2000 Ford Explorer as the 
following vehicle. 
 
The SVs were equipped with visual, auditory, and 
haptic warning displays.  The visual display consisted 
of a non-reprogrammable single-icon light-emitting 
diode (LED) screen located in a high head-down (top 
of dashboard) position on the vehicle centerline near 
the center speaker and oriented towards the driver 
(Figure 1).  The display was in a hooded enclosure 
with a low-reflection diffusion glass panel. The 
visual icon consisted of an outlined traffic signal and 
stop sign, which was developed via open-ended icon 
comprehension and rank order testing (Campbell, 
Kludt, & Kiefer, 2007).  The icon was 11.6 mm (0.46 
inches) high and 11.6 mm (0.46 inches) wide.  
Including the additional 1 mm background on all 
sides, the total icon size was 13.6 mm (0.54 inches) 
high and 13.6 mm (0.54 inches) wide. At a pre-
established TTI, the figures would become blue and 
steady.  On warning activation, the figures would 
become red, and flash at 4 Hz with a 50% duty cycle 
(125 ms on, 125 ms off). 
 

 
Figure 1.  High head-down visual display LED 
screen. 
 
In addition, the vehicles had an integrated 
loudspeaker (located in the dashboard above the 
instrument cluster) used to present the auditory 
warnings independently of the vehicle’s sound 
system.  The sound was directed toward the driver 
from the location of interest (i.e., forward 

windshield).  Three different auditory warnings were 
tested.  The initial warning tested was the CAMP 
FCW Tone (Kiefer et al., 1999).  The CAMP FCW 
Tone was presented at 74.6 dBA.  A second speech 
warning was tested consisting of a female voice 
stating the word “Stop Light,” presented at 72.6 dBA.  
A third auditory warning was a Beep Tone, which 
consisted of three high-pitched beeps.  The Beep 
Tone was presented at 75.0 dBA.  All sound level 
measures were taken at the approximate location of 
the driver’s head. 
 
When used, the Brake Pulse was triggered 
immediately before the onset of the visual and 
auditory warnings such that deceleration would reach 
~0.10 g at approximately the same time as the visual 
and auditory warning onset.  Total pulse duration was 
approximately 0.6 s.  Deceleration produced by the 
pulse peaked around 0.25 g, and was reached 
between 0.25 and 0.35 s after the onset of the visual 
and auditory warnings.  The brake pulse command 
was not issued if deceleration over 0.1 g and/or brake 
activation were detected by the on-board processing 
unit.  The system was implemented entirely within 
the brake controller using the existing Anti-Lock 
Braking System (ABS) pump hardware. 
 
The Data Acquisition System (DAS) contained 
within the vehicle was custom-built by VTTI.  The 
DAS was located inside the trunk and out of the 
participant’s view.  Attached to the system bus was a 
series of custom-designed circuit boards that 
controlled the various functions of the acquisition 
device.  This system included video grabbers, 
accelerometer/gyroscope (Crossbow VG400), a 
vehicle network sniffer (to pull variables from 
vehicle network), and power management boards.  It 
also received data from a Differential Global 
Positioning System (DGPS, Novatel OEM4-G2L), 
which was used to acquire vehicle position (using an 
internal intersection map for reference) and speed.  
The alignment and time-stamping data retrieved from 
these boards was choreographed by a customized 
VTTI proprietary software package, which collected 
non-video data at 100 Hz.  Hardware was contained 
in a custom-mounting case designed to affix 
instrumentation in orientations necessary for accurate 
measurement and durability. 
 
The video grabbers installed in the DAS converted 
the National Television System Committee (NTSC) 
signal from the cameras into Motion Picture Experts 
Group 4 (MPEG-4) compressed video, which was 
recorded to the hard drive in real time.  Small 
cameras (1” square by ¼” deep, seeing through a 
1/32” aperture) were mounted inconspicuously within 
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the vehicle and collected the video data.  For the 
current study, four cameras were installed. The 
camera views included the driver’s face (to record 
eye glances), the forward road view, the driver’s 
hand placement, and the driver’s feet (to show 
accelerator and brake activation).  Video data were 
recorded on the DAS computer at 30 Hz.  For 
analysis, video data were multiplexed in a four-
quadrant, split-screen display (Figure 2). 
 

 
Figure 2.  Four-quadrant, split-screen video data 
display. 
 
Wireless communications needs were addressed via a 
second computer connected to the distributed DAS 
network and linked to a Denso® Wave Radio.  In 
addition to coordinating wireless communications, 
this computer provided the experimenter interface, 
computed the algorithm, and supplied algorithm data 
to the DAS for synchronization with the video and 
driver performance data.  DSRC equipment in the 
vehicle provided signal phase and timing information 
from the intersection’s DSRC transceiver to the DAS 
and sent control commands to the intersection.  
Antennas were mounted underneath the front vehicle 
bumper and on top of the controller cabinet.  VTTI 
developed platform-specific software to address all of 
these communication needs. 
 
The DAS was independent of the CICAS-V test-bed 
system but remained linked as necessary to record 
and time-stamp key events (e.g., warning onsets).  
The entire DAS was unobtrusive and did not limit 
visibility or create a distraction.  
 
A 700 MHz PC104 computer was used at the 
intersection to manage the signal configuration and 
wireless data transfer tasks.  The PC104 received 
commands over the wireless communication system 
with regard to signal change sequence, timing, and 
phase change initiation.  The computer physically 
controlled the signal state through a 110 V interface 
built in-house at VTTI. 

Study Variables  

The primary independent variable was DVI Type.  In 
cases where multiple timings were tested for the 
same DVI, Warning Timing (i.e., TTI) was also used 
as a factor.  A substantial number of dependent 
variables were collected across the studies.  The 
majority of these variables were objective measures, 
but some subjective data were also collected through 
questionnaires.  The following dependent variables 
were selected or derived from the raw data available 
from the vehicle DAS: 
• Avoidance:  Avoidance was determined based 

upon whether the driver stopped and where.  
Four different zones were defined, depending on 
the vehicle’s distance with respect to the stop 
bar, measured from the front of the vehicle.  
These zones are specific to the Smart Road 
intersection and its approach configurations 
(although they could be defined for any 
intersection).  Areas prior to the collision zone 
included the ‘No Violation’, ‘Violation’, and 
‘Intrusion’ zones. Stopping in any of these zones 
was considered as successfully avoiding entering 
the intersection.  If the driver did not stop or 
stopped in the ‘Collision Zone’ the result was 
considered unsuccessful.  The zones are defined 
below and illustrated in Figure 3.   

 
o Did not Stop – Vehicles that did not stop. 
o Collision Zone – Vehicles that stopped at 

9.1 m (30.0 ft) or more beyond the stop bar.  
For the Smart Road intersection, this 
distance represented the location at which 
crossing traffic could be expected to be first 
encountered. 

o Intrusion Zone – Vehicles that stopped 
between 4.6 m (15.0 ft) and 9.1 m (30.0 ft) 
beyond the stop bar.  (Since the test bed 
vehicles measured close to 4.6 m in length, 
at this distance the rear end of the vehicle 
would be completely over the stop bar.) 

o Violation Zone – Vehicles that stopped 
within 4.6 m (15.0 ft) beyond the stop bar.   

o No Violation Zone – Vehicles that stopped 
at or before the stop bar. 
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Figure 3.  Illustration of the four stopping zones 
on the Smart Road. 
 

• Distance Before the Stop Bar (ft): Vehicle 
distance to intersection once its speed was less 
than 0.2 ft/s (0.4 mph).  The threshold was 
selected to eliminate incorrect triggers due to 
noise in the speed data. 

• Peak Deceleration (g): Raw (i.e., non-smoothed) 
maximum driver-induced deceleration during the 
intersection stop. 

• Constant Deceleration (g): Required constant 
deceleration to yield the observed stopping 
distance based on the observed brake onset 
distance, as calculated in Equation 1: 

    
)DD(g
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 (1). 

Where: 
a = constant deceleration as a proportion of 
gravitational acceleration (g) 
V = vehicle speed at the point when the driver 
initiated braking (m/s) 
g = gravitational acceleration constant (9.81 
m/s2) 
Di = distance to intersection when the driver 
initiated braking (m) 
Df = distance to intersection at which the vehicle 
stopped (m) 

• Required Deceleration Parameter (RDP) from 
Braking Onset to Stop Bar (g):  Required 
constant deceleration to come to a stop at the 
stop bar based on the observed brake onset 
distance, as calculated in Equation 2: 

           jDg
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  (2). 

Where: 
a = constant deceleration as a proportion of g 
V = vehicle speed at the point when driver 
initiated braking (m/s) 
g = gravitational acceleration constant (9.81 
m/s2) 
Dj = distance to intersection at braking onset (m) 

 
For the following variables, note that stimulus onset 
for conditions in which a warning was issued was the 
warning onset.  For the no-warning condition, the 
stimulus was the presentation of the yellow light.  
Note that for conditions where a warning was issued, 
the warning timing coincided with the presentation of 
the yellow light, making both warning and no-
warning conditions equivalent in terms of timing. 
• Time to Accelerator Release (s): Time from the 

onset of the stimulus to the onset of accelerator 
pedal release (operationally defined as the first 
decrease in accelerator position, after stimulus 
onset, of more than 2.5% in 0.1 s). 

• Time to Brake (s): Time from the onset of the 
stimulus to the onset of brake application 
(operationally defined as the first increase in 
brake position, after stimulus onset, of more than 
5% in 0.1 s). 

• Time to Peak Deceleration (s): Time from the 
onset of the stimulus to maximum driver-induced 
deceleration.   

Data Reduction and Analysis Techniques 

The dependent variables for the study were examined 
for consistency prior to the analysis process.  Custom 
software was created in the MATLAB® environment 
(MathWorks, Natick, MA) to identify the surprise 
trial within the data, calculate the dependent variables 
of interest, and produce plots that aided in data 
integrity verification and identification of the data 
that should be excluded.  Figures created in 
MATLAB® illustrated all essential aspects of the 
intersection approach, and allowed the identification 
of incorrectly processed, incomplete, or corrupt data. 
 
Upon completing each experiment, video collected 
by the on-board DAS was analyzed using VTTI’s 
data analysis and reduction tool (DART).  
Participants who were not glancing down or 
otherwise obviously distracted were excluded from 
data analysis.  Participants were also excluded from 
the study if they were traveling, at warning or yellow 
light onset, more than 7.9 km/h (5 mph) over or 
under the nominal speed for the warning condition. 
 
Conceptually, there are two steps required for a 
successful intersection stop.  These aspects are: (Step 
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1) analyze, formulate, and initiate a response plan to 
the stimulus requiring the stop, and (Step 2) adapt 
and complete the execution of the plan based on any 
sensory feedback.  Put in another way, assuming a 
driver decides to stop, Step 1 characterizes pre-
braking behavior and Step 2 characterizes the braking 
behavior. 
 
Both steps can be quantified using different 
dependent variables; however, the dependent 
variables that characterize the second step might not 
be independent of those that characterize the first 
step.  For example, it is possible that a driver that 
takes longer to react to the warning stimulus (Step 1) 
would brake harder (Step 2) in order to compensate 
and stop at the same point as a driver with a faster 
reaction time.  All of the dependent variables 
described above can be classified according to the 
step that they quantify: 
• Analysis, formulation, and initiation of the 

response plan (Step 1, plan initiation) 
o Time to accelerator release 
o Time to brake 

• Adaptation and completion of the response plan 
(Step 2, plan execution) 
o Time to peak deceleration 
o Distance before the stop bar 
o Peak deceleration 
o Constant deceleration 
o RDP from Braking Onset to Stop Bar 

 
In order to determine the need for correction factors, 
a correlation analysis was performed between the 
Step 1 and Step 2 variables.  Given that correlation 
analysis quantifies the degree of linear relationship 
between variables, transformation of variables was 
also examined in this process, as a means of 
maximizing the correlations. 
 
Once the correlations were completed and any 
relationships between Step 1 and Step 2 variables 
established, statistical analysis of variance (ANOVA) 
was performed.  Dependent variables for which 

correction was not needed (i.e., all Step 1 variables 
and Step 2 variables that did not exhibit correlation 
with Step 1 variables) were analyzed using traditional 
ANOVA techniques.  Dependent variables that 
required a correction were analyzed using Analysis of 
Covariance (ANCOVA). 
 
When significant main effects were found, Student-
Newman-Keuls (SNK) tests were performed to 
further determine the source of those differences.  
Significant interaction effects were examined with 
post hoc t-tests using the Tukey correction for 
multiple comparisons.  A Type I error level of 0.05 
was assumed for all tests. 
 
Finally, the “Avoidance” variable was considered and 
analyzed separately since it was a discrete variable 
which did not require correction.  This variable was 
analyzed based on proportion of occurrence for each 
trial.  Confidence intervals (95%) were established to 
determine overlap between different experimental 
groups and infer statistically significant differences.  
These confidence intervals were based on the 
binomial distribution, which describes the probability 
of discrete outcomes when observations are 
independent. 

RESULTS AND DISCUSSION 

The primary goal of these experiments was to 
develop a recommendation for the DVI to be 
integrated into the CICAS-V system for further on-
road testing.  In support of this goal, Table 2 shows a 
summary of the results obtained for each of the 9 
studies; note that studies 4, 6, 7, and 8 are shown in 
bold.  These studies used the Visual icon + Speech 
(‘Stop Light’) + Brake Pulse warning, which was 
ultimately recommended for use based on the 
observed patterns of driving behavior in reaction to 
this warning, including driver's success in avoiding 
entering the intersection. 
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Table 2.  
Summary of Results* 

Study DVI** TTI (s) 
N and % 
Avoided 

N and % 
Not 

Avoided 

95% 
Confidence 

Interval 
(Avoided) 

N Avoided 
Activating 

PBA 
1 CAMP FCW Tone 2.44 7 (39%) 11 (61%) 16.4%-61.4% -- 
2 Speech 2.44 7 (39%) 11 (61%) 16.4%-61.4% -- 
3 CAMP FCW Tone with Brake Pulse 2.44 14 (78%) 4 (22%) 58.6%-97.0% -- 
4 Speech with Brake Pulse 2.44 17 (94%) 1 (6%) 83.9%-100% -- 

5 
Beep Tone with Brake Pulse and 
PBA 2.24 5 (50%) 5 (50%) 26.9%-73.1% 0 

6 Speech with Brake Pulse and PBA 2.24 16 (89%) 2 (11%) 74.4%-100% 1 
7 Speech with Brake Pulse and PBA 2.04 7 (78%) 2 (22%) 58.6%-97.0% 0 
8 Speech with Brake Pulse and PBA 1.84 3 (33%) 6 (67%) 11.6%-55.1% 1 
9 Baseline 2.44*** 1 (6%) 17 (94%) 0%-16.1% -- 
* Note: Studies in bold investigated the warning recommended based on the results presented in this paper. 
**All of these studies featured a visual display that performed both advisory and warning functions (only the 
advisory function of this display was used in Study 9). 
*** Yellow light change occurred at 2.44 sec. 
 
Key Study Comparisons 
     Differences between CAMP FCW Tone and 
Speech Warnings and the Influence of a Brake 
Pulse - This section compares the results of four 
studies testing four different DVI Types at a 2.44 s 
TTI and another baseline study where a warning was 
not provided but a traffic light change occurred at a 
similar timing: 
• Visual icon + CAMP FCW Tone (Study 1) 
• Visual icon + ‘Stop Light’ Speech Warning 

(Study 2) 
• Visual icon + CAMP FCW Tone + Brake Pulse 

(Study 3) 
• Visual icon + ‘Stop Light’ Speech Warning + 

Brake Pulse (Study 4) 
• Baseline with no warning presented (Study 9) 
 
The Baseline condition avoidance percentage (6%) 
was substantially (and significantly) lower than that 
observed for any of the other warning conditions 
(which ranged from 33% to 94%).  Although no other 
significant differences in avoidance were observed 
between the remaining groups that experienced 
warnings, there was a trend for participants who 
experienced the Brake Pulse as a component of the 
warning approach to stop more often than 
participants receiving a warning that did not include a 
Brake Pulse. 
 
In discussing the following plan initiation and plan 
execution variable results, it should be noted that 
only one participant responded to the traffic signal 
during the Baseline condition.  Therefore, although 
the performance values for this participant are 

provided, statistical comparisons of these values with 
those obtained for other conditions with substantially 
larger avoidance percentages was not possible.  The 
following statistically significant results are 
summarized in Table 3. 
 
Analysis of plan initiation variables showed some 
significant main effects: 
• Time to accelerator release (F[4,42]=11.21, 

p<0.0001):  On average, participants who 
experienced the Brake Pulse released the 
accelerator 0.42 s faster than those who did not 
experience the Brake Pulse.   

• Time to brake (F[4,42]=6.28, p=0.0005): 
Participants that experienced the Brake Pulse had 
faster brake onset times (by 0.30 s).  

 
Analysis of plan execution variables showed several 
significant main effects as well, which are mainly 
attributed to the presence of the Brake Pulse (since 
the effects were not present when auditory warnings 
were presented in isolation): 
• Distance before stop bar (F[5,40]=10.94, 

p<0.0001):  This variable was significantly 
correlated with time to brake.  After accounting 
for the effect of this plan initiation variable, 
results showed that participants who received the 
Brake Pulse stopped roughly 6 to 7 ft closer in 
front of the stop bar than those who did not 
receive a brake pulse. 

• Constant deceleration (F[5,40]=9.77, p<0.0001):  
This variable was significantly correlated with 
time to brake.  Conditions with a brake pulse 
resulted in slightly (approximately 0.02 g) lower 
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constant decelerations than other conditions 
when the influence of Time to Brake was 
removed. 

• RDP from braking onset to stop bar 
(F[5,40]=43.78, p<0.0001):  After considering 
the large correlation of this variable with time to 
brake, significant differences (about 0.04 g) 
between the Brake Pulse and non-brake pulse 
conditions remained.  

• Time to peak brake (F[5,40]=3.13, p=0.0176):  
This variable was significantly correlated with 
time to brake.  After considering the effects of 
this plan initiation variable, participants who 
experienced the Brake Pulse reached peak 
deceleration faster (approximately 0.4 s) than 
those who did not. 

 
Table 3. 

Means of Significant Main Effects of DVI Type and Brake Pulse Presence 

Variable 

CAMP FCW 
Tone, No Brake 

Pulse 
Speech, No 
Brake Pulse 

CAMP FCW 
Tone with 

Brake Pulse 
Speech with 
Brake Pulse Baseline 

(N) (7) (8) (14) (17) (1) 
Time to accelerator 
release (s) 0.69 0.62 0.24 0.26 0.69 
Time to brake (s) 1.11 1.08 0.82 0.74 1.06 
Distance before stop 
bar (ft) -9.9 -8.64 -2.04 -0.67 -9.63 
Constant decel (g) 0.44 0.46 0.42 0.42 0.38 
RDP from brake to stop 
bar (g) 0.48 0.48 0.44 0.45 0.40 
Time to peak brake (s) 2.76 2.8 2.39 2.49 2.78 

 
These results indicate that the presence of the Brake 
Pulse appears to directly contribute to quicker 
reactions, harder decelerations, and stops that were 
farther away from the intersection crash box (i.e., the 
collision zone).  Most importantly, participants who 
experienced a warning that included the Brake Pulse 
tended to be more likely to respond to that warning.  
This evidence strongly suggests that the brake pulse 
should be considered an integral, primary part of the 
CICAS-V field test DVI. 
 
     Differences in Timing - Differences in timing 
were assessed by using the Visual icon + Speech 
(‘Stop Light’) + Brake Pulse warning at four different 
timings: 2.44 s TTI (Study 4), 2.24 s TTI (Study 6), 
2.04 s TTI (Study 7), and 1.84 s TTI (Study 8). (Note 
that although the absence/presence of the PBA 
system and the PBA entrance criterion differed across 
these studies, the PBA system ultimately played a 
negligible role in the results since so few subjects 
activated the PBA system under these intersection 
approach experimental conditions.) 

 
Analysis of avoidance percentages for these 
conditions showed that participants in the 1.84 s TTI 
condition responded to the warning at a much lower 
percentage (33%) than participants experiencing the 
warning at longer timings (overall, >79%).  Other  

conditions were not statistically different, but there is 
a clear trend toward increased avoidance as the TTI 
warning timing occurred earlier (i.e., farther from the 
intersection). 
 
Analysis of plan initiation variables showed no 
significant main effects.  However, some main effects 
were observed for plan execution variables, which 
are illustrated in Table 4 and described below: 
• Distance before stop bar (F[4,39]=7.78, 

p<0.0001):  This variable was significantly 
correlated with time to brake.  After accounting 
for the effects of this variable, results showed 
that participants in the 2.44 s group stopped 
significantly closer in front of the stop bar (by at 
least 3 ft) than all other groups.  Although not 
significantly different, there was a tendency for 
participants to stop farther beyond the stop bar as 
the timings became shorter.   

• Peak deceleration (F[3,40]=6.0, p=0.0018):  
Larger peak decelerations were observed as the 
timings became shorter.  Participants in the 
intermediate 2.24 and 2.04 s timing groups 
showed statistically similar peak decelerations.  
However, the 1.84 s (the latest timing condition) 
and 2.44 s (earliest timing) groups exhibited 
approximately 0.17 g larger and 0.13 g smaller 
peak decelerations than the intermediate timing 
groups, respectively. 
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• Constant deceleration (F[3,40]=7.47, p=0.0004):  
Incrementally larger constant decelerations 
(between 0.02 and 0.06 g for each 0.2 s change 
in TTI warning timing) were observed as timings 
became shorter. 

• RDP from braking onset to stop bar 
(F[4,38]=19.99, p<0.0001):  Time to accelerator 
release was strongly correlated with RDP.  After 
accounting for this variable, larger RDPs were 
observed as timings became shorter.   

• Time to peak deceleration (F[4,38]=5.02, 
p=0.0024):  This variable was significantly 
correlated with time to brake.  After considering 
the effects of this variable, it was observed that 
participants in the 1.84 s timing reached peak 
deceleration faster (by at least 0.3 s) than 
participants experiencing other timings. 

 
Table 4. 

Means for all Significant Main Effects of Timing 

Variable 
1.84 s 
TTI 

2.04 s 
TTI 

2.24 s 
TTI 

2.44 s 
TTI 

(N) (3) (7) (16) (17) 
Distance 
before stop bar 
(ft) -9.23 -7.31 -2.25 1.37 
Peak decel (g) 0.9 0.74 0.72 0.6 
Constant decel 
(g) 0.5 0.48 0.42 0.4 
RDP: brake to 
stop bar (g) 0.55 0.51 0.43 0.39 
Time to peak 
decel (s) 1.94 2.38 2.34 2.37 
 
As suggested above, although PBA was available to 
participants in the 2.24 s, 2.04 s, and 1.84 s 
conditions, only two participants engaged this 
system.  One participant did so in the 2.24 s condition 
and stopped 13.89 ft before the stop bar.  The second 
participant engaged PBA in the 1.84 s condition and 
stopped 17.28 ft after the stop bar.  Statistical 
analysis of these observations was not possible due to 
the small representation of PBA engagement within 
the study sample. 
 
Overall, these results suggest that although shorter 
timings elicit slightly quicker reactions and 
significantly harder decelerations from drivers, this 
does not necessarily translate to a stop that is farther 
away from the crash box.  This suggests that there is 
a discretionary element that drivers use when 
deciding exactly where to stop relative to the stop 
bar.  The most important observation in the timing 
comparison was related to response to the warning, 
which showed a trend toward dropping as the timings 

became shorter, particularly at the 1.84 s TTI 
warning timing condition.   
 
Furthermore, it appears reasonable to assume that, as 
the TTI warning timing decreases, more drivers will 
decide to continue through the intersection since they 
may feel that it is not possible to safely stop in the 
distance remaining.  Therefore, warnings should be 
presented as early as possible to the extent that their 
earlier presentation does not result in an unacceptable 
number of warnings perceived by the driver as “too 
early” or unnecessary.   
 
     Differences between Speech and Beep Tone 
Warnings - This section compares the results 
obtained for the Visual icon + Speech (‘Stop Light’) 
+ Brake Pulse warning and the Visual icon + Beep 
Tone + Brake Pulse warning at the 2.24 s TTI 
warning timing (Study 5 and Study 6, respectively).  
The motivation for this comparison was to continue 
to evaluate the hypothesis that the Brake Pulse was 
the dominant factor behind the favorable driver 
behavior results obtained when a warning was 
presented.  If this hypothesis was true, perhaps a less 
salient (hence, potentially less annoying) auditory 
warning could be coupled with the brake pulse 
warning without degrading warning effectiveness.  (It 
should be noted that although PBA was active for 
both of these comparison studies, only one 
participant activated PBA during either condition 
[this participant was in the Speech condition and 
stopped 13.9 ft before the stop bar].) 

 
Analysis of avoidance percentages indicated a trend 
toward participants experiencing the Speech warning 
avoiding at a higher percentage (89%) than 
participants who experienced the Beep Tone warning 
(50%), a difference that approached statistical 
significance (p=0.0940).  
 
While analysis of plan initiation variables failed to 
indicate significant main effects, analysis of plan 
execution variables showed some significant main 
effects, as described below and summarized in Table 
5: 
• Distance before stop bar (F[2,19]=6.42, 

p=0.0074):  Time to brake was significantly 
correlated with this variable.  After considering 
the effects of this plan initiation variable, 
participants in the Beep Tone group were 
observed to stop at longer distances before the 
stop bar than participants in the Speech warning 
condition. 

• Constant deceleration (F[1,20]=8.84, p=0.0075):  
Participants in the Beep Tone group yielded 
larger constant deceleration values 
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(approximately 0.07 g) than those in the Speech 
group.  

• RDP from braking onset to stop bar 
(F[2,18]=5.98, p=0.0105):  This variable 
significantly correlated with time to brake.  After 
accounting for the effect of this plan initiation 
variable, participants in the Beep Tone group 
were observed to exhibit a slightly greater 
average RDP from braking onset to stop bar 
(roughly 0.05 g) than those in the Speech group.   

• Time to peak deceleration (F[2,18]=7.85, 
p=0.0035):  This variable was correlated with 
time to brake.  After accounting for the effect of 
this plan initiation variable, participants in the 
Beep Tone group were observed to achieve peak 
deceleration faster (by roughly 0.15 s) than those 
in the Speech group. 

Table 5. 
Means of Significant Differences between the 
Speech and Beep Tone Warning Conditions 

Variable 
Speech 

Warning 
Beep Tone 
Warning 

(N) (16) (5) 
Distance before 
stop bar (ft) -4.22 1.88 
Constant 
deceleration (g) 0.42 0.49 
RDP from brake to 
stop bar (g) 0.43 0.48 
Time to peak 
deceleration (s) 2.43 2.25 
 
The most intriguing result of this comparison was the 
relative difference in avoidance percentages.  
Although participants in the Beep Tone group reacted 
more quickly and stopped farther away from the 
crash box, participants in the Speech group 
responded to the warning at a much higher 
percentage.  It should be noted that the unbalanced 
number of participants across the comparison studies 
used for this Beep Tone versus Speech warning 
analysis necessarily confounds the analysis of 
stopping distance and deceleration behavior (which is 
based only on compliant participants).  Hence, the 
main conclusion from this comparison is the 
observed tendency for the Speech warning, which 
suggests an increase in warning effectiveness relative 
to a Beep Tone warning when both are coupled with 
the brake pulse warning. 

CONCLUSIONS AND IMPLICATIONS 

The results presented in the previous section 
showcase the substantial differences in driver 
performance and behavior that can result from the 

use of different DVIs and the timing at which those 
DVIs are presented for TCD violation warning. 
These differences were present during both plan 
initiation (i.e., pre-braking behavior) and plan 
execution (i.e., braking behavior) stages and in some 
cases resulted in significant differences in avoidance 
with the different warning combinations. In many 
instances, observable, sensible, and orderly trends 
suggested that additional statistically significant 
differences may have been found with larger sample 
sizes than those employed in the current studies.  
This section summarizes the key differences and 
trends observed in the current studies and suggests 
future research directions. 
 
The main implication of the results from the nine 
studies is the selection of a DVI for on-road testing of 
the CICAS-V system.  Driver behavior, performance, 
and response to the warnings (as well as subjective 
data not reported here) suggest that the Visual icon + 
Speech (‘Stop Light’) + Brake Pulse warning has the 
highest probability of success amongst the warnings 
tested.  Therefore, this warning is recommended for 
further on-road testing of the CICAS-V system.  The 
warning, which contains elements from the visual, 
auditory, and haptic modalities, also performed well 
across a number of relatively late presentation 
timings. Since both brake pulse and speech warnings 
have the potential to be annoying to drivers if false 
alarms occur too frequently (Kiefer et al., 1999), a 
Field Operation Trial with the CICAS-V system 
would provide useful information regarding user 
acceptance of these warnings.  The following 
sections describe the conclusions reached for each of 
the four research questions that the series of studies 
was intended to address. 
 
Within the auditory modality, how does the 
effectiveness of speech warnings compare to non-
speech warnings? 
There were two auditory warnings of primary 
interest, the CAMP FCW Tone and the Speech (‘Stop 
Light’) warning.  There were no significant 
differences observed between the CAMP FCW Tone 
and Speech (‘Stop Light’) warnings with or without 
the brake pulse warning.  However, avoidance rates 
suggested there may be a slightly increased 
likelihood of stopping before the intersection 
‘collision zone’ with the Speech (‘Stop Light’) 
warning over the CAMP FCW Tone.   
 
A third auditory warning, in the form of a Beep Tone, 
was also tested on an exploratory basis in an attempt 
to potentially reduce potential driver annoyance 
issues associated with the CAMP FCW Tone.  This 
tone was accompanied by a brake pulse.  The main 
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goal of using this tone was to determine if the lack of 
observable differences between the CAMP FCW 
Tone and the Speech (‘Stop Light’) warnings also 
transferred to a less urgent (hence, less annoying) 
sound.  Since the tone was accompanied by a brake 
pulse, this would also determine the extent to which 
the Brake Pulse was the main factor in eliciting an 
avoidance response (see the next section for further 
discussion of this topic).  Results showed that the 
Beep Tone elicited a significantly lower avoidance 
percentage than the Speech warning.  Although 
participants that responded to the traffic signal after 
receiving the Beep Tone stopped slightly harder than 
those in the Speech warning condition, these 
differences are small from a practical perspective and 
may be the result of unbalanced data.  Therefore, the 
Beep Tone was considered a less effective warning 
alternative and its use did not extend beyond the 
initial exploratory study.  
 
Is scenario outcome improved by the addition of a 
brake pulse warning? 
Results suggested that the brake pulse warning (i.e., a 
single, brief vehicle jerk cue) substantially improved 
driver performance with the warning (relative to 
conditions without a brake pulse).  This tendency 
towards improved avoidance appears to be due to 
significant differences in plan initiation (i.e., pre-
braking behavior) and plan execution (i.e., braking 
behavior) variables.  Drivers receiving a brake pulse 
were faster to react and reached peak deceleration 
faster than drivers who did not experience a brake 
pulse warning.  This, in turn, required slightly less 
braking effort from drivers receiving a brake pulse 
warning than for drivers not receiving a brake pulse, 
even though drivers receiving a brake pulse were also 
able to brake to a stop in less distance. 
 
Given that these results were observed across two 
different types of auditory warnings (CAMP FCW 
Tone and Speech), it appears that the Brake Pulse 
was indeed a primary elicitor of response.  However, 
recall that results with a Beep Tone auditory warning 
showed lower avoidance levels than those observed 
for the Speech auditory warning.  Therefore, although 
the Brake Pulse warning appears to be the primary 
factor in eliciting an avoidance response, it is 
recommended based on the observed results that this 
warning be paired with a speech warning rather than 
a non-speech auditory warning (since the former 
provides more specific warning context to the driver). 
 
Does the availability of Panic Brake Assist (PBA) 
functionality improve the scenario outcomes? 
The availability of the PBA system, as well as the 
alteration of the PBA system entrance criterion across 

studies, had either a negligible or no effect towards 
improving the avoidance rates.  Across the studies in 
which it was available, PBA was seldom activated by 
drivers.  Although every instance of PBA system 
activation resulted in avoidance, it usually resulted in 
drivers stopping well short of the intersection stop 
bar.  This suggests that the driver may have also 
avoided without assistance from the activated PBA 
system.  Therefore, PBA was not recommended as a 
feature of the CICAS-V DVI. 
 
Within the context of the experimental scenario, 
what is the effectiveness of each different DVI 
warning relative to when a warning was not 
presented? 
This question would ideally be answered by 
examining driver performance and behaviors during 
the surprise trial.  However, comparisons of driver 
performance and behaviors beyond avoidance were 
not possible, since only one driver responded to the 
traffic signal when a warning was not presented.  
This result, however, produced a significant 
difference in avoidance between the Baseline 
condition (in which drivers did not receive a 
warning) and all other similarly timed warning 
conditions.  As shown earlier in Table 2, baseline 
drivers were substantially less likely to respond to the 
traffic signal.  While the real-world magnitude of 
these differences is subject to statistical confidence, 
differences in avoidance rates suggest substantial 
improvements for most of the warnings, especially 
those employing a brake pulse.  Future research 
should use data from real-world exposure to these 
systems to validate the avoidance levels and 
performance measures obtained in these test track 
experiments. 
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ABSTRACT 

The term vulnerable road user (VRU) is most 
commonly associated with pedestrians and in 
particular children and the elderly. In many 
European countries cyclists make up a significant 
number of VRU casualties – typically around one-
third. In the context of the European 6th 
Framework Integrated Project APROSYS 
(Advance PROtection SYStems), a study was 
conducted to examine the safety requirements for 
cyclists and whether these were addressed by 
current pedestrian safety assessments of cars.  
 
An examination of accident statistics was first 
conducted to determine the principal accident 
scenarios for cyclists. Since insufficient cyclist 
cases were recorded in a detail database of VRU 
accidents compiled during APROSYS, a 
programme of virtual testing was then conducted. 
The objective was to identify the most significant 
parameters during cyclist impacts with a range of 
cars sizes and the likely injury consequences. The 
primary region of investigation was impacts to the 
legs and knees – the points of first contact. 
 
The study indicated that cyclists interacted 
differently with cars than pedestrians, resulting 
from the geometric configuration of their legs, the 
presence of the bicycle and their elevated riding 
position. The potential for injury was different and 
the current sub-system impactor tests used by Euro 
NCAP and for vehicle certification purposes did 
not address all these differences. It was determined 
that the relevance of the current pedestrian impact 
safety assessments of cars for cyclists could be 
improved by minor changes to the test parameters. 
However, the study also identified new injury 
mechanisms that may require further 
biomechanical investigations. 
 
Although this study has considered a wide range of 
cyclist impact configurations it should not be 
considered as definitive. Further work including 

physical testing is needed in order to take forward 
improved safety test procedures. 

INTRODUCTION 

Cycling is a popular mode of transport associated 
with commuting, sport and leisure activities. The 
bicycle has been in existence for over 100 years, 
but has had to share the roads with other forms of 
transport. Cyclists, along with pedestrians are 
known as vulnerable road users as they do not have 
the protection of a structure around them and do 
not have passive safety features associated with 
their bicycles, such as airbags and seatbelts, to 
improve their chances of surviving an accident. Of 
the 37,000 people killed on European roads every 
year, 2000 of them are cyclists and 7000 are 
pedestrians, while several hundred thousands are 
injured (European Commission, Directorate-
General for Energy and Transport, 2008). 
 
Few researchers have considered in detail the 
differences between cyclists and pedestrian 
accidents. One of the first attempts to reconstruct 
bicycle accidents using a mathematical technique 
was performed by Huijbers and Janssen (1988). 
One of their principle conclusions was that vehicle 
shape had a considerable influence on the relative 
head impact velocity of the cyclist. Other papers by 
Maki et al. (2003) and Verschueren et al. (2007) 
have investigated cyclist accidents by using 
modelling techniques, but only Maki reviewed 
accident statistics for both road user types, 
although no modelling was performed for 
pedestrians. 
 
There are fundamental differences between the two 
user groups in terms of their kinematics and 
injuries sustained, Carter et al. (2005); Janssen and 
Wismans (1985) and Otte (2004). Cyclists strike 
the vehicle in a different orientation and contact 
different parts of the vehicle, which have different 
levels of stiffness. 
 
Similarities do exist between the two road users, 
such as the exposure of limbs to direct contact with 
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the vehicle and the impact speeds. However, 
cyclists have a higher centre of gravity compared 
to pedestrians due to their positioning on the 
bicycle and their feet not being in contact with the 
ground on impact. In the majority of cases, a 
cyclist will also be travelling at a greater speed 
compared to a pedestrian. This has consequences 
for their impact conditions with the vehicle.  
 
Nevertheless, current European legislation 
(European Parliament and Council 2003) that has 
been targeted at protecting pedestrians, assumed 
that the introduction of pedestrian legislation 
would also contribute to protecting cyclists, as they 
generally come into contact with the front of the 
vehicle. 
 
This paper examines and contrasts the differences 
between cyclists and pedestrians from the first 
point of contact with a vehicle, that is impacts to 
the legs. 

BASIS OF MODELLING 

Preliminary cyclist related activities in APROSYS 
(Hardy et al, 2007, Bovenkerk et al, 2008) have 
reported that the Detailed Accident Database from 
Work Package (WP) 3.1 did not contain sufficient 
bicyclist cases to examine the type, range of 
injuries or the severity of the injuries sustained by 
bicyclists. Therefore, a programme of parametric 
studies using mathematical models was conducted 
to examine vehicle to bicyclist impacts during 
loadings to the legs, to ascertain the likelihood and 
extent of injuries. In order to draw comparisons 
with pedestrians, since the current legal and 
consumer sub-system lower leg impactor tests are 
designed for pedestrians, vehicle to pedestrian 
impacts were also included in the parametric study. 

Bicycle, cyclist and pedestrian models 

Physical dimensions were measured from an adult 
aluminium bicycle frame and an FE model was 
developed in LS-DYNA. The main tubing was 
represented by shells and joined together by using 
localised rigid bodies at the frame joints. It was 
assumed that the joints do not fail, but the region 
immediately surrounding the joints had the 
capability to deform. This was to allow for the 
collapse mechanism observed in a series of 
dynamic tests that were conducted.  
 

 
Figure 1.  Finite element model of adult bicycle. 

The bicycle model, see Figure 1, was constructed 
with aluminium properties for the main tubes, with 
the seat and handlebars constructed of a rigid 
material. The wheels were modelled by 
representing the spokes as beams and the tyres as 
an elastic material. 
 
A human model, as developed by Cranfield Impact 
Centre from a previous project (Howard et. al 
2000), was used to model the cyclist and the 
pedestrian and by virtue of the properties and 
dimensions represented an average 50th percentile 
human of 16 to 35 years of age. The bicycle and 
human model combination is shown in Figure 2. 
 

 
Figure 2.  Human and bicycle model combined. 

The bicycle model was developed to include pedals 
and cranks to accommodate the human model’s 
feet and create a more realistic starting position for 
the simulation. The cranks had the ability to turn 
through 360 degrees by the use of a cylindrical 
joint positioned at the bottom bracket. The steering 
column and front forks of the bicycle were further 
advanced to represent the movement of the 
handlebars if they were struck by a vehicle. 
 
Details of the pedals and crank with the feet 
positioning is shown in Figure 3. 
 

 
Figure 3.  Details off pedals and crank. 

A contact characteristic was defined for the feet to 
pedal and crank contact. However, for the hand to 
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handlebar connection an altogether different 
arrangement was required. As the geometry of the 
hands, including the fingers and compression of 
the soft tissue were not modelled in detail, a spring 
was used to represent the hand to handlebar 
connection. At a designated force and displacement 
level the spring extended to simulate the releasing 
of the hand from the handlebars. The springs for 
each hand were programmed to work 
independently. Based on a literature search, the 
displacement release level was set at 10 mm with 
an 860N force level (Incel et al 2002). 
 
Four different sizes of vehicle were considered in 
the parametric study:  
• Supermini 
• Large Family Car (LFC) 
• Multi-purpose vehicle (MPV) 
• Sports utility vehicle (SUV) 

 
The geometric shapes and stiffness characteristics 
of each vehicle model were based on the results 
from APROSYS WP 3.1, Carter (2006) and 
Martinez et al (2006), respectively.  

INITIAL GEOMETRIC CONSIDERATIONS 

A number of factors need to be considered in 
examining the suitability of the pedestrian lower 
leg impactor for use to assess the safety of cyclists 
during impacts with passenger vehicles. The first 
concerns the relative positioning of a cyclist’s 
lower limbs, as compared to a pedestrian’s, with 
respect to the front geometry of these vehicles. 
Two difference ‘stances’ were considered for the 
cyclist, struck leg up (SLU) and struck leg down 
(SLD), and two difference ‘stances’ were 
considered for the pedestrian, struck leg forward 
(SLF) and struck leg back (SLB). This is illustrated 
for the four different vehicle sizes in Figure 4 to 
Figure 7. 
 

   
Figure 4.  Cyclist and pedestrian leg positioning 
with respect to Supermini front. 

In the case of impacts with the Supermini model, 
the knee region of the pedestrian’s struck leg 
(middle picture of Figure 4) is just below the 
bonnet leading edge with subsequent bumper 
impacts lower down the lower leg. The knee region 
of the pedestrian’s non-struck leg is similarly 
positioned. Conversely, for the cyclist in the struck 
leg down configuration (left most picture of Figure 
4), the knee is just above the bonnet leading edge. 

In addition, although the height of the cyclist’s 
head is almost the same distance from the ground 
plane, the pelvis is significantly higher up. The 
cyclist’s non-struck leg is positioned with the knee 
well above the bonnet leading edge and only the 
foot overlapping the bonnet leading edge. In the 
case of the cyclist in the struck leg up 
configuration, (right most picture of Figure 4), the 
locations are effectively reversed from the previous 
cyclist case. Therefore, already the likelihood of 
different levels for the leg injury indices from the 
simulations for pedestrians and cyclists seems 
clear. 
 

   
Figure 5.  Cyclist and pedestrian leg positioning 
with respect to Large Family Car front. 

In the case of impacts with the Large Family Car 
model, the knee regions of the pedestrian’s struck 
leg (middle picture of Figure 5) and the non-struck 
leg are close to the top of the bumper. Conversely, 
for the cyclist in the struck leg down configuration 
(left most picture of Figure 5), the knee is above 
the top of the bumper but below the bonnet leading 
edge and the non-struck leg is positioned with the 
knee well above the bonnet leading edge and only 
the foot overlapping the bumper. In the case of the 
cyclist in the struck leg up configuration, (right 
most picture of Figure 5), the locations are 
effectively reversed from the previous cyclist case. 
Again, the likelihood of different levels for the leg 
injury indices from the simulations for pedestrians 
and cyclists seems clear. 
 

   
Figure 6.  Cyclist and pedestrian leg positioning 
with respect to MPV front. 

In the case of impacts with the MPV, the knee 
regions of the pedestrian’s struck leg and the non-
struck leg are below the bonnet leading edge 
(middle picture of Figure 6). Conversely, for the 
cyclist in the struck leg down configuration (left 
most picture of Figure 6), the knee is just above the 
bonnet leading edge and the non-struck leg is 
positioned with the knee well above the bonnet 
leading edge but the foot below the bonnet leading 
edge. In the case of the cyclist in the struck leg up 
configuration, (right most picture of Figure 6), the 
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locations are effectively reversed from the previous 
cyclist case. Again, the likelihood of different 
levels for the leg injury indices from the 
simulations for pedestrians and cyclists seems 
clear. 
 

   
Figure 7.  Cyclist and pedestrian leg positioning 
with respect to SUV front. 

In the case of impacts with the SUV model, the 
whole of the pedestrian’s lower body is below the 
bonnet leading edge (middle picture of Figure 7). 
Similarly, for both cyclist configurations the legs 
and a significant proportion of the pelvis are below 
the leading edge of the bonnet. For the SUV, the 
likelihood is that similar levels for the leg injury 
indices from the simulations for pedestrians and 
cyclists may occur. 

SIMULATION PARAMETERS 

Simulations were conducted at vehicle impact 
speeds of 5, 10 and 15 m/s with the cyclist or 
pedestrian aligned with the centre-line of the 
vehicle and stationary. The two different cyclist 
‘stances’, struck leg up (SLU) and struck leg down 
(SLD), and the two different pedestrian ‘stances’, 
struck leg forward (SLF) and struck leg back 
(SLB), were used for human model. 
 
The following parameters were monitored on the 
stuck leg and non-struck leg of the pedestrian or 
cyclist model: accelerations at the tibia 
(accelerometer location in the same relative 
vertically position compared to the knee joint as in 
the sub-system leg impactor), bending moments at 
the knee and shear forces at the knee. 
 
In the cases of the leg bending moments and shear 
forces, a sign convention was used to identify in 
which directions the knee was bending and 
shearing, since it changes according to the vehicle 
geometry, between cyclists and pedestrians and 
between initial leg orientations. In the simulations 
the car moved from left to right, according to the 
view point shown by the geometric vehicle and 
cyclist/pedestrian configurations in the Figures 4 to 
7 above. The sign convention is defined in Figure 
8. 
 

upper leg upper leg
+ v e bending + v e shear

lower leg
lower leg

upper leg upper leg
- v e bending - v e shear

lower leg lower leg
   

Figure 8.  Sign convention for knee bending and 
shear. 

Therefore, by reference to the pedestrian 
configuration given by the middle picture in Figure 
4, the pedestrian’s struck leg will initially 
experiences positive bending, due to movement of 
the knee in the direction of car movement and 
relative to the hip and ankle regions of the struck 
leg. Shear force were similarly defined so that 
positive shear represented movement of the upper 
leg to the right relative to the lower leg (or the 
movement of the lower leg to the left relative to the 
upper leg). The inverse was the case for negative 
shear. 

RESULTS 

Impact forces – Supermini 

The maximum tibia accelerations for the struck 
leg, Figure 9, were all above the 150g level set for 
the EEVC WG17 lower leg impactor test – 
although it is important to point out that 150g may 
not be a sufficiently robust or bio-mechanically 
correct criteria for a human leg. The levels 
increased with increasing vehicle speed and until at 
the highest speed the cyclist and pedestrian values 
were generally similar. For the non-struck (or 
second struck) leg the tibia acceleration levels were 
generally lower than for the struck leg and 
generally similar at each car impact speed.  
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Figure 9.  Tibia accelerations for the struck and 
non-struck legs. 

The maximum bending moments for the struck leg, 
Figure 10, were reversed for cyclists compared to 
pedestrians although the numerical values were 
generally lower for cyclists. The positive bending 
moments for pedestrians were in-line with the 
injury mechanism assessed by the lower leg sub-
system impactor. Therefore, these results 
suggested the possibility of an alternate injury 
mechanism for cyclists. The knee ligaments were 
then loaded in the reverse direction and specifically 
the lateral collateral ligaments on the outside of the 
knee were subjected to tensile loadings. 
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Figure 10.  Knee bending moments for the 
struck and non-struck legs. 

The maximum bending moments for the non-struck 
leg also showed an asymmetry between the cyclist 
and pedestrian cases but again the numerical values 
were generally lower for cyclists. However, now, 
the negative bending moments for cyclists reflected 
a direction of bending compatible with the injury 
mechanism assessed by the lower leg sub-system 
impactor (medial collateral ligaments, on the inside 

of the knee, in tension). In contrast, these results 
now suggested an alternate injury mechanism for 
the non-struck or second struck leg of pedestrians. 
This situation has real world implication for 
pedestrians.  
 
In these simulations, at a car impact speed of 10 
m/s, the results for the non-struck leg of the 
pedestrian were probably on the borderline of 
injury/no injury. 
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Figure 11.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 11, showed a mixed trend for 
cyclists and pedestrians. In general, the numerical 
values of the cyclist and pedestrian results were 
similar at each impact speed for the struck leg 
cases and mostly similar at each impact speed for 
the non-struck leg cases. The values at each speed 
were lower for all the non-struck leg cases. 

Impact forces – Large Family Car 

The maximum bending moments for the struck leg, 
Figure 12, were reversed for the cyclist cases with 
the struck leg up compared to the cyclist case with 
the struck leg down and all pedestrian cases. The 
trend was the same for the non-struck leg results, 
except at an impact speed of 5 m/s. In almost all 
scenarios the numerical values were lower for 
cyclists than pedestrians and lower for the non-
struck leg than the struck leg. 
 



_________________________________________________________________________________________
Hardy 6 

-200

-150

-100

-50

0

50

100

150

200

5 10 15

Impact speed (m/s)

S
tr

u
ck

 l
eg

 k
n

ee
 b

en
d

in
g

 m
o

m
en

t 
(N

m
)

Cyclist SLU

Cyclist SLD

Pedestrian SLB

Pedestrian SLF

 

-200

-150

-100

-50

0

50

100

150

200

5 10 15

Impact speed (m/s)

N
o

n
-s

tr
u

ck
 l

eg
 k

n
ee

 b
en

d
in

g
 m

o
m

en
t 

(N
m

)

Cyclist NSLD

Cyclist NSLU

Pedestrian NSLF

Pedestrian NSLB

 
Figure 12.  Knee bending moments for the 
struck and non-struck legs. 

The negative values for the cyclist struck leg up 
scenarios again highlighted the possibility of an 
alternate injury mechanism, where the knee 
ligaments were loaded in the reverse direction from 
the injury mechanism assessed by the lower leg 
sub-system impactor. For the non-struck leg cases 
the positive values again highlighted the possibility 
of an alternate injury mechanism, in this case for 
all pedestrian scenarios and many of the cyclist 
scenarios. As in the case of the Supermini, this 
situation has real world implication for pedestrians 
and some cyclists. 
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Figure 13.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 13, showed a mixed trend for 
cyclists and pedestrians. In general, the numerical 
values of the cyclist results were higher than the 
values from the pedestrian results at each impact 
speed for the struck and non-struck leg cases. The 
numerical values at each speed were generally 
lower for all the non-struck leg cases. 

Impact forces – MPV 

The maximum tibia accelerations for the struck 
leg, Figure 14, were nearly all above the 150g level 
set for the EEVC WG17 lower leg impactor test – 
although as mentioned earlier, it is important to 
point out that 150g may not be a sufficiently robust 
or bio-mechanically correct criteria for a human 
leg. The levels increased with increasing vehicle 
speed and the cyclist values were generally higher 
than the pedestrian values at each impact speed. 
For the non-struck (or second struck) leg cases, the 
tibia acceleration levels were generally lower than 
for the struck leg cases and the cyclist results were 
generally lower than the pedestrian values at each 
speed. 
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Figure 14: Tibia accelerations for the struck 
and non-struck legs 

As in the case of the large family car impacts, the 
maximum bending moments for the struck leg, 
Figure 15, were reversed for the cyclist cases with 
the struck leg up compared to the cyclist cases with 
the struck leg down and all the pedestrian cases.  
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Figure 15.  Knee bending moments for the 
struck and non-struck legs. 

The trend was the same for the non-struck leg 
results. In all scenarios the numerical values were 
lower for cyclists than pedestrians and lower for 
the non-struck leg than the struck leg. 
 
The same possibility of an alternate injury 
mechanism for cyclist struck leg up cases (negative 
values) again existed - as it does also for cyclists in 
the non-struck leg up cases and for all the 
pedestrian non-struck leg cases. 
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Figure 16.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 16, showed a clearer trend than 
for the previous vehicles with most results from the 
cyclists cases the reverse sign of those from the 
pedestrian cases. The numerical values were 
generally lower for the cyclist cases compared to 
the pedestrian cases at each impact speed and the 
numerical values at each speed were generally 
lower for the non-struck leg cases – with the 
exception of the pedestrian cases at an impact 
speed of 15 m/s. 

Impact forces – SUV 

The maximum tibia accelerations for the struck 
leg, Figure 17, were generally below the 150g level 
set for the EEVC WG17 lower leg impactor test for 
impacts at 5 m/s but at higher speeds the values 
were all above this limit – although as mentioned 
earlier, it is important to point out that 150g may 
not be a sufficiently robust or bio-mechanically 
correct criteria for a human leg. The levels 
increased with increasing vehicle speed and the 
cyclist values were generally lower than the 
pedestrian values – except at an impact speed of 5 
m/s. For the non-struck (or second struck) leg 
cases, the tibia acceleration levels were generally 
lower than for the equivalent struck leg cases - 
except at an impact speed of 15 m/s - and the 
cyclist results were generally lower than the 
pedestrian values – except at an impact speed of 5 
m/s. 
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Figure 17: Tibia accelerations for the struck 
and non-struck legs. 

As in the cases of the large family car and MPV 
impacts, the maximum bending moments for the 
struck leg, Figure 18, were reversed for the cyclist 
cases with the struck leg up compared to the cyclist 
cases with the struck leg down and all the 
pedestrian cases – again highlighted the possibility 
of an alternate injury mechanism from that tested 
for by the lower leg sub-system impactor. 
However, the trend was different for the non-struck 
leg results where all the values were the same 
(positive) sign – a direction of bending in the 
reverse direction from the injury mechanism 
assessed by the lower leg sub-system impactor. 
This situation has real world implication for 
pedestrians and cyclists. 
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Figure 18: Knee bending moments for the 
struck and non-struck legs. 

In all scenarios the numerical values were lower 
for cyclists than pedestrians (marginally in some 
cases) and lower for the non-struck leg than the 
struck leg. 
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Figure 19.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 19, showed a clearer trend than 
for the Supermini and Large Family Car, with most 
results from the cyclist cases the reverse sign of 
those from the pedestrian cases. In the struck leg 
cases, the numerical values were generally lower 
for the cyclist cases compared to the pedestrian 
cases – except at an impact speed of 5 m/s. In the 
non-struck leg cases, the numerical values were 
generally similar for the cyclist and pedestrian 
cases at each impact speed. The numerical values 
at each speed were generally lower for the non-
struck leg cases. 
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DISCUSSION 

In this parametric study of the differences and 
similarities between comparable cyclist and 
pedestrian impact scenarios, the numerical values 
of the leg injury indices were lower for cyclists in 
nearly two-thirds of the scenarios. In just over one-
fifth of the scenarios the values were similar and in 
just over one-eighth of the scenarios the cyclist 
values are higher. 
 
With only one exception (tibia accelerations during 
impacts with the SUV at 15 m/s) the leg injury 
indices were lower for the non-struck (or second 
struck) leg than for the struck (or first struck) leg. 
But this did not mean that the non-struck leg would 
register injury indices that were below the 
threshold values. 
 
Over the range of impact speeds, the cyclist tibia 
accelerations were slightly lower than those for 
pedestrians. In general, the SUV was the vehicle 
model that produced the lowest range of tibia 
accelerations values across the cyclist and 
pedestrian impact scenarios and impact speeds. 
The geometric shape and, in particular, the height 
of the bumper may have been contributory factors 
in this situation. 
 
Over the range of impact speeds, the cyclist knee 
bending moments (numerical values) were lower 
than those for pedestrians. In general, the 
Supermini and Large Family Car were the vehicle 
models that produced the lowest ranges of knee 
bending moment values across the cyclist and 
pedestrian impact scenarios and impact speeds. 
 
Over the range of impact speeds, the cyclist knee 
shear forces (numerical values) were either lower 
than or similar to those for pedestrians, except for 
one vehicle model, the Large Family Car, where 
the values were higher than those for pedestrians. 
Nevertheless, the Large Family Car was the vehicle 
model that produced the lowest range of knee shear 
force values across the cyclist and pedestrian 
impact scenarios and impact speeds. 
 
The simulation results have confirmed the initial 
geometric considerations, that differences in cyclist 
and pedestrian injury risks were likely. In fact, the 
simulations have demonstrated that this was not 
solely attributable to the numerical value of the 
injury indices but also the sign of the values, 
indicating the mode of deformation under the 
action of the applied loads.  
 
Therefore, the physical positioning of a cyclist, 
particularly height from the ground, in front of a 

vehicle is an important consideration for 
meaningfully evaluating the injury risk potential of 
an impact. The orientation of the cyclists’ limbs is 
also an important consideration in assessing cyclist 
safety. The current testing regimes assume that a 
vulnerable road user presents themselves for 
impact with a vehicle in a straight legged ‘gait’. 
This is not wholly accurate for a pedestrian but for 
a cyclist it is even more unrealistic, given the range 
of leg orientations during the rotation of the crank. 
Recognition of the important physical orientation 
differences between cyclists and pedestrians 
immediately prior to an accident is fundamental to 
providing the same levels of protection for both. 
 
Another aspect of the differences between cyclists 
and pedestrians is the presence of the bicycle itself. 
In addition to the physical positioning differences 
that arise, as discussed above, the inertia of the 
bicycle can have an important role in the 
kinematics of the cyclist. The struck leg may be 
pinned between the front of the vehicle and the 
bicycle, inducing differences in the loads applied to 
the legs and the duration of these loadings. To 
represent this situation it may be necessary to 
represent an element of the bicycle mass in a 
testing regime to enhance cyclist safety. Further 
analytical work will be necessary to determine if 
this is necessary or not and if so, the magnitude of 
this mass, its position and its attachment to a sub-
system leg impactor. 
 
In the parametric study the struck leg knee bending 
moments for the cyclist struck leg-up scenarios 
were consistently the opposite sign of those for all 
the pedestrian scenarios, as they were also for the 
entire Supermini to cyclist impact scenarios, except 
at a vehicle speed of 5 m/s. This implied a 
‘reverse’ bending situation compared to 
conventional thinking for pedestrian impacts and 
raises the question as to whether the current knee 
bending criteria for pedestrians are relevant for 
cyclists in these scenarios. Similarly, while the 
non-struck leg bending moments in all the 
pedestrian impact scenarios had a positive value, 
this now indicated a ‘reverse’ bending 
phenomenon and raises the issue of whether the 
current testing regimes adequately protect 
pedestrians. There were also some cyclist impact 
scenarios where the non-struck leg bending 
moments also indicated this same ‘reverse’ 
bending phenomenon.  
 
The current legform criteria are based on the 
assumption that, using the sign convention defined 
in this report (see Figure 8), the lateral knee 
bending is positive during loading of the leg by the 
car - that is, the knee is forced forwards in the 
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direction of car motion whilst the ankle and hip 
joints lag behind. One of the consequences of this 
motion is that the medial ligaments in a 
pedestrian’s leg experience tensile forces and if 
these are too high they may cause ligament damage 
– work defining the characteristics of this mode of 
knee bending have been reported by a number of 
researchers including Levine et al (1984) and 
Kajzer et al (1993). Damage to other knee 
ligaments may also occur. If the loading is 
reversed, negative using the sign convention above, 
with the knee lagging behind the hip and ankle 
joints, the lateral collateral ligaments on the 
opposite (outer) side of the knee experience tensile 
forces. The injury criterion used for knee bending 
in the current sub-system impactor leg does not 
represent the capabilities of the knee in this 
opposite (or reverse) model of bending.  
 
Therefore, where this type of bending occurs in the 
real world or in realistic computer simulations of 
the real world, then no biomechanical criterion 
exists that can be applied to assess the potential for 
injury risk. To address the safety requirements of 
cyclists (and the non-struck leg of pedestrians) 
where this reverse mode of bending occurs, 
research to identify the capabilities of the lateral 
collateral ligaments of the knee will be needed and 
implementation of these characteristics in a test 
impactor. In addition, the procedure of conducting 
a test for this reverse bending scenario will need to 
be addressed. 
 
The lateral knee shear forces from the simulations 
also had values for cyclists that in many cases were 
the opposite sign to those for pedestrians. Further 
investigations to understand the exact mode that is 
addressed by the current testing regimes is needed 
and then further research may be required to 
determine if the human knee behaves in a 
symmetric manner under the application of lateral 
shearing loads. 
 
In general, the numerical values for the lower leg 
injury indices from these simulations suggested 
that the current pedestrian consumer and legislative 
test criteria are likely to be appropriate to provide 
adequate levels of safety for cyclists. Nevertheless, 
improvements in the testing procedures to enhance 
the levels of safety for cyclists are feasible. In 
summary, among the factors that should be 
considered are: 
 
• The appropriate height above the ground for 

the positioning of a lower leg sub-system 
impactor; 

• Representation of the knee region in other 
than a ‘straight’ orientation; 

• The possible need to represent an element of 
bicycle mass; 

• The appropriate criteria to assess injury risk 
in lateral modes of knee bending; 

• Review, and if necessary, determine the 
appropriate criteria to assess injury risk in 
lateral modes of knee shearing. 

CONCLUSIONS 

1. The impact forces that the legs of a cyclist are 
exposed to during a collision with a car can be 
subtly different than those experienced by a 
pedestrian.  

2. The greater pelvis height of the cyclist 
generally causes the impact points to be lower 
down on the cyclist’s legs. 

3. Depending on vehicle shape, generally for 
vehicles having a low bumper or low bonnet 
leading edge height, the struck leg knee 
bending moments and shear forces can be in 
the opposite direction to those experienced by 
a pedestrian when struck by the same vehicle. 

4. New injury criteria and adjusted impact test 
procedures are needed to address the differing 
needs of cyclists in providing a safety 
environment equivalent to that for pedestrians. 

5. Use of any new criteria and use of the existing 
pedestrian criteria for cyclist impact tests 
should be reviewed taking into account leg and 
knee heights, use of an impactor with a bent 
knee and the influence of the bicycle mass (or 
an element of it). 
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ABSTRACT 
 
While government regulations play an important 
role in ensuring vehicle safety, voluntary 
approaches to the design and implementation of 
vehicle safety systems are increasing in 
importance as vehicle manufacturers deploy 
safety systems well in advance of, and even in 
the absence of, government regulations requiring 
them.  This paper provides an overview of 
regulatory and non-regulatory approaches to 
vehicle technology development and deployment, 
and will describe a new, innovative 
public\private partnership underway to develop 
an in-vehicle alcohol detection system.  In 
response to concerns about limited progress in 
reducing alcohol-impaired driving in the United 
States during the last decade, attention is 
focusing on technological approaches to the 
problem.  One strategy includes efforts to 
increase the application of current breath alcohol 
ignition interlocks on the vehicles of Driving 
While Intoxicated (DWI) offenders.  However, 
in recognition that many alcohol-impaired 
drivers have not been convicted of DWI, an 
effort is underway to develop advanced in-
vehicle technologies that could be fitted in 
vehicles of all drivers to measure driver blood 
alcohol concentration non-invasively.  The 
Automotive Coalition for Traffic Safety (ACTS, 
a group funded by vehicle manufacturers) and 
the National Highway Traffic Safety 
Administration (NHTSA) have commenced a 5-
year cooperative agreement entitled Driver 
Alcohol Detection System for Safety (DADSS) 
to explore the feasibility of, and the public policy 
challenges associated with, widespread use of in-
vehicle alcohol detection technology to prevent 
alcohol-impaired driving.  This paper will 
outline the approach being taken, and the 
significant challenges to overcome.      

INTRODUCTION 
 
Prior to the mid-1960s, the role of vehicle design 
in preventing crashes and mitigating crash 
injuries was not generally considered.  The focus 
at that time was on trying to prevent crashes by 
changing driver behavior (O’Neill, 2003).  
However, in 1966, in the aftermath of U.S. 
Senate hearings on vehicle safety, legislation was 
enacted that authorized the U.S. Federal 
Government to set safety standards for new 
vehicles.  The result, in 1967, was the first U.S. 
Federal Motor Vehicle Safety Standard  
specifying requirements for seat belt assemblies.  
A host of other regulations quickly ensued to 
address vehicle performance in several 
categories:  pre-crash (e.g., tires, brakes, 
transmissions), crash-phase (e.g., head restraints, 
front and side impact protection, roof crush, 
windshields), and post-crash (e.g., fuel system 
integrity, flammability of interior materials).  
Shortly thereafter other governments followed 
suit in implementing similar regulations, for 
example, in Europe, Australia, and Canada.  
Most U.S. motor vehicle regulations have been 
evaluated by the National Highway Traffic 
Safety Administration (NHTSA) at least once 
since 1975 (Kahane, 2008).  Based on these 
evaluations, NHTSA estimates that Federal 
Motor Vehicle Safety Standards have saved 
284,069 lives between the time of  their 
inception and 2002 (Kahane, 2004).  
 
Government regulations are important in 
ensuring that vehicles meet a minimum standard 
of safety.  However, there are many other ways 
in which vehicle safety can be advanced outside 
of the regulatory framework.  
 
It was once believed that “safety does not sell”.  
However, that perception has changed as more 
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and more consumer-oriented vehicle assessment 
crash test programs have proliferated around the 
world.  The aim of consumer crash test programs 
is to encourage manufacturers to go beyond these 
minimum requirements incorporated in the 
regulations.   
 
NHTSA was the first to launch a consumer-
oriented crash-test program.  Starting in 1978, 
under the authority of Title II of the Motor 
Vehicle Information and Cost Savings Act of 
1973, NHTSA began assessing the frontal crash 
protection capabilities of new cars by measuring 
injury potential in crash tests at speeds higher 
than those required by law.  This program, 
known as the New Car Assessment Program 
(NCAP) was expanded in 1983 to include frontal 
crash protection for light trucks, and again in 
1997 with the launch of NCAP tests assessing 
side impact protection (www.safercar.gov).  
More recently, in 2001, NHTSA also began 
adding information about rollover resistance to 
their NCAP program, and information about the 
availability of advanced technology is being 
added with the 2011 model year.  
 
In the last 15 years, consumer crash test 
programs have been launched in many other 
countries.  In the United States, the Insurance 
Institute for Highway Safety (IIHS) began 
providing passenger vehicle crash test ratings in 
1995, and now offers information on frontal 
offset, side, and rear impact protection 
(http://www.iihs.org/ratings/).  European NCAP 
was launched in 1997, and includes vehicle crash 
test ratings for frontal, and side impacts, 
including a pole test to measure head protection, 
and tests to assess pedestrian protection 
(http://www.euroncap.com/ ).  The Australian 
NCAP, in place in Australia and New Zealand, 
began testing similar to EuroNCAP in 1999 and 
uses the same rating system 
(http://www.ancap.com.au/testing/).  Japan 
began its NCAP in 1995, 
(http://www.nasva.go.jp), Korea initiated crash 
testing in 1999 
(http://www.kotsa.or.kr/main.jsp ) and China 
also now has begun its own NCAP program 
(http://www.fia.com/oldautomotive/issue4/mobil
ity/article2.html).   
 
The desire to earn good ratings in such programs 
has driven major improvements in vehicle safety, 
and they have become de facto standards for 
much of the automobile industry.  NCAP-type 
programs have resulted in clear improvements in 

vehicle designs to withstand crash forces, and in 
significant reductions in dummy injury measures.  
For example, in 1979, when U.S. NCAP was just 
beginning, the Head Injury Criterion (HIC), a 
measure to indicate the likelihood of a serious 
head injury, was exceeded in 22 of 30 vehicles 
tested.  In contrast, only one of 29 vehicles tested 
in 1995 exceeded the HIC (Ferguson, 1999).  
 
Comparing the performance of 1995-98 model 
vehicles with 1999-2001 vehicles, IIHS reported 
large improvements in vehicle ratings on their 
frontal-offset crash-test program largely as the 
result of improvements in vehicle structures 
(Lund, et al., 2003, see also O’Neill, 2005).  
Furthermore, these improvements have come 
about at a faster pace than would have been 
possible through regulation.  There have been a 
few evaluations that indicate such programs are 
effective in improving occupant protection in 
real world crashes.  These studies indicate that 
vehicles that perform better in frontal crash tests 
result in lower injury risks for their occupants 
(Farmer, 2005; Kahane, 1994; Newstead et al., 
2003).  Lie and Tingvall (2002) evaluated 
European crash test ratings, which are derived 
from a combination of frontal offset and side 
impact tests, and demonstrated a correlation with 
real-world crash injury risk. 
 
In recent years, there have been some clear 
examples of the automobile industry and 
government working together to expedite the 
safety process.  The safety marketplace has 
proven to be a catalyst for innovative 
technologies and vehicle manufacturers 
increasingly are deploying safety systems well in 
advance of, or even in the absence of, 
government mandates.  
 
Since 1999 frontal airbags have been required in 
all new passenger vehicles, however, side 
airbags were introduced without government 
regulations requiring them.  Because early 
experience indicated that frontal airbags could 
result in injury or death to occupants who were 
close to them when they deployed, there were 
some concerns about the potential of side airbags 
to injure out-of-position occupants.  In May, 
1999 the NHTSA Administrator requested that 
the automobile industry work together to quickly 
develop test procedures for assessing side airbag 
safety.  The Side Airbag Technical Working 
Group, sponsored by IIHS, the Alliance of 
Automobile Manufacturers (the Alliance), the 
Association of International Automobile 
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Manufacturers, and the Automotive Occupants 
Restraints Council, was formed and within 15 
months voluntary standards had been developed 
(http://www.iihs.org/ratings/protocols/default.ht
ml).  All vehicle manufacturers committed to 
follow this protocol when designing new side 
airbag systems and 90 percent of vehicles with 
side airbags conform to these voluntary 
guidelines (www.safercar.gov).  
 
Another example of cooperative research to 
improve vehicle safety is provided by the Blue 
Ribbon Panel for the Evaluation of Advanced 
Airbags.  The Panel was formed in 2001, amid 
concerns about possible negative effects of 
changes in frontal crash-test regulations to 
reduce the aggressivity of deploying airbags 
(http://www.brpadvancedairbags.org/).  The 
Panel’s independent group of experts oversaw 
the collection of Alliance-funded frontal crash 
data, the purpose of which was to hasten and 
facilitate the understanding of redesigned frontal 
airbag performance.  It was agreed that data 
collection should utilize the existing National 
Automotive Sampling System/Crashworthiness 
Data System program and NHTSA observers 
took part in all the meetings and provided 
guidance to the Panel on data collection issues.    
 
In addition, the Panel conducted timely research 
and sponsored research by others.  A 2008 
research review undertaken by the Panel 
concluded that redesigned frontal airbags 
resulted in far fewer airbag-induced injuries to 
vulnerable occupants, while at the same time 
maintaining their overall effectiveness in frontal 
crashes (Ferguson et al., 2008).  
 
Programs such as these illustrate the benefits of 
government and industry working together to 
address important safety concerns.  Progress can 
be accelerated and the end result is better 
working relationships and programs that are 
more likely to have widespread acceptance.  The 
latest example of an innovative public/private 
partnership is the Driver Alcohol Detection 
System for Safety (DADSS) program which 
seeks to find a solution to the problem of 
alcohol-impaired driving.  
 
 
 
 
 
 
 

DADSS - A NEW DEVELOPMENT AND 
DEMONSTRATION PROGRAM  
 
 
 

 
 
 
 
Background 
 
Alcohol-impaired driving is a major factor in the 
tens of thousands of deaths that occur every year 
on U.S. roads.  In 2007, there were almost 
13,000 fatalities in crashes involving drivers 
with blood alcohol concentrations (BACs) of 
0.08 g/dL or higher – the legal limit in all 50 U.S. 
States (NHTSA, 2008). This number represented 
32 percent of total traffic fatalities for the year.  
Although significant progress was made during 
the 1980s and the first half of the 1990s in 
reducing this problem, since then progress has 
been limited.  Strong laws and enforcement have 
been effective in reducing deaths and injuries 
from drinking and driving (Elder et al., 2002; 
Shults et al., 2001).  Such efforts will need to 
continue; however more must be done if 
substantial progress is to be made in the long 
term.  
 
The potential for in-vehicle technology that 
could prevent alcohol-impaired driving has been 
recognized.  Current aftermarket breath testing 
devices, in use for several decades, can be 
installed in vehicles and measure a driver’s BAC.  
These devices predominantly are used by drivers 
convicted of DWI, and require drivers to provide 
breath samples before starting their vehicles.  If a 
positive Breath Alcohol Concentration (BrAC) is 
registered, the vehicle cannot be started.  Studies 
indicate that while these devices are on the 
vehicles of convicted DWI offenders, they can 
reduce recidivism by about two-thirds (Willis et 
al., 2004).   
 
A total of 47 States permit or mandate alcohol 
ignition interlocks for certain offenders, however, 
they are generally underutilized.  Many lives 
could be saved if they were more widely applied 
among the population of DWI offenders.  It has 
been estimated that, if all drivers with at least 
one alcohol-impaired driving conviction within 3 
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years prior to the crash were restricted to zero 
BACs, about 1,100 deaths could have been 
prevented in 2005  (Lund et al., 2007).  
 
Efforts are underway in the United States to 
increase the use of breath-alcohol ignition 
interlocks among convicted DWI offenders, both 
through passage of stronger state laws that will 
require them for first-time offenders, and through 
efforts to work within the criminal justice system 
to maximize their adoption 
(http://www.madd.org/Drunk-Driving/Drunk-
Driving/Campaign-to-Eliminate-Drunk-
Driving.aspx). 
 
Even if such efforts are successful, they would 
only partially solve the problem of alcohol-
impaired drivers.  That is because a large 
proportion of the alcohol-impaired fatal crashes 
that occur every year involve drivers with no 
prior DWI convictions.  In 2006 only 7 percent 
of drivers in fatal crashes with BACs 0.08 g/dL 
or higher had previous alcohol-impaired driving 
convictions on their records for the prior 3 years 
(IIHS, 2008).   
 
Wider deployment of current alcohol ignition 
interlock technology as a preventative measure 
among the general public is not advisable 
because of the obtrusive nature of the technology 
– requiring the driver to provide a breath sample 
each and every time before starting the vehicle.   
In the United States about 40 percent of the 
population indicate they do not drink and only 
about 3 percent of the population say they have 
driven after drinking during the last 12 months 
(Chou et al., 2006; Williams et al., 2000).  
Therefore, to be acceptable for use among all 
drivers, many of whom do not drink and drive, 
in-vehicle alcohol detection technologies must be 
seamless with the driving task; they must be non-
intrusive, reliable, durable, and require little or 
no maintenance.   
 
The technical challenges are substantial, 
however the possible benefits to society are 
compelling, with the potential to prevent almost 
9,000 motor vehicle deaths every year if all 
drivers with BACs at or above the legal limit 
(0.08 g/dL) were unable to drive (Lund et al., 
2007).  
 
There has been growing interest among 
legislators to broaden the scope of in-vehicle 
technology to prevent alcohol-impaired driving, 
and several state governments in the United 

States have considered legislation to require it.  
In the 2004 legislative session three U.S. States 
(New Mexico, New York, and Oklahoma) 
considered legislation to mandate breath alcohol 
ignition interlocks on all new vehicles.  In New 
Mexico a Governor’s Task Force was established 
to study alcohol ignition interlock devices and 
provide recommendations concerning their 
broader use.   
 
There also has been considerable international 
interest.  In 2005, the provincial government of 
Ontario, Canada also explored a requirement to 
mandate alcohol ignition interlocks on all 
vehicles.  In 2006, the Swedish government 
announced its intention to equip all commercial 
vehicles with alcohol ignition interlocks by 2010 
and all passenger vehicles by 2012.   
 
Since then, the focus in Sweden has shifted to 
the voluntary application of breath alcohol 
ignition interlocks as a primary prevention 
measure (i.e. in vehicles of drivers who have not 
been convicted of a DWI) among fleet vehicles, 
including local government vehicles.  It has been 
decided that they will await the development of 
non-invasive technologies before pursuing 
universal deployment.  The governments of 
Norway and Finland also have expressed support 
for this strategy.  Because of concern about a 
number of deaths of innocent victims of alcohol-
impaired drivers, the Japanese government also 
has expressed interest in developing a 
comprehensive technological solution to the 
alcohol-impaired driving problem.   
 
A number of automobile manufacturers have 
indicated that they are developing driver alcohol 
detection systems for vehicles.  Beginning in 
2008, Volvo now offers the AlcoGuard™ as 
optional equipment on their vehicles sold in 
Sweden.  This device is integrated into the 
vehicle’s man/machine interface but still requires 
drivers to provide a breath sample each time 
before starting the vehicle.  In August 2007, 
Nissan announced a concept car with multiple 
potential systems to measure drivers’ BAC, 
including alcohol in drivers’ breath and sweat. 
Saab also has indicated it is developing a breath-
alcohol device for use in its vehicles.  
 
As interest was growing in the United States and 
internationally for technological solutions to the 
alcohol-impaired driving problem, an 
International Technology Symposium was 
sponsored by MADD in June 2006.  The 
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potential of advanced technologies for 
preventing alcohol-impaired driving was 
considered and a timeline was developed for 
their development and deployment.  Also 
discussed was the suitability of extant 
technologies that could be completely 
transparent to the driver, such as tissue 
spectroscopy and transdermal or ocular detection. 
Representatives of NHTSA, automobile 
manufacturers, researchers, and safety experts 
agreed that with collaborative research and 
development, in-vehicle devices meeting these 
needs might be developed and deployed within a 
10-15 year time frame.  There also was broad 
agreement that the time had come to pursue a 
technological approach to alcohol-impaired 
driving.   
 
Cooperative Agreement 
 
In February 2008, the Automotive Coalition for 
Traffic Safety (ACTS) and NHTSA entered into 
a Cooperative Agreement to explore the 
feasibility, potential benefits of, and the public 
policy challenges associated with a more 
widespread use of in-vehicle technology to 
prevent alcohol-impaired driving – known as the 
Driver Alcohol Detection System for Safety 
(DADSS) program.  Funding for ACTS currently 
is provided by motor vehicle manufacturers 
(BMW, Chrysler, Ford, General Motors, Jaguar 
Land Rover, Mazda, Mercedes Benz, Mitsubishi, 
Nissan, Porsche, Toyota, Volkswagen).  
 
The approach being taken is a non-regulatory 
approach that will encourage voluntary adoption. 
This 5-year, cost-sharing agreement requires that 
ACTS and NHTSA work together to engage in 
cooperative research that advances the state of 

alcohol detection technology.  This effort seeks 
to develop technologies that are less-intrusive 
than the current in-vehicle breath alcohol 
measurement devices and that will quickly and 
accurately measure a driver’s BAC in a non-
invasive manner.  These technologies will be a 
component of a system that can prevent the 
vehicle from being driven when the device 
registers that the driver’s BAC exceeds the legal 
limit (0.08 g/dL in all U.S. states).  Such devices 
ultimately must be compatible for mass-
production at a moderate price, meet acceptable 
reliability levels, and be unobtrusive to the sober 
driver.   
 
The agreement seeks to assess the current state 
of impairment detection devices, and to support 
the development and testing of prototypes and 
subsequent hardware that may be installed in 
vehicles.  The goal, at the end of the 5-year 
program, is the practical demonstration of an 
alcohol detection subsystem, suitable for 
subsequent installation in a vehicle. 
 
DADSS Project Team Organization 
 
The overall DADSS Program Management is 
being carried out by ACTS with oversight by 
NHTSA.  Technical research and development 
oversight is being undertaken under contract 
with QinetiQ NA/Foster-Miller, Inc.  
 
Figure 1 shows the program team organization. 
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Figure 1.  DADSS program team organization 
 
 
ACTS has formed a Blue Ribbon Panel (BRP) of 
experts  in order to consider the views of 
industry and other stakeholders. The BRP 
includes representatives from automotive 
manufacturers and suppliers, public interest 
organizations, government representatives both 
domestic and international, and experts in the 
science of alcohol toxicology, behavioral 
impairment, human factors, and research. 
 
The BRP has assigned three working groups to 
assist in this effort. They are: 
 

• The Research Plan Working Group, 
who have assisted in the development 
of the Program Management Plan and 
advised on the overall direction of the 
project. 

 
• The Performance Specifications 

Working Group, who have assisted in  
the development of the Performance 
Specifications document.  This 
document is the primary tool to direct 
the development of in-vehicle advanced 
alcohol detection technologies. 

• The Public Policy Working Group, who 
will address the issues of public 
perceptions and attitudes towards in-
vehicle alcohol detection systems for all 
drivers, to examine acceptability of 
alternative solutions and specifications, 
and to address relevant policy issues. 

 
DADSS Program Details 
  
The DADSS Program Management Plan, 
approved by NHTSA in May, 2008, laid out a 
timetable for development of the DADSS system,  
detailing the program’s tasks, milestones and 
deliverables.   
 
The current DADSS development and 
demonstration timeline is shown in Figure 2. 
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Figure 2.  DADSS program development process 

Detailed Technical Review 
 
Once a Program Management Plan had been 
established, one of the first tasks of the project 
team was to perform a comprehensive review of 
emerging and existing state-of-the-art 
technologies for alcohol detection and to develop 
performance specifications.  Prior to the 
commencement of the Cooperative Agreement, 
the Volpe National Transportation Systems 
Center of the U.S. Department of 
Transportation’s Research and Innovative 
Technology Administration (Pollard et al., 2007) 
was tasked by NHTSA to identify current and 
emerging vehicle-based technologies and 
systems that can detect driver BAC and monitor 
driver impairment due to alcohol.  The first 
undertaking of the literature review was to 
review the Volpe paper.  The study included an 
assessment of the practicability and effectiveness 
of such systems and the capability of existing 
and anticipated technologies to detect and 
prevent alcohol-impaired driving.  Additional 
technology scans were undertaken through patent 
and literature reviews, and these scans will be 

repeated periodically throughout the life of the 
program.   
 
Technology Performance Specifications 
 
Based on input from the BRP, ACTS developed 
performance specifications to assess the in-
vehicle advanced alcohol detection technologies. 
The specifications are designed to address the 
current and future state of relevant emerging and 
existing advanced alcohol detection technologies. 
The influence of environment, issues related to 
user acceptance, long-term reliability and system 
maintenance are assessed, and the resulting list 
of specifications with definitions, measurement 
requirements, and acceptable performance levels 
are documented in the DADSS Subsystem 
Performance Criteria Document 
(http://dev.dadss.org/performance-
specification/download).  In the future, Vehicle 
Integration Specifications also will be developed. 
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Request For Information 
 
A Request For Information (RFI) was published 
as a means by which the DADSS program was 
first communicated to potential vendors.  The 
RFI  was posted on the Federal Business 
Opportunities (FBO) web site, 
www.fedbizopps.gov on April 5, 2008. FBO is 
the single point-of-entry for Federal Government 
procurement opportunities with over 550,000 
vendors and buyers registered.  Additionally, 
direct notice went out to a list of vendors 
including all major alcohol detection technology 
developers, various medical technology 
associations, international contacts, and the BRP 
members. 

  
The goal of the RFI was to establish the level of 
interest among technology developers in taking 
part in the research, the kinds of technologies 
available, and their states of development 
relevant to in-vehicle applications.  The many 
responses received from industry provided a 
degree of confidence that there were numerous 
potential bidders.  A ‘first-order’ assessment of 
what potential bidders were developing was 
completed by making visits to those companies 
that exhibited a strong grasp of the technologies 
necessary.  A standardized visit report format 
allowed an initial cross-comparison of the 
companies visited. 
 
Request For Proposals 
 
Subsequent to the RFI process described above, 
a Request For Proposals (RFP) was issued by 
ACTS in November, 2008.  Receipt of the RFP 
was restricted to a selected number of 
respondents to the RFI.  The RFP solicited 
proposals from businesses with prior experience 
in alcohol detection or related technologies, for 
the development of in-vehicle devices meeting 
the ACTS requirements.   
 
A two-phased R&D program 
 
As shown in Figure 2 above, the DADSS R&D 
effort is following a two-stage process.  Phase I 
will focus on developing a working prototype, 
and Phase II is the major R&D effort that will 
lead to a demonstration vehicle. 
 
Phase I The specific objective for Phase I of this 
effort is to develop a Proof-of-Principle (POP) 
Prototype intended to represent a device capable 
of rapidly and accurately measuring the driver’s 

BAC non-intrusively.  The POP Prototype will 
be used to test several aspects of the intended in-
vehicle alcohol detection technology design 
without attempting to simulate the visual 
appearance, choice of materials or intended 
manufacturing process.  Its aim is to validate the 
potential design approach, as well as point to 
areas where further development and testing is 
necessary.  The basis for awards will be the 
scientific and technical merit of the proposal and 
its relevance to ACTS requirements and 
priorities.  Eligible institutions include for-profit, 
nonprofit, public, and private organizations, such 
as universities, colleges, hospitals, laboratories, 
and companies.  Phase I is proceeding to plan, 
and awards are to be made to successful bidders 
before mid-2009, and will involve a 12-month 
period of performance.  
 
Phase II is the principal R&D effort that will 
result in the practical demonstration of an 
alcohol detection subsystem, suitable for 
subsequent installation in a vehicle.  The 
program is envisaged to span approximately two 
years.  Phase II awards will be made only to 
those bidders that have achieved successful 
Phase I progress, with regard to the merits of 
their technological approach adopted, ACTS 
priorities, and the availability of appropriated 
funds to support the Phase II effort.  
  
Potential technologies 
 
Under the Phase I program, the successful 
contractors will commence the development of 
prototype devices based on various promising 
technological approaches.  Such approaches may 
include, but not be limited to:  
 

1. Tissue Spectrometry Systems that can 
measure alcohol concentration in tissue. 
A beam of light, at a wavelength that is 
sensitive to the presence and amount of 
alcohol in the tissue (within the near-
infrared spectrum) is shone through the 
skin.  The amount of light that is 
reflected and captured can be used to 
measure alcohol concentration.  

2. Electrochemical Systems include 
transdermal systems that measure 
alcohol concentration present in a 
person’s sweat, and advanced breath-
based systems able to measure BAC 
through passive sampling of a driver’s 
breath.  
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3. Distant Spectrometry Systems use an 
approach that is similar to tissue 
spectrometry, except that no skin 
contact is required.  Infrared light is 
transmitted toward the subject from a 
source that receives and analyses the 
reflected and absorbed spectrum, to 
assess alcohol concentration in the 
subject’s tissue or exhaled breath.    

 
PUBLIC ACCEPTABILITY CHALLENGES 
 
Although the current program is specifically 
focused on technology development it is 
recognized that there is a need to address public 
perceptions and attitudes towards such systems 
during the course of the program.  Many of these 
issues are being addressed through the Blue 
Ribbon Panel and its subcommittees as these 
issues are intertwined with successful technology 
deployment.  A non-regulatory, voluntary 
approach to in-vehicle driver alcohol detection 
systems will depend on public acceptance for its 
full implementation, and likely will be affected 
by a number of factors.  It will depend on 
whether the public believes that alcohol-impaired 
driving is an important public health and safety 
issue that should be addressed by society 
collectively, or whether they think only those 
who drive impaired should shoulder the burden.  
It will likely depend on their own personal 
habits; whether they are teetotalers, social or 
heavy drinkers, and whether they drink and drive, 
how often, and how much.  Public acceptance 
also may be influenced by personal experiences 
regarding alcohol-impaired drivers and whether 
they know anyone whose life has been impacted 
or cut short by an impaired driver.  But most 
importantly, it will depend on how the 
technology is designed and introduced by vehicle 
manufacturers.  It is paramount that it not impede 
the normal activities performed by the driver.   
 
During the next few years research is planned to 
gauge drivers’ perceptions of the alcohol-
impaired driving problem, and their attitudes 
toward potential solutions.  Research also will 
address what technology options will be publicly 
acceptable and how they might successfully be 
implemented.  For example, how the general 
public views different measurement systems, the 
adoption of different operating thresholds, 
running retests, the need for an emergency 
override function and so on.   
 

Communicating with the public 
 
As the DADSS program develops there will be a 
need to educate the public about the DADSS 
program, the potential technologies that are 
being developed, and the way in which these 
might be implemented.  A website, 
www.DADSS.org, has been launched to provide 
public access to the progress of the DADSS 
program.  The web site provides key details of 
the DADSS development program progress, 
discusses issues associated with drinking and 
driving, and lists relevant research.    
 
CONCLUSIONS 
 
Government regulations are important in 
ensuring that vehicles meet a minimum standard 
of safety, but the process involved in producing 
new regulations necessarily takes time.  There 
are many other ways in which vehicle safety can 
be advanced outside of the regulatory framework. 
Consumer crash-test assessment programs, now 
in place around the world, have been 
instrumental in advancing vehicle safety on a 
faster schedule than would have been possible 
through regulation.  Increasingly, voluntary 
approaches to the design and implementation of 
vehicle safety systems play an important role as 
vehicle manufacturers deploy safety systems 
well in advance of, and even in the absence of, 
government regulations requiring them.   
 
Public/private partnerships also have a crucial 
role to play.  They can accelerate efforts to 
implement new safety technologies and they can 
provide an important mechanism for developing 
workable approaches that are acceptable both to 
government and industry.  For example, the Side 
Airbag Technical Working Group developed 
voluntary test procedures to assess the potential 
of side airbags to injure out-of-position 
occupants within 15 months of being asked to do 
so by the government.  Side airbags, though not 
required by regulation, now are in more than 
two-thirds of 2008 model vehicles 
http://www.iihs.org/ratings/side_airbags 
/side_airbags.aspx) . 
 
The DADSS program represents the latest and 
most innovative public/private partnership that 
aims to develop and demonstrate a critically 
important advance in highway safety – that of 
keeping alcohol-impaired drivers from driving. 
Starting with a requirement to develop a non-
invasive technology that will quickly and 
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accurately measure a driver’s BAC, the project 
team has established a Program Plan, developed 
Performance Specifications, solicited industry 
interest, and begun the process of identifying 
technological approaches that show promise.  
The goal at the end of the 5-year program is the 
practical demonstration of an alcohol detection 
subsystem which is suitable for subsequent 
installation in a vehicle. 
 
The adoption of non-regulatory, voluntary 
approaches to the implementation of advanced 
vehicle technology makes it critical that policy 
and public acceptance issues be addressed 
concurrent with the technology development.  
This is particularly important when it comes to 
the widespread implementation of technologies 
to prevent alcohol-impaired drivers from getting 
behind the wheel.  The majority of the driving 
public in the United States either does not drink, 
or does not drink and drive.  It is therefore 
necessary that advanced technologies to assess 
BACs must be seamless with the operation of the 
vehicle and not impede the sober driver.   
 
The general public fully understands the dangers 
of drinking and driving.  In a survey on drinking 
and driving attitudes and behavior (NHTSA, 
2003), ninety-seven percent of respondents 
indicated that drinking and driving is a threat to 
their personal safety.  With the growing public 
perception that vehicle safety is an important 
factor in the vehicle purchase decision, advances 
in safety technology are gaining public 
acceptance more readily than in the past.  
Communicating with the public regarding the 
DADSS program, the potential technologies that 
are being developed, and the way in which these 
might be implemented will be an important 
component of this effort.   
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ABSTRACT 
 
This paper describes the development of a new 
thorax protector as part of the personal protective 
equipment for motorcyclists. The function of the 
protector is the mitigation of injuries in impacts to 
the frontal or lateral parts of the thorax. A sandwich 
structure was selected. The outer shell of 
polypropylene was designed to spread concentrated 
impact forces, a shock absorbing aluminium 
honeycomb material was coupled with a comfort 
layer for the inner part of the protector. 
 
The materials were characterized and an FE model 
was created for impact simulations with the 
HUMOS2 model. Frontal and lateral impact tests 
against which the HUMOS2 model had previously 
been validated were simulated. The simulations 
highlighted that the main benefit of such a device is 
derived from the force distribution and that the 
shock absorbing material provides smaller 
contribution to the protector’s performance.  
 
After a pre-selection of the design variants by 
means of simulation, a series of thorax protector 
prototypes were manufactured and tested in terms 
of comfort (ergonomic tests) and impact protection. 
Ergonomic tests confirmed the quality of the 
design, showing that the protector does not interfere 
with the normal rider’s movements. A series of 
frontal impact tests using the Hybrid III Dummy 
was carried out. It was concluded that the protector 
reduces the compression of the thorax and the 
probability of sustaining rib fractures in the 
analysed impact conditions and thus reduces the 
potential injury risk. 
 

INTRODUCTION 
 
The APROSYS project aims, within Sub-Project 4 
“Motorcycle Accidents”, at reducing the number 
and severity of powered two wheelers (motorcycle 
and moped) user injuries for the most relevant 
accident scenarios. 
 
In order to accomplish this result, an in-depth 
analysis based on four accident databases (COST 
327, MAIDS, GIDAS and DEKRA) and a literature 
review have been carried out at the beginning of 
APROSYS for investigate in the injuries 
mechanisms and in the most frequent injuries that 
motorcyclists sustain during accidents [Manzardo 
2006]. 
 
THE IMPACT TEST CONDITIONS 
 
From these analyses it has been pointed out that, 
even though, thorax is not the most frequently 
injured body region, injuries in the thorax area 
often have a high severity index. In the light of 
these results, the development of a device able to 
protect from and reduce the severity of injury to the 
thorax region has been addressed within APROSYS 
project. 
 
The development process has been started defining 
a validation plan, able to check the impact safety 
performance of a thorax protective device. The test 
plan included four impact conditions, frontal and 
lateral at 5 and 10 m/s carried out with a cylindrical 
impactor with a diameter of 15.2 cm and weight 
23.4 kg, impact locations are shown in Figures 1 
and 2.  
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Figure 1.  Frontal impact location. 
 

 
Figure 2. Lateral impact location.  
 
The simulation and test analysis were carried out 
considering the following injury criteria associated 
with ECE-R94 (frontal) and ECE-R95 (lateral): 
 
• for the frontal impact the thorax compression and 

the peak viscous response VCmax  
• for the lateral impact the compression of the 

impacted half of the thorax was evaluated 
  
Simulations and real tests data coming from the 

Figure 3 Thorax protector draft design                     

validation had then to be analysed comparing 
measurements with and without protector. No 
absolute limits have been set for measurements: the  
evaluation criterion was the maximization of the 
difference between the values with and without 
protector. 
 
DESIGN OF THE PROTECTOR 
 
The design concept activity has been driven by the 
necessity to achieve a good impact energy 
distribution and, at the same time, the capability to 
shift the forces from the central to the lateral area of 
the thorax reducing the flexural moment, thus 
fracture risk, on ribs. 
 
Furthermore, these safety requirements should be 
accomplished taking into account also ergonomic 
and comfort issues. An integral solution has been 
preferred, with a one piece semi-rigid external 
shell, connected to lateral rigid plates. The shell’s 
internal side has been provided with a reticular 
structure. 
 
The honeycomb absorbing structure has been 
selected to grant, besides impact absorption, a 
proper breathability on the chest zone. 
Once the structural and ergonomic design issues 
have been defined, also the aesthetic aspect has 
been taken into account. 
 
The final step for the design process had been the 
elaboration of the thorax protector CAD model. 
Figure 3 shows the design of the protector. 
 
NUMERICAL STUDY 
 
Brick elements have been used to mesh the 
protector. The interior face of the rigid shell is 
constituted of reinforcements which had to be taken  



Manzardo 3 

into account during the simulation. To model these 
surfaces, a series of brick elements, with a size 
equal to the reinforcement’s width (2 mm) have 
been used. 
 
The thorax protector final mesh had 100238 nodes 
and 54972 elements. 9056 bricks defined the 
honeycomb structure, 45306 bricks the rigid shell 
and 610 shells were included to represent the zip 
parts (see figures 4 and 5). 
 

 
 
Figure 4. Rear-lateral view of FE model of the 
thorax protector 
 

 
 
Figure 5. Frontal-lateral view of FE model of the 
thorax protector 
 
In order to simulate impacts, thorax protector mesh 
has been placed on HUMOS 2 model (see figures 8 
and 9). 
 
Thorax compression and VCmax have been 
calculated for each frontal impact. Half thorax 
compression and VCmax have been calculated for 
each lateral impact. 
 
 

 
Figure 6. Set-up for simulation of lateral impact 
including the thorax protector. 
 
 

 
Figure 7. Set-up for simulation of frontal impact 
including the thorax protector. 
 
Referring to the injury criteria table (table 1), the 
main benefits of the thorax protector had been 
expected in frontal impacts. The simulations 
highlighted that honeycomb did not records any 
deformation and for that reasons its behaviour has 
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been further investigated in the optimization 
phases, firstly changing impactor’s shape then 
modifying the honeycomb mechanical properties in 
order to simulate stiffness behaviour. 
 
Simulations then demonstrated that honeycomb 
compression was similar for cylindrical and for 
kerbstone impactors, but that it was varying with its 
stiffness. Taking into account injuries criteria, the 
honeycomb stiffness changes in combinations with 
impactor changes, which have been carried out 
during optimization phase, did not cause a 
remarkable effect on the thorax protection 
performance. 
 
PROTOTYPE AND CRASH TESTING 
 
After the numerical optimization phase, the 
prototype manufacturing has been started with the 
mould construction (figure 8). 
 

 
 
Figure 8. Mould for the protector shell. 
 
 Then, a series of prototypes for the validation tests 
have been prepared. In order to further investigate 
the honeycomb behavior, protectors have been 
prepared in different configurations, one without 
honeycomb, one with honeycomb between the rigid 
shell and the thorax and one with honeycomb 
outside (see figures 9 to 11). 
 

 
 

Table 1. 
Impact simulations: Parameters measured for 
the assessment of protection level. 
 

 
 
Figure 9. Protector without honeycomb 
 

 
 
Figure 10.  Protector with honeycomb outside. 
 

 
 
 

IMPACT 

CONFIGURATION 

FRONTAL LATERAL 

Chest compression Vcmax Chest     deflection Half thorax compression 

5 m/s – without protector 27 % 0.66 46.5 mm 27 % 

5 m/s – with protector 20 % 0.41 34.5 mm 29 % 

10 m/s – without protector 71 % 3.21 120 mm 61 % 

10 m/s – with protector 51 % 2.53 85.8 mm 56 % 



Manzardo 5 

 
 
Figure 11. Protector with honeycomb inside. 
 
Tests have been carried out with an instrumented 
HYBRID III test dummy seated in a plane and an 
octofilar pendulum that guide a cylinder probe with 
the impactor mounted on one its side, to hit the 
dummy in the sternum area (see figures 12 and 13). 
 

 
 
Figure 12.  Impact test with Hybrid III – frontal 
view. 
 
In table 2 the matrix of tests shows the test results. 
From the data it can be easily observed that 
comparing data on the chest compression, viscous 
criterion recorded in the test, with and without 
protector, for each type of prototype a reduction on 
the recorded values in case of use of the protector 
have been achieved. Taking into account sternum 
accelerations only the thorax protector without 
honeycomb demonstrate to be able, in all the test 
conditions, to reduce or at least maintains the 
accelerations values without any degrade on the 
data. 
 

 
 
Figure 13. Impact test with Hybrid III – lateral 
view. 
 
 
CONCLUSIONS 
 
From the simulations results as well as from the 
physical impact tests it can be concluded that the 
presented thorax protector reduces the compression 
of the thorax and the probability of sustaining rib 
fractures in the analysed impact conditions and thus 
reduces the potential injury risk. 
 
Apart from offering an additional protection to the 
thoracic area of a motorcyclist, ergonomic tests 
confirmed the quality of the design, showing that 
the protector does not interfere with the rider’s 
normal movements. 
 
This study highlights the importance of the 
distribution of the impact forces on the human body 
in case of an impact. This is an important fact that 
should be taken into account for the future 
development of motorcyclists protective equipment 
and for any draft or revision of standards for the 
testing of such eqipment. 
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Table 2. 

Impact tests: Parameters measured for the 
assessment of protection level. 

 

 
 
 
 

IMPAC
TOR PROTECTIVE CLOTHING 

Target 
probe 
velocity 
(m/s) 

Measured 
probe 
velocity 
(m/s) 

Chest_S 
(mm) 

Chest VC 
(m/s) 

Sternum_a
x (g) 

FLAT NO 5,00 4,88 49,8 0,51 93,11 

FLAT YES, WITHOUT HONEYCOMB 5,00 4,88 43,8 0,50 84,52 

FLAT YES, WITH HONEYCOMB INSIDE 5,00 4,92 42,6 0,49 78,78 

FLAT YES, WITH HONEYCOMB OUTSIDE 5,00 4,92 42,5 0,47 101,88 

FLAT NO 6,70 6,68 72,2 1,07 135,44 

FLAT YES, WITHOUT HONEYCOMB 6,70 6,74 63,9 0,99 136,21 

FLAT YES, WITH HONEYCOMB INSIDE 6,70 6,75 62,1 0,96 146,15 

FLAT YES, WITH HONEYCOMB OUTSIDE 6,70 6,74 62,0 0,93 130,31 

KERB NO 5,00 4,92 50,5 0,61 70,02 

KERB YES, WITHOUT HONEYCOMB 5,00 4,95 43,4 0,45 69,78 

KERB YES, WITH HONEYCOMB INSIDE 5,00 4,95 43,1 0,47 92,10 

KERB YES, WITH HONEYCOMB OUTSIDE 5,00 4,95 42,2 0,34 81,04 

KERB NO 6,70 6,74 73,6 1,20 203,29 

KERB YES, WITHOUT HONEYCOMB 6,70 6,8 65,7 0,87 112,16 

KERB YES, WITH HONEYCOMB INSIDE 6,70 6,74 59,6 0,84 109,40 

KERB YES, WITH HONEYCOMB OUTSIDE 6,70 6,80 62,3 0,89 102,61 
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ABSTRACT 
 
This paper describes a new test methodology for 
evaluating occupant injury response in a near side 
oblique pole impact per FMVSS 214.  Given the 
complexity, time, and cost of using full vehicle pole 
impact crash tests to develop occupant restraint 
systems, it is desirable to have a simple test method 
that allows engineers to develop an optimized 
restraint system in a timely and cost effective manner. 
The authors will present a new sled test method that 
accurately simulates a full vehicle oblique pole side 
impact test using only minimal vehicle components. 
This test method was validated using both the ES2-
RE representing an AM50 occupant and a SID IIs 
representing an AF05 occupant.  The authors will 
provide data showing correlation with full scale 
oblique pole impact vehicle tests.  Furthermore, to 
demonstrate the effectiveness of this test 
methodology a case study will be presented showing 
a restraint system that has been optimized for both 
AM50 and AF05 occupants in an oblique pole impact. 
 
INTRODUCTION 
 
In the mid 1990’s, restraint system suppliers and 
vehicle manufacturers began implementing side 
impact restraint systems for head protection in side 
impact crashes involving narrow objects such as 
utility poles and trees. Starting with MY1999 
passenger vehicles, the NHTSA made 
accommodations for this technology in the FMVSS 
201 “Occupant Protection in Interior Impact” with 
the inclusion of an optional 24 km/h vehicle side 
impact (90 degrees) into a 254mm diameter rigid 
pole for vehicles equipped with a “dynamically 
deployed upper interior head protection system” [1]. 
On September 11, 2007 the NHTSA published a 
Final Rule incorporating a 32 km/h oblique (75 
degree) lateral pole impact crash test into the FMVSS 
214 “Side Impact Protection”.  In addition to head 
protection, this new regulation requires thorax, 

abdomen, and pelvis protection in lateral impacts for 
both 50th percentile male and 5th percentile small 
female drivers beginning with some MY2011 
passenger vehicles [2]. Most recently (July 8th, 2008) 
the NHTSA issued a Final Notice of enhancements 
made to the USNCAP (New Car Assessment 
Program) to include the oblique pole impact crash 
test results with the 5th percentile small female in its 
5-Star vehicle safety rating – beginning with 
MY2011 passenger cars [3]. 

Since the initial pole impact test requirement in 
FMVSS 201P evaluated only head injury potential; 
development of countermeasures for head protection 
could be accomplished through the use of linear 
impact tests with a full scale crash test used for final 
validation.  As such, full scale sled testing was not 
required. A majority of side impact sled tests during 
this time were performed for the purpose of 
developing and evaluating side impact restraint 
systems for thorax, abdomen, and pelvic injury 
protection in a vehicle to vehicle crash. One such 
method, developed in 1994-95 [4] utilized an 
acceleration type sled with a sliding dolly affixed to 
simulate the rapid door intrusion into the passenger 
compartment; while also simulating the important 
characteristics of dummy-to-door trim geometry, gap 
closure timing, and door stiffness.  

With the additional requirements of the oblique pole 
side impact test outlined in the upgraded FMVSS 214 
regulation to include thorax, abdomen, and pelvis 
injury, a new pole side impact sled test method was 
developed.  This sled test method can provide 
engineers a tool to develop optimized side impact 
countermeasures, such as side airbags, prior to 
conducting a full scale vehicle test.    This new test 
method is, to a large degree, based on this earlier test 
device and the experience gained in more than 13 
years of use, as well as those experiences from many 
full scale side impact crash tests and the development 
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of side impact restraints for both the moving barrier 
and pole impact test conditions. 

TEST METHOD 

This section describes the sled test method and 
apparatus in general terms only. It does not include 
significant detail on mounting the test specimen 
hardware or tuning the system to achieve the desired 
level of correlation. As is typical for side impact sled 
testing, these details are, to a large degree, dependant 
on the subject vehicle geometry and crush 
characteristics. The following section titled “Test 
Setup” will describe the process used to understand 
these variables and account for them in the test 
configuration. 

Before discussing the sled test method, it is important 
for the reader to first consider certain characteristics 
of the full scale crash test (FMVSS 214 Oblique Pole 
Impact): 

At the time of impact (T=0): 

• the vehicle is traveling at a 15 degree 
crabbed angle (front angled toward pole) at 
a constant velocity of 32 km/h,  

• the test dummy is traveling at a constant 
velocity of 32 km/h (same as vehicle) with 
it’s head (center of gravity) aligned, in the 
direction of travel, with the centerline of the 
pole. 

• the pole is fixed rigidly to earth. We could 
say that the pole is traveling at a constant 
velocity of zero. 

After initial contact: 

• The entire vehicle undergoes a change in 
velocity, with certain subcomponents (door, 
door trim, seat, roof rail, etc…) changing 
more quickly than others (accelerating 
toward the non-struck side of the vehicle). 

• The test dummy also experiences a change 
in velocity, but not until it is acted on by 
certain other components (door trim, seat, 
roof rail, side airbag, curtain airbag, and 
pole). 

• The pole does not change velocity. It 
maintains the constant speed of zero km/h 

throughout the duration of the test and 
beyond. 

The device described here is designed for use with an 
acceleration type sled, but can be easily adapted for 
use with a deceleration sled application – the basic 
test method remains the same with respect to the 
configuration of the door, trim, seat, and test dummy. 
When used with an acceleration sled, the sled must 
be capable of achieving the impact test speed (32 
km/h) then maintaining that speed for the duration of 
the test (up to 100 msec). The device used by the 
authors is an acceleration sled retrofitted with a 
servo-controlled carriage braking system.  

As illustrated in Figure 1, the device consists of the 
main sled carriage with a rigid pole attached to it (a); 
a sliding dolly to which the door element, seat, and 
dummy are mounted (b); a seat slider for attaching 
the seat to the dolly (c); various crush elements (d), 
(e), and (f), and a position switch (g). 

 

 

Figure 1.  Schematic of test device 

The test method proceeds as follows: 

The main sled carriage and pole are accelerated to 32 
km/h over a stroke of about 200mm, and then 
maintained at that speed under velocity based servo-
control braking to counteract the thrust column forces 
still trying to accelerate the sled. The resulting 
velocity profile is shown in Figure 2.  
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Figure 2.   Sled carriage and pole velocity profile 

The sliding dolly, in addition to the seat slider and 
seat, is built with two vertical pillars used to support 
the struck door components. The door components 
are supported by two (or more as needed) horizontal 
bars (1 inch electrical conduit) that are attached at  
each end to the vertical pillars using a sliding swivel 
arrangement, which allows the bars to deform toward 
the seat and occupant when struck by the pole.  Once 
the door components are mounted to this structure, 
the seat is positioned on the slider such that its 
orientation with the door trim simulates the target 
vehicle geometry. A crush element (e) is then added 
to ensure the seat remains in contact with the door 
once it is struck, while still allowing the seat to travel 
with the door relative to the dolly to which they are 
both mounted (Figure 3). 

  

Figure 3.  Test setup showing sliding swivel 
arrangement for mounting door components 

This dolly assembly remains essentially motionless 
during the acceleration of the main sled due to its 
inertia and the low friction linear bearings used to 
attach it to the main sled.  

When the pole (a) has achieved the impact speed and 
is at the initial vehicle contact position (measures the 

same distance from dummy head to pole as in full 
scale crash at T=0) a position switch (g) triggers T=0 
for the data acquisition system and the airbag 
deployment timer. At this position (or slightly later – 
depending on the target vehicle characteristics) the 
sled/pole engage a crush element (d) sized to 
accelerate the dolly to simulate the motion of the 
target vehicle’s center of gravity during the crash, 
thus simulating the body-side and floor structure 
stiffness. During this time the pole surface will also 
engage the door components and begin to deform 
them toward the test dummy. As the door 
components and conduit supports used in this method 
are not structurally significant the force required to 
deform them has very little influence on the 
acceleration of the dolly.  

From there, the pole surface, and deformed door 
components continue at constant velocity (32 km/h) 
as the vehicle’s dummy-to-door “gap closure” is 
reproduced, and finally – the seat and test dummy are 
impacted. When the relevant portion of the test is 
complete, the on-board brakes for the carriage safely 
stop the entire assembly, with the crush element (f) 
allowing the dolly to gently couple with the sled 
carriage during this deceleration phase. 

TEST SETUP 

A primary goal of this activity was to develop a test 
method that was reasonably simple and economical 
to setup and use with a minimum of vehicle 
components required.  In order to achieve this goal 
the following assumptions were made. 

1. As noted in the introduction, the purpose for the 
development of this test method was to provide a 
way to evaluate restraint systems to reduce 
thorax, abdomen, and pelvis injury.  Because 
head injury performance can be more easily 
evaluated using linear impact component testing, 
this sled test method is not recommended for 
developing the curtain airbag.  As such, the 
curtain airbag was included in the sled test only 
to provide the correct occupant kinematics, and 
was simplified as follows: 

a. The curtain airbag was modeled as a bladder 
that was constructed from the front row 
chambers of the inflatable curtain airbag for 
each of the tested vehicles.   

b. The bladder was unrolled in the pre-test 
condition, and pressurized to the correct 
pressure using shop air before the test.   
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c. The bladder was tethered to the front and 
rear uprights on the sliding dolly in the 
correct location relative to the vehicle in the 
fore and aft position. 

2. The coupling between the occupant and the 
vehicle through the seatbelt was assumed to be 
negligible.  Therefore, the seatbelt was omitted 
in order to simplify the test fixturing and setup.  
As a result the occupant kinematics during 
rebound is not valid. 

3. In a full vehicle test the door structure is crushed 
and stopped by the pole before significant 
loading of the restraint system by the occupant 
occurs. Therefore, it is assumed that door 
structure can be simplified as follows 

a. Provide the door trim and its mounting 
structure only. 

b. Include any hard components that the 
dummy may interact with (i.e., window 
regulator motor, …) 

4. In order to reproduce the side airbag deployment 
path in the vehicle; a piece of foam was used to 
represent the surface of the B-Pillar trim (ES2-
RE). 

Reference Table 1, for a summary of the components 
used for this correlation activity. 

Table 1. 
Components included in testing.  

 
Curtain 
Airbag Seat

Seat-
belt

Side 
Airbag B-Pillar

Door 
Trim Door

Vehicle 
Test O O O O O O O

Sled Test Δ O X O Δ∗
O Δ

* For ES2-RE setup only.
O Included
Δ Simplified Structure
X Not included  

 
Figure 4 shows the test setup used for this testing for 
each of the test configurations considered; ES2-RE 
and SID IIs dummies as well as SUV and Sedan 
vehicles. 

 

Figure 4.  Test setup 

In order to achieve the correct gap closure between 
the door trim and the seat for the side airbag 
deployment the stiffness of crush element (d) 
(reference Figure 1) was tuned such that the velocity 
of the sliding dolly (to which the door components 
and the seat are mounted) matched the test vehicle’s 
velocity measured at the center of gravity.   Injury for 
the vehicle tests being correlated to occurred at ~50 
ms; therefore, the sliding dolly velocity was 
correlated to the vehicle test through 60 ms to ensure 
correlation during dummy loading. 
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Figure 5.   Sliding dolly velocity 

CORRELATION 

Correlation was achieved using both SID IIs and 
ES2-RE dummies for both an SUV and a sedan 
vehicle.  The two vehicles were confirmed in order to 
verify that this test method can be applied to a wide 
range of vehicle architectures. 
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Agreement between the sled and vehicle tests was 
confirmed by normalizing the sled test result with 
respect to the vehicle test with 1.0 being a perfect 
agreement between the two tests.  For the purposes of 
this paper a normalized injury of between 0.8 and 1.2 
(+/- 20 percent) was judged to be an acceptable 
agreement. Overall both the SUV and sedan vehicles’ 
normalized injury for the SID IIs dummy was within 
the acceptable range (Figure 6).  The only exception 
was the iliac force in the SUV environment; which 
was significantly more than the vehicle test (2.35 
normalized injury).  The acetablum matched the 
vehicle test very well for both peak values as well as 
the shape of the curve.  Furthermore, the pelvis 
acceleration for both the sled and vehicle tests also 
matched very well indicating that the total loading on 
the pelvis was very similar in the sled and vehicle 
tests.   The SID IIs dummy used in the SUV vehicle 
test was instrumented with a build level ‘C’ iliac 
wing and did not have the enhancements, which 
correct the potential of the load cell under reporting 
the force level [5].  The dummy used in the sled 
testing was instrumented with a build level ‘D’ iliac 
wing.  It is believed that the reason for the differences 
in the iliac load between the sled and SUV vehicle 
test is due to the load cell under reporting the force 
level in the vehicle test.  This is further supported by 
the fact that the pelvis loading in the sedan 
environment agreed very well with the vehicle test as 
can be seen in Figure 7.  In the case of the sedan 
vehicle, both the vehicle and sled tests were 
conducted with a dummy instrumented with the level 
‘D’ iliac load cell.  
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Figure 6.  SID IIs injury agreement 
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Figure 7.  SID IIs pelvis loading time history 

Figure 8 summarizes the results of the ES2-RE 
testing.  The abdominal force for both vehicle 
environments as well as the pubic force for the sedan 
environment achieved the acceptable normalized 
injury range of 0.8 to 1.2.  However, the rib 
deflection for both vehicle environments as well as 
the pubic force for the SUV environment was not 
within the acceptable range.  

ES2-RE Injury Normalized with Vehicle Test
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Figure 8.  ES2-RE injury agreement 

Sled testing of both the SUV and the sedan 
environments consistently showed higher rib 
deflections for the ES2-RE Dummy.  Analysis of the 
dummy kinematics for the vehicle and sled testing 
indicated that the seatbelt affected the kinematics of 
the thorax.  In the sled test the dummy torso rotates 
counterclockwise in the plan-view towards the pole 
as the dummy is impacted.  However, in the vehicle 
test the seatbelt tended to restrict this motion.  Based 
on these findings the test fixture for the SUV was 
modified to include the seatbelt.  With the addition of 
the seatbelt the dummy kinematics matched the 
vehicle test much better, reducing the amount of torso 
rotation in the plan-view (Figure 9).  Furthermore the 
rib deflections matched the vehicle test well (Figure 
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10 & 11).  As a result it was concluded that the 
seatbelt must be included in the sled test in order to 
achieve acceptable agreement of the rib deflection. 

 

Figure 9.  Seatbelt influence on ES2-RE dummy 
kinematics 
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Figure 10.  Seatbelt influence on ES2-RE rib 
deflections (SUV) 
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Figure 11.  Seatbelt influence on ES2-RE rib 
deflections time history (SUV). 

The pubic force for the SUV environment was 
slightly below the acceptable range with a normalized 
injury of 0.73, 27 percent lower than the vehicle test.  
It is believed that the reduced pubic force level 
observed in the sled test is due to the lack of the 
interior components and floor structure included in 
the sled test.  In the vehicle test there are two forces 
applied on the dummy pelvis.  The first being (F1) the 
external force applied on the dummy pelvis by the 
pole impact.  The second force (F2) is the reaction 
force resulting from the inboard side of the dummy 
interacting with the vehicle interior components such 
as the center console.  In the vehicle test the net force 
measured by the ES2-RE pubic load cell is the 
summation of these two forces (FTotal = F1 + F2).  In 
the sled test the reaction force F2 is not accounted for 
because the vehicle’s interior components and floor 
are not included resulting in a lower pubic force 
(Figure 12).   

Pole

F1
Force Exerted on Pubic load cell 

by Pole

F2
Reaction Force Exerted on 

pubic load cell by vehicle interior
structures

Door Trim

Vehicle Interior 
Structures
(i.e. Center Console)

ES2 Pubic 
Load Cell

Full Vehicle Test: FTotal = F1 + F2

Sled Test: FTotal = F1 + F2 � FTotal = F1

0

 

Figure 12.  ES2-RE pelvis loading 

Further testing is required in order to verify if this 
theory is correct.  It may be possible to improve the 
agreement of the pubic force by including the center 
console structure in the sled testing.  However, given 
the desire to maintain the simplicity of the test setup 
the authors feel the current level of correlation is 
acceptable especially given the agreement level of the 
pelvis acceleration (Figure 13) which can be used to 
predict the pubic force in the vehicle test.  However, 
care should be taken to understand the relationship 
between the pubic force and the pelvis acceleration 
for the subject vehicle, as it may vary from vehicle to 
vehicle depending on the vehicle layout. 
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Figure 13. ES2-RE pubic force (SUV) 

 

SIDE AIRBAG OPTIMIZATION CASE STUDY 

In order to demonstrate the effectiveness of this test 
methodology, a case study using the SUV 
environment was conducted.  The goal of this study 
was to optimize the side airbag to reduce the ES2-RE 
average rib deflections by 20% while reducing the 
injury levels for the other ES2-RE body regions as 
well as for the SID IIs by as much as possible.   A 
design of experiments approach was used for this 
testing with the following variable being considered: 

1. Three inflators were considered for this study 
which will be referred to as inflators: A, B, and 
C (inflator ‘A’ is the baseline inflator) 

2. Two side airbag cushion types were considered 
for this study.  The first being a single chamber 
cushion that provides coverage to the thorax and 
pelvis (baseline).  The second type of cushion 
considered was a dual chamber pelvis – thorax 
cushion.  The two chambers were created by the 
addition of internal baffle in the single chamber 
cushion that was positioned between the thorax 
and pelvis portions of the airbag.   The intent is 
to maintain a higher pressure in the pelvis 
chamber to increase the energy absorption of the 
pelvis.  Figure 14 shows the two cushion shapes 
evaluated. 

Single Chamber Cushion Dual Chamber Cushion

Baffle

Pelvis
Chamber

Thorax
Chamber

 

Figure 14.  Side airbag cushion configurations 
evaluated 

3. The third variable considered was the vent size 
to determine the optimal stiffness considering 
both the AM50 and AF05 occupants. 

The test matrix for the ES2-RE dummy was 
conducted first to determine the optimal bag 
configuration to reduce the rib deflections (inflator, 
cushion type, and vent size). Once this was 
completed a small test series was completed for the 
SID IIs varying the vent size to determine the optimal 
bag stiffness for the ES2 and SID IIs dummies.  
Table 2 outlines the approach used for the sled 
testing. 

Table 2. 
Testing approach. 
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For the purpose of this study all injuries were 
normalized with respect to the baseline test results to 
allow for easy comparison.  The baseline side airbag 
specification is as follows: 
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• Inflator ‘A’ 

• Single chamber cushion 

• Vent = 32mm Diameter 

Inflator ‘B’ showed better performance for all body 
regions with the largest improvement in the average 
rib deflection (Figure 15).  Therefore, Inflator ‘B’ 
was chosen as the optimal inflator.  The Dual 
chamber cushion showed a slight improvement for 
the pelvis injury (4%).  However, both average rib 
deflection and abdominal force were worse with the 
dual chamber cushion (8%, and 11% respectively).  
Since average rib deflection was the primary criteria 
being optimized the single chamber cushion was 
selected as the optimal cushion type (Figure 16).  
From the sensitivity analysis it was found that vent 
sizes ranging from 27mm to 37mm diameter 
achieved the target of 0.8 normalized injury for the 
ES2-RE average rib deflection (Figure 17).   
Furthermore the abdomen and pelvis injury was 
better for the ES2-RE with the smaller vent sizes.  
Therefore the optimal vent sized for the ES2-RE was 
determined to be a 27mm diameter based on 
achieving the 0.8 normalized injury for the ES2-RE 
average rib deflection and minimizing the injuries to 
the other body regions. 
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Figure 15.  Inflator sensitivity for the ES2-RE 
injury measures. 
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Figure 16.  Cushion type sensitivity for the ES2-
RE injury measures. 
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Figure 17.  Airbag vent size sensitivity for the 
ES2-RE injury measures (inflator ‘B’, single 
chamber cushion data shown) 

Once the optimal side airbag specification for the 
ES2-RE was determined a second test series was 
conducted for the SID IIs dummy.  For this series the 
vent size was varied using Inflator ‘B’ with the single 
chamber cushion in order to determine the optimal 
vent size to minimize the injury for the SID IIs while 
achieving the target performance for the ES2-RE 
average rib deflection.  Figure 18 shows the vent 
sensitivity for the SID IIs with the acceptable range 
for the ES2-RE average rib deflection (Inflator ‘B’, 
single chamber cushion).  As with the ES2-RE 
dummy the injury results for the SID IIs were also 
found to improve with a smaller vent size.  As a 
result the optimal vent size for the SID IIs was 
judged to be a diameter of 27mm (same as the ES2-
RE).  Therefore, the optimal side airbag specification 
considering both ES2-RE and SID IIs dummies was 
determined to be: 
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• Inflator: ‘B’ 

• Cushion Type: Single chamber 

• Vent size: 27 mm Diameter 
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Figure 18.  Airbag vent size sensitivity for the SID 
IIs injury measures (inflator ‘B’, single chamber 
cushion) 

Through the use of this test method the target of 
reducing the ES2-RE average rib deflection by 20% 
while improving all other injury measures for both 
ES2-RE and SID IIs dummies was achieved with a 
minimum number to test components.  Figure 19 
summarizes the injury results of the optimized side 
airbag for both the ES2-RE and SID IIs dummies.   
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Inflator 'B', Single Chamber Cushion, Vent = 27mm Diameter
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Figure 19. Optimized Side Airbag Normalized 
Injury for the ES2-RE and SID IIs dummies. 

CONCLUSION 

• This test method provides good correlation to 
vehicle testing while using a minimum number 
of components.  Correlation was shown for a 

wide range of occupant sizes and seating 
positions as well as vehicle architectures.  

• Through the case study presented the authors 
showed this test method to be an effective tool 
for developing optimized side impact restraint 
systems. 
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ABSTRACT 
 
In current production vehicles, passive safety 
systems for the protection of vehicle occupants 
exposed to side impact crashes have primarily been 
designed to reduce the risk of injury to the occupant 
seated on the struck side of the vehicle from 
interaction with the intruding structure and/or 
external objects.  However, occupants involved in 
side impact crashes may also be injured due to 
interaction with an adjacent occupant, and a single 
occupant seated on the non-struck side of a vehicle 
may be injured due to interaction with the vehicle 
far-side interior.    
 
This paper reports on the results of a 32 km/h full 
scale vehicle-to-pole side impact crash test conducted 
using a small hatchback vehicle mounted on a carrier 
sled at 75 degrees to the direction of travel.   A 
single WorldSID dummy was positioned on the non-
struck side of the vehicle and a countermeasure 
airbag was deployed on the inboard side of each front 
row seat.  The countermeasure airbags used in this 
test are designed to provide side support to vehicle 
occupants involved in side impact crashes to limit 
lateral excursion and reduce the likelihood of serious 
injury due to interaction with an adjacent occupant or 
vehicle far-side interior.   
 
The results of this single occupant test are compared 
to results obtained from an earlier investigation of 
occupant-to-occupant interaction, in which the 
countermeasure airbags were observed to reduce the 
risk of head injury from occupant interaction.  In the 
single dummy occupant test reported in this paper, 

the countermeasure airbags successfully prevented 
the dummy from interacting with the pole and 
intruding far-side interior of the vehicle.  
 
INTRODUCTION 
 
According to the results of analysis of NASS/CDS 
from 1993 to 2006 by Gabler et al in 2008, the 
relative risk of non-struck side driver is increased to 
3.2 times when driver is with an unbelted right front 
passenger as compared to the belted driver [2][3].  
 
 
Figure 1. Relative risk of driver in side impact 
crash from 1993 to 2006 NASS/CDS 
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Current Seat Belt Systems for Side Impact 

 1991 Mackay et al found the conventional seat 

Fi

ide support airbag and belt pretensioner as 

he countermeasure airbags used in this test are 

he side support airbag was designed by Autoliv, 

nd the seat belt pretensioner is activated in 9 msec 

  

 
In
belt system was not designed for protection in far 
side crashes [1].  The observations from real world 
crashes indicate that the occupants slipped out of the 
shoulder belt approximately 35% of the time. The 
belt system could therefore be improved to enhance 
the restraint performance for occupants on both the 
struck side and non-struck side.  
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

gure 2. Seat belt system without the pretension 
function. 
 
 
S
Countermeasures  
 
T
designed to provide side support to vehicle occupants 
involved in side impact crashes to limit lateral 
excursion and reduce the likelihood of serious injury 
due to interaction with an adjacent occupant or 
vehicle far-side interior. 
 
T
Sweden. The size of container is 90 x 120 x 200 
(Depth x Width x Height). The volume of side 
support airbag (SS Bag) is about 3 liters. The 
pressure of proto stage SS bag is 2 bars.  
 
A
from start the crash. The designated stroke of the 
pretensioner is 100 mm.  
 
 
 
 

 

 
 

igure 3. Side support airbag manufactured by

Table 1. Dimension of side support airbag  
 

 
3 L 
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F  
Autoliv. 
 

Items Description 

Container 90 x 120 (   Size H 200)

Bag Volume 3 Liters 

Bag Pressure 2 Bars 

T  10 ime to deploy msec 

Vent Non 

 

 
 

igure 4. Seat belt system with the pretension F
function. 
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CRASH TESTS, Test 1 and Test 2 

ewland et al studied the impact injury risk from the 

able 2. Configuration of side impact crash tests 

 
N
occupant-to-occupant interaction in side impact 
crashes in 2008 [2]. They found that the occupant 
interaction indicating risk of serious head injury to 
both the driver and front seat passenger was observed 
in vehicle to pole side impact. The results show that 
despite the introduction of countermeasures to 
protect struck side occupants from contact to 
intruding structure or external objects, these 
occupants may be severely injured by impacting 
adjacent occupants. The feasibility of a potential 
countermeasure, developed to offer protection for 
two adjacent occupants as well as a single occupant 
seated on the non-struck side, was investigated 
through analysis of the dummy injury responses 
produced in pole side impact tests, with and without 
the countermeasure installed. The countermeasure 
was observed to reduce the risk of head injury from 
occupant interaction. 
 
T
for Test 1 and Test 2  
 

Items Description 

Vehicle I Speed mpact 32 kph 

Pole diameter 254 mm 

Impact angle 75 degrees 

Test Du Two mmies WorldSIDs 

Impact Type Car-to-Pole 

 

Table 3. Restraint system conditions 
 

 

Items Test 1 Test 2 

Side airbag for   thorax and pelvis X X 

Curtain airbag for head X X 

Pyrotechnic seat belt pretensioner  X 

Side Support airbag  X 

   

Figure 5. shows the movement of dummies in 
different configurations. In Test 1 without 
countermeasure, driver was impacted by the 
intruding vehicle interior first. The driver was 
rebounded to passenger side. And then HIC was 
recorded over 8,000 on both dummies in second 
impact.  But in Test 2 with countermeasure, driver 
and passenger were well protected by side support 
airbag and seat belt pretensioner. 
 

 
Figure 5. Worldsid trajectory, Test 1 (left) and 
Test 2 (Right).    
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 6. 32 kph car-to-pole side impact crash. 
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Figure 7. Dummy Injuries, Test 1 

igure 8. Dummy Injuries, Test 2 

RASH TESTS – Occupant to Far-side interior 

], 

             
 
 

 
 
F
 
 
C
 

ollowing the study reported by Newland et al [2F
another 32 km/h full scale vehicle-to-pole side 
impact crash tests has been conducted using the same 
small hatchback vehicle mounted on a carrier sled at 
75 degrees to the direction of travel. A single 
WorldSID dummy was positioned on the non-struck 
side of the vehicle and a countermeasure airbag was 
deployed on the inboard side of each front row seat.  
The countermeasure airbags used in this test are 
designed to provide side support to vehicle occupants 
involved in side impact crashes to limit lateral 
excursion and reduce the likelihood of serious injury 
due to interaction with an adjacent occupant or 
vehicle far-side interior.  

 
 
 
 
 
 
 
 
 
 
 
Figure 9. 32 kph car-to-pole side impact crash. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. WorldSID trajectory, Occupant to Far-
side interior. 
 
Figure 10. shows the movement of dummy in almost 
same configuration with Test 2. In this occupant to 
far-side interior, driver was resisted by the side 
support airbag. HIC was recorded just 48.9 and rib 
displacement was just 4.3 mm. 
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Figure 11.  Dummy injuries, Occupant to far-side 
interior. 
 
ANALYSIS OF CRASH TEST 
 
The main focus of this test was to confirm the 
avoidance of severe contact between the head and 
interior parts. To develop the side support airbag, we 
considered the severe condition of no occupant on 
the struck side and there is an occupant on the non-
struck side. 
 
In this test there are no contact between head and 
vehicle interior parts. And the injuries of dummy 
were very low.  
 
CONCLUSIONS 
 
The results of this single occupant test are compared 
to results obtained from an earlier investigation of 
occupant-to-occupant interaction, in which the 
countermeasure airbags were observed to reduce the 
risk of head injury from occupant interaction.  In the 
single dummy occupant test reported in this paper, 
the countermeasure airbags successfully prevented 
the dummy from interacting with the pole and 
intruding far-side interior of the vehicle.  
 
To develop the side support airbag for production, 
we have to consider many possible scenarios. In 
addition, the kinematic of the WorldSID was further 
analyzed for its biofidelity in this single occupant 
crash simulation which could lead to further 
verification by utilizing cadaver testing. 
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ABSTRACT 
 
Blind spots of trucks are a very often discussed 
problem. The usual way to reduce blind spots is to 
use a mirror. The new mirror regulation 
2003/97/EC is improving the visible areas around a 
truck. The new trucks in Europe are equipped with 
mirrors which have to fulfil the new mirror 
regulation. This is the current technical situation. 
But how do the driver use these mirrors? What do 
they know about the new mirror systems? Do the 
driver know how to adjust the mirrors to provide 
the best view? 
This paper will provide an overview about the 
mirror-related knowledge of German truck drivers 
and, subject to the type of mirror system mounted, 
how they are adjusted and used. 
That is followed by the presentation of a solution to 
an old problem: so far there is no system which 
shows the driver of a truck whether his mirrors are 
adjusted in the right way or not. An idea coming 
from the Netherlands was to use markings painted 
on the ground to help the truck drivers to adjust 
their mirrors. This idea was improved by Daimler, 
MAN and DEKRA and is now offered e.g. to fleet 
operators to help their drivers.  
Furthermore the remaining part is about how 
drivers use there mirrors on the road in different 
traffic situations. 
 
INTRODUCTION 
 
A driver has to take care of the traffic situation 
around the vehicle. This also includes the necessity 
to be able to see all relevant details. It is natural 
that a human is not able to see everything without 
turning around. This turning is necessary to get the 
required information. Is there another road user or 
an object? Do the other road user or the object lead 
to a possible conflict with the own vehicle? Only in 
case of visibility and noticeability the driver is able 
to act in a way to avoid a collision. 
 
The simple driving manoeuvre of changing a lane 
is made by a passenger car driver by looking in the 
rear view mirror and turning his head to the side for 
a direct view. A truck driver on the contrary has 
with the same movement of the eyes and a large 
number of mirrors mounted to the cab still a large 
area he can not overlooked – the so called blind 
spot. 
 

BASICS 
 
Passenger cars do also have blind spots. They are 
primarily caused by the A-, B- and C-Pillars. The 
problem is limited to a 2-dimensional level and 
thus far smaller than that of trucks: A truck 
includes related to blind spots a third dimension. 
This is caused by the height difference between the 
eyes of the truck driver and the eyes of the other 
road users (e. g. pedestrians or car drivers, see 
Figure 1). The eyes of the truck driver are for most 
of the big European trucks (mass > 8.0t) roughly on 
a level of 2.5m, whereby the eye of a pedestrian 
will be on a level of 1.6m for a 50-percentile male. 
Besides the height of the drivers eyes there are two 
other main factors influencing the size of the blind 
spot. One is the height of the lower edge of the 
windscreen and the side windows. The other is the 
horizontal distance between the driver and the 
window. These three factors are influencing which 
points outside the truck will be visible. It is not 
unusual that a truck driver looking through the side 
window is not able to directly see a point on the 
ground in a distance of up to 7.5m beside the truck. 
For that area mirrors are required.  
 

 
Figure 1. Visibility of a 50-percentile male from 
the position of the truck driver 

 
The trucks (mass > 8.0t) which were following the 
former European mirror regulation (71/127/EWG 
[1]) were equipped with at least three mirrors on 
the co-driver’s side and one on the driver’s side. 
The new regulation 2003/97/EC [2] requires one 
additional mirror for the driver’s side and one for 
the front. It is also allowed to use a camera monitor 
system instead of the front mirror. The new mirror 
systems have to show a larger area. Therefore a 
smaller radius of the mirror’s convex surface is 
necessary. The currently allowed minimum radius 
is 300mm. It seems to be unbelievable, but with 
this radius the resolution limit of the human eyes is 
nearly reached. It is not possible to further reduce 
the radius. 
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The European regulation 2007/38/EG [3] requires 
the retrofitting of all trucks (N2+N3) first 
registered 2000 or later with the 300mm radius side 
mirror (only a few trucks are excepted). 
 
Today we have the new mirror system at least for 
new trucks. What is the advantage of the new 
system? The truck driver is able to at least see an 
area of two meters in front of the truck and two 
meters on the co-driver’s side. This is given by the 
requested areas of each single mirror. The problem 
is given by the fact that the truck drivers are not 
directly told how to adjust the mirrors in an optimal 
way. Many truck drivers are not taught about the 
differences between the old and the new mirror 
systems. Therefore they cannot use the advantages 
of the new mirrors. There was already a lack of 
knowledge for the old mirror system. Some truck 
drivers got their driving license when there was 
only one mirror on the right side. They were taught 
to adjust the mirror in a way that on the co-driver’s 
side the rear axle should be visible in the mirror. 
This is not enough knowledge for today’s mirrors. 
 
CURRENT MIRROR USE  
 
DEKRA initiated a study to look how the mirrors 
are adjusted on the road [5]. To have fast and 
comparable results the external point of the bottom 
edge of the wide angled mirror (class IV, see 
Figure 2) was measured. The results of the 
measured mirrors are separated to mirrors 
following the old regulation (71/127/EC) and the 
new regulation (2003/97/EC). The regulation 
71/127/EC states that the interested point normally 
should be 3.0m behind the eyes of the driver and 
2.5m beside the truck (co-driver’s side). It was 
found that the wide-angled mirrors following the 
old regulation have a mean value which is very 
close to the target value (see Figure 3).  
 
 
 
 
 

 
Figure 2. Explanation of measured point visible 
in the wide angled mirror (class IV) 

 
The adjustment of the new wide angled mirrors do 
not have such a good result (see Figure 4). The 
target value should be 2.5m behind and 4.5m 
beside the truck. The mean value of the measured 

mirrors is 0.9 meter further away from the driver’s 
eyes and 0.7 meter close to the truck. Both 
deviation reduce the visible areas and generate an 
additional blind spot which is not necessary. In 
consequence this means that in many cases the 
advantages of the new mirrors could not be used, 
because the mirrors only show more of the side of 
the truck and/or trailer.  
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Figure 3. Variance analysis for wide angled 
mirrors (class IV) following the old regulation 
(71/127/EC) [5]. 
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Figure 4. Variance analysis for wide angled 
mirrors (class IV) following the new regulation 
(2003/97/EC) [5]. 

 
The side mirror is one very important mirror for the 
blind spot problems of a truck driver. The other 
mirror which is often mentioned as a mirror to 
reduce the blind spot is the proximity mirror 
(class V). The origin intention of this mirror was to 
help the truck driver to drive as near as possible to 
a loading rack with a very low speed used for 
manoeuvring the truck. To make other road users 
visible is an add-on task for the proximity mirror. It 
is not easy for the driver to recognise another road 
user with this mirror while driving. The new front 
mirror (class VI), which was not part of the old 
mirror system, enables the truck driver to see an 
area of up to 2.0m in front of the truck.  
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MIRROR LIMITS 
 
The driver has to look to the mirror to get 
information about possible obstacles which are not 
visible through the windows. When will the driver 
recognise those? Will it be enough to e.g. see a 
couple of hairs of a pedestrian? There are some 
problems in this context. It was already mentioned, 
that the proximity mirror was not given to the truck 
to see other road users. Figure 5 is showing what is 
visible from the driver’s point of view for an old 
proximity mirror. Although the pedestrian is 
positioned in the area which is visible by the 
mirror, only left arm and left leg are shown in the 
mirror. Why? Only details which are inside the 
yellow pyramid on the picture could be shown by 
the mirror. The head, the main part of the body and 
the right leg are outside. Therefore these details 
can’t be shown by the old class V mirror. Figure 6 
shows the same situation for a new class V mirror. 
This mirror has a radius of 300mm instead of 
400mm for the old class V mirror. Therefore this 
mirror is able to show the requested area given by 
2003/97/EC. The pedestrian is not visible in total 
because of the same reason as mentioned for the 
old class V mirror. The bigger requested area is 
compressed to a surface which is nearly the same 
for old and new class V mirrors. Therefore every 
shown detail is smaller which requires a higher 
attention of the driver.  
 
Not only the extent of an object shown by the 
mirror may be a possible problem. If the detail is 
shown near the border of the mirror there is a 
possibility to overlook this shown detail. 
Figure 7 and Figure 8 are showing a cyclist 
positioned just above a point (marked by the stone) 
which is visible in the mirror. The recognizability 
is very limited. This example shows the difference 
between theoretical visibility and the real view. 
Additional in praxis the truck is moving e.g. in a 
turning manoeuvre and the driver has also to be 
aware of the vehicle which may be just front of the 
truck.  
 
The blind spot problem does not only affect 
vulnerable road users. Figure 9 may indicate the 
impression, that everything is alright. Figure 10 is 
showing the reality outside the same truck. This 
was an original accident situation. The truck driver 
intended to change the lane to the right without 
seeing the passenger car. The car was hit in the area 
of the rear axle while it was driving in an urban 
area with roughly 50km/h. Caused by this first 
contact with the truck the car turned to the left. The 
car suffered a second collision with an oncoming 
motorcyclist. Coming back to the adjustment of the 
mirrors Figure 9 is directly showing the bad 
adjustment of the proximity mirror. Two third of 
the mirror is only showing the truck’s door.  

  
Figure 5. Visibility of a pedestrian by a old 
class V mirror (71/127/EC) 

  
Figure 6. Visibility of a pedestrian by a new 
class V mirror (2003/97/EC) 

 

 
Figure 7. Positioning of a cyclist just above a 
point in the corner of a class IV mirror 
(71/127/EG) 

 
Figure 8. Visibility of a cyclist positioned just 
above a point in the corner of a class IV mirror 
(71/127/EG) 
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Figure 9. Example of driver view to the co-
drivers side 

 
Figure 10. Adjusted accident scenario with a 
visibility problem of the truck driver 

MIRROR ADJUSTMENT 
 
The main cause of the described accident were the 
not correctly adjusted mirrors. But how could these 
mirrors be adjusted in a better way? There is an 
idea coming from the Netherlands to paint special 
markings on the road (see Figure 11). These 
markings may give the truck driver an orientation 
to adjust the mirrors. The Dutch system has a small 
disadvantage. It requires much space beside the 
truck. Daimler, DEKRA and MAN found an 
improvement (see Figure 12). On one hand the new 
system requires less space to the side (4,5m instead 
of 15m). It includes on the other hand also 
markings for trucks with an old mirror system 
(yellow markings). There is also a separation 
between the mirrors at the co-driver’s side and the 
front mirror. This is caused by the different points 
of orientation. The adjustment of the front mirror is 
orientated to the front of the truck whereby all 
other mirrors are orientated to the eye-point of the 
driver. There could be an extreme combination of 
truck and driver which may result in an adjustment 
of the mirrors with a small mistake. This mistake 
may end in a blind spot and cause an accident. 
Therefore Daimler, DEKRA and MAN decided to 
separate the system in two adjustment areas.  
 

 
Figure 11. System to adjust truck mirrors 
following the regulation 2003/97/EC developed 
in the Netherlands 

 
Figure 12. System to adjust truck mirrors 
following the regulation 2003/97/EC and 
127/71/EC developed by Daimler, DEKRA and 
MAN. 

The Dutch and the German system are only a help 
for the truck driver to have a point of orientation 
for the adjustment of the mirrors. The driver has the 
possibility to change the adjustment in the 
personally preferred way – the right adjustment 
stays the driver’s responsibility. 
There is another effect coming from this system. 
The system is leading to an increasing awareness of 
the problem. It was also used for public campaigns 
to show the people the blind spots of trucks. The 
more information other road users will get around 
this problem the more they could be aware of 
critical traffic situations. 
 
This system is currently available in Germany at 
roughly 100 locations. Beside the locations of the 
three German developing partners there are 
additional supporting companies like another truck 
manufacturer, mineral oil companies, or truck hirer 
and forwarding companies. Some of these locations 
are also used by driving schools which teach new 
truck drivers. They start the driving lesson after the 
future driver has adjusted the mirrors of the truck. 
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OPEN RESEARCH 
 
Beside the adjustment of the mirrors there is one 
remaining lack of knowledge. Who is able to tell 
the truck driver at what time in a special traffic 
situation it will make sense to have a look to the 
mirror(s). This is a result of a pilot study made in 
Berlin. Truck drivers were equipped with a helmet 
camera to follow the eyes movement (see Figure 
13). The first results of the analysis of these videos 
were interesting. Some truck drivers had a first 
look to the wide angled mirror in a right turning 
situation when the truck had already done a 
movement of 45 degrees of the intended 90 
degrees. With such a use of mirrors there are two 
possibilities. First there is no vulnerable road user 
(VRU) having a conflict with this truck. The 
second is more problematic. The VRU will be 
already under the truck. To have a first look to the 
class IV mirror in this situation is too late.  
 

  
Figure 13. Example of eye tracking system used 
for truck drivers [4] 

CONCLUSIONS 
 
The new mirror regulation 2003/97/EC is beyond 
any dispute a good regulation to reduce the blind 
spot of trucks. But the equipment of trucks is only 
the first step. The second step just starts with the 
orientation help for adjustment of the mirrors. The 
use of the adjustment help has to be accompanied 
by a transfer of mirror knowledge to the driver. It is 
necessary to know for the driver what the mirrors 
are able to show. Where is a vulnerable road user 
located when it is shown by a mirror. Are there 
some remaining blind spots? Where are these blind 
spots? What is a good way for the driver to use the 
mirror system of the truck? Only if the driver got 
the complete knowledge he or she will be able to 
use the mirror system in a perfect way.  
 
There is currently not enough knowledge how to 
use the mirrors in different traffic situations. An 
additional study is necessary. The results could be 
easily given to European truck drivers by using the 
directive 2003/57/EC which requires within five 
years 35h of educations for truck drivers. The 
knowledge how to handle mirrors in different 
traffic situations may reduce the number accidents 
caused from the blind spot problem in the future. 
This is possible independent from the equipment 

(old or new mirror system). The knowledge should 
be transferred to all truck drivers. 
 
The OEMs are developing also new assistance 
systems to reduce the blind spot problems of 
trucks. But the current truck fleet is neither 
equipped with such an assistance system nor are 
these systems available for all new trucks. It will 
take a lot more time until all trucks will have this 
kind of equipment. 
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ABSTRACT 
 
Recent epidemiological studies have identified 
ambulances as high risk passenger transport vehicles, 
particularly the rear compartment.  It appears in the 
absence of USA ambulance safety standards or 
guidelines, non engineer end-users are driving 
changes in practice and policy in place of 
independent peer reviewed biomechanical and crash 
injury outcome data. This study’s objective is to 
compare and analyze frontal crash biomechanical and 
crashworthiness research for ambulance vehicles, 
with a focus on application of the real world 
environment, and development needs for future 
standards. Frontal impact ambulance crashworthiness 
tests conducted over past 15 years, were identified 
and evaluated with a multidisciplinary approach 
consisting of automotive crashworthiness, emergency 
medicine, public health and EMS care delivery. 
Crash test data identified include:  25G to 34 G 
deceleration sled tests (delta V 20.9 to 32.3 mph); 
one full crash test of a bullet vehicle travelling at 36 
mph crashing into another vehicle, impact Delta V of 
30 km/h (18.5 mph) and deceleration of 14Gs to the 
rear compartment; and three fixed barrier frontal tests 
at a 40km/h (25 mph) delta V and 25 G impacts.  
There appeared to be a lack of correlation with real 
world crash forces in the conduct of the rigid barrier 
tests. The use of data from side facing occupants was 
also confounding. Ambulance crashworthiness is a 
complex system. Clearly demonstrated hazards have 
been identified in the limited real world crash 
injury/fatality data and the crash test data available.  
Testing must be based on meaningful real world 
parameters such as the forces that occur in actual 
crashes and the types of injury and fatality hazards to 
the occupants, so that development of standards and 
thus the design and construction of ambulance 
vehicles, can be focused to achieve adequate levels of 
occupant protection using current crashworthiness 
methodology already utilized in industry. 
 

INTRODUCTION 
 
There are some unique challenges to the 
crashworthiness, safety performance analysis and 
oversight of ambulance vehicles in the USA. Though 
there has been some very limited research focus on 
the crashworthiness and occupant protection 
performance of ambulance vehicles over the past 15 
years, there has been no independent review and 
analysis of the limited work conducted to date. This 
vehicle safety realm is very much an interdisciplinary 
field, where the science of crashworthiness and 
occupant protection safety engineering interacts with 
acute medical care delivery, clinical ergonomics and 
also public health, public safety, transportation safety 
and safety data capture. 
 
EMS is a relatively new industry when compared 
with other emergency services such as police and 
fire, and it is an industry that has an unusual history 
of beginnings within the mortician industry in the 
USA. The first modern ambulances were hearses, 
usually a Cadillac, a vehicle in which an occupant 
could be transported in the recumbent position. In the 
1960’s, just when general passenger vehicle safety 
and its occupant safety testing and oversight was 
rapidly advancing, ambulances transitioned  into a 
box mounted on a truck or van chassis. Thus, largely 
due to end user and very much non automotive safety 
factors, ambulances moved away from general 
passenger vehicle safety oversight in the USA 
 
Additionally, the interior of the box, the rear 
passenger compartment also became distanced from 
any technical realms of ‘clinical ergonomics’. Reach 
and access to the patient and patient care equipment, 
also were without technical or scientific oversight or 
evidence base. The industry that took on this 
construction and retrofitting of the rear patient 
compartment box essentially was the recreational 
vehicle (RV) industry.  That the construction, interior 
design and layout of the ambulance box in the 1960’s 
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and today resembles features seen in the RV industry 
is part of that legacy [1to 5, 7 to 13]. Thus, the 
standard US ambulance vehicle has no overall 
technical crashworthiness and occupant protection 
safety performance requirements and oversight. For 
example, non-crashworthy side facing seating [14 to 
19] on a non automotive 2 inch foam cushion bench 
and an interior layout that has poor or no 
consideration of the basic principles of operational 
ergonomics, in that occupants seated and restrained 
on that bench cannot reach either their patient or their 
medical or communications equipment.  
 
So whilst the development of clinical emergency care 
has advanced technologically for example with 
defibrillation, and other state of the art medical 
therapies, the vehicle occupant safety issues 
pertaining to the delivery of EMS care have not kept 
pace with that advancement of the medical 
emergency care provided in that environment. 
Furthermore, despite the large strides the general 
automotive industry has made in the last 40 years in 
vehicle occupant protection and passive and active 
safety, this expertise has yet to be translated 
substantively to the safety of USA ambulance 
vehicles. Compounding this also, ambulance vehicles 
in the USA are a diverse fleet: vans, light and heavy 
trucks. So there is a spectrum of occupant protection 
and crashworthiness issues yet to be addressed.  
Moreover, it remains that there are currently no 
specific dynamic impact, crashworthiness testing 
standards for ambulance vehicles in the USA. 
 
Prior to 1999 there were no dynamic safety testing 
and performance standards for ambulances globally. 
The first nationally approved safety performance 
standard was the Australian ASA 4535 in 1999 [20]. 
This code required dynamic impact testing with use 
of anthropomorphic crash test dummies (ATD) with a 
24 G impact test forward and rear and 10 G laterally. 
 
The CEN1789 [21] followed, implemented in 2000 in 
Europe and revised in 2006, requiring safety 
performance testing to 10 G forward, rear, laterally 
and vertically. Both ASA4535 and CEN1789 are 
mandated and not voluntary.  
 
Thus ascertaining the safety of EMS transport 
vehicles (and products in that environment) had 
remained limited largely to expert opinion and peer 
evaluation in a piecemeal fashion globally until 1999 
in Australia and 2000 in Europe, and still remains so 
in the USA. 
  

Currently, US ambulances are built by aftermarket 
ambulance retrofitter/manufacturers, essentially to 
meet the Ambulance Manufacturing Division (AMD) 
of the National Truck Equipment Association’s own 
design standards. These AMD ‘standards’ are 
essentially developed and overseen by the AMD, and 
technically outside of automotive safety and 
crashworthiness engineering oversight. It is similarly 
the case for the GSA KKK-F [22], purchase 
specification developed by the General Services 
Administration (GSA), which defers to the AMD 
‘standards’. 
 
The GSA KKK-F ambulance vehicle purchase 
specification guideline  is a purchase specification 
and not a safety performance standard. It does not 
provide guidelines for any dynamic crash testing – 
rather simply static tests, as is the case for the AMD 
‘standards’.  Though there is reference to the Federal 
Motor Vehicle Safety Standards (FMVSS),  however 
in the USA the rear compartment of ambulances have 
a specific exemption from that standard [23]. Also 
the GSA KKK is a voluntary specification and 
compliance is not federally mandated.  Furthermore, 
neither GSA nor AMD write specifications or 
standards for any other vehicle and clearly AMD is 
not an independent standardizing body [7 to 11, 13]  
 
Compounding this situation, EMS in the USA has 
been generally demonstrated in recent years to be a 
dangerous profession, and vehicle crashes have been 
shown to be the most likely cause of EMS work 
related fatalities [24]. The most dangerous part of the 
ambulance vehicle has been demonstrated in both 
biomechanical and epidemiological studies to be the 
rear patient compartment [1 to 5, 25]. It also happens 
to be the part of the ambulance vehicle that is largely 
exempt from the USA FMVSS [23]. 
 
Thus it is in this setting, of absence of independent 
comprehensive or meaningful safety performance 
standards, a poor safety record and piecemeal testing 
projects conducted essentially without independent 
automotive safety engineering or national oversight, 
that this study was embarked upon. Its goal was to 
critically review the ambulance occupant safety 
performance testing conducted over the past 15 years. 
The scope of this study was limited to frontal crash 
test scenarios and is focused on a methodological 
review. Detailed analysis of comparative 
comprehensive test data for these frontal crash tests is 
the subject of a subsequent review, given the major 
methodological issues uncovered in this report. 
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STUDY METHODS FOR ANALYSIS OF 
FRONTAL COLLISION PERFORMANCE 
TESTING 
 
A compilation of frontal impact ambulance 
crashworthiness test studies conducted over the past 
15 years was completed. The information compiled 
was limited to that which was conducted by USA 
based researchers. Thus the body of research 
conducted in the early 1990s by Dan Berry in the 
Ontario Ministry of Transport [26] was not included 
in this report. This compilation was achieved by an 
extensive search of peer reviewed papers, reports and 
electronic online databases and resources in the 
engineering, EMS and public health fields, and direct 
contact with those identified who had conducted 
ambulance crashworthiness testing.  The papers and 
documents identified were evaluated in terms of 
automotive crashworthiness, emergency medicine 
and public health and EMS care provision. This 
evaluation addressed the real world setting of the 
testing, and the technical occupant protection and 
crashworthiness issues and challenges regarding the 
testing performed. This included a full spectrum from 
whether the tests reflected real world operational 
environments or vehicle crash situations, as well as 
configurations of the accelerometers, the nature and 
applicability of the types of anthropomorphic test 
devices (ATDs) aka ‘crash test dummies’ used, and 
also any ethics issues that pertained to the use of any 
human subjects. The clinical ergonomics of the rear 
patient environment and its interaction with the 
occupant protection issues were also included.   
 
 
RESULTS 
 
Frontal Collision Tests  
 
Information on ambulance crash testing identified 
included peer reviewed and published studies in the 
engineering and medical literature. Society of 
Automotive Safety Engineers Technical Paper Series, 
Enhanced Safety of Vehicles Technical Papers, 
Academic Emergency Medicine, Pre-hospital and 
Emergency Care and a collection of  material 
forwarded by representatives of National Institute of 
Occupational Safety and Health (NIOSH) at 
Morgantown, West Virginia, which included  1 
PowerPoint presentation, 21 video clips and 2 
documents (one of which was undated and not 
referenced).  However this collection of material did 
not include the supporting technical data for the 
testing depicted in the videos. Moreover, this material 
provided came with disclaimers regards in the 

validity and accountability of the content. Even the 
accessible technical data that was available, 
pertaining to the NIOSH 2003 testing that was 
described in the SAE 2007 paper [27], which 
included vehicle accelerometer and crash pulse data, 
but did not include ATD or restraint data, had this 
disclaimer. [6] 
 
The  publications and documents identified related in 
total to four test series, three conducted by Levick et 
al, in 1996, 1999 and 2000, [1-5,7, 10, 28] and one 
series conducted in 2003 reported by Current et al 
[27] 
 
Frontal crash tests identified – The four test series 
conducted are categorized as follows: 
  

• 1996 Levick et al – Deceleration sled – 
loaded gurney with child ATDs [28]  

• 1999 Levick et al  – Hyge Accelerator – 
Rear patient compartment box secured to 
sled buck – x1 [2, 4] 

• 2000 Levick et al – Full vehicle to vehicle 
crash test – x1 [3, 5] 

• 2003 Current et al– Rigid Barrier x3 [27] 
(references to 29 sled tests, however limited 
data on the conduct of those tests)  

 
Crash test data obtained for each test from the 
published documents and additional archival sources 
are presented and discussed below:   
 
1996 Levick et al Deceleration Sled Tests -  A 
standard ASA 1754 approved sled test rig [28] was 
modified with a customized welded anchoring 
mechanism to secure an ambulance gurney. Given 
that there was no available crash pulse for the forces 
exerted upon a gurney in an ambulance frontal crash, 
an approximation was made to utilize the existing 
crash test pulses used for ASA 1754 child seat 
testing, as for FMVSS 213 testing. It was understood 
that this would require validation with instrumented 
full vehicle testing. However, the resources to 
achieve that quantitative data were not available at 
that time, so this was considered the optimal path, 
given that there were clear uncertainties.   This 
system was designed to produce a deceleration 
profile to model a standard vehicle full frontal impact 
to 24G, pulse duration approximately 85 ms, with a 
deceleration profile as in test data for a 52.7 km/hr 
sled test (Fig. 1). Test were conducted in October 
1996 (Fig. 2), 25G to 34 G deceleration sled tests 
(delta V 20.9 to 32.3 mph or 33 to 53 km/h), in 
multiple configurations and restraint devices (as 
listed below) with 3kg, 9kg and 15 kg child ATDs. 
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No instrumented ATDs were used. ATD kinematics 
were recorded only [28]. A standard model 50 Ferno 
ambulance gurney was tested on this deceleration 
sled test rig with the following restraint device 
configurations: 

i. an imported specifically designed child 
restraint blanket 

ii. a plexiglas (perspex) cot 
iii. infant and child safety seats secured as per 

described routine patient transport practices 
iv. infant and child safety seats secured by 

prototype device. (Fig. 3) 
 

The testing demonstrated that there was a spectrum 
of safety performance for the devices, with some 
catastrophic failures of some devices used in existing 
ambulance transport practice under the test 
conditions of the study. Also the testing demonstrated 
that simple inexpensive modifications to the use of 
existing devices enhanced their performance in this 
test environment (Fig. 3.) 
 

Figure 1. Sample sled deceleration pulse for 
gurney and non-instrumented child ATD test [28]   

 

 
 
Figure 2. Sample data output for above gurney 
and non-instrumented child ATD test [28] 

 

 

Figure 3. Configuration of infant restraint device 
on the gurney and sled [28] 
 

Identified also were the limitations of conducting 
crashworthiness performance testing in the absence 
of testing standards in the ambulance environment. 
However, the study did demonstrate that 
interdisciplinary collaboration was key to ensure that 
the testing reflected real world clinical practices, and 
also highlighted the importance of determining 
appropriate quantitative accelerometer parameters 
that reflected real world ambulance crash impact 
forces.   
 
1999 Levick et al Hyge Accelerator Sled Test - This 
test was conducted on the 24 inch HYGE test sled 
(Fig. 4) located at the Transportation Research Center 
in East Liberty, Ohio in September 1999.  The target 
sled pulse was 26 G and 30 mph which was 
approximately the pulse used by the ambulance 
manufacturer for their 1991 sled test at TRC.  “While 
it was felt that this pulse was not an accurate 
representation of the crash pulse for the current 
chassis on which the ambulance box is mounted, 
more accurate information on the specific pulse for 
these vehicles could not be obtained from the chassis 
manufacturer.  Without any information to make an 
informed decision to change the pulse, the decision 
was made to use the same pulse that was used in 
1991 for the 1999 test.  Both the 1999 and 1991 tests 
used TRC metering pin # 8”(Crash Test Report Oct 
1999). Accelerator sled testing of the ambulance rear 
patient compartment under frontal impact conditions 
with a target sled pulse was 26 G at 30 mph (48.3 
km/h).   
 
The ambulance box was configured with 2 
instrumented and 2 non-instrumented ATDs 
positioned as in the real world environment. 
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Figure 4. Configuration of rear patient 
compartment box on Hyge sled 

Two non-instrumented 95th percentile Hybrid-II 
ATDs were lap belted with the original existing belt 
systems and positioned in the rear occupant 
compartment, one on the rear-facing attendant's seat 
and one on the side-facing bench seat (Fig. 5). A Side 
Impact Dummy (SID) was unbelted, seated on the 
front of the side-facing bench seat and positioned 
next to a passive restraint device. An instrumented 
Hybrid-III 3 year old child ATD was restrained in a 
child restraint system, secured to the gurney via a 
dual belt path.  
 
 

 
 
Figure 5. Pre-test configuration of ATDs in box [4] 

The actual sled pulse achieved was 34Gs at 34.34 
mph (55.27 km/h), and due to separation of the 
ambulance box from the chassis/sled, the crash pulse 
imparted to the patient compartment were 20Gs at 
20.9 mph (33.64 km/h). The attachment system for 
the box to the chassis failed, the passive restraint 
device failed and the SID became a projectile with a 
measured Head Injury Criterion (HIC) value greater 

than 1000. The SID also struck other occupants of the 
rear compartment (Fig. 6). 
 
This study highlighted the need for more research 
and development in this area. “ Specifically, 
refinement of the testing procedure to reflect more 
accurately real world crash conditions, and also 
modification of the data collection system so that 
data are not lost during events that occur during 
impact, should be performed”.   
 
 

 
 
Figure 6. Post-test positions of ATDs in box[4] 
 

The limitations of this study that were identified 
included: 

• There was data loss from the SID and the 
patient compartment, which limited the 
detail of the analysis that could be 
performed 

• The vehicle patient compartment used may 
not have been representative of the fleet of 
ambulance vehicles on the road. 

• There was no specific crash pulse or 
accelerator sled pin designed specifically 
for this impact environment 

• There is limited data on the crash 
configuration for ambulance vehicles to 
determine which is the most hazardous for 
injury” 
 

The recommendations were: "Full ambulance vehicle 
crash testing should be conducted of ambulance 
vehicles which are representative of the current fleet. 
These tests should be performed under conditions 
which represent real world crash scenarios so as to 
ascertain a more accurate set of crash pulses for 
these vehicles. These pulses are necessary in order 
for validated sled testing to be conducted so as to 
advance the understanding of safety initiatives 
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required for these unique vehicles.  There is also a 
need to collect the information on crash types that 
are associated with injury and fatality, including 
occupant and equipment position and restraint 
systems in use, so that the appropriate testing 
schedules can be conducted reflecting real world 
practice. " 
 
2000 Levick et al Frontal Crash Test – Full vehicle 
ambulance crash tests were conducted in July 2000 at 
the Calspan Veridian test site in Buffalo, New York. 
The test involved a Type III ambulance bullet vehicle 
travelling at 36 mph (58 km/h) striking the side of 
van with an impact delta V of 18.5 mph (30 km/h) 
and deceleration of 14Gs to the rear compartment. 
The Type III ambulance was configured with 
accelerometers in the X, Y and Z orientations. Tri-
axial accelerometers were placed at the vehicle CG as 
well as the center of the ambulance module (Fig. 7   
&  8). Two accelerometers were attached to the 
gurney recording acceleration data in the X and Y 
directions (Fig. 8). This was specifically included so 
that the forces exerted upon the gurney during this 
type of vehicle crash could be determined. 
 

 
Figure 7. Positioning of lower box accelerometers 
 
 

 
 
Figure 8.   The arrows indicate the positions of the 
X and Y accelerometers on the stretcher in the 
2000 crash tests of Bullet Type III ambulance. 

 
Each of the four ATDs was installed into the Type III 
bullet ambulance, and were instrumented with tri-
axial accelerometers in the head and in the chest. The 
ATDs were: an instrumented P1-3year old child 
restrained in child seat on stretcher; P2-95th percentile 

ATD in rear facing captain’s chair with lap belt; P3-
5th female unrestrained on squad bench and P4-50th, 

restrained on squad bench with lap belt (Fig. 9).

 
Figure  9.  Positioning of the ATDs in the bullet 
vehicle in the 2000 crash tests [3] 
 
In this test, the child ATD kinematics and injury 
criteria demonstrated an effective technique for 
restraint. However the unrestrained ATD (P3) was a 
risk to both itself and to other occupants. Analysis of 
high speed films in the ambulance rear cabin revealed 
life threatening safety hazards despite the fact that 
vehicle impact accelerations were survivable and 
occupiable space was preserved. 
 

 
 
Figure 10. Initial impact of the bullet Type III 
ambulance 
 

 
 
Figure 11. During the impact of the bullet Type II 
ambulance 
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Figure 12. Bullet Type III vehicle post impact 
 
 
2003 Current et al - Fixed Barrier Frontal Tests - 
Three fixed barrier frontal impact tests at a 25 mph 
(40 km/h) delta V and 25 G impacts were conducted 
in 2003 using Canadian Type III box chassis 
ambulances (x2 1993, x1 1999 vehicles) with a 
targeted impact velocity of 48 kph (30 mph). No SID 
ATDs were used. A number of configurations of 
harness type restraint systems were tested. The three 
tests included: a 1993 E350 Type III ambulance with 
mobile restraint; a 1993 E350 Type III ambulance 
with mobile restraint and a 1999 E350 Type III 
ambulance with unrestrained occupant and lap belt 
only. The findings  state “In addition to an x-axis, or 
forward component, each of the frontal crash pulses 
was found to have a significant z-axis, or vertical, 
component which caused a forward rotation of the 
patient compartment ranging up to approximately 
16.5 degrees. Significant cab-intrusion was observed 
as a result of the frontal tests that were conducted.” 
 
Of note, the delta V in each of these tests was higher 
than the impact speed of the vehicles. There were 
references to some 29 sled runs having been 
conducted in the documentation provided from 
Morgantown. However, although 21 video segments 
were provided, some of which pertained to the rigid 
barrier tests, comprehensive technical data regarding 
these tests were not identifiable.  
 
Live human subject testing was depicted in the 
videos provided in 2007 to the authors, of a vehicle in 
motion and the human subject wearing a complex 
harnessing device. The subject was mobile in the 
vehicle and not seated. No documentation regarding 
ethics approval was cited. The PowerPoint 
presentations included some bar charts of 
measurements. However, no explanatory material 
available regarding those measurements was 
provided. 

DISCUSSION  
 
Whilst ambulance vehicles in the USA have no 
requirement or guideline for crashworthiness 
dynamic impact testing, there have been a number of 
sled, fixed barrier and full vehicle frontal tests 
conducted over the previous 15 years. This study 
highlights the limitations in some of this testing and 
identifies some confounding aspects of the studies 
conducted and demonstrates the need not only for 
formal crashworthiness and dynamic testing 
standards, but also that testing developed and 
conducted without comprehensive and collaborative 
interdisciplinary input from appropriate technical 
expertise can lead to flawed or misleading results.  
 
The original series of sled test work, of both the 
isolated gurney sled tests [28 ] and the rear 
compartment box Hyge sled test [2,4], highlighted 
the need for both real world injury data to be 
integrated into the development of testing profiles. 
Moreover, there is a need to have full vehicle crash 
tests conducted to optimally ascertain what 
ambulance vehicle crash pulses were. 
 
Additionally, challenges were identified in accessing 
findings of testing conducted by the Morgantown 
government research team. However, the 
recommendations were apparently disseminated 
publically to non automotive audiences [29].  
Furthermore, the lack of reference to existing peer 
reviewed technical publications in the field of 
ambulance automotive safety occupant protection by 
the government research team was surprising.  
 
The stated purpose in each of the full vehicle tests 
was to identify the crash test pulse parameters that 
could be applied to assess real world crash dynamic 
performance of ambulance vehicles and their 
components using a sled test platform. Thus the need 
for these tests to model the real world scenario as 
closely as possible was paramount. The difficulties 
Levick documents in her first two sled test series 
(1996 and 1999), [1, 2, 4, 28 ] were how to determine 
an appropriate sled test crash pulse given that no full 
vehicle crash test data for the box chassis style of 
ambulance vehicles was available. Additionally, there 
was also the confounder of the diverse attachment 
systems of the rear box to the chassis. 
 
Crash test protocol challenges - The sled tests in the 
Levick et al 1996 series [28] were conducted 
modelled on FMVSS 213 (Fig 1 and Fig 13) given 
that the focus was child patient transport and on the 
isolated gurney. However, the conundrum of the lack 
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.....2003 Current et al frontal pulse 

‐‐‐‐ 2000 Levick et al frontal pulse 

of full vehicle crash test data was raised and the 
uncertainty of what the true crash forces were that 
would be exerted upon the gurney in a real world 
crash was highlighted. For the Levick et al 1999 
Hyge sled test [2,4], the crash test pulse used was the 
same as that used to test an ambulance box, albeit a 
different rear compartment box, some years  
previously. The limitations of this strategy and the 
important need to acquire real world crash test data to 
develop true and meaningful crash pulses for this 
environment was clearly highlighted.  

The  full vehicle tests conducted by Levick et al in 
2000 identified a sample frontal vehicle crash pulse 
[5], from a 44mph impact speed and a resultant delta 
V of 18.6 mph, which had a different form to either 
213 or 208 (Fig 13).  

Current et al [27] carried out crash tests into a full 
barrier concrete wall as shown in Figure 14. 
Presumably this was in compliance with the National 
Highways and Traffic Safety Administration’ 
(NHTSA) FMVSS 208 crash test protocol at 48 km/h 
(30 mph). The Levick 2000 and Current 2003 pulse 
are compared with the 213 and 208 pulse below and  
discussed in more detail below (Fig. 13, 18).  

Figure  13. FMVSS 213 and SUV 208 vs 2000 
Levick et al frontal crash pulse and 2003 Current 
et al frontal crash pulse [38] 

Nature of Barrier - Consensus exists among 
consumer crashworthiness groups and technical 
experts in vehicle crashworthiness that an offset crash 
barrier test is more representative of real world 
crashes frontal impact crashes [30]. Crashing the full 
width of a vehicle into a concrete barrier at 90 
degrees to the direction of travel (Figs. 14 & 19) 
results in high decelerations for the occupants and is 
demanding of the on board restraint systems such as 
seat belts, pretensioners and air bags. However, such 
crash tests typically provide little information about 
occupant intrusion observed in real-world crashes 
because the loads are distributed across the face of 
the vehicle. Occupant intrusion is critical to survival 
rather than testing if the restraint systems fire quickly 
enough in a highly demanding full frontal crash.  

In the case of an offset test (Fig. 15), only one side of 
the front of the vehicle hits the barrier at a high speed 
into a crushable aluminium face that simulates the 
most important characteristics of another striking 
vehicle. The test is carried out at 64km/h (40mph).  
The crash forces are concentrated over the 40% 
overlap of the vehicle’s front.  

 

 

SUV 
FMVSS 
208 
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Because one side of the vehicle is crushed, intrusion 
into the occupant compartment is more likely than for 
a full faced 100% barrier impact. The offset 
deformable barrier test should be on the driver's side 
where the steering wheel and pedals can increase the 
risk of injury unless the front of the ambulance is 
designed to absorb the impact's energy in a realistic 
way.   

Another confounding issue is that the results from 
either full-width crash tests or offset tests cannot be 
used to compare vehicle performance across weight 
classes [31]. The crash energy for heavier vehicles 
such as the ambulances tested by Current et al [27] is 
much higher than for a car or SUV. It is well 
accepted that heavier vehicles can provide better 
protection to occupants in real world crashes so long 
as they strike other lighter vehicles. However, such 
vehicles can also be more aggressive to other smaller 
crash partner vehicles [33].  

Paine et al [32] indicate that an offset crash test into a 
deformable barrier will highlight any load 
concentrations that can result from box-section heavy 
chassis framed structures punching (spearing) into 
the deformable barrier. Systems designed to achieve 
better results in a full frontal barrier test, where the 
frame crushes or buckles against the rigid concrete 
wall, can be much less effective in an offset 
deformable barrier test with poor energy dissipation 
and aggressivity to other road users.  

Paine et al [32] also point out a number of other 
issues why a deformable barrier test is superior to a 
full frontal crash test in terms of occupant 
crashworthiness. Large intrusion negates any 
advantages any restraints may provide for the 
occupants for ride down and hence survivability.  

Though there were no ATDs used in the front cab in 
the rigid barrier tests by Current et al, Current et al 
[27] indicate that Ambulance C provides sufficient 
survival space for the occupant based on two SAE 
standards J1522 and J833 [34], [35]. 

Inappropriate standards are being used in this 
instance to assess the crashworthiness of the crash 
tested ambulances. Neither SAE J833 nor J1522 are 
occupant protection or crashworthiness standards. 
SAE J833 is an ergonomic standard specifying 

human physical dimensions to be used in 
construction, general purpose industrial, agricultural 
tractors, forestry and specialised mining machinery 
categories. SAE J1522 is the recommended practise 
for describing the two-dimensional 95th percentile 
truck driver side view, seat stomach contours for 
horizontally adjustable seats. These standards are 
essentially ergonomics standards. To assess risk to 
occupants of vehicles, it is essential that crash test 
dummies and generally accepted injury criteria such 
as those provided by Eppinger et al [36] are used. 
Any crashworthiness assessment must be injury 
performance based. 

 

 

 

 

 

 

Figure 14. Full barrier Current et al crash tests 
[27] 

Substantial intrusion into the occupant space as 
shown in Figure 17 reported by Current et al [27] did 
occur. This intrusion would also have been much 
greater in a more realistic offset crash into another 
vehicle of similar mass. Hence, the authors of this 
paper disagree with Current et al’s [27] conclusion in 
that Ambulance C, deemed by them as providing 
adequate protection to the occupants, in fact would 
not in an offset crash test. It would most likely 
provide inadequate protection. ATD crash dummies 
and injury measurement instrumentation were not 
used to assess survivability in the front cab in this test 
nor was the crash test protocol representative of a real 
world crash. 

Current et al [27] claim that the situation would be 
worse for van type chassis. Figure 15 shows a 
Mercedes Sprinter van being crash tested. Note in 
this test, ATD crash test dummies are being used and 
an offset crash test is being carried out. Figure 16 
shows a photograph of a Mercedes Sprinter 
ambulance, a model of ambulance used routinely  
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Figure 15. Offset crash test carried out by 
DEKRA Germany of a Mercedes Sprinter van 

throughout much of Europe and Australasia, in some 
of the biggest ambulance fleets in the world.  

 

 

 

Figure 16 .Mercedes Sprinter van ambulance 

 

 

This Sprinter vehicle in the USA is distributed under 
a Dodge or Freightliner distributer. The passive 
safety provided to the front seat occupants is similar 
to that provided to occupants in crashworthy vehicles 
that have undergone rigorous consumer crash test 
protocols. Additionally, the clinical ergonomics are 
such that in the rear compartment of this vehicle, 
there is enhanced access to both the patient and the 
medical equipment whilst remaining seated and 
belted when compared to the box chassis design.    

However, because there is no crash test protocol for 
these chassis box ambulance vehicles it is clear that 
their design and development has resulted in vehicles 
which are the antithesis of good crashworthy vehicles 
providing occupant protection for the front seat 
occupants as well as the rear box occupants. 

 

 

 

 

 

 

 

 

. 

 

 

 

 

Figure 17. Crushed front compartment, Current 
et al [27] 

The occupant compartment in the van depicted in 
Figure 15 shows that despite the severe offset barrier 
crash, the occupant compartment has been 
maintained. Note also the air bags provided for 
decelerating the occupants head and torso.  
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Compare these photographs with the ones shown in 
Figure 17. The occupant space is substantially less in 
the case of a less severe crash test and no airbags are 
provided for the driver or passenger. 

Crash pulses from two tests are shown again in 
Figure 18 for clarity. The 2003 Current et al [27] 
crash pulse is supposedly the average of all three 
barrier tests for the rear box. The 2000 Levick et al  
test pulse [5] is for the rear box of the bullet vehicle 
impacting a van ambulance as shown in Figure 18. 
This Levick et al test represents a real world 
intersection crash scenario. The target vehicle is a 
relatively large vehicle. Given that real world crash 
data suggests that whilst ambulance intersection 
crashes are associated with the most serious injury 
and fatality outcomes, the target vehicle is most 
frequently a passenger car, not a larger vehicle such 
as a van. Hence, this crash test scenario was set up to 
reflect the more aggressive crash outcome for the 
bullet ambulance vehicle. This also highlights that 
the Current et al [27] crash methodology is distanced 
from real world impact forces. The impact speed of 
the Levick et al [5] bullet vehicle was higher than 
that of the Current et al [27] rigid barrier test vehicle. 
It can be seen from the comparison pulse diagram in 
Figure 18, the measured crash forces are substantially 
higher in the Current et al [27] test and the pulse 
more severe and over a narrower time window. Note 
how much less severe the Levick et al pulse [5]  is 
with extended duration to around 0.17 seconds and 
lower deceleration to about 14 g’s peak. Interestingly 
Figure 13 shows these pulses are biphasic and  have a 
very different configuration to the SUV FMVSS 208 
crash pulse. 

There is no suggestion that any offset barrier testing 
was conducted by Current et al, and no offset barrier 
crash pulse was available for any of the vehicle tests 
in this study. It would be interesting to overlay the 
Mercedes Sprinter offset barrier test pulse over these 
two chassis box ambulance crash pulses, and to 
analyze the potential occupant outcomes from ATD 
data in these three scenarios. 

Another concern with the test results reported by 
Current et al [27] are the results from the interior of 
the rear box in what appear to have been frontal 
impact tests, possibly mock ups with box facsimile 

on a sled. The video images reveal some alarming 
results as shown in Figure 20. This series of images 
shows a dummy seated in the rear compartment, 
wearing a harness and sliding sideways during frontal 
deceleration impacting a cabinet in such a manner 
that would clearly fracture a human neck and result in 
serious head injury. There are no reported ATD neck 
loads or Head Injury Criterion (HIC) results in the 
2007 Current et al paper [27]. However, HIC values 
are reported the 2005 Green et al paper [37], which 
states “The use of mobile restraints in an ambulance 
patient compartment offers the potential to improve 
significantly the safety and health of EMS worker..... 
Use of these systems in the fully seated position 
provides opportunity for improvement over the 
existing seat belts”. This appears confusing in the 
setting of the ATD kinematics. When compared with 
the findings of Richardson et al [14], Zou et al (Fig. 
21) [15] and Stolinski [16 to 19] studies, the severity 
of the lateral neck loads appear to be potentially 
injurious for side facing seated ATDs. It is not clear 
from the representation of the information in the 
charts [37], what the ATD data was on the side facing 
squad bench and thus the rationale for the clear 
recommendations above. 

It would be of interest to have access to the detailed 
ATD data for these 29 tests, and also to conduct the 
tests with a SID as was done in the Levick et al 1999 
[2, 4] test configuration, so that the ATD data would 
be more realistically representative of the lateral 
forces exerted on the head and neck and chest of the 
dummy. Additionally, the validation of the use of 
ATDs in a standing configuration was not provided. 
There were video clips of live human subjects in out 
of  seat position and in harness configurations in a 
moving vehicle. In the absence of the detailed 
methodology and data, comprehensive and effective 
analysis of the video footage cannot be completed.    

From the occupant biomechanic performance 
dynamic impact testing conducted by Richardson et 
al, [14 ] there are some relatively simple strategies 
that can address the issues of occupant protection on 
side facing seating in forward moving vehicles. A 
simple design fix highlighted to improve the safety of 
this configuration would be to place lateral protection 
to support the head and upper body. This would 
prevent the occupants head and torso from being 
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forced into extreme lateral flexion and crush of the 
head and neck. 

It is obvious from the above that a paradigm shift in 
thinking is clearly required in the USA in regards to 
safety performance evaluation, design and 
manufacture of ambulance vehicles. Designers and 
manufacturers need to begin to use the injury 
performance crash test criteria commonly used 
throughout the automotive industry to ensure the 
safety of the front and rear vehicle occupants. 

 

Figure 18 Crash pulses from 2003 Current et al  
[27] full barrier tests and crash pulse from Levick 
et al 2000 frontal full vehicle test [5]. 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 19. Current et al 2003 rigid barrier test 
[27] 
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Figure 20.  Occupant seat sideways in full harness 
– Current et al tests. Note how occupant would 
most likely have received a serious head and neck 
injury. [37] 

 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Demonstration of hazards to side facing 
occupants in a frontal crash, even in absence of 
cabinetry [37, 14] 

 

CONCLUSIONS 
 
Failure to conduct ambulance crash test scenarios 
based on real world crash, injury and fatality data and 
information has resulted in the use of rigid barrier 
vehicle crash tests generating impact outcomes and 
profiles that may not be consistent with real world 
crash events. 
 
Development of ambulance crash testing profiles to 
form the basis of a testing standard must be driven by 
appropriate scientific test data that reflects the 
outcomes seen in the real world environment. Such 
testing profiles should be overseen by independent 
experts with a technical background in the relevant 
fields of population based injury and fatality vehicle 
crash data, occupant biomechanics, clinical 
ergonomics, vehicle crashworthiness and vehicle 
crash testing.  
 
It is apparent from these comparisons, and the 
previously published fatality data, and crash test data, 
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that a model to develop crash test pulses for 
ambulance vehicles must be based on valid testing 
parameters. As this study demonstrates, test 
outcomes from rigid barrier testing in the setting of 
these types of ambulance vehicles may result in 
confounded and unreliable test models.  
 
In a setting where the funds for such research, as the 
safety of ambulance vehicles is scarce, focus should 
be on the most valuable and optimal testing 
methodologies. Encouraging interdisciplinary 
collaboration between automotive crashworthiness, 
ergonomics, emergency medicine, public health and 
EMS care delivery professionals in this complex field 
is paramount. 
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ABSTRACT

This paper presents a method to develop coherently 
a Driving Assistance System (DAS) and its 
supporting technologies in order to reach efficiently 
the best added value in terms of Human-Vehicle 
interactions and technology specification.

This method is an iterative development process 
based on a Human Centred Design approach. It 
requires a driving simulator and a development 
framework in order to simulate technologies. 
The first step of the method is to validate the DAS 
prototype through 3 iterative tasks: Study of the 
drivers needs, Design of the DAS with “perfect” 
technologies, Evaluation of driver-vehicle 
interactions to validate the effectiveness of the 
assistance.
Then the second step is to obtain the best trade off 
between effectiveness of the assistance and 
technological requirements through 2 iterative 
tasks: Modification of the technology performance 
by changing the specifications (toward existing, 
emerging or futuristic technologies), Evaluation of 
driver- vehicle interactions to validate that the 
assistance is still effective.
This guides the final decision for the DAS 
production: use existing technologies, or develop 
better safety technologies.

This method is developed inside VIVRE 2 project, 
which aims to design an innovative DAS to help 
truck drivers engaged in low speed manoeuvres in 
urban areas.
We first developed a prototyping platform, which 
we then used along with the method to design the 
DAS and to determine the best compromise in 
terms of Human-Vehicle interactions and 
technology specification.
Even if the method inherits of the limitations of 
simulated environments, it permits a “driver in the 
loop” development of innovative DAS which 
would be difficult otherwise.

Instead of using the classical approach “From 
technologies, to DAS design, to DAS evaluation”, 
this approach shift the problem to “From driver 
needs, to DAS evaluation, to technologies”.

INTRODUCTION

With the massive arrival of electronics, systems 
designed to support and assist the driver in his/her 
driving activity (like ABS, Navigation systems…) 
started to be implemented inside vehicles. These 
systems raised different research questions not only 
in the field of technological development, but also 
in the field of drivers’ needs in terms of assistance. 
However, as the number of DAS inside a single 
vehicle increase and as they are designed and 
implemented separately, it becomes more and more 
difficult to determine the impact of the sum of these 
assistances on the driving activity. In order to avoid 
a negative impact of these systems on the driving 
activity, a detailed study of the interaction between 
the human and the vehicle systems is required. 
Human Factor research provides the key concepts 
to tackle this issue. Thus, the design of DAS 
becomes a joint work for engineers and Human 
Factor researchers.
In this context, we propose a DAS design process 
based on a Human Centred Design approach that 
permits to develop coherently a driving assistance 
system and its supporting technologies in order to 
reach efficiently the best added value in terms of 
Human-Vehicle interaction and technology 
specification.
In this paper, we present in details this design 
process and its results through the case of VIVRE 2 
project which aims to design an innovative DAS to 
help truck drivers engaged in low speed 
manoeuvres in urban areas.

METHODOLOGY

Human Centred Design Approach

While developing a DAS, thorough technical 
specifications have to be made, as the safety of 
drivers and other road users are engaged.
The usual way of working starts by identifying 
what safety issue could be solved by a DAS.
Then, it consists in finding which technology could 
be employed to solve this issue. Then, in 
developing a prototype and testing  its functioning 
in all situations in which it is designed to work. 
After the validation of the functioning, when the 
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technology is considered as mature enough, the 
DAS is spread on the market. This type of method 
is called technology driven approach, as it consist 
to start from a technological description of the 
problem, and solve it via a technical solution.
This method is thorough, efficient and safety-proof. 
These criteria are sufficient for a DAS 
manufacturer who needs to be sure a technology is 
safe and can be used by drivers.
However, this approach does not guarantee that the 
DAS is useful, and that it is correctly used by 
drivers. In order to solve these issues, DAS 
designers have to consider the drivers' feedbacks 
earlier in the design process: at its very beginning.
Thus, they have to shift their way of doing from 
such a technology driven approach to a human 
centred design approach. 

Human Centred Design (HCD) approach places the 
users and their needs at the centre of the 
development process. The key principle of user 
centred approaches, as defined by Gould & Lewis 
(1985)[1]  is to focus on users and tasks and to 
apply an iterative design. 
In the case of DAS design, it consists in studying 
the driver and his/her driving activity all along the 
DAS development process.
HCD for DAS design consists in iteratively:

1. Studying the driving activity (e.g. through 
DVE model…)

2. Deriving the contextualised needs in term 
of assistance (related to safety, control, 
information, comfort…)

3. Formalizing the functional specifications 
of the DAS 

4. Developing the DAS
5. Testing the impact of the DAS on the 

driving activity

Our Approach

     General Overview – Considering that the 
driver might not use the DAS as the designers was 
expecting, or more generally, that the driver will 
adapt it's driving behaviour to the DAS, we adapted 
the HCD approach, in a way where we can evaluate 
the modified behaviour of the driver at the early 
stage of the development process.

We actually adapted the 5-steps development 
process loop into two different steps. The first one 
focuses on the interaction between the Driver and 
the DAS (leaving  technological limitations aside). 
The second step consists in making the DAS 
realistic, by adapting the DAS to existing or 
forthcoming technologies.

The figure 1 illustrates this approach. We start from 
driver's needs, that have to be identified by 
ergonomics researchers studying driving activity.
From this needs, we can design the kernel of the 
DAS. But we don't limit this DAS with 
technological constraints on sensors and actuators. 
And we test, at an early stage, the behaviour of 
both the driver and the DAS when put together.

Of course, this step can only be done on a driving 
simulator.

This steps should be executed in a loop until the 
drivers coupled to the DAS behaves satisfyingly. 
This validates the kernel of the DAS, and the 
effectiveness of the assistance.

Then, we can focus on the technological 
constraints. On this second step we expect to find a 
good trade-off between the effectiveness of the 
DAS and the technological requirements.
The kernel that was defined specify at some point 
the technologies that would be needed. But what if 
the technology selected to support this DAS is not 
efficient enough?  For such reasons we could be 
interested in seeing how far from the “ideal” 
technologies we can get while the DAS stays 
satisfyingly efficient for the driver.

We will present in details these two steps in the 
following of this chapter.
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     First Step –  Focus On Driver / System 
Interaction - The objective of the first step is to 
validate the effectiveness of the assistance system 
according to the drivers needs.

The methodology for this first step is inspired from 
a human centred approach. 
The first phase of this step consists in defining 
accurately what kind of assistance the driver needs 
in what situation. This knowledge is gained through 
a detailed analysis of the driving activity. Various 
scientific approaches can bring knowledge on the 
driving activity. Naturalistic observations or 
experimental observations in real traffic condition 
are specifically suited for this purpose. 
Once the situations and the respective assistance 
that is needed by the drivers are defined, the design 
of the DAS can begin.

The central question is to determine the best 
possible way to provide the driver with the relevant 
assistance: the right information/action at the right 
moment.
So the second phase of this first step focuses on the 
design of the Human/Machine Interface. This 
second phase consists in an iterative process with 2 
tasks. The first task is to develop an HMI and an 
HMI manager that give, for the target situations, 
the relevant assistance to the driver. The second 
activity is to study the interactions between the 
driver and the assistance system and to evaluate the 
effectiveness of the system. These two tasks have 
to be repeated until the cooperation between the 
driver and the system reaches the targeted 
objectives.

At this stage, the development of the assistance 
decision kernel is based on technologies that have 
an ideal  functioning, and that are always capable 
of delivering perfect information to the HMI 
manager.

This first step permits to design a DAS and to 
assess very quickly if the DAS suits the drivers 
needs in terms of driving assistance. 

Though this first step is meaningful to validate a 
concept of assistance, it is disconnected from the 
constraints of the technological offer. Therefore, a 
second step is necessary to tackle this issue.

     Second Step -   Focus on system / sensors 
interactions - The objective of the second step is to 
materialize the DAS in order to determine the best 
technological specifications to support its 
functioning. 

To reach this objective, two tasks have to be 
realised as an iterative process. The first tasks is to 
simulate technologies that can provide the 
assistance kernel with informations. These 
technologies does not necessarily have perfect 
performances (sensors range, decision 
algorithms...). When changing their specifications, 
from ideal technologies toward existing, emerging 
or futuristic technologies, the modifications might 
have an impact on the global functioning of the 
assistance. Therefore, the second task consists in 
evaluating driver-vehicle interaction to validate that 
the assistance is still effective and that its 
functioning was not significantly reduced.

Through the iterations, it is possible to find out the 
best compromise in terms of Human-Vehicle 
interactions and technology specification.

RESULTS: CASE STUDY ON VIVRE II 
PROJECT

Context

VIVRE2 project focuses on reducing the number of 
accidents involving trucks and vulnerable road 
users (pedestrians, cyclists…) in urban areas [2]. 
Part of the project consists in designing and testing 
on a Renault Trucks simulator called “SCOOP”, a 
system assisting truck drivers engaged in low speed 
manoeuvres. 
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SCOOP simulator runs various applications from 
Oktal. This software is controlled by specific 
Labview diagrams. These diagrams give an easy 
access to several parameters that describes driving 
activity, such as information on driver’s actions, 
truck dynamics, dynamics of mobiles around the 
trucks, properties of these mobiles and roads 
characteristics.

Development of a Framework that Support our 
Methodology 

To support our design process, tools are necessary. 
These tools should offer flexibility for the DAS 
development : a dedicated architecture for the DAS 
HMI manager and decision kernel, a dedicated 
architecture to easily simulate technologies, and a 
feature to connect the DAS to driving simulators. 
Thus, the development of a dedicated prototyping 
platform would be useful. That is why we specified 
and created a framework platform with the features 
required to support the design process we described 
in chapter 3. This framework is based on a 
architecture composed of several dedicated 
modules: Two specific interface modules (that 
transfer and translate data from simulator to 
prototyping platform back and forth), a module to 
pilot the HMI of the DAS, a module with the DAS 
decision kernel and finally different modules that 
simulate technologies required by the DAS.

These modules act as containers for DAS 
algorithms and are connected according to the 
architecture. 
Using this framework, the DAS designer focus on 
creating the relevant algorithms of each module.

Application of the Methodology Through the 
Framework

To design VIVRE 2 DAS, the ergonomics 
researchers of the project defined the needs in 
terms of assistance and the target situations. They 
also started the design of the HMI to provide the 
driver with the assistance.

At first, we focused on the development of the 
interface modules algorithms in order to be able to 
receive data from the simulator, and to pilot the 
HMI.
Then, we drafted the HMI manager algorithms and 
the decision kernel algorithms, and developed them 
until they corresponds to the expectations of the 
ergonomics researchers and prove their 
effectiveness on a sample of drivers. At this stage, 
the technology modules algorithms only deliver 
perfect information from the simulator (exact 
position of the pedestrians, infinite range of 
perception...). 
This achieve the first step of our methodology, that 
focus on driver/system interaction.
To continue, we selected a set of sensors that could 
support this DAS (laser scanners and ultrasonic 
sensors) in a real implementation. We modified the 
technological modules algorithms accordingly, by 
adding physical constraints that simulate the 
behaviour of these sensors.
This is the second step of our methodology. At the 
time we write this paper, we are testing the 
effectiveness of the assistance with this selected set 
of sensors on a sample of drivers. 
The following steps will be to take into account the 
feedbacks of the drivers to validate the 
specification of the technologies : either the 
technologies are sufficient to support the correct 
driver/assistance interaction, or new specifications 
are required to support the driver/assistance 
interaction. These new specifications can come 
from another set of sensors, or from the suggestion 
of specifications improvement.

CONCLUSIONS

Instead of using the classical approach “From 
technologies, to DAS design, to DAS evaluation”, 
we shifted the problem to “From driver needs, to 
DAS evaluation, to technologies”. Indeed, we 
developed a DAS design process inspired from a 
Human Centred Design approach  and we 
successfully applied it to a real case. This design 
process consists in 2  different steps. To support 
this method, we developed a framework.
This framework proposes a reference architecture 
for DAS design.
It permitted us to quickly realise the first step of the 
method, focused on driver/assistance  interaction, 
and to obtain a prototype that provide the driver 
with an effective assistance.

Then, it permitted us to begin with the tasks of step 
2, focused on assistance/technologies functioning. 
Experimentation with drivers are currently 
performed to complete step 2. The overall objective 
is to obtain, through this method, the best 
compromise in terms of Human-Vehicle 
interactions and technology specification.
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DISCUSSION

To be optimal, this method requires a high number 
of iterations and tests with drivers, which is costly 
and time consuming. This is a first limitation of this 
design process. This parameters has to be taken in 
to account during the development in order to 
optimise the number of iterations. However, the 
modification between each iteration can be done 
very quickly and easily, which accelerate the 
general design process. 
Even if the tests on drivers inherits of the 
limitations of simulated environments, it permits to 
evaluate innovative DAS which would be difficult 
otherwise.
This “driver in the loop” development can only be 
achieved by considering the couple driver and 
assistance. A step further would be to develop a 
driver model, that simulates the behaviour of a real 
driver, in order to rationalise this couple and to be 
able to perform more iterations for the system 
evaluations.
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ABSTRACT 

 

The risk of being injured in side impact crashes is 

very high. Accident statistics show that numbers of 

vehicle occupants severely injured or killed of non-

struck side occupants is approximately 30 percent. 

Based on accident data from the National Automotive 

Sampling System/Crash Data Study (NASS/CDS) an 

investigation concerning injuries and their levels of 

non-struck side occupants in side impact crashes was 

carried out. From the accident data, covering the 

years from 1998 to 2007, the injured body parts, their 

injury levels and the vehicle parts causing these 

injuries were analysed. The study showed that hard 

contacts between the occupants and the rigid vehicle 

parts cause most severe injuries. As a result of the 

accident analysis an occupant protection concept for 

non-struck side occupants on vehicle rear seat was 

designed. A numerical simulation model representing 

a non-struck side occupant, its vehicle environment 

and the airbag based protection system was set up to 

investigate different parameters, such as airbag shape 

and position, different dummy types and seating 

positions. Prototypes of the airbag concept were built 

and validated in sled tests. The study showed that this 

occupant protection concept is able to reduce the 

severity of head and chest injuries of non-struck side 

occupants in side impact accidents. Furthermore, a 

positive effect on the interaction between rear seated 

occupants in side impact crashes was observed. 

 

Keywords: Side crash, airbag, rear seated passengers 

 

 

INTRODUCTION 

 

Today, research in side impact, side impact 

regulations and safety systems is mainly carried out 

in order to protect vehicle occupants seated on struck 

side of the car. However, far-side occupants, those 

located on the side opposite the lateral impact are 

also of risk of injuries during a side impact crash 

(Digges and Dalmotars, 2001). The protection of 

occupants seated on non-struck side of the passenger 

vehicle is not considered yet.  

 

The objective of this study was to examine injury 

patterns of non-struck side passengers seated on the 

rear row of the car during collision. From accident 

analysis, a crash test scenario was derived and 

extensive numerical simulations were conducted to 

better understand the occupant kinematics that causes 

the most frequent injuries. Based on this work a 

protection system was proposed and its performance 

to protect the occupants was investigated. 

 

 

ACCIDENT INVESTIGATION 

 

The United States National Highway Traffic Safety 

Administration (NHTSA) investigates 4,000 to 5,000 

crashes each year and provides the data in the 

National Automotive Sampling System / 

Crashworthiness Data System (NASS/CDS) database. 

The accident analysis presented in this paper was 

based on the examination of NASS/CDS data 

extracted from the files of the years 1998 to 2007. 

 

The analysis which follows focuses on occupants of 

passenger vehicles subjected to far side impact. The 

investigation was limited to passenger cars as well as 

light and heavy trucks. Only occupants that were 

restraint by a three-point safety belt were included in 

the study. Children younger than six years and 

smaller than  120 cm were excluded from the study. 
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When reviewing NASS/CDS data according to the 

selected parameters, 2264 cases of belted passengers 

seated in the front row, and 190 cases of belted 

passengers seated on rear row injured according to 

MAIS1+ were found. Of these 517 front passengers 

and only a small number of rear passengers, 28 cases, 

were injured according to MAIS3+. In the following 

Figure 1 the ratio of serious injured occupants to all 

injured occupants (MAIS3+/MAIS1+) in far side 

crashes is shown for front and rear passengers. 
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Figure 1: Accident ratio of far side impact 

accident seated in front and rear row 

 

Far side struck occupants have a significant risk of 

injury. The fraction of all occupants who experienced 

serious injuries in a far side impact account for 

11.7% on front row and 9.0% on rear row. 

 

Based on the data obtained from the NASS/CDS 

database the sources causing MAIS3+ injuries were 

also derived. Figure 2 depicts the distribution of far 

side injuries, sorted by region, that were found for 

517 cases of front seated passengers. 

 

 

Arm 5.6 %

Chest  31.4 %

Head  43.9 %

Neck 2.5 %

Legs 4.6 %

Abdomen 6.2 %
Pelvis 5.8 %

 
Figure 2: Injured body regions of front seated 

passengers suffered in far side impact  

 

Head injuries account for more than forty percent of 

all MAIS3+ injuries, the largest fraction of all. The 

chest incurred about one-third of all injuries. 

Abdomen and pelvis are less injured body regions 

during the vehicle accident.  

 

 

In the database 28 cases were recorded for rear seated 

passengers injured on MAIS3+ level. Here, head 

injuries account for more than one-third of injuries 

caused by a far side impact, which is shown in Figure 

3. The risk of being injured in the chest area is about 

one-third and abdomen 10% of all.  

 

Arm 3.6 %

Chest 28.6 %

Head 35.8 %

Neck 7.1 %

Legs 7.1 %

Abdomen 10.7 %

Pelvis 7.1 %

 
Figure 3: Injured body regions of rear seated 

passengers suffered from in side impact  

 

As it was shown in Figure 2 and Figure 3, the 

distribution of far side impact by body region is very 

similar for both front and the rear seated occupants. 

Head and chest are most at risk followed by 

abdominal injuries. Overall, these injuries account for 

approximately three-third of all injuries reported in 

the NASS/CDS database. 

 

Sources causing MAIS3+ injuries were analysed next 

and subdivided into near side interior, belt & buckle, 

other occupant, seat back and floor & console or roof. 

It appears that a hard contact of the human body part 

with the near side interior, the vehicle side facing the 

impact, is the main source of injuries front seated 

passengers suffer from (Figure 4). This was found for 

one-third of the injuries.  
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Figure 4: Vehicle parts causing far side impact 

injuries of front seated passengers 

 

 

When evaluating the accident data for front seated 

passenger it can be stated that beside of a hard 

contact with the near side interior (one-quarter of all), 

the contact between the occupant and the belt & 

buckle as well as the contact with the seat back plays 

a major roll in suffering injuries at MAIS3+ level. 

Injuries caused by a hard contact with the vehicle 
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roof or caused by the interaction between the 

occupants are less frequent as shown in Figure 5. 
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Figure 5: Vehicle parts causing far side impact 

injuries of rear seated passengers 

 

The analysis presented in Figure 6 depicts the 

distribution of far side injuries as a function of the 

striking vehicle. The evaluation of the data shows 

that passengers seated in the front row of the car are 

mostly injured when the striking vehicle is a mid size 

or compact/mini car. This account for about one-

quarter each. The striking vehicle for over more than 

45% of the side struck occupants seated in the rear 

row was a mid size car. The vehicle group of van and 

light tucks accounts for one-third of all MAIS3+ 

injuries of rear occupants.  
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Figure 6: Frequency of injured passengers at 

MAIS3+ level related to vehicle class 

 

NASS/CDS data base also provides information 

about the principal direction of force (PDOF). Zero 

degree is the front, 90 degree is normal to the side 

and 180 degree is the rear of the struck car. When 

evaluating the data related to MAIS3+ injuries, the 

most likely principle direction of force in far side 

accidents was 60 degrees which account for about 

70% of serious injured passengers. Less injury was 

observed for a principle direction of force at 90 

degrees or at 120 degrees as depict in Figure 7. 
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Figure 7: Distribution of far side impact injuries 

at MAIS3+ level by impact direction 

 

A further evaluation was made according to the 

impact region of the stuck car. The impact to the 

occupant compartment is categorized by the NASS as 

follow:  The Y (front 2/3 of the car side), P (centre 

1/3 of the car side), Z (rear 2/3 of the car side) and D 

(distributed) and depict in Figure 8. (The University 

of Michigan, 2007) 

 

 
Figure 8: Definition of the vehicle impact area by 

The University of Michigan (2007) 

 

 

The impact at front 2/3 of the vehicle was the most 

likely damage location for the vehicles investigated 

as shown in Figure 9. Impacts to this region also 

accounted for about 40% impacts in the region of rear 

2/3 account for 18% of serious injured front seated 

passengers. The impact at 2/3 rear and centre 1/3 

(each 30%) followed by impact on front 2/3 (23%) 

caused serious injuries for rear passengers. 
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Figure 9: Distribution of far side impact injuries 

at MAIS3+ level by impact direction 
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Figure 10 presents the distribution of far side injuries 

by rigid barrier conversion velocity. The calculation 

was made according to Sukegawa et al (2007) by 

applying the energy absorption distribution map for 

the lateral stuck vehicle. As depict, the median 

barrier conversion velocity for all far side struck 

occupants with a MAIS3+ injury level was 31 to 

40 km/h. 

 

0

5

10

15

20

25

30

1～
10

11～
20

21～
30

31～
40

41～
50

51～
60

61～
70

71～
80

81～
90

90～
100

100～

Barrier Conversion Velocity (m/s)

F
re

qu
e
n
c
ty

 (
%
)

0

20

40

60

80

100

120

C
um

ul
at

iv
e 

F
re

qu
en

cy
 (

%)

Fr-MAIS3+

Rr-MAIS3+

Fr-MAIS3+

Rr-MAIS3+

 
Figure 10: Distribution of far side injuries by 

barrier conversion velocity 

 

The goal of this accident analysis was to establish 

priorities for injury countermeasure development for 

passengers seated in fare side struck vehicles. Two 

trends can be found. 

 

The injury pattern. – The database exposed that the 

injury ratio of MAIS3+ to MAIS1+ is nearly the 

same for vehicle passenger seated on front or rear 

row during a far side impact. It can be stated that the 

occupants head and chest account for more than 2/3 

of all injuries evoked by fare side impacts. The 

vehicle’s side interior of the impact adverted vehicle 

side, the belt and the buckle as well as the seat back 

are the major injury sources. The interaction between 

the occupants plays a minor roll.  

 

The accident scenario. – The occupants seated in the 

car classified as compact/mid size vehicles are 

mainly involved in far side impact crashes. The 

principle direction of force is at 60 degree and with a 

converted barrier velocity of 31 to 40 km/h fifty 

percent of the accidents are covered. 

 

Protection of the head, chest and abdomen have 

priorities for countermeasure development. These 

three body regions accounted for approximately 

three-quarter attributed to far side impact of front and 

rear passengers. 

 

 

PROTECTION CONCEPT 

 

A new protection device was considered to enhance 

the protection of passengers seated on non-struck rear 

row position. An airbag was proposed to support the 

occupant kinematics during the event of crash and 

absorb impact energy and thus, mitigate the injury 

level. This airbag was installed in the centre console 

between the two passengers on the rear seat of an 

upper class car and it is supposed to enhance the 

protection capabilities in combination with a seatbelt 

system. The protection device also was designed to 

meet specific demands concerning side effects such 

as out-of-position scenarios. 

 

The occupant protection device is integrated into the 

rear centre consol and shown in a full deployed 

position in Figure 11. 

 

              
 

Figure 11: Rear centre console airbag front view 

left and side view right 

 

The main design parameters of the rear centre 

console airbag are described in the following Table 1. 

 

Table 1: Design parameter of the rear centre 

console airbag 
Parameter Value 

Protection area Thorax and head as depict in Figure 12 

Airbag width 330 mm at head area and 230 mm at 

shoulder area 

Airbag type 2D type with 100 mm tether  

Airbag volume 66 litre 

Inflator output 190 kPa in 60 litre tank (pyro inflator) 

Vent hole size 2 holes with a diameter of 20 mm each 

Cushion Silicon coated 

Time to fire t = 9 ms 

 

The airbag module with the cushion and the inflator 

is located in the upper part of the rear centre console. 

Once it is deployed it covers the whole thorax and 

head area of the seated occupants in the most forward 

and most rearward seating position. In order to 

position the airbag stable the airbag height was 

selected for a tight contact to the roof and the arm 

rest of the rear centre console. Two tethers form the 

width of the bag to 330 mm in the head area and to 

230 mm in the shoulder area. In the following Figure 

12, the geometry of the airbag and its location related 

to the side impact dummy ES2 is depict. 
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Air Bag

Inflator

Tether

Vent

To sandwich in roof and 

console to get restitution

 
 

Figure 12: Protection area of the rear centre 

console airbag 

 

As derived from NASS/CDS data investigations the 

rigid barrier conversion velocity in far side impacts is 

31 to 40 km/h. Intensive numerical simulations were 

carried out to define a equivalent crash test setup 

using a AE-MDB (Advanced European Movable 

Deformation Barrier). 

 

67km/h

34km/h

75km/h

MDB WEIGHT（1500kg）

Crash pulse measurement position
(Far side locker)

27°

 
 

Figure 13: Crash test set up of far side impact 

 

The Figure 13 depicts the crash test set up. The total 

delta-v of 75 km/h is the resultant change in velocity 

and includes both the lateral, of 34 km/h, and 

longitudinal, of 67 km/h, components. The AE-MDB 

with its mass of 1,500 kg hits the upper class car 

between the front and rear wheel with an impact 

angle of 27°. The car was equipped with two ES2 

dummies on front row and one ES2 dummy on struck 

side on the rear seat. The crash pulse was measured 

on the B-pillar/rocker and the acceleration and 

velocity history are shown in the following Figure 14. 
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Figure 14: Acceleration and velocity history of the 

far side impact crash test 

 

The acceleration signal was filtered with CFC180 and 

achieved a maximal value of 28 g during the 

intrusion of the movable barrier. Here, the struck 

vehicle was moved in y-direction up to a velocity of 

7.6 m/s. 

 

 

CONCEPT EVALUATION 

 

Three steps were considered to evaluate the 

protection concept. As a start the injury severity as 

base line conditions was studied. Numerical 

simulations with the multi body software Madymo 

(Madymo, 2006) were performed placing one and 

two ES2 dummies on the rear row. As a second step 

the occupant protection concepts should be installed 

and the protection performance should be 

investigated under the same conditions as baseline. 

The derived output of the numerical simulations 

should be confirmed with a fare side impact sled test. 

This represents the third step of the concept 

evaluation.  

 

Impact force 
Direction

Intrusion of the trim
Far Side

Occupant （ES-2）  
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Near Side
Occupant （ES-2）

Far Side
Occupant （ES-2）

Impact force 
Direction

 
              
Figure 15: Numerical simulation sled model with 

far side dummy only (top) and with far side and 

near side dummy (bottom) 

 

The results of the numerical simulation are presented 

in the following Figure 16. 
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Figure 16: Injury results of the base line 

simulation with one and two occupants 

 

It can be stated that the head performance criteria 

(HPC) is 20% higher as the maximal biomechanics 

limit of HPC 1,000. The head acceleration even 

exceeds the limit by more then 90%. The high head 

loads can be attributed to the hard contact between 

the far side seated dummy head and the near side 

seated dummy shoulder as can be seen in the bottom 

figure of Figure 15. 

 

 

 
Figure 17: Numerical simulation sled model with 

rear centre console (top) and with rear centre 

console and rear centre airbag (bottom) 

 

The Figure 17 above show the dummy kinematics at 

110 ms during the far side impact with the Madymo 

simulations. The rear centre console prevents the 

dummy seated at the far side from intense lateral 

movement of the pelvis. The support of the dummy 

in pelvis area results in reduced head loads. Although 

there is no contact between the two dummies, the 

head acceleration can be lowered to just below the 

load limit and the HPC can be reduced to an 

acceptable load level of less then 20% of the 

respective load limit.  
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Figure 18: Injury results of simulation with far 

sine impact protection concept for rear seated 

passengers 

 

 

As by the simulation results in Figure 18 shown, 

there is an increased protection performance when 

applying the rear centre airbag. An interaction 

between the two dummies is prevented. The head 

acceleration can be further mitigated to a level of 

40% of the load limit. By introducing this protection 

concept for rear seated passengers, a slight increase 

of the chest deformation has to be taken into account, 

but the loads are still on a low level. 
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Figure 19: Head trajectory 

 

The dummy kinematic were analysed for different 

body parts. In Figure 19 the trajectory of the head 

during the far side impact is plotted. The application 

of the rear centre console significantly reduces the 

head movement in y-direction by 50 mm. The 

combination of rear centre console and rear centre 

airbag is able to limit the head displacement in y-

direction to 300 mm.  
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Figure 20: Thorax trajectory 

 

A change of the thorax kinematic was also observed. 

The main effect was evoked by the application of the 

rear centre console. A reduction of 40 mm was 

observed. The rear centre airbag has only a minor 

effect of chest displacement as can be seen in the 

above Figure 20. 

 

Based on the multi body simulations with the 

protection concept two sled test were performed to 

confirm the simulation results (Figure 21). A rear 

centre airbag prototype was built to equip a test set-

up with rear centre console and two belted ES2 

dummies. The vehicle side intrusion derived from the 

base line crash test was pre-set.  

 

 

   

   

 

t = 0 ms 

 

t = 50 ms 

 

t = 110 ms  

 

Figure 21: High speed video frames of sled test 

with rear centre console and rear centre airbag 

 

In Figure 22 the results of numerical simulation and 

sled tests are compared. There is the same trend of 

the injury level of the different injury values. The 

average of the injury values obtained from two sled 

tests are below the injury values derived form the 

numerical simulation with Modymo.   
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Figure 22: Comparison of numerical simulation 

and sled test results with the protection concept  

 

When designing a new airbag system its side effects 

have to be considered too. Different dummy sizes are 

available to investigate a variety of different out-of-

position scenarios. In order to confirm the potential 

side effects of a rear centre airbag the following 

scenarios, presented in Table 2, were investigated in 

deployment tests. The test results are shown in 

Appendix 1. 
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Table 2: Overview of the different out-of-position 

scenarios investigated 
Dummy Dummy position 

3YO Turn backwards 
and half overlap 

of the airbag 

module  

 
3YO Turn backwards 

and full overlap 

of the airbag 

module  
 

 
3YO Face front 

 

 
3YO Turn sideways 

 

 
6YO Face front 

 

 
6YO Turn sideways 

 

 
SID2-S Position 1 

 

 
SID2-S Position 2 

 

 

Three year old dummy (3YO), six year old dummy 

(6YO) and SID2-S dummy were used for out-of-

position testing. It can be stated for all tested 

scenarios that the loads of the dummy were well 

below its regulated limits.  

 

 

CONCLUSION 

 

Within this study an accident investigation based on 

NASS/CDS data was carried out to analyse the 

accident characteristics and injury pattern in far side 

accidents. It can be stated that far side struck 

occupants are at significant risk of serious injury.  

 

The median lateral barrier conversion velocity for 

occupants exposed to far side impact was 31 to 

40 km/h. A test procedure applying a AE-MDB was 

developed to investigate future countermeasures.  

 

A new protection concept was introduced for 

passenger seated on the rear row of the vehicle. An 

airbag deploys between the rear centre console and 

the vehicle roof in order to prevent the far side seated 

passenger form hard contact with the passenger 

seated on the impact side of the car. Intensive 

numerical simulations were carried out to optimise 

the rear centre airbag design parameters. It could be 

demonstrated that the protection concept with rear 

centre console and rear centre airbag is able to 

support the lateral dummy movement and thus to 

mitigate the occupant loads in the case of a far side 

impact significantly. 

 

Side impact sled tests with prototypes of the new 

airbag concept were performed in order to confirm 

the multi body simulation results. It was shown that 

all injury criteria were far below its regulated limits 

and the trend which was observed in the simulation 

could be confirmed. 

 

In addition to sled tests, deployment tests were 

performed to evaluate the injury risk of the protection 

device in out-of-position scenarios. It could be 

demonstrated in all test conditions with different 

dummy sizes in different positions to the rear centre 

airbag module, that the risk of suffering injuries is 

low. 

 

The performed study was limited to the protection of 

belted rear seated passengers. Further work should 

continue the investigation of the protection principle 

for unbelted occupants in this position. The proposal 

and the investigation of a protection concept aiming 

to restraint passengers seated in the front row of the 

car during far side impact is additional future work. 

The experiences gained during this study will help to 

create a protection concept. Furthermore, the 
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application of human body model simulations in 

order to analyse the local loads of the occupant 

during far side impact and the protection effect of the 

restraint system proposed in this study will be future 

work. By this means the protection pattern can be 

understood in a wider sense. 
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APPENDIX 1 

 

Table 3: Results of out-of-position tests  
3YO – Turn backwards and half overlap of the airbag module  
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3YO – Turn backwards and full overlap of the airbag module  
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3YO – Face front 
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3YO – Turn sideways 
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6YO – Face front 
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6YO – Turn sideways 



Hoffmann et al  10 

0

10

20

30

40

50

60

70

80

90

100

H
IC

 (
1
5
m

s)

N
c
f

N
c
e

N
tf

N
te

F
le

c
ti

o
n

(r
e
fe

re
n
c
e
)

E
xt

e
n
si

o
n

(r
e
fe

re
n
c
e
)

T
e
n
si

o
n
 

C
o
m

p
e
rs

si
o
n

X
-
A

xi
s

M
o
m

e
n
t 

 R

X
-
A

xi
s

M
o
m

e
n
t 

 L

Z
-
A

xi
s

M
o
m

e
n
t 

 R

Z
-
A

xi
s

M
o
m

e
n
t 

 L

F
le

c
ti

o
n
　

E
xt

e
n
si

o
n

(r
e
fe

re
n
c
e
)

T
e
n
si

o
n
 

C
o
m

p
e
rs

si
o
n

X
-
A

xi
s

M
o
m

e
n
t 

 R

X
-
A

xi
s

M
o
m

e
n
t 

 L

Z
-
A

xi
s

M
o
m

e
n
t 

 R

Z
-
A

xi
s

M
o
m

e
n
t 

 L

D
e
fl

e
c
ti

o
n

D
e
fl

e
c
ti

o
n

V
e
lo

c
it

y

3
m

sＧ

Head Neck Upper Neck Lower Chest

Injury Items

In
ju

ry
 r

at
e
 (
%
) 
(B

y 
6
Y
O

 T
o
le

ra
n
c
e
 v

al
u
e
)

 
SID2-S – Position 1 

0

10

20

30

40

50

60

70

80

90

100

H
IC

 (
1
5
m

s)

N
c
f

N
c
e

N
tf

N
te

F
le

c
ti

o
n

(R
e
fe

re
n
c
e
)

E
xt

e
n
si

o
n

(R
e
fe

re
n
c
e
)

T
e
n
si

o
n

C
o
m

p
re

ss
io

n

X
-
A

xi
s

M
o
m

e
n
t 

R

X
-
A

xi
s

M
o
m

e
n
t 

L

Z
-
A

xi
s

M
o
m

e
n
t 

R

Z
-
A

xi
s

M
o
m

e
n
t 

L

F
le

c
ti

o
n

E
xt

e
n
si

o
n
 

T
e
n
si

o
n

C
o
m

p
re

ss
io

n

X
-
A

xi
s

M
o
m

e
n
t 

R

X
-
A

xi
s

M
o
m

e
n
t 

L

Z
-
A

xi
s

M
o
m

e
n
t 

R

Z
-
A

xi
s

M
o
m

e
n
t 

L

Head Neck Upper Neck Lower

Injury items

In
ju

ry
 r

at
e
 (
%
) 
(B

y 
S
ID

2
-
S
 t

o
le

ra
n
c
e
 v

al
u
e
)

 
SID2-S – Position 2 

0

10

20

30

40

50

60

70

80

90

100

H
IC

 (
1
5
m

s)

N
c
f

N
c
e

N
tf

N
te

F
le

c
ti

o
n

(R
e
fe

re
n
c
e
)

E
xt

e
n
si

o
n

(R
e
fe

re
n
c
e
)

T
e
n
si

o
n

C
o
m

p
re

ss
io

n

X
-
A

xi
s

M
o
m

e
n
t 

R

X
-
A

xi
s

M
o
m

e
n
t 

L

Z
-
A

xi
s

M
o
m

e
n
t 

R

Z
-
A

xi
s

M
o
m

e
n
t 

L

F
le

c
ti

o
n

E
xt

e
n
si

o
n
 

T
e
n
si

o
n

C
o
m

p
re

ss
io

n

X
-
A

xi
s

M
o
m

e
n
t 

R

X
-
A

xi
s

M
o
m

e
n
t 

L

Z
-
A

xi
s

M
o
m

e
n
t 

R

Z
-
A

xi
s

M
o
m

e
n
t 

L

Head Neck Upper Neck Lower

Injury Items

In
ju

ry
 r

at
e
 (
%
) 
(B

y 
S
ID

2
-
S
 t

o
le

ra
n
c
e
 v

al
u
e
)

 

 

 



 

Neale 1 

FIELD TEST OF A COOPERATIVE INTERSECTION COLLISION AVOIDANCE SYSTEM FOR 
VIOLATIONS (CICAS-V) 

Vicki L. Neale  
Zachary R. Doerzaph  
Virginia Tech Transportation Institute 
USA 
Paper Number 09-0478 
 
 
ABSTRACT 

The design objective of the Cooperative Intersection 
Collision Avoidance System for Violation (CICAS-
V) project is to create a system that presents a timely 
and salient in-vehicle warning to those drivers who 
are predicted, by means of an algorithm, to violate a 
stop-sign or signal-controlled intersection.  An on-
road test was conducted to evaluate the CICAS-V 
using naïve participants to demonstrate that all 
systems are mature for a Field Operational Test 
(FOT).  Data were evaluated from 72 naïve drivers 
representing both genders and three age groups who 
were placed into CICAS-V equipped vehicles to 
navigate a 2-hour prescribed route through equipped 
intersections in Virginia.  During the prescribed 
route, drivers crossed 10 stop-controlled and 3 signal-
controlled intersections equipped with CICAS-V 
making a variety of turn maneuvers through each for 
a total of 52 intersection crossings.  The rate at which 
drivers received correct, false, and missed warnings 
was evaluated.  Results indicate that the algorithms 
for both stop-controlled and signalized intersections 
were effective and that the prototype CICAS-V is 
mature for large-scale tests with naïve drivers.  
Participants in the study who received warnings rated 
the CICAS-V very favorably and felt that the system 
would be beneficial.  Recommendations were made 
for continuing with an FOT.  Furthermore, the 
methods for conducting the study were determined to 
be suitable for an FOT.  This study marked the first 
field test of the CICAS-V with naïve drivers.  Project 
participants included offices of the United States 
Department of Transportation, Daimler, Ford, 
General Motors, Honda, Toyota, and the Virginia 
Tech Transportation Institute. 

INTRODUCTION 

Intersection crashes account for thousands of injuries 
and fatalities in the United States every year 
(National Highway Traffic Safety Administration, 
2006).  Drivers running stop-controlled and red-
phased signalized intersections cost over $7.9 billion 
in economic loss each year (Najm et al., 2007).  The 
objective of a Cooperative Intersection Collision 

Avoidance System for Violations (CICAS-V) is to 
assist drivers in avoiding intersection crashes.  The 
basic design objective of the CICAS-V is to create a 
system that presents a timely and salient in-vehicle 
warning to those drivers who are predicted, by means 
of an algorithm, to violate a stop light or a stop sign.  
The warning is intended to elicit a behavior from the 
driver that will motivate him or her to respond 
appropriately to avoid a violation; by doing this, the 
driver will also avoid a potential intersection crash 
should cross traffic be present.  

The CICAS-V project consisted of 14 tasks to 
complete design, development, and testing of the 
CICAS-V (Maile et al., in print-c).  This paper 
describes the process and results of an on-road study 
to test the system.  Naïve drivers were placed into 
CICAS-V equipped vehicles to navigate a 2-hour 
prescribed route through designated intersections.  
The following sections report the method for this 
task.    

METHOD 

The experiment consisted of a Pseudo-Naturalistic 
Study (a pre-determined route on open roadways 
without an experimenter in the vehicle) investigating 
the CICAS-V in live traffic.  The methods and 
equipment used are described in the subsequent 
sections. 

Drivers 

Drivers were recruited through the newspaper, posted 
flyers, word of mouth, and the Virginia Tech 
Transportation Institute (VTTI) database of people 
who had expressed an interest in participating in 
studies.  On initial contact (usually over the phone), 
individuals were screened to ensure their eligibility 
for the study.  Eligibility criteria included restrictions 
barring participation by individuals with: 1) health 
conditions or medication intake that may interfere 
with their ability to operate a motor vehicle, or 2) 
more than two moving violations or any at-fault 
accidents within the previous three years.  The 
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criteria also included the requirement that drivers had 
to possess a valid driver’s license.   

CICAS-V Equipment and Data Acquisition 
System (DAS) 

The following sections describe the hardware and 
software used.  This includes the CICAS-V designed 
and developed, and the experimental equipment 
constructed, to directly support the study. 

     CICAS-V Description – The system engineering, 
system design, and prototype build of the CICAS-V 
were conducted by the Collision Avoidance Metrics 
Partnership Vehicle Safety Communications 2 
Consortium (CAMP VSC2), which included the 
representatives of Ford, General Motors, Daimler, 
Honda, and Toyota (Maile et al., in print-c).  The 
CICAS-V contains several components working 
together to predict a stop-sign or red-phased signal 
violation, and present a warning to the driver when 
appropriate.  To provide context, an overview of the 
CICAS-V is included.   

The CICAS-V is comprised of onboard equipment 
(OBE) and roadside equipment (RSE).  As part of the 
OBE, the Wireless Safety Unit (WSU) developed by 
DENSO is the central processing component of the 
CICAS-V network.  It is responsible for collecting 
data from the vehicle and sensors from which it 
computes an algorithm to predict when a violation 
may occur and, based on that prediction, issues a 
warning to the driver through the Driver-Vehicle 
Interface (DVI).  The WSU receives data from the 
vehicle Controller Area Network (CAN), the global 
positioning system (GPS), and Dedicated Short 
Range Communications (DSRC) messages.  These 
data are pre-processed and then evaluated in parallel 
with the warning algorithm.  If the algorithm predicts 
a violation, the WSU activates the DVI. 

The WSU controls the three DVI modalities – 
auditory, visual, and haptic.  The DVI has three 
states: 1) an inactive state when the vehicle is not 
approaching an equipped intersection; 2) a visual-
only indication when approaching an equipped 
intersection; and 3) a full warning mode that 
encompasses a “single stage” activation of the visual, 
auditory, and haptic alerts.   

The auditory warning consisted of a female voice 
stating “Stop Light” or “Stop Sign”, presented at 72.6 
dBA out of the front speakers, measured at the 
location of the driver’s head. 

The visual warning is displayed by a dash-mounted 
icon (Figure 1) positioned at the vehicle centerline 

near the cowl of the windshield.  As implemented in 
the vehicle, the visual icon was 11.6 mm (0.46 
inches) high and 11.6 mm (0.46 inches) wide.  It was 
illuminated as either steady, continuous blue 
(advisory), or flashing red (warning). 

 
Figure 1.  The visual display is located on the dash 
of the experimental vehicle. 

The haptic brake pulse command was sent to the 
Original Equipment Manufacturer (OEM) brake 
controller.  When the warning was activated, a single 
600-millisecond (ms) brake pulse was presented in 
conjunction with the visual icon and an auditory 
warning.  The brake pulse was triggered immediately 
before the onset of the visual and auditory warnings, 
so that deceleration would reach ~0.10 g at 
approximately the same time as the visual and 
auditory warning onset.  Peak deceleration from the 
haptic pulse was ~0.3g. 

To appropriately activate the DVI, the WSU required 
vehicle kinematic data from which the threat 
assessment was performed.  The OEM vehicle 
network provided data such as brake status and 
velocity to a Netway box.  The Netway box, 
exclusively programmed by each of the OEMs, was 
used to translate OEM-specific controller area 
network (CAN) messages to a standardized CAN 
format compatible with the WSU.  

A GPS system provided longitude/latitude 
positioning data to the WSU.  This allowed the WSU 
to place the vehicle on a digital representation of the 
intersection called the Geometric Intersection 
Description (GID).  GIDs were obtained from one of 
the three RSEs located at the signalized intersections.  
The RSEs provided GIDs for both stop-controlled 
and signalized intersections.  Each GID was retained 
on the WSU unless a newer version was provided by 
the RSE.   
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In addition to the GIDs, the RSEs also sent 
differential GPS corrections (allowing the vehicle to 
accurately place itself on the GID) and signal phase 
and timing (SPaT) information.  The messages were 
sent by a second WSU within the RSE.  The SPaT 
message was supplied to the RSE by custom 
firmware installed on the traffic signal controllers, 
while a GPS base station provided the differential 
corrections.   

     Vehicle DAS - The vehicle DAS was used to 
record digital video and kinematic data from multiple 
sources, and was composed of hardware, software, 
and data storage components (Stone et al., in print).  
The DAS collected variables representing the 
information necessary to reconstruct a vehicle’s 
intersection approach and the drivers’ interaction 
with the CICAS-V.  A short overview of the DAS is 
provided in this section. 

The vehicle DAS hardware consisted of a main unit, 
a video system, front and rear radar, and a GPS unit.  
The main unit contained an Embedded Platform for 
Industrial Computing (EPIC) single-board computer, 
hard drive, CAN communication, battery backup 
system, and several VTTI-developed sensor modules.  
Four unobtrusive cameras installed in the passenger 
compartment captured the scene in and around the 
vehicle.   

The DAS was attached directly to the OBE CAN 
which provided all of the CICAS-V variables.  The 
DAS recorded the CICAS-V variables for use in 
system validation and driver performance analyses.  
Variables pertinent to the study included the velocity, 
distance to the stop bar, DVI status, signal phase and 
signal timing.  Additional variables were also 
collected by the DAS from a network of sensors 
installed on the vehicle.  Front and rear radar units 
provided the range and velocity of lead and following 
vehicles.  A Crossbow™ inertial measurement unit 
provided three-axis acceleration and angular rate 
information. 

Data were stored on a 120GB removable hard drive 
within the main unit.  It was accessed and 
downloaded to a laptop over an Ethernet interface.  
The download interface included a system health-
check component that ensured data integrity was 
maintained between drivers.  This allowed quick 
transfer of data and indication of whether the 
participant received a warning without shutting down 
the system. 

     Custom-built Navigation System - In order to 
ensure that drivers could easily and reliably navigate 
the prescribed route, VTTI built a custom navigation 

system.  The custom navigation system consisted of a 
laptop computer and a low cost Wide Area 
Augmentation System (WAAS)-enabled GPS 
antenna.  The system played auditory instructions 
over a speaker in the front of the vehicle based on the 
current position of the subject along the route.  The 
custom software solution allowed the researchers to 
record the instructions to play and to guarantee the 
timing of the instructions so as not to distract the 
driver while approaching an equipped intersection. 

Pseudo-Naturalistic Study Protocol 

Upon arriving at the Institute, participants were met 
by the greeter and asked to read an informed consent 
form.  The form provided specific information about 
the study, including the procedures, risks involved, 
and measures for confidentiality.  After agreeing to 
the study and signing the informed consent, a health 
screening questionnaire was administered to ensure 
that participants did not have any conditions that 
would impair their ability to safely operate the test 
vehicle.  A Snellen vision test was conducted to 
ensure the participants’ visual abilities were within 
Virginia legal limits of corrected to 20/40 or better.  
A color vision test was conducted using the Ishihara 
Test for Color Blindness, and a contrast sensitivity 
test was performed.  The color vision test and the 
contrast sensitivity tests were recorded for possible 
future analyses but were not used for screening 
purposes.  If it was found that participants were not in 
good health, or if vision results fell outside the 
acceptable limits, they would be excused from the 
study and paid for their participation time.  Eligible 
participants were issued a short pre-drive 
questionnaire focusing on their driving experiences 
and habits. 

The pseudo-naturalistic field test was conducted on a 
predetermined route in Blacksburg and 
Christiansburg, Virginia.  The route was crafted to 
pass through many stop-controlled and signalized 
intersections while performing a variety of 
maneuvers (i.e., straight, left, and right turns).  The 
route was approximately 36 miles long, and 
contained 13 intersections that were integrated into 
the CICAS-V.  Three signalized and 10 stop-
controlled intersections were chosen for evaluation. 

The route led drivers through each equipped 
intersection multiple times and was designed with 
three goals in mind.  First, to ensure the driving 
participants’ comfort and minimize driving fatigue, 
the route had to be less than 2 hours in duration.  
Second, the route had to maximize the number of 
intersection crossings while retaining a feasible 
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number of intersections (time constraints did not 
allow for a large number of intersections to be 
integrated into the CICAS-V).  Finally, a variety of 
turn maneuvers were desirable in order to fully test 
the CICAS-V.  For example, correct operation of the 
CICAS-V at signalized intersections often depends 
upon lane position information; therefore, various 
turn maneuvers at signalized intersections would 
indicate if the system was correctly mapping the lane 
to its signal indication.  Also, a driver’s intersection 

approach often has different trajectory characteristics 
if the driver is turning left, right, or straight through 
the intersection; accommodating these approach 
variations directly relates to algorithm evaluation.  
The turn maneuver summary table for the 13 
intersections can be seen in Table 1.  There were a 
total of 20 signal-controlled intersection crossings 
and 32 stop-controlled intersection crossings along 
the route. 

 
Table 1. 

Summary of Turn Maneuvers for Pseudo-Naturalistic Study Experimental Method 

3 Signalized Intersections 10 Stop-Controlled 
Intersections 

 

Permissive Left Protected Left Straight Right Left Straight Right Total 

2 5 11 2 12 6 14 52 

 

After undergoing the initial paperwork process, 
participants were led outside where the experimenter 
introduced them to the test vehicle.  Participants were 
given a brief tutorial on basic vehicle functions, 
including ignition procedures, seat movement, and 
the HVAC (heating, ventilation, and air conditioning) 
system.  During the static pre-drive vehicle 
orientation, the different safety systems available in 
the experimental vehicle were briefly reviewed.  The 
systems reviewed with the participants were the 
forward collision warning, backing aid, and the 
CICAS-V such that drivers were led to believe that 
various safety systems were being evaluated.  The 
goal was to make the driver aware of the CICAS-V 
but not to emphasize it over the other available 
vehicle safety technologies.     

During the route, participants received turn-by-turn 
directions from the custom-built GPS-based 
navigation system.  The navigation system was 
audio-based and not an integrated vehicle system; 
therefore, in order to alleviate additional distractions, 
participants were instructed not to use the radio or 
CD player for the duration of the test drive.  
Emergency procedures were reviewed, including the 
location and proper use of a cellular telephone 
provided by VTTI.  Participants were encouraged to 
call the experimenter at VTTI, from a stopped 
location, using a number taped to the phone if they 
encountered any problems (e.g., getting lost, failure 
of the navigation system, or mechanical problems 
with the vehicle).  Once participants felt comfortable 
with the vehicle, they began the Pseudo-Naturalistic 
Study without any experimenter in the vehicle.   

 

 

When participants returned, a laptop running 
specialized software was attached to the trunk-
mounted DAS.  While the experimenter downloaded 
the data, the interface indicated the number of 
warnings that were issued and the number of 
intersections that were crossed.  This interface was 
used to determine which of the questionnaires was 
administered, based on whether a warning was 
issued.  In addition, the number of equipped 
intersection crossings was used to determine the 
extent to which the driver experienced the entire test 
route.  Since an experimenter was not present in the 
vehicle, it was foreseeable that some drivers might 
not follow the prescribed route or would not correctly 
understand the navigation instructions.  Therefore, to 
motivate drivers to stay on route, a bonus was 
provided for drivers who crossed more than 40 
equipped intersections.    

At the same time, the greeter met the participants and 
led them indoors to a private office.  Drivers then 
completed one of two post-drive questionnaires 
depending on whether they did or did not receive a 
warning.  The questionnaires assessed what aspects 
of the CICAS-V system the drivers noticed and what 
they thought of the system. 

Upon completion of the post-drive questionnaire, 
participants were paid, thanked for their time, and 
dismissed.  The route took approximately 2 hours to 
complete, and with pre- and post-drive procedures, 
total participation time was 2 hours 45 minutes.   

An important note for the Pseudo-Naturalistic Study 
protocol is that not every participant in the study 
experienced the same warning algorithms.  As stated 



 

Neale 5 

previously, one of the goals of the study was to 
iteratively refine the warning algorithm.  In other 
words, researchers conducted initial data reviews to 
determine the success of the warning algorithms, and 
make changes based on the driving outcomes.  This 
aspect of the study, including the breakdown of 
subjects receiving each algorithm, is discussed in 
detail in the Results and Discussion section. 

Validation and Analysis Techniques 

Recall that the primary purpose of the study was to 
determine how well the CICAS-V operated in order 
to determine if the system was mature enough for an 
FOT.  To determine the validity of a violation 
warning, several variables in addition to the video 
were viewed by the data reduction staff.  These were: 

• DVI Status: The DVI was disabled because the 
vehicle was not within range of an intersection, 
or it was within range of an intersection and 
providing the blue “intersection ahead” icon, or 
it was within range of an intersection and 
providing a violation warning. 

• Current Approach Phase: Red, Yellow, or Green 
• Brake Status: The driver was either pressing the 

brake or not pressing the brake. 
• Distance to Stop Bar (m): Distance from the 

front of the vehicle to the stop bar.  This was 
used together with “vehicle speed” to determine 
if the algorithm was warning correctly. 

• Improved Distance to Stop Bar (m):  Distance to 
stop bar with missing points filled in using GPS.  
The raw Distance to Stop Bar provided by the 
WSU would drop out whenever the vehicle was 
not placed on the GID.  The Enhanced Distance 
to Stop Bar continued to provide data during 
those drop outs. 

• Intersection ID: The identification number that 
was assigned to each CICAS-V intersection and 
incorporated into the GID. 

• Longitudinal Acceleration (g): Used to determine 
whether or not the brake pulse activated 
appropriately. 

• On GID:  A binary indication of whether the 
vehicle is map-matched to the GID.  It was used 
to determine when the vehicle was not map-
matched within the warning region. 

• Present Lane: As labeled and identified in the 
GID.  Associated with the signal phase and video 
to ensure that the system was identifying the 
correct lane position and warning accordingly. 

• SPaT Counter:  A counter that increments when 
the OBE is receiving messages from the RSE.  It 
was used to determine when SPaT messages 
were not received within the warning region. 

• Vehicle Speed (m/s): Used with “distance to stop 
bar” to determine if the algorithm was warning 
correctly. 

The primary goal of data reduction was to validate 
CICAS-V warnings that were automatically 
identified in the parametric data.  Data reductionists 
determined if the CICAS-V warning was appropriate 
by reviewing the video.  For the signalized 
intersections, data reductionists examined the 
intersection signal phase and timing relative to the 
vehicle proximity to the stop bar.  If the signal phase 
was red and the vehicle was over the stop bar, the 
warning was deemed appropriate.  For the stop-
controlled intersections, data reductionists verified 
that the warning was provided at a stop-controlled 
intersection and prior to the vehicle crossing the stop 
bar. 

The Data Analysis and Reduction Tool (DART) was 
used to validate events.  DART is a software package 
developed at VTTI that provides a user interface for 
the viewing and reducing of digital data.  It contains 
user-configurable video and graphical interfaces, and 
allows users to simultaneously view synchronized 
video and graphical data streams frame by frame.   

RESULTS AND DISCUSSION 

Ninety-three drivers participated in the Pseudo-
Naturalistic Study.  System failures (that will be 
discussed later in the paper) caused data to be 
retained for 87 drivers; these data were utilized to 
complete the analyses for the Pseudo-Naturalistic 
Study, as summarized in Table 2.   

Table 2. 
Distribution of Drivers by Age and Gender who 
had Data Analyzed in the Pseudo-Naturalistic 

Study Analyses 

Age 
Group 

Gender 
Total 

Male Female 

18-30 17 15 32 

35-50 10 14 24 

55+ 15 16 31 

Total 41 45 87 
 

Recall that one of the goals of the study was to 
iteratively refine the warning algorithm.  In other 
words, researchers conducted initial data reviews to 
determine the success of the warning algorithms and 
make changes based on the driving outcomes.  
Because drivers approach stop-controlled 
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intersections differently than they approach 
signalized intersections, two algorithms were used.  
The algorithms, the process for evaluation, and the 
criteria for determining success are discussed in the 
following sections.   

     Stop-Controlled Algorithm 1 Results - The 
initial stop-controlled intersection warning algorithm 
incorporated into the CICAS-V was derived directly 
from the results of a previous CICAS-V study, Neale 
et al. (in print).  Over 160 algorithms were analyzed 
during the course of that effort.  The performance of 
each potential algorithm was based on its 
effectiveness in predicting a pending violation while 
minimizing false detections based on naturalistic 
intersection approach data.  In addition, other 
measures, such as the location at which a violation 
warning would be provided, likelihood of annoyance, 
algorithm complexity, and data requirements, were 
also considered.   

Fifteen drivers experienced Stop-Controlled 
Algorithm 1, resulting in a total of 493 stop-
controlled intersection crossings with 50 CICAS-V 
warnings being initiated.  (Note that there were 32 
stop-controlled intersection crossings on the route.  
When multiplied by the 15 drivers experiencing Stop-
Controlled Algorithm 1, one would expect a total of 
480 crossings.  However, a few drivers made wrong 
turns along the route and actually crossed the 
intersections more often than was planned.)  Table 3 
illustrates the distribution of drivers, by age and 
gender, which experienced Stop-Controlled 
Algorithm 1. 

Table 3. 
Distribution of Drivers by Age and Gender who 

Experienced Stop-Controlled Algorithm 1* 

Age 
Group 

Gender 
Total 

Male Female 

18-30 2 1 3 

35-50 1 4 5 

55+ 4 3 7 

Total 7 8 15 

*Note: These drivers are a portion of the total number 
of drivers who participated in the Pseudo-Naturalistic 
Study. 

Since the data were downloaded after each drive, the 
number of warnings was immediately displayed on 
the vehicle DAS, which provided quick general 
feedback about alert frequency.  When the driver 
received at least one warning, researchers reviewed 
the parametric and video data in detail to determine 

the prevalent conditions of each warning.  A review 
of the warnings indicated that the subset of drivers 
who experienced alerts received them at five stop-
controlled intersections.  After reviewing the 
intersections’ geometry, it was noted that the alerts 
were occurring on intersection approaches that had a 
3.8 to 7% uphill grade. 

Stop-Controlled Algorithm 1 considered brake status 
when determining whether drivers should receive a 
violation alert.  That is, if a driver was pressing the 
brake, it was assumed the driver was attentive to the 
intersection and the alert was suppressed.  On uphill 
grades, drivers tended to press the brake later in their 
approach, using gravity to slow the vehicle.  Since 
the algorithms were developed on flat intersection 
approaches, the later braking caused the warning to 
activate more often than was expected. 

A review of the video and questionnaire data 
(discussed later) indicated that, although the drivers 
always came to a safe stop, they tended to become 
either annoyed or, possibly, entertained by repeated 
warnings.  Based on these results, the decision was 
made to change the warning algorithm for stop-
controlled intersections to one that did not rely on 
brake status to determine when a warning should be 
initiated.  After reviewing the possible algorithms 
discussed in Neale et al. (in print), a new algorithm 
(Stop-Controlled Algorithm 2) was selected and 
integrated into the OBE. 

The post-drive questionnaire was completed by the 
13 drivers who received the total 49 valid warnings at 
stop-controlled intersections.  Data show that drivers 
found the alerts useful, effective at communicating a 
possible violation, and attention getting.  There were 
also several potential negative trends in responses.  
More drivers responded that, when receiving a 
violation warning, they tended to brake without 
checking for following traffic.  Also, drivers tended 
to find the alert annoying when it was deemed 
unnecessary.  This response is not surprising, and, in 
part, motivated the change to Stop-Controlled 
Algorithm 2.  Three drivers admitted to intentionally 
trying to activate the warning system and three 
drivers said they would have turned the system off if 
they could.  It is interesting to note that both aspects 
of the visual DVI, the blue “intersection ahead” icon 
and red flashing visual alert, were viewed less 
favorably than the speech alert and brake pulse 
warning.  Several drivers noted, in the open-ended 
comment section, that they did not notice the visual 
icons.  Suggested potential improvement to the visual 
DVI included a more conspicuous visual display that 
was a little larger and placed closer to the driver. 
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     Stop-Controlled Algorithm 2 Results - Subtask 
3.2 predicted that Stop-Controlled Algorithm 2 would 
correctly warn 60% of the violators and incorrectly 
warn less than 5% of the compliant drivers.  A total 
of 72 drivers completed the Pseudo-Naturalistic 
Study protocol using the revised warning algorithm 
(Table 4).  This resulted in a total of 2,125 valid 
intersection crossings at stop-controlled intersections 
with a total of three warnings issued.  (Again, recall 
that there were 32 stop-controlled intersection 
crossings.  When multiplied by the 72 drivers, one 
would expect a total of 2,304 crossings.  However, as 
will be discussed in the Evaluation of the Study 
Systems section, data were sometimes lost due to 
system deficiencies.) 

Table 4. 
Distribution of Drivers by Age and Gender who 

Experienced Stop-Controlled Algorithm 2* 

Age 
Group 

Gender 
Total 

Male Female 

18-30 15 14 29 

35-50 9 10 19 

55+ 11 13 24 

Total 35 37 72 

*Note: These drivers are a portion of the total number 
of drivers who participated in the Pseudo-Naturalistic 
Study. 

All three warnings occurred at the same intersection 
while making the same straight-crossing maneuver.  
The intersection is in the middle of a straight road 
with a stop sign that is partially occluded at longer 
distances.  The violation warnings were provided to 
three different drivers: a younger male, a middle-
aged male, and an older male.  In all three cases, they 
did not show indications of intending to stop prior to 
the warning, yet stopped before entering the 
intersection box after the warning was issued.  The 
drivers’ peak decelerations ranged from 0.46 g to 0.6 
g and the average decelerations ranged from 0.33 g to 
0.41 g.  

The post-drive questionnaire results from drivers who 
experienced Stop-Controlled Algorithm 1 can be 
compared to those provided by the three drivers who 
each experienced a single violation warning while 
driving with Stop-Controlled Algorithm 2.  These 
three drivers were issued a warning at the same 
occluded intersection.  The subjective responses from 
these three drivers were more favorable than those 
provided by drivers who experienced Stop-Controlled 
Algorithm 1.  This is an expected outcome, since one 

would expect that drivers who experienced the 
CICAS-V in the manner it was intended to operate 
(rare warnings issued only when needed by the 
driver) would find the system more agreeable.  
Overall, drivers were satisfied with the system and 
recognized that they were in danger of violating the 
stop sign when they received the warning. 

Signalized Intersection Algorithm Results 

The signal-controlled intersection warning algorithm 
incorporated into the CICAS-V was also developed 
during the previous CICAS-V effort report in Neale 
et al. (in print).  The Signalized Intersection 
Algorithm was predicted to correctly warn 83% of 
the violators and incorrectly warn less than 5% of the 
compliant drivers.  As will be discussed, the warning 
was deemed successful throughout data collection 
and was not changed.  Therefore, the CICAS-V 
utilized the same signalized warning timing for all 
drivers who participated in the Pseudo-Naturalistic 
Study.  A total of 87 drivers completed the pseudo-
naturalistic protocol, as summarized in Table 5.  This 
resulted in a total of 1,455 valid intersection 
crossings at signalized intersections.   

Recall that there were 20 signal-controlled 
intersection crossings that occurred through the three 
instrumented signalized intersections.  When 
multiplied by the 87 drivers, one would expect a total 
of 1,740 crossings.  However, as will be discussed in 
the Evaluation of the Study Systems section, data 
were sometimes lost due to system deficiencies. 

Table 5. 
Distribution of Drivers by Age and Gender who 

Experienced Signalized-Warning Algorithm 
during the Pseudo-Naturalistic Study* 
Age 

Group Gender Total 

 Male Female  

18-30 17 15 32 

35-50 10 14 24 

55+ 15 16 31 

Total 41 45 87 
*Note that these are all drivers who participated in 
the Pseudo-Naturalistic Study since the algorithm did 
not change. 

A total of seven violation warnings occurred at 
signalized intersections: one valid warning, two 
invalid warnings due to an emergency vehicle signal 
preemption, and four invalid warnings due to an 
incorrect GID for the intersection.   
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For the valid warning, a middle-aged male 
approached a signalized intersection to make a 
straight-crossing maneuver.  He was in the right-most 
straight through-lane following a vehicle with about 
1-second headway.  The signal became visible in the 
video at 53m (173 ft) and is in the yellow state.  The 
driver does not show any indication of intending to 
brake until after the pre-warning process (a 500 ms 
process to initialize the warning) had started.  Three-
hundred ms later, the driver begins to brake.  The 
pre-warning process finished and a warning is issued 
200 ms after the braking began.  The driver brakes 
safely to a stop before crossing the stop bar.  
Although it cannot be determined with certainty, the 
driver’s braking prior to the warning likely indicates 
intent to stop.  The driver did not show any visible 
expression in response to the warning.  If the driver 
had not stopped, it appears a violation would have 
occurred, based on the location of the lead vehicle, 
which crosses over the stop bar as the signal turned 
red. 

Two similar invalid warnings occurred when an 
emergency vehicle preempted the traffic signal.  In 
both cases, the drivers were approaching a signalized 
intersection within a few minutes of the emergency 
vehicle.  When the emergency vehicle approached 
the intersection, the traffic controller switched to a 
priority mode, which guarantees a green phase for the 
emergency vehicle.  Unfortunately, the specialized 
firmware installed in the traffic controllers did not 
update the RSE with the correct SPaT messages 
when the signal was in the priority mode.  As a result, 
the CICAS-V interpreted the signal phase as red 
when, in actuality, the preemption had caused the 
signal to turn green.  This resulted in CICAS-V 
warnings issued on a green phase.  One of the drivers 
handled the false warning in a calm manner without 
making any abrupt driving maneuvers.  The second 
driver appeared startled and initially slowed the 
vehicle in response to the alert.  The driver then made 
a quick assessment of the situation and chose to 
proceed through the intersection.  Notably, a 
following vehicle did have to slow in response to the 
test vehicle.  The signal priority addressable system 
issue is discussed further in the Evaluation of the 
Study Systems section. 

Finally, four invalid warnings occurred due to an 
incorrect GID for one of the signalized intersections.  
The faulty GID incorrectly labeled the left-most 
through lane as the left turn lane, and associated the 
through lane with the dedicated left-turn signal head.  
The problem occurred when the drivers were making 
a straight-crossing maneuver in the left-most through 
lane, which had a green-phased light; the adjacent 

left-turn lane had a red-phased light.  The CICAS-V 
would note the red-phase for the left-turn lane, and 
warn the driver who was actually in the through lane 
with a green-phase. 

The problem of the incorrect GID was identified by 
the research team the first time that a false alert was 
issued.  However, since the driver responded calmly 
to the false alert and proceeded through the 
intersection appropriately, the incorrect GID was left 
in place.  This allowed the team to learn more about 
how drivers respond when receiving a false alert 
during a green phase.  The second and third time this 
occurred, those drivers also responded in a calm 
manner, assessed the situation quickly, and 
proceeded through the intersection.  The final driver, 
however, was very startled by the warning on a green 
phase, and responded with abrupt braking that, under 
some conditions, had the potential to result in a rear-
end collision with the following vehicle.  Of 
particular importance, a following vehicle both 
applied the brakes and steered around the test vehicle 
in order to avoid a collision.  Following this event, 
the correct GID was loaded onto the RSE.  This issue 
is discussed further in the Evaluation of the Study 
Systems section. 

The post-drive questionnaire was completed by the 
six drivers who experienced an invalid signalized 
violation warning while driving.  One of these six 
drivers also received one valid signalized intersection 
violation warning.  Overall, drivers thought the 
system was effective and did not rate the system as 
distracting or annoying.  This is likely due to the fact 
that, even though the alerts were invalid, the alert 
frequency was considerably lower than with Stop-
Controlled Algorithm 1.  Also consistent with 
responses by drivers who received valid alerts, the 
red flashing visual alert and the “intersection ahead” 
icon were viewed less favorably than the speech and 
brake alerts. 

     Questionnaire Results from Drivers Who Did 
Not Experience a Violation Warning - Recall that 
drivers who completed the study without receiving a 
violation warning also completed a questionnaire.  
For these drivers, the only exposure to the CICAS-V 
would have been the opportunity to notice the blue 
“intersection ahead” icon at equipped intersections.  
Therefore, this questionnaire contained few 
questions, most of which asked the driver to rate their 
experiences with the “intersection ahead” display.  
The results are interesting in that there is a trend 
indicating that the drivers did not find the blue 
“intersection ahead” icon annoying or distracting; 
however, these drivers also felt that the visual-only 
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DVI was ineffective in communicating the intended 
information and not easily detected.  Drivers often 
did not complete the questionnaire, presumably 
because they did not notice the blue icon.  These 
results are consistent with the other questionnaire 
results that indicate that drivers often did not notice 
the blue “intersection ahead” display.  Interestingly, 
many drivers took the time to provide feedback in the 
final open question on the questionnaire.  Overall, 
drivers expressed a desire to have the display be more 
conspicuous. 

Evaluation of the Study Systems  

One goal of the study was to evaluate the CICAS-V 
and DAS hardware and software performance on live 
roads in order to demonstrate FOT readiness.  
However, it should be noted that the CICAS-V 
software tested during the field test was not the final 
software release.  Version 1.11 of the software was 
implementable for this field test at the time of testing; 
however, the final release was Version 1.15.  There 
were several improvements to the software during the 
releases after 1.11 that would have likely improved 
the results presented in this section.  In particular, as 
will be discussed shortly, improvements made in the 
intersection selection method and the wireless 
protocol updates may have improved the system 
performance, as shown by tests performed in other 
CICAS-V tasks (Maile et al., in print-b, in print-a). 

Another important note is that the DAS was not 
equipped with an independent set of sensors to verify 
these data.  As a result, these analyses are somewhat 
limited in that they assume that the data provided by 
the WSUs are accurate. 

The CICAS-V hardware and software were evaluated 
using two metrics; the system log and the DVI status 
variable.  The system log was maintained by the 
experimenters.  It consisted of a list of hardware and 
software issues that were encountered during the 
study.  Most of the problems identified from the 
system log were addressed with upgrades to the 
CICAS-V application software or were not problems 
with the CICAS-V system itself.  The predominant 
log entry indicated a Netway box failure.  When the 
Netway failed, the WSU did not receive vehicle 
network information (e.g., speed).  Without this 
information, the system was unable to perform the 
CICAS-V functions.  Portions of several drives, and 
in some cases, entire drivers were lost due to this 
malfunction.   Approximately 5% of data were lost 
due to this deficiency.   

The DVI status variable was used to identify how 
often the CICAS-V was fully capable of providing a 

warning.  Using the blue “intersection ahead” icon as 
the indicator of the range of the vehicle, it was 
identified that the CICAS-V was enabled 96% of the 
time at either stop-controlled or signalized 
intersections.  When the system was disabled, over 
half of the periods were longer than 1 second.  From 
these results, it appears that most of these periods 
have the potential to result in a late warning if the 
driver happens to violate while the system is 
disabled, and the impact on the CICAS-V 
effectiveness may be substantial, potentially negating 
the CICAS-V safety benefit.  

The hardware and software of the vehicle DAS were 
evaluated.  The vehicle DAS hardware and software 
showed less than a 1% data loss.   

RECOMMENDATIONS AND STUDY 
LIMITATIONS 

This study was a pilot test to perform the first on-
road naïve-driver system-level test of the CICAS-V.  
The following sections describe the implications that 
may be drawn.  

The CICAS-V System is FOT Ready 

The on-road data collection indicated that the 
CICAS-V functions reliably and as intended for the 
purpose of conducting an FOT.  The issues that were 
noted with the system during data collection have 
already been largely resolved with CICAS-V 
application software upgrades.  The problems that are 
outstanding at the time of writing this paper are not 
problems with the CICAS-V itself, but relate to just 
this initial implementation.  First, the invalid 
warnings that occurred when an emergency vehicle 
preempted the signal, which caused the RSE to report 
incorrect phase information, are being addressed by 
the signal controller company.  The occasional failure 
of the Netway box during data collection is not an 
issue of the CICAS-V per se; however, it is an issue 
that would need further attention in order to minimize 
data loss during an FOT.  Approximately 5% of data 
were lost due to this deficiency.  For the FOT, it is 
likely that the WSU software would be specialized 
for each vehicle platform, making the Netway box 
unnecessary.   

CICAS-V Algorithms are FOT Ready 

The study successfully tested two algorithms for 
stop-controlled intersections and one algorithm for 
signalized intersections.  Although Stop-Controlled 
Algorithm 1 was not deemed successful, its 
successor, Stop-Controlled Algorithm 2, successfully 
warned three different drivers of an occluded 
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intersection.  Signalized Intersection Algorithm 1 
provided a valid and timely warning to a driver 
approaching a light through a phase change. 

The Vehicle DAS is FOT Ready 

The Vehicle DAS performed well during the study.  
Although there was a hard drive malfunction during 
the course of the study, very little data were lost (2 
hours out of 191 hours total) due to Vehicle DAS 
equipment failures.  It is recommended that variables 
that were not useful for the pilot be eliminated from 
collection to save storage space and simplify the 
resulting database. 

Pilot Study Protocols are FOT Ready 

The protocols, pre-drive questionnaires, and post-
drive questionnaires worked well for the pilot study 
and can be implemented during an FOT. 

The CICAS-V Appears to Provide a Benefit to the 
Driver 

Every driver who was provided with a valid violation 
warning throughout data collection came to a stop 
before the intersection box.  The valid violation 
warnings provided from the best performing 
algorithms, Stop-Controlled Algorithm 2 and the 
Signalized Intersection Algorithm, are of particular 
interest since the scenarios mimic those for which the 
CICAS-V was designed.  Those scenarios are an 
occluded stop-controlled intersection that drivers had 
trouble detecting, and a signalized intersection with 
lead traffic going into a phase change.  Of course, the 
results from this study alone cannot provide an 
accurate cost/benefit trade off, but the results from 
this study indicate a potential benefit of the system.  

Drivers like the CICAS-V 

Subjective data on post-test questionnaires indicate 
that drivers generally like the CICAS-V.  A common 
critique of the system was the conspicuity of the 
visual display.  Nonetheless, this is a minor critique 
considering that: 1) the visual display was not 
designed into the original dash configuration and was 
added; 2) drivers had little time with the vehicle (2 to 
3 hours) to become accustomed to the display; 3) the 
speech and brake pulse modalities are very effective; 
and 4) for the purposes of conducting an FOT, the 
visual display can be viewed as a secondary indicator 
to the speech and brake pulse warning modes and 
could be modified to improve conspicuity.  

 

Limitations of the Study 

One shortcoming of the research is that data 
collection concluded without benefit of testing the 
final version of the CICAS-V application.  As stated, 
the study was conducted using Version 1.11 of the 
software.  By the time data collection had ended and 
the experimenters had given feedback to the CICAS-
V developers, Version 1.15 had been developed, 
reflecting four software upgrades and several 
incorporated system refinements.  Therefore, it is 
recommended that a small study be conducted prior 
to an FOT to test the upgraded software. 

Also, this study was conducted in the small 
metropolitan region of Blacksburg, Virginia.  In this 
area, the GPS coverage was adequate for testing the 
system, the state Department of Transportation was 
very supportive, and the proximity to data collectors 
was ideal.  Alternative locations are likely to provide 
different and, likely, additional challenges relative to 
those that were met by the research staff.  As such, 
the trade-offs of alternative locations would need to 
be carefully considered prior to selecting the final 
FOT site. 
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ABSTRACT 
 
Nearly a half century ago, the General Motors 
Research Laboratories, developed the high 
performance Electrovair, with an induction motor 
drive and solid state controller; the Lunar Rover, 
GM’s Mark on the Moon; passive occupant 
protection; separation cruise control; optical lane 
following; and an electrochemical rechargeable 
Lithium Iodine engine. 
 
In 1968, a new company called Minicars grew out of 
this earlier work.  This group developed prototype 
electric, gas and hybrid electric powered versions of a 
small car for the U.S. government.  In 1970, Minicars 
was a subcontractor to AMF for the development of 
its Experimental Safety Vehicle.  
 
The Minicars’ Research Safety Vehicle (RSV) was 
conceived in 1975 as a 1985 prototype.   It was to be 
an S3E vehicle: Safe, Environmental, Efficient and 
Economical.  It was built with foam filled, thin wall 
sheet metal sections and a polyurethane skin.  This 
car passively protected occupants in 80 kph (50 mph) 
full frontal, 129 kph (80 mph) half car offset frontal, 
64 kph (40 mph) angled side, rear and 48 kph (30 
mph) rollover dynamic tests.  An electronic version 
incorporated antilock brakes, radar separation cruise 
control, and emergency braking when a crash was 
unavoidable.  A production version was to weigh 
2,200 pounds, carry four people, and get 32 mpg.  It 
also had 16 kph (10 mph) frontal and rear no damage 
bumpers and 80 km (50 mile) run flat tires.   
 
Only years later have advanced air bags – as featured 
in the RSV – become standard in all light vehicles.  
In the decades since the ESV program and dynamic 
regulatory testing began, National Highway Traffic 
Safety Administration (NHTSA) now estimates that 
airbags save 2,500 lives annually, but we still lose 
about 12,000 people in frontal, 9,000 in side and over 
10,000 in rollover crashes.  We can do better by 
simply looking back to what the RSV program 
achieved.   
 
 

INTRODUCTION 
 
The basic technology began sixty years ago when the 
transistor was newly invented. Cutting edge 
production technology was employed by the Navy to 
develop missile and fire control systems using 
subminiature vacuum tubes. Infrared optical systems 
were unknown except for secret military purposes 
like the Sidewinder missile. Navigation was by dead 
reckoning.  Computers used punch card input and 
storage.   
 
Nearly half a century ago, the General Motors 
research laboratories developed the high-performance 
electric vehicle called the Electrovair, shown in 
Figure 1, with an induction motor drive and solid 
state controller; the lunar rover shown in Figure 2, 
GM's mark on the moon; passive occupant 
protection; separation cruise control; optical lane 
following; and an electrochemical rechargeable 
lithium iodine engine. 
 

 
Figure 1.  GM Electrovair. 
 

 
Figure 2.  Lunar Rover. 
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METHOD 
 
This paper uses the history of automobile safety 
technology as developed in the late 60’s and 70’s as a 
basis for discussion and conclusions.  
 
40 years ago the American Machine and Foundry 
(AMF) contracted with Minicars, Inc. to develop one 
of the Experimental Safety Vehicle (ESV) in 
competition with GM, Ford and Fairchild Hiller. The 
specifications were for kph 80 kph (50 mph) frontal 
impact protection to unrestrained occupants,  64 kph 
(40 mph) side impact protection and 48 kph (30 mph) 
rollover protection. All the specifications were met 
and AMF won the competition.  All of the ESVs 
were heavy and ugly as illustrated by the AMF 
version in Figure 3. 
 

 
Figure 3.  AMF Version of ESV. 
 
37 years ago, Minicars received a contract from 
NHTSA for the “Crashworthiness of a Subcompact 
Car”. It was to develop structural modifications to a 
Ford Pinto such that it could provide 80 kph (50 
mph) frontal impact protection and 48 kph (30 mph) 
side and rear protection. A companion program 
involved developing frontal airbags to work with the 
structure for unrestrained occupants. [1][2] The 
structural modifications were to create closed section 
boxes of thin sheet metal in the vehicle’s structural 
voids to absorb energy. These sections were 
retrofitted then with the first dual chamber designed 
airbags. The resulting vehicle shown in Figure 4, a 
station wagon version, met all the specifications.  A 
remarkable result because the Pinto was a flimsy 
vehicle in a US fleet of heavy, monstrous vehicles.     
 

 
Figure 4.   NHTSA Subcompact Car Wagon. 
 
35 years ago Minicars received a contract for the 
phase 1 development of a Research Safety Vehicle 
(RSV) in competition with Ford, VW, 
Calspan/Chrysler and AMF.  The RSV was to be 
characterized and specifications prepared for a 4 
passenger vehicle, protecting unrestrained occupants 
in 80 kph (50 mph) frontal, 64 kph (40 mph) side and 
rear impacts and in a 48 kph (30 mph) rollover. The 
program began with an accident analysis considering 
the societal cost by vehicle class, clock position and 
Delta V range as shown in Figure 5 & 6.  
 

 
Figure 5.  Societal Cost Methodology. 
 

 
Figure 6.  Clock Position and Delta V Range. 
 
 
 
 



 

Friedman 3 

At the time the best data was from interpreting the 
Multi-disciplinary Accident Investigation (MDAI) 
files.  That data by AIS level and impact clock 
position was as shown in Figure 7.  It identified the 
angled offset frontal as the major source of frontal 
injury, although it is still ignored today.  Since the 
current systems are designed for ± 9° frontal barrier 
tests, is there any wonder why we are saving 2500 
lives and losing 12,000?  
 
The structural design concept was carried over from 
the Subcompact Car Crashworthiness program.  It 

was to be foam filled, thin wall, sheet metal structure. 
A “safety payoff analysis” was conducted to assess 
and order the benefits (payoff) from each additional 
safety design feature. The conceptual design is shown 
in Figure 8.  
 
The detailed areas of different density foam filling 
are shown in the body and doors in Figure 9. The 
styling buck which defined the concept is shown in 
Figure 10. 
 

  

 
Figure 7.  1970 Accident data by clock position and AIS level from MDAI files. 

 

           Figure 8.  RSV Conceptual Design  
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                                              Figure 9.  Detailed areas of foam filling. 
 
    

 
           Figure 10.  Side view of RSV. 
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30 years ago the first prototype Minicars Research 
Safety Vehicle and the Large Research Safety 
Vehicle toured the United States in conjunction with 
a Department of Transportation, Public Service 
Announcement on television, narrated by Loren 
Green (of Bonanza).  That Public Service 
announcement and the NHTSA commissioned film; 
“The RSV Answer” is available on request. [3] See 
Figure 11 and 12 
 

 
Figure 11.  Minicars Safety Research Vehicle. 
 
 
 
 
 
 
 
 

 

 
Figure 12.  Minicars Large Safety Research 
Vehicle. 
 
The LRSV, like the Subcompact Car 
Crashworthiness Pinto was modified by stripping 
some 900 pounds from a 1978 Chevrolet Impala and 
substituting foam filled sheet metal box sections and 
installing a transverse mounted Volvo dual turbo 
charged engine matched to a four speed transmissions 
and front wheel drive.  Three were built; one was 
frontal crashed at 64 kph (40mph) and a second at 48 
kph (30 mph) in the side.  The third was kept in 
Washington until destroyed.  The administrator of 
NHTSA had it driven to Detroit and drove the 
president and executive VP’s of GM, Ford and 
Chrysler around town. A drawing of the LRSV 
showing the foam filling is in Figure 13. 
 

 
                      Figure 13.  Foam filled areas on the LRSV. 
 
29 years ago at the 1980 ESV conference in 
Wolfsburg, Germany, reports on the performance of 
10 prototype vehicles independently tested in 
England, France, Germany and Japan were 
submitted.  Except for handling deficiencies (panned 

28 years ago in 1981 the final reports on the program 
were published. [4], [5], [6]  The summary page 
describing the program is Figure 14. 

by Porche and Mercedes) and normal prototype 
glitches, the vehicles did very well.
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Figure 14.  Minicars RSV Program Final Report Cover. 
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The overall dimensions and shape of the RSV are 
shown in Figure 15.  Notice that the roof is rounded 
without corners to allow the vehicle to roll like a 
cylinder.  It was a concept then and a proven 
geometric way to improve occupant injury potential 

today.  See the companion papers in this conference 
“Vehicle Roof Geometry and its Effect on Rollover 
Roof Performance” and “A Proposed Rollover and 
Comprehensive Rating System”. [7][8]

 

 
                                   Figure 13.  Foam filled areas on the LRSV. 
 
SAFETY CONCEPTS INHERENT IN THE RSV 
 
The research safety vehicle included and 
demonstrated the following innovative and unique 
features in the base design:  
 

• 50 mph frontal impact protection airbags for 
unrestrained occupants of the front seat [4] 
(see Figure 16)  

 
• 40 mile an hour side impact protection with 

adding and come posit glazed windows [9] 
(see Figure 17) 

 
• 40 mph rear impact protection with 

seatbacks suspended from the roof with a 
clear plastic headrest [10] (see Figure 18)  

 
• 10 mile an hour front and rear restorable 

bumpers [4] (see Figure 9) 
 

• A 25 mph energy absorber that was 
replaceable behind the bumper [4] (see 
Figure 9) 

 
• A rigid structure from the firewall in the rear 

to the foot well in the front [11] (see Figure 
8) 

 

• A Honda CVCC four-cylinder transverse 
engine in the rear with four speed manual 
transmission 

 
• Doors that integrated with the structure 

providing longitudinal strength and side 
impact padding [10] (see Figure 19) 

 
• An 84 mile per hour frontal offset impact 

capability 
 

• A pedestrian friendly front end design. 
 

• Gull wing doors (16” clearance to adjacent 
vehicles) which closed over structure for 
easy entry and exit to the front and rear seats  
(see Figure 20) 

 
The passenger airbag system is shown in Figure 16.  
It is a large bag system, in which the torso portion is 
inflated first and then that bag is vented to the head 
bag.  At that time less than 15% of vehicles had belts 
and wore them.  The key issue for the industry as 
expressed by Dr. David Potter, executive VP of 
Environmental staff at GM, was product liability.  
Although not implemented in the base vehicle, the 
electronic version with proximity radar for 
emergency braking could pre-impact deploy the bags 
relatively slowly avoiding out of position and onset 
bag slap injuries to the chest.  Although Nissan built 
their ESV around this deployment concept it is still  
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not in use today. Another innovation was the solution 
to rear impact head rests.  As shown in Figure 17, a 
transparent plastic head rest was connected between 
the roof and the top of the seat back.  This assured 

that in a rear impact the neck would go into flexion 
while allowing a lightweight seat back.  
 

 

 
Figure 16.  Airbags for unrestrained occupants of the front seat. 

 
 

 
Figure 17.  Side impact protection with adding and composite glazed windows.  

 

 
Figure 18.  Seatbacks suspended from the roof with a clear plastic headrest. 
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The vehicle was designed with deeply padded gull 
wing doors for side impact protection.  The windows 
were made of a glass plastic laminate which was 
integrated to the doors to avoid rollover ejections for 
the largely unbelted occupants of the time. 
 
 
 
 
 
 
 
 

Figure 19.  Door with side impact padding. 
 

 
Figure 20.  Gull Wing Doors. 
 
 
 
 
 
 



 

Friedman 10 

The front end of the vehicle was designed for 
pedestrian and larger vehicle compatibility.  It was 
designed in three sections.  The bumper was of 
restorable plastic good to 16 kph (10 mph) but also to 
contact a pedestrian at up to 40 kph (25 mph) and 
capture him on the hood and luggage compartment.  
There was a bolt-on energy absorber of medium 

density foam which would collapse and absorb 
energy of another 24 kph (15 mph), before the third 
and main structural section was to deform.  This 
provided a mild low G crash pulse as shown in 
Figure 21and 22. 
 

 

  
                                       Figure 21.  50 mph Front Barrier Test with the RSV.        

 

 
                                     Figure 22.  40mph Frontal Barrier Test with the LRSV. 
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THE ELECTRONIC RSV 
 
Although the basic RSV was targeted as a production 
vehicle for 1985 a number of features were 
anticipated to be available a few years later. Those 
features were incorporated into an Electronic RSV 
[9], [12], which was identical to the regular models, 
as follows: 
 

• A 4 speed electronically shifted automatic 
transmission 

 
• A radar cruise control system 

 
• Four wheel anti-lock brakes 

 
• Radar activated emergency braking 

(Collision Mitigation System) 
 

• Radar activated proximity warning   
 

• airbag pre-impact firing sensors 
 
DISCUSSION 
 
The Minicars RSV was such a departure from the 
U.S. industry position on what could be done in the 
way of safety improvements and occupant protection 
that NHTSA destroyed all vehicles, lost 22 boxes of 
test films and data and did not publicize the final 
report.  But that is not the point.  The point is that 
here we are 30 years later and though we are 
beginning to see some voluntary implementation of 
some features, it is because it may help to sell cars 
not necessarily because it will improve safety.   

 
In the US, there are more than 10,000 fatalities each 
year in rollovers. Almost half of the fatalities are 
from ejections, which wouldn’t happen with the 
RSV’s pitch balance, composite windows, rounded 
roof and strong roof structure. [7] 
 
Consumers review an occupant protection rating 
system which gives four or five stars to vehicles 
which don’t protect 12,000 fatalities in frontal 
impacts and 9,000 in side impacts  
 
At the time the RSV came into being the societal cost 
of crashes in the US was about $30 billion, today it is 
about $300 billion.  In the current reassessment of 
economic priorities, there ought to be some 
consideration for implementing improved safety 
features in small economical cars.  The myth that 
small cars cannot be made as safe as large cars must 
be dispelled.  It is only a correct statement if the 
caveat “all other things being kept equal” is added.   
 
The airbags in the RSV were designed with dual 
chambers, shown in Figure 23 whose walls limited 
the extent to which the bag protruded towards the 
occupant and it distributed the gas through a central 
chamber venting the gas to peripheral chambers. The 
driver bag was wheel mounted shown in Figure 24 
and 25 on a collapsible column which provided 5 
inches of additional decelerating stroke. The size of 
the bags captured the occupant such that he was 
protected in 30° principle direction of impact force 
circumstances. Current bag systems provide 9° of 
principle impact force protection to 35 mph. 

 
 
 

 
                                                 Figure 23.   Driver restraint side view. 
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                                                Figure 24.  Driver steering column.   
 

 
                                             Figure 25.   RSV collapsible column and driver bag. 
 
When airbags were finally implemented as a 
supplemental safety system it was projected that they 
would be 9% better than the three-point belts. That 
projection seems to have come true since NHTSA 
estimates that airbags save 2,500 lives annually.  
Today’s airbags are small, non-chambered and only 
cover 9 degrees of impact.  We still lose 12,000 
people in frontal collisions every year. If the type of 
airbag built into the RSV were in use today, at least 
6000 more lives would be saved. [7]  
 
The RSV wasn’t a dream and its performance can be 
a reality today.   
 
CONCLUSIONS 
 
Although designed 35 years ago the RSV is still a 
prototype for improved occupant protection safety. 
Two of the features of the RSV, highlighted here are: 
 

• the roof structure, geometry and composite 
glazing 

 

• the pre-impact sensed deployment of 
chambered airbags  

 
The combination of just these two features alone has 
the potential to save thousands of lives. 
 
The author is highly concerned that in the U.S. we 
are complacent and satisfied with the results of the 
limited safety features the manufacturers have 
implemented and the Department of Transportation 
has done nothing about it for years.  Still we loose 
thousands of Americans in Frontal and Side Impact 
Crashes and it is completely unnecessary. The RSV 
features would have saved many lives that have been 
lost, but for the governments indulgence of the 
manufacturers reluctance to put safety ahead of 
profits. And the worst thought is that it continues 
today, where manufacturers seem to say they have 
done all they can with safety for Frontal and Side 
impacts, yet the RSV shows definitively that they 
have not. 
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ABSTRACT 
 
The study focused on the mechanisms which result in 
passenger cars over turning. Approximately 21% of 
the car occupant fatalities examined in the UK’s Co-
operative Crash Injury Study (CCIS) experienced a 
rollover. However rollovers are shown to be complex 
events, which can occur with or without impact(s) 
and are not always the principal cause of the resulting 
occupant injuries. 
 
The study differentiates the different types of 
rollovers and presents the influencing factors which 
precede them. Rollover events are divided into three 
categories: simple rollovers which don’t involve a 
significant impact; rollovers followed by impact(s); 
and impacts followed by rollovers. 
 
The research correlated the cars’ dynamic motion 
immediately prior to the initiation of the roll, the 
mechanisms which caused the car to roll and the 
consequences with respect to occupant injury. A 
significant proportion of the cars were identified as 
‘sliding’ laterally to some degree prior to the roll and 
off-road soft surfaces such as grass or earth were the 
most frequent roll initiators. Cars were also described 
as skidding or having lost control prior to leaving the 
road or striking a kerb or other roadside object or 
other vehicle. For this reason Electronic Stability 
Control (ESC) systems were identified as an 
important countermeasure with respect to potentially 
preventing a proportion of future rollover accidents.  
 
Occupants, who were either fully or partially ejected 
from their cars, were strongly linked to severe injury 
outcome. Seat belts (ideally used in conjunction with 
other restraint devices designed to prevent either all 
or part of the occupants’ body leaving the car through 
window apertures during the rollover) were shown to 
be effective.   
 
 
 
 
 
 

INTRODUCTION 
 
The data source for this paper is the UK’s Co-
operative Crash Injury Study (CCIS), which is one of 
Europe’s largest car occupant injury causation studies 
(www.ukccis.org). 
 
The programme of research started in 1983 and 
continues to investigate real-life car accidents. Multi-
disciplinary teams examine crashed vehicles and 
correlate their findings with the injuries the victims 
suffered to determine how car occupants are injured. 
The objective of the study is to improve car crash 
performance by continuing to develop a scientific 
knowledge base, which is used to identify the future 
priorities for vehicle safety design as changes take 
place. 
 
CCIS investigates and interprets real-world car 
occupant injury crashes retrospectively.  Police 
reported injury road traffic crashes from defined 
geographical areas of England are reviewed to 
establish if they meet the CCIS sample criteria.  The 
basic selection criteria used for the accidents 
presented in this analysis were: 
 

• The accident must have occurred within the 
investigating teams geographical area 

• The vehicle must be a car or car derivative 
• The vehicle must have been less than 7 years 

old at the time of the accident 
• The vehicle must have at least one occupant 

who is injured (according to the police) 
• The vehicle must have been towed from the 

scene of the accident. 
 
Accidents were investigated according to a stratified 
sampling procedure, which favoured cars that met the 
age criteria and contained a fatal or seriously injured 
occupant as defined by the British Government 
definitions of fatal, serious and slight.  Where 
possible all crashes that met the criteria and involved 
a CCIS classified fatal or seriously injured occupant 
were investigated.  Random selections of accidents 
involving slight injury were also investigated, up to a 
target maximum. 
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Vehicle examinations were undertaken at recovery 
garages several days after the collision.  An extensive 
investigation of the cars’ residual damage and 
structural loading along with detailed descriptions of 
the restraint system characteristics and any occupant 
contact evidence was recorded using the CCIS data 
collection protocols.  This process allows the nature 
and severity of the impact(s) and/ or rollover damage 
to be precisely documented so different crash types 
can be compared. 
 
Where practical the investigation teams visit the 
scenes of rollover crashes a day or two after the crash 
and gather evidence with respect to the highway and 
environmental factors. 
 
Car occupant injury information was collected from 
hospital records, coroners’ reports and questionnaires 
sent to survivors.  The casualties’ injuries were coded 
using the Abbreviated Injury Scale [1].  AIS is a 
threat-to-life scale and every injury is assigned a 
score, ranging from 1 (minor, e.g. bruise) to 6 
(currently untreatable).  The Maximum AIS injury a 
casualty sustains is termed MAIS.  The scale is not 
linear; for example, an AIS 4 is much more severe 
than two AIS scores of 2. 
 
The casualties’ characteristics (age, gender, seat belt 
use) and injury information were correlated with the 
vehicle investigation evidence.  This methodology 
allows the causes and mechanisms of the injuries to 
be documented. 
 
Accidents investigated between December 2002 and 
September 2008 were included in the analysis (CCIS 
Phases 7 and 8 – to data release 8h). 
 
RESULTS AND DISCUSSION 
 
The relationship between impact type and injury 
severity for the car occupants in CCIS is shown in 
Table 1. In total, of the 8,526 occupants recorded in 
CCIS with known MAIS, 1,341 (16 %) were in cars 
which rolled over. 

Table 1. 
Impact types and injury severity for car occupants 

in CCIS 
Type of 
Collision 

Survivors (MAIS) Killed Total 
0 1 2+ 

Single impact      
Frontal 642 1840 740 137 3359 

Right side 204 601 172 61 1038 
Left side 128 334 142 84 688 

Rear 49 204 18 8 279 
Multiple impact 256 856 303 112 1527 
Rollover 176 776 284 105 1341 
Other 9 7 4 4 24 
Total 1464 4618 1663 511 8256 

Rollovers are over-represented for occupants with 
higher injury severities, especially for occupants who 
were killed: of the 511 fatally injured occupants, 105 
(21 %) were in rollovers. 
 
Single vehicle accidents made up 38% of all 
accidents which resulted in serious or fatal injury 
(MAIS 2+) in the CCIS dataset. Rollovers occurred 
in 7% of multi-vehicle and 41% of single vehicle 
accidents. Of all the rollover accidents, 73% were 
single vehicle accidents. 
 
 

 

 
CCIS examines cars and car derivatives (light 
goods/commercial vans). Comparing the proportions 
of different vehicle types involved in CCIS accidents 
showed that 31% of off-road vehicles rolled over 
compared to 9% of estate cars. 
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Figure 2. Percentage of vehicles by type which 
rolled over 
 
Table 2 categorises the occupants involved in 
rollovers into four distinct groups, depending on 
whether there was a significant impact as well as the 
rollover, and whether that impact occurred before or 
after the roll. Fay et al. [2] presented similar results 
and also commented that:  
 
‘In practice, the characteristics of vehicle rollover 
can be more complicated than such analysis suggest 
because of the large number of vehicles which 
experience multiple events in crash sequences, 
including combinations of impacts and rollover 
events.’ 

Single 
34%

Multi 
62% 

Single 
38% 

Rollovers 7% Rollovers 41% 

All MAIS 2+ Accidents 

Figure 1. Proportion of single and multi vehicle 
accidents that result in rollovers 
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Table 2. 

Categories of rollover 
Type of 
Rollover 

Survivors (MAIS) Killed Total 
0 1 2+ 

Rolled before 1st 
impact 

15 79 31 20 145 

Rolled after last 
impact 

96 390 149 54 689 

Rolled without 
any impacts* 

59 289 92 25 465 

Rolled between 
impacts 

6 17 11 6 40 

Other - 1 1 - 2 
Total 176 776 284 105 1341 
* Significant impacts 
 
Depending on exactly what caused them to roll, the 
groups where a rollover occurred before an impact 
are the groups of casualties for whom the rollover 
may have been prevented if an active safety system, 
such as ESC, was fitted to the vehicle [3]. A 
limitation of this analysis was that the fitment of ESC 
systems was not correlated with the pre-roll vehicle 
dynamics. Future work is planned to account for 
these systems and to quantify their real world effects 
and potential limitations. 
 
The following diagrams (Figure 3 and Figure 4) show 
how the data was grouped for the analysis from this 
point on. The occupants were split by severity, with 
the “non-injured” and “slight” casualties (MAIS 0-1) 
separated from the “serious and killed” (MAIS 2-6) 
casualties. It should be noted that there was one 
occupant who had a MAIS of 1, who was killed; this 
occupant has been included in the “serious and 
killed” group of casualties. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Distribution of rollover types for 
occupants with no or slight injuries 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Distribution of rollover types for 
occupants with serious or fatal injuries 
 
Occupants who had a roll then an impact, and a roll 
but no impact, are subsets of the “Rollover +” group 
– occupants where the rollover occurred first. This 
was the first group of occupants studied to see which 
factors influenced or caused their cars to roll. The 
characteristics of the pre-roll events were then 
compared with the respective injury outcomes. The 
occupants in the two subsets of roll this group 
encompasses were also analysed. 
 
Following this, the occupants in vehicles which had 
an impact first, then rolled over, were investigated. 
 
Rolled first 
 
This section investigates the characteristics of the 
rollovers where the rollover occurred before an 
impact, or where there was no impact. Table 3 shows 
how the cars’ attempted manoeuvres related to the 
direction of travel of the cars immediately before the 
rollover, for the occupants whose car rolled before 
any impact (or rolled and did not have an impact). 
 
A large number of these vehicles were travelling on 
left and right bends, and were sliding (they had lost 
control). These vehicles accounted for 204 (33 %) of 
the occupants in cars which rolled over first. These 
are occupants where it is possible that ESC may have 
prevented the rollover and resultant injuries, by 
preventing the initial loss of control. A further 136 
(22%) casualties were in cars described as attempting 
to proceed ‘Forwards’, but were also known to be 
sliding or have lost control prior to rolling. The 
precise reasons for these vehicles having lost control 

Rollovers MAIS 2+ 
 100%  

(n=389) 

Rollover +  
43.2%  

(n=168) 

Impact + Rollover 
56.5%  

(n=220) 

Roll + Impact 
13.1%  
(n=51) 

Roll and No Impact 
30.1% 

(n=117) 

Rollovers MAIS 0-1 
 100% 

(n=952) 

Rollover +  
46.4%  

(n=442) 

Impact + Rollover 
53.5%  

(n=509) 

Roll + Impact 
9.9%  

(n=94) 

Roll and No Impact 
36.6% 

(n=348) 



Cuerden 4 
 

were not always known, but included poor 
manoeuvres and avoidance actions such as swerving 
to negotiate obstacles/ other vehicles. It is reasonable 
to assume that a proportion of these incidents could 
have been prevented if ESC was fitted to all the cars. 
 

Table 3.  
Manoeuvre prior to event versus direction of 

travel at start of event – rolled first 
Cars’ 
direction of 
travel at the 
start of event 

Manoeuvre prior to event Total 
Forwards Left 

bend 
Right 
bend 

Other/ 
unknown 

Forwards 107 37 31 24 199 

Forwards & 
sliding to R 

67 60 19 9 155 

Forwards & 
sliding to L 

49 8 63 3 123 

Rearwards - 4 - - 4 
Rearwards & 
sliding to R 

2 4 6 - 12 

Rearwards & 
sliding to L 

3 1 - - 4 

Purely 
sideways to R 

9 11 12 1 33 

Purely 
sideways to L 

6 3 17 - 26 

Unknown 42 1 - 11 54 
Total 285 129 148 48 610 
 
Table 4 shows the initiating factor of the rollovers. 
The most frequent initiation of the rollovers for all 
injury severities was grass/earth or some other soft 
surface.  

Table 4.  
Roll initiation – rolled first 

Roll initiation 
influence 

Survivors (MAIS) Killed Total 
0 1 2+ 

Kerb 14 62 24 7 107 
Gradient up 2 11 12 3 28 
Gradient down 8 31 11 3 53 
Grass/ earth or 
soft surface 

30 158 47 23 258 

Tarmac/ hard 
surface 

14 67 15 4 100 

Other vehicle 1 7 2 1 11 
Safety barrier/ 
low structure 

- 8 3 - 11 

Fence/ high 
structure 

- 3 1 2 6 

Sharp turning or 
spinning 

3 11 5 2 21 

Not known 2 10 3 - 15 
Total 74 368 123 45 610 
 
With the exception of “tarmac / hard surface”, “other 
vehicle” and “sharp turning or spinning”, the 
initiating factors all indicate that the vehicle left the 
carriageway, or struck something on the edge of the 
carriageway. 
 

Table 5 shows the direction of roll of the vehicle, and 
the seating position and injury severity of the 
occupants.  

Table 5. 
Direction of roll by seating position and injury 

severity – rolled first 
Direction of 
roll 

Survivors (MAIS) Killed Total 
0 1 2+ 

Roll to Right      
Driver 21 122 40 19 202 
Front passenger 9 46 11 3 69 
Rear passenger 9 30 15 2 56 
Not known - 1 - - 1 
 39 199 66 24 328 
Roll to Left      
Driver 10 89 39 15 153 
Front passenger 8 40 8 3 59 
Rear passenger 14 26 3 2 45 
Not known 1 1 - - 2 
 33 156 50 20 259 
Rear over front      
Driver - 7 4 - 11 
Front passenger 1 2 1 - 4 
Rear passenger - 2 - - 2 
Not known - - - - 0 
 1 11 5 - 17 
Front over rear      
Driver 1 1 - 1 3 
Front passenger - - - - 0 
Rear passenger - - - - 0 
Not known - - - - 0 
 1 1  1 3 
Not known 0 1 2 0 3 
Total 74 368 123 45 610 
 
The majority of the casualties (96 %) either rolled 
right to left or left to right. In order to simplify the 
analysis of roll direction and seating position in the 
car, the offside occupants in cars which rolled to the 
right were combined with the nearside occupants in 
cars which rolled to the left, and vice versa, to create 
two groups. Only seat belted occupants were 
selected. The injury severity of these groups is shown 
in Table 6. 
 

Table 6. 
Roll direction and seating position – rolled first 

Roll direction and 
seating position 

MAIS 
0&1 

MAIS 2-6 Total 

Seated on side adjacent 
to direction of roll 

133 
78.7% 

36 
21.3% 

169 

Seated on opposite side 
to direction of roll 

115 
72.3% 

44 
27.7% 

159 

Total 248 80 328 

 
This shows that occupants seated on the opposite side 
to the direction of roll (for example, drivers whose 
cars rolled from right to left) tend to be more severely 
injured. This may be related to the kinematics of the 
occupants at the moment the roof makes contact with 
the ground – the occupant seated on the opposite side 
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to the roll will accelerate towards the roof more than 
the occupant seated on the same side to the roll. 
 
Figure 5 shows the direction of the force which 
initiated the roll, and also shows whether the vehicle 
rolled to the left or rolled to the right. 
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Figure 5. Direction of roll initiation force – rolled 
first 
 
The majority of the rolls to the right had an initiation 
direction of force of 2 or 3 o’clock. The majority of 
rolls to the left had an initiation direction of force of 
9 or 10 o’clock. 
 
Figure 6 shows the point of action of the initiation 
forces, with two thirds of the initiation forces of rolls 
to the right and left applied to both the respective 
wheels.   
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Figure 6. Point of action of initiation force – rolled 
first 
 
Figure 7 shows the surface on which the vehicles that 
rolled over landed. There is virtually no difference 
between the landing surface and the direction of roll, 

implying cars leave the carriageway to the left and 
right evenly. 
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Figure 7. Landing surface – rolled first 
 
 
Roll and no impact 
 
The “roll and no impact” group is a subsection of the 
“rolled first” group. This section analyses the 
characteristics and consequences of rolls where there 
was no impact. 
 
Figure 8 shows the relationship between the number 
of rolls and the injury severity of the occupants. The 
number of rolls is recorded as multiples of 0.25, 
where 0.25 rolls would be a roll onto the side, 0.5 
rolls would be a roll onto the roof, etc. 
 

 

Figure 8. Number of rolls by severity – roll and no 
impact 
 
Occupants in vehicles which rolled two or more times 
tend to be more severely injured, although there were 
relatively few vehicles that rolled this often. Slightly 
injured occupants are over-represented in vehicles 
which rolled 0.5 times. 
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Figure 9 shows the relationship between injury 
severity of the occupants, and whether their vehicle 
was airborne during the rollover. 
 

 

Figure 9. Severity of occupants and whether 
vehicle was airborne – roll and no impact 
 
The relationship between injury severity and whether 
the vehicle was airborne is clearer than the 
relationship between the number of rolls. Of the 
occupants with MAIS 0-1, the vehicle was not 
airborne for almost 70 % of the occupants. For 
occupants with MAIS 2-6, the vehicle was not 
airborne for 55 % of the occupants.  
 
For the vehicles which rolled, the most frequent area 
of most significant damage was the roof (47 % in 
total, 47 % of MAIS 0-1 occupants, and 45 % of 
MAIS 2-6 occupants). Table 7 explores the 
relationship between ejection and seat belt use for the 
occupants in a vehicle which rolled but had no other 
impact. 
 

Table 7. 
Ejection and seat belt use – roll and no impact 

Ejection Seat belt use Total 
Used Not used Not 

known 
None     
MAIS 0-1 231 31 82 344 
MAIS 2-6 42 16 15 73 
 273 47 97 417 
Full     
MAIS 0-1 1 1 - 2 
MAIS 2-6 1 17 - 18 
 2 18 - 20 
Partial     
MAIS 0-1 3 - - 3 
MAIS 2-6 17 4 4 25 
 20 4 4 28 
Total     
MAIS 0-1 235 32 82 349 
MAIS 2-6 60 37 19 116 
 295 69 101 465 
 
 

It is clear that seat belt use and full ejection in 
rollovers are strongly related. 75 % of occupants who 
were not ejected were wearing a seat belt, compared 
to only 10 % of occupants who were fully ejected. 
Occupants who were fully ejected were also much 
more likely to have severe injuries; 18 % of 
occupants who were not ejected had MAIS 2-6, 
compared to 90 % of occupants who were fully 
ejected. 
 
Severe injury was also common among occupants 
who were partially ejected, with 89 % having MAIS 
2-6. However the seat belt use of these occupants was 
relatively high, at 83 % which implies that seat belts 
prevent full ejection, but other systems (e.g. curtain 
airbags) are also required in order to prevent partial 
ejection. 
 
Table 8 and Table 9 show the AIS 2+ and AIS 3+ 
injuries received by the occupants in cars which 
rolled over with no other impact. 
 

Table 8. 
Proportion of occupants with AIS 2+ injuries, by 
seat belt use and body region – roll and no impact 

Injured ISS body region 
Percentage AIS 2+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt 
use not 
known 

MAIS 2+ (n) 60 37 19 

Head AIS 2+ 45% 56.8% 36.8% 
Face AIS 2+ 1.7% 2.7% 10.5% 
Thorax AIS 2+ 25% 59.5% 36.8% 
Abdomen AIS 2+ 13.3% 21.6% 21.1% 
Limbs AIS 2+ 51.7% 67.6% 47.4% 
External AIS 2+ 8.3% - 5.3% 

 
Table 9.  

Proportion of occupants with AIS 3+ injuries, by 
seat belt use and body region – roll and no impact 

Injured ISS body region 
Percentage AIS 3+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt 
use not 
known 

MAIS 2+ (n) 60 37 19 

Head AIS 3+ 23.3% 48.6% 26.3% 
Face AIS 3+ - 2.7% - 
Thorax AIS 3+ 15% 48.6% 26.3% 
Abdomen AIS 3+ 5% 10.8% 10.5% 
Limbs AIS 3+ 15% 24.3% 31.6% 
External AIS 3+ 1.7% - - 

 
For seat belted occupants, the most frequent AIS 2+ 
and AIS 3 + injuries were to the head and the limbs. 
For non-belted occupants, the most frequent AIS 2+ 
injuries were to the head, thorax and limbs, and the 
most frequent AIS 3+ injuries were to the head and 
thorax. Occupants not wearing a seat belt generally 
had more injuries to more body regions, and the 
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proportion of thorax injuries especially increased for 
occupants not wearing a seat belt. 
 
Table 10 shows how the injury severity of front seat 
occupants depended on the direction of the roll. Only 
occupants wearing a seat belt were selected for this 
table. 

Table 10. 
Roll direction and seating position – roll and no 

impact 
Roll direction and 
seating position 

MAIS 
0&1 

MAIS 2-6 Total 

Seated on side adjacent 
to direction of roll 

105 
80.8% 

25 
19.2% 

130 

Seated on opposite side 
to direction of roll 

83 
72.8% 

31 
27.2% 

114 

Total 188 56 244 

 
This shows that occupants seated on the opposite side 
to the direction of roll (for example, drivers whose 
cars rolled from right to left) tend to be more severely 
injured. 
 
For seat belted occupants only, no statistical 
relationship was found with respect to the number of 
rolls, surface rolled onto, initiation influence or 
initiation type when comparing MAIS 0-1 and MAIS 
2-6 occupants. However, the proportion of occupants 
in airborne vehicles was greater for MAIS 2-6. 
 
Roll followed by impact  
 
The group of occupants whose vehicle rolled before 
having an impact is also a subset of the occupants 
who rolled first. However, this group of 145 
occupants is relatively small compared to the number 
who rolled over without an impact, so less detail is 
presented. Also, because these vehicles had an impact 
following the rollover, it is difficult to distinguish the 
injurious effects of the rollover from those of the 
impact. 
 
Figure 10 shows the relationship between the number 
of rolls of the vehicle and the injury severity of the 
occupants. This shows no clear relationship between 
the two variables, but the vehicles as expected rolled 
fewer times than those which rolled without 
subsequent impact(s). 

 

Figure 10. Number of rolls by severity – roll 
followed by impact 
 

Figure 11 compares the injury severity of the 
occupants to whether their vehicle was airborne. 
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Figure 11. Severity of occupants and whether 
vehicle was airborne – roll followed by impact 
 

As for rollovers with no impact, the severity is 
greater in rollovers where the vehicle has become 
airborne. 
 
For the occupants in vehicles which rolled over then 
had an impact, the principal damage was to the roof 
of the car (61 cases, 16 MAIS 2+); the left (20 cases, 
5 MAIS 2+) and right (18 cases, 6 MAIS 2+). This 
shows that principal damage is less often to the roof 
when the vehicle has an impact as well as a roll. 

 
Table 11 shows the relationship between seat belt 
use, ejection, and injury severity for the occupants in 
rollovers followed by an impact. 
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Table 11. 
Ejection and seat belt use – roll followed by 

impact 
Ejection Seat belt use Total 

Used Not used Not 
known 

None     
MAIS 0-1 71 5 17 93 
MAIS 2-6 22 6 4 32 
 93 11 21 125 
Full     
MAIS 0-1 - - - 0 
MAIS 2-6 - 9 1 10 
 - 9 1 10 
Partial     
MAIS 0-1 1 - - 1 
MAIS 2-6 5 3 1 9 
 6 3 1 10 
Total     
MAIS 0-1 72 5 17 94 
MAIS 2-6 27 18 6 51 
 99 23 23 145 
 
All of the occupants who were fully ejected, and for 
whom seat belt use was known, were not wearing a 
seat belt. These occupants were all seriously injured 
or killed. 
 
Table 12 and Table 13 show the proportion of AIS 2+ 
and AIS 3+ injuries received by the occupants by 
body region and seat belt use. 
 

Table 12.  
Proportion of occupants with AIS 2+ injuries, by 
seat belt use and body region – roll followed by 

impact 
Injured ISS body 
region Percentage 
AIS 2+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 2+ (n) 27 18 6 

Head AIS 2+ 52% 72% 50% 

Face AIS 2+ 11% 6% - 

Thorax AIS 2+ 59% 72% 67% 

Abdomen AIS 2+ 19% 33% 17% 

Limbs AIS 2+ 56% 50% 50% 

External AIS 2+ 4% - 17% 

 
Similarly to rollovers without impacts, the injuries 
were dominated by head, thorax and head injuries. 
Occupants who were not wearing a seat belt had 
more injuries to more body regions, especially head 
and thorax injuries. 
 

Table 13.  
Proportion of occupants with AIS 3+ injuries, by 
seat belt use and body region – roll followed by 

impact 
Injured ISS body 
region Percentage 
AIS 3+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 3+ (n) 27 18 6 

Head AIS 3+ 48% 61% 50% 

Face AIS 3+ - 6% - 

Thorax AIS 3+ 44% 61% 67% 

Abdomen AIS 3+ 4% 28% - 

Limbs AIS 3+ 15% 17% - 

External AIS 3+ - 6% 33% 

 
 
Impact followed by roll 
 
Rollovers which occurred after an impact are likely to 
be different to rollovers which occurred before an 
impact or with no impact. Because this paper 
concentrates on the causes and consequences of 
rollovers, factors which are likely to be affected by 
the initial impact as well as the rollover, and where 
the effects of each cannot be distinguished (for 
example, roll direction and injury severity by seating 
position) have not been analysed here. 
 
Table 14 shows the relationship between the 
manoeuvre prior to the impact, and the car’s direction 
of travel at the start of the event. Compared to 
rollovers which occurred before / without an impact, 
a smaller proportion were sliding and travelling 
around a bend (16 % compared to 33 %). This 
suggests that the prevention of loss of control by ESC 
would have a relatively smaller effect of reducing 
rollover for these occupants. Similarly, the casualties 
described as in cars travelling ‘Forwards’ and sliding 
laterally to some degree represent about 28% of the 
“Impact followed by roll” group. These crashes often 
involved the car striking another vehicle or object and 
losing control or spinning before rolling over. ESC is 
likely to offer less benefits in these situations 
compared with the rolled first group.  
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Table 14.  
Manoeuvre prior to event versus direction of 

travel at start of event – impact followed by roll 
Cars’ 
direction of 
travel at the 
start of event 

Manoeuvre prior to event Total 
Forwards Left 

bend 
Right 
bend 

Other/ 
unknown 

Forwards 178 46 27 34 285 
Forwards & 
sliding to R 74 15 11 18 118 
Forwards & 
sliding to L 58 11 30 14 113 
Rearwards 4 2 2 4 12 
Rearwards & 
sliding to R 5 - - - 5 
Rearwards & 
sliding to L 2 9 - - 11 
Purely 
sideways to R 39 16 3 11 69 
Purely 
sideways to L 19 5 19 3 46 
Unknown 42 2 2 24 70 
Total 421 106 94 108 729 

 
Table 15 shows the initiating factor of the rollovers 
by the injury severity of the occupants. 
 

Table 15.  
Roll initiation – impact followed by roll 

Roll initiation 
influence 

Survivors (MAIS) Killed Total 
0 1 2+ 

Kerb 10 43 12 2 67 
Gradient up 2 15 6 3 26 
Gradient down 8 30 16 4 58 
Grass/ earth or 
soft surface 24 86 33 16 159 
Tarmac/ hard 
surface 13 78 15 2 108 
Other vehicle 14 62 15 10 101 
Safety barrier/ 
low structure 12 43 28 9 92 
Fence/ high 
structure 5 19 18 8 50 
Sharp turning or 
spinning 9 14 11 1 35 
Other - 6 - 2 8 
Not known 5 11 6 3 25 
Total 102 407 160 60 729 

 
Compared to rollovers which occurred before / 
without an impact, the proportion of rollovers 
initiated by impact with another vehicle was much 
greater. However, grass/earth or soft surface was still 
the most frequent initiating factor. 
 
Figure 12 and Figure 13 show the direction of the 
initiation force and the point of action of this force 
respectively.  
 

 

Figure 12. Direction of roll initiation force – 
impact followed by roll 
 

 

Figure 13. Point of action of initiation force – 
impact followed by roll 
 
The majority of rolls to the right and left are still 
caused by initiation forces to the left and right wheels 
respectively. 
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Figure 14. Landing surface – impact followed by 
roll 
 
Figure 14 shows that the surface the vehicles landed 
on was not related to the direction of the roll, but the 
carriageway or road surface was proportionally much 
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more common (~ 45%) compared to roll first 
incidents (~ 30%). 
 
Figure 15 shows the relationship between the number 
of rolls and the MAIS of the occupants. 
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Figure 15. Number of rolls by severity – impact 
followed by roll 
 
Occupants in a vehicle which rolled 0.25 times and 
0.5 times tended to have a lower injury severity 
compared to these occupants in vehicles with more 
rolls. However, there is a much clearer relationship 
between injury severity and whether the vehicle 
became airborne, which is shown in Figure 16. 
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Figure 16. Severity of occupants and whether 
vehicle was airborne – impact followed by a roll 
 
This figure shows that just over 60 % of the MAIS 2-
6 occupants were in a vehicle which did not become 
airborne, compared to about 80 % of MAIS 0-1 
occupants. 
 
 
 
 
 
 
 
 

Table 16 explores the relationship between seat belt 
use, ejection and injury severity.  
 

Table 16. 
Ejection and seat belt use – impact followed by 

roll 
Ejection Seat belt use Total 

Used Not used Not 
known 

None     
MAIS 0-1 310 61 124 495 
MAIS 2-6 100 36 31 167 
 410 97 155 662 
Full     
MAIS 0-1 - 4 - 4 
MAIS 2-6 4 20 2 26 
 4 24 2 30 
Partial     
MAIS 0-1 5 2 3 10 
MAIS 2-6 10 9 6 25 
 15 11 9 35 
Unknown     
MAIS 0-1 - - - 0 
MAIS 2-6 - 2 - 2 
 - 2 - 2 
Total     
MAIS 0-1 315 67 127 509 
MAIS 2-6 114 67 39 220 
 429 134 166 729 
 
As seen for all other types of rollover impact, the risk 
of ejection was much greater for occupants who were 
not wearing a seat belt, and the injury severity of all 
ejected occupants tended to be higher than for 
occupants who were not ejected. 
 
Table 17 and Table 18 show the AIS 2+ and AIS 3+ 
injuries received by the occupants in cars that rolled 
following an impact. 
 

Table 17.  
Proportion of occupants with AIS 2+ injuries, by 

seat belt use and body region – impact followed by 
roll 

Injured ISS body region 
Percentage AIS 2+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 2+ (n) 114 67 39 

Head AIS 2+ 42.1% 61.2% 43.6% 

Face AIS 2+ 10.5% 6.0% 5.1% 

Thorax AIS 2+ 45.6% 46.3% 41.0% 

Abdomen AIS 2+ 26.3% 25.4% 17.9% 

Limbs AIS 2+ 50.0% 49.3% 48.7% 

External AIS 2+ 1.8% 1.5% 7.7% 
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Table 18.  
Proportion of occupants with AIS3+ injuries, by 

seat belt use and body region – impact followed by 
roll 

Injured ISS body 
region Percentage 
AIS 3+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 3+ (n) 114 67 39 

Head AIS 3+ 26.3% 41.8% 28.2% 

Face AIS 3+ - 1.5% 2.6% 

Thorax AIS 3+ 36.8% 37.3% 35.9% 

Abdomen AIS 3+ 9.6% 9.0% 7.7% 

Limbs AIS 3+ 11.4% 22.4% 12.8% 

External AIS 3+ - 1.5% 5.1% 

 
Like occupants in other rollovers, the injuries were 
dominated by injuries to the head, limbs and thorax. 
However, unlike occupants in the other types of 
rollover, the proportion of unrestrained occupants 
receiving thorax, abdomen, or limb AIS 2+ injuries, 
and thorax or abdomen AIS 3+ injuries, was very 
similar to the proportion received by occupants 
wearing a seat belt. This was due in part to the nature 
of these accidents, where, for example some 
casualties experienced significant side impacts 
involving direct loading of their torso before their car 
rolled over.   
 
CONCLUSIONS 
 
Approximately 21% of the car occupant fatalities 
examined in the UK’s Co-operative Crash Injury 
Study (CCIS) experienced a rollover. However 
rollovers are shown to be complex events, which can 
occur with or without impact(s) and are not always 
the principal cause of the resulting occupant injuries. 
 
The study differentiates the different types of 
rollovers for MAIS 2+ occupants: 
 
• Rollovers which do not involve a significant 

impact (30.1%);  
• Rollovers followed by impact(s) (13.1%) and  
• Impacts followed by rollovers (56.5%). 
 
For cars which rolled first, 33% were described as  
travelling on bends (turning) and ‘sliding’ laterally 
and 22% were described as originally intending to 
proceed ‘Forwards’, but had also ‘lost control’.  ESC 
was identified as an important countermeasure with 
respect to potentially preventing a proportion of these 
rollover accidents. For cars which had an impact 
before rollover, the potential effectiveness of ESC is 
likely to be less. 

 
The most common roll initiation influence was off-
road soft ground (grass or earth) applying force to 
both wheels (right or left). 
 
Casualties in cars which became airborne during the 
roll suffered proportionally more serious injuries.  
 
Occupants, who were either fully or partially ejected 
from their cars, were strongly linked to severe injury 
outcome. Seat belts (ideally used in conjunction with 
other restraint devices designed to prevent either all 
or part of the occupants’ body leaving the car through 
window apertures during the rollover) were shown to 
be effective.   
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SUMMARY TABLES 
 
Table A 1.  Severity of injury related to seating 
position and sex 
Seating 
Position + Sex 

Survivors (MAIS) Killed Total 
0 1 2+ 

Driver      
Male 64 297 142 62 565 

Female 27 174 48 14 263 
Not known 1 2 - - 3 

 92 473 190 76 831 
Front passenger      

Male 20 89 27 10 146 
Female 16 84 31 8 139 

Not known 6 - - - 6 
 42 173 58 18 291 
Rear passenger      

Male 21 60 18 6 105 
Female 13 65 18 5 101 

Not known 4 2 - - 6 
 38 127 36 11 212 
Not known 4 3 0 0 7 
Total 176 776 284 105 1341 
 
Table A 2. Severity of injuries related to seating 
position and belt use 
Seating 
Position + Belt 

Survivors (MAIS) Killed Total 
0 1 2+ 

Driver      
Belted 53 359 110 36 558 

Unbelted 9 34 44 27 114 
Not known 30 80 36 13 159 

 92 473 190 76 831 
Front passenger      

Belted 30 109 37 12 188 
Unbelted 2 18 13 5 38 

Not known 10 46 8 1 65 
 42 173 58 18 291 
Rear passenger      

Belted 14 54 7 1 76 
Unbelted 7 33 25 8 73 

Not known 17 40 4 2 63 
 38 127 36 11 212 
Not known 4 3 0 0 7 
Total 176 776 284 105 1341 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table A 3. Severity of injury related to seating 
position and age 
Seating 
Position + Age 

Survivors (MAIS) Killed Total 
0 1 2+ 

Driver      
< 17 1 1 - - 2 

17 – 24 28 172 63 17 280 
25 – 39 21 156 66 31 274 
40 – 59 21 87 39 20 167 

60 + 12 37 20 8 77 
Not known 9 20 2 - 31 

 92 473 190 76 831 
Front passenger      

< 17 4 18 4 - 26 
17 – 24 5 73 28 9 115 
25 – 39 3 25 14 3 45 
40 – 59 3 17 7 3 30 

60 + 6 17 4 3 30 
Not known 21 23 1 - 45 

 42 173 58 18 291 
Rear passenger      

< 17 16 47 9 - 72 
17 – 24 9 55 22 6 92 
25 – 39 1 8 3 3 15 
40 – 59 1 4 1 - 6 

60 + - 7 - 2 9 
Not known 11 6 1 - 18 

 38 127 36 11 212 
Not known 4 3 0 0 7 
Total 176 776 284 105 1341 
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ABSTRACT 
 
As part of a comprehensive plan to reduce the 
risk of death and serious injury in rollover 
crashes, the National Highway Traffic Safety 
Administration (NHTSA) has a program to 
characterize restraint system response in 
rollovers.  A rollover restraint tester (RRT) is 
utilized to produce a 180 degree roll followed by 
a simulated roof-to-ground impact.  Recognizing 
the unpredictability of the real world rollover 
phenomenon, this test provides a repeatable and 
consistent dynamic environment for suitable lab 
evaluation.  Similar NHTSA research during the 
mid-1990s demonstrated an excursion reduction 
of up to 75% when an inflatable belt was 
compared to the standard three-point belt with a 
50th percentile (50th ) male dummy [Rains, 
1998]. 
 
Technologies being considered include 
integrated seat systems, pyrotechnic and electric 
resetable pretensioners, four-point belt systems, 
and inflatable belts.  High speed video data are 
collected and analyzed to examine occupant head 
excursion throughout the tests and are presented 
for discussion. The RRT has demonstrated to be 
repeatable; however, there are some concerns 
about the real world relevancy of the RRT 
dynamics in the absence of a lateral component.  
The RRT does not have a mechanical component 
for lateral motion that is typical in some real 
world rollover events.  
 
This research attempts to determine if reducing 
occupant excursion during a rollover event is 
possible by utilizing the RRT.  Results presented 
at the 20th ESV conference demonstrated that 
excursion characteristics can be affected with the 
implementation of advanced restraints in the 50th 
percentile male dummy [Sword, 2007].  This 
paper presents expanded research with the 50th 
percentile male dummy and also includes the 5th  

 
percentile (5th) female and 95th percentile (95th) 
male dummies. 
 
When compared to a baseline 3-point restraint, 
advanced restraints utilizing pretensioning and 
other technology reduced excursion of all the 
dummies in both the Y and Z directions, where 
the Y direction is lateral motion and the Z 
direction is vertical motion.  The current 
production technologies, pyrotechnic and 
motorized retractors, were able to reduce Y and 
Z excursion in RRT tests, by up to 66% and 
60%, respectively.  The advanced restraints, 
inflatable belts and 4-pt belts, reduced excursion 
in the Y and Z directions up to 80% and 86%, 
respectively.   
 
INTRODUCTION 
 
Rollover crashes are a major problem in the U.S.  
Digges [2002] reported that rollovers constitute 
about 2.2% of crashes but represent 33% of the 
total injury cost.  Much of this cost is attributed 
to ejections, especially of unbelted occupants.  
The NHTSA has a program focused on reducing 
occupant ejections through side windows.  For 
non-ejected occupants, rollovers still pose a 
serious threat of injury; particularly head injuries 
from hitting the interior surfaces of the vehicle.  
Federal Motor Vehicle Safety Standard, No. 216, 
Roof crush resistance (FMVSS No. 216), 
addresses this issue by requiring minimum roof 
strength allowing for survival space in the cabin.  
Safety belt slack and stretch have been thought 
to allow occupants to ‘dive’ toward the roof 
structure in rollover crashes. 
 
In the mid-1990s, the agency initiated a research 
program to explore the effectiveness of various 
restraints in rollovers.  A rollover restraint tester 
(RRT) was developed to simulate rollover 
conditions.  It provided a controlled roll for a 
seated occupant and was followed by a simulated 
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roof-to-ground impact [Rains, 1998].  Occupant 
excursions toward the roof were measured for 
common 3-point belts and other advanced 
restraints systems.  The NHTSA has revived this 
program with the intent to examine the latest 
restraint technology.  Many of these devices 
have been developed for the more common 
frontal and side crashes.  The goal of this 
research is to determine if these same devices 
could be employed to improve restraint of belted 
occupants in rollovers. 

2) 

4) 

3) 

Y 

Z 

1)  
The RRT was presented at the 20th ESV 
Conference along with an initial data series 
[Sword, 2007].  This device provides a 
repeatable dynamic environment suitable for 
comparing various restraint configurations.  No 
single device can replicate the dynamics of all 
rollovers because every rollover crash is very 
different and unique.  This device allows for 
consistent repeatability of a specific dynamic 
environment. 
 
This research program provides an opportunity 
to evaluate current and future available state-of-
the-art countermeasures for occupant protection 
during a rollover. 
 
TESTING 
 
Test Device 
 
The RRT [Sword, 2007], was developed to 
simulate a rollover where the vehicle becomes 
airborne at the initiation of the roll and then 
impacts the roof structure after rotating 
approximately 180 degrees.   
 
Figure 1 is a schematic of the device.  The 
coordinate system is set to the dummy for 
excursion analysis.  The device has four (4) main 
features consisting of  
 

1) A support framework, 
2) A counter-balanced test platform with 

rotating axle, 
3) A free weight drop tower assembly, and 
4) A shock tower.   

 
Figure 1.  Rollover Restraint Tester (RRT). 
 
 
Instrumentation 
 
The RRT was instrumented to help characterize 
the dynamics of the testing.  An encoder was 
used to monitor the roll rate.  Two (2) 50,000 lb. 
load cells were mounted to the roll table at the 
point of impact to record the impact force.  A 
string potentiometer was utilized to measure the 
shock absorber deflection.  A 2,000 g rated 
accelerometer, mounted to the platform directly 
underneath the center line of the seat, was used 
to collect the acceleration at impact. 
 
The Hybrid III dummies used for testing 
contained full head, neck and chest 
instrumentation, and these channels were 
collected during testing.  Seat belt load cells 
were used for both the lap and shoulder portion 
of the belts.   
 
Test Matrix 
 
The test matrix for the restraint evaluation is 
included as Table 1.  It includes the 
configuration description, code and the test series 
for the 50th percentile, 5th percentile female, and 
95th  percentile male adult dummies and fire 
angle testing.  Also included is the 50th percentile 
male dummy repeated test series for head 
excursion explained earlier.  Configuration C is 
the baseline treatment for test comparison.  It is a 
standard 3-pt. non-integrated seat without 
pretensioning.  The code letter is used 
throughout the results section to simplify the 
graphics. 
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Table 1. 
Test Matrix for 50th, 5th, 95th Hybrid III Dummies, Fire Angle Testing and 50th Percentile Male 

Dummy Repeats. 

  Test Series 

Configuration   Description Code 50th 5th 95th 
Fire 

Angle 
50th 

Repeat 

Integrated Seat A X X X   X 

Integrated SWAP B X X X   X 

* 3-pt. Non-Integrated  (3PN) C X X X   X 

3-pt. Non-Integrated  (3PN) D X X X   X 

(3PN) Retractor Pretensioner E X X     X 

(3PN) Buckle Pretensioner F X X     X 

(3PN) Retractor w/Buckle 
Pretensioner G X X X X X 

(3PN) Motorized Retractor H X X     X 

(3PN) Motorized Retractor 
w/Buckle Pretensioner I X X X X X 

4pt system w/Pretensioner (50th 
ONLY) J X         

Inflatable Belt w/Lap 
Pretensioner K X X X     

Inflatable Belt without 
Pretensioner L X X       

4pt system w/Pretensioner 
(Redesign) M X X X     

• Baseline Configuration for comparison
 
Evaluated Restraint Technology 
 
A variety of restraints were selected for testing.  
They ranged from current consumer available 
technologies to prototype devices.  Cooperation 
with automotive suppliers and original 
equipment manufacturers (OEM) allowed for 
much of the technology to be assessed.  The 
following devices were selected for evaluation:  
Integrated Seat, Integrated SWAP Seat, Non-
Integrated Three Point Seat, Retractor 
Pretensioner, Buckle Pretensioner, Motorized 
Retractor, 4-Point Belt, and Inflatable Belt.  

 
    
  Integrated Seat – The integrated seat has the 
seat belt hardware incorporated into the seat.  
Many sport utility vehicles (SUVs) and other 
light trucks utilize these seats.  These seats are 
generally reinforced to accommodate the 
increased loads experienced in a crash event.  
Figure 2 shows the integrated seat used for the 
evaluation. 
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Figure 2.  Integrated Seat. 
 
     Integrated SWAP Seat – The integrated 
SWAP seat refers to a supplier technology where 
the restraint, integrated with the seat, comes from 
the inboard side of the car and buckles on the 
outboard side. 
     Non-Integrated Three-Point Seat – This is a 
standard fleet representative three-point restraint 
attaching to a B-pillar frame element of the 
vehicle.  A representative B-pillar was fabricated 
for testing.  It was utilized for all non-integrated 
configurations of various technologies.  Figure 3 
shows the standard non-integrated seat used for 
evaluation.  This seat was used for all non-
integrated seat three-point testing configurations. 
 
     Retractor Pretensioner – The retractor 
pretensioner is a device that uses a pyrotechnic 
discharge to remove the slack from a seat belt 
when triggered by a sensor.  The action for the 
removal of slack occurs in the retractor portion 
of the system.  This is currently used in various 
production vehicles and was purchased as a 
replacement part.  A force around 1500 Newtons 
is experienced at the shoulder belt when the 
retractor is fired.  Once the system is ignited, it 
must be replaced with a new system and is not 
reusable; similar to an air bag. 
 
     Buckle Pretensioner – This is also a 
pyrotechnic device incorporated in the buckle 
and is fired to remove the slack near the pelvic 
region.  This is currently used in various 
production vehicles and was purchased as a 
replacement part. A force around 500 Newtons is 
observed at the lap belt when the buckle is fired. 

Like other pyrotechnic devices, it is only usable 
one time and must be replaced. 
 

 
Figure 3.  Standard 3-point Non-Integrated 

Seat. 
 
     Motorized Retractor – The motorized 
retractor, sometimes called electric pre-
pretensioner, is a reusable device designed to 
remove slack from the seat belt system.  The 
force rating is generally much lower than the 
pyrotechnic devices (~140 N).  The reusability of 
the device allows implementation much earlier 
when the possibility of a crash is sensed, but the 
crash is not yet imminent.  An example could be 
where a car with Enhanced Stability Control 
(ESC) was activated from an erratic vehicle 
dynamic; the motorized retractor could be 
triggered to remove occupant belt slack even if 
ESC prevented a crash.  The motorized retractor 
requires a control box and algorithm to be 
programmed for specific implementation of the 
device. 
 
    Four-Point Seat Belt –The four-point (4pt) 
seat belt design used in this study is a device that 
utilizes belts across both shoulders and buckles 
at the center of the lap.  Figure 4 illustrates the 4-
pt device utilized for testing. 
 
Two pyrotechnic pretensioners are utilized on 
each side of the restraint’s lower retractors.  This 
is a prototype device being evaluated by 
suppliers and OEMs for improved restraint 
performance in both frontal and side crash 
protection.  Two (2) different configurations 
were utilized with the 4pt system (J and M).  
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Initial testing with the 50th percentile male 
dummy led to a conversation with the supplier 
regarding the belt routing of the device itself.  
The attachment points of the 4-point belt were 
relocated and tested as Configuration M. 
   

 
Figure 4.  4-Point Seat Belt with the 50th 

Percentile Male Dummy. 
 
     Inflatable Belt – The inflatable belt, similar 
to the inflatable tubular torso restraint (ITTR) 
tested in the mid 90s [Rains, 1998], is a three-
point device.  It has an inflatable section in the 
shoulder portion of the belt designed for both 
pretensioning and cushioning.  Previous testing 
demonstrated reduced dummy excursion when 
the inflatable belt was compared to a standard 
three-point belt configuration.  Two 
configurations (K, L) were tested.  One (K) 
included a lower/lap anchor retractor 
pretensioner in addition to the inflatable device.  
Figure 5 is an image of the inflated belt along the 
torso section of the belt system.  This particular 
device utilizes a pyrotechnic inflator integrated 
in the buckle of the belt system.  For the 
shoulder belt portion of the belt to inflate, the 
buckle must be latched.  This enables the buckle 
mounted inflator to inflate the air belt. 
 

 
Figure 5.  Inflatable Seat Belt on the 50th 

Percentile Male Dummy. 
 
Pretensioner Deployment 
 
Pyrotechnic and motorized pretensioners were 
tested for the series.  To maintain consistency 
regarding their use, a switch was mounted to 
activate at a prescribed angle of table roll.  As 
the table rotated, the dummy began moving out 
of position, mainly in the Y-direction (lateral).  
Working with an automotive supplier, a 
computer simulation was used to determine 
when during the rollover event the sensor would 
deploy the pretensioners.  This translated to an 
angle of about 45 degrees of rotation with the 
RRT device.  This angle was used for firing all 
pyrotechnic pretensioners, including the 
inflatable belt, used in testing.   
 
For the motorized restraint configurations, the 
assumption of use prior to the onset of the roll 
was made because of their reusability in the fleet.  
For instance, if a motion sensor detected 
irregular vehicle kinematics, it would engage the 
motorized pretensioner to remove slack early.  
From this assumption, motorized pretensioners 
were activated just prior to the initiation of roll. 

 
Fire Angle Comparison 
 
As stated, all pyrotechnic pretensioners were 
fired at an angle of 45 degrees for the testing 
program.  A small subset of tests was conducted 
to examine the influence of firing the 
pyrotechnics earlier (30 degrees) and later (60 
degrees) of roll.  Two current production 
configurations, G and I, were selected for their 
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performance from the 50th percentile male 
dummy testing. 
 
50th Percentile Male Dummy Repeated Test 
Series 
 
Previously reported excursion data of the 50th 
percentile male dummy was generated using a 
combination of onboard real time and off board 
high speed video cameras. [Sword, 2007]  
Upgrades to image capture and analysis after this 
series raised questions to the original excursion 
analysis.  New on board high speed cameras and 
upgraded image analysis software increased the 
accuracy of the data collection.  It was 
determined to repeat all original testing to ensure 
accurate comparisons of data between various 
dummies.  These tests are Configuration A-I, and 
all of the presented excursion data for the 50th 
percentile male dummy tests come from the 
repeated series. 
 
RESULTS 
 
RRT Device Kinematics 
 
Each test is characterized by an acceleration of 
roll rate until impact.  The acceleration is 
initially slow and increases with time up until 
impact with the shock tower.  The aim was to 
have an angular speed of the table at impact of 
~320 degrees/second.  The average impact roll 
rate for each tested configuration, with the 
standard deviation for the 3 repeated tests, is 
provided in Figure 6.  Average roll rate stayed 
within six percent (6%) of the target. 
 

280

300

320

340

360

A B C D E F G H I J K L M
Configuration

Im
pa

ct
 R

ol
l R

at
e 

(d
eg

/s
)

5th
50th
50th Repeat
95th

 
Figure 6.  Average Impact Roll Rate w/Std 

Deviation (320 deg/s target). 
 
Dummy Kinematics 
 
Dummy kinematics were influenced by a 
combination of platform rotational and 
gravitational forces.  At the onset of the test, the 

dummy was seated in an upright position.  
Gravity was the primary initial dummy force for 
the slow starting action of the rotating platform.  
As the platform began to rotate, the dummy’s 
course was changed and gravitational forces 
tended to move the dummy inboard (negative Y-
direction). 
 
The angular speed of the platform increased with 
the centripetal or normal acceleration, creating 
the appearance of an outward or centrifugal force 
on the dummy.  This outward force pushed the 
dummy outboard and up (toward the theoretical 
roof of the vehicle) (positive Y-direction, 
positive Z) during the pre-impact roll event.  The 
dummy tended to start moving back in the 
positive Y-direction at about 90 degrees of 
platform rotation.  Gravitational forces continued 
to play a role for Z-direction motion (out of the 
seat toward the roof) past 90 degrees of rotation, 
until impact. 
 
After impact, the dummy immediately changed 
from an outboard and up (i.e. off the seat) motion 
to a dramatic inboard and amplified up motion.  
The centripetal accelerations were eliminated 
when the table stopped, leaving momentum and 
gravity to act on the dummy. 
 
Dummy Head Excursion 
 
Video data of the dummy’s head were collected 
for excursion analysis.   X-direction (fore and 
aft) data have been omitted.  The kinematics of 
the RRT do not have an X-direction motion 
component, and the analysis for the RRT shows 
less significance X-direction motion compared to 
the Y and Z directions. The presented data will 
focus only on Y and Z-direction motions.  For 
simplicity and comparative purposes, the plots 
shown and discussed are Configurations A, C, G, 
I, and K.  These configurations represent five 
unique test parameters. 
 
  Y-Direction Excursion 
 
Figures 7 and 8 plot the average Y-direction 
head excursion of six selected configurations, A, 
C, G, I, K and M for the 5th percentile female and 
50th  percentile male dummy Hybrid III 
dummies.  As previously mentioned, 
configuration C is used as the baseline because it 
represents a standard 3-pt belt system without 
the use of pretensioners.  This test was analyzed 
as a baseline to compare to the other test 
configurations.  The initial pre-impact Y-
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direction inboard movement is depicted by a 
negative value.  The subsequent pre-impact 
outboard movement is noticed from the 
increasing value of Y before time zero.  The 
impact stops rotation of the platform.  After time 
zero, the dummy head Y-excursion shifts.  This 
inboard movement peaks and the dummy 
rebounds to a resting position.   
 
The impact happens at time zero.  The portion of 
the curve before time zero is the pre-impact 
excursion, while the portion of the curve after 
time zero is the post-impact excursion.  Within a 
configuration, dummy head excursions were 
relatively consistent. 

 
Figure 8.  Average 50th Percentile Male 
Dummy Y-direction movement for 
Configurations A, C, G, I, K and M.  

When comparing the 5th percentile female and 
the 50th percentile male dummy’s plots, similar 
trends can be noticed for Y-direction excursion.  
All configurations compared to the baseline, C, 
show reduced pre-impact Y excursion.   

 
Table 2 summarizes the percent reductions of the 
pre-impact dummy Y-direction head excursion 
for the highlighted configurations, A, G, I, K and 
M when compared to the baseline (C) of no 
pretensioning.  Integrated seats (A), Motorized 
Retractor (I) and 4-point belts (M) reduced Y_in 
head excursion beyond 50% when compared to 
the baseline. For Y_out excursion, inflatable 
belts (K) gave reductions as high as 89%. 

 
Post impact average maximum Y-direction 
dummy head excursions are quite variable 
between the configurations.  Post impact Y-
direction evaluation of excursion with the RRT 
is difficult because dummy motion is very 
dramatic from the immediate stopping of 
platform rotation.  Real world crashes similar to 
the RRT are less prevalent and most generally 
continue to roll beyond 180 degrees and do not 
immediately stop. 

 
When compared to the baseline seat, 
pretensioning was effective in reducing the 
overall dummy Y-direction head excursion.  
Motorized pretensioners were able to reduce 
early Y_in excursion because of their earlier 
activation.  The high pretensioning power of the 
pyrotechnic devices appeared to provide reduced 
dummy head Y-direction excursion in both the 
inboard and outboard phases. 

Figure 7.  Average 5th Female Dummy 
Ydirection movement for Configurations A, 
C, G, I, K and M. 

 
Table 2. 

Average Percent Reduction of Y_in and Y_out 
Head Excursion for 50th, 5th, 95th Hybrid III for 

Configurations A, G, I, K and M when compared 
to Baseline Configuration C. 

 
 Y_in Y_out 
 5th 50th 95th* 5th 50th 95th* 
A 56% 52% 36% 2% 6% 17%
G 47% 26% 1% 37% 27% 16%
I 62% 65% 59% 35% 15% (11%)
K 29% 34% 18% 89% 81% 23%
M 74% 74% 46% (17%) (45%) (27%)

 

* Baseline for 95th is Configuration D (upper D-
ring) 
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Figure 9.  Average Pre-impact Y_inboard and Y_outboard direction Dummy Head Excursion for 5th  
(blue), 50th (red) and 95th (green) Hybrid III dummies
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The Y_out excursion increased up to 45% with 
the 4-point belt system.  The 4-point belt system 
was able to significantly reduce the initial Y_in 
motion of the dummy, but the shoulder belts 
came off of all the dummies during the outward 
motion in the pre-impact phase.  With the 
shoulder belts coming off, the dummy was open 
to move in the Y-direction.  The inflatable belt 
was able to stay on the dummies shoulders 
throughout the rollover and prevent the outboard 
motion. 
 
A graphical summary of average maximum pre-
impact excursion in both the Y_in and Y_out 
direction, for all treatments, is provided in Figure 
9.  The shaded background distinguishes 
between non-integrated (yellow) integrated 
(green), inflatable (rose) and the 4-pt (blue) 
configurations. In general countermeasures were 
able to reduce dummy Y-direction excursion.  
No one device, however, performed the best 
when considering both the Y_in and Y_out.  
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   Z-Direction Excursion 
 
The motion of moving up toward the roof is 
considered the Z-direction excursion for this 
testing. Figures 10 and 11 summarize the 
average Z-direction motion of configurations A, 
C, G, I, K and M for the 5th percentile female and 
50th percentile male dummy respectively.   
 
Similar to the Y-direction plots, time zero is the 
impact of the table.  In general, typical Z-
direction movement in the pre-impact phase is 
zero until the apparent centrifugal forces begin to 
force the dummy up out of the seat. Gravitational 
forces continued to play a role for Z-direction 
motion from 90 degrees of RRT rotation until 
impact.  At this point, the Z-excursion begins to 
increase through the pre-impact phase.  At 
impact, the dummy experiences a pointed spike 
in the Z-direction.. After this spike, the Z-
direction begins to decrease and rebound to a 
resting position.  Much of this post-impact Z-
direction motion occurs because the dummy is 
pivoting around the lap belt/pelvic region and the 
dramatic Y-direction inboard motion reduces the 
dummy Z-direction.  
 

 
Figure 10. Average Z-direction movement for 
Configurations:  A, C, G, I, K and M. 
 

 
Figure 11. Average Z-direction movement for 
Configurations:  A, C, G, I, K and M. 
 
Table 3 summarizes the percent reductions of Z-
direction excursion for the highlighted 
configurations, A, G, I, K and M when compared 
to the baseline (C).  All of these configurations 
resulted in reduced Z-direction head excursion 
for all the dummies in both the pre-impact and 
post-impact phase of the test.  Integrated seats 
(without pretensioning) were able to reduce the 
Z-direction excursion by as high at 40% prior to 
impact.  Pretensioning at all levels significantly 
reduced dummy Z head excursion.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 



Table 3. 
Average Percent Reduction of Z_pre and 
Z_post Head Excursion for 50th, 5th, 95th 

Hybrid III for Configurations A, G, I, K and 
M when compared to Baseline C. 
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 Z_pre Z_post 
 5th 50th 95th* 5th 50th 95th*
A 11% 38% 21% 17% 28% 15%
G 53% 44% 19% 34% 28% 6%
I 45% 63% 51% 28% 38% 25%
K 72% 86% 60% 52% 53% 27%
M 52% 56% 64% 18% 34% 28%

* Baseline for 95th is Configuration D (upper D-
ring)  
 
The inflatable belt was very effective in reducing 
both pre and post-impact Z excursion across all 
of the dummies.  It reduced the 50th percentile 
male dummy pre-impact excursion by 86% and 
the post impact by 52%.  The 4-point also 
performed well in the Z-direction, up to 64%.  
Although the shoulder belts slipped off of the 
dummy in the 4-point system, the two lower 
pyrotechnic retractors would pin down the pelvic 
region of the dummy, leading to the reduced Z 
excursion.  Reductions for the 5th percentile 
female were less than larger dummies with the 4-
point belt.  This may be attributed to the belt fit 
since the geometry was generic and not tailored 
specifically for each dummy. 
 
A graphical summary of average maximum pre-
and post impact Z-direction excursions is 
presented in Figure 12.  It summarizes all the 
results across the dummies tested. The 
countermeasures were very effective in reducing 
both the pre and post impact excursion when 
compared to the baseline.   
 
Belt Forces 
 
Seat belt load cells were employed to collect belt 
force loading.  Generally one device was located 
on the shoulder section and one on the lap belt 
area of each configuration.  One exception was 
with the 4-point belt testing.  For these tests a 
total of four (4) seat belt load cells were utilized 
to collect forces on both shoulder belts and each 
lap belt section. 

 
Average seat belt loads for the shoulder and lap 
belts for the 5th percentile female are presented in 
Figures 13 and 14.  The selected 3-point 

configurations from the excursion data were 
examined to determine how loading of the belt 
was affected by seat belt configuration and the 
technology utilized.  Similar results were noticed 
with the 50th and 95th percentile male dummies.  
 
A distinct spike in loading for pyrotechnic 
devices fired at approximately -0.7 seconds (45 
degrees) was observed.  After the deployment, 
the belt forces dropped to a holding level before 
being loaded by the dummy at impact.  
Immediately after impact, belt forces would peak 
at roughly the same value to restrain the full 
dummy’s weight. 
 
For many configurations, the shoulder belt 
would slip off the dummy post impact leaving it 
loose.  This explains the noisy belt loading 
values observed beyond 0.2 seconds.  The 
inflatable belt forces (K) were the highest from 
the pretensioner deployment in both the lap and 
shoulder portion of the belts. 

 
Figure 13.  Average Lap Belt Forces for 5th 

Percentile Female Configurations A, C, G, I, 
and K. 

 

 
Figure 14.  Average Shoulder Belt Forces for 
5th Percentile Female Configurations A, C, G, 

I, and K. 



 
 
Figure 12. Average Pre (dashed)-and Post (solid) impact Z- Dummy Head Excursion for  5th  (blue), 
50th (red) and 95th (green) Hybrid III dummies
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Fire Angle Comparison 
 
A small study was conducted to look at the effect 
of the fire angle of the pyrotechnic pretensioners 
utilizing extra test hardware.  The 50th percentile 
male dummy was used for this testing.  Two 
configurations utilizing the most current 
production pretensioning were selected, G and I.  
The original testing was conducted at a fire angle 
of 45 degrees.  The objective was to examine 
what would happen if the pyrotechnic devices 
were fired earlier or later in the pre impact phase.  
The two angles chosen were 30 degrees (earlier) 
and 60 degrees (later). 
 
Figures 15 and 16 summarize the maximum 
average Y and Z excursions, respectively.  Y_in 
excursion for the G configuration was reduced as 
the pyrotechnics were fired earlier.  This 
configuration utilized both a retractor and buckle 
pyrotechnic device, and the result seems 
intuitive.  For configuration I, utilizing the 
motorized retractor (activated at the initiation of 
roll) and a buckle pyrotechnic, the Y_in 
excursion was not significant between the 
different firing angles of the buckle.   
 
Y_out excursions were less with the later fire 
angle (60 degrees) for the G configuration when 
compared to the earlier fire angles.  It was 
observed that the initial inboard Y-direction 
motion can affect the final outboard position.  
During the pre-impact rollover, a dummy that 
moves far to the inside may not move far 
outboard by the time the test is completed.  
Overall lateral dummy movement (Y_in plus 
Y_out) is lower for the earlier (30 degree) fire 
angle for the G Configuration. 
 
For the Z-direction, the pre-impact was reduced 
for the 30 degree fire angle compared to the 45 
degree fire angle for the G configuration.  There 
was no difference detected pre-impact between 
the 45 and 60 degree fire angles.  The earlier fire 
angle (30) had the lowest post impact Z, 
suggesting that earlier fire time might lead to 
reduced excursion.  Video of the testing shows 
that the shoulder belt slips off of the dummy’s 
shoulder in the pre-impact phase for the 45 and 
60 degree fire angles.  The belts did stay on 
during the 30 degree fire angle tests pre-impact. 
 
For configuration I, the pre-impact benefit was 
not noticed with earlier fire angles. This 
configuration utilizes motorized retractor early in 
the roll with the buckle pyrotechnic device fired 

at the prescribed angle.  The 45 degree excursion 
was lower when compared to the other fire 
angles, but no clear trend was noticed. 

 
Figure 15. Average Pre-impact Y_inboard 
and Y_outboard direction Dummy Head 
Excursion at fire angle 30 degrees (blue), 45 
degrees (red) and 60 degrees (green) for the 
Hybrid III 50th dummies. 

 
Figure 16. Average Pre (dashed) and Post 
(solid) Impact Z direction Dummy Head 
Excursion at fire angle 30 degrees (blue), 45 
degrees (red) and 60 degrees (green) for the 
Hybrid III 50th dummies. 
 
SUMMARY 
 
A test series focused on restraint technologies for 
rollover crashes was conducted with the NHTSA 
RRT.  The 5th female, 50th and 95th male 
percentile Hybrid III dummies were utilized.  
Several restraint systems were tested:  3-point 
non integrated belts, 3-point integrated belts, 3-
point belts with various combinations of 
pretensioners, inflatable belts, and 4-point belt 
systems.  Pretensioners were tested in various 
combinations with the 3-point and 4-point belts 
and several conditions at different fire angles.  
Each configuration simulated a roof-to-ground 
impact at 180 degrees with an angular speed of 
320 degrees/second and was repeated 3 times.  
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3. Motorized retractor pretensioners (H, I) 

Occupant excursions in the Y and Z direction 
were recorded with onboard high speed camera
and analyzed with digitizing software.  
Configuration C, no pretensioning, is th
baseline used for comparisons between 
treatments.  All pyrotechnic devices wer
deployed at 45 degrees of table rotation.  
Motorized devices were activated at the in
of roll.  Observations from this round of testing 
include: 
 

baseline (C), reduced both Y (lateral) 
and Z (vertical) head excursions in the
pre and post impact phase of the test.  
These reductions were up to 56% and 
52% for the 5th percentile female and 
50th percentile male dummies, 
respectively. 
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all configurations reduced maximum 
dummy head excursions in both the Y
and Z-directions in pre and post-impact
of the RRT. 

 

activated at the initiation of roll reduced 
pre-impact excursion in the Y-direction 
by up to 65% and Z-direction head 
excursion up to 63%. 
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phase when pretensioners were 
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loading immediately after impact w
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of reduced excursion with implemented
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ABSTRACT 
 
The objective of this paper is to compare the 
morphology of children aged from 3 to 15 years old 
with actual Child Restraint System dimensions. 
First, an anthropometry study has been performed on 
about 2000 French children aged from 3 to 15 years 
old. For each subject, 15 external measurements have 
been acquired in particular in sitting position. They 
include classical dimensions like weight and heights 
(head-seat, shoulder-seat, etc) but also new data 
concerning for example the sternum length, the 
xyphoid angle or the thorax and abdominal widths. 
In a second step, 13 dimensions have been measured 
on about 30 actual CRS. These CRS concern only 
forward facing system such as booster seat and they 
represent the different standard groups: 0+,1, 2, 3. To 
complete the geometry acquisition, 6 dimensions 
concerning the back seat of 6 different vehicles have 
been measured. Dimensions have been focused in 
particular on the belt position in the car or in the CRS. 
For each child anthropometric dimension, the 5th, 25th, 
50th, 75th and 95th percentiles curves are given and 
discussed. Then, these dimensions are compared with 
the measurements performed on the CRS and on the 
vehicles. In particular, data concerning the belt 
position regarding the children morphology along 
ages are detailed. The location of the belt on the 
shoulder is more specifically evaluated. 
Results highlight that some of the CRS appear as 
unsuitable regarding the children anthropometry. This 
article shows for example a gap between the CRS 
classification based on children weight. 
 
INTRODUCTION 
 
Road transport safety, particularly for children, has 
become a priority for all government. Indeed, 

statistical analysis in the field of accidentology and 
epidemiology show that the proportion of killed 
children on the road needs to encourage researches on 
this field (OECD, 2004). For example, in France, the 
ratio of children killed in road accidents is about 4% 
and even if this percentage is not excessive, it can not 
be acceptable (ONISR, 2006). Children are mainly 
involved in pedestrians and bicyclist accidents but the 
mostly killed children have been observed as car 
passengers (OECD, 2004, ONISR, 2006; CHILD, 
2006). 
In order to reduce this fatality, the most important 
measure to protect child occupants of vehicles is the 
provision and use of efficiency child safety restraint 
system (CRS). 
Concerning this last point, a lot of researches has 
been performed these last years in order to evaluate 
performance of the CRS (NCAPS, 2006; EEVC, 
2003). Nevertheless it appears important gaps in this 
field. The first major problem concerns in particular 
the large range of child sizes and the child anatomical 
structure. The second is the incorrect use of restraints, 
either because the restraint is inappropriate for the age 
of the child, is badly fitted, or incorrectly used. 
Systems such as ISOFIX or Latch have improved the 
efficiency of CRS by integrating seating systems to 
the vehicle (OECD, 2004). But some problems still 
stayed on the adaptability of these systems to the 
children morphology.  
In parallel restraint standards have been defined in 
order to propose categories of CRS (ISO/TR13214; 
Bell, 1997). But this classification is mainly based on 
the child’s weight and it appears incoherence between 
the regulation which imposes to have a CRS for every 
child with a height lower than 150cm while the 
selection of the CRS is based on the weight or the 
age. Previous studies have shown that this 
classification is not well appropriate to child 
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anthropometry (Griffith King, 1969; Durbin, 2003; 
Huang, 2006; Anderson, 2007). However, these 
studies are based on old anthropometric databases 
such as (Snyder, 1977), incomplete one or are focused 
on only few geometrical parameters such as only the 
weight or the seat cushion length regarding the 
buttock-knee length. 
The objective of this paper is to evaluate the 
adaptability of CRS by having a general approach 
which includes all anthropometric characteristics of 
the children in sitting posture. It consists on acquiring 
new data on the morphology of children aged from 3 
to 15 years old in sitting position and to compare 
them with several actual Child Restraint System 
dimensions. 
 
ANTHROPOMETRICAL DATA 
 
Material and method 
 
French healthy children aged from 3 to 15 years old 
have been measured in order to acquire new 
anthropometrical information. Subjects come mainly 
from the south of France (suburb of Marseille). 
Measurements have been performed in paediatric 
services of Marseille hospitals and in different 
schools. Children have been measured with the 
agreement of their parents, themselves and a 
paediatric doctor or school headmaster. Data 
anonymity has been respected.  
The sample is made up of about 2000 children. This 
sample is decomposed in range groups of one year. 
Each group includes minimum 60 children with a sex 
ratio at least 30 boys and 30 girls. 
Because it was important to have geometrical 
information in seating posture, some measurements 
have been performed in this position. The subject sat 
erect on a flat horizontal surface with the head held in 
order to have the Franckfurt plane horizontal. 
 
The acquisition protocol was based on the same one 
classically used for adults in the field of biometry. 
Only the somatology has been considered and 15 
dimensions have been acquired (see figure 1): 
 
1. weight 
2. stature (in standing position) 
3. sitting height 
4. acromion-seat height 
5. knee-ground height 
6. buttock-sole length (leg shoot out) 
7. thigh length 
8. abdominal depth 
9. thorax depth  
10. abdominal width 
11. thorax width 

12. bi-trochanter width 
13. bi-acromial width 
14. sternum length 
15. xyphoid angle 
Classical anthropological instruments have been used: 
anthropometer, sliding caliper, spreading caliper with 
rounded ends, tape measure (accuracy 1mm), 
goniometer and scales (accuracy 100gr).  
 

 
 

Figure 1. Anthropometric measurements 
 
Finally, the acquisition date and the date of birth of 
the child are noted in order to calculate exactly his 
age when the measurements were taken  
 
It is important to highlight the fact that in particular 
the sternum length or the xyphoïd angle were 
acquired in order to provide new information which 
can not be found in literature (Biard, 1997). These 
measurements have been taken in order to compare 
them with the belt position. 
 
Results 
 
For each dimension and each age, a classical 
statistical analysis was performed. It concerns the 
computation of the 5th, 25th, 50th, 75th and 95th 
percentile values using the Microsoft Excel software. 
 
The following figure 2 gives the corresponding curves 
for the respective measured dimensions in function of 
age (in year). All dimensions are given in cm except 
the xyphoid angle which is given in degrees and the 
weight in Kg. 
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Figure 2: Curves of the 5th, 25th, 50th, 75th and 95th 
percentile values for each dimension and each age 

 
 

Discussion 
 
From a global point of view, curves show a constant 
growth of all parameters except few ones. In 
particular, the weight corridor increases in function of 
the age. This particularity can be attributed and tend 
to show obesity signs for the children population. 
Abdominal dimensions such as the width or the depth 
follow the same tendency and can be linked also to 
the obesity. 
Concerning specifically the xyphoid angle, no 
specific increasing can be observed. This means that 
this parameter stays constant during the child growth. 
 
Concerning the same database identified in 
bibliography, if a lot of them exist on the stature and 
the weight of children, few indicate dimensions by 
body segment. Moreover, main databases describing 
precisely and completely the children anthropometry 
are based on US population (Weber, 1985; Dreyfuss, 
2002, Pheasant, 2001) and are sometimes dated 
(Snyder, 1977). Others concern European population 
but none describe the anthropometry of French 
children. For example, a UK survey was conducted 
by Smith and Norris in 2001 (Smith, 2001). Two 
identical American studies have also been performed. 
The first one is totally available on internet and was 
conducted by Snyder in the 1970’s on more than 4000 
infants and children (Snyder, 1977). The second one 
referred to (Dreyfuss, 2002). A comparison between 
our results with these European or American 
databases has been performed in a previous work 
(Serre, 2006). From a global point of view, values 
provided by these authors are 12% lower than ours.  
This previous study was also focused on the 3 and 6 
years old children data in order to compare these data 
with the corresponding dummies (HybridIII-3 
HybridIII-6, P3 and P6). Comparisons with child 
dummies show that the difference is negligible 
because it is close to 3% (Serre, 2006). 
 
CRS AND VEHICLE MEASUREMENTS 
 
Child Restraint System data 
 
In order to compare the children morphology with 
actual restraint system, measurements have been 
performed on several commercialised child seat and 
booster. These CRS concern only forward facing 
system such as booster seat and they represent the 
different standard groups: 0+, 1, 2, 3. Thirteen 
dimensions have been measured on 28 actual CRS.  
The corresponding recorded data are the following 
ones (see figure 3): 
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1. the standard group of the system regarding 
the ECE R44 classification 

2. the total seat cushion depth 
3. the seat cushion depth from the anchorage 

point 
4. the seat cushion width 
5. the seat cushion height 
6. the seat height 
7. the maximal height of the belt position 
8. the minimal height of the belt position 
9. the headrest height  
10. the backrest depth 
11. the abdominal belt height (at the anchorage 

point) 
12. the maximal lateral distance for the thigh 
13. the maximal height for the thigh 

 
 

 
 
 
Figure 3: CRS dimensions 
 
 
Table 1 summarises all the measured dimensions. All 
the values are given in centimetres and a “0” value 
signifies that this parameter is not applicable for the 
system. 

 
Table 1. 

CRS measurements 
 

 
 
Vehicle measurements 
 
In order to complete the geometrical characterization 
of the sitting position of the children, some 
measurements have been taken on family cars. 
Dimensions concern only the rear seat of the vehicle 
and the corresponding belt position. These 
measurements allow to evaluate the adequacy of the 
booster+vehicle’s belt coupling and the transition 
when the child will not use any more CRS. Six 
dimensions have been performed on six different 
vehicles. Three lengths concern the rear seat while the 
six others concern the seatbelt position. 
 
The performed measurements on the vehicle are listed 
below (see figure 4): 

1. the seat height (backrest) 
2. the seat width 
3. the bench seat depth (which corresponds to 

the seat cushion length as defined by 
(Huang, 2006) 

4. the maximal height of the seatbelt anchorage 
point which correspond to the shoulder belt 

5. the minimal height of the seatbelt anchorage 
point (when an adjustment is available on the 
vehicle) 

6. the lateral distance between the two 
anchorage points of the abdominal seatbelt 
(from the buckle to the lateral edge of the 
bench seat). 
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Figure 4: Vehicle dimensions 
 
Table 2 gives all the measured dimensions. Values are 
given in centimetres and a “0” value signifies that this 
parameter is not applicable for the vehicle (only 
concern the availability of a seatbelt height 
adjustment). 
 

Table 2. 
Vehicle measurements 

 

 
 
COMPARISON OF THE DATA 
 
Evaluation of the seatbelt position 
 
Previously to compare the amount of anthropometric 
data with CRS’s dimensions, it appears necessary to 
estimate the seatbelt position regarding child’s trunk. 
So, the objective of this first work is to evaluate in 
particular the position of the webbing against the 
clavicle or the sternum. Indeed, it is accepted that the 
good position of the seatbelt is on the middle of the 
clavicle and on the sternum (Chabert, 1996). 
To do this work, considering the following scheme 
which represents the child trunk and the seatbelt 
position (see figure 5).  
 

 
 
Figure 5: Computation of the seatbelt position 
regarding child’s trunk 
 
The middle of the clavicle is so estimated at the 
quarter of the bi-acromial distance from the sagittal 
plane. With this assumption, the height of the vehicle 
seatbelt at the level of the middle of the clavicle can 
be calculated by: 
 

HCLAV/2=H/L*LCLAV (1) 
 
Concerning the sternum, the height of the seatbelt at 
the level of the sternum can be calculated by: 
 

HSTER=H/L*L/2  (2) 
 
Of course, these equations are mainly valid when only 
the seatbelt of the vehicle is used i.e. when no CRS is 
present or when a booster is installed. In this last case, 
the booster cushion height has to be added to the 
acromion height. Finally, if a child seat is considered, 
these calculations have to be adapted to the 
configuration. 
 
Comparison of the seatbelt position 
 
Regarding the amount of recorded data, a lot of 
comparisons can be done. So, we have decided to 
focus the exploitation on few characteristics. 
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Clavicle height versus vehicle seatbelt without 
CRS – This comparison concern the real clavicle 
height of the children in sitting position (considered 
as the acromion height) and the seatbelt height of the 
vehicle at the clavicle level (such as calculated using 
equation 1) without CRS. Figure 6 superimposed the 
5th, 25th, 50th, 75th and 95th percentile values of the 
acromion height for all children (curves in black) and 
the corresponding seatbelt height for each vehicle 
(other coloured curves).  

 

 
 
Figure 6: Comparison of the real clavicle height of 
the children in sitting position (black curves) with 
the seatbelt height of all vehicles at the clavicle 
level (coloured curves). 
 
These curves shows that until age of 7, children can 
not used only the vehicle seatbelt. From 7 years old, 
50% children can avoid the CRS to consider only the 
seatbelt of the vehicle. In fact, this limit corresponds 
to the minimal clavicle height (i.e. acromion height) 
needed to reach the minimal height of the seatbelt 
vehicle at the clavicle level. After this limit the real 
clavicle height of the children is higher than the 
seatbelt vehicle height at the clavicle level and this 
last one fitted and followed the shoulder height 
growth. 
 

Clavicle height versus vehicle seatbelt with 
CRS – This comparison is the same as above but it is 
considered that the children are sited in a CRS. The 
height of the CRS cushion is so added to the 
acromion height of the children. In this case, all the 
black curves of the figure 6 go up from 10 cm (CRS 
n° 6) to 30 cm (CRS n°33). So it is easy to notice that 
all children older then 3 are correctly protected by the 
coupling CRS+seatbelt vehicle.  
 
 

Comparison of the CRS’s cushion width with the 
bi-trochanter dimension. 
 
The objective of this comparison is to evaluate if the 
dimension of the CRS’s cushion is adequate with the 
children morphology at the pelvis level. Figure 7 
compares, for all ages, the bi-trochanter distance 
measured on the children sample with the seat 
cushion width measured on all CRS. 
 

 
 
Figure 7: Comparison of the bi-trochanter width 
(curves) with the seat cushion width measured on 
all CRS (bar chart). 
 
This comparison shows that all CRS (except n°23) are 
enough large to be used until 9 years old. Regarding 
the morphology of the children pelvis, this parameter 
does not appear as a limit for the use of the CRS. 
 
Comparison of the children weight and the 
standard classification. 
 
The objective of this comparison is to evaluate the 
adequacy of the standard classification of the CRS 
based on the children weight. The standard classes 
have been defined by the ECE R44 (Bell, 1997) as 
follow: 
• group 1: from 9 to 18kg, age lower than 3,5 y.o. 
• group 2: from 15 to 25 kg, age from 3 top 7 y.o. 
• group 3: from 22 to 36 kg, age from 6 to 12 y.o. 
 
These data have been reported on the following figure 
8 and superimposed with the weight growth of the 
sample. 
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Figure 8: Comparison of the children weight 
(black curves of the 5th, 50th and 95th percentiles) 
with the standard classification 
 
Due to obesity signs previously discussed and 
observed, this figure highlights that for children aged 
between 5 and 6, the standard classification is 
inadequate. Indeed, for children aged around 6, about 
50% of them have a restraint unsuited to their weight. 
This incoherence of the classification confirms the 
results obtained by Anderson in 2006 and tends to 
show that the standard classification has to be 
improved. 
 
CONCLUSION 
 
This research allows to acquire new anthropometric 
data on the children morphology aged from 3 to 16 
years old. Acquisition of complementary data on CRS 
geometry and cars allows also to have a first 
evaluation of the adequacy of CRS regarding the 
children anthropometry. Results highlight some 
discrepancies in particular concerning the standard 
classification of the CRS. 
Nevertheless, these results have to be considered as a 
preliminary study. Indeed, a small part of the 
geometrical database has been exploited to compare 
children anthropometry with CRS dimensions. More 
work could be performed like verifying the seatbelt 
position on the children thorax (sternum length or 
xyphoid angle). In the same way, geometrical data on 
lower limb have not been analysed too. It could be 
useful to investigate the distance between the rear seat 
and the front one. 
Finally, it could be valuable to work on a revision of 
the standard classification in order to base it on other 
parameter than the weight.  
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ABSTRACT 

Previous vehicle-to-pedestrian simulations 
and experiments using pedestrian dummies and 
cadavers have shown that factors such as vehicle 
shape, pedestrian anthropometry and pre-impact 
conditions influence pedestrian kinematics and injury 
mechanisms.  Generic pedestrian bucks, that 
approximate the geometrical and stiffness properties 
of current vehicles, would be useful in studying the 
influence of vehicle front end structures on pedestrian 
kinematics and loading.  This study explores the 
design of pedestrian bucks, intended to represent the 
basic vehicle front-end structures, consisting of five 
components: lower stiffener, bumper, hood leading 
edge and grille, hood and windshield.  The 
deformable parts of the bucks were designed using 
types of currently manufactured materials, which 
allow manufacturing the bucks in the future.  The 
geometry of pedestrian bucks was approximated 
based on the contour cross-sections of two sedan 
vehicles used in previous pedestrian dummy and 
cadaver tests.  Other cross-sectional dimensions and 
the stiffness of the buck components were determined 
by parameter identification using FE simulations of 
each sedan vehicle.  In the absence of a validated FE 
model of human, the FE model of the POLAR II 
pedestrian dummy was used to validate a mid-size 
sedan (MS) pedestrian buck.  A good correlation of 
the pedestrian dummy kinematics and contact forces 
obtained in dummy - MS pedestrian buck with the 
corresponding data from dummy - MS vehicle 

simulation was achieved.  A parametric study using 
the POLAR II FE model and different buck models: a 
MS buck and a large-size sedan (LS) buck were run 
to study the influence of an automatic braking system 
for reducing the pedestrian injuries.  The vehicle 
braking conditions showed reductions in the relative 
velocity of the head to the vehicle and increases in 
the time of head impact and in the wrap-around-
distances (WAD) to primary head contact.  The head 
impact velocity showed greater sensitivity to the 
different buck shapes (e.g., LS buck vs. MS buck) 
than to the braking deceleration.  The buck FE 
models developed in this study are expected to be 
used in sensitivity and optimization studies for 
development of new pedestrian protection systems. 

INTRODUCTION 

Pedestrian fatalities comprise a considerable 
percentage of total traffic fatalities in industrialized 
nations: from 11 % in USA (NHTSA 2009) to nearly 
50 % - South Korea (Youn et al. 2005).  Additionally, 
the probability for a pedestrian to be injured or killed 
during a traffic accident is much higher than that for 
a vehicle occupant.  In 2007, 6.7 % of vehicle-
pedestrian impacts in the US were fatal, whereas the 
corresponding fatality rate for occupants in crashes 
was only 1.3 % (NHTSA, 2009).   
Protection of pedestrians in vehicle-to-pedestrian 
collisions (VPC) has recently generated increased 
attention with regulations implemented or proposed 
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in Europe (EU 2003, EU 2009), Korea (Youn et al. 
2005), and Japan (Mizuno 2008).  While subsystem 
experiments are currently being used as the basis of 
evaluations for these regulations, car-to-pedestrian 
dummy impact tests (Fredriksson et al. 2001, 
Crandall et al. 2005) or car-to-human/dummy impact 
simulations (Untaroiu et al. 2008) provide 
complementary data that can better characterize 
whole body response of vehicle-pedestrian 
interactions.  
An advanced pedestrian dummy, called the POLAR 
II, has been developed and continuously improved by 
Honda R&D, GESAC, and the Japan Automobile 
Research Institute (JARI) (Akiyama et al. 1999, 
2001; Okamoto et al. 2001, Takahashi et al., 2005, 
Crandall et al., 2005).  The primary purpose of the 
POLAR II dummy has been to reproduce pedestrian 
kinematics in a collision with a vehicle.  Kerrigan et 
al. (2005) performed vehicle impact tests on the 
POLAR II and post mortem human surrogates 
(PMHS) in identical conditions and showed that the 
POLAR II dummy generally replicates the complex 
kinematics of the PMHS.   
A FE model of the POLAR II dummy has been 
developed, validated in component tests (Shin et al. 
2006), and verified at the full scale level against 
kinematic data (Shin et al. 2006, 2007) recorded 
during the vehicle-dummy impact experiments 
performed by Kerrigan et al. (2005).  The POLAR II 
FE model was developed using Hypermesh (Altair 
Engineering) and Generis (ESI) as pre-processors and 
PAM-CRASH/PAM-SAFE FE solver (version 2001, 
ESI) was used for impact simulations.  The model 
contains 27,880 elements that represent the head, 
neck, thorax, abdomen, pelvis, upper arms, forearms, 
hands, thighs, knees, legs, and feet and has a total 
mass and height close to that of the 50th percentile 
male. Recently, injury thresholds for the POLAR II 
dummy FE model are being established based on FE 
simulations with a human model (Takahashi et al. 
2008) that may extend the applicability of the dummy 
model to injury prevention applications. While 
vehicle-to-PMHS tests or simulations may provides a 
better understanding of new protection devices, the 
high cost of tests and the lack of a fully validated 
human models have turned attention of many 
researchers toward simple tests or models.  Vehicle 
sled bucks were used in pedestrian PMHS tests by 
Snedeker et al. 2005 to assess the pelvis and upper 
leg injury risk.  While these simplified bucks 
approximated reasonable the geometric 
characteristics of current vehicle front-ends, no 
information about a correlation with the vehicle 
stiffness was provided. To study the influence of the 
pre-impact position of pedestrian arms on pedestrian 
head injury, Ogo et al. (2009) developed a scaled 

human model and vehicle buck.  The values of head 
injury criteria (HIC) recorded in the vehicle buck-to-
dummy tests showed a significant variation with 
respect to the arm pre-impact position.  Neal et al. 
(2008) developed a simplified buck FE model (rigid 
surfaces connected by nonlinear springs) to predict 
the performance of different vehicle front-end 
designs in pedestrian leg impact tests. 
The objective of the current study was to design two 
FE models of simplified vehicle bucks with 
geometrical and stiffness characteristics similar to 
those of a mid-size sedan (MS) and a large sedan 
(LS).  To show a possible application of the buck FE 
models in the development of new measures for 
pedestrian protection, a numerical study related to 
influence of braking on the pedestrian kinematics was 
performed.  

METHODOLOGY  

The pedestrian kinematics during impact 
with a vehicle are generated by the vehicle-dummy 
contact forces.  These loads highly depend on the 
geometry and stiffness properties of the front-end 
structures of the vehicle involved in the crash.  Since 
a pre-impact position of the dummy along the vehicle 
centerline has been used in previous vehicle-to-
pedestrian dummy/PMHS tests (Kerrigan et al. 2005, 
Kerrigan et al. 2007), the vehicle geometry and 
stiffness properties along the centerline were used in 
current study for the development of MS and LS 
bucks.  It was hypothesized that five vehicle 
components (lower stiffener, bumper, hood leading 
edge and grille, hood and windshield) can reasonably 
approximate the front-end of the vehicle during a 
pedestrian impact.  Each component was designed as 
a combination of deformable parts connected to a 
rigid part.  Since a physical implementation of the 
pedestrian buck is ultimately planned, material 
selection for the deformable components of the buck 
was based on readily available materials: steel, 
Expanded Polypropylene Particle (EPP) foam (JSP 
Japan), and polypropylene fascia (Boedeker Plastics, 
TX, US).  The shape and locations of buck 
components were defined based on the exterior 
geometry of the MS and LS vehicles used in previous 
testing (Kerrigan et al. 2005, Kerrigan et al. 2007).  
The material used for each deformable component of 
the buck was chosen based on the stiffness 
characteristics of corresponding sedan component 
determined by FE simulations.  Then, FE simulations 
in similar conditions were run to calibrate the 
thickness of deformable parts of the bucks.  Detailed 
information about the development of each vehicle 
component is provided in the following sections. 
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Development of a mid-size sedan (MS) pedestrian 
buck 

A pedestrian simulation was performed 
using the POLAR II FE model (Shin et al. 2006 and 
2007) and the FE model of a MS vehicle in order to 
determine the maximum level of dummy-vehicle 
forces during a 40 km/h impact.  In addition to the 
upper body kinematics of pedestrian recorded at 
specified locations (head center of gravity (CG ), T1, 
T8, pelvis – Untaroiu et al. 2008), the time histories 
of resultant force were calculated at the contact 
points of the dummy with four components (lower 
stiffener, bumper, leading edge and grille, hood – 
Figure 1).   

 

To determine the stiffness characteristics of the lower 
stiffener and bumper, a cylindrical rigid impactor 
(220 mm length, 120 mm diameter, and 10 kg mass) 
was launched freely with a 40 km/h initial velocity 
toward the vehicle at the middle sections of the lower 
stiffener (Figure 2), and then at the corresponding 
section of the bumper (Figure 3).  The time histories 
of the resultant force in the impactor were calculated 
during the simulations, and then were normalized 
with the sum of the highest forces calculated in these 
components in the POLAR II – vehicle simulation. 

 

 

It was observed that the EEP foam and the fascia 
could approximate the stiffness characteristics of the 
lower stiffener, and the bumper respectively.  While 
the vertical lengths of the chosen deformable 
components were approximated from the vehicle 
cross-section (Kerrigan et al. 2007), the other 
dimensions were adjusted to match the stiffness 
curves of vehicle components.  
A cylindrical rigid impactor (350 mm length, 150 
mm diameter, and 10 kg mass) was also used to 
determine the stiffness of the hood leading edge-
grille region of the vehicle.  The impactor was 
launched freely at 40 km/h with an angle of 40 
degrees towards the hood vehicle leading edge 
(Figure 4).  The time histories of the resultant forces 
in the impactor were calculated during the 
simulations, and then were normalized with the sum 
of the highest forces calculated in the hood leading 
edge and grille components in the POLAR II – 
vehicle simulation.  After evaluating several different 
potential solutions, it was determined that two EFF 
foam parts (20g/l density) covered with a steel sheet 
could reasonably represent the leading edge and the 
grille stiffness.  

 
Since the stiffness of the hood varies from the leading 
edge to the cowl, two locations were chosen to 

Figure 2.  Impactor – vehicle/buck FE simulations 
at lower stiffener location a) MS vehicle and b) MS 
buck 
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a) b) 
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Figure 3.  Impactor – vehicle/buck FE simulations 
at bumper location a) MS vehicle and b) MS buck

Fascia b) a) 

Figure 1. Pedestrian - mid-size (MS) sedan 
vehicle FE simulation setup 

T8 

Pelvis 

T1 
x 

z Vehicle FE model 

Lower stiffener 

Head CG 

GroundBumper 
Hood leading edge 

Hood 

a) 

Figure 4.  Impactor – hood leading edge FE 
simulations a) MS vehicle and b) MS buck

b) 

EPP foam layers attached rigidly 
downside to the rigid frame 
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determine the hood stiffness, and then were used in 
the buck calibration: 1) the middle region at a wrap-
around distance (WAD) = 1200 mm – the location 
frequently struck by the dummy upper extremities 
and 2) the cowl region at WAD = 1500 mm – the 
location often struck by the dummy shoulder or head.  
A head impactor FE model developed by Untaroiu et 
al. (2007) and validated against static and dynamic 
tests reported by Matsui and Tanahashi (2004) was 
used in the hood impact simulations (Figure 5).  The 
head impactor was launched freely at an impact angle 
of 65◦ in agreement with the requirements of the 
International Organization for Standardization (ISO) 
and the European Enhanced Vehicle Safety 
Committee (EEVC) protocols for a sedan type 
vehicle (Untaroiu et al. 2007).  The time histories of 
the resultant forces in the impactor were calculated 
during the simulations, and then were normalized 
with the maximum force calculated in the hood in the 
POLAR II – vehicle simulation. 

 
A glass windshield similar to that of the MS vehicle 
was used in the MS buck.  All deformable parts were 

rigidly connected to the buck frame, with the total 
mass adjusted to that of the actual MS vehicle.  
To verify the MS buck model, an impact simulation 
was performed with the POLAR II FE dummy with a 
configuration matched to those used in the POLAR II 
- MS vehicle simulation (Figure 1).  The kinematics 
of the POLAR II and the reaction forces with the 
buck were calculated and then compared with the 
corresponding data from the POLAR II - MS vehicle 
simulation. 

Development of a large-size sedan (LS) pedestrian 
buck 

A similar design approach to that used for 
the MS pedestrian buck was utilized in the 
development of the LS pedestrian buck.  The 
geometry of the LS buck was approximated based on 
the exterior contour of the LS vehicle (Kerrigan et al. 
2007). Following Kerrigan et al. (2008), the rigid 
impactors were constrained to move in the impact 
direction with a prescribed velocity of 40 km/h.  The 
stiffness curves obtained by FE simulations of that 
vehicle (Kerrigan et al. 2008) were used to calibrate 
the lower stiffener, the bumper, and the hood leading 
edge-grille components of the LS pedestrian buck.  In 
the lower stiffener impact test, a cylindrical impactor 
(220 mm length, 120 mm diameter) was used.  While 
a similar design to the MS buck was able to 
reasonably approximate the stiffness characteristics 
in the lower stiffener component of the LS buck 
(Figure 6 a), a different design approach was required 
for the LS bumper component.  As in Kerrigan et al. 
2008, an impact simulation with a rigid cylindrical 
impactor (800 mm length, 120 mm diameter) striking 
the MS buck complex of lower stiffener and bumper 
at 40 km/h was performed (Figure 6 b).  The structure 
consisted of two EPP foam layers that were shown to 
provide the best approximation of the LS vehicle 
bumper in terms of the stiffness characteristics during 
the impact simulation.  

A similar structure consisting of one EPP foam layer 
covered by a steel sheet was used for the hood 
leading edge–grille LS buck model.  A impact 
simulation with a cylindrical impactor (300 mm 

Figure 6.  Impactor –
large-size FE 
simulations a) Lower 
stiffener b) Bumper  

a) 
Rigid beam 

Rigid beams

EPP Foam Two EPP layers  

b) 

Figure 5. Head adult impactor – Hood FE 
simulations a) at WAD = 1200 mm, b) at WAD = 
1500 mm, and c) The attachment of hood to the 
rigid buck frame  

b) 

c) 

a) 
Steel sheet

Nodes sets of the hood 
model rigidly attached to 
the rigid frame 

EPP foam layers attached 
rigidly to the downside 
rigid frame 
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length, 200 mm diameter) at a 40 degree angle from 
the vertical was performed as in Kerrigan et al. 
(2008) (Figure 7).  The thickness of the foam layer 
and the steel sheet was adjusted to approximate the 
stiffness characteristics of the leading edge structure 
of the LS vehicle.  Since stiffness of the hood 
structure in the LS vehicle model was not directly 
available, the hood design determined for the MS 
buck was also applied to the LS buck.  

 
Application: Study the influence of pre-braking 
and vehicle shape on the pedestrian kinematics 

A study of the influence of braking and 
vehicle shape on the pedestrian kinematics was 
performed. A constant deceleration (1.0 g ) and a 
forward pitching rotation (1 deg) were applied to the 
vehicle bucks based on the test data recorded in a 
large sedan during an in-house braking test (Autoliv).  
Two FE simulations with braking and non-braking 
conditions were run using MS and LS bucks, and 
POLAR II dummy in the same initial posture 
(Figures 1 and 8).  The pedestrian dummy kinematics 
and the contact forces with the buck were calculated 
and compared among the cases.  

 
RESULTS 

Development of a mid-size sedan (MS) pedestrian 
buck 

A nonlinear trend was observed in the force 
time history in the lower stiffener impact simulation 
of the MS vehicle (Figure 9a).  A rectangular 

prismatic part (200 x 55) made of EPP foam (20 g/l) 
and connected rigidly to the frame (Figure 10) 
provided an almost linear force time history which 
was considered to reasonably approximate the 
corresponding curve of the lower stiffener in MS 
vehicle.  For the force time history of the bumper, a 
slightly increasing force was obtained until about 3 
ms, followed by a high spikes in force at later times 
(Figure 9b).  A fascia sheet with a 1.7 mm thickness 
(Figure 10) and a rectangular shape (34 mm x 67 
mm) was used to model the bumper and exhibited a 
trend similar to the MS vehicle. 

 
The force time history obtained in the impact with the 
MS vehicle at the hood leading edge location  
showed an almost linear increasing force (above the 
maximum force recorded in the pedestrian impact) 
that was followed by a plateau region at later times 
(Figure 11).  Several designs of the buck hood 
leading edge which matched well the linear part of 
this curve in the component test were proposed.  
However, these designs recorded in the POLAR II – 
buck simulation much higher force levels at the hood 
leading edge location than the levels recorded in the 
POLAR II – vehicle simulation.  The impact force 
obtained using a hood leading edge design of two 
rectangular prismatic layers of EPP foam 20 g/l (the 
final design) also showed a linearly increasing force 
trend , but with a lower slope than that of MS vehicle 
(Figure 11).  

Figure 9.  Time histories of the normalized contact 
force in FE simulations at a) lower stiffener and b) 
bumper locations 

a) 
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II – MS Buck impact FE simulation with braking 
condition 
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The time history of force at the interface between the 
head impactor and the hood showed a peak at about 4 
ms followed a second slightly higher peak.  The 
impactor simulation using a MS hood design, which 
consists of a steel sheet (0.5 mm thickness) connected 
at its corners (Figure 10), showed a very good match 
in the first part of the impact force time history.  An 
EPP foam layer (20 g/l) was added under the hood in 
order to reduce the second peak of impact force 
(Figure 12).  Several peaks were observed in the time 
history of impact force at the headform-cowl region 
impact (Figure 13).  In the ME buck design, the force 
levels of the first and the last peaks were adjusted by 
changing the gap under the steel sheet and the 
thickness of EPP foam, respectively (Figure 10). 

Validation of a mid-size sedan (MS) pedestrian 
buck in vehicle-to-pedestrian impact 

The time histories of the impact forces 
calculated in the lower stiffener during POLAR II - 
MS buck simulation showed similar overall trend to 
the corresponding data calculated from the POLAR II 
- MS vehicle simulation (Figure 12). However, the 
force time history of the buck lower stiffener showed 

a slightly higher load peak, corresponding to the 
impact with the right leg (about 10 ms), and less 
fluctuation at the later times than the corresponding 
data from the vehicle simulation (Figure 14 a).  A 
pattern of bi-modal peak forces, corresponding to the 
impacts with the right knee and then the left knee 
regions, were observed in both simulations (Figure 
14 b).  While the first peak had similar values to 
those in the MS vehicle simulations, the second peak 
in the MS buck simulation was about 40% higher. 

 

 
The time histories of the forces at the hood leading 
edge and grille location showed a similar trend in the 
vehicle and buck simulations with a uniformly 
increasing force response during pelvis loading, and a 
decreasing force during the rebound of the pelvis 
(after 30 - 50 ms).  However, the peak forces in the 
hood leading edge and the grille were higher in the 
MS buck simulation than in the MS vehicle 
simulation (Figure 14 c). The contact between the 
upper extremities and the hood occurred at the last 
part of the dummy- MS vehicle (buck).  The time 
histories of the hood contact showed a similar trend 
in the vehicle and buck simulations, with slightly 
lower values in the buck simulation (Figure 14 d). 
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Figure 12.  Time history of the normalized force 
in impactor-hood simulations at WAD =1200  
mm impact locations   
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Figure 11. Time history of the normalized force 
in impactor-hood leading edge FE simulations 
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Figure 13.  Time history of the normalized force in 
impactor - hood simulations at WAD = 1500 mm 
impact locations  
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Figure 10.  Schematic drawing of the MS pedestrian 
buck.  All dimensions are in mm (thickness in 
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The overall kinematics of the dummy during the 
impact with the MS buck model showed good visual 
correlation with the corresponding data from the MS 
vehicle impact simulation.  However, at 120 ms and 
130 ms it was observed that the right leg and the 
pelvis exhibited higher vertical displacements in the 
MS buck simulation than in the MS vehicle 
simulation. 
The design of the MS lower stiffener was also used in 
the LS buck design (Figure 16).  Although the time 
histories curves of the LS vehicle LS buck (Figure 17 
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Figure 15.  POLAR II dummy kinematics 
during the impact with a) mid-size sedan FE 
model and b) mid-size sedan buck  FE model 
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Figure 14. Time history of the normalized 
forces in POLAR II - vehicle/buck simulations 
a) lower stiffener contact b) bumper contact c) 
hood leading edge + grille contact, and d) hood 
contact 
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a) have different trends (linear in LS buck, and 
nonlinear in LS vehicle), relatively small differences 
were observed up to about 1.5 kN.  Similar trends 
and relatively small differences were observed in the 
stiffness curves of the LS vehicle and buck calculated 
during impact simulations at bumper plus lower 
stiffener (Figure 17 b) and hood leading edge plus 
grille (Figure 17 c) locations.   
Good correlation can be observed between the 
trajectories of the upper body trajectories of the 
POLAR II dummy in the MS buck and vehicle 
simulations. The T1 and T8 trajectories for the MS 
vehicle and buck simulations are similar. However, 
the higher rotation of the POLAR II in the sagittal 
plane for the MS buck simulation compared to the 
MS vehicle simulation (Figure 15) generated a 
slightly lower and higher trajectory of the head 
location (Figure 18 a) and the pelvis location (Figure 
18 d), respectively.  
Significant differences are observed between the 
POLAR II upper body kinematics obtained in the LS 
and MS buck simulations.  While the location of 
head-vehicle impact was at almost the same vertical 
level (about 1.1 m) in the LS and MS simulations, the 
horizontal level in the LS simulation was 
approximately 100 mm lower than in MS 
simulations.  In addition, the dummy head contact for 
the MS vehicle occurred in the windshield region 
(Figure 19 a), while the dummy head - LS vehicle 
was observed in the cowl region (Figure 19 c). While 
the trajectories of T1 and T8 calculated in the impacts 
with MS and LS vehicles were almost identical, the 
horizontal level at head impact was shorter in the LS 
simulation than in MS simulation.  A higher 
trajectory of the pelvis marker impact was observed 
after pelvis-buck interaction in the simulation with 
LS buck than with MS buck (Figure 18 d).  

 

 

 Application: Study of pre-braking and vehicle 
shape on the pedestrian kinematics 

 A comparison between the dummy 
configurations at the times of head-to-vehicle impacts 
showed that vehicle (buck) shapes and braking 
conditions have a significant influence on the head-
to-vehicle contact locations (Figure 19) and to the 
velocity of dummy head relative to the vehicle (buck) 
(Figure 20).  The contact points on the buck for the 
head-to vehicle impacts were located in the MS 
windshield regions (Figure 19 a-b) and the LS cowl 
regions (Figure 19 c-d) for both the braking and no-
braking conditions.  However, the braking conditions 
introduced a delay in the head contact time, and 
generated an increase in the WADs.  In addition, both 

Figure 16.  Schematic drawing of LS 
pedestrian buck.  All dimensions are in mm 
(thickness in parenthesis) 
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Figure 17.  Force-displacement curves in impactor 
simulations a) lower stiffener b) bumper, and  c) 
hood leading-edge
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vehicle/buck shape and the braking conditions 
influenced the head velocities relative to the 
vehicle/buck (Figure 20). The velocity of the head 
relative to the vehicle was lower in the LS 
simulations than in the MS simulations and in the 
braking conditions relative to the no-braking 
conditions (Figure 20).  

 

 

 

DISCUSSION 

 In addition to the pedestrian impactor tests 
used currently in regulations and consumer tests, the 
pedestrian dummy-to-vehicle impact test is a 
complementary way of investigating pedestrian 
protection.  Given the high cost of experimentally 
testing a large number of vehicle front-end concepts, 
an alternative solution could be replacing the vehicle 
front end with a pedestrian buck that allows simple 
design changes in terms of vehicle shape and 
component stiffness parameters.   
The design of a generic pedestrian buck (MS and LS 
configurations), which may reasonably replicate the 
behavior of sedan front ends in a pedestrian impact, 
was investigated in the current study.  The 
deformable parts of the bucks were designed using 
three types of currently manufactured materials: steel, 
EPP (Expanded PolyProylene) foam (JSP Japan), and 
plastic fascia used in vehicle bumpers, which allow 
manufacturing the bucks in the future. While the 
contour cross-sections of the bucks were 
approximated based on the corresponding data of 

Figure 20.  Head velocity relative to the mid/large 
-size sedan buck in braking/non-braking conditions
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Figure 18.  Comparisons of POLAR II upper 
body trajectories during the impacts with 
mid-size sedan vehicle, mid-size sedan buck, 
and large-size sedan buck. a) head, b) T1, c) 
T8, and d) pelvis 

b) 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.3

0.6

0.9

1.2

1.5

Y
 

X

 Mid-size Sedan Vehicle
 Mid-size Sedan Buck
 Large-size Sedan Buck

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.3

0.6

0.9

1.2

1.5

Y
 

X

 Mid-size Sedan Vehicle
 Mid-size Sedan Buck
 Large-size Sedan Buck

c) 

d) 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.0

0.3

0.6

0.9

1.2

1.5

Y
 

X

 Mid-size Sedan Vehicle
 Mid-size Sedan Buck
 Large-size Sedan Buck



Untaroiu 10 

vehicles (Kerrigan et al. 2006, 2007), other cross-
sectional dimensions were determined using FE 
simulations to approximate the stiffness 
characteristics of front end structures.  Impactor-to-
vehicle simulations were used to determine the 
dynamic stiffness of main components of vehicle 
front ends, such as: lower stiffener, bumper, grille, 
hood leading edge and hood.   
The lower stiffener is located below the bumper 
system, and prevents the pedestrian’s leg from 
moving underneath the vehicle.  Its main role for 
pedestrian interactions is to reduce the risk of severe 
knee joint injuries such as ligament ruptures by 
limiting the knee bend angle (Schuster 2006).  A 
buck component with a prismatic shape (55mm x 200 
mm in cross-section) and made of EPP foam (20 g/l) 
was chosen in the buck design. The force time 
histories and stiffness curves of the vehicle lower 
stiffeners showed a nonlinear increasing trend in 
impactor tests, in contrast to linear trend observed in 
the lower stiffener of the buck.  However, the time 
history of lower stiffener force in dummy - MS buck 
simulation had similar trend like the corresponding 
data from MS vehicle impact, but slightly higher 
peaks values.  Although the lower stiffener 
component have a low influence on the pedestrian 
kinematics (especially on upper body) by low load 
applied during the impact, future studies should try to 
improve the current design, especially if the buck will 
be used in prevention studies of lower extremities 
injuries.   
The bumper is the first vehicle component to contact 
the pedestrian and the level of impact force is high.  
The bumper system in sedan vehicles usually consists 
of an energy absorber component (bumper cover, 
deformable foam etc.) in front of a semi-rigid beam.  
A fascia sheet (1.7mm thickness) connected to a rigid 
beam approximated the MS bumper up to the 
maximum force observed in the dummy-MS 
simulation.  In addition, the time histories of the 
bumper force in the dummy-MS buck simulation 
showed similar trends and values as the MS vehicle 
simulation.  The higher peak values predicted at 30 
ms may be caused by the higher stiffness of buck 
bumper at larger deformations.  The stiffness of the 
LS bumper showed an increasing trend, which was 
well matched using a two-layer bumper design (EPP 
foams with densities of 100 g/l and 200 g/l, 
respectively).  Although current designs of buck 
bumpers showed to approximate well the stiffness 
properties of vehicle bumpers, better designs can be 
obtained using optimization techniques (Untaroiu et 
al. 2007).  
The leading edge of the hood is the vehicle 
component that usually contacts the pelvis of adult 
pedestrian during the impact.  Depending on its 

position relative to the hip joint, the pelvis can slide 
along the hood or can be pinned at the contact point 
(Kerrigan et al. 2007, Untaroiu et al. 2007).  Since 
the pelvis-to-vehicle contact is complex, the design 
of this region was the most challenging task of the 
pedestrian buck design.  After trying several design 
concepts, it was decided that a design consisting of 
two low densities EPP (20 g/l) blocks, which 
approximate the shape of the hood leading edge and 
the grille, reasonably replicate this vehicle 
component response in the buck design.  The time 
history of MS buck force shows a linear trend with 
values relatively close to the curve obtained from the 
MS vehicle impact which has an initial slope 
followed by a plateau region.  However, the results of 
the dummy-MS vehicle simulation showed a higher 
stiffness for the MS buck in the contact with the 
dummy pelvis, especially in the grille region.  While 
the MS buck was softer than the vehicle in the 
impactor test, this finding suggests that the leading 
edge impactor test may poorly approximate the 
conditions of a dummy pedestrian impact.  Therefore, 
a new impactor test or even the whole dummy-
vehicle simulation should be used for a better 
stiffness calibration of this region in a future design.  
The stiffness curve, obtained from the impact 
between the constrained impactor with a constant 
impact velocity (40 km/h) and the hood leading edge 
- grille component of the buck, showed a closed trend 
to the stiffness curve reported by Kerrigan et al. 
(2008).  
A steel sheet rigidly connected at its corners, with 
one EPP foam layer showed to approximate well the 
hood behavior during simulations with adult 
headform impactor at both middle and cowl impact 
locations.  Although the hood contact force in MS 
vehicle and MS buck showed good correlation with 
the corresponding data from the POLAR II - MS 
vehicle simulation, the level of force between 
shoulder and hood was low because the head 
impacted the windshield.  Therefore, future studies of 
MS vehicle impacts with a dummy having a different 
anthropometry (e.g., the 5th female used in Untaroiu 
et al. 2008) may be used to verify the hood design of 
buck in a dummy-vehicle simulation. 
Since previous pedestrian studies have investigated 
the pedestrian kinematics until the head-to-vehicle 
contact (Kerrigan et al. 2005, 2007), the windshield 
was included as a buck component but stiffness 
studies of this component were not performed in the 
current study.  FE models of the buck may be 
improved in future studies by using recently 
developed material model of laminated glass 
(Timmel et al. 2007) when dynamic test data of the 
sedan windshields will be available.   
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A parametric study using the same dummy FE model, 
but different buck shapes (MS and LS) showed a 
possible application of buck models in the study of an 
automatic braking system for reducing pedestrian 
injuries.  While the pre-braking condition showed 
reductions in the relative velocity of head with the 
vehicle at the head-vehicle impact and increase the 
pedestrian WAD, the vehicle shape showed a 
significant influence on the velocity speed and the 
vehicle component impacted by the pedestrian head.  
More parametric studies may be run in the future, 
with different braking parameters, and dummy 
anthropometries.  The simplified FE models of 
vehicle can be easily used in different optimization 
studies of vehicle shape and stiffness and restraint 
systems for pedestrian protection. In addition, a 
physical buck developed based on the design 
concepts of this study may be manufactured and used 
to validate the new pedestrian protection design in 
dummy-pedestrian buck crashes. 

CONCLUSIONS 

This numerical study showed that a 
simplified pedestrian buck consisting of five 
components: lower stiffener, bumper, hood leading 
edge-grille, hood and windshield; can reasonably 
approximate the vehicle front structures during the 
lateral impact of a POLAR II dummy.  The geometry 
of the buck FE models was developed based on the 
contour-cross-sections corresponding to a mid-size 
and a large-size sedan vehicle used in previous 
vehicle-to-dummy and cadaver tests.  The material 
properties of current polymeric products were used 
for the FE models of the buck components in order to 
allow manufacturing a physical implementation of 
the generic pedestrian buck in the future.  
Simulations of interactions between impactors and 
vehicle component were used to correlate the 
dynamic stiffness of buck components with the 
corresponding data of vehicle models.  The hood 
lower edge-grille component designed based on 
impactor simulations showed poor correlation during 
the dummy –vehicle impact simulations.  This poor 
correlation may be caused by the complex contact 
between the pelvis and vehicle which is poorly 
reproduced in the component test.  In a parametric 
study using FE impact simulations of POLAR II 
dummy and pedestrian buck models, it was shown 
that the vehicle braking conditions reduce the relative 
velocity of the head to the vehicle and increase the 
time of head impact and wrap-around-distances 
(WAD) to primary head contact.  In addition, 
different buck shapes (e.g. MS buck and a large-size 
sedan - LS buck) showed a higher sensitivity to 
pedestrian kinematics (e.g. relative head impact 
velocity) than to the braking conditions over the 

range of conditions examined in this study.  The 
pedestrian buck models developed in the current 
study may be used for future optimization studies of 
pedestrian protection systems (e.g. airbags, automatic 
braking etc) and in manufacturing a physical 
pedestrian buck, which could, in turn, be used to 
validate pedestrian protection systems. 
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ABSTRACT 
 
The common approach to express Driving 
Assistance Systems (DAS) functionalities is often 
based on use cases that explain driving context and 
required assistance. However, DAS design requires 
temporal consideration of driving situation 
evolution when using the assistance, in order to 
define when the assistance is activated and which 
decision criteria is used. Driving situation 
complexity and its temporal progress cannot be 
easily appreciated without tools taking into account 
all actors (pedestrians, driver, vehicles…) and 
assistance effects on the scenario evolution. 
 
This paper describes a software application that 
offers designers a light and simple way to early 
design, tune and test DAS functioning on 
progressing situations. This tool is developed in the 
VIVRE 2 project to support the early design of a 
DAS that warns truck drivers to avoid pedestrian 
collisions. In this context, the tool permits to test 
the DAS functioning by running “dynamic use 
cases” (static use cases enriched with additional 
inputs to reflect the temporal evolution). It allows 
the designer to build scenarios with specifics 
parameters about driver, truck, pedestrians and 
assistance. It also proposes replay and trace 
features that help the analysis of the “dynamic use 
cases” combination. These iterative tests and 
adjustments of DAS allow determining decision 
criteria that works in all targeted situations.  
 
To further efficient early design, the tool must stay 
light and easy to use. As a consequence, the 
temporal evolution models of actors are kept 
simple. Once the DAS functioning is validated, 
another design phase in more realistic conditions is 
required; to make sure that no unanticipated 
behaviour occurs, which may reduce the 
functioning.  
 
This approach is crucial for early designing of a 
DAS to bring continuity to the use cases and to 
evaluate the consequences of any decision criteria 
modification on the global functioning in order to 
ensure driver warning efficiency.  

INTRODUCTION 
 
The approach to design assistance systems is most 
of the time based on “use case” (UC). These UC 
are developed to share a common view of system 
functioning between all partners in charge to 
design, to develop and to test the driving 
assistance. In fact, the functioning can not be easily 
defined by rules but has to be replaced in its 
context of use to understand the real wanted 
performance and the different factors which can 
influence or modify the final running. Some 
projects have defined some format to describe UC. 
For example, in AIDE project (which goal was to 
design a system to manage the information flow to 
the driver), the UC described the road context, the 
signals to be send, and the expected system 
functioning. For this application, the time 
constraints are not precise and a textual description 
was enough. But for others systems which have to 
deliver some urgent warnings like anti-collision 
warning, the time constraints are very important 
and textual description can only give qualitative 
functioning like “if a pedestrian is in front of the 
vehicle, the warning is diffused by auditive mode . 
In order to refine the functioning rules with 
quantitative values, some simulations are needed.  
 
The purpose of this article is to present an 
approach developed in the VIVRE2 project. This 
approach was used during the design phase to tune 
a driver’s assistance system which warns truck 
drivers to avoid pedestrian collisions. This 
approach combines different use cases with 
different driver behaviours and different system 
tunings. 
 
 

CONTEXT 
 
The truck traffic increase is particularly critical in 
urban areas where the cohabitation between as 
different users as pedestrian and trucks creates a lot 
of critical situations. From a technical point of 
view, a lot of sensors are designed to run in less 
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complex road situations like on highways or in 
rural areas where mobile entities are easier to 
detect (big size) and where the number  of objects 
to detect is limited. From a user’s point of view, 
the pedestrian situation awareness is often incorrect 
due to his lack of knowledge about truck driving 
[1]. To evaluate risks, the pedestrian uses his 
driving knowledge which results from his 
experience as a car driver. He doesn’t know the 
place and the size of dead zones around the truck. 
For example, the dead zone just in front of the 
vehicle can mask a too close pedestrian. A car front 
blind zone is small and can not mask objects taller 
than 50 cm. A truck front blind zone is higher and 
can mask objects taller than 1m like a child. 
Pedestrians do not realize that the trajectory of the 
backward part of the truck during a turn does not 
follow the trajectory of the front wheels and he can 
be surprised by the nearness of this part. A 
pedestrian does not picture the truck inertia and its 
braking length and he may make the decision to 
cross the road too late according to the truck speed 
and distance. Another aspect concerns the different 
situation awareness of actors depending on whether 
one considers the pedestrian’s or the truck driver’s 
point of view. In urban areas, trucks have to give 
way to pedestrians and pedestrians think that trucks 
have to stop. In this case, if the truck driver cannot 
or does not perceive the danger, the pedestrian will 
be quite within his rights but dead. 
 
In the VIVRE2 project, a driving assistance system 
(DAS) was developed to prevent collisions with 
vulnerable users in urban areas, especially during 
delivery truck manoeuvres. This kind of truck has 
to drive into cities to deliver goods and must 
manoeuvre on urban roads.  
In this project a truck driver needs study done by 
project partners (LEACM, INRETS, Renault 
TRUCKS) gives some information to determine 
the most critical situations and a set of classical 
Use Cases including the expected system 
functioning. 

OBJECTIVES 
 
To design this DAS, these Use Cases (UC) give the 
main functionalities to be included in the system 
(temporal sequences of warning display according 
to the road situation) but did not take into account 
all possible sequences.  
 
The objective of this work is to create a tool and a 
method that take into account most of the possible 
case of assistance that system can provide in all 
different situation. It permits to synthesize and to 
harmonize all the needs of assistance in most of the 
target situations.  
This is a way to enrich the classic Use Case 
generally used in DAS design. 

DYNAMICS USE CASE DESCRIPTION 
 
The main advantage of the DUC is to add easily 
variability to driving situation. It is composed by 
some elements coming from classical Use Case 
like a driving context (infrastructure, dangers to 
avoid); by the initial position and speed of major 
actors. But some other components, like a driver 
behaviour model, allow to increase the number of 
expected assistance system functioning variant 
according to the driver reaction at some system 
warning. 
 
For the dynamic use case, a lot of variations can be 
added to test the DAS in several situations. The 
initial value of the truck speed can be 0 to 10 km/h. 
The initial pedestrian speed can be from 0 to 10, 
and the initial position can be on the road or on the 
walkway, at 1.5 or 10 meters 
 
Then the functioning of the system is different. At 
1 meter in front of the truck this is a start inhibit 
situation. At 10 meters in front of the truck, if the 
pedestrian is moving quickly enough not to be hit 
by the truck, the alarm will not go off. This shows 
that different combinations or variable values 
induce very different system functioning. Temporal 
aspects must be taken into account to efficiently 
design a driving assistance system. 
 
The complexity of combinations of all parameters 
requires the use of a tool to generate the DUC but 
also to run them. 

 “DYNAMIC USE CASE RUNNER” 
ARCHITECTURE 
 
This tool is composed of two principal parts 
(Figure 1Figure 1): 

• The generic part is composed of several 
modules focused on DUC temporal 
deployment.  

• The specific part concerns the driving 
system assistance itself. 

 
The main tool functionalities are: 

• To define the scenario. 
• To manage all objects involved in the UC. 

It concerns the equipped vehicle, the 
different actors like pedestrians, bicycles, 
cars, trucks.  

 
To deploy the UC dynamic at each time step, the 
generator has to: 
 

• Calculate the position of all mobile 
objects including the equipped vehicle. 
The dynamic of the equipped vehicle is 
also defined by driver reaction given by a 
driver behaviour model. 
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• Run the driving assistance (DA) on this 
time step. 

• Use the DA decision to modify the 
equipped vehicle dynamics (acceleration, 
orientation) to be use into the next time 
step. 

• Display the information to be sent to the 
truck driver. 

• Display curves which describe the 
temporal evolution of the situation. 

 

 
Figure 1. “Dynamic Use Case Runner” 
architecture 
 
 

“DYNAMIC USE CASE RUNNER” 
PARAMETERIZATION 
 
To run the UC, some parameters can vary to 
describe different UC variants. These parameters 

are classified in several categories according to 
their use by the generator.  
 
For the first module which creates the UC, the 
parameters are: 

• Truck characteristics like size, 
acceleration maximum, braking 
maximum, initial position, initial speed. 

• Scenario characteristics like position and 
speed of mobile object (vulnerable user, 
other vehicle). 

 
For the module which simulates the mobile 
dynamics, the variable parameters concern: 

• The driver characteristics which include 
the desired speed, the desired acceleration 
and some behaviour modifications 
according to Assistance System 
information like “stop acceleration after 1 
second when warning occurs”. 

• The trucks characteristics like acceleration 
maximum, … 

 
For the module which calculates the driving 
assistance decision, the variable parameters 
concern the different criteria of decision levels. 
 
Another constraint was induced by this project. 
The system had to be validated on truck simulator 
with final users. The system integration on 
simulator had to be taken into account at the 
beginning of the project [2]. But the time necessary 
to develop the simulator database did not allow us 
to test the system functioning at an early stage; 
hence the “dynamic use case runner” was created 
to permit parallel developing of the database and of 
the system design phase.  
 

 
Figure 2 : integration principle 
 
An integration platform (Figure 2) was then 
designed to manage the interaction between the 
truck driving simulator and the assistance system. 
Moreover, to avoid software translation problems 
and to gain some time, it was decided to use the 
same code for the “dynamic use case runner” and 
the integration platform. 
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This integration platform allows us to collect data, 
to replay data and to connect the driving assistance 
to the truck driving simulator. 
 

“DYNAMIC USE CASE RUNNER” OUTPUT 
 
The assistance is based on using several areas 
around the truck. Some of them monitor the front 
of the truck, others the truck rear and some of them 
the truck’s right side. The presence of a vulnerable 
user in one of these areas is transmitted to the 
decision module. This module also uses the driver 
activity analysis to adapt the warning level to make 
the decision. 

 
Figure 3. DUC runner Output 
 
The tool presents (Figure 3) the truck on the road 
(blue rectangle) and displays the survey areas 
around the truck. The nearest is the “Braking zone” 
(red solid line), the further is the “speed limiter“ 
zone (dotted line)  and the intermediate is the 
“warning” zone (green solid line) . One “warning” 
zone is also in the right side of the truck 
 
The Assistance decision is display when active 
controls or warnings occur.   

“DYNAMIC USE CASE RUNNER” 
INTERFACE 
 
The software window (Figure 4) is split in three 
parts: 

• The first one concerns the DUC 
description including the driver, truck, 
assistance and scenario parameters. 

• The second one represents the context 
situation which  changes over time. 

• The third one displays the temporal 
curves. The first two curves display the 
truck speed and the maximum 
acceleration authorised by the assistance. 
The last two curves display the level of 

assistance in terms of active control (no 
control, speed limiter and urgency 
braking) and warning level (no 
information, danger indication or 
warning). 

 

 
Figure 4. Software interface 

DYNAMIC USE CASE RUNNING 
 
The DUC used in these examples is located on a 
straight on line with walk side. The pedestrian is on 
the walkway and is heading for the road when the 
truck starts. In the first example, the pedestrian 
speed is 5 Km/h and in the second one it is 2km/h. 
These two examples are different variant of the 
same DUC. 

Example 1: Speed limitation. 
 

 
Figure 5: Speed limitation UC step 1 
 
At the beginning (Figure 5), the pedestrian is on 
the walkway and is heading for the road at 5 km/h. 
The truck has just started and its initial speed is 0 
Km/h. 
 

Part 1 
 

Part 2 
 
 

Context 

Part 3 
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Figure 6: Speed limitation UC step 2 
 
The pedestrian is then in the warning and speed 
limiter areas (Figure 6Figure 6). The maximum 
acceleration allowed by the system is decreased 
and the active control and warning levels are 
increased. 
 

 
 
Figure 7: Speed limitation UC step 3 
 
The speed limitation was sufficient to avoid the 
collision and all warning and active control have  
now disappeared (Figure 7Figure 7). 
 

Example 2: Urgency Braking  
 
The same UC is running except that the pedestrian 
speed is adjusted to walk slowly at 2 km/h. 
 

 
 
Figure 8. Urgency braking UC step 1 
 

The beginning is the same as in example 1(Figure 
8). The pedestrian enters in the warning and 
limitation zone.  
 

 
 
Figure 9. Urgency braking UC step 2 
 
But the pedestrian is not walking quickly enough to 
leave the “Urgency Braking” area and the hard 
braking goes off (Figure 99). 
 
 

 
 
Figure 10.Urgency braking UC step 3 
 
The “start inhibit” system is active since the 
pedestrian is just in front of the truck (Figure 10).  
 
 

 
 
Figure 11. Urgency braking UC step 4 
 
When the pedestrian leaves the zone, the warning 
message goes out (Figure 11). 
 



Tattegrain 6 

Example 3: DUC on Intersection  
 
Several types of infrastructure (figure 12) can be 
used in the DUC.  

 
Figure 12. UC on intersection 

DISCUSSION 
 
As shown in the examples, a change in just one 
parameter value (in the example, the pedestrian 
speed) may induce a different system functioning. 
All theses changes cannot be described in classical 
Use case, due to too high a number of use cases. 
But most of the combinations have to be tested to 
validate the global system functioning. This tool 
allows to create “Dynamic Use Case” with several 
variants and testing for each of them, whether the 
real functioning corresponds to the expected one  
or not. 
 
The DUC temporal aspect can be analysed using 
the curves. Moreover, additional functionalities 
like “pause” or “scenario speed” allow the designer 
to run the DUC either slowly to show some details 
or quickly to analyse long sequences.  
 
Another advantage of this tool is to tune the 
driving assistance system. For example, the 
parameters which define the areas in front of the 
truck can be easily changed and all DUC variant 
can be validated with the new values. This set of 
variants can be considered as unitary tests to be 
applied after any change in the driving assistance 
system. 

EXPERIENCE FEEDBACK 
 
We have used this tool to design and develop a 
Driving assistance System. The early design phase 
was completed using this DUC generator and all 
major concepts were correctly designed. The 
software transfer into the implementation platform 
was immediate and the time gain was successful as 
planned. But some unexpected problems appeared. 
The first one concerns the dynamic model of the 
truck. The simple model used in the generator was 
not precise enough and some adaptation had to be 
done to take into account some truck specificity, 
especially to calculate the urgency braking 
distance. This problem was solved in one day 
during the implementation phase. The second 

problem affects the parameters used to describe 
driver activity. The driver model outputs were not 
the same as simulator one. For example, the gear 
box type (manual to automatic) can induce 
different driver actions. This problem was 
impossible to anticipate due to the fact that it was 
linked to the simulator model implementation. The 
last point concerns the system tuning. In the DUC 
generator the phase chain was correctly designed. 
But the final absolute values of the driving 
assistance system parameters had to be set  
according to the recommendation of ergonomics 
experts made during an expertise of the system 
before the final evaluation. 

CONCLUSION 
 
This design of Driving Assistance System (DAS) 
shows the contribution of a Dynamic Use Case 
generator which allows us to apprehend driving 
situation complexity and its temporal progress by 
taking into account all actors (pedestrians, drivers, 
vehicles…) and assistance effects on the scenario 
evolution. 
 
This generator offers a light and simple way to 
early design, tune and test DAS functioning in 
progressing situations. It was validated by 
designing a DAS that warns truck drivers to avoid 
pedestrian collisions. It allowed us to build 
scenarios with specific parameters about drivers, 
trucks, pedestrians and assistance. The driver 
model will be improve to create some DUC  
variants  which can explain some real situations. 
 
To further efficient early design, the tool stays light 
and easy to use. As a consequence, the actor 
temporal evolution models are kept simple 
especially the truck model. Once the DAS 
functioning was validated, the expertise phase in 
more realistic conditions allowed finalizing the 
criteria adjustments in order to ensure the driver’s 
warning efficiency. The final experiment is 
currently  carried out to evaluate the final DAS 
with end users. 

REFERENCES 
 
[1] Maincent, A., Brun, L., Martin, R., (2008). 
« Pedestrians’ representations about risky 
behaviours in urban areas”, Proceedings of 
International Conference on Traffic and Transport 
Psychology, Washington, septembre 2008: Elsevier 
 [2] Mathern B, Bonnard A. Tattegrain H, “Method 
of driving assistance system design to improve 
human vehicle interaction and safety development 
for truck”, 21st International Technical Conference 
on the Enhanced Safety of Vehicles (ESV) 
Stuttgart, Germany, June 15-18, 2009, paper 09-
0472 



Thorbole 1 

 
ABSTRACT 
 
The Volvo XC 70 2001 model is used to conduct 
the full scale rollover crash test to determine the 
glazing and roof performance.  The biodynamic 
code MADYMO is used to model the vehicle 
and its occupant.  The acceleration obtained from 
the full scale rollover test is used to prescribe the 
motion to the computational model. The front 
side occupants are 50th percentile Hybrid III 
ATD’s.  
A Finite Element belt model is used for the 
analysis because of its capability to simulate the 
slip of the occupant under the shoulder belt. The 
simulation is carried out with different restraint 
types to quantify the head lateral and vertical 
excursions. The restraint type includes the 
conventional three-point system, integrated 
restraint in which the belt is attached to the seat, 
and a restraint type in which an extra shoulder 
belt is added to a conventional and an integrated 
restraint. The driver and the passenger head 
kinematics are compared for each restraint type.  
A comparasion is made for driver and passenger 
head excursion for different restraint types to 
demonstrate the effectiveness of each restraint in 
reducing excursion. The study indicates that an 
integrated seat belt results in less lateral and 
vertical head excursion, as compared to the 
conventional restraint.  This study also indicates 
no significant improvement in reducing head 
excursion by the addition of an extra shoulder 
belt compared to a conventional or an integrated 
restraint. 
 
INTRODUCTION 
 
Seat belts are an important active safety device 
in a passenger vehicle.  Seat belts are intended to 
reduce injuries to a passenger by preventing the 
passenger from hitting the interior due to 
declarative forces.  It is estimated that seat belts 
are responsible for saving 147,246 lives in the 
period 1975-2001[1]. The lap and shoulder 

single continuous loop restraint is the most 
popular seat belt system in the passenger vehicle.   
This restraint performance is enhanced by the 
introduction of retractors, webbing grabber, load 
limiter and pre-tensioners. Three-point restraints 
play a crucial role in frontal impact by avoiding 
the secondary impact between the passenger and 
the vehicle interior. The effectiveness of this 
restraint during rollover depends on the roof 
integrity, as the intrusion of the B-pillar tends to 
move the D-ring generating the slack in the 
continuous belt loop [2].  The slack in the belt 
could result in partial or complete ejection 
causing fatal head and neck injury.   Figure 1 
shows the fatal complete/partial ejection from 
different vehicle types.  Figure 2 shows the 
rollover occurrence by vehicle types, which 
indicates higher rollover propensity for utility 
vehicles [3]. 
 

 
Figure 1.  Fatal ejection from different vehicle 
types. 
 

 
Figure 2.  Fatal rollover occurrence by vehicle 
types. 
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According to 2001 FARS (Fatality Analysis 
Reporting System), only eight percent of the 
vehicles involved in rollover accidents resulted 
in twenty one percent of the serious injuries and 
thirty one percent of the fatalities.  This makes 
rollover occupant protection an important 
research.  It mandates a proper understanding of 
the single loop restraint dynamic behavior during 
rollover accidents.  Several studies were 
conducted in the past; such as, Arndt et al. [4] 
conducted a study to correlate restraint slack and 
occupant excursion. Similarly, Glen Rains et al. 
[5] demonstrated the influence of a D-ring 
location on the dummy head excursion using 
RRT (Rollover Restraint Tester).  James F. 
Pywell et al. [6] demonstrated the effectiveness 
of a restraint in reducing vertical and lateral head 
excursion when restraint is integrated with the 
seat using laboratory test fixture. All these 
studies are conducted using a laboratory tester 
with the quasicstatic and dynamic approach.  
Thorbole et al. [7] in their study demonstrated 
the effect of gravity on the occupant kinematics 
when using the laboratory tester compared to the 
airborne phase of rollovers, when acceleration 
due to gravity does not result in any relative 
motion between the vehicle and the occupants. 
 
To address the limitation of a laboratory test to 
evaluate the performance of different restraints 
and their configuration, a MADYMO [8] 
computational model of a full scale rollover test 
was developed. The objective of this 
computational study is to compare the head 
excursion of a far side and near side ATD during 
the rollover event and to compare the 
performance of conventional continuous single 
loop restraints with seat integrated restraints by 
quantifying the head excursion.  This study also 
quantifies the head excursion with an extra two 
point restraint added to the three point restraint.   
 
METHODOLOGY 
 
Volvo V70 Remotely Tripped Rollover test 
 
A 2001 Volvo V70 XC, 4-door was used for the 
full scale trip rollover; as shown in Figure 3. 
 

 
Figure 3.  Test vehicle before rollover. 
 

The vehicle was piloted remotely using a radio 
control system with the driver in the chase 
vehicle.  The steering servo was capable of 
providing 11.3 N.m (100in *lbf) of maximum 
torque.  It allowed 4 revolutions at 1000deg/sec 
maximum.  The brake servo allowed 534 N (120 
lbf) maximum force, and the throttle allowed 89 
N (20lbf).  The vehicle was accelerated at full 
throttle from a complete stop.  Prior to 
approaching the edge of the concrete, a right 
steer input was initiated followed by a hard left 
steer input causing the vehicle to yaw 
counterclockwise and positioning itself 
approximately parallel to the concrete edge prior 
to the intended point of trip.  The trip mechanism 
involved a ditch with loose soil 15m (50 feet) 
long, 0.2m (8 inch) wide and a 0.15m (6 inch) 
curb height; as shown in Figure 4. 
 

 
Figure 4.  Trip mechanism using lose soil 
ditch. 
 
The vehicle was instrumented with an IST 
Motion Master EDR 6DOF stand alone, 6-axis 
data acquisition system to measure the 
accelerations and angular rates.  The instrument 
was oriented as per SAE vehicle axis convention 
and was fixed near the shift stick; as shown in 
Figure 5.   
 

 
Figure 5.  Instrumentation fixed near shift 
stick. 
 
Four non-instrumented ATD’S were positioned 
in the vehicle, two in front and two in the second 
row; as shown in Figure 6. 
 

 
Figure 6.  ATD position in the vehicle. 
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Figure 7 shows linear acceleration data. Figure 8 
shows angular velocity data. 
 

 
Figure 7.  Acceleration data acquired during 
the test. 
 

 
Figure 8.  Angular data acquired during the 
test. 

The main intention of this full scale rollover test 
was to demonstrate the occupant retention 
capability of modified glazing and door frame.  
The factory installed tempered glass WSA 
replaced with laminated glazing with a 7mil clear 
polyester film applied to the inner surface of the 
laminated glass. A Hybrid III 5th percentile 
female dummy was used as a restrained driver 
with a Hybrid II 50th percentile male dummy as  
a restrained front passenger.  Second row 
passengers were two unrestrained Hybrid III 5th 
percentile female dummies.  The vehicle motion 
data acquired during this test was used for the 
computational analysis intended to evaluate the 
performance of different restraint in terms of 
head excursion.  Figure 9 shows the rollover 
sequence from approximately 22.34 sec when the 
vehicle hit the curb in the ditch.  The vehicle 
rolled once, passenger side leading, without any 
airborne phase having a 321 deg/sec peak roll 
velocity. Figure 10 shows the post rollover 
condition of the vehicle which indicates no 
failure of the glass except for fractured 
windshield and back lite. 
 

 
Figure 9.  Rollover sequence after vehicle is 
tripped. 
 

 
Figure 10.  Post rollover vehicle condition. 
 
For the computational analysis the motion data is 
used from the point where vehicle hits the curb.   
 
Computational Analysis 
 
The biodynamic code MADYMO is used for the 
kinematic analysis of the front row restrained 
occupants.  This analysis is conducted with the 
intention of quantifying the front row occupant 
head excursion with different belt configurations 
using actual vehicle kinematics as obtained 
during a full scale rollover test.   The data is used 
from the point where the vehicle hits the curb in 
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order to reduce the simulation time. MADYMO 
Version 6.3.1 developed by TASS, running on 
Intel Quad core Xeon 2.33GHz was used to 
develop the rollover simulation. 
 

Model Overview - The computational 
model consists of an ellipsoidal vehicle interior 
coupled with two Hybrid III 50th percentile male 
ATD’s positioned in the driver and passenger 
seat.  The finite element belt model is used to 
restrain the occupants.  Simulations are 
conducted for different restraint types to quantify 
the head excursion. 

 
Interior Geometry - The interior of the 

vehicle is modeled by measuring the dimensions 
from the test vehicle.  MADYMO ellipsoids are 
used to create the geometry surface.  The interior 
consists of front seats a second row seat with 
dash board and steering.  Figure 11 shows the 
modeled interior geometry of the vehicle.  The 
glass is not modeled for this analysis.  A free 
joint is positioned at the location where 
instrumentation was attached to obtain the 
vehicle kinematics. 

 

 
Figure 11.  Vehicle interior geometry using 
ellipsoids. 
 
The standard stiffness characteristics of the seat 
and the interior are obtained from the application 
manual of MADYMO [9].  A friction coefficient 
of 0.2 was used to model contact between 
occupant and the interior.  
 

Seatbelt – The conventional three-point, 
single loop belt was modeled, as per location of  
the D-ring, buckle and floor anchor point in the 
test vehicle.  The D-ring location for the 
integrated system was assumed on the seat back.  
The finite element belt in combination with the 
linear belt segment is modeled to restraint the 

occupant.  The webbing characteristic is obtained 
from the application manual for MADYMO.  A 
friction coefficient of 0.2 is modeled between the 
occupant and the belts.   

 
ATD – Hybrid III 50th percentile dummies 

are used as the driver and the passenger.  Initial 
joint positions of driver’s shoulder and elbow are 
adjusted to replicate steering interaction.  No 
joints in both dummies were locked. 

 
Assembly of Sub-Models – To complete 

the biodynamic simulation of a rollover accident 
with different restraints, all of the subsystems as 
described in the previous section require 
integration.  The ATD’s were positioned on the 
seat and then the restraints were looped around 
them.  The ATD’s are allowed to settle down 
under gravity before they are restrained.  Figure 
12 shows the complete simulation set up with 
different restraints. 

 

 
Figure 12.  Simulation set up with different 
restraints. 

 
Response measurement – For each 

simulation the head excursion of the driver and 
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the passenger is quantified.  This excursion is 
measured relative to the marker body attached to 
the vehicle; as shown in the Figure 13.  Initially, 
this marker coincides with the CG of head.  The 
Y displacement provides the lateral excursion 
relative to this marker, and the Z displacement 
provides the vertical excursion relative to this 
marker.  

 

 
Figure 13.  Head excursion measured relative 
to the marker body. 

 
Simulation time – The actual rollover event 

was 30 seconds.  The simulation motion file is 
modified to reduce the run time by starting it 
from the point when the vehicle makes a right 
turn followed by a hard left turn prior to its trip.  
The time step used is 10-5 with the Euler 
integration method.  The computational time 
required for this simulation with the FE belt and 
two dummies was approximately three hours. 

 
RESULTS 
 
The head excursion is quantified relative to the 
marker body.  The head excursion is quantified 
for two parts of a single rollover event.  It is 
observed that the vehicle completed one roll 
anticlockwise as seen from the front, followed by 
additional 40 deg roll, and then fell back on the 
wheels clockwise in a 40 deg position.  The head 
excursion is reported separately for two phases in 
a single plot.  Figure 14 shows the roll angle of 
the vehicle with respect to the time and two 
different phases, as described earlier in this 
section. 
 

 
Figure 14.  Vehicle roll angle plot during 
rollover test. 

The simulation sequence for each run is reported 
in the appendix. 
 
Conventional Restraint 
 
 Lateral and vertical head excursion is quantified 
and compared for driver and passenger.  Figure 
15 shows the lateral head excursion.  Figure 16 
shows the vertical head excursion for driver and 
the passenger.  The solid blue curve represents 
the driver, and the dotted red curve represents the 
passenger.  The passenger negative lateral 
excursion value in the plot is outboard head 
movement. The driver positive lateral excursion 
value is an outboard head movement.  The 
positive value of the vertical excursion is an 
upward movement of the head for both driver 
and passenger. 
 

 
Figure 15.  Lateral head excursion for driver 
and passenger with a conventional belt.  
 

 
Figure 16.  Vertical head excursion for driver 
and passenger with a conventional belt.  
 
In phase one the peak driver head lateral 
excursion is 8.57 cm outboard and the passenger 
head lateral excursion is 8.7 cm.  The maximum 
driver head outboard excursion for phase two is 
12.9 cm.  The vertical head excursion for driver 
is 4.7 cm, and 5.25 cm for the passenger.  The 
maximum head lateral excursion occurs in the 
second phase when the vehicle falls back on the 
ground after rolling 40 deg about the passenger 
side.  At the peak roll rate the lateral outboard 
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excursion for the passenger head is 5.2 percent 
higher than the driver head.  The vertical 
excursion is almost identical.  Figure 17 shows 
the dummy kinematics at peak roll rate. 
 

 
Figure 17.  Driver and passenger kinematics 
at peak roll rate with conventional restraint.  
 
Seat Integrated Restraint 
 
Figure 18 and Figure 19 show the lateral and 
vertical head excursion for driver and passenger.  
The solid blue curve represents the driver and the 
dotted red curve represents the passenger.  The 
Passenger negative lateral excursion value in the 
plot is outboard head movement.  The driver 
positive lateral excursion value is an outboard 
head movement.  The positive value of vertical 
excursion is an upward movement of head for 
both driver and passenger. 
 

 
Figure 18.  Lateral head excursion for driver 
and passenger with a seat integrated belt.  
 

 
Figure 19.  Vertical head excursion for driver 
and passenger with a seat integrated belt.  

The peak driver head lateral excursion in phase 
one is 8.44 cm outboard and the peak lateral 
excursion for the passenger is 10.29 cm inboard.  
Passenger maximum outboard excursion for 
phase one is 3.46cm.  In phase two the passenger 
head inboard excursion is 17.5 cm and the driver  
outboard head excursion is 10.8 cm.  The peak 
vertical excursion for the driver in phase one is 
4.71 cm, as compared to 5.58 cm for the 
passenger.  At peak roll rate the lateral outboard 
excursion for the driver head is 5.16 cm and 2.75 
cm for the passenger inboards with identical 
vertical excursion.  Figure 20 shows the dummy 
kinematic at peak roll rate. 
 

 
 Figure 20.  Driver and passenger kinematics 
at peak roll rate with integrated restraint.  
  
Conventional Restraint Plus Additional 
Shoulder Belt 
 
In this restraint an additional shoulder harness is 
added to a conventional restraint, such that the 
new belt crosses the shoulder belt of the 
conventional restraint.  The top anchor point for 
the additional belt is on the seat. The bottom 
anchor point is on the floor.  Figure 21 and 
Figure 22 show the lateral and vertical head 
excursion for driver and passenger.  The solid 
blue curve represents the driver and the dotted 
red curve represents the passenger.  The sign 
convention for head excursion is similar, as 
discussed in the previous section.  
 

 
Figure 21.  Lateral head excursion for driver 
and passenger with a five point restraint.  
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Figure 22.  Vertical head excursion for driver 
and passenger with a five point restraint.  
 
The peak driver lateral excursion in phase one is 
8.25 cm outboard and 10.09 cm outboard for the 
passenger.  In the second phase the driver 
outboard excursion is 10.85 cm and passenger 
inboard excursion is 9.71cm.  The peak vertical 
excursion for driver and passenger is 5.2 cm in 
phase one.  At peak roll rate the lateral outboard 
excursion for the passenger head is 23 percent 
higher than the driver head with similar vertical 
excursion.  Figure 23 shows the dummy 
kinematic at peak roll rate. 
 

 
Figure 23.  Driver and passenger kinematics 
at peak roll rate with extra shoulder belt in 
conventional restraint.  
 
Seat Integrated Restraint Plus Additional 
Shoulder Belt 
 
In this restraint an additional shoulder harness is 
added to a seat integrated restraint, such that new 
belt crosses the shoulder belt of the conventional 
restraint.  The top anchor point for the additional 
belt is on the seat and the bottom anchor point is 
on the floor.  Figure 24 and Figure 25 show the 
lateral and vertical head excursion for the driver 
and the passenger. The solid blue curve 
represents the driver and the dotted red curve 
represents the passenger.   
 

 
Figure 24.  Lateral head excursion for driver 
and passenger with a five point restraint.  
 

 
Figure 25.  Vertical head excursion for driver 
and passenger with a five point restraint.  
 
The peak driver lateral excursion in phase one is 
8.64 cm outboard and 11.7 cm inboard for the 
passenger.  In the second phase the driver 
outboard excursion is 11.25 cm and the 
passenger inboard excursion is 16.9 cm.  The 
peak vertical excursion for driver is 4.8 cm and 
4.5 cm for the passenger.  At peak roll rate the 
lateral outboard excursion for the driver head is 
4.82 cm and 2.71 cm for the passenger inboards 
with identical vertical excursion.  Figure 26 
shows the dummy kinematic at peak roll rate. 
 

 
Figure 26.  Driver and passenger kinematics 
at peak roll rate with extra shoulder belt in 
integrated restraint. 
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Dynamic Comparison of Different Restraint 
Types 
 
 All the restraint types as described above are 
compared with each other to identify the 
dynamic performance of these restraints during 
this rollover test.  The performance is measured 
in terms of driver and passenger head excursion 
values.  The head excursion is compared at the 
peak roll rate in phase one, and when the vehicle 
drops down on its wheels in phase two.  Figure 
27 shows the comparison of the driver head 
lateral excursion with different restraint types.  
This plot clearly indicates 31.4 percent less head 
outboard excursion for an integrated restraint 
when compared to a conventional restraint at 
peak roll velocity. This plot also shows no 
significant change in lateral outboard excursion 
with the addition of an extra shoulder strap to a 
conventional and an integrated restraint.  In the 
second phase integrated restraint results in 15.5 
percent less outboard lateral head excursion. 
Figure 28 shows the driver head vertical 
excursion comparison which indicates 52.17 
percent less vertical excursion with the 
integrated restraint when compared to the 
conventional restraint at peak roll rate.  This plot 
also shows no significant change in vertical 
excursion with addition of an extra shoulder 
strap to conventional and integrated restraints.   
 

 
Figure 27.  Driver head lateral excursion for 
different restraints.  
 

 
Figure 28.  Driver head vertical excursion for 
different restraints.  
 

Figure 29 shows the lateral head excursion for 
the passenger which indicates 8.8 cm outboard 
head lateral excursion for the conventional 
restraint as compared to 2.8 cm of inboard head 
excursion with an integrated restraint at peak roll 
velocity. This plot also indicates that the head 
stays outboard at a maximum value for 0.25 sec 
with the conventional restraint.  In the second 
phase the integrated restraint results in 17 cm 
inboard excursion of the head as compared to 0.4 
cm for the conventional restraint. Figure 30 
shows the passenger head vertical excursion 
comparison which indicates 48 percent less 
vertical excursion with an integrated restraint 
when compared to the conventional restraint at 
peak roll rate.  This plot also shows no 
significant change in vertical excursion with the 
addition of an extra shoulder strap to 
conventional and integrated restraints.   
 

 
Figure 29.  Passenger head lateral excursion 
for different restraints.  
 

 
Figure 30.  Passenger head vertical excursion 
for different restraints.  
 
CONCLUSIONS 
 
This study has demonstrated the dynamic 
comparison of different restraints in terms of 
head excursion during an actual rollover 
accident.  Front row occupants head lateral and 
vertical excursions were measured and 
compared.  
 
The integrated restraint results in less vertical 
and outboard lateral head excursion as compared 
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to the conventional restraint at peak roll velocity. 
As the vehicle start rolling the shoulder belt slip 
over the shoulder of the driver with the 
conventional restraint.  No slip occurs with the 
integrated restraint.  The addition of an extra 
shoulder belt to the conventional and integrated 
restraints does not have any significant effect on 
the head excursion for this rollover accident.  
The head excursion of a far side occupant is 
increased during the second phase of the rollover 
when the vehicle falls back on the far side wheel. 
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APPENDICES 
 

 
Figure31.   Simulation sequence with the 
conventional restraint. 
 

 
Figure32.  Simulation sequence with the 
integrated restraint. 
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Figure33.   Simulation sequence with the 
conventional restraint plus extra shoulder 
belt. 
 

 
Figure34.   Simulation sequence with the 
integrated restraint plus extra shoulder belt. 
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ABSTRACT 
 
The BioRID-II rear impact dummy is used for 
assessing the level of protection of car seats against 
whiplash associated disorders (WAD) for many 
years. This level of protection is evaluated in 
consumer tests. For these tests comparatively low 
thresholds were introduced. Many questions which 
are related to injury criteria and their respective 
biomechanical tolerance levels remain unresolved. 
These low load ranges hold a claim against a high 
robustness of measuring devices used with respect 
to repeatability and reproducibility. However, 
especially the low load range and the low signals 
from the sensors show a certain variation. 
Therefore, a reliable assessment of the level of 
protection of car seats is difficult. 
 
The presented study is focused on the assessment 
of repeatability and reproducibility of the 
BioRID-II. A series of sled tests with eight 
individual BioRID-IIg dummies were conducted 
under well defined and controlled boundary 
conditions. The dummies were placed in four hard 
bucket seats to ensure stable test conditions and to 
avoid any variation generated by regular car seats. 
Variations caused by the seats and the seating 
procedures were minimized by testing every 
dummy in each seat. Particular attention was paid 
to very accurate test reruns to keep the test 
variations as small as possible. 
 
Dummy certification tests prior and after the test 
series were conducted to determine possible 
changes of the dummy performance induced by the 
test program. 
 
 

 
Finally, the study was completed by running 
simulations and parametric studies with the FAT 
BioRID-II FE-model. The objective of this 
computational investigation was the identification 
of potential causations for the variances particularly 
seen in the upper and lower neck responses. 
 
INTRODUCTION 
 
Whiplash associated disorders (WAD) are 
characterized by a collection of symptoms that 
usually occur due to sudden extension and flexion 
of the neck. Typically, WAD are mainly sustained 
in rear-end collisions of car accidents. The severity 
of the WAD experienced by the passengers may 
not be related to the speed of the cars involved in 
the accidents or the amount of physical damages to 
the car. Therefore, it is possible that already low 
impact speeds can produce enough energy to cause 
WAD in occupants, whether or not they wear seat 
belts. 
 
WAD sustained in rear-end accidents are still a 
major concern in road traffic safety. In recent years, 
many research activities were undertaken to 
investigate the injury mechanism and injury criteria 
related to whiplash associated disorders. Although, 
the underlying injury mechanism of WAD is still 
not fully understood, several injury predictors are 
proposed. Some of these injury predictors show 
good correlation with real world accident studies 
and seem suited to assess the risk of WAD. 
However, due to the complex nature of the injury 
even for those criteria uncertainties remain with 
respect to the threshold values suggested. Despite 
these uncertainties, there are indications that an 
improved seat design reduces WAD. Most of the 
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car manufacturers have begun to improve the seat 
design or implement various whiplash protection 
devices in their products in order to reduce the risk 
of WAD. The introduction of consumer rating 
programs for rear impact loading conditions 
attempt to give an assessment for the potential risk 
of WAD. 
 
The BioRID-II dummy is widely introduced as a 
measurement tool to assess the potential risk of 
WAD of car seats under dynamic test conditions. 
The development of the BioRID was started in 
1995 with the aim to get a dummy with humanlike 
kinematics primarily in a rear-end impact and 
secondarily in frontal impacts. In 2002 the 
production version BioRID-IIa with a fully 
articulated humanlike spine was released from 
Denton Inc. In terms of improvements to be 
addressed on the dummy, many updates took place 
which leads to the current build level version G 
released in 2003, the BioRID-IIg. It is out of 
questions that the BioRID-IIg dummy shows good 
biofidelic kinematics based on the detailed 
designed spine with large degree of freedom. 
However, the combination of variations of the 
dummies, car seats and test conditions with a very 
low load level can possibly lead to considerable 
variations of the dummy responses which have 
often been reported. For the development of head 
restraint systems, it is essential to have also a 
reliable development tool available with a 
minimum of measurement variances under 
identical test conditions. 
 
This study deals with the investigation of the 
repeatability and reproducibility capabilities of 
eight different BioRID-IIg dummies under well 
defined boundary conditions in sled tests. In 
addition the dummy responses were applied to 
different rating schemes to demonstrate the 
variations of rating results, even under well defined 
boundary conditions. Certification data prior and 
after the test series were also analyzed to keep 
records on possible changes of the dummy 
performance due to the test program. The data 
obtained in the test series were used to investigate 
differences in testing and numerical simulation. 
 
APPROACH 
 
The scatter of the BioRID responses in whiplash 
test scenarios is often discussed and analyzed [1, 2, 
3]. However, influence of test sub-systems like 
dummy, seat or test facility on the global variances 
remains open. This study is purely focused on the 
dummy. 
The main influence parameters in a whiplash test 
are positioning of the dummy, variances of the 
crash pulse and last but not least probably 
variances of the seat. These factors were eliminated 

by testing each dummy on every seat, by running 
three repetitions of each test set-up and finally, by 
the use of race car seats. These hard bucket seats 
withstand dozens of tests without any damage. So 
there was no need to replace the seats after each 
test.  
In total eight BioRID-IIg were analyzed in this 
study. So the total number of tests per dummy is 
12. At the end there is a very unique sample of 96 
dummy data sets with comparable boundary 
conditions. This is sufficient information to analyze 
the repeatability as well as the reproducibility of 
the BioRID. 
 
METHODS 
 
Many of the studies on repeatability and 
reproducibility suffer on the unknown variations of 
vehicle seats. Therefore, it was decided to use hard 
bucket seats coming from racing cars. As these 
seats withstand whiplash tests without any damage, 
it was possible to use them during the whole test 
program.  
Furthermore, the seats fitted almost perfectly to the 
BioRID. Its posture was very stable and it was easy 
to place the dummy into the seats. The backrest 
supported the whole back of the dummy. 
Every dummy was checked and certified by the 
dummy manufacturer prior to the test program. 
After completion of the test program the dummies 
were checked and certified by the manufacturer 
again by conducting an initial and outgoing 
certification tests, to detect possible changes in the 
dummy performance respectively hardware. 
 
Geometric Measurements 
 
The seats were measured with the SAE-J826 H-
Point Manikin with Head Restraint Measuring 
Device (HRMD) in order to determine the H-Point 
and the backset of each individual seat. The backset 
is defined as the horizontal distance between the 
rearmost located point of the head cap and the 
related contact point at the head rest. 
 

 
 
Figure 1.  Hard bucket seat with H-Point Manikin 
and HRMD. 
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Figure 1 shows the H-Point Manikin with HRMD 
seated in the hard bucket seat exemplarily. 
 
The seats and dummies were equipped with 
markers fixed to the surfaces to pick up geometric 
dimensions by a 3D measurement system. This 
geometric data was used for the numerical 
simulation to place the dummy FE model at exactly 
the same position as the BioRID-II in the sled tests. 
Figure 2 shows the markers on the seat and the 
dummies. 
After completing half of the tests, a static check of 
the seats by using the H-Point Manikin with 
HRMD and the 3D measurement system were 
conducted to ensure consistent test conditions and 
reveal possible damages on the seats. 
 

 
 
Figure 2.  Markers for 3D geometric measurements. 
 
 
Sled Tests 
 
The dynamic testing was performed by using a 
HyperG220 acceleration sled on which the four 
hard bucket seats were rigidly mounted. A 
trapezoid sled pulse SRA16 (5 g, Δv=16 km/h) 
according to the draft Euro NCAP testing protocol 
v2.8 Draft [4] was used for all dynamic test runs. 
This pulse was chosen because of the low severity 
loading condition to avoid possible damages to the 
seats. The pulse characteristic is demonstrated in 
Figure 3. 
 

 
 
Figure 3.  Sled Pulse (SRA16). 
 

Particular attention was paid to very accurate test 
repeats to ensure good repeatability of the sled 
pulse over the complete test series. 
 
Each dummy was positioned according to the data 
obtained from the SAE H-Point Manikin related to 
the individual seat. Pelvis belts were used to keep 
the dummies seated during the deceleration phase 
of the sled. These belts were laxly tightened to 
avoid any influence on the dummy response. 
Figure 4 shows test set-up. 
 

 
 
Figure 4.  Test set-up. 
 
 
In total 24 sled tests were conducted. Four 
dummies were tested simultaneously on the sled. 
Each dummy was tested three times on each seat. 
The complete test matrix is shown in Table 1. After 
each test the dummies were removed from the 
seats, checked and adjusted to the basic settings. 
After three test repetitions the dummies were 
moved to the next hard bucket seat and positioned 
according to the static measurement values 
obtained for the particular seat. 
 

Table 1. 
Test matrix 

 
Dy 1 Dy 2 Dy 3 Dy 4 Dy 5 Dy 6 Dy 7 Dy 8

Test 1 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 2 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 3 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 4 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 5 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 6 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 7 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --
Test 8 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --
Test 9 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --

Test 10 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 11 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 12 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 13 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 14 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 15 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 16 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 17 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 18 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 19 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 20 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 21 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 22 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3
Test 23 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3
Test 24 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3  

 
All eight BioRID-IIg dummies were equipped with 
the instrumentation as shown in Table 2. 
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Table 2. 
BioRID-II instrumentation 

 

Location Measurement Dimension

ax Head acceleration [g]
ay Head acceleration [g]
az Head acceleration [g]
Fx Upper Neck force [kN]
Fz Upper Neck force [kN]
My Upper Neck moment [Nm]
ax C4 Cervical Spine acceleration [g]
az C4 Cervical Spine acceleration [g]
Fx Lower Neck force [kN]
Fz Lower Neck force [kN]
My Lower Neck moment [Nm]
ax T1 Thoracic Spine le acceleration [g]
az T1 Thoracic Spine le acceleration [g]
ax T1 Thoracic Spine ri acceleration [g]
az T1 Thoracic Spine ri acceleration [g]
ax T8 Thoracic Spine acceleration [g]
az T8 Thoracic Spine acceleration [g]
ax L1 Lumbar Spine acceleration [g]
az L1 Lumbar Spine acceleration [g]
ax Pelvis acceleration [g]
ay Pelvis acceleration [g]
az Pelvis acceleration [g]

T1

T8

L1

PELVIS

HEAD

UPPER NECK

C4

LOWER NECK

 
 
 
The sled was equipped with two triaxial 
accelerators mounted on the front and rear side of 
the sled frame. All seats were instrumented with 
two triaxial accelerometers located on the middle 
and upper part of the backrest as well as with an 
uniaxial accelerometer on the rear left seat rail. 
 
The time of the head-contact events was obtained 
by using thin metal foils which were fixed on the 
head rests and the dummy head caps. 
 
Four on-board high speed (HS) video cameras were 
mounted on the sled to record videos from each 
seat position. In addition one HS video was 
positioned on 45 degrees on the front side to get an 
overview of the complete test scene. All videos 
were recorded with 1000 frames per second. 
 
Simulation 
 
Numerical simulations were used to analyze the 
causes of variations and to identify possible 
problems and dummy artifacts. 
All simulation runs were conducted with the 
release 2.5 of the FAT LS-DYNA BioRID-II 
dummy model. It was positioned in pre-simulations 
by using the seating protocols obtained in the sled 
tests. Therefore, all pre-stresses of dummy and seat 
were considered in the simulations runs. The 
computational model of the sled test set-up is 
shown in Figure 5. 
The geometry of the computational model of the 
hard bucket seat is based on 3D scans of the 
hardware. The seat was already validated in a 
previous study but its performance was verified 
with the signals of the accelerometers mounted at 
the backrest. 

The average crash pulse of the 24 sled tests was 
used as baseline pulse for all simulation runs. 
 
 

 
 
Figure 5.  Computational test set-up. 
 
 
Methods of Evaluation 
 
As the total number of data sets is very extensive, 
the right methods of analysis and evaluation of the 
data has to be chosen. At first, the curves and their 
maximum and minimum peaks were analyzed 
globally to get a first impression on the total scatter 
of the data. Furthermore, the absolute scatter of the 
signals (e.g. peak force) is important because 
consumer tests are more focused on these values. 
Additionally, the injury criteria NIC and Nkm were 
calculated with respect to consumer tests. NIC 
considers the relative acceleration between head 
and torso. The equation of NIC is shown in (1) 
 

2))(()(2.0)( tvtamtNIC relrel +⋅=
       (1) 

 
Whereas NIC is focused on the measured 
accelerations, Nkm evaluates the upper neck shear 
force and the neck extension/flexion moment (2). 
 

intint

)()(
)(

M

tM

F

tF
tN yx

km +=                  (2) 

 
The coefficient of variation (CV) was the second 
method of evaluation. CV is the quotient of root 
mean square deviation and sample mean. It is 
proportional to the scatter of the data. Table 4 [7] 
shows the classification of CV used in repeatability 
analysis. CV is calculated for the maximum and 
minimum peak of a signal. Depending on the 
meaning of the signal either the CV at the 
maximum or minimum peak is used for the 
subsequent analyzes. In case of using the 
coefficient of variation of the minimum peak, the 
absolute value is used. 
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Table 4. 

Rating scale to assess repeatability 
 

CV  =  3% 3% < CV = 7% 7% < CV = 10% CV > 10
good acceptable marginal not acceptable  

 
 
Finally, a new approach was used to evaluate the 
global variations of response signals objectively. 
The so-called CORA software [5] provides an 
objective evaluation of whole response curves 
coming from any source. The method combines 
two independent sub-methods, a corridor rating and 
a cross-correlation rating. The corridor rating 
evaluates the fitting of a response curve into user-
defined or automatically calculated corridors. The 
cross-correlation method evaluates phase shift, 
shape and size. These two sub-methods are 
essential because the disadvantages of each sub-
method are compensated by the other method. The 
rating results ranges from “0” (no correlation) to 
“1” (perfect match). 
CORA was developed to evaluate the level of 
correlation between two curves and not to evaluate 
variances of a set of curves. To enable the usage of 
CORA anyway, the dummy responses could be 
compared with the responses of an ideal BioRID. 
Since no ideal BioRID responses were available, 
this limitation has to be bypassed by grouping the 
test results. At first, the mean responses of the 
twelve tests of every BioRID were calculated. 
Afterwards CORA evaluated the level of 
correlation of one dummy specimen to the group of 
the remaining seven dummies. This grouping was 
done for every dummy.  
At the end there are eight CORA results per 
channel. The variances of a signal can be assumed 
as small if the eight ratings are close together. In 
this context the CORA rating is only an indirect 
measure of the scatter of the BioRID responses. 
The introduced method only analyzed the 
reproducibly of the BioRID.  
To get a better understanding of the BioRID, the 
signals were spilt into sub-sections. The correlation 
was calculated before the head contact (0-70 ms), 
during the head contact (70-130 ms) and for the 
rebound (130-250 ms). Additionally, the analysis 
was done for the whole test (0-250 ms). This split-
up helps to detect the crucial phases of the tests for 
variations of the dummy responses. 
 
RESULTS 
 
The dummy responses in the incoming inspection 
after completion of the test series are almost 
identical to those of the certification prior the tests. 
It can be assumed that the performance of each 
BioRID was constant during the whole test series. 
 

In spite of the detailed check of all dummies by the 
manufacturer, there are differences in the hardware. 
The pelvis foam of three dummies was clearly 
stiffer than that of the others. Especially the pelvis 
acceleration is influenced by this stiffness. 
However, the influence on the dummy responses 
decreases from pelvis to head.  
The check of the stiffness of the pelvis foam is 
obviously not covered by the dummy certification 
procedures. 
 
The stability of the hard bucket seats did not 
change during the all test runs. No permanent 
deformations were observed. This was 
demonstrated by comparing the 3D measurement 
results of the static check after half of the tests with 
the initial measurements. In addition, the 
comparison of the backrest accelerations did not 
reveal any significant performance changes. 
 
The 2D measurement values obtained from the 
seating position of the individual BioRID show 
good repeatability which is evident for the high 
accuracy of the test set-up. Figures 6 and 7 give an 
impression on the scatter of the backset and the H-
Point of the dummies. 
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Figure 6.  Backset distribution. 
 
 
The backset of most of the dummies were achieved 
with almost the same value. Only dummy 7 shows 
a slightly larger range of scatter. However, the total 
value of variation is within 4 mm which is still a 
good repeatability.  
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Figure 7.  H-Point distribution. 
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Figure 7 shows the H-Point location for all 
dummies in one out of the four seats exemplarily. 
However, identical positioning accuracy was 
achieved on all seats. The small distribution range 
illustrates the good repeatability and reproducibility 
of the H-Point positioning achieved in this test 
series. 
 
The basic condition to evaluate the repeatability 
and reproducibility capability of the tested 
BioRID-IIg is to ensure identical test runs. Figure 8 
shows all sled pulses plotted in one chart. 
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Figure 8.  Repeatability of all sled pulses. 
 
 
The graph shows good repeatability of the sled 
pulses. This is also confirmed by the coefficient of 
variation (CV) evaluation. The CV=1.83% 
emphasize good repeatability according to the 
rating scheme (Table 4). 
 
For the repeatability and reproducibility analysis of 
the BioRID-IIg responses, a limited number of 
sensors were chosen which are also being used to 
determine the protection potential of car seats 
against WAD. The dummy responses are shown in 
Table 5. 
 

Table 5. 
BioRID-II responses used for evaluation 

 
Location Measurement Dimension

HEAD ax Head acceleration [g]
Fx Upper Neck force [kN]
Fz Upper Neck force [kN]
My Upper Neck moment [Nm]
Fx Lower Neck force [kN]
Fz Lower Neck force [kN]
My Lower Neck moment [Nm]
ax T1 Thoracic Spine le acceleration [g]
ax T1 Thoracic Spine ri acceleration [g]

T8 ax T8 Thoracic Spine acceleration [g]
PELVIS ax Pelvis acceleration [g]

UPPER NECK

LOWER NECK

T1

 
 
 
Two methods were applied to evaluate the 
repeatability and reproducibility of the BioRID-IIg, 
the coefficient of variation (CV) method [6] and 
CORA. Figure 8 to 10 show exemplary the scatter 

of the upper neck shear force (Fx), the 
flexion/extension moment (My) and the lower neck 
tension force (Fz). Every color of the shown figures 
represents a specific dummy. 
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Figure 8.  Repeatability of upper neck Fx. 
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Figure 9.  Repeatability of upper neck My. 
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Figure 10.  Repeatability of lower neck Fz. 
 
 
At first, the CV method was applied. Figure 11 
shows the repeatability results of the BioRID-IIg 
on all four seat positions. The accelerations head-
ax, T1-ax and T8-ax show low variances on 
average. The rating according Table 4 can be 
qualified as good to acceptable. The NIC which is 
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derived from these accelerations (head-ax, T1-ax) 
show a slightly decreased repeatability result and 
can be rated acceptable to marginal. The 
repeatability variances of the pelvis-ax acceleration 
are slightly higher and show a ranking range from 
acceptable to marginal. This slightly higher scatter 
is caused from differences in the pelvis flesh 
stiffness. The load cell responses of the upper and 
lower neck show clearly higher variances. In 
particular the variances of the upper neck shear 
force (Fx) as well as flexion/extension moment 
(My) and the lower neck tension force (Fz) exceed 
the not acceptable threshold considerably. The 
repeatability of the criterion Nkm depends on these 
signals. Hence, there is a wide dummy-specific 
range of the CV rating which moves within 
acceptable to considerable not acceptable. 
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Figure 11.  CV repeatability evaluation. 
 
 
In Table 6 the reproducibility evaluation is 
presented based on the coefficient of variation 
method (CV). The results are similar to the 
repeatability evaluation described before. Again, 
the forces and moments exhibit the highest 
variances. 
 

Table 6. 
CV evaluation of the used BioRID-IIg on all seats 

 
D1 thru D8

NIC 8,06%
Nkm 15,26%
Head-ax 4,95%
T1-ax 8,92%
Upper Neck Fx 13,86%
Upper Neck Fz 9,11%
Upper Neck My 36,85%
Lower Neck Fx 10,93%
Lower Neck Fz 17,39%
Lower Neck My 11,11%
T8-ax 5,67%
Pelvis-ax 10,85%  

 
 
Figure 12 illustrates the CV reproducibility results 
of Table 6 again. 
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Figure 12.  CV reproducibility evaluation. 
 
 
It can be clearly seen, that almost all forces and 
moments exceed the threshold of CV=10% which 
is rated as not acceptable (Table 4). In particular 
the upper neck flexion/extension moment (My) 
shows the highest variances. This high scatter 
decreases the Nkm reproducibility automatically to 
not acceptable as well. The acceleration values 
change within the range 0% to 10% of CV (good to 
marginal).  
 
The second part of the dummy response evaluation 
was conducted by using the objective rating tool 
CORA. As already mentioned, the level of 
correlation of every individual dummy specimen to 
the group of the remaining seven dummies was 
evaluated which resulted in eight CORA results of 
each channel considered. Hence, this evaluation 
method is focused on the reproducibility 
characteristic of the dummies used. It can be 
assumed that the variance of a signal is small if the 
eight ratings are close together.  
 
Table 7 shows the subsections of the signals being 
evaluated. 
 

Table 7. 
CORA - Interval of evaluation 

 
# Description Time [ms]
1 T0  to  Time before Head Contact 0  -  70
2 Time of Head Contact to Time before Head Rebound 70  -  130
3 Time of Head Rebound to End of Test Interval 130 - 250
4 Complete Test Duration 0 - 250  

 
 
Each of the time intervals were evaluated with 
CORA independently.  
 
The evaluation of the acceleration responses of the 
BioRID-IIg are demonstrated in Figure 13 to 16. In 
general, the time intervals before the head contact 
(0-70 ms) as well as head contact (70-130 ms) 
demonstrate a good correlation for all dummy 
acceleration responses considered in x-direction. In 
the rebound phase (130-250 ms) a decrease of the 
correlation can be clearly seen. However, 
considering the time interval of the whole test 
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duration (0-250 ms), the correlation show almost a 
perfect match and do not exactly reflect the 
findings in the time subsections described before.  
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Figure 13.  CORA evaluation of head-ax. 
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Figure 14.  CORA evaluation of T1-ax. 
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Figure 15.  CORA evaluation of T8-ax. 
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Figure 16.  CORA evaluation of pelvis-ax. 
 

Figure 17 to 22 show the evaluation of the upper 
and lower neck load cells. The upper neck load cell 
exhibits a lower correlation in the time interval of 
the head contact (70-130 ms). In particularly the 
upper neck moment My exhibits poor correlation 
(Figure 19) with large variances of the signals.  
 

Upper Neck Force X

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0-70 70-130 130-250 0-250

Interval of Evaluation [ms]

C
O

R
A

 R
at

in
g 

[-
]

 
Figure 17.  CORA evaluation of upper neck Fx. 
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Figure 18.  CORA evaluation of upper neck Fz. 
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Figure 19.  CORA evaluation of upper neck My. 
 
 
The signals within the time interval before the head 
contact (0-70 ms) show good correlation.  
 
The lower neck load cell responses exhibit a 
similar correlation like the upper neck load cell 
which is shown in Figure 20 to 22. In contrast to 
the upper neck load cell, the lower neck tension 
force (Fz) shows a lower correlation in the head 
contact time interval along with a clear increase of 
the scatter (Figure 21). However, the lower neck 
moment (My) demonstrates a much better 
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correlation than of the upper neck load cell in this 
particular time interval.  
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Figure 20.  CORA evaluation of lower neck Fx. 
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Figure 21.  CORA evaluation of lower neck Fz. 
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Figure 22.  CORA evaluation of lower neck My. 
 
 
The correlation shown in the rebound phase (130-
250 ms) exhibits a decreased correlation in 
particular Fx. 
 
In contrast to the consideration of the measurement 
responses in the respective subsections of 
evaluation, the overall ranking over the complete 
test duration (0-250 ms) shows an almost good 
correlation and comparable low deviations for all 
measurement responses.  
 
The evaluation of the injury criteria NIC and Nkm 
according to CORA is shown in Figure 23.  
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Figure 23.  CORA evaluation of injury criteria. 
 
 
It can be seen that the NIC achieves a good 
correlation with very minor variances. In addition, 
the spreading of the correlation dots indicate small 
variances respectively a good reproducibility. On 
the contrary Nkm demonstrates a low correlation 
with high variances of the reproducibility. These 
results correspond with the findings obtained by the 
CV evaluation method. 
 
Simulation 
 
The computational model of the test set-up was 
used to investigate the causes of the scatter of the 
upper and lower neck responses. Figure 24 give an 
impression on these variances. Dummy 4 and 8 
(blue and black curves) seem to be the most 
extreme specimen of the eight BioRID. Especially 
the variances of the curves of the lower neck 
tension force (Fz) and the upper neck 
flexion/extension moment (My) are remarkable. 
They are purely related to the specific dummies 
because of the chosen test methods. 
 
 

D8
D4

 
D8
D4

 
 
Figure 24.  Neck responses of all 12 tests with dummy 
4 and 8. 
 
 
Various parts of the computational BioRID were 
analyzed to find the cause of those variations. At 
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first, attention was paid to potential secondary load 
paths around the load cells. It is possible to 
generate the scatter with the model in principle by 
modifying some parameters. However, as the 
values of those parameters exceed any plausible 
dimension to get these effects, secondary load 
paths could be excluded as cause of the variations. 
So the focus was on parts which were not exactly 
represented in the computational model of the 
BioRID. The probably most important differences 
between hardware and model were found in the 
muscle substitute unit. As showed in Figure 25, the 
modelling technique of this component does not 
exactly match the physical properties. 
 

 
 
Figure 25.  Muscle substitute of physical dummy and 
simulation model. 
 
 
The end of the cable is attached to a slider that 
moves inside a bush. The pretension of the cable is 
adjusted by a spring that is compressed between 
slider and top of the bush. If the cable moves, the 
slider moves inside the bush. The spring is either 
loaded or unloaded. 
The simulation model works in a simplified way. 
The system of slider, bush and spring is replaced 
by a system made of springs only.  
However, the simplified muscle substitute unit of 
the model works well globally but some local 
effects are missing. So the friction between slider 
and bush is not realized in the model. Thus, the 
effects of friction were introduced to the muscle 
substitute unit. In a first attempt the friction force 
was set constant to investigate its general influence 
on the neck responses.  
As the charts of Figure 26 indicates, friction effects 
of the muscle substitute unit (red curves) could be a 
cause of the scatter seen in physical tests. The 
green curves show the responses of the standard 
BioRID model without additional friction effects. 
 

 
D8
D4

 
D8
D4

 
 
Figure 26.  Results of BioRID simulation by using 
different friction values. 
 
 
Friction between slider and bush reduces the peak 
of the lower neck force Fz. The upper neck moment 
My is influenced by this effect too. Its secondary 
peak drops from a positive value to a negative one. 
Compared to that, the friction has a very limited 
influence on the other dummy responses. 
The definition of friction in the modified model is 
initially done in a simple way to investigate its 
influence on the dummy responses. This can be the 
causes for the strong negative peak of My value at 
110 ms. However, the timing of the observed 
changes of the signals are identical to that in the 
tests. 
 
DISCUSSION 
 
This study clearly shows significant influences of 
the dummy on the test results. Especially the neck 
responses can be linked to a specific dummy. As 
these variations are not seen in the certification 
tests, it is questionable if the current test procedure 
for BioRID certification is sufficient to check the 
dummy performance. Furthermore, this procedure 
checks the kinematics of the spine without any 
limitation of the head’s motion. In vehicle test 
applications, the BioRID is used in a totally 
different environment. The neck extension is 
limited by a head rest. Therefore, the range of 
motion of neck as well as the characteristics of the 
measured signals differs significantly to those in 
the certification test. So it is not ensured that all 
BioRID have got a similar performance in the 
actual whiplash tests. 
 
Although all dummies were certified by the dummy 
manufacturer itself, different pelvis flesh stiffness 
was observed. This stiffness influences the pelvis 
accelerations and decreases from pelvis to the head. 

 steel cable 
physical dummy FE - dummy 

 

springs 

cable and spring 
guide, moves with 
spring deformation friction area 
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In general it is essential that the certification 
procedure ensures consistent build levels.  
 
The choice for the hard bucket seats was based on 
the fact to gain as less as possible variances from 
the seat itself. On the other hand, this seat does not 
falsify the variances of the dummy as it usually 
happens with standard vehicle seats. In contrary to 
that, the hard bucket seats are very stable and may 
amplify dummy artifacts. However, it is clear that 
the kinematics of the head is somehow different to 
that in standard vehicle seats. The head tends to roll 
forwards around the OC joint when contacting the 
almost rigid head rest of the hard bucket seat and 
the flexion increases. Therefore, the absolute 
variances of the dummy responses are probably not 
representative to standard vehicle seats. 
 
The accelerations of the dummies indicate the 
global kinematics as reproducible. However, not all 
signals especially neck forces and moments do 
reflect this finding. 
 
The study examine significant differences in 
variances during the three phases of a test – before 
head contact, during head contact and during 
rebound. Whereas the reproducibility in the first 
and last phase is quite good, the dummy responses 
scatter significantly during the head contact phase. 
However, the global correlation of the dummy 
responses is good, because the relevant test phase 
(70-130 ms) is quite short compared to the duration 
of the whole test (250 ms). This result does not 
exactly reflect the findings during the head contact 
phase which allows the conclusion that the global 
correlation makes no sense in this context. 
Obviously, some external boundary conditions 
which can not be directly influenced induce high 
variances of dummy responses. For example very 
minor changes of the head impact conditions such 
as head angle or impact location can cause these 
differences.  
 
In this study the injury criteria are not criticized as 
well as their relevance to WAD is not discussed at 
all. However, the measurement signals to be used 
to calculate these criteria are subjected to high 
variances. Hence the criteria scatter, too. These 
variances can also be seen in tests with vehicle 
seats. [2, 3]. 
 
For a reliable assessment of the protection potential 
of car seats against WAD, it is essential that the 
criteria used are obtained from test data of high 
reproducibility. Any rating procedure has to 
identify good as well as poor protection potential of 
car seats reliably. Otherwise, the meaning of such a 
rating procedure is very limited. 
 

The focus of the numerical simulation was on the 
investigation of the scatter of the neck responses. 
Previous studies [3] checked the influence of 
tighten or loose spring-damper systems on the 
dummy responses. The effects on the neck 
responses could not be reproduced by varying 
initial conditions of the springs and dampers. Also 
the assumption of the existence of secondary load 
paths around the neck load cells could not be 
verified by parametric studies with the BioRID 
model.  
Finally, in-depth analyses indicate that variations of 
the friction inside the muscle substitute unit might 
be the cause of the neck response variations. The 
friction force could be influenced by the 
smoothness of the surfaces of slider and bush as 
well as by tolerances of the size of both parts, 
resulting in jamming between slider and bush. As 
this friction effect seems to be essential, these parts 
should be checked dynamically in one of the 
dummy certification procedures. However, these 
first findings have to be verified in further 
investigations. 
 
CONCLUSIONS 
 
This study comprises the evaluation of eight 
individual BioRID-IIg dummies under well defined 
testing conditions. Despite minimizing the 
variances from the test environment, large scatter 
of dummy responses were found. It could be 
examined that the distribution of the scatter is 
dependent on the different kinematics phases 
(before head contact, head contact, rebound phase) 
during the test event.  
The highest variances of the dummy responses 
were detected during the time interval where the 
head is in contact with the head rest. Especially the 
forces and moments of the upper and lower neck 
load cells showed the highest variances, whereas 
the accelerations are almost good repeatable and 
reproducible. 
 
The BioRID certification procedure only assesses 
the head/neck kinematics without head contact. The 
certification data do not show high variances of the 
signals. The analysis of the test data confirms that 
the variances of the dummy responses are very low 
before the head contacts the head rest. This 
particular time interval is comparable to the 
certification tests where no head contact occurs. 
However, the highest variances happen at the time 
interval of the head contact. It is questionable if the 
current certification procedure is sufficient to check 
the dummy performance for the current whiplash 
test procedures. 
 
The numerical simulation could clearly show a 
similar effect on the variances of the neck load 
cells by varying the friction force of the muscle 
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substitute units. This can be a potential cause for 
the significant variances seen in the tests. However, 
further investigations are needed to confirm this 
finding. 
 
Most of the injury criteria are derived from peak 
values, when the signals show the highest values. 
Unfortunately, this happens usually during the head 
contact time interval, when the BioRID exhibits the 
highest variances of the responses. Therefore, it is 
all the more important that a whiplash assessment 
procedure should not be based on such high 
variable parameters in order to get repeatable seat 
assessments. 
 
OUTLOOK 
 
As mentioned above, some items need to be 
investigated in the future. At first, the assumption 
that changing friction inside the muscle substitute 
unit causes the variation of some neck responses. 
This has to be done with the BioRID model as well 
as with the dummy parts. These parts could be 
checked separately in a simple component tests.  
Secondly, the current certification procedures 
should be discussed with the dummy manufacturer 
and users to include some additional checks of the 
consistence of the build level. Furthermore, any 
update should replace or supplement the current 
dynamical certification test by a test with more 
application-oriented loading conditions. Such an 
improved test would probably cover the mentioned 
friction-related problems too. 
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ABSTRACT  

The Powered Two Wheeler Integrated Safety (PISa) 
project is developing an integrated safety system 
for a range of powered two wheelers (PTWs). This 
system includes state of the art sensors, innovative 
warning devices and rider assistance systems.  
This paper reports on the design of the decision 
logic for deploying autonomous braking (AB) and 
enhanced braking (EB) safety functions in the PISa 
system, for a PTW travelling towards leading ob-
stacle, using on-board inertial measurement unit 
(IMU) and Laserscanner. 
The decision logic deploys the AB and EB systems 
based on a theoretical kinematic parameter: the 
required deceleration to avoid a collision. The crite-
rion for deployment is to trigger the AB and EB 
systems when the collision is physically unavoid-
able. 
The decision logic is tested off-line for datasets 
acquired using the PTW integrated with the IMU 
and the Laserscanner.  

INTRODUCTION 

According to the European Road Safety Observa-
tory (ERSO), in 2006 more than 24,000 road traffic 
fatalities were registered in the EU-14 (EU-15 
without Germany). About 5,400 were PTW riders. 
During the period 2000 - 2006, the car fatalities 
decreased by 35%. During the same period moped 
fatalities also decreased by 30%, while motorcycle 
fatalities increased by 10%. The risk of fatality for 
PTWs (including mopeds and motorcycles) is 26 
times higher per km travelled compared to passen-
ger cars [1].  
Within the European Commission’s 6th Framework 
Program, the PISa project is developing an innova-
tive approach for PTW safety to address the grow-
ing fatality rate. The aim of the PISa project is to 
develop and implement an integrated safety system 
for a range of PTWs, to contribute in the reduction 
of casualties by avoiding accidents and reducing 
injury severity.  
In the PISa project, PTW accident analysis was 
performed using existing statistical data to identify 

important accident types and causation factors. 
Subsequently, a sample of existing in-depth motor-
cycle accident datasets were selected and predictive 
assessments were made regarding the ability of a 
range of safety systems to influence the accident 
outcome. This analysis was used to identify and 
prioritise the most effective safety functions to be 
implemented in the PISa system [2]. 
The following components of the PISa system were 
defined:  
• sensors to obtain the state parameters to describe 

the relevant vehicle behaviour; 
• human machine interfaces (HMIs) - a vibrating 

saddle to warn the rider;  
• actuators - the braking assistance system and the 

semi-active suspension;  
• decision logic to coordinate the activation or 

inhibition of the elements of the PISa system to 
appropriately deploy the selected safety func-
tions.  

Accidentology 

A total of sixty in-depth real cases with relevance to 
the seven main accident scenarios identified in the 
Aprosys project [3] were extracted from COST 327, 
OTS and Fatal databases. The selected cases were 
analysed in detail to determine the characteristics of 
the accident, including relative vehicle behaviour 
(positions and speeds prior to collision), environ-
mental and human contributing factors, casualties 
[4]. The outcome of the accident analysis led to the 
identification of the most frequent and severe PTW 
accident configurations (ACs) shown in Figure 1.  

Safety Functions 

A total of forty-five safety functions were identified 
based on the possibility to avoid the accidents or to 
reduce their outcomes at the different phases of the 
accident, i.e. pre-crash, crash, post-crash. These 
functions were prioritised by a group of experi-
enced analysts of the PISa project, according to the 
effectiveness to influence the accident outcome for 
the sixty in-depth cases. The method to prioritise 
the safety functions was to rate each function in 
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each case from 0 to 5 (0 being no effect, 5 being 
most effective). For each function, the ratings in all 
the sixty cases were summed up to obtain the rank-
ing for the safety functions in the order of effec-
tiveness. In Table 1, the prioritised list of safety 
functions is shown, filtering out the least effective 
functions from the forty-five safety functions. 
 

 

Figure 1.  PISa accident configurations. 

The most relevant safety functions based on the 
scope and the capability of the PISa Consortium 
were identified. In Table 1, the six selected func-
tions are highlighted in bold. These functions will 
be implemented within the PISa project on two 
demonstrator PTWs. Taking into account the PISa 
project time scale, among the 15 accident configu-
rations shown in Figure 1, two configurations (AC1 
- cross intersection; AC8 - car following) were 
selected for implementation and validation of the 
safety system. 
In the present work, the focus is on the develop-
ment of the AB and EB functions for AC8, with two 
different states for the obstacle:  
• PTW travelling towards a moving obstacle; 
• PTW travelling towards a fixed obstacle. 
The functionality of the AB is to automatically slow 
down with a precise deceleration, or eventually stop 
the PTW by braking without rider input. The inten-
tion is to reduce the PTW speed when the rider is 
unaware of a dangerous situation. This function is 
meant to warn the rider by braking at low decelera-
tion value, anticipating the rider to react. If the rider 
does not react, the AB helps in reducing the conse-
quences of the collision. If the rider reacts by brak-
ing, the EB will assist the rider in obtaining a pre-

determined deceleration of the PTW by amplifying 
the braking force during the emergency braking.   

Table 1.   
List of prioritised safety functions 

n. Prioritised function list 
1 Warn other vehicle of PTW presence 

2 
Automatically slow/stop other vehicle without input 
from driver  

3 
Amplify braking force – Enhanced braking 
system (EB) 

4 
Improve conspicuity – Special fairings/active 
lighting 

5 
Balance front to rear braking force – Combined 
braking system (CBS) 

6 

Detect and warn PTW that vehicle travelling 
from left, right or oncoming is crossing the PTW 
path – PTW to detect other vehicle and warn 
rider 

7 
Avoid locking of wheels in straight line – Antilock 
Braking System (ABS) 

8 Automatically brake PTW without input from 
rider – Autonomous braking (AB) 

9 
Communicate and warn PTW that vehicle travelling 
from left, right or oncoming is crossing PTW path 

10 Restrict PTW to posted speed limit  

11 
Reduce closing speed – Distance support system 
(DSS) 

12 Protect rider's legs 

13 
Advise rider of approaching permanent hazard 
(sharp bend, steep decline, fixed obstacles) 

14 
Help rider to maintain steering and prevent loss of 
control  

Integrated Safety System 

The safety functions are implemented in an inte-
grated safety system, which is comprised of sen-
sors, actuators and interfaces. The system is on 
board along with the decision logic on a PTW. 
Sensors provide input to the safety system about the 
state of the PTW, the rider behaviour and the PTW 
surroundings. 
The IMU provides the following information re-
garding the PTW: 
• speed; 
• acceleration; 
• roll angle and roll rate; 
• pitch angle and pitch rate. 
Pressure sensors on the hydraulic braking system, 
an encoder mounted on the throttle and a load cell 
provide the following information about the rider 
behaviour: 
• brake pressure applied on the front and rear 

wheels; 
• throttle position; 
• steering input. 
A Laserscanner mounted in front of the PTW pro-
vides information about the surroundings. The 
objects in front of the PTW are detected, tracked 
and assigned with an ID. For each assigned object, 
the following data is computed: 
• classification (PTW, passenger car, van, etc.); 
• dimensions (width, length); 
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• relative position (longitudinal and transverse 
distance from the PTW); 

• yaw angle (current direction of the object); 
• both relative and absolute speed (longitudinal 

and transverse). 
Because the Laserscanner is mounted to the fixed 
frame of the PTW, detection of objects that are far 
away is sometimes not possible for high PTW roll 
angles. For this reason, it is convenient to work 
only on the configurations where PTW is travelling 
in a straight-line path. Nevertheless, to take into 
account of the curvature of the path even for small 
roll angles, a correction on the data coming from 
the Laserscanner is performed, based on the hy-
pothesis of steady curve manoeuvre. In Table 2 the 
list of data acquired by the aforementioned sensors 
is shown. 

Table 2: 
Data acquired by the sensors 

Element Parameters 

Host vehicle 
Speed, acceleration 
Yaw and roll angles, roll rate 

Rider 
Throttle position 
Front/rear brake pressure 
Steering input 

Surrounding 
object 

Classification and dimensions 
Relative position from PTW 
Speed, acceleration 

 
The actuators included in the integrated safety sys-
tem are the braking assistance system with the AB 
and EB functionalities, and the vibrating seat to 
warn the rider. The development of the components 
will be finalised in the later stages of the PISa pro-
ject.  

DECISION LOGIC 

The decision logic is the set of rules and algorithms 
that take care of the deployment of the AB and EB 
in a reliable manner, which means without false 
triggering. The AB and EB are implemented on a 
PTW for car following configuration, i.e., PTW 
following leading vehicle in straight path.  

Deployment strategy 

The AB and EB functions are deployed in emer-
gency situation, without rider input, by performing 
an evaluation of the kinematic situation. The main 
criterion for deploying the functions is the risk for 
collision. The risk evaluates the possibility for a 
collision to occur and the severity of the outcomes 
associated with that event. Also the rider continu-
ously performs risk evaluation and reacts accord-
ingly, trying to keep the risk within a subjective 
reasonable level. A deployment of the AB or EB 
functions can be dangerous when the rider does not 
expect or even desire such a response. To overcome 
such a danger, the system will take the physical 
limits of the PTW into consideration to set the 

threshold for triggering. Accordingly, the system 
intervenes with the braking assistance only in case 
of an unavoidable collision against the leading 
vehicle. In such a situation, if the risk perceived by 
the rider is still within the personal safety limit it is 
probably due to rider misjudgement, distraction or 
physiological limitations. As a consequence, the 
system decision to deploy the braking assistance 
will be safer, no matter what the rider’s intentions 
are. 
Once the AB is triggered, the deployment is post-
poned by a delay time τAB to pre-warn the rider by 
the vibrating saddle, thus avoiding totally unex-
pected deceleration. The delay reduces the effects 
of the AB in terms of reduction of the impact speed, 
but it is fundamental to prepare the rider for the 
consequences of the deceleration.  

Risk evaluation 

A substantial amount of work has been done in 
defining the methods for risk evaluation to deploy 
safety functions in car following configuration. 
Zhang et al. [5] reviewed the different methodolo-
gies for computing a risk parameter based on kine-
matic quantities and proposed a new synthetic pa-
rameter for evaluating the threat. Among the differ-
ent methodologies, focus must be laid in the re-
quired deceleration parameter. According to Kiefer 
et al. [6], the required deceleration measure is the 
constant deceleration level required for the driver to 
avoid colliding with the lead vehicle at manoeuvre 
onset. The assumption for this parameter is to con-
sider constant deceleration of the leading vehicle.  
The inputs for evaluating the required deceleration 
(dreq) are PTW speed (vPTW), lead vehicle speed 
(vL), lead vehicle acceleration (aL), relative distance 
between PTW and lead vehicle (L). 
 

dreq = (vPTW − vL )2

L
− aL  

 
The importance of this parameter is the direct corre-
lation with the kinematics of the situation associ-
ated with a low complexity. The risk parameter will 
be directly related to dreq. According to the research 
conducted by Kiefer et al. on passenger cars [7], it 
is not possible to establish a direct correlation be-
tween dreq and the driver perception of the threat. 
Therefore the deploying strategy based on dreq will 
be relied on the physics of the situation and not on 
the rider’s evaluation.  

Triggering 

The required deceleration is a theoretical parameter 
with a practical significance related to the possibil-
ity of avoiding the collision by braking. The decel-
eration of the PTW is obtained by the longitudinal 
forces between the tyres and the road and by the 
aerodynamic forces. The latter is a function of the 
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speed and depends on the geometry and the mass of 
the PTW including riders, while the former is lim-
ited by the friction coefficient between tyre and 
asphalt.  Below 20 m/s the aerodynamic forces are 
negligible, so the maximum deceleration mainly 
depends on the maximum friction coefficient μp 
(traction coefficient). Under these assumptions, the 
maximum deceleration is μpg. For this reason, the 
braking assistance will not be activated until dreq is 
less than μpg, since the collision is theoretically 
avoidable by braking. When the dreq overcomes μpg, 
the system will trigger the brake assistance to con-
tribute in the reduction of the impact speed because 
the collision is reasonably inevitable.  
Since the braking traction coefficient is difficult to 
be measured locally with precision, the triggering 
deceleration (dtrigg) is set to 10 m/s2, estimated when 
μp=1, which is the maximum value for common 
road conditions with dry surface. If locally μp < 1, 
e.g. on wet surface, the triggering limit of 10 m/s2 is 
still fail-safe because the maximum braking decel-
eration that the PTW can feasibly achieve is μpg < 
10 m/s2, so the system still deploys when dreq is 
beyond the physical limits. 
In principle, in normal road conditions (μp=1), the 
triggering threshold identified referring to the 
physical possibilities of the PTW with maximum 
traction coefficient could be reduced to the actual 
possibilities of each rider with a specific PTW. 
Nevertheless the present work refers to a generic 
rider and PTW. Winkelbauer et al. [8] showed that 
on a population of riders with various levels of 
riding experience, comprehensive of novices, on 
different PTW equipped with ABS, the braking 
performances after a short training were so high 
that to include the 90% of them in the deploying 
criterion of the maximum feasible performances, 
dtrigg must be higher than 9.5 m/s2. Considering that 
the EB function is not allowed without being asso-
ciated to ABS, dtrigg cannot be reduced because of 
the real performances of the riders. 

Inhibition 

Triggering is inhibited in cases where system acti-
vation might cause dangerous consequences. Two 
parameters are taken into account before deploying 
the braking assistance system. 
Firstly, if roll angle and roll rate are not close to 
zero, the PTW is not in the proper conditions for the 
deployment of the braking assistance, as the AB or 
EB deployment would lead to a destabilisation of 
the PTW and dangerous outcomes. If roll angle or 
roll rate are greater (in modulus) than a threshold, 
the system will inhibit the deployment of the brak-
ing assistance.  
Secondly, before triggering the braking assistance 
system, it is important to assess that collision 
avoidance against the lead vehicle is no longer 
feasible by swerving. It is assessed by measuring 

the relative distance between the PTW and lead 
vehicle (L) and comparing it with the minimum 
distance required to avoid the collision by swerving 
(Lswerve), which is calculated using the speed of the 
PTW and lead vehicle and by defining a maximum 
value for the roll angle. Until L is higher than the 
feasible limit Lswerve, the AB is inhibited. The mini-
mum distance to avoid the collision by curving is 
computed under the following hypotheses: 
• vPTW and vL are constants; 
• radius of the path R suddenly changes from infi-
nite (straight path) to a constant value Rmin: 
 

Rmin = vPTW
2

g ⋅ tanϕmax

 

 
where ϕmax is the maximum feasible roll angle for 
the PTW during emergency curving. 
 

Lswerve = 2 ⋅ k ⋅ vPTW
2 ⋅ s + s2 + k ⋅ vPTW ⋅ vL ⋅ arccos

k ⋅ vPTW
2

k ⋅ vPTW
2 + s

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

 

where k = 1
tanϕ ⋅ g

 and  s is the tolerated distance 

between the centres of gravity of the PTW and the 
obstacle. 
 

 

Figure 2.  Kinematic representation to calculate 
Lswerve . 

Theoretical benefits 

The AB and EB are meant to reduce the conse-
quences of inevitable collision principally by de-
creasing the impact speeds. The theoretical per-
formances depend on the following intervention 
parameters for triggering: 
• required deceleration for triggering (dreq); 
• reference deceleration for the AB (dAB); 
• reference deceleration for the EB (dEB); 
• delay-time for deploying the AB (τAB). 
The reference deceleration for the AB must be 
small enough to avoid the rider falling off the PTW, 
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since the rider may not be aware about the deploy-
ment of the AB. Specific tests will be required to 
identify the maximum acceptable deceleration for 
the AB.   
For the EB, since the braking assistance is deployed 
when the rider is already braking, a high value of 
deceleration could be acceptable, as the rider is 
aware of the emergency situation. Further investiga-
tion will be necessary to assess the deceleration 
value for the EB. 
Table 3 shows the values for the assumed interven-
tion parameters.  

Table 3.  
Intervention parameters 

Parameter Value 
dtrigg 10 m/s2 
dAB 4 m/s2 
dEB 8 m/s2 
τAB 0.1 s 

 
The impact speed reduction is a function of ∆v and 
does not depend on vPTW itself. For the assumed 
values of the intervention parameters, in Table 4 the 
reduction of impact speed and energy when the 
rider performs no braking manoeuvre are shown.  

Table 4.  
Relative impact speed reduction 

(only AB, no reaction from the rider) 

∆v [m/s] 5 10 15 20 25 
Impact speed 

 reduction (%) 
12 17 19 20 21 

Impact energy 
reduction (%) 

23 32 35 36 37 

 
In theory, when the AB triggers, the rider is ex-
pected to start braking. In that case the system will 
switch from the AB to the EB. Hypothetically, if the 
delay-time between the instant when the AB actu-
ally deploys and the rider brakes is τEB = 0.2 s, the 
final impact speed reduction is still a function of 
∆v. Under these assumptions, the theoretical bene-
fits are not negligible, as shown in Table 5. 

Table 5. 
Relative impact speed reduction  

(AB followed by EB) 

∆v [m/s] 5 10 15 20 25 
Impact speed 

 reduction (%) 
12 24 34 39 42 

Impact energy 
reduction (%) 

23 43 56 63 66 

PRELIMINARY TESTS 

Tests were conducted to validate the triggering 
strategy in real conditions in terms of reaction time 
to trigger and false triggering. This will form the 
basis for a future evaluation of the theoretical bene-
fits of the AB and EB.  

For evaluating the triggering, the deployment of the 
braking actuators is not necessary. Hence the tests 
are conducted off-line, by elaborating the datasets 
acquired on a PTW.  

Test preparation 

The PTW, a 500cc Malaguti SpiderMAX scooter, is 
integrated with the Laserscanner (Ibeo LUX) manu-
factured by Ibeo Automobile Sensor GmbH to 
monitor the surrounding and the IMU (MTi-G, 
Xsens) to acquire the information about the state of 
the PTW.  
The Laserscanner is utilised with the following 
characteristics: 
• scan frequency: 12.5 Hz; 
• field of view (horizontal): 100°; 
• range: 0.3 m to 200m. 
In Figure 3 the Ibeo Laserscanner mounted in front 
of the PTW is shown. 
The characteristics of IMU are the following: 
• maximum update frequency: 120 Hz; 
• heading estimation (dynamic accuracy): 2° 

RMS; 
• speed estimation. 

 

 

Figure 3.  Ibeo Laserscanner mounted on board 
the PTW. 

Table 6.  
Processed variables acquired for the tests 

n. Variable 
1 time 
2 speed of the PTW 
3 obstacle id 
4 relative x distance of the obstacle  
5 relative y distance of the obstacle 
6 relative x speed of the obstacle 
7 relative y speed of the obstacle 
8 absolute x speed of the obstacle 
9 absolute y speed of the obstacle 

 
The raw scan data and the state of the PTW ac-
quired respectively from the Laserscanner and the 
IMU are processed together using an application 
software developed by Ibeo. An object tracking and 
classification are performed, providing the informa-
tion shown in Table 6. 
The software runs on an electronic control unit 
(ECU) connected to a hard drive to store the data. 
Both the ECU and the hard drive are mounted on-
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board the PTW. Then the processed data stored in 
the hard drive is utilised to perform an off-line 
elaboration. Figure 4 shows the acquisition system 
set up on board the PTW.  
 

 

Figure 4.  Acquisition system on board the PTW. 

Test description 

A total of ten tests were conducted for AC8 with 
both moving and fixed obstacle, while PTW travel-
ling towards it. Six tests were conducted for the 
PTW travelling on a straight path towards a leading 
car proceeding at different speeds. These tests were 
performed on a straight road in real traffic condi-
tions. In all the cases the car was approaching an 
intersection and slowed or stopped, with the PTW 
following. The PTW rider was aware of the situa-
tion and braked with an appropriate deceleration, 
thus avoiding the collision. 
 

 

Figure 5.  PTW travelling towards a fixed 
obstacle. 

Four tests were conducted with the PTW travelling 
on a straight path towards fixed foam as obstacle in 
a parking lot along with other fixed objects (Figure 
5). The tests were performed simulating different 
rider behaviours in terms of awareness of the immi-
nent collision: 
• no awareness –  proceeding with constant speed 

against the obstacle; 
• late reaction – proceeding with constant speed 

before braking too late, thus colliding with the 
obstacle; 

• full braking – proceeding with constant speed 
before hard braking, thus avoiding the collision; 

• complete awareness – proceeding with constant 
speed before braking on time to avoid the colli-
sion. 

Elaborations 

For each test, the Laserscanner identifies several 
objects with the related information about the state. 
In principle, for each object it is possible to calcu-
late the risk for collision. On-line elaborations will 
be performed alternatively by computing the infor-
mation of all the detected objects simultaneously or 
by utilising a specific algorithm to automatically 
identify and compute only the information related 
to the principal object. Since in the present work the 
elaborations are conducted off-line, the principal 
object is selected manually and the information is 
obtained about it. For each test, the outcome of the 
elaboration is the trend as a function of time for the 
following parameters: 
• dreq; 
• Lswerve; 
• trigger for the AB. 
For these preliminary tests, the throttle position and 
the braking forces are not measured. 

Results 

The results of the evaluation are shown in a graphi-
cal manner. These graphs are divided into two 
groups, the first representing dreq and the trigger. On 
the x-axis the time duration of the test is shown. On 
the left y-axis, the distance between the PTW and 
the obstacle (black line) is shown together with the 
vPTW (green dotted line), on the same scale. On the 
right y-axis dreq (red line) is shown. The trigger is 
represented as a step function (zero means no trig-
gering).  

 

Figure 6. Risk evaluation for a specific PTW 
following a car. 

Moving obstacle - For the PTW following a lead-
ing car, six tests were conducted when the rider was 
completely aware of the situation, hence there was 
no necessity to trigger the AB. In fact, in all these 
cases the rider reacted on time by braking to avoid 
the collision. In Figure 6, risk evaluation for a spe-
cific PTW following a leading car is shown. It is 
representative of all the six cases for car following, 
as they were similar. During these preliminary tests 

IMU 
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conducted in real traffic conditions with an attentive 
rider, dreq is always less than or equal to 5 m/s2, 
which is far below the defined threshold for trigger-
ing.  
 

Fixed obstacle - As expected, for the three differ-
ent rider behaviours, while travelling towards a 
fixed obstacle, the deployment algorithm computes 
different responses. Figure 7 represents the PTW 
travelling towards a fixed obstacle without perform-
ing any collision avoidance manoeuvres, to simu-
late the rider behaviour with no awareness of the 
imminent collision. The result of this elaboration 
shows that while the PTW is approaching the ob-
stacle, dreq increases and exceeds the triggering 
threshold limit. The triggering deploys 0.7 s prior to 
the collision, coherent with theoretical estimation. 

 

 

Figure 7.  Risk evaluation for a specific PTW 
travelling towards fixed obstacle with no 
awareness. 

 

Figure 8. Risk evaluation for a specific PTW 
travelling towards fixed obstacle and reacting 
too late. 

Figure 8 represents the PTW travelling towards a 
fixed obstacle with the rider performing the braking 
manoeuvre too late to avoid the collision, thus 
simulating the rider behaviour of late reaction. The 

result of this elaboration shows that also in this case 
dreq exceeds the triggering threshold limit. The 
triggering is 0.2 s prior to the full braking applied 
by the rider.  
Figure 9 represents the PTW travelling towards a 
fixed obstacle when the rider reacts to the emer-
gency situation with a last second braking, thus 
representing a full braking manoeuvre with no 
collision. In this case the global maximum of dreq is 
below the threshold limit, in fact the rider was able 
to avoid the collision. 

 

Figure 9.  Risk evaluation for a specific PTW 
travelling towards fixed obstacle with full 
braking. 

The second group of graphs (Figure 10 and Figure 
11) shows dreq (red line) and the distance to avoid 
collision (dotted blue line) together with the dis-
tance between the PTW and the obstacle (black 
line). They represent the cases in which the activa-
tion occurred, to highlight the influence of the dis-
tance to avoid collision by swerving on the trigger-
ing. On the x-axis, the time duration of the test is 
shown. On the left y-axis both the distances are 
shown, while on the right y-axis dreq is shown. 
To compute Lswerve, the values assumed are shown 
in Table 7. 

Table 7.  
Intervention parameters 

Parameter Value 
s 3 m 
ϕmax 30° 

 
In Figure 10, dreq exceeds the threshold (point A). 
At this point, the rider cannot avoid the collision by 
braking, but still has the possibility to avoid the 
collision by swerving, as Lswerve is lower than L. 
Hence there is no trigger. When L becomes lower 
than Lswerve (point B), the collision avoidance is no 
longer possible neither by swerving and therefore 
the trigger is activated.  
In both Figure 10 and Figure 11, for the PTW 
speeds less than or equal to 10 m/s, approximately 
at the same time dreq exceeds the threshold for trig-



Savino  8 

gering and L becomes lower than Lswerve. For this 
reason, even with a lower value of dtrigg there will 
be no anticipation in the triggering, because of the 
inhibition produced by Lswerve. 

 

Figure 10. Triggering activation/inhibition 
parameters for no awareness case. 

 

Figure 11.  Triggering activation/inhibition 
parameters for late reaction case. 

CONCLUSIONS 

The decision logic described in the paper defines 
the deployment criteria for the AB and EB of a 
PTW integrated safety system in order to reduce the 
casualties in car following configuration. 
The criterion is to deploy the braking assistance 
functions only when the collision has become 
physically unavoidable, since a prior deployment is 
potentially dangerous for the rider. The collision is 
considered unavoidable based on two parameters: 
• required deceleration to avoid the collision (dreq); 
• distance to avoid the collision by swerving 

(Lswerve). 
When dreq is higher than dtrigg(10m/s2), the collision 
is unavoidable by braking. When the distance of the 
leading vehicle is lower than Lswerve the collision is 
unavoidable by swerving. The triggering is de-
ployed when both the conditions are satisfied, 
hence avoiding the possibility of false triggering. 

The computed theoretical benefits for the AB and 
EB reveal significant reduction in the impact speeds 
and energies. Further studies are required to iden-
tify the appropriate values for intervention parame-
ters. 
The PTW, integrated with the Laserscanner and the 
IMU, was used to perform preliminary tests for the 
car following configuration. The tests were con-
ducted with PTW following a moving car and PTW 
travelling towards a fixed obstacle with simulated 
different rider behaviours. The datasets acquired are 
utilised for performing the off-line evaluation of the 
decision logic deployment strategy. The results 
show that in none of the cases false triggering is 
generated.  
Further investigation is still necessary to validate 
the deployment strategy in real traffic conditions.  
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ABSTRACT 
 
Seatbelt performance in rollovers has come under 
increased scrutiny in recent years.  This is due, in 
part, to growing popularity of sport utility vehicles 
which have a demonstrated inferior rollover 
resistance when compared to passenger cars [1].  In 
the United States (U.S.) the National Highway 
Traffic Safety Administration (NHTSA) has stated an 
intent to mandate an increase in the roof strength 
safety standard.  Such an improvement in roof 
strength will undoubtedly bring an increased focus on 
the performance of seatbelts in rollovers.  Many 
contemporary seatbelt retractors are equipped with 
both a vehicle crash sensor as well as a secondary, or 
backup, webbing sensor.  The webbing sensor is 
intended as a backup locking device in the event of a 
failure of the primary inertially sensitive vehicle 
sensor.  The crash modes presenting the most 
potential for the inertial sensor’s failure include non-
planar crashes, multiple impacts, and rollovers [2].  It 
follows, therefore, that to ensure reliable seatbelt 
retractor lockup in these modes, the redundant 
webbing sensor must be tuned with a lockup 
threshold consistent with expected occupant motions 
and webbing extraction rates seen during these 
events.     
 
Rollover tests conducted by NHTSA wherein the belt 
systems were instrumented for both load and 
webbing payout were analyzed.  This analysis 
provides insight for determining a baseline lockup 
threshold for the webbing sensor required to ensure 
activation in the rollover crash mode.  Additionally, 
multiple retractors designed for both European and 
U.S. markets have been tested on a bench-top sled.  
These tests were conducted to include out-of-plane 
accelerations similar to those observed in rollover 
crashes.   
 

The retractor sled test results, along with the analysis 
of the NHTSA rollover tests, are then discussed and 
used to develop a suggested webbing sensor lockup 
threshold necessary to ensure the effectiveness of the 
redundant and backup webbing crash sensor in real-
world events.  
 
INTRODUCTION 

Occupant protection has undergone significant 
evolution and improvement since the inception of the 
automobile.  This is particularly true for the seat belt 
restraint system, which has gone from a novel lap 
strap to prevent ejection in early motorized buggies 
to a sophisticated lap and shoulder belt system which 
provides the foundation of occupant protection in a 
variety of accident modes. Vehicle occupants now 
receive the benefit of improved restraint through the 
testing and application of technological 
advancements in the area of occupant protection, 
particularly in planar crashes.   

Government standards, such as the U.S. Federal 
Motor Vehicle Safety Standards (FMVSS), now 
require manufacturers of automobiles to meet a 
number of component level tests and various 
dynamic tests in order to produce and sell their 
vehicles.  These tests would include the frontal and 
side impact crashworthiness provisions required 
under FMVSS 208, as well as the component level 
testing required under FMVSS 209 and 210.  As 
these government regulations do not specifically 
require it, current seat belt restraint systems are not 
typically evaluated for performance in rollovers.  
Unfortunately, the increased popularity of light trucks 
and sport utility vehicles have led to an increased 
incidence of rollover.  Field accident data indicates 
this crash mode produces a disproportionably high 
number of serious injuries and fatalities suggesting a 
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critical need for improvements in occupant protection 
and occupant restraint [1, 3]. 

Previous work by the authors, including research and 
investigation of real-world accidents, have shown an 
alarming trend in the number of rollovers which 
involved poor occupant restraint.  This crash mode, 
as compared to planar crashes, has been found to 
result in more frequent instances of unintended seat 
belt spoolout [2-6].  Laboratory testing has shown 
that seat belt retractors equipped with 
vehicle/inertially sensitive lockup devices, when 
subjected to vertical and/or rotation accelerations 
such as those seen in rollovers, can fail to keep the 
retractor locked through the entire multiple impact, 
three-dimensional crash event [2, 7].  The inclusion 
of a secondary or redundant webbing sensitive 
locking sensor, if calibrated appropriately, can be an 
effective countermeasure to limit spoolout in the 
event of unintended failures of the inertial vehicle 
sensor that may result in belt spoolout and reduced 
occupant restraint.    

A substantial number of production retractors are 
currently designed to include both the vehicle 
(inertial) sensor, as well as the webbing sensitive 
crash sensor.  The vehicle sensor is typically 
calibrated, by government regulation, to lock 
pursuant to vehicle accelerations of above 0.7 Gs [8].  
The webbing sensitive lockup device responds to the 
rate of webbing withdrawal and is found to typically 
be calibrated to lock the retractor at webbing 
accelerations from between 2 to 10 Gs.  These 
calibrated lockup thresholds result in the vehicle 
sensor being the primary locking sensor and the 
webbing sensor then being secondary or redundant.  
Although the webbing sensor is included and 
intended to lock the retractor in the event of a vehicle 
sensor failure, the webbing sensor will only be 
effective if it is calibrated to lock at levels consistent 
with occupant motions in any given crash mode [9].  
The rollover crash mode typically results in a longer 
duration multiple impact crash pulse(s) with lower 
peak accelerations and lower webbing withdrawal 
rates than those seen in a typical single impact planar 
collision.  To ensure the effectiveness of the 

redundant lock feature in rollovers, it is therefore 
important to quantify webbing withdrawal rates 
expected in this mode.    
 
ROLLOVER TESTS WITH BELT 
INSTRUMENTATION 
 
In the United States there has been no government 
regulation requiring auto makers to conduct rollover 
testing on their production vehicles.  Although recent 
years have seen a marked increase in rollover testing 
by various manufacturers, this testing is typically 
done only to develop roll sensors required to bring to 
market rollover protection systems such as side 
curtain airbags.  Even still, the number of publicly 
available rollover tests is relatively small when 
compared to other required test modes, such as 
frontal and side impacts.  Rarer still are rollover tests 
which were instrumented to provide meaningful data 
with respect to the performance of the seat belt, 
namely the ability of a seat belt to timely lock and 
remain locked throughout the course of the rollover.   
 
If restraint data is recorded in a rollover test it 
oftentimes includes load cells placed on the belt 
webbing to record how the dummy loads the belt 
itself.  However, a review of available rollover test 
data indicates that only a few include a provision for 
measuring and recording webbing extraction and 
retraction (spoolin and spoolout) from the seat belt 
retractor itself.  To that end, of the numerous rollover 
tests reviewed by the authors, only the tests run by 
NHTSA are presented and discussed. 
 
The NHTSA crash test library was searched for 
rollover tests which could be analyzed and eighteen 
(18) tests with instrumented belt payout recorded 
were identified. The data files for these 18 tests were 
obtained from the NHTSA Crash Test Database and 
then analyzed with respect to the shoulder belt payout 
performance and behavior.  Incidences of belt payout 
were noted and are summarized below in Table 1.  
Review of the shoulder belt plots associated with 
these 18 tests revealed a number of recorded payout 
events in excess of 25 millimeters.   
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Table 1. 
NHTSA Rollover Crash Test Summary 

 

Test Year Make/Model Speed 
(kph) Occupant 

Max. 
Spool Out 

(mm) 
1266 1988 Dodge Caravan 48.3 Right Front 38 
1274 1988 Nissan Pickup 48.3 Driver 48 
1289 1989 Nissan Pickup 48.3 Driver i.m. 
1391 1989 Dodge Caravan 48.3 Right Front 25 
1392 1989 Ford Bronco II 48.3 Driver 28 
1393 1989 Nissan Pickup 48.3 Driver 25 
1394 1989 Nissan Pickup 48.3 Driver 23 
1395 1989 Pontiac Grand Am 48.3 Driver i.m. 
1516 1988 Dodge Caravan 48.3 Driver 38 
1520 1988 Ford Ranger 48.3 Driver 53 
1521 1988 Dodge Ram 50 48.3 Driver 20 
1522 1988 Nissan Pickup 48.3 Driver 53 
1530 1988 Dodge Caravan 81.3 Driver 48 
1531 1988 Nissan Pickup 94.0 Driver 32 
1925 1990 Nissan Pickup 48.3 Driver 76 
1929 1990 Nissan Pickup 48.3 Driver 58 
2141 1990 Nissan Pickup 48.3 Driver 196 
2270 1989 Nissan Pickup 48.3 Driver 18 

i.m. = instrument malfunction (no reliable data) 
 
 
The instrumented and recorded data for each of these 
tests included a belt displacement versus time plot 
(Xbelt(t)).  Although the instrumented data did not 
include direct recording of webbing withdrawal 
acceleration, double differentiation of the 
displacement curve will yield the webbing 
acceleration versus time data (abelt(t)) (See Equation 
1).  In order to validate this double differentiation 
methodology, a set of laboratory sled tests were 
conducted on a typical passenger car production seat 
belt retractor.  
 

abelt(t) = d
2 Xbelt(t)   (1). 

          dt2 

 
RETRACTOR SLED TESTING PERFORMED 
 
A series of tests were performed on a driver’s seat 
belt retractor provided in a typical U.S. passenger car.  
The retractor was fixed to the base of the linear slide 
(sled) with the webbing attached to the sled’s slide 
carriage.  The vehicle inertial sensor was disabled so 
that the performance of the webbing sensor could be 
observed.  The sled was accelerated, thereby spooling 
belt webbing off of the retractor at the rate of the 
carriage acceleration.  The slide and seat belt 
retractor were oriented as shown in Figure 1.  The 

amount of webbing extended off the retractor at the 
start of the test was approximately 75% of the total 
webbing available.  Webbing acceleration was 
recorded, as well as payout displacement, both as a 
function of time.  (See Table 2.)   
 

Figure 1.  Webbing Sensor Test Setup 
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Table 2. 
Web Sensing Tests 

 

Test Number Duration 
(msec) 

Webbing 
Acceleration 

(Gs) 

Belt Payout 
(mm) 

1(a) 251 2.4 257 
1(b) 249 2.4 257 
1(c) 250 2.4 257 
2(a) 56 2.9 20* 
2(b) 246 2.6 257 
2(c) 64 2.5 30* 
3(a) 53 3.2 20* 
3(b) 62 2.8 25* 
3(c) 58 2.9 25* 

*Web sensor locked during event 
 

The seat belt spoolout was recorded via a string 
potentiometer in a similar way to the displacement 
data recorded in the NHTSA rollover tests of Table 1 
above.  Unlike the rollover tests, however, the 
webbing extraction acceleration was also recorded.  
Double differentiation of the recorded displacement 
versus time data (See Figure 2) results in an 
acceleration versus time curve.  This calculated 
acceleration was then compared to the directly 
recorded acceleration plot. Although the double 
differentiation methodology of Equation 1 results in 
some additional noise, when plotted as a function of 
time, a comparison between the calculated 
accelerations versus the directly recorded data shows 
reasonable correlation.  (See Figure 3.)   
 

 
Figure 2.  Displacement vs Time 

 

 
Figure 3.  Calculated and Measured Acceleration 
vs Time Curves 
 
ROLLOVER TESTS ANALYSIS 
 
The 18 NHTSA rollover crash tests reported in Table 
1 were provided with belt displacement versus time 
curves.  Using this same methodology, webbing 
extraction accelerations were calculated for each 
NHTSA rollover test recording belt payout events 
during the rollover in excess of 25 millimeters.  
These calculated belt payout accelerations were 
found to generally range from 2 to 6 Gs.  (See Table 
3.)  
 
Based upon the authors’ experience involving 
analysis of numerous field accidents and various  
production retractor designs found in both U.S. and 
European model vehicles, it has generally been 
observed that the calibrated lockup threshold for the 
webbing crash sensors are found to be lower (more 
sensitive) in the European retractors than in their U.S. 
counterparts.  This is likely due to the European 
safety regulations [10] requiring the webbing sensor 
to lock the retractor at webbing withdrawal rates of 2 
Gs or above.  In the U.S., FMVSS 209 [8] includes 
no webbing sensor lock requirement if the retractor is 
also equipped with a vehicle inertial sensor.  In order 
to confirm this observed trend, an additional series of 
retractor sled testing has been conducted. 
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Table 3. 
NHTSA Spoolout Table 

 

Test Year Make/Model Speed 
(kph) Occupant 

Max. 
Spool Out 

(mm) 

Webbing 
Acceleration 

(Gs) 
1266 1988 Dodge Caravan 48.3 Right Front 38 5.4 
1274 1988 Nissan Pickup 48.3 Driver 48 2.6 
1289 1989 Nissan Pickup 48.3 Driver i.m. i.m. 
1391 1989 Dodge Caravan 48.3 Right Front 25 2.9 
1392 1989 Ford Bronco II 48.3 Driver 28 4.8 
1393 1989 Nissan Pickup 48.3 Driver 25 4.4 
1394 1989 Nissan Pickup 48.3 Driver 23 2.1 
1395 1989 Pontiac Grand Am 48.3 Driver i.m. i.m. 
1516 1988 Dodge Caravan 48.3 Driver 38 10.9 
1520 1988 Ford Ranger 48.3 Driver 53 2.9 
1521 1988 Dodge Ram 50 48.3 Driver 20 2.3 
1522 1988 Nissan Pickup 48.3 Driver 53 3.9 
1530 1988 Dodge Caravan 81.3 Driver 48 4.0 
1531 1988 Nissan Pickup 94.0 Driver 32 1.6 
1925 1990 Nissan Pickup 48.3 Driver 76 3.4 
1929 1990 Nissan Pickup 48.3 Driver 58 2.8 
2141 1990 Nissan Pickup 48.3 Driver 196 14.3 
2270 1989 Nissan Pickup 48.3 Driver 18 3.2 
i.m. = instrument malfunction (no reliable data) 

 
 
 

ADDITIONAL RETRACTOR SLED TESTING 
 
Four sets of retractors, each set consisting of design 
variance produced by one manufacturer, were tested 
under similar conditions on a linear accelerator (sled) 
fixture.  The tested retractors are listed in Table 4.  
The retractors in each test were mounted to the sled 
itself while the sled is mounted to a fixed base.  The 
sled allows up to 546 millimeters of travel.  In each 
test, the belt webbing was attached to the base of the 
test fixture such that approximately 381 millimeters 
of webbing remained on the spool of the retractor.  
For each set of retractors the slide was oriented at an 
angle off vertical beyond the point at which the least 
sensitive retractor in the group was observed to 
statically lockup via its inertial sensor.  This 
orientation ensured that the retractors were all in a 
pre-locked condition by virtue of the vehicle inertial 
sensor.  At the start of the test there was no pre-load 
in the retractor webbing.  An accelerometer was 
mounted on the sled itself to record acceleration of 
the sled while webbing spoolout was measured via a 
string potentiometer.  A high-speed video camera 
was mounted to the fixture to document the 
retractors’ inertial sensors dynamic performance.  A 
displacement transducer was also used to measure the 

amount of webbing that spooled off the retractor.  
Figure 4 demonstrates the test setup.   
 

Figure 4.  Linear Test Set Up 
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Table 4. 
Tested Retractors 

 
The sled was manually activated once for each test 
resulting in the retractor experiencing an acceleration 
directed along the sled axis, as well as the 
gravitational acceleration associated with the angular 

orientation of the sled.  This configuration subjected 
the inertial sensor to multiple direction accelerations 
including those directing the inertial sensor towards a 
neutral or unlocked condition [7].  When these 
accelerations result in the vehicle sensor returning to 
neutral or becoming unlocked, the redundant 
webbing sensor is then relied upon to lock the 
retractor and prevent webbing spoolout.   
 
In each of the tests the vehicle inertial sensor was 
found to unlock, allowing for various amounts of belt 
payout.  Towards the end of the slide travel, the sled 
acceleration became more constant such that at belt 
payouts beyond approximately 280 millimeters, the 
inertial sensor was found to reengage.   (See Table 5.)  
 

 
Table 5. 

Linear Accelerator Tests 

Test 
Number 

Webbing Extraction 
Acceleration 

(Gs) 

Δ Time 
Unlocked 

(msec) 

Webbing Sensor 
Activated 

Webbing Payout 
(mm) 

NSK U.S. SPECIFICATION 
1 2.1 196 No 305 
2 2.2 186 No 292 
3 2.2 184 No 292 

NSK EUROPEAN SPECIFICATION 
1 2.1 44 Yes 28 
2 1.9 44 Yes 28 
3 1.9 50 Yes 28 

TRW U.S. SPECIFICATION 
1 2.2 252 No 401 * 
2 2.1 242 No 401 * 
3 2.2 242 No 404 * 

TRW EUROPEAN SPECIFICATION 
1 2.2 46 Yes 36 
2 2.2 46 Yes 36 
3 2.2 44 Yes 36 

AUTOLIV U.S. SPECIFICATION 
1 2.5 182 No 284 
2 2.7 196 No 323 
3 2.5 210 No 361 

AUTOLIV EUROPEAN SPECIFICATION 
1 2.7 36 Yes 20 
2 2.7 36 Yes 23 
3 2.7 36 Yes 23 

AUTOLIV U.S. SPECIFICATION  
1 1.9 260 No 406 
2 2.1 258 No 406 
3 1.9 262 No 406 

AUTOLIV EUROPEAN SPECIFICATION 
1 1.8 32 Yes 18 
2 1.9 36 Yes 18 
3 1.8 40 Yes 20 

*Retractor did not lock, payout ceased when all available webbing was exhausted 

No. Manufacturer Specification Belt Code 
1 NSK U.S. NSB072EL19 
2 NSK European NSB072TR019 
3 TRW U.S. H-4103 
4 TRW European XL2A78611B69 
5 Autoliv U.S. Ef-93 
6 Autoliv European C66LA ANG 
7 Autoliv U.S. NSB085TR47-P 
8 Autoliv European 3083/12A 
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DISCUSSION 
 
The disproportionately high rate of serious injuries 
and fatalities resulting from an increasing number of 
rollover crashes requires an increased priority on 
rollover occupant protection.  Effective occupant 
restraint has consistently been relied upon as a 
primary means of providing occupant protection in 
these relatively long duration, multi-impact events.  
Moreover, the acceleration and crash forces seen in 
rollover events have been shown to enhance the 
potential for the retractor’s primary locking sensor, 
the vehicle inertial sensor, to fail [2].  Therefore, the 
need for a reliable redundant, or secondary, webbing 
crash sensor is paramount in this crash mode.   
 
A review of the retractor sled test results shown in 
Table 5 indicate that in each of the four 
European/U.S. paired retractors, only the European 
versions were found to limit webbing payout by 
virtue of activation of the retractor’s webbing sensor.  
This data confirms the authors’ experience that the 
European retractors are often calibrated at lower 
lockup thresholds than those found in the U.S.  The 
data reported in Table 5 further indicates that of the 
four retractors found to lock and limit webbing 
payout by virtue of the webbing sensor, they locked 
at webbing extraction accelerations of between 1.8 
and 2.7 Gs.  Their U.S. counterparts, however, did 
not lock at these levels and required webbing 
accelerations somewhere above 2.7 Gs to engage the 
webbing sensor.  U.S. manufactures’ specifications 
have been seen to require webbing sensor calibrations 
in the U.S. ranging anywhere from 2.5 Gs to as high 
as 10 Gs on some models.  As noted, European safety 
regulations require having sensor lockups at above 
2.0 Gs. 
 
A review of the NHTSA rollover test data shown in 
Table 3 indicates typical webbing extraction 
accelerations generally ranged from 2 to 6 Gs.  In 
only one of the examined tests was a webbing 
extraction rate recorded at below 1.5 Gs, and in only 
two tests were extraction rates recorded above 10 Gs.  
This data suggests that a webbing sensitive 
calibration threshold of 1.5 Gs would be effective at 
preventing belt payout in rollover crashes even with a 
failure of the vehicle based inertial sensor.  Such a 
threshold is only slightly more sensitive than the 
European retractors tested here and is within 
compliance of the European regulations.  Although, 
based upon the above analysis, 1.5 Gs appears to be a 

low enough threshold to ensure reliability of the 
webbing sensor as a redundant feature in rollover 
crashes, additional rollover testing with webbing 
withdrawal accelerations directly instrumented is 
recommended.  
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ABSTRACT 

A 2009 study by the Insurance Institute for Highway 
Safety found that midsize SUVs with stronger roofs, 
as measured in quasi-static tests, had lower risk of 
ejection and lower risk of injury for nonejected driv-
ers. The objective of the present study was to deter-
mine whether a similar association exists for other 
vehicle groups. 

Twelve small passenger cars were evaluated accord-
ing to Federal Motor Vehicle Safety Standard 216 
test conditions extended to 10 inches of plate dis-
placement. Crash databases in 14 states provided 
more than 20,000 single-vehicle rollover crashes in-
volving these vehicles. Logistic regression analyses 
were used to evaluate the effect of roof strength on 
the rate of driver injury while assessing and control-
ling for the effects of driver age, vehicle stability, 
state, and other factors where necessary.  

Small cars with stronger roofs had lower overall rates 
of serious injury, lower rates of ejection, and lower 
rates of injury for nonejected drivers. Although the 
effect on ejection was somewhat smaller for cars than 
for SUVs, the overall pattern of injury results was 
consistent. For roof strength-to-weight ratio meas-
ured at 5 inches (SWR5), a one-unit increase (e.g., 
from 2.0 to 3.0) was associated with a 22% reduction 
in risk of incapacitating or fatal driver injury in sin-
gle-vehicle rollovers. This compares with a 24% re-
duction estimated for a similar change in roof 
strength among midsize SUVs. 

The association between vehicle roof strength and 
occupant injury risk in rollover crashes appears ro-
bust across different vehicle groups and across roof 
SWR5 values, varying from just more than 1.5 to just 
less than 4.0. If roofs were to increase in strength by 
one SWR5, a 20-25% percent reduction in risk of 
serious injury in rollovers would be expected. Still, 
even if all vehicle roofs were as strong as the strong-
est roof measured, many rollover injuries still would 
occur, indicating the need for additional research and 
countermeasures.  

INTRODUCTION 

In 1971 the National Highway Traffic Safety Admin-
istration (NHTSA) promulgated Federal Motor Ve-
hicle Safety Standard (FMVSS) 216 to “reduce 
deaths and injuries due to the crushing of the roof 
into the passenger compartment in rollover acci-
dents” [1]. Even as the standard was coming into 
effect, some researchers were questioning the rela-
tionship between roof strength and injury risk [2,3]. 
However, very few rollover crashworthiness analyses 
have combined roof strength measures with real-
world crash data. Instead, most studies either have 
been based on observations of anthropometric test 
devices (ATDs) in rollover tests that may be overly 
severe and for which ATDs are not well suited [4-6], 
or have compared roof crush with injury outcome in 
field data without controlling for vehicle structure 
differences [2,7-9]. The question of roof strength’s 
influence on injury causation cannot be resolved by 
these studies. 

Prior to 2009 only two studies had compared the 
measured roof strengths of certain vehicles with the 
injury experience in real-world rollover crashes in-
volving those vehicles [10,11]. Neither study found a 
relationship between roof strength and injury risk. 
However, a 2009 study reached the opposite conclu-
sion, finding that stronger roofs reduce the risk of 
injury in rollover crashes [12]. The authors suggested 
that earlier research may have failed to detect this 
relationship due to a combination of factors including 
the use of roof strength tests of nonproduction ve-
hicles, uncontrolled differences between vehicle 
types and state reporting practices, and the inclusion 
of variables such as police-reported belt use and al-
cohol involvement whose coding is biased with re-
spect to injury outcome. 

FMVSS 216 evaluates roof strength using a quasi-
static test in which a metal plate is pushed into the 
roof at a fixed angle. The reaction force against the 
plate is divided by the weight of the vehicle to pro-
duce a strength-to-weight ratio (SWR). For the mid-
size SUVs studied, Brumbelow et al. [12] found that 
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a one-unit increase in peak SWR measured within 5 
inches of plate displacement (SWR5) was associated 
with a 24% reduction in risk of fatal or incapacitating 
injury, a 32% reduction in fatality risk, and a 41% 
reduction in ejection risk. Restricting to nonejected 
occupants showed a 16% reduction in risk of fatal or 
incapacitating injury for the same roof strength in-
crease. The authors concluded that stronger roofs are 
beneficial by reducing both ejection risk and injury 
risk for occupants remaining in the vehicle. 

Brumbelow et al. [12] restricted their study to 12 
midsize SUV roof designs. This restriction more 
tightly controlled for differences in driver demo-
graphics, vehicle use patterns, and crash kinematics 
than did previous research. However, evaluating only 
one vehicle type made it impossible to estimate the 
magnitude of the benefit of increased roof strength 
for other portions of the vehicle fleet, especially pas-
senger cars. There was no reason to expect that 
stronger roofs would not benefit occupants of other 
vehicle types, but the specific effects could not be 
inferred from the SUV analysis.  

The purpose of the present study was to investigate 
the relationship between roof strength and injury risk 
for passenger cars and to compare this relationship 
with that previously found for SUVs. 

METHODS 

The methods employed by Brumbelow et al. [12] 
were applied to this study. Logistic regression was 
used to estimate the effect of roof strength on driver 
injury risk in rollover crashes while controlling for 
potential confounding variables. The effect of roof 
strength on ejection risk also was estimated. Roof 
strength data were obtained for 12 small four-door 
passenger cars in quasi-static tests with 10 inches of 
plate displacement. Crash data consisted of police-
reported single-vehicle rollovers in 14 states. 

Vehicle Selection and Roof Strength Testing 

Small four-door passenger cars were chosen because 
this segment had a greater number of unique roof 
designs with substantial rollover counts than midsize 
or large cars. The 12 designs selected for testing were 
those with the largest sample of rollover crashes in 
the state databases used for the study. None of these 
vehicles were sold with side curtain airbags or elec-
tronic stability control (ESC) as standard equipment. 
One model was sold with ESC as optional equipment 
for three of the eight model years studied, but the 
installation rate during these three years was less than 
2% [13]. These model years were not excluded be-

cause any potential effect on the results for this ve-
hicle would be minimal. Another model was sold 
with side curtain airbags as optional equipment for 
two of the eight model years, and the installation rate 
during these years was unknown. Because most of 
the state databases do not record the presence of cur-
tain airbags, and their deployment may affect injury 
and ejection risk, these two model years were ex-
cluded from analysis. 

Roof strength tests were conducted using the quasi-
static procedure outlined in FMVSS 216, with the 
exception that tests were extended beyond the 1.5 
SWR compliance level to 10 inches of plate dis-
placement to obtain peak roof strength values. Al-
though the standard requires compliance within 5 
inches of displacement, extending the tests to 10 
inches allowed roof performance beyond the regu-
lated level to be compared with field experience. In 
addition to the SWR metric, other evaluated metrics 
were peak roof strength, energy absorption, and 
equivalent drop height (EDH). EDH is energy ab-
sorption normalized by curb weight. Because some of 
the 12 roof designs were shared by trim levels with 
differing curb weights, calculations of SWR and 
EDH using these weights resulted in more than 12 
unique values. Roof strength values for the study 
vehicles are listed in Appendix A. 

Rollover Crash Data 

Data on rollover crashes were obtained from the State 
Data System of police-reported crashes. NHTSA 
maintains this database of police crash records from 
certain states. States with data available for some part 
of the calendar years 1997-2006 were included, pro-
vided there were event and/or impact codes allowing 
identification of single-vehicle rollovers, and coded 
vehicle identification numbers (VINs). Without suffi-
cient VIN information it is not possible to be certain 
of a vehicle’s make, model, and model year. Because 
these qualifications were identical to the previous 
study of midsize SUVs, the same 14 states were used: 
Florida, Georgia, Illinois, Kansas, Kentucky, Mary-
land, Missouri, New Mexico, North Carolina, Ohio, 
Pennsylvania, Utah, Wisconsin, and Wyoming. 

Logistic Regression 

Logistic regression was used to assess the effect of 
roof strength on the likelihood of fatal or incapacitat-
ing injury, fatal injury, and ejection for drivers in 
single-vehicle rollover crashes. Injury risk for non-
ejected drivers also was evaluated. Separate models 
were fit for each of these outcomes using each of the 
four roof strength metrics as measured at three plate 
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displacements: 2, 5, and 10 inches. The final models 
controlled for state, driver age, and static stability 
factor (SSF). 

Controlling for state is necessary because of state-to-
state variation in injury rates possibly resulting from 
differences in reporting methods, terrain, urbaniza-
tion, and other factors.  

Vehicle stability may be indirectly related to rollov-
er injury risk because the average rollover crash 
severity could be greater for more stable vehicles. 
This study attempted to control for variations in 
stability among the study vehicles by using SSF. 
SSF is calculated by dividing half the average track 
width by the center of gravity height, so it does not 
account for stability differences due to wheelbase or 
suspension and tire properties. However, it is the 
most widely used stability metric and is the basis for 
NHTSA’s rollover resistance ratings. Data for all 
but three of the study vehicles were publicly availa-
ble. The remaining vehicles were measured at SEA, 
Ltd., using the same vehicle inertial measurement 
facility utilized by NHTSA. SSF values are included 
in Appendix A. 

Preliminary models included other factors when 
coded in the state data files. These were vehicle age, 
vehicle weight, driver gender, and rural versus urban 
crash environment. Coded belt use was not included 
as a covariate in an overall model because police re-
porting of belt use in crashes has been found to be 
biased by injury outcome [14]. However, several stu-
dies have found that belt use affects injury likelihood 
in rollovers [15-17]. Because the effect of belt use 
has the potential to confound the effect observed for 
roof strength, separate models were fit for drivers 
coded by police as belted and as unbelted. 

Rollovers resulting in fatal or incapacitating injuries 
were fairly rare events, and ejection was an even 
less common outcome. Consequently, the odds ra-
tios resulting from these models are reasonable ap-
proximations of relative risks and are interpreted 
accordingly. 

A sensitivity analysis was conducted to determine 
whether roof strength test variability could be con-
founding the results of the logistic regression models. 
A random number generator was used to select roof 
strength values that varied up to 10% from the actual 
value measured for each vehicle, and these new val-
ues were used in the regression analyses. This was 
repeated with 10 sets of roof strength data, and the 
different outcomes were compared with the final 
model outcome. 

Rollover Propensity 

The main results estimate the risk of injury given a 
rollover crash occurrence, so they do not account for 
any changes in rollover likelihood that may be caused 
by increasing roof strength. Two additional analyses 
evaluated whether there was a relationship between 
roof strength and rollover propensity. First, the pro-
portion of all police-reported crashes that were sin-
gle-vehicle rollover was calculated for each unique 
SWR5 value. Logistic regression was used to estimate 
the effect of a one-unit increase in SWR5 on this pro-
portion. Crash data came from the same state data 
files included in the main analyses. 

The second analysis was intended to evaluate the 
combined effect of roof strength on rollover propen-
sity and crashworthiness. Data were extracted from 
the Fatality Analysis Reporting System (FARS) for 
years 2003-07 to determine the proportion of driver 
deaths that resulted from single-vehicle rollover 
crashes. Again, the effect of a one-unit SWR5 in-
crease was estimated using logistic regression.  

Estimated Lives Saved 

In addition to the estimates of effects on driver injury 
and fatality risks, study results are presented in terms 
of the estimated number of lives that could have been 
saved with stronger roofs. Two target roof strength 
levels were investigated: 2.5 SWR5 and 3.9 SWR5. 
The lower SWR target was chosen because it is the 
level of strength included in NHTSA’s 2005 notice of 
proposed rulemaking to upgrade FMVSS 216 [18]. 
The higher SWR target represents the strongest roof 
among the study vehicles. For each vehicle, the in-
crease in roof strength required to achieve the target 
SWR, if any, was used to scale the estimated effect of 
roof strength on injury risk from the logistic regres-
sion model. Because there were too few fatalities in 
the state databases to make precise effect estimates of 
roof strength on fatality risk alone, results of the lo-
gistic regression model that included incapacitating 
injuries were used for this exercise. To obtain the 
estimated number of lives saved, the scaled effec-
tiveness estimates were applied to the total number of 
drivers and right-front passengers who were killed in 
single-vehicle rollover crashes in the United States 
during 2007 for each of the study vehicles. These 
data were obtained from FARS. 

RESULTS 

Study vehicles were involved in 1,232,990 police-
reported crashes in the 14 states studied. Of these, 
20,459 were single-vehicle rollovers, resulting in 328 
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driver fatalities and 2,113 drivers with incapacitating 
injuries. Figure 1 shows the relationship between 
peak SWR5 and the rate of fatal or incapacitating 
driver injury, before adjusting for potential confound-
ing factors. The circle sizes represent the number of 
rollover crashes of each vehicle. The slope of the 
weighted linear regression line in Figure 1 represents 
a 17% reduction in the rate of fatal or incapacitating 
injury for a one-unit SWR5 increase from the average 
roof strength of these vehicles. Logistic regression 
analyses were used to investigate whether this rela-
tionship was due to roof strength differences or to 
confounding factors. 

 
Figure 1. Rates of fatal or incapacitating driver 
injury by peak SWR5 

Vehicle age, vehicle weight, and driver gender did 
not have significant effects on the risk of injury or 
ejection. Furthermore, their inclusion did not substan-
tially change the estimated effect of roof strength. 
These variables were excluded from the final models. 

Urban versus rural crash environment was coded in 
72% of the crashes in the dataset. Analyses limited to 
these cases did not find a statistically significant rela-
tionship between crash environment and injury risk. 
In addition, inclusion of crash environment did not 
substantially change the effect of roof strength on 
injury outcome. Crash environment was excluded 
from the final models. 

The final injury risk logistic regression models con-
trolled for the state where each crash occurred, ve-
hicle SSF, and driver age. Each combination of the 
four roof strength metrics and three displacement 
distances required a separate model, and all 12 of 
these models estimated reductions in the risk of fatal 
or incapacitating driver injury for increases in roof 
strength. These risk reductions were all statistically 
significant at the 0.05 level. A one-unit increase in 
SWR5 was estimated to reduce the risk of fatal or 
incapacitating injury by 22% (95% confidence inter-
val: 13-30). Table 1 lists the odds ratios for all the 
roof strength metrics, as well as those for the esti-
mated effects of vehicle SSF and driver age. 

Table 1 
Results of logistic regression models for 

risk of fatal or incapacitating driver injury 

 
Strength metric and 
plate displacement 

Roof 
strength SSF 

Driver
age 

Odds 
ratio for 

1-unit 
increase 

Odds 
ratio for 
0.1-unit 
increase 

Odds 
ratio for
10-year
increase 

Peak force 
(tons) 

2 in 0.83* 1.18* 1.16* 
5 in 0.83* 1.17* 1.15* 

10 in 0.86* 1.08 1.15* 

SWR 2 in 0.77* 1.21* 1.16* 
5 in 0.78* 1.20* 1.16* 

10 in 0.83* 1.10 1.15* 

Energy 
absorbed 
(kJ) 

2 in 0.58* 1.17* 1.15* 
5 in 0.77* 1.16* 1.16* 

10 in 0.87* 1.03 1.16* 

EDH 
(in) 

2 in 0.82* 1.18* 1.15* 
5 in 0.92* 1.18* 1.16* 

10 in 0.96* 1.05 1.16* 
*Statistically significant at 0.05 level 

In most cases, increases in SSF were associated with 
statistically significant injury risk increases. In 
every case, increases in injury risk with increasing 
driver age were statistically significant. The model 
using SWR5 data predicted injury risk increases of 
20% for a 0.1-unit increase in SSF and 16% for a 
10-year increase in driver age. There were differ-
ences in injury risk between states, with Florida 
having the highest overall rate of fatal or incapaci-
tating injury at 20% and North Carolina having the 
lowest at 5%. Table 2 lists the odds ratios for fatal 
or incapacitating driver injury from the final model 
of all states relative to Florida. 
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Table 2 
Odds ratio estimates by state, relative to 

Florida, for model estimating effect of SWR5 
on risk of fatal or incapacitating driver injury 

State Odds ratio 
Georgia 0.25* 
Illinois 0.72* 
Kansas 0.39* 
Kentucky 0.54* 
Maryland 0.66* 
Missouri 0.64* 
New Mexico 0.87 
North Carolina 0.20* 
Ohio 0.20* 
Pennsylvania 0.20* 
Utah 0.97 
Wisconsin 0.41* 
Wyoming 0.74* 

*Statistically significant at 0.05 level 

 There was no evidence that differences in belt use 
among the vehicles confounded the effect observed 
for roof strength because all injury risk models li-
mited by coded belt use status estimated reduced in-
jury risk for stronger roofs (Table 3). For the 16,426 
drivers coded as belted, the estimated risk reductions 
were less than those for all drivers, and all but two 
were significant at the 0.05 level. For the 2,589 driv-
ers coded as unbelted, most of the risk reductions 

were greater than those for all drivers, and two were 
significant at the 0.05 level. 

There were 15,506 cases with known ejection status. 
Of these, 158 drivers were coded as being partially 
ejected and 714 as fully ejected. Figure 2 shows the 
relationship between peak SWR5 and the unadjusted 
rates of partial or full ejection. Logistic regression 
models limited to cases with known ejection status 
estimated reductions in ejection risk for increasing 
roof strength while controlling for crash state, vehicle 
SSF, and driver age. Results are listed in Table 4. 
Seven of the twelve ejection risk reductions were 
statistically significant at the 0.05 level, including the 
24% reduction in ejection risk associated with a one-
unit SWR5 increase (95% confidence interval: 11-
36). Increased vehicle SSF was estimated to increase 
ejection risk given a rollover, and increased driver 
age was estimated to reduce ejection risk. The in-
creases associated with SSF were all statistically sig-
nificant at the 0.05 level, but none of the driver age 
risk reductions were. The reduction in ejection risk 
with increasing age is opposite the finding for injury 
risk. This suggests that older drivers have higher belt 
use rates, thus lower ejection risk, but that reduced

 
Figure 2. Rates of partial or complete driver 
ejection by peak SWR5 
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Table 3 
Results of logistic regression models for 

risk of fatal or incapacitating driver injury 
by coded belt use and ejection status 

Strength metric and 
plate displacement 

Odds ratios for 1 unit increases in
roof strength, by police-reported

belt use or ejection status 

Belted Unbelted Nonejected

Peak force 
(tons) 

2 in 0.86* 0.75 0.84* 
5 in 0.87* 0.76* 0.85* 

10 in 0.90* 0.89 0.89* 

SWR 2 in 0.83* 0.68 0.81* 
5 in 0.85* 0.71 0.83* 

10 in 0.89 0.88 0.88* 

Energy 
absorbed 
(kJ) 

2 in 0.62 0.38 0.54* 
5 in 0.83* 0.65* 0.79* 

10 in 0.90* 0.88 0.89* 

EDH 
(in) 

2 in 0.86* 0.74 0.83* 
5 in 0.95* 0.89 0.94* 

10 in 0.97* 0.97 0.97* 

*Statistically significant at 0.05 level 
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Table 4 
Results of logistic regression models 

for risk of driver ejection 

 
Strength metric and 
plate displacement 

Roof 
strength SSF 

Driver
age 

Odds 
ratio for 

1-unit 
increase 

Odds 
ratio for 
0.1-unit 
increase 

Odds 
ratio for
10-year
increase 

Peak force 
(tons) 

2 in 0.87* 1.32* 0.95 
5 in 0.84* 1.30* 0.95 

10 in 0.97 1.32* 0.95 

SWR 2 in 0.77* 1.34* 0.95 
5 in 0.76* 1.32* 0.95 

10 in 0.91 1.29* 0.95 

Energy 
absorbed 
(kJ) 

2 in 0.72 1.32* 0.95 
5 in 0.78* 1.28* 0.95 

10 in 0.94 1.25* 0.95 

EDH 
(in) 

2 in 0.84 1.31* 0.95 
5 in 0.91* 1.29* 0.96 

10 in 0.97* 1.23* 0.95 

*Statistically significant at 0.05 level 

injury tolerance offsets this in all single-vehicle rol-
lovers as their overall injury risk is still higher. 

Logistic regression models restricted to the 14,634 
drivers coded as nonejected estimated statistically 
significant reductions in injury risk for stronger roofs 
(Table 3). This indicates that the reduction in ejection 
risk does not fully explain the overall injury risk re-
duction associated with stronger roofs. 

The main results of this study are based on the risk of 
fatal or incapacitating driver injury. However, sepa-
rate models estimated the effects of roof strength on 
fatality risk to determine whether police judgment of 
injuries as incapacitating or nonincapacitating con-
founded the results. Table 5 lists the results of these 
models, all of which estimated reductions in fatality 
risk for stronger roofs. There was no indication that 
the inclusion of incapacitating injuries confounded 
the main results; the magnitudes of most of the fatali-
ty risk reductions were similar to the main results that 
included incapacitating injury. However, fewer were 
statistically significant at the 0.05 level due to the 
smaller number of fatal injuries.  

The study findings did not appear sensitive to roof 
strength test variability. Ten additional models used 
roof SWR5 values randomly altered by up to 10% of 
the measured values. These models produced injury 

Table 5 
Results of logistic regression models 

for risk of driver fatality 

 
Strength metric and 
plate displacement 

Roof 
strength SSF 

Driver
age 

Odds 
ratio for 

1-unit 
increase 

Odds 
ratio for 
0.1-unit 
increase 

Odds 
ratio for
10-year
increase 

Peak force 
(tons) 

2 in 0.88 1.18* 1.16* 
5 in 0.84 1.17* 1.15* 

10 in 0.87 1.08 1.15* 

SWR 2 in 0.83 1.21* 1.16* 
5 in 0.79 1.20* 1.16* 

10 in 0.83 1.10 1.15* 

Energy 
absorbed 
(kJ) 

2 in 0.74 1.17* 1.15* 
5 in 0.75 1.16* 1.16* 

10 in 0.85* 1.03 1.16* 

EDH 
(in) 

2 in 0.90 1.18* 1.15* 
5 in 0.92 1.18* 1.16* 

10 in 0.96* 1.05 1.16* 

*Statistically significant at 0.05 level 

risk odds ratios ranging from 0.75 to 0.81, compared 
with 0.78 for the model using actual roof strengths. 
The effect of SWR5 on injury risk was statistically 
significant at the 0.05 level for all ten models. 

The two analyses of rollover propensity indicated 
that vehicles with stronger roofs were not more like-
ly to be involved in rollover crashes. Single-vehicle 
rollovers as a proportion of all police reported crash-
es were estimated to decline by 11% for a one-unit 
increase in SWR5 (95% confidence interval: 9-14). 
Using FARS data, the same roof strength increase 
was estimated to reduce the number of driver fatali-
ties in single-vehicle rollovers relative to other crash 
types by 16%, although this was not significant at 
the 0.05 level (95% confidence interval: 2% increase 
to 31% decrease). 

According to FARS data, 228 drivers and right-front 
passengers died in single-vehicle rollover crashes of 
the study vehicles in 2007. A minimum roof 
strength requirement of 2.5 SWR5 would have had 
minimal impact because most of the study vehicles 
exceeded this level of strength; an estimated 3 
deaths could have been prevented (95% confidence 
interval: 2-5). If all vehicles had roofs with SWRs 
of 3.9, equal to the strongest roof tested for this 
study, 75 deaths could have been prevented (95% 
confidence interval: 46-100). 
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DISCUSSION 

Brumbelow et al. [12] found that stronger roofs bene-
fit drivers of SUVs involved in single-vehicle rollov-
er crashes. The authors hypothesized that drivers of 
other vehicle types also benefit but that the magni-
tude of the effects of roof strength could vary. The 
present study confirms that roof strength is effective 
in reducing injury risk and ejection risk for passenger 
car drivers in single-vehicle rollovers. There was 
some variation between the estimated risk reductions 
produced by the logistic regression models in the two 
studies. However, other factors may explain some of 
this variation, as discussed below. Overall, results 
indicate that roof strength has similar benefits for 
drivers in single-vehicle rollover crashes involving 
vehicles in these two segments. The biggest differ-
ence was a larger reduction in ejection risk for SUV 
drivers with a given increase in roof strength. 

Figure 3 shows that most of the overall injury odds 
ratios were similar for SUVs and passenger cars. The 
largest differences were for the SWR, energy absorp-
tion, and EDH metrics measured at 2 inches, and for 
the SWR metric at 10 inches. In all of these cases, the 
injury risk reductions associated with each strength 
increase were greater for SUV drivers than for car 
drivers. (Effect estimate magnitudes in Figure 3 
should not be compared across metrics because the 
amounts of increased roof strength described by each 
are not equivalent.) For all metrics, the passenger car 
results followed the expected trend with plate dis-
placement distance: a given increase in roof strength 
had a greater effect at lower displacement distances, 
when it was proportionally larger. The SUV results 
based on peak strength and SWR at 10 inches of plate 
displacement did not follow this trend. 

Vehicle geometry is one reason the correlation be-
tween roof strength metrics at different plate dis-
placement distances could vary by vehicle type. Be-
cause small cars have shorter roof pillars, other struc-
tural components become involved and contribute 
added strength more quickly as the quasi-static test 
progresses. Almost all of the passenger car roofs re-
quired a substantially higher peak force to crush the 
roof from 5 to 10 inches of plate displacement than 
from 0 to 5 inches, but this was true only for a few of 
the SUVs. Conversely, when drop-offs in the load 
sustained by the roof did occur, these drop-offs 
tended to be greater for cars. This could be explained 
by the larger contact patch between the test plate and 
the SUVs late in the test, given their longer roofs. 
Thus, SUVs had more available load paths, such as 
D-pillars, to compensate when a single component 
reached a failure point. It is difficult to know if these 

 
Figure 3. Odds ratios for risk of fatal or incapaci-
tating driver injury with increasing roof strength, 
as measured with four strength metrics at three 
plate displacement distances. 

geometrical differences are meaningful because the 
impact conditions in real-world rollovers depend on 
many other factors. 

Ejection 

Differences in ejection risk between cars and SUVs 
also may have contributed to the variation in injury 
odds ratios. For the study vehicles, the overall ejection 
rate was 14% lower for cars than for SUVs. This may 
have been due in part to the fact that, on average, cars 
had stronger roofs in terms of SWR. However, for a 
more diverse group of vehicle models, Bedewi et al. 
[7] also found higher rates of complete ejection for 
unbelted occupants in SUVs compared with passenger 
cars during 1997-2000. Again, geometric differences 
may be a factor. For example, side windows are the 
most frequent ejection path in rollovers [19], and mids-
ize SUVs have larger side windows than small passen-
ger cars. If geometric differences result in differing 
ejection risks for SUV and car drivers, it is plausible 
the effect of strong roofs on ejection risk would vary. 
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Because of these potential differences in ejection 
risk, a comparison of injury risk ratios for nonejected 
drivers was undertaken (Figure 4). For peak strength 
and energy absorption metrics, which do not account 
for vehicle weight, risk reductions were larger for 
passenger cars than for SUVs given the same strength 
increase. However, when strength was expressed 
relative to curb weight with the SWR and EDH me-
trics, most of the risk reductions had very similar 
magnitudes. Relative to curb weight, roof strength 
appeared equally important in reducing injury risk to 
nonejected drivers of SUVs and passenger cars in 
rollover crashes.  

Effect of Stability 

The previous study involving midsize SUVs found 
mixed results for the effect of SSF on rollover injury 
risk [12]. The authors hypothesized that stability dif-
ferences among the vehicles studied were too small 
to produce meaningful results, because nearly three- 
quarters of the crashes occurred among vehicles with

 
Figure 4. Odds ratios for risk of fatal or incapaci-
tating injury for nonejected drivers with increas-
ing roof strength, as measured with four strength 
metrics at three plate displacement distances. 

SSF values between 1.06 and 1.09. The distribution 
of rollover crashes involving the current set of ve-
hicles was more evenly distributed among the full 
range of SSF values, spanning from 1.33 to 1.46. 
Results of the logistic regression models showed that 
more stable vehicles had higher injury risk during 
rollovers. This is consistent with the hypothesis that 
higher travel speeds or more severe tripping forces 
are required to initiate rollover in these vehicles than 
in less stable ones. 

Strength Metrics 

The earlier study of SUVs found that none of the four 
strength metrics clearly stood out as a better predictor 
of injury risk than others at every plate displacement 
distance. As shown in Figure 5, this also was the case 
for the passenger cars studied. The odds ratios plotted 
on the graph were scaled to represent the injury risk 
change associated with a roof strength increase equal 
in magnitude to the difference between the strongest

 
Figure 5. Odds ratios for risk of fatal or incapaci-
tating driver injury with increasing roof strength 
in small passenger cars, adjusted to represent 
strength increases equal to range of strengths us-
ing each metric for small car study vehicles. 
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and weakest roof measured at each plate displace-
ment. This allows some comparison between metrics 
despite their different units. Effects at different dis-
placement distances may not be comparable because 
a single outlier at either end of the strength range 
could create disproportionate scaling differences. 

Figure 6 presents the scaled estimates for the SUVs 
studied. Together with Figure 5, it is apparent that 
injury risk reductions predicted by roof strength at 
each level of plate displacement are only slightly 
different between the two strength metrics that make 
use of curb weight and the two that do not. However, 
this likely is because of the small range of curb 
weights of both sets of study vehicles. For the pur-
pose of evaluating roof strength across the vehicle 
fleet, there are at least two indications that SWR or 
EDH are preferred to peak strength or energy absorp-
tion. First, the similarity in the odds ratios for the two 
vehicle types in Figure 4 for SWR and EDH, dis-
cussed above, suggests the benefits of roof strength

 
Figure 6. Odds ratios for risk of fatal or incapaci-
tating driver injury with increasing roof strength 
in midsize SUVs, adjusted to represent strength 
increases equal to range of strengths using each 
metric for midsize SUV study vehicles. 

are more homogeneous when expressed with these 
metrics. Second, SWR and EDH better explain the 
higher overall average raw rate of incapacitating or 
fatal injury for SUVs (12.3% compared with 10.3% 
for small passenger cars). Although other factors con-
tribute, the difference in these rates likely would be 
even larger without the higher SSF values of the pas-
senger cars and the resulting increased injury risk 
discussed previously. For the vehicles studied, over-
all injury rates are consistent with the average SWR 
and EDH values, which are higher for passenger cars. 
SUVs have higher average peak strength and energy 
absorption. 

Roof Strength Regulation 

Occupants of the passenger cars studied would have 
benefitted less than the SUV occupants from a regu-
lation with a minimum SWR5 of 2.5. Only 4 of the 12 
roof designs would have required additional strength 
to meet such a standard, and these strength increases 
would have been relatively small. As a result, it was 
estimated that only 1% of the 228 drivers and right-
front passengers killed in single-vehicle rollovers of 
these vehicles in 2007 could have been saved by a 
standard similar to that proposed by NHTSA in 2005. 
Increasing the minimum SWR5 level to 3.9 would 
have had a much greater effect, with around one-third 
of the 228 fatalities prevented. 

This disparity highlights the need for an upgraded 
regulation based on an accurate evaluation of the risk 
reductions associated with stronger roofs. NHTSA 
estimated that, fleet-wide, a minimum SWR5 re-
quirement of 3.0 would prevent up to 135 of 9,942 
annual rollover fatalities [18], and that these reduc-
tions were too small to justify the cost of the neces-
sary vehicle redesigns. These conclusions appear 
overly conservative in light of the current findings. 
At the same time, the large number of fatalities that 
still would occur with stronger roofs confirms that a 
comprehensive approach to rollover crash avoidance 
and crashworthiness is important. 

CONCLUSIONS 

For nonejected occupants, benefits of roof strength in 
single-vehicle rollover crashes are similar for drivers 
of midsize SUVs and small passenger cars. Increased 
roof strength is associated with reduced risk of ejec-
tion for drivers of both vehicle types, but the reduc-
tion may be greater for SUV drivers. The quasi-static 
FMVSS 216 test is a meaningful structural assess-
ment of real-world rollover crashworthiness for oc-
cupants of passenger cars and SUVs. 
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APPENDIX A 
 
Roof strength and SSF values for study vehicles. Some models had trim levels with other curb weight values, leading to multiple values 
of SWR and EDH. Curb weight of most common trim level was used to calculate the SWR and EDH values reported here. 

     Peak roof strength (lbf)  SWR  Energy absorbed (J)  EDH (in) 

Model years Make Model SSF   2 in 5 in 10 in   2 in 5 in 10 in   2 in 5 in 10 in   2 in 5 in 10 in 

1995-2000 Saturn SL 1.35  5,470 6,159 9,530  2.30 2.59 4.01  678 2,625 6,932  2.5 9.8 25.8 
2000-2005 Dodge Neon 1.41  6,673 6,893 7,305  2.54 2.63 2.78  776 2,753 6,023  2.6 9.3 20.3 
2000-2001 Plymouth Neon 1.41  6,673 6,893 7,305  2.54 2.63 2.78  776 2,753 6,023  2.6 9.3 20.3 
1995-1999 Dodge Neon 1.44  4,990 5,755 6,369  2.00 2.30 2.55  644 2,428 4,953  2.3 8.6 17.5 
1995-1999 Plymouth Neon 1.44  4,990 5,755 6,369  2.00 2.30 2.55  644 2,428 4,953  2.3 8.6 17.5 
1998-2002 Toyota Corolla 1.42  8,212 9,590 9,590  3.35 3.91 3.91  934 3,774 7,504  3.4 13.6 27.1 
1998-2002 Chevrolet Prizm 1.42  8,212 9,590 9,590  3.35 3.91 3.91  934 3,774 7,504  3.4 13.6 27.1 
1995-1999 Volkswagen Jetta 1.33  5,351 7,808 8,853  1.98 2.89 3.28  593 2,826 6,569  1.9 9.3 21.5 
1995-1999 Nissan Sentra 1.40  6,085 7,414 7,414  2.52 3.07 3.07  637 2,726 6,074  2.3 10.0 22.3 
1995-2000 Ford Contour 1.39  6,646 7,017 9,225  2.35 2.48 3.27  849 2,896 6,705  2.7 9.1 21.0 
1995-2000 Mercury Mystique 1.39  6,646 7,017 9,225  2.35 2.48 3.27  849 2,896 6,705  2.7 9.1 21.0 
1997-2002 Ford Escort 1.37  5,224 5,371 5,977  2.11 2.17 2.41  668 2,379 5,035  2.4 8.5 18.0 
1997-1999 Mercury Tracer 1.37  5,224 5,371 5,977  2.11 2.17 2.41  668 2,379 5,035  2.4 8.5 18.0 
1995-1997 Nissan Altima 1.41  6,437 7,346 8,206  2.22 2.53 2.83  761 3,054 6,765  2.3 9.3 20.6 
1996-2000 Honda Civic 1.46  5,060 5,783 8,714  2.11 2.41 3.63  566 2,274 5,628  2.1 8.4 20.8 
1995-2005 Chevrolet Cavalier 1.35  5,712 6,798 8,654  2.14 2.54 3.24  715 2,821 6,537  2.4 9.3 21.6 
1995-2002 Pontiac Sunfire 1.35  5,712 6,798 8,654  2.14 2.54 3.24  715 2,821 6,537  2.4 9.3 21.6 
2000-2007 Ford Focus 1.33  8,805 9,063 11,490  3.39 3.49 4.42  1,114 3,558 8,554  3.8 12.1 29.1 
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ABSTRACT 
Bicyclists represent a population with high risk of 

traffic injuries since they are unprotected in vehicle 
collisions. A study was conducted with an in-depth 
analysis of bicyclist accidents in China and Germany. 
The analysis is to identify the hazard of bicyclists in 
Changsha and to propose the way to reduce the number 
of these accidents and also severity of injuries. The 
analysis was carried out in terms of the causes of injury, 
injury severity and distribution and also type of vehicle 
involved, accident type, road environment, time 
distribution etc. The accident cases that occurred from 
2001 to 2006 were collected from IVAC database in 
Changsha, China and GIDAS database in Hannover, 
Germany. Based on specified sampling criteria, 1,013 
bicyclist cases and 1806 cases were selected from the 
two databases, respectively. Statistical analyses and 
comparative analyses were carried out with the 
sampling data. The results show that there were 
similarities and differences regarding bicyclist 
accidents between Changsha and Hannover, especially 
for the frequency and age distribution of the fatalities 
and also the road environment where accidents 
occurred. The results from this study suggested that 
there is a great potential for reduction of the accidents 
and fatalities by safety countermeasures, such as usage 
of helmet and improvement of road environment in 
countries like China.  
 
Keywords: bicyclist accidents, statistical analysis, 
circular distribution analysis 

 

1 INTRODUCTION 
The bicyclist accidents are considered to be an 

important issue regarding urban traffic safety in China. 
At present it is estimated that in China more than 500 
million [1] bicycles are used. China is a country with the 
largest number of bicycles over the world. Bicycle is 
one of the most popular tools for travel in urban areas. 
The report [2] states that more than 30% of residents 

travel by bicycle - not other transportation modes. 
Bicyclists represent a population at high risk injuries 
since they are unprotected in collisions with vehicles.  

It is reported [3] that in China during 2006, about 
0.38 million traffic accidents with all together 520,000 
casualties (fatalities and injuries), of these were 43,781 
(8.4 %) bicyclists, and in this group 8471 (19.3%) were 
killed. 

In comparison in Germany during year 2006, 
about 2.2 million traffic accidents were registered with 
altogether 427,000 casualties (fatalities and injuries). 
Of these 77,054 (18 %) were bicyclists, however only 
486 (0.6 %) were killed [4].  

These differences are so significant that we 
decided to make a comparative study to better 
understand the factors influencing this situation. 

2 METHOD AND MATERIALS 

2.1 Accident data collection 
The bicyclist accident cases from the IVAC 

database from Changsha and GIDAS database from 
Germany were collected based on the following criteria: 
(1) the accident occurred during the period from 2001 
to 2006, and (2) the bicyclist accidents occurred in the 
urban area. 
2.1.1 Accident data from police sector in Changsha 

Changsha is the capital city of the Hunan province 
located in the middle of China, with a population of 
2.06 million (6,133,000 including residents in suburb) 
and 452,809 registered vehicles in 2006 [5]. 

An ad-hoc working team has been organized in 
Hunan University in co-operation with traffic authority 
sectors and hospital in Changsha. In-depth traffic 
accident investigations are carried out and all 
information is saved in database (IVAC). The accident 
data is collected from the traffic authority sectors and 
hospital in Changsha.  

In the current study an analysis on police 
documentations of bicyclist accidents from 2001 to 
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2006 was carried out, and the 1013 cases were selected 
for a statistical study. The information about location 
and type of an accident, vehicle involved in accident, as 
well as road environment etc. was considered. In the 
study we used the three levels of victim’s injuries: 
minor, serious or fatal. 

2.1.2 GIDAS accident data from Hannover Medical 
University 

In the district of Hannover a representative 
sampling of accidents was carried out by Accident 
Research Unit at Medical University of Hanover in 
cooperation with the FAT (Automotive Industry 
Research Association) and BASt (Federal Road 
Research Institute) since the year 1990. In the area of 
Hannover nearly 1000 accidents with injured person 
are collected annually [6]. These accident cases were 
documented in the database GIDAS (German In-Depth 
Investigation Accident Study). The 1806 bicyclist 
accident cases were selected from GIDAS database 
from the accident occurred between 2001 and 2006. 

2.2 Statistical analysis of bicyclist accidents 
A statistical study with aim to compare bicyclist 

accident events was conducted by using the selected 
cases. A general statistical analysis was carried out 
using the cases in terms of type and number of vehicle 
involved in accident, accident time, accident type, 
injury distributions and injury severity and also age, 
gender of victim, etc.  

 

2.2.1 The circular distribution analysis method 

The time occurrence of bicyclist accidents within 
a day and night was analyzed using circular distribution 
method[7] where a cyclical scale of 0-3600 was used. We 
investigated this distribution and desired to determine if 
there was some predominant direction (peak time — 
the time of the day when we can observe maximum 
number of accidents; and rush hours — time period 
with heavy bicycle traffic) of time distribution. In 
circular distribution the mean angle α  represents the 
predominant direction. After the mean angle α  being 
converted to the time it means the peak time of 
accidents within a day. The rush hour ranges from (α  - S) 
to (α  + S). 

As circular data of accident time were recorded in 
a frequency table, the following computations are 
needed for the coordinates (x, y) of the sample mean 
angle: 

x = 
∑

∑
i

ii

f
f αcos ,  y = 

∑
∑

i

ii

f
f αsin    

and, then get r = )( 22 yx +   (1) 

where iα  is the midpoint of the recorded 

measurement’s interval, if  is the frequency of 
occurrence of the data within the interval, r is the 
length of the mean vector.  

The value of α  is determined as the angle 
fulfilling the following equations: 

r
x

=αcos ,  
r
y

=αsin    (2) 

Circular standard deviation (S) will be:  
S = rln2180

−
π

   (3) 

In our study the r is a measure of concentration of 
accident over the time. This value varies inversely with 
the amount of dispersion in the accident data.  It has no 
unit and it may vary from 0 when there is so much 
dispersion that a mean angle can not be described to 
1.0 when all the data are concentrated at same direction. 
A measure of dispersion can be expressed as: 1- r. 
Lack of dispersion will be if: 1- r = 0, and maximum of 
dispersion if: 1- r = 1.0. 

The significance of the mean angle was tested by 
the Rayleigh test. Our hypothesis H0 is:  

H0: The accident time distribution in a day is 
uniformly distributed around the circle.  

Rayleigh’s Z is utilized for testing the H0: 
Z = nr2, n = ∑ if    (4) 
If Z > Z0.05 (Z0.05 can be found in the statistical 

table), H0 is rejected, we may conclude that there is a 
peak time within a day, and if Z < Z0.05, we may 
conclude that accident time distribution with in a day 
to be uniform around the circle. 

Furthermore, to determine if there was difference 
between peak times of two cities a test was made by 
Watson-William method, it was calculated as 
follows： 

t=
21

)21)(2(
RRN

RRRNK
−−

−+− ； 

R1＝n1r1；R2＝n2r2；R=Nr  (5) 
where: r1 and r2 are the length of the mean vectors 

of data (from circular distributions analysis) from 
Changsha and Hannover respectively. 

R is the length of the mean vector of data but from 
the united samples from Changsha and Hannover.  

n1, n2 and N are frequencies of these samples.  
K is a correction factor. 
We were testing the hypothesis: 
H0: The peak times of bicyclist accidents in 

Changsha and Hannover are equal. 
If t < t0.05, H0 is accepted and we may conclude 

that the peak times within a day in Changsha and 
Hannover are significantly same. 
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3  RESULTS AND ANALYSIS 
The results from comparative statistical analysis 

based on the selected bicyclist accident cases are 
presented for the frequency of bicyclist accidents, 
injuries, and injury severities. 

Table 1 Distribution of vehicle type in bicyclist accidents 
Changsha, 

China 
Hannover, 
Germany Vehicle 

N % N % 

Truck 122 12.0 95 5.3 
Bus 104 10.3 27 1.5 

Passenger car 593 58.5 1157 64.1 
Motorcycle 161 15.9 20 1.1 

Bicycle - - 223 12.4 
Pedestrian 11 1.1 59 3.3 

None 1 0.1 223 12.4 
Others 21 2.1 2 0.1 
Total 1013 100 1806 100 

3.1 Analysis of involvement of vehicles 

The distribution of vehicle types in bicyclist 
accidents in Changsha and Hannover is presented in 
Table 1. In Changsha the passenger cars were involved 
in 58.5% of the bicyclist accidents, motorcycles and 
trucks in about 15.9% and 12.0% of these accidents, 
respectively. In Hannover the passenger cars accounted 
for 64% of reported bicyclist accidents, which indicated 
the passenger cars are involved more frequently in 
bicyclist accidents than in Changsha. 

3.2 Injury severity 
Among all casualties in Changsha, 5% bicyclists 

were killed, 5.4% bicyclists were serious injured, 85.6 % 
were slightly injured, and 4% had no injuries (Table 2). 
In Hannover, the relative frequency of the bicyclist 
fatalities (0.8%) is much lower than that in Changsha. 
The relative frequency of the slightly injured bicyclists 
is on the same level both in Changsha and Hannover.  

Table 2 Proportions of bicyclist injury severity 
Changsha, 

China 
Hannover, 
Germany Severities 

N % N % 

Fatalities 51 5.0 15 0.8 

Seriously injured 55 5.4 318 17.6 

Slightly injured 867 85.6 1345 74.5 

No injuries 40 4.0 128 7.1 

Total 1013 100 1806 100 

3.3 Age and gender 
The distributions of relative involvement in 

bicyclist accidents by the age and gender are similar in 
both Changsha and Hannover. In both towns, male had 
a higher rate of involvement in accidents for example 
in Changsha: male 60%, and female 30%, unknown 
10%; in Hannover: male 57%, and female 43%. 
Regarding the age, bicyclists ranged from 36-40 years 
old have a high frequency of involvement compared 
with other age groups. 
 

 
Table 3 Age vs. Injury severity 

Changsha, China (%) Hannover, Germany (%) 
Age 

Fatalities Seriously 
injured 

Slightly 
injured 

No 
injuries Fatalities Seriously 

injured 
Slightly 
injured 

No 
injuries 

0-5 - - 0.6 - - 1.3 1.1 3.9 
6-10 - - 0.1 - - 3.5 3.3 3.1 
11-15 3.9 5.5 6.1 10 - 10.7 8.3 12.5 
16-20 - 7.3 9.8 20 6.7 4.7 8.0 10.9 
21-25 - 3.6 7.2 7.5 - 3.8 7.7 7.8 
26-30 9.8 5.5 7.5 7.5 - 4.1 8.0 7.0 
31-35 5.9 7.3 7.6 7.5 13.3 7.2 6.8 8.6 
36-40 15.7 23.6 10.7 15 6.7 8.2 9.7 7.0 
41-45 11.8 5.5 7.8 5 6.7 6.3 7.9 9.4 
46-50 13.7 7.3 11.2 7.5 - 5.0 6.8 1.6 
51-55 5.9 5.5 7.2 2.5 6.7 5.7 4.8 4.7 
56-60 7.8 12.7 4.3 - 6.7 5.7 5.7 3.9 
61-65 9.8 5.5 3.1 2.5 6.7 9.1 6.1 0.8 
66-70 7.8 3.6 3.5 - 13.3 6.6 5.0 3.1 
71-75 2.0 5.5 1.2 2.5 20.0 8.2 4.3 1.6 
76-80 2.0 - 0.5 - 6.7 5.3 3.2 3.1 
81-85 - - 0.2 - 6.7 3.8 1.1 - 
86-90 - - - - - 0.6 0.3 - 

Unknown 3.9 1.8 11.5 - - 0.3 1.6 - 
Total 100 100 100 100 100 100 100 100 
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3.4 Age and injury severity 
Table 3 shows the distribution of injury severity 

by different age groups. The frequency of fatalities by 
the age in Changsha is different from the situation in 
Hannover. It indicates that in Changsha 41.2% of 
fatalities were bicyclists 36-50 years old and 21.6% of 
fatalities were these above 60 years old. In Hannover 
53.3% of fatalities were bicyclists above 60 years old. 

3.5 Circular distribution analysis with 24-
hour accident time  

Accident data were divided into 24 (15 degree) 
bins (Table 4). The mean angles of two samples 
(212.07 degree in Changsha and 211.02 degree in 

Hannover) were found. Rayleigh’s test indicated that 
the distribution was not uniform (in Changsha: p<0.05, 
r = 0.2447; in Hannover: p<0.05, r = 0.4997). The results 
indicated that the most frequently bicyclist accident 
time of a day was 14:08, the period of rush hour was 
7:44 - 20:33 (α ±S) in Changsha. In comparison in 
Hannover the most frequently time was 14:04 and the 
rush hour ranged 9:34 - 18:34 (Table 5). 

Using the Watson-William test method the value 
of t was calculated according to the Equation (5). We 
obtained t = 0.28 that is lower than t0.05 = 1.96. That 
means the most frequently bicyclist accident time in 
Changsha and Hannover are same. 
 

 
Table 4 The 24 hours circular distribution analysis 

Changsha, China Hannover, Germany 
Time 

f  α  αsinf  αcosf  f  α  αsinf  αcosf  
00:00-00:59 27 7.5 3.5 26.8 16 7.5 2.1 15.9 
01:00-01:59 18 22.5 6.9 16.6 3 22.5 1.1 2.8 
02:00-02:59 7 37.5 4.3 5.6 2 37.5 1.2 1.6 
03:00-03:59 3 52.5 2.4 1.8 3 52.5 2.4 1.8 
04:00-04:59 6 67.5 5.5 2.3 3 67.5 2.8 1.1 
05:00-05:59 10 82.5 9.9 1.3 7 82.5 6.9 0.9 
06:00-06:59 48 97.5 47.6 -6.3 33 97.5 32.7 -4.3 
07:00-07:59 94 112.5 86.8 -36.0 111 112.5 102.6 -42.5 
08:00-08:59 60 127.5 47.6 -36.5 93 127.5 73.8 -56.6 
09:00-09:59 44 142.5 26.8 -34.9 105 142.5 63.9 -83.3 
10:00-10:59 54 157.5 20.7 -49.9 127 157.5 48.6 -117.3 
11:00-11:59 57 172.5 7.4 -56.5 124 172.5 16.2 -122.9 
12:00-12:59 46 187.5 -6.0 -45.6 142 187.5 -18.5 -140.8 
13:00-13:59 56 202.5 -21.4 -51.7 121 202.5 -46.3 -111.8 
14:00-14:59 57 217.5 -34.7 -45.2 134 217.5 -81.6 -106.3 
15:00-15:59 41 232.5 -32.5 -25.0 154 232.5 -122.2 -93.7 
16:00-16:59 53 247.5 -49.0 -20.3 133 247.5 -122.9 -50.9 
17:00-17:59 62 262.5 -61.5 -8.1 146 262.5 -144.8 -19.1 
18:00-18:59 65 277.5 -64.4 8.5 139 277.5 -137.8 18.1 
19:00-19:59 43 292.5 -39.7 16.5 73 292.5 -67.4 27.9 
20:00-20:59 53 307.5 -42.0 32.3 54 307.5 -42.8 32.9 
21:00-21:59 60 322.5 -36.5 47.6 39 322.5 -23.7 30.9 
22:00-22:59 27 337.5 -10.3 24.9 22 337.5 -8.4 20.3 
23:00-23:59 22 352.5 -2.9 21.8 22 352.5 -2.9 21.8 

∑  1013  -131.6 -210.0 1806  -465.0 -773.4 

 
Table 5 Results of 24 hour circular distribution analyses 

 Changsha, China Hannover, Germany
x -0.2073 -0.4283 
y -0.1299 -0.2575 
r 0.2447 0.4997 

α 212.07 211.02 
S 96.14 67.49 

Rayleigh’s Z 60.64 450.97 

α ±S 7:44÷20:33 9:34÷18:34 

3.6 Road line type 

Comparing the accident ratio on intersections, 
bicyclist accidents took place more frequently in 
Hannover (56%) than in Changsha (13.2%) where the 
most common place of accident was straight road 
(81.4%).  We can say that for this accident place the 
situation in Changsha is opposite to that in Hannover. 
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Table 6 The distribution of bicyclist accidents vs. road line type 
Changsha, 

China 
Hannover, 
Germany Road line type 

N % N % 

Straight 825 81.4 545 30.2 
Slope 39 3.8 40 2.2 

Intersection 134 13.2 1011 56.0 
Others  15 1.5 210 11.6 
Total 1013 100 1806 100 

3.7 Type of bicyclist accidents 
The type of bicyclist accidents is shown Table 7. It 

can be found that the most common types of bicyclist 
accidents were lateral impact and front impact, in both 
Changsha and Hannover city area. However the frontal 
impact is 50% more common in Hannover than in 
Changsha. 

Table 7 Type of bicyclist accidents 
Changsha, 

China 
Hannover, 
Germany Accident type 

N % N % 

Lateral impact 527 52.0 871 48.2 
Front impact 213 21.0 629 34.8 
Rear Impact 60 5.9 75 4.2 
Scratching 133 13.1 - - 

Fall - - 103 5.7 
Roll over 1 0.1 45 2.5 

Others 79 7.8 83 4.6 
Unknown 1013 100 1806 100 

3.8 Distribution of injuries by body regions 
Table 8 shows that the lower extremities, head and 

upper extremities were found to be the most frequently 

injured. The total 345 bicyclist cases which were used 
in the Table 8 were all registered in police data in 
Changsha, while bicyclist accidents cases with no 
registered injury regions were ignored. In these police 
data only one main injured body part was registered for 
each case, but in Hannover data there are multiple 
injuries registered regarding the bicyclist casualties. So 
Changsha data can only be appropriate in the 
preliminary comparative analyses.  

Table 8 Distribution of body regions  
Changsha, 

China 
(N=345) 

Hannover, 
Germany 
(N=1806) 

 

RF *, % RF, % 

Head 31.3 37.5 
Neck 0.3 4.6 

Thorax ＆Back 2.3 22.0 
Up limbs 12.8 42.1 

Waist＆Abdomen 2.0 5.3 
Pelvis - 12.5 

Low limbs 51.3 54.1 
* RF=the number of bicyclists injured a certain part / total of casualties N 

 
Table 9 shows that the frequency of fatalities and 

injuries in urban bicyclist accidents by main body parts 
including the head, the lower extremities and the upper 
extremities. It indicates that the head is most common 
part of the bicyclist body when injuries are classified as 
serious or fatal. In Changsha, 25.9% of bicyclists 
suffered fatal head injury. In Hannover, only 1% of 
these were fatal. In Changsha some limbs injuries also 
leaded the bicyclist’s dead. The possible reason is that 
the criteria of injury severity used by Chinese 
policeman are rude. 
 

 
Table 9 Distribution of injuries by head, low limbs and up limbs for bicyclist accidents 

Changsha, China (N=345) 
(%) 

Hannover, Germany (N=1806) 
(%)  

Slightly 
injured  

Seriously 
injured Fatalities  Total Slightly 

injured  
Seriously 
injured Fatalities  No 

injuries Total 

Head 53.7 20.4 25.9 100 76.1 18.4 1.0 4.4 100 

Up limbs 86.4 9.1 4.5 100 91.5 7.0 - 1.6 100 
Low 
limbs 89.8 9.6 0.6 100 88.8 9.8 - 1.3 100 

 

4 DISCUSSION 
The present study is based upon an analysis of 

1013 bicyclist accidents in urban area of Changsha in 
China and 1806 cases in the area of Hannover in 
Germany. The evaluation method is described in 
methodology section and the available accident data 
were analyzed. The quality of data is acceptable in this 
preliminary study. The presented methodology of 
comparison of different in-depth accident studies could 

be used for evaluation of the injury risk and injury 
outcome in different countries. Such methodology can 
be used for further studies with new accident data in 
the area of special research issues. 

4.1 Involvement of vehicle 
Table 1 shows that passenger cars are most 

frequently involved in bicyclist accidents in both 
Changsha and Hannover. For this reason the safety 



C.Y. Kong et al. 6 

design of passenger cars considering bicyclists is vital 
for reducing the injury risk of bicyclists. It is also found 
that in Changsha compared to Hannover motorcycles, 
trucks and buses are more frequently involved in 
bicycle accidents. In addition we have to say that there 
are differences also in vehicle types. Most motorcycles 
registered in police data in Changsha are three-wheel 
light motorcycles when in Hannover are heavy 
motorcycles. Due to the difference of involved vehicles 
between countries, the priority of safety 
countermeasures should be given considering the 
frequency of involved vehicles. 

4.2 Bicyclist injuries 
The bicyclist accident is a common problem in 

both motorized countries and motorizing countries, 
which occur frequently in city area. The all results of 
the analysis of the two different areas of China and 
Germany show major resources for further 
countermeasures on car safety developments.  

It was found that both in Changsha and Hannover 
the male bicyclist had a higher rate of accidents than 
the female one. It can be explained by the fact that male 
had more opportunities to work or travel by bicycle. 
We also found that bicyclists ranged from 36-40 years 
old have a higher percentage compared with other age 
groups. It is directly related to the fact that they are 
exposed to traffic more frequently when working and 
taking part in social activities. 

The injury severity and risk to die in accident for 
bicyclists in Hannover can be seen as much lower as in 
Changsha. One possible reason of this high relative 
frequency is related to the layout of urban traffic 
network [8]. The design of road traffic system in most of 
cities in China doesn’t consider bicyclists as road users. 
Consequently bicyclists are more frequently exposed to 
a mixed traffic situation including motor vehicles. 
Therefore the risk of bicyclist fatalities is high. The 
other reason is due to that the bicyclists travel in 
Changsha without using any helmets. The protection 
effect of helmets in bicycle accident is known since 
1980’s. For example, a conclusion was made by Kroon 
et al. [9] that bicycle helmets, even simple ones, could 
be recommended for cyclists of all categories as they 
protect against head injuries, at least against head 
injuries of minor severity. Another report [10] stated that 
the risks of serious head injuries had reduced by 85% 
with wearing helmets in vehicle-bicyclist accidents.  

As it was shown in Table 3, frequency distribution 
of fatalities by the age in Changsha is quite different 
from that in Hannover. The possible reason for this 
situation is that bicycles are used differently in these 
two countries. In China, bicycles is one of the most 
popular means for living and work and are often chosen 
by middle aged people. In Germany, bikes are usually 

used by young and the elderly for pleasure, trip and 
besides commuting purpose.  

The findings of the distribution of bicyclist 
injuries were compared in our study between the 
results from both cities. As a common tendency, the 
head, lower extremities and upper limbs have been 
found to be the most frequently injured body regions. 
This confirmed the findings from several studies 
performed already at 80’s and 90’s in European 
countries [11, 12]. 

4.3 Accident time 
Initial approaches using a linear scale were not 

fruitful. For this reason 24-hour time distribution of 
accidents was analyzed by circular distribution method. 
The most frequently bicyclist accident time of a day 
was proved to be existed by Rayleigh’s Z test and the 
rush hours of bicyclist accidents in Changsha and 
Hannover were tested to be identical by Watson-
William method. Whereas the period of heavy traffic in 
a day in Changsha is longer than that in Hannover: 
7:44-20:33 versus 9:34-18:34.  

4.4 Accident type & road line type 
Lateral impact is the most frequent type of 

bicyclist accident. According to results from the study 
we can see that most accident cases in Hannover 
occurred at intersection. However in Changsha the 
main accident places is straight road. These results 
indicate that it is a potential to improve the bicyclists 
safety in both cities. 

4.5 Limitations 
It is has to be noticed that the limitations existed 

in the study. The data sources partly reflect the real 
situations of bicyclists in traffic accidents in Changsha 
and Hannover and not in the whole country. Compared 
to this the data of GIDAS are comprehensive and give 
information on every issue of accident and injury 
details.  

Another problem existed with the police records 
in Changsha: they provided data on the injury severity 
that seldom included exact details of the locations and 
severity of the injuries. Therefore it make difficult to 
compare them with the injuries coded according to the 
AIS. This problem can be solved by further in-depth 
studies using detailed accident data collected from 
hospital and police sectors, as well as on-site and 
retrospective investigations.  

5 CONCLUSIONS 
Bicyclists represent a group of vulnerable road 

users with high risk of injuries, therefore a priority 
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should be given to this road user group in research of 
safe urban transportation.  

There are some similarities regarding bicycle 
accidents in developed country (Hannover, Germany) 
and developing one (Changsha, China). Male bicyclist 
shows a higher involvement rate in vehicle-to-bicycle 
accidents than female one. Passenger cars are most 
frequently involved in bicyclist accidents. The most 
bicyclist cases occurred at the same time of a day. The study 
confirmed that head, lower extremity and upper limbs injuries 
are dominant. The head injuries are the main cause for the 
high frequency of bicyclist fatalities especially in Changsha.  

There are also some differences between the two 
cities,. It was found that in Changsha the frequency of 
bicyclist fatalities is much higher, more often young 
bicyclists are involved in fatal accidents and the time 
period of rush hour is longer, besides accident place in 
Changsha is opposite to that in Hannover.  

There are different possibilities to reduce the 
number and the risk of bicyclist fatalities in Changsha. 
One of the possible solutions is to make the use of helmets 
popular because it has good protection effect. 

The further in-depth study is needed to develop 
efficient counter-measures for improvement of bicyclist 
safety.  
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ABSTRACT 
 
The results of biomechanical testing of the WorldSID 
production dummy are presented in this paper.  The 
WorldSID dummy is a new, advanced Worldwide 
Side Impact Dummy that has the anthropometry of a 
mid-sized adult male.  Based on previous testing the 
dummy design was frozen and developed into a 
production version of the WorldSID dummy.  This 
dummy has been tested to determine that the 
biofidelity of the dummy has not degraded during its 
development and refinement.   
 
The response corridors are defined in the 
International Organization of Standardization (ISO) 
Technical Report 9790.  This dummy has been 
subjected to a rigorous program of testing to evaluate 
its biofidelity. The dummy’s head, neck, thorax, 
abdomen and pelvis were evaluated against the ISO 
technical report requirements.  Testing included drop 
tests, pendulum impacts, and sled tests.  The 
biofidelity rating of the WorldSID was calculated 
using the weighted biomechanical test response 
procedure developed by ISO.   
 
The WorldSID dummy has an overall ISO Biofidelity 
rating of 8.0, which corresponds to an ISO 
classification of "good".   In addition the dummy 
shows good repeatability and good reproducibility.  
A comparison of the WorldSID dummy biofidelity 
compared to other existing side impact dummies 
biofidelity ratings will also be provided. 
 
INTRODUCTION 
 
In November 1997, the WorldSID Task Group was 
formed under the auspices of the International 
Organization for Standardization (ISO) 
TC22/SC12/WG5 - Anthropomorphic Test Devices 
Working Group [1].  The Task Group’s purpose was 
to develop a unique, technologically advanced side  
impact dummy.  This dummy is intended to be a 
more biofidelic side impact dummy and to replace 

the current side impact dummies in regulation and 
other testing.   
 
Currently, six mid-sized male side impact dummies 
were available for regulatory, consumer information 
and development use. They are the USDOT-SID 
dummy [2]; the EuroSID-1 dummy [3]; the ES-2 
dummy which is regulated in a European standard 
[4]; the ES-2re which is utilized in the United States 
side impact protection regulation [5]; the SID/H3 
dummy which is utilized in the United States side 
impact protection regulation FMVSS-201 [6]; and 
the BioSID dummy [7].  All six dummies have 
different levels of biofidelity and none of these 
dummies has a “good” rating on its biofidelity using 
the ISO rating scale (Table 1).  The six dummies are 
structurally different, have different instrumentation 
and associated injury assessment criteria.  Partially 
because of these reasons, and the differences in the 
test procedures, these dummies typically provide 
different design direction to the vehicle development 
engineer. 
 

Table 1. 
ISO Biofidelity Classifications 

 
Excellent  > 8.6 to 10.0 
Good  > 6.5 to 8.6 
Fair   > 4.4 to 6.5 
Marginal  > 2.6 to 4.4 
Unacceptable     0 to 2.6 

 
The vision of ISO was to develop a harmonized 
dummy that would have technological buy-in from 
biomechanics, dummy and regulatory experts from 
around the world.  To accomplish this, the Task 
Group was charged with developing the dummy’s 
specifications, its design, and finally with fabricating 
and evaluating the dummy.  The results of years of 
hard work by the WorldSID Task Group and Design 
Team will be presented in this paper. 
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The completed WorldSID dummy is shown in Figure 
1. 
 

 
Figure 1.  WorldSID production dummy. 
 
BIOFIDELITY RATINGS 

The biofidelity rating method published in the 
International Standards Organization (ISO) Technical 
Report (TR) 9790 [8] was used for determining the 
WorldSID biofidelity rating.  

Equation 1 is used to determine the overall biofidelity 
of the dummy. 
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where, 
 

B - overall biofidelity rating which has a 
value between 0 (poorest) and 10 (best)   
Bi - biofidelity rating for each of the body 
regions 

 Ui - weighting factor for each body region 
i   - subscript to represent each body region 
(i=1 Head, i=2 Neck, i=3 Shoulder, i=4 
Thorax, i=5 Abdomen and i=6 Pelvis) 
 

The equation used to calculate the biofidelity of a 
body region Bi is shown in Equation 2.  

B
V T

Vi

i j i jj m

i jj m

= =

=

∑

∑

, ,, ,...

,, ,..

1 2

1 2

                (2) 

where,  

Vij - weighting factor for each test condition 
for a given body region 

Tij - test biofidelity for each test condition 
for a given body region 

The equation used to calculate the test biofidelity is 
shown in Equation 3. 

T
W R

Wi j

i j k i j kk n

i j kk n
,

, , , ,, ,...

, ,, ,..

= =

=

∑
∑

1 2

1 2

        (3) 

where, 

Wijk - weighting factor for each response 
measurement for which a requirement is 
given 

Rijk - the rating of how well a given response 
meets its requirement 

Values for the response rating, Rijk, are as follows: 

Rijk = 10 if the response meets its 
requirements 

Rijk = 5 if the response is outside of its 
requirement, but lies within one corridor 
width of requirement 

Rijk = 0 if response is outside of requirement 
by more than one corridor width of the 
requirement 

Repeat runs were performed on the majority of the 
tests and response ratings were assigned to each run.  
The five ISO classifications were used to indicate the 
degree of biofidelity for each response target, test, 
body region and the overall biofidelity rating of the 
dummy. Tests that were not conducted are not 
included in the biofidelity rating.   

BIOMECHANICAL TESTING 

The WorldSID was tested in accordance with the ISO 
TR 9790 requirements. The dummies responses were 
compared with the response corridors that are defined 
in ISO TR 9790 for a 50th percentile adult male.   

For the WorldSID, all the ISO TR 9790 
biomechanical tests were conducted, with the 
following exceptions. Tests requiring APR and 
Wayne State University (WSU) padding were not 
conducted because of the unavailability of the 
padding or an acceptable alternative.  The 2.0 m 
abdominal drop and the 8.9 m/s rigid wall sled test 
were considered too severe, so they were not 
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performed.   

Head Test 1 
 
This test consists of dropping the head from a 200 
mm height onto a rigid surface (Figure 2).  Targets 
are given for the head resultant acceleration. 

 
Figure 2. Head drop configuration. 

The peak head acceleration for the left side impact 
was 140.8 g.  The peak acceleration for the right side 
of the head was 129.2 g.  The left and right side of 
the head were within the response target range of 100 
- 150 g. The results are in Table A1, Appendix A.   

The Head Drop Test 1 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent".  

Overall head biofidelity 
 
The overall head biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Neck Test 1 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  The 
mean sled velocity was 6.9 m/s and average sled 
deceleration was 7.2 g, described in ISO TR 9790. 
Boundaries were given for lateral acceleration and 
displacement at T1, lateral and vertical head centre of 
gravity (CG) displacement relative to T1, the time of 
peak head excursion, lateral and vertical peak head 
acceleration, the peak lateral flexion angle and the 
peak twist angle. 
 
Neck Test 1 results are in Tables A2, Appendix A.   

The Neck Test 1 biofidelity rating is 7.4, which 
corresponds to an ISO classification of "good". 

 

 
Figure 3.  Neck Tests 1-3 configuration. 

Neck Test 2 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  The sled 
velocity was 5.8 m/s and the constant deceleration 
level was 6.7 g. From this test, boundaries for peak 
flexion angle, peak forces and moments at the 
occipital condyles and peak head resultant 
acceleration were given. 

Neck Test 2 results, are in Tables A3, Appendix A.  

The Neck Test 2 biofidelity rating is 2.0, which 
corresponds to an ISO classification of 
"unacceptable". 

Neck Test 3 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  An 
acceleration-type sled is accelerated to 12.2 g using 
the sled pulse described in ISO TR 9790.  Boundaries 
are given for peak lateral T1 acceleration, peak lateral 
head CG acceleration, peak horizontal displacement 
of the head CG relative to the sled, peak flexion angle 
and peak twist angle. 
 
Neck Test 3 results are in Table A4, Appendix A.  

The Neck Test 3 biofidelity rating is 7.2, which 
corresponds to an ISO classification of "good". 

Overall Neck Biofidelity 
 
The overall neck biofidelity rating is 5.3, which 
corresponds to an ISO classification of "fair". 
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Shoulder Test 1 
 
This test consists of impacting the shoulder, with the 
arm down, using a 23 kg, 150 mm diameter rigid 
pendulum impactor at 4.5 m/s. Targets are given for 
the pendulum force/time history and the maximum 
shoulder deflection. 

The pendulum forces and peak shoulder deflections 
were within the response corridors. The peak 
shoulder deflections were 39, 37 and 40 mm, which 
are within the response target of 34-41 mm. The 
results are shown in Figure A1 and Table A5, 
Appendix A. 

The Shoulder Test 1 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Shoulder Test 2 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arm down (Figure 3).  The mean 
sled velocity was 6.9 m/s and average sled 
deceleration was 7.2 g, described in ISO TR 9790. 
Targets are given for peak horizontal T1 acceleration 
and peak horizontal T1 displacement. 
 
The peak lateral T1 accelerations with respect to the 
sled were 16, 13, 13, 12, 12 and 12 g and the peak 
displacements with respect to the sled were 59.4, 
53.6, 56.8, 53.9, 52.3 and 53.4 mm. These responses 
were within the response target corridors of 12-18 g 
and 46-63 mm, respectively. The results are in  
Tables A6, Appendix A. 
 
The Shoulder Test 2 biofidelity rating is 10.0, which 
corresponds to an ISO classification of "excellent". 

Shoulder Test 3 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  An 
acceleration-type sled is accelerated to 12.2 g using 
the sled pulse described in ISO TR 9790.  Targets are 
given for T1 accelerations. 

The peak T1 lateral accelerations with respect to the 
sled were 20.0, 17.9, 19.1, 17.2, 18.2 and 17.1 g. 
These responses were within the response target 
corridors of 17-23 g. The results are in Table A7, 
Appendix A. 

The Shoulder Test 3 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Overall Shoulder Biofidelity 
 
The overall shoulder biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Thorax Test 1 
 
This test consists of impacting the thoracic ribs, with 
the arm 90 degrees forward from vertical, using a 
23.4 kg, 150 mm diameter rigid pendulum impactor 
at 4.3 m/s. Targets are given for the pendulum force 
and upper spine lateral acceleration. 

The pendulum forces were within their respective 
response corridor and the upper spine lateral 
deflections were within one corridor width of their 
respective corridors.  The results are shown in 
Figures A2-3 and Table A8, Appendix A. 

The Thorax Test 1 biofidelity rating is 7.8, which 
corresponds to an ISO classification of "good". 

Thorax Test 2 
 
This test consists of impacting the thoracic ribs, with 
the arm 90 degrees forward from vertical, using a 
23.4 kg, 150 mm diameter rigid pendulum impactor 
at 6.7 m/s. Targets are given for the pendulum force.  

The pendulum forces were within the response 
corridor. The results are shown in Figure A4 and 
Table A9, Appendix A. 

The Thorax Test 2 biofidelity rating is 10.0, which 
corresponds to an ISO classification of "excellent". 

Thorax Test 3 
 
This test consists of dropping the dummy laterally 
from a height of 1 m onto a continuous rigid plate, 
which spans the shoulder, thorax and abdomen 
regions with a separate plate for the pelvis region.  
The arm is rotated 20 degrees forward of the 
dummy’s thoracic spine.  Targets are given for the 
thoracic plate force and peak rib deflection. 

All of the thoracic force plate loads were within the 
response corridors.  The peak center thoracic rib 
displacements were 41, 42 and 30 mm.  One of the 
rib displacements was within the response target 
corridor of 26-38 mm and two were within one 
corridor width. The results are shown in Figure A5 
and Table A10, Appendix A. 

The Thorax Test 3 biofidelity rating is 8.3, which 
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corresponds to an ISO classification of "good". 

Thorax Test 5 
 
This test requires a Heidelberg-type rigid wall sled 
impact at 6.8 m/s. Targets are given for the thorax 
plate force, peak lateral upper spine acceleration, 
peak lateral lower spine acceleration, and peak lateral 
acceleration of the impacted rib.   

The thoracic region loading was within the thoracic 
force plate response corridors.  One of the T1 
accelerations was within one corridor width of the 
82-122 g response target and twelve were greater 
than one corridor width. The peak T12 accelerations 
were within one corridor width of the response target 
of 71-107 g.  The results are shown in Figure A6 and 
Table A11, Appendix A.  

The Thorax Test 5 biofidelity rating is 6.4, which 
corresponds to an ISO classification of "fair". 

Overall Thorax Biofidelity 
 
The overall thorax biofidelity rating is 8.2, which 
corresponds to an ISO classification of "good". 

Abdomen Test 1 
 
This test consists of dropping the dummy laterally 
from a height of 1 m onto a simulated armrest, which 
protrudes 41 mm above a continuous rigid plate. The 
plate spans the shoulder, thorax and abdomen regions 
with a separate plate for the pelvis region.  The arm is 
removed from the dummy to simulate the cadaver 
arm position. Targets are given for the armrest force, 
peak lower spine acceleration, peak impacted rib 
acceleration, and peak abdominal penetration. 

The armrest force plate loads were within the 
response target corridor. The peak upper abdominal 
rib displacements were 50.9, 51.4 and 47.4 mm. The 
peak upper abdominal rib accelerations were 126.9, 
130.9 and 193.3 g. The peak T12 accelerations were 
32.0, 33.5 and 34.5 g. The abdominal rib 
displacements were within the response target of 
deflection greater than 41 mm. Two of the abdominal 
rib accelerations were within one corridor of the 
response corridor of 100-125 g and one was greater 
than one corridor width of the response corridor.  All 
of the T12 accelerations were within the 29-35 g 
response corridor.  The results are shown in Figure 
A7 and Table A12, Appendix A. 

The Abdomen Test 1 biofidelity rating is 9.0, which 

corresponds to an ISO classification of "excellent". 

Abdomen Test 3 
 
This test consists of a WSU-type rigid wall, 
deceleration sled (Figure 4) accelerated to 6.8 m/s. 
The dummy is seated on the sled with the arm at 45 
degrees forward from vertical. A target is given for 
the abdominal plate force. 

The abdomen force plate loads, except for local 
oscillations, were within the response corridor. The 
results are shown in Figure A8 and Table A13, 
Appendix A. 

The Abdomen Test 3 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Figure 4.  WSU-type sled test configuration. 

Overall Abdomen Biofidelity 
 
The overall abdomen biofidelity rating is 9.3, which 
corresponds to an ISO classification of "excellent". 

Pelvis Test 1 
 
This test consists of a rigid pendulum impact at 6 
m/s. The impactor is defined as a 17.3 kg rigid 
impactor with a 600 mm radius of curvature and an 
outer diameter of 127 mm. A target is given for the 
pendulum force. 

The peak forces were within the corresponding 
response corridors.  The results are shown in Figure 
A9 and Table A14, Appendix A. 

The Pelvis Test 1 biofidelity rating is 10.0, which 
corresponds to an ISO classification of "excellent". 
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Pelvis Test 2 
 
This test consists of a rigid pendulum impact at 10 
m/s. The impactor is defined as a 17.3 kg rigid 
impactor with a 600 mm radius of curvature and an 
outer diameter of 127 mm. A target is given for the 
pendulum force. 

The peak force was within one corridor width of the 
corresponding response corridor.  The results are 
shown in Figure A9 and Table A15, Appendix A. 

The Pelvis Test 2 biofidelity rating is 5.0, which 
corresponds to an ISO classification of "fair". 

Pelvis Test 3 
 
This test consists of dropping the dummy laterally 
from a height of 0.5 m onto a continuous rigid plate, 
which spans the shoulder, thorax and abdomen 
regions with a separate plate for the pelvis region.  
The arm is rotated 20 degrees forward of the 
dummy’s thoracic spine. A target is given for the 
peak pelvic acceleration. 

The peak pelvic accelerations were 29.3, 31.2 and 
30.2 g.  All of the pelvic accelerations were within 
one corridor width of the 37-45 g response corridor.  
The results are shown in Table A16, Appendix A. 

The Pelvis Test 3 biofidelity rating is 5.0, which 
corresponds to an ISO classification of "fair". 

 Pelvis Test 4 
 
This test consists of dropping the dummy laterally 
from a height of 1 m onto a continuous rigid plate, 
which spans the shoulder, thorax and abdomen 
regions with a separate plate for the pelvis region.  
The arm is rotated 20 degrees forward of the 
dummy’s thoracic spine. A target is given for the 
peak pelvic acceleration. 

The peak pelvic accelerations were 45.6, 45.5 and 
42.0 g. All of the peak pelvic accelerations were 
greater than one corridor width from the response 
corridor of 63-77 g. The results are shown in Table 
A17, Appendix D. 

The Pelvis Test 4 biofidelity rating is 0, which 
corresponds to an ISO classification of "poor". 

Pelvis Test 7 
 
This test requires a Heidelberg-type rigid wall sled 

impact at 6.8 m/s. Targets are given for the peak 
pelvic force and the peak pelvic acceleration. 

All of the peak pelvis force responses were greater 
than one corridor width of the 6.4-7.8 kN response 
corridors. Ten of the peak pelvic accelerations were 
within the 63-77 g response corridor and three 
accelerations were within one corridor width of the 
response corridor. The results are shown in Table 
A18, Appendix A.  

The Pelvis Test 7 biofidelity rating is 3.9, which 
corresponds to an ISO classification of "marginal". 

Pelvis Test 10 
 
This test requires a WSU-type rigid wall sled impact 
at 6.8 m/s (Figure 4). Targets are given for the pelvic 
plate force and the peak lateral pelvic acceleration. 

Six of the pelvis forces were greater than one corridor 
width of the response corridors.  Three of the pelvis 
forces were within one corridor width of the response 
corridor.  The pelvic accelerations were all within 
one corridor width of the 85-115 g corridor. The 
results are shown in Figure A10 and Table A19, 
Appendix A. 

The Pelvis Test 10 biofidelity rating is 3.1, which 
corresponds to an ISO classification of 
"unacceptable". 

Overall Pelvis Biofidelity 
 
The overall pelvis biofidelity rating is 5.1, which 
corresponds to an ISO classification of "fair". 

REPEATABILITY AND REPRODUCABILITY 

A series of verification tests were performed for the 
purpose of assessing the repeatability of the 
WorldSID dummy. Tests were performed as per ISO 
15830-2 and generally included a minimum sample 
of three trials. Analysis was performed using the 
coefficient of variation (CV) as a figure of merit. The 
CV is defined as the standard deviation of the 
samples divided by the sample mean, and is 
expressed as a percentage. Responses, which have a 
CV of 3% or less, are commonly considered as 
having an excellent level of repeatability whereas a 
value of 10% and above is considered to have a poor 
level of repeatability. 

The WorldSID production dummy test results include 
a combination of repeat tests performed on the same 
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dummy (repeatability) and tests performed on 
different dummies (reproducibility). The CV values 
from these tests should be considered representative 
of the WorldSID repeatability and reproducibility. . 
Results are presented by body region in Tables 2- 8. 

 
Table 2. 

Head Repeatability and Reproducibility 
 
 
 
 

 

 
 
 

Table 3. 
Neck Repeatability and Reproducibility 

 
 
 

 

 

 
Table 4. 

Shoulder Repeatability and Reproducibility 
 
 
 

 

 

Table 5. 
Thorax Repeatability and Reproducibility  

(with arm) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Table 6. 
Thorax Repeatability and Reproducibility  

(without arm) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 7. 
Abdomen Repeatability and Reproducibility 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 8. 
Pelvis Repeatability and Reproducibility 

 
 

 

 

 

SIDE IMPACT DUMMY BIOFIDELITY 
COMPARISON 

The biofidelity rating of the WorldSID is compared 
to the USDOT-SID, ES-2re, Eurosid-1, ES-2, and 
BioSID in Table 9.   It should be noted that not all 
tests were conducted for each dummy.  As previously 
mentioned, tests that are not conducted are not 

Response Measurements CV (%)

Lateral drop peak resultant CG
acceleration

5.6

Frontal drop peak resultant CG
acceleration

4.3

Response Measurements CV (%)

Peak flexion angle 4.1

Peak M x 4.7

Response Measurements CV (%)

Pendulum force 4.2

Peak shoulder deflection 4.9

Response Measurements CV (%)

Pendulum force 4.1

Upper spine T4 lateral acceleration 6.7

Lower spine T12 lateral 
acceleration

5.6

Thorax rib 1 deflection 7

Thorax rib 2 deflection 4.3

Thorax rib 3 deflection 4

Response Measurements CV (%)

Pendulum force 4.7

Upper spine T4 lateral acceleration 8.1

Lower spine T12 lateral 
acceleration

10.7

Thorax rib 1 deflection 6.4

Thorax rib 2 deflection 4.6

Thorax rib 3 deflection 5.5

Response Measurements CV (%)

Pendulum force 5.5

Pelvis acceleration 6.5

Response Measurements CV (%)

Pendulum force 3.9

Peak acceleration of the 
lower spine T12

6.3

Abdomen rib 1 deflection 3.9

Abdomen rib 2 deflection 4.4
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included in the biofidelity rating.  This may influence 
the body region and overall biofidelity ratings.  

The overall biofidelity rating of the WorldSID 
dummy is 8.0, which corresponds to an ISO 
classification of "good". The biofidelity ratings of the 
WorldSID body regions are shown in Appendix B. 

Table 9. 
Mid Male Side Impact Dummy Biofidelity 

Comparison 
 

 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 
 
This paper presents the results of a biofidelity, 
repeatability and reproducibility evaluation of the 
WorldSID production dummy conducted by the 
WorldSID Task Group.    
 
Based on the results presented in this paper the 
following observations have been made: 
 
1) The WorldSID dummy has the highest ISO 

biofidelity rating (8.0) of the existing mid male 
side impact dummies.  

2) The WorldSID demonstrates good repeatability 
and reproducibility.  The majority of the 
measurements compared have a CV of 6% or 
less. 
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APPENDIX A 
 

Table A1. 
Head test 1 - 200 mm rigid lateral test results 

 
 
 
 
 
 
 
 
 
 
 

Table A2. 
Neck test 1 – 7.2 g lateral sled test 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table A3. 

Neck test 2 – 6.7 g lateral sled test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table A4. 
Neck test 3 – 12.2 g lateral sled test 

 
 
 
 
 
 
 
 
 
 

Run Rating
#1

Peak resultant acceleration
(non-impacted side), left
impact

100 150 141

Rating 10
Peak resultant acceleration
(non-impacted side), right
impact

100 150 129

Rating 10

10,0

Measure Lower 
bound

Upper 
bound

#1 #2 #3 #4 #5 #6 Avg
Horizontal acceleration of
T1 (G) CFC180

12 18 16 13 13 12 12 12 13

Rating 10 10 10 10 10 10 10
Horizontal displacement of
T1 relative to sled (mm)

46 63 59 54 57 54 52 57 55,5

Rating 10 10 10 10 10 10 10
Horizontal displacement of
head CG T1 (mm)

130 162 124 121 124 131 125 134 126,5

Rating 5 5 5 10 5 10 6,7

Vertical displacement of
head CG relative to T1 (mm)

64 94 66 57 63 61 52 65 60,7

Rating 10 5 5 5 5 10 6,7
Time of peak head excursion
(sec)

0,159 0,175 0,122 0.113 0,120 0,120 0,113 0,120 0,118

Rating 0 0 0 0 0 0 0
Lateral acceleration of head
CG (G) CFC1000

8 11 11 12 12 11 11 12 11,5

Rating 10 5 5 10 10 5 7,5
Vertical acceleration of head
CG (G) CFC1000

8 10 9 10 9 9 9 9 9,2

Rating 10 10 10 10 10 10 10

Head flexion angle (degrees)
44 59 51 50 51 47 44 48 48,5

Rating 10 10 10 10 10 10 10
Head twist angle (degrees) 32 45 22 21 23 22 22 22 22,0
Rating 5 5 5 5 5 5 5

Rating

7,4

Measure Lower 
bound

Upper 
bound

Run

#1 #2 #3 Avg
Head flexion angle
(degrees)

40 50 Nm Nm Nm

Rating 0 0 0 0
Peak moment A-P
axis at OC, M x (Nm)

40 50 13 13 15 13,7

Rating 0 0 0 0
Peak moment R-L
axis OC, M  y (Nm)

20 30 4 4 3 3,7

Rating 0 0 0 0
Peak twist moment,
M  z (Nm)

15 20 8 9 9 8,7

Rating 0 0 0 0
Peak shear force OC,
F  y (N)

750 850 427 428 428 427,7

Rating 0 0 0 0,0
Peak tension force
OC, F  z (N)

350 400 384 363 397 381,3

Rating 10 10 10 10
Peak A-P shear force,
F  x (N)

325 375 63 55 63 60,3

Rating 0 0 0 0,0
Peak resultant head
acceleration (G)

18 24 14 15 15 14,7

Rating 5 5 5 5,0

Rating

2,0

Measure Lower 
bound

Upper 
bound

Run

#1 #2 #3 #4 #5 #6 Avg
Peak lateral acceleration
of T1 (G)

17 23 20 18 19 17 18 17 18,2

Rating 10 10 10 10 10 10 10,0
Peak lateral acceleration
of head CG (G)

25 47 14 14 14 13 13 13 13,5

Rating 5 5 5 5 5 5 5,0
Peak horizontal
displacement of head CG
relative to sled (G)

185 226 213 202 207 211 214 210 209,5

Rating 10 10 10 10 10 10 10,0
Peak flexion angle
(degrees)

62 75 64 63 64 58 59 58  61,0

Rating 10 10 10 5 5 5  7,5

Peak twist angle (degrees)
62 75 28 26 27 25 25 26  26,2

Rating 0 0 0 0 0 0 0,0

Rating

7,2

Measure Lower 
bound

Upper 
bound

Run
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Figure A1 - Shoulder test 1 - pendulum force. 
 

Table A5. 
Shoulder test 1 – 4.5 m/s pendulum test results 

 
 
 
 
 
 
 
 
 
 

Table A6. 
Shoulder test 2 – 7.2 G sled test results 

 
 
 
 
 
 
 

 
Table A7. 

Shoulder test D3 - 12,2 G sled test results 
 
 
 
 
 
 

 
Table A8. 

Thorax test 1 - test results  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2 - Thorax test 1 - pendulum force. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3 - Thorax test 1 - T1 lateral acceleration. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A4 - Thorax test 2 - pendulum force. 
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shoulder 
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10
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Horizontal 
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Rating 10 10 10 10 10 10 10
Horizontal 
displacement T1
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Rating 10 10 10 10 10 10 10

Rating

10,0

Measure Lower 
bound

Upper 
bound

Run

#1 #2 #3 #4 #5 #6 Avg
Peak lateral 
acceleration T1 
(G)

17 23 20 18 19 17 18 17 18,2

Rating 10 10 10 10 10 10 10,0

Rating

10,0

Measure Lower 
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Table A9. 
Thorax test 2 – 6.7 m/s test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5 - Thorax test 3 - plate force. 
 

Table A10. 
Thorax test 3 – 1 m drop test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure A6 - Thorax test 5 – plate force. 
 
 

Table A11. 
Thorax test 5 – 6.8 m/s sled test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A7 - Abdomen test 1 – armrest force. 
 

Table A12.  
Abdomen test 1 - 1 m rigid armrest test results 
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Figure A8 - Abdomen test 3 - plate force. 
 

Table A13.  
Abdomen test 3 – 6.8 m/s plate force sled test 

results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A9 - Pelvis test 1 and 2 - pendulum force. 
 

Table A14.  
Pelvis test 1 – 6.0 m/s pendulum test results 

 
 
 
 

 
 

 
 
 

Table A15. 
Pelvis test 2 – 10.0 m/s pendulum test results 

 
 
 
 
 
 
 

Table A16.  
Pelvis test 3 – 0.5 m acceleration drop test results 

 
 
 
 
 
 
 

Table A17. 
Pelvis test 4 – 1.0 m rigid drop test results 

 
 
 
 
 
 
 

Table A18.  
Pelvis test 7 – 6.8 m/s rigid sled test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A10 - Pelvis test 10 - pelvis plate force. 
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Table A19. 

Pelvis test 10 – 6.8 m/s Wayne State rigid sled test 
results 
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APPENDIX B 
 

Table B1. 
WorldSID Biofidelity Ratings by Test and Body Region 

 
 Body Test No. & Test Description Test Weighting, Vi,j Test Biofidelity

Head Test 1 200 mm Rigid Drop 8 10.0
Head Test 2 1200 mm Padded Drop 4 N. M.

Head Biofidelity, B1 10.0
Neck Test 1 7.2 G Sled Impact 7 7.4
Neck Test 2 6.7 G Sled Impact 6 2.0
Neck Test 3 12.2 G Sled Impact 3 7.2

Neck Biofidelity, B2 5.3
Shoulder Test 1 4.5 m/s Pendulum 6 10.0
Shoulder Test 2 7.2 G Sled Impact 5 10.0
Shoulder Test 3 12.2 G Sled Impact 3 10.0
Shoulder Test 4 8.9 m/s Padded Sled 7 N. M.

Shoulder Biofidelity, B3 10.0
Thorax Test 1 4.3 m/s Pendulum 9 7.8
Thorax Test 2 6.7 m/s Pendulum 9 10.0
Thorax Test 3 1.0 m Rigid Drop 6 8.3
Thorax Test 4 2.0 m Padded Drop 5 N. M.
Thorax Test 5 6.8 m/s Rigid Sled 7 6.4
Thorax Test 6 8.9 m/s Padded Sled 7 N. M.

Thorax Biofidelity, B4 8.2
Abdomen Test 1 1.0 m Rigid Drop 7 9.0
Abdomen Test 2 2.0 m Rigid Drop 6 N. M.
Abdomen Test 3 6.8 m/s Rigid Sled 3 10.0
Abdomen Test 4 8.9 m/s Rigid Sled 3 N. M.
Abdomen Test 5 8.9 m/s Padded Sled 7 N. M.

Abdomen Biofidelity, B5 9.3
Pelvis Test 1 6.0 m/s Pendulum Impact 8 10.0
Pelvis Test 2 10.0 m/s Pendulum Impact 9 5.0
Pelvis Test 3 0.5 m Rigid Drop 4 5.0
Pelvis Test 4 1.0 m Rigid Drop 4 0.0
Pelvis Test 5 2.0 m Padded Drop 3 N. M.
Pelvis Test 6 3.0 m Padded Drop 5 N. M.
Pelvis Test 7 6.8 m/s Rigid Sled 8 3.9
Pelvis Test 8  8.9 m/s Rigid Sled 7 N. M.
Pelvis Test 9 8.9 m/s Padded Sled 8 N. M.
Pelvis Test 10 6.8 m/s Rigid Sled 3 3.1
Pelvis Test 11  8.9 m/s Rigid Sled 3 N. M.
Pelvis Test 12 8.9 m/s 15 psi Padded Sled 3 N. M.
Pelvis Test 13 8.9 m/s 23 psi Padded Sled 7 N. M.

Pelvis Biofidelity, B6 5.1
N.M. = Not Measured

WorldSID With Blue Ribs Overall Biofidelity 8.0
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ABSTRACT 
 
The biofidelity of side impact ATDs is crucial in 
order to accurately predict injury of human 
occupants.  Although the arm serves as a load 
path to the thorax, there are currently no 
biofidelity response requirements for the isolated 
arm.  The purpose of the study was to 
characterize the compressive stiffness of male 
and female upper arms in lateral loading and to 
develop corresponding biofidelity stiffness 
corridors.  This was accomplished by performing 
a series of pendulum tests on sixteen isolated 
upper arms, obtained from four male and four 
female cadavers, at impact velocities of 
approximately 2 m/s and 4 m/s.  The upper arms 
were oriented vertically with the medial side 
placed against a rigid wall in order to simulate 
loading during a side impact automotive 
collision.  The force versus deflection response 
data was normalized to that of a 50th percentile 
male or a 5th percentile female and then response 
corridors were developed. For both impact rates 
the cadaver arms exhibited a considerable 
amount of deflection under very low force, i.e. 
toe region, before the any substantial increase in 
force. The deflection at which the force began to 
increase substantially was found to be similar to 
the average difference in thickness between the 
initial and compressed volunteer arm thickness 
measurements for both the 5th percentile female 
and 50th percentile male.  Although the response 
of the SID-IIs arm was similar in shape to that of 
the female cadaver arms for both impact rates, 
the SID-IIs arm did not exhibit a considerable 
toe region and therefore did not fall within the 
response corridors for the 5th percentile.  The 
results of the current study could lead to an 
improvement in the overall biofidelity of side 
impact ATDs by providing valuable data 
necessary to validate the compressive response 
of ATD arm independent of the global response.  

INTRODUCTION 

Approximately 8,000 automobile occupants are 
killed and 24,000 seriously injured each year in 

automotive side impact collisions [2].  For all 
types of side impact collisions the second 
leading source of fatality, next to head injuries, is 
chest injuries (29%) [2].  The development of 
anthropometric test dummies (ATDs) 
specifically designed for side impact testing has 
helped automotive safety engineers evaluate and 
improve new and evolving occupant protection 
technologies.  One such dummy is the SID-IIs, 
which represents the 5th percentile human female.  
Accurate biofidelity for side impact ATDs, such 
as the SID-IIs, is crucial in order to accurately 
predict injury of human occupants.  A recent area 
of concern is the biofidelity of the arm of side 
impact ATDs.  There have been several studies 
that have investigated the tolerance of the upper 
extremity in three-point bending and side airbag 
deployments [1, 2, 3, 4, 5, 6, 8].  However, the 
characterization of the compressive stiffness of 
the arm has been limited [9, 10].  Given that the 
arm serves as a load path to the thorax, the 
response characteristics of the upper extremity 
can influence the thoracic response in side 
impact test dummies.  Although there are 
biofidelity evaluations for the global response of 
the side impact ATD arm and thorax combined, 
there are currently no biofidelity evaluations 
with respect to the compressive characteristics of 
the isolated arm.  Therefore, the purpose of the 
study was to characterize the stiffness of the 
male and female upper arm in lateral 
compressive loading and to develop 
corresponding biofidelity stiffness corridors.   
 
METHODS 
 
A total of 18 pendulum impacts were performed 
on 9 matched arms, 5 female and 4 male 
obtained from fresh previously frozen post 
mortem human subjects (PHMS).  The arms 
were obtained from 9 fresh previously frozen 
human cadavers, 5 female and 4 male (Table 1).  
In addition, a total of 4 pendulum impacts were 
performed on the standard arm of the Sid-IIs 
dummy using the same experimental setup to 
provide means of comparison.  



Table 1: Subject Information. 
Gender Age Mass Height Subject 

ID (F/M) (yrs) (kg) (cm) 
Cadaver 1 Female 72 64 165 
Cadaver 2 Female 77 55 160 
Cadaver 3 Female 87 82 173 
Cadaver 4 Female 76 70 157 
Cadaver 5 Female 73 100 170 
Cadaver 6 Male 76 44 170 
Cadaver 7 Male 62 60 178 
Cadaver 8 Male 67 105 183 
Cadaver 9 Male 71 105 188 

 
Experimental Setup 
The primary component of the test setup was a 
14 kg pendulum with a rigid 152 mm diameter 
impacting surface (Figure 1).  The impactor was 
supported by 8 steel cables in order to provide 
smooth pendulum travel with no rotation or 
translation. The pendulum was instrumented 
with a single axis accelerometer (Endevco 
7264B, 2000 G, San Juan Capistrano, CA).   The 
arm was then placed against a polyethylene 
backing surface, which was mounted to a rigid 
aluminum plate.  The reaction force was 
measured using a single axis load cell (Interface 
1210AF-22,240 N, Scottsdale, AZ) mounted to a 
rigid wall with the use of a rigid aluminum plate. 
The data acquisition system and high-speed 
video were triggered with the use of a contact 

strip placed on the soft tissue of each arm at the 
point of initial impactor contact. 
 
The arms were oriented vertically and suspended 
with a rope tied around the head of the humerus 
(Figure 2).   The superior skin and muscle of the 
arm were held taught by with the use of sutures 
and string attached to the suspending rope.  The 
arms were positioned so that the center of the 
impactor was in-line with the humerus bone.  
Special care was taken to ensure that only the 
main shaft of the humerus was in front of the 
polyethylene backing surface.  In order to 
provide a comparison to the response of the 
dummy arm, matched tests were performed on 
the arm of the SID-IIs dummy (Figure 2). 
 
The arms were randomly divided into two 
groups, where each group contained one 
specimen, right or left arm, from each of the 9 
matched pairs.  The first group was subjected to 
a 2.0 m/s impact (20.3 cm drop height).  The 
second group was subjected to a 4.0 m/s impact 
(81.5 cm drop height). Pre-test measurements 
were taken of each test specimen to document 
anthropometrical data of the arms with soft 
tissue attached (Table A1). The thickness and 
circumference of each specimen was measured 
after the specimen was positioned on the 
experimental test setup.  Post-test measurements 
were taken of each test specimen to document 
anthropometrical data of the humerus bone 
(Table A2). 
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Figure 1: Pendulum impact experimental test setup. 

 



Side View Front ViewSide View Front View SID-IIs Dummy ArmSID-IIs Dummy Arm

 
Figure 2: Cadaver and SID-IIs arm positioning. 

 
 
Data Acquisition and Processing 
All data was recorded at a sampling frequency of 
30,000 Hz (Iotech WBK16, Cleveland, OH) and 
filtered to Channel Filter Class (CFC) 600.  The 
impactor force was calculated as the product of 
impactor acceleration and impactor mass, 14 kg. 
High-speed video (Phantom V9.1, Vision 
research) was recorded at a sampling rate of 
2000 Hz at a resolution of 864 x 1000 pixels 
(Figure 4).  The camera was positioned to obtain 
video perpendicular to the impact direction.  The 
positions of the impactor targets were tracking 
using Phantom software.  In order to obtain 
medial-lateral deflection, the position of the 
impactor at the point of initial contact from 
subtracted from the impactor position at each 
point in time  
 
Volunteer Measurements 
In order to obtain a indication of the toe region  
of the arm due to medial-lateral compression, the 
upper arms of 16 male, approximately 50th 
percentile, and 4 female, approximately 5th 
percentile female,  volunteers were measured 
(Figure 3, and Table 2).  To measure the 
thickness of the arm in the vertical position, a 
flat plate was inserted between the body and the 
arm of a standing volunteer.  The volunteer was 
asked to relax their muscles and maintain contact 

between the plate and elbow joint with the arm 
hanging vertically in a relaxed position.  The 
thickness was measured with a combination 
square, perpendicular to the plate, and from the 
plate to the midpoint of the arm.  A second 
thickness measurement was taken by 
compressing the arm to a tolerable limit. This 
measurement was taken to give an indication of 
the toe region that would result from 
compressing the soft tissue. 
 
 

Initial Thickness
(No Compression)

Compressed Thickness 
(Compressed to a Tolerable Level)

Initial Thickness
(No Compression)

Compressed Thickness 
(Compressed to a Tolerable Level)  

 
Figure 3:  Arm thickness measurements taken 

on a volunteer. 

 
Table 2:  Average arm thickness measurements for 20 volunteers. 

Gender 
Number 

of 
Subjects 

Average 
Age 
(yrs) 

Mass Range 
(kg) 

Average 
Initial 

Thickness 

Average 
Compressed 
Thickness 

Average 
Difference b/w 

Initial and Compressed 
Male 16 21 68 -84 78.5 45.4 33.1 

Female   4 19 42 -52 66.3 36.5 29.8 
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Figure 4: High speed video stills used to determine medial-lateral deflection. 
 

Data Scaling 
In order to minimize the variations in subject 
response due to individual geometry and inertial 
properties, the force and deflection were scaled 
to the response of a standard subject.  A number 
of different standard scaling techniques were 
evaluated: Eppinger et al. (1984); Mertz (1984); 
ISO/TR-9790:1999.  However, the scaling the 
procedure detailed by Eppinger et al. (1984) was 
found to be the most effective [12, 13, 14].  The 
scaling factors are defined below (Equations 1-3).  
In the scaling factor equations, mi is the mass of 
the cadaver, ms is the mass of a standard subject.  
The mass of the standard 5th percentile female is 
46.9 kg, and the mass of the standard 50th 
percentile male is 76 kg [15].  The scaling 
factors used to normalize the response of each 
cadaver arm are reported in Table 3. 
 

Table 3:  Scaling Factors. 
Scaling Factors Subject  

ID Gender Deflection 
(Rx) 

Force   
(Rf)  

Cadaver 1 F 0.90 0.82 

Cadaver 2 F 0.95 0.90 

Cadaver 3 F 0.83 0.69 

Cadaver 4 F 0.87 0.76 

Cadaver 5 F 0.78 0.60 

Cadaver 6 M 1.20 1.44 

Cadaver 7 M 1.08 1.18 

Cadaver 8 M 0.90 0.81 

Cadaver 9 M 0.90 0.81 
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RESULTS 
 
The non-scaled force versus deflection responses 
of each arm were plotted for each loading rate 
(Figures 5, 8, 11, and 14).  The scaled force 
versus deflection responses of each arm were 
plotted for each loading rate (Figures 6, 9, 12, 
and 15).  In addition, the average difference in 
thickness between the initial and compressed 
volunteer arm thickness was plotted along with 
the scaled data. 
 
Arm Stiffness Response Corridors 
Force versus deflection response corridors were 
developed using the characteristic average 
approach for both male and female arm 
responses at each impact rate (Figures 7, 10, 13, 
and 16) [11].  The upper bound corresponds to 
the positive standard deviation in force vs. the 
negative standard deviation in deflection.  The 
lower bound corresponds to the negative 
standard deviation in force vs. the positive 
standard deviation in deflection. 
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Figure 5: Female arm force vs. deflection 
responses- 2 m/s. 

 
 

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60 70 80 90 100
 Deflection (mm)

 F
or

ce
 (k

N
)

Cadaver 1- Scaled to 5th Female
Cadaver 2- Scaled to 5th Female
Cadaver 3- Scaled to 5th Female
Cadaver 4- Scaled to 5th Female
Cadaver 5- Scaled to 5th Female
5th Female Volunteer- Avg. Compression

 
 

Figure 6: Scaled female arm force vs. deflection 
responses - 2 m/s. 
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Figure 7: Scaled female arm force vs. deflection 
response corridors - 2 m/s. 
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Figure 8: Male arm force vs. deflection 
responses - 2 m/s. 
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Figure 9: Scaled male arm force vs. deflection 
responses - 2 m/s. 
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Figure 10: Scaled male force vs. deflection 
response corridors - 2 m/s. 
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Figure 11: Female arm force vs. deflection 
responses - 4 m/s. 
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Figure 12: Scaled female arm force vs. 
deflection responses - 4 m/s. 
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Figure 13: Scaled female force vs. deflection 
response corridors - 4 m/s. 
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Figure 14: Male arm force vs. deflection 
responses - 4 m/s. 
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Figure 15: Scaled Male arm force vs. deflection 
responses - 4 m/s. 
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Figure 16: Scaled male force vs. deflection 
response corridors - 4 m/s. 

 



Scaled Female vs. SID-IIS Response  
The SID-IIs dummy arm did not exhibit a 
considerable toe region before the any 
substantial increase in force. For means of 
comparison, the scaled force versus deflection 
responses of the female arms were plotted along 
with the responses of the Sid-IIs dummy arms 
for both loading rates (Figures 17 and 18).  The 
comparison clearly shows that the response of 
the SID-IIs does not lie within the response 
corridors for the 5th percentile female due to a 
lack of any considerable toe region.  
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Figure 17: SID-IIS versus scaled female force vs. 
deflection responses- 2 m/s. 
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Figure 18: SID-IIS versus scaled female force vs. 

deflection responses- 4 m/s. 
 
DISCUSSION 
 
Although, the scaling the procedure detailed by 
Eppinger et al. (1984) was found to be the most 
effective method out of the standard scaling 
methods evaluated in the current study, this 
method is based on total subject mass and does 
not account for the differences in the ratio of arm 
mass to total body mass or arm thickness Given 
that the arm in constrained by the backing 
surface, the changes in the thickness of the soft 

tissue between subjects dominates the changes in 
the force versus deflection response between 
subjects.  Therefore, an alternate scaling method 
based solely on arm thickness is proposed here.  
This method assumes that the material properties 
of the soft tissue do not change between subjects, 
but the amount, or thickness, of the tissue does.    
The scaling factors based on arm thickness alone 
are defined below (Equations 1-6, Table 4).  In 
the scaling factor equations, ti is the medial 
lateral arm thickness of the cadaver, ts is the 
medial lateral arm thickness of a standard subject.  
The medial lateral arm thickness of the standard 
5th percentile female is 67 mm, and the medial 
lateral arm thickness of the standard 50th 
percentile male is 86 mm [15]. 
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Table 4:  Scaling Factors Based on  
Maximum Arm Thickness. 

Subject  
ID Gender Impact 

Speed 
Scaling 
Factor 

2 m/s 0.86 
Cadaver 1 F 

4 m/s 0.77 

2 m/s 0.83 
Cadaver 2 F 

4 m/s 0.71 

2 m/s 0.65 
Cadaver 3 F 

4 m/s 0.63 

2 m/s 0.55 
Cadaver 4 F 

4 m/s 0.54 

2 m/s 0.58 
Cadaver 5 F 

4 m/s 0.52 

2 m/s 1.19 
Cadaver 6 M 

4 m/s 1.54 

2 m/s 0.93 
Cadaver 7 M 

4 m/s 1.16 

2 m/s 0.78 
Cadaver 8 M 

4 m/s 0.79 

2 m/s 0.97 
Cadaver 9 M 

4 m/s 0.88 
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Figure 19: Scaled female arm force vs. 

deflection responses based on thickness- 2 m/s. 
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Figure 20: Scaled female arm force vs. 

deflection responses based on thickness - 4 m/s. 
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Figure 21: Scaled male arm force vs. deflection 

responses based on thickness - 2 m/s. 
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Figure 22: Scaled male arm force vs. deflection 

responses based on thickness - 4 m/s. 
 

CONCLUSIONS 
 
The study presents results from 18 medial-lateral 
pendulum impacts performed on 9 human arm 
matched pairs with a 14 kg pendulum at 2 m/s or 
4 m/s.  Force versus deflection response 
corridors were developed for both the 50th 
percentile male and the 5th percentile female arm 
response at each impact rate.  In addition, 4 
pendulum impacts performed on a Sid-IIs 
dummy arm using the same experimental setup 
for means of comparison.  For both impact rates 
the cadaver arms exhibited a considerable 
amount of deflection under very low force, i.e. 
toe region, before the any substantial increase in 
force.  The deflection at which the force began to 
increase substantially was found to be similar to 
the average difference in thickness between the 
initial and compressed volunteer arm thickness 
measurements for both the 5th percentile female 
and 50th percentile male.  Although the response 
of the SID-IIs dummy arm was similar in shape 
to that of the female cadaver arms for both 

impact rates, the SID-IIs dummy arm did not 
exhibit a considerable toe region before the any 
substantial increase in force.  Therefore, the SID-
IIs response force vs. deflection response did not 
lie within the response corridors for the 5th 
percentile female.  The results of the current 
study could lead to an improvement in the 
overall biofidelity of side impact ATDs by 
providing valuable data necessary to validate the 
compressive response of side impact ATD arms 
independent of the global ATD response.  
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APPENDIX  
Table A1: Cadaver arm pre-test anthropometric measurements. 

Arm Measurements with Soft Tissue 

Medial-Lateral Thickness Circumference Arm 
Mass [center of plate] [maximum] [center of plate] [maximum] 

Subject  
ID 

Right/Left  
Arm  

(g) (mm) (mm) (cm) (cm) 
Right 1480 69.0 78.0 22.5 26.5 

Cadaver 1 
Left 1320 80.0 87.0 23.5 26.0 
Left 1450 81.0 81.0 25.5 27.0 

Cadaver 2 
Right 1550 85.0 95.0 26.0 27.0 
Right 2335 95.0 103.0 32.5 33.0 

Cadaver 3 
Left 2355 102.0 107.0 31.0 34.0 
Left 2900 115.0 122.0 35.0 36.0 

Cadaver 4 
Right 3430 116.0 125.0 37.5 39.5 
Right 2980 112.0 116.0 37.5 38.5 

Cadaver 5 
Left 3445 115.0 128.0 37.5 43.5 
Right 1445 55.0 72.0 18.5 21.5 

Cadaver 6 
Left 1185 51.0 56.0 17.5 19.5 
Left 2020 72.0 92.0 25.0 30.0 

Cadaver 7 
Right 2060 68.0 74.0 25.0 28.0 
Right 2995 93.0 110.0 34.0 37.0 

Cadaver 8 
Left 3035 98.0 109.0 34.0 37.5 
Left 2300 80.0 89.0 31.0 33.5 

Cadaver 9 
Right 2385 77.0 98.0 30.5 35.5 

 
Table A2: Cadaver arm post-test anthropometric measurements. 

Humerus Bone Measurements 

Midpoint Diameter Circumference  Total 
Length 

Length 
of Main 

Shaft  [medial-lateral] [anterior-posterior] [midpoint] 
Subject  

ID 
Right/Left  

Arm  

(cm) (cm) (cm) (cm) (cm) 
Right 32.0 21.0 2.22 1.80 6.50 

Cadaver 1 
Left 32.0 21.0 2.22 1.88 6.50 
Left 32.5 20.5 2.03 2.06 6.75 

Cadaver 2 
Right 33.0 21.0 2.03 2.18 6.50 
Right 32.5 21.5 1.93 1.84 6.25 

Cadaver 3 
Left 32.5 21.0 1.91 1.88 6.25 
Left 31.0 20.0 2.22 2.16 7.50 

Cadaver 4 
Right 31.0 20.0 2.22 2.17 7.50 
Right 31.5 22.0 2.13 2.16 7.00 

Cadaver 5 
Left 31.5 22.0 1.92 2.16 7.00 
Right 35.5 22.0 2.10 2.39 7.00 

Cadaver 6 
Left 35.5 22.0 1.75 2.79 7.00 
Left 33.5 22.0 2.41 2.54 8.00 

Cadaver 7 
Right 34.0 22.5 2.50 2.54 8.25 
Right 36.0 24.0 2.41 2.35 7.50 

Cadaver 8 
Left 36.0 23.5 2.41 2.35 7.25 
Left 35.0 21.0 2.06 2.25 7.50 

Cadaver 9 
Right 34.5 22.0 2.13 2.03 7.50 
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ABSTRACT 
 
Safety information is vital to support the 
FreedomCAR and Fuel Partnership, a 
cooperative automotive research effort between 
the U.S. Department of Energy, the U.S. Council 
for Automotive Research (USCAR), and fuel 
suppliers.  This partnership began in 2003 as part 
of the President’s goal to reduce U.S. 
dependence on foreign oil, improve vehicle 
efficiency, reduce vehicle emissions, and make 
fuel cell vehicles a practical and cost-effective 
choice for large numbers of Americans by 2020.   
NHTSA’s safety initiative complements these 
efforts by conducting research to support 
determination of fuel system integrity 
performance criteria that address the unique 
hazards posed by the onboard storage of 
hydrogen and the operation of high voltage fuel 
cells used to provide electrical current for 
hydrogen fuel cell vehicle (HFCV) powertrains.  
 
This paper provides a description and timeline of 
the research tasks initiated in fiscal year 2009 to 
support the development or acceptance of 
proposed safety performance criteria for HFCVs.  
This is the third such status report published in 
these conference proceedings [1,2].  
 
INTRODUCTION 
 
Current Federal motor vehicle safety standards 
(FMVSS) set performance criteria for fuel 
system crash integrity for vehicles using liquid 
fuels, compressed natural gas, and battery drive 
systems.  Analogous FMVSS do not currently 
exist for hydrogen fueled vehicles, but are 
desired by industry in order to facilitate their 
introduction into the marketplace.  To this end, 
NHTSA has initiated a research program to 
generate data to assess the safety performance of 
HFCV fuel systems under similar crash 
conditions to those prescribed in the existing 
FMVSS, and to identify and assess any 
additional life-cycle safety hazards imposed by 

these unique propulsion systems.  Examples of 
such hazards are rapid release of chemical or 
mechanical energy due to rupture of high 
pressure hydrogen storage and delivery systems, 
fire safety issues, and electrical shock hazards 
from the high voltage sources, including the fuel 
cell stack and ultracapacitors.  
 
In addition to generating research data to support 
the development of the FMVSS, NHTSA has 
also undertaken co-sponsorship, with Germany 
and Japan, of an effort to develop a global 
technical regulation (GTR) for HFCVs under the 
auspices of the Economic Commission for 
Europe, Inland Transport Committee, World 
Forum for Harmonization of Vehicle 
Regulations (UN/ECE WP 29 Group pf Experts 
on Passive Safety (GRSP), Working Group on 
Hydrogen). 
 
 The objective of this working group is to 
develop a GTR in the 2010 – 2012 timeframe 
that (1) attains equivalent levels of safety as 
those for conventional gasoline powered vehicles, 
and (2) is performance-based and does not 
restrict future technologies [3]. 
 
BACKGROUND 
 
For the purpose of ensuring fuel system integrity 
of passenger vehicles in front, side and rear 
impact crashes, NHTSA has promulgated 
regulations that impose limits on post-crash fuel 
leakage under representative crash test 
conditions.  Analogous regulatory requirements 
exist for electrical isolation of high voltage 
batteries in electric and hybrid electric vehicles, 
post-crash.  These conditions are defined in 
FMVSS 301, Fuel System Integrity, FMVSS 
303, Fuel System Integrity of Compressed 
Natural Gas (CNG) Vehicles, and FMVSS 305, 
Electric-powered vehicles:  electrolyte spillage 
and electrical shock protection [4].  FMVSS 301 
limits liquid fuel leakage to 28 grams per minute 
post crash, and FMVSS 303 limits the leakage of 
natural gas to an energy equivalent measured by 
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a post-crash pressure drop in the high pressure 
portion of the fuel system.  FMVSS 305 requires 
an electrical isolation limit in ohms/volt post-
crash between the high voltage battery and the 
vehicle chassis.  Additional component level 
performance requirements for compressed 
natural gas cylinders are imposed in FMVSS 
304, Compressed Natural Gas Fuel Container 
Integrity [5]. 
 
In the interest of providing a safe test 
environment, current vehicle compliance crash 
tests are conducted using a non-flammable 
substitute in the fuel tank so that post crash fuel 
leakage may be measured without posing a fuel-
fed fire hazard to laboratory personnel or 
property.  In the case where vehicles normally 
use liquid fuels, Stoddard fluid is the substitute, 
and in the case where vehicles use compressed 
natural gas, the substitute is nitrogen gas.  The 

fuel storage systems are filled to 100% capacity 
prior to testing. 
 
If the vehicle is electric or an electric/internal 
combustion engine (ICE) hybrid, the propulsion 
battery is charged to its nominal or operational 
voltage and the vehicle ignition is in the “on” 
position (traction propulsion system energized) 
prior to the crash test so that post-crash electrical 
isolation between the battery system and the 
vehicle electricity-conducting structure can be 
verified. 
 
In developing the test plan for HFCV safety 
assessment, NHTSA considered these existing 
standards as a starting point, and began to 
develop a strategic plan for addressing 
component and system level safety, by filling in 
the matrix in Figure 1. 

 
 
    
 

 
Fuel System Integrity in 
Crashes 

 
Container Integrity 

 
Electrical Isolation 
Of Fuel Cell Stack 
 

(Analogous FMVSS 
requirements) 

(FMVSS 301/303) 
Post-crash leakage limits 

(FMVSS 304) 
Pressure cycling, burst, 
and bonfire exposure 

(FMVSS 305) 
Electrical isolation of 
high voltage system 

Test condition 
modifications for 
HFCV’s  
 
 
 

Test with an inert fuel as 
with previous FMVSS 
crash testing? 
 
Test at low pressure to 
assess increased 
vulnerability of composite 
containers to impact 
loading? 

Real world data 
indicates localized 
flame, life cycle 
integrity are safety 
issues. 

Conduct post-crash fuel 
cell stack isolation 
testing with an inert/no-
fuel inventory?  

Research tasks to 
assess safety 
performance under 
proposed 
test conditions 
 
 
(Industry standards, 
Japanese Regulations) 
[6,7,8,9,10,11] 

 
Assess fueling options for 
crash test: 
He fill 
H2 fill  
Low Pressure H2 fill 

 
Cumulative life cycle 
testing vs. discrete 
testing 
(SAE 2579/ISO 15869 
test procedures)  

 
Assess Helium/no fuel 
option using 
megohmmeter 
(apply an external 
voltage and conduct 
resistance test) 
 
 
Assess low volume H2 
testing option to allow 
function of fuel cell 
during crash test  

  

 
Assess hazardous 
conditions in and around 
vehicle posed by pass/fail 
H2 leak rates/volumes 

 
 
Engulfing bonfire vs. 
localized flame 
impingement test 

 
Figure 1:  Research Task Matrix to Assess Fuel System Integrity of HFCVs  
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Performance based criteria which have been 
proposed by other standards developing 
organizations and regulatory authorities were 
also considered in developing the research 
matrix.  (Society of Automotive Engineers 
(SAE), International Organization for 
Standardization (ISO), Japanese regulations,  
European Integrated Hydrogen Project (EIHP) 
drafts.)  For the sake of clarity, the research tasks 
identified in the cells in the matrix are given the 
following titles and will be discussed in order.  
Each of these tasks was initiated in October 2008.  
Therefore, as of this writing, they have not 
progressed to the point of generating results.  
The periods of performance for these tasks range 
from eight to twenty-four months. 
 
Task 1: Proposed Fueling Options for Crash 
Testing  
 
Task 2: Cumulative Fuel System Life Cycle and 
Durability Testing 
 
Task 3:  Hydrogen Leakage Limits/Fire Safety 
 
Task 4:  Electrical Isolation Test Procedure 
Development 
 
Task 5:  Localized Fire Protection Assessment 
for Compressed Hydrogen Cylinders 
   
PROGRAM OVERVIEW 
 
Task 1:  Proposed Fueling Options for Crash 
Testing 
 
     Background The Japanese regulation, 
Attachment 17, Technical Standard for Fuel 
Leakage in Collisions, Etc., requires testing with 
helium as the non-flammable surrogate for 
hydrogen, and prescribes an average leakage 
limit of 131 NL/min (normal liters/minute) over 
the following 60 minute period.  However, for 
the purpose of conducting fuel system integrity 
crash tests of hydrogen fueled vehicles, SAE 
2578, Recommended Practice for General Fuel 
Cell Safety, allows three different fueling 
options for determining post-crash hydrogen leak 
rate and setting pass/fail criteria equivalent in 
energy content to FMVSS 301/303 leakage 
criteria.  Tests may be conducted utilizing 
hydrogen or helium as a nonflammable substitute 
at full service pressure, or utilizing low pressure 
hydrogen.  Conducting vehicle crash tests at full 
service pressure is consistent with the fill 

requirements of FMVSS 303, which utilizes 
nitrogen as the non-flammable substitute for 
CNG.  However, NHTSA has witnessed some 
vehicle manufacturer crash tests employing the 
low pressure hydrogen option.  Using low 
pressure hydrogen allows for monitoring of fuel 
cell electrical output and isolation post-crash.  
Also, the storage cylinders, specifically Type IV 
composite cylinders, which are used to store 
hydrogen at pressures up to 10,000 psi, are more 
vulnerable to impact at low pressure. At high 
pressure the cylinders are more resistant to 
deformation during impact, due to increased 
stiffness from the opposing internal load on the 
composite cylinder walls, thus the low pressure 
test option may be considered “worse case.” 
 
     Objective The purpose of this research effort 
is to determine the most appropriate fueling 
conditions for conducting fuel system integrity 
crash tests of hydrogen fueled vehicles, and to 
assess pass/fail leakage requirements that are 
analogous to those prescribed for vehicles 
utilizing conventional liquid fuels and CNG.  In 
making this determination, existing regulations 
and industry standards should be considered. 
 
     General Requirements NHTSA’s test plan 
for this task consists of three subtasks: 
 
The first subtask consists of conducting 
controlled leak tests to determine whether the 
scaling up of a low pressure leak to represent a 
high pressure leak, (due to increased flow rate at 
higher pressure), is a viable approach, as 
proposed in SAE J2578.  A comparative 
assessment between hydrogen and helium leaks 
will also be conducted to provide pressure-based 
and mass-based comparisons. 
 
The second task is to conduct a comparative 
assessment of Type IV container strength at high 
and low pressures that simulate front, side and 
rear crash exposures, and to determine the 
loading conditions under which composite 
cylinders are most likely to fail.  NHTSA will 
conduct dynamic impact or drop tests simulating 
vehicle crashes, on cylinders filled to 10% and 
100% of service pressure in both the horizontal 
and vertical orientations.  
 
The final subtask will be to assess the crash 
performance of hydrogen cylinders which are 
packaged in vehicles.  In the absence of any 
commercially available HFCVs for testing, 
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NHTSA will conduct full-scale crash tests on 
CNG vehicles which have been retrofitted with 
hydrogen storage systems to establish baseline 
fuel system vulnerability data, and develop test 
procedures. 
 
The cylinders used for testing will be 
representative, both in pressure rating and 
internal volume, of those installed in HFCVs.  
Using representative cylinder sizes is important 
because the proposed allowable leak rate in 
grams per minute is a constant.  Because the 
allowable pressure drop for a given leak rate is 
inversely proportional to cylinder size, large 
cylinders may be more difficult to monitor, given 
the smaller allowable pressure drop. Combining 
that with corrections for instrumentation 
tolerances and temperature fluctuations, the total 
measurement error could exceed the allowable 
ten percent of the measured pressure drop. 
 
Task 2: Cumulative Fuel System Life Cycle 
and Durability Testing 
 
     Background The Society of Automotive 
Engineers (SAE) recently drafted Technical 
Information Report (TIR) 2579, Recommended 
Practice for Fuel Systems in Fuel Cell and Other 
Hydrogen Vehicles, which specifies durability 
and expected service performance verification 
testing of hydrogen vehicle fuel systems.  These 
are tests that evaluate the cumulative, 
compounded stress of multiple exposures of the 
fuel system to pneumatic fueling/defueling 
(pressure cycling), and parking during variable 
ambient temperature conditions, including 
durability of the fuel system after drop and 
chemical exposure.  Existing standards for high 
pressure fuel systems, such as CNG, require a 
series of discrete tests that may not provide an 
adequate assessment of real world exposures.  
For CNG vehicles however, real world fuel 
system performance data is available.  This TIR 
document is intended for use during the 2008-
2009 pre-commercial period of technology 
development and vehicle evaluation to obtain 
fueling and fire exposure performance data that 
is lacking.  Industry is currently conducting 
research to evaluate these test methods in order 
to ensure that they are appropriate and practical. 
 
     Objective Because there is little real world or 
experimental data available concerning the safety 
performance of high pressure composite fuel 
systems, research is needed to generate 
cumulative lifetime exposure data.   It is 

expected that on-road demonstration vehicles 
may not yet incorporate systems consistent with 
these requirements; however, data is needed to 
simulate field experience from these draft 
procedures. 
 
     General Requirements NHTSA is 
conducting its own evaluation of these test 
procedures, including an assessment of fuel 
system performance to modifications of these 
test procedures, based on the results of the initial 
testing and on additional alternatives, such as 
those under consideration in Japan [12], to assess 
cumulative lifecycle exposures under differing 
conditions of use.   
 
Task 3:  Hydrogen Leakage Limits/Fire 
Safety 
 
     Background  SAE 2578 and the Japanese 
regulations for post-crash fuel system integrity 
specify leakage limits for hydrogen for the 60 
minute period following front, side and rear 
crash tests.  These limits are based on energy 
equivalence to the leakage limits specified in 
FMVSS 301 for liquid fuels, and FMVSS 303 
for compressed natural gas.  However, the 
properties of hydrogen are different from other 
fuels and may pose lesser or greater risk of fire 
post-crash.  Gasoline will pool and dissipate 
slowly.  CNG, like hydrogen, is lighter than air 
and will rise and dissipate.  Hydrogen will 
dissipate more rapidly than CNG if it is not 
confined, but may be able to enter into vehicle 
compartments more easily than liquid fuels or 
CNG, and has a much wider range of 
flammability in air than other fuels. 
 
     Objective NHTSA is conducting research, 
including theoretical calculation and 
experimental verification, of the fire safety of 
proposed hydrogen leakage limits.  This 
assessment will support rulemaking objectives to 
adopt post-crash pass/fail leakage criteria that 
provide an adequate level of safety to passengers, 
rescue personnel, and other people in the vicinity 
of a crash.  
 
     General Requirements Research tasks will 
determine the time and leakage rates required to 
attain hydrogen concentration levels in confined 
areas such as the trunk, occupant compartment, 
and under hood that reach or exceed the lower 
flammability limit.  Hazardous conditions will be 
assessed by conducting ignition tests in confined 
areas approximating vehicle compartment 
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volumes at different hydrogen concentrations.  
Follow-on testing will simulate post crash 
leakage into the occupant compartment, trunk 
area, and engine compartment, of conventional 
vehicles, including vehicles which have been 
crash tested in front, side and rear impact tests, to 
determine hydrogen leakage rates that would 
impose hazardous conditions post-crash. 
 
Task 4:  Electrical Isolation Test Procedure 
Development 
 
     Background As mentioned earlier, in the 
interest of providing a safe test environment, 
current vehicle compliance crash tests are 
conducted using non-flammable substitutes for 
fuel so that post-crash fuel leakage may be 
measured without posing a fuel-fed fire hazard to 
personnel or property.  Electric vehicles are 
tested with a fully charged battery. 
 
In the case of fuel cell vehicles, where the high 
voltage source is a fuel cell stack rather than a 
battery, the operating voltage is dependent upon 
the flow of hydrogen through the stack and the 
electrochemical reaction with oxygen which 
generates electrical current. Therefore, in order 
to maintain the operating voltage of the stack to 
measure post-crash isolation, hydrogen must be 
present.  However, since hydrogen is flammable, 
using it in a crash test environment may pose 
additional risk to personnel and property.  
In order to mitigate this additional risk, some 
industry practices and existing regulations for 
hydrogen fueled vehicles indicate a preference 
for crash testing with helium onboard rather than 
hydrogen.  The Japanese Regulation, Attachment 
17, Technical Standard for Collisions, Etc., 
requires that helium be used as a substitute for 
hydrogen when conducting crash tests to 
measure post-crash leakage.  
 
Drafts of SAE 2578, “Recommended Practice for 
General Fuel Cell Vehicle Safety,” allow three 
different fueling options for crash testing and 
calculation of allowable leak rates.  These 
options are based on fueling to capacity with 
helium or hydrogen, or fueling with reduced 
pressure hydrogen.  The draft document states 
that “fuel system integrity and electrical integrity 
may be tested simultaneously or separately.  If 
performed separately, electrical integrity testing 
can be performed with a partial or no fuel 
inventory.”  This statement implies that electrical 
integrity testing may be accomplished with an 
inactive fuel cell, but does not explicitly state 

how to conduct the test.  SAE J1766, 
“Recommended Practice for Electric and Hybrid 
Electric Vehicle Battery Systems Crash Integrity 
Testing,” also suggests using an isolation 
resistance tester (also called a megohmmeter) to 
perform electrical isolation testing, but does not 
provide a procedure for doing so [9]. 
 
The Japanese regulation, Attachment 101, 
Technical Standard for Protection of Occupants 
against High Voltage in Fuel Cell Vehicles, 
Attached Sheet 3, Insulation Resistance 
Measurement Method, allows using a 
megohmmeter to apply a high voltage from the 
outside to measure isolation resistance when the 
drive battery is disconnected and the fuel cell in 
a stopped state.  This requirement does not apply 
post-crash, but it is similar to the SAE 
requirement in that the vehicle’s high voltage 
system is effectively “unfueled” in the stopped 
state.  Section 2-1-3-1 states that, “after 
confirming that no high voltage is applied,” (i.e., 
from the vehicle), “the insulation resistance shall 
be measured by applying a DC voltage higher 
that the operating voltage of the powertrain.   
 
In summary, it appears that it may be possible to 
measure electrical isolation using a 
megohmmeter to apply an external voltage to an 
inactive fuel cell, but precautions must be taken 
to ensure that there is no residual voltage present 
on the vehicle at the time of the test.  Given the 
complexity of fuel cell vehicle electrical systems, 
testing is required to ensure this test can be 
conducted without damaging either the test 
equipment or the vehicle electrical system, or 
result in any false readings or electrical faults. 
 
     Objective The objective of this research task 
is to develop the test procedure for conducting 
post-crash electrical isolation verification for fuel 
cell vehicles, in the absence of hydrogen, for the 
reasons discussed in the previous section.  In 
developing the test method, an electrical system 
representative of a real HFCV electrical system 
should be used to conduct the tests.   
 
     General Requirements NHTSA is 
conducting research to determine whether post 
crash electrical isolation testing using a 
megohmmeter is feasible, and whether additional 
precautions concerning residual energy, fuel cell 
coolant, or any other unforeseen electrical 
system issues need to be addressed when 
considering this option.  
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Task 5:  Localized Fire Protection Assessment 
for Compressed Hydrogen Cylinders 
 
     Background Localized fire exposure at a 
location remote from a cylinder’s pressure relief 
device(s) can cause high pressure composite 
containers to rupture if the rising temperature 
increases internal pressure above the cylinder’s 
burst pressure, or when the material strength of 
the cylinder is lost as the composite is burned 
away. 
This hazardous condition has been identified in 
the real world of CNG vehicles, causing the 
rupture of 3600 psi rated storage cylinders 
[13,14].  Currently, hydrogen cylinders are rated 
to even higher service pressures of 5000 to 
10,000 psi.  In engulfing bonfire tests, pressure 
relief devices (PRDs) usually activate and vent 
before the cylinder strength is compromised.  
Therefore, a localized flame test procedure that 
can be used to assess whether a vehicle’s fuel 
system performs safely has been sought by 
stakeholders, and one such test was recently 
developed under a Transport Canada contract.  
This procedure assesses the effectiveness of 
shielding and remote sensing technologies that 
mitigate the hazards of this fire condition.  
 
     Objective The objective of this research task 
is to employ the localized fire test developed 

under contract to Transport Canada to assess the 
performance of mitigation technologies, which 
either protect the entire system from flame 
exposure, or ensure activation of PRDs under 
this test condition. 
 
     General Requirements Evaluate various fire 
protection technologies that will reduce the risk 
of cylinder failure during a vehicle fire (i.e., 
remote sensing, heat transfer, etc.). 
 
1. Obtain samples of various protective coating 
materials and evaluate fire resistance using 
localized fire test procedure. 
 
2. Apply selected coating materials to 
unpressurized composite-reinforced tanks and 
determine their insulating properties when 
exposed to localized fire test conditions. 
 
3. Evaluate the ability of various remote sensing 
technologies to detect heat on the extremities of 
tanks and activate pressure relief devices. 
 
4. Conduct evaluation of pressurized hydrogen 
fuel tanks using localized flame test procedure 
with factory supplied heat shielding and, if 
necessary, with various protective coating 
materials

Figure 2:   Timeline for Completion of Research Tasks 1 –  5
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Research Timeline and Future Planning: 
The research tasks described briefly in this paper 
are scheduled for completion in 2009 and 2010 
as illustrated in   Figure 2. 
A task management system is being employed to 
prioritize, refine, and integrate flexibility into the 
task work plans as the program progresses.  
NHTSA is also monitoring international progress 
in vehicle design, codes and standards 
development, safety assessment, and 
demonstration fleet performance.  Advances in 
any of these areas may effect the direction and 
focus of NHTSA’s research efforts, and certainly 
will serve to guide future strategic planning. 
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ABSTRACT 
 
Although finite element models of the human 
body are becoming an integral tool in the 
reduction of automobile related injuries, these 
models must be locally and globally validated to 
be considered accurate.  Therefore, the purpose 
of this study was to quantify the load transfer 
and deformation characteristics of the pelvis in 
side impact loading.  A total of ten non-
destructive side impact tests were performed on 
two human male cadavers.  Three impact areas 
and two impacting surfaces were evaluated using 
a 16 kg pneumatic impactor at approximately 3 
m/s: rigid-impact to the ilium, rigid-impact to the 
greater trochanter, rigid-impact to the ilium and 
greater trochanter, and foam-impact to the ilum 
and greater trochanter.  Additional rigid-impacts 
to the ilum and greater trochanter were 
performed on one cadaver at 4 m/s and 5 m/s to 
evaluate the effect of loading rate.  Load transfer 
through the pelvis was quantified by implanting 
custom in situ pelvic load cells in the ilio-sacral 
joint and pubic symphysis joint.  In addition, 
strain gages were applied to the iliac wing, 
superior pubic ramus, ischium, and femur.  The 
results showed that for all test conditions, except 
the rigid-impact to the iliac crest, a larger 
percentage of impactor force was transferred 
through the pubic symphysis joint than the ilio-
sacral joint.  The strain gage data showed that for 
all test conditions except one, ilium only impact, 
the superior pubic ramus and ischium were 
placed in compression. Conversely, the primary 
loading mode for the ilium 1st  principle strain 
was tension for all test conditions.   Impact speed 
was not found to have a considerable affect on 
the distribution of load through the pelvis.  It is 
anticipated that this research will further the 
understanding of the biomechanical response of 
the human pelvis in side impact loading, and aid 
in the development and validation of 
computational models. 
 
INTRODUCTION 
 
The incidence of pelvic fractures in the United 
States is estimated to be more than 100,000 per 
year [9].  Motor vehicle collisions account for 

44–64% of pelvic fractures, which are a major 
cause of death and residual disability in blunt 
trauma [6].  In addition, studies have shown that 
frontal occupants involved in lateral motor 
vehicle collisions have a significantly higher risk 
of sustaining a pelvic fracture versus those 
involved in a frontal collision [12, 13].  
Understanding the biomechanical response of the 
pelvis to various loading conditions is the first 
step in reducing the number of incidences and 
severity of pelvic fractures.  There have been a 
number studies which have investigated the 
biomechanical response and tolerance of the 
pelvis in lateral impact loading representative of 
that seen in motor vehicle side impact collisions 
[1, 2, 3, 4, 5, 11].  However, the injury criteria 
based on the results of these studies rely 
primarily on censored fracture data.  Although 
finite element models of the human body are 
becoming an integral tool in the reduction of 
automobile related injuries, these models must 
be locally and globally validated in order to 
accurately predict injury.  Therefore, the purpose 
of this study was to quantify the load transfer 
and deformation characteristics of the pelvis in 
side impact loading. 
 
METHODS 
 
A total of 10 non-destructive side impact tests 
were performed on two fresh previously frozen 
human male cadavers.  Subject information and 
pelvic anthropometric measurements from each 
cadaver were recorded (Table 1).   
 

Table 1: Subject information. 
 

Cadaver ID 
Test Measurement 

1 2 

Age (yr)           75          57 
Weight (kg)         65       84 
Height (cm) 165 177 
Pelvis Length  
(anterior-posterior) (mm) 165 172 

Pelvis Width  
(medial-lateral) (mm) 285 320 

Pelvis Height  
(superior-inferior) (mm) 190 220 



In Situ Pelvic Load Cells 
In order to quantify the load transfer through the 
pelvis, in situ pelvis loads cell were implanted in 
the ilio-sacral joint (Robert A. Denton, Inc. 
7458FL, 8896 N, Rochester Hills, MI) and the 
pubic symphysis joint (Robert A. Denton, Inc. 
7457FL, 8896 N, Rochester Hills, MI) (Figure 1).  
The appropriate size and shape of the in situ 
pelvis load cells and mating plates used to 
attached the potting cups were based on 
anthropometric measurements from 6 human 
pelvi (Figures 2 and 3).  The load cells were 
attached to the mating plates with a dove-tail 
design.  The dove-tail fixed the load cell in the 
medial-lateral direction, and set screws fixed the 
load cell in the anterior-posterior direction.  The 
mating plates were designed to allow the load 
cell to be inserted from the anterior or posterior 
side of the post mortem human subject to allow 
for easy insertion and removal.  This design 
provided a relatively simple attachment, while 
rigid enough to maintain the proper orientation. 
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Figure 1: In-situ pelvic load cell locations. 
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Figure 2: Pubic symphysis load cell. 
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Figure 3: Ilio-sacral load cell. 
 
The load cells were attached to the pelvis 
through a number of detailed steps.  In order to 
preserve the normal orientation of the pelvis, the 
load cells were implanted one at a time.  The 
ilio-sacral load cell was implanted first (Figure 
4).  This was done by first measuring the width 
of the pelvis, and then rigidly securing the pelvis 
to prevent movement during the process.  Second, 
a section of bone was removed from the site 
insertion site, and a bone screw was placed 
through the ilium to provide a more rigid 
attachment when using the bonding compound.  
Third, potting cups and load cell were placed in 
the pelvis and positioned properly.  Special care 
was taken to ensure that the measuring axis of 
the load cell was perpendicular to the sagital 
plane. Then, the set screws where tightened to 
secure the load cell to the mating plates.  The 
potting cups were then filled with a bonding 
compound (Bondo Corporation, Atlanta, GA), 
and bone screws were placed through the sacrum 
and L5.  Finally, the pelvis width measurements 
were checked to ensure that they had not 
changed do the implantation of the ilio-sacral 
load cell. 
 

 
 

Figure 4: Ilio-sacral load cell implantation. 



 
Once the bonding compound for the ilio-sacral 
load cell fully cured, the pubic load cell was 
implanted (Figure 5).  A section of bone was 
removed from the insertion site.  Care was taken 
to leave the enough bone to maintain the 
connection between the upper and lower ramus.  
Third, the potting cups and load cell were placed 
in the pelvis and positioned properly.  Again, 
special care was taken to ensure that the 
measuring axis of the load cell was perpendicular 
to the sagital plane. Then, the set screws were 
tightened to secure the load cell to the mating 
plates.  The potting cups were then filled with a 
bonding compound (Bondo Corporation, Atlanta, 
GA) and allowed to cure.  Finally, the pelvis 
width measurements were rechecked to ensure 
that they had not changed do the implantation of 
the pubic load cell. 
 

 
 

Figure 5: Pubic load cell implantation. 
 
Pelvic and Femur Strain Gages 
Each cadaver was instrumented with 6 strain 
gages (Figure 6, Table 2).  Single axis strain 
gages were applied along the main axis of the 
anterior portion of the superior pubic ramus and 
ischium.  A strain gage rosette was placed on the 
interior portion of the ilium and was oriented 
towards the superior portion of the pelvis (Figure 
7).  The strain output from the three gages that 
composed each rosette was used to calculate the 
first and second principle strains.  The first and 
second principle strains are calculated with the 
following equation (Equation 1).  A single axis 
strain gage was applied to the lateral portion of 
the femur, aligned with the long axis, at the 
midpoint between the knee and hip.  All strain 
gages were applied to the impacted side of the 
body. 
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Figure 6: Strain gage locations for non-
destructive side impact testing. 

 
 

Table 2: Locations of strain gages and femur 
accelerometer. 

 
Cadaver ID 

Test Measurement Location 
1 2 

Ilium Rosette 

(to anterior superior iliac spine) 
(mm) 57 50 

Ilium Rosette 

(to posterior superior iliac spine) 
(mm) 51 40 

Pubic Ramus Gage 

(to pubic symphysis) 
(mm) 52 50 

Ischium Gage 

(to pubic symphysis) 
(mm) 54 60 

Right Femur Gage- 

(to center to patella) 
(mm) 185 170 
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Figure 7: Ilium strain gage rosette labeling and 

orientation. 
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Where:  
ЄA = Strain output from gage A of the rosette 
ЄB = Strain output from gage B of the rosette 
ЄC = Strain output from gage C of the rosette 



Experimental Setup 
The primary component of the side impact 
experimental setup was a custom pneumatic 
impactor, which accelerates an impacting cart 
constrained by rails, to the desired speed via a 
piston (Figure 8).  Prior to impact the piston 
loses contact with the cart, due to a limited 
piston stroke, resulting in an impact with finite 
energy.  The displacement of the impacting cart, 
i.e. impactor stroke, was limited via a steel cable 
with a set length. The impactor was instrumented 
with a five-axis load cell (Robert A. Denton, Inc. 
1968, 22,240 N, Rochester Hills, MI) and a 
single-axis accelerometer (Endevco 7264B, 2000 
G, San Juan Capistrano, CA).   
 
A custom test seat was designed and fabricated 
to allow a cadaver to be placed in a seated 
position (Figure 9).  The use of an adjustable 
back support bar allowed for a clear line of sight 
to the posterior side of the cadaver, while 
maintaining an automotive-like seated posture 
and upper body load on the pelvis and spine.  
The head was held upright with the use of 
masking tape placed around the forehead and 
attached to the bar on the right and left side of 
the cadaver.  This tape was cut approximately 

half way though on both sides in order to ensure 
the tape would break once the cadaver was 
impacted.  A Teflon ® sheet was placed between 
the cadaver and the seat pan to minimize friction 
[2].  
 
During the impact, the impactor plate contacted a 
trigger strip that was secured to the outermost 
portion of the pelvis to activate the data 
acquisition system for each test. Data from the 
load cell and strain gages were recorded at a 
sampling frequency of 15 kHz with an Analog-
to-Digital conversion resolution of 16 bits using 
an Iotech Wavebook with WBK16 strain gage 
modules (Iotech WBK16, Cleveland, OH).  Two 
high speed video cameras recorded the event 
from different angles (front and back view) at 
1000 fps.  All channels except for the strain 
gages were filtered to Channel Filter Class 
(CFC) 180.  The inertially compensated impactor 
force was calculated by summing the measured 
impactor force and inertial force.  The inertial 
force was calculated by taking the product of the 
impactor acceleration and effective impactor 
mass, i.e. the impacting plate mass plus ½ the 
load cell mass. 
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Figure 8: Custom pneumatic impactor. 
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Figure 9: Custom side impact test seat. 



Impact Conditions 
A total of 10 non-destructive side impact tests 
were performed on two human male cadavers 
with a pneumatic impactor.  Three impact 
locations and two impacting surfaces, rigid or 
foam, were evaluated (Table 3 and Figure 10).  
The combined ilium and femur impacts were 
performed with a 250 x 250 square impacting 
surface.  In order to avoid contacting the testing 
seat, the square impactor was oriented at 22 
degrees from horizontal.  The ilium only impact 
and the trochanter only impact were performed 
using a rigid 127 mm diameter circular 
impacting surface.  The majority of the testing 
was conducted at an impact speed of 3 m/s.  
However, two tests were performed on subject 2 
higher impact velocities, 4 m/s and 5 m/s, to 
investigate the effects of loading rate.  The 
impactor mass was 16 kg for all tests.  

 
Table 3: Non-destructive pelvic side impact test 

summary. 
 

Cadaver 
ID 

Impact 
Surface 

Impact  
Location Speed 

1 Foam Ilium/ Femur 3 m/s 
1 Rigid Ilium/ Femur 3 m/s 
1 Rigid Ilium  3 m/s 
1 Rigid Trochanter  3 m/s 
2 Foam Ilium/ Femur 3 m/s 
2 Rigid Ilium/ Femur 3 m/s 
2 Rigid Ilium  3 m/s 
2 Rigid Trochanter 3 m/s 
2 Rigid Ilium/ Femur 4 m/s 
2 Rigid Ilium/ Femur 5 m/s 
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Figure 10: Impact locations and impactor surfaces. 
 

 



RESULTS 

The results of the in situ pelvic load cells as well 
as the pelvic and femur strain gages are 
presented in this section.  It should be noted that 
no pelvic or femoral fractures where observed as 
a result of these tests.  

Impactor Force and Pelvic Load Distribution  
Each of the 10 non-destructive pelvic impact 
tests resulted in force time history for the 
impactor load cell, ilio-sacral load cell, and pubic 
load cell (Figure 11).  The force time histories 
for each test are presented in the Appendix 
(Figures A1-A10).  The reported impactor force 
is the inertially compensated impactor force.  In 

order to directly compare the load distribution 
through the pelvis for the different test 
conditions, the peak ilio-sacral load and peak 
pubic load are shown as a percentage of the peak 
impactor force (Figures 12-14).  The peak 
impactor force, peak ilio-sacral force, and peak 
pubic force for each test are reported in Table 4. 

Pelvic Strain Distribution  
The peak superior pubic ramus strain, ischium 
strain, femur strain, ilium 1st principle strain, and 
ilium 2nd principle strain in the primary mode of 
loading were plotted by test condition (Figures 
15-17). The strain time histories for each test are 
presented in the Appendix (Figures A11-A20).  
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Figure 11: Typical force vs. time trace. 
(Cadaver 1- Ilium and femur - foam pad - 3m/s) 

 
 
 
 

0

10

20

30

40

50

60

70

80

90

100

Ilium & Femur
Foam Pad

3 m/s

Ilium & Femur
Rigid 
3 m/s

Ilium
Rigid
3 m/s

   Trochanter 
Rigid
3 m/s

Pe
rc

en
t o

f I
m

pa
ct

or
 F

or
ce

Ilio-Sacral 
Load Cell
Pubic 
Load Cell

0

10

20

30

40

50

60

70

80

90

100

Ilium & Femur
Foam Pad

3 m/s

Ilium & Femur
Rigid 
3 m/s

Ilium
Rigid
3 m/s

   Trochanter 
Rigid
3 m/s

Pe
rc

en
t o

f I
m

pa
ct

or
 F

or
ce

Ilio-Sacral 
Load Cell
Pubic 
Load Cell

 
 

Figure 12: Cadaver 1 peak pelvic loads  
by test condition.  
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Figure 13: Cadaver 2 peak pelvic loads  
by test condition. 
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Figure 14: Cadaver 2 peak pelvic loads  
by loading rate. 



Table 4: Peak impactor, ilio-sacral, and pubic forces. 
Peak  

Impactor 
Force 

Peak 
Ilio-Sacral  

Force 

Peak Pubic 
Force Cadaver  

ID 
Impact  

Location 
Impactor  
Surface 

Impact 
Speed 

N N N 
1 Ilium & Femur Foam 3 m/s 1564 336 365 
1 Ilium & Femur Rigid 3 m/s 1654 322 358 
1 Ilium  Rigid 3 m/s 1627 708 242 
1 Trochanter Rigid 3 m/s 1590 318 501 
2 Ilium & Femur Foam 3 m/s 1450 278 344 
2 Ilium & Femur Rigid 3 m/s 3100 693 980 
2 Ilium  Rigid 3 m/s 2910 1490 363 
2 Trochanter Rigid 3 m/s 2982 654 986 
2 Ilium & Femur Rigid 4 m/s 4211 900 1307 
2 Ilium & Femur Rigid 5 m/s 6162 1340 1903 
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Figure 15: Cadaver 1 peak strain measurements. 

(primary mode of loading) 
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Figure 16: Cadaver 2 peak strain measurements. 

(primary mode of loading) 
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Figure 17: Cadaver 2 peak strain measurements by loading rates. 

(primary mode of loading) 



 
DSCUSSION 
 
The in situ load cell data showed that the only 
test condition that resulted in a larger percentage 
of the impactor load through the ilio-sacral joint 
than the pubic symphysis joint was when only 
the ilium was impacted.  In all other test 
conditions, the pubic symphysis joint received a 
larger percentage of the impactor load than the 
ilio-sacral joint.  In addition, the force time 
histories show that for all tests except the ilum 
only impact the pubic symphysis and ilio-sacral 
joints are essentially loaded simultaneously.  The 
higher velocity tests performed on Cadaver 2 
showed that impact speed did not have any 
considerable affect on the load distribution 
through the pelvis.  Finally, the results show that 
for every test a considerable amount of the 
impactor force was lost; i.e. not transmitted 
though the pelvis, due to the inertia of the body. 
 
In the current study, the strain distribution of the 
pelvis was quantified with the use of in situ 
strain gages.  The strain gage data showed that 
for all test conditions both the superior pubic 
ramus and ischium were placed in compression.  
Although the primary mode of loading for the 
ischium during the ilum only impact was tension, 
the ischium was initially placed in compression 
(Figure A13).  In addition, the strain time 
histories show that for all tests except the 
cadaver 1 ilum only impact the superior pubic 
ramus was loaded before the ischium.  This is 
due to the fact that the superior pubic ramus is 
directly attached to the acetabulum and the main 
axis of the superior pubic ramus is relatively 
close to orientation of the applied load. 
Therefore, the geometry of the pelvis relative to 
the loading axis resulted in a lag in the loading of 
the inferior pubic ramus.  The primary loading 
mode for the ilium 1st  principle strain was 
tension for all test conditions, while primary 
loading mode for the ilium 2nd  principle strain 
was compression for all test conditions.  The 
only test condition which resulted in a tension 
load on the lateral side of the femur was when 
only the ilium was impacted.  In all other test 
conditions, the femur was in compression.  The 
higher velocity tests performed on Cadaver 2 
showed that all stain measurements except the 
ilium 1st and 2nd principle strains increased with 
increasing impact speed.   
 
 
 

CONCLUSIONS 
 
In the current study the load transfer and 
deformation characteristics of the pelvis in side 
impact loading was quantified through 10 non-
destructive tests performed on two human male 
cadavers.  The results show that the only test 
condition which resulted in a larger percentage 
of the impactor load through the ilio-sacral joint 
than the pubic joint was when only the ilium was 
impacted.  In all other test conditions, the pubic 
symphysis joint received a larger percentage of 
the impactor load than the ilio-sacral joint.  The 
higher velocity tests performed on Cadaver 2 
showed that impact speed did not have any 
considerable affect on the load distribution 
through the pelvis.  For all tests a considerable 
amount of the impactor force was lost; i.e. not 
transmitted though the pelvis, due to the inertia 
of the body.  With respect to pelvic strain, the 
results show that for all test conditions the 
superior pubic ramus and ilium 2nd principle 
strain were in compression.  For all tests except 
one, a compressive load was placed on the 
ischium.  Conversely, primary loading mode for 
the ilium 1st  principle strain was tension for all 
test conditions. The only test condition which 
resulted in a tension load on the lateral side of 
the femur was when only the ilium was impacted.  
In all other test conditions, the lateral side of 
femur was placed in compression.  The higher 
velocity tests performed on Cadaver 2 showed 
that ischium strain, superior pubic ramus strain, 
and femur strain increased with increasing 
impact speed. It is anticipated that this research 
will further the understanding of the 
biomechanical response of the human pelvis in 
side impact loading, and aid in the development 
and validation of computational models. 
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Figure A1: Cadaver 1 force vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A2: Cadaver 1 force vs. time  

(ilium and femur - rigid - 3m/s) 
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Figure A3: Cadaver 1 force vs. time  

(ilium- rigid - 3m/s) 
 
 
 
 
 

 
 
 

0

1000

2000

3000

4000

5000

6000

7000

0 10 20 30 40 50 60 70 80 90 100
Time (ms)

Fo
rc

e 
(N

)

Impactor Force
Ilio-Sacral Load Cell
Pubic Load Cell

 
Figure A4: Cadaver 1 force vs. time  

(trochanter - rigid - 3m/s) 
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Figure A5: Cadaver 2 force vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A6: Cadaver 2 force vs. time  

(ilium and femur - rigid - 3m/s) 
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Figure A7: Cadaver 2 force vs. time  

(ilium - rigid - 3m/s) 
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Figure A8: Cadaver 2 force vs. time  

(trochanter - rigid - 3m/s) 
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Figure A9: Cadaver 2 force vs. time  

(ilium and femur - rigid - 4m/s) 
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Figure A10: Cadaver 2 force vs. time  

(ilium and femur - rigid - 5m/s)
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Figure A11: Cadaver 1 strain vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A12: Cadaver 1 strain vs. time  

(ilium and femur - rigid - 3m/s) 
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Figure A13: Cadaver 1 strain vs. time  

(ilium - rigid - 3m/s) 
 
 
 
 
 

 
 
 

-3500

-2500

-1500

-500

500

1500

2500

3500

0 10 20 30 40 50 60 70 80 90 100

Time (ms)

St
ra

in
 (m

st
r)

Pubic Strain 
Ischium Strain
Femur Strain
Ilium Principle 1
Ilium Principle 2

 
Figure A14: Cadaver 1 strain vs. time  

(trochanter - rigid - 3m/s) 
 
 

-3500

-2500

-1500

-500

500

1500

2500

3500

0 10 20 30 40 50 60 70 80 90 100

Time (ms)

St
ra

in
 (m

st
r)

Pubic Strain 
Ischium Strain
Femur Strain
Ilium Principle 1
Ilium Principle 2

 
Figure A15: Cadaver 2 strain vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A16: Cadaver 2 strain vs. time  

(ilium and femur - rigid - 3m/s) 
 



-3500

-2500

-1500

-500

500

1500

2500

3500

0 10 20 30 40 50 60 70 80 90 100

Time (ms)

St
ra

in
 (m

st
r)

Pubic Strain 
Ischium Strain
Femur Strain
Ilium Principle 1
Ilium Principle 2

 
Figure A17: Cadaver 2 strain vs. time  

(ilium- rigid - 3m/s) 
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Figure A18: Cadaver 2 strain vs. time  

(trochanter - rigid - 3m/s) 
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Figure A19: Cadaver 2 strain vs. time  

(ilium and femur - rigid - 4m/s) 
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Figure A20: Cadaver 2 strain vs. time  

(ilium and femur - rigid - 5m/s)
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ABSTRACT
Advanced technologies in environmental sensing, 
situational perception and new actuators that allow 
individual situational based interventions in braking, 
steering or controlling the chassis characteristics are 
giving new option for the enhancement of automotive 
safety. Especially primary and pre-crash safety 
systems profit from these new opportunities and their 
potentials. The vision of an “accident free driving” 
was born. In a first wave advanced systems for 
mitigating or avoiding longitudinal accidents were 
developed and were actually penetrating into the 
market. Therefore the question of the safety benefit 
that is achievable with these systems in real world 
accidents arises. The paper tries to find an answer for 
actual Mercedes-Benz primary and pre-crash safety 
systems.
Primary safety systems are designed to help to avoid 
accidents or, if that is not possible, to stabilize 
respectively reduce the dynamics of the vehicle to 
such an extent that the secondary safety measures are 
able to act best possible. The effectiveness is a 
measure for the efficiency, with which a safety system 
succeeds in achieving this target within its range of 
operation in interaction with driver and vehicle. Based 
on Daimler’s philosophy of the “Real Life Safety” the 
reflection of the real world accidents in the systems 
range of operation is both starting point as well as 
benchmark for its optimization.   
Development objective for primary safety measure is 
the avoidance of accidents. But avoided accidents are 
not contained in an accident data base. Thus the 
efficiency of a primary safety measure in contrast to a 
secondary safety measure can not be determined 
directly from accident data. Up to now, the 
effectiveness of a primary safety system has usually 
been determined in retrospect, through changes in the 
accident statistics, or prospectively by appropriate 
tests such as, for example, driving simulator tests with 
test persons or driving tests in the field e.g. naturalistic 
driving studies. All methods have advantages, but also 
disadvantages. Challenge is to extract components 
needed and reassembling them in a new method to be 
able to estimate the safety benefit of the advanced 
systems usually consisting of warning and reacting 
components. This paper discusses the future 
requirements on these components, their establishment 
and on the accident data and its collection.  

This paper deals with the methodology to perform 
assessments of statistical representative efficiency of 
primary safety measures. To be able to carry out an 
investigation concerning the efficiency of a primary 
safety measure in a transparent and comparable way 
basic definitions and systematic were introduced. 
Based on these definitions different systematic 
methods for estimating efficiency were discussed and 
related to each other. The paper is completed by 
estimating the safety benefit in real world accidents of 
purchasable Mercedes-Benz safety systems for 
assisting the driver in longitudinal accidents. 

INTRODUCTION 
In its white paper on the safety of road users the 
European Union set a 50% reduction in the number of 
fatalities among European road users by 2010 as its 
common goal. Japan has set a similar target and also 
the US is actively pursuing advances in road safety. 
The actual progress is illustrated in fig. 1. 

Mercedes-Benz contrasts these initiatives with its 
vision of Accident-Free Driving. For Mercedes-Benz, 
automotive safety is not just a question of fulfilling 
crash tests. Mercedes innovations in the area of 
vehicle safety have been based successfully on 
findings of accident researchers for 40 years. Reality 
still is and continues to be the benchmark for the 
development of effective primary and secondary 
safety measures made by Mercedes-Benz. The history 
of contribution to the increase of vehicle safety is 
long: defined crumble zone and stiff passenger cell, 
safety steering system, driver and front-passenger 
airbag, PRE-SAFE® – a system offering integrated 
safety by anticipating an impending accident based on 
data shared with primary safety measures and 

Fig. 1: Trend of fatalities in road accidents 2001-2007(08)
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activating protective measures in advance - to name 
just a few examples for secondary measures. But there 
were also very effective primary safety measures 
which were developed in close cooperation with 
Mercedes-Benz and hence had their first offer to the 
market in a Mercedes: ABS in 1978, ASR 1987, ESP 
in 1994, BAS in 1996, DISTRONIC PLUS and Brake 
Assist PLUS in 2004, PRE-SAFE® Brake in 2005 
(Stage 1) respectively 2009 (Stage 2). 
These primary safety measures address primarily 
longitudinal accidents. For all accidents with fatalities 
they are second to crossing accidents (fig2). We obtain 
14 percent for accidents with traffic moving ahead, 
waiting or starting and an amount of 7 percent for 
stationary vehicles manoeuvring or parking. The share 
of material damage only and fatalities is nearly 50%. 

The development of modern safety measures is a 
holistic process which is based on accident research, 
basic research on driver behaviour (situation based 
human or operating error) and the intensive 
investigation of driving scenarios that lead to a 
hazardous situation that might end in an accident. 
Building on that the development of new sensor, 
perception and actuator technologies as well as basic 
functionalities and their integration to a system takes 
place. A holistic approach and a close multi-
disciplinary collaboration of different specialists are 
needed. An accident researcher as well as an expert on 
assisting systems, simulation, ergonomics or vehicle 
dynamics working on their own will produce 
insufficient results. Therefore Mercedes-Benz 
establishes interdisciplinary teams of experts to 
manage this demand. During the development process 
ample simulation series [18], system tests at test areas 
[12] and driving simulator tests are used to design and 
optimize the assistance systems [8]. During the final 
step customer-orientated testing of the system is 
organized. However, after the system is introduced it 
takes several additional years for it to penetrate the 
market. Only then it is possible to gain information on 
its efficiency based on real world accident statistics. 
Many of these systems take more than a decade of 
years to achieve a sufficient penetration rate.  
Primary safety measures are designed to help to avoid 
accidents or, if this is not possible, to stabilize 
respectively reduce the dynamics of the vehicle to 
such an extent that the secondary safety measures are 
able to act as good as possible. Based on Daimler’s 

philosophy of the “Real Life Safety” the reflection of 
the real world accidents in the systems range of 
operation is both starting point as well as benchmark 
for its optimization. This evidence based design 
approach is predicated on the work of Béla Barényi. 
Hence the efficiency of ABS and ESP is already 
demonstrated [6], [11], [13] we will concentrate on 
Brake Assist, DISTRONIC PLUS, Brake Assist PLUS 
and PRE-SAFE® Brake (Stage 1). 

DIFFERENT STAGES OF SYSTEMS THAT 
SUPPORTS THE DRIVER BY AVOIDING OR 
MITIGATIONG LOGITUDANAL ACCIDENTS 
Braking rapidly and firmly is the best way of avoiding 
an accident in many cases. As a matter of course it is 
assumed that braking especial maximal braking is 
possible stabile, track-adherent while keeping straight 
on as well as performing an evasive maneuver 
controllable for any driver, at any speed, at any load 
condition of the vehicle, at any road surface, property 
and at any weather condition (dry, wet snowy or icy). 
Hence a modern passenger car – especially a model 
out of the premium segment- is rather a complex 
system consisting of few subsystems intertwining 
Stage 0  Basic parts of the vehicle that set the stage 

for a powerful braking (toughen up car) 
Brake system and parts of it like e.g. booster, 
tires e.g. low-section or wide-base tire, 
chassis-technologies (suspension, damper, 
active and semi-active controlled devices), 

Stage 1  Systems that are able to optimize 
respectively stabilize the movement of the 
car while braking using sensors to measure 
the movement of the vehicle (feeling car)  
ABS (Antilock System), EBD (Electronic 
Brake force Distribution), ESP (Electronic 
Stability Program)... 

Stage 2  Systems that assist the driver by an 
optimal (adaptive) braking through 
recognizing his intention (adaptive car) 
BAS (Brake Assist), ADAPTIVE BRAKE... 

Stage 3  Systems that assist the driver by 
monitoring the area in front of the car and 
deduce warnings, assist by target braking 
or intervene automatically (seeing car) 
DISTRONIC PLUS, BAS PLUS,  
PRE-SAFE® BRAKE, COLLISION 
WARNING...

Stage 4  Systems that assist the driver by interpret 
complex critical situations and deduce 
warnings, assist by target braking or 
intervene automatically (the  thinking car)                             
Reacting on: Pedestrian, crossing vehicles, 
oncoming traffic, crossings, cocooning...  

In table 1 the system “vehicle” was portrait as a 
human being respectively in corresponding education 
development levels. Remaining in this image, the 
roman idiom “mens sana in corpore sano” is the one 
who calls the shot here as well. The primary safety 
system of the stages 1 to 4 define requirements at the 
brakes as a result form their performance 

Accidents with injured persons (AIP) in 2006,         Accidents with fatalities in 2006
Source: Federal Statistical Office, German accident statistics 2006
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Fig. 2: Configuration of accident typs in Germany (accidents 2006) 
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characteristics. On the other hand technical 
innovations are the enablers for the development of 
the systems defined in stage 1 to 4. It is the classical 
chicken or the egg dilemma.  Who is driving and who 
is the one being driven?   
As a result the average (usable on concrete) 
deceleration of a passenger car increases from 8.5m/s² 
in the early 90´s [10] to more than 9.5m/s² in the 
beginning of 2000. The 40m-barrier, a former limit for 
the braking distance out of a velocity of 100km/h, 
were gone below by many new launched cars.  The 
penetration of ESP in the market provides braking 
systems that could be triggered additionally by a 
system – independently from the driver’s brake 
initiation. ESP by itself requires an increased dynamic 
of the brake system. 
The requirements pertain all parts of the brake system 
as well as their environment and design parameters, 
implemented respectively controllable functionalities, 
their ability to build up or reduce pressure and last but 
not least their communicational interface. Demands 
from a functional point of view are for example a 
close following of the build-up respectively decrease 
of the brake pressure and the brake pedal movement. 
In the case of a braking that is initiated and controlled 
by a system there has to be reproducible fast pressure 
build-up respectively reduction as well as slow and 
comfortable pressure build-up and decrease. The first 
is needed to realize BAS or autonomous pre-crash 
braking functionalities the second one to realize 
Advanced Cruise Control and Stop-and-Go functions. 
The brake pedal should not be moved or loaded by 
pulsations by the brake system in the case of an 
autonomous triggered or controlled braking (ABS ...). 
There should be a measurement for effort and travel of 
the brake pedal, an adaptive variable ration of the 
amplification of brake pressure and pedal effort is 
desirable. The requirements on the dynamics of a 
system triggered or controlled build-up or decrease of 
brake pressure is growing. Driven by pre-crash safety 
systems and primary safety systems for lateral control 
gradients of over 400 bar/s in the range of  5 to 100 
bar for building-up pressure and of more that 1000 
bar/s for decrease pressure in the whole range are 
realistic. The accuracy should be less 0.5 bar in the 
range up to 50 bar. There should be an open 
communication interface. Fig. 3 shows the interaction 

of the brake and the primary safety measures of stage 
1 to 4. Area of action of the systems of stage 2 and 
above is the reduction of the stopping distance while 
the brake system reduces the brake distance and gives 
the basic parameters for the systems to build upon.  
Each new car model has to meet the demand of the 
state-of-the-art in his segment at least during its 
manufacturing cycle of about 8 years. So there are 
growing requirements at each component of a new 
model especially at the braking system.  
Enhanced safety when braking results from a powerful 
brake in combination with a configuration of primary 
safety measures of stage 1 to stage 3. Mercedes-Benz 
has very efficient systems on all these stages. This 
should be demonstrated in the next sections of this 
paper were systems of all stages are analyzed 
regarding their efficiency in Real Life Safety. 

USEFUL DEFINITIONS ABOUT EFFICIENCY 
For analyzing the effect of primary safety measures it 
is useful to define terms that describe abstract 
characteristics of an accident or concrete accidents of 
a given characteristic e.g. in an existing data base. A 
characteristic could be e.g. a parameter that produces 
an accident like the conflict, an environmental 
parameter like ice or a property like skidding. Another 
useful distinguishing feature is that between the 
relative and the absolute effect. To be able to do so the 
definitions from [24, 25] were adopted.  
The area of conflict [AoC] of a primary safety 
measure is defined as the pooling of abstract 
standardized conflict situations, in which the primary 
safety measure should be operating, avoiding or 
reducing accident severity due to its specifications. 
Use-cases which can be categorized as accidents are 
an example that makes up an “area of conflict”. A 
(representative) accident data base is the origin for the 
following explanations. It contains all kinds of 
accidents. Often it is useful to restrict the analysis to 
accidents which confirm to certain requirements – e.g. 
accidents with a certain severity.  
The area of reference [AoR] is the set of cases that 
form the basis for the analysis. Depending on the type 
of question that has to be answered, a different set of 
accidents for the area of reference is selected, for 
example only fatal accidents or accidents with 
severely injured casualties.  The area of action [AoA]
is defined as the mapping of the area of conflict in 
representative real life accident data contained in the 
data base respectively the AoR. It is the totality of 
accidents contained in AoR which correspond to the 
conflict situations in the area of conflict.  
The area of efficiency [AoE] is defined as the subset 
of the area of action, in which the primary safety 
measure is able to avoid or mitigate the severity of 
accidents. For this subset of AoA the design 
specifications satisfy the physical parameters of the 
accidents. The degree of efficiency [DoE] is defined 
as the quotient of the number of accidents in the area 
of efficiency and in the area of action. The adjunct 
“representative” is used to clarify that the allocation 

Fig. 3: Presentation of the sequence driver reaction and brake 
reaction in the case of an emergancy brake reaction 
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accident data base was representative. The efficiency 
is defined as the quotient of the number of accidents in 
the area of efficiency and the number of accidents in 
the area of reference. The absolute efficiency is given 
by the efficiency when AoR and AoA are equal to the 

accident data base. These definitions were introduced 
to reduce confusion resulting from ambiguous usage 
of the concept of “efficiency” for nearly everything in 
parallel. They should help to strengthen the way of 
looking at the thinks behind in a common way. By 
definition AoR is a subset of the (representative) 
accident data base, AoE is a subset of AoA and AoA
itself is a subset of AoR. An illustration of the terms is 
shown in Fig. 4. Figuratively speaking, AoC of a 
safety system Y corresponds to those use-cases of Y 
that could be represented by conflict situations and if 
the worst comes to the worst result in an accident. 
The Brake Assist System (BAS) was designed to 
assist the driver in is Here the AoC for example can 
consist of the accident types “collision with traffic 
moving ahead, waiting or starting”, “collision with a 
pedestrian crossing the street”. For illustration we 
choose GIDAS for the accident data base in this 
example. For exemplification AoR is chosen to be the 
set of all accidents (and their documentation) in 
GIDAS with injury MAIS 3+ (seriously injured). AoA
then is a subset of all accidents contained in GIDAS 
with injury MAIS 3+ which were of the kind collision 
with traffic moving ahead, waiting or starting or 
collision with a pedestrian crossing the street. AoE is 
the subset of these cases where the (BAS) had / would 
have had an effect on the severity of this particular 
accident. The degree of efficiency is the proportion of 
elements of AoE and AoA.  
So far efficiency quantifies the number of accidents 
which are likely to be influenced by the analyzed 
primary safety measure. So the efficiency is a 
proportion respectively a number. For the design or 
the assessment of a primary safety measure it is more 
important to get the two summands producing 
efficiency than the value for efficiency itself: 
efficiency =  proportion of avoided accidents + 

            proportion of accidents with mitigated severity 
The aim of primary safety measures is to prevent 
accidents. Thus the “proportion of avoided accidents” 
or the “efficiency in avoiding accidents” is the most 
important characteristic of a primary safety measure. 

The “proportion of accidents with mitigated severity” 
or the “efficiency in mitigating accidents” is hardly 
interdependent by classification measure that 
describes the performance of the mitigated severity 
over AoE.

DATABASES FOR ANALYZING EFFICIENCY 
For the studies contained in this paper, three different 
databases were used: 
[a] The 50 percent random sample selected out of two 

years from the accident statistics of the German 
National Statistics Office, were all Mercedes-Benz 
vehicles involved in one of the contained accidents 
are visible for evaluations carried out by 
Mercedes-Benz. 

[b] The GIDAS-database. 
[c] The central spare-parts logistics database of 

Mercedes-Benz. It describes in detail all delivered 
spare-parts (for the analyzed model) in Germany. 

The choice of the accident data base used for an 
efficiency analysis of a primary safety measure 
determines whether the results can be applied to 
official accident statistics or not. The reflection of 
these figures by real world accident statistics is an 
essential benchmark for judging the system’s 
efficiency. Representativity of an accident data base 
means that its composition and characteristics 
resemble (of a defined severity) with the composition 
and characteristics of the allocation base – here the 
entirety of all accidents e.g. in Germany. In other 
words a smaller sample set (accident data base) is a 
consistent image of the big allocation base. It is a 
popular fallacy that representativeness of an accident 
data base correlates respectively growths with its size. 
This is only true for a data base that consists of an 
undistorted sample of accidents. Here a minimum 
number of samples that could be analyzed are needed 
to become statistical significant. For a distorted 
respectively focused selection increasing samples size 
tightened its missing representativeness.  
Representativity of an accident data base is the basis 
to be able to educe universally valid evidences for the 
entirety of all accidents from analyzing a smaller (but 
representative) image established in the accident data 
base. The GIDAS data base is proved to be 
representative for accidents with injuries and fatalities 
in Germany. This is why GIDAS is used in this paper. 
Some results were supported by findings from driving 
simulator studies. The results for experiments at a 
driving simulator have the unique advantage that they 
demonstrate the variance of human driver behaviour in 
a fixed accident situation remaining the same for all 
different drivers. This investigation method provides 
conclusions about the thinks that can lead to hazardous 
situations. In [14] the use of a driving simulator in the 
development process of assisting systems is described. 
To cover the wide spread of conflicts that lead to a 
rear-end accident the efficiency is calculated as a 
mean of several typical rear-end accidents [1, 8, 26]. A 
lot of sensitivity and experience is needed to gain 
reliable figures that describe the real life efficiency. 

Figure 2: Illustration of definitions about efficiency
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GIDAS DATABASE - A STATISTICAL 
REPRESENTATIVE SAMPLE OF ACCIDENTS 

Some analysis in this paper are based on accident data 
provided by the GIDAS project. GIDAS is an 
abbreviation for “German In-Depth Accident Study”. 
GIDAS is a cooperative project between the German 
Association for Automotive Technology Research 
(Forschungsvereinigung Automobiltechnik e.V., FAT) 
and the German Federal Highway Research Institute 
(Bundesanstalt für Straßenwesen, BASt). In its current 
form it was founded in 1999 see [17], [30] for more 
details. Since this time the data for in-depth 
documentations of more than 2000 accidents per year 
is collected in two research areas – the metropolitan 
areas around Hanover and Dresden (fig. 5).  

The criterions for choice and collection are: (1) road 
accident, (2) accident in one of the research areas, (3) 
accident occurs when a team is on duty in a defined 
timeframe, and (4) at least one person in the accident 
is injured, regardless of severity. For each accident a 
digital folder is delivered according to carefully 
defined guidelines and coded in a database. Depending 
on the type of accident, each case is described by a 
total of 500 to 3,000 variables, containing e.g. accident 
type and environmental conditions (the type of road, 
number of lanes, width, surface, weather conditions, 
time of the day,…) surroundings of the accident scene, 
vehicle-type, vehicle specifications (mass, power, 
tires, …) and configurations (primary and secondary 
safety measures), documentation of damage of the 
vehicles and injury data for all persons involved and 
their medical care. Investigation of all cases is “on the 
spot” to ensure best visibility of traces for a best 
possible reconstruction. Each accident is reconstructed 
in detail including the pre-collision-phase. Available 
information includes initial vehicle and collision 
impact speed, deceleration as well as the speed 
sequence of the collision.  
Half the battle of the pro of this database is that: (1) 
for standard AoA´s (needed for the assessment of 
actual safety measures) the number of cases is high 
enough to provide statistically significant results, and 
(2) each accident is documented in great detail, 
including in-depth-analyses and reconstructions of the 
course of the accidents including the pre-crash phase, 
and (3) most of all this database is proven to be 
representative to German National Accident Statistics.

PROVED EFFICIENCY OF BRAKE ASSIST – 
THE GRANDFATHER OF ALL COLLISION 
MITIGATION SYSTEMS 

Brake Assist (BAS) was derived from the observation 
that drivers apply the brakes in emergency situations 
fast but normally did not reach maximum capability of 
the brake system. Brake Assist (BAS) identifies 
emergency braking situations by a continuous 
comparing of the speed at which the brake pedal is 
activated. If this speed exceeds a specific limit which 
also depends on the current velocity of the car and an 
actuation travel of the brake pedal, the Brake Assist                            
(only true for design version of Mercedes-Benz other 
brand or supplier use different strategies for driver 
assistance) automatically builds up the highest 
possible brake pressure. The actual deceleration of the 
vehicle increases instantly to the maximum possible 
value. This implementation strategy reduces the 
braking distance substantially. Comparable with ABS, 
BAS is actually integrated into the architecture of the 
Electronic Stability Program (ESP) in Mercedes 
passenger cars. This guaranties a vehicle moving 
straight ahead or a vehicle performing a maximal 
evasive maneuver during the emergency braking true 
to the requirements of the driver and against the 
environmental conditions.
It was due to the decision of Mercedes-Benz to install 
BAS 1997/98 as standard equipment in all passenger 
cars that the efficiency of the system was measurable 
in the national German accident statistics of 
1999/2000. On the basis of a representative sampling 
of the accident figures complied by the Federal 
Statistical Office in Germany, Mercedes-Benz has 
determined the accident rate of rear-end collisions per 

10.000 newly registered passenger cars. The results 
show that the involvement of Mercedes-Benz cars 
dropped by eight percent following the installation of 
Brake Assist as standard equipment. By contrast, the 
rate for passenger cars of other brands remained 
relatively unchanged during this period (see figure 6).  
Accidents with crossing pedestrians are among the 
most severe types of traffic accidents in Germany. In 
Germany nearly 13 percent of fatalities and 8 percent 
of injuries in traffic accidents result from this accident 
type in Germany in 2006 [16]. As well as the effective 
support in the case of a rear end collision BAS 

Fig. 6: Efficiency of BAS in rear-end collisions: number of 
accidents down by 8 percent thanks to BAS 
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Figure 5: GIDAS-the research areas around Hanover and Dresden
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supports the driver in these accident situations. The 
evaluation of German accident statistics before and 
after the introduction of Brake Assist as standard 
equipment in all Mercedes-Benz automobiles showed 
that severe collisions between cars and crossing 
pedestrian dropped by 13 percent. For the passenger 
cars of other manufactures the share of pedestrian-
related accidents resulting in fatalities or severe 
injuries decreased by one percent during the observed 
time period (figure 7). 

 Mercedes-Benz has extensively tested the function 
and operation of Brake Assist. Each test confirms the 
positive effect of BAS in increasing the braking power 
in emergency situations – an earlier initiation of the 
braking force and an operation at the maximum usable 
braking force. Both lead to shorter average stopping 
distances in sum. One result was a reduction of the 
stopping distance on a dry road for a velocity of 
100km/h of 45 percent. A group of 100 drivers was 
therefore observed. Thanks to the usage of the Brake 
Assist they gained a reduction of their average 
stopping distance. In the investigated unforeseeable 
critical situation a reduction from 73 meters to an 
average stopping distance of 40 meters was achieved.

Another finding was based on an experiment in the 
driving simulator in Berlin [7]. In this study, 55 test-
persons were driving on an urban road at a velocity of 
approximately 50km/h. While driving through a town 
suddenly a pedestrian (a child) crosses the road from 
the left to the right. In order to avoid the collision the 
test person had to perform a panic braking. In 45 
percent for all situations a collision with the pedestrian 
occurred. The result was that drivers with vehicles 

equipped with BAS had an accident rate of 32 percent, 
where as drivers in the reference group using the same 
vehicles without am equipment of BAS had an 
accident rate of 58 percent. Fig. 8 shows this 
significant difference depending on whether the 
vehicle was equipped with Brake Assist or not. A 
closer look at the drivers of vehicle equipped with 
BAS reveals that all drivers who managed to activate 
Brake Assist could avoid the collision, accidents only 
occurred when BAS was not activated by the driver’s 
actuation of the brake pedal. Brake Assist showed a 
benefit of reducing the accident rate by 26 percent in 
total or 55 percent relatively. 
Supporting conclusions are drawn by LAB [23]. Here 
the system is called EBA (emergency brake assist) to 
specify the implemented strategy for assistance which 
is equivalent to the Brake Assist discussed here. Based 
on the French national injury accident census samples 
of BAS-relevant accident situations were identified. 
Via a logistic regression a risk for an involvement of 
an equipped and unequipped car was calculated. The 
evaluations result in a good effectiveness of Brake 
Assist: -7.5 percent of car occupant fatalities, -10 
percent of pedestrian fatalities estimated by the used 
methodology versus in the national French census 
observed reduction of -11 percent overall injuries. 
In a recent study carried out by the BASt [15] the 
safety impact of improved vehicle safety on the 
development of accidents of passenger cars on rural 
road were analyzed. Based on an evaluation of the 
German National Accident Statistics of the years 2000 
to the year 2005 on rural roads, BASt estimated a 
disproportionate decrease of accident figures for 
newer vehicles in BAS-relevant situations compared 
to all situations. The equipment rate of cars with all 
kind of realization strategies and implementations of a 
Brake Assist System grows from 6 percent in 2000 to 
20 percent in 2005. The involvement of cars younger 
than 2 year in BAS-relevant accident deceases by 41 
percent, of older cars (in between 5 to 14 years old) 
decreases by 31 percent while the involvement in the 
comparable non-BAS-relevant accidents decreases by 
20 percent only. 

PRIMARY SAFETY MEASURES BASED ON 
ENHANCEMENTS IN ADVANCED CRUISE 
CONTROL TECHNOLOGY 

FROM DISTRONIC TO DISTRONIC PLUS 

Mercedes-Benz calls his advanced cruise control (acc) 
DISTRONIC (DTR). It was presented in 1998. The 
system combines the cruise control function with a 77 
Gigahertz long-range radar sensor. For an intrinsic 
speed in the range between 30 to 180 km/h DTR can 
set a value for vehicle speed and another value for a 
time based distance maintaining to a vehicle in front. 
Below an intrinsic speed of 30 km/h DISTRONIC 
automatically switches off. Its maximum dynamic to 
decelerate is 2m/sec². The assisting System 
DISTRONIC tries to keep the vehicle at the desired 

Fig. 8: Results from experimental tests concerning the 
function and operation of Brake Assist in the closed loop 
with the driver.

Fig. 7: Efficiency of BAS in avoiding serious accidents with 
crossing pedestrians: down by 13 percent thanks to BAS 
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speed until it detects a slower vehicle in front. In this 
case DTR reduces the intrinsic speed so that the 
planned distance to the car in front is kept. If DTR 
reaches its system limits the control task is handed 
over to the driver. DISTRONIC also contains optical 
and audible collision warning. 
Selective further developments of DISTRONIC lead 
to DISTRONIC PLUS [1, 8] in 2005. The 77 GHz 
long range radar was combined with two 24 GHz short 
range radar sensors. The algorithms for situation 
perception and assessment were enhanced. This 
improvement enlarged the operating range from 0 
km/h to 200 km/h. Furthermore the extend of the 
operating area of the proximity control widened, 
covering now a range between 0.2 m and 150 m. Last 
but not least an advanced dynamic range for 
deceleration was achieved, too (fig. 9). As such, 
automatic braking is now provided up to 4m/s² 
depending on the intrinsic speed.  

Where are the differences between DISTRONIC and 
DISTRONIC PLUS that are relevant for their ability 
to mitigate or if physically possible avoid rear-end 
accidents? 
While the conventional DISTRONIC can not …  

automatically brake to a standstill, 
DISTRONIC PLUS can.  
“sense” a car standing still after braking to 
standstill DISTRONIC PLUS can.  
decelerate with more than 2 m/sec² 
DISTRONIC PLUS can decelerate 
automatically with 4m/sec² up to an intrinsic 
velocity equal 50 km/h, between an intrinsic 
velocity of 50-150 km/h with a deceleration 
in the range from 4 m/sec² to 2 m/sec², and 
above 150 km/h with 2 m/sec². 
control speed and distance in the range from 
0-30 km/h for intrinsic velocity and in 
proximity up to 0.2 meters, DISTRONIC 
PLUS can. 

Like all other advanced cruise control system 
DISTRONIC is an assisting system that increases the 
comfort of distance and speed control for the driver. 
The driver has to switch on this system to get this kind 
of assistance. It remains the same with DISTRONIC 
PLUS; it has to be switched on by the driver to get its 
functionality. 
The advanced situation perception and assessment 
based on the use of 24-GHz radar, the extended 
dynamic and enlarged system limits cover the 
dynamic of more than 50% of rear-end accidents. In 

sum these additional features give DISTRONIC PLUS 
the opportunity to mitigate respectively avoid rear-end 
collisions. 

FROM BRAKE ASSIST TO BRAKE ASSIST PLUS 

Brake Assist, which was first introduced by Mercedes-
Benz in 1996, has proven to be an effective primary 
safety measure. It provides assistance to the driver in 
avoiding accidents or mitigating their severity as we 
saw in a preceding section. But the triggering of the 
assistance - the power boost with all available brake 
pressure – stands or falls with two variables. On the 
one hand the identicalness of the individual speed has 
to be taken into account. On the other hand the pedal 
force applied by the driver is a decisive feature. Both 
variables employed during the pre-crash phase 
preceding an actual accident with its thresholds is 
taken as the basis for activation. The driver is “the 
sensor of the Brake Assist System for detecting 
emergency situations and triggering its assistance”. 
The driver can cancel the maximum brake support by 
releasing the brake pedal. The activation of the 
pressure boost is depending on the under lying 
characteristic diagram that has to warrant that an 
emergency braking is triggered in (objective) 
emergency situations only. The design of this diagram 
is on the horns of a (design) dilemma - faced with a 
choice between two evils. To decrease the thresholds 
to much might result in unintended assistances 
although it would trigger the assistance in more 
emergency situations. The way out of the dilemma 
was to increase the reliability of the interpretation of 
the brake reaction preformed by the driver for those 
situations whenever there is a vehicle in front.  This 
new strategy has the ability to raise the rates of 
activation reported in [7, 26] for the case of rear-end 
collisions precisely. By this, it is able to prevent 
additional rear-end crashes in relation to the 
“classical” Brake Assist without environmental 
perception.  
The results of an evaluation of over 800 representative 
brake reactions of driver in a pre-crash phase leading 
to a rear-end collision shows that these additional 
efforts pays off. More than 43 percent show a brake 
reaction in average (see fig. 10). The amount of 25 
percent of driver that actually show no reaction is 
demanding for collision warning to initiate a reaction.  

Figure 9: Short- and long range radar – filed of view (S-Class)

Figure 10: Reaction of the driver of the car that hits the car in 
front in the case of a rear-end collision (representative GIDAS 
evaluation of 839 accidents, 12-2006)
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BRAKE ASSIT PLUS – A SENSOR BASED 
EXTENSION OF MERCEDES BRAKE ASSIST 
TO COLLISION WITH A VEHICLE IN FRONT 

A stringent further development of BAS [8, 1] based 
on intensive work of the accident researchers was 
adding of “environmental sensing” i.e. the integration 
of (two) radar sensors systems to monitor and evaluate 
the traffic situation in front of the car. Design 
objective was to detect vehicles using the same lane in 
the same direction moving, starting or braking down 
to stand still.  
The 77-GHz and two 24-GHz radar systems 
complement each other. The 77-GHz long-range radar 
is able to scan three lanes over a distance up to 150 
meters with an angel of nine degrees. Two 24-GHz 
radar sensors monitor the immediate area in front of 
the vehicle from 0.2 up to 30 meter with an angle of 
80 degree for each sensor (Fig. 9). With this radar-
based environmental perception the situation 
evaluation algorithm of BAS PLUS can detect 
imminent rear-end collisions to identified obstacles. If 
there is currently one detected BAS PLUS does in 
parallel:  

(1) BAS PLUS calculates continuously the 
actual braking assistance required to avoid a 
collision with a vehicle ahead by target 
braking (not necessarily a full braking). The 
calculated braking pressure is available as 
soon as the driver applies the brake.  
While the conventional Brake Assist requires 
a (specific) reflex activation of the brake 
pedal, BAS PLUS only requires a pressure on 
the pedal that shows the clear intention for 
braking. (But it does not perform without a 
driver stepping on the brake – its remains a 
brake ASSIST.) This measure increases the 
number of activations considerably compared 
to BAS [14]. While the conventional BAS 
only can provide full braking pressure, BAS 
PLUS provides a situational depending 
braking pressure needed for a target braking. 
(2) BAS PLUS warns the driver with an 
audible signal, prompting him to take action. 
This warning sub function is an additional 
difference between conventional BAS and 
BAS PLUS. Thereby BAS PLUS is able to 
support drivers that misjudge criticality, 
react inert or got distracted. This warning 
increases the number of driver braking in 
these conflicts.

The BAS PLUS system is an additional option 
working efficient especially in the case of rear-end 
collisions; naturally the (classical) BAS remains 
always available. Of course it continues to provide its 
efficient assistance in all accident situations. It proved 
itself especially helpful in those cases, in which the 
radar sensors failed to detect the objects or where an 
alert driver sticks to be a more efficient sensor than 
radar.  As an extension of Brake Assist BAS PLUS is 
an “always-on” system like ABS or ESP. BAS PLUS 

is a component part of the DISTRONIC PLUS 
package not available as a stand-alone system. For this 
reason and since these systems are not standard 
equipments respectively their penetration rate is far 
below 100 percent it is not possible to determine their 
efficiency from a retrospect evaluation of the National 
Accident Statistics as it was done for BAS. A new 
method had to be utilized. 

INCREASED EFFICIENCY OF INTER-
CONNECTING SYSTEMS CAUSED BY 
IMPROVED ENVIORNMENTAL PERCEPTION 

A representative study was carried out to answer one 
question in particular: how many real-life rear-end 
collisions could be prevented if all passenger cars 
were equipped with this radar-based interconnecting 
assisting systems? 
This kind of evaluation is demanding for highly-
developed simulation techniques. Each component 
like the primary and secondary safety measures, 
vehicle, driver and environment has to be modeled in 
detail taking their dynamic interactions into account. 
Especially the behavior of the mechatronical parts and 
control systems is challenging.  
For a precise investigation of these components 
accident data were selected from GIDAS (database 
12-2006). This category contains all rear end 
collisions with injuries, in which a passenger car 
collides with another vehicle in front, constituting a 
representative sample of rear-end collisions with 
injured persons in Germany. The resulting AoA 
consists of 839 in-depth evaluated accidents, 
especially containing reconstruction data. This data 
represent a picture of the conflicts. Fig. 10 and 11 
were results of analysis them. Fig. 11 displays the 
distribution of the driver behavior in the pre-crash 
phase on motorways. Remarkable is the opposite 
behavior of the brake reaction in the existence of a 
traffic jam. 

The assumptions on which the following efficiency 
analysis is based are very important; they are chosen 
to be very conservative:  
DISTRONIC PLUS and BAS PLUS as well as 
DISTRONIC and BAS were emulated in detail as they 
were implemented in the cars on the road and tested 
virtually in assuming: 
• the equipment rate of both systems is 100%, 
• BAS PLUS is activated permanently, 

Figure 11: Driver reaction in rear-end collisions on freeways, 
motorways. (Basis: representative GIDAS evaluation, 12-06)
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• DISTRONIC PLUS as well as DISTRONIC is 
activated for 100% in extra urban driving on 
freeways and highways,  

• Conservative assumptions with respect to the 
behavior of the driver during the accident: 

Driver behavior remains unchanged,  
A possible reaction of the driver to all kinds of 
collision warnings is not modeled. 
A driver model for activating BAS is used.   

With this conservatively defined scenario a lower limit 
for the efficiency of the combination of DISTRONIC 
PLUS and Break Assist PLUS in the case of rear-end 
collisions in Germany is gained. The results were 
taken from [24].  
The safety potential of the interaction of DISTRONIC 
PLUS and BAS PLUS becomes especially evident 
extra urban on highways and freeways or motorways. 
Here the interacting system combination prevent over 
37 percent of rear-end crashes in average. In another 
31 percent of these collisions, the systems can help to 
greatly reduce accident severity. This is due to the 
large share of accidents in which drivers do not react. 
In much over 80% of these crashes were driver did not 
react a switched-on DISTRONIC PLUS is able to 
avoid the collision due to its implemented dynamic 
operating range. If not, the collision speed is reducing 
dramatically. Since the effect of an implied warning 
was ignored, this is all the more amazing. The 
importance of this is referred to the fact, that on 
German motorway about 57 percent of all fatalities 
and 62 percent of all serious injuries happened on this 
road category in 2006 [16]. 
In those accidents in which the driver brakes so far, 
DISTRONIC PLUS reduces energy in his car until the 
point in time when the driver applies the brake thus 
far. After this point BAS PLUS optimizes braking 
reaction of the driver to a target brake. This avoids 
many accidents or at least reduces their severity 
especially in the situations with traffic jam.  

In the case of the interconnecting systems BAS and 
DISTRONIC the analysis shows that the number of 
rear-end crashes drops about 9 percent. A reduced 
severity is obtained additionally in another 16 percent.  
In the case of the interconnecting systems BAS PLUS 
and DISTRONIC PLUS the share of avoided rear-end 
collisions is above 20 percent. The proportion of 

accidents with significantly reduced severity adds to it 
with 25 percent. The results were illustrated in fig. 12. 
The results show that DISTRONIC PLUS and Brake 
Assist PLUS complement one another in a perfect 
way, provided that DISTRONIC PLUS is switched on. 

SIMPLIFIED ANALYSIS OF THE INFLUENCE OF 
THE DRIVER – INITIATING AND PREPONING 
THE BRAKE REACTION 

The following assumptions about the driver were 
made in the previous efficiency analysis:  
• Driver behavior remains unchanged.  
• A possible reaction of the driver on all kinds of 

collision warnings is not modeled.
What’s that suppose to mean against the background 
of efficiency? A warning can effect 2 basic reactions: 
(1) If the driver does not react in the original accident 
without a warning, it is to be assumed that he would 
do so – with a certain probability. 
(2) If the driver reacts in the original accident, two 
different cases had to distinguish: 

(a) The reaction was before he could be aware of 
the warning, then it is to be assumed that the 
warning would have had no influence on the point 
in time of his reaction. 
(b) The reaction was after the warning, and then it 
is to be assumed that the warning would have had 
influence on the point in time of his reaction. With 
a certain probability the collision warning will lead 
to a Preponing of the reaction – close(r) to the 
warning. In none of these cases the (observed) 
reaction point in time would have been regarded 
stable or preponed by the warning.  

So the assumptions made are very conservative, but 
the consideration of a driver reaction on the warning 
would (only) improve but in no case impair the 
efficiencies.  
Figure 13 shows simplified the efficiency resulting 
from a preponing of brake reaction in time for all 
drivers who already showed a break reaction in the 
reconstructed accidents taken from GIDAS. An 
average preponing period of 0.2 sec to 0.3 sec. for the 
brake reaction initialized by a warning seems to be 

Figure 13:  Prepone the driver’s brake reaction in time - 
parameter study showing proportion of avoided rear-end crashes 
(Basis: Subset of those accidents in which driver actually braks) 

Figure 12: Effectiveness of the sytem combination 
DISTRONC and BAS respectively DISTRONIC PLUS and 
BAS PLUS in avoiding real life rear-end colisions or 
mitigating their severity
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realistic. Such a preponing would reduce the 
probability of a collision by 20-30 percent in the case 
of rear-end collisions. From a technical point of view 
Brake Assist is a situational adaptive boost initiated by 
the driver. This boost is able to decrease the build-up 
time of the break pressure to its maximum by 200 – 
250 milliseconds. The difference to the observed 8 
percent is what could be reached by intelligent 
triggering.  
Adaptive Brake is the name of the Mercedes hydraulic 
braking system that is electronically controlled. It 
allows priming of the braking system. If the driver’s 
foot removes rapid from the accelerator pedal as in an 
emergency situation the braking system is able to 
increase the pressure in the brake lines and therefore 

brings the brake linings into light contact with the 
brake discs. This saves time for building up the brake 
pressure in the range from 20 to 100 milliseconds. Its 
effect could be estimated from fig. 13. Adaptive Brake 
is part of the standard equipment of the W221. 
Beside preponing the brake reaction the idea of 
performing a full braking before an unavoidable crash 

is oblivious. The efficiency of both is given in figure 
14. Here the proportion of brake and no brake reaction 
of the approaching driver is hold constant to the ratio 
that is contained in the GIADAS data. Fixing the 
parameter of the time the full braking is triggered 
before an inevitable crash we can determine  the mean 
reduction of collision speed of the car colliding with 
the vehicle in front as well as its distribution (fig 15). 
The effect of an electronic crumble zone becomes 
apparent. 25 percent of all rear-ender profit on that. 

PROVED EFFICIENY OF THE DISTRONIC 
PLUS SYSTEM PACKAGE - BASED ON 
DATAMINING OF SPARE- PARTS LOGISTICS 

In this section we will present the results of the 
evaluation measuring the real-life safety efficiency of 
the so-called DISTRONIC PLUS assistance package, 
a special equipment option for the S-Class model 
W221. The assisting system DISTRONIC PLUS could 
only be ordered in form of this package. The 
DISTRONIC PLUS package as analyzed later on 
consists of: 

DISTRONIC PLUS 
Brake Assist PLUS (BAS standard equipment) 
PRE-SAFE® Brake (stage 1) 

as well as 
Park Assist with Park Guidance 

PRE-SAFE® Brake (stage 1) is an extension of 
Brake Assist PLUS that triggers an automatic partial 
braking and decelerates the vehicle at a rate up to 
4m/s² if the driver has not respond to the warnings of 
Brake Assist PLUS resulting from an impending rear-
end collision. In addition to the visual and acoustic 
warnings of Brake Assist PLUS its triggered partial 
braking provides the driver with a clear signal for 
acting. If the driver applies the brakes immediately, 
the maximum braking force is available thanks to 
Brake Assist PLUS. Depending on the driving 
situation the accident can be avoided at the last 
minute. If the accident is unavoidable, the PRE-
SAFE® Brake reduces the severity of the impact and 
in turn, the risk of injury to the vehicle occupants. The 
strategy based on the interconnecting with Brake 
Assist PLUS and its warning is highlighted in fig. 16. 

Figure 14:  Parameterstudy preponing the driver’s brake reaction 
in time versus triggering a full braking a certain period befor an 
unavoidable crash (keepin a fixed proportion reaction/no reaction) 

Figure 16:  PRE-SAFE® Brake stage 1
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Figure 15:  Parameterstudy efficiency of a pre-crash braking  
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DISTRONIC PLUS and its extended functionalities 
base on the enhanced technology of Adaptive Brake 
which is the name for hydraulic braking system that is 
electronically controlled and hence allowing  
advanced (comfort and) safety subfunctionallities like: 
brake drying and priming. Adaptive Brake is standard 
equipment in the W221. 
This evaluation is based on the data of the spare parts 
for the S-Class model W221 delivered to all 
workshops or body shops in Germany in the period 
from launching the W221 model until the 31.10.2008. 
In this period about 40.000 cars were sold and 
registered in Germany. About 40 percent were 
equipped with the DISTRONIC PLUS package. The 
other 60 percent were equipped with parking 
assistance. The data base contains orders of nearly 
2700 front and 3500 rear bumper.  
The basic idea (fig. 17) is to follow the flow of the 
impact energy on its wave of destruction through the 
crash structure elements in the front respectively rear-
end. 

The body of a Mercedes-Benz passenger car provides 
impact protection in three stages. These stages are 
triggered progressively in the severity of the impact.  

At an impact speed up to approximately 4 km/h the 
plastic bumpers and their associated foam plastic 
components absorb the impact energy and then 
resume their original shape. 
In an impact up to 15 km/h, the energy is absorbed 
by the front cross member and the crash boxes in 
the front end module. Thus the structural members 
situated further aft (longitudinal members for 
example) are protected. 
At speed exceeding 15km/h, sturdy front end side 
members also share in the task of absorbing impact 
energy. The forces are transmitted in four 
directions: firstly along the cross members in the 
front end module, secondly along the longitudinal 
members behind the crash boxes; thirdly along the 
upper side members above the wheel arches and 
fourthly transferring via the front wheel into the 
side structures. 

This crashworthiness is equal for front and rear crash 
structures. Therefore a first approximation of the 
collision speed as an indicator for the severity of the 
impact could be deduced by the passed threshold of 

these characteristic trigger points for plastic bumper, 
cross member, crash box and structural members 
behind the crash box. It is illustrated by figure 18. The 
collision speed helps to relate the order to a damage 
caused (probably) by a parking or a frontal accident. 

Coming back to the evaluation of the data, the first 
task is to identify those orders that belong to a repair 
that was caused by a frontal (or rear) crash. Simplified 
the task is to identify closed chains like:  

plastic bumper  
plastic bumper and cross member 
plastic bumper and cross member and side member 
and so on. 

The second task is to match the chains to the ordered 
extras “DISTRONIC PLUS package”, “Park Assist”, 
“no extra”. A more principle task is to differentiate 
ordering resulting in repairs and in no-repairs (tuning 
reconstructions for example).  
The results gained for the front-end side were 
contained in figure 19. The figures demonstrate that 
the rate of repairs for those cars which were equipped 
with the DISTRONIC PLUS package was reduced for 
all three ranges of energy equivalent collision speeds. 
The rate of repairs containing a front-end bumper were 
reduced by 5 percent, a front-end bumper in 
combination with a cross member dropped by 15 
percent and repairs involving front-end bumper, cross 
and longitudinal member dropped by 25 percent. 

The basis of this analysis is spare-parts used for 
repairs. In doing so, the damage of the front and rear 
of a S-Class is categorized in terms of the needed parts 
for the repair, not in categories of the collision leading 
to this damage. Below, we try to reduce this limitation 
by using representative accident data gained by 
analyzing GIDAS. Starting points for doing so, are the 
ranges of energy equivalent speeds (EES) 
corresponding to impacts that damage these spare-
parts. The first step is to estimate the amount of total 
losses. This number could not obtained by a spare-part 

Figure 18:  Different velocity ranges due to parking and front-
end damages.

Figure 17:  Direction and flow of impact energy through the 
front-end crash structurs 

Figure 19:  Reduction of front-end spare parts used for 
repairs due to the equipment with the DISTRONIC PLUS 
package in model W221 in Germany from lunch to 10-2008
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analysis; there is no repair of such cars. The collisions 
that correlate to such high energy impacts are 
generally accidents with injured persons. Especially a 
limit for an energy equivalent speed for a total loss is 
hard to determine. (Keep in mind that the impact 
energy is only one factor, a more determinant one is 
the age of the vehicle and its current value.) Figure 20 
demonstrates the cumulative frequency of frontal 
damages of passenger cars in terms of their EES 
values (energy equivalent speeds). Following up 
collisions of one passenger car were considered by 
summing up energies. Fig. 20 shows that the damages 
corresponding to the EES range from 15 km/h to 45 
km/h are 12 times higher than those corresponding to 
EES values greater than 45km/h. By this, a lower limit 
for total losses not contained in the data is 10% 
percent of the amount of the EES range from 15 to 45 
km/h. Beyond that, figure 20 gives estimation for the 
proportion of the number of frontal collision with 
injuries and their severity corresponding to the defined 
and considered ranges for EES.  

The next task is to assign the observed efficiency of 
the DISTRONIC PLUS package in avoiding repairs to 
that kind of accident were it results from. We have to 
bear in mind that an avoided repair in one of the EES 
ranges does not mean that the corresponding collision 
is avoided. In general the damage is mitigated 
respectively shifted in another EES range. The radar 
sensors can detect only vehicles that were moving 
ahead in the same direction, waiting or starting. When 
manoeuvring or parking vehicles satisfy the above 
limitations, they might be detected as well. So we 
have to identify the fraction of rear-end collisions for 
each EES interval. The result is contained in figure 21. 

The efficiency of avoiding or mitigating rear-end 
collision results from the reduced spare-parts in 
proportion of rear-end collisions summed up over all 
intervals. By doing so, we get an efficiency of the 
DISTRONIC PLUS package in avoiding 52 percent of 
all rear-end collisions with injuries. The efficiency that 
we obtained by this method is close to the efficiency 
of 45 percent we obtained by an alternative method 
presented in a former section for a sub package 
without PRE-SAFE® Brake stage 1. A most 
gratifying development is that the DISTRONIC PLUS 
package especially avoids accidents in the ranges of 
high EES values were the probability of an serious 
injury is substantial or, if that is not possible, reduces 
the dynamics of the vehicle to such an extent that the 
secondary safety measures are able to act best 
possible. 
Now we will discus the results gained for the rear-end 
side. The figures for the reduction of spare-parts 
needed for repairs in the former discussed intervals for 
EES are contained in figure 22. The figures 
demonstrate that the rate of repairs for those cars 
which were equipped with the DISTRONIC PLUS 
package is reduced for all three ranges of damages. 
The rate of repairs containing a rear-end bumper is 
reduced by 3 percent, the need for a rear-end bumper 
in combination with a cross member dropped by 9 
percent and repairs involving rear-end bumper, cross 

and longitudinal member dropped by 38 percent. 
Again we analyzed GIDAS data to generate the 
cumulative frequency of rear-end damages in terms of 
their EES values. The graph is shown in fig. 23. For 
the rear-end damages we get a factor of 15 between 
the fraction of the EES interval from 15 km/h to 40 
km/h and the range of EES values above 40km/h. By 
this, we can approximate the total losses not contained 
in the data by 10 percent of the fraction of the EES 
interval from 15 to 40 km/h. Again fig. 23 gives 
estimation for the proportion of the number of frontal 
collision with injuries and their severity corresponding 
to the defined ranges for their severity labelled by 
EES.  
Interesting is the reduction of 38 percent thanks to the 
DISTRONIC PLUS package in the ordering of 
longitudinal members. The damage of these parts 
needs collision speeds above 15 km/h, which are not 
in the usual range of parking damages. Keeping in 

Figure 22:  Reduction of rear-end spare parts used for repairs 
due to the equipment with the DISTRONIC PLUS package in 
model W221 in Germany from lunch to 10-2008

Figure 21: Fraction of rear-end collisions with injuries and front 
damages in different EES intervals (GIDAS evaluation, 12-06) and 
avoided repairs for cars equiped with DISTRONIC PLUS package.

Figure 20:  Cumulatative frequency of  representative frontal 
demages described in terms of  EES (energy equivalent speed). 
Databasis: passenger car with deamged hood, involved in a frontal 
collision with injured persons (GIDAS 12-2006; n=9520/6008) 
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mind that both groups differ only by equipment with 
or without the DISTRONIC PLUS package, the 
reduced rate of spare parts can result only from an 
influence of it. Therefore a longitudinal member in the 
rear-end crash structure that is not broken can result 
only from an avoided collision with a car following 
behind. This proves that a system, which is originally 
designed to avoid or mitigate collisions with cars 
driving in front, can protect the driver from a crash 
with the succeeding car. The explanation for this 
phenomenon is that the components of the 
DISTRONIC PLUS package like collision warning, 
the target braking characteristic of the Brake Assist 
PLUS etc. are able to defang critical car following 
situations that might lead to a rear-end collision for the 
car equipped with this package as well as the car 
following behind. In general this will transfer a (panic) 
reaction that is fast-paced (late and hard reaction) to a 
preponed moderate one (effective by target-braking). 
Since the usually observable vehicle following 
distances require prompt and adequate reactions this 
damping behavior of the DISTRONIC PLUS package 
reduced the needed capability of the driver 
respectively the performance of the (closed) system 
driver and his vehicle. This increases the range of 
combination of response / reaction times and chosen 
intensities to avoid the collision. So, the probability 
that the driver behind reacts with a combination that 
can avoid the collision increases. Those critical 
situations appear especially in follow up collision 
situations. Fig. 24 shows that nearly each third rear-
end collision is followed by another rear-end collision. 

In this case the vehicle that was the succeeding car in 
the first collision is now the preceding car with which 
a following vehicle collides. Therefore the 
DISTRONIC PLUS package is able to avoid or 
mitigate the collision with the following vehicle as 
well. We have to identify the fraction of rear-end 
collisions for each EES interval. The result is 

contained in figure 25. We observed a fraction of 24 
percent in which rear-end collisions could be avoided 
or mitigated for the car in front thanks for its being 
equipped with the DISTRONIC PLUS package. 

Reviewing the results, we can give a positive 
summary: the predicted efficiency in avoiding or 
mitigating rear-end collisions of the DISTRONIC 
PLUS package could be demonstrated in the event of 
real life accidents for a representative large-scale 
sample size. The proofed evidence of the DISTRONIC 
PLUS package in avoiding respectively mitigating 
rear-end collisions with the vehicle following in 
behind is the significant new result.

THE KEY SAFETY PROBLEM – 
PENETRATION OF THE MARKET  

So far this paper deals with promising results: 
A normal driver is able to avoid a collision with a 
vehicle in front in 8 percent of all cases thanks to 
Brake Assist (classic). 
A normal driver is able to avoid a collision with a 
vehicle in front in 20 percent of all cases and to 
reduce the severity in an additional 25 percent 
thanks to DISTRONIC PLUS and BAS PLUS. 
A normal driver is able to avoid or mitigate each 
second collision with a vehicle in front 
respectively each fourth with a vehicle behind 
thanks to the DRISTONIC PLUS package. 

The results demonstrate that an individual customer 

can reduce considerably his risk of being involved in a 
rear-end collision for example by ordering a passenger 
car that includes this measures as standard or ordering 
it as an optional extra. They could be seen as 
milestones on the realization of an “individual” 
accident-free driving. In order to determine the 
contribution for the improvement in vehicle safety in 

Figure 24: Amount of rear-end collisions with a following up or 
subsequent rear-end collision  (Basis: GIDAS evaluation, 12-06)

Figure 25: Fraction of rear-end collisions with injuries and rear-
end damages in different EES intervals (GIDAS, 12-2006) and 
avoided repairs for cars equiped with DISTRONIC PLUS.

Primary 
safety 
system 

first 
offered  
S-
Class 

standard 
equipment  
Mercedes- 
Benz  
passenger 
car since 

penetration in 
Mercedes-Benz 
passenger cars 
registered in 
Germany in 2007 

penetration 
in passenger 
cars 
registered 
in Germany 
in 2007 

ABS 1978 1992 96% 83% 
BAS 1996 1997 75% 28%* 
ESP 1994 1999 62% 43% 
DISTRONIC 
PLUS 
package 

2005 -   1% - 

* not  comparable to BAS functionality of Mercedes-Benz in all other cars 
Table 1: Market penetration of primary safety systems 

Figure 23: Cumulatative frequencies of representative rear-end 
demages described in terms of EES (energy equivalent speed). 
Databasis: passenger car with deamged rear, involved in a rear 
collision with injured persons (GIDAS 12-2006; n=2820/2015) 
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Germany or the EU it is important to consider the 
penetration rate of such a primary safety measure. 
Tab. 1 contains the rates for selected systems equipped 
in Mercedes-Benz passenger cars registered in 
Germany in 2008. The share of the market of 
Mercedes-Benz was 9.1 percent in 2008. Due to the 
decision of Mercedes-Benz to take ABS, BAS, ESP as 
standard equipment of their passenger cars in the last 
years, the equipment rates of theses systems in 
Mercedes cars is much higher than in the actual 
vehicle population. 
Looking at the registration figures of passenger cars in 
Germany since 1991, it demonstrates that in nearly 7 
years 50 percent of all passenger cars were renewed in 
average. Assuming a mandatory introduction of a 
safety measure, how long would it take for a 
penetration of the vehicle population to reach a rate of 
65 percent? A general response to this question is 
contained in fig. 3. Keeping in mind that there will be 
extra time for standardization (3 years), legislation (3 
years) and preparation for the OEM’s (2 years) an 
extra of 8 years had to be added to the 9 years needed 

for market penetration for before a mandatory 
introduction.  

CONCLUSION 

The vision of Accident-Free Driving started as a 
research project in the DaimlerChrysler Research and 
became shortly after the vision of Mercedes-Benz. 
Both were rooted in the PROMETHEUS project 
(Program for European Traffic with Highest 
Efficiency and Unprecedented Safety) which was 
launched in 1986 by the then Daimler-Benz AG and 
was carried on as a cooperative venture of several 
European motor manufacturers, electronics producers 
and suppliers, universities and institutes for eight 
years. This cooperation resulted in numerous 
technologies with great benefits, which Mercedes-
Benz translated into concrete technical products, 
among them the autonomous intelligent cruise control 
system DISTRONIC PLUS and the automatic PRE-
SAFE® brakes – purchasable 20 years after the launch 
of PROMETHEUS. These and other technologies like 

Brake Assist and it enhancement with sensors and 
environment perception technologies play an 
important role in the vision of Accident-Free Driving.
In this paper we demonstrate the evidence of these 
systems in avoiding and mitigating the severity of 
longitudinal accidents in the event of real world 
accidents. Brake Assist, DISTRONIC PLUS and its 
sub functionalities collision warning, Brake Assist 
PLUS, PRE-SAFE® brake made a contribution to a 
significant reduction in the event of real life accidents.  
If an accident is not avoidable these systems are 
interconnected so that they can made a contribution to 
stabilize respectively reduce the dynamics of the 
vehicle to such an extent that the secondary safety 
measures are able to act best possible. PRE-SAFE® is 
the interface to secondary safety measures. It is 
offering integrated safety by anticipating an 
impending accident based on data shared with primary 
safety measures and activating protective measures in 
advance [5, 29]. Networking (in the pre-crash phase) 
between primary and secondary safety measure with 
the objective of integrating the actual dynamics of 
vehicle and passengers into account for the behaviour 
of primary systems as well as preventive occupant 
protection and individualization of secondary 
measures to increase the integral protective effect [2]. 
Mercedes-Benz is now working on the next 
generations of assistance systems that will provide 
drivers with assistance in other types of critical 
situations. Expanded environmental assessment will 
afford new possibilities in the future for 
comprehensive enhancing vehicle safety. Next 
objectives are crossing pedestrian or vehicles, 
oncoming traffic and intersection assistance [3, 21]. 
Based on Daimler’s philosophy of Real Life Safety, an 
over 40 years tradition in integration accident research 
results and in configuring systems on the basis of real 
life accidents, the work to realize the vision of 
Accident-Free Driving is continued in numerous 
research and engineering projects [22, 28].    
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ABSTRACT

NHTSA  published  the  report  “Pre-Crash  Scenario 
Typology for Crash Avoidance Research”, DOT HS 
810 767, in April 2007.  This paper reviews the data 
presented  in this  DOT report  and will  examine the 
data for patterns which may be useful in prioritizing 
safety  technology  strategies  from  a  frequency, 
economic cost and functional years lost perspective. 
Furthermore, techniques are developed and presented 
which offer weighing methodologies which could be 
useful  in  ranking  anticipated  benefits  of  various 
advanced  safety  technologies  currently  coming  to 
market. The paper concludes with calculated rankings 
of  the  six  advanced  safety  technologies,  discusses 
the  ranking  results  relative  to  a  similar  calculated 
ranking  of  ESC  and  offers  some  observations 
regarding  ESC  behavior  and  potential  unexpected 
safety benefits of ESC.

INTRODUCTION

The DOT Report  HS 810 767 “Pre-Crash Scenario 
Typology for Crash Avoidance Research” defined a 
new  37  pre-crash  scenario  typology  for  crash 
avoidance  research  based  upon  the  2004  General 
Estimates System (GES) crash database.   This report 
also  defined  and  provided  information  regarding 
frequency  of  occurrence,  economic  cost  and 
functional  years  lost  for  each  of  the  37  pre-crash 
scenarios.

Crash Categories

The 37 pre-crash scenarios  as defined by this DOT 
report were examined and a pattern emerged which 
indicted that similar scenarios could be grouped into 
broader  common  categories.   These  broader 
categories  encompass  similar  situation,  vehicle  and 
driver dynamics.   The benefit  of combining similar 
scenarios  is  that  a  more  global  perspective  can 
emerge regarding the kinds of crashes that occur and 
the associated frequency, economic cost and 

functional  years  lost.   Ultimately  the  37  scenarios 
were combined into 15 crash categories.

The 37 pre-crash scenarios as presented by the DOT 
Report  HS 810 767 “Pre-Crash  Scenario  Typology 
for Crash Avoidance Research” are listed below.  The 
numbering of  the scenarios  is  reproduced  as  in  the 
“Executive  Summary”  of  the  DOT  report  (the 
scenario  numbering  varies  throughout  the  DOT 
report).

Table 1.
37 Pre-Crash Scenarios
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  10.  Animal Crash Without Prior Vehicle Maneuver
  11.  Pedestrian Crash With Prior Vehicle Maneuver
  12.  Pedestrian Crash Without Prior Vehicle Maneuver

  15.  Backing Up Into Another Vehicle
  16.  Vehicle(s) Turning – Same Direction
  17.  Vehicle(s) Parking – Same Direction
  18.  Vehicle(s) Changing Lanes – Same Direction
  19.  Vehicle(s) Drifting – Same Direction
  20.  Vehicle(s) Making a Maneuver – Opposite Direction
  21.  Vehicle(s) Not Making a Maneuver – Opposite Direction
  22.  Following Vehicle Making a Maneuver
  23.  Lead Vehicle Accelerating
  24.  Lead Vehicle Moving at Lower Constant Speed
  25.  Lead Vehicle Decelerating
  26.  Lead Vehicle Stopped
  27.  Left Turn Across Path From Opposite Directions at Signalized Junctions
  28.  Vehicle Turning Right at Signalized Junctions
  29.  Left Turn Across Path From Opposite Directions at Non-Signalized Junctions
  30.  Straight Crossing Paths at Non-Signalized Junctions
  31.  Vehicle(s) Turning at Non-Signalized Junctions
  32.  Evasive Action With Prior Vehicle Maneuver
  33.  Evasive Action Without Prior Vehicle Maneuver
  34.  Non-Collision Incident
  35.  Object Crash With Prior Vehicle Maneuver
  36.  Object Crash Without Prior Vehicle Maneuver
  37.  Other

    1.  Vehicle Failure
    2.  Control Loss With Prior Vehicle Action
    3.  Control Loss Without Prior Vehicle Action
    4.  Running Red Light
    5.  Running Stop Sign
    6.  Road Edge Departure With Prior Vehicle Maneuver
    7.  Road Edge Departure Without Prior Vehicle Maneuver
    8.  Road Edge Departure While Backing Up
    9.  Animal Crash With Prior Vehicle Maneuver

  13.  Pedalcyclist Crash With Prior Vehicle Maneuver
  14.  Pedalcyclist Crash Without Prior Vehicle Maneuver



The  regrouping  of  the  scenarios  in  this  paper  was 
accomplished as follows:

• Crash  scenarios  differentiated  by  “with”  or 
“without  prior  vehicle  maneuver”  such  as 
scenarios 2 and 3 were grouped together into a 
single category because both are variations of a 
single  scenario;  loss  of  control,  road  edge 
departure,  animal crash etc.  with a variation of 
prior driver action.

• Scenarios  23,  24,  25  and  26  were  grouped 
together  as  all  four  pre-crash  scenarios  were 
variations of a particular theme; a rear end crash 
with some difference regarding the exact state of 
the lead vehicle.

• Pre-crash scenarios involving turning in various 
directions  at  signalized  and  non-signalized 
junctions were grouped together because all are 
variations of an intersection crash.

• Running red lights and stop signs were grouped 
together since both involve the driver not acting 
appropriately  regarding  a  traffic  control  device 
requiring a full stop.

• Pedestrian and pedalcyclist crashes were grouped 
together  as  all  encompass  a  personal  injury 
outside the vehicles.

• Pre-crash scenarios of vehicles turning, parking-
same direction, changing lanes and drifting were 
grouped  together  into  traveling  and  turning 
together because all the vehicles are on parallel 
paths.

• Pre-crash  scenarios  of  vehicles  turning  at  or 
crossing  paths  at  signalized  or  non-signalized 
junctions  were  grouped  together  since  these 
crashes  occurred  at  intersections  and  at  either 
oblique  or  perpendicular  impacts  between 
vehicles.

Ultimately the 37 pre-crash scenarios were grouped 
together  to  form  15  crash  categories  as  shown  in 
Table 2.

Table 2.
15 Crash Categories

Two  pre-crash  scenarios  were  moved  from  their 
original sequence in the DOT report HS 810 767 to 
revised locations.

Scenario 8, Road Edge Departure while Backing Up, 
was moved from the Road Edge Departure category 
into  the  Backing  Up  category  because  it  is  a  low 
speed  event.   The  other  road  edge  departure 
scenarios,  Road  Edge  Departure  with/without  Prior 
Vehicle Maneuver (6, 7), are both events that happen 
at significant forward velocity while scenario 8 is a 
slow speed event.   It  fits more appropriately in the 
Backing Up category.

Scenario 22, Following Vehicle Making a Maneuver, 
was moved from the Rear End Collision category to 
the Traveling and Turning Together category because 
it is a scenario that occurs during a relatively constant 
vehicle  velocity  situation  and  not  during  a 
decelerating/accelerating  situation  as  would  happen 
at  an  intersection  where  rear  end  crashes  generally 
occur.

Table  3  containing  the  complete  37  pre-crash 
scenarios as sorted and rearranged into the 15 crash 
categories is included in the Appendix.

Though not mentioned in the DOT report, the 37 pre-
crash  scenarios  were  ordered  in  the  sequence  as 
presented  above  in  the  executive  summary  of  the 
DOT  report  with  the  two  exceptions  mentioned. 
Otherwise, the pre-crash scenario numbers change in 
the DOT report.   This  grouping  was  not  expanded 
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    1.  VEHICLE FAILURE
    2.  LOSS OF CONTROL
    3.  RUNNING RED LIGHTS AND STOP SIGNS
    4.  ROAD EDGE DEPARTURE
    5.  ANIMAL CRASH
    6.  PEDESTRIAN AND PEDALCYCLIST CRASH
    7.  BACKING UP
    8.  TRAVELING AND TURNING TOGETHER
    9.  TRAVELING IN OPPOSITE DIRECTIONS
  10.  REAR END COLLISION
  11.  CRASH AT INTERSECTION  
  12.  EVASIVE MANEUVER
  13.  NON-COLLISION INCIDENT
  14.  RUNNING INTO OBJECT
  15.  OTHER



upon within the DOT report.  It was not attributed to 
previous efforts and may have been an intermediate 
step in the development of the 37 pre-crash scenarios. 
The  author  believes  these  15  crash  categories  are 
important  to  consider  in  vehicle  safety  research 
because they allow a more global level of focus and 
prioritization than is practical  with the 37 pre-crash 
scenarios.  The 37 pre-crash scenarios offer a more 
detailed perspective regarding crash scenarios.  Both 
a global and detailed focus is appropriate to consider 
for research.

The  15  crash  categories  summarize  the  possible 
variations  of  travel  direction  and  kinds  of  crash 
situations  that  occur  on-road  in  a  broad  sense: 
Drivers  end  up  running  into  each  other  while 
traveling  in  the  same  direction,  while  traveling  on 
opposing head-to-head paths and while on generally 
perpendicular  paths,  they  run  red  lights  and  stops 
signs.  Drivers run into things, other people, animals, 
objects or the vehicle ahead of them.  Drivers lose 
control of their vehicles or “fall off the road” for no 
apparent reason.  Sometimes drivers have an incident 
while backing up or parking.  Drivers attempt evasive 
action  and  end  up  crashing.   Vehicles  experience 
mechanical  failures  that  can  initiate  a  crash  or 
sometimes  a  non-collision  event  happens  that 
precipitates a crash.  Finally,  an “other” category is 
maintained  for  situations  that  may not  fit  the prior 
categories.  An examination of what kinds of crashes 
occur  can  provide  useful  research  direction  in 
addition  to  the  other  classical  questions  of  who, 
when, where, how and why.

It may be wise to be cautious in the assumption that 
the  data  record  available  is  infallible  and  that  all 
accident facts were interpreted and recorded properly. 
The broader picture is probably reasonably accurate, 
however,  the  details  can  become  murky.   A 
difference between a rear end crash and a sideswipe 
crash is clear to recording authorities.  The fact of a 
rear end crash is pretty obvious, but was the forward 
vehicle  accelerating or traveling at  a steady speed? 
That question is unlikely to be answered with as high 
a  degree  of  accuracy  by  observers  or  authorities 
investigating  the  incident  and  filling  out  the 
paperwork.   An  argument  can  be  made  to  use  a 
variety of data sets each set providing some definition 
of the problem while also introducing some level of 
noise and confusion.

Examination  of  the  15  crash  categories  provides  a 
more global perspective of the data than presented in 
the  DOT  Report  HS  810  767.   The  15  crash 
categories provide an information base that may be 
used  to  examine  the  relative  importance  of  each 
category and provide a framework within which the 
benefits of some technologies may be assessed.

The raw data for the 15 crash categories in terms of 
frequency  of  occurrence,  economic  cost  and 
functional years lost as defined in the DOT report is 
presented in Table 4.

Crash Category Data Examination

Tables 5 through 7 present the data for the 15 crash 
categories  sorted  in  terms  of  frequency,  economic 
cost and functional years lost.  The 15 crash category 
data was sorted in descending order  and the Pareto 
principle (80/20 rule) [1] was applied to identify the 
categories  that  would  account  for  the  top  80% 
(approximately)  of  the  frequency  of  occurrence, 
economic cost and functional years lost.

Table 5 sorts the crash category data in descending 
order of frequency.  The top 80% of crashes are:
• Rear End Collision 27.5%
• Crash at Intersection 19.3
• Traveling and Turning Together 13.3
• Loss of Control 10.6
• Road Edge Departure   6.8

Table 6 sorts the crash category data in descending 
order of economic cost.  The top 80% of crashes are:
• Rear End Collision 21.7%
• Crash at Intersection 21.6
• Loss of Control 14.8
• Traveling and Turning Together   8.6
• Road Edge Departure   8.5
• Running Red Lights and Stop Signs   6.6

Table 7 sorts the crash category data in descending 
order  of  functional  years  lost.   The  top  80%  of 
crashes are:
• Crash at Intersection 19.9%
• Loss of Control 19.0
• Rear End Collision 15.2
• Road Edge Departure 11.0
• Traveling in Opposite Directions   8.6
• Pedestrian and Pedalcyclist Crash   7.9
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Table 4.
Crash Categories:  Frequency, Economic Cost and Functional Years Lost

Table 5.
Data Sorted by Frequency

Table 6.
Data Sorted by Economic Cost
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37 DOT
SORTED BY ECONOMIC COST CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 1 27.46 25,961 1 21.66 422 15.24
11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 2 21.59 550 19.86
2 LOSS OF CONTROL 2, 3 632,000 4 10.63 17,766 3 14.82 527 19.03
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 3 13.31 10,275 4 8.57 184 6.64
4 ROAD EDGE DEPARTURE 6, 7 402,000 5 6.76 10,149 5 8.47 304 10.98
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6 6.62 163 5.89
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 8.60
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94

12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54
1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94

14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
15 OTHER 37 36,000 0.61 764 0.64 21 0.76
13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47

TOTALS 5,943,000 100 119,846 100 2,769 100

37 DOT
SORTED BY FREQUENCY CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 1 27.46 25,961 21.66 422 15.24
11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 21.59 550 19.86
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 3 13.31 10,275 8.57 184 6.64
2 LOSS OF CONTROL 2, 3 632,000 4 10.63 17,766 14.82 527 19.03
4 ROAD EDGE DEPARTURE 6, 7 402,000 5 6.76 10,149 8.47 304 10.98
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6.62 163 5.89
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 8.60
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87

14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47
1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94

15 OTHER 37 36,000 0.61 764 0.64 21 0.76

TOTALS 5,943,000 100 119,846 100 2,769 100

37 DOT
CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94
2 LOSS OF CONTROL 2, 3 632,000 10.63 17,766 14.82 527 19.03
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6.62 163 5.89
4 ROAD EDGE DEPARTURE 6, 7 402,000 6.76 10,149 8.47 304 10.98
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 13.31 10,275 8.57 184 6.64
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 8.60

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 27.46 25,961 21.66 422 15.24
11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 19.25 25,874 21.59 550 19.86
12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47
14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
15 OTHER 37 36,000 0.61 764 0.64 21 0.76

TOTALS 5,943,000 100 119,846 100 2,769 100



Table 7.
Data Sorted by Functional Years Lost

It  is  noteworthy  to  observe  that  8  of  the  15  crash 
categories cover 80% of the occurrences in terms of 
frequency,  economic cost  and functional  years  lost. 
This  data  offers  a  potential  prioritization  point  of 
view.  If progress is made in regards to reducing the 
frequency and severity of these 8 crash categories, a 
significant savings of life and economic cost can be 
expected.

In the functional years lost viewpoint, two categories 
appear  that  do  not  appear  in  the  frequency  and 
economic  cost  analysis.   Traveling  in  Opposite 
Directions  and  Pedestrian/Pedalcyclist  Crash 
categories  rise  in  significance.   Head  on  collisions 
and  collisions  with  people  outside  the  vehicle  are 
crash categories that do not happen often but tend to 
involve severe injury and therefore rise in importance 
in the functional year lost analysis.

A closer examination of the data shows that within 
this  prioritization two or  three  categories  stand out 
from the  rest  in  magnitude.   In  frequency  sorting, 
Rear  End  Collisions  and  Crashes  at  Intersections 
stand  out  above the  others.   In  economic  cost  and 
functional  years  lost  sorting  both  also  stand  out 
however Loss  of Control also appears.   After these 
three categories there is a distinct drop in magnitudes 
of occurrence for the remaining categories.  The top 
two categories in frequency account for 47 percent of 
the  total  occurrences.   The  top  three  categories  in 
economic cost account for 58 percent of the total.  In 
functional years lost the top three categories account 
for 54 percent of the total.

The 15 crash categories presented in this paper offer 
an  opportunity  to  focus  attention  upon  specific 
incidents which encompass similar situation, vehicle 
and  driver  dynamics  and  may  benefit  from  a 
particular advanced safety technology.  This data can 
be used to structure further  research into a specific 
crash category from a driver behavior point of view, 
from a vehicle technology point of view and from a 
transportation infrastructure point of view.  This data 
provides  a  framework  to  focus  resources  upon the 
areas where the most benefit may be achieved for the 
effort committed.

Severity Index and Cost Index

The  data  in  this  study  was  used  to  calculate  a 
“Severity Index” and a “Cost Index” which provide 
an indication of functional years lost per incident as 
well as an economic cost per incident.  The Severity 
Index is the division of the total functional years lost 
by  the  frequency  of  occurrence  for  a  particular 
category.  The Severity Index can be considered to be 
the average functional years lost per incident within a 
category.   The  Cost  Index  is  the  division  of  total 
economic cost by the frequency of occurrence for a 
particular  crash  category.   The  Cost  Index  can  be 
considered  to  be  the  average  economic  cost  per 
incident within a category.

Table  8  presents  the  Severity  Index  in  descending 
order and the Cost Index for the 15 crash categories.
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37 DOT
SORTED BY FUNC. YEARS LOST CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 2 21.59 550 1 19.86
2 LOSS OF CONTROL 2, 3 632,000 4 10.63 17,766 3 14.82 527 2 19.03

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 1 27.46 25,961 1 21.66 422 3 15.24
4 ROAD EDGE DEPARTURE 6, 7 402,000 5 6.76 10,149 5 8.47 304 4 10.98
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 5 8.60
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 6 7.87
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 3 13.31 10,275 4 8.57 184 6.64
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6 6.62 163 5.89

12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94
1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94

14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
15 OTHER 37 36,000 0.61 764 0.64 21 0.76
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54

13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47

TOTALS 5,943,000 100 119,846 100 2,769 100



Table 8.
Severity Index and Cost Index

The Severity Index and the Cost Index can be used to 
compare the categories on a per incident basis.  The 
Severity Index and the Cost Index can also be applied 
to the pre-crash scenarios from the DOT Report HS 
810 767 for in-depth examinations of the 37 pre-crash 
scenarios.

Examination of the Severity Index reveals that there 
are  distinct  steps  in  the  data:   Pedestrian  and 
Pedalcyclist  Crashes  and  Traveling  in  Opposite 
Directions  have  a  Severity  Index  of  2.22 and  1.71 
years  lost  per  occurrence.   The  categories  Loss  of 
Control,  Road  Edge  Departure,  Vehicle  Failure, 
Other, Evasive Action, Running Red Lights and Stop 
Signs, and Crash at Intersection occupy a bracket of 
approximately 0.50 to 0.80 years lost per occurrence. 
The  categories  of  Non-Collision,  Running  into 
Object,  Rear  End  Collision  and  Traveling  and 
Turning Together occupy a bracket of approximately 
0.20  to  0.30  years  lost  per  occurrence  while  the 
categories Animal Crash and Backing Up occupy a 
bracket  of  years  lost  below  0.10  years.   Table  9 
summarizes this information.

The maximum level of Severity Index is observed in 
the crash categories Pedestrian and Pedalcylist Crash 
and  Traveling  in  Opposite  Directions  which  is 
supported  by  the  fact  that  pedestrians  and 
pedalcyclists  are  unprotected  when  impacted  by  a 
vehicle  and  can  be  expected  to  sustain  significant 
injury.   Traveling  in  Opposite  Directions  is  a 
category that  encompasses  head  on crashes,  one of 
the most severe crashes possible due to the relative 
velocity between vehicles.

Table 9.
Severity Index Range

The Cost Index basically parallels the Severity Index 
except  in  the  categories  Rear  End  Collision  and 
Traveling  and  Turning  Together.   These  two 
categories  have  a  higher  Cost  Index  ranking  than 
Severity  Index  ranking  and  are  suspected  to  incur 
proportionally  more  property  damage  than  human 
injury compared to the other categories therefore the 
higher Cost Index ranking.

The  Severity  Index  offers  a  prioritization 
methodology that indicates where the probability of 
the most severe injury can be expected given that a 
crash  occurs.   However,  it  does  not  include  a 
frequency of occurrence perspective that is necessary 
when considering the overall consequence to society. 
A  few  rare  severe  occurrences  may  not  outweigh 
more  frequent  but  less  severe  incidents.   Both 
severity and frequency must be considered.

Potential Benefits of Advanced Safety 
Technologies 

Six advanced safety technologies were examined for 
the potential of each to reduce the occurrence or to 
mitigate the consequences of the 15 crash categories 
previously described.

The six advanced safety technologies selected for this 
examination are:
• Collision Preparation, Automatic Brake 

Application
• Forward Collision Warning to Driver
• Side Alert/Lane Warning/Lane Keeping 

Assistance
• Emergency Brake Assistance to Driver
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CATEGORY CATEGORY DESCRIPTION

Severity 
Index 

Years/Inc.

Cost Index: 
Dollars/Inc.

6 PEDESTRIAN, PEDALCYCLIST CRASH 2.22 68255
9 TRAVELING IN OPPOSITE DIRECTIONS 1.71 52878
2 LOSS OF CONTROL 0.83 28111
4 ROAD EDGE DEPARTURE 0.76 25246
1 VEHICLE FAILURE 0.62 25024

15 OTHER 0.58 21222
12 EVASIVE ACTION 0.58 22420
3 RUNNING RED LIGHTS and STOP SIGNS 0.54 26281

11 CRASH AT INTERSECTION 0.48 22617
13 NON-COLLISION 0.28 12870
14 RUNNING INTO OBJECT 0.26 9906
10 REAR END COLLISION 0.26 15907
8 TRAVELING AND TURNING TOGETHER 0.23 12990
5 ANIMAL CRASH 0.08 5341
7 BACKING UP 0.08 6584

Crash Category Severity Index
Functional Years Lost/Incident

Pedestrian and Pedalcyclist Crash
Traveling in Opposite Directions

Loss of Control
Road Edge Departure

Vehicle Failure
Other

Evasive Action
Running Red Lights and Stop Signs

Crash at Intersection

Non-Collision
Running into Object
Rear End Collision

Traveling and Turning Together

Animal Crash
Backing Up  < 0.10

1.71 – 2.22

    0.50 – 0.80

  0.20 – 0.30



• Rear Automatic Brake Application
• Automatic Cruise Control

Electronic  Stability  Control  (ESC),  a  recently 
legislated technology in the USA, was also included 
in  the  potential  benefit  assessment.   ESC  was 
included in order to put  the relative benefits  of the 
new technologies into perspective and to examine the 
hypothetical  merits  of  ESC  versus  the  six 
technologies.

The six advanced safety technologies were defined as 
described below:

Collision  Preparation,  Automatic  Brake 
Application:  Automatic brake application at the 
last “split second” before a frontal collision with 
an  object  occurs.   The  intent  is  to  produce 
emergency  vehicle  deceleration  just  prior  to 
impact  thereby  reducing  kinetic  energy  and 
reducing impact velocity.

Forward  Collision  Warning  to  Driver:   Driver 
warning  system  that  informs  and  focuses  the 
driver's  attention  to  the  high  probability  of  an 
impending  collision  situation  in  front  of  the 
vehicle.  This warning would inform the driver to 
act  appropriately  to  avoid  or  mitigate  the 
collision.

Side  Alert  /  Lane  Warning  /  Lane  Keeping 
Assistance:   Driver  warning / assist  system that 
helps keep the driver from wandering out of his 
lane and informs the driver that there are vehicles 
alongside in parallel lanes.  The system can range 
from a warning system to a vehicle lane keeping 
assistance system.

Emergency  Brake  Assistance  to  Driver:   Brake 
assist system that optimizes vehicle deceleration 
based upon recognition that a driver may be in a 
high stress situation requiring aggressive braking.

Rear  Automatic  Brake  Application:   Automatic 
brake application while in reverse if a collision is 
imminent.

Automatic Cruise Control:  Cruise control that 
maintains spacing to the vehicle in front on a 
highway, adjusting speed up and down to keep 
appropriate distance.  It requires the driver to 

activate it, does not apply brakes and does not 
work in stop and go traffic.

Electronic Stability Control:  Current ESC 
technology, a brake actuated vehicle yaw stability 
control system which reacts to vehicle status and 
driver input.  ESC adjusts vehicle yaw 
performance via four corner brake actuation to 
match the intended driver / vehicle path.

Since these six advanced technologies are emerging 
in the marketplace, minimal field data is available for 
study regarding their benefits in global applications. 
Field data will take a long time to acquire.  It  may 
also become difficult to draw conclusions from field 
data considering the minuscule data sets containing 
the specific technologies, the confounding effects of 
multiple factors and the noise levels throughout the 
data gathering and analysis process.

Focused field studies or advanced driving simulator 
studies of specific combinations of crash categories / 
scenarios  and  advanced  safety  technologies  may 
provide  significant  value  in  the  future.  The  studies 
can be designed to evaluate the benefit of a particular 
technology in a specific crash category / scenario in a 
quantifiable manner.  This quantifiable data can then 
be weighed using frequency of occurrence, economic 
cost or functional years lost in a manner similar to the 
data presented in this study to produce an estimate of 
real world benefit.

Before  large  quantities  of  data  are  available,  the 
existence  of  a  POTENTIAL  of  benefit  can  be 
considered.  A level of logic and judgment is required 
to do this assessment with the question being:  Is it 
probable that a specific technology will be helpful in 
a particular crash category / situation?  This will be 
referred to as the Potential Benefit in this paper.

The existence of a positive potential benefit, defined 
to be a factor of 1.0, was multiplied by the frequency 
of  occurrence  for  a  particular  crash  category  to 
develop a frequency weighed potential benefit metric. 
The  total  potential  benefit  of  a  technology  was 
determined  by  summing  the  frequency  of  crash 
categories  where  a  particular  technology  was 
indicated to have a positive potential benefit.  If the 
technology was not expected to provide a benefit in a 
crash category, the factor was defined as zero.
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This does not result in a specific prediction of benefit, 
but it does provide a relative measure regarding the 
opportunity  for  different  technologies  to  provide  a 
safety  benefit.   The  real  world  benefit  of  any 
technology  will  be  based  upon  a  multitude  of 
environmental,  technological  and  human  factors. 
Complex  assumptions,  statistical  analysis  and 
research  will  be  required  to  predict  the  real  world 
benefit of emerging technologies.

Table 10 presents the Potential Benefit values for the 
technologies vs. crash categories in descending order 
of  functional  years  lost  and in  descending order  of 
potential benefit.

The technology offering the highest potential benefit 
opportunity was:
• Collision Preparation, Automatic Brake 

Application

The technologies following Collision Preparation in 
descending  order  of  total  potential  benefit 
opportunity were:
• Forward Collision Warning to Driver / 

Emergency Brake Assistance to Driver (tie)
• Automatic Cruise Control
• ESC: Electronic Stability Control
• Side Alert/Lane Warning/Lane Keeping 

Assistance
• Rear Auto Brake Application

Collision Preparation, Auto Brake Application shows 
potential  to  be  beneficial  in  all  6  of  the  highest 
contributors  to  economic  cost  and  functional  years 
lost and in 11 of the 15 crash categories.  Collision 
Preparation cannot be considered a factor in reducing 
frequency  because  it  is  a  crash  velocity  mitigation 
technology.   It  should not be expected to eliminate 
crashes events.

Forward  Collision  Warning  and  Emergency  Brake 
Assist were tied in value and show opportunities to 
be effective in 2 of the top 5 categories for frequency 
of  occurrence,  in  3  of  the  top  6  categories  for 
economic  cost  and  4  of  the  top  6  categories  for 
functional years lost.  Both are potentially beneficial 
in 8 of the 15 crash categories.

Automatic Cruise Control shows potential benefit in 
1 of  the top 6 categories  and in  2 of  the 15 crash 
categories.

ESC shows potential benefit in 2 categories of the top 
6 from a functional years lost viewpoint and in 4 of 
the  15  crash  categories.   ESC  is  indicated  to  be 
beneficial in the “Other” crash category because that 
category includes on-road rollover incidents per the 
DOT report.

Side  Alert  and  Rear  Auto  Brake  Application  show 
potential  benefit  in  2  and  1  of  the  fifteen  crash 
categories  respectfully,  none of which is  in the top 
six.

Table 10.
Potential Benefit of Technology
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POTENTIAL BENEFIT OF TECHNOLOGY benefit
SORTED BY FUNC. YEARS LOST

CATEGORY CATEGORY DESCRIPTION

Auto Brake 
Interven.

Forward  
Coll. 

Warning

Panic 
Brake 
Assist

Auto Cruise ESC
Side Alert, 

Lane 
Warning

Rear Auto  
Brake

11 CRASH AT INTERSECTION 1144000 1144000 1144000
2 LOSS OF CONTROL 632000 632000

10 REAR END COLLISION 1632000 1632000 1632000 1632000
4 ROAD EDGE DEPARTURE 402000 402000
9 TRAVELING IN OPPOSITE DIRECTIONS 139000 139000 139000
6 PEDESTRIAN, PEDALCYCLIST CRASH 98000 98000 98000
8 TRAVELING AND TURNING TOGETHER 791000 791000
3 RUNNING RED LIGHTS and STOP SIGNS 302000 302000 302000

12 EVASIVE ACTION 69000 69000 69000 69000 69000
5 ANIMAL CRASH 328000 328000 328000
1 VEHICLE FAILURE 42000

14 RUNNING INTO OBJECT 85000 85000 85000
15 OTHER 36000
7 BACKING UP 197000

13 NON-COLLISION

Total 4,873,000 3,797,000 3,797,000 2,423,000 1,139,000 860,000 197,000

DESCENDING ORDER of POTENTIAL BENEFIT



Discussion of ESC and Advanced Safety 
Technologies

It is interesting to note that ESC ends up ranking fifth 
of the seven technologies examined.  Considering the 
recognized  benefit  of  ESC in  the  real  world  [2]  a 
question needs to be posed:  Are the new advanced 
technologies of potentially greater benefit than ESC 
or are there other factors to consider?  Granted, this 
study  only  examines  the  potential  benefit  of  these 
technologies and develops a relative ranking, but it is 
surprising that ESC comes out relatively low in total 
potential benefit opportunity.  Could it be that other 
technologies  will  prove  to  be  more  beneficial,  will 
their real benefit be less than ESC, does ESC provide 
additional benefits that have not been recognized, or 
is it a combination of all these and other factors?  A 
significant amount of work will need to go into the 
research  regarding  the  relative  benefits  of 
technologies before answers rise to the top.

The author  would  like  to  offer  the  hypothesis  that 
ESC may be providing benefits that are an extension 
of  ESC's  original  intent.   The  author  offers  the 
observation that ESC continues to function after an 
impact  under  certain  conditions.   Given  that  the 
brakes, tires and electrical system are still operational 
after  an  impact,  ESC  will  continue  to  attempt  to 
match vehicle trajectory to the driver's steering wheel 
motions  while  the  vehicle  is  out  of  control  and 
proceeding upon a post impact trajectory.  Since ESC 
operates by applying the brakes, deceleration occurs 
while it is adjusting the vehicle yaw characteristics. 
The  more  severe  the  deviation  between  vehicle 
behavior  and  steering  wheel  motion,  the  more 
aggressively ESC will apply the brakes.  This would 
be especially true in a traumatic sequence of events 
such as  immediately after  an  on-road impact  when 
the vehicle trajectory and driver steering motions are 
no  longer  related  to  each  other.   If  the  vehicle  is 
relatively  intact  electrically  and  mechanically  (the 
brakes  and  tires  still  function),  then  ESC  will  be 
reducing  the  vehicle's  velocity  prior  to  subsequent 
impacts.

A further  scenario to consider  would be the events 
just prior to an impact.  If a driver recognizes that a 
crash  is  imminent  and  attempts  an  avoidance 
maneuver,  ESC will  tend  to  engage  and  decelerate 
the  vehicle.   ESC  would  therefore  tend  to  reduce 
impact velocity to some degree if it functions prior to 
the impact.

Impact  velocity  reduction  has  been  shown  to  be  a 
significant factor in fatality risk reduction.

The probability that ESC can introduce deceleration 
prior  to  initial  impact  and  throughout  the  crash 
trajectory could be the reason that ESC provides an 
overall beneficial reduction in more crashes than the 
potential benefit expected from the Loss of Control 
and  Road  Edge  Departure  categories  that  it  was 
specifically designed to address.

Hans  C.  Joksch,  in  the  research  “Velocity  Change 
and Fatality Risk in a Crash – a Rule of Thumb” and 
in “Final Report Light Weight Car Safety Analysis, 
Phase II Part II:  Occupant Fatality and Injury Risk in 
Relation to Car Weight” [3] discusses impact velocity 
as  being  a  strong  indicator  of  fatality  potential. 
Joksch's  research  establishes  that  fatality  risk  is 
related to impact velocity to the forth power.  Being 
so,  small  impact  velocity  reductions  provide 
significant  benefit  in  the  reduction  of  fatality  risk. 
For  example,  if  an impact  velocity  of  50kph (31.1 
MPH) is reduced by 2kph (1.24 MPH) to 48kph (29.8 
MPH) the fatality risk is reduced by 15% based upon 
the  velocity  to  the  forth  power.   If  the  velocity  is 
reduced 4 kph (2.48 MPH) the fatality risk is reduced 
by 29% and if reduced 6 kph (3.73 MPH) the fatality 
risk is reduced by 40%.

Collision Preparation,  Automatic  Brake  Application 
technology  which  applies  the  vehicle  brakes 
automatically without any driver action upon sensing 
an  imminent  collision  can  be  expected  to  have  a 
positive reduction in vehicle speed before impact and 
therefore a reduction in fatalities and injuries.  The 
benefit of fatality risk reduction can be expected to be 
similar to H. C. Joksch's curve.  Exactly how much 
benefit  this  technology  could  deliver  is  yet  to  be 
established.   This  technology  probably  would  not 
prevent  incidents  from  occurring  but  it  could 
significantly reduce the severity of the incidents by 
reducing impact velocities.

Forward Collision Warning to Driver technology can 
be beneficial in reducing the frequency of occurrence 
and also in reducing impact velocity.   However,  an 
attention  focusing  and  warning  technology  that 
activates at a point before a situation becomes critical 
runs  the  risk  of  being  too  intrusive  during  normal 
driving  if  conservatively  programmed.   This 
technology  relies  upon  the  driver  to  “do  the  right 
thing, promptly” as the situation is becoming critical. 
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Both considerations pose risks; intrusive alarms will 
frustrate drivers and may ultimately be turned off or 
ignored.  On the other hand, a warning given at the 
“last  instant”  while  the  driver  is  in  a  developing 
unfamiliar  high  stress  situation  (where  the  correct 
actions  are  critical)  the  driver  may  not  act 
appropriately to avoid the accident.  The driver may 
react too slowly, may get confused by the unfamiliar 
alarm or may just do the wrong thing such as apply 
the  brakes  improperly  or  steer  improperly  for  the 
particular situation.

The  Emergency  Brake  Assistance  to  Driver 
technology  is  not  a  warning  technology,  but  a 
technology that assists the driver in generating high 
braking  deceleration  in  a  situation  when  the  driver 
seems  to  need  to  decelerate  aggressively.   This 
technology runs the risk of being either intrusive or 
rarely engaging depending upon the programming.  It 
also  relies  upon  the  driver  to  “do  the  right  thing, 
promptly” to be fully beneficial in avoiding incidents. 

Given that maximizing deceleration before impact is 
beneficial,  the  Forward  Collision  Warning  and 
Emergency  Brake  Assist  technologies  may  provide 
more benefit in reducing the severity of impact than 
in reducing the the frequency of occurrence.

Side Alert/Lane Warning/Lane Keeping Assistance is 
a technology that assists the driver during the normal 
course  of  events  that  are  familiar  to  the  customer. 
This technology would tend to give a warning earlier 
than  technologies  such  as  Forward  Collision 
Warning.  The closing velocities between vehicles in 
traveling and turning together  scenarios  would tend 
to be lower than perpendicular, oblique and head on 
velocities so there would be more time for warning 
and driver reaction with less urgency than associated 
with  forward  collision  scenarios.   This  technology 
could  be  considered  an  “advisement”  technology 
where it advises the driver of a developing situation 
before  it  becomes  critical.   A  benefit  of  an 
“advisement”  technology  could  be  the  continual 
“training” of the driver to operate the vehicle in a safe 
manner.

Rear Automatic Brake Application technology could 
be useful  in preventing impacts due to backing up, 
however it  needs to be insensitive enough to allow 
the driver  full  maneuvering  room in tight  quarters. 
Some level of warning prior to the automatic brake 
application may be appropriate.  The question is how 

much  intrusiveness  is  appropriate  without  the 
technology being a hindrance to mobility and how to 
minimize driver irritation.  This technology might be 
able to  reduce  the frequency of  drivers  backing up 
over pedestrians.

Automatic  Cruise  Control  technology  could  assist 
drivers  in  keeping  an  adequate  distance  between 
vehicles  in  traffic  patterns  that  have  a  relatively 
constant traffic velocity.  A technology that tends to 
increase the distance between vehicles may serve to 
give  the  driver  more  reaction  opportunity  when  a 
high stress situation is developing.  This technology 
may also overlap with Forward Collision Warning by 
being able to warn the driver of an unexpected speed 
change in front.   It  is  possible  however,  that  some 
drivers could be lulled into a sense of security and 
inattention  because  of  the  automated  speed  control 
and  end  up  in  unexpected  situations  that  lead  to 
accidents.

Conclusions

All  the  advanced  safety technologies  considered  in 
this  work  have  the  potential  to  reduce  fatalities, 
injuries  or  accidents.   The  overall  benefit  of  the 
technologies discussed can only be established in the 
future  as  real  data  becomes  available.   The  actual 
benefit of each technology will be difficult to predict 
and analyze with accuracy because of the complexity 
of the challenge.  There are multitudes of ways that 
drivers  and vehicles  become involved  in  accidents. 
There  are  also  multitudes  of  ways  that  drivers  act 
behind  the  wheel.   The  question  regarding  exactly 
when would a technology be beneficial and to what 
degree  that  technology  would  be  beneficial  is  a 
problem that deserves intense study and research.

The  Pareto  principle  methodology  of  crash 
prioritization in this paper could be applied as fresher 
data becomes available and as on-road transportation 
evolves.  It can also be applied to the study of driver 
behavior  and  other  crash  factors.   The  Pareto 
principle can be used to sort information such as pre-
crash  scenarios  and  accident  categories  into 
perspectives  that  may assist  in prioritizing research 
and  development  activity  toward  the  most  socially 
beneficial challenges.

The  crash  categories  presented  here  seem  to 
summarize the various vehicle accident situations that 
can occur in a broad, global perspective.  There is no 
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single  perfect  perspective.   Other  arrangements  of 
crash  data  also  yield  useful  insights  into  vehicle 
safety.   Different  perspectives,  used  together,  can 
improve understanding and accelerate progress.  The 
details  regarding  why crash  situations  happen  may 
evolve but drivers and vehicles will still tend to crash 
while  traveling  together,  when  meeting  at 
intersections, when traveling in opposite directions as 
well  as  in  all  the  other  crash  categories  presented 
here.

Electronic stability control, ESC, has proven to be a 
life saving technology but not all has been understood 
regarding  why  it  is  such  a  benefit  throughout  the 
world.   Is  it  because it  is preemptive,  is  it  because 
drivers  maintain  control  of  vehicles  easier,  is  it 
because  vehicles  tend  to  stay  on  the  road,  is  it 
because it decelerates vehicles in critical developing 
situations  or  is  it  for  all  these  reasons  and  other 
reasons not yet conceived, researched or understood? 
Continued research  regarding  ESC is  needed.   The 
knowledge  gained  in  understanding  why  ESC  is 
beneficial may shed light upon how to examine other 
technologies, driver behavior and to further advance 
vehicle safety.

The  six  advanced  safety  technologies  discussed  in 
this paper are only some of the new technologies that 
are  being  developed  for  the  vehicle  transportation 
market.  The benefit of any technology will progress 
from  a  conjecture  of  the  potential  benefit  in  the 
beginning to some level of understanding regarding 
the  actual  contribution  in  improving  safety.   This 
understanding will never be perfect.  Methodologies 
will need to be continuously developed to process the 
data  streams  and  evolve  knowledge  regarding  the 
safety effectiveness of the transportation system.  The 
methodology and viewpoints presented in this paper 
may be helpful in considering new technologies.  The 
matrix  of  crash  categories  vs.  technologies  and the 
factoring/weighing  method  presented  in  this  paper 
may be of use in planning research and experiments 
to determine the effectiveness of new technology for 
improving automobile safety.
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Table 3.
37 Crash Scenarios Sorted into 15 Crash Categories

Lukianov   12

                Pre-Crash Scenarios

    1.  Vehicle Failure

    2.  Control Loss With Prior Vehicle Action
    3.  Control Loss Without Prior Vehicle Action

    4.  Running Red Light
    5.  Running Stop Sign

    6.  Road Edge Departure With Prior Vehicle Maneuver
    7.  Road Edge Departure Without Prior Vehicle Maneuver

    9.  Animal Crash With Prior Vehicle Maneuver
  10.  Animal Crash Without Prior Vehicle Maneuver

  11.  Pedestrian Crash With Prior Vehicle Maneuver
  12.  Pedestrian Crash Without Prior Vehicle Maneuver
  13.  Pedalcyclist Crash With Prior Vehicle Maneuver
  14.  Pedalcyclist Crash Without Prior Vehicle Maneuver

    8.  Road Edge Departure While Backing Up moved from ROAD EDGE DEPARTURE
  15.  Backing Up Into Another Vehicle

  16.  Vehicle(s) Turning – Same Direction
  17.  Vehicle(s) Parking – Same Direction
  18.  Vehicle(s) Changing Lanes – Same Direction
  19.  Vehicle(s) Drifting – Same Direction
  22.  Following Vehicle Making a Maneuver moved from REAR END COLLISION

  20.  Vehicle(s) Making a Maneuver – Opposite Direction
  21.  Vehicle(s) Not Making a Maneuver – Opposite Direction

  23.  Lead Vehicle Accelerating
  24.  Lead Vehicle Moving at Lower Constant Speed
  25.  Lead Vehicle Decelerating
  26.  Lead Vehicle Stopped

  27.  Left Turn Across Path From Opposite Directions at Signalized Junctions
  28.  Vehicle Turning Right at Signalized Junctions
  29.  Left Turn Across Path From Opposite Directions at Non-Signalized Junctions
  30.  Straight Crossing Paths at Non-Signalized Junctions
  31.  Vehicle(s) Turning at Non-Signalized Junctions

  32.  Evasive Action With Prior Vehicle Maneuver
  33.  Evasive Action Without Prior Vehicle Maneuver

  34.  Non-Collision Incident

  35.  Object Crash With Prior Vehicle Maneuver
  36.  Object Crash Without Prior Vehicle Maneuver

  37.  Other

 12.  EVASIVE MANEUVER

 13.  NON COLLISION INCIDENT

 14.  RUNNING INTO OBJECT

 15.  OTHER

   8.  TRAVELING AND TURNING TOGETHER

   9.  TRAVELING IN OPPOSITE DIRECTIONS

 10.  REAR END COLLISION

 11.  CRASH AT INTERSECTION

   4.  ROAD EDGE DEPARTURE

   5.  ANIMAL CRASH

   6.  PEDESTRIAN AND PEDALCYCLIST CRASH

   7.  BACKING UP

CRASH CATEGORIES

   1.  VEHICLE FAILURE

   2.  LOSS OF CONTROL

   3.  RUNNING RED LIGHTS AND STOP SIGNS
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ABSTRACT 

The Jordan Rollover System (JRS) provides a realistic, 
highly controlled, repeatable dynamic test of vehicle 
roof crush performance under typical rollover 
conditions [1],[2].  The principal use thus far has been 
in comparing vehicles’ roof crush and injury potential 
performance in one and two roll events.   Because the 
JRS directly measures the force between the roof and 
the ground during touchdown, it can be used to 
measure, assess and optimize occupant protection by 
adjusting roof geometry, roof structural design and 
material strength and elasticity, for the least cost and 
weight.    

This study demonstrates that  the peak force (load) 
between the initial leading side roof rail (near side) and 
the road is roughly four times the vehicle weight (the 
load-to-weight ratio or LWR) when a vehicle first 
touches down at around 150º of roll.  The force then 
drops substantially as the vehicle continues to roll over 
the flat of the roof, in most instances dropping to zero 
because the vehicle is momentarily airborne.  When the 
vehicle rolls beyond 180º and comes into contact with 
the side rail opposite to the leading side of roll (far 
side), the force rapidly rises again. The roof then either 
collapses or lifts the vehicle center of gravity (COG).  
The far side rail of a weak roof vehicle that cannot lift 
the COG may then halt the vehicle’s downward fall, 
imposing even larger forces on the road segment when 
the vehicle’s door and main body structure interact with 
the roadway.  To deal with such forces, a long standing 
and natural presumption has been to substantially 
increase the roof strength to weight ratio (SWR), which 
can result in weight efficiency cost penalties.  However, 
one production vehicle that was tested minimized roof 
crush without substantially increasing its SWR. 

Analysis of the results has found that far side roof crush 
is strongly related to the difference between the major 
radius (the maximum distance from the principal axis of 
rotation to the roof rail) and minor radius (distance 
from that axis to the center of the roof).  Three to four 
inches, as between cars and LTV’s has a significant 

effect on injury potential. The typical difference in a 
light truck vehicle LTV is around 15 cm to 25 cm (6” to 
10”) while in an passenger car it is around 8 cm to 15 
cm (3” to 6”). 
   
These observations were confirmed by physical tests of 
strong and weak roofed vehicles.  These tests led to the 
conclusion that a geometry change in the roof to 
minimize the difference in radius across the roof would 
reduce the degree to which the far side of a less strong 
roof had to lift the vehicle as it rolled beyond 180º.  A 
finite element analysis confirmed that for a vehicle of 
modest roof strength, a structurally strong, rounded roof 
panel will reduce the far side deformation and intrusion 
speed by about two-thirds without increasing 
underlying roof strength.  These results were confirmed 
in JRS testing of current production passenger cars and 
SUV vehicles and with a “HALO” TM – High 
Attenuation Load Offset (U.S. and International Patent 
Pending Rollover Damage Minimization Device) 
retrofit kit for SUVs.  
 
INTRODUCTION 
 
In 1967, in an Advanced Notice of Proposed 
Rulemaking (ANPRM) [3] the National Highway 
Safety Bureau (NHSB) recognized intrusion as a major 
factor in occupant survival.  Hugh DeHaven’s 1952 
SAE paper [4] suggested dynamic containment, leading 
to the FMVSS 208 dolly rollover test. With Franchini in 
1969 [5], a general consensus limit of 5” of intrusion 
evolved.   NHSB then initiated the ESV program, the 
performance specifications that limited roof intrusion in 
rollover tests to 5” to ensure the preservation of 
occupant survival space (OSS).  When production 
vehicles of that time failed to meet that criterion in SAE 
Recommended Practice J996 drop tests at drop heights 
of 8 cm to 30 cm (3” to 12”), the dynamic intrusion test 
was abandoned by NHSB.  A two-sided quasi static test 
using a small platen pitched at 10º and rolled at 25º at 
the A-pillar was proposed with a strength-to-weight 
ratio (SWR) criterion of 1.5 [6]. When almost all of the 
production vehicles failed that test, NHSB reduced the 
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pitch angle to 5º and required that the test be conducted 
on only one side [7].   

In 1989, a NHTSA evaluation showed that the static 
tests and criteria had no effect on roof strength or 
rollover casualties.  Indeed, a recent paper by Young et 
al shows how US rollover fatalities continue to increase 
despite a number of rollover injury mitigation 
initiatives being introduced over the past two decades 
[8], [9]. In 1998, NHTSA studied the typical 
relationship between the FMVSS 216 static and 
dynamic drop tests with the same orientation.  They 
found that the dynamic drop tests involve 1.6 times the 
force of the static tests for the same deformation, 
suggesting an increased SWR criterion of 1.5 times 1.6 
or 2.5.  Although it was obvious that drop tests ignore 
the rotational component of a roof-to ground impact 
(which accounts for substantially increased far-side 
crush), no alternative test protocol was available to 
directly measure and evaluate the roof SWR required to 
limit intrusion in a rollover. 

In 2002, the Jordan Rollover System (JRS) was 
developed to provide a scientific basis for evaluating 
rollover occupant protection under dynamic conditions.  
Since that time, about 50 vehicles have been tested in 
one, two and three roll protocols, most recently with 
injury interpretation directly from dummy human 
surrogates.  The results of those tests have been 
published in various conference proceedings 
[1],[2],[10],[11],[12].  Ratings of dynamic rollover 
structural performance have been based on NHTSA’s 
5” occupant survival space, post-crash negative 
headroom and a 11 km/hr (7 mph) onset of serious head 
and neck injury.  As a body of data, the JRS tests 
establish relationships between measured parameters, 
such as crush and crush speed as a function of pitch, 
impact roll angle, peripheral and translational speed.   

The JRS is the first rollover test device that can directly 
measure force-time histories between the roof and the 
ground during the roll as a function of roll angle.  That 
force is also a function of the dynamic strength of the 
roof and, sometimes at high-roll angles, the body, the 
weight of the vehicle, and the dynamic extent of roof 
crush.   

This paper presents plots of this load-to-weight ratio 
(LWR) and the interior intrusion measured on each side 
of the roof as a function of roll angle for 5 current 
model passenger cars and 5 current model LTVs.  All 
of which were JRS tested with the same two roll 
protocol.  Vehicle responses are compared and 
interpreted in the Discussion and Results sections. 

A principal geometric conclusion was validated by 
designing an SUV retrofit kit to improve rollover 
occupant protection in weak-roofed vehicles.  The kit 

was JRS tested to deal with the immediate concerns for 
rollover casualties in commercial, industrial and 
government off-road and rural undeveloped or poorly-
maintained road operations. 

METHODS 

The JRS is versatile in that it can provide repeatable 
dynamic data under almost any realistic rollover 
protocol. A dynamic test is the best way to rate rollover 
crashworthiness performance. The fixture with a 
mounted vehicle is shown in Figure 1.  

 

Figure 1.  Jordan Rollover System (JRS) Test Rig. 

Descriptions of how the test rig functions are described 
elsewhere [2], [13].  The vehicle is mounted to towers 
as on a spit through the COG and its axis of rotation. 
The vehicle is simultaneously rotated and released as a 
roadbed moves under it. The test is commenced from an 
almost vertically oriented position to the roadbed 
similar to that shown in Figure 1.  

During the simultaneous rotation and fall, the vehicle 
strikes the moving roadbed below on the leading side of 
roll (near side) at the roof rail at the prescribed roadbed 
speed, vehicle angular rate, drop height and impact 
pitch angle. After striking the near side the vehicle 
continues to roll and strikes the side opposite to the 
leading side being the far side. The vehicle is then 
captured. The motions of the vehicle and roadway are 
coordinated so that the touchdown conditions can be 
controlled and thus repeated within a narrow range that 
was considered acceptable in other crash test protocols 
used by IIHS and NCAP [14],[15]. 

A 50th percentile Hybrid III Anthropomorphic Test 
Dummy (ATD) is used to monitor head and neck 
loading in the driver seat position. String 
potentiometers are used to measure roof intrusion and 
intrusion rates, as well as the ATD’s motion.  High 
speed cameras also record vehicle and ATD motions.  
The ATD is setup by the FMVSS 208 protocol. 
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Measured parameters included:  the roll angle and rate, 
the pitch angle and its variation, the dummy motion 
relative to the seat through a string pot to the dummy 
buttocks, the intrusion of both sides of the roof, and the 
forces between the vehicle roof, the roadbed and the 
towers.  
 
In a rollover crashworthiness study of ten current 
production vehicles (5 passenger cars and 5 light trucks), 
the relationship of the forces between the ground and the 
roof and the deformation of the roof as a function of roll 
angle was investigated.  The tests were conducted by the 
Center for Injury Research and funded by the Santos 
Family Foundation through the Center for Auto Safety.  
The vehicles were supplied by State Farm Insurance 
Company. 
 
 DISCUSSION 
 
Generic SWR vs. Dynamic Injury Potential 
 
A comparison of SWR ratings and dynamic ratings from 
a companion ratings paper [16] is shown in Figures 2 
and 3.  The slope of the lines represents a reduction in 
the injury risk rating comparable to the IIHS study.  It is 
also worth noting that the risk of passenger and SUV 
vehicles at essentially the same SWR also varies greatly. 

  
Figure 2.  JRS Cumulative Residual Crush 

 
Figure 3.  JRS Maximum Intrusion Speed  

Since the JRS tests can be carried out with instrumented 
ATD’s it is possible to individually measure the roof 
crush effects on various injury criteria of different 
vehicle roof geometric, structural and material designs. 
In other words a dynamic based rating system can 
resolve the disparities and reflect real world injury 
potential. 

RESULTS  

This section provides detail about the relationship 
between road load measurements as a function of roll 
angle and the resulting roof crush on the near (leading 
side of roll) and far (opposite to leading side of roll) 
sides.  Figure 8 has an insert orienting the reader to the 
position of the vehicle at each peak load when seen from 
the ¾ view from the front.  In this case the near side 
(passenger side for US vehicles, since all JRS tests are 
passenger side leading) peak road load is shown at ~155 
degrees after first contacting at about 145 degrees as 
shown at the beginning of roof crush and road load.  
Similarly, the peak far side road load occurs at about 200 
degrees and the loading affecting roof deformation ends 
when the peak roof crush occurs at about 210 degrees.  
After that point the road is recording the force that is 
loading the vehicle body in the area around the window 
sill to fender area.  Notice in this case that the peaks are 
both about four times the vehicle weight. 

 
The deformation of the roof is measured with string 
potentiometers and confirms the accuracy with video 
tracking software in the two interior camera recordings. 
As shown in Figure 4 and 5, the string potentiometers 
are placed at the center of the vehicle and are attached to 
the A-pillar on both the driver and passenger sides of the 
vehicle and to the B-Pillar on the driver’s side. The 
reason for no additional string potentiometers is the 
Hybrid III dummy kinematics interfere with transducers. 
If additional data is required it can come from the video 
tracking software for any point on the interior.  String 
potentiometers are reliable and have an accuracy of 
about one quarter of a centimeter (one tenth of an inch). 
However, the tracking software adds confirmation and 
the ability to resolve the radial displacement into 
rectilinear coordinates. Since the measurements of 
interest are in the order of 15 cm (6”) of displacement, 
the error in measurement of the string potentiometer is at 
least an order of magnitude less. 
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Figure 4. Vehicle Interior String Potentiometers         Figure 5. String Potentiometers to A Pillar 

The study focuses on the detail available from the five 
passenger cars and five LTVs shown in Figures 6 and 7.  
They are all shown in their post test conditions after 
JRS tests with identical two roll protocols, first at 5 
degrees and the second at 10 degrees of pitch.  

Characteristics affecting roof crush comparisons 

Comparisons show dramatic differences in roof crush 
between vehicles of similar FMVSS 216 SWR class 
and between passenger cars and LTV classes.  What 
factors in addition to SWR affect vehicle roof crush 
performance is not clear at this point in time. 

As indicated in the last section of this paper, a geometry 
change to “roundness” produced spectacular results.  Four 
factors have been identified which could affect the 
dynamic but not the static test results: 1) the geometry as 
described by the difference in ratio of the major and 
minor radius (the “roundness” of the roof) for a particular 
vehicle; 2) the geometry as described by the longitudinal 
rake of the windshield and roof as well as the front of the 
hood between different vehicles; 3) the structural section 
configurations and joint design; and 4) the construction 
material’s elasticity.  The specific effect of each, if any, 
on injury potential performance is a future effort. 

 

 
Figure 6.  JRS Post Test Two Roll 5 Passenger Vehicles. 

 

 
Figure 7.  JRS Post Test Two Roll 5 LTV Vehicles. 

Comparisons between similar SWR LTVs  

Consider the roof crush performance of two LTV 
vehicles by the same manufacturer shown in Figures 
9 and 10.  The Honda CRV has a SWR of 2.6 and the 
Ridgeline SWR is 2.4.  Notice that the roof crush in 

the CRV is half that of the Ridgeline in roll 1 at 5 
degrees of pitch and in Roll 2 at 10 degrees of pitch.  
The peak roof intrusion speed is shown in Figures 11 and 
12 where the chart starts at 175 degrees to highlight far 
side vehicle response. These plots show that when there 
is a significant force beyond the time of peak roof crush 



Friedman 5 

(about 210º of roll), it comes from the lower side of 
the upper vehicle structure contacting the road 

segment.  To the extent that the force no longer crushes 
the roof laterally it is irrelevant to roof performance. 

 

 Figure 8. 2007 Honda CRV Test Results with Actual Vehicle Positions at Peaks. 

       
Figure 9.  CRV Roof Crush vs. Roll Angle.                   Figure 10.  Ridgeline Roof Crush vs. Roll Angle. 
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Figure 11.  CRV Peak Roof Instrusion Speed.               Figure 12.  Ridgeline Peak Roof Instrusion Speed.                            

Comparisons Between Autos of Substantially 
Different SWR  

The roof crush versus roll angle performance of two 
passenger cars, a VW Jetta with an SWR of 5.1 and a 
Pontiac G6 with an SWR of 2.3, is shown in Figures 13 
and 14.  Notice that the roof crush in the first 5 degree 
roll of the VW is one third of that of the G6 and the 
residual roof crush is 40% of peak value versus 75% of  

the peak value in the G6.  In Roll 2 at 10 degrees of pitch 
the peak and the residual intrusion values are the same 
for both, but the cumulative residual for the Jetta is only 
about 9cm (3.5”) compared to 18 cm (7”) on the G6.  
The peak roof intrusion speed is shown in Figures 15 and 
16, where the chart starts at 175 degrees to highlight far 
side vehicle response.  

    

     
Figure 13.  Jetta Roof Crush vs. Roll Angle.                      Figure 14.  G6 Roof Crush vs. Roll Angle.              
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Figure 15.  Jetta Peak Roof Instrusion Speed.                         Figure 16.  G6 Peak Roof Instrusion Speed.                           

 

Comparisons Between SUVs of Substantially 
Different SWR  

The roof crush versus roll angle performance of two 
SUVs, an XC-90 with an SWR of 4.6 and a 
Chevrolet Tahoe with an SWR of 2.1, is shown in 
Figures 17 and 18.  Notice that the roof crush in the 
first 5 degree roll of the XC-90 is one fourth of that 
of the Tahoe and the residual roof crush is 3 cm (1”) 
versus 15 cm (6”) in the Tahoe.  In Roll 2 at 10 
degrees of pitch the peak and the residual intrusion  

 

values are about 5 cm (2”) compared to 15 cm (6”) 
and the cumulative residual for the XC-90 is only 
about 5 cm (2”) compared to 28 cm (11”) on the 
Tahoe.  Note that the near side damage in the second 
roll on the Tahoe first erected the far side to some 
degree before the rotational impact component 
collapsed it.  The peak roof intrusion speed is shown 
in Figures 19 and 20, where the chart starts at 175 
degrees to highlight far side vehicle response.  

 

        



Friedman 8 

  
Figure 17.  XC90 Roof Crush vs. Roll Angle.                Figure 18.  Tahoe Roof Crush vs. Roll Angle.    

                

           

     
Figure 19.  XC90 Peak Roof Instrusion Speed.                     Figure 20.  Tahoe Peak Roof Instrusion Speed.                            

Comparisons between a passenger car and an 
SUV of similar SWR  

The roof crush versus roll angle performance of an 
SUV, the Jeep Grand Cherokee and a passenger car, 
the Chrysler 300 both with an SWR of about 2.5 but 
grossly different geometry, is shown in Figures 21 
and 22.  The peak and residual roof crush in the first 
5 degree roll of both vehicles is about the same.  In  

Roll 2 at 10 degrees of pitch the peak and the residual 
intrusion values are about 23 cm (9”) and 15 cm (6”) 
for the Cherokee compared to 13 cm (5”) and 5 cm 
(2”) for the 300.  The cumulative residual for the 
Cherokee is about 28 cm (11”) compared to 18 cm 
(7”) on the 300.  The peak roof intrusion speed is 
shown in Figures 23 and 24, where the chart starts at 
175 degrees to highlight far side vehicle response. 
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Figure 21.  Cherokee Roof Crush vs. Roll Angle.          Figure 22.  300 Roof Crush vs. Roll Angle.                  
     

            

   
Figure 23. Grand Cherokee Peak Roof Instrusion Speed.   Figure 24.  300 Peak Roof Instrusion Speed.                            
 
Geometric performance validation  
 
Operations on unpaved road surfaces, such as U.S. 
Border Patrol operations, vehicle operations in theaters 
of war, energy and metals exploration and mining 
businesses, use production pick-up trucks, SUVs and 

buses for transportation.  Consistent with the 10% 
fatality and serious injury performance of these vehicles 
in the mainly on-road private consumer usage, the 
frequency and injury risk of off road operation is also 
high.  In consideration of their occupational health and 
safety requirements and liability for on-the-job injury, 
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operators have established a voluntary rollover 
crashworthiness standard minimizing roof crush. 
One solution for available production pick-up trucks is to 
design an external roll cage mounted in the pickup bed 
and extending over the cab [17].  Roll cages installed on 
the interior of SUV’s interfere with the rollover activated 
window curtain airbags and are generally insufficiently 
padded, cumbersome and awkward for entry and exit, 
riding comfort and frontal safety as shown in Figure 25.  

The systems appear to employ the intrusion criteria 
formulated by Franchini in 1968 [5] and a blunt strategy 
of strengthening the roof well above what is accepted as 
industry best practice that has demonstrable good 
rollover crashworthiness, e.g. the Volvo XC-90. Because 
rollovers involve many impact orientations the accepted 
solutions are in some instances massive, unyieldingly 
rigid and cargo space consuming. 

  

 
Figure 25.  Internal Roll Cage. 
 

The availability of the continuous time history of the 
forces between the vehicle roof and the roadbed spawned 
the development of a geometric roof design to evenly 
distribute the roof load during road contact, equate and 
minimize near and far side roof crush and thus reduce 
the risk of occupant injury at minimum cost and weight.  
The first application has been to develop an acceptably 
styled, universal retrofit kit for production vehicles to 
achieve state-of- the-art occupant protection at minimum 
production and installation cost.   Most of the vehicles in 
use today have strength to weight ratio (SWR) roofs as 
measured by the U.S. FMVSS 216 test of 1.8 to 2.4.   
Figure 26 and 27 are pictures of a 1993 Jeep Grand 
Cherokee (JGC) (4400 lbs., SWR=2.3) before and after a 
one roll 10 degree JRS test. 

     
Figure 26.  JRS Grand Cherokee (Before Test).           Figure 27.  JRS Grand Cherokee (After 1 Roll). 
 
The results of this one roll JRS test are shown in 
Figures 32 and 33. The far side A Pillar crush was close 
to 30 cm (12”). The far side A Pillar intrusion speed 
was over 16 km/p (10 mph).  
 
The HALO TM system, which was developed in early 
2008, is shown in Figure 28. The structure was initially 
designed for the 1993 Jeep Grand Cherokee (JGC), 
which has one of the lowest “roof strength to vehicle 
weight ratios” and one of the worst rollover crash 
characteristics in terms of occupant injury potential as 
demonstrated on the JRS and shown in Figure 27. 

 
Figure 28. HALO TM Roof Damage Minimization 
Device  
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Several forms of evidence show how well 
HALO TM works including physical crash testing,   
computer based finite element analysis (FEA), and 
photogrammetric 3D analysis.  Two similar 1993 Jeep 
Grand Cherokees were tested on the JRS with the same 
protocol. The HALO TM reduced dynamic roof intrusion 
at the A-Pillar by more than 27 cm and at the B Pillar 
by more than 16 cm. Roof intrusion speed was also 
reduced from 16 km/h to 1.6 km/h at the A-Pillar and 
from 12.4 km/h to 1.1 km/h at the B-Pillar. The interior 
camera view for each test at peak loading is shown in 
photos from the testing video in Figures 30 and 31. The 
Hybrid III dummy experienced axial neck loading of 

around 10 kN (1 ton) in the production vehicle versus 
only 1 kN (equivalent to standing on your head) in the 
Jeep with HALO TM. 
 
A Finite Element analysis from Friedman Research 
Corporation of the first configuration indicated a 
reduction in far side intrusion at the A pillar from 30 
cm  (12”) to 10 cm  (4”) with increased near side 
intrusion to 10 cm  (4”).  The initial design was tested 
on two different vehicles before the final design was 
achieved. Illustrations of this analysis are shown in 
Figure 32. 

 

    
Figure 29.  1993 JGC’s JRS Rollover Tested With and Without HALO TM  and the Corresponding 
Photogrammetric 3D Analysis. 
 

  
Figure 30. Interior of a 1993 JGC Without HALO TM      Figure 31. Interior of a 1993 JGC With HALO TM 
 

 

 
Figure 32.   FEA – Finite Element Analysis with HALO TM , Before and After One Roll. 
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Two derived versions of a retrofit kit have been 
developed.  The primary difference in an SUV is an 
internal buttress’ at the B-pillars for applications to 
vehicles with SWR’s of less than 2.5.  The system 
creates and supports a strong round roof a few inches 
forward of the B-pillar.  This has two effects.   The 
round roof (or attachment) causes the impact and 
rolling force load on the roof from the road, to be 
constant (distributed equally) from near to far side.  
Locating and supporting the strong round roof 

forward of the B-pillars transfers and relieves a 
portion of the load at the A-pillars (and distributes 
across the header), which are traditionally weak 
(because of the FMVSS 216 test conditions). Another 
1993 Jeep was fitted with a HALO TM and JRS tested 
again and the exterior views are shown in Figures 33 
and 34. Very little change occurred in the structure, 
even after 2 test rolls. The data from the production 
JGC and the results for the three rolls with the final 
HALO TM design are shown in Figures 35 through 42. 

 

            
Figure 33.  JGC with HALO TM Before Testing.                Figure 34.  JGC with HALO TM  After 2 Test Rolls.    
 

    
Figure 35.  JGC Roof Crush vs. Roll Angle.                    Figure 36.  JCG Peak Roof Instrusion Speed.            

    

Figure 37. JGC  w/HALO TM Roll 1 Roof Crush              Figure 38. JGC  w/HALO TM Roll 1 Intrusion Speed 
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Figure 39. JGC  w/HALO TM Roll 2 Roof Crush               Figure 40. JGC  w/HALO TM Roll 2 Intrusion Speed 

 

     
 
Figure 41.  JGC w/HALO TM Roll 3 Roof Crush            Figure 42. JGC with HALO TM Roll 3 Intrusion Speed
    
CONCLUSIONS 
 
• The geometry of a vehicle roof has a significant 

effect on the performance of that vehicle during 
a rollover and can be changed with little addition 
of weight. 

 
• The geometry alone cannot compensate for 

fundamental weaknesses  in the pillars 
 
• Geometry alone can improve the performance of 

vehicles with relatively weak A-Pillar/Headers 
with reasonable B-Pillar strength.  

 
• A vehicle’s dynamic rollover characteristics 

largely determine the typical roof touchdown 
pitch orientation.  Many vehicles with good 
FMVSS 216 SWR at 5 degrees of pitch are half 
as strong at 10 or more degrees of pitch. 
Therefore the touchdown pitch orientation of a 
FMVSS 216 compliant roof may or may not 
collapse unless its performance at 10 degrees of 
pitch has been assessed.   

 

• A vehicle’s roof contact pitch orientation 
strongly affects its injury potential performance 
in terms of roof crush and intrusion velocity. 
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ABSTRACT 
 
The US, European and Australian New Car Assessment 
Program (NCAP) [1] and the Insurance Institute for 
Highway Safety (IIHS) produce ratings of new vehicle 
performance based on dynamic crash tests in frontal, 
side and rear crashes; and vehicle handling tests.  No 
dynamic based crashworthiness ratings exist to date in 
relation to rollover crashes [2]. This study fills that gap 
and proposes a rating system for new vehicle 
performance in rollover crashes. Combined with 
existing rating systems, consumers will then have a 
complete and balanced picture of occupant protection 
performance. 
A database of more than 40 Jordan Rollover System 
(JRS) dynamic rollover tests [3], [4], [5] assessing 
injury potential by roof crush and crush speed has 
generically validated NHTSA and IIHS statistical data 
as a function of FMVSS 216 quasi-static, strength to 
weight ratio (SWR) [6].  
There is however a wide disparity between the 
performance of individual vehicles at the same or 
similar SWR between the IIHS statistical and JRS 
dynamic test data.  That disparity has been partially 
investigated in a companion paper in this conference 
(Vehicle Roof Geometry and its Effect on Rollover 
Roof Performance [7]).  
IIHS data indicated [8], [9] a 50% reduction in 
incapacitating and fatal injury risk with a fleet average 
SWR = 4.  However, the use of a SWR-based rollover 
criterion does not provide sufficient crashworthiness 
fidelity essential for consumers, nor does such a 
criterion provide industry the opportunity to design 
cost-efficient rollover crashworthy vehicles based on 
occupant injury performance. Only a dynamic rollover 
testing protocol based on injury criteria would provide 
this information. 
 
INTRODUCTION 
 
NHTSA, in 1973, established a 13 cm (5”) occupant 
head and neck survival space criterion [10]. In 1995 
[11], NHTSA proposed a post-crash negative headroom 
injury criterion and, in its 2005 [12] and 2007 [13] 

statistical studies, authenticated [14] that criterion to 
be five times more likely to result in injury.  In 1979, 
the onset of head and neck injury was determined to 
be a head impact at 11 km/h (7 mph) as a consensus 
injury measure [15]. Recently, IIHS, based on its 
SUV and passenger car rollover crash statistical 
studies and quasi-static tests, announced that it will 
provide rollover roof crush crashworthiness ratings 
for 2010 model year vehicles.  Their “good” rating 
criteria requires a SWR of 4.   
This paper evaluates the generic dynamic JRS injury 
potential rating for far side occupants by the roof 
intrusion and intrusion speed criteria and compares it 
to the FMVSS 216 SWR ratings. 
Under the auspices of the Center for Auto Safety and 
funding by the Santos Family Foundation and State 
Farm Insurance Company, the Center for Injury 
Research has completed JRS tests on 5 current model 
passenger cars and 5 current model light truck 
vehicles (LTV’s).  Our analysis of the 10 JRS tests is 
the basis for our proposed rollover and 
comprehensive rating system. 
This paper assembles these results and discusses the 
disparities, which exist as a result of geometry and 
design techniques that cannot be evaluated in the 
FMVSS 216 static tests.  Details of the geometry and 
design technique disparities are discussed in a 
companion paper submitted in this conference 
entitled “Vehicle Roof Geometry and its Effect on 
Rollover Roof Performance” [7]. 
 
METHODS 
 
Developing a predictive rollover injury potential 
rating system requires generic correlations with real-
world crash injury data, a repeatable dynamic test 
machine, a representative rollover impact protocol, 
reasonably validated experimental injury criteria and 
appropriate measuring devices.  Although the 
scientific reliability and repeatability of the JRS has 
been affirmed [16], comparative dynamic results will 
not be available from a multiplicity of facilities until 
early next year.   
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The proposed IIHS rating effort is to quasi-statically 
test 2010 vehicles and to rate them according to SWR. 
The JRS test results are compared here to the SWR 
rating to assess whether this strategy would provide 
sufficient information to ascertain occupant protection 
performance. 
The preliminary data indicates that strategy may not 
work as well as expected by consumer rating groups, 
such as IIHS and NCAP. Instead, we propose to 
supplement JRS results with both geometric data and 
quasi-static two-sided roof strength tests, with one side 
conducted at a 10º pitch angle. 
 
Biomechanics Data 
 
Separate papers regarding the biomechanical equivalent 
measurements and criteria using the Hybrid III dummy 
data, interpreted to represent real-world injuries, have 
been published [17], [18]. Work is continuing. 
NHTSA post-crash headroom is based on cumulative 
crush data and is not an accurate representation of 
injury. Head and neck injuries are a function of the 
impact crush and crush speed in any individual roll. 
Head injuries are not accumulated; they occur during 
one roll or another when struck at more than 16 to 19 
km/h (10 to 12 mph). Neck bending injuries 
predominate and are not accumulated; they occur 
during one roll or another when the head is struck at 
more than 11 km/h (7 mph) with a maximum dynamic 
crush of more than 15 cm (6”) and residual crush of 
more than 10 cm (4”). 
 
JRS Test Device 
 
Figure 1 shows the JRS test device. Descriptions of 
how the test rig functions are described elsewhere [3], 
[4], [5].  The ends of the vehicle are mounted on towers 
on an axis of rotation through its Center-of- 
Gravity (CG).  The vehicle is simultaneously rotated 
and released as a roadbed moves under it. The test is 
commenced from an almost vertically-oriented to the 
road bed position similar to that shown in Figure 1.  
 

 
Figure 1. JRS Dynamic Rollover Test Device 

During the simultaneous rotation and fall, the vehicle 
strikes the moving roadbed below on the leading side 
of roll (near side) at the side roof rail at the 
prescribed roadbed speed, vehicle angular rate, drop 
height and impact pitch angle. After striking the near 
side the vehicle continues to roll and strikes the side 
opposite to the leading side (far side). The vehicle is 
then captured. The motions of the vehicle and 
roadway are coordinated so that the touchdown 
conditions can be controlled and thus repeated within 
a narrow range that was considered acceptable in 
other crash test protocols used by IIHS and NCAP. 
 
A 50th percentile Hybrid III Anthropomorphic Test 
Dummy (ATD) is used to monitor head and neck 
loads in the driver seat position. String 
potentiometers are used to measure roof intrusion and 
intrusion rates, as well as the ATD’s motion.  High-
speed cameras also record vehicle and ATD motions.  
The ATD is setup according to the FMVSS 208 
protocol. 
 
In the first roll, the vehicle is set at 5º pitch angle 
whereas in the second roll the vehicle is set at 10º 
pitch angle. Roll rate at 190º per second, yaw at 10º 
and roadway speed at 24 km/h (15 mph or 6.7 m/s) 
are the same for each of the two rolls.  Typical charts 
of far side roof crush, crush speed, and road load are 
shown in Figures 2 and 3. The results from a JRS 
study involving ten newer vehicles tested are shown 
in Figure 4 and 5.   
 

  
Figure 2. Far Side Crush Graph by Roll Angle.  
 

 
Figure 3. Far Side Intrusion Speed by Roll Angle. 
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Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2

Roof FMVSS 216 SWR 5.1 5.1 4.3 4.3 3.2 3.2 2.5 2.5 2.3 2.3

Road Speed (kph) 24 24 24 24 24 24 24 24 24 24

Pitch Angle at Impact (deg) 5 10 5 10 5 10 5 10 5 10

A-Pillar 

Peak Dynamic Crush (cm) 6.9 16.0 8.6 18.3 11.9 17.5 21.3 26.4 18.0 25.4

Cumulative Residual Crush (cm) 2.5 8.6 4.1 10.9 6.6 14.2 18.8 12.4 17.8

Maximum Crush Speed (kph) 9.2 11.4 8.0 13.2 8.0 -- 12.07 17.06 12.07 21.08

B-Pillar 

Peak Dynamic Crush (cm) 3.8 6.1 4.6 10.7 -- 6.6 11.2 13.5 9.1 15.0

Cumulative Residual Crush (cm) 1.5 3.3 1.8 5.3 -- 2.0 6.9 8.6 6.4 8.6

Maximum Crush Speed (kph) 6.1 5.6 5.1 8.0 -- 6.6 8.7 12.23 10.14 14.32

Compressive Neck Load, Fz 5158 5394 4211 2669 4835 3457 5598 1979 2399 1916

Peak Upper, Flexion Moment (N m) 279 318 -- -- -- -- 414 155 198 155

Upper Neck, Nij* 0.96 1.08 0.78 0.76 1.63 1.15 1.80 0.40 0.66 0.54

Lower Neck, Nij** 1.17 1.28 -- -- -- -- 1.44 0.57 0.68 0.54

**Based on values presented in Mertz, et. al, 2003: Compression 6200 N, Flexion 610 Nm, Extension 266 Nm

2006 Hyundai 

Sonata

2006 Chrysler 

300

2006      

Pontiac G6

*Based on by NHTSA: Compression 6160 N, Flexion 310 Nm, Extension 135 Nm

2007 VW    

Jetta

2007      

Toyota Camry

 
 

 

Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2

Roof FMVSS 216 SWR 4.6 4.6 2.6 2.6 2.4 2.4 2.2 2.2 2.1 2.1

Road Speed (kph) 24 24 24 24 24 24 24 24 24 24

Pitch Angle at Impact (deg) 5 10 5 10 5 10 5 10 5 10

A-Pillar ***

Peak Dynamic Crush (cm) 4.3 8.1 8.6 16.5 19.8 36.6 21.3 30.0 20.1 35.6

Cumulative Residual Crush (cm) 1.3 2.5 4.6 9.1 12.7 27.7 16.5 23.1 14.7 27.7

Maximum Crush Speed (kph) 3.1 5.1 6.4 8.5 13.2 24.1 11.75 13.84 9.8 18.67

B-Pillar 

Peak Dynamic Crush (cm) 3.0 5.3 5.1 8.6 15.2 28.2 18.5 25.7 13.2 24.9

Cumulative Residual Crush (cm) 0.5 1.8 2.0 3.6 8.6 18.8 14.2 19.8 8.9 17.5

Maximum Crush Speed (kph) 2.7 3.5 4.2 5.5 9.0 11.1 12.71 10.46 6.8 11.27

Compressive Neck Load, Fz 2889 3628 5583 3687 10006 4685 9757 6781 6101 3318

Peak Upper, Flexion Moment (N m) 128 259 255 328 492 324 470 396 304 247

Upper Neck, Nij* 0.52 1.05 1.02 1.30 1.64 1.19 1.75 2.07 1.09 0.81

Lower Neck, Nij** 0.62 0.87 1.20 1.10 2.10 1.06 2.00 1.59 1.02 0.87

*** Determined through photoanalysis of High Speed Video

2006       

Honda 

Ridgeline

2007 Jeep 

Grand 

Cherokee

2007 

Chevrolet 

Tahoe

*Based on by NHTSA: Compression 6160 N, Flexion 310 Nm, Extension 135 Nm

2005         

Volvo XC90

2007        

Honda CRV

**Based on values presented in Mertz, et. al, 2003: Compression 6200 N, Flexion 610 Nm, Extension 266 Nm

 
Figure 4 and 5. List of 10 current production vehicles subjected to two JRS tests. 
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The main reason that the vehicle is subjected to two 
rollover events in the JRS is based on observations 
published by Digges and Eigen [19]. They showed that 
rollover crashes lasting 8 quarter turns or less (i.e. two 
full rolls) accounted for more than 90% of all rollover 
crashes, where a fatal or serious injury experienced by 
occupants was recorded. 
The generic slope composite chart shown in Figure 6 
presented by Paver et al [20] and by Friedman [21] 
that compares injury criteria and injury rates versus 
SWR from previous papers correlates well with 
NHTSA and IIHS data versus FMVSS 216.  It 
indicates that an SWR of about 4 would be “good”. 
 

 
Figure 6. Composite NHTSA, IIHS, and JRS 
Injury Criteria. 
 
M216 10° of Pitch Quasi-Static Tests 
 
The M216 test machine is shown in Figure 7. It is a 
fixture with two platens, both oriented with 10° of  
pitch and one side at 25° of roll and the other at 40° of 
roll.  
 

                 
Figure 7.  Modified FMVSS 216 Fixture (M216). 
  
Figure 8 indicates the second side SWR performance 
of some of the 40 vehicles which have been tested. 

 
Figure 8.  Second Side M216 versus 216 SWR. 
 
Figure 9 describes the relationship between M216 
results and FMVSS 216 with confidence limits. 
 

 
Figure 9.  M216 and 216 Relationship with 
Confidence Limits.  
 
Figure 10 is a scatter plot of the relationship between 
M216 tests of production vehicles and their SWR. 
Because serious injuries are strongly related to 10° of 
pitch crashes in the National Accident Sampling 
System (NASS) [22], [23] it would seem appropriate 
to factor a second side quasi-static test performance 
into a predictive rating. Such a test could also provide 
an indication of the vehicles structural elasticity, 
another factor important to its injury potential 
performance. 
 

 
Figure 10.  Scatter Plot of Production M216 and 
SWR. 
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Geometric Considerations 
 
Experimental [7] and empirical (NASS) [22] data 
suggest that geometrical and dimensional vehicle 
configurations influence how vehicles roll.  Front-
wheel drive vehicles tend to roll with substantial 
forward pitch stressing windshield pillars, which are 
generally weak and undetected by FMVSS 216. 
 
It is estimated that a difference between the major and 
minor radius of a vehicle (its rollover “roundness”) of 
only a few centimeters (inches) can play an important 
role in the ability of the roof structure to remain intact.  
The Honda CRV is the roundest of the 10 JRS-tested 
vehicles both in transverse section and the longitudinal 
rake of the windshield and roof as shown in Figure 11.  
 

 
Figure 11. Geometric differences with CG. 

 
Other geometric factors not discernable in static tests, 
nor yet explored are:  the CG position relative to the 
windshield header, the weight distribution (shifting of 
the CG), the pitch moment of inertia and the vehicle 
height-to-width ratio. 
 
RESULTS 
 
Generic Ratings 
 
A rating system requires criteria. For the quasi-static 
performance, we assumed: 

• an SWR of 4 or more would be “good,”  
• more than 3 would be “acceptable,”  
• more than 2 would be “marginal,” and 
• less than 2 would be “poor.”   

We compared the FMVSS SWR to the maximum 
residual and dynamic intrusion of some 40 vehicles 
(including the 10 current production vehicles shown 
in Figure 4 and 5).  For the JRS generic data, we used 
the NHTSA residual crush and the cumulative 
residual crush criteria.  Since 65% of serious injury 
rollovers are completed in four quarter turns, for 
residual crush after one roll, we used: 

• less than 5 cm (2”) per roll to represent 
“good” performance,  

• less than 10 cm (4”) to represent 
“acceptable” performance,  

• less than 15 cm (6”) to represents 
“marginal” performance, and 

• more than 15 cm (6”) to represent “poor” 
performance.   

For cumulative residual crush after two rolls which 
covers 95% of all serious injury rollover crashes[19], 
we used: 

• less than 10 cm (4”) to represent “good” 
performance,  

• less than 15 cm (6”) to represent 
“acceptable,”  

• less than 20 cm (8”) to represent “marginal,” 
and  

• more than 20 cm (8”) to represent “poor” 
performance.  

For maximum dynamic crush, we used: 
• less than 10 cm (4”) to represent “good” 

performance,  
• less than 15 cm (6”) to represent 

“acceptable,”  
• less than 20 cm (8”) to represent “marginal,” 

and  
• more than 20 cm (8”) to represent “poor” 

performance.  
Similarly, with respect to intrusion speed, in any roll: 

• “good” is represented at less than 10 km/h (6 
mph), 

• “acceptable” is 10 to 13 km/h (6 to 8 mph), 
• “marginal” is 13 to 16 km/h (8 to 10 mph), 

and 
• “poor” is more than 16 km/h (10 mph).    

Specifically, each of the scatter charts are ordered by 
SWR versus JRS dynamic data. The ratings “good”, 
“acceptable” ,“marginal”and “poor” were chosen 
based on consensus injury measures for crush and 
intrusion velocity [8-15]    
 
Figure 12 represents a scatter plot of the composite of 
all JRS tests for the first roll by residual crush.  All 
plots are segmented by the criteria for SWR and JRS 
dynamic tests.   
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Figure 12.  JRS Testing Results for Residual Crush 
After One Roll. 
 
Figure 13 is the cumulative residual crush from two 
JRS roll tests. 
 

 
Figure 13.  JRS Testing Results for Cumulative 
Residual Crush After Two Rolls. 
 
Figure 14 is the same scatter plot by maximum 
intrusion speed. 
 

 
Figure 14.  JRS Testing Results for Maximum 
Intrusion Speed. 

Figure 15 is the same scatter plot by maximum 
dynamic crush. 
 

Figure 15.  JRS Testing Results Maximum 
Dynamic Crush. 
 
Current Production Vehicle Testing by SWR 
versus JRS Ratings 
 
Scatter plots for the 10 vehicle set all with the same 
protocol will now be looked at.  Figure 16 and 17 
show the disparity between LTV’s and passenger cars. 
This is more specifically identified by residual crush 
after roll 1 and then cumulative crush after roll 2. 
 
Figure 16 shows the residual crush results after roll 1, 
where 3 passenger cars and 2 LTV’s fall in 
“acceptable” or  “good” in JRS testing and 6 fall 
below the “acceptable” level.  3 passenger cars and 
only 1 LTV are better than “acceptable” for SWR. 
 

 
Figure 16.  JRS Test Results, Current 10 Vehicles 
by Residual Crush, by LTV’s and Sedans. 
 
Figure 17 is by cumulative residual crush and shows 
that the disparities are larger when you factor in the 
second roll at 10º of pitch.  The sedans held their 
relative positions, while three of the LTV’s fall to a 
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“poor” in JRS testing. Those anomalies are thought to 
be associated with vehicle parameters discussed in 
Figure 11 and in the companion geometry paper. [7] 
 

 
Figure 17.  JRS Test Results, Current 10 Vehicles 
by Cumulative Residual Crush, Post Roll 2. 

Figure 18 shows the relationship between maximum 
intrusion speed in JRS tests and FMVSS 216 SWR.  
The disparities between the JRS and FMVSS 216 
measurements again are significant in the second roll at 
10º of pitch.  Note how the squares (roll 2) are shifted 
toward “poor” ratings versus their diamond equivalents 
for roll 1. Those anomalies demonstrate the 
shortcomings of FMVSS 216 as a measure of a 
vehicle’s actual dynamic performance in a rollover.     
 

 
Figure 18.  JRS Test Results, Current 10 Vehicles 
by Maximum Intrusion Speed, Rolls 1 and 2.  
 
Figure 19 shows the amount of maximum dynamic 
crush in each roll of each vehicle. Note that three of 
the vehicles move to the left, meaning they had less 
dynamic crush in the second roll. Vehicles like the 
Pontiac G6, that crush significantly in roll 1, like 20 
cm (8”), cannot crush as much in roll 2.  The vehicles 
that have more than 15 cm (6”) of crush in any roll are 
likely to be seriously injurious. Of the twenty rolls 

shown, three are likely to be serious injuries and five 
to be severe injuries. 
 

 
Figure 19.  JRS Test Results, Current 10 Vehicles 
by Maximum Dynamic Crush.  
 
Rating individual vehicles to correspond to real world 
injuries as a predictive rating function requires multi- 
dimensional correlation.  
 
The dynamic characteristics of a vehicle are related to 
injury potential.  The nonlinearity of roof deformation 
and the ability to predict the occupants’ head position 
with the current restraint systems and the non-
biofidelic Hybrid III dummy can be misleading.  In all 
recent tests we have measured near and far side roof 
deformation in front of and behind the dummy which 
is located at about the mid roof rail position as well as 
lower neck load, moment, and duration.  While this 
paper will not discuss the biomechanics of dummy 
injury measures it should be noted that the bending of 
the neck was related to human injury and an integrated 
bending moment (IBM) was closely related to vehicle 
intrusion.   
 
Head and neck injuries are not accumulated, they 
occur during one roll or another when struck at more 
than 11 km/h (7 mph) with crush of more than 10 cm 
(4”).  Figures 20 to 23 highlight and identify the 
outliers of the 10 production vehicle where the SWR 
and JRS dynamic ratings do not match by two criteria 
levels.  We are currently investigating the factors 
which make those vehicles unique within the broad 
range of each rating. When using SWR as the rating 
basis the Honda CRV with a SWR of 2.6 is “marginal” 
but by JRS dynamic rating is “good” in residual crush 
and cumulative crush as shown in Figures 20 and 21. 
The dynamic rating is two rating levels better than the 
SWR rating. It would not be fair to penalize a 
manufacturer who has created a structure which is 
better from an occupant’s protection point of view.    
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Figure 20.  Highlighted Anomaly – CRV. 
 

 
Figure 21. Highlighted Anomaly – CRV. 
 
Maximum Intrusion Speed in roll 1 and 2 for the 10 
vehicles tested is shown in Figures 22 and 23, with the 
vehicles that did significantly worse on the second roll 
of the dynamic testing highlighted. In Figure 22, the 
Camry and Sonata fell two levels to a “marginal” 
rating and the Chrysler fell two levels to a “poor” 
rating, after having “good” dynamic ratings for roll 1. 
 

 
Figure 22. Highlighted Anomalies – 2nd roll rating. 

Figure 23 highlights the CRV against the XC90 and  
Jetta, showing that the SWR rating of “marginal” is 
given, yet both rolls in the dynamic test remain at 
“good”. 
 

 
Figure 23. Highlighted Anomalies for Maximum 
Intrusion Speed – CRV. 
 
The conclusion has to be that the disparity between 
FMVSS 216 SWR and JRS dynamic test results show 
that FMVSS 216 data alone is unacceptable for real 
world rollover ratings. 
  
Considerations for the Proposed Rating System 
 
Most vehicles when tested at 10º of pitch in the M216 
test have half the strength of the FMVSS 216 test. This 
makes them vulnerable to excessive intrusion on a 10º 
of pitch roll.  The XC-90 was subjected to an M216 
test and resisted to a SWR of 2.2 about half its 216 
SWR (two times most others, and apparently 
adequate). 
 
Nash initially studied 273 cases and then expanded his 
study to 500 serious injury rollovers in NASS and 
found that roughly 60% of the vehicles had some top 
of fender and hood damage, consistent with more than 
10º of pitch. [23]  
  
This suggests that, at a minimum, any rollover rating 
system based on a FMVSS 216 one sided test be 
modified to also measure the second side at 10º of 
pitch and adjust the ratings on the basis of the results. 
JRS tests with anthropomorphic dummies and various 
types of padding and seatbelt systems have thus far 
been clouded by excessive roof crush and debate 
concerning the biofidelity of the ATD in measuring 
rollover related injury potential. Looking at the interior 
videos makes it clear that roof crush is a primary cause 
of injury to belted, unbelted, and ejected occupants.  If 
roof strength can be increased to a 5º of pitch SWR of 
4 or more and, a second side at 10º of pitch to more 
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than an SWR of 2, then other safety systems will come 
into play and can be evaluated and factored into the 
ratings.  
 
The Proposed Rollover Rating System 
 
Figures 24 and 25 illustrate the way the proposed 
dynamic rollover rating system would be constructed.  
Figure 24 shows the relationship between two criteria; 
crush and crush speed for both rolls of the five LTVs 
(4 LTVs and one four door pick-up).  Their 
performance is plotted on a formatted chart with the 
assigned rating categories of good, acceptable, 
marginal and poor.  The two roll results are connected 

and identified for each vehicle.  It is easy to see that 
the XC-90 (denoted 1) performed entirely in the 
“good” category and the CRV (denoted 2) was also 
“good” with slightly higher crush and speed.  The 
other three vehicles are problematic because they 
performed so poorly in the second roll at 10º of pitch.  
We would weigh the rating assignment on the basis of 
the probability of these vehicles rolling with 10º of 
pitch as determined from geometric considerations.  
The performance of any vehicle in 10º of pitch 
circumstances may be assessed by the M216 second 
side test. Figure 25 is the same format plot for the 5 
passenger cars.    
 

 

 
Figure 24.  JRS Test Results, Current 5 LTV Vehicle Ratings for Two Rolls. 

 
Figure 25.  JRS Test Results, Current 5 Passenger Car Vehicle Ratings for Two Rolls. 
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The decision as to which rating to choose would be 
based first, on the amount of crush, and second, on the 
impact speed.  This is because if there were no more 
than 10 cm (4”) of dynamic crush, the speed would be 
irrelevant for neck injury, although if the speed were 
high enough, you could get a head injury.  If the 
dynamic crush were 15 cm (6”) then a speed of 11 
km/h (7 mph) would onset of serious neck injury.    
 
Based on those criteria the XC-90, CRV, and Jetta 
would be rated “good”. Considering the probability of 
10 º of pitch, the Camry and Sonata would be rated 
“acceptable”. The Chrysler 300 and Cherokee would 
be rated “marginal”. The G6, Tahoe, and Ridgeline 
would be rated “poor”. 
 
The purpose of this paper is to illustrate a dynamic 
rollover rating system, not to argue the biomechanical 
criteria.  It is for that reason a speed consensus 
criterion and NHTSA derived (post crash negative 
headroom) cumulative crush data was used.  It would 
be more appropriate but more controversial to use 
dynamic crush.  In that regard the procedure is flexible 
and the ratings would perhaps only be more accurate 
but likely not shifted to a new level. It would also 
provide vehicle manufacturers the opportunity to 
design lighter, fuel efficient vehicles that are rollover 
crashworthy. 
 
Based on the overall analysis of these ten vehicles for 
the JRS dynamic two roll testing, our proposed 
dynamic rollover ratings are shown in Table 1.The 
vehicles in bold type denote the disparity in rating 
using the dynamic versus SWR ratings base. 
 

Year/Make/Model
JRS 

Dynamic 
Rating

SWR 
Rating

2007 VW Jetta Good Good

2007 Toyota Camry Acceptable Good
2006 Hyundai Sonata Acceptable Acceptable

2006 Chrysler 300 Marginal Marginal

2006 Pontiac G6 Poor Marginal

2005 Volvo XC90 Good Good

2007 Honda CRV Good Marginal
2006 Honda Ridgeline Poor Marginal
2007 Jeep Grand Cherokee Marginal Marginal

2007 Chevy Tahoe Poor Marginal  
Table 1.  

Dynamic Rollover Ratings for JRS Tested Current 
Production Vehicles 

 
Table 1 shows that the difference between JRS 
Dynamic and SWR ratings for the ten vehicles 
includes five matches. The CRV is two rating levels 

better dynamically, where as the Camry, G6, Ridgeline 
and Tahoe are one level lower rated dynamically. 
 
COMPREHENSIVE RATING SYSTEM 

  
The comprehensive rating system would provide 
consumers with an idea of the overall safety of a 
particular vehicle. The proposed rating system would 
incorporate a rating for 4 different crash modes; front, 
side, rear, and rollover.  Three of the four types of 
crash modes are currently being rated by the IIHS, 
Euro NCAP, ANCAP and other consumer rating 
groups, on a "good," "acceptable," "marginal," "poor" 
scale.  The 4th rollover rating would be provided by 
the proposed JRS dynamic rollover rating system on 
the same scale.  By combining the ratings for all 4 
crash modes a composite rating can be established.   

 
This would be done by computing a weighted average 
of these 4 ratings based on the frequency and fatality 
rate that occurs annually per crash mode.  Calculating 
the average rating in this way gives more weight to the 
rollover crash mode that results in the highest fatality 
rate.  Therefore a vehicle that performed very well in 
front, side and rear impact tests but not very well in 
rollover tests would be rated significantly less safe 
than a vehicle that performed very well in front, side 
and acceptably in rollovers.       
The individual mode ratings for the ten vehicles of this 
paper are shown in Table 2. 
 

Year/Make/Model Offset-
Frontal * Side * Rear *

Dynamic 
Rollover

2007 VW Jetta 4 4 2 4
2007 Toyota Camry 4 4 2 3
2006 Hyundai Sonata 4 3 4 3
2006 Chrysler 300 4 1 2 2
2006 Pontiac G6 4 1 2 1

2005 Volvo XC90 4 4 4 4
2007 Honda CRV 4 4 4 4
2006 Honda Ridgeline 4 4 2 1
2007 Jeep Grand Cherokee 4 2 4 2
2007 Chevy Tahoe N/A N/A N/A 1

    4 - Good  3 - Acceptable  2 - Marginal  1 - Poor                                              * 
Ratings from NHTSA Vehicle Ratings website  (N/A - Not Available)  

Table 2.  
Individual Crash Mode Ratings for 10 Vehicles. 

 
CONCLUSIONS 
   
• A consumer rollover rating system is long 

overdue. The best way to rate the crashworthiness 
injury potential of vehicles in rollovers is by 
utilizing a JRS dynamic test.  Rating vehicles 
simply by FMVSS 216 gives grossly misleading 
(both over and understated) injury rate results.   
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• The ten vehicle JRS dynamic tests presented in 
this paper are a sample of the results that are 
achieved with dynamic testing and the basis for 
the consumer rollover rating system. Three of the 
vehicles would receive “good” ratings, two with 
“acceptable”, two with “marginal” and three 
“poor” ratings. 

 
• When evaluating a rating system based solely on 

FMVSS 216, in comparison to dynamic testing, 
anomalies abound. The CRV is one such anomaly. 
The CRV emulates the rollover roof crush 
performance of vehicles like the XC-90 and the 
VW Jetta as shown in Figure 23.The CRV may be 
a styling-derived, partial and non-optimized 
implementation of a geometric roof improvement 
discussed and validated in our companion 
geometry paper.   

 
• The proposed comprehensive ratings system 

would include a factored and weighted analysis by 
fatality rate and frequency of a vehicle’s 
performance in all four major accident modes. 
This would provide an overall rating that 
consumers could use when purchasing a new or 
used vehicle. 
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ABSTRACT 

Recent technological advances have enabled a wide 
variety of information systems to be integrated into a 
vehicle in order to increase productivity, safety, and 
comfort. However, improperly deployed technology 
can degrade safety and annoy drivers. Especially, 
potential information overload problems may 
become acute among older drivers who are the 
fastest growing segment of the driving population. 
This paper aims to understand the age-related 
driving performance decline under a series of 
increasingly complex in-vehicle auditory tasks (n-
backs).  Data was drawn from a series of single task 
exercise and repetitions of the tasks under simulated 
driving conditions. In the simulation, 63 participants 
aged 20’s and 60’s drove through either a complex 
city or highway paradigm, appropriately counter-
balanced.  At a specified location in the canter of 
each of the two contexts, participants were asked to 
complete a series of auditory tasks of increasing 
complexity.  Before beginning and after completing 
the simulation, drivers were asked to complete the 
auditory task in stationary non-driving conditions.  
Comparisons of younger and older drivers’ 
secondary task performance will be discussed. In 
addition, differences in driving performance 
including average speed, speed variability, and lane 
keeping performance will be used to gauge older 
adult’s capacity to regulate the demands of complex 
in-vehicle tasks in safe manner. 

INTRODUCTION 

Driving is a complex psychomotor task often 
interrupted by secondary activities that divert 
attention away from the roadway. Diversion of 
attention to secondary tasks is one of the largest 
contributors to inattentive driving and, consequently, 
to accidents (Stutts and Hunter, 2003). Therefore, an 
understanding of how drivers allocate attention and 
manage workload is important for informing both 
vehicle design and driver education. For the vehicle 
design side, voice recognition is widely used by 

vehicle manufacturers to reduce secondary workload. 
Currently voice recognition is considered the safest 
input user interface and is currently used as input for 
various infotainment, telematics and other comfort 
features. However, voice recognition technology 
also increases cognitive workload. Therefore, it is 
suggested that the impact on the older driver should 
be evaluated, since an individual’s capacity for 
managing multiple tasks simultaneously is known to 
generally decrease with age (McDowd et al., 1991; 
Rogers and Fisk, 2001). While absolute capacity 
declines with age, the judgment of typical drivers 
increases throughout the lifespan. In younger drivers, 
impaired judgment is often associated with excessive 
speed and alcohol use (Boyle et al., 1996) while 
older drivers have been observed to recognize 
possible limitations and self-regulate their behavior 
by limiting their exposure to situations in which they 
may be at higher risk (D'Ambrosio et al., 2008). 
When workload is high, there is evidence that some 
drivers engage in compensatory behaviors, such as 
moderating their driving speed, to manage workload 
(Harms, 1991; Reimer, 2009; Mehler et al., 2009). 
Therefore, when design voice recognition interface, 
we need to understand the older drivers’ behavioral 
characteristics under dual task conditions. 
In this study, we used an auditory cognitive task 
which is designed for providing increasingly 
complex in-vehicle auditory tasks (n-backs). The 
performance of younger and older drivers during 
single task simulated driving and in response to the 
added demand of a secondary cognitive task are 
compared. The overall simulation looked at both 
urban and highway driving environments. 

METHODS 

Participants 
 
Participants were: a) required to be between the ages 
of 20 and 29 or 60 and 69, b) drive on average more 
than two times per week, c) be in good health and 
free from a number of major health conditions such 
as cancer or uncontrolled high blood pressure, d) not 
taking medications for chronic depression or other 
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psychiatric conditions, e) have a mini mental status 
score (Folstein et al., 1975) greater than 25 and f) 
not previously participated in a driving simulation 
study. Participants were required to sign an informed 
consent form. 
 
Apparatus 
 
The experiment was conducted on the DGIST fixed-
based driving simulator, which incorporated a 
Mercedes-BenzTM Smart car and STISIM Drive™ 
software (see Figure 1). Graphical updates to the 
virtual environment were computed using STISIM 
Drive™ based upon inputs recorded from the OEM 
accelerator, brake and steering wheel which were all 
augmented with tactile force feedback. The virtual 
roadway was displayed on a large, wall-mounted 
screen at resolution of 1024 x 768. Feedback to the 
driver was also provided through auditory and 
kinetic channels. STISIM Drive provided vehicle 
sounds that varied with acceleration, braking, and 
movements off the road. Both urban and highway 
settings were simulated, using only daylight and dry 
road conditions. Completed distance, speed, and 
steering, throttle, and braking inputs were captured 
at a sampling rate of 20-30 Hz.  
 

 
 

Figure 1. The DGIST fixed-based driving simulator 
 
Secondary Task 
 
An auditory prompt and verbal response “n-back” 
task, which can systematically ramp-up the total task 
demand on a driver without requiring direct conflict 
with the manual control or visual processing 
demands of the primary driving task (Zeitlin, 1993), 
was employed in this study to develop a baseline of 
older drivers’ dual task capabilities. The form of the 
n-back employed consisted of a series of 10 single 
digit numbers (0 – 9) presented aurally to the subject. 
Each value was presented once per test set and the 
order of the digits varied with each presentation. The 
10 numbers were presented with an inter-stimulus 

interval of 2.25 seconds, thus requiring fairly rapid 
response from the subject to keep pace with the task. 
Consecutive tests appeared every 30 seconds, 
allowing for only a brief pause between sets. 
This secondary task consisted of three levels of 
difficulty and presented as a block of six trials. The 
first two trials employed a very mild demand (0-
back), the second to two trial a moderate demand (1-
back) and finally two trials a high level of task 
demand (2-back). 
In the ‘0-back’ version, the subject was simply to 
repeat out loud each number immediately after it 
was presented. In the “1-back” condition, instead of 
repeating the current number, the subject was 
required to recall from memory and respond out loud 
with the number that was presented just prior to the 
current number (i.e., 1 back from the current 
number). The ‘2-back’ form of the task required 
subjects to recall from memory and to verbalize the 
number that was presented two numbers prior to the 
current value (i.e. 2 items back). The overall layout 
of the task was designed to sequentially increase the 
cognitive load on the subject both in terms of 
absolute difficulty and sustained load (Mehler et al., 
2009) 
 
Procedure 
 
After an introduction to the experiment, training on 
each level of the n-back task was provided. To 
facilitate learning, participants were given a written 
guide to follow along with the research assistant’s 
verbal description and presentation of practice trails. 
Training on each level continued until satisfactory 
scores were reached (less than one error on a 0-back 
task, less than four errors on two consecutive trials 
of 1-back tasks and less than five errors on two 
consecutive trials of 2- back tasks). Participants then 
entered the simulator and began a driving 
habituation period designed to increase participants’ 
comfort with the simulator. This experience uses a 
slow “ramp up” approach to reduce the potential for 
simulator sickness. 
Following the habituation period, participants 
stopped driving and completed a non-driving 
assessment of the n-back task (six trials) and a 
questionnaire. The primary simulation protocol 
followed. To enhance the demands of driving the 
simulation, a financial incentive was used to 
encourage people to maintain speed, obey the traffic 
laws, and devote attention to secondary cognitive 
task (Mehler et al., 2009; Reimer et al., 2006). 
During the initial briefing subjects were told that that 
in addition to the base compensation 25,000KRW, 
an additional 10,000KRW could be earned during 
their drive by performing a series of secondary tasks. 
In order to simulate the conflicting demands of 
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“real” automobile driving subjects were instructed 
that some of the incentive could be lost for non-safe 
driving such as a crash and traveling too fast or too 
slow in relation to the posted limit. 
During this period participants engaged in an urban 
and highway driving experience each lasting 
approximately 15 minutes. No rest period was 
provided. The presentation order of the conditions 
was counterbalanced such that half of the 
participants drove in urban setting first. During a 
portion of the urban and highway drive, the n-back 
task was presented. This procedure provided three 
equidistant periods of roadway in which to assess 
driving performance. Following the simulation, a 
second non-driving assessment on the n-back task 
was carried out. Figure 2 shows the structure of  
suggested experimental protocol 
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Figure. 2 Structure of experimental protocol 
 
Data Analysis 
 
Data was normalized to reduce the impact of speed 
on sampling differences in time. The normalization 
was performed by creating 40 intervals over the 
305m(1000ft) that comprised of the average raw 
(forward velocity and lane position) measure 
recorded over each consecutive 7.62m (25 ft) road 
segment. Overall statistical measures were then 
calculated over the interval data.  
Statistical comparisons were computed using SPSS 
version 14. A level of p<0.05 was adopted for all 
significance statements. Comparisons were made 
using an ANOVA analysis. 

RESULTS 

Sample 
 
The sample consisted of 63 participants, 32 in the 
20’s and 31 in 60’s. Gender was balanced by age 

(one older female participant was not run).  
Participants averaged 24.6 (S.D. = 2.3) and 63.9 
(S.D. = 2.7) years for the two age groups.  
 
Secondary Task Performance 
 
Cognitive task performance was assessed as an error 
rate computed as the percentage of incorrect or non-
responses to the total number of stimuli. Error rates 
are reported in Table 1. Error rate increased under 
dual-task conditions, F(1,118) = 4.18, p = 0.043. 
Older participants committed an error 28.79% more 
often than the younger group, F(1,118) = 77.56, p < 
0.001. 
 

Table 1. 
Composite accuracy scores on the secondary task 

 

 Non-driving Dual-task 

20’s 
Male 3.90(6.59) 6.69(7.36) 

Female 4.96(7.12) 10.12(9.75) 

Total 4.43(6.77) 8.41(8.68) 

60’s 
Male 26.92(20.60) 35.14(17.20) 

Female 30.83(27.94) 39.39(24.82) 

Total 28.81(24.09) 37.20(20.98) 
 

* Note: table entries are mean percentages with the 
standard deviation in parentheses  
 
Using the error rate for all tests undertaken by the 
participants as an index, performance was essentially 
perfect (1.66%) across subjects for the 0-back (see 
Figure 3). As the level of cognitive challenge 
increased, error rates of 16.7% appeared for the 1-
back and 41.7% for the 2-back. The effect of task 
difficulty on error rate was significant across all 3 
levels of the n-back task (F(2,189) = 42.1, p<0.001). 
The observed error rates support the assertion that 
workload increased across the task periods. 
 

%
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Figure. 3 N-Back Errors as a Function of Task 
Difficulty 
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Driving Performance 
 

Forward velocity - Forward velocity is presented 
in Figure 4. Consistent with Mehler et al. (2008), 
forward velocity is significantly affected by the 
secondary task, F(2, 177) = 7.641, p=0.001. Across 
age and gender, velocity decreased by 1.21 m/s 
during the secondary task and recovered by 1.43 m/s 
afterwards. 
Age interact significantly with the secondary task on 
forward velocity, (F(2, 177) = 3.812, p = 0.024), but 
the difference between age groups, F(2, 177) = 0.056, 
p=0.813, and between genders, (F(2, 177) = 2.863, 
p=0.092), were not statistically significant.   
As shown in Figure 2, participants drove slower 
during the dual-task and resumed near the pre-task 
speed following the secondary task. Especially, the 
older drivers were more affected by the secondary 
task. 
During the task, younger drivers slowed 2.7% and 
older drivers were 10.1%. It suggested that the 
secondary task impacted on primary driving task and 
the older drivers were more significant than younger 
drivers. 
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Figure 4. Forward velocity by age and gender 
 
Speed control - Figure 5, displays speed control 
expressed as the percent coefficient of variation on 
velocity. The difference between age groups was 
statistically significant, F(1,177) = 12.614, P<0.001,  
but gender, F(1,177) = 0.509, p=0.477, and the 
secondary task, F(2,177) = 1.864, p=0.158, were not 
statistically significant. 
According to Figure 3, the coefficient of the older 
drivers was increased during the secondary task and 
decreased after the task, while the younger drivers’ 
coefficient was barely changed during secondary 
task but increased following the task. 
During the task, the coefficient of younger drivers 
decreased 3.9% and older drivers increased 22.9%. 
This results suggested that the secondary task 
impacted on primary driving task, and the older and 
younger drivers had an opposite characteristics. The 

older drivers have more difficulty controlling  speed 
during the secondary task. 
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Figure 5. Percent coefficient of variation on 
velocity by age and gender 
 

Lateral control - Lateral control expressed as the 
standard deviation of lane position is shown in 
Figure 6. Consistent with earlier field studies on 
younger participants using n-back tasks (Reimer, 
2009), drivers across gender (F(1,177) = 4.874, p = 
0.029) and the secondary task (F(2,177)= 3.269, p = 
0.040) showed a significant reduction in lateral 
variation, , while no significant age effect exist, 
F(1,177) = 3.137, p = 0.078. 
As shown in Figure 4, the standard deviation of lane 
control of all participants except younger male 
drivers was decreased during the secondary task and 
increased after the task. Regarding the younger 
drivers’ behavior, we need additional subject for 
better understand. 
During the task, the standard deviation of lane 
position of younger and older drivers decreased 
19.1% and 18.7%, respectively. There was no 
significant difference across age. 
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Figure 6. Standard deviation of lane position by 
age and gender  
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CONCLUSION 

This study aims to understand the age-related 
driving performance decline under a series of 
increasingly complex auditory cognitive tasks (n-
backs).  63 participants aged 20’s and 60’s drove  
and completed the auditory cognitive tasks. From the 
younger and older drivers’ secondary task and 
driving performance including average speed, speed 
variability, and lane keeping performance, we drew a 
characteristics of older drivers’ dual task capabilities. 
Each of the age and gender subgroups showed a 
parallel decrement in performance on the n-back task 
during simulated driving relative to their 
performance under non-driving conditions. This may 
be interpreted as evidence that each group invested a 
comparable amount of their available cognitive 
resources in the n-back task during the driving phase 
relative to their overall capability to perform the task 
under single task conditions. Considering the sample 
as a whole, the introduction of the secondary task 
during driving resulted in a compensatory slowing of 
forward velocity during the heightened workload 
and an increase in driving speed following, 
extending previous findings (Mehler et al., 2008; 
Reimer, Mehler et al., 2006). Similarly there is the 
suggestion of a tunneling effect in which the 
standard deviation of lane position decreases, most 
likely due to a rigidification of control so that 
attention can be divided between the tasks (Reimer, 
2009). 
In summary, age appears to impact both driving 
performance and, consequently, compensatory 
behavior during dual load conditions. This suggests 
that the capacity declines with age should be 
considered when designing a in-vehicle interface 
system. 

LIMITATION  

There are several limitations of this study. 
Connections between cognitive distractions such as 
voice recognition and cellular telephone use, and the 
surrogate n-back task are not well established. The 
use of monitored experimentation likely impacts 
drivers’ performance versus that of truly naturalistic 
driving conditions. Results based upon the measure 
of lane performance do not include data from 
approximately half of the sample. Finally, the 
presentation of the n-back task was not randomized 
(always 0-back followed by 1-back and then 2-back 
task). Future research will attempt to address these 
limitations. 
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ABSTRACT 

A 2004 Chevrolet Tahoe was tested with the Original 
Equipment Manufacturer’s (OEM) base and optional 
recommended tires and wheels, and two sets of 
different sized aftermarket tires and wheels.  One 
aftermarket tire and wheel set used a much larger and 
wider rim with a low profile tire that did not 
significantly change the vehicle’s Static Stability 
Factor (SSF).  The second aftermarket tire and wheel 
set used the larger optional OEM rim with a larger 
than recommended Light Truck (LT) designated tire 
that significantly lowered the vehicle’s SSF.  Tests 
were performed pursuant to the protocols described 
in the United States Department of Transportation 
(USDOT) National Highway Traffic Safety 
Administration (NHTSA) New Car Assessment 
Program’s (NCAP) fishhook and sine-with-dwell 
maneuvers.  Results demonstrated that changes in 
vehicle performance due to the use of aftermarket 
tires were dramatic.  The lower profile tire and wheel 
combination produced vehicle tip-up in fishhook 
testing at 40 and 35 mph with and without ESC 
enabled respectively.  The larger LT tire and wheel 
combination did not produce vehicle tip-up in 
fishhook testing with ESC enabled, but did at 45 mph 
with ESC disabled.  Both base and optional OEM 
tires produced test results which fell in between the 
two aftermarket tires.  The vehicle successfully 
completed the sine-with-dwell test maneuvers with 
ESC enabled and failed with ESC disabled when 
equipped with either the base or optional OEM tires. 

INTRODUCTION 

Vehicle manufactures provide information regarding 
the appropriate tires for their vehicles.  
Recommended tire and wheel sizes are printed on a 
placard which is affixed to the vehicle in an easily 
accessible area.  Instructions in the Owner’s manual 
typically state the recommended types and sizes of 
tires that are permissible or refer the operator to the 
vehicle’s tire placard.  A General Motors instruction 
found on the internet states, “GM Accessory wheel 
and tire systems are designed as a system and must 
be used as such. Approved tire and wheel system 
combinations can be found by clicking on a GM 
vehicle, brand, then model, which can be found on 
the GM Accessories Zone home page…GM strongly 
recommends that replacement tires be the same as the 
original equipment tires (GM, 2006).”  Ford’s 2000 
Expedition Owners Guide states, “When replacing 
full size tires, never mix radial, bias-belted or bias-
type tires. Use only the tire sizes that are listed on the 
Certification Label. Make sure that all tires are the 
same size, speed rating, and load-carrying capacity. 
Use only the tire combinations recommended on the 
label. (Ford, 2000)” 

A tire manufacture described the appropriate tires for 
a vehicle as those that are recommended by its 
manufacturer, “To ensure the same performance 
characteristics intended by the vehicle manufacturer, 
replacement tires should be selected with the same 
size, load index, and speed symbol designation as 
shown on the vehicle tire placard and/or within the 
vehicle owner's manual.” (Bridgestone/Firestone, 
2006)  Despite these types of instructions, the 
practice of installing tire types and sizes that do not 
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meet the recommendations of the manufacturer was 
anticipated for a variety of reasons including 
customer requests and to meet vehicle modification 
requirements.  Typical changes include "Plus" Sizing, 
Speed Rating changes, Passenger Tire vs. Light 
Truck Tire fitments, P-Metric vs. Euro-Metric, 
Standard Load (SL) vs. Extra-Load (XL), or 
combinations of the items above.  Publications such 
as the “Tire Guide” published by Bennett Garfield 
provide Industry guidelines for some of these 
practices. 

Daws described, “Plus” Sizing as, “the fitting of 
larger diameter rims and lower profile tires to 
vehicles (Daws, 2008).”  Regarding “Plus” Sizing the 
Bridgestone/Firestone Replacement Tire Selection 
Manual instructs, among several points, that: 

“In some cases, a vehicle manufacturer may 
specifically advise against the application of 
replacement tires that are not the original 
size or type. Always refer to and follow 
these recommendations.” And, “The overall 
diameter of replacement tires should be 
within vehicle manufacturer tolerances. If 
tolerances are not provided, use a guideline 
of +/-3% from the overall tire diameter of 
the tire specified on the vehicle tire placard.” 
(Bridgestone/Firestone, 2006) 

The fitting of tires and wheels different in size from 
that specified by a vehicle’s manufacturer continues 
to be a significant commercial force in the tire 
marketplace.  In 2008, according to Daws, “The 
fastest-growing segment of the tire market today is 
what is called the ‘tuner’ market. Another rapidly 
growing segment is that of low profile tires for light 
trucks and sport utility vehicles. The market for 
aftermarket wheels, tires, and suspension components 
in 2001 represented over $6 billion in sales.” 

Some of the important issues that must be addressed 
when considering tires that are different than those 
recommended by a vehicle’s manufacturer include 
load capacity, tire pressure, tire clearance, and 
vehicle static stability factor (SSF) changes.  These 
items can be analyzed using simple calculations, 
static measurement, and data supplied by tire and 
wheel manufactures.  Unfortunately, these simple 
metrics do not address many other potentially 

negative characteristics that can occur to a vehicle’s 
handling performance due to tire changes.  These 
include yaw stability, rollover stability, cornering, 
ride harshness, rim to ground contact potential, tire 
debead, hydroplaning resistance, speedometer 
calibration, brake pad and steering gear wear and 
active precrash safety systems like anti-lock brakes, 
electronic (roll) stability control, and traction control.  
The research reported on in this paper principally 
addresses stability issues. 

METHOD 

The test vehicle was a 2004 Chevrolet Tahoe with 
VIN 1GNEC13Z04R177864, September 2003 
manufacture date and an odometer reading of 64,285 
miles.  The vehicle was equipped with a 5.3L V-8 
engine, 4-speed automatic transmission, 2-wheel 
drive, and Stabilitrac.  Photograph 1 is an overall 
view of the test vehicle.  GM’s Stabilitrac will be 
referred to as Electronic Stability Control (ESC) from 
here on out.  The tires recommended on the vehicle 
door placard were P265/70R17 inflated to 32 psi at 
the front and rear.  The tires were mounted to the 
recommended alloy OEM 17X7.5 rims with a 31 mm 
offset.  Prior to preparing the vehicle for testing it 
was researched, inspected and measured by a 
certified body shop to ensure that it had no prior 
major collision damage or repair and that it was in 
compliance with OEM specifications. 

 
Photograph 1.   2004 Chevrolet Tahoe with VIN 
1GNEC13Z04R177864. 

Tires and wheels used in testing included: (1) 
Firestone Destination LE P265/70R17 inflated to 32 
psi at the front and rear.  The tires were mounted to 
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alloy OEM 17X7.5 rims with a 31 mm offset; (2) 
Firestone Wilderness LE P265/70R16 inflated to 35 
psi at the front and rear.  The tires were mounted to 
alloy OEM 16X7 rims with a 31 mm offset. (3) 
Buckshot Maxxis Mudder LT285/70R17 inflated to 
40 psi at the front and rear.  The tires were mounted 
to alloy OEM 17X7.5 rims with a 31 mm offset.  (4) 
Toyo Proxes S/T P305/40R22 inflated to 40 psi at the 
front and rear.  The tires were mounted to alloy 
22X9.5 rims with an 18 mm offset.  Photographs 2 
through 5 show the different tires mounted to their 
respective rims and inflated to the listed pressures. 

 
Photograph 2.  From left to right: (3) Buckshot 
Maxxis Mudder LT285/70R17; (1) Firestone 
Destination LE P265/70R17; (2) Firestone 
Wilderness LE P265/70R16. 

 
Photograph 3.  From left to right: (3) Buckshot 
Maxxis Mudder LT285/70R17; (1) Firestone 
Destination LE P265/70R17; (2) Firestone 
Wilderness LE P265/70R16. 

 
Photograph 4.  From left to right: (4) Toyo Proxes 
S/T P305/40R22 and (2) Firestone Wilderness LE 
P265/70R16.  

 
Photograph 5.  From left to right: (4) Toyo Proxes 
S/T P305/40R22 and (2) Firestone Wilderness LE 
P265/70R16.  

The base vehicle’s curb plus driver plus 
instrumentation weight with the 17 inch OEM tires 
was 5,785 lbs (F/R: 2,940/2,845). This included the 
driver (175 lbs) and the instrumentation (77.5 lbs) 
placed on the right front seat.   Fishhook tests were 
conducted at or near the NCAP specified loading. 
The vehicle was fitted with an AB Dynamics steer 
robot to provide the programmed steer input. 
Calibrated instruments measured speed; slip angle; 
yaw, roll and pitch rates; x, y and z accelerations; and 
wheel heights.  Brake line pressure at each wheel and 
brake pedal application status were also monitored 
and recorded.  Brake pedal application status was 
monitored through a switch at the brake pedal.  
Signals from all instruments, velocity sensors and 
vehicle circuits were recorded with an on board data 
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acquisition system at 200 samples per second.  Data 
from the onboard instrumentation were post 
processed with a 6Hz, 12-pole, phaseless digital 
Butterworth filter and zeroed. 

Tire pressures were set cold prior to tire conditioning 
and testing.  OEM tire pressures were set to 35 psi 
front and rear for the base tire and 32 psi front and 
rear for the optional tire as listed on the vehicle’s tire 
placard.  The aftermarket tire pressures were set to 40 
psi front and rear as recommended by tire retailers.  
Tires were conditioned and changed using the 
protocol dictated by the NHTSA NCAP fishhook test 
procedure (NHTSA, 2003).  Tire pressure was 
monitored but not changed to ensure that no pressure 
loss occurred from test to test. 

A series of static measurements and quasi steady 
state tests were conducted.  These include 
measurements to determine: tire rolling radius, roll 
stiffness, roll moment distribution, CG height, and 
Static Stability Factor (SSF) and tests to determine 
understeer gradient. 

Two dynamic tests, NHTSA’s NCAP fishook 
maneuver (NHTSA, 2003) and NHTSA’s sine-with-
dwell maneuver (NHTSA, 2006) were conducted on 
the two OEM tire configurations.  Only maneuvers in 
the left/right sequence were completed.  The AB 
Dynamics steering robot generated the steering inputs 
for each run, while the driver controlled the initial 
speed.  Tests were conducted at 35 to 50 mph and 
throttle was dropped prior to steer initiation.  ESC off 
condition was produced by turning off the stability 
control switch on the vehicle console.  Non-actuation 
of the system was confirmed by observing the 
warning lamp in the instrument cluster, and by 
monitoring individual wheel brake line pressures. 

All tests were conducted on flat and level asphalt 
roadway and parking lot surfaces at the Southwestern 
International Raceway near Tucson, Arizona.  The 
test surface had a 0.9 or greater friction coefficient 
determined pursuant to the ASTM surface friction 
characterization protocol.  A listing of all dynamic 
tests is provided in Table 1.  

Table 1.  List of dynamic tests. 

Tire ESC Test
Firestone Wilderness 

LE P265/70R16 off Left-Right Fishook

Firestone Wilderness 
LE P265/70R16 on Left-Right Fishook

Toyo Proxes S/T 
P305/40R22 off Left-Right Fishook

Toyo Proxes S/T 
P305/40R22 on Left-Right Fishook

Firestone Wilderness 
LE P265/70R16 off Left-Right Sine-with-

dwell
Firestone Wilderness 

LE P265/70R16 on Left-Right Sine-with-
dwell

Buckshot Maxxis 
Mudder LT285/70R17 off Left-Right Fishook

Buckshot Maxxis 
Mudder LT285/70R17 on Left-Right Fishook

Firestone Destination 
LE P265/70R17 off Left-Right Fishook

Firestone Destination 
LE P265/70R17 on Left-Right Fishook

Firestone Destination 
LE P265/70R17 off Left-Right Sine-with-

dwell
Firestone Destination 

LE P265/70R17 on Left-Right Sine-with-
dwell  

 

RESULTS 

Results from all static measurements, specifications, 
calculations, quasi steady state and dynamic test 
results are listed in Table 2. 

The test vehicle exhibited the lowest rollover 
resistance when equipped with the low profile 
P305/40R22 tires and wheels during fishhook testing.  
The tip-up speed was 40 and 35 mph with and 
without ESC enabled respectively.  The test vehicle 
exhibited dangerous tip-up response at 45 mph with 
ESC disabled when equipped with the larger 
LT285/70R17 tires and wheels during fishhook 
testing; the vehicle did not tip-up with ESC enabled.  
The test vehicle equipped with the optional 
P265/70R17 OEM tires tipped-up in fishhook testing 
with and without ESC enabled at 45 and 40 mph 
respectively.  The test vehicle tipped up at 40 mph 
without ESC when equipped with the base 
P265/70R16 OEM tires, but did not tip up with ESC  
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Table 2.  List of measurements, specifications, calculations , and test results. 
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enabled during fishhook testing sponsored by 
NHTSA. 

Only OEM tires were tested using the sine-with-
dwell steer maneuver. The Tahoe failed to meet the 
test criterion at a steer scalar of 3.5 with the ESC 
disabled when equipped with either the base or 
optional OEM tires.  The Tahoe passed all runs 
resulting in successful completion of the maneuver 
with ESC enabled when equipped with either the 
base or optional OEM tires. 

DISCUSSION 

Often pressure is felt to place after market tires which 
do not meet the manufacturer’s recommendation on a 
vehicle because of a customer’s desire to produce a 
particular look that a tire can provide.  In the case of 
the two aftermarket tires that were tested during the 
research reported on in this paper, one tire, the Toyo 
Proxes, produces a sporty look, while the other tire, 
the Maxxis Buckshot Mudder, produces a rugged off- 
road look.  In the competitive world of retail tire sales 
it is common to get these kinds of requests from 
consumers. 

Baseline data found in common fitment guides does 
not typically report on the effects of rubber 
compound as it relates to the appropriateness of the 
tire for a particular application, yet the rubber 
compound can have a significant effect on a tire’s 
friction capacity.  The range of friction coefficients is 
quite extreme when comparing a high performance 
tire to a light truck tire.  A tire’s friction capacity can 
greatly influence a vehicle’s roll stability. 

A typical tire fitment guide will provide information 
on alternative “plus” size tires and wheels that can be 
substituted by the tire retailer with the expectation 
that they will “fit”.  This often results in substituting 
the manufacturer’s recommended tire size with a 
lower aspect ratio tire mounted on a larger diameter 
rim.  The responsiveness of a low profile tire (small 
aspect ratio) will be significantly different than that 
of the more traditionally sized tire commonly 
recommended by the vehicle manufacturer.  The 
vehicle responsiveness can influence a vehicle’s roll 
stability. 

The results of this study demonstrate the significant 
changes in vehicle handling that can occur when tires 
that are substantially different in design than that 
recommended by the manufacturer are placed on a 
vehicle.  The changes that occur are not always 
intuitively obvious.  This was clearly demonstrated 
by the results from the fishhook tests. 

A review of the static measurements, specifications, 
and calculations reported in Table 2 would likely lead 
to an initial assessment that the base OEM tire would 
be the least likely to produce vehicle tip-ups during 
the fishhook test and that the larger Buckshot Maxxis 
Mudder tire would be the most likely to produce 
vehicle tip-ups in fishhook tests.  One might also 
believe that the Toyo Proxes tires would produce 
vehicle tip-ups at similar speeds to the optional OEM 
tires.  The results of the dynamic testing clearly 
demonstrate the error of such assessment in fishhook 
testing.  In fact, the Toyo Proxes tires produced a 
violent tip-up response at the lowest test speed 
prescribed in the NHTSA fishhook protocol (35 
mph).  In contrast, the Buckshot Maxxis Mudder tires 
produced dangerous fishhook tip-up response at the 
highest speed of all the tires tested on the Tahoe 
during fishhook testing without ESC.  Both the base 
and optional OEM tires produced tip-up results by 
the Tahoe that fell in between the results produced by 
the two aftermarket tires. 

These findings clearly show the need for tire retailers 
to go beyond the standard fitment guides when 
determining what tires are appropriate for a particular 
vehicle or application.  This is particularly true for 
SUV’s, trucks, and vans that have lower SSF’s and 
are more prone to rollover compared to passenger 
cars.  The risk of significant safety hazard occurs 
when an aftermarket tire which does not meet the 
vehicle manufacturer’s recommended tire type and 
size is on a vehicle.  Aftermarket tires in this category 
should not be placed on a vehicle unless there has 
been full scale dynamic testing that demonstrates that 
the tires do not adversely affect the vehicle’s 
handling characteristics. 

The quasi steady state handling test results showed 
that the different tires did not significantly change the 
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basic understeer characteristics of the vehicle.  A 
typical driver would not likely know that they had 
substantially affected their vehicle’s roll propensity 
when operating their vehicle under normal everyday 
driving circumstances with the aftermarket tires that 
did not meet the manufacturer’s recommendations. 

The ESC demonstrated its effectiveness in 
maintaining yaw stability during sine-with dwell 
testing with both the base and optional OEM tires.  
The Tahoe failed the sine-with-dwell test series at a 
steer amplitude of 130.2° (3.5 scalar) with both OEM 
tire sizes when the ESC was disabled.  The Tahoe 
successfully passed the sine with dwell test series 
with steer amplitudes as high as 270° with both OEM 
tire sizes when the ESC was enabled.  The ESC gave 
the driver the opportunity to steer the Tahoe more 
than double the amplitude without producing a 
vehicle spinout response. 

CONCLUSION 

1. Information about “plus” size substitute tires 
found in common tire fitment guides is 
insufficient to determine the appropriateness of a 
given tire on a given vehicle.  Just because a tire 
will “fit” on a vehicle does not mean that it will 
be safe. 

2. Aftermarket tires that do not fall within the 
recommendations for tire type and size provided 
by the vehicle manufacturer should not be placed 
on a vehicle unless full scale vehicle handling 
tests or analysis have been completed.  

3. Driving a vehicle under normal everyday driving 
circumstances is not sufficient to determine the 
effect that an aftermarket tire may have on roll 
propensity. 

4. ESC greatly increases a driver’s ability to place 
steer inputs to a vehicle without losing control, 
or causing an on-road untripped rollover, thus 
significantly reducing danger and providing a 
significant safety enhancement.  Tires that do not 
meet the vehicle manufacturer’s recommended 
size may affect the functionality of the ESC 
system. 
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ABSTRACT 
 
The performance of a vehicle’s seat back in rear impact 
accidents can significantly affect occupant kinematics 
and resulting injury potential.  The only current United 
States (U.S.) government regulation addressing seat 
back strength is outlined in Federal Motor Vehicle 
Safety Standard (FMVSS) 207, Seating Systems [1].  
The test method outlined in this regulation is only 
partially predictive of seat performance in dynamic 
and/or real world impacts.   Many seats continue to 
demonstrate gross deformations or catastrophic failures 
with potentially injurious occupant kinematics under 
the impact conditions of the FMVSS 301 Fuel System 
Integrity testing [2].  The Quasistatic Seat Test (QST) 
methodology, which utilizes an Anthropometric Test 
Dummy (ATD) and applies the load to the seat back 
through the ATD’s lumbar spine, has been shown to be 
a predictor of seat deformation under dynamic loading 
[3].  Different seat designs tested utilizing the QST 
methodologies are presented. 
 
Additionally, sled tests conducted at impact levels 
consistent with FMVSS 301 severities are presented 
and analyzed regarding occupant containment and the 
degree of encroachment of the deforming seat back or 
front seat occupant into the rear occupant’s seating 
compartment.  Crash test data, including ATD injury 
measures, from tests performed for the development of 
the recently upgraded FMVSS 301 rear impact standard 
were reviewed.  Furthermore, an additional FMVSS 
301 test is presented wherein a QST compliant seat was 
utilized to evaluate changes in ATD kinematics and 
injury measures.   
 
INTRODUCTION 
 
While seat back strength and deformation 
characteristics are safety considerations for various 
impact modes, it is particularly important in a rear 
impact.  The FMVSS 207 compliance test, which calls 
for application of a point load at the uppermost cross 

member of a detrimmed seat back, requires a moment 
resistance of only 3,300 in-lbf (373 Nm).  This test 
has long been the subject of criticism in the 
automotive safety community for its low criteria and 
its failure to consider occupant kinematics or their 
influences on failure modes seen in dynamic or real-
world testing.  It has been noted that because of the 
way the point load is applied, seats tested via the 
FMVSS 207 methodology typically deform 
symmetrical, whereas in a purely rearward dynamic 
rear impact, seats will often twist or fail 
asymmetrically [4].  As such, there are a number of 
other test methods, whether quasi-static or dynamic, 
for quantifying the seat back performance of a given 
automobile seat in the rear impact mode.  
 
A debate exists over what seat back energy absorbing 
characteristics, generally stiff versus yielding, are 
most applicable for optimized occupant protection 
considerations.  Although not the subject of this 
work, data is presented from the analysis of a variety 
of test methods that depict seat back rearward 
deformation and the associated injury potential and/ 
or measurements.  From an automotive safety 
perspective, a real-world predictive test methodology 
is critical as serious and fatal injuries do occur when 
the front seat occupants experience excessive seat 
back deformations.  Such deformations also put the 
occupants seated behind them at risk. 
 
Quasi-Static Test (QST) 
 
The Quasi-Static Test, or QST, seat back test 
methodology is premised around using the occupant 
itself to load the given seat.  In this test, an 
uninstrumented test dummy (ATD) is forcibly 
pressed against the fully trimmed seat back in a 
manner consistent with the way that an occupant 
might load the seat in a real world collision [3].  This 
test yields data that includes not only the seat’s 
resistance to rearward bending, but also provides 
insight into the point and manner in which an 
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occupant will begin to ramp up the seat back as the seat 
back begins to yield or deform rearward.  This is 
allowed by virtue of the load application following the 
ATD as it ramps up and out of the seat.  This is 
accomplished by mounting the load applying hydraulic 
ram to a set of linear bearings that is free to move both 
horizontally and vertically during the application of 
load (See Figure 1). 

 

 
Figure 1.  QST Test Setup Diagram [5] 

The QST test pass / fail criteria, as designed by Dr. 
Viano while with General Motors in the early 1990’s, 
specifies:  

(1) 15,000 in-lbf (1700 Nm) Moment About H-
point 

(2) No Separation of Hardware Causing >450 lbf 
(2,000 N) Drop in Force in 50 milliseconds, 
and >10º Change in Seat Back Angle 

(3) Seat Back Twist Not to Exceed 15º for Seat 
Back Angles up to 60º 

(4) Head Restraint Height to B-Plane and Front 
Surface Within 0.8 inch (20 mm) of Back-of-
Head Ellipse for the 95th Percentile Occupant 

 
Sled Testing 
 
Sled testing offers the freedom to analyze occupant 
kinematics and restraint system performance for 
numerous impact modes and speeds depending on the 
test apparatus set-up.  Utilizing a sled allows for 
dynamic test results more consistent with that seen in 
real-world accidents while being able to reuse a vehicle 
buck (partial vehicle) or occupant compartment for 
multiple tests.  Once a sled fixture is set-up with a 
particular occupant compartment, variations in the 
occupant safety system can be tested to analyze 
differences occupant kinematics and/ or restraint 
performance. 
 
FMVSS 301/301R 
 
Federal Motor Vehicle Safety Standard (FMVSS) 301 
details the current U.S. mandated requirements for fuel 

spillage during and after a motor vehicle crash.  The 
standard currently has frontal, rear and side test 
procedures.  Of interest for this paper is the upgraded 
rear impact test procedure, which will be referred to 
as 301R.  Vehicles subjected to this testing that were 
manufactured prior to September 2006 were 
impacted in the rear by a flat, non-deforming barrier 
at 30 mph (48 kph) with 50th percentile ATDs 
positioned in the front outboard seating positions.  
The FMVSS 301R standard was upgraded in 2003 
and incorporated a phase-in such that vehicles 
manufactured after September 2008 are still required 
to have ATDs in the front outboard seating positions, 
however, the rear impact barrier is now deformable 
and required to be moving at a speed of 50 mph (80 
kph) with a 70 percent overlap with the vehicle (See 
Figure 2).  During the test sequence and for various 
time increments following the test, different fuel 
spillage requirements must be met.   

 

 
Figure 2.  FMVSS 301R Test Setup Diagram 
 
This upgraded test procedure requires the collection 
of valuable data regarding ATD injury measures, seat 
back rotation, driver belt load, and driver webbing 
motion that was not required in the earlier version 
[6].  Although the data is now collected, FMVSS 
301R does not include pass/fail criteria for seat 
performance or ATD measured injury levels.   
 
During the development of the FMVSS 301R 
upgrade, a series of rear offset tests were conducted 
at a speed of 50 mph (80 kph).  The publicly 
available data files for these tests were obtained from 
the NHTSA Crash Test Database and included 
instrumented ATDs and their associated injury 
measures.  This data is analyzed below.  
 
TEST RESULTS 
 
Quasi-Static Test (QST) 
 
Numerous QST tests have been performed.  As 
discussed above, this method loads the subject seat 
via a hydraulic ram by applying force through an 
uninstrumented ATD’s lumbar spine.  Prior to 
testing, each seat was inspected for defects before 
being mounted in the test fixture via their OEM 
(original equipment manufacture) seat track 
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mounting brackets.  Test instrumentation included 
angular transducers on both sides of the seat back, tri-
axial load cells at the seat/fixture interface, a load cell 
on the force applicator (ram), as well as displacement 
transducers on the ram assembly (See Figure 3).   
 
The data collected via this instrumentation provided 
insight into, not only the strength of the seat, but also 
how the failure pattern influences the occupant 
kinematics.  Detailed measurements were taken prior to 
initiation of force to document the initial geometry of 
the seat relative to the test apparatus and data recording 
instruments. 
 
Numerous QST tests have been performed on front 
seating position seats until catastrophic failure was 
experienced.  Results are reported in Table 1. 

 
 
 

 
Figure 3. QST Test Set-up 
 
 

 
Table 1.  

QST Test Results 
 

Seat 
Single or 

Dual 
Recliner 

Peak Force 
lbf 
(N) 

Peak Moment at H-
point Up to 60 deg 

in-lbf 
(Nm) 

Twist 
Angle Up 
to 60 deg 

deg 

Energy Up 
to 60 deg 

in-lbf 
(J) 

Left Front 
1993 Nissan Sentra Dual 1,547 

(6,884) 
9,454 

(1,068) 17 6,364 
(719) 

Right Front 
1994 Chevrolet Lumina Single 1,441 

(6,409) 
10,612 
(1,199) 16 14,923 

(1686) 
Left Front 

2003 Ford Ranger Dual 1,862 
(8,281) 

11,225 
(1,268) 6 15,387 

(1,739) 
Left Front 

1993 Nissan 240 SX Single 1,479 
(6,579) 

12,241 
(1,383) 20 19,495 

(2,203) 
Left Front 

1999 Honda Accord Single 1,562 
(6,948) 

13,230 
(1,495) 27 21,358 

(2,413) 
Left Front 

1993 Volkswagen Passat Dual 2,130 
(9,478) 

13,317 
(1,505) 25 19,189 

(2,168) 
Left Front 

2000 Ford Focus Single 1,894 
(8,425) 

13,542 
(1,530) 4 18,332 

(2,071) 
Reinforced 

1994 Pontiac Trans Sport 
Modified 
to be Dual 

2,994 
(13,317) 

16,092 
(1,818) 20 18,781 

(2,122) 
Right Front 

1996 Saab 900 Dual 2,839 
(12,629) 

17,235 
(1,947) 3 33,248 

(3,757) 
Right Front 

1998 Opel Astra Dual 2,792 
(12,421) 

19,935 
(2,252) 22 24,321 

(2,748) 
Left Front 

2003 Saturn Vue Dual 3,369 
(14,988) 

22,322 
(2,522) 30 27,716 

(3,131) 
Left Front 

2002 Chevrolet 
Trailblazer 

Single 2,747 
(12,219) 

34,522 
(3,900) 27 38,056 

(4,300) 

Left Front 
1990 Mercedes 300SL Dual 7,644 

(34,002) 
49,608 
(5,605) 32 62,012 

(7,006) 
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Figure 4 demonstrates characteristic pre- and post- QST 
test conditions of a single recliner seat.  As described, 
the QST fixture allows for asymmetrical deformation of 
the deforming seat structure as the ATD loads and 
ramps up the seat back.   
 

  
Pre-Test Post-Test 

 
Post-Test, Rear View 

Figure 4. QST Test: Chevy Lumina 
 
Sled Testing 
 
Four rear impact tests were conducted utilizing a 
deceleration sled.  The sled fixture includes a sled 
carriage that is accelerated by way of a falling mass 
suspended by a block and tackle arrangement (See 
Figure 5).  The sled is decelerated via an impact into a 
deformable barrier wherein the shape and depth of the 
barrier determine the crash pulse.  Fixture 
instrumentation includes high-speed camera 
documentation and tri-axial accelerometers.   

 

 
Figure 5.  Sled Test Setup Diagram  
 

A total of four impact sled tests were preformed with 
various combinations of seats and restraint systems.  
All tests included 50th percentile male ATDs.   
 
Tests 1 and 2 included two seats mounted side-by-
side on the sled fixture.  Each seat, therefore, 
experienced the same deceleration pulse and each 
was loaded by a 50th percentile male ATD.  In each 
of the first two tests, one of the included seats was 
designed with a single recliner mechanism whereas 
the second seat incorporated dual recliners.  Tests 3 
and 4 were run with only one seat at a time but under 
similar impact conditions in order to consider the 
effect of alternate restraint designs.   
 
     Sled Test 1 – For Sled Test 1, a production right 
front early 1990’s vintage Chevrolet Lumina seat was 
tested in conjunction with a reinforced right front seat 
from an equivalent vehicle.  The reinforced seat was 
originally equivalent to the OEM seat, but was 
reinforced with the addition of a second recliner 
mechanism.  The attachment of the recliners to the 
lower seat structure was also reinforced.  Lastly, the 
lower seat back cross member, which was originally 
a straight tubular structure, was replaced with a flat 
strap that could act as a pelvic catcher strap.  Figure 6 
shows the dual recliners with reinforcements and the 
pelvic catcher strap. 

 

    
Figure 6. Test 1 Reinforced Seat 

 
A 50th percentile Hybrid III male ATD with seated 
pelvis was placed in each seat and normally belted 
with the OEM restraint, which included a locking 
latch plate.  The OEM seat was set to its full rear 
track position.  In this position, the upper seat track 
was found to overhang the lower seat track 
significantly at the rear.  Recognizing this as a 
potential failure mode contributing to rearward seat 
back deflection, the lower seat tracks for the 
reinforced seat were mounted rearward of the OEM 
mounting position to eliminate the rear offset of the 
upper versus lower tracks.  The restraint anchorage 
positions relative to the ATDs were kept consistent 
for both seating positions.  The seat backs were set to 
a recline angle of 24 degrees from vertical and 
angular rate sensors were positioned on both sides of 
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the upper seat backs in order to document the dynamic 
seat deflection (See Figure 7).  The sled was accelerated 
to an impact speed of 15.8 mph (25.4 kph). 
 

 
Figure 7. Sled Test 1 – Pre-test Set-up 

 
Dynamically, the sled fixture sustained a maximum 
longitudinal deceleration of 15 Gs with a delta-V of 
19.5 mph (31.4 kph) after impacting the deformable 
barrier.  During the impact sequence, the OEM, single 
recliner seat back rotated rearward to 74 degrees from 
vertical on the left, recliner side, and 80 degrees on the 
right, simple pivot side, of the seat.  Post-test static 
measurements reported a residual seat back angle of 50 
and 65 degrees for the left and right sides, respectively.   
 
Data recorded during the test sequence noted that the 
reinforced, dual recliner, seat dynamically rotated 
uniformly on both sides of the seat to approximately 53 
degrees from vertical.  The post-test residual seat back 
angle was also uniform at 36 degrees from vertical.  
Figure 8 depicts the post-test seat back rearward 
deformation.  
 

 
Figure 8.  Sled Test 1 – Post-test  
(OEM shown on Right) 

 
     Sled Test 2 – Sled Test 2 incorporated a full vehicle 
buck rigidly mounted to the sled fixture.  A 1992 OEM, 
single recliner driver’s seat was tested alongside a 1989 
OEM, dual recliner right front passenger seat.  Both 
seats were positioned into the buck such that the 
restraint anchor points had the same relative position 

for both the ATDs.  The seat backs were set to a 
recline angle of approximately 20 degrees from 
vertical.  A 50th percentile Hybrid III male ATD with 
seated pelvis was placed in each seat and normally 
belted with the buck’s OEM passive restraint system 
(See Figure 9).  The sled was accelerated to an 
impact speed of 16.2 mph (26.1 kph). 
 

 
Figure 9. Sled Test 2 – Pre-test Set-up 
 
The impact resulted in a maximum longitudinal 
deceleration of 17.7 Gs with a delta-V of 20.1 mph 
(32.3 kph).  The maximum seat back deflections and 
resulting ATD movement is depicted in Figure 10. 

 

 
Figure 10. Sled Test 2 – Test Sequence  
Maximum Deflection (from Video Analysis) 

 
The ATDs’ heads were painted in order to identify 
head impact locations.  Figure 11 shows the post-test 
residual positions of the seat backs and ATDs.  The 
driver’s single recliner seat deformed such that the 
driver’s ATD was seen to ramp up the seat back with 
its head making contact with the left rear seat back 
and leaving the red paint transfer seen in Figure 11.  
This contact was of sufficient force level to deform, 
or bow out, the left rear seat back structure as seen in 
Figure 12.  In comparison, the right front, dual 
recliner seat prevented ATD contact with the rear 
seating compartment. 
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Figure 11. Sled Test 2 – Post-test, Red Transfer on 
Left Rear Seat from Driver’s Seating Position ATD 
Head Impact 
 

 
Figure 12.  Rear Seat Back Deformed from 
Driver’s Seating Position ATD Contact 
 
     Sled Test 3 & 4 – Tests 3 and 4 were conducted 
following an investigation and analysis of a real-world 
multiple-impact accident sequence wherein an early 
impact deformed the driver’s seat back fully before a 
later impact resulted in the belted driver’s full ejection.  
When the vehicle came to rest, the driver’s seatbelt was 
found buckled with the webbing roped in the D-ring 
such that approximately 62 inches (157.5 cm) of 
webbing was extended.  Load marks were identified on 
the lap belt components indicating webbing pass 
through from the shoulder belt into the lap belt during 
the accident sequence.    
 
Test 3 and 4 utilized the front occupant compartment of 
a similar 4-door Sport Utility Vehicle (SUV) to that of 
the real-world accident vehicle.  The buck was rigidly 
mounted to the sled fixture and subjected to rear 
impacts.  In both tests an OEM driver’s seat was set to a 
fully reclined seat position at the start of the test to 
consider the restraint system’s ability to prevent 
occupant ejection in the rear impact mode from a 
previously failed seat back.  Both tests utilized 50th 
percentile Hybrid III male ATDs with standing 
(pedestrian) pelvises.   

 
In Test 3 the ATD was restrained with the standard 
OEM restraint system which included a single pass-
through, sliding latch plate.  The seat belt was put on 
the ATD normally with the belt clamped at the D-
ring such that approximately 62 inches (157.5 cm) of 
webbing was extended, consistent with the above as-
found position in the real-world accident vehicle.  
The driver’s seat was then set to the fully reclined 
position.  Any loose webbing was shared between the 
lap and shoulder portions of the restraint system prior 
to impact.  The full recline angle of the seat was 
measured to be approximately 58 degrees from 
vertical (See Figure 13).   
 

   
Figure 13. Sled Test 3 – Pre-test Set-up 
 
In both Tests 3 & 4, the impact speed was measured 
at approximately 16 mph (25.7 kph).  Dynamically, 
the sled fixture sustained a maximum longitudinal 
deceleration of approximately 17.5 Gs with a delta-V 
of approximately 20 mph (32.2 kph) after impacting 
the deformable barrier.   
 
A review of high-speed film from Test 3 shows the 
ATD ramping up the seat back and moving fully into 
the rear compartment.  A high-speed camera focused 
on the pass-through latch plate showed more than 3 
inches (76.2 mm) of webbing passing through the 
latch plate and into the lap belt as the ATD ramped 
up the seat back (See Figure 14).  The ATD moved 
rearward, effectively unrestrained, until his feet 
caught the lap portion of the belt webbing (See 
Figure 15).   
 

 
Figure 14. Sled Test 3 –  
ATD Ramping During Test 
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Figure 15. Sled Test 3 – ATD Post-Test 

 
In Test 4, the configuration was similar to that of Test 
3, however, a locking latch plate replaced the OEM 
single pass-through, falling latch plate.  The shoulder 
belt was again clamped at the approximate 62 inch 
(157.5 cm) position.  The lap belt was adjusted on the 
ATD in a normally tight configuration with the seat in a 
normal and upright position.  The seat back was then 
again set to its fully recline position at an angle of 
approximately 58 degrees from vertical (See Figure 16).   
 

   
Figure 16. Sled Test 4 – Pre-test Set-up 

 
A film analysis of Test 4 demonstrates the locking latch 
plate was effective at maintaining the tight lap belt 
condition.  The tight lap belt was seen to limit the 
amount of ATD excursion and velocity into the rear 
occupant compartment (See Figure 17).  Figure 18 
depicts the ATD’s post-test position. 
 
 
 
 
 

 
Figure 17. Sled Test 4 –  
ATD Ramping During Test 

 

 
Figure 18. Sled Test 4 – ATD Post-Test 

 
FMVSS 301R 
 
During research to upgrade FMVSS 301 in the U.S., 
the government conducted a series of dynamic rear 
impact tests in order to determine what requirements 
would provide a reasonable crash simulation of real 
world rear impacts that resulted in fatal burn cases 
[7].  One tested crash scenario, which ultimately 
became the upgraded rear impact standard, was a 50 
mph (80 kph) deformable barrier rear impact with 
70% overlap.  These publicly available tests 
contained instrumented front seated ATDs.  Table 2 
below summarizes that data.   
 
 
 
 
 
 
 
 
 
 
 
 



 
Herbst  8 

Table 2. 
FMVSS 301R (50 mph/ 80 kph Deformable Barrier Rear Impact) – Data Summary 

 
Driver Right Front Passenger 

NHTSA 
Test No Test Details Vehicle 

HIC 
Chest 

Gs 
(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
HIC 

Chest 
Gs 

(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 

2315 80% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 198 22.8 0.32 Yes 913 53.9 1.56 Yes 

2318 80% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 892 38.0 0.37 Yes 1191 60.4 0.85 Yes 

2397 50% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 721 44.9 0.79 Yes 1332 66.4 1.00 Yes 

2408 70% Right 
Side Overlap 

1996 Ford 
Mustang 2-dr 1586 41.8 0.68 Yes 583 53.6 1.09 Yes 

2432 70% Right 
Side Overlap 

1996 Suzuki 
Sidekick 389 39.5 0.60 Yes 569 39.7 0.51 Yes 

2438 70% Left 
Side Overlap 

1996 Chevy 
Blazer 2-dr 783 22.6 0.51 Yes 2552 18.9 0.98 Yes 

2439 70% Right 
Side Overlap 

1996 Dodge 
Neon 739 22.2 0.29 Yes 1423 43.0 1.07 Yes 

2440 70% Left 
Side Overlap 

1996 Geo 
Prism 4-dr 829 37.2 0.92 Yes 604 19.6 0.23 Yes 

2445 70% Left 
Side Overlap 

1996 
Plymouth 
Voyager 

690 15.8 1.08 ** 1578 15.5 0.94 ** 

2925 70% Left 
Side Overlap 

1998 Chevy 
Metro 3-dr 1618 48.6 2.41 Yes 760 46.5 1.54 Yes 

2926 70% Left 
Side Overlap 

1999 Mazda 
Miata 2-dr 
Convertible 

1274 Data 
Error 1.98 Yes 914 Data 

Error 1.86 Yes 

2933 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 353 14.8 0.31 ** 1724 28.7 0.75 ** 

2960 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 758 32.0 0.75 Yes 2740 33.0 1.03 Yes 

2973 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 1063 23.5 0.53 Yes 2545 32.6 0.81 Yes 

2974 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 926 34.8 0.47 Yes 1793 58.3 0.69 Yes 

2981 70% Left 
Side Overlap 

1997 Chevy 
Camaro 930 45 0.23 Not Recorded 480 34 1.13 Not Recorded 

3427 70% Right 
Side Overlap 

1998 VW 
Jetta 
4-dr 

150 14 0.29 Not Recorded 560 15 0.30 Not Recorded 

3428 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 790 27 0.37 Not Recorded 310 39 0.51 Not Recorded 

3429 70% Left 
Side Overlap 

1998 Ford 
Escort 4-dr 250 19 0.56 Not Recorded 1370 28  Not Recorded 

3430 70% Left 
Side Overlap 

1998 Nissan 
Sentra 4-dr 410 32 0.42 Not Recorded 420 21 0.38 Not Recorded 

3431 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 600 24 0.80 Not Recorded Over 

loaded 43 1.40 Not Recorded 
* Calculated utilizing Nij Version 8 
** Report is silent on rear compartment head strikes, however photographs indicate contacts likely  

 
 

Review of the test data indicates that virtually every 
ATD impacted some portion of the rear occupant 
compartment.  Fourteen (14) instances of Head Injury 
Criteria (HIC) measures above 1000 were recorded as 
well as twelve (12) Nij measures above 1.0.   
 
 

Although all of the above vehicles incorporated 
FVMSS 207 compliant seats, when loaded 
dynamically in a rear impact these seats consistently 
failed to prevent occupant excursion into the rear 
compartment and potentially injurious impacts with 
rear structures or rear seated occupants.    
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Table 3. 

Chevrolet Blazer FMVSS 301R Test Data 
 

Driver Right Front Passenger 
Test Vehicle 

HIC Chest Gs 
(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
HIC Chest Gs 

(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
Karco Test No. TR-

P25021-01-NC 
70% Left Side 

Overlap 

1996 Chevy 
Blazer 4-dr 138 16.5 0.36 No 286 18.8 0.43 No 

NHTSA Test No. 
2438 

70% Left Side 
Overlap 

1996 Chevy 
Blazer 2-dr 783 22.6 0.51 Yes 2552 18.9 0.99 Yes 

*Calculated utilizing Nij Version 8 
 
 
     QST Compliant Seat in 301R Test – After 
reviewing the data summarized in Table 2, the 
authors conducted an additional 301R compliance 
test with a vehicle similar to NHTSA Test No. 2438.  
The 1996 Chevrolet Blazer 2-door tested in NHTSA 
Test No. 2438 was equipped with FMVSS 207 
compliant seats.  A review of FMVSS 207 test data 
for that seat, as compared to a QST compliant 
designed seat, show that the QST seat is capable of 
resisting nearly three times the force of the Blazer 
seat and more than twice the energy.  In order to 
consider the relative performance of the simple 
FMVSS 207 designed seat versus a QST-type seat, a 
1996 Chevrolet Blazer was retrofitted with 1999 
Pontiac Grand Am OEM front seats and floor pan.  
These 1999 Pontiac Grand Am seats were designed 
and compliant with the above-described QST 
methodology.  The retrofitted Blazer was then tested 
pursuant to the FMVSS 301R protocol and the results 
were compared to NHTSA Test No. 2438 (See Table 
3).  
 
Analysis of the retrofitted 301R test data shows that 
the QST compliant seat provided effective ATD 
retention under the dynamic 301R test conditions.  
The ATD was not allowed to move into the rear 
occupant compartment and strike any rear structure.  
As such, the potential for significant injury was 
avoided as demonstrated by the several fold reduction 
in injury measures when compared specifically to the 
other Blazer test, and more generally, to most of the 
tests reported in Table 2.   
 
DISCUSSION/CONCLUSIONS 
 
Currently, and for the past several decades, the vast 
majority of vehicles being manufactured and sold in 
the U.S. use seats designed only to comply with the 

static seat strength requirements outlined in FMVSS 
207.  This static strength test has consistently been 
shown to be a poor predictor of dynamically loaded, 
and therefore real-world, seat performance.  Beyond 
the simple static test of FMVSS 207, several better 
and more real-world predictive test methodologies 
are available.  These include the QST methodology, 
dynamic sled tests, as well as full-scale crash tests.   
 
The QST test results, presented in Table 1, 
demonstrate a wide range of seat back strengths and 
deformation patterns.  H-point moments recorded up 
to 60 degrees of seat back deflection range from 
approximately 9,500 in-lbf (1,073 Nm) to above 
49,000 in-lbf (5,536 Nm).  The QST test results 
further indicate that a seat designed with only a single 
recliner on one side and a simple pivot hinge on the 
other, will consistently result in asymmetrical 
deformation from occupant loading on the seat back.  
In turn, this results in less-controlled occupant 
excursions.   

 
In contrast, dual recliner equipped seats provide an 
increase in seat back structural strength as compared 
to their single recliner counterparts.  This not only 
allows for increased occupant retention, but also for 
more uniform seat back deflection.  When these 
features are combined with occupant retention 
devices, such as the pelvic catcher strap, rearward 
excursion of the occupant towards, and into, the rear 
occupant space is much more effectively controlled.  
 
Consistent with previous work [3, 4], good 
correlation was seen between the seat back deflection 
recorded in the QST tested Chevrolet Lumina seat 
and its sled tested equivalent (Sled Test 2) (See 
Figure 19).   
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QST Sled Test 

Figure 19: Chevrolet Lumina QST and Sled 
Tested Seat Comparison 
 
As the various dynamic sled and crash tests 
demonstrate, when the seat back fails, the restraint 
system can be compromised to the extent that 
dramatic occupant excursion into the rear seating 
compartment, or beyond, is allowed.  Occupant 
restraint in rear impacts relies, therefore, first upon 
maintaining the integrity of the seat, and secondly, 
upon maintaining the effectiveness of the seat belt.  
The locking latch plate has been shown to be 
effective at maintaining a tight lap belt, and thereby, 
inhibiting ATD ramping in the event of catastrophic 
seat back failure.   
 
The upgraded FMVSS 301R test methodology 
provides valuable data regarding seat back 
performance, occupant kinematics and injury 
potential in the rear impact mode.  The recent 
addition of instrumented ATDs provides a new level 
of insight into occupant motion and injury potential.  
The vast majority of the 301R data reviewed 
demonstrated that the seats’ rearward deformations 
allowed the ATDs to ramp up the seat backs exposing 
them to potentially injurious impacts with the rear 
compartment.  An alarming number of HIC and Nij 
values above the accepted injury thresholds were 
recorded.   
 
FMVSS 301R testing has demonstrated that dynamic 
loading of production seat structures designed to 
provide effective occupant retention also provide 
improved injury measures and decreased potential for 
injurious contacts.  These stronger seats limit ATD 
excursion into the rear seating compartment thereby 

also reducing injury potential to rear seated 
occupants.  Well designed, current production seats 
are capable of managing the energy levels seen in the 
upgraded FMVSS 301R 50 mph (80 kph) offset rear 
impact test.   
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ABSTRACT 
 
This paper deals with an approach to analyze driver 
behavior during critical events using a driving 
simulator. A scenario of an unavoidable crash is 
simulated. Eighty subjects have participated to this 
experiment. Drivers’ behavior is video recorded, as 
well as many mechanical and physiological 
measurements. Most of drivers are observed to 
swerve away to avoid the collision. This leads 
many of them to have one arm in front of the 
steering wheel at time of crash. The drivers’ trunk 
and arm positions during the collision, observed on 
the simulator, are analyzed with numerical 
simulations of a 56 km/h frontal collision. The 
results of the computational runs put forward 
injurious situations, especially when the driver’s 
arm is behind the steering wheel and hits the head 
under airbag deployment. Then, an experimental 
campaign of airbag deployment with a hybrid III 
50th percentile dummy is carried out to correlate 
numerical simulations. Finally, new airbag 
generations, allowing slower deployment, are 
tested. They induce a reduction of injury severity in 
the case of Out of Position (OOP). 
  
INTRODUCTION 
 
Vehicle safety is the major issue when designing a 
car. Many studies deal with the communication 
between drivers and driver support systems, with 
aim to assist driver from normal driving situation to 
critical one. Large improvement in active and 
passive safety technologies in vehicle has helped to 
reduce the number of accidents significantly. 
Active security operates before an incident and 
includes prevention (Anti-lock Brake Systems, 
Electronic Stability Program, etc) to avoid a crash. 
Passive safety concerns the period after the crash, it 
tries to protect occupants and pedestrians to 
minimize car occupant injuries. Main examples of 
passive security systems are airbags and seat-belts. 
These restraint systems are designed to minimize 
injuries during an impact by smoothly absorbing 
the kinetic energy of the occupant during a crash 
event [7]. 

In order to quantify the efficiency of the passive 
security systems on injury severity, normalized 
crash tests are performed with crash test dummies. 
The injury level is approximated using specific 
criteria related to critical body segments such as the 
Head Injury Criteria (HIC) and the Thoracic 
Trauma Index (TTI). Precise rules are imposed by 
the norm to position the dummy, whose posture 
must represent a seated and restrained driver. 
Particularly, the hands are on the steering wheel 
and the superior part of the torso leans against the 
backseat. Thus, passive systems efficiency does not 
take into account the driver anthropometry, real 
comfort driving position and reflex reactions facing 
an incident. The non normalized postures are called 
‘out-of-position’ (OOP) postures. Some OOP 
postures, defined to be the most prejudicial for car 
occupants, have been tested by the NHTSA. For 
example, crash tests are performed with a dummy 
positioned with the torso as close as possible to the 
steering wheel, or, with the dummy face (nose) 
touching the top of the steering wheel [11]. In these 
tests, the dummies are not restrained by the seat-
belt. Nevertheless, the standardized and these OOP 
crash tests do not take into account real postures 
that a driver or a passenger adopts at the time of 
crash.  
This study is designed to investigate how a car 
driver modifies his posture just before a frontal 
crash and then to quantify the influence of these 
observed pre-crash postures on injury mechanisms 
by computer simulation. Experiments are 
performed by using car driving simulators, in which 
an unavoidable frontal accident is carefully 
designed. Risk pre-crash positions are observed and 
are modeled using a digital human model. Static 
airbag deployment test are performed to validate 
simulations with a hybrid III 50th percentile 
dummy. Finally, new generation of airbags is 
tested, using bonded bags. This allows a slower 
deployment, in order to reduce injuries. 
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METHODS 
 
The LAMIH driving simulator, SHERPA 
 
Two experimental campaigns are carried out with 
the static and the dynamic LAMIH car driving 
simulator, SHERPA (French acronym for 
‘Simulateur Hybride d’Etude et de Recherche de 
PSA Peugeot Citroen pour l’Automobile’). A 
description of the static car driving simulator can be 
found in [8]. The dynamic driving simulator is 
derived from a Peugeot 206 mounted on a hexapod 
composed by six electric jacks (Figure 1a). The 
front and rear scenes are projected by LCD screens. 
For both campaigns, the same crash scenario is 
reproduced.  
 

 

Figure 1. a) Dynamic driving simulator. b) 180° 
front visual field before a crash.  
 
Experimental design 
 
The experiment is designed to investigate the 
influence of driving responses on crash occurrence.  
Each subject encounters an emergency traffic event 
during the experimental drive. The subjects 
believed they were participating to an ergonomic 
study so they could not predict the existence and 
the location of the collision. The scenario is as 
follows. 
The collision occurs on a main road segment. The 
driving environment is composed of a road with 
two lanes, separated by a white line. This road is 
bordered with trees. A truck suddenly appears into 
the lane used by the host vehicle (i.e. driving 
simulator) such that the scenario could not be 
expected by the subject. This vehicle overtakes a 
tractor on his way. The presence of trees along the 
side of the road and the trucks make the crash 
unavoidable (Figure 1b). To increase the level of 
reality, a real physical impact is added. At the 
moment of the virtual crash, a substantial foam 
rubber block impacts the windscreen of the car, and 
the sound of a truck horn is emitted.  
Eighty randomly-selected subjects have been 
recruited to participate to this driving experiment. 
Most of subjects are aged between 22 and 30 years 
old, with more men than women. The mean weight 
and height of the subject is 78 kg and 1.77 m 
respectively. All participants have a valid driving 
license. Half of them have driving experience of 8-
27 years. The other half of the subjects has their 
driving license for less than 7 years. 
 

 
Experimental procedure  
 
Subjects first provide their personal information—
sex, age, and driving experience. Anthropometric 
data are measured in a calibrated space to allow a 
postural reconstruction method [5,6]. 
Experimental instructions are given for the driving 
task and subjects are instructed by assistants in how 
to operate the simulator.  
After a short training session designed to 
familiarize the subjects with the simulator, each 
subject is asked to drive a 50-kilometer dual 
carriageway (35 to 40 minutes). The run is mainly 
composed of main roads, with a small section of 
motorway. Throughout the trip, regular traffic is 
reproduced so that subjects respect the Highway 
Code and adapt their driving to the presence of 
other cars. Five minutes before the end of the 
experiment, a stress situation occurs to make the 
driver attentive: a car, approaching a crossroad 
from the right, runs the stop sign, which may lead 
to an accident with the subject vehicle. This 
situation is designed to remind subjects that 
unpredictable events may happen at any time. After 
a few minutes, the unavoidable crash situation is 
introduced. At the end of the run, drivers are asked 
to fill out questionnaires evaluating their driving 
characteristics (behavior patterns), their reactions to 
each separate situation and the realism of the 
experiment. 
 
Measurements 
 
For both campaigns, the videos of front and back 
screen, as well as driver views are recorded during 
the experiments (Figure 2).  
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Figure 2. Interiors views of video recording 
during the crash. 
The driver-vehicle-environment interaction 
parameters are measured, such as impact velocity, 
time of crash, steering wheel position, state of the 
pedals, gear lever position and the arrangement of 
the vehicles on the road. Furthermore, mechanical 
and physiological measurements are added for the 
second campaign with the dynamical driving 
simulator. Mechanical data include the forces and 
torques transmitted by the driver to the steering 
wheel, the seat and the brake pedal. Physiological 
data include heart rate, respiratory and 
electrodermal activities, skin temperature and 
electromyography data of few muscles of the upper 
and lower limbs (triceps brachii, biceps brachii, 
trapezius, wrist extensor, quadriceps, soleus 
muscle, tibialis anterior, ischio). All these signals 
are triggered with videos and simulators events. 
These physiological measurements can be used to 
investigate human incident detection. The 
mechanical measurements serve to improve 
computational simulations. 
 
Results 
 

Simulation realism 
 
Subjective and objective data are collected to 
evaluate the realism of the experiment [8]. 
Subjective data include both the driver’s 
verbalizations and their answers to questions 
evaluating their driving behavior and their 
reactions. Objective data include the time needed to 
release the accelerator, to brake, to engage the 
clutch, to change gears, as well as, the amplitude of 
the braking and swerving maneuverings provoked 
by the truck passing. It can be concluded that most 
of the subjects have reacted as they would have 
done in real situation. 
 

General driving characteristics 
  

All subjects react to the traffic accident by 
actions on pedals and/or steering wheel. General 
driving performances are presented in Table 1. The 
average speed in town is calculated from the host 
vehicle speed at 50 m after the enter town panel and 
its speed at 50 m before the exit town panel. The 
collision occurs on a main road segment. The 
average driving speed of the host vehicle is 76.3 
km/h. This speed is quite steady until the truck 
appears on the lane (the truck is visible at 150 m). 
Then, most of subjects brake. The average 
deceleration rate is 1.6 m/s². The overlap of the 
vehicles during the impact is 61.8% and the angle 
between the truck and the host vehicle vary from -
18.8° à 5.1°. Most of subjects try to avoid the truck 
on the left. Six percent of drivers avoid the 
collision.  

Table 1. 
General driving performances  

 Mean Min Max SD 

Motorway speed (km/h) 122.6 97.8 135.7 8.6 

Highway speed (km/h) 65.3 59.4 71.0 3.0 

City speed (km/h) 48.9 32.9 60.0 5.9 

Speed at  150m before crash
(km/h) 

76.3 50.7 96.1 10.3 

Speed when truck passes
(km/h) 

78.5 58.4 94.5 8.6 

Speed at crash time(km/h) 70.6 45.7 90.8 10.1 

Collision overlap (%)        62.4 4.4 99.3 27.0 

Collision angle (°) -2.0 -18.8 5.1 5.1 

Distance when truck passes
(m) 

29.6 18.3 39.0 4.7 

Deceleration from truck
passing to crash (m/s²) 

1.6 3.8 -0.4 
(Acc.) 

1.0 

 
Effort analysis 

 
The Figure 3 indicates the position and the positive 
direction of force sensors. A pressure map is added 
to locate efforts on the seat. 
 

 
Figure 3. Sensor positions. 
 
At the end of the experiment, subjects are asked to 
push the steering wheel and the pedals with 
maximal voluntary efforts, with hands placed in a 
10 and 2 o’ clock position. The efforts measured in 
the seat, the steering wheel and the pedals are 
denoted Ffull. The same experiment is reproduced 
but with pulling on the steering wheel. The values 
of Ffull are used to normalize efforts measured 
during experiment. If the driver pushes the steering 
wheel during impact, the Ffull efforts measured 
during pushing out are used to normalize the 
values. If the driver pulls on the steering wheel 
during the crash, the Ffull efforts measured during 
the pulling on are used to normalize the values.  
This normalization allows to compare driver efforts 
independently of their morphological variability.  
Four situations are analyzed: 
1) Quiet situation: time interval from -50s to -5s 
before the truck appearance time in the frontal 
view. 
2) 150 m before crash: time interval from -0.5s to 
0.5s of the truck appearance time. 

F+ 
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F+ 

F+ 
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3) Truck passing: time interval from -0.5 s to 0.5s 
of the white line crossing time. 
4) Crash: time of the collision (the vehicle hits the 
truck). 
For each driver, the efforts exerted on the seat 
(cushion and back), the steering wheel, the 
adjustment rail of the seat and the pedals are 
computed for each situation. Except for the crash 
time, these forces correspond to mean values 
computed on the corresponding time interval. 
For each situation, inter-individual statistics are 
presented (Table 2.): 
-Min F: minimum effort among all drivers  
-Min F/ Ffull: minimum ratio among all drivers 
-Max F: maximum effort among all drivers  
-Max F/ Ffull: maximum ratio among all drivers 
-Mean: mean of all drivers efforts and ratio 
-Std dev.: standard deviation 
 
Table 2.  
External forces during track 

Seat 
back  

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std  
dev. 

Quiet situation      

F (N) -220.7 -70.9 -42.9 -220.7 -131.2 47.1 

F/Ffull (%) 38.6 5.8 6.9 38.6 17.1 7 

Ffull (N) -571.8 -1231.1 -622.3 -571.8 -811.9 259.1 
150 m before crash 

F (N) -199.4 -76.2 -41.7 -198.1 -127.7 46.2 

F/Ffull (%) 24 6.2 6.7 34.6 16.6 6.5 

Fsat(N) -831.3 -1231.1 -622.3 -571.8 -811.9 259.1 
Truck pass 

F (N) -233.8 -32 -32 -233.8 -132.3 50.3 

F/Ffull (%) 40.9 5.1 5.1 40.9 17.1 7.2 

Ffull (N) -571.8 -622.3 -622.3 -571.8 -811.9 259.1 
Crash       

F (N) -1078.3 -225.2 -225.2 -1078.3 -503.3 194.5 

F/Ffull (%) 188.6 19.1 19.1 188.6 66.6 32.9 

Ffull (N) -571.8 -1176.8 -1177 -571.8 -811.9 259.1 

Cushion 
seat  

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) -687.9 -351.9 -300.0 -527.3 -401.7 90.8 

F/Ffull (%) 82.4 64.1 89.8 92.0 78.9 7.6 

Ffull (N) -834.4 -548.9 -334.2 -573.0 -509.9 104.5 
150 m before crash 

F (N) -687.6 -348.6 -300.2 -530.9 -408.1 88.7 

F/Ffull (%) 82.4 63.5 89.8 92.6 80.2 6.9 

Ffull (N) -834.4 -548.9 -334.2 -573.0 -509.9 104.5 
Truck pass 

F (N) -708.5 -366.7 -300.8 -533.5 -408.3 89.7 

F/Ffull (%) 84.9 66.8 90.0 93.1 80.3 6.9 

Ffull (N) -834.4 -548.9 -334.2 -573.0 -509.9 104.5 
Crash       

F (N) -522.5 -114.1 -114.1 -516.1 -259.5 102.5 

F/Ffull (%) 62.6 24.0 24.0 110.2 51.1 18.0 

Ffull (N) -834.4 -475.7 -475.7 -468.2 -509.9 104.5 
       

Seat rail  
Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) 79.4 82.5 199.1 133.3 125.9 33.2 

F/Ffull (%) 19.9 15.3 32.6 42.1 25.2 7.4 

Ffull (N) 399.8 538.4 611.4 316.5 520.4 122.0 

150 m before crash 

F (N) 79.2 81.8 198.9 134.8 125.5 33.4 

F/Ffull (%) 19.8 15.2 32.5 42.6 25.1 7.5 

Ffull (N) 399.8 538.4 611.4 316.5 520.4 122.0 

Truck pass 

F (N) 80.1 87.9 205.5 137.4 129.0 34.5 

F/Ffull (%) 20.0 16.3 40.8 43.4 25.8 7.6 

Ffull (N) 399.8 538.4 503.9 316.5 520.4 122.0 

Crash       

F (N) 216.5 216.5 821.0 760.1 537.2 151.6 

F/Ffull (%) 28.8 28.8 134.3 240.2 111.5 48.1 

Ffull (N) 752.5 752.5 611.4 316.5 520.4 122.0 

Steering 
wheel  

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) -34.4 16.4 16.4 -34.4 -6.8 13.0 

F/Ffull (%) 8.3 -5.8 -5.8 8.3 0.6 3.6 

Ffull (N) -414.6 -284.1 -284.1 -414.6 -124.1 461.4 
150 m before crash 

F (N) -29.8 20.2 20.2 -28.7 -7.1 13.5 

F/Ffull (%) -3.9 -7.1 -7.1 7.3 0.8 3.6 

Ffull (N) 769.8 -284.1 -284.1 -394.6 -124.1 461.4 
Truck pass 

F (N) -60.7 -14.0 22.8 22.8 -14.9 20.6 

F/Ffull (%) 8.4 -4.5 14.7 14.7 3.8 5.2 

Ffull (N) -724.4 313.4 155.1 155.1 -124.1 461.4 
Crash       

F (N) -561.1 29.3 210.2 210.2 -92.7 167.2 

F/Ffull (%) 135.3 4.7 135.6 135.6 38.0 40.6 

Ffull (N) -414.6 629.3 155.1 155.1 -124.1 461.4 

Brake 
pedal 

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) -0.1 -0.1 1.8 1.4 0.5 0.5 

F/Ffull (%) 0.0 0.0 0.2 0.7 0.1 0.2 

Ffull (N) 571.0 571.0 817.3 207.5 529.0 241.6 

150 m before crash 

F (N) -0.4 -0.4 2.1 1.3 0.5 0.6 

F/Ffull (%) -0.1 -0.1 0.3 0.6 0.1 0.2 

Ffull (N) 416.6 416.6 817.3 207.5 529.0 241.6 

Truck pass 

F (N) 0.4 0.4 87.1 30.0 26.6 21.5 

F/Ffull (%) 0.1 0.1 14.0 14.5 5.8 4.2 

Ffull (N) 722.0 722.0 621.8 207.5 529.0 241.6 

Crash       

F (N) 78.4 96.1 502.9 291.1 245.0 122.7 

F/Ffull (%) 29.6 11.8 80.9 85.9 51.1 21.1 

Ffull (N) 265.4 812.8 621.8 339.0 529.0 241.6 
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Each table corresponds to a measurement channel 
(cushion seat, back seat, longitudinal adjustment 
rail of the seat, steering wheel, brake pedal). 
 
Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 
present the evolution of the ratio F/Ffull for all 
measurement channels and for all drivers. 
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Figure 4. Evolution of seat back ratio for 
subjects until crash. 
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Figure 5. Evolution of cushion seat ratio for 
subjects until crash. 
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Figure 6. Evolution of seat rail ratio for subjects 
until crash. 
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Figure 7. Evolution of steering wheel ratio 
(compression) for subjects until crash. 
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Figure 8. Evolution of brake pedal ratio for 
subjects until crash.  
 
Global positions of the drivers remain unchanged 
until the truck crosses the white line. During the 
quiet situation, no force is exerted on the braking 
pedal. Then, drivers brake suddenly. The mean 
effort exerted on the pedal when the truck passes 
the tractor is 27N. It increases to 245N at the 
moment of the collision. The maximal effort value 
recorded at this moment is 503N (81% of Ffull 
pedal). This induces an increase of seat back and 
rail efforts and a decrease of seat cushion efforts. 
The mean value of seat back and rail efforts are 
steady until the time of crash (130N) then grow to 
around 500N. The seat cushion effort reduces from 
400N to 260N. Only one person embeds in the seat 
cushion (increase of cushion seat force). The mean 
efforts exerted on the steering wheel passes from  
-10N to -93N (pushing out) at the moment of the 
impact. At this time, the maximum value is 561N 
and corresponds to 135% of Ffull steering wheel. 
This can be explained by the fact that Ffull efforts 
are sustained efforts while driving efforts are 
instantaneous efforts. 
 

Hands and Chest positions 
 
Injury to the upper body is the main risk in a frontal 
crash. The positions of chest and hands are 
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analyzed from the recorded videos at the moment of 
impact.  
 

Hand positions 
 
At the beginning of the experiment, subjects adopt 
a 10 and 2 o'clock position or 9 and 3 o'clock 
position. Comfort position is observed only after 
twenty minutes. For the left arm, subjects often rest 
their arm by putting their elbow on the window sill 
or the forearm on their thigh. For the right arm, 
drivers often rest their arm by laying their right 
hand on the gear lever or the forearm on their thigh. 
Subjects regularly come through one comfort 
position to another one. 
Then, during the crash event, most of drivers try to 
control the situation by swerving, to avoid the truck 
in front of them. Table 2 and Table 3 describe 
upper limb positions when the truck overtakes the 
tractor and at the moment of impact, respectively.  
 
Table 2. 
Hand positions at truck pulling out time 

Positions Left hand Right hand % 

1 On the steering wheel On the steering wheel* 65.74 

2 On the steering wheel On the gear lever 18.57 

3 On the steering wheel On the right thigh 7.14 

4 On the left thigh On the steering wheel 2.86 

5 On the air On the steering wheel 2.86 

6 On the hub On the steering wheel 1.43 

7 On the steering wheel On the handbrake 1.43 

 
* whose 2,86 % have their left elbow on the window sill  
* whose 5,72% have their right forearm laid on their right thigh 
 
Hand position analyses, at the moment of truck 
pulling out (Table 2.), show that more than 90% of 
the subjects have their left hand on the steering 
wheel and their right hand either on the steering 
wheel (66%), the gear lever (19%) or the right thigh 
(7%). These positions correspond to an evolution 
position instead of a comfort position, since these 
positions are observed when subjects see the truck 
at the horizon. Indeed, subjects generally replace 
their hands on the steering wheel when a disturbing 
event appears in their vision field (for example, 
when the subject is overtaken, when a truck is 
approaching or when a vehicle is braking). 
At the moment of impact, more than 90% of the 
subjects have their left hand on the steering wheel 
and their right hand on the steering wheel (54 %) or 
on the gear lever (37 %) (Table 3). The remaining 
9% of the subjects have their left hand on the 
steering wheel and their right hand on the 
handbrake, their thigh or intermediate position (for 
example between the steering wheel and the 
gearshift). 

Table 3. 
Hand positions at the time of impact 

Positions Left hand Right hand % 

1 On the steering wheel On the steering wheel 52,86 

2 On the steering wheel On the gear lever 35,71 

3 On the steering wheel On the air* 7,14 

4 On the steering wheel On the handbrake 1,43 

5 On the steering wheel On the thigh 1,43 

6 On the air On the steering wheel 1,43 

* for example when the subject tries to take the gearshift. 
 
The distribution of the hand positions in the 
environment is presented in Figure 9. 
 

 

1.4% without contact 
 

1.4% handbrake 
7.1% without contact 
1.4% on the thigh 

Figure 9. Percentage of subjects’ left and right 
hand positions on steering wheel. 
 
In 17% of cases, the left hand is in a 1 to 5 o'clock 
position. For 2.8% of cases, the right hand is in a 10 
or 11 o’clock position. All these positions, which 
represent a total of 19.8 % of cases, are potential 
risk positions. Indeed, in these cases, the forearm is 
placed in front of the hub and is likely to be 
projected against driver face under airbag 
deployment. Prior to impact, 100% of the subjects 
have braked and 54.26% have declutched. This can 
explain that 35.7% of the subjects have their right 
hand on the gear lever. Indeed, a strong braking is 
often associated with declutching. Concerning the 
normative position in a frontal impact, 21.4% of 
subjects have their left hand in a 10 o’clock 
position, 11.4% have their right hand at 2 o’clock, 
but only 7.14% of subjects are in a 10 and 2 o'clock 
position. 
 

Upper body positions 
 
The positions of the upper body are observed when 
the truck is approaching the driver’s car. Five 
classes of behaviours are defined (Figure 10):  
(i) Posture 1 - 22 % have no postural change, 
(ii) Posture 2 - more than 67 % move backward to 
anticipate the crash, 
(iii)Posture 3 - at the same time, 57 % of those who 
move back make a rotation of their chest, 
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(iv)Posture 4 - less than 3 % make a trunk rotation 
without moving backward, 
(v) Posture 5 - 8 % move head towards the steering 
wheel. 
  

 
Posture 1 

 
Posture 2 

 
Posture 3 

 
Posture 4 

 
Posture 5 

Figure 10. Upper body positions. 
 
These results clearly show that very few subjects 
adopt a standardized chest driving position during 
the collision. The influence of these driver positions 
(hand positions and upper limb movements) on 
injuries are investigated numerically with the 
software Madymo®. Upper limb injury criteria are 
compared between a standard 10 and 2 o'clock 
position and OOP observed on the driving 
simulator. 
 
BIOMECHANICAL ANALYSIS 
 
The biomechanical analysis is made with a 
numerical model of the crash dummy Hybrid III 
50th percentile male available in Madymo® 
database. The position of the dummy is determined 
from real driver pre crash posture by a postural 
reconstruction method. 
 

Pre-crash posture measuring  
 
A postural reconstruction method like in [5,6] can 
be used to approximate joint angles of driver upper 
limbs at time of crash. From at least two photos of 
different views taken in a calibrated space, the 
software MAN3D developed by the INRETS [12] 
allows to adjust the anthropometric dimensions and 
joint angles of a virtual dummy on an experimental 
subject. These data can be transferred to Madymo 

to position the numerical dummy model as in real 
conditions. 
 
Madymo® simulation 
 
For this study, the existing model for frontal crash 
available from Madymo® is used. Load applied to 
the virtual dummy (Hybrid III 50th percentile male 
dummy) corresponds to the deceleration undergone 
by a car during a head-on collision at 56 km/h. Non 
finite element seat-belt is used to secure the 
dummy. Simulations are performed for five 
different chest postures and two various hand 
positions (Figure 11 and Figure 12). Contacts 
between arm and head, and, between arm and 
airbag, are added. Their definitions are based on 
existing contacts between other limbs and airbag 
(thorax/airbag). 
The peak linear acceleration, the HIC15 and the 3-
MS injury criteria are calculated for the head. 
Injuries to the neck are predicted by the neck injury 
predictor Nij. The Nij is the collective name of four 
injury predictors corresponding to different 
combinations of axial force and bending moments: 
NTE tension-extension, NTF tension-flexion, NCE 
compression-extension, NCF compression-flexion. 
For frontal collision, the neck injury predictor of 
NTF (tension and flexion moment) is usually higher 
than the other neck injury predictor. The neck 
injury predictor can be evaluated in two different 
manners. According to the Madymo, none of 
predictor may exceed a value of one. Nevertheless, 
the FMVSS No.208 specification [3,10] requires 
that none of the four Nij values exceed 1.4 at any 
time during the event. In this study, the Nij is 
evaluated according to Madymo assessment. All 
these values are reported in Figure 11 and Figure 
12.  
Posture 1-1 represents the normalised driving 
posture. The peak linear head acceleration reaches 
62.7 g. The head injury criteria values, HIC15 are 
estimated at 342.  
All head injury criteria values, for the other four 
chest postures with hands at 10 and 2 o'clock, 
increase as compared to the model at normalised 
posture (Figure 11). Nevertheless, lower head 
injury criteria values are recorded for the posture 4-
1 according to posture 2-1 and posture 3-1. This can 
be explained by the distance between the torso and 
the steering wheel. Indeed, for these latter postures, 
the dummy has the upper body leaned against the 
seatback. So, a greater distance exists between the 
dummy torso and the steering wheel than for 
posture 4-1. This allows the dummy to take speed 
during impact. Thus, the dummy hits the airbag 
with a higher speed and a greater impact force. The 
slight head rotation in posture 3-1 increases the 
maximum head acceleration and injury criteria 
compared to posture 2-1 without head rotation.  
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Chest              Hands Standard position 

Standard position  
 

posture 1-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

62.7 
342.015.0ms 

56.4 
0.4 

Backward movement 
No chest rotation 

 
posture 2-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

78.2 
579.415.0ms 

71.6 
0.46 

Backward movement 
Chest rotation 

 
posture 3-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

78.4 
610.015.0ms 

72.8 
0.46 

No backward 
movement 

Chest rotation 
 

posture 4-1 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

66.9 
412.315.0ms 

61.5 
0.38 

Forward movement 
No chest rotation 

 
posture 5-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

91.3 
809.415.0ms 

84.2 
0.74 

Figure 11 - Postures and injury criteria for a 
standard hand position. 
 

 
 

Chest              Hands Atypical position 

Standard position 
 

posture 1-2 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

730.0 
147612.2ms 

80.3 
4.15 

Backward 
movement 

No chest rotation 
 

posture 2-2 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

761.4 
198142.2ms 

96.9 
4.27 

Backward 
movement 

Chest rotation 
 

posture 3-2 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

615.5 
121602.3ms 

172.7 
4.19 

No backward 
movement 

Chest rotation 
 

posture 4-2 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

980.6 
269772.0ms 

83.1 
2.97 

Forward movement 
No chest rotation 

 
posture 5-2 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

463.1 
5237.21.9ms 

46.7 
2.97 

Figure 12 - Postures and injury criteria for a 
non standard hand position. 
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However, posture 5-1 is the most injurious position 
(the HIC15 is over the Injury Assessment 
Reference Values (IARV) (<700)). In this case, the 
dummy head is very close to the steering wheel. 
During impact, the airbag deploys at very high 
speed and directly pushes the face of the dummy. 
As a consequence, the neck bends rearward and the 
head is launched backward. 
A significant increase in the maximum linear head 
acceleration is observed for the five chest postures 
with the left hand at the right side of the steering 
wheel (posture 1-2 to posture 5-2) (Figure 12). The 
HIC15 for all these models are well over the 
existing tolerance limit for the frontal impacts. For 
the five chest postures, the airbag projects the arm 
against the head. This phenomenon corresponds to 
a critical situation which can lead to a mortal 
traumatism. The 3-MS injury criterion, calculated 
for the head, depends on how the arm hits the 
dummy head. For the posture 3-2, the left arm hits 
the right lower chin. As a consequence, the head is 
turned violently to the left. For posture 2-2 and 
posture 4-2, the arm hits the dummy at the lower 
chin. So, the neck is tilt backward. As neck model 
stiffness is larger in forward/rearward bending than 
in lateral bending, the 3MS-injury criterion is 
higher for posture 3-2 with a value of 172.7 g.  
The maximum linear head acceleration and the 
3MS injury criterion calculated for posture 5-2 have 
slightly lower values compared to the four other 
postures. In this case, the arm is very close to the 
head. So, the coupling between the arm and the 
head occurs earlier. Hence, the relative velocity is 
lower. The IARV for the head 3MS-injury criterion 
is 80 g. Except for posture 5-2, values obtained 
exceeds this limit.   
The Nij values, for posture 5-1 and postures with 
the left hand on the right side of the steering wheel, 
exceed the acceptable limits. This indicates that the 
impact causes lasting neck impairment. Moreover, 
neck injuries are more likely to occur in the driving 
posture with one hand placed just in front of the 
airbag than in other postures. 
 

 
Figure 13. Linear head acceleration versus time 
plot for models with the left hand at the right 
side of the steering wheel.  

For the atypical postures, extremely high values of 
linear head acceleration are observed (Figure 13). 
Using HIC values as injury criteria estimation 
would not be realistic in this case. Indeed, HIC is a 
function of the area under graph linear head 
acceleration over the time interval when a peak is 
observed. The phenomenon of extremely high HIC 
scores results from the sharper acceleration spike 
and substantially shorter HIC time interval (indexed 
values in Figure 11 and Figure 12) for the models 
with the left hand positioned on the right side of the 
steering wheel. The 3MS injury criterion is 
preferred, here, for the head since the value of 
maximum linear head acceleration is always being 
estimated for a time window with a width of 3 ms. 
 
Numerical simulations, realized with Madymo®, 
show the importance of driver positions at the 
moment of impact in the assessment of neck and 
head injuries. However, this first approach shows 
some limitations. Contact definitions and arm 
kinematics have to be validated. So, airbag 
deployment tests are performed with a hybrid III 
50th percentile dummy.  
 
AIRBAG TESTS AND NUMERICAL 
VALIDATION 
 
Tests are performed in collaboration with Zodiac 
Automotive. 
The vehicle environment is reconstructed. The 
dummy Hybrid III 50th percentile Male is 
positioned according to car driving simulator 
experiment observations with its left arm behind the 
steering wheel (Figure 14). Tests are performed 
with a conventional airbag (sewn cushion, open 
event, pyrotechnical technology). Tests are 
performed in static. 
 
 

  
Figure 14. Crash test dummy. 
 
Then, the static test with the conventional airbag 
cushion is reproduced on Madymo® (Figure 15). 
The inflator mass flow rate and blowhole 
characteristics of the numerical airbag model are 
adapted to reproduce the deployment of the real 
airbag cushion. The characteristics of the contacts 
head/arm and arm/airbag are tuned in order to 
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reproduce the experimental linear head acceleration 
(Figure 15).  
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Figure 15. Linear head acceleration for the 
experimental and the numerical models. 
 
Predicted head linear acceleration is correlated 
reasonably well with test data as shown by the 
experimental and numerical curves. The timing and 
value of the peak acceleration is well estimated. 
The width of the peak is larger for numerical head 
acceleration. This may be due to damping 
coefficients for contacts head/arm and arm/airbag.  
 
This validated model is used to reproduce 
dynamical tests (a 56 km/h frontal collision) 
(Figure 16). Simulations are performed for the two 
various hand positions (standard posture with hands 
at 10 and 2 o'clock  and atypical posture with left 
hand on the right side of the steering wheel) and the 
dummy back leaned against the seatback (posture 
1-1 and posture 1-2). The injury criteria values are 
presented in Figure 16.  
 

posture 1-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

50 
200.015.0ms 

44 
0.3 

posture 1-2 

 
Max.lin.acc (g) 

HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

145.0 
27301.2ms 

36 
1.1 

Figure 16. Injury Criteria obtained for the 
validated model (conventional airbag). 
 
The linear head acceleration obtained with the 
validated model for standard and atypical postures 
are illustrated in Figure 17.   
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Figure 17. Linear head acceleration obtained 
with the numerical validated model for a 
standard and atypical position (conventional 
airbag). 
 
It can be concluded that contact characteristics 
strongly influence the results. Values obtained for 
the normalized position (posture 1-1) are quite 
similar for the two models. Values obtained with 
the validated model for the atypical position 
(posture 1-2) are lower than those obtained with the 
standard Madymo model. Nevertheless, the atypical 
position, with the arm behind the airbag, is still 
injurious for the head and the neck.  
The other chest postures need to be modeled with 
the validated model.  
 
NEW AIRBAGS GENERATION 
 
Nowadays, airbag cushion benefits are clearly 
demonstrated by statistic when the number of crash 
is not decreasing. All major OEM are now working 
on the crash avoidance refer to the last FISITA 
2008 conference about car safety. Airbag cushion 
can use the latest technology to avoid occupant 
injuries and improve protection of occupants in 
case of crash.The latest developments in 
automotive safety technology will permit an early 
detection of potential crash situations. Recent 
publications [2] mentioned the possibility to trigger 
Airbag units about 100 ms before the crash really 
occurs. Pre-crash detection will permit a slower 
inflation of the cushion thus preventing the risk of 
severe damage in case of OOP situation. But it will 
be impossible to synchronize the triggering of the 
Airbag unit with the impact of the occupant in the 
cushion, that the reason why we would need a tight 
bonded airbag, able to sustain the pressure for a 
longer time than traditional sewn bag. 
The delay between pre-crash triggering and 
occupant impact will depend on the intelligence of 
the system. But we can imagine that to be 
functional under most crash cases, the cushion will 
have to be available during at least 500 ms. 
Some requirements for the Airbag unit can be 
drawn from this short description: the cushion has 
to be tight to maintain the pressure during the 
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requested time; The inflator must be from cold gas 
technology to prevent the pressure drop due to a 
quick gas temperature decrease; The cushion has to 
be fitted with a device that detects occupant impact: 
the cushion remains tight before impact and has a 
controlled restraint after impact thanks to the 
opening of a vent hole.  
Following is the description of 2 tests that 
demonstrates that Airbag units suitable for pre-
crash systems are possible using technologies 
already available on the market: 
• airtight bonded cushion using Peribond 
technology from Zodiac Automotive, 
• pure helium cold gas generators form ISI-
Automotive, 
• patented silicone membrane from Zodiac 
Automotive. 
The first test is to show the difficulty to ensure the 
specific requirements of a pre-crash Airbag unit 
with a sewn cushion. A comparison of the pressure 
drop for a sewn and a bonded cushion is presented 
on Figure 18. Both cushions are built to have the 
best performance in terms of leakage: 
• low permeability of the coated fabric, 
• high construction to have  low combing, 
• no vents to simulate a system having an intelligent 
opening at occupant impact, 
• pure helium cold gas inflators from ISI 
Automotive.Prototype  
 

 

 
Figure 18. Pressure drop comparison between a 
sewn and a bonded cushion (left). Sewn cushion 
(right) 
 
It can be concluded that the bonded cushion is 
available for occupant impact during more than 500 
ms and the pressure level is maintained within 75 
mbar, whereas the level of pressure of the sewn 
cushion is uncertain and is too low at the time of 
occupant impact. Pressure drop on sewn cushion is 

due to stitch holes on the fabric and gaps between 
the 2 fabric panels (Figure 18). 
In the second test, a tight peribond bag is impacted 
after 150 ms. Figure 19 is showing the performance 
results of both tight peribond assembly and silicone 
membrane. Airbag pressure is ready for occupant 
protection during more than 200 ms. The silicone 
membrane remains closed until the impact, then 
open to ensure the restrain performance of the 
impactor. 

 
Figure 19. Dynamic test – pre crash simulation. 
 
Then, tests are carried out with the crash dummy 
positioned with its left arm behind the steering 
wheel (Figure 14). Tests are performed with a 
conventional airbag (sewn cushion, open event, 
pyrotechnical technology) and with two airbag 
prototypes (bonded cushion, two pure helium cold 
gas generators (0.095 L – 620 bars) (0.047L – 620 
bars), patented silicone membrane). In one case, the 
two helium generators are released at the same 
time. In the other case, the small generator is 
activated first, then the second is released after 10 
ms. These cases will be referred afterwards as 
‘proto_0 ms’ and ‘proto_10 ms’ airbag 
respectively. Figure 20 presents the linear head 
acceleration of the dummy versus time for the three 
airbag tested. 
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Figure 20. Linear head acceleration obtained for 
static tests with a sewn cushion (conventional) 
and bonded cushions (proto_0ms and 
proto_10ms). 
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From experimental tests, it can be concluded that 
the peak linear head acceleration is significantly 
reduced for the ‘proto_10ms’ airbag compared to 
the conventional and the ‘proto_0ms’ airbags. 
Indeed, with the ‘proto_10ms’, the airbag is multi 
stage inflated. So, the arm is projected less rapidly 
against the head. This explains the head 
acceleration decrease. 
 
Prototype Airbags still have to be simulated, that 
requires characterization of the mass flow of helium 
generators. 
 
 
CONCLUSION AND PERSPECTIVES 
 
This paper focuses on frontal pre-crash driving 
postures. An unavoidable crash is reproduced on a 
car driving simulator and driver reactions are 
investigated. The main result is that none of the 
subjects adopts the standard driving position used 
in crash experimentations. Indeed, most of subjects 
swerve away to avoid the collision. This induces 
forward or backward movements and/or rotation of 
the chest. Only few person stays in a 10 and 2 
o'clock position. Furthermore, a third of the 
subjects have their left hand placed in front of the 
steering wheel. Since airbags are usually mounted 
in the hub, this may represent a rather risky 
position. 
These ‘OOP’ postures are reproduced with 
Madymo®. The driver is simulated with the Hybrid 
III 50th percentile dummy model. Postures 
observed on the car driving simulator, at the 
moment of impact, are estimated. A 56 km/h frontal 
collision is imposed. Head and neck injuries 
sustained by the driver are assessed. By comparing 
the numerical response for the models in an ‘OOP’ 
posture and in a normalized posture, it is found that 
head (3-MS and HIC) and neck (Nij) injury criteria 
are severely increased when the arm is placed in 
front of the steering wheel. Indeed, in this case, the 
arm is projected against the head under airbag 
deployment. Furthermore, the non-normalized chest 
posture influence too injury criteria. Having the 
chest and the head too close to the steering wheel 
induces serious neck and head injuries. In this case, 
the airbag, deploying at a very high speed, directly 
pull the dummy face inducing serious neck bending 
and violent head launching. This is also the case for 
small size people who usually sit near the steering 
wheel.  
The very high value of HIC and 3MS head injury 
criteria and the high linear head acceleration peak 
can be due to the definition of the contact between 
the arm and the head. So, these numerical results 
have to be validated. An experimental campaign of 
static airbag deployment has been done with a 
hybrid III 50th percentile dummy. Tests are 

performed with a conventional airbag (sewn 
cushion, open event, pyrotechnical technology) and 
with two airbag prototypes (bonded cushion, two 
pure helium cold gas generators allowing mono or 
multi stage inflating, patented silicone membrane). 
The dummy is seated with the left arm in front of 
the hub. From these experiments, it is observed that 
bonded cushion is better suitable to maintain 
pressure until occupant impact and that linear head 
acceleration of the dummy is significantly reduced 
with multi stage inflated bonded cushion. Thus, 
slower airbag deployment could reduce airbag 
violence. 
Currently, the configuration of passive restraint 
systems is almost universal (driver cushion inside 
the steering wheel, passenger airbag in the 
dashboard, side airbags in the seats, curtains in the 
roof). This configuration is driven by the 
architecture of the cars but also from specific 
requirements in terms of time to position (TTP); 
very quick time for position side airbags due to late 
detection of side impact and proximity of the door; 
higher time for frontal airbags due to earlier 
detection of frontal impact, higher volume to inflate 
and risks of OOP. Having detected the crash and 
triggered the Airbags earlier, TTP is no longer a 
determinant requirement for the conception of 
protection systems. The way to protect the 
occupants could be imagined completely 
differently. For instance, mixing the protection of a 
curtain and front and rear side airbags in a single 
airbag unit could lead to great savings in terms of 
number of generators, wiring, electronic 
equipments and consequently savings in price and 
weight. New protective features could also be 
added to current cushions. For instance, an 
extension of a driver airbag to protect from the A-
pillar on partial side crashes. 
  It is believed that physiological data obtained from 
the experimental study on the dynamic simulator 
can help to find ‘human sensor’ to detect dangerous 
situations, as potential collisions between the host 
vehicle and other road users or obstacles, before the 
impact occurs (acceleration of heart rate, sudden 
braking …).  
Furthermore, the numerical simulation, realized 
with Madymo®, shows the importance of driver 
positioning at the moment of impact in the 
assessment of neck and head injuries, and the 
influence of contact definitions on dummy 
responses. However, this first approach shows some 
limitations. First, it only represents the global 
behavior of the subject. Indeed, as the dummy head 
and arm are rigid, all the kinematical energy of the 
arm is transmitted to the head. This induces 
unrealistic high head acceleration and very high 
HIC value. So, a human model, with a deformable 
arm, should be used for a better prediction of head 
and arm injuries. Second, this approach doesn’t 
take into account the driver muscular clenching 
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during crash event. So, active muscles should be 
included in the model to take into account reflex 
reactions facing an incident. 
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ABSTRACT 
 
The National Highway Traffic Safety 
Administration’s (NHTSA) Crash Injury Research 
and Engineering Network (CIREN) provides detailed 
outcome and patient care information for a sample of 
seriously injured case occupants involved in motor 
vehicle crashes.  NHTSA’s National Automotive 
Sampling System-Crashworthiness Data System 
(NASS-CDS) provides a population-based sample of 
tow-away crashes that includes both non-injured and 
seriously injured occupants.  This study combines the 
strengths of CIREN and NASS-CDS to produce 
predictive models that relate occupant and vehicle 
measures to treatment and occupant outcomes. 
 
Qualifying frontal impact cases from CIREN involving 
seriously injured driver and/or front outboard passengers 
were used to evaluate the significance of the relationship 
between vehicle crash/occupant parameters and hospital 
treatment/outcome.  A subset of CIREN cases where 
event data recorder (EDR) information was obtained 
was also analyzed.  Regression analyses were done to 
assess the significance of predicted variables with 
regards to the outcomes of interest.  Using significant 
predictors, a set of functions were developed that predict 
the probabilities of an occupant going to the intensive 
care unit (ICU), experiencing invasive surgery (OR) 
within 12 and 24 hours of the crash, or fatality given 
serious injury.  NASS-CDS cases meeting the same 
CIREN crash and occupant inclusion criteria were used 
to establish the probability of serious injury given a 
qualifying frontal impact.  This study has shown that the 
NASS-CDS-based probability of serious injury and the 
CIREN-based probability of seeing various outcomes 
given serious injury can be combined to form models 
that estimate the joint probability that a case occupant 
involved in a qualifying frontal crash would see an 
outcome of interest (ICU, OR, or fatality).   
 
INTRODUCTION 
 
It has been shown that the risk of death is 25% lower 
when care is given to a seriously injured patient at a 

trauma center versus a non-trauma center (MacKenzie 
et al., 2006).  Over 40% of the patients included in the 
study by MacKenzie et al. (2006) were injured as the 
result of a motor vehicle crash.  A motor vehicle crash 
resulting in serious injury requires rapid attention by the 
responding emergency medical services (EMS), police 
or appropriate rescue agency.  Through observations 
made at the scene, the responding agency must decide 
where to transport the patient and by what means.  This 
triage of vehicle occupants involved in motor vehicle 
crashes is currently done on-scene using the American 
College of Surgeons (ACS) field triage decision scheme 
published in 2006 (ACS, 2006) and later supported with 
detailed rationale (Sasser et al., 2009) .  The field triage 
decision scheme consists of four sections or steps: 1. 
vital signs and level of consciousness, 2. anatomy of 
injury, 3. mechanism of injury and evidence of high-
energy impact, and 4. special patient or system 
considerations.   
 
The National Highway Traffic Safety Administration 
(NHTSA) is tasked with reducing injuries and fatalities 
that result from motor vehicle crashes.  As part of this 
effort, NHTSA collects and analyzes data from real 
world crashes.  This data is used to assess injury and 
fatality trends.  NHTSA’s National Automotive 
Sampling System – Crashworthiness Data System 
(NASS-CDS) collects vehicle crash and occupant injury 
data from a population-based sample of tow-away 
crashes.  The NASS-CDS data set is useful in that the 
injury rates seen in a particular crash mode can be 
weighted to estimate the overall population risk of 
experiencing a given level of injury in a crash 
configuration of interest.  NHTSA’s Crash Injury 
Research and Engineering Network (CIREN) 
program collects data from a convenience sample of 
motor vehicle crashes in which there was serious or 
disabling injury to at least one case occupant.  Like 
NASS-CDS, CIREN cases involve detailed crash 
reconstructions in which both vehicle and occupant 
data are collected.  Vehicle data includes, among 
other things, structural deformation, delta V, 
principal direction of force (PDOF), and restraint 
system types and usage.  Occupant data includes, 
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among other things, case occupant position, 
demographics, anthropometry, and a description of 
injuries and their sources.  However, CIREN 
provides a more detailed biomechanical analysis and 
sourcing of the observed injuries.  CIREN also 
provides detailed hospital care and patient outcome 
data that is not documented in NASS-CDS cases.  
Unfortunately, trends seen in CIREN data can’t be 
extrapolated to the general population because 
CIREN is not a probability sample. 
 
Step 3 in the ACS field triage decision scheme has an 
entry for assessing crash severity as determined by 
telemetry data obtained from automatic collision 
notification (ACN) systems.  However, specific 
telemetry variables or predictive models are not 
suggested.  Others have documented models using 
vehicle and occupant data in an attempt to predict the 
probability of a maximum Abbreviated Injury Scale 
(MAIS) (AAAM, 1998) of 3+ for a case occupant in 
a given crash scenario.  The URGENCY Algorithm is 
one such model (Malliaris et al., 1997; Augenstein et 
al., 2001).  These models emphasized the change in 
velocity or delta V of the vehicle that occurred as the 
result of the crash, but also include many other 
occupant and vehicle variables that can be obtained 
from a NASS-CDS or CIREN case.  The current 
study used similar methods to those previously used 
to predict outcomes of case occupants in motor 
vehicle crashes.  However, the current study aims to 
relate crash and occupant parameters to fatality and 
hospital outcomes.  The hospital outcome data is 
available in CIREN, but not in NASS-CDS.  The 
predictive model from CIREN alone can not be used 
to predict risks for the population at large.  Therefore, 
the current study uses common inclusion criteria 
between CIREN and NASS-CDS cases to describe a 
population-based combined probability of the 
outcomes of interest. 
 
Qualifying frontal crashes were used to complete the 
modeling of outcomes in the current study.  These 
outcomes of interest include: 1. time in intensive care 
unit (ICU), 2. fatality, 3. ICU or fatality, 4. invasive 
surgery or operating room (OR) within 12 hours post 
crash, and 5. invasive surgery within 24 hours post 
crash. 
 
METHODS 
 
CIREN Case Analysis 
 
The current study uses CIREN frontal crash data given 
the following inclusion criteria: 
• Most severe event and damage from frontal collision 
• PDOF of 11, 12 or 1 o’clock 

• 1998+ vehicle model year 
• MAIS 3+ injury cases 
• Known WinSMASH (Sharma et al., 2007) delta V 
• Known hospital outcomes (ICU, OR, etc.) 
• Known seat belt use and airbag availability and 

deployment status.  Unknown belt use, misused belts 
and cases with missing airbags were excluded 

• One or fewer 25+ kph delta V events 
 

Cases were limited to those with one or fewer 25+ kph 
delta V events.  This limitation allowed for improved 
study of the association between a single frontal crash 
event and the resulting injury and hospital outcomes.   
 
Two CIREN frontal crash data sets were produced.  The 
first included all CIREN cases meeting the criteria 
above.  The second included those where the case 
vehicle was equipped with an event data recorder (EDR).  
EDR cases did not require the existence of WinSMASH 
delta V, but did require a complete velocity-time history 
data set as obtained from the EDR for the crash event of 
interest.  EDR cases judged to have incomplete velocity-
time history data were not included in the current study.  
As noted previously by Niehoff et al. (2005), older 
models of General Motors (GM) vehicles collect 
between 100-150 ms of longitudinal delta V data for 
airbag deployment cases and in more recent model years 
300 ms of longitudinal and lateral delta v data is 
recorded.  Thus, only the longitudinal data was 
evaluated in the current study.  Cases were limited to 
model year 2001+ EDR equipped vehicles from both 
GM and Ford Motor Company (Ford).    
 
The aim of this study was to relate vehicle and occupant 
predictors to outcomes of interest.  Fatality, ICU and 
OR were the outcomes studied.  Evaluation of ICU and 
OR outcomes was restricted to non-fatal cases.  
However, a case could fall into more than one of the 
ICU and OR outcome categories. 
 
This first step in assessing the relationship between the 
predictive variables and the outcomes studied involved 
completing χ2 tests for each predictor to see if it was 
associated with the individual outcomes.  Variables that 
were found to be significant at p < 0.10 were kept for 
later use in developing the multivariable probability 
models.  Variables were grouped by vehicle and by 
occupant.  Table 1 shows the list of predictors 
considered for the χ2 tests.  Many of the predictors are 
ones that could be collected through telemetry systems 
or at the crash site by the responding police or fire and 
rescue personnel.  Others, however, would require 
assessment at the hospital or would come as the result of 
crash reconstruction.  The aim of this study was the 
modeling of motor vehicle crash occupant outcomes 
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using predictors that can be assessed through use of data 
collected via telemetry systems or those that can be 
assessed at the crash site by responding emergency 
personnel.  Thus, the predictive models were limited to 
these variables.  Though WinSMASH delta V is only 
obtained through crash reconstruction, it was used in the 
non-EDR data set of the current study as a surrogate for 
delta V that could be obtained via telemetry systems.  
 
Table 1. Vehicle and occupant variables  

Vehicle/Crash Predictors Occupant Predictors

Entrapped2 GCS < 141,2

Entrapped or No Exit2 GCS < 14, Tube or Sedated1,2

WinSMASH Longitudinal Delta V4 Respiration Rate < 10 or > 292

WinSMASH Total Delta V4 Systolic Blood Pressure < 902

EDR Longitudinal Delta V1 Triage Step 12

EDR - Peak 30 ms Crash Pulse1 Triage Step 22

EDR - Peak 50 ms Crash Pulse1 Triate Step 1 or 22

EDR - Pre-impact Braking1 Triage Step 1 and 22

EDR - Pre-impact Vehicle Speed1 BMI3

Barrier Equivalent Speed (BES)4,5 BMI Ranges2

PDOF1,4 Age1,2

Maximum Crush4 Age Ranges1,2

Crush Area4 Age > 65 Years1,2

Average Crush: C1 - C64 Gender1,2

Vehicle Curb Weight1 Driver / Passenger1,2

Vehicle Curb Weight < 1500 kg1,2 Belt Use1,2

Vehicle Model Year1

Certified Advanced Compliant1

Airbag Deployment1,2

Intrusion at Case Occupant4

Intrusion - Any Position4

Intrusion > 12" at Case Occupant2

Intrusion > 18" in Any Position2

Intrusion > 12" or > 18"2

Notes:
1. Determined via telemetry systems / ACN
2. Determined at crash site or by EMS
3. Determined at hospital
4. Determined through crash investigation
5. BES described by Sharma et al. (2007)  
 
Occupant-related predictors requiring further description 
include Step 1 (vital signs and consciousness) and Step 
2 (anatomy of injury) of the ACS field triage decision 
scheme.  Step 1 is positive if the Glasgow Coma Score 
(GCS) is less than 14, the respiration rate is less than 10 
or greater than 29 or systolic blood pressure (SBP) is 
less than 90.  Cases where the occupant was intubated or 
sedated were grouped separately and not considered as 
positive for GCS less than 14.  Step 2 was positive if 
any of the following were true: 1. penetrating injuries to 
the head, neck, torso, and extremities proximal to the 
elbow and knee, 2. flail chest, 3. two or more proximal 
long bone fractures, 4. crushed, degloved or mangled 
extremity, 5. amputation proximal to the wrist or ankle, 
6. pelvic fractures, 7. open or depressed skull fracture, or 
8. paralysis.  Body mass index or BMI was grouped by 
those occupants that had BMI less than 25, 25 – 30, 30 – 

35, and greater than 35.  Age was grouped as under 30 
years of age, 30 – 65, and greater than 65 years of age.   
 
On the vehicle side, maximum crush was recorded in 
the frontal event of interest.  Average crush is the 
average of the crush at the six locations (C1 to C6) 
measured across the front of the vehicle.  Crush area 
was defined as the product of average crush and vehicle 
end width.  PDOF was separated into three groups; 
eleven, twelve and one o’clock.  Intrusion was evaluated 
as a continuous variable for the peak values measured at 
the case occupant’s position and for the peak value 
measured at any position in the vehicle.  These values 
were also grouped by thresholds used in Step 3 of the 
ACS field triage decision scheme.  The compliance 
status of the case vehicles was also evaluated based on 
the advanced airbag section of Federal Motor Vehicle 
Safety Standard No. 208 (NHTSA, 2007).  Compliance 
status was defined as certified advanced compliant 
(CAC) or not CAC.  Manufacturers did not begin 
certifying their vehicles as CAC until model year 2003. 
 
Five EDR-based variables were assessed for EDR cases 
included in the current study (Table 1).  Post-crash 
velocity-time history entries were used to calculate EDR 
longitudinal delta V.  The velocity-time history data was 
also used to calculate a peak slope over both 30 and 50 
ms windows.  Pre-impact vehicle velocity and pre-
impact braking were also collected from the EDR data 
when possible.   
 
Modeling of the outcomes of interest using promising 
predictors (p < 0.10 from the χ2 tests) was done next.  
First, stepwise regressions were done using only the 
vehicle- and crash-based predictors.  Next, stepwise 
regression was done using only the occupant-based 
predictors.  Finally, the overall predictive model for the 
individual outcome was created using stepwise 
regression that included the variables found to be 
significant in the respective vehicle- and occupant-based 
models.  Backward and forward selection were also 
used to verify the results of the stepwise selection for the 
final model.  The maximum p value allowed for 
entering and staying in the model was 0.10.  Model fit 
was assessed using Hosmer and Lemeshow’s 
Goodness-of-Fit test (Hosmer and Lemeshow, 2000).  A 
value of p > 0.10 for the Hosmer and Lemeshow test 
signified an acceptable fit of the model.   
 
NASS-CDS 
 
NASS-CDS cases were queried with the same inclusion 
criteria used in selecting CIREN cases.  The exception 
was that the NASS-CDS cases included all MAIS levels.  
The prevalence of MAIS injuries at all levels in CDS 
cases and the ability to produce a weighted population 
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estimate of the data made it possible for the NASS-CDS 
query to provide a rate of MAIS 3+ injured case 
occupants given the inclusion criteria listed earlier for 
CIREN frontal cases.  This rate or probability of 
experiencing a MAIS 3+ injury could be used in 
combination with the probability of outcomes modeled 
using the CIREN data to produce static models of 
combined probability.  However, it was thought more 
appropriate to produce two unique predictive models for 
probability of MAIS 3+ injury in NASS-CDS frontal 
cases; one model for all qualifying model year 1998+ 
vehicle crash cases, one for model year 2001+ EDR 
cases.  These two NASS-CDS models were then used in 
combination with the respective CIREN outcome 
models.  The product of the NASS-CDS MAIS 3+ 
injury and CIREN hospital treatment models was taken 
to create a combined probability function that can be 
used to predict the likelihood of a treatment (ICU, OR) 
or fatality given a qualifying frontal crash.  
 
RESULTS 
 
For the first data set involving all CIREN cases, 482 
frontal crash cases met the inclusion criteria.  For the 
second data set involving only EDR equipped vehicles, 
there were 40 CIREN frontal crash cases that met the 
inclusion criteria.  Though Ford cases were included in 
the sampling of EDR cases, only cases involving GM 
vehicles met the inclusion criteria.   Of these 40 EDR 
cases, 33 had available WinSMASH delta V data and 
thus were cases that were also included in the overall set 
of 482 cases.  The distribution of class variables for the 
482 CIREN cases meeting the inclusion criteria are 
shown in Figures 1 and 2.  Table 2 shows the mean and 
standard deviation for the various occupant-based 
continuous measures that were evaluated in the current 
study, grouped by all cases and by individual outcomes.  
Table 3 shows similar results for the vehicle-based 
variables.   
 
Assessing Variable Significance  
 
Wald χ2 tests were completed to assess the significance 
of the individual predictor variables for each of the 
outcomes of interest.  Tables A1 and A2 (see Appendix) 
show the Wald χ2 values for predictors with p < 0.10 for 
CIREN frontal cases and CIREN frontal cases with 
EDR, respectively.  Empty cells in the tables signify 
variables with p > 0.10.  Variables were grouped into 
partitions related to vehicle crush or change in velocity, 
intrusion, vital signs, entrapment, age, position, belt use, 
gender, vehicle model year and curb weight. 
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Figure 1. Distribution of occupant class variables 
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Figure 2. Distribution of vehicle class variables 
 
 

 
Table 2. Average occupant measures for CIREN cases 
by outcome 

Outcome Group N Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
All NA 482 43.9 18.3 28.4 7.8 3.4 0.8 20.3 13.5 2.5 2.0 10.0 5.9

No 304 42.0 16.6 28.5 8.2 3.1 0.4 15.0 6.7 1.8 1.1 8.1 4.0

Yes 140 46.7 19.7 28.1 7.0 3.6 0.7 23.5 10.2 3.4 2.3 12.6 7.1

No 304 42.0 16.6 28.5 8.2 3.1 0.4 15.0 6.7 1.8 1.1 8.1 4.0

Yes 178 47.1 20.6 28.4 7.2 3.9 1.0 29.2 17.1 3.8 2.5 13.2 7.2

No 444 43.5 17.8 28.3 7.9 3.3 0.6 17.7 8.9 2.3 1.7 9.5 5.6

Yes 38 48.4 23.8 29.6 7.6 5.0 0.9 50.9 20.5 5.1 3.0 15.5 7.2

No 230 45.7 18.7 27.8 7.9 3.2 0.5 17.2 8.2 2.1 1.4 8.9 4.7

Yes 195 41.7 16.6 29.0 7.9 3.3 0.6 18.1 9.3 2.5 2.0 10.3 6.1

No 151 47.8 19.6 28.3 8.8 3.3 0.5 17.5 7.9 1.9 1.2 8.6 4.3

Yes 280 41.5 16.5 28.5 7.5 3.3 0.6 17.8 9.3 2.5 1.9 9.9 6.0

All NA 40 49.8 19.7 28.2 7.1 3.5 0.8 20.7 12.0 2.7 1.8 9.8 5.3

No 19 53.6 16.5 26.9 5.8 3.2 0.5 17.1 8.8 2.0 0.9 6.6 2.7

Yes 19 46.0 20.8 29.6 8.5 3.5 0.8 22.3 13.1 3.0 1.9 12.4 5.3

No 19 53.6 16.5 26.9 5.8 3.2 0.5 17.1 8.8 2.0 0.9 6.6 2.7

Yes 21 46.4 22.0 29.4 8.1 3.7 0.9 24.1 13.6 3.3 2.2 12.9 5.4

No 38 49.8 18.9 28.3 7.3 3.4 0.7 19.7 11.3 2.5 1.6 9.4 5.0

Yes 2 49.8 42.7 27.5 2.2 5.0 0.0 40.5 3.5 6.0 4.2 20.0 .

No 18 50.3 20.7 28.3 8.5 3.3 0.6 19.8 10.8 2.4 1.7 8.4 4.9

Yes 20 49.3 17.7 28.3 6.3 3.4 0.8 19.6 12.1 2.6 1.5 10.4 5.2

No 9 56.8 17.4 29.4 10.4 3.1 0.3 15.8 4.7 1.8 1.0 6.3 3.3

Yes 28 47.4 19.4 27.9 6.4 3.5 0.7 21.3 12.6 2.8 1.6 10.7 5.2

Fatal

OR 
< 12 hrs

OR 
< 24 hrs

ICU

Fatal or 
ICU
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Table 3. Average vehicle measures for CIREN cases by outcome 

Outcome Group N Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
All NA 482 43.8 17.4 - - 45.5 17.3 44.5 17.4 16.3 16.9 21.5 19.1 65.7 29.6 5902 3233 37.6 20.2 2001.0 2.4 1465 319.2

No 304 41.0 14.7 - - 43.3 15.3 42.2 15.4 13.7 15.3 19.2 18.4 61.4 25.6 5353 2664 34.2 16.6 2000.9 2.4 1460 336.9

Yes 140 47.2 19.7 - - 48.1 19.5 47.4 19.4 21.4 18.9 25.9 19.7 71.1 31.2 6764 3818 42.3 23.6 2001.5 2.4 1494 294.1

No 304 41.0 14.7 - - 43.3 15.3 42.2 15.4 13.7 15.3 19.2 18.4 61.4 25.6 5353 2664 34.2 16.6 2000.9 2.4 1460 336.9
Yes 178 48.5 20.3 - - 49.4 19.8 48.5 19.7 20.7 18.7 25.4 19.7 73.0 34.1 6870 3869 43.4 24.2 2001.2 2.4 1473 287.2

No 444 43.0 16.7 - - 44.8 16.9 43.8 16.9 16.1 16.9 21.3 19.0 64.5 27.9 5791 3134 36.8 19.4 2001.1 2.4 1470 324.1

Yes 38 53.3 22.2 - - 53.9 20.7 52.6 20.6 18.1 17.8 23.8 19.6 79.9 42.9 7281 4089 47.7 26.4 2000.0 1.9 1398 249.1

No 230 42.3 16.8 - - 44.3 17.2 43.5 17.2 14.3 16.2 20.5 19.1 64.4 29.5 5642 3001 35.6 18.5 2001.2 2.4 1492 345.8
Yes 195 43.6 16.6 - - 45.4 16.4 44.3 16.5 18.5 17.9 22.5 19.3 64.2 26.3 5994 3295 38.1 20.3 2001.0 2.3 1455 304.9

No 151 40.4 17.0 - - 42.4 17.1 41.5 17.1 11.7 14.9 17.9 17.9 61.1 30.5 5346 3071 33.2 18.7 2001.3 2.4 1490 329.8

Yes 280 44.4 16.2 - - 46.2 16.5 45.2 16.6 18.3 16.8 22.7 18.8 66.7 26.2 6079 3146 38.9 19.6 2001.0 2.4 1465 323.8

All NA 40 45.8 17.8 53.4 14.6 46.6 19.1 45.7 19.0 18.6 16.7 23.8 16.7 69.6 28.1 6115 3424 38.8 20.7 2002.8 1.6 1521 345.5
No 19 39.7 14.9 46.2 9.2 40.4 17.4 39.5 17.3 11.6 14.8 17.1 15.2 67.3 27.0 5433 2620 34.9 15.7 2002.6 1.8 1564 366.8

Yes 19 54.4 17.8 59.4 16.1 55.1 18.3 54.1 18.1 27.0 15.4 32.6 14.2 74.7 29.3 7112 3996 44.7 24.2 2002.9 1.5 1499 340.8

No 19 39.7 14.9 46.2 9.2 40.4 17.4 39.5 17.3 11.6 14.8 17.1 15.2 67.3 27.0 5433 2620 34.9 15.7 2002.6 1.8 1564 366.8

Yes 21 52.7 18.6 59.9 15.7 53.2 19.2 52.3 19.0 24.8 16.1 29.9 15.9 71.6 29.6 6732 3980 42.3 24.2 2003.0 1.4 1483 329.2
No 38 46.4 17.7 52.8 14.5 47.3 19.0 46.3 18.9 19.3 16.8 24.8 16.5 71.0 28.0 6272 3440 39.8 20.7 2002.7 1.6 1531 350.8

Yes 2 25.0 . 65.0 16.1 25.0 . 25.0 . 4.5 3.5 4.5 3.5 42.0 11.3 3122 676 19.6 0.6 2004.0 0.0 1329 157.0

No 18 43.9 14.0 47.4 11.6 44.6 15.2 43.8 15.1 16.2 17.1 22.8 17.3 70.9 27.1 5949 2945 38.5 18.4 2002.2 1.2 1449 321.6

Yes 20 48.7 20.7 57.6 15.4 50.0 22.4 48.9 22.3 22.1 16.4 26.6 15.9 71.2 29.6 6563 3885 41.0 23.1 2003.2 1.8 1605 367.3
No 9 38.9 13.4 41.4 7.9 37.9 15.7 37.1 15.1 12.3 13.9 17.4 15.4 63.9 29.3 5010 3205 32.1 18.9 2002.2 1.4 1534 399.0

Yes 28 48.0 18.5 56.4 14.6 49.8 19.4 48.7 19.4 22.1 17.2 27.6 16.4 73.3 28.3 6619 3524 41.9 21.3 2002.9 1.7 1547 336.4
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There are a number of significant observations that can 
be made in looking at the relationships between single 
variables and the outcomes studied for the full set of 
qualifying CIREN frontal cases (Appendix - Table A1).  
First, delta V, whether total or longitudinal, is 
consistently a significant predictor of outcome.  The 
only exception is for those with invasive surgery within 
12 hours of the crash.  Post-test crush measures such as 
peak crush, average crush, and crush area were 
generally even more significantly associated with the 
outcomes studied than delta V measures, as evidenced 
by higher χ2 values for the crush measures.  However, 
these measures may not be appropriate for on-site triage 
and are not available for measure through telemetry, but 
instead require crash reconstruction to be calculated.  
Thus, these crush-based variables were not included in 
the predictive models.  The field triage decision scheme 
Step 1 and Step 2 measures were also consistently 
strong predictors, with at least one being significantly 
related to each of the outcomes.  It was also noteworthy 
that intrusion at the case occupant position was always a 
better predictor of outcome than peak intrusion at any 
position in the vehicle.  Step 3 of the triage decision 
scheme assesses whether intrusion is greater than 12 
inches at the occupant position or 18 inches at any 
position.  However, independently the 18 inches 
threshold for any position was not significant at p < 0.05 
for any outcome, while the 12 inch threshold at the 
occupant position was significantly related (p < 0.05) to 
all outcomes other than fatality.  
 
The CIREN EDR cases saw many fewer significant 
variables (Appendix - Table A2).  For instance, Triage 
Step 1 was not significant for any outcomes and Step 2 
was only significant for two outcomes.  The small 

number of qualifying EDR cases (n=40) available is 
likely the cause.  It was noteworthy that EDR 
longitudinal delta V was shown to be a stronger 
predictor of outcome than WinSMASH longitudinal 
delta V, WinSMASH total delta V and barrier 
equivalent speed when comparing χ2 values.  Other 
EDR-based variables also were significant for certain 
outcomes including crash pulse severity measures and 
pre-impact braking.  Of note, pre-impact braking was 
significant for a reduced probability of going to the ICU.  
Pre-impact velocity was not found to be significant for 
any outcome.  Regression analyses related to fatality 
were not done on the EDR data set given only two fatal 
cases out of the 40 EDR cases included in the study. 
 
Those variables with the highest Wald χ2 value were 
selected for use in the predictive modeling for the 
outcomes of interest as described in the next section.  
For instance, there were many cases for the respective 
outcomes in which total delta V and longitudinal delta V 
were both significant predictors.  For these instances, the 
predictor with the maximum χ2 value was used.  There 
were also cases where a predictor such as crush area or 
average crush had a larger χ2 value than delta V or max 
crush.  However, as noted earlier, the emphasis of the 
current study was to produce models with predictors that 
can be assessed at the crash scene or via telemetry.   
 
Predictive Modeling – All CIREN Cases (n=482) 
 
Stepwise regressions were done in combination with 
forward and backward selection of variables to establish 
models of treatment given injury.  The threshold for 
both entering and staying in the model was p < 0.10.  
Table 4 shows the results for the final models produced 
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for each of the five groupings of outcomes of interest.  
The significant predictors and their respective maximum 
likelihood estimates, Wald χ2, p values, point estimates 
and 95% confidence intervals are shown.  The Hosmer 
and Lemeshow Goodness-of-Fit tests found good fit for 
all models with p values greater than 0.1 in all cases.   
 
Most variables were directionally associated with the 
outcomes of interest as would be considered logical.  
Delta V, intrusion and the field triage decision scheme 
vital sign (Step 1) and injury (Step 2) measures all were 
consistent in that, when significant, they were associated 
with an increased likelihood of the outcomes studied.  In 
contrast, seat belt use was associated with a lower 
probability of the respective outcomes when it was a 
significant predictor.  One exception was the over-65 
age group.  This group predicts an increase in 
probability of fatality, but a reduced probability of OR.  
Of all injured body regions, OR was most significantly 
associated with lower extremity injuries (χ2 = 21.5, p < 
0.0001), but was also significant for not having AIS 3+ 
spine injuries (χ2 = 8.8, p < 0.01).   Conversely, spine 
injuries were found to be significantly associated with 
being over 65 (χ2 = 20.6, p < 0.0001) while lower 
extremity injuries were found to be significantly 

associated with those under age 65 (χ2 = 5.4, p < 0.05).  
While it is not possible to assess injury probability or 
risk in CIREN, these relationships within the injured 
population help explain why the elderly group was less 
and not more likely to have invasive surgery within 24 
hours of a crash.  A reduced ability of the older 
population to endure invasive surgery soon after a 
traumatic event may also contribute to a lower 
probability of OR within 24 hours for the elderly 
population.   
 
The models provide the maximum likelihood estimates 
for the intercept (Qi) and for the significant predictors 
(Q1, Q2…Qn) that can be used to predict the probability 
(PCIREN) of the outcome of interest per the following 
equations.  X1 to Xn would represent the values for the 
respective predictors for a given case.  
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Table 4. Model results for all qualifying CIREN frontal cases  

Outcome Predictor Predictor Values1 -2 Log L

Maximum 
Likelihood 
Estimate Wald χ2 Pr > χ2 Odds Ratio [95% CI] Model Fit2

Intercept -283.000 8.451 0.0036 NA
Intrusion > 12" at Occ. 1=yes, 0=no -0.477 12.080 0.0005 0.385 [0.225 - 0.660]

Vehicle Model Year Continuous 0.141 8.404 0.0037 1.151 [1.047 - 1.267]
Occ. Age - Years Continuous 0.023 12.279 0.0005 1.023 [1.010 - 1.036]

Triage Step 1 1=yes, 0=no -1.031 41.819 < 0.0001 0.127 [0.068 - 0.238]
Triage Step 2 1=yes, 0=no -0.292 5.671 0.0173 0.558 [0.345 - 0.902]

Intercept -1.703 12.031 0.0005 NA
Longitudinal Delta V (KPH) Continuous 0.020 8.238 0.0041 1.020 [1.006 - 1.034]

Intrusion > 12" at Occ. 1=yes, 0=no -0.307 4.885 0.0271 0.541 [0.314 - 0.933]
Occ. Age - Years Continuous 0.026 16.676 < 0.0001 1.026 [1.013 - 1.039]

Triage Step 1 1=yes, 0=no -1.056 47.553 < 0.0001 0.121 [0.066 - 0.220]
Triage Step 2 1=yes, 0=no -0.287 5.985 0.0144 0.564 [0.356 - 0.892]

Intercept -4.848 22.616 < 0.0001 NA
Total Delta V (KPH) Continuous 0.032 3.964 0.0465 1.033 [1.000 - 1.066]
Entrapped or No Exit 1=yes, 0=no 1.095 4.111 0.0426 8.941 [1.076 - 74.307]

Age > 65 Years 1=yes, 0=no -0.698 4.937 0.0263 0.247 [0.072 - 0.848]
Belted 1=yes, 0=no 1.380 16.649 < 0.0001 15.812 [4.198 - 59.553]

Triage Step 1 1=yes, 0=no -0.996 14.715 0.0001 0.136 [0.049 - 0.377]
Intercept -2.154 1.061 0.3030 NA

Age > 65 Years 1=yes, 0=no 0.294 3.856 0.0496 1.801 [1.001 - 3.242]
Occ. Position Driver=1, Pssgr=0 -2.632 3.541 0.0599 .0591 [0.341 - 1.022]
Triage Step 1 1=yes, 0=no -0.244 2.798 0.0944 0.614 [0.346 - 1.087]

Curb Wt < 1500 kg 1=yes, 0=no -0.190 3.333 0.0679 0.684 [0.454 - 1.028]
Entrapped or No Exit 1=yes, 0=no -0.211 3.505 0.0612 0.656 [0.422 - 1.020]

Intrusion > 12" at Occ. 1=yes, 0=no -0.222 2.859 0.0908 0.383 [0.383 - 1.073]
Intercept 0.802 17.064 < 0.0001 NA

Age > 65 Years 1=yes, 0=no 0.405 7.959 0.0048 2.246 [1.280 - 3.941]
Triage Step 2 1=yes, 0=no -0.254 4.291 0.0383 0.602 [0.372 - 0.973]

Curb Wt < 1500 kg 1=yes, 0=no -0.285 6.808 0.0091 0.565 [0.368 - 0.868]
Entrapped or No Exit 1=yes, 0=no -0.312 6.313 0.0120 0.536 [0.330 - 0.872]

Intrusion > 12" at Occ. 1=yes, 0=no -0.416 6.981 0.0082 0.435 [0.235 - 0.807]
Notes:
1. All class level predictors modeled as 0 vs. 1.
2. Hosmer and Lemeshow Goodness-of-Fit: Pr > χ2

OR within 24 hrs 515.6 0.9398

OR within 12 hrs 0.7116562.3

116.6 0.9319

0.7719ICU

0.8772ICU or Fatal

463.9

498.3

Fatal
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Predictive Modeling – CIREN EDR Cases (n=40) 
 
Stepwise regressions were also done for the 40 EDR 
cases using the significant variables documented in 
Table 5.  Only two significant multi-variable models 
were produced using the EDR data.  EDR delta V was 
positively associated with an increase probability of 
seeing all outcomes studied.  Only the ICU and ICU or 
fatal models included additional significant (p < 0.10) 
predictors other than EDR delta V after completing 
stepwise, backward and forward selections.   A model 
was not created for fatal cases given there were only two 
fatal cases in the EDR data set. 
 
NASS-CDS  
 
Given the same inclusion criteria as used in collecting 
CIREN frontal cases for the current study, a population- 
based estimate of the rate of MAIS 3+ injury for all 
qualifying model year 1998+ vehicles was found to be 
2.1%.  The same estimate for model year 2001+ GM 
vehicles, which corresponds to the cases included in the 

CIREN EDR analysis, was found to be 2.2%.  
Regression analysis produced two models, one for all 
qualifying 1998+ model year vehicles and one for 
2001+ model year EDR equipped GM vehicles (Table 
6).  These models predict the probability of MAIS 3+ 
injury given the frontal crash inclusion criteria used.  
They can be used in combination with the CIREN-based 
models to produce a combined probability for the 
outcomes evaluated in the current study.    
 
Combined Probability Models 
 
A population-based probability of outcomes of interest 
given a frontal crash meeting the inclusion criteria of the 
current study can be formulated as the product of the 
risk of sustaining an MAIS 3+ injury (PCDS) as 
established from the NASS-CDS data and the 
probability of outcome (PCIR.EN = P(ICU|MAIS3+)).  
The formula (A1) and sample calculation for probability 
of MAIS 3+ injury (A2) and ICU given MAIS 3+ injury 
(A3) are located in the appendix.  

 
 
Table 5. Model results for all qualifying CIREN EDR frontal cases  

Outcome Predictor Predictor Values -2 Log L

Maximum 
Likelihood 
Estimate Wald χ2 Pr > χ2 Odds Ratio [95% CI] Model Fit1

Intercept -5.123 4.241 0.0395 NA
Intrusion > 12" at Occ 1=yes, 0=no -1.043 3.938 0.0472 0.124 [0.016 - 0.975]

Triage Step 1 1=yes, 0=no -1.582 7.103 0.0077 0.042 [0.004 - 0.433]
EDR Delta V (KPH) Continuous 0.107 5.173 0.0229 1.113 [1.015 - 1.221]

Intercept -14.688 5.277 0.0216 NA
EDR Delta V (KPH) Continuous 0.320 5.427 0.0198 1.377 [1.052 - 1.801]
Pre-impact Braking 1=yes,  0=no 2.243 3.872 0.0491 88.827 [1.018 - >999.999]

Triage Step 2 1=yes, 0=no -3.033 5.564 0.0183 0.002 [<0.001 - 0.359]
Notes:
1. Hosmer and Lemeshow Goodness-of-Fit: Pr > χ2

0.8768ICU

0.7692ICU or Fatal

28.6

15.5

 

 
 
Table 6. Model results for MAIS 3+ injury in NASS-CDS frontal cases 

Outcome Predictor Predictor Values -2 Log L

Maximum 
Likelihood 
Estimate Wald χ2 Pr > χ2 Odds Ratio [95% CI]

Intercept -7.383 505.226 < 0.0001 NA
Age Continuous 0.031 27.474 < 0.0001 1.032 [1.020 - 1.044]

Delta V (MPH) Continuous 0.158 323.608 < 0.0001 1.171 [1.151 - 1.191]
Airbag deployed , not belted 1=yes, 0=no 1.044 29.269 < 0.0001 2.841 [1.946 - 4.147]

Belted, no airbag deployment 1=yes, 0=no 0.981 1.857 0.1730 2.668 [0.650 - 10.948]
Gender 1=male, 0=female -0.536 15.423 < 0.001 0.585 [0.448 - 0.764]

Intercept -540.300 5.647 0.0194 NA
Age Continuous 0.023 6.592 0.0102 1.024 [1.006 - 1.042]

Delta V (MPH) Continuous 0.181 39.042 < 0.0001 1.198 [1.132 - 1.268]
Model Year Continuous 0.266 5.326 0.0210 1.305 [1.041 - 1.635]

Airbag deployed , not belted 1=yes, 0=no 1.499 13.677 0.0002 4.475 [2.023 - 9.903]
Belted, no airbag deployment 1=yes, 0=no -31.080 135.690 < 0.0001 <0.001 [<0.001 - <0.001]

PDOF - 1 o'clock 1=yes, 0=no -2.375 14.023 0.0002 0.093 [0.027 - 0.322]
PDOF - 11 o'clock 1=yes, 0=no -0.386 1.199 0.2735 0.680 [0.341 - 1.356]

Gender 1=male, 0=female -0.937 7.172 0.0074 0.392 [0.197 - 0.778]
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CONCLUSIONS 
 
This study shows an example in which NASS-CDS and 
CIREN data sets can be used together to project 
probability of certain outcomes in frontal crashes.  The 
CIREN data analysis of all qualifying frontal cases 
produced models using numerous vehicle- and 
occupant-based variables and for all outcomes of 
interest showed good model fit as evaluated using the 
Hosmer and Lemeshow Goodness-of-Fit test.  All of the 
models included at least two occupant and two vehicle 
or crash-based variables.  Modeling of EDR cases, 
where fewer cases where available, produced models for 
two of five outcomes studied.   
 
Many typical factors generally thought to be positively 
associated with severity of injury such as delta V and 
intrusion proved to consistently be related to the 
treatment and injury outcomes evaluated in the current 
study.  Additionally, measures currently used in the 
ACS field triage decision scheme related to vital signs 
and injury also proved to be significant predictors.  
There were exceptions where factors that may logically 
be thought to produce a positive relationship related to 
the treatment outcome in fact had a negative outcome.  
The prime example was age and invasive surgery where 
being over 65 years old reduced the likelihood of a case 
occupant needing invasive surgery in the first 12 or 24 
hours following a crash.  This exception could be 
explained in either of two ways.  First, the older 
population tends to sustain more spinal injuries and 
fewer lower extremity injuries, compared to younger 
patients.  However, the majority of injuries treated in the 
OR are lower-extremity injuries.  Second, older 
occupants may require a greater period of time to 
stabilize before invasive surgery. 
 
EDR delta V was shown in the 40 cases studied to be 
significantly associated with outcome.  The 30 and 50 
ms pulse evaluations were also significant predictors of 
outcome, but in no instance were they better than EDR 
delta V.  The 50 ms window is associated with the 
acceleration severity index (CEN, 1998), which was 
also not found to be a better predictor of injury as 
compared to delta V by Gabauer and Gabler (2007).   In 
single predictor logistic regressions, EDR delta V was a 
better predictor of the outcomes studied than 
WinSMASH delta V.  However, both WinSMASH- and 
EDR-based delta V were shown to be significant 
predictors of motor vehicle crash occupant outcome.  
Future study with a larger data set of EDR cases should 
be done to further assess the predictive performance of 
all EDR-based variables including delta V, braking and 
pre-impact speed.   
 
 

Prior studies have proposed the need to combine 
telematics data from ACN systems with the URGENCY 
Algorithm for improving the emergency response for 
potentially seriously injured motor vehicle crash victims 
(Augenstein et al., 2001; Augenstein et al., 2003; 
Augenstein et al., 2005; Augenstein et al., 2006; 
Augenstein et al., 2007; Champion et al., 2003; 
Champion et al., 2005).   The URGENCY Algorithm 
predicts a probability of MAIS 3+ injury for motor 
vehicle crash victims through the application of 
regression models developed using various vehicle, 
crash and occupant data.  The current study has shown 
that similar techniques can be used to combine a 
probability of MAIS 3+ injury with the probability of 
invasive surgery within 12 or 24 hours, time spent in 
ICU or fatality.  However, unlike the URGENCY 
Algorithm, the CDS-based models produced in the 
current study were limited to frontal crashes. 
 
Study Limitations 
 
Study limitations include the fact that only frontal cases 
involving 1998+ model year vehicles were included in 
the analysis qualifying CIREN cases.  Similar methods 
of producing models combining the probabilities of 
MAIS 3+ injury in CDS with probabilities for outcome 
in CIREN could be done for other crash modes and 
groupings of vehicle model years.  The majority of AIS 
3+ injuries occur in frontal crashes, making analysis of 
this crash type a good starting point.  While the model 
year 1998 break point was chosen to coincide with 
second generation or depowered frontal airbags and to 
allow for sufficient quantity of cases for analysis.   
 
This study was also limited in that only 36 of 482 cases 
analyzed were for vehicles that were certified to the 
advanced airbag requirements of FMVSS No. 208 
(NHTSA, 2007).  Thus the relationships between crash 
and occupant variables and outcome presented here may 
not extend to new CAC vehicles.  Manufacturers did not 
begin certifying their vehicles as CAC until the 2003 
model year.  The average model year evaluated in the 
current study was 2001±2.4.   
 
In addition to differences in FMVSS No. 208 
compliance, there are other differences in vehicle 
content that would differentiate the average vehicle in 
this study from the average vehicle available new for 
purchase today.  The Insurance Institute for Highway 
Safety (IIHS) provides another example of how 
different a model year 2001 vehicle may be versus a 
current vehicle.  Brumbelow (2007) showed that only 
50% of 2001 model year vehicles tested were “good” 
performers in the IIHS’s frontal offset crash condition, 
whereas, over 90% of tested model year 2007 vehicles 
were considered “good” performers.  So, one possible 
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difference between earlier model vehicles that did not 
rate as “good” in IIHS evaluations versus current 
models that do is that earlier vehicles could be expected 
on average to have greater intrusion into the occupant 
compartment and a “softer” crash pulse as compared to 
a similarly sized “good” performing vehicle.  This could 
translate to a different distribution of injuries for newer 
vehicles that would have less intrusion into the occupant 
compartment, but possibly a “stiffer” crash pulse.   
 
The CIREN MAIS 3+ injury cases used in the current 
study may have a different distribution of vehicle/crash 
and occupant variables than a set of NASS-CDS MAIS 
3+ injury cases obtained using the same vehicle- and 
crash-based inclusion criteria.  For starters, all CIREN 
case occupants went to a level I trauma center.  Thus, on 
average, the ISS, MAIS, and crash measures such as 
delta V are likely to be higher in CIREN than NASS-
CDS.  However, there is no reason to believe that 
CIREN would be biased in a way that would alter the 
relationships between outcomes of interest and the 
significant predictors documented in the current study. 
 
Future Study 
 
Although the models produced show good fit based on 
statistical measures, future work will be required to 
assess the sensitivity and specificity of the respective 
models.  Receiver operating characteristic (ROC) curves 
will be produced for this purpose.  Future work should 
also compare the NASS-CDS-based models for 
predicting probability of MAIS 3+ injury from the 
current study versus those of the URGENCY Algorithm.  
The URGENCY Algorithm comprehends multiple 
impact directions.  Thus, direct comparison of the 
predictive capabilities of URGENCY Algorithm versus 
the current CDS-based models may not be appropriate 
given the restrictions on case types used in the current 
study per the inclusion criteria.  However, the methods 
used in the current study could be expanded to produce 
combined probability models for multiple impact 
scenarios (front, side, rear and/or rollover, e.g.). 
 

 
Future work could also involve improved grouping or 
filtering of outcomes.  This could include filtering of 
outcomes by the occurrence of more serious or 
compelling Abbreviated Injury Scale (AIS) 3+ injuries 
to further improve the predictive capability of the 
models by refining the relationships between the types 
of injuries sustained and the possible vehicle and 
occupant predictors.  For instance, CIREN data provides 
additional detail beyond the AIS coding to document 
whether an AIS 3 long bone fracture was open or closed 
or whether an AIS 3+ internal organ or vessel injury 
required invasive surgery.  Looking at the relationship 
between occupant and vehicle/crash predictors and these 

more compelling injuries may provide additional insight 
into the predictors that could be used in the triage of 
motor vehicle crash victims.  Additionally, there may be 
other significant predictors or means by which to refine 
or re-group the predictors from the current study to 
further improve the predictive capabilities of the 
individual models.   
 
The current study has modeled and found significant 
many of the variables used in the ACS field triage 
decision scheme.  However, related to telemetry data 
field in Step 3 of the field triage decision scheme, future 
study of EDR cases in CIREN would require a larger set 
of data to better study the relationship between the 
outcomes of interest from the current study and EDR 
variables such as delta V, 50 ms crash pulse, pre-impact 
braking, and pre-impact vehicle speed.  
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APPENDIX 
 
Table A1. Results of binary logistic regression tests for all CIREN cases  

 

χ2 p χ2 p χ2 p χ2 p χ2 p
Entrapped x 3.1 0.0780 - - - - 3.0 0.0843 - -

Entrapped or No Exit x 4.0 0.0462 3.9 0.0488 - - 6.3 0.0118 10.9 0.0009
WinSMASH Long. Delta V x 8.7 0.0032 8.5 0.0035 14.1 0.0002 - - 4.6 0.0325
WinSMASH Total Delta V x 7.8 0.0052 9.2 0.0024 13.3 0.0003 - - 5.1 0.0244

BES x 12.6 0.0004 11.6 0.0007 19.5 < 0.0001 - - 5.7 0.0166
PDOF x x - - - - - - - - - -

Maximum Crush x 11.2 0.0008 8.8 0.0030 16.1 < 0.0001 - - 4.0 0.0451
Crush Area x 17.8 < 0.0001 6.7 0.0098 22.2 < 0.0001 - - 5.2 0.0225

Average Crush: C1 - C6 x 15.9 < 0.0001 9.5 0.0021 21.8 < 0.0001 - - 8.3 0.0039
Vehicle Curb Wt  x - - - - - - - - - -

Vehicle Curb Wt < 1500 kg x x - - - - - - 2.9 0.0898 5.0 0.0261
Vehicle Model Year x 5.3 0.0210 7.3 0.0070 - - - - - -

CAC1 x - - ID1 ID1 - - - - - -

Airbag Deployment2 x - - ID2 ID2 - - - - - -
Intrusion at Case Occupant x 18.8 < 0.0001 - - 18.4 < 0.0001 6.0 0.0140 15.2 < 0.0001

Intrusion - Any Position x 11.3 0.0008 - - 11.5 0.0007 - - 6.5 0.0111
Intrusion > 12" at Case Occ x 17.6 < 0.0001 - - 19.4 < 0.0001 7.0 0.0081 13.0 0.0003

Intrsusion > 18" in Any Position x 3.2 0.0730 - - 3.2 0.0721 - - - -
Intr. > 12" at Occ or > 18" Any x 13.7 0.0002 3.4 0.0634 16.6 < 0.0001 6.4 0.0112 13.0 0.0003

GCS < 14 x x 20.6 < 0.0001 23.5 < 0.0001 23.8 < 0.0001 - - - -
GCS < 14, Tubed or Sedated x x 41.9 < 0.0001 35.8 < 0.0001 53.1 < 0.0001 - - - -
Respiration Rate <10 or >29 x 2.8 0.0959 11.6 0.0007 6.3 0.0122 4.6 0.0321 - -
Systolic Blood Pressure < 90 x 15.8 <0.001 5.9 0.0153 17.5 < 0.0001 2.9 0.0877 - -

Triage Step 1 x 44.7 < 0.0001 17.8 < 0.0001 53.7 < 0.0001 4.2 0.0406 - -
Triage Step 2 x 8.8 0.0031 - - 10.8 0.0010 3.1 0.0799 7.9 0.0050

Triage Step 1 or 2 x 25.4 < 0.0001 7.5 0.0061 32.3 < 0.0001 3.9 0.0487 5.0 0.0249
Triage Step 1 and 2 x 20.0 < 0.0001 4.2 0.0398 20.3 < 0.0001 6.0 0.0141 4.1 0.0435

BMI x - - - - - - - - - -
BMI Ranges x x - - - - - - 3.4 0.0652 - -

Age x x 6.7 0.0097 - - 8.5 0.0036 5.2 0.0229 12.1 0.0005
Age Ranges x x - - 6.5 0.0105 3.2 0.0738 4.1 0.0442 13.5 0.0012

Age > 65 Years x x 5.1 0.0244 5.3 0.0209 8.4 0.0037 3.6 0.0588 12.2 0.0005
Gender x x - - 3.9 0.0486 - - - - - -

Driver / Passenger x x - - - - - - 3.9 0.0496 - -
Belt Use x x - - 18.4 < 0.0001 - - - - - -
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V
eh

ic
le

 &
 C

ra
sh

 D
at

a

 
 



Craig, 12 

Table A2. Results of binary logistic regression tests for CIREN EDR cases  

χ2 p χ2 p χ2 p χ2 p
Entrapped x - - - - - - - -

Entrapped or No Exit x 3.2 0.0742 - - - - - -
EDR - Long. Delta V x 6.4 0.0112 6.1 0.0135 3.2 0.0730 3.7 0.0545
EDR - 30 ms pulse x 4.0 0.0463 - - - - - -
EDR - 50 ms pulse x 4.8 0.0282 3.2 0.0748 - - - -

EDR - Avg Decel Gs x 4.9 0.0267 5.5 0.0194 - - 3.2 0.0745
EDR - Pre-Impact Veh Speed x - - - - - - - -

EDR - Pre-Impact Braking x 3.5 0.0627 4.0 0.0445 - - - -
WinSMASH Long. Delta V x 4.3 0.0384 3.5 0.0621 - - 2.8 0.0932
WinSMASH Total Delta V x 4.3 0.0376 3.5 0.0623 - - 2.9 0.0870

BES x 5.3 0.0219 4.4 0.0370 - - - -
PDOF x x - - - - - - - -

Maximum Crush x - - - - - - - -
Crush Area x - - - - - - - -

Average Crush: C1 - C6 x - - - - - - - -
Vehicle Curb Wt  x - - - - - - - -

Vehicle Curb Wt < 1500 kg x x - - - - - - - -
Intrusion at Case Occupant x 7.1 0.0077 5.8 0.0163 - - 3.3 0.0698

Intrusion - Any Position x 7.4 0.0064 5.5 0.0188 - - 4.1 0.0431
Intrusion > 12" at Case Occupant x 6.5 0.0109 5.3 0.0209 - - 3.7 0.0528
Intrsusion > 18" in Any Position x - - - - - - - -
Intr. > 12" at Occ or > 18" Any x 7.9 0.0050 6.5 0.0107 - - 4.3 0.0389

GCS < 14 x x - - - - - - - -
GCS < 14, Tubed or Sedated x x - - - - - - - -
Respiration Rate <10 or >29 x - - - - - - - -
Systolic Blood Pressure < 90 x - - - - - - - -

Triage Step 1 x - - - - - - - -
Triage Step 2 x 3.9 0.0495 3.0 0.0852 - - - -

Triage Step 1 or 2 x - - - - - - - -
Triage Step 1 and 2 x - - - - - - - -

BMI x - - - - - - - -
BMI Range x x - - - - - - - -

Age x x - - - - - - - -
Age Ranges x x - - - - - - - -

Age > 65 Years x x - - - - - - - -
Gender x x - - - - - - - -

Driver / Passenger x x - - - - - - - -
Belt Use x x - - - - 2.9 0.0863 3.0 0.0854

C
ra

sh
 

In
ve

st
ig

at
io

n

A
C

N

C
ra

sh
 S

ite
 / 

E
M

S

H
os

pi
ta

l

OR < 12 hrs OR < 24 hrsICU ICU or Fatal

V
eh

ic
le

 &
 C

ra
sh

 D
at

a
O

cc
u

p
an

t 
D

at
a

Data Source Occupant Outcome

Variable

 



Craig, 13 

Combined Probability Equations: 
 

)3|(*)3()( ++= AISICUPAISPICUP  (A1) 
 
 

)exp1(
1

)3( )*536.0*981.0*044.1*158.0*031.0383.7( 54321 XXXXXAISP −++++−−+
=+  (A2)   

Where X1 to X5 represent the respective predictors as ordered in Table 6. 
 
 

)exp1(

1
)3|(

)*292.0*031.1*023.0*141.0*477.00.283( 54321 XXXXX
AISICUP −−++−−−+

=+  (A3)   

Where X1 to X5 represent the respective predictors as ordered in Table 4. 
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ABSTRACT 
 
This paper details the National Highway Traffic 
Safety Administration’s (NHTSA) initial research to 
evaluate potential child side impact test procedures.    
Federal Motor Vehicle Safety Standard (FMVSS) 
No. 213, “Child Restraint Systems” currently only 
requires that U.S. marketed child restraints meet 
dynamic testing simulating a 48.3 kph (30 mph) 
frontal impact.  NHTSA is evaluating test parameters 
and potential methodologies to replicate a 
representative side impact scenario that could 
potentially be developed into a future child restraint 
dynamic side impact test procedure.  This paper will 
discuss (1) testing conducted using the side impact 
sled buck designed by TK HOLDINGS INC. 
(Takata), and (2) side impact moving deformable 
barrier (MDB) into vehicle crash tests, which were 
performed in an effort to refine sled buck test 
parameters.  This study is limited to one generic sled 
test buck design concept and side impact tests 
involving small passenger vehicles.  It was observed 
that the sled buck concept was repeatable and able to 
distinguish between child restraint system (CRS) 
models.  The design of the CRSs’ seat back side wing 
is an important element for providing side impact 
protection, particularly when impact angles are 
varied.   Trends in injury response values between 
sled and crash tests were similar for the two CRS 
models used in both types of testing.   
 
INTRODUCTION 
 
This study looks at the use of dynamic generic sled 
simulations to replicate the performance observed 
during vehicle crash tests of a properly restrained 3-
year-old child dummy.  With only a side impact child 
dummy representative of a 3-year-old currently 
available, the 1- to 3-year-old age group was the 
primary focus for the agency’s initial evaluation of 
child restraint systems during side impact crashes.  
The TNO Q3 side (Q3s) dummy and the Hybrid III 
3-year-old dummy, with a side impact neck (H3Cs), 
were used as Anthropomorphic Test Devices (ATDs). 
 
Children represent more than 50% of the rear seat 
occupants in motor vehicle crashes.  Side impacts are 

the second most frequent collisions resulting in child 
occupants sustaining serious to life-threatening head, 
neck and chest injuries.  Using NHTSA’s National 
Automotive Sampling System – Crashworthiness 
Data System (NASS-CDS) database (1995-1996, 
1998-2004), it was determined that side impacts 
account for 27% of the crashes involving 0-12 year 
old occupants.  For those side impacts, 42% involved 
children 0-3 years old, 36% involved 4-8 year olds 
and 22% involved 9-12 year olds. [1] 
 
For children 1-3 years old, 9% of those with 
survivable injuries were unrestrained (NASS-CDS) 
and 46% of the fatally injured were unrestrained 
(FARS 1994-2003).  Using unweighted values, due to 
the paucity of NASS-CDS data for the 1-3 years age 
group, side impacts with a ∆V > 30 kph (18.7 mph) 
provided 28 children with 104 injuries.   For this 
subset, it was observed that: 

 The PDOF of the subject side impact crashes 
was approximately 30o off lateral, 

 Near-side and center occupants suffered more 
severe injuries (AIS2+) than far-side occupants, 
and 

 Direct contact with the vehicle interior accounted 
for 45% (47) of the injuries, while 14.4% (15) 
were due to contact with the child restraint 
system (CRS).  Of these 104 injuries, 57% were 
to the head, 21% to the torso and 6% to 9% were 
to the neck and the upper and lower extremities. 

 
HYGE SLED TEST SERIES 
 
Sled Buck Configuration 
 
The sled buck used was a side impact buck designed 
by Takata, which consists of a sliding “vehicle” seat 
mounted to a rail system along with a “side door” 
structure rigidly mounted to the sled buck structure.  
A specific density of aluminum honeycomb is 
mounted below the “door” structure.  The sliding 
“vehicle” seat is positioned sufficiently away from 
the “side door” to allow the sled to reach a desired 
velocity prior to the sliding “vehicle” seat coming 
into contact with the “side door” and aluminum 
honeycomb.  The principle of this design is that the 
sliding “vehicle” seat and CRS impact the side 
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“door” structure at a desired speed, at which time the 
aluminum honeycomb begins to crush, replicating the 
intrusion velocity of the “door” that the CRS would 
experience during an actual vehicle crash.  Figure 1 
shows a schematic of the Takata side impact buck 
configuration.  A photo of the actual set-up used by 
NHTSA is shown in Figure 2.    

Figure 1.  Takata’s Side Impact Sled Buck. 

 

 
Figure 2.  NHTSA’s Side Impact Sled Buck Set-
up. 
 
Two differences between the Takata buck and the 
NHTSA buck set-ups are notable.  First, the ECE 
Regulation No. 44 seat cushion foam used by Takata 
was replaced with the cushion foam used in the 
FMVSS No. 213 seat fixture.  Secondly, the initial 
seat to honeycomb distance was increased from 250 
mm to 260 mm for the NHTSA tests.  The distance 
was increased in order to obtain the desired impact 
velocity while preventing the sliding seat from 
bottoming out against the support structure behind 
the honeycomb. 
 

Initial Sled Test Parameters Used by NHTSA 
 
The agency chose to look at small vehicles to develop 
the test parameters.   The vehicle models selected 
were previously tested in accordance with FMVSS 
No. 214 “Side Impact Protection” Moving 
Deformable Barrier (MDB) test procedure.  As noted 
earlier, the Takata buck design is unique in that it has 
two moving fixtures – the sled buck itself and the 
seat on which the child restraint is attached.  The 
critical factor for the sled buck is to have the “door” 
structure reach the desired velocity prior to its contact 
with the sliding “vehicle” seat.  The desired door 
velocity and sliding seat acceleration pulse were 
determined in order to determine these parameters. 
 
     Determination of Sliding Seat Acceleration Pulse 
– The target acceleration pulse for the sliding seat 
was determined by evaluating the right rear sill Y-
axis accelerometers in ten small vehicles that were 
tested per FMVSS No. 214.  There was a negligible 
difference between the acceleration pulses obtained 
from use of the X-Y resultant and that from use of 
only the Y-axis accelerations.  Therefore, only the Y-
axis accelerometers were used in this analysis. Each 
of these vehicles had a 50th percentile adult male 
and/or a 5th percentile adult female dummy in the rear 
seat.  Those vehicles* were:   
 

 2005 Toyota Corolla    
 2005 Toyota Corolla 
 2005 Subaru Forester 
 2005 Suzuki Forenza 
 2005 Subaru Forester 
 2003 PT Cruiser 
 2003 Mazada Protégé 
 2003 Suzuki Aerio 
 2005 Saturn Ion 
 2005 Saturn Ion 

*(See Appendix for the FMVSS No. 214 Vehicle 
Database test numbers and dummy types) 
 
The right rear sill values were averaged together to 
derive a typical acceleration level for a small sized 
vehicle.  The dotted black line shown in Figure 3 
represents this average.  The upper and lower 
boundaries (blue lines) of sliding seat pulse were 
based on the maximum and minimum values of the 
cluster of acceleration curves when the individual 
curves for the ten vehicles were overlayed on one 
plot.  The red line is representative of the actual 
sliding seat acceleration pulse obtained in the tests 
reported in this paper.  The data channels were 
filtered with a Class 60 filter. 
 

150mm

300mm

“ –‚è– Ê
400m m �~150m m

100m m

300m m

Slide seat mass 
100kg
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Figure 3.  Sliding Seat Pulse with Boundaries. 
 
     Determination of Sliding “Vehicle” Seat Velocity 
– The aforementioned ten vehicles were also used to 
determine the desired sliding seat velocity.  The 
accelerometers were integrated to calculate the 
velocity and then averaged together.  The derived 
velocity was approximately 27 to 29 kph (17 to 18 
mph). 
  
     Determination of “Door” Velocity – The 
determination of the door velocity was from four 
small vehicles tested under FMVSS No. 214.  The 
four vehicles* used for this derivation were: 
 

 2005 Subaru Forester   
 2005 Toyota Corolla  
 2005 Suzuki Forenza  
 2005 Saturn Ion  

*(See Appendix for the FMVSS No. 214 Vehicle 
Database test numbers) 
 
The derived average velocities (Y-axis) ranged from 
31.4 kph at the upper centerline of the door to 33.0 
kph at the mid centerline.  Therefore, 32 kph (20 
mph) was selected as the target speed of the door on 
the sled buck.  The shape of the acceleration pulse for 
the sled/door was not critical, but it should be at peak 
speed prior to the honeycomb contacting the sliding 
seat structure.  This was achieved using a half-sine 
acceleration pulse for the sled/door, with a peak 
acceleration of about 28 G’s and a duration of about 
55 milliseconds.   
 
Figure 4 shows the sled/door velocity (red line) and 
the sliding seat velocity (blue line) for a typical sled 
test.  As can be seen, the actual sliding seat velocity 
exceeded the desired speed of 27 to 29 kph (17 to 18 
mph) derived from crash tests.  This is due to the 
mass of the sliding seat being small compared to that 
of the sled, as compared to in the crash tests, where 

the mass of the struck vehicles and the MDB were 
more similar.  Based on engineering judgment, 
maintaining a door velocity of about 32 kph (20 mph) 
and a sliding seat acceleration pulse that matched the 
corridors shown in Figure 3 were deemed more 
critical than achieving the desired seat velocity.  The 
large mass difference between the sliding seat and 
sled would require adding significant weight to the 
sliding seat in order to reduce the seat velocity.  
 

 
Figure 4.  Typical “Door” and Seat Velocities.  
 
     Determination of Sled Buck Angle – The ten 
vehicles which were used to derive the test pulse 
boundaries and the door velocity were used to 
determine the impact angle of the sled buck.  The 
right rear side sill X-axis and Y-axis accelerations 
were integrated to obtain the corresponding 
component velocities.  These were then used to 
calculate the angle of the resultant deceleration with 
respect to the lateral axis of the vehicle during the 
crash event.  The time period of interest was 
determined to be five to 60 milliseconds, which 
represents the typical time from initial motion of the 
struck vehicle through peak loading on the near-side 
occupant.  A reference frame was used in which a 
pure left-to-right lateral impact was zero degrees and 
a pure frontal impact was 90 degrees. The mean 
angles over the time period of interest for the ten 
vehicles ranged from four to 15 degrees, while the 
angle at any specific time ranged from -8 to 22 
degrees across the ten vehicles.  Based on this, it was 
decided to consider the range from 0 to 20 degrees 
for the test program reported here. 
 
     Summary of Test Parameters – The following test 
parameters were used for the sled tests:  

 Sled pulse – ½ sine, 28 G peak, 55 msec duration 
 Sled velocity – 32 kph (20 mph) 
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 Honeycomb dimensions (2.3 PCF, 3/8” cell 
wall):  300 mm thick x 342 mm wide x 125 mm 
long 

 Sliding seat initial position – 260 mm from 
honeycomb 

 Sliding seat acceleration – matches corridors in 
Figure 3, 20  G peak, 55 msec duration 

 Door padding  - 5 cm foam thickness 
 Lateral (0o) and oblique (10o, 15o and 20o ) 

impact angles 
 
Sled buck and test parameters, such as initial seat to 
door spacing, honeycomb stiffness and/or 
dimensions, door padding and sled speed, can be 
altered in order to fine-tune results. 
 
Discussion of Side Impact Sled Test Results 
 
     CRS Models Tested – It was desirous to test 
models of CRS that meet FMVSS No. 213 and/or 
ECE Regulation No. 44 requirements.  In addition to 
testing U.S. compliant CRS models, it was of interest 
to test models that meet the European restraint 
standard.  For this initial evaluation of the test 
configuration, a total of five CRS models were 
selected: 

 Graco SafeSeat Step2 Toddler  
 Evenflo Triumph Advance DLX  
 Safety 1st  All-in-One Convertible  
 Maxi-Cosi Priori (SIP)  

 (meets both FMVSS No. 213 & ECE Reg. 44) 
 Graco Logico M (SIP) 

(meets only ECE Reg. 44)  
 
All of the CRS models were tested in the forward-
facing mode with the 3-year-old Q3s side impact 
dummy.  The LATCH system was used to install the 
seats, except for the Graco Logico M.  By being 
compliant only with ECE Reg. 44, the Logico M does 
not have ISOFIX hardware.  It was installed with a 
lap/shoulder belt restraint (no top tether). 
 
     Evaluation of Test Methodology – The first series 
of sled tests consisted of conducting tests with the 
five CRS models at a simulated 0o impact angle.  
Each CRS model was tested at least twice; two of the 
models, the Graco SafeSeat Step2 and the Safety 1st 
All-in-One, were tested six and four times, 
respectively. 
 
Five different dummy responses were used to 
evaluate the repeatability of the test procedure: 
HIC15, upper neck tension, spine y-axis acceleration, 
pelvis y-axis acceleration and chest lateral 
displacement.  Because there are currently no 

established injury assessment reference values 
(IARV) for the child side impact dummies, the test 
results were used solely for comparative purposes 
and not to ascertain “pass/fail” conditions. 
 
Figure 5 contains the mean HIC15 values for each of 
the CRS models, while Figure 6 contains the mean 
neck tension values.     
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Figure 5.  Mean HIC15 Values at 0o Impact Angle. 
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Figure 6.  Mean Neck Tension at 0o Impact Angle. 
 
It is noted that there appears to be a trend between 
HIC15 value and neck tension; as one value increases, 
the other decreases.  The HIC15 value tends to be 
higher when there is a more pronounced lateral 
component to the dummy’s head motion (i.e., more 
direct lateral contact with CRS side wing).  If the 
forward component of the dummy’s head motion is 
more pronounced, the contact force on the head 
decreases while the inertial loading on the neck from 
the head increases.  This tends to result in higher 
neck tensions and lower HIC15 values. 
 
The mean values for the spine and pelvis Y-axis 
accelerations are shown in Figures 7 and 8, 
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respectively, and the mean chest displacement values 
are shown in Figure 9 for the five CRS models tested 
at 0o impact angle.  
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Figure 7.  Mean Spine Y-axis Acceleration at 0o 
Impact Angle. 
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Figure 8.  Mean Pelvis Y-axis Acceleration at 0o 
Impact Angle. 
 

0 deg. Impact Angle   Chest Displacement 
Q3s Dummy

0

5

10

15

20

25

30

1

D
isp

la
ce

m
en

t (
m

m
)

Graco SafeSeat 
Step2

Safety 1st 
All-In-One

Evenflo
Triumph

Maxi-Cosi
 Priori

Graco
 Logico  

Figure 9.  Mean Chest Lateral Displacement at 0o 
Impact Angle. 
 

     Evaluation of Impact Angles – Subsequent to the 
0o impact angle tests, a series of tests were performed 
with the sled buck rotated to simulate impacts at 10o, 
15o and 200.   This series was conducted in an effort 
to evaluate the effect of the buck’s impact angle on 
dummy kinematics.  In addition to replicating 
dummy injury responses, it is also desirous to 
replicate the dummy’s kinematics observed in side 
impact crashes. 
 
The three CRS models tested in this series – Graco 
SafeSeat Step2, Evenflo Triumph and Maxi-Cosi 
Priori – were selected primarily because of their seat 
back side “wing” design.  The SafeSeat Step2 and the 
Maxi-Cosi Priori have wings that are essentially 
perpendicular to the CRS seat back.  The wings on 
the Evenflo Triumph are slightly more angled 
outward relative to the seat back (see Appendix for 
photos of CRS models).  The Safety 1st All-in-One 
was not chosen for this series because dummy head 
contact with the side “door” structure had been 
observed when the buck was oriented at 0o; testing at 
angles greater than 0o with this CRS model would not 
have garnered pertinent information with regard to 
effect of impact angle.  Also, the Graco Logico was 
not tested at impact angles greater than 0o because the 
CRS was not available at the time of the test series. 
 
The HIC15 values for the three CRS models at the 
four different sled buck orientations are shown in 
Figure 10.   Two of the CRS models (SafeSeat Step2 
and Maxi-Cosi Priori) exhibited a trend of decreasing 
HIC value with increasing impact angle, while the 
third CRS (Evenflo Triumph) exhibited the reverse 
trend – increasing HIC value with increasing impact 
angle.  For all three CRS models, the dummy’s upper 
torso and head increasingly rotated forward in the 
CRS as the impact angle increased.  Although the 
dummy kinematics were similar for all three seats, 
the design of the seat back side wings appears to 
affect the head responses (see Figure 11 for photos of 
Graco SafeSeat Step2 and Evenflo Triumph CRS, 
respectively).  The SafeSeat Step2 and Maxi-Cosi 
Priori’s more straight forward wing design better 
contained the head throughout the event, allowing the 
head velocity to dissipate during the dummy’s 
forward rotation.   This was not the case for the 
Evenflo Triumph.  Because the wing design for this 
CRS is slightly more outward relative to the seat back 
than the other CRS models, the dummy’s head 
contacted the side wing and then rotated outward 
along the edge of the wing resulting in more 
pronounced head rotation and excursion than 
observed for the other two models.   
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Figure 10.  HIC15 Values for 0o, 10o, 15o and 20o 
Sled Impact Angles. 
 

Figure 11.  Examples of Wing Designs (Graco 
SafeSeat Step2 [left] and Evenflo Triumph 
[right]). 
 
The dummy’s peak neck tension values for the three 
CRS models at each impact angles are shown in 
Figure 12.   As anticipated, neck tension generally 
tended to increase as the impact angle increased due 
to the forward rotation of the upper torso and head.  
Note that for the Evenflo Triumph, the neck tension 
significantly increased once the impact angle was 
greater than 0o.  The CRS model’s wing design 
appears to have an effect on the increase in tension 
values, as previously discussed. 
 
Figures 13 and 14 show the spine and pelvis Y-axis 
accelerations, respectively, for the four sled test 
impact angles.  The accelerations tended to be greater 
when tested at the 0o impact angle for the SafeSeat 
Step2 and Triumph, while they were virtually 
identical across the impact angle range for the Maxi-
Cosi Priori. 
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Figure 12.  Neck Tension for 0o, 10o, 15o and 20o 
Sled Impact Angles. 
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Figure 13.  Spine Y-axis Acceleration for 0o, 10o, 
15o and 20o Sled Impact Angles. 
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Figure 14.  Pelvis Y-axis Acceleration for 0o, 10o, 
15o and 20o Sled Impact Angles. 
 
The dummy’s lateral chest displacement for the four 
impact angles are shown in Figure 15.   No specific 
trend appeared for the three CRS models.  For the 
SafeSeat Step2, displacement values varied by 
approximately 6 mm, while displacement varied 
approximately 3 mm for the other two models.    
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Figure 15.  Chest Lateral Displacement for 0o, 10o, 
15o and 20o Sled Impact Angles. 
 
FULL-SCALE SIDE IMPACT CRASH TESTS 
 
Subsequent to the sled testing, a series of four full-
scale crash tests were conducted to better define sled 
parameters in an effort to more realistically replicate 
real-world crashes. 
 
Two vehicles, a 2008 Nissan Sentra and 2008 Nissan 
Versa, were subject vehicles, and the FMVSS No. 
214 standardized MDB was the striking vehicle.  The 
targeted impact velocity was 52.8 kph (32.8 mph), 
with impact occurring on the left side of the vehicle.  
For the first test, Sentra test #v06634, the impact 
location was that specified in FMVSS No. 214D [2].  
For the remaining three tests, the impact location on 
the subject vehicle was moved rearward 229 mm (9 
inches) to provide for more direct contact of the 
MDB with the child restraint.  Although both the 
Sentra and Versa had side curtain air bags in the rear 
compartment, the air bags were disconnected for the 
crash tests to allow for a direct comparison with the 
sled, which does not have a side curtain fixture.  
 
Two ATDs representing a 3-year-old child – the Q3s 
and a Hybrid-III 3Cs (H3Cs) – were seated in the left 
and right rear passenger locations, respectively.  The 
H3Cs dummy is the standard HIII 3-year-old dummy 
with a prototype neck designed for use during side 
impacts.  Only the results of the Q3s dummy will be 
discussed in this paper.   Each dummy was restrained 
in a forward-facing child restraint which had been 
properly installed in the vehicle using the LATCH 
system.  The two CRS models chosen for these tests 
were the Graco SafeSeat Step2 and the Maxi-Cosi 
Priori.  The matrix of crash tests is contained in Table 
1. 
 

Table 1. 
CRS Side Impact Crash Test Matrix 

Test No. Vehicle
Near-side

Q3s
Far-side

H3Cs
Impact 

Location

v06634 2008 Nissan Sentra

Graco 
SafeSeat 

Step2

Graco 
SafeSeat 

Step 2 TP-214D-08

v06635 2008 Nissan Sentra

Graco 
SafeSeat 

Step2

Graco 
SafeSeat 

Step 2
228.6 mm rear 
of TP-214D-08

v06636 2008 Nissan Versa

Graco 
SafeSeat 

Step2

Graco 
SafeSeat 

Step 2
228.6 mm rear 
of TP-214D-08

v06637 2008 Nissan Versa
Maxi-Cosi 

Priori
Maxi-Cosi 

Priori
228.6 mm rear 
of TP-214D-08  

 
The following sections will compare and discuss the 
results from the sled tests, conducted at the four 
impact angles, and the crash tests. 
 
Comparison of Sled and Crash Test Results with 
Graco SafeSeat Step2 Child Restraint System 
 
The HIC15 results from the sled tests at the four 
angles and the three crash tests for the dummy seated 
in the SafeSeat Step2 are shown in Figure 16.  As 
noted previously for this CRS model, the HIC15 
values decreased as impact angle increased during 
sled tests.  For all three crash tests, the HIC15 values 
were lower than those from the sled tests.  The values 
from the two Sentra tests were essentially identical, 
regardless of the fact that for test #v06635, the 
MDB’s impact location was 229 mm (9 inches) 
rearward of where it was in test #v06634.  Among the 
two vehicle models, the HIC15 value for the Versa 
test #v06636 was approximately 20% lower than 
those for the two Sentra tests. 
 

Figure 16.  Comparison of HIC15 Values from Sled 
Tests at Various Side Impact Angles and Crash 
Tests. 
 
Figure 17 contains the neck tension results for the 
sled and crash tests.  The peak neck loads when the 
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SafeSeat Step2 was tested at 15o and 20o tended to be 
more comparable to those observed in the three crash 
tests.   The 15o sled test result was consistent with the 
result from the Sentra test in which the MDB was 
positioned at the standard FMVSS No. 214 impact 
location.  The 20o sled test result agreed with the 
crash test results when the MDB was moved 
rearward to provide for more direct contact with the 
CRS, regardless of vehicle model.    
  

Sled vs. Vehicle Crash Test
Graco SafeSeat Step2 w/ Q3s

Neck Tension 

0

250

500

750

1000

1250

1500

Fo
rc

e 
(N

)

Buck 0 deg Buck 10 deg Buck 15 deg Buck 20 deg
'08 Sentra v06634 '08 Sentra v06635 '08 Versa v06636

 
Figure 17.  Comparison of Neck Tension from 
Sled Tests at Various Side Impact Angles and 
Crash Tests. 
 
Figures 18 and 19, respectively, contain the spine and 
pelvis Y-axis accelerations for the sled and crash 
tests.  As noted previously, both the spinal and pelvic 
accelerations were the highest during the sled tests 
when the impact angle was 0o.  There were no 
definitive trends observed for the spine accelerations; 
the angled sled tests’ and the crash tests’ results were 
similar, ranging from 73 G’s to 92 G’s.  
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Figure 18.  Comparison of Spine Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Tests. 
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Figure 19.  Comparison of Pelvis Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Tests. 
 
The pelvic results for the three angled sled tests and 
crash tests did differ somewhat, with the results being 
slightly lower in the two Sentra tests.    However, the 
pelvis response in the Versa crash test was very 
similar to the 0o sled test response.  It was noted from 
the test footage that interaction with the armrest in 
the vehicle crash tests appeared to result in a more 
pronounced inboard rotation of the CRS base than 
was observed in the sled tests.  The angular intrusion 
of the front edge of the door (near B-pillar) also 
appeared to contribute to the CRS base inboard 
rotation.  A frame from a digital high speed imager of 
the near-side Q3s dummy, seated in the SafeSeat 
Step2 seat, at 57.5 ms into the crash event is shown in 
Figure 20.  This typifies the more pronounced 
inboard rotation of the CRS base and the angular 
intrusion of the door observed in the crash tests.  
 

 
Figure 20.  Near-side Dummy (Test #v06635, 
Sentra); Example of CRS Base Rotation and 
Angular Door Intrusion. 
 
For each of the crash tests, the following three 
locations on the CRS were translated to the side door 
structure: 
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 “seat bight” of the CRS’s back and cushion  
 CRS base, approximately mid fore-aft of base 
 front edge CRS base 

 
These three points are designated as “4”, “3” and “2”, 
respectively, in Figure 21. 
. 

 
Figure 21.  Measured Locations on CRS and Child 
Dummy. 
 
Photographs of the struck side rear door panel, pre-
test and post-test respectively, for Sentra test 
#v06635 are shown in Figures 22 and 23.  Similar 
photographs for Versa test #v06636 are shown in 
Figures 24 and 25.  For both vehicles, the armrest 
and, to a certain extent, the lower door panel 
protruded into the vehicle more than did the upper 
portion of the door panel, thereby resulting in the 
lower portion of the CRS structure being contacted 
earlier than the remainder of the CRS.  The “door” 
structure used in the agency’s initial series of sled 
tests was essentially a flat wall configuration.    
 

Figure 22.  Sentra #v06635 Struck Side Door 
Panel, Pre-test. 
 

 
Figure 23.  Sentra #v06635 Struck Side Door 
Panel, Post-test.  
 

 
Figure 24.  Versa #v06636 Struck Side Door 
Panel, Pre-test. 
 

 
Figure 25.  Versa #v06636 Struck Side Door 
Panel, Post-test. 
 
Sled versus crash tests comparison of the lateral chest 
displacement, when the Q3s was restrained in the 
SafeSeat Step2, is shown in Figure 26.  Regardless of 
sled impact angle, the results observed in the sled 
tests were greater than those observed during the 
three crash tests.  It is believed that this disparity in 
values is primarily due to the difference in the side 
door configuration and stiffness.  Because the 
dummy’s pelvis and lower torso were engaged earlier 
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in the crash event than was the upper torso, due to the 
armrest/lower door panel configuration, the thoracic 
displacements were not as large as those observed 
during the sled tests. 
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Figure 26.  Comparison of Chest Lateral 
Displacement from Sled Tests at Various Side 
Impact Angles and Crash Tests. 
 
Comparison of Sled Tests and Crash Test with 
Maxi-Cosi Priori Child Restraint System 
 
Figure 27 shows the HIC15 results from the sled tests 
at the four angles and the one crash test (Versa 
#v06637) conducted with the dummy seated in the 
Maxi-Cosi Priori.  This CRS model exhibited a trend 
of decreasing HIC15 values as the impact angle 
increased.  For the one crash test conducted with this 
CRS model, the Q3s dummy’s HIC15 value was 
approximately 50% less than the values observed for 
the three non-zero angled sled tests. 
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Figure 27.  Comparison of HIC15 Values from Sled 
Tests at Various Side Impact Angles and Crash 
Test. 
 
Comparison of the neck tension responses for the 
four sled angles and one crash test conducted with the 

Maxi-Cosi Priori are shown in Figure 28.   The neck 
tension values observed in the crash test were 
comparable to the values observed during the 15o and 
20o angled sled tests.  This trend is similar to that 
observed with the SafeSeat Step2. 
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Figure 28.  Comparison of Neck Tension from 
Sled Tests at Various Side Impact Angles and 
Crash Test. 
 
Although the Q3s dummy’s head rotated sufficiently 
around the CRS side wing to contact the side door 
upper panel (see Figure 29) during the crash test, the 
HIC15 and neck tension responses were less than or  
similar to the sled tests’ responses. 
 

 
Figure 29.   Q3s Dummy Head Contact, Maxi-Cosi 
Priori in Versa #v06637. 
 
The spine and pelvis Y-axis accelerations for the sled 
and crash tests are shown in Figures 30 and 31, 
respectively.  As noted previously, spinal and pelvic 
accelerations observed during sled tests were 
essentially identical regardless of impact angle.  The 
spine and pelvis accelerations observed during the 
crash were similar to those from the sled tests, 
although tending toward the high end of the response 
range. 
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Figure 30.  Comparison of Spine Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Test. 
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Figure 31.  Comparison of Pelvis Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Test 
 
As had been observed with the SafeSeat Step2, the 
lateral displacement of the Q3s’ chest, when 
restrained with the Maxi-Cosi Priori during the crash 
test, was significantly less than the displacements 
observed during the sled test series (see Figure 32). 
 
Comparison of Graco SafeSeat Step2 and Maxi-
Cosi Priori Child Restraint Systems Tested in 
2008 Nissan Versa Crash Tests 
 
The last two crash tests, v06636 and v06637, enabled 
an indicant type of comparison of the performance of 
two different CRS models when crash tested in 
identical vehicles. 
 
HIC15 and neck tension (see Figures 33 and 34, 
respectively) were the injury responses exhibiting the 
largest differences between the SafeSeat Step2 and 
Maxi-Cosi Priori.  The spine and pelvis y-axis 

accelerations and the chest lateral displacements were 
very similar for both CRS models (see Figures 35, 36 
and 37, respectively). 
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Figure 32.  Comparison of Chest Lateral 
Displacement from Sled Tests at Various Side 
Impact Angles and Crash Test. 
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Figure 33.  Comparison of HIC15 Values for CRS 
Models in Nissan Versa Crash Tests. 
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Figure 34.  Comparison of Neck Tension for CRS 
Models in Nissan Versa Crash Tests. 
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Figure 35.  Comparison of Spine Y Acceleration 
for CRS Models in Nissan Versa Crash Tests. 
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Figure 36.  Comparison of Pelvis Y Acceleration 
for CRS Models in Nissan Versa Crash Tests. 
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Figure 37.  Comparison of Chest Lateral 
Displacement for CRS Models in Nissan Versa 
Crash Tests. 
 
Individual test results for the sled and crash tests are 
available on NHTSA’s Vehicle Crash Test Database 
(http://www-
nrd.nhtsa.dot.gov/database/aspx/vehdb/querytesttable
.aspx). 
 

CONCLUSIONS 
 
The following conclusions are based on the results 
from the sled and crash tests: 
 

 The Takata sled buck concept of a sliding seat 
fixture on a sled appears to be a repeatable test 
procedure. 

 Sled test results indicate that it is feasible to 
distinguish between child restraint models using 
some of the injury metrics. 

 The impact angle appears to create a definite 
effect for certain injury metrics, while producing 
minimal effects for others. 

 Based on the limited number of CRS models 
tested, the design of the CRSs’ seat back side 
wing appears to be an important element for 
providing side impact protection, particularly 
when impact angles are varied, as noted in 
Evaluation of Impact Angles. 

 Trends in injury response values between sled 
and crash tests were similar for the two CRS 
models used in both types of testing. 

 Head and neck injury responses appeared to be 
more sensitive, during both sled and crash tests, 
to the type of CRS model used than did spinal 
and pelvic acceleration and chest displacement 
responses. 

 
Future sled testing to refine test parameters such as 
door stiffness and geometry, and to further assess 
issues such as effect of armrest on CRS kinematics 
and dummy responses, is planned.  Evaluation of 
additional CRS models within the fleet will also be 
conducted to validate test methodology. 
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APPENDIX 
 

FMVSS No. 214 compliance test vehicles used to determine sled pulse and seat velocity 
 

 2005 Toyota Corolla       Test # 5483  ES2re  
  

 2005 Toyota Corolla       Test # 5491 SIDIIS 
 

 2005 Subaru Forester     Test # 5485 ES2re 
 

 2005 Suzuki Forenza      Test # 5575 SIDIIS 
 

 2005 Subaru Forester     Test # 5480 SIDIIS 
 

 2003 PT Cruiser              Test # 4614 U.S. SID 
 

 2003 Mazada Protégé     Test # 4575 U.S. SID 
 

 2003 Suzuki Aerio           Test # 4574 U.S. SID 
 

 2005 Saturn Ion               Test # 5460 SIDIIS 
 

 2005 Saturn Ion               Test # 5461 ES2re 
 
 
 

FMVSS No. 214 compliance test vehicles used to determine “door” velocity 
 

 2005 Subaru Forester      Test # 5480 
 

 2005 Toyota Corolla        Test # 5483 
 

 2005 Suzuki Forenza       Test # 5575 
 

 2005 Saturn Ion               Test # 5460 
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Child Restraint System Models 

 
 
 

 
Graco SafeSeat Step2 Toddler     
 

 

 
Evenflo Triumph Advance DLX  
 
   
 

 

 
Safety 1st All-in-One Convertible  
 
 
 
 

 
 

 
Maxi-Cosi Priori (SIP)  
 
 

 
Graco Logico M (SIP) 
 
Meets only ECE Reg. 44;  
Does not use LATCH system 
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ABSTRACT 
 
Powered Two Wheelers (PTWs) accidents 
constitute one of the road safety problems in 
Europe. PTWs fatalities represent 22% at EU level 
in 2006 [1], having increased during last years, 
representing an opposite trend compared to other 
road users’ figures. 
 
In order to reduce these figures it is necessary to 
investigate the accident causation mechanisms 
from different points of view (e.g.: human factor, 
vehicle characteristics, influence of the 
environment, type of accident). SAFERIDER 
project [2] (‘Advanced telematics for enhancing 
the SAFEty and comfort of motorcycle RIDERs’, 
under the European Commission ‘7th Framework 
Program’) has investigated PTW accident 
mechanisms through literature review and 
statistical analyses of National and In-depth 
accident databases; detecting and describing all the 
possible PTW´s accident configurations where the 
implementation of ADAS (Advanced Driver 
Assistance Systems) and IVIS (In-Vehicle 
Information Systems) could contribute to avoid an 
accident or mitigate its severity. 
 
DIANA, the Spanish in-depth database developed 
by CIDAUT, has been analyzed for that purpose. 
DIANA comprises of accident investigation teams, 
in close cooperation with police forces, medical 
services, forensic surgeons, garages and scrap 
yards. An important innovation is the fact that 

before injured people arrive to hospitals, 
photographs and explanations about the possible 
accident injury mechanisms are sent to the 
respective hospitals (via 3G GPRS technology). By 
this, additional information to medical staff can be 
provided in order to predict in advance possible 
internal injuries and select the best medical 
treatment. This methodology is presented in this 
paper. 
 
On the other hand, the main results (corresponding 
to road, rider and PTW characteristics; pre and 
post-accident manoeuvres; road layout; rider 
behaviour; impact points; accident causations;…) 
from the analyses of the PTW accidents used for 
SAFERIDER are shown. Only accident types 
relevant to ADAS and IVIS devices have been 
considered 
 
INTRODUCTION 
 
European statistics show that the number of 
Powered-Two-Wheelers (PTW) road accidents is 
high. Motorcycle and moped fatalities account for 
22% of the total number of road accident fatalities 
in 2006, in EU-14 member countries. It is 
therefore evident that the reduction of PTW 
accidents is of major concern for the European 
community. The adaptation and implementation of 
appropriate Advanced Driver Assistance Systems 
(ADAS) and In-Vehicle Information Systems 
(IVIS) technologies in PTWs might contribute to 
the significant enhancement of riders' safety.  
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SAFERIDER project 
During the last decade, ADAS and IVIS 
development has been one of the main research 
areas of the automotive industry, in order to 
increase safety and comfort of passenger cars. 
These new technologies have been already 
introduced in the automotive market and their 
evolution is definitely fast and efficient. However, 
such technologies in motorcycles and even clean 
motorbikes (electric), in order to increase the 
safety and comfort of riders, an extremely 
susceptible road user group, is currently lacking 
behind and should be undoubtedly studied further. 
Thereby it needs to be stressed that such 
technologies should be designed and developed in 
a way that will not interfere with driving and/or 
annoy the rider. 
 
SAFERIDER project (‘Advanced telematics for 
enhancing the SAFEty and comfort of motorcycle 
RIDERs’, under the European Commission ‘7th 
Framework Program’) has started in January 2008 
with the aim of enhancing PTW riders’ safety by 
applying ADAS/IVIS on PTWs of all types for the 
most crucial functionalities and develop efficient and 
rider-friendly interfaces and interaction elements for 
riders’ comfort and safety. 
 
Characterization of PTW accident scenarios  - 
One of the first steps carried out in the 
SAFERIDER project has been the characterization 
of the PTW accident scenarios susceptible to be 
avoided or minimized through ADAS and IVIS 
implementations. For obtaining this purpose, the 
following tasks have been done: 

 1. Review of existing European motorcyclists’ 
accident reports [3]. 

 2. Analysis of national accident statistics: 
 -Spain: DGT (Spanish national database). 

-Germany: Official German Road Accident 
Database. 

 -Italy: SISS (Italian national database). 
-France: Assurance Mutuelle des Motards 
(French insurance company database). 

 3. Analysis of in-depth accident databases: 
-Spain: DIANA (Spanish in-depth accident 
database). 
-Germany: GIDAS (Germany in-depth accident 
database). 
-Europe: MAIDS (under permission by ACEM), 
which is an ad-hoc motorcyclists’ accidents 
database developed, with more than 900 
motorcyclists’ accidents analysed in detail.  

This paper will firstly present a description of 
DIANA database (one of the in-depth accident 
databases used in the characterization of the PTW 
accidents scenarios). In the second part, the most 
relevant accident scenarios concerning to PTWs 
are described together with the parameters that 
should be considered in the next SAFERIDER 
steps (ADAS and IVIS implementations). This 
identification has resulted in 17 pre-crash 
scenarios, so called SAFERIDER ‘Use cases’. 

DIANA: THE SPANISH IN-DEPTH 
ACCIDENT DATABASE 

DIANA is the Spanish in-depth accident database 
developed by CIDAUT. It has been one of the 
three in-depth databases used during the analyses 
of SAFERIDER to obtain the main characteristics 
of PTW accidents where ADAS and IVIS could 
avoid them or mitigate the consequences. 
 
CIDAUT counts with accident investigation teams 
(composed of engineers and psychologists) that 
travel immediately (‘prospective investigations’) to 
the accident scene to perform an ‘in-depth 
investigation’, in close cooperation with police 
forces, medical services, forensic surgeons, 
garages and scrap yards. When it is not possible to 
travel immediately to the accident spot, a 
‘retrospective investigation’ is made if sufficient 
information can be gathered. A complete scene and 
vehicle analysis equipment and reconstruction 
software are used. All information gathered is 
stored in an own database for further exploitation 
jointly with access to other accident databases, as 
for example the national one coming from the 
DGT (Dirección General de Tráfico) which 
provides information on every injury accident. 
 

 
 

Figure 1.  DIANA ‘Spanish in-depth database’ 
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Sampling plan 
The sampling area is located within the Valladolid 
province (8,202 km2), covering both urban and non-
urban roads. Nevertheless this sampling area can be 
wider depending of the type of accidents to be 
researched. 

 
Figure 2.  Sampling area (in red) 

 
Accident selection is based on random notification 
from police control rooms, as the responsibility for 
accidents within urban areas rely on Urban Police 
(Policía Municipal del Ayuntamiento de Valladolid) 
and accidents occurred within non-urban areas rely 
on other kind of police (Guardia Civil de Tráfico). 

 Figure 3. Prospective in-depth investigation of 
a PTW accident 

 
Data coding and quality control 
After data collection, an accident 
reconstruction is carried out with the aim of 
finding out what happened and assessing the 
causes that led to the accident. Accident 
reconstruction allows to discover the collision 
severity and to obtain a detailed simulation of 
the accident dynamics. It is carried out based 
on vehicle deformations, vehicle marks and 
remains, etc. The reconstruction is performed 
using PC Crash obtaining the estimation of 
delta-V and EES. In some cases, analytical 
calculations are also performed (conservation 
of linear/angular momentum and conservation 
of energy). 

 
Furthermore, interviews to the people involved in the 
accident and witnesses (if any) are performed in 
order to collate both sources also together with police 
information. When it is not possible to interview 
these people, different sources are asked for, such as 
police forces or medical services. 

 
Figure 4. Interview by hospital staff 

 
Police reports are always obtained by accident 
investigation teams, and later are contrasted with the 
in-depth information gathered on the spot by 
themselves. 
 
Finally, information about injuries is collected by the 
medical staff belonging to the DIANA consortium 
(‘Río Hortega’ hospital in the cases of injured people 
or ‘Legal Anatomic Institute of Valladolid’ in the 
cases of fatalities) in order to obtain both the injured 
people statements and the injury report with the AIS 
codifications.  

 
Information gathered 
More than one thousand of different variables are 
defined in DIANA database (this figure increases 
when there is more than one vehicle, occupant or 
pedestrian involved). These variables are classified 
into three modules: ‘Accident’, ‘Vehicle’ and 
‘Occupant/Pedestrian’. 
 
In the case of the accidents used for SAFERIDER 
project, specific information about PTW´s was 
gathered: 
– Motorcyclist dynamic: It was collected specially 

in cases in which motorcyclist impacted against 
a safety barrier, even when a motorcyclist 
protective device is present.  

– Motorcyclist clothing: Type and thickness. 
– Helmet: Use, type, screen existence, subjection, 

ejection, damage localization and cause of this 
damage. 
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On-line photosafety 
In the cases of ‘prospective investigations’, the 
technical members of CIDAUT, just after arriving 
to the scene, send photographs of the accident to 
the respective hospitals where the injured people 
are going to or are being taken. This process is 
called ‘On-line photosafety’. 
 
The objective of this process is that medical staff 
receives these photographs (via 3G GPRS 
technology) before the injured people arrive and  
they can diagnose/predict possible internal 
injuries. Obviously, it is necessary that CIDAUT´s 
team arrives to the scene before the EMS 
(Emergency Medical Service) takes the injured 
people to the hospital. The information sent to the 
hospital concerns photographs and explanations 
(also by mobile phone) about the possible accident 
injury mechanisms. 
 

 
Figure 5. Member of CIDAUT taking 

photographs at the accident scene 
 

 
Figure 6. Member of CIDAUT sending the 

photographs before injured people arrive at 
respective hospitals 

 

 
Figure 7. Hospital members analysing the 
photographs before injured people arrive 

 

PTWS ACCIDENTS SUSCEPTIBLE TO BE 
AVOIDED OR MINIMIZED THROUGH 
ADAS AND IVIS 

Once SAFERIDER carried out the first steps of the 
project (literature review about PTW accidents, 
analyses over National PTW accident databases 
and analyses over in-depth PTW accident 
databases), it has been possible to characterize the 
PTW accident scenarios susceptible to be avoided 
and minimized through ADAS and IVIS 
implementations. 
 
It should be underscored the importance of 
matching the information derived from National 
and In-depth databases. While the general figures 
from National databases have allowed obtaining 
the scope of each problem over the whole PTW 
accidents, the in-depth databases have given very 
detailed and deep information.  
 
Following, the description of the seventeen 
accident scenarios selected is given. For each one 
of these scenarios, the structure of the information 
is: 
-Characterization: Variables and respective values 
describing each scenario, for instance, ‘Accident 
causes’, ‘Accident characteristics’, ‘Type of 
vehicles involved’, ‘Relative trajectories’, ‘Vehicle 
speed’. ‘Road conditions’, ‘Rider type’, ‘Rider 
experience’…and any possible variables needed 
for reproducing (via tests or via simulations) the 
same conditions in which the accident happened. 
Furthermore, specific variables have been chosen 
as ‘Priority variables’ with the aim of having a 
general use case description. 
- List of possible ADAS/IVIS: A list of the ‘Main 
variables to be studied in this accident’ as well as 
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‘Possible ADAS/IVIS detected which can be avoid 
or minimize this accident scenario’. The reason of 
listing these ADAS/IVIS is because, at the end, the 
result of this study is to detail (‘Characterization’) 
the main scenarios where the accidents happen as 
well as the possible ADAS/IVIS that could avoid 
these accident. 
- Example of ADAS/IVIS working: Finally, an 
example of a possible ADAS/IVIS working in that 
scenario is given.  
 
Urban Single Motorcycle Accident On Straight 
Road. 
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: If the support 
system is on: A motorcycle is driving straight on 
an urban road in its own lane. The speed is too 
high for the circumstances.  The "Speed Alert" 
system effectively warns the rider to reduce speed. 
There is a sudden event (i.e. pedestrian suddenly 
crossing, car leaving parking place), which might 
cause an accident, if the rider does not decrease 
speed. 
 
 
 
 
 
 

Urban single motorcycle accident on bends. 
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a bend on an urban road. The riding 
conditions are not appropriate for the bend. The 
"Curve Warning" system effectively warns the 
rider about the appropriateness of the current 
riding conditions in order to ride safely through 
the curve. If the rider reduces speed, it is likely 
that he/she keeps the motorcycle under control and 
no accident occurs.  
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Rural single motorcycle accident on straight 
road (motorways and two carriageways roads 
excluded). 
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (which is not a 
motorway or a two carriageway road) in its own 
lane. The speed is too high for the circumstances. 
The "Speed Alert" system effectively warns the 
rider to reduce speed. There is a sudden event (i.e. 
animal suddenly crossing, car crossing road), 
which might cause an accident, if the rider does 
not decrease speed. 
 
 
 
 
 
 
 
 
 
 
 
 

Rural single motorcycle accident on straight 
road (only motorways and two carriageways 
roads).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (motorway or two 
carriage road) in its own lane. The speed is high 
for the circumstances. The "Speed Alert" system 
effectively warns the rider to reduce speed. An 
animal (for example) suddenly crosses the road. 
The accident may be averted if the rider reduces 
speed and thus has more time to react. The 
“Frontal Collision” system may also warn the rider 
to brake, thus avoiding the accident.  
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Rural single motorcycle accident on bends 
(motorways and two carriageways roads 
excluded).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a bend on a rural road (not motorway 
or two carriageways road). The riding conditions 
are not appropriate for the bend. The "Curve 
Warning" system effectively warns the rider about 
the appropriateness of the current riding conditions 
in order to ride safely through the curve. If the 
rider reacts according to the system warning, it is 
likely that the rider does not lose control and no 
accident occurs.  
 
 
 
 
 
 
 
 
 

Rural single motorcycle accident on bends (only 
motorways and two carriageways roads).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a bend on a rural road (motorway or 
two carriageways road). The riding conditions are 
not appropriate for the bend. The "Curve Warning" 
system effectively warns the rider about the 
appropriateness of the current riding conditions in 
order to ride safely through the curve. If the rider 
reacts according to the system warning, it is likely 
that the rider keeps the motorcycle under control 
and no accident occurs.  
 
For the night lighting condition, a motorcycle is 
approaching a bend on a rural road (motorway or 
two carriageways road). The lighting conditions 
are not appropriate. The radius of the curve is 
smaller than expected. The speed is high for the 
bend.  The "Adaptive Light" system effectively 
informs the rider about the real radius of the bend. 
If the rider reduces speed to the one appropriate 
for the bend, it is possible that the rider does not 
lose control and no accident occurs.  
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Front-side urban junction accident with car.  
Characterization: 

Example of ADAS/IVIS working: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching an urban ‘+’ junction type. The 
motorcycle is on a priority road. A passenger car is 
approaching the same junction at 90º relevant to 
the motorcycle. The passenger car does not obey 
the give priority sign and does not brake. The 
“Intersection Support” system warns the rider to 
pay attention to the next intersection. The possible 
accident may be averted, if the rider does reduce 
speed in the proper time. 
 

Front-side rural junction accident with car 
(motorways and two carriageways roads 
excluded).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a rural T-junction. The motorcycle is 
on a give way road. A passenger car is 
approaching the same junction at 90º relatively to 
the motorcycle. The rider does not obey the give 
priority sign and does not brake. The “Intersection 
Support” system warns the rider. The possible 
accident may be averted, if the rider does reduce 
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speed and obeys the priority rules, as a result of 
the warning. 
 
Rear-end accidents in urban non-junctions with 
cars.  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on an urban road (non junction).  
There is a passenger car moving in front of the 
motorcycle. The motorcycle drives very close to 
the passenger car. The “Frontal Collision” system 
warns the rider about the dangerously low distance 
from the passenger car. The passenger car 
suddenly breaks abruptly. The possible accident 
may be averted, if the rider obeys the warning of 
the system. 
 
 
 
 
 
 
 

Rear-end accidents in rural non-junctions with 
cars (motorways and two carriageways roads 
excluded).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (not motorway and 
two carriage way road). There is a passenger car 
moving in front of the motorcycle. The motorcycle 
drives very close to the passenger car. The 
“Frontal Collision” system warns the rider about 
the dangerously low distance from the passenger 
car. The passenger car suddenly breaks abruptly. 
The possible accident may be averted, if the rider 
obeys the warning of the system. 
 
 
 
 
 
 
 
 
 
 



 

Molinero 10 

Rear-end accidents in rural non-junctions with 
cars (only motorways and two carriageways 
roads).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (motorway or two 
carriageway road). There is a passenger car 
moving in front of the motorcycle. The motorcycle 
drives very close to the passenger car. The 
“Frontal Collision” system warns the rider about 
the dangerously low distance from the passenger 
car. The passenger car suddenly breaks abruptly. 
The possible accident may be averted, if the rider 
obeys the warning of the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Mopeds single urban accident.  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving 
straight on an urban road in its own lane. The 
speed is too high for the circumstances. The 
"Speed Alert" system effectively warns the rider to 
reduce speed. There is a sudden event (i.e. 
pedestrian suddenly crossing, car leaving parking 
place), which might cause an accident, if the rider 
does not decrease speed. 
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Mopeds single rural accident (motorways and 
two carriageways roads excluded).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving on 
a rural road (which is not a motorway or two 
carriageway roads) in its own lane. The speed is 
too high for the circumstances. The "Speed Alert" 
system effectively warns the rider to reduce speed. 
There is a sudden event (i.e. animal suddenly 
crossing, car crossing road), which might cause an 
accident, if the rider does not decrease speed. 
 
Urban front-side accidents in junctions of 
mopes with cars.  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is 
approaching an urban ‘X’ or ‘+’ junction type. The 
moped is moving on an inferior road. A passenger 
car is approaching the same junction at 90º 
relatively to the moped.  The moped does not obey 
the give priority sign and does not brake. The 
“Intersection Support” system warns the rider to 
reduce speed. The possible accident may be 
averted, if the rider does reduce speed and obeys 
the priority rules. 
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Rural front-side accidents in junctions of mopes 
with cars (motorways and two carriageways 
roads excluded). 
Characterization: 

 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is 
approaching a rural T-junction. The moped is 
moving on a give way road. A passenger car is 
approaching the same junction at 90º relatively to 
the moped. The rider does not obey the give 
priority sign and does not brake. The “Intersection 

Support” system warns the rider to reduce speed. 
The likely accident can be averted, if the rider does 
reduce speed, as a result of the warning of the 
system. 
 
Head-on accidents in urban areas, between 
mopeds and cars.  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving 
straight on an urban road. There is a slow 
passenger car moving in front of the moped. The 
moped wants to overtake and enters in the opposite 
lane. There is an oncoming car. The “Frontal 
Collision” system warns the rider that the distance 
to the oncoming car is reducing. The possible 
accident can be averted, if the rider obeys the 
warning of the system. 
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Head-on accidents in rural areas, between 
mopeds and cars (motorways and two 
carriageways roads excluded).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving 
straight on a rural road (no motorway or two 
carriageway road). There is a slow passenger car 
moving in front of the moped. The moped wants to 
overtake and enters in the opposite lane. There is 
an oncoming car. The “Frontal Collision” system 
warns the rider that the distance to the oncoming 
car gets too close. The possible accident may be 
averted, if the rider obeys the warning of the 
system. 
 
 
 
 
 
 

CONCLUSIONS 
 
The main characteristics of PTW accidents 
susceptible to be avoided or minimized through 
ADAS and IVIS implementations have been 
obtained through ‘Literature review’ and analyses 
over ‘National’ and ‘In-depth’ PTW accident 
databases, which have been carried out in the first 
steps of SAFERIDER project (FP7 European 
funded project). 
 
One of the in-depth accident databases available to 
SAFERIDER project has been DIANA. During 
this paper, a brief explanation has been given 
about how an important and innovative working 
methodology developed in DIANA is helping to 
hospital members to diagnostic possible injuries 
before people involved in accidents arrive to 
hospitals.  
 
The use of DIANA accident database, as well as 
other in-depth and National databases has allowed 
to obtain the characterization (e.g.: road, rider and 
PTW characteristics; pre- and post-accident 
manoeuvres; road layout; rider behaviour; impact 
points, accident situations) of 17 PTWs accident 
scenarios ‘susceptible’ to be avoided or minimized 
its effect through the implementation of ADAS-
IVIS on the PTWs.  
 
The next step of SAFERIDER project will be the 
use of this information, as well as the information 
from ‘User forums’ carried out and ‘User needs’ 
analysed, with the only objective of selecting the 
four ADAS and the four IVIS most important with 
respect to safety and therefore with highest 
priority. Then, the systems will be implemented to 
PTWs and tests either through simulation scenarios 
on a driving simulator or real test will be 
developed. Finally, cost-benefit analyses will be 
performed to identify the social impact of the 
implementation of the selected ADAS-IVIS 
systems. 
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ABSTRACT 
 
The THOR-05F is a new anthropomorphic test device 
with many notable features, including a biofidelic 
neck design with built-in lordosis that segregates load 
paths within the cervical spine. Static air bag 
deployment tests were carried out with the dummy 
positioned in the NHTSA-1 (chin on module) driver 
Out-Of-Position (OOP) configuration.  A set of late-
model two-stage air bag modules were used in a total 
of forty tests, including reference tests conducted 
with the 5th percentile female Hybrid III dummy.  
All of the modules were driver-side units, and each 
was contained within its own steering wheel 
assembly.  Half of the modules were configured to 
deploy more aggressively.  All bags were observed to 
deploy asymmetrically, resulting in a substantial twist 
of the head about the z-axis of the THOR-05F neck, 
and a high corresponding Mz upper neck moment.  
The THOR-05F demonstrated its ability to 
discriminate air bag aggressiveness, especially in its 
upper neck tension measurements which was the 
most predominant upper neck load. Compared to 
Hybrid III, the THOR-05F neck showed less 
tendency to go into extension.  The upper neck 
moment (My) and shear (Fx) were much lower in 
magnitude than those of the Hybrid III 5th. Head 
accelerations were similar to those produced by the 
Hybrid III 5th.            
 
INTRODUCTION 
 
The THOR 5th percentile female dummy is a new 
anthropomorphic test device (ATD) with many 
notable features, including a biofidelic neck design 
with built-in curvature that segregates load paths 
within the cervical spine.  This ATD is very similar 
to the THOR-NT 50th percentile male archetype 

which has seen wide interest since its release in 2003.  
Both dummies were developed by NHTSA for 
advancing the study of biomechanical phenomena 
and the development of new injury criteria supported 
by other efforts in human volunteer tests, cadaver 
tests and modeling.   The new fifth percentile female 
has been called informally THOR-05F during the 
development process. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1. Fifth percentile female THOR-05F ATD. 
 
The development of the THOR-05F was initially 
presented at international conferences in 2003. A 
paper was presented at the ESV conference, titled 
“Design requirements for a fifth percentile female 
version of the THOR ATD” which discussed the 
scaled biomechanical corridors that were developed 
for evaluating the biofidelity of the new dummy 
[Shams, 2003].  This was followed by a paper at the 
2003 Stapp Conference titled, “Design and 
development of a THOR based small female crash 
test dummy” that summarized the development work 
and the initial biofidelity testing [MacDonald, 2003]. 
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The THOR-05F dummy was designed using the 
anthropometric data developed for the 5th percentile 
female [Robbins, 1983] and biomechanical 
requirements derived from scaling the responses of 
the 50th male [Shams, 2003]. While many of the 
mechanical components of the THOR-NT 50th male 
were scaled according to the appropriate 
anthropometric data, a number of improved design 
features have been introduced in the THOR-05F. 
 
THOR neck technology – Multiple load paths 
 
The study herein focuses on the performance of air 
bags as measured within the THOR-05F’s head/neck 
complex.  As with the 50th percentile male THOR-
NT, the neck has distinct sub-assemblies reflecting a 
design premise that human necks are loaded along 
multiple paths, and that loads are borne by both 
ligamentous tissues and musculature.  Loads that pass 
through a human neck are presumed to include those 
borne by “external” musculature only (represented in 
THOR by the two cable sub-assemblies), and those 
borne by both “internal” muscles and ligaments 
(represented in THOR by the molded neck sub-
assembly and the pin joint/nodding block sub-
assembly).    
 

The THOR design philosophy also presumes that 
human neck injuries occur when ligamentous tissues 
become overloaded.  Hence, a THOR injury criterion 
will be based on its upper neck load cell alone, which 
is mounted to the neck rather than in the head (as 
with the Hybrid III).  Forces measured in the load 
cells attached to THOR’s anterior and posterior 
cables represent “external” non-injurious loads borne 
by musculature alone (and not ligamentous tissues).  
These load cell measures are contemplated as 
reference measures only, and may not be directly 
linked to an injury criterion. 
 
THOR-05F Beta neck construction. 
 
Unlike the THOR-NT 50th male, the THOR-05F 
incorporates the “Beta neck” design (Fig. 2).  This 
neck features built-in lordosis and is more 
anthropometrically correct than the standard THOR-
NT neck.  The Beta neck concept was originally 
developed for the 50th male version of THOR 
[Huang, 2003].  Due to cost considerations, the 
prototype was constructed by gluing (rather than 
molding) the rubber pucks to the aluminum plates.  
But failures due to debonding prevented the Beta 
neck design from ever being verified for inclusion 
with the release of the standard THOR-NT.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

WedgeElliptical
shape

Angled
bottom

b.  THOR-05F Head/neck 
system on spine. 

c.  Beta neck’s wedge-shaped 
rubber puck (one of four). 

 

a.  THOR-05F Beta neck components 

Figure 2.  THOR-05F Beta neck system and components. 
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Thus, further development of the basic Beta neck has 
been carried out in conjunction with the experimental 
THOR-05F.  By using standard scaling techniques, a 
new, smaller Beta neck was designed for the THOR-
05F.  To overcome the debonding problem, the new 
neck has been injection molded. In addition to the 
core design concept of multiple load paths that is 
represented in the standard THOR-NT neck, the Beta 
neck includes the following principal design features. 
 
Four Pucks and Offset Geometry. The four-puck 
neck agrees with the length between the human 
occipital condyles and the first thoracic vertebra (OC-
T1 length) derived from volunteer tests and the T1 is 
located at a well-defined rigid position.  As a result, 
the new neck is offset from the top to the bottom.  
The gradual offset design is different from the 
THOR-NT and Hybrid III one-step change, and the 
Beta neck resembles the curvature of the human neck 
structure. 
 
Elliptical Puck Shape.  The shape of the pucks in the 
neck is elliptical.  In order to have different responses 
in flexion and extension, the two bottom pucks are 
wedge shaped (Fig. 2c).  The wedged pucks result in 
higher stiffness in extension at larger bending angles 
than in flexion.  The current material for the puck is 
Neoprene with 75A durometer.  
  
Cam/Rubber Mechanism for the OC Joint.  The head-
to-neck joint in the dummy is meant to mimic the 
neck segment between the OC and the second 
cervical vertebra in the human.  A metal cam/rubber 
mechanism is used for the design of the OC joint in 
the 5th percentile female neck.  The rubber shape is 
used to control the characteristics of OC to provide a 
more biofidelic moment-angle property at the OC 
joint.   
 
Central Compliant Rubber Bushing. The main 
purpose of this design is to allow the neck to extend 
in the longitudinal direction (z-axis), in much the 
same way a human neck will react during impact.  
The rubber bushing is located within the lower neck 
load cell.  The central cable will push to compress the 
rubber during motion and develop the z-axis 
extension.   
 
This paper presents results of laboratory tests with 
the THOR-05F using driver-side air bags which 
reveal unique characteristics of the THOR-05F 
response.  When exposed to a static air bag 
deployment in the NHTSA-1 OOP position, the 
THOR-05F provides new insights into cervical spine 
loading.  The THOR-05F also provides a new 
perspective on discriminating air bag aggressiveness.  

As the THOR-05F is a relatively new dummy, this 
paper also serves to provide an evaluation of the 
dummy’s functionality, durability, and repeatability 
under well controlled conditions.  The focus of the 
evaluation is on the all-new Beta neck.  For reference, 
the responses of the THOR-05F dummy are 
compared to those of Hybrid III 5th percentile female 
under the same air bag deployment conditions.    
 
METHODS 
 
All tests were carried out with the dummy positioned 
in the NHTSA-1 (chin on module) driver OOP 
position.  A set of late-model two-stage air bag 
modules installed within a steering wheel assembly 
were used in a total of forty tests, including reference 
tests conducted with the 5th percentile female Hybrid 
III dummy.  All steering wheels/air bag modules 
were obtained directly from an air bag supplier and 
were not adulterated in any way after receipt. All of 
the modules were driver-side units, and each was 
contained within its own steering wheel assembly.  
All bags contained two 15-cm tethers.  Half of the 
modules were configured by the supplier to deploy 
more aggressively (described below as “normal” and 
“aggressive”) and the stage-two firing times were 
experimentally varied.   
 
Air bag Modules – Normal and Modified.  Two types 
of driver air bags were used under two deployment 
conditions.  The first type was an actual fleet air bag 
for a late model sedan (i.e., “Normal” bag) with a 
reverse-rolled cushion at the six and twelve o’clock 
positions.   The second type was a modification of the 
first (i.e., “Modified” bag).  It was folded using an 
accordion pattern at the six and twelve o’clock 
positions in lieu of the reverse rolls of the “Normal” 
bag.  Generally, an accordion fold is easier to unravel 
and inflate, producing a more aggressive thrust. The 
different bag folding patterns are also shown in Fig. 3. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.  Air bag fold patterns:  (Left) “Normal” reverse 

roll bag;  (Right) “Modified” accordion bag. 
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Also, the gas diffuser/deflector was removed from 
the second type to provide a more aggressive 
deployment.  A diffuser/deflector is a small, tethered 
patch of cloth covering the inflator which fills with 
gas like a parachute and diffuses the gas (Fig. 4).   
 
 
 
 
 
 
 
 
 
 
 
 
The second type of bag was supplied for the 
experimental purposes herein. While accordion folds 
are used widely in production, and not all production 
bags have diffusers, it is not known whether the 
particular “modified” bag employed herein is used in 
any fleet vehicles.   
 
NHTSA-1 Setup: Benign vs. Aggressive. All forty 
tests were carried out with the dummy positioned in 
the standard NHTSA-1 position (chin on module) in 
accordance with the seating procedure of Federal 
Motor Vehicle Safety Standard (FMVSS) No. 208, 
“Occupant crash protection,” (Part 571.208).  The 
position of the dummy was accurately controlled 
using fixed position markers on the seat and the 
adjustable neck positioning arm for each test. The 
transducers used in THOR-05F and Hybrid III 
included accelerometers, load cells, displacement 
string potentiometers, and rotary potentiometers.  
 
All signals were recorded using a digital data 
acquisition system with a sampling rate of 10 kHz. A 
high-speed digital camera recorded the air bag-
dummy interaction at 1000 frames per second. Signal 
conditioning, filtering, and recording techniques 
complied with the SAE J211 standard [1995]. 
 
Two variations of the steering wheel module were 
imposed in order to produce a “benign” deployment 
and an “aggressive” deployment.  For the benign 
setup, the two air bag stages were initiated 30 msec 
apart and the steering wheel angle was set at 68° 
from horizontal.  For the aggressive setup, air bag 
stages were initiated simultaneously, which provided 
a more aggressive deployment than sequential firing.  
Moreover, the steering wheel angle was set at 60° 
from horizontal.  This promoted more of an upward 
deployment than the 68° setup.  As such, it tended to 
produce higher ATD neck forces and moments. 

The choice of steering wheel angle is representative 
of typical passenger cars in the U.S. fleet.  The 68° 
angle is typical of a production sedan such as that in 
which the modules tested herein are intended to be 
installed.  The 60° angle is not uncommon in larger 
vehicles like pickup trucks and SUVs.   
 
Additionally, a shield was installed behind steering 
wheel to prevent the air bag from slipping under and 
behind the steering wheel rim during inflation, which 
reduces repeatability.  The shield fit behind the 
steering wheel so as to not interfere with the air bag 
deployment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  THOR-05F (top) and Hybrid III (bottom) 
in the NHTSA-1 Aggressive Setup (steering wheel 
angled upward). 
 
Test Matrix.  A series of forty full-deployment air 
bag impact tests were carried out.  Two ATD units 
were used:  the prototype THOR-05F and a Hybrid 
III 5th percentile female.  Both units passed through 
standard dummy certification tests (head drop, 
head/neck pendulum swings, chest impacts) just prior 
to the air bag series.  The forty tests were carried out 
on an “on again, off again” basis that extended over 
40 weeks.  Tests were typically run in batches of 
three to five tests per batch.  During the “on again” 

Bag shield 

Bag shield 

Figure 4.  Typical gas diffuser within an air bag.   
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periods, a one-hour test-to-test delay was imposed to 
allow full dummy recovery.  No re-certifications or 
part replacements occurred at any time during the 40-
week period. 
 
Five repeat tests were performed for each test 
condition, as indicated in Table l. Head/neck load 
time-history data comparison was performed for each 
air bag model.  Air bag inflation repeatability and 
variability for each model was confirmed and 
analyzed using the high-speed video recordings.  
Data analysis focused primarily on trend comparisons 
in the head/neck region.  Data for five repeat tests for 
each case were averaged for time-history trend 
comparison.  Values of Head Injury Criterion based 
on the 15-ms time interval (HIC15) were also 
computed. 

Table 1.  Test matrix 

Setup 
Position 

Normal Air bag Modified Air bag 

THOR-
05F 

Hybrid 
III 

THOR-
05F 

Hybrid 
III 

Benign 5 5 5 5 

Aggressive 5 5 5 5 

 
Comparing THOR-05F with Hybrid III.  As stated 
earlier, the THOR-05F has a unique neck 
construction in which muscles and osteoligamentous 
structures are represented by separate mechanical 
components (Fig. 2). The primary structural compo-
nent of the THOR-05F neck is the segmented molded 
rubber column which is designed based on the 
responses of the human cervical spine. A six-axis 
load cell is placed at the top of this component to 
directly measure the loads at the head/neck pin joint, 
which represents human occipital condyles. In the 
results presented herein, all upper neck loads refer to 
the OC pin joint location. Cable elements 
representing the anterior and posterior neck 
musculature also bear loads. Cross-sectional loads 
refer to loads including the front and rear cable loads 
with respect to the head coordinate system. 
 
The Hybrid III does not account for separate load 
paths; its neck load cell measurements correspond to 
“cross-sectional” neck loads.  Unlike the THOR-05F, 
the Hybrid III upper head/neck load cell is installed 
in the head above the OC pin joint and measures the 
load in the head coordinate system. The upper 
head/neck moment, My, measured by the upper 
head/neck load cell is translated to the OC level by 
subtracting the moment obtained by multiplying the 
shear force Fx by the height of the load cell above the 
OC from the moment data measured by the load cell. 
 

To facilitate comparison with the Hybrid III, the 
THOR-05F instrumentation allows one to compute 
its “cross-sectional load” by accounting for the cable 
loads.  The dummy also has a rotary potentiometer 
that measures rotation of the head with respect to the 
neck. Using data from this potentiometer, one may 
translate THOR-05F’s cross-sectional neck loads to 
the head coordinate system for direct comparison 
with the Hybrid III. 
 
 
RESULTS 
 
All THOR-05F neck results presented hereafter are 
“ligamentous” loads of the upper neck at the level of 
the head/neck pin joint (representing the human 
occipital condyles) unless otherwise specified. As 
such, these loads are derived from the upper neck 
load cell only, and do not include the contributions of 
the front and rear cables.  Furthermore, since the 
upper neck load cell is mounted atop the neck and 
beneath the head/neck pin joint, the THOR-05F neck 
load vectors correspond to a local upper neck 
coordinate system.  This is the way the neck data are 
expected to be used for injury assessment. 
 
For the Hybrid III, the upper neck load cell is 
contained within the head and is mounted on the head 
instrument plane.  Thus, all Hybrid III loads reported 
herein represent the total cross-sectional loads and 
the load vectors correspond to a local upper neck 
coordinate system.  The Hybrid III head rotates very 
little with respect to the neck due to the engagement 
of its nodding blocks.  On the other hand, the THOR-
05F head/neck pin joint offers much less resistance 
so that the head may rotate as much as +/- 40 degrees 
before its nodding blocks engage fully.  Thus, the 
directions of the upper neck load cell force vectors of 
the THOR-05F and Hybrid III can vary substantially.  
 
Repeatability and variability.  The dummy response 
in tests with the normal air bags proved to be more 
repeatable than in tests with the modified bags for 
both the THOR-05F and Hybrid III.  Figure 6 shows 
the averages of the THOR-05F and Hybrid III upper 
neck tension (Fz) and upper neck flexion/extension 
moment (My) for the benign setups (Figs. 6a and b) 
and the aggressive setups (Figs. 6c and d).  The 
shaded areas represent one standard deviation about 
the mean. The Fz and My measures, which are 
typically used to define injury risk, are used for 
comparison herein.  However, the other ATD 
channels, including head acceleration measurements, 
indicate the similar findings.   
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Figure 6.  THOR-05F and Hybrid III time-histories (sec).  Average upper neck tension (Fz) and flexion/extension 
moment (My) for the four test conditions.  The shaded areas represent +/- 1 standard deviation. 
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All plots in Fig. 6 indicate a tighter shaded area – and 
greater repeatability – for the normal bags.  When 
comparing the tests run under the benign vs. 
aggressive setups, the relative repeatability appears to 
be about the same for each dummy.  As shown in Fig. 
6, the repeatability of the Hybrid III upper neck is on 
a par with the THOR.  An assessment of repeatability 
is discussed in the next section. 
 
THOR-05F and Hybrid III comparison.  Consider the 
THOR-05F vs. the Hybrid III in the “Normal 
Bag/Aggressive Setup” condition.  This condition is 
the best of the four to compare the two, because it 
involves a relatively repeatable air bag with a strong 
deployment with relatively high measurements. 
Upper neck tension Fz, shear Fx, and moment My are 
compared since they represent the primary 
measurements of the current NHTSA injury criteria 
(Fig. 7).  
 
In both the THOR-05F and Hybrid III, upper neck Fz 
force is generally positive, indicating that the neck is 
in tension for both dummies (Fig. 6).  This tensile 
force is a combined effect of the external air bag load 
and the centrifugal rearward rotation of the head.  
However, the Hybrid III recorded a much stronger 
upper neck extension (negative My) and a higher 
upper neck shear force (negative Fx) than THOR-05F 
(Fig. 7).   Other dissimilarities are discussed below. 
 
For the THOR-05F, the upper neck load data shown 
in the figures above all indicate a fairly consistent 
response typified by the relatively repeatable 
“Normal Bag/Aggressive Setup” condition.  In 
general, the neck tension (Fz) was the predominant 
load, with very low moment (My) and shear (Fx).  

The low My is attributable to the THOR-05F 
head/neck junction where the pin joint offers little 
resistance (and sustains low moments) to relative 
head-to-neck rotation of up to 30 deg.  Even so, the 
potentiometer that captured this rotation indicated 
that the rotation was never greater than 10 degrees in 
any of the tests. 
 
What little upper neck moment and shear that was 
present in the THOR-05F indicates that the air bag 
pushed the chin backwards and downwards, which 
generated a negative upper head/neck shear force 
(negative Fx) and positive flexion moment (positive 
My) at about 20 ms. The THOR-05F neck did not go 
into extension until well after bag separation. 
 
The general response of the Hybrid III differs from 
the THOR-05F.  Under the “Normal Bag/Aggressive 
Setup” condition, high-speed video data showed the 
air bag became trapped under the Hybrid III chin and 
pushed it upwards.  The neck was shown to be in 
extension with a slight bend to the neck column as 
the dummy separated from the bag.  This condition 
produced the negative My (extension) moments 
apparent in the data.  It also generated a 
corresponding negative upper neck shear Fx due to 
the bag being lodged between the chin and the neck.  
This was consistent for all five tests. 
 
For the “Modified Bag/Aggressive Setup” condition, 
however, the above condition was only apparent in 
one of the five Hybrid III repeat tests.  Other repeat 
tests resulted in a response closer to that of the 
THOR-05F in which the neck was initially placed 
into flexion. 
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Injury metrics for various air bags.  Table 2 provides 
the critical injury assessment values for human spine 
tolerance of a fifth percentile female and 
corresponding injury reference values for the Hybrid 
III.  For the human, compression force, flexion 
moment, and extension moment were derived from 
tests on female post-mortem human subjects 
[Nightingale 1997; Nightingale, 2002].  Tensile force 
was derived from the male failure values reported by 
Chancey [2003] and scaled by 0.63 per the “equal 
stress, equal velocity” model scaling convention for 
geometrically similar models.   
 
Table 2.  5th percentile female:  critical values for 
upper neck, MY and FZ. 

 Human HIII 

Compression, FC (N) 2020 2520 

Tension, FT (N) 1580 2620 

Flexion, MF (Nm) 29 155 

Extension, ME (Nm) 52 67 

 
 
While the THOR-05F is designed to mimic the 
human neck, it is probably stiffer than the human 
spine.  Though the increased stiffness has not been 
quantified, it is likely that some adjustment of the 
human cervical spine tolerance values will be 
necessary before they can be used as injury reference 
values in the THOR-05F. Thus, the human threshold 

values as presented herein are to be used for 
reference only.  
Of the four test conditions with the THOR-05F, the 
“Modified Bag/Aggressive Setup” condition is the 
only one where the critical value for neck tension 
given in Table 2 was exceeded. The axial tension 
force Fz exceeded the human critical value of 1580 N 
shown in Table 2 in one of the five repeat tests. This 
air bag also produced the highest inflation pressure in 
tank test reports provided by the air bag supplier.  
Compared to the others, this setup also produced the 
largest upper neck moment which was dominated by 
extension throughout the entire bag-dummy 
interaction process (Fig. 6). 
 
Values of HIC15 were also computed for each test. 
All forty air bag tests (both dummies, all test 
conditions) produced HIC15 values well below the 
threshold value of 700.  As with the upper neck 
measurements, the “Modified Bag/Aggressive Setup” 
produced the highest HIC15 values (Fig. 8).  
 
Air bag discrimination.  Both the THOR-05F and the 
Hybrid III identified the “Modified Bag/Aggressive 
Setup” as the most threatening condition and the 
“Normal Bag/Benign Setup” as the least threatening 
condition.  This finding was expected, as these two 
setup conditions and modifications to the bags were 
put in place in an attempt to facilitate this outcome.  
So, it is reassuring that the outcome was confirmed 
by both dummies.  Though both the THOR-05F and 
Hybrid III found the “Modified Bag/Aggressive 
Setup” to be most threatening, the distinction for the 
Hybrid III was not as clear cut, where the highest two 
average Nij bars in Fig. 8 are almost even. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.  Average of Head Injury Criteria (HIC15) (left) and upper neck measurements (right) 

for the four test conditions.  Error bars represent one standard deviation. 
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The distinction between “Normal Bag/Aggressive 
Setup” vs. ”Modified Bag/Benign Setup” as the 2nd- 
or 3rd-most threatening is less apparent.  It depends 
on which dummy and which injury metric is used.  
Using neck tension Fz as an arbitrator, the THOR-
05F identified “Normal Bag/Aggressive Setup” as the 
more threatening of the two, but when HIC is used 
“Modified Bag/Benign Setup” is more threatening.  
The Hybrid III indicated the exact opposite 
conditions as the most threatening when Nij and HIC 
are considered.  However, the high variability 
associated with the modified bag renders this 
comparison non-conclusive, as can be shown in Fig. 
8 where the error bars associated with ”Modified 
Bag/Benign Setup” are extremely large. 
 
Deployment asymmetry.  An asymmetric air bag 
deployment was observed in all forty deployments.  
Asymmetry was also observed in a series of 
deployments with no dummy present.  These 
deployments were carried out to assure that the 
asymmetry was due to the air bag module alone and 
not an artifact of dummy positioning (Fig. 9).   
 
As shown earlier, both versions of the air bags were 
tucked within the module using pleats on the right 
and left sides and folded (accordioned or reversed 
rolled) top and bottom.   As the bag escaped from the 
module, the upper fold was observed to unravel and 
inflate well before the lower fold. This condition was 
observed for both normal and modified bags, and for 
both the simultaneous and sequential firings.  The 
asymmetry, however, was more prominent in the 
modified bags. 
 

When a dummy was present, the asymmetrical 
deployment of the first fold tended to produce a 
lateral thrust to the dummy resulting in a significant 
y-acceleration to the head with an Fy-force and Mx-
moment at the upper neck.   By the time the dummy 
was moving away from the bag, the second fold was 
just beginning to unravel and inflate.  This “second 
punch” effectively spun the head about the neck z-
axis by more than 90° producing an appreciable 
upper neck Mz moment (Fig. 10). 
 
The THOR-05F and Hybrid III showed similar 
behavior in this regard.  However, differences in 
overall body kinematics between the THOR-05F and 
the Hybrid III were revealed in the high-speed video.  
The THOR-05F exhibited much greater lateral head 
rotation and overall lateral body movement (Fig. 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 10.  THOR-05F vs. Hybrid III for “Modified Bag/Aggressive Setup” condition:  Average head 

CG-y acceleration (left) and upper neck moment (right). 
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Cross-sectional vs “Ligamentous” comparison. For 
the THOR-05F, the total cross-sectional Fz is about 
10% higher than the OC Fz, which means the front 
and rear neck cables have only a small contribution to 
the upper neck tension force.  This also means that 
most of the load is borne by the “ligamentous” spine, 
which is significant from an injury assessment 
standpoint.  The cable loads have more of a 
contribution to the total cross-sectional My moment, 
given the relatively low upper neck load cell moment, 
but the overall moment is still relatively low (only 
about 10 Nm maximum).  This trend is consistent for 
all test conditions. This further confirms the intended 
capability of the THOR-05F neck design to 
distinguish the musculature from the ligamentous 
load by transferring load around the neck column via 
the cables.   
  
Durability and functionality.  There were no reports 
of durability or functionality problems with the 
THOR-05F during the 40-week test interval. 
 
DISCUSSION 
 
The present study herein has shown that the 
head/neck complex of the THOR-05F dummy is 
capable of capturing the detailed air bag load effects 
due to the variability of bag inflation on the occupant 
head and neck in OOP conditions. The test data 
obtained confirmed the expected performance of the 
THOR-05F head/neck complex design.  
 
From an overall air bag assessment standpoint, both 
the THOR-05F and the Hybrid III identified the same 
test conditions as being the most threatening and the 
least threatening to the risk of an upper neck injury 

(where the most threatening condition produced 
responses near or above given injury risk assessment 
values).  Both dummies indicated that the head injury 
risk was well below the HIC15=700 reference value 
for all test conditions.  Both dummies also identified 
the asymmetry of the deployments, and both 
recognized the “modified” bags to be less repeatable.   
 
There were, however, some differences in responses 
between the two dummies.  In the THOR-05F, neck 
tension was the predominant upper neck load.  The 
upper neck moment and shear were much lower in 
magnitude than that of the Hybrid III.  Compared to 
the Hybrid III, the THOR-05F neck had less tendency 
to go into extension.   Hybrid III neck measurements 
also exhibited a sharp initial spike – most likely due 
to the relatively rigid head-to-neck coupling – that 
was not present in the THOR-05F signals.  
 
Repeatability/Asymmetry. The tests herein indicate 
that both the asymmetry of the air bag deployments 
and the removal of the gas diffuser contributed to 
dummy response variability.  This precludes a full 
assessment of THOR-05F repeatability.  A valid 
repeatability assessment requires well-controlled air 
bag inflation and symmetric deployment.  Such an 
assessment was performed previously on the 50th 
male THOR-NT using fleet air bags that deployed 
symmetrically and were folded in a conventional 
accordion pattern.  These tests produced highly 
repeatable bag inflation and dummy responses [Li, 
2007].  Such tests are necessary to fully assess the 
repeatability of the THOR-05F. 
 
On the other hand, all Hybrid III tests under the 
“Normal Bag/Benign Setup” (the condition most 

Figure 11.  THOR-05F vs. Hybrid III for “Modified Bag/Aggressive Setup” condition:  
head position at bag separation. 

a.  THOR-05F b.  Hybrid III 



11 

similar to an actual NHTSA vehicle compliance test) 
resulted in injury metrics well below injury 
thresholds.  Therefore, it is likely that the range of the 
“Normal” fleet bag inflation variability is within the 
manufacturer’s acceptable limits.  (Note:  the steering 
wheel-mounted bag blocker utilized herein – while 
providing a more aggressive deployment – probably 
produced more repeatable results than would actual 
fleet tests with no blocker since variability associated 
with the bag lodging behind the steering wheel rim 
was avoided.) 
 
Assuming that the THOR-05F can be shown to be 
repeatable under truly identical test conditions, the 
variability of the test data herein may serve well in 
the assessment of air bag risk.  For a given neck 
measurement under a given test condition, both the 
THOR-05F and the Hybrid III show some amount of 
variation.  But the magnitude of the measure – and 
the amount of variation – depends on the dummy.  
Therefore, the acceptable limits that an air bag 
manufacturer places on inflation could depend on 
which dummy is used to develop the bag.       
 
Caveats and Limitations.   The experimental tests 
were carried out on a single air bag design and a 
modification of that design.  All bags had similar 
capacities. Repeat tests for each test condition were 
limited to five.  In addition, only driver air bags were 
tested and only at one OOP position.  Nonetheless, 
the general observations made above on the THOR-
05F upper neck Fz predominance, low My, and no 
extension are all consistent with prior OOP tests 
conducted with the 50th male THOR-NT using 
different air bags.  Thus, the observations are true to 
form with the general THOR neck technology, and 
not an artifact of the particular air bags and test 
setups described herein. 
 
The forty tests performed herein are not standard 
regulatory tests but rather scientific studies for the 
evaluation of the THOR-05F dummy. Moreover, the 
use of a non-standard steering wheel bag blocker is 
not representative of a production vehicle.    
 
Nonetheless, the tests where the 1st and 2nd stages 
were fired sequentially with a 30 ms time lag 
represents a possible “low-level” deployment 
scenario that may exist in production vehicles.  
Additionally, the tests herein where both stages were 
fired simultaneously are representative of a possible 
“high-level” deployment that may also be seen in 
production vehicles.   
 
Future Work.  Previous work has been performed on 
the 50th percentile male THOR-NT showing 

favorable biofidelity of the head/neck complex.  
These tests include a comparison of THOR-NT loads 
against muscle and occipital condyle loads measured 
in tests run by the Medical College of Wisconsin 
(MCW) using post mortem human subjects [Pintar, 
2005]. A favorable comparison of the THOR-NT 
neck response against a human model was also 
demonstrated by Duke University [Dibb, 2006]. 
Similar biofidelity evaluations have not yet been 
carried out on the new THOR-05F’s Beta neck. 
 
It should be noted that there are no injury criteria 
defined for the THOR-05F dummy, nor are there 
standard OOP positions defined for using the THOR-
05F dummy. The present work was intended to 
understand air bag load paths to the neck in OOP 
conditions so that well-defined OOP positions for the 
THOR-05F dummy can be established and injury 
criteria may be developed in the future.   This should 
probably include a lateral bending criteria. 
 
SUMMARY 
 
• Neck tension in the THOR-05F was the most 
critical load, with most passing through the 
ligamentous spine and very little load borne by 
musculature.  This result contributes to the 
understanding of how injurious air bag load paths are 
imparted to the neck of humans in OOP conditions.   
 

• Compared to Hybrid III, the THOR-05F neck shows 
less tendency to go into extension.  The upper neck 
moment (My) and shear (Fx) were much lower in 
magnitude than those of the Hybrid III. Head 
accelerations were similar to those produced by the 
Hybrid III 5th.  
 

• The THOR-05F demonstrated its ability to 
discriminate air bag aggressiveness, especially in its 
upper neck tension measurements.   
 

• The THOR-05F response to the asymmetric 
deployments resulted in a substantial twist of the 
head about the z-axis of the neck, and a high 
corresponding Mz upper neck moment.  This 
indicates that an ATD biofidelity requirement and an 
injury criterion may need to be investigated to assess 
the threat of injury for such a response. 
 

• The THOR-05F produced relatively repeatable 
measurements and proved to be durable. It performed 
smoothly throughout the test series and was generally 
user-friendly.     
 

• The THOR-05F’s distinct neck assembly provides a 
new perspective on loading of the cervical spine and 
application of injury tolerances.  It also prompts a 
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new requirement for neck injury reference values 
specific to the THOR-05F. 
 
DATA AVAILABILITY 
 
All reports and data, including time-history traces, 
videos, and still photos from the tests described 
herein may be downloaded by accessing NHTSA’s 
online Biomechanics Database at: http://www-
nrd.nhtsa.dot.gov/database/nrd-51/bio_db.html. Re-
ports include descriptions of the test set-ups and 
instrumentation.  Data channels collected on both 
dummies, but not reported herein, include linear and 

angular head acceleration, chest deflection, and chest 
acceleration.  Additionally, the THOR-05F recorded 
lower neck loads and upper spine acceleration.  
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ABSTRACT 

Over the past several years, NHTSA has 
conducted testing to evaluate a high-speed 
fixed offset deformable barrier crash test.  It 
was preliminarily determined that the 
benefits from such a crash test could lead to 
an annual reduction in approximately 1,300 
to 8,000 MAIS 2+ lower extremity injuries. 
NHTSA also conducted vehicle-to-vehicle 
crash tests to investigate the potential for 
disbenefits from a fixed offset deformable 
barrier crash test. This testing demonstrated 
that, for some sport utility vehicles, 
structural changes that improved their 
performance in high-speed frontal offset 
crash tests may also result in adverse effects 
on the occupants of their collision partners. 

The Directorate for Road Traffic and Safety 
(DSCR) of France developed and proposed a 
Progressive Deformable Barrier test 
procedure (PDB) to upgrade the current 
offset deformable barrier test procedure in 
the United Nations Economic Commission 
for Europe (UNECE) R.94 regulation.  
DSCR is proposing the PDB to potentially 
improve the barrier performance in testing 
of the current and future fleet.  Therefore, 
NHTSA is investigating the use of the PDB 
in the offset test procedure by comparing the 
current offset deformable barrier test 
procedure specified in FMVSS No. 208 
(ODB) to the PDB.  This paper also 
investigates the performance of each barrier 

to predict lower extremity injuries and the 
ability of the PDB to absorb more energy for 
heavy vehicles found in the United States 
(U.S.) fleet.   

The PDB performed as designed for heavy 
vehicles and produced approximately the 
same occupant compartment intrusions.  
Both the ODB and PDB did not produce the 
same lower extremity injuries as seen in the 
real-world.   

The general trend across each body region 
had a similar trend for each barrier.  That is 
the magnitude of each IAV for each body 
region was approximately the same for each 
barrier, but one barrier is not always the 
maximum.  

INTRODUCTION 

In the U.S., driver and right front passenger 
air bags are required in all passenger cars 
and light trucks under FMVSS No. 208.  
However, NHTSA estimates that over 8,000 
fatalities and 120,000 Abbreviated Injury 
Scale (AIS) 2+ injuries will continue to 
occur in frontal crashes even after all 
passenger cars and light trucks have frontal 
air bags (Docket number NHTSA-2003-
15715).  Therefore, NHTSA has focused on 
the development of performance tests not 
currently addressed by FMVSS No. 208, 
particularly a high severity frontal offset 
crash.  These tests are intended to evaluate 
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occupant compartment intrusion that could 
compromise occupant survival space and 
thus increase the potential for lower leg 
injury.  NHTSA is currently evaluating the 
potential for both the ODB and the PDB test 
procedures to predict lower leg injuries and 
to minimize the potential risk of increasing 
the aggressivity of heavier vehicles.   

The EU Directive 96/79 for frontal crash 
protection went into effect in 1998.  The 
Directive uses the R.94.  The UNECE R.94 
test procedure was developed to represent a 
vehicle-to-vehicle frontal offset crash and to 
generate occupant compartment intrusions 
similar to that seen in real world crashes of 
passenger cars.  The deformable element of 
the R.94 barrier was designed to absorb 
energy and limit severe contact of the 
vehicle structure against the wall. The 
stiffness of the R.94 barrier represents the 
average stiffness of European passenger cars 
15 years ago.  The current R94 barrier has 
been shown to bottom out for European 
small cars, which is a possible concern for 
the larger-size U.S. fleet (Delannoy et al., 
2005).  

Many consumer rating programs have 
adopted the use of a fixed ODB crash test 
procedure to rate vehicle performance in a 
64 kph frontal offset crash test (Euro NCAP 
(European New Car Assessment Program), 
Australian NCAP and Insurance Institute for 
Highway Safety (IIHS)). Some studies have 
suggested that using this test procedure to 
rate vehicles may increase their aggressivity, 
especially for heavier vehicles (Verma, et al., 
2003 and Saunders, 2005).   

The Directorate for Road Traffic and Safety 
(DSCR) of France developed and proposed a 
PDB to upgrade the current offset 
deformable barrier in the UNECE R.94 
regulation to mitigate the potential for the 
offset test procedure to increase aggressivity 

of larger vehicles.  The PDB-XT 
progressively increases in stiffness as it is 
crushed, which contributes to its name. The 
barrier was designed to represent a vehicle 
structure with sufficient force level and 
energy absorption capacity to mitigate any 
occurrences of bottoming out.  In doing so, 
the PDB may be able to better harmonize 
test severity among vehicles of different 
masses. The approach aims to encourage 
lighter vehicles to be stronger without 
increasing the force levels of large vehicles 
[Delannoy, 2005]. 

This paper investigates the performance of 
ODB and the PDB to predict lower 
extremity injuries and the ability of the PDB 
to absorb more energy for heavy vehicles.   

TEST PROCEDURE 

A “dummy-based” seating procedure was 
used for both the ODB and the PDB tests.  
This seating procedure uses a step-by-step 
process that mimics the procedure used by 
humans to position themselves in their 
vehicles.  Basically the dummy is placed in 
the seat and the feet are in neutral position.  
The seat is moved forward until the right 
foot contacts the accelerator pedal.  The left 
is placed symmetric to the right unless the 
left foot interacts with the pedal.  If there is 
interaction with the pedal, the left foot is 
moved to avoid the pedal.  A complete 
description of the “dummy-based” seating 
procedure can be found in Saunders et al., 
2007.  

All testing utilized the Hybrid III 50th 
percentile male dummy with Thor-Lx lower 
legs.  Throughout the rest of the paper this 
dummy will be referred to as 50 HIII.  The 
upper of the part 50 HIII was instrumented 
with three axis head and chest 
accelerometers, and a chest pot.  The Thor-
Lx was instrumented with upper and lower 
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tibia load cells and three ankle rotational 
potentiometers.    

The ODB was conducted using the 
procedure defined in FMVSS No. 208 (S18) 
with two modifications.  The test speed was 
increased to 56 kph, and the “dummy-
based” seating procedure was used instead 
of the mid-track.   

The PDB tests were conducted at 60 kph, 
overlap of 50 percent, and utilized the 
“dummy-based” seating procedure. 

Figure 1 shows the properties and 
dimensions of the ODB barrier (Figure 1a) 
and PDB-XT barrier (Figure 1b).  The PDB-
XT is taller and thicker than the ODB barrier.  
The ODB barrier has two layers of 
honeycomb, both with constant stiffness.  
The PDB-XT has three layers: two layers 
with constant stiffness and a middle section 
that has four stiffness zones.  The front two 
zones of this middle section get stiffer as the 
thickness increases and the back two 
sections have a constant stiffness.  It should 
be noted that the PDB-XT height from the 
ground was 200 mm, for these tests, instead 
of 150 mm as specified in the PDB test 
procedure from UTAC.   

TEST MATRIX 

To compare the two test procedures paired 
vehicle tests were conducted.  The vehicle 
selection tried to cover all classes of 
vehicles.  Table 1 shows the final matrix.   

 

 

Figure 1.  Properties and dimensions of 
the ODB barrier and PDB-XT barrier 

Table 1.  Vehicle test matrix for barrier 
comparison 

Vehicle Vehicle 
Class 

Test 
Weight 
(kg) 

2008 
Chevrolet 
Aveo 

Small 
passenger 
car 

1,443 

2008 Ford 
Escape 

Small 
unibody 
SUV  

1,781 

2008 Saturn 
Outlook 

Large 
unibody 
SUV 

2,408 

2007 Ford 
F-250 

Heavy 
pickup 

3,291 

 

RESULTS 

Occupant Compartment Intrusions 

To evaluate intrusion the toepan points were 
measured pre- and post-test by using a 4 by 
3 grid (Figure 2).  Row 3 of the toepan grid 
is located at the intersection of the toepan 
and floorboard.   
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It can be seen from Figure 3 and Figure 4 
that the PDB test procedure produced higher 
occupant compartment intrusions for the 
Aveo and Escape when compared with the 
ODB test procedure. The deformation 
pattern was similar for both test procedures.  
The Outlook had a small amount of 
intrusion for both procedures (Figure 5).  
For the F250 the ODB procedure pushed the 
toepan back in the x-direction, whereas, the 
PDB pushed the toepan up in the z-direction 
(Figure 6).     

 

Figure 2.  Toepan intrusion measurement 
points 

 

Figure 3.  Aveo toepan intrusion mm 

 

Figure 4.  Escape toepan intrusion mm 

 

Figure 5.  Outlook toepan intrusion (mm) 

 

Figure 6.  F250 toepan intrusion (mm) 
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Lower Extremity IAVs 

This section compares the lower extremity 
(LE) Injury Assessment Values (IAVs) for 
the 50 HIII for each paired vehicle.  The 
femur Injury Assessment Reference Values 
(IARV) for the 50 HIII are from the FMVSS 
No. 208 Advanced Air Bag Final Rule.  The 
other IARVs were based upon Kuppa et al., 
(2001b). The IARVs used to assess LE 
injuries are presented in Table 2.  The 
definitions for ankle rotations are as follows: 
Ankle Rot Y is the maximum positive y 
rotation and Ankle Rot X is the maximum of 
either the positive or negative x rotation.  
The highest value from the left or right legs 
IAV is presented in the following figures 
and tables. 

The PDB procedure produced higher Injury 
Assessment Values (IAVs) for all body 
regions except for Ankle Rot Y for the Aveo 
(Figure 7).  There is no comparable trend in 
the IAVs for both the Escape and Outlook 
(Figure 8 and Figure 9).  The Outlook’s high 
Ankle Rotation X may be due to the 
geometry of the toepan.  Using the “dummy 
based” seating procedure the left foot 
partially overlapped the footrest which may 
have contributed to the rotation.  Finally, the 
trend for the F250 was that the ODB 
procedure produced higher IAVs for all 
regions except Upper Tibia Index (Figure 
10).   

The general trend across each body region 
had a similar trend for each barrier.  That is 
the magnitude of each IAV for each body 
region was approximately the same for each 
barrier, but one barrier is not always the 
maximum.  

The Aveo, Escape, and the Outlook had 
similar post-test toepan contours for both 
test procedures, but the trends in IAVs were 
not the same.  The impact speed, overlap, 
and barrier were different for each paired 

and may have affected the IAVs due to the 
vehicle interaction with the barrier during 
the test.   The differences in the vehicle 
interaction with the barriers may have 
changed the rate of the toepan and therefore 
affecting the IAVs.       

Table 2.  Injury Assessment Reference 
Values for lower extremity injuries 
(Kuppa et al., 2001a, 2001b) 

Injury Criteria IARV for 50 HIII  

Femur 10,000 N 

Knee Shear 15 mm 

Upper Tibia Force 5600 N 

Lower Tibia Force 5200 N 

Tibia Index 0.91 

Ankle Rot Y 35 deg 

Ankle Rot X 35 deg 
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Figure 7.  Lower extremity IAVs for the 
Chevrolet Aveo 
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Figure 8.  Lower extremity IAVs for the 
Ford Escape 
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Figure 9.  Lower extremity IAVs for the 
Saturn Outlook 
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Figure 10.  Lower extremity IAVs for the 
Ford F-250 

Barrier Comparison 

When comparing the crush of the ODB 
barrier and the PDB-XT, the ODB bottoms 
out even with a small car (Figure 11a), 
whereas the PDB-XT did not bottom out for 
the same small car (Figure 11b).  Also, the 
ODB barrier bottomed out for the F250 
(Figure 12a) and the PDB-XT stayed intact 
(Figure 12b).  From Figure 13 it can be seen 
that the frame of the F250 punctured the 
PDB.   

 

Figure 11.  Aveo barrier crush 
comparison  
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Figure 12.  Ford F-250 barrier crush 
comparison 

 

Figure 13.  Front view of PDB-XT barrier 
for the F250 

Crash Severity 

Since both test procedures use a deformable 
element, the test speed is not a good 
indication of the test severity.  A method for 
evaluating the test severity is with the 
Equivalent Energy Speed (EES). The EES is 

the initial kinetic energy minus the energy 
absorbed by the barrier.  Details of EES are 
explained in Pascal et al., 2005.  

The EES for the paired vehicles were 
calculated and the results are shown in 
Figure 14.  The lightest vehicle, Aveo, was 
the only vehicle tested with the PDB to have 
a higher EES than the paired vehicle tested 
with the ODB.  

The Aveo tested with the PDB had a higher 
EES than the Aveo tested with the ODB 
implies that the Aveo had to absorb more of 
the crash energy.  Which is opposite from 
the other vehicles tested.  The PDB allows 
the heavier vehicles to absorb less energy 
when compared to the ODB, which may 
allow manufactures to soften the structures 
of heavier vehicles. 

40
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AVEO OUTLOOK ESCAPE F250

E
E

S
 (

kp
h

)

ODB PDB  

Figure 14.  EES for the paired vehicles 

DISCUSSION 

Vehicle Severity 

Pascal 2005 showed that the PDB is able to 
make the vehicle severity of the PDB 
procedure approximately equal for all 
vehicle weights.    Figure 15 shows the EES 
for vehicles tested by NHTSA using the 
ODB and PDB.  This plot includes all 
vehicles tested by NHTSA, not just the 
paired vehicles.  It is seen from this figure 
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that the EES for the ODB test increases as 
the mass of the vehicle increases.  For the 
PDB the EES is basically the same for all 
size vehicles when a linear fit is applied to 
the data. 

The scatter in the data for the vehicles tested 
with the PDB is probably due to the vehicles 
being designed to the ODB test.  The ODB 
barrier collapses during the test and it 
becomes like hitting a rigid wall.  Therefore, 
these vehicles may not be fully optimized to 
a progressively deformable element. 
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Figure 15.  Theoretical EES for different 
test procedures and EES calculated for 
vehicles tested in US  

Lower Extremity Injuries 

Saunders, et al., 2004 showed that the ODB 
procedure reproduced real-world lower 
extremity injuries.  But, the current ODB 
procedure and the PDB procedure did not 
show the same trend in lower extremity 
injuries as reported by Saunders (Table 3).   

Some possible reasons for the difference 
between the tests conducted by Saunders, et 
al., 2004 and the current tests: 1) lower 
extremity injuries in the current fleet are 
different from the older fleet due to being 
designed to achieve a higher rating from the 
IIHS and 2) the use of a different seating 
procedure.   

To determine if the trend of lower extremity 
injuries are different for current vehicles 
compared to older vehicles the NASS/CDS 
analysis performed by Saunders, et al., 2004 
was reproduced.  This analysis used 
NASS/CDS years 1995 through 2007 files 
for left offset crashes with DV over 48 kph.  
The model year cutoff was chosen at 2000 
because most vehicles received a “good” or 
“acceptable” rating from IIHS after 2000.  
Figure 16 shows that the risk for LE injuries 
has increased for the newer vehicles for 
most of the LE body region injuries.  

The dummy based seating procedure may 
have affected the results because it requires 
the ankles to be in neutral position, which 
prevents the ankle from being pre-loaded 
before the test (Saunders, et al., 2007).  Also, 
the new seating procedure normally placed 
the seat behind mid-track and the left foot 
was not placed on the footrest.  This seating 
procedure normally placed the feet away 
from the toepan and allowed the feet to slide 
forward before impacting the toepan (Figure 
17).  

The impact speed, overlap, and barrier were 
different for each paired may have affected 
the IAVs due to the vehicle interaction with 
the barrier during the test.   The differences 
in the vehicle interaction with the barriers 
may have caused a different rate of the 
toepan and acceleration applied to the 
dummy. 

CONCLUSIONS 

The PDB performed as designed for heavy 
vehicles.  It did not bottom out when 
impacted with a heavy vehicle (F250) and 
allowed the barrier to absorb more energy as 
demonstrated by the decrease in EES for 
heavier vehicles.  It also produced 
approximately the same occupant 
compartment intrusion as the ODB 
procedure. 
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Both test procedures did not produce the 
same LE injury trend as previously reported 
(Saunders, et al.).  The main reason for this 
could be due to the seating procedure used 
in the current testing.  The “dummy based” 
seating procedure did not preload the ankle 
and normally placed the seat with the 50 
HIII behind mid-track.   

The general trend across each body region 
had a similar trend for each barrier.  That is 
the magnitude of each IAV for each body 
region was approximately the same for each 
barrier, but one barrier is not always the 
maximum. 

Table 3.  Percent of vehicles tested that 
exceeded the IARV. 

IAV ODB 
mid-
track  

ODB 
“Dummy 
Based”  

PDB 
“Dummy 
Based”  

# Test 10 9 4 

MY 
Range 

96-03 06-07 07-08 

Knee 
Shear 

0% 20% 0% 

Femur 0% 0% 0% 

Tibia 
Index 

40% 10% 0% 

Upper 
Tibia 
Force 

10% 0% 0% 

Lower 
Tibia 
Force 

30% 0% 0% 

Ankle X 
Rot 

20% 40% 0% 

Ankle Y 
Rot 

50% 0% 17% 

 

 

Figure 16.  Risk of lower extremity 
injuries in offset crashes with DV greater 
than 48 kph 

 

Figure 17.  Feet kinematics for the Nissan 
Quest into the PDB 
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ABSTRACT  
The authors hope to provide an intermediate method 
of data extraction, taking advantage of the 
improvements in child passenger data collection and 
recording.  The authors also wish to highlight the 
importance of appropriate usage of the data.  As 
suggested in the Eigen 2007, the enhanced data set 
SAS files, also known as the 30-file data set, will be 
contrasted with the 11-file data set format, the 
traditionally available NASS CDS SAS files, and 
analysts will be referred to the NHTSA web site for 
supplementary information.  Further, frequently 
asked questions will be addressed to provide uniform 
information dissemination to all users.  The primary 
data source will be the National Automotive 
Sampling System (NASS) Crashworthiness Data 
System (CDS).  As conclusion, the authors propose a 
three-step extraction methodology to be used until the 
enhanced data files can be released.  This includes 
traditional data extraction to retain weighting factors, 
extraction of the enhanced variables, attributes, and 
associated graphics, and manually integrating the two 
data sources. 
 
INTRODUCTION 
Available Data Evolution 
NASS started recording crash data in 1979.  From 
that moment, paper forms recorded crash 
environment, vehicle damage, occupant demography, 
and injury.  As technology advanced, NASS CDS 
kept pace with the electronic data reporting.  
Beginning with 1997 qualified crashes, the data 
forms were uploaded from pen computers used by the 
researchers and after careful review by Zone Center 
staff, the electronic data became part of the web site 
query data.  With the enhancements offered in the 
enhanced 30-file SAS data set, the 11-file SAS 
format was not able to be adapted to the greater 
formatting needs and new variables and attributes.  
The two SAS data sets will be described in the 
Definitions section.  For this reason, data analysts 
have been obligated to adapt existing data for suitable 
analysis.  The delayed release of the data has been 
attributed to the stringent quality control practices 
that have characterized the data system. 
 
Since 2000, with variable and attribute development 
for the 2002 child safety data enhancements, 
variables and attributes were designed taking into 

account state-of-the-art child restraint technologies 
and state-of-the-practice educational and installation 
guidelines.  This expertise was inherent in the 
continual contact with child restraint manufacturers, 
child safety education networks, and hands-on-
familiarity with technologies pursuant to a long 
trajectory of experience in the child occupant safety 
field.  This high degree of scrutiny was present in the 
interactions, especially with the Zone Centers, owing 
to the complexity inherent in accurately coding a 
highly detailed data set.  Discussion of the annotation 
fields and their use will further elucidate this point.  It 
is also noted that this degree of oversight was present 
through crash year 2007 with data released in 2008. 
 
It is envisioned that the enhancements and practices 
put into place will guide subsequent years of data 
collection and codification.  These enhancements are 
contemplated in the enhanced 30-file data set.  
Stringent quality control practices have allowed for 
the release of two years of enhanced data.  In the 
absence of the enhanced data, this work discusses 
strategies to bridge its absence by using the 
traditional 11-file SAS format supplemented by 
NHTSA case viewer query. 
 

Research Questions 
1.  How can one use the enhanced 30-file 
NASS CDS data set for meaningful data 
extraction? 
2.  How to bridge the current absence of this 
enhanced data set? 

 
DEFINITIONS 
During the course of this paper, two data repositories 
for the NASS CDS data will be discussed and noted 
in the References.  These are a NHTSA file transfer 
protocol (ftp) site and NHTSA web site case viewer.  
Interwoven in this discussion will be the 11-file data 
set available since crash year 1988 and the expanded, 
30-file data set, available since 2002 but to date 
available only for data years 2002 and 2003.  Both 
the 11-file and 30-file data sets are compiled in SAS 
format.  The 11-file set is the original means of 
translating and condensing the vast amount of data 
stored in an Oracle system.  With improvements in 
data collection and increased storage needs, the 30-
file set is the Oracle-look-alike file compiled in SAS 
and allowing the end user the advantage of most 
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researcher-collected information.  The 30-file data set 
will be referenced throughout the paper as the 
enhanced data set.  The data provided since 1988 in 
the format known by all CDS data users will be 
referenced as the 11-file data set. 
 
The National Center for Statistics and Analysis 
(NCSA) has been the purveyor of crash data since its 
inception to support rulemaking and research within 
NHTSA and provide researchers with internationally 
recognized tow away crash data.  NCSA continually 
seeks to improve their data collection practices by 
keeping pace with technology and addressing user 
data needs.  Since 1988, NASS CDS has been made 
available to researchers.  Originally the data was 
made available by compact disk disseminated by The 
Volpe Center to requestors.  Most recently, NCSA 
has worked to make its data universally accessible by 
way of the World Wide Web ftp site and two state-
of-the-art case viewers. 
 
In 1995, the data files were supplemented by an 
accident summary, accident type, vehicle type, and 
person description text files, forming the current 11-
file data set.  For convenience, data compiled from 
1988 through 1994 and available via ftp site also will 
be referenced as 11-file, yet, this was a 7-file format 
without the text files, later added in 1995.  Although 
many modifications have occurred in terms of data 
collection, the 11-file data set is constrained by an 
inflexible database structure, which was cutting edge 
at its moment of inception.  Advancements in vehicle 
and child safety restraint technologies, and rollover 
data collection, have gone unnoticed owing to the 
inability to adapt the older data set structure to the 
exigencies of more robust attributes for existing 
variables and newer variables. 
 
With this in mind, provision of the enhanced data set 
structure was initiated for crash year 2002.  Although 
the data sets are still published in SAS format, this 
new structure allows for an Oracle look-a-like data 
set, which more closely resembles the complete data 
set collected by the crash investigators.  To date, 
crash years 2002 and 2003 have been published.  
Delays in publication of the subsequent data years 
have been attributed to funding issues.  It is important 
to note that NASS CDS data undergoes a thorough 
review process before publication.  At the writing of 
this paper, crash data through calendar year 2007 has 
been available under the older, 11-file data set 
structure.  This paper is intended to aid researchers in 
working around the issues inherent to the delays, as 
no firm commitment exists for the completion of 
quality control and subsequent release of the 
enhanced data set for data year 2004 and beyond. 

 
In 1997, NASS CDS transitioned from paper form 
data collection to electronic data collection.  This 
information could be uploaded easily to a central 
quality control repository.  The on-line case viewer 
became a reality which not only allowed data found 
in the SAS format to be viewed but also made 
available the photographs, scene diagrams, and 
mannequin injury sketches.  This provided the final 
phase in complete reporting so necessary in clinical 
analysis.  In 2004, an enhancement was made to the 
case viewer.  This allowed for cases, with all 
associated graphics, to be downloaded in an 
Extended Markup Language (XML) file facilitating 
aggregation of data for analysis of a body of crashes.  
This format was also made available for crash year 
2005.  In tandem, though, the traditional case viewer 
was released for those years.  In an effort to provide 
the greatest amount of data in the most accurate 
fashion, a number of 2008 cases have been reviewed 
and placed on a preliminary case viewer. 
 
These database formats and additional data will be 
referenced throughout the paper.  Relating these 
sources and data types is envisioned to allow 
researchers to undertake analysis using a variety of 
sources to reap the maximum benefit from the 
exceptional data collection and coding efforts of the 
NASS CDS field researchers. 
 
BACKGROUND 
Data Collection History 
Before 2002, the codification efforts of NASS CDS 
found their strength in crashworthiness of the vehicle.  
The scene geometry, inclusive of road side furniture 
and forensic review of the roadway segment, were 
well-reported.  Disaggregation of crash data to the 
vehicle level has always been of paramount 
importance to the accurate reporting.  Equally 
important but lacking real-time information was the 
human element.  Basic demography was generally 
well collected and recorded and when appropriate 
complete medical information was included.  This 
data, however, was collected at the crash level, rather 
than attributed to a given event.  Further NASS CDS, 
has kept pace with vehicle modification, with respect 
to model year changes and hardware.  Most child 
safety seats are not factory-installed, and might be 
best described as retro-fit items.  For this reason, their 
continued study and success must be accurately 
tracked and reported. 
 
As understanding of the technologies increased and 
the number of child safety restraints increased, NASS 
CDS continued their commitment to data collection 
and recording excellence.  During 2001, an in-depth 
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inventory of available technologies was undertaken.  
The NASS CDS field researchers were polled with 
respect to their understanding of these technologies.  
It was found that a vast gap in knowledge existed 
with the state-of-the-art practice in child safety 
restraint technologies. 
 
Since then, an intensive modification of the reporting 
has been designed, supported by a complete overhaul 
of the data collection instruments.  To support the 
enhanced data collection, intensive training has been 
provided to field researchers, resulting in one 
researcher being dedicated to coding child seat cases 
from each primary sampling unit. 
 
DISCUSSION 
Changes in Child Restraint Variables and 
Attributes 
Prior to 2002, there were only a limited number of 
variables regarding child restraint type, use, and 
installation recorded in CDS, several of which were 
outdated and no longer reflective of current child 
restraint types and installation usage techniques. 
 
The predominant child restraint data collection tool 
used by field researchers was a one page interview 
consisting of eight questions which was part of the 
main NASS interview.  Normally, the interview was 
conducted over the telephone and in the majority of 
cases the child restraint was no longer available, 
which resulted in much of the child restraint data 
coded as “Unknown”.  Nonetheless, there were rare 
occurrences when the child restraint remained in the 
vehicle and/or with the crash occupants which 
allowed for identification and coding of the attributes 
available at that time.  In those instances when the 
child restraint was available and permission was 
granted for doing so, photographs of the child 
restraint were taken and combined with the interview 
information. 
 
From 1988 through 2001, the majority of child 
restraint types were coded as “Unknown/Other”, due 
in part to the lack of information in the field, for 
example, the child restraint was no longer available 
coupled with the fact that the crash occupants were 
unfamiliar with the seat and were unable to recall 
identifying details. 
 
Seat Belt Installation Considerations 
The Proper Use/Misuse information regarding a child 
restraint was captured in the seat belt variables.  
There has never been a single variable or attribute 
which provides the overall proper/improper use of a 
child restraint, yet this attribute was at times relied 
upon to do just that. 

 
The Proper Use/Misuse variables were defined as:  
Proper Use of Manual Belt (used properly with child 
safety seat – indicated when the manual belt was 
installed so as to comply with the manufacturer’s 
directions); and Proper Use of Automatic Belt (used 
properly with child safety seats – indicated when the 
automatic belt was installed so as to comply with the 
manufacturer’s directions).  Proper/improper child 
seat installation is difficult to determine even when 
the child seat is available and remains installed in the 
vehicle as it was prior to the crash, because the pre-
crash environment itself had changed.  In addition 
proper/improper information was not coded regarding 
the child seat’s type and use for the respective child 
occupant, which again lead to misinterpretation, so 
the attribute was removed beginning with the 2003 
CDS file. 
 
Rationale for Enhancement with Retrospective of 
Nine Years of Crash Data 
Prior to 2002, the child restraint list/”pick list” used 
by field researchers to identify child restraints was 
populated with approximately 30 different makes of 
child restraints covering approximately 120 different 
child seat models belonging to five child seat types.   
The pick list was outdated, no longer reflective of 
current child restraint types and designs.  The original 
attributes for Seat Type were Infant, Toddler, 
Convertible, Booster, Integral, Other and Unknown. 
 
The original child restraint interview asked limited 
questions about the child restraint itself, one question 
about how the restraint was used and two questions 
pertaining to the child restraint’s securement to the 
vehicle. 
 
Some of the child restraint attributes coded harness 
design but not how the harness was used.  
Photographic guidelines did not focus on obtaining a 
picture of the child restraint’s make, model and date 
of manufacture label, so often this information was 
not obtained during inspection of the child restraint. 
 
Prior to 2002, the field researchers coding child 
restraint information received very basic child 
restraint and seat belt education during normal entry 
level training. 
 
Steps Taken to Reach the Current Levels of 
Enhancement 
In 2002, the child restraint attributes were changed to 
reflect current child restraint use/marketing terms:   
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The onus is upon each SAS analyst to determine a 
system to reap maximum benefit from the 
enhancements, while performing statistical analysis 
using the weighting factors.  The subsequent section 
provides the location of currently available data, 
which in some cases supersedes the data in the 11-file 
data set.  This is evident in Table 1, where the older 
formatting continues to report two booster seat 
categories available as attributes, one of which no 
longer exists, as discussed in Murianka 2005.  Also, 
relevant restraint data developed for the 2002 data 
onward that could not be accommodated in the 11-
file data set is also highlighted in Table 1 and 
discussed in subsequent sections.  Focus will be 
given to the Child Safety Seat, Manual Restraint Use, 
Component associated with Manual Restraint Use 
tabs found on the NHTSA web site NASS CDS case 
viewer. 
 

Table 1. 
SAS child seat types, by data definition years 

 Pre-2002, 
11-file data set 

2002 to Present, 
Enhanced data set 

SAS 
Format 
Code 

 
Type  

Definitions 

SAS 
Format 
Code 

  
Type 

Definitions 
1 Infant 1 Infant 
2 Toddler 2 Convertible 
3 Convertible 2 Convertible 

4 
Booster with 
Shield 3 

Forward 
Facing Only 

5 
Booster w/o 
Shield 4 Booster Seat 

5 

Booster w/o 
Shield,  2 
Toddler 5 

Booster 
Seat/Forward 
Facing Only 

5 

Booster w/o 
Shield,  3 
Convertible 6 

Booster/ 
Convertible 

7 Other Type 7 
Integrated 
Seat 

7 Other Type 8 Harness 
7 Other Type 9 Vest 

7 Other  Type 10 
Special 
Needs 

7 Other Type 98 Other 

8 
Unknown 
Type 99 Unknown 

 
 
For illustration, the internal data viewer, known as 
NASS MAIN, is used to show the extent of the 
enhanced data set.  The public case viewer, found on 
the NHTSA web site, is generally similar to the 
NASS Main but contains less information.  Some of 

the additional information presented in the next 
section will not be made available until the enhanced 
data set is released for 2007. 
 
Figure 1 highlights the location of the child restraint 
information within the context of the NASS CDS 
viewer, available on the NHTSA web site, and its 
correspondence with child seat information found in 
the 11-file data set.  The Occupant Form, shown in 
Figure 1 and analogous to information found in the 
Occupant Assessment File of the 11-file data set, 
outlines demographic, restraint system, and crash 
outcome information, by occupied seating location.  
This tab places the occupant within the vehicle and 
describes the safety devices available to him.  
Further, crash outcomes such as vehicle entrapment 
or occupant ejection from the vehicle are described.  
From this information, it is also possible to ascertain 
whether the occupant departed the vehicle under his 
own power or was aided.  In the case of occupant 
ejection, the degree of occupant expulsion is 
considered.  Occupant injury outcome, analogous to 
information found in the Occupant Injury file of the 
11-file data set, is discussed with respect to crash 
survival and the injuries are detailed with respect to 
their nature and severity.  Figure 2 places the restraint 
technology in a seating position and identifies the 
factory-installed restraint usage and its interaction 
with the child safety technology.  Figure 3 focuses on 
the components of the factory-installed restraint 
technology.  Belt retractor and pretensioner 
technologies are among those reported for the safety 
belts and related back to the secured child safety seat. 
 
Figures 1 through 3, with their insets, are meant to 
show the presence of the enhanced data set variables 
and their interrelationship with highlighted tabs and 
families of tabs.  Further, this is also a means by 
which the counts provided in the 11-file data set 
might be integrated with the complete case viewer 
data.  The case viewer does not provide weighting 
factors, for this reason the 11-file data set must still 
be queried to obtain estimates based upon the year, 
primary sampling unit, case identification number, 
and occupant number.  The concatenation of these 
values represents the unique identifier subject to the 
crashes weighting factor.  This can be merged with 
data extracted from the case viewer.  For the data 
years 2004 and 2005, an XML file can be saved for 
easier transfer of the data elements.  Finally, the 
correspondence of the 11-file data set, variables and 
attributes, and their placement within the case viewer, 
with the enhanced data set allows for the analyst to 
optimize NASS CDS information usage. 
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Inset 1:  Child Seat Tab Contents 
 
In contrast to the pre-2002 child safety seat types, the current child seat tab allows the data analyst to ascertain 
the precise type of seat, with current terminology, accurately identified by the NASS CDS field researcher.  The 
child seat tab summarizes the enhanced child restraint variables collected currently. 
 
In this case, a forward facing safety seat (FSS) was reported.  Constrained by older formatting, the 11-file data 
set identified a toddler child seat type but confirms the unknown make.  A carefully researched listing of the 
newest child seat makes and models was compiled through 2007.  On this occasion the technology might have 
reached market before it could be included in the listing or the seat was unavailable at the time of the vehicle 
inspection, as the source of data for this tab was the interview.  Since the NASS Researcher is constrained to 
specifically identify known elements, the make and model were identified as “Unknown” in this case.  When the 
seat is present, information on date of manufacture and model number might also be collected.  The manufacture 
data is particularly important when attempting to identify a specific child restraint make, model and type in 
addition to its date of manufacture.  With age, prolonged exposure to extreme temperature, plastic deformation 
or debilitation possible from a previous crash or forces imparted by the belt over the fastening surfaces might be 
identified as producing decrements in seat performance.  An exhaustive inspection of the vehicle and child 
restraint coupled with the data gathered from each component specific interview will yield the design feature 
used and the manner in which it was used.  This is another point where the expertise of those imparting quality 
control is crucial, as subtleties exist in the design of given types of child safety restraints. 
 
As a reference back to the injury data and safety systems data, the occupant number, age, and weight are 
provided as a quick demographic summary when analyzing the child seat tab.  Finally, many data analysts wish 
to establish the occupant kinematics throughout the crash.  The child position provides a baseline for those 
recreating the crash. 

 
Figure 1.  Sample Occupant Form, Child Seat Tab 
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Inset 2:  Manual Restraint Use Tab, Interaction with Child Safety Technology 
 
The child restraint does not act independently within the vehicle.  Instead, it is dependent upon factory-equipped, 
vehicle restraint technologies.  These technologies are rarely designed in consideration of interaction with a 
retrofit device, including the child safety seat, and its integration into a safety technology suite.  Correct 
installation is subject to the degree of knowledge that the installer has regarding the vehicle’s restraint system 
and the respective installation techniques required for various types of child restraint systems. 
 
The NASS CDS field researcher must be equally knowledgeable of various vehicle restraint systems so that the 
method used to install the child restraint is accurately captured and coded within the case.  This is achieved by 
in-depth specialized training in the families of child restraint devices, their installation in a variety of vehicles, 
and their subsequent identification.  With the training and the enhancement of the variables and attributes, the 
most complete, nationally representative child safety data set may be published. 
 
For the right occupant, the type of manual restraint can be identified, as can its interaction with the child safety 
seat.  This is particularly important for determining that in the right second seat position the vehicle installed 
technology was fastened, that the child restraint was secured with the lap and shoulder belt, and that the position 
of the anchorage adjustment was in the full up position.  This level of detail is absent in the 11-file data set but 
populates the enhanced data set. 

Figure 2.  Manual Restraint Tab for Child Safety Seat Position, with Right Seat Position Example, Full Tab shown. 
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Inset 3:  Components Tab, associated with Manual Restraint, Safety Belt 
 
More new technologies associated with the factory-equipped vehicle safety belts are found in this tab.  Presence 
of pretensioners, types of latch plate, and belt retractors can be noted, if present.  Finally, any belt positioning 
technology, present in the vehicle and its status at the time of the crash might also be noted in this tab. 
 
Please note that in the newest vehicles, especially those that have been inspected, the data provides the analyst 
with a clear picture of the child safety seat and factory-installed restraint equipment.  Again, keeping pace with 
the newest technologies has given rise to these new variables and attributes but uniformity of database structure 
applied to the older cases might give the impression of incomplete information.  This is not the case; instead, it 
is an indication of the completeness of the newest cases.  This information is absent in the 11-file data set but 
populates the enhanced data set. 

 
Figure 3.  Manual Restraint Components Tab for Child Safety Seat Position 
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A search of the NASS CDS case viewer may be 
made selecting from the parameters set forth on the 
query page, as seen in Figure 4.  The sample query 
might be framed seeking fatally injured children from 
birth to four years old restrained by a child safety 
seat.  An excerpt of the sample query results are seen 
in Figure 5, in a format similar to that found in the 
11-file data set.  Upon saving the Hypertext Markup 
Language (HTML) information in an EXCEL 
spreadsheet or text document, or ACCESS database 
file, this information can be imported into SAS.  This 
file will form the basis of the search of the 11-file 
data set to obtain the requisite weighting factors for 
the analysis.  The strength of this exercise is yielded 
upon manually reviewing elements such as those 
found in Figure 6, replicating the enhanced data set, 
but absent in the 11-file data set. 
 
As mentioned previously, Figure 6 is a screen shot of 
NASS Main, which, in some cases, has more detail 
than the public viewer, and forms part of the sample 
query framed above.  It is the anticipation that this 
information will be contained in the enhanced data 
set to be released to the public.  When consulting the 
“Source of Data” tab in Figure 6, the information 
regarding the child seat came from an interview with 
the occupant’s Mother.  The interviewee indicated 
that the Child Seat Type was a FF, forward facing 
only seat, and that it had a 3-point harness.   If the 
seat was indeed a forward facing only seat then it 
likely had a 5-point harness or a shield.   The case 
must be coded according to what was identified 
and/or what was actually seen/found by the field 
researcher, not what should be.  In other words 
attributes are coded as described in the interview 
process or when the child seat itself is available, as 
found by the field researcher.  When something 
unusual is coded, there is normally an annotation 
made to the case for explanation.  The annotation 
field is available to the NASS researcher to provide 
comments outside the scope of the coded elements.  
An annotation was made in this case referencing the 
source of the child restraint information and the 
choice of Seat Type.  For this reason, there may be 
instances when some of the attributes coded for 
design features or how feature used in a case do not 
make sense to an analyst. 
 
Anomalies Explained 
There are occasions when data do not seem to make 
sense.  It should be noted that it is by design owing to 
the rigorous edit checks in place, through the 2007 
crash year.  The subsequent example provides some 
insight regarding one such example.  The screen 
shots found in Figures 1, 2, and 3 were taken from 

the sample case, with Figure 6 containing excerpts of 
that case. 
 
The annotation field is an esoteric, many times 
chaldaic device, whose understanding is confined to 
the Zone Center governing the usage of this field.  It 
has been reported that the annotation has been used 
as an elucidating vehicle for unique elements defying 
the rigidity of the coding structures.  Further, the 
annotation has also been used by Zone Centers to 
impart instructions or direct corrections to the 
researchers.  Owing to the disparate motivations for 
including the annotations, the framers of NASS CDS 
have opted to exclude this information.  The 
exclusion is based upon both consistency and cost-
saving.  Consistency is important to the system, as 
the two Zones Centers must work seamlessly to 
sample and report crashes.  The cost-savings enters 
owing to the sanitization to which this field might be 
subjected.  Unlike the crash summary, which is not 
subjected to edit check but has general guidelines 
governing the type of information to be included, this 
field has no proper rules to govern its preparation or 
the elements deemed appropriate for inclusion. 
 
There have been instances where organizations have 
approached NCSA for clarification of seemingly 
incompatible entries as described above, these could 
form the basis for a published compilation of 
explained anomalies.  Currently, the explanation is 
only beneficial for the individual or organization that 
has received the clarification, nevertheless, the case 
information remains confusing for others who might 
lose confidence in the data set owing to questionable 
query results but who have not known to seek help in 
interpreting the data.  Data analysts have suggested 
that queries of this sort be published in a frequently 
asked questions section of the NCSA web site or in 
supplements akin to an Analytical Users Guide. 
 
It should be noted that edit checks are in place for the 
wide variety of incompatibilities known to exist.  
This ongoing identification of new technologies and 
their interactions with the various restraint and 
vehicle technologies underscores the strength of 
NASS CDS data and its value to the child safety 
community.  The preceding section, however, deals 
with ever-developing situations subject to 
identification by headquarters and Zone Center staff.  
The annotation field has served to bridge what might 
have been told to the researcher, which must be 
coded, and what might reasonably have been.  To 
reinforce, the NASS CDS researcher may only code 
based upon their sources, ranging from a full-vehicle 
inspection with child safety seat resident in vehicle  
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Figure 4:  NASS CDS case viewer query screen 
 

 
 
Figure 5:  Partial Result of Query Page Search on fatally injured children 0 to 4 years old, restrained by a child 
safety seat. 
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Deciphering the Hidden Mysteries of the Coded 
Information 

with an interview as background information to 
merely a telephone interview with someone familiar 
with the crash, generally a related or unrelated 
caregiver. 

Child Seat Tab, Added Attribute - Source of Data 
A uniform means of accessing and interpreting the 
data is provided.  By omitting the annotations made 
by NASS researchers, possible inconsistencies are 
introduced.  Coded elements are actually accurate but 
may only make sense after consulting published data 
elements, such as accident summaries, and 
unpublished data elements, such as annotation fields.  
A NASS-wide standardization of the annotation field 
usage must be instituted to guarantee a feasible 
means of complete information provision.   This is 
the final installment in the series of the enhanced 
data set introductory papers prepared by the authors, 
as an interim approach is available to query the child 
safety data.  This is, nonetheless, an inadequate 
means of query and only with the release of the 
enhanced data set, at pace with the 11-file data set, 
can meaningful and efficient analysis be performed.  
As of the paper submission deadline for the 21st 
International Technical Conference on the Enhanced 
Safety of Vehicles Conference (ESV), only two years 
of data will have been made publicly available 
though the enhanced data set collection took effect 
for crash year 2002.  To date, the enhanced variables 
must be sought out case-by-case through the NASS 
CDS case viewer. 

 

 
 

 

 
Reprise of Archaic Formatting after 2002 
It was evident that the formatting was an issue of 
archaic database structures rather than errors in data 
collection and codification, per Murianka 2005.  
NASS CDS continues to keep pace with evolving 
technologies and providing state-of-the art training 
from subject matter experts and industry 
representatives.  The enhanced data collection is well 
documented in the enhanced data sets and on the 
NHTSA web site.  The 11-file data set, however, is 
unable to support this new data and has suffered from 
lagging data provision not only in the area of child 
safety but also in the areas of rollover and vehicle-
installed restraint systems. 

 
Figure 6:  Excerpts from Figure 1. 
 
Data Set Size versus Relevance 
Suggestions for meaningful usage of pre-2002 and 
2002 data onward 
Although some problems exist with the pre-2002 
data, this should not deter use on an aggregate level.  
The aggregation allows for an accurate, nationally 
representative estimate of child seat usage, in all 
forms.  Finer disaggregation before 2002 might 
include some form of age or weight distinctions to 
clarify the limited attributes.  Unfortunately, the 
advent of the enhanced seat data cast doubt on the 
validity of the previous years.  The indication should 
be that greater detail, based upon informed child 
safety parameters, was included after 2002.  The 
prior years might be better considered a counting of 
overall child safety incidence but not of less value 
and another example of perennial adjustments made 
to keep apace with technology and data recording 
advances. 

 
To date, the general public has been granted access to 
the enhanced data set for crash years 2002 and 2003.  
The data were released after exhaustive quality 
control.  Data for 2004 through 2007 are pending and 
the motivation for this document is to provide 
supplementary means for data extraction in the 
absence of the expanded files for these years. 
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In the absence of the enhanced data set, an interim 
methodology for data extraction was proposed.  This 
included the following steps.  

Association for Advancement of Automotive 
Medicine, Abbreviated Injury Scale (AIS) 1990 -
Update 98, Barrington, 1998. 

 
1. 11-file data set SAS query – The traditional 

case identification ensures the retention of 
weighting factors necessary in any NASS 
CDS analysis. 

 
National Automotive Sampling System 
Crashworthiness Data System 1997 – 2007 case 
viewer, http://www-
nass.nhtsa.dot.gov/BIN/NASSCaseList.exe/SETFILT
ER?CASETYPE=PUBLIC%20%3Chttp://www-
nass.nhtsa.dot.gov/BIN/NASSCaseList.exe/SETFILT
ER?CASETYPE=PUBLIC%3E

2. NHTSA web site NASS CDS query – With 
the cases identified in Step 1, an analyst will 
be able to pull up a case file containing 
enhanced variables, attributes, and 
associated graphics.  The case viewer is 
available from 1997 through 2007.  An 
XML case viewer, with cases from 2004 and 
2005, is also available facilitating data 
extraction. 

 
National Automotive Sampling System 
Crashworthiness Data System 2004 – 2005 case 
XML viewer, http://www-
nass.nhtsa.dot.gov/BIN/NASSCaseList.exe/SETXM
LFILTER 

3. Upon identifying relevant case information, 
this will either be manually entered from the 
case viewer or automated using XML 
output.  

 National Automotive Sampling System 
Crashworthiness Data System 1988 – 2007 file 
transfer protocol web site, 
ftp://ftp.nhtsa.dot.gov/NASS/, 

The three-step extraction process is cumbersome, 
although, it is a remedial activity until the enhanced 
data set can be released.  Also, as shown in the 
sample query output for Figure 5, the cases might be 
identified via case viewer query, on the NHTSA web 
site and merged with the 11-file data set to obtain 
available vehicle and occupant parameters, with case 
weighting factors. 

 
National Automotive Sampling System 
Crashworthiness Data System 2002 – 2003 file 
transfer protocol web site, 
ftp://ftp.nhtsa.dot.gov/NASS/, 

  
It should be noted that sophisticated case extraction 
tools have been written but in their absence the three-
step approach is the one used by the authors.   It is 
also reinforced that without the publication of the 
annotation fields seemingly incompatible results 
might appear; nevertheless, these are the result of 
coding what is known by the researcher not what 
should be. 

United States Department of Transportation, National 
Highway Traffic Safety Administration, National 
Automotive Sampling System, Crashworthiness Data 
System, 2002-2005, NHTSA, Washington, D.C. 
 
United States Department of Transportation, National 
Highway Traffic Safety Administration, “National 
Automotive Sampling System, Crashworthiness Data 
System, 2000 Coding and Editing Manual”, NHTSA, 
Washington, D.C. 

 
At the suggestion of the NHTSA Rulemaking, this 
document will be made available to the National 
Center for Statistics and Analysis for supplemental 
publication, at their option, as a transitional data 
usage manual until the enhanced data set is released 
in its entirety. 
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ABSTRACT 

Several manufacturers produce tire pressure monitoring 
systems for heavy trucks which are designed to detect 
low tire pressure and alert the driver.  This paper reports 
on a series of test procedures conducted on these 
aftermarket TPMS to determine the suitability of these 
tests for use in developing performance requirements. 
 
Five TPMS were installed one at a time on two heavy 
trucks.  The minimum activation pressure of the TPMS 
was determined.  After driving for a period of up to 
fifteen minutes, the vehicle was stopped and air was 
released from one tire to bring its inflation pressure to a 
point below the minimum activation pressure for the 
system.  The vehicle was driven and the time needed for 
the system to detect the loss of pressure and alert the 
driver was recorded.  Multiple tire deflations and failure 
modes were also tested. 
 
Data were obtained from independent onboard 
instrumentation that measured tire pressure, vehicle 
speed and distance, and ambient temperature.  A video 
of the TPMS driver display was recorded.  Other 
properties were also evaluated, including temperature 
compensation accuracy of system pressure measurement 
and failure modes.  The study’s results are limited to the 
five systems tested.  Although these systems were 
chosen to be representative of TPMS on the market, this 
was not an exhaustive study of all such systems. 

INTRODUCTION 

In 2000, Congress enacted the Transportation Recall 
Enhancement, Accountability, and Documentation 
(TREAD) Act, amending Title 49, United States 
Code, to require reports concerning defects in motor 
vehicles and tires, and other mandates to improve 
vehicle safety.  Section 13 of this Public Law 106-
414 requires that tire pressure warning systems be 

installed in new motor vehicles to indicate when a 
tire is significantly underinflated.  Following a one-
year research project [1], NHTSA established Federal 
Motor Vehicle Safety Standard (FMVSS) No. 138, 
Tire Pressure Monitoring Systems (TPMS) [2], which 
mandated TPMS for vehicles of no more than 10,000 
pounds in Gross Vehicle Weight Rating (GVWR).  
However, this rule did not cover heavy vehicles over 
10,000 pounds GVWR.  In 2006, the Federal Motor 
Carrier Safety Administration performed a test-track 
evaluation of a number of commercially available tire 
inflation and pressure monitoring systems [3].  This 
study reported the advantages and disadvantages of 
the tested systems. 
 
This heavy truck test program addresses TPMS 
requirements for these heavy vehicles and it explores 
a series of test protocols which could be applied for 
verifying basic heavy truck TPMS performance 
capability. 

DEFINITION OF TPMS 

A Tire Pressure Monitoring System senses tire 
pressures and alerts the driver if pressures are outside 
of safety set points or pressure leakage rates.  The 
“Monitor” systems read the actual pressure in each 
tire (direct TPMS) or estimate the relative pressure in 
a group of tires comparing the rotational speed of the 
tires using the antilock brake system (ABS) wheel 
speed sensors (indirect TPMS). 

Five Types of Direct Pressure Reading TPMS 

Using ABS wheel speed sensing is not a practical 
approach to determining if one tire in a pair of 
“duals” is low in tire pressure because both tires are 
mounted to the same hub.  Although each tire has an 
individual rim, the rims are coupled such that the 
wheel speed for both tires is the same.  Therefore, tire 
pressures must be measured directly to assure the 
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operator receives accurate information that will 
enable him to respond and ensure that each tire is 
provided with sufficient pressure to safely meet the 
expected load requirement placed upon the tire, as 
well as to ensure that the tire operates within its 
limits of pressure design criteria. 
 
There are five types of tire pressure monitoring 
systems that are capable of directly reading the 
pressure of the air contained in individual tires of a 
heavy vehicle.  The types are: rim mount (inside tire 
envelope), tire patch (mounted to tire inside tire 
envelope), interior valve stem (inside tire envelope), 
flow-through (outside of tire) and end-of-valve stem 
mount (outside of tire). 

Systems Tested 

This program tested two rim-mount systems, two 
flow-through systems, and one end-of-valve-stem 
unit.  The two rim-mounted systems, the Dana/ 
SmarTire Smart-Wave S14486 and the HCI Corp 
Tire-SafeGuard TPM-W210, used internally mounted 
sensors (on bands around the rim) and included both 
pressure and temperature measurement of the air 
contained within the tire envelope.  The SmartWave 
system applied the measured temperatures for “live” 
pressure compensation, whereas the Tire-SafeGuard 
system measured the temperatures for driver benefit 
to determine if a wheel was running hot and as a 
baseline for referencing cold inflation temperatures. 
 
The sensors of the other three TPMS were mounted 
outside of the tire envelope, attached to the valve 
stem.  The HCI Corp Tire-SafeGuard TPM-P310B1 
provided tire temperature measurement that was 
acquired indirectly through the sensors mounted at 
the outboard end of the valve stems.  Both it, and the 
WABCO/Michelin IVTM, provided auxiliary 
Schrader valves so the tires could be inflated without 
removing the sensors.  The other TPMS system – 
Advantage Pressure-Pro CU41807684 - covered the 
end of the valve stem.  The Pressure-Pro sensors 
needed to be removed from the valve stems in order 
to inflate the tires. 
 
Characteristically, some TPMS have multiple 
pressure warnings, such as low tire pressure, 
extremely low pressure (or flat tire), and over-
pressure.  Some of the externally mounted TPMS 
have only one setpoint or pressure value for low tire 
pressure, but do provide for indication of a slow leak. 

TEST VEHICLES AND TIRES 

Two 10-tire, Class 8 vehicles were selected for 
demonstration of the TPMS acceptance procedure - a 

Volvo three-axle tractor and a Peterbilt three-axle 
straight truck. 
 
The Volvo tractor was a 1991 Model No. WIA64T 
sleeper-cab tractor with a 189-inch wheelbase.  The 
GVWR was 50,000 lb and the Gross Axle Weight 
Ratings (GAWR’s) were 12,000 lb (steer axle) and 
19,000 lb (each drive axle). 
 
The vehicle tire placard specified 275/80R24.5 tires 
at 100 psi, with a load rating of G, for all tire 
positions and the tires used for this program matched 
the placard specifications for tire size. The steer tires 
were Michelin Pilot XZA-1 Plus rated for 6,175 lb 
(max “single”) at 110 psi (DOT M591-BYUX-0508 
and M591-BYUX-4207) and the drive tires were 
Michelin Pilot XDA-2 rated for 5,675 lb (max 
“dual”) at 110 psi (DOT M591-CM9X-4307 and 
M591-CM9X-4407).  For safety considerations, the 
Volvo steer tires were tested at 105 psi.  The Volvo 
drive tires were tested at 100 psi as recommended on 
the vehicle tire placard. 
 
The Peterbilt truck was a 2004 Model No. 357 day 
cab straight truck with 273-inch wheelbase.  The 
GVWR was 62,000 lb and the GAWR’s were 18,000 
lb (steer axle) and 22,000 lb (each drive axle). 
 
The steer tires used were Bridgestone 315/80R22.5, 
M843 V-Steel Mix, Low Pro, M&S, load range L,  
rated for 9,090 lb (max) at 130 psi (DOT 2C4D-5BF-
3007).  They were tested at a cold inflation pressure 
(CIP) of 130 psi. 
 
The drive tires were Firestone 11R-22.5 – 14PR, 
FD663 Radial, load range G, rated for 5,840 lb (max) 
at 105 psi (DOT 4D3T-3E3-0708).  For the Peterbilt 
truck TPMS tests, the drive tires were inflated to the 
maximum specified on the tire sidewall, 105 psi.  
Therefore, all tires on the Peterbilt were inflated to 
their maximum tire pressures as labeled on the 
sidewalls. 

INSTRUMENTATION 

The setup of the TPMS components, including 
initialization of the Central Processing Unit (CPU), 
programming of the tire pressure warning setpoints, 
as well as documentation of significant events during 
testing, were vital to the mission of this project.  All 
of these activities were established and recorded 
using a digital Computerized Data Acquisition 
System (CDAS), a thermal probe, and a video 
camera. 
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Data Channels 

A ruggedized benchtop-PC computer collected 16 
channels of data during the TPMS testing.  
Parameters measured included: 10 individual tire 
pressures, vehicle speed and distance, 3 types of 
event indications, and ambient temperature. 

Tire Pressures 

Individual tire pressures were transferred to the cab 
using a network of rotary unions, valves, tee 
couplings, hoses, and transducers.  To allow for 
wheel rotation, rotary unions were installed in the air 
lines at each wheel to couple the pressures in the tire 
envelopes directly to the in-cab data acquisition 
system.  The drive wheels used two port unions so 
pressures from both inner and outer tires of each dual 
set were monitored live.  Air line tee couplings were 
added at each valve stem to allow for simultaneous 
connection to both TPMS and data collection system.  
Standard ¼-inch SAE J844 truck air line tubing 
connected the rotary unions to a manifold system 
mounted in the truck cab. 
 
The manifold system consisted of 10 pressure-control 
ball valves and pressure transducers.  The pressure 
transducers were configured for a range of 0 to 200 
psi with accuracies of 0.5 percent of full scale.  The 
tire pressure controllers allowed for remote inflation 
or venting of one or more tires simultaneously, 
zeroing of transducers, and logging of real-time tire 
pressures. 

Vehicle Speed and Distance 

Vehicle speed was measured using an ADAT DRS-6 
Radar Speed Sensor by B&S Multidata.  This dual 
antenna microwave device provided high accuracy 
logging of vehicle velocity over the dry surfaces 
driven without contact with the roadway surface.  
The digital output was then directly fed into a Labeco 
Model No. 625 Performance Monitor to log 
accumulated distance traveled. 

Event Channels 

Three event channels were configured on the CDAS 
data collection system to interface events real-time 
into the data set.  A driver event button was installed 
so the observer riding in the truck during the track 
tests could signal the data set that an observation was 
made (this freed the driver to actually concentrate on 
driving).  Driver events were logged when significant 
events occurred about the test track, such as when the 
vehicle reached the target speeds (i.e. “now at 60 
mph”), when the vehicle stopped for intersections, or 

at the end of the driving segment of the test.  If the 
observer heard a TPMS buzzer, the driver event 
button was also actuated. 

Temperatures 

Live tire temperature measurements were not logged 
for this project; however, constant vigilance was 
maintained for any indication of tire heating.  Before 
and after each track run, individual tire temperatures 
were measured using a Fluke k-type thermal probe.  
The probe was inserted deep into the tread of each 
tire, maintained until the readings stabilized, and then 
the tire temperature measurements were recorded. 
 
The CDAS maintained a real-time log of the 
variations measured in the ambient temperature 
experienced while the tire pressures were being 
adjusted in the preparation bay, and while the truck 
was being driven on the test track. 

Video Log 

A mini-DVD tape camera, zoomed in to view the 
TPMS displays and a portion of the CDAS monitor, 
was used to log all in-cab TPMS activity.  The 
camera logged changes applied to pressures in test 
tires, TPMS events and display warnings, audible 
buzzer sounds, and verbal commentary from both the 
driver and the observer. 

TEST PROCEDURES 

Direct pressure reading TPMS do not rely upon ABS 
wheel speed sensing to indicate low tire pressures.  
Actual driving with the systems installed did not 
appear to modify any calibration parameters used by 
the TPMS tested.  However, a calibration run was 
made before any low-pressure detection tests were 
begun to allow time for all sensors to begin active 
transmission of measured pressure values. 
 
Once the calibration runs were completed, a series of 
tests were performed that evaluated the sensing 
capabilities of the various TPMS on individual tires 
with reduced tire pressures.  After detecting the low 
tire pressure, the ignition switch power to the TPMS 
was cycled to assess the short-term memory retention 
of the alarm condition.  After cooling the tires, the 
test tire was re-inflated to CIP and the re-inflation 
identification response of the TPMS was noted. 

Preparation to Test TPMS Performance 

To prepare to run the TPMS performance test 
program, the test vehicle was outfitted with new tires, 
plumbed with a tire pressure control system that 
regulated pressure in all tires, and instrumented with 
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individual tire pressure sensors and a central data 
acquisition system.  A video camera was installed in 
the cab to log test events, along with both driver and 
observer commentary. 
 
Once prepared, the truck was parked in a shaded area 
(such as the truck bay with the garage doors open) 
and the tires were inflated to the specified CIP.  
Then, the TPMS was turned on and observations 
made of the validity and completeness of the lamp 
check sequence.  The TPMS was programmed to 
identify each tire pressure sensor (if needed) and 
actual TPMS pressure readings were collected.  Tire 
temperature readings were made if the TPMS was so 
equipped, and a thermal probe was used to measure 
the external tire temperatures, between the ribs or 
lugs. 

TPMS Calibration Test – Sensor Identification 

The FMVSS No. 138, “Tire Pressure Monitoring 
Systems” [2] as written for light vehicle TPMS, 
specified that a calibration run should be provided 
before beginning any low-pressure detection tests.  
Following this lead, all heavy truck tests herein were 
given ample vehicle-in-motion time prior to actual 
low-pressure detection tests.  The calibration test is 
part of the light vehicle test procedures, designed to 
allow the systems to make any necessary adjustments 
prior to the low tire detection test.  The calibration 
procedure is intended primarily for indirect TPMS, 
but the procedure is recommended for the heavy 
vehicle TPMS test procedures so that the procedures 
are technology neutral. 
 
After initial installation and preparation, the TPMS 
was subjected to a system “calibration” test.  With 
the pressures successfully set to CIP at ambient 
temperature, the TPMS was powered up. Initial tire 
pressure and temperature readings of both the CDAS 
and TPMS were recorded.  If a sensor did not 
immediately transmit a pressure signal, its reading 
was taken after the vehicle was put into motion for 
the calibration procedure.  The truck was driven once 
around a 7.5-mile test track with constant running 
speeds near 60 mph and returned to the starting point.  
The total tire rolling time ranged from 12 to 15 
minutes.  During this time, all sensors “woke up” and 
began actively transmitting pressure signals. 
 
A variation of the calibration procedure was applied 
for the tractor (the second test vehicle).  In this “cool” 
calibration test, the tractor was driven for 8 to 10 
minutes over a flat road.  The vehicle speed was 
limited to 25 mph for the 2-mile loop.  The tire 
temperatures rose 5 to 10 degrees above ambient and 

were fairly stable at the time of the subsequent low-
pressure detection tests.  With tighter pressure ranges, 
the pressure detection tests frequently did not require 
driving the tractor to detect the set low tire pressure 
levels.  As there was little heat added during these 
tests, the tire cooling period was reduced, thereby 
lowering the total test-cycle time required for testing 
each tire. 

TPMS Low-Pressure Detection Test 

The pressure was reduced in one test tire while the 
TPMS was turned off.  After the pressure was 
adjusted, the TPMS was turned on.  If the display 
immediately alarmed, the low-pressure detection test 
was considered successful and complete.  If the 
display initialized, but did not identify the low-
pressure tire, the truck was driven once around a 7.5-
mile test track (for a period of 12 to 15 minutes) on a 
low tire pressure detection run, where steady state 
speeds reached or exceeded 60 mph for at least 5 
minutes of the run.  If the TPMS still did not identify 
the low tire pressure, the sensor channel for that tire 
was listed as “failed to detect” at that low-pressure 
setpoint.  When the TPMS did display the low tire 
pressure alert, the time to alert was recorded. 
 
After returning to the starting point, a five-minute 
memory check was performed to determine if a 
temporary lapse of power to the system (such as 
turning off the engine during a snack break or stop at 
the shipping office) would lose the low pressure 
warning display.  The ignition power to the TPMS 
was turned off.  After five minutes had elapsed, 
power was restored to the TPMS and the status of the 
alarms recorded.  The TPMS was turned off again 
while the tires cooled. 
 
The low-pressure tire was re-inflated to CIP and the 
TPMS was then turned on back to read the now-
correct tire pressure levels.  If the TPMS correctly 
identified the restored pressure, the Low Tire 
Pressure Detection Test was complete.  However, if 
the TPMS failed to clear the previous low-pressure 
warning, the truck was again driven once around the 
7.5-mile test track for a Reset Identification Test, in 
expectation that it would clear the warning. 
 
This procedure was repeated for each of four 
individual tires.  An additional test was run with 
simultaneous multiple low pressure tires to determine 
the order and extent of the warnings presented by the 
TPMS. 
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TPMS Malfunction Tests 

This section of testing was unique, as each TPMS 
system contained different setup procedures, 
programming methods, and electronic components.  
One common feature for the systems tested was that 
none of the sensors had batteries that were user-
replaceable.  The transmitters could not be powered 
down to identify lack of communication.  Therefore, 
each system was tested for absence of a transmitter 
by removing the tire and transmitter from the vehicle 
and physically moving them to a remote location 
over 100 feet from the receivers in the trucks.  For 
the TPMS with remote antennas, the antennas were 
removed to simulate loss or damage to them as might 
occur while traveling on the highway. 

SYSTEM TEST RESULTS FOR LOW 
PRESSURE DETECTION 

Data were collected in multi-media style to ensure no 
details were missed.  The highlights of the data 
collected for the various low-pressure setpoints are 
tabulated in separate tables by TPMS system, by 
vehicle, and then by setpoint pressure.  Within each 
table, there is a comparison of the four individual 
tires tested at the same relative pressure setpoint (e.g., 
CIP - 10 percent), the test pressure actually applied, 
corresponding tire temperature at the time the 
pressure was reduced, the type of alarm expected to 
be displayed for the low-pressure level, a description 
of the alarm indication - when and where it occurred, 
and a description of the alarm indication moments 
after the tire was re-inflated to CIP. 

System A – SmartWave – Rim Mount 

The SmartWave system, tested first, was subjected to 
the prescribed tests at three different test pressure 
levels.  Because it did provide two distinct low tire 
pressure identification setpoints, the first two test 
pressures were set to a allowance of 2 psi below the 
setpoints (which were factory set at -10 and -20 
percent below CIP respectively) and the third test 
pressure at 2 psi below the CIP minus 25 percent 
level. 
 
After reviewing the results of the first few tests run at 
pressures beyond the initial setpoint, it appeared that 
the test pressure allowance may have been set too 
tightly.  A brief experiment was run using the truck to 
explore the possibility of increasing the allowance 
from 2 psi to 3 psi.  This increase allowed for 
differences in the compensation scheme of the 
SmartWave system that tended to run 2 psi to 3 psi 
lower than data system reference pressures in random 
pressure comparisons.  All TPMS tests performed 

after this initial truck/TPMS configuration applied 
the 3-psi allowance for all test pressures (3 psi below 
the TPMS setpoints). 
 
The SmartWave system provided a tire pressure 
temperature-compensation chart with which to adjust 
tire pressures at elevated temperatures (beyond 
ambient) for an initial CIP referenced to 65°F.  No 
other TPMS manufacturer’s installation package 
included a temperature compensation chart. 
 
Because the SmartWave was received with a 
temperature compensation chart, all target pressures 
were adjusted (for the Peterbilt truck only) to test 
pressures specified by the SmartWave compensation 
chart for the TPMS tire temperatures measured at the 
end of the calibration test.  Therefore, the truck tire 
test pressures were adjusted to somewhat above the 
non-compensated target pressure levels used for the 
other TPMS.  In contrast, the later tractor series tests 
of the SmartWave TPMS used non-temperature-
compensated target pressures that were calculated 
using straight 90 percent and 80 percent of the actual 
CIP’s before subtracting the 3 psi allowance 
allowance, which was the same approach used for the 
other TPMS installed on the tractor. 
 
For the 10-percent “Low Deviation” tests on the 
truck tires, the SmartWave correctly identified the 
10-percent low-pressure deviation level (Table 1) 
before completion of the 15-minute detection run, for 
4 out of 4 cases.  During one of the tests, the 
SmartWave identified the low-pressure deviation 
applied to the subject tire, soon after the TPMS was 
turned “on”.  During the other three tests, the 
SmartWave correctly identified the low-pressure 
deviation, but the alarm did not activate until the 
truck was already put into motion for the 15-minute 
detection run.  The test pressures applied (as 
prescribed by the SmartWave temperature 
compensation chart) only ranged from 4.8 to 7.6 
percent below the actual CIP pressures, as the 
elevated tire temperatures caused the pressures in the 
test tires to rise somewhat above CIP during the “hot 
calibration” test.  As such, a pressure loss of 10 
percent below the “hot” tire pressures was detected 
by the SmartWave TPMS.  With temperature 
compensation, the SmartWave detected a pressure 
loss of 10 percent of the hot tire pressure reading, 
making it more sensitive to detecting pressure loss 
than TPMS without compensation. 
 
In Table 1, a yellow highlighted Detection Status box 
indicates that the truck was actually driven to allow 
the TPMS to detect the low-pressure condition 
applied.  Once the warning activated, the truck was 
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driven back to the shaded starting point (truck bay).  
Driving was discontinued to allow time for the low-
pressure alarm to clear due to an increase in pressure 
caused by increasing tire temperature (thermal lag 
from the previous drive).  A box in Table 1 that is not 
highlighted indicates that the TPMS properly 
identified the low-pressure deviation condition before 
the truck was driven; therefore, it was not driven for 
this step of the test procedure. 
 

Table 1. 
SmartWave (rim mount) low deviation setpoint = 

10 percent below CIP - Truck 
Tire 

CIP 
(psi) 

Test Pressure 
Used 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 130 123 psi. @95°F alarm before 
driving clear before driving

RF 130 123 psi. @95°F alarm during 
driving 

clear before driving 
@10.7min 

LII 105 97 psi. @86°F alarm at gate 
while driving clear before driving

RRO 105 100 psi. @100°F alarm backing out 
while driving clear before driving

Tire positions: LF=left front, RF=right front, LII=left intermediate 
inner, RRO=right rear outer 
 
For the second low-pressure setpoint on the truck 
installation of the SmartWave TPMS, the test tire 
pressures were reduced to 2 psi below the 20-percent-
low level.  The applied test pressures ranged between 
14 and 19 percent below the actual CIP values (again 
as interpolated from the SmartWave tire pressure 
correction chart). 
 
For this series, the level of alert appeared to be 
affected by the timing of setting the compensated test 
pressures.  After the “hot calibration” tests, the tires 
began to cool quickly.  The first tire temperature 
value read after the calibration test ended was used to 
determine the compensated test pressure for the 
following low tire pressure detection test.  The test 
procedure guidelines followed allowed only 5 
minutes to adjust the tire pressure for the low 
pressure detection test.  The SmartWave alarm 
activated at the test pressure, but incorrectly 
displayed the low deviation alert instead of the 
critical low pressure alert.  It was felt that the less 
severe warning activated because the test pressure 
applied was obtained using the temperature 
compensation chart, and was a value higher than 
would have been applied if a straight uncompensated 
test pressure were applied. 
 
The SmartWave correctly identified the reset 
pressure immediately after the tires were re-inflated 
for 3 of 4 tests.  For the fourth test, re-inflation 
identification “reset” automatically cleared the 
previous warning from the display screen as the truck 
was being backed from the building (Table 2).  
Therefore, the SmartWave did alert to the low-

pressure conditions on each application, but it did not 
correctly indicate the severity level expected for the 
lower pressure tests using temperature compensation 
and allowing only a 2-psi allowance for the setpoint. 
 

Table 2. 
SmartWave (rim mount) critical low-pressure 

setpoint = 20 percent below CIP - Truck 

Tire 
CIP 
(psi) 

Test 
Pressure 

Used Alarm 
Detection 

Status 

Re-inflation 
Status After 
Cool Down 

LF 130 108 
Low Deviation, 
NOT Critical 

Low 

alarm while 
driving 

T=7.8min 
Dist=0.6mi 

clear before 
driving 

RF 130 109.2 
Low Deviation, 
NOT Critical 

Low 

alarm while 
backing T=2.4 
min Dist=16ft

clear while 
backing 

T=3.4min, 
Dist=132ft 

LII 105 85.1 Critical Low 
Pressure 

alarm while 
backing 

T=1.6min 
Dist=100ft 

clear before 
driving 

RRO 105 89.7 
Low Deviation, 
NOT Critical 

Low 

alarm before 
driving 

>1.9min 

clear before 
driving 

Multi 
130 
& 

105 

LF-95 
RF-94 
LII-75 

Critical Low 
Pressure 

alarm before 
driving 

clear before 
driving 

Note – 130 psi -25% = 97.5 psi; and 130 psi – 20% = 104 psi (the 
uncompensated setpoint) 
 
An additional test was performed where three of the 
four test tires were simultaneously subjected to the 
same 20 percent pressure reduction.  For detection of 
multiple low pressure tires, the SmartWave TPMS 
correctly identified a critical low tire pressure for 
each tire and alerted the driver before the vehicle 
needed to be driven on the detection run.  Upon 
resetting the tire pressure to CIP, the TPMS display 
cleared all warnings without needing to drive again. 
 
For the SmartWave TPMS, using temperature 
compensation to adjust tire pressure appears to be 
beneficial in determining early alerts of low tire 
pressure.  Inflating a tire to CIP at 65°F provides 
sufficient load carrying capacity to meet tire design 
specifications.  With compensation, a low tire 
pressure of 10 percent below expected pressure can 
be repeatedly detected, even at elevated tire 
temperatures. 
 
To continue the original test procedure guidelines for 
the second vehicle (the tractor), the SmartWave 
pressure setpoints were re-programmed to the CIP 
requirements of the tractor tires.  Because the “cool” 
calibration procedure was applied to all tractor tests, 
the measured tire temperatures were near ambient 
temperature when lowering the tire pressures down to 
the test pressures.  The data presented in Table 3 
reflect the procedural change to “testing without 
applying temperature compensation” to adjust the test 
pressures.  All five TPMS systems tested on the 
tractor used the same “cool” calibration procedure 
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and no temperature compensation.  For the 
SmartWave system, all test pressures were set to a 
fixed allowance of 3 psi below the 10-percent-low 
deviation setpoint without regard to measured tire 
temperature. 
 

Table 3. 
SmartWave (rim mount) low deviation setpoint = 

10 percent below CIP - Tractor 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi.) 

Detection 
Status 

Re-inflation Status After 
Cool Down 

LF 105 92 alarm before 
driving clear before driving 

RF 105 92 alarm before 
driving clear before driving 

LII 100 87 alarm before 
driving clear before driving 

RRO 100 87 alarm before 
driving clear before driving 

 
For each tire position tested, the SmartWave detected 
the reduced tire pressure and activated a “low 
deviation” alert.  After cooling the tires for one-half 
hour, the tires were re-inflated to uncompensated 
CIP.  When the ignition power was restored to the 
TPMS, the previous warning flashed briefly on the 
display, then cleared without needing to drive the 
tractor on a re-inflation identification run. 
 
Similar results were attained for the more severe 
Critical Low pressures summarized in Table 4.  The 
test pressures 81 psi (steer) and 77 psi (drives) were 
set at 3 psi below fixed pressure decrements of 20 
percent below CIP. 
 

Table 4. 
SmartWave (rim mount) critical low-pressure 

setpoint = 20 percent below CIP - Tractor 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi.) 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 105 81 alarm before 
driving 

clear before 
driving 

RF 105 81 alarm before 
driving 

clear before 
driving 

LII 100 77 alarm before 
driving 

clear before 
driving 

RRO 100 77 alarm before 
driving 

clear before 
driving 

Multi 105 & 100 81 & 77 alarm before 
driving 

clear before 
driving 

*1: TPMS alarmed for RIO non-test tire that went out of normal 
operating pressure range. 
 
Following are two pictures which show the 
installation of the sensor on a rim without the tire 
(Figure 1) and the array of antennas, sensors, display, 
rim bands, and hardware associated with the 
SmartWave TPMS (Figure 2). 
 

 
Figure 1.  SmartWave sensor mounted on the 
tractor steer axle rim. 
 
 

 
Figure 2.  SmartWave components kit. 
 

System B – Tire-SafeGuard – Rim Mount  

The Tire-SafeGuard “rim mount” was tested second.  
Its sensors mounted with bands onto the rims, similar 
to those of the SmartWave system.  The primary 
difference between the SmartWave and the Tire-
SafeGuard was that the Tire-SafeGuard only had one 
low-pressure setpoint for each axle group of tires.  
The setpoints needed to be programmed as actual 
declared pressures, rather than deviation percentages 
of an initial pressure.  The pressures added to the 
program corresponded to the nearest whole unit psi 
resulting from an assumed low-pressure indication 
(similar to some other TPMS units tested) of CIP 
minus 12 percent.  Actual test pressures applied were 
presented as 3 psi below the low-pressure setpoints.  
Upon operation, a low-pressure alert was expected to 
activate for each tire that was set to run low on 
inflation pressure.  Figure 3 shows the three receiving 
antennas, ten sensor transmitters, and the steel 
mounting bands. 
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Figure 3.  Tire-SafeGuard (rim mount) 
components kit.  
 
Care was taken when installing the tire onto the rim 
to ensure no damage was incurred by the sensor 
transmitter antennas.  Figure 4 shows the tight 
clearance encountered when lifting the tire over the 
sensor to seat the tire on the bead. 
 

 
Figure 4.  Tire-SafeGuard sensor and rim-
mounting band – showing antenna.  
 
For the straight truck tests, the steer tire low-pressure 
warning setpoints were set to 114 psi, which was 
approximately 12 percent below the 130 psi CIP.  
The setpoints for the drive tires were set to 92 psi, or 
approximately 12 percent below the drive tire CIP of 
105 psi.  The test pressures applied were 3 psi below 
the setpoints at 111 psi (steers) and 89 psi (drives).  
The “hot calibration” procedure was used for all tests 
on the straight truck.  For all four individual tire tests, 
the Tire-SafeGuard rim mount TPMS displayed the 
correct low pressure alert.  Three of the four tests 
responded quickly, before moving the vehicle.  The 
fourth unit alarmed while the truck was being driven 
to the test track on the detection run.  After cooling 
the tires, all four sensors showed the appropriate 
response to re-inflating the tires by displaying a 

“ready” display after cycling through system power-
on and a quick check of sensors.  After lamp check, 
the display would briefly show the previous low tire 
warning, and then abruptly clear and reset to ready 
mode (Table 5). 
 

Table 5. 
Tire-SafeGuard (rim mount) low-pressure 
setpoint = ~ 12 percent below CIP – Truck 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 

Used (psi) 
Detection 

Status 

Re-inflation 
Status After 
Cool Down 

LF 130 114 psi     
(~ -12%) 111 alarm before 

driving 
clear before 

driving 

RF 130 114 psi     
(~ -12%) 111 alarm before driving clear before 

driving 

LII 105 92 psi      
(~ -12%) 89 alarm before 

driving 
clear before 

driving 

RRO 105 92 psi      
(~ -12%) 89 

Alarm 
at gate while 

driving 

clear before 
driving 

Multi 
130
& 

105 

114 & 92 
psi 

(~ -12%) 

111  
& 89 

alarm before 
driving 

clear before 
driving 

 
A simultaneous multi-tire low-pressure detection test 
followed (last row in Table 5), to identify more than 
one tire in a low-pressure condition.  The results 
duplicated the single tire tests in that the Tire-
SafeGuard alerted to all four tires being low in 
pressure (and without driving the detection run).  
After re-inflating the four tires, the display promptly 
cleared the faults and displayed a ready screen. 
 
When the Tire-SafeGuard “rim mount” TPMS was 
transferred to the tractor, the setpoints were adjusted 
to meet the new CIP requirements.  The steer tire 
low-pressure warning setpoints were set to 92 psi, 
which was approximately 12 percent below the 105 
psi CIP.  The setpoints for the drive tires were set to 
88 psi, or 12 percent below the drive tire CIP of 100 
psi.  The applied test pressures were 89 and 85 psi, 
respectively.  The “cool calibration” procedure was 
used for all tests on the tractor (Table 6). 
 

Table 6. 
Tire-SafeGuard (rim mount) low-pressure 

setpoint = ~ 12 percent below CIP - Tractor 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 

Used (psi) 
Detection 

Status 

Re-inflation 
Status After 
Cool Down 

LF 105 92 psi 
(~ -12%) 89 alarm before 

driving 
clear before 

driving 

RF 105 92 psi 
(~ -12%) 89 alarm before 

driving 
clear before 

driving 

LII 100 88 psi 
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

RRO 100 88 psi 
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

Multi 
105
& 

100 

92 & 88 psi 
(~ -12%) 89 & 85 psi alarm before 

driving 
clear before 

driving 

Note: only one setpoint pressure was tested for this 
unit as it only had one level to test. 
 
For this configuration, in all four tests using single 
tires with low pressure, the Tire-SafeGuard “rim 
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mount” TPMS rapidly responded with a low-pressure 
warning before the truck was driven for the detection 
run.  The same response resulted from the four-tire 
multiple-low-tire pressure test, as well.  As in the 
truck tests, the system again reset appropriately after 
re-inflating the multiple deflated test tires to CIP. 

System C – Tire-SafeGuard – Flow Through 

An additional Tire-SafeGuard TPMS was tested, 
except, instead of mounting the sensors on the rims, 
the sensors were mounted on the valve stems 
externally, in a flow-through mode.  It had a driver 
display and operating functions similar to the 
previous Tire-SafeGuard unit.  One drawback to the 
flow-through sensors was the fact that the 
temperature measurements provided by the TPMS 
were measured in the valve stems, outside of the 
captive air inside of the tire envelope (Figure 5).  The 
flow-through sensors traded ease of installation and 
maintenance for temperature precision.  This flow-
through system only required the use of one receiving 
antenna.  Figure 6 shows the receiving antenna, 10 
small valve-stem mounted flow-through sensors, and 
small driver display. 
 

 
Figure 5.  Tire-Safeguard (flow-through) sensor 
with test hose attached for remote inflation. 
 

 
Figure 6.  Tire-Safeguard (flow-through) 
components kit. 
 

The installed sensors appeared compact and 
unobtrusive to would-be vandals.  These flow-
through sensors attached directly to the valve stem, 
thereby eliminating the need for any external 
connecting hoses for a standard installation.  It is not 
known if the added mass may lead to valve stem 
leakage or fatigue.  (Durability issues are outside the 
scope of this paper.) 
 
In operation, the “flow-through” Tire-SafeGuard 
system provided only a single setpoint for 
determining low tire pressures.  Again, the setpoints 
needed to be programmed as pressure levels, not 
percentages of CIP, so the pressure levels from 
TPMS unit B Tire-SafeGuard “rim mount” were also 
applied for TPMS unit C – the Tire-SafeGuard “flow-
through” system. 
 
For the truck tests, the “hot calibration” test 
procedure was followed.  Under subsequent low 
pressure detection tests, the Tire-Safeguard flow-
through system correctly identified all four individual 
low tire pressure readings using a test pressure of 3 
psi below the setpoints (which were set at 
approximately 12 percent below CIP).  The TPMS 
display responded quickly with a low pressure 
warning, eliminating the need to run a detection test 
on the test track. 
 
After cooling and re-inflating the tires, the Tire-
SafeGuard quickly reset and cleared the faults, 
thereby returning to a quiescent ready mode (Table 
7).  A simultaneous low tire pressure test was not 
performed for the truck installation, but was 
conducted later for the tractor installation. 
 

Table 7. 
Tire-SafeGuard (flow-through) low-pressure 

setpoint = ~ 12 percent below CIP - Truck 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 
Used (psi) 

Detection 
Status 

Re-inflation 
Status After 
Cool Down 

LF 130 114 psi      
(~ -12%) 111 alarm before driving clear before 

driving 

RF 130 114 psi      
(~ -12%) 111 alarm before driving clear before 

driving 

LII 105 92 psi       
(~ -12%) 89 alarm before driving clear before 

driving 

RRO 105 92 psi       
(~ -12%) 89 alarm before driving clear before 

driving 

 
For the tractor tests using the Tire-SafeGuard “flow-
through” sensor system, results obtained were similar 
to those measured in the truck tests.  The display 
alarmed before the detection run was begun; 
therefore the tractor was not driven for this test 
sequence.  After cooling and re-inflating the test tires, 
the TPMS reset correctly, shortly after repowering 
the display. 
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A multi-tire low-pressure test was performed (Table 
8) on the tractor installation, following a “cool 
calibration” preparatory test.  The TPMS detected all 
four low tire pressure readings in rapid succession 
and did not require the tractor to be driven on a 
detection run. After cooling and re-inflating the tires, 
the display showed that the TPMS successfully reset 
to the ready mode. 
 

Table 8. 
Tire-SafeGuard (flow-through) low-pressure 
setpoint = ~ 12 percent below CIP – Tractor 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 
Used (psi) 

Detection 
Status 

Re-inflation 
Status After 
Cool Down 

LF 105 92 psi        (~ 
-12%) 89 alarm before 

driving 
clear before 

driving 

RF 105 92 psi        (~ 
-12%) 89 alarm before 

driving 
clear before 

driving 

LII 100 88 psi       
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

RRO 100 88 psi       
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

Multi 
105 
& 

100 

92 & 88 psi 
(~ -12%) 89 & 85 psi alarm before 

driving 
clear before 

driving 

 
Therefore, the Tire-SafeGuard “flow-through” TPMS 
correctly measures and responds to test pressures of 3 
psi below low-pressure setpoints without temperature 
compensation.  The drawback is that if the tires get 
hot after the initial tire inflation to CIP at ambient 
temperature, a 105 psi CIP tire that is heated to 
running temperature may see an increase of 5 to 10 
psi (or more) to over 115 psi. At these temperatures, 
the tire would have to experience a pressure loss of 
23 psi before this system would activate a low tire 
pressure alarm (below 92 psi).  The pressure may 
drop down to the low 80’s in psi when returned to the 
original ambient temperature, where the load capacity 
would be greatly diminished. 

System D - WABCO/Michelin IVTM – Flow 
Through  

The fourth TPMS tested was manufactured by 
WABCO and distributed by Michelin.  The IVTM 
provided a valve stem mounted “flow-through” tee 
coupling to accommodate simultaneous tire pressure 
measurement and tire re-inflation through an 
auxiliary supply port.  A short length of flexible hose 
coupled the tee to the IVTM sensing transmitter.  The 
sensor was mounted on a steel plate that attached to 
two of the wheel lug bolts after the hub-piloted 
wheels were installed onto the hub.  Normal torque 
was applied to tighten the wheel lug nuts.  If two 
sensors were used to measure a set of dual wheels (on 
a drive axle), they were placed opposite one another.  
When only one tire pressure sensor was used (on a 
steer axle), a counterbalance weight provided by 
WABCO was installed on the wheel opposite of the 

sensor (Figure 7).  The long-term effects of the 
mounts on lug nut tightness were not studied. 
 

 
Figure 7.  IVTM mounted on right steer tire with 
plumbing for data system. 
 
This was the most complex of the externally mounted 
TPMS as the sensors were mounted on wheel-lug 
plates and included valve stem extension hoses with 
tee-fittings (Figure 8). 
 

 
Figure 8.  IVTM components kit. 
 
No low-pressure setpoint values were listed in any of 
the numerous brochures and manuals supplied with 
the IVTM.  Hence, a slow leak-down test was 
performed to derive empirically the two low-pressure 
setpoints of the IVTM.  A low-pressure setpoint was 
found to be 20 percent below the CIP and the second 
setpoint at 35 percent below CIP. 
 
The truck was tested first and used the “hot 
calibration” procedure prior to the low tire pressure 
detection tests.  For the first setpoint, all four 
individual tire tests produced timely first level alarms 
using a test pressure of 3 psi below the CIP minus 20 
percent level.  Therefore, no low-pressure detection 
test track driving tests were needed at this pressure 
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level.  After cooling the tires and then re-inflating 
with air to CIP, the IVTM delayed in clearing the 
low-pressure alert until nearly the end of the reset 
identification run, (5.8 miles into the 8.3-mile test 
track course and after 11.2 minutes) (Table 9).  For 
the other three single tire tests, the IVTM produced a 
first level alert and cleared promptly after re-
inflating, without necessitating any driving on the 
track, beyond the initial calibration runs. 
 

Table 9. 
IVTM (flow-through) low-pressure setpoint 1 = 20 

percent below CIP – Truck 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi) 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 130 101 alarm before 
driving 

clear during driving 
11.2 min, 5.8 mi 

RF 130 101 alarm before 
driving 

clear before 
driving 

LII 105 81 alarm before 
driving 

clear before 
driving 

RRO 105 81 alarm before 
driving 

clear before 
driving 

Multi 
130 
& 

105 
both alarm before 

driving 
clear before 

driving 

 
For the multiple-alert test (last row in Table 9), 
simultaneous-low-tire-pressure test, the same 4 tires 
were deflated to the previous individual test pressures 
(3 psi below CIP-20%).  The driver display was 
inadvertently left turned on during the release of air 
from the tires.  Because the “vents” dumped air from 
the selected tires very rapidly, the IVTM display 
alerted to critical low pressures every time the vents 
discharged air.  With the test apparatus close coupled 
in a tee formation at the wheel, the TPMS read the 
sudden decrease in pressure from the venting lines, 
thereby indicating critical alerts.  Each time the 
release of air was stopped for more than a few 
seconds, the critical alert for that channel cleared.  
The TPMS was turned off at approximately 2.5 
minutes into the adjustment period, with the 4 
pressures still being vented down to the setpoints.  
After the test pressures were established in the 4 tires, 
the IVTM was turned back on.  The IVTM quickly 
displayed 4 first level low-pressure alerts (portrayed 
by a “turtle” icon).  Having passed the multiple-low-
tire pressure detection test, the tires were re-inflated.  
The system cleared the faults after repowering the 
display. 
 
The CIP values were reprogrammed for the tractor 
tests to match the lower tire pressure requirements.  
The tractor was driven on the “cool calibration” 
circuit before beginning low tire pressure tests.  
Again, the IVTM displayed appropriate low-pressure 
warnings for the 20 percent low pressure level, and 
reset upon restoring the tires to CIP pressures (Table 
10). 
 

Table 10. 
IVTM (flow-through) low-pressure setpoint 1 = 20 

percent below CIP – Tractor 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi) 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 105 81 alarm before 
driving 

clear before 
driving 

RF 105 81 alarm before 
driving 

clear before 
driving 

LII 100 77 alarm before 
driving 

clear before 
driving 

RRO 100 77 alarm before 
driving 

clear before 
driving 

Multi 
105 
& 

100 

81 
& 
77 

alarm before 
driving 

clear before 
driving 

 

System E - Pressure-Pro – Valve-Stem-End 
Mount 

The fifth TPMS system tested was from PressurePro.  
That system contained the least number of 
components and was the simplest to install.  The 
single receiving antenna was mounted directly to the 
top of the driver display; therefore, the only cable to 
install was for system power. 
 
The sensors were installed by removing the valve 
stem caps and replacing them with the sensors.  
However, there was some concern raised when 
installing the sensors on aluminum rims with small 
hand-holes.  The sensor nearly filled the opening in 
the rim, thus making it challenging for the installer to 
ensure that proper tightness was applied to the sensor.  
The clearance around the sensor was less of a 
concern for installation on steel wheels with larger 
hand-holes in the rim (Figure 9). 
 

 
Figure 9.  Two adjacent PressurePro sensors in 
initial setup for dual tractor tires. 
 
After consulting the manufacturer, the outer wheel 
was rotated 180 degrees to balance out the weight of 
the two sensors. 
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Figure 10 shows the installation kit for the 
PressurePro TPMS.  The packet contained ten 
sensors, a driver display, and a power cable. 
 

 
Figure 10.  Components kit for PressurePro valve-
stem-mounted 10-tire system. 
 
The PressurePro TPMS came configured with two 
low pressure level setpoints.  The “first stage low 
pressure” setpoint was 12.5 percent below CIP.  The 
“second stage low pressure” or critical low-pressure 
setpoint was fixed at 25 percent below CIP.  To 
initialize the system, the tires were properly inflated 
to CIP.  Next, the sensors were installed one at a time 
in the PressurePro wheel sequence, while confirming 
both position and pressure on the driver display.  No 
actual setpoint pressure values were programmed into 
the TPMS.  The Pressure Pro used the initial pressure 
readings as the CIP reference for each wheel.  
Caution was exercised to ensure that the correct CIP 
pressure was contained in the tire when initializing 
the sensors.  When lowering the air pressures for the 
respective low-pressure detection tests, the test 
pressures were set 3 psi below the setpoints for each 
pressure warning level and for each vehicle. 
 
For the first level low-pressure warnings setpoints 
(CIP minus 12.5%), the truck test pressures were set 
to 111 psi (steers) and 89 psi (drives).  For the tractor, 
the test pressures were 88 and 84 psi, respectively.  
The results from the individual wheel low-pressure 
tests showed that the PressurePro correctly read and 
displayed pressures for the two distinct setpoint 
levels for each vehicle, and quickly warned of the 
low tire pressures.  Upon re-inflating the tires and 
turning on the TPMS power, the display indicated 
that the warnings of low tire pressure had 
appropriately cleared (Table 11 and Table 12). 
 
 
 

Table 11. 
ressurePro (valve-stem cap) first stage low-P

nt IP
Te e 

Us

pressure = 12.5 perce
st P sur

below C  – Truck 
Tire 

CIP 
(psi) 

res
ed (psi) 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 130 111 alarm before 
driving clear before driving

RF 130 111 alarm before 
driving clear before driving

LII 105 89 alarm before 
driving clear before driving

RRO 105 89 alarm before 
driving clear before driving

Multi 
105 89 

ala e 
driving clear before driving

130 
& 

111 
& rm befor

 

 1
T  

Use si) 

Table 12. 
PressurePro (valve-stem cap) first stage low-
pressure = 2.5 percent below CIP 

est Pressure
– Tractor 
Re-inflation Status 

Tire 
CIP 
(psi) d (p

Detection 
Status After Cool Down 

LF 105 88 alarm before 
driving clear before driving

RF 105 88 alarm before 
driving clear before driving

LII 100 84 alarm before 
driving clear before driving

RRO 100 84 alarm before 
driving clear before driving

Multi 
100 84 

driv  
of 111 sec.) 

clear before driving
105 
& 

88 
& 

All alarmed before 
ing (in a span

 
Additionally for each vehicle, four tire sensors were 
tested simultaneously for low tire pressure warning.  
The display responded with a composite array of red 
LED’s showing the exact mounting locations of the 
four underinflated tires.  After re-inflating the tires, 
the PressurePro again cleared its display and returned 

MALFUNCTION TESTS 

ed failed sensor and for a 
isconnected antenna. 

isplay of the failed system 
alfunction) signals. 

antenna was then reconnected to see if the system 

to the ready mode. 

The following procedure was used to test each 
system for a simulat
d
 
All tires were inflated to the proper CIP.  The tire 
pressures were logged from both the TPMS and the 
data acquisition system.  The right front tire was the 
target in this test (except for the Flow-Through Tire-
SafeGuard System which used the left intermediate 
axle inner tire).  The target tire was removed and 
rolled out of the area about 100 ft from the truck.  
The TPMS was then monitored to see if it detected 
the removed sensor, and if so, the time required for 
detection.  The tire was then replaced to see if the 
system cleared the d
(m
 
Another malfunction test was performed by 
disconnecting the antenna.  The antenna cable was 
disconnected and the time logged.  The TPMS was 
then monitored to see if it warned of a fault.  The 
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would clear the fault warning from the display.  The 
results for both tests are presented in Table 13. 
 

Table 13. 
Results of malfunction testing 

System Sensor Test Antenna Test 

 Result Time to 
Warning Result Time to 

Warning 
SmartWave Passed 36 min Passed 33 min 

Tire SafeGuard 
(rim mount) Failed N/A Failed N/A 

Tire-SafeGuard 
(valve-stem mount) Failed N/A Failed N/A 

Wabco IVTM Passed 30 sec N/A N/A 
PressurePro Passed 5 min N/A N/A 

 

SUMMARY AND CONCLUSIONS 

The data results have shown that the type or brand of 
vehicle did not alter the individual TPMS results.  
The results for a given TPMS on a 10-tire truck were 
repeated when later installed on a 10-tire tractor, 
without observing any vehicle influence on the test 
results even though the vehicles were equipped with 
different tires, rims, and the TPMS were adjusted to 
different CIP’s. 
 
Each of the five TPMS tested during this research 
project was successful at identifying at least one 
preset level of low tire pressure, signaling low tire 
pressure to a driver display, and clearing the low-
pressure warning from the display after the tire was 
re-inflated.  Some problems were encountered during 
installation of the systems onto the test vehicles and 
there were also some problems with the setup and 
operation of the systems.  The problems were 
overcome by the engineers and technicians assigned 
to this research project; however, a commercial 
carrier may not have similar resources available and 
may not be able to successfully add these systems to 
in-service vehicles without aid from the system 
manufacturer.  However, it is anticipated that vehicle 
manufacturers and TPMS suppliers would work 
together to develop efficient systems if TPMS is 
mandated for heavy vehicles. 
 
A major factor in considering TPMS for heavy 
vehicles is an assessment of the durability of the 
available systems.  There have been several studies of 
the accuracy of available systems with regard to 
pressure sensing, but there has been little published 
information to date on the durability and long term 
operating costs of heavy vehicle TPMS.  The Federal 
Motor Carrier Safety Administration has initiated a 
field operation study of heavy vehicle TPMS that is 
designed to provide durability, as well as cost/benefit 
data, for several of the systems that were tested by 
this research project for pressure sensing accuracy 
and for malfunction recognition. 

 
With and without temperature compensation, tire test 
pressures set to 3 psi below TPMS “factory” 
setpoints were satisfactorily detected by each TPMS 
tested.  By adding tire temperature compensation 
(SmartWave only) the variation between a “hot” 
over-the-road tire pressure reading and low-pressure 
alerts for both 10 and 20 percent pressure losses was 
maintained at tire temperatures elevated to nearly 30° 
F above initial CIP temperatures.  It maintained a 
fixed ratio of pressure drop from current temperature 
operating pressures to activate the low-pressure 
alarm, where the systems without temperature 
compensation allowed much larger pressure drops 
before activating their alarms.  These large pressure 
drops could result in significant load reduction 
capability of the tires; and the tires should be re-
inflated as soon as possible after the warnings are 
received.  A disadvantage of temperature-
compensation is adverse driver reaction when driving 
through extreme temperature fluctuations (e.g., 
mountains and valleys).  More research will be 
required to answer the human factor questions of this 
technology. 
 
As seen in the malfunction tests performed on these 
systems, several systems did not recognize or 
acknowledge through the display that communication 
had been lost with one of the pressure sensors.  In 
order to maintain the safety benefits of the TPMS, it 
is important that the system inform the driver when it 
is not operating normally. 
 
Identification of sensor temperature sensitivity needs 
to be isolated from raw pressure detection as 
identified by the low-pressure detection test 
procedure in this paper.  A second test would need to 
be conducted using either fixed pressures and the 
tires run through a heating and cooling cycle, or the 
tires would need to be heated fully to on-the-road 
operating temperatures and a nominal slow leak rate 
of 1 psi per minute be established through a test 
pressure controller (as was used for this test program) 
while driving to detect the level where the TPMS 
would detect and alert low tire pressure. 

Test Procedure Summary 

The following section provides the procedural steps 
for testing a TPMS as described earlier in the paper, 
but without commentary. 
 
Inflate all tires to Cold Inflation Pressure (CIP).  
Take readings by measuring individual tire pressures 
and temperatures with both TPMS and data collection 
system, and measure all tire external temperatures 
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with a noninvasive probe.  Log all measurements that 
are not collected electronically. 
 
Drive for 8 to 10 minutes over a flat road 
(calibration).  Limit the vehicle’s maximum speed to 
25 mph for a 2-mile loop.  Within 5 minutes of 
completing calibration, read TPMS pressures and 
temperatures, deactivate TPMS, and deflate test tire 
to 3 psi below the setpoint (which is set at 10 to 15 
percent below the CIP).  Immediately reactivate the 
TPMS, take pressure and temperature readings, 
observe TPMS display for warnings, and then run a 
Detection Test (same course as in the calibration)  
The test is complete when the TPMS signals a low-
tire-pressure detection or 15 minutes have elapsed 
since activating the TPMS.  Cool tires and re-inflate 
to CIP.  Go to the next test. 
 
When the TPMS detects the low tire pressure within 
the 15-minute period, return to the starting point.  
Take readings.  Deactivate the TPMS and wait for 5 
minutes (this is a TPMS memory check).  After 5 
minutes have expired, reactivate the TPMS and 
confirm that the same warning returns to the TPMS 
Display.  If the same warning does not re-display, the 
TPMS has failed to remember the fault after a power-
down cycle (an engine shutdown). 
 
Deactivate the TPMS and allow the tires to cool to 
ambient temperature from 30 minutes up to 2 hours.  
With the TPMS deactivated, re-inflate the tires to 
CIP.  Activate the TPMS, take readings, observe 
TPMS display for warnings.  If no warnings are 
indicated by TPMS display, the test is complete.  
Proceed to the next test. 
 

When warnings are present, either activate the TPMS 
reset function (if available) or run Reset 
Identification Test (same course as the calibration).  
If the TPMS fails to clear any unwarranted warnings, 
then the system has failed to identify a properly re-
inflated tire. 
 
Repeat the above steps for each test tire and for each 
pressure setpoint.  Once the Detection tests have been 
completed, conduct a failed system or system 
malfunction test by disconnecting the power source 
to any TPMS component, by disconnecting any 
electrical connection between TPMS components, by 
removing a wheel and locating it outside of radio 
range, or by installing a tire or wheel on the vehicle 
that is incompatible with the system being tested. 
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ABSTRACT 
 
Statistical analyses of crash data in the United States 
show that a large percentage of heavy truck crashes 
are rollover related.  To evaluate roll stability for 
truck tractors, the National Highway Traffic Safety 
Administration (NHTSA) has performed test 
maneuvers with several Class 8 combination truck 
tractor/trailers on a test track.  Stability Control 
interventions have been observed with all test track 
maneuvers conducted on dry pavement.  Rollover 
events have been observed to be mitigated by 
stability control interventions in tests conducted with 
the truck tractor/trailer combinations loaded with a 
High Center of Gravity (CG) load.     
 
This paper discusses the initial test track observations 
and test maneuvers NHTSA evaluated.  Test 
maneuvers included constant radius increasing 
velocity tests, J-turn tests, and double lane change 
maneuvers.  These tests were conducted with and 
without tractor and trailer stability control systems 
enabled.  Tests were conducted under different 
loading conditions and on high coefficient of friction 
surface.   
 
INTRODUCTION 
 
According to the Large Truck Crash Facts 2006, 
there were 4,321 large trucks involved in fatal 
crashes during 2006. A total of 221 fatal crashes 
attributed rollover as the first harmful event [1].  
Depending on the effectiveness of a stability control 
system, some number of these may possibly have be 
prevented. 
 
Electronic stability control (ESC) systems have been 
available on light vehicles for the past decade. Over 
this time, NHTSA and others have estimated that this 
technology has the potential to prevent over 8,000 
fatal crashes per year [2]. Recognizing the safety 
potential of this technology, NHTSA has mandated 
that all vehicles less than 10,000 lbs. be equipped 
with ESC by model year 2012 [3]. 
 

More recently, heavy vehicle manufacturers and 
suppliers have begun offering stability control 
systems in the North American market on late model 
truck tractors and trailers. Some manufacturers have 
made these systems standard equipment.  Unlike 
passenger cars, heavy vehicle stability systems are 
available in different configurations with different 
levels of performance.  Depending on the application, 
it can be installed as a tractor based system or a 
trailer based system.  Tractor based systems are 
available that can mitigate roll only (Roll Stability 
Control, RSC) or are available that can mitigate roll 
and yaw instability (ESC).  In addition, trailer based 
systems are available that can mitigate rollover only.   
 
Since 2006, NHTSA has been conducting heavy 
truck stability control research on a test track to 
understand the performance benefits of this 
technology.   For this study two truck tractor stability 
systems and a trailer based stability system were 
tested to understand how stability control modified 
the base vehicle’s performance.  A variety of test 
maneuvers were used to conduct this testing.   
 
TRUCK TRACTOR STABILTY 
 
Truck tractors that pull a semi-trailer in service are 
subject to many different loading conditions.  Often 
these loads can dramatically change the handling 
characteristics of combination units.  A combination 
vehicle can be loaded so that the CG is raised 
significantly.  In these conditions the vehicle is more 
prone to roll instability.   Tank trailers carrying fuel 
or liquids have been measured to have CG heights of 
over 193 centimeters from the ground where as a 
conventional flat bed trailer may have CG of just 
over half that.  Since the same truck tractor may be in 
service pulling either type of trailer, a safety 
beneficial stability system must be able to adapt to 
either condition.  
 
Heavy vehicle stability systems are being sold in 
North America in three different configurations.  
These include: 
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• Trailer-based Roll Stability Control (RSC). 
• Tractor-based RSC. 
• Tractor based Electronic Stability Control 

(ESC).   
 
Trailer-based RSC is capable of generating torque at 
the trailer axle brakes only.  These systems generally 
do not have as much stability margin as the tractor 
based systems.  Stability margin is defined as the 
ratio between the vehicles performance with the 
technology compared to its performance without.  
 
Tractor based RSC is capable of applying brake 
torque to the wheels on the tractor drive axles and 
trailer axles.  Tractor based RSC systems generally 
have a larger stability margin than the trailer based 
systems.  This is because they are able to 
electronically reduce engine torque on the tractor in 
addition to the trailer and therefore apply more 
braking torque than trailer-based systems.  
Temporally the tractor will experience lateral forces 
before the trailer. With a proper understanding of the 
combination vehicle’s dynamics, the stability system 
can intervene earlier during the event since the 
stability system is sensing tractor lateral acceleration.  
The stability system can reduce engine torque by 
electronically removing the drivers throttle input and 
by activating engine or exhaust braking.  Having the 
ability to control the tractor’s drive axle wheels in 
addition to the trailer axle wheels allows the 
combination vehicle to decelerate more rapidly.  
These contributing factors have been observed to 
increase the platform’s stability margin when 
compared to a combination vehicle with just trailer 
based RSC.  
 
Tractor based ESC has the same functionality as 
tractor based RSC, with additional performance 
capabilities.  Tractor based ESC adds the capability 
to brake the steer axle wheels, sense the steering 
wheel position, and measure the tractor’s angular 
yaw rate.  With the additions of these capabilities, the 
ESC system can not only assist drivers in mitigating 
roll events but also yaw instability events.     
 
TEST TRACK PERFORMANCE STUDY  
 
To gain a better understanding about the performance 
of heavy vehicle stability systems, a test track study 
was conducted.  The study evaluated stability control 
performance of two truck tractors pulling a semi-
trailer under a variety of different loading conditions 
and test maneuvers.   
 
Tests were conducted with a 2006 Freightliner 
Century Class 6x4, a 2006 Volvo VNL64T630, and 

1999 Fruehauf 53 ft. (16m) van trailer.  Both of the 
6x4 tractors were modified with an external roll bar 
for the driver’s protection.  The van trailer was 
modified to support outriggers and a load frame so 
that the trailer could be ballasted safely.  These 
structures are included in the base weight and CG 
measurements for each vehicle.  Table 1 describes the 
basic platform characteristics for each test vehicle: 
 
Table 1. Base vehicle parameters. 
 Freightliner Volvo Fruehauf 
Configuration 6x4 Tractor 6x4 Tractor 53 ft’ Van 
Wheel Base 546 cm 536 cm n/a 
Base Weight 8,854 kg 8,763 kg 7,820 kg 
Vertical CG 91 cm 100 cm 120 cm 
Length 810 cm 803 cm 1,605 cm 
Width 231 cm 234 cm 257 cm 
Height 292 cm 381 cm 409 cm 
    
Brake Type Air Disc S-Cam S-Cam 
Stability 
System 

ESC ESC RSC 

   
 
All tests were conducted with a tractor pulling the 
Fruehauf 53 ft. van trailer under three different 
loading conditions.   These conditions included, a 
lightly loaded vehicle weight (LLVW), a low CG 
gross vehicle weight rating (GVWR), and a high CG 
GVWR.  LLVW was defined as the base vehicle 
weight that included outriggers, roll bar, 
instrumentation, etc. without adding any ballast to the 
trailer.  The low and high GVWR conditions were 
setup to achieve close to a 5,443 kg (12K lb) steer 
axle, 15,422 kg (34K lb) drive axle, and 15,422 kg 
(34K lb) trailer axle combined weight.  The low CG 
condition was limited by placing blocks directly on 
the floor of the trailer while the high CG was created 
by raising the ballast.   
 
Ballasting the trailer was accomplished by using 
cement blocks that were fastened by chains and 
binders to the floor of the trailer.  Each cement block 
weighed approximately 1,900 kg, and was 61 cm x 
61 cm x 183 cm.  Blocks were placed directly over 
the kingpin and trailer axles to achieve desired axle 
weight ratings. To elevate the vertical CG of the 
trailer, loading tables that accept the cement blocks 
were used.  The ballast blocks and tables can be used 
in various configurations to achieve different loading 
conditions.  Table 2 documents the loading 
conditions used to perform this testing. 
 
Tests were conducted on the vehicle dynamics area 
(VDA) at the Transportation Research Center, Inc. 
Although the coefficient of friction does change over 
time on the VDA, the average peak and slide 
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coefficients of friction were measured at 0.97 and 
0.86 for this time period.  
 
Table 2. Trailer loading for different test 
conditions. 
LLVW Trailer Vertical  CG = 154 cm 

from ground. 
 Steer (kg) Drive (kg) Trailer (kg) 
Freightliner 4984 6586 5443 
Volvo 5025 6309 5279 
 
Low CG Trailer Vertical CG = 152 cm 

from ground 
 Steer (kg) Drive (kg) Trailer (kg) 
Freightliner 5316 15159 15295 
Volvo 5384 15140 15299 
 
High CG Trailer Vertical CG = 219 cm 

from ground 
 Steer (kg) Drive (kg) Trailer (kg) 
Freightliner 5302 15413 15345 
Volvo 5307 15118 15404 
 
 
For each vehicle and loading combination, three 
handling maneuvers were performed.  The matrix 
displayed in Table 3 was completed for each of the 
three maneuvers.  This matrix was designed to allow 
a performance comparison of the combinations with 
and without stability control at the three different 
load conditions.  This methodology also allowed the 
observance of interactions between the tractor and 
trailer stability control systems.  
 
 
Table 3. Test matrix conducted for each test 
maneuver. 

Speed (KM/H) at Critical Event 
~GVWR LLVW 

Low CG High CG 

 

Trailer RSC Trailer RSC Trailer RSC 
 OFF ON OFF ON OFF ON 
Freightliner       

ESC OFF       
ESC ON       

Volvo       
ESC OFF       
ESC ON       

 
 
Based on the experience from previous NHTSA light 
vehicle research, several maneuvers were chosen to 
evaluate combination unit truck stability control 
performance on a high coefficient of friction surface 
[4]. These maneuvers included the following: 
 

• Constant radius circle with increasing 
velocity 

• J- turn with constant radius 
• Double Lane Change Maneuver 

 
Testing was conducted both clockwise and counter-
clockwise for each maneuver.  Very minor 
asymmetries were observed.  For purposes of this 
paper, direction will not explicitly be discussed.  
Results will be combined showing both clockwise 
and counterclockwise maneuvers, unless otherwise 
noted.   
 
Constant radius circles with increasing velocity tests 
were conducted on the 45 m and 61 m radius circles 
located on the center of the VDA.  For both of these 
maneuvers, the test driver followed the radius with 
either the passenger side steer tire (clockwise) or the 
driver side steer tire (counter-clockwise) while 
slowly increasing the vehicle’s speed.  As speed 
increased, the driver steered the vehicle to maintain 
the radius as the vehicle tended to understeer.  The 
test was complete when the driver was no longer able 
to follow the radius (vehicle plows out), no longer 
increase velocity (drive axles lose traction), and/or 
the trailer wheels lifted more than 5 cm off the 
ground (outriggers making contact with the test 
surface).     
 
J-turn tests with a constant radius were conducted 
using a 45 m and 61 m radius located on the center of 
the VDA.  For purposes of this paper, only the 45 m 
data will be discussed.   
 
To conduct this maneuver, the driver entered a start 
gate delineated by pylons and then followed the 
radius with either the passenger side steer tire 
(clockwise) or the driver side steer tire (counter-
clockwise) at a given test entrance speed.  When the 
driver entered the start gate (cones at the point 
tangent to the radius), they were instructed to drop-
throttle, and complete the maneuver following the 
radius as best they were able.  Test entrance speeds 
started at 32 km/h and were incremented by 3 km/h 
to increase severity until the test termination 
condition was met.  The test termination condition 
was satisfied when either the outriggers made contact 
with the ground, the combination vehicle was 
noticeably under-steering, stability control brake 
activation was observed, or when the test entrance 
speed of 80 km/h was achieved.  80 km/h was chosen 
for a maximum test entrance speed based on 
available test area and design of the safety support 
equipment (outriggers, roll bar, etc.)    
 
Double lane change tests were performed on the 
VDA.  Gates were setup as detailed in Figure 1.  The 
test driver was instructed to enter the starting gate a 
given test entrance speed, drop throttle, and then to 
steer the combination vehicle through the gates, as 
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best they were able without hitting any of the pylons 
delineating the course.  Test entrance speeds started 
at 32 km/h and were incremented by 3 km/h to 
increase severity until the test termination condition 
was met.  The test termination condition was satisfied 
when either the outriggers made contact with the 
ground, the combination vehicle was grossly under or 
over-steering, stability control brake activation was 
observed, or when the test entrance speed of 80 km/h 
was achieved.     
 
 

 
Figure 1. Double lane change maneuver. 
 
 
MEASURES 
 
Each tractor and the trailer were instrumented with a 
variety of sensors to measure the vehicles’ dynamics 
and state of stability control system.  Table 4 and 5 
list the measures that were collected on the tractors 
and trailer respectively. 
 
 
Table 4. Tractor based measures. 
Measure Units 
Lateral Acceleration G’s 
Longitudinal Acceleration G’s 
Vertical Acceleration G’s 
Yaw Angular Rate Deg/sec 
Roll Angular Rate Deg/sec 
Pitch Angular Rate Deg/sec 
Throttle Position % displaced 
Brake Treadle Switch On/Off 
Steering Wheel Angle Deg. 
Frame Rail Height @ approx long. CG L/R cm 
Rear Drive Axle Height L/R cm 
Brake Chamber Pressures (6) kPa 
Glad Hand Pressure kPa 
Wheel Speeds (6) KM/H 
Tractor Ground Speed KM/H 
J1939 VDC1 CAN MSG  RSC/ESC Status 
 
Table 5. Trailer based measures. 
Measure Units 
Lateral Acceleration G’s 
Longitudinal Acceleration G’s 
Yaw Angular Rate Deg/sec 
Roll Angular Rate Deg/sec 
Outrigger Height (Left and Right) cm 
Rear Trailer Axle Height (Left and Right)  cm 
Brake Chamber Pressures (4) kPa 
Wheel Speeds (4) KM/H 
 

While most of the measures collected are self-
explanatory, a short discussion about how wheel lift 
was calculated and how stability control activation 
was determined is described.   
 
Rear drive axle height on the tractor and rear axle 
height on the trailer are both measured with sensors 
mounted on the left and right of the relevant axles.  
Data are processed and analyzed for determining if 
wheel lift has occurred.  It should be noted for 
purposes of this study, wheel lift is considered to be 
greater than 5 cm.  The value of 5 cm is used because 
it has been demonstrated that at this height, it can be 
visually confirmed.   
 
The brake treadle switch, glad hand pressure, and 
brake chamber pressures were all measured to 
determine the source of brake activation.  Under the 
given test protocol, the driver should not be braking 
during a maneuver.  If this does occur the test is 
invalid.  Monitoring the trailer brakes and glad hand 
pressure, confirms if the trailer RSC activated.  If 
there was no glad hand pressure (trailer air brake 
command) and pressure was observed at the 
chambers, then Trailer RSC intervention was 
inferred.  Tractor ESC braking was confirmed by 
observing pressures build in the tractor brake 
chambers while their treadle pressure was at zero.  In 
cases where both the tractor and trailer based systems 
were enabled, the tractor system dominated the trailer 
system because it activated earlier and mitigated the 
instability before the trailer based system could 
activate.  In the rare event that both systems engaged 
simultaneously, a difference between the glad hand 
pressure and trailer chamber pressures could be 
observed.     
 
Using the SAE J1939 VDC1 CAN message available 
on both tractors, several status bits were observed to 
help determine the source of tractor stability 
activation.  This message contains four bits that 
indicate the state of the stability system.  These bits 
indicate if one of the following occurs: 
 

• Engine torque reduction ESC  
• Engine torque reduction RSC 
• Brake activation ESC 
• Brake activation RSC 

     
RESULTS 
 
Data from each test series was processed and 
analyzed.  For purposes of this paper, results will be 
discussed in terms of the ground speed of the tractor 
at the start of the maneuver and the maximum lateral 
acceleration experienced at the CG of the tractor 
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during the test maneuver.  Results will also be 
discussed in terms of tests that resulted in trailer 
wheel lift greater than 5 cm and if the stability system 
activated during the maneuver.  
 
Constant Radius Circle  
 
Table 6 summarizes the results in terms of speed at 
the critical event during the maneuver.  The speed 
was representative of all runs in a series including 
both left and right conditions.  The critical event 
occurred when the stability system activated or for 
the case where stability control was disabled, the 
speed that wheel lift occurred.  In some cases, the 
vehicle may not have had a critical event. The trailer 
RSC condition was tested with only the Volvo 
tractor.    
 
Test results show that tractor ESC as well as trailer 
based RSC were capable of mitigating wheel lift in 
this maneuver.  When any of the stability systems 
were enabled, wheel lift was no longer observed.   
 
With ESC completely disabled, both the LLVW and 
low CG conditions resulted in the vehicles severely 
under-steering before wheel lift occurred.   The 
speeds where this occurred were very similar for each 
of the truck tractor combinations tested.  For the high 
CG load condition, each test resulted in wheel lift. 
 
Table 6. Constant Radius maneuver speed at 
critical event test results. 

Speed (km/h) at Critical Event 
~GVWR LLVW 

Low CG High CG 

 

Trailer RSC Trailer RSC Trailer RSC 
 OFF ON OFF ON OFF ON 
Freightliner       

ESC OFF 64^ X 56^ X 47* 42 
ESC ON 48 49 43 42 41 40 

Volvo       
ESC OFF 65^ 49 55^ 48 46* 42 
ESC ON 58 49 38 39 36 37 

* - Denotes wheel lift. 
^ - Denotes no critical event. 
X - Denotes not tested. 
 
The effects of stability control can be observed by 
comparing maximum lateral acceleration vs. speed 
for each load and stability condition.  Maximum 
lateral acceleration (Ay) vs. critical event speed data 
for the constant radius test are displayed in Figures 2 
and 3, for the Freightliner and Volvo.   In each figure 
there are three subplots.  Each subplot represents one 
of the loading conditions, they are labeled LLVW, 
Low and High. 
 

All test runs with trailer wheel lift occurred without 
stability control active.  No cases of wheel lift were 
observed under the LLVW or low CG condition.  
Under these load conditions, both tractors would 
understeer and did not reach a velocity much greater 
than 65 and 55 km/h for their respective loading 
conditions.  When loaded in the high CG condition, 
wheel lift occurs in every test that results in a lateral 
acceleration greater than 0.45G. 
 

 
Figure 2. Freightliner maximum tractor Ay vs. 
speed during the 45 m constant radius test. 
 
Truck tractor based stability control limited the 
maximum lateral acceleration of the tractor and 
prevented wheel lift for the different loads tested. 
Both tractors function in a similar manner, allowing 
higher maximum lateral accelerations for the LLVW 
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as compared to the low and high CG conditions.  
There was little difference in peak lateral acceleration 
under the low and high CG conditions. 
 
     

 
Figure 3. Volvo maximum tractor Ay vs. speed 
during the 45 m constant radius test. 
 
Trailer based RSC was observed to limit maximum 
lateral acceleration and mitigate wheel lift with the 
different loads tested.  Tractor maximum lateral 
acceleration was limited by the trailer to under 0.5 G 
for LLVW, 0.4 G to 0.5 G for Low CG, and 0.35 to 
0.4 G for the high CG condition.   
 
When both truck tractor and trailer based stability 
control were enabled, results were similar to the 
tractor based stability control system for the low and 

high CG conditions and closer to the trailer only RSC 
condition under the LLVW load.  This might be 
expected as the trailer based system has a more 
conservative approach to adjust the allowable 
maximum lateral acceleration based on loading 
condition. In comparison, the truck tractor based 
systems were observed to be more adaptive as the 
load increases.  
 
 
45 m J-turn  
 
Table 7 summarizes the test results for the 45 m J-
turn maneuver in terms of maneuver entrance speed 
at which a critical event was observed.  Both left and 
right maneuvers were performed.  Although results 
were observed to be similar for both directions only 
results from tests performed to the left are shown.  
The critical event occurred when the stability control 
system activates, or for the cases where stability 
control was disabled, the speed that wheel lift 
occurred.  In some cases, the vehicle may not have 
encountered a critical event. The trailer RSC 
condition was tested with only the Volvo tractor.    
 
For all tests with tractor based ESC, no cases of 
trailer wheel lift were observed for the J-turn 
maneuver.  For both tractors in the low and high CG 
loading conditions, tractor based ESC intervened 
with braking at a speed well before the speed 
observed to produce trailer wheel lift.  In the LLVW 
conditions the Freightliner’s ESC system activated 
braking approximately 12 km/h sooner than the 
Volvo’s.    
 
Table 7. 45 m J-turn maneuver speed at critical 
event test results. 

Speed (km/h) at Critical Event 
~GVWR LLVW 

Low CG High CG 

 

Trailer RSC Trailer RSC Trailer RSC 
 OFF ON OFF ON OFF ON 
Freightliner       

ESC OFF 81^ X 61* X 49* X 
ESC ON 49 49 44 43 44 43 

Volvo       
ESC OFF 77* 60 60* 45 50* 45 
ESC ON 61 60 40 40 40 40 

* - Denotes wheel lift. 
^ - Denotes no critical event. 
X – Denotes not tested. 
 
Trailer based RSC was also observed to improve the 
base combination vehicle’s roll propensity.  From 
Table 7, the trailer system was observed to activate at 
similar speeds as the tractor based system for the 
LLVW load condition.  When the Low and High CG 
load conditions were tested at GVWR the tractor 
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based system was observed to activate at 
approximately 5 km/h sooner.  For this maneuver, 
when both systems were enabled, the tractor based 
system was observed to dominate the trailer system. 
 
The effects of stability control can be observed by 
comparing maximum Ay vs. maneuver entrance 
speed for each load and stability condition.  This data 
for the J-turn maneuver are displayed in Figures 4 
and 5 for the Freightliner and Volvo.   As previously 
mentioned each subplot represents one of the three 
loading conditions, they are labeled LLVW, Low and 
High. 
 
 

 
Figure 4. Freightliner maximum tractor Ay vs. 
speed during the J-turn drop throttle maneuver. 
 

 

 
Figure 5. Volvo maximum tractor Ay vs. speed 
during the J-turn drop throttle maneuver. 
       
For both tractors, in the base configuration with 
stability control disabled, wheel lift occurred in all 
load combinations except for the Freightliner in the 
LLVW condition.  For the Volvo and LLVW load 
condition, wheel lift of the trailer was observed when 
the tractors’ maximum lateral acceleration exceeded 
0.75 G.    
 
With stability control disabled and Low CG load 
condition, wheel lift was observed for tractor 
maximum lateral accelerations greater than 0.67 G 
for the Freightliner and 0.6 G for the Volvo.   For the 
High CG condition wheel lift was observed for 
tractor maximum lateral accelerations that achieved 
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approximately 0.45 G with the Freightliner and 0.42 
G for the Volvo.   
 
Enabling tractor ESC limited the maximum lateral 
acceleration for both the truck tractor and the trailer.  
As a result wheel lift was no longer observed for the 
range of speeds evaluated.  When loaded in the 
LLVW load condition tractor maximum lateral 
accelerations were limited to approximately 0.6 G in 
the Freightliner and the Volvo did not appear to be 
limited.  When loaded in the Low or High CG 
condition, tractor lateral accelerations were limited to 
0.5 and 0.4 for the Freightliner and Volvo 
respectively.   
 
Trailer RSC was able to mitigate trailer wheel lift in 
both the LLVW and Low CG conditions.  In the High 
CG condition, several instances of trailer wheel lift 
were observed with the trailer stability system 
enabled.  The trailer system was overdriven when 
maximum lateral acceleration exceeded 0.5 g with 
entry speeds above 57 km/h. Though wheel lift was 
observed at speeds above 57 km/h the trailer system 
improved roll stability from the base condition.  
Without any type of stability control enabled, trailer 
wheel lift was observed at speeds of 50-53 km/h.          
 
 
Double Lane Change (DLC) 
 
Table 8 summarizes the results in terms of maneuver 
entrance speed at which a critical event was observed 
during the DLC maneuver.  The critical event was 
when the stability control system activated or for the 
cases where stability control was disabled, the speed 
that wheel lift occurred.  In several cases both critical 
events were observed, and in such cases both speeds 
are reported. Results for both the LLVW and Low 
CG conditions are not reported since all tests, 
including ESC disabled on both the tractor and 
trailer, were completed without wheel lift up to the 
termination speed of 80 km/h.  Only results for only 
the High CG condition are reported.     
 
As shown in Table 8, instances of wheel lift were 
observed for the test conditions conducted with 
tractor stability control systems disabled and also 
when the systems were enabled.  With both systems 
disabled, instances of wheel lift were observed at 66 
KM/H with the Freightliner and 73 KM/H with the 
Volvo.   
 
When the trailer system was enabled (tractor system 
disabled), two critical events were observed.  First 
the trailer system was observed to activate at 
maneuver entrance speeds of 49 and 53 KM/H for the 

Freightliner and Volvo.  Then wheel lift was 
observed at maneuver entrance speeds of 66 and 80 
KM/H when the trailer was connected with the 
Freightliner and Volvo respectively.   
 
With only the tractor based stability control systems 
enabled, two critical events were observed with the 
Freightliner and one event was observed with the 
Volvo.  As shown in Table 8, the Freightliner’s 
stability control system activated at 45 KM/H and 
then was overdriven at 82 KM/H (trailer wheel lift 
observed.)   The Volvo’s stability control system 
activated at 45 KM/H with no instances of trailer 
wheel lift at the subsequent higher test speeds.     
 
When both truck-tractor and trailer stability control 
systems were enabled the tractor based stability 
control systems were observed to dominate the trailer 
systems.  Two critical events were observed with the 
Freightliner combination.  Stability control activation 
was first observed at 52 KM/H and then was 
overdriven at 82 KM/H (trailer wheel lift observed.)   
Stability control activation was observed at 46 KM/H 
with the Volvo.  Trailer wheel lift was not observed 
for the range of speeds evaluated in this combination 
and maneuver.   
 
Table 8. DLC maneuver speed at critical event test 
results. 

Entrance Speed 
(KM/H) at Critical 

Event 
~GVWR High CG 

 

Trailer RSC 
 OFF ON 
Freightliner   

ESC OFF 66* 49 
 66* 

ESC ON 45 
 82* 

52 
 82* 

Volvo   

ESC OFF 73* 53 
 80* 

ESC ON 45 46 
* - Denotes wheel lift. 

 
When the truck tractor based ESC systems were 
active, instances of wheel lift were no longer 
observed for test speeds less than 80 KM/H.  The 
minimum speed observed to activate the truck tractor 
systems in the DLC maneuver was 45 KM/H for both 
truck tractor systems. The truck stability systems 
were observed to be activating at speeds 4 to 8 KM/H 
lower than the trailer based stability control system.   
 
The effects of stability control can be observed by 
comparing maximum truck tractor lateral acceleration 
(Ay) vs. maneuver entrance speed for each testing 
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condition.  These data for the DLC maneuver are 
displayed in Figures 6 and 7 for the Freightliner and 
Volvo.  
 

 
Figure 6. Freightliner maximum tractor Ay vs. 
speed during the DLC maneuver. 
 
 

 
Figure 7. Volvo maximum tractor Ay vs. speed 
during the DLC maneuver. 
 
As shown in Figure 6, the stability control activation 
in the Freightliner was first observed for a DLC 
maneuver that produced a maximum lateral 
acceleration of 0.3 G.  The figure shows that when 
the systems were disabled wheel lift was not 
observed until a maximum tractor lateral acceleration 

of 0.45 G.  The Freightliner’s stability control system 
was observed to limit peak lateral acceleration to 
approximately 0.50 G, which, mitigated wheel lift at 
the trailer for tests performed under 80 km/h.  Tests 
performed at speeds greater than 80 km/h resulted in 
maximum lateral accelerations that exceeded 0.6 G.  
Then trailer wheel lift was observed regardless of 
interventions by the tractors stability control system.     
 
Figure 7 shows that the stability control system in the 
Volvo activated in a DLC maneuver at a tractor 
maximum lateral acceleration of 0.22 G.  The 
Volvo’s stability control system was then observed to 
limit tractor maximum lateral acceleration to 
approximately 0.40 G and mitigate wheel lift for all 
speeds evaluated in the DLC maneuver.  When 
stability control systems were disabled with the 
Volvo, trailer wheel lift was observed when tractor 
maximum lateral acceleration reached 0.41 G. 
 
For test series completed with only the trailer’s 
stability control system enabled, the trailer system 
was observed to activate when maximum tractor 
lateral acceleration reached 0.38 G with the 
Freightliner (Figure 6) and 0.28 G with the Volvo 
(Figure 7).  Trailer wheel lift was observed when a 
maximum tractor lateral acceleration of 0.57 G was 
reached with the Freightliner and 0.47 G with the 
Volvo.  When all systems were disabled trailer wheel 
lift was observed at 0.45 G with the Freightliner and 
0.41 G with the Volvo.   
 
Maximum lateral acceleration from test series 
conducted with both tractor and trailer stability 
control systems enabled were similar to those test 
series conducted with the tractor stability control 
system enabled.  For the Freightliner, activation was 
observed when the maximum tractor lateral 
acceleration first reached 0.3 G (tractor stability 
system enabled activated when maximum lateral 
acceleration reached 0.3 G).   For the Volvo 
combination, activation was observed when the 
maximum tractor lateral acceleration first reached 
0.20 G (tractor stability system enabled activated 
when maximum lateral acceleration reached 0.22 G) 
  
Discussion 
 
For both tractor based stability systems, changes in 
the tractor lateral acceleration when the stability 
systems activated were observed between the LLVW 
and GVWR loads.  Maximum lateral accelerations 
were very similar between the low and high CG 
conditions.  The trailer based system exhibited 
similar changes in tractor lateral acceleration when 
the stability system intervened but with less range.  
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This suggests that the heavy vehicle stability systems 
tested were capable of sensing or estimating load but 
are not estimating the CG of the load.   
 
For the constant radius circle, increasing velocity 
tests both tractor and trailer systems were capable of 
mitigating trailer wheel lift and limiting maximum 
tractor lateral acceleration.  This maneuver increased 
lateral acceleration at a moderate rate proportionately 
with the square of velocity.  The maneuver did not 
produce a large amount of dynamic overshoot in 
lateral acceleration.  The maneuver demonstrated 
differences between tests with and without stability 
control enabled, but was not very effective in 
demonstrating the differences between a tractor and 
trailer based system.     
 
For the J-turn tests, tractor based systems were able 
to mitigate trailer wheel lift in all test series 
conducted.  The trailer based RSC system provided 
some improvement in stability but was overdriven 
before 80 km/h was reached.   For the J-turn, lateral 
acceleration increased at a faster rate than for the 
constant radius maneuver.  At higher speeds, the 
maneuver generated dynamic overshoot in lateral 
acceleration making this a challenging maneuver.  
The maneuver was able to distinguish between tests 
with and without stability systems enabled, and 
demonstrated performance differences between 
tractor and trailer based systems. 
 
Unfortunately, not all J-turn tests with the tractor 
based system enabled were conducted to the point of 
test termination speed or to the point where trailer 
wheel lift was observed.  At higher speeds there was 
the potential to overdrive the tractor systems as well. 
 
During DLC testing, tractor based systems were able 
to mitigate trailer wheel lift in most test series.  In all 
completed tests, two instances of wheel lift were 
observed with the tractor based ESC system enabled 
on the Freightliner.  In both of these cases, maneuver 
speed was just over 80 km/h and tests were 
conducted with the same driver.  In further review of 
the data, it was determined that the system was not 
functioning properly for those test series.  Regardless, 
the system performance was better than the base 
vehicle’s.   
 
The trailer based system provided some improvement 
in stability but was able to be overdriven at a lower 
speed than the tractor based systems.  Again, its 
performance was still better than the base vehicle’s 
performance.   
 

The DLC maneuver was able to demonstrate 
differences between tests with and without a stability 
system enabled and between tractor and trailer based 
systems; however these results were not as clear 
when compared to the other maneuvers.  The DLC is 
a very dynamic maneuver and can generate rapid 
rates of lateral acceleration, however, results varied 
by driver.  Since the goal of the maneuver is to 
navigate the lane change gates, drivers can steer the 
tractor semi-trailer unit in a variety of ways to 
successfully complete the maneuver.    
 
One strategy observed entailed the driver smoothly 
steering the vehicle over time to follow the path 
marked out for the maneuver.   In some cases the 
driver was observed steering before the gate to 
anticipate tractor response time.   The second 
observed strategy entailed the driver waiting until the 
last possible second to abruptly steer, then hold the 
steering wheel angle and wait for the truck to 
respond.  This type of input was then repeated to 
make truck navigate the lane change successfully.   
 
Because of these distinct strategies, the outputs from 
this maneuver can result in very different lateral 
accelerations for any test entrance speed.  This 
potentially suggests why the data are not as clean in 
determining the differences between system 
performances.  The repeatability of the test may 
suffer from driver influences.   
 
 
Conclusions 
 
Overall, both tractor and trailer stability control 
systems improved the roll stability of the base tractor 
semi-trailer.  For a given maneuver, tractor-based 
stability systems were able to mitigate trailer wheel 
lift at the same or higher entrance speeds than trailer 
only based systems.  Trailer-based stability systems 
were able to mitigate trailer wheel lift at the same or 
higher maneuver entrance speeds than the base 
tractor semi-trailer vehicle.  For all test maneuvers 
and conditions performed on the test track, enabling 
stability control was not observed to degrade the 
stability of the tractor.  
 
Based on the results of this study, a performance test 
based on the J-turn appears to be a suitable to 
evaluate tractor and trailer stability control systems.  
However, further study of this type of maneuver is 
necessary to understand how stability control 
technology and other factors influence the dynamic 
response of heavy vehicles.   
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ABSTRACT 

Crash severity can be defined as the potential of a 
crash to cause an injury or fatality. In the National 
Automotive Sampling System – Crashworthiness Data 
System (NASS-CDS), the crash severity of a rollover 
is assessed by estimating the magnitude of maximum 
intrusion and crush in the damaged vehicle. Several 
studies have shown that the number of quarter turns 
and roof intrusion are significant factors influencing 
the injury outcome. These studies mainly investigate 
the relationship between injury severity and vehicle-, 
crash-, or occupant-related variables. The purpose of 
this study is to develop a model that uses both vehicle- 
and crash-related parameters to estimate the rollover 
crash severity based on injury outcome.   
  
In this study, the data mining technique called 
discriminant analysis is used to build a predictive 
model. Of the several rollover-related variables 
considered as candidate predictors, the maximum 
intrusion, number of quarter turns, and estimated 
distance from trip point to final rest position show 
significant correlations with the maximum 
abbreviated injury scale (MAIS) and hence are 
selected as predictors for the model.   
 
Since one of the predictors, the estimated distance 
from trip point to final rest position, was introduced in 
the NASS-CDS data in 2006, this study is based upon 
two years (2006 and 2007) of data. To eliminate the 
confounding effect of external sources of injury, only 
non-ejected occupants are considered. The data is also 
screened to include only the maximum intrusion in the 
vehicle and the occupant with maximum MAIS in the 
vehicle. 
 
The discriminant function is used in building the 
model. Given the specific values of the predictors for 
a rollover case, the final model predicts the injury 
outcome in rollovers as minor, moderate, and severe  

 
 
 
with sufficient accuracy. The model can be used to 
extract comparable rollover cases to understand injury 
mechanisms that can be used to develop vehicle 
crashworthiness countermeasures. 

INTRODUCTION 

The rollover of a vehicle is a complex phenomenon 
involving several pre-rollover maneuvers at varying 
speeds, tripping force, road and off-road terrain, 
vehicle geometry, type of rollover, and direct impact 
with the ground or other object.  Due to this 
complexity, the reconstruction of a rollover is 
extremely difficult as is the estimation of its severity. 
However, the rollover crash parameters can be used to 
assess the crash severity based on the injury outcome.   
 
Several factors have been shown to play roles in 
injury outcome of a rollover crash.  In earlier studies 
researchers have identified the number of quarter 
turns, number of times a roof hits the ground, and 
vertical roof intrusions as statistically significant 
factors that are associated with the injury risk in a 
single vehicle rollover [1, 2, 3, 4.]  These post crash 
parameters are also directly related to the pre-crash 
velocity and crash energy and hence are considered as 
appropriate surrogates for a crash severity measure. 
However, each of these surrogates provides only a 
partial measure of crash severity. Nonetheless, the 
significance of the contribution of each of these 
surrogates to the crash severity can be exploited to 
predict the severity of a rollover crash in terms of 
injury risk. 
 
This study develops a model that can predict the 
injury outcome in rollovers based on certain crash and 
vehicle parameters. The right choice of predictors 
which relate to injury outcome of a crash is crucial in 
the model building process. 
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Descriptive analysis is conducted on NASS-CDS 
rollover data to identify crash severity surrogates 
(rollover parameters) that show statistically significant 
relation with the injury observed in the rollover 
vehicle. These parameters together with the injury 
severity measure, MAIS are then used to develop a 
multidimensional classification model that predicts 
the crash severity in terms of injury outcome.  The 
efficacy of the model is demonstrated through test 
cases not involved in building the model. Weighted 
data are used for both preliminary analysis and model 
development. 

ANALYSIS DATA PREPARATION 

The rollover data from NASS-CDS is used in this 
study.  This crash database is a national representative 
sample of tow-away crashes that occur on US 
highways. Every year, detailed information on vehicle 
damage, injury, and injury mechanism is collected on 
about 4,500 of these light passenger motor vehicle 
crashes [5]. The data consists of over 600 variables 
that describe crash events, damage to vehicle, crash 
forces involved, injuries to the victim and injury 
causation mechanisms for frontal, side, rear, and 
rollovers crashes. In 2006, a number of additional 
rollover-related variables were introduced in the 
NASS-CDS to facilitate comprehensive analyses of 
rollover data.  The new variables include:  
 
• Estimated distance from the trip point to final rest 

position (to be referred to as “estimated distance”): 
The purpose of this variable is to determine the 
estimated distance from trip point to the final rest 
position of the rollover vehicle.  The 
measurements (in meters) are obtained along the 
linear path.   

 
• Maximum vertical and lateral crush: The crush is 

measured on the vehicle component in the 
greenhouse area of the vehicle.  The maximum 
vertical and lateral crushes are measured on the 
exterior of the vehicle and could be at different 
locations. In this study, only maximum vertical 
crush is considered and is referred to as 
“maximum vertical crush.” 

 
• Interrupted roll: In NASS-CDS, a rollover event is 

categorized as interrupted if the vehicle’s rollover 
sequence is acted upon by another vehicle or 
object between the trip point and final rest 
position. As an example, the vehicle strikes a tree 
with its top during the rollover sequence or 
contacts an object in the environment.  This 
impact should have an effect on the distance the 

vehicle would move from the trip point to final 
rest position.    

 
In order to make use of the information available on 
the above described variables, the data used in the 
analysis is limited to the period 2006 to 2007 that 
provided a sample of 1,582 rollover vehicles. This 
sample includes both belted and nonbelted occupants.  
To eliminate irrelevant sources of variation (from a 
statistical point of view,) the data is segmented by 
using the following criteria: 
 

• Injury source: Internal to the vehicle 
 

• Occupants: Non-ejected occupants 13 years and 
older. A partially ejected occupant is included in 
the data if the source of the occupant’s MAIS is 
the vehicle’s interior component.   

 

• VMAIS: Maximum of the MAIS per vehicle. 
Injury risk is evaluated by MAIS for each 
occupant.  The MAIS describes the highest 
abbreviated injury severity score (AIS), based on 
mortality risk sustained by an occupant. The scale 
ranges from minor (AIS 1) through maximum 
(AIS 6) injuries and unknown (AIS 7).  Only the 
occupant with maximum MAIS in the vehicle is 
selected. 
 

• INTRUSION: Maximum value of all intrusions is 
coded for a vehicle.  Intrusion of the windshield, 
hood, outside surface, and exterior objects are 
excluded.  The windshield may sag post-crash, for 
example, in hot weather, thereby providing 
unreliable measurements during vehicle 
inspection. In NASS-CDS the magnitude and 
location of intrusion is coded for each intruding 
component.  Intrusion results whenever the 
internal boundary of the passenger compartment is 
moved inward due to direct or indirect damage 
resulting from the application of a crushing force 
to the exterior of a vehicle. The intrusion is coded 
in the dominant crush direction. For example, the 
roof side rail may have both lateral and vertical 
intrusions.  Only the intrusion with the greater 
magnitude is coded along with the direction of the 
maximum intrusion. 
 

The maximum MAIS observed in the vehicle is not 
linked to maximum intrusion at that seating position.  
In the subsequent discussion, a vehicle selected 
through the above criteria will be referred to as the 
case vehicle. Data cleaning and removal of unknowns 
from the 1,582 case vehicles reduced the sample size 
to 607 that yields weighted estimate of 21,841 case 
vehicles.  
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PRELIMINARY ANALYSIS  

A preliminary analysis is conducted on the weighted 
data to gain insight into the rollover phenomenon. 
Several aspects of the rollovers are considered for this 
purpose. These include the number of quarter turns, 
maximum MAIS for the vehicle, maximum intrusion, 
maximum vertical crush, and whether or not rollover 
was interrupted.   
 
Number of quarter turns in rollovers: In terms of 
quarter turns, 70 percent of rollovers resulted in either 
two (34%) or four (36%) quarter turns (Figure 1).  
Interestingly, a much higher percentage (85%) of 
vehicles had an even number of quarter turns as 
compared with 15 percent that had an odd number of 
quarter turns.   It indicates that at the final rest, a 
rollover vehicle, in general, tends to end up either on 
its wheels or roof.   
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Figure 1. Frequency distribution of vehicles 
involved in rollovers over number of quarter turns 
(Data source: NASS-CDS 2006-2007). 
 
Figure 1 also presents cumulative frequency 
distribution of quarter turns. The line graph in this 
figure shows that only 7 percent of case vehicles had 
one quarter turn. Almost 80 percent of the case 
vehicles had four or less number of quarter turns. 
 
Vehicle maximum MAIS: Figure 2 shows the 
distribution of injury severity levels in case vehicles 
as measured by VMAIS. The data shows that most 
(91%) rollover crashes resulted in VMAIS 0-2 
injuries. Only 9 percent of the vehicles had serious 
occupant injuries (VMAIS 3 or greater.)  Seventy-nine 
percent of the occupants in the sample were belted.  
The belt use may have influenced the injury outcome.  
The high counts of minor and moderate injuries could 
be due to the high percentage of belt use. The 

frequency distributions of VMAIS for the sample and 
the overall rollover population were similar. 
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Figure 2. Frequency distribution of vehicles 
involved in rollovers over VMAIS levels (Data 
source: NASS-CDS 2006-2007). 
 
Vehicle Maximum Intrusion: To study how the 
intrusion varies over VMAIS, averages of maximum 
intrusion are estimated for each of the VMAIS level. 
Intrusion is measured on the interior surface of the 
passenger compartment.  The maximum value of all 
intrusions for the case vehicle is considered in this 
study. The results presented in Figure 3 show that 
average maximum intrusion increases with increasing 
injury level – the higher the injury, the higher is the 
average intrusion.  However, based on the way the 
data was prepared for this study, higher intrusion at a 
specific occupant position does not necessarily mean 
that there is a higher chance of injury at that occupant 
position.  
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Figure 3. Average maximum intrusion over 
VMAIS (Data source: NASS-CDS 2006-2007). 
 
The average maximum intrusion varies from 15 
centimeters for VMAIS 1 to 34 centimeters for 
VMAIS 6.  Thus, the data supports the assumption 
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that maximum intrusion is an appropriate surrogate 
for crash severity in terms of the injury outcome. 
 
Maximum Vertical crush: The averages of maximum 
vertical crush over VMAIS are shown in Figure 4.  
The maximum vertical crush is measured on the 
exterior surface, typically roof or pillars of the 
vehicle. As in the case of intrusion, maximum vertical 
crush also shows a positive relationship with VMAIS, 
though not as strong as for the intrusion.  
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Figure 4. Average Maximum vertical crush over 
VMAIS (Data source: NASS-CDS 2006-2007). 
 
In a rollover crash, interruption of a vehicle’s rollover 
sequence plays a significant role in determining both 
vehicle intrusion and maximum vertical crush and 
consequently the injury risk.  The interrupted rollovers 
result in higher intrusion and hence are more severe, 
in general [6].  
 
A detailed analysis of the data with focus on 
interruption status of the case vehicle is conducted to 
study its relation with maximum intrusion. The results 
show that on the average, interrupted rollovers 
resulted in 29 centimeters of intrusion as compared 
with 21 centimeters for the rollovers that were not 
interrupted.   The statistical test is performed on the 
difference between the two averages (Figure 5). This 
analysis shows that the average maximum intrusion 
for the Interrupted category is significantly (95% 
confidence level) higher than for the not-interrupted.    
The averages of the maximum intrusion for the 
interrupted and not-interrupted categories over 
VMAIS are shown in Figure 5.  The increasing trend 
of average max intrusion over VMAIS in the sample 
containing both categories is also observed for each of 
the categories when considered separately. 
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Figure 5. Comparison: average maximum 
intrusion of interrupted and not-interrupted 
rollovers over VMAIS (Data source: NASS-CDS 
2006-2007). 
 
It indicates that the likelihood of serious injury 
outcome is more in an interrupted rollover as 
compared with the one that is not interrupted. 
 
The above analyses of the weighted data provide 
sufficient evidence to consider maximum intrusion, 
quarter turns, and maximum vertical crush as 
predictors in a model that could predict the injury 
outcome of a rollover crash.  The model proposed in 
this study also considers the new variable, estimated 
distance as one of the predictors.    

CLASSIFICATION MODEL FOR PREDICTING 
INJURY OUTCOME IN A ROLLOVER  

One of the multivariate classification techniques, 
Discriminant analysis is used to build the predictive 
mode. This analysis provides a discriminant function 
that has the potential to classify new multivariate 
observation(s) into one of the predefined groups based 
on the knowledge of the multi-attributes. In the 
present context, the developed model (discriminant 
function) can predict injury outcome in rollover 
crashes based on maximum intrusion, estimated 
distance, quarter turns, and maximum vertical crush of 
a rollover vehicle. The modeling procedure consists of 
developing a discriminant score for each of the 
predefined groups, as well as computing the posterior 
probabilities of a case belonging to these groups. The 
decision about its most affine group is taken based on 
the highest probability. The following sections 
provide specific details of the modeling procedure. 
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Model Assumptions 
  
The basic requirement of the modeling procedure 
(discriminant analysis) used in this study is the 
multivariate normality of the data with respect to 
predictor variables in each of the seven classifying 
groups defined by the response variable VMAIS (= 0, 
1, 2, 3, 4, 5, 6.) To satisfy this assumption, 
logarithmic transformation is applied to the variables, 
maximum intrusion and estimated distance and square 
root transformation to the variables, quarter turns and 
maximum vertical crush.  
 
Modeling Methodology 
 
The classification criterion consists of estimates of the 
generalized squared distances that are based on the 
pooled covariance matrix. Specifically, quadratic form 
of the discriminant function is used. Each observation 
is classified into the group from which it has the 
smallest generalized distance. In general, the 
generalized squared distance of an observation 
X from group iG is defined as  

 
2 1
i pi iD ( x ) ( x mean ) (V ) ( x mean )−′= − − ,            (1) 

 
where imean  denotes the vector of population means 

for the i-th group and pV  is the pooled covariance 

matrix. The discriminant scores are computed by the 

formula: 2
k0.5D ( x )− . The classification is done based 

on both the discriminant score and the posterior 
probability p( i / x )  of x belonging to group, which 
is defined as 
 

2
i

K
2
i

k 1

exp( 0.5D )
p( i / x )

exp( 0.5D )
=

−
=

−∑
%                               (2) 

 
Specifically, the ith case is classified into group k  if 
the setting i k= produces largest value of the posterior 
probability p( i / x )  of x belonging to group i or the 

smallest value of the discriminant score 2
iD ( x ) .   

 

Development of the Classification Model 
 
The modeling methodology was initiated by the 
stepwise discrimination. This statistical technique  

performs statistical tests to select (if a predictor 
variable has association with the grouping variable) or 
remove a variable (if the predictor variable is 
redundant.)  None of the selected predictor variables 
was dropped as a result of this procedure.  
 
Two sets of data were used; namely ‘training data’ 
and “test data.”  While training data were used to 
build the model, the test data were used to validate the 
model. A random sample of 50 cases was selected 
from the analysis data to be used as test cases. While 
developing the model, the dataset used as training data 
excluded only one test case at a time. Having built the 
model, a case reserved as the test case at this iteration 
was classified using the model. SAS 9.1 [7] was used 
to perform the discrimination procedure. Based on the 
607 rollover case vehicles (21,841 weighted), the 
distance (1) was estimated using the sample 
generalized squared distance function: 
 

2 1
i i p iD̂ ( x ) ( x x ) ( S ) ( x x )−′= − − ,                      (3) 

 
where sample estimates ix ,i 0,1,2,3,4,5,6= of the 
means for the VMAIS–based groups are  
 

0x = (2 49853,  2 28694,  1 55858,  2 92274. . . . ) , 

1x  = 2 467 9,  2 37454,  1 83361,  3 16926)( . 0 . . . , 

2x  = 2 85176,  2 96116,  2 1 97,  3 5 653( . . . 00 . 0 ) , 

3x  = 3 11915,  3 4347,  2 7973,  3 482( . .0 .0 . 00 ) , 

4x  = (2 6 471,  2 65131,  1 74369,  2 24281). 0 . . .  

5x  = 3 25489,  2 96713,  2 116 4,  4 17312( . . . 0 . ) , 

6x  = 3 337 4,  1 963 9,  1 24798,  5 21871)( . 0 . 0 . . ; 
 
and the estimated pooled covariance matrix is given 
by 
 

pS   = 
153.785 22.024 2.387 211.462
22.024 197.468 89.787 144.703
2.386 89.786 84.584 80.119

211.461 144.703 80.119 919.446







 

 

 
Based on these estimates and values of the predictors 

for each case, i.e., x% , scores 2
k

ˆ0.5D ( x )−  (equation 
(3)) and posterior probabilities p( i / x )   in (2) were 
estimated to classify each of the test cases.  
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Implementation of the Model – Prediction and 
Validation 
 
It is presumed that the severity of a crash can be 
assessed by its injury outcome. For prediction and 
validation purpose, the injury outcome in rollover is 
defined as 
 
Minor, if  VMAIS = 0, 1; 
Moderate, if  VMAIS = 2;    
Severe, if  VMAIS = 3, 4, 5, 6.    
 
Implementation of the model was done through 
validation of 50 cases. The results are presented in 
Table 1. It should be noted that although this table 
presents the model-based classification for all 50 test 
cases, only one case was used as a test case at a time, 
while the rest are used in building the model. This 
table presents NASS Caseid and the predictor 
variables, intrusion, estimated distance, quarter turns,  
and maximum vertical crush for the test cases.      

Table 1 also shows the observed and predicted injury 
outcome which, due to the probabilistic nature of the 
model, may not always agree, thus resulting into a 
match or mismatch. However, a mismatch may not 
necessarily mean an incorrect prediction. An injury 
outcome observed in a case vehicle might have been 
influenced by the occupant-related factors, such as 
seating position relative to the damage.  The model 
predicts the injury outcome rather based on the 
vehicle and crash parameters.  To bring about this 
point, a clinical analysis of some matched and 
mismatched test cases is presented in following 
sections.  
 
The results show that for about 66 percent of the test 
cases, the predicted injury outcome matches the 
observed injury outcome. In addition, for 62 percent 
of the minor, 37 percent of the moderate, and 75 
percent of the severe test cases, the predicted injury 
outcome is the same as the observed.  
 

 
Table 1. 

 Prediction and Model Validation  
 

CASEID INJURY 
OUTCOME 

(OBSERVED) 

INJURY 
OUTCOME 
(MODEL-

PREDICTED) 

INTRUSION 
(centimeters) 

ESTIMATED 
DISTANCE 
(meters) 

QUARTER 
TURNS 

MAXIMUM 
VERTICAL 
CRUSH 
(centimeters) 

MATCH  
      
(YES/NO) 

149009158 Severe Minor 23 10 2 12 NO 

149009923 Severe Minor 8 15 6 6 NO 

149010042 Minor Minor 10 5 2 3 YES 

151009825 Severe Severe 34 20 3 24 YES 

152009795 Minor Minor 8 5 2 16 YES 

155010580 Severe Severe 44 3 1 0 YES 

157010734 Severe Severe 23 24 5 24 YES 

157011096 Severe Severe 33 22 4 11 YES 

157011117 Severe Severe 21 39 6 10 YES 

158009769 Minor Minor 12 7 2 13 YES 

158009949 Moderate Moderate 20 48 8 20 YES 

158010235 Severe Moderate 14 29 4 26 NO 

162010429 Severe Severe 44 8 3 52 YES 

168010870 Minor Severe 38 5 1 3 NO 

169010227 Minor Minor 7 17 5 9 YES 

169010828 Minor Minor 3 32 6 3 YES 

173010473 Severe Severe 51 1 1 100 YES 

173010759 Severe Moderate 14 27 6 15 NO 

174008980 Severe Severe 9 33 4 8 YES 

177010084 Severe Minor 33 2 1 3 NO 

178010042 Severe Severe 41 9 2 24 YES 

178010083 Severe Moderate 21 66 6 29 NO 

178010186 Minor Moderate 10 27 6 14 NO 

Continued 
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Table 1 (Continued).  
Prediction and Model Validation 

 
CASEID 
 
 
 

INJURY 
OUTCOME 

(OBSERVED) 

INJURY 
OUTCOME 
(MODEL-

PREDICTED) 

INTRUSION 
 
(centimeters) 
 

ESTIMATED 
DISTANCE 
(meters) 
 

QUARTER 
TURNS 
 
 

MAXIMUM 
VERTICAL 
CRUSH 
(centimeters) 

MATCH  
      
(YES/NO) 

178010624 Minor Severe 27 21 6 24 NO 
179009371 Moderate Moderate 15 21 6 15 YES 
179010395 Severe Severe 34 13 2 0 YES 
195010789 Severe Severe 39 32 5 2 YES 
195010869 Moderate Severe 38 13 3 23 NO 
195011131 Minor Minor 7 2 3 5 YES 
437009827 Minor Severe 38 10 6 27 NO 
437010089 Severe Moderate 17 39 8 15 NO 
437010267 Severe Severe 20 39 8 23 YES 
437010412 Moderate Minor 10 8 4 8 NO 
511010876 Severe Severe 22 24 3 0 YES 

530004191 Moderate Severe 18 5 2 17 NO 

530004241 Moderate Severe 53 17 6 51 NO 

613009688 Minor Minor 5 21 4 6 YES 

613009887 Severe Severe 16 18 2 3 YES 

613010766 Moderate Moderate 13 60 8 9 YES 

622010137 Severe Severe 37 18 2 19 YES 
720011208 Severe Severe 45 18 3 18 YES 
720011228 Minor Minor 16 7 2 11 YES 
748010659 Severe Severe 16 7 2 26 YES 
762010524 Severe Severe 15 8 1 13 YES 
767011071 Moderate Severe 38 17 6 30 NO 
770011869 Severe Severe 45 9 2 40 YES 
773010863 Severe Severe 29 8 2 3 YES 
778011369 Severe Severe 25 28 2 5 YES 
797005706 Severe Severe 25 65 8 23 YES 
908004479 Minor Moderate 20 19 3 16 NO 
Data source: NASS-CDS (2006-2007) 

 
Examples: Clinical Analysis of Some NASS-
CDS Cases  
 
Matched cases 
Example 1. Minor predicted as Minor 
Figure 6 shows a “minor” rollover crash  that has been 
predicted as minor by the model, based on the 
predictors’ values: Quarter turns = 2, Estimated 
distance = 5 meters, Maximum intrusion = 10 
centimeters, and Maximum vertical crush = 3 
centimeters. 
  

 
 
Figure 6. A minor rollover crash predicted as 
minor- Caseid 149010042 (Source: NASS-CDS). 
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Example 2. Moderate predicted as Moderate 
Figure 7 shows a “moderate” rollover crash that has 
been predicted as moderate by the model, based on the 
predictors’ values: Quarter turns =8, Estimated 
distance = 60 meters, Maximum intrusion = 13 
centimeters, and Maximum vertical crush = 9 
centimeters.  
 

 

Figure 7.  A moderate rollover crash predicted as 
moderate - Caseid: 613010766 (Source: NASS -
CDS). 
 
Example 3. Severe predicted as Severe 
Figure 8 shows a “severe” rollover crash that has been 
predicted as severe by the model, based on the 
predictors’ values: Quarter turns = 8, Estimated 
distance = 39 meters, Maximum intrusion = 20 
centimeters, and Maximum vertical crush = 23 
centimeters.  
 

 
 

Figure 8. A severe rollover crash predicted as 
severe- Caseid: 437010267 (Source: NASS-CDS). 
 
Mismatched case:  
Example: Figure 9 shows a rollover crash that has 
been predicted as severe by the model.  However, the 

observed VMAIS of the driver in the case vehicle was 
minor.  In this case the seating position of the driver 
relative to the maximum intrusion and maximum 
crush may have influenced the observed injury 
outcome.   As stated earlier, the model predicts the 
injury outcome based on the crash and vehicle 
parameters not the occupant location.  The model 
classified the case as severe based on relatively high 
values: Quarter turns = 6, Estimated distance = 21 
meters, Maximum intrusion = 27 centimeters, and 
Maximum vertical crush = 24 centimeters.  The 
pictures of the damage also indicate a severe rollover.   
 

 
 
Figure 9.  A rollover crash predicted as severe - 
Caseid: 178010624 (Source: NASS -CDS). 
 
The model predicted injury outcome appears correct 
based on the observed severity of damage in terms of 
the predictors.    

DISCUSSION OF RESULTS 

One of the measures of rollover crash severity is the 
injury outcome of the crash.  A multidimensional 
predictive model is developed that uses crash severity 
surrogates quarter turns, estimated distance, intrusion, 
and maximum vertical crush to predict the injury 
outcome in rollovers.  These severity surrogates 
showed positive correlation with the maximum MAIS 
in the rollover vehicle. 
 
Ninety-one percent of the rollover vehicles in the 
sample resulted in VMAIS 0-2 injuries.  High belt use 
could have resulted in high counts of minor injuries.  
The serious and fatal injuries in rollovers are 
associated with ejections that were not included in the 
sample.  The number of rollover cases in VMAIS 6 
group (less than 1%) is too small to sufficiently train 
the model to correctly predict such cases. As more 
data becomes available, the model will be able to 
learn more and acquire greater predictive capability.    
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The model can be used to classify new rollover cases 
in NASS-CDS based on their predicted injury 
outcome.  The model-based classification can then be 
used to identify comparable rollover crashes. The 
proposed model can also be used as a simulation tool 
to predict the injury outcome of rollover, given the 
values of predictors.  This can provide guidelines to 
extract comparable cases to understand injury 
mechanisms in rollovers that can be used to develop 
vehicle crashworthiness countermeasures. 
 
A close look at the data shows that severe rollovers, in 
general, have higher intrusion.  Increased intrusion in 
the vehicle correlates with an increased probability of 
occupant injury.  This suggests that preventing 
intrusion could prevent serious injuries.  The data also 
shows that an interrupted rollover is likely to result in 
higher intrusion and vertical crush.  Such rollovers are 
more likely to cause serious injuries to the occupants. 
 
The data used in this study is available through 
NASS-CDS case viewer on the web at: 
https://www.nhtsa.gov/portal/site/nhtsa/menuitem.352
5b237b7215dd24ec86e10dba046a0/ 
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ABSTRACT 
 
The combination of seat belt use and frontal air bags 
is highly effective in frontal impacts, reducing front-
seat occupants’ fatality risk by an average of 61 
percent compared to an unbelted occupant in a 
vehicle without air bags.  Nevertheless, a number of 
fatalities are still occurring.  Whereas the safety 
community is generally aware of factors that make 
specific crashes fatal – e.g., extreme crash severity, 
compartment intrusion, occupant fragility – there is a 
need for quantitative information on the relative 
frequency of these factors, and how often they occur 
in combination.  
 
This study began with in-depth reviews of NASS-
CDS fatality cases.  Case selection was limited to 
belted occupants in frontal impacts of late-model 
vehicles equipped with air bags.  The reviews 
focused on coded and non-coded data, and resulted in 
the identification of factors contributing to the 
occupant’s fatal injuries.  The factors were compiled 
and analyzed by a team of NHTSA researchers 
including crash investigation specialists, 
crashworthiness and biomechanical engineers.   
 
Factors were assigned based on their relevance, and 
emphasized those that have the potential of being 
addressed through vehicle design improvements.   
Many of the fatal crashes occurred under conditions 
that were considered more severe than what can be 
reasonably addressed with crashworthiness and 
restraint technologies.  While the physical 
characteristics of some occupants were found to play 
a role in their demise, it was more common that the 
loading conditions from the crash were simply too 
injurious owing to a reduction in the occupant’s 
survival space.  Impact configurations with 
insufficient structural engagement or with oblique 
directions of force frequently result in degradation of 
structural integrity and occupant trajectories that 

reduce the effectiveness of restraint systems even in 
moderate-severity crashes.  The findings of this study 
indicate that corner impacts and oblique frontal 
crashes should be a priority area for future research.  
 
INTRODUCTION 
 
The total number of passenger vehicle occupant 
fatalities occurring in the United States decreased 
from 30,686 in 2006 to 28,933 in 2007.  Based on the 
vehicle miles traveled, this reduction in total fatalities 
corresponds to a decrease in the fatality rate per 100 
million vehicle miles traveled from 1.42 in 2006 to 
1.36 in 2007 [NHTSA, 2009].  This decrease in 
fatalities was accompanied by a one percentage-point 
increase in seat belt use over the same time period.   
 
Frontal crashes are the most common type of fatal 
crash, with over 43% of occupant fatalities occurring 
in cases where the frontal crash is the most harmful 
event.  In 2007, 11,659 fatalities occurred in frontal 
crashes.  Fatality Analysis Reporting System (FARS) 
data indicate there were 4,835 fatalities of belted 
occupants with air bags in frontal crashes in 2007. 
 
Seat belt use and air bags are each quite effective in 
reducing fatality risk in frontal impacts, and the 
combination of both is even more effective.  Kahane 
(2000) estimates that when drivers and right-front 
(RF) passengers buckle up with three-point belts, 
they reduce their fatality risk in frontal impacts by 40 
to 64 percent (Table 1).  Similarly, in 1991, Evans 
reported that safety belts were 42 percent effective in 
preventing fatalities for drivers and 39 percent 
effective for right-front passengers. 
 
The extent to which air bags are effective at reducing 
fatality risk has been shown to be dependent on 
seating position, belt use, and impact direction.  
Viano [1995] estimated that the addition of a driver-
side air bag provided a twelve percent increase in 
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effectiveness over a seat belt alone.  A more recent 
study by Cummings et al. [2002] suggested air bags 
were eight percent effective in reducing fatality risk.  
Air bags are slightly more effective for adult 
passengers than for drivers, and for unbelted than for 
belted occupants (Table 2).  The combined effect of 
seat belt use and air bags is quite large.  Relative to 
an unrestrained occupant in a seat position not 
equipped with an air bag, the estimated combined 
fatality reduction for seat belts and air bags is at least 
48 percent for light truck and van (LTV) drivers in 
11:00 and 1:00 impacts with other vehicles and 
ranges as high as 74 percent for LTV passengers in 
single-vehicle 12:00 impacts (Kahane, 2004).  
Assuming the 2005 calendar year mix of occupants, 
vehicles and crashes, the average combined fatality 
reduction of seat belts and air bags in all frontal 
crashes is 61 percent relative to an unrestrained 
occupant without an air bag.  In other words, for 
every 100 frontal fatalities that would have occurred 
to unbelted occupants in vehicles without air bags, 39 
would still be expected to happen even if these 
occupants had buckled up and the vehicles had been 
equipped with air bags. 
 

Table 1. 
Estimated fatality reduction by seat belt use in 

frontal impacts 
 

 In passenger cars In LTVs 
Impacts with 
fixed object 

60% 64% 

Impacts with 
another vehicle 

42% 40% 

 
 

Table 2. 
Estimated fatality reduction by air bags in 

frontal impacts 
 

 Belted Unbelted 
12:00 impacts 
Drivers 25% 33% 
RF Passengers 13+ 28% 36% 
11:00 and 1:00 impacts 
Drivers 13% 17% 
RF Passengers 13+ 15% 19% 

 
Great effort has been focused on improved occupant 
protection in frontal crashes over the past decade.  
Federal Motor Vehicle Safety Standard (FMVSS) 
No. 208 “Occupant Crash Protection” and the New 
Car Assessment Program (NCAP) tests have 
influenced restraint system designs, and the Insurance 
Institute for Highway Safety (IIHS) offset frontal 

program has led to frontal structure enhancements.  
Continued consumer interest in high test scores has 
prompted manufacturers to focus heavily on 
achieving top ratings in the NCAP and IIHS tests.  
For the 2006 model year, 95 percent of the new 
vehicles tested received a four- or five-star NCAP 
rating [NHTSA, 2007b].  Similarly, a large majority 
of new vehicles are receiving Good ratings in the 
IIHS offset frontal test. 
 
While those efforts have resulted in improvements in 
test scores, it takes time for the newer vehicles to 
replace the existing fleet.  The median age of cars in 
operation in the U.S. was 9.2 years in 2007 [R.L. 
Polk, 2008].  Furthermore, vehicle design cycles 
typically last four to five years, and the result is that 
many of the occupants involved in crashes do not 
benefit from the safety enhancements of newer 
models.  Nevertheless, in 2007, it was calculated that 
77.6 percent of the on-road fleet was equipped with 
frontal air bags. 
 
The objective of this study is to examine, in detail, 
characteristics of fatal frontal crashes to gain an 
understanding of why, despite the use of seat belts 
and availability of air bags in modern vehicles, 
fatalities continue to occur.  It is desired to look at the 
relative importance of the various elements that 
distinguish a fatal crash from one that may have been 
survivable.  The outcome of this study can serve as a 
guide for determining future research priorities to 
promote further reductions in the occupant fatality 
rate. 
 
METHOD 
 
The fatal crashes analyzed in this study were 
collected by the National Automotive Sampling 
System-Crashworthiness Data System (NASS-CDS).  
The fatally injured occupants must have been riding 
in the front row of a passenger vehicle whose General 
Area of Damage for the most significant event was 
coded as the front (GAD1=F).  In order to eliminate 
vehicles whose safety technology is no longer 
current, the model year was required to be 2000 or 
newer.  Vehicles were also required to have been 
fitted with a frontal air bag at the fatal occupant’s 
seating location at the time of production – though 
there was no requirement that the air bag deployed 
upon impact.   Fatally injured occupants were only 
included if their appropriate manual restraint was 
coded as in-use at the time of crash, even if 
improperly used.  The restraint criteria allowed for 
inclusion of cases in which the air bag was switched 
off, the air bag was not replaced after a previous 
deployment or did not deploy for some other reason, 
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the seat belt was incorrectly used, or cases of a child 
in a booster seat.  Case years 2000 through 2007 were 
selected from CDS for this study. 
 
The collection of fatality cases was analyzed by a 
team composed of crashworthiness and 
biomechanical engineers, crash investigators and a 
statistician.  Since the objective of the study required 
more detailed information than what could be 
extracted from the CDS coded variables alone, the 
team developed a case analysis strategy that could be 
employed for each individual case review.  The 
strategy relied on information available in the scene 
diagram, scene and vehicle photographs, crash 
summary, injury patterns, vehicle crash performance, 
and overall crash outcome (i.e. other occupants in 
fatality vehicle or crash partner occupants).  In an 
attempt to minimize subjectivity, a case review 
template was developed and a number of factors and 
classifications were specified to capture the essential 
information of the cases. 
 
Each team member individually reviewed a subset of 
the cases and prepared summary documents for later 
discussion with the entire group.  The group then met 
and reviewed each case using the summary 
documents as a guide.  Following the discussion, the 
team reached a consensus on the various factors that 
led to the crash being fatal for the occupant of 
interest.  A factor, in this context, is an event or 
condition present at or after the time of impact that 
probably and logically increased the likelihood that 
this specific impact would be fatal to the occupant.  
For example, the condition that the occupant is obese 
is likely to be a factor in an impact where the 
occupant bottomed out the air bag and sustained 
major thoracic injuries, while it is unlikely to be a 
factor in a crash where an exterior object penetrated 
the vehicle and struck the occupant in the head. 
 
Factors related to the fatality were deemed primary or 
secondary, depending on the nature of their causative 
effects.  The ability to relegate a factor to secondary 
status allowed the team to capture the entire 
essentials of the case without diluting the importance 
of the factor(s) deemed most significant for the 
fatality.  A primary factor can be considered a 
necessary condition for a fatality, in the sense that 
removing it from the set of circumstances would 
likely lead to the crash not being fatal.  A secondary 
factor increases risk, and could possibly make the 
difference between life and death, however its 
removal would probably not change the significance 
of the primary factors.  A listing of the factors with 
brief descriptions is provided in the Appendix.  
Although case reviews did consider pre-crash events 

and their influence on the severity of the crash, the 
objectives of this study were to look at 
crashworthiness, restraint, and occupant-related 
factors. 
 
RESULTS 
 
A total of 138 fatalities, from 133 vehicles in 132 
total crashes, were selected from the 2000-2007 CDS 
files for inclusion in this study.  Of those fatalities, 
63% (87) were in passenger cars with the remaining 
cases in light trucks, SUVs or vans. Eighty-three 
percent (115) were drivers and the rest were right-
front passengers.  Occupant ages ranged between ten 
and 87 years and 61% (84) of the occupants were 
male.  Average occupant height was 171 cm (67 
inches) and average occupant weight was 83.9 kg 
(185 lb). 
 
During the case reviews, it became apparent that 
some of the cases did not fit the study criteria and 
were thus excluded from the study.  Examples 
include cases in which it was determined, after 
careful review, that the fatality-inducing event was 
not a frontal impact or that the occupant was not 
wearing the manual belt restraint.  Cases in which the 
occupant died immediately prior to the crash due to 
illness or was apparently committing suicide were 
also deleted.  Seventeen cases were deleted from the 
original set leaving 121 for analysis.  A histogram of 
occupant age among the 121 cases is shown in Figure 
1.  The distributions of vehicle model year and type 
are shown in Figure 2 and 3. 

Distribution of Occupant Age

0

5

10

15

20

25

<20 20-29 30-39 40-49 50-59 60-69 70-79 ≥80

Age Range [years]

N
um

be
r o

f F
at

al
iti

es

 
Figure 1.  Histogram of fatal occupant age. 
 
The frontal air bag deployed for all but six of the 
fatalities, and in one of the non-deploy cases, the 
passenger-side air bag switch was set to the off 
position.  Manual belt use was deemed as proper in 
all cases. 
 
Table 3 shows the factors and their frequency of 
occurrence as either primary or secondary among the 
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Distribution of Vehicle Model Years
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Figure 2.  Histogram of vehicle model year. 
 

Vehicle Type Breakdown

Car
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13%
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10%

Truck
15%

  
Figure 3.  Breakdown of vehicle type. 
 
121 cases.  Note that the cases could have multiple 
primary and secondary factors. 
 
References to specific cases are in the form 200X-
YY-ZZZ, where 200X represents the CDS year, YY 
the primary sampling unit (PSU) and ZZZ the case 
number.  Cases can be viewed using the on-line CDS 
case viewer accessible via the NCSA page available 
at http://www.nhtsa.dot.gov. 
 
DISCUSSION 
 
Careful review of the 121 fatalities yielded a list of 
factors to gain a better understanding of why 
restrained occupants die in frontal crashes.  A 
consistent team-based approach was used to 
determine which factors were relevant in each crash, 
and the resultant breakdown of factors pointed to a 
handful of key areas that may warrant further study.  
Some of the factors have a greater potential to be 
addressed by improvements in restraint systems and 
vehicle crashworthiness, but many of the crashes 
were simply so severe that crash avoidance becomes 
the first line of defense.  The discussion covers some 
of the most common primary factors and provides 
examples and explanation on how they were selected. 

 
Table 3. Fatality factors in 121 cases 

 
Factor Pri Sec Grp* 
Exceedingly severe crash 37 10 C 
Underride, limited vertical 
structural engagement 

23 13 C 

Limited horizontal structural 
engagement  

20 8 
 

C 

Oblique impact 17 11 C 
Anomaly (unusual crash 
circumstance)  

17 0 C 

Elevated occupant age  16 14 O 
Trailer’s guard did not prevent 
underride 

13 2 C 

Tall, narrow object 9 1 C 
Roof, A-pillar, or other upper-
compartment intrusion 

6 43 V 

Excessive IP or toe pan 
intrusion, or buckling of floor 
pan 

4 27 V 

Obese occupant (BMI ≥ 30) 3 21 O 
Poor occupant-air bag 
interaction  

3 18 R 

Vehicle not manufactured to 
current design practices 

2 23 V 

Front-to-front incompatibility 
between two passenger vehicles 
(cars or LTVs) 

2 10 C 

Multiple event crash      2 1 C 
Post-crash fire resulting in fatal 
burns 

2 0 C 

Belt system did not adequately 
restrain  

1 10 R 

Out-of-position occupant 1 3 C 
Seat or seat back did not 
adequately restrain  

1 3 V 

Air bag injured out-of-position 
occupant (e.g., SCI case) 

1 2 R 

“Back-seat bullet” – rear-seat 
occupant increased the load on 
the front seat and contributed to 
seat failure 

1 2 B 

Pre-existing medical condition 1 1 O 
Air bag did not deploy 1 0 R 
Post-crash injury complications 1 0 O 
Air bag bottomed out 0 26 R 
Short-stature occupant 0 7 O 
Steering assembly moved 
upward 

0 3 V 

Air bag switched off 0 1 B 
Belt-induced injury 0 1 R 
Tall or large occupant (not 
obese) 

0 1 O 

* Factors are divided among five different groups: C - 
crash configuration or partners; R - restraint 
performance; V - vehicle structure performance; O - 
occupant vulnerability; B - occupant behavior.  The 
factors are described in the Appendix. 
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Exceedingly Severe Crash 
 
Thirty-seven of the fatalities were attributed 
primarily to the crash being exceedingly severe.  
While there was no quantitative criteria (delta-V, 
crush, etc.) used to determine whether a crash was 
exceedingly severe, this factor was typically selected 
when it was apparent that the amount of crash energy 
absorbed was much higher than that at typical crash 
test speeds.  In these cases, it was understood that the 
vehicle structure and restraint systems were 
overwhelmed relative to their design targets. 
 
Crashes between two vehicles traveling in opposite 
directions on a high-speed roadway would be 
considered exceedingly severe, given ample evidence 
that both vehicles were traveling at or above posted 
speeds.  “Exceedingly severe” was applied as a 
primary factor more than any other factor, and it was 
frequently the only primary factor coded.  In an 
exceedingly severe crash, it is expected that 
secondary effects may include large occupant 
compartment intrusions and air bags that bottom-out 
when loaded by the occupant.  There were some 
cases in which exceedingly severe was considered a 
secondary factor.  In these cases, the high level of 
crash energy was felt to play a role in the occupant’s 
demise, but other factors such as structural 
engagement or crash direction were deemed more 
directly responsible.   
 
One example of a case considered exceedingly severe 
was 2007-74-107, in which a 2000 Ford Taurus 
impacted a 2000 Buick Park Avenue in a full-frontal 
configuration, resulting in fatality to the three front-
seat occupants of the two cars.  This crash of two 
similarly-sized passenger vehicles occurred on a 
highway where one vehicle was traveling in the 
wrong direction, so both vehicles were traveling at a 
high rate of speed immediately prior to the impact.  
The distributed impact resulted in a delta-V of 59 
mph for the Taurus (Figure 4), which had received a 
five-star NCAP rating and a Good IIHS frontal 
rating.  The high level of crash energy led to 
instrument panel intrusion and there was evidence 
that the occupant loading caused the air bag to 
bottom-out. 
 
While not irrelevant to the study of the fatal frontal 
crash problem, the exceedingly severe crashes can be 
separated from the rest of the fatalities based on the 
difficulty associated with addressing crashes of such 
severity.  These high-energy crashes require vehicle 
structure and restraint design trade-offs that may not 
be technically viable.  Rather, the team believes the 
exceedingly severe crashes identified could benefit 

from crash avoidance technologies that could either 
prevent or mitigate the severity of the event, and 
were thus segregated from the other cases. 
 

 
Figure 4.  Example of exceedingly severe as 
primary factor – case 2004-74-107 
 
Limited Structural Engagement 
 
The second most commonly coded primary factors 
were those related to less-than-optimal engagement 
of front structural components.  Limited structural 
engagement was coded when the front of the vehicle 
was loaded in a way that failed to engage one or both 
of the two primary longitudinal members (frame 
rails) in an effective manner.  Limited vertical 
engagement and limited horizontal engagement both 
shift part of the energy absorption responsibility to 
the occupant compartment, and typically result in 
large intrusions that shrink the occupant ride-down 
space. 
 
     Vertical (underride) – Vertical engagement 
problems typically arose in impacts to semi-trailers or 
when passenger cars struck higher-riding light trucks.  
In many of these cases, the crush at the level of the 
bumper was minor while the upper portion of the 
vehicle’s front was crushed all the way back to the 
occupant compartment.  The upper structures 
typically lack sufficient energy-absorbing capability, 
even in moderate severity crashes, to withstand the 
deformation into the occupant compartment.  This 
factor was not mutually exclusive with “Trailer’s 
guard did not prevent underride.”  All cases where 
the trailer guard was a factor were also assigned the 
vertical (underride) factor to demonstrate the role 
played by the case vehicle’s structure in addition to 
capturing the importance of the trailer’s structure. 
 
An example of a crash with limited vertical structural 
engagement as a primary factor is 2007-9-63, in 
which a 2006 Toyota Avalon struck a semi-trailer.  In 
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this case, the vehicle sustained minor crush at the 
bumper level, but the hood and windshield header 
were severely deformed (Figure 5).  Due to the 
excessive occupant compartment deformation, the 
restraint performance was irrelevant since the 
greenhouse structures could not withstand the impact.  
This occupant was believed to have contacted the 
intruding windshield header, which was reinforced by 
the semi-trailer, with his head and the intruding 
steering assembly with his thorax. 
 

 
Figure 5.  Example of limited vertical structural 
engagement as primary factor – case 2007-9-63.  
The front bumper beam sustained minor damage, 
yet the hood was pushed back beyond the 
windshield.  
 
     Horizontal – Horizontal offset problems typically 
arose in extreme offset or corner impacts with other 
vehicles or narrow objects.  As in the limited vertical 
engagement cases, the limited horizontal engagement 
cases did not demonstrate good engagement with the 
longitudinal energy-absorbing structures of the 
vehicle and the result is usually severe occupant 
compartment deformation.  The struck object often 
peels away the front fender and then contacts the 
firewall area resulting in large instrument panel 
intrusions.  Crashes with limited horizontal 
engagement can be identified frequently as having a 
Collision Deformation Classification (CDC) 
designation of “FLEE” or “FREE.”  For these 
crashes, the maximum width of deformation 
measured from the side surface of the subject vehicle 
is 410 mm (16 inches) or less. 
 
Case 2004-50-32 involves a 2001 Subaru Forester in 
which the right front passenger was killed as a result 
of an extreme right offset pole impact (Figure 6).  
The pole contacted the right front of the vehicle, 
outboard of the longitudinal member, and caused the 
instrument panel, toe pan, and windshield header to 
intrude into the occupant’s seating position.  

Instrument panel intrusion was measured as 81 cm 
for the right front seating position. 
 

 
Figure 6.  Example of limited horizontal 
structural engagement as a primary factor – case 
2004-50-32.  Note the minimal induced damage to 
the front structure on the vehicle’s left side.  The 
direct damage was limited to the area behind the 
right headlight. 
 
Oblique Crash 
 
Oblique impacts were also common among these 
fatal crashes, and were coded as primary factors in 
seventeen cases.  Oblique crashes could involve a 
small overlap or a full overlap, but the key was that 
the principal direction of force was at enough of an 
angle from twelve o’clock to affect occupant 
trajectories and the subsequent restraint interaction.  
It was found that occupants sometimes missed the air 
bag as they moved forward and laterally in response 
to the impact.  Depending on the seating position and 
the direction of the obliquity, the occupant would 
move towards the A-pillar or center instrument panel.  
Large A-pillar intrusions were common in oblique 
cases because of the less-than-optimal structural 
engagement, and this would exacerbate the severity 
for the occupant by even further reducing ride-down 
space. 
 
An example of a crash with an oblique impact as the 
primary factor is 2004-49-168, which involved a 
2004 Mercedes S430 (Figure 7).  This vehicle was 
struck with a 40 degree PDOF, and the total delta-V 
was 30 km/h.  The right front passenger moved 
forward and to the right in response to the impact, 
and her head most likely did not fully engage the 
deployed frontal air bag, striking the A-pillar instead 
and causing serious head injuries.  Because of the 
oblique angle, she did not benefit from the frontal air 
bag or the side curtain air bag that also deployed in 
this crash. 
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Figure 7.  Example of oblique impact as a primary 
factor – case 2004-49-168 
 
Roof, A-Pillar or Other Upper-Compartment 
Intrusion and Excessive IP or Toe Pan Intrusion 
 
Large intrusions of the roof, A-pillar, windshield 
header, and instrument panel were the most 
frequently coded secondary factor in this study.  In 
most cases, these large intrusions were the result of 
poor structural engagement or extreme crash severity.  
The intrusions were considered as a result of the 
nature of the impact, and were thus only secondary 
factors, even though they were frequently directly 
responsible for the severity of the injuries. 
 
Elevated Occupant Age 
 
There were some crashes that, at first glance, did not 
appear to be overly severe and the vehicles had not 
sustained the extent of damage that would be 
expected in a fatal crash.  In some of these cases, a 
review of the occupant and the injuries revealed that 
occupant-related factors were responsible for the 
fatality.   
 
Occupant fragility due to elevated age was frequently 
cited as a primary factor (sixteen cases) owing to the 
general decrease in injury tolerance among the 
elderly population.  Elevated occupant age was coded 
when the team felt strongly that a younger and more 
robust individual would have survived based on the 
perceived severity of the impact.  These cases 
generally had relatively little occupant compartment 
intrusion and were not oblique in nature.  Figure 8, 
case 2005-79-139, shows one such example.  There 
were also fourteen cases where elevated age was 
coded as a secondary factor.  These were crashes 
where severity or loading direction would have 
presented any occupant with a demanding loading 
condition, but the occupant’s tolerance was 
considered to affect their outcome. 

 

 
Figure 8.  Example of crash with elevated 
occupant age as primary factor – case 2005-79-139 
 
CONCLUSION 
 
The detailed review of fatality cases conducted in this 
study yielded a tally of important factors that may 
help to explain why restrained vehicle occupants 
continue to die as a result of frontal crashes.  The 
team analyzed evidence from each case to develop an 
explanation of why the fatality occurred and to 
enhance the already-coded crash investigation data 
with an objective assessment of critical factors.  
While 37 of the 121 fatalities were attributed to the 
crash being overly severe, the following factors arose 
as those most prevalent in the fatal crashes: 

• Underride or limited vertical structural 
engagement 

• Limited horizontal structural engagement 
• Oblique impact direction 
• Elevated occupant age 
• Semi-trailer underride guard did not prevent 

underride 
The above-listed factors provide a list of issues that 
need to be addressed further reduce fatalities of 
restrained occupants in frontal crashes.  Despite an 
increase in occupant seat belt usage and 
improvements to vehicle crashworthiness, the factors 
listed above provide an explanation of why occupants 
continue to sustain fatal injuries in frontal crashes.  
The factors also point to areas for potential 
improvements in crash performance through 
advanced restraint technologies and structural 
enhancements that may help further reduce occupant 
fatality risk. 
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APPENDIX 
 
Description of factors related to crash 
configuration or partners 
 
     Anomaly – Unusual crash configuration or 
circumstances, such as being struck by an airborne or 
rolling vehicle; hitting an unusually-shaped vehicle 
or object; or experiencing multiple frontal impacts, 

with the air bag deploying on an earlier impact than 
the most severe one. 
 
     Exceedingly severe crash – The velocity change 
and acceleration are so great that it is not very likely 
the occupant could ride down and survive in the time 
and space available, even if structural engagement 
had been excellent, the vehicle had been 
manufactured to current design standards, the 
occupant was young, and the restraint system 
functioned well.  Fundamentally, if this had been a 
full-frontal impact, it would likely have been fatal to 
the driver and RF passenger; if it had been an offset 
with 50 percent overlap, it would likely have been 
fatal to the occupants of the impacted half.  
Typically, the time and space available for the 
restraint system, already limited because of the high 
speed, is further reduced because the instrument 
panel intrudes and the floor pan buckles at these force 
levels, even in vehicles manufactured to current 
design standards.  In short, the restraint system is 
overwhelmed.  This is usually a primary factor, but it 
can be a secondary factor if a crash was just below 
that severity level, and there were other risk-
increasing factors. 
 
     Front-to-front incompatibility – When the case 
vehicle hits a car or LTV head-on, and that other 
vehicle is much stiffer and/or heavier, or has the 
frame rails located substantially higher, the case 
vehicle may experience a disproportionate share of 
the damage and experience compartment intrusion 
above and beyond what might be expected from the 
speed and degree of offset. 
 
     Limited horizontal structural engagement – 
The primary frontal longitudinal members of the case 
vehicle did not engage with the structure of the other 
vehicle or object because the impact was (1) on the 
corner of the case vehicle, (2) strongly offset to the 
point where the direct damage on the case vehicle 
was outside the longitudinal member, and/or (3) with 
a narrow object that fits between the longitudinal 
members.  Intrusion of various components may 
increase and occupant trajectory can be affected.  Air 
bags may deploy late or not at all.  This becomes a 
primary factor if an impact at the same velocity with 
good structural engagement would have had a low 
fatality risk. 
 
     Multiple-event crash – Impact(s) prior to the 
main impact cause the air bag to deploy before it is 
most needed, or displace the occupant out of position, 
or cause the occupant to load the belt system and/or 
air bag from an angle for which it is not optimally 
designed. 
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     Oblique crash – The direction of impact is 
sufficiently far away from longitudinal so as to affect 
occupant trajectories (away from the air bag and not 
straight ahead into the seat belt).  Components may 
be displaced laterally and longitudinally. 
 
     Out-of-position occupant – Includes people 
displaced out of position by small impacts or off-road 
excursion prior to the main impact and, less 
frequently, people who were already out of position 
before the crash (e.g. asleep).  This can result in 
belted occupants being too close to the deploying air 
bag or to static components such as the side structure 
or steering assembly. 
 
     Post-crash fire resulting in fatal burns – A fire 
that develops as a result of the crash is responsible 
for the occupant’s demise. 
 
     Tall, narrow object – In addition to the risk-
increasing factors associated with the narrow object’s 
limited horizontal engagement, the height of the 
object, typically a tree or pole tends to push 
components in front of it such as the instrument panel 
and steering assembly upwards and into the 
compartment.  The occupant’s head may contact the 
tree or pole. 
 
     Trailer’s guard did not prevent underride – 
The case vehicle hit the rear of a semi-trailer or 
single-unit truck equipped with an underride guard.  
Nevertheless, there was severe underride, presumably 
because the vehicle missed the guard or pushed the 
guard out of the way, upward or sideways. 
 
     Underride, limited vertical structural 
engagement – The primary frontal longitudinal 
members of the case vehicle did not engage with the 
structure of the other vehicle due to a height 
mismatch.  This results in excessive damage depth 
and compromise of the occupant compartment on the 
case vehicle.  Underride becomes a primary factor if 
an impact at the same velocity with good structural 
engagement would have had a low fatality risk. 
 
Description of factors related to restraint system 
performance 
 
     Air bag bottomed out – This was quite common, 
but it was always a secondary factor.  It was a 
consequence of the impact’s severity and/or the 
occupant’s weight.  There were no cases where the 
air bag bottomed out for no particular reason.  There 
were also no cases where it was evident that a more 

capacious air bag would have prevented the fatality, 
because most of these crashes were quite severe. 
 
     Air bag did not deploy – This would be coded in 
a crash where a deployment would have typically 
been expected and would likely have benefited the 
occupant.  In other words, where this was the primary 
factor (one case), the team believes a deployment 
would likely have prevented the fatality. 
 
     Air bag injured out-of-position occupant – Poor 
belt fit or multiple impacts can allow occupants to 
approach the air bag before it deploys.  If an occupant 
has the characteristic injuries, such as atlanto-
occipital cervical spine dislocation plus brain injury 
plus abrasions of the neck and face, there was a 
possibility they were too close to the deploying air 
bag.  These instances were rare in our study of belted 
occupants in vehicles with redesigned air bags (MY 
1998+).   
 
     Belt system did not adequately restrain – This 
occurs when something has allowed excessive 
occupant excursion in the belt.  Shoulder belts 
integrated into the seat back may permit excessive 
excursion when, for example, a large occupant exerts 
sufficient force to bend the seatback and pull it 
forward.  There was one case where the belt 
anchorage tore loose.  Excursion could also be 
increased by poor belt fit (very short occupant), or by 
a series of impacts. 
 
     Belt-induced injury – Although CDS attributed 
injuries to the belt system in several cases, the team 
only considered it a factor if these injuries were fatal, 
and of higher severity than would be expected for this 
type of impact. 
 
     Poor occupant-air bag interaction – The 
occupant’s thorax does not hit the center of the air 
bag, and as a result engages at best a limited portion 
of the energy-absorbing capability of the air bag.  
This happens often as a direct consequence of 
oblique force or a vehicle rotation introduced by a 
corner impact or strongly offset impact; as a result 
this factor is often secondary (because a 
consequence) to “oblique crash” or “limited 
horizontal engagement.”  It may also result from 
delayed deployment, an occupant with unusual 
stature or out-of-position, or upward displacement of 
the steering assembly. 
 
Description of factors related to vehicle structure 
or component performance 
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     Excessive IP or toe pan intrusion, or buckling 
of the floor pan – Instrument panel (IP) intrusion 
and floor-pan buckling both reduce the space 
available between the occupant and the front interior 
for ride-down by the restraint system.  Severe IP 
intrusion can result in direct contact with the belted 
occupant leading to fatal thoracic injuries.  Gross 
reduction of the occupant’s survival space can reduce 
the effectiveness of the restraint systems and can 
entrap the occupant. 
 
     Roof, A-pillar or other upper-compartment 
intrusion – The roof, A-pillar, windshield header, 
roof side rail, and/or striking vehicle/object entered 
the space of the occupant compartment from the 
front, side, and/or top, resulting in fatal head injuries 
to the occupant.  This is usually a secondary factor, 
because it is a direct consequence of what happened 
in the crash (underride; corner impact; tall, narrow 
object). 
 
     Seat or seat back did not adequately restrain – 
The seat tore loose from its track, or moved forward 
along the track during impact, or moved up or down 
in response to intrusion.  The occupant space 
available for ride-down was reduced or the occupant 
was allowed to contact the front interior with a more 
vulnerable body region (neck or abdomen rather than 
thorax). 
 
     Steering assembly moved upward – The upward 
motion of the steering assembly, in response to the 
vehicle’s structural deformation, concentrated the 
impact of the steering wheel into the driver’s chest.  
The phenomenon was a consequence of exceedingly 
severe impacts or tree impacts, and not a primary, 
first-cause factor. 
 
     Vehicle not manufactured to current design 
practices – This usually refers to MY 2000+ vehicles 
that were carryovers from somewhat earlier designs, 
with poor or marginal performance on the IIHS offset 
test, especially with regard to structural performance.  
These vehicles tend to allow more IP, toe pan or floor 
pan intrusion/deformation than the latest designs. 
 
Description of factors related to intrinsic occupant 
vulnerability 
 
     Elevated occupant age – This occurs when an 
impact that resulted in fatal injuries would probably 
not have been fatal to a 30-year-old occupant.  The 
younger occupant would have sustained a less severe 
type of injury than this occupant, or even if they had 
sustained the same injury, they would probably have 
survived it.  There is no specific minimum age for 

this factor; typically these occupants are over 70, but 
in some of the more severe crashes, as young as 65-
70 years old. 
 
     Obese occupant – The occupant had a body mass 
index (BMI) of 30 or more, and that increased fatality 
risk because the occupant bottomed out the air bag, 
overtaxed the belt system or the seat, increased 
impact force on the ribcage, or reduced the space 
between the occupant’s torso and the steering 
assembly or instrument panel. 
 
     Pre-existing medical condition – The occupant 
was more vulnerable to impact trauma than the 
average for his or her age due to an illness (which 
was not, itself, the cause of the fatality). 
 
     Post-crash injury complications – An injury or 
combination of injuries that is rarely fatal became 
fatal as a result of complications during the 
convalescence.  Typically, the victim would be an 
older person. 
 
     Short-stature occupant – Because of short 
stature, the occupant contacts the air bag with a 
different body region than the one for which the air 
bag is designed (e.g. the neck instead of the center of 
the chest).  Because of short stature, a driver sits 
closer to the air bag and reduces the space available 
for ride-down by the restraint system or even 
becomes exposed to injury by the deploying air bag.  
The occupants in this study who were granted this 
factor were 160 cm or shorter. 
 
     Tall or large occupant (not obese) – Usually 
advantageous, this could increase risk if the occupant 
contacts upper-interior components despite being 
belted or overtaxes the belt or seat system.  The only 
occupant in this study with this factor was 193 cm 
tall and weighed 106 kilograms. 
 
Description of factors related to occupant 
behavior that increased injury risk 
 
     Air bag switched off – The case vehicle is a 
pickup truck factory-equipped with an on-off switch 
for the passenger air bag, and the switch is off – with 
or without the occupants being aware of it. 
 
     Back-seat bullet – An unrestrained back-seat 
occupant was seated behind the victim and contacted 
the back of the front seat during the impact.  This 
“back-seat bullet” increased the load on the victim 
and/or reduced the space between the front seat and 
the instrument panel. 
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ABSTRACT 
 
Injuries to the lower extremities continue to occur in 
frontal crashes despite increased attention on vehicle 
structure and restraint design.  Since lower extremity 
injuries can lead to costly rehabilitation and long-
term disability, it is important to understand their 
causation and how well modern design practices are 
affecting their incidence and severity.  This study 
investigates lower limb injury risk and causation in a 
U.S. crash database, and compares the risk and 
severity based on the nature of the crash and vehicle 
specifications.  This study uses weighted NASS-CDS 
data to give an overall view of lower limb injury risk 
over a period from 1994 until 2007.  Crashes will be 
categorized by intrusion level, delta-V, and vehicle 
model year.  Particular interest will be paid to leg, 
foot and ankle injuries as well as occupant factors 
and intrusion levels. 
 
A review of the representative data suggests that foot 
and ankle injury prevalence has not decreased in 
newer model-year vehicles, and that injury risk to the 
foot and ankle has actually increased despite 
structural improvements aimed at reducing footwell 
deformation.  When broken down by delta-V, the 
trends vary, but the majority of the injuries occur at 
lower crash severities.  Although vehicle structures 
and restraints have been optimized for improved 
performance in consumer information and regulatory 
tests, the risk of sustaining lower extremity injuries, 
especially to the foot and ankle, remains an issue that 
deserves further attention. 
 
INTRODUCTION 
 
Improvements to restraint system performance in the 
1980s and 1990s precipitated an increase in attention 
paid to lower extremity injuries sustained in frontal 
crashes.  A number of publications highlighted the 
importance of the lower extremities in terms of the 
overall injury distribution – with the lower 
extremities accounting for a large portion of the 
frontal crash injuries sustained [States, 1986; 
Pattimore et al., 1991; Morgan et al., 1991; 
Dischinger et al., 1994, Pilkey et al., 1994].  Though 
rarely life-threatening, lower extremity injuries can 

lead to long-lasting disability with physical and 
psychosocial effects [Read et al., 2004].  Despite 
extensive study, the factors related to foot and ankle 
injury causation remain unclear, though some studies 
have postulated that toepan intrusion and pedal 
interaction were responsible for many of the injuries. 
 
An in-depth analysis of crashes from the U.K. 
indicated that the majority of the ankle injuries were 
caused by intrusion of the toepan [Manning et al., 
1998].  Thomas et al. [1995] also concluded that 
toepan intrusion increased the risk of sustaining 
lower limb injuries.  Conversely, an investigation of 
field crashes spanning the period from 1988 to 1995 
in the U.S. suggested that almost all lower limb 
injuries occurred in frontal crashes with delta-V 
below 50 km/h and with toepan intrusion levels 
below 3 cm [Crandall et al. 1995; Crandall et al., 
1998].  Crandall et al. [1998] cautioned that the 
effects of footwell intrusion may not be fully 
captured by a static post-crash measurement.   
 
Occupant anthropometry has also been shown to 
affect lower extremity injury risk.  Crandall et al. 
[1996] concluded that foot and ankle injury risk 
decreased with increasing driver height.  That same 
study also indicated a higher risk for females than for 
males.  Differences in seating positions associated 
with different heights, in addition to greater injury 
tolerance for larger occupants, likely play a role in 
this outcome.  Differences in seating positions 
associated with different vehicle types are also likely 
to affect lower extremity injury distribution and risk 
[Rudd et al. 2006]. 
 
The objective of this study was to take an updated 
look at the nature of lower extremity injuries in 
frontal crashes.  The Insurance Institute for Highway 
Safety (IIHS) included measurements of toepan 
intrusion in its frontal offset rating program, and the 
result was that many newer vehicle designs 
experience less toepan deformation in offset frontal 
crashes than earlier models.  One of the primary 
interests was how modern vehicle designs have 
affected the lower extremity outcome in frontal 
crashes.  Other issues of interest included vehicle 
type, occupant height, and crash severity.   
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METHODS 
 
Case data were selected from the National 
Automotive Sampling System/Crashworthiness Data 
System (NASS/CDS) for analysis in this study (case 
years 1994 through 2007).  Model year 1995 and 
newer light vehicles involved in tow-away frontal 
crashes without rollover were included.  Adult 
occupants (thirteen years of age or older) seated in an 
outboard first row position (seatpos 11 or 13) with an 
available frontal air bag were applicable for analysis 
if they were properly belted and not ejected from the 
vehicle.  Since knowledge of injuries was critical to 
this analysis, only those cases with known injury 
information were included. 
 
The crashes were classified as full frontal, left offset, 
or right offset based on the criteria specified by 
Stucki et al. [1998].  The vehicle’s general area of 
damage (GAD1), principal direction of force 
(DOF1), object contacted and damage location were 
used to determine the crash mode.  Vehicles involved 
in rollover crashes were not considered.  All data 
presented have been weighted according to 
NASS/CDS recommendations except where noted. 
 
The representative CDS data were analyzed using 
SAS 9.1 software (SAS Institute Inc., Cary, NC) and 
standard errors from the sampling procedures were 
accounted for using the PROC SURVEY functions 
with the stratification information.  Risks were 
calculated by dividing weighted incidence by 
weighted exposure.  Odds ratios and confidence 
intervals were calculated using SURVEYLOGISTIC.   
 
This study focused on injuries to the lower 
extremities, which were broken down into the 
following sub-regions: pelvis, hip, thigh, knee, leg, 
and foot/ankle.  The injuries were divided into the 
specific sub-regions based on their AIS code, and the 
breakdown follows clinical definitions for the lower 
extremity regions [Kuppa et al., 2003].  Knee sprains 
were not considered to be AIS 2 injuries for this 
analysis.  In the second half of the analysis, special 
emphasis was placed on the leg, foot and ankle, 
where ankle injuries include malleolar fractures. 
 
RESULTS 
 
There were 15,364 occupants in the selection of CDS 
cases meeting the frontal crash and occupant criteria, 
which represented 6,423,619 total occupants after 
weighting.  Of the frontal crash occupants selected, 
1,370 sustained at least one AIS 2+ lower extremity 
injury, which became 151,362 occupants after 
weighting.  Summary statistics for the occupants and 

crashes are shown in Table 1.  The age distribution 
for the occupants is shown in Figure 1 and the height 
breakdown by gender is shown in Figure 2.  A 
distribution of total delta-V is provided in Figure 3 
sorted by the crash type.  A large majority of the 
crashes had a delta-V of less than 30 km/h.   
 

Table 1. 
Summary statistics for CDS dataset 

 
 Group Mean Percentage 
Age 36.3 years  

Male 37.5 years 49.4%  
Female 38.2 years 50.6% 

Height 171.0 cm  
Male 178.0 cm   

Female 164.1 cm  
Delta-V 20.0 km/h  
Crash Type   

Full Frontal 20.9% 
Left Offset 41.2% 

 

Right Offset 37.7% 
Seating Position   

Driver 82.5%  
Right Front Passenger 17.5% 
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Figure 1.  Occupant age distribution (weighted) in 
CDS frontal cases, all occupants. 
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Figure 2.  Occupant height distribution by gender 
(weighted) in CDS frontal cases, all occupants. 
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Delta-V Distribution by Crash Type
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Figure 3.  Crash delta-V distribution (weighted) in 
CDS frontal cases by crash type. 
 
The distribution of all AIS 2+ lower extremity 
injuries by sub-region was determined as a function 
of some vehicle and occupant factors.  A comparison 
by vehicle model year, where 1995-2000 model years 
were considered the older group and 2001+ were 
considered the newer group, is shown in Figure 4.  
The proportion of knee and foot/ankle injuries is 
higher in the newer group, while the other sub-
regions constituted fewer of the lower extremity 
injuries.  Hip injuries made up a similar proportion 
for both groups. 
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Figure 4.  Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
vehicle model year. 
 
Vehicles were also classified by type, where pickups, 
sport utility vehicles, and vans were lumped together 
in the LTV group.  The injury distribution 
comparison for passenger cars compared to LTVs is 
shown in Figure 5.  The proportion of below-knee 
injuries is somewhat lower for LTV occupants, but 
LTV occupants tended to have more above-knee 
injuries overall compared to car occupants. 
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Figure 5.  Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
vehicle type.  
 
Prior studies have indicated a gender bias with 
respect to lower extremity injuries, so the distribution 
among males and females was calculated and is 
shown in Figure 6.  Men suffered a greater proportion 
of pelvis and thigh injuries, but the female group 
sustained a larger number of foot and ankle injuries. 
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Figure 6. Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
occupant gender. 
 
Prior studies have also indicated differences in lower 
extremity injuries based on occupant anthropometry.  
The injured occupants were segregated by height into 
three groups, one for those 163 cm (5’4”) or shorter, 
one for those between 164 cm and 186 cm (5’5” to 
6’1”), and a third for those taller than 187 cm (6’2”).  
The distribution based on height is shown in Figure 
7.  The most prevalent trends are for an increase in 
above-knee injuries and a decrease in foot/ankle 
injuries with increased occupant height. 
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Lower Extremity Injury Distribution 
by Occupant Height
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Figure 7.  Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
occupant height. 
 
AIS 2+ injury risk was calculated for the lower 
extremity sub-regions based on the vehicle and 
occupant factors compared in Figures 4 through 7.  
Odds ratios were calculated between groups, and are 
shown below the risk values in Table 2.  Statistical 
significance of each comparison, based on α=0.05, is 
indicated by an asterisk next to the odds ratio.  A 
comparison of risk values for drivers based on the 
crash type has also been included. 
 

Further analysis was conducted looking only at 
injuries to the leg and foot/ankle complex.  Injury 
incidence and risk were calculated based on the 
effects of toepan intrusion, delta-V, gender/height 
and vehicle type/height.  Each of the accompanying 
charts shows the distribution of frontal crashes for 
three sets of conditions: the left column (dark blue) 
shows the distribution for all frontal crashes, the 
middle column (speckled red) shows the distribution 
among crashes in which an AIS 2+ leg injury was 
sustained, and the right column (green stripes) shows 
the distribution among crashes in which an AIS 2+ 
foot or ankle injury was sustained.  All columns of 
each color add up to 100 percent.  Following each 
chart, a table lists the calculated leg and foot/ankle 
AIS 2+ injury risk values for the various levels of 
vehicle and occupant effects. 
 
Figure 8 shows the effects of toepan intrusion.  Most 
frontal crashes (96%) occur with little or no toepan 
intrusion, and nearly 70% of the leg and foot/ankle 
injury crashes also occur with little or no toepan 
intrusion.  Injury risk generally increases with higher 
levels of toepan intrusion (Table 3).  The foot/ankle 
complex is generally at a higher risk than the leg, 
regardless of intrusion level.  

Table 2 
Injury risk (AIS 2+) and odds ratios for lower extremity sub-regions based for various vehicle 

and occupant factors 
 
 Pelvis Hip Thigh Knee Leg Foot/Ankle 
Model Year 
Old (1995-2000) 0.27% 0.14% 0.30% 0.45% 0.71% 1.15% 
New (2001+) 0.23% 0.17% 0.26% 0.60% 0.69% 1.44% 
New vs. Old 0.83 1.26 0.86 1.33 0.97 1.26 
Vehicle 
Car 0.25% 0.14% 0.28% 0.50% 0.84% 1.34% 
LTV 0.27% 0.17% 0.30% 0.49% 0.42% 1.00% 
LTV vs. Car 1.08 1.19 1.06 0.98 0.50 0.74 
Gender 
Male 0.25% 0.12% 0.32% 0.41% 0.55% 0.86% 
Female 0.27% 0.17% 0.26% 0.58% 0.86% 1.59% 
Female vs. Male 1.08 1.38 0.83 1.41 1.57* 1.86 
Height 
Short (≤163 cm) 0.19% 0.14% 0.20% 0.56% 1.10% 1.58% 
Average (164 -186 cm) 0.29% 0.15% 0.33% 0.48% 0.57% 1.16% 
Tall (≥187 cm) 0.18% 0.14% 0.21% 0.40% 0.53% 0.52% 
Short vs. Average 0.65* 0.91 0.62 1.17 1.96* 1.36 
Tall vs. Average 0.62 0.91 0.62 0.84 0.93 0.44* 
Crash Type (Drivers only) 
Full Frontal 0.50% 0.14% 0.37% 0.63% 0.65% 2.12% 
Left Offset 0.28% 0.19% 0.29% 0.48% 0.78% 1.26% 
Right Offset 0.20% 0.14% 0.27% 0.52% 0.42% 1.06% 
Left vs. Full 0.56* 1.39 0.79 0.77 1.19 0.59 
Right vs. Full 0.40* 1.07 0.74 0.83 0.64 0.50 
Note: Comparisons between groups (odds ratios) are shown in italicized text.  An asterisk (*) indicates 
statistical significance for the differences in injury risk for the comparison groups. 
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Figure 8.  Distribution of crashes by toepan 
intrusion level for all frontal crashes, those in 
which the occupant sustained at least one AIS 2+ 
leg injury, and AIS 2+ foot/ankle injury. 
 

Table 3. 
AIS 2+ injury risk based on recorded toepan 

intrusion level 
 
Toepan 
Intrusion Level 

Leg Injury Risk Foot/Ankle 
Injury Risk 

None 0.52% 0.86% 
3-8 cm 2.25% 4.59% 
9-15 cm 4.56% 10.3% 
16-30 cm 8.99% 16.0% 
31-46 cm 14.6% 42.9% 
47-61 cm 56.4% 39.9% 
62+ cm 44.8% 50.8% 

 
The majority of all frontal crashes occur with a delta-
V of less than 30 km/h (Figure 9).  When considering 
those with leg or foot/ankle injuries, the largest 
subset is the 16-30 km/h group and almost none 
occur in the lowest severity group.  Similar to the 
trend seen for toepan intrusion, greater severity as 
indicated by a higher delta-V generally results in a 
higher injury risk (Table 4).  One important 
consideration to make here is the inherent limitations 
in the calculation of delta-V.  Crashes with other than 
full overlap may result in an underestimated delta-V. 
 
Occupants were broken down by their gender and 
height, and the distribution of crashes is shown in 
Figure 10.  The blue columns give an indication of 
the overall gender and height breakdown for frontal 
crash exposure.  Of the occupants 163 cm or shorter, 
females dominated the overall number exposed, but 
had a disproportionately high number of leg and 
foot/ankle injuries.  In the middle height range, 
females tended to have more foot/ankle injuries than 
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Figure 9.  Distribution of crashes by delta-V for 
all frontal crashes, those in which the occupant 
sustained at least one AIS 2+ leg injury, and AIS 
2+ foot/ankle injury. 
 

Table 4. 
AIS 2+ injury risk based on delta-V 

 
Delta-V Range Leg Injury Risk Foot/Ankle 

Injury Risk 
0-15 km/h 0.10% 0.10% 
16-30 km/h 0.46% 0.99% 
31-45 km/h 1.80% 4.51% 
46-60 km/h 10.5% 16.5% 
61+ km/h 23.2% 29.9% 
Unknown 0.75% 0.90% 

 
males.  The risk values for the various height and 
gender groups are shown in Table 5.  Odds ratios for 
females compared to males have also been included 
in this table for the three height groups.  Statistical 
significance at the α=0.05 level was denoted by an 
asterisk next to the odds ratio.  Women have a 
significantly higher risk of foot/ankle injuries  
compared to men for the short and middle height 
groups.  Leg injury risk is significantly higher for 
women compared to men 163 cm or less. 
 
Occupants were also broken down by height based on 
the type of vehicle.  Figure 11 shows the distribution 
for cars and LTVs and risk values are tabulated in 
Table 6.  Short car occupants sustain a 
disproportionately high number of leg and foot/ankle 
fractures, and their risk is higher than in LTVs 
though only significant at the 0.05 level for the leg.  
Car occupants below 186 cm in height generally had 
a higher risk of leg and foot/ankle injury, but the 
tallest occupant group showed higher risk in LTVs.  
Tall occupants were nearly twice as likely to sustain a 
foot/ankle injury in an LTV compared to a car.  
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Figure 10.  Distribution of crashes by occupant 
gender and height for all frontal crashes, those in 
which the occupant sustained at least one AIS 2+ 
leg injury, and AIS 2+ foot/ankle injury. 
 

Table 5. 
AIS 2+ injury risk and odds ratios based on 

occupant gender and height 
 
Gender Height Leg 

Injury 
Risk 

Foot/Ankle 
Injury 
Risk 

≤163 cm 0.22% 0.27% 
164-186 cm 0.57% 0.95% 

Male 

≥187 cm 0.51% 0.53% 
≤163 cm 1.18% 1.69% 
164-186 cm 0.56% 1.51% 

Female 

≥187 cm 1.14% 0.17% 
≤163 cm 5.39* 6.38* 
164-186 cm 0.97 1.60 

Female vs. 
Male 

≥187 cm 2.27 0.33 
Note: Comparisons between genders (odds ratios) are 
shown in italicized text.  An asterisk (*) indicates 
statistical significance for the differences in injury risk 
for the comparison groups. 

 
 
DISCUSSION 
 
The CDS dataset contained mostly drivers, and the 
distribution by gender was close to even.  About two- 
thirds of the occupants were 40 years of age or 
younger.  Most of the males were in the middle 
height group (164 cm to 186 cm), and the females 
were fairly evenly divided between the lowest and 
middle height group.  Of the crashes with a known 
delta-V, over 85% were at a delta-V of 30 km/h or 
less.  Based on this distribution, even with a higher 
injury risk in higher severity crashes, it makes sense 
that a large portion of the lower extremity injuries 
will occur with a delta-V below 50 km/h as claimed 
by Crandall et al. [1998].  The greatest potential for 
exposure, even though injury risk is lower, is  
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Figure 11. Distribution of crashes by vehicle type 
and occupant height for all frontal crashes, those 
in which the occupant sustained at least one AIS 
2+ leg injury, and AIS 2+ foot/ankle injury. 
 

Table 6. 
AIS 2+ injury risk and odds ratios based on 

vehicle type and occupant height 
 
Vehicle Height Leg 

Injury 
Risk 

Foot/Ankle 
Injury Risk 

≤163 cm 1.31% 1.83% 
164-186 cm 0.66% 1.21% 

Car 

≥187 cm 0.45% 0.40% 
≤163 cm 0.48% 0.83% 
164-186 cm 0.38% 1.08% 

LTV 

≥187 cm 0.68% 0.74% 
≤163 cm 0.36* 0.45 
164-186 cm 0.58 0.89 

LTV vs. Car 

≥187 cm 1.51 1.86 
Note: Comparisons between vehicle types (odds ratios) 
are shown in italicized text.  An asterisk (*) indicates 
statistical significance for the differences in injury risk for 
the comparison groups. 

 
generally in crashes less severe than the NCAP and 
IIHS tests. 
 
One of the primary objectives of this study was to 
compare lower extremity injury prevalence in frontal 
crashes of newer vehicles to that in older vehicles.  
The distribution of injuries to the lower extremities 
was found to be slightly different for the newer group 
compared to the older group.  There was a tendency 
for occupants of newer vehicles to suffer more 
foot/ankle and knee injuries and less pelvis, thigh and 
leg injuries.  Foot/ankle injury risk was higher for the 
newer vehicles as indicated by the odds ratio of 1.26, 
though this was not significant at the 0.05 level 
(confidence interval 0.65, 2.42).  One key factor 
related to the model year analysis was the cutoff year 
for the newer versus older vehicles.  An analysis of 
IIHS results indicated that more than two-thirds of 
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the 2001 model year vehicles received Good or 
Acceptable scores in the frontal offset 
crashworthiness evaluation.  The proportion of Good 
or Acceptable vehicles continued to increase 
thereafter, so this was chosen as a cutoff based on the 
assumption that a sizeable number of the vehicles 
would have better structural frontal crash 
performance.  With this breakdown, approximately 
29% of the total number of weighted cases was in 
newer vehicles.  It was felt that this cutoff ensured 
the new group contained enough crashes for a 
comparison yet reflected more modern vehicle 
designs.  One limitation in this approach comes from 
the staggering of vehicle redesign cycles, which 
means that some 2001 and newer vehicles are older 
designs that may not reflect newer design practices. 
 
The overall distribution of injuries did not vary much 
in passenger cars compared to LTVs, though LTVs 
did seem to have a larger proportion of above-knee 
injuries.  To offset this difference, LTV occupants 
appeared to have a smaller proportion of leg injuries 
compared to car occupants.  In terms of AIS 2+ 
injury risk, there were no significant differences 
between the two vehicle types, but below-knee risk 
was generally lower in the LTVs.  With vehicle 
interior geometry varying so widely among LTVs, 
and even among passenger cars, any effects of 
differences in seating position on injury risk are 
probably not evident with such an analysis.  A more 
appropriate, and telling, characterization would have 
to take actual geometry into account. 
 
The role of gender on injury distribution and risk was 
similar to that found in previous studies.  Males 
tended to sustain a greater relative number of pelvis 
and thigh injuries while women suffered a notably 
greater proportion of foot/ankle injuries.  Females 
were 1.86 times more likely to sustain an AIS 2+ 
foot/ankle injury than men, a difference that was 
nearly significant if α=0.10.  Women were found to 
be 1.57 times more likely to sustain leg injuries.  
Prior studies have postulated that both geometric and 
footwear differences may explain the higher risk for 
women [Crandall et al., 1996].  An analysis of 
footwear was not performed in this study, but the 
height analysis offers some additional insight. 
 
Shorter occupants sustained more foot/ankle injuries 
than their taller counterparts, based on the overall 
injury distribution.  The shortest occupants tended to 
sustain fewer above-knee injuries relative to taller 
occupants, but the middle and tall height groups were 
more similar to one another.  Looking at the 
calculated risk values suggests that shorter occupants 
tend to fare worse for injuries to the lower regions 

(knee, leg, foot/ankle).  Those 163 cm in height or 
less are nearly twice as likely as middle-height 
occupants to sustain an AIS 2+ leg injury.  The 
shortest occupants were significantly less likely to 
sustain a pelvic fracture.  Crandall et al. [1996] 
suggested that the smaller drivers’ higher injury risk 
may be associated with differences in the gap 
between the heel and the floor during pedal 
application.  It is likely that the gap arises from both 
shorter foot length and overall geometry factors that 
result from shorter leg and thigh length within a 
vehicle geometry that is not as accommodating for 
shorter occupants.  Pedals that adjust in both 
longitudinal and vertical directions may help to 
eliminate the heel gap among shorter drivers during 
braking maneuvers. 
 
The crash type analysis in Table 2 shows that full 
frontal-type crashes generally resulted in a higher 
lower extremity injury risk compared to left- or right-
offset crashes.  The highest risk value was for 
foot/ankle injuries in full frontal crashes, which was 
close to being significantly higher than that in both 
the left- and right-offset modes.  Injuries to the leg 
were more likely to occur in left-offset crashes 
compared to full frontals, but the difference was not 
significant.  Since greater toepan intrusion is 
typically expected in an offset crash compared to a 
frontal, this result suggests that toepan intrusion may 
not be driving factor for foot/ankle injuries since the 
full-frontal mode had the highest risk. 
 
Additional analysis was conducted with a special 
emphasis on below-knee injuries.  Since toepan 
intrusion has been debated as a cause of increased 
lower extremity injury risk, the distribution of 
crashes was calculated based on the level of toepan 
intrusion for all crashes and for those with below-
knee injuries.  Overall, as shown in Figure 8, most 
crashes occur with little or no toepan intrusion – even 
those with AIS 2+ injuries to the leg, foot and ankle.  
As expected, injury risk increases with greater toepan 
intrusion, but with about 70% of the tibia and 
foot/ankle injuries occurring with less than 3 cm of 
intrusion, it appears that despite a higher risk, 
intrusion is not necessary to produce AIS 2+ injuries.  
Based on the exposure numbers alone, it is evident 
that efforts to reduce toepan intrusion may not 
completely address the problem. 
 
Almost no leg or foot/ankle injuries occur in the 
crashes with delta-V below 15 km/h, though the 
majority occur in crashes with a delta-V below 45 
km/h, considering only those crashes with known 
delta-V.  As with toepan intrusion, injury risk does 
consistently increase with higher crash severity as 
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measured by delta-V.  Even though the calculated 
foot/ankle injury risk is below 5 percent for crashes 
with delta-V 45 km/h or less, sizeable reductions in 
injury prevalence could be achieved by addressing 
moderate severity crashes based simply on exposure.  
Findings related to the delta-V must be viewed as 
generalizations due to the inherent limitations in the 
calculation of delta-V in anything other than a full 
frontal crash. 
 
Taking another, more detailed, look at the effects of 
occupant height and gender in Figure 10 and Table 5, 
it becomes evident that the effect of gender may be 
related to more than just typical height differences 
between men and women.  Relatively few males were 
in the shortest height group, but they demonstrated 
about one-sixth the foot/ankle injury risk of the 
female occupants of similar height – and the result 
was significant.  In the middle height group, the 
female occupants had a higher risk of foot/ankle 
injury compared to the males.  Females in the 
shortest subset were five times more likely than 
males to sustain an AIS 2+ leg injury.  While the 
proportion of males in the shortest subset was small 
compared to the females (about 7% of total weighted 
cases), the differences in foot/ankle injury risk for all 
occupants shorter than 186 cm does suggest that 
height alone does not explain the difference between 
genders.  The difference could be due to a lower 
injury tolerance among the female population or 
because of differences in foot size despite equivalent 
height.  If women generally have smaller feet, the 
heel gap issue proposed by Crandall et al. [1996] may 
affect women more so than men. 
 
The vehicle type analysis was conducted again, but 
with further breakdown of the cases by occupant 
height as shown in Figure 11 and Table 6.  In this 
dataset, car occupants outnumbered LTV occupants 
by a factor of about 2 based on weighted counts.  
Among the shortest occupants, those occupying cars 
were injured more frequently than those in LTVs.  
While not statistically significant at the α=0.05 level, 
the foot/ankle risk in LTVs was 0.45 of that in cars 
for this group (confidence interval 0.2, 1.01).  The leg 
injury risk for LTV occupants compared to car 
occupants for this height group was significant at 
0.36.  It is possible that the generally higher seating 
position in LTVs compared to cars offers some 
benefit to occupants 163 cm or shorter in height, 
though a more detailed geometric analysis would 
need to be performed given the vast range of seating 
positions available in both vehicle classes.  Among 
middle height occupants, the foot/ankle risk in cars 
and LTVs was similar.  Tall occupants in LTVs were 
more likely to suffer a foot/ankle or leg injury than 

those riding in cars.  While it is unlikely that the 
tallest occupants develop a gap between their heel 
and the floor, overall lower limb positioning 
associated with the higher seating position may 
predispose their lower extremity, especially the foot 
and ankle, to more injurious loading conditions.  This 
finding does not follow the general trend for taller 
occupants to have lower injury risk, so further 
investigation of the seating position and vehicle 
interior geometry effects should be conducted. 
 
CONCLUSION 
 
This study presented updated lower extremity injury 
trends based on vehicle and occupant factors in order 
to show where improvements can be made in frontal 
crash safety given that the prevalence of lower limb 
injuries has remained high.  Since the IIHS frontal 
offset test has placed an emphasis on reduced toepan 
intrusion, it was desired to evaluate any lower limb 
injury trends in newer model vehicles.  The analyses 
conducted yielded the following conclusions about 
lower extremity injuries in frontal crashes: 
 

• The risk of AIS 2+ foot/ankle injury is 
slightly higher for occupants of MY 2001 
and newer vehicles 

• Females are more likely to sustain leg and 
foot/ankle injuries than males 

• Occupants less than 164 cm in height are 
twice as likely to sustain leg injuries than 
those 164 cm to 186 cm in height 

• Although the injury risk is about 1%, most 
foot/ankle injuries occur with less than 3 cm 
of toepan intrusion 

• Female occupants less than 164 cm in height 
are at significantly higher risk of foot/ankle 
and leg injuries than males in the same 
height range 

• Tall occupants of LTVs show higher risk of 
below-knee injury compared to those in cars 

• Full frontal crashes have a higher risk of 
foot/ankle injuries compared to offset frontal 
crashes 

 
Understanding the kinematics and dynamics of the 
lower extremities under different loading conditions 
and with different occupant configurations is not 
possible based on field data alone.  Further 
explanation of these findings may be possible with 
computational modeling or with physical tests.  Such 
an effort is critical for minimizing real-world 
foot/ankle injury risk, as the general trend with newer 
vehicles has not shown a reduction from the efforts to 
reduce toepan intrusion. 
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ABSTRACT 
 
Near side impact crashes – especially pole impacts – 
have the potential to induce antero-lateral oblique 
loads to the chest.  Current side impact dummies and 
most laboratory experimental studies have been 
designed to assess direct lateral impacts.  A recent 
analysis of real world crashes indicated that the 
human chest experiences oblique loading in side 
impact crashes – in particular crashes into narrow 
objects.  This paper describes the development of a 
new sled test program to determine the oblique 
impact response of the human and to evaluate 
dummy biofidelity in an oblique mode of loading.  
The program involves the use of chestbands on 
dummies in full-scale vehicle tests accompanied by 
sled tests with unembalmed post mortem human 
subjects (PMHS).  Sled tests are run under varying 
load wall conditions with a buck configured specially 
to mimic dummy loading seen in the vehicle tests. 
The chestbands provide comparative measures of 
thoracic deformation.  Ultimately, the chestband 
measures will help establish the instrumentation 
requirements of an ATD for use in a side impact test 
with a significant oblique component.  Additionally, 
this work could help introduce more biofidelic injury 
metrics for side impact ATDs. 
 
INTRODUCTION 
 
Side impact crashes often produce more serious 
injuries and a higher percentage of fatalities than 
frontal crashes despite a lower overall incidence rate 
(NHTSA Traffic Safety Facts, 2007).  Vehicle to 
vehicle configurations as well as single vehicle 
crashes are common.  Current federal motor vehicle 
safety standards address both of these crash types.  
Most single vehicle side crashes result when the 
driver loses control and collides with a fixed object.  
Often the fixed object is a pole or tree.  A study using 
US DOT National Automotive Sampling System 
(NASS) and Fatality Analysis Reporting System 

(FARS) data indicated that the overall distribution by 
crash delta-V of vehicle-to-vehicle side impacts was 
approximately equal to narrow object impacts (Zaouk 
et al, 2001).   
 
A more recent investigation of the NHTSA Crash 
Injury Research Engineering Network (CIREN) 
database examined side pole crashes in more detail.  
The CIREN data was used to determine injury 
mechanisms and associated injuries related to the 
pole impact location on the vehicle.  It was 
determined that the most devastating injury patterns 
occurred when the center of the pole impact was 
between the center of the wheelbase and 25 cm 
forward of the center of the wheelbase (Figure 1) 
(Pintar, et al, AAAM, 2007).  For this location of 
maximum damage, greater than 60% of occupants 
sustained AIS 3+ injuries to head, chest, and pelvis 
body regions.  This particular location was also 
responsible for a unique chest injury pattern that 
produced unilateral rib fractures and lung contusions.  
It was hypothesized that this injury pattern was 
induced by oblique loads to the chest through the 
intruding door wherein the center of the intrusion was 
slightly forward of the occupant torso. 
 
PURPOSE 
 
Since the findings from the CIREN study on narrow 
object side impacts indicated that the most 
devastating injuries were sustained with a pole 
impact to a certain small area of the vehicle, this type 
of impact was investigated in more detail.  The 
CIREN study concluded that because the chest 
injuries in these occupants were largely unilateral 
(closest to impact), and due to the shape of the door 
intrusion profile, the intruding door induced an 
oblique load to the antero-lateral portion of the 
occupant’s chest.  This was also verified in many 
vehicles by twisted seatbacks indicating asymmetric 
loading.   
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Figure 1.  CIREN study results indicating percentage of occupants in side pole crashes with AIS 3+ injuries 
by body region categorized by location of vehicle damage.  Note the middle bar chart depicts greater than 60 
percent of occupants sustained head, chest, and pelvis injuries when the narrow object struck the vehicle 
between the center of the wheelbase and 25 cm forward of center. 
 
 
This hypothesis is being pursued in the testing 
program described herein.  The desire is to replicate 
the real world loading conditions in a laboratory sled 
test procedure.  The real world results are first 
reproduced in full-vehicle side pole crash tests.  
Injury patterns in the vehicle crash test are then 
verified for similarity with those found in the CIREN 
study occupants.   
 
Thereafter, the loading mechanisms can be defined in 
more detail.  The chestband instrumentation is used 
to describe the magnitude and shape of oblique chest 
loading.  Accelerometer signals from different parts 
of the torso are used to define the relative timing of 
the loading to the body regions.  The goal of the sled 
test protocol is to replicate the shape of the chestband 
contours and the relative timing of the body region 
loads observed in the vehicle crash tests.   
 
The ultimate goal of the test program is to use the 
sled test protocol to conduct multiple tests defining 
injury metrics for oblique chest loading and dummy 
biofidelity response requirements (Table 1).  The sled 
test protocol is desirable because it provides a well-
defined, highly repeatable environment in which 
specialized instrumentation may be applied to fully 
evaluate biomechanical response and injury 
tolerance.  This paper describes how the full vehicle 
crash tests are used to develop the sled testing 
protocol.   
 
 

METHODS 
 
The initial methodology for the two experimental test 
series – the full-vehicle tests and the sled tests – is  
described below.  Preliminary results are given to 
provide data being used to generate final protocols.   
 
To determine the degree of oblique loading to the 
chest, a series of full-scale vehicle tests with both 
ATDs and PMHS have been conducted.  Using 
passenger cars and sport-utility vehicles (SUV), tests 
have been carried out to observe the pattern of 
oblique loads in an actual vehicle environment.  
These tests define the temporal thorax deformations 
through the use of chestbands  The crash tests also 
define the relative timing between shoulder, thorax, 
abdomen, and pelvis during the impacting event.  A 
sled buck has been designed with angled load plates 
that induced antero-lateral oblique loads to the 
occupant similar to those seen in the vehicle tests. 
 
Subjects.  All tests are carried out with post mortem 
human subjects (PMHS) and with different types of 
dummies.  In accordance with standards set forth by 
MCW’s Institutional Review Board, unembalmed 
PMHS are procured, medical records evaluated, and 
screened for HIV, and Hepatitis A, B, and C.  
Anthropomorphic data and pretest x-rays are 
obtained and chestbands are affixed according to 
procedures established by (Pintar et al., 1997). 
Specimens are dressed in tight-fitting leotards, and a 
mask covers the head/face.  
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Table 1.  Relationships between studies that define entire program. 

Type of Study Purpose Outcome Note 
53 CIREN Occupants 
in narrow-object side 
impacts 

Define real world injury 
patterns  

Location for damage 
corresponding to worst case 
injury pattern 

 

Full-Vehicle Crash tests 
with PMHS 

Reproduce damage and 
trauma at location defined 
in CIREN cases. 

PMHS provides injury 
pattern, relative timing of 
body regions loaded, and 
chest deformation patterns 

Need relative timing 
for different types of 
vehicles 

Sled tests with PMHS 
and Dummy occupants 

Reproduce vehicle crash 
test chest deformation 
patterns and relative timing 
of loading to body regions. 

Biofidelity requirements and 
injury criteria for oblique 
side impact loading 

Design load wall to 
match loading 
conditions seen in 
vehicle crash 

 
 
 
The PMHS are examined for injury with a complete 
autopsy following the test.  Anthropomorphic test 
devices (ATD) or dummies, are also used.  ATDs are 
being used to conduct preliminary evaluations of sled 
buck design to ensure that the goals of the design are 
being met.  It is important to conduct matching tests 
with ATDs to determine if the sled buck design and 
overall test protocol are producing consistent results.  
For example, an obliquely oriented load wall has 
been evaluated by varying the angles of impact, and 
the timing of contact between thorax, abdomen, and 
pelvis have been evaluated by varying the extent of 
pelvic plate offset.  ATDs provide a consistent, 
repeatable output to determine if sled changes have 
an effect.  In this way, PMHS tests are only 
completed after the protocol has been validated with 
ATDs. 
 
Subject Instrumentation.  In all tests a standard set of 
instrumentation is used.  Each of the human 
surrogates is instrumented with head, T1, T12, and 
sacrum triaxial accelerometer packages (Figure 2).  
In addition, a nine-accelerometer package (NAP) is 
used to derive head angular accelerations.  For the 
dummies, an internal NAP system from the dummy 
manufacturer is used, and for the PMHS, a custom-
designed pyramid NAP (PNAP) is mounted as 
described and validated previously (Yoganandan et 
al., 2006).  Rib and sternum accelerometers are also 
mounted directly to the subject.   
 
Each surrogate is instrumented with a 59-channel 
chestband device to record chest deflection contours.  
Each chestband uses 59 strain gauge bridges located 
around the band to measure the local curvature; 
curvatures are interpreted and combined over the 
length of the band at a given time point to produce a 

total contour of the chest.  The contours are 
computed throughout the event to capture chest shape 
change.  Local deformation at any point along the 
contour can be calculated with respect to a reference 
point.   
 

 
 
Figure 2:  Each PMHS and dummy was 
instrumented with triaxial accelerometer 
packages (squares) at the head, T1, T12, and 
sacrum.  In addition, a nine-accelerometer 
package (triangle) was fixed to the head to derive 
angular accelerations.  Chestbands were also 
included to determine the nature of the oblique 
loads to the thorax. 
 
Fitting subjects with Chestband:  Since the internal 
ATD instrumentation is uni-lateral and measures only 
one location per rib level, matched-pair tests 
conducted using ATDs are also instrumented with 
chestbands (Figure 3). On the PMHS, the chestband 
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is placed just under the axilla such that rib-4 laterally 
is directly under the chestband; on the dummies the 
chestband is placed over the upper rib (Pintar et al., 
1997).   
 
The accelerometers at T1, T12, and pelvis are triaxial 
and are used to determine relative timing of the 
sequence of loading that occurs to the upper thorax, 
abdomen, and pelvis.  To secure the triaxial packages 
to the PMHS, custom designed mounting blocks that 
allow for screws into the lamina or pedicle of the 
vertebrae are used.  The rise time of the each of the y-
axis accelerometer responses is used to assess the 
time at which each body segment is loaded by the 
sled plates.  This same instrumentation package is 
used in both the full-vehicle tests and the sled tests so 
comparisons can be made. 
 
Customized software has been written to provide 
flexibility in choosing where to measure the chest 
deformations.  The custom software also allows a 
choice of reference points so that chestband 
deformations can be compared to dummy internal 
deflection sensor measures.  A series of contours can 
be animated to show the change in deformation 
throughout the test.  The chestband is a versatile 
research tool that provides direct measures of chest 
deflection in both PMHS and ATDs.  It provides the 
best known method of relating chest deformations 
and patterns with injury in the PMHS.  This, in turn, 
can be used to derive injury criteria for specific 
ATDs as the same measures in matched-pair tests can 
be used to equate injury risk to a biomechanical 
metric. 
 

 
 
Figure 3:  ES-2re dummy thorax fitted with a 
chestband over each of the three ribs. 

 
Processing of Chestband Contour Data.  To examine 
the chestband contour results, the data is processed 
using RbandPC software and customized post-
processing software developed in-house as follows.  
First, contours are calculated at every millisecond 
from chestband curvature signals using RBandPC 
software (Version 3.0, Conrad Technologies 
Incorporated, Washington, DC, USA, available from 
NHTSA) and pretest measurements of the specimen 
(Pintar et al., 1996).  The local coordinate system is 
defined by using the two gauges closest to the 
posterior tip of the spinous process at the appropriate 
level of the thorax.  Gauges closest to the spinous 
process, sternum, and the most lateral points on the 
left and right sides of the specimen are identified by 
palpation and recorded, including measurements of 
left to right chest breadth and sternum to spinous 
process depth.   
 
On each contour, one-half of the chest deflection is 
computed.  The origin is identified at each contour 
time step by determining the point one-half the chest 
breadth distance from the spine along a vector from 
the spine to the sternum.  Distances from each point 
on the contour to the origin are computed at every 
time step, and the initial length is defined as the 
distance in the pre-test contour (approximately 100 
milliseconds before impact).  The maximum 
deflection is computed by finding the point on the 
contour which yields the greatest change from its 
initial length (Figure 4).   

 
Figure 4: Chestband Contour Plots depicting 
location of maximum deflection (Black/Blue 
arrows) and location where deflection would 
mimic a dummy internal sensor (red arrows). 
 
This method, called the “forced-angle” response, is 
slightly different than what has been used in the past 
(Maltese, et al 2002).  Previous methods calculated 
deformations along a line perpendicular to the center 
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line between spine and sternum.  The forced-angle 
method uses a fixed point of reference just as a 
dummy chest deflection measurement device is 
anchored at a fixed point at the spine box.  From this 
fixed reference point one can force an angle (90 
degrees) to mimic how an ATD would measure the 
deformation, or one can allow the algorithm to pick 
the angle at which the maximum deformation occurs.  
This permits either direct comparison with dummy 
internal measures or defines the location where the 
maximum deflection could be detected if an internal 
measurement device would be appropriately located. 
 
Full-Scale Vehicle Tests 
 
Full-scale vehicle crash tests have been conducted at 
32 km/h into a 10-inch diameter pole.  The test 
matrix is indicated in Table 2.  The goal of this test 
series is to reproduce similar injury patterns to those 
seen in the real-world CIREN cases (i.e., skull 
fractures, unilateral (left) rib fractures, and a pelvis or 
lower limb fractures.)  Additionally, these tests are 
used to establish the relative timing of body segment 
contact for different types of vehicles and to see if the 
timing is appreciably different between vehicle types.  
The ES-2re and the NHTSA-SID-H3 dummy are 
being used to help define the relative timing of body 
segments more clearly between vehicle types and to 
serve as a verification of the PMHS testing. 
 
 

Table 2: 
Test matrix for full-vehicle side impact crash 

tests into a pole. 

Vehicle type Occ. 
type 

Speed 
(km/h) 

Test conducted 

Small Car PMHS 32 To be completed 
Small Car ES-2re 32 1996 Merc Mystique 
Small Car SID-H3 32 1994 Toyota Corolla 
Mid-size Car PMHS 32 1993 Dodge Intrepid 
Mid-size Car ES-2re 32 1990 Audi 100 
Mid-size Car SID-H3 32 1999 Ford Taurus 
SUV PMHS 32 1995 Jeep Cherokee 
SUV ES-2re 32 1989 Jeep Cherokee 
SUV SID-H3 32 To be completed 
 
The results from the previously published CIREN 
data have been used to design the test conditions of 
the vehicle crash tests to induce maximum head and 
chest loads to the test occupants.  The CIREN results 
summarized in Figure 1 demonstrate that the location 
of intrusion on the vehicle that produced serious 
injuries to multiple body regions was between the 
center of the wheelbase and 25 cm forward of the 
center.   

 
With respect to the occupant, this location was 
translated as the center of the pole aligned with a 
point 10 cm forward of the occupant H-point.  The 
vehicles chosen to this point for testing have been 
those available from the local discard lot that did not 
have any structural anomalies.  The vehicles did not 
have side airbag systems which helped to better 
distinguish the timing of when the occupant 
contacted the intruding door with different portions 
of the body.   
 
In tests conducted thus far, the principal direction of 
force was 285 degrees, or 15 degrees off a direct 9 
o’clock impact to the driver.  The vehicles were 
instrumented with a tri-axial center of gravity (CG) 
accelerometer and door accelerometers in front and 
rear aspects recording in the lateral direction.   
 
Sled Tests 
 
The sled buck design is being used that allows for 
direct experimental investigations into human injury 
criteria that may differ from existing direct lateral 
injury criteria. It also allows for matched-pair testing 
of PMHS and ATDs to obtain biofidelity criteria and 
assess dummy responses.  Such a sled buck is 
intended to be generic enough not to represent a 
particular vehicle and yet produces the type of 
loading environment that the human experiences in 
the actual crash environment.  The sled buck design 
should also demonstrate experimental repeatability 
and be easily reproduced in computational modeling 
studies.   
 
Previous Sled Configuration.  In the past, a high 
degree of success has been achieved experimentally 
by defining the near side impact pulse as primarily a 
change in velocity between the door and the occupant 
(Kalieris, original Heidelberg setup, Pintar Stapp side 
impact, Maltese, et al, 2002).  Thus, a generic rigid 
wall was designed in these early experiments to 
mimic the average overall dimensions of a vehicle 
door but to also facilitate load wall sensors defining 
loading to various body regions.  The results of using 
this load wall arrangement facilitated injury criteria 
development including the Thoracic Trauma Index 
(TTI) and maximum chest compression (Cmax) as 
injury indicators in dummies used in regulatory tests.  
Such a sled design has also been amenable to 
assessing the effects of padding and even offers the 
inclusion of airbag technology.   
 
Initial Sled Configuration.  The first attempt at a sled 
buck design was to alter the previous configuration to 
incorporate an oblique loading vector to the chest.  
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The design included a Teflon-covered seat and 
minimally supported back such that the occupant 
would slide across the seat during the application of 
the sled pulse and would contact the rigid wall at the 
predefined velocity setting.  This laboratory sled 
buck was designed with the intention of matching the 
full-vehicle test results as closely as possible.  The 
main goal of the initial design was to mimic the 
relative timing of body contact with the load wall 
(vehicle door).   
 
Using the full-scale vehicle test data as a reference, 
the onset of acceleration in the direction of sled travel 
(Y-axis) for T1 (thorax), T12 (abdomen), and sacrum 
(pelvis) accelerometers was assessed.  The sled load 
wall design was initially selected to match the 
previous design used during 90º side loading 
evaluations of the various side impact ATDs 
described earlier (Maltese et al, 2002; Yoganandan et 
al, 2002).  The load wall is composed of four distinct 
load plates: one each at levels of the subject’s thorax, 
abdomen, pelvis and legs.  Force transducers on the 
plates measure loads imposed by the test subject.  
The load plates may all be fixed along the same 
vertical plane, or one may be positioned closer to the 
subject (and offset from the other plates) so that it 
bears more of the initial load.  
 
In the 15º full-vehicle pole tests, it was observed that 
the door intrusion and subject position produced a 
door-to-subject interaction angle that was actually 
sharper than 15º. Thus, the original test setup has 
been modified so that the upper (thorax) and middle 
(abdomen) load plates contact the test subject 
obliquely (i.e., the load vector has both lateral and 
frontal components) rather than strictly laterally as in 
previous tests (Figure 5).   
 

 
Figure 5.  Sled buck load wall demonstrating 
oblique orientation of load plates. 

 
The desired effect is achieved by positioning 
individual load plates at angles relative to the 
deceleration vector.  The pelvic load plate is not 
angled to allow the lower limbs to move freely in the 
vector direction.  It is felt that if the pelvic plate is 
angled there will be the potential to induce an 
artificial fulcrum point which would not only induce 
trauma to the occupant, but also alter the body 
motion of the upper torso.   
 
The load plates are also offset from each other such 
that contact timing with body segments may be 
altered.  To date, a series of ATD and PMHS sled 
tests have been performed using various load wall 
set-ups to mimic the range of oblique loading 
experienced in actual full-scale vehicle tests.  Once 
the testing is complete, the results of the PMHS and 
ATD tests will be compared to examine the 
biofidelity of the ATD thorax under oblique loading. 
 
 
RESULTS 
 
Full-Vehicle Pole Tests.  To date, two PMHS have 
been completed in full-vehicle crash tests; one in a 
mid-size car and another in an SUV.  Analysis of the 
video from the experiments demonstrated that as the 
pole deformed the vehicle, the body continues 
moving in the direction of travel.  As the door 
deformation proceeded, the focal intrusion just 
anterior to the occupant torso produced an angular 
intrusion and loading on to the anterolateral area of 
the chest.  It appeared that the chest was loaded by 
the intruding door and squeezed into the seatback.   
 
The autopsy results indicated that both PMHS had a 
skull fracture; accelerometer traces demonstrated 
head contact with the pole.  Each PMHS also had 
extensive left sided rib fractures as well as lower limb 
trauma (Table 3).  With just these two PMHS it was 
demonstrated that the trauma produced in these crash 
tests was very similar to the trauma recorded in the 
real world CIREN cases where the pole intrusion was 
in the same location on the vehicle.  There was 
AIS=3+ trauma in head, chest, and pelvis or lower 
extremity regions. 
 
The experiments demonstrated that the chest in this 
crash configuration does experience oblique loading.  
The chestband contours demonstrated that the 
anterolateral aspect of the thorax was loaded so 
severely that the chestband experienced a kink as the 
PMHS was squeezed between the door and the 
seatback (Figure 6).  
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Table 3.  Injuries documented in the PMHS tests in full-vehicle crashes. 

Test Configuration Head Injury  Thorax Injury  Pelvis/Lower Extremity 
Injury 

PMHS in Mid-Size Car 
Left zygoma and Basilar 
skull fractures  MAIS=3 

> 3 rib fractures left side 
and clavicle fracture  
MAIS=3 

Displaced/comminuted 
left femur, pelvic ramus 
fracture  MAIS=3 

PMHS in SUV 
Bilateral orbital wall 
fractures, linear and Basilar 
skull fractures  MAIS=3 

> 3 rib fractures left side 
with flail chest, clavicle 
fracture  MAIS=4 

Pubic symphasis, sacro-
iliac joint, unstable rami 
fractures  MAIS=3 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6:  Chestband contour of PMHS in full-
vehicle side pole impact test.   
 
 
Sled Tests.  PMHS tests have been completed with 
both 30 and 20 degree angled plates.  Examples of 
chestband contours from PMHS tests run in both 
configurations are demonstrated in Figure 7.   From 
these results it appears that the 30 degree load wall 
configuration mimics the chestband contour shapes 
and location of maximum deflection from the full-
vehicle test configuration slightly better than the 20 
degree sled test. 
 
In order to address the question of body segment 
timing, the measures from the Y-axis accelerometers 
at T1, T12, and pelvis have been examined.  The 30-
degree load wall on the sled was adjusted such that 
the offset distance between the thorax and abdomen 
plates compared to the pelvis and leg plates was 5 
cm, 7.5 cm, or 10 cm.  The NHTSA-SID dummy was 
tested in all three configurations and compared to a 
full-scale vehicle test run also with the NHTSA-SID.   
 
The body accelerations of all four of these tests are 
compared in Figure 8.  As far as the timing of the 
signals, it is apparent that the 5 cm sled test comes 
closest to the timing in the vehicle test.  The 

accelerometer signals from two PMHS full-vehicle 
tests are shown in Figure 9.  It is apparent from these 
traces that the relative timing of the body segments in 
the full-vehicle pole test is such that the pelvis is 
contacted first with the torso lagging somewhat. 
 
DISCUSSION 
 
A test program to characterize the extent of oblique 
loading in side impact is being established.  From the 
examination and analysis of more than 50 CIREN 
real world cases it is hypothesized that oblique chest 
loading occurs in side pole crashes when the pole 
impact site is just forward of the occupant torso.  This 
scenario produces severe head, chest and lower 
extremity injuries and is characterized by unilateral 
rib fracture patterns and lung contusions.  This 
scenario is reproduced in a laboratory setting by 
orienting the center of the pole 10 cm forward of the 
H-point of the occupant.  Chestband contours 
document the extent of oblique chest loading in 
PMHS occupants.   
 
Using the full-vehicle tests as a guide, a unique sled 
test has been designed to mimic the oblique chest 
loading.  A series of PMHS and dummy tests have 
revealed that a 30 degree oblique load to the thorax 
and abdomen of the occupant, offset by about 5 cm 
from the pelvis and leg load wall reproduces the 
relative timing of body segment loading.  These 
settings will be further verified in future experiments 
with additional dummies and PMHS. 
 
It is also apparent that because human anthropometry 
varies considerably, the sled load wall plates should 
be designed to adjust to such variations.  In other 
words, a fixed thorax plate on the sled may impact 
one PMHS at the rib-5 level and a second PMHS at 
the rib-2 level.  The future design of the load plates 
will take into account such variations in PMHS 
anthropometry so that direct comparisons of 
shoulder, thorax, abdomen, and pelvic loads can be 
made between dummies of different sizes and PMHS 
of different sizes. 
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Figure 7.  PMHS chestband contours from 20-degree (left) and 30-degree (right) sled tests.  Note that 
direction of maximum deflection is closer to vehicle test (figure 6) for 30-degree tests than for 20-degree tests. 
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Figure 8.  Accelerometer Y-axis traces from a SID-H3 dummy run in a full-vehicle pole test (up-left), 5 cm 
offset sled test (lo-left), 7.5 cm offset sled test (up-right), and 10 cm offset sled test (lo-right).  Note the relative 
timing of the acceleration signals is most similar between the pole test and the 5 cm offset sled test. 
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Figure 13: Accelerometer Y-axis traces from PMHS runs in full-vehicle pole tests. 
 
 
In future efforts, the degree of oblique loading in full-
scale vehicle tests and in subsequent sled tests will be 
further characterized using the chestband contours.  
These contours can be used in conjunction with the 
“slice” model to identify the minimum number of 
chestband points (and their locations) that are needed 
to sufficiently characterize thorax deformation as 
described in Campbell et al, 2005.  In this manner, 
the “slice” model may be used to assess ATD 
instrumentation requirements for measuring oblique 
thorax loads.  The model also provides many 
valuable insights used in the design, development, 
and evaluation of restraint systems.  And in a 
sufficiently biofidelic and properly instrumented 
ATD, the “slice” measurements, which include 
measures of stress and strain, can conceivably be 
used as a means to assess injury potential.   
 
The configuration of the tests described earlier 
represents a worst-case scenario. The level of oblique 
loading seen in other types of full-scale vehicle crash 
tests is probably lower than that prescribed herein.  
Nonetheless, it may be used as a benchmark for ATD 
use in any sort of developmental tests where the 
oblique component rises beyond those seen in actual 
full-scale vehicle crash tests. Under oblique loads 
such as those imposed by the 30-degree load wall, it 
is likely that additional ATD measurement locations 
will need to be monitored in order to accurately 
record the oblique loading response.   Development 
of such a system for measuring dummy chest 
deflections in multiple locations optically is already 
on the market.  The RibEye measurement system is 
currently being evaluated by the NHTSA as a 
potential improvement to dummy chest deflection 
measures.  
 

Human injuries: oblique vs. lateral.  Contents of the 
human thoracic ribcage and abdomen are complex, 
multifunctional, three-dimensional, and, from a 
biomechanical and material property perspective, 
heterogeneous.  An oblique impact, at the same 
severity and to the same level of the chest, engages 
the same internal organ differently, compared to the 
pure lateral vector.  For example, at the upper 
thoracic region, the pure lateral vector directly loads 
regions dorsal to the subclavian artery while an 
oblique vector at 30-degree applies impact forces to 
ventral arterial regions engaging the common carotid 
artery and brachiocephalic vein.  The former vector 
introduces postero-anterior load transfer to these 
tissues, in contrast to anteroposterior load transfer by 
the oblique vector.  The ribcage is loaded with direct 
compression at its most lateral region by the pure 
loading vector.   
 
This is in contrast to the angulated compression at the 
anterolateral region by the oblique vector.  The 
anterior regions of the thoracic vertebral body 
sustains lateral shear in the pure loading case, 
whereas it resists a force angled towards the right 
pedicle in the oblique case.  At an inferior level, 
while the aorta is protected by the stomach in the 
pure lateral loading vector, in the oblique vector case, 
the major vessel is protected by the relatively smaller 
left lobe of the liver and its articulations 
(Yoganandan et al, 1996).  Similar regional load 
transfer mechanisms are apparent as the impact 
vector traverses caudally.  Purely anatomic 
considerations with respect to the impact vector in 
addition to functional and constitutive differences are 
responsible for the mechanisms of load transfer, 
tissue injury, and biomechanics (Yoganandan et al, 
2000).  
 



10 

The direct 90 degree lateral loading on the struck side 
indcue deformations of the ribcage initiating from the 
region of peak skeletal curvature.  In contrast, an 
obliquely oriented vector induces antero-lateral 
compression of the ribcage on the struck side, and the 
impact force is thus transferred via a combined shear 
and compression mechanism at the initiating region.  
Frontal impact-induced chest injuries with belt-only 
versus combined airbag and belt loadings have used 
this type of concept for determining load transfer to 
the skeletal structures and soft tissues and delineating 
injury mechanisms (Pintar et al, 2007; Pintar et al, 
2008).  The added shear component in the oblique 
side impact vector places demand on soft tissue 
structures housed within the ribcage.  The hoop 
tension resulting as a consequence of the compressive 
deformation on the antero-lateral region 
superimposed with the tangential component is the 
primary difference in the internal load-sharing 
mechanism between the two modes of impact.  These 
factors may explain the more aggressive nature of the 
oblique than the pure lateral vector; a finding recently 
observed in cases examined by CIREN; narrow 
object and oblique impacts imparting more severe 
injuries than pure side impacts (Yoganandan et al, 
2003; Yoganandan et al, 2008).  This recent study 
reported that oblique impacts produced more 
unilateral fractures along with ipsilateral soft tissue 
trauma. 
 
Anthropomorphic Test Devices.  Several types of 
anthropometric test devices (ATDs) have been 
developed for use in standardized side impact testing.  
They include 50th percentile male versions of the 
EuroSID, the WorldSID, and the NHTSA-SID, and 
versions of the SID-IIs 5th percentile female dummy.  
While all four dummies are distinct from one another, 
they all provide calibrated responses to impacts from 
the near side.  In each case, the dummy has a rib cage 
that consists of spring steel ribs of one form or 
another, and lateral displacement is measured by 
linear displacement transducers mounted between the 
ribcage and thoracic spine.  
 
As an example of ATD instrumentation, consider a 
rib module of the ES-2 version of the EuroSID, 
shown in Figure 14.  The ES-2 has three such 
thoracic rib modules, each with a linear slide and 
damper mounted inside a steel band.  A single-
degree-of-freedom potentiometer measures rib 
displacements.  This instrumentation is typical of all 
four dummies in that they all measure rib 
displacement along a single axis. 
 
 

 
 
Figure 14: ES-2 Rib Module 
 
The problem of detecting oblique loads in an ATD 
may not require an exact knowledge of where the 
loading vector is directed.  There are emerging 
deformation-sensing instrumentation systems that 
allow for multiple points of measurement.  Unlike the 
chestband, which is secured to the outside of the 
torso, these systems allow for internal measures at 
multiple points and in multiple directions.  The 
advanced THOR-NT has four different sensors called 
CRUX potentiometers that measure the X, Y, and Z-
directions of motion of that point on the rib cage.  
The RibEye LED optical system measures two or 
three directions of movement of up to 12 locations 
mounted on the internal aspects of a dummy rib cage 
(Yoganandan et al, 2009 ESV).  Although these 
systems are more complex than a single 
potentiometer and may require some degree of 
understanding of what to do with the output, they are 
potentially the solution to measurement of oblique 
chest loads in ATD.  The results of the current test 
program will produce the necessary correlations 
between PMHS and dummy measures when the 
loading vector to the chest is from the anterolateral 
direction. 
 
SUMMARY 
 
This paper summarizes an ongoing plan of research 
designed to characterize human response in oblique 
side impacts.  The goal of this work is to establish the 
degree of oblique thoracic loading within post-
mortem human subjects and ATDs with the aim of 
determining differences and possible enhancements 
of available test dummies and injury criteria.  This is 
accomplished through the use of a new sled test 
protocol with varying load walls in which human 
subjects and ATDs are fitted with chestbands to 
provide comparative measures of thoracic 
deformation.  The chestband measures also help 
establish the instrumentation requirements of an ATD 
for use in a side impact test with a significant oblique 
component.  Additionally, this work may help 
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introduce more biofidelic injury metrics for side 
impact ATDs in oblique loading environments.  
 
The goal of this work is to establish the degree of 
oblique loading and biofidelity responses in a side 
impact environment through the use of chestband 
contours, and sled tests with varying load walls. In 
addition, this research will help establish the 
instrumentation requirements of an ATD used in side 
impact tests that may have a significant oblique 
component.   
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ABSTRACT 
 
The Cameron Gulbransen Kids Transportation Safety 
Act of 2007 requires the National Highway Traffic 
Safety Administration (NHTSA) to “initiate a rule-
making to revise Federal Motor Vehicle Safety Stan-
dard 111 to expand the required field of view to en-
able the driver of a motor vehicle to detect areas be-
hind the motor vehicle to reduce death and injury 
resulting from backing incidents, particularly inci-
dents involving small children and disabled persons.”  
It goes on to state that this may be accomplished “by 
the provision of additional mirrors (emphasis 
added), sensors, cameras, or other technology to ex-
pand the driver’s field of view.”  An advanced notice 
of proposed rulemaking was published on February 
27, 2009. This paper examines whether rear-mounted 
convex mirrors could provide an image with suffi-
cient quality that may be useful in aiding drivers in 
performing backing maneuvers.   
 
There are three main configurations of rear-mounted 
convex mirrors: a single “look-down” mirror, a single 
corner mirror, and a pair of cross-view mirrors.  
NHTSA measured fields of view and image quality 
of one look-down mirror and three pairs of cross-
view mirrors for passenger vehicle applications.  
Field of view and image quality were also estimated 
for one rear convex corner mirror based on previous 
research with that mirror relating to its use on me-
dium straight trucks.  Note that this study did not 
attempt to examine whether drivers will successfully 
use rear-mounted convex mirrors to successfully de-
tect obstacles or pedestrians behind a vehicle.  This 
question of potential overall effectiveness of rear-
mounted convex mirrors, relative to other solutions to 
expand the driver’s rear field of view, will be the 
subject of additional agency research. 
 
The useful fields of view (FOV) of the five rear-
mounted convex mirrors were determined.  The po-
tential backover risk reductions were estimated for 
the five mirrors studied, using only that portion of 
their FOV’s with an image quality rating of better 
than “impossible.”  The estimated potential backover 
risk reductions ranged from 33.4 percent (for the 
Toyota 4Runner rear cross-view mirrors) to 2.2 per-

cent (for the ScopeOut™ passenger car rear cross-
view mirror). 
 
INTRODUCTION 
 
The Cameron Gulbransen Kids Transportation Safety 
Act of 2007 requires the National Highway Traffic 
Safety Administration (NHTSA) to “initiate a rule-
making to revise Federal Motor Vehicle Safety Stan-
dard 111 to expand the required field of view to en-
able the driver of a motor vehicle to detect areas be-
hind the motor vehicle to reduce death and injury 
resulting from backing incidents, particularly inci-
dents involving small children and disabled persons.”  
It goes on to state that this may be accomplished “by 
the provision of additional mirrors (emphasis 
added), sensors, cameras, or other technology to ex-
pand the driver’s field of view.”  An advanced notice 
of proposed rulemaking (ANPRM) that summarizes 
relevant research and outlines some of NHTSA ideas 
regarding how to respond to the Act was published 
on February 27, 2009. This paper examines whether 
rear-mounted convex mirrors provide an image with 
sufficient quality that may be useful in aiding drivers 
to identify and avoid rear obstacles.   
 
THE SAFETY PROBLEM 
 
In response to earlier legislation, NHTSA developed 
the Not in Traffic Surveillance (NiTS) system to col-
lect information about all nontraffic crashes, includ-
ing nontraffic backing crashes.  NiTS provided in-
formation on backing crashes that occurred off the 
traffic way and which were not included in NHTSA’s 
Fatality Analysis Reporting System (FARS) or the 
National Automotive Sampling System - General 
Estimates System (NASS-GES). 
 
Based on NiTS, NHTSA estimates that 463 fatalities 
and 48,000 injuries a year occur in traffic and non-
traffic backing crashes [1].  Most of these injuries are 
minor, but an estimated 6,000 per year are incapaci-
tating injuries. Overall, an estimated 65 percent (302) 
of the fatalities and 62 percent (29,000) of the inju-
ries in backing crashes occurred in nontraffic situa-
tions. 
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Table 1 shows the fatalities and injuries in all backing 
crashes.  Backover crashes account for an estimated 
63 percent (292) of the fatalities and 38 percent 
(18,000) of the injuries in backing crashes for all ve-
hicles (cars, light trucks or vans, heavy trucks, and 
other/multiple vehicles).  Other backing crash scenar-
ios account for an estimated 171 fatalities (37 per-
cent) and 30,000 injuries (62 percent) per year. 
 
Table 1: Fatalities and Injuries Due to Backing (All 
Vehicles) 

 All  
Backing 
Crashes 

 
Backover 
Crashes 

Non-
Backover 
Crashes 

Fatalities 463 292 171 
Injuries 48,000 18,000 30,000 
    Severe 6,000 3,000 3,000 
    Minor 12,000 7,000 5,000 
    Possible 27,000 7,000 20,000 
    Unknown 2,000 1,000 2,000 
Note: Numbers may not add to totals due to rounding. 

 
OBJECTIVES OF THIS RESEARCH 
 
Backover crashes are defined as backing crashes in 
which the backing vehicle strikes a pedestrian or 
pedacyclist.  Frequently this occurs because a driver 
did not see the person and was therefore unaware of 
their presence. All vehicles have “blind areas” behind 
them in which certain sizes of pedestrians cannot be 
seen by drivers either through direct vision or by 
looking in the rearview mirrors.    Improving drivers’ 
rear visibility so as to “fill-in” these blind areas may 
aid in reducing backover crashes. 
 
Adding rear-mounted convex mirrors is one possible 
means of improving drivers’ rear visibility to fill-in 
important portions of the blind zone.  In order to fur-
ther investigate the ability of supplemental rear-
mounted convex mirrors to fill-in parts of the blind 
zone, NHTSA conducted research aimed at answer-
ing the following questions for each of a selection of 
commercially-available mirrors: 
1. What additional area behind the vehicle does this 

supplemental mirror allow the driver to see?  In 
other words, what is the FOV of this supplemen-
tal mirror? 

2. What is the quality of the image seen in this sup-
plemental mirror at each point in its FOV? 

3. If this mirror is used optimally by drivers, what 
is their potential for reducing backover crash 
risk?  In other words, how important is that por-
tion of the blind zone filled-in by this mirror for 
preventing backover crashes. 

 

Note that this study did not attempt to examine 
whether drivers will successfully use rear convex 
mirrors to successfully avoid hitting pedestrians.  
Additional human factors research would have to be 
performed to resolve this question. This question of 
potential overall effectiveness of rear-mounted con-
vex mirrors, relative to other solutions to expand the 
driver’s rear field of view, will be the subject of addi-
tional agency research. 
 
REAR-MOUNTED CONVEX MIRRORS 
 
Supplemental rear-mounted convex mirrors are com-
mercially available, either as aftermarket equipment 
or original equipment (found on certain model years 
of Toyota 4Runner).  These mirrors are of three basic 
types: single look-down mirrors, single corner mir-
rors, and paired cross-view mirrors. 
 
Look-Down Mirrors 
 
A look-down mirror is a single exterior convex mir-
ror mounted behind the center of the vehicle near the 
top of the rear window.  The mirror’s convex surface 
points downward and is visible to the driver either by 
direct glance or in the interior rearview mirror.  
Look-down mirrors are sold as aftermarket accesso-
ries for vans and sport utility vehicles. 
 
NHTSA tested one aftermarket look-down mirror 
during this research, a K Source C088, which was  
mounted on a 2007 Honda Odyssey.  Figure 1 shows 
this mirror as tested. 
 

 
Figure 1: K Source C088 Look-Down Mirror 
Mounted on 2007 Honda Odyssey. 
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Corner Mirrors 
 
A corner mirror is a single exterior convex mirror 
mounted on an arm projecting from the top, left, rear 
corner of the vehicle. The mirror’s convex surface 
faces downward and is visible to the driver in the 
driver’s side rearview mirror.  Corner mirrors are 
aftermarket accessories most commonly used on de-
livery trucks and post office vehicles, but can be 
mounted on vans and sport utility vehicles. 
 
In 2007, NHTSA measured the FOV and image qual-
ity for a Velvac™ RXV 254 mm-diameter convex 
mirror mounted as a corner mirror on a 1996 Grum-
man-Olson 4x2 Step Van.  Results from the evalua-
tion of this mirror are contained in a report by Maz-
zae and Garrott [2].  In the current effort, the previ-
ously collected data on the Velvac™ RXV rear cor-
ner mirror was used to estimate the field of view and 
image quality for this mirror as mounted on a 2008 
Chevrolet Express van.  Figure 2 is a picture of this 
rear corner mirror mounted on this vehicle.  NHTSA 
did not retest the Velvac™ RXV rear corner mirror 
mounted on the 2008 Chevrolet Express but instead 
used linear extrapolation plus two dimensional inter-
polations to account for differences in vehicle size.  
Details of this extrapolation/interpolation process are 
provided below. 
 

 
Figure 2: Velvac™ RXV Rear Corner Mirror 
Mounted on 2008 Chevrolet Express. 
 
Rear Cross-View Mirrors 
 
Rear cross-view mirrors consist of two mirrors 
mounted either inside or outside the vehicle in such a 
way that one mirror reflects an area to the left-rear of 
the vehicle while the other mirror reflects an area to 
the right-rear.  Both mirrors (not necessarily at the 
same time) can be viewed by the driver either by di-
rect glance or by looking in the interior rearview mir-
ror. Rear cross-view mirrors are sold as aftermarket 

accessories for vans and sport utility vehicles, and 
can also be found as original equipment on some 
Toyota 4Runners. 
 
NHTSA tested three (one original equipment and two 
aftermarket add-ons) pairs of rear cross-view mirrors 
during this research.  The one original equipment 
pair, shown in Figure 3, consisted of two convex mir-
rors mounted on the C-pillars of a 2003 Toyota 
4Runner. 
 

 
Figure 3: 2003 Toyota 4Runner Rear Cross-View 
Mirror.  [3]  
 
The aftermarket rear cross-view mirrors tested were 
made by ScopeOut™.  A pair of ScopeOut™ mirrors 
for cars was tested on a 2006 BMW 330i.  This mir-
ror pair is shown in Figure 4. 
  

 
Figure 4: ScopeOut™ Passenger Car Rear Cross-
View Mirrors Mounted on 2006 BMW 330i. 
 
The other pair of aftermarket cross-view mirrors was 
the ScopeOut™ product designed for SUVs.  These 
mirrors were tested mounted on a 2007 Honda Odys-
sey.  This pair is shown in Figure 5. 
 

Figure 5: ScopeOut™ SUV Rear Cross-View Mir-
rors Mounted on 2007 Honda Odyssey. 
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MIRROR ADJUSTMENT FOR TESTING 
 
All mirrors were adjusted prior to making measure-
ments to provide what the persons conducting the 
tests considered to be the most useful mirror orienta-
tion.  Note that this is inherently a subjective process 
– different people may have differing ideas as to the 
most useful mirror orientation based on driver height, 
seating position, and other factors. 
 
MIRROR FIELD OF VIEW MEASUREMENT 
METHODOLOGY 
 
Measurements of mirror fields of view were made for 
the look-down mirror and the three pair of rear cross-
view mirrors using the same methodology published 
by Mazzae and Garrott [4].  Fields of view were 
measured with each vehicle positioned on a flat test 
surface covered with a grid of 30 cm squares.  The 
visual target was a 711 mm tall traffic cone with a 76 
mm diameter red, circular reflector sitting atop it. 
The combined height of cone and reflector was 747 
mm to simulate that of a standing 1-year-old child. 
This height was the average of the Center for Disease 
Control’s growth chart values for the 50th percentile 
standing height for a 1-year-old boy and 1-year-old 
girl [5, 6]. The 76 mm diameter reflector was some-
what smaller than that of the average 1-year-old 
child’s head (127 mm) [7]. 
 
Measurements were made with one person (the 
‘driver’) in the driver’s seat reporting whether or not 
they could see the reflector and a second person mov-
ing the visual target and manually recording whether 
or not the target could be seen at each location on the 
grid. The visual target was considered “visible” if the 
driver could see the entire reflector mounted atop the 
traffic cone.  
 
One driver was used: a 50th percentile male (175.5 
cm tall) [8]. The driver rested his weight fully on the 
driver’s seat and positioned his feet as close as possi-
ble to where they would be during driving. The sub-
ject wore lap and shoulder restraints. The driver’s 
seat and head restraint positions were adjusted to 
positions appropriate for his or her height. Head re-
straints for unoccupied seats were in their lowest pos-
sible (stowed) position. Any folding rear seats were 
in their upright (occupant-ready) positions. The vehi-
cle’s windows were clean and clear of obstructions 
(e.g., window stickers).  
 
Once the vehicle and driver were properly positioned, 
the FOV assessment began. A member of the re-
search staff placed the cone in a square and the driver 

reported whether or not they could see the reflector. 
The responses were recorded manually on a data 
sheet by the person outside the vehicle. 
 
MIRROR IMAGE QUALITY MEASUREMENT 
METHODOLOGY 
 
Measurements of the quality of images visible in the 
various rear mirrors were made for the look-down 
mirror and the three pair of rear cross-view mirrors 
using the same methodology as described in [2].  
This methodology is based upon a methodology 
originally published by Satoh et al. in 1983 [9].  This 
methodology has been used for other NHTSA re-
search that required the measurement of the quality 
of images seen in school bus cross-view mirrors and 
forms the basis for the school bus cross-view mirror 
test that is in S9 and S13 of FMVSS No. 111 (Gar-
rott, Rockwell, and Kiger [10]).   
 
There are two parts to the measurement of the quality 
of images visible in the various rear mirrors: (1) de-
termination of the minification of test objects that are 
viewed in the various rear mirrors, and (2) quantifica-
tion of the amount of image distortion. Minification 
is defined as how large objects appear when viewed 
in the mirrors.  Distortion is defined as how apparent 
shapes of objects change when viewed in the mirrors.   
 
Mirror image quality measurement was performed 
using a camera placed on a tripod in the vehicle at a 
selected driver eye position.  The driver eye position 
selected was that of a 5th percentile adult female 
driver.  This driver eye position was selected because 
it is the one used in FMVSS No. 111 for the school 
bus cross-view mirror compliance test.  Note that for 
convex mirrors, mirror image quality is relatively 
insensitive to driver eye position provided the 
driver can clearly see the mirrors. 
 
As specified in S13.4 of FMVSS No. 111 [11], the 
position of the image plane of the camera used to 
take the image quality determination photographs 
was determined by first adjusting the driver’s seat of 
the test vehicle “to the midway point between the 
forward-most and rear-most positions, and if sepa-
rately adjustable in the vertical direction, adjust to the 
lowest position.”  After making the necessary meas-
urements, the seat was removed from the vehicle.  
The camera was mounted on a tripod with the center 
of the image plane laterally at the center of the seat, 
longitudinally at the intersection of the seat cushion 
and the seat back, and vertically 686 mm above the 
intersection of the seat cushion and the seat back. 
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Image Minification Determination 
 
The driver’s expected ability to see child-size objects 
in various rear convex mirrors was measured using 
both the Hybrid III 3-year-old (H-III3C) Anthropo-
morphic Test Device (ATD) and the Child Re-
straint/Air Bag Interaction (CRABI) 1-year-old ATD. 
 
These ATD’s were placed at a grid of test locations 
that covered each mirrors’ FOV.  The spacing be-
tween grid locations was generally 60 cm either lat-
erally (across the width of the vehicle) or longitudi-
nally (in the fore-and-aft direction).  A 60 cm grid 
spacing was used to minimize the photograph ana-
lyzer’s workload based on the belief that it was not 
important to know distortion ratings with a higher 
spatial granularity.  Photographs were taken of each 
ATD at each test location.  Figure 6 shows a typical 
photograph of the 3-year-old ATD positioned behind 
the vehicle. 
 
At each grid location, the dummies were photo-
graphed by a camera mounted on a tripod in the pre-
viously described driver eye position.  To make it 
easier to measure minification, these photographs 
were taken using an up to 8x optical zoom. 
 
 

 
Figure 6: Typical Picture of 3-year-old ATD as Seen 
in 2003 Toyota 4Runner Rear Cross-View Mirror. 
 
The visual angle at the driver’s eyes that was sub-
tended by both the 1- and the 3-year-old ATD’s was 
determined at each test location.  While in principle 
measurements of apparent ATD size and optics could 
have been determined this, due to fears that the opti-
cal zoom being used when the needed photographs 
were taken might not provide exactly the anticipated 
magnification, a “Sizing Object” was used. 
 

The Sizing Object consisted of a 30 cm square piece 
of Styrofoam, the front of which was covered with 
orange construction paper.  Centered in the 30 cm 
square was a 15 cm square piece of blue construction 
paper.  The Sizing Object was placed immediately 
next to the mirror being tested, oriented so that the 
line of sight to the camera was perpendicular to the 
Sizing Object.  Only a portion of the Sizing Object 
was generally visible in the photographs that were 
taken to determine the subtended visual angles. 
 
To determine the subtended visual angle for each 
ATD at each grid location, the analyst first selected 
and measured the longest dimension of the ATD im-
age.  This length was called the Measured Length - 
Longest Direction and gives the best (easiest) case 
for the driver to see the ATD.  All measurements 
were made to the nearest millimeter and had an esti-
mated accuracy of ±0.5 mm.  In the direction perpen-
dicular to the longest dimension of the ATD image, 
the analyst then selected the point where the ATD 
image was the widest.  The resulting length was 
called the Measured Length - Shortest Direction and 
gives the worst (hardest) case to see the ATD. 
 
The known dimensions of the portion of the Sizing 
Object visible in each photograph were used to calcu-
late true values of each Measured Length - Longest 
Direction and Measured Length - Shortest Direction. 
 
The following equation, obtained from geometric 
optics, was used to calculate the subtended visual 
angles: 

( )⎟⎟⎠
⎞

⎜⎜
⎝

⎛
+

= −

ba
d1sin60θ  

where: 
 θ  is subtended visual angle in minutes of arc. 
 a is the measured distance from the driver’s eye-

point to the center of the rearview (either 
center mirror or driver’s sideview mirror) 
mirror. 

 b is the measured distance from the center of the 
rearview mirror to the surface of the rear 
convex mirror. 

 d is the measured ATD dimension.  This will be 
either Measured Length - Longest Direction 
or Measured Length - Shortest Direction. 

 and 1sin −  is calculated in units of degrees. 
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Table 1: Relationship Between Subtended Visual 
Angle, θ , and Subjective Degree of Image Visibility 

Level Degree of 
Image Form 

Degree of 
Image Size 

Visual 
Angle 

(minutes) 

5 Excellent No Image 
Small >50 

4 Good Small, but no 
Problem 20-50 

3 Fair 
Small, but 
Possible to 

Judge 
10-20 

2 Poor 
Small and 
Hinders 

Judgment 
5-10 

1 Very Poor Impossible 
to Judge 3-5 

0 Impossible Impossible <3 

 
 
Once the subtended visual angle had been determined 
for each grid location, Table 1 was used to determine 
a subjective degree of image visibility at each test 
location.  Note that Table 1 is taken from Satoh [9] 
except for the lowest line.  The final line was added 
by the authors so as to allow a subjective rating to be 
assigned at test locations for which the subtended 
visual angle was less than 3 minutes of arc. 
 
IMAGE DISTORTION 
 
The rear-mounted convex mirrors tested in this study 
are fairly mild convex mirrors with fairly large radii 
of curvature.  As a result, image minification, not 
image distortion tends to be the limiting factor for 
what drivers can see in these mirrors.  Therefore, for 
the sake of brevity, the image distortion methodology 
used and the results of the image distortion measure-
ments results will not be presented in this paper. 
 
REAR CORNER MIRROR EXTRAPOLATION/ 
INTERPOLATION METHODOLOGY 
 
As mentioned above, NHTSA did not retest the Vel-
vac™ RXV 254 mm-diameter rear corner mirror 
mounted on different vehicles but instead used the 
data that NHTSA had previously collected [2] with 
linear extrapolation plus two dimensional interpola-
tion to account for differences in vehicle size.  
 

The measured minutes of arc subtended by the test 
object were first linearly extrapolated to estimate the 
effects of differences in the driver eyepoint to side 
rearview mirror distance and side rearview mirror to 
rear corner mirror distance.  Linear extrapolation is 
believed to provide a correct result because the image 
minification measurements were made after the sur-
face of the rear convex mirror, after the non-
linearities due to the curved mirror shape had already 
been introduced.  Linear extrapolation is appropriate 
both before and after a flat mirror but not when a 
curved mirror lies between the driver and the measur-
ing point.  Note that the two distances involved were 
added together so only one extrapolation had to be 
performed. 
 
Linear interpolation (linear extrapolation at the edge 
of the measured data) was then used to reduce vehicle 
track width from the 7.0 feet for the step van to the 
6.0 feet more typical of light passenger vehicles. 

RELATIONSHIP BETWEEN PEDESTRIAN 
LOCATION AND BACKOVER RISK 

To better understand the importance of rear-mounted 
convex mirror fields of view providing the driver 
with visibility of specific areas behind the vehicle, 
Monte Carlo simulation was used to estimate the risk 
to a pedestrian at a specific location at the start of a 
backing maneuver.  Equating the Monte Carlo simu-
lation results with pedestrian backover risk as has 
been done for this paper depends upon one key sim-
plifying assumption:  that the driver only looks at 
the rear-mounted convex mirror one time, prior 
to the start of the backing maneuver. 

There is some validity to this assumption.  Looking at 
convex mirrors typically takes drivers longer and 
requires more concentration than to look at a flat mir-
ror.  Therefore, drivers are more likely to do so ini-
tially rather than while in the midst of backing (a 
time with relatively high driver workload). 

However, some percentage of drivers will certainly 
look at a convex mirror during backing.  NHTSA 
currently does not have any data on how drivers use 
convex mirrors during backing.   

As mentioned above, Monte Carlo simulation was 
used to calculate a probability-based risk weighting 
for each square in a grid of 30-cm squares behind the 
vehicle.  Details of this Monte Carlo simulation are 
discussed in the Advanced Notice of Proposed Rule-
making (ANPRM) for Federal Motor Vehicle Safety 
Standard No. 111 on Rearview Mirrors [12].  Figure 
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7 (which is copied from the ANPRM except that the 
distance dimensions have been changed to metric 
units) shows the estimated backover risk for each 
location. 

 
Figure 7:  Summary of Simulated Relative Backover 
Crash Risk as a Function of Position 
 
REAR-MOUNTED CONVEX MIRROR FIELDS 
OR VIEW 
 

Figure 8 shows the measured FOV for the K Source 
C088 look-down mirror mounted on a 2007 Honda 
Odyssey minivan.  As this figure shows, the look-
down mirror FOV covers the entire width behind the 
vehicle beginning at 0.6 meters and extending to 3.9 
meters behind the back of the rear bumper.  In the 
zones 0.0 to 0.6 meters and 3.9 to 4.5 meters behind 
the rear bumper, some portions of the area behind the 
vehicle are in the FOV of this mirror. 
 
Figure 9 shows the measured FOV for the Toyota 
4Runner original-equipment cross-view mirror.  As 
this figure shows, this mirror’s FOV covers large 
areas to the left- and right-rear of the vehicle.  How-
ever, there is an area of non-coverage near the center 
of the vehicle.  Mirror coverage begins as close as 0.3 
m behind the left side of the rear bumper.  It begins 
further back on the right side, starting 1.2 m behind 
the right rear bumper. 
 
Figure 10 shows the measured FOV for the Scope-
Out™ car cross-view mirror pair mounted on a 2006 
BMW 330i passenger car.  As this figure shows, this 
FOV covers areas fairly far out on the sides of the 
vehicle on the left- and right-rear of the vehicle.  
There is a large area of blind area directly behind, 
and extending on both sides of the vehicle.  Mirror 
coverage begins 4.5 m to the left of vehicle center 
and, on the left, 0.6 m behind the rear bumper.  It 
begins 3.6 m to the right of vehicle center and, on the 
right, 0.9 m behind the rear bumper.  This mirror pair 
is intended to allow the driver to see a vehicle com-
ing towards him along the aisle of a parking lot; it 
may be effective for that application.  For backover 
prevention, it suffers from having a vertical cut-off 
due to the height of the BMW 330i’s rear window.  
This mirror should have a substantially larger FOV 
for children larger than a typical 1 year old child. 
 
Figure 11 shows the measured FOV for the Scope-
Out™ SUV cross-view mirror pair mounted on a 
2007 Honda Odyssey minivan.  As this figure shows, 
this mirror’s FOV covers areas on the left- and right-
rear of the vehicle.  There is a moderate area of non-
coverage directly behind the vehicle.  Mirror cover-
age begins 0.3 m to the left of vehicle center and, on 
the left, 0.9 m behind the rear bumper.  It begins 0.3 
m to the right of vehicle center and, on the right, 0.3 
m behind the rear bumper.  Again, this mirror is in-
tended to allow the driver to see a vehicle coming 
towards him along the aisle of a parking lot and it 
may be effective for that application. 
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The calculated FOV for the rear-mounted corner mir-
ror mounted on a 2008 Chevrolet Express covers the 
entire area directly behind the vehicle plus a consid-
erable distance on the left and right sides of the vehi-
cle back for a distance of approximately 3.9 m.  Note 
that image minification became so great near the 
edges of the mirror’s FOV that it was impossible to 
precisely map the edges of this mirrors FOV.  As is 
explained below, this mirror had a much smaller use-
ful FOV. 
 
ESTIMATED EFFECT OF THE LOOK-DOWN 
MIRROR ON BACKOVER RISK 
 
The portion of the backover crash risk graph (shown 
in Figure 7) that lies within the measured FOV for 
the K Source C088 look-down mirror mounted on a 
2007 Honda Odyssey minivan (shown in Figure 8) 

was calculated.  This calculation found that, if the 
driver could use the entire measured FOV of the 
K Source mirror, and the assumption that the 
driver only looks at the rear-mounted convex mir-
ror one time, prior to the start of the backing ma-
neuver holds, this mirror has the potential to see the 
area associated with 20.8 percent of backover risk (as 
estimated using Monte Carlo simulation). This poten-
tial number may change based on the human factors 
aspects of how drivers use the mirrors. 
 
Unfortunately, there is a large amount of image mini-
fication near the edges of the measured FOV of this 
mirror.  There is also substantial image distortion, but 
not so much that drivers are thought not to be able to 
detect people behind their vehicle solely due to image 
distortion.  Therefore, an image quality graph was 
developed for the K Source C088 look-down mirror 
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mounted on a 2007 Honda Odyssey minivan based 
solely on image minification.  This graph is shown in 
Figure 12 and the key to this graph in Figure 13. 
 

 
Figure 12:  Image Quality Graph for K Source C088 
Look-Down Mirror on 2007 Honda Odyssey 
 
 

 
Figure 13:  Image Quality Key used for Figures 12 
and 14 
 
As Figure 12 shows, the image quality, based solely 
on image minification, for the K Source C088 look-
down mirror varies from “fair” to “impossible.”  As 
expected, the areas with the better image qualities are 
concentrated in the center of the vehicle fairly close 
to the vehicle’s rear bumper. 
 
Areas around the edges of the K Source look-down 
mirror’s FOV have a minification rating of “impossi-
ble.”  In these areas, the driver has no chance of see-
ing a 1-year-old child.  (The driver’s chances of see-
ing someone in these areas improves as the person 
become larger.)  These areas of “impossible” image 
quality reduce the “useful” FOV of this mirror. 
 

Overlaying the areas of Figure 12 with a better than 
“impossible” image quality rating onto the backover 
crash risk graph (Figure 7) indicates that this area is 
associated with a backover risk (as estimated using 
Monte Carlo simulation) of 18.8 percent,, a small 
reduction from the all image qualities K-Source esti-
mate of 20.8 percent. 
 
As Figure 12 shows, there are substantial areas of the 
K Source look-down mirror’s FOV (everything more 
than 2.85 m behind the vehicle’s rear bumper) that 
have a minification rating of “very poor” or “impos-
sible.”  The sides of the FOV forward of this location 
also generally have these image qualities.  It is not 
clear whether a rapid glance by the driver prior to 
backing would really allow the driver to detect a 1-
year-old child if that child were in an area of “very 
poor” image quality.  Therefore, the backover risk 
reduction calculation for the K Source look-down 
mirror was also performed excluding all of the “very 
poor” image quality regions of the FOV.  This 
yielded an estimated potential backover risk reduc-
tion of just 10.1 percent, less than one-half the esti-
mate using the full FOV of 20.8 percent. 
 
ESTIMATED EFFECT OF THE REAR CROSS-
VIEW MIRRORS ON BACKOVER RISK 
 
The portion of the backover crash risk graph (shown 
in Figure 7) that lies within the measured FOV for 
the three rear cross-view mirrors examined (shown in 
Figure 9, 10, and 11) was calculated.  Again, this 
calculation is based on the driver using the entire 
measured FOV of the rear cross-view mirrors, 
and the assumption that the driver only looks at 
the rear-mounted convex mirror one time, prior 
to the start of the backing maneuver holds.  This 
calculation found that these mirrors have the potential 
to see the areas associated with the following per-
centages of backover risk (as estimated using Monte 
Carlo simulation): 

• Toyota 4Runner Mirror – 33.4 percent 
• ScopeOut™ Car Mirror – 2.2 percent 
• ScopeOut™ LTV Mirror – 9.1 percent 

 
Neither image minification nor image distortion ap-
pears to be substantial enough to cause problems for 
the driver for any of the rear cross-view mirrors stud-
ied.  Therefore, the useful FOV’s of these mirrors 
matches their measured FOV’s. 
 
ESTIMATED EFFECT OF THE REAR COR-
NER MIRROR ON BACKOVER RISK 
 
As discussed in [2], too much image minification is a 
problem for the Velvac™ RXV 254 mm-diameter 
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convex rear corner mirror that was evaluated.  Image 
distortion was not a problem.  Therefore, an image 
quality graph was developed for the rear corner mir-
ror mounted on a 2008 Chevrolet Express van based 
solely on image minification. This graph is shown in 
Figure 14. 
 
As Figure 14 shows, the image quality, based solely 
on image minification, for the Velvac™ RXV rear 
corner mirror varies from “poor” to “impossible.”  As 
expected, the areas with the better image qualities are 
concentrated on the left side of the vehicle fairly 
close to the vehicle’s rear bumper (i.e., fairly close to 
the physical location of the actual mirror).  As the 
figure shows, the “useful” FOV for this mirror covers 
only about one-half the width of the vehicle. 
 
 
 

  
Figure 14:  Image Quality Graph for Velvac™ RXV 
Rear Corner Mirror on the 2008 Chevrolet Express 
 
As Figure 14 shows, there are large areas in the right 
portion and/or further away from the rear bumper of 
the Velvac™ RXV rear corner mirror’s FOV that 
have a minification rating of “impossible.”  In these 
areas, the driver has little chance of seeing a 1-year-
old child.  (The driver’s chances of seeing someone 
in these areas improves as the person become larger.)  
These areas of “impossible” image quality substan-
tially reduce the “useful” FOV of this mirror. 
 
Overlaying the areas of Figure 14 with a better than 
“impossible” rating onto the backover crash risk 
graph (shown in Figure 8) indicates a potential back-
over risk reduction for the Velvac™ RXV rear corner 
mirror of 10.8 percent. 

 
As Figure 14 shows, almost all areas of the Velvac™ 
RXV rear corner mirror’s FOV have a minification 
rating of “very poor” or “impossible.”  It is not clear 
whether a rapid glance by the driver prior to backing 
would really allow the driver to detect a 1-year-old 
child if that child were in an area of “very poor” im-
age quality.  Therefore, the backover risk reduction 
calculation Velvac™ RXV rear corner mirror was 
also performed excluding the entire “very poor” im-
age quality regions of the FOV.  This yielded an es-
timated potential backover risk reduction of just 0.9 
percent. 
 
CONCLUSIONS 
 
In summary, the useful FOV’s of five rear-mounted 
convex mirrors were determined.  The potential back-
over risk reductions were estimated for the five mir-
rors studied, using only that portion of their FOV’s 
with an image quality rating of better than “impossi-
ble.”  While data describing drivers’ ability to use the 
mirrors effectively is a critical part of effectiveness 
estimation, that aspect is not addressed here.  The 
estimated effectiveness of the technology itself 
ranged from 33.4 percent (for the Toyota 4Runner 
rear cross-view mirror) to 2.2 percent (for the 
ScopeOut™ passenger car rear cross-view mirror). 
 
NHTSA currently has no data as to how drivers may 
use rear-mounted convex mirrors immediately be-
fore, and while, backing.  Therefore, at this time, 
actual expected backover risk reductions due to rear-
mounted convex mirrors are not determinable.   
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ABSTRACT 
 
This paper describes a test track based lane departure 
warning (LDW) evaluation performed by the 
National Highway Traffic Safety Administration 
(NHTSA).  NHTSA defines an LDW system as one 
intended to alert the driver when their vehicle is 
about to drift beyond a delineated edge line of their 
current travel lane.  LDW system alerts consist of 
audible, visual, and/or haptic warnings, or any 
combination thereof.  The test maneuver described 
was designed to emulate a lateral drift while 
travelling on a straight road.  This type of maneuver 
was chosen because it represents one of the most 
dominant pre-crash scenarios as reported in the 2004 
General Estimates System (GES) database.   
 
LDW performance was quantified by considering the 
vehicle’s proximity and approach rate to the inboard 
edge of a single lane line at the time of the LDW 
alert.  Variations in how the alerts were presented to 
the driver, and the manner in which the timing of the 
alerts changed as a function of the lateral velocity 
toward the lane line, were observed. 
 
BACKGROUND 
 
During mid to late 2008, NHTSA performed an 
evaluation of the lane departure warning (LDW) 
systems installed on three late model passenger cars.  
All tests were performed by researchers at the 
agency’s Vehicle Research and Test Center (VRTC), 
located on the Transportation Research Center, Inc. 
(TRC) proving grounds in East Liberty, OH.   
 
NHTSA defines an LDW system as one intended to 
alert the driver when their vehicle is about to drift 
beyond a delineated edge line of their current travel 
lane.  Contemporary LDW systems use forward-
looking cameras, in conjunction with algorithms 
designed to compare predictions of the vehicle path 
and lane of travel.  If a departure is deemed 
imminent, an LDW alert is presented to the driver.  
LDW alerts consist of audible, visual, and/or haptic 
warnings, or any combination thereof. 
 
At the time the work discussed in this paper was 
performed, the number of US-production light 

 
vehicles available with LDW was quite low, with 
only four vehicle manufacturers known to offer such  
systems on limited variants of certain vehicle makes 
and models.  Of these manufacturers, only three 
offered systems able to initialize and perform on a 
road where only one lane line was present.  So as to 
best evaluate the current state of LDW technology 
implementation, sample offerings from each of these 
three vehicle manufacturers were procured:  a 2008 
BMW 528i, 2009 Buick Lucerne, and a 2008 Infiniti 
EX35.  Although it is believed each of the LDW 
systems installed in these vehicles have been 
designed to address the pre-crash scenario described 
in this paper, the manner in which the respective cues 
were presented differed, as shown in Table 1. 
 

Table 1. 
LDW Alert Modality 

LDW Alert 
Vehicle 

Audible Visual Haptic 

BMW  
528i None None Vibrating 

steering wheel 

Buick 
Lucerne Repeated tones 

Flashing icon on 
instrument panel 
(amber) 

None 

Infiniti 
EX35 

Repeated 
tones* 

Flashing icon on 
instrument panel 
(amber) 

None 

*The Infiniti EX35 LDW alert remains on during the entire lane 
departure event (not just when it is first detected). 
 

THE ROAD DEPARTURE CRASH PROBLEM 
 
The Early Edition of Traffic Safety Facts 2007 
reports that there were 22,054 fatal single vehicle 
police reported crashes.  This represents 59 percent of 
all fatal police reported crashes in 2007.  Of the 
22,054 fatal single vehicle crashes, over 15,000 were 
reported to be off roadway, on the shoulder, or on the 
median [1].  NHTSA has long recognized that single-
vehicle road departure (SVRD) crashes lead to more 
fatalities than any other crash type [2].   
 
In an analysis of the 2004 General Estimates System 
(GES) data, Volpe (part of DOT's Research and 
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Innovative Technology Administration) reported that 
there were approximately 5,942,000 police reported 
crashes that involved at least one light vehicle.  These 
crashes involved over 15,000,000 people and resulted 
in 2,737,000 injuries.  From this target population, 36 
pre-crash scenarios were identified that attributed to 
99.4 percent of all light-vehicle crashes.  A 37th pre-
crash scenario is recognized as ‘other’ but accounts 
for only 0.6 percent of all crashes [3].   
 
One of the most dominant pre-crash scenarios 
identified by Volpe was “Road Edge Departure 
without Prior Vehicle Maneuver” (REDPVM).  This 
pre-crash scenario was reported to rank fifth in 
overall crash frequency attributing to approximately 
333,706 crashes.  Additionally, REDPVM ranked 
third highest in direct economic cost to society 
estimated to cost over $9M and was ranked second 
highest with 270,000 functional years lost [3].  Volpe 
defines the typical REDPVM scenario to be 
associated with a light vehicle travelling straight in a 
rural area at night, normal weather conditions, at 
posted speeds of 55 mph or greater, and departing the 
road edge at a non-junction area.  Volpe recognizes 
that this pre-crash scenario occurs with several 
dynamic variations.  Approximately 26 percent of 
these crashes were found to occur when the vehicle 
was negotiating a curve and 27 percent were found to 
occur at the road shoulder or parking lane.  Out of all 
the REDPVM crashes, two-thirds were found to 
depart the road edge to the right [3]. 
 
Based on the crash frequency, cost, and functional 
years lost (a measure of harm) data, NHTSA decided 
that the use of a test maneuver designed to emulate 
these real-world crash scenarios would provide an 
appropriate way to evaluate LDW performance.  
Building on the efforts put forth by previous field 
operational tests and the Integrated Vehicle-Based 
Safety Systems (IVBSS) programs, NHTSA 
researchers subsequently developed an objective test 
procedure to perform the work described in this 
paper.  The objectives of this work were twofold:  (1) 
identify the US-production based LDW alert criteria 
as presented to the driver with respect to the road 
edge line, and (2) refine the test procedures to 
enhance the accuracy, repeatability, and/or 
reproducibility by which the LDW system 
evaluations could be performed. 
 
TEST METHODOLOGY 
 
Overview 
 
The tests described in this paper were designed to 
evaluate the ability of an LDW system to detect, and 

alert the driver of, an imminent lane departure.  The 
tests were each performed at a constant speed of 45 
mph (72.4 kph), with two departure directions (left, 
right), and over a range of departure rates.  All tests 
were based on straight road departures made across a 
single continuous solid white lane line.  LDW 
performance was quantified by considering the 
vehicle’s proximity and approach rate to the inboard 
edge of the lane line at the time the LDW alert was 
first presented. 
 
The tests were each performed on the Transportation 
Research Center Inc. (TRC) Vehicle Dynamics Area 
(VDA) located in East Liberty, Ohio.  The VDA 
measures 1800 by 1200 ft (549 by 366 m), and is 
comprised of a flat asphalt surface with a one percent 
longitudinal grade for drainage.  The pavement of the 
VDA used for the LDW evaluations was in good 
condition, free from potholes, bumps, and excessive 
cracks.  The north turn-around loop, shown in Figure 
1, was used to maximize the length of the LDW test 
course.   All tests were performed during daylight 
hours with good visibility (no fog, rain, snow).  The 
ambient temperatures and wind speeds present during 
the BMW 528i and Buick Lucerne evaluations 
ranged from 75 to 81 ºF (24 to 27 ºC) and 1 to 4 mph 
(2 to 6 kph), respectively.  During tests performed 
with the Infiniti EX35, the ambient temperatures and 
wind speeds were 38 to 49ºF (3 to 9 ºC) and 6 to 17 
mph (10 to 27 kph), respectively. 

Instrumentation 
 
The test vehicles were each equipped with 
instrumentation and data acquisition systems to 
monitor and record vehicle speed, lateral and 
longitudinal position (via GPS), yaw rate, and LDW 
alert status.  All analog data was sampled at 200 Hz.  
Signal conditioning of these data consisted of 
amplification, anti-alias filtering, and digitizing. 
Amplifier gains were selected to maximize the 
signal-to-noise ratio of the digitized data.  GPS data 
were sampled at 20 Hz, and were differentially 

Figure 1.  Orientation of the LDW test course 
on the TRC VDA (not to scale). 

Turn-around loop 

LDW straight road test course 
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corrected during post-processing.  To facilitate 
comparison of the position of the test vehicle with 
respect to the inboard lane line edge, GPS-based 
static surveys of the lines were performed.  All data, 
including the analog and GPS-based data from the 
test vehicle and a static lane line survey, were then 
merged into a single data file per trial for the ease of 
subsequent data analysis.  Appendix Table A1 
provides a summary of the instrumentation used 
during the LDW evaluations discussed in this paper.   
In addition to this equipment, a dashboard-mounted 
display was used to present the driver with accurate 
vehicle speed information. 
 
LDW Alert Monitoring 
 
When activated, the LDW systems discussed in this 
paper provided the driver with auditory, visual, 
and/or haptic alerts.  Recording when these alerts first 
occurred was important since this information would 
provide the points in time for which the vehicle’s 
lane position and rate of approach would be reported, 
the objective measures by which LDW performance 
was quantified.  The methods used to record the 
LDW alerts differed from vehicle to vehicle, as 
shown in Table 2.  

Table 2. 
LDW Alert Monitoring Methods 

Vehicle Monitor 

BMW 528i Direct tap of the motor used to vibrate the 
steering wheel 

Buick Lucerne Direct tap of  the speakers installed behind 
the left and right a-pillar trim 

Infiniti EX35 Direct tap of  the piezoelectric speaker 
mounted to the back of the instrument panel 

 
BMW 528i 
 
Of the vehicles discussed in this paper, only the 
BMW 528i presented the driver with a haptic alert to 
warn of an impeding lane departure.  This alert, 
vibrations transmitted to the driver’s hands, 
originated from a small motor attached directly to the 
steering wheel.  To monitor the state of this alert, 
researchers directly tapped the leads supplying 
voltage to this motor.  Note:  Safety precautions 
required the steering wheel-based airbags be removed 
prior to installing the programmable steering 
machine.  In the case of the BMW 528i, removing the 
steering wheel also disabled the LDW alert.  
Retaining LDW alert functionality while evaluating 
the vehicle with the steering machine installed 

required NHTSA researchers to request and receive 
assistance from BMW.   
 
Buick Lucerne 
 
The LDW installed in the Buick Lucerne presented 
alerts via small speakers installed behind the left and 
right a-pillar trim.  The alerts were directional; a left 
lane departure would produce an alert heard 
predominately from the left speaker, whereas right 
departures produced alerts most apparent from the 
right speaker.  The speakers were also used as part of 
the vehicle’s audio system; however it was not 
necessary to have the audio system on for the LDW 
alert to be heard by the driver.   
 
To monitor the LDW alert during evaluation of the 
Buick Lucerne, researchers directly tapped the leads 
of both speakers, collecting data from each speaker 
independently.  Figure 2 presents an example of the  
LDW alert flag recorded for the Buick Lucerne.    
Note that while the duration of the alert shown in this 
figure was believed to be accurate, the data trace does 
not accurately portray how the alert was presented to 
the driver (i.e., as it actually consisted of a series of 
three beeping tones, not a single continuous alert).  
This is because the speaker tap used to monitor the 
Buick Lucerne LDW status was not designed to 
monitor the frequency content of the signal, just to 
show the speakers received DC voltage, indicating 
the presence of an alert.  
 

Infiniti EX35 
 
For the Infiniti EX35, the LDW alert was presented 
to the driver via a piezoelectric speaker installed 
behind the center console trim.  To access this 

Figure 2.  Output from the LDW alert speaker 
tap during a lane departure performed with the 
Buick Lucerne.
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speaker, much of the components housed in the 
console had to be removed (e.g., trim, the radio, 
navigation and climate controls, etc.).  To record the 
LDW alert, the speaker leads were directly tapped, 
and the signal that activated the piezoelectric speaker, 
shown in Figure 3, was recorded.  In addition to the 
LDW alert speaker tap, an external microphone was 
positioned near the speaker, and its output recorded.  
In the case of the Infiniti EX35, installation of the 
external microphone allowed researchers to assess 
the feasibility of using a microphone to monitor the 
piezoelectric speaker output (the speaker design was 
different from that of the Buick Lucerne), and to 
provide a redundant LDW alert monitor.  However, 
the microphone-based alert data were not used during 
subsequent data processing or analyses.    
 

 
Lateral Velocity Ranges 
 
The lane departures described in this paper occurred 
over a range of lateral velocities intended to represent 
unintended drifts.  When considering the severity of 
these tests, it is important that the reader recognize 
these are gradual transitions from the lane of travel 
over the line of interest.  In the context of this paper, 
the term “lane change” should not be confused with 
the far more severe maneuvers used to assess 
obstacle avoidance capability, lateral stability, or 
dynamic rollover resistance. 
 
Lane Line Markings 
 
To insure maximum relevancy, the 4 in. (10.2 cm) 
lane marker width, marking color and reflectivity, 
and line styles satisfied the USDOT specifications 
required by the Manual on Uniform Traffic Control 
Devices (MUTCD), and were in “very good 

condition” [4].  The lane departures described in this 
paper each occurred over a continuous solid white 
line. 
 
Test Configurations and Conduct 
 
To emulate a common pre-crash lane departure 
scenario, researchers evaluated LDW performance 
using a test course based on a straight road.  All tests 
described in this paper were performed with a 
constant nominal speed of 45 mph (72.4 kph).  To be 
considered a valid test, the vehicle speed was 
required to remain within ± 1.2 mph (± 2 kph) of the 
target speed, from the start of the test until any part of 
the vehicle, as defined by the two dimensional 
geometry described later in this paper, had crossed a 
lane line by at least 3.3 ft (1 m). Where possible, 
cruise control was used; otherwise, the driver 
modulated the throttle throughout the maneuver.  For 
the BMW 528i and Buick Lucerne, the steering rate 
for each test was nominally 125 deg/s, and all 
steering inputs were commanded with a 
programmable steering machine.  In the case of the 
Infiniti EX35, a skilled test driver manually 
performed the lane departures. 
 
As previously shown in Figure 1, the LDW straight 
road course was positioned on the VDA such that the 
test vehicle could easily reach the 45 mph (72.4 kph) 
target speed, while also providing approximately 
1000 ft (300 m) of pavement over which the 
departure could take place.  To maximize input 
repeatability, two pylon-delimited gates were used to 
help guide the driver to the appropriate course1, and 
all steering inputs were initiated from a common 
location.  In the case of the tests performed with the 
BMW 528i and Buick Lucerne, repeatability was 
further enhanced by automatically initiating these 
inputs with the programmable steering machine, 
triggered as the vehicle was driven over a thin metal 
plate line lined with retro-reflective tape centered 
within the confines of the second gate.  More detailed 
course specifications are provided in Figure 4.  Note 
that Figure 4 illustrates the test scenario for a left 
departure.  The vehicle was driven on the right side 
of the lane line to evaluate left-side lane departure 
warning performance, and on the left side of the lane 
line for the right-side lane departure tests.   

                                                 
1 Use of additional gates would have been helpful, however 
researchers were concerned that visually, the extra pylons would 
define two distinct rows (i.e., on either side of the travel lane) that 
could be potentially interpreted as two lane lines by an LDW 
detection algorithm. If this occurred, it would confound the 
researchers’ ability to confirm whether a particular LDW system 
could be initialized from, and operated with, the presence of only 
one lane line. 

Figure 3.  Output from the LDW alert 
piezoelectric speaker tap during a lane departure 
performed with the Infiniti EX35. 
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In the case of the BMW 528i and Buick Lucerne, the 
straight road lane departure tests were performed 
using steering angles from 1 to 15 degrees, input with 
an incremental increase of one degree per individual 
trial.  For the Infiniti EX35, the driver was instructed 
to perform lane departures using a range of steering 
angles and rates.  The subsequent data were 
processed, and the lateral position and velocity of the 
vehicle at the time of the LDW alert calculated.  In 
some cases, particularly during the left departure 
attempts, the combination of open-loop automation 
and a one-degree steering angle failed to produce a 
lane departure before the end of the test course.  As 
such, these data were treated as outliers and not used 
for subsequent analyses.  
 
TEST RESULTS 
 
The test procedures described in this paper were 
intended to provide NHTSA with the ability to 
objectively evaluate contemporary LDW systems.  
To quantify performance, the lateral distance from 
the vehicle to the lane line, and the lateral velocity of 
the vehicle with respect to the lane line, at the time of 
the LDW alert were determined. 
 
To calculate the lateral distance from the vehicle to 
the lane line during post processing of the data, each 
test vehicle was first represented by a two 
dimensional polygon whose length and width were 
determined by considering the outboard-most contact 
area of the tires to the ground.  Using this 
representation, the position of the vehicle (calculated 
with highly accurate differentially corrected GPS 
data) was compared to the static lane line survey for 
the straight course of interest.  At the instant the 
LDW alert was initiated, the lateral distance from the  
closest corner of the polygon to the lane line was 
determined.  

 
 
The vehicle’s lateral velocity was calculated from the 
heading angle with respect to the lane line edge and 
forward velocity.  At the onset of the LDW alert, 
trigonometric Equation 1 was solved [5].   
 

Vlat = Vfwd * Sine Θ  (1) 
 
where: 
 
Vlat = Lateral velocity perpendicular to the vehicle with 
respect to the edge of the lane line. 
Vfwd = Forward velocity of the vehicle. 
Θ = Angle between the vehicle heading and the edge of the 
lane line. 
 
An overall summary of the lateral positions and 
velocities observed at the time of the LDW alert 
during straight road departures over a solid white 
lane line are shown in Figures 5, 6, and 7.  In each 
figure, right departures are shown in red, left 
departures in blue.  
 
BMW 528i 
 
For the BMW 528i, LDW alerts were presented 
during 28 of the 30 valid tests performed.  For the 
two tests an alert was not observed (during one 
departure to the left, and during one to the right), the 
lateral velocities at the inboard edge of the lane line 
were 2.6 and 4.0 ft/s, respectively.  Figure 5 presents 
the lateral positions and velocities observed at the 
time of the LDW alert during 28 straight road 
departures performed with the BMW 528i.   
 
Figure 5 reveals two interesting trends.  First, as the 
lateral velocity of the approach became higher, the 
distance from the vehicle to the lane line at the time 
of the LDW alert increased. Second, tests performed 
with steering to the right always produced alerts  

Figure 4.  Straight road lane departure test course. 
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earlier than those performed with steering to the left 
(i.e., for the same lateral velocity, the LDW alert 
occurred when the vehicle was further away from the 
lane line when a departure to the right was used).   

 
The data presented in Figure 5 imply the BMW 528i 
LDW algorithms consider lateral velocity when 
determining when the alert should be presented and 
not just the proximity of the vehicle to the lane line.  
Intuitively, this makes sense; as the lateral velocity of 
an unintended drift increases, the time the driver has 
before a lane departure occurs is reduced.  Presenting 
alerts earlier in time would be expected to maximize 
the amount of time the driver has to take corrective 
action before the lane line is actually breached.  Such 
findings have been documented in research 
performed in both simulators and on road studies 
[6,7].  It should also be noted that that careful 
attention must be made in how the alerts are 
presented so as to not annoy the driver [7,8,9]. 
 
The specific reasons for the apparently asymmetrical 
alert observed during the BMW 528i evaluation are 
unknown.  On one hand, the crash data do indicate 
that when a vehicle is involved in a “Road Edge 
Departure without Prior Vehicle Maneuver” scenario, 
the vehicle departs the road edge to the right in 
approximately two-thirds of the cases [3].  Overall, 
about 2.79 percent of all people involved in this crash 
scenario suffered high level Maximum Abbreviated 
Injury Scale (MAIS) 3+ injuries (serious, severe, 
critical, or fatal). 
 
However, while departing a lane to the right may 
ultimately evolve into a road departure, departures to 

the left may result in the driver’s vehicle encroaching 
into another vehicle traveling in the opposite 
direction.  The resulting crashes are often quite 
serious.  Although the frequency of the “Vehicle(s) 
Not Making a Maneuver – Vehicles Traveling in 
Opposite Direction” crash scenario is less than that of 
the “Road Edge Departure without Prior Vehicle 
Maneuver” crashes, about 2.58 percent of all people 
involved on this crash scenario suffered high level 
MAIS 3+ injuries [3]. 
 
For these reasons, developing a more complete 
understanding of the tuning philosophy used for the 
vehicles like the BMW 528i LDW may be an 
interesting subject for future research.  
 
Buick Lucerne 
 
In the case of the Buick Lucerne, LDW alerts were 
presented during 24 of the 30 valid tests performed.  
When left lane departures were commanded, alerts 
were not produced during tests performed with lateral 
velocities of 3.8, 4.0, 4.4, and 4.7 ft/s.  When right 
departures were used, alerts were not produced 
during tests performed with lateral velocities of 4.6, 
and 5.6 ft/s.  Figure 6 presents the lateral positions 
and velocities observed at the time of the LDW alert 
during 24 straight road departures performed with the 
Buick Lucerne. 

 
For the Buick Lucerne LDW, each alert was observed 
during2 (i.e., when lateral displacements was ≤ 4 in) 
                                                 
2 A lane departure was taken to begin the instant the vehicle 
crossed the inboard edge of the lane line, and that the lane line was 
4 in (10.2 cm ) wide. 

Figure 5.  Lateral positions and velocities 
observed at the time of the LDW alert during lane 
departures performed with the BMW 528i. 

Figure 6.  Lateral positions and velocities 
observed at the time of the LDW alert during lane 
departures performed with the Buick Lucerne.
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or after (i.e., when lateral displacements was > 4 in) 
the lane departures associated with the individual 
trials.  Also, the distance from the vehicle to the lane 
line generally decreased as the lateral velocity of the 
approach became higher.   The reason for this trend is 
unclear, but the vehicle’s LDW sampling rate, 
processing speed, and/or alert response time are 
suspect.  For example, as the lateral velocity toward 
the lane line increases, the amount of time available 
to establish and report an imminent departure is 
reduced.  If the sample rate is not sufficiently high, 
the lateral distance traveled between the data points 
used to predict the likelihood of a departure will 
increase. 
 
In the case of the Buick Lucerne, the alerts observed 
during right departures generally occurred sooner 
than those associated with left departures for a 
common lateral velocity.  However, the effect was 
subtle; much less apparent than seen during the 
BMW 528i evaluation. 
 
Infiniti EX35 
 
The tests performed with the Infiniti EX35 indicate 
LDW evaluations can be successfully executed with a 
skilled test driver in lieu of a programmable steering 
machine.  However, due to the manner in which the 
driver input the steering, the number of Infiniti EX35 
tests performed with high lateral velocities was more 
limited than those used to assess the LDW 
performance of the other vehicles.  Figure 7 presents 
the lateral positions and velocities observed at the 
time of the LDW alert during 59 straight road 
departures performed with the Infiniti EX35.  LDW 
alerts were observed during all valid tests. 
 
Despite the limited range of lateral velocities 
produced by the driver-based lane departures 
performed with the Infiniti EX35, the authors believe 
the data produced by these tests were capable of 
revealing some meaningful trends about the vehicle’s 
LDW operation. 
 
First, although some data outliers were produced, the 
distance from the vehicle to the lane line remained 
quite consistent across the limited range of lateral 
velocities considered.  Second, the data shown in 
Figure 7 indicate the Infiniti EX35 LDW alerts are 
not asymmetric.  For this vehicle, alerts observed 
during the right departures occurred with nearly 
equivalent combinations of lateral displacement and 
lateral velocity as those associated with departures to 
the left (discounting the outlying data points).   
 

CONCLUSION 
  

Lane Departure Warning (LDW) system functionality 
is of great interest to NHTSA.  Given the prevalence 
of unintended road departures in the crash data, and 
the high societal costs they impose, better 
understanding how advanced technologies may be 
able to assist drivers in mitigating these crashes is an 
agency priority.  This paper has provided details of 
how NHTSA evaluated the LDW performance of 
three contemporary passenger cars using a test 
scenario designed to emulate one of the most 
commonly occurring pre-crash road departures 
scenarios.  LDW performance was evaluated by 
considering the vehicle’s proximity and approach rate 
to the inboard edge of a single lane line at the time of 
the LDW alert. 
 
The LDW systems installed in the vehicles discussed 
in this paper each had unique performance 
characteristics.  Specifically, variations in how the 
alerts were presented to the driver, and the manner in 
which the timing of the alerts changed as a function 
of the lateral velocity toward the lane line, were 
observed.  How these factors affect the ability of the 
systems to mitigate unintended lane departures in the 
real-world will be addressed in future research 
activities. 
 

Figure 7.  Lateral positions and velocities 
observed at the time of the LDW alert during lane 
departures performed with the Infiniti EX35. 
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APPENDIX 
 

Table A1.   
Instrumentation Used During LDW Evaluation 

Type Output Range Resolution Accuracy 

Vehicle speed 0.3 - 77 mph* 
(0.5 - 125 kph) 

0.001 mph*  
(0.01 kph) 

0.06 mph* 
(0.1 kph) 

Longitudinal position with respect to 
the lane line N/A 2 in 

(5 cm) 
< 3.9 in (10 cm) absolute; 
1.6 in (1 cm) static 

Lateral position with respect to the 
lane line N/A 2 in 

(5 cm) 
< 3.9 in (10 cm) absolute; 
1.6 in (1 cm) static 

Differentially- 
corrected GPS data 

Lateral velocity with respect to the 
lane line N/A 0.33 ft/s 

(0.1 m/s) 
±0.33 ft/s 
(±0.1 m/s) 

Data Flag  
(Test Course Gate) 

Signal to initiate automated steering 
inputs when driven over a retro-
reflective marker 

0 – 10V N/A Output response better than 
10 ms 

Data Flag  
(LDW Alert) Signal indicating the LDW alert status ±10V N/A Output response better than 

10 ms 

Vehicle Dimensional 
Measurements 

Location of GPS antenna, vehicle 
centerlines, and two bumper 
measurements 

N/A 0.05 in 
(1mm) 

0.05 in 
(1mm) 

*Values for the stand alone vehicle speed sensor used to provide output to the dashboard display and for data synchronization. 
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ABSTRACT 
 
This paper describes tests performed by the National 
Highway Traffic Safety Administration (NHTSA) to 
evaluate the forward collision warning (FCW) 
systems installed on three late model passenger cars.  
NHTSA defines an FCW system as one intended to 
passively assist the driver in avoiding or mitigating a 
rear-end collision via presentation of audible, visual, 
and/or haptic alerts, or any combination thereof.  The 
test maneuvers described were designed to emulate 
the top three most common rear-end pre-crash 
scenarios reported in the 2004 GES database. 
 
FCW system performance was quantified by 
specifying the average time-to-collision (TTC) 
between the subject vehicle (SV) and principle other 
vehicle (POV) at the time of the SV’s FCW alert. 
 
BACKGROUND 
 
During the summer of 2008, the National Highway 
Traffic Safety Administration (NHTSA) performed 
an evaluation of the forward collision warning 
(FCW) systems installed on three late model 
passenger cars.  All tests were performed by 
researchers at the agency’s Vehicle Research and 
Test Center (VRTC), located on the Transportation 
Research Center, Inc. (TRC) proving grounds in East 
Liberty, OH.   
 
NHTSA defines an FCW system as one intended to 
passively assist the driver in avoiding or mitigating a 
rear-end collision.  FCW systems have forward-
looking vehicle detection capability, provided by 
technologies such as RADAR, LIDAR (laser), 
cameras, etc.  Using the information provided by 
these sensors, an FCW system alerts the driver that a 
collision with another vehicle in the anticipated 
forward pathway of their vehicle may be imminent 
unless corrective action is taken.  FCW system alerts 
consist of audible, visual, and/or haptic warnings, or 
any combination thereof. 

 
At the time the work discussed in this paper was 
performed, the number of US-production light 
vehicles available with FCW was very low, with only 
three vehicle manufacturers offering such systems on 
limited variants of certain vehicle makes and models.  
So as to best evaluate the current state of FCW 
technology implementation, sample offerings from 
each of these vehicle manufacturers were procured:  a 
2009 Acura RL, 2009 Mercedes S600, and a 2008 
Volvo S80.  Although each of these vehicles present 
the driver with auditory and visual alerts, the manner 
in which these cues were presented differed, as 
shown in Table 1. 
 

Table 1. 
FCW Alert Modality 

FCW Alert 
Vehicle 

Visual Auditory 

Acura RL Message on instrument 
panel Repeated beeps 

Mercedes S600 Icon on instrument panel Repeated beeps 

Volvo S80 HUD using up to two 
sequences of red LEDs Repeated tones 

 

THE REAR-END COLLISION CRASH 
PROBLEM 
 
When determining what kinds of tests would be 
appropriate for use in FCW evaluation, work 
performed by the agency’s Automotive Rear-End 
Collision Avoidance System (ACAS) project [1], the 
Integrated Vehicle-Based Safety Systems (IVBSS) 
and Crash Avoidance Metrics Partnership (CAMP) 
programs [2,3], and research by the Volpe Center 
(part of DOT's Research and Innovative Technology 
Administration) [4] was reviewed.  Based on 2004 
General Estimates System (GES) statistics, a 
summary performed by Volpe shows that overall, 
approximately 6,170,000 police-reported crashes of 
all vehicle types, involving 10,945,000 vehicles, 
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occurred in the United States.  These statistics also 
indicate that overall, all police-reported light-vehicle 
crashes resulted in an estimated cost of $120 billion, 
and functional years lost (a measure of harm) totaled 
approximately 2,767,000 [5].  These societal harm 
measures were based on the GES crash sample and 
did not incorporate data from non-police-reported 
crashes. 
 
Using the 37 crash typology described in [5], Volpe 
identified that many of these crashes involved rear-
end collision scenarios.  Of the 37 groupings used to 
describe the overall distribution of pre-crash scenario 
types, the Lead Vehicle Stopped, Lead Vehicle 
Decelerating, and Lead Vehicle Moving at Lower 
Constant Speed crashes represented in the 2004 GES 
database were found to be the 2nd, 4th, and 12th 
most common crash scenarios overall, respectively, 
and were the top three rear-end pre-crash scenarios. 
Note that in 50% of Lead Vehicle Stopped crashes, 
the lead vehicle first decelerates to a stop and is then 
struck by the following vehicle, which typically 
happens in the presence of a traffic control device or 
the lead vehicle is slowing down to make a turn. 
Tables 2 through 4 presents summaries of these rear-
end pre-crash scenarios, ranked by frequency, cost, 
and harm (expressed as functional years lost), 
respectively.   
 
Based on the crash frequency, cost, and harm data 
presented in Tables 2 through 4, NHTSA decided use 
of test maneuvers designed to emulate these real-
world crash scenarios would provide an appropriate 
way to evaluate FCW performance.  Building on the 
efforts put forth by the ACAS and IVBSS programs, 
NHTSA researchers subsequently developed three 
objective test procedures to perform the work 
described in this paper.  The objectives of this work 
were twofold:  (1) identify the time-to-collision 
(TTC) values from the time an FCW alert was first 
presented to the driver, and (2) refine the test 
procedures, as necessary, to enhance the accuracy, 
repeatability, and/or reproducibility by which the 
FCW system evaluations could be performed. 
 

Table 2. 
Crash Rankings By Frequency (2004 GES data) 

Scenario Frequency Percent 

Lead Vehicle Stopped 975,000 16.4 

Lead Vehicle Decelerating 428,000 7.2 

Lead Vehicle Moving at 
Lower Constant Speed 210,000 3.5 

Table 3. 
Crash Rankings By Cost (2004 GES data) 

Scenario Cost ($) Percent 

Lead Vehicle Stopped 15,388,000,000 12.8 

Lead Vehicle Decelerating 6,390,000,000 5.3 

Lead Vehicle Moving at 
Lower Constant Speed 3,910,000,000 3.3 

 
Table 4.   

Crash Rankings By Functional Years Lost  
(2004 GES data) 

Scenario Years Lost Percent 

Lead Vehicle Stopped 240,000 8.7 

Lead Vehicle Decelerating 100,000 3.6 

Lead Vehicle Moving at 
Lower Constant Speed 78000 2.8 

 
TEST METHODOLOGY 
 
Overview 
 
The tests described in this paper were designed to 
evaluate the ability of an FCW system to detect and 
alert drivers of potential hazards in the path of their 
vehicles.   Three driving scenarios were used to 
assess this technology.   In the first test, a subject 
vehicle (SV) approached a stopped principle other 
vehicle (POV) in the same lane of travel.  The second 
test began with the SV initially following the POV at 
the same constant speed.  After a short while, the 
POV stopped suddenly.  The third test consisted of 
the SV, traveling at a constant speed, approaching a 
slower moving POV, which was also being driven at 
a constant speed.  For the sake of brevity, these three 
tests will be referred to as the “Lead Vehicle 
Stopped,” “Decelerating Lead Vehicle,” and “Slower 
Moving Lead Vehicle” tests, respectively, for the 
remainder of this paper. 
 
The tests were each performed on the TRC skid pad, 
a 3600 ft (1097 m) long flat (0.5 percent upwards 
longitudinal slope, with a negligible cross slope) 
concrete roadway comprised of seven paved lanes.  
The pavement of the skid pad lanes used for the FCW 
evaluations was in good condition, free from 
potholes, bumps, and cracks that could cause the 
subject vehicle to pitch excessively.  Each lane was 
approximately 12 ft (3.7 m) wide, and was delineated 
with solid white pavement lines.  All tests were 
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performed during daylight hours with good visibility 
(no fog, rain, or snow) and very windy conditions 
were avoided (wind speeds ranged from 0 to 17 mph 
during the testing timeline).  The ambient 
temperatures present during test conduct ranged from 
63 to 83 ºF (17 to 28 ºC). 
 
A 2008 Buick Lucerne was used as the POV for all 
FCW tests discussed in this paper.  The vehicle, as 
shown in Figure 1, was selected to represent a 
“typical” mid-sized passenger car.  Use of an 
artificial representation was considered (e.g., an 
inflatable or foam car), but ultimately not deemed 
necessary for three reasons:  safety considerations, 
test consistency, and test complexity.  
  

The evaluations discussed in this paper were intended 
to evaluate when FCW alerts occurred.  As such, SV-
to-POV collisions were not expected.  For an FCW to 
be effective in the real-world, it was believed there 
would be sufficient time from (1) when an FCW alert 
was presented to the driver to (2) when the driver 
would be able to comprehend the alert and take some 
corrective action to avoid a crash.  A professional test 
driver was used to pilot the SV, and was aware of 
what actions would be taken by the POV during each 
trial.  This, and the fact there was sufficient room to 
maneuver around the POV in the case of an aborted 
trial on the test pad, gave reason for NHTSA 
researchers to believe the tests could be safely 
performed with a “real” POV.  
 
NHTSA researchers also believed it would be best to 
perform each of the three tests series with a common 
POV.  Each test scenario contained a unique 
interaction between the SV and POV.  By not using 
the same POV for all tests, researchers were 
concerned that scenario-based performance 
comparisons could be confounded by differences in 
how the FCW systems may have perceived the 
different POVs.  Evaluating artificial test targets, 
with a radar return signature comparable to that of the 
“real” POV, was outside of the scope of the project. 

Use of an artificial POV would have introduced 
significant test complexity for some tests.  Although 
NHTSA presently owns a full-size inflatable balloon 
car intended for used in collision avoidance/ 
mitigation testing, two of the three test scenarios 
described in this paper required the POV accurately 
and consistently travel in a straight line at speeds up 
to 45 mph.  Additionally, the “SV approaches a 
decelerating POV” tests required the POV achieve 
and maintain a set deceleration magnitude.  
Development of a new artificial test apparatus able to 
accommodate these demands was outside of the 
scope of the project. 
 
Instrumentation 
 
Table 5 provides a summary of the instrumentation 
used during NHTSA’s FCW evaluations.  The POV 
and each SV and were equipped with instrumentation 
and data acquisition systems.  All analog data was 
sampled at 200 Hz.  For the SV, vehicle speed, lateral 
and longitudinal position (via GPS), range to POV 
(via radar), yaw rate, and FCW alert status data were 
recorded.  In the case of the Mercedes S600, FCW 
alert output from the high speed controller area 
network (CAN) also was collected using equipment 
discussed in the next section.  For the POV, vehicle 
speed, position, brake pedal travel, and longitudinal 
acceleration data were collected.    Signal 
conditioning of these data consisted of amplification, 
anti-alias filtering, and digitizing.  Amplifier gains 
were selected to maximize the signal-to-noise ratio of 
the digitized data. 
 
For both vehicles, vehicle speed was directly 
recorded as an analog output from a stand-alone GPS 
based speed sensor and calculated from the output of 
a second GPS system; that which provided the 
position data later used to determine TTC.  The GPS 
data produced by the second system were sampled at 
10 Hz, and were differentially corrected during post-
processing.  All data (analog and GPS-based data 
from the SV and POV) were then merged into a 
single data file per trial for the ease of subsequent 
data analysis. 
 
Redundant vehicle speed sensors provided two 
functions.  First, the stand-alone GPS-based speed 
sensor provided the drivers of the SV and POV with 
accurate real-time vehicle speed information.  The 
GPS system used to provide position data did not 
have this capability.  Second, during merging of the 
analog and differentially corrected GPS data files for 
an individual trial, use of common speed information 
from two independent sources improved the 
synchronization accuracy. 

Figure 1.  Buick Lucerne (POV) and Mercedes 
S600 (SV) during an FCW test performed on 
the TRC skidpad. 
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Table 5. 
Instrumentation Used During FCW Evaluation 

Type Output Range Resolution Accuracy 

Vehicle speed 0.5 – 125 kph* 
(0.3 - 77 mph) 

0.01 kph* 
(0.001 mph) 

0.1 kph* 
(0.06 mph) 

Longitudinal position of SV and POV N/A 5 cm (2 in) < 10 cm (4 in) absolute; 
1 cm static  

Differentially- 
Corrected GPS Data 

Lateral position of SV and POV N/A 5 cm (2 in) < 10 cm (4 in) absolute; 
1 cm static 

Radar-Based Headway Distance between SV and POV 1 – 100 m 
(3-300 ft) 0.5 m (1.6 ft) +/- 5% of full scale 

Rate Sensor Yaw rate +/- 100 deg/s 0.004 deg/s +/- 0.05% of full scale 

Accelerometer Longitudinal acceleration +/- 2 g’s +/- 10µg +/- 0.05% of full scale 

Brake Pedal Travel Linear brake pedal travel 0 – 5 in +/- 0.001 in +/- 1% of full scale 

Data Flag  
(FCW Alert) 

Signal from FCW system that 
indicates if the FCW warning was 
issued 

0 – 10V 
(optional: could be 
a binary flag from 
CAN Bus) 

N/A Output response better than 
10 ms 

Vehicle Dimensional 
Measurements 

Location of GPS antenna, vehicle 
centerlines, and two bumper 
measurements 

N/A 1 mm 
(0.05 in) 

1 mm  
(0.05 inch) 

*Values for the stand alone vehicle speed sensor used to provide output to the dashboard display and for data synchronization.  The 
GPS-based vehicle speed ultimately used for TTC calculation, was derived using vehicle position and time data. 

 

Table 5 provides a summary of the instrumentation 
used during NHTSA’s FCW evaluations.   Note that 
in addition to this equipment, the driver of the SV 
was also presented with real-time range-to-POV data 
produced with a laser-based distance measuring 
system to facilitate accurate conduct of the 
Decelerating Lead Vehicle tests.  The output of the 
laser-based system was not recorded. 
 
FCW Alert Monitoring 
 
When activated, the FCW systems discussed in this 
paper provided the SV driver with auditory and/or 
visual alerts.  Recording when these alerts first 
occurred was of great importance since this 
information would later be used to calculate the 
TTCs for each test scenario, the objective measure by 
which FCW performance was quantified.  The 
methods used to record the FCW alerts differed from 
vehicle to vehicle, as shown in Table 6.  
 
Volvo S80 
 
The Volvo S80 was the first vehicle evaluated, and 
its FCW alerts were monitored the most 
comprehensively (i.e., to provide an indication of 
how best to evaluate the subsequent vehicles). The 
auditory alert originated from a piezoelectric speaker 

 

Table 6. 
FCW Alert Monitoring Methods 

Vehicle Monitor 

Acura RL Auditory cue only (monitoring the visual 
display deemed too invasive) 

Mercedes S600 High-speed CAN bus output (monitoring the 
visual and/or aural cues deemed too invasive) 

Volvo S80 

1. Low severity HUD  
2. High severity HUD  
3. Auditory alert (direct tap) 
4. Auditory alert (via microphone) 

 

installed behind the instrument cluster.  Visual alerts 
were presented via a heads-up display (HUD) 
comprised of multiple LED clusters.  These clusters 
provided two levels of illumination, where the 
system’s perceived risk of a collision would dictate 
whether some or all of the HUD LEDs would be 
illuminated.   
 
To monitor the status of the auditory alert, the leads 
of the piezoelectric speaker were directly tapped, and 
their output (i.e., the signal sent to the speaker) was 
recorded.  Additionally, an external microphone was 
positioned near the speaker, and its output recorded.  
This was to allow researchers to examine the 
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feasibility of using a less invasive method of 
capturing the FCW speaker output, a practical 
consideration for future NHTSA test programs.    
 
To monitor the status of the FCW HUD, the dash-
mounted LED circuit was removed and tapped.  
Additionally, five photocells were placed over the 
HUD to record when and how many LEDs were 
illuminated during each FCW alert.  Conceptually 
similar to the use of the microphone being used to 
monitor the piezoelectric speaker output, use of the 
photocells allowed researchers to examine the 
feasibility of using a less invasive method of 
capturing the FCW HUD illumination.  Figure 2 
provides an output comparison of the FCW HUD 
taps, photocells, audible alarm tap, and microphone 
during a Lead Vehicle Stopped test performed with 
the Volvo S80.   
 

 
Of particular interest was the response time and 
signal-to-noise ratio of the microphone and 
photocells.  For the tests described in this paper, each 
FCW alert presented both levels of HUD 
illumination, accompanied by the audible alert.   
Illumination of both LED clusters occurred at the 
same instant; the auditory alert was found to occur 20  

to 65 ms later.  Indication of an HUD-based alert 
provided by photocell output typically lagged that 
provided by the direct tap by 5 to 15 ms.  The signal-
to-noise ratio of the microphone output used to 
monitor the piezoelectric speaker was poor, and was 
affected by signal noise bleed through.  As such, 
results from the microphone-based outputs were not 
considered during data analysis.   
 
Based on comparison of each technique used for 
monitoring the Volvo S80 FCW alerts, the authors 
concluded use of the outputs provided by the direct 
tap of the HUD were the most appropriate.  
Subsequent TTC calculations for this vehicle were 
therefore based on the instant HUD illumination was 
first detected. 
 
Acura RL 
 
The Acura RL auditory alerts originated from a 
piezoelectric speaker installed behind the instrument 
cluster.  The visual alert was presented via a multi-
function display located in the center of the 
instrument cluster, where the message “BRAKE” was 
shown at the time of the alert.  Subjective 
impressions from the SV test driver indicated the 
visual and aural cues were presented simultaneously. 
 
Based on a combination of test feasibility and 
consideration of observations made during the Volvo 
S80 evaluation, the FCW alert detection methods 
used for the Acura RL was simplified.  To monitor 
the status of the auditory alert, the leads of the 
piezoelectric speaker were directly tapped, and their 
output was recorded.  For previously-stated reasons, 
an external microphone was not used to provide a 
redundant measure of this speaker’s output.  The 
visual FCW alert status was not recorded during 
evaluation of the Acura RL.  Since the vehicle’s 
message center was used to present the driver with 
information beyond just FCW alerts, use of 
photocell-based monitoring was not appropriate.  In 
other words, absolutely discerning an FCW alert 
from some other display was not possible with this 
method.  Researchers did not have a way to decode 
CAN-based FCW data for the Acura RL. 
 
Since it was the only FCW alert information 
recorded, data from the piezoelectric speaker tap was 
used to calculate the TTC values for the Acura RL; 
considered at the instant speaker output was detected.  
Figure 3 provides an example of these data. 

Figure 2.  Outputs of the FCW warning light 
taps, photocells, audible alarm tap, and 
microphone during a test performed with the 
Volvo S80. 
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Mercedes S600 
 
The Mercedes S600 auditory alert originated from a 
piezoelectric speaker installed behind the instrument 
cluster.  Visual alerts were presented via a small icon 
on the instrument cluster.  Although a direct tap of 
either alert would have provided information 
necessary to calculate TTCs, accessing the respective 
circuits would have requiring much of the dash be 
disassembled.  Given the high cost of the vehicle, and 
since it was acquired via a short term lease, 
researchers sought to identify a less invasive means 
to monitor the FCW alert status. 
 
NHTSA researchers were able to identify the FCW 
indicator status data via the S600 CAN bus (see 
Figure 4).  After interfacing with the appropriate  

connector, the CAN data was fed into a NHTSA-
developed programmable board designed to isolate 
and monitor the FCW status, and to output it as an 
analog signal to the vehicle’s data acquisition system.  
Accessing the vehicle’s CAN was necessary since the 
FCW alert status was not accessible via the OBD II 
connector. 
 
Since it was the only practical way by which the 
FCW alert recorded, data from the CAN was used to 
calculate the TTC values for the Mercedes S600 (i.e., 
the instant a message commanding the FCW alert 
was detected).  Figure 4 provides an example of these 
data. 
 
SV-to-POV Proximity 
 
Accurate measurement of SV and POV position over 
time was of great importance for the tests described 
in this paper.  In each scenario, the distance between 
the vehicles (i.e., the headway) at the time of the 
FCW alert was used in the calculation of the 
respective TTC values.  Additionally, the ability of 
the SV to maintain and/or establish the appropriate 
headway to the POV and the vehicles’ lateral lane 
positions were considered during the pre-brake 
validity assessments performed for the Decelerating 
Lead Vehicle and Slower Moving Lead Vehicle tests. 
 
Although the most accurate SV and POV positions 
were ultimately derived from differentially corrected 
GPS data, two supplemental methods were also used:  
(1) via a forward-looking radar, and (2) via a laser-
based range measurement sensor.  Both supplemental 
units were attached to the front bumper of the SV, as 
shown in Figure 5. 
 

Figure 3.  Alert outputs recorded during an 
FCW test performed with the Acura RL. 
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The reasons for using the supplemental distance 
measuring equipment were two-fold.  First, to 
benchmark radar-based range performance against 
that of the GPS.  This was to assess whether the 
radar-based system could provide an acceptable 
alternative to, or substitute for, differentially 
corrected GPS for future NHTSA tests requiring such 
data.  Second, the laser-based range measurement 
provided real-time headway information to the SV 
driver.  Such information was essential for conduct of 
the Decelerating Lead Vehicle tests, and not available 
from the GPS or radar-based measurement systems.   
 
Programmable Brake Controller 
 
The Decelerating Lead Vehicle tests required the 
POV establish and maintain moderate deceleration 
with minimal overshoot and variability.  Since 
repeatably accomplishing this with even a skilled test 
driver is difficult, a programmable brake controller 
was used for these tests, as shown in Figure 6.  
Although this controller was expected to offer 
researchers the ability to command a desired 
deceleration, such functionality could not be realized 
during the tests described in this paper.  
Alternatively, a feedback loop that applied and 
maintained a constant brake pedal displacement was 
used.  The combination of this feedback loop, and 
maintaining a consistent amount of time between 
trials1, ultimately produced POV deceleration within 
the tolerances specified by the Decelerating Lead 
Vehicle validity criteria described later in this paper. 
 

                                                 
1Maintaining a consistent amount of time between trials was found 
to contribute to consistent within-series POV brake temperatures.  
This resulted in more consistent POV deceleration. 

Test Maneuvers 
 
Although there were three unique test scenarios 
discussed in this paper, a number of common validity 
requirements were imposed on the individual trials so 
as to perform the tests as objectively as possible.   

 
1. The SV vehicle speed could not deviate from the 

nominal speed by more than 1.0 mph (1.6 kph) 
for a period of three seconds prior to the required 
FCW alert. 

 
2. SV driver was not allowed to apply any force to 

the brake pedal before the required FCW alert 
occurred 

 
3. The lateral distance between the centerline of the 

SV, relative to the centerline of the POV, in road 
coordinates, could not exceed 2.0 ft (0.6 m). 

 
4. The yaw rate of the SV could not exceed ±1 

deg/sec during the test. 
 
5. Since each SV was equipped with an automatic 

transmission, all tests were performed in “Drive” 
 
Subject Vehicle (SV) Encounters a Stopped 
Principle Other Vehicle (POV)    
 
These tests are also known as “Lead Vehicle 
Stopped” trials.  To perform this maneuver, the POV 
was parked in the center of a travel lane facing away 
from the approaching SV, oriented such that its 
longitudinal axis was parallel to the roadway edge, as 
shown in Figure 7.   
 
The SV was then driven at a nominal speed of 45 
mph (72.4 kph), in the center of the lane of travel, 
toward the parked POV.  The test was taken to begin 
when the SV was 492 ft (150 m) from the POV, and 
concluded when the subject vehicle’s FCW alert was 
presented.  To assess FCW alert variability, 
performing seven valid tests was desired. 
 

 
Subject Vehicle (SV) Encounters a Decelerating 
Principle Other Vehicle (POV)   
 
These tests are also known as “Decelerating Lead 
Vehicle” trials.  To begin this maneuver, the SV and 

Figure 7.  Lead Vehicle Stopped crash scenario. 
Figure 6.  Programmable brake controller used 
during the Decelerating Lead Vehicle tests. 
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POV were driven in the center of same travel lane at 
a speed of 45 mph (72.4 kph).  After driving with a 
constant headway distance of 98.4 ft (30 m), the 
driver of the POV suddenly applied the brakes in a 
manner intended to establish constant deceleration of 
0.3 g within 1.5 seconds.  For this test series, the 
individual trials were taken to begin 3 seconds prior 
to the initiation of the POV braking, and concluded 
when the subject vehicle’s FCW alert was presented.  
To assess FCW alert variability, performing seven 
valid tests was desired.  Figure 8 presents the 
decelerating lead vehicle crash scenario. 
 

 
In addition to the previously mentioned validity 
requirements, the Decelerating Lead Vehicle test 
scenario includes the following parameters: 

 
1. The initial POV vehicle speed could not deviate 

from the nominal speed by more than 1.0 mph 
(1.6 kph) for a period of three seconds prior to 
the initiation of POV braking. 

 
2. The POV deceleration level was required to 

nominally be 0.3 g within 1.5 seconds after 
initiation of POV braking.  The acceptable error 
magnitude of the POV deceleration was ± 0.03g, 
measured at the time the FCW alert first 
occurred.  An initial overshoot beyond the 
deceleration target was acceptable, however the 
first local deceleration peak observed during an 
individual trial was not to exceed 0.375 g for 
more than 50 ms.  Additionally, the POV 
deceleration was not permitted to exceed 0.33 g 
over a period defined from (1) 500 ms after the 
first local deceleration peak occurs, to (2) the 
time when the FCW alert first occurs. 

 
3. The tolerance for the headway from the SV to 

the POV was required to be ± 8.2 ft (± 2.5 m), 
measured at two instants in time:  (1) three 
seconds prior to the time the POV brake 
application was initiated, and (2) at the time the 
POV brake application was initiated. 

 
Subject Vehicle (SV) Encounters a Slower Principle 
Other Vehicle (POV) 
 
These tests are also known as “Slower Moving Lead 
Vehicle” trials.  To begin this maneuver, the POV 

was driven in the center of a travel lane at a speed of 
20 mph (32.2 kph).  Shortly after the POV had 
established the desired test speed, the SV was driven 
in the center of same travel lane at a speed of 45 mph 
(72.4 kph), approaching the slower-moving POV 
from the rear.  For this test series, the individual trials 
were taken to begin when the headway from the SV 
to the POV was 492 ft (150 m), and concluded when 
the subject vehicle’s FCW alert was presented.  To 
assess FCW alert variability, performing seven valid 
tests was desired.  Figure 9 presents the decelerating 
lead vehicle crash scenario. 

 
As was the case for the Decelerating Lead Vehicle 
test scenario, the Slower Moving Lead Vehicle trials 
also required the POV vehicle speed not deviate from 
the nominal speed by more than 1.0 mph (1.6 kph) 
for a period during the test. 

 
TEST RESULTS 
 
General Observations 
 
Performing the three tests scenarios proved to be 
quite straight-forward, however there were some 
important observations made during their conduct.   
 
First, these tests do not lend themselves to some of 
the variability-reducing steps presently used by other 
track-based tests presently performed by NHTSA 
(i.e., dynamic rollover or electronic stability control 
testing).  For example, cruise control could not be 
used to maintain the SV test speed.  Many of the 
sensors used by the FCW systems discussed in this 
paper were shared with the vehicles’ respective 
adaptive cruise control (ACC) systems.  For at least 
two of the maneuvers, the decelerating and slower-
moving POV tests, ACC interventions would not be 
expected to allow the combination of pre-FCW alert 
headway distances and tight SV and POV vehicle 
speed tolerances be realized and/or maintained. 
 
Maintaining SV speed also required the driver to use 
careful throttle modulation using small, smooth 
inputs.  Prior to actually performing the FCW tests, 
discussions with vehicle manufacturers indicated 
some systems monitor the driver’s throttle inputs, and 
that use of abrupt throttle inputs could cause an FCW 
system to suppress the alert NHTSA was interested in 
evaluating.  The rationale for such suppression 

Figure 8.  Decelerating Lead Vehicle crash scenario.
Figure 9.  Slower Moving Lead Vehicle scenario. 
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involves a desire to achieve the high consumer 
acceptance, with the logic being that if the driver is 
deliberately commanding a sudden throttle input, 
they are providing an indication of being alert, 
capable of making good driving decisions, and that 
providing an FCW alert (an alert intended to 
primarily benefit inattentive drivers) may not be 
appropriate. 
 
For the previously-stated reasons, the driver of the 
SV was also required to make small, smooth steering 
corrections to maintain lane position.  NHTSA 
researchers were cautioned that use of abrupt or 
coarse changes in steering position, even with small 
magnitudes, could also result in FCW alert 
suppression.  Evaluating whether these concerns were 
relevant to the test vehicles described in this paper, or 
attempting to determine the minimum throttle and/or 
steering input magnitudes necessary to evoke FCW 
alert suppression was not performed in this study, but 
may provide an interesting area for future research. 
 
Maneuver Results 
 
Subject Vehicle (SV) Encounters a Stopped 
Principle Other Vehicle (POV) 
 
Since the POV was stationary for the entire test, the 
Lead Vehicle Stopped trials were the simplest to 
perform.  The TTC for this test, a prediction of the 
time it would take for the SV to collide with the POV 
from the time of the FCW alert, was calculated by 
considering two factors at the time of the FCW alert:  
(1) distance between SV and POV at the time of the 
FCW alert (ssv,initial) and (2) the speed of the SV 
(vsv,initial).  The corresponding TTC values were 
simply computed using Equation 1:  
 

initialsv

initialsv
Test v

s
TTC

,

,
1 =     (1) 

 
Table 7 provides a summary of the TTCs calculated 
with data collected from tests that satisfied all 
validity criteria.  In the case of the Volvo S80, the 
full suite of seven valid tests was not realized after 
data post processing (SV speed at the time of the 
FCW alert was too high for some tests).  For this 
vehicle, the mean and standard deviations were based 
on five trials. 
 
Generally speaking, and despite the prohibition of 
cruise control and tight allowable tolerances, the 
experimenters were able to successfully execute the 
tests without issue.  That said, the Lead Vehicle 
Stopped tests did call to attention to two important 

details regarding test conduct.  First, it appears the 
absence of a POV rear license plate was capable of 
influencing the FCW effectiveness for at least one 
vehicle used in this study.  Second, although conduct 
of the maneuver was free of incident, some safety 
concerns were raised. 
 

Table 7.   
Lead Vehicle Stopped TTC Summary 

Trial Acura RL Mercedes S600 Volvo S80 

1 1.63 2.24 2.08 

2 1.84 2.32 2.64 

3 1.62 2.29 2.28 

4 1.94 2.30 2.68 

5 1.74 2.31 2.57 

6 1.83 2.27 n/a 

7 1.46 2.33 n/a 

Ave 1.72 2.29 2.45 

Stdev 0.16 0.03 0.26 

 
During a brief pilot study comprised of Lead Vehicle 
Stopped tests, no license plate was installed on the 
rear of the POV.  This was not intentional; it simply 
happened that since the vehicle was only being 
driven within the controlled confines of a proving 
ground, it was not so-equipped.  When the Volvo S80 
was evaluated in this condition, an FCW alert was 
not presented during three of the ten pilot tests.  
Seeking to understand whether the manner in which 
the tests were performed may have influenced the test 
outcome, NHTSA researchers considered a variety of 
experimental refinements.  One such consideration 
was installing a license plate on the rear of the POV, 
since it was more representative of how the POV 
would be seen in the real world, and would provide a 
vertical metallic surface capable of being more easily 
detected with forward-looking radar (used to provide 
range and range rate data to the respective FCW 
systems).  With the rear license plate installed on the 
POV, each of the valid Lead Vehicle Stopped tests 
performed with the Volvo S80 produced an FCW 
alert.   
 
Due the low sample size of the tests performed 
during pilot testing, it is unclear whether the presence 
of the POV license plate can be absolutely 
attributable to the Volvo S80’s apparently improved 
FCW performance.  However, the fact remains there 
was at least some evidence suggesting this was the 
case, and that inclusion of the rear plate on the POV 
does indeed enhance the face validity of the test 
scenario.  Therefore, all subsequent tests were 
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performed with the rear license plate installed on the 
POV, including those of the two other test scenarios. 
 
Subject Vehicle (SV) Encounters a Decelerating 
Principle Other Vehicle (POV) 
 
Given the tight tolerances and careful choreography 
required by these tests, the Decelerating Lead 
Vehicle tests were generally the most challenging to 
perform.  Use of the dashboard mounted headway 
display in the SV, and maintaining a consistent 
amount of time between trials, improved the 
efficiency these tests could be performed with.  
However, since the actual range between the vehicles 
(calculated with GPS data), and the actual 
deceleration produced by the POV throughout the 
maneuver (corrected for pitch angle) could not be 
calculated until these data had been output after post-
processing, obtaining an acceptable number of valid 
trials required repeated test series for some vehicles.   
 
The TTC for this test, a prediction of the time it 
would take for the SV to collide with the POV from 
the time it initiates braking, was calculated by 
considering three factors at the time of the FCW 
alert:  (1) the speed of the SV (vsv,initial), (2) the speed 
of the POV (vpov,initial), and (3) the deceleration of the 
POV (apov), as shown in Equation 2.   Note:  To 
simplify calculation of the TTC for Test 2, the 
deceleration of the POV was taken to remain constant 
from the time of the FCW alert until the POV comes 
to a stop (i.e., a “constant” deceleration rate 
assumed). 

 

(2) 
 
Table 8 provides a summary of the TTCs calculated 
with data collected from tests that satisfied all 
validity criteria.  In the case of the Mercedes S600, 
the full suite of seven valid tests was not realized 
after data post processing (the headway between the 
SV and POV at the onset of POV braking was found 
to be too short).  For this vehicle, the mean and 
standard deviates are based on three trials. 
 

Table 8. 
Decelerating Lead Vehicle TTC Summary. 

Trial Acura RL Mercedes S600 Volvo S80 

1 2.30 2.23 3.17 

2 2.16 2.34 3.06 

3 2.44 2.27 2.95 

4 2.21 n/a 3.08 

5 2.38 n/a 3.08 

6 2.28 n/a 2.92 

7 2.13 n/a 3.19 

Ave 2.27 2.28 3.07 

Stdev 0.11 0.05 0.10 

 
Subject Vehicle (SV) Encounters a Slower Principle 
Other Vehicle (POV) 
 
Although they were more involved than the Lead 
Vehicle Stopped tests, the Slower Moving Lead 
Vehicle tests were generally quite simple to perform.  
That said, these tests can use considerable real estate 
if the POV is given an excessive head start before the 
SV driver begins their approach toward the POV.  To 
maintain a constant POV speed, researchers used the 
vehicle’s cruise control.   
 
The TTC for this test, a prediction of the time it 
would take for the SV to collide with the POV from 
the time it initiates braking, was calculated by 
considering two factors at the time of the FCW alert:  
(1) the speed of the SV (vsv,initial) and (2) the speed of 
the POV (vpov,initial).  Equation 3 was used to calculate 
the TTC for the Slower Moving Lead Vehicle tests. 
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Table 9 provides a summary of the TTCs calculated 
with data collected from tests that satisfied all 
validity criteria.  In the case of the Volvo S80 the full 
suite of seven valid tests was not realized after data 
post processing.  For this vehicle, the mean and 
standard deviates were based on three trials. 
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Table 9.  
Slower Moving Lead Vehicle TTC Summary. 

Trial Acura RL Mercedes S600 Volvo S80 

1 1.97 2.42 2.05 

2 2.13 2.43 2.80 

3 2.00 2.39 2.99 

4 2.02 2.37 n/a 

5 1.93 2.37 n/a 

6 1.98 2.35 n/a 

7 2.06 2.40 n/a 

Ave 2.01 2.39 2.61 

Stdev 0.07 0.03 0.50 

 
The slower moving lead vehicle test procedure 
required the SV and POV speeds remain constant for 
at least 3 seconds prior to the LDW alert.  For the 
Volvo S80 these criteria resulted in most tests being 
deemed non-valid (the desired speeds were achieved 
too late).  Increasing the pre-brake speed tolerances 
and/or the amount of time the vehicles were required 
to remain constant before the alert occurred would 
have increased the number of valid trials for this test 
condition.  Had they not been deemed non-valid for 
minor speed infractions, each of the five Volvo S80 
trials would have produce TTCs ranging from 2.40 to 
3.03 seconds. 
 
Headway Calculation Comparison 
  
TTC values calculated with distance measurements 
from the radar-based range measurement equipment 
and differentially corrected GPS are provided in 
Table 10.  All TTC values presented in this table used 
the same vehicle speed and, in the case of the 
Decelerating Lead Vehicle tests, deceleration data; 
only the distance measurements used in the 
calculations differed. 
 
 

Whether use of the radar-based equipment would 
provide an acceptable alternative to, or substitute for, 
differentially corrected GPS for future NHTSA tests 
requiring such data ultimately depends on what 
precision is required.  Use of the less accurate radar-
based distance measurements resulted in TTC values 
5.0 to 12.5 percent longer than those more accurately 
derived with differentially corrected GPS data.  This 
error was close to the radar manufacturer’s sensor 
accuracy specification of 5 percent, as previously 
shown in Table 5. 
 
CONCLUSION 

  
Forward collision warning (FCW) system 
functionality is of great interest to NHTSA.  Given 
the prevalence of rear-end collisions in the crash data, 
and the high societal costs they impose, better 
understanding how advanced technologies may be 
able to mitigate these crashes is an agency priority.  
This paper has provided details of how NHTSA 
evaluated the FCW performance of three 
contemporary passenger cars using three test 
scenarios designed emulate the most commonly 
occurring rear-end crash scenarios.  Specifically, the 
time-to-collision (TTC) values, predictions of the 
time it would take for the SV to collide with the POV 
from the time of the FCW alert, associated with each 
vehicle/scenario combination was calculated.  
 
Although performing the tests described in this paper 
was generally straight-forward, some details 
pertaining to FCW monitoring and test conduct were 
challenging.  The processes used to accurately 
monitor the FCW alert status was somewhat intrusive 
for the Acura RL and Volvo S80, and required 
cooperation with the vehicle manufacturer for 
evaluation of the Mercedes S600.   Adhering to the 
tight SV-to-POV headway and POV deceleration 
requirements of the Decelerating Lead Vehicle tests 

Table 10. 
Comparison of GPS and Radar-Based TTC Values. 

Lead Vehicle Stopped Decelerating Lead Vehicle Slower Moving Lead Vehicle 

Difference Difference Difference Vehicle 
GPS Radar 

(sec) (%) 
GPS Radar 

(sec) (%) 
GPS Radar 

(sec) (%) 

Acura RL 1.72 1.90 0.17 10.0 2.27 2.43 0.16 7.0 2.01 2.18 0.16 8.1 

Mercedes S600 2.29 2.44 0.14 6.3 2.28 2.56 0.28 12.5 2.39 2.59 0.20 8.4 

Volvo S80 2.45 2.59 0.14 5.5 3.07 3.23 0.16 5.0 2.61 2.82 0.21 7.8 
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was demanding.  To maximize efficiency when 
performing these tests, the authors found that 
providing the SV driver with accurate real-time 
headway information (e.g., via a dashboard-mounted 
display, etc.) and use of a programmable brake 
controller in the POV was helpful.  To obtain 
accurate vehicle-to-vehicle range information, use of 
highly accurate GPS-based position data of the SV 
and POV was found to be very effective. 
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ABSTRACT 
 
In 2002 the biofidelity of the SID-HIII, ES-2 and 
prototype WorldSID side impact dummies were 
compared using a new Biofidelity Ranking System 
(BRS or BioRank) [Rhule, 2002]. The current study 
introduces updates made to the BRS and assesses the 
biofidelity of the ES-2re and the latest WorldSID side 
impact dummies.  Approximately twelve drop tests, 
ninety pendulum tests and forty sled tests with a dual-
occupant buck were performed with the ES-2re and 
WorldSID dummies, including lateral and oblique 
shoulder impactor tests [Bolte, 2003]; lateral and 
oblique thorax impactor tests [Shaw, 2006]; five 
Maltese sled tests [Maltese, 2002]; and several drop, 
pendulum and sled tests from ISO 9790 [ISO, 1999].  
Test condition weight factors used previously have 
been eliminated in the updated BRS, giving all test 
conditions equal value.  A scale for quality of the 
biofidelity ranking value, B, is demonstrated by 
comparing individual human subject responses to 
response targets and generating individual cadaver B 
values for both External and Internal Biofidelity.  
Having a scale of B values for the subject responses 
used to create the target response will give the user a 
metric for understanding the quality of a dummy’s 
biofidelity.  Finally, the sensitivity of the biofidelity 
ranking value, B, is illustrated using data from 
repeated tests on multiple WorldSID dummies.  The 
sensitivity analysis will help the user understand if 
the biofidelity of two (or more) dummies is similar or 
different.  This recent data and updated BRS show 
that the WorldSID dummy exhibits improved overall 
biofidelity over the ES-2re.  Results of the updated 
BRS show that the WorldSID and ES-2re 
demonstrated Internal Biofidelity values of 1.2 and 
1.7, respectively; the WorldSID demonstrated an 
External Biofidelity score of 2.2 while the ES-2re 
demonstrated an External Biofidelity score of 2.8. 
 
 

INTRODUCTION 
 
In 2002 a new Biofidelity Ranking System (BRS) 
was introduced and used to compare the biofidelity of 
the SID-HIII, ES-2 and prototype WorldSID side 
impact dummies [Rhule, 2002].  Since then the BRS 
has been used to evaluate several side impact 
dummies and has received constructive critique from 
the biomechanics community [Irwin, 2003].  
Criticisms included use of less biofidelic dummies 
for evaluation of the relevance of test conditions and 
assignment of test condition weights, a desire for 
further explanation of the meaning of the biofidelity 
"B" values, and lack of analysis of the sensitivity of 
the B values.  This paper addresses each of these 
concerns by eliminating test condition weights from 
the updated BRS, providing further analysis of the 
statistical meaning of the B values and a scale for 
interpreting the quality of biofidelity from the B 
values, as well as providing analysis of the significant 
difference between two B values.  This paper 
discusses the updates that have been made to the 
Biofidelity Ranking System and presents results of its 
application to recent test data from two side impact 
dummies, the ES-2re and the current production 
WorldSID dummy. 
 
The evaluation and modification of the WorldSID 
dummy has been accomplished with the collaboration 
and support of the WorldSID Organization.  Recent 
changes to the dummy include relocating the pelvis 
data acquisition docking station, a change in rib 
damping material and a change in IRTRACC 
mounting range-of-motion. 
 
BACKGROUND 
 
The purpose of the Biofidelity Ranking System is to 
objectively quantify response differences between 
human subjects and crash test dummies to evaluate 
how well a dummy replicates the behavior and 
response of a human.  In order to evaluate a dummy’s 
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biofidelity, it must be subjected to a set of tests that 
have associated human subject response targets (also 
referred to as biofidelity corridors).  The set of tests 
and response measurements (and associated human 
response targets) to be used for evaluating biofidelity 
are selected by the analyst prior to utilizing the 
objective BRS and will affect results. 
 
The fundamental nature of the Biofidelity Ranking 
System lies in the comparison of each dummy 
response to its corresponding mean human subject 
response. The Response Measurement Comparison 
Value (R) for each required measurement is 
calculated as a ratio of the cumulative variance of the 
dummy response relative to the mean cadaver 
response (DCV) over the cumulative variance of the 
mean cadaver response relative to the mean plus one 
standard deviation (CCV), as described in Rhule et 
al, 2002.  A lower DCV/CCV ratio indicates a closer 
dummy response relative to that of the mean cadaver, 
and better dummy biofidelity. 
 
The BRS calculates ranks for External Biofidelity 
and Internal Biofidelity by first calculating the 
DCV/CCV ratio (R) for each response measurement 
and then taking its square root; then those values are 
averaged for various test conditions and then for 
various body regions.  External Biofidelity describes 
the ability of a dummy to replicate human loading of 
a test environment.  Signals which measure the 
response of the test environment due to its interaction 
with the dummy (or human subject) are used to 
calculate External Biofidelity ranks.   Internal 
Biofidelity describes the ability of a dummy to 
duplicate the responses of human subjects.  Signals 
which measure the response of the dummy (or human 
subject) due to its interaction with the test 
environment are used to calculate Internal Biofidelity 
ranks.   
 
UPDATES TO THE BIOFIDELITY RANKING 
SYSTEM 
 
Over the last several years the Biofidelity Ranking 
System has been used to evaluate the biofidelity of 
many dummies.  As with any state of the art system 
evolution is inevitable.  As a result of its 
development, the following updates have been 
incorporated into the evaluation of side impact 
dummy biofidelity using the BRS. 
 
Test Condition Weights Removed 
 
The Test Condition Weights included in the original 
BRS were based on a combination of 1) the number 
of subjects used to create the human subject response 

target (Subject Score) and 2) how well the biofidelity 
test represented the intended crash environment (Test 
Relevance Score).  The equation to calculate the Test 
Condition Weights subjectively added one-third of 
the Subject Score to two-thirds of the Test Relevance 
Score.   
 
The Test Relevance Score indicates how well each 
biofidelity test represents regulatory-type crash tests.  
The biofidelity tests whose dummy responses are 
equal to or less than the dummy response in crash 
tests receive higher Test Relevance Scores.  Some in 
the biomechanics community argued that the 
dummies used (SID-HIII and ES-2) to evaluate the 
relevance of the biofidelity tests were not very 
biofidelic, which invalidated the Test Condition 
Weights.   
 
The assessment of subject sample size and test 
relevance in this paper was performed during the data 
selection process and is not part of the completely 
objective BRS.  The Test Condition Weights have 
been eliminated from the BRS.  All tests used for 
evaluating dummy biofidelity are now of equal value.   
 
Biofidelity Rank Calculation 
 
Without the Test Condition Weights, the equation for 
calculating the biofidelity ranks is different from that 
presented in 2002.  In the updated BRS, External and 
Internal Biofidelity ranks are calculated according to 
Equation 1.  The External and Internal Biofidelity 
ranks are each made up of an average of ranks from 
each body region (i in Equation 1).  The body regions 
include the head, neck, shoulder, thorax, abdomen 
and pelvis.  Each body region rank is made up of an 
average of ranks from each corresponding test 
condition (j in Equation 1).  Each test condition rank 
(for a given body region) is made up of an average of 
the square root of the response measurement 
comparison values (R in Equation 1) for each 
measurement required (k in Equation 1) for that test 
condition.  Figure 1 illustrates the sequence of 
averages that result in the External (or Internal) 
Biofidelity ranks. 
 
INTERPRETING THE BIOFIDELITY VALUES 
 
What do the biofidelity values (B-values) mean?  
Albeit a lower value of B indicates better biofidelity, 
but what do the numbers represent?  How different 
do the numbers have to be to indicate a significant 
difference in biofidelity? 
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where  
 
B= biofidelity rank, either External or Internal 
R = Response Measurement Comparison Value 
i = body region 
j = test condition 
k = response measurement 
l = number of body regions 
m = number of test conditions 
n = number of response measurements per test 
condition 
 

 
 
 
 
 
 
 
 
 
 
B-value Scale 
 
It is important to understand what a BioRank score 
actually means.  For any given response 
measurement in a biofidelity test, a DCV/CCV ratio, 
or R value, is calculated and its square root is taken 
so that it represents multiples of a cumulative 
standard deviation.  A value of √R < 1 would indicate 
that the dummy response is less than one cumulative 
standard deviation different from the cadaver mean 
response for that set of cadaver test data.  Similarly, a 
value of √R < 2 would indicate that the dummy 
response is within two cumulative standard 
deviations of the cadaver mean and a value of √R < 3 
indicates the dummy is within three cumulative 
standard deviations of the cadaver mean response.  
This assumes that the cadaver data set is a 
representative sample of the cadaver population and 
is normally distributed.  Because cadaver sample size 
is usually rather small and the variation in the 
cadaver data set is due to both natural human 
variation as well as test-to-test variation, there is no 
guarantee that this assumption is valid.  
 
A methodology for developing a scale for the 
BioRank was developed by Rhule [Rhule 2002].  In 
that study a set of external cadaver responses was 
analyzed by comparing one cadaver from the set of 
cadavers to the mean and standard deviation of the 
remaining cadavers in the set.  This approach is 
analogous to comparing a dummy response to a 
cadaver mean and standard deviation but calculates 
a√R value for each cadaver in the data set and allows 
for the assessment of the distribution statistics for the 

sample of cadaver responses.  If the cadaver data is 
normally distributed then it is reasonable to use 
values of √R = 1, 2 and 3, etc., as measures of 
dummy similarity to the cadaver mean response.  For 
a value of √R < 1 the dummy would be as similar to 
the mean response as 68% of cadavers, 1<√R ≤ 2 
would be as similar to the mean response as the next 
27% of cadavers, 2<√R ≤ 3 would be as similar as the 
next 4% of cadavers, and √R > 3 would only be as 
similar as 1% of cadavers.   This basic approach was 
used again to evaluate the distribution of cadaver 
responses for additional channels of both external and 
internal responses for the Maltese data [Maltese, 
2002] and the Shaw data [Shaw, 2006].   
 
This more extensive analysis has a few differences 
from the analysis presented in Rhule’s 2002 study.  
In both studies the Maltese data for the padded high-
speed flat wall sled tests (PHF) were used because 
there were seven subjects tested under that condition 
and this provided a reasonably large sample size.  
After the publication of the 2002 paper, Maltese re-
analyzed his data and made it available on the 
NHTSA website.  This re-analysis included phase 
shifting of the data to minimize the cumulative 
variance with the idea of eliminating time shifts due 
to subject “fatness” and “thinness”.  This phase-shift 
corrected data was used in the analysis presented 
here.   In addition to analyzing external data for 
thorax, abdomen and pelvis load force, the internal 
responses for chest-band deflection and lower spine 
acceleration were also analyzed.  In this study the 
Shaw pendulum test data was also analyzed which 
included seven subjects (Note:  the force data was re-

Figure 1.  Schematic showing the sequence for averaging √R values. 

Response Comparison √R Values 

Avg. of √R for each Test Condition  
Avg. of Test Condition ranks, A-C  Body Region 1 

Overall External Biofidelity Avg. of Body Region ranks 

Body Region 2 Body Region 3 

A B C A B C A B C 
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analyzed for this paper due to an error in the inertial 
mass of the impactor).  For this data the external 
pendulum force in both lateral and oblique tests were 
analyzed as well as the internal chest-band deflection.   
 
The results for the analysis of the√R values for the 
selected test data from Maltese and Shaw are shown 
in Table 1.  Note that the subject identification 
numbers for the subjects are also presented in the 
table.  The Maltese sled data for padded high-speed 
flat wall tests was analyzed for the thorax, abdomen 
and pelvis load forces, for the upper and middle 
chest-band deflection and the lower spine y 
acceleration.  The results of Table 1 show that 
although the√R values vary, the average values for 
each channel are approximately 1.0 and a dummy 
with a B-value of ≤1.0 has a response that is less than 
or equal to one cumulative standard deviation 
different from the mean cadaver response. This is 
true for both external measures and internal 
measures.  The Shaw data from lower energy 
pendulum tests in lateral and oblique impacts was 
analyzed for external force and for internal chest-
band deflection.  The results of Table 1 show that, 

similar to the Maltese data, the Shaw data has values 
of √R that average approximately 1.0 and that a 
dummy with a B-value of ≤1.0 has a response that is 
less than or equal to one cumulative standard 
deviation different from the mean cadaver response. 
A set of χ2 goodness-of-fit tests on the channels 
shown in Table 1 indicate that eight of the twelve 
channels do not reject the hypothesis that they are 
from a normal distribution at the α = 0.05 level 
[Mathworks, 2008].  Although there are only seven 
subjects, this provides some limited confidence that 
the cadaver data is normally distributed. 
 
This analysis provides support for a biofidelity 
ranking metric as shown in Table 2.  This scoring 
metric is continuous and directly related to the 
normal distribution statistics of multiples of standard 
deviation.  This metric can also be used to compare 
and contrast the responses of different dummies to a 
cadaver data set and, without too much risk, to 
compare different dummies and different cadaver 
data sets so long as the assumption of a normal 
distribution within the cadaver populations is valid.   

 
Table 1. 

√R values for selected cadaver to cadaver mean response data 
 

Maltese Data 

 3320 3321 3323 3580 3581 3586 3589 
Channel 
Average 

PHF Thorax Force-external 1.16 1.03 1.97 0.55 0.92 1.21 0.55 1.06 
PHF Abdomen Force-external 0.75 0.75 1.27 0.77 1.39 0.84 1.67 1.06 
PHF Pelvis Force-external 0.75 1.19 1.07 1.03 1.05 0.79 1.61 1.07 

Total External Average  1.06 

PHF Lower Spine-internal 0.63 2.29 1.14 0.68 0.93 0.63 1.13 1.06 
PHF Upper Chest Half 
Deflection-internal 2.67 0.43 0.41 1.45 1.26 0.44 0.55 1.03 
PHF Lower Chest Half 
Deflection-internal 1.19 1.14 0.36 1.27 1.11 1.55 0.74 1.05 

Total Internal Average  1.05 
Shaw Data 

 503 504 505 506 507 601 602  
Lateral Force-external 1.41 0.80 1.01 1.16 0.47 0.80 1.75 1.06 
Oblique Force-external 0.98 1.21 1.92 0.42 1.37 0.95 0.43 1.04 

Total External Average  1.05 

Lateral Deflection-internal 0.43 0.31 0.33 1.23 1.02 1.34 2.46 1.02 
Oblique Deflection-internal 0.72 1.92 2.53 0.47 0.50 0.63 0.44 1.03 

Total Internal Average  1.02 
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Table 2. 

Biofidelity Scale 
 

B ≤ 1 within one standard deviation of the mean cadaver response 
1 < B ≤ 2 between one and two standard deviations of the mean cadaver response 
2 < B ≤ 3 between two and three standard deviations of the mean cadaver response 

B > 3 more than three standard deviations from the mean cadaver response 
 
B-value Sensitivity 
 
It is important to know the sensitivity of the B-value 
with respect to the response of the post-mortem 
human subjects (PMHS) to which it is being 
compared.  This is especially important if two 
different dummies, such as the WorldSID and the ES-
2re, are being compared to the same PMHS data set 
and the resulting B-values for the two dummies are 
similar but not exactly the same – is the difference 
significant?  Stated a different way, if two dummies 
have B-values separated by a small amount, such as 
ΔB = 0.2 for example, is one actually more biofidelic 
than the other?   
 
The sensitivity of the B-values can be assessed by 
studying the B-values calculated separately for two of 
the same dummy type, i.e., reproducible dummies, 
compared to the same PMHS data set.  In this study 
two different WorldSID dummies that have been 
assessed for reproducibility and found not to be 
significantly different in response were subjected to 
multiple identical sled tests in several different 
configurations.  The dummy responses from the 
repeat sled tests were used to calculate mean √R 
values for each dummy in each response.  In Table 3, 
Dummy Responses 1-22 show the mean √R values 
for Dummies 1 and 2 for internal and external thorax, 
abdomen and pelvis measurements.  A set of paired 
differences were then created from the mean √R 
values from each configuration, and the mean and 
standard deviation were calculated.  A critical value 
of difference in √R value was calculated using the 
two-tailed t-statistic for the means of paired 
differences and a value of p = 0.05. The standard 
deviation for paired differences is  
 

1

)( 2
2

−
−

= ∑
n

dd
S i

d  

 
where  Sd = standard deviation of paired differences 
 n = sample size 
 di = differences between paired values 
 d = the mean of the differences. 
 

The critical value is found by manipulating the 
equation for the t-statistic for paired observations, 
 

nStdd d /0 ⋅−=  

 
where d0 = critical value of difference 
  t   = the t-statistic for p=0.05 and (n-1) DOF 
 
From this analysis we can infer that a difference 
larger than this critical value indicates that the 
biofidelity of the two dummies is not the same.  
Therefore, the critical difference in the B value of 
two dummy responses is given by:  
 

0ddB −=Δ  

 
For the two WorldSID dummies being used as an 
example, Table 3 shows the means of the paired 
differences for each body region, the standard 
deviations of the paired differences, the resulting 
critical values of difference, d0, and the critical values 
for ΔB.   
 
The ΔB values in the last row of Table 3 range from 
0.13 to 0.27 with an average value of 0.20.  The 
internal ΔB values range from 0.13 to 0.18 with an 
average of 0.15 and the external ΔB values range 
from 0.19 to 0.27 with an average of 0.24.  This 
indicates that for the two WorldSID dummies 
exposed to a set of sled tests, the sensitivity of the B-
value is approximately 0.15 for internal biofidelity 
and 0.24 for external biofidelity with an overall 
average sensitivity of 0.20.   
 
This exercise indicates that B-values that are less 
than or equal to 0.2 different, ΔB ≤ 0.2, are not 
significantly different and the biofidelity of two 
dummies or body regions being compared is 
essentially the same.  This analysis is not a rigorous 
proof and to be accurate, this analysis would have to 
be repeated for each case; however, it serves as a 
general guideline for evaluating the biofidelity results 
for two dummies or two body regions. 
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Table 3. 
Sensitivity results for mean √R and corresponding ΔB 

 

 
 
DUMMY BIOFIDELITY COMPARISON 
 
Several drop, pendulum and sled tests were 
conducted with the ES-2re and production WorldSID 
dummies in order to assess and compare their 
biofidelity utilizing the updated Biofidelity Ranking 
System.   
 
Selected Tests and Response Measurements 
 
The tests selected for biofidelity evaluation, as well 
as which response measurements are to be used, are 
entirely up to the user and should be considered 
carefully because they will have a significant impact 
on the biofidelity results.   
 
Ideally, the more response measurements and test 
conditions utilized for biofidelity evaluation, the 
better and more well-rounded the evaluation will be.  
However, sometimes including all possible response 
measurements and test conditions is not feasible.  In 
addition, if only one body region is to be assessed, 
only those associated response measurements and test 
conditions are necessary for evaluation.   
 

When assessing a dummy’s whole-body biofidelity, 
rather than just one body region, each body region 
would ideally have the same number of test 
conditions and response measurements so that each 
body region has equal representation in the overall 
biofidelity rank, which is an average of the body 
region ranks.  It is important to recognize the effect 
of various measurements, test conditions and body 
regions on biofidelity ranks since some body regions 
may have more test conditions than others and some 
test conditions may have more response 
measurements than others.  In addition, it is possible 
for a body region of one dummy to have better 
biofidelity than that of another dummy, but have a 
worse overall biofidelity rank.  For this reason, body 
region ranks should be considered carefully along 
with the overall biofidelity ranks. 
 
Some of the tests used to compare dummy biofidelity 
in the 2002 paper were removed for the current study 
and other tests have been added.  Tests that were 
removed include ISO 9790 Shoulder Test 1 and 
Maltese's High Speed Rigid Flat Wall sled test.  ISO's 
Shoulder Test 1 was removed because a definition of 
time zero could not be obtained and the response 
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corridor was generated from both oblique and lateral 
data rather than just lateral or just oblique.  The 
Maltese test was removed because the test condition 
was deemed too severe.   
 
Tests that were added include 15° and 30° oblique 
shoulder [Bolte] and 30° oblique thorax [Shaw] 
pendulum tests so that responses in the oblique 
direction could be evaluated.  However, displacement 
in the oblique shoulder tests was not used because 
appropriate measurements were difficult to obtain 
using video.  In addition, Shaw's lateral thorax 
pendulum test was included in order to add the thorax 
force and deflection measurements in a lower speed 
pendulum test to the array of response measurements. 
ISO's Pelvis Test 1 was added to include a localized 
impact to the pelvis region.  ISO's 6.8 m/s Heidelberg 
and 6.8 m/s Wayne State sled tests were added to 
include additional full-body sled tests.   
 
Additional tests were considered for use in the 
current study but were not selected due to 
unavailability of test materials that replicate those of 
the original human subject studies.   
 
In the original BRS presented in 2002, the internal 
ranks were calculated only from signals used in 
injury criteria.  Internal ranks are calculated here 
using as many internal responses for which there are 
matching human subject response targets.  Additional 
signals are used for biofidelity evaluation because 

ideally, a dummy would respond in every way like a 
human.   
 
The set of tests and response measurements selected 
for comparing the ES-2re and WorldSID biofidelity 
in this paper (Table 4.) is quite comprehensive 
considering the fact that human subject data for this 
particular application is not vast.   
 
Adjusted Targets 
 
In order for the Biofidelity Ranking System to result 
in meaningful, quantitative comparisons, it is 
important that the human response targets for the 
measurements and tests selected for comparison 
consist of a common statistical definition.  In the 
BRS, the denominator of the DCV/CCV ratio is the 
cumulative squared difference of the cadaver mean to 
the cadaver mean plus one standard deviation.  For 
the tests selected for inclusion in this study that had 
some other definition for the human response target, 
an adjusted human response target was established.   
 
Table 5 and Table 6 list the tests and response 
measurements, the reference response corridor, the 
method for establishing the adjusted target shown, 
the size assumption of the reference corridor, and the 
starting and ending points for the DCV/CCV 
calculation.  It is recognized that these adjustments 
will have an effect on the results of the BRS ranks.   
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Table 4. 
Test conditions and response measurements for biofidelity evaluation of the ES-2re and WorldSID dummies 

 
Test Type Reference Test Description Measurement 

Pendulum 

Bolte 

4.4 m/s Lateral Pendulum Impact 
Pendulum Force 
Shoulder Y-axis Displacement 

4.4 m/s 15º Pendulum Impact 
Pendulum Y-axis Force 
Pendulum X-axis Force 

4.4 m/s 30º Pendulum Impact 
Pendulum Y-axis Force 
Pendulum X-axis Force 

Shaw 
2.5 m/s Lateral Pendulum Impact 

Pendulum Force 
Thorax Displacement 

2.5 m/s 30º Pendulum Impact 
Pendulum Force 
Thorax Displacement 

Drop 

ISO 9790 
 

Head Test 1: 
200 mm Rigid Lateral Head Drop 

Peak Resultant Head Acceleration 
on opposite side of head* 

Pendulum 

Thorax Test 1: 
4.3 m/s Pendulum Impact 

T-1 Lateral Acceleration 
Pendulum Force 

Pelvis Test 1: 
6 m/s Lateral Pendulum Impact 

Peak Pendulum Force 

Sled 

Neck Test 1: 
7.2 g Sled Test 

Peak Horizontal Displacement of  
Head cg Relative to T-1 
Peak Vert. Displacement of  
Head cg Relative to T-1 
Peak Flexion Angle 

Neck Test 3: 
12.2 g Sled Test 

Peak Horizontal Displacement of  
Head cg Relative to Sled 
Peak Flexion Angle 

Shoulder Test 2: 
7.2 g Sled Test 

Peak Horizontal Displacement of  
T-1 Relative to Sled 

Thorax Test 5 & Pelvis Test 7: 
6.8 m/s Heidelberg Sled 

Thorax Plate Force 
Peak Lateral Acceleration of T-1 
Peak Lateral Acceleration of T-12 
Peak Lateral Acceleration of the Impacted Rib 
Peak Pelvis Plate Force 
Peak Pelvis Lateral Acceleration 

Abdomen Test 3 & Pelvis Test 10: 
6.8 m/s Wayne State Sled 

Abdomen Plate Force 
Pelvis Plate Force 
Peak Pelvis Lateral Acceleration 

Maltese 

6.7 m/s Padded Flat Wall 
6.7 m/s Rigid Flat Wall 
6.7 m/s Rigid Abdomen Offset 
6.7 m/s Rigid Pelvis Offset 
8.9 m/s Padded Flat Wall 

Thorax Plate Force 
T-1 Lateral Acceleration 
T-12 Lateral Acceleration 
Upper Thoracic Lateral Deflection 
Lower Thoracic Lateral Deflection 
Abdomen Plate Force 
Mid-Abdominal Deflection 
Pelvis Plate Force 
Pelvis Lateral Acceleration 

*Dummy measurements were located at the center of gravity location in the head 
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Table 5. 
Adjusted time series response targets 

 
ISO 9790 Test 

Name 
Thorax Test 1 Thorax Test 5 Abdomen Test 3 Pelvis Test 10 

Channel Name 
T1 Lateral 
Acceleration vs. 
Time 

Pendulum Force 
vs. Time 

Thorax Plate 
Force vs. Time 

Abdomen Plate 
Force vs. Time 

Pelvis Plate 
Force vs. Time 

Reference 
PMHS 
Corridor Used 

Irwin's [Irwin, 
2008] draft 
proposed 
corridor 

Irwin's [Irwin, 
2008]draft 
proposed 
corridor 

Petitjean's 
[Petitjean, 2008] 
draft corridor  

ISO 9790 ISO 9790 

Steps to Follow 
To Generate 
Mean and 
Standard. 
Deviation 
Targets 

Extend lower 
corridor line 
from 8 ms to 0 
ms.  Extend 
lower corridor 
from 35 to 50 
ms matching 
slope of upper 
corridor. 

Remove 700 N 
from plateau of 
upper and lower 

corridors.  
Extend lower 
corridor line 

from 5 ms to 0 
ms.  Extend 

lower corridor 
from 30 ms to 

45 ms matching 
slope of upper 

corridor. 

Extend lower 
corridor line 
from 10 ms to 0 
ms.  Extend 
lower corridor 
from 38 to 55 
ms matching 
slope of upper 
corridor. 

Leave ISO 
corridor as-is, 
except extend 
lower corridor 
from 38 to 45 
ms, matching 
slope of upper 
corridor. 

Leave ISO 
corridor as-is. 

Assumption of 
Reference 
Corridor Size 

mean +/- 2 SD mean +/- 2 SD mean +/- 3 SD mean +/- 1 SD mean +/- 1 SD 

DCV/CCV 
Calculation 
Start Point 

Time zero Time zero Time zero Time zero Time zero 

DCV/CCV 
Calculation 
End Point 

When corridor 
mean reaches 
10% of its max 
(1.24 g) 

45 ms; doesn't 
go down to 10% 
of mean 

When corridor 
mean reaches 
10% of its max 
(0.931 kN) 

45 ms; doesn't 
go down to 10% 
of mean 

30 ms; doesn't 
go down to 10% 
of mean 

 
Table 6. 

Adjusted peak value response targets 
 

ISO 9790 
Test Name 

Channel Name 

ISO 
9790 

Lower 
Bound 

ISO 
9790 
Upper 
Bound 

Size 
Assumption of 

Reference 
Corridor 

BRS 
Lower 
Bound 

BRS 
Upper 
Bound 

Thorax Test 5 

Peak lateral acceleration 
of the upper spine 82 g 122 g 

mean +/- 2 SD 

92 g 113 g 

Peak lateral acceleration 
of the lower spine 

71 g 107 g 80 g 98 g 

Peak lateral acceleration 
of the impacted rib 

64 g 100 g 74 g 91 g 

Pelvis Test 1 Peak pendulum force 5.11 kN 6.27 kN mean +/- 1 SD 5.11 kN 6.27 kN 

Pelvis Test 7 
Peak pelvic plate force 6.4 kN 7.8 kN mean +/- 1 SD 6.4 kN 7.8 kN 

Peak lateral pelvic acceleration 63 g 77 g mean +/- 1 SD 63 g 77 g 

Pelvis Test 10 Peak lateral pelvic acceleration 85 g 115 g mean +/- 2 SD 93 g 108 g 
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Time Zero 
 
In order to properly evaluate dummy biofidelity, it is 
important to define time zero, or the start of the 
event.  If the condition of the test is such that it 
results in a steep increase in response over a short 
amount of time, but time zero is undefined, assessing 
whether a dummy responds similarly in time to the 
human will be difficult. In the case that time zero is 

not defined by the author of the human subject 
response data, a time zero definition must be 
established so that the dummy and human subject 
response target data can be located in time 
consistently.   
 
Table 7 indicates the definition of time zero for each 
response measurement and test condition selected, as 
well as how the time zero definition was established.   

 
Table 7. 

Filter classes and time zero definitions 
 
Test Description Data Channel Filter Time Zero Definition 
ISO 9790 Head Test 1 Peak Head Resultant Acceleration CFC 1000 n/a 
ISO 9790 Neck Test 1 

All Data Video 
n/a 

ISO 9790 Shoulder Test 2 n/a 
ISO 9790 Neck Test 3 All Data Video n/a 
NHTSA (Bolte)  
Shoulder Tests 

Pendulum Force CFC 180 Time of contact between 
pendulum and subject Shoulder Displacement Video 

ISO 9790 Thorax Test 1 
Pendulum Force FIR 100 Last zero crossing before 

maximum* T-1 Lateral Acceleration FIR 100 
NHTSA (Shaw)  
Thorax Tests 

Pendulum Force CFC 600 Time of contact between 
pendulum and subject Thorax Deflection CFC 1000 

ISO 9790 Thorax Test 5 

Thorax Plate Force CFC 1000 

5% of peak of thorax 
plate force is time zero 
(assuming thorax plate is 
first contact) 

Peak T-1 Lateral Acceleration FIR 100 n/a 
Peak T-12 Lateral Acceleration FIR 100 n/a 
Peak Impacted Rib Lateral Acceleration FIR 100 n/a 

ISO 9790 Pelvis Test 7 
Peak Pelvis Plate Force FIR 100 n/a 
Peak Pelvis Lateral Acceleration FIR 100 n/a 

ISO 9790 Abdomen Test 3 Abdomen Plate Force CFC 1000 
Last zero crossing before 
maximum* 

ISO 9790 Pelvis Test 10 
Pelvis Plate Force CFC 1000 Last zero crossing before 

maximum* 
Peak Pelvis Lateral Acceleration CFC 1000 n/a 

ISO 9790 Pelvis Test 1 Peak Pendulum Force CFC 1000 n/a 

NHTSA (Maltese)  
Sled Tests 

Thorax, Abdomen and Pelvis Plate 
Forces CFC 1000 

See Note 
T-1 Lateral Acceleration CFC 180 
T-12 Lateral Acceleration CFC 180 
Upper Thoracic Lateral Deflection CFC 600 
Lower Thoracic Lateral Deflection CFC 600 

* Indicates that no time zero definition was given in the original work, and an assumption was made here based 
on figures shown in ISO 9790. 

Note: For flat wall tests, time-zero is determined by initiation of arm contact on the thoracic load plate.  In pelvic 
and abdominal offset tests, time-zero is coincident with specimen contact with the offset load plate.  Contact with 
the load plate is determined by finding the first point in time on the load wall force-time history where the load 
exceeds 200 N and then incrementing backward to find the point in time where the force-time history crosses zero 
load (zero-crossing load).  The time of occurrence of the zero-crossing load is taken to be the start of the impact 
event for all recorded signals. 
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Data Processing 
 
Another vital element of evaluating dummy 
biofidelity is processing the dummy data identically 
to that of the human subjects, including setting time 
zero and filtering.  In order to duplicate an exact 
biofidelity ranking number using the BRS, updated or 
not, the sequence of steps taken is also important.  In 
the updated BRS, all of the transducer data from the 
dummy tests were recorded according to the digital 
data sampling requirements of SAE J211-1 [SAE, 
2003].  For the data that was determined using video 
analysis, digital video cameras with a recording rate 
of 1000 frames-per-second were used.  Following 
acquisition, all transducer data were processed in 
software as follows: 
1. Any pre-test data channel bias was removed. 
2. Sled wall body region force plate (e.g. Thorax 

Plate, Pelvis Plate) loads were calculated by 
summing the individual load cells used at each 
force plate location.  Since the force plate load 
cells are recorded at SAE J211 Channel Filter 
Class (CFC) 1000 by the sled data acquisition 
system, the load cell channels were summed at 
CFC 1000.  

3. The data channels were digitally filtered using  

the same filter specification used for the human 
subject biofidelity corridor data.  The filter 
specifications are shown in Table 7.  

4. Time zero was set as defined for the human 
subject data, also shown in Table 7. 

5. Since all of the biofidelity corridors are positive 
polarity, negative polarity data channels were 
inverted to be positive. 

6. The data channels were sub-sampled to match 
the sample rate of the human subject response 
target data. 

7. The data channels were truncated to match the 
length of the response targets, shown in Table 5. 

8. The √R values were calculated. 
 
 
RESULTS  
 
Table 8 shows the External and Internal Biofidelity 
ranks achieved when the updated BRS is applied to 
recent test data with the two dummies.  Table 8 
includes External and Internal ranks for each dummy 
for each body region as well as overall ranks.  In 
addition, Table 8 shows overall Internal biofidelity 
ranks without the abdomen body region. 

 
Table 8. 

External and internal biofidelity ranks for WorldSID and ES-2re 
 

Body Region 
External Biofidelity Internal Biofidelity 

WorldSID ES-2re WorldSID ES-2re 
Head   0.3 1.0 
Neck   0.8 2.2 

Shoulder 1.0 2.1 0.9 1.3 
Thorax 3.2 3.1 2.0 2.4 

Abdomen 1.9 2.7 2.4 n/a 
Pelvis 2.7 3.5 1.8 1.5 

Overall (with Abdomen) 2.2 2.8 1.4 - 
Overall (without Abdomen) - - 1.2 1.7 

 
DISCUSSION 
 
External Biofidelity of WorldSID vs. ES-2re 
 
As shown in Table 8, the WorldSID dummy received 
an overall external BioRank score of 2.2 versus the 
ES-2re’s overall score of 2.8.  The WorldSID ranked 
better than the ES-2re in all body regions except the 
thorax where both dummies received equivalent 
ranks with scores of 3.2 and 3.1, respectively.  The 
external thorax assessment consists of thorax plate 
force responses from the NHTSA [Maltese, 2002] 
and Heidelberg [ISO 1999] sled test conditions and 

pendulum force responses from the ISO 9790 Thorax 
Test 1 and the NHTSA [Shaw, 2006] 2.5 m/s lateral 
and oblique thorax test conditions. As shown in 
Figure 2, both dummies performed well in the 
Heidelberg sled test, which would be expected since 
this test was used as a performance criterion for the 
development of both dummies.  Neither dummy 
performed as well in the NHTSA [Maltese, 2002] 
sled test conditions as shown in the plots of Figure 3, 
Figure 4, and Figure 5.  Figure 5 shows how the 
vertical linkage of human body regions is important, 
especially the phasing among them.  Specifically, as 
shown in Figure 5, the thorax load wall is loaded 
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earlier by the dummies than by the human subjects.  
Both the ES-2re and WorldSID need improvement 
regarding the timing of the thorax response in such a 
loading condition; however, the magnitude of the ES-
2re response is much closer to the mean human 
response than is that of the WorldSID. 
 

 
Figure 2.  Thorax plate force from ISO 9790 
Thorax Test 5. 
 

 
Figure 3.  Thorax plate force from Maltese Rigid 
Low-Speed Flat Wall Sled Test. 
 

 
Figure 4.  Thorax plate force from Maltese 
Padded Low-Speed Flat Wall Sled Test. 

 
Figure 5.  Thorax plate force from Maltese Rigid 
Low-Speed Pelvis Offset Sled Test. 
 
Internal Biofidelity of WorldSID vs. ES-2re 
 
As shown in Table 8, excluding the abdominal 
ranking for a direct and fair comparison, the 
WorldSID dummy received an overall internal 
BioRank score of 1.2 versus the ES-2re’s overall 
score of 1.7.  When the abdominal rank is included, 
the WorldSID receives a BioRank score of 1.4.  The 
WorldSID dummy ranked well in all body regions 
except the abdominal region which received a score 
of 2.4.  Since internal abdomen biofidelity is based 
on abdominal deflection response targets, the ES-2re 
is not ranked in this category.  The ES-2re ranked 
well in all body regions except for the neck and 
thorax regions where it received scores of 2.2 and 
2.4, respectively. Figure 6 shows data for the lower 
thoracic rib deflection from the NHTSA [Maltese, 
2002] Rigid Abdomen Offset test where the 
WorldSID had a √R of 0.7 and the ES-2re, 1.9.  The 
difference in responses is suspected to be a result of 
the offset abdomen plate engaging the lower thoracic 
region of the human subject and WorldSID dummy 
while engaging below the thoracic region of the ES-
2re dummy due to its higher seated stature.  
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Figure 6. Lower thoracic rib deflection from 
Maltese Rigid Low-Speed Abdomen Offset Sled 
Test. 
 
Design Differences Between the WorldSID and 
ES-2re 
 
     Head - The ES-2re head is based on the Hybrid III 
50th percentile head and consists of a cast aluminum 
skull covered with a removable vinyl skin.  The 
WorldSID head assembly uses a molded 
polyurethane skull with a bonded vinyl skin.  
Although the head assemblies are significantly 
different in design, the ES-2re and WorldSID 
dummies received similar internal head BioRank 
scores of 1.0 and 0.3, respectively. 
 
     Neck - With the exception of fore/aft tuning 
buffers in the WorldSID neck, which were modified 
to better tune the WorldSID’s flexion /extension 
response, the ES-2re and WorldSID dummies use the 
same neck design.  Although the neck designs are 
similar, the dummies ranked differently with the 
WorldSID receiving an internal score of 0.8 and the 
ES-2re receiving a score of 2.2.  There are other 
factors that may account for the difference in neck 
biofidelity scores.  The necks are ranked using ISO 
9790 Neck Test 1 and Neck Test 3 which are 
restrained occupant sled tests.  Since the dummies are 
restrained against a wall in these tests, differences in 
shoulder and thorax responses could influence the 
results.  Also, the WorldSID head has a slightly 
higher mass than the ES-2re head which could have 
some effect on head translation.  Another unknown 
but potential difference is in the methodologies used 
to perform the video data acquisition and analysis.   
 
     Shoulder - There are significant differences 
between ES-2re and WorldSID shoulder designs.  
The ES-2re shoulder consists of two pivoting 
clavicles guided between two shoulder plates that 
limit their movement to one plane.  The clavicles are 

held in their neutral position by elastic cords.  
Shoulder deflection occurs by pivoting the clavicle 
from the neutral position forward in an arcing 
motion, resulting in both anterior and medial 
shoulder deflection.  The ES-2re shoulder cannot 
deflect in the purely lateral direction or pivot 
rearward.  The WorldSID torso, including the 
shoulder, consists of six rib assemblies: one shoulder, 
three thoracic and two abdominal.  Each rib assembly 
consists of two inner rib bands (one on each side of 
the thorax) and an outer rib band that defines the 
torso’s shape. Each outer rib band is fastened to the 
spine box at the rear and to a plastic sternum at the 
front.  The inner rib bands have a bonded damping 
material to tune the rib response for each specific 
body region.  The design of the WorldSID ribs allows 
a purely lateral deflection as well as some capability 
of forward and rearward deflection under oblique 
loading.   
 
The ES-2re has no instrumentation for measuring 
shoulder deflection while each of the WorldSID ribs 
is instrumented with an IRTRACC on the impact side 
of the dummy for measuring lateral deflection only. 
 
The 4.4 m/s lateral and oblique pendulum impact 
tests resulted in unrealistic shoulder deflections in 
both the ES-2re and WorldSID dummies.  The human 
subject shoulders deflected medially in pure lateral 
impacts and posteriorly and medially, with decreased 
stiffness, during anterolateral impacts [Bolte 2000, 
Bolte 2003].  The WorldSID force response was 
similar to that of the human subjects resulting in an 
external shoulder biofidelity score of 1.0.  Due to the 
location of pendulum impact on the WorldSID’s 
shoulder, the pendulum tended to deflect upward, 
pushing the shoulder rib downward. Although this 
motion is not consistent with that of the human 
subjects the WorldSID rank for shoulder internal 
biofidelity, based on only the lateral deflection, is 
0.9.  The inability of the ES-2re clavicle to deflect 
posteriorly resulted in the shoulder response 
becoming stiffer when the loading moved from the 
lateral to the anterolateral direction resulting in an 
external biofidelity score of 2.1.  The ES-2re clavicle 
exhibited a tendency for forward rotation, even 
during anterolateral impacts.  Although this motion is 
also not consistent with that of the human subjects 
the ES-2re dummy rank for shoulder internal 
biofidelity is 1.3.  The reasonably good ranks for 
dummy shoulder kinematics that do not simulate the 
human kinematics result from incomplete 
displacement data from the human subjects, allowing 
limited comparison with the dummies. 
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     Thorax - The ES-2re thoracic region consists of 
three rib modules.  Each of the three rib modules is 
comprised of a steel rib bow covered with flesh-
simulating foam.  A linear guide assembly attaches 
between the impact and non-impact side of the rib 
and limits the deflection to purely lateral.  In parallel 
with the linear guide assembly is a hydraulic damper.  
A spring inside the linear guide assembly is used to 
tune the performance of the modules.  A 
potentiometer is installed in each rib module to 
measure deflection.  The WorldSID thoracic region 
consists of three rib band assemblies as described in 
the shoulder section, having the same lateral and 
oblique deflection capabilities.  The thoracic 
biofidelity of the WorldSID and ES-2re are nearly the 
same with external ranks of 3.2 and 3.1 and internal 
ranks of 2.0 and 2.4, respectively.   With the 
exception of the NHTSA [Shaw, 2006] 2.5 m/s 30° 
pendulum impact test, all of the thorax biofidelity 
tests provide only lateral inputs to the dummy.  
Therefore, differences in oblique thorax response 
capabilities between the two dummies are not 
highlighted.  Both dummies demonstrated scores 
indicative of needing improvement for the pendulum 
force response measurement of the oblique pendulum 
impact test (WorldSID 4.1, ES-2re 5.7).  In the lateral 
impacts, both dummies achieve lower (i.e., better) 
scores for the ISO tests, but higher (i.e., worse) 
scores for the Shaw and Maltese tests.  This is likely 
due to the fact that the Shaw and Maltese data is 
relatively new and the ISO data was used as design 
criteria for both dummies. 
 
     Abdomen – The WorldSID abdomen is 
represented by “rib” structures as discussed 
previously and measures abdominal deflection with 
IRTRACCs.  The ES-2re abdominal region consists 
of a foam-covered cast aluminum drum positioned 
around the lumbar spine.  There are three load cells 
attached to the drum to measure the force between 
the drum and the foam covering.  There is no 
instrumentation for measuring abdominal deflection.  
Since the internal abdominal biofidelity response 
targets are based on abdomen deflection, the ES-2re 
could not be rated for internal abdomen biofidelity; 
however, the WorldSID only scored a 2.4.  External 
biofidelity scores were 1.9 and 2.7 for the WorldSID 
and ES-2re, respectively. 
 
     Pelvis - The ES-2re and WorldSID dummies have 
pelvis structures consisting of a central sacrum block 
and two polyurethane iliac wings that are joined at 
the pubic symphysis by a load cell.  The WorldSID 
pubic symphysis load cell is coupled to the iliac 
wings using rubber bushings while the ES-2re uses 
aluminum bushings.  The WorldSID pelvis design 

exhibited a less rigid response than the ES-2re pelvis 
resulting in external pelvis biofidelity scores of 2.7 
and 3.5, respectively.  In spite of the stiffer ES-2re 
pelvis the internal biofidelity score of 1.5 was slightly 
better than the WorldSID at 1.8. 
 
CONCLUSIONS 
 
The Biofidelity Ranking System (BRS) has been 
updated and used to assess the biofidelity of the 
WorldSID and the ES-2re side impact dummies.   
 
• The subjective decision as to what test data are 

included in the biofidelity ranking of a dummy is 
made before the application of the objective 
BRS. 

• The various tests selected for use in the BRS are 
no longer weighted – each test condition receives 
the same weight if it is included by the analyst in 
the BRS.  Care should be taken to assure that the 
tests selected represent an appropriate 
assessment of the dummy biofidelity based on 
test severity, body region distribution and data 
reliability. 

• A scale of biofidelity has been established for B 
values based on the number of standard 
deviations from the mean cadaver responses. 

• A sensitivity analysis of √R values indicates that 
two B value ranks with a difference of 0.2 or less 
are not significantly different. 

• The WorldSID received an overall internal 
biofidelity rank of 1.2 and the ES-2re received an 
overall internal biofidelity rank of 1.7. 

• The WorldSID received an overall external 
biofidelity rank of 2.2 and the ES-2re received an 
overall external biofidelity rank of 2.8. 

• This biofidelity evaluation using the updated 
BRS indicates good biofidelity for this improved 
version of the WorldSID dummy.  
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Test Type DROP

Measurement Dummy
ISO 9790 
Head Test 

1

ISO 9790 
Neck Test 

1

ISO 9790 
Neck Test 

3

ISO 9790 
Shoulder 

Test 2

Bolte 
Lateral 

Shoulder

Bolte 15º 
Shoulder

Bolte 30º 
Shoulder

ISO 9790 
Thorax 
Test 1

Shaw 
Lateral 
Thorax

Shaw 30º 
Thorax

ISO 9790 
Pelvis Test 

1

ISO 9790 
6.8 m/s 

Heidelberg

ISO 9790 
6.8 m/s 

Wayne State

Maltese 6.7 
m/s Rigid 
Flat Wall

Maltese 6.7 
m/s Padded 
Flat Wall

Maltese 6.7 
m/s Rigid 
Abdomen 

Offset

Maltese 6.7 
m/s Rigid 

Pelvis 
Offset

Maltese 8.9 
m/s Padded 
Flat Wall

WSID 0.33
ES-2re 1.02
WSID 1.22
ES-2re 3.25
WSID 1.22
ES-2re 2.49
WSID 0.40 1.15
ES-2re 1.00 2.85
WSID 0.25
ES-2re 1.59
WSID 0.87 1.27 2.94 4.13
ES-2re 1.10 2.29 2.52 5.71
WSID 1.26 0.54
ES-2re 2.96 3.44
WSID 0.84 1.59
ES-2re 1.96 1.83
WSID 0.24
ES-2re 1.47
WSID 1.55
ES-2re 1.11
WSID 1.25 3.24 4.21 3.81 5.59 2.57
ES-2re 1.42 3.10 2.50 4.22 2.93 2.83
WSID 1.66 2.32 1.28 2.48 1.80 0.82
ES-2re 2.64 1.50 1.31 3.30 1.59 1.23
WSID 1.54 3.17
ES-2re 1.22 3.32
WSID 6.03
ES-2re 6.86
WSID 4.01
ES-2re 4.22
WSID 0.70
ES-2re 2.95
WSID 1.66 1.34 1.42 4.39 0.92
ES-2re 1.54 1.27 3.15 4.03 0.94
WSID 1.61 0.72 2.72 0.48
ES-2re 2.34 0.90 2.18 0.93
WSID 1.97 0.81 0.67 4.60 0.46
ES-2re 2.00 1.01 1.87 4.73 0.77
WSID 1.72 0.60 1.61 0.94 3.71 2.83
ES-2re 2.08 0.58 1.05 5.28 3.95 3.24
WSID 2.75 1.64 1.78 2.79 2.89
ES-2re n/a n/a n/a n/a n/a
WSID 0.23
ES-2re 5.39
WSID 6.76
ES-2re 7.89
WSID 1.61 1.77 2.13 4.06 1.60 3.77
ES-2re 1.63 2.44 2.13 2.14 1.49 4.82
WSID 0.35 3.98
ES-2re 1.50 1.00
WSID 1.53 2.09 1.16 1.94 1.26
ES-2re 1.72 1.69 1.09 2.62 1.09

Internal Head Values External Shoulder Values External Thorax Values Ext Abdomen Values External Pelvis Values
Internal Neck Values Internal Shoulder Values Internal Thorax Values Int Abdomen Values Internal Pelvis Values

Final Ranks: Head Neck Shoulder Thorax Abdomen Pelvis
WSID 1.0 3.2 1.9 2.7 2.2
ES-2re 2.1 3.1 2.7 3.5 2.8
WSID 0.3 0.8 0.9 2.0 2.4 1.8 1.4 1.2
ES-2re 1.0 2.2 1.3 2.4 N/A 1.5 n/a 1.7

APPENDIX A.  SQUARE ROOT OF R VALUES FOR EACH RESPONSE MEASUREMENT USED TO EVALUATE THE BIOFIDELITY OF THE ES-2re AND WORLDSID DUMMIES USING THE UPDATED BRS

Overall 
w/o abd

SLEDSLED

Peak Resultant Head 
Acceleration

PENDULUM

Peak Horiz. Disp. of Head 
cg Relative to T-1
Peak Vert. Disp. of Head cg 
Relative to T-1

Peak Flexion Angle

Peak Horiz. Disp. of Head 
cg Relative to Sled

Pendulum Force

Pendulum Y-axis Force

Pendulum X-axis Force

Peak Horiz. Disp. of T-1 
Relative to Sled
Shoulder Y-axis 
Displacement

Thorax Plate Force

T-1 Lateral Acceleration

Thorax Displacement

Peak T-1 Lateral 
Acceleration
Peak T-12 Lateral 
Acceleration
Peak Lateral Accel. of  
Impacted Rib

T-12 Lateral Acceleration

Upper Thoracic Lateral 
Deflection
Lower Thoracic Lateral 
Deflection

Abdomen Plate Force

Mid-Abdominal Deflection

Peak Pendulum Force

Peak Pelvis Plate Force

Pelvis Plate Force

Peak Pelvis Lateral 
Acceleration

Pelvis Lateral Acceleration

INTERNAL

EXTERNAL

Overall 
w/abd

Overall
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ABSTRACT 
 
The purpose of the current study is to investigate whether there was a statistically significant relationship between vertical roof 
intrusion and the probability of occupant ejection in rollovers that are likely to be covered by Federal Motor Vehicle Safety Standard 
No. 216 (FMVSS No. 216). If such a relationship did exist, FMVSS No. 216 might affect the number of occupant ejections in 
rollovers.  
 
The study applies thirty six different statistical models to crash data to model the probability of occupant ejection using a number of 
explanatory variables, including the amount of vertical roof intrusion. The data is on vehicle occupants who were involved in relevant 
rollover crashes, and is taken from NASS CDS for years 1997 to 2006 (n = 5,562). Though the study considers a number of different 
models, it does not find a statistically significant relationship between vertical roof intrusion in relevant rollovers and the probability 
of complete occupant ejection. When ejections of any degree are considered (whether complete, partial, or of unknown degree), there 
was a statistically significant relationship in some subpopulations.  
 
Given that no relationship has been found between the amount of vertical roof intrusion and the probability of complete occupant 
ejection, increasing roof strength is unlikely to impact the number of complete occupant ejections. The study is limited to occupants in 
rollovers that are likely to be covered by FMVSS No. 216, and to occupants for whom key data, such as the amount of vertical roof 
intrusion, are available. 
 
INTRODUCTION 
 
Purpose. Austin et al. (2005) and Strashny (2007) have established the existence of a statistically significant relationship between the 
maximum severity of head, neck, and face injuries due to occupant roof contact that occurred in rollovers that were likely to be 
covered by Federal Motor Vehicle Safety Standard (FMVSS) No. 216 and the amount of vertical roof intrusion. The occupants 
considered in those reports were belted and not completely ejected. The purpose of the current report is to investigate whether there 
was also a statistically significant relationship between vertical roof intrusion and occupant ejection. The rollovers considered 
(“relevant rollovers”) are those likely to be covered by FMVSS No. 216, with the exception that this report is not placing restrictions 
on occupant seat belt use or ejection status.  
 
Data. The data is from the National Automotive Sampling System Crashworthiness Data System (NASS CDS) for years 1997 to 
2006. NASS CDS is a complex, random sample of crashes involving at least one passenger car or “light truck or van” (LTV), defined 
by a gross vehicle weight rating of 4,536 kilograms (10,000 pounds) or less, that was towed due to damage.  The beginning year of 
1997 was selected because it was the first year that NASS CDS coded continuous vertical roof intrusion measures. Prior to that year, 
NASS CDS coded intrusion in categories with ranges that were too wide to be of use in this study. The ending year of 2006 was the 
most current year available at the time of this analysis. Note that the database codes intrusion in centimeters. For this report, 
measurements have been converted to inches.  
 
This study analyzes occupants of automobiles, utility vehicles, light-duty pickup trucks, and light-duty vans that were involved in 
single-vehicle rollover crashes. The following vehicles were excluded from the analysis: (1) convertibles; (2) vehicles that rolled only 
one quarter-turn to the side, since they did not have roof-to-ground exposure; and (3) vehicles that had been towing a trailing unit or 
that were multistage or certified altered vehicle, because changes may have been made to the roof structure in such vehicles. To be 
consistent with the target population used in the FMVSS No. 216 regulatory analyses, the occupants of interest were seated in one of 
the two outboard front seats (seating positions 11 and 13) and were 13 years old or older. Unlike in Austin et al. (2005) and Strashny 
(2007), occupants were not excluded from the analysis based on their seat belt use status, ejection status, or the model year of their 
vehicle.  
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Method. Probability of ejection was analyzed using the probit model. Thirty-six statistical models were estimated. These models 
differed in the dependent variables, independent variables, and the data subset used. Two different dependent variables were used to 
indicate ejection status. These were:  

1. “complete ejection” (C), indicating whether the occupant was completely ejected or not; and  
2. “any ejection” (A), indicating whether the occupant was ejected (to any degree, including completely, partially, and to 

unknown degree) or not.   
 
Some models contained a continuous intrusion variable, measured in inches, as an independent variable. Other models contained a 
dichotomous intrusion variable. In this case, the dichotomous variable was set to 0 if there was no intrusion and to 1 if there was 
intrusion.  
 
Some models contained intrusion, whether continuous or dichotomous, as the only independent variable. These are called 
“unadjusted” as they have not been adjusted for potentially confounding factors. “Adjusted” models, on the other hand, control for a 
number of potentially confounding factors. The following independent variables were used in all of the adjusted models: occupant age, 
whether the vehicle was an LTV or a passenger car; and whether the rollover was end-over-end or to the side. For sideways rollovers, 
rollover severity was controlled by using either the number of quarter turns or the number of roof-to-ground exposures.  
 
There does not appear to be a logical connection between occupant age and ejection status. Indeed, occupant age was not statistically 
significant in most of the models. In the models in which it was statistically significant, it is possible that the statistical significance 
was due to an artifact of the data, as discussed below. Thus, the only reason that occupant age is included as an independent variable is 
for consistency with other recent reports that included it in their models of occupant ejection, such as Lund (2008) and Padmanaban 
and Moffatt (2008), and because it was statistically significant in some models.  
 
Occupant sex was not statistically significant in any of the estimated models. Because of this, and because there does not appear to be 
a logical connection between occupant sex and ejection status, this independent variable was not used in the final versions of any of 
the models.  
 
According to Eigen (2003), while there is no universally accepted measure of sideways rollover severity, some studies use the number 
of quarter turns for this purpose. Digges and Eigen (2003) and Eigen (2005) found that, in some cases, the number of roof-to-ground 
exposures is a good measure of sideways rollover severity. Specifically, Digges and Eigen (2003) found that “for belted occupants and 
unbelted ejected occupants in single vehicle crashes, the number of [roof-to-ground exposures] is an appropriate severity indicator.” 
Following Eigen (2005) and Strashny (2007), the number of roof-to-ground exposures in a sideways rollover is defined as the number 
of times that the vehicle roof faced downward, toward the ground, regardless of the number of times that the roof physically contacted 
the ground. Strashny (2007) found that, other things being equal, as the number of quarter turns or the number of roof-to-ground 
exposures increased, the severity of injuries considered by that report also tended to increase. Therefore, the current report uses both 
of these measures to control for sideways rollover severity.  
 
Some models were estimated using all the occupants. In these cases, the adjusted models controlled for seat belt use. Other models 
were estimated only on the subpopulation of belted occupants or on the subpopulation of unbelted occupants. Note that only the 
occupants who are known to have been belted are considered as such, whereas the occupants who were either unbelted or whose seat 
belt use status is unknown are considered to be unbelted.  
 
Thus, there were two possible dependent variables (C and A), two possible intrusion variables (continuous and dichotomous), three 
possible types of models (unadjusted, quarter turns adjusted, and roof-to-ground exposure adjusted), and three data subsets (all 
occupants, belted occupants only, and unbelted occupants only), leading to a total of 36 models. 
 

DATA DESCRIPTION 
 
Error! Reference source not found. is a description of the variables used in this report. The first sub-table shows the sample size and 
the weighted annual average of all occupants, as well as the unbelted and the belted subsets. The second sub-table describes 
categorical variables. As all of the categorical variables used in this report only have two categories, the table shows only one category 
for each variable. Values for the other category can be obtained by subtraction. For example, among all occupants, 4.3 percent were 
complete ejected. This means that 95.7 percent [= 100% - 4.3%] were not completely ejected. The third sub-table describes interval 
scale variables. For each variable, it gives the minimum, maximum, and the weighted mean. 
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Table 1. 

A description of the variables used in this report 

Occupants All Unbelted Belted 
Sample size 5,562 1,951 3,611 

Weighted annual average 251,245 51,297 199,949 
 
 All occupants Unbelted occupants Belted occupants 
Variable WP WAA Sample WP WAA Sample WP WAA Sample 
Intrusion > 0 (vs. no intrusion) 58.2% 146,205 3,686 59.4% 30,461 1,290 57.9% 115,744 2,396 
Complete ejection (C )  
(vs. partial or no ejection) 

4.3% 10,863 793 20.0% 10,252 765 0.3% 612 28 

Any ejection (A) 
(vs. no ejection) 

6.9% 17,250 1,199 25.4% 13,009 948 2.1% 4,241 251 

End-over-end rollovers 
(vs. lateral rollovers) 

0.7% 1,689 76 1.5% 779 34 0.5% 910 42 

Vehicle = LTV 
(vs. vehicle = passenger car) 

54.8% 137,729 3,135 47.9% 24,553 1,086 56.6% 113,177 2,049 

Belted occupants 
(vs. unbelted or unknown) 

79.6% 199,949 3,611 
      

 
  All occupants Unbelted occupants Belted occupants 
Variable   Min Max Mean Min Max Mean Min Max Mean 
Intrusion (inches) 0 44.1 3.5 0 44.1 3.7 0 38.6 3.4 

# roof exposures (end-over-end = 0) 0 4 1.2 0 4 1.2 0 4 1.2 

# quarter turns (end-over-end = 0) 0 17 3.6 0 17 3.8 0 17 3.6 

Occupant age (years) 13 95 29.6 13 93 28.5 13 95 29.9 
Note: “WP” = weighted percent; “WAA” = weighted annual average; “Sample” = sample size. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
Both complete ejection and any ejection were much more likely among unbelted occupants as compared to belted occupants. One way 
of measuring differences in probabilities is using odds ratios (OR). The odds ratio for complete ejection for unbelted occupants as 
compared to belted occupants was 81.4 [=(0.2 / (1-0.2) ) / (0.003 / (1-0.003))]. For any ejections, the odds ratio was 15.7.  
 
For categorical variables, the sample sizes of some of the categories were relatively small. For example, for unbelted occupants, the 
sample size of those who were in the end-over-end rollover vehicles was 34; for belted occupants, the sample size of those who were 
completely ejected was 28.  
 
One potential issue with models of belted occupants is that there were few belted occupants who were ejected. This could affect the 
accuracy of these models. That is why Padmanaban and Moffatt (2008) only develop models of ejection for unbelted drivers. Table 2 
shows selected variables and statistics for the subpopulation of belted occupants.  

Table 2. 

Selected variables and statistics for the subpopulation of belted occupants 

  WP WAA SP Sample 
Complete ejection (C ) 0.31% 612 0.78% 28 

Any ejection (A) 2.12% 4,241 6.95% 251 

End-over-end 0.46% 910 1.16% 42 

Complete ejection (C ) and end-over-end 0% 0 0% 0 
Any ejection (A) and end-over-end 0% 0 0% 0 
 
Odds ratio for age >= 50 WAA Sample 
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Complete ejection (C ) 12.71 0.59 
Any ejection (A) 2.17 1.08 
Note: “WP” = weighted percent; “WAA” = weighted annual average; “SP” = sample percent; “Sample” = sample size. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
As the table shows, annually, only an estimated 0.31 percent of belted occupants were completely ejected. End-over-end rollovers 
were a rare event in belted occupants as well – only an estimated 0.46 percent of belted occupants were in such rollovers annually. 
Finally, there were no occupants who were belted, involved in an end-over-end rollover, and ejected, either completely or to any 
degree.  
 
The second sub-table of Table 2 shows the odds ratios of ejection for older occupants (50 years old or older) as compared to younger 
occupants. The first column gives the odds ratios based on the weighted annual averages, while the second column gives them based 
on the sample. The table shows that, while there were relatively few belted older occupants who were ejected in the sample, the 
weighting was such that the estimated annual average for these occupants was large. This means that, in the belted subpopulation, the 
observations of a few older occupants could have a large effect in modeling the probability of ejection.  
 
For example, consider complete ejections. In the sample, there were only 3 older occupants who were completely ejected, as 
compared to a total of 28 occupants who were completely ejected, giving odds of ejection of 0.12 [=(3/28)/(1-3/28)] for older 
occupants. Among the occupants who were not completely ejected, the odds were 0.20. Thus, the odds ratio was 0.59 [=0.12/0.20], 
indicating that relatively more occupants in the sample were younger than 50. However, using the estimated annual averages, the odds 
ratio was 12.71, indicating that, based on the weighting, there were relatively many more older ejected occupants. For instance, while 
the estimated annual average of completely ejected occupants was 612 based on 28 observed occupants, just one observation of an 
occupant who was 59 years old had a weighted annual average of 310, or about 50 percent of the total.  
 
It might appear that the number of quarter turns variable and the end-over-end indicator might be highly correlated and that using both 
of them as explanatory variables in the same model might cause near multicollinearity. This is because there is a relationship between 
the two variables: whenever the end-over-end indicator is equal to 0, the number of quarter turns is greater than or equal to 2; 
whenever the end-over-end indicator is equal to 1, the number of quarter turns is equal to 0. In fact, the correlation coefficient between 
the two variables is just -0.20, which means that the variables are not strongly correlated at all and using both of them as explanatory 
variables at the same time would not cause near multicollinearity. Likewise, the correlation coefficient between the number of roof 
exposures and the end-over-end indicator is -0.26, which means that these two variables are not strongly correlated either and can both 
be used in the same model as explanatory variables without causing near multicollinearity.  
 
Table 3 shows the ejection route for ejected occupants as a function of ejection degree, seat belt use, and rollover type. The table 
shows weighted annual averages and weighted percents. The patterns shown in the table might help explain the results of the statistical 
analysis below.  For example, it is at least conceivable that some routes could be enlarged during some rollovers, while other routes 
could be restricted. 
 

Table 3. 

Ejection route for ejected occupants as a function of ejection degree, seat belt use, and rollover type 

Ejection Complete Partial 
Windshield 1,398 12.9% 166 2.6% 
Side window 5,708 52.5% 5,096 79.8% 
Backlight 582 5.4% 74 1.2% 
Roof window 585 5.4% 707 11.1% 
Door 1,178 10.8% 69 1.1% 
Other/ Unknown 1,412 13.0% 275 4.3% 
     
Seat belt use Unbelted Belted 
Windshield 1,253 9.6% 311 7.3% 
Side window 7,441 57.2% 3,364 79.3% 
Backlight 593 4.6% 64 1.5% 
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Roof window 1,161 8.9% 132 3.1% 
Door 1,141 8.8% 106 2.5% 
Other/ Unknown 1,421 10.9% 266 6.3% 
     
Ejection type End-over-end Sideways 
Windshield 278 54.6% 1,286 7.7% 
Side window 134 26.4% 10,670 63.7% 
Backlight 7 1.3% 650 3.9% 
Roof window 0 0.0% 1,292 7.7% 
Door 10 1.9% 1,237 7.4% 
Other/ Unknown 80 15.8% 1,607 9.6% 

Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
The distribution of ejection routes varied by the categories considered in the table. For example, of the occupants who were 
completely ejected, 10.8 percent were ejected through the door, while of those who were ejected but not completely, only 1.1 percent 
were ejected through the door. For ejections through the door, the odds ratio for complete ejections versus ejections that were not 
complete was 11.1 [= (0.108 / (1-0.108)) / (0.011 / (1-0.011))]. As another example, considering end-over-end rollovers as compared 
to sideways rollovers, relatively more of the ejected occupants were ejected through the windshield in end-over-end rollovers (OR = 
14.5). 
 
ANALYSIS RESULTS 
 
Table 4 shows the statistical significance of the coefficient on the vertical roof intrusion variable in the models analyzed in this report. 
In the table, “yes” means that the coefficient is statistically significant at the 0.05 level; “weak” means that the coefficient is 
statistically significant at the 0.10 level, but not at the 0.05 level; and “no” means that the coefficient is not statistically significant, 
even at the 0.10 level.  
 

Table 4. 

Statistical significance of the coefficient on the vertical roof intrusion variable in several probit models of occupant ejection. 

 Intrusion: Continuous Dichotomous 
  Ejection: Complete (C ) Any (A) Complete (C ) Any (A) 

All occupants 
Adjustment 

# roof exp. No Weak No No 
# q.t. No Yes No No 

Unadjusted model No Yes No No 

Unbelted occupants 
Adjustment 

# roof exp. No No No No 
# q.t. No No No No 

Unadjusted model No Weak No No 

Belted occupants 
Adjustment 

# roof exp. No Yes No No 
# q.t. No Yes No No 

Unadjusted model No Yes No Weak 
Yes = statistically significant at the 0.05 level. 
Weak = statistically significant at the 0.10 level, but not at the 0.05 level. 
No = not statistically significant, even at the 0.10 level. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
As the table shows, in the 18 models of complete ejection, the coefficient on the vertical roof intrusion variable was never statistically 
significant. This means that this report does not find evidence of a statistical relationship between the vertical roof intrusion in relevant 
rollovers and complete occupant ejection. As for the statistical relationship between the vertical roof intrusion and any occupant 
ejection, it varies depending on the statistical model used. For example, among belted occupants, the report does find such a statistical 
relationship. However, among unbelted occupants, it does not.  
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Table 5 and Error! Reference source not found. show the coefficient estimates for the models analyzed in this report. Estimates in 
bold are statistically significant at the 0.05 level. Percent concordant and c are two popular measures of association between estimated 
probabilities and observed outcomes. Percent concordant can be anywhere between 0 and 100; c can be anywhere between 0 and 1. 
Higher values of each measure indicate better association. 
 

Table 5. 

Coefficient estimates for probit models of occupant ejection in relevant rollover crashes (continuous intrusion). 

  Complete ejection (C ) Any ejection (A) 
  All Unbelted Belted All Unbelted Belted 
Intercept   -1.77 -0.91 -2.64 -1.60 -0.74 -2.22 
Intrusion (inches) 0.0146 0.0184 -0.0406 0.0285 0.0205 0.0428 
% concordant   44.1 47.1 40.3 47.9 47.4 50.8 
c   0.529 0.535 0.573 0.544 0.538 0.572 
Sample size   5,562 1,951 3,611 5,562 1,951 3,611 

Complete ejection (C ) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.88 -1.91 -1.73 -1.77 -4.14 -4.19 
Intrusion (inches) -0.0038 -0.0009 0.0040 0.0074 -0.0628 -0.0591 
# quarter turns  (end-over-end = 0)   0.172   0.173   0.181 
# roof exposures (end-over-end = 0) 0.549   0.553   0.584   
End-over-end (1 = yes/0 = no) 1.52 1.54 1.67 1.68 -1.98 -1.91 
Occupant age (years) 0.0003 0.0011 -0.0087 -0.0076 0.0197 0.0193 
Seat belt status (1 = belted/0 = not belted) -2.01 -2.09         
Vehicle (1 = LTV/0 = car) 0.592 0.563 0.701 0.675 0.089 0.040 
% concordant   87.8 89.7 63.8 68.9 51.5 53.2 
c   0.888 0.903 0.643 0.691 0.640 0.667 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 

Any ejection (A) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.66 -1.59 -1.60 -1.54 -3.10 -3.02 
Intrusion (inches) 0.0245 0.0273 0.0083 0.0125 0.0395 0.0415 
# quarter turns  (end-over-end = 0)   0.149   0.170   0.129 
# roof exposures (end-over-end = 0) 0.528   0.607   0.463   
End-over-end (1 = yes/0 = no) 1.46 1.39 2.00 1.91 -2.84 -2.91 
Occupant age (years) 0.0029 0.0033 -0.0078 -0.0068 0.0109 0.0106 
Seat belt status (1 = belted/0 = not belted) -1.40 -1.42         
Vehicle (1 = LTV/0 = car) 0.248 0.206 0.608 0.563 -0.104 -0.145 
% concordant   81.0 81.7 62.7 66.2 59.9 60.5 
c   0.814 0.821 0.631 0.664 0.618 0.622 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 
Note: Bolded estimates are statistically significant at the 0.05 level. 
QT = quarter turns adjusted model. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
 

Table 6. 

Coefficient estimates for probit models of occupant ejection in relevant rollover crashes (dichotomous intrusion). 
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  Complete ejection (C ) Any ejection (A) 
  All Unbelted Belted All Unbelted Belted 
Intercept   -1.71 -0.85 -2.56 -1.54 -0.68 -2.15 
Intrusion? (1 = yes/0 = no) -0.005 0.009 -0.403 0.094 0.036 0.197 
% concordant   N/A 22.9 28.5 23.3 23.2 24.7 
c   N/A 0.506 0.546 0.512 0.508 0.533 
Sample size   5,562 1,951 3,611 5,562 1,951 3,611 
 

Complete ejection (C ) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.82 -1.85 -1.70 -1.74 -4.10 -4.13 
Intrusion? (1 = yes/0 = no) -0.179 -0.128 -0.090 -0.036 -0.648 -0.612 
# quarter turns  (end-over-end = 0)   0.171   0.173   0.185 
# roof exposures (end-over-end = 0) 0.554   0.559   0.617   
End-over-end (1 = yes/0 = no) 1.51 1.53 1.66 1.67 -1.93 -1.88 
Occupant age (years) 0.0005 0.0012 -0.0083 -0.0073 0.0214 0.0212 
Seat belt status (1 = belted/0 = not belted) -2.02 -2.09         
Vehicle (1 = LTV/0 = car) 0.621 0.587 0.728 0.697 0.040 -0.015 
% concordant   87.8 89.8 64.0 68.5 42.8 44.4 
c   0.888 0.903 0.644 0.688 0.596 0.620 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 

Any ejection (A) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.65 -1.58 -1.58 -1.53 -3.04 -2.94 
Intrusion? (1 = yes/0 = no) 0.038 0.092 -0.028 0.032 0.100 0.155 
# quarter turns  (end-over-end = 0)   0.153   0.172   0.135 
# roof exposures (end-over-end = 0) 0.557   0.615   0.506   
End-over-end (1 = yes/0 = no) 1.48 1.40 2.00 1.91 -2.53 -2.62 
Occupant age (years) 0.0032 0.0034 -0.0075 -0.0065 0.0103 0.0097 
Seat belt status (1 = belted/0 = not belted) -1.39 -1.41         
Vehicle (1 = LTV/0 = car) 0.283 0.234 0.632 0.582 -0.065 -0.109 
% concordant   80.6 81.5 62.4 65.9 57.6 58.3 
c   0.813 0.819 0.629 0.662 0.602 0.603 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 
Note: Bolded estimates are statistically significant at the 0.05 level. 
QT = quarter turns adjusted model. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
The intercept is lower in models of belted occupants as compared to corresponding models of unbelted occupants. Also, in the 
adjusted models of all occupants, the seat belt status indicator is negative. Both of these factors indicate that, other things being equal, 
the probability of ejection for belted occupants was lower than for unbelted occupants.  
 
In the cases when it is statistically significant, the coefficient of the vertical roof intrusion variable is positive, indicating that greater 
vertical roof intrusion was associated with a greater probability of ejection. Note again, however, that the coefficient is not statistically 
significant in any of the models of complete ejection. In fact, in several of the models of complete ejection, the coefficient estimate is 
negative. Thus, if these models were used to describe the relationship between intrusion and complete ejection, which they shouldn’t 
be because of the lack of statistical significance, they would be saying that greater vertical roof intrusion is associated with a lower 
probability of ejection.  
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The coefficients on both the number of quarter turns and the number of roof exposures are positive and statistically significant in all of 
the adjusted models. This means that in sideways rollovers, occupant ejection was more likely in more severe rollovers, as measured 
by these criteria.  
 
The coefficients on the end-over-end indicator are statistically significant in all of the adjusted models. In the models of all occupants 

and unbelted occupants, the coefficients are positive. Let Eβ  be the coefficient on the end-over-end indicator; let S  be a sideways 

rollover severity measure (that is, either the number of quarter turns or the number of roof-to-ground exposures); and let Sβ  be the 

coefficient on S . Then, the rollover severity measured in terms of occupant ejection *S  for which, other things being equal, an end-
over-end rollover is hypothetically equivalent to a sideways rollover is  
 

S

ES
β
β

=* . 

 
See Strashny (2007) for a more detailed discussion of this calculation. Thus, for example, considering the continuous 
intrusion/complete ejection/all occupants/quarter turns adjusted model, the number of quarter turns that would make a rollover 
hypothetically equivalent to an end-over-end rollover in terms of occupant ejections, other things being equal, was 9.0 [=1.54/0.172].  
 
Interestingly, the coefficients on the end-over-end indicator in models of belted occupants were negative. The reason for this is that 
there were no belted occupants in end-over-end rollovers who were also ejected. See Table 2 and its discussion. Because of this, the 
presence of an end-over-end rollover in belted occupants indicated the absence of ejection, producing a relatively large negative 
coefficient on the end-over-end indicator.  
 
The coefficient on occupant age is positive and statistically significant in models of belted occupants. This means that, according to 
the models, for belted occupants, higher occupant age was associated with a greater probability of ejection in a relevant rollover. Lund 
(2008) found the opposite effect in a model of any ejections of drivers regardless of seat belt use. However, the model in that report 
did not control for rollover severity, with which driver age could be correlated. One explanation for why the coefficient is positive in 
the current report is that the weights on a few belted ejected older occupants were relatively large. See Table 2 and its discussion. 
 
The coefficient on the vehicle indicator is statistically significant and positive in the models of all occupants and unbelted occupants, 
indicating that, for these occupant groups, being in a relevant rollover in an LTV as opposed to a passenger car was associated with a 
higher ejection probability.  
 
According to both the percent concordant measure and the c measure, of the models considered, the models that have the best 
association between estimated probabilities and observed outcomes are the quarter turns adjusted/all occupants/complete ejection 
models. Among models of any ejection, the models that have the best association between estimated probabilities and observed 
outcomes are the quarter turns adjusted/all occupants/any ejection models.  
 
CONCLUSION 
 
This report does not find evidence of a statistical relationship between vertical roof intrusion in relevant rollovers and complete 
occupant ejection. The report models the probability of occupant ejection in relevant rollovers as a function of vertical roof intrusion 
using 36 different statistical models. According to the models considered, there was no statistically significant relationship between 
complete ejection and vertical roof intrusion. However, in some cases, a statistically significant relationship did exist between any 
ejection and vertical roof intrusion.  
 
The report finds that, other things being equal, an increase in the number of quarter turns or an increase in the number of roof-to-
ground exposures increased the probability of both complete and any ejection. This finding lends further support to using either the 
number of quarter turns or the number of roof-to-ground exposures as a measure of sideways rollover severity.  
 
REFERENCES 
 



Strashny 9

Austin, R., Hicks, M., & Summers, S., “The Role of Post-Crash Headroom in Predicting Roof Contact Injuries to the Head, Neck, or 
Face During FMVSS No. 216 Rollovers,” August 30, 2005, unpublished but available in NHTSA dockets NHTSA-2005-
22143-52 and NHTSA-2005-22154-1. Washington, DC: National Highway Traffic Safety Administration. 

Digges, K. H., & Eigen, A. M., “Crash Attributes That Influence the Severity of Rollover Crashes,” Proceedings of the 18th ESV 
Conference, No. 231, Nagoya, Japan, 2003. 

Eigen, A. M., “Examination of Rollover Crash Mechanisms and Occupant Outcomes,” DOT HS 809 692, December 2003. 
Washington, DC: National Highway Traffic Safety Administration. 

Eigen, A. M., “Rollover Crash Mechanisms and Injury Outcomes for Restrained Occupants,” DOT HS 809 894, July 2005. 
Washington, DC: National Highway Traffic Safety Administration. 

Lund, A. K., “Logical and Statistical Errors in Comments by Padmanaban and Moffatt on the Insurance Institute for Highway Safety 
Study, ‘Roof Strength and Injury Risk in Rollover Crashes’,” May 13, 2008, unpublished but available in NHTSA docket 
NHTSA-2008-0015-0088. Washington, DC: National Highway Traffic Safety Administration. 

Padmanaban, J., & Moffatt, E. A., “JP Research’s Response to IIHS Docket Submission of May 13, 2008,” May 30, 2008, 
unpublished but available in NHTSA docket NHTSA-2008-0015-0091.1. Washington, DC: National Highway Traffic Safety 
Administration. 

Strashny, A., “The Role of Vertical Roof Intrusion and Post-Crash Headroom in Predicting Roof Contact Injuries to the Head, Neck, 
or Face During FMVSS No. 216 Rollovers: An Updated Analysis,” October 2007, DOT HS 810 847. Washington, DC: 
National Highway Traffic Safety Administration. 

 



 Rau 1 

ASSESSMENT OF A DROWSY DRIVER WARNING SYSTEM (DDWS) FOR HEAVY VEHICLE 
DRIVERS 
 
Paul S. Rau, Ph.D., CPE 
National Highway Traffic Safety Administration 
Gregory M. Fitch, Ph.D. 
Joseph L. Bocanegra, M.S. 
Myra Blanco, Ph.D. 
Richard J. Hanowski, Ph.D. 
Virginia Tech Transportation Institute 
United States 
Paper Number: 09-0569 
 
ABSTRACT 
 
Drowsiness has a globally negative impact on human 
performance by slowing response time, decreasing 
situational awareness, and impairing judgment. This 
paper reports the findings of a Field Operational Test 
(FOT) of an early prototype Drowsy Driver Warning 
System (DDWS). Fifty-three research questions were 
addressed related to performance, capabilities, 
acceptance, and deployment. The FOT included 
control and test groups utilizing an experimental 
design suitable for a field test. The dataset for the 
analysis consisted of 102 drivers from 3 for-hire 
trucking fleets using 46 instrumented trucks. Fifty-
seven drivers were line-haul and 45 were long-haul 
operators. The data set contained nearly 12.4 
terabytes of video, truck instrumentation, and 
kinematics data for 2.4 million miles of driving and 
48,000 driving-data hours recorded, resulting in the 
largest data set ever collected by the U.S. Department 
of Transportation. When considering the operational 
window of the Driver Fatigue Monitor, results 
showed that the drivers in the Test Group had lower 
drowsy measurement values, and that drivers who 
received feedback from the system had an overall 
reduction of drowsy driver instances. Whereas, the 
experimental design was specified to support the 
statistical reliability of potential findings, the dataset 
was largely diminished from eyes-off-road time from 
driver distraction and normal mirror checking tasks, 
which were incorrectly sensed by this early prototype 
as drowsy episodes. As a result, no statistically 
reliable safety benefit was observed. However, novel 
data reduction procedures were able to extract data 
during the time periods in which the system was 
accurately detecting drowsiness, and analysis of these 

data indicated a slight reduction in critical unsafe 
driving events related to drowsiness. As a result, 
while there is some indication that a DDWS may be a 
promising concept, the particular prototype used in 
this field test to implement the concept needs 
significant improvement and further study. 

INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA), the Federal Motor Carrier Safety 
Administration (FMCSA), and the Intelligent 
Transportation System Joint Program Office (ITS 
JPO) sought to investigate the potential safety 
benefits offered by deploying a drowsy driver 
warning system (DDWS) into fleet service. The 
Virginia Tech Transportation Institute (VTTI) was 
contracted to perform a Field Operational Test (FOT) 
of a working DDWS prototype developed by 
Attention Technologies, Inc. (ATI).  The prototype, 
termed the Driver Fatigue Monitor (DFM), was 
designed to alert drivers using auditory and visual 
alerts when drowsiness was detected. The DFM 
assessed drowsiness using the percentage of eye-
closure (PERCLOS) measure developed by 
(Wierwille, 1999).  PERCLOS refers to the 
percentage of time that the driver’s eyes are between 
80 and 100 percent closed during a defined time 
interval.  The premise here is that the driver’s pupils 
become covered, and therefore do not perceive visual 
stimuli, when the eyes are greater than 80 percent 
closed.  Since visual information can no longer be 
gathered at this point, this is considered to be critical 
in terms of safe driving.  DFM devices were installed 
in a fleet of heavy vehicles.  Driver performance with 
these devices was investigated. Fifty-three research 
questions related to performance, capabilities, 
acceptance, and deployment were addressed. This 
paper highlights the findings. 
 
METHODS 
 
Apparatus 
 
The DFM (Figure 1) was mounted on the dash of the 
truck cab.  By illuminating the driver’s face with 
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infra-red (IR) light, the DFM used a camera and a 
processor to determine the percentage of time that the 
driver’s eyelids were closed more than a pre-set 
threshold.  The pre-set thresholds were 1 minute, 3 
minutes, or 5 minutes depending on what DFM 
sensitivity setting was selected.  
 

  
Figure 1. The DFM monitor mounted on the truck’s 
dash. 
 
Driver behavior was continuously recorded using 
four video cameras: one pointed at the driver’s face, 
one pointed at the forward roadway, one pointed 
down the left side of the tractor-trailer, and one 
pointed down the right side of the tractor-trailer 
(Figure 2).  The four video images were multiplexed 
into a single image prior to being recorded (Figure 3).   
 

Behind 
Vehicle 

Front of 
Vehicle 

Camera 2 

Camera 1 
Camera 3 

Camera 4 

 
Figure 2. Camera directions and approximate fields 
of view. 
 

 
Figure 3.  Camera views multiplexed into a single 
image. 
 
A vehicle-onboard-radar (VORAD) unit was 
mounted on the truck’s front bumper and was used to 
detect objects in front of the truck (Figure 4).  The 
VORAD unit allowed the distance to, and relative 
velocity of, lead vehicles to be continuously 
measured. A measure of the truck’s time-to-collision 
(TTC) to a lead vehicle could be derived from this 
data.  The VORAD unit was used for passive data 
collection only and did not display range information 
to the driver.   
 

 

 
Figure 4. Vorad unit on the front of the truck. 
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The DFM data, video images, VORAD data, as well 
as data collected from various vehicle sensors were 
recorded by the data acquisition system (DAS) 
whenever the truck was on and in motion.  The DAS 
consisted of a Pentium-based computer that received 
and stored data from a network of sensors distributed 
around the vehicle.  Data were stored on the system’s 
external hard drive, which could store several weeks 
of driving data before it needed to be replaced.  DASs 
were either mounted under the passenger seat (Figure 
5) or in the truck’s rear storage compartment (Figure 
6). 
 

 
Figure 5. Encased computer and external hard 
drive installed under the passenger's seat. 
 

 
Figure 6. Encased computer and external hard 
drive installed in the truck's rear storage 
compartment. 
 
Subjects 
 
The DFM device was installed in 46 trucks from 
three for-hire trucking fleets.  A total of 102 drivers 
(101 males and one female) participated.  Fifty-seven 

drivers were line-haul (i.e., out-and-back) operators 
and 45 drivers were long-haul (i.e., drivers on the 
road for approximately one week) operators.  
 
Safety Benefit Model 
 
In designing the DDWS FOT, the following 
assumptions were made regarding the safety benefits 
offered by the DFM prototype: 
 
• The purpose of a PERCLOS-based DDWS is to 

provide the driver with timely feedback 
regarding an unsafe drowsy state (Wierwille, 
1999). 

• Without drowsiness alerting information, it 
would be expected that drivers would have more 
frequent episodes of drowsy driving. However, if 
used appropriately, the use of the system should 
lead to fewer episodes of on-the-job driver 
drowsiness. 

• Sleep is the only true remedy for drowsiness. 
• Alert information providing feedback to the 

driver about his or her drowsiness state, coupled 
with a fatigue management plan that informs the 
driver about the importance of sufficient sleep, 
indicates to the driver that driving safety is being 
compromised.    

• Drivers will be positively influenced by their 
experience with the DDWS. 

• Research indicates that drowsiness is a 
contributing factor (not necessarily a causal 
factor) in 20 percent of Safety Critical Events 
(SCEs) (Hanowski, Wierwille, & Dingus, 2003). 
For some unspecified portion of SCEs, it is 
hypothesized that high alertness may have 
prevented the incident from occurring. 
Therefore, alert drivers would be expected to be 
involved in fewer critical incidents as compared 
to drowsy drivers. 

 
A safety benefits model that relates the DDWS to the 
anticipated benefits was developed (Figure 7). The 
model incorporates the six assumptions and indicates 
that a valid and reliable DDWS would be expected 
to: 1) reduce on-the-job drowsiness, 2) increase the 
amount of sleep drivers get, and 3) reduce 
involvement in drowsiness-related SCEs. 
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Reduction of on-the-job drowsiness 

Improved sleep hygiene 

Reduction of critical incidents 

DDWS 

Interaction with DDWS 

 
Figure 7. Modeling Safety Benefits Associated with a 
DDWS  
 
Experimental Design 
 
The DDWS FOT used a quasi-experimental design 
that included both Control and Test groups. The 
Control Group followed an A9 design, where A 
(superscript refers to the prescribed number of weeks 
for that condition) refers to the condition in which the 
DFM collected data over the duration of the 
participant’s involvement but never provided 
feedback to the driver. The Test Group experienced 
an A2B9 design, where A refers to the condition in 
which the DFM did not provide feedback to the 
driver (i.e., Baseline and Control Conditions) and B 
refers to the condition where the DFM did provide 
feedback (i.e., the system was fully functional, or 
Test Conditions). In order to look for any adjustments 
in driving behavior during the FOT which were not 
attributable to the DFM, a Baseline Control 
Condition was defined within the design.  
 
Adjustments in the number of weeks for the Baseline 
and Active Conditions were made with respect to 
data missing due to malfunctions in trucks or the 
DFM, and drivers not being able to meet with 
experimenters to switch the DFM to Active or finish 
participation at the exact time these milestones 
needed to happen. All these are an anticipated 
occurrence in any naturalistic data collection effort. 
Due to this accommodation for data collection, not all 
drivers experienced the exact same circumstances in 
the Active Condition, and some drivers had more 
Baseline or Active weeks than others. Other 
considerations in the adjustment of duration in the 
Experimental Conditions were made for 
inconsistencies in the length of drivers’ trips. 

However, at the completion of the study all drivers 
(with the exception of those drivers leaving the study 
before completion) in the Test Group had a minimum 
Baseline Condition duration of two weeks followed 
by the Active Condition for approximately nine 
weeks (Figure 8). 
 

Figure 8. Final timeline for Control and Test Groups. 
 
The dataset produced from this extended data 
collection effort contained approximately 12.4 
terabytes of video and parametric data that 
encompassed 2.4 million miles of driving and 48,000 
driving-data hours.   
 
RESULTS 
 
The purpose of this safety benefit analysis was to 
evaluate whether DDWS feedback leads to fewer 
occurrences of drowsiness, fewer alerts, and more 
frequent stops to take breaks across time and fewer 
safety critical events (SCEs).  The results of this 
investigation are summarized below.  
 
Drowsiness 
 
The DFM prototype was found to provide a 
statistically significant reduction in the level of 
drowsiness over time when a driver received 
feedback on alertness level during restricted 
illumination conditions (i.e., dawn, dusk, night) (p = 
0.0077). However, when the evaluation was 
performed outside the operating envelope of the 
prototype system, a similar reduction in the level of 
drowsiness was not observed. This is because the 
DFM prototype only operated within a limited set of 
conditions.  First, the truck had to be travelling at 
least 35 mph for the DFM to activate.  Second, the 
ambient lighting had to be lower than 50 Lux.  Third, 
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drivers could not wear glasses since eyewear 
prevented the DFM from detecting eyes.  And finally, 
the DFM often assessed glances away from the 
forward roadway (e.g., checking mirrors) as eye-
closures since the drivers’ eyes could not be tracked 
when this occurred (i.e., false alarms).  This last 
condition was a significant issue that the DDWS FOT 
identified with the DFM prototype.  In order to 
generalize these results to the larger population of 
interest, these other conditions must be explored 
(e.g., glasses, daytime, not considering mirror 
scanning or distraction to increase PERCLOS level). 
 
Alert Frequency 
 
As suggested, there were numerous DFM alerts that 
were, in fact, false alarms.  That is, they were 
generated when the driver was not actually drowsy.  
Since false alarms were typically generated when the 
driver’s eyes could not be identified, there was an 
interest in determining the number of DFM alerts that 
were generated when drivers were actually drowsy.  
A sample of DFM alerts were visually inspected and 
validated.  Most of the valid alerts obtained (61 
percent of all valid alerts) were in the Test Condition. 
The highest proportions of valid alerts occurred 
during weekdays, mainly Monday through 
Wednesday, and were equally distributed at the times 
during the day when the DFM prototype was 
operational. Using a Poisson regression analysis, a 
statistically significant difference between the 
experimental conditions was found (p = 0.0013). The 
regression estimates that drivers will obtain more 
than one valid alert per week if they experience DFM 
feedback (i.e., are part of the Test Group), but less 
than that if they are not exposed to DFM feedback 
(i.e., are part of the Control Group). The implications 
of this finding are that drivers are more prone to 
behave in a way that generates a valid DFM alert 
when they receive DFM feedback than they are if 
DFM feedback is not available. This is potentially an 
unintended consequence of a system that notifies 
drivers when to rest instead of drivers self-regulating 
their sleep.  Perhaps drivers were pushing their ability 
to stay vigilant knowing that the DFM device would 
let them know when to rest. It should be noted, 
however, that the actual difference between the two 
conditions is just a fraction of an alert. Therefore, for 

practical purposes these two conditions are very 
similar.  
 
Post-Alert Behavior 
 
The length of the time that elapsed from drivers 
receiving a valid DFM alert to them pulling over to 
rest for 10 minutes or longer was investigated (Figure 
10). Drivers in the Baseline Control Condition drove 
an average of 1 hour and 4 min before stopping the 
vehicle. Drivers in the Control Condition drove 
slightly longer (1 hour and 8 min) before stopping. 
The difference in elapsed time between the two 
conditions was not statistically significant (t(25) = 
0.34, p = 0.74). A similar finding occurred for drivers 
in the Test Group. After receiving a valid DFM alert, 
drivers in the Baseline Test Condition drove 59 min 
before stopping, while drivers in the Test Condition 
drove 1 hour and 6 min before stopping. Again, the 
difference between these values is not statistically 
significant (t(25) = -2.05, p = 0.0515). The data 
suggest that, even in the case of valid DFM alerts, the 
DFM did not have an effect on drivers’ post-alert 
stopping behavior. 
 

 
Figure 10. Elapsed Time from Valid Alert to Driver 
Stopping the Vehicle 
 
The types of behaviors that occurred within the five 
minutes after each valid alert were examined to 
investigate wether DFM feedback affected the 
frequency of these post-alert behaviors.  Figure 11 
shows the frequency of post-alert behaviors for 
drivers in the Control Group, while Figure 12 shows 
the frequency of post-alert behaviors for drivers in 
the Test Group. Although a statistically significant 
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effect of the DFM on post-alert behavior was not 
found (CMH(1) = 0, p = 0.9992), a directionally 
opposite change trend between Baseline and its 
corresponding Experimental Condition (i.e., Baseline 
Control and Control, Baseline Test and Test) 
occurred for the talk/sing/laugh post-alert behavior. 
Fewer drivers talked/sang/laughed in the Control 
Condition compared to the Baseline Control 
condition, while a greater number of drivers 
talked/sang/laughed in the Test Condition compared 
to the Baseline Test condition. Furthermore, the 
frequency of the “veer off road” (defined as a loss of 
vehicle control due to various physiological or 
psychological causes) post-alert behavior was 
observed to increase from the Baseline Control to the 
Control Conditions, while it remained the same level 
between the Baseline Test and Test Conditions. The 
increase in talking behavior between Control and 
Test Conditions, as well as the decrease in veering 
off road behavior, may have arisen from the DFM 
alerts being generated while drivers were drowsy. 
 

 
Figure 11. Percentage of valid alerts by type of 
behavior: Control Group. 
 

 
Figure 12. Percentage of valid alerts by type of 
behavior: Test Group. 
 
In general, looking away from the forward roadway 
(situations in which the driver looks to the side, up, 
or down) was the most common behavior observed 
following presentation of a valid DFM alert. 
Although it is not possible to infer the frequency of 
such behavior from the data available, it does indicate 
that the behavior of gazing forward was broken. The 
process of seeking new visual information and the 
visual processing which follows may assist in raising 
the level of cognitive arousal. The second most 
common post-alert behavior was to adjust one’s body 
position through shifting in the seat, reaching 
forward, or stretching out. This behavior may also 
raise physiological arousal levels. The third most 
common behavior involved the driver touching his or 
her face, either by rubbing, scratching, or otherwise 
holding the face. This behavior is interesting since 
the facial skin is highly sensitive to touch (Boff & 
Lincoln, 1988). Touching one’s face may act as both 
a physiological and cognitive arousal mechanism due 
to the high degree of innervations in the area and the 
large amount of somatosensory cortex dedicated to 
this information (Gardner & Kandel, 2000). It is 
possible these frequently observed behaviors were 
manifestations, either conscious or not, of drivers’ 
desire to raise their overall levels of arousal above a 
state of drowsiness. 
 
Involvement in Safety Critical Events 
 
The safety benefits offered by the DFM prototype 
were assessed by determining whether drivers 
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receiving DFM feedback were involved in fewer 
SCEs.  Three types of SCEs were considered:  
 

Crash: Any contact with an object, either 
moving or fixed, at any speed. Contact could 
be with other vehicles, roadside barriers, 
objects on or off of the roadway, 
pedestrians, cyclists, or animals.  
Near-Crash: Any circumstance requiring a 
rapid evasive maneuver by the participant 
vehicle, any other vehicle, pedestrian, 
cyclist, or animal to avoid a crash. A rapid 
evasive maneuver was defined as a steering, 
braking, accelerating, or any combination of 
control inputs that approached the limits of 
the vehicle’s capabilities.  
Crash-Relevant Conflict: Any circumstance 
that required a crash avoidance response on 
the part of the participant vehicle, any other 
vehicle, pedestrian, cyclist, or animal that 
was less severe than a rapid evasive 
maneuver (as defined above). A crash 
avoidance response could include braking, 
steering, accelerating, or any combination of 
control inputs. 

 
The safety benefits model predicts that an effective 
DDWS will produce a positive change in driver 
behavior after that driver obtains feedback. This will, 
in turn, result in a reduction of SCEs.  The analyses 
took into consideration all SCEs, SCEs within the 
DFM operating envelope, and SCEs when the truck 
driver was at fault during the different Experimental 
Conditions. A total of 1,124 SCEs were analyzed, 
including 28 crashes, 112 near-crashes, and 984 crash 
relevant conflicts. Of these 1,124 SCEs, 221 occurred 
within the operating envelope of the DFM. Statistical 
tests considering all the SCEs showed no statistically 
significant difference between the Control and Test 
Groups (χ2 (2, N = 1,124) = 0.27, p = 0.88).  
Moreover, no statistically significant differences in 
SCE distribution were observed for drivers during the 
Baseline and the Test Conditions. 
 
Additional analyses were conducted to further 
examine connections between SCEs and drowsiness.  
However, it is important to note that not all SCEs 
occurred within the operational envelope of the DFM 
prototype (specifically the speed and illumination 

requirements of the system). Using the DFM’s 
PERCLOS as the measure to identify drowsiness in 
SCEs would exclude a significant portion of all 
SCEs, thus skewing any subsequent analysis. 
Therefore, all SCEs were examined by manually 
computing the driver’s PERCLOS measures. In doing 
so, it was found that over 60 percent of the SCEs 
occurred when the driver was alert. A second 
behavioral analysis was conducted to characterize 
each of the SCEs (see Hickman et al., 2005). 
Drowsiness-related behaviors were observed in a 
total of 143 SCEs (13 percent). However, no 
statistical differences between the Experimental 
Conditions were present.  Although drowsy driving 
plays a large role in crashes on the highway system, 
in some cases up to 20 percent of all SCE’s 
(Hanowski, Wierwille, & Dingus, 2003), they do not 
represent the majority of these events. Additionally, 
crashes are relatively rare events as evidenced by the 
28 observed crashes in this study. Therefore, the 
results of the present work are not entirely 
unexpected. These findings do not indicate any 
lessening of the magnitude of the drowsy driving 
problem from the DFM, they only illustrate the 
difficulty in studying a serious but rare event. 
 
DISCUSSION 
 
Drowsiness has a globally negative impact on 
performance, slowing response time, decreasing 
situation awareness, and impairing judgment (Balkin 
et al., 2000; Van Dongen, Maislin, Mullington, & 
Dinges, 2003).  A DDWS that notifies drivers to rest 
when they become drowsy stands to improve 
highway safety. The DDWS FOT investigated the 
effects of implementing the DFM prototype in a 
multitude of heavy vehicles in a real revenue-
producing environment.  Overall, there was some 
evidence that the DFM prototype was successful in 
reducing levels of driver drowsiness. However, these 
findings were limited to the DFM prototype’s 
operating envelope, such as low luminance, speeds 
greater than 35 mph, drivers not wearing eyeglasses, 
and drivers keeping their gaze on the forward 
roadway. The evaluations that were performed when 
the conditions fell outside the operating envelope did 
not show significant changes in driving behavior. 
Drivers were not reliably found to rest sooner, change 
their in-vehicle behavior, or reduce their involvement 
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in SCEs when receiving valid DFM.  DDWSs must 
therefore address these conditions if changes in 
driving behavior are to occur, and an improvement in 
highway safety is to be observed.    
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ABSTRACT 
 
Lane change and merge maneuvers represent 
approximately 20% of heavy truck crashes, resulting in 
loss of life and property damage. Tests were performed 
to determine the feasibility of developing an Enhanced 
Camera/Video Imaging System (E-C/VIS) to provide 
heavy-vehicle drivers with better awareness of their 
vehicle’s position in relation to other vehicles on the 
roadway (situation awareness). It is well known that 
large blind spots currently exist in these areas. A 
previous phase of this program measured the field of 
view requirements for heavy trucks, resulting in an 
improved understanding of mirror performance and 
recommendations for the design of a camera based 
indirect viewing system. With indirect viewing 
requirements understood, the goal of the present 
research was to extend the operating envelope of a 
conventional video implementation of the requirements 
to nighttime and inclement weather conditions. A three-
channel system was envisioned in which there would be 
a camera at each front fender of the tractor looking 
backward along the sides of the heavy vehicle. The third 
channel would be aimed rearward from the back of the 
trailer. Once developed, the three-channel system was 
tested in static and dynamic driving environments and it 
was found to work well in the nighttime and inclement 
weather environments, including various street lighting 
conditions.  
  
INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA) funded an earlier research project at Virginia 
Tech Transportation Institute (VTTI) involving the use 
of Camera/Video Imaging Systems (C/VISs) in heavy 
vehicles (earlier portion, Contract DTNH22-00-C-
07007, Task Order 18, Track 2; later portion, Contract 
DTNH22-05-D-01019, Task Order 6, Track 2). This 
project was completed in June 2007 with both a 

supporting research document and a final specifications 
document submitted to NHTSA at that time [1, 2]. This 
project had the objective of devising, developing, and 
testing these systems so that recommendations could be 
made and specifications written. Both surrogates (which 
take the place of existing side mirrors) and 
enhancements (which provide augmented views not 
ordinarily available to the driver) were studied. Tests 
were limited to conventional video systems with 
cameras at appropriate locations on the exterior of the 
vehicle and with monitors in the cab at locations that 
were selected on the basis of human factors 
considerations and preliminary testing. Sixteen different 
video system concepts were studied both conceptually 
and experimentally. The concepts were then revised or 
discontinued, based on the results. A final set of 11 
concepts was recommended, and specifications were 
written accordingly (note that several of the concepts 
were composed of pairs; that is, driver and passenger-
side versions).  
 
As the original work drew to a close, VTTI was awarded 
a contract addition (Contract DTNH22-05-D-01019, 
Task Order 6, Track 4). Its purpose was to extend the 
work of the original contract into less favorable 
environmental conditions, namely nighttime and 
inclement weather. This contract also introduced the 
concept of situation awareness to the sides and rear of 
the heavy vehicle. In other words, it was more specific 
in that a three-camera system was to be further 
developed: one camera on each side of the heavy vehicle 
and one at the rear. 
 
The system was envisioned as an enhancement; that is, 
the side mirrors would remain on the vehicle even 
though the video system was to be added. Under such 
circumstances, malfunction of any of the three video 
chains would still allow the heavy vehicle to be driven in 
a conventional manner. It was also considered important 
to investigate enhancing the camera imagery with 
infrared illumination-sensitive cameras, visible and/or 
infra-red (IR) illuminators along the sides of the trailer, 
edge detection and image enhancement using machine 
vision techniques, adaptive video filtering, and the 
human factors design of viewing surfaces inside the 
tractor. 
 
The intended purpose of the work was to reduce or 
eliminate blind spots and other uncertainties that might 
occur along the sides and to the rear of the heavy 
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vehicle. The objective in so doing was that the driver of 
the heavy vehicle would be better informed regarding 
the environment around the sides and rear of the heavy 
vehicle; that is, he or she would have better situation 
awareness. This was to be accomplished under the 
widest possible environmental envelope, while also 
considering costs. Clearly, costly technologies would not 
be appropriate because of the highly competitive nature 
of commercial motor carrier operations. Consequently, 
VTTI developed a system using "best available 
technologies" with consideration given to total cost of 
implementation of a final system for use in a heavy 
vehicle.  
 
There were two phases to this current project. Phase 1 
consisted of laboratory testing of “best available 
technologies” and development and human factors 
stationary testing of the passenger side E-C/VIS. Phase 2 
consisted of an object detection and identification static 
experiment as well as human factors dynamic testing on 
the Virginia Smart Road. The purpose of this paper is to 
discuss the dynamic testing on the Smart Road used in 
Phase 2, and results obtained. 
 
 
METHOD 
 
Participants 
 
Tests were run with CDL drivers, for two reasons: first, 
these individuals were typical of the ones who would 
eventually determine whether or not the system would 
be helpful and acceptable, and second, because these 
individuals were qualified to drive the equipped heavy 
vehicle. Drivers were recruited from a volunteer 
database. Recruiting was carried out without regard to 
gender, but drivers had to have at least two years of full 
time experience as a heavy vehicle driver. As it turned 
out, eight males agreed to participate and were found to 
be qualified. 
 
Equipment & Materials 
 
The heavy vehicle used for this project was a 1994 
Peterbilt model 379 tractor with 53 ft trailer. The 
Virginia Tech motor pool had available a 2007 
Chevrolet Malibu, olive green in color. This vehicle was 
used as a confederate vehicle. This color was believed to 
represent an "average" in that it was neither very light 
nor very dark. The vehicle was also midsized, that is, 
average size for an automobile. The E-C/VIS 
instrumented on the Peterbilt consisted of a three camera 
system. Preliminary outdoor testing in Phase 1 

demonstrated that a Toshiba IK-64DNA camera had the 
capability of operating effectively both in daylight and 
at night. It was also sensitive to both visual and near IR 
illumination. This camera provided color capability for 
daytime use and black and white (B/W) capability for 
nighttime use. For use at night, a filter inside the camera 
was removed using an internal electromechanical device. 
The switching of this filter was automatic and 
simultaneous for all three cameras after certain ambient 
threshold conditions were met. Two cameras were 
placed on the front fenders of the Peterbilt (one camera 
on each fender), and one camera was also placed at the 
top rear of the trailer. The rear facing camera was placed 
at the top center rear of the trailer and had a camera 
horizontal field of view of 102 degrees. The lower edge 
of view in the image included the rear bumper of the 
trailer, so that drivers could judge distance relative to the 
rear. The fender-mounted cameras    had a horizontal 
field of view of 45 degrees. The inside edge of view in 
the image included the side of the tractor trailer. A 
diagram showing the coverage of the three cameras is 
shown in Figure 1. 
 

 
Figure 1. Coverage of the three cameras in the 
final design. 
 
Three flat-panel monitors were used inside the cab. It 
was intended that all monitors be Size 2 (as defined in 
the previous research). These monitors produced an 
image that was 9.6 cm (3.78 in) high by 12.9 cm (5.08 
in) wide, with a corresponding diagonal dimension of 
16.1 cm (6.33 in). Tests demonstrated that the 
computer-processed image used in this research 
produced unacceptable delays if the processed computer 
image was re-converted to NTSC (National Television 
System Committee) format. Consequently, it became 
necessary to use a different monitor which would accept 
a signal in vector graphics array (VGA) format, making 
re-conversion unnecessary. This monitor had an image 
surface that was 10.2 cm (4.02 in) high by 13.4 cm 
(5.28 in) wide, with a corresponding diagonal dimension 
of 16.6 cm (6.54 in). The image produced was therefore 
very nearly the same size as the Size 2 monitor image. 
Two monitors, each corresponding to each fender-
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mounted camera, were positioned near the lower end of 
both the driver side A-pillar (A) and passenger side A-
pillar (B) (see Figure 2). One monitor was positioned at 
the top center of the windshield corresponding to the 
rear facing camera (C). All monitors were aimed toward 
the drivers’ point of view and the image on each monitor 
was a mirror image; that is, it was horizontally reversed 
left to right .     

 
Figure 2. Monitor positions inside the cab. 
 
Narrowband near IR sources of illumination were added 
to the heavy vehicle. Eight units were installed on the 
tractor-trailer combination. One unit was installed at the 
lower rear portion of each tractor front fender, two units 
were installed along each side of the trailer, and one unit 
was installed on each rear corner of the trailer. The IR 
illumination units were 140 LED units. An example of a 
mounted unit is shown in Figure 3. The units were 
located and aimed as shown in Figure 4.  
 

 
Figure 3. Typical IR LED illuminator mounted 
under the side of the trailer. 
 

 
Figure 4. Mounting and centerline aim of the 
narrowband near IR LED illuminators. 
 
Image processing was also implemented in the design. 
The fundamental idea was to take advantage of any 
changes in contrast in the raw video image and to use 
these changes for "outlining", the hypothesis being that 
driver pattern recognition would be capable of 
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identifying objects more easily if they contained 
outlines. The outlined processed video would then be 
superimposed over the original image, such that the 
original video would be seen with the outlines over the 
image. The amount of processing could be adjusted by a 
weighting scheme, which was specified at a given level 
(for the tests) by consensus of the developers.  
 
An additional element of the processing was the concept 
of suppressing headlight bloom to the extent possible. 
Headlight bloom had been shown in both the indoor 
tests and in the preliminary outdoor tests to represent a 
problem; problem being more difficulty in viewing 
objects on the displays. However, in spite of being a 
problem, the camera handled headlight bloom well and 
did not produce either vertical or horizontal streaks 
caused by bleed-through. The large white blooms, which 
were more-or-less elliptical, consumed a substantial 
portion of the vehicle image, but they were contained 
and did not streak. The combined image tended to 
suppress the white blooms somewhat because the 
processed image showed all but the edges of the bloom 
image as dark grey. A thin white perimeter line remained 
so that the driver could still identify the bloom and not 
mistake it for part of the vehicle.  
 
Image processing, after it was fully developed, seemed 
to work well. It was included in all formal outdoor static 
tests. For daytime conditions, it used white outlines to 
show changes in contrast in the image. White outlines 
were, of course, also used for the B/W nighttime image. 
 
In terms of hardware and software required, the image 
was first converted from NTSC (analog video) to digital 
form using a frame grabber. Thereafter, a custom 
program developed by VTTI personnel performed the 
processing operations, which involved use of Sobel 
filtering, additional processing as needed, and 
thresholding. The program was developed to run on a 
laptop computer, but could be easily converted to a 
dedicated processor. Once the processed image became 
available, it was superimposed over the unprocessed 
image in accordance with a specific weighting that had 
been selected experimentally. The composite image was 
then converted to VGA format and sent to the monitor. 
The use of this format was required in order to meet 
acceptable delay criteria. The final program using the 
VGA output displayed on the screen was capable of 
delays not exceeding 85 ms, which was considered fully 
acceptable. Figure 5 shows a video still-shot of a 
processed image. Daytime images placed white outlines 
around objects in color video. 
 

 
Figure 5. Typical processed nighttime video image. 
 
A Driver Vehicle Interface (DVI) was developed for 
processing and display control (see Figure 6). This 
interface was mounted at the wing panel. 
  

 
Figure 6. Driver Vehicle Interface (DVI) for the E-
C/VIS. 
 
Data gathering instrumentation for the Smart Road 
testing was handled totally separately from the E-C/VIS 
instrumentation. Four cameras were added to the tractor-
trailer. Two of these were used to determine the driver’s 
eye glance position, and two were used to evaluate the 
clearance and overlap positions. The four camera 
outputs were recorded digitally as a quad-split image. 
This image contained a time stamp and an audio track 
with two microphones as inputs. The experimenter had 
one microphone attached near his position and the driver 
(subject) had a similar microphone mounted to the 
header. The microphones were aimed to pick up the 
voices of both the experimenter and the driver for 
recording on the audio track.  
 
Eye glance position was determined by the use of two 



 
 Rau, Pg. 5.

small cameras, one just above each A-pillar monitor. 
Lenses were selected so that the two images of the 
driver’s head were approximately the same size even 
though the distances from camera to driver differed for 
each A-pillar. Recorded video allowed for distinguishing 
between driver glances at the side mirrors and A-pillar 
monitors. This was considered an important distinction 
and was the reason for using two cameras; that is, one on 
each side. Each camera included its own IR illumination, 
which of course could not be seen by the driver. This 
illumination was necessary because of the need to record 
video at night. 
 
The experimenter sat behind the driver, but in a centered 
position. The experimenter could look over the driver’s 
right shoulder.  The experimenter could also view a 
separate data gathering monitor on which the quad-split 
image was shown. (This ensured that the image was 
being recorded correctly.)  The monitor was placed in 
front of the experimenter in a position that was 
unobservable by the driver. On the other hand, the 
experimenter could see all three E-C/VIS images 
directly to ensure that all elements of the E-C/VIS were 
operating properly. 
 
Procedure 
 
Testing was limited to nighttime conditions. The reason 
for this was that the daytime conditions were believed to 
have been studied sufficiently to demonstrate feasibility 
for such conditions. Both the stationary outdoor tests 
and the previous work with the original C/VIS project 
suggested that there would not be a problem with the E-
C/VIS operating in daylight conditions. In addition, 
resources could then be placed where additional 
experimental results were needed. 
 
The Virginia Smart Road (a 2.2 mile in each direction 
closed-course test track facility) was considered to be an 
ideal test bed for the testing because it provided a 
controlled environment in which the effects of rain and 
highway lighting could be studied under dynamic (that 
is, moving vehicle) conditions. For comparison 
purposes, it was considered important to test not only 
with rain, but also without rain; that is, under clear 
conditions. Roadway lighting was also considered to be 
important because it was a different condition from any 
that had been studied previously. In addition, it was 
considered likely that the luminaires might cause 
reduction in image quality for the side cameras, once the 
vehicle had passed them. The main problem was 
believed to be the fact that the luminaires might appear 
in the field of view of the side cameras and, therefore, 

might cause glare problems. This situation, as indicated, 
had not been studied previously in any of the indoor or 
outdoor tests. Figure 7 shows an example of nighttime 
testing in rain with roadway lighting.  
 

 
Figure7. The tractor-trailer and confederate 
vehicle emerging from the artificial rain portion of 
the Smart Road with street lights on.  
 
Also, to get an idea of how much improvement (if any) 
might be expected with the Enhanced C/VIS, it was 
considered necessary to test with the system operating 
and with the system not operating; that is, Baseline. 
Without the Baseline system (Enhanced C/VIS not 
operating) it would be difficult to determine the degree 
of improvement (if any) that the Enhanced C/VIS would 
provide. 
 
The highway task performed by drivers was called the 
Clearance/Overlap task. Drivers first determined 
whether a confederate automobile alongside was clear of 
the rear of the trailer (or the tractor in the case of 
bobtailing). Immediately thereafter, drivers provided an 
estimate in feet of the amount of clearance or overlap 
(Figure 8). During this test, the confederate automobile 
approached in either the right or left adjacent lane. It 
then moved into a position in which there was some 
specified amount of lateral overlap with the trailer (no 
clearance) or some lateral clearance with the trailer 
(clearance). The driver was queried regarding clearance. 
Video captured the correctness of the driver’s responses 
as well as the actual distances for comparisons. As 
described earlier, the equivalent of two merge/re-merge 
cameras were used to determine actual clearance or 
overlap and actual longitudinal distance of clearance or 
overlap. These values were used as ground truth values, 
as previously described. Optical measurement 
techniques were employed using standard, stationary 
video recordings (taken earlier) with the trailer and the 
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confederate vehicle at measured longitudinal distance 
differences. Prior to beginning driving, the driver was 
instructed to adjust the seat and mirrors to a comfortable 
level. The driver was told to perform the instructed tasks 
just as they would occur in a real world driving situation.  

 

Light Vehicle Alongside
With Overlap

Rear of Trailer

 
Figure 8. Diagram showing overlap in the 
Clearance/ Overlap task. 
 
Independent Variables- The experiment had three 
main independent variables, as follows: 

• Weather: rain or clear 
• Lighting: presence or absence of street lighting 
• Enhanced C/VIS: system operating or not operating 

(Baseline). 
 
There were, as previously mentioned, three independent 
variables with two levels each, resulting in a total of 
eight factorial combinations of conditions. Tests were 
planned so that all eight conditions (not counting 
practice) could be examined in eight loops of the Smart 
Road for each driver. In four of the eight loops (for each 
driver), the rain towers were activated, producing the 
rain conditions, whereas in the remaining four loops the 
rain towers were deactivated (or not activated). 
Similarly, in four of the eight runs, the roadway lighting 
was activated and in the other four the roadway lighting 
was deactivated. Finally, on four loops, the Enhanced 
C/VIS was activated and on the other four it was 
deactivated; that is, Baseline. 
 
Rain simulation had certain constraints. The most 
important for the current research was the time required 
to initiate steady-state rain, and the time to "clear" the 
rain once it was turned off. Activation required close to 
30 minutes, while clearing required about 15 minutes.  
Because of these lags, runs were planned so that turning 
on or off was performed only once for a given subject. 

This meant that once rain was activated, it was not 
turned off until all rain-related runs were completed. 
Similarly, once the sequence of clear runs was started, 
the clear runs were all completed. 
   
In terms of Smart Road overhead lighting, that lighting 
could be turned on or off in a relatively short time. 
However, some of the lighting had a warm-up period 
estimated to be not more than 3 minutes. Consequently, 
switching to lighting from no lighting entailed a short 
delay. On the other hand, turning the Enhanced C/VIS 
system on and off was relatively easy, in that it was 
possible to simply blank or un-blank the monitors, 
leaving the video and all processing running. This had 
the effect of turning off the displays so that the driver 
was forced to use the standard side mirrors (only) for 
determining the situation around the heavy vehicle. As 
previously indicated, the plan called for the use of eight 
subjects (drivers) in the experiment, with each subject 
experiencing all eight factorial conditions appropriately 
counterbalanced. With this design, data gathered for 
each dependent variable could be analyzed statistically 
with an ANOVA using a within-subject model, as 
follows: 2 (Weather: Rain versus Clear) by 2 (Lighting: 
Street Lighting On versus Dark) by 2 (E-C/VIS: system 
operating or Baseline). 
 
Practice was considered necessary to increase familiarity 
with the heavy-vehicle baseline operating condition as 
well as the E-C/VIS operating condition. Consequently, 
each driver performed the first two runs in his or her 
sequence twice: the first time for practice and the second 
time for data gathering. This plan assured equal practice 
across the eight conditions and eight drivers while at the 
same time allowing each driver to obtain exposure under 
dynamic conditions to an E-C/VIS condition and a 
corresponding baseline condition, prior to data 
gathering. Thus, each driver actually performed ten 
loops of the Smart Road, but only the last eight were 
data gathering runs. 
 
Dependent Variables - Both performance and opinion 
data were gathered in the Smart Road tests. The main 
aspect of the performance testing was determining how 
well subjects could ascertain the position of an object 
vehicle at night under various conditions. This test was 
used previously for daytime runs in the original C/VIS 
project [1]. It was found to be an effective indicator of 
how well subjects could locate the position of the object 
vehicle when it was located in an adjacent lane near the 
rear end of the trailer. This indicator is believed to be 
valuable in assessing the potential for reduction in 
sideswipe crashes. Two measures were previously used: 
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whether there was longitudinal clearance or longitudinal 
overlap, and how much there was in terms of distance. 
Clearance/overlap was scored as correct or incorrect. 
How much clearance or overlap in feet was scored in 
terms of the amount of error.  If the clearance/overlap 
decision was correct, then the estimated distance was 
subtracted from the actual distance to get the error. If the 
clearance/overlap decision was incorrect, the estimated 
distance was added to the actual distance. Thereafter, the 
absolute value was used as the measure of accuracy in 
estimation. Consequently, in the current experiment, the 
plan was to use two dependent measures, as follows: 
 

• Number of correct responses (or percent 
correct) in the clearance/overlap 
determination, and 

• Absolute error in the clearance/overlap 
estimate. 

 
A measure not previously used was the total response 
time. It could be hypothesized that response time might 
be faster, the same, or slower with the Enhanced C/VIS, 
because of the greater, but more precise, information it 
provides. In any case, the idea of using this measure 
seemed reasonable in that it might shed light on how the 
subject used the Enhanced C/VIS and whether or not it 
compromised response time. Therefore, the following 
measure was determined: 
 

• The amount of time required to determine 
clearance/overlap added to the amount of time 
required to estimate distance. 

 
A final measure, taken for exploratory purposes, was 
glance position as a function of time. The directions of 
glances used were: forward, E-CVIS (right/left/center), 
mirrors (left/right), and dash/IP (instrument panel). 
Occasionally the driver would glance elsewhere, which 
was counted as a valid sample in calculating the glance 
probability. However, there were so few of these that 
they were not included in any of the graphs.  The 
interval over which data were gathered was specified to 
be from the beginning of the instruction to determine 
clearance/overlap to the end of the driver’s response 
regarding how much clearance or overlap there was in 
feet. The measure associated with this analysis was: 
 

• Eye glance probability to specific locations. 
 

This measure was calculated by pooling data across the 
eight subjects for the given condition, thereby allowing 
eye glance differences to be presented as a function of 
the condition under test. 

 
For each loop of the rain generating and lighted area of 
the Smart Road, two replications could be accomplished 
during the outbound leg and two more replications could 
be accomplished during the inbound leg at an instructed 
speed of 25 mph (40.2 km/h). By performing one 
clearance/overlap determination and one corresponding 
longitudinal distance determination on each side of the 
heavy vehicle in each direction, there were a total of 
four replications per driver and condition. Note that Side 
could be treated as an additional independent variable in 
these tests. All conditions were tested using the same 
stretch of the Smart Road; that is, the stretch which had 
both rain and lighting capability. Of course, for some of 
the runs, these capabilities were deactivated. 
 
During these tests an automobile driven by a confederate 
experimenter approached rapidly from the rear and then 
matched speed at a specified position relative to the rear 
of the trailer. The position was selected differently for 
each driver and each replication, but all values fell 
within 16 ft (4.88 m) of overlap and 23 ft (7.01 m) of 
clearance using the longitudinal distance between the 
rear of the trailer and the front of the automobile. Once 
the automobile reached position, the subject performed 
the estimation task (clearance/overlap and longitudinal 
distance estimation). The automobile then dropped back 
and approached again on the opposite side for the 
second replication of the task. Note that since the Smart 
Road has two lanes in the rain-producing area, it was 
necessary for the subject in the heavy vehicle to change 
lanes while the automobile was dropping back. The 
automobile then once again accelerated, approached, 
and positioned itself at a new specified distance for the 
second estimation task. This test did not require the 
automobile to be in exactly the specified position at the 
time of the estimation (as long as speed was matched) 
because the actual distance was measured by video using 
cameras located at the rear of the trailer (but not seen by 
the driver). These cameras were identical to the 
merge/re-merge cameras described in the original C/VIS 
project. These cameras were calibrated so that distance 
could be determined to the nearest 6 in (15.2 cm). Thus, 
the "ground truth" value was used in calculating 
correctness of the decisions by the subject and amount 
of error in the estimates, not the confederate vehicle 
driver’s ability to get to and maintain the correct 
position. 
 
To summarize, each subject (heavy-vehicle driver) 
experienced all factorial combinations of Weather, 
Lighting, and Enhanced C/VIS, as specified. The subject 
provided four decisions regarding clearance/overlap and 
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four estimates of distance of clearance or overlap for 
each of the eight different factorial combinations. In 
addition, the total time to perform these tasks was 
measured, as were the eye glance patterns. The data 
provided objective evidence of the degree of the relative 
performance of the E-C/VIS as compared with Baseline 
for a variety of nighttime conditions. 
 
Driver opinion is important because it is likely to be one 
of the major factors that trucking companies might use 
to decide whether or not they should equip their fleets 
with Enhanced C/VISs. Clearly, if drivers do not accept 
these systems as useful, the systems are not likely to be 
implemented.  
 
Drivers performed tests in pairs in which one condition 
was Baseline and the other condition was the Enhanced 
C/VIS condition. This suggested that after every two 
loops of the Smart Road, the driver should be queried in 
comparing the two previously experienced conditions. 
Obtaining this opinion data at four different, two-loop 
intervals allowed comparison of the Enhanced C/VIS to 
Baseline for all four factorial combinations of Weather 
and Lighting. A final set of rating scales was also 
provided, following all runs on the Smart Road. These 
scales were intended to determine whether or not 
subjects were receptive to the Enhanced C/VIS, as 
determined by responses on several. After rating scale 
data were gathered, ratings were converted to numerical 
values and were then analyzed.  
 
A final question solicited any additional information the 
subject wanted the investigators to have, using a simple 
ruled space for the subject to reply. This gave the subject 
a chance to provide any additional opinion regarding the 
Enhanced C/VIS and its comparison with Baseline. 
 
RESULTS 
 
The Smart Road Tests had the objective of serving as a 
means of determining operational qualities of the E-
C/VIS when compared to Baseline. The tests were 
intended to examine the most critical aspect of situation 
awareness, namely, the amount of clearance or overlap 
when another vehicle is alongside but near the back of 
the trailer. This situation is critical to lane changing or 
merging while avoiding a sideswipe crash. There are 
other aspects of general situation awareness, but they are 
not as important as assessing clearance or overlap and 
their approximate magnitude. 
 
Clearance/Overlap 
 

Data for the clearance overlap tests were first examined 
using a within-subject 2 by 2 by 2 model for the 
ANOVA. Because of the small number of trials, Side 
was not examined as an independent variable. A given 
subject then would have four possibilities for each set of 
independent variables. He or she could be correct on 0, 
25, 50, 75, or 100 percent of responses because there 
were four trials per factorial combination of Baseline 
versus E-C/VIS, Street Lighting versus Dark, and Rain 
versus Clear. Results indicated that only the main effect 
of Baseline versus. E-C/VIS was significant: F(1,7) = 
11.67, p = 0.0112. None of the other main effects or 
interactions was significant. Figure 9 shows the 
significant main effect of Baseline versus E-C/VIS. 
Clearly, the E-C/VIS condition provided superior results 
in regard to clearance/overlap correctness, with almost 
all responses correct (126 of 128 responses correct). 
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Figure 9. Clearance/Overlap correctness as a 
function of condition. 
 
Subjects also provided an estimate of the amount of 
clearance or overlap in feet. If a given subject provided 
the correct answer in terms of clearance or overlap, then 
the subject’s distance estimate was subtracted from the 
actual amount of clearance or overlap. Thereafter, the 
absolute value was obtained and was considered to be 
the error in feet. On the other hand, if the subject 
answered incorrectly on the query regarding clearance or 
overlap, the subject’s distance estimate was added 
(algebraically) to the actual distance. Thereafter, the 
absolute value was obtained and was likewise 
considered to be the error in feet. 
 
Absolute error values were analyzed by a four-way 
within-subject ANOVA. The independent variables were 
Condition (Baseline versus C-VIS), Side (Driver or 
Passenger), Lighting (Street Lighting versus Dark), and 
Weather (Rain versus Clear). Results of the analysis 
demonstrated significant main effects of Condition with 
F(1,7) = 32.03, p = 0.0008; and Side with F(1,7) = 
32.04, p = 0.0008. There were two significant two-way 
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interactions: Condition by Side with F(1,7) = 11.29, p = 
0.0121 and Lighting by Side with F(1,7) = 5.41, p = 
0.0529 (this latter condition was treated as significant). 
For completeness, two additional non-significant 
interactions are noted: Lighting by Condition with F(1,7) 
= 3.77, p = 0.0934; and Lighting by Condition by Side 
with F(1,7) = 3.75, p = 0.0938.  
 
Figure 10 shows the Condition main effect. Clearly, the 
size of the error in estimates is cut drastically using the 
E-C/VIS. This is an important finding and was also 
noted in the C/VIS daytime tests performed in the 
previous project. Figure 11 shows the Side main effect. 
Here the absolute error was found to be much larger on 
the passenger side than on the driver side. The reason for 
this is believed to be that the mirrors on the passenger 
side are much farther away from the driver and therefore 
have a smaller field of view, particularly the west coast 
mirror. This narrow view is potentially responsible for 
making distance estimation substantially more 
inaccurate. In Figure 12, the interaction of Condition and 
Side shows very clearly that large errors occur on the 
passenger side when the E-C/VIS is not used. 
 

 
Figure 10. Effect of Baseline versus E-C/VIS on 
distance estimation errors. 
 

 

Figure 11. Effect of Side on distance estimation 
errors. 
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Figure 12. Interaction of Condition and Side on 
distance estimation errors. 
 
An examination of the direction of error was performed 
regarding driver distance estimations during the 
clearance/overlap tasks. The purpose of this examination 
was to investigate whether drivers were overestimating 
or underestimating distance when using the E-C/VIS in 
comparison with the baseline.  Overestimation during a 
clearance task is an event when the actual clearance 
distance of the light vehicle is less than the clearance 
distance estimated by the driver.  Underestimation 
during a clearance task is when the actual clearance 
distance is more than the distance estimated by the 
driver.  Overestimation during an overlap task is an 
event when the actual overlapping distance of a light 
vehicle is less than the overlapping distance estimated by 
the driver. Underestimation during an overlap task is 
when the actual overlapping distance is greater than the 
distance estimated by the driver.  These driving tasks 
were not initially designed to investigate direction of 
error, therefore only the frequency of these events in 
which overestimation and underestimation occurred 
were examined for each condition.  
 
Results indicated that when drivers used the E-C/VIS, 
there was a higher frequency of events in which drivers 
overestimated the amount of clearance (40 events) as 
compared to the events in which drivers made 
underestimations (16 events).  Results also indicated that 
when drivers used the E-C/VIS, there was a higher 
frequency of events in which the drivers underestimated 
the amount of overlap (43) as compared to the events in 
which drivers made overestimations (13).  A chi-squared 
test for independence was performed to examine the 
relation between the treatment and the clearance/overlap 
estimates.  The relation was found to be significant, 
X2  (3, N=236) = 56.68, p<0.0001.  An examination of 
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the contribution each cell made to the chi-squared 
statistic indicated that the clearance tasks made the 
largest contribution, particularly when the driver 
overestimated the distance.   
 
Figure 13 shows non-significant interactive effect of 
lighting on Condition (Baseline versus E-C/VIS). This 
interaction was not significant (p = 0.0934), but there is 
a reversal that takes place when lighting is used. Note 
specifically the reduction in absolute error when the E-
C/VIS is in use. Figure 14 also shows a non-significant 
street lighting effect, but this effect is very close to 
significance (p = 0.0529). In this case, errors are seen to 
increase in the dark condition on the passenger side, 
probably because of large errors when the E-C/VIS was 
not in use. This latter effect is more easily seen in the 
triple interaction shown in Figure 15. This interaction is 
also not significant (p = 0.0938).  
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Figure 13. Interaction of Lighting with Condition 
(Baseline versus E-C/VIS); (note that p = 0.0934). 
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Figure 14. Interaction of Lighting with Side 
(driver versus passenger); (note that p = 0.0529). 
 

0

1

2

3

4

5

6

7

8

9

10

11

12

0 1 2 3 4 5

A
b
s
o
lu
t
e
 E
r
r
o
r
 (
f
t
)

Condition

Driver Side

Passenger Side

Baseline Street    E-C/VIS Street     Baseline Dark    E-C/VIS Dark
Lights On             Lights On          

 
Figure 15. Three-way Interaction of Lighting, 
Condition (Baseline versus E-C/VIS), and Side 
(driver versus passenger); (note that p = 0.0938). 
 
 
 
Eye Glance Analysis 
 
While performance results show substantial 
improvement for the E-C/VIS condition, there is a 
question regarding the degree to which drivers (subjects) 
are using these added displays. Therefore, eye glance 
analyses were carried out for the Smart Road tests. 
These tests provide an indication of sources from which 
subjects gathered their information during decision 
making.  Data were gathered and analyzed from the time 
that the experimenter completed the query regarding 
clearance or overlap, and ended when the subject 
provided an estimate of distance of clearance or overlap. 
Thus, the interval during which data were gathered was 
that associated with the two queries: clearance or 
overlap, and how much clearance or overlap in feet. 
There was no break (in the data gathering interval) 
during the experimenter’s query regarding amount of 
clearance or overlap in feet. 
 
The Smart Road tests were limited to passing/merging 
conditions; namely, determination of clearance or 
overlap, and corresponding amount of clearance or 
overlap in terms of distance.  These conditions were 
chosen because they reflected realistic situations in 
which sideswipe accidents might occur. It would be 
expected that eye glance behavior would be strongly 
influenced by the conditions selected, but these 
conditions were believed to be the most critical and were 
therefore used for testing. 
 
Probabilities were calculated by careful examination and 
reduction of video files associated with the two face 
cameras mounted just above the two E-C/VIS side 
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monitors. The probability of looking at a given object or 
area was defined as the number of video frame samples 
to that object or area divided by the total number of 
readable video frame samples in the measurement 
interval. 
 
Figure 16 shows the overall eye glance behavior for the 
Smart Road experiments. This figure is quite revealing. 
It shows that during Baseline runs (that is, runs without 
the E-C/VIS operating) drivers relied heavily on their 
side mirrors with glances to the forward view. There is 
also an occasional short glance to the instrument panel 
(believed to be primarily the speedometer). On the other 
hand, when the E-C/VIS was operating, drivers relied 
heavily on the rear wide-angle look-down monitor 
(center E-C/VIS) with glances to the forward view. In 
this condition, they also looked occasionally at the 
mirrors, the two side monitors, and the instrument panel. 
Driver information gathering was very different when 
the E-C/VIS was operating. Specifically, drivers relied 
very heavily on the rear wide-angle look-down monitor 
when it was available. The reason appears to be that this 
monitor contained precise information regarding the 
longitudinal clearance or overlap between the rear of the 
trailer and the light vehicle in the adjacent lane. 
 
Also worth mentioning in Figure 16 is the fact that the 
drivers had slightly higher probabilities of looking at the 
forward view when the E-C/VIS was operating. This 
occurred even though there were more sources for the 
drivers to view and also drivers had less experience with 
the E-C/VIS. Glance probability to the forward view 
represents a safety factor, in that a given driver can 
maintain better control of his/her heavy vehicle while 
assessing the location of the vehicle alongside. 
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Figure 16. Glance probabilities (as a function of 
Baseline versus E-C/VIS) for all conditions tested 
in the Smart Road experiments 

  
 
Subjective Ratings 
 

Subjects performed two types of ratings: those 
comparing the Baseline to E-C/VIS conditions for all 
combinations of Weather (Rain versus Clear) and Street 
Lighting: (Street Lighting versus Dark).  Thus, each 
subject provided four ratings of these combinations 
using 9-point rating scales. In addition, on completion of 
all testing, subjects were asked to provide overall ratings 
associated with their experience using the E-C/VIS in 
the various experiments. 
 
A center rating was provided a grading of 5 and was 
associated with the word “moderate”. Thus, a response 
of 5 would suggest moderate acceptance. Any value 
between 5 and 9 (the uppermost rating) was considered 
to be favorable, whereas scores below 5, and down to 
the lowermost score of 1, were considered to somewhat 
unfavorable or more so. The ends of the scale 
represented extreme positions, with 9 being extremely 
favorable and 1 being extremely unfavorable. All 
analyses were performed using the numerical equivalent 
of scores provided by the subjects. 
 
A two-way, repeated measures ANOVA was performed 
on the four responses each subject provided for each 
comparison of Baseline versus E-C/VIS immediately 
following pairs of runs on the Smart Road. The 
independent variables in this analysis were Weather 
(Rain versus Clear) and Lighting (Street Lighting On 
versus Dark). The single dependent variable was the 
rating of “how helpful was the E-C/VIS compared to 
Baseline”. The analysis demonstrated no significant 
main effects or interactions. The interpretation of these 
results is that the ratings are not significantly different 
whether or not Rain is present or absent, and whether 
Street Lighting is On or Off. Figure 17 shows the mean 
ratings for the various conditions, indicating that even 
though there are no significant differences, all ratings are 
relatively high, averaging 7.67. This represents a high 
value of acceptance of the E-C/VIS by the subjects. 
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Figure 17. Mean ratings of E-C/VIS Helpfulness as 
a function of Weather and Street Lighting. 
Differences are not Significant; average rating is 
7.67. 
 
Overall Ratings. As indicated, once the experimental 
runs were completed, subjects rated the E-C/VIS along 
three dimensions. Paraphrasing, these were: “How 
useful overall?”, “Would you like to have this integrated 
system on your rig?”, and “Does the E-C/VIS improve 
your situation awareness (where situation awareness was 
defined for the subjects)?”   The objective of these 
ratings was to determine whether or not subjects were 
receptive to the E-C/VIS after using it and to determine 
the degree to which they were receptive. 
Figure 18 shows the mean values for the responses to the 
three questions. As can be seen, average responses for 
the three ratings demonstrate a high overall level of 
acceptance, with a grand mean of 7.88.  
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Figure 18. Mean values for post-experiment 
ratings regarding receptiveness to the E-C/VIS. 
 
  
CONCLUSIONS 
 
This research indicates that a promising approach to an 
Enhanced Camera/Video Imaging System has been 
developed and tested in realistic experiments. The 
system has been configured to have three channels of 
video, one on each side of the tractor and one looking 
down from above at the rear of the equipped trailer. This 
system would use cameras sensitive to both visible and 
near IR illumination and would be suitable for day or 
night conditions and for clear or rain conditions. The 
system would provide color images in daytime and B/W 
images at night.  
 
The system would use IR LED illuminators in the 940 
nm range, which would produce illumination at night, 
visible only with the video system and not with the 

unaided eye. Processing would be used to "outline" 
target objects such as other vehicles. The level of 
processing would be set but could be adjusted in each 
direction (that is, more or less processing) by the driver. 
 
Monitors for the two side cameras would be placed at 
the A-pillars of the tractor, making it possible to view 
them without great eye travel to and from the 
conventional side mirrors. (Note that if side mirror 
reflections become a problem, another location for the 
two side monitors might be needed.)  This location (that 
is, the A-pillars) would have the advantage of not 
creating additional blind spots. The monitor for the rear 
wide-angle look-down camera would be placed in the 
upper center windshield area of the tractor, similar to 
that of an interior rearview mirror. All images would be 
horizontally reversed so that they would appear as 
familiar mirror images. 
 
A three-channel system was implemented and was tested 
on the Virginia Smart Road. All results were 
encouraging and indicated that driver performance was 
better and driver opinion of the Enhanced C/VIS was 
high. The results of the dynamic tests have been positive 
and the following principles have been developed: 
 

• Video cameras differ radically in their 
capabilities, and appropriate cameras must be 
used.  The camera type selected (based on 
indoor tests) was the Toshiba IK-64DNA. This 
camera had the correct sensitivity to visible 
and near IR illumination, it would switch from 
daytime color to nighttime B/W, and it 
provided good resolution and image rendition. 
However, because of its high sensitivity at 
night it was also sensitive to blooming from 
headlights. This was partly offset by the fact 
that the bloom did not bleed horizontally or 
vertically. Camera output was digitally 
processed externally to minimize the effect of 
the bloom. Headlights are extremely bright 
compared with the nighttime background 
illuminance level. Thus, any camera sensitive 
enough to be used at night is quite likely to 
have the same problem. 

• Near IR sources were implemented in dynamic 
tests because they produced no glare for other 
drivers and provided adequate illumination. 
These sources are at 940 nm wavelength and 
are totally invisible in terms of light output. If, 
however, such illuminators could not be used 
for a reason that is currently unknown to the 
investigators, visible illuminators could still be 
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used. The main reason for using illuminators is 
to illuminate objects at night when there is no 
other major source of illumination. It should 
also be reiterated that the IR illuminators do 
not provide any change or improvement in 
mirror detection or mirror identification of 
objects. It is only when they are used with an 
E-C/VIS that improvements are obtained. 

• The three-camera Enhanced C/VIS should 
consist of the two fender-mounted cameras and 
a rear wide-angle, look-down camera. All 
cameras should be IK-64DNA or equivalent.  
The monitors for the three cameras should be 
at the A-pillars for the fender-mounted 
cameras and at the approximate rearview 
mirror position for the rear look-down camera. 
All images should be reversed horizontally, 
because drivers are accustomed to mirror 
images when glancing to the rear using 
mirrors.  

• Driver control of the E-C/VIS should be by 
means of an IP or wing-panel mounted control. 
The driver should have the ability to offset the 
amount of processing from nominal to a higher 
or lower weighting. The reset button should 
reset the processing to the nominal setting. In 
addition, the driver should have the ability to 
offset the brightness/contrast to either a higher 
or lower setting. Again, the reset button should 
return the system to the nominal setting. There 
should be a daytime and a nighttime nominal 
setting of the monitor brightness and contrast, 
because the daytime setting will be too bright 
for nighttime and the nighttime setting will be 
too dim for daytime. These settings could be 
determined by cab interior brightness or 
possibly by the switching of the cameras from 
daytime to nighttime settings, or vice versa. 
Another important aspect is to get the legend 
brightness correct for the control itself. If it is 
too bright, it will create glare for the driver. If 
it is too dim, it will be difficult to see at night. 

• The rear channel of the E-C/VIS was designed 
specifically to be used to help in locating 
adjacent lane vehicles and their corresponding 
positions. Drivers were able to take advantage 
of this additional capability under all of the 
conditions tested.  Although the E-C/VIS was 
shown to result in less absolute error in 
estimating distance, there tended to be an 
overestimation of the amount of clearance and 
an underestimation of the amount of overlap. 
Due to the convex characteristic of E-CVIS 

lens, this result is consistent with results found 
of drivers using convex mirrors in which an 
overestimation of distance was found. Driving 
tasks designed to further measure the direction 
of error while using the E-C/VIS for distance 
estimation should be examined in future 
studies in order to gain a better understanding 
of this phenomenon.    

• Eye glance data taken during the 
clearance/overlap and distance estimation tasks 
indicate that drivers relied heavily on the rear 
wide-angle look-down channel of the E-C/VIS. 
They used this portion of the E-C/VIS even 
though their side mirrors remained available. 
These results indicate that they gave preference 
to the E-C/VIS over their mirrors for the task, a 
finding that demonstrates the effectiveness of 
the configuration. 

• Drivers tended to use both their side mirrors 
and their side E-C/VIS channels during the E-
C/VIS conditions. This result suggests that 
drivers found both to be useful. However, use 
of the rear channel of the E-C/VIS was much 
more pronounced. 

• Opinion data taken from the drivers during the 
Smart Road tests demonstrated high levels of 
ratings when compared to Baseline. Values 
were in the numerical range of 7.31 to 7.88 for 
the various combinations of driving conditions. 
These values correspond to “Very Helpful” or 
better. Drivers also rated overall usefulness, 
whether or not they would like to have an 
integrated E-C/VIS on their own rig, and 
whether or not the E-C/VIS improved situation 
awareness (defined as being aware of the 
situation along the sides and to the rear of the 
heavy vehicle). In all three cases, ratings were 
very high ranging from 7.75 to 8.13. These 
average values fall well above the “moderate” 
level and are in the range of “very” to 
“extremely”. Thus, acceptance of the E-C/VIS 
by CDL drivers was very high. 

• Finally, drivers provided comments on a lined 
sheet intended to help with further 
development. The comments generally 
reflected problems the investigators had seen 
previously. However, side glass reflections and 
lack of marker lights at the rear were problems 
the investigators had not addressed sufficiently 
and should be taken into account in any future 
efforts. 

• Low position of the side cameras on the 
fenders would prevent small vehicles from 
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going undetected alongside the tractor. This is 
an important consideration in camera 
placement and E-C/VIS development. 
Although fender placement presents some 
design problems, the fender position should 
definitely be retained in any future 
developments. It would be expected that such 
placement would help in reducing the number 
of sideswipe crashes; namely, those occurring 
at the sides of the tractor or front portion of 
straight trucks. 
 

An E-C/VIS is believed to represent a distinct step 
forward in heavy-vehicle design and safety. These 
systems are expected to improve over time, addressing 
solutions to camera artifacts such as blooming and 
various physical size/reliability characteristics of truck-
mounted cameras. As a result of the success of this 
work, a Technology Field Demonstration (TFD) 
beginning in 2009 has been planned over a 2 year 
period, in co-sponsorship with FMCSA. 
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STATUS REPORT OF FRANCE 
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INTRODUCTION 
 
 Since the end of 2002, road safety has become a 
national priority and this was followed by a national 
programme including local actions. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Evolution of road traffic fatalities in 
France over the past 15 years. 
 
 During the last four years, the number of road 
fatalities has decreased by more than 35%, ranking 
France in the group of high road safety countries; 
however, the decreasing of casualties is not identical 
for all road users: 
 

 
 
Figure 2. Evolution of road traffic fatalities in 
France for 3 road user categories 
 
 
If the number of car occupants killed in an accident 
has clearly dropped regularly during the last five 
years, motorcyclists and pedestrian fatalities have 
remained high from 2003. 
 
 

ROAD SAFETY POLICY 
 
The Authorities' Actions 
 
The Interministerial Committee decided on new 
measures structured around the following topics: 
 
     Actions to the benefit of young people 
 
1) plans of action when leaving nightclubs or 
discotheques (breathanalyser and drug tests, 
commitments by the management of these 
establishments by signing charters with the relevant 
authorities); 
2) driving licence for €1 per day; 
3) new procedure for organising test for school road 
safety certificates (ASSR). 
 
     A plan of action for motorised cycles 
 
1) fight against removing the speed restriction 
(increased penalties for selling and riding an 
"unrestricted" motorcycle); 
2) check on mopeds. 
 
     A plan of action for the systematic use of seat 
belts 
 
1) the driver's responsibility to be extended to all 
underage passengers carried in the vehicle; 
2) the 2003 European directive transposed into 
French law. 
 
      
     Mobilising participants 
 
1) The theme of the road safety week in 2005 was 
devoted to short daily journeys; 
2) the Association of French Mayors and the State 
have signed a road safety charter broken down at 
departmental level;  
2) the second meeting of the road safety authorities at 
national level was held on 20  October 2005. 
 
     Control-penalty system continues to be rolled 
out.  Some 1,500 radars were installed at the end of 
2006.  The sites selected for installation are those 
which were submitted by the prefecture in order of 
priority, in accordance with the installation criteria, 
taking into account the accident-generating elements 
of the sites, the implication of the speed factor in 
accidents, the difficulty in carrying out normal checks, 
as well as an itinerary logic so that the equipment 
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could be installed in a standard fashion all over the 
country.  
 
Various developments took place in 2005, 
particularly those making it possible to enter settings 
for the distance between radars, remote maintenance 
and improved signalling using yellow and black 
reflective bands. 
 
Automatic control as applicable at present: 
 
This control was set up by an interministerial order 
on 13 October 2004. The automation enables 
permanent controls to be carried out either from radar 
sets fixed and incorporated into the infrastructure, or 
from mobile sets. The first phases in the control chain 
(recording offences, statement of the data and their 
transmission to the processing centre) are now 
entirely automated. The transmission systems use 
dedicated telecommunications networks (most 
frequently the broadband networks) with encryption 
of the data.  The phases concerning processing of 
offences and collection of fines are carried out by a 
computerised processing operation, the only one of 
its kind worldwide. 
 
     Qualitative, quantitative and financial results 
of the programme 
 
1) The financial commitment came to €134 million; 
2) the fines generated revenue of €217 million (of 
which €13 million in increased fixed fines);  
3) in 2006, a special appropriation account was set up 
(CAS) with an amount of €140 million collected, for 
a budget of €120 million allocated to the radars, €11 
million for the road safety operations and €9 million 
to renew the driving licence file;  
3) 8,671,540 offences were recorded (1,048,489 of 
which were by foreigners),  
4) these offences gave rise to 4,257,541 notices of 
offence; 
5) 60 % of payments were made within 15 days; 
6) 1 % of the notices of offence were deposits, 
7) 15 % notices of offence resulted in another driver 
being designated and 6% in letters of objection.  
 
Various support measures were implemented : 
1) systematic means of informing the public (road 
signs, notices in the local press, map of radar 
installation on Internet);  
2) a call centre was opened to reply to users' 
questions (2,500 calls per day); 
3) letters received are systematically and rapidly  
managed (3,500 letters per day); 
4) payment by Internet and telephone (13 % of 
collections). 

 
     Current actions  
 
1) Foreign vehicles 
They represent approximately 12 % of offending 
vehicles. Bilateral co-operation agreements are being 
negotiated with neighbouring countries. 
(Luxembourg, Spain, Germany, etc.). 
 
2) Heavy goods vehicles, distances between vehicles, 
traffic lights. 
Studies are being carried out on these new topics.  
 
3) Motorcycles 
At the end of 2005, 47 % of radars were installed to 
check on the rear registration plates of vehicles. 
 
4) Assessment of the automated control-penalty 
system  
In 2005, the ONISR (National Interministerial 
Observatory for Road Safety) carried out an 
assessment of the automated control-penalty system, 
with the collaboration of the expert committee in the 
National Road Safety Council, the SETRA (Roads 
and Motorways Technical Study Department), the 
INRETS (National Institute for Research into 
Transport and Safety) and the Normandie-Centre 
CETE (Centre for Technical Studies on Equipment), 
to find out what impact this system had on road 
safety. It appears from this work available on the site 
of the National Road Safety Council, that the 
automated control-penalty system has made it 
possible to intensify speed control substantially. A 
considerable reduction in speed has resulted from this.  
The assessment established that three-quarters of the 
decline in the number of accidents and deaths can be 
attributed to this reduction in speeding. 
 
INFORMATION 
 
Setting up departmental Road Safety 
Observatories  
 
Since 2005, departmental Road Safety Observatories 
are being set up gradually. They will take action in 
three complementary areas:  
1) applications to find out what the dangers on the 
road are with, in particular, the quality and operation 
of the accident file, measurements of exposure to 
risks, and observance of behaviour (speed and seat-
belt wear);  
2) an analysis of accidentology at department level 
(diagnoses, studies of the issues at stake, assessments 
of local actions);  
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3) dissemination of this information (publications, 
promotion and capitalisation of knowledge, responses 
to requests for studies). 
 
The road safety expert committee 
 
This committee was set up in October 2001, at the 
same time as the National Road Safety Council. 
It has two assignments :  to assist the CNSR and to 
validate the publications of the National 
Interministerial Observatory for Road Safety.  
During 2005, work carried out by the expert 
committee was particularly oriented towards:  
- an assessment of the effect of the automatic control 
on road safety,  
- an assessment of the effect of the daytime use of 
headlights on road safety,  
- the method for presenting the results after the 
change in the definition of seriousness of accidents. 
For more information, refer to the NRSC site: 
www.securiteroutiere.gouv.fr/cnsr   
 
The changed definitions of severely injured 
victims 
 
Since 1st January 2005, the definitions of severity in 
the national file of accidental injuries was harmonised 
with those adopted by almost all developed countries. 
This harmonisation concerns the definition of a 
person killed (which went from six to 30 days), the 
removal of serious injury (hospitalised for more than 
six days) replaced by injury with hospitalisation for 
more than 24 hours.  
During 2005, the monthly publication of accident 
statistics which depend on rapid feedback, continue 
to give the provisional statistics on deaths within six 
days, directly comparable with the statistics for 2004.  
It was only since the beginning of 2006 that data on 
the basis of the new definition of deaths within 30 
days have been published.  
Furthermore, a new coefficient on the changeover 
from deaths within six days to deaths within 30 days 
has been calculated : it comes to 1,069 (instead of 
1,057 calculated in 1993). 
 
Partnerships 
 
A certain number of charters were signed with 
professional organisations and a Code of Good 
Practices for the prevention of professional road risks 
was drawn up.  
A charter for receiving the families of the victim of 
road accidents was circulated to encourage health-
care establishments to develop a personalised 
reception for families. 
 

THE LOCAL ROAD SAFETY POLICY  
 
The specific features in the local policy on road 
safety are oriented towards:  
- the road safety houses which are being developed : 
20 have already been inaugurated; 
- Road Safety Week,  centred on risks in daily life. 
 
THE ROAD  
 
Checking the safety of road projects is in progress on 
the state-owned network in accordance with the 
provisions of circular 2001-30 dated 18 May 2001. In 
2002, 2003 and 2004, about three hundred inspectors 
were qualified in the inter-regional vocational 
training centres.  
 
The improvement in the existing road network 
requires other methods which were tried out on 15 
pilot routes (SURE approach). Maps of the 
accidentality on the national road network, since 
2004 have been regularly published on Internet.  
 
Furthermore, actions have been undertaken to 
improve the relevance of road signs.  
Finally, State-Region contracts have made it possible 
to commit more than €300 million to work to 
improve safety over five years. 
 
ROAD EDUCATION  
 
The "€1 per day licence" system makes it possible to 
spread the cost of the licence over several months, 
thanks to a zero-interest loan by which the State pays 
the interest, through an agreement entered into with 
the financial institutions. The driving schools 
undertake to abide by a quality charter.  
 
International activities  
 
At community level, negotiations continued between 
the Council of Transport Ministers of the European 
Union and the European Parliament on the draft third 
directive on driving licences.  
 
With regard to the International Commission for 
driver testing (CIECA), the conclusions in the three 
large studies were handed over and shared by all the 
parties concerned: Towards a European standard for 
Testing (TEST) which shows the differences in the 
evaluation of the applicants' services at the time of 
the driving tests, Novice Driver Scheme Evaluation 
(NOV-EV) which showed the value, on the road 
safety level, of post-licence training, finally 
Minimum European Requirements for Driving 
Instructor Training (MERIT) which decided on the 
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skills essential for any driving instructor so that the 
training given also includes emphasising an 
awareness of risks taken by novice drivers rather than 
just handling the vehicle. 
 
THE VEHICLE  
 
Technical regulations  
 
The main technical regulations, in line with EU and 
UNECE regulations passed in 2005 concern:  
- a limit in the maximum speed at the time of 
construction, extended to public passenger transport  
and heavy goods vehicles of between 3.5 and 12 
tonnes; 
- label indicating the CO2 level and fuel consumption 
for private cars;  
- the determination of conventional fuel consumption 
and dioxide emissions extended to vans;  
- the end of vehicles' useful life. 
 
Technical inspection  
 
In 2005, 18.60 million inspections, of which 16.01 
million were initial visits, were carried out in the 
5,190 approved inspection centres (4,771 specialised 
centres and 419 auxiliary centres). The 16.01 million 
initial visits made can be broken down into : 13.92 
million for private cars and 2.09 million for light 
utility vehicles. In 2005, the percentage of private 
cars showing no elementary alternations in the 
classification came to 16.6% in 2005. 
 
RESEARCH 
 
The PREDIT Programme 
 
Predit must develop its role as a cooperation and 
action platform linked to the three research incentive 
levels, which are:  
 
The regional level: link with regional research, 
supported within the context of State/Region 
development agreements, and elaborated in the field 
of technologies for land transport through a network 
of regional poles (RT3 network: a charter signed in 
2001 by Nord-Pas-de-Calais, Alsace-Franche Comté, 
Haute-Normandie, Midi-Pyrénées, Poitou-Charentes 
et Rhône- Alpes). 
 
The national level: Predit is a vast programme, but it 
is also one among sixteen statefunded networks of 
research and technological innovation. It revolves 
more particularly around networks, 
telecommunications, software technologies, fuel 

cells, micro-nano technologies, materials and 
processes, land and space. 
 
The European level: increasing links with the 6th 
framework programme and the Eureka initiative, 
promoting the cooperation between France and 
Germany in transport research. 
 
Programme organization PREDIT 3 is headed by 
Jean-Louis Léonard, deputy in Charente maritime and 
mayor of Châtellaillon-Plage. The Steering 
Committee, together with the Chairman and the six 
promoters of the programme, decides on the 
reorientations to be given, global conditions of 
development, assessments to be done. The 
Orientation Council debates twice a year on the 
general priorities and the programming. Operational 
groups are in charge of defining and implementing 
actions, including the follow-up and the development. 
Under their respective Chairman’s authority, and 
Steering Committee if necessary, the groups are 
responsible for the organization and programming 
conditions: direct orders of research, calls for 
proposals, reception of spontaneous projects… 
Through these various paths, they propose projects to 
the financing bodies, then ensure the follow-up and 
the development. Their secretariat is ensured by 
representatives from the public financing bodies most 
involved in their respective fields. Funding is 
provided by  four ministries and two agencies. A 
permanent secretariat ensures the management of this 
device.  
 
Among the operational groups, two are dealing with 
safety issues: GO3 relates to improvement of 
knowledge in safety and G04 to the field of 
technological developments for safety. 
 
     GO3: "New Knowledge for Safety" 
 
The Operational Group 3 "New Knowledge for 
Safety" is devoted to producing new knowledge 
intended for public authorities, manufacturers, and 
individuals, on the stakes in transport in terms of 
personal safety, and also on how political decisions in 
this area are effective. It is aimed at creating an 
enlarged collective of researchers in order to better 
analyse the conditions (i.e. actions, opinions, 
information, training) under which those problems 
can be treated more efficiently. 
 
Its works are particularly focussed on the socio-
political and epidemiological dimensions and it is in 
close relationship with the GO4 "Technologies for 
Safety". 
 



Cesari  5

In compliance with the orientations given by public 
authorities, and especially with the CISR's decisions 
taken on Dec. 18, 2002, road safety is a priority issue, 
and the partnership with car manufacturers has been 
reinforced.  A call for tenders including 5 main 
directions was launched in 2003 .   
 
Thirty nine collaborative projects related to 
Operational Group 3 were sponsored by the PREDIT 
programme; twelve of them were in the field of 
public policies development and evaluation, six 
related to accident data bases development and 
analysis, twelve were in the area users behaviours in 
relation to safety, height in the approach of safety 
through health issues and the last one relates to 
transport of dangerous goods. 
 
     GO4: "Technologies for Safety" 
 
The objective of this group is to contribute, through 
technological innovations, to reducing transport-
related risks within a context of predictable increased 
traffics.  Three main issues are under study: global 
systems of flow regulation, road systems safety and 
driving aids towards a "natural" safety. 
 
This group particularly follows through two projects 
which are essential for its activity, namely ARCOS 
2004 and LAVIA, launched within the PREDIT II 
programme. 
 
ARCOS project 
The aim of the ARCOS project is to significantly 
reduce the number of accidents. Some fifty partners 
contribute to this work.  
 
Under a global approach, the project aims at 
enhancing driving safety on the basis of four safety 
functions :  
1. controlling inter-vehicle distances; 
2. avoiding collisions with fixed or slowly moving 

obstacles; 
3. preventing lane crossing; 
4. alerting upstream vehicles of downstream 

incidents or accidents. 
 
Building those four functions is the heart and 
originality of the project.  ARCOS is structured 
around eleven broad themes which enable to integrate 
inputs from engineering sciences, human and social 
sciences: 
1. perception techniques; 2. other measurement 
techniques: visibility and adherence; 3. data 
processing and command development; 4. 
transmission and communication; 5. 
simulation/evaluation and accidentology; 6. man-

machine system; 7. individual and social 
acceptability; 8. other collective social and technical 
aspects; 9. experimental means; 10. functions 
management, technical assistance; 11. development 
for trucks. 
 
LAVIA project 
The LAVIA project is testing and evaluating a speed 
limiter which adapts to the current speed limit on the 
road, in partnership with French car manufacturers. 
The device, tested onboard the vehicle, is a driving 
aid equipment which can operate according to various 
modes: 
 
- the informative mode: at any time, the driver is 
informed of the speed limit in force in the location 
where he is driving. If he overruns this speed limit, an 
alert sets off. 
 
- the active mode: the driver cannot overrun the speed 
limit; this is made possible by the fact that, beyond 
this allowed speed, the accelerator is deactivated 
 
- the "kick-down": in the active mode, the driver can 
use a device (known as "kick-down") which allows 
him to temporarily switch off the system.  The system 
will be reactivated as soon as the vehicle speed is 
below the authorized speed again. 
 
The main objectives of this project are:  
1. to test the system in operation and its acceptability 
to users; 
2. to evaluate changes in individual behaviours; 
3. to measure its effectiveness in terms of individual 
risk and also to detect and evaluate any adverse 
effects; 
4. to conduct simulation in order to evaluate overall 
collective safety impacts. 
 
In addition, the Operational Group 4 sponsored 
fifteen projects, three being in the area of driver 
information and awareness, two in safety in tunnels, 
five related to road vulnerable users (pedestrians and 
motorcyclists), safety of rail transport concerned 
three other projects, and the two remaining ones were 
in the field of driving simulator and drowsiness. 
 
This group has to coordinate its research work with 
the actions taken within the 6th R&D Framework 
Programme, especially with those projects selected in 
the E-Safety area at the first call. 
 
The research actions of the group are supported by 
the French Ministries in charge of Transport and 
Research. 
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EUROPEAN ENHANCED VEHICLE SAFETY 
COMMITTEE (EEVC) 
 
France provides a strong support to EEVC, actively 
participating in all working groups, and providing 
chairpersons to its steering committee and to two 
working groups. Throuhg EEVC, France is also 
supporting the set up of the new international forum 
for vehicle safety research. 



GOVERNEMENT STATUS REPORT - POLAND 
 
Wojciech Przybylski 
Instytut Transportu Samochodowego

INTRODUCTION 
 
The following report contains information on 

the progress achieved in Poland with regard to 
aspects of road traffic safety since the time of 20th 
ESV Conference (Lion, 2007). This period is 
generally characterised as the intentional effort 
towards the traffic safety items within all its main 
system fields taking into account priorities drawn 
from analysis of domestic and international accident 
statistics. The current accident statistics for last ten 
years are given on Figure 1, and in Table 1. 
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Figure 1. Road Accidents and Vehicle Stock Percentage 
 in Poland in the Period 1999-2008 (1999=100%) 
      By: Anna Zielińska Motor Transport Institute 

 
From the accident statistics deeper analysis it 

still appears that in the majority of cases the human 
behaviour is the reason of majority of road accidents. 
Two main groups of road users – drivers and 
pedestrians are sharing this fatal record in the rate of 
5 to 1 being involved as causal factor in more than 
97% of accidents. 
 
THE PROGRESS IN THE FIELD OF 
VECHICLE RELATED FACTOR 
 

In last 2 years we made adequate progress in 
accepting next changes in European and 
internationally agreed technical requirements and 
putting them into legislation of our type approval 
system, which is already unified to the extend 
possible. It is to be stressed that the current 

harmonisation level of Polish technical vehicle 
requirements was reached by the date of EU 
accession and all important safety and environmental 
items regarding motor vehicles are already in force. 
Moreover there is also a visible progress of 
accreditation action inside the research and testing 
domestic third party laboratories harmonising their 
quality systems with future European Standards.  

One of important safety legislative solution 
related to vehicles is that in Poland starting from 
April 17th 2007 it is required to drive with lights on 
for the whole year long. It was the response for 
results of road safety statistics and also the 
consequence of programme started in 1991. The 
latest statistic data shows the following 
improvements after this new regulation: 

• the number of daytime accidents fall down 
in the accident categories predicted (ie. 
frontal collisions, priority breach, 
pedestrians and vulnerable road users 
crashes),  

• in general vehicle to vehicle collisions the 
resulted fall down was 6%;  

• in frontal collisions – 8% 
• in frontal collisions with the involvement of 

heavy trucks – 15% 
Further, more complex statistical analysis of this 
specific aspects are under preparation. 

With regard to international vehicle 
construction requirements Poland continues to 
present the opinion of the suitability of 1998 Global 
Agreement, recognizing it as an effective way to 
harmonize world-wide important technical 
requirements for road vehicles. Having continued 
with a membership of EEVC from the beginning of 
2003, we accept the initiative to establish the 
worldwide after IHRA solution, enabling better 
global harmonisation of vehicle technical 
requirements. Our membership in EEVC Steering 
Committee is continued in activity in four Working 
Groups i.e. WG 19: HMI, WG 21 Accident Statistics, 
WG 22 Virtual Safety and WG 23 Bus Frontal 
Collision. It is worth  mentioning also the 
participation in international co-operation of Polish 
in virtual safety WG in the frame of EU Commission 
activities. 

With regard to the system of Periodic Technical 
Inspection of in-use vehicles, we are also in the 
process of introducing permanent improvements to 
its quality and objectivity of checks. Our presence in 



CITA working groups and new EU Commission 
WGs gives us on one hand the possibility to make 
positive input to international activities enabling 
better standards for PTI and in return to have access 
to latest achievements of CITA members works. The 
PTI checking equipment continues to be in Poland 
under certification and we perform with the basic 
level course and advanced training skills of PTI 
inspectors. In result of more stringent requirements 
regarding the personnel qualification and equipment 
quality, the rate of traffic accidents due to bad 
technical state of vehicles, is in our estimations 
keeping the level of around 0.6%. Moreover, there 
are already around 1000 PTI stations of highest 
technical level having the care agreement with Motor 
Transport Institute and Polish Chamber of PTI, 
based upon which they receive the latest available 
data and information regarding professional items. 
The decision on the accession of Poland to the UN 
1997 Agreement, on the international PTI, had been 
taken. 
 
THE PROGRESS IN THE FIELD OF HUMAN 
RELATED FACTOR 
 

Our National Road Safety Council pays the 
greatest attention to the problem but had, by now, 
succeeded in limited number of fields. The most 
important result was achieved in reducing the relative 
rate of accidents caused by drunken road users by 
around 5,6%, during last 2 years. Even if we reach 
good 3rd position among 18 evaluated countries.(see 
Figure 2.) this is still not satisfactory enough and 
leads towards more stringent legislation.  

 
Figure 2. Road Safety Performance Index  
The other activity in the field of human factor 

realised in the last 5 years, was aiming at road 
education of children, promotion of safety of non 
protected road users, improvements of driver training 
and scientific co-operation in ROSE 25, Slow (ETSC 
project), EUCHIRES, DRUID, CLOSE TO, ERIC,  
SARTRE 4 (DaCoTa if starts), as well as accident 
database IRTAD and CARE. 

The specific new programme (based on diet 
law) relating to speed control has been launched at 
the beginning of 2009. According to its rules next 
400 fotoradars will be mounted on our roads and 
special centre for collecting the related information 
will be organised in few months. 

 
 
THE PROGRESS IN THE FIELD OF ROAD 
RELATED FACTOR 
 

W noticed some progress in this field but still 
being far from our expectations. We have still so far 
a low rate of classified motorways, which is being 
0,15 km /100 km², while in the “old EU” countries it 
is 1,58 km/100 km², this figure speaks for itself! 

Fortunately there are some signs of spring in 
this specific area. During last five year period the 
road maintenance service, managed to improve some 
25% of Polish existing road network classified as 
„national” (38 000 km in total according to EU 
classification). Taking into account more or less 



stabile growths of number of vehicles on the roads it 
is not enough by far.  

Now some information on the specific national 
road safety programme named “Roads of trust” 
which was started in 2007. The strategic aim of the 
programme is to reduce by 2013 the number of 
deaths on national roads of 75% in relation to 2003. 
One of the activities in the programme is called 8-8-
88 as it was started on national road no 8 which is 
currently the longest and most dangerous route in 
Poland. Next “8” in the definition is related to the 
decision that in 2008 next 8 national roads (no 1 – 9) 
was included. The last figure “88” says that there is 
still 88 national roads which need to be improved in 
next years. The programme collects infrastructural 
improvements like bypasses of villages and towns, 
better information of current state of traffic and road 
safety campaigns direction to specific hazardous 
areas. It is also to be mentioned the lastly prepared in 
scope of EU Euro RAP programme the map of 
international roads safety risk in Poland 
(www.eurorap.pl). 

This sort of items is however strongly related to 
private investors and local authorities (traffic control 
solutions) and still needs more careful attention of 
economy decision makers including UE support. 
 
CONCLUSION AND FUTURE AIM 
 

The overall road traffic safety in Poland seems 
to be waived during last 2-year period,  based on 
statistical data given below. These  changes does not 
mean good in comparison to our society needs. 

Taking into account the EU road safety policy goals 
to reduce by half the number of fatalities on 
European roads we are continuing the national road 
safety programme called GAMBIT which is aimed  
at: 

• vulnerable road users (pedestrians, 
bicyclists), 

• people commonly ignoring traffic 
regulations, such as speed limits, drink-
driving or not using restraint systems, 

• traffic risk on major roads outside built-up 
areas (on the 6 % of the length of the road 
network, 25 % of all accidents, 40 % of all 
killed, 27 % of all injured, severity of 
accidents: 18 fatalities / 100 accidents),  

• young drivers aged 18 – 24 (20 % of all 
involved in road accidents), 

• intoxication of drivers and pedestrians.  
• quicker exchange of the oldest part of 

vehicle stock 
We hope that Polish participation in EEVC 

Working Groups, UN ECE, ESV, EU Commission 
and Council Working Groups together with ETSC 
and CITA activity will result in optimal use of our 
limited resources. 

I would like to wish all of you a good co-
operation and fruitful exchange of knowledge during 
this very important scientific international ESV 
conference being one of the important bases for 
improvement of everyday life – improvement of 
vehicle safety and thus road traffic safety. 

 
 
Table 1. Accident Data in Comparison with the Vehicle Stock and Population in Poland   
              in the Period  1999-2008       

Year 
No. of 

accidents 
No. of 

fatalities 
No. of 
injured 

No. of vehicles 
(thousands) 

No. of 
passenger cars 

(thousands) 

Population 
(thousands) 

Fatality factor 
(No. of 

fatalitie/1 mln 
of inhabitants 

Accident severity 
factor (No.of 

fatalities/100 of 
accidents) 

No. Of 
passenger 
cars/1000 
inhabitants 

1999 55 106 6 730 68 449 13 169 9 283 38 654  17  12  240 

2000 57 331 6 294 71 638 14 106 9 991 38 644  16  11  259 

2001 53 799 5 534 68 194 14 724 10 503 38 632  14  10  272 

2002 53 559 5 827 67 498 15 525 11 029 38 219  15  11  289 

2003 51 078 5 640 63 900 15 890 11 244 38 191  15  11  303 

2004 51 069 5 712 64 661 16 701 11 975 38 174  15  11  314 

2005 48 100 5 444 61 191 16 816 12 339 38 157  14  11  323 



2006 46 876 5 243 59 123 18 035 13 384 38 126  14  11  351 

2007 49 536 5 583 63 224 19 472 14 589 38 116  15  11  383 

2008 49 054 5 437 62 097 21 127* 15 974* 38 116**  14  11  419 

* Estimated by Motor Transport Institute      

** Central Statistical Office as of June 30, 2008      
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Elderly Friendly Vehicle Project :  

Safety and Convenience 
 

Objective 
 
  Because of the global trend of the societal aging with more than 20% of 
elderly population, auto manufactures in the advanced nations such as US 
and Japan concentrate their endeavors on the development of the 
technologies for the elderly vehicle (elderly-friendly vehicle).  The forecast in 
reaching the aging and highly aging domestic societies is also 2018 and 2026, 
respectively.  Therefore, Korean government and domestic auto makers are 
putting their enormous efforts to develope key technologies for the elderly 
vehicle. This research, coupled with the CTIP's 1st stage basic plan for the 
comfort improvement of the transportation with vulnerable people, preparing 
the aging society, consists of the following 5 categories that will provide a safe 
and convenient transportation to elderly population. 
 
1) Improvement of the transportational safety for the elderly and the study for 
technical prescriptions. 
2) Development of the design technology for convenient driving and comfort 
riding devices by characterizing the driving features of the elderly and by 
utilizing the associated analytical human body model. 
3) Development of crash injury criteria, analytical human body model, and 
safety restraint system for the elderly. 
4) Development of the improved night frontal vision system for the elderly 
5) Study on institutional system for the elderly vehicle and economical 
analysis 
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Task 
 
Improvement of the transportational safety for the elderly and the study for 
technical prescriptions. 
 
   - Assessment and technical prescriptions for the safety improvement of 

the special ingress and egress devices that enhance the use of the elderly. 
- The research and development for the supporting system with a 

ministerial policy. 
 

1) Development of the design technology for convenient driving and comfort 
riding devices by characterizing the driving features of the elderly and by 
utilizing the associated analytical human body model. 

 
     - Research and development of automobile convenience equipment 

technology : development of digital human model for elderly drivers 
- Improvement of the maneuverability of the instrumental panel design 

for the enhancement of the elderly driving comfort and the 
development of ingress and egress devices 

-  
2) Development of crash injury criteria, analytical human body model, and 

safety restraint system for the elderly. 
 

  - Development of crash injury criteria and human body model in 
consideration of biological characteristics of the elderly  
   - Design the safety restraints such as seat belt system, airbag, head 
restraint for the elderly driver and occupant in order to reduce the crash 
injury risk. 
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3) Development of the improved night frontal vision system for the elderly 
 

- For the accident prevention and driving comfort, improvement of vision 
system (head lamp and etc.) during the night and bad weather. 

 
4) Study on institutional system for the Elderly vehicle and economical 

analysis 
 

   - Certification, standardization, supporting regulations of the Elderly 
vehicle for the construction of ministerial policy. 

 
 
Output 
 
 • Assessment and technical prescriptions of special devices for the Elderly. 
 • Digital human model for Elderly drivers 
 • General characteristics of the aged drivers behavior 
 • Crash injury criteria for Elderly Occupant.  
 • Improved restraints such as seat belt system, airbag, head restraint for the 
Elderly occupant 
 • Auto Beam Switching(and Foul Weather Adaptive Auto-Convert) for the 
aged drivers 
 • Economic effect of technology development of the Elderly vehicle 
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STATUS REPORT, FEDERAL REPUBLIC OF GERMANY 

President and Professor 
Dr.-Ing. Peter Reichelt 
Federal Highway Research Institute 
Germany 

21st ESV-Conference 

Stuttgart, 15th to 18th June 2009 
 

INTRODUCTION 

Technical progress in automotive engineering fo-
cuses at the moment on two branches: improving 
safety and reducing energy consumption. While 
vehicle safety has been on the agenda for many 
decades by now, the emissions of greenhouse gases 
are a topic of the last years. The reduction of fuel 
consumption is driven by two issues. On the one 
hand CO2 has to be reduced since it is seen as a 
major factor for global warming. On the other hand 
the resources of fossil crude oil will come to an 
end. The latter also will lead to increasing fuel 
prices in the long term future. 

However every cent for research in automotive 
engineering can be spent only once. Thus safety 
and CO2 reduction somehow compete with each 
other. Rulemaking of regulations on ECE-level or 
directives on EU-level has to face this tension to an 
increasing amount. The mandatory introduction of 
safety measures has to be justified convincingly if 
higher vehicle masses or additional fuel consump-
tion are accompanying the measure. So cost benefit 
analyses and impact assessments, which are already 
a prerequisite for legislation, will in the future not 
only focus on the effects of the safety measure 
alone but also on its side effects, especially with 
regard to CO2-emissions. It can be expected that 
also primary and secondary safety measures will be 
weighted against each other in order to introduce 
the most effective measure with regard to safety, 
climate protection and costs. This third factor be-
sides safety and CO2, namely costs for the con-
sumer, stepped into the foreground during the last 
months when sales figures of vehicles decreased. 
Only vehicles, which the consumer can afford, will 
be bought. Thus, it is an essential goal for automo-
bile manufacturers, suppliers and legislators to 
enable market introduction of safety systems which 
are beneficial but cheap enough for high market 
penetration. 

 

The Challenge of Demographic Change for 
Road Safety 

Decreasing fertility rates and a continuous increase 
of the average life expectancy lead to a considera-
ble medium- or long-term change in age structure 
in Germany as well as in other industrial nations. 
By 2030, current investigations predict a reduction 

of Germany’s population of more than 5 million to 
about 77 million inhabitants. It is, however, not the 
long-term decrease in population but moreover the 
change in the population structure that is the real 
challenge. Compared to 2005, in 2030, for exam-
ple, the percentage of children and young people 
will be reduced by a quarter. The number of per-
sons of working age will also be reduced consider-
ably by 15%. In contrast, the percentage of elderly 
people (persons older than 65) will increase by 
about 40%. In addition to that, it is expected that 
the development of the Federal States and regions 
regarding their total population as well as their 
economy will differ considerably. 

This development means an increasing participa-
tion of elderly people in road traffic. In addition to 
that, the senior citizens of tomorrow will be more 
mobile than the ones of today. Elderly women in 
particular will increase their vehicle-mobility con-
siderably compared to the situation as it is today. 
Consequently, in future, road safety aspects of 
elderly people will be much more important than 
today.  

Effects on the other age groups are, however, ex-
pected as well. Based on the regional disparities, 
declining regions will experience - for instance - a 
decrease of schools and doctor’s practices in num-
ber and density so that a long-lasting change in 
mobility thus in road safety is to be expected here 
as well. The demographic change thus represents 
one of the big challenges for the future work in the 
field of road safety. 

 

Road accidents in Germany 

The number of road accidents decreased continu-
ously for many years until 2006 – by nearly 5% to 
2,235,318 road accidents in 2006. Although 2007 
was an extraordinary year with increasing accident 
figures for the first time in years (2,335,005 road 
accidents), on the long run, accident figures have 
still decreased. Moreover, the forecast for 2008 
indicates once again a further decrease in accident 
figures (2008: 2.27 million road accidents). 

The number of road accidents with personal injury 
has decreased by more than 12% since 2000, result-
ing in 335,845 road accidents with personal injury 
in 2007. For 2008 a further decrease of more than 
4% to approximately 321,000 injury accidents is 
expected. 

Casualty figures have also decreased, with lower 
reductions for slight injuries and higher reductions 
for severe injuries and fatalities. The total number 
of casualties has decreased by nearly 15% from 
511,577 in 2000 to 436,368 in 2007. For 2008 a 
reduction of approximately 5% compared to 2007 
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has been predicted – to about 414,000 casualties in 
2008. 

Since 2000, the number of severe injuries has been 
reduced by 26% to 75,443 seriously injured road 
users in 2007 and the number of slight injuries has 
been reduced by 11% to 335,971 slightly injured 
road users. Fatalities have decreased by 34% from 
7,503 fatalities in 2000 to 4,949 fatalities in 2007 – 
which is the lowest number of fatalities ever re-
corded by the national road accident statistics. For 
2008, a further reduction to 4,500 fatalities has 
been predicted. 

 

Vehicle population and road performance 

Germany, with its 82.3 million inhabitants, is the 
most populated country in Europe and plays an 
important role for transit traffic. The number of 
passenger cars in Germany on 01/01/2008 was 41.2 
million. Caused by a change in registration method 
(without temporary stopped cars), a comparison to 
the year before is not possible. Traffic intensities on 
the approximate 12,500 km of federal motorways 
in 2007 were about 49,200 vehicles per 24 hours on 
average (ADT). Figure 1 gives an overview of the 
distribution within the federal motorway network. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. ADT of all vehicles on federal motor-
ways in 2005 

 

The ADT of vehicles with a permissible total 
weight of above 3.5 t was on federal motorways in 

2007 about 7,600 heavy vehicles. Figure 2 shows 
the situation in the year 2005. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. ADT of trucks > 3.5 t on federal mo-
torways in 2005 

 

The total driving performance of all vehicles in 
2007 was about 692.0 billion vehicle-km, out of 
which over 30% took place on the federal motor-
ways alone. 

 

Freight Transport and Logistics Masterplan 

A modern industrial and service economy based on 
the division of labour and a successful business 
location cannot function without an efficient trans-
port system. Current studies forecast a growth in 
tonne kilometres of around 70 % between 2004 and 
2025. Closely linked with this growth are environ-
mental and climate change challenges. Today, 
already, transport is responsible for around 20 per-
cent of CO2 emissions and accounts for around 70 
% of total petroleum consumption. 
The Federal Government has responded to these 
challenges by publishing the Freight Transport and 
Logistics Masterplan in summer 2008. It describes 
the strategic transport policy direction and the key 
elements of the future course of action which are to 
be used to ensure the provision of efficient infra-
structure and, at the same time, to reduce the 
amount of energy consumed by vehicles and make 
transport more efficient, cleaner and quieter. 

Germany 

Germany 



                Reichelt 3

The Masterplan contains a total of 35 concrete 
measures subsumed under the following six objec-
tives: 

• Making optimum use of transport infra-
structure - shaping transport to make it 
more efficient 

The aim is to enhance the capacity of the 
overall transport system. Optimum use is 
to be made of existing transport infrastruc-
ture and the transport system is to be made 
more efficient. Measures to tackle conges-
tion will be intensified and continued. In 
concrete terms, this means: road works 
management will be optimized, traffic 
management systems will be linked up and 
the provision of necessary parking areas 
for HGVs on motorways will be acceler-
ated.  

• Reducing the number of journeys - ensur-
ing mobility  

The aim is to improve transport chains, for 
instance by optimizing transit traffic. De-
veloping the European networks or mak-
ing greater use of short-sea shipping can 
help to achieve this aim. An initiative for 
better logistics in urban areas is designed 
to make freight transport in towns and cit-
ies more efficient, thereby enhancing the 
quality of life in conurbations.  

• Transferring more traffic to the railways 
and inland waterways  

Greater use is to be made of environmen-
tally friendly modes of transport, such as 
the railways and inland waterways, for 
freight transport. To this end, the funding 
for combined transport will be increased 
from 62.5 million to 115 million Euros per 
annum. A support programme is to pro-
vide financial assistance to innovative 
handling technologies in combined trans-
port. A strategy will be developed to take 
account of the European discussion on the 
internalisation of all external costs (e.g. for 
air pollution, climate change, noise or 
congestion). This will produce greater 
transparency regarding the nature and 
level of the costs to the economy of the in-
dividual modes of transport.  

• Upgrading more transport arteries and 
hubs 

Despite all the efforts to enhance effi-
ciency, there are still bottlenecks in the 
transport infrastructure. For this reason, 
transport arteries and hubs are to be up-
graded. This means a segregation of pas-
senger and freight services by reducing 
pathing conflicts on the railways and by 

taking targeted action to remove bottle-
necks on the railways and roads. This will 
require a higher level of transport invest-
ment, and this is reflected in the 2009 
budget estimates and the Federal Govern-
ment's medium-term financial planning.  

• Environmentally friendly, climate-
friendly, quiet and safe transport 

Alongside noise mitigation on the rail-
ways, the focus is on tightening environ-
mental and safety standards in order to re-
duce noise and pollutant emissions and the 
risk of accidents and on shifting traffic to 
more environmentally friendly modes of 
transport. In addition, a strategy is to be 
developed for varying tolls according to 
the route driven and the time of day. Such 
a strategy would make it possible to 
charge a higher toll on busy sections of 
motorway at certain times of day, while 
reducing the toll at other times of day.  

• Good working conditions and good train-
ing in the freight transport industry 

The conditions of working and training in 
the freight transport industry are to be im-
proved. This includes a training initiative 
and regular monitoring of the working 
conditions in the freight transport and lo-
gistics sector, plus ensuring that sufficient 
checks are carried out to enforce compli-
ance with social legislation in the road 
haulage sector. 

 

German Presidency of the EU Council 

The German EU Council Presidency has addressed 
the European Commission’s eSafety initiative and 
organised a conference on this initiative on 5/6 
June 2007 together with high-level representatives 
from the Commission’s Directorate-General in-
volved, from the Member States, national and 
European associations, the automotive and supplier 
industry, monitoring agencies, automobile associa-
tions and research institutions. Against the back-
ground of the White Paper, development prospects 
of intelligent mobility were discussed. Being of 
particular importance, the following thematic 
blocks were given special attention during the dis-
cussion: 

• Block 1:  
Real Time Traffic Information (RTTI) / 
Communications - Enhancing Traffic In-
formation  

• Block 2: 
Human-Machine Interaction (HMI), in-
cluding eSecurity - the human-machine in-
terface to car multimedia systems, tam-
perproof technologies  
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• Block 3:  
Driver Assistance Systems (DAS) - legal 
situation and assessment, including the 
new role of motorists in partially auto-
mated in-car processes, plus EuroNCAP 
testing procedures for DAS  

The eSafety Conference adopted conclusions re-
garding these thematic blocks. They were based on 
the results obtained at European level by the work-
ing groups, on the expert presentations from repre-
sentatives of various Member States and European 
institutions and on the discussion result. The results 
of this Conference have been considered trend-
setting by the European Commission [KOM(2007) 
541, dated 17th Sept 2007]. Detailed conclusions 
are summarised below in the chapter research as 
topics “HMI”, “RTTI”, “legal issues of ADAS” and 
“eSecurity”.  

 

RESEARCH 

 

Daytime Running Lights for Motorcycles 

The problem of conspicuity of motorcycles during 
the day is also well known in Germany since many 
years and there are different national and interna-
tional proposals to enhance conspicuity by im-
provement of the frontal signal pattern of motorcy-
cles. In accordance with the application laws of 
many countries, motorcycles currently have to 
drive with activated passing beam headlamps. Ad-
ditionally for multilane vehicles, it is already al-
lowed in many countries to drive with dedicated 
daytime running lamps. 

Figure 3.    Motorcycle with passing beam 

This is why the Federal Ministry of Transport, 
Building and Urban Affairs has assigned the Fed-
eral Highway Research Institute (BASt) with the 
task of investigating the conspicuity of motorcycles 
under daytime conditions more precisely. This 
research project was completed in July 2008. The 
results of the study can be summarised as follows: 

One dedicated daytime running lamp on a motorcy-
cle is better recognisable than the normal passing 
beam. Two dedicated daytime running lamps are 
better recognisable than a single daytime running 
lamp (see figures 3 and 4). Dedicated daytime 
running lamps with a high luminous intensity are 
better recognisable at greater distances than day-
time running lamps with a low luminous intensity, 
whereas the differences in the conspicuity caused 
by different colours respectively colour regions of 
the daytime running lamps fade with greater dis-
tances. 

Figure 4. Motorcycle with different kinds of 
dedicated daytime running lights, two of them 
illuminated 
 

The research project into conspicuity of motor-
cycles has shown that under daytime conditions an 
improved perception of such vehicles equipped 
with daytime running lamps will be provided. 
Germany therefore sees an improvement for road 
safety by replacing the passing beam function by 
dedicated daytime running lamps on a motorcycle. 
This will increase the vehicle visibility and will be 
favourable for the lifetime of the light sources used 
in the passing beam headlamps of the motorcycles. 

These results led to German proposals for amend-
ments to ECE-Regulation No. 53 and No. 87 of the 
UNECE in October 2008. 
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Safety of Hydrogen Vehicles 

Hydrogen is one of the future alternative fuel con-
cepts that is attributed to have a great potential in 
the automotive sector. The new technology is very 
challenging for the vehicle sector and puts great 
demands on its safety. The storage of hydrogen in 
the vehicle or the crash-safety of these vehicles are 
good examples for that. To avoid an unlegislated 
area and to protect people of avoidable risks it was 
decided on an international basis to develop a GTR 
(Global Technical Regulation) for hydrogen vehi-
cles. A completed GTR would enable the manufac-
tures to easily introduce the new technology of 
hydrogen vehicles worldwide. The GTR for hydro-
gen vehicles contains environmental as well as 
safety aspects of these vehicles. The Federal High-
way Research Institute (BASt) supports the Federal 
Ministry of Transport, Building and Urban Affairs 
with regard to safety matters of these vehicles dur-
ing the development process of the GTR. In parallel 
to the development of the GTR the European 
Commission currently works on an EU-Regulation 
for hydrogen vehicles to enable the approval of 
these vehicles in Europe in a shorter timeframe. 
After coming into force the completed GTR should 
then substitute the EU-Regulation for the approval 
of vehicles in Europe again. 

 

Elements of active vehicle safety for elderly 
drivers  

Several systems and elements concerning active 
vehicle safety are offered on the market today. 
These are normally targeted at all drivers. With a 
view to the demographic trend it is appropriate to 
analyse the benefit of these systems especially for 
senior citizens. The aim of a research project car-
ried out on behalf of BASt is to compile a cata-
logue of criteria for the evaluation of active vehicle 
safety devices with regard to the value added for 
elderly drivers.  

Within the scope of this project some systems (e. g. 
brake assisting systems or active steering) are se-
lected as examples out of a comprehensive demand 
and market analysis. Their effect on active vehicle 
safety will be then tested in driving tests with test 
persons between 65 and 80 years of age (see figure 
5).  

The findings which will be derived besides the 
driving tests from questionnaires and interviews 
will be used as a basis for the catalogue of criteria. 
Final recommendations will illustrate how such 
products have to be structured to suit the special 
requirements of senior drivers. 

 

 

Figure 5. Driving test for the examination of 
brake assisting systems (BAS) 

 

Periodical Technical Inspection of electronically 
controlled systems in road vehicles 

More and more vehicles are equipped with driver 
assistance systems which are electronically con-
trolled. Most of them are implemented to increase 
safety or decrease pollution, some of them are used 
for comfort reasons.  

Especially the safety potential of advanced driver 
assistance systems is enormous. Remarkable exam-
ples are the ESC (Electronic Stability Control) 
system, the emergency brake system for trucks or 
easier systems like ABS or a simple traction con-
trol. All these systems help to increase safety dur-
ing driving if they work properly. The problem is 
that these systems were not checked during the 
periodical technical inspections (PTI). Thus, on 
account of possible system failures, abrasion, unau-
thorised removal and manipulation, the original 
safety potential of modern vehicles can be reduced 
over the entire period of use (see for example figure 
6). However for safety reasons, the benefit deli-
vered originally by the electronically controlled 
systems should actually remain the same over the 
whole vehicle life. 

Pursuant to article 5 of directive 96/96/EC, Mem-
ber States may already include function and effi-
ciency tests for advanced driver assistance systems 
in the periodical technical inspection of vehicles. 
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Figure 6. Manipulation of the level sensor for 
the rear axle of a passenger car 

 

The German government in cooperation with PTI 
organisations and the automotive industry has de-
signed the periodical technical inspection of elec-
tronically controlled systems. With the regulation 
pursuant to article 29 and annex VIII of the German 
road traffic type approval law (StVZO) the German 
government established that the following vehicles 
have to be checked with regard to certain electroni-
cally controlled safety devices during the PTI:  

• all vehicles with a date of first registration 
before 1st of April 2006, 

• all vehicle types (passenger cars, motor-
cycles, trucks and trailers)  

All systems which can be allocated to eight rele-
vant system classes are checked during the PTI (see 
figure 7). 

 

 
Figure 7. Relevant vehicle system classes 

 

The data for the inspection of the electronically 
controlled systems are stored in a central database. 
For that reason the PTI organisations installed an 
institution (called FSD GmbH) in Dresden in 2004 
which is responsible for the database. The data for 
the tests is delivered by the vehicle manufacturers 
and adapted to testing purposes by FSD. The data 
comprises information about relevant built-in sys-

tems, the identification features and testing me-
thods. For carrying out a PTI and checking the 
relevant systems the test engineers have direct 
access to these data. 

This new electronic test within the PTI in Germany 
which goes far beyond the minimum requirements 
for PTI in Europe can be seen as a pilot project for 
future testing procedures for electronically con-
trolled safety devices to be regulated in the 
96/96/EC. 

At present, FSD together with the Federal Highway 
Research Institute of Germany (BASt) are carrying 
out a research project to validate the introduction of 
testing of these systems which will be finished in 
2010. 

 

Pedestrian Protection 

FlexPLI 

A flexible pedestrian legform impactor that is being 
considered for implementation within global legis-
lation on pedestrian protection (GTR) is currently 
being evaluated by a Technical Evaluation Group 
(FlexTEG) of GRSP (Working Party on Passive 
Safety) of the UNECE (United Nations Economic 
Commission for Europe). The impactor shows 
various significant advantages with regard to its 
biofidelic properties when being compared to the 
EEVC WG 17 pedestrian legform impactor that is 
used within the current European legislation. The 
final built level Flex-GTR is being expected to 
avoid dissymmetries and knee twists of the pre-
vious version that caused a partly high deviation in 
the ligament elongation results. The robust impac-
tor so far proved the compatibility of current pede-
strian protection packages of modern car fronts 
with the biofidelic properties of built level GT. 
Only the loads on the medial collateral ligament 
partly exceeded the proposed injury thresholds, 
whereas the cruciate ligament as well as the tibia 
criteria could be fulfilled from most of the so far 
tested European bumper structures. Due to the fact 
that no transfer function between the knee bending 
angle and the cruciate ligament results has been 
developed, their use as injury criteria has not finally 
been decided yet. On the other hand, new tentative 
knee and tibia injury threshold values have been 
proposed by JAMA and BASt. The evaluation of 
the final built level started in early 2009. BASt 
developed a new impactor certification method and 
was the first lab world-wide performing real car 
tests with the Flex-GTR. Subsequent to the publica-
tion of GTR No. 9 in the global registry of the 
United Nations a new GRSP informal group is 
expected to take over the FlexTEG activities in 
order to develop the GTR phase II. 
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Pedestrian head impact test procedure for 
the windscreen and the windscreen frame 
area 

In a research project carried out by IKA Institut für 
Kraftfahrzeuge Aachen on behalf of BASt, new 
pedestrian head impact test methods for the 
windscreen and windscreen frame area have been 
developed. Those test methods use a combination 
of simulation and subsystem testing that allow a 
definition of more realistic test conditions regard-
ing potential impact points and timing of the head. 
By combining simulation and dummy tests the 
analysis of vehicle pedestrian collisions of future 
vehicles with deployable systems will be possible. 
Tests with pedestrian dummies represent real world 
pedestrian accidents in a more realistic way such 
that the output of those dummy tests can be used 
for the further analysis of real pedestrian accidents. 
Simulations with human models and Polar dummy 
test results show a good correlation with respect to 
impact point and timing. As an extension of the test 
methods, further simulations could include FE 
human body models or coupling between FE and 
multibody models. Within a comparative study of 
the benefit of external airbag-equipped vehicle 
front structures to current non-activated ones HIC 
values, neck compression forces and neck moments 
show significant reductions. In a next stage, the test 
procedure is thought to be extended with respect to 
active pedestrian protection systems, including 
sensor systems. 

 

Compatibility   

Vehicle safety has been improved in Europe with 
the introduction of legislative and consumer testing. 
The reduction of road casualties over the last dec-
ade can be attributed to advances and improve-
ments of self protection systems. Stronger occupant 
compartments and improved occupant restraint 
systems are evident in the higher assessments 
awarded in the Euro NCAP testing programme. 
However, in today’s passive safety tests the role of 
the collision partner is not reflected. Significant 
evidence from previous research supports the con-
clusion that vehicle-to-vehicle crash performance is 
worse than single vehicle-to-barrier test perfor-
mance, even when the collision partner is an iden-
tical vehicle model. This unfortunate fact means 
that new safety features do not perform as well as 
expected in real world conditions. This behaviour is 
a function of the incompatibility encountered in the 
vehicle fleet today. In vehicle-to-vehicle accidents, 
both the self and the partner protection are impor-
tant for overall safety. Until vehicle-to-vehicle 
crash compatibility is controlled through objective 
test procedures, significant gains in road safety are 
not be addressed as specified in the EC white paper 
[1].  

The relevance of vehicle compatibility cannot be 
ignored for improving road safety. As reported by 
EEVC WG15 to the GRSP in May 2007 [2], frontal 
impacts account for 16,000 fatalities and 122,000 
serious injuries in the EU15 annually. Based on the 
work in VC-Compat [3], 14-31% of fatally injured 
individuals and 29-52% of seriously injured indi-
viduals would be affected by improvements in 
vehicle compatibility – these are significant figures, 
particularly when being extended to the EU25. The 
exact safety benefit to this target population could 
not be determined in the VC-Compat project and 
thus motivates a need to further pursue compatibili-
ty research to improve the outcome of a significant 
proportion of EU road casualties. The conservative 
estimates in VC-Compat concluded that an addi-
tional consumer cost of 300 € would be necessary 
to implement compatibility measures that would 
benefit this target population. These costs can be 
significantly reduced if new vehicle designs start 
with sound compatibility design and assessment 
approaches. Using a tight relationship with the 
automotive industry and safety researchers, this 
project proposal aims to develop concrete im-
provements in vehicle safety via improved compa-
tibility performance. Some early estimates indicate 
that improved compatibility can reduce the annual 
cost of traffic injuries for society by € 2 billion per 
annum. 

The proposed European research project FIMCAR 
aims at proposing an assessment approach (assess-
ment approach describes test procedure(s) includ-
ing the assessment; approach is used, as a suit of 
assessment procedures might be selected.) for ve-
hicle-to-vehicle frontal compatibility which could 
be accepted by European research organisations 
and industry also taking into account the harmoni-
sation with world-wide activities. This proposal 
will be a solid base for future regulation and would 
overcome the existing uncertainty that the Euro-
pean automotive industry has concerning vehicle-
to-vehicle compatibility. In the process of develop-
ing test and assessment procedures for compatibili-
ty, the unified automotive industry in FIMCAR will 
be incorporating the fundamental knowledge 
needed to design and manufacture vehicles meeting 
or exceeding required crash compatibility perfor-
mance. This research project and resulting assess-
ment approach would thus lead to a reduction of 
road accident casualties and would strengthen the 
position of the European car manufacturers as ve-
hicle-to-vehicle compatibility is a world-wide con-
cern. 

Based on previous research work towards compati-
bility (e.g., EUCAR Compatibility project, EEVC 
WG15, VC-COMPAT and other international and 
national research projects and working groups), the 
main issues for improving compatibility are: 
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• Compartment strength and stability 
• Global force level matching 
• Structural interaction 

Although several test approaches have been pro-
posed, no final decision has been taken for an ap-
propriate assessment of compatibility in Europe, 
Asia or North America. 

Within the EC funded VC-COMPAT project, two 
different tests have been developed to test a ve-
hicle's compatibility performance.  

• These is the first approach using an off-set 
test against a progressive deformable bar-
rier (PDB) complemented by a full over-
lap test against the rigid wall and  

• a second approach being a full width test 
against a deformable barrier (FWDB) sup-
plemented by an off-set test according to 
ECE R94.  

Both procedures use an off-set test and a full over-
lap test.  

An additional test candidate has been developed 
that promises to be a long term alternative for test-
ing compatibility. Research towards the assessment 
of compatibility by a moveable deformable barrier 
test has been initiated and mainly supported by the 
Alliance of Automobile Manufacturers. Activities 
in Europe are necessary to monitor the develop-
ments of this approach. 

For frontal impact protection, at the GRSP meeting 
in December 2007 France made a proposal to 
amend Regulation 94 [4]. The main changes pro-
posed in the amendment were: 

• Obstacle 

o Current Offset Deformable Bar-
rier (ODB) to Progressive De-
formable Barrier (PDB) 

• Test parameters 

o Test speed: 56 km/h to 60 km/h 

o Vehicle Overlap: 40% to 50% 

o Barrier ground clearance:         
200 mm to 150 mm 

This initiative may result in modification of the 
current European self protection test standards. It is 
however important that in the first place any 
change in self protection test standards must have 
regard to compatibility issues. Thus the FIMCAR 
project is timely as the introduction of compatibili-
ty test procedures must be initiated during the re-
view of Regulation 94. 

 

Child safety  

In 2009 two BASt research projects in the field of 
child safety in cars are finalized. 

One project dealt with the subject “Misuse of air-
bag deactivation when transporting children in 
child restraint systems". In all member states of the 
European Union the deactivation of a present pas-
senger airbag  is mandatory if a child is carried in a 
rearward facing child restraint system at the front 
passenger seat. Today there are a lot of different 
airbag deactivation “philosophies”. Solutions like 
dealer disconnection, an on/off-switch, or the 
automatic detection of a child restraint system may 
be mentioned as an example. Two types of misuse 
can occur: transportation of an infant while the 
airbag  is (still) enabled and transportation of an 
adult, while the airbag is disabled. Within the pro-
ject both types of misuse were analysed by two 
types of surveys among users. Additionally an 
accident analysis was conducted and some dynamic 
and static tests were conducted to examine the 
potential risk for present and future airbag genera-
tion.   

The second project finalized 2009 addressed the 
“Changing body sizes and weights in the case of 
older children with respect to the testing, assess-
ment and use of child restraint systems”. According 
to the German road traffic regulations children up 
to the age of 12 or a body height below 150 cm 
have to use approved and appropriate child restraint 
systems (CRS). CRS must be approved according 
to UN-ECE Regulation No. 44. The largest group 
within ECE R44 allows approving CRS for child-
ren weighting 22 kg up to 36 kg. Several studies 
show, that today many children reach the limit of 
36 kg with a stature less than 150 cm. Within this 
project German anthropometric data from children 
was evaluated to determine the current size and 
weight distributions. Based on this data 4 dummies 
with different heights and weights were defined and 
built, based on the P10. Different child restraint 
systems were tested with respect to the ECE R44 
regulation, using these dummies to determine the 
potential for protection in existing child protection 
systems for larger or heavier children. 

 

Euro NCAP 

Child Restraint Systems (CRS) 

Germany suggested to change the current NCAP 
child protection assessment protocol, with the aim 
to clearly improve consumer information. It shall 
motivate the CRS industry to develop well per-
forming CRS for smaller children (to become a 
“Top Pick” seat) and the vehicle manufacturer to 
develop robust interfaces with more than one seat 
in mind. It shall include new aspects such as e.g. 
misuse and it will be a clear challenge to the OEM 
to work on the protection of larger children respec-
tively small adults on rear seats. 

The current Euro NCAP Child Protection Assess-
ment has improved the vehicle’s – CRS interface, 
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but only a limited number of child seat manufac-
tures and even less CRS models are affected (small, 
expensive segment). The impact on aftermarket and 
the added value for the consumer is small. It is 
doubtful, if consumers understand that the rating is 
valid only for this vehicle – CRS combination. 
There are limitations with regard to the biofidelity 
of dummies and biomechanical basis of criteria. 
The actual Euro NCAP Child Protection Assess-
ment focuses on younger children only and does 
not adequately address real-world misuse. At the 
moment Euro NCAP makes demands on the OEM, 
the OEM makes demands on the CRS manufactur-
er, who will in effect be responsible for the Euro 
NCAP result. The protocol does not provide a clear 
incentive to promote rearward facing CRS. Within 
the dynamic Euro NCAP car tests, the young child-
ren should be replaced by older children.  The CRS 
assessment for smaller children should be separated 
from car assessment and an independent CRS clas-
sification could include misuse, ease-of-use and 
dynamic results.  From this a "Top Pick" list could 
be generated for a CRS - vehicle interface assess-
ment. The child protection assessment for the car 
should be based on a CRS - vehicle interface as-
sessment, the front/side dynamic score for older 
children and on the vehicle based assessment. Ad-
ditionally a "shopping list" (seats fit to the car) can 
be developed from the interface assessment and 
published. 

 

Light Commercial Vehicles 

In addition Germany suggested the implementation 
of a new NCAP assessment to rate Light Commer-
cial vehicles (LCVs). By now, Euro NCAP did not 
consider Commercial vehicles. The need to do so in 
the near future increases with the rising number of 
such vehicles on European roads. Whereas the 
number of passenger cars increased by 30% in the 
last 15 years (German figures) the number of 
Commercial Vehicles (GVW < 3.5t) has doubled. 
Because of their high crash weight, Light Commer-
cial Vehicles need to have highly efficient energy 
absorbing crash structures. This conflicts the eco-
nomic objective of maximizing cargo space. Acci-
dent data shows that there is a similar accident risk 
for personal damage accidents for Commercial 
Vehicles and for passenger cars (around 9 out of 
1000 registered vehicles). Taking into account, that 
Commercial Vehicles are not driven by typical 
“high risk groups” - e.g. leisure trips by night and 
by young people - , the accident risk for Commer-
cial Vehicles is high. Accident modes are different 
from those of passenger cars but dominated by pole 
impacts and crashes with trucks and other passen-
ger cars.  

Benefits are expected, primarily in the reduction of 
severe injuries to Commercial vehicle occupants as 
well as to their crash opponents.  The application of 
Primary Safety Assessment will tackle about 40% 

of all Commercial Vehicle casualties. Primary 
Safety assessment is expected to have the greatest 
ad hoc impact on a short-term basis, since passive 
safety assessment is currently limited with respect 
to Commercial vehicles crash modes (e.g. truck 
accidents). None the less test procedures for com-
patibility as well as an adaptive pedestrian test for 
CV are intermediate-term issues. Improving self 
protection by short-term secondary safety assess-
ment can however address another 20% to 30 % of 
all Commercial vehicle casualties.  

The achievement of such expectations is well-
grounded. Primary safety functions (BAS, ESP, 
ACC, SBR) are already an option and can be intro-
duced at once. Justification to meet the anticipated 
advantages has been given by several efficiency 
studies (Gwehenberger, Kiebach, Zlocki et al.).  
Furthermore recent German studies (BASt, DE-
KRA) have shown that current Commercial ve-
hicles are already able to pass the frontal ODB test. 
A similar result is expected for the pole test, which 
makes both tests realisable on a short-term basis. 
Pedestrian safety assessment has to be adapted on 
an intermediate-term basis. 

 

German Field Operational Test on Car-to-Car- 
and Car-to-Infrastructure Systems (SIM-TD) 

SIM-TD – Sichere, intelligente Mobilität - Testfeld 
Deutschland (“Save and intelligent mobility – field 
trial Germany”) is a project dealing with the devel-
opment of a technology that allows communication 
between vehicles and an intelligent roadside infra-
structure via air interface. 

The aim of the project is the increase of safety and 
the reduction of congestion. For example, in case 
in-vehicle sensors detect black ice on the road or 
the tail end of a traffic jam behind a corner, the 
direct communication allows a prompt warning of 
other drivers around. This will help to prevent 
accidents. All information about traffic jams col-
lected by the vehicles and transmitted into a traffic 
control centre can help to analyse the overall traffic 
condition very quick and precise. This is an impor-
tant basis for measures to improve traffic flow 
which leads to a reduction of fuel consumption and 
helps the environment. 

The costs for the project SIM-TD add up to 69 
Million Euro. The Federal Government of Germany 
will fund SIM-TD with 38 Million Euro, which is 
split to 19.8 Million Euro from the Federal Ministry 
of Economics and Technology and 10,8 Million 
Euro from the Federal Ministry of Education and 
Research. The Federal Ministry of Transport, 
Building and Urban Affairs invests around 8 Mil-
lion Euro in roadside infrastructure to support the 
field trial in a real world environment.  

The Field Trial will be carried out by German 
automotive industry, component suppliers, tele-
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communication companies and the public authori-
ties of the Federal State of Hesse where the field 
trial will be located in the greater area of Frank-
furt/Main. Six research institutes will support the 
project from a scientific point of view. The contri-
bution of the industry to the project will be 23 Mil-
lion Euro. The companies involved are Audi, 
BMW, Daimler, Ford, Opel und Volkswagen, 
Bosch und Continental Teves und Deutsche Tele-
kom. The project has started in September 2008. 

 

Research project AKTIV 

The acronym ‘AKTIV’ stands for a German re-
search initiative called „Adaptive and Cooperative 
Technologies for the Intelligent Traffic“. This 
German project brings 29 partners together: Auto-
mobile manufacturers and suppliers, electronic, 
telecommunication and software companies as well 
as research institutions. The four-year cooperation 
will continue through 2010. 

With the goal of improving both traffic safety and 
traffic flow in the future, the partners are working 
together to design, develop, and evaluate novel 
driver assistance systems, knowledge and informa-
tion technologies and find solutions for efficient 
traffic management and C2C and C2I communica-
tion for future cooperative vehicle applications. 

Basically three large subprojects can be identified 
within the research initiative Aktiv:  

The project AKTIV-AS (Active Safety) deals with 
the development of driver assistance systems with a 
main focus on safety relevant applications. Within 
the project AKTIV-VM (Traffic Management) 
technologies are developed, which will contribute 
to improve the performance of the road network. 
The project CoCar aims at the development of 
cellular mobile communication technologies for 
cooperative vehicle applications (C2C and C2I). 
The subprojects are described in more detail below: 

• Project Active Safety (AKTIV-AS) 

The vision of automotive research efforts 
in the long-term is the assisted and con-
ducted safe driving including numerous 
support functions for the driver. The major 
objective of the AKTIV-AS project is to 
take out research on applications for active 
safety based on the promising results of 
the previous research initiative INVENT. 
Therefore prototypes for different left 
open challenges, such as emergency brak-
ing, continuous lateral control, intersection 
assistance and vulnerable road users, will 
be developed and tested for real traffic 
situations. The basis for advanced driver 
assistance systems is a robust and reliable 
environment perception and interpretation, 
which will even support the overloaded 

and inattentive driver. Missing or inappro-
priate actions will be detected and com-
pensating measures will be taken by the 
system. These driver assistance systems 
shall be introduced into the market in a 
medium-term timeframe. 

Research is performed within the five 
AKTIV-AS subprojects: 

- Active Hazard Braking 

- Integrated Lateral Assistance 

- Intersection Assistance 

- Pedestrian and Cyclist Safety 

- Driver Awareness and Safety 

• Project Traffic Management (AKTIV-
VM): 

The interaction of intelligent vehicle sys-
tems and intelligent infrastructure units is 
the objective of the AKTIV-VM project. 
This novel kind of team work will create 
new modes of co-operation between 
automotive industry, road network opera-
tors and the ICT sector. But “Cooperation 
in traffic” also means a stronger interac-
tion of technical processes which will be 
enabled by the use of new technologies, 
software and new communication media. 

The six AKTIV-VM applications combine 
traffic and information centres, road-side 
infrastructure and intelligent vehicles in a 
novel manner: 

- Network Optimizer 

- Virtual Traffic Guidance System 

- Cooperative Traffic Signal 

- Adaptive Navigation 

- Situation-Responsive Driving 

- Information Platform 

• Project Cooperative Cars (CoCar) 

The CoCar project has already been ac-
complished. It aimed at taking out basic 
research in the field of Car-to-Car (C2C) 
and Car-to-Infrastructure (C2I) communi-
cation for future cooperative vehicle ap-
plications using cellular mobile communi-
cation technologies. Five partners from the 
telecommunication- and automotive indus-
try developed platform independent com-
munication protocols and innovative sys-
tem components. They have been proto-
typed, implemented and validated in se-
lected applications. Innovation perspec-
tives and potential future network en-
hancement of cellular systems for support-
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ing cooperative, intelligent vehicles have 
been identified and demonstrated. 

 

European Statement of Principles on the Human 
Machine Interface (HMI)  

Against the background of the “Commission rec-
ommendation on safe and efficient in-vehicle in-
formation and communications systems: update of 
the European Statement of Principles on human 
machine interface” (K(2006) 7125), the eSafety 
Conference, which was held in Berlin on 5/6 June 
2007 (see INTRODUCTION, Results of the Ger-
man Presidency of the EU Council), addressed the 
implementation and updating of this recommenda-
tion and reached the following conclusions: 

• There are several ways for ensuring that the 
update of the European Statement of Prin-
ciples is complied with and implemented. It 
states that voluntary self-commitments by 
the addressees of this EU recommendation 
(stakeholders) were, in principle, the pre-
ferred option among other possibilities (e.g. 
regulations, consumer protection require-
ments).  

• Special attention has to be paid to issues re-
lating to the safe integration and use of 
portable systems (so-called nomadic de-
vices) when implementing the update of the 
European Statement of Principles. 

• Given the need for a level playing field, it 
is especially important to achieve equal and 
balanced participation by all stakeholders 
in the voluntary self-commitments to com-
ply with the update of the European State-
ment of Principles. 

• The principles contained in the update of 
the European Statement of Principles which 
address issues relating to the prevention of 
misuse and manipulation are not sufficient 
to ensure this on a sustained basis. In addi-
tion to the creation of new technical stan-
dards that are independent of the European 
Statement of Principles, driver training and 
appropriate monitoring activities also have 
to be taken into account. There is a need for 
measures to ensure that there is no misuse 
or manipulation and expressly supported 
the activities of the European Commission 
in the field of eSafety. 

• Before the European Statement of Princi-
ples is updated again against the back-
ground of continuing developments in the 
field of science and technology, it is desir-
able that extensive experience be gained 
with the present update of this EU recom-
mendation. 

• If the European Statement of Principles is 
updated again, the issue of its scope 
should be raised again and addressed in 
depth, in order to take systems into ac-
count that have so far been excluded, if 
this appears appropriate on the basis of the 
state of the art. 

In September 2008 a meeting of European Com-
mission with Member States  representatives made 
a number of recommendations and requests includ-
ing the re-activation of the Working Group “Hu-
man-Machine-Interaction” (WG HMI) under the 
eSafety Forum Initiative. The WG HMI will take 
into account questions raised in the meeting with 
MS in September 2008 and check whether clarifi-
cations in the ESoP and extensions of scope, can be 
achieved.  

 

Real Time Traffic Information (RTTI)  

Against the background of the European objective 
of halving the number of road fatalities by 2010, 
the application of ITS technologies is becoming 
increasingly important. As a result of the measures 
identifies by the eSafety initiative as having priority 
and being feasible in the near future, traffic infor-
mation is to be singled out. Even though many 
European countries have already done preliminary 
work here – in some cases quite substantial – and 
information systems are already in operation, albeit 
in different shapes and sizes, it is important to iden-
tify ways and recommendations for action for fu-
ture improvement. 

The Conference on eSafety (see INTRODUC-
TION, Results of the German Presidency of the EU 
Council), which was held within the framework of 
the German Council Presidency on 5/6 June 2007, 
addressed the issue of real time traffic information 
(RTTI) services and analysed it from the angles of 
availability of services,, user requirements, techno-
logical development, universal coverage and acces-
sibility. The following conclusions were reached: 

• Traffic information is highly relevant to 
road safety. Both the users and the players 
involved in the information chain were 
calling for further improvements in terms 
of quality and coverage in order to meet 
the objectives of improving road safety 
and to assist the driver in performing his 
driving task. Realistic and feasible quality 
standards should be developed jointly, 
with the involvement of all stakeholders. 
Provisions of sources, whatever public, 
private or public / private should be made 
available in all member states. 

• Traffic information services should cover 
not only the primary networks (e.g. mo-
torways) but also sizeable sections of the 
secondary networks. To this end, “strate-
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gic networks” are to be defined. Here, it is 
quite conceivable that different quality 
levels could be applied to the individual 
network sections. 

• The increasing number of traffic messages 
makes it necessary to transmit traffic in-
formation digitally so that it can be auto-
matically processed in an appropriate 
manner, both during the generation and 
management of the messages and by the 
users’ receivers. For this purpose, the 
“Radio Data System - Traffic Message 
Channel (RDS-TMC)” has been devel-
oped, which is already in operation in nu-
merous European countries, albeit with 
varying degrees of intensity. If the secon-
dary networks are to be included, it might 
be necessary to change over from ana-
logue radio channels to digital broadcast 
channels (e.g. DAB, DRM). To ensure 
universal coverage in conurbations, provi-
sion will have to be made for appropriate 
transmission capacity. Joint implementa-
tion strategies should be developed on a 
Europe-wide basis to facilitate access to 
this information, which is not based on a 
specific language. The aim is to create 
reasonably consistent information services 
within the European Union. 

• In Europe, there are both freely accessible 
“public” traffic information services and 
commercial information services, which 
users can access by paying a fee. From a 
transport policy perspective, access to 
safety-related traffic information should 
be possible world-wide without users hav-
ing to pay additional costs. Some countries 
have already categorised safety-related in-
formation by way of example. The mini-
mum scope of safety-related traffic infor-
mation should also be defined on a 
Europe-wide basis. This will not rule out 
the possibility of individual countries go-
ing beyond this scope when providing 
freely accessible information. 

• Commercial information services have 
their place alongside freely available traf-
fic information services. The services they 
offer may go significantly beyond those 
offered by public information services and 
cater to the individual needs of customers. 

• Member States should, in accordance with 
the principle of subsidiarity, also make the 
necessary rules and arrangements for the 
free provision of safety-related traffic in-
formation within the framework of Public-
Private Partnerships (PPPs). 

• The newly developed systems using 
Car2Car communication and 

Car2Infrastructure communication were 
believed to offer great scope for improv-
ing road safety. Accidents are to be pre-
vented by interlinking information from 
vehicles in the vicinity, and possibly also 
with roadside infrastructure, and by pro-
viding timely information on risks. For 
this information, which is highly relevant 
to safety, it is necessary to provide reliable 
and globally acceptable frequency bands 
that are not subject to interference from 
other services. Member States and the 
European Union should call for and sup-
port the efforts for the allocation of reli-
able Car2Car and Car2Infrastructure fre-
quencies. 

• To ensure that traffic information provides 
greater coverage, it is necessary to open 
up new information channels. The inclu-
sion of vehicle-generated data (floating car 
data, floating phone data, etc.), data pro-
vided by congestion reporters, emergency 
call systems, etc. makes it necessary to 
form public private partnerships, within 
which it must ensured that this improved 
data basis can be used by both public and 
commercial service providers for collec-
tive traffic management and individual 
services respectively. Services have to be 
created and implemented on a long term 
basis benefiting from existing and coming 
telecommunication facilities. 

 

Legal issues of Advanced Driver Assistance 
Systems (ADAS) 

Advanced Driver Assistance Systems (ADAS) are 
growing more and more important for today’s road 
traffic and they comprise a great potential for im-
proving road safety. The investment already made 
within ADAS-development and the need to ensure 
effective cross-border transport and uniform condi-
tions for market access throughout the member 
states of the European Union, has lead the eSafety 
Conference (held in Berlin on 5th/6th June 2007)  in 
essence to the following common conclusions valid 
for the EU on the whole: 

• The introduction of ADAS that intervene 
into driving manoeuvres or influence ve-
hicle operation via driver behaviour raise 
legal issues with regard to the responsibil-
ity of the stakeholders (manufacturers, 
road users, infrastructure managers). Na-
tional traffic law systems in Europe take 
their starting point based mostly on the 
principles of the Vienna Convention on 
Road Traffic (especially Articles 8 and 13) 
and see – starting from the technology 
available in the past – the entire responsi-
bility with the driver. This responsibility 
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for driving is thereby accompanied by li-
ability of the vehicle keeper. Legal clarity 
regarding regulatory framework has there-
fore been considered a main requirement 
for successful ADAS-commercialisation.  

• The legal systems of the EU-Member 
States cover those ADAS that do not put 
the full control of the driver over his vehi-
cle into question. Such systems tend to op-
timise functions initiated by the driver 
(e.g. ABS) just as well as systems that 
only provide information or recommenda-
tions (e.g. speed alert) or ADAS that can 
be overridden or adjusted (e.g. adaptive 
cruise control). 

• The legal systems also cover non-
overrideable ADAS without any difficulty 
that perform within customary vehicle 
limits (e.g. HGV speed limiters) or inter-
vene in situations which cannot be han-
dled in a timely manner by the driver and 
at the same time guarantee that the inter-
vention remains in accordance with the 
will of the driver (e.g. ESP, automatic 
emergency braking).  

• It has therefore been recommended to en-
sure that within ADAS development full 
driver’s control over his vehicle will not 
be impaired. This will generally avoid 
specific liability risks. Here the principles 
and mechanisms developed within the 
RESPONSE 3 project can be taken as a 
basis in order to ensure compliance with 
this requirement. This can help to mini-
mise technological development risks and 
thereby reduce the liability risk. The ob-
servation of functional performance of in-
tervening ADAS in the field – for instance 
within regular vehicle inspections or prod-
uct observation – can further contribute to 
the minimisation of liability risks. The 
clarification of the understanding of vehi-
cle “controllability” from the Vienna Con-
vention on Road Traffic can lead to further 
legal certainty and will help to ensure 
comprehensive cross-border road traffic. 

• The eSafety Conference is opposed to 
ADAS that intervene into driving against 
the will of a driver still able to perform the 
driving task. Such ADAS would have le-
gal implications that cannot be predicted 
at present. Should such ADAS yet be con-
sidered, the regulatory framework will 
have to be fashioned in a way that legal 
certainty is guaranteed. This will also ap-
ply to systems that trigger specific driving 
functions beyond mere driver information 
on the basis of telematics (by means of 
communication with the vehicle). 

eSecurity 

In the world of transport and traffic, electronic 
systems are of greater importance than in earlier 
times. The systems lead to an upgrade in comfort, 
environmental protection and – above all – road 
safety. On the one hand electronics and software in 
vehicles increase the safety of the road users but on 
the other hand new chances for misuse, manipula-
tion and attacks are born. Consequently it is neces-
sary to protect electronic systems against new risks 
and design them in a legally permissible way. This 
mechanism is called “eSecurity” – taken from the 
terms “electronic” and “secure”. The issue of eSe-
curity is thereby twofold: Risks for eSecurity exist 
to certain extent in today’s cars which becomes 
evident in prospect of possibilities for manipulation 
and misuse (e.g. activation of TV-, DVD- or Inter-
net-functionalities for speeds beyond walking 
speed, unauthorised power enhancement, unauthor-
ised mileage adjustment, etc.). However substantial 
risks potentially arise within the future field of 
Cooperative Systems, such as Car-to-Car and Car-
to-Infrastructure communication technologies. The 
risks in this field can only roughly be estimated due 
to so far foreseeable system-design. This estimation 
will then necessarily lead to the conclusion that 
such future systems will require a so far unprece-
dented security concept. In future this will be the 
main field of work on this important issue. 

At the eSafety conference in Berlin held on the 
5th/6th June 2007 (see INTRODUCTION, Results 
of the German Presidency of the EU Council) the 
participants agreed that eSecurity is an important 
issue which must be taken care of. In particular in 
the development phase, security mechanisms must 
be installed before new electronic systems are 
launched. This issue was also identified in the 
eSafety Initiative and therefore a corresponding 
eSecurity Working Group has been installed. The 
working group will present the first results in the 
course of 2009. 
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ABSTRACT 
 
This paper provides an overview of the main results achieved by Italy in the field of road safety during 
the last two years. It focuses on the follow-up of the “National Plan on Road Safety”, adopted eight 
years ago and subsequent introduction of new provisions in the “Highway Code”. 
 
After a general descriptions of main road safety results,  this paper describes the principal measures 
adopted during the last period, focusing on regulatory policies and  enforcement. 
 
Weak factors and  the main unresolved problems are described: regional and local gaps, safety of urban 
areas,   high risk road network, urban crossing  roads,  two-wheeler safety, vulnerable users. 
 
A brief descriptions of the research activities in the field of vehicle safety is given as well as a 
summary of the main recommended actions to be taken to improve road safety.  
 
 
GENERAL 
 
Road Safety in Italy 
 
In the year 2007 Italy  recorded a 9.5 % reduction  of fatalities which is  the best score in the European 
Union (EU15).  
 
According to a recent report presented to the Parliament by the Ministry of Infrastructure and 
Transport,  Italy is progressively bridging the gap with the other Member States which originated in the 
period 1990 -  2002  by passing from the 13th to the 11th position in the EU15 chart. 
 

FATALITY RATE  IN THE EUROPEAN UNION 
(DEATHS/100,000 INHABITANTS) - YEAR 2007 
 

  



In spite of the progress made, Italy remains the European country with the highest number of fatalities 
(5,131); Therefore, further and continuos improvements are necessary to become again one of the best 
five countries in Europe. 
 
The present report describes the principle measures adopted at national level to improve road safety in 
Italy, makes an analysis of the principle problems and suggest some actions to be taken. 
 
 
THE MAIN ADOPTED MEASURES 
 
The recent improvements in road safety are manly due to the following factors: 
 
 
Regulatory policies  
 
The national highway code has been amended several times. In particular two major changes relating to 
 
- the introduction of a penalty point system based driving license (law 150/2003) and  
 
- revision of penalties  (Law 160/07), 
 
need to be mentioned. 
 
During the first two semesters of application  of laws.151/03 and 160/07  a reduction of  1846  deaths  
has been recorded. This represents  about the 86 % of the reduction of fatalities recorded  between  
1st January 2003 and 30 June 2008.  
 
In the six preceding years (1997-2002)  no reduction had been recorded. 
 
 
 
THE EFFECT OF NATIONAL REGULATORY POLICIES  
ON THE FATALITY RATE 

 
 

 
 
        _____ 1st semester     _______ 2nd semester 



 
Better Enforcement 
 
Compared to the year 2006, the number of controls carried out on the roads has increased . 
 
In particular, starting from 2006, the number of checks on drink and  driving, compared to the number 
of driving licence has increased by six times (from 20,000 to 120,000 controls per month). 
 
As for other European countries, automatic controls, made by cameras and  radars have been increased 
and the results are quite encouraging.  
 
 
CONTROLS/MONTH 

 
 
 
 
The increasing number of controls has allowed to reach the target to make drivers aware of the 
certitude to be punished in case of high risk behaviour(e.g.  drink and driving, speeding, aggressive 
driving, no use of safety belts and helmets). 
 
   DRINK DRIVING CONTROLS /YEAR 
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On some of the motorways network, the introduction of the “Tutor” system that records the average 
speed of every vehicles passing through a specific road section, has delivered a  19% accident 
reduction as well as 51% fatalities reduction. 
 
At present the Tutor system is installed on about 20 % of the highway network. 
 
 

 
 
 
The adoption and implementation of Road Safety National Plan; 
  
The plan, adopted in the year 2002 has been progressively implemented and financed  at national and 
local level.. 
 
              ROAD SAFETY PLAN FUNDING (MILLION €) 
 

 
     O Total   O State  
     O Regions   O Highways 
     O Partnerships 
 



 
 
Better road safety risk awareness. 
 
The adoption at national and local level of information campaigns  has increased driver’s awareness 
with regard to drink driving, speeding, use of helmets and safety belts. 
 
 
WEAK  FACTORS  
  
Road Infrastructure Inadequacy 
 
The road network  in not adequate to the present traffic flows and characteristics. 
 
During the last 30 years we have passed from an average of 50 vehicles/km to 110 vehicles/km. 
 
Italy has the highest vehicle/inhabitants ratio in the EU (846/1000).  
 
Although the number of motor vehicles has increased from 22,1 millions to 51,9 millions the road 
network has not changed substantially. 
 
Moreover, the quality and the maintenance degree of the existing network (with exception of 
motorways) needs to be improved  as well as the road signs which are not always well maintained and 
well positioned along the roads. 
 
Traffic regulations 
 
Sign management plans are not adopted in a coordinated way , in urban area as well in rural areas. 
They should be adopted taking in due consideration road safety analysis (e.g traffic flows, black spots)  
rather than public opinion requests.  
 
Education 
 
Better education is needed starting at school level  and  including  certain categories of citizens and 
those people responsible for road safety. 
 
 
MAIN UNSOLVED PROBLEMS 
 
As already said, in spite of  the improvements made between 2003 and  to 2007, Italy presents some 
safety problems which still need a solution. 
 
Regional and local gaps 
 
Road safety risk index varies among Italian cities so that one citizen may have seven  times more 
probability to be involved in an accident according to the region he/she is living in. 
 
 
 



 
 
 
              FATALITY RATE 

 
 
The fatality rate varies from  3 to 21 dead per 100,000 inhabitants.  
 
Between 2002 and 2003,  12 provinces recorded an increase of fatalities between + 10% and + 50% 
while 10 provinces recorded abatements between -30% and -50%. In other terms, one part of Italy has 
difficulties on maintaining the step of Europe while the other  can achieve both, the European and 
national goals before the year 2010.  
 
 
Urban areas 
 
Urban areas represent a major problem since the 44 per cent of fatalities recorded in 2006 happened 
there. In summary: 
  
2,269 fatalities (44% of total)   while the EU average is 34 % 
238,718 injured, (73% of total) 
20,733 million Euros of social cost (67% of total). 
 
 DEATHS IN URBAN AREAS 
 

 



 
 
 FATALITY RATE IN URBAN AREAS 
 (deaths/100,000 inhabitants) 
 

 
 
 
High risk road network 
 
Following a study made by the Italian Ministry of Infrastructure and Transport, a network of about 
6.000 km roads presenting the highest level of road accidents has been identified; Economic resources 
will be invested on these selected roads, on the basis of road safety priorities. 
 
Urban crossing  roads 
 
A high victims concentration is due to accidents happening on roads  crossing urban areas. This is 
particularly evident on roads crossing villages  where road traffic conditions change completely passing 
from rural to agglomerate areas. 
712 fatalities have been recorded in 2006, namely 12,6% of total amount, 32,700 injured (9,8%) with a 
social cost  of 3.399 million  Euros (10,5%). 



 
 

  urban roads     urban area crossing roads     national roads 
 
  highways       provincial roads   other  roads 

 
 
 
Two wheeler mobility 
 
Italy has the highest number of victims  in the EU15. In fact, road accident involving two wheeler users  
caused in the year 2007  1.540 fatalities (about 30,0% of total) and 90,551 injured (27,8%) with a  
social cost of 8,812 million Euros (28,3%). 
 
About  60% of fatalities and 80 % of injured people are recorded in urban areas; Therefore, a clear link 
between urban area road safety and two wheeler road safety exists. 
 
 
  Number of  fatalities – motorcycles and mopeds 
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ROAD ACCIDENTS SHARE ACCORDING TO THE TYPE OF ROADS 
                          FATALITIES     INJURED 
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  Percentage of fatalities – motorcycles and mopeds 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
The typical victim of a two wheeler accident is represented by an adult citizen using the vehicle to 
commute to and from the working  place, running on an urban road at low speed. 
 
Pedestrians, cyclists and elderly people 
 
Italy has recorded the highest number of fatalities among pedestrians. 
As for two wheelers, these accidents mainly happen in urban areas determining a clear safety link 
between urban areas and road vulnerable users  
 
The constant increasing of number of elderly people has made the safety of this category of strategic 
importance. 
 
In the year 2007 road accidents involving elderly people have led to: 
1,105 fatalities  (21,5% of total) which is the highest rate in the EU 
27,000 injured (8,4%)  with a social cost of 3.553 million Euros (11,4%). 
 
 
 
 
VICTIMS AMONG PEDESTRIANS AND CYCLISTS 
    Fatalities            Injured 
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FATALITIES OF  ELDERLY PEOPLE   
 

 
 
 
Use of safety belts.and helmets 
 
Italy has the lowest rate in EU regarding the use of safety belts ( 71.6 %) 
According to the European Transport Safety Council (ETSC)  the use of seat belts by all drivers and 
passengers would save about 800 lives every year. 
 
 
 
 USE OF SAFETY BELTS (% RATE) 
 

 
Regarding the use of helmets the gap among regions is quite evident. In the northern and central 
regions the percentage of use of helmets is quite close to 100 per cent while in the southern regions 



the available data show lower percentages  which can reach 50 per cent at local level.  
 
 
VEHICLE SAFETY RESEARCH  
 
Research in the field of  vehicle safety is mainly carried out in the framework of the activities of the  
European Enhanced Vehicle-safety Committee – EEVC of which Italy is member. 
 
Researches conducted by EEVC are taken into account by the European Commission  when preparing 
new legislation on road vehicle safety and by the UNECE  which adopts technical regulations under the 
framework of the 1958 and 1998 Agreements. 
 
The EEVC technical work is made by nine working groups, six of them dealing with passive safety, 
two with active safety and one with accidentology. 
 
In the future, further progress in vehicle safety is expected more, in the area of active safety than 
passive safety.  
 
In the field of motorcycles it is worth mentioning the PISa project (Powered two wheelers Integrated 
Safety)  aiming at developing and implementing "reliable and fail-safe" integrated safety systems for a 
range of Powered Two Wheelers (PTWs), which  improve the performance and primary safety 
(handling and stability) and can also lead  to safety devices. 
 

This project is managed by a consortium  of 11 partners from 5 countries bringing together top-level 
academic (University of Florence) and industrial expertise in the areas of automotive and human 
factors research, accidentology, biomechanics research, sensor systems, suspension technology and 
design, engineering & manufacturing technology for PTWs. 

 
Within the project PTWs, will be fitted with integrated safety systems to demonstrate the potential of 
such systems to reduce the incidence and severity of up to 50% of PTW accidents. The cost savings in 
terms of reduction in accidents and injuries will be related to the costs of fitting the integrated safety 
systems to PTWs. 

 
 
ACTIONS TO BE TAKEN 
 
Italy has been experiencing the greatest and most relevant amelioration process in the field  of road 
safety during the last 30 years,  which will make it possible to re-align with the other EU countries. 
 
However, with exception of some regions, the European target of halving the road safety victims of 50 
per cent by 2010 will be hardly reached. 
 
A series of actions have been recommended by the transport administration and  are being considered 
at political level. 
 
First of all, in order to improve the effectiveness on road safety it is necessary  to reinforce the action 
and ensuring a better coordination at central, regional and local level 
 



In this respect a new Directorate General for Road Safety has been created within the Ministry of 
Infrastructure and Transport.  This new organisation is linked to the corresponding regional offices 
which should make it possible to deal with road safety in a more systematic way. 
 
Secondly, it s clear that the enforcement action is producing positive effects; therefore we expect to 
continue to increase the number of controls on the roads with a  better and dissuasive enforcement of  
traffic rules. 
 
Another priority will be the creation of a road safety culture, starting from school level with the aim of 
making the young population more aware of the need of careful and responsible drive. This priority 
should also concern administrations dealing with road safety in order to train better  the exiting human 
resources and prepare the new professionals to better deal with the subject.   
 
The Road Safety National Plan  has strongly recommended  the adoption of a monitoring network 
based on local administrations and coordinated at national level. The aim of  the monitoring would be  
to know better the state and the evolution of road safety, to know the road safety measure adopted 
during the years and the results which have been achieved,  to assess the effectiveness of the adopted 
measures. 
 
 
 

------------------------ 



GOVERNMENT STATUS REPORT, SWEDEN 

Anders Lie 
Claes Tingvall 
Swedish Road Administration 
Government Status Report from Sweden 
ESV 2009 
 

ROAD SAFETY ORGANISATION 

The Ministry of Enterprise, Energy and 
Communications is responsible for the road traffic 
safety in Sweden. The ministry is limited in size 
and the Swedish Road Administration (SRA) 
handles much of the practical and operational work. 
From 2009 the new Swedish Transport Agency 
(STA) has overall responsibility for regulations 
within air, sea, rail road and road traffic.  The Road 
Traffic Department formulates regulations, 
examines and grants permits, as well as exercising 
supervision within the field of road transport over 
e.g. road traffic, vehicles, driving licences and 
commercial transport. The agency also conduct 
analyses of road traffic and supply information 
about injuries and accidents within the road 
transport system.  STA is also holding vehicle and 
driver licence registers. 

The SRA has been commissioned by the Swedish 
Government with the overall sectoral responsibility 
for the road transport system. This involves issues 
relating to environmental impact, road safety, 
accessibility, transport quality, regional 
development and gender equality. Its responsibility 
also includes intelligent transport systems, public 
transport, adaptations for disabled persons, 
commercial traffic, applied research and 
development and demonstration activities in the 
road transport system. The main other bodies active 
in road traffic safety efforts are the Swedish 
Transport Agency, the police and the local 
authorities. Other important parties are the National 
Society for Road Safety (NTF), with its member 
organisations, and transport industry organisations. 
The Group for National Road Safety Co-operation 
(GNS) is a central body that co-ordinates co-
operation between the SRA, STA, the local 
authorities the authority for occupational health an 
safety and the police. The NTF is an additional 
member of this group, as well as the private sector.

FATALITIES 

The Swedish overall long-term safety objective 
within the road transport system was settled in 
1997, when the Swedish parliament voted for the 
“Vision Zero”. This vision states that ultimately no 
one should be killed or seriously injured by the road 
transport system. The design and function of the 
system should be adapted to the conditions required 
to meet this goal. 

Sweden has a long tradition in setting quantitative 
road traffic safety targets. In the mid 1990-ies a 10-
year target was set at a 50% reduction for 2007. 
This target was not met.  In 2007 471 were killed 
on the Swedish roads. Sweden as member of the 
European Union is part of the union’s target of a 
50% reduction of fatalities between 2001 and 2010. 
For Sweden that target means maximum 250 
fatalities year 2010.  

Table 1. 

Number of fatalities on Swedish roads 
Accident Year 
 Fatalities 
1997 541 
1998 531 
1999 580 
2000 591 
2001 583 
2002 532 
2003 529 
2004 480 
2005 440 
2006 445 
2007  471 
2008 <420 
With around 420 fatalities per year Sweden is still 
one of the safest countries when it comes to road 
traffic, with a level of 4,5 fatalities per 100.000 
inhabitants. This is around half of the European 
Union risk average (7,6 fatalities per 
100000inhabitants year 2006, EU15). 



THE PROCESS TOWARDS A NEW TARGET 

On demand from the Ministry of Enterprise, Energy 
and Communications, SRA have looked at how to 
manage a new road traffic safety target set for year 
2020. This work was reported in 2008 and the 
government has proposed to the parliament to 
support a target of 50% reduction of fatalities and 
25 % reduction of severe injuries to 2020.  

The Swedish Road Administration (SRA) was 
commissioned by the government (Ministry of 
Enterprise, Energy and Communications, in June 
2006) to propose new interim targets for road safety 
developments as well as to draw up basic data for 
continuing road safety work in accordance with 
Vision Zero. The previous interim target for 2007 
was set without consultation with or commitments 
from parties.  

The principal proposal is a system of management 
of objectives in road safety work that is based on 
cooperation when drawing up interim targets, more 
measure-related interim targets in the form of 
Safety Performance Indexes (SPI:s) , and annual 
result conferences where road safety developments 
and target achievements are evaluated. The aim is 
to create long-term and systematic road safety 
efforts.  

More measure-related Interim Targets  

One lesson learnt from evaluations was also that the 
interim target for the number of fatalities did not 
provide sufficient guidance to stakeholders for 
activity planning. More action-related interim 
targets are needed. This is understood to mean 
indicators that help stakeholders to identify 
measures that can contribute towards changes in 
condition states on the road transport system that 
are necessary to achieve targets for the number of 
fatalities and seriously injured. The following 
represents a summary of the most measure-related 
condition states (SPI:s) that we propose to prioritise 
in future road safety efforts:  

• Speed compliance, state roads 
• Speed compliance, municipal streets 
• Sober drivers 
• Fatigue drivers 
• Seat belt use 
• Bicycle helmet use 
• Safe passenger cars 
• Safe heavy vehicles 
• Safe state roads 
• Safe municipal streets 
• Rescue, care and rehabilitation 
• Valuation of road safety 

 

Annual Result Conferences  

Our proposal for a system for developing indicators 
in road safety work includes a focus on the annual 
result follow-ups.  The proposed interim targets and 
stakeholder performance indicators are formulated 
at a national level. Arranging regional result 
conferences for following up national interim 
targets requires that the result is reported at a 
piecemeal level with local/regional data.  

 



Choice of New Target Year 

The assessments we have carried out of possible 
target levels have been based on the EU road safety 
targets of a 50 per cent reduction in the number of 
fatalities within ten years. In order to synchronise 
with new anticipated target years within the EU, we 
propose 2020 as target year. We propose that the 
following targets and target levels are to be 
achieved by no later than 2020:  

• 80 per cent of vehicle kilometrage on state 
roads is to take place within current speed 
limits.  

• Speed limit compliance on municipal 
streets is to have increased by 86 per cent.  

• 99.90 per cent of vehicle kilometrage is to 
be driven by sober vehicle drivers (BAC 
below 0,02 per cent).  

• A maximum 5 per cent of drivers are to 
state that they have fallen asleep or nearly 
fallen asleep while driving during the 
previous 12 months.  

• 99 per cent of drivers and passengers in 
passenger cars are to use seat belts.  

• 70 per cent of cyclists are to wear helmets.  
• 100 per cent of new cars are to have the 

highest safety class according to Euro 
NCAP (including new technology where 
active and passive safety is integrated).  

• 100 per cent of new heavy vehicles are to 
have emergency braking systems. 

• 75 per cent of vehicle kilometrage on 
roads with speed limits above 80 km/h is 
to take place on traffic-flow separated 
roads. 

• Percentage of safe pedestrian, bicycle and 
moped passages on the primary network.  

• Percentage of safe junctions on the 
primary network.  

• Time from injury to adequate medical 
care.  

• Increase on the index for answers to 
attitude questions about road safety.  

 

The Swedish government is now considering how 
progress in setting the new target and how to get 
political involvement 

THE TYLÖSAND DECLARATION 

In 2007 in Tylösand a declaration covering the 
rights for road users were drafted and accepted. 
This was done at an international road safety 
summit arranged by road traffic safety stake holders 
in Sweden.  The Tylösand Declaration lays down 

principal rights of citizen’s road traffic safety. 
These rights serve to protect them from the loss of 
life and health caused by road traffic. They rest on 
the general assumption that no road user wishes to 
harm either himself or herself or any other fellow 
human being, whatever the circumstances under 
which they are using the roads. The declaration 
contains 5 articles: 

1. Everyone has the right to use roads and 
streets without threats to life or health. 

2. Everyone has the right to safe and 
sustainable mobility: safety and 
sustainability in road transport should 
complement each other. 

3. Everyone has the right to use the road 
transport system without unintentionally 
imposing any threats to life or health on 
others. 

4. Everyone has the right to information 
about safety problems and the level of 
safety of any component, product, action 
or service within the road transport system. 

5. Everyone has the right to expect 
systematic and continuous improvement in 
safety: any stakeholder within the road 
transport system has the obligation to 
undertake corrective actions following the 
detection of any safety hazard that can be 
reduced or removed. 

 

ISO-MANAGEMENT SYSTEM FOR ROAD 
TRAFFIC SAFETY 

In the spirit of the Tylösand Declaration, Sweden 
has been an initiator to get a new work within 
International Standards Organisation (ISO). The 
work is aiming at developing a Road-Traffic Safety 
Management System standard. (ISO/TC 241  - 
Project Committee: Road-Traffic Safety 
Management System). Sweden is through the 
Swedish Standards Institute (SIS) holding the 
secretariat.  



The aim is that the International Management 
Systems Standard will provide: 

• Principles of Road-Traffic Safety. The principles 
will include (but are not limited to) Safe Road 
Transport, System, Leadership, Process approach, 
Factual approach and Continual Improvement 
(PDCA) 

• Requirements for a road traffic safety 
management system where an organization 

a) wishes to seek understanding of its role in the 
road transport system and thereby enable effective 
efforts to be made in the area of road traffic safety, 
and; 

b) wishes to create conditions, in its role in the road 
transport system, for individuals to survive and 
avoid serious injuries in the road traffic, and; 

c) aims to enhance satisfaction among relevant 
stakeholders in the area of road traffic safety 
through the effective application of the system and 
the assurance of conformity to stakeholder and 
society and applicable regulatory requirements, 
and; 

d) wishes to demonstrate its ability to consistently 
perform processes where the output meets traffic 
safety requirements on road transports from users, 
other stakeholders, society and applicable 
regulatory requirements, 

and; 

e) wishes to reduce costs for transports in the road 
traffic system 

All requirements of the International Standard are 
generic and are intended to be applicable to all 
organizations regardless of type, size, products and 
services provided. 

The project has a timeframe up to 2011 to deliver 
and agree upon the proposed standard. 

 

THE ROLE OF SAFER VEHICLES 

In the years since Vision Zero was first introduced 
in 1995, Sweden has seen major changes both as 
regards views on road safety as well as in the 
working approach adopted. An important milestone 
was the parliamentary resolution adopted in 1997 

when Vision Zero became the foundation for road 
safety operations in Sweden. The goal is a transport 
system without health losses. This can only be 
achieved through a systems approach to the road 
transport system.  

The vehicles are of major importance when it 
comes to support the change of the road transport 
system. This is becoming more and more evident 
also within vehicle industry. Volvo Cars Vision 
2020, stating that no one should die or get a serious 
injury in or by a Volvo Car in 2020, is the most 
clear vision in this field.  SRA and Volvo Cars have 
together initiated a work to better understand  the 
demands on the interface between the Zero Vision 
vehicle and the Zero Vision road system. 

Even if the hope is high to produce cars that will 
not get involved in crashes, the crash protection has 
a very important role to play for many years to 
come. 

ESC PENETRATION IN SWEDEN 

Electronic Stability Control (ESC) has been proven 
to be very effective in reducing crashes related to 
loss of control (Erke, 2008, Ferguson, 2007).  

The first studies of the effectiveness of ESC were 
published in the ESV conference 2003. Several 
studies followed in 2004 and 2005 establishing a 
scientific ground for declaring that ESC was 
effective.  

The first mass market car with ESC was introduced 
late 1998. ESC was from then on gradually 
implemented on executive mid size and large cars 
and reached a 15 % new car sales penetration in 
mid 2003. Sweden has been world leading in 
getting a high degree of ESC penetration in new car 
sales. In December 2008, 98% of all new passenger 
cars were equipped with ESC. A special paper on 
this process is presented in the ESV-conference. 

EURO NCAP PENETRATION  /  SEAT BELT 
REMINDERS (SBR) 

Sweden has been part of Euro NCAP since the start 
of the organisation. Over the years since Euro 
NCAP started, the average scores have improved 
both for occupant protection as well as for 
pedestrian protection. In Sweden 2008 the average 
star rating for occupant protection in new cars sales 
was 4,75 stars. Almost 85% of the new car sales 
had a seat belt reminder according to Euro NCAP 



specification for the driver. 75% had a reminder for 
the passenger and 30% a system to monitor seat 
belt use in the rear seat. 

THE CONTRIBUTION OF NEW VEHICLES 

With a rapid development of vehicles safety there 
has been of interest to calculate the yearly benefit of 
the exchange of the vehicle fleet. With about 270 
fatalities in cars every year, the exchange of slightly 
under  7% of the vehicle fleet results in around 10 
“saved” lives per year. Out of these about two 
thirds comes from the better crash protection and 
one third from the ESC systems. 

REFERENCES 

More information is available at the Swedish Road 
Administration home page 

http://www.vv.se 

http://www.transportstyrelsen.se  

http://www.vv.se/filer/47330/The%20Tylösand%20
Declaration.pdf 
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ABSTRACT 

Last year The Netherlands have adopted a new 
Road Safety Strategy. Where we continue the 
successful current policy, we add a focus on 
specific groups of road users that are still at risk or 
risky in traffic. In this way we expect to decrease 
the number of annual road casualties to not more 
than 500 in 2020. 

INTRODUCTION 

Never change a winning concept. That certainly 
holds true for road safety policy in the Netherlands. 
The number of road casualties is dropping steadily 
and the way our country is dealing with this issue is 
being followed all over the world. Therefore, we 
will be continuing to use public awareness 
campaigns, enforcement, infrastructure adaptations 
and new vehicle technology to make the ambitions 
for 2020 from the Mobility Policy Document a 
reality: no more than 500 deaths and 12,250 
injuries in traffic, a drop of over 25% compared to 
2007. But, however successful we may be, we will 
not achieve such a significant decrease without any 
effort. 

Figuur 1.  Dutch road casualties in 2000-2007 
 
Accordingly, the Ministry worked with many 
partners over the last year to draw up the Road 
Safety Strategy 2008-2020. These partners included 
not only other government bodies and enforcement 
authorities, but also knowledge institutes and civil 
society organisations. Calling on all those parties is 
something that we view as an important task for the 
Ministry of Transport, Public Works and Water 
Management. We want to organise a process and 
initiate measures in order to work together to 
continue decreasing the number of road casualties,  
because road safety is everyone’s responsibility. 
 

The most important question here is how far the 
measures should go and at what cost. In road safety 
strategy, we have chosen in favour of the principles 
of proportionality, maintaining freedom of mobility 
and the existing financial frameworks. Within these 
frameworks, more drastic measures such as raising 
the motor scooter age or imposing a ban on night-
time driving are neither appropriate nor necessary. 

TRENDS 

Positive trends 

Analysis of the accident figures revealed many 
positive facts and developments. A few of the 
relevant developments in the Netherlands include 
the following:  

• The decrease in the number of accidents 
occurs in nearly all age groups and nearly 
all vehicles; 

• The chance of a fatal accident per one 
thousand million vehicle kilometres was 
nearly halved between 1997 and 2006 
(from 11 to 6.1); 

• The risk of accidents among the elderly 
also dropped between 1994 and 2004; 

• The number of fatalities among 
pedestrians dropped in the years leading 
up to 2004, especially among children; 

• Despite an increase in traffic intensity, the 
number of road fatalities dropped on 50 
km and 80 km roads in particular 
(primarily due to measures introduced in 
infrastructure); 

• Road users are better equipped for their 
driving responsibilities, primarily through 
improved driving skills in combination 
with good enforcement; 

• The number of motorcyclists who died in 
traffic accidents has dropped sharply. 

Negative developments 

These successes require some qualification though. 
In some areas, accident figures appear to be 
stabilising or even increasing, or the risk of 
accidents remains relatively high. Facts and 
developments giving reason for concern include the 
following: 

• The number of fatal accidents among the 
vulnerable groups of cyclists and the 
elderly increased in 2006, particularly 
among older cyclists; 
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• Single-person accidents involving cyclists 
are increasing; 

• Motor scooters and mopeds are seven 
times more likely to have an accident than 
bicycles; they represent a small percentage 
of total transport figures, but contribute to 
a considerable percentage of the number 
of fatalities and injuries requiring 
hospitalisation; 

• Compared to experienced drivers, drivers 
aged 18 to 24 are nearly three times as 
likely to have a fatal accident; 

• Motorcyclists remain a high-risk group: 
they are 24 times more likely to have a 
fatal accident than automobile drivers; 

• Alcohol, drugs and medication continue to 
be an important factor in fatal accidents; 

• Speeding and unsafe traffic situations go 
hand in hand; 

• Roads that have a speed limit of 50 or 80 
km continue to be the most important 
accident-prone roads; 

• The number of road fatalities due to an 
accident with a lorry or delivery van is 
decreasing less quickly than the total 
number of road fatalities. As a result, their 
relative involvement is increasing. 

FUTURE RESEARCH IN FINDING 
SOLUTIONS TO THE SAFETY PROBLEMS 
IDENTIFIED 

Innovative research ideas and emphasis 

Road safety policy for 2008-2020 is based on the 
three cornerstones that made this policy successful 
over the past years: cooperation, an integral 
approach and ‘Sustainable Safety’. We will be 
pursuing cooperation in the road safety sector and 
beyond. For example, we will be joining forces 
with the school systems for educational activities 
and with the police, the Ministry of Justice and the 
public prosecutor’s office for enforcement, 
including cooperation within the local ‘triangle’ of 
municipal, judicial and police authorities. But 
numerous civil society organisations and market 
parties also play a role in policy implementation.  
The integral approach emerges when road safety 
policy helps to realise other Cabinet targets (and 
vice versa) in such areas as the environment, town 
and country planning and neighbourhood renewal. 
These links to other fields of policy require that the 
stakeholders think outside the box more often.  
 
Two approaches can be identified in the policies 
for the coming years, based on the three 
cornerstones.  
The first approach uses generic measures to 
continue building on the success of the past years, 
in which good results have already been achieved. 

‘Never change a winning team’, as they say in 
sports; similarly, we need to maintain our 
successful policies in road safety. 
The second approach focuses on specific areas 
that require targeted attention. These focal areas 
were identified by analysing accident data and 
researching trends that may influence road safety in 
the coming years. The analyses clearly show a 
number of groups vulnerable to accidents, but also 
a number of groups that cause accidents. To reduce 
the risk of an accident for these groups, the 
Ministry of Transport, Public Works and Water 
Management will be introducing targeted measures 
over the coming years, to supplement the generic 
measures already in effect. 
 
Policy in the coming years will be based on these 
three cornerstones and follow these two 
approaches. The ambition is for everyone, 
regardless of origin, age or mode of transport, to 
take part in traffic with the least possible risk of 
having an accident – so that (nearly) everyone can 
make it home safely.  

Areas of emphasis 

Analysing accident data and researching trends has 
yielded several specific areas of emphasis. This 
concerns groups of road users who deserve extra 
attention, both victims and perpetrators. These road 
users run a relatively greater risk of having an 
accident, or did not reflect the general decrease in 
accident statistics as much or at all. Some 
categories of roads and vehicles also need extra 
attention. 
 
Some groups of road users stand out because they 
fall victim to accidents relatively often; this 
includes such vulnerable road users as cyclists, 
pedestrians and the elderly. Other groups catch our 
attention because they cause unsafe traffic 
situations relatively often, consciously or 
subconsciously. This would be the case for e.g. 
speed violators and people driving under the 
influence of alcohol, drugs or medication. In the 
category of ‘deliberate and accidental causal 
agents’, new drivers – generally young people – 
continue to require our attention. In cases of 
deliberate repeat violations, we will be applying the 
‘causer pays’ principle more frequently. 
We have also designated several types of roads and 
vehicles as areas of emphasis. Despite every effort, 
the most accidents involving casualties continue to 
occur on roads that have 50 and 80 km speed 
limits. In terms of vehicles, lorries and delivery 
vans deserve attention, due primarily to their mass 
and size, which make any potential ‘collision 
partner’ particularly vulnerable.  
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We have identified the following areas of 
emphasis: 

• Pedestrians; 
• Cyclists; 
• Single-person accidents; 
• Children; 
• The elderly; 
• New drivers; 
• Drivers of motor scooters, mopeds and 

microcars; 
• Motorcyclists;  
• People driving under the influence of 

alcohol, drugs, medication or fatigue; 
• Drivers who violate the speed limit; 
• 50 and 80 km roads;  
• Lorries and delivery vans. 

New approaches being tried 

A great deal of new technology is being developed, 
more and more of which is hitting the market. 
Mobility technology is also increasingly advanced. 
These trends are relevant to the Ministry of 
Transport, Public Works and Water Management in 
view of the policy targets for accessibility, road 
safety and the environment. After all, new systems 
can contribute to more efficient, cleaner, safer 
roads.  
Innovative solutions help us to realise road safety 
policy ambitions for the coming years. This makes 
innovative solutions an integral part of the range of 
measures. After 2010, innovative vehicle 
technology will play an increasingly major role, 
primarily because mobility is continuing to 
increase, while almost all the possibilities of 
conventional behavioural influence tactics have 
been exhausted.  
In principle, any technology that contributes to road 
safety is welcome. Besides possible side effects and 
public support, we naturally also have to take the 
cost-benefit ratio into account. In context, we have 
to consider the fact that technical solutions 
sometimes have unwelcome side effects, like 
distracting the driver, or invite inappropriate 
behaviour. Some techniques also have the potential 
to be abused. 
 
In our policy, we have allowed man to be the 
measure of all things; we primarily make room for 
technology that people understand, and that they 
are willing and able to use. And there is technology 
that we can use to compel ‘causers’ to drive 
appropriately. 

Potential for collaborative research 
internationally 

The international importance of road safety is 
apparent from the ongoing globalisation of the 

topic. The Global Road Safety Week organised 
jointly by the UN and the WTO in April 2007 
illustrated this trend. Worldwide interest arose from 
the concern about the costs society pays for unsafe 
traffic conditions and human suffering as a result of 
accidents. Moreover, the expectation is that the 
number of road casualties will continue to grow 
worldwide, particularly in developing countries. 
Road safety in developing countries is the number-
one cause of death among young people aged 15 to 
21.  
As ‘world champion of road safety’, the 
Netherlands should act as a role model; working in 
concert with other countries that do well in this 
area, we can and should help the countries that are 
not doing as well.  
  
 
In the Netherlands, foreign road users represent 
over 10% of the traffic violations. Since the 
opening of the inner borders in the EU and the 
increase in road traffic throughout Europe, the 
number of foreign road users in the Netherlands has 
been increasing.  
Driving licence requirements have been equalised 
in the European Union by now, but not all countries 
train and test their drivers as thoroughly as the 
Netherlands. In particular, some drivers are 
relatively unfamiliar with the prominent role that 
cyclists play in Dutch traffic, which can have 
unfortunate consequences. We will be focusing 
extra attention on this aspect with public 
information and campaigns. Conversely, we can 
pay more attention to Dutch drivers abroad. By 
providing accurate information, we can help to 
prevent accidents in foreign countries. 

RESEARCH ON ADVANCED 
TECHNOLOGIES 

The Netherlands are currently carrying out a 
number of research projects on advanced 
technologies in vehicle safety systems: 

The Field Operational Test on anti-accident 
systems. 

The FOT will involve approximately 3,000 
vehicles owned by more than 60 haulers. Five 
different accident prevention systems and a 
registration system will be tested. Vehicle 
movements of lorries involved in the FOT will be 
recorded and processed for at least four months and 
the Ministry of Transport expects the results in July 
2009. This is the most comprehensive FOT ever 
conducted with accident prevention systems. 
 

• The objectives of the FOT can be divided 
into three aspects: 
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• To reduce the number of accidents 
involving lorries and analyse the traffic 
safety effects. 

• To assess the impact of large-scale 
implementation of accident prevention 
systems on traffic circulation. 

• To gain insight into the effectiveness of 
the various systems with regards to lorry 
traffic safety. 

 
The FOT will address the three most common types 
of accidents: rear-end collisions (ACC, HWM, 
FCW), side collisions (LDWA) and singlevehicle 
accidents (DC, ROC). A separate registration 
system will also be tested. 
The results will be widely communicated, amongst 
others to the European Commission, with which 
contact already exists on this topic. More 
information can be found on the internet: 
http://www.fileproof.nl/index.php?cat=3&id=52 

Alcohol-lock demonstration trial 

The Netherlands wants to reduce the number of 
road accidents due to alcohol use. To this end we 
want to build the alcohollock into cars of people 
sentenced for driving with more than 1.3 promille. 
In 2008 a trial with 80 cars was held in the 
Netherlands to test the alcohol-lock. It showed that 
the lock could be installed in all cars, was safe to 
use and difficult to fool. Further information can be 
found on the internet: 
http://www.verkeerenwaterstaat.nl/onderwerpen/rij
bewijs/alcoholendrugsinhetverkeer/alcoholslot/ 

Trial speed-monitoring in vans. 

The last year 100 vans where equipped with a new 
speed-monitoring device to get practical 
experience, knowledge about the cost-benefits for 
fleet owners and the effect of these devices on road 
safety. The speed-monitoring device warns the 
driver in case of speed violation on every road type. 
That makes it an driving assistant for well willing 
drivers. The aim was actually to prevent not-well 
willing drivers from speeding. Therefore the 
system sends the information to the fleet owner. 
The conclusions are not yet available. One of the 
most important conclusions will be that such a 
system has to be 100% effort free. Drivers don’t 
switch on such a system voluntarily. It has to be a 
black-box version that automatically turns on by 
starting the engine. Otherwise the system has to be 
a part of work related processes.  

Other fields of research planned for the near 
future. 

• Research on accident causes, including 
single-person cycle accidents; 

• Ex-post effects of measures; 
• Options for supporting measures in the 

area of ITS for the elderly; (follow-up 
study) 

• Analysing types of accidents on 50 and 80 
km roads; 

• Developing vehicle innovation monitor for 
Dutch vehicle fleet; 

• Improving passive safety, collision 
compatibility and testing methods (Euro 
NCAP, EU legislation); 

• Using trip recorder and accident data 
recorder; 

• Drug testers; 
• Measures to limit aggression in traffic 

(road rage); 
• Limiting single-vehicle accidents; 
• Better protection of bicyclists; 
• Exploration of the possibilities for 

infrastructure-vehicle and vehicle-vehicle 
communication technology 

 

PUTTING SAFETY TECHNOLOGIES TO 
WORK 

A great deal of new technology is currently being 
developed, more and more of which is hitting the 
market. Mobility technology is also increasingly 
advanced. This trend is relevant to the Ministry of 
Transport, Public Works and Water Management in 
view of the policy targets for accessibility, road 
safety and the environment. After all, new systems 
can make the traffic system more efficient, cleaner 
and safer.  
 
We see a clear trend towards a car filled with 
sensors. They make driving easier, warn the driver 
of risks and/or intervene on their own initiative if 
danger occurs. For example, Anti-lock Braking 
Systems (ABS) and Electronic Stability Control 
(ESC) keep the car under control under difficult 
conditions, such as sudden evasive manoeuvres or 
braking sharply on a slick surface. By now there 
are also applications that help drivers control the 
car on an ongoing basis. This includes keeping the 
right distance from the vehicle ahead (ACC), stay 
in the same lane (LDWA) and maintain a safe 
speed (ACC). Technology is also taking on a more 
important role along the roadside, such as peak-
hour lanes, ramp meters and traffic management. 
This development in technology will continue 
strongly in the coming years. 
 
In deciding whether or not to introduce new 
technology, due consideration should be given to 
potential side effects that might distract drivers 
from what they are doing, such as navigation 
systems or on-board diagnostics. Another 
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development is the arrival of entertainment devices 
in cars, such as DVD players. If this presents a 
danger to road safety, it will need to receive more 
attention.  
Public support is important. Experience shows that 
innovative products are generally used voluntarily 
at first, followed by gradually growing support. In 
the long term, an innovative application becomes 
standard usage out of habit, either on its own or in 
response to a statutory requirement. 

CONCLUSIONS 

The newly adopted Road Safety Strategy 2008-
2020 will help the Netherlands to achieve its goal 
to further reduce road casualties. Technology plays 
a paramount role in making traffic safer and more 
reliable. Different target groups were identified 
which either are at high risk or demonstrate a risky 
behaviour. A combination of behavioural and 
technical measures are envisioned to reduce their 
accident risk.  
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INTRODUCTION 
 
The EEVC, European Enhanced Vehicle-Safety 
Committee, exists since June 1974 and has been 
active in participating in the ESV-programme. We 
are pleased to present the EEVC Status report 
containing a summary of the most recent results of 
our work at the 21st ESV Conference. 
 
 
WG12 – Anthropomorphic dummies 
 
This working group is the longest active Working 
Group within EEVC. The scope of the Working 
Group includes adult as well as child crash 
dummies and corresponding biomechanical criteria 
concerning injuries. Important achievements of 
EEVC WG12 in the period following the 2007 ESV 
conference include: 

� Completion of an extensive evaluation of 
various candidate crash dummies for 
injury protection in rear-end impacts 
(whiplash dummies). From this evaluation 
it was concluded that the Hybrid III 
dummy is not suitable for evaluation of 
whiplash injuries mainly due to its lack of 
biofidelity. The two other dummies that 
were evaluated, i.e. the  BioRID IIg and 

the RID3D dummy, both offer sufficient 
biofidelity capabilities for the study of 
injury protection in rear end impact, with a 
slightly better biofidelity rating for the 
BioRID (see Figure 1). It was also 
concluded that no reliable injury criteria 
and corresponding injury risk functions 
exist yet to assess the injury risk in rear 
impacts. In 2009 the Working Group has 
started a new study to develop such injury 
risk functions using real world data. 

 

 
 

Figure 1: The BioRID segmented spine 
 
 

� A study concerning a new generation of 
child dummies (Q dummies) has been 
completed. It was concluded that this new 
generation of dummies offers a major step 
forward compared to the current P 
dummies used in the ECE 44 regulations. 
Currently the following 5 dummies are 
available in the Q family: a new born, a 9 
month, a 1.5 year, a 3 year and a 6 year old 
dummy (see Figure 2). The development 
of a 10 year old version of the Q dummies 
has recently started and WG 12 will 
monitor these developments. WG 12 has 
also developed a set of injury risk 
functions for these new dummies.  New 
activities of WG12 in this field concern 
the application of child dummies for the 
evaluation of side impacts. 

 

 
 
Figure 2: Q series child dummies 
 
Side Impact Protection 
 
The working group in charge of side impact 
protection has developed a roadmap for the coming 
years, which was approved by the EEVC Steering 
Committee. The main research topics for the side 
impact protection are the following: 
 
1) Evidence Review: Review the nature of 
European side impact accidents and consider the 
likely effects of advances in vehicle technology on 
the current accident and casualty profile. 
2) Barrier based test: On the basis of the 
Evidence Review, and taking account of the most 
recently available studies, assess the societal benefit 
of improving the current regulated barrier based test 
procedure (ECE Regulation No. 95).  Review the 
updated AE-MDB barrier and test procedure as 
proposed by the APROSYS project and other 



 

 

bodies that have evaluated the barrier and 
procedure. 
 
3) Non-struck side protection: On the basis of 
the Evidence Review make recommendations 
regarding necessary research with regard to ‘non 
struck side’ occupant protection and the societal 
benefit of introducing measures to mitigate such 
injury risk. 
 
4) Pole Test: On the basis of the Evidence 
Review examine the work that has been undertaken 
by IHRA members, APROSYS and any other 
groups into the pole test (perpendicular and 
oblique). 
 
5) Review the proposed EEVC interior 
surface test procedure, including any validation 
testing that has been completed and, if necessary, 
refine the procedure such that it is fit for regulatory 
application 
 
A subgroup including experts in accident studies 
(joint WG 13 and WG 21 subgroup) has been set up 
to determine the societal benefits of an enhanced 
side impact test procedure. 
 
The work on the definition of an AE-MDB is in 
progress; this work includes contributions of Japan 
in addition to EEVC countries.  
 
 
Compatibility 
 
The work done by EEVC has progressed over the 
last two years in conjunction with EC funded VC 
Compat project. EEVC acknowledges that 
compatibility is a complicated matter. 
 
The group has developed two candidate test 
procedures: 
1. A full width frontal impact against a 
deformable element (FWDB) and high resolution 
force measurement, combined with an offset 
deformable barrier test. 
2. A frontal offset impact against a 
progressive deformable barrier (PDB), combined 
with a full width test. 
The group has analysed the results of the VC 
compat project and prepared new terms of reference 
which will consider the new EC project “FIMCAR” 
 
 
Pedestrian Safety 
 
Since the last ESV, EEVC did not develop 
activities in the field of pedestrian safety waiting 
for phase 2 of the European regulation. However as 
APROSYS has just made proposals for new 
additional test methods and as the design of the 

JARI flex PLI leg is completed, EEVC is 
considering to analyse in the near future these two 
items.  
 
 
WG 18 – Child Safety  
The group dealing with the protection of children in 
cars, buses and coaches is composed of national 
government representatives, supported by technical 
advisers..  
This group was created in  2000 with clearly 
defined terms of reference:  

• Review accident statistics with respect to 
car child occupants and injuries in all type 
of car accidents. 

• Review research with respect to car child 
occupant safety. 

• Describe the state-of-the-art taking into 
account all existing regulations . 

• Identify lacks in knowledge, methods and 
tools  

After the publication of the results of the first part 
of the terms of reference, a report on the 
comparison of existing legislations and a critical 
analysis of ECE R44 / 04 is approved by the 
Steering Committee und public available. 
 
A study concerning a new generation of child 
dummies (Q dummies) together with working 
group 12, has been completed. 
The Steering Committee of EEVC is considering 
the continuation of this group with new terms of 
reference which are under discussion. 
 
Active/Passive Safety Interaction. 
 
This group has started a new activity in which the 
group will look at 5 to 8 functions of advanced 
systems aimed at improving safety, and report on 
evaluation of function assessment methods within 
two years. 
 
 
Rear Impact Protection and Whiplash Injuries 
 
Since ESV 2007, EEVC WG20 has worked closely 
with WG12 on the evaluation of crash test dummies 
for low-speed rear impact test procedures. WG20 
has evaluated static test methods for assessing head 
restraint geometry, including methods similar to 
that used by RCAR and methods based on 
measurements using a co-ordinate measuring 
machine. Currently, the WG is evaluating methods 
to assess the effective height of head restraints; i.e. 
the head of the structure of the head restraint that is 
able to provide adequate support for the centre of 
gravity of the head of the occupant in a rear impact. 
A cost-benefit study for head restraint height and 
backset requirements was also published, which 



 

 

found that the cost of long-term whiplash injuries 
was £3 billion pounds per year in the UK alone. 
 
Many seats that have come on to the market in the 
last few years incorporate an active or, most 
commonly, reactive head restraint. Both types of 
head restraint move forward (and sometimes 
upwards) in a rear impact to support the head and 
neck, but are typically quite far behind the head in 
normal use modes. The geometry of reactive head 
restraints in particular is difficult to assess with 
static test procedures, as the amount the head 
restraint moves is dependent on the interaction 
between the occupant and the seat back. WG20 
therefore developed a dynamic test of head restraint 
geometry – known as dynamic backset – that has 
been proposed by Japan and the EC as an update to 
UNECE Regulation 17. 
 
The dynamic backset test procedure uses the 
BioRID II dummy because it was considered that 
humanlike interaction between the dummy and the 
seat back, and humanlike neck kinematics in a low-
speed rear impact, were very important. 
 
WG20 continues to collaborate with WG12 on the 
validation of criteria for dynamic seat assessment 
test procedures. This work aims to correlate the risk 
of long-term whiplash injury claims with dummy 
measurements made with groups of seats and with 
individual seats. Most recently, EEVC WG20 has 
met with parties from around the world who are 
interested in developing a seat assessment test 
procedure using the BioRID II dummy as part of 
the proposed Global Technical Regulation 7 Phase 
2 work programme. 
 
 
 

 
 
Figure 3: Static backset measurement according 

to the draft WG20 test procedure. 
 
 
Accident studies 
 
1. The Working Group dealing with accident 
studies is aimed at supporting the research activities 
of other working groups by the provision of 
accident data and analysis.  It has developed links 

with other working groups and has supplied many 
sets of data analysis.  
2. Side impact analysis – a major analysis of 
side impacts is being conducted on behalf of WG 
13 using data from UK, Germany, Sweden, and 
France. Some of the results of this analysis will be 
reported during this conference. 
 
Virtual Testing 
 
 
The aim of this working group was to examine why 
and how the numerical simulation technology could 
be introduced in automotive safety regulations. 
A first one year mandate allowed to show that 
numerical simulation is widely used in industry for 
product development. However, limitations exist in 
the modelling of some physical phenomena 
involved in a crash (e.g. material rupture). Many 
questions still lack appropriate answers such as 
model validation, dependence of results on 
code/platform/user, organization and liability. 
This working group explored the area of current 
regulations which may benefit from the 
introduction of virtual testing and has proposed a 
plan for 3 years work dealing with four case 
studies, from the most simple (geometrical 
analysis) to the most complex (dynamic test). 
The objective of the next three year mandate is to 
initiate the process to address these questions, 
focusing on the most important aspects, relying on 
the outcome of recent completed projects, in 
particular APROSYS, and taking benefit from work 
performed by other groups such as ISO or within 
the next IMVITER EC funded project when the 
objectives of this work are in line with those of 
EEVC.  
 
Bus and Coach Safety 
 
An ad-hoc has been established to investigate the 
need of analysing bus safety issues at a European 
level. 
 
Future of EEVC 
 
EEVC, which has contributed to IHRA activities 
from the beginning; is considering that there is a 
need for international cooperation in the field of 
vehicle safety research. to comply with those 
thoughts. After having considered to set up the 
Vehicle Safety Research Forum as an answer to 
that question, considering that this will take some 
time, EEVC has decided to open the participations 
to some of its working groups to other ESV 
countries. 
The following working groups are concerned: 
WG 13 – Side impact protection 
WG 15 – Compatibility 
WG 18 – Child safety 



 

 

WG 20 – Rear impact 
WG 22 – Virtual testing. 
An invitation letter has been sent to the GFP of the 
relevant countries, and we then expect at least for 
an intermediate period before setting up a more 
permanent structure, non EEVC countries will be 
able to contribute to some key scientific issues 
which are important for future safety regulations. 
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State of Motor Vehicle Crashes  
In 2007, 41,059 fatalities occurred in the U.S. as a 
result of motor vehicle crashes.  This is contrasted 
with the 54,589 people who were killed in traffic 
crashes in 1972 and 39,250 in 1992, the highest and 
lowest in the past 35 years.  

The fatality rate per 100 million VMT in 2007 was  
1.36, the lowest recorded in the U.S.  This is 
contrasted to 5.5 fatalities per 100 million VMT in 
1966, the highest in the past 41 years.  Similarly, the 
fatality rate on a person basis was 13.6 fatalities per 
100,000 population in 2007 the lowest in the past 35 
years.  This is compared to 26.4 in 1969. Based on a 
statistical projection, in 2008 fatalities in motor 
vehicle traffic crashes are estimated to have dropped 
to 37,313 – a 9.1-percent decline from the 41,059 
fatalities reported in 2007. 
 
The total number of police-reported crashes in the 
U.S. in 2007 was estimated by the National 
Automotive Sampling System (NASS) General 
Estimates System (GES) to be 6.0 million.  These 
police reported crashes resulted in 2.5 million 
persons being injured.  In recent years, the estimated 
number of injuries has decreased, as has the injury 
rate, based on VMT.  In 2007, the injury rate 
reached 82 injuries per 100 million VMT.  In 2007, 
safety belt use reached a usage rate of about 82 
percent for outboard seated occupants during 
daytime hours.  

State of Motor Vehicle Safety  
Over the past several decades, the fatality rate per 
VMT has been steadily decreasing.  The safety 
improvements made are due in part to the collective 
efforts of the operating agencies of the Department of 
Transportation,1 the States, automobile 
manufacturers, and other organizations.  NHTSA’s 
engineering efforts combined with its educational and 
enforcement programs that ensure proper compliance 
with the U.S. regulations have been major 
contributors to this significant achievement in safety. 
Figure 1 shows the number of fatalities and the 

                                                 
1 The National Highway Traffic Safety 
Administration (NHTSA), the Federal Motor Carrier 
Safety Administration (FMCSA), the Federal 
Highway Administration (FHWA), Federal Transit 
Administration (FTA) and the Federal Railroad 
Administration (FRA) 

fatality rate for the period 1966 to 2005.  
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Figure 1.  2007 U.S. Fatalities and Fatality Rate by 
Year 

As can be seen from Figure 1, the number of 
fatalities in the U.S., after being rather constant for 
the last decade, has decreased in 2007.  The fatality 
rate has slowly decreased over this period.  

Another factor affecting the fatality rate is the 
increase in motorcycle fatalities.  Motorcycle rider 
fatalities, after a major decrease in the 1980s and 
early 1990s, have increased steadily since a historic 
low in 1997.  In 2007, motorcycle rider fatalities 
numbered 5,154, an increase of over 2,700 fatalities 
from the 1997 level.  

Table 1 provides a breakdown of all motor vehicle 
fatalities by person type.  

Table 1.  2007 U.S. Fatalities by Person Type 

 Fatalities 
Total Fatalities 41,059 
     Passenger Vehicle Occupants      28,933 
     Motorcycle        5,154 
     Large Truck, Bus, Other 
        Vehicle Occupants** 

       1,468 

     Nonoccupants*        5,504 
           Pedestrian               4,654 
           Pedalcyclists                  698 
*Includes Other and Unknown nonoccupants  
**Includes occupants of unknown body types.  
  Many of the unknown body types in 2007 will be resolved in 
the final file.

 
Rollover crashes continue to be a major component in 
the US fatalities.  The distribution of fatalities by 
vehicle type is shown in Table 2. 

 



Table 2.  Passenger Vehicle Occupants Killed in 
Rollover Crashes, by Type of Vehicle 

Type of Vehicle 2007 
All rollover fatalities* 10,194 
    Passenger Cars     4,041 
    Vans        571 
    SUVs     2,842 
    Pickup Trucks     2,736 
* Includes occupants of “Other Light Trucks” 
 

Status of Current NHTSA Research 
Programs  

Crashworthiness Research  

Frontal Crash Safety 
Frontal crashes are the most significant cause of 
motor vehicle fatalities.  This research program 
addresses these fatalities through development of 
crash test procedures using impact conditions not 
currently addressed by Federal Motor Vehicle 
Safety Standard (FMVSS) No. 208.  Recent crash 
investigations have evaluated the safety 
considerations for belted, air bag equipped 
occupants in small overlap and oblique frontal 
crashes.  NHTSA is also evaluating the safety 
potential for advanced restraint systems for front 
and rear seat occupants. 

 
Crashworthiness Rollover  
The crashworthiness rollover research program can be 
separated into two main topics, ejection mitigation 
and protection for non-ejected occupants.  Ejection is 
a major cause of death and injury in light-vehicle 
rollover crashes.  Almost two-thirds of all ejection 
related fatalities occur during rollover crashes.  
NHTSA is pursuing a phased approach to reducing 
occupant ejection in rollover crashes.  First, a side 
impact pole test requirement was recently added to 
FMVSS No. 214 which will provide improved head 
protection for occupants, will likely result in greater 
use of side curtain air bags, and will reduce the 
number of partial ejections, primarily in side impacts.  
The other phase is to establish occupant retention 
performance requirements for side windows, and 
Congress has mandated NHTSA to issue a final rule 
on this by October 1, 2009.  This program is aimed at 
providing occupant containment, primarily in 
rollovers, through the use of countermeasures such as 
side curtain air bags and/or advanced glazings.  The 
research includes developing test procedures and 
performance requirements for evaluating these 
countermeasures.  Side curtain air bags designed for 
occupant containment differ from those designed only 
for side impact head protection in that they will 

deploy in a rollover, they maintain pressure in the 
curtain for an extended time, and they cover a larger 
portion of the side window area.   

The protection of non-ejected occupants in rollover 
includes increased roof crush strength and improved 
restraints for rollovers.  The agency has conducted 
considerable research on roof crush strength and 
expects to issue a final rule upgrading FMVSS No. 
216 in 2009.  The agency also has a research program 
to evaluate the effectiveness of standard and 
advanced restraints systems in reducing occupant 
excursion from the seat in rollover crashes. 

Side Impact Research  
NHTSA’s recent upgrade of FMVSS No. 214 
requires auto manufacturers to provide head 
protection in side crashes and to enhance thorax and 
pelvis protection for a wider range of vehicle 
occupants.  The new rule augments the previous side-
impact standard by requiring an additional 
performance test involving a 20-mph (32 kph) vehicle 
side crash into a rigid pole at an approach angle of 75 
degrees.  The agency has incorporated the more 
precise biomechanical knowledge provided by second 
generation side impact dummies.  The upgrade 
establishes the use of two dummies, representing a 
5th percentile adult female (SID-IIs) and a 50th 
percentile male (ES-2re), for both the proposed 
oblique pole test and the barrier-to-vehicle test.  
NHTSA’s current research in this area includes 
evaluating a new side impact dummy, WorldSID, 
which was designed by a global consortium.  The 
new dummy has been evaluated for its biofidelity, 
durability, and performance in crash testing in the 
current U.S. vehicle fleet and crash environment and 
found to show promise as an acceptable test device.  
NHTSA is also interested in conducting a similar 
program for the small female WorldSID. 

Integrated Safety  
Integrated safety systems are intended to utilize data 
from pre crash warning systems to reduce occupant 
injuries through automatic braking and pre-
deployment of advanced restraint systems.  NHTSA 
has implemented cooperative agreements with 
automotive manufacturers and suppliers to develop 
performance criteria, objective tests, and benefits 
estimates for both crash imminent braking and 
advanced front seat restraints. 
 
Hydrogen, Fuel Cell and Alternative Fuel Vehicle 
Safety Research  
NHTSA’s program for hydrogen, fuel cell, and 
alternative fuel vehicles is focused on establishing 
safe performance requirements for hydrogen fuel 
storage and delivery and electrical system safety in 
fuel cell and internal combustion engine (ICE) 



vehicles.  NHTSA’s safety initiative will 
complement the efforts by the U.S. Department of 
Energy and the U.S. Council for Automotive 
Research (U.S.CAR).  NHTSA’s approach is to 
develop foundational research information that will 
be necessary to determine future requirements, such 
as research on performance of high pressure 
cylinders in fires, localized flame impingement on 
cylinders, electrical integrity of high voltage fuel 
cell propulsion systems, and developing criteria for 
post-crash hydrogen leakage. NHTSA will also 
investigate the potential safety risks posed by 
lithium ion battery storage devices. 

Child Passenger Safety  
NHTSA is evaluating test parameters and potential 
methodologies to replicate a representative side 
impact scenario that could potentially be developed 
into a future child restraint dynamic side impact test 
procedure under FMVSS No. 213.  A side impact sled 
buck designed by Takata is currently being evaluated 
and side impact moving deformable barrier (MDB) 
into vehicle crash tests have been conducted in an 
effort to refine sled buck test parameters.  The agency 
is also reviewing the current FMVSS No. 213 test 
procedure to determine the viability or advisability of 
increasing the simulated frontal impact speed from 30 
mph to 35 mph and updating the existing test seat 
fixture. 
 
Motor Coach Occupant Safety 
NHTSA conducted a comprehensive review of motor 
coach safety issues and developed approaches 
directed to the areas that have the greatest potential 
for achieving improved motor coach safety most 
quickly.  In August 2007, NHTSA published its 
Motor coach Safety Plan where it identified four 
strategies that the agency is currently pursuing on a 
priority basis: seat belts on buses to reduce occupant 
ejection; improve roof strength; upgrade fire safety; 
upgrade emergency evacuation.  In December 2007, 
the agency conducted its first full frontal rigid barrier 
crash at 30 mph with a motor coach.  This crash test 
along with additional sled tests provided valuable 
information on the forces transmitted through the seat 
and seat anchorages in a frontal motor coach crash for 
different crash pulses, impact angles, and restraint 
conditions.  In the area of roof strength, the agency 
has conducted tests on 4 motor coaches using the U.S. 
school bus and European roof strength procedures to 
determine their relative stringency and practicability 
of application to motor coaches sold in the U.S. 
Research on emergency evacuation and fire safety is 
underway and is expected to be completed in FY 
2010. 
 
Biomechanics  
NHTSA’s Human Injury Research Division and 

Applied Biomechanics Divisions continue to 
implement and update their Biomechanics Research 
Plan to build upon the rich history of impact 
biomechanics research supported and carried out by 
NHTSA over the past 30 years.  The plan prioritizes 
the research activities based on trends and results 
from updated statistical analysis of crash field 
investigations as well as in-depth analysis of crashes 
from databases such as CIREN (Crash Injury 
Research Engineering Network).  These results 
establish safety needs on the basis of frequency, cost, 
and fatal outcome of crash injuries.  Based on the 
analyses, the plan has developed a set of projects that 
can produce deliverables and results that can be used 
to support rulemaking initiatives or put into a “tool 
box” for further research use by the Agency or other 
research groups.  Recent data analysis has indicated 
continued need to address the following areas: Child, 
Adult and Elderly Occupant Injury Mechanisms.  
This work can lead to injury assessment methods 
including advanced Anthropometric Test Device 
(ATD) research and associated injury criteria. 

Injury Mechanisms Research  
An expanded research effort in head and thoracic 
injury research is in progress.  New projects to 
understand functional response of the brain and 
axonal tissue after an insult will shed new light on 
levels of strain that are tolerable with respect to 
function.  Ongoing efforts include an analysis of mild 
traumatic brain injury and the criteria that may be 
used to assess it.  Continued analysis of data using the 
SIMon (Simulated Injury Monitor) model for the 
brain injury has allowed further insight into the 
effects of head rotation as well as translation on the 
potential for brain injury (Figure 2).  This work may 
lead to enhanced brain injury criteria. 

 

Figure 2. SIMon Finite Element brain model 
output indicating stress patterns in the brain.   

Chest and thoracic organ injury research continues as 
these injuries are a major source of occupant harm in 
frontal, side and rollover crashes.  Recent work 
includes assessment of a new device to measure two-
dimensional deformation of individual ribs of a crash 
dummy rather than just one dimensional deformation 



at the sternum.  This device (Figure 3) has the 
potential to enhance prediction of thoracic injury 
from multiple loading modes and can be applied to 
crash dummies for both frontal and side impact.  
Work also continues on a repeatable test to evaluate 
human surrogate and crash dummy chest and 
shoulder response in three dimensions.  University 
supported research is looking at impact response of 
underlying tissue that may be incorporated into future 
injury criteria.   
 
Anthropomorphic Test Device Research  
Activity continues to update the THOR, an advanced 
50th percentile male frontal impact dummy.  A set of 
short-term enhancements has been suggested by an 
international group of researchers to improve THOR 
response and usability.  These enhancements are 
being applied to a few existing dummies which will 
be tested relative to current THOR biofidelity targets.  
These results may pave the way for more THOR use 
internationally.  Already projects for an updated 
abdomen and new chest instrumentation are 
underway.  A 5th percentile female version of THOR 
has been completed and is undergoing assessment in 
a variety of test conditions. 

 
Figure 3. New crash dummy 2-D rib deformation 

assessment device.   

NHTSA has completed an assessment of WorldSID 
(50th percentile male) relative to biofidelity and crash 
test capability.  WorldSID shows better biofidelity 
compared to ESII-re and performs well in current side 
impact regulatory tests.  Future work to assess 
repeatability and reproducibility of the male 
WorldSID is planned as well as efforts for the small 
female WorldSID.  Child dummy development 
includes a new neck design for the Q3s, side impact 
child dummy.  This neck design will improve the 
head kinematic response of the dummy as head 
injuries to children are most common in side impact 
crashes.  Work continues to assess other child 
dummies such as the Hybrid III 6 year and 10 year 
old dummies to include in future regulation as well as 

research to enhance the response of these dummies 
(see below).  Finally, a test series to determine 
biofidelity of rear impact dummies including the 
BioRID dummy are in progress.  The Human Injury 
and Applied Biomechanics Divisions have developed 
injury criteria and calibration and certification 
procedures for these dummies and continue to work 
with industry and dummy manufacturers to complete 
these projects.   

Vulnerable Occupant Injury Research  
Vulnerable occupants include children, elderly 
occupants, and pregnant occupants.  Dedicated field 
data analysis continues to help understand the issues 
and determine research efforts required.  Recent 
CIREN and NASS-CDS results confirm thoracic 
injury as a major issue for elderly occupants.  
Research efforts are geared to understand the effects 
of changing thoracic geometry and material properties 
on the tolerance to thoracic loading as a person ages.  
Understanding the fragility (tolerance) and frailty 
(final outcome) for older occupants may help lead to 
design of tests and injury criteria that are more 
consistent with prediction of injury.  This can lead to 
improved restraint design that may help to mitigate 
injuries in this rapidly expanding cohort of vehicle 
occupants 

NHTSA is coordinating an ad hoc research group 
called the Child Passenger Protection group that 
consists of a multi-center research effort to better 
understand child injury mechanisms and associated, 
non-scaled injury criteria including head, neck, 
shoulder and thoracic injury responses and abdominal 
injury tolerance and criteria.  This effort will result in 
specific child dummy response requirements that may 
lead to child dummy improvements and the creation 
of a human child computer model for further injury 
assessment in crash reconstructions and other tests.  

Crash Injury Research Engineering Network 
(CIREN) Developments  
CIREN continues to explore new ways to enhance 
NHTSA’s and the public’s understanding of injury 
causation in crashes and refining the capability to 
define injury criteria. The Biomechanics Tab (Bio 
Tab) for analyzing and deducing injury mechanisms 
objectively is now in routine use and has been applied 
to specific injury producing events such as belted 
rollover occupants.  This application has been aided 
by 3-Dimensional imaging techniques for injury 
identification as well as initial efforts to truly 
integrate the CIREN network through streaming 
Internet video of case reviews to all centers.  This 
allows sharing of expertise and opinions on crash, 
vehicle and medical results to further enhance the 
data quality and richness.  Also, efforts to link 
CIREN data with NASS-CDS may provide a 
powerful tool for future analysis of crash and injury 



data to create injury risk functions and ultimately, 
injury criteria.  Finally, initial analysis of CIREN 
cases with information from Event Data Recorders 
(EDR) is being used to understand how crash 
information may be used to alert emergency response 
teams regarding injury severity so that better 
decisions can be made regarding transport of crash 
victims to appropriate centers of care.  

Heavy Vehicle Research  

NHTSA’s heavy vehicle research program is directed 
toward improving the collision avoidance capabilities 
of these vehicles.  A wide range of issues are 
currently being researched including: brake system 
performance improvements, enhanced heavy vehicle 
stability, eliminating blind spots around large 
combination vehicles through video/camera imaging 
technology, and Intelligent Transportation System 
(ITS) research evaluating an integrated suite of 
systems comprised of rear collision warning, lane 
departure warning, and side object detection.  

The agency research has shown that major 
improvements in braking performance for truck 
tractors can be achieved by using disc brakes, 
larger drum brakes, or hybrid combinations of disc 
and drum.  Stopping distance improvements of up 
to 30 percent or more have been demonstrated.   
Additional research has been initiated on 
autonomous braking systems (e.g. collision 
mitigation braking) that utilize radar sensors to 
sense when a safety critical rear-end crash scenario 
is developing and automatically apply braking to 
assist the driver in preventing or mitigating the 
scenario.   

Electronic Stability Control (ESC) systems can 
reduce loss of control crashes involving heavy 
vehicles, which often result in rollover or jackknifing. 
Specific studies underway include testing at 
NHTSA’s Vehicle Research and Test Center in Ohio, 
and safety benefit studies using hardware-in-the loop 
simulation and clinical analysis of large truck crash 
reconstruction data to determine the effectiveness of 
stability control systems over a wide range of 
conditions.  

Blind spots around large combination vehicles 
contribute to lane change/merge crashes which are a 
significant portion of crashes involving tractor semi-
trailer vehicles.  As a result, performance 
specifications have been developed for camera/video 
imaging systems (C/VIS) and a system utilizing 
commercial off the shelf technology has been 
developed to provide 360 degree all-weather vision 
for the driver.  A follow-on field test has been 
initiated to determine the potential safety benefits, 
driver acceptance, and overall system performance 

for C/VIS technology.    

Intelligent Technology Research  

Overview 
NHTSA’s crash avoidance research mission seeks to 
advance the scientific knowledge of how to save 
lives, prevent injuries, and reduce economic costs 
due to road traffic crashes.  The results of this 
research are used by the Agency to improve 
highway safety through the regulatory process, 
consumer information activities and other means.  
This program relies heavily on problem sizes 
estimated from crash data that are collected, 
reduced, and maintained by the National Center for 
Statistics and Analysis (NCSA). The crash 
avoidance research program is implemented through 
a combination of contracts with research 
organizations, cooperative agreements with industry 
and university safety organizations, and internal 
testing and analysis. The program includes three 
major inter-related components, as follows:   

Developing a detailed understanding of driver 
performance  
A critical component of vehicle safety research is to 
understand the interaction of the driver, the vehicle 
and the environment in pre-crash, crash, and post-
crash conditions.  
 
In the Office of Driver-Vehicle Performance 
Research, human factors and advanced technology 
research activities are integrated to determine which 
aspects of vehicle design may be modified to 
improve driver performance and to reduce unsafe 
behaviors. For example, the focus of one study was 
to understand how drivers benefit from existing or 
new in-vehicle technologies. This integrated 
research supports Federal Motor Vehicle Safety 
Standards, safety defects investigations, consumer 
information, and the advancement of knowledge 
about driver behaviors and performance. The 
program helps stimulate the industrial development 
of vehicle technology that is compatible with driver 
abilities and limitations. 

To help identify critical safety issues, efforts have 
been underway to understand what problems drivers 
are actually experiencing. This work includes an 
analysis of crash data, studies of early adopters of 
advanced technologies, and the results of naturalistic 
driving studies.  For example, we established a pre-
crash scenario typology for light vehicles to provide 
a common foundation for vehicle safety research. 
This approach provided a reference to enable public 
and private organizations to estimate the potential 
safety benefits of crash countermeasures.  



Developing the requirements for system 
performance  
NHTSA undertakes programs to help it better 
understand of the driver-vehicle performance 
features of automotive systems in order to develop 
meaningful regulatory and other safety improvement 
policies. To this end, NHTSA regularly tests the 
performance of available systems, and helps define 
the performance requirements of future systems. 

Evaluating the safety impact of advanced 
technologies 
NHTSA co-sponsors research and collaborates with 
other modal administrations.  This practice promotes 
the development of advanced technologies that have 
greater effectiveness, overall, while addressing 
additional problem areas.  The combined investment 
helps provide observations over a longer period of 
time in order to estimate safety benefits.  There are 
currently three major collaborative programs: 

ADVANCED COLLISION AVOIDANCE 
TECHNOLOGIES (ACAT) 

In response to increasing public concern about 
automobile safety and advances in technology, many 
manufacturers and their suppliers are developing and 
incorporating advanced safety into their vehicles that 
help drivers avoid crashes.  These systems are 
intended to prevent or reduce the severity for many 
of the most significant crash types including rear-
end, lane change, driver impairment, rollover, and 
road departure.   

This program will develop and implement a 
framework to understand the safety potential for 
vehicles that are equipped with emerging advanced 
safety technologies. In 2009, NHTSA will complete 
cooperative agreements with four teams led by 
Automobile manufacturers focused on technologies 
that address pre-collision mitigation, back-over 
prevention, lane departure prevention and driver 
monitoring.  These programs will results in objective 
information that can help consumers identify the 
most effective safety technologies.  

In 2009, NHTSA launched a second phase of the 
ACAT program, in order to refine the Safety 
Impacting Methodology and to expand its scope to 
include the additional technologies of lane keeping 
assistance, blind spot detection and head-on 
collision warning. 

INTEGRATED VEHICLE BASED SAFETY SYSTEMS 
(IVBSS) 

About 3.6 million rear-end, road departure, or lane 
change crashes occur each year. Of these 3.6 

million, 27,500 crashes result in one or more 
fatalities. These fatal crashes represent about ¾ of 
all fatal crashes. 

The widespread deployment of advanced integrated 
driver assistance systems has the potential to reduce 
rear-end, road departure, and lane change collisions 
by 48 percent. Integrated systems will provide better 
hazard information from multiple sensors and 
provide coordinated warnings to reduce driver 
distraction.  

The Integrated Vehicle Based Safety Systems 
(IVBSS) initiative aims to demonstrate the 
technologies necessary to equip all new vehicles 
with advanced driver assistance systems that would 
help drivers avoid the most common types of deadly 
crashes. The goal of the IVBSS program is to assess 
the safety benefits and driver acceptance associated 
with a prototype integrated crash warning system 
designed to address rear-end, road departure and 
lane change/merge crashes on light vehicles and 
heavy commercial trucks.  This initiative is the first 
attempt to fully integrate the individual solutions 
that address these three types of crashes. This 
research will combine existing research results, 
state-of-the-art commercial products and system 
integration efforts to develop and demonstrate an 
integrated solution to these problems.  

The IVBSS program is a four-year initiative that 
began in November 2005.  This two phase 
cooperative research program is being conducted by 
an industry team led by the University of Michigan 
Transportation Research Institute (UMTRI). The 
results from Phase I Vehicle Verification Tests 
determined that the prototype system met its 
performance guidelines and is safe for use by lay 
drivers in a field operational test planned for July 
2008. The Phase II Field Operational Test started in 
January 2009. 

VEHICLE SAFETY COMMUNICATIONS (VSC)    

The U.S. Department of Transportation has 
conducted extensive research on the effectiveness of 
vehicle-based autonomous collision countermea-
sures for rear-end, road departure, and lane-change 
crashes. However, the systems have inherent 
limitations such as misidentification of stopped cars 
and out-of-path obstacles.  VSC, paired with 
accurate vehicle positioning, may overcome these 
shortcomings and thus enable improved safety 
system effectiveness by complementing or, in some 
instances, providing alternative approaches to 
autonomous safety equipment.  NHTSA is exploring 
how both vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure communications can enable improved 
effectiveness of active safety systems.   



NHTSA is conducting a collaborative research effort 
with a consortium of automobile manufacturers to 
facilitate the development and deployment of 
effective V2V communication safety systems.  This 
project is developing safety applications, addressing 
interoperability issues and evaluating safety benefits. 

In 2009, NHTSA will complete a program to develop 
and evaluate a system that communicates between the 
road way and vehicle to warn the driver of potential 
stop sign and traffic signal violations.  The 
Cooperative Intersection Collision Avoidance System 
(CICAS) initiative employed a combination of 
vehicle –based technologies and systems, 
infrastructure-based technologies and systems and 
communication systems focused on detecting and 
avoiding potential crossing path crashes at 
intersections.  A prototype that was validated against 
the system performance specifications was 
demonstrated.  Driver acceptance and overall safety 
effectiveness can not be measured unless a field 
operational test is conducted.  

Human Factors Research 

NHTSA’s human factors research is integrated with 
intelligent technologies research to examine the 
interaction of driver, vehicle, and environment in 
order to improve driver-vehicle performance.  The 
research supports Federal Motor Vehicle Safety 
Standards, safety defects investigations, consumer 
information, and the advancement of knowledge 
about driver behaviors and performance.  Findings 
are applied to the development of vehicle 
technologies, which are compatible with driver 
abilities and limitations. NHTSA focuses this 
research in three main safety areas: 1) Developing 
and applying methods to better define the safety 
problem; 2) Enhancing visibility from the vehicle 
and lighting; 3) Evaluating advanced driver 
assistance systems and technologies that can reduce 
unsafe behaviors.   

Safety Problem Assessment  
Many higher-end vehicles are offered with advanced 
technologies before they become common to all 
vehicles. To learn about how drivers interact with 
these technologies NHTSA has conducted research 
on these “Early Adopters.”  We completed an 
analysis of surveys of drivers who purchased 
integrated navigation systems, parking aids, high 
intensity discharge headlamps, and adaptive cruise 
control.  The findings show that drivers appreciate the 
benefits of these technologies, but may not fully 
understand their capabilities and limitations.  The full 
reports are available on the NHTSA website. 

 
 

Back-over Crashes  
The problem of passenger vehicles backing over 
pedestrians is a small but significant problem.  Last 
year, NHTSA prepared a report to Congress 
describing our current estimates of the extent and 
nature of the problem as well as our test results of 
current parking aids.  The size of this safety problem 
is difficult to determine because many of the back-
over crashes that occur on private property are not 
recorded in State or Federal crash databases, which 
focus on crashes occurring in traffic-ways.  NHTSA 
has developed the Not-in-Traffic Surveillance 
(NiTS) system (discussed below) partly to allow the 
agency to better estimate the size of this safety 
problem.  
 
Based on data from the NiTS system, back-over 
crashes involving all vehicle types are estimated to 
cause 292 fatalities annually in the U.S.  Testing 
showed that the performance of sensor-based 
(ultrasonic and radar) parking aids in detecting child 
pedestrians behind the vehicle was typically poor, 
sporadic and limited in range.  Because of the 
potential that camera-based systems appear to offer in 
addressing the risk of back-over, NHTSA plans to 
conduct additional work to estimate the effectiveness 
of such systems and to develop specifications of 
performance for any technology that could be 
developed to address this risk.  Further, the Agency 
plans to encourage vehicle manufacturers to continue 
to develop systems that can be effective in addressing 
this risk at a reasonable cost to the consumer.  

Headlight Research  
Driver complaints about headlamp glare affecting 
their vision continue to be a concern in the U.S.  To 
address this concern and look for solutions that 
balance the need for increased visibility with the 
glare consequences that can result, NHTSA funded 
research to identify the factors affecting glare.  
Among the topics addressed are the effects on driver 
performance of light spectrum, glare exposure, 
misaim, mounting height, and beam pattern.  The 
research results indicate that adaptive headlight 
systems (i.e., systems that automatically adjust light 
levels in response to the needs of both the driver and 
oncoming drivers) have the potential to increase 
visibility and minimize glare. The full reports are 
available on the NHTSA website. 

Rear Signaling Research 
A major difference in lighting regulations between 
U.S. and other countries is that the U.S. allows both 
amber and red rear turn signals.  We completed 
analyses of crash data to look for any differences in 
the crash rates associated with turn signals and 
found that amber turn signals led to fewer crashes.  
The analyses are available on the NHTSA website. 



Alcohol Detection Research: Driver Alcohol 
Detection System for Safety (DADSS) 
Since 1997, about a third of all fatally-injured 
passenger vehicle drivers had blood alcohol 
concentrations at or above the legal limit.  In order to 
address this problem, NHTSA entered into a five year 
cooperative agreement with the Automotive Coalition 
for Traffic Safety (ACTS) in early 2008 aimed at 
developing alcohol detection technologies that could 
have widespread deployment and are non-invasive, 
reliable, accurate, and precise.  These technologies 
would be less intrusive than ignition interlocks. To 
achieve this goal the project aims to:  (1) assess the 
current state of alcohol detection devices, and (2) 
support the development and testing of prototypes 
and subsequent hardware that may be installed in 
vehicles. The prototypes would then undergo 
extensive laboratory and field testing.  This five year 
effort will result in prototypes installed in actual test 
vehicles.   However, the ultimate end goal at this 
point is anticipated to be voluntary acceptance and 
integration of these technologies into all vehicles. 

Belt Minders 
NHTSA has completed its assessment of the 
effectiveness and acceptance of enhanced safety belt 
reminder systems.  We observed belt use in 
thousands of recent model vehicles and compared 
belt use in vehicles with and without an enhanced 
reminder system. The results found that on average 
reminder systems increased belt use by 3 percent.  
We also explored the tradeoff between reminder 
effectiveness and acceptability to drivers.  The full 
reports are available on the NHTSA website. 

Vehicle-based technology to reduce unsafe teen 
behaviors 
Crashes of novice teen drivers continue to be a 
major part of the safety problem.  While education 
and the increased use of Graduated Licensing 
programs are effective, additional solutions are 
needed.  The increasing availability and shrinking 
costs of vehicular technologies that can detect and 
provide feedback about unsafe teen driving 
behaviors offers a new avenue to explore.  NHTSA 
completed a study that reviewed the concept of 
vehicle-based teen monitoring and analyzed data 
from a naturalistic study of novice teen drivers.  The 
purpose was to identify feasible technologies, unsafe 
teen driving behaviors, and approaches for further 
research to evaluate the effectiveness and 
acceptability of this type of countermeasure.   

Tire Safety 

Tire Aging Research 
NHTSA remains concerned about the endurance of 
older tires.  The agency determined that the thermo-

oxidative degradation that occurs in tires during 
service is accelerated with higher temperatures and is 
a contributing factor for tire failures, such as tread 
separations. Therefore the agency completed a field 
study to evaluate the rate of change in the tire 
material properties and road wheel performance after 
increasing durations of service, followed by 
development of an accelerated laboratory tire aging 
test protocol. The agency is currently further 
analyzing the safety problem, studying tire aging as a 
casual factor in crashes, and estimating potential 
benefits and costs of a combined oven-aging and road 
wheel durability test.  
 
Tire Rolling Resistance and Traction Research 
NHTSA has been mandated to establish a national 
tire fuel efficiency consumer information program for 
passenger vehicle replacement tires to educate 
consumers about the effect of tires on automobile fuel 
efficiency, safety, and durability. As part of this 
effort, the agency has conducted research to examine 
possible correlations between tire rolling resistance 
levels and vehicle fuel economy, wet and dry tire 
traction, and outdoor and indoor tire tread wear. 
 
Tire Bead Unseat Research 
The current tire bead unseat test equipment used in 
the US Federal Motor Vehicle Safety Standards for 
tires, which dates to the 1960s, cannot physically test 
tires with rim codes larger than 18. The radius of the 
bead unseating block is too small to accommodate 
larger rim codes, often contacting the rim before a 
valid compliance test can be completed on the tire. 
Therefore, NHTSA conducted research on the 
evaluation of larger prototype bead-unseat blocks 
designed by ASTM that would facilitate testing tires 
up to rim code 30.   
 
Data Collection and Analysis 

NHTSA conducts a motor vehicle crash data 
collection program through the National Center for 
Statistics and Analysis (NCSA).  It is composed of: 
the data collected from the states, including Fatality 
Analysis Reporting System (FARS) and the State 
Data Program, crash investigations, which includes 
the National Automotive Sampling System (NASS) 
and the Special Crash Investigations (SCI) programs.   

FARS is a census of all fatal crashes occurring on 
public roads in the United States.  The NASS is 
comprised of the General Estimates System (GES) 
and the Crashworthiness Data System (CDS).  The 
GES provides national estimates of characteristics 
of all motor vehicle crashes.  The CDS conducts 
detailed investigations into a nationally 
representative sample of crashes involving towed 
passenger vehicles to investigate injury-causing 
mechanisms and to evaluate countermeasures.   



The NASS infrastructure was utilized in two 
surveys to collect nationally representative data on 
the events and factors related to the causation of 
crashes. The Large Truck Crash Causation 
Study (LTCCS) was conducted by the National 
Highway Traffic Safety Administration (NHTSA) 
and the Federal Motor Carrier Safety 
Administration (FMCSA) from 2001 to 2003 to 
collect information on the causes or contributing 
factors for large truck crashes. From 2005-2007, 
NHTSA conducted the National Motor Vehicle 
Crash Causation Survey (MMVCCS) which, 
unlike the previous Tri-Level Study, collected 
nationally representative information on the events 
and factors related to the causation of light motor 
vehicle traffic crashes.  The SCI program provides 
in-depth data on crashes where emerging issues 
may be of interest.   

The Not-in-Traffic Surveillance (NiTS) system is a 
virtual data collection system designed to provide 
counts and details regarding fatalities and injuries that 
occur in non-traffic crashes and in non-crash 
incidents. The NiTS 2007 system produced an overall 
annual estimate of 1,747 fatalities and 841,000 
injuries in non-traffic crashes and non-crash 
incidents. The NiTS 2007 system provided 
information about an estimated 1,159 fatalities and 
98,000 injuries that occurred in non-traffic crashes 
such as single-vehicle crashes on private roads, 
collisions with pedestrians on driveways, and two-
vehicle crashes in parking facilities. The NiTS 2007 
system also provided information about an annual 
average of 588 fatalities and 743,000 injuries in non-
crash incidents involving passenger vehicle occupants 
or otherwise involving passenger vehicles. More than 
half of the non-crash fatalities occurred when a 
vehicle fell on a person who was under it or from 
unintentional carbon monoxide poisoning. The most 
common types of non-crash injuries seen in 
emergency departments were injuries while entering 
or exiting a vehicle (estimated 164,000 per year), 
injuries from closing doors (estimated 148,000 per 
year) and injuries from overexertion such as while 
unloading cargo or pushing a disabled vehicle 
(estimated 88,000 per year).  
 
NCSA also conducts key analyses of the collected 
data and publishes reports, including the Traffic 
Safety Facts Annual Report and Traffic Safety Fact 
Sheets. Copies of the most recent reports can be 
found at NCSA’s web site using the following URL: 
http://www.nhtsa.dot.gov/portal/site/nhtsa/menuitem.
a0bd5d5a23d09ec24ec86e10dba046a0/ 
 
Significant Rulemaking Actions 

Door Locks and Door Retention Components  

On February 6, 2007, the agency amended our safety 
standard on door locks and door retention 
components in order to add and update requirements 
and test procedures and to harmonize with the world's 
first global technical regulation for motor vehicles. 
The final rule adds test requirements and test 
procedures for sliding doors, adds secondary latched 
position requirements for doors other than hinged side 
doors and back doors, provides a new optional test 
procedure for assessing inertial forces, and extends 
the application of the standard to buses with a gross 
vehicle weight rating (GVWR) of less than 10,000 
pounds, including 12-15 passenger vans. The final 
rule also eliminates an exclusion from the 
requirements of the standard for doors equipped with 
wheelchair platform lifts.   
 
Electronic Stability Control Systems; Controls & 
Displays  
On April 6, 2007, as part of a comprehensive plan for 
reducing the serious risk of rollover crashes and the 
risk of death and serious injury in those crashes, the 
agency established a new Federal motor vehicle 
safety standard (FMVSS) No. 126 to require 
electronic stability control (ESC) systems on 
passenger cars, multipurpose passenger vehicles, 
trucks, and buses with a gross vehicle weight rating 
of 4,536 Kg (10,000 pounds) or less.  ESC systems 
use automatic computer-controlled braking of 
individual wheels to assist the driver in maintaining 
control in critical driving situations in which the 
vehicle is beginning to lose directional stability at the 
rear wheels (spin out) or directional control at the 
front wheels (plow out).   
 
Side Impact Protection  
On September 11, 2007 NHTSA published this final 
rule incorporating a dynamic pole test into Federal 
Motor Vehicle Safety Standard (FMVSS) No. 214, 
“Side impact protection.”  To meet the test, vehicle 
manufacturers will need to assure head and improved 
chest protection in side crashes. It will lead to the 
installation of new technologies, such as side curtain 
air bags and torso side air bags, which are capable of 
improving head and thorax protection to occupants of 
vehicles that crash into poles and trees and vehicles 
that are laterally struck by a higher-riding vehicle. 
The side air bag systems installed to meet the 
requirements of this final rule will also reduce 
fatalities and injuries caused by partial ejections 
through side windows. 
 
Fuel Economy 
On May 2, 2008, the Agency proposed substantial 
increases in the Corporate Average Fuel Economy 
(CAFE) standards for MY 2011-2015 passenger cars 
and light trucks that would enhance energy security 
by improving fuel economy. Since the carbon dioxide 



(CO2) emitted from the tailpipes of new motor 
vehicles is the natural by-product of the combustion 
of fuel, the increased standards would also address 
climate change by reducing tailpipe emissions of 
CO2. Those emissions represent 97 percent of the 
total greenhouse gas emissions from motor vehicles.  
Implementation of the new standards would 
dramatically add to the billions of barrels of fuel 
already saved since the beginning of the CAFE 
program in 1975. 
 
Convex Cross View Mirrors (Withdrawn)  
On July 21, 2008 the National Highway Traffic 
Safety Administration (NHTSA) issued a notice 
terminating a rulemaking that was initiated in 2005in 
response to a petition.  This rulemaking, to amend 
Federal Motor Vehicle Safety Standard No. 111, 
“Rearview Mirrors” to require straight trucks with a 
gross vehicle weight rating (GVWR) of between 
4,536 kilograms (10,000 pounds) and 11,793 
kilograms (26,000 pounds) to be equipped with a 
system capable of providing drivers with a view of 
objects directly behind the vehicle. More refined data 
generated since the 2005 NPRM shows that the sub-
population of mid-sized trucks accounts for only four 
of the estimated 292 fatalities per year due to back-
over accidents. In addition, the recently signed 
Cameron Gulbransen Kids Transportation Safety Act 
of 2007 \1\ (K.T. Safety Act of 2007) requires 
NHTSA to revise the Federal standard for rearward 
visibility, specifically to reduce backing crashes 
involving children and disabled people. Considering 
these developments, the agency believes it more 
appropriate to address the backing safety of straight 
trucks as part of the comprehensive effort to address 
backing safety generally, and that solutions should be 
formulated after the completion and review of 
ongoing research and data gathering on backing 
safety.  We therefore withdrew this rulemaking. 
 
Designated Seating Position 
On October 8, 2008 NHTSA published a final rule 
amends the definition of the term, “designated seating 
position,” as used in the Federal motor vehicle safety 
standards (FMVSS), to indicate more clearly which 
areas within the interior of a vehicle meet that 
definition.  The final rule also establishes a 
calculation procedure for determining the number of 
designated seating positions at a seat location for 
trucks and multipurpose passenger vehicles with a 
gross vehicle weight rating less than 10,000 lbs, 
passenger cars, and buses.  Further, this document 
eliminates the existing exclusion of auxiliary seats 
(i.e., temporary or folding jump seats) from the 
definition of “designated seating position.”  The final 
rule encourages manufacturers to use a variety of 
visual cues in the design of the vehicle interior to help 
improve occupant awareness as to which areas of a 
vehicle are not intended to be used as seating 

positions.  This will help to ensure that occupants sit 
in locations where they are afforded the crash 
protection required by the FMVSS sections. 
 
Evolving Vehicle Safety Strategy 

NHTSA’s Vehicle Safety Program consists of 
rulemaking, enforcement, research, and data 
collection activities.  Through a productive mix of 
these activities we are developing a 10-year strategic 
vision for improving vehicle safety.  The plan lays 
out a clear direction for short term research and the 
data needs to support ongoing regulatory and 
enforcement efforts. Moreover, the strategy provides 
the accountability for establishing long term Vehicle 
Safety Program initiatives.   

The main theme of the 10 year vehicle safety strategy 
is to: Identify, research, and address critical issues 
that affect motor vehicle safety, highway traffic 
safety, and fuel economy. 

To achieve this goal, five strategic outcomes have 
been developed: 
 

1. Address safety and environmental challenges 
related to motor vehicles and equipment 
including those posed by global trade. 

2. Identify and address emerging safety issues. 
3. Foster the use of effective advanced 

technologies that improve safety. 
4. Ensure the integrated improvement of fuel 

economy and safety. 
5. Respond effectively to issues identified by 

parties outside of NHTSA. 
 

Collaborative Approach 
Safety technology continues to evolve at a fast pace. 
Government agencies, acting alone, cannot expect to 
keep up with this pace. NHTSA believes it must 
continue to explore collaborative models with all 
stakeholders, such as OEMs, suppliers, research 
centers, advocates, and other government agencies. 

These collaborative models provides for a more 
transparent technology development and 
implementation process, which significantly reduces 
the time for advanced safety technologies to reach the 
consumer. 
 
Short Term and Long Term Priorities 
Short and long term priorities are integrated into a 
single evolving strategic plan. Short term priorities 
cover issues over a one to two year horizon and long 
term priorities cover issues over a three to ten year 
horizon. Both paths integrate mandates from 
Congressional, industry, and advocacy groups that 
emerge onto the forefront as immediate needs. 



 
Mechanisms for Addressing Priorities 
Specific short term activities are actively updated as 
needed on the specific priority plans of the office 
directors for each activity.  Longer term activities are 
developed by coordinating current efforts and 
identifying new areas that should be explored through 
research and data collection. The long term horizon 
extends beyond what NHTSA is currently doing by 
actively coordinating with manufacturers and 
suppliers, outside researchers, and other national and 
international entities. 
 
It is imperative that our plan is proactive on the 
international stage to monitor the development of new 
technologies in terms of what they are, when they 
might enter the fleet, what impact they might have on 
safety, how they should be evaluated, whether they 
should be encouraged, and the implications of these 
on fuel economy.  
 
As part of our proactive response, we especially 
recognize public concerns about special populations 
of drivers, even where the perceived risk exceeds risk 
quantified in crash data.  One mechanism for 
responding to these ‘calls to action’ includes the 
development of white papers, which are regularly 
updated with analyses that are used to clearly 
articulate a plan to address immediate and future 
directions. 
 
Structures for Building a Foundation for the 
Evolving Vehicle Safety Strategy 
NHTSA is implementing management structures that 
support the evolving Vehicle Safety Strategy, 
including a Strategy Coordinating Council (SCC) 
composed of representatives from our Research, 
NCSA, Rulemaking, and Enforcement offices.  
 
The core purpose of the SCC is to establish and 
maintain this 10-year strategic vision, as well as to 
engage and coordinate existing teams and groups 
working on relevant topics to carry out the short term 
priorities. The SCC is the focal point for raising, 
validating and coordinating follow-up work on 
potential emerging concerns as identified through 
crash data, staff experts, Artemis data, defects 
investigations, research, and external sources such as 
Congress, industry, and advocacy groups. 
 
Evolving the Strategy 
In sum, our Vehicle Safety Strategy is designed to 
proactively expand our focus on vehicle safety needs 
and to dynamically manage our safety programs in a 
culture of accountability and global leadership. It 
constitutes a method for managing our responses to 
vehicle safety needs through a flexible but disciplined 
approach that keeps pace with changing vehicle 
safety priorities over time. As new opportunities for 

vehicle safety emerge from our strategy, our methods 
will help to ensure a clear path of transition of these 
to main stream vehicle safety programs, such as those 
described through the body of this paper. 
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TRENDS OF THE ROAD TRAFFIC 
ACCIDENTS IN JAPAN 
 

The number of fatalities (within a 24-hour 
period) resulting from traffic accidents in 2008 
was 5,155. This represents the eighth consecutive 
year that the number of fatalities has been 
decreasing, as well as a further drop below last 
year’s number, which was the first time in 54 
years since 1953 that the number of fatalities 
reached the 5,000 range. This number was also 
below one-third the 16,765 fatalities in 1970, 
which was the year in which the number of 
fatalities reached a peak. In addition, the number 
of accidents resulting in bodily injury and the 
number of injured persons decreased for the 
fourth consecutive year in a row since 2004, 
when the numbers were at their worst, and the 
number of injured persons fell below 1 million 
for the first time in 10 years. 

However, the number of fatalities and injured 
persons and the number of accidents resulting in 
bodily injury remained high in 2008, as there 
were approximately 950,000 fatalities and injured 
persons, and approximately 770,000 accidents 
resulting in bodily injury. 
 

43,321 1972 #### #
59,280 1973 #### #
72,390 1974 #### #
76,501 1975 #### #

102,072 1976 #### #
124,530 1977 #### #
145,432 1978 #### #
175,951 1979 #### #
289,156 1980 #### #
308,697 1981 #### #
313,813 1982 #### #
359,089 1983 #### #
401,117 1984 #### #
425,666 1985 #### #

0
2,000
4,000
6,000
8,000

10,000
12,000
14,000
16,000
18,000

1966 1971 1976 1981 1986 1991 1996 2001 2006
0
20
40
60
80
100
120
140
160
180

Accidents (10,000)

Injured (10,000)

Vehicle fleet (million units)

Fatalities

N
o.

 o
f f

at
al

iti
es

O
th

er
s

Injured per 100 
accidents

Fatalities per 10000 
accidents

43,321 1972 #### #
59,280 1973 #### #
72,390 1974 #### #
76,501 1975 #### #

102,072 1976 #### #
124,530 1977 #### #
145,432 1978 #### #
175,951 1979 #### #
289,156 1980 #### #
308,697 1981 #### #
313,813 1982 #### #
359,089 1983 #### #
401,117 1984 #### #
425,666 1985 #### #

0
2,000
4,000
6,000
8,000

10,000
12,000
14,000
16,000
18,000

1966 1971 1976 1981 1986 1991 1996 2001 2006
0
20
40
60
80
100
120
140
160
180

Accidents (10,000)

Injured (10,000)

Vehicle fleet (million units)

Fatalities

N
o.

 o
f f

at
al

iti
es

O
th

er
s

Injured per 100 
accidents

Fatalities per 10000 
accidents

 
Figure 1. Trends of the road traffic accidents in Japan 

 
 

With regard to reducing the number of traffic 
accidents, in order to achieve the national 
government’s mid-term goal of “reducing the 
number of fatalities from traffic accidents to 
below 5,000 people by 2012” as indicated in the 
Prime Minister’s policy speech in 2003, the 
targets of reducing the number of fatalities to 
below 5,500 and reducing the number of injured 
persons to below 1 million people by 2010 were 
established in the Eighth Fundamental Traffic 
Safety Program for 2006 to 2010. 

Taking the state of past traffic accidents into 
consideration, this mid-term goal by the national 
government of reducing the number of fatalities 
to below 5,000 will be achieved in the near future, 
and as of the present moment, the targets in the 
Eighth Fundamental Traffic Safety Program will 
be reached two years in advance. 

Based on these circumstances, in January of 
this year a new target by the national government 
to “halve the number of fatalities caused by 
traffic accidents to below 2,500 within 
approximately the next 10 years” was established 
in statements, etc. made by the Prime Minister. 
 

The figure below shows the reduction in the 
number of fatalities based on safety measures for 
vehicles. In this diagram, the straight line from 
1999 to 2010 represents the target for the 
reduction in the number of fatalities from traffic 
accidents that was established in 1999, and the 
curve extending to 2015 represents the estimated 
performance in the reduction of accidents based 
on safety measures for vehicles and subsequent 
reductions in the number of accidents that are 
anticipated. 

According to analysis results based on traffic 
accident data, the target for the number of 
fatalities resulting from traffic accidents that is 



based on safety measures for vehicles and that 
was initially established in 1999 was achieved 5 
years early, and this is assessed as being largely 
due to the effects of measures for mitigating 
damage from vehicles through expanding and 
reinforcing safety standards and implementing 
vehicle assessments. 
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Figure 2. Targets for traffic safety by vehicle safety 

measures 
 

Upon achieving this target, the following 
targets were newly established in 2006, in aiming 
towards further reductions in the number of 
fatalities (Transport Policy Council Report from 
June 2006). 

(1) Reducing the annual number of fatalities 
in 2010 by 2000 people as compared to 
1999, through safety measures for vehicles 

(2) Prominently expanding active safety 
measures after 2010, and ensuring that the 
annual number of fatalities continues to 
decrease in 2015 

As it is anticipated that the effects of damage 
mitigation measures will become saturated in 
accordance with the popularization of vehicles 
that conform to passive safety standards, in the 
future, it is important to continue promoting 
damage mitigation measures and to accelerate the 
introduction of technology related to active safety 
measures in order to further reduce the number of 
traffic accidents.  
 
FUTURE RESEARCH IN FINDING 
SOLUTIONS TO THE SAFETY PROBLEMS 
IDENTIFIED 
 

To achieve the abovementioned targets for 
reducing the number of traffic accidents, 
approaches will be made towards the following 

measures upon speculating future changes in 
social structures, such as future developments in 
IT and the progression of declining birthrates and 
an aging society. 

- Accident analysis by using a drive recorder;  
- Promotion of safety measures for pedestrians 

and the elderly; 
- Promotion of neck injury prevention 

measures; 
- Introduction of standards on crash 

compatibility; 
- Research on advanced technologies, etc. 

Concrete approaches regarding each of the 
measures are introduced below. 
 
1. Accident analysis by using a drive recorder 
 

In the event that useful active safety technology 
is to be popularized as a safety measure, further 
accurate information, such as the order of priority 
regarding introduction, cost-effectiveness, and 
clear information for users, etc., is necessary. 
Normally, these kinds of analyses are carried out 
based on traffic accident data, but in the case of 
active safety measures, there is insufficient 
information, such as due to the impossibility of 
acquiring data immediately before an accident, as 
conventional accident data is obtained based on 
surveys conducted after an accident occurs. To 
overcome this problem, there are expectations for 
drive recorders, etc., which are devices that 
record data immediately before an accident or 
when there is a near-miss incident, to provide 
data for the purpose of accident analysis and 
effects assessment. As approaches related to such 
in-vehicle recording equipment, technical 
guidelines pertaining to event data recorders were 
specified in March 2008, and methods for 
evaluating active safety equipment that make use 
of drive recorders are being reviewed. In the 
future, there are plans for reviews to be made on 
methods for gathering, managing, and analyzing 
the data recorded by drive recorders. 
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Figure 3. Example of a drive recorder system 

 
2. Promotion of safety measures for 

pedestrians and the elderly 
 

With regard to accidents involving pedestrians 
and the elderly, which account for a high 
percentage of the number of fatalities caused by 
traffic accidents in Japan, it is necessary to 
implement popularization and promotion of 
pedestrian protection performance standards and 
driving assistance systems for safety of the 
elderly. As a result, with regard to measures for 
pedestrians, pedestrian head protection standards 
were introduced in 2004, and reviews are being 
conducted on the introduction of pedestrian leg 
protection standards. In addition, with regard to 
measures for the elderly, surveys on the 
assessment of the effects, etc. of driving 
assistance systems for safety, such as brake assist 
systems and night vision systems, etc. are being 
conducted. 
 

Night Vision System

Surveys on the ideals for a night vision
system that is adapted for the elderly, and 
on the effects that the night vision system 
has on reducing the number of accidents 
are being implemented. 

Night Vision System

Surveys on the ideals for a night vision
system that is adapted for the elderly, and 
on the effects that the night vision system 
has on reducing the number of accidents 
are being implemented. 

Brake Assist System
Simulation methods for comprehensively 
and quantitatively evaluating the effects of 
active safety technology are being 
developed, and assessments of effects are 
being implemented by using the brake assist 
system. 

Without brake assist system 

Braking power 
increases 

With brake assist system

Brake Assist System
Simulation methods for comprehensively 
and quantitatively evaluating the effects of 
active safety technology are being 
developed, and assessments of effects are 
being implemented by using the brake assist 
system. 

Without brake assist system 

Braking power 
increases 

With brake assist system

 
Figure 4. Examples of safety measures for the elderly 

 
3. Promotion of neck injury prevention 

measures (standardization of dummies) 
 

Accidents involving neck injury account for 

more than half of the total number of accidents, 
and as there is an increasing trend in the number 
of such accidents in recent years, the 
enhancement of standards for headrests, etc. is 
being promoted as measures for neck injuries. 

At the same time, with regard to assessments 
of whiplash injuries, which 80% of occupants in 
rear-end collisions suffer, the mechanism behind 
the occurrence of whiplash is complex, and as a 
result, there is not enough scientific clarification 
and it is also unclear as to which dummies should 
be used and what items to assess. 

In particular, with regard to dummies, there are 
concerns regarding the consistency of 
assessments due to differences in structures, etc. 
of the dummies, and it is necessary for dummies 
to be standardized by having the research 
institutions, etc. of each country make approaches 
by contributing to efforts to elucidate the 
mechanism behind the occurrence of whiplash 
injuries and decide on assessment standards and 
indicators. 
 

     
Figure 5. Standardization of dummies 

 
4. Introduction of standards on crash 

compatibility, etc. 
 

In addition to the above, crash compatibility 
measures for accidents involving frontal collision 
are also one of the passive damage mitigation 
measures for which approaches should be made. 
Japan considers measures for mini vehicles as 
being necessary. For the short-term, reviews are 
currently being conducted on the installation 
height of structural members so that the structural 
members interlock when there is a frontal 
collision. 
 



 
Figure 6. Crash Compatibility 

 
Standards relating to performance for 

protecting occupants from electric shock after the 
collision of an electric vehicle or hybrid vehicle 
were also formulated in November 2007, and in 
the future, these guidelines will be reflected in 
reviews pertaining to electrical safety of electric 
vehicles, etc., on which progress is currently 
being made in international conferences, etc. 
 

Concepts in the protection of occupants from electric shock 
• Protection from direct contact: The high voltage part is prevented from being touched directly 

by the occupants. 
• Provision of electric insulation: The high voltage part and the other conductive parts are 

insulated from each other. 
• Protection from indirect contact: Measures are provided to prevent electric shock even in the 

event of an electric leakage from the high voltage part to 
the other conductive parts.  

The high voltage part 

• Protection from direct contact
(ex. conductive or nonconductive cover)

• Provision of electric insulation
(ex.  insulation from the conductive cover) 

• Protection from indirect contact 
(ex. potential equalization between the conductive 
cover and the other conductive parts) 

 
Figure 7. Concepts in the protection of occupants from 

electric shock 
 
5. Research on advanced technologies 
 

To prevent errors by drivers before they occur 
and decrease the number of accidents resulting in 
death and injuries, Japan has, with regard to 
ASVs, which are vehicles equipped with a system 
for assisting the driver to drive safely that makes 
use of advanced technology, established the ASV 
Project, which is a project to promote the 
development, practical application, and 
popularization of technology related to ASV, in 
1991, and has been progressing with this project 
through joint efforts by industry, academia, and 
government. 

For example, with regard to ASV technology 
that uses communications technology, 
technological developments are being promoted 
in the automobile industry through the 
implementation of experiments on public roads. 
In January of this year, a Large-scale Field 

Operation Test on public roads using 
approximately 30 vehicles equipped with 
inter-vehicle communications was conducted 
based on cooperation between the public and 
private sectors, and currently, the experiment 
results are in the process of being analyzed. 
 

 
Figure 8. Communication-based driving assistance 

system for safety 
 
PUTTING SAFETY TECHNOLOGIES TO 
WORK 
 

The following table is a list of ASV 
technologies that are being put to practical use. 
Several ASV technologies, such as the 
lane-keeping assistance system and high-speed 
adaptive cruise control, have already been put to 
practical use, and are equipped in 
commercially-sold vehicles. 
 

Table 1. Commercialized technologies from ASV 
Project 

Status
ASV technologyNo.

☆☆☆☆☆Parking assist9

☆☆☆☆☆Night vision8

☆☆☆☆☆Curve warning7

☆☆☆☆☆☆☆Rear and side obstacle warning6

☆☆☆☆☆☆☆Drowsiness warning5

☆☆☆☆☆Damage mitigation brake4

☆☆☆☆☆☆☆Lane keep3

☆☆☆☆☆☆Low-speed adaptive cruise control2

☆☆☆☆☆☆☆
High-speed adaptive cruise control 
(ACC)1

200420011996

Status
ASV technologyNo.

☆☆☆☆☆Parking assist9

☆☆☆☆☆Night vision8

☆☆☆☆☆Curve warning7

☆☆☆☆☆☆☆Rear and side obstacle warning6

☆☆☆☆☆☆☆Drowsiness warning5

☆☆☆☆☆Damage mitigation brake4

☆☆☆☆☆☆☆Lane keep3

☆☆☆☆☆☆Low-speed adaptive cruise control2

☆☆☆☆☆☆☆
High-speed adaptive cruise control 
(ACC)1

200420011996

☆: In-company test, ☆☆: Road running test, ☆☆☆: Commercial use  
 

From among the ASV technologies that are 
already mature, those with large effects in 
damage mitigation and accident reduction and 



those for which there are large social needs 
should be disseminated in an early manner, and 
thus, active dissemination measures that include 
means for incentives are necessary. 

Based on the idea that the damage mitigation 
braking system in heavy duty vehicles is 
technology that is suitably applicable to such 
means for incentives, in Japan, a system where 
aid for 50% of the costs related to installing the 
damage mitigation braking system in heavy duty 
vehicles for commercial use is provided to the 
purchaser has been implemented since April 1, 
2007. 

In addition, reviews are currently being 
conducted on this system regarding further 
measures that bring compulsory installation of 
the system into view. 
 
CONCLUSION 
 

Measures that are being taken in Japan have 
been described above, but in order to promote 
international harmonization in the aspects of 
further advanced safety and the environment in 
the future, it is perceived that approaches made in 
coordination with the ESV Conference, WP.29, 
ITS World Congress, etc. will become 
increasingly important. 
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CRASHES THAT RESULT IN FIRES 
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ABSRTACT 
 
NASS and FARS data were analyzed to determine 
the crash environments that produced major fires.  
Case reviews were conducted for NASS cases with a 
major fire.   Annually, there are about 400 fatalities 
in FARS with fire as the most harmful vehicle event.  
There are about 60 cases annually in NASS with a 
fire recorded.  FARS years since 1978 and NASS 
years since 1997 were studied.  NASS and FARS fire 
statistics for different crash modes with documented 
fires are presented.  Also included are plots of 
deformation profiles for NASS vehicles with fires.  
These plots show damage profiles at the 10%, 25% 
and   50% frequency of occurrence levels. The frontal 
crash mode accounts for about half of the fires in 
FARS and NASS.  Rollovers account for about 25% 
of the major fires in NASS and carry the highest risk 
of fatality in FARS fires.  In NASS, the vast majority 
fires that occur in frontal and rollover crashes 
originate under the hood.  Incapacitation and 
entrapment of occupants are important survival 
factors when underhood fires occur.   
 
INTRODUCTION 
 
The Motor Vehicle Fire Research Institute (MVFRI) 
was formed to conduct this research to improve the 
fire safety of present and future motor vehicles.   
Research to better understand the nature of motor 
vehicle fires was initiated in 2001 and completed in 
2009.  The purpose of this paper is to document the 
major results of the research to identify the crash 
characteristics associated with crash initiated fires in 
passenger vehicles.  Since the research was 
conducted at different times, the periods during 
which the data was analyzed may vary.  The detailed 
reports are listed in the Reference section of the paper 
and are available on the MVFRI website, mvfri.org.   
 
Investigations of fire occurrence have been 
undertaken with a focus on identifying the conditions 
that produce crash induced fires.  The examination of 
crash modes, fire origins and vehicle attributes were 
included.  NASS and FARS data were researched 
under contracts with George Washington University, 
Pacific Institute or Research and Evaluation and Dr. 

George Bahouth.  Friedman Research and Associates 
examined state data and FARS data in conjunction 
with the other databases.  Some of the highlights 
from these studies are included in this paper. 
 
FARS DATA ON FIRES 
 
FARS is a census of fatal crashes that occur on public 
roads.  FARS assigns the Most Harmful Event 
(MHE) to vehicles involved in crashes with a fatality.  
The MHE applies to the vehicle not the persons in the 
vehicle.  Consequently, there is no certainty that the 
fatalities were associated with the fire rather than the 
crash forces.  
 
FARS does not record the direction of force in the 
crash.  However, the location of principal damage is 
coded.  In this coding, rollovers with damage from 
impacts with fixed objects or with other vehicles are 
coded according to the location of the damage. If the 
damage comes from ground contact, the crash is 
classified as a non-collision. Rollovers are classified 
according to the event during which it occurred (ie. 
non-rollover, rollover during 1st harmful event, or 
rollover during subsequent events). Most of the 
rollovers have damage to the front or sides of the 
vehicle.  This damage may have been caused by 
impacts with fixed or non-fixed objects before or 
during the rollover.   In some cases, these impacts 
may have been the cause of the fatality.  In the 
analysis to follow, all rollovers are grouped together, 
regardless of the area of damage. No crashes with 
rollover are included in the groupings of front, side or 
rear damage areas. 

Table 1 shows the damage distribution for the subset 
of cases with fire as the most harmful event. The data 
is separated into cases with and without rollovers. 
The damage in rollover may be caused by the 
rollover or by objects impacted before or during the 
rollover.  Table 2 shows data for fatal fires with 
entrapment.  In the 1994 to 2003 FARS years of data, 
the entrapment rate for the fatalities with fire as MHE 
was 23%. [Bahouth, 2007, Digges, SAE 2005]. 
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Table 1. Distribution of Average Annual Fatalities 
when Fire was Most Harmful Event by Crash 

Type and Damage Location – FARS 2000 to 2005 
Damage Location No Roll Rollover Total
Non-Collision 2.1% 3.3% 5.4%
Front 45.8% 14.5% 60.3%
Right 5.8% 2.5% 8.3%
Rear 9.4% 2.0% 11.4%
Left 5.6% 2.1% 7.8%
Top 0.4% 1.4% 1.9%
Undercarriage 1.0% 0.6% 1.6%
Unknown 1.7% 1.7% 3.4%
Total 71.8% 28.2% 100.0%

 
Table 2.  Distribution of Average Annual 

Fatalities with Entrapment when Fire was Most 
Harmful Event by Crash Type and Damage 

Location – FARS 2000 to 2005 
 

Damage Location No Roll Rollover Total
Non-Collision 18% 23% 21%
Front 23% 25% 23%
Right 21% 22% 21%
Rear 28% 28% 28%
Left 27% 20% 25%
Top 22% 19% 20%
Undercarriage 21% 18% 20%
Unknown 15% 15% 15%
Total 23% 23% 23%  

 
NASS/CDS DATA ON FIRES 
 
Research performed at the GW University used the 
National Automotive Sampling System -
Crashworthiness Data System (NASS/CDS) data to 
examine the crash factors that are associated with 
crash induced motor vehicle fires [Kildare, 2006]. 

NASS/CDS is a sample of tow away crashes that 
occur on US roads each year. The sample is stratified 
by the severity of the crash.  The sample rate for 
minor crashes is much lower than for severe crashes. 
In order to expand the stratified sample to the entire 
population it represents, an inflation factor is 
assigned to each case in the NASS/CDS sample. 
When the data is processed using the actual number 
of cases investigated, the data is referred to as 
“unweighted” or “raw.” When the data is processed 
using the total of the inflation factors, the results 
should represent the total population of vehicles and 
the data is referred to as “weighted.” 

NASS/CDS classifies fires as either Major or Minor. 
These fire severities are defined as the following: 
 A Minor Fire is a general term used to describe the 
degree of fire involvement and is used in the 
following situations: 
• Engine compartment only fire 
• Trunk compartment only fire 
• Partial passenger compartment only fire 
• Undercarriage only fire 
• Tire(s) only fire 
A Major Fire is defined as those situations where the 
vehicle experienced a greater fire involvement than 
defined under “minor” above, and is used in the 
following situations: 
• Total passenger compartment fire 
• Combined engine and passenger compartment 

fire (either partial or total passenger 
compartment involvement) 

• Combined trunk and passenger compartment fire 
(either partial or total passenger compartment 
involvement) 

• Combined undercarriage and passenger 
compartment (either partial or total passenger 
compartment involvement) 

• Combined tire(s) and passenger compartment 
(either partial or total passenger compartment 
involvement) 

 
Table 3 shows the summary of the complete data set 
of NASS major and minor fires. In total over the 11 
year period from 1994-2004, 631 fires in vehicles 
were recorded in NASS/CDS, representing 79,354 
weighted cases. The cases were approximately evenly 
distributed between minor and major fire occurrences 
unweighted (46% / 54%) and weighted (52% / 48%).  
During the same period there were 71,101 cases of 
vehicles without fires. 

Table 3. Distribution of Vehicle Fire Cases in 
NASS/CDS 1994/2004 – Unweighted  and 

Weighted 

Type Minor Major Unk. All Fires No Fire
Unwg. 290 335 6 631 71,101
Wht. 40,994 38,173 187 79,354    35,955,359

Fire Severity

 

The data in Table 3 is the basis for the tables to 
follow in this section.  Subsequent tables will show 
distributions of this data by extent of vehicle damage, 
extent of injuries, and crash direction.  For 
convenience, percentages are used in the tables rather 
than the actual numbers.  

NASS data provides several methods to characterize 
the severity of crashes.  One involves coding the 



 

  Digges 3

extent of damage caused by the crash using the 
Collision Damage Classification (CDC) as specified 
by SAE standard J224. The CDC describes the 
vehicle damage including the degree to which the 
damage extends inward toward the vehicle.  This 
code partitions the vehicle into nine segments.  For 
side crashes,  the nine segments are parallel to the 
side of the vehicle and extend across the vehicle.  A 
CDC extent of damage 6 would penetrate the vehicle 
centerline.  For front and rear damage, a CDC extent 
of damage 6 would penetrate the occupant 
compartment.   
 
Tables 4 and 5 show the distribution of the CDC 
extent of damage for all vehicles, vehicles in crashes 
with fires and vehicles with both fire and entrapment.  
The last row in the table shows the percentage of 
vehicles in each category that have a CDC extent of 
damage of 4 or greater.  Tables for both weighted and 
unweighted data are shown. 
 

Table 4. Extent of Damage (CDC) All Vehicles 
and Fire Cases in NASS/CDS 1994/2004 – 

Unweighted 
 

Damage Ext All Vehicles Fire Vehicles Fire + Entrapment
1 22% 8% 0%
2 33% 22% 5%
3 25% 25% 13%
4 9% 15% 21%
5 4% 11% 21%
6 3% 9% 19%
7 1% 6% 12%
8 1% 1% 3%
9 2% 3% 5%

4+ 20% 46% 82%  
 

Table 5. Extent of Damage (CDC) All Vehicles 
and Fire Cases in NASS/CDS 1994/2004 – 

Weighted 
 

Damage Ext. All Vehicles Fire Vehicles Fire + Entrapment
1 35% 7% 0%
2 35% 36% 2%
3 18% 21% 17%
4 5% 9% 23%
5 2% 7% 20%
6 2% 6% 25%
7 1% 11% 8%
8 0% 1% 3%
9 1% 2% 2%

4+ 12% 35% 81%

 
A more detailed investigation of the damage patterns 
of vehicles with crash induced fires was conduced by 
the Pacific Institute for Research and Evaluation, 
PIRE [Bahouth 2006].  The percentile damage 
patterns for vehicles with crash induced major fires 

are shown in Figure 1.  The vehicle front is to the left 
and the rear toward the right. The 5th, 10th, 25th and 
50th percentiles of damage profiles are plotted. The 
contours in Figure 1 show how frequently each area 
of the vehicle is damaged.  Left and right side 
damage has been combined.  The contours are based 
on all crashes with major fires and recorded damage 
in NASS 1995-2004.  

Figure 1 shows the distribution of damage outcome 
but it does not reflect the relative frequency of the 
crashes with fires for the various crash directions.  
The corresponding crash frequencies are 68% frontal, 
25% side and 7% rear. 

 

Figure 1.  Vehicle Damage Patterns for Major 
Fires Based on NASS 1995-2004 Weighted 
(Bahouth, 2006) 

Tables 6 and 7 show the distributions of MAIS 
injuries for the same categories of vehicles as in 
Tables 4 and 5.  MAIS is a person level injury 
severity rating based on the most severe AIS injury 
suffered by an individual.  AIS stands for the 
“Abbreviated Injury Scale”, an injury severity rating 
developed by the Association for the Advancement of 
Automotive Medicine.  

Table 6. Extent of Injuries - Vehicles and Fire 
Cases in NASS/CDS 1994/2004 

Unweighted
Unweighted

MAIS All Vehicles Fire Vehicles Fire + Entrap
0 24% 9% 1%
1 44% 22% 9%
2 14% 14% 13%
3 10% 18% 20%
4 4% 9% 11%
5 3% 10% 10%
6 1% 18% 36%

3+ 19% 55% 77%  

 

 



 

  Digges 4

Table 7. Extent of Injuries - Vehicles and Fire 
Cases in NASS/CDS 1994/2004 - 

Weighted
Weighted

MAIS All Vehicles Fire Vehicles Fire + Entrap
0 49% 27% 0%
1 42% 37% 15%
2 6% 9% 14%
3 2% 9% 14%
4 1% 4% 7%
5 0.4% 4% 7%
6 0.1% 9% 42%

3+ 3% 27% 71%  

The AIS system assigns an injury severity rating to 
each injury suffered by a person.  This rating scale 
ranges from 1 to 6. The risk of death increases with 
each AIS level.  AIS 6 is nearly certain death.  AIS 1 
and 2 are classified as minor and moderate injuries 
with very low risk of death.    AIS 3 and above are 
serious and severe injuries.  A person may suffer 
more than one injury.  MAIS (M = Maximum) 
designates the most severe AIS that a person suffers 
and MAIS 3+ indicates people who suffer one or 
more injuries of severity AIS 3 or greater.  In NASS 
cases, about 20% of the vehicle occupants with 
MAIS 3+ injuries ultimately die from the injury or 
from complications including those associated with 
advanced age and preexisting medical conditions. 
Deaths from injuries less severe than MAIS 6 have 
not been segregated in the table.  The last row in the 
table shows the percentage of vehicles whose 
occupants have injuries of MAIS 3 or greater.   

Tables 8 and 9 show the distribution of crash 
involved vehicles  using the ‘Crash Direction’ 
variable to classify the mode of the crash. The 
definition of each crash mode is discussed in the 
paragraphs to follow.  

Frontal crashes were determined to be any crash 
where the Principal Direction of Force, (PDOF) was 
1, 11, or 12 o’clock or at 10 and 2 o’clock when the 
highest CDC deformation location was coded as front 
(F).  This definition is used by NHTSA in their 
analysis of frontal crashes. 

Side crashes were determined to be any crash where 
the PDOF was 3 or 4 o’clock or was at 2 o’clock with 
the highest deformation location not coded as front 
(F) or where the PDOF was 8 or 9 o’clock or was at 
10 o’clock with the highest deformation location not 
coded as front (F). 
 
Rear crashes were determined to be any crash where 
the PDOF was 5, 6 or 7 o’clock. 

Rollover crashes were determined to be any crash 
where a rollover was indicated by the variable 
ROLLOVER. It is important to note that crashes with 
any involvement of rollover were included as a 
rollover crash; hence multiple impacts with any other 
planar impact occurring first would also be included 
as a rollover crash. A classification of rollover 
indicates that a rollover event was involved in the 
crash at some point.  

All crashes not meeting the criteria of the other 
aforementioned crash directions was labeled as 
‘Other.’ About 25% of NASS cases exhibit 
complexities of the crash mode so that they do not fit 
the defined categories for frontal, side, rear and 
rollover. 

Tables 8 and 9 show the distribution by crash mode 
of all fire crashes and the major and minor fires for 
each crash mode.  Tables of both weighted and 
unweighted data are shown. 

Table 8. Distribution of No Fire and Fire Cases in 
NASS/CDS by the Fire Severity and Crash Mode - 

Unweighted
Unwgt

Type Minor Major All Fire All Crashes
Frontal 50% 50% 55% 45%
Side 49% 51% 10% 13%
Rear 23% 77% 7% 5%
Rollover 49% 51% 22% 11%
Other 23% 77% 6% 26%
Total 46% 54% 100% 100%

Fire Severity All Fire and Crashes

 

Table 9. Distribution of No Fire and Fire Cases in 
NASS/CDS by the Fire Severity and Crash Mode 

Weighted 
Weighted
Type Minor Major All Fire All Crashes
Frontal 57% 43% 50% 42%
Side 55% 45% 6% 12%
Rear 23% 77% 5% 6%
Rollover 49% 51% 27% 8%
Other 48% 52% 12% 32%
Total 52% 48% 100% 100%

Fire Severity All Fire and Crashes

 

Table 10 shows the distribution vehicle fires in 
NASS by crash direction and fire severity for 
weighted and unweighted data. 
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Table 10. Distribution of Fire Cases in NASS/CDS 
by the Fire Severity and Crash Direction – 
NASS/CDS 1994-2004 – Unweighted and 

Weighted Data 

Type Minor Major Minor Major
Frontal 59% 51% 55% 45%
Side 11% 10% 6% 6%
Rear 4% 10% 2% 8%
Rollover 23% 21% 25% 29%
Other 3% 9% 11% 13%
Total 100% 100% 100% 100%

Unweighted Weighted

 

Figure 2 shows the frequency of fires per 100 crashes 
for each crash mode.  The denominator for the rate 
calculation is the total number of crashes in the crash 
mode under consideration. 
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Figure 2. Rates of Crashes with Fires and Crashes 
with Major Fires, by Crash Direction – NASS 
1995-2004 

Tables 11 and 12 display the distribution of fire 
origin by crash direction.  Fires of all severity are 
included in the data.  The abbreviations are for 
occupant compartment and engine compartment.  
Fires originating in the cargo/trunk and other areas 
are included in the Ext. category. Tables for both 
unweighted and weighted data are shown. 

Table 11. Fire Origin in Crashes by Crash 
Direction, Fires of All Severity; NASS/CDS 1994-

2004 –Unweighted Data 

Unwgt
Eng. 

Comp.
Fuel 
Tank

Occ. 
Comp. Exter. Unk

Frontal 86% 2% 3% 5% 3%
Side 54% 26% 4% 7% 9%
Rear 18% 54% 4% 14% 11%
Roll 63% 20% 3% 5% 9%
Other 59% 12% 0% 6% 24%
All 72% 13% 3% 6% 6%  

Table 12. Fire Origin in Crashes by Crash 
Direction, Fires of All Severity; NASS/CDS 1994-

2004 –Weighted Data 

Weight
Eng. 

Comp.
Fuel 
Tank

Occ. 
Comp. Exter. Unk

Frontal 93% 1% 1% 4% 1%
Side 59% 30% 3% 2% 5%
Rear 26% 58% 1% 12% 4%
Roll 66% 28% 1% 2% 3%
Other 80% 15% 0% 0% 5%
All 78% 15% 1% 4% 2%  

Table 13 displays the distribution of fire origin 
recorded in NASS for fires of all severity and crashes 
in all directions.  The ‘Exterior’ cell includes fires 
from the trunk, wheels and other areas outside the 
passenger compartment. 

Table 13. Fire Origin in Crashes by Crash 
Direction, Fires of All Severity and All Crash 

Directions; NASS/CDS 1995-2004 – Weighted and 
Unweighted Data (Bahouth, 2006) 

Type Minor Major Minor Major
Eng. Com. 87% 51% 84% 61%
Fuel Tank 2% 22% 1% 29%
Occ. Com. 3% 21% 10% 2%
Exterior 7% 6% 5% 8%

Unweighted Weighted

 

ENGINE COMPARTMENT FIRES 

The previous tables have shown the prevalence of 
engine compartment fires that occur in NASS 
crashes.  A further examination of these fires is 
merited.  A study by PIRE investigated the damage 
patterns that are associated with engine compartment 
fires [Bahouth, 2006].  Some of the results are 
summarized in the tables and figures to follow. 

Table 14 shows the distribution of crashes with 
engine compartment fires by crash direction.  Other 
locations not shown in the figure include the trunk 
area, passenger compartment, instrument panel and 
wheels/brakes. 
 
Table 14. Vehicle Populations where Fire Origin 
was Engine Compartment  - NASS CDS 1995-
2004  - Unweighted and Weighted 
Damage Area Unweighted Weighted
Front 84% 89%
Rear 1% 0%
Left 9% 7%
Right 6% 4%  



 

  Digges 6

 

Figure 3. Damage Patterns where Fire Origin is 
Engine Compartment - NASS CDS 1995-2004 
Weighted 

Figure 3 shows the 5th, 25th and 50th percentile 
damage patterns for crashes where a fire originated in 
the engine compartment.  As shown in Table 13, 
these are largely frontal crashes.  However a small 
population of side crashes and rollover events results 
in engine compartment fires as well.  This analysis 
did not include the rollover crashes with engine 
compartment fires. 
 
A case by case study of major fires in rollovers found 
that in 17 of 24 NASS cases, the fire origin was in the 
engine compartment [Digges 2007].  About half of 
these fires were in rollovers that were induced by 
tripping mechanisms with the wheels coded as the 
impact location.  It was observed that these engine 
compartment fires could occur without severe 
damage to the vehicle except for the roof.  This type 
of vehicle damage is illustrated in Figures 4 and 5. 

 

Figure 4. Major Fire after Rollover with Engine 
Compartment Origin – NASS Case 1997-41-126 

 

Figure 5. Major Fire after Rollover with Engine 
Compartment Origin – NASS Case 2001-18-58 

A case-by-case study of major fires in frontal crashes 
found that run-off-the road and pole impacts were the 
most frequent characteristics of engine compartment 
fires in the NASS cases studied [Digges 2008]. 
 
STATE DATA ANALYSIS 
 
Analysis of state data was performed under contract 
with Friedman Research Corporation (Friedman 2003 
and 2005).  Four states were found to record fire data 
along with crash direction and severity.  The analysis 
found that the highest fire rates for both passenger 
cars and LTV’s was in rollover crashes.   
 
In the 2005 report, Friedman examined attributes of 
pickup trucks that may have been associated with 
large reduction in fire rates observed in FARS during 
the period 1979-2001 [Friedman 2005 and 2006].  
Fuel injection appears to have reduced the fire rates.  
There was no consistent difference regarding engine 
size, but for one pickup model, the I6 had a lower fire 
rate than the V8.  Check valves appeared to reduce 
the fire rate in rear impacts.  Fuel cut-off switches 
appeared to be beneficial in rollovers. 
 
DISCUSSION 
 
In recent model year passenger vehicles, the fire 
threat has increased in frontal crashes and rollovers.  
The most frequent fire origin is the engine 
compartment.  About half of the engine compartment 
fires spread to the occupant compartment.  There is 
generally more time to  escape from these fires as 
compared to fires with a fuel tank origin.  However, 
entrapment occurs in about 23% of FARS cases with 
fire as the MHE.  Continued improvement in egress 
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and rescue offer promise of further reductions of fire 
related casualties.  Control of engine compartment 
fluid leakage and of electrical isolation in all crashes, 
including rollovers, are other promising fire safety 
countermeasures. 
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ABSTRACT 

Objective – Public concern has arisen about the re-
liability of front airbags because Fatality Analysis 
Reporting System (FARS) data indicate many non-
deployed airbags in fatal frontal crashes. However, 
the accuracy of airbag deployment, the variable in 
question, is uncertain. This study aimed to provide 
more certain estimates of nondeployment incidence 
in fatal frontal crashes. 

Methods – Fatally injured passenger vehicle drivers 
and right-front passengers in frontal crashes were 
identified in two US databases for calendar years 
1998-2006 and model years 1994-2006: FARS, a 
census of police-reported fatal crashes on public 
roads, and National Automotive Sampling Sys-
tem/Crashworthiness Data System (NASS/CDS), a 
probability sample of towaway crashes. NASS/CDS 
contains subsets of fatal crashes in FARS and collects 
detailed data using crash investigators. Front airbag 
deployment coding for front-seat occupant fatalities 
was compared in FARS and NASS/CDS, and case 
reviews were conducted.  

Results – Among FARS frontal deaths with available 
deployment status (N=43,169), front airbags were 
coded as not deployed for 18% of front occupants. In 
comparison, NASS/CDS (N=628) reported 9% 
(weighted estimate) nondeployment among front 
occupants killed. Among crashes common to both 
databases, NASS/CDS reported deployments for 45% 
of front occupant deaths for which FARS had coded 
nondeployments. Detailed case reviews of NASS/ 
CDS crashes indicated highly accurate coding for 
deployment status. Based on this case review, 8% 
(weighted estimate) of front occupant deaths in fron-
tal crashes appeared to involve airbag nondeploy-
ments; 1-2% of deaths represented potential system 

failures where deployments would have been ex-
pected. Airbag deployments appeared unwarranted in 
most nondeployments based on crash characteristics. 

Discussion – FARS data overstate the magnitude of 
the problem of airbag deployment failures. There are 
inherent uncertainties in judgments about whether or 
not airbags would be expected to deploy in some 
crashes. Continued monitoring of airbag performance 
is warranted.  

INTRODUCTION 

Front airbags prevent deaths in frontal collisions [1-
8]. Front airbags work in tandem with seat belts to 
restrain front-seat occupants by inflating when sen-
sors, measuring acceleration, indicate a moderate to 
severe frontal impact [9]. 

Recent media reports raised the possibility of wide-
spread instances of front-seat occupants dying in 
crashes because front airbags failed to deploy. 
Based on data from the US Fatality Analysis Re-
porting System (FARS), The Kansas City Star pub-
lished a series of articles estimating that during 
2001-2006, 1,400 deaths occurred in frontal crashes 
in which airbags failed to deploy [10,11]. In an in-
ternal report based on deaths included in the Na-
tional Automotive Sampling System/Crashworthi-
ness Data System (NASS/CDS), the National High-
way Traffic Safety Administration (NHTSA) [12] 
estimated that during 2001-06, 576 people died in 
crashes in which front airbags did not deploy and 
that 360 of those who died would have benefited 
from front airbag protection [13].  

As airbags became common in the vehicle fleet dur-
ing 1988-97, some people — particularly infants in 
rear-facing child safety seats, unrestrained older 
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children, and short drivers sitting too close to deploy-
ing airbags — received airbag-induced fatal or se-
rious injuries during low-speed crashes that otherwise 
would not have resulted in major injury [1,4,6,14-16]. 
Consequently, airbag designs were changed to reduce 
inflation energy and the frequency of airbag deploy-
ments in low-speed crashes [17]. These redesigns 
have successfully reduced airbag-induced deaths 
among child passengers and do not appear to have 
compromised protection among adults [7,17-27]. 

For first generation front airbags, crash test perfor-
mance was certified by conducting 30 mph (48 
km/h) head-on, full-frontal, rigid-barrier tests of 
unbelted 50th percentile male dummies. The next 
generation of airbags began with model year 1998, 
when NHTSA gave automobile manufacturers the 
option of certifying frontal crash performance for 
unbelted male dummies with 30 mph sled tests. The 
sled tests specified by the regulation had a longer 
crash pulse than rigid-barrier tests, enabling airbags 
to inflate with about 20-30% less energy (known as 
depowering) [17].  

A subsequent federal rule required automakers to 
phase in advanced airbags with features that would 
tailor deployment to crash severity and occupant cha-
racteristics such as seat belt status, occupant weight, 
seating position, and presence of rear-facing child seat 
[28]. In particular, the latest generation of airbags is 
designed to deploy at higher crash severities for belted 
front occupants than for unbelted occupants. For the 
remainder of this paper, the latest generation of air-
bags will be referred to as certified-advanced airbags. 
Starting in model year 2003, some vehicles were 
equipped with certified-advanced airbags. By model 
year 2007, all new passenger vehicles were required 
to have certified-advanced airbags.  

The primary objective of this study was to estimate 
the incidence of front airbag non-deployment in fron-
tal crashes in which drivers or right-front passengers 
died. Another objective was to assess the complete-
ness and accuracy of the information on airbag dep-
loyment in FARS, which is the leading source of data 
on fatal crashes in the United States.  

METHODS 

Data Sources 

Two national US databases, maintained by NHTSA, 
provided information on front airbag nondeployments 
in fatal frontal crashes. The first was FARS, a census 
of fatal crashes on US public roads in which a death 
occurred within 30 days of the crash; documented 

suicides are excluded [29]. FARS data come from 
police crash reports, and the completeness and relia-
bility of the data differ by variable, police agency, 
and individual officer. Although airbag deployment 
would appear to be readily verifiable by police offic-
ers at the crash scene, the accuracy of FARS coding 
of front airbag deployment has not been established.  

The second database was NASS/CDS, a national 
probability sample of US police-reported towaway 
crashes [30]. NASS/CDS collects data for 5,000 
crashes annually, including a subset of FARS fatal 
crashes. NASS/CDS crash investigators collect de-
tailed data including whether airbags deployed. Qual-
ity control centers provide oversight. Using both 
FARS and NASS/CDS, data on airbag deployments 
were obtained for drivers and right-front passengers 
fatally injured in crashes during 1998-2006 in airbag-
equipped vehicles (model years 1994-2006).  

Vehicle make, model, model year, and presence of 
front airbags were based on decoded vehicle identifi-
cation numbers (VINs) contained in the federal data-
bases. Vindicator software from the Highway Loss 
Data Institute (HLDI) was used for this purpose [31].  

Additional sources of data were used to ascertain 
whether crash-involved vehicles had first-generation, 
sled-certified, or a certified-advanced airbags [22]. 
These sources included NHTSA brochures [32], a 
NHTSA website [33], and the 1998-2000 National 
Automotive Sampling System/Crashworthiness Data 
System (NASS/CDS) manual [34].  

Variable Definitions  

Frontal collision – The study examined only front-
seat occupants involved in frontal collisions, the type 
of crash in which front airbags are designed to pro-
vide protection. Each database had a different method 
of coding crash type. In FARS, frontal crashes were 
defined as having a principal impact of 11, 12, or 1 
o’clock; if the principal impact was missing, then the 
initial impact clock position was used. In NASS/ 
CDS, frontal crashes were those in which the general 
area of vehicle damage was coded as front for the 
most severe Collision Deformation Classification 
(crush profile).  

Deployment – Nondeployment incidence in FARS 
and NASS/CDS was estimated after excluding occu-
pants who were coded as having front airbags that 
had been disabled or removed, or missing deploy-
ment information. In NASS/CDS, occupants were 
eligible for study only if a crash investigator had ex-
amined the vehicle.  
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Airbag generation – Airbag generations were de-
fined as first generation (model years 1994-97), sled-
certified (model years 1998-2005 and reported as 
sled-certified), or certified-advanced (model years 
2003-2006 and reported as certified-advanced).  

Data Analyses  

The primary outcome was front airbag nondeploy-
ment following involvement in frontal crashes as 
coded by FARS and NASS/CDS. Chi-square tests of 
proportions were used for some comparisons. Data 
analyses were conducted using SAS 9.1 and Micro-
soft Excel [35, 36].  

To compare coding of airbag deployment status di-
rectly between FARS and NASS/CDS, front occu-
pant fatalities contained in both databases were 
matched. Unique personal identifiers are not availa-
ble from public datasets so other variables were used 
for matching. To be considered a valid match, FARS 
fatalities had to match NASS/CDS on crash year, 
state in which the crash occurred, seat position, crash 
month and first 10 digits of the VIN. Cases also were 
required to match at least two of the following crite-
ria: day of week, gender, and age within one year. In 
a small number of matched cases, the FARS VIN 
either was missing or was erroneous but similar to the 
NASS/CDS VIN. Ultimately, 1,655 deaths of 1,700 
NASS/CDS deaths were identified in FARS (97% 
match rate).  

Weighted NASS/CDS data were used to generate 
national estimates, and unweighted NASS/CDS data 
were used for comparisons of coding. All FARS front 
occupant deaths during 1998-2006 for model years 
1994-2006 numbered 121,514, but NASS/CDS case 
weights for the same categories of front occupant 
deaths during that period totaled 85,869. Thus, 
NASS/CDS underrepresents the true number of US 
deaths (ratio of FARS to NASS/CDS deaths = 1.415). 
To estimate numbers of front occupant deaths by 
deployment category, case weights in NASS/CDS 
were multiplied by 1.415 to account for NASS/ 
CDS’s underrepresentation of deaths. 

Case reviews – During 1998-2006 for model years 
1994-2006, a total of 628 deaths among drivers and 
right-front passengers were coded as frontal in 
NASS/CDS. All of these cases were reviewed to veri-
fy deployment status. Engineers conducted compre-
hensive reviews of those deaths in which NASS/CDS 
coded nondeployment, disabled/removed airbag, or 
missing deployment status. A few deaths were reclas-
sified as belonging to a different category.  

RESULTS 

Incidence of Nondeploying Airbags  

No differences were observed in deployments be-
tween drivers and right-front passengers so they were 
combined for analyses (data not shown). After ex-
cluding deaths with missing airbag deployment data, 
FARS reported nondeployments in 18 percent of 
front occupant deaths in frontal crashes during 1998-
2006 (Table 1). NASS/CDS reported 9 percent non-
deployment (weighted). In NASS/CDS, first-genera-
tion airbags had significantly lower nondeployments 
compared with sled-certified airbags (weighted 7% 
vs. 11%; p < 0.001). Statistical tests could not be 
performed for certified-advanced airbags because 
only 28 NASS/CDS deaths had these airbags.  

Comparisons of Coding among Front Occupant 
Deaths Included in both FARS and NASS/CDS  

Among the 1,655 NASS/CDS front occupant deaths 
successfully matched to a FARS record, FARS clas-
sified 787 deaths as occurring in frontal crashes whe-
reas NASS/CDS classified 606 as frontal crashes 
(Table 2). Thirty-two percent of crashes deemed to be 
frontal by FARS were considered nonfrontal by 
NASS/CDS; differences were statistically significant 
(p < 0.001). 

For the 538 deaths that were considered as occurring 
in frontal crashes by both databases, FARS and 
NASS/CDS agreed on airbag deployment status in 
75% of the cases (Table 3). Deployment coding dif-
ferences in NASS/CDS versus FARS were statistical-
ly significant (p < 0.001). In this subset of matched 
cases, deployment status was coded as unknown in 
21% of deaths in FARS and 5% in NASS/CDS. Of 
the 42 deaths where FARS coded a nondeployment, 
NASS/CDS reported that 19 (45%) airbags actually 
had deployed.  

The accuracy of FARS deployment coding appeared 
to increase over time among the matched deaths 
based on agreement with NASS/CDS coding, al-
though the increase was not significant using the 
Breslow-Day test of homogeneity. Among nondep-
loyments coded by FARS, percentages that 
NASS/CDS coded as deployed were 67% during 
calendar years 1998-2000 versus 42% during 2004-
2006 (data not shown). 
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Table 1. 
Coding of front airbag performance in frontal1 crashes in which drivers or right-front passengers died 

by airbag generation,2 FARS and NASS/CDS, model years 1994-2006, calendar years 1998-2006 

Data source, 
Deployment status 

First 
generation 

 Sled- 
certified 

 Certified- 
advanced 

 All front 
airbags3 

No. %4  No. %4  No. %4  No. %4 

FARS (Deaths)            
Deployed 14,496 84  18,548 81  1,183 78  35,320 82 
Not deployed 2,858 16  4,465 19  336 22  7,849 18 
Unknown 6,823   6,792   444   14,467  
Switched off/disabled 47   60   0   108  
Other 81   107   9   202  

Total 24,305   29,972   1,972   57,946 
 

NASS/CDS (Unweighted)            
Deployed 211 95  294 90  25 96  548 93 
Not deployed 12 5  31 10  1 4  44 7 
Unknown 13   12   2   27  
Switched off/disabled 5   4   0   9  

Total 241   341   28   628 
 

NASS/CDS (Weighted)            
Deployed 10,149 93  15,547 89  813 96  27,414 91 
Not deployed 782 7  1,899 11  34 4  2,714 9 
Unknown 981   736   201   1,918  
Switched off/disabled 103   245   0   348  

Total 12,015   18,427   1,048   32,394  

1FARS: Frontal defined as 11, 12, 1 o’clock principal impact point (or initial impact point among 335 deaths where prin-
cipal was missing); NASS/CDS: Frontal defined as principal area of damage from collision deformation classification. 

2First-generation airbags: rigid barrier test (model years 1994-97); sled-certified airbags: sled test (model years 1998-05); 
certified advanced airbags: certified as advanced and compliant with federal standards for occupant crash protection 
(model years 2003-06). 

3Total also includes airbags that did not fall into airbag generation categories, such as those tested using rigid barriers after 
model year 1997. 

4Percentages exclude missing airbag deployment data and inactivated airbags. 
 
 
 

Table 2. 
Comparison of principal impact point codes among front occupant deaths included in both 

FARS and NASS/CDS, model years 1994-2006, calendar years 1998-2006 

 FARS Coding   
 Frontal  Not frontal  Total 
NASS/CDS Coding No. %  No.  %  No. % 

Frontal 5381 68      68     8  606 37 
Not frontal    249     32     800     92    1,049     63 
Total 787 100  868 100  1,655 100 

1χ2=651.54, 1 df; p < 0.001 
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Table 3. 
Comparison of front airbag deployment coding among front occupant deaths in 

NASS/CDS that were matched to FARS and coded as frontal crashes by both databases, 
model years 1994-2006, calendar years 1998-2006 

 FARS Coding   

 Deployed  
Not 

deployed  
Off/ 

disabled  Unknown  
Nonfrontal 
deployment  Total 

NASS/CDS Coding No. %  No.  %  No.  %  No.  %  No.  %  No.  % 

Deployed 3691 98  19 45  0 –  85 74  1 –  474 88 
Not deployed 5 1  13 31  1 –  11 10  1 –  31 6 
Off/disabled 0 0  6 14  1 –  1 1  0 –  8 1 
Unknown      3      1      4    10    0 –     18    16    0 –      25      5 
Total 377 100  42 100  2 –  115 100  2 –  538 100 

1χ2=221.36, 12 df; p < 0.001 
 

Case Reviews of NASS/CDS Front Occupant Deaths 
and National Estimates by Deployment Status  

After reviewing case photographs and other crash 
investigation records for all 628 NASS/CDS front-
occupant deaths coded as frontal during 1998-2006, 4 
errors in deployment codes were identified: 2 airbags 
coded as nondeployed were switched off; 1 airbag 
coded as switched off was not switched off but was 
an instance of nondeployment; 1 airbag with un-
known deployment status had been removed prior to 
the crash (Table 4). No deployment coding errors 
were observed among any front occupant deaths in 
which NASS/CDS indicated that front airbags had 
deployed. After accounting for the 4 coding errors, 
the weighted percentage of front occupant deaths 
involving an airbag nondeployment was 8 percent, 
and the weighted percentage with a switched 
off/removed airbag was 2 percent.  

Of the 43 verified nondeployments, 25 were in crash-
es in which deployment typically would not be ex-
pected and 11 were in crashes in which deployment 
would have been expected based on crash severity 
and other characteristics (Table 4). An additional 6 
deaths were classified as borderline, defined as 
crashes in which a deployment would not have been 
surprising, but was not necessarily expected. The 
category for 1 death could not be determined.  

Of the 11 deaths where deployments would have 
been expected, all but 3 likely would have benefitted 
if front airbags had deployed (Table 5). In the border-
line cases, benefits from airbag deployments were 
considered unlikely for 4 of the 6 deaths because of 
passenger compartment intrusion and other crash 
characteristics.  

After calculating case weights from NASS/CDS for 
deaths with nondeployed airbags by categories of 
nondeployment, the case weights were multiplied by 
1.415 to yield adjusted national estimates (Table 4). 
The resulting estimates were 449 deaths in which 
airbags would have been expected to deploy and 
another 464 deaths classified as borderline expected 
deployments during 1998-2006. This yielded 50-101 
annual deaths, on average, in which airbags did not 
deploy and were potential system failures during the 
9-year study period. 

Reasons for nondeployment among the 17 deaths 
where deployments would have been expected or 
were classified as borderline were unclear (Table 5). 
One vehicle had an airbag recall issue that likely was 
the reason for nondeployment, whereas several ve-
hicles had airbag recall issues that appeared unrelated 
to nondeployment. Repair histories could not be as-
certained for airbags that had been recalled.  

Several factors were responsible among the 25 ve-
hicles in which the airbag was not expected to dep-
loy. In 10 crashes, the most significant event was a 
rollover, and in many cases the occupant was ejected 
during the rollover. Five vehicles had frontal crashes, 
but these were complete underrides with large trucks 
in which the vehicle hood was not contacted. Four 
crashes were more consistent with side impacts, and 
in 3 of these crashes the driver was ejected through 
the side window. In 3 of the crashes, the fatality was 
caused by a foreign object striking the driver through 
the windshield. Finally, in 3 crashes, the vehicle had 
sufficiently low delta V values that an airbag would 
not be expected to deploy. In 2 of these crashes, the 
fatality was possibly due to a pre-existing medical 
condition.
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Table 4. 
Judgments regarding nondeployment, revised coding, and adjusted national estimates based on IIHS case 

reviews of front airbag performance in frontal crashes in which drivers or right-front passengers died, 
NASS/CDS, model years 1994-2006, calendar years 1998-2006 

 Original codes  

IIHS judgments and 
revised codes and 

case weights  
IIHS adjusted 

national estimates1 
Deployment status No. %2  No. %2  No. %2 

(Unweighted) 

Deaths 

        

Deployed 548 91  5483 91  − − 
Not deployed 44 7  43 7  − − 

Not expected to deploy – −  25 4  − − 
Expected to deploy − −  11 2  − − 
Borderline − −  6 1  − − 
Unknown − −  1 0  − − 

Unknown 27 −  26 −  − − 
Switched off/disabled       9       1      11       2  − − 
Total 628 100  628 100  − − 

(Weighted)         
Deployed 27,414 90  27,414 90  38,791 90 
Not deployed 2,714 9  2,543 8  3,598 8 

Not expected to deploy − −  1,890 6  2,674 6 
Expected to deploy − −  317    1  449  1 
Borderline − −  328    1  464  1 
Unknown − −  8    0  11   0 

Unknown 1,918 −  1,851 −  2,619 − 
Switched off/disabled       348       1        586       2        829       2 
Total 32,394 100  32,394 100  45,838 100 

1NASS/CDS case weights were multiplied by 1.415 to address underrepresentation of deaths in NASS/CDS (based on 
ratio of FARS to NASS/CDS front occupant deaths). 

2Percentages exclude missing data. 
3Included 5 deaths in which vehicles had caught fire post-crash and NASS/CDS investigators judged that deployment had 
occurred, but extensive damage made photographs difficult to interpret by IIHS reviewers. 

 

Among deaths with nondeployed airbags, there were 
13 with first-generation airbags, 31 with sled-
certified airbags, and 1 with certified-advanced air-
bags. Deaths with nondeployments in vehicles with 
sled-certified airbags were significantly less likely to 
be classified as expected to deploy or borderline 
compared with deaths in vehicles with first-
generation airbags (weighted, p < 0.001).  

DISCUSSION 

FARS data suggested that front airbags failed to dep-
loy in 18 percent of frontal crashes fatal to drivers 
and right-front passengers in cases where information 
on deployment was available. However, these were 
overestimates based on findings for fatal crashes in-

cluded in NASS/CDS, which reported 9 percent non-
deployment and 1 percent disabled/removed airbags 
among drivers and right-front passengers killed in 
crashes. Based on NASS/CDS case reviews, the per-
centage of nondeployments was revised downward to 
8%, and 1-2% of deaths represented potential system 
failures where deployment would have been ex-
pected. Some of these deaths could not have been 
prevented by deployed airbags. 

Review of all 628 NASS/CDS front occupant deaths 
in frontal crashes during 1998-2006 indicated a high 
level of accuracy in the NASS/CDS coding of airbag 
deployment; only 4 errors were detected in classify-
ing deployment status. The strongest evidence of 
FARS overstatement of nondeployments arose from 
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comparison of coding among fatal crashes included 
in both FARS and NASS/CDS, which indicated that 
half of the FARS deaths coded as nondeployments 
were misclassified. FARS deployment coding accu-
racy might be improving over time; among deaths 
included in both NASS/CDS and FARS, the agree-
ment of FARS and NASS deployment codes im-
proved between 1998-2000 and 2004-06. 

In a substantial number of front occupant deaths, 
FARS and NASS/CDS disagreed about whether the 
principal impact point was frontal, with NASS/CDS 
classifying fewer of them as frontal. Assuming that 
NASS/CDS codes principal impact point more accu-
rately, one reason for FARS overestimates of airbag 
nondeployment in crashes considered as frontal by 
FARS is misclassification of nonfrontal crashes as 
frontal by FARS. Because front airbags are not de-
signed to deploy in nonfrontal crashes, this likely 
resulted in inflated FARS percentages of non-
deploying airbags in frontal crashes. Case reviews of 
nondeployments showed that NASS/CDS misidenti-
fied some crashes as frontal, although this would be 
expected to occur less often than in FARS as vehicles 
are inspected by crash investigators. The authors 
were unable to review all 1,700 deaths in NASS/CDS 
to determine how often impact point was miscoded 
by NASS/CDS. National estimates of the numbers of 
deaths in frontal crashes in which airbags did not 
deploy could either be overstated or understated de-
pending on the true frequency of fatal frontal crashes 
and their deployment status.  

An additional problem with FARS was the high per-
centage of front occupants whose airbag deployment 
status was unknown. Missing data may result in inac-
curate estimates of nondeployment. One implication 
is that studies of airbag effectiveness using FARS 
should use airbag presence rather than airbag dep-
loyment because of missing and misclassified dep-
loyment data in FARS.  

The inaccuracies in FARS may stem partly from the 
lack of uniformity among state police crash report 
forms and coding practices. Some states have airbag 
deployment as a separate variable on the police crash 
report forms; others do not. At least three states 
(Florida, Maryland, and Indiana) have a category 
known as “Safety Equipment” in which police are 
supposed to code airbags only if they deployed.  

In NASS/CDS, nondeployments were significantly 
less common among first-generation airbags com-
pared with later airbag generations. Yet non-
deployments categorized as expected to deploy or 
borderline were significantly more common for first-

generation airbags relative to sled-certified airbags. 
These results suggest improved deployment algo-
rithms among sled-certified vehicles, but must be 
interpreted cautiously because of small numbers in 
NASS/CDS.  

Match rates for deaths included in both FARS and 
NASS/CDS were high (97%) and were based on mul-
tiple variables, lessening the likelihood of inaccurate 
identification of fatal crashes. A limitation of the 
study was small numbers of deaths among occupants 
with certified-advanced airbags. Another limitation 
stems from the inherent uncertainties of researchers 
making judgments about whether or not an airbag 
would be expected to deploy in some crashes and 
whether airbag deployments in individual crashes 
would have reduced injury severity. To address this 
challenge, three engineers reviewed the cases.  

Since the first reports of airbag-induced fatalities 
started appearing, regulators, automobile manufac-
turers, and airbag manufacturers have been engaged 
in an effort to prevent such fatalities and injuries 
while designing airbags that deploy appropriately 
when front occupants need their protection. Different 
manufacturers have reached different conclusions on 
the optimal algorithms for triggering airbags and how 
to protect out-of-position occupants from deploy-
ment-related injuries. Several of the crashes involved 
minor frontal impacts prior to the most severe frontal 
crash, and the effect of these impacts on the airbag 
system is unknown. Certified-advanced airbags, 
which can suppress deployment or vary the degree of 
airbag inflation, are intended to balance protection 
versus risk to front occupants.  

CONCLUSIONS 

Failures of front airbags to deploy in crashes in which 
drivers or right-front passengers died and in which the 
front airbags usually would be expected to deploy 
appear to be relatively uncommon and far less fre-
quent than suggested by FARS data. NHTSA should 
take steps to improve the accuracy of airbag deploy-
ment coding in FARS. Findings of this study were 
consistent with the internal NHTSA (2008) analysis. 
Nonetheless, the estimated number of front occupant 
deaths in which front airbags were expected to deploy 
is of concern. Examination of airbag system compo-
nents and further in-depth investigations of vehicles 
with nondeployments would be useful to help shed 
light on what is occurring and whether there are poss-
ible countermeasures. Continued monitoring of front 
airbag performance is warranted, particularly for the 
newest generation of advanced airbags that are de-
signed to optimize front airbag deployment. 
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Table 5. 
IIHS case reviews of 43 driver and right-front passenger frontal crash deaths with 

front airbags verified as not having deployed, NASS/CDS, model years 1994-06, calendar years 1998-06 
 

Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Expected to 
deploy 

Airbag recall 
issue 

Driver Sled-
certified 

 Yes - Passenger airbag deployed 2006-74-195B Dodge Truck - 
Caravan Van 

2000 

Expected to 
deploy 

Unknown Driver First  
generation 

 No - Passenger airbag deployed, 
although underride crash 

2000-78-19A Chevy/GEO - 
Lumina 4D 

1997 

Expected to 
deploy 

Unknown Driver Sled-
certified 

40 Yes  2001-12-116A GMC Truck - 
S15/Sonoma Pickup 

2000 

Expected to 
deploy 

Unknown RFPass Sled-
certified 

19 Yes - Apparently unrelated airbag 
recall issue 

2004-3-96B Honda - 
Civic 2D Coupe 

1998 

Expected to 
deploy 

Unknown Driver Sled-
certified 

 Yes  2004-43-323B Toyota - 
Tacoma PU X Cab 

1998 

Expected to 
deploy 

Unknown RFPass Certified-
advanced 

 Yes  2004-47-83A Chevy/GEO Truck - 
Slvrdo 1500 PU E C  

2003 

Expected to 
deploy 

Unknown Driver Sled-
certified 

29 Yes  2005-50-18B Chevy/GEO- 
Cavalier 2D 

1998 

Expected to 
deploy 

Unknown Driver Sled-
certified 

 Unlikely  2006-3-121B Honda - 
Accord 4D 

2003 

Expected to 
deploy 

Unknown Driver First  
generation 

 Yes - Apparently unrelated airbag 
recall issue 

- Passenger airbag deployed 

2006-43-149A Mazda - 
Protégé 4D 

1995 

Expected to 
deploy 

Unknown Driver Sled-
certified 

35 Yes  2006-78-47B Daewoo - 
Lanos 4D 

2000 

Expected to 
deploy 

Unknown Driver First  
generation 

42 No - Incorrectly coded in NASS 
as vehicle not having airbag 

2005-45-88B Chevy/GEO - 
10/1500 Pickup ½ T 

1996 

Borderline Unknown Driver First  
generation 

 Possibly - Oblique impacts 1998-45-165J Honda - 
Accord 4D 

1996 
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Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Borderline Unknown Driver Sled-
certified 

 No - Possible airbag recall issue 
- Driver side thorax airbag 

deployed 

2000-76-139A GMC Truck - 
Yukon 4D 

2000 

Borderline Unknown Driver Sled-
certified 

 No - Vehicle rolled over 2005-73-161B Chevy/GEO Truck - 
Astro EXT Van 

1999 

Borderline Unknown Driver First  
generation 

16 Yes  2006-43-198B GMC Truck - 
Suburban ½T 4D 

1996 

Borderline Unknown Driver First  
generation 

 Unlikely - Vehicle rolled over 2006-45-117B Chevy/GEO Truck - 
S10 Blazer 4D 

1996 

Borderline Unknown Driver Sled-
certified 

18 No - Injuries due to intrusion 
directly into greenhouse 

2006-50-83B Hyundai - 
Tiburon 2D 

2000 

Not expected 
to deploy 

Complete un-
derride 

Driver Sled-
certified 

 No  2000-43-243A Chrysler/Plymouth 
Truck - Voyager Van 

2000 

Not expected 
to deploy 

Complete un-
derride 

RFPass Sled-
certified 

 No  2000-45-160A Toyota - 
Camry 4D 

1998 

Not expected 
to deploy 

Complete un-
derride 

Driver First  
generation 

 No  2001-73-41B GMC Truck - 
Safari EXT Van 

1994 

Not expected 
to deploy 

Complete un-
derride 

Driver Sled-
certified 

 No  2002-47-39A Mazda - 
626 Sedan 

1999 

Not expected 
to deploy 

Complete un-
derride 

Driver First  
generation 

 No  2005-43-3B Chevy/GEO Truck - 
T10 Blazer 4D 

1997 

Not expected 
to deploy 

Foreign object Driver Sled-
certified 

 No - Driver killed by object 
striking windshield prior  
to crash 

2002-11-39J GMC Truck - 
T15 Jimmy 4D 

1999 

Not expected 
to deploy 

Foreign object Driver Sled-
certified 

 No - Snowmobile struck the 
vehicle in the greenhouse 

2003-11-18A Subaru - 
Forester 4D 

2001 

Not expected 
to deploy 

Foreign object Driver Sled-
certified 

 No - Fatality caused by fence  
post entering windshield  
and striking driver  

2005-75-56B Chevy/GEO - 
Cavalier 2D 

1998 
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Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Not expected 
to deploy 

Low delta-V  Driver First  
generation 

12 No - Reconstruction overesti-
mates delta-V  

1998-11-214B Buick - LeSabre/ 
Centurion/Wildcat 

1994 

Not expected 
to deploy 

Low delta-V  Driver First  
generation 

11 No - Reconstruction overesti-
mates delta-V 

1998-12-40A Chevy/GEO Truck - 
S10 Pickup 

1995 

Not expected 
to deploy 

Low delta-V Driver Sled-
certified 

8 Unknown  2002-81-42A Jeep - 
Grand Cherokee 4D 

2000 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

 Unlikely - Driver ejected during rol-
lover 

2000-75-22A Lexus - 
LX470 4D 

1999 

Not expected 
to deploy 

Rollover Driver First  
generation 

 No - Driver ejected during rol-
lover 

2001-75-152B Chevy/GEO Truck - 
S10 Pickup 

1997 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

7 No - Driver ejected during rol-
lover 

2002-45-157A Ford Truck -  
Expedition 4D 

2003 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

2 No  2002-72-122A GMC Truck- 
Envoy 4D 

2002 

Not expected 
to deploy 

Rollover RFPass Sled-
certified 

 No  2004-3-102A Chevy/GEO - 
Impala 4D 

2001 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

 No  2004-45-126A Ford Truck - 
Ranger Super PU 

2002 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

5 No - Driver ejected during rol-
lover 

2004-73-142B Ford Truck - 
Excursion 4D 

2000 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

11 Unlikely - Driver partially ejected 
during rollover 

2006-8-181B Chevy/GEO Truck - 
T10 Blazer 2D 

2001 

Not expected 
to deploy 

Rollover Driver Sled-
certified 

7 No - Driver partially ejected 
during rollover 

2006-42-149A Kia - 
Sorento 4D 

2004 

Not expected 
to deploy 

Rollover RFPass Sled-
certified 

 No - Right front passenger 
ejected during rollover 

2006-47-61A Ford Truck - 
Ranger Pickup 

2004 

Not expected 
to deploy 

Side impact Driver First  
generation 

 Unlikely - Driver ejected through 
window 

1999-48-78B GMC Truck - 
Yukon 4D 

1995 
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Deployment 
classification 
based on 
case review 

Possible 
reasons for 
nondeployment 

Seat 
position 

Airbag 
generation 

Delta-
V1 mph 
(NASS/ 
CDS) 

Would 
airbag 
have been 
beneficial? Other comments 

NASS/CDS 
case 

Vehicle 
make/model 

Model 
year 

Not expected 
to deploy 

Side impact Driver First  
generation 

 No - Catastrophic intrusion 2000-78-26B Chevy/GEO Truck - 
1500 PU EXT C 1/2T 

1996 

Not expected 
to deploy 

Side impact Driver Sled-
certified 

 Unlikely - Driver ejected and decapi-
tated during complicated 
crash 

2006-48-294B Toyota - 
Tacoma PU 

2000 

Not expected 
to deploy 

Side impact Driver Sled-
certified 

 No - Driver ejected through 
driver door window 

2006-50-12B Chevy/GEO Truck - 
S10 Blazer 4D 

2000 

Unknown  Driver Sled-
certified 

  - Not enough vehicle infor-
mation for determination 

2006-9-169A Chevy/GEO - 
Aveo 4D 

2004 

 

1Longitudinal delta-V calculated by NASS/CDS program. 
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ABSTRACT 

Crash severity can be defined as the potential of a 
crash to cause an injury or fatality. In the National 
Automotive Sampling System – Crashworthiness Data 
System (NASS-CDS), the crash severity of a rollover 
is assessed by estimating the magnitude of maximum 
intrusion and crush in the damaged vehicle. Several 
studies have shown that the number of quarter turns 
and roof intrusion are significant factors influencing 
the injury outcome. These studies mainly investigate 
the relationship between injury severity and vehicle-, 
crash-, or occupant-related variables. The purpose of 
this study is to develop a model that uses both vehicle- 
and crash-related parameters to estimate the rollover 
crash severity based on injury outcome.   
  
In this study, the data mining technique called 
discriminant analysis is used to build a predictive 
model. Of the several rollover-related variables 
considered as candidate predictors, the maximum 
intrusion, number of quarter turns, and estimated 
distance from trip point to final rest position show 
significant correlations with the maximum 
abbreviated injury scale (MAIS) and hence are 
selected as predictors for the model.   
 
Since one of the predictors, the estimated distance 
from trip point to final rest position, was introduced in 
the NASS-CDS data in 2006, this study is based upon 
two years (2006 and 2007) of data. To eliminate the 
confounding effect of external sources of injury, only 
non-ejected occupants are considered. The data is also 
screened to include only the maximum intrusion in the 
vehicle and the occupant with maximum MAIS in the 
vehicle. 
 
The discriminant function is used in building the 
model. Given the specific values of the predictors for 
a rollover case, the final model predicts the injury 
outcome in rollovers as minor, moderate, and severe  

 
 
 
with sufficient accuracy. The model can be used to 
extract comparable rollover cases to understand injury 
mechanisms that can be used to develop vehicle 
crashworthiness countermeasures. 

INTRODUCTION 

The rollover of a vehicle is a complex phenomenon 
involving several pre-rollover maneuvers at varying 
speeds, tripping force, road and off-road terrain, 
vehicle geometry, type of rollover, and direct impact 
with the ground or other object.  Due to this 
complexity, the reconstruction of a rollover is 
extremely difficult as is the estimation of its severity. 
However, the rollover crash parameters can be used to 
assess the crash severity based on the injury outcome.   
 
Several factors have been shown to play roles in 
injury outcome of a rollover crash.  In earlier studies 
researchers have identified the number of quarter 
turns, number of times a roof hits the ground, and 
vertical roof intrusions as statistically significant 
factors that are associated with the injury risk in a 
single vehicle rollover [1, 2, 3, 4.]  These post crash 
parameters are also directly related to the pre-crash 
velocity and crash energy and hence are considered as 
appropriate surrogates for a crash severity measure. 
However, each of these surrogates provides only a 
partial measure of crash severity. Nonetheless, the 
significance of the contribution of each of these 
surrogates to the crash severity can be exploited to 
predict the severity of a rollover crash in terms of 
injury risk. 
 
This study develops a model that can predict the 
injury outcome in rollovers based on certain crash and 
vehicle parameters. The right choice of predictors 
which relate to injury outcome of a crash is crucial in 
the model building process. 
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Descriptive analysis is conducted on NASS-CDS 
rollover data to identify crash severity surrogates 
(rollover parameters) that show statistically significant 
relation with the injury observed in the rollover 
vehicle. These parameters together with the injury 
severity measure, MAIS are then used to develop a 
multidimensional classification model that predicts 
the crash severity in terms of injury outcome.  The 
efficacy of the model is demonstrated through test 
cases not involved in building the model. Weighted 
data are used for both preliminary analysis and model 
development. 

ANALYSIS DATA PREPARATION 

The rollover data from NASS-CDS is used in this 
study.  This crash database is a national representative 
sample of tow-away crashes that occur on US 
highways. Every year, detailed information on vehicle 
damage, injury, and injury mechanism is collected on 
about 4,500 of these light passenger motor vehicle 
crashes [5]. The data consists of over 600 variables 
that describe crash events, damage to vehicle, crash 
forces involved, injuries to the victim and injury 
causation mechanisms for frontal, side, rear, and 
rollovers crashes. In 2006, a number of additional 
rollover-related variables were introduced in the 
NASS-CDS to facilitate comprehensive analyses of 
rollover data.  The new variables include:  
 
• Estimated distance from the trip point to final rest 

position (to be referred to as “estimated distance”): 
The purpose of this variable is to determine the 
estimated distance from trip point to the final rest 
position of the rollover vehicle.  The 
measurements (in meters) are obtained along the 
linear path.   

 
• Maximum vertical and lateral crush: The crush is 

measured on the vehicle component in the 
greenhouse area of the vehicle.  The maximum 
vertical and lateral crushes are measured on the 
exterior of the vehicle and could be at different 
locations. In this study, only maximum vertical 
crush is considered and is referred to as 
“maximum vertical crush.” 

 
• Interrupted roll: In NASS-CDS, a rollover event is 

categorized as interrupted if the vehicle’s rollover 
sequence is acted upon by another vehicle or 
object between the trip point and final rest 
position. As an example, the vehicle strikes a tree 
with its top during the rollover sequence or 
contacts an object in the environment.  This 
impact should have an effect on the distance the 

vehicle would move from the trip point to final 
rest position.    

 
In order to make use of the information available on 
the above described variables, the data used in the 
analysis is limited to the period 2006 to 2007 that 
provided a sample of 1,582 rollover vehicles. This 
sample includes both belted and nonbelted occupants.  
To eliminate irrelevant sources of variation (from a 
statistical point of view,) the data is segmented by 
using the following criteria: 
 

• Injury source: Internal to the vehicle 
 

• Occupants: Non-ejected occupants 13 years and 
older. A partially ejected occupant is included in 
the data if the source of the occupant’s MAIS is 
the vehicle’s interior component.   

 

• VMAIS: Maximum of the MAIS per vehicle. 
Injury risk is evaluated by MAIS for each 
occupant.  The MAIS describes the highest 
abbreviated injury severity score (AIS), based on 
mortality risk sustained by an occupant. The scale 
ranges from minor (AIS 1) through maximum 
(AIS 6) injuries and unknown (AIS 7).  Only the 
occupant with maximum MAIS in the vehicle is 
selected. 
 

• INTRUSION: Maximum value of all intrusions is 
coded for a vehicle.  Intrusion of the windshield, 
hood, outside surface, and exterior objects are 
excluded.  The windshield may sag post-crash, for 
example, in hot weather, thereby providing 
unreliable measurements during vehicle 
inspection. In NASS-CDS the magnitude and 
location of intrusion is coded for each intruding 
component.  Intrusion results whenever the 
internal boundary of the passenger compartment is 
moved inward due to direct or indirect damage 
resulting from the application of a crushing force 
to the exterior of a vehicle. The intrusion is coded 
in the dominant crush direction. For example, the 
roof side rail may have both lateral and vertical 
intrusions.  Only the intrusion with the greater 
magnitude is coded along with the direction of the 
maximum intrusion. 
 

The maximum MAIS observed in the vehicle is not 
linked to maximum intrusion at that seating position.  
In the subsequent discussion, a vehicle selected 
through the above criteria will be referred to as the 
case vehicle. Data cleaning and removal of unknowns 
from the 1,582 case vehicles reduced the sample size 
to 607 that yields weighted estimate of 21,841 case 
vehicles.  
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PRELIMINARY ANALYSIS  

A preliminary analysis is conducted on the weighted 
data to gain insight into the rollover phenomenon. 
Several aspects of the rollovers are considered for this 
purpose. These include the number of quarter turns, 
maximum MAIS for the vehicle, maximum intrusion, 
maximum vertical crush, and whether or not rollover 
was interrupted.   
 
Number of quarter turns in rollovers: In terms of 
quarter turns, 70 percent of rollovers resulted in either 
two (34%) or four (36%) quarter turns (Figure 1).  
Interestingly, a much higher percentage (85%) of 
vehicles had an even number of quarter turns as 
compared with 15 percent that had an odd number of 
quarter turns.   It indicates that at the final rest, a 
rollover vehicle, in general, tends to end up either on 
its wheels or roof.   
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Figure 1. Frequency distribution of vehicles 
involved in rollovers over number of quarter turns 
(Data source: NASS-CDS 2006-2007). 
 
Figure 1 also presents cumulative frequency 
distribution of quarter turns. The line graph in this 
figure shows that only 7 percent of case vehicles had 
one quarter turn. Almost 80 percent of the case 
vehicles had four or less number of quarter turns. 
 
Vehicle maximum MAIS: Figure 2 shows the 
distribution of injury severity levels in case vehicles 
as measured by VMAIS. The data shows that most 
(91%) rollover crashes resulted in VMAIS 0-2 
injuries. Only 9 percent of the vehicles had serious 
occupant injuries (VMAIS 3 or greater.)  Seventy-nine 
percent of the occupants in the sample were belted.  
The belt use may have influenced the injury outcome.  
The high counts of minor and moderate injuries could 
be due to the high percentage of belt use. The 

frequency distributions of VMAIS for the sample and 
the overall rollover population were similar. 
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Figure 2. Frequency distribution of vehicles 
involved in rollovers over VMAIS levels (Data 
source: NASS-CDS 2006-2007). 
 
Vehicle Maximum Intrusion: To study how the 
intrusion varies over VMAIS, averages of maximum 
intrusion are estimated for each of the VMAIS level. 
Intrusion is measured on the interior surface of the 
passenger compartment.  The maximum value of all 
intrusions for the case vehicle is considered in this 
study. The results presented in Figure 3 show that 
average maximum intrusion increases with increasing 
injury level – the higher the injury, the higher is the 
average intrusion.  However, based on the way the 
data was prepared for this study, higher intrusion at a 
specific occupant position does not necessarily mean 
that there is a higher chance of injury at that occupant 
position.  
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Figure 3. Average maximum intrusion over 
VMAIS (Data source: NASS-CDS 2006-2007). 
 
The average maximum intrusion varies from 15 
centimeters for VMAIS 1 to 34 centimeters for 
VMAIS 6.  Thus, the data supports the assumption 
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that maximum intrusion is an appropriate surrogate 
for crash severity in terms of the injury outcome. 
 
Maximum Vertical crush: The averages of maximum 
vertical crush over VMAIS are shown in Figure 4.  
The maximum vertical crush is measured on the 
exterior surface, typically roof or pillars of the 
vehicle. As in the case of intrusion, maximum vertical 
crush also shows a positive relationship with VMAIS, 
though not as strong as for the intrusion.  
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Figure 4. Average Maximum vertical crush over 
VMAIS (Data source: NASS-CDS 2006-2007). 
 
In a rollover crash, interruption of a vehicle’s rollover 
sequence plays a significant role in determining both 
vehicle intrusion and maximum vertical crush and 
consequently the injury risk.  The interrupted rollovers 
result in higher intrusion and hence are more severe, 
in general [6].  
 
A detailed analysis of the data with focus on 
interruption status of the case vehicle is conducted to 
study its relation with maximum intrusion. The results 
show that on the average, interrupted rollovers 
resulted in 29 centimeters of intrusion as compared 
with 21 centimeters for the rollovers that were not 
interrupted.   The statistical test is performed on the 
difference between the two averages (Figure 5). This 
analysis shows that the average maximum intrusion 
for the Interrupted category is significantly (95% 
confidence level) higher than for the not-interrupted.    
The averages of the maximum intrusion for the 
interrupted and not-interrupted categories over 
VMAIS are shown in Figure 5.  The increasing trend 
of average max intrusion over VMAIS in the sample 
containing both categories is also observed for each of 
the categories when considered separately. 
 

21

15

19

14

22
20

36

25

36

17

36

24

34 34

0

5

10

15

20

25

30

35

40

45

50

0 1 2 3 4 5 6 0 1 2 3 4 5 6

<-- INTERRUPT SATTUS -->

A
V

E
R

A
G

E
 M

A
X

. I
N

T
R

U
S

IO
N

 (
cm

s)

= VMAIS =

  Not-InterruptedInterrupted
 

 

Figure 5. Comparison: average maximum 
intrusion of interrupted and not-interrupted 
rollovers over VMAIS (Data source: NASS-CDS 
2006-2007). 
 
It indicates that the likelihood of serious injury 
outcome is more in an interrupted rollover as 
compared with the one that is not interrupted. 
 
The above analyses of the weighted data provide 
sufficient evidence to consider maximum intrusion, 
quarter turns, and maximum vertical crush as 
predictors in a model that could predict the injury 
outcome of a rollover crash.  The model proposed in 
this study also considers the new variable, estimated 
distance as one of the predictors.    

CLASSIFICATION MODEL FOR PREDICTING 
INJURY OUTCOME IN A ROLLOVER  

One of the multivariate classification techniques, 
Discriminant analysis is used to build the predictive 
mode. This analysis provides a discriminant function 
that has the potential to classify new multivariate 
observation(s) into one of the predefined groups based 
on the knowledge of the multi-attributes. In the 
present context, the developed model (discriminant 
function) can predict injury outcome in rollover 
crashes based on maximum intrusion, estimated 
distance, quarter turns, and maximum vertical crush of 
a rollover vehicle. The modeling procedure consists of 
developing a discriminant score for each of the 
predefined groups, as well as computing the posterior 
probabilities of a case belonging to these groups. The 
decision about its most affine group is taken based on 
the highest probability. The following sections 
provide specific details of the modeling procedure. 
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Model Assumptions 
  
The basic requirement of the modeling procedure 
(discriminant analysis) used in this study is the 
multivariate normality of the data with respect to 
predictor variables in each of the seven classifying 
groups defined by the response variable VMAIS (= 0, 
1, 2, 3, 4, 5, 6.) To satisfy this assumption, 
logarithmic transformation is applied to the variables, 
maximum intrusion and estimated distance and square 
root transformation to the variables, quarter turns and 
maximum vertical crush.  
 
Modeling Methodology 
 
The classification criterion consists of estimates of the 
generalized squared distances that are based on the 
pooled covariance matrix. Specifically, quadratic form 
of the discriminant function is used. Each observation 
is classified into the group from which it has the 
smallest generalized distance. In general, the 
generalized squared distance of an observation 
X from group iG is defined as  

 
2 1
i pi iD ( x ) ( x mean ) (V ) ( x mean )−′= − − ,            (1) 

 
where imean  denotes the vector of population means 

for the i-th group and pV  is the pooled covariance 

matrix. The discriminant scores are computed by the 

formula: 2
k0.5D ( x )− . The classification is done based 

on both the discriminant score and the posterior 
probability p( i / x )  of x belonging to group, which 
is defined as 
 

2
i

K
2
i

k 1

exp( 0.5D )
p( i / x )

exp( 0.5D )
=

−
=

−∑
%                               (2) 

 
Specifically, the ith case is classified into group k  if 
the setting i k= produces largest value of the posterior 
probability p( i / x )  of x belonging to group i or the 

smallest value of the discriminant score 2
iD ( x ) .   

 

Development of the Classification Model 
 
The modeling methodology was initiated by the 
stepwise discrimination. This statistical technique  

performs statistical tests to select (if a predictor 
variable has association with the grouping variable) or 
remove a variable (if the predictor variable is 
redundant.)  None of the selected predictor variables 
was dropped as a result of this procedure.  
 
Two sets of data were used; namely ‘training data’ 
and “test data.”  While training data were used to 
build the model, the test data were used to validate the 
model. A random sample of 50 cases was selected 
from the analysis data to be used as test cases. While 
developing the model, the dataset used as training data 
excluded only one test case at a time. Having built the 
model, a case reserved as the test case at this iteration 
was classified using the model. SAS 9.1 [7] was used 
to perform the discrimination procedure. Based on the 
607 rollover case vehicles (21,841 weighted), the 
distance (1) was estimated using the sample 
generalized squared distance function: 
 

2 1
i i p iD̂ ( x ) ( x x ) ( S ) ( x x )−′= − − ,                      (3) 

 
where sample estimates ix ,i 0,1,2,3,4,5,6= of the 
means for the VMAIS–based groups are  
 

0x = (2 49853,  2 28694,  1 55858,  2 92274. . . . ) , 

1x  = 2 467 9,  2 37454,  1 83361,  3 16926)( . 0 . . . , 

2x  = 2 85176,  2 96116,  2 1 97,  3 5 653( . . . 00 . 0 ) , 

3x  = 3 11915,  3 4347,  2 7973,  3 482( . .0 .0 . 00 ) , 

4x  = (2 6 471,  2 65131,  1 74369,  2 24281). 0 . . .  

5x  = 3 25489,  2 96713,  2 116 4,  4 17312( . . . 0 . ) , 

6x  = 3 337 4,  1 963 9,  1 24798,  5 21871)( . 0 . 0 . . ; 
 
and the estimated pooled covariance matrix is given 
by 
 

pS   = 
153.785 22.024 2.387 211.462
22.024 197.468 89.787 144.703
2.386 89.786 84.584 80.119

211.461 144.703 80.119 919.446







 

 

 
Based on these estimates and values of the predictors 

for each case, i.e., x% , scores 2
k

ˆ0.5D ( x )−  (equation 
(3)) and posterior probabilities p( i / x )   in (2) were 
estimated to classify each of the test cases.  
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Implementation of the Model – Prediction and 
Validation 
 
It is presumed that the severity of a crash can be 
assessed by its injury outcome. For prediction and 
validation purpose, the injury outcome in rollover is 
defined as 
 
Minor, if  VMAIS = 0, 1; 
Moderate, if  VMAIS = 2;    
Severe, if  VMAIS = 3, 4, 5, 6.    
 
Implementation of the model was done through 
validation of 50 cases. The results are presented in 
Table 1. It should be noted that although this table 
presents the model-based classification for all 50 test 
cases, only one case was used as a test case at a time, 
while the rest are used in building the model. This 
table presents NASS Caseid and the predictor 
variables, intrusion, estimated distance, quarter turns,  
and maximum vertical crush for the test cases.      

Table 1 also shows the observed and predicted injury 
outcome which, due to the probabilistic nature of the 
model, may not always agree, thus resulting into a 
match or mismatch. However, a mismatch may not 
necessarily mean an incorrect prediction. An injury 
outcome observed in a case vehicle might have been 
influenced by the occupant-related factors, such as 
seating position relative to the damage.  The model 
predicts the injury outcome rather based on the 
vehicle and crash parameters.  To bring about this 
point, a clinical analysis of some matched and 
mismatched test cases is presented in following 
sections.  
 
The results show that for about 66 percent of the test 
cases, the predicted injury outcome matches the 
observed injury outcome. In addition, for 62 percent 
of the minor, 37 percent of the moderate, and 75 
percent of the severe test cases, the predicted injury 
outcome is the same as the observed.  
 

 
Table 1. 

 Prediction and Model Validation  
 

CASEID INJURY 
OUTCOME 

(OBSERVED) 

INJURY 
OUTCOME 
(MODEL-

PREDICTED) 

INTRUSION 
(centimeters) 

ESTIMATED 
DISTANCE 
(meters) 

QUARTER 
TURNS 

MAXIMUM 
VERTICAL 
CRUSH 
(centimeters) 

MATCH  
      
(YES/NO) 

149009158 Severe Minor 23 10 2 12 NO 

149009923 Severe Minor 8 15 6 6 NO 

149010042 Minor Minor 10 5 2 3 YES 

151009825 Severe Severe 34 20 3 24 YES 

152009795 Minor Minor 8 5 2 16 YES 

155010580 Severe Severe 44 3 1 0 YES 

157010734 Severe Severe 23 24 5 24 YES 

157011096 Severe Severe 33 22 4 11 YES 

157011117 Severe Severe 21 39 6 10 YES 

158009769 Minor Minor 12 7 2 13 YES 

158009949 Moderate Moderate 20 48 8 20 YES 

158010235 Severe Moderate 14 29 4 26 NO 

162010429 Severe Severe 44 8 3 52 YES 

168010870 Minor Severe 38 5 1 3 NO 

169010227 Minor Minor 7 17 5 9 YES 

169010828 Minor Minor 3 32 6 3 YES 

173010473 Severe Severe 51 1 1 100 YES 

173010759 Severe Moderate 14 27 6 15 NO 

174008980 Severe Severe 9 33 4 8 YES 

177010084 Severe Minor 33 2 1 3 NO 

178010042 Severe Severe 41 9 2 24 YES 

178010083 Severe Moderate 21 66 6 29 NO 

178010186 Minor Moderate 10 27 6 14 NO 

Continued 
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Table 1 (Continued).  
Prediction and Model Validation 

 
CASEID 
 
 
 

INJURY 
OUTCOME 

(OBSERVED) 

INJURY 
OUTCOME 
(MODEL-

PREDICTED) 

INTRUSION 
 
(centimeters) 
 

ESTIMATED 
DISTANCE 
(meters) 
 

QUARTER 
TURNS 
 
 

MAXIMUM 
VERTICAL 
CRUSH 
(centimeters) 

MATCH  
      
(YES/NO) 

178010624 Minor Severe 27 21 6 24 NO 
179009371 Moderate Moderate 15 21 6 15 YES 
179010395 Severe Severe 34 13 2 0 YES 
195010789 Severe Severe 39 32 5 2 YES 
195010869 Moderate Severe 38 13 3 23 NO 
195011131 Minor Minor 7 2 3 5 YES 
437009827 Minor Severe 38 10 6 27 NO 
437010089 Severe Moderate 17 39 8 15 NO 
437010267 Severe Severe 20 39 8 23 YES 
437010412 Moderate Minor 10 8 4 8 NO 
511010876 Severe Severe 22 24 3 0 YES 

530004191 Moderate Severe 18 5 2 17 NO 

530004241 Moderate Severe 53 17 6 51 NO 

613009688 Minor Minor 5 21 4 6 YES 

613009887 Severe Severe 16 18 2 3 YES 

613010766 Moderate Moderate 13 60 8 9 YES 

622010137 Severe Severe 37 18 2 19 YES 
720011208 Severe Severe 45 18 3 18 YES 
720011228 Minor Minor 16 7 2 11 YES 
748010659 Severe Severe 16 7 2 26 YES 
762010524 Severe Severe 15 8 1 13 YES 
767011071 Moderate Severe 38 17 6 30 NO 
770011869 Severe Severe 45 9 2 40 YES 
773010863 Severe Severe 29 8 2 3 YES 
778011369 Severe Severe 25 28 2 5 YES 
797005706 Severe Severe 25 65 8 23 YES 
908004479 Minor Moderate 20 19 3 16 NO 
Data source: NASS-CDS (2006-2007) 

 
Examples: Clinical Analysis of Some NASS-
CDS Cases  
 
Matched cases 
Example 1. Minor predicted as Minor 
Figure 6 shows a “minor” rollover crash  that has been 
predicted as minor by the model, based on the 
predictors’ values: Quarter turns = 2, Estimated 
distance = 5 meters, Maximum intrusion = 10 
centimeters, and Maximum vertical crush = 3 
centimeters. 
  

 
 
Figure 6. A minor rollover crash predicted as 
minor- Caseid 149010042 (Source: NASS-CDS). 
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Example 2. Moderate predicted as Moderate 
Figure 7 shows a “moderate” rollover crash that has 
been predicted as moderate by the model, based on the 
predictors’ values: Quarter turns =8, Estimated 
distance = 60 meters, Maximum intrusion = 13 
centimeters, and Maximum vertical crush = 9 
centimeters.  
 

 

Figure 7.  A moderate rollover crash predicted as 
moderate - Caseid: 613010766 (Source: NASS -
CDS). 
 
Example 3. Severe predicted as Severe 
Figure 8 shows a “severe” rollover crash that has been 
predicted as severe by the model, based on the 
predictors’ values: Quarter turns = 8, Estimated 
distance = 39 meters, Maximum intrusion = 20 
centimeters, and Maximum vertical crush = 23 
centimeters.  
 

 
 

Figure 8. A severe rollover crash predicted as 
severe- Caseid: 437010267 (Source: NASS-CDS). 
 
Mismatched case:  
Example: Figure 9 shows a rollover crash that has 
been predicted as severe by the model.  However, the 

observed VMAIS of the driver in the case vehicle was 
minor.  In this case the seating position of the driver 
relative to the maximum intrusion and maximum 
crush may have influenced the observed injury 
outcome.   As stated earlier, the model predicts the 
injury outcome based on the crash and vehicle 
parameters not the occupant location.  The model 
classified the case as severe based on relatively high 
values: Quarter turns = 6, Estimated distance = 21 
meters, Maximum intrusion = 27 centimeters, and 
Maximum vertical crush = 24 centimeters.  The 
pictures of the damage also indicate a severe rollover.   
 

 
 
Figure 9.  A rollover crash predicted as severe - 
Caseid: 178010624 (Source: NASS -CDS). 
 
The model predicted injury outcome appears correct 
based on the observed severity of damage in terms of 
the predictors.    

DISCUSSION OF RESULTS 

One of the measures of rollover crash severity is the 
injury outcome of the crash.  A multidimensional 
predictive model is developed that uses crash severity 
surrogates quarter turns, estimated distance, intrusion, 
and maximum vertical crush to predict the injury 
outcome in rollovers.  These severity surrogates 
showed positive correlation with the maximum MAIS 
in the rollover vehicle. 
 
Ninety-one percent of the rollover vehicles in the 
sample resulted in VMAIS 0-2 injuries.  High belt use 
could have resulted in high counts of minor injuries.  
The serious and fatal injuries in rollovers are 
associated with ejections that were not included in the 
sample.  The number of rollover cases in VMAIS 6 
group (less than 1%) is too small to sufficiently train 
the model to correctly predict such cases. As more 
data becomes available, the model will be able to 
learn more and acquire greater predictive capability.    
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The model can be used to classify new rollover cases 
in NASS-CDS based on their predicted injury 
outcome.  The model-based classification can then be 
used to identify comparable rollover crashes. The 
proposed model can also be used as a simulation tool 
to predict the injury outcome of rollover, given the 
values of predictors.  This can provide guidelines to 
extract comparable cases to understand injury 
mechanisms in rollovers that can be used to develop 
vehicle crashworthiness countermeasures. 
 
A close look at the data shows that severe rollovers, in 
general, have higher intrusion.  Increased intrusion in 
the vehicle correlates with an increased probability of 
occupant injury.  This suggests that preventing 
intrusion could prevent serious injuries.  The data also 
shows that an interrupted rollover is likely to result in 
higher intrusion and vertical crush.  Such rollovers are 
more likely to cause serious injuries to the occupants. 
 
The data used in this study is available through 
NASS-CDS case viewer on the web at: 
https://www.nhtsa.gov/portal/site/nhtsa/menuitem.352
5b237b7215dd24ec86e10dba046a0/ 
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ABSTRACT 
 
Intersections represent 43% of Europe’s injury 
accidents and 21% of fatalities. Although 
specifically targeted, intersection accident 
mechanisms merit further investigation.  
This study, part of the European TRACE project 
(Traffic Accident Causation in Europe), analyzes 
specific intersection accident causation issues from 
systemic viewpoints (driver, vehicle and 
environment) and risk factor research angles 
(visibility problems, speed, manoeuvres, etc.).  
Causation analysis uses a three-step methodology. 
A macroscopic approach highlights the frequency 
and severity of accidents and determines key 
scenarios. A microscopic approach, details accident 
causes. Because the driver plays an important role 
in the accident process, a dedicated "Human 
Functional Failure (HFF) analysis" is employed. 
Finally, risk factors are identified and related to 
accident configurations. 
Project partners and the CARE database supply 
national and European data. Because CARE does 
not contain data from all 27 countries, statistical 
adjustment was necessary. 
Partners also provided in-depth databases. The HFF 
concept is new and necessitated common 
codification of related data. 
Intersection accidents are grouped by common 
characteristics, such as road layout, driver 
manoeuvres... Macroscopic analysis identified 3 
main scenarios. The “cutting” scenario groups 
initial perpendicular trajectories and covers 53% of 
European intersection accidents. The “turn across” 
scenario combines accidents involving turning 
manoeuvres on the same road, different direction. 
Finally the “other” scenarios include rear-end 
collisions. 
In-depth analysis furthered understanding of 
accident mechanisms and showed mechanisms and 
countermeasures to be directly linked to right of 
way rules. 
In “cutting” scenarios for example, 60% of drivers 
without “right of way” failed to look and react 
before crash, while 70% of opponent drivers braked 

before impact. Results suggest that the former need 
help to improve opponent and situational perception 
while the latter need improved braking and 
evaluation for earlier avoidance manoeuvres. HFF 
and related factor identification enable the 
association of current preventive or curative 
systems with observed driver needs.  
 
INTRODUCTION   
 
According to the World Health Organization and 
other sources, the total number of road deaths is 
estimated at 1.2 million, with a further 50 million 
injured every year. Two thirds of the casualties 
occur in developing countries. 70 % of casualties in 
these countries are vulnerable road users such as 
pedestrians, cyclists and motorcyclists. 
Major studies published by the World Health 
Organization have identified the growing 
importance of road crashes as a cause of death, 
particularly in developing and transitional 
countries. Murray (1996) showed that in 1990 road 
crashes as a cause of death or disability were by no 
means insignificant, lying in ninth place out of a 
total of over 100 separately identified causes. 
However, by the year 2020 forecasts suggest that as 
a cause of death, road crashes will move up to sixth 
place and in terms of years of life lost (YLL) and 
‘disability-adjusted life years’ (DALYs) will be in 
second and third place respectively. 
These projections show that, between 2000 and 
2020, road traffic deaths will decline by about 30% 
in high-income countries but increase substantially 
in low and middle-income countries. 
The European Community has been trying for 
many years to promote initiatives through the 
different Framework Programs in order to 
contribute to the safety effort. However, without a 
real target, the progress is difficult to evaluate. This 
is why, in 2001, the European Commission 
published its “White Paper” on transport policy 
(European Commission 2001), in which the main 
research axes to be improved and quantified targets 
are determined for road traffic safety. 
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The short-term strategic objective is to halve the 
number of fatalities by 2010 compared to 2001. The 
medium term objective is to cut the number of 
people killed or severely injured in road accidents 
by around 75% by 2025, while the long-term vision 
is to render road transport as safe as all other modes. 
It is hoped that supporting research addressing 
human, vehicle and infrastructure environment 
could achieve this last strategic target. Research  

 
Figure 1. TRACE organisation 

 
should also combine measures and technologies for 
prevention, mitigation and investigation of road 
accidents paying special attention to high risk and 
vulnerable user groups, such as children, 
handicapped people and the elderly. 
Within this context, the European project, TRACE 
(TRaffic Accident Causation in Europe), was set up 
to reduce or avoid road accidents in Europe by 
identifying and continuously up-dating the causes 
of accidents under three different but 
complementary research angles: types of road users, 
types of situations and types of factors. The 
identification and the assessment (in terms of saved 
lives and avoided accidents), of the most promising 
technology-based safety functions that can assist 
the driver or other road users in a normal or 
emergency situation or, as a last resort, mitigate the 
violence of crashes and protect vehicle occupants, 
riders and pedestrians in the event of a crash. 
     
OBJECTIVES 
 
The general objective of the TRACE project was to 
provide the scientific community, the stakeholders, 
the suppliers, the vehicle industry and other 
Integrated Safety program participants with an 
overview of the road accident causation issues in 
Europe, based on the analysis of any current 
available databases which include accident, injury, 
insurance, medical and exposure data (including 
driver behaviour in normal driving conditions). The 
idea was to identify, characterise and quantify the 
nature of risk factors, groups at risk, specific 
conflict driving situations and accident situations 

and to estimate the safety benefits of a selection of 
technology-based safety functions. 
 
 
 
 
 
 
 

 
To carry out these objectives, TRACE was broken 
down into three series of Work packages (See 
Figure 1): 

The operational work packages 
The methodology work packages 
The data supply work package 

The aim of TRACE was to improve knowledge on 
accident causations. To reach this goal, TRACE 
analyzed road accidents according to several points 
of view (road users, road user situation and accident 
factors).  
The purpose of this publication is to highlight the 
situation point of view. A situation is defined as a 
pre-accidental event to which the driver or the rider 
is confronted in normal driving conditions just 
before it turns into an accident1 . It is assumed that 
there are specific accident causation factors related 
to these situations that deserve to be studied. The 
types of situation can include one or more accident 
scenarios2 which contributed to the accident. 
Four specific groups of situations, which 
correspond either to normal driving situations with 
no specific driver solicitation, or to driving 
manoeuvres where driver intervention is 
specifically required, have been identified: 
Stabilized Traffic Scenarios (no specific 
manoeuvre), Intersection Scenarios, Specific 
Manoeuvre Scenarios (such as overtaking) and 
Degraded Scenarios (where atmospheric conditions 
lead to a degradation of the visibility or surface 
friction). 

                                                 
1 A situation is linked to a vehicle. One accident 
with two vehicles count two situations 
2 A scenario clusters several similar situations 
according to predefined criteria. 
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INTERSECTION ACCIDENTS 
 
Accidents at intersections represent 43% of road 
injury accidents in EU27. This result is largely due 
to countries such as UK, Czech Republic, Italy, 
Denmark and Netherlands with the rate varying 
between 47% and 59%. Several reasons explain 
these differences such as the intrinsic definition of 
the criteria. In UK for example, intersection 
includes the point where the roads cross plus the 20 
m on either side which means that accidents 
occurring close to intersections are also counted as 
intersection accidents. 
Although intersection accidents account for around 
the half the total number of accidents in EU27, they 
are at the origin of only 21% of fatalities and 32% 
of fatalities and serious injuries. 
 
Method 
 
The methodology proposed in TRACE and 
common to all operational work packages, is 
divided into three steps: 
Descriptive analysis - uses macro-accidentology 
(use of extensive databases) to identify the main 
scenarios associated with each pre-defined situation 
type and their respective frequency and severity.in 
order to rank them.  
In-depth analysis - details the main scenarios to 
provide information on the accident mechanisms, 
the main causes, through relevant indicators, 
specific to the scenario (such as precipitating event, 
contributing factors, driver functional failures, etc.). 
This analysis requires the use of in-depth databases. 
Risk analysis - identifies the likelihood of being 
involved in an accident taking into account the 
results obtained from the ‘in-depth’ level. 
An intersection is an area formed by the connection 
of two or more roadways. An intersection situation 
concerns all situations directly related to an 
intersection location.  
Because in Europe, 85 to 90% of intersection 
accidents involve at least one passenger car we 
focused our analysis on this configuration. As such, 
the scenarios were defined on the basis of the 
involvement of at least one passenger car,. In-depth 
analysis showed that the right of way attributes of 
protagonists provided the most pertinent 
conclusions, as opposed to relative trajectories (the 
opponent coming from the left or the right) or 
vehicle type,. Scenarios were therefore grouped 
according to vehicle priorityb: 
“Yield” drivers without Right Of Way 
“Priority” drivers with Right Of Way 
 
Literature review 
 
TRACE builds on the findings of the PReVENT-
INTERSAFE project which carried out an 

intersection accident analysis in the United 
Kingdom, Germany, and in France using available 
accident data (Simon et al 2006). The magnitude of 
intersection accidents and the most relevant 
accident situations were defined according to pre-
accident manoeuvres. This distribution was 
predominantly based on the French National data. 
The study provided a list of 50 accident situations 
including 20 intersection situations, from which. the 
top five were selected. Roundabout accidents were 
intentionally excluded from this analysis. 
The top five situations include 4 turn onto/cross 
scenarios and 1 turn off scenario and represent 60-
70 % of intersection injury accidents depending on 
the country.  This classification was useful to 
launch the TRACE approach. 
Numerous surveys have broadly described 
intersection problems, mainly from infrastructure 
layout, traffic flow, and traffic regulation 
standpoints.  
     Traffic flow. The traffic flows seem to have a 
great effect on accident frequency, in particular the 
traffic flow on minor roads which is directly 
proportional to the accident rate. 
     Sight distance. A poor sight distance increases 
the accident rate in particular when it concerns the 
sight distance from the minor road.  In fact, sight 
distance threshold depends on the road layout, the 
V85 of the main road (speed of 85% of the drivers), 
the stopping time (in relation to the speed on the 
main road), the crossing time (in relation to the 
speed on the main and secondary roads).On the 
other hand, a survey highlighted that a visual 
restriction can result in decrease of approach speeds 
at rural intersection and a reduction in accident 
severity by limiting driver anticipatory decision-
making. 
     Road Layout. Intersections are laid out with 
different devices such as road signs, road lighting, 
turn left or right lanes, central separator, traffic 
regulation. 
It emerges from all the literature that the 
“channelization”3 of the space reduces vulnerable 
user accident rate (and the overall intersection 
accident rate) by inviting the user to follow a 
dedicated lane and thus reducing the conflicts 
between different categories of road users. 
The number of lanes combined with the intersection 
layout on the whole show a great influence on the 
accident rate. So, if we classify intersection layout 
in term of increasing accident rate, the literature 
shows that the best results are to be found at T 
intersections then Y intersections and offset 4-arm 
intersections. The worst results are attributed to the 
conventional 4-arm intersection. Once again, this 
information is related to traffic flow, the skew angle 

                                                 
3 Channelization : is the separation of conflicting traffic 
movements into defined paths of travel to facilitate the safe and 
orderly movement of vehicles, pedestrians, and bicycles. 
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of the lanes (the rate increases with the increasing 
skew angle) and obviously with the regulation type 
(increasing effectiveness from intersections with no 
regulation (except conventional right of way) to 
roundabouts and finally traffic lights). 
In addition accident rate is linked to layout and 
level of the intersection. At-grade intersections 
experience more accidents than grade-separated 
intersections. 
Although we can consider the roundabout as a safe 
intersection layout notably for vulnerable users, the 
literature shows that there is no effect for car 
occupants. Moreover, the efficiency will depend on 
approach speed. 
     Traffic regulation. At last, traffic regulation 
plays a role by managing and regulating the traffic 
flows. The literature shows that traffic light 
intersections experience fewer accidents than 4-arm 
intersection with no traffic control. Accidents are 
less severe when STOP or Give way signal are 
replaced by traffic lights. The same trend appears 
with roundabouts. 
     User type. Intersection accidents are linked to 
the road layout, the traffic flow and regulation but 
the literature also shows that the type of user plays 
a great role. Vulnerable users (such as pedestrians) 
and elderly users are well documented. 
Pedestrian accidents for example occurred more 
often (85% source Herms) on the marked 
pedestrian crossings 
The number of pedestrians using them is smaller 
(77% source Herms).  
The risk goes up as traffic volume rises. 
The youngest and oldest groups of drivers were 
found to be over-represented in junction accidents. 
The young drivers had particular problems turning 
onto major roads and are more likely to violate such 
red lights.  
The oldest drivers are more involved at intersection 
than anywhere else. More than half fatal accidents 
with drivers of 80 years and older occurred at 
intersections (25% for the drivers up to age 45 
source Hauer). More over, 37% of all fatalities and 
60% (source Hauer) of injuries experienced by the 
older drivers occurred at intersections. These data 
show the high frequency and severity of 
intersection accidents for older drivers. Many 
reasons can explain this involvement and their 
severity.  
Why are older drivers more involved at 
intersections than in other configurations? The 
literature recalls the deficits in vision (acuity, 
contrast, spatial functions). These deficits express a 
bad perception of movement as well as this function 
taking longer (in particular at constant speed)  when 
compared to younger drivers.  Moreover older 
drivers are less able to manage sudden changes in 
situations which are often the case at intersections. 
Physically, older drivers show an age-related 
decline in head and neck mobility. So, older drivers 

present more difficulties in making left or right 
turns and in negotiating traffic signals. 
One important factor is the interaction between 
older and younger road users. No differences 
appear in attention behaviour between the age 
groups but different acceleration habits and thus 
different turning times are reported. The outcome of 
the turning manoeuvre was dependent on age. The 
time gaps to the vehicles on the main road were 
shortest when an old driver was turning and a 
young driver approached on the main road. 
Gender of the driver also seems to have an effect on 
accident occurrence. So, women were more likely 
than men to stop before turning; they tended to 
have their collisions with other women and they 
were under-represented as drivers of the non-
turning vehicle.  
     User behaviour. While user type, gender and age 
are shown above to have a great effect on accident 
occurrence, the opponent driver manoeuvre plays a 
role in the driving strategy too. So, usually the 
driver would give way less to the opponent driving 
on the main road (right of way) in 3-arm 
intersection (60 to 69% source Björklund) than 
coming from his right in a 4-arm intersection (75 to 
78% source Björklund).The expectation is based on 
what the drivers think is the rule in force (priority 
rule or road design). 
It was also shown that the drivers’ behaviour was 
more dependent on the other driver’s behaviour 
(approach speed) than on road width (priority to the 
wider road is commonly admitted) and that the 
priority to the right rule was equally as important as 
the other driver’s behaviour. 
So driver strategy is linked to the transversal traffic 
and the intersection layout. When there is traffic 
visible on the other intersection arms, despite the 
fact that they have right of way, drivers regulate 
their speed. But when there is no traffic on the other 
intersection arms, driver strategies depended on 
intersection and approach characteristics. 
     Emergency reaction. When accidents occur, the 
drivers instinctively try to avoid each other by 
braking, swerving or accelerating. But this 
emergency manoeuvre is only possible if the 
intersection layout provides sufficient space. The 
literature shows that widening the approach allows 
a decrease in the accident rate whereas widening 
the whole road may increase the accident rate. 
 
RESULTS 
 
The main issues related to intersection accidents 
- the frame of the in-depth analysis. 
 
Most of the intersection accidents involved at least 
one passenger car.  
65% to 76% of drivers involved in intersection 
accidents involving at least one passenger car are 
male. 
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9% to 15% of intersection accidents are pedestrian 
accidents. Pedestrian accidents occurred mainly 
inside urban area and at intersections with traffic 
regulation. Older pedestrian are overrepresented 
(12% to 41% of the pedestrians involved at 
intersection). 
64% to 73% of intersection accidents occurred 
inside urban area. Moreover 73% to 85% of 
intersection accidents with at least one passenger 
car occurred in urban area and 45% to 68% of 
intersection accidents occurred at intersection with 
traffic regulation. 
65% to 74% of intersection accidents (with at least 
one car) occurred in daylight. 
82% to 90% of all intersection accidents occurred 
while the weather was normal. Moreover, 68% to 
88% of all intersection accidents occurred while the 
road surface was dry. 
According to the above information, intersection 
accidents occurred particularly within urban area, 
during daylight, with good visibility conditions and 
involved passenger cars driven by male drivers. 
 
Identification of the most relevant intersection 
scenarios.  
 
In order to identify the parameters linked to the 
intersection, accidents occurring at intersection 
have been split into scenarios. We have based our 
selection on the available parameters in the 
extensive databases 4  such as the pre-accident 
manoeuvre, the relative direction, the right of way, 
the vehicle type. 
Each scenario was characterized with the frequency 
(number of accidents in this scenario compared to 
all intersection accidents, either in national database 
or in European databases). The second criterion is 
the KSI or “Killed and Seriously Injured” rate 
(number of fatalities and serious injuries compared 
to all injuries in the related sample).  
Obviously, we were confronted to the problem of 
data compatibility. Each European partner had to 
adapt the data to suit the scenario request. We 
decided to group scenarios into six main common 
European scenarios. They represent 97% of all 
intersection accidents in Europe.  
The “cutting scenario” where 
vehicles crossed the roads 
and/or the trajectory of the 
opponent vehicle (the drivers 
turned left or right or 
continued straight) is more 
frequent and the most severe . 
53% of all intersection accidents and 59% of the 
fatalities and serious injuries at intersection belong 
to the “cutting scenario” class. 

                                                 
4 BAAC, France; STATS19, UK; DGT, Spain; 
ODV, Czech Republic; OGPAS, Germany. 

The remaining 47% of intersection accidents belong 
to the following scenarios. 
 
     
     
     
     
 
The in-depth analysis related to the most 
relevant scenarios.  
 
The analysis of the pre-accidental events allowed us 
to identify the accident mechanisms according to: 
The “key event” which tips the driving phase over 
into the rupture phase. It should be remembered 
that accident occurrence is the result of different 
related causes which affect the 
Driver/Vehicle/Environment system. In general, the 
key event is mainly attributed to the driver who 
does not have right of way, but sometimes to both 
drivers. 
The “Human Functional Failures” such as 
perception, diagnostic, prognostic, decision. 
The “accident causes” such as the explanatory 
elements of the Human Functional Failures, the 
initial speed, the visibility distance, the stopping 
distance and the emergency reaction. 
Through the literature review and our experience, 
we know that road layout, traffic flow, speed and 
visibility distances have a great effect on accident 
occurrence. All accident research teams (LAB 
included) and institutes mention that speed is a 
crucial factor in the severity of a crash and 
obviously in the potential for crash avoidance.  The 
impact of speed differs according to the related 
moment in time within the sequential phases 
leading to the accident.  
The “driving speed” is the speed during the driving 
phase or initial speed. The speed can be adapted or 
inappropriate to the circumstances (according to the 
difficulties of the situation such as road layout, 
weather conditions), excessive (higher than the 
speed limits) or not. The speed at the beginning of 
the crash phase determines the crash violence. 
The speed at the end of the crash phase determines 
the post collision phase 
Because one of the aims of the TRACE project is to 
define the main causes related to the intersection 
situations, we focused our analysis on the initial 
speed to show the effect of this parameter on the 
genesis of the accident. 
According to the relevant criteria, we analyzed: 
The initial speed for both drivers according to the 
right of way and their respective directions. 
The visibility distance which is determinant in 
crossing the main road and depends on the vehicle 
speed on the main road. 
Finally, the emergency reaction of both drivers 
according to the location and the right of way at 
intersection. 
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The in-depth analysis sample.  
 
In-depth databases all gather detailed information 
related to the accident, but can be built using 
different data collection methods. In the case of in-
depth analysis based on police reports, the data are 
collected by the police teams and analyzed by 
accident experts. Alternatively, accident experts 
investigate accidents on the scene and record data 
concerning the driver, the vehicle and the 
environment in a detailed database. Experts analyze 
the information and perform a reconstruction of the 
accident. On the base of these two approaches, 
causes, Human Functional Failures and risk factors 
are identified.  
Whatever the data collection method employed, in-
depth data help us to accurately identify accident 
causes and in particular Human Functional Failure 
HFF. Such, data are not generally available in 
police reports nor in most in-depth databases. This 
is therefore a new concept developed within the 
European project and which gives the survey a new 
dimension and a new vision of the causes of 
accidents. 
The sample we used in this accurate analysis is 
composed of seven European in-depth database 
sources5. We took into account accidents occurring 
from 1997 onwards to analyze the most recent 
vehicles and situations. 
 
The intersection scenarios.  
 
The intersection scenarios were previously 
identified (descriptive analysis) on one hand 
according to driver manoeuvre, the relative 
direction of the vehicles and the regulation and on 
the other hand according to the frequency and the 
KSI severity. In-depth analysis highlights how 
accidents occurred (accident mechanisms) and their 
main causes. The following analysis will show that 
among the relevant parameters, regulation (right of 
way or not) and direction of the opponent vehicle 
are the main parameters which differentiate 
accident causation. This analysis led us to split the 
results according to right of way.  Obviously the 
related counter-measures we can propose will be 
adapted to the driver according to his driving tasks 
and his needs. 
In order to propose an accurate analysis and to 
avoid sample size bias, we have focused the 
analysis on the 2 main intersection accidents 
scenarios: 
The “Cutting Scenario” covers 53% of all 
intersection accidents in Europe and 59% of the 
KSI.  

                                                 
5 EDA, LAB, France ; EDA, INRETS, France ; 
OTS, VSRC, UK ; GIDAS, Germany ; RIDER ; 
ETAC ; EACS. 

The “Pedestrian scenario” covers 9 to 15% of the 
intersection accidents depending on the country. 
Despite the lack of information concerning 
pedestrian accidents in the in-depth databases, we 
intend to analyze the circumstances of such cases 
and highlight the requirements for further 
investigation.  
We highlighted the “key events” (previously 
defined), the “Human Functional Failures” and the 
“related causes”. 
 
The “Cutting Scenario” 
 
The “cutting scenario” is a 
set of several sub-scenarios 
in which the Opponent 
Vehicle comes from the left 
or the right. The Case 
Vehicle has right of way or 
not and is going straight or turning.  
     The drivers having not the right of way- 
“Yield drivers” – Key events. These drivers are 
generally driving on secondary roads. Key events 
that tip the driving phase into the rupture phase are 
mainly represented by endogenous parameters (i.e. 
related to the driver) with on the one hand the 
“internal conditions of the task” and on the other 
hand “driver behaviour”.  
The “internal conditions of the task” means all 
factors related to the driving task such as the 
manoeuvre (turning, going straight) be it correctly 
performed or not, the speed and so on. These 
factors are essential for understanding the accident 
mechanisms. 
The “yield drivers” are more likely to be concerned 
by incorrect driving manoeuvres or incorrect 
positioning (2/3 non respect of traffic regulation 
and 1/3 incorrect decision to perform a manoeuvre 
according to the information available (visibility or 
available time gap)). 
These drivers also present a poor prognosis 
(evaluation) of the situation or of the opponents’ 
manoeuvre. “Poor evaluation” means that drivers 
saw the other vehicle (on the main road) but 
estimated that they had time to cross. 
 Finally, the “yield drivers” showed a 
misinterpretation of the situation. “Misinterpreted 
the driving situation” includes 1/3 of poor 
knowledge of the site, 1/3 of misleading 
infrastructure (the road is not as we think it is!) and 
1/3 of miscellaneous factors such as driver state or 
visibility obstructions.  
The “driver behaviour” means all factors directly 
linked to the drivers’ awareness of the situation 
(attention, distraction for example). Most drivers 
who did not have the right of way and who 
presented “driver behaviour” as a key event, “failed 
to look”.   
2/3 of “failed to look” causes are exogenous and 
related to the infrastructure and the environment 
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(road layout, mask, weather luminosity). Moreover, 
1/3 of these drivers had to deal with a problem of 
geometrical visibility directly linked to the road 
layout.  
1/3 of “failed to look” are endogenous and related 
to the driver state (age, mood, experience). 
     The drivers having not the right of way- 
“Yield drivers”  – Human Functional Failures. 
Half of drivers having not the right of way 
experience a “perception failure” rather than the 
other functional failures.  
The “perception failure” can be explained by:  
a “quick look” (quick look at the environment and 
the opponent),  
“focused attention” (focus on a part of the situation 
instead of the opponent vehicle),  
“did not look” (the driver stopped searching for 
information and carried out a non-driving task for 
example),  
“no visibility” (the information is not available or 
there is a geometrical obstruction). 
“inattention” (low effort driving task, 
inattention…). 
     The drivers having not the right of way- 
“Yield drivers”  – Related causes and discussion. 
The emergency reaction 
Because, the driver didn’t perceive the opponent 
vehicle correctly, he couldn’t anticipate and avoid 
the crash. Only 1/3 of “yield drivers”, with 
“perception failures”, attempted to avoid the crash 
by braking or accelerating while 2/3 did not react 
before the crash. Moreover, 20% of these drivers 
(perception failures) were driving at excessive 
speeds, thus reducing the chance of avoiding the 
crash through emergency braking action.  
     Older drivers. Despite the fact the proportion of 
older drivers (65+) in the TRACE sample is low 
(11% of the drivers at intersection), they are more 
often involved as “driver having not the right of 
way” than the other categories. It means that older 
drivers have trouble managing the driving task at 
intersection and especially when they do not have 
right of way. Several situations characterize older 
driver involvement at intersection: 
“Perception” issues. They failed to look (looked 
but didn’t see or looked, didn’t see anything and 
decided to cross without checking again) 
They have navigation problems (attention focused 
on finding their route) or mood (irritated),  
“Misinterpretation” of the traffic lights in 
operation, 
“Hesitant manoeuvre” or slow manoeuvre (after 
looking at the traffic, pulled out slowly). 
So, older (65+) “yield drivers” had problems related 
to the perception of the other vehicle but also 
problems related to the understanding of the 
situation. Moreover, when they correctly performed 
the perception and the understanding, their action 
was too slow. 

As a result of these failures, they pulled out or 
crossed the intersection and most of them did not 
react. They could not avoid the crash.  
     The drivers having the right of way- “Priority 
drivers”– Key events. Although the key-events 
mostly concern the drivers, who do not have right 
of way, sometimes both “Priority drivers” and 
“yield drivers” contributed to tipping the driving 
phase over into the rupture phase. 
“Internal conditions of the task” and “driver 
behaviour” are the main relevant key events related 
to the “Priority drivers”. 
“Internal condition of the task” is split into: 
“Incorrect driving manoeuvre” is related to risk 
taking. The driver sees the other driver, understands 
the danger but does not anticipate. 
 “Misinterpreted the driving situation” is related to 
the driver who misunderstands the intentions of the 
other driver.  
“Excessive speed” is related to the speed limits 
(above the speed limit) while “inappropriate speed” 
is related to the driving conditions (weather, road 
surface, traffic…) even if the speed limit is not 
reached. 
 “Inappropriate reaction” concerns drivers who 
brake to avoid the crash but lock the wheels 
(sample of accidents with passenger car not 
equipped with ABS). Moreover, the stopping 
distance is not long enough to allow correct 
avoidance of the crash. The “Priority drivers” see 
the other driver (on the secondary road), but 
understand his intentions too late. 
“Driver behaviour” is mainly “failed to look”. 
“Failed to look” is related to the “Priority driver” 
who was attentive to the traffic but didn’t see the 
other vehicle because he didn’t look for the 
information (feeling of priority). 
     The drivers having the right of way- “Priority 
drivers”– Human Functional Failures. Drivers 
having the right of way experience more 
“prognostic failures” such as anticipation of the 
opponent driver manoeuvre, prediction of opponent 
driver presence and “perception failures”.  
The “prognostic failures” can be explained with 
the fact the “Priority driver” is: 
“Waiting for the regulation” of the situation by the 
other driver (sees the other vehicle slowing down 
up to the intersection and assumes it is going to 
stop) 
“Assuming that the other driver will not 
manoeuvre” (sees the other driver stopped on the 
secondary road but does not anticipate his 
manoeuvre) 
 “Not predicting obstacle” in his path (unusual or 
prohibited manoeuvre performed by the other 
driver). 
75% of “prognostic failures” can be explained by 
endogenous explanatory elements (related to the 
driver) with a feeling of priority, inappropriate 
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speed, time constraint, risky driving, 
misunderstanding the situation. 
The “perception failures” can be explained by 
“focused attention” (on the priority rules), 
“inattention” (lost in thought),  
“no visibility” (mobile obstruction to visibility), 
“no look” (break in information search because of 
non driving task) and  
a “quick look” (feeling of right of way) 
75% of “perception failures” are due to endogenous 
explanatory elements (related to the driver) with 
feeling of priority, inappropriate speed, non driving 
task or misunderstanding of the situation. 
     The drivers having the right of way- “Priority 
drivers”– Related causes and discussion.  
The emergency reaction 
In almost nine out of ten “prognostic failures”, the 
drivers with right of way braked before the crash.  
However, in the case of “perception failures”, only 
half of drivers with right of way braked before the 
crash.. 
 “Focused attention” failures led to “no reaction” 
(as emergency reaction) performed by the “Priority 
driver” while the other classes (inattention, no look 
and quick look) led to a braking response. 
When the driver with right of way is confronted 
with a vehicle coming from the left or the right, his 
emergency manoeuvre is slightly different. When 
the other vehicle OV comes from the left, the driver 
with right of way reacts mainly by braking. 
Whereas, when the other vehicle comes from the 
right, the driver with right of way reacts with a 
braking response or a combined braking and 
evasive steering action. There are more avoidance 
manoeuvres when the OV comes from the right.  
The initial speed of the “Priority drivers” 
More than a half of the initial speeds, where vehicle 
braked before the crash, were higher than 80 km/h. 
1/4 of the calculated initial speeds were “excessive 
speed” (over the speed limits). 
The stopping distance 
More importantly than the initial speed or the 
driving speed, the “stopping distance” is crucial in 
determining crash avoidance possibilities. The 
“stopping distance” is the distance required to stop 
the vehicle before the crash. It includes the distance 
travelled during the reaction time and the braking 
distance. 
Despite drivers performing a braking manoeuvre to 
avoid the crash, the accident happened. If we 
compare the stopping distance to the available 
distance (distance to crash used in the 
reconstruction of the accident to evaluate the initial 
speed), 66% of the drivers did not have sufficient 
distance to stop their vehicle and avoid the crash. 
So, the “Priority drivers” braking before the crash 
didn’t avoid the accident because: 
They did not have the time and the space to perform 
a manoeuvre 
They drove too fast (excessive speed) 

The road surface was wet, decreasing the efficiency 
of the braking 
They could not see the other driver 
     Generic counter-measures. The main generic 
counter-measures related to the “cutting scenario” 
drivers are closely linked to the accidents involving 
older drivers, followed by driver perception 
problems and finally driver emergency manoeuvre.  
Consequently, we need to think about the best way 
to help older drivers at intersections. The evolution 
in the population structure (and the driver 
population structure) means that older drivers are 
becoming more numerous. Today the best way to 
help them with the available ITS is through obstacle 
detection. But when older drivers perceived the 
other vehicle and performed a manoeuvre such as 
crossing the main road or turning left into the main 
road, they were confronted with fast moving traffic 
which left them insufficient time to perform their 
manoeuvre. So, the best help is to reduce the 
approach speed limits on the main road to allow 
older drivers to perform the manoeuvre safely. 
Then drivers “having not the right of way” need to 
be helped in their perception of the other vehicle, to 
look properly and to detect the other vehicle. It is 
necessary to control the available geometric 
visibility (sight distance), to take remedial actions if 
necessary or develop new road layouts with 
appropriate sight distances. 
Lastly, the drivers “having the right of way” need to 
be helped to be more attentive (more concentrated 
on the driving task) and to anticipate the other 
driver’s manoeuvre.  These drivers have a strong 
feeling of priority. They don’t understand the 
situation as being risky but rather as being safe. 
They see but don’t anticipate or anticipate too late. 
They need to be informed of the approaching 
situation with an up-to-date navigation tool that 
informs the driver of the potential risk situation 
according to geometry, visibility constraints and 
referenced “black spots”. They also need to be 
helped during their emergency manoeuvre. EBA 
can help reduce the braking distances. 
 
“Pedestrian scenarios” 
 
It should be 
remembered that in 
Europe, 14% of road 
fatalities were 
pedestrians in 2004, 
11% in France, and 
21% in UK. 67% of 
pedestrian fatalities occurred inside urban areas, 
34% of pedestrian fatalities are aged 65+ and 45% 
are aged 0 to 24 (CARE 2006). 
Despite the lack of information, we know that 
pedestrians are mostly involved at intersections 
with neither regulation nor traffic lights. In this 
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configuration, the youngest and the eldest are 
overrepresented.  
     The causation factors. Accident causation 
factors are mostly related to the “pedestrian” 
followed by the “internal conditions of the 
passenger car driver task”. 
For both pedestrians and passenger cars, “failed to 
look properly” is the first causation factor. In fact 
the visibility problem related to this scenario is 
specific. The visibility is linked to the way the 
pedestrian crosses the road. Half of intersection 
accidents involving pedestrian in our sample 
occurred at night and most of them inside urban 
area. We suppose that in daylight the problem can 
be linked to the different traffic flows, the urban 
environment, and “visual pollution”. The literature 
review highlighted that when volumes are higher 
than 12 000 vehicles/day, marked pedestrian 
crossings on multi-lane roads were more prone to 
crashes than unmarked locations, and the risk goes 
up as the volume rises. During the night the 
problem is different. We know that factors such as 
contrast related to the vehicle colour and lights and 
to the pedestrians’ clothes appear to have an effect 
on the conspicuity of both users.  
Half of the pedestrians cross at intersection with no 
regulation. But half of them cross at intersection s 
with traffic lights! The literature indicates that 
pedestrians look before crossing at both marked and 
unmarked pedestrian crossings, except at signalized 
intersections.  
The emergency reaction. Although 60% of 
passenger car drivers did brake before the crash, 
40% of them did not react! In fact 9 pedestrian 
accidents out of 10 were the pedestrians’ fault 
which could explain the lack of reaction. Moreover, 
all intersection accidents involving a pedestrian 
occurred when the initial speed of the passenger car 
was lower than 60 km/h. For half of them, the 
initial speed was lower than 40 km/h. A passive 
safety survey (ref LAB) performed on pedestrian 
accidents showed that when the impact speed is 
raised from 45 km/h to 55 km/h that is to say 
“only” 10 km/h, (the risk of sustaining fatal injuries 
rises from 30% to 50%! 
Generic Counter- measures. Generic counter-
measures linked to pedestrian intersection accidents 
are related to the vehicle (passenger car) driver. 
In this way, the passenger car driver needs to be 
helped to perform his emergency manoeuvre. The 
driver braked most of time (60%) but did not avoid 
the crash. EBA can be useful to help the drivers. 
They also need to be helped to predict the presence 
of a pedestrian, to see the pedestrian and to 
anticipate avoidance. Obstacle detection is required 
when the pedestrian is on the road but when the 
pedestrian is previously hidden from view, 
detection is more difficult.  Navigation tools can be 
useful to inform the driver about a potential risk 
zone (likelihood of pedestrian presence). 

 
CONCLUSIONS 
 
Descriptive analysis based on European national 
databases led us to identify the main relevant 
scenarios observed at intersections. The first in 
terms of frequency and severity is the so called 
“cutting scenario” grouping crossing trajectories 
and turning trajectories and representing 53% of 
intersection accidents. No distinction was possible 
at European level. The remaining 47% concerned 
rear end collisions with or without manoeuvres, 
roundabout scenarios and pedestrian scenarios. 
In-depth analysis of the intersection accident 
scenarios highlighted that we have to consider the 
scenario as a combination of two situations related 
to the driver who has “right of way” confronted 
with the driver who does not. This point of view is 
very important to infer the best countermeasures 
related to each requirement. 
Endogenous factors, related to the driver are 
common. They are either related directly to “driver 
behaviour” through “driving speed” or related to 
the “conditions of the task” through “poor 
evaluation” or “poor understanding” of the situation. 
“Perception failures” are often found in both groups 
but are overrepresented in the group of the “yield 
drivers”. This functional failure can be explained 
through factors such as “priority feeling” for the 
driver with right of way but also in the case of the 
driver who does not have right of way through the 
“sight distance”. This last result leads to question 
the intersection design of future roads.  
More drivers with right of way performed an 
emergency reaction to avoid the crash. The 
countermeasures recommended to these drivers 
could help the driver perform the emergency 
manoeuvre earlier and improve vehicle efficiency. 
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ABSTRACT 
 
Collisions at intersections are common and their 
consequences are often severe. This paper 
addresses the need for information on accident 
causation; a knowledge that can be used to obtain 
more effective countermeasures. A novel method 
that can be applied to data recorded in a ground-
based observation system or similar is proposed 
for classifying vehicle interactions into a set of 
predefined traffic scenarios. The classification is 
based on possible combinations of trajectories of 
two interacting vehicles that have passed through 
an intersection.  
Additionally, the authors present an incident 
detection algorithm that uses the classified 
vehicle interactions. This algorithm constitutes 
the core of a video-based automatic incident 
detection at intersections (AIDI) system. The 
performance of the AIDI system was successfully 
verified both in a driving simulator and in real 
traffic conditions. 
 
INTRODUCTION 
 
In Sweden, collisions at intersections account for 
approximately 30% of all severe injuries and 
20% of all fatalities [1]. Corresponding figures 
from European studies report 30% to 60% and 
16% to 36% for crashes with injuries and 
fatalities respectively [2]. In USA, 21% of the 
fatalities on the roadways were related to 
intersections [3]. 
Traditionally, traffic safety research has been 
conducted on retrospective crash data, which has 
been used for continuous improvement of traffic 
safety [4], [5]. However, such accident data 
contain limited detailed information on driver 
behaviour; information that can be used to 
increase the performance of preventive safety 
systems and to perform needed changes in the 
infrastructure [6]. 
The concept of traffic conflicts as an alternative 
to crash data was first introduced in 1968 by 
Perkins and Harris [7]. Furthermore, the 
importance of describing traffic conflicts as 

surrogates for collisions for safety analysis 
purposes has been described in the Swedish 
traffic conflict technique (TCT), established at 
the University of Lund and now generally 
accepted as standard [8].  
Incident detection can be defined as the process 
of identifying the spatial and temporal 
coordinates of an incident. Several surrogate 
safety measures have been previously proposed 
for detecting incidents such as: Post-
encroachment time (PET), Time to collision 
(TTC) [9]  and Distance between vehicles 
(DBV) [10]. In spite of the many advantages 
related to the usage of safety measures, some 
fundamental issues have been identified, such as 
the lack of a consistent definition, their validity 
as a measure of traffic safety, and the reliability 
of their associated measurement technique [10]. 
An important alternative in dealing with those 
limitations includes the study of relationships 
between safety measures in order to have a 
better understanding of traffic conflicts and the 
safety effects of those measures [11]. 
Several "on road" studies have been conducted 
to learn more on, e.g., driver behaviour [12] and 
even larger studies are planned for the near 
future [13]. These studies equip vehicles with 
cameras and extra sensors and store data during 
both normal driving conditions and traffic 
conflict situations. Another way to increase 
knowledge on driver behaviour is to equip parts 
of the traffic environment, e.g. intersections, 
with a ground-based observation system that 
uses cameras to observe the traffic flow [14]. 
One of the main challenges with such systems is 
to assess the collected data and extract relevant 
information. The vast amount of data from the 
observation system needs to be processed before 
any conclusions can be drawn.  
This paper presents basic and fundamental 
methods for processing data from ground based 
observation systems to classify vehicle 
interactions into typical traffic scenarios and 
detect incidents or accidents for later analysis. 
The present study was carried out within a 
larger Swedish project involving several 
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partners from the industry, government and 
academy [15]. Focusing on intersections, three 
different data collection methods were used. One 
of them consisted of a ground-based observation 
system. 
 
OUTLINE 
 
This study extends over five main steps, 
illustrated in Figure 1, for processing 
continuously recorded real world data with the 
purpose of extracting relevant information for 
traffic safety research. The first step comprises 
assessing and structuring the input data. Next, 
definitions of zones and trajectories considering 
the size and layout of the studied intersection 
form the basis of the traffic situation 
classification method. Here, the classification of 
vehicle interactions into predefined scenarios is 
one of the desired outputs. The automatic 
incident detection at intersections (AIDI) 
method calculates a number of established safety 
indicators and a combination of these is 
suggested to estimate the crash risk for every 
interaction of two vehicles. The validation of this 
incident detection method is performed by 
processing data from a driving simulator study. 
Both methods are applied to real world traffic 
data in a case study. These steps are described in 
detail in the following sections.  
 

 
Figure 1.  Process description. 
 
INPUT DATA 
 
The input data used for developing the methods 
should contain information about the vehicles and 
the geometrical layout of the intersection. That 
kind of information can be collected using 
camera-based computer tracking of vehicles, 
driving simulators involving test persons, or fully 
generated by traffic simulators. 
In the required structure of the input data, every 
object/vehicle is described with several attributes; 
from which the most relevant in the design and 
implementation of these methods are: 

• Size (width, length and height) 
• Time stamps 
• Position (central point) 
• Speed 
• Acceleration 
• Orientation (vehicle heading angle) 

 
TRAFFIC SITUATION CLASIFICATION 
 
With regard to the actual size and layout of the 
studied intersection, a number of concepts that 
describe the traffic flow are defined. This step in 
the process describes how the intersection is 
first divided into zones according to its 
geometry, and then how these zones are used to 
identify vehicles’ trajectories. Next, different 
types of interactions, classified into scenarios, 
can be found from different combinations of 
trajectories. 
 
     Trajectories - The trajectory classification is 
based on a road segmentation process which 
divides the layout of the intersection into zones, 
as shown in Figure 2.  
   

 
Figure 2.  Definition of zones for a typical 4-
way intersection. The shaded regions 
constitute the core of the intersection and the 
big arrows indicate the traffic flow 
directions. 

In a typical intersection it is possible to identify 
and define entry, exit and central zones. 
Considering the dynamics of vehicles that pass 
through the intersection, the labels used to 
identify those zones are: 
 

• Entry zones: A1, B1, C1 and D1 
• Exit zones: A, B, C, and D 
• Central zone: Z 

 
The length of the entry zones can be altered and 
typically set to 5-10 m.  The intersection centre 
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is the region where all four lanes merge together, 
starting where incoming vehicles begin to turn.  
In Figure 2, the centre is represented by the 
central square labelled with Z.  This is the zone 
where most encroachment incidents and other 
conflicts are likely to happen and where it is 
possible to identify clusters of conflict locations 
and discover groups of events with similar 
driving patterns. The intersection core consists of 
the central zone and four entry and exit zones 
surrounding it.  
Finally, a trajectory type is identified according 
to the sequence of zones that a vehicle visits.  
Table 1 lists all possible trajectories specifying a 
vehicle’s transition from an entry zone to an exit 
zone (through the central zone). According to 
traffic rules, there are four correct possible ways 
to arrive at the central zone and four possible 
ways to exit it: turn right, go straight, turn left or 
make a U-turn.  Thus, there are 16 different 
trajectories in a 4-way intersection.   
 
 

Table 1. 
Numbering scheme for traffic-permitted 

trajectories 

Trajectory  
ID 

Entry 
Zone 

Exit 
Zone 

1 A1 D 
2 A1 C 
3 A1 B 
4 A1 A 
5 B1 A 
6 B1 D 
7 B1 C 
8 B1 B 
9 C1 B 

10 C1 A 
11 C1 D 
12 C1 C 
13 D1 C 
14 D1 B 
15 D1 A 
16 D1 D 

 
 
 
     Interactions - The second step identifies 
fundamental concepts of the interactions between 
vehicles: the number of vehicles and the scenario 
type. Also, the identification process is restricted 
to interactions happening in the intersection core 
during a specific time window. 
First, the number of vehicles is defined as the 
total number of vehicles present in the 
intersection core during a time-unit. 
Then, according to the number of vehicles, the 
following three main cases of interactions are 
identified: the single-car case, the fundamental 

two-car case, and the general multiple-car case. 
A single-car case refers to the situation in which 
only one vehicle passes through the intersection 
during a time-unit. Two-car cases are defined 
whenever two vehicles are observed in the 
intersection during the time unit. Multiple-car 
cases are treated as simultaneous combinations 
of two-car cases. When there is a multiple-
vehicle interaction, the related number of cases 
is obtained by Equation (1). 
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where n is the total number of vehicles in the 
intersection during the unit time.  
Finally, all the interactions between two 
vehicles are further classified into scenarios 
according to the combination of the vehicles' 
trajectories. 6 main categories of scenarios are 
defined: 
 

• Crossing - scenarios with vehicles 
with intersecting paths.  

 
• Merging - scenarios with vehicles 

moving from different into the same 
direction.   

 
• Splitting - scenarios with vehicles 

moving from the same into the 
different directions. 

 
• Following - scenario with one vehicle 

behind another vehicle that is moving 
ahead or waiting. 

 
• Oncoming - scenario with oncoming 

traffic, none of the parties have the 
intention to turn and cross over the 
opposite lane. 

 
• General - any other scenario. 

 
Specific cases are defined and identified within 
each of the 6 main categories of scenarios.  For 
example, there are four cases of crossing-path 
scenarios:  Left Turn Across Path/Opposite 
Direction (LTAP/OD), Left Turn Across 
Path/Lateral Direction (LTAP/LD), Straight 
Crossing Paths (SCP), and Leaving by Left - 
Arriving by Right (LL-AR).  These four cases, 
shown in Figure 3, are the focus of the analysis 
in the upcoming case study. Appendix 1 lists 
more specific cases identified within each of the 
other 5 main categories of scenarios. 
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Figure 3. Scheme and graphical representation 
of crossing-path scenarios: (a) LTAP/OD, (b) 
LTAP/LD, (c) SCP and (d) LL/AR. 
 
 
AUTOMATIC INCIDENT DETECTION 
AND CLASSIFICATION AT 
INTERSECTIONS 
 
In this step, an algorithm is proposed for 
detecting and classifying incidents at 
intersections. The target cases of the present 
study are 2-vehicle interactions classified as 
crossing scenarios; i.e., cases within the scenario 
type LTAP/OD, LTAP/LD, SCP or LL/AR. 
First, several safety measures are computed for 
every interaction and are then used to build crash 
risk indicators (CRI). Secondly; since different 
sources of processed traffic flow data can have 
different levels of noise and usability, the 
proposed idea is to combine several CRIs to 
obtain a reliable and robust method for detecting 
and classifying incidents. 
 
Crash Risk Indicators (CRIs) 
 
For each 2-vehicle interaction, the following 
safety measures are computed: 
 

1. Post encroachment time (PET), defined 
as the time measured from the moment 
in which the first road user leaves a 
potential collision zone, known as the  
encroachment zone, to the moment in 
which another road user enters this zone 
[16]. 

 
2. Time to collision (TTC), defined as the 

extrapolated time until a collision would 
occur keeping constant the heading and 
speed of both interacting vehicles [17]. 

TTC is a continuous measure 
computed during all the interaction and 
TTCmin is the minimum value of the 
TTC vector. 

 
3. Distance between vehicles (DBV), 

defined as the estimated distance 
between the two closest points 
corresponding to each vehicle [18]. 

 
4. Acceleration rate (AR) of the first 

vehicle passing through the 
encroachment zone. The aim is to 
assess if any road user requires to 
accelerate in an unusual way in order 
to avoid a collision.  

 
5. Deceleration rate (DR) of the second 

vehicle passing through the 
encroachment zone. The aim is to 
assess if any road user requires to 
brake unusually in order to avoid a 
collision. 

 
The values of the above measures, together with 
related safety thresholds and guidelines 
proposed in the literature, are used to estimate 
CRIs normalised to the range [0,1]. The smaller 
the CRIs are, the less risky the corresponding 
interaction is assumed to be. 
When referring to PET, van der Horst [9] states 
that an interaction can be considered as safe 
whenever this time measure is greater than 2 
seconds. Thus, the PET-CRI, CPET, is 0 for PET 
values bigger than or equal to 2 s., and is 
proposed to increase linearly as PET decreases 
(down to 0 seconds). The TTCmin-CRI, CTTC, is 
computed similarly considering a safety 
threshold equal to 1.5 seconds [9]. 
The computation of the DBV-CRI, CDBV, takes 
also into account the mutual approaching speed 
(AS) of two interacting vehicles. CDBV is 
basically the result of the integration over time 
of a function that combines DBV and AS. It is 
small when DBV is big and AS is small, and it 
increases linearly as DBV decreases and AS 
increases. 
Consider Figure 4 for the computation of the 
CRIs related to the AR and DR measures, CAR 
and CDR. There are three regions with different 
shading levels. It is assumed that the inner 
region (light shading) contains most of the 
combinations of speed and acceleration in 
normal traffic, and thus the corresponding CRI 
is 0. The immediate outer region (medium 
shading) represents the transition from normal 
to anomalous traffic [19]. Here, the CRI 
increases linearly as the combination of speed 
and acceleration gets closer to the outmost 
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region (dark shading), where it reaches its 
maximum value (i.e., 1). 
All five CRIs are gathered in an incident vector 
(IV), as shown in Equation (2)(3): 

IV = [CPET CTTC CDBV CAR CDR]T    
  

(2) 

 
Figure 4.  Definitions of the boundaries used 
for detecting anomalous accelerations and 
decelerations of a vehicle according to its 
actual speed (adapted from [19] and [20]). The 
definitions of boundaries remain constant for 
speeds greater than 60 km/h. 
 
For each interaction, the incident number (IN) is 
a global estimation of the quantified combination 
of the 5 contributions to risk. It is normalized to 
the range [0,1] and it is equal to the weighted 
average of the elements of the incident vector as 
shown in Equation (3): 
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The higher the value of IN is, the riskier the 
corresponding interaction is assumed to be. The 
elements of the weight vector W = [WPET WTTC 
WDBV WAR WDR]T can be used as calibration 
parameters in order to deal with different quality 
levels of the input data that should be processed. 
Considering the characteristics of the data 
described in the Case Study and Validation 
sections—which were continuously used during 
the implementation—an appropriate choice for 
the weight vector is: W = [1,1,1,1,1]T, since it has 
proved to generate representative values for IN. 
 
Incident Classification 
 
In general, qualitative definitions of traffic events 
have been identified by Hydén [8], such as: 
 

• Undisturbed passage - A road user is 
passing through an intersection without 

being influenced by the presence of 
any other road user at all. 

 
• Potential conflict - Two road users are 

approaching each other in such a 
manner that the occurrence of a 
conflict is imminent unless some 
avoidance action is undertaken by 
either one of the road users involved. 
Ample reaction time is at hand, 
offering margins to compensate for a 
mistake. 

 
• Slight conflict - Two road users are 

approaching each other in such a 
manner that the risk of a serious 
conflict is obvious. Time margins are 
fairly small, thus demanding a rather 
precise and alert action to avoid an 
accident. 

 
• Serious conflict - Two road users 

appear in a situation that demands 
sudden and severe action to avoid an 
accident. A small number of serious 
conflicts lead to accidents because the 
available margins are not large enough. 
Therefore, the outcome of a serious 
conflict may be a near-accident or an 
accident when a physical collision 
happens. 

 
By observing interactions (animations and/or 
video files) and by considering the definition of 
the above four types of incidents, it is possible 
to subjectively estimate three incident 
thresholds for IN that classify an interaction as 
whether an undisturbed passage (U), a slight 
conflict (S), a serious conflict (also near-
accident, N) or as an accident (A). 
Thresholds are named in the following way: Ius 
to distinguish between U and S, Isn to 
distinguish between S and N, and Ina to 
distinguish between N and A. Then, interactions 
are classified according to the value of IN as 
shown in Equation (4): 

 
  

(4) 

Where the proposed values for the thresholds 
are: Ius = 0.15, Isn = 0.20 and Ina = 0.35. 
 
VALIDATION OF THE INCIDENT 
DETECTION METHOD 
 
Within incident management systems, most of 
the subsequent incident management actions are 
commenced only after the existence of an 

    Undist. Passage if  0  ≤ IN < Ius 
    Slight conflict if  Ius ≤ IN < Isn 
    Near-accident  if  Isn ≤ IN < Ina 
    Accident  if  Ina ≤ IN ≤ 1 

     Interaction =  
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incident has been confirmed, therefore the 
verification step is a fundamental and required 
part of a complete incident detection system [14]. 
Data from an experimental study in a driving 
simulator was used for validating this incident 
detection method. In total, 105 participants 
completed a simulator drive with different road 
environments including events such as 
intersection scenarios. The simulator provides all 
the required data to apply this method; such as 
time stamps, size of vehicles, position, heading, 
speed and acceleration. Video files of the front 
view were recorded by the simulator system and 
videos of the driver’s face were recorded by a 
faceLAB system [21]. During the driving test, the 
subject estimates the collision risk and tells it out 
directly after the event. After the experiment was 
over, trained technicians conducted a subjective 
off-line assessment of the crash risk present in 
each interaction. 
The AIDI method was applied to a data subset 
that corresponds to moments in which the 
simulated vehicle driven by the participants was 
involved in an LTAP/OD scenario. Table 2 
shows examples of the direct relation found 
between the quantitative crash-risk assessment 
provided by the computed IN’s and the qualitative 
evaluations provided by the technicians. This 
comparison shows effectively that the estimated 
crash risk given by IN constitutes a reliable 
quantification of what actually happened in the 
analysed LATP/OD interactions. 
 

Table 2. 
Comparison of different criteria to assess the 
crash-risk present in some interactions of the 
simulator study 

IN Comments 
0.05 Smooth braking, normal passage 
0.19 Sudden braking, interrupted passage 
0.25 Hard braking, near accident 
0.79 Accident 

 
 
CASE STUDY 
 
The traffic situation classification and incident 
detection systems developed in the present study 
are applied to video-processed data from an 
intersection that has been filmed. The main 
outcomes of the automatic analysis provide basic 
information about traffic flow patterns (such as 
trajectories and scenarios) and estimations of the 
crash risk present in crossing-path interactions. 
 
Input Data 
 
The data was collected during day time from a 
non-signalized, low speed priority (50 km/h 

posted speed) intersection (yield sign 
regulation) near the city centre of Gothenburg, 
Sweden. The traffic at the intersection was 
video recorded with two cameras placed on 
adjacent buildings. The cameras had 90o and 50o 
field of view (FOV) and were placed 18 m 
above the ground as depicted in Figure 5. The 
total video-recorded area of the intersection was 
approximately a 40 m radius circular area. A 
video processing and tracking system was 
applied to extract data of objects passing 
through the intersection and provide estimates 
of, e.g., the objects’ position and size in real 
world coordinates. 
More details about the locations, the video 
analysis procedure and the like can be found in 
[22]. 

 

 
Figure 5.  Intersection overview and camera 
locations. 
 
The sampling frequency of the processed data is 
equal to 20 Hz. The definition of the 
intersection’s layout is provided in the input 
data and a bird’s eye view of it is sketched in 
Figure 5. The total amount of input data used in 
this case study was obtained after processing 
approximately 470 hours of video. 
Before using the objects' data for further 
analysis, they were subjected to certain quality 
requirements. In general, the so called 
appropriate objects should have been observed 
during at least 2.5 s, have speeds below 200 
km/h, make a single pass through the 
intersection only once, have an acceptable 
percentage of position points located inside the 
intersection road section and long enough 
trajectories. 
The quality-checking procedure was designed in 
such a way that the greatest possible number of 
objects would be classified as appropriate. The 
criteria used are not rigid, but they proved to be 
an effective way to find objects with good 
enough trajectories in this case study data. 
 

Cameras 
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Traffic Situation Classification 
 
     Trajectories - Figure 6 illustrates the 
numbering scheme used for classifying 
trajectories passing through the studied 
intersection and also the distribution of the 6 
most commonly used trajectories. Notice that the 
other 10 permitted trajectories (the ones that are 
not shown in Figure 6) involve U-turns and 
traffic to or from a rarely used minor road. 
 

 
Figure 6. The most common trajectories 
occurring at the studied intersection and their 
corresponding relative frequencies. 

 
     Interactions - Table 3 shows the distribution 
of the number of interacting vehicles (NoV) from 
which the single-car situation was the most 
frequent. Cases that involved 6 or more vehicles 
could not be identified due to limitations in the 
extraction of data from the video files. Then, 
Table 4 illustrates the distribution of the scenario 
categories. 
 

Table 3. 
The distribution of interactions as a function 
of the number of vehicles (NoV) 

NoV Rel. freq. (%) 

1 53.0 
2 33.1 
3 11.2 
4 2.4 
5 0.3 
6 0.0 

 
Table 4. 

The distribution of scenario categories with 
NoV ≥ 2 observed at the intersection 

Category Rel. freq. (%) 

Crossing 13.09 
Merging 13.10 
Splitting 16.72 
Following 26.07 
Oncoming 16.39 
General 14.63 

 
Table 5 shows the distribution of crossing-path 
scenarios. Since trajectories going from north to 
south and vice-versa are very rare in this 

intersection (refer to Figure 6), it is natural to 
expect a minimal occurrence of SCP scenarios. 
 

Table 5. 
Distribution of interactions classified within 
crossing-path scenarios based on interactions 
with NoV ≥ 2. The trajectory pairs presented 
are the most representative combinations 
occurring in each scenario 

Crossing 
scenario 

Rel. freq. 
   (%) 

Trajectories 

LTAP/OD 34.22 3, 10 
LTAP/LD 20.20 7, 10 
SCP   0.82 Varies 
LL/AR 44.76 3, 7 

 
 
Automatic Incident Detection at Intersections 
 
The automatic incident detection system is 
based on the computation of IN’s. Figure 7 
shows a histogram of the incident numbers for 
all crossing-path interactions, the cumulative 
distribution of IN and also sketches the location 
of the identified incident thresholds. 
 

 
Figure 7. Histogram and cumulative 
distribution of incident numbers. The 
distribution of traffic events is: undisturbed 
passages (U) 93.6%, slight conflicts (S) 4.0%, 
serious conflicts (near-accidents, N) 1.8%, 
and accidents (A) 0.6%. 
 
As stated before, there are limitations in the 
extraction of traffic flow data which directly 
influence the global performance of this incident 
detection system.  
When viewing the corresponding video files, no 
incidents or accidents were encountered. The 
main reason for this is that the estimated shape 
and size of the vehicles in the case study data do 
not always correspond to the actual extension of 
the vehicles. Since the aim of the proposed 
method is to automatically find specific types of 
events for further studies, it is necessary to find 
a way to decrease the reality gap between the 
extracted data and the corresponding video files. 
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Representing vehicles in the same dataset with 
particles constitutes a good alternative to deal 
with the limitations in the data. 
If vehicle interactions are approximated by 
interactions between particles (i.e., all vehicles’ 
shapes are set to squares of 1 cm on each side), 
the observation and subjective classification of 
these interactions provide the following new 
values for the incident thresholds: Ius = 0.007, Isn 
= 0.019 and Ina = 0.071. The corresponding new 
distribution of incident types is: undisturbed 
passages (U) 94.99%, slight conflicts (S) 2.50%, 
serious conflicts (near-accidents, N) 2.40% and 
accidents (A) 0.11%. 

DISCUSSION 

The formulation of these methods provides an 
opportunity to assess continuously recorded data 
and extract relevant information for driving 
behavior studies.  
In this study, the proposed classification method 
is used to classify typical intersection scenarios. 
However, the method can also, in a logical and 
straight forward way, be further developed to 
meet the requirements of other analysis purposes. 
For example, will there be a difference in the 
distribution of classified incidents in Straight 
Crossing Path scenarios with both a passenger car 
and a truck involved compared to the same 
scenario where vehicles of only one type 
interact? Other descriptors of the involved 
vehicles such as "vehicle arrives at the incident 
area as first vs. second car" and "left turning 
vehicles arriving from west vs. east" are 
examples of information that can be added to the 
traffic situation classification method presented 
here—and hence form the basis for further 
behavioral studies. 
Many descriptive definitions of incidents are 
presented in the literature (see, e.g., [8], [9], [10] 
and [16]), but finding arithmetical classifications 
is difficult. One of the closest attempts is 
completed in the Lund Conflict method [8], but it 
requires manual coding and interpretation on the 
scene. The proposed incident detection algorithm 
can be used to automatically detect potential 
incidents in large traffic flow data sets. The 
algorithm combines several measures; such as 
PET, TTC and DBV, to automatically detect 
traffic incidents. In the validation and case study 
sections it is indicated that the algorithm is 
effective. However, it shall be noted that it has 
not been proven that the algorithm is able to 
detect all incidents or if it does not make any 
false detections. Further development and 
verification is needed. 
The incident thresholds can be verified (and 
tuned) by using input data from other 
intersections. In that case, the input data should 

follow the structure of the dataset used in this 
project and the zone segmentation should be 
adjusted according to the characteristics of some 
specific intersection. The method can be 
extended to include the analysis of swerving as 
a type of evasive action usually present in 
incidents. Moreover, the vehicles’ momentum 
can be calculated when appropriate parameters 
are provided in order to have a better estimation 
of the severity present in some incidents. 
For the Automatic Incident Detection, the 
quality and accuracy of the data applied are 
significantly influencing the outcome. As an 
example, the estimated shape and size of the 
vehicles in the case study input data do not 
always correspond to the actual extension of the 
vehicles. A comparison of the outcome when 
representing the vehicles in the same dataset 
with particles shows that that is a good 
alternative to cope with the reality gap between 
the extracted data and the corresponding video 
files. 
In the case study with real world traffic data 
from an intersection, adjustments according to 
the limitations in the extraction of data from 
video files were made. These can be classified 
into two main groups: 
 

• Primary limitations; identified by the 
criteria of the quality-checking 
procedure described before (long 
enough trajectories in time and space, 
speeds below 200 km/h, single pass 
through the intersection and a minimal 
percentage of position points located 
within the road boundaries). All data 
related to objects classified as 
appropriate are free of primary 
limitations. 

 
• Secondary limitations; still present in 

the data related to appropriate objects. 
The most relevant cases include 
trajectories that are closer to each other 
than in reality and incorrect estimations 
of the size and heading angles of 
vehicles. 

 
The global quantification of the risk present in 
every interaction of the recorded data is based 
on a robust combination of five independently 
crash risk indicators. That combination 
represents an important alternative for dealing 
with secondary limitations present in the data.  
Even though the global performance of the 
proposed video-based incident detection system 
is influenced by limitations in the extraction of 
data, this methodology constitutes an important 
approach to automatically perform several 
analyses of vehicle interactions and point out 
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interesting situations according to predefined 
criteria. Thus, a large amount of manual work 
previously used to identify certain events could 
now be redirected to carry out more focused 
investigations and provide a better understanding 
of those events’ dynamics. 
The proposed methods use data without any 
driver information and their outcomes do not 
provide descriptions of the drivers' state. There 
can be interactions classified as incidents in 
which the driver is totally aware of his/her 
actions and thus feeling safe all the time. For 
these reasons, it would be good to also consider 
data from other sources (such as on-road studies 
and follow-up interviews) in order to build a 
system that takes into account the drivers' states 
in addition to the kinematics of the interacting 
vehicles. 
 
CONCLUSIONS 
 
The proposed Traffic Situation Classification and 
Incident Detection methods consider basic and 
fundamental procedures to be used in the initial 
stage of the analysis process of data collected at 
intersections. 
After considering certain quality issues, it has 
been shown that it is possible to analyze extracted 
data in order to identify and classify essential 
traffic flow patterns occurring at intersections; 
such as trajectories and scenarios. 
For all vehicle interactions found in the data, 
several safety measures were computed and used 
to obtain crash risk indicators (CRIs) which are 
then combined to get an incident number IN (per 
interaction). The interpretation of the IN values 
constitutes the basis of the proposed incident 
detection system and should provide a more 
robust way to automatically detect and classify 
incidents. The validation of this detection system 
used data from a driving simulator study and 
showed a promising relationship between the 
quantitative and qualitative assessments of the 
crash risk provided by the IN’s and the 
perceptions of the observers (trained technicians) 
respectively. 
When applying these methods to a real world 
case study, it has been found that limitations in 
the data are significantly influencing the 
outcome. However, the results obtained are 
approximately reflecting the tendencies found in 
real-world-traffic statistics. 
Finally, when using automatic analysis tools like 
the one proposed here, large amounts of manual 
work used to identify or isolate certain traffic 
events could be redirected to carry out more 
focused investigations and provide a better 
understanding of the dynamics of those events. 
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APPENDIX 1: SCENARIOS 
 
 
 
 

Merging scenarios 
Left Turn 
In Path 

 
Right Turn  
In Path 

 
Both Turn  
In Path 

 
 
 
 
 
 
 

Splitting scenarios 
Left Turn 
Out of Path 

 
Right Turn  
Out of Path 

 
Both Turn  
Out of Path 

 
 
 
 
 
 
 

 
 
 
 
 

Following scenarios 
Turning Left 
Following 

 
Turning Right 
Following 

 
Straight Line 
Following 

 
 
 
 
 
 
 

Oncoming scenarios 
Straight Opposite 
Path Oncoming 

 
Turning Opposite 
Path Oncoming 
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General scenarios 
Missed Straight 
Opposite Path 
Oncoming by Right 

 
Missed Straight 
Crossing Path Both 
by Right 

 
Missed Straight 
Crossing Path by 
Both Sides 

 
Missed Straight 
Opposite Path 
Oncoming Both  
by Left 

 
Missed Straight 
Opposite Path 
Oncoming Both  
by Right 

 
Missed Straight 
Crossing Path  
by Right 
 

 
Single Car 
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ABSTRACT 
 
Standard methods of investigating real-world crashes 
are hampered by the rapid rate at which the vehicle 
fleet changes as well as logistical hurdles involved in 
collecting sufficient quantities of data regarding 
specific vehicle and crash conditions to draw useful 
conclusions regarding injury causation.  This 
degrades the ability of real-world crash data to 
contribute in a timely fashion to the assessment and 
improvement of vehicle and occupant protection 
systems.   
 
The University of Michigan Health System, General 
Motors and OnStar are collaborating on a project to 
collect real-world crash data using the OnStar system 
to identify and screen crash cases from around the 
US.  For crash events of interest, informed consent is 
obtained, medical interviews are conducted and the 
vehicle is inspected for photographic documentation.  
Medical records and digital medical imaging data 
files are also obtained for determination of injury 
mechanism and outcome.   
 
Most real-world crash data collection systems have 
limitations.  Systems in which a small subset of 
crashes is randomly sampled have very limited 
numbers of crashes from specific vehicle models and 
crash conditions.  Geographically based census 
collection systems can have the same limitation.  
Medically based crash data collection systems 
provide optimal detail and insight regarding injury 
causation factors, but are also biased by being 
outcome-sampled and expensive.  The novel use of 
advanced automatic collision notification technology 
for screening allows researchers to very efficiently 
identify the subset of real-world crash cases that hold 
most value for assessment of injury risk or evaluation 
of vehicle safety performance.  Cost effectiveness 
will increase even further once photographic 
documentation of crash damage is no longer 

necessary.  The involvement of independent, 
academically based medical researchers significantly 
enhances subject enrollment and enables the 
collection of sensitive medical records and digital 
imaging data.   
 
 
INTRODUCTION 
 
Deaths and injuries resulting from motor vehicle 
crashes are the leading cause of death for people of 
every age from 3 through 6 and 8 through 34 (based 
on 2005 data).  During the year 2007 in the United 
States, 41,059 people were killed in the estimated 
6,024,000 police-reported motor vehicle traffic 
crashes and 2,491,000 people were injured (1).   
 
Efforts to improve traffic safety must be guided by 
real-life data that is timely, accurate, precise and 
representative.  There are many research projects and 
databases that collect and analyze traffic safety data, 
each with their distinct advantages and 
disadvantages.   
 
The National Automotive Sampling System (NASS) 
Crashworthiness Data System (CDS) is a nationwide 
crash data collection program sponsored by the U.S. 
Department of Transportation. It is operated by the 
National Center for Statistics and Analysis (NCSA) 
of the National Highway Traffic Safety 
Administration (NHTSA).  NASS/CDS data has very 
significant strengths including its reliable sampling 
weights and its nationally representative data.  
Approximately 5000 crashes are collected each year 
with detailed analysis of the vehicle.  Vehicle 
occupant interviews as well as police records are 
utilized to gather information.  Due to its collection 
methodology, NASS/CDS contains a very large 
contingent of minor injuries (Maximum Abbreviated 
Injury Scale - MAIS 1-2) but relatively few 
moderate, severe and fatal injuries (MAIS 3-6).  
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Detailed occupant and injury outcome information is 
limited. 
 
The Crash Injury Research Engineering Network 
(CIREN) is a crash injury collection network 
operated by the NHTSA.  It is sponsored primarily by 
NHTSA with assistance from several automotive 
manufacturers.  The cases collected by CIREN are 
screened from trauma admissions to eight Level 1 
Trauma Centers across the US and must meet set 
injury and crash criteria.  CIREN collects very 
detailed occupant injury and medical information; it 
also collects detailed crash and vehicle data using 
NASS-derived protocols.  CIREN cases undergo 
multi-disciplinary review of crash, vehicle and 
occupant injury data to determine injury causation 
mechanisms.  While CIREN gives unprecedented 
detailed data regarding injured vehicle occupants and 
heretofore unavailable insight into mechanisms of 
injury causation, it is resource- as well as manpower- 
intensive and relatively costly.  Due to its collection 
methodology and injury severity requirement for 
entry, the CIREN database contains detailed 
information on a large number of serious injuries; 
however, because it is outcome-sampled, CIREN 
data cannot be used alone to predict risk of injury or, 
as it now functions to provide an early assessment of 
the effectiveness of safety technologies, as they are 
newly introduced into the vehicle fleet. 
 
The University of Michigan Program for Injury 
Research and Education (UMPIRE) has been a 
member of CIREN since its inception; UMPIRE has 
also been an enthusiastic user of NASS/CDS data as 
an essential complement to its CIREN work to 
improve motor vehicle safety.  Recently, there been a 
large increase in the number of vehicles on US 
roadways equipped with Advanced Automatic 
Collision Notification (AACN) capabilities.  At the 
same time, vehicle development cycles have become 
progressively shorter, increasing the need for fresh 
real-life crash data to assess the safety efficacy of 
recent vehicle design changes.   We therefore sought 
to collect crash cases of interest that would likely 
escape NASS/CDS or CIREN collection by 
combining the national reach of a vehicle telemetry 
service provider and automotive manufacturer with 
the research capability of medical research group 
(UMPIRE) based at an independent university.  The 
use of AACN allows the rapid detection of relatively 
rare crashes of interest nationwide so that 
communication can be established to obtain informed 
consent for vehicle inspection and study 

participation.  The use of university-based medical 
researchers provides assurance to the study subject 
that their confidentiality is preserved and also allows 
the collection of comprehensive injury and medical 
imaging data files.  Procedures were developed that 
prevent the telematics provider and automotive 
manufacturer from being able to link collected 
research data with any specific vehicle owner or 
occupant so as to protect confidentiality.    
 
This paper describes our initial medical experience 
with this pilot project. 
 
 
 
OBSERVATIONS 
 
Subject Recruitment 
 
As per the protocol approved by the University of 
Michigan Institutional Review Board (IRB), 
UMPIRE adheres to very strict guidelines during the 
process of establishing contact with potential study 
subjects.  The telematics provider makes initial 
contact with the vehicle occupants to determine their 
interest in becoming subjects.  The contact 
information of those occupants agreeing to 
participate is then forwarded to UMPIRE staff.  Once 
with the UMPIRE staff, neither the telematics 
provider nor the vehicle manufacturer have any 
further contact with, nor do they receive any 
information about, the individual potential subjects.  
In order to protect subject privacy, if contact is not 
established within ten days, no further attempts are 
made.  The number of phone call attempts is also 
strictly limited.  Adhering to these guidelines, we 
have been able to contact and interview over two-
thirds of potential study subjects.  To date, only 6% 
of the individuals contacted have declined 
participation beyond the initial description of the 
proposed research and screening.    
 
The overwhelming majority of individuals contacted 
have been receptive and cooperative with the initial 
screening interview.  Many of the subjects 
volunteered very positive comments regarding the 
fact that the manufacturer and telemetry services 
provider had facilitated such a project to assess the 
field performance of their products.   
 
The initial interview allows UMPIRE to efficiently 
determine whether the crash event and study subject 
met our inclusion criteria.  One unanticipated finding 
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was the large number of crashed vehicles which had 
already undergone repair or were undergoing repair 
at the time of the subject interview.  At the current 
time, our study requires an independent investigator 
to examine and photograph the damaged vehicle to 
supplement and corroborate the AACN vehicle 
telemetry sent during the crash event; therefore, 
subjects whose vehicles were undergoing repair or 
already repaired were dropped from the study.  
Changing the day of week and time of attempted 
initial contact with potential subjects has helped 
increase the proportion of subjects contacted before 
vehicle repair.  If vehicle inspection and 
photographic documentation is not necessary once 
the relationship between crash telemetry and vehicle 
damage has been confirmed, this problem with 
vehicles unavailable for inspection will no longer be 
a concern.  In future, if studies target more severe 
crashes where a greater proportion of vehicles are 
considered beyond repair, this problem will be less 
significant.  Since the rate of injury observed in the 
potential study population has been quite low, the 
option of increasing the AACN crash severity criteria 
for study inclusion seems reasonable.   
 
 
Documentation of Informed Consent 
 
It is absolutely imperative in research involving 
human subjects that informed consent of the study 
subjects is performed by suitably qualified and 
trained research personnel and that this informed 
consent be documented in writing.  The consenting 
subject must also receive materials that inform them 
of their right to withdraw their participation as well 
as how to do so.  We found the logistics of providing 
written information regarding the research project to 
the study subject and documenting their informed 
consent more challenging than initially anticipated.  
There is a need to contact the study subject early to 
facilitate vehicle inspection, but this increased the 
difficulty of getting written materials to the study 
subject before the initial phone contact.   At the same 
time, prior experience has shown us that sending the 
necessarily long and detailed informed consent 
documents to potential subjects without prior 
personal contact to explain the study purpose and 
techniques resulted in many of the documents being 
discarded without reading or consideration.    
 
We found that it is important to have multiple, 
redundant means of transmitting and receiving 
written documents to potential study subjects.  The 

addition of express mail services as well as multiple 
Web-based technologies and services has improved 
our efficiency in obtaining documentation of 
informed consent.  Simultaneous phone contact to 
guide the potential study subject through their 
reading of the informed consent document helps to 
allay confusion caused by the many formally written 
clauses required by the IRB. 
 
 
Medical Records and Imaging Data 
 
Once having obtained documentation of informed 
consent from the study subjects, we have not 
encountered any difficulty in obtaining all necessary 
medical records and complete medical imaging 
studies such as CT scans and MRI scans.  For ease of 
handling and to facilitate de-identification to protect 
study subject confidentiality, we request that records 
be sent in electronic form.  Medical imaging studies 
are stored and sent in standardized DICOM format by 
medical facilities nationwide.  Therefore, transfer of 
very large data files from complete medical imaging 
studies performed on consented study subjects has 
been very straightforward.   
 
This ability to obtain medical imaging files from 
AACN crashes represents a key source of vital crash 
information not available from NASS/CDS or 
CIREN.  Medical imaging files such as CT scans 
performed on recruited study subjects provide 
tremendous detail regarding the subjects’ body 
characteristics.  They also provide great insight 
regarding the mechanism of any observed injuries.   
Our work with medical imaging analysis in the 
CIREN population has demonstrated very clear links 
between the subject’s body composition and their 
severity and pattern of injury(2-4).   NASS/CDS does 
not currently collect the medical imaging files.  
While CIREN does collect medical imaging files, the 
fact that CIREN is outcome sampled means that the 
body composition information from CIREN imaging 
studies cannot be used along with CIREN injury data 
to determine the effect of body composition 
differences on injury risk in a given crash.  Such 
determination is essential for the development and 
validation of human body finite element models 
capable of predicting crash injuries (5).    
 
As anticipated prior to initiation of this study, a large 
majority of the medical imaging studies that we have 
obtained have been from study subjects who did not 
sustain any significant injuries in their crash.  This is 
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therefore the control population needed to determine 
the effect of body composition on injury risk in a 
given crash condition.  These CT scans provide us 
with detailed documentation of the subjects’ body 
characteristics as well as any observed injuries and 
the vehicle telemetry from their AACN system 
provides us with information regarding crash 
direction and severity.  Taken together, the data from 
this type of study can provide information that will 
allow more accurate prediction of injury risk for 
different crash conditions.  This information can be 
used by EMS systems and trauma centers to deliver 
optimal post-crash care.   
 
 
 
CONCLUSIONS 
 
Motor vehicle crash injuries remain a major global 
health problem.  Real-life crash data that is more 
timely, detailed and representative is necessary to 
guide improvements in vehicle safety.  Most real-
world crash data collection systems in which a small 
subset of crashes is randomly sampled have very 
limited numbers of crashes from specific vehicle 
models and crash conditions.  Geographically based 
census collection systems have the same limitation.  
Medically based crash data collection systems 
provide optimal detail and insight regarding injury 
causation factors and outcomes, but are also biased 
by being outcome-sampled and expensive.  The use 
of advanced automatic collision notification 
technology for screening allows researchers to very 
efficiently identify the subset of real-world crash 
cases that hold most value for assessment of injury 
risk or evaluation of vehicle safety performance.  
Cost effectiveness will increase even further once 
photographic documentation of crash damage is no 
longer necessary.   
 
The involvement of independent, academically based 
medical researchers significantly enhances subject 
enrollment and enables the collection of sensitive 
medical records and digital imaging data while 
preserving subject privacy and protecting confidential 
personal medical information.  The results of such 
studies hold great potential to enhance post-crash 
EMS and trauma care as well as the development of 
human body finite element models that can 
accurately predict crash injury patterns and risk.  
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ABSTRACT 
 
Since its beginning in 1999, the German In-Depth 
Accident Study (GIDAS) evolved into the 
presumably leading representative road traffic 
accident investigation in Europe, based on the work 
started in Hanover in 1973. The detailed and 
comprehensive description of traffic accidents 
forms an essential basis for vehicle safety research. 
Due to the ongoing extension of demands of 
researchers, there is a continuous progress in the 
techniques and systematic of accident investigation 
within GIDAS. This paper presents some of the 
most important developments over the last years. 
Primary vehicle safety systems are expected to have 
a significant and increasing influence on reducing 
accidents. GIDAS therefore began to include and 
collect active safety parameters as new variables 
from the year 2005 on. This will facilitate to assess 
the impact of present and future active safety 
measures. A new system to analyse causation 
factors of traffic accidents, called ACASS, was 
implemented in GIDAS in the year 2008.  

The whole process of data handling was optimised. 
Since 2005 the on-scene data acquisition is 
completely conducted with mobile tablet PCs. 
Comprehensive plausibility checks assure a high 
data quality. Multi-language codebooks are 
automatically generated from the database structure 
itself and interfaces ensure the connection to 
various database management systems. Members of 
the consortium can download database and 

codebook, and synchronize half a terabyte of 
photographic documentation through a secured 
online access. 

With the introduction of the AIS 2005 in the year 
2006, some medical categorizations have been 
revised. To ensure the correct assignment of AIS 
codes to specific injuries an application based on a 
diagnostic dictionary was developed. Furthermore a 
coding tool for the AO classification was 
introduced. 

All these enhancements enable GIDAS to be up to 
date for future research questions. 
 
INTRODUCTION 
 
Though having the advantage of leveraging the 
whole experience in accident collection 
methodology of the Hanover medical university, a 
large project like GIDAS with its staff of about 100 
people has a lot of aspects to care about [1,8], while 
being confronted with new challenges. 
Additionally, changing demands from customers 
and improvements in technology lead to a 
continuous evolvement of the project. This paper 
tries to highlight some of these changes and 
improvements in the methodology of the GIDAS 
accident collection effort. 
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PRIMARY VEHICLE SAFETY 
 
In the last years vehicles are fitted more and more 
with primary vehicle safety systems like e. g. anti-
lock braking systems (ABS), traction control, 
vehicle stability control (VSC) or other advanced 
driver assistance systems. Since these active safety 
systems are expected to have a significant and 
increasing influence on reducing accidents, 
fatalities and injuries in the future, this should show 
up in accident databases as well. In-depth studies 
therefore began to include active safety issues as 
new variables and to collect corresponding data. In 
the German In-Depth Accident Study (GIDAS) 
such a data collection was started with the year 
2005 [2]. Features like e. g. adaptive cruise control, 
lane departure warning systems, park distance 
control or night vision systems are included now. 
On the one hand it is recorded whether the vehicle 
is fitted with some of these devices, on the other 
hand it is recorded how sophisticated the system is 
or which kind of functionality the system offers. It 
is the aim to be able to assess the positive or 
negative impact on traffic safety associated with 
these devices after several years of data collection. 
 
Since active safety systems are developed to avoid 
accidents it seems to be an antagonism to detect 
effects in in-depth accident studies. Accidents 
which are avoided by these systems will not take 
place and thus will not appear in the database. 
However, it might be possible to elaborate cases in 
which a certain vehicle segment is equipped with a 
safety device and a second comparable segment is 
not. Such a situation would allow checking whether 
the segment of vehicles not being equipped is to a 
higher extent involved in special classes of 
accidents than the vehicles being equipped. 
 
Prerequisites 
 
An assessment of the impact of active safety 
measures by means of accident analyses should 
help to optimise the systems and give advice for 
policy making with regard to vehicle safety. For 
such an impact assessment it is necessary that 
accident data can offer information about the 
following items: 
 
• Was the vehicle equipped with the safety 

system of interest? 
• If yes, was the system enabled? 
• If yes, did the system influence the course of 

the accident? 
• Could a system which was not fitted to the 

vehicle have had an accident avoiding or 
mitigating effect if it had been fitted? 

 
The possibility to benefit from collecting active 
safety data while analysing accidents at the 

roadside depends on the usability of the data 
recorded. A general and obvious prerequisite is that 
the physical figures and facts are ascertained 
correctly and the questions to the participants are 
answered truly. 
 
To determine the safety gains of a system the user 
of the accident database needs as much cases and as 
detailed figures as possible. A sufficient number of 
cases will be reached earlier if more vehicles are 
equipped with the relevant systems. For the 
majority of active safety devices this will require to 
wait for several years. 
 
Another prerequisite is that the real accident causes 
are known. Only with this knowledge it can be 
assessed whether the active safety system has had a 
chance to interfere and do its beneficial job. Here 
accident reconstruction as a part of in-depth study is 
indispensable especially for active safety issues. 
 
Attributes of Active Safety within GIDAS 
 
In a special record GIDAS collects the information 
by means of about 80 variables associated with 
primary safety. Among others driving stability, 
braking performance, tyres, visibility, lighting or 
ergonomics are addressed. 
 
Some examples of issues of active safety systems 
being recorded in GIDAS are: 
 
• Cruise Control / Adaptive Cruise Control 
• Lane Departure Warning / Lane Change Assist 
• Mirrors 
• Daytime Running Light 
• Advanced Frontlighting Systems 
• Night Vision 
• Parking Aid 
• Run-Flat Tyres 
• Collision Warning / Collision Mitigation 
• Brake Assist 

 
Also the function and operation of communication 
systems and comfort systems which enhance or at 
least influence the condition of the driver are part of 
the active safety record. It is for example checked 
how the phone or the navigation system can be 
operated, whether a voice control is there, how the 
gear shift can be operated or where the buttons and 
switches for the engine brake or the distance control 
system are located etc..  
 
Some of the active safety systems can be found 
together with the primary information of the vehicle 
in another record of the GIDAS database. This is 
the case for technical failures, vehicle stability 
control systems or anti lock braking systems. 
Information about active safety features is also 
available via the recorded questioning of the drivers 
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or other participants of the accident. There it is 
asked what the reaction of the driver was with 
regard to steering or braking, how the visibility 
conditions were and what was done or operated 
before and during the course of the accident and 
why. The questioning comprises also whether the 
driver has knowledge about certain safety features 
like ABS or brake assist which his vehicle is fitted 
with. The driver also should state if he had got 
some feedback from operating safety systems. 
 
The GIDAS Codebook [3] yields a detailed listing 
of all active safety variables being recorded.  
 
For each of the active safety variables a certain 
value is recorded in GIDAS, indicating whether the 
vehicle was equipped and - if yes - representing 
system properties. As an example, the variable “run 
flat tyres” is split up into the following values: 
 
0) not applicable  
1) yes (without add. info)  
2) no  
3) with support ring  
4) reinforced side wall  
5) repair kit  
8) others  
9) unknown  
 
Together with the launch of collecting primary 
vehicle safety data an expert group was established 
to accompany this part of the data survey. The 
group is responsible for the selection of variables 
and their parameter values. In addition, 
refinements, updates and checks of the variables 
associated with active safety as well as discussion 
on the usability of the data collected are carried out 
by the group. 
 
Accident Reconstruction Analysis 
 
Based on data collection at the accident scene with 
documentation of all tyre marks and artefacts at the 
scene, the final position of vehicles and vehicle 
deformation pattern, the motion of casualties during 
the collision phase can be reconstructed after the 
accident and the speed of vehicles can be 
determined. A true to scale drawing based on 3-D-
Laser-Scans and fotogrammetric procedure are the 
basis for the technical-physical analysis as well as 
for the replication of the vehicle motion and other 
important parameter for describing the accident 
severity, i.e. delta-v and EES. For pedestrian 
accidents the absolute collision speed is calculated 
on traces and throw distances [9]. 
 
Accident Causation Analysis 
 
As the official German catalogue of accident causes 
has difficulty in matching the increasing demands 

for detailed psychologically relevant accident 
causation information, a new system, based on a   
“7 Steps” model, so called ACASS, for analyzing 
and collecting causation factors of traffic accidents, 
was implemented in GIDAS in the year 2008. A 
hierarchical system was developed, which describes 
the human causation factors in a chronological 
sequence (from the perception to concrete action 
errors), considering the logical sequence of basic 
human functions when reacting to a request for 
reaction. With the help of this system the human 
errors of accident participants can be adequately 
described, as the causes of each range of basic 
human functions may be divided into their 
characteristics (influence criteria) and further into 
specific indicators of these characteristics (e.g. 
distraction from inside the vehicle as a 
characteristic of an observation-error and the 
operation of devices as an indication for distraction 
from inside the vehicle). The analysis of the human 
causation factors in such a structured way provides 
a tool, especially for on-scene accident 
investigations, to conduct the interview of accident 
participants effectively and in a structured way. 
 
Perspective of Recording Active Safety Data 
 
The effort of collecting active safety data within in-
depth accident studies is based on expectations that 
the data will be suitable to show the impact of any 
safety, comfort or communication device on traffic 
safety, either positive or negative. Knowing this 
impact will enable researchers or policy makers to 
carry out cost-benefit assessments for the 
introduction of safety measures and to take 
corresponding actions. The latter was done in the 
past mainly for passive safety devices like seatbelts 
or airbags. Now the analyses should be extended to 
measures concerning longitudinal and lateral 
control of vehicle dynamics, vision, conspicuity or 
ergonomics. First studies were carried out with 
regard to vehicle stability control, brake assisting 
systems and automatic emergency braking [4-7]. 
Knowledge about the real safety benefits will on the 
one hand help to optimise the systems and on the 
other hand to support legislation. 
 
Researchers in the area of vehicle safety therefore 
hope to be able to answer questions like e. g. 
 
• how far do advanced (emergency) braking 

systems reduce (severity of) rear end 
accidents? 

• what is the influence of lane keeping or lane 
change assist on accidents with vehicles in the 
adjacent lane? 

• does a head-up display reduce accidents due to 
eye distraction? 
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The importance of gaining information about active 
safety will increase in the next years since progress 
in vehicle safety will rely more on accident 
avoiding systems rather than on classical passive 
safety measures. 
 
Although the number of recordings for active safety 
is still small and biasing effects do not always allow 
carrying out statistical evaluations the examination 
of single cases already helps to get insight into the 
accident avoiding mechanisms and the possible 
benefits of active safety devices. Especially for 
vehicle or system manufactures information 
gathered from these single cases can therefore be 
useful already at the time being. 
 
But if the demonstration of safety benefits will be 
possible for a safety system only fitted to a minority 
of vehicles now, this would indicate a big potential 
for traffic safety since a coming high market 
penetration would lead to a high safety gain in the 
future. Under the assumption that the equipment 
rates grow linearly the effects in accidents and 
accident databases should increase nearly to the 
square since the vehicles being equipped once will 
remain in the stock for years. 
 
There is no doubt that starting to collect active 
safety data was a necessary and sensible step, but 
patience is needed for searching for effects in in-
depth accident databases. 
 
DATABASE STRUCTURE 
 
Several important steps have been undertaken to 
further optimise the process of data handling with 
GIDAS. In all areas of work, from data input to 
data utilisation by the end-user enormous 
improvements were achieved. 
 
Relational Database Structure 
 
During the last years the GIDAS database has been 
converted into a completely hierarchically 
structured relational database. In accordance with 
the common definition enacted by the expert group, 
the database has been organized in different 
records, that are recombined for each single 
accident, providing the user a logical 
comprehension and overview. Thus, the structure 
contains only the exact data records the accident 
requires and allows a consistent comparability of 
accidents on every level of the dataset. 
Furthermore, GIDAS now allows a common 
interface to export the data to various database 
management systems. Due to this fundamental 
advancement a database independent data access is 
now guaranteed. However, despite of these radical 
amendments it was carefully ensured that all 
previous cases were included and updated, always 

allowing an analysis in accordance with the 
corresponding dataset version. 
 
Multilingual Codebooks 
 
To guarantee an easy and consistent analysis of 
each dataset copy, the codebooks are automatically 
generated in concordance with the current database 
version. The codebook itself is stored in a database, 
ensuring a perfect compatibility with each dataset 
copy. In addition to that the data input-forms are 
derived from this database likewise, to allow an up-
to-date encoding of each case by the teams.  
Furthermore, to meet the expectations of various 
different clients, a new codebook structure has been 
developed. As more and more international 
contractees and associates work with GIDAS, the 
necessity of a multilingual access to the data led to 
the realization of a codebook database comprising 
more than one language. Currently a German and 
an English version are available and further 
languages can now easily be added.  
 
Quality Management 
 
Due to the enormous amount of recorded data, 
errors can hardly be excluded. To reduce mistakes 
and implausibilities in the database, a thorough 
reviewing network has been developed. To keep 
track of necessary amendments and corrected errors 
a joint platform has been created. After processing 
each error, possible automatic plausibility checks 
are applied to exclude the error in future cases. 
These plausibility checks do already take effect 
during the coding process to reveal errors right 
away. In addition to that a verification of 
completeness follows every encoding section to 
prevent an inadvertent loss of information. Finally, 
every case that is completely coded goes through a 
peer-reviewed double-check and will be returned 
for discussion if an obvious error is found. In this 
process, repeated time consumption by mistakes is 
reduced to a minimum and a steady improvement of 
data quality can be achieved. 
 
External Sources 
 
During the constant review of specific variables in 
the expert groups several sections were brought out 
that asked for additional sources. As there are 
sometimes inevitable circumstances (both logistic 
and physical) that impede a thorough data 
acquisition at the accident scene, external databases 
and resources are now used to provide additional 
information and fill this gap. Thus, vehicle 
databases, environment information and official 
police records are acquired after the accidents, to 
deliver crucial specifications. 
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On-Spot Digital Data Recording 
 
Another fundamental improvement was the 
introduction of mobile tablet computers for the on-
spot data recording. Not only was the time for data 
encoding reduced significantly because transferring 
the data from the forms to the database could be 
avoided, also was the loss of information during 
this process eliminated. Using the “database to go” 
the team sees necessary variables right away and 
encoding aids apply immediately, again saving time 
and preventing errors. Also the electronic forms 
were adapted exclusively for the on-spot encoding 
to meet the special circumstances at the scene. 
Furthermore, the recorded data is available for 
processing immediately, allowing up-to-date 
discussions and fastest results for data analysis. 
 
Online Data Access 
 
Finally, the complete data access for the contractees 
and associates has been renewed and modernized 
essentially. In a new web area a secured online 
access is now available to obtain both data and 
photographic records. Unique and user-specific 
access authorization grants secure access to all 
online data. A tool for efficient synchronization of 
half a terabyte of photographs and related files has 
been implemented and guarantees the members of 
the consortium fast and up-to-date access to all data 
of each accident case. An up- and download area 
and a content management system allow a modern 
interaction and exchange of experience of 
associates in different projects or working groups. 
Finally a webgallery of all accident files even 
provides quick access to the data on the move. 
 
MEDICAL ASPECTS 
 
To provide the best possible utilisation of the 
obtained data and derive both strategies and ideas 
for innovations, a complete understanding of the 
whole accident situation is indispensable. Beside 
the documentation of the course of the accident, the 
technical equipment, and environmental factors, 
detailed information about the medical aspects of 
the accident are given in GIDAS. Apart from the 
specific physiological and psychological 
specification of the involved persons, a thorough 
documentation of all injuries is ensured, including 
the injury causation, the rescue phase, treatment 
and therapy, rehabilitation, and outcome. To 
accomplish this goal the data acquisition is 
performed by specially educated medical personnel 
right at the accident scene, in cooperation with the 
rescue services during transport, and physicians at 
the clinics. Subsequently, comprehensive 
interviews are conducted and all medical results are 
analysed. The following illustration gives an 
overview of the medical data input (See Figure 1). 

 

 

Figure 1.  Overview of medical data input in the 
GIDAS accident investigation process. 

 
 
  
 
New Technological Possibilities 
 
To provide a steady high-quality data acquisition, 
several new technological possibilities have been 
incorporated in the medical investigation during the 
last years. The use of high-quality digital 
photography at the accident scene and for the 
documentation of x-rays and medical results allows 
a higher level of detail for the injury description. To 
preserve these specifications new software for 
diagnostics and classifications were implemented 
consequently. With this higher level of injury 
specification a more comprehensive understanding 
of the causation and coherences is given to allow 
data analysis in various new sectors. The use of 
clinical software for the analysis of computer 
tomography scans and magnetic resonance imaging 
now even permits the detection of concealed 
injuries for an extensive coverage. 
 
Systematic Injury Encoding 
 
As the Association for the Advancement of 
Automotive Medicine published a new Abbreviated 
Injury Scale (AIS) in 2005 a broad step towards a 
more systematic injury encoding has been 
undertaken in GIDAS. After the AIS code has been 
coded for suffered injuries ever since, the catalogue 
is now the principal basis for the injury 
specification. Including the assignment of a specific 
identification number for each injury, numerous 
specifications can now be encoded automatically 
excluding typing errors or mistakes with regard to 
contents. Providing a diagnostic list of all possible 
injuries described by one single ID, GIDAS offers 
essential and consistent filter possibilities for data 
analysis. Furthermore the inclusion of both old and 
new AIS codes allows a continuous and comparable 
investigation of existent and future cases to exclude 
bias from the scale change and distinguish real 
trends in accident severity. 
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In-Service Education 
 
Since only innovative and state of the art 
knowledge allows prospective inventions, the 
continuous education and advanced training of the 
medical team members has become a primary 
commitment during the last years. An important 
part of this development was the clarification of a 
standardized scheme to interview the involved 
persons and the instruction of the team by 
professional psychologists. Thus, the recorded data 
becomes not only more comparable and consistent 
but also more exhaustive as the compliance of the 
involved persons could be increased notably. In 
addition to that qualified lecturers from business 
associates and educational institutions inform the 
teams about technological automotive 
improvements and essential fields of attention in 
periodic trainings and review courses. 
 
CONCLUSIONS 
 
Over the years, the GIDAS project has seen several 
improvements in various fields of the accident data 
acquisitioning process. This includes: 
 
• Inclusion of primary safety systems. 
• Analysis of accident causation. 
• Improved data management and distribution. 
• Maintenance and generation of multilingual 

documentation closely tied to the database 
structure. 

• On spot digital recording and leveraging of a 
variety of technical third-party data sources. 

• Introduction of AIS 2005 and a corresponding 
diagnostic dictionary. 

• Program for classification of fractures. 
 
Despite the high level that already has been 
successfully achieved, the challenge remains to 
adapt to changing and increasing demands in the 
need of comprehensive accident data. So, the 
concerted effort of all contributors to the GIDAS 
project can be viewed as a work in progress. 
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ABSTRACT  
 
As the official German catalogue of accident causes 
has difficulty in matching the increasing demands 
for detailed psychologically relevant accident cau-
sation information, a new system, based on a “7 
Steps” model, so called ACASS, for analyzing and 
collecting causation factors of traffic accidents, was 
implemented in GIDAS in the year 2008. A hierar-
chical system was developed, which describes the 
human causation factors in a chronological se-
quence (from the perception to concrete action 
errors), considering the logical sequence of basic 
human functions when reacting to a request for 
reaction. With the help of this system the human 
errors of accident participants can be adequately 
described, as the causes of each range of basic hu-
man functions may be divided into their character-
istics (influence criteria) and further into specific 
indicators of these characteristics (e.g. distraction 
from inside the vehicle as a characteristic of an 
observation-error and the operation of devices as 
an indication for distraction from inside the vehicle. 
The causation factors accordingly classified can be 
recorded in an economic way as a number is as-
signed to each basic function, to each characteristic 
of that basic function and to each indicator of that 
characteristic. Thus each causation factor can be 
explicitly described by means of a code of numbers. 
In a similar way the causation factors based on the 
technology of the vehicle and the driving environ-
ment, which are also subdivided in an equally hier-
archical system, can be tagged with a code. Since 
the causes of traffic accidents can consist of a vari-
ety of factors from different ranges and categories, 
it is possible to tag each accident participant with 
several causation factors. This also opens the possi-
bility to not only assign causation factors to the 
accident causer in the sense of the law, but also to 
other participants involved in the accident, who 
may have contributed to the development of the 
accident. The hierarchical layout of the system and 
the collection of the causation factors with numeri-
cal codes allow for the possibility to code informa-
tion on accident causes even if the causation factor 

is not known to its full extent or in full detail, given 
the possibility to code only those cause factors, 
which are known. Derived from the systematic of 
the analysis of human accident causes ("7 steps") 
and from the practical experiences of on-scene 
interviews of accident participants, a system was set 
in place, which offers the possibility to extensively 
record not only human causation factors in a struc-
tured form. Furthermore, the analysis of the human 
causation factors in such a structured way provides 
a tool, especially for on-scene accident investiga-
tions, to conduct the interview of accident partici-
pants effectively and in a structured way. 

INTRODUCTION AND OBJECTIVE 

Accidents happen as consequence of disregarding 
traffic rules and a conflict situation between the 
road users, whose temporal movement leaves no 
room for avoiding a collision. The police accident 
documentation contains a kind of determination of 
accident causes, which is oriented however at 
criminal offences and irregularities committed. 
These causes of accidents are part of the official 
accident statistics for Germany and are also being 
used in a similar form in national accident statistics 
of other countries, amongst others in IRTAD und 
CARE. The International Road Traffic and Acci-
dent Database IRTAD is an international database 
that gathers data on traffic and road accidents from 
28 of the 30 OECD Member countries, the Euro-
pean database CARE (Community database on 
Accidents on the Roads in Europe) is a Community 
database on road accidents in European member 
states, collecting data on accidents resulting in 
death or injury (no statistics on damage - only acci-
dents). The major difference between CARE and 
most other existing international databases is the 
high level of disaggregation, for both, however, the 
data collected by the police are used exclusively for 
the description of the accident and they contain no 
statements on the cause of the accident. Neverthe-
less, the official national accident statistics also 
contain a characteristic marked as cause of acci-
dent, which is determined primarily by the police 
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immediately after the acquisition of accident data 
from the apparent circumstances. These causes of 
accident specified by the police do not contain a 
reconstruction of the accident event, based on 
which an excessive driving speed, for example, or 
the actual visibility conditions at the site of the 
accident would be considered in the cause evalua-
tion. Also the frequently given cause "alcohol" is 
stated exclusively as a fact, based on finding blood 
alcohol levels, the actual effect of the alcohol on the 
accident emergence is not proven. For many years 
there have been efforts to conduct an adequate 
evaluation of the causes of accidents, usually in 
scientific studies of psychologically oriented scien-
tists, who analyzed interviews of persons having 
been involved in an accident, compared to those of 
control groups without accident. Into the 70s so-
called In-Depth-data collections were used, where a 
team at the site of an accident questioned persons 
involved in accidents and thus collected informa-
tion on failure and behavior patterns (Wanderer et 
al. 1974). In-Depth-collections open the possibility 
to understand not only the kinematic and biome-
chanical operational sequence of the accident, but 
also of creating the human system-component from 
his reported or observed behavior, from his memory 
and his evaluation of the course of the accident and 
thus access an analysis of accident causes. In a 
study conducted for the Federal Highway Research 
Institute, Germany (Pund et al. 1994), suggestions 
were made, based on a bibliographical evaluation 
and different method variations, which accommo-
date both research based on an analysis of the acci-
dent participant as well as the conditions of an 
accident research working on-scene. 
In the past years many of the conducted safety 
measures concentrated on the avoidance and reduc-
tion of injuries and injury severity in case of an 
accident (measures of passive safety). Measures for 
the avoidance of accidents (measures of active 
safety) were so far conducted usually sporadically 
and were advanced individually by transport au-
thorities and road and town planning. They were 
based on police collections and the official system 
of accident causes. Only recently analyses of causes 
of accidents also put emphasis on optimized safety 
strategies in automotive engineering and research 
on accidents. In that way the relatively increasing 
numbers of accidents due to the increase of the 
vehicle population and the mileage can be encoun-
tered with decreasing numbers of fatalities and 
severely injured persons. In particular the use of 
intelligent technical aids like vehicle assistant sys-
tems, currently being intensified, such as navigation 
systems, brake assistants, lane departure warning, 
adaptive Cruise control, it becomes more and more 
difficult to evaluate the contributions of these elec-
tronic systems implemented in the vehicle on acci-
dent influence and accident avoidance. Thus active 
safety and above all the knowledge of the causes of 

traffic accidents seem to play an ever-increasing 
role. 
The objective thus has to be to compile an evalua-
tion-neutral coding system of causes of accidents 
and/or accident influence parameters on the acci-
dents, which can be used within the procedures of 
accident research. This system has to contain the 
individual components "human-vehicle-
environment" and has to supply a methodology for 
the collection of important information, it also has 
to make the causes and/or influence parameters 
available for computer-based evaluation. To this 
end at first a suitable system has to be developed 
and the relevant parameters have to be defined. In a 
second step these can be coded and a technical and 
practical coding structure can be developed. For In-
Depth data collections on scene it would be particu-
larly helpful, if the developed system could not 
exclusively be applied by psychological specialists, 
but also by other researchers after a psychological 
and system-oriented training. Beyond that it is well 
known from past on scene accident research and 
other in-Depth-collections that not always all in-
formation concerning the accident is available and 
that the persons involved or injured in an accident 
are not always available for questioning. Even in 
these cases without direct interview of the involved 
parties the causes of the accident and/or the influ-
encing parameters should still be analyzable. 
From these multivariate requirements it was possi-
ble to develop a methodology (ACASS – Accident 
Causation Analysis with Seven Steps), which is to 
aid the on-scene accident research GIDAS (German 
in-Depth-Accident Study) and which is in use since 
the beginning of 2008. GIDAS' special feature is a 
statistically representative sample appropriate for 
all types of accidents with personal injury collected 
by an on scene investigation team consisting of 
physicians and engineers and a very comprehen-
sive, detailed compilation of the accident data by 
means of more than 2000 items of information for 
every accident, concerning injury and deformation 
patterns, driving and collision speeds as well as 
other accident characteristics, and, in addition, 
information from questioning persons involved in 
the accident (Otte et al. 2003 and Bruehning et al. 
2005). In the context of this study the newly devel-
oped methodology and structure of the causation 
coding in GIDAS by means of ACASS and the first 
results of the application in GIDAS, implemented at 
the beginning of 2008, are illustrated. 

HYPOTHESIS-BASED EXPLORATIVE 
ANALYSIS OF CAUSES OF ACCIDENTS 
DUE TO HUMAN FACTORS IN                                                          
SEVEN STEPS (ACASS) 

For the multivariate requirements of In-Depth-
studies on accident-causes a methodology (ACASS 
– Accident Causation Analysis with Seven Steps) 
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was developed, which is to aid the on-scene acci-
dent research GIDAS (German in-Depth-Accident 
Study) and which is in use since the beginning of 
2008. 
In a study conducted for the Federal Highway Re-
search Institute, Germany (PUND & NICKEL, 
1994), suggestions were made, based on a biblio-
graphical evaluation and different method varia-
tions, which accommodate both research based on 
an analysis of the accident participant as well as the 
conditions of an accident research working on-
scene. 
Apart from the collection of technical and infra-
structural characteristics the analysis of the human 
influences during the accident development con-
tributes to the explanation of causes (cf. PUND & 
OTTE, 2005). Therefore the influence of the situ-
ational effective behavior is recorded in the context 
of an analysis of the persons involved as soon as 
possible after the accident and if possible at the site 
of the accident. The explorative analysis of accident 
causes in seven steps based on traffic-psychology 
considers the dynamic process character of human 
functions, which play a role in the avoidance of 
collisions when coping with a traffic conflict. 
The 7 categories (seven steps) of the human cause 
factors are an analysis and order system, which 
describes the possible human causation factors at 
the moment of the accident development in chrono-
logical order (from perceptibility to action errors). 
These seven steps are first based on error tracing in 
the top category of the "information access" and 
subsequently on the basic 6 human functions (from 
"observing" to "operating"), which run in chrono-
logical order from recognizing the danger up to the 
reaction to a cause, e.g. a traffic situation evaluated 
as critical. Based on this structure, the human cause 
factors can be divided not only into meaningful 
categories, but can be recognized and collected 
more easily because of a structured questioning 
method. 
As process model “Seven steps” takes into account 
the dynamic sequences, which develop, if a human 
with his characteristics, abilities and restrictions 
intervenes in a system. The core method of inter-
viewing the persons involved created a structure of 
the procedure of data acquisition. The identification 
of causes of accidents in human behavior should 
consider the process character of human observa-
tion, thinking and acting, in order to arrive at man-
ageable analysis units, which permit clear state-
ments as to the respective human sources of error 
on distinguishable "function levels". A procedure 
based on hypotheses lends itself for this purpose, 
where for every step within the processing concept 
of the seven steps a core hypothesis is presented, 
which can be disproved using certain criteria. The 
respective criterion again experiences its validity of 
the allocation by different indicators, which are 

collected at the site of the accident in a predomi-
nantly explorative manner. 
The methodology of the collection of accident 
causes was presented for the first time at the first 
international conference "Expert symposium on 
Accident Research" (ESAR) in September 2004. 
After a testing phase it has been used in this shape 
by GIDAS in the course of the ongoing analyses of 
accidents at the medical university Hanover. The 
model it is based on has been theoretically justified 
and its implications for application on the special 
conditions of an "In-Depth/On-the Spot" analysis 
were derived (PUND and OTTE, 2005). Within two 
years of developing work, the model underwent a 
definition and an adjustment taking into account the 
feasibility and restrictions of the research at the 
sites of accidents, where the aspect of the "feasibil-
ity" and the realistically executable time and effort 
for data acquisition and coding was focused on 
(PUND, OTTE and JAENSCH, 2007). A further 
objective was as high an agreement of the model 
structure with the collection instruments derived 
from it as possible and their adjustment to the half-
standardized interview form used up to that time 
(cf. PUND and OTTE, 1999). 
Following the “Seven-Steps-Model” (focused on 
the pre-crash-phase) the sequence of accident-
related human functions can be described in follow-
ing terms: 
-no problem-solving (concerning immediate acci-
dent-danger) without information access  
-without sufficient information access no indica-
tion for observation 
-without attentive observation no identification  and 
recognition 
-without correct recognition no interpretation  and 
evaluation 
-without rational and critical evaluation no planning 
and intention forming   
-without (at least rudimentary) planning no selec-
tive implementation of action 
-without unhampered implementation no correct 
interference and operation.  
In agreement with a hypothesis-based procedure 
with the identification of relevant human causes of 
accident the first hypothesis reads: 
 
1. The information necessary for the possible solu-
tion of the traffic conflict was objectively available 
and the person involved in the accident was able to 
perceive it without obstruction. 
 
The presence of an "unobstructed perception" is 
examined exemplarily on the basis of the criterion, 
that the involved person did not exhibit functional 
limitations of his eyesight. Another criterion is, that 
the perception field necessary for the observation of 
the relevant traffic conditions was not obscured by 
vehicle-specific or infrastructural perception barri-
ers. 
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This step designates something like a "gate" for the 
use of the information. The access opened by this 
"gate" represents the pre-condition for the second 
step: 
 
 2. The involved person was able and motivated to 
direct his perception by attentive observation to the 
relevant/critical situation characteristics based on 
sufficient perception conditions. 
 
The criteria the examination of the second hypothe-
sis was based on comprise features effective in 
certain situations, which negatively affect the atten-
tion attitude of the person involved: external and 
internal “distractors”, deactivating factors and in-
fluences restricting vigilance restrictive due to sub-
stance consumption (alcohol, drugs, medication). 
If the second hypothesis cannot be negated due to 
the absence of negative attention-related influences, 
the next step of the correct identification of the 
relevant situation characteristics is entered: 
 
3. The person involved recognized the major ele-
ments of the situation and completely understood 
their impact on the further development. With sev-
eral elements observed simultaneously he kept the 
track of all of them and identified the major fea-
tures that were relevant to his actions. 
 
Identifying / recognizing the complete situation and 
the identification of the major action-relevant char-
acteristics from an event stream are determined 
exemplarily by the criteria of information density, 
complex perception conditions and/or information 
overload. 
A further criterion in the third step refers to identi-
fication problems such as similarity mistakes, mis-
take or fusion of an object with the background 
("Camouflage"). 
In the consequence the situation is misjudged, 
which negatively affects the next step of a reliable 
"risk evaluation". The question concerning the 
evaluation of a situation regarding its decision rele-
vance (e.g. a palpable threat) follows upon the 
fourth hypothesis: 
 
4. The person involved was able to evaluate the 
danger on the basis of the recognized features, by 
correctly judging the situation and its development 
concerning its instability and/or its risk content in 
time. 
 
In this step all causes of misinterpretations are of 
interest due to wrong expectations, lack of experi-
ence or erroneous assessment of physical dimen-
sions. 
If the situation was judged correctly, however, and 
understood as a request for action, the next step of 
action planning follows: 
 

5. The person involved made at least a rudimentary 
action draft with correct objective and has consid-
ered alternative possibilities when planning. He has 
not also understood what needs to be done, but also 
how to implement it (correct method). 
 
An indication for the presence of a plan that is as 
complete and correct as possible can be exemplarily 
derived from the criterion, that the person involved 
decided on the correct alternative course of action 
with sufficient time for the selection of the action 
strategy, or he did not consciously decide in his 
planning to violate well-known traffic rules. 
For the analysis of the fifth step it has to be consid-
ered that for a rational behavior planning and con-
trol the time available permits at most a precon-
scious planning due to quickly recalled "internal 
sequence models", which developed with the ex-
perience of the driver. Questions about decision 
errors due to incorrect assumptions of the develop-
ment of the situation thus play a role for the analy-
sis just like skipping the planning phase in favor of 
a reflex action. 
In the context of the explorative accident research 
persons concerned occasionally report the execu-
tion of an action, yet the execution of the intended 
action was omitted or delayed. In order to be able to 
analyze this phenomenon more in detail, the sixth 
step of the pertinent hypothesis is formulated as 
follows: 
 
 6. With the intention of realizing a decision that 
had been made, no psychologically or physiologi-
cally disturbing influences arose, which prevented 
the implementation of the decision or which pro-
longed the time required for decision. 
 
The question of a correct and punctual conversion 
of the principally promising decision can be deter-
mined by the criterion of "performance obstacles 
during the conversion". 
E.g., the effect of  "shock and block phenomena" is 
a delay or a suppression of the intended reaction. In 
this step paralyzing emotional reactions like "a 
feeling of being overwhelmed" (e.g. the participant 
shuts his eyes because he is horrified) or the oppo-
site, a "hyperactivity / uncontrolled reaction" as 
stress reaction are queried, which altogether prevent 
a coordinated setting of priorities and implementa-
tion of actions. 
In case of unobstructed implementation of the 
planned decision, possible execution errors move 
into the focus of the analysis. General action errors 
and specific control errors prevent the correct exe-
cution of a preventive action or emergency and/or 
avoidance reaction: 
 
 7. The occupant did objectively have the chance of 
intervening in the system by acting and no qualita-
tive or quantitative procedural errors occurred. The 
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person involved implemented the selected mode of 
operation as intended and the interference was 
carried out completely.. 
 
The indicators that lead to criteria for a correct and 
unhindered transformation of the decision into 
action and for an operation without error are, that 
the action of the person involved was not subject to 
mix-ups or operating errors. 
 
In the context of implementing ACASS into GI-
DAS it appeared to be sensible to simplify the 
seven Categories of human causation factors, to 
improve the practicability of this system during on 
scene investigations for team members without a 
fundamental psychological background. Thus two 
changes were performed: First the categories “(2) 
Observation” and “(3) Recognition” were merged 
to one category “Information access” und secondly 
the category “(6) Selection/Implementation” was 
merged into the category “(7) Operation”. These 
remaining five categories may easily be converted 
back into a seven step system with the knowledge 
of the specific influence criteria of the categories. 
With the “Seven-steps model” as a theoretical ap-
proach to describe and explain the human causes of 
accidents efforts were made to develop an eco-
nomic tool suitable for the practical use “on scene.” 
Furthermore, the hypothesis-based procedure en-
sures reliable linking of the found topics with pos-
sible human causes and transforming them into a 
code-system also derived from the model. 
Training and supervision of the research-team (in-
terview-techniques, use of the codebook, use of the 
semi-structured questionnaire) are as much essen-
tial as plausibility-checks of the coding in the sense 
of inter-rater-reliability. 

BASIS OF METHODOLOGY  

The analysis of causes of accidents starting with the 
event (in contrast for instance to the traffic conflict 
research) the conditions effective at the time of the 
critical event are examined as extensively and ex-
actly as possible, on the other hand looking back-
wards on a time axis conditions, which were the 
cause of the accident are tracked. The latter applies 
particularly to the human contribution: Conditions 
like fog or icy roads as such relatively rarely repre-
sent causes of a certain accident (otherwise all road 
users would have been involved in an accident at 
the observed accident site under these conditions), 
but only become an identifiable cause in connection 
with human processes. Human conditions unfold 
interactively-dynamically, occur iteratively-
process-like and are subject to a high variance. 
Perception, evaluation and decision procedures, for 
instance, depend to a high degree on basic func-
tions, which humans bring into the accident situa-
tion and which also change and adapt in the course 

of events, e.g. a "switching" from a more distrib-
uted attention attitude to a focused one. 
 
If one considers the structure of an accident causa-
tion analysis, one arrives at the rather complex 
representation of the possible influence parameters 
relevant in this context (Appendix). From this the 
approach of a system-oriented recording of accident 
influence parameters and the ACASS-methodology 
were developed. 
The systematics used for ACASS in the context of 
the GIDAS accident research contain an explorative 
classification of characteristics affecting accidents, 
which occur during the analysis of accidents. Cau-
sation factors are relevant single characteristics or 
combinations of characteristics, which were causal 
for the development of a traffic accident, or which 
contributed to the development of the accident. For 
traffic accidents these factors can be expected to 
originate from the areas "human", "machine" and 
"environment". 
 
"Human“ � Group 1, human cause factors (Seven 
Steps) 
„Machine“ � Group 2, factors from the technical 
nature of the vehicle  
"Environment“ � Group 3, factors from the range 
of the infrastructure and nature 
 
Group 1 with its 7 subcategories is the seven-steps 
method and thus the core of this system for collect-
ing causes of accidents, which can be attributed to 
human behavior. 
 
ACASS not only is a system for recognizing and 
describing causation information but also for col-
lecting them in a data base, by categorizing them 
using a system of numeric codes. Such a system 
requires additional information apart from the con-
crete influence parameters of the cause of the acci-
dent, in order to be able to deliver as complete a 
picture of the accident as possible. As can be seen 
in figure 1, for each accident participant a set of 
codes is collected, which contain information on the 
causes of the accident and the source of the corre-
sponding information as well as their reliability. 
Besides for each causation code an explanatory text 
is given in a text field. 
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Figure 1: Overview over the data to be encoded for 
ACASS. 

  
Cause factors  
The cause factors constitute the core of the system 
for the collection of accident causes. The cause 
factors specific to traffic accidents are summarized 
in a catalog, which covers the ranges human, ma-
chine and environment. Each recognized cause, 
which has been considered relevant for the respec-
tive traffic accident, can be assigned a code, con-
sisting of 3 or 4 numbers. Frequently a combination 
of several cause factors is responsible for the devel-
opment of a traffic accident, thus the indication of 
only one cause of accident would not be sufficient. 
For this reason there is the option of assigning sev-
eral cause factors to each person involved in an 
accident. 
 
Source of information of the coded causes  
Here the source of information of a factor can be 
indicated for each coded cause factor. During the 
accident investigation and the collection of the 
causes of the accident frequently possible causation 
factors are found, which may or may not have con-
tributed to the development of the accident. Often 
even people involved in the accident also indicate 
or assume causes, whose relevance may be 
doubted. For this reason the source of the informa-
tion of the respective causation factor can be num-
ber coded:  
(1) questioning of the involved person at the site of 
the accident; (2) questioning of the involved person 
in hospital; (3) retrospective interview of the in-
volved person by telephone; (4) retrospective ques-
tioning of the involved person in person; (5) ques-
tioning of another involved person; (6) questioning 
of eye-witnesses; (7) information by the police; (8) 
information from accident reports/official records; 
(9) estimate of the accident research team. 
To have the opportunity of expressing doubts about 
a cause of the accident expressed by third parties, 
there is the possibility, apart from the indication of 
the source of information, of marking a check box 
expressing the doubt of the accident researcher, 
while the cause factor is being recorded in the data 
base. 
 

Further relevant information 
To be able to piece together a complete picture of 
the development of the traffic accident at a later 
point in time, it is sensible to collect descriptive 
information of the constellation of the accident in 
addition to the cause factors. 
For this purpose a text describing the accident is 
suitable as well as recording the type of the acci-
dent in accordance with the GDV (General Asso-
ciation of German Insurance Companies - Ge-
samtverband Deutscher Versicherer)/ISK (Institute 
for Traffic Cologne - Institut für Straßenverkehr 
Köln). This is another 3-digit code, based on the 
classification in 7 main classes and subsequently in 
several subclasses of the respective main classes. 

CAUSATION FACTORS OF TRAFFIC ACCI-
DENTS 

A number of investigations on causes with traffic 
accidents, already conducted, showed that most 
causation factors are to be found within the range 
"human". Due to this relevance the Seven step 
system was developed, which divides the human 
factors in 7 categories within group 1. Together 
with the factors from the range of the technology of 
the vehicle and the factors from the ranges "na-
ture/infrastructure" three different groups emerge, 
in which causation factors for traffic accidents can 
be found. These 3 groups constitute the first digit of 
the cause code. 
 
Figure 2 shows that the causation factors of the 
three mentioned groups are divided in each case 
into up to seven subcategories within the groups.  

  

Figure 2: Structure of the causation code. 
 
The respective categories constitute the second digit 
of the causation code. The third number of the cau-
sation code is determined by the concrete causes or 
by the influence criteria within the respective cate-
gories. This has been represented as an example of 
subcategory (7) "Opertation" within Group 1 (hu-
man factors). For human cause factors, however, 
there is an additional fourth number (indicator). 
Each influence criterion has a set of indicators, 

Structure of  for recording accident causation data with  ACASS
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Causation factors

Specification of the factors 
which were identified as 
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or 4 digit code from the ranges 
human, machine, 
infrastructure/environment
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Source of information of the 
coded accident causes
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...
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to explain the 
selected code 
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which indicate frequent occurrences of these influ-
ence criteria. Using the example (1) of "mix-up and 
operating error" from group 1, category 7, the most 
frequent occurrences were (1) pedals; (2) gear shift; 
(3) control elements. The fourth digit of the code is 
used to specify the appropriate indicator applicable 
here. If a mix-up of gas and brake pedal were a 
cause for a traffic accident, the appropriate cause 
code for that constellation would be 1711, for in-
stance. 

EXPLORATIVE ANALYSIS OF CAUSES OF 
ACCIDENTS DUE TO HUMAN FACTORS IN 
SEVEN STEPS (SEVEN STEPS) 

The 7 categories (seven steps) of the human cause 
factors in group 1 are an analysis and order system, 
which describes the possible human causation fac-
tors at the moment of the accident development in 
chronological order (from perceptibility to action 
errors). These seven steps are first based on error 
tracing in the top category of the "information ac-
cess" and subsequently on the basic 6 human func-
tions (from "observing" to "operating"), which run 
in chronological order from recognizing the danger 
up to the reaction to a cause, e.g. a traffic situation 
evaluated as critical. Based on this structure, the 
human cause factors can be divided not only into 
meaningful categories, but can be recognized and 
collected more easily because of a structured ques-
tioning method. 
As process model Seven steps takes into account 
the dynamic sequences, which develop, if a human 
with his characteristics, abilities and restrictions 
intervenes in a system. The core method of inter-
viewing the persons involved created a structure of 
the procedure of data acquisition. The identification 
of causes of accidents in human behavior should 
consider the process character of human observa-
tion, thinking and acting, in order to arrive at man-
ageable analysis units, which permit clear state-
ments as to the respective human sources of error 
on distinguishable "function levels". A procedure 
based on hypotheses lends itself for this purpose, 
where for every step within the processing concept 
of the seven steps a core hypothesis is presented, 
which can be disproved using certain criteria. The 
respective criterion again experiences its validity of 
the allocation by different indicators, which are 
collected at the site of the accident in a predomi-
nantly explorative manner. 

RESULT OF AN APPLICATION ORIEN-
TATED STUDY 

The methodology of the collection of accident 
causes was presented for the first time at the first 
international conference "Expert symposium on 
Accident Research" (ESAR) in September 2004. 
After a testing phase it has been used in this shape 

by GIDAS in the course of the ongoing analyses of 
accidents at the medical university Hanover. The 
model it is based on has been theoretically justified 
and its implications for application on the special 
conditions of an "In-Depth/On-the Spot" analysis 
were derived (PUND and OTTE, 2005). Within two 
years of developing work, the model underwent a 
definition and an adjustment taking into account the 
feasibility and restrictions of the research at the 
sites of accidents, where the aspect of the "feasibil-
ity" and the realistically executable time and effort 
for data acquisition and coding was focused on 
(PUND, OTTE and JAENSCH, 2007). A further 
objective was as high an agreement of the model 
structure with the collection instruments derived 
from it as possible and their adjustment to the half-
standardized interview form used up to that time 
(cf. PUND and OTTE, 1999). 
The analysis of the human causation factors of 
accidents in seven steps is now a variable set of 
group 1 of the causation codes, besides the "factors 
of influence from the range of the vehicle technol-
ogy" of group 2 and the "factors of influence from 
the range of the infrastructure and environment" of 
group 3 (cf. diagram 3). 
On the basis of interactive models of the traffic 
participation and accident development, the model 
of the Seven Steps is based on an information-
theoretical access; it considers action theoretical 
explanation approaches and covers components of 
the error analysis. Models of the procedural data 
processing generally assume step procedure "per-
ception - interpretation - decision - action" and also 
consider the interfaces of the "human factor" with 
other system components (in summary e.g. 
HEINRICH and PORSCHEN, 1989; WILLUMEIT 
and JUERGENSOHN, 1997; WICKENS, 2000). 
The approach of process description of the informa-
tion acquisition, its cognitive processing, the inten-
tion and goal formation, which are based on the 
above, as well as their conversion into actions have 
been integrated into the model, just like the obser-
vation of human processes as sequential functions 
from the perception of a critical attraction to the 
execution of the action. The "disturbance" identi-
fied in the respective step of the hierarchically 
structured flow chart, describing the human basic 
function in detail is perceived as an error during the 
process of the information processing and action 
conversion (e.g. REASON, 1994; RASMUSSEN, 
1986, 1995; KUETING, 1990), the failure of a 
basic human function is explained due to effective 
physiological or psychological factors, e.g. percep-
tion errors due to distraction; decision errors due to 
unsolvable conflicting objectives or action errors 
due to coordination errors (see tri level study; 
TREAT et al., 1977). The role of the motivation of 
the drivers concerns above all the risk evaluation of 
a situation and the driver's behavior, thus questions 
concerning the motivational conditions, particularly 
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in the steps "estimate" (interpretation of the recog-
nized characteristics) and "planning" (action draft 
due to intention formation) are asked (see 
NAEAETANEN and SUMMALA, 1974). 
The first question, which the accident analyst puts 
to the person involved in the accident and his 
"view" of the accident (in both senses of the expres-
sion), is the one concerning the existing access to 
information on all sensory levels. As the solution of 
traffic conflicts in the predominant number of the 
cases is dependant on a visual perceptual input and 
less on an auditory or kinesthetic-tactile access, the 
visual conditions on individual, vehicle-lateral and 
environmental basis have the highest priority (in the 
course of the interview different perception restric-
tions can turn out to be important, for instance if 
acoustic warning signals were not noticed). 
Group 1 of the human cause factors (Seven step) 
subsequently shown as a hypothesis list conveys 
only exemplarily and as abstracts some of the crite-
ria associated with the hypothesis. 
In agreement with a hypothesis-based procedure 
with the identification of relevant human causes of 
accident the first hypothesis reads (if this cause is 
true, it has to be negated): 
 
1. The information necessary for the possible solu-
tion of the traffic conflict was objectively available 
and the person involved in the accident was able to 
perceive it without obstruction. 
 

- The presence of an "unobstructed perception" 
is examined exemplarily on the basis of the 
following criteria: the involved person did not 
exhibit functional limitations of his eyesight 
and his central daily visual acuity as well as 
the other vision functions (e.g. color vision, 
twilight vision, stereoscopic vision) generally 
enabled him to use the field of view for the 
acquisition of information (also taking into ac-
count corrective lenses). 

- The perception field necessary for the obser-
vation of the relevant traffic conditions was 
not obscured by vehicle-specific perception 
barriers (characteristics of the vehicle con-
struction, passengers, additional load, changes 
to the vehicle, wrong or insufficient use of 
perception assisting devices, condition of the 
windscreen and other windows, retro-fitted 
devices). 

 
The first of the seven steps thus refers only indi-
rectly to human characteristics in the sense of an 
individual reception possibility of sensorily trans-
mitted information. This step designates something 
like a "gate" for the use of the information. The 
access opened by this "gate" represents the pre-
condition for the second step: 
 

 2. The involved person was able and motivated to 
direct his perception by attentive observation to the 
relevant/critical situation characteristics based on 
sufficient perception conditions. 
 
The existence of an "attentive observation" (distrib-
uted attention, observation of details) is examined 
exemplarily on the basis the following criteria: 

- The observation accuracy of the person in-
volved was not subject to a diverting influence 
due to outside stimuli from the driving envi-
ronment, which limited the distributive atten-
tion or which impaired channeling the atten-
tion on relevant details. 

- The degree of physiological activation of the 
person involved was not reduced; in particular 
there were no negative influences on the vigi-
lance (fatigue, exhaustion, drowsiness, mi-
crosleep, effects of monotonous driving condi-
tions, influences of the circadian rhythm, dis-
ease symptoms with reduction of the level of 
activity, (side-) effects of medication, influ-
ence of other substances). 

 
The criteria the examination of the second hypothe-
sis was based on comprise features effective in 
certain situations, which negatively affect the atten-
tion attitude of the person involved: external and 
internal distractors, deactivating factors and influ-
ences restricting vigilance restrictive due to sub-
stance consumption (alcohol, drugs, medication). 
The influence of the substances also impairs the 
cognitive and coordination conditions in the next 
steps, but it is postulated that a substance consump-
tion particularly and primarily affects the observa-
tion ability and attention attitude as a malfunction, 
thus it is explicitly inquired as specific effect factor 
in the second step of the Seven steps and is also 
coded there, if necessary. 
If the second hypothesis cannot be negated due to 
the absence of negative attention-related influences, 
the next step of the correct identification of the 
relevant situation characteristics is entered: 
 
3. The person involved recognized the major ele-
ments of the situation and completely understood 
their impact on the further development. With sev-
eral elements observed simultaneously he kept the 
track of all of them and identified the major fea-
tures that were relevant to his actions. 
 
Identifying / recognizing the complete situation and 
the identification of the major action-relevant char-
acteristics from an event stream is determined ex-
emplarily by the following criteria: 

- With available information density, complex 
perception conditions and/or requirements of 
the substantial/solid information admission 
(incessant flood of irritations/sensory over-
load) the person involved was nevertheless 
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able to understand the substantial features and 
their meaning. 

- During the observation of the traffic the per-
son concerned has filtered the action-relevant 
information from the information on offer and 
neglected irrelevant features. 

 
A further criterion in the third step refers to identi-
fication problems such as similarity mistakes, mis-
take or fusion of an object with the background 
("Camouflage"). 
In the consequence the situation is misjudged, 
which negatively affects the next step of a reliable 
"risk evaluation". The question concerning the 
evaluation of a situation regarding its decision rele-
vance (e.g. a palpable threat) follows upon the 
fourth hypothesis: 
 
4. The person involved was able to evaluate the 
danger on the basis of the recognized features, by 
correctly judging the situation and its development 
concerning its instability and/or its risk content in 
time. 
 
A timely evaluation and a correct interpretation is 
examined exemplarily on the basis of the following 
criteria: 

- The person involved correctly estimated 
speeds and distances of other road users 
and/or distances of objects or topographic fea-
tures. 

- The person involved combined and correctly 
interpreted information concerning the driving 
environment or the behavior of other road us-
ers (no "hasty conclusions"; no incorrect as-
sumptions, e.g. due to communication error, 
confidence error, transfer of responsibility). 

In this step all causes of misinterpretations are of 
interest due to lack of experience, erroneous as-
sessment of physical dimensions (distances, speeds, 
dimensions, spacial location, length of time), misin-
terpretations of indications and warning signals and 
communication errors between road users. Also 
erroneous evaluations due to "experience problems" 
(neglecting a risk due to wrong expectations and 
habits: "nobody ever comes out of this road") are 
covered by this analysis step. If the situation was 
judged correctly, however, and understood as a 
request for action, the next step of action planning 
follows: 
 
5. The person involved made at least a rudimentary 
action draft with correct objective and has consid-
ered alternative possibilities when planning. He has 
not also understood what needs to be done, but also 
how to implement it (correct method). 
 
An indication for the presence of a plan that is as 
complete and correct as possible can be exemplarily 
derived from the following criteria: 

- The person involved decided on the correct 
alternative course of action with sufficient 
time for the selection of the action strategy. 

- The person involved did not consciously de-
cide in his planning to violate well-known 
traffic rules. 

- The person involved did not include any "ulte-
rior motives" in his decision-making, which 
have no recognizable connection to the traffic 
conditions (counter-productive goals and 
problematic driving motives, such as superior-
ity, competition, demanding privileges etc.). 

- The person involved considered the possible 
side effects of his planning in the decision-
making process and made changes to the plan 
if necessary and/or considered corrective 
measures. 

For the analysis of the fifth step it has to be consid-
ered that for a rational behavior planning and con-
trol the time available permits at most a precon-
scious planning due to quickly recalled "internal 
sequence models", which developed with the ex-
perience of the driver. Questions about decision 
errors due to incorrect assumptions of the develop-
ment of the situation thus play a role for the analy-
sis just like skipping the planning phase in favor of 
a reflex action. 
In the context of the explorative accident research 
persons concerned occasionally report the execu-
tion of an action, yet the execution of the intended 
action was omitted or delayed. In order to be able to 
analyze this phenomenon more in detail, the sixth 
step of the pertinent hypothesis is formulated as 
follows: 
 
 6. With the intention of realizing a decision that 
had been made, no psychologically or physiologi-
cally disturbing influences arose, which prevented 
the implementation of the decision or which pro-
longed the time required for decision. 
 
The question of a correct and punctual conversion 
of the principally promising decision can be deter-
mined by the criterion of "performance obstacles 
during the conversion". This can be described based 
on the following examples: 

- The person involved was not subject to a reac-
tion inhibition due to shock phenomena, fright 
or fear and/or escape reactions. 

- During the implementation of the planned ac-
tion no reaction errors in the sense of inappro-
priate force, delayed introduction of the reac-
tion or wrong sequence occurred. 

The causes of a delayed reaction or of a complete 
suppression of a reaction are often "shock and block 
phenomena", confusion due to panic, "hyperactivity 
/ uncontrolled reaction", "a feeling of being over-
whelmed" or unsolvable conflicting aims with sev-
eral equivalent options to react (“to brake or to 
accelerate”).  Also the necessary intensity of the 
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reaction implementation may be negatively influ-
enced herewith (e.g. too weak braking). 
In case of unobstructed implementation of the 
planned decision, possible execution errors move 
into the focus of the analysis. General action errors 
and specific control errors prevent the correct exe-
cution of a preventive action or emergency and/or 
avoidance reaction: 
 
 7. The person involved did objectively have the 
chance of intervening in the system by acting and 
no qualitative or quantitative procedural errors 
occurred. The person involved implemented the 
selected mode of operation as intended. 
 
As criteria for a correct und complete action or for 
an error-free operation the following indicators may 
be drawn on: 

- The action of the person involved was not sub-
ject to mix-ups or operating errors. 

- The person involved was able to operate the 
control element without interruption 

 
In the seventh step the question of the concrete 
execution of the action, after a reaction has oc-
curred, is discussed. Possible action and control 
errors are explored in the interview. If errors in the 
execution of the action were not identifiable, how-
ever, technical and/or structural system errors in 
group 2 (e.g. vehicle changes, malfunctions, inter-
face problems) have to be searched for or the re-
spondent has not contributed to the causation of the 
accident. 
In the context of implementing ACASS into GI-
DAS it appeared to be sensible to simplify the 
seven Categories of human causation factors, to 
improve the practicability of this system during on 
scene investigations for team members without a 
fundamental psychological background. Thus two 
changes were performed: First the categories “(2) 
Observation” and “(3) Recognition” were merged 
to one category “Information access” und secondly 
the category “(6) Selection” was merged into the 
category “(7) Operation”. These remaining five 
categories may easily be converted back into a 
seven step system with the knowledge of the spe-
cific influence criteria of the categories.     
In the following the seven-step system for the col-
lection of causes of accidents is to be clarified by an 
example. This example is based on a real-life traffic 
accident, which was collected in the context of the 
GIDAS accident research project. 

RESULTS OF THE IMPLEMENTATION IN 
GIDAS 

561 accidents collected within GIDAS by June 
2008 were evaluated, of these 412 cases (73%) 
contained causation codes. Thus 687 involved per-
sons were available for analysis, of which 457 per-

sons contributed to the emergence of the accident 
and had a causation code. A population of cases 
resulted with a distribution similar to all accidents 
in GIDAS, for instance based on the proportion of 
traffic participants, cars 54%, trucks 6%, bicycles 
21%, 8% pedestrians, 9% motorcycles. Human 
causes were determined for all road users in over 
92% of the cases, with the exception of accidents 
involving busses and streetcars (figure 3). Envi-
ronmental factors obviously have less effect on the 
development of accidents involving passenger cars 
and trucks than on accidents involving pedestrians 
and motorcyclists as traffic participants. 
 

 

Figure 3: Frequency of the indicated causation 
factors in the accident documentation of GIDAS 
 
A coding of the human cause factors was done as a 
complete code in 91.2% of the cases, in 6.8% of the 
cases without an indicator and in 2% of the cases 
only the group could be specified (figure 4). 
The group of the human cause factors consists of 
categories of the ranges of the perception of hu-
mans, the evaluation of the perception and the re-
sulting action, which is called 7 Steps because of 
the possible 7 categories. 
In 20% of the cases no complete access of the par-
ticipant to all information was possible. Further-
more 18% of the participants that contributed to the 
emergence of the accident did not observe the 
Situation with full attention. 31% of the human 
factors relate to failures with the recognition of the 
traffic situation and respectively about 25% relate 
to errors when evaluating the situation and when 
planning an action to handle the situation. Only 
10% of the participants had problems with the se-
lection and initiation of an action and only about 
1% had an action error like mixing up the brake-
pedal with the accelerator (figure 4). 
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Figure 4: Completion of human factors. 
 

 

Figure 5: Frequencies of the categories of the hu-
man causation factors. 
 
With the more differentiated evaluation of the cate-
gories, using the criteria, a wrong focus of attention 
of the driver appears with an incidence of 29 % 
(figure 6). This can be regarded as a substantial 
influence parameter for accident causation. But also 
the intentional breach of rules with an incidence of 
14 % proves to be a frequent accident causation 
factor.  
 

 

Figure 6: Frequencies of the criteria within the 
different categories of the human causation factors. 
 
When evaluating the most frequent indicators of the 
different criteria, the “wrong observation strategy” 
and also the “wrong assumption concerning the 
outcome of a situation“ appear most frequently 
from altogether 669 mentions. But also “excessive 
speed” and the “focus towards the wrong road 

user”, the “wrong estimation of distance of other 
road users” as well as “driving under influence of 
alcohol” appears as frequent indicators of human 
causes: 
 
 12063 Wrong observation strategy n=87 
 14012 Wrong assumption concerning the out-

come of a situation n=36 
 14022 Excessive speed n=27 
 12061 Focus of attention towards the wrong 

road user n=25 
 13022 Wrong estimation of distance of other 

road users n=20 
 12042 Driving under influence of alcohol n=18 

CONCLUSIONS 

In particular due to the increasing use of intelligent 
technical aids of the vehicle assistant systems, it 
becomes more and more difficult to evaluate the 
contributions of these electronic systems built in the 
vehicles concerning their influence on accident 
causation and accident avoidance. Active safety and 
above all the knowledge of the causes of traffic 
accidents gain at present an ever-increasing impor-
tance for the development of safety measures. The 
objective was the creation of a coding system of 
causes of accidents and/or influencing parameters 
on the accidents, which can be used in the frame-
work of accident research. This system should con-
tain the individual components "human - vehicle - 
environment" and a methodology for the collection 
of the important information, beyond that it should 
also make the causes and/or influence parameters 
available for evaluation/processing on computers. 
The objective of finding a suitable system to supply 
the relevant parameters for the GIDAS on scene 
investigations and also other in-Depth-
investigations was achieved and the system has 
been judged as suitable after it underwent a practice 
test. 
The practice test resulted in a satisfactory usage rate 
of coding application for the accident documenta-
tion. The team members had undergone psycho-
logical training and the codes selected by the team 
were correctly chosen in the majority of the cases. 
Next to three days of traffic psychological training, 
the quality control arrangements also included case 
reviews with plausibility validation of the codes as 
well as a random operation of the traffic psycholo-
gist in the accident research team  
The coding should be a component of an on scene 
accident data collection system. Thus information 
collected from persons and vehicles involved in an 
accident can be recognized as parameters influenc-
ing the accident development and processed for use 
on computers based on the coding system. 
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Appendix: Structural-analytical view of causes of accidents in the human-vehicle-environment-model 
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The causes of traffic accidents can be found in three different areas: Human factors, 

technical factors form the vehicle and factors from the infrastructure or environment. 

These areas present the three groups of the system. 

The technical factors from the vehicle consist of technical defects, illegal 

vehicle alterations and problems with the human-machine interface. 

 

The human factors consist of seven categories from the fields of perception, 

judgment of the perceived situation and the resulting operation of the human 

(7 Steps).  

The range of factors from the traffic-infrastructure and the environment is 

subdivided into categories like the condition/maintenance of the road, road 

design or factors from nature like weather conditions or wild animals. 
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ABSTRACT 

Since secondary safety systems have been 
implemented in modern cars successfully, the 
development of primary safety systems becomes 
more and more important. That causes the necessity 
of useful methods to estimate the benefit of these 
advanced safety systems. In this paper a new 
method for the benefit estimation of advanced 
safety systems by simulating real world crashes is 
presented. 

The bases of this simulation are real world crashes 
out of the GIDAS (German In-Depth Accident 
Study) database, including reconstruction data, 
accident sketches and safety systems specifications. 

The result of this method is a comparison between 
the simulated real accident scenario and the 
predicted accident scenario using a virtual 
prototype of the safety system. Using this 
comparison it is possible to estimate the benefit for 
the single case as well as the global benefit for all 
cases. The simulation will be done with a car 
dynamic simulation program. Therefore, 
interactions between sensor systems, brakes and 
steering controls can be considered. 

Furthermore, it is also possible to simulate crash 
involved cars with more than one safety system. 
The benefit will be estimated regarding accident 
avoidance and/or accident mitigation based on all 
available cases in GIDAS. 

Another possibility of such a simulation is to find 
out potentials of the further development of 
advanced safety systems or to develop new 
activating strategies by checking up parameters like 
yaw-angle, lateral acceleration or steering wheel 
angle. 

This paper explains a method for the estimation of 
potential benefits of primary safety systems and 
exemplified results. 

The paper offers the possibility of a dynamic 
simulation of real world accident initiations with 
and without virtual safety systems. The results 
provide detailed information about useful 
combinations of advanced safety systems. 

THE GIDAS DATABASE 

For this paper accident data from GIDAS (German 
In-Depth Accident Study) was used. GIDAS is the 
largest in-depth accident study in Germany. The 
data collected in the GIDAS project is very 
extensive, and serves as a basis of knowledge for 
different groups of interest. Due to a well defined 
sampling plan, representativeness with respect to 
the federal statistics is also guaranteed. Since mid 
1999, the GIDAS project has collected on-scene 
accident data in the areas of Hanover and Dresden. 
GIDAS collects data from accidents of all kinds 
and, due to the on-scene investigation and the full 
reconstruction of each accident, gives a 
comprehensive view on the individual accident 
sequences and its causation.  

The project is funded by the Federal Highway 
Research Institute (BASt) and the German 
Research Association for Automotive Technology 
(FAT), a department of the VDA (German 
Association of the Automotive Industry). Use of 
the data is restricted to the participants of the 
project. However, to allow interested parties the 
direct use of the GIDAS data, several models of 
participation exist. Further information can be 
found at http://www.gidas.org. 

 

METHOD 

The origin for a good benefit estimation of 
advanced safety systems should be a kind of 
comparison. The basis of such comparisons is 
derived from Hannawald [2]. The comparison that 
is used for this paper is shown in Figure 1. 
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Figure 1.  Scheme of comparison 

All relevant information is taken out of the pre 
crash matrix. Then the simulation is processed with 
and without an active safety system. The results are 
then compared to each other to find the benefit of 
the implemented safety system. Furthermore, every 
block will be explained on its own.  

The pre crash matrix 

The pre crash matrix is a cluster of information 
about the accident scene and the movement 
parameters of the participants. For explanation, the 
content of this matrix is divided into two parts. The 
first part of information in this matrix is the 
geometrical information of the accident scene 
which comprehends the geometrical positions of 
lane borders, lane markers, view obstacles and 
drivelines of each participant. An example accident 
sketch, shown in Figure 2, is taken to show this 
process graphically. 

 

Figure 2.  Accident sketch 

The extracted geometrical information is shown in 
Figure 3. 

Figure 3.  Extracted information of the acci
sketch 

After extracting the geometrical coordinates 
layers the data is then converted into a readable
or ASCII file. 

The next step in generating a complete pre c
matrix is the compilation of the movem
parameters of the GIDAS database out of 
reconstruction data. Using this reconstruction 
it is possible to create an X,Y(t) matrix of
participants in the accident. The method for
calulation of the pre crash accident phase and
development of an X,Y(t) matrix was describe
Erbsmehl in [1]. The pre crash matrix used in 
paper is a combination of the digital acci
sketch and the X,Y(t) matrix of the participants

Simulation of the real accident with
safety system 

The next step in Figure 1 is the foreward simula
of the real accident.  
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Figure 4.  Simulation of the accident without sa
system 
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In Figure 4 a short scheme of the simulation and 
the working process is illustrated. The simulation 
starts about three seconds before the crash. After 
the start of the simulation the time value is 
increased slowly by 0.001 sec. In every time step 
the complete vehicle dynamic is calculated 
regarding the actual physical car parameters. This 
calculation is done for every participant of the 
accident. CarSim in combination with Matlab 
Simulink is used as  dynamic car simulation 
program. As shown below some addidtional car 
parameters are used as well. 

     Aditional car parameters - are needed to 
complete the input for the dynamic simulation. 
These car parameters are: 

• car dimensions 
• road conditions (tire contact) 
• information about tires 
• rear, front or all wheel drive 
• braking system 

     Physical parameters - are the result and the 
input for the next time step of the dynamic car 
simulation. These simulation parameters are saved 
in every time step for later comparisons. The list of 
the saved parameters can be edited as well. For the 
current simulation the following parameters are 
used. 

• current car position 
• current car speed (x,y,z) 
• current car acceleration 
• current yaw angle 
• current steering angle 
• current brake cylinder pressure 

     Result - is a compact file, which contains all 
physical parameters depending on the time to 
collision (TTC) or simulation time. The graphical 
result of such a simulation is shown in Figure 5. 

 

Figure 5.  Result of simulation without safety system 
(car positions) 

Simulation of the virtual accident usin
safety system 

All described input variables are now used
simulate the virtual accident scenario using  ac
safety systems.  
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Figure 6.  Simulation of the accident using a
safety systems 

In Figure 6 a similar scheme as shown in Figu
is presented. The only difference between the 
schemes is the blocks like EBS (emergency b
system) and LDW (lane departure warning). T
blocks represent a number of user defined sa
systems which can be integrated into the stri
car, for example. Those safety systems reac
physical parameters as well as to environme
parameters because they are implemented into
closed loop of the simulation. There is no need
pre-defined field of operations or pre-def
effectiveness values for the systems. For 
simulation in the current study, only an emerge
brake system is implemented.  

     The emergency brake loop - is based on 
input values. The first input value is 
information whether there is an object in the 
of the sensor for the emergency brake system 
whether it is detected. The second input valu
derived from the geometrical position and 
speed difference of both cars. It is checked whe
they are on a direct collision course or not. If
collision is unavoidable and the other acci
participant is in range of the sensor and detecte
well, then the emergency brake loop raises
pressure in the main brake cylinder and the
begins to brake. If the situation is not lo
dangerous, the emergency brake loop reduces
brake pressure. To check whether the sec
participant is in the field of the sensor a detec
module is used. 
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     The detection module - of the EBS loop is 
constructed by using the following scheme.  

 

Figure 7.  The detection module 

In Figure 7 the time to collision (TTC) is the first 
input value for the detection module. The TTC is 
the same as in the iteration step during the 
simulation and also called simulation time. In every 
iteration step the position of the opponent car is 
checked regarding the visibility condition. For 
checking the visibility condition, four detection 
lines are drawn from the position of the sensor on 
the equipped car to the corners of the opponent. 

 

Figure 8.  Detection lines 

In the situation shown in Figure 8, three of four 
detection lines do not intersect the view obstacle, 
so the criteria for the visibility of participant 02 to 
participant 01 is fulfilled. If more than one 
detection line intersects the view obstacle, 
participant 02 is not visible to participant 01. In this 
case, the detection module ends and a detection for 
this TTC or iteration step is not possible. Otherwise 
the next request is done by the detection module. It 
is checked, if the position of the opponent is in the 
geometrical field of the sensor. To answer this 
request, the information about the used sensor 
characteristics is defined with: 

• beam angle 
• range 
• initial detection latency 
• trigger time 
• number of sensors 

 

Figure 9.  Geometrical field of the sensor 

If the opponent is not in the geometrical field of the 
used sensor system, the detection module is again 
not able to detect the opponent. Otherwise the next 
request by the detection module refers to the 
duration of the visibility. If this duration is shorter 
than the initial detection latency of the sensor 
system, the opponent is again not detected. If all 
these terms are fulfilled the equipped car is able to 
detect the opponent. 

     The collision course - must be regarded too. 
Additional input variables are needed to calculate 
the collision course. These are the current 
movement vector of the opponent, the own 
movement vector, the current steering angle (if the 
option of evasion is considered), the maximum 
deceleration and the speeds of both participants. All 
this information is extracted out of the current 
simulation, as described in the physical parameters, 
and the collision course is calculated.  

     Results - of the simulation with embedded 
safety systems are given in the same way as the 
simulation results of the real accident. This is the 
basis for a comparison.   

Comparison 

After simulating the accident with and without an 
embedded safety system the following information 
is available. 

• collision speed of the participants 
• collision position of the participants 
• avoidance of the accident 

At first, an example for accident avoidance is 
displayed in Figure 10. Here, an original crossing 
accident is utilized.  
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Figure 10.  Collision position crossing accident 
(original) 

In this case the accident can be avoided with the 
embedded emergency brake loop, illustrated in 
Figure 11.  

 

Figure 11.  Collision position crossing accident 
(virtual) 

The accident is avoided if the speed of the striking 
car is zero and its position is in front of the 
collision position of the original accident. The 
accident is also avoided if the striking car passes 
the original collision position later than the second 
participant. If the accident could not be avoided, a 
closer look at the collision speed and the new 
collision position is necessary. For this case it is 
important whether the speed reduction is achieved 
for the striking car or not. The accident in Figure 
12 could not be avoided using the embedded 
emergency brake system. 

 

Figure 12.  Frontal accident with speed reduction 

The collision speed of the right (red) striking car 
can be reduced by 10 km/h, which is shown in 
Figure 13. 

 

Figure 13.  Speed reduction of the striking car 

If the accident could not be avoided and there is no 
speed reduction of the striking car, the embedded 
safety system has no effect on the accident severity. 

 

EXEMPLIFIED RESULTS 

Three accidents are analyzed with the described 
emergency brake system to show the possibilities 
of this estimation method.  

Sensor geometry 

For the simulation two sensor geometries are used. 
The first sensor covers a range of 100 meters with a 
beam angle of 20 degrees and the second sensor 
covers a range of 50 meters with a beam angle of 
120 degrees. 

participant 01 

participant 02 
participant 01 

participant 02 

participant 02 

participant 01 
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The turning off accident 

A turning off accident is taken from the GIDAS 
database. The pre crash matrix is built out of the 
accident sketch in Figure 14 before the accident is 
simulated. 

 

Figure 14.  Accident sketch turning off example 

 

     The simulation of the real accident - delivers 
the collision position shown in Figure 15. 

 

Figure 15.  Simulated collision position real accident 

The speed function for the participant one, of the 
accident, is shown in Figure 16. 

 

Figure 16.  Simulated speed function of participant 
one of the real accident 

     The simulation of the virtual accident 1 - 
under the use of the first sensor system (range 
100m, beam angle 20°) delivers the collision 
position shown in Figure 17.  

 

Figure 17.  Simulated collision position virtual  
sensor 1 

The speed function of participant one of the 
simulated accident with an embedded emergency 
brake under the use of sensor system one is 
compared to the speed table of participant one of 
the simulation of the real accident. 

 

Figure 18.  Simulated speed function virtual  
accident 1 

Figure 18 shows the speed tables of the striking car 
in the real and the virtual accident. The speed 
reduction by using the emergency brake system and 
sensor system one is 28 km/h at the time of 
collision even though the striking car brakes in the 
original accident. 

  

participant 01 

participant 02 

participant 02 

participant 01 
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     The simulation of the virtual accident 2 - 
under the use of the second sensor system (range 
50m, beam angle 120°) delivers the collision 
position shown in Figure 19.  

 

Figure 19.  Simulated collision position virtual  
sensor 2 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system two is also compared to the speed 
table of the simulation of the real accident. 

 

Figure 20. Simulated speed function virtual accident 2 

Figure 20 shows the speed table of the striking car 
in the real and the virtual accident with sensor two. 
The speed reduction by using the emergency brake 
system and sensor system two is 28 km/h at the 
collision as well, because the used sensor system is 
not able to detect participant two earlier than the 
sensor system one.  

The crossing accident 

For the second comparison a crossing accident is 
taken out of the GIDAS database. The pre crash 
matrix is build out of the accident sketch in Figure 
21 before the accident is simulated. 

 

Figure 21.  Accident sketch crossing accident 

     The simulation of the real accident - delivers 
the collision position shown in Figure 22. 

 

Figure 22.  Simulated collision position real accident 

The speed function of participant one is shown in 
Figure 23. 

 

Figure 23.  Simulated speed function real accident 

In this case the striking car did not brake. 

     The simulation of the virtual accident 1 - 
under the use of the first sensor system (range 
100m, beam angle 20°) delivers the collision 
position shown in Figure 24.  

participant 02 

participant 02 

participant 01 

participant 01 
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Figure 24.  Simulated collision position virtual  
sensor 1 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system one is compared to the speed table of 
the simulation of the real accident. 

 

Figure 25.  Simulated speed function virtual  
accident 1 

The benchmark in Figure 25 shows that the striking 
car brakes just a short time before the impact and 
reduces its speed by approximately 1 km/h. 

The simulation of the virtual accident 2 - under 
the use of the second sensor system (range 50m, 
beam angle 120°) delivers the collision position 
shown in Figure 26.  

 

Figure 26. Simulated collision position virtual  
sensor 2 

This collision position shows the fact that this 
accident could be avoided using the emergency 
brake system and the sensor system two. The 
comparison of the speed table does additionally 
show the speed for the striking car in this 
simulation. 

 

Figure 27.  Simulated speed function virtual  
accident 2 

The comparison in Figure 27 shows that the 
collision speed in the simulation with the 
emergency brake system and the second sensor 
system is reduced from 56 km/h to 44 km/h, if the 
accident could not be avoided in case of a longer 
opponent. 

  

participant 02 

participant 02 participant 01 

participant 01 
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The longitudinal accident 

For the third comparison a longitudinal accident is 
taken from the GIDAS database. The pre crash 
matrix is built out of the accident sketch in Figure 
28 before the accident is simulated. 

 

Figure 28.  Accident sketch longitudinal accident 

 

     The simulation of the real accident - delivers 
the collision position shown in Figure 29. 

 

Figure 29.  Simulated collision position real accident 

The speed function for the participant one is shown 
in Figure 30. 

 

Figure 30.  Simulated speed function real accident 

In this case the striking car did not brake, so the 
collision speed is 55 km/h. 

     The simulation of the virtual accident 1 - 
under the use of the first sensor system (range 
100m, beam angle 20°) delivers the collision 
position shown in Figure 31.  

 

Figure 31.  Simulated collision position virtual  
sensor 1 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system one is compared to the speed table of 
the simulation of the real accident. 

 

Figure 32.  Simulated speed function virtual  
accident 1 

Using the simulated speed function in Figure 32 out 
of the simulation it can be stated, that the 
participant two is not detected all the time. 
Nevertheless, the speed reduction makes up 31 
km/h to a collision speed of 24 km/h, compared to 
the real accident. 

The simulation of the virtual accident 2 - under 
the use of the second sensor system (range 50m, 
beam angle 120°) delivers the collision position 
shown in Figure 26.  

participant 02 

participant 02 

participant 01 

participant 01 
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Figure 33.  Simulated collision position virtual  
sensor 2 

The speed function for the simulated accident with 
an embedded emergency brake under the use of 
sensor system two is compared to the speed table of 
the simulation of the real accident. 

 

Figure 34.  Simulated speed function virtual  
accident 2 

In Figure 34 the speed function of the virtual 
accident two shows that the participant two is 
detected longer than using the first sensor system. 
That enables a full braking maneuver over the 
entire simulation time. The speed reduction for the 
emergency brake system combined with the sensor 
system two makes up 39 km/h, which results in a 
collision speed of 16 km/h. 

ADAPTABILITY OF THE SIMULATION 

The simulation method, which was explained in 
this paper, is adaptable for every reconstructed 
accident in the GIDAS database. Simulations of 
accidents out of other accident databases might be 
possible if all needed parameters out of the 
reconstruction dataset, the accident site dataset and 
out of the accident sketch are available. 

CONCLUSIONS 

This paper shows a new method for estimating 
active safety systems using a simulation. The basis 
of the simulation is the pre crash matrix from the 
accident data and the accident sketch. The original 
accident is then simulated without any additional 
system. Afterwards, the accident is simulated again 
with several implemented safety systems. The 
benefit of one active safety system or a 
combination of safety systems is taken out of the 
comparison of those simulations. The timeline of 
activation of the different systems or the field of 
operation is not needed. Using this method the 
benefit of almost every new safety system or 
combinations of safety systems can be estimated 
without any assumptions about the effectiveness of 
the safety systems. Furthermore this method can be 
used to find faulty activations of active safety 
systems and required characteristics of future safety 
systems. 
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ABSTRACT 

With significant benefits achieved with 
frontal/side and rollover passive safety 
systems and additional improvements 
coming on board with frontal active safety, 
it is natural to consider extension of similar 
systems to side impact. In this paper, we 
have made an attempt to understand the side 
impact crash causation, vehicle kinematics 
and occupant restraints benefits with early 
deployments to quantify the problem and 
evaluate potential benefits. 

Using NASS/CDS & FARS 2000-2006 
database, we have identified top 10 crash 
conditions (AIS 2+ injury and fatalities) and 
looked at select cases for each through 
accident reconstruction tools to better 
understand the vehicle kinematics prior to 
contact. This approach also has given us an 
initial view of potential ‘zones’ on the 
vehicle where active systems can best be 
deployed to improve detection while 
reducing potential for false alarm. 

Also, a preliminary analysis through 
simulation and testing of early deployment 
of conventional passive systems compared 
to standard crash sensing shows a potential 
for significant injury reductions. 

INTRODUCTION 

Side impacts (SI) resulted in approximately 
9,000 occupant fatalities per year in 
passenger cars and LTVs (light trucks and 
vans, including pick-up trucks, SUVs, 
minivans, and full-size vans) from 1975 
through 2004. The proportion of fatalities 
resulting from side impacts are steadily 
increasing: from 30% of the fatalities in 
1975 to 37% in 2004. Side impacts are the 
second highest cause of occupant fatalities 

in passenger cars. Near-side occupants are at a higher 
risk, close to 2 to 1 ratio compared with far-side 
fatalities. Striking or bullet vehicle types changed 
significantly through the years with over 50% of 
impacts being an LTV in 2004. LTVs are considered 
more destructive as a “bullet” vehicle in side impact 
due to their greater mass, height, and rigidity [1]. 
 
In the NASS/CDS 1995-2001 data analysis, 32% of 
AIS 3+ (seriously injured) occupant injuries were as 
a result of side crashes. Nearside occupants were 
involved in 49% of side crashes but accounted for 
66% of AIS 3+ [2]. 
 
Based on the Traffic Safety Facts 2005 [3], a 
compilation of Fatality Reporting System (FARS) 
and General Estimates Sampling (GES) data, side 
impact incidents, involving passenger cars and LTVs, 
accounted for 28% of fatalities and 26% of all 
injuries. When analyzed separately, 34% of fatalities 
in passenger cars were due to side impact versus 21% 
in LTVs (Table 1, next page). In vehicle-to-vehicle 
type impacts, 23% of passenger cars were involved in 
a side impact. The ratio for passenger cars fatalities is 
18% compared to 9% for LTVs (Figure 1, next page) 
yielding a ration of 2 to 1. It should be noted that 
FARS numbers are actual counts of fatalities or fatal 
crashes, whereas GES numbers are estimates of 
counts of crashes and injuries and are subject to 
sampling and non-sampling errors. 
 
With the introduction of FMVSS-214 and the present 
214 upgrade, many vehicles are expected to be 
equipped with life saving side airbags by 2010-13 
timeframe. These airbags are typically designed to 
protect occupants in AIS 3+ type of injuries. 
 
However, looking ahead of these technologies for the 
future, to address AIS 2+ type injuries, researchers 
are considering pre-crash technologies to help 
mitigate a higher number of side impact injury and 
fatalities. 
    
Pre-crash sensing technologies are used to estimate 
the travel speed of a potential hazardous object or 
vehicle, its mass, and its principle impact direction. 



Main intent of these technologies is to 
anticipate an imminent collision and deploy 
the countermeasures in a timely manner. 
 

Table 1.  
Occupants injured or killed by initial point 
of impact for passenger vehicles and light 
trucks (2005 crash data from FARS and 

GES) [3] 
 

 Occupants Killed 
by Initial Point of 

Impact 

Occupants Injured 
by Initial Point of 

Impact 
Initial 
Point of 
Impact 

Passenger 
Vehicle 

Light 
Truck 

Passenger 
Vehicle 

Light 
Truck 

Front 9,658 6,946 741,000 392,000 

Left Side 3,298 1,391 234,000 109,000 

Right 
Side 

2,986 1,271 194,000 105,000 

Rear 998 659 369,000 206,000 

Other 545 434 6,000 3,000 

Non-
collision 

737 1,948 31,000 58,000 

Unknown 218 326   

 

 
 

Figure 1. Passenger Cars and Light 
Trucks involved in crashes by most 

harmful event (2005 crash data from 
FARS and GES) [3] 

 
The objective of this study was to focus on 
side crashes and to identify the most 
common collision scenarios.  For this 
purpose, latest available accident data was 
analyzed.  The results are used to help 
define and prioritize some of the 
requirements for the pre-crash sensing & 
countermeasure developments. 

Methodology 

The data was obtained from the NASS/CDS and 
FARS databases from 2000 to 2006.  The crashes 
investigated in NASS/CDS are a probability sample 
of all police reported crashes in the U.S. A 
NASS/CDS crash must fulfill the following 
requirements to be included in the database: must be 
police reported, must involve a harmful event 
(property damage and/or personal injury) resulting 
from a crash and must involve at least one towed 
passenger car or light truck or van in transport on a 
traffic-way. AIS2+ side impact incidents were 
filtered from NASS/CDS. The AIS stands for 
Abbreviated Injury Scale consisting:  
AIS - 0: Uninjured, 1: Minor, 2: Moderate, 3: 
Serious, 4: Severe, 5: Critical, 6: Maximum, 7: 
Unknown. 
 
For example, AIS 2 is coded when the victim is 
unconscious due to the accident for 1hr. or less 
and/or has 2 to 3 sternum/rib fractures (connected to 
rib-cage but not flailing). 
 
NASS/CDS study population included light vehicles 
with primary damage to the left or right side of the 
vehicle, and no rollovers with AIS 2 and above (AIS 
2+). FARS study population consisted of light 
vehicles with angle collision and included AIS 2+. 
 

Results 

In NASS/CDS database, an average of 5,000 
accidents is investigated per year and the results are 
projected nationally. From 2000 to 2006, out of 22 
million towed vehicles due to accidents nation-wide, 
almost 5 million was a result of side impact incidents 
(23%). Approximately 321,000 vehicles included 
injuries with AIS2+.  
 
Fatality information derived from FARS includes 
motor vehicle traffic crashes that result in the death 
of an occupant of a vehicle or a non-motorist within 
30 days of the crash (caused as a result of the 
accident). FARS analysis showed that there were a 
total of 262,893 fatalities between 2000 and 2006. 
55,200 of them were due to side impact. 
 
Types of Objects Contacted - The analysis of 2000-
2006 NASS/CDS AIS 2+ SI incidents showed that 
81% of them were due to vehicle-to-vehicle impact 
and 19% were due to an impact with fixed objects. 
Figure 2 shows the distribution of vehicle-to-vehicle 
impact and types of fixed objects contacted. 
 



 
Figure 2. Type of Object Contacted 

 

 

Class of struck vehicles – 65% of the 
vehicles was categorized as cars and 35% as 
LTVs. When the car was a struck vehicle, 
71% of them were classified as 4-door sedan 
/ hardtop, 17% as 2-door sedan/ hardtop / 
coupe, 7% as 3-door / 2-door hatchback, 3% 
as convertible, and 2% as 5-door/4-door 
hatchback. 
 
Crash severity and Delta-V – In a previous 
study [4] based on the field data analysis 
using UK data, median delta-V was found to 
be 31 km/h for seriously injured near-side 
struck occupants and 43 km/h for fatalities 
in car-to-car collisions. In a small study of 
39 car-to-car side impact collisions, mean 
delta-V for AIS 3-5 injuries was found to be 
30 km/h. The typical delta-V resulting in 
AIS 3+ injuries are in the region of 30 km/h 
while 75%ile delta-V for these injuries at 38 
km/h. 
In our analysis of NASS/CDS AIS2+ side 
impact incidents, the mean delta-V was 
calculated as 27.4 km/h, while lateral 
component of that averaged at 22.8kph.  
 
Police Reported Travel Speed - In our 
analysis of NASS/CDS AIS 2+ SI incidents, 
the average police reported travel speed was 
found to be 44 km/h. This information is 
indicated on the police report by the 
investigating officer and is missing in 
approximately 60% of the cases. The speed 
limit of the area where incident occurred 
averaged at 65 km/h. 
 
An analysis of FARS data for 2002-2003 
showed that the average travel speed was 61 
km/h for perpendicular side crashes [5]. In 
our analysis of FARS data for 2000-2006 
supported this finding and the average speed 
was 60.8 km/h. 
 

Accident Types – Top accident types in NASS/CDS 
2000-2006 side-impact analysis is shown in Figure 3. 
For example, 22% of AIS2+ side impact accidents 
happened when the vehicle was impacted on the left 
side while taking a left turn which is coded as type 
82. 

 
Figure 3. NASS/CDS 2000-2006 AIS2+ SI Top 

Accident Types (by frequency - %) 
 
According to the analysis, the top six accident types 
(type 82 to 7 in Figure 3) covered 76% of all AIS2+ 
side impact accidents. Figure 4 illustrates these top 
accident types. 

           
Figure 4. Representation of top six accident types 

(NASS/CDS 2000-2006 AIS2+ SI) 
 
Pre-impact Stability and Location - In 71% of the 
AIS2+ SI incidents, vehicle continued along its 
intended path without rotation. Vehicles mostly 
stayed in lane in 70% of AIS2+ SI incidents, and 
departed the roadway in 19% of incidents. Table 2 
displays the distributions for pre-impact stability and 
location.  

Table 2  

Pre-Impact Stability and Location, AIS2+ Side 
Impact Incidents NASS/CDS 2000-2006 

 

1. Pre-impact stability Frequency 

Tracking (along 
original path) 

71.35% 

Lateral skid-
counterclockwise 

8.79% 

Missing information 8.51% 

Lateral skid-clockwise 7.02% 

Others 4.33% 

Longitudinal skid 4.18% 



2. Pre-impact location Frequency 

Stayed in lane 69.32% 

Departed roadway 18.56% 

Left travel lane 10.24% 

Others 1.88% 

 
Intrusion - First location of the intrusion 
was mostly to the left or right side of the 
front row (65%). In 31% of the incidents, 
intrusion was to the second row left or right 
side (Figure 5.) Door panel was the first 
intruding component followed by B-pillar 
and floor pan, and front side panel. 
 

 
Figure 5. First Location of Intrusion of 

AIS2+ Side Impact Incidents, NASS/CDS 
2000-2006 

The magnitude of intrusion was between 15 
and 29 cm in 37% of the AIS2+ side impact 
incidents, and in 22% of the incidents, the 
magnitude was 30-45 cm. Passenger 
compartment integrity is shown in Figure 6 
with the side window glazing having the 
highest percentage. 
   

 
Figure 6. Passenger Compartment Integrity 
of AIS2+ Side Impact Incidents, NASS/CDS 

2000-2006 
 
Occupants – NASS/CDS 2000-2006 data 
showed that 76% of the occupants were at 

least 18 years old. 55% of the occupants were males. 
36% of the occupants can be classified as fragile 
while 7% of these are very small females and the rest 
are children. The occupancy of the front row is 82% 
(note this is not 100% due to the fact front row 
includes right front passenger as well) and of the 
second row is 15%. 
 
In 39% of the AIS2+ side impact incidents, drivers 
were non-attentive (either distracted or they looked 
but did not see any threat). Sole driver distraction 
(i.e., by an occupant, outside source, eating/drinking) 
were around 20% out of these non-attentive type 
incidents. Majority of the non-attentive type incidents 
were categorized as driver looked but did not see 
(72%). 
 
Injuries - In terms of the injured body region of the 
occupants, head and face were the most injured areas 
(37%), followed by thorax, abdomen, and spine 
(27%). Upper extremities were injured at 20% level, 
and lower extremities were injured at 16% level. 
Right interior, roof, and left B-pillar were the top 
three injury sources that caused injuries on head and 
face. Thorax, abdomen, and spine were injured 
mostly by belt (webbing, pillar attachment, buckle) 
and left + right interior.   
 
When a passenger car is struck by another car or 
LTV, head and lower extremities are the top two 
injured body regions. If a passenger car is struck by a 
pole, upper extremities and face were the top two 
injured areas.  
 
Injury Patterns in the Literature - Struck-side 
occupant injury patterns showed that the torso and 
head were the most common sites of AIS 4+ injury in 
fatalities, while seriously injured survivors had legs, 
arms, and head as the most common sites of AIS 2+ 
injuries. Investigation of side crashes occurred in 
1988-1992 revealed that head and chest were most 
commonly injured areas at AIS 3+ level but 
abdomen/pelvis and lower extremities were also 
important [2]. 
 
A sample investigation of UK data of 1992-1998 
showed that 66% of MAIS 3+ survivors and 68% of 
the fatalities were near-side occupants. In terms of 
injury patterns, this study found that 55% sustained 
lower extremity injury of AIS 2+, followed by thorax 
at 49%, and head at 40%. However, regarding the 
key injuries of the fatalities (taken as AIS 3+), the 
most commonly injured body part was thorax with 
89% followed by head with 70% [4].  
 



In the NASS/CDS 1995-2001 data analysis 
for nearside AIS 3+ injured belted occupants 
in vehicles with MY 1995+, chest is the 
predominant injured body region (52%) 
followed by head (22%), pelvis (19%), and 
abdomen (12%). Side crashes with LTVs 
and narrow objects result in more occupants 
with head injuries compared with crashes 
with passenger cars. In modern fleet, the 
small size occupant (up to 5’ 4’’) is more at 
risk of serious injury in side impacts 
irrespective of crash partners [2].  
 
A UK-based study that investigated injury 
outcomes in side impacts involving modern 
passenger cars found that the distribution of 
the 350 AIS 2+ injuries were highest to the 
head (28%) followed by the chest (22%) 
then the lower extremity (19%). These 
figures were for struck-side crashes only [6]. 
 
Environmental Conditions - A total of 
67% of AIS2+ side impact incidents 
occurred at daylight, 11% of them in dark, 
and 18% in dark but lighted conditions. 
There were no adverse atmospheric 
condition in 82% of the incidents; it was 
raining in 15% of the incidents and snowing 
at 2% of the incidents. 
 
However, within the top ten accident types, 
35% of single-vehicle incidents of this group 
took place when it was dark and 22% in 
dark but lighted conditions. Only 6% of 
vehicle-to-vehicle top ten accident types 
occurred in dark and 16% in dark but lighted 
conditions. 11% of the vehicle-to-vehicle 
impacts occurred when it was raining as 
opposed to 18% of the single driver 
accidents. Although snow condition was 
insignificant overall, 15% of the accident 
type 2 where a single driver lost control and 
caused a right roadside departure, occurred 
in snow. 
 
75% of AIS2+ side impact incidents 
occurred in a not physically divided two-
way traffic. 15% of them occurred in a 
divided traffic-way with median strip but 
with no barrier. 5% of the incidents occurred 
in a divided traffic way – median strip with 
positive barrier and another 5% in a one 
way. 64% of the AIS2+ side impact 
incidents were related to intersection. 7% of 
them were related to driveway and 3% to 

interchange (area around a grade separation which 
involves at least two traffic ways). 
 
Restraints - Another variable category that was 
investigated was the availability, usage, and response 
of restraints in the vehicles. Lap and shoulder belts 
were used in 59% of the AIS2+ SI incidents. In 35% 
of the incidents lap/shoulder belts were either not 
available or not used. It should be noted that 44% of 
the vehicles were manufactured in 1995 or earlier in 
this database. Frontal airbags were available in 61% 
of the AIS2+ side impact incidents. 39% of the 
incidents included vehicles with no frontal airbags. In 
24% of the incidents, frontal airbags were deployed. 
In terms of side airbags, only 10% of the AIS2+ SI 
included vehicles with side airbags, and those airbags 
were deployed in half of the incidents. 
 

SUMMARY & CONCLUSION 

An analysis of the US field data using NASS and 
CDS from 2000-2006 was conducted to understand 
side impacts in general. Data was filtered to look at 
only AIS2+ type injuries. Table 3 lists some 
highlights gathered from the field data analysis. 

Table 3.  

Major findings of NASS/CDS 2000-2006 AIS2+ Side 
Impact Field Data Analysis 

 

Category Major Finding 
First Location of Intrusion Front Row (Left/Right 

side) (65%) 
Magnitude of Intrusion 15-45 cm (59%) 

Occupants Children (29%) 

Drivers  Non-attentive (39%) 

Most injured body region Head & Face (37%) 

Injury Sources Right interior, Roof, Left 
B-pillar 

Traffic-way flow and 
Intersection  

Not physically divided 
two-way traffic (75%) 
Intersection (64%) 

Single Vehicle Incidents 
among Top Ten – 
Lighting Condition 

Dark (35% in dark, 22% 
dark but lighted) 

Single Vehicle Incidents 
among Top Ten – 
Atmospheric Condition 

Raining (18%) 

Lap & Shoulder Belts Used (59%) 

Frontal Airbag  Available (61%) 
Deployed (24%) 

Side Airbag Available (10%) 
Deployed (5%) 

 



Using the analyzed data, top ten important 
crash events have been identified and also 
additional supporting information such as 
weather condition, major impact location 
have been recorded. Some major findings 
are - 

Among the top ten, top six types of events 
contribute to about 76% of all side events 
with AIS2+. 75% of AIS2+ side impact 
incidents occurred in a not physically 
divided two-way traffic. 64% of the AIS2+ 
side impact incidents were related to 
intersection. Also in 18% of cases vehicle 
departed the roadway. 

These results have been compared to data 
available from UK trends being similar. 

These findings (e.g. types of accidents) are 
helpful to both vehicle and restraint system 
(including electronics) designers to develop 
next generation safety systems specifically 
side pre-crash. A detailed discussion of this 
topic is planned for a future paper. 
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ABSTRACT 
 
It is known that some Electronic Control Units 
(ECUs) that are installed in a vehicle can record pre-
crash and/or post-crash information in an accident. 
The aim of this study is to understand the availability 
and usefulness of the ECU data and to develop 
various analysis methods enhancing the accident 
investigation. 
With respect to ABS-ECU, engine-ECU, and Event 
Data Recorder (EDR), two types of crash test data 
are analyzed in this study. The first type is the J-
NCAP crash tests, for understanding the EDR 
characteristics under standardized crash test 
conditions. The second type is the real-world 
accident reconstructions for evaluating the 
performance of those ECUs under highly complex 
and/or severe crash conditions, including multiple 
rear-end collisions, car-to-car side impacts, and 
frontal and side pole impacts. The data obtained from 
ECUs are compared with the results from the 
instrumented sensors. 
The study concludes that, the pre-crash velocities 
recorded by the EDR were highly accurate and 
reliable when cars proceeded without braking prior to 
the collision. The accuracy and reliability of the EDR 
impact velocity could be affected by the braking 
conditions and the EDR time zero information. The 
accuracy and reliability of the maximum delta-V 
recorded by the EDR decreased under highly 
complex or severe crash conditions, especially in the 
pole impacts. The EDRs underestimated the 
maximum delta-V in almost all the J-NCAP tests. 
The difference between the EDR maximum delta-V 

and the reference value was greater than 10 % in 4 of 
14 tests. One of the factors responsible for this result 
might be attributable to the characteristics of the 
accelerometers used in EDR. 
Diagnosis freeze data recorded in ABS-ECU and 
engine-ECU have a potential to be utilized for the 
accident investigation by providing additional pre-
crash vehicle information. However, further study is 
needed for understanding the reliability and accuracy 
of the diagnosis freeze data. 
 
INTRODUCTION 
 
Currently, many Electronic Control Units (ECUs) are 
used in a vehicle. Our preliminary study suggests that 
some ECUs such as ABS-ECU and engine-ECU 
could record pre-crash information in an accident 
[Nakano et al, 2008]. An ABS-ECU may record the 
tire wheel velocity when one of the four wheels is 
damaged at the collision. An engine-ECU could also 
record the engine control data including pre-crash 
vehicle speed when the engine is damaged at the 
collision. 
 
Whereas, Event Data Recorder (EDR) is an 
additional function installed in airbag control module 
(ACM) to record vehicle and occupant information 
for a brief period of time before, during, and after a 
crash event. Accordingly, EDRs are promising for 
accident investigation. They record delta-V, indicated 
vehicle speed, engine speed, seat position and safety 
belt status; furthermore, they verify whether or not 
the brake was applied, to what extent the accelerator 
pedal was depressed. 
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The National Highway Traffic Safety Administration 
(NHTSA) in the USA published a final rule on EDRs 
in August 2006 [49 CFR Part 563, 2006]. In January 
2008, NHTSA published a revised final rule on 
EDRs and responded to several petitions for 
reconsideration of the rule published in August 2006 
[49 CFR Part 563, 2008]. The US EDR rule became 
effective in March 2008. 
 
The Japanese Ministry of Land, Infrastructure, 
Transport and Tourism (J-MLIT) decided on the 
technical requirements for the application of EDRs to 
light vehicles (3500 kg GVWR or less) in March 
2008 [J-MLIT website, 2008]. This requirement—so 
called J-EDR technical requirement—is comparable 
to the US Part 563. However, J-EDR is adding two 
data elements which are the pre-crash warning and 
the pre-crash brake operating status. EDRs are now 
being installed in ACMs by several automakers. 
 
EDRs have the potential to enhance the accident 
investigation by adding the pre-crash and post-crash 
information. ABS-ECU and engine-ECU are 
expected to provide an additional pre-crash vehicle 
condition. However, if the read out data from these 
ECUs are to be utilized for accident investigation, it 
is first necessary to examine their reliability and 
accuracy. 
 
OBJECTIVE 
 
The objective of this study is to understand the 
availability and usefulness of the ECU recorded data 
and to develop analysis methods of those data for the 
improvement of accident investigation. 
 
APPROACH 
 
The analysis is based on two types of crash tests. The 
first type is the J-NCAP crash tests conducted in 
2006–2007 by National Agency for Automotive 
Safety and Victim's Aid (NASVA). The analysis of 
the J-NCAP data is for understanding the EDR 
characteristics under standardized crash test 
conditions. The second type is the real-world 
accident reconstructions conducted by National 
Research Institute of Police Science (NRIPS) in 
2007–2008 for evaluating the performance of the 
EDRs and investigating the diagnosis data of the 
ABS and engine ECUs under highly complex and/or 
severe crash conditions. The accident reconstruction 
tests consist of eight cases which are an offset frontal 
rigid barrier impact, multiple rear-end collisions (2 
cases), car-to-car side impacts (2 cases), frontal pole 
impacts (2 cases) and a side pole impact. 

RETRIEVAL OF DIAGNOSIS FREEZE DATA 
FROM ECUS 
 
We used a scan tool (Denso DST-2) for retrieving the 
diagnosis data from the ECUs. Some ECUs such as 
ABS-ECU and engine-ECU record pre-crash 
information as a freeze data in an accident. When a 
system detects the engine failure during the collision, 
engine control data including vehicle velocity could 
be recorded as freeze data in an engine-ECU. A 
typical engine failure was reconstructed in our 
previous study, in which the engine was intentionally 
stopped by disconnecting the airflow meter [Nakano 
et al, 2008]. 
 
Figure 1 shows an example of the results in this study, 
indicating the velocity data recorded as freeze data in 
the engine-ECU. The difference between the velocity 
data recorded in the engine-ECU and the reference 
value measured by using a chassis dynamo was less 
than 1 m/s. However, further study is needed for 
understanding the reliability and accuracy of those 
diagnosis freeze data to be used for the accident 
investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Velocity data recorded in engine-ECU. 
 
 
ANALYSIS OF J-NCAP TEST DATA 
 
The pre-crash velocity, maximum delta-V, and delta-
V time history recorded in the EDRs are compared 
with the results obtained from instrumented sensors 
and high-speed video cameras. According to the test 
procedures, three or four accelerometers are attached 
to the cars tested, and high-speed video cameras are 
employed. Acceleration data are recorded with a 
sampling rate of 10 KHz. High-speed video cameras 
capture displacement with a recording rate of 500 or 
1000 fps. The acceleration data from the sensors are 
integrated to obtain the delta-V during the collision. 
The displacement of the target marks on the cars 
captured by a high-speed video camera is 
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differentiated to obtain the delta-V. An external 
optical speed sensor is employed to obtain the impact 
velocities of the cars.  
 
Car models installed with EDRs are used for the 
analysis. The car velocities obtained as pre-crash data 
recorded in the EDRs are compared with the 
velocities obtained from the optical speed sensor and 
high-speed video cameras. The delta-V recorded in 
the EDR is compared with the delta-V calculated 
using the accelerometers and high-speed video 
cameras. 
 
Fourteen separate crash tests involving seven vehicle 
models equipped with EDR were analyzed. The 
analysis was based on the data obtained from the J-
NCAP full-lap frontal barrier (FLB) tests at 55 km/h 
along with 40% overlap offset frontal deformable 
barrier (ODB) tests at 64 km/h. The pre-crash 
velocity recorded in each EDR (VEDR) was compared 
with the data obtained from the optical speed sensor 
placed in front of the barrier (VOP). 
 
The EDR pre-crash velocity data were aligned along 
the EDR time zero, the time of airbag deployment 
algorithm-wakeup. In the crash tests, the beginning 
of the event is the time when the test vehicle contacts 
the opposing barrier or vehicle. That is, EDRs and 
crash test procedures use different definitions for the 
beginning of the event. However, the time axis is not 
adjusted in our study. 
 
The maximum delta-V and delta-V time history 
recorded in the EDRs were compared with the J-
NCAP test data obtained from three 
accelerometers—placed on the left-side sill (A-L), 
right-side sill (A-R), and center floor (A-C)—and 
from a high-speed video camera (Video). In several 
tests, the values obtained from the accelerometers 
significantly differ from those obtained from the 
video. Accordingly, after an intensive analysis of the 
J-NCAP crash test data, reference J-NCAP data for 
comparisons with the EDR data were selected as 
follows: 
・ For the maximum delta-Vs, the data obtained 

from the video were selected as reference values. 
・ For the delta-V time histories, the data obtained 

from the center-floor accelerometer (A-C) and the 
video were selected. However, when the values of 
the delta-V time history obtained from the A-C 
significantly differed from those obtained from 
the video, the average of the delta-V time history 
obtained from the accelerometers at the left-side 
sill (A-L) and right-side sill (A-R) was used. 

 

EDR Pre-Crash Velocity in J-NCAP Tests 
 
Table 1 compares the results obtained for the pre-
crash velocity. In all the cases, the difference 
between the EDR pre-crash velocity (VEDR) and the 
J-NCAP test velocity (VOP) is less than 4% (average: 
approximately 2%). The EDR pre-crash velocities are 
highly accurate and reliable but generally lower than 
the optically derived velocities (VOP). 
 

 
Test Model VOP VEDR Difference 

  m/s m/s m/s % 
 PC-1 15.3 15.0 -0.3 -2.0 
 PC-2 15.3 15.6 0.3 2.0 

FLB PC-3 15.3 15.0 -0.3 -2.0 
 PC-4 15.3 15.0 -0.3 -2.0 
 PC-5 15.3 15.0 -0.3 -2.0 
 Mv-1 15.3 15.0 -0.3 -2.0 
 Mv-2 15.3 14.9 -0.4 -2.6 
 PC-1 17.9 17.2 -0.7 -3.9 
 PC-2 17.8 17.8 0.0 0.0 

ODB PC-3 17.8 17.2 -0.6 -3.4 
 PC-4 17.8 17.2 -0.6 -3.4 
 PC-5 17.8 17.2 -0.6 -3.4 
 Mv-1 17.9 17.8 -0.1 -0.6 
 Mv-2 17.7 17.1 -0.6 -3.4 

Average   -0.3 -1.8 
Root mean square   0.4 2.6 

 
EDR Post-Crash Delta-V in J-NCAP Tests 
 
Table 2 compares the results for the post-crash 
maximum delta-V. The maximum delta-Vs recorded 
by the EDR (Max delta-VEDR) shows uncertainty in 
measurement in several cases when compared with 
the results obtained from the video (Max delta-VVideo) 
or the reference value. The difference is greater than 
5 % in 10 of 14 tests and greater than 10 % in 4 of 14 
tests. The average difference in the maximum delta-V 
is approximately 7 %, and the mean square difference 
8.4 %. The maximum delta-V values recorded by the 
EDR are generally lower than those measured by the 
high speed video (Max delta-VVideo). 
 
We also examined the degree of deviation of the 
maximum delta-Vs calculated by accelerometer 
signals (A-C, Ave. A-R and A-L) from the video 
results. As shown in Table 2, the deviation of the 
maximum delta-V calculated by A-C from the video 
results is greater than 5 % in 8 of 14 tests and greater 
than 10 % in 4 of 14 tests. Whereas, the deviation of 
the maximum delta-V calculated by average of A-R 
and A-L from the video results is less significant, that 
is, the deviations is less than 5 % in 10 of 14 tests. 

Table 1 
Comparison results of pre-crash velocity  

(J-NCAP) 
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Accordingly, the accuracy and reliability of the EDR 
maximum delta-V appeared to be of the same order 
as the data obtained by the single accelerometer in 
the crash tests. The accelerometers utilized in the 
EDRs could have the same performance as that of the 
instrumented accelerometers used in the crash tests. 
However, the maximum delta-Vs recorded by the 
EDRs were slightly lower than those obtained by the 
video and accelerometers in the J-NCAP tests (See 
Table 2), that is, the EDRs underestimated the 
maximum delta-V in almost all the tests. One of the 
factors responsible for this result might be 
attributable to the characteristics of the 
accelerometers to be used for an airbag sensor. 
 
In general, every accelerometer has its unique 
characteristics under the exposed environment. One 
of the typical characteristics of the accelerometer is 
the temperature dependency. An accelerometer signal 
contains an apparent acceleration due to the 
temperature dependency besides the actual 
acceleration. The apparent acceleration is a signal 
including the DC and/or low frequency components 
in frequency domain. The airbag sensor should have 

a function to cut the low frequency signal off by 
using a high-pass or band-pass filter, accordingly. 
The deletion of the low frequency components 
including the DC acceleration from the original 
acceleration signal affects the delta-V calculation. 
The characteristics of the filter designed in the airbag 
sensor plays an important role in the reliability and 
accuracy of the delta-V recorded by the EDR. 
 
Figure 2 compares the delta-V time history curves 
obtained by EDR with those from the accelerometers 
and video in the FLB and ODB tests . In many cases, 
there was an apparent difference between the EDR 
data and the results from the accelerometers and 
video. However, when we focused on the initial short 
time window of the delta-V curve, the EDR data 
were very comparable with those from the 
accelerometers. This initial short time window was 
up to about 60 ms in the FLB test and about 100 ms 
in the ODB test. This result suggests that the 
acceleration calculated by the EDR data agrees well 
with the accelerometer signal in these short time 
windows. 
 

 
Table 2 

Comparison results of post-crash maximum delta-V (J-NCAP) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Comparison of delta-V time histories from EDR, video and accelerometer. 
(*: Max ΔVEDR differed more than 10 percent compared with Max ΔVVideo.) 

m/s % m/s % m/s %
PC-1 17.2 17.0 17.7 16.5 -0.2 -1.2 0.5 2.9 -0.7 -4.1
PC-2 16.9 17.1 17.8 15.3 0.2 1.2 0.9 5.3 -1.6 -9.5
PC-3 17.1 16.4 18.1 14.9 -0.7 -4.1 1.0 5.8 -2.2 -12.9
PC-4 17.3 17.9 18.5 16.2 0.6 3.5 1.2 6.9 -1.1 -6.4
PC-5 17.0 18.8 17.6 16.7 1.8 10.6 0.6 3.5 -0.3 -1.8
Mv-1 17.1 21.4 17.1 14.7 4.3 25.1 0.0 0.0 -2.4 -14.0
Mv-2 17.0 18.1 17.5 15.2 1.1 6.5 0.5 2.9 -1.8 -10.6
PC-1 20.3 19.0 19.3 19.1 -1.3 -6.4 -1.0 -4.9 -1.2 -5.9
PC-2 19.4 22.1 19.4 19.2 2.7 13.9 0.0 0.0 -0.2 -1.0
PC-3 20.0 21.7 19.4 18.4 1.7 8.5 -0.6 -3.0 -1.6 -8.0
PC-4 20.7 20.2 19.9 18.7 -0.5 -2.4 -0.8 -3.9 -2.0 -9.7
PC-5 20.1 19.4 19.4 18.7 -0.7 -3.5 -0.7 -3.5 -1.4 -7.0
Mv-1 18.4 22.4 20.8 18.5 4.0 21.7 2.4 13.0 0.1 0.5
Mv-2 19.9 18.8 20.1 17.5 -1.1 -5.5 0.2 1.0 -2.4 -12.1
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Figure 3.  Comparison of acceleration time histories from EDR and accelerometer. 
(*:  Max ΔVEDR differed more than 10 percent compared with Max ΔVVideo.) 

 
Figure 3 compares the calculated EDR acceleration 
and the accelerometer signal. The calculated EDR 
acceleration agreed well with the accelerometer 
signal for the entire period of 200 ms. Even in the 
worst cases (PC-3(FLB) , Mv-1(FLB), Mv-2(FLB) 
and Mv-2(ODB)), in which the EDR maximum delta-
V (Max ΔVEDR) differed by more than 10 percent 
from the video results (Max ΔVEDR), the calculated 
EDR acceleration plots were almost comparable with 
the accelerometer signals. 
 
A previous study [Niehoff et al, 2005] on EDRs 
produced results similar to those in our study; the 
difference between the pre-crash velocities was less 
than 1 mph in all the cases (average difference: 
1.1 %). The average difference in the maximum 
delta-V was approximately 6 %, and in nearly all the 
cases, the maximum delta-V recorded by the EDRs 
was less than the delta-V obtained by the 
instrumented accelerometers. In the previous study, it 
was explained that the EDR data loss was responsible 
for the difference in the delta-Vs, because the 
majority of the EDRs did not record the entire event. 
In contrast, although the EDRs used in our study 
recorded the entire event up to 200 ms, the EDRs 
underestimated the maximum delta-V in almost all 
the tests. 
 
ACCIDENT RECONSTRUCTIONS 
 
Typical real world accidents such as single car 
collisions against a road facility, car-to-car collisions 
at an intersection and multiple rear-end collisions on 
a freeway were reconstructed in order to understand 
the performance of an EDR. Diagnosis data from 
ABS-ECU and engine-ECU were also investigated in 
the accident reconstruction tests. In our instrumented 
laboratory tests, an offset frontal rigid barrier impact 
(See Fig. 4), car-to-car 90-degree side impacts (See 
Fig. 5), multiple rear-end collisions (See Fig. 6), and 
frontal and side pole impacts (See Fig. 7) were 
conducted, and their test data were analyzed. 
The analysis method was similar to that used in the J-
NCAP data analysis. The pre-crash velocity recorded 

by each EDR (VEDR) was compared with the data 
obtained from the optical speed sensor (VOP). Four 
accelerometers were used for calculating the post-
crash delta-V. The maximum delta-V and the delta-V 
time history recorded in the EDRs were compared 
with those obtained from four instrumented 
accelerometers—placed on the left-side sill (A-L), 
right-side sill (A-R), center floor (A-C), and airbag 
control module or ACM (A-EDR)—and from a high-
speed video camera (Video). The average 
acceleration measured by A-R and A-L (ave. A-R 
and A-L) was also used for obtaining the delta-V.  
 
Toyota Corolla (E140) equipped with EDR and front, 
side and curtain airbags (model year 2007 - 2008) 
was mainly used for the tests. In Figures 4-7, the test 
cars indicated as O-1, A-1, A-2, A-4, R-2, R-3, R5, 
R-6, P-1, P-2 and P-3 were Toyota Corolla (E140). 
Cars (R-1 and R-4) used for the multiple rear-end 
collisions in the front-most position were Toyota 
Progress (G10) equipped with EDR and front, side, 
and curtain airbags. A bullet car (A-3) used in the 
case 2 car-to-car side impact was Toyota Corolla 
previous model (AE110) not equipped with EDR. 
After the crash tests, the ACMs were removed for 
downloading the EDR data. 
 
Offset Frontal Rigid Barrier Impact  
 
As shown in Figure 4, the target velocity was 17.8 
m/s. The test was successfully conducted under the 
targeted conditions. O-1 collided against the rigid 
barrier with 40% overlap. After the collision, O-1 
rotated approximately 45° clockwise, and rebounded 
approximately 2 m from the barrier. Front airbags 
were deployed at the instant of the crash. 
 
Car To Car 90-Degree Side Impact 
 
As shown in Figure 5, the target velocity was 15.3 
m/s for both cars. Impact angle was 90-degree. Two 
tests (case 1 and case 2) were successfully conducted 
under the targeted conditions. 
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Figure 4.  40% overlap offset frontal rigid barrier 
test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Car to car 90-degree side impact tests 
 
 

 
 
 

 
 
 

Figure 6.  Multiple rear-end collision. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(1) Frontal pole impact 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(2) Frontal offset pole impact 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(3) Side pole impact 
 

Figure 7.  Pole impact tests. 
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In the case 1, A-1 and A-2 collided with each other at 
their front corner. Each car rotated along its outer 
direction (clockwise for A-1 and counterclockwise 
for A-2) and separated from each other at 
approximately 150 ms. The two cars maintained the 
rotation and impacted their rear sides again at 
approximately 300 ms. The front airbags of both A-1 
and A-2 were deployed at the instant of the crash. 
 
In the case 2, A-3 impacted the right side of A-4 near 
the rear wheel. Each car rotated along its outer 
direction (clockwise for A-3 and counterclockwise 
for A-4) and separated from each other at 
approximately 150 ms. A-3 and A-4 maintained the 
rotation for approximately 2 seconds. The angular 
displacement of A-3 at the final rest position was 
about 230-degree and that of A-4 about 410-degree. 
The front airbags of A-3 and the driver side curtain 
airbag of A-4 were deployed at the crash. 
 
Multiple Rear-End Collision 
 
As shown in Figure 6, two tests (case 1 and case 2) 
were conducted under the similar impact 
configuration. The case 1 was successfully conducted 
under the targeted conditions. The car (R-1) in the 
front-most position kept stopping by using the foot 
brake. The car in the middle position (R-2) and the 
car in the rearmost position (R-3) approached R-1. R-
2 activated full braking and then crashed into the rear 
end of R-1 (1st crash phase), and both the cars 
moved forward by approximately 1 m. Airbags of R-
1 and R-2 were not deployed in the 1st crash phase. 
Then, R-2 stopped and moved backward. 
Approximately 800 ms after the 1st impact, R-3 
crashed into the rear end of R-2 (2nd crash phase). 
The impact center of R-3 was off to the right side by 
approximately 0.2 m. The driver side curtain airbag 
of R-2 and the front airbags of R-3 were deployed in 
the 2nd crash phase. R-3 pushed R-2 forward and R-
2 crashed into the rear end of R-1 again (3rd crash 
phase). Approximately 2 seconds after the 1st crash 
phase, all the cars came to a stop. R-1 moved forward 
by approximately 4.5 m from the initial position. 
Airbags of R-1, R-2 and R-3 were not deployed in 
the 3rd crash phase. 
 
In the case 2, the car in the middle position (R-5) 
intended to avoid the rear end collision against the 
car (R-4) in the front-most position, however R-5 
crashed into the rear end of R-4 (1st crash phase) at 
4.1 m/s, and both the cars moved forward by 
approximately 0.2 m. The impact center of R-5 was 
off to the right side by approximately 0.2 m. Airbags 
of R-4 and R-5 were not deployed in the 1st crash 

phase. Then, R-4 and R-5 stopped. Approximately 
1.5 seconds after the 1st impact, the car in the 
rearmost position (R-6) crashed into the rear end of 
R-5 (2nd crash phase). The impact center of R-6 was 
off to the right side by approximately 0.1 m. Only the 
front airbags of R-6 were deployed in the 2nd crash 
phase. R-6 pushed R-5 forward and R-5 crashed into 
the rear end of R-4 again (3rd crash phase). 
Approximately 3 seconds after the 1st crash phase, 
all the cars came to a stop. R-4 moved forward by 
approximately 3.5 m from the initial position. 
Airbags of R-4, R-5 and R-6 were not deployed in 
the 3rd crash phase. 
 
Frontal and Side Pole Impacts  
 
As shown in Figure 7, the target velocity was 22.2 
m/s for each car and the pole diameter was 300 mm. 
Three tests were successfully conducted under the 
targeted conditions.  
In the frontal pole impact, the body center of P-1 
collided against the rigid pole. After the collision, P-
1 rebounded approximately 1.5 m from the pole. 
Front airbags were deployed at the instant of the 
crash. 
 
In the frontal offset pole impact, the front right side-
member (driver-side) of P-2 collided against the rigid 
pole (offset of 460 mm) with the engine idling. After 
the collision, P-2 rotated clockwise and crashed into 
the cushion barrier from the rear end. Front airbags 
were deployed at the instant of the crash. 
 
In the side pole impact, the driver-side of P-3 
collided against the rigid pole laterally with the 
engine idling. Impact center was the wheel base 
center of P-3. During the collision, P-3 wrapped 
around the pole and the body deformation was 
recovered significantly after the collision. Driver side 
curtain airbag was deployed at the instant of the crash. 
 
Pre-Crash EDR Data in Accident Reconstruction 
 
Table 3 shows the pre-crash data recorded by the 
EDRs in the accident reconstruction tests. Table 4 
summarizes the comparison results of the impact 
velocities recorded by the EDRs with those from the 
optical speed sensor and video. 
 
In the offset frontal rigid barrier impact, the test car 
(O-1) did not brake; hence, all pre-crash velocities 
had the same value of 17.8 m/s, whereas the optical 
speed sensor (VOP) indicated 17.9 m/s. The difference 
between the EDR impact velocity (VEDR) and VOP 
was 0.1 m/s, that is, a difference of less than 1%.  
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m/s %
Offset frontal 1 O-1 front-right Off 17.9 17.8 -0.1 -0.6

A-1 front-left Off 15.4 15.6 0.2 1.3
A-2 front-right Off 15.4 15.6 0.2 1.3
A-3 front Off 15.4 N/A N/A N/A
A-4 side-right Off 15.4 15.6 0.2 1.3
R-1 (1s t crash phase) rear On 0.0* 0.0 0.0 0.0

R-1 (3rd crash phase) rear On 0.0* 0.0 0.0 0.0

R-2 (1s t crash phase) front On 8.5 11.1 2.6 30.6
R-2 (2nd crash phase) rear On 0.6* 1.7 1.1 -**
R-3(2nd crash phase) front Off 21.5 21.7 0.2 0.9
R-4 (1s t crash phase) rear On 0.0 0.0 0.0 0.0

R-4 (3rd crash phase) rear On 0.0 0.0 0.0 0.0

R-5 (1s t crash phase) front On 4.1* 4.4 0.3 7.3
R-5 (2nd crash phase) rear On 0.0* 0.0 0.0 0.0

R-6(2nd crash phase) front Off 22.0 22.2 0.2 0.9
1 P-1 front-center Off 22.4 22.8 0.4 1.8
2 P-2 front-right Off 22.2 22.2 0.0 0.0
3 P-3 s ide-right Off 22.3 N/A N/A N/A

0.4 3.2
0.7 8.5

*:Data from video Analys is
**:VOP and VEDR are so small that percentage is  excluded

Average
Root mean square

Multiple
rear-end

Pole

1

2

1

2

VOP

m/s
VEDR

m/s
Difference

Car to car
90 degree

s ide impact tes t

Test type No. Model Ｂｒａｋｅ
Impact-

direction

Table 3. 
EDR pre-crash data in accident reconstruction tests 

Model Model
Time(sec)* -4.1* -3.1* -2.1* -1.1* -0.1* 0* Time(sec)* -4.9* -3.9* -2.9* -1.9* -0.9* 0*
Velocity(m/s) 17.8 17.8 17.8 17.8 17.8 17.8 Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0
Brake Off Off Off Off Off Off Brake On On On On On On

Model
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0*

Model Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0* Brake On On On On On On
Velocity(m/s) 12.8 14.4 15.6 15.6 15.6 15.6 Model
Brake Off Off Off Off Off Off Time(sec)* -4.6* -3.6* -2.6* -1.6* -0.6* 0*
Model Velocity(m/s) 21.7 22.2 22.2 22.2 16.1 11.1
Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0* Brake Off Off Off Off On On
Velocity(m/s) 13.3 15.0 15.6 15.6 15.6 15.6 Model
Brake Off Off Off Off Off Off Time(sec)* -4.4* -3.4* -2.4* -1.4* -0.4* 0*
Model Velocity(m/s) 22.2 22.2 22.2 16.1 3.3 1.7
Time(sec)* -4.6* -3.6* -2.6* -1.6* -0.6* 0* Brake Off Off Off On On On
Velocity(m/s) 13.9 15.0 15.6 15.6 15.6 15.6 Model
Brake Off Off Off Off Off Off Time(sec)* -4.2* -3.2* -2.2* -1.2* -0.2* 0*

Velocity(m/s) 22.2 22.2 22.2 21.7 21.7 21.7
Brake Off Off Off Off Off Off

Model Model
Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0* Time(sec)* -4.5* -3.5* -2.5* -1.5* -0.5* 0*
Velocity(m/s) 21.1 22.2 22.8 22.8 22.8 22.8 Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0
Brake Off Off Off Off Off Off Brake On On On On On On
Model Model
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0* Time(sec)* -4.0* -3.0* -2.0* -1.0* 0*
Velocity(m/s) 16.1 18.3 20.6 21.7 22.2 22.2 Velocity(m/s) 0.0 0.0 0.0 0.0 0.0
Brake Off Off Off Off Off Off Brake On On On On On
Accelerator Off Off Off Off Off Off Model
Engine(rpm) 400 400 400 400 400 400 Time(sec)* -4.8* -3.8* -2.8* -1.8* -0.8* 0*
Model Velocity(m/s) 19.4 21.7 22.2 22.2 12.8 4.4
Time(sec)* -4.7* -3.7* -2.7* -1.7* -0.7* 0* Brake Off Off Off On On On
Velocity(m/s) 0.0 0.0 0.0 0.0 0.0 0.0 Model
Brake Off Off Off Off Off Off Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0*
Accelerator Off Off Off Off Off Off Velocity(m/s) 22.2 22.2 12.8 4.4 0.0 0.0
Engine(rpm) 400 400 400 400 400 400 Brake Off On On On On On

Model
Time(sec)* -4.3* -3.3* -2.3* -1.3* -0.3* 0*

** Result from video analys is Velocity(m/s) 22.2 22.8 22.8 22.2 22.2 22.2
Brake Off Off Off Off Off Off

   * EDR time zero is the time of airbag dep loyment algorithm-wakeup .

Multiple
rear-end
collis ion

1

R-1 in 1st crash phase(rear crash)

R-1 in 3rd crash phase(rear crash)

R-2 in 1st crash phase(frontal crash)

R-2 in 2nd crash phase(rear crash)

R-3 in 2nd crash phase(frontal crash)

2

R-4 in 1st crash phase(rear crash)

R-4 in 3rd crash phase(rear crash)

R-5 in 1st crash phase(frontal crash)

R-5 in 2nd crash phase(rear crash)

R-6 in 2nd crash phase(frontal crash)

Frontal and
side pole
impacts

1

P-1 (frontal pole impact)

2

P-2 (frontal offset pole impact)

3

A-2 (front-right s ide crash)

2

A-4 (s ide-right crash)

Optical speed sensor: A-1 = 15.4 m/s, A-2 = 15.4 m/s , A-3 = 15.4 m/s , A-4 = 15.4 m/s

Optical speed sensor: O-1 = 17.9 m/s

Optical speed sensor: P-1 = 22.4 m/s , P-2 = 22.2 m/s , P-3 = 22.3 m/s

Optical speed sensor: R-2 = 8.5 m/s , R-3=21.5 m/s , R-5=4.1** m/s , R-6=22.0 m/s

P-3 (s ide pole impact)

Offset
frontal rigid

barrier
impact

1

O-1

Car to car
90-degree

s ide impact

1

A-1 (front-left s ide crash)

Table 4. 
Comparison results of EDR pre-crash impact velocities in accident reconstruction tests 
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In the case 1 of the car to car 90-degree side impact, 
the two cars (A-1 and A-2) were accelerated and 
maintained the same velocity for approximately 3 
seconds immediately before the impact, without 
braking. For the two cars, the impact velocity (VEDR) 
recorded by their EDRs was 15.6 m/s and the optical 
speed sensor velocity (VOP) was 15.4 m/s. The 
difference in the impact velocity between the EDR 
and laboratory test data was 0.2 m/s, a difference of 
approximately 1 %. 
 
In the case 2 of the car to car 90-degree side impact, 
only the target car (A-4) was equipped with the EDR. 
The EDR pre-crash data of A-4 indicated that A-4 
was accelerated and maintained the same velocity for 
approximately 3 seconds immediately before the 
impact, without braking. The impact velocity (VEDR) 
recorded by the EDR was 15.6 m/s and the optical 
speed sensor velocity (VOP) was 15.4 m/s for each car. 
The difference (0.2 m/s) in the impact velocity 
between the EDR and laboratory test data was 
approximately 1 %. 
 
In the case 1 of the multiple rear-end collision, the 
car (R-1) in the front-most position was impacted 
twice by the middle car (R-2). In both the events for 
R-1, the impact velocity of R-1 recorded by the EDR 
was 0 m/s, and this value agreed with the results 
obtained by the video. At the first impact, the impact 
velocity of R-2 recorded by the EDR was 11.1 m/s, 
and this value differed by 2.6 m/s (31%) from the 
results obtained by the optical sensor (8.5 m/s). At 
the second impact, the impact velocity of R-2 
recorded by the EDR was 1.7 m/s, and this value 
differed by 1.1 m/s from the results obtained by the 
video (0.6 m/s). In the cases with braking on, the 
EDR overestimated the impact velocity by 1.1–2.6 
m/s. One of the factors responsible for this difference 
should be the different definitions between EDRs and 
crash test procedures for the beginning of the crash 
event. In the second crash phase, the EDR impact 
velocity of R-3 was 21.7 m/s, and this value differed 
by 0.2 m/s (1%) from the result obtained by the 
optical sensor (21.5 m/s). The EDR pre-crash 
velocities of R-3 had almost similar values since R-3 
did not brake. 
 
In the case 2 of the multiple rear-end collision, the 
car (R-4) in the front-most position was impacted 
twice by the middle car (R-5). In both the events for 
R-4, the impact velocity of R-4 recorded by the EDR 
was 0 m/s, and this value agreed with the result 
obtained by the video. At the first impact, the impact 
velocity of R-5 recorded by the EDR was 4.4 m/s, 
and this value differed by 0.3 m/s (7.3 %) from the 

results obtained by the video (4.1 m/s). At the second 
impact, the EDR impact velocity of R-5 was 0.0 m/s, 
and this value was the same result obtained by the 
video (0.0 m/s). In these cases, the EDR recorded the 
impact velocity accurately even if the brake was used. 
In the second crash phase, the EDR impact velocity 
of R-6 was 22.2 m/s, and this value differed by 0.2 
m/s (1%) from the result obtained by the optical 
sensor (22.0 m/s). All the EDR pre-crash velocities 
of R-6 had almost similar values.  
 
In the case of the frontal pole impact, the EDR of the 
test car (P-1) indicated that P-1 was accelerated and 
maintained the same velocity for approximately 3 
seconds immediately before the impact, without 
braking. The impact velocity (VEDR) recorded by the 
EDR was 22.8 m/s and the optical speed sensor 
velocity (VOP) was 22.4 m/s. The difference in the 
impact velocity between the EDR and laboratory test 
data was 0.4 m/s, a difference of approximately 2 %. 
 
In case of the frontal offset pole impact, the EDR of 
the test car (P-2) indicated that P-2 was accelerated 
immediately before the impact, with the engine idling 
at 400 rpm, braking off and accelerator off. The 
impact velocity (VEDR) recorded by the EDR was 
22.2 m/s and the optical speed sensor velocity (VOP) 
was 22.2 m/s. The EDR pre-crash data corresponded 
to the laboratory impact conditions. 
 
In case of the side pole impact, the EDR of the test 
car (P-3) indicated that the P-3 was stationary with 
the engine idling at 400 rpm, braking off and 
accelerator off. P-3 was accelerated laterally before 
the impact with the engine idling, without brake. 
Accordingly, the P-3 EDR recorded data 
corresponded to the targeted test condition. 
 
As shown in Table 4, the difference between the 
EDR impact velocity (VEDR) and that obtained from 
the optical speed sensor (VOP) is less than 0.5 m/s in 
almost all the tested cars except for R-2. The 
difference in R-2 was 2.6 m/s for the first crash and 
1.1 m/s for the second crash. In the case of R-2, the 
EDR time zero could significantly affect the pre-
crash velocity recorded by the EDR because R-2 
decelerated by braking before the impact. Even a 
slight shift in the time zero can cause a significant 
deviation in the impact velocity obtained by the EDR. 
It should be noted that the pre-crash velocities 
recorded by the EDR were highly accurate and 
reliable when cars proceeded without braking prior to 
the collision. The accuracy and reliability of the EDR 
pre-crash velocity might be affected by the braking 
condition and the time zero definition of the EDR. 
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Post-Crash EDR Data in Accident Reconstruction 
 
Table 5 compares the results obtained for the post-
crash longitudinal maximum delta-V. The maximum 
delta-Vs recorded by the EDR (Max delta-VEDR) 
shows uncertainty in measurement in several cases 
when compared with the results obtained by the 
video (Max delta-VVideo) and/or the accelerometers.  
 
In case of P-1 in the frontal pole impact, the EDR 
maximum delta-V (Max delta-VEDR (17.5 m/s)) was 
approximately 30 % lower value as compared to the 
results from the video and accelerometer (Max delta-
VVideo (24.8 m/s), Max delta-VA-C (25.0 m/s)). In case 
of P-2 in the frontal offset pole impact, the difference 
between those velocities was less than 10 %.  Front 
airbag sensors were located in the front side members 
of the tested cars and the side member of P-2 directly 
crashed against the pole. Accordingly, the airbag 
sensors of P-2 could detect the crash event much 
earlier as compared to those of P-1. Airbag 
deployment could be delayed in this type of frontal 
pole impact and the time delay affects the safety 
performance of the airbag system. During the initial 
contact against the pole, the airbag deployment 
algorithm may not wakeup, and the vehicle driver 
and passengers could move forward according to the 
vehicle deceleration or velocity change. 
When excluding the pole impacts, the differences 
between the EDR maximum delta-Vs and the 
reference values (Max delta-VVideo, Max delta-VA-C) 
were less than 2 m/s. The deviation of the EDR 

maximum delta-Vs from the reference values was 
approximately 2 m/s by the root mean square velocity.  
 
The results indicate that the accuracy and reliability 
of the maximum longitudinal delta-V obtained by the 
EDR decreased under more complex crash conditions 
as compared to the standardized crash tests or the J-
NCAP test. However, the errors in the data obtained 
by the video and accelerometer should be considered. 
 
Table 6 compares the results obtained for the post-
crash lateral maximum delta-V. The lateral maximum 
delta-Vs (Max delta-VEDR) obtained by the EDR 
showed lower values as compared to the data 
obtained by the accelerometer (Max delta-VA-EDR) 
and the difference was less than 2 m/s when 
excluding the side pole impact (P-3). In case of the 
side pole impact (P-3), the EDR lateral maximum 
delta-Vs was approximately 4 m/s lower value than 
the reference (Max delta-VA-EDR). The difference 
between the maximum lateral delta-Vs was greater 
than 20 % in 2 of 4 tests (average: approximately 
18 %).  
 
Figure 8 shows the post-crash longitudinal delta-V 
time histories obtained from the EDR, video and 
accelerometers in offset frontal rigid barrier impact. 
During the initial time window, the delta-V time 
history obtained from the video showed a phase 
delay as compared with the data obtained from the 
EDR and accelerometers.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

m/s % m/s % m/s %
Offset frontal 1 O-1 front-right 20.5 17.4 20.2 -0.3 -1.5 2.8 16.1 -3.1 -15.1

A-1 front-left 6.1 8.3 8.0 1.9 31.1 -0.3 -3.6 2.2 36.1
A-2 front-right 6.3 8.8 7.9 1.6 25.4 -0.9 -10.2 2.5 39.7
A-3 front 4.0 4.5 N/A N/A N/A N/A N/A 0.4 11.1
A-4 side-right N/A 3.8 3.5 N/A N/A -0.4 -9.2 N/A N/A
R-1 (1st) rear 3.6 3.8 4.2 0.6 16.7 0.4 10.5 0.2 5.6
R-1 (3rd) rear 6.6 6.6 6.9 0.3 4.5 0.3 4.5 0.0 0.0
R-2 (1st) front 7.0 5.7 6.1 -0.9 -12.9 0.4 7.0 -1.3 -18.6
R-2 (2nd) rear 5.7 7.5 6.9 1.2 21.1 -0.6 -8.0 1.8 31.6
R-3 (2nd) front 17.6 17.7 16.8 -0.8 -4.5 -0.9 -5.1 0.1 0.6
R-4 (1st) rear 1.9 1.9 1.9 0.0 0.0 0.0 0.0 0.0 0.0
R-4 (3rd) rear 6.4 6.3 6.7 0.3 4.7 0.4 6.3 -0.1 -1.6
R-5 (1st) rear 4.1 4.2 3.2 -0.9 -21.5 -1.0 -23.4 0.1 2.4
R-5 (2nd) front 8.3 8.3 9.1 0.8 9.9 0.8 9.9 0.0 0.0
R-6 (2nd) front 17.0 16.8 16.0 -1.0 -6.1 -0.8 -5.0 -0.2 -1.2

1 P-1 front-center 24.8 *25.0 17.5 -7.3 -29.4 -7.5 -29.9 0.2 0.8
2 P-2 front-right 23.2 22.5 20.9 -2.3 -9.8 -1.6 -7.0 -0.7 -3.0
3 P-3 side-right N/A 8.0 7.9 N/A N/A -0.1 -1.7 N/A N/A

-0.5 1.8 -0.5 -2.9 0.1 5.5
2.2 16.6 2.0 11.9 1.3 17.0

Difference
[C]-[A]

Difference
[C]-[B]

Difference
[B]-[A]

Pole

1

2

1

2

Test type No.

Car to car
90 degree

side impact test

Multiple
rear-end

MaxΔVVideo

[A]
m/s

MaxΔVA-EDR

[B]
m/s

MaxΔVEDR

[C]
m/s

* Data of center floor acceleration (A-C)

Average
Root mean square

Impact-
direction

Model
(crash)

Table 5. 
Comparison results of longitudinal maximum delta-V in accident reconstruction tests 
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Figure 8.  Delta-V time history curves obtained 
from EDR, video and accelerometers for 
longitudinal direction in offset frontal rigid 
barrier test. 
 
 
The delta-V time history obtained from the EDR 
reached a constant value and was approximately 
similar to the result obtained from the video after 100 
ms. However, the delta-Vs obtained from the 
instrumented accelerometers indicated a different 
tendency after 100 ms as compared with the data 
obtained from the EDR and video. The delta-VA-EDR 
differed significantly from the other data. The factors 
responsible for these differences in velocities were 
estimated to be the large deformation at the location 
of ACM. It can be noted that this deformation could 
cause the distortion against the ACM outer cover and 
the accelerometer case since the accelerometer was 
bonded on the ACM. The distortion of the outer case 
of the accelerometer could affect the internal strain 
gage sensor. 
 
Figure 9 compares the post-crash longitudinal delta-
V time history obtained by the EDR with that 
obtained from the accelerometer on the ACM (A-
EDR) for the three cars (A-1, A-2 and A-4) in car-to-
car 90-degree side impacts. In these cars, the delta-V 
time history obtained by the EDR was comparable 

with that obtained from the accelerometer on the 
ACM for the entire period of 200 ms. The difference 
between the maximum delta-VEDR and the maximum 
delta-VA-EDR was less than 1 m/s (0.3 m/s for A-1, 0.9 
m/s for A-2 and 0.4 m/s for A-4) in the three cars. 
 
Figure 10 compares the post-crash lateral delta-V 
time history obtained by the EDR with that obtained 
from the accelerometer on the ACM (A-EDR) in car-
to-car 90-degree side impact tests. For the time 
window from 0 to 50 ms, the lateral delta-V time 
history obtained by the EDR agreed well with the 
data obtained by the accelerometer (A-EDR) for the 
three cars (A-1, A-2 and A-4). After 50 ms, the 
difference between the curves started to increase. 
This tendency is very similar to the result obtained 
when comparing the EDR longitudinal delta-V curve 
with the corresponding accelerometer data in the 
analysis of the J-NCAP full lap barrier (FLB) tests. 
 
Figure 11 compares the longitudinal delta-V time 
histories obtained by the EDR with those obtained 
from the accelerometers and video in multiple rear-
end collision tests. The EDRs of R-1 and R-4 
recorded the longitudinal delta-V for 150 ms. This 
limitation may not affect the data analysis since the 
time duration of a car-to-car collision is 
approximately 150 ms in general. 
 
In the case 1 of the multiple rear-end collision test, 
the EDR delta-V time history of R-1 in the first crash 
phase agreed well with the results obtained by the 
accelerometers and video. In the third crash phase, 
according to the different definitions for the 
beginning of the crash event, the delta-V time 
histories of R-1 obtained from the accelerometers and 
video showed a phase delay from the EDR data. The 
phase delay can be adjusted by shifting the EDR time 
zero. The difference between the values of delta-Vs 
of R-1 in the third crash phase became minimal by 
shifting the EDR time zero. 
 
 

Longitudinal(O-1)

-25

-20

-15

-10

-5

0

0 50 100 150 200

Time(ms)

D
el

ta
-V

(m
/s

)

A-EDR A-C Ave. A-R and A-L Video EDR

MaxΔVA-EDR MaxΔVEDR

m/s m/s m/s %
A-1 front-left 8.9 7.8 -1.1 -12.4
A-2 front-right 9.1 7.2 -1.9 -20.9

2 A-4 front-right 2.0 1.8 -0.2 -9.7
Pole 3 P-3 s ide-right 15.7 11.4 -4.3 -27.2

-1.9 -17.5
2.4 18.9Root mean square

Difference

1

Average  

car to car
90 degree

side impact tes t

impact-
direction

Test type No. Model

Table 6. 
Comparison results of lateral maximum delta-V in accident reconstruction tests (0 to 80 ms)
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Figure 9.  Delta-V time history curves obtained 
from EDR and A-EDR for longitudinal direction 
in car-to-car 90-degree side impacts. 
 
In the first crash phase, the delta-V time histories of 
R-2 obtained from the EDR and video were 
comparable for the entire period of 200 ms. In the 
second crash phase, the delta-V time histories of R-2 
obtained from the EDR and accelerometers were 
comparable for 100 ms, however the data obtained 
from the center floor accelerometer (A-C) was not 
usable after 120 ms due to the measurement error. In 
the second crash phase, the delta-V time histories of 
R-2 obtained from the video was significantly 
different from the data obtained from the EDR and 
accelerometers. High speed video analysis indicated 
the independent motion between the outer body shell 
(on which the target marks for video analysis were 
attached) and the inner main body (in which the EDR 
and accelerometers were fixed).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Delta-V time history curves obtained 
from EDR and A-EDR for lateral direction in car-
to-car 90-degree side impacts. 
 
The independent body motion could be possible since 
R-2 was sandwiched between R-1 and R-3 in the 
second crash phase. 
In the second crash phase, the delta-V time histories 
of R-3 obtained from the EDR, video and 
accelerometers were comparable for the entire period 
of 200 ms. 
 
In the case 2 of the multiple rear-end collision test, 
the EDR delta-V time history of R-4 in the first crash 
phase agreed well with the results from the video and 
accelerometers. In the third crash phase, the delta-V 
time histories of R-4 obtained from the 
accelerometers and video showed an apparent phase 
delay from the EDR data again according to the 
different definitions of time zero. 
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Figure 11.  Delta-V time history curves in multiple rear-end collision tests. 
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Accordingly, the difference between the values of 
delta-Vs of R-4 in the third crash phase became 
minimal by shifting the EDR time zero for about 50 
ms. 
In the first crash phase, the delta-V time histories of 
R-5 obtained from the EDR, video and 
accelerometers were comparable for the entire period 
of 200 ms. In the second crash phase, the delta-V 
time histories of R-5 obtained from the EDR and 
accelerometer (A-EDR) were almost comparable for 
200 ms. However, the data obtained from the video 
was different from those obtained by the EDR and 
accelerometers. One of the reasons causing this 
difference was previously mentioned for the R-2 
second crash.  
In the second crash phase, the delta-V time histories 
of R-6 obtained from the EDR, video and 
accelerometers were comparable for the entire period 
of 200 ms. 
 
Figure 12 compares the longitudinal delta-V time 
histories obtained by the EDR with those obtained by 
the accelerometers and video in the pole impacts. The 
EDR longitudinal delta-V time history of P-1 was 
significantly different from the data obtained from 
the video and accelerometers. One of the factors 
responsible for this difference was the delay 
detecting the crash event by the airbag sensors 
located in the front side members. The data obtained 
from the accelerometer attached on the ACM (A-
EDR) was not usable after 50 ms due to the 
measurement error. 
In the cases of P-2 and P-3, the EDR longitudinal 
delta-V time history was comparable with that 
obtained from the accelerometer attached on the 
ACM (A-EDR) 
 
Figure 13 compares the lateral delta-V time histories 
obtained by the EDR with those obtained by the 
accelerometer (A-EDR) and video in the side pole 
impact. The EDR delta-V time histories in lateral 
direction of P-3 were obtained for 80 ms at the 
positions of ACM, B-pillar and C-pillar where the 
airbag sensors were installed. Each of the EDR 
lateral delta-V time history was different according to 
the location of the measurement. The EDR lateral 
delta-V time history curve recorded in the ACM was 
comparable with that of the C-pillar. At about 70 ms, 
each of the EDR lateral delta-V became a similar 
value. The slope of the EDR lateral delta-V curves of 
the ACM and C-pillar was less steep as compared 
with the result obtained by the video and 
accelerometer.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Longitudinal delta-V time history 
curves in frontal and side pole impacts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Lateral delta-V time history curves in 
side pole impact. 
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ABS-ECU and Engine-ECU Data in Accident 
Reconstruction 
 
Diagnosis data recorded in the ABS-ECU and 
engine-ECU were downloaded by using a scan tool 
(Denso DST-2) from the cars that were tested. Two 
cars (P-2 and P-3) were crashed with the engine 
idling and the remaining cars were tested with the 
engine stopped. In the cases of P-2 and P-3, onboard 
diagnosis (OBD) connectors were severely damaged 
and the ABS-ECU and engine-ECU were not 
diagnosed by the scan tool. In other cases, the 
diagnoses for the ECUs were conducted successfully 
by the scan tool; however, useful information, 
including pre-crash vehicle conditions, was not 
available from the ECUs except in one case (A-4). In 
the case of A-4, the diagnosis data, including the 
vehicle speed, were downloaded from the ABS-ECU 
successfully. 
 
A-4 was the target car in the car-to-car 90-degree 
side impact test and its right rear wheel was damaged 
during the collision. The diagnosis data included the 
vehicle speed and the rotational velocity of the four 
wheels as follows: 

Vehicle velocity: 15.6 m/s 
R. F. wheel: 14.4 m/s, L. F. wheel: 15.6 m/s 
R. R. wheel:  4.4 m/s, L. R. wheel: 16.1 m/s 

The vehicle velocity recorded in the ABS-ECU (15.6 
m/s) corresponded to the EDR impact velocity (15.6 
m/s). When one of the ABS sensors is damaged 
during collision, the ABS-ECU may record the 
vehicle speed and wheel velocities at the event of the 
ABS malfunction. 
 
CONCLUSIONS 

With respect to ABS-ECU, engine-ECU, and Event 
Data Recorder (EDR), two types of crash test data 
are analyzed in this study. The first type is the J-
NCAP crash tests. The analysis of the J-NCAP data 
is for understanding the EDR characteristics under 
standardized crash test conditions. The second type is 
the real-world accident reconstructions for evaluating 
the performance of those ECUs under highly 
complex and/or severe crash conditions. The 
conclusions are summarized as follows: 
・ The pre-crash velocities recorded by the EDR 

were highly accurate and reliable when cars 
proceeded without braking prior to the collision. 
The accuracy and reliability of the EDR impact 

velocity could be affected by the braking 
conditions and the EDR time zero information. 

・ The accuracy and reliability of the maximum 
delta-V recorded by the EDR decreased under 
highly complex or severe crash conditions, as 
compared to the results obtained from the 
standardized crash tests. The factors responsible 
for this result were attributable to the 
characteristics of the accelerometers used in 
EDR, the large deformation at the location of the 
airbag control module, vehicle body rotation in a 
collision, etc. 

・ When one of the ABS sensors installed in an 
impacted vehicle was damaged during collision, 
the ABS-ECU recorded the vehicle speed and 
the tire rotational velocity of the four wheels at 
the event of an ABS malfunction. 

・ The engine-ECU could record the vehicle speed 
information when the engine was damaged 
during collision. In order to obtain and 
understand the information of the engine-ECU, 
crash tests are recommended to be carried out 
with the engine running. 
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ABSTRACT 
 
This paper investigates the feasibility of using event 
data recorders (EDRs) to characterize the crash 
avoidance behavior of drivers involved in rear end 
collisions.  The study is based upon the records of 
112 crashes from NASS/CDS 2000-2007 with 
associated EDR pre-crash data and of sufficient 
severity to deploy the frontal air bag.  The study 
examined three factors affecting driver response to an 
impending rear collision: driver age, driver alcohol 
use, and road lighting condition.  Crash avoidance 
actions of the drivers were inferred from the pre-
crash EDR records of vehicle speed, throttle position, 
engine speed (RPM), and service brake status five 
seconds prior to impact.  Factors considered included 
time of brake application prior to impact, peak 
braking deceleration, and the time history of throttle 
position.  For these cases, this study combined EDR 
pre-crash records with NASS/CDS case records 
including scene diagrams and site photos to 
determine driver crash avoidance actions. 
 
INTRODUCTION 
 
Previous research on driver pre-crash behavior has 
relied heavily upon controlled driver testing or 
observation, e.g., as in a driving simulator (Lee et al, 
2002) or naturalistic driving studies (Neale et al, 
2005).  Even when detailed crash reconstructions of 
real world crashes are conducted, there is significant 
uncertainty concerning the crash avoidance actions of 
the driver prior to impact.  Event Data Recorders 
(EDRs) can provide a new tool to study this issue.  
Because current generation EDRs record up to five 
seconds of pre-crash vehicle data, these devices have 
the potential to provide important new insights into 
pre-crash driver behavior under real world crash 
conditions.   
 
The focus of this study is on rear-end collisions.  An 
accurate characterization of driver pre-crash actions 

in rear-end collisions is important in the design of 
collision-mitigation systems or radar braking 
systems.  Although the study which follows examines 
rear collisions only, the study of many different 
collision modes could benefit from the use of EDR 
pre-crash records.  Rear-end collisions have the 
advantage that this crash mode is readily defined.  In 
addition, the typical crash avoidance maneuvers are 
braking and throttle reduction – both of which are 
recorded by current generation EDRs.  Other crash 
modes, e.g. passing collisions or lane departure, 
could be examined in future studies as EDRs record 
other pre-crash parameters, e.g., steering inputs and 
yaw rates.    
 
OBJECTIVE 
 
The objective of this paper is to determine the 
feasibility of using EDRs to characterize the driver 
pre-crash behavior in rear-end collisions. 
 
APPROACH 
 
The study was based on cases extracted from the 
National Automotive Sampling System / 
Crashworthiness Data System (NASS/CDS) 2000-
2007 with associated EDR data.  The National 
Highway Traffic Safety Administration (NHTSA) 
now has the records of over 3,100 EDRs downloaded 
during NASS/CDS crash investigations.  All cases 
were downloaded by NASS investigators in the field 
using the Bosch Crash Data Retrieval (CDR) system.  
The EDRs in this dataset were exclusively from 
General Motors (GM) cars and light trucks of model 
year 2000-2006. 
 
The GM EDRs in our dataset recorded 5 seconds of 
pre-crash data in one-second intervals on vehicle 
speed, engine speed, engine throttle setting, and 
brake status.  Vehicle speed is in units of miles/hour.  
Engine speed is in units of revolutions per minute 
(RPM).  Engine throttle setting is reported in percent 
wide open throttle (% w.o.t).  Brake status is limited 
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to on or off, and does not record brake application 
force. 
 
Composition of Data Set 
 
This study included only EDR cases from GM 
vehicles in which the EDR recorded pre-crash data 
and the crash was of sufficient severity to deploy the 
frontal air bags.  In GM EDRs, deployment of the air 
bag locks in the EDR data so that it can not be 
overwritten by subsequent events.  The dataset was 
limited to rear-end collisions in which the subject 
vehicle was the striking vehicle.  The resulting 
dataset contained 112 cases.  Synopses of two of the 
cases in the dataset are presented below. 
 
Example Case 1 
 
Vehicle 1, a 2004 Buick LeSabre, was traveling south 
on a dry asphalt roadway during clear daylight 
conditions.  Vehicle 2, a 2001 Buick Century, was 
traveling south in the first lane of the same roadway 
as vehicle 1.  Vehicle 2 then changed lanes in front of 
vehicle 1 and attempted a left hand turn.  The front of 
vehicle 1 contacted the rear of vehicle 2 causing 
moderate damage to both vehicles.  Vehicle 1 was 
driven by an 18 year old with, according to the NASS 
case, no presence of alcohol.  The vehicle scene is 
shown in Figure 1.  The frontal damage to vehicle 1 
and the rear damage to vehicle 2 are shown in Figure 
2 and Figure 3. 
 

 
 

Figure 1.  NASS/CDS Case 2004-12-081 scene 

 
 

Figure 2.  NASS/CDS Case 2004-12-081 frontal 
damage to Vehicle 1 

 

 
 

Figure 3.  NASS/CDS Case 2004-12-081 the rear 
damage to Vehicle 2 

 
Both vehicles were towed from the scene of the crash 
due to damage. Both occupants were wearing their 
seat belts.  Vehicle 1’s EDR data are presented in 
Table 1.   
 

Table 1.  Striking Vehicle (V1) Pre-Crash EDR 
data (NASS/CDS Case 2004-12-081) 

 
Time 
(sec) 

Speed 
(mph) 

Brake 
Throttle 
(%wot) 

Engine 
RPM 

-5 55 OFF 6 1600 

-4 55 OFF 6 1472 

-3 55 OFF 0 1472 

-2 55 OFF 0 1408 

-1 55 OFF 0 1408 

 
Based on the EDR data, the driver of V1 did not 
brake at any time.  The engine RPM dropped slightly 
from 1600 RPM at 5 seconds before impact to 1408 
at 1 second before impact.  The vehicle speed was 
unchanged in the five samples of pre-crash data.  
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There was a possibility that the driver of V1 did not 
see V2 pull in front of their vehicle and stop.   
 
Example Case 2 
 
Vehicle 1, a 2000 Chevrolet Cavalier and Vehicle 2, 
a 1993 Plymouth Acclaim were traveling south on a 
four lane, undivided asphalt roadway in the passing 
lane with the Acclaim ahead of the Cavalier.  Vehicle 
2 was stopped waiting to make a left turn when the 
back of vehicle 2 was struck by the front of vehicle 1.  
The Cavalier was driven by a 44 year old male who 
attempted both steering and braking intervention 
prior to the impact.  The impact resulted in air bag 
deployment.  The crash scene is shown in Figure 4. 
 

 
 

Figure 4.  NASS/CDS Case 2004-08-162 scene 
 
The frontal damage to the Cavalier and the rear 
damage to the Acclaim are shown in Figure 5 and 
Figure 6. 
 

 
 

Figure 5.  NASS/CDS Case 2004-08-162 frontal 
damage to Vehicle 1 

 
 

Figure 6.  NASS/CDS Case 2004-08-162 the rear 
damage to Vehicle 2 

 
Both vehicles came to rest just a few feet south of the 
point of impact and both were towed from the scene 
due to damage.  The driver of Vehicle 1 was using 
his seat belt.  The EDR data is presented in Table 2 
and graphically in Figure 7. 
 

Table 2.  Striking Vehicle (V1) Pre-Crash EDR 
data (NASS/CDS Case 2004-08-162) 

 
Time 
(sec) 

Speed 
(mph) 

Brake Throttle 
(%wot) 

Engine 
RPM 

-5 48 OFF 4 1728 

-4 46 OFF 4 1664 

-3 47 OFF 38 2624 

-2 47 ON 4 1728 

-1 17 ON 4 1024 
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Figure 7.  Striking Vehicle (V1) Pre-Crash EDR 
data (NASS/CDS Case 2004-08-162) 
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Based on EDR data, the driver of V1 first undertook 
crash avoidance actions about 2 to 3 seconds prior to 
the crash.  Note that at 3 seconds before impact, the 
driver appeared to have stepped on the accelerator 
although this resulted in only a negligible increase in 
speed.  At about 2 seconds prior, the driver applied 
the vehicle service brake, which significantly slowed 
the vehicle.   
 
Factors expected to affect pre-crash driver 
behavior 
 
This study examines the crash avoidance actions of 
drivers just prior to a rear-end collision.  The specific 
parameters of interest are the time prior to collision at 
which the driver took one of two actions: braking or 
release of the throttle.  Other crash avoidance actions, 
e.g. lane changing or swerving, are also possible.  
However, these actions are not recorded by most 
current generation EDRs.   
 
We hypothesize that a number of driver or 
environmental factors could affect the time a driver 
requires to react to an impending rear-collision.  This 
paper examined driver age, driver alcohol 
involvement and road lighting.  Driver age was 
disaggregated into three groups: teens (13-19 years 
old), adults 20-64 years of age, and older drivers 65 
years or older.  A driver was designated as alcohol 
involved if (a) driver blood alcohol concentration was 
not zero or (b) if the police accident report indicated 
that the driver was drinking.  It is expected that this 
method will miss a small number of drivers who had 
been drinking.  But as our dataset was composed 
predominantly of non-drinkers (over 90%) this error 
is not expected to greatly affect our results.  Lighting 
condition of the highway was divided into two 
groups: daylight crashes and non-daylight crashes.  
Non-daylight crashes included crashes on dark, but 
lighted, highways, dark unlighted highways, and 
crashes at dark or dusk.   
 
Driver Pre-crash actions 
 
The EDRs in our dataset recorded five seconds of 
pre-crash data prior to impact in one second 
increments.  The EDRs did not record pre-crash data 
at or just prior to the time of impact.  Data for the 
following vehicle parameters was available: (1) status 
of the brake (on/off), (2) percent throttle, (3) engine 
speed (RPM), and (4) vehicle speed (mph).  These 
parameters were only available on GM vehicles for 
vehicles from approximately model year 2000 
onward.  Older EDRs did not record pre-crash data.   
As markers of when the driver began to attempt to 
avoid an impending crash, we computed the first time 

during this 5 second pre-crash interval that the brake 
was applied, and the time at which the driver 
removed his/her foot from the accelerator and in turn 
decreased the engine throttle.  This calculation 
includes both those drivers that took crash avoidance 
actions and those that did not as reported by the EDR. 
 
It should be noted that these markers are estimates of 
the time when a driver took crash avoidance action.  
Because EDR pre-crash data is captured at the 
relatively slow rate of one sample per second, driver 
actions taken between samples will not be measured 
until the pre-crash parameters are read one second 
later.  These pre-crash parameters are not measured 
synchronously (Chidester et al, 1999).  Also, their 
time of measurement may differ from the timing 
indicated in the Bosch CDR download (Wilkinson et 
al, 2006).  In this study, we assume that the average 
of many cases will approach a 1 second interval 
between measurements. 
 
The time of first brake application was defined to be 
that time when the brake transitioned from brake-off 
to brake-on.  EDR records of the time of first brake 
application could range from -5 to -1 seconds prior to 
collision.  If the EDR had no record of driver brake 
application, our analysis arbitrarily set the brake 
application time to 0 seconds. The time of throttle 
release was defined to be that time when the percent 
throttle equaled zero after being non-zero at the 
previous time step.  The EDR record of the time the 
throttle was released prior to collision could range 
from -5 to -1 seconds.  If the EDR had no record of 
throttle release, the time of throttle release was 
arbitrarily set to 0 seconds. In some cases, the throttle 
was zero throughout the entire 5 second pre-crash 
interval.  The throttle release time for these cases was 
arbitrarily set to -5 seconds.  The period of non-
throttle use may have been longer, but the EDR 
would not include a record earlier than -5 seconds.  
The average response time for braking or throttle 
released was computed for each group.  NASS/CDS 
weights were applied in the computation of all 
averages to provide a national estimate of driver 
response to rear collisions. 
 
GM EDRs only indicate whether the service brake 
has been applied rather than brake application force.  
For this study, brake application force was estimated 
from the pre-crash time history of vehicle speed.  
Maximum brake deceleration in G’s was computed 
using the maximum ΔV in one second.  The EDR 
records wheel speed not the actual vehicle speed.  
Cases in which the brakes appeared to lock-up, e.g. 
from braking on ice or gravel, were omitted from the 
analysis as vehicle speed is incorrectly recorded in 
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these cases.  In some cases, the brake and throttle 
were applied simultaneously.  Our method made no 
compensation for the engine throttle.   
 
RESULTS 
 
Table 3 shows the distribution of cases by driver age, 
driver alcohol involvement and lighting condition. 
 

Table 3.  Composition of the Data Set for Rear-
End Collisions with Pre-Crash EDR Data from 
GM MY 2000+ vehicles (NASS/CDS 2000-2007) 

 
Variable Raw Number 

of Cases 
Weighted 

Number of 
Cases 

All 112        50,762  
   
Driver Age   
 13-19 yrs 19         4,131  
 20-64 yrs 77       36,698  
 65+ yrs 14         9,645  
 Unknown 2            288  
    
Alcohol   
 Not Drinking 100       48,779  
 Drinking 12         1,983  
    
Lighting Condition   
 Daylight 72       36,641  
 Not Daylight 40       14,121  

 
Figure 8 and Figure 9 present the distribution of 
times for first brake application and throttle release.  
On average, the drivers in our dataset first applied the 
brakes on average 1.7 seconds prior to impact.  On 
average, drivers released the throttle 2.1 seconds 
prior to impact.  For over 20% of drivers, the EDR 
contained no record of brake application prior to 
impact.  For approximately 30% of drivers, the EDR 
record did not contain any evidence that the throttle 
was released prior to impact.  
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Figure 8.  Cumulative percent of drivers applying 
brakes as a function of time to collision 

(NASS/CDS 2000-2007, GM MY 2000+ vehicles) 
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Figure 9.  Cumulative percent of drivers releasing 
the throttle by time to collision (NASS/CDS 2000-

2007, GM MY 2000+ vehicles) 
 
Effect of Driver Age 
 
Figure 10 presents the influence of driver age upon 
the average time of brake application for drivers who 
struck another vehicle in a rear-end collision.   
Reaction time clearly declines with driver age.  Older 
drivers 65 years and older were the slowest drivers to 
respond to an impending rear-end collision.  Teen 
drivers, despite being the least experienced drivers, 
were the quickest to apply brakes.  On average, teens 
applied the brakes 2.2 seconds prior to impact 
whereas older drivers delayed until 1 second prior to 
impact to apply the brakes. 
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Figure 10.  Average time of brake application 

prior to rear-end collision as a function of driver 
age (NASS/CDS 2000-2007) 

 
By contrast, there was little difference in the time at 
which the throttle was released between the three age 
groups as shown in Figure 11.  On average, all three 
groups of drivers released the throttle approximately 
2 seconds prior to impact.   
 
The number of drivers who took no evasive action 
varied by age group.  16% of teen drivers never 
applied the brakes whereas nearly 30% of drivers 65 
years and older did not apply the brakes.  
Approximately 30% of drivers of all age groups 
either did not release the throttle or released the 
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throttle within 1 second of impact.   Note that these 
figures are based on a small number of cases (19 teen 
drivers, 77 adult drivers, and 14 older adult drivers), 
and should be revisited when larger data sets are 
available. 
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Figure 11.  Average time of throttle release prior 
to rear-end collision as a function of driver age 

(NASS/CDS 2000-2007) 
 
As shown in Figure 12, younger drivers applied the 
brakes with greater force than did older drivers.  
Average maximum vehicle deceleration for younger 
drivers was 0.61 G, but was only 0.16 G for drivers 
65 years and older.  For purposes of comparison, 
normal braking decelerations are typically 0.20-0.25 
Gs.  It is unknown if this age difference is due to a 
overreaction by younger drivers or a lack of strength 
by older drivers.   One limitation of this calculation is 
that the EDRs in our dataset did not have the ability 
to measure deceleration in the final second preceding 
impact.  Because older drivers did not apply brakes 
until approximately one second before impact on 
average, this limitation may have led to an 
underestimate of the braking level applied by this 
category of drivers. 
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Figure 12.  Average pre-crash vehicle deceleration 

prior to rear-end collision by driver age 
(NASS/CDS 2000-2007) 

 
Effect of Driver Alcohol Involvement 
 
Figure 13 and Figure 14 show the effect of alcohol-
involvement upon driver rear-end collision avoidance 

actions.  On average, alcohol-involved drivers 
reacted substantially slower to an impending crash 
than did drivers without alcohol involvement.  
Drivers without alcohol involvement applied their 
brakes an average of 1.7 seconds prior to impact 
while drivers with alcohol involvement delayed until 
0.7 seconds prior to impact.   
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Figure 13.  Average time of brake application 

prior to rear-end collision as a function of driver 
alcohol use (NASS/CDS 2000-2007) 

 
As shown in Figure 14, drivers with alcohol 
involvement were similarly slower to respond to an 
impending collision by releasing the throttle.  Drivers 
without alcohol involvement released the throttle, on 
average, 2.2 seconds prior to impact whereas drivers 
with alcohol involvement released the throttle only 
one second prior to the collision.  36% of drivers with 
alcohol involvement did not release the throttle or 
released the throttle within 1 second of impact.  For 
drivers with alcohol involvement, 31% of drivers did 
not apply the brakes prior to the rear-end collision.   
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Figure 14.  Average time of throttle release prior 

to rear-end collision as a function of driver alcohol 
use (NASS/CDS 2000-2007) 

 
Note that these figures are based on a small number 
of cases (110 drivers without alcohol involvement 
and 12 drivers with alcohol involvement), and should 
be revisited when larger data sets are available. 
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Effect of Roadway Lighting Condition 
 

Figure 15 and Figure 16 examine how driver crash 
avoidance actions are affected by highway lighting 
conditions.  Drivers in daylight were quicker to apply 
the brakes (1.9 seconds prior to impact) than drivers 
in non-daylight conditions brakes (1 second prior to 
impact).  By contrast, there was little difference in the 
time of throttle release.  On average throttle release 
occurred approximately 2 seconds prior to collision 
regardless of lighting condition.  
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Figure 15.  Average time of brake application 
prior to rear-end collision as a function of 

highway lighting condition (NASS/CDS 2000-
2007) 
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Figure 16.  Average time of throttle release prior 

to rear-end collision as a function of highway 
lighting condition (NASS/CDS 2000-2007) 

 
The fraction of drivers who took no evasive action by 
brake application or throttle release was a strong 
function of lighting condition.  In daylight, only 13% 
of drivers failed to apply the brakes prior to impact.  
In contrast, nearly half (46%) of drivers in non-
daylight conditions did not apply the brakes before 
impact.  Likewise, almost half (43%) of drivers 
operating at night did not release the throttle or 
released the throttle within 1 second of impact, as 
compared to 27% of drivers operating in daylight.   
 
 
 

LIMITATIONS 
 
This study has a number of limitations summarized 
below: 
 
• The study was based on a limited dataset.  The 

findings of this study should be revisited when a 
larger EDR dataset is available.  Our study 
provides numeric estimates of the delays in crash 
avoidance actions caused by these factors. 
Nevertheless, the results presented here should 
be viewed primarily as the trends that will be 
observed when this method is applied to a larger 
dataset.   

• The dataset was composed exclusively of GM 
cars and light trucks.  It is not known how the 
results generalize to drivers of other vehicles. 

• The GM precrash EDR data used in this study is 
sampled at the relatively slow rate of once per 
sample.  Hence, the recorded time of driver 
actions may be delayed by up to one second.  
This limitation will be improved upon 
implementation of NHTSA Rule 563 [NHTSA, 
2008] which requires that precrash data to be 
recorded at one sample per 0.5 second. 

• In addition, the GM precrash EDR data used in 
this study is not sampled precisely at 1 second 
intervals.  In this study, we assume that the 
average of many cases will approach a 1 second 
interval between measurements. 

• There may be cross-interactions between the 
factors which control rear-end collision 
avoidance actions.  For example, alcohol 
involved drivers may preferentially drive at 
night.  Because of the small dataset, the 
magnitude of these interactions could not be 
determined. 

• The analysis of driver actions which affect driver 
reaction time to an impending rear-end collision 
did not consider road conditions which may have 
obscured the struck vehicle.  A more complete 
analysis with a larger dataset should also 
consider the effect of road curvature, glare, 
hillcrests, and other conditions which could 
obscure the road and ahead. 

• Braking deceleration levels were computed 
based on vehicle pre-crash speed.  Because the 
last speed recorded by EDRs is at one second 
prior to impact, brake deceleration level could 
not be estimated during the one second prior to 
impact.  In some cases, the braking force applied 
in the final second may have exceeded the peak 
deceleration computed earlier in the event, and 
would cause peak deceleration to be 
underestimated. 
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CONCLUSIONS 
 
This paper has investigated the feasibility of using 
EDRs to characterize the driver pre-crash behavior in 
rear-end collisions.  The study has examined the 
influence of driver age, driver alcohol involvement 
and the lighting condition of the highway the time 
required by a driver to react to an impending rear-
collision.   
 
• Time of first brake application slows with driver 

age.  The older drivers in our sample were 
slower to apply brakes than all other drivers (1 
second prior to impact).  Teen drivers were the 
quickest to apply brakes (2.2 seconds prior to 
impact).  Teen drivers also applied the brakes 
with greater force than did older drivers (0.6 G 
vs. 0.1 G’s). Driver age had little influence on 
the time that the throttle was released. 

   
• Drivers who had used alcohol were substantially 

slower to take crash avoidance actions than non-
drinkers.  Alcohol usage delayed both brake 
application and throttle release. 

 
• Brake application was slower at night than 

during daylight presumably because the vehicle 
ahead was more difficult to see.  Lighting 
conditions did not however change the time of 
throttle release. 

 
This study has shown the potential of using EDR pre-
crash records to determine how the timing of crash 
avoidance actions is affected by both driver condition 
and the state of the environment.  Although the study 
focuses exclusively on rear-end collisions, the study 
of many different collision modes could benefit from 
the use of EDR pre-crash records.   
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ABSTRACT
Advanced technologies in environmental sensing, 
situational perception and new actuators that allow 
individual situational based interventions in braking, 
steering or controlling the chassis characteristics are 
giving new option for the enhancement of automotive 
safety. Especially primary and pre-crash safety 
systems profit from these new opportunities and their 
potentials. The vision of an “accident free driving” 
was born. In a first wave advanced systems for 
mitigating or avoiding longitudinal accidents were 
developed and were actually penetrating into the 
market. Therefore the question of the safety benefit 
that is achievable with these systems in real world 
accidents arises. The paper tries to find an answer for 
actual Mercedes-Benz primary and pre-crash safety 
systems.
Primary safety systems are designed to help to avoid 
accidents or, if that is not possible, to stabilize 
respectively reduce the dynamics of the vehicle to 
such an extent that the secondary safety measures are 
able to act best possible. The effectiveness is a 
measure for the efficiency, with which a safety system 
succeeds in achieving this target within its range of 
operation in interaction with driver and vehicle. Based 
on Daimler’s philosophy of the “Real Life Safety” the 
reflection of the real world accidents in the systems 
range of operation is both starting point as well as 
benchmark for its optimization.   
Development objective for primary safety measure is 
the avoidance of accidents. But avoided accidents are 
not contained in an accident data base. Thus the 
efficiency of a primary safety measure in contrast to a 
secondary safety measure can not be determined 
directly from accident data. Up to now, the 
effectiveness of a primary safety system has usually 
been determined in retrospect, through changes in the 
accident statistics, or prospectively by appropriate 
tests such as, for example, driving simulator tests with 
test persons or driving tests in the field e.g. naturalistic 
driving studies. All methods have advantages, but also 
disadvantages. Challenge is to extract components 
needed and reassembling them in a new method to be 
able to estimate the safety benefit of the advanced 
systems usually consisting of warning and reacting 
components. This paper discusses the future 
requirements on these components, their establishment 
and on the accident data and its collection.  

This paper deals with the methodology to perform 
assessments of statistical representative efficiency of 
primary safety measures. To be able to carry out an 
investigation concerning the efficiency of a primary 
safety measure in a transparent and comparable way 
basic definitions and systematic were introduced. 
Based on these definitions different systematic 
methods for estimating efficiency were discussed and 
related to each other. The paper is completed by 
estimating the safety benefit in real world accidents of 
purchasable Mercedes-Benz safety systems for 
assisting the driver in longitudinal accidents. 

INTRODUCTION 
In its white paper on the safety of road users the 
European Union set a 50% reduction in the number of 
fatalities among European road users by 2010 as its 
common goal. Japan has set a similar target and also 
the US is actively pursuing advances in road safety. 
The actual progress is illustrated in fig. 1. 

Mercedes-Benz contrasts these initiatives with its 
vision of Accident-Free Driving. For Mercedes-Benz, 
automotive safety is not just a question of fulfilling 
crash tests. Mercedes innovations in the area of 
vehicle safety have been based successfully on 
findings of accident researchers for 40 years. Reality 
still is and continues to be the benchmark for the 
development of effective primary and secondary 
safety measures made by Mercedes-Benz. The history 
of contribution to the increase of vehicle safety is 
long: defined crumble zone and stiff passenger cell, 
safety steering system, driver and front-passenger 
airbag, PRE-SAFE® – a system offering integrated 
safety by anticipating an impending accident based on 
data shared with primary safety measures and 

Fig. 1: Trend of fatalities in road accidents 2001-2007(08)
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activating protective measures in advance - to name 
just a few examples for secondary measures. But there 
were also very effective primary safety measures 
which were developed in close cooperation with 
Mercedes-Benz and hence had their first offer to the 
market in a Mercedes: ABS in 1978, ASR 1987, ESP 
in 1994, BAS in 1996, DISTRONIC PLUS and Brake 
Assist PLUS in 2004, PRE-SAFE® Brake in 2005 
(Stage 1) respectively 2009 (Stage 2). 
These primary safety measures address primarily 
longitudinal accidents. For all accidents with fatalities 
they are second to crossing accidents (fig2). We obtain 
14 percent for accidents with traffic moving ahead, 
waiting or starting and an amount of 7 percent for 
stationary vehicles manoeuvring or parking. The share 
of material damage only and fatalities is nearly 50%. 

The development of modern safety measures is a 
holistic process which is based on accident research, 
basic research on driver behaviour (situation based 
human or operating error) and the intensive 
investigation of driving scenarios that lead to a 
hazardous situation that might end in an accident. 
Building on that the development of new sensor, 
perception and actuator technologies as well as basic 
functionalities and their integration to a system takes 
place. A holistic approach and a close multi-
disciplinary collaboration of different specialists are 
needed. An accident researcher as well as an expert on 
assisting systems, simulation, ergonomics or vehicle 
dynamics working on their own will produce 
insufficient results. Therefore Mercedes-Benz 
establishes interdisciplinary teams of experts to 
manage this demand. During the development process 
ample simulation series [18], system tests at test areas 
[12] and driving simulator tests are used to design and 
optimize the assistance systems [8]. During the final 
step customer-orientated testing of the system is 
organized. However, after the system is introduced it 
takes several additional years for it to penetrate the 
market. Only then it is possible to gain information on 
its efficiency based on real world accident statistics. 
Many of these systems take more than a decade of 
years to achieve a sufficient penetration rate.  
Primary safety measures are designed to help to avoid 
accidents or, if this is not possible, to stabilize 
respectively reduce the dynamics of the vehicle to 
such an extent that the secondary safety measures are 
able to act as good as possible. Based on Daimler’s 

philosophy of the “Real Life Safety” the reflection of 
the real world accidents in the systems range of 
operation is both starting point as well as benchmark 
for its optimization. This evidence based design 
approach is predicated on the work of Béla Barényi. 
Hence the efficiency of ABS and ESP is already 
demonstrated [6], [11], [13] we will concentrate on 
Brake Assist, DISTRONIC PLUS, Brake Assist PLUS 
and PRE-SAFE® Brake (Stage 1). 

DIFFERENT STAGES OF SYSTEMS THAT 
SUPPORTS THE DRIVER BY AVOIDING OR 
MITIGATIONG LOGITUDANAL ACCIDENTS 
Braking rapidly and firmly is the best way of avoiding 
an accident in many cases. As a matter of course it is 
assumed that braking especial maximal braking is 
possible stabile, track-adherent while keeping straight 
on as well as performing an evasive maneuver 
controllable for any driver, at any speed, at any load 
condition of the vehicle, at any road surface, property 
and at any weather condition (dry, wet snowy or icy). 
Hence a modern passenger car – especially a model 
out of the premium segment- is rather a complex 
system consisting of few subsystems intertwining 
Stage 0  Basic parts of the vehicle that set the stage 

for a powerful braking (toughen up car) 
Brake system and parts of it like e.g. booster, 
tires e.g. low-section or wide-base tire, 
chassis-technologies (suspension, damper, 
active and semi-active controlled devices), 

Stage 1  Systems that are able to optimize 
respectively stabilize the movement of the 
car while braking using sensors to measure 
the movement of the vehicle (feeling car)  
ABS (Antilock System), EBD (Electronic 
Brake force Distribution), ESP (Electronic 
Stability Program)... 

Stage 2  Systems that assist the driver by an 
optimal (adaptive) braking through 
recognizing his intention (adaptive car) 
BAS (Brake Assist), ADAPTIVE BRAKE... 

Stage 3  Systems that assist the driver by 
monitoring the area in front of the car and 
deduce warnings, assist by target braking 
or intervene automatically (seeing car) 
DISTRONIC PLUS, BAS PLUS,  
PRE-SAFE® BRAKE, COLLISION 
WARNING...

Stage 4  Systems that assist the driver by interpret 
complex critical situations and deduce 
warnings, assist by target braking or 
intervene automatically (the  thinking car)                             
Reacting on: Pedestrian, crossing vehicles, 
oncoming traffic, crossings, cocooning...  

In table 1 the system “vehicle” was portrait as a 
human being respectively in corresponding education 
development levels. Remaining in this image, the 
roman idiom “mens sana in corpore sano” is the one 
who calls the shot here as well. The primary safety 
system of the stages 1 to 4 define requirements at the 
brakes as a result form their performance 
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characteristics. On the other hand technical 
innovations are the enablers for the development of 
the systems defined in stage 1 to 4. It is the classical 
chicken or the egg dilemma.  Who is driving and who 
is the one being driven?   
As a result the average (usable on concrete) 
deceleration of a passenger car increases from 8.5m/s² 
in the early 90´s [10] to more than 9.5m/s² in the 
beginning of 2000. The 40m-barrier, a former limit for 
the braking distance out of a velocity of 100km/h, 
were gone below by many new launched cars.  The 
penetration of ESP in the market provides braking 
systems that could be triggered additionally by a 
system – independently from the driver’s brake 
initiation. ESP by itself requires an increased dynamic 
of the brake system. 
The requirements pertain all parts of the brake system 
as well as their environment and design parameters, 
implemented respectively controllable functionalities, 
their ability to build up or reduce pressure and last but 
not least their communicational interface. Demands 
from a functional point of view are for example a 
close following of the build-up respectively decrease 
of the brake pressure and the brake pedal movement. 
In the case of a braking that is initiated and controlled 
by a system there has to be reproducible fast pressure 
build-up respectively reduction as well as slow and 
comfortable pressure build-up and decrease. The first 
is needed to realize BAS or autonomous pre-crash 
braking functionalities the second one to realize 
Advanced Cruise Control and Stop-and-Go functions. 
The brake pedal should not be moved or loaded by 
pulsations by the brake system in the case of an 
autonomous triggered or controlled braking (ABS ...). 
There should be a measurement for effort and travel of 
the brake pedal, an adaptive variable ration of the 
amplification of brake pressure and pedal effort is 
desirable. The requirements on the dynamics of a 
system triggered or controlled build-up or decrease of 
brake pressure is growing. Driven by pre-crash safety 
systems and primary safety systems for lateral control 
gradients of over 400 bar/s in the range of  5 to 100 
bar for building-up pressure and of more that 1000 
bar/s for decrease pressure in the whole range are 
realistic. The accuracy should be less 0.5 bar in the 
range up to 50 bar. There should be an open 
communication interface. Fig. 3 shows the interaction 

of the brake and the primary safety measures of stage 
1 to 4. Area of action of the systems of stage 2 and 
above is the reduction of the stopping distance while 
the brake system reduces the brake distance and gives 
the basic parameters for the systems to build upon.  
Each new car model has to meet the demand of the 
state-of-the-art in his segment at least during its 
manufacturing cycle of about 8 years. So there are 
growing requirements at each component of a new 
model especially at the braking system.  
Enhanced safety when braking results from a powerful 
brake in combination with a configuration of primary 
safety measures of stage 1 to stage 3. Mercedes-Benz 
has very efficient systems on all these stages. This 
should be demonstrated in the next sections of this 
paper were systems of all stages are analyzed 
regarding their efficiency in Real Life Safety. 

USEFUL DEFINITIONS ABOUT EFFICIENCY 
For analyzing the effect of primary safety measures it 
is useful to define terms that describe abstract 
characteristics of an accident or concrete accidents of 
a given characteristic e.g. in an existing data base. A 
characteristic could be e.g. a parameter that produces 
an accident like the conflict, an environmental 
parameter like ice or a property like skidding. Another 
useful distinguishing feature is that between the 
relative and the absolute effect. To be able to do so the 
definitions from [24, 25] were adopted.  
The area of conflict [AoC] of a primary safety 
measure is defined as the pooling of abstract 
standardized conflict situations, in which the primary 
safety measure should be operating, avoiding or 
reducing accident severity due to its specifications. 
Use-cases which can be categorized as accidents are 
an example that makes up an “area of conflict”. A 
(representative) accident data base is the origin for the 
following explanations. It contains all kinds of 
accidents. Often it is useful to restrict the analysis to 
accidents which confirm to certain requirements – e.g. 
accidents with a certain severity.  
The area of reference [AoR] is the set of cases that 
form the basis for the analysis. Depending on the type 
of question that has to be answered, a different set of 
accidents for the area of reference is selected, for 
example only fatal accidents or accidents with 
severely injured casualties.  The area of action [AoA]
is defined as the mapping of the area of conflict in 
representative real life accident data contained in the 
data base respectively the AoR. It is the totality of 
accidents contained in AoR which correspond to the 
conflict situations in the area of conflict.  
The area of efficiency [AoE] is defined as the subset 
of the area of action, in which the primary safety 
measure is able to avoid or mitigate the severity of 
accidents. For this subset of AoA the design 
specifications satisfy the physical parameters of the 
accidents. The degree of efficiency [DoE] is defined 
as the quotient of the number of accidents in the area 
of efficiency and in the area of action. The adjunct 
“representative” is used to clarify that the allocation 

Fig. 3: Presentation of the sequence driver reaction and brake 
reaction in the case of an emergancy brake reaction 
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accident data base was representative. The efficiency 
is defined as the quotient of the number of accidents in 
the area of efficiency and the number of accidents in 
the area of reference. The absolute efficiency is given 
by the efficiency when AoR and AoA are equal to the 

accident data base. These definitions were introduced 
to reduce confusion resulting from ambiguous usage 
of the concept of “efficiency” for nearly everything in 
parallel. They should help to strengthen the way of 
looking at the thinks behind in a common way. By 
definition AoR is a subset of the (representative) 
accident data base, AoE is a subset of AoA and AoA
itself is a subset of AoR. An illustration of the terms is 
shown in Fig. 4. Figuratively speaking, AoC of a 
safety system Y corresponds to those use-cases of Y 
that could be represented by conflict situations and if 
the worst comes to the worst result in an accident. 
The Brake Assist System (BAS) was designed to 
assist the driver in is Here the AoC for example can 
consist of the accident types “collision with traffic 
moving ahead, waiting or starting”, “collision with a 
pedestrian crossing the street”. For illustration we 
choose GIDAS for the accident data base in this 
example. For exemplification AoR is chosen to be the 
set of all accidents (and their documentation) in 
GIDAS with injury MAIS 3+ (seriously injured). AoA
then is a subset of all accidents contained in GIDAS 
with injury MAIS 3+ which were of the kind collision 
with traffic moving ahead, waiting or starting or 
collision with a pedestrian crossing the street. AoE is 
the subset of these cases where the (BAS) had / would 
have had an effect on the severity of this particular 
accident. The degree of efficiency is the proportion of 
elements of AoE and AoA.  
So far efficiency quantifies the number of accidents 
which are likely to be influenced by the analyzed 
primary safety measure. So the efficiency is a 
proportion respectively a number. For the design or 
the assessment of a primary safety measure it is more 
important to get the two summands producing 
efficiency than the value for efficiency itself: 
efficiency =  proportion of avoided accidents + 

            proportion of accidents with mitigated severity 
The aim of primary safety measures is to prevent 
accidents. Thus the “proportion of avoided accidents” 
or the “efficiency in avoiding accidents” is the most 
important characteristic of a primary safety measure. 

The “proportion of accidents with mitigated severity” 
or the “efficiency in mitigating accidents” is hardly 
interdependent by classification measure that 
describes the performance of the mitigated severity 
over AoE.

DATABASES FOR ANALYZING EFFICIENCY 
For the studies contained in this paper, three different 
databases were used: 
[a] The 50 percent random sample selected out of two 

years from the accident statistics of the German 
National Statistics Office, were all Mercedes-Benz 
vehicles involved in one of the contained accidents 
are visible for evaluations carried out by 
Mercedes-Benz. 

[b] The GIDAS-database. 
[c] The central spare-parts logistics database of 

Mercedes-Benz. It describes in detail all delivered 
spare-parts (for the analyzed model) in Germany. 

The choice of the accident data base used for an 
efficiency analysis of a primary safety measure 
determines whether the results can be applied to 
official accident statistics or not. The reflection of 
these figures by real world accident statistics is an 
essential benchmark for judging the system’s 
efficiency. Representativity of an accident data base 
means that its composition and characteristics 
resemble (of a defined severity) with the composition 
and characteristics of the allocation base – here the 
entirety of all accidents e.g. in Germany. In other 
words a smaller sample set (accident data base) is a 
consistent image of the big allocation base. It is a 
popular fallacy that representativeness of an accident 
data base correlates respectively growths with its size. 
This is only true for a data base that consists of an 
undistorted sample of accidents. Here a minimum 
number of samples that could be analyzed are needed 
to become statistical significant. For a distorted 
respectively focused selection increasing samples size 
tightened its missing representativeness.  
Representativity of an accident data base is the basis 
to be able to educe universally valid evidences for the 
entirety of all accidents from analyzing a smaller (but 
representative) image established in the accident data 
base. The GIDAS data base is proved to be 
representative for accidents with injuries and fatalities 
in Germany. This is why GIDAS is used in this paper. 
Some results were supported by findings from driving 
simulator studies. The results for experiments at a 
driving simulator have the unique advantage that they 
demonstrate the variance of human driver behaviour in 
a fixed accident situation remaining the same for all 
different drivers. This investigation method provides 
conclusions about the thinks that can lead to hazardous 
situations. In [14] the use of a driving simulator in the 
development process of assisting systems is described. 
To cover the wide spread of conflicts that lead to a 
rear-end accident the efficiency is calculated as a 
mean of several typical rear-end accidents [1, 8, 26]. A 
lot of sensitivity and experience is needed to gain 
reliable figures that describe the real life efficiency. 

Figure 2: Illustration of definitions about efficiency
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GIDAS DATABASE - A STATISTICAL 
REPRESENTATIVE SAMPLE OF ACCIDENTS 

Some analysis in this paper are based on accident data 
provided by the GIDAS project. GIDAS is an 
abbreviation for “German In-Depth Accident Study”. 
GIDAS is a cooperative project between the German 
Association for Automotive Technology Research 
(Forschungsvereinigung Automobiltechnik e.V., FAT) 
and the German Federal Highway Research Institute 
(Bundesanstalt für Straßenwesen, BASt). In its current 
form it was founded in 1999 see [17], [30] for more 
details. Since this time the data for in-depth 
documentations of more than 2000 accidents per year 
is collected in two research areas – the metropolitan 
areas around Hanover and Dresden (fig. 5).  

The criterions for choice and collection are: (1) road 
accident, (2) accident in one of the research areas, (3) 
accident occurs when a team is on duty in a defined 
timeframe, and (4) at least one person in the accident 
is injured, regardless of severity. For each accident a 
digital folder is delivered according to carefully 
defined guidelines and coded in a database. Depending 
on the type of accident, each case is described by a 
total of 500 to 3,000 variables, containing e.g. accident 
type and environmental conditions (the type of road, 
number of lanes, width, surface, weather conditions, 
time of the day,…) surroundings of the accident scene, 
vehicle-type, vehicle specifications (mass, power, 
tires, …) and configurations (primary and secondary 
safety measures), documentation of damage of the 
vehicles and injury data for all persons involved and 
their medical care. Investigation of all cases is “on the 
spot” to ensure best visibility of traces for a best 
possible reconstruction. Each accident is reconstructed 
in detail including the pre-collision-phase. Available 
information includes initial vehicle and collision 
impact speed, deceleration as well as the speed 
sequence of the collision.  
Half the battle of the pro of this database is that: (1) 
for standard AoA´s (needed for the assessment of 
actual safety measures) the number of cases is high 
enough to provide statistically significant results, and 
(2) each accident is documented in great detail, 
including in-depth-analyses and reconstructions of the 
course of the accidents including the pre-crash phase, 
and (3) most of all this database is proven to be 
representative to German National Accident Statistics.

PROVED EFFICIENCY OF BRAKE ASSIST – 
THE GRANDFATHER OF ALL COLLISION 
MITIGATION SYSTEMS 

Brake Assist (BAS) was derived from the observation 
that drivers apply the brakes in emergency situations 
fast but normally did not reach maximum capability of 
the brake system. Brake Assist (BAS) identifies 
emergency braking situations by a continuous 
comparing of the speed at which the brake pedal is 
activated. If this speed exceeds a specific limit which 
also depends on the current velocity of the car and an 
actuation travel of the brake pedal, the Brake Assist                            
(only true for design version of Mercedes-Benz other 
brand or supplier use different strategies for driver 
assistance) automatically builds up the highest 
possible brake pressure. The actual deceleration of the 
vehicle increases instantly to the maximum possible 
value. This implementation strategy reduces the 
braking distance substantially. Comparable with ABS, 
BAS is actually integrated into the architecture of the 
Electronic Stability Program (ESP) in Mercedes 
passenger cars. This guaranties a vehicle moving 
straight ahead or a vehicle performing a maximal 
evasive maneuver during the emergency braking true 
to the requirements of the driver and against the 
environmental conditions.
It was due to the decision of Mercedes-Benz to install 
BAS 1997/98 as standard equipment in all passenger 
cars that the efficiency of the system was measurable 
in the national German accident statistics of 
1999/2000. On the basis of a representative sampling 
of the accident figures complied by the Federal 
Statistical Office in Germany, Mercedes-Benz has 
determined the accident rate of rear-end collisions per 

10.000 newly registered passenger cars. The results 
show that the involvement of Mercedes-Benz cars 
dropped by eight percent following the installation of 
Brake Assist as standard equipment. By contrast, the 
rate for passenger cars of other brands remained 
relatively unchanged during this period (see figure 6).  
Accidents with crossing pedestrians are among the 
most severe types of traffic accidents in Germany. In 
Germany nearly 13 percent of fatalities and 8 percent 
of injuries in traffic accidents result from this accident 
type in Germany in 2006 [16]. As well as the effective 
support in the case of a rear end collision BAS 

Fig. 6: Efficiency of BAS in rear-end collisions: number of 
accidents down by 8 percent thanks to BAS 
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Figure 5: GIDAS-the research areas around Hanover and Dresden
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supports the driver in these accident situations. The 
evaluation of German accident statistics before and 
after the introduction of Brake Assist as standard 
equipment in all Mercedes-Benz automobiles showed 
that severe collisions between cars and crossing 
pedestrian dropped by 13 percent. For the passenger 
cars of other manufactures the share of pedestrian-
related accidents resulting in fatalities or severe 
injuries decreased by one percent during the observed 
time period (figure 7). 

 Mercedes-Benz has extensively tested the function 
and operation of Brake Assist. Each test confirms the 
positive effect of BAS in increasing the braking power 
in emergency situations – an earlier initiation of the 
braking force and an operation at the maximum usable 
braking force. Both lead to shorter average stopping 
distances in sum. One result was a reduction of the 
stopping distance on a dry road for a velocity of 
100km/h of 45 percent. A group of 100 drivers was 
therefore observed. Thanks to the usage of the Brake 
Assist they gained a reduction of their average 
stopping distance. In the investigated unforeseeable 
critical situation a reduction from 73 meters to an 
average stopping distance of 40 meters was achieved.

Another finding was based on an experiment in the 
driving simulator in Berlin [7]. In this study, 55 test-
persons were driving on an urban road at a velocity of 
approximately 50km/h. While driving through a town 
suddenly a pedestrian (a child) crosses the road from 
the left to the right. In order to avoid the collision the 
test person had to perform a panic braking. In 45 
percent for all situations a collision with the pedestrian 
occurred. The result was that drivers with vehicles 

equipped with BAS had an accident rate of 32 percent, 
where as drivers in the reference group using the same 
vehicles without am equipment of BAS had an 
accident rate of 58 percent. Fig. 8 shows this 
significant difference depending on whether the 
vehicle was equipped with Brake Assist or not. A 
closer look at the drivers of vehicle equipped with 
BAS reveals that all drivers who managed to activate 
Brake Assist could avoid the collision, accidents only 
occurred when BAS was not activated by the driver’s 
actuation of the brake pedal. Brake Assist showed a 
benefit of reducing the accident rate by 26 percent in 
total or 55 percent relatively. 
Supporting conclusions are drawn by LAB [23]. Here 
the system is called EBA (emergency brake assist) to 
specify the implemented strategy for assistance which 
is equivalent to the Brake Assist discussed here. Based 
on the French national injury accident census samples 
of BAS-relevant accident situations were identified. 
Via a logistic regression a risk for an involvement of 
an equipped and unequipped car was calculated. The 
evaluations result in a good effectiveness of Brake 
Assist: -7.5 percent of car occupant fatalities, -10 
percent of pedestrian fatalities estimated by the used 
methodology versus in the national French census 
observed reduction of -11 percent overall injuries. 
In a recent study carried out by the BASt [15] the 
safety impact of improved vehicle safety on the 
development of accidents of passenger cars on rural 
road were analyzed. Based on an evaluation of the 
German National Accident Statistics of the years 2000 
to the year 2005 on rural roads, BASt estimated a 
disproportionate decrease of accident figures for 
newer vehicles in BAS-relevant situations compared 
to all situations. The equipment rate of cars with all 
kind of realization strategies and implementations of a 
Brake Assist System grows from 6 percent in 2000 to 
20 percent in 2005. The involvement of cars younger 
than 2 year in BAS-relevant accident deceases by 41 
percent, of older cars (in between 5 to 14 years old) 
decreases by 31 percent while the involvement in the 
comparable non-BAS-relevant accidents decreases by 
20 percent only. 

PRIMARY SAFETY MEASURES BASED ON 
ENHANCEMENTS IN ADVANCED CRUISE 
CONTROL TECHNOLOGY 

FROM DISTRONIC TO DISTRONIC PLUS 

Mercedes-Benz calls his advanced cruise control (acc) 
DISTRONIC (DTR). It was presented in 1998. The 
system combines the cruise control function with a 77 
Gigahertz long-range radar sensor. For an intrinsic 
speed in the range between 30 to 180 km/h DTR can 
set a value for vehicle speed and another value for a 
time based distance maintaining to a vehicle in front. 
Below an intrinsic speed of 30 km/h DISTRONIC 
automatically switches off. Its maximum dynamic to 
decelerate is 2m/sec². The assisting System 
DISTRONIC tries to keep the vehicle at the desired 

Fig. 8: Results from experimental tests concerning the 
function and operation of Brake Assist in the closed loop 
with the driver.

Fig. 7: Efficiency of BAS in avoiding serious accidents with 
crossing pedestrians: down by 13 percent thanks to BAS 
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speed until it detects a slower vehicle in front. In this 
case DTR reduces the intrinsic speed so that the 
planned distance to the car in front is kept. If DTR 
reaches its system limits the control task is handed 
over to the driver. DISTRONIC also contains optical 
and audible collision warning. 
Selective further developments of DISTRONIC lead 
to DISTRONIC PLUS [1, 8] in 2005. The 77 GHz 
long range radar was combined with two 24 GHz short 
range radar sensors. The algorithms for situation 
perception and assessment were enhanced. This 
improvement enlarged the operating range from 0 
km/h to 200 km/h. Furthermore the extend of the 
operating area of the proximity control widened, 
covering now a range between 0.2 m and 150 m. Last 
but not least an advanced dynamic range for 
deceleration was achieved, too (fig. 9). As such, 
automatic braking is now provided up to 4m/s² 
depending on the intrinsic speed.  

Where are the differences between DISTRONIC and 
DISTRONIC PLUS that are relevant for their ability 
to mitigate or if physically possible avoid rear-end 
accidents? 
While the conventional DISTRONIC can not …  

automatically brake to a standstill, 
DISTRONIC PLUS can.  
“sense” a car standing still after braking to 
standstill DISTRONIC PLUS can.  
decelerate with more than 2 m/sec² 
DISTRONIC PLUS can decelerate 
automatically with 4m/sec² up to an intrinsic 
velocity equal 50 km/h, between an intrinsic 
velocity of 50-150 km/h with a deceleration 
in the range from 4 m/sec² to 2 m/sec², and 
above 150 km/h with 2 m/sec². 
control speed and distance in the range from 
0-30 km/h for intrinsic velocity and in 
proximity up to 0.2 meters, DISTRONIC 
PLUS can. 

Like all other advanced cruise control system 
DISTRONIC is an assisting system that increases the 
comfort of distance and speed control for the driver. 
The driver has to switch on this system to get this kind 
of assistance. It remains the same with DISTRONIC 
PLUS; it has to be switched on by the driver to get its 
functionality. 
The advanced situation perception and assessment 
based on the use of 24-GHz radar, the extended 
dynamic and enlarged system limits cover the 
dynamic of more than 50% of rear-end accidents. In 

sum these additional features give DISTRONIC PLUS 
the opportunity to mitigate respectively avoid rear-end 
collisions. 

FROM BRAKE ASSIST TO BRAKE ASSIST PLUS 

Brake Assist, which was first introduced by Mercedes-
Benz in 1996, has proven to be an effective primary 
safety measure. It provides assistance to the driver in 
avoiding accidents or mitigating their severity as we 
saw in a preceding section. But the triggering of the 
assistance - the power boost with all available brake 
pressure – stands or falls with two variables. On the 
one hand the identicalness of the individual speed has 
to be taken into account. On the other hand the pedal 
force applied by the driver is a decisive feature. Both 
variables employed during the pre-crash phase 
preceding an actual accident with its thresholds is 
taken as the basis for activation. The driver is “the 
sensor of the Brake Assist System for detecting 
emergency situations and triggering its assistance”. 
The driver can cancel the maximum brake support by 
releasing the brake pedal. The activation of the 
pressure boost is depending on the under lying 
characteristic diagram that has to warrant that an 
emergency braking is triggered in (objective) 
emergency situations only. The design of this diagram 
is on the horns of a (design) dilemma - faced with a 
choice between two evils. To decrease the thresholds 
to much might result in unintended assistances 
although it would trigger the assistance in more 
emergency situations. The way out of the dilemma 
was to increase the reliability of the interpretation of 
the brake reaction preformed by the driver for those 
situations whenever there is a vehicle in front.  This 
new strategy has the ability to raise the rates of 
activation reported in [7, 26] for the case of rear-end 
collisions precisely. By this, it is able to prevent 
additional rear-end crashes in relation to the 
“classical” Brake Assist without environmental 
perception.  
The results of an evaluation of over 800 representative 
brake reactions of driver in a pre-crash phase leading 
to a rear-end collision shows that these additional 
efforts pays off. More than 43 percent show a brake 
reaction in average (see fig. 10). The amount of 25 
percent of driver that actually show no reaction is 
demanding for collision warning to initiate a reaction.  

Figure 9: Short- and long range radar – filed of view (S-Class)

Figure 10: Reaction of the driver of the car that hits the car in 
front in the case of a rear-end collision (representative GIDAS 
evaluation of 839 accidents, 12-2006)
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BRAKE ASSIT PLUS – A SENSOR BASED 
EXTENSION OF MERCEDES BRAKE ASSIST 
TO COLLISION WITH A VEHICLE IN FRONT 

A stringent further development of BAS [8, 1] based 
on intensive work of the accident researchers was 
adding of “environmental sensing” i.e. the integration 
of (two) radar sensors systems to monitor and evaluate 
the traffic situation in front of the car. Design 
objective was to detect vehicles using the same lane in 
the same direction moving, starting or braking down 
to stand still.  
The 77-GHz and two 24-GHz radar systems 
complement each other. The 77-GHz long-range radar 
is able to scan three lanes over a distance up to 150 
meters with an angel of nine degrees. Two 24-GHz 
radar sensors monitor the immediate area in front of 
the vehicle from 0.2 up to 30 meter with an angle of 
80 degree for each sensor (Fig. 9). With this radar-
based environmental perception the situation 
evaluation algorithm of BAS PLUS can detect 
imminent rear-end collisions to identified obstacles. If 
there is currently one detected BAS PLUS does in 
parallel:  

(1) BAS PLUS calculates continuously the 
actual braking assistance required to avoid a 
collision with a vehicle ahead by target 
braking (not necessarily a full braking). The 
calculated braking pressure is available as 
soon as the driver applies the brake.  
While the conventional Brake Assist requires 
a (specific) reflex activation of the brake 
pedal, BAS PLUS only requires a pressure on 
the pedal that shows the clear intention for 
braking. (But it does not perform without a 
driver stepping on the brake – its remains a 
brake ASSIST.) This measure increases the 
number of activations considerably compared 
to BAS [14]. While the conventional BAS 
only can provide full braking pressure, BAS 
PLUS provides a situational depending 
braking pressure needed for a target braking. 
(2) BAS PLUS warns the driver with an 
audible signal, prompting him to take action. 
This warning sub function is an additional 
difference between conventional BAS and 
BAS PLUS. Thereby BAS PLUS is able to 
support drivers that misjudge criticality, 
react inert or got distracted. This warning 
increases the number of driver braking in 
these conflicts.

The BAS PLUS system is an additional option 
working efficient especially in the case of rear-end 
collisions; naturally the (classical) BAS remains 
always available. Of course it continues to provide its 
efficient assistance in all accident situations. It proved 
itself especially helpful in those cases, in which the 
radar sensors failed to detect the objects or where an 
alert driver sticks to be a more efficient sensor than 
radar.  As an extension of Brake Assist BAS PLUS is 
an “always-on” system like ABS or ESP. BAS PLUS 

is a component part of the DISTRONIC PLUS 
package not available as a stand-alone system. For this 
reason and since these systems are not standard 
equipments respectively their penetration rate is far 
below 100 percent it is not possible to determine their 
efficiency from a retrospect evaluation of the National 
Accident Statistics as it was done for BAS. A new 
method had to be utilized. 

INCREASED EFFICIENCY OF INTER-
CONNECTING SYSTEMS CAUSED BY 
IMPROVED ENVIORNMENTAL PERCEPTION 

A representative study was carried out to answer one 
question in particular: how many real-life rear-end 
collisions could be prevented if all passenger cars 
were equipped with this radar-based interconnecting 
assisting systems? 
This kind of evaluation is demanding for highly-
developed simulation techniques. Each component 
like the primary and secondary safety measures, 
vehicle, driver and environment has to be modeled in 
detail taking their dynamic interactions into account. 
Especially the behavior of the mechatronical parts and 
control systems is challenging.  
For a precise investigation of these components 
accident data were selected from GIDAS (database 
12-2006). This category contains all rear end 
collisions with injuries, in which a passenger car 
collides with another vehicle in front, constituting a 
representative sample of rear-end collisions with 
injured persons in Germany. The resulting AoA 
consists of 839 in-depth evaluated accidents, 
especially containing reconstruction data. This data 
represent a picture of the conflicts. Fig. 10 and 11 
were results of analysis them. Fig. 11 displays the 
distribution of the driver behavior in the pre-crash 
phase on motorways. Remarkable is the opposite 
behavior of the brake reaction in the existence of a 
traffic jam. 

The assumptions on which the following efficiency 
analysis is based are very important; they are chosen 
to be very conservative:  
DISTRONIC PLUS and BAS PLUS as well as 
DISTRONIC and BAS were emulated in detail as they 
were implemented in the cars on the road and tested 
virtually in assuming: 
• the equipment rate of both systems is 100%, 
• BAS PLUS is activated permanently, 

Figure 11: Driver reaction in rear-end collisions on freeways, 
motorways. (Basis: representative GIDAS evaluation, 12-06)
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• DISTRONIC PLUS as well as DISTRONIC is 
activated for 100% in extra urban driving on 
freeways and highways,  

• Conservative assumptions with respect to the 
behavior of the driver during the accident: 

Driver behavior remains unchanged,  
A possible reaction of the driver to all kinds of 
collision warnings is not modeled. 
A driver model for activating BAS is used.   

With this conservatively defined scenario a lower limit 
for the efficiency of the combination of DISTRONIC 
PLUS and Break Assist PLUS in the case of rear-end 
collisions in Germany is gained. The results were 
taken from [24].  
The safety potential of the interaction of DISTRONIC 
PLUS and BAS PLUS becomes especially evident 
extra urban on highways and freeways or motorways. 
Here the interacting system combination prevent over 
37 percent of rear-end crashes in average. In another 
31 percent of these collisions, the systems can help to 
greatly reduce accident severity. This is due to the 
large share of accidents in which drivers do not react. 
In much over 80% of these crashes were driver did not 
react a switched-on DISTRONIC PLUS is able to 
avoid the collision due to its implemented dynamic 
operating range. If not, the collision speed is reducing 
dramatically. Since the effect of an implied warning 
was ignored, this is all the more amazing. The 
importance of this is referred to the fact, that on 
German motorway about 57 percent of all fatalities 
and 62 percent of all serious injuries happened on this 
road category in 2006 [16]. 
In those accidents in which the driver brakes so far, 
DISTRONIC PLUS reduces energy in his car until the 
point in time when the driver applies the brake thus 
far. After this point BAS PLUS optimizes braking 
reaction of the driver to a target brake. This avoids 
many accidents or at least reduces their severity 
especially in the situations with traffic jam.  

In the case of the interconnecting systems BAS and 
DISTRONIC the analysis shows that the number of 
rear-end crashes drops about 9 percent. A reduced 
severity is obtained additionally in another 16 percent.  
In the case of the interconnecting systems BAS PLUS 
and DISTRONIC PLUS the share of avoided rear-end 
collisions is above 20 percent. The proportion of 

accidents with significantly reduced severity adds to it 
with 25 percent. The results were illustrated in fig. 12. 
The results show that DISTRONIC PLUS and Brake 
Assist PLUS complement one another in a perfect 
way, provided that DISTRONIC PLUS is switched on. 

SIMPLIFIED ANALYSIS OF THE INFLUENCE OF 
THE DRIVER – INITIATING AND PREPONING 
THE BRAKE REACTION 

The following assumptions about the driver were 
made in the previous efficiency analysis:  
• Driver behavior remains unchanged.  
• A possible reaction of the driver on all kinds of 

collision warnings is not modeled.
What’s that suppose to mean against the background 
of efficiency? A warning can effect 2 basic reactions: 
(1) If the driver does not react in the original accident 
without a warning, it is to be assumed that he would 
do so – with a certain probability. 
(2) If the driver reacts in the original accident, two 
different cases had to distinguish: 

(a) The reaction was before he could be aware of 
the warning, then it is to be assumed that the 
warning would have had no influence on the point 
in time of his reaction. 
(b) The reaction was after the warning, and then it 
is to be assumed that the warning would have had 
influence on the point in time of his reaction. With 
a certain probability the collision warning will lead 
to a Preponing of the reaction – close(r) to the 
warning. In none of these cases the (observed) 
reaction point in time would have been regarded 
stable or preponed by the warning.  

So the assumptions made are very conservative, but 
the consideration of a driver reaction on the warning 
would (only) improve but in no case impair the 
efficiencies.  
Figure 13 shows simplified the efficiency resulting 
from a preponing of brake reaction in time for all 
drivers who already showed a break reaction in the 
reconstructed accidents taken from GIDAS. An 
average preponing period of 0.2 sec to 0.3 sec. for the 
brake reaction initialized by a warning seems to be 

Figure 13:  Prepone the driver’s brake reaction in time - 
parameter study showing proportion of avoided rear-end crashes 
(Basis: Subset of those accidents in which driver actually braks) 

Figure 12: Effectiveness of the sytem combination 
DISTRONC and BAS respectively DISTRONIC PLUS and 
BAS PLUS in avoiding real life rear-end colisions or 
mitigating their severity
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realistic. Such a preponing would reduce the 
probability of a collision by 20-30 percent in the case 
of rear-end collisions. From a technical point of view 
Brake Assist is a situational adaptive boost initiated by 
the driver. This boost is able to decrease the build-up 
time of the break pressure to its maximum by 200 – 
250 milliseconds. The difference to the observed 8 
percent is what could be reached by intelligent 
triggering.  
Adaptive Brake is the name of the Mercedes hydraulic 
braking system that is electronically controlled. It 
allows priming of the braking system. If the driver’s 
foot removes rapid from the accelerator pedal as in an 
emergency situation the braking system is able to 
increase the pressure in the brake lines and therefore 

brings the brake linings into light contact with the 
brake discs. This saves time for building up the brake 
pressure in the range from 20 to 100 milliseconds. Its 
effect could be estimated from fig. 13. Adaptive Brake 
is part of the standard equipment of the W221. 
Beside preponing the brake reaction the idea of 
performing a full braking before an unavoidable crash 

is oblivious. The efficiency of both is given in figure 
14. Here the proportion of brake and no brake reaction 
of the approaching driver is hold constant to the ratio 
that is contained in the GIADAS data. Fixing the 
parameter of the time the full braking is triggered 
before an inevitable crash we can determine  the mean 
reduction of collision speed of the car colliding with 
the vehicle in front as well as its distribution (fig 15). 
The effect of an electronic crumble zone becomes 
apparent. 25 percent of all rear-ender profit on that. 

PROVED EFFICIENY OF THE DISTRONIC 
PLUS SYSTEM PACKAGE - BASED ON 
DATAMINING OF SPARE- PARTS LOGISTICS 

In this section we will present the results of the 
evaluation measuring the real-life safety efficiency of 
the so-called DISTRONIC PLUS assistance package, 
a special equipment option for the S-Class model 
W221. The assisting system DISTRONIC PLUS could 
only be ordered in form of this package. The 
DISTRONIC PLUS package as analyzed later on 
consists of: 

DISTRONIC PLUS 
Brake Assist PLUS (BAS standard equipment) 
PRE-SAFE® Brake (stage 1) 

as well as 
Park Assist with Park Guidance 

PRE-SAFE® Brake (stage 1) is an extension of 
Brake Assist PLUS that triggers an automatic partial 
braking and decelerates the vehicle at a rate up to 
4m/s² if the driver has not respond to the warnings of 
Brake Assist PLUS resulting from an impending rear-
end collision. In addition to the visual and acoustic 
warnings of Brake Assist PLUS its triggered partial 
braking provides the driver with a clear signal for 
acting. If the driver applies the brakes immediately, 
the maximum braking force is available thanks to 
Brake Assist PLUS. Depending on the driving 
situation the accident can be avoided at the last 
minute. If the accident is unavoidable, the PRE-
SAFE® Brake reduces the severity of the impact and 
in turn, the risk of injury to the vehicle occupants. The 
strategy based on the interconnecting with Brake 
Assist PLUS and its warning is highlighted in fig. 16. 

Figure 14:  Parameterstudy preponing the driver’s brake reaction 
in time versus triggering a full braking a certain period befor an 
unavoidable crash (keepin a fixed proportion reaction/no reaction) 

Figure 16:  PRE-SAFE® Brake stage 1
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Figure 15:  Parameterstudy efficiency of a pre-crash braking  
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DISTRONIC PLUS and its extended functionalities 
base on the enhanced technology of Adaptive Brake 
which is the name for hydraulic braking system that is 
electronically controlled and hence allowing  
advanced (comfort and) safety subfunctionallities like: 
brake drying and priming. Adaptive Brake is standard 
equipment in the W221. 
This evaluation is based on the data of the spare parts 
for the S-Class model W221 delivered to all 
workshops or body shops in Germany in the period 
from launching the W221 model until the 31.10.2008. 
In this period about 40.000 cars were sold and 
registered in Germany. About 40 percent were 
equipped with the DISTRONIC PLUS package. The 
other 60 percent were equipped with parking 
assistance. The data base contains orders of nearly 
2700 front and 3500 rear bumper.  
The basic idea (fig. 17) is to follow the flow of the 
impact energy on its wave of destruction through the 
crash structure elements in the front respectively rear-
end. 

The body of a Mercedes-Benz passenger car provides 
impact protection in three stages. These stages are 
triggered progressively in the severity of the impact.  

At an impact speed up to approximately 4 km/h the 
plastic bumpers and their associated foam plastic 
components absorb the impact energy and then 
resume their original shape. 
In an impact up to 15 km/h, the energy is absorbed 
by the front cross member and the crash boxes in 
the front end module. Thus the structural members 
situated further aft (longitudinal members for 
example) are protected. 
At speed exceeding 15km/h, sturdy front end side 
members also share in the task of absorbing impact 
energy. The forces are transmitted in four 
directions: firstly along the cross members in the 
front end module, secondly along the longitudinal 
members behind the crash boxes; thirdly along the 
upper side members above the wheel arches and 
fourthly transferring via the front wheel into the 
side structures. 

This crashworthiness is equal for front and rear crash 
structures. Therefore a first approximation of the 
collision speed as an indicator for the severity of the 
impact could be deduced by the passed threshold of 

these characteristic trigger points for plastic bumper, 
cross member, crash box and structural members 
behind the crash box. It is illustrated by figure 18. The 
collision speed helps to relate the order to a damage 
caused (probably) by a parking or a frontal accident. 

Coming back to the evaluation of the data, the first 
task is to identify those orders that belong to a repair 
that was caused by a frontal (or rear) crash. Simplified 
the task is to identify closed chains like:  

plastic bumper  
plastic bumper and cross member 
plastic bumper and cross member and side member 
and so on. 

The second task is to match the chains to the ordered 
extras “DISTRONIC PLUS package”, “Park Assist”, 
“no extra”. A more principle task is to differentiate 
ordering resulting in repairs and in no-repairs (tuning 
reconstructions for example).  
The results gained for the front-end side were 
contained in figure 19. The figures demonstrate that 
the rate of repairs for those cars which were equipped 
with the DISTRONIC PLUS package was reduced for 
all three ranges of energy equivalent collision speeds. 
The rate of repairs containing a front-end bumper were 
reduced by 5 percent, a front-end bumper in 
combination with a cross member dropped by 15 
percent and repairs involving front-end bumper, cross 
and longitudinal member dropped by 25 percent. 

The basis of this analysis is spare-parts used for 
repairs. In doing so, the damage of the front and rear 
of a S-Class is categorized in terms of the needed parts 
for the repair, not in categories of the collision leading 
to this damage. Below, we try to reduce this limitation 
by using representative accident data gained by 
analyzing GIDAS. Starting points for doing so, are the 
ranges of energy equivalent speeds (EES) 
corresponding to impacts that damage these spare-
parts. The first step is to estimate the amount of total 
losses. This number could not obtained by a spare-part 

Figure 18:  Different velocity ranges due to parking and front-
end damages.

Figure 17:  Direction and flow of impact energy through the 
front-end crash structurs 

Figure 19:  Reduction of front-end spare parts used for 
repairs due to the equipment with the DISTRONIC PLUS 
package in model W221 in Germany from lunch to 10-2008
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analysis; there is no repair of such cars. The collisions 
that correlate to such high energy impacts are 
generally accidents with injured persons. Especially a 
limit for an energy equivalent speed for a total loss is 
hard to determine. (Keep in mind that the impact 
energy is only one factor, a more determinant one is 
the age of the vehicle and its current value.) Figure 20 
demonstrates the cumulative frequency of frontal 
damages of passenger cars in terms of their EES 
values (energy equivalent speeds). Following up 
collisions of one passenger car were considered by 
summing up energies. Fig. 20 shows that the damages 
corresponding to the EES range from 15 km/h to 45 
km/h are 12 times higher than those corresponding to 
EES values greater than 45km/h. By this, a lower limit 
for total losses not contained in the data is 10% 
percent of the amount of the EES range from 15 to 45 
km/h. Beyond that, figure 20 gives estimation for the 
proportion of the number of frontal collision with 
injuries and their severity corresponding to the defined 
and considered ranges for EES.  

The next task is to assign the observed efficiency of 
the DISTRONIC PLUS package in avoiding repairs to 
that kind of accident were it results from. We have to 
bear in mind that an avoided repair in one of the EES 
ranges does not mean that the corresponding collision 
is avoided. In general the damage is mitigated 
respectively shifted in another EES range. The radar 
sensors can detect only vehicles that were moving 
ahead in the same direction, waiting or starting. When 
manoeuvring or parking vehicles satisfy the above 
limitations, they might be detected as well. So we 
have to identify the fraction of rear-end collisions for 
each EES interval. The result is contained in figure 21. 

The efficiency of avoiding or mitigating rear-end 
collision results from the reduced spare-parts in 
proportion of rear-end collisions summed up over all 
intervals. By doing so, we get an efficiency of the 
DISTRONIC PLUS package in avoiding 52 percent of 
all rear-end collisions with injuries. The efficiency that 
we obtained by this method is close to the efficiency 
of 45 percent we obtained by an alternative method 
presented in a former section for a sub package 
without PRE-SAFE® Brake stage 1. A most 
gratifying development is that the DISTRONIC PLUS 
package especially avoids accidents in the ranges of 
high EES values were the probability of an serious 
injury is substantial or, if that is not possible, reduces 
the dynamics of the vehicle to such an extent that the 
secondary safety measures are able to act best 
possible. 
Now we will discus the results gained for the rear-end 
side. The figures for the reduction of spare-parts 
needed for repairs in the former discussed intervals for 
EES are contained in figure 22. The figures 
demonstrate that the rate of repairs for those cars 
which were equipped with the DISTRONIC PLUS 
package is reduced for all three ranges of damages. 
The rate of repairs containing a rear-end bumper is 
reduced by 3 percent, the need for a rear-end bumper 
in combination with a cross member dropped by 9 
percent and repairs involving rear-end bumper, cross 

and longitudinal member dropped by 38 percent. 
Again we analyzed GIDAS data to generate the 
cumulative frequency of rear-end damages in terms of 
their EES values. The graph is shown in fig. 23. For 
the rear-end damages we get a factor of 15 between 
the fraction of the EES interval from 15 km/h to 40 
km/h and the range of EES values above 40km/h. By 
this, we can approximate the total losses not contained 
in the data by 10 percent of the fraction of the EES 
interval from 15 to 40 km/h. Again fig. 23 gives 
estimation for the proportion of the number of frontal 
collision with injuries and their severity corresponding 
to the defined ranges for their severity labelled by 
EES.  
Interesting is the reduction of 38 percent thanks to the 
DISTRONIC PLUS package in the ordering of 
longitudinal members. The damage of these parts 
needs collision speeds above 15 km/h, which are not 
in the usual range of parking damages. Keeping in 

Figure 22:  Reduction of rear-end spare parts used for repairs 
due to the equipment with the DISTRONIC PLUS package in 
model W221 in Germany from lunch to 10-2008

Figure 21: Fraction of rear-end collisions with injuries and front 
damages in different EES intervals (GIDAS evaluation, 12-06) and 
avoided repairs for cars equiped with DISTRONIC PLUS package.

Figure 20:  Cumulatative frequency of  representative frontal 
demages described in terms of  EES (energy equivalent speed). 
Databasis: passenger car with deamged hood, involved in a frontal 
collision with injured persons (GIDAS 12-2006; n=9520/6008) 
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mind that both groups differ only by equipment with 
or without the DISTRONIC PLUS package, the 
reduced rate of spare parts can result only from an 
influence of it. Therefore a longitudinal member in the 
rear-end crash structure that is not broken can result 
only from an avoided collision with a car following 
behind. This proves that a system, which is originally 
designed to avoid or mitigate collisions with cars 
driving in front, can protect the driver from a crash 
with the succeeding car. The explanation for this 
phenomenon is that the components of the 
DISTRONIC PLUS package like collision warning, 
the target braking characteristic of the Brake Assist 
PLUS etc. are able to defang critical car following 
situations that might lead to a rear-end collision for the 
car equipped with this package as well as the car 
following behind. In general this will transfer a (panic) 
reaction that is fast-paced (late and hard reaction) to a 
preponed moderate one (effective by target-braking). 
Since the usually observable vehicle following 
distances require prompt and adequate reactions this 
damping behavior of the DISTRONIC PLUS package 
reduced the needed capability of the driver 
respectively the performance of the (closed) system 
driver and his vehicle. This increases the range of 
combination of response / reaction times and chosen 
intensities to avoid the collision. So, the probability 
that the driver behind reacts with a combination that 
can avoid the collision increases. Those critical 
situations appear especially in follow up collision 
situations. Fig. 24 shows that nearly each third rear-
end collision is followed by another rear-end collision. 

In this case the vehicle that was the succeeding car in 
the first collision is now the preceding car with which 
a following vehicle collides. Therefore the 
DISTRONIC PLUS package is able to avoid or 
mitigate the collision with the following vehicle as 
well. We have to identify the fraction of rear-end 
collisions for each EES interval. The result is 

contained in figure 25. We observed a fraction of 24 
percent in which rear-end collisions could be avoided 
or mitigated for the car in front thanks for its being 
equipped with the DISTRONIC PLUS package. 

Reviewing the results, we can give a positive 
summary: the predicted efficiency in avoiding or 
mitigating rear-end collisions of the DISTRONIC 
PLUS package could be demonstrated in the event of 
real life accidents for a representative large-scale 
sample size. The proofed evidence of the DISTRONIC 
PLUS package in avoiding respectively mitigating 
rear-end collisions with the vehicle following in 
behind is the significant new result.

THE KEY SAFETY PROBLEM – 
PENETRATION OF THE MARKET  

So far this paper deals with promising results: 
A normal driver is able to avoid a collision with a 
vehicle in front in 8 percent of all cases thanks to 
Brake Assist (classic). 
A normal driver is able to avoid a collision with a 
vehicle in front in 20 percent of all cases and to 
reduce the severity in an additional 25 percent 
thanks to DISTRONIC PLUS and BAS PLUS. 
A normal driver is able to avoid or mitigate each 
second collision with a vehicle in front 
respectively each fourth with a vehicle behind 
thanks to the DRISTONIC PLUS package. 

The results demonstrate that an individual customer 

can reduce considerably his risk of being involved in a 
rear-end collision for example by ordering a passenger 
car that includes this measures as standard or ordering 
it as an optional extra. They could be seen as 
milestones on the realization of an “individual” 
accident-free driving. In order to determine the 
contribution for the improvement in vehicle safety in 

Figure 24: Amount of rear-end collisions with a following up or 
subsequent rear-end collision  (Basis: GIDAS evaluation, 12-06)

Figure 25: Fraction of rear-end collisions with injuries and rear-
end damages in different EES intervals (GIDAS, 12-2006) and 
avoided repairs for cars equiped with DISTRONIC PLUS.

Primary 
safety 
system 

first 
offered  
S-
Class 

standard 
equipment  
Mercedes- 
Benz  
passenger 
car since 

penetration in 
Mercedes-Benz 
passenger cars 
registered in 
Germany in 2007 

penetration 
in passenger 
cars 
registered 
in Germany 
in 2007 

ABS 1978 1992 96% 83% 
BAS 1996 1997 75% 28%* 
ESP 1994 1999 62% 43% 
DISTRONIC 
PLUS 
package 

2005 -   1% - 

* not  comparable to BAS functionality of Mercedes-Benz in all other cars 
Table 1: Market penetration of primary safety systems 

Figure 23: Cumulatative frequencies of representative rear-end 
demages described in terms of EES (energy equivalent speed). 
Databasis: passenger car with deamged rear, involved in a rear 
collision with injured persons (GIDAS 12-2006; n=2820/2015) 
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Germany or the EU it is important to consider the 
penetration rate of such a primary safety measure. 
Tab. 1 contains the rates for selected systems equipped 
in Mercedes-Benz passenger cars registered in 
Germany in 2008. The share of the market of 
Mercedes-Benz was 9.1 percent in 2008. Due to the 
decision of Mercedes-Benz to take ABS, BAS, ESP as 
standard equipment of their passenger cars in the last 
years, the equipment rates of theses systems in 
Mercedes cars is much higher than in the actual 
vehicle population. 
Looking at the registration figures of passenger cars in 
Germany since 1991, it demonstrates that in nearly 7 
years 50 percent of all passenger cars were renewed in 
average. Assuming a mandatory introduction of a 
safety measure, how long would it take for a 
penetration of the vehicle population to reach a rate of 
65 percent? A general response to this question is 
contained in fig. 3. Keeping in mind that there will be 
extra time for standardization (3 years), legislation (3 
years) and preparation for the OEM’s (2 years) an 
extra of 8 years had to be added to the 9 years needed 

for market penetration for before a mandatory 
introduction.  

CONCLUSION 

The vision of Accident-Free Driving started as a 
research project in the DaimlerChrysler Research and 
became shortly after the vision of Mercedes-Benz. 
Both were rooted in the PROMETHEUS project 
(Program for European Traffic with Highest 
Efficiency and Unprecedented Safety) which was 
launched in 1986 by the then Daimler-Benz AG and 
was carried on as a cooperative venture of several 
European motor manufacturers, electronics producers 
and suppliers, universities and institutes for eight 
years. This cooperation resulted in numerous 
technologies with great benefits, which Mercedes-
Benz translated into concrete technical products, 
among them the autonomous intelligent cruise control 
system DISTRONIC PLUS and the automatic PRE-
SAFE® brakes – purchasable 20 years after the launch 
of PROMETHEUS. These and other technologies like 

Brake Assist and it enhancement with sensors and 
environment perception technologies play an 
important role in the vision of Accident-Free Driving.
In this paper we demonstrate the evidence of these 
systems in avoiding and mitigating the severity of 
longitudinal accidents in the event of real world 
accidents. Brake Assist, DISTRONIC PLUS and its 
sub functionalities collision warning, Brake Assist 
PLUS, PRE-SAFE® brake made a contribution to a 
significant reduction in the event of real life accidents.  
If an accident is not avoidable these systems are 
interconnected so that they can made a contribution to 
stabilize respectively reduce the dynamics of the 
vehicle to such an extent that the secondary safety 
measures are able to act best possible. PRE-SAFE® is 
the interface to secondary safety measures. It is 
offering integrated safety by anticipating an 
impending accident based on data shared with primary 
safety measures and activating protective measures in 
advance [5, 29]. Networking (in the pre-crash phase) 
between primary and secondary safety measure with 
the objective of integrating the actual dynamics of 
vehicle and passengers into account for the behaviour 
of primary systems as well as preventive occupant 
protection and individualization of secondary 
measures to increase the integral protective effect [2]. 
Mercedes-Benz is now working on the next 
generations of assistance systems that will provide 
drivers with assistance in other types of critical 
situations. Expanded environmental assessment will 
afford new possibilities in the future for 
comprehensive enhancing vehicle safety. Next 
objectives are crossing pedestrian or vehicles, 
oncoming traffic and intersection assistance [3, 21]. 
Based on Daimler’s philosophy of Real Life Safety, an 
over 40 years tradition in integration accident research 
results and in configuring systems on the basis of real 
life accidents, the work to realize the vision of 
Accident-Free Driving is continued in numerous 
research and engineering projects [22, 28].    
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ABSTRACT 
 
The project VIIS (Vehicle Infrastructure Interaction 
Simulation), an actual research project which was 
started in January 2008 has the aim to build up on 
the MARVin (Model for Assessing Risks of Road 
Infrastructure; Paper of the 20th ESV) outcomes. 
The idea is to develop a combined simulation 
system, including all kinds of RoadSTAR data 
(Road Surface Tester of arsenal research; road 
condition and trace geometry) to verify crash 
causal combinations. 
The MARVin software tool has been upgraded 
with traffic density data to get some more 
comparable and significant results. The crash 
causations regarding to poor surface characteristics 
or in-harmonic road geometry can be identified 
with a higher probability. 
 
The main work is to integrate all relevant 
RoadSTAR parameters in a simulation software 
tool. In a beginning procedure a integration in the 
software PC Crash shows some positive results. 
The challenge will be to bring the skid resistance 
values as DXF data in a high density on the virtual 
route. 
 
Virtual road sections can be designed with real 
measured data. Crash reconstructions and crash 
causal combinations (MARVin) are feasible. All 
kinds of vehicle dynamic data, which can be also 
logged in the CAN bus system, can be simulated 
and recalculated. The vehicle infrastructure 
interaction (road/tyre, suspension/tyre) in a crash 
situation leads to possible accident compensation 
measures like new in-vehicle sensors, innovative 
active safety systems, real time accident risk 
assessment, interactive road condition maps, etc..  
 
The key point for the future of traffic safety issues 
are to verify MARVin results with vehicle-
infrastructure simulations and to derive 
preventative measures either on the construction 
side or in the in-vehicle safety applications. 
 

Visions are to combine theoretical accidentology 
with practical preventative solutions. Policy, 
vehicle manufacturer, road operators and map 
providers can have a benefit resulting from this 
research. 
 
INTRODUCTION 
 
As a step beyond “accident black spot” 
identification in road transport and traffic safety 
arsenal research developed a tool called Model for 
Assessing Risks of Road Infrastructure (MARVin). 
The general objective is to link road infrastructure 
parameters with accident statistic data. Furthermore 
is MARVin a tool to assess and correlate road 
infrastructure parameters with road accidents (See 
Figure 1). More precisely, arsenal research uses the 
very detailed road database of the Austrian road 
network measured with the RoadSTAR (Road 
Surface Tester of Arsenal Research [1]). This 
database is associated with an accident data base, 
via the position of the accidents. In the accident 
database about 580.000 accidents are registered 
(1994 – 2007). As a result, the conjunction between 
the road database (approx. 24.500 km), with all 
relevant road infrastructure parameters (curvature, 
crossfall, skid resistance, texture, etc.) and the 
accident database was established. Any analysis 
with MARVin uses this combined database. 
 

 
  
Figure 1.  One of MARVin’s results projected 
on the real road: skid resistance vs. accident 
spots 
 
SIMILARITY SEARCH USING DYNAMIC 
TIME WARPING 
 
One of the most important developments and tools 
in MARVin is called similarity search, a patented 
method for the valuation of similar road segments. 
With this innovative technique the road safety 
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analyst is able to identify similar road sections in 
the road network. This is, however, not an easy 
task, as searching similar sections is not only 
finding an identical road stretch, but more looking 
for all parts that are like the sample. The task to 
identify similar road sections was solved by 
applying a computer-aided method which was 
originally developed for automatic speech 
recognition. The so called Dynamic Time Warping 
(DTW) [2, 3, 4 and 5] is a method which allows 
finding an optimal match between two given 
(multivariate) sequences (e.g. time series) with 
certain restrictions. In this case DTW yields a 
nonlinear similarity measure of different 
parameters with a given road section, the template. 
 
With this development it is possible to analyse even 
a “virtual”, not yet built road section. 
A road in the design stage with a specific trace 
geometry and road condition-parameters can be 
analyzed by comparing it to already existing road 
sections (See Figure 2). This is a very important 
step to test planned and designed roads on their 
safety characteristics. Applying this method in the 
design phase will support the accident prevention 
significantly by identifying potential hazardous 
road risks before they are built.  
 

 
 
Figure 2.  Graph showing result of the similarity 
search – example for curvature; red line shows 
the template 
 
Another approach of MARVin is to consider all 
accidents as objective as possible ("unbiased"). 
This is conceivable as the parameters of every 
accident are considered as discrete coordinates in a 
high-dimensional space. Correlations are perceived 
by different densities of the points (accidents) in 
this multi-dimensional space. Based on this 
approach, methods are developed to analyse the 
enormous amount of data. Computer-assisted 
solutions using statistical methods and/or data 
mining methods are proper tools for this task. 
Although the processing power to handle both 
accident database and road database in requires 

remarkable computing power which should not be 
underestimated.  
 
PRACTICAL WORK 
 
The first practical work with MARVin was a road 
safety check of a typical motorcycle route in 
Austria, to analyse correlations between the 
number of accidents on specific sites and the road 
infrastructure parameters. The interesting, but not 
surprising result was, that although the 
infrastructure quality of this road was very good 
(high skid resistance, perfect radii relations and 
curvature, etc.) the accident rate was rather high. 
The significant facts for the high risk potential of 
this road are the number of motorcyclists each day 
(especially at weekends) and the driven speed. 
Speed enforcement and awareness campaigns may 
lead to an accident reduction in this case. 
Moreover, MARVin was useful to support the 
development of a national directive for motorcycle 
safety within a national framework. A detailed 
check of motorcycle accident events on rural roads 
and their correlation with curve radii revealed 
interesting results. 
 
Specifically runoff accidents mostly occur in small 
radii between 50 and 150 meters; the maximum 
ratio of runoff accidents in curves is exactly for 
radii of 100m, followed by 110m and 200m. A 
detailed analysis on the relations between curve 
radii, curvature and changing crossfall and their 
influence on powered two wheelers (PTW) 
accidents is necessary. The “Similarity Search”, 
which identifies similar accident events on similar 
road sections, will also be helpful for this task and 
within further research projects. 
 
VEHICLE INFRASTRUCTURE 
INTERACTION SIMULATION – VIIS 
 
The main objective of a new research project: 
Vehicle Infrastructure Interaction Simulation 
(VIIS) is to model the interaction between vehicles 
and road infrastructure. In this sense the simulation 
will describe the effects and consequences of road 
parameters on vehicles in various driving 
situations. With this approach the simulation will 
use the findings and results of MARVin to model 
the respective road sections based on all available 
road parameters (RoadSTAR Database). It is then 
possible to simulate and analyse the event of a 
specific accident. Due to the combination of 
infrastructure and vehicle models the spectrum of 
analyses is much wider. 
  
Therefore MARVin has been upgraded with traffic 
density data to obtain more significant results to be 
used in VIIS. With this approach the crash 
causations regarding poor surface characteristics or 
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in-harmonic road geometry will be identified with a 
higher reliability. 
 
Road segments, to be used for simulation purpose, 
are designed in virtual reality but using the 
RoadSTAR DB with real measured data and a high 
sample rate (See Figure 3). Crash reconstructions 
and crash causal combination will be highly 
relevant with this. The vehicle infrastructure 
interaction (road/tyre, suspension/tyre) in a crash 
situation (or almost accident) have a major impact 
on the accident risk. New in-vehicle sensors, active 
safety systems, real time accident risk assessment, 
interactive road condition maps, etc. are 
developments to compensate that risk – and testing 
those developments in a virtual testing framework 
under realistic conditions will accelerate the 
process. 
 
 

 

 
 
Figure 3.  Two snapshot of VIIS results – skid 
resistance, rut depth and unevenness values 
used in virtual reality – causing a critical driving 
situation 
 
 
VISIONS AND FUTURE 
 
A vision for the future evolution of the proposed 
approaches and project results is to combine 
theoretical accident research with practical 
preventative solutions. It is most likely that policy, 
road operators, vehicle manufacturers, map 
providers and most of all the road users have a 
recognisable benefit resulting from this research.  
 

The next step towards that vision is to verify 
MARVin results with an innovative vehicle-
infrastructure simulation and to derive preventative 
measures either on the road construction side or in 
in-vehicle safety applications. 
 
CONCLUSIONS 
 
With the research project MARVin it is possible to 
identify significant correlations between road 
accident events and the quality of the road 
infrastructure. Various road parameters highly 
relevant for transport safety and an accident 
database are combined in this analysis. The road 
parameters are measured with the high-tech 
measurement vehicle the RoadSTAR on the 
Austrian road network. The research and 
development has already been useful to solve 
practical problems and analyses. Especially the 
development of the “Similarity Search” opens up 
new paths in crash-causes-research. The 
verification of crash-causal-combinations with an 
innovative simulation framework is an objective to 
improve the understanding of infrastructure-vehicle 
interaction during an accident. With this 
understanding a wide range of preventive measures 
to reduce accident risks are conceivable. 
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ABSTRACT 
 
The over represented number of novice drivers involved 
in crashes is alarming. Driver training is one of the 
interventions aimed at mitigating the number of crashes 
that involve young drivers. To our knowledge, Advanced 
Driver Assistance Systems (ADAS) have never been 
comprehensively used in designing an intelligent driver 
training system. Currently, there is a need to develop and 
evaluate ADAS that could assess driving competencies. 
The aim is to develop an unsupervised system called 
Intelligent Driver Training System (IDTS) that analyzes 
crash risks in a given driving situation. In order to design 
a comprehensive IDTS, data is collected from the Driver, 
Vehicle and Environment (DVE), synchronized and 
analyzed. The first implementation phase of this 
intelligent driver training system deals with synchronizing 
multiple variables acquired from DVE. RTMaps is used to 
collect and synchronize data like GPS, vehicle dynamics 
and driver head movement. After the data 
synchronization, maneuvers are segmented out as right 
turn, left turn and overtake. Each maneuver is composed 
of several individual tasks that are necessary to be 
performed in a sequential manner. This paper focuses on 
turn maneuvers. Some of the tasks required in the analysis 
of ‘turn’ maneuver are: detect the start and end of the 
turn, detect the indicator status change, check if the 
indicator was turned on within a safe distance and check 
the lane keeping during the turn maneuver. This paper 
proposes a fusion and analysis of heterogeneous data, 
mainly involved in driving, to determine the risk factor of 
particular maneuvers within the drive. It also explains the 
segmentation and risk analysis of the turn maneuver in a 
drive.  
 
 

INTRODUCTION 
 
Automobiles have greatly improved the transportation of 
goods and people around the globe. This factor in-return 
has enabled us to advance in many other areas. Crashes 
have been the most prominent danger associated with 
automobiles. These often result in serious injuries or loss 
of human life. Over 10 million people are injured yearly 
worldwide in road accidents. These include two to three 
million severely injured and 400,000 fatalities [1]. 
 
It is well known that drivers are at a greater risk during 
the early years of driving. About 95 per cent of all 
accidents are attributed to the human factor [2], whether it 
is driving too fast, lack of experience or simply 
misjudging a dangerous situation. Research indicates that 
young drivers are over represented in crashes because of a 
lack of experience, poor hazard perception, and a 
tendency to take risks [3,4]. Research suggests that the 
best learning environment for the inexperienced driver is 
the real road system under the supervision of an 
experienced driver or instructor [3,4]. 
 
Driver perception and learning of a particular driving 
hazard remains a key factor impacting road safety. In-
order to comprehensively tackle road safety issues, a 
complete and integrated framework need to be developed 
that would include and examine all the parameters that 
influence driving (i.e. cues related to road, vehicle and 
driver). This requires the need for a system that can assess 
multiple maneuvers in a driving scenario as high risk or 
low risk based on the parameters acquired from DVE. 
This paper focuses on decomposing and analyzing turn 
maneuvers.  
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Figure 1 illustrates three sensors, namely FaceLab (eye 
tracking system), MobileEye (lane and obstacle detection 
system) and Vigil System (GPS and vehicle dynamics 
data logger) to gather data from the driver, environment 
and vehicle respectively. RTMaps is used to synchronize 
data from all the above mentioned sensors.  

 
The primary driving tasks are divided into three broad 
categories: navigation and routing, guidance and 
maneuvers, and control [5]. 
 
 

 

Figure 1.  Multi-sensor system structure for Intelligent Driver Training System (IDTS)  

 
The rest of the paper is organized as follows: the next 
section will briefly mention the related research work in 
the field of modeling an integrated driving scenario. The 
following section will comprehensively present our 
approach for developing the Intelligent Driver Training 
System (IDTS). This will be followed by mapping of the 
drive and future work section. Discussion and conclusion 
will be presented in the final section.  

BACKGROUND RESEARCH 
 
Assessing Primary Driving Tasks 
 
It is well known that drivers are at a greater risk during 
the early years of driving. Researchers in [5] have defined 
the primary driving tasks as functions that are central to 
driving and without which moving a vehicle to a 
destination safely would not be possible. 
 
Many intelligent systems have focused on warning the 
driver by predicting the trajectory of an oncoming 
obstacle [7], [6]. Only a few of these systems evaluate the 
overall driving situation and need to make the driver 
aware of relevant contextual knowledge extracted from 
sensors [8].  

Execution of all these tasks is necessary for the driver in 
order to drive effectively. 
 
Responding to critical events during driving requires 
timely response. A point reiterated in literature critical of 
driver training is that more in-depth analysis of the 
driving task and traffic situations is required. This 
analysis should take into account the cognitive skill aspect 
such as hazard and risk perception, decision-making, self-
monitoring processes, learning styles, and risky attitudes 
to improve training [9, 7]. 
 
Sensors And Data Synchronization  
 
Sensor fusion combines several sensor measurements in 
order to enhance the knowledge about the state of an 
object under observation. To increase the safety and 
efficiency for transportation systems, applications need to 
combine and comprehensively evaluate the data acquired 
from multiple sensors. Over the years, different type of 
sensors like radars, Global Positioning System (GPS), 
accelerometers, gyroscopic sensors and cameras have 
been used extensively in Advanced Driving Assistance 
Systems [6,7,8].   
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Various sensors can be used to perform obstacles 
detection: laser scanner, radar range, sonar range, vision 
(monocular or binocular). Similarly a number of sensors 
have been developed to measure vehicle dynamics as 
well. Researchers are now using in vehicle mounted 
sensors to measure different aspects of driving experience 
i.e. fatigue, monotony, body movements etc. Researches 
[15,16] have emphasized the usefulness of capturing 
driver gaze behaviour in creating a robust driving model. 
 
Driving is a complex task. A single sensor alone is not 
enough to analyze such a task in a reliable manner. For 
example, GPS data has limited ability to describe or 
explain a driving situation. Furthermore a sensor can fail 
and produce erroneous data. In-order to model a complex 
driving scenario, multiple sensors data has to be merged 
to give a good representation of driving activity. Another 
hurdle in modeling a driving activity is that driving 
maneuvers can be performed with multiple styles. For 
example, indicator might not always be used just to signal 
lane change, or an overtake maneuver could involve a 
burst of speed but could also be performed by not 
accelerating hard at all [14]. Therefore it is necessary to 
view the multisensory data as a whole system to 
comprehensively model the driving activity.  
 
A successful solution has to combine the benefits of 
multiple sensors such as GPS, radar, lidar and cameras. In 
order to obtain a precise synchronization, a sufficiently 
accurate global time for all sensors and fusion system is 
necessary. Therefore, to obtain a time consistent state for 
all sensors, the measurements have to be integrated in the 
order they were received. IDTS addresses these tasks by 
combining GPS, cameras and vehicle dynamics data using 
RTMaps. 

METHODOLOGY 
 
Architecture Of IDTS 
 
To model a complex driving scenario in a comprehensive 
way, it is necessary to fuse several sensors data. Our test 
vehicle is equipped with vision systems, and sensors to 
monitor the vehicle dynamics as described in Figure 1.  
 
Currently the test vehicle for this project includes the 
following sensors. 

• Mobile Eye: It is a forward collision warning 
system that uses a single camera mounted on the 
windscreen of a vehicle. It also calculates 
variables such as distance from right/left lane 
and time to impact [10]. 

 
• FaceLab: It is a flexible and mobile tracking 

device that tracks head pose, eyelid movement 

and gaze direction in real-time, under real-world 
conditions unobtrusively. This data can then 
further be used to monitor driver attentiveness, 
fatigue e.t.c [11]. 

 
• Vigil System: This visual-based management 

software program analyzes several areas of 
driving performance. Using GPS, accelerometers 
and cameras it measures speeds, accelerations, 
braking, cornering, following distances. The GPS 
input from this system is used to accurately view 
the vehicle’s trajectory [12]. 

 
• RTMaps: It is the software that allows real time 

multiple data acquisition, data fusion and 
processing, at a high rate. The acquired data can 
also be stored for future replay. In this system, 
RTMaps is responsible for gathering data from 
the above mentioned systems (i.e. MobileEye, 
Facelab and vigil system), assigning a timestamp 
to it, synchronize it and storing the data. [13] 

 
Sensor data fusion and the layered architecture of IDTS 
are shown in Figure 2. By fusing in multisensory data 
input, the precision and certainty of calculated estimates is 
increased e.g. the speed of the vehicle acquired from the 
odometer can be checked against the speed calculated 
from the GPS to remove any uncertainty. In this system’s 
architecture, there is a bottom up stream of information 
acquired from multiple sensors.  
 
As we can see in Figure 2 that the fusion layer is separate 
from the application layer (i.e. interpretation and 
assessment layer). This low coupled layered architecture 
is useful because the application layer does not require 
any interfacing with individual sensors. This scalable 
design helps in having multiple application layers while 
just having one sensor fusion layer (this is the only layer 
that has to have some knowledge of the sensor’s 
characteristics). 
 
As already mentioned, in this project the task of fusing 
sensory data input is handled by RTMaps [15]. It 
timestamps and synchronizes the sensor inputs from 
MobileEye, Facelab and VigilSystem during the drive. It 
then stores this drive data for future real-time replay. 
Processing of Facelab data is currently in progress. 
 
The application layer (i.e. Interpretation + Assessment) 
described in Figure 2 handles the risk assessment of the 
maneuvers in the recorded drive. Currently, the 
interpretation layer detects the start, end and centroid of 
the turns from the drive (see ‘Vehicle Turn Angle 
Estimation for a Turn Maneuver’ section for more 
information). It then resolves the position where and if the 
indicator was turned on. It also removes the GPS 
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uncertainty by calculating the error variance (see 
‘Estimation of GPS uncertainty’ section for more detail). 
After the classification of the turn, interpreted data is 
transferred to risk assessment layer where the distance 
between the start of the turn and start of the indicator is 
calculated. The distance of the vehicle from the right and 
left lane along with the speed is also considered to 
identify the risk involved. 
 

 
Figure 2:  IDTS architecture and processing layers  

 
Risk Assessment Criteria 
 
There are a number of events that frequently occur during 
driving. A typical driving scenario would comprise of a 
certain set of driving events and patterns that are repeated 
over time. 
 
Driver instructors typically assess a certain set of skills to 
assess drivers during a driver training session. They use 
various types of standard check lists to assess driving 
performance. For example, the analysis of a right-hand 
turn consists of observing a substantial number of sub 
events. The breakdown of this particular behaviour as 
stated in a sample driver training manuals is shown in 
Figure 3.  
 
In the context of a driver training system, this list of 
driving events will be assessed automatically through the 
combined information gathered from the in-vehicle 
recording devices featuring multiple sensors and 
algorithms used to analyse video data.  
 

Assessment such as the one described in Figure 3 will be 
used to develop a safe performance protocol model that 
can be used to assess automatically risk associated with a 
particular driving maneuver. In-order to achieve a less 
risky driving situation, a driver would have to perform 
these tasks properly in a sequential and timely manner. 
The model will be used as a formal framework to evaluate 
the perceptual and cognitive skills of the driver. 
 
 (Example of ) DRIVER EDUCATION PERFORMANCE 

Right Turn Assessment 
1) Checks mirrors 
2) Positions car properly in lane 
3) Signals right 
4) Reduces speed and keeps wheels straight 
5) Checks traffic thoroughly, yielding to pedestrians 
6) Starts turn when front wheels are opposite point where 
curb begins to curve 
7) Uses proper steering when going into turn 
8) Turns into proper lane 
9) Straightens the wheels by using hand-over-hand, or 
methods maintaining secure control of steering 
10) Adjusts speed to traffic flow 
Source: Michigan Department of Education (1997, p35) 

Figure 3:  Driver Education Performance 

 
Using such a system, an accurate measurement of the 
interaction between the driver, environment and the 
vehicle will be calculated. Table 1, identifies the sensors 
or technologies that output data to monitor each sub-event 
featured in a turn maneuver. For example, by using 
Facelab’s estimates of driver’s eye and head movements, 
tasks like check mirrors and check traffic are verified. 

Table 1:  

 Driving Subtasks and monitoring sensors/technologies 

Turn Sub-Events Sensors/Technology  

• Checks mirrors FaceLab 

• Positions car properly in lane Mobile Eye 

• Signals right Mobile Eye 

• Reduces speed and keeps 

wheel straight 

Vigil System, MobileEye 

• Checks traffic thoroughly FaceLab 

• Starts turn Turn analysis algorithms 

• Turns into proper lane MobileEye 

• Straightens wheel while 

maintaining secure control 

Vigil System 

• Adjusts speed to traffic flow GPS , MobileEye 
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Vehicle Turn Angle Estimation For A Turn Maneuver 
 
In-order to effectively model a turn maneuver, it is 
necessary to determine the complete demographics of a 
turn. IDTS calculates when the vehicle’s turn started, 
when it finished and determines the centroid and the angle 
of the turn (i.e. was it a 90 degree turn or 45 degree turn 
e.t.c.).  
     Estimation of GPS Uncertainty – Evaluation and 
management of sensor uncertainty is important in a 
multisensory environment. GPS uncertainty has to be 
measured to accurately map the trajectory of test vehicle.  
 
GPS provides the coordinates of a location with certain 
accuracy depending on its quality. When mapping the 
trajectory of a moving vehicle, it is important to be able to 
detect that given two GPS points, whether the second 
consecutive GPS coordinates represents a new position of 
the vehicle. Such an issue can be handled through the 
computation of the experimental variability of the GPS 
equipment used. 
 
The GPS was placed at a point and multiple recording 
(frequency 1Hz) were taken to obtain the numerical error 
variance of the GPS. Errors along the horizontal and 
vertical axis are independent and equal. So errors along 
one axis are normally distributed around zero with 

variance 2σ .Equation 1, was used to compute the 
variance along each axis separately. Then the maximum 

value is set as the variance 2σ . 
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where N is the number of GPS points. And calcDist is the 
function that calculates distance between two GPS points. 
Implementation of the function ‘calcDist’ which is using 
Haversine [10] formula to calculate distance between two 
GPS points is given below. 
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where lat1 and lat2 are the latitudes for first and second 
GPS points respectively. long1 and long2 are the 
longitudes for the first and second GPS points 
respectively. R is the radius of the earth and dist is the 
calculated distance between the two GPS points. 
 
Errors being normally distributed means 95% of the 
coordinates obtained by the GPS are distributed within 

two standard deviations σ around the true position (see 
Figure 4) [18]. Given a GPS set of coordinates, a 95% 
confidence interval for the true location can be obtained 
from the variance as follows: 
 

σ2).,.( ≤locationTRUEscoordinateGPScalcDist  (2). 
 
See implementation of ‘calcDist’  
 

 
Figure 4.  Gaussian distribution density function with 

mean μ  and the variance σ  

Numerically, we obtain 22 0272.0 m=σ , which 
corresponds to a true location inside a circle of radius 
32.9cm. In other words two consecutive GPS points 
closer than 32.9cm cannot be considered as different. 
 
Another issue related to the variability of GPS coordinates 
is that the direction of the moving vehicle given two 
consecutive GPS points can be insufficiently accurate for 
trajectory estimation (particularly in order to determine 
whether the vehicle is turning or not). In the worst case 
scenario the inaccuracy on the location estimation can 
lead to a difference in direction estimation by an angle θ  
as shown in Figure 5. Let A and B be the two absolute 
consecutive locations for a moving vehicle. In the worst 

case scenario, ~A and ~B represent the points obtained 

after the GPS error variance (of 2σ ) in A and B 
respectively. So we can say that inaccuracy of vehicle 
heading estimation isθ . 
 
For further analysis we require this angle to be small, and 
we take °= 10θ  as a threshold.  
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Figure 5.  Calculation of Vehicle heading estimation θ  
 
The threshold distance distthreshold _  is derived as 
follows: 
 

distdistthreshold *2_ =  (3). 
 
From Figure 5, we can calculate that the distance (dist) is: 
 

θ
σ

tan
2=dist    (4). 

 
Using Equation 3 and 4, we get: 
 

θ
σ

tan
4_ =distthreshold   (5). 

 
Numerically, we get mdistthreshold 7.3_ = . It means, two 
consecutive GPS points will be considered the same (i.e. 
the vehicle is stopped) if their distance is smaller than 
3.7m. This threshold distance in useful in calculating the 
turn angle, as discussed in the following section. 
 
Turn Detection Algorithm 
 
Once the GPS error variance has been calculated, we 
compute an angle for every GPS point, in-order to 
determine the vehicle’s turn angle. The algorithm for 
computing an angle for each GPS point (except for the 
first and last GPS point) is given below: 
 
For all GPS points 
       Initialize t as 2 

Store three points in array Y for time T-1, T and T+1 
Compute the distance between GPS points at time T-1 
and T+1 

 
      While distance is less than threshold distance 

Add GPS points in Y array for time T-t and T+t, 
if only points exist for time T-t and T+t 

              Increase t by 1 
Compute distance between GPS points at time T-
t and   T+t 

 
   If distance is greater than or equal to threshold distance  

 Compute the tangent angle θ  for GPS point at 
time T given T-t and T+t 

 
With the above mentioned algorithm, every GPS point 
will have a tangent angle based on the points before and 
after it. 
 
Once the angle for every GPS point is calculated, the 
derivative of the angle with respect to the distance 

travelled (
sΔ

Δα
) is computed. αΔ  is the change in angle 

and sΔ is change in distance. This derivative is useful in 
eliminating those GPS points during which the car didn’t 
move a specified threshold distance. The method for 

computing the derivative 
sΔ

Δα
 at each GPS point is very 

similar to the method for computing angle θ  for every 
GPS point. For the algorithm below, assume every GPS 
point now has an assigned angle as well (calculated using 
the above mentioned algorithm). 
 
For all GPS points 
       Initialize t as 2 

Store three GPS points in array Y for time T-1, T and 
T+1 
Compute the distance between GPS points at time T-1 
and T+1 

 
      While distance is less than threshold distance 

Add GPS points in Y array for time T-t and T+t, 
if only GPS points exist for time T-t and T+t 

              Increase t by 1 
Compute distance between GPS points at time T-
t and T+t 

 
     If distance is greater than threshold distance  

Compute the angle difference αΔ between GPS 
points at time T-t and T+t 
Compute the distance sΔ  between GPS points at 
time T-t and T+t 

Compute the derivative 
sΔ

Δα
 for the GPS point T 

 
Figure 6 presents the vehicle trajectory in blue, while the 

red line represents the derivative 
sΔ

Δα
 for the respective 

GPS points. Based on these derivative values, the start, 
peak and end of the turn are segmented out. The start and 
end of the turn are crucial in finding out the centroid of 
the turn. This centroid is then used to calculate the ‘safe’ 
distance to switch on the indicator. 
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Centroid Calculation For The Turn 
 
As already mentioned above the centroid calculation of 
the turns would be useful in identifying the ‘safe’ distance 
at which the driver switches the indicator before the turn. 
Usually, the exact start and exact end of the turn is 
debatable i.e. where do we decide that the car started to 
turn (e.g. when the driver started to turn the steering or 
when the car turned some significant angle). Therefore, 

after the derivatives 
sΔ

Δα
for the whole drive have been 

calculated, the turn is segmented out based on the start 
and end turn using heuristics. Once the turn has been 
segmented out from the drive, its centroid is calculated. 
Even if the exact start of the turn is ambiguous, the 
centroid of the turn would be always accurate. 
 
The centroid of an area is similar to the center of mass of 
a body [19]. The centroid of the turn is calculated between 
the start and end of the turn (i.e. the turn area) using 

derivative 
sΔ

Δα
as a weight function NA  (see equation 6). 

Calculating the centroid involves only the geometrical 
shape of the area. So the area is divided into multiple 
rectangles and using Equation 6 below, the centroid of the 
area is calculated. 
 

∑
∑

=
N

NN

A

CA
C   (6). 

 
where NC is the index of the Nth GPS point in the turn 

area and C is the centroid of the turn.  
 
Figure 6, illustrates the turn’s centroid for both turns in 
DRIVE 1. Other information, like indicator start, indicator 
end and turn start/end are helpful in accurately modeling 
these turns.  
 

 
Figure 6.  DRIVE1 – Representation of vehicle’s GPS trajectory with two left turns (in blue) and the derivative values 

sΔ
Δα

 plot for the corresponding GPS points (in red) 

 
Figure 7, presents the turns involved in DRIVE 2. It consisted of three turns, first was a left turn followed by a right and 

finally a left turn. The derivate 
sΔ

Δα
values are plotted along Y axis and the number of GPS points around X axis. It is evident 

from the graph that using derivatives, the exact nature of the turn can be deduced e.g. whether it was a left or a right turn 
(based on the sign of derivative). This data can also be used to compute the vehicle turn angle. From the graph, we can see 
that the turns can be segmented out from the rest of the drive using heuristics based on the derivative values. All this 
information coupled with indicator, gaze and lane keeping data effectively model the turn scenario. 
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The derivative plot
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Figure 7.  DRIVE 2 – Represents the derivative values 
sΔ

Δα
along Y axis and No. of GPS points on X axis. 

 

MAPPING 
 
Visualization of the drive is an integral part of this 
project. Since its end users are driver trainers, it is 
necessary that all drive data and risky situations are 
represented in a way that is easy to comprehend. Hence, it 
will be easy for the driver trainers to explain some 
specific situation to the driver.  
 
Figure 8, presents an example of the vehicle trajectory 
and drive data for Drive 1. This interactive user interface 
would help drivers and their trainers to assess certain 
maneuvers in a drive by combining the multidimensional 
data acquired from DVE. By combining the numerical 
information from the graph in Figure 6, this interactive 
map (Figure 8) is able to show distance between indicator 
switch on and the turn start/turn centroid. It is also able to 
show if during a maneuver, driver followed the lane 
keeping procedure. 
 

 

Figure 8.  DRIVE1 – Representation on map where 
indicator on (yellow) and indicator off (pink) were 
performed. 
 

FUTURE RESEARCH  
 
In-order to effectively model a turn maneuver, driver’s 
gaze direction should be tracked as well. Different eye 
tracking systems together with head tracking algorithm 
are suggested based on near infra-red or visible light using 
different hardware architectures.  
 
These systems, by calculating the gaze and head direction 
in 3D allow calculating the coordinates where the gaze 
intersects with the world (a virtual plane in-front of the 
driver). Using perspective projection techniques, we plan 
to calculate the approximate depth of a drivers’ gaze in a 
real world. Furthermore, this gaze information would be 
presented on an interactive map. This approximate depth 
calculation would be very helpful in determining the 
difference of gaze pattern in experienced and novice 
drivers.  
 
Along with this, it is necessary to comprehensively model 
all tasks required for a less risky turn. Further work would 
be required to model other maneuvers like overtake, 
roundabout e.t.c. 
 

CONCLUSION 
 
This paper presented a framework for analyzing a turn 
maneuver. The prototype (IDTS) currently, integrates 
information related to vehicle dynamics and road 



  

  Malik 9  

information. Next step is to model driver’s gaze data and 
integrate it in this turn maneuver. The information 
gathered from DVE will help to contextualize, observe 
and better assess a range of driving maneuvers. This 
prototype is the building block to evaluate driver’s 
competency. It acts as a assisting tool for the driver 
trainers.  
 
Eventually both drivers and driver trainers would be able 
to assess the drive using IDTS. As already mentioned, a 
major percentage of road crashes are attributable to 
driving error. Thus, driver training remains an important 
road safety intervention to improve driving performance 
and abilities, particularly amongst young people.  
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ABSTRACT

In the proposed cooperative sensor system, pedes-
trians carry a reactive transceiver which is in-
terrogated by a localization and tracking unit in
the car. The prototype system applies Round-Trip
Time-of-Flight (RTOF) techniques for the deter-
mination of the distance between the transponder
and the demonstrator vehicle. A smart antenna
array integrated into the car is used to determine
the Direction-of-Arrival (DoA) of the transponder’s
response signal. Knowing the distance and azimuth
angle relative to the car, the pedestrian’s position
and movement are calculated. These data are used
as input for a highly reliable collision warning and
collision mitigation system.
The sensor system is capable of addressing a
huge number of communication partners within
each measurement cycle. Additionally, secure burst
identification is ensured for a robust localization
and the suppression of unwanted co-channel inter-
ference. This is achieved by using pseudo random
coded signals with a Time Division Multiple Ac-
cess (TDMA) method. The distance accuracy was
improved by introducing a new mirror technique in
combination with an interpolation algorithm. The
prototype localization system set up at 2.4 GHz
covers a range up to 200 m in free field condition.
With the current system a distance resolution with
centimeter accuracy and an angular measurement
accuracy of about 1 degree have been achieved.
Based on this low-cost transponder-based local-
ization system, a preventive vulnerable road user
(VRU) protection system has been designed and
integrated in a test vehicle. The system is capable
to provide a warning to the driver if a crash is likely
and to autonomously brake the vehicle if the crash
is unavoidable.

INTRODUCTION

Protection of vulnerable road users (VRU) is sub-
ject to intense research [1] [2]. Generally speaking,

VRU protection systems can be divided into two
different groups as shown in Figure 1.

VRU Protection

Preventive

Semi-Autonomous

CACM

Autonomous

CACM

Structural

Active

CM

Passive

CM
Figure 1: Classes of VRU Protection Systems.
CM: Collision Mitigation Systems
CA: Collision Avoidance Systems

Up to now, mainly re-active protections systems
based on structural measures have found their way
to the market. In these systems, passive measures
like special construction of crash bumpers or active
measures like active hoods are taken to minimize
the risk of injury or fatality for the VRU after a
crash. Common to all re-active systems is, that
action only takes place after the VRU gets in
contact with the vehicle. As a consequence, col-
lision avoidance (CA) is impossible with re-active
protection systems and a finite risk of injury and
fatality will always be present. As derived recently
from accident studies [3], structural measures of
pedestrian protection feature only poor effective-
ness. To overcome the drawbacks of the structural,
re-active approach, preventive protection systems
have been proposed [3] [4]. In these systems,
protective measures are taken before the contact be-
tween vehicle and VRU takes place [5]. Protective
measures range form fully autonomous emergency
braking to preconditioning of the brake system and
to warning of the driver, paving the way for both
highly effective collision mitigation (CM) systems
and for collision avoidance. Although impressive
progress has been made, still a large percentage
of pedestrian accidents cannot be covered by state-
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of-the-art preventive VRU protection systems. This
is due to the fact that in these systems, VRU
detection, classification and behavioral prediction
requires a non-occluded line-of-sight contact be-
tween vehicle and VRU [6]. However - as German
accident studies have shown [7] - more than 40% of
all killed pedestrians were fully or partially hidden
until shortly before the impact upon the vehicle and
could thus not be protected by current preventive
safety systems.
As known from electromagnetic theory, commu-
nication to optically hidden partners is possible
when using appropriate wavelenghts. To establish a
useful communication channel, the wavelength has
to be comparable to the size of the objects occlud-
ing the line-of-sight contact [8] [9]. Based on this
principle, a cooperative sensor system is proposed
to detect, localize and track VRUs, predict their
behavior and activate protective measures when
appropriate [10]. In our approach, a VRU carries a
miniature transponder acting as an intelligent radar
reflector interrogated by the vehicle. The coded
response of the transponder clearly identifies the
pedestrian as VRU; the delay of the return signal
allows for range determination while its direction-
of-arrival indicates the azimuth angle between ve-
hicle and VRU. Careful choice of the system’s
operation frequency along with intelligent tracking
techniques and novel VRU behavior modeling al-
lows for the detection and localization of VRUs
even if occluded to the driver. In the Bavarian
research project AMULETT, a prototype pedestrian
protection system based on 2.5 GHz cooperative
sensor technology [11] has be realized an tested.
Details on this system along with test results are
presented in this work.

COOPERATIVE SENSOR TECHNOLOGY
Distance Measurement
Autonomous distance measurement between two
objects mostly uses the Round-Trip Time-of-Flight
(RTOF) principle. For the focused application, this
corresponds to the time for the signal from the
car to the pedestrian and vice versa. Additionally,
a fixed waiting time Tw is added on the side of
the pedestrian to eliminate the influence of passive
reflections and to distinguish the answers from
different pedestrian sensors. The distance ∆s can
then be computed by the totally elapsed time Tp:

∆s =
Tp − Tw

2
c0. (1)

∆s is the distance, Tp the elapsed time, Tw the
waiting time and c0 the speed of light.
A variation of the waiting time Tw makes it possi-
ble to address different pedestrians [12]. We used

a time slot order in which each pedestrian sensor
answers in a multiple of a fixed waiting time n ·Tw

(Figure 2).

Figure 2: Time slot order in one transmission
cycle.

The car sensor starts a measurement cycle by
transmitting a data burst with length Ts. All of the
pedestrian sensors listen to that burst and answer
after an individual waiting time n · Tw.
The measurement procedure is carried out by em-
ploying a signal correlation technique. The data
bursts are encoded with pseudo random codes
which are known on each sensor. By correlating
the received input signal with the random code the
exact time of arrival ∆T can be determined (Figure
3).

Figure 3: Schematic of a signal transmission
between two sensors.

By interpolating the digital correlation result, an
even higher distance resolution in a range of a few
centimeters has been achieved.
The advantage of this method is a simple modula-
tion and demodulation hardware. In fact, it can be
carried out on almost every available transceiver
chip providing sufficient bandwidth. Another ad-
vantage is the low latency of the measurement
procedure. In dependence on the bandwidth, only a
few microseconds are necessary to get an adequate
correlation result. The downside of this method is
an increasing need for processing power, but this
can be easily applied in a Field Programmable Gate
Array (FPGA) or a Digital Signal Processor (DSP).

Direction-of-Arrival (DoA) Estimation
If the correlation unit of the distance measure-
ment identifies a received signal as valid response
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of a transponder, a trigger is given to the DoA
measurement device. The incident electromagnetic
wave is sampled spatially at six antennas of the
antenna array installed behind the windshield of
the test vehicle. Therefore, distance and angle
estimation perform their calculations within one
communication cycle. Phases and amplitudes of
the incident signal are used to determine the DoA
using the Multiple Signal Classification (MUSIC)
algorithm. This subspace-based method is based
on the eigenvector decomposition of the covariance
matrix

Ruu = E[u(k)Hu(k)], (2)

where u(k) is the received signal at the antenna
array. By splitting the eigenvector space into signal
space and noise space the MUSIC spectrum is
obtained [13]. This MUSIC spectrum is evalu-
ated for incident angles from 0 to 180 degree,
whereas peaks in the spectrum indicate the DoA
of the transponder signal (see Figure 4). In the
localization unit the MUSIC algorithm estimates
all incident signals including the multipath. For
each hypothesis a quality value is determined,
based on the evaluation of the MUSIC spectrum in
combination with the power of the received signal.

Figure 4: MUSIC spectrum for a transponder
located at -9 degree azimuth.

The MUSIC spectrum as well as the correlation
results of the distance measurement are used for
an adaptive tracking of pedestrian positions.

Object Tracking
An extended KALMAN-FILTER is used to track
the obtained transponder positions. Unlike the stan-
dard KALMAN-FILTER [14] state transition and
observation models don’t necessarily have to be
linear functions of the state. In the transponder
tracking system the observation model h which
maps the state variables in cartesian coordinates

to the measurement variables in polar coordinates
is defined as:

zk = h(xk) (3)

where zk is the measurement vector

zk =
( r
φ

)
(4)

and xk is the state vector.

xk =


x
y
vx

vy

 (5)

As function h can’t been applied directly to the
KALMAN-FILTER equations the partial derivative,
the JACOBIAN matrix, needs to be computed [15].
The resulting observation matrix H and the state
transition matrix F using a constant velocity model
are applied for the tracking of the pedestrian. F is
stated as

F =

 1 0 T 0
0 1 0 T
0 0 1 0
0 0 0 1

 (6)

where T is the sample time of the system. Taking
ego motion parameters of the vehicle like veloc-
ity and yaw rate into account, an estimation for
movement of the pedestrian in a global coordinate
system can be given and used as input for a
collision assessment algorithm.

Signal Preprocessing

The principles of the distance measurement as well
as the angle measurement allow for a calculation
of several hypotheses. In case of multipath prop-
agation under non-LoS conditions the main max-
imum in the correlation result or in the MUSIC-
spectrum might represent a reflected signal arriving
from a different direction than direct transponder
signal [16]. In these cases positioning based on
these maximium values is insufficient. Therefore
the secondary maxima are taken into account.
Based on the lastest tracking results the current
distance and angle measurements are investigated
to determine the correct distance and azimuth infor-
mation as input for the next tracking cycle. Fig. 5
shows two possible DoAs derived from the MUSIC
spectrum, where the smaller peak indicates the
azimuth angle of the transponder.
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Figure 5: MUSIC spectrum for transponder at
-1.4 degree and multipath signal impinging at
-37 degree

MEASURED PERFORMANCE OF
COOPERATIVE LOCALIZATION SYSTEM

Quality of Distance Measurement

For the characterization of the RTOF sensor a test
scenario with a moving car and a fixed pedestrian
position was used. The car moved with an approx-
imate speed of 12 km/h straight in the direction
of the pedestrian. The measurement started at a
distance of 180 m to a distance of 2 m directly in
front of the car. As reference a differential GPS
(DGPS) system [17] with an accuracy down to 2 cm
was used. Fig. 6 shows an extract of the distance
values of both systems.

Figure 6: Distance values in the sector from
47 m to 43 m

It became obvious during the measurement cam-
paign, that a DGPS system with a accuracy of 2 cm
is no longer sufficient to characterize the system
completely.

Figure 7: Histogram of the distance error in
reference to a DGPS System

As a matter of fact the standard deviation of 4.7 cm
is partly caused by the DGPS System inaccuracy.
The difference values between both systems are
shown in Figure 7.

Quality of Direction-of-Arrival Estimation

To evaluate the performance of the DoA estimation
several measurement setups have been chosen. Fig.
8 shows results of a measurement where a pedes-
trian moved circular in front of the test vehicle
carrying the transponder and a differential GPS
system as reference.

Figure 8: DoA values in the sector from 50 to
130 degree

The distance was kept constant at 15 m in this
measurement. This procedure allows for an ex-
act evaluation of the variance and the absolute
deviance in dynamic scenarios covering proposed
sensor range.

Rasshofer 4



Figure 9: Histogram of DoA values in the
sector from 50 to 130 degree

The measurements were repeated several times
in different distances and recorded. They showed
reproducible results. The standard deviation was
determined to be betwen 0.7 and 0.9 degree in
all measurements. The differences between the
measured angles and the reference for a distance of
15 m are printed in Figure 9. The standard deviation
in this example is 0.85 degree.

Performance in Non-Line-of Sight (non-LoS)
scenarios

A measurement campaign has been conducted to
determine the localization accuracy in a typical
urban scenario under non-LoS conditions. While
the car drives on the street a pedestrian is standing
beside the road occluded by parked cars (Figure
10). Starting at a distance of 20 m the sampled
output of the tracking system is compared to the
reference system for a transponder height of about
85 cm.
As expected the distance and azimuth angle accu-
racy decrease compared to the LoS scenario. The
distance information shows a mean difference of
0.7 m and a standard deviation of 0.3 m. For the
estimated angle a mean difference of 2 deg and
a standard deviation of 2.1 deg were calculated.
Altogether these results affirm the usability of the
cooperative sensor system for pedestrian protec-
tion.
Figures 12 and 11 show results of the coopera-
tive sensor system. The tracking output and the
reference data are displayed in polar coordinates
for a separate evaluation of the two measurement
principles.

Figure 10: Urban non-LoS scenario with
pedestrian occluded by parked cars

Figure 11: Histogram of error of tracked DoA
data in non-LoS scenario
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Figure 12: Histogram of error of tracked
distance data in non-LoS scenario

CONCLUSION

A cooperative sensor approach for pedestrian pro-
tection has been presented. The implemented lo-
calization principles have proven to provide con-
tact even without Line-of-Sight (LoS) between
communication partners. Positioning accuracy has
shown to be sufficient as basis for a highly reliable
pedestrian protection system. Even in worst case
multipath scenarios without LoS the localization
unit has shown to provide adequate results. The
clear identification of pedestrians, the positioning
accuracy and the sensor range offer the potential
to cover a wide range of accident scenarios which
cannot be covered with state-of-the-art sensors.
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ABSTRACT 

There is a daily need to assess the quality of our 
work. On the crash track, the tests should be repeat-
able, the chosen test method should fulfil the test 
purpose and every result should have an explanation. 
The tests performed may also be used to validate 
mathematical models, the accuracy of which must 
then be assessed, or, to show whether a new design 
or method influences the performance or not. Re-
gardless of which, there is a need of a quality assess-
ment tool. By applying the Objective Rating Method 
on performed rear-end sled tests, Autoliv has 
previously shown that the BioRID II dummy allows 
for both repeatable and reproducible testing. Here, 
the ORM has been evaluated on frontal, side impact 
and component tests and the corresponding models. 

For frontal impacts, test repeatability has been 
assessed, and correlation between physical tests and 
mathematical models are shown. For side impacts, 
the test repeatability, test method predictability and 
mathematical model predictability have been 
assessed. The repeatability of frontal sled tests is 
comparable with that presented for rear-end sled 
tests, while the side impact sled test repeatability is 
generally somewhat lower. 

Although the ORM has to be used with care and 
knowledge, it is a useful tool, especially for assess-
ments regarding test repeatability and reproducibi-
lity. The ORM allows for agreement, in advance, on 
a quality level for tests and mathematical models. 
Beneficial is that the ORM not only compares peak 
values but also curve shapes. Furthermore, the ORM 
compares two tests; many methods require several 
tests and that is normally not available in daily work. 

INTRODUCTION 

There are several methods to assess the repeatability 
or reproducibility of duplicated tests, or the 
predictability of simulation models or test methods. 
One common method in daily work is to visually 
compare results for two tests and decide if they are 
sufficiently similar or not. This method is often fast 
to carry out, but the decision may differ depending 
on personal experience and opinion. Therefore, this 
kind of method is not solitary suitable as a quality 
assessment tool for scientific or professional 
purposes. A useful correlation quality assessment 
tool must be suitable for many types of inputs; for 
test and simulations issues it should be possible to 
compare scalars such as criteria and peak values, and 
curve shapes. Also, the rating from poor to good 
correlation must be obvious. Further, the result must 
be independent of the user and it should be easy to 
evaluate and understand. Preferable, the tool should 
be easy and fast to use. 

Autoliv has used several test quality assessment tools 
during the years. In a recent study ([1]), the 
repeatability and reproducibility of rear-end impact 
tests with the BioRID II were assessed by using the 
ORM ([2]). For that purpose, the ORM was found to 
be a good tool. Therefore, this paper will continue 
the evaluation of the ORM; this time applied on 
conducted frontal impact, side impact, and airbag 
module component tests and corresponding 
simulations from four Autoliv sites in Europe. Also, 
the ORM was used to evaluate the correlation 
between test methods. Thresholds for good and poor 
correlation for a few types of comparisons will be 
proposed along with a method to define which 
signals to included in a comparison. 
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METHOD 

The ORM 

The Objective Rating Method, ORM, assesses the 
correlation between duplicated tests (repeatability or 
reproducibility) or between a test and a simulation 
(predictability). The ORM enables comparison 
between scalars, such as criteria, minimum and 
maximum peak values, and their occurrence times, 
and between curve shapes.  

The ORM scalar correlations are calculated 
according to Equation 1. This expression is called 
the Factor Method and calculates the correlation 
between the reference test and the comparison test. 
The results range from 0 to 100%, where 100% 
represents a perfect match. The curve shape 
correlation is calculated according to Equation 2. 
This expression is called the Weighted Integrated 
Factor Method and is a combination of the Factor 
Method and the Root Mean Square Addition 
Method. This means that the correlation in each time 
step contributes to the total correlation just as the 
function value would contribute to the total area 
underneath the curve. The δ is very small and used to 
avoid division by zero. r and c are used as abbrevi-
ations for reference and comparison, respectively. 
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ORM values are calculated not only for the scalars 
and the curve shapes, but also for groups of scalars 
and curve shapes. The contribution of each ORM 
value in its group is defined by a weight factor, W. 
Equation 3 is used to calculate the ORM value for 
each group. Further, the groups are arranged into one 
single ORM value that is the correlation for the 
complete system. The contribution of the group 
ORM values to the complete ORM value is defined 
by weight factors, W. Equation 4 is used to calculate 
the ORM value for the complete system. 
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A study was conducted in order to better understand 
the correlation of the ORM values to engineering 
judgements and to identify possible weaknesses of 
the ORM. A typical acceleration curve was used 
(Figure 1) as the reference curve, and an identical 

curve was used as the comparison curved but shifted 
or scaled in several steps in X (e.g. along the time 
axis) and Y (e.g. along the amplitude axis), or 
inverted. The curves were evaluated in the time 
range 0.01 to 0.12 s. Furthermore, another curve 
(Figure 2) was used to assess the correlation between 
a filtered (CFC60) and an unfiltered curve. For each 
comparison, the correlation of the maximum peak, 
its occurrence time, and the curve shape were 
calculated. Also, the group ORM value for these 
three components were calculated, all with equal 
weight. The group ORM values were then presented 
along with correlations assessed by engineering 
judgement in order to propose thresholds in ORM 
for correlation assessments. The engineers used a 
four-level scale: OK/acceptable/NOK/–. OK means 
okay, NOK means not okay, and the dash (–) shows 
that the curves are very dissimilar. 

Reference Curve

-40

-20
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60
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Figure 1. The acceleration curve used as the 
reference curve in the ORM evaluation. 

Unfiltered

Filtered CFC60

 
Figure 2. The curves compared to assess ORM 
values for a filtered versus an unfiltered curve. 

Frontal impacts 

Series 1 – Evaluation of Included Signals In order 
to evaluate how the selection of included signals 
influences on the complete ORM values one pair of 
USNCAP driver side sled tests were analyzed. Seven 
different sets of signals were composed. 

• Set 1 contained the criteria HIC36 and Chest3ms, 
and these were equally weighted to compose the 
complete ORM value. 

• Set 2 contained one group (weight 1/2) with 
head, chest, and pelvis accelerations, lumbar 
spine, femur, and belt loads, and chest deflection; 
and one group (weight 1/2) with only sled x-
acceleration. Mainly peak values of the signals 
were compared, and a few of their occurrence 
times were added with half weight. The belt force 
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peaks were given half weight as well. No curve 
correlations were included in this set. 

• Set 3 contained one group (weight 1/11) with 
head and neck signals, one group (weight 2/11) 
with chest signals, one group (weight 1/11) with 
lumbar spine signals, one group (weight 2/11) 
with pelvis signals, one group (weight 1/11) with 
femur signals, one group (weight 2/11) with belt 
signals, and one group (weight 2/11) with sled x-
accelerations. For all signals, all available com-
ponents were included, and in the chest, lumbar 
spine, and pelvis groups the signals acting in the 
dummy sagittal plane were given double weight.  

• Set 4 contained one group (weight 4/14) with 
sled x-acceleration, belt signals and dummy 
placement signals, and five groups with most of 
the measured dummy signals: head (weight 
3/14), upper neck (weight 1/14), chest (weight 
3/14), lumbar spine (weight 1/14), and pelvis and 
femur (weight 2/14). For the head and chest the 
main peaks and the curve shapes were included. 
For the other included signals, only the main 
peaks were included. 

• Set 5 contained one group (weight 2/12) with 
sled x-accelerations, one group (weight 2/12) 
with belt signals, and six groups with most of the 
measured dummy signals: head (weight 2/12), 
upper neck (weight 1/12), chest (weight 2/12), 
lumbar spine (weight 1/12), pelvis (weight 1/12) 
and femur (weight 1/12). All available compo-
nents were included. Dummy signals acting in 
the dummy sagittal plane were given higher 
weights. Curve shapes were given higher weights 
than peaks and their occurrence times. 

• Set 6 contained one group (weight 3/22) with 
sled x-accelerations, one group (weight 3/22) 
with belt signals, and six groups with most of the 
measured dummy signals: head (weight 3/22), 
upper neck (weight 1/22), chest (weight 3/22), 
lumbar spine (weight 3/22), pelvis (weight 3/22) 
and femur (weight 3/22). For almost all signals, 
the main peaks, their occurrence times, and the 
curve shapes were included, with the exceptions 
of the upper neck and sled for which only the 
curve shapes were included. 

• Set 7 contained one group (weight 4/5) with 
dummy signals: head, chest, and pelvis x- and z-
accelerations, upper neck loads, chest deflection, 
and femur z-forces, and one group (weight 1/5) 
with belt signals. For almost all signals one third 
of the components were significant peaks, one 
third their occurrence times, and one third curve 
shapes. The sled pulse curve shape correlations 
were evaluated separately and not included in the 
complete ORM value. 

The two compared tests were analysed visually by 
engineers in order to rate the frontal sled test repeat-
ability on a five-level-scale: dissimilar, nearly dis-
similar, fairly similar, similar, and almost identical. 

Series 2 – Correlations between Sled Tests Sled 
test repeatability was assessed for tests with a belted 
Hybrid III 50 %-ile seated on a padded R16 seat. 
Two tests with the EuroNCAP pulse and three tests 
with the USNCAP pulse were compared; in total 
were four comparisons performed. The signals 
included in the comparisons were selected with the 
same method as used in Set 7: head, chest and pelvis 
x-and z-accelerations, upper neck and lumbar spine 
Fx, Fz, and My, chest deflection, torso displacement, 
femur z-forces, belt forces, and belt displacement. 
For all signals the curve shapes correlations during 
200 ms, the minimum or maximum peak value and 
occurrence time were included; for five signals both 
minimum and maximum peaks and occurrence times 
were included. All signals were contributing with the 
same weight to the complete ORM value. The sled 
pulse correlation was not included in the complete 
ORM value, but checked separately. The four pairs 
of compared tests were analysed visually by test 
engineers in order to rate their overall repeatability 
on a five-level-scale: dissimilar, nearly dissimilar, 
fairly similar, similar, and almost identical.  

Series 3 – Correlations between Sled Tests Five 
USNCAP sled tests were included in Series 3. Sled 
tests #1 to #3 were conducted with the Hybrid III 
50%-ile and sled tests #4 and #5 with the Hybrid III 
5%-ile. The ORM correlations were assessed for #1 
versus #2, #1 versus #3, #2 versus #3, and #4 versus 
#5. The signals included in the ORM analyses were 
selected according to the method used in Set 7. The 
five pairs of compared tests were analysed visually 
by test engineers in order to rate their repeatability 
on a five-level-scale: dissimilar, nearly dissimilar, 
fairly similar, similar, and almost identical.  

Series 2 – Correlations between Simulations and 
Sled Tests The tests conducted in Series 2 were 
aimed as verification tests for Madymo models of 
belt systems. The models of the belt systems were 
built up of validated belt component models and 
tuned to mimic the chosen load limiter levels and test 
conditions. The sled test predictability of the final 
Madymo system models were assessed by the ORM. 
A similar signal set were used as those used to 
correlate the tests in Series 2, the main differences 
were that the lumbar spine loads and the torso 
displacement were omitted, and the time interval 
differed. Due to the aim of verifying the Madymo 
belt system models predictability in normal crash 
conditions, the correlations were assessed during the 
first 85 ms of the USNCAP simulations and during 
the first 110 ms of the EuroNCAP simulations. After 
that the dummy chest hit its legs and that should not 
be mimicked by the Madymo models. The use-
fulness of the Madymo models was assessed by 
simulation engineers. 
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Series 3 – Correlations between Simulations and 
Sled Tests Sled tests #2 and #3 conducted in Series 
3 were used as verification tests to a Madymo system 
simulation. The sled test predictabilities of the final 
Madymo model were assessed by the ORM. A 
similar signal set as used to correlate the tests in 
Series 3 were used. The usefulness of the Madymo 
model was assessed by simulation engineers. 

Side Impacts 

The ORM was used to guide in an EuroNCAP side 
impact project, from component development to full 
scale crash tests. On component level, the ORM was 
used to assess that sufficiently predictability levels 
were reached. Later, the predictability of the com-
plete systems mathematical models were assessed by 
the ORM. The project included sled tests and full 
scale crash tests for the MDB and the pole load 
cases. In order to assess the predictability of the sled 
tests to the full scale crash test the ORM was used. 
Also, ORM was used to confirm that changes of the 
safety components did influence the dummy 
performance. All steps and correlations will not be 
covered in this study. In all cases the ORM was 
applied the repeatability or predictability was also 
rated by engineering judgement. 

Mathematical models of side impact airbags were 
built up in LS-Dyna and tuned to four component 
tests: static deployments for airbags with no vent 
holes and equipped with ordinary vent holes and 
dynamic tests with an impactor at 7 m/s and a total 
weight of 12 kg for the pelvis and thorax parts and 
with an impactor at 4 m/s and a total weight of 20 kg 
for the pelvis and thorax parts. Two static tests of 
each type, and three dynamic tests of each type were 
conducted and the repeatability level were assessed 
by the ORM. For all tests, signals in the pelvis part 
and the thorax part were collected. For the static 
tests, the two bag pressures were compared from 10 
to 60 ms. For each pressure signal, the peak, its 
occurrence time, and the curve shape correlation 
were given equal weight and repeatabilities were 
assessed by the ORM. For the dynamic tests, the two 
bag pressures and the displacement, velocity, and 
acceleration of the impactors were compared from 
10 to 60 ms or to strike through. For the accelera-
tions and pressures, peak values, their occurrence 
times, and the curve shapes were included with equal 
weight and for the displacement and velocities only 
the curve shapes were included and these were given 
the same weight as all other components. One side 
impact airbag mathematical model was compared by 
the ORM to all conducted tests, and the same signals 
sets were used as in the repeatability assessments. 

Mathematical models of the side impact safety com-
ponents were fitted into mathematical models of full 
scale crash tests and the components were optimized 
to perform well in the EuroNCAP MDB and pole 

tests. Sled tests were then conducted, and these 
aimed to mimic the mathematical models of full 
scale crash tests. The repeatability of the sled tests 
were assessed by the ORM. Then, one full scale 
MDB crash test and one full scale pole crash test 
were conducted and the sled test predictabilities of 
the full scale crash tests were assessed by the ORM. 
The sled test set-ups were then improved to better 
mimic the full scale crash tests and these improve-
ments were assessed by the ORM. The repeatabi-
lities were assessed by the ORM for these sled tests 
as well. The mathematical models were updated and 
used to improve the EuroNCAP performance further, 
and sled tests were conducted to assess these im-
provements. The predictability and the repeatability 
of the sled tests were assessed by the ORM, and the 
ORM was also used to assess if the changes of the 
safety component resulted in significant changes of 
the dummy readings in the sled tests. Finally full 
scale crash tests were performed and the sled test 
predictabilities of these were assessed by the ORM. 
The ORM sets used in the side impact project where 
selected according to the method used in Set 7 in this 
study. In this paper, only the ORM values for the 
MDB tests and simulations will be presented. 

RESULTS 

The ORM 

ORM values for an extensive set-up of curves were 
compared with the correlations assessed by engineer-
ing judgements. The filtered versus the unfiltered 
curve were compared, and the ORM value was 97% 
for the maximum peak correlation, 99% for the 
occurrence time correlation, and 89% for the curve 
shape correlation. The group ORM value was 93% 
and the curves were judged to have okay correlation 
(OK). For the normal versus the inverted curve, the 
ORM value for the peak occurrence time correlation 
was 100%, but the other two correlations were zero, 
resulting in a group ORM value of 18%. These 
curves were rated as very dissimilar (–). The ORM 
values for the comparisons in which one of the two 
curves was shifted or scaled are given in Table 1 
along with the engineering judgements. As can be 
seen in all groups with increasing shifting or scaling, 
the scalar, the curve shape and the group ORM 
values are continuously decreasing which is funda-
mental for a consistent correlation assessment tool.  

Frontal impacts 

Series 1 – Evaluation of Included Signals The 
complete ORM value was 96% for Set 1 and Set 2, 
84% for Set 3, Set 4, and set 6, 73% for Set 5, and 
88% for Set 7. It can be concluded that the choice of 
signals and components included in the ORM ana-
lysis largely influence on the complete ORM values. 
The sled tests were judged as almost identical by 
several test engineers. 
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Table 1. 
ORM values in percent for the comparisons in 

which one of the curves was adjusted, along with 
the correlations assessed by engineering judge-
ments. OK means okay, Acc. means acceptable, 
and NOK means not okay. – means that there is 

no correlation due to very dissimilar curves. 
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Shift Y + 1 98 100 91 95 OK 
Shift Y + 5 92 100 72 83 OK 
Shift Y + 10 85 100 57 74 Acc. 
Shift Y + 20 73 100 39 62 NOK 
Shift Y + 40 58 100 23 49 – 
Shift Y + 80 41 100 14 37 – 
Scale Y*1.1 91 100 91 93 OK 
Scale Y*1.2 83 100 83 87 OK 
Scale Y*1.3 77 100 77 81 OK 
Scale Y*1.4 71 100 71 77 Acc. 
Scale Y*1.5 67 100 67 73 Acc. 
Scale Y*1.8 56 100 56 64 NOK 
Shift X+ 0.001 100 97 79 80 OK 
Shift X+ 0.005 100 88 50 70 Acc. 
Shift X+ 0.01 100 79 35 61 NOK 
Shift X+ 0.02 100 65 21 50 – 
Shift X+ 0.04 100 49 6 38 – 
Shift X+ 0.08 100 32 1 31 – 
Scale X*1.1 100 91 44 67 NOK 
Scale X*1.2 100 83 31 59 NOK 
Scale X*1.3 100 77 29 57 NOK 
Scale X*1.4 100 71 26 54 – 
Scale X*1.5 100 67 23 51 – 
Scale X*1.8 100 56 16 45 – 
Scale X*1.1 & Y*1.1 91 91 43 66 NOK 
Scale X*1.5 & Y*1.5 67 67 21 48 – 
Scale Y*1.1 & X*1.5 91 67 22 45 – 
Shift X + 0.005 & Y + 5 92 88 47 68 NOK 
Shift X + 0.03 & Y + 30 65 56 20 44 – 
Shift X + 0.005 & Y + 30 65 88 27 53 – 

 

Series 2 – Correlations between Sled Tests First, 
the two EuroNCAP tests were compared. The sled 
pulse curve shape correlation was very high, 93%. 
The complete ORM value was 87%. The ORM value 
was 86% for the group of dummy signals, and 91% 
for the group of belt signals. For all included signals, 
the average peak value correlation was 93%, the 
average peak value occurrence time correlation was 
95%, and the average curve shape correlation was 
85%. Then, three USNCAP tests were compared in 
pairs. The sled pulse curve shape correlations were 
all very high, these ranged from 94 to 96%. The 
complete ORM values were 81, 85, and 86%. The 
ORM values were 79, 84, and 84% for the groups of 
dummy signals, and 90, 90, and 96% for the groups 
of belt signals. For all included signals in each 
comparison, the average peak value correlations 
were 91, 94, and 94%, the average peak value 
occurrence time correlation was 97, 98, and 98%, 
and the average curve shape correlation was 77, 81, 
and 82%. The EuroNCAP sled tests were judged as 
almost identical, and the USNCAP sled tests as 
similar by several test engineers. 

Series 3 – Correlations between Sled Tests The 
crash pulse in sled test #1 differed significantly from 
those in sled tests #2 and #3: the amplitude differed 
about 4g and the pulse ended about 10 ms later. In 
ORM values the crash pulse curve shape correlation 
was 70 and 71% for the pairs including sled test #1, 
and 95% for sled test #2 versus #3. The crash pulse 
curve correlation was 93% for #4 versus #5. The 
complete ORM values were 76% for sled test #1 
versus #2, 77% for #1 versus #3, 86% for #2 versus 
#3, and 81% for sled test 4# versus #5. The com-
parisons including sled test #1 were rated as nearly 
dissimilar, test #2 versus #3 as similar, and #4 versus 
#5 as fairly similar. 

Series 2 – Correlations between Simulations and 
Sled Tests The Madymo model of the EuroNCAP 
system predicted the three EuroNCAP tests in Series 
2 with 75, 76 and 78% in terms of complete ORM 
values. For the groups of dummy signals the predict-
abilities were 73, 73, and 74%, and the predict-
abilities were 86, 86, and 87% for the group of belt 
signals. The Madymo model of the USNCAP system 
predicted both USNCAP tests in Series 2 with 75% 
in terms of complete ORM values. For the groups of 
dummy signals the predictabilities were 72 and 73%, 
and the predictabilities were 87 and 88% for the 
group of belt signals. The Madymo models were 
judged as useful by simulation engineers. 

Series 3 – Correlations between Simulations and 
Sled Tests The complete ORM values for the 
predictabilities were 68 and 69% to sled test #2 and 
#3, respectively. The average peak value predictions 
were 81% for both comparisons, the average peak 
value occurrence time predictions were 81% for both 
comparisons, and the curve shape correlations were 
60 and 61%, respectively. The Madymo models were 
judged as useful by simulation engineers. 

Side Impacts  

The ORM was used to assess the repeatability of 
static and dynamic airbag component tests and the 
mathematical model predictabilities of these tests. 
Two static tests with no vent hole were conducted 
and reached 93% in complete ORM value. These 
tests were rated as similar by engineers. For the 
static tests with ordinary vent holes, the complete 
ORM values was 80% and the test repeatability rated 
as poor by engineers since the pressure curves in the 
pelvis part were unlike from 15 to 30 ms due to a 
squeezed tube; the pelvis pressure curve shape corre-
lation was 68%. Three dynamic tests were conducted 
at 7 m/s. The complete ORM values were 86 and 
89% for the tests judged as fairly similar and 91% 
for the test judged as similar. Three dynamic tests 
were conducted at 4 m/s. Two pairs of tests were 
judged as fairly similar due to different pelvis acce-
lerations. The complete ORM values for these were 
85 and 86%. One pair of tests were judged as almost 



  Eriksson et al. 6 

identical and reached a complete ORM value of 
95%. The mathematical model predictabilities were 
87 and 90% for the static tests with no vent holes, 
and 86% for the static test with ordinary vent whole. 
No predictability ORM value was calculated for the 
test with the squeezed tube. The predictabilities of 
the dynamic tests at 7 m/s were 82 to 85%, and the 
predictabilities of the tests at 4 m/s were 71 to 76%. 
Overall, the mathematical model was judged to 
predict the tests sufficiently well. 

Sled tests were conducted with settings estimated by 
mathematical modelling. The sled test repeatability 
was 85% and judged as similar for almost all in-
cluded signals. The sled crash pulse shape repeatabi-
lity was 87% and the door crash pulse shape repeata-
bility was 89%. The mathematical models predicted 
both sled tests with only 46% in terms of complete 
ORM values. However, the most important signals 
resulted in higher ORM values: the predictabilities of 
the abdomen were both 60% and the predictabilities 
of the rib deflections were 74 and 78%. The sled 
tests predicted the full scale crash test with 55 and 
56% in terms of complete ORM values. For the 
mathematical models, the predictability of the full 
scale crash test was 50% for the abdomen and 57% 
for the rib deflections. The predictability of the full 
scale crash test was judged as insufficient for both 
the sled tests and the mathematical models. Hence, a 
new loop of tests and simulations were performed. 

The repeatability of the next pair of sled tests was 
71% and these tests were judged as nearly dissimilar. 
The sled and the door crash pulse shape correlations 
were 82% and 79%, respectively. It was possible to 
assess which of the two that was more accurate than 
the other, and that test will be used in the coming 
comparisons. The sled tests predicted the full scale 
crash tests with 62%; the predictability of the 
abdomen was 60% and the predictability of the rib 
deflections was 80%. The corresponding number for 
the mathematical model predictability was 51% for 
the abdomen and 56% for the rib deflections. Two 
pairs of sled tests with improved safety components 
were then conducted. The repeatabilities within these 
pairs were 77 and 80%. The correlations between the 
pairs were 73 and 64%, indicating that the changes 
of the safety components resulted in changes of the 
dummy readings. The final safety components were 
then used in a full scale crash test. The sled test 
predictability of this full scale crash test was only 
51%: the rib deflections predictabilities were 75% 
and 76%, and the abdomen predictabilities were 27 
and 28%. The very low values of the abdomen 
predictability were due to that the front and middle 
forces measured in the sled tests were around or just 
below zero and a bit above zero in the full scale 
crash test which resulted in ORM values close to 
zero. The correlation between the abdominal rear 
forces, which were the important signals, was 96%. 

DISCUSSION 

The ORM 

The Objective Rating Method, ORM, was published 
in 2005 by [2] as a tool for assessing the predicta-
bility of Madymo simulation models to mechanical 
tests. [2] stated that high correlation is 65% or above 
for mechanical test repeatability. This statement was 
based on component tests with one Hybrid III 50%-
ile without arms and lower legs. Ten different tests 
were repeated ten times, and in each test thirty 
signals were recorded. All signals of the repeated 
tests were then compared to the first test in each test 
series. However, which signals compared or weight 
factors used, are not specified. According to the 
authors, special attention was given to positioning 
the dummy before each test to ensure good repeat-
ability, and a well-defined environment was used in 
the tests. A couple of previous studies, [1] and [3], 
have shown that an ORM value of 65% most likely 
is a too low threshold to correctly rate two tests as 
highly repeatable, although the threshold is 
depending on which signals and components that are 
included. This study shows that correlations above 
65% can be judged as poor, indicating that a higher 
threshold should be more proposed. Furthermore, 
there should preferably be different requirements on 
scalar and curve shape correlations. 

In an earlier study ([1]) the ORM was applied to 
twenty-six pairs of rear-end sled tests in order to 
assess the BioRID II repeatability and reproduci-
bility. The tests were conducted at two crash test 
sites. Four BioRID II dummies, five different seats, 
and three crash pulses were used. Both criteria and 
dummy readings were compared. The BioRID II 
repeatability, in terms of complete ORM values, 
ranged from 83 to 90%, and the reproducibility 
ranged from 74 to 78%. In this study, other types of 
tests were included, as well as mathematical models. 
For those of the comparisons conducted in this study 
that were conducted with the same set-up selection 
methodology as used in [1], i.e. Set 7,  the complete 
ORM values for frontal sled test repeatability ranged 
from 81 to 88%, and the mathematical system model 
predictability ranged from 68 to 78%. Hence, the 
sled test repeatability is in the same range for rear-
end and frontal impacts. In the BioRID II repeata-
bility ORM values a few criteria are included, that 
may be one reason why the rear-end tests have 
slightly higher complete ORM values than the 
frontal impacts. The reproducibility ORM values for 
the rear-end sled tests are somewhat higher than the 
predictability ORM values for the frontal simulation 
models. That was expected, since two physical 
dummies in duplicated sled tests should mirror each 
other fairly well, while simplified mathematical 
models of the dummy and the sled test environment 
hardly can mirror its mechanical counterpart exactly. 
Nevertheless, the predictabilities of the mathematical 
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models are fairly good, and the models are judge as 
useful by engineers. For the side impact tests con-
ducted in this study, the sled test repeatability ranged 
from 77 to 85% for the MDB sled tests that were 
properly conducted. For the pole sled tests conducted 
in the same side impact project, the repeatability 
ranged from 72 to 80%. Side impact tests are more 
complex than most of the rear-end and frontal impact 
tests, and therefore it might be more difficult to 
reach good repeatability in side impacts sled test. 
Additional studies to this one are needed to define 
thresholds for good correlation in terms of ORM 
values for several types of tests, simulations and 
purposes within the car safety area.  

The ORM evaluation in this study, with shifted and 
scaled curves, showed a perfect match between 
ORM values and engineering judgement if the values 
for okay correlations are above 80%, acceptable 
correlations between 70 and 80%, not okay  
correlations between 55 and 70%, and for ORM 
values below 55% there are no correlations at all due 
to very dissimilar curves. Although the ORM values 
match the engineering judgement perfectly for these 
evaluations, it might be possible that these levels do 
not correlate for ORM values and engineering 
judgement for other types of curves and more 
realistic differences between curves than those 
formulated in this evaluation. The comparison in 
which one of the curves was shifted 0.001 s in X 
resulted in a curve shape ORM value of 79% (Table 
1) although these curves are almost identical from an 
engineers point of view. This ORM value is a result 
of the curve shape correlation being calculated as a 
relative error in each time step (Equation 2), and 
consequently the ORM value will decrease for 
curves with steep slopes and for curves oscillating 
around zero in amplitude. 

One application of a correlation rating method is to 
develop an automatic tuning tool that uses the 
calculated objective correlations as optimization 
targets for tuning mathematical models to mimic 
performed tests. Automatic tuning tools have been 
evaluated on module level for several types of 
airbags. The ranges of the tuning parameters were 
predefined to avoid unrealistic values. The models 
were tuned toward airbag pressure and impactor 
deceleration measured in several linear impactor or 
drop tests at different loading configurations. In 
some cases, also bag pressures measured in static 
tests have been used for model tuning. Not only the 
maximum peak correlation, its occurrence time 
correlation and the curve shape correlation from 
ORM have been evaluated, but also the Absolute 
Error Integral Criteria, the Error Integral Criteria, 
and the Curve Slope Criteria. Different weights on 
the six criteria have been evaluated in order to find a 
set of signals that result in models which with high 
accuracy are rated equally by the correlation tool and 

experienced engineers. Studies have been conducted 
to find appropriate weights to the criteria in order to 
achieve a proper performance of the models during 
the full test period. Up to date, no weight set-up has 
been found that works properly for all kind of airbag 
tests. However, for impactor tests it appears as 
criteria measuring the curve shape correlation should 
be more heavily weighted. Investigations of cutting 
off sections of signals that are known to be 
inaccurate measured or modelled, such as the 
deployment peak in an airbag pressure curve, and 
long sections of signals that are very low in 
amplitude compared to the peak values, have been 
made. Both these cuttings have been found 
beneficial, however these make the automatic tuning 
tool more complicated to use and require engineering 
experience. Applying these cuttings and extra 
weights on the curve correlation criteria, 80% have 
been identified as an appropriate threshold for good 
correlation for airbag model to impactor tests. 
Values between 70 and 80% are acceptable. For 
some airbag models values above 80% were not 
reached, likely due to deficiencies in physical 
representation of relevant parameters in the 
mathematical models or insufficient information of 
the test set-up or test repeatability. A prerequisite for 
automatic tuning is that the criteria used in the 
optimization must accurately rate the status of 
models the whole way from poor to good correlation, 
otherwise the correlation values cannot be used as 
optimization targets since the inaccuracy for poor 
and less good correlations may reduce the possibility 
for the optimization method to find the optimum. 
Further, in some cases, models have reached the 
same correlation values, although some were judged 
as sufficiently good and some were judged as 
insufficiently good by engineers. This indicates that 
both the ORM and the ORM with additional criteria 
need further development for the automatic tuning 
application. The correlation method needs to be 
further evaluated on a broad number of test cases in 
terms of correlation criteria included, weights used, 
time ranges used, signals and components included, 
and correlation criteria thresholds. Also, tuning 
parameters and optimization method for multiple 
loading conditions must be further evaluated.  

Frontal Impacts 

Series 1 – Evaluation of Included Signals Not only 
USNCAP sled test repeatability was evaluated in this 
part; one pair of USNCAP BiW driver tests and five 
pairs of EuroNCAP BiW driver and passenger tests 
were also analysed. For the BiW tests, the set-up of 
the sets were slightly different from those sets used 
for the USNCAP sled tests due to different require-
ments and measured signals. However, the methods 
of selecting the signals were similar. Hence, the 
complete ORM values from the different types of 
tests can be compared. Since the repeatabilities of 
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these tests also were rated by engineering judgement 
on the five-level-scale, a reliable set for ORM 
comparisons of duplicated frontal tests can be 
recommended. The complete ORM values from the 
different types of tests are given in Table 2 along 
with the engineering judgement of the test repeat-
ability. These data are also plotted in Figure 3 to 
Figure 9, along with the linear trend lines and their 
R2 values. The R2 values show the quality of the line 
fits; the higher the R2 value is, the better is the fit. 
Among the seven sets evaluated in this study, Set 7 
had the highest R2 value, 88%. The other sets had R2 
values between 27 and 78%. Hence, the set-up used 
in Set 7 is the set-up that most likely results in an 
ORM value that correlates to the engineering 
judgement. The method of selecting signals, 
components, and groups, and their weights according 
to Set 7 is further explained in the Recommendations 
section. 
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Figure 3. Complete ORM values calculated 
with signal Set 1 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 4. Complete ORM values calculated 
with signal Set 2 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 5. Complete ORM values calculated 
with signal Set 3 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 6. Complete ORM values calculated 
with signal Set 4 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 7. Complete ORM values calculated 
with signal Set 5 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 8. Complete ORM values calculated 
with signal Set 6 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is. 
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Figure 9. Complete ORM values calculated 
with signal Set 7 for the twelve compared pairs of 
tests in Series 1 versus the engineering judgement 
of the repeatability of each pair. The linear 
regression shows the trend, and the R2 value 
shows how good the fit is

Table 2. 
Complete ORM values in percent and engineering judgement for the comparisons in Series 1. 
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Set 1 96 93 78 73 64 76 77 61 82 70 76 88 
Set 2 96 91 86 84 78 83 85 81 91 84 87 94 
Set 3 84 71 76 70 74 79 80 72 78 84 81 85 
Set 4 84 72 80 71 70 74 80 65 79 68 75 79 
Set 5 73 63 68 73 67 70 71 60 64 61 76 76 
Set 6 83 68 77 68 69 73 79 67 74 68 75 80 
Set 7 88 78 79 69 70 76 79 69 80 73 77 82 
Eng. 
judge. 

Almost 
identical 

Nearly 
dissimilar 

Nearly 
dissimilar 

Dissimilar Dissimilar Nearly 
dissimilar 

Fairly 
similar 

Dissimilar Fairly 
similar 

Nearly 
dissimilar 

Fairly 
similar 

Similar 

 

Series 2 – Correlations between Sled Tests On the 
whole, the repeatability ORM values were high for 
the comparisons conducted for the tests in Series 2. 
Visual inspections of the tests by experienced test 
engineers assessed that the EuroNCAP sled tests 
were almost identical and the USNCAP sled tests 
were similar. Further, all signal correlations were 
rated visually in three grades: good/either/poor. 
Based on these grades, thresholds for ORM values 
for good and poor correlation can be recommended. 
Peak value correlations that were judged as good 
mostly had ORM values above 90%, and those 
judged as poor mostly had ORM values below 80%. 
Values between 80 and 90% were either good or 
poor, and it is recommended to assess these individu-
ally. For peak value occurrence time correlations 
ORM values above 90% are almost always good; 
values below 90% should be assessed individually. 
There are two not too rare reasons to low peak value 
occurrence time ORM values besides the case when 
the peaks occur with a long time apart. First, ORM 
values can be confusing for times early in the crash 
event since the ORM value is a ratio between the 
first and the last of the two compared times. Second, 
low peak time occurrence ORM values can be a 

result of double peaks with almost equal amplitudes, 
but the maximum peak in opposite order; this 
indicates a poor correlation by engineering judge-
ment only if the peak occurrence time is critical. The 
curve shape correlations generally results in lower 
ORM values than scalar correlations. Curve shape 
correlation ORM values above 75% were almost 
always judged as good, while values below 60% 
were judged as poor. Curve correlations ORM values 
between 60 and 75% are recommended to be 
evaluated individually. Consequently, comparisons 
of sets with significant signals that contain about 
30% curve shape correlations and 70% peak value 
and their occurrence time correlations have good 
correlations if the complete ORM values are above 
circa 80%. Independent of the complete ORM value, 
it is recommended to visually inspect all curves and 
corresponding component ORM values to uncover 
confusions. A drawback with the ORM is that the 
curve correlation (Equation 2) punishes signals with 
long intervals of amplitudes close to zero and signals 
that cross through the time axis numerous times 
unfairly hard. Consequently, the complete ORM 
value can be a bit too low compared to the grade 
given by engineering judgement. Further, the 
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complete ORM value is a weighted mean which may 
hide a few ORM values that are lower than wanted, 
an inspection will identify these. The crash pulse 
should preferable be analysed separately; ORM 
values above 90% for crash pulse shape corresponds 
to almost identical curves. 

Series 3 – Correlations between Sled Tests The 
five tests in Series 3 were compared both visually 
and by aid of the ORM. The visual inspection of 
tests #1, #2, and #3, which were intended to be 
identical, showed that #1 versus #2 and #1 versus #3 
were nearly dissimilar and the corresponding 
complete ORM values were 76 and 77%, respectiv-
ely. The reason for the poor correlations of these 
tests is most likely that the pulse differed a lot for 
test #1; the corresponding crash pulse curve shape 
correlations were only 70 and 71%. Sled tests #2 and 
#3 were judged as similar; the corresponding com-
plete ORM value was 86% and the pulse shape 
correlation was 95%. Sled test #4 versus #5 was 
fairly similar; the corresponding complete ORM 
value was 81% and the crash pulse shape correlation 
was 93%. For these four comparisons, the ampli-
tudes of the component ORM values are given in 
Figure 10 to Figure 13. In each figure, the ORM 
components are sorted in amplitude, and the three 
patterns on the bars represent peak ORM values, 
peak occurrence time ORM values, and curve shape 
ORM values. Comparing Figure 10 and Figure 11 
with Figure 12 and Figure 13, it can be seen that the 
ORM values in general are higher in the latter two 
figures than in the former two; as indicated by the 
complete ORM values and in line with the 
engineering judgements. Using the thresholds for 
good (≥90% for scalars and ≥75% for curve shapes) 
and poor (<80% for scalars and <60% for curve 
shapes), one can see that the two pairs of tests rated 
as nearly dissimilar only have 56 and 59% of the 
scalars rated as good, and only 22 and 28% of the 
curve shapes rated as good, while the two pairs of 
tests judged as nearly similar and similar have 75 
and 78% of the scalars and 67 and 83% of the curve 
shapes rated as good. Hence, the tests compared in 
Figure 12 and Figure 13 have both about the same 
amount of scalar components rated as good but the 
latter has less curve shapes rated as good than the 
former. This partly explains why the complete ORM 
values and engineering judgement differed for these 
comparisons. Nevertheless, most component ORM 
values are good in Figure 13 making these tests 
sufficiently repeatable for most purposes. By plotting 
the bars in order, one can easily find out if just a few 
components cause a low complete ORM value, or if 
all components are low and therefore aggregate to a 
low complete ORM value. This kind of plot is also 
useful in order to find out which signals and 
components that may need to be further analysed. 

In order to get a feeling for the ORM values, Figure 
15 to Figure 19 contain the dummy readings from 
sled test #1 to #3 and the Madymo simulation in 
Series 3 and the corresponding ORM values. 
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Figure 10. All component ORM values for 
comparison #1 versus #2 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 76%, and the crash 
pulse curve shape correlation is 71%. 
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Figure 11. All component ORM values for 
comparison #1 versus #3 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 77%, and the crash 
pulse curve shape correlation is 70%. 
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Figure 12. All component ORM values for 
comparison #2 versus #3 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 86%, and the crash 
pulse curve shape correlation is 95%. 
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Figure 13. All component ORM values for 
comparison #4 versus #5 in Series 3. The ORM 
values are sorted in amplitude and the different 
patterns show the kind of component compared. 
The complete ORM value is 81%, and the crash 
pulse curve shape correlation is 93%. 
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Figure 14. All component ORM values for com-
parison #3 in Series 3 vs. the Madymo simulation. 
The ORM values are sorted in amplitude and the 
different patterns show the kind of component 
compared. The complete ORM value is 69%, and 
the crash pulse curve shape correlation is 91%. 

CD vs. time

Test #1

Test #2

Test #3

Madymo  
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 83 93 81 
#2 vs. #3 - - 96 98 95 
Madymo vs. #3 - - 91 83 66 
 

Figure 15. Chest deflection curves for sled test 
#1 to #3 and Madymo simulation and ORM 
values for the comparisons #1 versus #3 (different 
pulses), #2 versus #3, and Madymo simulation 
versus #3. 

Head x-acc vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 88 97 72 
#2 vs. #3 - - 92 99 89 
Madymo vs. #3 - - 98 96 66 
 

Chest x-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 68 100 71 
#2 vs. #3 - - 99 92 88 
Madymo vs. #3 - - 91 94 77 
 

Pelvis x-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 90 73 68 
#2 vs. #3 - - 96 99 91 
Madymo vs. #3 - - 83 68 71 
 

Figure 16. Head, chest, and pelvis x-accelera-
tion curves for sled test #1 to #3 and Madymo 
simulation and ORM values for the comparisons 
#1 versus #3 (different pulses), #2 versus #3, and 
Madymo simulation versus #3. 



  Eriksson et al. 12 

Head z-acc vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 92 99 - - 61 
#2 vs. #3 88 98 - - 79 
Madymo vs. #3 89 52 - - 53 

 
Chest z-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 94 97 68 99 61 
#2 vs. #3 100 96 95 94 80 
Madymo vs. #3 33 49 53 94 31 
 

Pelvis z-acc vs. time

Test #1

Test #2

Test #3

Madymo
 

 Max 
Peak 

Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 80 96 65 
#2 vs. #3 - - 100 98 89 
Madymo vs. #3 - - 96 95 52 
 
Figure 17. Head, chest, and pelvis z-acceleration 
curves for sled test #1 to #3 and Madymo 
simulation and ORM values for the comparisons 
#1 versus #3 (different pulses), #2 versus #3, and 
Madymo simulation versus #3. 

Upper Neck Fx vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 85 91 98 98 60 
#2 vs. #3 84 98 93 96 81 
Madymo vs. #3 60 90 70 88 32 

 
Upper Neck Fz vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 92 100 - - 61 
#2 vs. #3 87 98 - - 64 
Madymo vs. #3 74 79 - - 62 
 

Upper Neck My vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 87 86 97 99 65 
#2 vs. #3 66 95 83 97 70 
Madymo vs. #3 63 81 63 96 28 
 

Figure 18. Upper neck Fx, Fz, and My curves for 
sled test #1 to #3 and Madymo simulation and 
ORM values for the comparisons #1 versus #3 
(different pulses), #2 versus #3, and Madymo 
simulation versus #3. 
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Femur Right Fz vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 84 88 62 
#2 vs. #3 - - 97 98 84 
Madymo vs. #3 - - 88 84 61 
 

Femur Left Fz vs. time

Test #1

Test #2

Test #3

Madymo

 
 Max 

Peak 
Max 
Peak 
Time 

Min 
Peak 

Min 
Peak 
Time 

Curve 
Shape 

#1 vs. #2 - - 87 96 67 
#2 vs. #3 - - 96 91 81 
Madymo vs. #3 - - 88 84 62 
 

Figure 19. Femur right left Fz curves for sled 
test #1 to #3 and Madymo simulation and ORM 
values for the comparisons #1 versus #3 (different 
pulses), #2 versus #3, and Madymo simulation 
versus #3. 

Series 2 and 3 – Correlations between Simulations 
and Sled Tests Although the ORM signal sets diff-
ered somewhat between the predictability and the 
repeatability assessments, these ORM values were 
compared. In general, and as expected, the Madymo 
models have lower predictability ORM values than 
the corresponding sled test repeatability ORM 
values. Nevertheless, the Madymo models were 
found to be useful. The Madymo models average 
peak value prediction ranged from 81 to 88%, the 
average peak value time occurrence prediction 
ranged from 81 to 95%, and the average curve shape 
prediction ranged from 60 to 69%. Corresponding 
values for the sled test repeatabilities are 91 to 94%, 
95 to 98%, and 77 to 85%. The Madymo model of 
the EuroNCAP system in Series 2 predicts the three 
EuroNCAP tests with 75 to 78% and the correspond-
ing sled test repeatability ORM values ranged from 
81 to 86%. The Madymo model of the USNCAP 
system predicts both of the two USNCAP tests in 

Series 2 with 75% and the corresponding sled test 
repeatability was 87%. The Madymo model of the 
USNCAP sled tests with the Hybrid III 50%-ile in 
Series 3 predicts test #2 and #3 with 68 and 69% and 
the corresponding sled test repeatability was 86%. 
From a simulation engineering point of view, the 
Madymo models verified in this study were assessed 
as useful for product development and evaluation. 
Hence, Madymo models that reached about 80% or 
higher of the sled test repeatability ORM values 
were found to be useful. Nevertheless, higher ORM 
values are needed to fully predict tests with simu-
lations. Depending on the purpose of the models, 
additional weight on the curve shapes can result in 
better understanding if the models predict trends 
adequately or not in cases when the peak values are 
poorly predicted. In order to attain useful ORM 
values of predictability, it is important to include 
mainly those signals which will be used in coming 
simulations; otherwise the ORM values will be 
confused by less predictive and irrelevant signals. 
Further, the recommended ORM values for models 
may differ depending on the type of test and system 
used, but also on modelling technique (MBS or 
FEM), and the purpose of the simulation.  

Side Impacts 

The ORM was used to guide in a side impact project. 
Both sled tests and full scale crash test were 
performed, and mathematical models were built up 
to predict the tests and improve the EuroNCAP 
results. The complete ORM values for the mathe-
matical model predictabilities of the sled tests and 
the full scale crash tests, as well as the sled test 
predictabilities of the full scale crash tests, were 
rather low. Therefore, the dummy signals were 
divided into subgroups that made it possible to focus 
on those signals predominantly important for test 
purpose. Thus, it could be assessed that these signals 
were sufficiently well predicted. The ORM was also 
used to show that improvements of the safety com-
ponents influenced the dummy performance by com-
paring ORM values from tests with and without the 
improved system to the repeatability values of truly 
duplicated tests. By analysing the signals individ-
ually, it was possible to find out which of the signals 
that were highly, moderately and insignificantly 
influenced by the change in the safety components. 
Overall, the ORM values assisted in the communi-
cation with the customer during this project. 

The mathematical models of the airbags used were 
normally tuned to mimic two configurations of static 
tests and two configurations of dynamic test, and 
each configuration were repeated at least once. The 
mathematical models in the side impact project were 
tuned manually, and the ORM was applied after-
wards to assess their predictabilities. For the airbag 
presented in the side impact part, the test repeata-
bilities were in all cases but one very good. Good 
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test repeatability and representative tests are crucial 
for tuning a mathematical model into an accurate 
model of a real airbag. In case of a low test repeata-
bility ORM value, it is important to find out if the 
low value was caused by a test failure, a result of any 
ORM shortcomings, or just a spread in the tested 
components. If the low value was caused by a test 
failure, the mathematical model can be tuned to 
mimic just the accurate test. If the low value was 
caused by a shortcoming in the ORM and the signals 
correlations are judged better than the ORM value 
indicates, one may cut off sections of the signals or 
change the weights to better rate the repeatability. 
Otherwise, the mathematical model must be tuned to 
mimic both tests and will most likely return predicta-
bility ORM values lower than the repeatability for 
the corresponding tests. 

CONCLUSIONS 

ORM is a useful tool, especially for test repeatability 
and reproducibility assessments, although it should 
be used with care and knowledge. For all ORM 
correlations performed, it is recommended to check 
the included signals and components in order to 
identify scalar or curves correlations that might have 
been too low rated due to shortcomings of the ORM. 
The ORM allows for agreement, in advance, on a 
quality level for tests and mathematical models. 
Beneficial is that the ORM not only compares peak 
values but also curve shapes. Furthermore, the ORM 
compares two tests; many methods require several 
tests and that is normally not available in daily work. 

This study shows that high ORM values correspond 
to good correlations, but for a few cases good corre-
lations result in somewhat too low ORM values. For 
curve correlations rated as poor by ORM, the ORM 
does not sufficiently discriminate between curves 
that are poor but useful and poor but useless. This 
might be a drawback for simulation model predicta-
bility assessments, since the correlation level can be 
rather low although the models fulfil their purposes.  

RECOMMENDATIONS 

The usefulness of an ORM correlation is highly 
depending on the set of signals and components 
used. In this study, the Set 7 correlated to 
engineering judgement most accurately. The method 
of selecting signals and components according to Set 
7 for a system correlation assessment is in detail 
described in A. to D. Normally, all signals and 
components should be compared up to the time when 
the crash is over. An example of a signal set selected 
with this method can be found in Table 3. 
A. Crash pulse group Compare the crash pulse 

shape separately; it should not be included in the 
complete system comparison. Hence, set the 
group weight to zero. 

B. Criteria group Criteria may be included in the 
complete ORM value, or analysed separately 
depending of the aim of the comparison. When 
the criteria are excluded in the complete ORM 
value, the comparison will focus more on overall 
repeatability, reproducibility or predictability. If 
the criteria group is excluded in the complete 
ORM value, set the group weight to zero. 
Otherwise, let the weight of this group be equal 
to the number of criteria.  

C. Dummy group Include all kinematics and load 
cells signals acting in the motion plane, and 
avoid resultant signals. Signals in other directions 
than the motion plane are normally much lower 
and will most likely confuse the findings with 
less important data if they are included. For all 
included signals, include both minimum and 
maximum peaks if these are significant and not 
enormously different in amplitudes; otherwise 
include only the highest peak. For all included 
peaks, also include their occurrence times. 
Include the curve shape correlation for all 
included signals. For each included signal, set the 
total weight of the peak or peaks to 1, set also the 
total weight of the peak occurrence time or times 
to 1, and set the curve shape correlation weight to 
1. Let the weight of the dummy group be equal to 
the number of included signals. In order to better 
focus on different parts of the dummy, the 
dummy group can be divided into subgroups. 

D. Safety group Include all signals from the safety 
equipment that show how these parts perform. 
For all included signals, include both minimum 
and maximum peaks if these are significant and 
not enormously different in amplitudes; other-
wise include only the highest peak. For all 
included peaks, also include their occurrence 
times. Include the curve shape correlation for all 
included signals. For each included signal, set the 
total weight of the peak or peaks to 1, set also the 
total weight of the peak occurrence time or times 
to 1, and set the curve shape correlation weight to 
1. Let the weight of the safety group be equal to 
the number of included signals. 

 
On signal level, good correlations are predominately 
associated with ORM values of 90% or above for 
peak value and peak value occurrence time corre-
lations, and with ORM values of 75% or above for 
curve shape correlations. For extremely good curve 
correlation, as wanted for crash pulses, 90% is a 
preferable threshold. Peak value correlation ORM 
values below 80% and curve shape correlation ORM 
values below 60% are generally associated with poor 
correlation or no correlation at all.  

Using an appropriate set of signals, in which about 
one third of the components are curve shapes, the 
proposal of ORM value representing good repeat-
ability for frontal sled tests is 80% or above. Sled 
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test reproducibility, and more complex frontal tests, 
such as BiW and full scale crash tests, should be 
rated as good with a bit lower complete ORM 
values. The requirement on the predictability ORM 
values of a mathematical system model should be 
lower than the corresponding repeatability ORM 
values. 
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Table 3 
Signals and weights used for a USNACP frontal 

sled test according to the selection method 
proposed in Recommendations section. 

Group Wgroup Signal Comp. Wscalar/shape 
Crash Pulse 0 Sled x-acc Curve shape 1 
Criteria 0 HIC36 Scalar 1 
  Chest 3ms Scalar 1 
Dummy 12 Head x-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Head z-acc Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Chest x-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Chest z-acc Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Pelvis x-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Pelvis z-acc Min peak 1 
   Min peak time 1 
   Curve shape 1 
  Chest defl. Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Upper Neck Fx Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Upper Neck Fz Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Upper Neck My Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Femur Left Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Femur Right Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
Safety 3 Webbing disp. Max peak 0.5 
   Max peak time 0.5 
   Min peak 0.5 
   Min peak time 0.5 
   Curve shape 1 
  Belt Force B3 Max peak 1 
   Max peak time 1 
   Curve shape 1 
  Belt Force B6 Max peak 1 
   Max peak time 1 
   Curve shape 1 
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ABSTRACT 

Modern safety systems are transforming vehicles from 
human-controlled passive devices into human-centric 
intelligent/ active systems. There is a wide range of 
systems from fully autonomous vehicles to human-
augmented control devices which have emerged in this 
field. In current trends, co-operative active systems 
have the driver in the decision and control processes are 
favored for their ‘human-centric’ approach. However, 
these systems pose a challenge in the design process 
since obtaining reliable human behavior models are 
difficult due to the complex nature of driving task in a 
dynamic traffic environment. From a control theory 
perspective, driving can be seen as a combination of 
continuous control segments combined with a discrete 
decision process. In this study, we will model driver 
behavior utilizing Hybrid Dynamic Systems (HDS) 
combining stochastic modeling tools (such as Hidden 
Markov Models) with control theoretic models. A 
subset of CAN-Bus and video channels from a 
demographically balanced UTDrive Corpus containing 
video (2 channels: driver and road scene), audio, and 
CAN-Bus signals of realistic driving sessions for 77 
drivers are used to verify HDS models of lateral and 
longitudinal control behaviour. The model is used to 
suggest ‘driver-aware’ active safety system capable of 
assisting the driver in several lateral control tasks; lane-
keeping, curve-negotiation and lane changing.  
 
INTRODUCTION 

Understanding, analyzing and modeling human driver 
behaviour in a realistic way is extremely important in 
enhancing the safety of the vehicles.  In a study 
supported by NHTSA, it was found that driver error 
was the major contributor in more than 90% of the 
crashes examined [1]. Cooperative driver assisting 
systems (DAS) or human-centric active vehicle safety 
(AVS) presents an opportunity to prevent/avoid some 
of these accidents. These promising technologies can 

be realized with an associated cost in research and 
implementation trials. The difficulty arises because of 
the co-operation requirement with human and the 
human driving behavior is a poorly understood 
subject. The dynamics of driving come from three 
sources: driver, vehicle and the environment. 
Although, several systems exist to improve the 
vehicle dynamics and handling, the driver behaviour 
and the role of the environment remained the 
overlooked components of the safety problem until 
now. The vehicle component was the first one to be 
examined and improved thanks to precise non-linear, 
continuous vehicle models and numerical 
simulations. The uncertain, non-stationary, highly 
dynamic, stochastic or discrete event-driven 
characteristics of driving comes mainly from human 
driver and traffic context imposing on the driver to 
react in a certain way. These characteristics of driving 
are more difficult to model, understand and control 
and they conceal the underlying cause of most of the 
accidents.  Therefore, future active safety systems 
need to take driver behaviour and traffic context into 
account for efficient accident avoidance/ prevention. 
In other words, AVS or DAS should be ‘driver-
aware’ and ‘context-aware’. The context awareness 
can be achieved by monitoring and analyzing the 
micro-traffic environment around the host-vehicle. 
The sub-systems of such a system may include a 
computer vision system for lane mark, vehicle and 
pedestrian detection and tracking together with road 
sign recognition. In recent years, such systems are 
designed and reported with great prospects of being 
beneficial [2, 3]. For an example in context-aware 
systems, one can refer to [4].  In this paper, the focus 
is driver-awareness to be able to design human-
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centric AVS and adaptive DAS with particular 
interest in lateral control.  

The paper is organized in the following way. 
First, a critical survey of driver behaviour modeling 
approaches is given identifying the need for a hybrid 
realistic model specifically designed for the use of 
DAS or AVS development. In this section, also the 
driver models are categorized to give more insight 
into the problem of which model is more appropriate 
for what type of applications. Next the main frame of 
the proposed driver model is presented together with 
the theoretical methods and implications from human 
factors engineering studies. It is extremely important 
that the model delivers both a theoretical framework 
which is mathematically tractable and an explanation 
of physical and cognitive processes involved in 
control strategy of human driver. The proposed 
model is divided into lateral and longitudinal parts; 
however, these two models are coupled and the full 
model is given next. After construction of the 
theoretical framework supported with experimental 
observations from previous studies the model is 
validated using driving data which is collected in real 
traffic environment. Finally, the advantages and 
limitations of the proposed model are presented in the 
conclusion section.  

Critical Survey of Driver Modeling Approaches 
 

Driver models are needed for different purposes 
from assessing vehicle dynamics to monitoring driver 
status or just simply to better understand the underlying 
dynamics in driver behaviour. In addition to several 
types of need for driver models, each related research 
field emphasizes a different aspect of the driver (i.e. 
cognition, perception, processing reaction, control). 
Driver modeling approaches can be roughly divided 
into following groups: human factors, control theoretic, 
stochastic/ non-linear and hybrid models. A schematic 
of driver modeling approaches is given in Fig.1.  

It is noticeable that especially lateral control has 
been modeled by control theoretic approach due to its 
continuous characteristics. An example of this type of 
driver model can be found in [5] employing control 
theoretic approaches for lateral control behaviour.  This 
model includes driver’s delays, feedback in form of 
lateral position error, and neuro-muscular response 

taken from an earlier work on flight-pilot modeling 
studies [6].   

 

 
Figure1. A schematic grouping of driver modeling 
approaches 
 
Other noticeable and widely known control theoretic 
models for lateral control can be listed as McRuer’s 
model [7] containing anticipatory, compensatory and 
precognitive control for better representation, and 
MacAdam’s optimal preview control model [8]. The 
common property of these models is that all of them 
agree with cross-over model [9] which can explain 
single loop manual tasks performed by humans. The 
advantage of control theoretic models is that they 
give a physical/causal relationship between the input 
and output variables. In this aspect, the control 
theoretic models may give insight into driver 
behaviour. Although some of them ignore the non-
linearity, they provide a sound mathematical 
framework in analyzing driver behaviour in control 
level. However useful they may be, it should be noted 
though that most of the control theoretic models are 
designed to be used in improving vehicle dynamics 
and handling quality, but not for explaining driver 
behaviour or design of co-operative systems. These 
driver models have low fidelity in reproducing driver 
control commands that have similar characteristics to 
a real driver in time-domain. The main reason of this 
infidelity is that these models are designed for 
tracking the center of the lane or road-median almost 
perfectly, whereas a real driver would deviate from 
the median more as demonstrated by [10]. The 
human driver allows the lateral position error to build 
up until it reaches a threshold that driver perceives it 
as a deviation and makes correction. This is known as 
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complacency, and it is also related to the fact that 
most of the sensory input that driver uses is not 
instant measurement of the lateral position but visual 
cues and vestibular feedback. In order to perceive and 
process this feedback takes time and it is not instantly 
used by the driver but delayed. A similar behaviour is 
observed also in longitudinal control while car-
following and was taken into account in 
Lubashewsky’s rational driver model [11].  Since the 
existing control theoretic models cannot account for 
complacency, [10] used driver simulator data to 
identify lateral control model of the driver using 
system identification tools and ARX models. In [12] 
driver steering model was identified with particular 
interest in structured and unstructured model 
uncertainty. Their work is important as they imply 
that the structured uncertainty can be used to monitor 
driver and use adaptive control framework to address 
the risk from driver performance deterioration 
whereas the unstructured certainty coming from 
unmodelled nonlinearity can be addressed by robust 
control. The non-stationary, uncertain and non-linear 
nature of driver behaviour was understood by other 
researchers too. In [13] cascaded Neural Networks 
(NN) are used with some flexibility employing 
Extended Kalman Filters (EKF) for update and 
variable activation in newly added neuron layers. 
HMM is used to measure the stochastic similarity 
[14] between the model output and real driver data. 
This measure is reported to be better than mean 
square error since the nature of driving is stochastic 
and we should be looking for main trends in the data 
not the exact match in numerical sense. In fact, 
Markov Chains were used to sequence a bank of 
Kalman Filters for predicting driver actions using 
preparatory input actions [15]. Hidden Markov 
Models (HMM) were used to learn human action and 
transfer human skills for tele-robotics applications 
[16]. HMMs has later proved to be a very convenient 
tool in modeling driving control inputs or observed 
vehicle dynamics and it is widely used to model 
driver behaviour in several frameworks. In [17] 
HMM framework is used to recognize different 
driver maneuvers and [18] used a similar framework 
for a top to bottom approach in search for 
‘drivermes’, the meaningful smallest unit of driving 
signals. In our previous studies, HMMs were used to 
recognize maneuvers and detect the driver distraction 
or driver faults using a hierarchical approach [19, 20]. 
Although HMMs are very powerful and can 
reproduce the driver behaviour with high stochastic 

fidelity, we lack the capability of explaining the 
physical/causal meaning of the resulting models.  
  In addition to mathematical approaches a 
large group of driver models are derived in human 
factor engineering. These models consider cognitive, 
perceptual, and neuro-muscular limitations of human. 
These models provide very important insight into 
driver behaviour especially explaining some of the 
uncertainty, delay and non-linear characteristics. In 
addition to this, the control theoretic and stochastic 
models tend to use measured (i.e. observable) data 
and they often stay in the control level modeling. The 
tactical and strategic levels in Michon’s hierarchical 
model [21] cannot be modeled with control theoretic 
or stochastic approaches. [22] proposed ACT-R 
cognitive model of the driver modeling the 
information processing and inherent delays of the 
human cognitive system. As it can be seen, the 
models derived from human factor engineering are 
very useful; however, they do not represent a full 
driver model. Therefore, combined model structures 
including control aspects, stochastic processes and 
cognitive capabilities are proposed. These models can 
be described as ‘hybrid’ models.  This approach is 
relatively new and very promising for obtaining 
comprehensive models. For example, [23] described 
human perception process by a discrete event 
technique the execution part is modeled by general 
predictive controllers and the velocity control is 
represented by a finite state machine to reveal its 
discontinuous control dynamics. In [24], researchers 
used a controller switching model for modeling 
collision avoidance maneuver employing piecewise 
polynomials. Furthermore [25] used similar approach 
for modeling vehicle following task dividing the car 
following control into four different modes. Another 
model using switching control is used by [26] 
employing simple control laws and defining the 
switching rule by a knowledge base.  
 
In this paper, a hybrid driver model combining 
stochastic, control theoretic and human factor 
approaches is proposed. The main aim is to obtain a 
comprehensive driver model including all available 
knowledge and state-of-art methods in driver 
modeling for development of human-centric active 
safety.  
Proposed Driver Model  
The proposed driver model includes a stochastic 
longitudinal velocity control model coupled with a 
realistic control theoretic lateral model based on [5]. 
Although the lateral model is based on a limited 
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control theoretic model the complacency phenomena 
is represented by delaying the position feedback to 
represent the human limitation. The vehicle model 
used in Hess model is updated by the velocity 
supplied by longitudinal model therefore coupling the 
control strategies. This approach is more realistic 
than assuming the vehicle longitudinal velocity 
constant in the lateral model. The main aim of the 
model is to obtain a driver-adaptable (tunable) and 
realistic lateral control model coupled with 
longitudinal dynamics to use in DAS and AVS 
development. In next sections longitudinal, lateral 
control strategies are given and finally the full driver 
model is explained. 
 
Longitudinal Control Strategy 
 

Longitudinal control strategy of driver is inherently 
discontinuous since the control is achieved by 
changing between gas and brake at discrete times. In 
addition to this, the underlying control rule cannot be 
easily revealed without including the micro-traffic 
context (i.e. car following, congestion or free 
driving). For this reason a stochastic modeling 
approach such as HMM can help us learn the velocity 
control of driver from observations. 

HMM is a naturally suitable tool to model driver 
behavior for the following reasons: 
�  HMMs can model the stochastic nature of the 

driving behavior, providing sufficient statistical 
smoothing while offering effective temporal 
modeling, 

� The variations in the driving signals across the 
drivers can be modeled (driver identification) or 
suppressed (driver-independent route models) 
according to the requirements of the desired task.  
HMMs can be characterised by: 

(1) A set of distinct states S={Si} with qt denoting a 
state at time t, with number N 
(2) The initial state distribution П={ Пi} 
(3) The state transition probability distribution 
A={aij} 
(4) Each state can produce one of M distinct 
observation symbols from the set V={Vi} 
(5)The observation probability distribution function 

in state j, Bj 
Therefore, HMMs can be written in the form of a 
vector λ={N,M,A,B, Π}. For further information, 
readers should refer to [27].  
In modelling velocity control behaviour of human 
driver by HMM we used a topology seen in Figure 2. 
This model represents three states in velocity control: 

constant, increasing and decreasing. The transitions 
between any of the two the states out of three are 
possible and a dynamic variable indicated as d can be 
retrieved as the model stays at one state in certain 
time. These waiting times can account for certain 
control strategy in speed control adopted and the state 
transition probabilities give insight into how several 
control strategies are switched to obtain a plausible 
speed control. The emission output of each state is 
represented by a continuous function to model the 
speed profile with parameters of a line.  
 

 
Figure 2. HMM topology for velocity control 
 
Lateral Control Strategy 
 
The lateral control strategy of driver is modeled using 
a modified control theoretic model based on Hess’s 
work [5]. Two improvements to this model are: 
 

(1) introduction of a dead zone which filters out 
the lateral position errors below a certain 
threshold band accounting for complacency 
of drivers 

(2) replacement of the constant velocity LTI 
model of lateral vehicle dynamics model 
with LTV model updating the speed and 
recalculating the model with the inputs from 
longitudinal velocity model. 

 
The modified lateral driver model and complacency 
term is shown in Figure 3.  Some of the constants 
seen in the block diagram of lateral driver model are 
taken from [5], however, the tuning parameters of ωc 
(cross over frequency) and time constants T1, T2 and 
T3 are explored in a range to better fit the model to 
real driver steering signals. In addition to this, the 
complacency term dead-zone band changes from one 
driver to another. Some drivers are more sensitive 
and correct the errors more often while others let the 
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lateral position error to accumulate. This band can be 
related to experience and one’s confidence in their 
driving skills.  

 

 
Figure 3. Driver model for lateral control 
 
The vehicle model used is known as ‘bicycle model’ 
[28] for calculating the lateral dynamics of the 
vehicle and linearized at a constant longitudinal 
velocity. In order to obtain more realistic behaviour 
from this model, it is updated by changing 
longitudinal velocity at discrete time steps. Therefore 
the resulting vehicle model is a hybrid system 
containing a set of linear-continuous time, time-
invariant models of vehicle switched by a discrete 
update driven by longitudinal speed changes. As a 
consequence the resultant model is non-linear and 
closer to realistic vehicle response. The model inputs 
are steering wheel angle, longitudinal vehicle 
velocity and outputs are lateral acceleration and side 
slip angle. The lateral acceleration output of this 
model is used to calculate the lateral speed and 
finally lateral position of the vehicle employing 
numerical integration by trapezoids. The variables of 
model are given in Table 1.  
 
 
 
 

 
 
Table1. Variables of vehicle model 

Symbol Meaning 

cf or cr cornering stiffness coefficients for front and back tire 

J Yaw moment of inertia about z-axis passing at CG 

m Mass of the vehicle 

r Yaw rate of  vehicle at CG 

U Vehicle speed at CG 

yc Lateral offset or deviation at CG 

τ Wheel steering angle of the front tyre 

αf or αr Slip angle of front or rear tyre 

β Vehicle side slip angle at CG 

ρref Reference road curvature 

ψ Yaw/ heading angle 

ψd Desired yaw angle 

ω Angular frequency of  the vehicle 

The equations of motion using the variables given in 
Table 1 are presented in equations (1-2).  
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here: 
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Combined Full Driver Model 
 
As mentioned before, the lateral and longitudinal 
models are coupled via the update of vehicle model 
using the velocity outputs of HMM model for driver 
velocity control. HMM model uses 1-2 sec history of 
velocity from CAN-Bus to predict the future 
sequence. Therefore the vehicle model in lateral 
driver model is updated before the driver input to this 
model reaches for new calculation of lateral position. 
The longitudinal and lateral control strategies are 
closely related in a two-way relationship: 
 

(1) In higher speeds, the driver is expected to 
correct the steering wheel with smaller 
magnitudes.  

(2) In sharp turns, the driver might prefer to 
reduce the longitudinal speed and during the 
lane change towards a faster lane the speed 
should be increased to avoid interference 
with the upcoming traffic.  

The combined model has non-linear and stochastic 
properties together and accounts for the complacency 
of human driver. The next session reports on model 
verification using real CAN-Bus data.  
 
Selected Model Verification Results 
 
In model verification, CAN-Bus data is used to assess 
the model in its fidelity to reproduce steering wheel 
angle and vehicle speed commands. The model was 
able to reproduce the expected signals with some 
drawbacks and advantages: 
 

(1) The steering wheel angle contained a high 
frequency term  

(2) The identification ok K and T parameters in 
lateral control require several iterations. 
However, once it is set, these parameters 
can represent driver characteristics or status.  

The model is capable of reproducing steering wheel 
angle commands in lane keeping, curve negotiation 
and lane change profiles. The application of 
complacency zone in the model was found very 
useful since it gives the safety margin of the driver in 
the lateral control task and it is a driver-specific 
characteristic. In addition to this internal delay due to 
processing and the gain of feedback from 
proprioreceptive system are explored. It was 
observed that increasing the internal delay from 0.15 
(nominal) to 1-15 sec interval representing driver 
distraction caused the error building in lateral 

position and the vehicle drifted. It was also observed 
that increasing the gain from proprioreceptive 
feedback reduces the errors in lateral position 
tracking. This is also observed during the 
experiments; the novice drivers relying on only visual 
feedback have larger errors while the expert drivers 
depend on the feedback from neuro-muscular system 
(i.e. thus their gain is higher in that component) and 
have less lateral positioning errors. The effect of 
vestibular/proprioreceptive feedback gain is 
represented from validation experiments performed 
in Simulink (Figure 4 and 5).  
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Figure 4. Drift in lane keeping task (max 2 m) 
with internal delay of 1 sec and proprioreceptive 
gain of 2. 
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Figure 5. Drift in lane keeping task with an 
internal delay of 1 sec and proprioreceptive gain 
of 20.  
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CONCLUSIONS 
 
In this paper, a hybrid model using a stochastic model 
for velocity control and a continuous control theoretic 
model for lateral control are combined. The lateral 
model is modified in order to represent driver 
complacency. In addition to that internal processing 
time is represented by a delay term which can 
account for distraction since it blocks the processing 
sources of the driver. Finally the importance of 
vestibular feedback is shown by observing the drift in 
using the feedback from this system less (Fig..4) or 
more (Fig.5). This type of change can represent the 
difference between novice and expert driver, since 
the expert driver would trust more on muscle 
system/learned skills than visual input.  
In summary, the proposed driver model can account 
for human deficiencies or bottlenecks in information 
processing, complacency. Also, the model can 
explain the effects of the distraction in a tracking task 
(i.e. lane keeping) and the experience level (i.e. 
changing gains in different feedback channels). For 
these reasons, the model is very convenient to be 
used in developing human-centric lane assistance/ 
control systems.  
In our future work, the proposed model will be 
improved and several driver behaviour, performance 
and characteristics will be linked and added using 
Hybrid Dynamic Systems and stochastic modeling 
tools.  
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ABSTRACT 
 
The aim of this work is to define and evaluate a “yaw 
rate error” (YRE) derived from naturalistic driving 
data to quantify driver steering performance during 
lane keeping.  This measure of lane keeping 
performance is based on the predicted kinematic 
control error at any instance.  Scope is limited to the 
demonstration that such a quantity exists, that can be 
computed from naturalistic driving data, and that it 
correlates with instantaneous control performance in 
real-world driving.  The YRE is defined as a measure 
of conflict: the difference between current vehicle 
yaw rate and kinematic values required to be 
consistent with forward lane boundary crossing. A 
second, well-known measure is computed for 
comparison: the predicted time to lane crossing 
(TTLC).  All data is obtained from naturalistic 
driving databases containing detailed information 
(over 200 signals at 10 Hz.) on driver input and 
vehicle response as well as aspects of the highway 
and traffic environment.  As a continuously updated 
measure of the control correction required by an alert 
driver, it is expected that the YRE will be more 
informative of driving situations than the simpler 
kinematic measure TTLC.  This latter measure is only 
loosely related to the closed loop control of vehicle 
motion.  For example a very small TTLC can represent 
either a critical case where the vehicle is about to depart 
the lane and requires a large correction, or it could be a 
case where the vehicle is close to the lane boundary but 
with small lateral velocity requiring only a small 
correction.  The YRE represents the severity of the 
possible lane departure in a natural way, accounting for 
current position, path direction, and path curvature.  
While no in-depth statistical analysis is conducted for 
YRE, it is proposed as a new tool for post-hoc analysis 
of driver steering performance during lane keeping. 
 
 
 

INTRODUCTION 
 
Driving is a control task based on visual input; it 
includes filtering of input for relevance, extracting 
signals or patterns from that visual information, and 
hence provides a reference to guide steering and 
speed control. Control action then involves manual 
effort by the driver to modulate vehicle motion using 
further force and acceleration cues [1-3]. Here we 
focus on the visual reference for lane keeping in 
terms of a conflict measure or error criterion. In 
broad terms we seek a simple measure of the control 
reference for when the driver is concerned with 
staying in the lane but less concerned with some 
optimal path within that lane. To this end we 
introduce and evaluate a suitable measure of “yaw 
rate correction required” or yaw rate error. Since no 
preferred path is computed, the YRE is computed for 
multiple lane boundary points and the most critical of 
these will represent the overall correction required. 
This metric has been used previously in driver 
modeling [4] and applied to collision avoidance [5] 
 
The approach is analogous to longitudinal speed 
control in traffic, where control action required can 
be found in terms of the vehicle deceleration required 
to avoid a collision with the vehicle in front. Again, 
this contrasts with the predicted time to collision 
(TTC), based on instantaneous positions and 
velocities of the vehicles [6]. While in the speed 
control problem there is essentially a single target 
point, the more complex lane keeping activity 
involves multiple conflict points and more complex 
vehicle kinematics. 
 
We focus on yaw velocity rather than the related 
variables of path curvature and lateral acceleration 
because of the focus on visual reference. Yaw 
velocity is directly available to the driver as the 
perceived angular rate of distant or peripheral objects 
across the field of view. Path curvature by contrast 
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requires a constructive element as the driver 
“imagines” the path of the vehicle, something that is 
surely more appropriate to low speed maneuvering 
Again, vehicle lateral acceleration is not a visual 
input, but rather a feedback for the lower level 
manual control of the vehicle. Thus the emphasis on 
yaw rate as the reference is based on its availability 
through visual feedback, analogous to what happens 
in vehicle stability control [7] – vehicle yaw rate is 
directly measured and compared to a reference – 
though in this case it is based on anticipated vehicle 
response to steering at the current speed. In this case 
path curvature is not directly measurable, and lateral 
acceleration is subject to disturbances such as body 
roll; also, the lateral acceleration is dependent on 
sensor location, unlike the yaw rate, which is only 
sensitive to sensor orientation.  
 
It is also worth noting that under simple conditions of 
constant speed, minimal vehicle sideslip (i.e when the 
vehicle is in a normal stable condition) and negligible 
body roll angle,  the three variables mentioned (path 
curvature, yaw rate and lateral acceleration) are 
actually proportional to each other. So under these 
simple conditions any one of these variables might be 
used for the present purpose. We now turn to the 
details of the yaw error criterion. 
 
For any point on the road or lane boundary, we are to 
determine whether a yaw rate correction is needed to 
avoid going outside of the lane/road.  If so the yaw 
correction required is a measure of conflict.  The 
maximum magnitude of all such corrections (left or  
right) is to be our conflict measure, though it is often 
of interest to analyze “worst right boundary case” and 
“worst left boundary case” in parallel. Additional 
information is relevant, namely the distance and 
polarity (left, right) of any conflict point, as well as 
the horizon distance: the maximum distance or 
headway for which – under ideal yaw rate – no 
conflicts occur).  The horizon distance is a combined 
measure of position and direction error, as well as 
road geometry, and arises naturally out of the YRE 
analysis. 
 
As mentioned, YRE and these associated measures 
are related to TTLC, but are expected to incorporate a 
greater degree of continuity and relevance to the 
control task.  Unlike TTLC, the “angle of attack” of 
the lane excursion is implicitly included, so it 
potentially attaches due significance to how severe 
the predicted lane excursion will be, not just when it 
will be.  For this reason YRE is expected to be a 
superior combined metric of lane keeping 
performance analysis than TTLC. 
 

This study was motivated by a more general problem 
of establishing surrogates for road departure crashes 
[8,9]. The idea is to find kinematic or other variables 
that respond to road, traffic and driver conditions in a 
way that mimics the pattern of crash occurrence. 
Provided the dependency is based on common cause 
(for example due to disturbances in the closed loop 
control of the vehicle), detailed analysis of surrogates 
and counter-measures is much more feasible than the 
corresponding analysis of crash occurrence. In this 
paper we restrict attention to the YRE metric of 
interest, and leave aside its factorial analysis relative 
to crash frequencies. 
 
 
YAW RATE ERROR DEFINITION 
 
In Figure 1 we consider the lateral vehicle control 
relative to a single “conflict point” P. This is 
presumed to be on the right lane boundary, so the 
yaw rate (assumed positive in the case shown, with 
the vehicle curving to the right) should be no more 
than for the critical case shown; the vehicle point Q 
required to pass to the left of P, while here it just 
intersects with P. Using polar coordinates ),( dφ , φ  
is the azimuth angle and d is the distance-to-target, 
both computed relative to the velocity vector at the 
reference point Q. This in turn is oriented at an angle 

0φ  relative to the vehicle axes, and if we assume Q to 

be at the outside edge of the front right tire, then 0φ is 
very roughly equal to the steering angle at the right 
front wheel.    

 
Figure 1.  Turning kinematics – critical case 
where reference point Q intersects with boundary 
edge point P during a steady-state turn. 
 
Assuming the vehicle path is in the form of a circular 
arc, the geometry is represented in Figure 2; we find 
that the critical case occurs when the turning radius R 
satisfies the equation 
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d

U
r

φsin2=  (2) 

 
U being vehicle speed.  Thus equation (2) defines the 
maximum yaw rate of the vehicle to avoid conflict 
with a right boundary point P 

 
Figure 2.  Basic geometry of steady turning 
motion. 
 
ESTIMATION METHOD 
 
When using driving data, we do not have direct 
information on all of the variables used in equation 
(2) – the absolute coordinates of the boundary points 
are unknown, as are their relative locations to the 
vehicle; hence they must be inferred from the lane 
tracker, which estimates of lateral position and lane 
width. Note that while in principle GPS could be 
used, it is far from being accurate enough to give 
useful estimation of the lane keeping performance, so 
this was not considered.   
 
The idea is to use the vehicle itself, with known 
speed and yaw rate, to provide a reference for which 
to estimate the relative position of the lane boundary 
over time.  From the variations in lateral lane position 
over time, the lane geometry is to be estimated, and 
variables such as φ  and d derived.   
 
We also need to estimate the azimuth offset 0φ  for 
the direction of the velocity vector at the front wheel 
relative to the vehicle longitudinal axis (at low speed 
this is the steer angle, but in general it depends on the 
front axle cornering stiffness).  In the case where 
steer angle and cornering stiffness is not available, a 
simple estimate can be made based on general 
vehicle dynamics properties  
 

    
rcU

rL

−
=0tanφ  (3) 

 

where r is the yaw rate, L is the wheelbase, 2c is the 
front track, and U is the instantaneous vehicle speed 
(this equation is based on the assumption of near-zero 
slip angle at the rear axle, but is expected to be 
reasonably accurate).  Simple adjustments are to be 
made to this equation when considering left side 
boundary points. 
 
Figure 3 shows the modified geometry when 
boundary point B is offset from the vehicle path.  For 
simplicity assume a fixed preview time T to the 
boundary point, and an approximately constant 
curvature for the path of the reference point from Q 
to P.  In the figure, φ  is the azimuth angle to the 
boundary point B, while θ  is now the critical 
azimuth angle corresponding to the motion from Q to 
P.  (Again, both angles are defined relative to the 
velocity vector, not the vehicle longitudinal axis). 

 
Figure 3.  Sketch of turning geometry for an offset 
boundary point B. 
 
During the vehicle motion from Q to P, the heading 
angle and direction of velocity vector V change by 
2θ  , so numerically integrating the yaw rate over the 
time interval T we have 
 

      ttr
i

i δθ ∑= )(2
1  (4). 

The mean radius of turn, R, during the time interval 
can also be obtained from the yaw rate: 
 

           
R
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=θ2

 (5) 

 
where U  is the mean vehicle speed during the 
interval, and both sides of this equation are estimates 
of the mean yaw rate during time interval T. Then, to 
determine φ , we consider triangle BPQ  in Figure 4.  
Angles at P and Q are known in terms of φ  and θ , 
and hence the angle at B is given by  
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( ) φθαθαθβ −+=−+=+−−= 2909090180  

 
Figure 4.  Geometry to determineφ  
 
Then from the sine rule 
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which is a nonlinear implicit equation for φ  in terms 
of other known variables.  For normal highway 
driving we expect θφα −=  to be sufficiently small 
(less than around 5°) to allow the approximation 

αα ≈sin , 1cos ≈α .  In this case 
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Substituting this into equation (6) then gives 
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giving the approximate expression for φ  (with all 
angles in radians) 
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Distance QBd =  is also found from the geometry of 

Figure 4:  
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and hence 
       θsin)2( sRd −=  (7). 

 
Equations (4), (5), (6a) and (7) then determine all the 
relevant terms in the critical yaw rate expression 
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U
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where U is the instantaneous vehicle speed at Q, and 
now we use cr to denote the critical yaw.   
 
Multiple calculations can be performed for point 
pairs (P,Q) for values of T in a range of say 0.5-2 
seconds, and the results referenced on the initial point 
Q.  We are then interested in the minimum value of 

cr (Q) and its corresponding distance d from Q.  The 
yaw rate error is then  
 

)(*)()( Qrtrtyre cQQ −=                 (9) 

 
where )( Qtr  is the vehicle yaw rate at time Qt , and 

)(* Qrc  was the minimum critical yaw rate at Q.   
 
A second yaw rate error for left boundary points also 
has to be found, making similar calculations with 
relevant shift of reference point (to the outside of the 
left front tire) together with relevant sign changes. 
 
The above equations are obtained for computing 
YRE, but it is worth noting that with a minor 
adjustment they can be used to determine local road 
curvature from the on-board vehicle data (assuming 
lane position, speed and yaw rate are measured) 
removing the effects of vehicle lateral drift. The 
method is to estimate the critical yaw rate for a 
shifted point P that has the same lateral offset as 
current point Q: thus replace )(Pss =  in the above, 

by )()( QsPss −=′ .  The critical yaw rate cr ′  is then 
the yaw rate that maintains equal lane deviation over 
time interval T, and hence provides the radius of 
curvature eR  (referenced at the right lane boundary) 
we obtain 

            s
r

U
R

c
e ′−

′
=  (10). 

 

 

θsin2R

B

P

β

αθφ =−
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RESULTS 
 
The estimation method described above was used to 
determine the YRE for driving events recorded in the 
Road Departure Crash Warning (RDCW) field 
operational test database [10], which contains more 
than 200 data channels recorded at 10 Hz or 20 Hz, 
depending on the signal; included within these data is 
a wide range of information on driver input, vehicle 
response as well as aspects of the highway and traffic 
environment.  As well as objective data from sensors, 
video images of the forward scene and drivers face 
were available to establish context. Here we present 
data from three events which appear quite typical or 
real-world lane keeping. 
 
Event 1, depicted in Figure 5, was of a driver 
negotiating an on-ramp which is in the form of a 
right-hand curve.  The left plot shows the location of 
the left and right front wheels relative to the lane 
boundaries (note that there is some variation in the 
lane width, but that most of the variations are in the 
dashed lines which depict the outside edges of the 
front tires). This event shows a situation where the 
driver maintained a position very close to the lane 
boundary with several excursions beyond the 
boundary. From video review, it appeared that the 
driver’s attention was switching between reading a 
map and looking at the road ahead. Clearly the event 
represents an example of poor lane keeping.  Figure 
6(a) shows critical and actual yaw rate time histories, 
as well as lateral distance within the lane boundary 
(scale by a factor 0.1 so that scales are reasonably 
consistent). 
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Figure 5.  The vehicle path for event 1.  (a) The 
dotted lines represent the left and right edges of 
the vehicle with respect to the center of the lane 
markings (solid lines).  (b) The X-Y position of the 
vehicle in space. 
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Figure 6.  The yaw rate parameters for event 1; 
(a) the actual yaw rate, critical yaw rate, and 
distance to the right lane boundary, and (b) the 
calculated YRE through the curve. 
 
All conflicts for this event appear to be “right side 
only”, so the yaw rate error in Figure 6(b) is positive 
whenever the current location and path predict at 
least on lane boundary conflict within the chosen 
time horizon (0.5 – 2 sec). We see that YRE is 
always positive at the start of a lane excursion, and 
actually always becomes positive before a lane 
excursion occurs. In this sense, as would be expected, 
it is predictive of each lane excursion.  
 
Figure 7 shows YRE again (lower plot) together with 
the time to lane crossing (TTLC) in the upper plot 
and also its reciprocal (inverse TTLC, or ITTLC) in 
the center plot. ITTLC might be preferred as a 
conflict metric since large values indicate proximity 
to a lane excursion, in contrast to TTLC which is 
large when the vehicle is tracking the lane well. The 
main features seen in Figure 7 are the great variations 
and major discontinuities in TTLC and ITTLC, as 
compared to the much more continuous form of YRE. 
This suggests that YRE may potentially connect more 
directly to the continuous steering control behavior of 
the driver, especially since lane crossing is not 
generally a catastrophic event and does not generate a 
panic response from the driver.  
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Figure 7.   A comparison of the driver risk 
parameters for event 1; (a) the TTLC,  (b) the 
ITTLC, and (c) the YRE. 
 
In Figure 8 this is tested informally by plotting steer 
response (upper curve) as well as YRE (lower curve). 
Each local peak of the YRE curve seems to coincide 
with a sharp negative slope in the steering, and this is 
clearly the case at the YRE peaks at around t=2, 7, 16 
and 24 seconds – these sharp reactions seem to 
correlate with corrective actions by the driver in a 
way that TTLC, ITTLC and even lane crossing in 
Figure 6(a) do not. The distracted driver in this event 
is not responding to YRE as it reaches positive values, 
but arguably when attention to the road coincides 
with a positive value of YRE. 
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Figure 8.   A comparison of the driver controlled 
steering angle and the calculated YRE for event 1. 
 

 
The second event from the RDCW data was a single 
boundary crossing followed by a correction back to 
the middle of the lane.  The vehicle trajectory data 
can be seen in Figure 9. The event is somewhat 
simpler than event 1, in that only one major 
excursion exists. Figure 10 shows the event in terms 
of yaw rate and critical yaw rate, and it’s interesting 
that the conflict most heavily dominated by variations 
in the critical yaw rate rather than the actual yaw rate. 
In the upper plot, the yaw rate exceeds its critical 
value at around 7 seconds, while the first lane 
excursion takes place around 1 second later, again 
showing the predictive nature of YRE. In the lower 
plot, the YRE undergoes a correction at t=10 seconds 
and from the previous analysis we would expect to 
see a sharp negative slope in the steering angle then. 
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Figure 9.   The vehicle path for event 2.  (a) The 
dotted lines represent the left and right edges of 
the vehicle with respect to the center of the lane 
markings (solid lines).  (b) The X-Y trajectory of 
the vehicle. 
 
First we note however that in Figure 11, the previous 
comparisons with TTLC and ITTLC are repeated, the 
time-based metrics showing large discontinuities, 
while YRE varies continuously and in a simple way 
during the event – it grows at a very roughly uniform 
rate until the correction is presumably applied at t=10 
seconds, then decays uniformly until at around 12 
seconds it is corrected again in the opposite sense. 
Turning to Figure 12 a sharp negative slope is seen at 
t=10, and a positive slope steering correction takes 
place at t=12, as expected. Of course there are other 
steering corrections visible in Figure 12, and not all 
are directly predicted by conflicts with the right lane 
boundary, but perhaps some involve the right lane 
boundary. To this end we consider below a modified 
plot of vehicle yaw rate plotted over the pair of 
critical boundary cases. 
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Figure 10.  The yaw rate parameters for event 2; 
(a) the actual yaw rate, critical yaw rate, and 
distance to the right lane boundary, and (b) the 
calculated YRE through the curve. 
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Figure 11.   A comparison of the driver risk 
parameters for event 2; (a) the TTLC,  (b) the 
ITTLC, and (c) the YRE. 
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Figure 12.   A comparison of the driver controlled 
steering angle and the calculated YRE for event 2 
 
 
First however we consider a third example, also on a 
curved road section, but where there are no obvious 
lane boundary conflicts – see Figure 13 – which 
shows a nearly uniform distance from the car to the 
lane boundaries while negotiating the right-hand 
curve.  Surely in this case the control loop is 
“inactive”, meaning the driver has found a stable line 
and has no need to make multiple corrections to 
avoid boundary conflicts.  Figure 14 appears to show 
otherwise. Again we are plotting YRE for the right 
boundary and steering control actions. Far from being 
random or disconnected from the boundary conflict, 
the driver appears to be making regular steering 
corrections (negative slope interventions) whenever 
YRE approaches a critical (zero or positive) value 
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Figure 13.   The vehicle path for event 3.  (a) The 
dotted lines represent the left and right edges of 
the vehicle with respect to the center of the lane 
markings (solid lines).  (b) The X-Y position of the 
vehicle in space. 
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Figure 14.   A comparison of the driver controlled 
steering angle and the calculated YRE for event 3. 
 
Figure 15 now shows the yaw rate versus its two 
critical limits, where conflict avoidance takes the 
form 

       rightcleftc rrr ,, <<  (11). 

All three events are shown, but the most striking is 
for event 3 in the lower plot: the vehicle appears to be 
controlled very precisely within the critical 
boundaries, with minimal overshoot but using the full 
range. Far from a stable “on center” steering control 
tracking the lane center, in “YRE space” the vehicle 
is “bouncing” quasi-periodically between its limits. If 
this interpretation is correct, the YRE provides a 
simple picture of lane-keeping control actions by the 
human driver.  Turning to the center plot, where a 
single excursion event was seen, the degradation in 
control appears to be initiated as early as t=3 seconds 
when the more stable “bouncing between limits” is 
interrupted. After the lane excursion is corrected, 
normal effective control appears to be regained at 
around 14 seconds. Turning back to Figure 9(a) this 
same interpretation seems reasonable from the within 
lane drift – intuitively the driver is drifting right from 
about t=3, and only recovers full control at around 15 
seconds. The point here is that YRE seems to provide 
a direct measure of lane keeping performance, and 
may even correlate with the error criterion active in 
the control loop of the human driver.  In Figure 15(a) 
it appears that the driver does not regain effective 
control of the vehicle throughout the 15 seconds, and 
this is consistent with the distracted nature of the 
driving event. Finally in the upper two plots we see 
that left and right boundaries actually cross over, so 
no “solution” to (11) actually exists! We briefly 
consider this intriguing situation in the discussion 
below.  
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Figure 15. Comparison between the critical yaw 
rate for left and right boundary conflicts and the 
actual yaw rate for (a) event 1: riding the right 
boundary, (b) event 2: single boundary crossing 
with correction, and (c) event 3: good lane 
following.    
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DISCUSSION 
 
In the above we have defined a yaw rate error (YRE) 
criterion that is motivated by the potential 
shortcomings of time to lane crossing (TTLC) as a 
measure of steering control performance during lane 
keeping. The main features have been seen above, 
but in summary: 
• YRE behaves in a continuous way, even when 

lane boundary crossings take place, and this is 
not the case for TTLC and its reciprocal 

• YRE excursions correlate strongly with rapid 
steering interventions by the driver, especially 
when the driver is providing effective control of 
lane position 

• When left and right critical yaw rate boundaries 
are considered simultaneously, the normal 
effective control of lane position appears to 
operate to constrain between the crucial limits 

• YRE may be a useful predictor of actual lane 
excursions, but more importantly it seems to 
provide a strong indicator of degraded or 
ineffective lane keeping 

 
In events 1 and 2, the lane excursions appear to 
induce an “impossible” situation for the driver – the 
left and right limits cross over. This is most easily 
seen in Figure 15(b), where crossover takes place 
between approximately t=8 and t=12 seconds. From 
Figures 9(a) and 10(a) this corresponds to the vehicle 
being outside the lane boundary – clearly the steering 
task changes from lane keeping to lane recovery, 
though from Figure 12 the reaction seems to be 
consistent with a single sharp correction to “divert” 
the YRE to a correct linear rate of descent, followed 
by a second sharp correction in the opposite direction 
at around t=12 seconds. Thus it seems the crossover 
is not a major factor to the driver, who perhaps 
applies focus to one boundary at a time. 
 
 
CONCLUSIONS 
 
A simple yaw rate error criterion has been proposed 
for the analysis of steering control behavior. It can be 
used for the post-hoc analysis of naturalistic driving 
data, and with suitable development is likely to be 
feasible for real-time evaluation on the vehicle.  It 
offers a number of simple advantages in terms of 
continuity and correlation to steering response, and 
offers a potential means of distinguishing between 
normal and degraded steering control while lane-
keeping. In this paper there has been no attempt to 
analyze a large number of driving events, or establish 
a formal relationship between YRE and particular 

driving situations or other measures of control (e.g. 
eyes off the road, secondary tasking). The results 
above were based on randomly chosen events, and 
there was no selection procedure other than to find 
events from lane position typical of (1) an extended 
period of degraded lane control (2) a single event 
lane excursion error (3) well controlled lane keeping.  
 
Further work will expand the number of events and 
attempt to more formally and accurately quantify the 
relationships hinted at in the three events presented. 
Also, further work is anticipated to evaluate YRE as 
a potential surrogate for crashes that happen due to 
disturbed control during lane-keeping. This 
particularly refers to lane-departure crashes and 
single-vehicle road departure crashes. Surrogate 
validation is to be based on factor analysis that link 
the statistical properties of both crash and surrogate. 
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ABSTRACT 

The main idea behind the pan-European eCall 
project is to automate the emergency call that is 
simultaneously extended by a message containing 
information such as current position and prior-to-
crash speed, type of vehicle, VIN, VRN, number of 
passengers travelling, etc. The in-vehicle unit 
consists of measurement, communication, 
positioning and user-interface sub-systems, and all 
those sub-systems need to pass functional and 
performance type examinations before the device 
can be granted formal approval from the notified 
laboratory. The usual way of testing the module 
will be during the type approval of the car, as 
performance of the unit is strongly correlated to the 
dynamical parameters of the vehicle body and 
fitting procedures. 

Technology of today makes it relatively easy and 
straightforward to measure linear and angular 
accelerations of the vehicle chassis to estimate its 
full state in the 6DOF space, however, the number 
of sensors required and resulting cost is mostly 
prohibitive, thus in practical solutions the crash 
detection is to be implemented based on signals 
acquired from a limited number of available 
sensors, preferably already present in the existing 
set-up, using also additional sources of data, such 
as longitudinal velocity from the speed sensor. 

The purpose of the project is to design a testing 
methodology and set-up a testing bench for the type 
certification of the in-vehicle e-Call system units 
for the accredited laboratory. The test stand should 
allow the production of precise and repeated 
predefined testing conditions to excite the device-
under-test sensors and to relate their logged data 
and results to those of reference set of sensors 
built-in to the test stand. 

Another question we address during the study is the 
feasibility of data gathered in the in-vehicle e-Call 
unit for the purpose of reconstructing the crash. 

INTRODUCTION 

Within the framework of e-safety programme, a 
European Union initiative [3,9,15], eCall system is 
currently being implemented, which will decisively 
improve the process of road accident notification in 
the EU area. A few years ago, a need to introduce a 
uniformed emergency call number 112 across the 
EU territory was recognised by European 
legislation. The number is supposed to be operated 
with the same efficiency and effectiveness as the 
other traditional emergency numbers in each 
member state. Moreover, the personnel of the 
emergency call centre should be able to accept 
notifications in more than one language [1,4,16,18]. 

However, technical evolution has lead to further 
modifications of emergency call number 112, due 
to the development of new functionally extended 
version of the emergency call system named E112 
(location-Enhanced 112), which will enable the 
emergency centre to automatically determine the 
location of the caller. This new feature of the 
technology is particularly important for people 
being abroad since the victims of the accidents 
often cannot precisely describe their current 
location and the time in emergency situations often 
means the difference between life and death. 

The eCall system is another stage in the 
development of E112 technology. It assumes, the 
vehicles would be equipped during the production 
process with emergency sensors and 
communication modules, which, if the predefined 
emergency conditions are registered, will 
automatically dial the emergency centre and 
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convey exact information regarding place of the 
accident, vehicle identification (registration number 
and VIN), its type as well as initiate the voice 
connection allowing the call centre personnel to 
gather additional data on the accident details, 
therefore, reaching optimal decision as to the 
parameters of the rescue operation. 

Organisation of the eCall system 

The eCall system consists of three main 
subsystems, which should be adequately designed 
and compatible in order to allow their 
interoperability and functionality. 

The first main element of the system consists of 
emergency sensors – devices installed in the 
vehicle – containing a set of inertial sensors which 
detect excessive linear and angular acceleration 
values (breaking deceleration, impact into the 
obstacle or another vehicle) which allow detection 
of the accident, GPS module determining 
geographical position of the vehicle, direction and 
speed of its movement shortly before the accident, 
and GSM module to automatically or manually 
initiate dialling sequence to Public Safety 
Answering Point (PSAP). 

The other element of the eCall system is the ground 
telecommunication infrastructure of the GSM 
operator as well as the ground and space 
infrastructure of satellite navigation systems. The 
infrastructure of GSM operators should allow 
dialling of emergency module installed in the 
vehicle also outside native mobile operator. The 
roaming should be available not only outside 
country borders in which the vehicle is registered 
and where the SIM card was issued, but also in the 
territory of the country of the origin, especially 
when the accident took place outside the coverage 
of a native mobile operator or when the position of 
the vehicle after the accident does not allow 
connection to the native operator whose signal in 
the given location is weak and in particular 
conditions, i.e. when the vehicle is turned over and 
the GSM antenna is shielded by its body and/or 
local topographical conditions in which case, the 
propagation of radio waves is heavily limited and 
the use of another mobile network, that provides 
stronger signal is possible. At the current stage of 
works on the subject, the decision has not been 
reached yet, whether the SIM cards are to be 
installed in the vehicles or not. If the SIM cards 

were not to be used, a European wide 
harmonisation of regulations would be required in 
order to allow emergency notifications without the 
possibility of identification of the caller [4,16] 

In order for the notifications generated 
automatically by eCall modules or those initiated 
manually to take effect, the PSAP centres must be 
equipped with appropriate technical means that 
would allow receiving emergency information, its 
efficient verification and processing as well as 
effective management of rescue resources. 

Technical requirements – eCall car module 

The device installed in the vehicles according to the 
specification in the working documents [1,2,5,18] 
of the expert bodies of European Commission, 
must perform the following functions:  

• if the accident occurs, it should automatically 
decide (after predefined criteria of accident are 
satisfied) whether to initiate dialling sequence 
with emergency number 112, 

• the system should provide possibility of 
manual initiation of dialling to PSAP centres 
with the use of easily accessible user interface; 
this implies the device should be equipped 
with button/keyboard to initiate dialling, its 
cancellation if activation is accidental as well 
as indicators of connection state (initiation, 
cancelling), 

• the system should also allow sending the 
Minimum Set of Data required, which would 
identify the vehicle and circumstances of 
accident occurrence. 

• initiation of the voice connection when dialling 
the emergency number 112 should be allowed. 

At the current stage of works within the expert 
groups, a decision whether to install additional 
independent GSM modules with the emergency 
sensors in the vehicles or if to allow the use of 
mobile phones and SIM cards owned by 
driver/passengers has not been finally reached yet. 
From the technical point of view, the second choice 
is possible, from the economic perspective it seems 
even more plausible since it would decrease the 
general costs of the system introduction. However, 
there are also significant technical disadvantages of 
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this solution, which very likely will eventually 
cause its rejection. 

The built-in GPS module allows the read out of 
current parameters of motion (geographical 
location, value and direction of speed) and it is 
required to transfer data on speed and direction of 
movement from the last three validly determined 
positions. In the communication protocol it was 
also agreed that the information on the quality of 
the determined position is to be transferred in order 
to estimate statistical uncertainty of the rescue 
calculated position. 

Satellite navigation systems – GPS, Galileo, 
GLONASS 

Currently, GPS (Global Positioning System) is the 
only fully functional system of satellite navigation, 
which was designed and constructed and is run by 
US Department of Defence in the framework of 
NAVSTAR programme. 

Theoretically, as soon as in 1996, the full 
functionality of Russian system GLONOSS was 
announced, however, at the moment the number of 
working satellites in the orbit is less than the 
nominal 24, therefore, the system does not allow 
determination of position in any given time or area. 
In the worst period for the system (November 
2001) due to the short life of the satellites, only six 
satellites were functional rendering the whole 
system useless. Now, the system consists of dozen 
or so of space vehicles located in two out of three 
planned orbits and there are plans to rebuilt the 
system to its full potential in the future.[18] 

The third satellite navigation system, currently 
under development, is Galileo system. It is 
European project, financed by EU, being designed 
exclusively for civilian purposes (the other two 
systems depend on military structures, respectively 
of the US and Russia). The project also includes 
participants from outside EU, namely China, India, 
Israel, Morocco and Ukraine who have their share 
in co-financing. The future of the system as well as 
its completion date are still being hotly debated 
among its participants and regard mostly its 
financing and division of expected profits from its 
operation. 

For the last few years there are plans to build a 
worldwide satellite navigation system GNSS 
(Global Navigation Satellite System), which would 

under the control of independent international 
organisation. Accession to the project was declared 
by the multitude of countries, including USA, 
Russia and EU member countries. During the first 
stage of GNSS development, the existing 
navigation systems are to be utilised, however, 
ultimately a completely new system of satellite 
navigation is to be constructed [9]. 

Every satellite navigation system consists of three 
segments: the ground segment, the orbitting 
vehicles and receivers which position is determined 
by receiver firmware. Currently, all of the systems 
in operation support passive receivers which means 
the user’s receiver can calculate its own position, 
time as well as direction and velocity of the 
movement, based on the signals obtained from 
visible satellites only. In order to determine 
position it is vital to be able to receive navigational 
message from at least four satellites. The accuracy 
of positioning depends on many factors, among 
others, the number of visible satellites, their 
relative positions in the orbit and signal disruptions 
on the way from satellite to the receiver (these 
interferences are a result of refraction in the 
ionosphere, troposphere and multipath distortions 
of signal – receiving signals indirectly from 
satellites, reflected from various obstacles and 
object in the vicinity of the receiver). 

Table 1.  
Comparison of satellite navigation systems 

accuracy [7,9] 

Parameter 
Satellite Navigation Systems 

GPS GLONASS Galileo 

Accuracy of 
horizontal 
positioning 

(95%) 

100m (with SA 
distortion) 

13-36m (without 
SA distortion) 
3,7m (after 

modernisation - 
GPSIII) 

30-40 m 
(50-70m 

according to 
spec.) 

15/4 m 
≤0,8-7 m 

Accuracy of 
vertical 

positioning 
(95%) 

300m (with SA 
distortion) 

22-77m (without 
SA distortion) 

7m (after 
modernisation - 

GPSIII) 

60-80 m 
(70m according 

to spec.) 

35/8 m 
≤1-15 m 

Accuracy of 
determining 
speed (95%) 

≤2m/s - 
20cm/s - 
50cm/s 

Time (95%) 340ns 1 μs 50/30 ns 
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All of the currently existing and planned satellite 
navigation systems provide free of charge and 
unlimited access to public services, on the 
assumption that determining of the position is done 
automatically by the navigation receiver. In case of 
the augmented navigation systems, when the 
calculation of the position of the given receiver is 
done externally and sent back to the user or 
corrective data indispensable for differential GPS is 
sent, such services may be payable. 

The satellite navigation system enables its 
operators to selectively turn off public availability 
of the service (e.g. in the area of warfare), while 
providing unchanged accuracy of dedicated 
services to authorised users (i.e. military users). 
Due to the nature and importance of satellite 
navigation in the course of military activities, the 
systems are assessed as to their susceptibility to 
deliberate distortion of signals which is to disrupt 
the regular system use or to falsify its readings. 

For the purpose of using satellite navigation in 
eCall system, the following features of the existing 
and planned systems seems vital: general 
accessibility of positioning services in the analysed 
area regarding both the geographical location and 
time (how often and for how long the service may 
be unavailable), accuracy of determining location, 
speed and time, sensitivity of the receivers 
regarding the strength of signal which translates 
into using the system in difficult conditions: in 
urban areas, in mountains and forests (e.g. between 
high buildings, in valleys, under trees the visibility 
of satellites is limited and so is the possibility of 
receiving the signal). Further technological 
development of the space segment of the 
navigation system (i.e. increase of strength of 
emitted navigation signals, more active satellites in 
the orbit, improved orbit models) as well as 
development of the receivers (new constructions of 
the antennas, increase of their sensitivity, improved 
algorithms for elimination of signal distortions) 
will allow in the near future to improve functional 
parameters of receivers, more accurate positioning 
also inside buildings, in the areas of intense 
vegetation or diverse topographical features. 

In case of eCall system, the sensibility of the 
receiver may be of vital importance for determining 
the position of the vehicle after the accident, in 
particular, when the vehicle after the accident is 
turned over or under construction elements (bridge, 

flyover). However, the system assumes the constant 
work of the receiver and requires to send the three 
last correctly determined positions of the vehicle 
including the direction and speed. Therefore, in 
case of the unfavourable conditions it should be 
possible to send sufficient information regarding 
the place of the accident and position of the 
vehicle. Obviously this possibility depends on the 
GSM network signal availability. 

In-vehicle unit eCall positioning sub-system 
testing 

For the purpose of verification of the vehicle unit 
fitted into particular car under test set of 
procedures, devices and designated software has 
been developed. Two identical GPS sensors have 
been connected (fig.1) to the recorder (fig.2) which 
simultaneously records all the GPS data produced 
by the sensors. Using two independent sensors of 
known sensitivity, mounted on the top of the car is 
assumed to deliver reference level of possible 
signal reception in particular conditions during the 
test. If the signal is not available to branded GPS 
sensors fixed to the roof of the car, outside of its 
metal chassis, the technical feasibility of producing 
a high quality solution, i.e. characterised by low 
HDOP/VDOP/PDOP parameters, by in-vehicle unit 
shall not be overestimated. The prototype recorder 
capable of logging GPS and IMU (inertial 
measurement unit) data is depicted in figures 1 and 
2. The data is recorded on a SD/MMC card, thus 
available capacity is sufficient and available 
memory space can be easily expanded if necessary. 

 

Figure 1. The reference GPS sensors in set-up 
designed for verification of statistical robustness 
of the positioning subsystem of the in-vehicle 
eCall unit. 
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Figure 2. On-trip recorder designed for logging 
data from reference inertial measurement unit 
and two reference GPS sensors 

To record the motion parameters of the vehicle 
output data stream of inertial measurement unit is 
used. In the prototype logger 6-DOF ADIS16350 
has been utilised (fig.3) to produce reference 
stream of data to be compared with the eCall unit 
logged data. Data from the GPS sensors alone (both 
embedded in the eCall unit under test as well as in 
the reference sensor set) cannot be used for the 
purpose of attitude and trajectory determination for 
many different reasons, limited sample rate and   
continuity of signal availability among the most 
obvious ones, to list just two of them. In general 
raw data logged in in-vehicle eCall recorder cannot 
be easily used to retrace the vehicle trajectory. 
However combined information gathered from 
IMU and GPS can be seen as complete and 
sufficient to calculate the position and attitude, 
there are no legal requirements to facilitate in the 
eCall on-board unit algorithms to estimate the 
current parameters of the vehicle spatial attitude 
and heading, and without prior knowledge of used 
sensor parameters and performance it is generally 
impossible to reconstruct precisely the vehicle 
chassis trajectory, due to uncertain boundary 
conditions, unknown sensor stochastic noise 
parameters, and vehicle body dynamics. All the 
named information and noise characteristic of 
measurement channels and sensors is necessary to 
design a precise Kalman filter algorithm, the most 
commonly used family of algorithms to solve the 
problem of data fusion and processing  of noisy, 
real-life data [6,7,8,14]. 

During the certification process it is to be 
manufacturer role to demonstrate how to use 
registered data to retrace the accident course, if 

claimed possible, or required by binding legal 
specification of minimal set of parameters and 
functional features of future eCall in-vehicle unit. 
The data registered by the reference tool is to verify 
the claim and to asses the precision of data and 
signals produced by eCall unit under test. 

 

Figure 3. 6-DOF reference inertial measurement 
unit ADIS16350 

The ADIS16350 inertial measurement unit is a 6-
DOF sensor which consists of tri-axis (fig.3) 
accelerometers (+/-10g measurement range) and 
tri-axis gyroscopes (up to 300 deg/s digitally 
adjusted measurement range), producing data of 
14-bit resolution in each measurement channel. The 
bandwidth of 350Hz, digitally controlled bias 
calibration, sample rate and filtering, with 
embedded temperature sensor sum up to a very 
convenient solution for motion control and analysis 
applications. If during the course of experiments 
the necessity of higher precision of measurement of 
accelerations emerge, there are compatible inertial 
measurement units available and tested in the set-
up, featuring higher precision at the expense of a 
lower acceleration range. 

GPS sensor sensitivity and performance 
assessment 

In order to test statistical quality of the signals 
received by GPS sensors, data collected during the 
relatively long trip was evaluated statistically. In 
figure 4 there are showed short periods of precision 
parameters logged during the trip depicted in fig. 5. 
The VDOP, HDOP, PDOP (Vertical-, Horizontal-, 
Position Dilution of Precision) strongly correlate 
with the current number of satellites used in the fix.  
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Figure 4. Quality of the GPS solution differs 
with current local conditions, with main factor 
being the number of available satellites used in 
the fix. 

 

Figure 5. Two example registrations taken with 
the trip logger to gather data for statistical 
analysis referred to in the text and the following 
diagrams. 

The higher the number, the more precise the 
navigational solution, however it depends also on 
the relative position of space vehicles used in the 
solution. In order to obtain good quality of the 
solution from minimal number of satellites, they 
had to be uniformly dispersed in the orbit, from the 
observer/receiver standpoint. Diagrams presented 
in fig. 6 depict histograms of satellite number used 
in solution during the test trip and related 
histograms of PDOP. Pairs of diagrams present 
data collected on the same route – upper two 
diagrams Southbound trip, and the lower two on 
the way back, Northbound. On the way Southwards 
most of the time eight or nine satellites were 
present and used in the fix, with considerable 

fraction of time when ten and eleven satellites 
available. On the way Northwards even better 
coverage of GPS signal has been registered, as for 
over 60% of time there were nine and more 
satellites available, frequency almost evenly spread 
for nine, ten and eleven satellites. That produced 
good PDOP distribution, of the value of 1.0 for 
most of the time, and negligible frequency for 
PDOP values above 2. In figure 7 the example of 
mapping the logged data is presented. It can be 
easily noticed that due to inadequacy of freely 
available Google map service, or GPS precision 
issues, or both the precision in mapping easily can 
be lower than a few meters, which agrees well with 
technical specification. 

 

Figure 6. Histograms of satellite number and 
responding PDOP (Position Dilution of 
Precision).  

 

Figure 7. Example of inaccuracy of GPS 
mapping. 
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Figure 9. GPS logged data mapped in urban 
environment of low intensity 

In figure 9 GPS signal was mapped on an aerial 
map, where again inaccuracy of a few meters is 
noticeable and repeatability of measurements far 
from ideal, even if the experiment was conducted 
in an urban area where no high buildings nor heavy 
vegetation were present. Additionally, there is 
tangible instability in GPS sensors read-out close to 
the final u-turn of the test ride, where bigger lost of 
precision has been observed. This demonstrates 
limit of potential trajectory reconstruction on the 
base of GPS output alone. 

Data transmission  

The basic difference between eCall system and 
E122 is the principle that the system should 
automatically detect the emergency event and send 
sufficient data to the PSAP centre. The data has to 
be transmitted on the main voice channel i.e. during 
the established connection with the operator. In the 
past, there were considered also other models of 
data transmission in GSM systems, such as GPRS 
or SMS. However, due to various reasons 
(reliability, limited accessibility, time required for 
connection different than voice connection in case 
of GPRS) these solutions were disqualified and 
currently the EU expert working groups consider 
the use of in-band modem technology or other 
similar systems of transmission at the beginning or 
during voice connection. 

In the specification of the eCall car module there 
was defined the Minimum Set of Data (MSD) 
which the emergency sensor installed in the vehicle 
has to send in case of an accident. During the next 
development stage  of eCall system it is expected 
the amount of data to be sent will increase and 
covey more information concerning the course and 
effects of the emergency event, which will 

influence the optimisation of the rescue operation. 
The additional data will concern number of 
passengers in the vehicle at the moment of the 
accident, the force of the impact, acceleration 
values, velocity change at the moment of the 
accident and thus it will allow estimation of the 
possible level of injuries. If these data and other 
will exceed 120 bites of MSD will be sent as Full 
Set of Data (FSD). 

Certification of eCall system components 

Certification of eCall system components is crucial, 
since their excessive sensibility (generation of false 
alarms) will cause the increase of the maintenance 
cost of the entire rescue system in EU. On the other 
hand, insufficient sensibility of the components 
will influence the whole system which will fail to 
meet the expectations as to diminishing the fatality 
rate of the road accidents.   

Therefore, during the certification process, 
accuracy of sensor modules performance should be 
measured as well as their functionality in vehicles 
(do they meet the high technological criteria of the 
automotive industry). During these examinations it 
is necessary to measure the susceptibility of these 
devices to electromagnetic interferences, i.e. 
electromagnetic compatibility, as well as to 
measure their distortion emissions. What’s more, 
the devices should undergo climatic research in 
order to determine their performance proprieties 
within the required temperature range i.e. -40 to 
+85°C. 

The algorithms for emergency event detection 
should be assessed separately. In the first version of 
the documents announced to the public on EU web 
pages, the certification process was to be carried 
out by the producers of vehicles and realised based 
on the existing legislation regarding homologation 
of vehicles. However, currently, due to the recent 
arrangements, the independent suppliers may 
produce and install the sensors, therefore, a detailed 
technical specification is required, also test and 
research methods should be elaborated in order to 
be able to verify eCall modules. 

Detection of the accident. Assessment of the 
potential injuries. 

In order to detect accidents, there are used signals 
from available or specially installed linear 
acceleration sensors (accelerometers) and angular 
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acceleration sensors (gyroscopes), magnetometers 
(compasses) but also from conventionally installed 
acceleration sensors in the vehicles. In most 
vehicles that are equipped with airbags, two-axis 
acceleration sensors are used to activate the bag, 
which allow determining e.g. delta velocity, that is 
commonly regarded as an effective estimator of 
potential accidents results. 

Regrettably, having at your disposal the two-axis 
acceleration sensor does not allow outlining the full 
trajectory of vehicle movement, moreover there are 
justified doubts whether it will be possible to even 
detect the turnover of the vehicle. In accordance 
with the EU statistics [14] only 0.2% of vehicle 
sold in Europe is equipped with sensors 
determining turnover of the vehicle. Due to the cost 
of the essential devices (gyroscopes) which would 
have to be installed in each eCall sensor, at the 
current stage of research, in order to determine the 
position of the vehicle after the accident, only 
acceleration sensors are being considered when 
developing eCall system since they are already 
installed in the vehicles to initiate airbags.  

Among potential applications of eCall, which 
directly result from the fact of registration and data 
collection regarding the accident, there is the 
attempt to use these data to reconstruct the course 
of the accident, identify its main causes and the 
guilt of the accident participants both in minor 
events and in case serious road catastrophe. The 
usefulness and reliability of collected data 
regarding reconstruction of the events should be the 
subject of further research and analysis. Other 
important issue is legislative aspects of the 
collected data use, who is their owner, who is 
allowed and in what way should access and analyse 
the data, can the vehicle owner reject data 
availability, what procedures should be used when 
the data is purposely destroyed, etc. Law 
enforcement bodies as well as insurers should 
definitely be interested in these data.  

Testing the eCall module using vehicle model 

To produce motion to excite both reference 
measurement system and the device under test a 
remotely controlled vehicle model has been 
adopted. The model (fig.10) previously used by 
authors for testing the “black-box” recorder [10] 
has been upgraded and equipped with new sensors 

and new control system to facilitate extensive tests 
of eCall in-vehicle module. 

 

Figure 10 . Vehicle model  

Previously the model was controlled by “classical” 
remote controller equipped with two potentiometric 
manipulators (one  for speed and one for direction 
control), now the control on-board the model is 
effectuated by 32-bit Freescale micro-controller 
receiving commands via wireless Zigbee link from 
the PC based application. This allows to produce 
repeatable, pre-programmed control sequences, for 
instance designed as Scilab scripts, allowing for 
visualisation of data gathered during the tests. 
Optionally it is possible to use game console 
connected to the PC USB port to allow controlling 
of the model with the use of steering wheel, and 
accelerator and brake pedals. The model on-board 
controller is responsible for maintaining precise 
control over the model vehicle, i.e. close-loop 
algorithms ensure following precisely pre-
programmed trajectory at pre-programmed vehicle 
velocity. All the motion parameters are logged in 
the model controller memory. 

To produce higher velocities and to allow of testing 
of bigger and heavier eCall modules more robust 
and more powerful model driven by combustion 
engine also has been equipped with similar set of 
equipment, remote controller link and actuators. 

The first couple of tests have been carried out 
without any eCall in-vehicle unit as there weren't 
any available for tests at the time of writing. Data 
was only registered in the reference data 
acquisition system. The electric-motor-driven car 
model was directed towards concave ramp to force 
a roll-over accident (fig.11). Only data from model 
IMU has been logged, no GPS sensor data was 
collected nor analysed, due to the fact that the 
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experiment was conducted inside the building, the 
ride duration was considerably shorter and the 
reached velocities was tangibly lower than 
anticipated in the real-life conditions preceding an 
accident. However, the IMU registered data is 
expected to be relevant to real-life conditions, even 
at lower velocities, due to smaller dimensions and 
lower weight and moments of inertia of the model. 
Some data have been also logged on the real 

passenger cars, commercial good vehicles and 
coaches, to verify dynamics of registered signals, 
both on the models and real vehicles.  

In following experiment the model has also been 
driven with marking its trace piece of chalk 
(fig.12), to allow to assess the reliability of 
collected data for the purpose of accident course 
reconstruction. 

 

Figure 11. Selected consecutive video frames featuring a rollover 

 

Figure 12. A trajectory reconstruction test 

 

CONCLUSIONS 

Many publications express the necessity of further 
research on accident detection and severity 
estimation algorithms, as deep understanding and 
wide availability of complete and robust solutions 
is far from satisfactory. In order to fully explore all 
possible benefits that can be brought by eCall 
implementation within the EU territory, not only 
well designed algorithms to detect the accident and 
estimate its severity are required, but also legal 
framework, methods and technical means to allow 
the formal authorisation of all the devices and 
systems (in-vehicle units, telecommunication and 
GNSS infrastructure and the public, emergency 
answering point network, both equipment and 
organisation performance). Without verification 
and certification before the legal approval is 
granted to introduce such devices to operation, if it 
leads to approval of devices producing false alarms 
or failing to recognise the actual accident, the chaos 
sparked by the eCall implementation could 
jeopardise all the hopes and expectations in 
reducing severity of injuries and number of 
fatalities. 
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ABSTRACT 

Vehicle accidents in which the automobile “rolls 
over” or overturns are among the most difficult 
accidents to reconstruct.  Vehicles typically overturn 
about their longitudinal axis and in highway speed 
rollovers can overturn multiple complete revolutions.  
The accident reconstruction specialist is left to piece 
together the incident from physical evidence 
produced both on the vehicle and at the accident site.  
A number of works have been published by various 
authors detailing the methods for calculating many 
aspects of the accident.  Using these methods the 
reconstruction professional is obliged to illustrate and 
present the accident using two-dimensional or three-
dimensional drawings to illustrate the accident.  One 
can also use such a diagram to produce an animation 
of the accident.  These animations are based on one’s 
own conceptualization of the accident as physical 
evidence reveals, but they are not the result of the 
extensive time step calculations of vehicle dynamics 
that can be done with computer reconstruction 
software. 

As the computer has become more powerful and 
faster, physics based modeling programs have been 
developed to aid the reconstruction professional with 
the analysis of automobile accidents.  For the most 
part, accident reconstruction software packages do 
not contain detailed component/suspension modeling 
capability.  However, for the purposes of accident 
reconstruction, the models in these software packages 
are more than sufficient to model an accident 
scenario such as a vehicle tumbling or rolling over. 

In this paper, a reconstruction of a staged rollover 
accident involving an SUV type vehicle will be 
presented.  The subject rollover is a staged un-tripped 
rollover.  The test vehicle overturns because of 
frictional forces at the tires imparted by steering 
inputs.  This rollover is modeled using PC CrashTM.  
The test site was well documented after the event and 

pertinent physical data was recorded.  Damage 
produced on the vehicle as a result of the rollover is 
also well documented.  Numerous video cameras 
were used to record the rollover from a variety of 
vantage points.  All of this information is used in 
conjunction with the software to demonstrate how 
properly used software can effectively model a 
rollover accident.  If rollover accidents can be 
accurately modeled, then the data may be used in 
developing vehicle safety and occupant protection 
systems. 

INTRODUCTION 

In recent years rollover accidents have become more 
significant in number. Computer modeling is 
becoming more widely used for the reconstruction of 
rollover accidents. PC-Crash is a modeling program 
which is able to simulate the vehicle motion during 
rollover events.  The accuracy of any accident 
reconstruction depends heavily on the available 
evidence used in analyzing the event.  The accident 
reconstruction professional is obliged to ascertain 
whether sufficient information is available to draw 
whatever level of conclusions are desired. 

Over the past years modeling programs have become 
powerful tools to aid in determining vehicle and 
occupant motions. PC-Crash is just one of the 
programs which have gained popularity over the past 
few years.  PC-Crash has been validated in many 
studies and has proven its accuracy and capability (1-
3). Studies have even shown that occupant motion 
can be determined by coupling PC-Crash and 
MADYMO (4). The majority of these studies have 
not necessarily included rollovers. 

Although rollover accidents are among some of the 
most difficult to accurately reconstruct, PC-Crash has 
been found capable of determining vehicle paths, 
timing, number of rolls and most relevant rollover 
parameters (5). In this study, the vehicle motion prior 
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to and during the rollover event is determined using 
PC-Crash, version 7.3.  

Rollover simulations to model occupant kinematics 
have been published in peer reviewed publications as 
early as 1984 (6). Shortly thereafter three-
dimensional rollover modeling of occupant 
kinematics using ATB and MADYMO begin to 
appear in publication (7-9). Next, complete vehicle 
and occupant kinematics were modeled within 
MADYMO and demonstrated a good match to 
FMVSS 208 test data.(10,11). The combined use of 
MADYMO and a separate vehicle dynamics 
prediction program approach appeared in publication 
in 1999 (12)  Direct simulation by extracting vehicle 
motion and accelerations from NTSHA crash data 
has been limited due to the unreliable data rendered 
by the rollover crash sensing for these tests (13). This 
difficulty in rollover crash sensing was 
acknowledged and addressed by Viano, et. al. in a 
research program aimed at defining rollover sensing 
requirements to activate belt pretensioners, roof-rail 
airbags and convertible pop-up rollbars. (14) Here is 
an interesting excerpt: 

Throughout the [research] program, mathematical 
simulation was used to assure robust testing, sensing 
and algorithms. The mathematical models were 
applied to each specific test condition, validated and 
used for evaluation of parameters influencing 
rollover sensing requirements. The simulations were 
found to be robust representations of a vehicle 
rollover. Two simulations tools were used: PC-
Crash, which simulates vehicle dynamics and the 
rollovers, and Madymo, which simulates occupant 
kinematics in the vehicle. Madymo allows the quick 
study of various safety systems to prevent ejection 
and interior impact injury. Excellent comparability 
was demonstrated between the tests and 
simulation. [Bold Emphasis Added] 

In this study, a staged rollover collision is 
reconstructed using a computer simulation program 
known as PC-Crash.  The results of the PC-Crash 
reconstruction were compared to results from a 
conventional hand reconstruction and data collected 
from the staged rollover collision.  The hand 
reconstruction has been published in Collision 
magazine. (15) 

PC-CRASH MODEL 

PC-Crash utilizes physical vehicle data that can be 
obtained through several databases or data that can 
be actual measurements.  Once the vehicle data has 
been entered, sequences are used to define 
braking/acceleration, steering, friction parameters, or 

vehicle geometry changes.  These sequences are used 
to model the vehicle as it moves over the intended 
path. 

The test vehicle for this event is a 1991 Ford 
Explorer XLT, 4-door, 4X2.  The VIN is 
1FMDU32X5MUD76298.  The vehicle is equipped 
with a 4.0 L V-6 and an automatic transmission.  The 
vehicle is loaded with sandbag ballast of 150 lbs for 
each seating position for a total of 750 lbs.  The tires 
are Goodyear Wrangler RT/S P235/75R15.  The 
vehicle data used in the PC-Crash model are shown 
in table 1 found in Appendix A. 

The model has been overlaid onto a very detailed 
survey of the rollover site.  This survey was 
performed with a Total Station type laser device and 
documents tire marks, scrapes, gouges, location of 
broken glass, and other pertinent information.  The 
survey data was imported directly into PC-Crash. 

SEQUENCES 
 
PC-Crash uses sequences in order to provide inputs 
to the model and re-create the accident scenario.  
These sequences specify the vehicle steering, drag 
factors, timing, and other parameters, such as 
geometry changes to be input for the simulation. 

• Sequence 1:  Starts the model at 50 mph and last 
for 0.6 seconds.  No braking or steering is 
applied during the first sequence.  This sequence 
allows the vehicle to approach the first set of 
yaw marks. 

• Sequence 2:  Applies left steer to match the first 
set of documented yaw marks.  No braking is 
applied during the yaw marks.  The sequence 
last for 0.38 secs. 

• Sequence 3:  This sequence last for 4.5 secs and 
applies right steer to match the final yaw marks 
leading up to the point of roll.  Steering was 
applied at the same rate and magnitude as the 
steering input in the staged rollover.  (note: 
steering remains constant throughout the rest of 
the rollover sequences.)  

• Sequence 4:  At the end of sequence 3, 
sequences  4 and 5 are activated.  The left rear 
tire breaks off of the vehicle and the friction is 
increased to 1 at the left rear tire location in 
order to account for any axle gouging. 

• Sequence 5:  Is a geometry change at the left rear 
tire position that is used to simulate the left rear 
wheel breaking from the axle. 
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• Sequence 6:  Is a time sequence used to separate 
sequence 5 and sequence 7.  At the left rear tire 
position the brake force is set to 500% to 
simulate the broken off wheel.  Steering remains 
unchanged.  

• Sequence 7:  Is a second friction change used to 
simulate the right front wheel breaking from the 
vehicle and at the same time, sequence 8 is 
activated. 

• Sequence 8:  Is a second geometry change used 
to simulate the right front wheel breaking off. 

• Sequence 9:  Is used to finish out the simulation.  
The time is set for 15 sec, the steering is constant 
and the same as sequence 3,  and the braking 
force for the two broken wheel are set at 500% 
to prevent any possibility of rolling. 

The data for the sequences are presented in table 2 in 
Appendix B. 

The results of the simulation show the vehicle 
approaching the first set of yaw marks at 
approximately 50 mph.  The vehicle is traveling 
approximately 43 mph at the point of roll.  The 
vehicle then rolls 4 complete revolutions and comes 
to rest in an upright position.  Figure 1 shows the 
motion of the vehicle as indicated by the PC-Crash 
simulation. 

 
COMPARISON OF SIMULATION TO 
ACTUAL DATA 

 
The results of the simulation were compared to the 
prior reconstruction and the actual data collected at 
the time of staged rollover.  The data from each of 
the four rolls are compared in table 3 located in 
Appendix C.  As can be seen in the table, the results 
of the PC-Crash simulation very closely correlate to 
the data and manual reconstruction results. 

 

 

Figure 1:  PC-Crash vehicle motion diagram. 
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PC-Crash was able to model the vehicle passing over 
the surveyed yaw marks.  In figure 2 the heavy yaw 
marks are surveyed marks and the thin/light marks 
are yaw marks from the PC-Crash model.  As can be 
seen in figure 2, the PC-Crash yaw marks very 
closely correlate to the surveyed yaw marks.  

 

 

 

 

 

 

 

 

The following figures (figures 3 through 6) compare 
the position of each roll from the simulation to that of 
the hand reconstruction diagrams.  The image on the 
top of each figure is the layout according to the hand 
reconstruction and the image on the bottom of each 
figure is from the PC-Crash output.  In general, the 
positions during the rollover sequences are 
consistent.  However, as can be seen, the angle of the 
vehicle varies in agreement between the two.  

 

 

 

 

 

 

 

 

Figure 2:  Vehicle positions during pre-
roll yaw from PC-Crash.  The heavy yaw 

Figure 3:  Roll 1 of the rollover sequence.  
Hand reconstruction results above and PC-
Crash output below. 
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PC-Crash generates data and graphs of pertinent 
reconstruction results such as yaw rate, roll rate, 
acceleration, and other information.  Yaw rate and 
roll rate were compared to actual data collected 
during the staged rollover.  The figures below show 
the comparison of the data presented in the form of 
graphs. 

As can be seen in figure 7 the yaw rate during the 
first yaw (left hand yaw) from PC-Crash very closely 
matches the data collected during the staged rollover.  
The data comparison of the second yaw (right hand 
yaw) shows that PC-Crash produced a slightly higher 
yaw rate than the actual data suggested.  This is also 
shown in figure 2 with the left rear wheel of the 
model tracking just outside the surveyed yaw marks. 

Figure 8 compares the roll rate from recorded data 
and PC-Crash.  It should be noted that the roll rate 
exceeded the capability of the instrumentation at 350 
deg/sec.  PC-Crash indicates that the peak roll rate 
was approximately 520 deg/sec., and occurred during 
the time when the instrumentation clipped data at the 
maximum.  The graph shows that PC-Crash data 

Figure 4:  Roll 2 of the rollover sequence.  
Hand reconstruction results above and 
PC-Crash output below. 

Figure 5:  Roll 3 of the rollover sequence.  
Hand reconstruction results above and PC-
Crash output below. 

Figure 6:  Roll 4 and the final rest position 
of the rollover sequence.  Hand 
reconstruction results above and PC-
Crash output below. 
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closely matched the actual data before and after the 
truncation at 350 deg/sec. 

 

 

An additional feature of PC-Crash is the ability to 
produce real time videos of the simulation.  Figures 9 
and 10 compare the video frames of the PC-Crash 
simulation to videos of the actual staged rollover. 

Figures 9 and 10 illustrate the comparison of the 
vehicle positions at the Point of Roll and the Point of 
Rest, respectively.  In the PC-Crash model, the 
vehicle comes to rest at the documented Point of 
Rest.  However, the final rest position in PC-Crash is 
approximately 15 deg clockwise of the documented 
Point of Rest for the staged rollover. 

 

 
 

 

 

 

Figure 9:  Compares the Point of Roll form 
PC-Crash (upper image) to an actual video 
frame of the rollover (lower image). 

Figure 10:  Compares the Point of Rest form 
PC-Crash (upper image) to an actual video 
frame of the rollover (lower image). 

Figure 7:  Yaw rate comparison of data from 
staged rollover and PC-Crash model. 

Figure 8:  Roll rate comparison of data from 
staged rollover and PC-Crash model. 



Andrews, 7

CONCLUSIONS 

PC-Crash was successfully utilized to reconstruct the 
staged rollover collision.  The PC-Crash 
reconstruction showed the speed of the vehicle at the 
point of roll to be within 2.1 mph of the actual data.  
The number of rolls and the vehicle path during the 
yaw phase and the rollover phase were consistent 
between PC-Crash and the collected data. 

There were slight deviations in the vehicle position 
angles throughout the rollover sequences.  However 
the vehicle locations were consistent with the hand 
reconstruction and evidence documented in the 
survey. 

The yaw rate recorded in PC-Crash was slightly 
higher than data suggested but followed similar 
trends.  Roll rates calculated by PC-Crash also 
followed similar trends as the actual data collected 
during the rollover. 

Although the final point of rest in the PC-Crash 
model was consistent with the surveyed data, PC-
Crash showed the vehicle point of rest rotated 
approximately 15 deg clockwise of the documented 
point of rest. 

In general, PC-Crash was able to accurately 
reconstruct the staged rollover collision based on the 
surveyed data.  When compared to actual data, PC-
Crash data followed similar trends and was consistent 
with data collected during the staged rollover 
collision.  
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APPENDIX A 
 
 
 
 
 

Length [in] :   184
Width [in] :   70
Height [in] :   67
Number of axles :   2
Wheelbase [in] :   112
Front overhang [in] :   30
Front track width [in] :   59
Rear track width [in] :   59
Mass (empty) [lb] :   4142
    
Mass of front occupants [lb] :   303
Mass of rear occupants [lb] :   457
Mass of cargo in trunk [lb] :   0
Mass of roof cargo [lb] :   0
    
Distance C.G. - front axle [in] :   55.91
C.G. height above ground [in] :   28.75
    
Roll moment of inertia [lbfts^2] :   513.2
Pitch moment of inertia [lbfts^2] :   2875.5
Yaw moment of inertia [lbfts^2] :   2732.5
    
Stiffness, axle 1, left [lb/in] :   175.7
Stiffness, axle 1, right [lb/in] :   175.7
Stiffness, axle 2, left [lb/in] :   175.11
Stiffness, axle 2, right [lb/in] :   175.11
Damping, axle 1, left [lb-s/ft] :   237.19
Damping, axle 1, right [lb-s/ft] :   237.19
Damping, axle 2, left [lb-s/ft] :   236.4
Damping, axle 2, right [lb-s/ft] :   236.4
Max. slip angle,axle 1, left [deg]:   10
Max. slip angle,axle 1, right [deg]:   10
Max. slip angle,axle 2, left [deg]:   10
Max. slip angle,axle 2, right [deg]:   10

 

Table 1: 
PC-Crash input data 
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APPENDIX B 
 
 
 
 
 
Sequence 1   
Velocity [mph] :  50.5
Time [s] 0.6
Brake force [%]  0
    
Sequence 2   
Time 0.38
Brake force [%]  0
    
STEERING   
Steering time [s] :  0.4
New steering angle [deg]  
  Axle 1 :  13.34
  Axle 2 :  0
    
Sequence 3   
Time [s] 4.5
Brake force [%]  0
    
STEERING   
Steering time [s] :  0.99
New steering angle [deg]  
  Axle 1 :  -19
  Axle 2 :  0
    
Sequence 4   
Friction change   
Friction coefficient (mu)           
  Axle 1, left :  0.8
  Axle 1, right :  0.8
  Axle 2, left :  1
  Axle 2, right :  0.45
    
Sequence 5   
GEOMETRY CHANGE 
    
Sequence 6   
Time [s] 0.95
Brake force [%]    
  Axle 1, left :  0
  Axle 1, right :  0
  Axle 2, left :  500
  Axle 2, right :  0
mean brake acceleration [g] :  -0.1
    

STEERING   
Steering time [s] :  0.99
New steering angle [deg]  
  Axle 1 :  -19
  Axle 2 :  0
    
Sequence 7   
Friction change   
Friction coefficient (mu)           
  Axle 1, left :  0.8
  Axle 1, right :  1
  Axle 2, left :  1
  Axle 2, right :  0.45
    
Sequence 8   
GEOMETRY CHANGE 
    
Sequence 9   
Time [s] 15
Brake force [%]    
  Axle 1, left :  0
  Axle 1, right :  500
  Axle 2, left :  500
  Axle 2, right :  0
mean brake acceleration [g] :  -0.2
    
STEERING   
Steering time [s] :  0.99
New steering angle [deg]  
  Axle 1 :  -19
  Axle 2 :  0

 

Table 2: 
PC-Crash sequences 
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APPENDIX C 
 

 
 

 

 
  

Manual 
Reconstruction 
Results  

PC-
Crash 
Results

 Speed at Point 
of Roll  [mph] 44.8  42.7 

Roll 
1      
 Distance [ft] 84  91 

 Ave Speed 
[mph] 41  36 

 Time [sec] 1.4  1.8 

 Ave Roll Rate 
[deg/sec] 250  173 

      
Roll 
2      
 Distance [ft] 34  31 

 Ave Speed 
[mph] 29  24 

 Time [sec] 0.8  0.9 

 Ave Roll Rate 
[deg/sec] 450  417 

      
Roll 
3      
 Distance [ft] 23  22 

 Ave Speed 
[mph] 18  18 

 Time [sec] 0.9  0.8 

 Ave Roll Rate 
[deg/sec] 400  451 

      
Roll 
4      
 Distance [ft] 23  22 

 Ave Speed 
[mph] 11  11 

 Time [sec] 1.5  1.5 

 Ave Roll Rate 
[deg/sec] 250  248 

Table 3: 
Comparison of manual accident reconstruction 

to PC-Crash 
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ABSTRACT 
 
Computerized crash reconstruction of real world 
crashes involves dealing with a lot of unknown 
parameters and as such the reconstruction problem 
cannot be solved deterministically as was shown 
using a parametric methodology presented in our 
previous ESV paper titled “Computational Analysis 
of Real World Crashes: A Basis for Accident 
Reconstruction Methodology.”  This paper introduces 
a modified version of the parametric methodology, 
which involves using an optimization scheme to 
derive an optimal solution for the reconstruction 
problem in a given range of unknown parameters. 
Real world crashes were selected from the CIREN 
database and were solved using the proposed 
methodology. Human-Vehicle-Environment (HVE) 
software was used to generate the crash pulse where 
EDR data were missing.  The problem was set up in 
MADYMO. During the set up, the unknown 
parameters were identified. ModeFRONTIER 
software was used for optimization. The identified 
unknown parameters were treated as design variables. 
The objective function and the constraints were 
defined such that they minimize the differences in 
injuries and occupant-vehicle contacts between the 
real world data and the model prediction. Since the 
objective function has a great effect on the final 
solution, a normalized form of the objective function, 
weighted based on the AIS level of the injuries 
sustained by the occupant, was formed in this study. 
A genetic algorithm with Sobol DOE (Design of 
Experiments) was used for optimization. Results of 
the simulations showed that the optimal solution 
correctly predicted both the occupant-vehicle 
contacts and the injuries sustained by the occupant. 
By viewing the occupant motion inside the vehicle 
during the crash, better occupant protection systems 
can be devised.  Correlation studies were also carried 
out to find the critical parameters affecting the 
solution. In addition, a best case scenario study was 
carried out to find, using optimization, the design 
changes that could help mitigate all or some of the 
injuries sustained by the occupant. 
 

INTRODUCTION 

Computerized crash reconstruction is carried out to 
investigate crash sequences and to study occupant 
kinematics during crashes. Occupant kinematics can 
then be used to design better and more efficient 
safety systems for occupant protection. There are a 
lot of parameters that affect an occupant’s kinematics 
and injury risk. Due to lack of information on these 
parameters, the reconstruction cannot be carried out 
accurately. Since assumptions have to be made for 
these unknown parameters, it is imperative not to 
predict the model outcome using just one set of 
parameter values as different sets of parameter values 
within the range can lead to quite different injury 
predictions for the same case, as was shown in Hasija 
et al [1]. In the past, injury evaluation based on 
reconstruction has been carried out using just one set 
of parameters. For example, Mardoux et al [2] and 
Franklyn et al [3] presented papers where 
computational models used to predict injuries were 
driven using data obtained from physical tests. The 
experiments can have errors associated with them 
that can lead to errors in the model’s injury 
predictions. The effect of these uncertainties was not 
analyzed. 

Optimization, which refers to the study of problems 
in which one seeks to minimize or maximize a 
function by systematically choosing the values of 
variables from within an allowed set, while satisfying 
the constraints, is becoming more popular for 
carrying out crash reconstruction analysis. For 
example, Untaroiu et al [4] presented a paper that 
was used to investigate the application of 
optimization techniques to the field of crash 
reconstructions of pedestrian accidents. In their 
papers, it was shown, using a mock or “ideal” crash 
reconstruction problem, that optimization algorithms 
combined with an appropriate objective function 
have the capability to identify accurately the pre-
impact conditions of the pedestrian and vehicle. The 
pre-impact parameters of pedestrian and vehicle 
models were treated as unknown design variables. In 
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addition, optimization methodology was successfully 
applied to reconstruction of a real-world pedestrian 
crash. Also, Shen et al [5] presented a paper 
evaluating optimization-based method for 
reconstructing pedestrian-vehicle accident and testing 
its performance. By reconstructing two real-world 
pedestrian collisions, they concluded that 
optimization is very effective in finding a optimum 
solution, which not only reduces the number of 
cycles, but also saves manual operation. 

The objective of this paper is to present a 
methodology that utilizes an optimization scheme to 
come up with the best possible solution to a 
reconstruction problem, which has a lot of unknown 
variables that cannot be fixed to a particular value but 
are defined by a range. The best possible solution 
helps provide the occupant kinematics during crash. 
The methodology is shown by reconstructing two real 
world crash cases selected from the CIREN database 
[6]. These cases include: a) a “moderate brain injury” 
case, and b) a “severe brain injury” case. The 
unknown parameters are treated as design variables.  
The occupant-vehicle contacts and the injuries 
sustained by the occupant as listed in CIREN are 
used to set up the objective function and constraints 
for optimization. The best solution obtained for the 
reconstruction problem from optimization is one that 
matches all the occupant-vehicle contacts and injuries 
sustained by the occupant. The paper also shows how 
crirtical parameters are identified and how a best case 
scenario (minimum injury or no-injury) for a given 
case can be obtained. 

METHODOLOGY 
The methodology introduced in this paper (Figure 1) 
for reconstructing real world crashes uses an 
optimization technique to find the best possible 
solution to the reconstruction problem.  

 
Figure 1.  Optimization Methodology. 

The methodology starts with the selection of a real 
world crash case from CIREN. Following the case 
selection, the Event Data Recorder (EDR) 
information available for the case is searched in 
CIREN to get the crash pulse. If the selected case has 
an EDR pulse available, the pulse is directly used for 
occupant simulation.  If EDR pulse is not available, 
the crash details available from the case are used in 
HVE [7] to generate the crash pulse.  Next, the 
occupant simulation is set up in MADYMO [8] based 
on the case information available from CIREN such 
as occupant information, restraints information etc. 
The EDR crash pulse or the HVE-generated crash 
pulse is used to drive the MADYMO model. During 
this set up, the data availability is checked to see if all 
parameters required for reconstruction are available. 
If all data is available, the occupant simulation set up 
in MADYMO can be run and the results can be 
compared with the real world data. But most of the 
time, all data required for reconstruction is not 
available. These unknown parameters are identified 
during the MADYMO set up stage and assumptions 
are made for these unknown parameters. Once the 
MADYMO model is set up, a baseline run is 
obtained by matching the occupant-vehicle contacts 
listed in CIREN for the particular crash case. Using 
these assumed parameters as design variables, the 
optimization is set up around the baseline run in 
modeFrontier software [9]. The range for these 
selected design variables is defined, the objective 
function is set up, and the constraints are defined.  
Two types of constraints are defined i.e. contacts 
based constraints and injury based constraints. The 
constraints and objective functions are defined such 
that they minimize the differences in injuries and 
occupant-vehicle contacts between the real world 
data and the model prediction.  The solution obtained 
from optimization takes into account the variation in 
the assumed parameters, and thus gives the best 
possible answer to the reconstruction problem. The 
methodology is demonstrated by reconstructing two 
real world CIREN cases. 

Case Selection 
The real world crash cases were selected from 
CIREN. Only cases with single event, frontal impact 
with PDOF of 0±10o   and no rollover were 
considered. Cases were selected that provided enough 
information for reconstruction in HVE (vehicle type, 
collision partner involved, Collision Deformation 
Classification(CDC), Principal Direction of Force 
(PDOF), Crush and DeltaV) and also enough 
information for occupant simulation in MADYMO 
(age, height, weight of the occupant, occupant role 
(driver or passenger), restraints used, air bag 
information, seat performance information, etc). One 
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important criterion for case selection was good 
occupant-vehicle contacts that could be simulated. 
All cases with air bag failure, seat performance 
failure and seat belt failure were ignored. Cases 
where the occupant was asleep or in an out-of-
position (OOP) states were ignored. In this study, 
only cases where the occupant had brain injury were 
considered.  Only brain injury cases were selected so 
that these cases, in future, can be evaluated using 
NHTSA-developed finite element head model 
(FEHM). The cases were not filtered based on 
vehicle model year as the idea was to select cases and 
study the use of optimization as a reconstruction tool. 
Based on these criteria, two brain injury cases were 
selected. 

    “Moderate Brain Injury” Case: Details of the 
“moderate brain injury” case are provided below. 

The crash occurred during the hours of daylight.  The 
weather at the time of the crash was clear and dry.  
The posted speed limit was 45 mph. The crash 
occurred on a two lane roadway (Figure 2). Case 
Vehicle (V1, in red), a 1999 four-door Chevrolet 
Cavalier, was traveling eastbound.  Vehicle two (V2), 
a 1997 four-door Oldsmobile Achieva, was traveling 
westbound.  V1 crossed into the westbound lane.  
V1's front struck the front of V2.  The impact caused 
V1 to rotate counterclockwise, coming to rest in the 
eastbound lane.  V2 was forced to the right and 
rearward coming to rest off the shoulder of the 
westbound lane. The case vehicle had a delta-V of 35 
mph. 

 
Figure 2.  Crash Scene for “moderate brain 
injury” case 
The case occupant was the driver of the vehicle (V1).  
The case occupant was a 61 year old male, 175cm in 
height and 86 kg in weight. He was wearing the 
available lap and shoulder belt and had frontal air bag 
deployment.  The occupant sustained moderate brain 
injury (Table 1).  The occupant also sustained AIS 1 
injuries not listed in Table 1. 

Table 1. 
Occupant Injuries 

AIS Code Description 
1610002 Cerebral concussion 

5408243 Colon laceration, perforation 

5420222 Mesentery laceration 

8516143 Fibula Fx, bimalleolar 

 
Occupant-vehicle contacts were taken from CIREN 
(Table 2). 

Table 2. 
Occupant-Vehicle Contacts 

Contact Component Body Region 

1 Air bag-driver side Head 

2 Steering wheel rim Chest 

3 Knee bolster Knee-Left 

4 Knee bolster Knee-Right 

 
    “Severe Brain Injury” Case: Details of the 
“severe brain injury” case are provided below. 

This crash occurred at night (with street lights) on the 
southbound lanes of a six lane divided freeway with 
dry conditions with a slight downgrade in the 
location (Figure 3).  The posted speed limit was 60 
mph. The case vehicle (in red), a 2006 Scion TC 2-
door hatchback, was southbound in lane two of the 
three lanes and attempted to change lanes to the right 
and pass an unknown vehicle in lane two.  Another 
unknown vehicle was traveling at a slower speed in 
lane one. V1 then swerved left and began braking as 
it crossed over lanes two and three before impacting 
the left side concrete barrier with the front of V1.  V1 
rotated slightly counterclockwise and came to final 
rest in lane three facing east.  The case vehicle had a 
delta-V of 29 mph. 

 
Figure 3.  Crash Scene for “Severe Brain Injury” 
case 
The case occupant was the driver of vehicle V1. The 
case occupant, a 27 year old male (178 cm in height 
and 69 kg in weight) was wearing the lap and 
shoulder belt with the seat belt pretensioners firing.  
The frontal steering wheel air bag as well as the knee 
bolster air bag deployed. The occupant rode down the 
deploying steering wheel air bag, causing the head to 
hit the steering wheel rim/hub. The occupant suffered 
severe brain injuries (Table 3). The occupant also 
suffered facial injuries and other AIS 1 injuries that 
are not listed in Table 3 as these were not considered 
in the analysis. 
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Table 3. 
Occupant Injuries 

AIS Code Description 
1406285 Cerebrum diffuse axonal 

injury (DAI) 
1406843 Cerebrum subarachnoid 

hemorrhage 
1504043 Vault skull fracture 
8526043 Pelvis Fx 

6506202 Lumbar Spine Fx, transverse 
process 

 
The occupant-vehicle contacts were taken from 
CIREN (Table 4). Only contacts listed as “Certain” in 
CIREN were considered. “Probable” and “Possible” 
contacts were not considered in this study. This case 
was chosen particularly because the occupant 
sustained “diffuse axonal injury (DAI)”, an injury 
which will be evaluated further using NHTSA 
developed FEHM and it was also the best-described 
case among all others. 

Table 4. 
Occupant-Vehicle Contacts 

Contact Component Body Region 

1 Steering wheel hub Face 

2 Steering wheel rim Face 

3 Knee  air bag Knee-Left 

4 Knee air bag Knee-Right 

5 Knee bolster Knee-Left 

6 Foot controls Right Foot 

Crash Pulse Generation 
The crash pulse generation for the two selected cases 
is described below: 

   “Moderate Brain Injury” case:  For this case, the 
deceleration pulse of the case vehicle was available 
from the EDR.  Since the selected case had a PDOF 
of 350o, there were both longitudinal and lateral 
components of the crash pulse.  Since the EDR did 
not record any lateral component, it was estimated 
from HVE. The case was reconstructed in HVE. Not 
only the crash quantities were matched but also a 
consistent post impact motion, as given in CIREN 
crash analysis, was ensured. Generic vehicle models 
were selected for both vehicles. Both vehicle models 
were updated with respect to the exterior vehicle 
specifications: front overhang, rear overhang, overall 
length and width, wheelbase and weight. The exterior 
specifications for both vehicles were obtained from 
the CIREN case information. The total weight used 
was the sum of the “Curb weight,” “Weight of the 

Occupants,” and “Cargo weight.” Vehicle stiffness 
plays an important role in correct crash pulse 
generation. Hence, the front, side, rear, top and 
bottom stiffnesses and the inertias of these generic 
vehicle models were updated based on the values 
available from actual vehicle models available in the 
HVE vehicle database. After the vehicle set up was 
completed in the vehicle mode, the crash event was 
set up in the event mode (Figure 4). 

 

 
Figure 4.  Crash Event. 

The vehicles were positioned with respect to the 
global coordinate system. An estimated initial 
velocity was then assigned to each vehicle as their 
velocities were unknown. To generate a valid crash 
pulse for the selected CIREN case, various crash 
quantities (i.e. Principal Direction of Force (PDOF), 
Collision Deformation Classification (CDC), Crush 
and Delta-V) were matched between CIREN and the 
HVE simulation by carrying out parametric 
variations with respect to the impact location, vehicle 
velocities, inter-vehicle friction, etc. Since CIREN 
does not report all these quantities for the non-case 
vehicle, only Delta-V was matched for the non-case 
vehicle. A good match between CIREN and HVE 
was obtained for both the case and non-case vehicle 
(Table 5 and Table 6). The EDSMAC4 module [10], 
which is a 2D physics program in HVE, was used to 
generate the crash pulse. 

Table 5. 
Case vehicle match 

Chevrolet CIREN HVE 
DeltaV, mph 35 35.5 

Crush, in 32.6 31.49 
CDC 12FYEW5 12FYEW6 

PDOF(deg) 350 349.3 
 

Table 6. 
Non-case vehicle match 

Oldsmobile CIREN HVE 
DeltaV, mph 33.5 34.5 
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After the crash quantities were matched between 
HVE and CIREN, the longitudinal component of 
crash pulse obtained from HVE was compared with 
the EDR pulse. Since the longitudinal component 
obtained from HVE showed good match with that 
obtained from EDR (Figure 5a), it was decided to use 
the corresponding lateral component of crash pulse 
obtained from HVE for reconstruction.  The final 
crash pulse used for this case included the 
longitudinal component from EDR and lateral 
component from HVE (Figure 5b). 
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Crash Pulse
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   (b) 

Figure 5.  (a) Longitudinal component of crash 
pulse. (b)Crash pulse used for “Moderate Brain 
Injury” case. 
 
   “Severe Brain Injury” case:  For this case, no 
EDR data was available. HVE was used to generate 
the crash pulse. Similar to the “moderate brain 
injury” case, a generic vehicle model was used for 
the case vehicle. The vehicle model was updated with 
respect to the vehicle parameters. Since no stiffness 
and inertia information were available for the case 
vehicle, the stiffness and inertia information from 
2006 Toyota Corolla model available in HVE 
database was used to update the case vehicle. The 
crash event was set up in HVE (Figure 6) and crash 
quantities were matched between HVE and CIREN to 
generate the crash pulse.  

 
 

 
Figure 6.  Crash Event 
A good match between CIREN and HVE was 
obtained with respect to the crash quantities for the 
case vehicle (Table 7). 

Table 7. 
Case vehicle match 

Scion TC CIREN HVE 
DeltaV, mph 29.2 28.7 

Crush, in 18.89 18.92 
CDC 12FDEW3 12FDEW3 

PDOF(deg) 350 351.4 

The EDSMAC4 module in HVE was used to 
generate the crash pulse (Figure 7). 
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Figure 7.  Crash Pulse for “Severe Brain Injury” 
case. 

Occupant Simulation Set Up 

  “Moderate Brain Injury” case:  The occupant 
simulation was set up in MADYMO, which is a 
widely used occupant safety analysis tool that can be 
used to simulate the response of an occupant in a 
dynamic environment. The occupant size for this 
“moderate brain injury” case was close to a 50th 
percentile size, and hence the Hybrid-III (H-III) 50th 
ellipsoid model was used as occupant model in 
MADYMO. The case vehicle interior surfaces were 
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created in MADYMO. The location of these surfaces 
was obtained from HVE, which had the actual 
vehicle model of a Chevrolet Cavalier available in its 
vehicle database. The contact surfaces were first 
created in HVE (Figure 8) and only the necessary 
contact surfaces were created based on the contacts 
listed in CIREN between the occupant and the 
vehicle interior. This information was then used to 
create the case vehicle in MADYMO (Figure 9). 
 

 
(a) 

 
(b) 

Figure 8.   Contact surfaces generated in HVE (a) 
Full View, and (b) No Body View. 
 
The properties for the seat structure, seat back, seat 
cushion, knee bolster, steering column and the 
contact characteristics between the occupant model 
and the vehicle interior were taken from the frontal 
impact application file available in MADYMO [11], 
which has generic but realistic properties. Since the 
occupant (driver) had an air bag deployment during 
the crash, a generic air bag model was added to the 
steering wheel hub. The generic driver air bag model 
was selected from MADYMO applications. Since the 
occupant was wearing the lap/shoulder belt during 
the event, a finite element lap and shoulder belt was 
created and wrapped around the occupant (Figure 9). 
The properties for the belts were taken from 
MADYMO application file to be close to the realistic 
properties. This run was further set up according to 
the case information given in CIREN. The dummy 
was positioned in a normal posture with the right foot 
on the brake and the left foot on the floor. 

 
Figure 9.  Impact Simulation model for “moderate 
brain injury” case.  
The EDR-HVE combination crash pulse (Figure 5b) 
was used to drive the simulation. The baseline run 
was obtained once the occupant-vehicle contacts in 
simulation were matched with those listed in CIREN. 
 
  “Severe Brain Injury” case:   
A similar set up as explained for “moderate brain 
injury” case was followed for the “severe brain injury 
“case with a few additions.  According to the case 
information given in CIREN, a seat belt pretensioner 
and a knee bolster air bag were installed in the 
vehicle. The pretensioner fired and the knee-bolster 
air bag deployed during the crash. A pretensioner and 
knee bolster air bag were added to the MADYMO 
model. Since no generic knee air bag model was 
available in MADYMO, one was created by scaling 
and shaping the generic steering wheel (SW) driver 
air bag model. The case vehicle’s actual knee air bag 
model was 18 liters in volume and had tethers 50 mm 
in length. To create a knee air bag model close to the 
actual air bag, the following was done: 

• The reference geometry of the SW driver air bag 
(which was circular) was scaled non-uniformly 
in X and Y direction to form an elliptical shape, 
which is a better approximation to the actual 
knee air bag (Figure 10a). 

• Tethers were added (Figure 10b) each with a 
length of 50 mm. Since the location of the tethers 
was not known, eight tethers were added to 
control the shape of the deploying air bag. 

• The air bag was scaled until inflated volume was 
close to 18 liters. The volume of the modeled air 
bag was 17.67 liters (Figure 11). 

 
(a) 
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(b) 

Figure 10.  (a) Actual, and (b) modeled knee 
bolster air bag 
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Figure 11.  Volume vs. Time for knee air bag. 
 
The crash pulse obtained from HVE (Figure 7) was 
used to drive the model. The baseline run (Figure 12) 
was obtained for this case by matching the occupant-
vehicle contacts with those listed in CIREN. 

 
Figure 12.  Impact Simulation model for “Severe 
Brain Injury” case.  
The unknown variables were identified for both the 
cases during their respective baseline set up. 

Injury Thresholds 

The injury threshold values for the injuries sustained 
by the occupant were established from literature 
review.  Injury thresholds were also found for the 
uninjured body regions. These injury thresholds were 
established for use in the optimization study. It is 
important to note that the point of the paper was to 
study the optimization methodology as a 
reconstruction tool. The injury threshold values were 
established from the best available data set, and are 

not intended as definitive transformation to the 
reported occupant injuries. Since any chosen injury 
threshold value would represent a certain probability 
of injury and there was an uncertainty in choosing a 
value, the injury threshold values given in reports and 
papers were selected. The injury thresholds for the 
two cases are described below: 

  “Moderate Brain Injury” case:  The occupant 
sustained AIS 1 and AIS 2+ injuries.  AIS 1 injuries 
were not incorporated into this analysis as these were 
minor injuries such as skin abrasion/laceration. The 
occupant sustained: 
• Abdominal Injury (AIS 2 & AIS 3): Since the 

occupant had two abdominal injuries (AIS 2 and 
AIS 3), only the AIS3 injury was considered. It 
was mentioned in the CIREN injury analysis that 
the “Belt Restraint webbing/buckle” was the 
injury source for both the abdominal injuries. 
The Hybrid III 50th dummy model does not have 
any force output or any injury metric output for 
the abdomen. Therefore, the lap belt –abdomen 
contact force was related to abdominal injury. 
The force corresponding to 30% probability of 
injury was obtained as the injury threshold. Since 
there was no test data available for frontal 
impact, the threshold force was obtained from 
the experimental results obtained from lateral 
impacts [12]. 

• Lower Extremity Injury (AIS 3): The occupant 
suffered a bimalleolar fibula fracture on the right 
foot because of inversion-eversion.  The 
inversion-eversion moment corresponding to 
30% probability of injury was obtained as the 
threshold value [13]. The lower tibia moment 
was compared with this threshold value for 
predicting this injury. 

• Head Injury (AIS 2): For cerebral concussion 
sustained by the occupant, the HIC value 
corresponding to mild traumatic brain injury 
(MTBI) given by Pellman et al [14] was used. 
This value is based on national football league 
(NFL) reconstruction data. This was the only 
published human volunteer data available that 
correlated HIC with concussion. Since 
concussion occurred because of soft contact, 
HIC36, which is calculated over an extended time 
period of the acceleration pulse, was thought to 
be better predictor than HIC15 and hence HIC36 
was used. 

The threshold values for the uninjured body regions 
were also obtained from literature [15]. The 
established threshold values (Table 8) were used for 
optimization. 
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Table 8. 
Established injury threshold values for “Moderate 

Brain Injury” case 

Body 
Region 

Injury 
Criteria 

Threshold 
from 

Literature 
Head HIC36 250 

Neck Nij 1.0 

Thorax Acceleration 
& 

Deflection 

60g 
& 

63mm 
Abdomen Abdominal 

Force 
 

3200N 

Femur Resultant 
Force 

10KN 

Lx-Injury 
(Tibia 
Injury) 

 
Tibia Index 

 
1.3 

Lx-Injury 
(Fibula-
Injury) 

Eversion-
Inversion 
Moment 

 
35Nm 

 
  “Severe Brain Injury” case:  Similar to the  
“Moderate Brain Injury” case, the AIS 1 injuries 
were ignored for this case as well.  The occupant in 
this case sustained: 
• Cerebrum diffuse axonal injury (AIS 5): The 

injury threshold was obtained from Takhounts et 
al [16]. Angular acceleration was used as injury 
criteria. In [16] the relationship between DAI & 
maximum principal strain and that between 
angular acceleration & maximum principal strain 
was used to establish injury risk as a function of 
angular acceleration. The angular acceleration 
corresponding to 50% probability of injury was 
used as the threshold value. 

•  Cerebrum subarachnoid hemorrhage (AIS 3): 
The injury threshold was obtained from 
Takhounts et al [16]. Angular acceleration was 
used as injury criteria. The angular acceleration 
corresponding to 30% probability of injury was 
used as the threshold value. Data was not 
available to form AIS 3 and AIS 5 injury risk 
curves in [16]. Hence, assumptions were made 
for DAI and hemorrhage threshold from the 
injury risk curve available. 

• Vault skull fracture comminuted (AIS 3): This 
was a depressed left, frontal skull fracture 
associated with overlying laceration. Since the 
Skull Fracture Criteria (SFC) is only applicable 
for linear skull fractures, HIC was used as the 
injury criteria for this depressed skull fracture. 
Since this was a contact-type injury, HIC15 was 
used to properly capture the short time period of 

the contact that causes the injury. The HIC15 

value corresponding to 30% probability of 
AIS3+ injury was used as the threshold value 
[17]. 

• Pelvis fracture (AIS 3): According to CIREN 
injury analysis, this fracture was sustained by 
loading onto the lap belt.  The Hybrid III 50th 
percentile dummy model does not have any force 
output or any injury metric output for the pelvis. 
Therefore, the lap belt–abdomen contact force 
was related to pelvis injury. The injury threshold 
was obtained from Salzar et al [18]. 

• Lumbar spine fracture transverse process (AIS2): 
Since no injury risk curves are available for 
lumbar spine, the lumbar spine load cell output 
from H-III 50th dummy model was simply 
monitored and was not used in the optimization 
analysis.  

• Facial Injuries (AIS 3-Orbit fracture, AIS 2-Nose 
fracture): Since the H-III 50th dummy model 
does not have any load cell output from the face 
region, facial injuries were ignored in this 
analysis. 

The established injury thresholds (Table 9) were used 
for optimization. 

Table 9. 
Established injury threshold values for “Severe 

Brain Injury” case 

Body 
Region 

Injury 
Criteria 

Threshold 
from 

Literature 
Head-DAI Angular 

Acceleration 
8000 rad/s2 

Head-
Hemorrhage 

Angular 
Acceleration 

6250 rad/s2 

Head-Skull 
Fracture 

HIC15 1177 

Neck Nij 1.0 

Thorax Acceleration 
& 

Deflection 

60g 
& 

63mm 
Pelvis Force   5470N 

Femur Resultant 
Force 

10KN 

 
Lx-Injury 

 
Tibia Index 

    
1.3 

Optimization Set up 
After setting up the baseline run and obtaining the 
injury thresholds, optimization was set up for the two 
cases using modeFrontier software. The assumed 
parameters identified earlier were used as design 
variable and their ranges were defined (Table 10).  
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Table 10. 
Design Variables 

 Parameters Range [Ref] 
SEAT Seat Friction 0.2-0.4 

 
KNEE 

BOLSTER 

Knee Bolster 
Properties 

± 20% [1] 

Knee Bolster 
Friction 

0.1-0.4 

 
 
 

BELT SYSTEM 

Belt Segment 
Properties 

± 20% [1] 

FE 
Lap/Shoulder 

Belt Properties 

 
± 20% 

[1] 
Belt Friction 0.1-0.3 

Retractor 
Properties (film 

spool effect) 

± 20% [1] 

Retractor 
Locking Time 

1ms -30ms 

 
 
 
 
 
 

DRIVER AIR 
BAG 

Air bag Firing 
Time 

5ms-55ms 

Air bag Friction 0.1- 0.3 
Steering 

Column Angle 
(Air bag 

Deployment 
Angle) 

 
o5±  around 

baseline 

Air bag Mass 
Flow Rate 

(MFR) 

± 20% [1] 

Steering Col. 
Position 

(translation –X-
dir i.e. Air bag 

Position) 

 
± 15% 
around 
baseline 

 
CRASH PULSE 

Crash Pulse-Y 
component 

Scaling 
0.5-1.5 

 
 

OTHER 
PARAMETERS 

Thorax-SW 
Loading 

Scaling 
0.8-1.2 

Friction Shoes 
–Toe 

board/Floor 

 
0.5-0.7 

Friction Brake-
Right Shoe 

0.5-0.7 

 
 

ADDITONAL 
PARAMETERS 
FOR “SEVERE 
BRAIN 
INJURY” CASE 

Knee Air bag 
(KAB) MFR 

± 20% 
[1] 

KAB Firing 
Time 

5ms-40ms 

Pretensioner 
Firing Time 

10ms-40ms 

Load Limiting 
Force 

3.5KN-5.5KN 

Crash Pulse-X 
component 

Scaling 
0.85-1.4 

Objective function and constraints were set up. Since 
the objective function has a great effect on the final 
solution, a normalized form of the objective function 
(Equation 1 & Equation 2) weighted based on the 
AIS score of the injuries sustained by the occupant, 
was formed in this study.  This form of objective 
function can be generalized to other cases. For 
“moderate brain injury” case we had: 

 
                                                                                (1) 
where,  

(2, 3, 3)= AIS score of the respective injuries 
used as weights, HIC=HIC value from 
simulation, HICcr=Critical   HIC value (250), 
AbF=Abdomen force value from simulation, 
AbFcr=Critical abdomen force value (3200N) 
M=Inversion-Eversion moment from simulation, 
Mcr=Critical inversion-eversion moment value 
(35 N-m). 

For “severe brain injury” case we had: 

 
                                                                                (2) 
where,  

(5, 3, 3, 3)= AIS score of the respective injuries 
used as weights, DAI=Head angular acceleration 
from simulation, H = Head angular acceleration 
from simulation, SFC= HIC from simulation, 
P=Pelvis force from simulation, DAIcr=Critical 
head angular acceleration value for   diffuse 
axonal injury (8000 rad/s2), Hcr = Critical head 
angular acceleration value for hemorrhage (6250 
rad/s2), SFCcr= Critical HIC value for skull 
fracture (1177), Pcr=Critical pelvis force value 
for pelvis injury (5470N) 

Two types of constraints were defined i.e. contact 
constraints and injury constraints (Table 11 & Table 
12). 

Table 11. 
Constraints for “moderate brain injury” case 

Contact Constraints Injury Constraints 
Head-Air bag contact-force>0 HIC36 > 250 

Thorax-SW contact-force>0 Abdomen_Force>3200 N 
KneeL-Bolster Contact-force>0 RF_IE_Moment>35Nm 
KneeR-Bolster Contact-force>0 RF_DF_moment <52Nm 

Head-Hub contact-force=0 Nij<1 
Head-SW contact-force=0 Thorax_acc <60g’s 

Thorax-Hub contact-force=0 Thorax_deflection<63mm 
 Femur_force<10KN 
 TI <1.3 
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where RF_IE-Moment is the right foot inversion-
eversion moment and RF_DF_moment is the right 
foot dorsi-flexion moment. Right foot dorsi-flexion 
moment was used to make sure that the right foot 
fracture was because of inversion-eversion and not 
because of dorsi-flexion moment. 

Table 12. 
Constraints for “Severe Brain Injury” case 

Contact Constraints Injury Constraints 
Head-Air bag contact-force>0 HIC15 > 1177 

Head-Hub contact-force>0 Ang_Acc>8000 rad/s2 
Head-SW contact-force>0 Pelvis_force>5470 N 

KneeL-Bolster Contact-force>0 Nij<1 
KneeR-Bolster Contact-force=0 Thorax_acc <60g’s 

Thorax-Hub contact-force=0 Thorax_deflection<63mm 
Thorax-SW contact-force=0 Femur_force<10KN 
KneeR-Knee Air bag>0 TI <1.3 
KneeL-Knee Air bag>0  

The objective function and the constraints were 
defined such that they minimize the differences in 
injuries and occupant-vehicle contacts between the 
real world data and the model prediction. A multi 
objective genetic algorithm (MOGA) with Sobol 
DOE was used for optimization. Convergence for the 
“moderate brain injury” case was obtained after 571 
simulations and convergence for the “severe brain 
injury” case was obtained after 452 simulations. A 
correlation study and a best case scenario study were 
also carried out.  

RESULTS 

Optimization Results 

   “Moderate Brain Injury” case: Of the 571 
simulations (Figure 13), 388 were feasible i.e. 
matched CIREN listed occupant-vehicle contacts and 
injuries. From these feasible solutions, the one with 
the minimum value of objective function was 
selected as the solution.   

 
Figure 13.  Design ID vs. Objective Function.    

The optimized solution obtained was checked for 
injuries and contacts. The optimized solution 

matched all the CIREN listed contacts (Table 13, 
Figure 14). 

Table 13. 

Contact Match 

CIREN listed Contacts Matched by Simulation 
1. Head –Air bag √ 

   2. KneeL-Bolster √ 
   3. KneeR-Bolster √ 

        4. Thorax-SW √ 

 

 

 
Figure14.  Occupant-Vehicle contacts. 

The occupant injuries predicted by the optimized 
solution were also matched with those listed in 
CIREN. The optimized solution predicted all the 
injuries listed in CIREN correctly (Table14). 

Table 14. 
Injury Match 

 

Best Feasible 
Solution 

1 

3 

2 

4 
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   “Severe Brain Injury” case: This case converged 
after 452 simulations of which 119 were feasible 
(Figure 15). The solution with minimum objective 
function value was selected as the solution to the 
problem. 

 
Figure 15.  Design ID vs. Objective Function.    

The optimal solution was checked for both injuries 
and occupant-vehicle contacts. The occupant-vehicle 
contacts (Table 15, Figure 16) and injuries (Table 16) 
predicted by the optimal solution matched with those 
listed in CIREN. 

Table15. 
Contact Match 

CIREN Listed Contacts 
Matched by 
Simulation 

1. Face- SW Hub √ 
2. Face-SW Rim √ 

3. KneeL-Knee Air bag √ 
4. KneeR-Knee Air bag √ 
5. KneeL-Knee Bolster √ 

6. Right Foot-Foot Controls √ 
 
According to the case information, the occupant rode 
down the SW driver-air bag causing the head to hit 
the steering wheel rim and hub. The SW driver-air 
bag bottom-out was captured by the optimal solution 
(Figure 16a). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 16.  (a) Air bag bottom-out, (b, c, d) 
Occupant-Vehicle contacts. 

Table16. 
Injury Match 

 

Best Designs 

Air bag bottom-out 

Air bag not shown 

1 

2 

4 

3 

6 

5 
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Correlation Study and Best Case Scenario Study 
Results 

A Correlations study and a best case scenario study 
were carried out to find critical parameters and to 
find a minimal or no injury scenario for the given 
case. These studies are only presented for the 
“moderate brain injury” case due to space limitations. 

    Correlation Study:  This study was carried out to 
find critical parameters. The critical parameters were 
identified by analyzing the correlation coefficients 
obtained from the optimization study. Apart from the 
design space explored by the optimizer (571 design 
points), the design space was explored further by 
adding 150 Sobol DOE points and 100 random DOE 
points  (Figure 17) in the design space to make sure 
the design space was properly explored to generate 
good correlations. This “physically possible” design 
space with 821 design points was then used to 
generate the correlation coefficients. 

Additional Sobol and 
Random DOE
Additional Sobol and 
Random DOE
Additional Sobol and 
Random DOE

 
Figure 17.  Correlation Study 

The software modeFrontier provides correlation 
coefficients between all the input variables and the 
output variables. The correlation coefficients range 
from -1 (strong negative correlation) to 1 (strong 
positive correlation). Using the correlation 
coefficients, the critical parameters were identified 
for each of the injuries sustained by the occupant 
(Figure18). No particular threshold was used to 
separate out the critical parameters. Only a ranking 
from most-critical to least-critical was obtained.  
Absolute values were used for the correlations plots 
(Figure 18). 
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(c) 

Figure 18.  Critical parameters for (a) abdominal 
injury (b) head injury, and (c) fibula fracture 
 
If more detailed information can be obtained on some 
of the critical parameters, a more accurate 
reconstruction analysis may be carried out. 
 
    Best Case Scenario Study:  For identifying the 
best case scenario for the “moderate brain injury” 
case, the pulse was fixed to the optimized pulse 
obtained previously. For this given pulse, seat 
position and seat track position, an optimization 
attempt was made to see if a scenario with no-injury 
or minimum injuries could be obtained.  A few 
changes as listed below were made to the problem set 
up. 

• After fixing the pulse to the optimized one, 
the Sobol DOE was re-generated. 

• The injury constraints on HIC, abdomen 
force and fibula fracture were modified with 
respect to the threshold. Lower non-
injurious thresholds were selected. For HIC 
a threshold value of 100, for abdomen force 
a value of 1000N and for Fibula fracture a 
value of 10N-m was selected. The 
constraints and objective function were 
modified accordingly. 

The problem converged after 602 simulations (Figure 
19). 
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Figure 19.  Best Case Scenario 

After the convergence was obtained, the injuries were 
compared between the best case scenario solution and 
the optimized solution obtained before (Table 17). 

Table 17. 
Best case scenario: Injury comparison 

 
 
It was found that for the given crash pulse, seat 
position and seat track position, the optimizer was 
able to find a scenario without head injury. The 
abdominal injury and fibula fracture were still 
present. The abdominal force and fibula inversion-
eversion moment did come down to lower values as 
compared to the optimized solution, but did not go 
below the injury threshold for the given range of 
design variables.  
 
DISCUSSION 
 
This paper presents an optimization methodology for 
reconstructing real world crashes. Optimization was 
selected as it can give the best possible solution to a 
problem where instead of a specific value; a range is 
available for the input parameters. Even though crash 

reconstruction engineers collect a lot of details from 
the crash site, computerized crash reconstruction 
utilizes much more information than reported and, as 
such, specific values for a lot of parameters are not 
available and one has to work with a range of the 
parameters. Since even within a given range of input 
parameters the injury predictions can be quite 
different for the same case [1], it is imperative to take 
into account all the variability and come up with the 
best possible solution to the reconstruction problem. 
Optimization is one way to accomplish this and 
hence was used. 
 
Crash pulse plays a very vital role when predicting 
occupant injuries. The crash pulse for “moderate 
brain injury” case was available from the EDR data 
with part of it, i.e. the lateral component, generated 
using HVE. Also HVE was used to generate the crash 
pulse for “severe brain injury” case. HVE has its own 
limitations, insofar as the stiffness of the vehicle, 
which plays an important role in generating the right 
crash pulse, can only be defined as linear and 
homogenous for any given side of the vehicle. 
Additionally, hard spots cannot be defined. As a 
result, the crash pulse obtained from HVE is not 
precise, but approximate. Hence the Y-component of 
crash pulse for the “moderate brain injury” case and 
the entire crash pulse (X &Y components) for the 
“severe brain injury” case were used as design 
variables during optimization. An EDR pulse, if 
available, should be used to reduce the design 
variables in the optimization process. 
 
Genetic algorithms (GA) are categorized as global 
search heuristics and can help find global minima as 
compared to gradient based methods that have a 
tendency of converge to local minima. Also genetic 
algorithms can provide solutions for highly complex 
search spaces. For these reasons, a GA was used for 
the optimization. Sobol DOE was used to generate 
starting population for the GA as it uniformly 
distributes starting points in the design space. 
 
For the “severe brain injury” case, the retractor 
locking time was not used as a design variable. This 
case had a pretensioner and varying the retractor 
locking time was creating belt problems and thus it 
was fixed to 1ms. Also for the “severe brain injury” 
case, the knee air bag, created from the driver air bag, 
had the same mass flow rate characteristics as the 
driver air bag. During optimization, both the abscissa 
and the ordinate of the mass flow rate curve (for 
driver air bag and knee air bag) were used as design 
variables. They were varied by ± 20% around the 
baseline. The “Thorax-SW loading” design variable 
as used in the “moderate brain injury case” was not 

Best Design 
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used as a design variable in the “severe brain injury” 
case as CIREN did not list any contact between the 
thorax and the steering wheel for this case. 
 
The optimal solution obtained for both the “moderate 
brain injury” case and “severe brain injury” case 
correctly predicted the occupant-vehicle contacts and 
the injuries sustained by the occupant. Since these are 
the two most important things that can be matched 
with the real world data, the kinematics predicted by 
the optimal solution are believed to be reliable.  The 
accuracy of the solution strongly depends on the 
quality of the crash data reported. It is reasonable to 
assume that further improvement in field 
investigation and amount of data collected can help 
improve reconstruction analysis. 
 
The optimized solution for the “severe brain injury” 
and “moderate brain injury” cases did match the 
injury thresholds obtained from literature.  Since 
injury risk curves were not available for some of the 
injuries sustained by the occupant, threshold were 
obtained from  the best available data set,  for 
example for the abdominal injury sustained by the 
occupant in the “moderate brain injury” case, injury 
threshold for frontal impact was obtained from lateral 
impact experiments. So it is possible for some of the 
optimized force levels not to match the reported 
injury severities. A more accurate analysis may be 
carried out if injury risk curves are available for all 
body regions under different impact conditions.  
 
The correlation study conducted helped identify 
critical parameters. Figure 18a shows that for 
abdominal injury, air bag parameters (air bag 
position, air bag deployment angle, air bag firing 
time) and Y-component of the crash pulse were most 
critical.  For head injury, air bag parameters (air bag 
position, air bag deployment angle, air bag firing 
time, air bag mass flow rate) and Y-component of the 
crash pulse were most critical (Figure 18b) and for 
fibula injury, Y component of crash pulse and shoe 
related friction parameters were most critical (Figure 
18c). These critical parameters can help understand 
how different body regions are affected by the 
vehicle environment and what design changes can be 
made to mitigate these injuries. If more detailed 
information can be obtained on some of the critical 
parameters, a more accurate reconstruction may be 
carried out. The correlation coefficients in this paper 
were generated using all the design points i.e. around 
821 simulations. A few hundred more simulations 
exploring the design space and further division of the 
step size defined for the design variables might help 
further improve the correlation coefficients.  
 

A best case scenario study was done to find, using 
optimization, the design changes that could help 
mitigate all or some of the injuries sustained by the 
occupant for the given crash pulse, seating position 
and seat track position. The no-head injury outcome 
predicted by the optimizer was achieved by making 
changes to the belt system and air bag system. 
Compared to the optimal solution, the optimizer, for 
the best case scenario, predicted scaling down the 
belt properties i.e. reducing the stiffness of the 
seatbelts, increasing the air bag mass-flow rate and 
late firing of the air bag as design changes that can 
help mitigate head injury. These three design 
variables converged to values within the feasible 
range of variability. The correlation study results and 
best case scenario results predicted are only for this 
particular “moderate brain injury” case and should 
not be generalized. The results may be different for 
other cases. 
 
In this study, neither full finite element nor human 
facet models that better define human geometry and 
material properties were used because of the 
prohibitive run times. For better reconstruction, 
human models should be preferred if the run time can 
be reduced. This study was done only for frontal 
impacts but an analysis such as the one presented in 
this paper can easily be extended to other types of 
impacts. 
 
Future work may involve, among other things, 
reconstructing more real world crashes with different 
kinds of impacts, using human FE or facet models for 
better occupant simulations.  
 
CONCLUSION 
 
The optimization methodology  presented in this 
paper and demonstrated by successfully 
reconstructing two  real world crash cases introduces 
a method that can be applied for finding solutions to 
crash reconstruction problems, which due to 
unavailability of data, cannot be solved 
deterministically. The kinematics predicted by the 
optimal solution can give insight on how the 
occupant moved inside the vehicle during the crash, 
which can help provide better understanding of the 
crash. The paper also showed how critical parameters 
can be identified using the correlation coefficients 
calculated during the optimization process.  
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ABSTRACT 
 
Due to extremly different vehicle structural performanse 
it is required to individualy analyze vehicle stiffness in 
any situation where acurate results of calculating crash 
speed are needed. From the begginings of vehicle 
stiffness modeling, by Emori, Campbell or any of there 
successors, methods of establishing equations are 
constantly improved. Nowdays, it is well known that 
normalized crush energy (known as EAF-Energy of 
Approach Factor) vs deformation can be succesfuly 
approximated with linear relationship using results from 
NHTSA 30 m/h frontal crash test speed. For higher 
speeds, bi-linear appeared to be accurate enough in 
most cases. But, there are certain cases where different 
relationship could give better results. Some researchers 
showed that nonlinear relationships could be also 
succesfuly used.  
 
In this work, all known attempt from previous 
researchers where exercized on a YUGO GV vehicle. 
For this vehicle there are three NHTSA full frontal tests 
available. Using those results, it was concluded that, 
altough bi-linar relationship could be succesfuly used, 
best performanse was achived by combined 
approximation. Linear up to speed of 30 m/h and 
quadratic above that speed. This approximation gives 
best results in upper register of speeds, thus it is usefull 
for very deep crash deformations. Using computer for 
analysis eliminate complicated calculations, so 
establishing such relationships is no more hard job. It is 
important to notice that this kind of approximation can’t 
be aplied in situation where only one crash test point is 
known. So, field of application is very limited.  
 
 
УВОД 
 
For a long period YUGO GV has been a national car in 
republic of Serbia (SE Europe). It’s been widely used as 
a common vehicle for transportation and thus very often 
participant in crashes. That’s why this case study is 

conducted for YUGO GV. This vehicle was selled in 
USA during 80s and it was subject to NHTSA 
Compliance and NCAP tests. Results of these tests are 
freely available and for the purpose of this analysis they 
were downloaded from internet adress: http://www-
nrd.nhtsa.dot.gov/database/nrd-11/veh_db.html. In this 
analysis NHTSA database and detailed reports in PDF 
format were used to analyse and select appropriate 
dataset from YUGO GV frontal test.  
 
 
METHOD OF ANALYSIS 
 
Many researches about establishing equation between 
depth of deformation (deflection) and vehicle speed 
during crashes, or some other physical measure which is 
speed dependent, based upon crash test data, has been 
published.  
  
Erliest pioneer work of Emori from 1968. [1] has 
brought into relationship depth of deformation and 
speed during crash testing, but it's been improved and 
Campbell (1974) [1] has established relationship 
between depth of deformation and force, and also 
analyzed crush energy per vehicle weight.  
 
It's appear to be that it is useful, in order to take into 
account difference between masses of different vehicles 
or different test for same vehicle and various width of 
deformations, to analyze some sort of normalized 
energy. An appropriate measure for analysis would be 
Energy of Approach Factor  ( EAF ) which was given 
by Strother [5] and which was extensively used after 
[5]. In fact, EAF  take into account energy calculated 
from crash speed during testing, so it doesn’t include 
energy of restitution, but only energy absorbed by the 
residual deformation. Thus, Energy of Crush Factor 
( ECF ), which also takes into account energy of 
residual deformation, would be better for analysis, since 
it calculates energy in more comprehensive way, but it 
is more demanding for data that are often not available 
[2]. 



Lipovac 2 

 
Strother [5] defined EAF  as:  
 

2E
EAF

L
=  

where 
L  -length of deformation 
E  -absorbed energy (J) 
 
This equation can be written as  
 

EAF B C= ⋅  
 
C  -depth (amount) of deflection (m) 

B  -represents coefficient of stiffness, per width unit  
 
B is defined as 
 

C

k
B

L
=  

 
Adding initial energy before residual deformations 

occure, described as 0EAF  (known also as Onset 

Energy Factor), tipicaly comprehended as speed of 
starting deformations, in EAF  equation, we have   
 

0EAF EAF B C= + ⋅  

 
Since ∆v data from tests are not available for all tests of 
YUGO GV, EAF  will be used in this case study.  
 
 
SOME PREVIOUS RESEARCHES 
 
Using least squares method, Strother [5] approximated 
EAF  and crush depth using linear (and bi-linear) and 
nonlinear (quadratic) relationships. They have found 
that, for GM Citation 1980-1982, bi-linear relationship 
is more appropriate (Figure 1) while for Plymouth 
Satellite 1974 (Figure 2), data shows quadratic trend. 
 
Jiang [1] called upon Sakurias work which describes 
that “two-stage constant force-crush relationship with a 
transition as the deformation reaches the engine, could 
be used to represent vehicles’ frontal crush 
characteristics”, and which was confirmed by Futamata 
and Toyama.  
 
Kerkhoff [2] showed, based on repeated crash tests data 
for Ford Escort, that relationship between ECF  or 
EAF  and deflection, can be considered as linear 
between 15 and 40 m/h. 

 
 

 
Figure 1. EAF vs crush for Citation 1980-1982. 

 

 
Figure 2. EAF vs crush for Plymouth Satellites 

1974. 
 
Varat [5] analyzed EAF  and found that there two 
trends of frontal stiffness (relationship between EAF  
and deflection): linear and non-linear. Non-linear takes 
into account some softening of vehicle structure with 
deeper deflections. Some vehicles, as Ford Anglia, 
showed linear trend (Figure 3) up to 35 m/h and non-
linear (Figure 4) for higher speeds (up to 50 m/h). They 
have also analyzed application to accident 
reconstruction using available tests data, for speeds of 
30 and 35 m/h, and not knowing whether appropriate 
relationship between EAF  and crush would be linear 
or non-linear. 
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Figure 3. Anglia up to 35 m/h. 

 

 
Figure 4. Anglia up to 50 m/h. 

 
Bi-linear relationship by Strother [1] was used to 
describe EAF  vs crush. Bi-linear relationship is 
presented as one linear relation for speeds up to 30 m/h 
and second linear for speeds from 30 to 50 m/h (Figure 
5). They share the common 30 m/h data point.  
 

 
Figure 5. Bi-linear approximation. 

 
In general case, bi-linear relationship is mathematicaly 
defined by next equations: 
 

( )
,

,
1 1 30

2 2 30

A B C 0 C C
f C

A B C C C

+ ≤ ≤
=

+ ≤
⎧ ⎫
⎨ ⎬
⎩ ⎭

 

 
where 

30C  -crossover point, crush depth for 30 m/h test 
speed 

 
For establishing relationship in first range (up to 30 

m/h) datapoint for 30 m/h was used and 0EAF  was 

estimated for speed of 7.5 m/h (because they have found 
that average onset speed was 7.7 m/h for analyzed data). 

 
For fitting in second range of bi-linear relationship (30 

to 50 m/h), datapoint for 30 m/h was used and 0EAF  

was estimated for speed of 15.2 m/h. 
 

 
Figure 6. EAF  vs crush for passenger cars. 

 
Neptune [1999] also concluded  that, in general, crush 
response characteristics of vehicle can be divided into 
two regions. First related to engine compartment 
deformation and second to passenger cage. Thus, 
vehicle can be modeled as bi-linear dissipator with 
second one not being compressed until first one 
“bottoms out”. Both regions can be approximated with 
different linear functions.  
 

 
Figure 7. EAF vs crush for cars with a 4cylinder 

transverse engine (1,0-1,9L). 
 
Jiang [1] analyzed EAF  vs average crush depth for 
over 1000 vehicles tests from 1960. to 2002. Average 
crush depth was calculated based on at least 3, but 
mostly six (according to NHTSA vehicle test protocol) 
crush  measurements. Figure 6 shows the results with 
bi-linear trend for analyzed passenger cars. They were 
further grouped according to engine configurations and 
for 4-cylinder transverse engine from 1000 ccm to 1900 
ccm, and also showed bi-linear trend (Figure 7). For 
engines 1000 to 1500 ccm, bi-linear trend is also 
observed. Jiang also proposed a strategy for fitting. It is 
proposed that ECF  should be used, unless rebound 
velocities are not available, when EAF  should be used.  
 
If only one test point is available, bi-linear relationship 
is recommended. The first stage for speeds up to 35 m/h 
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(56 km/h) and with onset estimated at 5 m/h (2.2 m/s or 
8 km/h). The second stage, for speeds 56-80 km/h, and 
with onset estimated at 15 m/h (6,7 m/s 24 km/h), as 
Varat [5] recommended. 
 
 
DATA FOR CASE STUDY ANALYSIS 
 
Four NHTSA crash tests has been conducted with 
YUGO GV. Three frontal and one side test. Results are 
available in NHTSA database, as separate detailed 
reports (in pdf form), and also as files containing digital 
data from accelerometers. Main data source for this 
analysis were NHTSA database and reports.   
 
Three frontal crash tests are available for YUGO GV: 
no. 896, no. 999 and no. 1074. Considering 

recommendations about the test data from previous 
researchers (adjusting the gap during measuring from 
Neptune [3]) and fact that test reports present crush data 
in different manner, and that data from reports and 
database are sometimes different, all used data are 
logicaly checked and, if needed, corrected.   
 
Relevant data 
 
All crash test data for case study were summarized and 
shown in table 1. Vehicle photographs are shown in 
Figure 8. Vehicle width was corrected from obviously 
misspelled 1346 mm to 1546 mm.  
 
Onset speed is estimated as 8 km/h (5 m/h), in 
accordance with recommendations from Jiang [1]. 
 

 
Figure 8. YUGO GV after testing. 
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Equivalent uniform deformation ( Cave ) for six 
measured distances of deformation profile was 
calculated according to recommendation from Neptune 
[3]. Same equation is used in German traffic accident 
analysis software, PC CRASH.  
 

( )1 2 3 4 5 6C 2 C C C C C
Cave

10

+ × + + + +
=  

 
 
ESTABLISHING RELATIONSHIPS-
APROXIMATION 
 
Linear relationship 
 
Since only one test has rebound velocity (896), EAF  
vs deflection was analyzed.  
 
According to recommendations, for linear 
approximation EAF  vs deflection through three crash 
test points, and estimated onset speed of 5 m/h (8 km/h 
or 2,2 m/s), EAF  was calculated using next equation:   
 

2

C C

m v
2

2E 2EAF
L L

⋅

= =  ( N ) 

 
Using MS Excel, linear approximation was conducted 
with equation that is defined as:  
 

0EAF EAF B C 61 697058 C= + ⋅ = + ⋅  

 

0EAF   was calculated with 1052 kg mass (like for tests 

896 and 999) and 1410 mm crush lenght (like test no. 
1074). 
 

From established equation B , which represent 
individual characteristic of vehicle crash performance, 

here is 697058 N . 
 

 
Figure 9. Linear EAF  vs crush YUGO GV 

relationship. 
  
For comparison, Figure 10 shows FORD Escort 1981-
1985. linear approximation [5] for speed up to 35 m/h, 

where EAF  is presented in lb  and crush in inches.  
 

Тбл. 1. Data for YUGO GV case study. 

Test No. 
Vc 

[km/h] 
±0,8 km/h 

Vc 
[m/s] 

Test mass 
[kg] 

Model  
Year 

DPD1 
[mm] 

DPD2 
[mm] 

DPD3 
[mm] 

DPD4 
[mm] 

DPD5 
[mm] 

DPD6 
[mm] 

Cave 

[mm] 

Max 
Deflection 

[mm] 

Lc* 
[mm] 

Vehicle 
Width 
[mm] 

∆v 
[m/h] 

0896 56,5 15,69 1052 1986 462 472 480 480 475 467 0,474 480 1387 1542 39,1 

0999 56,2 15,61 1052 1987 381 414 434 445 447 450 0,431 450 1384 1546 / 

1074 47,2 13,11 1035 1988 302 320 325 335 330 320 0,324 348 1410 1529 / 

estimated 8 2,22 1035-1052  0 0 0 0 0 0 0 0 1410 1529  

*Lc (означено као LENCNT у NHTSA бази података) је укупна дужина контакта на возилу, односно ширина чеоне стране возила 
захваћена оштећењем. Ова дужина обухвата директно и индуковано оштећење. 
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Figure 10. Ford Escort 1981-85, linear up to 35 m/h.  
 
Bi-linear relationship 
 
Varat [5], Jiang [1] and many others recommended that 
bi-linear approximation should be done with one linear 
relationship up to 30 m/h and second for 30 to 50 m/h.  
 
Since for YUGO GV exists points for 35 m/h (35,1 and 
34,9 m/h) and 30 m/h (29,3 m/h), and onset is estimated 
at 5 m/h, first part of bi-linear relationship is 
approximated for 5 and 30 m/h and second for 30 and 
35 m/h. 
 

 
Figure 11. Bi-linear EAF vs deflection 

approximation. 
 
Two linear relationships are defined as: 
 

1 01EAF EAF B C 61 823556 C= + ⋅ = + ⋅  

 

,2 02EAF EAF B C 180 9 301621 C= + ⋅ = + ⋅  

 

This bi-linear relationship is mathematicaly defined 
with next equations:  
 

( )
,

. ,

30

30

61 823556 C 0 C C
f C EAF

180 9 301621 C C C

+ ⋅ ≤ ≤
= =

+ ⋅ ≤

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

 

.30C 0 324 m=  

 

In second part of bi-linear approximation 0EAF  would 

be 180.9 N . Using equation for EAF  and 
expressing v:  
 

2

CL EAF
v

m

⋅
=  

 
we can calculate corresponding onset velocity:  
 

. .

. . .

21 41 180 9
v

1052

6 62 m s 23 8 km h 14 8 m h

⋅
=

= = =

 

 
This velocity is equal to one recommended by 
researchers [1, 3, 5] for second part of bi-linear fitting.  
 
The representer of frontal stiffness (B) for the first part 

of bi-linear would be 823556 N  and for the second 

part, 301621 N . This means that stiffness is about 2.7 
times lesser in second phase, than in the first (about 
37%).  
 
Nonlinear (2nd order polynomial) relationship  
 
It should be beard in mind that all nonlinear 
approximation has been done only for max test speeds, 
so there is no exact recommendations for fitting above 
that speed.  
 
Fitting 2nd order polynomial relationship through 
YUGO GV test data yield us to (Figure 12) 
 

. . . 2EAF 60 4 1188 6 C 822 8 C= + ⋅ − ⋅  
 
Relationship shows great amount of softening for 
speeds above max tested, and for speeds over 65 km/h 
is unuseable, because graph starts to fall down.  
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Figure 12. 2nd order polynomial EAF  vs deflection 

approximation. 
 
2nd order polynomial fitting using only one 56 km/h 
and rest data points has been done also. This yield to 
two relationships: softer and stiffer 2nd order 
polynomial. It could be said that these lines are 
boundary and, based on analyzed data set, represent 
marginal values.  
 
Both of these lines shows some softening with speed, 
but the “stiffer” one (blue line on Figure 13)  could be 
usefull for speeds over 80 km/h while “softer” one is 
unusable for speeds over 62 km/h.  
 
Relationship were expressed as:  
 

. . . 2

HEAF 60 7 1062 8 C 475 98 C= + ⋅ − ⋅  

 

. . . 2

SEAF 60 7 1178 7 C 833 67 C= + ⋅ − ⋅  

 
As a comparison, Figure 14 shows nonlinear 
approximation for Ford Escort 1981-85 [5]. It can be 
seen that this one is very similar to “stiffer” one for 
YUGO GV, but is a bit “softer”. 
 
 

 
Figure 13. Two 2nd order polynomial EAF  vs 

deflection approximations.  
 

 
Figure 14. Ford Escort 1981-85, up to 50 m/h. 

 
Combined relationship  
 
In order to provide best fitting, and inspired by Varat’s  
foundings [5] that quadratic equation is more suitable 
for upper speed register (over 30 m/h), Nesic [4] 
approximated EAF  vs deflection with linear 
relationship for speeds up to 30 m/h and non-linear 
(quadratic) for higher speeds.  
 
Equations that describes combined approximation are: 

 

1 01EAF EAF B C 61 823556 C= + ⋅ = + ⋅  

 
,0 552

2EAF B C 443699 C= ⋅ = ⋅  
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Figure 15. Combined EAF  vs deflection 

relationship. 
 
First equation describes linear relationship for speeds up 
to 30 m/h, and second for speeds over 30 m/h. 
Equivalent uniform deformation for “crossover” speed 
of combined relationship (30 m/h), would be 

,aveC 0 324 m= . 

 
Combined relationship would be fully mathematicaly 
defined as:  
 

( )
,

,

,

30

0 552

30

61 823556 C 0 C C
f C EAF

443699 C C C

+ ⋅ ≤ ≤
= =

⋅ ≤

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

 

.30C 0 324=  

 
Combined relationship demonstrate softening with 
higher speeds, and at the top of the researched range 
(for the average deflection of 1 m), speeds are slightly 
higher than demonstrated by quadratic approximation 
for Ford Escort (Figure 14).  
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Figure 16. Summarium of YUGO GV case study. 
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DISCUSSION  
 
All showed approximation were conducted based on the 
available NHTSA crash test results for YUGO GV.  
 
Results from previous researches, that shows that it is 
acceptable solution to estimate speed that start to cause 
residual deformation (onset speed) as 5 m/h, have been 
used. They have also showed that it is acceptable to 
approximate EAF  vs deflection with linear 
relationship up to speed of 30 m/h, although in extreme 
condition it can be expected substantial error in lower 
range of speeds (or deflections) as, for instance, up to -
19% for VW Rabbit and 9.3% for Ford Escort, 
according to Varat [5].  
 
However, error is more significant if a vehicle that 
shows nonlinear relationship is approximated with 
linear relationship, because errors in lower register are 
then even higher, and goes up to 40%.  
 
On the other side, Jiang [1] estimated that, if linear 
approximation is conducted with only one data point, 
error goes up to 26%, and could be even 50% if 
relationship placed on the higher data margin for certain 
vehicle category was established.  
 
In this case study linear approximation (Figure 16), 
known errors vary but are acceptable in any case, even 
for the worst scenario.  
 
According to known errors in table 2, it could be seen 
that any relationship is good enough for all known data 
points. However, there are substantial differencies in 
higher range of speeds and deflections. Quadratic and 
“softer” quadratic are completely unusable and linear is 
“too stiff”. “Stiffer“ quadratic, bilinear and combined 
are pretty close. Between those three, quadratic shows 
highest maximal error (5.9%), so it is least 
recommendable. Combined showed two errors same as 
bi-linear, but slightly better for one error (0,3% better). 
Thereat, for maximal average deflection of 1 m, 
combined gives speed of about 85 km/h, while bi-linear 

gives higher speeds (for about 10 km/h). Frontal 
performance of YUGO GV in this region is not known, 
but it is for FORD ESCORT (Figure 14) [5], where it 
can be seen that, for 1 m average deflection, speed is 
about 80 km/h. This can be considered as slightly 
advantage toward combined approximation over the 
researched region (0 to 1 m of deflection).  
 
However, it should be recognized that, least error over 
47 to 56.5 km/h region, is achieved by quadratic 
relationship. This make it appropriate for approximation 
in that region of speeds and corresponding deflections. 
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Table 2. Known errors of YUGO GV case study approximations. 

  Linear Bi-linear Quadratic 
Quadratic-

softer 
Quadratic-

stiffer 
Combined 

[m] [m/s] [%] [%] [%] [%] [%] [%] 

Cave V ∈  ∈  ∈  ∈  ∈  ∈  

0,474 56,50 5,7 2,1 1,6 0,0 5,9 2,1 

0,431 56,20 -2,3 -3,0 -2,4 -3,8 0 -2,7 
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ABSTRACT 

A comparison of U-M CIREN (University of 

Michigan Crash Injury Research and Engineering 

Network) cases to crash tests used in the automotive 

industry is presented in this paper. 442 U-M CIREN 

crashes were compared to crash test configurations 

used throughout the industry. Of those 442 cases, 

49% were similar in crash configuration and crash 

extent to industry crash tests. 32% of the cases were 

similar to one of the industry crash tests in 

configuration but had greater extent. 20% of the cases 

did not match any of the current industry crash tests. 

This analysis concluded that the majority of injuries 

in this study occurred in crash configurations similar 

to existing crash tests while only 20% of cases had 

crash configurations that were not represented by 

current crash tests. Any consideration of increasing 

test severity to address those crashes that produce a 

greater extent of crash deformation than that 

produced in crash tests must consider a broader 

spectrum of collisions including non-injury 

producing crashes. This analysis must be done in a 

way that does not increase the risk to the current 

uninjured population that is not included in the 

CIREN database. 

INTRODUCTION 

Studies have demonstrated that fatality rates from 

motor vehicle crashes in the United States have been 

reduced over the last several decades. As an example 

the fatality rate per 100 million miles driven was 5.5 

in 1966 and steadily declined to 1.41 in 2006. In 

addition, injuries have been reduced from 169 

injuries per 100 million miles driven in 1988 to 85 in 

2006. Despite the significant improvements in 

automotive safety, there continues to be about 38,500 

annual fatalities due to motor vehicle crashes [1]. 

Therefore there is benefit to investigating the 

remaining fatalities and serious injuries due to motor 

vehicle crashes. 

The goal of this project was to compare the crashes in 

the U-M CIREN database to existing industry crash 

tests. CIREN is a multi-center research program 

involving a collaboration of clinicians and engineers 

in academia, industry, and government. There are 

currently eight CIREN centers around the United 

States that each pursues in-depth studies of crashes, 

injuries, and treatments. The UMPIRE (University of 

Michigan Program for Injury Research and 

Education) team specifically investigates crashes in 

Southeast Michigan in which the victims are brought 

to the University of Michigan Trauma Center in Ann 

Arbor, Michigan and serves as the CIREN center in 

Michigan.  

BACKGROUND 

Industry Crash Test Library 

Auto manufacturers routinely conduct crash tests for 

a number of reasons. Tests are conducted to insure 

compliance to crash test regulations not only for the 

United States but for any country in which a vehicle 

may be marketed. In addition, tests may be conducted 

to evaluate a vehicle‘s performance to consumer 

metric tests such as those conducted at the Insurance 

Institute of Highway Safety (IIHS) or those 

conducted as part of the New Car Assessment 

Program (NCAP). Crash tests may also be conducted 

by a vehicle manufacturer to evaluate a vehicle‘s 

performance in crash tests which are neither 

government regulated nor consumer metric tests. 

Crash tests may be supplemented or replaced with 

component level tests, subsystem tests, math based 

computer modeling, or engineering judgment. 

For the above reasons it is expected that different 

manufacturers may test to different matrices of crash 
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tests. However, certain impact test types are generally 

common throughout the industry. The majority of 

auto manufacturers who sell vehicles in the United 

States consider these configurations when designing 

vehicles.  

Table 1 lists the crash test types that were chosen for 

comparison to the U-M CIREN cases for this study.  

Table 1. 

Included Industry Crash Tests 

0 Degree Frontal (FMVSS 208 [2] and Frontal 

NCAP) 

Left Angle (FMVSS 208 [2]) 

Right Angle (FMVSS 208 [2]) 

40% Offset Deformable Barrier (FMVSS 208 [2] 

and IIHS [3]) 

Frontal Center Pole 

Frontal Offset Pole 

Bumper Underride 

IIHS Side Impact [4] 

Side Impact (FMVSS 214 [5] and Side NCAP) 

Side Pole [6] 

Rollover 

Limitations 

It is important to acknowledge that this study is based 

solely on cases documented in the U-M CIREN 

database. As such, the uninjured population is not 

included for comparison. By the definition of the 

CIREN selection criteria (Appendix A), all of the 

case occupants are severely injured patients. Those 

crashes in which there are no injuries or only minor 

injuries are not included in the CIREN database or 

the U-M CIREN database, and are not referenced in 

this study. Thus it is not appropriate to use the 

CIREN database or the U-M CIREN database in 

isolation to estimate risk to the driving public.  

To help put the CIREN database into context, Figure 

1 shows a comparison of the data in the National 

Automotive Sampling System – Crashworthiness 

Data System (NASS-CDS) to CIREN cases. More 

than half of the crashes in NASS-CDS are MAIS 0 

crashes because the NASS selection criteria specifies 

a ‗tow-away‘ crash whereas CIREN contains mostly 

MAIS 3, 4 and 5 cases. 

 
Figure 1.  Comparison of CIREN to NASS-CDS . 

[7] 

Figure 2 shows a comparison of AIS 3+ NASS-CDS 

cases to CIREN cases. Both databases show a similar 

distribution of Maximum AIS. 

 
Figure 2.  Comparison of AIS 3+ CIREN and 

NASS-CDS. [7] 

Due to these database limitations, this study cannot 

be used to quantify the relative safety of vehicles, the 

effectiveness of government regulations, or the 

effectiveness of the vehicle design process. It has 

already been documented that motor vehicles have 

become much safer over the last few decades. This 

study did not attempt to quantify or verify that 

conclusion. Instead this study investigated the crash 

configurations of U-M CIREN cases and compared 

them to existing crash test configurations. This 

allowed for conclusions to be drawn about how the 

industry crash tests match to those injury producing 

crashes in the U-M CIREN database.  

Another limitation of the study is that the vehicles 

included in the U-M CIREN database were designed 

at different times to different requirements. 

Government regulations have changed during the 

time span of the case vehicles. In addition, different 

manufacturers may have differing in-house, crash test 

requirements.  
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Database 

The dataset used for this comparison included all of 

the 442 CIREN cases that resided in the U-M CIREN 

database as of August 2007.  

To be selected as a CIREN case, the occupant needs 

to be air bag, or air bag and seat belt restrained and 

sustain serious injury (Abbreviated Injury Severity 

[AIS] 3 or greater, or AIS 2 injuries in two or more 

body regions with medical significance [8]). 

Currently, the case vehicle must be less than 6 years 

old and involved in a frontal, side, or rollover crash 

as described in Appendix A. 

Figure 3 indicates that the case vehicles‘ age ranged 

from 1989 — 2006 model years with 63% of the 

vehicles from 1995 — 2000 model years. Most of the 

vehicles (84%) were produced by GM, Ford, or 

Chrysler. 

 
Figure 3.  Case Vehicle Model Year Distribution.

METHOD AND RESULTS 

The study consisted of two major tasks. First, crash 

tested vehicles were reviewed and Collision 

Deformation Classifications (CDCs) were assigned to 

the crash test types identified in Table 1. Next, U-M 

CIREN cases were reviewed and matched to test 

types and/or categorized into new crash categories.  

CDC Coding of Crash Tests 

Assigning CDCs to laboratory tests from 

post-test photographs CDCs were assigned to crash 

tests of midsized sedans, small sedans, small coupes, 

and large SUVs. 

A variety of vehicles were evaluated to determine if 

there were differences in deformation patterns based 

on vehicle type. The team reviewed photographs of 

vehicles that had been crash tested in the laboratory 

according to standard test procedures and assigned 

CDCs as a team. 

The method for assigning CDCs is defined in SAE 

recommended practice J224 [9]. The CDC is a 

method to classify the extent of residual vehicle 

deformation in a motor vehicle collision, and consists 

of three numeric and four alpha-numeric characters, 

arranged as shown in Figure 4.  

 
Figure 4.  CDC Code 

Frontal Crash Test Types — CDCs from 

Post Test Photographs  Figure 5 shows a schematic 

of a 0 degree frontal crash test and an actual crash 

tested vehicle.  

 
Figure 5.  0 degree Frontal Test. 

The CDC for this crash test was 12FDEW3. 0 degree 

frontal crash tests conducted in the laboratory will 

always have a 12 o‘clock Principle Direction of 

Force (PDOF). UMPIRE crash case PDOFs of 1 

o‘clock and 11 o‘clock were also considered as 

similar to a 0 degree frontal laboratory tests. The 

remaining characters describe a crash that is front (F), 

distributed across the vehicle (D), everything below 

the beltline (E) and a wide damage distribution (W). 

Figure 6 shows a schematic of a left angled frontal 

barrier crash test and an actual crash tested vehicle. 

 
Figure 6 .  Left Angle Barrier Test. 
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The CDC for this crash test is 12FYEW3. The 

principal difference between the 0 degree frontal 

crash test and a left or right angle crash test or offset 

deformable barrier tests is in the lateral area of 

deformation. The angled barrier crashes have a force 

direction of 11 or 12 o‘clock force direction (left) or 

12 or 1 o‘clock force direction (right.) The angled 

barrier crash tests have a frontal (F) area of 

deformation but instead of the deformation being 

distributed across the entire front of the vehicle, it is 

more localized on the left or right side of the vehicle.  

Figure 7 shows a schematic of a left offset 

deformable frontal barrier crash test and an actual 

crash tested vehicle. 

 
Figure 7.  Offset Deformable Barrier Test. 

The CDC for this crash test is 12FYEW3. In 

comparing the deformation pattern between angled 

frontal barriers to that in the offset deformable barrier 

test, although the shape of the barrier face differs in 

these two test modes, the deformation pattern, as 

defined by the CDC methodology cannot 

discriminate between the two. Using left angle tests 

and left offset deformable barriers as an example, the 

character in position 4 would be L if the area of 

deformation comprised up to 1/3 of the lateral area of 

the vehicle or Y if the deformation was between 1/3 

and 2/3 of the left side of the vehicle. For a 40% 

overlap offset deformable barrier, the code for this 

position would, by definition, be Y as it would for a 

left angle crash test where the area of deformation is 

closer to 2/3 of the vehicle. 

Figure 8 shows a schematic of a frontal center pole 

crash test and an actual crash tested vehicle. 

 
Figure 8.  Frontal Center Pole Test. 

The CDC for this crash test is 12FCEN3. A frontal 

center pole test has a 12 o‘clock force direction and a 

frontal (F) area of deformation. The lateral area of 

deformation is in the center third of the vehicle (C), 

everything below the beltline (E) and narrow, less 

than 16‖, distribution.  

Figure 9 shows a schematic of a bumper underride 

crash test and an actual crash tested vehicle 

 
Figure 9.  Bumper Underride Test. 

The CDC for this crash test is 12FDMW3. The 

frontal underrride evaluation results in a deformation 

pattern that is described with a 12 o‘clock force 

direction, front (F) distributed across the vehicle (D) 

crash, but the key difference between this crash test 

type and a 0 degree frontal barrier is that the vertical 

deformation is from the top of the bumper to the 

beltline/hood (M). This crash type engages the entire 

front of the vehicle for a wide damage distribution 

(W).  

After the CDCs were assigned to the crash tests, 

cases in the U-M CIREN database were compared to 

the list of CDCs before evaluating the extent of 

deformation (CDC character 7). Table 2 shows the 

number of U-M CIREN cases assigned to each 

frontal crash test type and associated CDCs assigned 

to the tests. 

Table 2. 

Distribution of Frontal Cases by CDC 

 

Crash Test Type CDC 1-6 Total

0 degree frontal 12FDEW 78

11FDEW 14

01FDEW 6

left angle or offset 12FYEW 52

12FLEW 12

11FYEW 7

right angle or offset 12FZEW 16

01FZEW 5

12FREW 3

01FREW 1

frontal center pole 12FCEN 10

bumper underride 12FDMW 3

Total 207
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Side Impact Crash Types — CDCs from Post 

Test Photographs  Figure 10 shows a schematic of 

an IIHS side impact crash test and an actual crash 

tested vehicle. 

    
Figure 10.  IIHS Side Impact Test. 

The CDC for this crash test is 9LPAW3. IIHS side 

impact tests are conducted with a moving deformable 

barrier that strikes the vehicle on the side at a 90 

degree angle leading to a force direction and area of 

deformation of 3 o‘clock on the right (3R) or 9 

o‘clock on the left (9L). The moving deformable 

barrier is aligned with the goal of maximizing the 

contact with the passenger compartment leading to 

deformation of P (passenger compartment) or Y 

(passenger compartment and area forward of 

passenger compartment) for character 4. The vertical 

deformation in this crash type can extend above the 

beltline leading to an A or E for character 5. The 

lateral extent of the deformation in this crash type is 

greater than 16‖, or wide (W) for character 6.  

Figure 11 shows a schematic of a side NCAP crash 

test and an actual crash tested vehicle. 

       
Figure 11.  Side NCAP Test. 

The CDC for this crash test is 10LPAW3. The key 

difference between the IIHS side impact test and the 

side NCAP test is that the side NCAP test uses a 

moving deformable barrier that is crabbed (at an 

angle of 27 degrees) with respect to the impacted 

vehicle. The crabbed impact results in a 10 o‘clock 

left (10L) or 2 o‘clock right (2R) as opposed to 3 and 

9 o‘clock for the IIHS test. The remaining characters 

are the same as for the IIHS test.  

Figure 12 shows a schematic of a side impact pole 

crash test and an actual crash tested vehicle. 

          
Figure 12.  Side Impact Pole Test. 

The CDC for this crash test is 9LPAN3. The side 

impact pole test that can be conducted as an 

evaluation for FMVSS 201 defines a perpendicular 

impact with a 254mm pole centered at center of 

gravity of the head of the Anthropomorphic Test 

Device (ATD, or test dummy). The differences in 

deformation pattern between this type and the IIHS 

side impact test type is that the pole impact results in 

a narrow (N), less than 16‖, deformation pattern in 

character 6, and has a vertical deformation pattern of 

the entire vehicle (A) in character 5. 

Table 3 shows the number of U-M CIREN cases 

assigned to each side impact crash test type and 

associated CDCs assigned to the tests. 

Table 3. 

Distribution of Side Impact Cases by CDC 

 

Table 4 shows CDCs from non-arrested rollover 

crash cases that have deformation patterns that are 

similar to those generated in laboratory crash tests.  

Crash Test Type CDC 1-6 Total

IIHS side impact 09LPAW 12

09LYAW 9

03RPAW 9

09LPEW 5

03RPEW 4

03RYAW 3

09LYEW 3

03RYEW 1

side NCAP 10LYAW 13

02RPAW 8

02RYAW 7

02RYEW 3

10LPAW 3

10LYEW 3

02RPEW 1

10LPEW 1

side pole 09LPAN 2

03RPAN 1

09LPAW 1

Total 89
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Table 4. 

Non-arrested rollover crash CDCs 

 

Laboratory rollover crash tests [10] are used in 

developing rollover sensor calibrations. These tests 

focus on the initiation portion of the rollover and 

therefore often involve tethered vehicles so there is 

no body damage, or the vehicle rolls one full roll or 

less. These kinds of tests result in a CDC that is 

defined as non-horizontal (00) for the force direction 

and an area of deformation of top (T). Deformation in 

laboratory rollover tests is typically distributed over 

the vehicle (D) or skewed slightly forward (Y) due to 

the location of the engine in the front of the vehicle. 

Character 5 can be either distributed (D) or the left 

(Y) or right (Z) 2/3 of the vehicle. Finally, character 

6 is always O for a rollover. An example of a rollover 

laboratory tested vehicle is shown in Figure 13 (a) 

with a comparable U-M CIREN case in Figure 13 (b) 

     
      (a)                                   (b) 

Figure 13.  Laboratory Rollover Crash Tested 

Vehicle and Non-Arrested Rollover Case Vehicle- 

00TDDO3. 

Additional Case CDCs Matched to Front and Side 

Impact Crash Test Types during In-depth Review 

The next step was an in-depth case-by-case review of 

the remaining U-M CIREN cases to determine if the 

cases had deformation that appeared visually to 

match that generated in crash tests. Table 5 shows the 

number of additional U-M CIREN frontal cases that 

had deformation patterns that were determined to be 

similar to frontal crash test types and the associated 

CDCs.  

Table 6 shows the number of additional U-M CIREN 

side impact cases that had deformation patterns that 

were determined to be similar to side impact crash 

test types and the associated CDCs.  

Table 7 shows examples of additional frontal and 

side impact crashes. These examples are explained in 

the following section.  

Table 5. 

Distribution of Additional Frontal Impact Cases 

by CDC 

 

Table 6. 

Additional Side Impact Cases by CDC 

 

Table 7. 

Examples of Additional Frontal and Side Impact 

Crash Types 

Frontal Impact Side Impact 

(a) Offset Pole - 

12FZEN3 

(d) IIHS Side Impact - 

09LZAW4 

  
(b) 0 Degree Frontal - 

12FDAW5 

(e) Side Pole –  

09LPEN3 

 

 

(c) Left Angle - 

11LYEW4 

(f) Side NCAP - 

10LZAW3 

  
  

Crash Test Type CDC 1-6 Total

rollover 00TDDO 6

00TYYO 1

00TYZO 1

Total 8

Crash Test Type CDC 1-6 Total

frontal offset pole 12FZEN 5

12FYEN 4

12FLEN 3

12FZAN 1

12FRAN 1

12FREN 1

left angle or offset 11LYEW 6

11LYAW 5

12FYAW 1

11FYAW 1

0 degree frontal 11FDAW 5

12FDAW 3

01FDAW 1

right angle or offset 01RZEW 2

12FZAW 1

frontal center pole 12FCEW 2

Total 42

Crash Test Type CDC 1-6 Total

IIHS side impact 09LZAW 4

08LZAW 1

side NCAP 10LZAW 3

01RPAW 1

side pole 09LPEN 1

Total 10
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Table 7 Figure (a) shows an example of a 12 o‘clock 

frontal (12N) narrow impact (N, character 6) that was 

similar to a frontal pole test. Table 7 Figure (b) 

demonstrates a vertical deformation area that extends 

above the beltline (A, character 5) was similar to the 

deformation that is generated in a 0 degree frontal 

crash but coded as everything below the beltline (E, 

character 5). Table 7 Figure (c) is an example from 

the left angle or offset category. There was an 

overlap between the deformation defined by an 11 

o‘clock frontal (11F) and an 11 o‘clock left side 

(11L) and therefore the 11 o‘clock left impacts were 

added to this category. A similar overlap was noted 

on the right side of the vehicle. In addition, for 

angled impacts that engaged up to 2/3 of the lateral 

vehicle structure (Y or Z, character 4), vertical 

deformation that extended above the beltline (A, 

character 5) was also similar to that seen in the 

frontal angle and offset crash tests, everything below 

the beltline (E, character 5). 

The two additional CDCs assigned to the IIHS side 

impact test type reflect a slight shifting of the impact 

rearward in the vehicle so that the area of 

deformation includes the passenger compartment but 

extends rearward (Z, character 4) as demonstrated in 

Table 7 Figure (d). In addition there was one case 

with an 8 o‘clock force direction that had 

deformation similar to that generated in an IIHS side 

impact test.  

For the side NCAP test type, the additional CDCs 

were assigned in a similar fashion — a slight 

rearward shifting in deformation area (Z, character 4) 

shown in Table 7 Figure (e) as well as a force 

direction that that was one ‗hour‘ different than 

assigned from crash test pictures (1 o‘clock versus 2 

o‘clock).  

For the side pole test, one case, Table 7 Figure (f), 

had a deformation pattern of everything below the 

beltline (E, character 5) instead of extending up 

above the beltline as is typical in a side pole crash 

test. 

Cases with Crash Configurations Different from 

Laboratory Tests 

The remaining cases which could not be matched to 

existing crash tests were grouped into new crash 

configuration categories. In this step, 77 cases were 

assigned to these additional crash configurations 

without a matching crash test and 9 cases were so 

unique that they could not be categorized into any 

crash category.  

The distribution of frontal crash cases without a 

corresponding crash test is shown in Table 8. 

Table 8. 

Distribution of Frontal Crash Cases without an 

Associated Crash Test by CDC 

 

The distribution of side impact cases without a 

corresponding laboratory crash test is shown in Table 

9.  

Table 9. 

Distribution of Side Crash Cases without an 

Associated Crash Test by CDC 

 

The rear impact crash cases are shown in Table 10 

Table 10. 

Distribution of Rear Crash Cases without an 

Associated Crash Test by CDC 

 

Crash Type CDC 1-6 Total

left small overlap 12FLEE 9

12FLAE 8

11FLEE 3

12FLAW 3

11LFEW 2

right small overlap 12FREE 5

02FREE 1

underride 12FDAA 3

12FZAA 1

high undercarriage 12FDLW 2

12FRLN 1

sideswipe 12LDAS 1

corner underride 12FRAE 1

offset underride 12FLME 1

Total 41

Crash Type CDC 1-6 Total

side imp. non-occ. comp. 10LFEW 2

02RFEW 2

09LFEW 1

09LBEW 1

03RBEW 1

IIHS side - shifted rwd 03RZAW 2

02RZAW 2

09LZEW 2

oblique side 01RDAW 2

11LDAW 1

IIHS side - distributed 09LDAW 2

side NCAP - shifted rwd 02RZEW 2

IIHS side - shifted fwd 01RYAW 2

side oblique pole 10LPAN 1

side NCAP - distributed 02RDAW 1

Total 24

Crash Type CDC 1-6 Total

full overlap rear impact 06BDEW 3

partial overlap rear impact 06BZAW 1

06BYAW 1

rear angle 07BLAW 1

narrow overlap rear impact 06BRAE 1

Total 7
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Table 11 shows examples of cases without a 

corresponding crash test. These examples are 

explained in the following section.  

The left and right small overlap crashes (Table 11 

Figure (a)) had deformations that were typically 

outside of the longitudinal rails. These were primarily 

frontal crashes (F, character 3) with damage limited 

to the left (L, character 4) or right (R, character 4) 1/3 

of the vehicle. The vertical damage ranged from the 

entire vehicle (A, character 5) or everything below 

the beltline (E, character 5) with a corner (from 

corner to 16‖ inboard) (E, character 6) type of 

damage distribution. In addition, the overlap seen 

between the FL and the LF (characters 3 and 4) 

resulted in an additional CDC and two cases assigned 

to this crash type. 

The corner underride case (Table 11 Figure (b)) was 

different from a right angle or offset test in that 

although there was deformation below the beltline, 

the majority of deformation was above the beltline. 

This is a detail that is not evident in the CDC but was 

visible during review of the post-crash photographs.  

The high undercarriage cases (Table 11 Figure (c)) 

had deformation that was from the top to the bottom 

of the vehicle frame (L, character 5), which 

discriminated these cases from 0 degree frontal and 

pole tests which have residual deformation from the 

beltline down (E, character 5).  

The one offset underride case (Table 11 Figure (d)) 

was distinguished from other case types by the M for 

character 4, meaning from the top of the frame to the 

beltline. The sideswipe crash (Table 11 Figure (e)) 

was categorized by the S in character 6 which is 

defined as a sideswipe with 0 to 4‖ of lateral overlap. 

The underride crash types (Table 11 Figure (f)) were 

categorized by the A in character 6 defined as an 

overhanging structure or inverted step. 

The side impact cases without a corresponding crash 

test type primarily involved damage that involved 

either more of the side of the vehicle (D, character 4, 

as shown in (Table 11 Figure (g)) or was shifted 

forward or rearward of the occupant compartment. In 

addition, there were variations in the force direction 

(characters 1 and 2) as compared to laboratory tests.  

The oblique side impacts (Table 11 Figure (h)) were 

defined by the somewhat frontal force directions of 

11 and 1 o‘clock combined with a distributed loading 

along the side of the vehicle. The side impacts that 

did not involve the compartment (Table 11 Figure (i)) 

Table 11. 

Examples of Cases Without a Corresponding 

Crash Test 

(a) Left Small Overlap - 

12FLEE9 

(g) IIHS Side Impact - 

Distributed - 09LDAW4. 

  
(b) Corner Underride - 

12FRAE7 

(h) Oblique Side Impact 

- 01RDAW3 

  
(c) High Undercarriage - 

12FDLW1 

(i) Side Impact Non-

Occupant Compartment 

- 10LFEW3. 

  

(d) Offset Underride - 

12FLME5 

(j) Side Oblique Pole 

Impact - 10LPAN4 

  
(e) Sideswipe –  

12LDAS2 

(k) Full Overlap Rear 

Impact - 06BDEW3 

  
(f) Underride - 12FDAA6  

 

 

 

were either in front of the occupant compartment (F, 

character 4) or behind the occupant compartment (B, 

character 4). The side oblique pole was characterized 

by a non-perpendicular 10 o‘clock impact with a 
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narrow damage distribution (N, character 6, Table 11 

Figure (j)). 

The rear impact cases were characterized by force 

directions from the rear of the vehicle (6 and 7 

o‘clock) and a rear area of deformation (B, character 

3, Table 11 Figure (k)). Although rear impact crash 

test evaluations are performed to evaluate vehicle 

structural performance, occupant performance is not 

evaluated in these tests. 

The arrested rollover crash cases are shown in Table 

12. Cases with deformation patterns that are so 

unique that they could not be categorized are shown 

in Table 13 and Table 14. 

Table 12. 

Distribution of Arrested Rollover Crash Cases 

without an Associated Crash Test by CDC 

 

Table 13. 

Non-categorized Crash Cases by CDC 

 

Table 14. 

Examples of Crash Damage in U-M CIREN Cases 

Non-categorized Cases by CDC 

02FDEW3 00LZAW9 

 
 

12LYAW3 11LFEN3 

 
 

00FCEN2 12FDHW9 

 
 

Extent (CDC Character 7) After categorizing 

the U-M CIREN cases by crash configuration and 

crash category, the CDC extent, character 7, was 

analyzed. The maximum extent for the laboratory 

crash test types is shown in Table 15. The maximum 

extent was consistent across laboratory tests of 

different vehicle types.  

Table 15. 

CDC Extent for Crash Tests 

 

Appendix B shows the distributions of U-M CIREN 

crash types by CDC characters 1-6 and CDC extent 

above or below that generated in laboratory crash 

tests. 

Crash Type CDC 1-6 Total

arrested rollover 00TZDW 1

00TYDN 1

00TPDN 1

00TFDO 1

00TZZO 1

Total 5

Crash Test Type CDC 1-6 Total

not categorized 02FDEW 3

12LYAW 2

00FCEN 1

00LZAW 1

11LFEN 1

12FDHW 1

Total 9

Crash Test Type

Maximum Extent in 

Laboratory Testing

0 degree frontal 3

bumper underride 3

frontal center pole 4

frontal offset pole 4

left angle or offset 3

right angle or offset 3

IIHS side impact 3

side NCAP 3

side pole 3

rollover 3
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DISCUSSION 

In many cases, crash damage in U-M CIREN cases 

closely resembled deformation from laboratory crash 

tests. Table 16 shows a comparison of three crash 

types to the associated case vehicle where the pattern 

of deformation is visually similar.  

Table 16. 

Examples of Crash Damage in U-M CIREN Cases 

Similar to Crash test Damage 

Laboratory Crash Test U-M CIREN Case CDC 

0 Degree Frontal 12FDEW3 

  

Frontal Center Pole 12FCEN4 

 
 

IIHS Side Impact 9LPAW3 

  

In some cases, crash damage within a CDC category 

varied from crash test deformation. Table 17 shows a 

comparison of two crash types to the associated crash 

test types where the pattern of deformation is not 

visually similar. The first example, shows a U-M 

CIREN case coded 12FYEW3, or similar to a left 

angle or offset laboratory test. There is an obvious 

difference in deformation patterns, but because the 

impact in the U-M CIREN case engaged part of the 

left and center thirds of the front of the vehicle and 

was wider than 16‖, the case must be coded as wide 

(W, character 6) as opposed to narrow (N, character 

6). 

The second example shows a 0 degree frontal 

laboratory crash test coded as 12FDEW3. Visually, 

the deformation pattern in the U-M CIREN case 

looks more similar to a frontal angle test, but because 

the damage is distributed across the front of the 

vehicle, this case is categorized as a 0 degree frontal.  

There were cases in which the ‗classic‘ picture of a 

given CDC did not exactly match the actual vehicle 

deformation. These examples demonstrate the 

coarseness of using CDCs to describe vehicle 

deformation.  

Table 17. 

Examples of Crash Damage in U-M CIREN Cases 

Different from Crash test Damage 

Laboratory crash test U-M CIREN Case CDC 

Left Angle Frontal 12FYEW3 

 
 

0 degree Frontal 12FDEW3 
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SUMMARY 

As shown in Figure 14, 48.9% of the 442 U-M 

CIREN cases studied matched an existing crash test 

configuration with an extent less than or equal to the 

test, 31.7% of the frontal cases matched an existing 

crash test configuration but with greater extent, and 

19.5% did not match an existing crash test 

configuration. 

 
Figure 14.  Distribution of U-M CIREN Cases. 

A comparison was made to determine if the 

distribution of the U-M CIREN cases was consistent 

with the entire set of cases from all of the CIREN 

centers. Of the 2089 CIREN cases analyzed, the 

CDCs placed 47.5% in the groups which matched an 

existing crash test type with an extent less than or 

equal to the test, 25.8% of the cases matched an 

existing crash test configuration but with greater 

extent, and 14.4% did not match an existing crash test 

configuration. There were 12.3% of the CIREN cases 

that had CDCs that did not match those found in U-M 

CIREN cases (Figure 15). Those cases were not 

analyzed further in this study. The distribution of 

cases was similar between the U-M CIREN and 

CIREN datasets, which gave confidence that the U-M 

CIREN dataset is reasonably representative of the 

entire CIREN dataset. 

 
Figure 15.  Distribution of all CIREN Cases. 

Cases Matching Test Configuration and Extent 

Figure 16 shows the distribution of the 48.9% of U-

M CIREN crash cases that had configurations similar 

to current laboratory tests with extents less than or 

equal to the test. For frontal crashes, the 0 degree 

frontal impact category was the most represented 

followed by the left angle or offset category. For side 

impact crashes, the percentage of cases in the Side 

NCAP and IIHS Side Impact categories were similar. 

These categories were the most prevalent type of side 

impact configuration. There were a limited number of 

rollover cases in the CIREN database which is 

influenced by the CIREN selection criteria.  

 
Figure 16.  Distribution of U-M CIREN and CIREN cases versus Crash Test Type for crashes with similar 

configurations and extents less than or equal to a current industry crash test 

48.9%

31.7%

19.5%

≠ Test Configuration

= Test Configuration

> Test Extent

= Test Configuration

≤ Test Extent

First impact only

Excluding "unknow n" CDCs

Excluding cases w ithout CDCs

n=2089

Does not match

U-M CIREN CDC

47.5%

25.8%

14.4%

12.3%

= Test Configuration

≤ Test Extent

≠ Test Configuration

= Test Configuration

> Test Extent
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Cases matching Test Configuration but with 

Greater Extent  

Figure 17 shows the distribution of the 31.7% of U-

M CIREN crash cases that had configurations similar 

to current laboratory tests with extents greater than 

current crash tests. Similar to the cases with lesser 

extents, the 0 degree frontal was the most prevalent 

frontal impact, followed by the left angle or offset 

category. Side NCAP was the most represented side 

impact category, followed by the Side IIHS 

configuration. There were very few frontal pole 

crashes with extents greater than the industry crash 

tests.  

 

 
Figure 17.  Distribution of U-M CIREN and CIREN cases versus Crash Test Type for crashes with similar 

configurations and extents greater than a current industry crash test. 

There are several possible measures of crash severity 

including delta V, Equivalent Barrier Speed (EBS), 

and Extent of Deformation. CDC extent (Character 

7), or extent of crash deformation, was used in this 

analysis as an indicator of crash severity because 

delta V and EBS were not available for all cases. 

Overall, the distribution of cases that had an extent 

greater than the crash test extent was very similar to 

the distribution of cases that had an extent less than 

or equal to the crash test extent. The maximum 

regulated frontal crash test speed is currently 35 mph 

which encompasses 99% of all frontal tow away 

crashes by delta V as illustrated by Figure 18. 

 
Figure 18.  Frontal Crash Severity Distribution - 

1997-2006 NASS CDS. 
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Cases Not Matching Test Configuration 

Figure 19 shows the distribution of the 19.5% of U-

M CIREN crash cases that did not match a current 

industry crash test configuration. The majority of 

these cases were Left or Right Small Overlap crashes. 

Left (FLEE) and right (FREE) small overlap crashes 

totaled 10.7% of all frontal cases in the U-M CIREN 

database. The next largest category contains crashes 

with deformation patterns that were so unique that 

they could not be categorized. The majority of side 

impacts in this group were similar to current industry 

side impact crash tests, but with the impact location 

shifted more forward or rearward of the occupant 

compartment. 

 

 
Figure 19.  Distribution of U-M CIREN and CIREN cases versus Crash Test Type for crashes that do not 

match a current industry crash test.  

Figure 20 shows the distribution of frontal crash test 

extents for cases with frontal crash configurations 

that were different from existing test types. Figure 21 

shows the distribution of frontal crash test extents for 

cases with configurations similar to current test types.  

 
Figure 20.  Extent Distribution ≠ Test 

Configuration. 

 
Figure 21.  Extent Distribution = Test 

Configuration. 
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Frontal crashes that had configurations different from 

current laboratory tests tended to involve localized 

vehicle deformation. The concentrated loads engaged 

less of the vehicle‘s front structure and resulted in 

maximum crush extending farther rearward on the 

vehicle. Measures of crash severity other than the 

extent of maximum crush, such as delta V, are less 

likely to show the same increase and may even 

decrease. 

CONCLUSIONS 

The conclusions of this research are: 

 The majority of cases in this study had crash 

configurations similar to existing industry crash 

tests. 

 Only 19.5% of cases had crash configurations 

that were not represented by current crash tests. 

Any consideration of increasing test severity to 

address those crashes that produce a greater extent of 

crash deformation than that produced in crash tests 

must consider a broader spectrum of collisions 

including non-injury producing crashes. This analysis 

must be done in a way that does not increase the risk 

to the current uninjured population that is not 

included in the CIREN database.  
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APPENDIX A: CIREN ADULT INCLUSION CRITERIA (OCTOBER 2006) 

 

* Cases where the vehicle is >6 yrs old may be 

considered for enrollment if the vehicle contained 

advanced safety components – NHTSA approval 

required 

** AIS of 2 in 2 or more body regions with medical 

significance (avoid concussive type injury for 

inclusion) 

* *AIS of 2 in the lower extremity with significant 

articular injury 

(pilon/talus/calcaneus/Lisfranc/Choparts) 

*** Max. PI SI cases allowed per site per year would 

be 5 based on a 50 case enrollment (10%) 

**** Cases must be extraordinary for consideration – 

NHTSA approval required 

 

 

 

APPENDIX B: CDC EXTENT 

Table 18. 

U-M CIREN Cases Matched to Frontal Impact 

Crash Test Types 

 

Table 19. 

U-M CIREN Cases Matched to Side Impact Crash 

Test Types 

 

Table 20. 

U-M CIREN Cases Matched to Non-Arrested 

Rollover Crash Tests 

 

Case 
Type 

Crash 
Direction 

Vehicle 
Criteria 

Restraint 
Criteria 

Occupant 
Positions 

Injury 
Thresholds 

Frontal 10 to 2 o’clock 
Full frontal 

Offset frontal 

 
CY-6 yrs* 
(Priority on 

newest 
vehicles) 

 
Air bag, Air bag and 3-

point belt  
 

Row 1 
AIS>3 

or 

** Must be in 3-point belt 
and gross misuse not 

documented 
Rows 2+ 

Side 8 to 10 o’clock 
2 to 4 o’clock 

CY-6 yrs* 
(Priority on 

newest 
vehicles) 

Any and all, including 
unrestrained on struck 

side and far side Any 

 
AIS>3 

or 

** 

Rollover All CY-6 yrs* 
(Priority on 

newest 
vehicles) 

Any and all, including 
unrestrained 

(EXCEPTION = 100% 
EJECTION) 

Any 
AIS>3 

or 
** 

Pregnant 
Occupant 
(total 
enrollment 
limited) 

10 to 2 o’clock 
Full frontal 

Offset frontal 

CY-8 yrs* 
(Priority on 

newest 
vehicles) 

Must be in a 3-point 
belt and gross misuse 

not documented 
Avoid out-of-position 

cases. 
(call NHTSA on non-

belted cases for 
consideration) 

Any 

AIS2+ 
AIS1 
(with 

moderate to 
severe 
impact) 

PI Special 
Interest *** 

Any Any Any 
Any Any 

Success 
Case**** 

Any CY-6 yrs* Appropriate restraint 
usage  

(belt and/or air bag) 
Any Any 

Fire All Any Any and all, including 
unrestrained 

Any AIS>2 

 

Crash Test Type CDC 1-6 ≤ Test Extent > Test Extent Total

0 degree frontal 12FDEW 51 27 78

11FDEW 10 4 14

01FDEW 4 2 6

11FDAW 5 5

12FDAW 3 3

01FDAW 1 1

0 degree frontal Total 65 42 107

left angle or offset 12FYEW 33 19 52

12FLEW 7 5 12

11FYEW 2 5 7

11LYEW 4 2 6

11LYAW 4 1 5

11FYAW 1 1

12FYAW 1 1

left angle or offset Total 51 33 84

right angle or offset 12FZEW 7 9 16

01FZEW 5 5

12FREW 1 2 3

01RZEW 1 1 2

12FZAW 1 1

01FREW 1 1

right angle or offset Total 15 13 28

frontal offset pole 12FZEN 5 5

12FYEN 4 4

12FLEN 3 3

12FZAN 1 1

12FRAN 1 1

12FREN 1 1

frontal offset pole Total 12 3 15

frontal center pole 12FCEN 10 10

12FCEW 2 2

frontal center pole Total 12 12

bumper underride 12FDMW 1 2 3

bumper underride Total 1 2 3

Total 156 93 249

Crash Test Type CDC 1-6 ≤ Test Extent > Test Extent Total

IIHS side impact 09LPAW 7 5 12

09LYAW 4 5 9

03RPAW 3 6 9

09LPEW 3 2 5

03RPEW 3 1 4

09LZAW 4 4

03RYAW 3 3

09LYEW 2 1 3

08LZAW 1 1

03RYEW 1 1

IIHS side impact Total 24 27 51

side NCAP 10LYAW 7 6 13

02RPAW 5 3 8

02RYAW 6 1 7

02RYEW 2 1 3

10LPAW 3 3

10LYEW 3 3

10LZAW 3 3

01RPAW 1 1

02RPEW 1 1

10LPEW 1 1

side NCAP Total 30 13 43

side pole 09LPAN 2 2

90LPAW 1 1

03RPAN 1 1

09LPEN 1 1

side pole Total 1 4 5

Total 55 44 99

Crash Test Type CDC 1-6 ≤ Test Extent > Test Extent Total

rollover 00TDDO 5 1 6

00TYYO 1 1

00TYZO 1 1

rollover Total 6 2 8

Total 6 2 8
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Abstract 

This paper summarises the main results of an analysis 
of accident data conducted for the European 
Enhanced Vehicles Committee (EEVC) WG13 "Side 
Impact" to inform the further development of side 
impact test procedures for cars. The analysis of data 
from three countries was coordinated by EEVC WG 
21 “Accident Studies”. 
 
The national datasets of the UK, France and Sweden 
from the year 2005 were analysed containing a total 
of 411,311 cars. In each country side impacts 
typically represented 33% of all fatalities but less 
than 25% of casualties of all severities. Struck-side 
occupants represented typically 60% of all side 
impact casualties regardless of injury severity while 
the remainder of the casualties were seated away on 
the non-struck-side.  
 
Amongst single vehicle side impacts, collisions with 
poles were most commonly specified, although there 
was considerable variation between countries. In 
multi-vehicle crashes the collision partner was a car 
in about 75% of cases. The relative involvement of 
each type of collision partner varied by casualty 
severity and in both the UK and France there were 
similar numbers of fatalities in collisions with poles 
as with cars. A comparison of injury risks suggested 
the risk of serious injury in newer cars struck by 
other newer cars was similar to older, pre-Regulation 
95, cars struck by older cars. This indicates the 
improvements in side protection since the 
introduction of Regulation 95 may have been at least 
partially offset by increases in front stiffness of cars 
due to the introduction of Regulation 94 and 
EuroNCAP. 
 
The paper presents other details on the circumstances 
of side impacts and the different driver populations 
involved in loss-of control and intersection collisions. 

It links to two other papers concerning car-to-car and 
car-to-pole side collisions using in-depth data. 
 

Background  

This paper is a summary of the key findings of an 
analysis of accident data concerning side impacts. 
The analysis has been conducted by the European 
Enhanced Vehicle Safety Committee, Working 
Group 21 Accident Studies and has been requested 
by EEVC Working Group 13 Side Impact as part of 
its work to raise the level of side impact protection of 
cars.  
 
This paper describes the results of an overview 
analysis focussing on the accident data from the UK, 
France, and Sweden. A related paper 1 summarises 
the results of the analysis of side impacts of cars with 
poles using in-depth data from Germany, GB and 
Sweden while a second paper 2 summarises the 
equivalent results of an analysis of car to car side 
collisions. 
 
The European side impact test procedure is enacted 
within Directive 96/27/EC3 and requires cars to 
maintain a specified level of protection when struck 
in the side by a mobile barrier travelling at 50km/hr. 
There have been a number of previous studies4 5 6 
that have evaluated the frequency and characteristics 
of side impacts although few have covered more than 
a single member State. The EU Directive included a 
requirement that it be evaluated after two years and 
Edwards et al 7 did this under the auspices of the 
EEVC. They concluded that the test speed should be 
increased and that the use of a pole test be 
considered. Similar conclusions were reached by 
Hassan et al 8 who examined both UK Co-operative 
Crash Injury Study (CCIS) data and US national 
Automotive Sampling System (NASS) data files. 
Frampton et al9 highlighted the frequency of injuries 
to non-struck (far) side occupants. Thomas et al10 
reviewed UK in-depth accident data and confirmed 
that more car occupants died as a result of side 
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impacts than frontal crashes, impacts with poles were 
nearly as frequent as car to car side collisions and 
that the side impact test speed was substantially 
below that of the majority of fatal crashes. 
 
Data sources 

The task of EEVC WG 21 is to conduct accident data 
studies and incorporate as wide a range of EU 
accident data sources as possible compatible with the 
objectives of the research focus. Data from three 
countries, UK, France and Sweden was used for this 
analysis. Each of these datasets defined “fatality” as 
death within 30 days of the crash but differences exist 
for the “serious” category. These are defined below. 
 
GB accident data – STATS 19 
The British national accident database, STATS 19, is 
based on the reports for every police reported crash in 
Great Britain. Data for the year 2005 was used with a 
total of 271,017 casualties. Side impacts were defined 
on the basis of the police assessment of the first point 
of impact and seriously injured casualties are defined 
as those with a facture or an overnight stay in 
hospital. Accident data for Northern Ireland is stored 
separately so the dataset refers to Great Britain rather 
than the United Kingdom. 
 
French accident data - BAAC 
The data for France is also based on the police 
reports of crashes in the year 2005. The BAAC 
(Bulletin d’Analyse des Accidents Corporels de la 
Circulation) classifies impact direction in a similar 
manner to the UK but the “serious” category is 
defined on the basis of hospitalisation. The technical 
basis of BAAC has been revised since the 2005 
dataset to minimise issues concerning under-
reporting. 
 
Sweden - STRADA 
The Swedish STRADA system (Swedish Traffic 
Accident Data Acquisition) is based on police reports 
of each crash occurring nationally. Impact direction 
is based on the police assessment of the first point of 

impact. The data is enhanced by linkage with hospital 
files and details of vehicle inspections.  
 
Frequency of side impacts 
The total cases for each dataset are shown in Table 1 
for all road user types and Table 2 shows the 
distribution of impact direction of car impacts 
according to each national definition.  
 
In GB 24.3% of all car occupants were injured in 
impacts while in France and Sweden they represented 
21.9% and 25.9% respectively. In each country the 
most common impact type was a frontal collision. 
However amongst fatalities side impacts were more 
common, in GB they represented 0.4% of all car 
occupant casualties compared with 0.5% in frontal 
collisions. In France side impact fatalities constituted 
1.5% of all casualties compared with 3.5% in frontal 
impacts and in Sweden they represented 0.3% of all 
casualties. 
 
Seating position 
Car occupants seated on the struck side are the target 
of current safety requirements as they may be 
exposed to intruding structures with higher risk of 
injury. Table 3 shows the seating position of 
occupants in side impacts in each of the three 
countries. In all three countries and irrespective of the 
severity of injury typically between 54% (Sweden) 
and 59% (France) of all casualties were seated on the 
side of the impact with little variation according to 
injury severity. 
 
Selection of cars compliant with Regulation 95. 
National accident databases do not include a record 
of the regulatory compliance of cars so the selection 
of this group of cars was achieved by indirect 
methods. All new cars produced after 2003 were 
required to meet the side impact regulatory 
requirements however this would have resulted in a 
very small number of relevant vehicles in the 2005 
dataset. It was not feasible to utilise the Vehicle 
Identification Number as it was not available on the 
national accident databases and following 
consultation with EuroNCAP and the industry 

 
Table 1 National database casualty counts - 2005 

 UK France* Sweden 
 STATS 19 - GB BAAC STRADA 
Fatal 3,201  1.2% 5,319 4.7% 440 1.6% 
Serious 28,954 10.7% 39,811 35.1% 3,915 14.6% 
Slight 238,862 88.1% 68,265 60.2% 22,544 83.8% 
Total 271,017 100% 113,395 100% 26,899 100% 

*serious - in-patient, slight - out-patients 
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Table 2 - Distribution of car occupant casualties by impact type and injury severity 

  GB** (n=169,670) France* (n=52,634) Sweden (n=9,180)** 
  Front Side Rear Front Side Rear Front Side Rear 

Fatal 0.5% 0.4% 0.1% 3.5% 1.5% 0.3% 0.7% 0.3% 0.0% 
Serious 4.9% 1.9% 0.5% 22.0% 6.5% 3.3% 6.5% 2.5% 1.0% 
Slight 44.1% 22.0% 25.6% 34.9% 13.9% 14.1% 45.9% 23.1% 20.0% 
Total 49.5% 24.3% 26.2% 60.4% 21.9% 17.7% 53.1% 25.9% 21.0% 

*serious in-patients, slight out-patients - no multiple impacts 
**may include multiple impacts - based on first point of impact 
 
 

Table 3 Proportion of struck side and non struck side casualties among all side impacts 
 GB France* Sweden 
 SS NSS SS NSS SS NSS 
Fatal 61% 39% 61% 39% 100% n=4 0 
Serious 56% 44% 59% 41% 61% 39% 
Slight 57% 43% 58% 42% 54% 46% 
All severities 57% 43% 59% 41% 54% 46% 
*serious in-patients, slight out-patients 

 
 
members of WG 21 it was considered that the most 
effective definition was to consider vehicles 
registered after 1998 to represent the group compliant 
with Regulation 95. A later part of the analysis, to be 
reported elsewhere, focussed on the cars registered 
since 2003. 
 
Collision partner 
The test conditions under consideration by WG 13 
relate to car to car and car to pole side impact 
conditions and the analysis of the datasets was 
therefore framed around these factors. Table 4 shows 
the frequency of each main impact configuration for 
each of the three countries.  
 
Within the complete group of side impact casualties 
as occupants of cars registered since 1998 car to car 
side collisions were the most common, between 45% 
(Sweden) and 65% (France) of crashes were in this 
category. Collisions involving buses or goods 
vehicles, possibly within separate phases of the 
collision sequence, typically accounted for 13% (GB 
and Sweden). Car to pole collisions only represented 
between 3% (Sweden) and 6% (France) of all side 
impacts and collisions with other roadside objects 
were more common.  
Table 5 shows the corresponding table for fatally 
injured casualties. 24% of GB casualties were killed 
in car to pole single vehicle collisions compared with 
25% in car to car side impacts. Similarly in France 
there were 30% who died in collisions with poles and 
37% in collisions with other cars. Other single 

vehicle crashes and impacts with trucks or buses 
were also frequent causes of fatality. There were a 
total of only 8 fatalities in the Swedish data so these 
are not presented. 
 
Casualty reduction resulting from Reg 95 
The introduction of the European side impact 
performance requirements included a specification 
that a consequent casualty reduction be evaluated. An 
interim evaluation was conducted but there was 
insufficient accident data available to support an 
estimate of effectiveness. 
 
To accomplish this the national data from the UK, 
France and Sweden was analysed separately. Given 
the relatively low proportion of fatalities in each 
dataset the killed and seriously injured (KSI) groups 
of casualties have been combined. It should be noted 
that the national definitions of “serious” differ so that 
the countries cannot be directly compared. 
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Table 4: Collision partner, all side impacts, post-1998 registered cars, all casualties 
Collision Partner GB France Sweden 

Pole  764 4% 269 6% 18 3% 

Other SVA* 2,176 13% 329 7% 244 37% 

Car 9,170 54% 2,989 63% 299 45% 

Bus/GV ** 2,148 13% 533 11% 86 13% 

Other TVA*** 748 4% 340 7% 21 3% 
Three + vehicles 2,029 12% 250 5% 0 0% 
Total 17,035 100% 4,710 100% 668 100% 

*SVA – Single Vehicle Accident 
** GV – Goods Vehicle 
*** TVA – Two Vehicle Accident 
 
Table 5: Collision partner, all side impacts, post-1998 registered cars, fatally injured casualties 

Collision Partner GB France 

Pole  50 24% 95 30% 

Other SVA 42 20% 37 12% 

Car 52 25% 116 37% 

Bus/GV 25 12% 41 13% 
Other TVA 6 3% 8 3% 
Three + vehicles 30 15% 18 6% 
Total 205 100% 315 100% 

 
 

Table 6 shows the rates of killed and seriously 
injured casualties (KSI) comparing vehicles 
registered after 1998 with those earlier. Vehicles 
registered on or after 2003 will all comply with the 
side impact requirements and the KSI rates of these 
vehicles are also compared with the rates experienced 
by older cars. To represent the conditions of the test 
configuration, the dataset was restricted only to the 
crashes involving side impacted cars struck by other 
cars. 
 
Table 6 - KSI rates % (sample size) by vehicle 
registration year 
 GB France Sweden 
Pre 1998 4.2 (1244) 27.8(909) 11.0 (91) 
1998 
onwards 

3.5 (1921) 20.0(904) 5.2 (116) 

    
Pre 2003 3.8 (2448) 25.0(1523) 10.0 (130) 
2003 
onwards 

3.7 (677) 18.6(290) 3.9 (77) 

 
Data from each of the three countries showed a 
reduction in the rate of killed or serious injury 
comparing the modern vehicles against the older cars 
although the magnitude of the reduction varied. The 
UK showed a reduction of 17% comparing the post-

1998 cars with earlier models and reduction of 3% 
comparing post-2003 with earlier models. Reductions 
in France and Sweden were larger ranging from 26% 
to 61% (post-2003 cars).  
 
Other factors relating to injury rates 
Regulation 94 side impact was introduced in the 
same year as Regulation 96 frontal impact and over 
the period of the comparisons of KSI rates it is 
possible that other changes to vehicles, such as the 
stiffness of the car front, may have occurred. Tables 7 
and 8 by registration year groups, pre-1998, post-
1998 and post-2003 for cars struck in the side by the 
front of the opponent cars. 
 
Table 7 UK - KSI rates % (sample size) by struck and 
bullet car age. 

Bullet car 
 
Struck car 

Pre 1998  Post 1998  Post 2003  

Pre 1998  4.3 (441) 3.8 (533) 3.9 (179) 
Post 1998  4.0 (659) 3.5 (879) 3.5 (258) 
Post 2003  4.6 (219) 3.6 (330) 4.1 (97) 
The GB STATS 19 data shows that the reference rate 
of killed and seriously injured casualties of pre-
regulation cars when struck by a similar aged car was 
4.3%. The KSI rates for this oldest category of car 
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when struck in the side by the newest cars, post-2003, 
was reduced to 3.9%. However the rate for the  
newest cars when struck on the side by the front of 
the newest cars was little changed from the reference 
category at 4.1%.  
 
Table 8 France - KSI rates (sample size) by struck 
and bullet car age 

Bullet car 
 
Struck car 

Pre 1998  Post 1998  Post 2003  

Pre 1998  26.3(498) 29.7(411) 28.9(128) 
Post 1998  16.7(450) 23.4(454) 24.5(151) 
Post 2003  14.7(143) 22.5(147) 26.8(56) 
The French BAAC data, shown in Table 8, indicated 
a similar pattern. The reference group of older cars 
struck in the side by the front of older cars showed a 
KSI rate for the occupants of 26.3%. The newer 
groups of car, when struck by the same oldest car 
group, showed decreasing rates down to 14.7%. 
However when this same category of cars was struck 
by the front of more recent cars the KSI rates did not 
reduce and the rate for the post-2003 cars struck by 
the front of post-2003 cars was marginally greater 
than the reference group. 
 
Matched samples 
The characteristics of the drivers of cars varies 
according to the age of the vehicle reflecting the 
social groups that purchase new and used cars. In 
many countries, including the UK and Sweden, many 
new cars are bought for business use. Older cars are 
generally cheaper and may more often be bought by 
drivers who are less well off, such as younger drivers. 
It is therefore possible the drivers of the newer cars in 
the sample may have a different gender, age and 
other distributions from those in older cars and that 
these differences could account for the different KSI 
rates.  
 
Tables 9 and 10 show the age and gender 
distributions of the drivers of the side impacted cars 
in GB and France. The distributions of these factors 
for each of the vehicle age groups in each of the 
countries showed that the characteristics of drivers of 
newer cars were generally similar to those of older 
cars.. 

Table 9 Struck vehicle GB 
  Struck Vehicle Age 
  Pre 

1998 
1998 
onwards 

Pre 
2003 

2003 
Onwards 

Driver 
Gender 

Male 62% 55% 58% 56% 
Female 37% 44% 41% 43% 
N/K 1% 1% 1% 1% 

Driver 
Age 

17-40 61% 53% 58% 49% 
41-60 20% 29% 24% 31% 
61+ 15% 14% 14% 16% 
N/K 4% 4% 4% 4% 

 
Table 10 Struck vehicle France 
  Struck Vehicle Age 
  Pre 

1998 
1998 
onwards 

Pre 
2003 

2003 
Onwards 

Driver 
Gender 

Male 60% 59% 58% 66% 
Female 40% 41% 42% 34% 
N/K 0 0 0 0 

Driver 
Age 

17-40 55% 49% 53% 49% 
41-60 28% 34% 30% 37% 
61+ 17% 16% 17% 13% 
N/K 0.1% 1% 0.2% 1% 

 
 
Discussion 

The availability of representative accident data is 
fundamental to the development of relevant 
performance criteria for cars to reduce the impact of 
crashes. Whenever changes are introduced to test 
criteria it is essential that the social impact, including 
changes in casualties, is assessed. Where the test 
requirements are intended to reduce fatalities then 
these crashes should be assessed in detail.  
 
As part of the development of new test requirements 
EEVC WG 13 has asked EEVC WG 21 to review the 
conditions of side impact across as broad a number of 
EU Member States as possible. The objectives were 
specifically to asses the overall frequency of side 
collisions amongst the wider crash population and 
also to examine the characteristics of crashes of all 
injury severities including those killed and seriously 
injured. WG 21 has responded by bringing together a 
range of accident sources for analysis and has 
particularly focussed on three aspects in direct 
relation to the considerations of future test procedures 
– the overall importance of side impacts, the 
characteristics of car to car collisions and the 
characteristics of car to pole crashes. This paper is 
based on the first of these three analyses and 
specifically examines the national accident datasets, 
the other reports are based on the analysis of in-depth 
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accident data. The full reports will be published at 
http://eevc.org/publicdocs/publicdocs.htm.  
 
The national accident databases of EU Member 
States only have a limited comparability. The work of 
the European Commission CARE programme within 
the European Road Safety Observatory11 has done 
much to harmonise data but there are still many 
differences in practise and the use of relatively 
untrained data gatherers normally determines further 
constraints. Nevertheless the national accident data 
can give very useful indications about the details of 
crash characteristics.  
 
The data from the GB, France and Sweden all 
indicate that side impacts remain an important crash 
configuration, especially when serious or fatal 
injuries are sustained. In the three countries side 
impacts accounted for between 28% (France) and 
40% (GB) and between 20% (France) and 26% (GB) 
of seriously injured. In GB in 2005 there were a total 
of 679 casualties who died in a side collision, 790 in 
France and 28 in Sweden.  
 
The existing side impact test procedures, defined in 
ECE Regulation 95, represent the conditions of a car 
struck mid-door by the front of another car. The 
injury risks are evaluated for the front seat occupant 
on the struck side, immediately impacted by 
intruding side structures. Despite this the data from 
the three countries demonstrates that typically 40% of 
casualties in side impacts are seated away from the 
collision on the non-struck (far) side of the car 
regardless of injury severity. There is no published 
information available on the relationship between 
improved performance in regulatory side impact tests 
and changes in non-struck side injury risks, it cannot 
be therefore concluded that reductions in struck side 
injury risks as a consequence of Reg. 95 will 
automatically result in the same changes to non-
struck side occupants. 
 
Within the population of post-1998 side impacts 
collisions with other cars were substantially the most 
common, being between 45% (Sweden) and 63% 
(France) of the total. Impacts with poles ranged 
between 3% and 6%. Collisions with buses and 
trucks represented between 11% and 13% of side 
impacts while other types of single vehicle crash 
accounted for between 7% (France) and 37% 
(Sweden). The distribution of collision partner for 
fatal side crashes of post-1998 cars was different. 
While car to car collisions were the most frequent in 
France and GB impacts with poles were also frequent 
as were other single vehicle collisions. This 
distribution confirms the emphasis placed on 

protection in car to car side collisions but also 
reaffirms the importance of protection in car to pole 
crashes. Currently there is no European regulatory 
crash test requirement for pole side impacts and until 
recently the EuroNCAP test has only examined head 
injury risks. The characteristics of car to pole 
collisions are examined in a linked paper.  
 
The data from the three countries indicates that there 
have been improvements in safety following the 
introduction of Regulation 95, although there is little 
consistency between countries. Reductions ranged 
from 3% to 61% and it is believed these are in part a 
consequence of different sampling practises. 
However closer scrutiny of this positive picture 
reveals the possibility that other changes in vehicle 
characteristics may have had unintended 
consequences, although at a non-significant level 
statistically. In particular the French data indicates 
that the injury risk to occupants of a newer car (post-
2003) when struck in the side by another newer car 
are slightly larger than those when an old (pre-1998) 
car is struck by another old car. A similar, although 
less pronounced, pattern was observed in the GB 
data. This contradicts the hypothesis that injury rates 
would be lower in newer cars. It is possible from the 
results that improvements in side impact protection 
have been counterbalanced by increases in 
aggressivity of car front ends however further 
experimental research is required to clarify the 
factors. On the other hand when a newer car was 
struck by an older car, on which the mobile 
deformable barrier was based, injury risks were lower 
in both GB and French data.  
 
Conclusions 

Examination of the national accident databases of 
Sweden, France and GB have been undertaken in 
support of the development of revised crash test 
procedures for side impact conducted by EEVC WG 
13. The main conclusions are:- 
1. Side collisions remain a frequent cause of fatal 

and serious injury 
2. Non-struck side occupants are a frequently 

injured group who are not covered by existing 
test procedures. 

3. Impacts with other cars are marginally the most 
common type of side collision. 

4. Although rare overall, pole impacts are a 
frequent cause of death. 

5. There are indications that improvements in side 
protection may have been counterbalanced by 
other changes in car structural performance, one 
of which is an increase in car front stiffness 
although these need to be evaluated 
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experimentally together with an identification of 
any differences in driver factors. 
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ABSTRACT 

Up to 2008, in the Euro NCAP rating, the 
assessment of the adult protection in pole test was 
only made through the head criteria. From 2009, 
the pole test in the new "overall rating" Euro NCAP 
protocol will take into accounts all body regions 
(head, chest, abdomen and pelvis). 
The aim of this study is to analyse the scatter of 
biomechanical criteria linked to these different 
body regions. Three phases were defined: 

- Phase 1: analysis of a large number of pole tests 
in order to identify what body region was the most 
scattered. 

- Phase 2: quantification of the scatter linked to 
the car, seat and dummy set-up. Ten trials of 
dummy set-up in three laboratories and on three 
types of vehicles were analysed. The first one of 
these trials was for reference, since it followed 
rigorously the vehicle and dummy set-up protocols 
proposed by Euro NCAP. The other trials were 
made to assess the scattering by varying several 
parameters such as vehicle mass, type of dummy, 
operator. These trials gave us the maximum 
scattering that could exist and that can be 
reproduced in dynamic tests. 

- Phase 3: quantification of the consequences of 
the dummy positioning on the pole test’s dummy 
readings. Indeed, several pole tests will be carried 
out on identical vehicles with different dummy 
positioning.  
The results of this study will have to be linked to 
their consequences on the biomechanical criteria, in 
particular on the chest and abdomen. 
Recommendations are given to improve the dummy 
set-up procedure by taking into account these 
possible scattering of the dummy positioning and 
by proposing counter measure to avoid them in a 
future protocol. 

INTRODUCTION - AIM OF THE STUDY 

A new balance appears with the brand new Euro 
NCAP overall rating, since new criteria or new 
tests come into force. One of the important changes 
is the pole test assessment which has been widely 
extended [1], [2]. Indeed, now all the body regions 

are rated (head, chest, abdomen and pelvis). By 
studying into details this new protocol and the 
results measured on the different body regions, it 
can be noticed a large scattering that needs to be 
quantified and controlled. This study takes place in 
this context. 
 
In order to determine the reliability of the current 
Euro NCAP pole test assessment (4 body regions: 
head, chest, abdomen and pelvis), a test programme 
had been defined. The purpose is : 

- to assess the scattering on dummy set-up 

- to find the key test parameters/ conditions 
which influence repeatability and reproducibility of 
the contemplated test procedure. 

- to assess the impact of the scattering on dummy 
set-up on the biomechanical criteria 

- to prepare recommendations for the dummy 
pole test procedure. 
 
Before going further into the details of this study, it 
should be wise to recall the main requirements of 
the Euro NCAP pole test impact protocol. 

MAIN REQUIREMENTS OF THE POLE 
TEST IMPACT PROTOCOL 

Car Preparation 

The first part of the protocol is the preparation of 
the car. A reference weight is defined through the 
vehicle kerb weight. And after preparation, dummy 
and data acquisition system installations, the test 
mass is measured. It is important to notice that 
some tolerances are allowed between the reference 
weight and the test mass. For instance, 50 kg of 
difference on the front and rear axles can be OK. 

Initial Seat Position 

The impact line between the pole and the car is 
directly derived from the ES2 dummy’s head 
position (Head Center of Gravity, named Head CG 
for the rest of the study). 
For this purpose, it is needed first to define the 
initial position of the driver seat. 
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The driver seat is put in its mid rails / fully down 
position. The torso angle is measured on the H-
Point Machine (named Oscar for the rest of the 
study). It has to be set to the manufacturer design 
position generally around to 22-25°. 
Then, the H-point is measured on the Oscar, in 
order to position the ES2 in its initial position. 
As a reminder, it may be interesting to recall that 
the initial ES2 H-point coordinates should be inside 
a 10 mm circle from the Oscar H-point ones. 
We called this initial seat position: “Step 1” 

Final Seat Position 

When the ES2 is installed in its initial position, a 
specific distance has to be measured: the “daylight 
opening distance”. This distance is measured 
between a reference point on the car and the 
rearmost point of the dummy head.  Both of them 
have to be taken at the same height as the Head 
CG.  
Note: At this stage, it is easy to notice that if 
between two cars, the dummy Head CG is not at 
the same height, then, two different reference 
points will be taken on the two cars (the front door 
daylight opening). Indeed, most of the time, the 
front door daylight opening is not vertical, 
therefore, these two points will probably not be at 
the same position in X. 
 
If the daylight opening distance is 50 mm or more, 
the dummy will stay in its initial position and the 
impact point will be the initial Head CG position in 
X. 
 
But if the daylight opening distance is less than 
50 mm, it is required to change the seat set-up. 
There is a definite order to follow: 

- first, the seat back has to be put upright, but it 
cannot be more than 5° change from the initial 
position. We call this action: “Step 2” 

- if the daylight opening distance is still less than 
50 mm, the seat is moved forward until the 50 mm 
is achieved or until the knees of the dummy contact 
the dashboard. We call this action: “Step 3” 

- if the daylight opening distance is still less than 
50 mm, the seat back have to be put upright again. 
On the vast majority of our cars, we do not need to 
go into this step. 
 
At the end of this part, we can measure the Final 
ES2 H-point. 

Impact Line Definition 

The car has to impact the pole along the vertical 
line that passes through the ES2 dummy’s head 
position (the Final Head CG). 

Partial Conclusion 

Since the main parameter is the daylight opening 
distance, one can easily imagine that if a dummy 
has a different initial head position, or if the seat 
back initial angle is set in a different way, the 
impact line can differ as well as the biomechanical 
results. This is what we will show in the next 
chapter. 

PHASE 1: ANALYSIS OF A LARGE 
NUMBER OF POLE TESTS 

The first need to carry out such a study came from 
the comparison of two tests made on a PSA car in 
two different laboratories. These laboratories 
strictly followed the Euro NCAP protocol, and one 
of them is even Euro NCAP accredited. 
The difference in the dummy test position and 
therefore in the pole impact line between the two 
tests are shown in Figure 1 (a) and (b). 
 
Because of this difference in the dummy 
positioning, the head impacted a different zone on 
the curtain airbag. The head impact in the first test 
was twice forward from the extreme front of the 
curtain airbag as shown in Figure 1 (c). 
 

 
(a) 

 
(b) 
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Test (b)

Test (a)

Test (b)

Test (a)

 
(c) 

Figure 1.  Dummy test position for a same car in 
two different test laboratories (a) and (b), and 
its consequences on the impact against the 
curtain airbag (c). 
 
This paragraph presents analyses on pole test 
realised with several PSA Peugeot Citroën’s 
vehicle models. The results taken into account 
come from at least 4 pole tests carried out in 
different test laboratories. This means with 
different operators, different ES2 dummies and 
different cars of the same model. 
 
The main outcomes are presented by taking an 
example on three vehicles that belongs to three 
different marketing segments: 

- Car A: a small family car 

- Car B: a family car – SUV type 

- Car C: an executive car 
 
Table 1 presents the overall scattering results from 
these 3 cars on the main test parameters. The 
scattering is reckoned as the difference between the 
maximum value measured on the different tests and 
the minimum value. 

Table 1. 
Overall scattering results from these 3 cars on 

the main test parameters. 

Scattering Car A Car B Car C 
Final Head CG (mm) 8 33 - 
Final H-point X (mm) 27 32 25 
Final H-point Z (mm) 6 20 3 
Test Mass (kg) 18 7 - 
Pole test score (pts) 
Max. score = 16 points 

2.98 2.9 1.2 

% from max score 19 % 18 % 8 % 

 

We can notice that for a car model, the overall 
scattering of the pole test can give a variation of 
20% on the total score that can be obtained (16 

points). This is really important and needs to be 
decreased. If we go a little bit further into the 
analysis, we can see the scattering in the 
biomechanical max values used in the Euro NCAP 
pole test rating. 

 

But we also need to identify if there is a specific 
body region that sustained the most scattering.  

For instance, it is clear from our analysis that the 
scattering on the head results (HIC or head 
resultant acceleration) has no effect on the Pole 
Test Rating.  

 

On the other hand the three other body regions can 
be considered as sensitive to the scattering as it can 
be shown in Table 2. 

 
Table 2 presents the biomechanical scattering 
results for these 3 cars. Here again, the scattering is 
reckon as the difference between the maximum 
value measured on the different tests and the 
minimum value. 

Table 2. 
Biomechanical scattering results from these 3 

cars on the main test parameters. 

Scattering Car A Car B Car C 
Pole test score (pts) 
Max. score = 16 points 

2.98 2.9 1.2 

Chest Compression (mm) 13.6 8.8 11.8 
Back Plate force (kN) 0.2 0.14 0.25 
T12 Force (kN) 0.61 1.07 0.34 
T12 Moment (kN) 31 36 35 
Abdomen Peak force (kN) 0.36 0.79 0.16 
Pubic Symphysis force (kN) 0.51 0.91 0.35 
 
As an example, it is interesting to stress that a 
difference of 13.6 mm in maximum chest 
compression can give a score from 2.72 points to 0 
point, out of a maximum of 4 points. 
In the same way, a difference of 0.8 kN in the 
Abdomen Peak force can lead to a score that goes 
from 2.13 points to 0 point, out of a maximum of 4 
points. 
Finally, a difference of 0.9 kN in the Pubic 
Symphysis force can lead to a score that goes from 
1.2 points to 0 point, out of a maximum of 4 points. 

Partial Conclusion 

This first phase of the analysis clearly show that 
there is a significant scattering of the pole test 
results that can gives a high difference of Euro 
NCAP rating score.  
 
Therefore, there is a need to better control the test 
parameters and to know which parameters are 
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linked to this scattering. This is the purpose of the 
next chapter that presents the 2nd phase of our 
analysis. 

PHASE 2: QUANTIFICATION OF THE 
SCATTER 

Presentation Of The Study 

The study was performed on three different car 
models: 

- Car 1: a small family car 

- Car 2: a family car 

- Car 3: an executive car 
 
For each vehicle model, the same car was 
circulated to three different test laboratories (Lab 1, 
Lab 2 and Lab 3). So, we already removed the 
scattering due to the difference in car production.  
These three test laboratories are Euro NCAP crash 
test accredited.  
 
For each car, we asked the labs to perform 10 
different trials. Some of the trials were purely 
identical, in order to assess full repeatability.  
 
Whereas some others were voluntarily modified, in 
order to take into account a difference of mass, a 
different operator, a different Oscar or a different 
ES2 dummy while still following the official pole 
impact test protocol. 

These trials will give an assessment of the 
reproducibility within each lab.  
 
Finally the comparison of the three labs will give 
the full assessment of reproducibility; what we can 
call the overall reproducibility (or overall 
scattering). 
 
For each trial, we asked the lab to completely start 
as if it was a new car. Therefore, even the initial 
seat set-up was carried out again (e.g. setting the 
seat rail in mid position, finding the initial seat 
torso angle).  
 
The only parameters we imposed were the car XYZ 
reference and axes and three points of measurement 
on the seat and on the seat back. The three seat 
reference points were used to quantify the change 
between step 1, step 2 and step 3 (see definition in 
Chapter “Main requirements of the pole test impact 
protocol”).  
 
Note: all the car models selected needed to go up to 
step 3 to get the proper daylight opening distance. 
 
The complete test matrix, for each lab and each car 
is given in Table 3.  
For each trial, we defined the parameters to 
measure and we used a common and unique 
datasheet to gather all the parameters. 
 

 
Table 3. 

The complete test matrix carried out for each lab and each car. 

Test reference number  
and description 

Operator 
n°1 

Oscar 
n°1 

ES2 
n°1 

Mass 
n°1 

+50 kg 
front axle 

+50 kg 
rear axle 

Operator 
n°2 

ES2 
n°2 

Oscar 
n°2 

RA Reference X X X X           

RB 
Reference 
(repetition test) 

X X X X           

RC1 - 3 
Partial repetition 
test  

X X X X           

OP1 Operator change   X X X     X     

OP2 
Operator change 
(repetition test) 

  X X X     X     

E1 ES2 dummy change X X   X       X   

E2 
ES2 dummy change 
(repetition test) 

X X   X       X   

OS1 Oscar change X   X X         X 
MA1 Front axle tolerance X X X  X         
MA2 Rear axle tolerance X X X    X       
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For each main change, we asked for a repetition 
test. This is the reason why there is an OP1 and an 
OP2, as well as an E1 and E2, and an MA1 and an 
MA2. 
 
For test RC1-3, the idea was to keep the seat 
position as initially defined by the first dummy set-
up (in RC1).  
 
Then, after the full RC1 test was carried out, RC2 
and RC3 started with the positioning of the ES2 in 
the final seat position defined in RC1 to measure 
the final H-Point, the final Head CG and the final 
daylight opening distance. 
 
The main parameters that were gathered are: 

- H-Point X and Z initial as well as for each step 
(including the final H-Point) 

- Head CG X and Z initial as well as for each step 
(including the final Head CG) 

- Seat back Angle initial as well as for each step 

- Number of seat back notches for Step 2 

- Number of seat rail notches for Step 3 

- Daylight opening distance initial as well as for 
each step  

- Seat reference point 1, 2 and 3 initial as well as 
for each step 

Overall Results Of The Study 

A quick analysis showed that counting the notches 
(for the seat back angle as well as for the seat rails) 
is not reliable and can lead to errors. Indeed, when 
one tries to put the seat back upright with the ES2 
dummy in the seat, it is quite easy to miss one 
notch. Therefore it is far much more reliable to 
measure an angle in degrees or a forward 
movement in millimetres than to count notches. 
This is the reason why we will not show in this 
study any value linked to the number of notches. 
 
The first drawings we created were to compare the 
four main parameters for each car:  

- the initial Oscar H-Point 

- the final ES2 H-Point 

- the initial Head CG 

- the final Head CG 
 
In these drawings, we do not try to distinguish the 
lab or the other changes in the test parameters. 
 
This gives the results shown in Figure 2 to 4. 

Car 1 : Initial OSCAR H-Point and Final ES2 H-
point + Initial and Final Head CG points
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Figure 2.  Overall scattering of the 4 main 
parameters for Car 1. 
 

Car 2 : Initial OSCAR H-Point and Final ES2 H-
point + Initial and Final Head CG points
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Figure 3.  Overall scattering of the 4 main 
parameters for Car 2. 
 

Car 3 : Initial OSCAR H-Point and Final ES2 H-
point + Initial and Final Head CG points
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Figure 4.  Overall scattering of the 4 main 
parameters for Car 3. 
 
By looking at these drawings, one can notice that 
the initial Oscar H-Point and the final Head CG are 
less scattered than the initial Head CG and the final 
ES2 H-Point. This is completely linked to the test 
protocol that controls the initial H-Point and the 
Final Head CG through the daylight opening 
distance.  
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But if the two other parameters are scattered, this 
means that the dummy is not in the same final 
position. This is shown by one example presented 
in Figure 5. 

 
(a) 

 
(b) 

Figure 1.  Dummy test position for a same car in 
the same test laboratory but with two different 
test configurations (a) and (b) both fulfilling the 
Euro NCAP test protocol. 
 
So, we need to know what the differences are in the 
dummy position, which extent and if it is due to the 
bad repeatability of the test procedure or to the bad 
reproducibility. 
 

Figure 6 to 9 give some examples of the extent of 
the overall reproducibility for the 4 parameters 
without distinguishing the labs. 
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Figure 6.  Overall scattering of the Initial Oscar 
H-Point for Car 3. 
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Figure 7.  Overall scattering of the Final ES2 H-
Point for Car 2. 
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Figure 8.  Overall scattering of the Initial Head 
CG for Car 1. 
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Car 3 : Final CG Head
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Figure 9.  Overall scattering of the Final Head 
CG for Car 1. 
 
Table 4 gives the complete results of the overall 
reproducibility scattering for the 4 main 
parameters. 

Table 4. 
Overall scattering results (reproducibility) for 

the 3 cars on the 4 main parameters. 

Scattering (mm) Car 1 Car 2 Car 3 
Initial Oscar H-Point X 13 15 20 
Initial Oscar H-Point Z 7 15 19 
Final ES2 H-Point X 43 64 39 
Final ES2 H-Point Z 13 15 11 
Initial Head CG X 24 49 31 
Initial Head CG Z 26 21 28 
Final Head CG X 16 21 19 
Final Head CG Z 13 20 26 
 
From Table 4, we can notice that there is no car 
more scattered than the two others. 

Overall Reproducibility And Best Repeatability 
Analysis 

Before going into details to identify if there is one 
test parameter more sensitive than another, we 
decided to define what could be the minimum 
repeatability scattering. For this purpose, we looked 
at the results lab by lab and we found that Lab 3 
gave less scattering than the others for the reference 
tests. Therefore, we decided to say that the 
repeatability cannot be lessened more than the 
scattering measured in lab 3 on the reference tests 
(RA, RB, RC1-3). We called the Lab 3 
repeatability, the “best repeatability”. 
 
Combining this definition of repeatability with the 
distinction between the different test parameters, 
we got graphs that show that the overall 
reproducibility (by taking all the labs) is from 1.3 
to 4.8 times larger than the best repeatability (Lab 3 
repeatability). Examples are shown in Figure 10 to 
13. 

The other points shown on the graphs present the 
extreme values of each repeated test parameter 
(change of operator, change of Oscar, change of 
ES2, change of Mass) taking the three labs into 
account. 
 
Figure 10 shows the case of a reproducibility 
scattering 4.8 times larger than repeatability (initial 
Oscar H-point X). And Figure 11 shows the case of 
a reproducibility scattering 1.3 times larger than 
repeatability (Final ES2 H-point Z). These are the 
extreme values we got in our study.  
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Figure 10.  Overall scattering of the Initial 
Oscar H-Point for Car 1. 
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Figure 11.  Overall scattering of the Final ES2 
H-Point for Car 3. 
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Figure 12.  Overall scattering of the Initial Head 
CG for Car 2. 



  Adalian   8 

Car 2 : Final CG Head
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Figure 13.  Overall scattering of the Final Head 
CG for Car 2. 
 
The distinction between the different test 
parameters does not give clear trends.  
 
If we look at the reference scattering (blue circles) 
we can find that it highly contributes to the overall 
reproducibility. This conclusion is logical since the 
reference scattering is made of the reference tests 
carried out in the three labs. So, it already includes 
a different Operator, a different Oscar and a 
different ES2 dummy between the three 
laboratories. So, we logically find the contribution 
of three test parameters in the scattering named 
reference scattering. 

Analysis Of The Best Repeatability And Its 
Reproducibility 

To get a trend of the influence of each test 
parameters, we studied the results of Lab 3 only. 
Some of the results are presented in Figures 14 to 
18. 
 
For some exceptional cases, Lab 3 repeatability and 
Lab 3 reproducibility are identical. This is the case 
for Car 1 Initial CG Head (Figure 16). In this case, 
changing the dummy didn’t give an extra scattering 
to add to the scattering measured by repeating the 
reference test.  
 
On the other hand, for the same parameter, but for 
Car 2, changing the ES2 doubles or triples the 
scattering (Figure 17). 
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Figure 14.  Scattering of the Initial Oscar H-
Point for Car 3 in Lab 3 (Best Repeatability). 
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Figure 15.  Scattering of the Final ES2 H-Point 
for Car 2 in Lab 3 (Best Repeatability). 
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Figure 16.  Scattering of the Initial Head CG for 
Car 1 in Lab 3 (Best Repeatability). 
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Car 2 : Initial CG Head
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Figure 17.  Scattering of the Initial Head CG for 
Car 2 in Lab 3 (Best Repeatability). 
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Figure 18.  Scattering of the Final Head CG for 
Car 3 in Lab 3 (Best Repeatability). 

DISCUSSION 

Assessment Of The Scattering 

First of all, from all our analysis, we couldn’t 
highlight a car that gives more scatter than the two 
others. 
 
We measured the scattering of repeating a same 
test, with the same tools in the three laboratories 
and we found that there is one lab that gives better 
results than the two others. From this remark we 
can assume that repeatability cannot be lessened 
more than what we got in Lab 3, without changing 
the test protocol. 
So we know that the best repeatability scattering 
can be: 

- a Final H-Point within 26 mm in X and 8 mm in 
Z 

- a Final Head CG within 8 mm in X and 8 mm 
in Z  
 

But we also measured, within the same lab; a 
higher scattering as soon as one parameter is 
changed (whether it is the Oscar, the ES2, the mass 
or the Operator). 
Therefore, the assessment of the best 
reproducibility (within one lab) is: 

- a Final H-Point within 28 mm in X and 9 mm in 
Z 

- a Final Head CG within 14 mm in X and 14 mm 
in Z  
 
So, even by looking only at the results obtained in 
Lab 3, we can have up to 28 mm of scattering on 
the Final ES2 H-Point in X.  
For information, this value comes from a change in 
the mass with respect to a reference test. 
 
In addition, the 14 mm of scattering found on the 
Final Head CG in X does not come from a change 
in the ES2 dummy but from a change of Operator! 
This will change by 14 mm the pole impact line 
against the car whereas the set-up was carried out 
in the same laboratory. 
 
 
Now, if we look at the overall reproducibility - a 
case we can easily encounter when we develop a 
car in one lab and we assess its performance in the 
Euro NCAP rating in another lab - we find: 

- a Final H-Point within 64 mm in X and 15 mm 
in Z 

- a Final Head CG within 21 mm in X and 26 mm 
in Z  
 
So, between two laboratories, the pole impact line 
may change by up to 21 mm while fulfilling all the 
Euro NCAP requirements. And at the same time, 
we can also have a final H-Point X scatters at 
64 mm! 
 
To try to represent the consequences of these two 
extreme positions a dummy can have in one car, we 
can get what is shown in Figure 19: 

- Dummy 1 is the reference dummy  

- Dummy 2 shows the dummy position with the 
extreme scatters 

- Figure 19 shows the superposition of the 
dummies with the door reinforcements and door 
panel 
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(b) 

Figure 19.  Drawing of the two extreme positions 
a dummy can have in one car following the 
results of our study – (a) view from the car 
inside and (b) view from the car outside. 
 
Now, we need to quantify exactly the consequences 
on the dummy readings. We will take the extreme 
positions defined in the study. But we already 
know that these dynamic tests will also give some 
extra scatterings since two different dummies will 
not have the same dynamic behaviour. 
This will be made in a future phase, not yet 
realised. 

Parameters To Measure Or Control During The 
Test Preparation 

By following the tests in the different laboratories, 
it has been highlighted that some extra parameters 
have to be measured and controlled.  
 
We need to avoid checking the changes between 
step 1, step 2 and step 3 by counting the number of 
notches in the seat back angle or in the seat rails. 

Clearly, if we have something to check, we need to 
ask for the seat back angle change in degrees and 
the seat forward motion in millimetres. In addition, 
for the seat back angle change, we also need to 
clearly define how to measure it (on the head 
restraint stem angle, for instance, with an 
inclinometer or directly through some CMM 
measurements). 
 
Moreover, the test protocol could also be better 
defined. Some pictures could be added to the 
different steps; to be sure operators will follow the 
same set-up. This is especially true for the 
definition of the daylight opening distance (we saw 
some hesitation between the way to take the 
reference point: door open or door closed?). 
 
In the same way, some tolerances need to be added. 
For instance, the protocol states that for step 2 the 
angle could not be changed by more than 5°. But in 
some cars we have seat back articulation that 
moves 1.8° by 1.8° (one more notch gives a 1.8° 
change in seat back angle). Therefore, being less 
than 5° means two notches = 3.6°. On the other 
hand, going to the third notch will give 5.4° total 
change which is quite closer to 5° than the initial 
3.6° change. Do we allow some tolerance to the 
maximum change of 5°? Or do we need to be strict 
even if only 3.6° are taken out of 5°? 
 
Finally, the dummy intrinsic head position is of 
extreme importance. We already showed that in the 
phase 1 of our study. A specific zoom is given in 
Figure 20. 
 

24°7° 24°7°

 
Figure 20.  Two extreme final positions of the 
ES2 dummy head in real Euro NCAP-like pole 
impact tests. 
 
This head position is not controlled by the dummy 
calibration and no specific device can be used to 
adjust it. The only explanation of the difference in 
the angle is the fact that there is the possibility of 
using three types of nodding blocks (rubber 
elements) of different stiffness. But the stiffness of 
these nodding blocks has to be chosen to fulfil the 
neck corridor. Normally, when using a brand new 
neck, the softer nodding blocks are used. Then, 
after several tests, there is a need to come to the 
mid-softness nodding blocks. And finally after 
some more tests, it is required to use the harder 
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nodding blocks to be sure the neck corridor is still 
fulfilled. 
So, changing the nodding blocks or imposing one 
specific type of nodding blocks will not be possible 
unless multiplying by three the number of neck to 
buy and replace. 

CONCLUSIONS 

In order to assess the scattering of the pole test, we 
conducted a study on the dummy set-up and impact 
line set-up of three different car models in three 
different laboratories. Each laboratory used a same 
reference set-up (same Operator, same Oscar, same 
ES2 dummy and same mass repartition) and 
repeated it three to five times. Each lab also 
followed our demand to change one parameter after 
the other while still fulfilling the Euro NCAP pole 
test impact requirements. Every time, the 
measurements were repeated once. 
With the whole database, we derived an assessment 
of the scattering and we shown that the final 
position of the dummy can be scattered from 
64 mm in the ES2 final H-Point X coordinate and 
21 mm in the ES2 Head CG X coordinate. This will 
change the position of the whole dummy with 
respect to the car inside (door panel, side airbag, 
curtain airbag) as well as a change in the pole 
impact line on the car. 
We were able to assess the overall reproducibility 
but also what we can call the best repeatability. 
Indeed, we found one lab which gives less scatters 
than the others when repeating the test 
measurements with the same tools.  But on the 
other hand, even in this lab, changing only one 
parameter gave an extra scatters. 
 
This analytical study will also be analysed with a 
specific statistical tool which will be presented in 
the oral document. This will help to highlight if one 
test parameter, or tool, is more sensitive than the 
others. 
 
Finally, the full study will be finished when we 
reproduce the extreme dummy positions in 
dynamic tests and we quantify the changes in the 
dummy measurements. This is planned to be 
carried out later this year. 
 
But even without performing these extreme test 
positions, we already have an assessment of the 
scattering in the dummy readings, through dynamic 
tests carried out at different test labs, as presented 
in the phase 1 of our study. The maximum 
scattering we had, without trying to assess an 
extreme scattering, was 2.98 points out of 16. This 
is already of enough importance to pay attention 
and try to reduce the scatter. 
 

We hope other studies will be carried out on the 
same topic, so that more expertise will be added, 
and probably the test protocol will be improved to 
control and restraint the overall scattering of the 
pole test impact. 
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ABSTRACT 
 
In case of lateral impacts, the most frequent contact 
source is the side window. This window is also the 
most frequent aperture through which occupants are 
partially or fully ejected during a  lateral crash. In 
order to keep occupant within the vehicle during a 
collision, laminated side glasses have been 
developed to gradually replace tempered glasses. 
Three-layered laminated glazing is composed of 
two glass layers separated by a plastic 
PolyVinylButyral (PVB) interlayer. The aim of the 
present work is to improve the understanding of the 
side window’s mechanical behaviour during a head 
impact. An experimental study is undertaken which 
consists of an impact of a Hybrid III dummy head 
on both laminated and tempered side glazing. It 
appears that at same velocity, impact against 
laminated glass leads to a significant lower injury 
head risk than a tempered glass. The principal role 
of laminated glazing has been preserved as PVB 
layer never fails. A laminated side glass FE model 
is then proposed based on experimental validation, 
with the PVB interlayer implemented by an 
elastoplastic law with failure criteria. A parametric 
study is carried out to define the influence of the 
laminated glass mechanical characteristics on the 
head response. The parametric study pointed out the 
importance of the glass layer thickness on head 
responses in terms of head injury criteria. 
 

INTRODUCTION 
 
In case of lateral car crash, the most frequent 
contact source is the side window. This side 
window is also the most frequent (40 %) apertures 
through which occupants are partially or fully 
ejected during a crash (Clarke et al. 1989, Morris et 
al. 1993, Hassan et al. 2001). Occupant ejection 
from vehicles is often considered to be a contributor 
to death and serious injury. The head/neck region is 

the most frequently injured body region of ejected 
occupants (Hassan et al. 2001). In order to keep 
occupant within the vehicle during a collision, 
laminated side glass has been developed to 
gradually replace tempered glasses. This security 
glass is composed of two layers of heat-
strengthened glass (2.1 mm thick) with a plasticised 
interlayer membrane of PolyVinylButyral or PVB 
(0.76 mm thick). This enhanced protective glass 
offers a good resistance for breaking and entering. 
It can resist an aggressive attack for 20-30 seconds 
compared to tempered glass which would resist the 
attack for only 1-2 seconds (Lu et al. 2000). 
In the late 1980’s, Clarke et al. conducted rollover 
tests on vehicle containing bi-layer glazing in the 
side window openings. The authors demonstrated 
the potential of glass-plastic glazing to significantly 
reduce ejections through motor vehicle windows. 
Clarke provides acceptable neck loads under severe 
glazing contact conditions. Advanced glazing 
systems may reduce partial and complete ejections 
through side window, according to the same 
authors. In 2002, Sances et al. simulated rollover 
accidents consisting of a Hybrid III dummy test 
device impacting side windows with three-layered 
laminated glazing. This glazing contained the 
dummy assembly. Head-neck biomechanical 
parameters were below the critical value injury 
tolerance limits value. The dummy assembly never 
went through this security glazing. More recently, 
other authors stated that production laminated side 
glass is not an efficient barrier to occupant ejection 
during rollover (Kramer et al. 2006, Pierce et al. 
2007). Evaluations were made against laminated 
glazing by drop tests on door-glass systems. 
Rollover accidents typically include multiple 
impacts and potentially long duration forces on the 
side glazing. For this reason, some authors (Piziali 
et al. 2007, Luepke et al. 2007) do not associate 
laminated glazing as a suitable candidate for 
occupant containment during rollovers. However 
the use of laminated side glazing in automobiles is 



Munsch 2 
 

increasing. To understand the retention 
characteristics of laminated glazing, several 
mathematical and numerical models have been 
developed in order to model the laminated glass 
behaviour. Concerning numerical aspects, 
Mukherjee et al. studied impacts of pedestrians 
against windscreens. The authors implemented an 
isotropic elastic brittle law for the glass and an 
elastic law for the PVB layer with the mechanical 
characteristics of glass and PVB extracted from 
Haward’s study in 1975. Du Bois et al. in 2003 and 
more recently Timmel et al. 2007 modelled 
windscreens for crash simulations with a 
hyperelastic law for PVB, such as Blatz-Ko’s, 
Mooney-Rivlin’s or Ogden’s laws. The two glass 
layers with small plastic deformations until rupture 
have been implemented by a linear plastic law. To 
represent the three-layered glass behaviour, shell 
elements were used for glass layers and a 
membrane for PVB interlayer. Zhao et al. (2006) 
studied impact resistance of laminated glazing 
under head impact. PVB has been modelled as 
linear elastic in this study. Dharani et al. 
investigated failure modes of a laminated glass 
subjected to head impact using a linear viscoelastic 
material for PVB interlayer. According to Wei 
(2004), difference in stress obtained by treating the 
PVB as linear viscoelastic and linear elastic is less 
than 2 %. Considering the PVB plastic behaviour, 
Parsa et al. (2005) are the only one to suggest an 
isotropic viscoplastic model for laminated glass to 
study the glass creep forming process. 
All these models are applied to windscreens. 
Laminated side glazing has not yet been 
numerically investigated under head impact. In a 
first step an experimental study was carried out to 
compare effectiveness and advantages of the two 
current types of side glazing used, tempered and 
laminated glasses. In a second step a finite element 
model of a laminated side window will be proposed 
and validated against experimental date. Finally a 
parametric study on four mechanical parameters of 
the lateral window will be conducted in order to 
propose a tool for lateral window optimisation 
against head criteria. 

 

METHODOLOGY 
 
An experimental study is undertaken which consists 
in impacting a Hybrid III dummy head against both, 
a laminated and a tempered side glasses. A set of 15 
laminated windows and 5 tempered windows were 

studied. Head impact velocities ranged between 3 
and 9.5 m/s, which is a realistic level of real head 
velocity during side impact crash (Bosch et al. 
2005). 
A laminated side glass FE model is then proposed 
based on isolated experimental data. Same 
boundary and initials conditions as for the 
experimental tests were. A parametric study is 
carried out to define the influence of the laminated 
glass mechanical characteristics on the head 
response. 
 
Experimental approach 
 
Testing is performed on an impact test bench, 
which principle scheme is given in Figure 1. This 
device consists of catapulting a headform against 
the glazing thanks to a jack supplied in compressed 
air. This air propels a carriage on which the head is 
set. The carriage is rapidly stopped letting slip the 
headform freely before impact. This device enables 
it to get propulsion velocities in a range of 5 to 10 
m/s. Two devices enable to determine head 
velocity. The first one consists of a photodiode 
which is blocked up during the carriage passing. 
The carriage velocity is calculated just before head 
releasing by the length of the shutter divided by the 
blocking up time duration. The second device 
consists of a head tracking from a video obtained 
by a high-speed camera. The Photron Fastcam 
Ultima APX records 1000 frames per second at 
resolution of 1024x1024 pixels. Four targets fixed 
on the headform surface permit to compute head 
angular and linear velocity before and during, by 
tracking methods. Data acquisition system is 
performed by a PC-based platform PXI-1010 
National Instruments with Labview software. 
Sampling frequency for data recording is set at 
10 kHz. The headform is a Hybrid III dummy head 
developed by Foster et al. in 1977. The headform is 
composed of an aluminium structure covered by a 
vinyl synthetic skin with a total mass of 4.53 kg. In 
order to record the head linear acceleration, a 
triaxial linear accelerometer (Kistler) with a 
sensitivity of 10 mV/g and a measure range of 
± 500 g is set at its centre of gravity. Accelerations 
data are filtered with a cut-off frequency of 1 kHz. 
Figure 2 represents Hybrid III headform with the 
different targets, the accelerometer location in the 
headform and its reference frame. Finally, in 
addition to head kinematics, HIC is computed with 
the linear acceleration data. 
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Figure 1. Impact test bench: Principle scheme. 

 

  
(a) 

  
(b) 

 

Figure 2.  Hybrid III headform: (a) location of targets, 
(b) accelerometer location and reference frame. 
 
The windows used in this study are front right side 
windows of a Volvo S80. In order to respect 
window boundary condition, the windows are 
enchased, closed in the lateral door which is fixed 
thanks to rubber stripes. Figure 3a represents the 
window setting in the door. The lateral door is hold 
screwed on the bench at point A, as represented in 
Figure 3b. Jambs of the door are maintained at 
points B and C. The door body is maintained on its 
slopes to avoid translations along impact direction. 
 

(a) (b) 
 
Figure 3.  Side window: (a) Window frame in door,  
(b) Door setting on test bench (screw: A, wedge: B,C). 
 
Tests are performed on 15 laminated glasses and 5 
tempered glasses. Table 1 summarizes the different 
tests with impact velocity and type of glazing used. 
Nine tests are realised on tempered glazing at 
impact velocity ranging from 6.6 m/s to 9.4 m/s. A 
total of fifteen tests are performed on laminated 

glazing in an impact velocities range of 2.9 m/s and 
11.3 m/s. 
The description of the different tests results on 
laminated and tempered glazing will be presented. 
Results will be then analysed in terms of head 
response and injury assessment for both type of 
glazing. 
 
Table 1.  Tests realised on both laminated and 

tempered glasses with impact velocity. 
 

 Test n° Velocity 
[m/s] 

 Test n° Velocity 
[m/s] 

L
am

in
at

ed
 g

la
ss

es
 

1 2;9 

T
em

pe
re

d 
gl

as
se

s 

  
2 3,4   
3 3,9   
4 4,0 1 6,6 
5 5,0 2 6,7 
6 6,3 3 7,4 
7 6,4 4 7,5 
8 6,8 5 7,7 
9 7,4 6 7,8 
10 7,4 7 7,9 
11 7,4 8 9,1 
12 7,4 9 9,4 
13 8,5   
14 8,9   
15 11,3   

 
 
Numerical aspects 
 
The second step of this study is to develop a 
laminated side glass FE model validated against 
experimental data. 
The side window Finite Element model is presented 
in Figure 4. This model is based on CAO geometry 
and is meshed with Hypermesh software. It consists 
of 16613 shell elements modelling the laminated 
glazing and 8443 brick elements modelling the 
rubber band. Glazing is modelled under Radioss 
code by a three layered composite shell with three 

Y 

Z 
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different thicknesses: 2.1 mm (glass), 0.76 mm 
(PVB), 2.1 mm (glass). Glass layers are assigned to 
an elastic brittle law. An elastoplastic law is 
implemented for PVB interlayer based on Johnson 
Cook material for rupture simulation. Rubber band 
is assigned to an elastic law. Concerning material 
properties, start point is to consider windscreen 
properties performed by Mukherjee et al (2000). 
Young modulus of glass is set at 74000 MPa with a 
yield stress of 3.8 MPa. PVB is assigned to a 
Young modulus of 50 MPa, a yield stress of 30 
MPa and a failure strain at 0.51. These reference 
properties will be fitted in order to reproduce 
mechanical behaviour of laminated glazing during 
experimental testing.  
The mechanical behaviour of the FE lateral 
laminated window model will be validated against 
experimental test number five with an initial 
velocity about 5m/s For this the HIII head FE 
model was used in simulations. This model consists 
of shell elements modelling the skull covered by a 
layer of brick elements. A linear elastic law is 
implemented for bricks modelling the skin. 
Mechanical parameters of the HIII FE head model 
are listed in Table 2 and the total mass of the head 
model is 4.53 kg. 
Equivalent initial conditions and boundary 
conditions as experimental ones have been applied. 
These conditions are represented on Figure 5. 
Interface between window and rubber band is 
considered as elastic. The validation of the lateral 
window FEM is made in terms of maximum linear 
acceleration at the centre of gravity of the head, 
HIC criterion, glass permanent strain and glass and 
PVB cracks. 
 
Finally, in order to define the influence of the 
laminated glass mechanical characteristics on the 
head response, a parametric study at 5 m/s was 
undertaken. Four mechanical parameters have been 
varied: the glass and PVB elastic limit, the 
thickness of the glass and the PVB interlayer. Each 
parameter has been set on three different values: a 
reference value, a high (+ 30 %) and a low (- 30 %) 
value. The head response was computed in terms of 
maximum linear acceleration of its center of gravity 
and HIC value. To analyze and to refine all results, 
a principal component analysis (PCA) was 
performed (Volle, 1997) to analyse head response 
as a function of laminated glass characteristics. 
 

 
 

Figure 4. Lateral Window Finite Element Model (16 
613 shells, 8 443 bricks). 

 
 
 

Table 2. HIII FEM mechanical properties. 
 

component law elements 
Mechanical 
properties 

skull 

L
in

ea
r 

el
as

ti
c 408 

shells 

ρ = 260 Kg/m3 
E = 210 000 MPa 

ν = 0,29 

skin 
1224 
bricks 

ρ = 99 Kg/m3 
E = 60 MPa 
ν = 0,409 

 

 
 

 

 
 

 
 

  
 
Figure 5.  Initial and boundary conditions applied to 
the window FEM comparing to experimental 
conditions. 
 
 

  

velocity 
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RESULTS 
 
In this section experimental results will be 
presented by comparing tempered and laminated 
glass results. Results concerning the FEM of the 
lateral laminated glass windows validation will be 
proposed by reproducing test number 5. Finally 
results concerning the numerical parametric study 
will be analyzed. 
 
Experimental results 
 
This section presents comparative experimental 
tempered-versus laminated windows impacts. 
Tables 3 and 4 lists the different tests performed on 
tempered and tempered side glazing respectively. 
These tables report head velocity at impact, 
maximum linear acceleration at center of gravity of 
the head and HIC values. Lines in grey represent 
tests leading to a window failure. Testing was 
performed on impact test bench at velocity range of 
3 to 11 m/s. A pendulum system was used for 
velocity under 5 m/s on laminated glazing as 
exposed in the methodology (tests n°1-4).  
 
Table 3.  Tests on tempered glazing with maximal 
linear acceleration and HIC; grey tests led to a glass 
failure. 
 

Test n° v [m/s] γmax [g] HIC 
1 6,6 258 1190 
2 6,7 293 1327 
3 7,4 525 3347 
4 7,5 431 2481 
5 7,7 279 1451 
6 7,8 356 1646 
7 7,9 198 321 
8 9,1 357 1772 
9 9,4 586 3698 

 
 
 
 

 
Further observations about broken laminated 
glasses are detailed in Table 6. In case of failure, 
cracks appear in both glass layers. An example of 
coordinates of impact location, cracks after impact 
and permanent strain is represented in Figure7  for 
test n° 5. 
In the two last presented cases, there was a 
duplicated impact of head on the window. In only 
one case (test n°14), PVB interlayer broke. The 
rupture location corresponds to the nose impact. 
Window permanent strain go from 5 to 15 mm. One 
can notice that there is no correlation between 
window permanent deformation and impact 
velocity. 
 
 
Table 4.  Tests on laminated glazing with maximal 
linear acceleration and HIC; grey tests led to a glass 
failure. 
 

Test n° v [m/s] γmax [g] HIC 

1 2,9 503 2827 
2 3,4 545 4041 
3 3,9 429 1015 
4 4,0 511 2264 
5 5;0 104 101 
6 6,3 428 2892 
7 6,4 126 148 
8 6,8 139 211 
9 7,4 483 1893 
10 7,4 306 1374 
11 7,4 324 1383 
12 7,4 402 1177 
13 8,5 284 702 
14 8,9 98 249 
15 11,3* 143 2041 

 

 
 
 

   
 

Figure 7. Window condition after impact at test n°5, coordinates of impact location and window permanent strain 
 
 
 

10 mm 
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Table 6.  Observations on broken laminated glasses, permanent strain and impact location. 
 

N° Test Observations Per. Strain. 
[mm] 

Impact 
location 

5 
Window initially cracked 

Concentric cracks: r=50, 110, 180 mm 
No PVB rupture 

10 
X = 230 
Y = 200 

7 
Concentric cracks: r=50, 180mm 

Linear cracking 
No PVB rupture 

5 
X = 210 
Y = 200 

8 

nape impact 
Concentric cracks: r=50,140, 170, 300 mm  

No PVB rupture  
Long linear crack on rear glass layer 

13 
X = 230 
Y = 225 

12 
Linear cracking 
No PVB rupture 

10 
X = 230 
Y = 220 

13 
Linear cracking 

Concentric cracks : r=30, 70 mm 
No PVB rupture 

10 
X = 230 
Y = 225 

14 

duplicated impact : chin (1) and nose (2) 
Concentric cracks : r=80, 200 mm 

 PVB rupture (2) 
Long linear crack 

13 

X1 = 230       
Y1 = 225 
X2 = 300       
Y2 = 250 

15 
duplicated impact : nape (1) and chin (2) 
Concentric cracks : r=140, 190, 300 mm 

Long linear crack 
15 

X1 = 180 
Y1 = 150 
X2 = 260       
Y2 = 210 

 

 
 
Histograms reported in Figure 8 represent maximal 
linear acceleration at the center of gravity of the 
head and HIC values for all tests on tempered 
glazing. Tests are sorted by increasing velocity. 
Bars in dark grey represent broken windows. 
Tolerance limit of 1000 is also represented for HIC 
criterion. Maximal linear accelerations values stand 
between 198 g to 586 g. In general, all tests on 
tempered glazing led to HIC values greater than the 
tolerance limit, with values from 1190 to 3698. For 
impact n°7 on tempered glass, predated by tests n°3 
and 4, it appears a significant decrease in peak 
linear acceleration and HIC value. This could be 
associated with an initiation of micro-cracks due to 
a repetition of impact.  Broken  windows  (in dark 
grey)  appear at impact velocity from 7.9 m/s (test 
n°7). Histograms on Figure 9 represent respectively 
maximal linear acceleration at the center of gravity 
of the head and HIC values for all head impact tests 
against laminated glazing. Tests are sorted by 
increasing velocity. Bars in dark grey represent 
broken windows. 
 
In tests leading to no rupture for laminated glasses, 
maximal linear accelerations stand around 400 g 
(bars in light grey) and HIC values stand all over 
the tolerance limit of 1000. Mostly tests leading to 
rupture present HIC values lower than the tolerance 
limit except test n°12 and 15. 

 

 
(a) 

 
(b) 

 
 

Figure 8.  (a) Maximal linear acceleration and (b) 
HIC for impact tests on tempered glazing classified 
by increasing velocity, in light grey for unbroken 
windows, in dark grey for broken windows. 
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There appear three distinct areas for laminated 
glazing as a function of velocity (Figure 9):  
- A first area (I) where there is no rupture for 
laminated glasses, tests n°1-4 at impact velocity 
lower than 5 m/s. 
- the third one (III) include brken windows over an 
impact velocity of 7,5 m/s for tests n°13 to 15. 
- The second area is referring to tests n° 5 to 12 
between impact velocity of 5 m/s to 7,4 m/s. These 
cases led to unpredictable glass rupture. 
 
It appears that if the windows failed, the HIC is 
generally lower than if there is no rupture. It should 
also be recalled that if the tempered glass break, 
partial ejection exist which is not the case when 
laminated glass failed 
 

(a) 

(b) 
 

Figure 9.  (a) Maximal linear accelerations and (b) 
HIC for impact tests on laminated glazing classified 

by increasing velocity, in light grey for unbroken 
windows, in dark grey for broken windows. 

I: rupture, II: unpredictable rupture, III: no rupture. 
 
 
Figure 13 and 14 represent respectively maximal 
linear acceleration at the center of gravity of the 
head and HIC criterion for 6 cases of laminated 
glazing and 6 other cases of tempered glazing. 
These twelve cases are comparable in terms of head 
impact velocity. 

For laminated glazing, HIC values stand under the 
limit of 1000 except for test n° 9 at 7.4 m/s and test 
n°12.  
In case n°9 the laminated window did not break. 
For tempered glazing, HIC values exceed HIC 
tolerance limit, except for test at impact velocity of 
9 m/s where the tempered glass broke.  
In most of these cases, maximal linear acceleration 
and HIC values are lower for laminated glazing. 
HIC values go from around 200 to 2000 for 
laminated glazing against 300 to 3500 for tempered 
glazing. Only one comparison presents the 
opposing trend. In the fifth comparison (white bars 
around 9 m/s), values remain greater for laminated 
glazing (70) than for tempered glazing (321). At 
this velocity, tempered glass broke and there was a 
head defenestration. Laminated glazing plays its 
principal role which is to hold the head inside the 
car and to fail with HIC value under 1000. 
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Figure 13.  Maximal linear accelerations for tests on laminated and tempered glasses for 12 similar cases (B for 
broken, NB for not broken), vL: velocity for Laminated window impact, vT: velocity for Tempered window impact. 

 
 

 
 

Figure 14.  HIC values for tests on laminated and tempered glasses for 12 similar cases (B for broken, NB for not 
broken), vL: velocity for Laminated window impact, vT: velocity for Tempered window impact. 

 
 

 
Numerical results 
 
The laminated side window model validation is 
based on experimental data from test n°5 at 5 m/s. 
In order to validate laminated behaviour, the 
mechanical parameters are fitted on both laminated 
glass and PVB properties. 
During this fitting, it appeared that initials 
conditions in door clumping influenced the model 
response in a significant way in terms of PVB strain 
and crack propagation in glass layers. Different 
ways of clumping were analysed in order to come 
closer to experimental cracks represented in Figure 
7. 
In parallel to this clumping analyse, the fit of 
mechanical parameters have been performed in 
terms of Young modulus, yield stress and failure 
strain. The aim of this fitting would be to reproduce 
cracks in glass layers and strain in PVB interlayer. 
Variations in Young modulus of both materials do 
not influence results. The variation of the yield 
stress of the two materials combined (glass and 
PVB) influenced the permanent plastic strain of the 

laminated glazing. A more accurate optimisation of 
these mechanical parameters has been made in 
terms of maximal linear acceleration and HIC 
criterion. 
Final mechanical properties of glass, PVB and 
rubber listed in Table 7 give the best values 
compared to experimental results. Results in terms 
of maximal linear acceleration, HIC criterion and 
permanent strain are detailed in Table 8 for 
experimental testing and numerical simulations.  
It results for linear acceleration an error of 20 %. 
HIC values go from 101 in experimental case to 
138 in numerical simulation. Figure 15 shows the 
cracks of window after experimental impact and 
numerical simulation at impact velocity of 5 m/s. It 
can be observed two principal concentric cracks at 
radius equal to 97 mm and 163 mm on numerical 
picture compared to values equal to 1100 mm and 
180 mm on testing window. We also observed a 
beginning of long linear cracks in accordance with 
experimental results. The PVB interlayer remains 
intact in both cases (experimental and numerical 
results). 
 



Munsch 9 
 

Table 7.  Final mechanical properties for glass and PVB layers and rubber bands applied to the laminated window 
FEM. 

 

Constituent Propriety Mechanical parameters Values Element type Thickness 

Glass Elastic brittle 

Density 2500 Kg.m-3 

Shell 2.1 mm 

Young Modulus 70000 MPa 

Poisson’s ratio 0.2 

Yield stress 50 MPa 

Maximum strain 0.0007 

PVB 
Elastoplastic with 

rupture 

Density 950 Kg.m-3 

Shell 0.76 mm 

Young modulus 50 MPa 

Poisson’s ratio 0.4 

Yield stress (a) 20 MPa 

Hardening modulus (b) 20 

Hardening exponent (n) 0.9 

Failure strain 1,2 

Rubber Elastic 

Density 1052 Kg.m-3 

Bricks 5 mm Young Modulus 3.91 MPa 

Poisson’s ratio 0.4 
 

 
Table 8.  Experimental and numerical results for impact at 5 m/s on laminated glass. 

 

Parameter Experimental Numerical Error % 

Impact velocity [m/s] 5 5 0 

Maximum linear acceleration [g] 103,82 125 20 

HIC 101 138 37 

Window permanent strain [mm] 10 12 20 
 

 

 
Figure 15. Cracks on laminated side window for impact at 5 m/s with HIII headform, comparison of experimental 

and numerical simulation. 

Internal glass layer 

External glass layer 

PVB interlayer 

Experimental cracks 

Strain 

Strain 

Strain 
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Parametric study 
 
Four mechanical parameters have been varied: the 
glass and PVB elastic limit (C and D), the thickness 
of the glass (A) and the PVB interlayer (B). Each 
parameter has been set on three different values: the 
reference value used in the model validation, a high 
(+ 30 %) and a low (- 30 %) value. The tests used 
for the parametric study remain in the same 
boundary conditions at 10 m/s reference velocity 
for normative impacts. Head response for a given 
simulation was calculated in terms of maximum 
linear acceleration at the center of gravity of the 
head  and  HIC  value. A total of 16 simulations 
were run with a simulation protocol illustrated on 
Table 9. 
Histograms shown in Figure 16a and b represent 
respectively the maximum linear acceleration at the 
center of gravity of the head and HIC values 
calculated for each simulation. While the reference 
value in term of maximum linear acceleration 
reaches 292 g, one of two results stand around a 
value of 180 g, the others around a value of 400 g. 
This variation corresponds to the A parameter. We 

can already conclude that the glass thickness 
influences head response in terms of linear 
acceleration. The same trend is observed 
concerning HIC values.  
The principle of the PCA is to research the best data 
representation with the less possible dimensions to 
reduce the number of variables or the initial space 
dimension number. This consequently allows to 
explain and to display data with a reduced number 
of axes in order to facilitate the interpretation of 
synoptic results. The first result is the correlation 
matrix reported in Table 10. From this we can 
observe that some of the variables are highly 
correlated which means that they move together 
(boxes in dark grey). We can mention for example 
that input variables B and D have less correlation 
with output variables. On the other hand, the glass 
thickness (A), as observed before, is highly 
correlated with head responses, maximum linear 
acceleration (0.98) and HIC (0.85). The variable C 
is moderately correlated with HIC criterion (0.5). 
Finally maximum linear acceleration and HIC 
values are naturally correlated (0.92). 
 

 
Table 9. Simulation protocol indicating for each of the 17 simulations, the window characteristics retained: +/- stand 

+30% or -30% of the reference window properties values. 
 

REF S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 

A                        

(Glass thickness - mm) 
2,1 - + - + - + - + - + - + - + - + 

B                        

(PVB thickness - mm) 
0,76 - - + + - - + + - - + + - - + + 

C                        

(Glass elastic limit - MPa) 
50 - - - - + + + + - - - - + + + + 

D                        

(PVB elastic limit - MPa) 
20 - - - - - - - - + + + + + + + + 

 

 

(a) 
 

(b) 
Figure 16. Maximal linear acceleration (a) and HIC values (b) calculated for each simulation. 
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The next step is then to calculate the principal 
components. Here the correlation matrix (Table 10) 
is considered in a mathematical point of view. For 
this symmetric matrix (6x6) the eigenvalues and 
eigenvectors are then determined. These 
eigenvalues reflect the quality of the projection 
from the N-dimensional initial table (N=6 in this 
study) to a lower number of dimensions. Each 
eigenvalue corresponds to a factor which is a linear 
combination of the initial variables, and all the 
factors are un-correlated (r=0). The eigenvector 
associated with the largest eigenvalue has the same 
direction as the first principal component. The 
eigenvector associated with the second largest 
eigenvalue determines the direction of the second 
principal component. These axes are defined by 
linear forms (1) and (2). 
Ideally the first two or three eigenvalues will 
correspond to a high percentage of the variance, 
ensuring us that the maps based on the first two or 
three factors are a good quality projection of the 
initial multi-dimensional table. In this study, the 

first two factors allow us to represent 66.6 % of the 
initial variability of the data. 
The correlation circle represented in Figure 17a is 
useful in interpreting the meaning of the axes. It 
shows a projection of the initial variables in the 
factors space. In this study, the horizontal axis 
which represents 48.6 % of the variability is linked 
with the glass thickness (0.552), HIC criterion 
(0.573) and maximum linear acceleration (0.575). 
Along F2 which describes 18 % of the variability, 
the main important parameter is the glass elastic 
limit (-0.910).Figure 17 b is the ultimate goal of the 
PCA. It permits to look at the data on a two-
dimensional map, and to identify trends. We can 
see that simulations are classified from the left (less 
value) to the right (high value) along the first axis 
from S1 to S16; S17 represents the simulation of 
reference. We can note that the best simulations in 
terms of HIC criterion and maximum linear 
acceleration are localized in the portion of space 
described by F1≤0 and more accurately by F2≥0. 
The space described by F1≤0 corresponds to the 
influence of glass thickness. The refinement in 
space corresponds to glass elastic limit. 
 

 
Table 10. Correlation matrix between the N=6 variables. 

 
  A B C D HIC γmax 
A 

(Glass thickness)  1 0 0 0 0,85 0,98 
B 

(PVB thickness) 0 1 0 0 0,04 0,06 
C 

(Glass elastic limit) 0 0 1 0 0,50 0,13 
D 

(PVB elastic limit) 0 0 0 1 0,01 -0,001 
HIC 0,85 0,04 0,50 0,01 1 0,92 
γmax 0,98 0,06 0,13 -0,001 0,92 1 

 

 

AxisF1 = 0.552 A + 0.032 B + 0.190 C + 0.003 D + 0.573 HIC + 0.575 γmax (1) 

 
AxisF2 = 0.314 A + 0.027 B – 0.910 C – 0.030 D – 0.189 HIC + 0.188 γmax (2) 

 

 
 

(a)  
(b) 

Figure 17. PCA correlation circle of the 6 variables (a), factorial plane (b). 

1 : A: glass thick. 

2 : B: PVB thick. 

3 : C: glass  elastic limit 

4 : D: PVB elastic limit 

5 : HIC 

6 : γmax 
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DISCUSSION & LIMITATIONS 
 
This study shows that side windows with laminated 
glazing are safer than tempered glazing. For the 
same velocity, laminated glass windows broke and 
thereby decreased head injury risks in case of 
impact, whereas tempered glass did not. At an 
impact velocity from 6 m/s to 9 m/s against 
tempered glass windows, HIC values stood over a 
limit of 1000, which is the normalized value for 
pedestrian head impact at 10 m/s (Directive 
2003/102/EC). The PVB interlayer has never 
broken at impact velocities of 3 m/s to 9 m/s, 
contrary to tempered glass. Therefore, laminated 
glass avoids partial ejection. The developed model 
even if validated against experimental results need 
further investigation for the optimization of its 
behaviour against both HIC and more biofidelic 
head injury criteria based on human head FE 
modelling (Marjoux et al. 2006, Deck et al. 2008). 
The parametric study pointed out the prevailing part 
of the glass layer thickness (A parameter) on head 
responses in terms of maximal linear acceleration at 
the center of gravity of the head and HIC criterion. 
The thicker the glass is the more critical HIC 
criterion becomes. Therefore head injury risks 
increases. Yield stress of glass has a lesser 
influence on maximal linear acceleration and HIC. 
The PVB thickness and its yield stress have no 
influence on head response. These findings follow 
the results from Zhao et al. (2006). Glass ply 
thickness plays a very critical role however the 
PVB interlayer thickness has no significant effect 
on the impact resistance of a laminated glass. 
Simulations which give the less injury risk in term 
of HIC criterion require a lower glass thickness and 
a lower glass yield stress. 
A main limitation resides in reproducibility of 
experimental testing. Mode of transport, production 
line and stochastic nature of glass are parameters 
not controlled. Only new laminated and tempered 
glasses were used in this study. Each test involves a 
change in boundary conditions of the window, a 
manual repositioning of the head on the carriage. 
Some difficulties appeared also during the 
experimental testing, mainly in the velocity fitting 
and in the control of head rotation at the time of 
impact, which lead to minor errors in linear 
acceleration peaks. In the numerical impact 
reconstructions, the window vibrations due to the 
framing and the changes of windows were not 

considered. The limitation of this experimental 
study is the range of velocity. The propulsion 
system does not allow lower and greater impact 
velocities and could not reproduce same velocities. 
 

CONCLUSIONS & PERSPECTIVES 
 
The experimental tests consisted of a Hybrid III 
headform which impacts either laminated or 
tempered glasses side windows. Characteristics of 
the impact were investigated: velocity of the head, 
mechanical behaviour of the window (cracks, 
rupture, and plastic strain), linear acceleration at the 
center of gravity of the head and HIC criterion. The 
different tests were performed within a velocity 
range of 3 m/s to 9.5 m/s. A comparison between 
the laminated and tempered glass was performed. 
At same velocity, impact against laminated glass 
lead to less injury risk than a tempered glass with 
lower HIC values. The principal role of laminated 
glazing has been preserved; PVB layer never broke 
and laminated glazing led to lower injury risks. 
Laminated glass broke from 5 m/s and tempered 
glass broke from 8 m/s. In parallel of these 
experiments, a finite element model of laminated 
side window has been developed, validated and 
improved by a parametric study. 

In order to ensure the validation of the side 
window FE model in a large range of impact 
velocity more experiments with smaller speed 
increment must be conducted. In a further step the 
boundary condition of the head at neck level should 
be considered as this weak point is important in 
case of glazing braking and partial ejection.  
Finally in deep investigation of head injury risk and 
realistic laminated glass optimization should be 
conducted by coupling the windows model to a 
human head FE model. 
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ABSTRACT 

Over the past several years, NHTSA has 
conducted testing to evaluate a high-speed 
fixed offset deformable barrier crash test.  It 
was preliminarily determined that the 
benefits from such a crash test could lead to 
an annual reduction in approximately 1,300 
to 8,000 MAIS 2+ lower extremity injuries. 
NHTSA also conducted vehicle-to-vehicle 
crash tests to investigate the potential for 
disbenefits from a fixed offset deformable 
barrier crash test. This testing demonstrated 
that, for some sport utility vehicles, 
structural changes that improved their 
performance in high-speed frontal offset 
crash tests may also result in adverse effects 
on the occupants of their collision partners. 

The Directorate for Road Traffic and Safety 
(DSCR) of France developed and proposed a 
Progressive Deformable Barrier test 
procedure (PDB) to upgrade the current 
offset deformable barrier test procedure in 
the United Nations Economic Commission 
for Europe (UNECE) R.94 regulation.  
DSCR is proposing the PDB to potentially 
improve the barrier performance in testing 
of the current and future fleet.  Therefore, 
NHTSA is investigating the use of the PDB 
in the offset test procedure by comparing the 
current offset deformable barrier test 
procedure specified in FMVSS No. 208 
(ODB) to the PDB.  This paper also 
investigates the performance of each barrier 

to predict lower extremity injuries and the 
ability of the PDB to absorb more energy for 
heavy vehicles found in the United States 
(U.S.) fleet.   

The PDB performed as designed for heavy 
vehicles and produced approximately the 
same occupant compartment intrusions.  
Both the ODB and PDB did not produce the 
same lower extremity injuries as seen in the 
real-world.   

The general trend across each body region 
had a similar trend for each barrier.  That is 
the magnitude of each IAV for each body 
region was approximately the same for each 
barrier, but one barrier is not always the 
maximum.  

INTRODUCTION 

In the U.S., driver and right front passenger 
air bags are required in all passenger cars 
and light trucks under FMVSS No. 208.  
However, NHTSA estimates that over 8,000 
fatalities and 120,000 Abbreviated Injury 
Scale (AIS) 2+ injuries will continue to 
occur in frontal crashes even after all 
passenger cars and light trucks have frontal 
air bags (Docket number NHTSA-2003-
15715).  Therefore, NHTSA has focused on 
the development of performance tests not 
currently addressed by FMVSS No. 208, 
particularly a high severity frontal offset 
crash.  These tests are intended to evaluate 
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occupant compartment intrusion that could 
compromise occupant survival space and 
thus increase the potential for lower leg 
injury.  NHTSA is currently evaluating the 
potential for both the ODB and the PDB test 
procedures to predict lower leg injuries and 
to minimize the potential risk of increasing 
the aggressivity of heavier vehicles.   

The EU Directive 96/79 for frontal crash 
protection went into effect in 1998.  The 
Directive uses the R.94.  The UNECE R.94 
test procedure was developed to represent a 
vehicle-to-vehicle frontal offset crash and to 
generate occupant compartment intrusions 
similar to that seen in real world crashes of 
passenger cars.  The deformable element of 
the R.94 barrier was designed to absorb 
energy and limit severe contact of the 
vehicle structure against the wall. The 
stiffness of the R.94 barrier represents the 
average stiffness of European passenger cars 
15 years ago.  The current R94 barrier has 
been shown to bottom out for European 
small cars, which is a possible concern for 
the larger-size U.S. fleet (Delannoy et al., 
2005).  

Many consumer rating programs have 
adopted the use of a fixed ODB crash test 
procedure to rate vehicle performance in a 
64 kph frontal offset crash test (Euro NCAP 
(European New Car Assessment Program), 
Australian NCAP and Insurance Institute for 
Highway Safety (IIHS)). Some studies have 
suggested that using this test procedure to 
rate vehicles may increase their aggressivity, 
especially for heavier vehicles (Verma, et al., 
2003 and Saunders, 2005).   

The Directorate for Road Traffic and Safety 
(DSCR) of France developed and proposed a 
PDB to upgrade the current offset 
deformable barrier in the UNECE R.94 
regulation to mitigate the potential for the 
offset test procedure to increase aggressivity 

of larger vehicles.  The PDB-XT 
progressively increases in stiffness as it is 
crushed, which contributes to its name. The 
barrier was designed to represent a vehicle 
structure with sufficient force level and 
energy absorption capacity to mitigate any 
occurrences of bottoming out.  In doing so, 
the PDB may be able to better harmonize 
test severity among vehicles of different 
masses. The approach aims to encourage 
lighter vehicles to be stronger without 
increasing the force levels of large vehicles 
[Delannoy, 2005]. 

This paper investigates the performance of 
ODB and the PDB to predict lower 
extremity injuries and the ability of the PDB 
to absorb more energy for heavy vehicles.   

TEST PROCEDURE 

A “dummy-based” seating procedure was 
used for both the ODB and the PDB tests.  
This seating procedure uses a step-by-step 
process that mimics the procedure used by 
humans to position themselves in their 
vehicles.  Basically the dummy is placed in 
the seat and the feet are in neutral position.  
The seat is moved forward until the right 
foot contacts the accelerator pedal.  The left 
is placed symmetric to the right unless the 
left foot interacts with the pedal.  If there is 
interaction with the pedal, the left foot is 
moved to avoid the pedal.  A complete 
description of the “dummy-based” seating 
procedure can be found in Saunders et al., 
2007.  

All testing utilized the Hybrid III 50th 
percentile male dummy with Thor-Lx lower 
legs.  Throughout the rest of the paper this 
dummy will be referred to as 50 HIII.  The 
upper of the part 50 HIII was instrumented 
with three axis head and chest 
accelerometers, and a chest pot.  The Thor-
Lx was instrumented with upper and lower 
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tibia load cells and three ankle rotational 
potentiometers.    

The ODB was conducted using the 
procedure defined in FMVSS No. 208 (S18) 
with two modifications.  The test speed was 
increased to 56 kph, and the “dummy-
based” seating procedure was used instead 
of the mid-track.   

The PDB tests were conducted at 60 kph, 
overlap of 50 percent, and utilized the 
“dummy-based” seating procedure. 

Figure 1 shows the properties and 
dimensions of the ODB barrier (Figure 1a) 
and PDB-XT barrier (Figure 1b).  The PDB-
XT is taller and thicker than the ODB barrier.  
The ODB barrier has two layers of 
honeycomb, both with constant stiffness.  
The PDB-XT has three layers: two layers 
with constant stiffness and a middle section 
that has four stiffness zones.  The front two 
zones of this middle section get stiffer as the 
thickness increases and the back two 
sections have a constant stiffness.  It should 
be noted that the PDB-XT height from the 
ground was 200 mm, for these tests, instead 
of 150 mm as specified in the PDB test 
procedure from UTAC.   

TEST MATRIX 

To compare the two test procedures paired 
vehicle tests were conducted.  The vehicle 
selection tried to cover all classes of 
vehicles.  Table 1 shows the final matrix.   

 

 

Figure 1.  Properties and dimensions of 
the ODB barrier and PDB-XT barrier 

Table 1.  Vehicle test matrix for barrier 
comparison 

Vehicle Vehicle 
Class 

Test 
Weight 
(kg) 

2008 
Chevrolet 
Aveo 

Small 
passenger 
car 

1,443 

2008 Ford 
Escape 

Small 
unibody 
SUV  

1,781 

2008 Saturn 
Outlook 

Large 
unibody 
SUV 

2,408 

2007 Ford 
F-250 

Heavy 
pickup 

3,291 

 

RESULTS 

Occupant Compartment Intrusions 

To evaluate intrusion the toepan points were 
measured pre- and post-test by using a 4 by 
3 grid (Figure 2).  Row 3 of the toepan grid 
is located at the intersection of the toepan 
and floorboard.   
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It can be seen from Figure 3 and Figure 4 
that the PDB test procedure produced higher 
occupant compartment intrusions for the 
Aveo and Escape when compared with the 
ODB test procedure. The deformation 
pattern was similar for both test procedures.  
The Outlook had a small amount of 
intrusion for both procedures (Figure 5).  
For the F250 the ODB procedure pushed the 
toepan back in the x-direction, whereas, the 
PDB pushed the toepan up in the z-direction 
(Figure 6).     

 

Figure 2.  Toepan intrusion measurement 
points 

 

Figure 3.  Aveo toepan intrusion mm 

 

Figure 4.  Escape toepan intrusion mm 

 

Figure 5.  Outlook toepan intrusion (mm) 

 

Figure 6.  F250 toepan intrusion (mm) 
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Lower Extremity IAVs 

This section compares the lower extremity 
(LE) Injury Assessment Values (IAVs) for 
the 50 HIII for each paired vehicle.  The 
femur Injury Assessment Reference Values 
(IARV) for the 50 HIII are from the FMVSS 
No. 208 Advanced Air Bag Final Rule.  The 
other IARVs were based upon Kuppa et al., 
(2001b). The IARVs used to assess LE 
injuries are presented in Table 2.  The 
definitions for ankle rotations are as follows: 
Ankle Rot Y is the maximum positive y 
rotation and Ankle Rot X is the maximum of 
either the positive or negative x rotation.  
The highest value from the left or right legs 
IAV is presented in the following figures 
and tables. 

The PDB procedure produced higher Injury 
Assessment Values (IAVs) for all body 
regions except for Ankle Rot Y for the Aveo 
(Figure 7).  There is no comparable trend in 
the IAVs for both the Escape and Outlook 
(Figure 8 and Figure 9).  The Outlook’s high 
Ankle Rotation X may be due to the 
geometry of the toepan.  Using the “dummy 
based” seating procedure the left foot 
partially overlapped the footrest which may 
have contributed to the rotation.  Finally, the 
trend for the F250 was that the ODB 
procedure produced higher IAVs for all 
regions except Upper Tibia Index (Figure 
10).   

The general trend across each body region 
had a similar trend for each barrier.  That is 
the magnitude of each IAV for each body 
region was approximately the same for each 
barrier, but one barrier is not always the 
maximum.  

The Aveo, Escape, and the Outlook had 
similar post-test toepan contours for both 
test procedures, but the trends in IAVs were 
not the same.  The impact speed, overlap, 
and barrier were different for each paired 

and may have affected the IAVs due to the 
vehicle interaction with the barrier during 
the test.   The differences in the vehicle 
interaction with the barriers may have 
changed the rate of the toepan and therefore 
affecting the IAVs.       

Table 2.  Injury Assessment Reference 
Values for lower extremity injuries 
(Kuppa et al., 2001a, 2001b) 

Injury Criteria IARV for 50 HIII  

Femur 10,000 N 

Knee Shear 15 mm 

Upper Tibia Force 5600 N 

Lower Tibia Force 5200 N 

Tibia Index 0.91 

Ankle Rot Y 35 deg 

Ankle Rot X 35 deg 
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Figure 7.  Lower extremity IAVs for the 
Chevrolet Aveo 
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Figure 8.  Lower extremity IAVs for the 
Ford Escape 
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Figure 9.  Lower extremity IAVs for the 
Saturn Outlook 
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Figure 10.  Lower extremity IAVs for the 
Ford F-250 

Barrier Comparison 

When comparing the crush of the ODB 
barrier and the PDB-XT, the ODB bottoms 
out even with a small car (Figure 11a), 
whereas the PDB-XT did not bottom out for 
the same small car (Figure 11b).  Also, the 
ODB barrier bottomed out for the F250 
(Figure 12a) and the PDB-XT stayed intact 
(Figure 12b).  From Figure 13 it can be seen 
that the frame of the F250 punctured the 
PDB.   

 

Figure 11.  Aveo barrier crush 
comparison  
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Figure 12.  Ford F-250 barrier crush 
comparison 

 

Figure 13.  Front view of PDB-XT barrier 
for the F250 

Crash Severity 

Since both test procedures use a deformable 
element, the test speed is not a good 
indication of the test severity.  A method for 
evaluating the test severity is with the 
Equivalent Energy Speed (EES). The EES is 

the initial kinetic energy minus the energy 
absorbed by the barrier.  Details of EES are 
explained in Pascal et al., 2005.  

The EES for the paired vehicles were 
calculated and the results are shown in 
Figure 14.  The lightest vehicle, Aveo, was 
the only vehicle tested with the PDB to have 
a higher EES than the paired vehicle tested 
with the ODB.  

The Aveo tested with the PDB had a higher 
EES than the Aveo tested with the ODB 
implies that the Aveo had to absorb more of 
the crash energy.  Which is opposite from 
the other vehicles tested.  The PDB allows 
the heavier vehicles to absorb less energy 
when compared to the ODB, which may 
allow manufactures to soften the structures 
of heavier vehicles. 
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Figure 14.  EES for the paired vehicles 

DISCUSSION 

Vehicle Severity 

Pascal 2005 showed that the PDB is able to 
make the vehicle severity of the PDB 
procedure approximately equal for all 
vehicle weights.    Figure 15 shows the EES 
for vehicles tested by NHTSA using the 
ODB and PDB.  This plot includes all 
vehicles tested by NHTSA, not just the 
paired vehicles.  It is seen from this figure 
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that the EES for the ODB test increases as 
the mass of the vehicle increases.  For the 
PDB the EES is basically the same for all 
size vehicles when a linear fit is applied to 
the data. 

The scatter in the data for the vehicles tested 
with the PDB is probably due to the vehicles 
being designed to the ODB test.  The ODB 
barrier collapses during the test and it 
becomes like hitting a rigid wall.  Therefore, 
these vehicles may not be fully optimized to 
a progressively deformable element. 
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Figure 15.  Theoretical EES for different 
test procedures and EES calculated for 
vehicles tested in US  

Lower Extremity Injuries 

Saunders, et al., 2004 showed that the ODB 
procedure reproduced real-world lower 
extremity injuries.  But, the current ODB 
procedure and the PDB procedure did not 
show the same trend in lower extremity 
injuries as reported by Saunders (Table 3).   

Some possible reasons for the difference 
between the tests conducted by Saunders, et 
al., 2004 and the current tests: 1) lower 
extremity injuries in the current fleet are 
different from the older fleet due to being 
designed to achieve a higher rating from the 
IIHS and 2) the use of a different seating 
procedure.   

To determine if the trend of lower extremity 
injuries are different for current vehicles 
compared to older vehicles the NASS/CDS 
analysis performed by Saunders, et al., 2004 
was reproduced.  This analysis used 
NASS/CDS years 1995 through 2007 files 
for left offset crashes with DV over 48 kph.  
The model year cutoff was chosen at 2000 
because most vehicles received a “good” or 
“acceptable” rating from IIHS after 2000.  
Figure 16 shows that the risk for LE injuries 
has increased for the newer vehicles for 
most of the LE body region injuries.  

The dummy based seating procedure may 
have affected the results because it requires 
the ankles to be in neutral position, which 
prevents the ankle from being pre-loaded 
before the test (Saunders, et al., 2007).  Also, 
the new seating procedure normally placed 
the seat behind mid-track and the left foot 
was not placed on the footrest.  This seating 
procedure normally placed the feet away 
from the toepan and allowed the feet to slide 
forward before impacting the toepan (Figure 
17).  

The impact speed, overlap, and barrier were 
different for each paired may have affected 
the IAVs due to the vehicle interaction with 
the barrier during the test.   The differences 
in the vehicle interaction with the barriers 
may have caused a different rate of the 
toepan and acceleration applied to the 
dummy. 

CONCLUSIONS 

The PDB performed as designed for heavy 
vehicles.  It did not bottom out when 
impacted with a heavy vehicle (F250) and 
allowed the barrier to absorb more energy as 
demonstrated by the decrease in EES for 
heavier vehicles.  It also produced 
approximately the same occupant 
compartment intrusion as the ODB 
procedure. 
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Both test procedures did not produce the 
same LE injury trend as previously reported 
(Saunders, et al.).  The main reason for this 
could be due to the seating procedure used 
in the current testing.  The “dummy based” 
seating procedure did not preload the ankle 
and normally placed the seat with the 50 
HIII behind mid-track.   

The general trend across each body region 
had a similar trend for each barrier.  That is 
the magnitude of each IAV for each body 
region was approximately the same for each 
barrier, but one barrier is not always the 
maximum. 

Table 3.  Percent of vehicles tested that 
exceeded the IARV. 

IAV ODB 
mid-
track  

ODB 
“Dummy 
Based”  

PDB 
“Dummy 
Based”  

# Test 10 9 4 

MY 
Range 

96-03 06-07 07-08 

Knee 
Shear 

0% 20% 0% 

Femur 0% 0% 0% 

Tibia 
Index 

40% 10% 0% 

Upper 
Tibia 
Force 

10% 0% 0% 

Lower 
Tibia 
Force 

30% 0% 0% 

Ankle X 
Rot 

20% 40% 0% 

Ankle Y 
Rot 

50% 0% 17% 

 

 

Figure 16.  Risk of lower extremity 
injuries in offset crashes with DV greater 
than 48 kph 

 

Figure 17.  Feet kinematics for the Nissan 
Quest into the PDB 
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ABSTRACT 
 
To assess a vehicle’s frontal impact crashworthiness an 
integrated set of test procedures is required that assesses 
both the car’s self and partner (compatibility) 
protection. It has been recommended by the 
International Harmonisation of Research Activities 
(IHRA) frontal impact group that the set of test 
procedures should contain both full overlap and offset 
tests. Currently, in Europe only an offset test is used in 
regulation and consumer testing. In 2007, the European 
Enhanced Vehicle-safety Committee (EEVC) made a 
number of proposals for a set of test procedures, all of 
which contain full width and offset tests.  
 
This paper presents the work performed by the 
European Commission 6th framework APROSYS 
project to develop a full width test procedure for 
Europe. It also describes an initial cost benefit analysis 
for its introduction into the European regulatory regime.  
 
Accident analysis was performed using the UK CCIS 
and German GIDAS databases to help determine the 
test speed, what size dummies should be used and the 
relevance of including rear seated dummies in the test. 
A matrix of 12 full scale car crash tests was performed 
to determine the effect of including a deformable face, 
the effect of including rear seated occupants and to 
assess the test’s repeatability and reproducibility. As all 
the tests were instrumented with a high resolution Load 
Cell Wall, the repeatability and reproducibility of 
proposed metrics to assess a car’s compatibility were 
also assessed. 
 
INTRODUCTION 
 
In Europe, around 10,000 car occupants are killed in 
frontal impact crashes annually.  To assess a vehicle’s 
frontal impact crashworthiness, including its 
compatibility, an integrated set of test procedures is 
required that assesses both the car’s self and partner 
(compatibility) protection. To minimise the burden of 
change to industry the set of procedures should contain 
a minimum number of procedures that are based on 
current procedures as much as possible. Also, the 
procedures should be internationally harmonised to 
reduce the burden further. The set of test procedures 

should contain both a full overlap test and an offset 
(partial overlap) test as recommended by the IHRA [1]. 
A full width test is required to provide a high 
deceleration pulse to control the occupant’s 
deceleration and check that the vehicle’s restraint 
system provides sufficient protection at high 
deceleration levels. An offset test is required to load 
one side of the vehicle to check compartment integrity, 
i.e. that the vehicle can absorb the impact energy in one 
side without significant compartment intrusion. The 
offset test also provides a softer deceleration pulse than 
the full width test, which checks that the restraint 
system provides good protection for a range of pulses 
and is not over-optimised to one pulse.  
 
The European Enhanced Vehicle-safety Committee 
(EEVC) WG15 has helped co-ordinate work in Europe 
to understand and develop a set of test procedures to 
improve a vehicle’s frontal impact crash performance.  
It has found that the main factors influencing a 
vehicle’s compatibility are its structural interaction 
potential, its frontal force levels and its compartment 
integrity [2]. In 2007, EEVC WG15 made a number of 
proposals for potential sets of test procedures, all of 
which contain both full width and offset tests [3]. These 
were:  

Set 1 

• Full Width Deformable Barrier (FWDB) test to 
assess a vehicle’s structural interaction potential and 
provide a high deceleration pulse to test the restraint 
system. 

• Offset Deformable Barrier (ODB) test with EEVC 
barrier to assess a vehicle’s compartment integrity 
and frontal force levels and also provide a softer 
deceleration pulse to test the restraint system. 

Set 2 

• Full Width Rigid Barrier (FWRB) test to provide a 
high deceleration pulse to test the restraint system. 

• Progressive Deformable Barrier (PDB) test to assess 
a vehicle’s structural interaction, frontal force levels 
and compartment integrity and also provide a softer 
deceleration pulse to test the restraint system. 

Set 3  
• Combination of FWDB and PDB 
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It should be noted that WG15 have formally 
investigated Sets 1 and 2, but have not explicitly 
investigated Set 3 to date.  
 
Currently, in Europe only an offset test is used in 
regulation and consumer testing. This paper reports the 
work performed by the European Commission 6th 
framework APROSYS project to develop a full width 
test procedure for Europe. It also describes an initial 
cost benefit analysis for its introduction into the 
European regulatory regime.   
 
The aim was that this test would be suitable for 
regulatory implementation in the short term and also 
have potential for further development to include 
measures to assess and control compatibility in the 
longer term. 
 
APPROACH 
 
The approach taken to develop the test procedure was 
to use review of similar procedures, accident analysis, 
sled and full scale testing to answer the questions to 
specify the procedure. The main questions and the work 
performed to answer them were: 
• Test speed? 

An initial proposal for a test speed of 56 km/h was 
made on the basis that this was the speed used in 
similar tests. The Full Width Deformable Barrier 
(FWDB) test has a speed of 56 km/h. Also, a speed 
of 56 km/h is currently being phased in for the US 
FMVSS208 rigid barrier test. Accident analysis was 
performed to check the appropriateness of this 
proposal.  
 

• Dummy specification? 
The questions to be answered to specify the 
dummies included: what size dummy (e.g. 5th 
percentile, 50th percentile) should be used in what 
seating positions; what injuries should the dummies 
be capable of assessing; should Hybrid III or 
THOR-NT dummies be used?   
Accident analysis was performed to provide 
information on the characteristics of the occupants 
injured and their injuries to help specify the dummy 
sizes and the type of injuries that should be 
assessed. Sled testing was also conducted to assess 
the repeatability and robustness of the THOR-NT 
dummy and compare its performance with the 
Hybrid III for a variety of restraint system types to 
help assess its suitability for its possible inclusion in 
the test. 
 

• Assessment of rear seated position?  
At present it is usually assumed that the cost of 
providing improved protection for the rear seated 

occupant is likely to be greater than the value of the 
benefit because of the low occupancy rate. Despite 
this, assessment of the rear seated position may be 
required in the future because government policies 
may demand equivalent levels of protection for 
front and rear seated occupants and/or encourage car 
sharing which would increase the occupancy rate. 
To answer questions arising from this debate, 
accident analysis was performed to quantify the size 
of the rear seated injury problem and crash test work 
was carried out to investigate the feasibility of 
assessing the rear seated position.  
 

• Deformable barrier face? 
EEVC WG15 has proposed three potential options 
for a set of test procedures to assess a vehicle’s 
frontal impact crashworthiness. Set 1 and Set 3 
contain a full width test with a ‘deformable face’ 
and Load Cell Wall (LCW) to take measures to help 
assess a vehicle’s compatibility, whereas Set 2 does 
not. Because compatibility research was not 
advanced far enough to recommend a specific 
option and hence whether or not the test should have 
a deformable face, it was decided to use crash 
testing to evaluate the effect of including it to help 
inform future decisions. 
 

• Repeatability and reproducibility? 
Full scale crash testing was performed to assess the 
repeatability and reproducibility of the test and to 
check for any practical or robustness problems. As 
all the tests were instrumented with a high 
resolution Load Cell Wall, the repeatability and 
reproducibility of proposed metrics to assess a car’s 
compatibility were also investigated. 

 
ACCIDENT ANALYSIS 
 
Analysis of the UK CCIS (Co-operative Crash Injury 
Study) and German GIDAS (German In-Depth 
Accident Study) accident databases was performed to 
help answer questions to enable the specification of the 
draft test procedure [4]. The main criteria used to select 
cases for the analyses were: vehicles involved in frontal 
impact with no rollover and occupants belted. 
Additional criteria were used to select newer vehicles 
that were Regulation 95 compliant for the majority of 
the analyses, such as test speed, where including older 
vehicles was likely to have a significant influence on 
the results. The criteria used were: for analyses with the 
CCIS database, vehicles with build year 2000 onwards; 
for GIDAS, build year 1997 onwards. It was necessary 
to include a greater proportion of older vehicles in data 
set for the GIDAS analyses to ensure the sample size 
was large enough to give statistically meaningful 
results.  
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Test Configuration 
 
The CCIS and GIDAS analyses both showed that 
distributed damage is the most frequent type of damage 
for all injury severities [Figure 1].  
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Figure 1.  Location of damage by occupant injury 
severity for belted drivers (CCIS data). 

The GIDAS analysis also showed that distributed 
damage has the highest MAIS 2+ injury risk [Figure 2]. 
This indicates the need for a full width test in Europe. 
The injury risk was not calculated for the CCIS analysis 
because it cannot be easily done because the CCIS data 
sample is biased. 
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Figure 2.  Risk of injury by location of damage for 
belted drivers. 

The CCIS analysis showed that the principle direction 
of force for the majority of accidents was 0±15° for all 
injury severities and seating positions. The GIDAS 
analysis showed similar results. This indicates that a ‘0° 
head on’ test configuration is the most representative. 
 
Test Speed 
 

The CCIS and GIDAS analyses showed that a test 
speed of 56 km/h would cover over 80% of MAIS 3+ 
injuries for belted casualties in frontal impacts with no 
rollover [Figure 3].  
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Figure 3.  Cumulative frequency plot of distribution 
of injury against delta V (CCIS data). 

 
Injury type 
 
The CCIS analysis showed that the body regions most 
frequently injured at the AIS 2 level were the thorax, 
clavicle and legs for the driver and thorax and clavicle 
for the front seat passenger. Also, a high number of 
abdominal (internal organ and lumbar spine) injuries 
were seen for the front seat passenger. The nature of 
these injuries requires further investigation to 
understand why the driver does not also experience this. 
For the AIS 3+ level the regions were the thorax and 
legs (femur) for the driver and thorax for the front seat 
passenger [Figure 4].  
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Figure 4.  Body region injured for occupants with 
MAIS 2+ injuries (CCIS data). Note: clavicle 
injuries are included in arm classification. 

The GIDAS analysis showed that the body regions most 
frequently injured at the MAIS 2+ level were the head 
and thorax. Further work is required to determine the 
reason why the GIDAS analysis showed a significantly 
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higher frequency of head injury than the CCIS analysis. 
However, it should be noted that the GIDAS data 
sample contained older vehicles than the CCIS sample 
(CCIS vehicles build year 2000 onwards, GIDAS 1998 
onwards), which may have caused some of this 
difference. 
 
Occupant characteristics 
 
The GIDAS analysis showed that the driver was usually 
male (65-77% dependent on injury severity), the front 
seat passenger usually female (59-69% dependent on 
injury severity) and the rear seat passenger usually 
female [Figure 5]. The CCIS analysis gave similar 
results. 
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Figure 5.  Gender ratio for belted occupants in 
frontal impacts (GIDAS data). 

Further analysis of the GIDAS data showed that the 50th 
percentile driver was 34 years old, 175 cm tall and 
weighed 74 kg. The 50th percentile passenger was 30 
years old, 169 cm tall and weighed 67 kg. From a 
choice of the 5th (150 cm, 49 kg) and 50th (175 cm, 78 
kg) percentile dummies, the 50th percentile most closely 
matches these characteristics, indicating that this 
dummy is the more representative.  
 
For rear seated occupants, the results were similar to 
those for the front seat passenger indicating that the 50th 
percentile dummy is the more representative for this 
position also. It should be noted that children under 12 
were excluded from this analysis as it was assumed that 
they would use a Child Restraint System (CRS). There 
is a legal requirement in Europe that children under the 
age of twelve and less than 150 cm tall (135 cm for 
UK) have to use a CRS. 
 
Rear seated position 
 
Both the CCIS and GIDAS analyses showed that the 
proportion of occupants wearing a seatbelt was much 

lower for rear seated occupants compared to front 
seated ones [Figure 6]. This clearly indicates that there 
is a problem with the seat belt wearing rate in the rear.  
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Figure 6.  Seat belt usage by injury severity showing 
relatively low belt usage rate for rear seated 
occupants. 

Further analysis of the GIDAS data showed that the 
rear seat occupancy rate in collisions was low, about 
10% of all occupants involved in collisions are seated 
in the rear. Also, the analysis showed that if the seatbelt 
was worn, rear seated occupants have a lower risk of 
injury than front seated ones.  
 
It was not possible to draw definite conclusions on the 
type of injury sustained by belted rear seat occupants 
because of small data sample size. However, the CCIS 
analysis showed that the body regions injured at the 
AIS 3+ level for the seven casualties with MAIS 3+ 
injuries were the thorax, abdomen and legs.  
 
SLED TESTING 
 
A series of sled tests was performed to compare the 
performance of the THOR-NT dummy to the HYBRID 
III from the point of view of its robustness, its 
repeatability and its response to different restraint 
systems [5]. Because of robustness problems with the 
THOR-NT dummy, most of which were subsequently 
solved, test data had to be discarded which resulted in a 
limited data set for comparison. In terms of injury risk 
prediction, the limited data showed no significant 
differences between the dummies. However, in terms of 
dummy kinematics, slight differences between the 
dummies were seen.  On the basis that specific injury 
criteria were not available for the THOR-NT dummy 
and the problems that occurred with THOR-NT in this 
work, it was decided that the THOR-NT dummy was 
not well enough developed to include in a test 
procedure intended for implementation in the short 
term. Hence it was decided that development of the 
procedure should continue with the Hybrid III dummy 
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with an option to upgrade to the THOR-NT dummy in 
the future.  
 
FULL SCALE CRASH TESTING 
 
Twelve full scale crash tests as shown in Table 1 
were performed to investigate the following issues 
[6]:  
• Effect of deformable face compared to rigid wall 
• Effect of the introduction of rear seated 

dummies 
• Repeatability and reproducibility  
• Practicality and robustness  

Table 1.  Full scale crash test matrix. 

Reproducibility

Repeatability

Rear occupantsRear occupants

BaselineBaselineSmall Family 1

Rear occupants

BaselineBaselineSupermini 2

Reproducibility

BaselineBaselineSupermini 1

Test ObjectiveTest Objective

Deformable FaceRigid Wall

Test ConfigurationVehicle

Reproducibility

Repeatability

Rear occupantsRear occupants

BaselineBaselineSmall Family 1

Rear occupants

BaselineBaselineSupermini 2

Reproducibility

BaselineBaselineSupermini 1

Test ObjectiveTest Objective

Deformable FaceRigid Wall

Test ConfigurationVehicle

 
 
Effect of deformable face 
 
The purpose of the deformable face is to make the test 
more representative of a vehicle to vehicle impact and 
to enable measures to be taken on a high resolution 
load cell wall (LCW) to assess a vehicle’s 
compatibility, i.e. its partner protection [7]. The 
deformable face was designed to achieve this by 
ensuring that a vehicle’s crossbeam structures are 
loaded in the test as they would be in a vehicle to 
vehicle impact and that the unrealistic high engine 
deceleration loads seen in a test with a rigid wall are 
attenuated, so that the structural loads can be assessed 
more easily.  
 
Hence as expected, vehicle deformation was different 
in the tests with and without the deformable face, 
especially for the front of the lower rails and bumper 
crossbeam.  
 
The vehicle’s compartment deceleration at the start of 
the impact was slightly lower in the tests with the 
deformable face compared with those with the rigid 
wall [Figure 7]. This resulted in a later airbag firing 
time for the tests with Supermini 2 [Table 2], but made 
little difference for the other cars tested. This shows 
that a deformable face may be useful in a full width 

test to ensure a more realistic assessment of a vehicle’s 
crash sensing capability. 
 

-70

-60

-50

-40

-30

-20

-10

0

10

0 50 100 150

A
cc

el
er

at
io

n 
(g

)

Time (ms)
Rigid wall Deformable face  

Figure 7.  Compartment deceleration for test with 
'Supermini 2'. 

Table 2.  Airbag firing time for test with 'Supermini 
2'. 

 Driver Passenger 
Rigid wall 12 ms 12 ms 
Deformable face 33 ms 33 ms 

 
The dummy injury criteria values were generally 
similar between the test with the deformable face and 
the rigid wall test, indicating that the deformable 
element had little effect on the overall severity of the 
test [Figure 8]. The exception was for Supermini 2, 
where the later airbag firing time resulted in 
substantially higher dummy injury values for the head. 
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Figure 8.  Driver dummy injury criteria values for 
tests with 'Small family 1'. 

The Load Cell Wall (LCW) results also showed 
significant differences with the deformable face 
attenuating the engine inertial ‘dump’ loading seen in 
the rigid wall test, as expected [Figure 9 ]. 
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Figure 9.  LCW force distribution for tests with 
'Small family 1' for rigid wall (top) and deformable 
face (bottom) tests showing attenuation of engine 
dump loading for ‘Small family 1’ tests. 

Effect of rear seated dummies 
 
The performance of the front seated dummies did not 
vary significantly in the tests with and without the rear 
seated dummies [Figure 10]. Any differences seen 
could be explained by factors within the range of test 
repeatability, e.g. the difference between the knee slider 
values in the ‘Small family 1’ test was probably caused 
by the difference in knee interaction with the steering 
wheel column trim cover.   
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Figure 10.  Driver dummy injury criteria values for 
tests with and without rear seated dummies for test 
with ‘Small family 1’. 

There were significant differences for the performance 
of the rear seated dummies compared to the front seated 
dummies [Figure 11].  
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Figure 11.  Comparison of front and rear seated 
dummy performance for driver side dummies for 
test with 'Small family 1’. 

The main differences were the higher head, neck and 
tibia injury criteria values for the rear seated dummies, 
which were often substantially higher than the UNECE 
Regulation 94 performance limits. The higher head and 
neck values were probably caused by the lack of airbag 
support for the rear dummies as there was no evidence 
of interaction of the dummies’ heads with the rear of 
the front seat in any of the tests. The higher tibia values 
were caused by the interaction of the dummies’ lower 
legs with the rear of the front seat pan.  
 
However, remarkably, even though the shoulder belt 
loads were substantially higher for the rear seated 
dummy [Figure 12] the thorax compression values were 
similar. This is an unexpected result as chest injury is 
known to be related to seat belt load [8, 9].  

 

Figure 12.  Shoulder belt loads in test with rear 
seated dummies for test with ‘Small family 1’. Loads 
are substantially higher for rear seated dummies as 
rear belts do not have load limiters. 

Possible contributory factors to this observation 
include: 
• Submarining of the rear seated dummy leading to 

reduced upper body loading.  Note that although 
there was strong evidence of submarining for the 
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test with the ‘Small family 1’ [Figure 13], there 
was no definite post test evidence of submarining 
for the test with the ‘Supermini 2’ However, there 
were no onboard cameras to monitor dummy 
motion or iliac load cells to monitor belt loading to 
the pelvis.   
 

 
 
 

 
 

Rear occupant right before test Rear occupant right after test 

  

Figure 13.  Comparison of belt positioning pre and 
post 'Small family 1' test for right seated dummy 
showing evidence of submarining, i.e. lap belt has 
ridden up off pelvis into abdomen area. 

• Difference in routing of the belt for the front and 
rear seated dummies. 

• Capability of Hybrid III dummy to assess thorax 
injury using the thorax deflection measure. Kent 
has shown that the relationship between Hybrid III 
thorax deflection and injury risk is substantially 
different for belt only, bag only and combined 
restraint conditions, whereas the injurious level of 
cadaver chest deflection is not highly sensitive to 
the load distribution on the chest (i.e. the type of 
restraint system) [10].  

 
Repeatability and reproducibility 
 
The repeatability and reproducibility of the test with the 
deformable face was assessed as the repeatability of the 
test with the rigid face is already well known. 
Repeatability is defined as the difference between 
identical tests performed at the same laboratory and 
reproducibility the difference between tests performed 
at difference laboratories.  
 
Considering self protection measures, such as dummy 
injury criteria, it was found that the repeatability and 
reproducibility were at least as good as for the current 
UNECE Regulation 94 frontal impact test procedure 
[Figure 14].  
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Figure 14.  Driver dummy performance for tests 
with 'Small family 1'. 

Considering compatibility (partner protection) 
measures, such as Load Cell Wall (LCW) force it was 
found that the global load cell wall force was repeatable 
and reproducible [Figure 15].   
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Figure 15.  Load Cell Wall (LCW) total force for 
tests with 'Small family 1'. 

For tests with ‘Supermini 1’ the LCW force distribution 
was repeatable. However, for the tests with ‘Small 
family 1’ the force distribution was not repeatable 
because of different collapse modes of the left main 
longitudinal rail [Figure 16].  
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Figure 16.  Difference in LCW force distribution in 
tests with 'Small family 1' caused by different 
collapse mode of left main longitudinal rail (Note: 
grid cross points represent centre of load cells). 

Recently, the Structural Interaction (SI) metric has been 
proposed for the assessment of a vehicle’s 
compatibility, in particular its structural interaction 
potential [11]. The SI metric consists of two 
components a vertical one (VSI) and a horizontal one 
(HSI). The repeatability of this metric was assessed for 
the tests with ‘Supermini 1’, in which the LCW force 
distribution was repeatable [Figure 17]. It was found 
that although the vertical component of the Structural 
Interaction (VSI) metric was repeatable, the horizontal 
component (HSI) was not [Table 3]. Note: Borderline 
value to distinguish between good and poor performing 
bumper crossbeams is somewhere between 2 and 4. 

Table 3.  Structural Interaction (SI) metric values 
for tests with 'Supermini 1'.  

 VSI HSI 
Test 1 0.0 4.93 
Test 2 0.0 3.26 
 
Further investigation revealed that this was because of 
the high sensitivity of HSI to small variations (< 5 kN) 
in individual cell loads. Further development of the SI 
metric will be necessary to resolve this problem 
because good repeatability and reproducibility is 
required for regulatory application. 
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Figure 17.  Load Cell Wall (LCW) force distribution for tests with 'Supermini 1'.  
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Practicality and robustness 
 
No major practical or robustness problems were 
encountered in the test programme. However, from the 
experience gained positioning rear seated dummies in 
5-door cars used in the test programme, it was thought 
that for 3-door cars there may be dummy access 
problems for taking measurements such as pelvic angle.  
 
COST BENEFIT ANALYSIS 
 
An initial cost benefit analysis was performed for the 
introduction of a full width test into the European 
regulatory regime [12].  
 
Benefit analysis 
 
The benefit for Europe was estimated by scaling the 
results from a study which estimated the benefit for GB 
[13]. Another study, based on German accident data, 
was also considered for use in this work. However, it 
was not used because a review of the analysis found 
that it did not take into account a key confounding 
factor which, most likely, significantly influenced the 
results [12].  
 
It is known that a full width test produces a higher 
compartment deceleration in a car than the offset 
deformable barrier test, and so it is a more severe test 
for the restraint systems in the car. Following this 
argument, the GB benefit analysis was based on the 
assumption that the introduction of a full width test in 
Europe would encourage improved restraint systems, 
which would in turn reduce restraint-induced injury. It 
was assumed that the main body regions that would 
benefit from a reduction in restraint-induced injury 
would be those normally loaded by the webbing of a 
three-point seat belt, namely the thorax and abdomen. 
Restraint induced injuries were identified as those 
which occurred in impacts where the occupant was 
loaded by the restraint system only, i.e. those where 
there was little or no steering wheel or compartment 
intrusion.  
 
The analysis could not be performed using the GB 
national accident database (STATS19) alone, because it 
did not contain sufficient information about the 
casualties’ injuries. To resolve this problem, the 
detailed CCIS database, which contains information 
about the casualties’ injuries for each body region by 
AIS, was used to estimate a proportional benefit which 
was scaled to calculate the national benefit.  
 
The following steps were used to calculate the benefit: 

• Identify target population in CCIS accident 
database. 

• Calculate proportional benefit in terms of 
MAIS for casualties in target population. 

• Transform benefit in terms of MAIS to police 
severity scale (fatal, serious, slight, non-
injured). 

• Scale proportional benefit calculated in CCIS 
to estimate national benefit. 

 
The Target Population was identified as casualties 
who were belted and aged less than 65 years involved 
in frontal impacts with an impact severity less than the 
test severity (56 km/h) with little or no occupant 
compartment intrusion (< 5 cm).  
 
The Proportional Benefit was calculated by 
assessment of the injuries sustained by individual 
casualties in the target population and how they would 
be reduced if an improved restraint system was present. 
The casualties were assessed in terms of both their 
overall MAIS level and the AIS injury levels sustained 
by the thorax and abdomen. The MAIS for these 
casualties was recalculated assuming that thorax and 
abdomen injuries would be reduced by a maximum of 2 
AIS levels, with no injuries being reduced to a level 
lower than AIS 1 [Table 4].  

Table 4.  Change in MAIS levels for CCIS data set 
with restraint induced thorax and abdomen injuries 

reduced. 

MAIS Original 
data set  
(No. of 
occupants) 

Data set 
with 
injury 
reduction 
(No. of 
occupants) 

Change 
(No.) 

0 296 296 0 
1 1084 1174 +90 
2 280 219 -61 
3 135 115 -20 
4 37 29 -8 
5 35 34 -1 
6 2 2 0 
Total 1869 1869 0 
 
This assumption was based on previous work by 
Cuerden [14] in which expert judgement was used to 
derive subjective estimates of potential reductions in 
the severity of an AIS injury to given body regions for 
the fitment of improved restraint systems. Examples of 
how this calculation works are given below: 
 
If a casualty had an AIS 5 thorax or abdomen injury, it 
was reduced to AIS 3. However, if a casualty had an 
AIS 2 thorax or abdomen injury it was reduced to AIS 1 
and there was no reduction for AIS 1 injuries. If the 
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casualty had an AIS 5 thorax injury and also an AIS 5 
head injury even though the AIS 5 thorax injury was 
reduced to an AIS 3, there was no reduction for the 
head injury and thus the casualty’s MAIS remained at 
5.   
 
The distribution of these ‘new’ MAIS levels was 
compared with the original MAIS distribution to give 
an estimated benefit in terms of reduction in MAIS for 
the casualties in the CCIS target population [Table 4]. 
 
Transformation of the Benefit calculated above into 
the police severity scale (fatal, serious, slight and 
uninjured) was performed. This was achieved by 
calculating the percentage distribution of fatal, serious 
and slight injuries for each MAIS level in the original 
target population, and using these figures to transform 
the proportional benefit in terms of MAIS into a 
proportional benefit in terms of the police injury 
severity scale. 
 
The National Benefit was estimated by scaling the 
proportional benefit. This required the definition of 
equivalent data sets in the CCIS and national 
(STATS19) data samples to account for factors, such as 
seat belt use, which are not recorded in STATS19. The 
benefit for GB was estimated to be a reduction in 
annual car occupant fatalities of approximately 3 
percent (47 occupants) and serious casualties of 
approximately 6 percent (812 occupants) [Table 5]. 

Table 5.   Annual reduction in car occupant 
casualties for GB. 

 GB National Benefit 
Original 
number 

Reduction 
No 

Reduction 
% 

Fatalities 1695 47 3 
 

Serious 
Casualties 

14,512 812 6 

 
An additional interesting finding was that if the 
calculation was repeated using a target population that 
included elderly casualties, i.e. those over 65 years old, 
the benefit predicted increased substantially to a 5 
percent reduction in fatalities and a 7 percent reduction 
in seriously injured casualties. This indicates a large 
potential benefit for restraint systems that could provide 
better protection to elderly occupants. 
 
The Benefit for Europe (EU15, EU25, EU27) was 
estimated by simple scaling of the GB benefit. It should 
be noted that scaling of benefit in this manner will only 
give an order of magnitude estimate of the benefit for 
Europe. This is because the accident pattern varies 

considerably from country to country and hence this 
type of direct scaling can introduce large errors. 
 
The Monetary Value of this benefit was calculated 
using GB quoted values for each life saved 
(£1,489,450) and serious injury avoided (£167,360) 
[15]. An exchange rate of 1.2 € per £ was assumed. It 
should be noted that, in general, the GB values are 
higher than those used for other European countries as 
they include a ‘Willingness to Pay’ element. However, 
they were still used for this analysis because other 
published values were not readily obtainable. For the 
EU15 countries the monetary value of the benefit was 
about €2,000 million per year [Table 6]. 

Table 6.  Estimated benefit for Europe for 
introduction of full width test. 

 Casualties 
Prevented 

Financial 
Benefit 

(€Million) Fatal Serious 
EU15 430 6,017 €1,976 
EU25 574 8,038 €2,640 
EU27 625 8,756 €2,876 

 
Cost analysis 
 
The analysis was based on the cost to modify a typical 
European car to meet either UNECE Regulation 94 or 
US FMVSS208 performance limits in a full width test 
[Table 7]. The ‘Small family 1’ car tested by 
APROSYS was assumed to represent a typical 
European car. 

Table 7.  Summary of UNECE Regulation 94 and 
US FMVSS208 performance limits. 

Criteria Regulation 
94 Limits 

FMVSS208 
Limits 

HIC36 1000 1000 
HIC15  700 
Head Acceleration 
(3 ms exceedence) 

80g  

Neck Extension Moment 57 Nm  
Neck tension +Z   4.17 kN 
Neck compression –Z   4.00 kN 
Nij  1.0 
Chest Deflection 50 mm 63mm 
Viscous Criterion 1.00  
Chest acceleration  
(3 ms exceedence) 

 60g 

Femur Compression 9.7 kN 10.0 kN 
Knee Displacement 15 mm  
Tibia Compression 8 kN  
Tibia Index 1.3  
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The crash test results for ‘Small family 1’ were 
examined. It was seen that to consistently meet 
Regulation 94 performance limits the driver dummy 
head and knee injury criteria values would need to be 
reduced [Figure 18]. It should be noted that it was 
assumed that manufacturers would set a design target of 
around 80 to 85% of the performance limit to give a 
safety margin to allow for factors such as test 
repeatability.  
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Figure 18. Driver dummy injury criteria values 
shown as a percentage of the UNECE Regulation 94 
performance limits. 

From further examination of the results and expert 
judgement, modifications to the driver restraint system 
to improve the dummy performance and meet the 
Regulation 94 performance limits were identified. 
These modifications included the introduction of a 
degressive load limiter to improve the head 
performance and introduction of a double pretensioner 
to improve the knee performance. This process was 
repeated for the passenger dummy to identify necessary 
modifications to the passenger restraint system. 
Following this, the cost of these modifications was 
estimated to determine the total cost per car to meet 
Regulation 94 limits in a full width test. This whole 
process was repeated to determine the costs per car to 
meet FMVSS208 limits in a full width test.  
 
These costs were scaled to give an estimate of the total 
cost per year for the EU15 countries [Table 8]. This 
was achieved by multiplying the cost per car by the 
average number of new cars registered per year in the 
EU15 countries. ACEA data showed this to be 
14,221,978 for the years 1999 to 2004 inclusive.  
 
 

Table 8. Cost of restraint system modifications to 
meet US FMVSS208 or UNECE Regulation 94 
performance limits per car and for the EU15 
countries. 

Performance 
limit 

Cost per car 
(€) 

Total Cost for 
EU15 per year 

(€) 
FMVSS208 17 242 Million 
UNECE R94 32 455 Million 
 
Many cars sold in Europe are also sold in countries, 
such as the US, where a full width test is already part of 
the regulatory requirements. These cars are likely to 
perform better in a full width test than the typical 
European ‘Small family 1’ car on which the analysis 
was based and therefore require fewer modifications to 
meet the performance requirements. Hence the costs 
estimated are likely to be high.   
 
Cost benefit 
 

For EU15, a potential benefit of up to approximately 
€2,000 million per year was estimated for the introduction 
of a full width test. A cost of €242 million was estimated 
to meet FMVSS208 limits in the test and €455 million to 
meet Regulation 94 limits. Assuming that performance 
limits similar to the Regulation 94 ones are required to 
deliver the potential benefit, this results in a benefit to 
cost ratio of about 4:1. However, more stringent 
performance limits and other measures are likely to be 
needed to deliver all of the estimated benefit, which 
would require additional modifications to the car and 
inevitably increase the cost. These modifications may 
include adaptive restraint systems. Further work is 
required to determine appropriate performance limits 
and update the cost benefit analysis.  

 
DISCUSSION 
 
The decisions taken related to the main questions to 
help specify the full width test are discussed and 
summarised below.  
• Test speed – 56 km/h. 

A test speed of 56 km/h was chosen for the 
following two reasons. Firstly, the accident analysis 
showed that it covered a large proportion of 
casualties with life threatening and fatal injuries 
(over 80% of MAIS 3+ injuries) for belted 
occupants in frontal impacts with no rollover. 
Secondly, it is the same speed as the US 
FMVSS208 test. This should help to harmonise 
crash tests worldwide to reduce the testing burden 
on manufacturers.  
 

To be improved 
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• Dummy specification – 50th percentile Hybrid III 
driver and passenger (front seat and rear seat). 
The Hybrid III dummy was chosen on the basis that 
specific injury criteria were not available for the 
THOR-NT and the limited data from the sled testing 
performed showed no significant advantage to using 
the THOR-NT dummy compared to the Hybrid III. 
However, an upgrade to the THOR-NT dummy 
could be considered at a later date if significant 
advances are made in its development, in particular 
regarding assessment of restraint induced thorax 
injury.  
 
50th percentile male dummies were chosen for driver 
and passenger (front and rear seated) occupant 
positions on the basis of the results from the 
analysis with the German GIDAS database. 
However, it is advised that further analysis is 
performed using data from European countries 
besides Germany to verify this choice. For the 
driver, the analysis showed that the gender median 
height and weight all corresponded well to the 50th 
percentile male. For the front and rear seat 
passengers, the analysis showed that a slightly 
shorter, lighter female dummy would be a better 
match to the median occupant, but the 5th percentile 
female dummy was too short and light to represent a 
median occupant.   
 
The accident analysis also indicated that key body 
regions to protect were the head, thorax, femur and 
clavicle, with emphasis on the head and thorax to 
reduce fatalities.  
 

• Assessment of rear seated position – undecided. 
The crash testing work showed that the inclusion of 
rear seated dummies did not influence the 
assessment of the front seated position, indicating 
that testing this seat position is feasible. Comparison 
of the injury criteria values for the front and rear 
seated dummies showed that the main differences 
were higher head, neck and tibia values for the rear 
seated dummies. The tests with the ‘Small family 1’ 
car showed strong evidence of submarining. In 
addition, it was noticed that the thorax deflection 
values were similar for the front and rear seated 
dummies even though the belt loads were 
substantially higher for the rear seated dummies. 
Several possible contributory factors were identified 
to explain this observation, one of them being the 
different relationship between thorax deflection and 
injury risk for the Hybrid III dummy for belt only 
and combined airbag and belt restraint systems 
identified by Kent [10]. This factor has interesting 
consequences, namely if it was decided to test the 
rear seat position and to drive an equivalent level of 

safety protection for the thorax to that offered in the 
front, then different performance limits would be 
needed for the chest deflection for the rear dummies 
to account for the different injury risk functions for 
belt only and belt and airbag restraints.  
 
The main finding from the accident analysis was 
that the proportion of rear seated occupants wearing 
a seatbelt was much lower than for front seated 
occupants. This clearly indicates that there is a 
problem with the seat belt wearing rate in the rear. 
The accident analysis also found that the rear seat 
occupancy rate in collisions was low, about 10% of 
all occupants. The analysis with the GIDAS 
database showed that the risk of injury for belted 
occupants in the rear was lower than for the front. 
However, other recent studies have indicated that 
for the elderly the risk of injury is higher in the rear 
than the front [16].  
 
In summary, the crash tests performed showed no 
major technical obstacles to include rear seated 
dummies in the test.  However, the accident analysis 
work showed that the seat belt wearing rate in the 
rear was substantially lower than for the front and 
the rear seat occupancy rate is currently low. One 
way to help improve the seat belt wearing rate could 
be the fitment of seat belt reminder systems for rear 
occupants. These and other factors need to be 
considered further, in particular from a cost benefit 
point of view, before a decision can be made 
whether or not to assess the rear seated position.  

 
• Deformable barrier face – undecided. 

As mentioned previously, the main purpose of the 
deformable face is to help take measurements of a 
vehicle’s compatibility potential and to make the 
test more representative of a vehicle to vehicle 
impact, in particular at the beginning of the impact 
[4]. EEVC WG15 has proposed three potential 
options for a set of test procedures to assess a 
vehicle’s self and partner (compatibility) protection, 
two of which include a full width test with a 
deformable face. However, the research is not far 
enough advanced to decide which of these options 
should be taken forward and hence whether or not a 
deformable face is required to take compatibility 
measurements. If a full width test was to be 
introduced in the longer term it is expected that this 
research would be complete and hence the decision 
made. However, the aim of APROSYS was to 
develop a test that could be introduced in the short 
term and hence test work was performed to assess 
the effect of the deformable face on the assessment 
of a vehicle’s self protection capability.  
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For the three cars tested the dummy injury criteria 
values were generally similar between the tests with 
and without the deformable face indicating that the 
deformable element had little effect on the overall 
severity of the test. However, for one car the airbag 
fired later in the test with the deformable face which 
resulted in substantially higher dummy injury values 
for the head. This was most likely caused by the 
lower compartment deceleration at the beginning of 
the impact, which is more representative of a 
vehicle to vehicle impact. This shows that a 
deformable face may be useful in a full width test in 
the short term to ensure a more realistic assessment 
of a vehicle’s crash sensing capability. However, the 
author is not aware of studies showing that there is a 
problem with late airbag firing in these types of 
accidents in the real world. Moreover, it should be 
noted that current regulatory full width tests, such as 
FMVSS208, do not have a deformable face, so for 
harmonisation purposes it would be best not to 
include one in a test for Europe. To make a decision 
these advantages and disadvantages will have to be 
weighed up, most likely by governmental and/or 
regulatory bodies.  

 
• Repeatability and reproducibility 

Full scale crash testing was performed to assess the 
repeatability / reproducibility of the test. As all the 
tests were instrumented with a high resolution Load 
Cell Wall, the repeatability and reproducibility of 
proposed metrics to assess a car’s compatibility 
were also investigated.  
 
For self protection measures, such as dummy injury 
criteria, it was found that the repeatability and 
reproducibility were at least as good as for the 
current UNECE Regulation 94 test procedure.  
 
For partner protection measures, it was found that 
although the global Load Cell Wall (LCW) force 
was repeatable for all tests, the LCW horizontal 
force distribution was not because of different 
failure modes of the vehicle’s main rail. For the 
Structural Interaction (SI) metric it was found that 
although the vertical component was repeatable, the 
horizontal one was not even when the LCW 
horizontal force distribution was repeatable. This 
indicates that although assessment of a vehicle’s 
partner protection using LCW measurements and 
associated metrics shows promise, further 
development is required to improve repeatability to 
ensure suitability for regulatory application.  

 
 
 
 

CONCLUSIONS 
 
The APROSYS project has developed a full width test 
procedure suitable for regulatory application in Europe 
in the short term to assess a vehicle’s self protection 
capability. An initial cost benefit analysis has also been 
performed.  
 
However, some issues remain to be resolved to 
complete the specification of the procedure. These 
include: 
• Definition of performance criteria and limits.  

The cost benefit analysis indicated a benefit to cost 
ratio of 4:1 assuming that performance limits 
similar to the Regulation 94 ones are required to 
deliver the estimated benefit.  However, more 
stringent performance limits and other measures 
are likely to be needed to deliver all of the 
estimated benefit. These may include adaptive 
restraint systems and an improved dummy for the 
assessment of thorax protection. Further work is 
required to determine appropriate performance 
limits and update the cost benefit analysis.  

• Deformable face 
The crash tests results showed that a deformable 
face could be useful to help ensure a more realistic 
assessment of a vehicle’s crash sensing capability. 
However, a deformable face is not currently 
included in any worldwide regulatory or consumer 
testing and hence would be disadvantageous from 
the point of view of harmonisation. To decide 
whether or not to include a deformable face these  
advantages and disadvantages need to be weighed 
up, most likely by governmental and/or regulatory 
bodies. 

• Rear seat position 
The crash tests performed showed no major 
technical obstacles to include rear seated dummies 
in the test.  However, the accident analysis work 
showed that the seat belt wearing rate in the rear 
was substantially lower than for the front and the 
rear seat occupancy rate is currently low. These 
and other factors need to be considered further, in 
particular from a cost benefit point of view, to 
make a decision of whether or not the rear seat 
position should be tested. 
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ABSTRACT 

In 2006, the Transport Policy Council’s Report in 
Japan stated that it is necessary to discuss 
compatibility improvement considering the traffic 
accident environment in Japan. In response to this 
report, the MLIT has launched the Compatibility 
Working Group in Japan. This paper summarizes the 
activities of the WG toward the compatibility 
improvement. 

In the WG, accident analyses and crash tests were 
performed to identify the safety problem. From 
global accident data, it is shown that as the front rail 
of the opposite (or collision partner) car was higher, 
the injury risk to the occupant tended to be higher. 
Full frontal car-to-car crash tests were conducted to 
investigate height matching and mismatching 
conditions of front rails. It was suggested that 
matching the front rail heights between two cars 
provides an overall safety benefit for occupant 
protection, though the leg injuries may became 
worse. From the accident analysis and crash tests, it 
was recognized in the WG that the matching of the 
front rail heights could be the first issue to be 
investigated for compatibility improvement.  

To evaluate the height of front rails,  geometrical 
measurements and analysis of crash test data can be 
considered. The footprint of the front rails can be 
observed in the measured barrier force distribution of 

a full-width rigid barrier test. Accordingly, to 
evaluate the front rail heights, measurement and 
evaluation of the barrier force distribution using 
high-resolution load cells in a full-width rigid barrier 
test was investigated. Several methods were 
developed and proposed for evaluating the front rail 
heights based on the barrier force distributions.  

INTRODUCTION 

Transport Policy Council’s Report in Japan (June 
2006) [1] states in the section of “Enhancement of 
Passive Safety Measures” that “As another passive 
safety measure, it will be necessary to formulate a 
compatibility regulation relating to occupant 
protection in an accident between vehicles of 
different sizes in keeping with available research 
results and the drafting of a similar international 
regulation.” In response to this report, the Ministry of 
Land, Infrastructure, Transport and Tourism (MLIT) 
has launched the Compatibility Working Group 
(WG) in Japan to investigate measures of 
compatibility. 

In vehicle compatibility, it is recognized that good 
structural interaction is a prerequisite to ensure the 
efficient energy absorption of frontal structures and 
the integrity of the passenger compartment. For good 
structural interaction, matching the heights of front 
rails above the ground is one of the important factors. 
In compatibility, the aggressiveness of the sports 
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utility vehicle (SUV) is one of significant issues to be 
addressed. In 2003, the Front-to-Front Compatibility 
Technical Working Group (TWG) of the US 
Alliance announced Phase I requirements for 
improving geometrical compatibility [2]. In the 
Phase I, it was required that either (1) the primary 
energy absorbing structure (PEAS) shall overlap the 
FMVSS Part 581 bumper zone (Option 1) or (2) a 
secondary energy-absorbing structure (SEAS) shall 
be installed, whose lower edge shall be no higher 
than the bottom of the Part 518 bumper zone (Option 
2).  

The MLIT has conducted accident analyses and 
crash tests. The Japan Compatibility WG examined 
the results of these analyses. The WG focused on the 
front rail height matching in car-to-car collisions. In 
order to evaluate the front rail height, candidate test 
procedures based on measurement and evaluation of 
the barrier force distribution in a full-width rigid 
barrier (FWRB) crash test were proposed in the WG.  

ACCIDENT ANALYSIS 

The relationship between front rail heights and injury 
risks to drivers were examined using global and 
in-depth accident data in Japan. 

Global Accident Data Analysis 

National accident data (police data) in Japan was 
used to investigate the compatibility situation. 
Vehicle-to-vehicle collisions, where both vehicle 
drivers were belted, were selected for the analysis. 
Table 1 presents the number of injured drivers in 
head-on collisions. The number of belted drivers in 
cars involved in car-to-vehicle head-on collisions in 
the time span from 2001 to 2007 was 119,692, and 
the probability of fatal and serious injuries was 7.3%. 
The number of car-to-car collisions during this time 
was 91,766. In order to examine late model cars, 
models tested by the Japan New Car Assessment 
Program (JNCAP) as of 2002 were selected as the 
subject cars (N=3,856). Furthermore, among these 
collisions involving the car models tested by JNCAP, 
the other collision partner cars were limited to those 
registered as of 2000, which led to the population of 
1,308 collisions. This research focused on these 
1,308 collisions.  

Figure 1 shows the probability of fatal and serious 
injuries to belted drivers by the curb mass of the 
subject car. The probability of injury in the subject 
car decreases and that in the collision partner car 
increases with increasing subject car mass. The 
probability of fatal and serious injury of the drivers 
in the subject and the collision partner cars are 
comparable when the subject car mass in the range of 
1,100 to 1,300 kg.  

Table 1. Number and probability of injuries of 
drivers in cars in head-on collisions (both drivers 
were belted in collisions) 

Subject car 
Number of drivers Prob. of 

fatal and 
serious 

injury (%) Fatal Serious Minor 
No 

injury 
Total 

Car-to-vehicle collision 1,056 7,667 62,640 48,329 119,692 7.3 

C
ar

-t
o-

ca
r 

co
lli

si
on

 Car 309 4,990 48,169 38,298 91,766 5.8 

JNCAP car  
Subject 3 187 2,263 1,403 3,856 4.9 

Other 17 202 1,966 1,671 3,856 5.7 

JNCAP car vs. 
car (registered 
2000 or later) 

Subject 1 69 753 485 1,308 5.4 

Other 3 62 729 514 1,308 5.0 

Total 4 131 1,482 999 2,616 5.2 

 
 

 
Figure 1. Car curb mass and probability of 
injuries to belted driver 
 
 
The number of driver injuries is presented in Table 2 
as a function of the front rail ground height of the 
subject car. The front rail height is defined as the 
average of ground heights between the upper and 
lower edges of the front rail front-end. The number 
of cars with a front rail height ranging from 425 to 
475 mm is 1,174, which account for 44.9% in the 
vehicle fleet. The number of cars with their front rail 
height ranging from 400 mm or less and from 500 
mm or more is 195 and 277, respectively. Front rail 
heights of many cars in the Japanese car fleet are 
included in the FMVSS Part 581 bumper zone (i.e., 
406 to 508 mm).  
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Figure 2 shows the probability of injuries to drivers 
by the front rail height of the subject car. Within the 
range from 400 to 500 mm of front rail height, the 
probability of injuries in the subject car tends to 
decrease with a higher front rail, whereas in the 
collision partner car the probability tends to increase. 
However, this tendency is not observed in the ranges 
where the front rail height is less than 400 mm or 
when it is greater than 500 mm. One reason may be 
the number of subject cars is small in these ranges 
(see Table 2).  

 
Table 2. Front rail height of subject car and the 
number of belted driver injuries 

Front rail 
height (mm) 

Subject car  Other car 

Fatal Serious Minor 
No 

injury 
Total 

 

Fatal Serious Minor 
No 

injury 
Total 

      – 400  10 117 68 195  10 103 82 195 

400 – 425 1 24 196 128 349  9 207 133 349 

425 – 450  3 31 291 212 537 2 23 320 192 537 

450 – 475  29 361 247 637 2 37 358 240 637 

475 – 500  31 361 229 621  38 346 237 621 

500 – 525  6 132 95 233  13 124 96 233 

525 –    24 20 44  1 24 19 44 

Total   1482 999 2616 4 131 1482 999 2616 

 

 
Figure 2. Front rail height of subject car and the 
probability of belted driver injuries 

 
The injury risks to belted drivers were examined by 

the relative height (ΔH) of the front rail of the subject 
car with respect to the collision partner car. When 

ΔH is positive, the front rail of the subject car is 
higher than that of the collision partner car; and 

conversely, when ΔH is negative, the front rail is 
lower than that of the collision partner.  

The number of involved drivers and the probability 
of fatal and serious injury by relative front rail height 

ΔH are shown in Figure 3. There is an observable 
trend that the probability of fatal and serious injury 

was lower as the relative front rail height ΔH was 
lower. The probability of serious injury to belted 

drivers was 7.7% for cars with ΔH of 70 mm or less. 
In contrast, it was 4.3% for cars with a ΔH of 70 mm 
or more. 

Figure 4 and Figure 5 show the probability of fatal 
and serious injuries of belted drivers by subject car 

mass and the relative front rail height ΔH. The 
collisions were classified into groups in which ΔH 
ranged from -40 to 40 mm (see Figure 4) and from 
-25 to 25 mm (see Figure 5). The probability of 
driver injury of the subject car and the other car is 
slightly smaller for collisions in which the relative 

front rail height ΔH was in the range from -40 to 40 
mm. However, this trend was opposite, where the 
injury risk to drivers was higher for the group where 

the relative front rail height ΔH ranged from -25 to 
25 mm.  

 

Figure 3. The probability of belted driver injuries 
by subject car relative front rail height 

 

 
Figure 4. The probability of belted driver injuries 
by subject car mass and relative front rail height 
(ΔH) of -40 to 40 mm 
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Figure 5. The probability of belted driver injuries 
by subject car mass and relative front rail height 
ΔH of -25 to 25 mm 

 
Table 3 presents the probability of fatal and serious 
injuries to belted drivers classified by subject car 

types versus the ΔH divided into three ranges—less 
than 40 mm, -40 to 40 mm, and greater than 40 mm. 

When the relative front rail height ΔH is in the range 
from -40 to 40 mm, the injury risks to driver tend to 
be smaller than for the other two groups.  

In accident data, many factors can affect injuries to 
drivers. The front rail height is one of design factors, 
which can be associated with vehicle mass, stiffness, 
and vehicle type. More research on accidents is 
needed to identify the effectiveness of front rail 
height matching. The influences of vehicle mass and 
stiffness also will be investigated in the WG to make 
clear the problem of compatibility. 

 
Table 3. Probability of fatal and serious injuries 
to belted drivers in subject cars by relative front 
rail height differences 

Front rail height of 
subject car from 

other car 

Prob. injury of driver in subject car 

Minicar Small car MPV 

ΔH ≤ −40 mm 7.5% 6.5% 5.9% 

−40 mm < ΔH < 40 mm 6.3% 4.4% 3.2% 

ΔH ≥ 40 mm 9.1% 3.9% 3.9% 

 
 
In-Depth Accident Data Analysis 

From in-depth accident database of Institute for 
Traffic Accident Research and Data Analysis 
(ITARDA) from 1994 to 2008, 34 head-on collisions 
between cars were extracted. The involved vehicles 
consisted of 62 cars, 5 Multi Purpose Vehicles 
(MPVs) or SUVs, and one 1-BOX type vehicles. In 

the data, the cross-section height, upper edge and 
lower edge ground heights of front rails were 
distributed 60–170 mm, 378–600 mm, and 256–500 
mm, respectively.  

Figure 6 shows the relation between 
override/underride occurrence and the relative front 
rail height. The override/underride occurrences were 
identified from photographs of cars in accidents by 
comparing the crush depth of the upper and the lower 
structures. Although the override or underride 
tendency is not clearly defined, it may occur when 
the front rail height difference is 100 mm or more.  

The intrusion into the passenger compartment is 

shown in Figure 7 by the front rail relative height ΔH 
and the barrier equivalent velocity (BEV). The 
compartment intrusion started to initiate at a BEV of 
25 km/h, and tended to increase with increasing BEV. 
The compartment intrusion tended to be small as the 
front rail difference was close to zero. There were 

cars with intrusions of 450 mm (ΔH=-140 mm) and 
500 mm (ΔH=121 mm) at a BEV of60 km/h, and 
where the intrusion was related to the survival space 
in these accidents.  

The injury severities of belted drivers are also shown 
by the Maximum Abbreviated Injury Scale (MAIS) 
in Figure 8. The MAIS tended to be large as the front 
rail height difference was large. However, the MAIS 
also tended to be large as the front rail height 
difference was small. When the front rail heights of 
two collided cars matched each other, the car 
acceleration can be higher than where there is no 
matching. The acceleration-related injuries such as 
the restraint system injury might be one of the causes 
for this tendency.  
 

 

Figure 6. Override/underride based on in-depth 
accident data 
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Figure 7. Relation between passenger 
compartment intrusion, relative front rail height, 
and barrier equivalent velocity 
 

 
Figure 8. Injury severity of belted driver by front 
rail ground height and barrier equivalent velocity 
 

 

 

CRASH TESTS 

Full frontal car-to-car crash tests were conducted for 
a minicar and a large car, for which the heights of 
their front rails were different, and for which the ride 
heights of both cars were adjusted so that the front 
rail heights were aligned. The car accelerations and 
dummy responses were examined, and also 
compared to those in the FWRB test at 55 km/h 
conducted by JNCAP.  

Test Method 

A minicar and a large car were impacted center 
line-to-center line with 100% overlap of the minicar 
(Figure 9). The velocity of each car at the time of 
impact was 50 km/. Figure 2 shows the geometry of 
the front rails of both cars. In Test 1, the front rail of 
the large car was higher than that of the minicar by 
130 mm, as measured at the location of the center of 
the cross sections across the front rails. Due to the 
height difference, the front rails of both cars would 
not contact (or interact with) each other. In Test 2, 
the ride height of the minicar was raised and that of 
the large car was lowered so that the geometric 
centers of the front rails of both cars were aligned. In 
the lateral direction, the front rails of both cars 
overlapped each other. In each car, a Hybrid III 
AM50 dummy was seated in both the driver seat 
(right) and front passenger seat (left) and was 
restrained with a seat belt. The test weights of the 
minicar and the large car were 1024 kg (curb mass 
820 kg) and 1695 kg (curb mass 1510 kg), 
respectively; and the ratio of the large car-to-minicar 
test mass was 1.6. 
 

 

Figure 9. Crash configuration 
 
 

 

Figure 10. Structure geometry in Test 1 and 
Test 2 
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Test Results 

Car Behavior 
The car behavior during impact in Tests 1 and 2 is 
presented in Figure 11. In both tests, the minicar was 
pushed rearward by the large car. In Test 1, it was 
observed that the large car overrode the minicar. 
During the first 20 to 60 ms of the crash sequence, 
the crash interface moved upward and both cars slid 
relative to each other. At about 50 ms, the front 
wheels of the large car separated from the ground 
and overrode the front wheels of the minicar. Beyond 
60 ms of the crash sequence, pitching of the minicar 
occurred with the rear wheel losing contact with the 
ground. In Test 2, the structures of both cars 
interacted and the crash interface did not move in a 
vertical direction. Pitching of the minicar occurred, 
whereas the attitude of the large car did not change 
appreciably. 
 

 
(a) Test 1 

 
(b) Test 2 

Figure 11. Car behavior in car-to-car full frontal 
tests 

Car Deformation 
Figure 12 and Figure 13 present deformation patterns 
of the minicar and large car after the tests. The 
measured deformations at selected locations are 
shown in Figure 14. In Test 1, the deformations of 
front rails of the minicar car were small due to their 
height mismatch against the large car. For the 
minicar, the deformation of the right and left front 
rails was 180 and 153 mm, respectively. The 
deformation of the upper structures of the minicar 
was large, and the engine rotated rearward. 
Additionally, inside the passenger compartment, the 

intrusion of the instrument panel was 39 mm on the 
right side and 44 mm on the left side, and the steering 
column moved rearward by 35 mm and upward by 
63 mm. As shown in Figure 5, the steering column 
rotated upward; and, due to dummy contact, the 
steering wheel bent and fractured.  

In Test 2, the front structures of the minicar 
deformed uniformly. The car deformation mode was 
comparable with that in the FRWB test in JNCAP. 
The deformation of the right and left front rail was 
302 and 261 mm, respectively, which was large 
compared to Test 1. The intrusion of the upper part of 
the passenger compartment was small. The rearward 
and upward deformation of the steering column was 
12 mm and 33 mm. However, in Test 2, the 
deformations of the lower structures of the minicar 
were large, particularly for the transmission bottom 
(110 mm). As a result of the large deformations, the 
intrusion of the toe board for the front passenger side 
was large (143 mm).  

   
(a) Minicar 

   
(b) Large car 

Figure 12. Car deformation (Test 1) 
 

   
(a) Minicar 

   
(b) Large car 

Figure 13. Car deformation (Test 2) 

0 ms 20 ms 40 ms 
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Figure 14. Minicar deformation in Test 1 and 2 
 
 

Car Acceleration 
 
The accelerations of the passenger compartment are 
shown in Figure 15. In general, the acceleration 
pulses are comparable between Test 1 and 2. 
However, in Test 1 and Test 2, there are differences 
in the car accelerations at the time of the initial stage 
of impact. For the first 15 ms, the minicar 
acceleration was higher in Test 2 because the front 
rails of both cars made contact with each other. On 
the other hand, the peak acceleration of the minicar 
was higher for Test 1 (619 m/s2) than for Test 2 
(539 m/s2). For the large car, the car acceleration in 
the initial stage was also high in Test 1 as compared 
to that in Test 2. The maximum car acceleration was 
similar in Test 1 (331 m/s2) and Test 2 (341 m/s2). 
Compared to the JNCAP FWRB 55 km/h tests, the 
time duration was longer for the minicar and shorter 
for the large car since the minicar is stiffer than the 
large car. 

Injury Measures 
 
According to the video analysis, the driver airbag of 
the minicar started to deploy at 24 ms, 17 ms, and 
14 ms in Test 1, Test 2, and the FWRB test, 
respectively. Thus, the timing of the airbag 
deployment was delayed in Test 1 by 7 ms later than 
that in Test 2. The shoulder belt tension also started 
late in Test 1 due to the delay of the seat belt 
pretensioner activation. As a consequence of this 
delay of the seat belt forces, the acceleration of the 
head and chest started later by 7 ms in Test 1 
compared to Test 2.  

 

  
Figure 15. Car acceleration measured at the 
B-pillar bottom in car-to-car test and full-width 
rigid barrier test (JNCAP) 
 
The injury measures of the dummies were compared 
for Test 1 and Test 2. Figure 16 and Figure 17 show 
the ratios of the injury measures of the driver and 
front passenger dummies to the injury assessment 
reference values (IARVs) of ECE R94, respectively. 
For the minicar, the injury measures of the driver 
dummy were larger in Test 1 than those in Test 2. In 
Test 1, some injury maesures of the driver dummy in 
the minicar exceeded the IARVs due to the high 
acceleration and large intrusion of the car. Especially, 
the neck extension moment, knee displacement 
(right), and tibia index (right) exceeded their 
respective IARVs. In Test 2, the head acceleration, 
neck extension moment, and chest acceleration also 
exceeded the IARVs, but these measures were less 
than those in Test 1. As shown in Figure 12 and 
Figure 13, the steering column of the minicar rotated 
upward in Test 1 and Test 2. This steering upward 
rotation was more apparent in Test 1, so that the HIC, 
chest acceleration, and neck extension moment were 
large in Test 1. For the front passenger dummy, the 
injury measures were also larger in Test 1, with the 
exception of the left tibia axial force and tibia index 
(see Figure 17). In Test 2, the toe board intrusion of 
the front passenger of the minicar was large due to 
large rearward displacement of the transmission. It is 
likely that this large intrusion led to the large tibia 
axial force of the front passenger dummy.  

-100

0

100

200

300

400

500

600

700

0 20 40 60 80 100 120 140 160 180 200

Test 1 
Test 2 

Time (ms) 

A
cc

el
er

at
io

n 
(m

/s
2 ) 

-100

0

100

200

300

400

500

600

700

0 20 40 60 80 100 120 140 160 180 200

Time (ms) 

(a) Minicar 

(b) Large car 

FRB 

Test 1 
Test 2 
FRB 

A
cc

el
er

at
io

n 
(m

/s
2 ) 

0 100 200 300 400 500 

Engine top (right)

Front rail (right)

Front rail (left)

Engine oil pan

Transmission bottom

Instrument panel (right)

Instrument panel (left)

Steering axis

Driver toe board

Passenger toe board

Longitudinal deformation (mm) 

452 

180 

153 

79 

13 

39 

44 

35 

124 

67 

305 

302 

261 

185 

110 

9.4 

12 

117 

143 

Test 1 
Test 2 



 Yonezawa 8

 

Figure 16. Injury criteria of driver dummy in 
minicar 

 

Figure 17. Normalized Injury measures of the 
front passenger dummy in the minicar 

 

Summary of Crash Test Results 
The front rails of the minicar and large car passed by 
and did not contact each other in Test 1; whereas, 
they made contact with each other in Test 2. The 
driver airbag deployment was delayed by 7 ms in 
Test 1 compared to Test 2 for the minicar. It is likely 
that the crash sensing at the front rail was affected by 
the front rail height mismatch. The delayed airbag 
deployment starting time affected the interaction 
between the airbag and the dummy head. The height 

mismatch of the front rails also led to the large 
intrusion of the upper part of the passenger 
compartment of the minicar. When the height of 
front rails were matched (Test 2), the front structure 
deformed in a comparable mode as observed in the 
JNCAP FWRB 55 km/h test. As a result, the car 
acceleration, deformation, and the dummy 
kinematics in the car-to-car full frontal crash 
responded in a controlled manner, which was 
comparable to those in the FWRB tests. These results 
confirmed that height matching of front rails has 
advantages in car-to-car collisions in that the car 
deformation and dummy response could be predicted 
in a designed mode in crash tests.  

The passenger compartment intrusion of the minicar 
was more severe for Test 1 where the front rail 
heights were mismatched. In Test 2, where the front 
rails heights of the two cars matched, the intrusion 
and the dummy injury criteria could be improved. 
The matching of front rail height would have the 
benefit of preventing serious injuries in severe 
crashes where the intrusion of the passenger 
compartment is large. However, it should be noted 
that in crashes at lower velocities, the risk of minor 
injuries to occupants could be lower when the 
heights of the car front rails are mismatched. This is 
because the car acceleration will be smaller when the 
front rails of the two cars are mismatched in height 
and they do not generate large crash forces.  

 

CANDIDATE TEST PROCEDURES TO 
EVALUATE THE FRONT RAIL HEIGHTS 

In the WG, four test procedures were proposed to 
evaluate the front rail heights (Option 1). These tests 
are based on the evaluation of the barrier force 
distribution using high resolution load cells (125 
mm) in FWRB tests. The FMVSS Part 581 bumper 
zone is contained within the 3rd and 4th rows of the 
load cells (Figure 18). As shown in Figure 19, the 
effect of an engine impact on the force distribution is 
large in FRWB tests. Accordingly, it is necessary to 
eliminate the effect of the engine impact in order to 
evaluate the heights of the structures. If the front rail 
heights of cars are higher than an established 
acceptance level, the SEAS should be installed 
(Option 2). The scope of the test vehicles will be 
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minicars, ordinary-size cars, and SUVs. In each 
candidate test, the criteria and acceptance levels are 
presented below. In some acceptance levels, 
parentheses [ ] were used to show temporal values. 
 

 

Figure 18. FMVSS Part 581 bumper zone and 
load cell heights 

 

Figure 19. Peak cell force distribution of a small 
car until car deformation 400 mm in full-width 
rigid barrier test 

 
 
 
Proposed Test 1 

In FWRB tests, after the axial collapse of the front 
rails has commenced, the engine impacts the barrier. 
Figure 20 plots the barrier force and engine force of 
cars tested in JNCAP. The engine force is calculated 
based on the engine mass and acceleration. The 
engine force is relatively small up to 200 kN of total 
barrier force. Figure 21 shows the peak cell force 
distribution of a small car at a total barrier force of 
200 kN. The footprint of the front rails is shown 
clearly. Accordingly, it is likely that the force of 
these rail structures can be evaluated by analyzing 
the force distributions up to 200 kN total barrier 
force. 

 

Figure 20. Barrier force and engine impact force 
in full-width rigid barrier tests (JNCAP 2008) 

 
Figure 21. Peak cell force distribution of a small 
car at total barrier force 200 kN 

In a first step,  a determination is made whether the 
front rail height is located between 3rd and 4th row 
cells. Figure 22 shows the sum of the maximum 3rd 
and 4th row force at 200 kN total barrier force with 
the front rail height.  The sum of F3+F4 tends to be 
large as the front rail height is close to the 3rd and 4th 
row boundary line (455 mm). If the acceptance level 
of F3+F4 is too high, then the multiple load path cars 
may not be accepted. Thus, the acceptance level of 
[80] kN of F3+F4 was used so that only a few cars 
for which the front rails heights are outside of the 3rd 
and 4th row are excluded.  

In the next step, it is judged that the front rails are 
located between the 3rd and 4th rows, and whether 
the front rail cross section includes 455 mm of 
ground height is examined. Figure 23 shows the 
relation between the force ratio F4/(F3+F4) and the 
geometry ratio U/(L+U) (where U is the height 
between the front rail upper edge and 455 mm, and L 
is the height between 455 mm and the front rail lower 
edge). The ratio F4/(F3+F4) is used because the 
force levels F3 and F4 depend on the front rail 
stiffness. When 0 < U/(L+U) < 1, the front rail cross 
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section includes 455 mm height. From Figure 23, the 
ratio 0 < U/(L+U) < 1 corresponds to 
0.2 < F4/(F3+F4) < 0.8. The criteria and the 
acceptance levels of the barrier force for the front rail 
heights are as follows: 

1.  F3+F4 > [80] kN 
2.  [0.2] < F4/(F3+F4) < [0.8] 

where F3 and F4 is the 3rd and 4th maximum row 
force up to the time of  200 kN of total barrier force. 
If the cars meet the acceptance levels, it is assumed 
that the cross section of front rail includes the height 
of 455 mm. 

 

Figure 22. Sum of 3rd and 4th row force and 
front rail cross section height 

 

Figure 23. Front rail height and ratio of row force 

 
Figure 24 shows the results of the criteria and the 
acceptance levels applied to the JNCAP FWRB tests. 
The cars for which the front rail cross sections do not 
include 455 mm height were not accepted. It is also 
shown that the AHOF 400 might not be a good 
criterion to evaluate the front rail height. The 
evaluation flow diagram is presented in Figure 25.  

 
Figure 24. Application of proposed test 1 

 
Figure 25. Evaluation flow in proposed test 1 

 
 
Proposed Test 2 

In Option 1, the front rail heights are evaluated. If the 
cars are not accepted in Option 1, the SEAS will be 
evaluated in Option 2. The evaluation flow diagram 
is shown in Figure 26.  

 
Figure 26. Evaluation flow in proposed test 2 

Option 1: The 3rd and 4th row force (F3, F4) in 
FRWB test are evaluated so that the influence of a 
SEAS is excluded. The barrier force distributions 
before the engine impacts the barrier are used to 
reduce the influence of engine impact force. The 
criterion is F3+F4, and its acceptance level is [35] kN 
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as follows (Figure 27):  

F3+F4 > [35] kN 

where F3 and F4 is the 3rd and 4th maximum row 
force until 200 kN of total barrier force. 

Option 2: Option 2 is dimensional requirement of 
SEAS, and an evaluation method is under 
investigation (Figure 28).  
 

 

Figure 27. Option 1 test in proposed test 2 

 

Figure 28. Option 2 test in proposed test 2 

 
 
Proposed test 3 

When a front rail is located in the Part 581 Zone, the 
force on rows 3 and 4 would be generated mainly by 
the front-rail stiffness and an engine impact force.  
Figure 29 shows the (F3+F4)/2 within the center 4 
columns until the crush depth 400 mm in JNCAP. 
Since (F3+F4)/2 in the center 4 columns is less than 
100 kN, in general, the engine impact force is less 
than 100 kN. Accordingly, the car structural force 
can be evaluated in the 3rd and 4th rows by using the 
lower limit of 100 kN of (F3+F4)/2. 

 
Figure 29. Average of 3rd and 4th rows at center 
4 columns in loadcell wall until crush depth 400 
mm 

 
In Option 1, the combined force on rows 3 and 4 is 
evaluated in FWRB test as follows: 

(F3+F4)/2 ≥ 100 kN (until 400mm of crush 
depth) 

When the forces generated outside the 3rd and 4th 
rows are large, the 3rd and 4th row force may not be 
excited and not be measured correctly. Accordingly, 

if (Fn + Fn+1)/2 ≥ (F3 + F4)/2 (n=4 to 9) until the 
crush depth 400 mm, an additional test will be 
carried out to evaluate structural forces that locate at 
3rd and 4th rows (Option 2). A evaluation criteria 
and a flow diagram of the evaluation is presented in 
Figure 30 and Figure 31. 
 

 

Figure 30. Proposed test 3 

F3+F4 ≥ 35kN 

455 mm 
(≅ 18inch) 

F3 

F4 

Before engine impact 
(Based on the barrier force distribution 
pattern) 

PEAS 

SEAS 

SEAS 

（F3+F4）/2 ≥ 100 kN） 

Option 1 
FWRB test 

455 mm 
(≅18 inch) 

F3

F4

Until crush depth 400 mm 

F5

Option 2 
Override test 

F3 

F4 

455 mm 
(≅ 18 inch) 

2002JNCAP 2003JNCAP 2004JNCAP 2005JNCAP 2006JNCAP

0

50

100

150

200

250

300

350

400

(F
3+

F4
)/2

 a
t c

en
te

r 4
 c

ol
um

ns
 (k

N
) 



 Yonezawa 12

  
Figure 31. Evaluation flow in proposed test 3 

Proposed test 4 

Proposed test 4 is similar to proposed test 1 except 
for the criteria and acceptance levels (Figure 32). In 
Option 1, the barrier row forces are evaluated in 
FWRB test as follows: 

1.  F3+F4 ≥ 100 kN 
2.  F3 ≥ 40 kN 
3.  F4 ≥ 40 kN 

where F3 and F4 is the 3rd and 4th maximum row 
force until 200 kN of total barrier force. If the cars do 
not meet the Option 1, an override test or underride 
test is carried out to evaluate the SEAS as the 
Option 2. Figure 33 presents the evaluation flow 
diagram. 
 

 
Figure 32. Proposed test 4 

 
Figure 33. Evaluation flow in proposed test 4 

SUMMARY 

In the compatibility working group in Japan, the 
compatibility measures based on the current traffic 
accident environment in Japan were discussed. The 
results are summarized as follows.  
1. From accident analyses, there is an observed 

trend that the injury risks increase when the front 
rail heights are mismatched. However, the front 
rail heights are related with other factors such as 
vehicle mass, stiffness, and vehicle class. More 
research is needed to understand better the 
effects of front rail height matching. 

2. From the full frontal car-to-car crash tests, it was 
shown that front rail height matching had an 
advantage of uniform car deformation to prevent 
large intrusion into the passenger compartment. 

3. In the WG, some test procedures to evaluate the 
front rail heights were proposed that can be used 
to address one of the identified compatibility 
problems. In the candidate test procedures, the 
barrier force distributions were evaluated in 
full-width rigid barrier tests. 
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ABSTRACT 
 
AHOF400 estimates the average height, from the 
ground, of the interacting force between a vehicle and 
the barrier in a rigid barrier crash test. Similarly, 
KW400 estimates the “stiffness” derived from the 
force-crush relationship corresponding to a vehicle 
crashing into a ridge barrier. Both metrics are 
calculated during the first 400 mm of crush. 
Although, the formulas for calculating both 
AHOF400 and KW400 appear simple, the 
reproducibility for these two measures has not been 
determined. One area of concern is variations in 
numerical methodology, signal processing algorithms 
and/or labs can lead to different results: numerical 
issues such as, determining time zero of a signal may 
increase lab to lab variability. In addition, AHOF400 
and KW400 may not be the invariants of the system: 
they may be velocity dependent. 
 
INTRODUCTION 
 
As a part of NHTSA’s compatibility program [1-4], 
there was an attempt to measure the Average Height 
Of Force, AHOF.  The height of force was defined as 
[5-6] 
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Where, )(tFi  was the i-th load cell force and Hi  
was the height of the corresponding load cell. 
AHOF(t) was obtained by averaging the HOF(t) from 
the weighting function of total force F(t),     
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The summation of HOF to produce AHOF was 
initiated when the total force exceeded 50kN (Eq2). 
An alternative of AHOF was introduced in [7]. 
Instead of using F(t) in Eq1 and Eq2, F(d) was used 
to obtain the height of force and averaged height of 
force, where d was the displacement of a vehicle 
(vehicle crush).  The average height of force 
delivered by a vehicle in the first 400 mm of crush, 
AHOF400 was formulated as:   
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In addition to the AHOF400, the “stiffness” metric 
KW400 was used in the analysis in [7]. KW400, 
defined in [8], was   
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In the analysis presented below, Eq4 and Eq5 were 
used to calculate AHOF400 and KW400 for the16 
tests presented in the paper by Patel et. al.[7], as well 
as other  NHTSA's NCAP and FMVSS208 tests[9]. 
The objective of this study is to understand and 
investigate the reproducibility of AHOF400 and 
KW400 and to determine in a qualitative way how 
these two metrics vary as a function of signal 
processing and computation methods, usage of 
different software, and other relevant variables.  
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METHOD   
 
HOF(d), AHOF400 and KW400 defined  in Eq3 to 
Eq5 and in [7] were used in this study. The 
calculation of AHOF400 and KW400 involves 
obtaining forces and crush (displacements of the un-
deformed part of the vehicle during impact) from a 
full frontal rigid barrier impact. Crush time history 
data used in this study were obtained from the 
accelerometers on the left and right rear sills or rear 
seat brackets. Displacement (d) was obtained by 
double integrating the acceleration data starting from 
the initiation of impact (time zero). Total impact 
force was the sum of all individual load cell data 
obtained from the rigid barrier. The force was filtered 
according to SAEJ211. In some cases, in the NHTSA 
database, the force, the acceleration or both are not 
aligned with the recorded time zero and either or both 
may have to be shifted (time-shifted) to bring them 
into alignment. The Software Matlab® (product of 
The MathWorks Company) was used for most of the 
calculations.  
 
RESULTS  
 
In this section, the treatment of the available data and 
calculation of AHOF400 and KW400 using the 
methodology described above will be presented and 
discussed. 
 
Reproducibility of AHOF400 and KW400  
 
A comparison of the calculated AHOF400 and 
KW400 between the present study and Ref [7] for 16 
reported NCAP (New Car Assessment Program) tests 
from NHTSA's crash test data base is presented in 
Figures 1 and 2, and in Table 1 below.   
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Figure 1. Comparison of AHOF400  
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Figure 2. Comparison of KW400  
 
These 16 tests can be divided into two sets of 8 tests. 
The two sets are identical in the aspect that they 
consist of vehicles of the same make and model. The 
set of the first 8 tests consists of full frontal barrier 
impacts using either a 30 or a 36 load cell flat wall. 
The last 8 tests utilized the same make and model 
vehicles in impact tests using either a 132 or a 134, or 
a 128 load cell flat wall [6]. The same time-shifting 
presented in [7] was applied. The data were 
processed and the results were obtained by using 
routines developed in MATLAB®.   
 
A total of four types of load cell walls were used in 
the 16 tests. The configuration of those different 
types of walls is shown in Appendix A. In the first set 
of  8 tests, 1 through 8 in Table 1, there were two 
different types of load cell walls, as shown in Figures 
A1 and A2 ( Appendix A). The second set, 9 through 
16 in Table 1, used two types of load cell walls. One 
was a nine row barrier, with two different ground 
heights (from the ground to the bottom of the first 
row of load cells) and slightly different top row 
configuration , as shown in Figures A3 and A4 
(Appendix A). The other was an eight row barrier, as 
shown in Figure A5 (Appendix).  It should be noted 
that: the ground height and the size of the load cells 
and the heights to the top of the load cell wall for the 
four types of load cell walls are different. The  total 
heights covered by the two rows, four rows, two of 
the nine rows walls, and the eight rows are 1378mm, 
1050mm, 1205, 1255mm, and 1130mm, respectively. 
These differences result in significant differences to 
the heights of the center of individual load cells.  
 
The numbers (x-axis, 1-16) in Figures 1 and 2 are the 
corresponding numbers in Table 1. The percentage 
difference p between two numbers, a and b, in the 
Table 1 was calculated using the equation, 

        100x
)

2
(

ba
ba

p
+
−=                                (6). 
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The following were observed from those results: 
• AHOF400 results of the first 8 tests differ 

from the corresponding results published in 
[7], with the range of difference from 4% to 
8%. 

• AHOF400 results from the last 8 tests differ 
from the published results [7], with the 
difference no larger than 1.4%. 

• KW400 values differ from the published 
values [7], with the range of difference from 
1% to 13%. 

 
 
 

  
Table 1 –Differences of AHOF400 and KW400  

     

Number Test No 

AHOF400 
(Ref. 7) 
(mm) 

AHOF400  
(Present 
Study) 
(mm) 

AHOF400 
difference 

 

 KW400 
(Ref. 7) 
(N/mm) 

 
KW400 
(Present 
Study) 
(N/mm) 

KW 400 
difference 
 

1 4216 436 457 5% 934 942 1% 
2 3456 412 435 5% 1265 1296 2% 
3 4936 476 494 4% 1137 1156 2% 
4 4463 443 464 5% 1448 1477 2% 
5 4472 475 493 4% 1619 1593 2% 
6 5273 450 467 4% 1456 1548 6% 
7 4485 429 466 8% 1027 1031 0% 
8 2997 470 488 4% 1172 1029 13% 
9 5712 460 460 0% 947 970 2% 

10 5710 382 382 0% 1261 1279 1% 
11 5713 463 462 0% 1124 1151 2% 
12 5144 467 472 1% 1360 1396 3% 
13 5711 511 518 1% 1472 1478 0% 
14 5714 457 457 0% 1542 1607 4% 
15 5062 508 514 1% 1027 1051 2% 
16 4990 475 479 1% 1163 1190 2% 

 
Analysis of Numerical Variation 
 
Some factors that could affect the AHOF400 and 
KW400 results are: filtering, resultant total barrier 
force calculation, integration of the acceleration data, 
the software used, time shifted, zeroing, and the load 
cell height information used. 
  
Filtering 
 
The effects of different SAE filters have been 
investigated in this study using Hypergraph® (a 
product from Altair Engineering Inc.). Two 
Hypergraph® built-in filters, SAE60 and SAE (J211) 
ISO6487 Padding CFC60 were evaluated. Figure 3 
shows that different peak values were observed even 
when the “same” SAE class 60 were used. The 
difference is about 2%. 
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Figure 3.  Comparison of Filtering 
 
In general, filtering is shown to have minimal impact 
due to the fact that only the force signal for the 
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AHOF400 and KW400 is affected by filtering and 
that the force is not directly used in the calculations. 
AHOF400 is the result of a force summation process, 
effectively integration, and KW400 is obtained from 
integration of the force and acceleration. Hence 
unfiltered and filtered signals have for all practical 
purposes the same integral values.  
 
Software 
 
It was observed that NHTSA has multiple data 
formats in the database that can be downloaded for 
use with different software. Two formats/softwares 
were used to calculate AHOF400 and KW400. The 
two softwares were Hypergraph® and Matlab®. The 
results of AHOF400 and KW400 from these two 
softwares are presented in Table 2. Comparison of 
those two sets of results indicated that there was no 
significant difference from using the two softwares. 
The maximum difference for AHOF400 is about 
2mm, which is about 0.4%. The maximum difference 
for KW400 is 5N/mm, which is about 0.5%. 
 

Table 2 – Comparison of Result from 
Matlab and Hypergraph 

 AHOF400 (mm) KW400 (N/mm) 
Test 
No. Matlab Hypergraph Matlab Hypergraph 
4216 457 457 942 941 
3456 435 434 1296 1297 
4936 494 494 1156 1153 
4463 464 464 1477 1477 
4472 493 493 1593 1592 
5273 467 468 1548 1548 
4485 466 466 1031 1028 
2997 488 488 1029 1025 
5712 460 460 970 970 
5710 382 380 1279 1283 
5713 462 463 1151 1150 
5144 472 472 1396 1394 
5711 518 518 1478 1473 
5714 457 458 1607 1606 
5062 514 514 1051 1046 
4990 479 478 1190 1185 

 

 
Influence of Signal “Zero”  
 
The influence of aligning the beginning of the 
signals, time-zero, is investigated in what follows. It 
is possible that not all of the conventions used for the 
time-shifting in Ref. [7] are consistent with what was 
used in their calculations. It was noted that if the sign 
of the shifted time is reversed for the test No. 8, 
v2997, the difference of KW400 between the two 
calculations will be as low as 0.3%, instead of 13% 
as listed in the Table 1.  
 

Figure 4 illustrates that slight alternatives in the FD 
curve as a consequence of time-shifted change the 
integration results and the corresponding KW400 
values. The differences in the KW400 could be as 
much as 13% between shifted force time-history by 
2ms and un-shifted force time-history (orange and 
blue curves in the Figure 3). 
 

 
Figure 4.  KW400 Sensitive to the Signal Shift  
 
In what follows, KW400 and AHOF400 values are 
calculated using various time-shifts of the force and 
acceleration time-histories at given intervals prior to 
the construction of the FD curves. Figures 5 to 8 and 
Tables 3 to 4 present the influence of the time shift to 
the KW400 and AHOF400. Applied time-shifts to 
acceleration and force data were from -2ms to 2 ms, 
where positive shift represents the movement of the 
signal from left to right and vice versa. Figures 5 and 
6 represent the change of KW400 and AHOF400 
versus time-shifts in force time-histories with zero 
acceleration time-shift. For other non-zero 
acceleration times-shifted, the same trends were 
observed. Figures 7 and 8 represent general trends for  
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Figure 5. The Influence of Force Signal Shift to 
KW400  
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AHOF400 vs. Force Time Shifts

360

380

400

420

440

460

480

500

520

540

-2 -1 0 1 2
Force Time Shifts (ms)

A
H

O
F

40
0 

(m
m

)
4216
3456
4936
4463
4472
5273
4485
2997
5712
5710
5713
5144
5711
5714
5062
4990

 
Figure 6. The Influence of Force Signal Shift to 
AHOF400 
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Figure 7. The Influence of Acceleration Signal 
Shift to KW400  
 
the change of KW400 and AHOF400 versus the time-
shifts in acceleration time-histories while the force 
time-shift was set to zero. 
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Figure 8. The Influence of Acceleration Signal 
Shift to AHOF400  
 
For all the 16 tests investigated, it is observed that: 
 
• Shifting force signals to the left in time (negative 

shifts) results in increased KW400 values. A shift 
to the right results in a reduction of KW400. The 
change could be as much as 10% as shown in 
Figure 13, test v5714, with 1 ms force signal 
shift. 

• Acceleration time-shifting does not influence 
KW400 as much as that from force shifts. The 
changes range from 0.6% to 2% for each 1 ms 
acceleration signal shift. 

• AHOF400 does not show any significant change 
with time-shifting in either force signal or 
acceleration signal. 
 

As an example, the KW400 and AHOF400 values 
from test v5711 are presented in Tables 3 and 4. 
Using the same equation (Eq1) as used in Table 1, the 
percentage differences in the table were calculated 
with a zero shift as the baseline. AHOF400 is found 
to be less sensitive to the time-shifting than KW400. 
The maximum change in AHOF400 is about 1.2%, 
vs. about 8.3% in KW400 for the shift range from -
2ms to 2ms.  
 

Table 3 – KW400 Versus Force and Acceleration Signal Shift 

VC5711  
Acc 
Shift     

 KW 400 2 ms 1 ms 0 ms -1 ms -2 ms 

Force Shift  2 ms -6.14% -6.63% -7.12% -7.68% -8.25% 

 1 ms -2.52% -3.06% -3.60% -4.14% -4.76% 

 
0 ms 0.91% 0.46% 

0.00% 
(1528N/mm) 

-0.46% -0.92% 

 -1 ms 4.35% 4.04% 3.66% 3.35% 3.09% 

 -2 ms 7.56% 7.37% 7.19% 7.01% 6.89% 
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Table 4 – AHOF400 Versus Force and Acceleration Signal Shift 

VC5711  
Acc 
Shift     

 
AHOF 

400 2 ms 1 ms 0 ms -1 ms -2 ms 

Force Shift  2 ms -1.16% -1.16% -0.97% -0.77% -0.58% 

 1 ms -0.77% -0.58% -0.58% -0.39% -0.19% 

 
0 ms -0.19% -0.19% 

0.00% 
(520mm) 

0.19% 0.38% 

 -1 ms 0.19% 0.38% 0.58% 0.58% 0.77% 

 -2 ms 0.77% 0.77% 0.96% 1.15% 1.15% 
 
A manual method similar to what was used in Ref. 
[7] was utilized to find “zero” in this study. This was 
done without checking the values in Ref [7] first to 
avoid bias.  Table 5 shows the time-shifts comparison 
of this study and Ref. [7]. The difference ranges from 
0 to 1.7ms, with the RMS (Root Mean Square) about 
0.8 ms. 
 
Table 5 – Time-Shifts (ms) Comparison  
Test No. This Study Ref. [7] 

4216 1.5 1.3 
3456 -0.9 -0.1 
4936 1.5 1.9 
4463 -3.1 -2.1 
4472 2.7 3.1 
5273 1 2 
4485 0.2 1.3 
2997 0 0.75 
5712 0.5 0.9 
5710 0 0.7 
5713 1 1 
5144 0 -0.15 
5711 0.3 1 
5714 0.5 1.5 
5062 -0.2 1.5 
4990 0.1 0.8 

 
Effects of Load Cell Height on AHOF400  
 
An almost constant difference of the AHOF400 
between this study and Ref. [7] was observed for the 
first 8 tests. If the AHOF400 values from this study 
are reduced by 18mm for the first 8 tests, the 
differences between the two calculations will be in 
the range of 0% to 4%, instead of 4% to 8% reported 
in Table 1. The 18mm was determined by minimizing 
the difference, in a least square sense, of the two 
calculations. One possibility is that the load cell 
height from the test report is different from what was 

used in [7]. If this is correct, then the 18mm 
difference could be explained. Otherwise, it is 
unclear what has caused the differences.    
 
An estimation of errors in AHOF400 induced 
possibly by inaccurate height information was 
performed. For a m-rowed load cell with the height of 
each load cell row Hc and the ground height of the 
load cell wall Hg, HOF from Eq3 can also be 
expressed in the following form,  

∑ −+=
m

iFi
F

Hc
HgHOF

1

)
2

1
(*       (7).                     

Where F is the total barrier force and Fi is the force 
in the i-th row. 

 
Based on Eq7, any error in the ground height, Hg, 
will be added onto the HOF, and then AHOF400 
directly. The effect of the error in a load cell height 
Hc is roughly estimated in the following example. 
Figure 9 shows the load cell force from a four row  
 

 
Figure 9. – Barrie Force from Each Load Cell 
Row in Test v4463 
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load cell wall test. If the forces distributed among the 
four load cell rows are approximately 10%, 60%, 
25%, and 5% of the total barrier force F before 30ms, 
which is typically when 400mm displacement 
occurred, respectively, then approximately, 

HcHOF Δ=Δ 8.1 .     
 
To get an estimate, it is further assumed that HcΔ is 
10% of load cell height, i.e., approximately 10% of 
250mm (which is typical for the barrier in many of 
the current test labs). Then the estimated error 
migrated from HOF to AHOF400 could be as high as 
46mm, which is about 10%. 
 
Analysis of Experimental Variation 
 
In this section, the effects from two variables on the 
AHOF400 were examined. One variable is the 
vehicle impact speed, and the other is the test to test 
variation from a pair of repeat tests. 
 
Influence of Impact Speed to AHOF400 
 
AHOF400 is a measure of the "Average height of 
force" of a vehicle. The characteristic of this metric is 
anticipated to be mainly dependent on the 
characteristics of the vehicle. A preliminary 
investigation on the influence of impact speeds to 
AHOF400 is also included in this study. AHOF400s 
for three different vehicles, at two different impact 
speeds (30 and 35 mph), were calculated and shown 
in Figure 10. The percentage differences from those 
results are 8%, 3% and less than 1% respectively, 
with the AHOF400 from 35 mph impact always equal 
to or greater then those from the 30 mph impact. In 
addition, one other speed comparison (25, 30 mph) is 
also presented with the difference being -6%. The 25 
to 30mph relationship is opposite to that of the 
35mph to 30 mph in that the AHOF400 is higher for 
the lower speed.   
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Figure 10. The Influence of Impact Speed to 
AHOF400 

The FD curves from those tests are presented in 
Figure 11. In most of the comparison of the same 
vehicle at different impact speeds, the total forces in 
the range of 0 to 400mm are significantly different, 
which suggests that the barrier forces are dependent 
on the impact speed. The energy absorbed in the first 
400 mm of displacement is presented in Table 6. In 
general, the higher the speed the greater the energy 
absorbed in the first 400 mm. The data is not entirely 
consistent with this relationship. In one test set, test 
5216 at 30 mph and test 5071 at 25 mph, the energy 
absorbed in the first 400 mm is almost the same. In 
another test set, test 5144 at 35 mph and test 5212 at 
30 mph, the energy absorbed in the first 400 mm is 
higher, about 4%, for the lower speed.  
 

 
Figure 11. Force-Displacement Curves 
 
Table 6 – Integral from FD Curve in Figure 11 

Vehicle 
Test 
No 

Velocity 
(mph) 

Integral 
kN*mm 

Toyota Camry 4871 35.5 96891.587 
Toyota Camry 5216 30 72348.884 
Toyota Camry 5071 25 71919.591 

Honda Odyssey 5144 35 110088.569 
Honda Odyssey 5212 30 114893.049 

Chevy Avalanche 5210 35 128944.091 
Chevy Avalanche   5213 30 110257.985 

 
On the other hand, the difference in the height of the 
individual load cells, the barrier used for the 25mph 
test (test 5071) in Figure 10 was a two row load cell 
wall, while for the 30 mph test (test 5216) was a four 
row load cell wall, could cause significant errors in 
AHOF400, as analyzed in the previous section. Due 
to the limited availability of load cell data additional 
analysis was not possible; therefore, from these 
results  it is unclear if there is a trend or not. If in fact 
the 25 mph impact has a “true’ AHOF400 value 
higher than that from the 30 mph impact then this 
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indicates that AHOF400 might be influenced by the 
impact speed but in a complicated way.  
 
None the less it is also possible that because of the 
small sample size this could be the effect of test 
variability and not the effect of impact speed. 
 
Effects of the Experimental Variation on 
AHOF400  
 
The effect of the test variation in barrier force 
measurement was examined qualitatively in the 
following: The force in the k-th row is assumed to 
have an increased FΔ in one of the two repeat tests. 
Using the same notation from above section, and 
Eq7, the difference in HOF between those two 
repeats will be 

∑ −
Δ+
Δ=Δ

m

ikFi
FFF

FHc
HOF

1

)(*
)(

    (9).                 

It is observed from Eq9 that, typically, if k is above 
the middle of the load cell wall, the HOF will 
increase or decrease with the increase or decrease 
of FΔ correspondingly, and vice versa. 
 
A random distribution of Fi and k were used to 
estimate the change of HOF for a four row load cell 
wall. It was found the change of HOFΔ /HOF, on 
average, is 0.3* FΔ /F, but in some cases, it could be 
as much as 1.1* FΔ /F assuming that the forces in 
both the top and the bottom rows are no larger than 
10% of the total force F.   
 
To qualitatively illustrate the effect of test variation 
on AHOF400, an example of two 30mph repeat tests 
was used. The barrier force distribution from those 
two tests, V4646 and V4714, with the AHOF400 
values 503mm and 522mm (about 4% difference) 
respectively are presented in Figure 12. The solid 
lines in the figure represent the load cell forces at 
each row, A, B, C, and D (which is corresponding to 
1,2,3, and 4 in the notation above) for test V4646, 
and the dashed lines are for test V4717. While the 
forces in the third and the fourth rows are similar for 
the two tests, the forces in first and second rows from 
test V4646 are greater than those from test V4714.  
 
The difference in row 2 (row B) is about 12% of total 
force, and 5% in row 1 (row A), on an average sense 
as shown in Figure 13. A difference in HOF and 
possible AHOF400 between those two repeat tests is 
estimated to be around 5% by assuming 

HOFΔ /HOF is abut 0.3* FΔ /F for this case.  

 
Figure 12. Overlay of Barrie Force from Each 
Load Cell Row  

    

 
Figure 13. Differences in Barrie Force  
 
DISCUSSION 
 
In many of the tests in the NHTSA database the 
defined time zero does not coincide with the force 
and/or acceleration time zero, rather, they can be 
different by as much as 4ms. Therefore, for both 
force and acceleration signals, a “true” time zero is 
needed that can be used in the calculations. This is 
important because KW400 is found to vary 
significantly with the determination of time zero 
(time-shift), which is consistent with [7].  
 
In both this study and in [7] time-zero was obtained 
subjectively. Comparisons of this study and [7] 
indicate that KW400 could differ by as much as 20% 
because of subjective determination of time-zero. For 
the purposes of reproducibility, it will be desirable to 
obtain the “true” signal zero by an objective method. 
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Typically, in a given signal, there is a certain level of 
noise before time-zero of the transducer time history. 
This may limit the ability to determine the “true” 
time-zero. Consequently, improvements in signal to 
noise ratio of the force time histories of the barrier 
load cells may be needed before accurate KW400 
estimation can be made. On the other hand, the 
“noise” in the test signals may be due to the 
disturbance of the impact that produces a signal that 
may not lend itself to objective determination.  
 
It is unclear why there is a need for the perceived re-
determining time-zero. One possible reason for re-
definition of zeros could be that the contact switch 
did not work correctly. However, at the initiation of 
impact, the force and deflection may not start at the 
same time: re-determining time-zero should not be 
done. Neither of these can be easily justified.     
 
Another observation from this preliminary study is 
that AHOF400 may vary with impact speeds for 
some vehicles. The hypothesis is that the body 
materials may be rate sensitive or the number of 
structural components engaged during the impact 
varies as the crash progresses and interact differently. 
Therefore, the “damping” characteristic of the vehicle 
structure is different which will result in a different 
load distribution pattern. Detailed analysis on how 
vehicle structure changes at different impact speed is 
beyond this study. If AHOF400 changes with impact 
speeds, it would be interesting to know whether this 
has any real world significance.  
 
CONCLUSIONS 
 
This is a limited study on the analysis of possible 
sources to impediments of reproducibility of 
AHOF400 and KW400. The results indicate that the 
determination of the starting time of the signals (time 
zero) for the different transducers could affect 
KW400 values significantly. For some vehicles, it 
seems that AHOF400 is dependent on impact speed. 
In addition, some differences observed in AHOF400s 
could be attributed to inconsistent reporting of barrier 
information, or experimental variations. 
 
In this study no effort has been made to determine the 
utility of AHOF400 and KW400, they may only be a 
scientific curiosity. None the less, regardless of their 
utility more research would be needed if it becomes 
necessary to understand the reproducibility of 
AHOF400 and KW400. 
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APPENDIX A 
 
Load Cell Wall Configurations 
This Appendix details the configurations of load cells 
on the rigid wall barriers which were used for the 
vehicle impact tests. The calculation of the AHOF400 
in this study was based on the heights shown in the 
Figures below. 
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1. Two Row Load Cell Wall. 
 
The configuration of a rigid barrier containing 
two rows of load cell is shown in Figure A1. 
There are 2*3 (total of 6) channels of data 
available in the database for the tests conducted 
with this type of load cell configuration. The 
heights measured from the ground for the center 
of the load cells are 365.5mm for the lower row 
and 969mm for the upper row, which were used 
in this calculation for tests 3456 and 4485.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. Configuration of the Two Row Load 
Cell Wall (From the Report for test 4485 [9]). 
 

2. Four Row Load Cell Wall 
 
The configuration of a rigid barrier containing 
four rows of load cell is shown in Figure A2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A2. Configuration of the Two Row Load 
Cell Wall(From the Report for test 4216 [9]). 

 
 

There are 4*9 (total of 36) channels of data available 
for the tests conducted with this type of load cell 
configuration. The heights for the center of the load 
cells used in this calculation are 189, 435, 681, and 
927mm for the rows 1 through 4 (lowest to the 
highest) respectively.  These heights were used for  
tests 4216, 4936, 4463, 4472, 5273, and 2997.  
 
3.  Nine Row Load Cell Wall - 1 

 
The configuration of a rigid barrier containing nine 
rows of load cells is shown in Figure A3. There are 
8*16+4 (total of 132) channels of data available for 
the tests conducted with this type of load cell 
configuration. The heights for the center of the load 
cells used in this calculation are shown on the right 
side of the Figure A3.  These heights were used for  
tests 5712, 5710, 5713, 5711, and 5714. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure A3. Configuration of the Nine Row 
 Load Cell Wall - 1(From the Report for test 5710 
[9]). 
 
4.    Nine Row Load Cell Wall - 2 

 
The configuration of the other rigid barrier containing 
nine rows of load cells is shown in Figure A4. There 
are 8*16+6 (total of 134) channels of data available 
for the tests conducted with this type of load cell 
configuration. The heights for the center of the load 
cells used in this calculation are shown on the right 
side of the Figure A4.  These heights were used for  
tests 5144, and 5062. 

 
 
 

 
 

132 Load Cell Rigid Barrier 
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134 Load Cell Rigid Barrier 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A4. Configuration of the Nine 

                   Row Load Cell Wall - 2(From the Report  
                   for test 5144 [9]). 

 
 
5.    Eight Row Load Cell Wall  

 
The configuration of the other rigid barrier containing 
 eight  rows of load cells is shown in Figure A5. There  
are 8*16(total of 128) channels of data available  
for the tests conducted with this type of load cell configuration.  
The heights for the center of the load cells used in this  
calculation are shown on the right side of the Figure A5.  
These heights were used for test 4990. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5. Configuration of the Eight 

                   Row Load Cell Wall(From the Report  
                   for test 4990 [9]). 

128 Load Cell Rigid 
B i
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ABSTRACT 
The concept of compatibility includes not only the 
safety of the occupants within the subject vehicle 
itself, but also the safety of occupants in other 
vehicles that are involved in the collision.  The term 
self-protection describes the safety afforded to the 
occupants within a vehicle, while partner-protection 
describes the safety afforded to the occupants of the 
crash partner vehicle.  Early research identified 
vehicle weight as having a critical but not exclusive 
role in defining crash outcomes.  The geometry and 
vehicle stiffness or crush characteristics were also 
observed to play a significant role.   
 
This study uses the New Car Assessment Program1 
(NCAP) frontal barrier test data to find a suitable 
metric to assess the effect of incompatibility in 
crashes involving light passenger vehicles.  The 
number of drivers with AIS 3+ injuries in head on 
crashes between passenger car (PC) and light truck 
vehicle (LTV) is used to compute the effectiveness 
of the metric. 
 
NCAP crash test data for 239 vehicles were used in 
calculating the value of “distance from ground to the 
center of velocity change”.  Ten years of National 
Automotive Sampling System /crashworthiness data 
systems2 (NASS/CDS) data were used to 
demonstrate the metric. The crash compatibility 
metric developed can be used to compare the 
number of injuries that result in PCs - LTVs head on 
crashes. 
 
Most safety benefits can be achieved by changes in 
the metric, specifically, adjusting for vehicle size 
(height) and the structural characteristics (stiffness).  
Hence the metric can be used as a measure of 
compatibility in crashes between vehicles.   
 
This study is limited to investigation of 
incompatibility in full head-on crashes. This paper 

develops a new comprehensive metric that can 
quantify the compatibility disparity. 
 
BACKGROUND 
Throughout much of the 1980’s and early 1990’s 
National Highway Traffic Safety Administration’s 
(NHTSA) compatibility research was focused on 
frontal and side impact safety and how the 
characteristics of the striking vehicle’s front end 
affected the occupant survivability in the struck 
vehicle.  The genesis of NHTSA’s current program 
began in 1996 with studies investigating the 
changing vehicle mix in the US fleet and its effect 
on the vehicle compatibility problem. This problem 
is related to the introduction of a large number of 
sport utility, pick-ups (LTV) and minivans into the 
US fleet.  This issue has a long history of research, 
but has recently received increased attention due to 
the changing mix of vehicles in the US fleet once 
again. 
 
Over the last decade NHTSA has been vigorously 
pursuing some research activity to develop potential 
strategies to improve vehicle compatibility.  
Improving structural engagement characteristics in 
vehicle-to-vehicle crashes through establishment of 
an average height of force requirement energy 
management through front end stiffness and crush 
force parameter specifications, and even the 
development of a modified compatibility test barrier 
were all topics in NHTSA’s research agenda that 
were pursued with some level of interest.   
 
In December 2003, the Insurance Institute for 
Highway Safety3 (IIHS) facilitated a voluntary 
commitment from the automobile manufacturers 
through their trade associations, the Alliance and 
AIAM, to begin designing vehicles to enhance 
vehicle-to-vehicle crash compatibility.  The 
voluntary agreement included commitments to 
enhance occupant self protection in front-to-side 
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crashes through improved head impact protection 
and design criteria to enhance partner protection in 
vehicles involved in front-to-front crashes by 
geometric matching of front structural components 
in cars and light trucks.  This commitment required 
100 percent of each participating manufacturers’ 
vehicles to be designed according to the criteria 
specified for side impact protection and frontal 
impact protection by September 2009.  The details 
of these commitments are available in a document 
originally submitted to the agency in December, 
2003 and subsequently revised in November, 2005. 
 
In 2006, IIHS completed an analysis of the safety 
benefits of the front-to-front Compatibility 
agreement. The Institute examined passenger-car 
driver death rates in two-vehicle crashes with light 
trucks. The light trucks were divided into two 
groups – those designs that met the front-to-front 
performance criteria and those that did not. The 
analyses used NHTSA’s Fatality Analysis Reporting 
System (FARS) data for calendar years 2001-2004 
involving model years 2000-2003 light trucks. 
 
IIHS4 found that in front-to-front crashes involving 
light trucks into passenger cars, the passenger car 
driver was 16 percent less likely to be killed if struck 
by a sport utility vehicle (SUV)with a front-end 
design that met the compatibility performance 
criteria specified under the voluntary agreement. 
Similarly, the passenger car driver was 20 percent 
less likely to be killed if struck by a pickup truck 
with a front-end design that met the compatibility 
performance criteria. The overall reduction in 
passenger car driver deaths in front-to-front crashes 
involving both SUVs and pickup trucks was 19 
percent. 
 
In front-to-side crashes involving light trucks into 
passenger cars, the passenger car driver was found 
to be 30 percent less likely to be killed if struck by a 
SUV with a front-end design that met the front-to-
front compatibility performance criteria.  The 
passenger car driver was 10 percent less likely to be 
killed if struck by a pickup truck with a front-end 
design that met the front-to-front compatibility 
performance criteria.  The overall reduction in 
passenger car driver deaths in front-to-side crashes 
involving both SUVs and pickup trucks was 19 
percent. 
 
METHODS 
The analytical effort described in this paper is an 
attempt to find a suitable metric that could be used 
to assess front-to-front structural compatibility in 
vehicle-to-vehicle frontal crashes as well as in front-

to-side crashes.  It was also important to determine 
the potential benefits if such a metric was used to 
make any or all vehicles in the fleet to be 
compatible.  
 
NHTSA conducts 30 and 35mph frontal barrier 
impact tests under Federal Motor Vehicle Safety 
Standard (FMVSS) No.208, and the New Car 
Assessment Program (NCAP).  These tests are 
assumed to represent NASS/CDS crash data where 
the principal direction of force, for the two vehicles 
involved, is in between 350 and 10 degrees.  This 
study is an attempt to use the NCAP barrier test data 
to find a suitable metric to address the effect of 
incompatibility in crashes between passenger cars 
and light trucks.  For this study crash test data for 
239 passenger vehicles of model years 2000 - 2007 
were used.   
 
The load cell barrier, currently used in the NCAP 
tests, has a 36 load cell array arranged as a 4 rows 
and 9 columns matrix as shown in Figure 1 
 

D1 D2 D3 D4 D5 D6 D7 D8 D9 

C1 C2 C3 C4 C5 C6 C7 C8 C9 

B1 B2 B3 B4 B5 B6 B7 B8 B9 

A1 A2 A3 A4 A5 A6 A7 A8 A9 

 
Figure 1:  Barrier with 36 load cells used in the 

front barrier test. 

The width of all the cells in the load cell barrier is 9 
inches (229mm). While height of the bottom two 
rows (A&B) is 9 inches (229mm) each, the height of 
the top two rows (C&D) is 10.2 inches (259mm) 
each.  The bottom edge of the barrier is 2.62 inches 
(66.67mm) above the ground.  The data used in this 
study is collected from the time of impact until the 
vehicle velocity reaches zero.  

Derivation of Impulse Ratio 
Time histories of forces acting on load cell rows A, 
B, C, and D during NCAP frontal barrier test for a 
compact car is shown in Figure 2.  The area under 
the curve gives the impulse acting on each of the 
load cell rows A, B, C, and D (listed from bottom); 
their values are 2310.6, 17651.9, 4181.1, and 285.3 
Newton second respectively.  The sum of calculated 
impulses gives the total impulse acting on the 
barrier, for the selected example.  The sum in this 
case is equal to 24429 Newton second.  
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Figure 2: Force acting on the load cell rows from 
NCAP frontal barrier test for a compact 
passenger car 
 
The row impulses are assumed to be acting on the 
center of each of the load cell rows A, B, C, and D. 
The distances from ground to the center of the load 
cell rows are 7.13 inches (181.2mm), 16.15 inches 
(410.2mm), 25.66 inches (651.7mm), and 35.66 
inches (905.7mm), for load cell rows A, B, C, and 
D, respectively.   
 
The ratio of impulse on load cell row A as a fraction 
of total impulse is given below: 

09.0
24429

6.2310 ==AF .   

Similarly the ratio of impulse for each load cell row 
as a fraction of the total impulse for the compact 
passenger car example given above are 0.72, 0.17, 
and 0.01 for rows B, C, and D, respectively.  

Similarly the ratio of impulse for each of the load 
cell rows as a fraction of the total impulse for each 
of the 239 NCAP barrier tested PCs and LTVs were 
calculated. The impulse ratios for the PCs and LTVs 
are grouped into three groups each by test weights 
for PCs and LTVs - less than 3000 lbs, 3000 to 4000 
lbs and greater than 4000 lbs for PCs and less than 
4000 lbs, 4000 to 5000 lbs and greater than 5000 lbs 
for LTVs.  The distribution of the impulse ratios for 
each of the PC and LTV weight groups are shown in 
Figure 3.  Impulse ratios are shown on the Y axis 
and the vehicles tested are shown on the X axis for 
each weight group.   
 
The impulse data for each vehicle tested is presented 
row by row for the different weight groups in PCs 
and LTVs.  In Figure 3 the blue region shows the 
impulse in load cell Row A as a fraction of the total 
impulse.  Similarly the impulse ratios for Rows B, 
C, and D are given by the areas in green, red and 
dark red colors, respectively.  The data in each graph 
is ordered by vehicle test weight.  It can be inferred 
from the figure that a large portion of the impulse in 
PCs is in rows A and B (blue and green) compared 
to LTV’s, especially in the heavier weight groups.  
But, the LTVs weighing greater than 4000 lbs show 
a significantly large area covered by red and dark 
red (rows C and D) in comparison to PCs, implying 
large and heavy LTVs have impulses acting on a 
higher plane from the ground relative to the PCs.  
This is not surprising because of the higher profile 
of the LTVs. 
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Figure 3, Distribution of Force during a Frontal Fixed Barrier Test
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Derivation of a suitable metric from impulse to 
define compatibility 
Impulse is defined as the integral of force with 
respect to time;  

∫= dtFI . , 

where, ‘F’ is force and ‘dt’ is the time increment.   IA, 

the impulse on load cell row A is determined by IA 

= AA dtF .∫ , and is equal to the area below the Force-

Time curve for load cell row A in Figure 2. Similarly 
values for IB, IC, and ID are determined.  The time 
duration dt for each test theoretically starts at the time 
the test vehicle contacts the load cell barrier (time 
zero) and ends when the test vehicle velocity crosses 
zero as the vehicle starts to rebound from the barrier. 
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Figure 4, Forces acting on each load cell row along 
with vehicle velocity. 
 
The total crash duration is made up of crush period, 
between time zero and the time when the velocity 
crosses zero and the rebound period as the vehicle 
bounces off of the barrier (Figure 4).  In this study, 
the impulse is calculated only for the period up to the 
point of rebound because the load cell readings 
during the rebound are not consistent and the impulse 
contribution during rebound as a percent of the total 
is not significant as seen in Figure 4..  
 
Since the time dt for each load cell row is influenced 
by the effective stiffness (geometric stiffness 
distribution) characteristic of the vehicle structure, it 
can be concluded that the calculated metric for 
compatibility using the impulse also reflects the 
effect of stiffness. 
 

A suitable metric can now be derived using the 
impulse that could define the distinguishing 
compatibility characteristics of PCs and LTVs during 
a full frontal head-on crash.  For the purpose of 
deriving this metric, a point located on the vehicle is 
defined as the center of velocity change.  This point 
is assumed to be the point at which the total impulse I 
is concentrated as the vehicle contacts the load cell 
barrier.  This point is projected on to the crash foot 
print on the barrier.  It is located at a height X from 
the ground.  The distance to this point defined as the 
“Center of Velocity Change”, can now be calculated 
as shown below:   

∫ ∫ ∫=== dvmmVddtFI )(.  

Distance from the ground to the center of velocity 
change is: 

DCBA

DDCCBBAA

IIII

ZIZIZIZI
X

+++
⋅+⋅+⋅+⋅=  

Where: 
F = crash forces transferred to the barrier 
m = mass of the vehicle 
IA, .etc. = impulse acting on load cell row A, 
etc. 
ZA, etc.= distance from ground to the 
midpoint of the row A, etc. 

 
The ratio of impulse on each load cell row to the total 
impulse normalizes the effect of mass.   
 
Substituting the values for impulse and its respective 
distances from the ground for each load cell row in 
the above equation, the value for X - “the distance 
from the ground to the center of velocity change”, is 
determined.  The metric “X” is a single measure of 
height (distance from the ground) at which the net 
impulse of a vehicle will act during a fixed rigid load 
cell barrier crash.  It can be considered to be the 
impulse ratio weighted average of the heights Z1, 

Z2…….etc. for each row. 
 
For the example using the compact car data that was 
previously presented, the value X, is calculated to be 
435.66 mm or 17.15 inches. 
 
Ideally for compatible vehicle crashes involving 
passenger cars and LTVs, the value of X for light 
trucks should be similar to the value of X for 
passenger cars.  This can be achieved by controlling 
one or both of the following variables: distance from 
the ground represented by Zi and the impulse ratios.  
Since duration of force and level of force constitute 
the impulse, they can be varied to attain an optimum 
value for X by appropriate vehicle structural design. 
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Analysis based on breakdown of vehicle class by 
test weight 
The distance, X, was calculated for all the 239 
vehicles that were tested in frontal New Car 
Assessment Program (NCAP) barrier tests.  The 
correlation between median vehicle test weights and 
Xs, for all the vehicles tested in NCAP frontal barrier 
tests were determined.   
 
In this analysis, it was observed that there is a strong 
correlation between the calculated values of X and 
the test weights, even though the weights themselves 
do not enter directly into the calculation of X both in 
PCs and in the LTVs.  However, it is also noted that 
the vehicles tested in NCAP are not designed for 
optimal value of X and therefore, the correlation 
noted above is only because the weights and size are 
the two most dominant parameters that are well 
correlated for the vehicles in the current fleet.   
 
The calculated value of X is a reflection of 
parameters including stiffens and size, that exist in 
the fleet.  However, vehicles that are optimized for 
the values of X may have better correlation not only 
to vehicle weights and size, but also to stiffness since 
other design variables such as the stiffness and 
geometry could be modified within certain limits to 
get the desired value of X in future fleets. 
 
The following are the six steps involved in this 
analysis to obtain estimates of the potential benefits 
of optimizing the value of X. The first three steps 
relate to the computation of the compatibility metric 
X from NCAP data for relevant vehicle classes and 
calculation of relative injury risk for drivers in real 
world vehicle-to-vehicle frontal crashes.  Steps four 
through six explain how the relative risks change as 
the value of X is varied.  Step four provides a means 
to directly compare the relative risk in one class of 
vehicle as it interacts with all the other vehicle 
classes in real world crashes.  
 
Step 1 
The value of X was computed from 239 NCAP tests 
that belonged to different vehicle test weight groups.  
The weight groups in the NCAP data are used in the 
analysis of real world data.   
 
Crash database NASS/CDS includes the variable, 
vehicle curb weight. Those weights were used to 
match the vehicle classes in the real world against the 
classes in the NCAP data.  Ten years of real world 
crash data in NASS/CDS 1997- 2006, were used in 
this analysis to determine the injury risk based on the 
number of injured drivers in head-on crashes of 
different vehicle classes.  The median values and the 

average values of X along with the standard deviation 
are given in Table 1.  Both are found to be close and 
using either of these values would be satisfactory.   
 

Table 1 NCAP front barrier test vehicle classes 
and X values 

 
However, the median values of X determined for 
each vehicle class based on weights were used in this 
analysis. Since there were only a limited number of 
crash cases in the NASS/CDS data, the vehicle 
classes were collapsed into four classes as stated 
before - two classes of PCs and two of LTVs. 
 
Step 2 
Only two-vehicle, head-on crashes were selected as 
the target crash type from the NASS/CDS crash data 
as it is similar to the full frontal NCAP barrier tests.  
The head-on crash data include the crashes in which 
the frontal area of one vehicle impacts the frontal 
area of another.  The vehicle body types selected are 
PCs, compact and large utility vehicles, and compact 
and large pick up trucks.  NCAP crash test data for 
MY 2000-2007 were used in calculating the value of 
X that provided a direct measure of compatibility 
characteristics.  In order to increase the number of 
cases available in the NASS/CDS database, all 
vehicle model years in the NASS/CDS database for 
ten years were included in the analysis.  However, it 
is noted that the NCAP data used are for newer 
vehicles tested. 
 
The number of injured drivers with AIS 3+ injuries is 
used as the outcome measure to calculate the effect of 
changes in the value of X.  Only driver injuries are 
considered in this analysis to eliminate the errors that 
could result because of the varying occupancy rates 
in the vehicles involved.   
 
Table 2 shows number of (un-weighted) drivers with 
and without AIS 3+ injuries in two vehicle head-on 

Vehicle 
Class 

Test weight 
range (lbs) 

Estimated 

SymbolAverage 
X (in) 

Standard 
Deviation 

Median 

Compact 
Passenger 

Car 

Less than 
3,500 

16.9 1.3 16.6 CPC 

Full size 
Passenger 

Car 

Greater than 
3,500 

17.7 1.6 17.2 FPC 

Compact 
Light 
Truck 

vehicle 

Less than 
4500 

20.1 2.4 19.8 CLTV 

Large 
Light 
Truck 

Vehicle 

Greater than 
4500 

20.9 1.7 20.7 LLTV 
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crashes. The numbers in the upper half of each cell in 
Table 2 represents the number of injured or uninjured 
drivers of the subject vehicle, while the numbers in 
the lower half of each cell represents the number of 
injured or uninjured drivers in other vehicle.  The 
other vehicle represents the principal other vehicle 
involved in two vehicle full head on crash with the 
subject vehicle. 
 
For example, comparing crashes between full size 
passenger cars (FPC) and compact light truck 
vehicles (CLTV), it is seen in the un-weighted data 
(shown in bold for this example) that there are 43 
AIS 3+ injured drivers in full size passenger cars.  
There are also 99 un-injured drivers in FPCs (subject 
vehicle) in towed vehicles in the database.  In the 
same manner, there are 36 AIS 3+ injured and 108 
uninjured drivers in CLTVs (other vehicle).   
 
The uninjured data from Table 2 are not used in any 
further calculations because odds ratio comparisons 
could not be made with out knowing the exact count 
of uninjured drivers in each vehicle class.   
 

Table 2:  AIS 3+ Drivers injured in two vehicle 
head-on crashes in subject vehicles and other 

vehicles, NASS/CDS 1997 to 2006 (un-weighted). 
    Subject  
    Vehicle 
 
Other 
Vehicle    

Compact 
Passenger 
Car (CPC) 

Full Size 
Passenger 
Car (FPC) 

Compact 
Light Truck 

Vehicle  
(CLTV) 

Large 
Light 
Truck 

Vehicle  
(LLTV) 

Injured 
Un-

Injured 
Injured 

Un-
Injured 

Injured 
Un-

Injured 
Injured 

Un-
Injured 

Compact 
Passenger 
Car (CPC) 

 67 
 
67 

186 
 

186 
            

Full Size 
Passenger 
Car (FPC) 

 96 
 
59  

224 
 

262  

 23 
 

23 

 61 
 

61 
        

Compact 
Light 
Truck 
Vehicle  
(CLTV) 

 77 
 
 
30  

94 
 
 

141  

 43 
 
 

36  

 99 
 
 

108  

 9 
 
 

9 

 24 
 
 

24 

    

Large 
Light 
Truck 
Vehicle  
(LLTV) 

 87 
 
 
22 

 85 
 
 

149 

 56 
 
 
23  

 65 
 
 

97  

 25 
 
 
14  

 38 
 
 

48   

 10 
 
 
10 

 21 
 
 

21 

 
Table 3 gives the weighted number of injured drivers 
from the same data shown in Table 2, giving the 
number of injured drivers only.   
 
 
 
 
 
 

Table 3 AIS 3+ Drivers Injured in two vehicle 
head-on crashes, CDS 1997 to 2006 weighted data. 

   Subject  
      vehicle 
Other      
vehicle 

Compact 
Passenger 

Car 
(CPC) 

Full size 
Passenger 
Car (FPC) 

Compact 
Light 
Truck 

Vehicle 
(CLTV) 

Large 
Light 
Truck 

Vehicle 
(LLTV) 

Compact 
Passenger 
Car (CPC) 

  5212   
 

5212 
      

Full size 
Passenger 
Car (FPC) 

 4908 
 

3126 

  1625    
 

1625 
    

Compact 
Light 
Truck 
Vehicle 
(CLTV) 

  7203   
 

2470 

  5696    
 

3178 

  1149    
 

1149 
                  

Large 
Light 
Truck 
Vehicle 
(LLTV) 

  6904     
 

1452 

   3667   
 

2275 

   2222   
 

653 

  959     
 

959 

 
Step 3 
This step calculates relative driver injury risk in two 
vehicle full head on crash.  From Table 2 it is seen 
that the number of drivers injured in certain vehicle 
class interactions are small in the ten years of un-
weighted NASS/CDS data.  In the case of the small 
number of injured drivers in Table 2, the affect of 
weighting on calculations of weighted data shown in 
Table 3 is not well understood.  Hence, using 
weighted data in this analysis is likely to cause larger 
errors because of the discrepancy in certain weights 
and, therefore, it was considered desirable to use the 
un-weighted data.  Therefore, the relative risk for 
drivers is calculated from the un-weighted data.  
However, for the purpose of estimating benefits, the 
target populations available from the weighted data 
were used. 
 
The relative risk of AIS 3+ injuries to the driver 
using the un-weighted data in each of the above four 
vehicle groups is calculated and shown in Table 4.  
Table 4 gives the relative risk of driver injuries in the 
vehicles classified as the subject vehicle when 
involved in two vehicle head-on crashes with a 
vehicle type shown as the other vehicle.   
 
The relative risk for a specific vehicle class is 
determined by calculating the ratio of number of 
drivers injured in subject vehicles to those injured in 
other classes.  For example, the relative risk of AIS 
3+ driver injury in a CLTV, when involved in a head-
on crash with a CPC is 0.39.  This is obtained by 
dividing the number of drivers injured in CLTV by 
the number injured in CPC (30/77).  The inverse of 
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this number shows the relative risk of AIS 3+ driver 
injury in CPC when involved in a head-on crash with 
a CLTV (2.57).  The relative risk is equal to 1 along 
the diagonal of the matrix in vehicle-vehicle 
interactions that involve vehicles belonging to the 
same class.   
 
Table 4 Driver injury relative risks in two-vehicle 

head-on crashes (CDS 1997 - 2006 un-weighted 
data – Ratios of Injured) 

       Subject 
       Vehicle 
 
Other      
vehicle 

Compact 
Passenger 

Car 
(CPC) 

Full size 
Passenger 
Car (FPC) 

Compact 
Light 
Truck 

Vehicle 
(CLTV) 

Large 
Light 
Truck 

Vehicle 
(LLTV) 

Compact 
Passenger 
Car (CPC) 

1.00 0.61 0.39 0.25 

Full size 
Passenger 
Car (FPC) 

1.63 1.00 0.84 0.41 

Compact 
Light Truck 
Vehicle 
(CLTV) 

2.57 1.19 1.00 0.56 

Large Light 
Truck 
Vehicle 
(LLTV) 

3.95 2.43 1.79 1.00 

 
Step 4 
The calculated relative risk, from step 3, for the 
interactions of each vehicle type is then plotted 
against the height of the center of velocity change X 
for each of the four vehicle classes.  Figure 5 is a plot 
of the relative risk and the height of the center of 
velocity change, X in inches.  Median value of X for 
each vehicle class is used in developing the curves.   
 
These plots are the best fit curves based on the four 
data points that represent the relative risk of driver 
injuries in each vehicle class in its interaction with all 
the other vehicle classes. Exponential fit yielded the 
best correlations and hence is used in generating the 
curves given in Figure 5.  The range of values of X 
for each class is different.  The curves in Figure 5 are 
plotted using the full range of X and the relative risks 
as one class of vehicle interacts with other classes of 
vehicles including its own class. i.e., different curves 
for each vehicle class indicate the risks of various 
vehicle class interactions and its relationship to X. 
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Figure 5:  Relative risk vs distance X from the 
ground to the center of velocity change 
 
Each of the curves for a specific vehicle class above 
shows the potential risk associated with frontal 
crashes involving a specific vehicle class and all the 
other vehicle classes.   
 
For example, the top curve shows the risk of AIS 3+ 
injuries to compact passenger car drivers as they 
collide with vehicles in all the other classes.  The 
values of X for the vehicle classes involved fall in a 
range of approximate 14 to 26 inches. The horizontal 
line showing a risk of 1.0 is the risk as a vehicle in a 
specific class collides with another vehicle of the 
same class.  As expected, the curves plotted for each 
vehicle class is well correlated with the values of X 
as indicated by the R2 values. 
 
Step 5 
The risk relationship between the subject vehicle and 
the other vehicle for PCs is shown in Figures 6 and 7.  
Figures 6 and 7 shows the change in risk with respect 
to X for CPC and FPC vehicle classes when they 
interact with all the other vehicle classes.  As seen, 
when X for the other vehicle class increases, the risk 
of driver injury in subject vehicle increases.  At the 
same time, the risk to drivers in the other vehicle 
class decreases.  The intersection of the two curves 
indicates a risk of one.  This point represents the risk 
to drivers in a specific vehicle class as they crash in 
to another vehicle class having same value for X. 
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Figure 6 Relative risk for subject vehicle CPC 
(Using ratios of drivers injured) 
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Figure 7 Relative risk for subject vehicle FPC 
(Using ratios of drivers injured) 
 
Figures 8 and 9 are the same as described above, but, 
for CLTV and LLTV classes.  From Figures 6 -9, it is 
clear that for PCs and LTVs, as the value of X for the 
other vehicles is increased, the risk to drivers in the 
subject vehicle increases, while the risk to drivers in 
the other vehicle decreases.  These curves were 
generated based on risk calculations using the ratios 
of the number of injured drivers in pairs of 
interacting vehicle classes.  
 
The pair of curves, shown in each of the Figures, 6, 7, 
8, and 9, is the inverse of the other curve. 
Comparison of Figures 6 and 7, shows that the rate of 
increase of risk for subject vehicle CPC class is 
higher than increase in FPC for PCs.  Similarly, for 

CLTV and LLTV (Figures 8 and 9), the rate of 
increase in risk is smaller in comparison to the PCs 
(Figures 6 and 7).   
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Figure 8 Relative risk for subject vehicle CLTV 
(Using ratios of drivers injured) 
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Figure 9 Relative risk for subject vehicle LLTV 
(Using ratios of drivers injured) 
 
Step 6 
In order understand the influence of X on injury risk 
a new curve for the subject vehicle could be plotted 
by changing the proportionality constant and the 
value of X in the exponent.  This new curve will 
intersect with the curve representing the other vehicle 
classes.  The point of intersection of the two curves 
defines the new risk and also specifies the value of X 
for the subject vehicle to make them more compatible 
with the other classes.  Rather than changing the 
constants, it is easier to visualize the curve for other 
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vehicles remaining constant while the subject vehicle 
curve is allowed to intersect the curve for the other 
vehicles as X for the other vehicle class is varied.  
The risk associated with the intersection points for 
each value of X can now be compared to the original 
risk to compute the change in risk. 
 
The change in risk at the new intersection point can 
now be computed as a fraction of the original risk.  
This fraction represents the effectiveness for making 
the subject vehicle class meet a specific value of X.  
This effectiveness when multiplied by the target 
population of the total number of injuries that occur 
in crashes involving a specific subject vehicle class 
and all other classes will approximate the potential 
benefits in the specific subject vehicle class.  
 
It is noted that in this analysis, the target population 
used is all AIS 3+ injuries in a specific vehicle class.  
These include the injuries that are due to mass 
disparities as well as differences, possibly in the 
values of X.  Since the target population cannot be 
split up to separately account for the effect of each 
variable on the injury outcome in crashes,  the 
estimated benefits are likely to be higher than what 
may result from changing the value of X. 
 
These steps can now be repeated for each vehicle 
class to approximate the benefits in each class for the 
subject vehicles and the other vehicles.  As can be 
seen, when X is varied for one class of vehicles, the 
benefits that may result in one class may be negated 
by the negative-benefits for the other.  The combined 
benefits when all vehicle classes are made to comply 
with specific values of X can be approximated by 
summing up the benefits and negative benefits 
obtained class by class. 
 
It is noted that, in this methodology each vehicle 
class interaction is treated as unique and the benefits 
calculated are upper bounds, because of the few 
benefits that result from the double counting involved 
each time the benefits are computed for interactions 
of one class of vehicles with all the other classes.  
Correcting for this discrepancy was not attempted 
each time.  Since only the net benefits are of interest, 
an estimate of the over prediction is made and the net 
benefits are expressed as a range. 
 
Assumptions used in the benefit calculations 
1. The vehicle classifications developed from the 

NCAP data are equivalent to the classifications 
obtained from the NASS/CDS data.   

2. The X values computed from the newer vehicles 
in NCAP data are similar to those vehicles 
including the older models in the fleet. 

3. Relative risks derived from driver injury data in 
head-on crashes are only influenced by the 
compatibility metric X.  However, in the current 
analysis, vehicle designs have not taken in to 
account X as a metric, the injuries that are seen 
in the fleet as it currently exists may be 
influenced by other factors such as mass and 
geometric disparities.  

4. When the functional relationship between the 
risk for the drivers in subject vehicles and X for 
other vehicle classes is changed, it is assumed 
that the functional relationship between X and 
the risk for the other vehicle classes remain 
unchanged. 

5. The benefits determined on the basis of AIS 3+ 
injuries reduced will equally apply to lesser 
injuries and fatal injuries irrespective of the crash 
conditions of speed and other variables. 

6. The target population used for above includes the 
effect of all the variables that affect the injury 
outcome. Use of these numbers in estimating the 
benefits is likely to result in higher estimates 
than can be realized in actuality by changing the 
value of X 

7. The head-on crashes selected from the 
NASS/CDS crash data have principal direction 
of force acting between 350 and 10 degrees for 
both the vehicles and are assumed to be similar 
to NCAP FMVSS No 208 crash tests.  

8. As part of this study no case review (review of 
the accident case file) was conducted to verify 
whether the target population used in the benefit 
calculation would benefit from center of velocity 
change methodology. 

 
Analytical methodology for evaluating benefits 
Potential benefits of changing the value of X for 
various vehicle classes in the fleet were calculated 
from the target injuries that occur in all head-on 
frontal crashes between the subject vehicle class and 
the other classes including itself.  For example, it is 
seen from Table 3 that there are a total of 24,227 AIS 
3+ driver injuries in compact passenger cars in 
crashes involving all other passenger vehicle classes 
including other compact vehicles.  Similarly, 12,260 
AIS 3+ injuries occur in the other vehicle classes also 
in the ten year period in the NASS database 
(weighted) involving compact vehicles.  Similarly, 
there are a total of 14,114 AIS 3+ driver injuries in 
FPC and 11,986 in other classes, 9019 in CLTV and 
14,701 in others and 5,339 in LLTVs and 13,752 in 
other classes, respectively. Since the vehicles in the 
fleet are not designed by optimizing X , the injuries 
used in the target population include effect of all 
variables including mass differences  
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The relative risk of CPC in crashes involving all 
other classes were first calculated by varying the 
values of X in the range of 16.0 to 21.5 inches in 
increments of 0.5 inch and then in the same range in 
increments of 0.1 inch.  The original relative risk for 
CPC as indicated by the point of intersection of the 
two curves seen in Figure 6 is 1.0 (at a value of X = 
16.14 inches).  Similarly, for each of the other subject 
vehicle classes FPC, CLTV and LLTV and the other 
classes, the intersection point and the associated 
value of X for each class is different.  Figure 6 
presents the curves for PCs and Figure 6 presents the 
data for LTVs. 
 
These effectiveness fractions for subject vehicle and 
other vehicle classes are multiplied by their 
respective target populations to determine the 
potential benefits in each class interaction.  The net 
benefits are then determined by adding up the 
potential benefits for each subject vehicle class and 
all other classes at a specific value of X. 
 
Based on this analysis, it is concluded that there is no 
advantage in driving changes in the value of X in 
FPC and CLTV.  On the other hand, there are 
potential safety benefits to be gained by changes in 
small passenger cars (CPC) and large light trucks and 
vans (LLTV) using this metric.  As expected, the 
methodology used in the benefit calculations result in 
different total benefits as values of X are varied.  
True relative risks can only be determined if the 
number of injured and uninjured drivers in each 
vehicle class is known.   
 
The NASS data provide the uninjured numbers for 
only the tow-away crashes.  In two-vehicle crashes, 
the uninjured numbers do not include the uninjured in 
non-tow-away vehicles.  Therefore, calculating the 
relative risk as an odds ratio may exaggerate the 
potential benefits and is not considered.  On the other 
hand, when the relative risks are calculated on the 
basis of the injured drivers only, it is assumed that the 
number of uninjured drivers in the subject vehicles 
and the other vehicles are the same.   
 
Performance scheme and rationale 
While the analysis described is based on head-on 
crashes only, many other frontal crashes that are not 
strictly defined as head-on crashes may also derive 
benefits from the changes in the compatibility metric 
X.  For example, even though the data did not include 
many other types of frontal crashes that are not 
included under head-on type, it is reasonable to 
assume that those crashes would also be helped when 
vehicles comply with this compatibility metric.   
 

The value of X can be increased by changes in 
geometry and stiffness characteristics.  For example, 
for small passenger cars, it is not practical to change 
geometry significantly.  However, stiffness of such 
vehicles may be increased substantially to increase X.  
Beyond limits, this may require redesign of the 
restraint systems.  Some small cars in today’s fleet 
are already stiffening up their structures and 
therefore, the compatibility metric X for those 
vehicles may already be high even though they have 
a low front-end profile.   
 
Based on the front NCAP test data for vehicles, a 
value of X can be computed for each vehicle.  If 
those nominal values fall with in the prescribed 
metric +- a tolerance value,  an enhanced rating for 
such vehicles in the smallest and largest vehicle class 
could drive compatibility with out adding a new test 
or incurring additional cost for compliance 
evaluations.  The full size passenger cars and the 
crossover vehicles could be left alone as they do not 
appear to provide any appreciable benefits when the 
value of X is changed for those classes. 
 
Conclusion 
Using the methodology described the overall safety 
benefits can be estimated by calculating the reduction 
in the number of drivers with AIS 3+ injuries in all 
frontal crashes as well as in side crashes by making 
the vehicles in the fleet comply with selected values 
of X.  However, initially the benefits are estimated 
for head-on crashes only after validating the 
methodology described in this paper.   
 
Additional estimates for side crashes can only be 
attempted once the necessary data related to side 
crashes and H-point heights in struck vehicles are 
obtained.  It must be noted that, the relevant metric 
for side crashes is not likely to be just the value of X 
for striking vehicles, but also the difference between 
X for the striking vehicles and the height from the 
ground to the H-point (h) in struck vehicles.  It is 
assumed that the relative risk of injuries in side 
crashes will be influenced by the new metric, (X - h).  
This new metric has to be derived from side NCAP 
data and a functional relationship between this metric 
and side crash injuries will have to be developed 
before applying the methodology for the benefits 
calculation.  Absence of relevant H-point data for 
various vehicle classes prevented the development of 
a preliminary benefit estimate for side crashes.  
However, it is noted that at least for passenger cars, 
the H-point heights are close to each other, 
irrespective of the size of the vehicle.  Therefore, it is 
reasonable to assume h to be a constant for passenger 
cars.   Based on this assumption, available side 
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NCAP data for passenger cars could be used to 
develop the relationship between (X-h) and the real 
world relative risks in side crashes as various classes 
of vehicles strike the sides of passenger cars.  Using 
this methodology, it can be attempted in the future as 
H-point data become available for light trucks as 
well. 
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ABSTRACT 
 
An evaluation of the influence of crash pulse shape 
on the risk to sustain injuries in medium severity 
frontal collisions was carried out by reconstructing a 
number of real world accidents using mathematical 
simulations. 
 
Ten crashes with restrained occupants, recorded crash 
pulses and known injury outcomes were selected for 
reconstruction. The crashes were selected from the 
Folksam accident database. Delta-V and mean 
acceleration were derived from the recorded crash 
pulses. The injury outcome was collected from 
hospital records and questionnaires and coded 
according to the 2005 version of AIS. Only restrained 
occupants were included. 
 
Computer simulations using a mathematical model of 
the 50%-ile Hybrid III dummy were used to evaluate 
the influence of the crash pulse on the loading of the 
occupants. The restraint system was a state of the art 
system with a driver side airbag and a belt system 
equipped with a pretensioner and a load limiter. 
Simulations were carried out in which the crash pulse 
shape was varied according to what can be achieved 
with the frontal longitudinal beam in which the crush 
force can be varied. Injury reducing benefits for the 
occupants were achieved by varying the crash pulse 
shape in medium severity impacts. 
 
The principal technical solution to vary the crash 
pulse is to pressurize the frontal longitudinal beams 
in the frontal structure prior to impact. In low and 
medium-speed impacts, the beams are not pressurized 
to use the available crush distance of the vehicle front. 
In high-speed impacts, the beams are pressurized to 
increase the force level of the beam and use the 
available crush distance of the vehicle front 
efficiently. 
 
 
 
 

INTRODUCTION 
 
An evaluation of the CCIS (Co-operative Crash 
Injury Study) database of front seated occupant 
injuries in small family cars involved in frontal 
crashes with an equivalent test speed (ETS) of 20-40 
km/h was performed. Thorax injuries (AIS 2+) were 
found to be more numerous than any other type of 
injury. The vast majority of chest injuries were 
skeletal. The sample sizes were limited but there 
were fewer serious chest injuries to front seat 
passengers in newer cars (registered 2000 or later) 
than in old cars (registered 1983 to 1997). There was 
no such reduction of chest injuries evident for drivers 
but injuries to other body parts decreased in newer 
cars. As a matter of fact serious chest injuries to older 
drivers in newer cars increased sharply. Also there 
was no decrease of serious chest injuries for young 
female drivers of newer cars. 

 
The manufacturers of cars are faced with the problem 
of a continuing down sizing and mass reduction trend 
to reach low fuel consumption levels and to minimize 
environmental impact. One limiting factor is the need 
to provide a sufficiently long deformation zone in the 
frontal part of the car body. Conventional test 
methods to perform crash tests into deformable or 
non-deformable barriers at speeds between 40-64 
km/h (25 to 40 mph) have resulted in cars with 
specific crash pulses and restraint systems tuned to 
give a low occupant loading. It can be reasoned that 
in real life, given the many different crash types that 
occur in real life, the importance of tailored crash 
pulses do not have such a significant effect. However, 
it can be stated that the longer the crush depth the 
lower the loading on the occupants will be, given that 
the crash pulse is not too heavily skewed with a high 
deceleration level at the end of the crash.  
 
The concept of crash pulse tuning to reduce occupant 
loads in barrier testing has been discussed and 
evaluated previously [1,2]. Recent advances provide 
the opportunity for crash pulse variation in real time 
through variable beam buckling force technology. 
Such technology will have at least a three fold 
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advantage namely: to enable softer crash pulse at low 
and medium velocity impacts in order to decrease the 
loading on the occupants, to produce a square wave 
crash pulse at high impacts velocities and to make it 
possible to improve compatibility in vehicle to 
vehicle impacts.  
 
An effort was made to understand the influence of the 
crash pulse and vehicle deformation length on the 
driver occupants in frontal impacts in moderate to 
high velocity impacts. Mathematical analysis and 
mechanical sled tests were carried out [3, 4 and 5]. 
Significant benefits for the occupant were obtained. 
However, these analyses were carried out on vehicle 
crashes into a rigid wall. There is a need to evaluate 
the potential for active crash pulse control for 
vehicles in real world accidents. 
 
METHOD 
 
Crashes with recorded crash pulses in the Folksam 
crash recorder database were used. Since 1992, 
approximately 270 000 CPR’s have been installed in 
vehicles in Sweden, comprising of 4 different car 
makes and more than 20 models aimed at measuring 
frontal and rear-end impacts. To date the database 
contains approximately 700 frontal crashes with a 
recorded crash pulse. The inclusion criteria and 
content of the database has been described in 
previous studies [6, 7].   
 
The crash recorder measures the acceleration in 
frontal crashes with a sampling frequency of 1000. 
The crash pulses are filtered at CFC60.  
 
The injuries were collected from hospital records, 
questionnaires sent to the occupants or from 
insurance claims. The injuries were classified 
according to the 2005 revision of the Abbreviated 
Injury Scale [8].  
 
The inclusion criteria in this study were a vehicle 
overlap of at least 25% (measured as the proportion 
of the front that was deformed), a crash angle within 
+/- 30 degrees, restrained occupants (belt use was 
verified from inspections of the seat belt systems) 
and a change of velocity in the interval 40 to 75 
km/h.  
 
In total 13 crashes with restrained occupants, known 
crash pulse and injury outcome were selected for 
reconstruction.  The ∆V varied from 40 – 72 km/h 
with an average of 50 km/h. The stopping distance 
varied from 1.3 – 0.5 m with an average of 0.75 m.  
Peak acceleration varied from 21 – 45 g. 
 

The crash circumstances and injury outcomes are 
listed in Table 1.  
 

Table 1. 
Crash Types, Occupant Age/Gender and Injuries   

∆∆∆∆v Injury Accident type Gender
(km/h) / age

72,3 AIS1
Full frontal into a rolled truck 
trailer m / 71

55,3 AIS1
Full frontal into side of other 
vehicle m / 48

53,1 AIS1 Frontal collision with large car m / 25

52,9 AIS2
Full frontal into front of small 
family car f / 36

52,1 AIS1 Full frontal into a family car f / 48

51,3 AIS1
Full frontal into front of small 
family car m / 35

49,7 AIS0 Front to rear of tractor f / 36

48,0 AIS1
Single vehicle crash into a 
concrete culvert m / 71

44,3 AIS1 Frontal collision into tree f / 57

43,9 AIS1
Frontal, 30 % overlap with large 
MPV f / 64

43,7 AIS2
Single vehicle crash into a 
rock/stone m / 51

41,5 AIS2 Frontal into a truck m / 62

40,2 AIS2
Frontal collision with small car + 
sideswipe with large car f / 45

 
 
The crash pulses were modified to two levels. The 
levels were 15g and 20g constant acceleration. An 
available crush distance (vehicle front length) of 600 
mm was assumed. The total crush distance was not 
altered for the adaptive crush pulses. All crash pulses 
can be found in Appendix A. 
 
To reconstruct the crashes a mathematical model was 
used. The geometry of the occupant compartment in 
the mathematical model was based on the geometry 
of the occupant compartment of a common mid size 
vehicle. The mathematical model was a full finite 
element model (LS-DYNA) that incorporated a 50%-
ile HIII-dummy, a windscreen, a ceiling, a seat, a 
knee bolster, a belt system, an airbag, a steering 
wheel and a fixed steering column (Figure 1).  The 
belt system incorporated a buckle pretensioner and a 
load limiter at the retractor. The level of the 
pretensioner was 1 kN and the load limiter 3.6 kN (at 
the retractor). 
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Figure 1. Model with HIII Dummy 
 
The model was validated by means of results from 
mechanical sled tests at 48 km/h [9]. The predictions 
and results that were used for evaluation were HIC15, 
chest acceleration and chest deflection. 
 
RESULTS 
 
For the reference pulse HIC15 varied from 74 to 998 
(Table 2). When the pulse was active HIC15 was 
reduced with as much as 467 (HIC15). The average 
reduction for the 13 pulses was 133 (46%).  For one 
crash pulse HIC15 increased from 74 to 78. 
 

Table 2 
HIII HIC15 Results  

Reference 
Pulse

Active 
Pulse

∆v Injury HIC15 HIC15
(km/h)

72,3 AIS1 524,0 335,0

55,3 AIS1 998,0 531,0

53,1 AIS1 769,0 378,0

52,9 AIS2 548,0 460,0

52,1 AIS1 574,0 487,0

51,3 AIS1 512,0 398,0

49,7 AIS0 196,0 154,0

48,0 AIS1 88,0 78,0

44,3 AIS1 408,0 318,0

43,9 AIS1 267,0 207,0

43,7 AIS2 232,0 109,0

41,5 AIS2 74,0 78,0

40,2 AIS2 286,0 211,0

 
For the reference pulse, chest acceleration varied 
from 490 to 175 m/s2 (Table 3). When the pulse was 
active chest acceleration was reduced with as much 
as 124 m/s2. Average reduction was 67 m/s2 (18%). 
Least reduction was 7 m/s2. 
 
 
 

Table 3 
HIII Chest Acceleration Results 

Reference 
Pulse Active Pulse

∆v Injury Chest Acc Chest Acc
(km/h) (m/s2) (m/s2)

72,3 AIS1 396,0 360,0

55,3 AIS1 486,0 362,0

53,1 AIS1 429,0 332,0

52,9 AIS2 490,0 370,0

52,1 AIS1 427,0 356,0

51,3 AIS1 370,0 315,0

49,7 AIS0 269,0 247,0

48,0 AIS1 222,0 215,0

44,3 AIS1 392,0 317,0

43,9 AIS1 334,0 250,0

43,7 AIS2 335,0 230,0

41,5 AIS2 175,0 166,0

40,2 AIS2 345,0 281,0  
 
For the reference pulse peak chest deflection was 33 
mm (Table 4). It was for the pulses with 53 km/h in 
∆v. For active crash pulses the greatest reduction in 
chest deflection was 4 mm. It was for the crash pulse 
with 40 km/h ∆V. The average reduction was 1.3 mm 
(5%). There were a number of crashes in which no 
reduction in chest deflection was obtained for the 
active crash pulse. 
 

Table 4 
HIII Chest Deflection Results 

Reference 
Pulse

Active 
Pulse

∆v Injury Chest Def Chest Def
(km/h) (mm) (mm)

72,3 AIS1 31,0 29,0

55,3 AIS1 32,0 32,0

53,1 AIS1 33,0 32,0

52,9 AIS2 33,0 31,0

52,1 AIS1 32,0 32,0

51,3 AIS1 31,0 31,0

49,7 AIS0 27,0 25,0

48,0 AIS1 17,0 17,0

44,3 AIS1 30,0 28,0

43,9 AIS1 28,0 27,0

43,7 AIS2 18,0 16,0

41,5 AIS2 19,0 18,0

40,2 AIS2 31,0 27,0  
 
For the diagonal belt generally the peak force was 
reduced when the pulse was active (Table 5). The 
force was reduced for all ∆V:s but 2. For the 
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configuration with ∆V 48 km/h the force increased. 
Greatest reduction was 0.6 kN. This was for the pulse 
with a ∆V of 43.7 km/h.  Average reduction was 0.2 
kN (5%). 
 

Table 5 
Diagonal Belt Force 

Reference 
Pulse

Active 
Pulse

∆v Injury Diag Belt 
Force

Diag Belt 
Force

(km/h) (kN) (kN)

72,3 AIS1 4,2 4,0

55,3 AIS1 4,4 4,1

53,1 AIS1 4,4 4,0

52,9 AIS2 4,2 4,1

52,1 AIS1 4,1 4,1

51,3 AIS1 4,3 4,0

49,7 AIS0 3,8 3,7

48,0 AIS1 3,7 3,8

44,3 AIS1 4,2 4,0

43,9 AIS1 3,9 3,8

43,7 AIS2 4,1 3,5

41,5 AIS2 3,2 3,0

40,2 AIS2 3,9 3,5  
 
 
NIJ was generally reduced when the pulse was active 
(Table 6). The pulse was reduced for all ∆V:s but one. 
Greatest reduction was 0.17. This was for the pulse 
with 55.3 km/h in ∆V. Average reduction was 0.11 
(22%). 
 

Table 6 
NIJ 

Reference 
Pulse

Active 
Pulse

∆v Injury NIJ NIJ

(km/h)

72,3 AIS1 0.61 NTE 0.52 NTE

55,3 AIS1 0.69 NTE 0.52 NTE

53,1 AIS1 0.63 NTE 0.47 NTE

52,9 AIS2 0.66 NTE 0.54 NTE

52,1 AIS1 0.64 NTE 0.53 NTE

51,3 AIS1 0.53 NTE 0.46 NTE

49,7 AIS0 0.46 NTE 0.34 NTE

48,0 AIS1 0.17 NTF 0.15 NTF

44,3 AIS1 0.59 NTE 0.49 NTE

43,9 AIS1 0.52 NTE 0.38 NTE

43,7 AIS2 0.49 NTE 0.29 NTE

41,5 AIS2 0.19 NTE 0.20 NTE

40,2 AIS2 0.55 NTE 0.39 NTE  

 
DISCUSSION 
 
For none of the evaluated crash pulses chest 
acceleration and chest compression reached the 
FMVSS208 injury criteria levels of 60 g and 63 mm. 
However, for two of the crash pulses HIC15 was 
greater than the FMVSS208 injury criteria level of 
700. However, in the data no head injuries were 
obtained in those crashes. For the configurations with 
an active pulse HIC15 was less than 700 for all 
evaluated crashes. 
 
In a number of cases the belt force and not the chest 
deflection was reduced for the active pulse. In those 
cases when the belt forces were reduced an increased 
force from the airbag contact with the chest was 
obtained that compensated for the reduced belt force. 
 
Many vehicles on the roads today have an available 
stopping distance of approximately 0.6 m [10 and 11]. 
The vehicles are designed for high-speed impacts to 
use the stopping distance as efficiently as possible. 
Therefore the initial acceleration in a crash is 
significant. In moderate impacts the acceleration of 
the vehicle is therefore also significant resulting in 
short stopping distances. For an initial acceleration of 
the vehicle of 160 m/s2 the stopping distance in a 40 
km/h crash is 0.4 m with a square wave pulse. 
However, a small city car designed for rigid barrier 
impact at 50 km/h and a crush zone of 0.5 m as 
described by Walz [12] would exhibit an acceleration 
of 270 m/s2 with a square wave pulse at 50 km/h. In a 
40 km/h crash that acceleration level corresponds to a 
crush of 0.260 m. Such vehicle accelerations in low 
speed impacts may cause injuries. In particular for 
the elderly such acceleration levels can be injurious. 
For a majority of the crashes evaluated peak 
acceleration was greater than 270 m/s2. 
 
In many modern cars the load limiter in the seat belt 
is set to a level of 4.0 kN in order to limit the belt 
loading on the chest [13 and 14]. (3.6 kN was used in 
this study). However increasing the ride down of the 
occupant by using a load limiter has two major 
drawbacks. The forward displacement of the 
occupant inside the occupant compartment is 
increased and the efficiency of the load limiter in 
spooling out webbing is dependent on the mass of the 
occupant. The heavier the occupant is, the greater the 
forward displacement. The lighter the occupant is, the 
smaller the effect of the load limiter. One of the 
benefits with an adaptive crash pulse is that the input 
inertia field (crash pulse) can be adjusted based on 
the impact speed. An adaptive crash pulse can 
therefore reduce the loads on all occupants regardless 
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of the mass of the occupant. Adaptive crash pulse 
technology has the potential of decreasing the 
demands on the “tuning” of the interior restraint 
systems for the individual occupants and to produce 
low occupant loadings in a majority of crashes. 

 

Kent [15] has published injury risk curves (AIS3+) 
for different age categories as a function of chest 
deflection. In the simulations in this study with the 
50%-ile HIII dummy and an impact velocity of 40 
km/h chest deflection was in one case reduced from 
31 mm to 27 mm when the crash pulse was made 
active. This would correspond to a decrease in risk of 
chest injury (AIS 3+) from 21% to 11% for a 60+ 
year car occupant. 

 
In 81% of the vehicle frontal crashes at least one of 
the longitudinal members is loaded [10]. In addition 
the main longitudinal members generally absorb a 
significant amount of the crash energy. Therefore a 
system that adapts the force level on the main 
longitudinal members addresses the majority of the 
frontal impacts. A technical solution to vary the crush 
force in the vehicle front can be to pressurize the 
main longitudinal members. Tests were carried out in 
which 600 mm long tubes with a wall thickness of 
1.0 mm were crushed axially (Figure 2).  The 
diameter of the tubes was 80 mm. 
 
 

 
Figure 2. Test Set Up Tube Crush Tests 
 
The tests were carried out at an impact velocity of 17 
km/h (4.8 m/s). Tests were carried out with both 
reference tubes (unpressurized), pressurized sealed 
tubes and pressurized ventilated tubes. 
 
In the results it can be observed that for the reference 
tubes the crush force was 40 kN (Figure 3). For the 
pressurized tubes the crush force was 70 kN.  For the 

pressurized ventilated tubes the crush force was 60 
kN. 
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Figure 3. Force vs Deformation for Crushed 
Tubes 
 
By pressurization a significant increase in the energy 
absorbed was obtained (Figure 4). At 200mm 
deformation of the tubes the reference tubes absorbed 
7.7 kJ. The pressurized tubes absorbed 14 kJ. By 
pressurization the energy absorbed was increased by 
82%. 
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Figure 4. Energy Absorbed by the Tubes 
 
The increased crush force from pressurization 
depends linearly on the cross sectional area of the 
tubes (Figure 5), the greater the cross sectional area 
of the tube, the greater the increase in crush force by 
pressurization. 
 
Significant weight reductions can be achieved with a 
thin-walled beam with a large cross sectional area 
that is pressurized. For a tube with a diameter of 160 
mm that is pressurized the increase in crush force is 
80 kN. 
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Increase in Crush Force By Pressurisation
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Figure 5. Increase in Crush Force 
 
This concept can then be used in other types of 
crashes in order to achieve effective protection in 
other crash velocities and also to improve vehicle 
compatibility.  
 
CONCLUSIONS 
 
An active crash pulse can reduce HIC15 by 46%, 
chest acceleration by 18%, chest deflections by 5% 
and NIJ by 22% in accidents with 72 – 40 km/h in ∆v. 
 
Pressurising thin-walled tubular structures can 
significantly increase the crush force and energy 
absorption. 
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Figure A1.  Dv 72,3 km/h 
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Figure A2.  Dv 55,4 km/h 
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Figure A3.  Dv 53,1 km/h 
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Figure A4.  Dv 52,9 km/h 
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Figure A5.  Dv 52,1 km/h 
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Figure A6.  Dv 51,3 km/h 
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Figure A7.  Dv 49,7 km/h 
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Figure A8.  Dv 48,0 km/h 
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Figure A9.  Dv 44,3 km/h 
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Figure A10.  Dv 43,9 km/h 
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Figure A11.  Dv 43,7 km/h 
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Figure A12.  Dv 41,5 km/h 
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Figure A13.  Dv 40,2 km/h 
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ABSTRACT 
Target pre-crash scenarios, crash modes, and 

occupant injury mechanisms are statistically 
described for crash imminent braking (CIB) and 
advanced restraint system (ARS) applications based 
on pre-crash sensing. Vehicle-object and vehicle-
vehicle crashes are distinguished between single-
impact and multiple-impact crashes. This analysis 
focuses on light vehicles of model year 1998 or 
higher that suffered frontal damage from the first 
most harmful event. An in-depth examination of 
candidate crash cases from target crashes was 
conducted to understand crash mechanisms and 
circumstances as well as occupant injury scenarios. 
Consideration was given to pre-crash conditions for 
CIB applications and to injury source for ARS 
applications. Results will be used in subsequent 
research to assess candidate CIB and ARS 
technologies, develop system functional requirements, 
devise test procedures, and estimate safety benefits. 
 
INTRODUCTION 

Pre-crash sensing applications encompass active 
safety measures aimed at reducing injuries once the 
crash is deemed unavoidable. These applications 
detect a crash earlier than accelerometer-based 
approaches with anticipatory sensors, communicate 
this information to the vehicle and its occupant 
protection systems, and take appropriate actions to 
reduce the crash severity or alleviate the severity of 
crash injury [1]. Crash avoidance systems are now 
appearing on new vehicle models in the United States 
(US). These systems offer the opportunity to improve 
vehicle crashworthiness by providing environmental 
awareness data so that automatic braking and 
crashworthiness protection systems can be activated 
when a crash becomes imminent and before the 
vehicles contact each other. Today’s airbag and 
seatbelt systems will be more effective if advanced 
occupant sensors are added to pre-crash sensors, 
creating occupant protections with advanced 
restraints that adapt to whoever happens to be sitting 
in the vehicle and to the demands of a variety of 
crash scenarios. 

This paper describes crash scenarios based on an 
in-depth examination of applicable crash cases for 

full-authority last-second crash imminent braking 
(CIB) and advanced restraint systems (ARS). The 
CIB system is designed to reduce impact severity by 
dissipating energy from the crash. ARS are intended 
to improve the coupling of occupants to the vehicle, 
reducing firing times of airbags, among others. This 
crash analysis supports two joint research efforts on 
CIB and ARS between the US Department of 
Transportation and the Crash Avoidance Metrics 
Partnership comprised of three automakers and major 
suppliers [2, 3]. These two research efforts have 
common objectives: 
  
• Develop and validate minimum performance 

requirements and objective test procedures for 
CIB and ARS that appear to provide an 
opportunity to reduce the societal harm resulting 
from light-vehicle crashes in the US. 

• Identify and fabricate the most promising CIB 
and ARS prototypes, and complete objective 
testing to evaluate their performance. 

• Obtain preliminary estimates of potential safety 
benefits of these prototype systems. 

 
Development and integration of internal and 

external sensors, advanced braking systems, and 
restraints systems focus on the time period when a 
crash becomes unavoidable. Priority of these research 
efforts is given to the development and evaluation of 
autonomous vehicle systems, crash types causing the 
most societal harm, and systems considered 
technically feasible for near-term deployment (3-5 
years from project completion). 

This paper presents results of the crash analysis 
conducted in support of the cooperative CIB and 
ARS projects. Target crashes were identified and 
prioritized for CIB and ARS applications using the 
National Automotive Sampling System’s 
Crashworthiness Data System (CDS) and General 
Estimates System (GES), Fatality Analysis Reporting 
System (FARS), and data from event data recorders 
[4]. Most common and harmful pre-crash scenarios 
were correlated with impact crash modes to produce 
target crashes to be addressed within these two 
projects. From these crashes, candidate crash cases 
were selected for in-depth examination to understand 
crash mechanisms and circumstances as well as 
occupant injury scenarios. This research step 
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determined applicable crashes and served to filter out 
crash cases that are not amenable to CIB or ARS 
applications. The crash scenarios for the applicable 
collision cases provide the crash context that can be 
used for the development of pre-crash sensor 
specifications, minimum performance requirements, 
and objective test methods. This paper summarizes 
the results from the in-depth examination of 
applicable crash cases. 

Next, this paper describes the crash analysis 
approach and highlights the results of the prioritized 
target crash scenarios. After that, results from the 
analysis of the CIB applicable crash cases are 
presented. This is followed by results from the in-
depth examination of ARS applicable crash cases. 
This paper concludes with a summary of key results. 

CRASH ANALYSIS APPROACH 
A two-stage crash analysis approach was 

adopted to identify target crash scenarios and 
statistically describe applicable crash cases that could 
be amenable to CIB and ARS applications. As 
illustrated in Figure 1, the first stage consists of a top-
down analysis that involved data queries of national 
crash databases to identify and prioritize crash 
scenarios for further examination in the second stage 
named the bottom-up analysis. These analyses 
targeted light vehicles of model year 1998 or higher 
(MY98+) that sustained frontal damage from the first 
harmful event. The model year served as the 
surrogate for modern restraint systems including 
three-point lap and shoulder belts, presence of 
pretensioners, load limiters, the advent of the second 
generation, de-powered airbags, and more advanced 
seatbelt and airbag technology. The first harmful 
event was considered to accommodate the 
development of functional requirements for forward-
looking pre-crash sensors that would enable the CIB 
application and augment advanced restraints. The 
ARS analysis focused on understanding the injury 
suffered by the driver and the front seat passenger of 
13 years of age or older (FSP13+). The age restriction 
placed upon the front seat occupant is consistent with 
the position in the US that child passengers should 
ride in the rear seating positions until they are 12 
years. The CIB analysis considered all persons in 
crashes that involved at least one target vehicle.  
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Figure 1. Crash Analysis Approach 
 

The analysis distinguished crashes between 
vehicle-object and vehicle-vehicle crash types by the 
type of obstacle struck during the first harmful event 
based on whether or not the obstacle was a vehicle in 
transport. As seen in Figure 2, vehicle-object crashes 
are characterized by a vehicle in transport contacting 
a “not vehicle in transport” obstacle. Obstacle 
categories include tree, pole, ground, structure, 
person, vehicle, animal, not-fixed object, non-
collision, and unknown. Attention is paid to whether 
the target vehicle is involved in a single- or multi-
impact crash. In single-vehicle crashes, the target 
vehicle does not hit a vehicle in transport. However, 
in a multi-impact crash, it is important to identify the 
object type that was contacted during the first 
harmful event. In vehicle-vehicle or multi-vehicle 
crashes, the target vehicle contacts a vehicle in 
transport. In a multi-impact crash, it is possible for 
the target vehicle to strike an object first before 
hitting another vehicle in transport. Thus, the analysis 
separates multi-vehicle crashes based on the first 
harmful event into vehicle-object and vehicle-vehicle 
crashes as shown in Figure 2. 
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Figure 2. Breakdown of Target Crash Types 

 
The top-down analysis correlated pre-crash 

scenarios to the manner of collision such as pole in 
vehicle-object crashes and front-back in vehicle-
vehicle crashes. These correlations of crash scenarios 
were then prioritized and ranked by severity. The 
number of fatalities from FARS and the number of 
functional years lost (FYL) derived from CDS and 
GES injury data were selected to quantify crash 
severity. The FYL measure sums the years of life lost 
to fatal injury and the years of functional capacity 
lost to nonfatal injury using the Maximum 
Abbreviated Injury Scale (MAIS) [5]. The ARS 
analysis only counted MAIS levels 3 through 6 by the 
driver and FSP13+ in target vehicles, while the CIB 
analysis incorporated all persons involved in the 
crash with MAIS levels 2 through 6. Results of the 
top-down analysis are summarized in the next section 
and are described in Reference [4]. 
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The bottom-up analysis encompassed detailed 
examinations of individual filtered cases to determine 
the applicability of CIB and to understand why and 
how the target occupants were at least seriously 
injured for ARS application. The top-down analysis 
identified lists of case numbers from the CDS for the 
dominant crash scenarios. Researchers then reviewed 
these CDS cases and assessed their usefulness for the 
bottom-up analysis. This paper discusses the bottom-
up analysis and presents the results for CIB and ARS 
in the following sections. 

TARGET CRASH SCENARIOS 
The top-down analysis identified and prioritized 

target crash scenarios for CIB and ARS applications 
based on injury statistics from the 1997-2006 CDS 
databases. Ranking of scenarios was established 
using the FYL measure that integrated the MAIS 
levels 3-6 of the driver and FSP 13+ in target vehicles 
for ARS and the MAIS levels 2-6 of all persons 
involved in the crash for CIB. 

Road departure was the dominant pre-crash 
scenario in vehicle-object crashes for CIB and ARS. 
In this scenario, the vehicle is typically going straight 
and then departs the edge of the road due to driver 
inattention, drowsiness, or under the influence or 
alcohol impairment. The vehicle may also be 
negotiating a curve, turning left or right at a junction, 
changing lanes or passing, or entering or leaving a 
parking position. Road departure with different struck 
obstacle combinations had the same order of severity 
for CIB and ARS, as shown below in a descending 
order: 

 
1. Road departure – ground 
2. Road departure – pole 
3. Road departure – structure 
4. Road departure – tree 

 
Table 1 lists the ranking of vehicle-vehicle crash 

scenarios for CIB and ARS. There are five dominant 
pre-crash scenarios: 
 
• Opposite direction (OD): vehicle is typically 

going straight, drifts at a non-junction, and then 
encroaches into another vehicle traveling in the 
opposite direction. Vehicle may also be 
negotiating a curve or passing. 

• Rear-end (RE): vehicle is typically going straight 
and then closes in on a lead vehicle that may be 
stopped, decelerating, accelerating, or moving at 
slower constant speed. Vehicle may also be 
starting in traffic, changing lanes, passing, or 
turning and then closes in on a lead vehicle. 

• Left turn across path/opposite direction 
(LTAP/OD): vehicle is turning left at a junction 
and then cuts across the path of another vehicle 
traveling from the opposite direction. 

• Straight crossing paths (SCP): vehicle is going 
straight through a junction and then intersects the 
path of another straight crossing vehicle from 
lateral direction. Vehicle may also stop and 
proceed against crossing traffic or both vehicles 
first stopping and then proceeding on straight 
crossing paths. 

• Turning: these scenarios refer to any crossing-
paths turning maneuvers other than the 
LTAP/OD scenario. 

  
Table 1. Vehicle-Vehicle Crash Scenario Ranking 

 
Crash Scenario CIB ARS

Opposite-Direction - Front-Front 1 1
Rear-End - Front-Back 2 2
LTAP/OD - Front-Front 3 3
SCP - Front-Left Side 4 5
Turning - Front-Left Side 5 4
SCP - Front-Right Side 6 6  

ANALYSIS OF CIB CRASH CASES 
The filtering scheme is first outlined to select 

crash cases from target crashes for further 
examination. Applicable CIB cases from vehicle-
object and vehicle-vehicle crashes are later described 
separately. This description includes CDS statistics 
on the breakdown of target vehicles by vehicle type 
(i.e., passenger car or light truck or van), attempted 
avoidance maneuver by the target vehicle, 
environmental conditions, and Delta V (ΔV). 

Selection of CIB Applicable Cases 
The following five filters were applied to 

identify the final set of target vehicle cases that might 
be amenable to CIB applications: 

 
1. Include crash cases where at least one 

occupant in any vehicle suffered an injury 
level of MAIS2+. 

2. Exclude crash cases in which the target vehicle 
attempted any braking maneuver. It is assumed 
that brake assist, a different countermeasure 
than CIB, would apply if brakes were applied 
in the target vehicle. 

3. Exclude crash cases in which the target vehicle 
lost control as a result of an evasive maneuver. 
Stability control systems help in this situation. 

4. Include crash cases in which the target vehicle 
had at least one of the following information: 
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longitudinal ΔV or estimated highest ΔV 
values from the CDS [6], or ΔV available from 
event data recorders [7]. 

5. Exclude crash cases in which the target vehicle  
 experienced longitudinal ΔV over 45 mph (72 

Km/h). 
 

After the five filters were applied, remaining 
cases were individually analyzed to determine their 
applicability to CIB. Tables 2 and 3 provide the 
results of this filtering process for vehicle-object and 
vehicle-vehicle crashes, respectively. Out of 1,903 
target vehicle cases from vehicle-object crashes, only 
99 cases were determined to be amenable to CIB. 
Using the corresponding CDS weights for these cases, 
CIB addresses only 2% of the target vehicles. For 
vehicle-vehicle crashes, CIB addresses 871 target 
vehicle cases out of a total of 8,807 cases. Using 
weighted values, CIB could help only 4.3% of all 
target vehicles involved in vehicle-vehicle crashes. In 
total, intervention opportunity for CIB exists in about 
4% of all target vehicles based on the total weighted 
counts in Tables 2 and 3.  
 

Table 2. Applicable CIB Vehicle-Object Cases 
 

Initial CIB Ratio Initial
Pole 532    39 7.3% 203,58 7,
Tree 395    31 7.8% 95,03   
Ground 364    0 0.0% 197,13
Structure 612    29 4.7% 183,90 2,

Total 1,903 99 5.2% 679,65 13,

Obstacle
Raw Count We

CIB Ratio
2 928   3.9%
3 3,231   3.4%
9 0 0.0%
2 363   1.3%

6 522 2.0%

ighted Count

 
 

Table 3. Applicable CIB Vehicle-Vehicle Cases 
 

Initial CIB Ratio Initia
OD - FF 1,072 218 20.3% 222,6    
RE - FB 2,427 62 2.6% 1,637,6
LTAP/OD - FF/FRS 2,414 293 12.1% 964,3    
SCP - FLS/FRS 2,005 218 10.9% 801,2    
Turning - FLS 889    80 9.0% 458,5    

Total 8,807 871 9.9% 4,084,5

Raw Count
Crash Scenario

l CIB Cases Ratio
38 58,904     26.5%
91 16,343     1.0%
99 61,829     6.4%
40 26,331     3.3%
89 12,286     2.7%

57 175,693   4.3%

Weighted Count

 
FF: Front-Front, FB: Front-Back, FLS: Front-Left Side 
FRS: Front-Right Side 

Description of CIB Vehicle-Object Cases 
Statistical description of CIB vehicle-object 

cases is provided using CDS weighted values. About 
63% of the target vehicles were light trucks or vans. 
Figure 3 shows statistics of attempted avoidance 
maneuver by the target vehicle in CIB-applicable 
vehicle-object crashes, excluding braking. Steering 
was noted for 22.4% of the target vehicles. Table 4 

presents statistics on environmental conditions 
including atmospheric, lighting, and roadway surface 
conditions. In vehicle-object crashes, 96% of target 
vehicles were driving under clear weather, 91% were 
traversing dry road surfaces, and 56% were traveling 
in non-daylight conditions. Figure 4 plots the 
cumulative percentage of target vehicles by total ΔV. 
Almost two thirds of the vehicles (65%) suffered ΔV 
under 40 Km/h. Moreover, 95% of the vehicles 
experienced total ΔV under 55 Km/h. It should be 
noted that vehicles with longitudinal ΔV over 72 
Km/h were excluded from this analysis. 
 

No 
Avoidance, 

77.4%

Steer Right, 
2.9%

Steer Left, 
19.5%

Other Action, 
0.2%

 
Figure 3. Avoidance Maneuver in CIB Vehicle-

Object Crashes 
 

Table 4. Environmental Conditions in CIB 
Vehicle-Object Crashes 

 
Weight %

Clear 12,975 96.0%
Adverse 547     4.0%

Total 13,522 100.0%
Daylight 5,972   44.2%
Dark 4,922   36.4%
Dark/Lighted 2,466   18.2%
Dawn 133     1.0%
Dusk 27       0.2%

Total 13,522 100.0%
Dry 12,356 91.4%
Slippery 1,165   8.6%

Total 13,522 100.0%

Lighting 
Condition

Atmospheric 
Condition

Roadway 
Surface 

Condition  
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Figure 4. Cumulative Distribution of Vehicles by 

Total ΔV in CIB Vehicle-Object Crashes 

Description of CIB Vehicle-Vehicle Cases 
About 53% of the target vehicles involved in 

vehicle-vehicle crashes were light trucks or vans. 
Table 5 shows statistics of attempted avoidance 
maneuver by the target vehicle in CIB-applicable 
vehicle-vehicle crash scenarios, excluding braking. 
Steering was noted for 17.4% of the target vehicles. 
Rear-end crash scenario had the highest steering 
percentage (56%) among other vehicle-vehicle crash 
scenarios. On the other hand, opposite direction crash 
scenario had the least steering maneuvers (11%) by 
target vehicles. Table 6 provides CDS statistics on 
environmental conditions including atmospheric, 
lighting, and roadway surface conditions. In vehicle-
vehicle crashes, 94% of target vehicles were driving 
under clear weather, 92% were traversing dry road 
surfaces, and 58% were traveling in daylight. Figure 
5 plots the cumulative percentage of target vehicles 
by total ΔV in vehicle-vehicle crash scenarios. 
Almost two thirds of the target vehicles (66%) 
suffered ΔV under 25 Km/h. Moreover, 95% of the 
vehicles experienced total ΔV under 45 Km/h. It 
should be noted that vehicles with longitudinal ΔV 
over 72 Km/h were excluded from this analysis. 
Table 7 presents statistics on the relative direction of 
vehicles when they crashed. This information is 
relevant to the development of performance 
requirements for the field-of-view of pre-crash 
sensors. 
 

Table 5. Avoidance Maneuver Statistics in CIB 
Vehicle-Vehicle Crash Scenarios 

 
Attempted Avoidance 

Maneuver
OD RE LTAP/

OD
No Avoidance 89% 44% 87%
Steering Left 4% 0.3% 1%
Steering Right 7% 56% 11%
Accelerating & Steer Left 0.1% 0.2%
Accelerating 1%
Other Action 1% 0.1%

Total 100% 100% 100%

 
Table 6. Statistics of Environmental Conditions in 

CIB Vehicle-Vehicle Crash Scenarios 
 

OD RE LTAP/
OD

SCP Turning All

Clear 91% 99% 93% 96% 96% 94%
Adverse 9% 1% 7% 4% 4% 6%

Total 100% 100% 100% 100% 100% 100%
Dark 5% 10% 14% 5% 3% 8%
Dark/Lighted 68% 12% 17% 14% 6% 32%
Dawn 0% 3% 1% 1% 0% 1%
Daylight 26% 73% 67% 80% 91% 58%
Dusk 1% 3% 1% 0% 0% 1%

Total 100% 100% 100% 100% 100% 100%
Dry 91% 99% 91% 93% 89% 92%
Slippery 9% 1% 9% 7% 11% 8%

Total 100% 100% 100% 100% 100% 100%

Weather 
Condition

Lighting 
Condition

Roadway 
Surface 

Condition  
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Figure 5. Cumulative Distribution of Vehicles by 
Total ΔV in CIB Vehicle-Vehicle Crash Scenarios 

 
Table 7. Relative Direction Statistics in CIB 

Vehicle-Vehicle Crash Scenarios 
 

SCP Turning All

85% 64% 82%
9% 24% 5%
5% 9% 13%

0.03% 1% 0.2%
0.1% 0.4%

2% 0.3%
100% 100% 100%  
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Relative 
Clock OD RE LTAP/

OD SC

1 2% 18%
10 0.2% 5% 0.

10-11 5% 24%
11 4% 4% 0.

11-12 75% 6%
1-2 0.2% 16%

12, head on 4%
12-1 8% 14%

2 2
9-10 1%
2-3 0.2% 1% 3

3, angle 0.1%
3-4

4-5

5-6 92%
6-7 8%
7-8
8 0.1%

8-9 1% 5
9,angle 1%

9-10 8%
Total 100% 100% 100% 100%

P Turning All

7%
1% 2%

10%
1% 3%

28%
13% 7%

1%
8%

% 0.4% 5% 1%
0.2%

% 61% 5%
43% 4% 7%
11% 13% 3%

4 0.1% 0.01%
0.4% 0.03%

5 2% 0.1%
2% 9%

1%
0%

0.04%
% 1%

36% 6%
2% 3%

100% 100%  
 

Figure 6 illustrates the configurations of the 
relative direction for head-on/angle and rear-
end/angle collisions. In rear-end pre-crash scenarios, 
the front of the target vehicle struck the back of the 
other vehicle within ±30 degrees in 100% of the 
cases, relative clock between 5 and 7 as indicated in 
Table 7. In opposite direction pre-crash scenarios, the 
front of the target vehicle struck the front of the other 
vehicle within ±30 degrees in 94% of the cases, 
relative clock between 1 and 11. In straight crossing 
path pre-crash scenarios, the front of the target 
vehicle struck the side of the other vehicle at 90 
degrees in 79% of the cases, relative clock at 3 or 9. 
In LTAP/OD pre-crash scenarios, the relative angle 
of collision between the target vehicle and the other 
vehicle was between 30 and 60 degrees in 69% of the 
cases, relative clock between 1 and 2 and between 10 
and 11. In all CIB vehicle-vehicle crash scenarios, 
56% and 76% of the target vehicles experienced a 
relative angle of collision respectively within ±30 and 
±60 degrees.  
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Figure 6. Configurations of Relative Directions 

ANALYSIS OF ARS CRASH CASES 
Results are presented from a detailed 

examination of individual crash cases deemed as 
priority for intervention opportunities by ARS with 
pre-crash sensing capability. This analysis included 
target vehicles in which the driver or FSP13+ suffered 
an injury level of MAIS3+. All relevant cases 
belonging to the following five crash scenarios were 
selected from the 1997-2006 CDS databases for 
further examination: 
 
• Opposite direction pre-crash scenarios with 

different impact modes 
• Rear-end pre-crash scenarios with front-to-back 

impact mode 
• LTAP/OD pre-crash scenarios with different 

impact modes 
• Road departure pre-crash scenarios 
• Control loss pre-crash scenarios 
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The selection and review of candidate cases are 
first delineated. This will be followed by a statistical 
description of the target occupants in terms of their 
breakdown by crash scenario, number of impact 
events, ΔV, and vehicle damage location and offset. 
In addition, statistics are provided about the 
distribution of injured body regions by crash scenario 
and injury source. 

Selection and Review of Occupant Cases 
All relevant cases from the CDS were divided 

and assigned to different reviewers. Cases lacking 
clarity or missing information were subjected to a 
group review or discarded. Reviewers were asked to 
consider coded, photographic, graphic, and 
supplementary unedited data sources, resident on the 
NASS CDS case access viewer [8]. Instructions were 
given to reviewers prior to accessing this viewer to 
encourage uniformity in consideration and synthesis 
of analysis. As a result, some cases were excluded 
from the analysis due to insufficient data, incorrect 
crash modes, and unique modes not applicable to this 
study such as A-pillar contact with predominant side 
impact damage. Also excluded were cases that had 
losses in passenger compartment integrity.  This 
constraint was placed on the analysis owing to the 
technologies contemplated and their potential 
countermeasures. 

During the review, consideration was given to 
the role of active and passive restraint systems 
resident in the target vehicle. The applicability of 
newer generation restraint systems was assessed in 
terms of their potential capability to mitigate or avoid 
injuries produced in the various crash types. In each 
vehicle case, the driver and FSP13+ with AIS3+ 
injuries were examined separately. This examination 
focused on injured occupants who were restrained 
using a lap and shoulder belt and their airbag was 
deployed. All AIS3+ injuries were included; however, 
many lower extremity cases exist in which the 
present restraint or an advanced restraint would have 
been superfluous based upon the specific crash 
parameters. Consideration, however, was given to the 
potential presence of knee airbags and their role in 
injury mitigation or prevention. Each body region 
was analyzed separately if a driver or FSP13+ had 
AIS3+ injuries to more than one body region. If a 
single body region sustained multiple AIS3+ injuries, 
the analysis then focused on the most severe injury. 

Injury information was based on vehicle 
inspection and injury assessment records. Vehicle 
inspection involved an examination of the vehicle 
and evidence of relevant occupant contact. This was 
tempered by a review of medical records and vehicle 
contact assessment. The case reviewer consulted the 

various photographs taken in support of the crash 
investigation, scene diagram, and the unedited text 
version of crash events. Table 8 lists the number of 
relevant vehicle and occupant files reviewed and 
disaggregates them by reviewer disposition. Counts 
of vehicles and occupants were weighted to reflect 
national CDS representation. These dispositions were 
assessed relevant to the injuries sustained and the 
applicability of a restraint system. It should be noted 
that the majority of relevant occupants was submitted 
to the automotive partners as candidate members of 
advanced restraints systems. Overall, 71% of the 
weighted number of vehicles and occupants (63% of 
counts) were accepted for further examination. The 
following analyses were conducted on target 
occupants who were accepted by case reviewers as 
candidates for ARS applications. 
 

Table 8. Number of Relevant Vehicles and 
Occupants by Reviewer Disposition 

 

Weighted Count Weighted Count
Accepted 32,134 389 33,006 407
Rejected 12,739 226 13,434 239
Questionable 145 1 145 1

Total 45,018 616 46,585 647

Reviewer 
Disposition

Vehicles Occupants

 

Breakdown of Occupants by Crash Scenario and 
Number of Events 

  Figure 7 shows a breakdown of the weighted 
number of accepted occupant cases by the five crash 
scenarios. About 61% of the occupants were 
traveling in vehicles that were involved in single-
vehicle crashes: road departure and control loss. Of 
these occupants involved in single-vehicle crashes, 
72% of the occupants were in a single impact or a 
multi-impact crash in which the first event was the 
most harmful. In contrast, 93% of the occupants who 
were involved in multi-vehicle crashes were traveling 
in vehicles sustaining a single impact or a most 
harmful first event in a multi-impact crash. In general, 
only 20% of target occupants were involved in multi-
impact crashes where the most harmful event resulted 
from secondary impacts. 

Figure 8 shows the breakdown of target occupant 
cases by the crash scenario and event category. The 
following results can be observed: 
 
• Opposite direction crashes had the highest rate of 

occupants in single events (59% of all occupants 
in opposite direction crashes). 

• Rear-end crashes had the highest rate of 
occupants in multi-impact, most harmful first 
events (53% of all occupants in rear-end crashes). 
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• Road departure crashes had the highest rate of 
occupants in multi-impact, most harmful 
secondary events (30% of all occupants in road 
departure crashes). 

 
In multi-impact crashes in which the most 

harmful event happened in secondary events, about 
87% of the target occupants were in vehicles 
experiencing frontal damage in the most severe event.  
Damage to the undercarriage was reported as the 
most severe event for 6% of the occupants. The 
remaining 7% of the occupants were evenly split 
between right and left damage areas of the vehicles in 
the most severe event. Overall, 98% of the target 
occupants were in vehicles suffering frontal damage 
in the most harmful event in single- and multi-impact 
crashes. Thus, the remainder of this section presents 
occupant results independent of the number of impact 
events. 

Opposite D
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Figure 7. Breakdown of Occupants by Crash 

Scenario 
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Figure 8. Breakdown of Occupants by Crash 
Scenario and Event 

 

Breakdown of Occupants by Delta V, Damage 
Location, and Offset 

Figure 9 shows the cumulative distribution of 
occupants by ΔV, representing a proportional 

redistribution of vehicles with only calculated ΔV 
values. Not included were 24% of the occupants in 
vehicles that had other or unknown information 
coded in the CDS. About 96% of the occupants were 
in vehicles that experienced ΔV below 70 Km/h. 
Moreover, 49% of the occupants were in vehicles 
having ΔV values below 30 Km/h. 

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

DV < 10

Delta V (km/h)

Pr
op

or
tio

n 
of

 O
cc

up
an

ts

 
 

Figure 9. Cumulative Distribution of Occupants 
by Delta V 

 
Breakdown of the number of occupants by 

vehicle damage location and offset percentage in 
Figure 10 shows: 
 
• 50% of the occupants were in vehicles sustaining 

left frontal damage with offset percentage of 
50% or less. 

• 23% of the occupants were in vehicles suffering 
center frontal damage with offset percentage 
greater than 50%. 

• 17% of the occupants were in vehicles 
experiencing right frontal damage with offset 
percentage of 50% or less. 
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Figure 10. Distribution of Occupants by Vehicle 

Damage Location and Offset 

Examination of Injuries 
Figure 11 shows the distribution of 42,000 

MAIS3+ injuries by injured body region. The highest 
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injured body region was the chest at 36% of all 
MAIS3+ injuries. This was followed by the lower 
extremity. About 48% of MAIS3+ injuries were 
associated with extremities. Figure 12 provides a 
distribution of MAIS3+ injuries by crash scenario.  
Road departure resulted in most MAIS3+ injuries at 
49%. Overall, single-vehicle crashes and multi-
vehicle crashes accounted respectively for 61% and 
39% of all MAIS3+ injuries to target occupants. 
Table 9 lists the weighted counts of MAIS3+ injuries 
by injured body region and crash scenario. 
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Figure 11. Distribution of MAIS3+ injuries by 
Body Region 
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Figure 12. Distribution of MAIS3+ injuries by 

Crash Scenario 
 

Table 9. Breakdown of MAIS3+ Injury Counts 
 

Crash Scenario Head Face Chest Back Abdomen Ex
Opposite Direction 178 18 1,538 125 702
Rear-End 191 0 297 204 42
LTAP/OD 526 4 1,961 108 272
Road Departure 1,088 60 8,558 776 1,838
Control Loss 278 58 2,463 605 245

Total 2,262 140 14,817 1,817 3,099

Upper 
tremity

Lower 
Extremity Total

535 2,301 5,398
804 2,205 3,743

1,944 2,312 7,127
2,358 6,243 20,921

344 1,064 5,057
5,985 14,125 42,246  

 

Analysis of Injury Sources 
Figure 13 shows the distribution of MAIS3+ 

injuries by the source of injury in the vehicle as 
identified by the case reviewer. Other non-specific 
sources of injury were reported as the highest rate at 
23% of MAIS3+ injuries. Instrument panel, seatbelt, 
and steering wheel were the three other sources of 
injury each at a rate over 10%, respectively at 18%, 
16%, and 15% of MAIS3+ injuries. Airbag and knee 
bolster followed respectively at 8% and 7% of 
MAIS3+ injuries.  
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Figure 13. Distribution of MAIS3+ Injuries by 
Source of Injury 

 
Table 10 provides percentage values of MAIS3+ 

injury source contribution rates to each body region.  
The highest rate to each body region is highlighted in 
yellow. The steering wheel had the highest 
contribution rate in chest, head, and upper extremity 
body regions. Injury to the abdomen was caused 
predominantly by the seatbelt at an extreme rate of 
83%. It should be noted that target occupants were all 
belted. Instrument panel caused the highest rate of 
injury to the lower extremity at 40%. 

Table 11 provides percentage values of MAIS3+ 
injury source contribution rates in each crash scenario. 
The highest rate to each body region is highlighted in 
yellow and the second highest rate is highlighted in 
tan. Injury sources indicated by the reviewers as 
“other” were the most dominant in multi-vehicle 
crashes. Seatbelt was the second highest contributor 
to MAIS3+ injury in opposite direction and rear-end 
crashes. On the other hand, knee bolster was the 
second highest injury source in LTAP/OD crashes. It 
is interesting that the instrument panel was the most 
dominant injury source in road departure crashes 
while the steering wheel was the most prevalent in 
control loss crashes.  Control loss is usually 
associated with high speeds while road departure is 
associated with lower speeds and impaired drivers. 
Based upon these findings, it is possible that high 
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speed crashes cause drivers to strike steering wheel at 
a higher force. 
 

Table 10. Percentage of MAIS3+ Body Region 
Injuries by Injury Source 

 
Injury Source Abdomen Back Chest Face H

A Pillar 20%
Airbag 10% 19%
B Pillar 7%
Column 4%
External 35%
Head Restraint
Header 10%
Knee bolster
No Contact 19%
Other 14% 24% 19% 19%
Panel 1%
Roof 22%
Seat Belt 83% 4% 28%
Side Rail
ToePan
Wheel 3% 14% 29% 16%

Total 100% 100% 100% 100%

ead Lower 
Extremity

Upper 
Extremity

8% 2%
8% 3% 9%

20% 1%
1%

5% 2% 11%
1%
3% 3%

19%
3%

14% 28% 25%
5% 40% 16%
3%
3% 1%
3%

7%
23% 1% 33%

100% 100% 100%  
 
Table 11. Percentage of MAIS3+ Injuries in Crash 

Scenarios by Injury Source 
 

Injury Source Opposite 
Direction Rear-End LTAP/OD

A Pillar 2% 2%
Airbag 11% 10% 2%
B Pillar 1% 7%
Column 3% 1%
External
Head Restraint
Header 1% 5%
Knee bolster 14% 25%
No Contact 3% 9%
Other 34% 50% 27%
Panel 3% 9% 10%
Roof
Seat Belt 16% 12% 11%
Side Rail 1%
ToePan 5% 1% 6%
Wheel 6% 4% 9%

Total 100% 100% 100%

Road 
Departure

Control 
Loss

1%
12%

1% 4%
1%

3% 11%

13% 23%
30% 11%

2% 2%
20% 14%

1% 3%
19% 30%
99% 100%  

 

CONCLUSIONS 
Based on results from general data queries that 

prioritized pre-crash scenario and impact mode 
combinations, individual CDS cases were selected for 
review for potential mitigation by CIB and ARS.  
Different filtering schemes were adopted to 
determine the applicability of CIB and ARS to 
selected cases. Descriptive statistics using weighted 
CDS data were provided to the CIB and ARS 
applicable case sets. 

The CIB analysis identified 99 cases out of 1,903 
target vehicle cases from vehicle-object crashes and 
871 cases out of 8,807 target vehicle cases from 
vehicle-vehicle crashes to be amenable to CIB 
intervention. Brake assist or stability control was 
assumed to address some of the other cases. Using 
CDS weights for these cases, CIB addresses about 

4% of all target vehicles. The analysis of CIB 
applicable vehicle cases revealed: 

 
• About 63% of the target vehicles involved in 

vehicle-object crashes were light trucks or vans. 
By excluding braking from CIB applicable cases, 
steering was noted as the avoidance maneuver 
for 22% of the target vehicles. In vehicle-object 
crashes, 96% of target vehicles were driving 
under clear weather, 91% were traversing dry 
road surfaces, and 56% were traveling in non-
daylight conditions. Almost two thirds of the 
vehicles suffered total ΔV under 40 Km/h. 
Moreover, 95% of the vehicles experienced total 
ΔV under 55 Km/h. Vehicles with longitudinal 
ΔV over 72 Km/h were excluded from the CIB 
applicable case set. 

• About 53% of the target vehicles involved in 
vehicle-vehicle crashes were light trucks or vans. 
Excluding braking from CIB applicable cases, 
17% of target vehicles attempted steering before 
the crash. In vehicle-vehicle crashes, 94% of 
target vehicles were driving under clear weather, 
92% were traversing dry road surfaces, and 58% 
were traveling in daylight. Almost two thirds of 
the target vehicles (66%) suffered ΔV under 25 
Km/h and 95% of the vehicles experienced total 
ΔV under 45 Km/h. In all CIB vehicle-vehicle 
crash scenarios, 56% and 76% of the target 
vehicles experienced a relative angle of collision 
respectively within ±30 and ±60 degrees. 
 
The ARS analysis restricted target occupants to 

belted drivers and FSP13+. Overall, 71% of the 
number of occupants were accepted for further 
examination. The raw number of CDS cases was 407 
occupants. Results showed: 
 
• 72% of occupants in single-vehicle crashes were 

in a single- or multi-impact crash in which the 
first event was the most harmful. In contrast, this 
rate was 93% in multi-vehicle crashes. 

• 96% of occupants were in vehicles with ΔV 
below 70 Km/h. 

• 50% and 17% of occupants were in vehicles 
sustaining left and right frontal damage, 
respectively, with offset percentage of 50% or 
less. The remaining 23% were in vehicles with 
center frontal damage at offset percentage 
greater than 50%. 

• Single- and multi-vehicle crashes accounted 
respectively for 61% and 39% of all MAIS3+ 
injuries to occupants. 

• The body region most likely to be injured at 
MAIS3+ was the chest,  accounting for 36% of 
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all MAIS3+ injuries. About 48% of MAIS3+ 
injuries were associated with lower and upper 
extremities. 

• Other non-specific sources of injury were 
reported as the highest rate at 23% of MAIS3+ 
injuries. Instrument panel, seatbelt, and steering 
wheel followed respectively at 18%, 16%, and 
15% of MAIS3+ injuries. Airbag and knee 
bolster were noted at 8% and 7% of MAIS3+ 
injuries. 

• Steering wheel had the highest contribution rate 
to injury in chest, head, and upper extremity 
body regions. Injury to the abdomen was caused 
predominantly by the seat belt at an extreme rate 
of 83%. Instrument panel caused the highest rate 
of injury to the lower extremity at 40%. 

 
Results from these crash analyses were used by 

the automotive partners and their suppliers to devise 
potential countermeasure concepts for CIB and ARS 
based on pre-crash sensing, and to develop 
preliminary functional requirements. Development of 
objective test procedures and estimation of safety 
benefits constitute next research steps. 
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ABSTRACT 

Side impact regulations have been introduced in many 
countries to improve occupant protection in side 
collisions. As a result, car structures have been 
improved significantly. However, the number of 
fatalities and serious injuries in side collisions is still 
large. To understand the causes of these injuries and to 
identify their potential countermeasures, accident 
analyses of side collisions were newly conducted.  

From the accident data analysis, it was shown that the 
contacts with the head and chest during side crashes 
are still a major cause of serious injuries and death. 
The impact vehicle type affected the injured body 
regions of the occupant in the struck vehicle, and the 
chest was frequently injured in the struck car when 
impacted by an 1BOX type vehicle. Occupant seating 
postures were surveyed in vehicles on the roads, and it 
was found that from a side view that the head location 
of 50% of the drivers was in line or overlapped with 
the vehicle’s B-pillar. This observation suggests that 
in side collisions head injuries may occur frequently 
due to contacts with the B-pillar.  

A series of side impact tests were conducted to 
examine test procedures that would be beneficial for 
improving occupant protection. When the 1BOX was 
a striking vehicle, the chest deflection of the ES-2 
dummy was large. The crash tests also included car-to-
car crash tests in which either (1) both cars are moving 
or (2) one car is stationary, i.e., an ECE R95 test. The 
injury measures of the ES-2 dummy were substantially 
smaller if the struck car was moving. 

The tests also were conducted for an occupant seating 
position where the head would make contact with the 
B-pillar. To investigate the effectiveness of curtain 
side airbags for head protection in car-to-car crashes, 
these test were conducted for struck cars with and 
without a curtain side airbag. It was demonstrated that 

the curtain side airbag was effective for reducing the 
number of head injuries in car-to-car crashes.  

INTRODUCTION 

Though the number of vehicle accidents is decreasing 
recently, in 2008 it was 760,000 or more, and the 
number of injuries was 940,000 or more. Considering 
this traffic accident situation, regulations for occupant 
protection including the side impact protection [1] 
have been introduced in Japan. Additionally, The 
Japan New Car Assessment Program (JNCAP) 
conducts safety evaluation of new cars.  

In traffic accidents in Japan, intersection collisions and 
rear-end collisions account for about 60% when 
classified by collision configuration and vehicle-to-
vehicle collisions account for 80% or more when 
classified by crash objects. In fatal and serious injuries 
to drivers, vehicle-to-vehicle collisions account for a 
large proportion. In vehicle-to-vehicle side collisions, 
since the crash configurations are widely varied (such 
as a large array of impact velocities and angles), an 
investigation of representative crash test procedures is 
necessary in order to effectively reduce the number of 
fatal and serious injuries in side crashes, and to protect 
the occupants most frequently seriously injured body 
regions.  

In this study, building on the bases of our past studies 
[2][3][4][5][6][7], side accident analyses, field surveys 
of occupant postures, and car-to-car side impact tests 
were conducted. Based on the results of these studies, 
the trend for a representative side impact test 
procedure for the future was investigated. In accident 
analyses, the general trend of side collisions were 
investigated based on the Institute for Traffic Accident 
Research and Data Analysis (ITARDA) global 
accident data for 3 years (2006-2008). In the occupant 
posture investigation, the relative positions of the head 
of the driver and passenger with respect to the B-pillar 
were examined to understand the potential of injury 
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causation by the B-pillar in side collisions. Several 
car-to-car crash tests were conducted to investigate 
potential side impact test procedures for the future. 
Taking the results of seating posture investigation into 
account, the crash tests were conducted to understand 
the effects of curtain side airbag (CSAB) and side air 
bag (SAB) which were installed recently on many cars.  

STUDY ON SIDE IMPACT ACCIDENT IN 
JAPAN 

In this study, the accident analyses in Japan were 
examined using the police data. From the data, in 2008, 
the number of traffic accidents in Japan was 766,147, 
the number of injuries was 950,659, and the number of 
fatalities (i.e., fatalities within 30 days after an 
accident) was 6,023.  

General Trend of Side Impact Accidents 

The number of traffic accidents in which occupants of 
four-wheel vehicles were involved was 1.4 million 
from 2005 to 2007. Figure 1 shows the crash 
configurations as classified by impact locations. A 
large portion of the total accidents were rear-end 
collisions. In the fatal and serious accidents, the 
percentage of frontal collisions was large. Side 
collisions occupy about 20% of fatal accidents as well 
as fatal and serious accidents. These findings indicate 
that, when considering the potential safety benefit of a 
crash configuration, the side collision is next in 
importance to the frontal collision, of which the risk of 
fatal and serious injury to occupants was high. 

The fatal and serious injuries of front seat occupants 
were examined for side collisions which included 
vehicle-to-vehicle intersection collisions and single 
vehicle collisions. Multiple collisions were excluded. 
Figure 2 shows the percentage of striking vehicle and 
object types by seat position (struck-side or non 
struck-side) of the front seat occupants in the struck 
vehicle. Sixty percent of the fatal and serious injuries 
in side collisions are on the struck side occupants, and 
40% are the non-struck side occupants. Eighty percent 
of the striking objects were vehicles, which account 
for the largest source of striking objects. Among these, 
the mini passenger cars and passenger cars account for 
60%. Narrow objects (e.g., signals, telephone poles, 
and road signs) account for 6% or less. 

Figure 3 shows the injured body regions of the 
occupants by striking objects. When struck by an 
1BOX or SUV, and a Large vehicle or Truck, the 
percentage of head and chest injuries was large, 
whereas that of neck injury decreases. When struck by 
a pole, the percentage of head injuries is large. The 
percentage of abdomen injuries is lowest, irrespective 
of striking objects.  

Figure 4 shows the relation between injured body 
regions to the struck-side occupants and injury causes. 
The door and window account for the largest 
percentage of injury causes. Seats account for 60% of 
the injury causes for the neck. The pillars, which have 
probably high injury potentials in the passenger 
compartment, account for only small percentages of 
injury causes. To understand the injury causes in side 
impact collisions in more detail, it is necessary to 
examine the injury causes using in-depth accident data. 

 
Figure 1 Impact configuration of vehicle accidents 
 

 
Figure 2 Type of striking vehicle and object 
involved in side impact accidents (fatal and serious 
injuries). 
 

 
Figure 3 Injured body regions for fatal and serious 
injuries in side impact accidents by striking object. 
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Figure 4 Contact parts for injuries in side impact 
accidents (struck-side occupant) 
 
 
INVESTIGATION OF RIDING POSTURE 
POSITION 

The postures of the driver and front passenger in the 
real-world were surveyed in order to provide a basis to 
predict injury causes of the car interior in side impact 
accidents. The pictures of the position of a front seat 
occupant were recorded by a video camera from a side 
view of the vehicle, and the occupant head’s position 
was observed. From the accident analyses, the head 
was a frequently injured body region in side impact 
accidents. Therefore, the percentage of occupants 
whose head location overlapped with the vehicle’s B-
pillar was examined. By analyzing the results, the 
conditions for which occupant protection devices 
effectively work (i.e., the area to be covered by the 
occupant protection device) also could be estimated. 

Investigation on Driver and Passengers Seating 
Position in Real World 

Side views of vehicles traveling in both directions of 
the road near an intersection were filmed with a video 
recorder. From the side view of the occupants, the 
percentage of the occupants whose head overlapped 
with the B-pillar was examined. The head positions of 
drivers (right side) and front passengers (left side) 
were surveyed. The surveyed vehicles were passenger 
cars (sedan, wagon, and 1BOX) and mini passenger 
cars. The large vehicles such as truck and bus, and 2-
door cars were excluded from the survey. In total, 377 
cars were surveyed from driver side, and 256 cars 
were surveyed from the front passenger side. However, 
note that only 45 front passengers were examined 
since front passenger seating frequency was observed 
to be 18%. Figure 5 shows the criterion used to 
evaluate whether the head overlapped the B-pillar. 
Even if only a part of the head overlapped with the B-
pillar, it was defined as head/B-pillar overlap. 

 

Figure 5 The criterion of judgment for the head 
overlapping B-pillar 
 

Figure 6 shows the percentages of head/B-pillar 
overlap for the driver and front passenger. Fifty 
percent of drivers and 70% of front passengers were 
determined to have head/B-pillar overlap. The 
percentage of front passengers was large probably 
because front passengers have the freedom to change 
their seat positions, whereas the drive must adjust the 
seat to accommodate reaching the steering wheel and 
floor pedals. Figure 7 shows the percentages of the 
head/B-pillar overlap of drivers by male and female. 
The percentage of head/B-pillar overlap for female 
was about half of that for male. It is likely that the 
body size of the driver affects the overlap percentages.  

Figure 8 shows the percentage of the head/B-pillar 
overlap of the driver by car type. The percentage of 
head/B-pillar overlap for 1BOX was larger than that 
for the sedan and wagon. This is probably because the 
B-pillar of the 1BOX is located more forward as 
compared to the sedan due to its vehicle design. 

Based on the survey, it was found that 50% of the 
driver heads overlapped the B-pillar. The male has a 
high frequency of head and B-pillar overlap. The 
driver head overlaps more frequently with the B-pillar 
of 1BOX as compared to that for the sedan. 
Accordingly, it is predicted that the head is likely to 
contact the B-pillar during side crashes, and thereby 
lead to head injuries. 

 
Figure 6 Seat location for the head and B-pillar 
overlapped. 
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Figure 7 Gender for the head and B-pillar 
overlapped (Driver). 
 

 
Figure 8 Type of vehicle for the head and B-pillar 
overlapped (Driver). 
 
 
FULL-SCALE SIDE IMPACT TEST 

Test Method 

In order to understand the injury situation in side 
collision accidents and to investigate the occupant 
protection in side collisions, two series of crash tests 
were carried out using a car. In test series of Tests 1 to 
4, Sedan 1 was used as a struck car. In the test series 
of Test 5 to 7, Sedan 2 was used. Table 3 presents the 
test car specifications, and Table 4 presents the test 
matrix. Tests were conducted based on the 
specifications of Regulation ECE/R95. An ES-2 
dummy was seated in the stuck side of the front seat. 
Figure 9 shows the car test configurations and 
conditions. Figures 10 and 11 show the dummy 
postures before and after test, respectively. In Tests 1, 
2, 3, and 4, the influence of car types on the occupant 
injury measures was examined. In Test 1 to 4, an ECE 
R95 moving deformable barrier (MDB), Sedan 1 
(same car model as used for the struck car), and 1BOX 
vehicle were used as the striking cars. The impact 
velocity ranged from 48 to 50 km/h (Tests 1 to 6). A 
side impact test with two moving cars using the same 
car model (Sedan 1) for the striking and struck 
vehicles also was conducted to simulate a real car-to-
car accident (Test 4). In Test 4, the velocities of the 
striking car and struck car were 48 and 24 km/h, 
respectively. 

In Tests 5 and 6, the effectiveness of the CSAB was 
examined. The ECE R95 MDB impacted the Sedan 2 
at 50 km/h. Considering the occupant posture survey 
that the head can contact with B-pillar, Tests 5 and 6 
were prescribed to investigate the effect of the CSAB 
and SAB (torso side airbag) to when the occupant 
head would make contact with the B-pillar with and 
without these devices. Therefore, for Tests 5 and 6, the 
seat position was adjusted so that the dummy head 
overlapped the B-pillar. The CSAB was not equipped 
in the Sedan 2 in Test 5 and was equipped in the 
Sedan 2 in Test 6. Test 7 is the JNCAP test of Sedan 2, 
from which data was used for reference, though the 
impact velocity of the MDB was 55 km/h. In this 
paper, results of only the front seat dummy are 
discussed even though there were rear seat occupants 
in some tests.  

 

Table 3 Specification of tested vehicles 

Type
MDB

(ECE/R95)
Sedan 1 Sedan 2 1BOX

Kurb mass 948 kg 1100 kg 1130 kg 1370 kg

Engin displacement - 1498 cc 1496 cc 1789 cc

Dimension ( L x W x H)
500 x 1500 x  500
( Barrier Face )

4395 x 1695 x 1535 4410 x 1695 x 1460 4285 x 1635 x 1980

 
 

 

Table 4 Test configurations 

1 2 3 4

50 km/h 50 km/h 50 km/h 48 x 24 km/h
Striking
vehicle Vehicle C/L Vehicle C/L Vehicle C/L Vehicle C/L
Struck
Car SRP SRP SRP SRP

Type ECE/R95 MDB Car (Sedan 1) Vehicle (1BOX) Car (Sedan 1)

Mass 948 kg 1257 kg 1553 kg 1195 kg

Type Car (Sedan 1) Car  (Sedan 1) Car  (Sedan 1) Car (Sedan 1)
Curtain
air bag without without without without

Mass 1194 kg 1257 kg 1240 kg 1240 kg
Front
Dummy ES-2 ES-2 ES-2 ES-2
Rear
Dummy SID-IIs ES-2 SID-IIs SID-IIs

C/L: Center line
SRP: Seating reference point of driver in front seat

Struck
car

Striking
vehicle

Test No.

Test config.

Impact velocity

Impact
Point

 
 

5 6 7

50 km/h 50 km/h 55 km/h
Striking
car Vehicle C/L Vehicle C/L Vehicle C/L
Struck
car SRP SRP SRP

Type ECE/R95 MDB ECE/R95 MDB ECE/R95 MDB

Mass 948 kg 948 kg 948 kg

Type Car (Sedan 2) Car (Sedan 2) Car (Sedan 2)
Curtain
air bag without with CSAB and SAB without

Mass 1253 kg 1279 kg 1192 kg
Front
Dummy ES-2 ES-2 ES-2

C/L: Center line
SRP: Seating reference point of driver in front seat

Struck
car

Striking
vehicle

Test No.

Test config.

Impact velocity

Impact
Point
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(a) Test 1                              (b) Test 2 , 4  

MDB to Sedan 1                  Sedan 1 to Sedan 1 

   
(c) Test 3                           (d) Test 5 , 6 ,7  

1BOX to Sedan1                      MDB to Sedan2 

Figure 9 Test vehicles before crash tests 
  

 
(a) Seating position (Sedan 2: Test 1,2,3,4 ) 

 

   
(b) Seating position                 (c) Seating position 
(Sedan 2: Test 5, 6)                   (Sedan 2: Test 7) 

Figure 10 Photo of dummy seating position before 
tests. Parenthesis indicates the struck car 
 

 
(a) Seating Position (Sedan 1: Test 5) 

 

   
(b) Seating position                 (c) Seating position 

(Sedan 2: Test 6)                      (Sedan 2: Test 7) 

Figure 11 Photo of dummy seating position after 
tests. Parenthesis indicates the struck car 
 
 

Test Results 

Comparison by striking cars (Test 1 to 4) 

The struck car deformation and dummy injury 
measures were compared from Test 1 to 4. Figure 12 
shows the car exterior deformation at the dummy 
thoracic level, H-point level, and side sill level. In the 
front seat location (2170 mm) at the thoracic level for 
the struck car, the deformation increased in the 
ascending order of the striking vehicle being the 
Sedan 1 (both cars moving, Test 4), MDB (Test 1), 
Sedan 1 (Test 2), and 1BOX (Test 3). At the hip point 
level, the deformation was smallest when the Sedan 1 
(Test 4) was the striking vehicle, whereas the 
deformations were similar when impacted by 1BOX 
(Test 3), MDB (Test 1) and Sedan 1 (Test 2). At the 
side sill level, the deformation increased in the 
ascending order of the striking vehicle being the Sedan 
1 (Test 4), Sedan 1 (Test 2), MDB (Test 1) and 1BOX 
(Test 3). Accordingly, overall the deformation of the 
struck car was largest when struck by the 1BOX. The 
flat shape and stiffness of the 1BOX probably affected 
the deformation of the struck car. The deformation of 
the struck car was comparable when struck by the 
MDB and Sedan. When the struck car was moving 
(Test 4), the deformation of the struck car was 
smallest among the test series. 

 

 
 
 

 
 
Figure 12 Exterior panel deformation of Sedan 1 
 

Line Color Index 
Test 1 : MDB to stationary car 
Test 2 : Moving vehicle ( Sedan 1) to stationary car 
Test 3 : Moving vehicle ( 1box ) to stationary car 
Test 4 : Both cars are moving (Sedan 1) 
Pre crush 

a) Thoracic Level 

b) H.P Level 

c) Side Sill Level 

a) Thoracic level 

b) H-Point level 

c) Side sill level 
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Figure 13 shows the injury measures of the front seat 
ES-2 dummy in the Sedan 1 with the various striking 
vehicles. In Tests 1 and 4, all injury measures of the 
ES-2 were less than the acceptance levels of ECE R95. 
The HPC of the dummy in Sedan 1 struck by the 
1BOX (Test 3) and Sedan 1 (both car moving, Test 4) 
were about 400, which were smaller than the values 
when stuck by the Sedan 1 (Test 2) and MDB (Test 1). 
The thoracic rib deflection was larger in the ascending 
order of the striking vehicle being the Sedan 1 (both 
car moving, Test 4), MDB, Sedan 1, and 1BOX. The 
lower rib deflection was larger than the upper and 
middle rib deflection except in Test 4 for the moving 
vehicle to moving vehicle test. The V*C exhibited a 
similar trend as the rib deflection. The abdominal 
force and pubic force of the ES-2 were comparable 
when struck by Sedan 1, irrespective of whether the 
struck car was moving (Test 2 and Test 4). The V*Cs 
were smaller than in these two tests then those 
measured when the striking vehicles were the 1BOX 
and MDB. 

Figure 14 shows the ES-2 dummy kinematic behavior 
at the time the head resultant acceleration was 
maximal. When struck by the 1BOX (Test 3), the head 
of the ES-2 rotated around the x- (anterior-posterior) 
axis toward the striking vehicle, whereas the head 
orientation was close to a vertical position in the other 
tests. In the impact by the 1BOX, the door 
deformation of the struck car at the thoracic level was 
large, which led to a large displacement of the ES-2 
torso. Then, the head moved toward the inboard side 
of the car, and it is likely that the head contact velocity 
with the roof side rail was small. As a result, the HPC 
was small while the rib deflection was large when 
struck by 1BOX.  

 

 
 
Figure 13.  Injury measures of ES-2 in front driver 
seat in struck car (Sedan 1). 
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(a) Test 1 (MDB, -5 deg.)      (b) Test 2 (Sedan 1, -2 deg.) 

 
 

  

 

 
(c) Test 3 (1BOX, 19 deg.)    (d) Test 4 (Sedan 1, -3 deg.) 
                                                      Both cars were moving 

 

Figure 14 Dummy behavior at the time of 
maximum resultant head acceleration; parenthesis 
indicates striking vehicle and inclination angle of 
dummy head 
 
 
 
Comparison by moving and stationary struck cars 
(Test 2 and 4) 

 
In Tests 2 and 4, the car-to-car tests were conducted 
using the same models (i.e., both the striking and the 
struck vehicles were a Sedan 1). In Test 2, the struck 
car was stationary, and in Test 4 the struck car was 
traveling at 24 km/h. The influence of a moving struck 
car was examined based on the results of these two 
tests. Figure 15 shows the head contact locations in the 
struck cars for Test 2 and Test 4. The head contact 
locations in the struck car were similar in both tests, 
which demonstrate that the head contact velocity in 
the A-P direction was relatively small even though the 
struck car was moving in Test 4. The HPC and rib 
deflection was large when the struck car was 
stationary (see Figure 13).  

Figure 16 shows the struck car deformations in Tests 2 
and 4. The deformation of the striking car was larger 
when the struck car was moving. On the other hand, 
the deformation of the struck car was larger when the 
struck car was stationary. In Test 4, the longitudinal 
member bent laterally in the direction that the struck 
car was moving. Accordingly, it is likely that the 
effective stiffness of the striking car was smaller when 
the struck car was moving than when the struck car 
was stationary. In Test 4, where both cars were 
moving, the deformation of the struck car was 
relatively small but was distributed more widely in the 
struck car’s longitudinal direction (Figure 12 and 16). 

 
 

    
      Test 2                                  Test 4 

Figure 15 Head contact location in the struck car 
when struck car was stationary (Test 2) and 
moving (Test 4) 
 
 
 

  

 

 
Striking car 

   
Struck car 

Test 2                                  Test 4 

Figure 16 Car deformation when struck car was 
stationary (Test 2) and moving (Test 4) 
 
 
 
Comparison between a curtain side air bag 
equipping car and a non-equipping car 

Based on Tests 5, 6, and 7, the effect of a CSAB was 
examined. In Tests 5 and 6, the dummy’s head was 
aligned to overlap the B-pillar, and the CSAB and 
SAB were installed in Test 6. In Test 7 (i.e., the 
JNCAP test), the impact velocity of the MDB was 
55 km/h and the dummy torso made contact with the 
door.  

Figures 17 and 18 show the dummy injury measures 
and the time histories of the dummy readings. The 
HPC in Test 6 where the CSAB deployed and made 
contact with the head was 86, which was less than 
those for Test 5 (255) and Test 7 (113), which were 
conducted without a CSAB installed. As shown in the 
head resultant acceleration-time histories [see 
Figure 18(a)], in the case with a CSAB installed 
(Test 6), the CSAB deployed between the head and the 
B-pillar within 20 ms after the collision, the head was 
accelerated earlier in the crash event, and the peak 
acceleration was small. In contrast, in the case of the 
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struck car not having a CSAB installed (Test 5), the 
head made contact with the B-pillar at the velocity of 
the B-pillar intrusion, the head acceleration increased 
suddenly, and the peak was relatively high.  

The rib deflection was smaller in the test with the 
CSAB installed than that without the CSAB. The rib 
deflection was smallest in JNCAP test where the chest 
made contact the door (Test 7). Accordingly, it is 
likely that the B-pillar has a higher potential of 
causing thoracic injuries than the door with respect to 
the rib deflection. The lower rib deflection was larger 
than the upper rib deflection in Test 6 probably 
because the SAB deployed. As shown in the time 
history of rib deflections [see Figure 18(b)], the lower 
deflection increased earlier during the crash event as 
compared to the upper rib. The rib deflection could be 
smaller with an optimization of the SAB design.  

The V*C of thoracic upper rib, middle rib, and lower 
rib was compared in Figure 17(c). The trend of the 
V*C responses in these tests were comparable to those 
of the rib deflections.  

Figure 17(d) shows the abdominal and pubic forces. 
The abdominal force and pubic force do not change 
appreciable, irrespective of the CSAB equipment. In 
Test 7 (i.e., the JNCAP test), the abdominal force was 
larger and the pubic force was smaller as compared to 
Tests 5 and 6. Therefore, it is likely that the B-pillar 
has more of an injury potential to the upper torso as 
compared to the lower torso. Figures 18(c) and 18(d) 
show the time histories of abdominal force and pubic 
forces. Although there were differences in the 
abdominal force in Tests 5, 6, and 7, the pubic forces 
in these tests were comparable. Since the pelvis was 
not covered with the SAB, and the gap between the 
pelvis and B-pillar (Tests 5 and 6) and that between 
the pelvis and door (Test 7) would be comparable. 

 
(a) HPC 

 
(b) Thoracic rib deflection 

 
(c) Thoracic rib V*C 

 
(d) Abdominal and pubic force 

Figure 17 Injury criteria of ES-2 seated in front 
seat (Test 5, 6 and 7). 
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(a) Head resultant acceleration 

 
(b) Thoracic rib deflection 

(c) Abdominal force 

 
(d) Pubic force 

Figure 18 Injury parameter time histories of ES-2 
in Test 5, 6, and 7. 
 

DISCUSSION 

Accident analyses were conducted using police data. 
Sixty percent of the fatal and serious injuries to front 
seat occupants in side collisions were to those seated 
on the struck side, and 40% were to those seated on 
the non-struck side. The percentage of thoracic 
injuries was large, whereas that of the neck injuries 
was small when the striking vehicle was an 1BOX, 
SUV, or truck. The percentage of pillars being among 
the injury causes for head injuries was only 5.4%. A 
field survey of the occupant posture was conducted, 
and it was shown that 50% of the driver head locations 
overlapped the B-pillar. In order to understand this 
difference in the percentage of B-pillar as injury 
causes of the head, it is necessary to conduct further 
in-depth accident analyses. 

The deformation and injury risk of the occupants in 
the struck cars are affected by the striking vehicles. 
Based on the accident analysis, the percentage of chest 
injuries was large when the struck vehicle was 
impacted by an 1BOX. In Test 3, the 1BOX impacted 
the Sedan 1. Since the 1BOX has a high leading edge, 
the loading and the deformation of the struck car at the 
thoracic level was large. This deformation mode of the 
struck car led to large thoracic deflection of the 
dummy. 

The effect of struck car movement was examined by 
conducting car-to-car tests (Tests 2 and 4). In Test 2, 
the struck car was stationary, and in Test 4 struck car 
was traveling at 24 km/h. The injury measures of the 
ES-2 seated in the struck car were smaller when the 
struck car was traveling compared to those when the 
struck car was stationary. In the car-to-car crash, when 
the struck car was traveling, the longitudinal members 
of the striking car bent laterally. As a result, the 
stiffness of the front structure of the striking car 
possibly may be less stiff than that for the striking car 
in Test 2. (In Test 2, the struck car was stationary and 
the longitudinal members of the striking car collapsed 
in an axial mode.) In Test 4, where both cars were 
moving, the deformation of the struck car was 
distributed widely in the struck car’s longitudinal 
direction. The delta-V in the lateral (i.e., L-R) 
direction of the struck car was lower when the struck 
car was moving than when the struck car was 
stationary. The less stiff deformation mode of the 
striking car and the wide distribution of the struck car 
deformation led to a lower intrusion velocity and 
smaller intrusion of the struck car. As a result, the 
injury measures of the dummy in the struck car were 
smaller. In Test 4, because the impact force applied by 
the striking car to the struck car was small, the 
acceleration in the longitudinal direction of the struck 
car was small. Accordingly, the dummy movement in 
the A-P direction in the struck car was small in Test 4, 
and the dummy behavior was comparable between 
Tests 2 and 4.  
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Based on the field survey of occupant posture, it is 
probable that the occupant head makes contact with 
the B-pillar in side impact accidents. To understand 
the head injury risk in contact with B-pillar and its 
protection by the CSAB, Tests 5 and 6 were carried 
out with a dummy posture that the head overlapped the 
B-pillar. In Test 5, the head was impacted by the B-
pillar at the intrusion velocity of the B-pillar, and the 
peak of the head acceleration was high. The HPC in 
the Test 5 was less than the injury assessment 
reference value possibly because of the energy 
absorbing structure in the B-pillar. In Test 6, the struck 
vehicle was equipped with a CSAB and SAB. The 
CSAB deployed and decelerated the head at an early 
stage of the impact, and thereby effectively reduced 
the head acceleration. It is likely that the CSAB is 
effective for reducing head injury risk in the case 
where the head would make contact with B-pillar.  

 

CONCLUSIONS 

In order to discuss potential side impact test 
procedures for the future and to identify the issues in 
side collisions, accident analyses, a field survey of 
occupant posture, and crash tests were carried out. The 
results are summarized as follows:  

1. From accident analyses using police data, 60% of 
the fatal and serious injuries to front seat 
occupants in side collisions were to the struck 
side occupants, and 40% were to the non-struck 
side occupants. The percentage of thoracic 
injuries was larger as the striking vehicle was the 
1BOX, SUV, or truck.  

2. Based on the field survey on the road, it was 
shown that 50% of driver heads overlapped the 
B-pillar. Accordingly, it is predicted that the head 
will make contact with the B-pillar which can 
lead to head injuries. 

3. The deformation and injury measures of the 
dummy of the struck car were affected by the 
properties of the striking car. When the 1BOX 
vehicle, which has a flat front shape and a stiff 
front structure, impacted the side of the car, the 
thorax was impacted because of the large 
deformation of the belt-line of the struck car. As 
a result, the HPC of the dummy in the struck car 
was small and the chest deflection was large.  

4. The effect of struck car movement was examined 
from the car-to-car tests. When the struck car was 
moving, the loading and the deformation of the 
struck car was small, and the injury measures of 
the dummy in the struck car were smaller than 
those for when the test was conducted with the 
struck car being stationary. 

5. The effect of CSAB was examined in the case 
where the dummy placement resulted in the 
dummy head being overlapped with the B-pillar. 
The CSAB decelerated the head at the early stage 
of the impact, and thereby effectively reduced the 
head acceleration. It is likely that the CSAB is 
effective for reducing head injury risk as 
compared to the case where the head otherwise 
would make contact with the B-pillar. 
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ABSTARCT 
 
The test procedures described in current European 
and Japanese side impact regulations and 
assessments involve striking a moving deformable 
barrier (MDB) into a stationary test vehicle. 
However, since many car-to-car side impact 
accidents in the real world occur when the struck 
vehicle is also moving, the force direction into the 
struck vehicle in the configurations described by 
these regulations and assessments differs from that 
in those actual accidents. 
Therefore, to simulate the force into a moving struck 
vehicle in the current test configuration, i.e., a 
perpendicular MDB side impact, it is necessary to 
integrate the stiffness characteristics of the front of 
the striking vehicle in a side impact accident where 
both vehicles are moving.  
Consequently, a crabbed frontal impact test that 
simulates the force direction into the striking vehicle 
in a moving car to moving car side impact test was 
considered as an evaluation method for the frontal 
stiffness characteristics. This crabbed frontal impact 
test was confirmed to be capable of measuring the 
stiffness characteristics of the front of the striking 
vehicle occurring in a moving car to moving car side 
impact. 
In addition, an MDB for simulating crabbed frontal 
impacts was developed based on the frontal stiffness 
characteristics obtained from the crabbed frontal 
impact test. It was confirmed that side impact tests 
using this MDB were capable of simulating the 
deformation and door moving velocity of the struck 
vehicle in a moving car to moving car side impact 
test. 
As a result, vehicle safety enhancements based on a 
side impact test method using this MDB are 
expected to contribute to the development of 
appropriate body structures and restraint devices for 
real-world accidents. 
 
INTRODUCTION 
 
The test procedures described in current European 
and Japanese side impact regulations and 
assessments involve striking a moving deformable 
barrier (MDB) into a stationary test vehicle at right 
angles. However, in the real world, many car-to-car 
side impact accidents occur when both the struck 
and striking vehicles are moving.(1) As a result, the 

force direction into the struck vehicle in the 
regulations and assessments differ from that in those 
actual accidents. 
One test method that simulates the force direction 
when both vehicles are moving is the crabbed side 
impact test. However, when force is applied at an 
oblique angle such as in a crabbed side impact, the 
compressive stress of the honeycomb decreases,(2) 
and concerns have also been raised about the 
stability of the stiffness characteristics of the 
honeycomb. In addition, although an oblique force is 
applied to the dummy in the struck vehicle, the 
response of the ES-2 dummy currently in widespread 
use in regulations and assessments differ depending 
on whether the impact is oblique or perpendicular.(3) 
To resolve these concerns, this paper describes the 
development method and performance of an MDB 
capable of simulating force into a struck vehicle in a 
side impact while both vehicles are moving, while 
maintaining the configuration of the current 
perpendicular MDB side impact test. 
 
1. CONSIDERATIONS FOR SIMULATING 
CAR-TO-CAR SIDE IMPACT ACCIDENTS 
 
1-1 Study of Simulation Method 
 
Many car-to-car side impact accidents in the real 
world occur as shown in Figure 1-a,(1) generating 
bending moment in the floor side members as shown 
in Figure 1-b. This moment causes horizontal 
bending in each floor side member, which originates 
in areas with a low modulus of section with respect 
to the H-axis in the H-W plane of the members. 
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Figure 1-a.  Typical form of car-to-car side 
impact accidents. 
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Figure 1-b.  Force into floor side members and 
generated moment. 

 
To simulate force into the struck vehicle in this 
configuration, force must be applied at crabbed 
angle α with respect to the front of the striking 
vehicle so that the stiffness characteristics of the 
front of the striking vehicle can be identified with 
the same bending moment generated in the floor side 
members. 
For this purpose, a crabbed frontal impact test was 
developed using a rigid wall and a vehicle trolley as 
shown in Figure 2. This test generates bending 
moment in the floor side members of the vehicle to 
simulate the deformation modes of the striking 
vehicle in a car-to-car side impact shown in Figure 
1-a. 
 

Trolley
Moving direction of trolley
Force direction into vehicle

Rigid wall

Load cells

α

Trolley
Moving direction of trolley
Force direction into vehicle

Rigid wall

Load cells

α

 
Figure 2.  Outline of crabbed frontal impact test. 
 
1-2 Validation of Simulation Method 
 
The appropriateness of the crabbed frontal impact 
test was validated by comparing its results with 
those from the striking vehicle in a car-to-car side 
impact test conducted with both vehicles moving 
(i.e., a moving car to moving car side impact test). 
The results from a perpendicular frontal impact, 
which is the conventional method of examining 
frontal stiffness, are also shown for comparison in 
Figure 3. 
Table 1 shows the conditions of the crabbed and 
perpendicular frontal impact tests, and Table 2 shows 
the conditions of the moving car to moving car side 
impact test. 
Figure 3 shows the frontal deformation of the test 
vehicles. 
Horizontal bending of the floor side members was 
identified respectively in the vehicle after the 
crabbed frontal impact and the striking vehicle after 
the moving car to moving car side impact. In 
contrast, vertical bending was found after the 
perpendicular frontal impact. 
 

Floor side member

Bumper reinforcement
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Bumper reinforcement
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40.5 km/h crabbed
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55 km/h × 27.5 km/h moving
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Figure 3.  Test vehicle deformation (top view). 
 
Figure 4 shows images of the front of the vehicles 
after the tests. 
Horizontal bending of the left floor side member 
occurred in the same position of the vehicle after the 
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crabbed frontal impact and the striking vehicle after 
the moving car to moving car side impact. 
In contrast, although clear horizontal and vertical 
bending positions in the right floor side member 
could be identified after the crabbed frontal impact, 
the position of the horizontal bending that occurred 
in the striking vehicle after the moving car to 
moving car side impact could not be clearly 
identified.  
In addition, vertical bending was identified in both 
floor side members after the perpendicular frontal 
impact. 
 

 
Figure 4-a.  Left floor side member after 
crabbed frontal impact. 

 

 
Figure 4-b.  Left floor side member after moving 
car to moving car side impact. 

 

 
Figure 4-c.  Left floor side member after 
perpendicular frontal impact. 

 

 
Figure 4-d.  Right floor side member after 
crabbed frontal impact. 

 

 
Figure 4-e.  Right floor side member after 
moving car to moving car side impact. 

 

 
Figure 4-f.  Right floor side member after 
perpendicular frontal impact. 
 
1-3 Discussions on Simulation Method 
 
The results of the crabbed frontal impact and moving 
car to moving car side impact tests showed different 
deformation volumes. 
This was probably caused by variations in 
deceleration and post-impact kinetic energy as a 
result of the different impact targets used in the tests 
(a rigid wall for the crabbed frontal impact test, and 
a moving vehicle for the moving car to moving car 
side impact test). 
However, the deformation generated by the crabbed 
frontal impact was greater than that in the striking 
vehicle in the moving car to moving car side impact. 
This is thought to be because the frontal deformation 
in the moving car to moving car side impact 
represents only part of the deformation process 
measured in the crabbed frontal impact test. 
Consequently, if the volume of deformation were 
allowed to increase, the horizontal bending of the 
floor side member in Figure 4-e would approximate 
the deformation mode shown in Figure 4-d. 
Therefore, it should be possible to use the crabbed 
frontal impact test to measure the stiffness 
characteristics of the front of the striking vehicle in 
the moving car to moving car side impact more 
accurately than the conventional measurement 
method. 
 
2. INVESTIGATION OF FRONTAL STIFFNESS 
CHARACTERISTICS 
 
Perpendicular frontal impact and crabbed frontal 
impact tests were conducted on each vehicle to 
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compare the frontal stiffness characteristics. 
The frontal stiffness characteristics of the Advanced 
European MDB (AE-MDB) V3.1 currently being 
developed in Europe and Japan are calculated based 
on the test results of perpendicular frontal 
impacts,(4)(5) and test methods are being studied 
where the AE-MDB is collided perpendicularly into 
the side of a stationary vehicle. Thus, by integrating 
the comparison results for the crabbed and 
perpendicular frontal impacts at areas corresponding 
to each block of the AE-MDB into the AE-MDB 
V3.1 specifications, it should be possible to simulate 
the force into the struck vehicle in a moving car to 
moving car side impact while maintaining the 
configuration of the perpendicular AE-MDB side 
impact test. Therefore, the frontal stiffness 
characteristics of the areas corresponding to each 
block of the AE-MDB were examined. 
 
2-1 Test Conditions 
 
Table 1 shows the test conditions. 
 

Table 1. 
Test conditions 

 Perpendicular 
frontal impact 

Crabbed frontal 
impact 

Impact 
configuration 

  

Impact 
velocity 

Vehicle 
35.0 km/h*1 

Trolley 
40.5 km/h*2 

Vehicle types 
Compact car, hatchback,  

sedan, small SUV 

Vehicle mass 
Vehicle mass specified in 

 JNCAP*3 frontal impact tests 

Load cells 
40 (size: 200 mm × 200 mm)*4 

Plywood boards at impact surface  
(t: 20 mm) 

*1: Impact velocity in verification test for MDB 
dynamic characteristics specified by ECE 
Regulation No. 95(6) 

*2: Velocity component in vehicle longitudinal 
direction coincided with perpendicular frontal 
impact test 

*3: Japan New Car Assessment Program 
*4: See Figure 5 for the layout of the load cells and 

AE-MDB. 
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Figure 5.  Layout of load cells and AE-MDB 
blocks. 
 
2-2 Test Results 
 
Figure 6 shows the frontal stiffness characteristics 
for each load cell block. The results shown below are 
for the hatchback, and those for the other vehicles 
are shown in the appendix. The force distribution for 
the crabbed and perpendicular frontal impacts differs 
since deformation in the crabbed frontal impact 
occurs as the vehicle slides to the right into the rigid 
wall. 
 

Crabbed frontal impact

X-axis on each graph: maximum displacement = 500 mm,
Y-axis on each graph: maximum force = 200 kN

Perpendicular frontal impact

Vehicle slide directionX

Y

 
Figure 6.  Vehicle frontal stiffness 
characteristics. 
 
Figure 7 shows the stiffness characteristics of the 
whole AE-MDB and the characteristics of the areas 
corresponding to each block of the AE-MDB, as 
calculated from the force distribution above. The 
results for the other vehicles are shown in the 
appendix. 
The force of the whole area generated in the crabbed 
frontal impact was less than in the perpendicular 
frontal impact since horizontal bending occurred in 
the floor side members after the crabbed frontal 
impact. In particular, force decreased significantly in 
block F due to the horizontal bending in the floor 
side members and the rightward shift in force 
distribution. 
In contrast, force increased in block E with respect 
to the perpendicular frontal impact due to the shift in 
force distribution from block F. 
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Rigid wall
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Rigid wall
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Figure 7-a.  Stiffness characteristics of whole 
area of AE-MDB. 
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Figure 7-b.  Stiffness characteristics for each 
block of AE-MDB. 
 
The comparison method for frontal stiffness 
characteristics in the crabbed and perpendicular 
frontal impacts is defined as shown in Figure 8. 
Figure 9 shows the averaged force ratio of the four 
vehicle types. Compared with the perpendicular 
frontal impact, the frontal force in the crabbed 
frontal impact was roughly the same in block D, 
approximately 20% higher in block E, and 
approximately 20% lower in block F with a 
deformation volume close to 150 mm. 
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Figure 8.  Calculation of averaged force ratio for 
crabbed and perpendicular frontal impacts. 
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Figure 9.  Averaged force ratio for each 5 mm 
displacement of blocks D, E, and F (averaged for 
all four vehicles). 
 
3. DEVELOPMENT OF HONEYCOMB FOR 
CRABBED FRONTAL IMPACT SIMULATION 
AND VERIFICATION OF PERFORMANCE 
 
3-1 Study of Crabbed Frontal Impact Simulation 
Corridors 
 
The corridors for the honeycomb to simulate a 
crabbed frontal impact were created by multiplying 
the force ratio described above with the existing 
corridors for AE-MDB V3.1.(5) 
Figure 10 shows the created corridors for blocks D, 
E, and F. 
However, the same blocks were used for blocks A, B, 
and C as in AE-MDB V3.1. This was because this 
study featured only one vehicle type representing tall 
vehicles such as SUVs, thereby creating a lack of 
data for blocks A, B, and C. In addition, since the 
stiffness characteristics for blocks A, B, and C were 
set lower than for blocks D, E, and F, it was 
determined that there was little effect on the stiffness 
characteristics of the whole area even considering 
changes in force due to a crabbed frontal impact. 
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Figure 10-a.  Corridor for block D. 
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Figure 10-b.  Corridor for block E. 
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Figure 10-c.  Corridor for block F. 
 
3-2 Issues with Crabbed Frontal Impact 
Simulation Corridors 
 
The following two issues were identified for the 
corridors shown in Figure 10. 
1. Honeycomb asymmetry caused by differences 

between blocks D and F 
2. Difficult honeycomb manufacturing due to the 

gap of approximately 150 mm created in 
displacement of block E 

 
     3-2-1 Blocks D and F - As an asymmetrical 
honeycomb is liable to cause usability issues, the 
left/right characteristics of the honeycomb were 
averaged to maintain the stiffness characteristics of 
the whole area (Figure 11). 
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Figure 11.  Averaged corridor for blocks D and 
F. 
 
To verify the effect on the struck vehicle of 
averaging the characteristics of blocks D and F, 
perpendicular MDB side impact test simulations 

(impact point: SRP+250 mm, impact velocity: 55 
km/h) were conducted using FEM analysis under 
two specifications: separate characteristics for blocks 
D and F, and averaged characteristics. Figure 12 
shows the struck vehicle deformation and door 
moving velocity in these simulations. 
Although slight variations in deformation volume 
occurred in the front and rear parts of the vehicles, 
no major differences in deformation mode or door 
moving velocity were identified. As a result, since 
these variations would not change the approach of 
vehicle safety enhancements or lead to large 
differences in dummy injury values, it was judged 
that averaging the characteristics of blocks D and F 
would only have a minimal effect. 
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Figure 12-a.  Measuring points. 
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Figure 12-b.  Vehicle deformation at section A-A’ 
(time: 140 ms). 
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Figure 12-c.  Moving velocity of front and rear 
doors. 
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     3-2-2 Block E -Next, to eliminate the gap of 
approximately 150 mm in the corridor in block E, 
the corridor for block E in AE-MDB V3.9 was 
used,(7) which has almost the same maximum force 
(Figure 13). 
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Figure 13.  AE-MDB V3.9 block E corridor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3-3 Development of Honeycomb for Crabbed 
Frontal Impact Simulation 
 
A honeycomb (AE-MDB V3.10) for simulating 
crabbed frontal impacts was developed using the 
corridors shown in Figures 11 and 13. A dynamic 
test was then conducted to verify its stiffness 
characteristics. Excluding the mass of the trolley, 
these tests were implemented in accordance with the 
barrier certification method specified in ECE 
Regulation No. 95.(6) The trolley mass was set to 
1,500 kg following the AE-MDB specifications. 
Figure 14 shows the results of the dynamic test. 
The results of the stiffness characteristics for each 
block and the whole area of the AE-MDB were 
confirmed to be within the tolerance range of the 
corridors. 
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Figure 14.  Results of dynamic test for AE-MDB V3.10. 
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3-4 Verification Test Using Real Vehicle with 
AE-MDB V3.10 
 
Perpendicular side impact tests were conducted 
using AE-MDB V3.10 to confirm its performance in 
comparison to the moving car to moving car side 
impact test used to simulate real-world accidents. 
 
     3-4-1 Test Conditions - Table 2 shows the test 
conditions. 
 

Table 2. 
Test conditions 

Impact 
configuration 

  

Impact point 
(mm) 

SRP+250 SRP 

Impact velocity 
(km/h) 

55 
Striking × struck  

= 55 × 27.5 

Striking vehicle 
AE-MDB 

V3.10 
1,500 kg 

Hatchback 
1,500 kg 

Sedan 
2,000 kg 

SUV 
2,000 kg 

Struck vehicle 1,500 kg 
Dummy Fr: ES-2, Rr: ES-2 

 
     3-4-2 Test Results - Deformation was 
measured before and after the tests at the door outer 
and pillar positions shown in Figure 15. 
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Figure 15.  Deformation measuring points in 
struck vehicle. 
 
Figure 16 shows the measurement results at each 
position. 
At the front dummy and B pillar positions, the 
deformation volume with AE-MDB V3.10 was 
between that generated by the SUV and the 
hatchback. In the rear dummy position, the 
deformation was larger than with any of the vehicle 
types. 
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Figure 16.  Struck vehicle deformation. 
 
Figure 17 compares the moving velocities at the 
lateral positions of the front dummy in the beltline 
and HP line at the front door inner. The door moving 
velocities were calculated using accelerometers 
placed on door inner. The door moving velocities in 
the AE-MDB V3.10 and moving car to moving car 
side impacts were approximately the same. 
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Figure 17.  Front door moving velocity of struck 
vehicles. 
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     3-4-3 Discussions - In the moving car to 
moving car side impact test, horizontal bending of 
the floor side members as shown in Figure 18-a 
prevented direct intrusion behind the rear door in the 
struck vehicle. However, in the AE-MDB side 
impact, the right side of the honeycomb intruded 
directly into behind the rear door (Figure 18-b). This 
is thought to be a factor in the differences in rear 
deformation. 
 

Striking vehicle :before impactStriking vehicle :before impact

Struck vehicle :before impactStruck vehicle :before impact

Striking vehicle :after impactStriking vehicle :after impact

Struck vehicle :after impactStruck vehicle :after impact  
 SRP Forward direction 
of struck vehicle 

Direction of relative movement 
of striking vehicle (27º) 

 
Figure 18-a.  Position of striking vehicle in 
moving car to moving car side impact. 
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Figure 18-b.  Position of honeycomb in AE-MDB 
V3.10 side impact. 
 
The intrusion volume from the deformed B pillar 
was also considered. In a side impact test using the 
conventional AE-MDB V3.1, the deformation mode 
for door intrusions from the B pillar resembled an M 
shape. However, in the side impact test using 
AE-MDB V3.10, the intrusion of the B pillar was 
greater than that at the front and rear doors, and 
resulted in a C-shaped deformation mode. This was 
the same deformation mode as obtained in the 
moving car to moving car side impact tests (Figure 
19). 
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Figure 19.  Intrusion volume from B pillar after 
deformation. 
 
One purpose of the AE-MDB side impact test 
method is to evaluate the protection performance of 
the front and rear occupants of the struck vehicle at 
the same time. Therefore, the volume of rear door 
deformation in this test can be considered to be 
acceptable since the rear deformation volume was 
approximately the same as in the front, while the 
deformation mode matched that occurring in the 
moving car to moving car side impacts. 
Based on the results and discussions on the struck 
vehicle as described above, a test using AE-MDB 
V3.10 is as stringent as the moving car to moving 
car side impact test based on deformation volume 
and moving velocity. In addition, in the deformation 
mode, the B pillar showed the largest intrusion, 
which approximates the struck vehicle deformation 
mode in the moving car to moving car side impact 
test. 
This shows that a side impact test using AE-MDB 
V3.10 is capable of simulating actual moving car to 
moving car side impact accidents. 
As a result, vehicle safety enhancements based on a 
side impact test method using AE-MDB V3.10 are 
expected to contribute to the development of 
appropriate body structures and restraint devices for 
real-world accidents. 
 
CONCLUSIONS 
 
The following results were achieved in this study. 
1. The frontal stiffness characteristics of the 

striking vehicle were obtained in a side impact 
in which both vehicles are moving. 

2. A honeycomb (AE-MDB V3.10) was developed 
simulating the frontal stiffness characteristics 
obtained in point 1 above. 

3. An actual vehicle test using AE-MDB V3.10 
simulated a car-to-car side impact test 
conducted with both vehicles moving. 
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APPENDIX 
 

Crabbed frontal impact

X-axis on each graph: maximum displacement = 500 mm,
Y-axis on each graph: maximum force = 200 kN

Perpendicular frontal impact

 
Figure 20-a.  Frontal stiffness characteristics 
(compact car). 
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Figure 20-b.  Frontal stiffness characteristics 
(sedan). 
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Figure 20-c.  Frontal stiffness characteristics 
(small SUV). 
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Figure 21-a.  Stiffness characteristics of whole 
area of AE-MDB (compact car). 
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Figure 21-b.  Stiffness characteristics of whole 
area of AE-MDB (sedan). 
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Figure 21-c.  Stiffness characteristics of whole 
area of AE-MDB (small SUV). 
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Figure 22-a.  Stiffness characteristics for each 
block of AE-MDB (compact car). 
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Figure 22-b.  Stiffness characteristics for each 
block of AE-MDB (sedan). 
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Figure 22-c.  Stiffness characteristics for each 
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ABSTRACT 
 
Recent legislation has increased the type approval 
requirements in the domain of pedestrian 
protection. A non design restrictive solution for the 
bonnet area is the implementation of pop-up bonnet 
systems. Obviously, such systems need a sensing 
element detecting and classifying the impact object 
in order to make a fire/no-fire decision for the 
bonnet lifting actuators.  

The working principle of IEE’s pedestrian 
protection sensor system not only allows the 
detection of pedestrian-type impacts, but also 
analyses crash event scenarios. Thus the same 
sensor is not only used for pedestrian protection, 
but can also contribute to passive safety by 
delivering information that can be used for 
enhanced occupant safety. In decision-making for 
the pop-up bonnet deployment, it is crucial to 
reliably distinguish between pedestrians and other 
objects like traffic signs, footballs or small animals, 
whereas in crash sensing, it is helpful to know as 
early as possible whether the collision object is a 
tree or a vehicle. 

The pressure sensitive sensor is integrated into the 
vehicle front-end and detects parameters like T0 
(first contact), impact location, width of impacting 
object and impact dynamics. These data allow a 
more precise tuning of the restraint systems to 
specific crash events, the usage of less aggressive 
restraint systems due to the early T0 signal, as well 
as the replacement of existing sensors (upfront, 
pole catchers, redundancy). 

The sensors ability to deliver robust data in frontal 
crashes has been demonstrated in tests reflecting 
compliance, consumer and insurance testing 
requirements. 

In order to provide even more information about 
crash situations and to offer optimised and cost-
effective solutions for other applications, the goal is 
to develop a family of general impact sensors also 
covering the detection of rear-end collisions and 
side impacts. 
 

INTRODUCTION 
 
Regulations aiming at improved protection of 
pedestrians were first implemented in Europe and 
Japan in 2005. In November 2009, a UNECE GTR 
(Global Technical Regulation) with more stringent 
requirements was voted. The second phase of the 
European regulation, becoming effective in early 
2013 [1], adopts this GTR. 
 
The pedestrian protection regulation includes injury 
risk assessments for scenarios where a pedestrian 
head impacts onto the vehicle bonnet. Head 
impactors representing a child head and an adult 
head are propelled onto the vehicle bonnet with a 
speed of 35 km/h and the HIC (head injury criteria) 
values must comply with the regulation 
requirements. Compliance requires a certain 
amount of bonnet deflection, resulting in energy 
absorption and thus reducing the injury risk. 
 
Vehicle types not having enough clearance between 
the bonnet and rigid engine bay components use so-
called pop-up bonnet technology to guarantee 
regulation compliance. These vehicles have a 
sensor system in the front-end detecting an impact 
and discriminating between pedestrians and other 
collision objects. In case of a vehicle-pedestrian 
collision, the sensor signal triggers actuators lifting 
the bonnet by several centimetres and providing the 
necessary clearance. 
 
IEE is currently investigating the potential of a 
PROTECTOTM pedestrian protection type sensor in 
the area of crash sensing. 
 
FROM PEDESTRIAN PROTECTION TO 
OCCUPANCY SAFETY 
 
Sensing Principle 
 
The IEE bumper sensor is based on a flexible, foil-
type pressure sensitive device which detects a 
frontal collision by providing four different impact 
related signals versus time: two switches react on 
specific force levels, and the impact width as well 
as the impact position is measured by means of a 
linear potentiometer. For that purpose a set of 
electrically conductive elements are printed on two 
flexible carrier foils which finally are laminated 
together by means of a double-sided adhesive film, 
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as schematically indicated in the cross-section view 
of Figure 1. 
 

 
 
Figure 1.  Schematics of a foil-type pressure 
sensor for pedestrian impact detection. Typical 
dimensions are: length l > 100 cm, width w = 2 
cm, thickness d = 0.05 cm. 
 
The adhesive layer contains a sequence of recess 
structures equally distributed over the complete 
length which allows establishing an electrical 
contact by deformation of both polymer foils in 
case of external pressure loads. The simultaneous 
parameter detection is accomplished by positioning 
the sensor somewhere between bumper skin and 
crossbeam (here: at the interface energy absorber – 
crossbeam, c.f. Figure 2). Hence, the integration 
can be handled quite flexibly. The major 
integration requirement is the presence of a 
mechanical support to build up the impact related 
reaction force which needs to be measured. 
 
Sensor Integration 
 
Figure 2 describes schematically a typical sensor 
integration concept based on detailed FE impact 
simulations which are performed in order to adjust 
sensor sensitivity and positioning within the 
bumper environment. In case of the presented 
example the contact sensor has been integrated in 
the energy absorber foam facing towards the 
crossbeam. 
 

 
 
Figure 2.  Sensor integration concept for a 
typical bumper configuration. 
 

Simulation as Key Development Tool 
 
Right from the start, the aim was to base the sensor 
development completely on simulation because of 
limited (and expensive) impact / crash test 
capabilities. Therefore, a virtual sensor 
development chain has been established which 
provides the following information: 
 
� optimum sensor location in the bumper 
� necessary bumper modifications to improve 

functionality / robustness 
� impact data for calibrating the classification 

algorithm over the whole temperature range 
and the whole length of the bumper 

 
Figure 3 describes the simulation based 
development concept to reduce lead time, test 
efforts and prototype needs. 
 

 
 
Figure 3.  Flow chart describing the virtual 
development chain of the crash sensor. 
 
Based on the OEM specification requirements and 
CAD data of the carline, the simulation model will 
be created by applying appropriate (validated) 
material laws developed for highly non-linear 
deformation processes. A set of crash impact 
simulations (partly defined by the OEM and based 
on legal requirements) allows identifying the 
optimum sensor integration and provides also 
preliminary data for algorithm calibration. After 
finalizing the virtual optimization loop, prototype 
sensors will be built to perform verification tests 
(pendulum tests, sled tests, OEM crash tests). The 
obtained data is used for fine-tuning the algorithm 
settings. The final design / algorithm will be 
integrated in the vehicle to pass the official crash 
test sequence defined in the car type approval 
process. 
 
Pedestrian Impact Detection and Crash Sensing 
 
In the event of an impact (pedestrian, pole, other 
vehicle), the sensor delivers signals to the ECU 
being attached to the sensor. The ECU acquires and 
analyses the sensor data in order to provide a 
trigger signal to fire pop-up bonnet actuators in 
case of low speed collision events involving 
humans, or to provide an additional input to the 
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airbag control unit. By using a certain set of input 
signals, a classification algorithm determines the 
impacting object or evaluates the crash severity. In 
a pedestrian protection scenario, the algorithm 
discriminates so-called misuse objects from a 
vulnerable road user to actuate only in the latter 
case the associated pedestrian protection system in 
a timely manner. 
 
     Pedestrian Detection - During a collision event, 
the IEE bumper sensor delivers four different 
signals versus time such as impact width, impact 
position and the activation of two threshold levels 
of the impact force cells (low and high force 
switch). Figure 4 shows the acquired impact width 
data for different collision scenarios. Human-like 
impacts are experimentally simulated by crash-test 
dummies which have been hit in a lateral position 
or dedicated human-like leg-impactors ("lower 
limit" impactors). At t = 20 ms the linear 
potentiometer indicates the impact event. This 
signal triggers the collision time measuring process, 
i.e. the timer is set to tcol = 0 ms. 
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Figure 4.  Example of the impact width signal 
evolution measured during the collision with 
different objects or dummies. 
 
The impact width shows a typical increase in case 
of a human-like leg up to a level of w = 30 cm, 
which is reached about 6 ms after the impact 
detection. At Δtcol = 15 ms the second leg is also hit 
at a certain bumper distance offset with respect to 
the actual first impact location. About 25 ms after 
first contact detection, the collision process 
changes from the constitution into the restitution 
phase, therefore the impact width as well as the 
impact force started to decrease. Finally, the 
dummy looses the bumper contact about 35 ms 
after the first hit, which is monitored by the drop of 
the positioning signal of the linear potentiometer. 
 
In parallel the impact location across the bumper is 
also measured (not shown) as well as the activation 
level of low force switch SWL and high force 
switch SWH which provide additional information 
about the strength of the impact. The plurality of 
data sets indicates an essential development 

problem, namely how to separate non-human 
impacts (misuse, e.g. animals, trash cans, traffic 
signs, etc.) from collision events with vulnerable 
road users for whom dedicated safety systems have 
to be activated. For a given object and a given 
bumper front-end the obtained data depend also on 
the impact location Y across the bumper, the 
impact speed and environmental conditions 
(basically temperature). 
 
     Crash Detection - As described above, IEE 
originally developed a sensor element dedicated for 
pedestrian collision detection in order to trigger 
active protection systems (e.g. lifting mechanisms 
of the bonnet, additional air-bags, etc.). That sensor 
element shows fast response time on any low-
energy (i.e. low-speed and low-mass) collision 
event with vulnerable road users or other objects 
which can be found on the road. During the 
collision event it continuously provides information 
about the impact. The field of application can be 
extended from such low-energy impacts (causing 
reversible bumper deformation or minor damages 
of the outer bumper skin) towards destructive high-
energy crash events (e.g. car-to-pole accidents) in 
order to detect and to classify crashes in such a way 
that active passenger protection measures can be 
triggered in a timely manner. 
Crash tests showed that in comparison with 
standard crash sensing technology found in the 
vehicle front end, the new approach shows essential 
technical advantages: 
 
� fast response time in case of impacts 
� impact classification capabilities (strength, 

impact location / impact vector, type of 
collision object) 

� ample mechanical robustness 
� not affected by noise (i.e. vibrations due to 

rough road conditions) 
� beneficial combination with pedestrian 

protection sensor thus reducing the number of 
needed sensor elements in the front-end 

 
Indispensable is to categorize upper impact limits 
for human-like collision events in order to 
distinguish them from a crash. 
 
Potential for Improved Occupant Safety 
Automotive industry intends to establish more 
efficient passenger protection systems by means of 
improved active safety devices (e.g. multiple air-
bag solutions, more sophisticated restraint systems, 
adapted system deployment strategies, etc.) due to 
more restrictive safety regulation requirements and 
general market development trends. In general, 
such techniques can benefit from having more lead 
time for their activation in order to provide their 
full protection capability, and / or they need 
additional data to be deployed in a more dedicated 
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way according to the crash situation. In case of a 
frontal collision event it is therefore essential to 
identify as early as possible strong impacts, i.e. in 
best case to have a collision object classification 
very shortly after T0 which is the time of first 
contact with the car bumper. It can be crucial to 
know as soon as possible if the collision object is a 
tree or rather a vehicle. This information can then 
be provided to the airbag control unit, and the 
additional information can support an earlier or 
more appropriate airbag deployment. Standard g-
sensor technology shows limitations in detection 
efficiency due to mechanically more soft material 
and design constraints of modern car front-ends 
which are needed in order to fulfil the passive 
pedestrian protection requirements (injury 
mitigation). As a consequence, strong impacts are 
detected with some delay during the collision 
process, hence, not providing enough time to 
establish more complex counter measures for 
improved passenger protection. 
 
Outlook and Remaining Challenges 
 
Besides frontal crashes also side crash events as 
well as rear crash detection in view of whiplash 
protection can be additional fields of application.  
 
Because of comparatively short distances between 
passenger and impacting object, it is obvious that 
fast side crash detection is indispensable to protect 
the passenger’s life. Timing is even more critical 
due to additional out-of position problems in case 
passenger’s head is resting against the B-pillar. 
 
Whiplash protection in case of rear crashes requires 
fast impact detection to provide sufficient lead time 
to activate systems like active head-rest positioning. 
About 80% of all passenger injuries caused by rear 
crash accidents are whiplash injuries covering in 
total about 75% of all insurance costs to be paid in 
case of any passenger injury [2]. Therefore, 
development and test activities focusing on 
automatic headrest positioning devices (for front 
and rear seats) are in the focus of interest. Fast 
crash detection capabilities can provide a valuable 
input for such systems. 
 
Although the sensor in its current form already 
shows the ability to cover a wide range of impacts 
(small stones to crash), future development is 
aimed at enhancing the detection range in the high-
mass impact area even further. 
 
CONCLUSIONS 
 
The IEE bumper sensor is based on a flexible, foil-
type pressure sensitive device which detects a 
frontal collision by measuring T0 (first contact), 
impact location, width profile of impacting object 

and impact dynamics. The pressure sensitive sensor 
is integrated into the vehicle front-end and its 
working principle allows combining two different 
fields of sensor applications: 
 
1. Active Pedestrian Protection 
Detecting accidents with vulnerable road users in 
order to trigger protective counter measures to save 
pedestrian’s lives (e.g. deployment of the car 
bonnet, windscreen airbags, etc.). 
 
2. Crash Detection 
The identification and classification of crash events 
as early as possible in order to be able to trigger 
enhanced protective counter measures to save 
passenger’s lives. 
 
REFERENCES 
 
[1] Official Journal of the European Union 04.02. 
2009, Regulation EC No 78/2009 
 
[2] Carhs "Safety Companion" 2009, p:58 
 



Kim 

 

1

ABSTRACT 
 
NHTSA(National Highway Traffic Safety 
Administration) has published an update to the 
FMVSS214 regulation which includes the Pole Impact 
test configuration using the ES-2re and SID-IIs dummy. 
This updated standard adds a new side pole test 
requirement in addition to modifying the test procedure 
used to perform dynamic side impact testing. This 
paper shows a new technique to improve the occupant 
injury performance during the Pole Impact test. 
 
INTRODUCTION 
 
NHTSA announced a final rule for FMVSS(Federal 
Motor Vehicle Safety Standard) No. 214, “Side impact 
protection” (72FR51908, No, NHTSA-29134)1) using 
ES-2re(50th Percentile Dummy) and SID-IIs(5th 
Percentile Dummy). 
This final rule modified the test procedure and adopted 
technically advanced test dummies (ES-2re and 
SID-IIs) to enforce detailed requirements on the 
enhanced injury criteria which are the force, 
displacement and acceleration of the head, chest, pelvis 
and abdomen of occupant dummies. (Figure 1) 
 

 

 
Figure 1. Dummy Injury Criteria 

 
In addition to the MDB(Moving Deformable Barrier) 
dynamic FMVSS214 side impact test, new protocol 
requires a 75-degree oblique pole test in two different 
configurations so as to improve an occupant protection 
for the various side impact crashes. (Figure 2)  

 

 
Figure 2. Updated FMVSS214 Side Impact Test 

Procedure 
 
This paper focused on improving an occupant injury 
performance under the side pole impact test by 
optimizing a side-airbag performance. Following 
factors are considered in this study. 
(1) Dummy structure mechanism of ES-2re and SID-IIs 
(2) Packaging space for a side-airbag deployment 
(3) Relation between side-airbag pressures and 
occupant injuries 
This study shows that the deployment performance and 
airbag pressure are the two most important factors to 
improve occupant injuries in a pole impact test.  
Analyzing relation between airbag pressure and 
occupant injuries provided methodology to secure the 
optimal airbag deployment. This paper suggests 
guidelines to get a proper deployment space of the 
side-airbag to improve occupant injuries and discusses 
the relationship between occupant injuries and airbag 
pressures. 
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STRUCTURES OF A SIDE IMPACT DUMMY 
 
ES-2re  
 
The ES-2 dummy is a side impact test device designed 
to the specifications of the EURO NCAP. It represents 
a 50th percentile adult male without lower arms based 
on ES-1 dummy. The ES-2 has an improved rib module 
to fix the significant problem known as “Flat Top” 
which is one of the structural defects in ES-1. It means 
a higher possibility of RDC and VC measurement in 
ES-1(2). ‘Flat-Top’, once it happens, is a period of a 
constant rib deflection maintained over 10~15ms time 
duration (Figure 3). It is rarely reported in 90 degree 
loading tests like EuroNCAP side impact, but in US 
oblique side impact test, ‘Flat top’ often occurs and it is 
also obserbed in oblique component test. 3)  

 

 
 

Figure 3. Flat Top Problem 
 
ES-1 dummy’s RDC can be diminished by inserting a 
bracket in a seat back frame for pushing the back plate 
of dummy, as shown in Figure 4. 4)  
 

  

 
Figure 4. Back Plate Problem 

 
This kind of pushing mechanism is apt to cause a 
severe injury on human body in real-world accident. 
Therefore, Euro NCAP committee considered counter 
plan to regulate this unrealistic injury mechanism. ES-2 
adopts a small-size back plate and a new load cell on it 
to solve this problem. 
Despite of this effort, “Fat top” and “Back plate-effect” 
is still reported due to the unexpected loading 
conditions in side impact test. Recently, NHTSA 
announced a modified version of the ES-2, ES-2re has 

been mainly developed to minizie the interference 
between the back plate and seat structure that still may 
exist with the standard ES-2. (Figure 5)  

 

 
 

Figure 5. ES-2re 
 
ES-2re shows an improved biofidelity by using the rib 
extension so that “Flat Top” problem is eliminated. 5) 

 
SID-IIs 
 
NHTSA issued a final rule announcing the agency’s 
regulation on anthropomorphic test devices to add 
specifications and qualification requirements for the 5th 
percentile adult female crash test dummy named 
SID-IIs. The SID-IIs is used for the oblique pole test 
and moving deformable barrier test on the FMVSS214 
final rule. (Figure 6) 

 
Figure 6. SID-IIs 

 
RELATION BETWEEN SIDE-AIRBAG 
PRESSURES AND AN OCCUPANT INJURY 

 
The oblique pole test in upgraded FMVSS214 was 
developed to provide protection for the head, chest, 
abdomen and pelvis during pole test. This pole test 
simulates a vehicle crashing sideways into narrow 
fixed object like a narrow pole or tree.  
In the vehicle-to-pole crash, there are three main 
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energy absorbers, structure, trim and airbag. (Figure 7) 
Unlike usual MDB test, vehicle structure is not a main 
energy absorbing part due to less interaction between 
dummy and vehicle even if seat belt works. Hence, a 
side-airbag and door-trim should be optimized to 
improve an occupant injury. 
In this paper, we analyzed a relationship between a 
side-airbag and occupant injuries and considered a new 
stratagy to improve occupant injuries. 

 

 
Figure 7. The oblique pole test 

 
SAB (Side Impact Airbag) Analysis 
 
The side impact airbag is a major safety device that 
functions to absorb side impact energy during the load 
of certain criteria to protect occupants. We developed it 
through the following sequence as shown in Figure 8.  
 

 

 

Figure 8. Side Impact Airbag Configuration 
 

The side impact analysis airbag model needs a 
validation analysis including tank test, drop test and 
static deployment test. (Figure 9)  

 

 

Tank Test 

   

Drop Test 

        

Static Test 

Figure 9. Airbag Validation Analysis 

 
5th & 50th Percentile Pole Impact  
 
In this paper, we analyzed a relation between 
side-airbag pressure and occupant injuries in the 
mid-sized SUV during an oblique pole crash. The 
airbag pressure change was represented by mass flow 
rate (5%, -20% ~ +20%). Airbag on this analysis model 
is a 2-chambar type airbag which widely used to 
protect occupant in a side crash. (Figure 10) 

 

 

 
Figure 10. 2-Chambar Type Airbag 

 
5th percentile oblique pole test evaluates head 
acceleration, lower spine acceleration and pelvic force. 
Analysis results are as follow. (Figure 11) 
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Figure 11. 5th Percentile Oblique Pole Analysis 

 
According to these results, spine and pelvic injury were 
increased due to airbag pressure (mass flow rate) 
increase. 5th percentile adult female dummy, represent 
44kg’s smaller stature occupants, reacts to the airbag 
pressure more sensitively. Hence, occupant injuries 
increase in proportion to the side-airbag pressure until 
airbag bottoming-out condition. In the case of non 
bottoming-out condition, 5th percentile dummy’s spine 
and pelvic injury will be improved as side-airbag 
pressure decrease.  
50th percentile oblique pole test results, including head 
acceleration, rib deflection, abdominal force and pelvic 
force, are depicted in Figure 12. 

 

 

 
Figure 12. 50th Percentile Oblique Pole Analysis 

 
In the case of 50th percentile oblique pole test, airbag 
pressure induces the rib deflection increasement. 
However, an abdominal injury response is not so 
sensitive compared to the rib response. It just slowly 
follows the airbag pressure response. The reason why 
an abdominal injury doesn’t reflect airbag pressure 
change immediately is due to the existence of the fixed 
tether located on the abdomen. On the contrary, pelvic 
injury follows the airbag pressure response faithfully. It 
increases according to the airbag pressure increase. 
One of the remarkable results is the chest injury 
tendency during an oblique pole test. In MDB test, it 
showed a decreased chest injury when airbag pressure 
in pelvic region increases. However, chest injury 
increased in pole test on the contrary. This result is 
originated from the fact that relative movement of 
dummy between rib and pelvis is small. This can be 
proved by measuring relative velocity of a dummy’s rib 
and pelvis as Figure 13. 
 

 
 

Figure 13. Relative Velocity between Rib and Pelvis 
 
In conclusion, occupant injuries of 5th and 50th 
percentile oblique pole test get worse in proportion to 
the side-airbag pressure increase. Within non 
bottoming-out condition, we can improve occupant 
injuries by diminishing airbag pressure through an 
increased airbag-volume capacity and vent-hole. 
 
PACKAGING SPACE FOR THE SAB (SIDE 
IMPACT AIRBAG) DEPLOYMENT 

 
Occupant injuries are mainly affected by an airbag 
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performance especially the deployment condition 
during an oblique pole test. An airbag deployment 
performance can be improved by increasing an airbag 
deployable space or airbag pressure. In case of 
increasing airbag pressure, there is a limit because it 
causes higher abdominal and pelvic injury owing to 
airbag stiffness. Hence, it is the best way for improving 
occupant injuries to enlarge the airbag deployable 
space during crash event. Following is the analysis 
method for securing an airbag deployable space.  
As shown in Figure 14, airbag deployment 
performance gets worse under a smaller airbag 
deployable region ‘A’. ‘A’ will be getting smaller 
during the side impact crash.  

 

(A: Airbag Deployable Region, B: Door Trim Width, 
C: Seat Back Width) 

 
Figure 14. Airbag Deployment Region 

 
Therefore, a fully deployment of an airbag should 
precede the contact between a door trim and a seat. 
Contact time between a door trim and a seat can be 
measured by an acceleration sensor on the same 
position of a door inner panel, so that a door intrusion 
can be shown as below. (Equation 1) (Figure 15) 

 

∫ −=
T

VelocityDoorLHVelocityDoorRHIntrusionDoor
0

)(

(1). 
 

 

Figure 15. Door Intrusion 

 
Contact time between a door trim and a seat, α , 
should be larger than summation of a TTF(Time to 
Fire) and an airbag deployment time (β ). (Equation 2) 

 

)( βα +≥ T             (2). 

 

As a result, reducing TTF or β  for a deployment time 
of an airbag or delaying a contact time (α ) results in 
the fully deployment condition of an airbag. It 
improves occupant injuries in side impact. Another way 
of improvement is to reduce armrest (B) and seat back 
foam size (C). It will cause to enlarge an airbag 
deployable region (A). (Equation 3) 

'AA≥               (3). 

 
CONCLUSIONS 
 
This paper suggests techniques of an improvement on 
an oblique pole crash and it can be summarized as 
follows.  
(1) Airbag pressure affects occupant injuries especially 
an occupant’s chest injury. Occupant injuries usually 
increase in proportion to airbag pressure under an 
oblique pole crash. Therefore, we should find an 
optimal pressure of a side-airbag to improve occupant 
injuries by controlling an airbag-volume capacity and 
vent-hole size. 
(2) To improve a deployment performance of SAB, 
following three conditions should be satisfied; 
increasing deployment speed of an airbag, delaying 
contact time between a door trim and a seat and 
maintaing a gap between a door trim and a dummy. 
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ABSTRACT 

The introduction of various vehicle safety standards 
and new car assessment programs in addition to 
automobile manufacturers’ efforts to improve vehicle 
safety performance have led to significant 
improvements in vehicle safety performance over the 
past several years. Improving frontal impact 
compatibility is recognized as one approach to further 
enhancing vehicle safety performance. Various 
methods of improving frontal impact compatibility 
have been proposed and discussed.  
 
In 1996, European Enhanced Vehicle-safety 
Committee Working Group 15 on Vehicle 
Compatibility was established to explore methods for 
assessing vehicle compatibility and to develop 
procedures for testing it. In their 2007 Final Report, 
EEVC WG15 proposed a Progressive Deformable 
Barrier (PDB) test as one candidate for testing vehicle 
compatibility. The PDB test was developed with the 
aim of assessing and improving partner protection 
while taking self protection into account as well.  
 
This paper focuses on the PDB test. To assess its 
performance, several different category vehicles (small 
car, large car, midsize SUV, large SUV) were selected 
for study and PDB test results for them were compared 
with those obtained with the current ECE R94 offset 
deformable barrier (ODB) test and the vehicle-to-
vehicle impact test. This study was simply an attempt 
to make an evaluation of the PDB test in comparison 
with other test procedures. 
 
INTRODUCTION 

Improving vehicle crash compatibility by reconciling 
self protection with partner protection has attracted 
greater attention in recent years as still another 
approach to further enhancing vehicle occupant safety. 
While various studies have been done on vehicle 
compatibility to date, more research is needed and this 
is still a much discussed subject [1]-[4]. In Europe, 

Working Group 15 (Car Crash Compatibility and 
Frontal Impact) was formed under the European 
Enhanced Vehicle-safety Committee (EEVC) in 1996 
for the purpose of developing a test procedure and 
evaluation methods aimed at further improving vehicle 
compatibility in frontal impacts. In the final report of 
WG15's activities that was presented at the ESV 
Conference in 2007, the following three sets of 
combinations were proposed as possible candidates for 
a compatibility evaluation test procedure [5]. 
 

Set 1 
� Full Width Deformable Barrier (FWDB) test 
� Offset Deformable Barrier (ODB) test using an 

EEVC barrier 
Set 2 
� Full Width Rigid Barrier (FWRB) test 
� Progressive Deformable Barrier (PDB) test 
Set 3 
� Combination of FWDB and PDB tests 

 
The report also cited the following points as being 
essential aspects of any test procedure for evaluating 
compatibility: 

1. It must be capable of evaluating structural 
interaction. 

2. It must be capable of evaluating the frontal force 
level. 

3. It must be capable of evaluating the passenger 
compartment stiffness. 

4. There must not be any decline in the current level 
of self protection capability. 

 
The PDB test was proposed by EEVC WG15 as one of 
the candidate evaluation procedures capable of 
assessing the four items above, though further 
discussion is deemed necessary concerning the 
evaluation criteria and parameters to be used with this 
test procedure. 
 
Focusing on the PDB test, this study examined the 
issues currently under consideration and the suitability 
of the proposed evaluation parameters for assessing 
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self protection and partner protection. That was done 
by comparing PDB test results with vehicle-to-vehicle 
impact test results and the results obtained with the 
current ODB test procedure. 
 
EVALUATION FOR PARTNER PROTECTION 
PARAMETERS OF PDB TEST 
 
The Average Height of Deformation (AHOD) and the 
Average Depth of Deformation (ADOD) are the 
principal parameters of partner protection in the PDB 
test procedure. These parameters were examined using 
the test results obtained for five types of vehicles. 
 
PDB Test Conditions  
 
The PDB test conditions used in this study are shown 
in Table 1. The points that differed from the current 
ODB test conditions were the barrier construction, 
impact speed and overlap ratio. 
 

Table 1.  PDB impact conditions 
Barrier PDB+ 

Impact speed 60 km/h 
Overlap ratio 50% 

Dummies 
DR: Hybrid-Ⅲ AM50 
PS: Hybrid-Ⅲ AM50 

 
PDB Barrier Characteristics 
 
The characteristics of the PDB barrier used in the tests 
are shown in Fig. 1. The barrier consisted of four 
blocks. The block at the front of the barrier had a 
constant level of reaction force. The next block to the 
rear consisted of upper and lower levels, with a 
gradually increasing reaction force characteristic. The 
reaction force of the lower level block was greater than 
that of the upper level one. The rearward-most block 
had a constant level of reaction force and was provided 
to prevent the bottoming out of the barrier with large 
vehicles [6]. 

 
Figure 1.  PDB+ Barrier Characteristics. 

Calculation Method 
The evaluation parameters used in the PDB test are 
calculated with a dedicated software program based on 
three-dimensional measurements of barrier 
deformation following the impact [7]. In this study, 
PDB Soft ver. 1.0 was used to calculate the parameters 
of AHOD, ADOD and barrier-absorbed energy. 
However, this software is for use with a barrier having 
a depth of 700 mm and is not compatible with the 
latest PDB+ barrier that is 790 mm deep. For that 
reason, the parameters were calculated by adding data 
for the extra 90 mm of depth. The equations used to 
calculate AHOD and ADOD are shown below as 
equations (1)-(4). 
 
Average Height of Deformation (AHOD) 

For a given rectangular investigation region, the “depth 
profile” is computed as a function of height. 
                                                                   
                                                                         (1) 
 
 Where K is a normalization constant ensuring that 
 
                                                                  (2) 
 
The AHOD is then obtained as a mean value 
 
                                (3) 
 
The AHOD value indicates the average height of 
deformation over the barrier in the investigation area 
based on the deformed condition of the barrier. The 
aim of this parameter is to evaluate the position of the 
front-end structures of a vehicle. 
 
Average Depth of Deformation (ADOD) 

For a given investigation region with an area S 
 
                                                                  (4) 
                                                                     
The ADOD value indicates the average depth of 
deformation over the barrier in the investigation area 
based on the deformed condition of the barrier. The 
aim of this parameter is to evaluate the stiffness of a 
vehicle. 
 

Investigation area 
The investigation area used in this study in calculating 
these parameters is shown in Fig. 2. The dimensions of 
the investigation area were fixed in the vertical 
direction. For horizontal direction, the dimension from 
the centerline of a vehicle was fixed. However, the 
width of the investigation area was determined 
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separately for each test vehicle taking the vehicle width 
into account. 

 
Figure 2.  Investigation area. 

 
Test Vehicles 
 
Five types of test vehicles were used in this study and 
are denoted here as small car A, large car B, midsize 
SUV C, midsize SUV D and large SUV E. The midsize 
SUV D was the previous generation model of the 
midsize SUV C. The bumper beam on the latter vehicle 
was positioned higher than on the midsize SUV C. All 
of the test vehicles had a left-hand steering wheel. The 
specifications of each test vehicle and a simplified 
diagram of its front-end structure are shown in Figures 
3-7, respectively. 
 

Vehicle Small Car A 
Test Weight 1250 kg 

Width 1660 mm 
Drive Front 

Load Path Single 
Body Unibody 

 
Figure 3.  Small car A specifications. 

 
 

Vehicle Large Car B 
Test Weight 1996 kg 

Width 1800 mm 
Drive Rear 

Load Path Double 
Body Unibody 

 

 
Figure 4.  Large car B specifications. 

 
Vehicle Midsize SUV C 

Test Weight 2063 kg 
Width 1880 mm 
Drive AWD 

Load Path Double 
Body Unibody 

 

 
 

Figure 5.  Midsize SUV C specifications. 
 

 
Vehicle Midsize SUV D 

Test Weight 2087 kg 
Width 1880 mm 
Drive AWD 

Load Path Double 
Body Unibody 

 
Figure 6.  Midsize SUV D specifications. 
 

Vehicle Large SUV E 
Test Weight 2754 kg 

Width 2000 mm 
Drive AWD 

Load Path Single 
Body Body on frame 

 
Figure 7.  Large SUV E specifications. 

 
PDB Test Results 
 
The test results obtained for each vehicle in terms of 
the AHOD, ADOD and maximum barrier force are 
given in Table 2. 
 

Table 2.  PDB test results 
Vehicle S/Car A L/Car B M/SUV C M/SUV D L/SUV E 

AHOD 414 mm 408 mm 436 mm 423 mm 453 mm 

ADOD 236 mm 324 mm 366 mm 308 mm 397 mm 

Fmax 347 kN 484 kN 461 kN 448 kN 597 kN 
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  AHOD 
Figure 8 shows the positional relationship between the 
AHOD and the top and bottom of the longitudinal 
members. The results indicate that the AHOD values 
were nearly the same for all five test vehicles, 
regardless of the position of their longitudinal 
members. 
 

 
Figure 8. AHOD and the height of longitudinal 
members. 
 
The relationship between the amount of barrier 
deformation caused by each test vehicle and the 
positions of the transmission, engine, tires and 
principal structural components are shown in Figures 
9-13, respectively. 

 
Figure 9.  PDB barrier deformation with small car 
A. 

 

 
Figure 10.  PDB barrier deformation with large car 
B. 

 
Figure 11.  PDB barrier deformation with midsize 
SUV C. 
 

 
Figure12.  PDB barrier deformation with midsize 
SUV D. 

 
Figure13.  PDB barrier deformation with large 
SUV E. 
 
It is seen from the results in these figures that the 
transmission and the engine accounted for the greater 
part of the barrier deformation for many of the test 
vehicles. Because the AHOD parameter calculates the 
height of the average deformation in the investigation 
area, it is substantially influenced by the positions of 
the transmission and the engine. That is why all five 
test vehicles show similar AHOD values, regardless of 
the positions of their principal structural components. 
The presence of a lower load path is regarded as an 
important factor with respect to compatibility. 
However, no significant difference is seen in the 
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AHOD values between the vehicles with a lower load 
path (large car B, midsize SUV C and midsize SUV D) 
and those without one (small car A and large SUV E). 
These results indicate that it is difficult to detect the 
presence of a lower load path on the basis of the 
AHOD alone. 
 
   ADOD 
The relationship between the ADOD and the test 
vehicle weight is shown in Fig. 14, and the relationship 
between the ADOD and the maximum PDB barrier 
force is shown in Fig. 15. The results indicate that the 
ADOD tended to increase with a heavier vehicle 
weight and a higher PDB barrier reaction force.  
 

 
Figure 14.  ADOD vs. test weight. 

 
 

 
Figure 15.  ADOD and maximum PDB barrier 
force. 
 
An investigation was made of the general effect of 
changes in the vehicle weight and vehicle reaction 
force on the ADOD. The effect was considered in 
relation to the following patterns assumed for the 
characteristics of the PDB barrier reaction force and 
the vehicle reaction force. 
 
 
 

Case 1: The ADOD increases to the extent of the 
increase in the vehicle reaction force. 

 
Figure 16.  Deformation prediction for case 1. 

 
Figure 16 illustrates the increase in the amount of 
barrier deformation (ADOD) corresponding to the 
increase in the vehicle reaction force. Since there is a 
proportional relationship between the vehicle reaction 
force and the ADOD, the latter value can be used in 
this case as a substitute for the former value. 
 
Case 2: The ADOD increases only due to the 
influence of the increase in vehicle weight. 

 
Figure 17.  Deformation prediction for case 2. 

 
Figure 17 shows a prediction of the barrier 
deformation in case 2 where the vehicle weight 
increases without any increase of the reaction force. In 
this case, the deformation of the barrier absorbs the 
increase in the kinetic energy due to the increased 
vehicle weight. In actuality, the vehicle also usually 
absorbs some of this kinetic energy, but this figure 
considers only the energy absorbed by the barrier to 
make the prediction easier to understand. The results 
for this case show that the ADOD increases when the 
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vehicle mass is simply increased without any change in 
the reaction force characteristic of the vehicle. 
 
The factors defined for cases 1 and 2 are presumed to 
be the main reasons for the increase seen in the ADOD. 
In actuality, from the standpoint of self protection, the 
vehicle reaction force tends to increase with an 
increase of the vehicle mass. Accordingly, when these 
two factors occur simultaneously, the ADOD increases. 
 
Case 3: There is little change in the ADOD despite 
an increase of the vehicle reaction force. 
 

 
Figure 18.  Deformation prediction for case 3. 

 
Figure 18 shows the barrier deformation condition for 
case 3 in which the vehicle reaction force is increased 
further beyond the level in case 1. Even though the 
vehicle reaction force is increased in this case, the 
amount of barrier deformation does not increase 
appreciably and the ADOD shows little change in the 
range where the barrier strength increases rapidly.  
 
In cases 2 and 3, the reaction force is not expressed 
correctly by the ADOD parameter. Similarly, the 
vehicle reaction force differs for the same ADOD 
between the case where the upper level of the second 
block is deformed and the case where the lower level is 
deformed. The reason for that is attributed to the 
difference in PDB characteristics between the upper 
and lower levels of the second block (Fig. 1). These 
factors presumably account for the cases where the 
ADOD values don’t indicate the vehicle body stiffness 
accurately. Therefore, as a substitute for the vehicle 
reaction force, it is better to measure the barrier 
reaction force directly. Moreover, in order to take the 
kinetic energy into account, the vehicle weight should 
also be considered. 

One point that is common to both the AHOD and 
ADOD parameters is that the necessary information 
cannot be obtained accurately on account of the 
averaging performed on the measured barrier 
deformation. The direct use of the maximum height of 
deformation or the maximum barrier force would 
provide more accurate information. In addition, the use 
of direct measurements would reduce the error due to 
the three-dimensional measurements of barrier 
deformation that are currently used in calculating these 
parameters. 
 

EVALUATION OF PARTNER PROTECTION 
PARAMETERS USING VEHICLE-TO-VEHICLE 
TEST RESULTS 
 
The parameters of partner protection were examined 
using the results of vehicle-to-vehicle frontal impact 
tests. 
 
Vehicle-to-vehicle impact test conditions  
 
The impact conditions used in the vehicle-to-vehicle 
tests are given in Table 2. Test 1 involved a frontal 
impact between the small car A and the large car B, 
and test 2 was between the small car A and the midsize 
SUV C. The overlap ratio was set at 50% of the small 
car A. 
 

Table 3.  Vehicle-to-vehicle impact conditions 
Test 1 2 

Vehicle Car A Car B Car A SUV C 

Test Weight 1203 kg 1996 kg 1202 kg 2058 kg 

Impact 
Speed 

50 km/h for each vehicle 

Overlap 
Ratio 

50% of S/Car A 

Dummies 
DR: Hybrid-Ⅲ AM50 
PS: Hybrid-Ⅲ AM50 

 
Test Results 
 

Structure deformation mode 
The engine compartment deformation modes of the 
small car A and the large car B in the PDB test and the 
vehicle-to-vehicle impact test are shown in Figures 19 
and 20, respectively. 
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Figure 19.  Small car A front deformation. 
 

 
Figure 20.  Large car B front deformation. 
 
The results in Fig. 19 for the small car A show similar 
deformation modes for the longitudinal members in 
both tests in terms of their crush behavior.  
 
On the other hand, the results in Fig. 20 for the large 
car B show that the lower members that served as the 
lower load path were partially crushed in the PDB test 
and fully crushed in the vehicle-to-vehicle test. 
 
The engine compartment deformation modes of the 
small car A and the midsize SUV C in the PDB test and 
the vehicle-to-vehicle impact test are shown in Figures 
21 and 22, respectively. 

 
Figure 21.  Small car A front deformation. 
 

 
Figure 22.  Midsize SUV C front deformation. 
 
The results in Fig. 21 for the small car A indicate that 
the longitudinal members were more crushed in the 
vehicle-to-vehicle test, with the deformation mode 
differing from that of the PDB test. The reason for that 

is attributed to the good engagement of the structural 
components of the two vehicles during the impact in 
test 2 (small car A to midsize SUV C). The results in 
Fig. 22 for the midsize SUV C indicate that the 
deformation modes in the vehicle-to-vehicle and PDB 
tests were similar, which is attributed in part to the 
small amount of deformation that occurred in both 
tests. It is inferred from the overall results that the 
longitudinal members are more apt to display less 
deformation in a PDB test than in a vehicle-to-vehicle 
impact test. 
 
Although the difference in the AHOD values of the 
vehicles was smaller in test 1 than in test 2, the 
structural members passed each other on the outside in 
the former test, while good structural engagement 
occurred in the latter test. Therefore, an assessment of 
structural engagement must take into account not only 
the vertical direction but also the horizontal direction. 
 
Vehicle deformation 

Figure 23 shows the relationship between the ADOD 
parameter, which indicates the vehicle stiffness, and 
the amount of deformation of the small car A in the 
vehicle-to-vehicle impact test. 
 

 
Figure 23.  ADOD ratios and small car A intrusion 
ratios. 
 
The upper graph in the figure shows the ratios of the 
ADOD values of the large car B and the midsize SUV 
C to that of the small car A. The lower graph shows the 
ratio of the body deformation of the small car A in the 
vehicle-to-vehicle impact test to that in the PDB test. 
The results in these graphs make it possible to compare 
the effect of the difference in the ADOD values on the 
amount of vehicle deformation in the vehicle-to-
vehicle impact test. The comparison shows that as the 
ADOD ratio relative to the small car A increased, the 
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amount of deformation sustained by the small car A in 
the vehicle-to-vehicle impact test increased. However, 
the deformation ratios differed greatly. The reasons for 
that can be attributed to the differences in the 
following two points due to the variation in the 
engagement conditions during the impact: 

(1) the reaction force generated in the vehicle and  
(2) the crush stroke of the engine compartment in the 

impact. 
 
As discussed here, because the amount of body 
deformation differs markedly depending on the 
engagement conditions, it is first necessary to make an 
assessment of the stable structural engagement 
between two colliding vehicles. In this case as well, the 
assessment should also take into account engagement 
in the horizontal direction. 
 
EVALUATION OF PARAMETERS OF SELF 
PROTECTION 
 
Comparison between The PDB Test and Current 
64km/h Offset Barrier Test 
 
The 60 km/h PDB test (60PDB) and the 64 km/h offset 
deformable barrier test (64ODB) currently conducted 
in many countries are compared here in terms of 
dummy injury measures, vehicle intrusion and energy 
absorbed by the barrier and the vehicle. 
 
Dummy Injury Measures 

 
Figure 24.  Small car A dummy injury measures. 
 
The dummy injury measures shown in Fig. 24 for the 
small car A indicate that head injury values are higher 
in the 60PDB test than in the 64ODB test, but that the 
other values are nearly the same. 

 
Figure 25.  Large car B dummy injury measures. 
 
For the large car B, head injury values are lower in the 
60PDB test, while the other values are almost identical, 
as seen in Fig. 25. However, because the sitting 
position in the large car B in the 64ODB test differs 
somewhat from that in the 60PDB test, the injury 
values for the large car B are treated only as reference 
data. 

 
Figure 26.  Midsize SUV C dummy injury measures. 
 
The results in Fig. 26 for the midsize SUV C show that 
head injury values are slightly higher in the 60PDB test, 
but that all leg injury values are lower than in the 
64ODB test. 
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Figure 27.  Midsize SUV D dummy injury measures. 
 
As shown in Fig. 27 for the midsize SUV D, injury 
values tend to be lower overall in the 60PDB test, 
albeit only slightly. 

 
Figure 28.  Large SUV E dummy injury measures. 
 
The results for the large SUV E in Fig. 28 show that 
neck and chest injury values are somewhat higher in 
the 60PDB test, but that the injury values for the femur 
and tibia are generally lower than in the 64ODB test. 
 
Because of the large variation in injury values, it is 
difficult to discern fine tendencies, but it is thought 
that the following observations can be made based on 
the results in these figures. For the small cars, both the 
60PDB test and the 64ODB test tend to show almost 
the same injury values overall. As the vehicle size 
becomes larger, injury values mainly lower leg tend to 
be lower in the 60PDB test than in the 64ODB test. 
 
 
 
 
 
 
 

Vehicle Intrusions 

 
Figure 29.  Small car A intrusions. 

 

 
Figure 30.  Large car B intrusions. 

 

 
Figure 31.  Midsize SUV C intrusions. 

 

 
Figure 32.  Midsize SUV D intrusions. 
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Figure 33.  Large SUV E intrusions. 

 
The intrusion data for each vehicle in the two tests are 
shown in Figures 29 to 33, respectively. No 
pronounced difference is seen in the intrusion data for 
the small car A and the large car B, but the intrusion 
values for the midsize SUV C, midsize SUV D and 
large SUV E are smaller in the 60PDB test than in the 
64ODB test. The smaller amount of cabin intrusion 
that occurs with increasing vehicle size presumably 
accounts for the difference in injury values mentioned 
above, especially the difference in lower leg injury 
values. 
 
Barrier Absorbed Energy 
Figure 34 shows the amount of energy absorbed by the 
barrier in each test, as calculated from the amount of 
barrier deformation. A comparison of the values 
indicates that the barrier absorbed more energy in the 
60PDB test than in the 64ODB test. This difference 
between the tests tended to increase as the size of the 
vehicle became larger. The reason why the amount of 
energy absorbed by the barrier did not increase with 
the larger vehicles in the 64ODB test is that the current 
barrier bottoms out with large vehicles. In contrast, 
because the barrier does not bottom out in the 60PDB 
test, the amount of energy absorbed by the barrier 
shows a pronounced increase for the larger vehicles. 
 

 
Figure 34.  Barrier-absorbed energy. 

 
 
 

Test Severity 
 
Figure 35 shows the values of the Energy Equivalent 
Speed (EES) that were calculated based on the amount 
of energy absorbed by the vehicle in each test. The 
EES parameter expresses the amount of energy 
absorbed by a vehicle as the initial velocity at the time 
the vehicle crashes into a rigid barrier. It is given by Eq. 
(5) below. 
 

 
   (5) 
 

Eabs = Energy absorbed by the vehicle [J] 
         = Kinetic energy – Energy in the barrier 
M = mass of the vehicle [kg] 
 

 
Figure 35.  Energy Equivalent Speed. 
 

The EES values for each vehicle were in a range of 57-
60 km/h in the 64ODB test and 47-51 km/h in the 
60PDB test. In order to examine the overall tendencies 
more closely, the number of vehicles (n) was increased 
by adding test data for other vehicle models. The 
relationship between the EES and test vehicle weight is 
shown in Fig. 36, which includes data obtained in 56 
km/h offset deformable barrier (56ODB) tests using 
the current barrier. 
 

 
Figure 36.  EES and test weight. 

M

Eabs
hkmEES

××= 2
6.3)/(
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The data for the 64ODB test and 56ODB test show a 
gradual rise in the EES with increasing vehicle weight, 
whereas the 60PDB test data show a gradual decrease. 
As a result, the difference in the EES values between 
the 64ODB test and the 60PDB test becomes greater as 
the vehicle weight increases. This tendency explains 
the reason why the 64ODB and 60PDB tests showed a 
greater difference in the amount of vehicle 
deformation as the vehicle size increased. Between the 
56ODB test that is the current regulatory test in 
Europe and the 60PDB test, the EES values become 
equal at around a test vehicle weight of 1,700 kg. For 
heavier vehicles above that level, the EES values are 
lower in the 60PDB test than in the 56ODB test. In 
connection with the introduction of the 60PDB test, it 
has been proposed this test replace the current 
regulatory 56ODB test at the initial stage. In that case, 
it is possible that the self protection performance of 
large vehicles would fall below the current assessment. 
 
The United States, Japan and many other countries, 
excluding Europe,  currently conduct Full Width Rigid 
Barrier (FWRB) tests and Offset Deformable Barrier 
(ODB) tests. In a FWRB test, because a wide area of 
the test vehicle's front end is crashed into the barrier, 
the amount of deformation is smaller and a higher 
deceleration pulse is generated in the vehicle. This test 
is designed to evaluate occupant protection 
performance, particularly that of the occupant restraint 
systems. In an ODB test, on the other hand, the input 
force is concentrated on one side of the test vehicle. 
This test is designed to evaluate occupant protection 
performance mainly in terms of the cabin strength. 
 
The severity of the 60PDB test conditions was 
examined in relation to the FWRB and ODB test 
conditions. Figure 37 shows the forward displacement 
of the B-pillar as a function of the average G of the test 
vehicle in each test. The data used here for the FWRB 
test are for an impact velocity of 56 km/h (56FWRB) .  
 

 
Figure 37.  B pillar displacement and average G. 

The data points for the PDB tests are generally located 
between the FWRB and ODB tests in Fig. 37. 
Conducting both the offset and full width barrier tests 
verifies the cabin strength and also confirms occupant 
protection performance based on the high deceleration 
pulse. Safety performance can thus be confirmed over 
a wider range of conditions compared with the 
verification of crashworthiness based on the PDB test 
alone. 
 
CONCLUSIONS 
 
Partner protection 
•The Average Height of Deformation (AHOD) is 
strongly influenced by the engine and transmission and 
does not express the positions of the principal 
structural components such as the longitudinal 
members. 
•The Average Depth of Deformation (ADOD) does not 
always indicate the vehicle body stiffness accurately. 
•Because both the AHOD and ADOD parameters are 
found by averaging measured barrier deformation data, 
they do not accurately indicate the height or force of 
the structural components. Therefore, it is necessary to 
consider some other more direct methods of 
measurement such as directly measuring the barrier 
force. 
•Evaluating the engagement of the structural 
components of two colliding vehicles is an important 
factor in assessing partner protection. Such 
engagement must be assessed in both the vertical and 
horizontal directions. 
 
Self protection 
•A comparison of the Energy Equivalent Speed (EES) 
values indicates that the current regulatory 56 km/h 
Offset Deformable Barrier (56ODB) test is more 
severe for heavier vehicles (a test vehicle weight of 
around 1,700 kg or more) than the Progressive 
Deformable Barrier (PDB) test. It is possible that the 
introduction of the PDB test to replace the current 
regulatory test might result in the self protection 
performance of heavier vehicles being evaluated at a 
lower level than at present. 
•Conducting both the Full Width Rigid Barrier 
(FWRB) test and the ODB test makes it possible to 
verify the cabin strength and to confirm occupant 
protection performance based on the high deceleration 
pulse. This facilitates confirmation of crashworthiness 
over a wider range of conditions than what is possible 
on the basis of the PDB test alone.  
 
Because the PDB test has many issues, it will be 
necessary to make further evaluations using a larger 



Tatsu 12

number of vehicles. Moreover, it will be necessary to 
examine what effect the introduction of the PDB test 
might have on safety performance in real-world 
accidents. 
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ABSTRACT 

In frontal collisions, injury risk can be reduced if the 
front body structure is able to absorb a greater amount 
of energy. In general, however, in front-to-front 
collisions between different-size vehicles, the smaller, 
lighter vehicle sustains greater damage than the larger, 
heavier one. To help improve vehicle compatibility in 
front-to-front collisions between such vehicles, what is 
required is better matching of the geometry and 
stiffness of the front structures of the colliding 
vehicles. 
 
Several methods of measuring the geometry and 
stiffness of front structures have previously been 
reported. Among these are the AHOF400 and Kw400 
metrics, which are measured in full-frontal rigid barrier 
tests using high-resolution barrier load cells. This 
paper proposes an improved method for evaluating 
compatibility in full-frontal rigid barrier tests based on 
a review of the purposes of and issues with the 
AHOF400 and Kw400 metrics. 
 
The methods proposed in this paper are intended to 
help provide an improved compatibility assessment 
compared with the AHOF400 and Kw400 metrics by 
evaluating the forces on load cells in an area defined as 
the structural interaction zone. Like AHOF400 and 
Kw400, the aim of this research is to improve 
structural engagement and energy sharing in the event 
of a front-to-front collision. 
 
INTRODUCTION 

In front-to-front collisions involving vehicles of 
different sizes, the smaller vehicle tends to sustain 
greater damage because of the differences in mass and 
stiffness between the two vehicles. To help improve 
this situation, the front-end structures of both vehicles 
should deform appropriately to absorb more crash 
energy. In order to promote deformation of the front-
end structures, they must be positioned so that they 
engage during collision and should be of similar 

stiffness. These aspects of compatibility are already 
widely known. Various organizations have reported 
methods for evaluating the height and stiffness of 
front-end structures for assessing compatibility. 
 
One proposed approach to evaluating the height and 
stiffness of front-end structures is to use the AHOF400 
and Kw400 metrics computed on the basis of barrier 
force data measured under the current US NCAP test 
conditions [1]-[2].  
 
The AHOF400 metric is designed to evaluate the 
height (geometry) of front-end structures. To obtain 
force data for the calculation, load cells are positioned 
on the barrier so as to cover the entire front-end of the 
test vehicle. The Average Height of Force (AHOF) is 
calculated using the force measured with each load cell 
and the height of each load cell from the ground. The 
resultant AHOF value is a hypothetical average height 
of applied force and frequently does not indicate the 
actual height of the front-end structures. 
 
The Kw400 metric, on the other hand, is designed to 
evaluate the stiffness of front-end structures. It 
indicates the force level calculated from the forces 
measured with all the load cells positioned so as to 
cover the entire front-end of the test vehicle, the same 
as for AHOF. The Kw400 value also includes forces 
other than those of the engaging front-end structures of 
the two vehicles involved in a car-to-car (CTC) frontal 
impact. 
 
A limitation common to both AHOF400 and Kw400 is 
that one evaluation parameter is calculated from the 
force data of all the load cells. Consequently, the 
engaging structures of the two vehicles in a CTC 
frontal impact cannot be identified by the AHOF400 
metric and the stiffness of the engaging structural 
components cannot be evaluated directly by the 
Kw400 metric. 
 
We have researched an evaluation method that 
attempts to resolves these limitations. Our proposed 
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method defines a structural interaction zone in which 
the front body structures serve to manage the crash 
energy in a CTC frontal impact. Rather than 
calculating an evaluation parameter from the forces 
measured with all the load cells, our method evaluates 
the force loads within and outside the interaction zone 
separately. This approach makes it possible to estimate 
and compare the approximate force level that would be 
generated by each vehicle in a CTC frontal impact. 
 
As for the test conditions for evaluating compatibility, 
this study focused on the current US NCAP test 
conditions that are used in calculating AHOF400 and 
Kw400. These conditions specify a full-frontal test 
using a rigid barrier instrumented with 125 mm x 125 
mm load cells. The issues inherent in the method of 
evaluating AHOF400 and Kw400 under these test 
conditions were identified. An improved method for 
resolving these issues was then researched. 
 
GEOMETRY EVALUATION: ISSUES WITH 
AHOF400 

The AHOF400 metric for evaluating the height of front 
body structures is a parameter of the average height of 
force that is calculated using the individual force 
values measured with all of the load cells and the 
height of each load cell from the ground. The load cells 
are positioned on the barrier so as to cover the entire 
front-end of the test vehicle as shown in Fig. 1. One 
concern with this metric is that it is not known whether 
the front-end structures are actually at the height 
indicated by AHOF400. For example, light trucks or 
vans (LTVs) have a relatively high hood, so good 
engagement of the hood with the front-end structures 
of a passenger car cannot be expected. However the 
hood height influences the AHOF400 value. Moreover, 
although higher structures tend to have a lower 
probability of engagement with the other vehicle, as 
the height of the structure increases its proportional 
influence on AHOF400 also increases due to the 
calculation method. 

 

 
Fig. 1 Vehicle front-end and multi-load cell barrier 

 

 
 
where fi(x) is the force measured with a load cell and 
Hi is the height of each load cell. 
 

 
 
 
where F(x) is the vehicle force computed from the 
forces measured with all the load cells.  

 
 
Figure 2 shows the positional relationship between the 
main frame of the LTV used in the finite element 
analysis (FEA) conducted in this study and the barrier 
load cells, when the bottom of the barrier was at a 
height of 80 mm from the ground. The AHOF400 
values are given in Table 1. The main frame of this 
LTV was positioned approximately in the center of the 
Part 581 zone, and the AHOF value calculated from 
the forces on all the load cells was 526 mm. That value 
was higher than the top of the Part 581 zone. An 
AHOF400 value of 503 mm was calculated for a 
hypothetical condition that excluded the forces on the 
top two rows of load cells corresponding to the hood 
height of this LTV. The latter AHOF value was located 
in the Part 518 zone. In other words, in order to 
position the AHOF400 value in the center of the Part 
581 zone on this LTV, the height of the main frame 
would have to be lower than the center of the zone 
because of the influence of the hood height on 
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increasing the AHOF400 value. This same result has 
been reported in the literature [3]. 
 
 

 
Fig. 2 Frame height on LTV used in FEA 

 
Table 1 Calculated AHOF400 results  

 
 AHOF 

Forces on all load cells 526 mm 

Forces on load cells excluding top 
2 rows 503 mm 

 
 
STIFFNESS EVALUATION: ISSUES WITH 
KW400 

One issue with the Kw400 metric for evaluating the 
stiffness of front-end structures is that it is not as 
accurate as we could want in evaluating the actual 
stiffness levels of the engaging structures of the two 
vehicles in a CTC frontal impact. For example, the 
stiffness of the hood of the above-mentioned LTV 
would be included in the Kw400 value even though it 
would not likely be engaged with the front-end 
structures of a passenger car in an actual CTC frontal 
impact. 
 
The equation for calculating Kw400 can be rewritten 
as shown below, which indicates that it is equivalent to 
evaluating the average force (Favr) in an evaluation 
range of 25 mm to 400 mm of vehicle displacement. 
 
Kw400 is given as: 

 
Favr is given as: 

 
 
Hence, Kw400 is proportional to Favr. 

 
 
Accordingly, the following issues can be envisioned. 
 
(1) For example, depending on the size of the 
energy-absorbing bumper components within 
evaluation range installed for pedestrian protection, the 
Kw400 value will vary even at the same levels of 
vehicle stiffness as shown in Fig.3. 
 

 
Fig. 3 Influence of bumper on Kw400 
 

(2) The engine inertial force will be included in 
the Kw400 value in the case of small vehicles with a 
short front body, but it will not be included for large 
vehicles having a long front body. Accordingly, Kw400 
values will not reflect the relationship of the actual 
vehicle body stiffness for those vehicles. 
 

 
Fig. 4 Influence of engine inertial force on Kw400 

 
Let us reconfirm here once again the issue of stiffness 
in vehicle compatibility. The rational requirements for 
compatibility can be summed up as follows. The front 
body of large cars having relatively high levels of 
stiffness must deform sufficiently, and small cars 
having relatively low levels of stiffness must have 
sufficient cabin stiffness to be able to deform the front 
body structures of large cars. In other words, an 
evaluation based on the peak force produced by the 

2 ・ Favr 

(400+25) 
Kw400 =  ∝ Favr (5) 

400mm 

25mm 

F (x) dx 
(400-25) 

Favr = (4) 

400mm 

25mm 
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[(400)2-(25)2] 

Kw400 = 
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engaging front-end structures of the two colliding 
vehicles is assumed to provide a better assessment of 
whether one vehicle body is crushed by the other 
vehicle than an evaluation of the average force of the 
vehicles in a certain given evaluation range, for 
example that of the Kw400 metric. 
 
An evaluation range up to 400 mm of vehicle 
displacement may be suitable for evaluating the front 
body structures of large vehicles for which the high 
levels of force produced are generally the concern. 
However, for small vehicles for which the low levels of 
stiffness are the concern, evaluations should be made 
in a range up to the largest displacement under the 
NCAP conditions including consideration of the cabin 
stiffness. The new evaluation method proposed here is 
outlined in Fig. 5. The upper force limit is regarded as 
the peak force that occurs in an evaluation range up to 
400 mm of vehicle displacement; the lower force limit 
is regarded as the peak force that occurs in an 
evaluation range up to the largest amount of vehicle 
displacement. The use of these rational force limits 
resolves the two concerns mentioned above. 
 

 
Fig. 5 Overview of new evaluation method 

 
Let us also consider the issue of front end stiffness and 
self protection in the case of large vehicles. For good 
compatibility, the front body structures should be 
designed so that they deform easily while suppressing 
the peak force of each structure. On the other hand, to 
obtain the desired self protection performance, the 
front body structures must be capable of absorbing a 
certain level of impact energy. In other words, the 
vehicle force-displacement characteristic of large 
vehicles should have a rectangular curve exhibiting a 
low level of peak force and a high level of energy 
absorption. However, as shown in Fig. 6, the value of 
Kw400 increases as the force-displacement 
characteristic approaches a rectangular curve, even 
though the peak force generated is the same. That is 
because Kw400 is proportional to the average force 
and it causes misunderstanding as if it resulted in 
higher aggressivity. 

 
Fig. 6 Relationship between peak force in evaluation 
range and Kw400 
 
BASIC CONCEPTS OF PROPOSED METHOD 

The improved evaluation method researched in this 
study consists of the following three concepts. 
 
(1) An interaction zone is defined in which 
energy management is performed by the front body 
structures that would be engaged in an actual CTC 
frontal impact. 
 
(2) An evaluation is made of the combined force 
of the individual rows of barrier load cells 
corresponding to the interaction zone. This force is 
referred henceforth as the interaction force. 
 
(3) An optional test is conducted to evaluate the 
interaction force in cases where it cannot be accurately 
detected in a full-frontal rigid barrier test. This 
optional test uses load cell rows 3 and 4 that are 
defined as the interaction zone extending from a rigid 
wall. 
 
With regard to the third concept here, there is the 
concern that the load cells on a fully flat rigid barrier 
cannot accurately detect the stiffness of front body 
structures that are set more rearward among the many 
structural parts composing the front end of a vehicle. 
Consequently, the force in the interaction zone might 
not be detected accurately in cases where high levels of 
force are generated in areas outside the zone. This 
problem has been resolved by introducing the concept 
of the override barrier test proposed by the U.S. 
National Highway Traffic Safety Administration 
(NHTSA) [1]. The interaction force is then re-
evaluated in a test conducted with the height of the 
contoured barrier set to match the interaction zone. 
 
The three concepts of the proposed evaluation method 
are explained in detail in the following sections. 
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DIFINITION OF THE INTERACTION ZONE  

Figure 7 shows the positional relationships of the 125 
mm x 125 mm load cells, the Part 581 zone and the 
geometry requirements specified in the “Enhancing 
Vehicle-to-Vehicle Crash Compatibility” voluntary 
industry agreement in the U.S, when the bottom of the 
rigid barrier is set at 80 mm from the ground. Based on 
these two requirements that have already been 
introduced, the interaction zone can be appropriately 
defined as rows 3 and 4 of the load cells. 
 

 
 
Fig. 7 Relationship between load cells, Part 581 zone 
and geometry requirements of U.S. voluntary 
agreement 
 
EVALUATION OF INTERACTION FORCE 

In order to determine a criterion for evaluating the 
interaction force, it is necessary to conduct accident 
analyses to examine the actual benefits under real-
world conditions. An investigation was made of a force 
criterion that was deemed suitable with respect to the 
predicted real-world benefits reported in reference [2] 
concerning NHTSA's Kw400 metric. 
 
In reference [2], Kw400 values above 1318 N/mm are 
defined as the High zone, values between 1004 and 
1318 N/mm as the Medium zone and values below 
1004 N/mm as the Low zone. A study was made of the 
effect on the injury rates sustained in large and small 
vehicles in CTC frontal impacts when categorized in 
terms of these zones. When the zones are divided on 
the basis of these criteria, it has been reported that 
injury rates are lower if the Kw400 values of the 
colliding vehicles are in the same zone than if their 
Kw400 values are in different zones. 
 

In reference to these results, the relationship between 
the combined force on rows 3 and 4 of the load cells, 
which were defined here as the interaction zone, and 
Kw400 was plotted in a graph. An investigation was 
then made of the improvement effect that might be 
expected with the evaluation method researched in this 
study. 
 
Figure 8 shows Kw400 as a function of the peak 
combined force generated on rows 3 and 4 of the load 
cells in a range of 25 to 400 mm of vehicle 
displacement, which is the same evaluation range used 
for the Kw400 metric. This relationship is shown in the 
figure for a total of 29 tests, 18 of which were 
conducted in-house at Nissan and 11 of which were 
NHTSA's research tests. 
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Fig. 8 Relationship between Kw400 and combined 
force on load cell rows 3 and 4 
 
As noted above, Kw400 indicates the level of the 
average force in a vehicle displacement range of 25 to 
400 mm. With the current vehicle body construction, 
the main frame usually generates the greater part of the 
vehicle force that occurs in the first half of an impact. 
When the main frame is located in the interaction zone, 
the vehicle force and the combined force on rows 3 
and 4 show close values. Moreover, when the vehicle 
force and the combined force on rows 3 and 4 show 
linear curves, the value obtained by dividing the peak 
combined force by two is close to the average force. 
That is why a good correlation is seen in Fig. 8 
between Kw400 and the value obtained by dividing the 
peak combined force on rows 3 and 4 by two. 
 
It is known that the Type-A and Type-B vehicles that 
deviate from this correlation in Fig. 8 have the 
following characteristics: 
 
Type-A: The vehicle's main frame is located outside 

the interaction zone. 
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Type-B: The vehicle's force characteristic is not a 
linear function that increases monotonically. 
 

Type-C: A composite of Type-A and Type-B 
 

The force-displacement curves of the vehicle group 
with a good correlation (normal type), Type-A vehicles 
and Type-B vehicles are shown in Figs. 9-11, 
respectively. 

 
Fig. 9 Force-displacement curves for Normal-type 
vehicles 
 

 
Fig. 10 Force-displacement curves for Type-A vehicles 
 

 
Fig. 11 Force-displacement curves for Type-B vehicles 
 
For the vehicles classified as Type-A in Fig. 10, it is 
seen that a high level of force is generated outside the 
interaction zone. As a result, the combined force on 
rows 3 and 4 is smaller than the total force of all the 
load cells used in calculating Kw400. In this case, due 
to the poor engagement of the front-end structures, the 
force that occurs in an actual CTC frontal impact is 
assumed to be less than the total force of all the barrier 
load cells, i.e., the value of Kw400. It is possible that 
the combined force on rows 3 and 4 reflects the force 

actually produced in a CTC frontal impact better than 
Kw400. With the evaluation method researched in this 
study, the vehicles classified as Type-A would also be 
subjected to an override barrier test or some other 
optional evaluation to re-assess the combined force on 
rows 3 and 4 of the load cells. 
 
As shown in Fig. 11, the vehicles classified as Type-B 
show a force characteristic curve that is almost 
rectangular, not linear. As was noted earlier, whether 
or not one vehicle unilaterally crushes the partner 
vehicle in a CTC frontal impact is presumably 
determined by the difference in stiffness between the 
two vehicles. Accordingly, it is probably determined by 
the peak force rather than by the average force such as 
that represented by Kw400. 
 
As discussed here, there is a correlation between 
Kw400 and the peak combined force on rows 3 and 4 
of the load cells. Even in cases which deviate from that 
correlation, it is possible that the combined force on 
rows 3 and 4 is a better representation of compatibility 
in an actual CTC frontal impact than the Kw400 value. 
Therefore, it can be estimated that the proposed 
evaluation method can probably obtain a real-world 
improvement effect equal to or greater than that 
reported in research studies concerning Kw400. 
 
OPTIONAL TEST FOR DETECTION AND 
EVALUATION OF INTERACTION FORCE 

As noted above, one concern with the proposed 
method is that the interaction force might not be 
detected accurately in a rigid barrier test. In order to 
resolve this concern, it is necessary to re-evaluate the 
force in the interaction zone by conducting an optional 
test such as the override barrier test proposed by the 
NHTSA. The necessity of conducting an optional 
evaluation is determined by whether forces outside the 
interaction zone are higher than the interaction force, 
regardless of whether the interaction force satisfies the 
specified force criterion or not. 
 
Here we will consider a hypothetical case like that 
shown in the upper diagram in Fig. 12 where the 
position of the main frame corresponds only to row 4 
of the load cells and does not overlap either row 3 or 
row 5. In this case, the combined force generated by 
the front-end structure on rows 3 and 4 divided by two 
is equal to the combined force on rows 4 and 5 divided 
by two. On the other hand, if the front-end structure 
overlaps row 5 even by a little (lower diagram in the 
figure), the combined force on rows 4 and 5 divided by 
two will be larger than the combined force on rows 3 
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and 4 divided by two. In other words, if the combined 
force on row n and row n+1 (n>4) divided by two is 
greater than that on rows 3 and 4 divided by two, the 
front-end structure is deemed to be positioned higher 
than row 4. In this case, the force in the interaction 
zone must be re-evaluated by conducting an override 
barrier test. This additional override barrier test results 
in a compound evaluation that includes not only a 
stiffness assessment but also a geometry assessment 
like that of the AHOF400 metric. 
 

 
Fig. 12 Relationship between PEAS height and force 
generated on load cells 
 
SUMMARY OF IMPROVED EVALUATION 
METHOD 

The features of the improved evaluation method 
researched in this study are summarized below. 
 
(1) Compatibility is evaluated using the 
interaction force, which is the value obtained by 
dividing the peak combined force on rows 3 and 4 of 
the load cells by two. 
 
(2) An upper force limit is defined for the front 
body structure as the stiffness requirement. Because 
the objective is to evaluate the front body structure, the 
evaluation range is defined as the first half of the 
impact for vehicle displacement up to 400 mm, which 

is the same, for example, as that used for AHOF400 
and Kw400. 
 
(3) If force exceeding the interaction force is 
generated outside the interaction zone, which is 
defined as rows 3 and 4 of the load cells, an override 
barrier test is conducted to re-evaluate the interaction 
force. This test is conducted using a barrier that 
extends above the height of the interaction zone. 
 
Based on the relationship between Kw400 and the 
interaction force, the medium zone of Kw400 reported 
in the literature serves as a reference for setting the 
evaluation criterion for the interaction force. However, 
the lower force limit must be examined anew because 
of the difference in the evaluation range. Similarly, the 
force criterion used in the override barrier test must 
take into account the differences in the test conditions. 
 
EVALUATION RESULTS FOR UPPER FORCE 
LIMIT ONLY 

It was shown above that there is a correlation between 
Kw400 and the interaction force, which is defined here 
as the combined force on rows 3 and 4 of the load cells. 
Accordingly, it was explained that the use of the 
interaction force can also be estimated to achieve a 
real-world improvement equal to or better than that 
assumed to be achievable with Kw400. To validate this 
hypothesis, the stiffness of the front body structure 
was evaluated using 300 kN as the upper limit of the 
interaction force in a vehicle displacement range up to 
400 mm. This upper limit was set in reference to the 
average force (280.075 kN) obtained with Eq. (5) from 
the upper limit reported for the medium zone (1004-
1318 N/mm) of Kw400. The results obtained are 
explained below. 
 
Figure 13 shows the evaluation results obtained in tests 
conducted in-house at Nissan and in NHTSA's research 
tests. The types of vehicles evaluated and their test 
weights are also shown. Vehicles labeled with the letter 
"A" were ones for which the interaction force 
exceeded 300 kN. Vehicles labeled with the letter "B" 
were ones for which a re-evaluation of the interaction 
force in an override barrier test was deemed necessary 
because force higher than the interaction force 
occurred outside the interaction zone. 
 
The results indicate that a re-evaluation in an override 
barrier test was necessary for the LTVs, which 
generally have a higher frame height. In addition, the 
results also identify several large LTVs for which a 
reduction in vehicle body stiffness would be necessary 
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according to the above criteria. 
 

 
Fig. 13 Evaluation results of front body stiffness 

 
 
CONCLUSION 

This paper has described certain issues in evaluating 
vehicle compatibility with the AHOF400 and Kw400 
metrics in full-frontal rigid barrier tests. A new 
compatibility evaluation method was presented that 
was researched in this study for the purpose of 
resolving these issues. The AHOF400 and Kw400 
metrics represent separate parameters that are applied 
to evaluate geometry and stiffness, respectively. With 
the method proposed here, the impact forces inside and 
outside a defined structural interaction zone are 
evaluated separately. The proposed method was 
applied to evaluate a front body stiffness based on an 
upper force limit. The results showed that the proposed 
method can evaluate both geometry and stiffness 
simultaneously. 
 
The real-world improvement effect that might be 
obtained with the proposed evaluation method was 
estimated only in an evaluation of the upper force limit 
of the front body structure in reference to research 
reports concerning Kw400. In future work, it will be 
necessary to conduct accident analyses that take into 
account the lower force limit in order to investigate a 
force criterion capable of yielding real-world benefits. 
In addition, it will be necessary to confirm whether the 
evaluation results are consistent with the compatibility 
shown in actual CTC frontal impacts by the vehicles 
sampled in this study. The accuracy of the proposed 
evaluation method must also be improved by 
increasing the number of vehicles considered. 
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ABSTRACT 
 
Crash-tests and numerical simulations are vital 
sources of information for designing car safety 
elements. The aim of this study is the design of a 
crash-box for a Formula SAE car and the 
investigation, through a numerical approach, of its 
dynamic behaviour in frontal impact conditions. 
The impact attenuator is obtained by the 
combination of honeycomb sandwich panels and 
aluminium sheets. Firstly experimental tests and 
numerical analysis on honeycomb structures were 
carried out in order to better understand their 
behaviour and model them properly. Afterwards  a 
global 3D model was built and discretized with 
finite element method (FEM) in the Ansys code, 
while the simulation of the crash itself was done by 
means of the Ls-Dyna code. The crash-box has 
been optimized regarding several parameters so 
that the performances required by Formula SAE 
rules are achieved with minimal structural weight. 
The obtained results show that the impact 
attenuator by itself is able to absorb the total kinetic 
energy with dynamic buckling and plastic 
deformation of its structure with an average 
deceleration limited under a 20g value.  
 
INTRODUCTION 
 
The goal of an impact attenuator is to prevent the 
driver and the car from serious damages in case of 
impact with an obstacle. In order to meet the 
requirements of Formula SAE competition, the 
attenuator must guarantee specific performances in 
terms of average deceleration values and minimum 
acceptable dimensions during impact. Moreover the 
assembly of the crash-box is subjected to the 
following conditions: 

• the impact attenuator must be installed in 
front of the bulkhead; 

• it must be at least 200 mm long (along the 
main axis of the frame), 200 mm wide and 
100 mm high; 

• it must not penetrate the front bulkhead in 
case of impact; 

• it must be attached to the front bulkhead 
by welding or, at least, 4 bolts (M8, grade 
8,8); 

• it must guarantee safety in case of off-axis 
and off-centre impact. 

A crash-test should be demonstrated by the 
effectiveness of the energy absorbing structure. In 
the test the front part of the chassis, including the 
crash-box and the so called survival cell, is solidly 
attached to a trolley with a total weight of 300 kg. 
In this condition the crash-box and the front part of 
the survival cell hit a rigid barrier at a velocity of 7 
m/s. During the test the average deceleration of the 
trolley must not exceed 20g and the final 
deformation must be limited to the crash-box only. 
An impact attenuator can be built with many 
different materials, like metal alloys and/or 
reinforced fiber composites.  No matter the 
material, but how it absorbs the impact energy is 
the most important feature: the attenuator, in fact, 
must dissipate the total kinetic energy avoiding too 
high decelerations. An important aspect that can 
influence the crash-box design is the manufacturing 
cost. Because of the budget available to the 
Formula SAE Team, aluminium sandwich structure 
with hexagonal cells were used in the case 
discussed in this paper. The advantages of metallic 
laminas are: 

• low cost; 
• wide know-how on mechanical 

behaviour of metals; 
• easy design and assembly; 

while those of honeycomb core are: 
• low weight; 
• high energy absorption capability. 

This last material is used mainly in aerospace and 
automotive competitions for obtaining high 
stiffness-to-weight and strength-to-weight ratios. 
Honeycomb is designed for being loaded in 
compression along the cell axis. The cells walls 
buckle under compression and generate several 
plastic hinges that absorb energy. Moreover, under 
bending , honeycomb core separates the skins so 
that the cross-section holds a high inertia moment.  
For the application under discussion the geometry 
and materials characteristics have been chosen and 
optimized by numerical simulation. Several FE 
models have been developed, using LS-DYNA 
code [1], to predict the material structural 
behaviour under dynamic loads. Actually, crash-
tests that certify the  quality of the attenuator were 
not available, but the carried out numerical 
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simulations are considered trustworthy in order to 
establish the performance of the crash-box in the 
preliminary design stage. 
 
IMPACT ATTENUATOR: GENERAL SHAPE 
 
Inspired by race competitions, for the attenuator 
general geometry a  truncated pyramidal shape was 
chosen. With this shape the increasing cross-
sectional area prevents from eulerian instability 
during the deformation. Moreover the angle 
between the load and the plane of the plates induce 
bending and the formation of local plastic hinges. 
With reference to Figure 1, the attenuator can be 
seen as a blunt hollow beam. 
 

 
Figure 1. The attenuator as an hollow beam. 

 
This structure is subjected to failure for plastic 
instability of the sandwich panels (considering the 
small thickness of the plate, in comparison with the 
overall dimensions of the body). The plate is 
substantially a cantilever beam loaded by a 
complex distribution of forces and moments along 
its surface. This distribution causes the yielding of 
a particular section and produces a plastic hinge. 
With the increase of plasticity deformation in the 
section, the overall load distribution changes, 
causing the onset of other plastic hinges. 
Eventually the main energy absorption mechanism 
is due almost completely to yielding in the hinges. 
Along the skins (Figure 2) there is an alternation of 
hinges and straight zones. The straight pieces are 
practically not loaded as the hinges are plastically 
strained. 
 

 
Figure 2. Hinges in plastic buckling. 

During loading, the honeycomb skins come in 
contact one with each other. Now, the honeycomb 
in the straight piece of the plate is compressed, so it 
works at best. The hexagonal cells buckle under 
compression, causing a deep strain into the core; at 
this time the honeycomb structure stores energy 
effectively. 
In the required performances, the energy to be 
absorbed is relatively low. Moreover, thanks to 
previous simulations of crash-boxes made of 
honeycomb, a well-designed attenuator built with 
only two sandwich panels seemed to be able to 
satisfy the quoted requirements.. 
Inducing the sandwiches fully work in the 
previously mentioned way, sheets of aluminium 
assembled between the sandwiches walls 
demonstrated to be useful to this aim. These 
membranes create higher stiffness areas and, 
consequently, trigger the instability and folding of 
the sandwiches. After the first impact, such 
aluminium sheets has no structural task; they work 
only as instability-starter. 
A general shape of the attenuator is shown in 
Figure 3. 
 

 
Figure 3. Attenuator's shape. 

 
In the figure a sheet at the top of the attenuator is 
represented. It avoids that the structure, subjected 
to a non-frontal impact, behaves as a hinged 
parallelogram. It is attached directly to the 
sandwiches and transfers the impact load on both 
the panels in case of off-axis collision with an 
obstacle. 
The plates are attached to the sandwich panels 
through rivets. The assembly plan should follow 
the following steps: 

• folding two strips of each plate, for 
creating the surface to apply the rivets on; 

• making holes in sheets and sandwiches for 
the rivets; 

• applying rivets between sheets and panels; 
• assembling the attenuator to the front 

bulkhead via bolts and two ribbed L-
shaped joints. 

 
MATERIALS USED 
 
The sandwich panels were made of aluminium 
AA5052 (Table 1).  
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Table 1. 
Skin alloy properties 

 
 Yield 

stress 
(MPa) 

Ultimate 
stress 
(MPa) 

Elongation 
at break % 

AA5052 130 210 9 
 
The other sheets were built with aluminium 
AA5005 (Table 2). 
 

Table 2.  
Aluminium AA5005 properties 

 
Density (kg/m3) 2700 

Elasticity modulus (GPa) 70 
Poisson’s modulus 0,3 

Damping ratio 0,03 
σy (MPa) 41 
σu (MPa) 124 
εmax 0,07 

 
Compressive tests have been performed on 
sandwich specimens with quasi-statically 
deformation. The specimen geometry is described 
in Table 3, with reference to Figures 4 and 5. 
In Figure 6 force-to-specimen area ratio versus 
displacement-to-initial height ratio behaviours are 
shown. It is possible to see that an elastic response 
is followed by a plateau region. After a large 
displacement, the walls of the cells start touching 
each other and the core reaches a near total 
compaction condition. This situation causes a huge 
increase in stiffness and the core behaves nearly as 
solid aluminium block. The average stress in the 
plateau determines the main part of energy 
absorption capabilities of the honeycomb structure.  
 

 
Figure 4. Sandwich panel's geometry. 

 

 
Figure 5. Honeycomb core's geometry. 

 
Table 3. 

Dimensions 
 

a (mm) 70 
b (mm) 70 
h (mm) 13 
hc (mm) 12 
tf (mm) 0,5 
S (mm) 6,35 
α (°) 120 

tc (mm) 0,0381 
d (mm) 3,67 

 

 
Figure 6. Stress vs strain under compression. 

 
As shown by Enboa Wu and Wu-Shung Yiang [2] 
crush strength of aluminium AA5052 honeycomb 
increase linearly with initial impact velocity. There 
are three possible causes: 

• strain rate effects of aluminium; 
• compression and temperature increase of 

air hold into the cells; 
• micro-inertial effects. 

Aluminium alloys show strain rate effects only at 
extremely high strain rates (several hundreds per 
second). Actually, in the considered case, the 
impact velocity is 7 m/s, so it is hard to achieve 
high strain rates into a large portion of the 
sandwiches. 
Air within the cells is also negligible, as shown by 
Hong et al. [3]. Actually air compression alone can 
not lead to the performance increase experimentally 
measured. 
Inertial effects appear to be the most important 
factor [4], but their nature is not yet completely 
understood.  
In this study this variation of crush strength is 
ignored.  
 
MODEL ASSUMPTIONS 
 
Assumptions on materials 
 
The true stress-true strain curve for aluminium 
alloys can be approximately represented as a 
bilinear curve (Figure 7). The LS-DYNA code 
accepts only monotonously increasing material 
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characteristics curves (so that stress-strain relation 
is every-where unambiguously defined). Finally the 
assumed hardening law is isotropic, for 
computational purpose and the monotonous loading 
history. 
A failure criteria on strains takes into account the 
final failure of sheets and skins. Failure means a 
lost of stiffness (e.g. load-carrying capabilities) of 
broken elements. Failure is detected if elongation at 
breakage point is reached, in any direction, by an 
element. 
Bulk properties employed for aluminium alloys 
(kept from literature) are given in Table 2. 
 

 
Figure 7. Bilinear curve. 

 
Different approaches for modelling honeycomb 
structures by FEM exist. They differ in modelling, 
computational cost and accuracy of the results. 
Their adoption depends on the specific model size 
and loading case. A detailed representation of the 
hexagonal cells can predict the cell wall 
deformation reasonably well, but it is unsuitable for 
large-scale models. The model can be simplified by 
representing the cellular core as an homogenous 
orthotropic continuum using the honeycomb 
structure’s effective material properties [5]. 
Three lines describe the true stress-true strain curve 
of honeycomb before completed compaction. The 
initial peak point has been neglected, because 
honeycomb in use was pre-crushed, so it does not 
show this phenomenon (Figure 8). After 
compaction honeycomb behaves as solid 
aluminium, so it shows a linear characteristic with 
a 70 GPa elasticity modulus. Coordinates of points 
A, B and C in Figure are shown in the Table 4 
below. 
 

 
 

Figure 8. Honeycomb's behaviour 

Table 4.  
Coordinates 

 
 A B C 

Strain 0,02 0,62 0,833 
Stress (MPa) 2,1 2,15 5 

 
The largest mechanical properties are shown in 
compression along the cell axis. It means that in-
plane properties are lower than out-of-plane ones. 
For obtaining the other orthotropic values some 
experimental tests were carried out, such as shear, 
bending and buckling under in-plane compression 
tests. 
An accurate study of the behaviour of honeycomb 
model present into the software library shows a 
lack of stiffness in traction along the axis of the 
cells (Figure 9). Therefore for modelling tensile 
rigidity link elements have been used, as described 
in what follows. 
 

 
Figure 9. Honeycomb in traction. 

 
Simplification on the model geometry 
 
In order to reduce calculation times, symmetry with 
respect to two planes has been taken into account. 
So, only a quarter of the model has been 
represented (Figure 10). Moreover the upper sheet 
has been neglected. Actually the constraints 
imposed on this sheet do not allow the onset of 
many plastic hinges in bending. So this plate will 
not really affect energy absorption. 
This model does not consider non-symmetric 
deformation shapes. Symmetry of geometry and 
load does not allow non-symmetric deformations. 
As a matter of fact, the manufacturing process will 
introduce many small shape-defects. However the 
aluminium sheets can be considered as “big 
defects” able to induce instability to a much larger 
extent than small manufacturing defects: this 
consideration drives to neglect non-symmetric 
deformations. 
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Figure 10. Quarter of model 

 
Constraints have been applied on nodes belonging 
to the symmetry planes. In particular have been 
blocked the displacements along the orthogonal 
direction to the plane and the rotations around the 
directions in the plane.  
Finally a mass of 75 kg represents the vehicle. 
 
Assembly assumptions 
 
The attenuator is hold to the front bulkhead by four 
ribbed L-shaped joints. Ribbons (Figure 11) and 
steel bolts attach the joints to the attenuator and to 
the bulkhead. So, stiffness and non-failure joints 
conditions during impact are plausible. Therefore 
the attenuator is considered fully constrained to the 
vehicle so that some nodes of the sandwich panels 
(placed near the vehicle) move together with it. 
 

 
Figure 11. L-shaped joints. 

 
Rivets are not represented in simulation, because of 
computational cost burden. Moreover failure will 
reach the aluminium sheets before reaching the 
rivets. Actually, the load that a sheet and its rivets 
has to carry is approximately the same and the 
rivets are much stronger than the sheets. So, sheets 
are considered attached directly to the 
corresponding nodes of the skin, without the folded 
strip mentioned above (Figure 12). 
 

 
Figure 12. Neglected the folded strips. 

 
Impact assumptions 
 
The crash-box hits actually a rigid wall. The car 
body is considered rigid too. Assuming rigid wall 
and body is conservative, because this assumption 
cancels any time-delay during loading. 
During the crash event there are two contacts: 
aluminium alloy-to-aluminium alloy contact and 
aluminium alloy-to-wall contact. In literature, 
friction coefficient between two aluminium 
surfaces is quoted between 1,1 and 1,7. The 
coefficient used in simulations is 0,9, because the 
explicit code does not accept coefficient greater 
than 1. The same coefficient is used for aluminium-
to-wall contact. The heat developed by the hit 
certainly increases the friction between wall and 
the aluminium surface and the material of the wall 
is not a priori known, even if it might be steel. 
 
Elements used 
 

Shell 
Aluminium sheets, the wall and the skins are 
meshed with the explicit dynamic element 
SHELL163. This is a 4-nodes element with both 
bending and membrane capabilities. It implements 
a fully-integrated Belytschko-Tsay element 
formulation, with 5 integration points in the 
thickness. The quadrature rule for integration is the 
Gauss one, faster than the trapezoidal rule and 
accurate enough for this study. Sheets are really 
thin (1 mm) and the use of a brick element is not 
justified. 

Brick 
The used explicit brick elements are SOLID164 
and SOLID168. The first is an 8-node brick 
element, while the second is a 10-node tetrahedron 
one. SOLID168 is more accurate but 
computationally onerous. Actually, SOLID164 is 
sufficient for the aim of simulation and moreover 
has been used fully integrated to avoid the birth of 
hourglass phenomena. 

Link 
LINK167 is an explicit tension-only spare. It 
behaves like a cable, with no compressive nor 
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bending stiffness. This element gives honeycomb 
tensile rigidity linking the facing nodes of the 
skins. It is modelled as a spring, for computational 
saving. Moreover it is not useful to represent 
stretched honeycomb. The failure of glue between 
the inner honeycomb nucleus and the outer skins is 
reached before honeycomb yielding in traction. It is 
necessary that links reproduce the right tensile 
stiffness of the honeycomb core. For this aim, 
honeycomb is considered as a collection of 
aluminium hexagonal prisms. Each prism is 
considered as a beam whose area is the area of the 
transverse section of the cell. The elasticity 
modulus of aluminium of this beam is 70 GPa. In 
the model there are so many links as nodes on a 
skin. An equivalent area must be assigned to the 
link, so that the total stiffness of links equals the 
total stiffness of prisms. 
The equivalent area is: 

HEX HEX
eq

N

A N
A

N
=   (1). 

where 
- Aeq is the equivalent area to be assigned to the 
link (m2); 
- NHEX is the number of hexagonal prisms filling the 
area of the skin; 
- NN is the number of nodes filling the area of the 
skin; 
- AHEX is the area of the transverse section of the 
prism (m2). 
In particular  

2

4

3

( 3) / 2

c
HEX

S
HEX

St
A

A
N

S

=

≈
  (2). 

where 
- AS is the skin surface area (m2). 
Stiffness equivalency is obtained with good 
accuracy.  
A failure criteria is given for the links too. Links 
break when the tensile stress reaches the ultimate 
stress of glue (in literature 15,5 MPa). So also the 
glue is simulated. 
 
SUMMARY OF THE RESULTS 
 
The length of the attenuator and the number of 
trigging sheets have been changed in each 
simulation. The number of sheets goes from 4 to 7 
(no more than 7 sheets were assumed for 
technological reasons) and the lengths simulated 
are 300, 350 and 400 mm (no longer than 400 mm 
for weight saving). Under 300 mm the acceleration 
shows very high peaks. Actually, safety purposes 
induce to try to reduce the maximum acceleration 
values as much as possible. 

The displacement during impact has to be checked 
because it is an index of the safety margin. A well 
carried out simulation shows the behaviour of the 
model, but the real attenuator is a bit different (for 
technological reasons) from the numerical model. 
This aspect is considered by the displacement-to-
initial length ratio. This ratio must be far enough 
from 1, so that the attenuator can tolerate 
technological differences from the numerical 
model. 
In Figures 13, 14 and 15 are shown the 
accelerations resulting from simulations of the 
attenuator. Accelerations are divided by 20g, for 
improving the readability of the plot. 
 

 
Figure 13. Acceleration vs time (300 mm long). 

 

 
Figure 14. Acceleration vs time (350 mm long). 

 

 
Figure 15. Acceleration vs time (400 mm long). 

 
A 300 mm long attenuator with 4 or 5 transverse 
plates shows high peaks in the acceleration plot. 
The same phenomenon is shown by the 350 mm 
long attenuator with 4 sheets. This behaviour 
corresponds to a high final compression level 
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reached (more than 80% of initial length) by the 
attenuator, as shown in Figures 16, 17 and 18. This 
plots show the compression versus time of the 
attenuator divided by the initial length.  
 

 
Figure 16. Deformation vs time (300 mm long). 

 

 
Figure 17. Deformation vs time (350 mm long). 
 

 
Figure 18. Deformation vs time (400 mm long). 
 
A 300 mm long with 6 sheets attenuator (Figure 19, 
20) appeared to be able to guarantee good 
performances with minimum weight, about 3 kg. In 
Figure 21 is represented the attenuator deformation 
sequence during the impact phenomenon. 
 
 

 
Figure 19. Draft of the attenuator. 

 

 
Figure 20. Real crash-box. 

 
 

 
Figure 21. Frames of simulation. 

 
CONCLUSIONS 
 
The present paper describes a numerical 
investigation of an energy absorber for a Formula 
SAE race car. A finite element model has been 
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developed using LS-DYNA code doing a 
simplified optimization process in order to obtain 
the best configuration of crash-box in terms of 
average deceleration and stroke efficiency. On the 
test and numerical results the proposed procedure 
appeared to be adequate to design the attenuator 
from the practical application point of view of the 
considered sport car.  
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ABSTRACT 

 

Under full frontal crash events, major factors affecting 

occupant injury are crash pulse severity, restraint 

system, and vehicle occupant packaging space. The 

crash pulse severity represents the total performance of 

collision energy absorbed by vehicle structure during 

the crash event. The pulse severity also has a close 

relationship with the energy absorbed by restraint 

system out of the occupant’s total kinetic energy 

induced by crash event. The capacity of energy 

absorption by restraint system is affected by the vehicle 

occupant packaging space. Thus, it is important to 

perform both restraint system and packaging space 

optimization simultaneously to manage the energy 

transfer under given severity of crash pulse. 

In this study, severity function is defined to represent 

the regression curve of resultant energy absorbed by 

occupant, based on G-D curve and occupant packaging 

space. To build the regression curve, US NCAP top 

rated vehicles were analyzed and the relation between 

crash pulse severity and severity function is derived for 

various vehicle grades. Based on the result, target 

requirements of crash pulse severity and severity 

function are determined to satisfy occupant safety 

performance goals. This methodology is very useful to 

evaluate the crashworthiness performance of vehicle 

body design concept efficiently at early development 

stage. 

 

INTRODUCTION 

 

Under the condition of full frontal crash events, major 

factors affecting occupant injury are crash pulse 

severity, restraint system, and vehicle occupant 

packaging space. 

Since crash pulse that is shown as a type of 

deceleration represents crash performance of vehicle 

body, the vehicle crash pulse plays an important role to 

understand and analyze behavior of the vehicle 

structure during the crash event. 

The vehicle crash pulse is usually measured at the rear 

sill, near the vehicle CG, or near occupant seat, and this 

pulse data is often used to assess the severity of crash 

event. Many technologies have developed to predict the 

severity in a view of occupant injury risk from the data 

itself. 

In general, the vehicle crash pulse represents the total 

performance of collision energy absorbed by vehicle 

structure during the crash event. Those have foundation 

on the factors having close relation with the energy 

management absorbed by the structure. 

So, several studies have been made on the 

characterization of vehicle crash pulse which affects   

occupant response. [1-5] 

Recently, theoretical studies on the pulse severity 

which affects occupant response have been developed 

using SDOF (single-degree-of-freedom) mass-spring 

systems which characterizes restraint system as a 

simple linear elastic spring model which consists of 

acceleration versus displacement of dummy. [3] 

In this study, we defined severity function as a type of 

mathematical equation through linear curve fitting 

about net energy absorbed by occupant. Developed 

severity function is based on G-D curve and vehicle 

occupant packaging space. To build the regression 

curve, this study analyzes top-rated vehicle in US 
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NCAP and derives the relation between vehicle crash 

pulse severity and severity function for various grades 

of vehicles. Using the result, we will find target 

requirements of severity for crash pulse to satisfy 

occupant safety performance goals. 

 

SEVERITY FUNCTION 

 

The kinetic energy of an occupant during a vehicle 

crash is transformed into work in deforming the 

restraint system and vehicle structure.  

Even if restraint systems in the vehicle were same, 

different the vehicle crash pulse severity or occupant 

energy absorption space results in a different occupant 

injury. 

In order to guarantee same occupant injury 

performance, much more restraint space is required for 

the vehicle which has higher crash pulse severity. 

RTE(ResTraint Energy) is used to evaluate the crash 

pulse severity in this study. Also, we introduce the 

concept of Severity Function. Severity Function contains 

RTE and layout parameter of occupant packaging as its 

independent variable. Using this Severity Function, this 

study derives interrelation from these two independent 

variables. The relationship between RTE and occupant 

injury has been presented in previous research. [5] 

Severity Function is an integral in regression curve of 

occupant chest acceleration-displacement.  

SF(Severity Function) can be represented as like  

 

S

F
MCTFMCTFSSF

g

gg ×−−×=
2

1
)10[(),,(

    (1) 

 

In Figure 1, MCT is a maximum chest travel, S is the 

slope during elastic restraining, and Fg is an average 

acceleration during plastic restraining stage. 

 

S

MCT

Fg

SF (S,Fg,MCT)

Test data
Regression Curve

S

MCT

Fg

SF (S,Fg,MCT)

Test data
Regression Curve

 

Figure 1. SF (Severity Function) 

DERIVATION OF SEVERITY FUNCTION-RTE 

RELATIONSHIP 

 

First of all, we analyze top-rated vehicles in US 

NCAP so as to find the relationship between RTE and 

SF. Table 1 shows linear regression relationship 

derived by analyzing test data for various grades of 

vehicles. 

 

Table 1. The relationship of SF and RTE 

Linear Regression
Correlation

Coefficient

Vehicle

Class

0.85

0.82

0.80 0.65Y = 0.0048X + 18.790Compact car

0.57Y = 0.0059X + 18.597SUV

0.67Y = 0.0049X + 15.347Midsize car

R-squaredEquation

Linear Regression
Correlation

Coefficient

Vehicle

Class

0.85

0.82

0.80 0.65Y = 0.0048X + 18.790Compact car

0.57Y = 0.0059X + 18.597SUV

0.67Y = 0.0049X + 15.347Midsize car

R-squaredEquation
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Figure 2. The relationship of SF and RTE for 

various vehicle grades. ( (a) compact car, (b) 

midsize car, (c) SUV) 
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DERIVATION OF CS-RTE RELATIONSHIP 

 

As for occupant package, CS is an horizontal distance 

between steering wheel center and occupant chest skin. 

It is affected by MCT. CS is defined in Equation 2. 

A reference point and variable used to described the 

driver package as shown in Figure 3. All analysis was 

performed in two dimensions (side view). A is the 

horizontal distance between chest acceleration sensor 

and chest skin, B means the distance between chest 

acceleration sensor and steering wheel center when 

dummy reaches its maximum travel range with respect 

to the vehicle. C is a space obtained by column 

collapsing along a vehicle moving direction and C can 

be obtained by column setup angle and collapsed 

length along column axis. 

 

)( CABMCTCS +−+=          (2) 
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Angle

Chest 

Acceleration 

sensor

A

MCTB

CSC

Column 

Angle
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Acceleration 
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A

MCTB

CSC

 
Figure 3. Dimensions in occupant package layout 

 

Substituting Equation 2 for Table 1, we obtain 

interrelation between Severity Function and RTE as 

shown in Table 2. S and Fg are major variables in these 

interrelation and obtained by averaging test data. 

 

Table 2. The relationship with CS and RTE 

CS-RTE Relationship

Average

ValueVehicle

Class

RTE=0.1824*CS-0.854038.00.30Compact car

RTE=0.2142*CS+2.781836.30.28SUV

RTE=0.1813*CS-3.420937.00.27Midsize car

Fg

[G]

S

[G/mm]

CS-RTE Relationship

Average

ValueVehicle

Class

RTE=0.1824*CS-0.854038.00.30Compact car

RTE=0.2142*CS+2.781836.30.28SUV

RTE=0.1813*CS-3.420937.00.27Midsize car

Fg

[G]

S

[G/mm]

 

Based on this result, target requirements of RTE and 

CS are determined so as to satisfy occupant safety 

performance goal as shown in Figure 4 and the 

following information can be drawn: 

In order to improve performance in US NCAP 

1) A Minimum requirement of CS when we know 

RTE about a specific vehicle.  

 

2) A Maximum limit of RTE when CS is fixed. Here, 

CS and RTE concern an occupant package layout 

condition and an energy absorbing efficiency of 

vehicle respectively.  
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Figure 4. Requirement for occupant safety 

performance satisfaction (ex. Midsize car) 

 

If CS is lower than its minimum requirement under 

given RTE, space to restrain occupant is insufficient. 

Excessive RTE results in increasing MCT and it can 

cause direct contact between chest and steering wheel. 

Moreover, to change a specification of the restraint 

system cannot solve these problems, since altering 

system specification has a possibility to increasing Fg 

in many case. 

Figure 5 describes these phenomena. 
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Figure 5. Effect of CS and RTE (S : 0.27) 
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DERIVATION OF BELT ANGLE(θ)-RTE 

RELATIONSHIP 

 

One of many layout factors in occupant package,  

“belt angle(θ)” represents a horizontal distance from 

contact location between shoulder belt and upper torso 

to D-ring contact location as shown in Figure 6. This 

affects initial restraint efficiency of occupant. 
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Figure 6. Dimensions in occupant package layout 

 

In Figure 6, F is an inertial force of dummy upper 

torso and represented by dummy upper torso mass(m) 

and acceleration(a). T is tensile strength on shoulder 

belt, Shoulder belt length between D-ring and contact 

point on dummy upper increases from L to L+∆L. 

Standard Restraint Stiffness (K) is derived from 

Equation 3 and chest G-D Curve of test vehicles where 

belt setup location can be checked. 
 

)(

)))((2 0
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XLCosLK
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        (3) 
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0 ))(())(( θθ  
 

Interrelation between S and belt angle(θ) is obtained 

by Equation 3 and K. Finally, substituting this 

interrelation for Table 1, we obtain Table 3 as follows 
 

Table 3. The Relationship of Belt angle(θ) and RTE  

Belt Angle(θθθθ)-RTE Relationship

Average

ValueVehicle

Class

RTE=-0.0034*θθθθ2+0.0457*θθθθ+52.88438.0245Compact car

RTE=-0.0039*θθθθ2+0.0526*θθθθ+68.31936.3286SUV

RTE=-0.0033*θθθθ2+0.0449*θθθθ+50.93137.0252Midsize car

Fg

[G]

MCT

[mm]

Belt Angle(θθθθ)-RTE Relationship

Average

ValueVehicle

Class

RTE=-0.0034*θθθθ2+0.0457*θθθθ+52.88438.0245Compact car

RTE=-0.0039*θθθθ2+0.0526*θθθθ+68.31936.3286SUV

RTE=-0.0033*θθθθ2+0.0449*θθθθ+50.93137.0252Midsize car

Fg

[G]

MCT

[mm]

 

Based on this result, target requirements of RTE and 

belt angle are determined so as to satisfy occupant 

safety performance goal as shown in Figure 7 and the 

following information can be drawn: 

 

1) A Maximum limit of belt angle when we know 

RTE about a specific vehicle.  

 

2) A Maximum limit of RTE when belt angle is fixed. 
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Figure 7. Requirement for occupant safety 

performance satisfaction (ex. midsize car) 

 

If belt angle can not be guaranteed under given RTE, 

space to restrain occupant is insufficient by increasing. 

Excessive RTE results in increasing MCT and it can 

cause direct contact between chest and steering wheel 

because of MCT increasing. As mentioned, in many 

case we cannot solve this problems only by replacing 

or changing the specification of the restraint system. 

Figure 8 describes these phenomena. 
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Figure 8. Effect of MCT and RTE (S : 0.27) 
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INITIAL CONCEPTUAL EVALUTION PROCESS 

 

Up to now, we found the interrelation between SF and 

RTE and we proposed requirement conditions of each 

layout factor and RTE in order to satisfy occupant 

safety performance goal.  

Based on this result, we set an initial conceptual 

evaluation process as shown in Figure 9. This process 

enables to evaluate crashworthiness performance for 

various grades of vehicles at early development stage.  
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Figure 9. Initial conceptual evaluation process 

 

When the occupant safety performance goal is set in 

the initial stage of vehicle development process, we can 

evaluate whether that is satisfied or not through given 

RTE, SF, and layout factors.  

If given conditions be unable to satisfy performance 

target, vehicle developers improve layout and vehicle 

structure by analytical and practical method. 

This study makes an initial conceptual evaluation 

sheet about each grade of vehicle in Figure 10. This 

sheet represents overall relationship among RTE, CS 

and belt angle and guides each requirement to satisfy 

performance target. This sheet helps vehicle developers 

to evaluate their vehicle.  
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Figure 10. Initial conceptual evaluation sheet 

 

CONCLUSIONS 

 

In order to derive guideline about vehicle structure 

crash property and occupant package layout, this study 

analyzed top-rated vehicle in US NCAP. 

Based on proposed severity function which depends 

on RTE and layout factors of occupant package, this 

study obtained results as follows 

 

1) Through severity function, we find relationship 

among package space, belt angle, and RTE. Using 

these relationship, we suggest design guideline so as to 

achieve better safety performance in front NCAP  

 

2) We propose the initial conceptual evaluation 

process in order to evaluate crashworthiness 

performance at early development stage.  

 

We need to expand for additional layout parameter 

and have to construct data base about more vehicles. 

These data base can help vehicle designer to evaluate 

and obtain their required performance at early 

development stage.  

In further study, we have a plan to analyze crash 

performance based on chest deformation for NEW 

NCAP. 
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ABSTRACT 
 

It is well known that a CAB (Curtain Airbag) is one 
of the most effective restraint systems for protecting 
the occupant head from a side impact crash or 
preventing the occupant from ejection during a 
rollover accident. One of the most fundamental 
requirements for a CAB is to ensure a robust 
deployment. Specifically, a CAB should be deployed 
and positioned well in time without being trapped by 
any interior parts. Up to now, the deployment 
performance has been evaluated by measuring the 
fully-deployed time, which has limitation in that it is 
difficult to clearly discriminate performance 
differences resulting from design parameter changes.  
 
The main purpose of this study is to develop a new 
methodology for evaluating the CAB deployment 
performance quantitatively and defining 
corresponding metrics representative of the 
deployment performance. For this, two test methods 
focusing on either the local or the global 
characteristics were developed in the present 
investigation. The first was designed to directly 
measure the deployment force exerted on the specific 
area by measuring the tension force acting on a 
webbing material using the load cell. The second was 
devised to show the overall profile of the deployment 
force and to measure the time history of total force 
by calculating the sum of inertial and elastic forces 
applied to a series of spring-bar impact systems. 
Afterward, several tests were carried out by each 
method in order to evaluate their repeatability and 

reproducibility. In addition, the tests were performed 
for several different CAB designs to evaluate 
discrimination capability of each test method. From 
this study, it was found out that the proposed test 
methods and corresponding metrics can be 
effectively used for evaluating the deployment 
performance of CAB’s. It is also expected that the 
methodology can be applied to optimize design 
parameters of CAB’s for the robust deployment 
performance. 
 

INTRODUCTION 
 
A CAB is the device that is generally equipped 
between the headliner and the side roof panel in a 
vehicle, and is to protect the occupant head from a 
side impact crash or to prevent the occupant from 
ejection during a rollover accident. As the 
importance of safety in side impact crashes and 
rollover accident is increasingly emphasized, 
NTHSA released the upgrade of FMVSS214 so as to 
encourage car makers to install CABs and SABs 
(Side Airbag) in their vehicles. Also, the cars with  
CABs as standard features are continuously 
increasing all over the world. Thus, it is most 
important to ensure the robust performance of a CAB.  
 
The performance of a CAB can be generally 
evaluated by deployment performance and energy 
absorbing capability in case of an occupant head 
impact. The former one is a prior requirement which 
means the ability to be deployed and positioned well 
in time without being trapped by any interior parts.  
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Figure 1. The deployment of CAB and 
malfunction of a CAB hung on pillar trim. 
 
However, in some cases the deployment time is 
delayed, the cushion moves unstable or it cannot 
fully deployed by the interference of neighboring 
interior parts such as pillar trims, headliner and so on. 
Figure 1 shows a typical problematic case where the 
CAB cushion is hung on the top of B-PLR Trim. The 
main factors to cause these abnormal behaviors are 
deformation of body panel from impact, low 
deployment force of cushion and structural 
inadequacy between the CAB and interior parts. 
Among these three factors, the deployment force can 
represent the characteristics of CAB itself and 
deployment performance. 
 
Up to now, some researches have tried to calculate 
the deployment force by measuring the internal 
pressure or analyzed the stress distribution for 
checking the structural integrity of cushion using 
numerical simulations[1~3]. In addition, when the 
CAB is abnormally deployed in static deployment or 
barrier tests we solved these problems by just 
changing the structural factor of adjacent trim parts 
and then conducting the static deployment test for 
verification of the improved performance. However, 
this action is not sufficient to judge whether only 
such modification is enough or any other process 
should be applied like increasing the mass flow rate 
of the inflator for improvement. Also, it takes so long 
time and costs much to change the mold for interior 
parts by trial and error. Consequently, a method to 
evaluate the CAB deployment force quantitatively 
which may lead to a stable deployment is essentially 
required. 
In this paper, two test methods measuring CAB 
deployment force focusing on either the local or the 
global characteristics are proposed. The first was 
verified by testing 20 different CAB designs and 
analyzing test data from the aspect of 3 design 
factors. Two distinctively different CAB designs are 
used to assess the second method finding out the 
deploying profile, force and energy. Finally, the 
merits of two methods are compared and summarized.  

LOCAL EVALUATION METHOD OF CAB 
DEPLOYMENT FORCE 
 
The Device and Test Method 
 
The CAB deployment force mainly acts downward 
against resisting force from the headliner, the pillar 
trim and the body panel. The test device, shown in 
Figure 2, is designed to directly measure this force 
exerted on the webbing that a load cell is attached. It 
would be better to measure the deploying force in 
every location along a CAB. However, only the 
forces at the location around the B-PLR trim were 
measured. 

 

 
Figure 2. The schematic diagram of deployment 
force measuring device and the test. 
 
The Metrics of a CAB Deployment Force 
 
The maximum and average deployment forces, 
shown in Figure 3, are defined as metrics which can 
represent the deploying characteristics well and have 
good repeatability and reproducibility with the 
device’s simplicity.  
 

  
Figure 3. The standard of maximum and average 
deployment force. 
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The maximum deployment force is defined as the 
peak value within 20ms after a CAB is triggered, 
and the average deployment force is defined as the 
value which the impulse is divided by the 
corresponding time interval until the force reaches 
the maximum value. The definitions of maximum 
and average forces are expressed by the equations: 

max _ max            { } (0 20 ) (1).FF Max F t ms= ≤ ≤

_ max

0
_ max

1            (2).Ft

avg
F

F Fdt
t

= ∫
where _ maxFt  is the time when F is at its peak value. 

Three tests were conducted for each CAB design, 
and the average was determined as the representative 
value. 
 
Tests and the Results 
 
The tests for measuring deployment forces for 20 
kinds of CAB designs were carried out in order to 
evaluate their repeatability and reproducibility. The 
CAB modules were classified according to three 
factors, more specifically the location of inflator (gas 
injection nozzle), inflator type and vehicle segment. 
These factors can interact one another, but were 
chosen because they have major effect on CAB 
design concept and performance. 
 
There are two kinds of center and rear module CABs 
according to the location of inflator shown in Figure 
4. The former one has its gas injection nozzle in the 
middle of cushion and the latter one has it at the rear 
end. Their deployment test results are shown in 
Table 1, where the center module CAB is superior to 
rear module CAB by 64.5% in terms of average 
deployment forces. It is due to the close location of 
gas injection to the B-PLR Trim, and this shows that 
a center module CAB is more effective in its 
deploying capability by opening the headliner more 
quickly and forcefully.  
 
The inflators used in CAB’s are generally divided 
into two classes, the hybrid type using the 
compressed gas and pyrotechnic techniques, the 
stored gas type using only the compressed gas 
technique (usually He and/or Ar are filled). 

Figure 4. Center and rear module CAB. 

The latter one is also called Cold Gas Inflator 
because of low temperature of injected gas. It can be 
meaningless to compare one with the other without 
considering parameters such as capacity, size and 
geometry of nozzle, mass flow rate, and so on. Thus, 
two kinds of CAB’s having a similar cushion 
volume are used for this test. In Table 2, it can be 
noticed that a CAB with the stored gas type inflator 
has a higher deployment force by 19.1% in average 
value, and this can be also figured out from tank test 
curve of inflator. 
 
The relation between vehicle segments and their 
required force level for ensuring the stable 
deployment of CAB was investigated. Since the size 
of cushion and the capacity of inflator tend to be in 
proportion to that of vehicle’s layout, CABs are 
classified into three groups, namely, vehicles under 
C segment, over D segment and SUV(including 
CUV). The average value of each group is shown in 
Table 3. The maximum and average forces of SUV  
 

Table 4. 
Comparison of deployment force according to 

inflator location 

The location 
of inflator 

Max. 
Deployment 

force(N) 

Avg. 
Deployment 

force(N) 
Center Module 2672.5(117.0%) 1251.9(164.5%)
Rear Module 2283.8(100%) 761.0(100%) 

 
Table 5. 

Comparison of deployment force according to 
inflator type 

Inflator type
Max. 

Deployment 
force(N) 

Avg. 
Deployment 

force(N) 
HYBRID 2378.5 (100%) 855.7 (100%) 

STORED GAS 2414.6(101.5%) 1019.4(119.1%)
 

Table 6. 
Comparison of deployment force according to 

vehicle segment 

Vehicle 
segment 

Max. 
Deployment 

force(N) 

Avg. 
Deployment 

force(N) 
Under C  2140.5(100.0%) 776.1(101.8%)

Over D 2497.4(116.7%) 762.4(100.0%)
CUV, SUV 2561.3(119.7%) 1151.0(151.0%)



 

Kim 4 

are greater than that of under C segment vehicle by 
19.7% and 51.0% respectively. From these test 
results, it can be seen that the bigger the vehicle size 
is, the stronger the deployment force is required 
because the larger protection area of a CAB cushion 
needs the more powerful inflator. 
 
GLOBAL EVALUATION METHOD OF CAB 
DEPLOYMENT FORCE 
 
The Device and Test Method 
 
It is not easy to directly measure the deployment 
force of a CAB during deployment because its 
cushion moves so fast and gets the reaction from the 
sensing equipment. A device that could measure the 
force indirectly by calculating the sum of inertia and 
elastic forces from the acceleration of a mass and 
deformation of a spring moved by the cushion was 
designed.  
The deployment force measuring system shown in 
Figure 6 consists of 22 units of spring-bar impact 
device shown in Figure 5 along the longitudinal 
direction of a CAB. Each spring-bar impact device 
was equipped with two movable LM-GUIDEs 
(linear motion guides) standing vertically on the 
bottom plate, so that an impact bar could move up 
and down by the deploying force of the CAB 
cushion. A wire spring which passed over a pulley at 
the top of LM-GUIDEs was connected between the 
 

 
Figure 5. A unit of spring-bar impact device 

 
Figure 6. The global deployment force measuring 
system. 

bar and the bottom plate to measure the elastic force. 
To calculate the acceleration of the bar from its 
displacement, a reference tape with the resolution of 
1 inch was attached on the side of LM-GUIDE. The 
displacement was measured every 3ms from an 
analysis of film taken by using a high speed camera, 
and the acceleration was calculated by 
differentiating the displacement twice using the 
central difference method. Afterward, the 
displacement and acceleration obtained from this 
method were compared with those measured from a 
potentiometer and an accelerometer to ensure 
repeatability and reproducibility. 
 
The Metrics of a CAB Deployment Force 
 
The total deployment force of a CAB was calculated 
from the summation of the inertial and elastic forces 
applied to a series of spring-bar impact devices. This 
dynamic system is governed by the equation: 

)()(               
..

xkxmF ×+×=            (3). 

where m : mass of moving part of a unit 
k : spring constant of wire spring 
x : deformation(displacement) of wire spring 

 
The term of elastic force is the sum of spring forces 
of 22 spring-bar impact devices and is plotted in 
green color in Figure 7(b). The time history of every 
unit’s displacement in Figure 7(a) shows the overall 
profile of a CAB, which can provide us with the 
deploying profile as well. 
 

Figure 7. The deploying profile and force by 
global evaluation method. 

The deployment force of a CAB from inertia and elastic force
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The inertial force plotted in blue in Figure 7(b) was 
generated by the CAB deployment. From the test 
result in Figure 7, it can be noticed that the inertial 
force was the major component of the total 
deployment force.  
 
Tests and the Analysis of Results 
 
Two kinds of CABs were used in the tests with the 
interior parts equipped or not equipped. One was the 
CAB of D segment sedan of which the gas injector 
was located in the rear, and the other was that of 
CUV of which the injector was located in the middle.  
The test results were investigated in the aspect of 
deploying configuration (displacement), force and 
energy. The deployment force calculated in every 
position of LM-GUIDE along CAB was divided into 
4 or 5 sections (Front, B-Pillar, Middle1-2 and Rear) 
shown in Figure 8, and each section was evaluated 
separately and compared with one another. 

The Deploying Configuration of Center and 
Rear Module CABs – The displacement of each 
measuring point along the CAB was interpolated 
every 3ms in Figure 9. Figure 9(a) and 9(b) represent 
the results of the rear module CAB and center 
module CAB, respectively. Figure 9(a) shows that 
there was comparatively slow deployment in the 
region of (c) due to an inactive chamber of cushion 
behind the B-PLR Trim. The cushion of rear part (d) 
deployed faster than the other parts. This 
characteristic was related to the location of the gas 
injector and cushion shape, and could be 
discriminated clearly by comparing this with that of 
center module CAB in Figure 9(b). The fastest 
deployment velocity occurred in the region of (d)  

 

 
Figure 8. The regional classification of the rear 
and center module CAB and the location of LM-
GUIDEs. 

which was just in rear of the gas injector and had an 
active cushion chamber. The results also denote that 
the region (a) and (d) of the center module CAB 
where the occupant head’s impact on uniformly 
reached their full displacement at 30ms, while that of 
the rear module CAB had the disparity of about 
10~50%. This phenomenon could be also seen in a 
high speed film of deploying CAB just in empty 
space, but it did not show a distinct difference along 
a CAB. 

The Regional Deployment Force along CAB –
The deployment force in each region of CAB was 
analyzed. The result in Figure 10 clearly 
distinguishes the characteristic of two different CAB 
designs. The regional force deviation of the rear 
module CAB was much bigger than that of the 
center module. Especially the difference of 
maximum force between the region of (a)Front and 
(b)Rear in the rear module CAB is about 200N. 
There was also a time delay of 7ms in Front part (a) 
than in rear part (d) in terms of the time when the 
deployment force reached its peak value. But the 
center module CAB had comparatively similar 
maximum deployment force and peak force in every 
region. 
 

 
Figure 9. The comparison of deploying profile 
according to the location of gas injector. 
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Figure 10. The comparison of regional 
deployment force. 

 
The Deploying Energy in Each Region of CAB 

–The deployment test of the rear module CAB was 
carried out in a vehicle with interior parts equipped, 
and their results are shown in Figure 11. The 
deploying configuration in Figure 12(a) apparently 
shows two superior speeds near the region of (a) and 
(d) in comparison to Figure 9(a) although they were 
the test results of the same kind of CAB module. It 
seems that the interior parts had a deteriorating 
effect on the deployment of CAB, especially in front 
position of (a), rear position of (b) and (d) where the 
trim parts and headliner were coupled. The 
deploying energy of region (d) shown in Figure 
12(b) rose fast, but finally that of region (a) reached 
twice the peak value of (d) within 30ms when the 
CAB was fully deployed. The energy level of each 
part along a CAB could easily estimated from this 
analysis. 
 
CONCLUSION 
 
In the present investigation, two different test 
methods were developed in order to evaluate the 
CAB deployment performance quantitatively. The 
first was designed to directly measure the 
deployment force on the specific area by measuring 
the tension force on a webbing material. From the  

 
Figure 11. The deployment test in vehicle 
equipped with interior parts. 
 

 
Figure 12. The deploying energy in each region in 
vehicle with the interior parts equipped. 
 
test results of 20 different CAB designs, it could be 
noticed that this test method showed good 
repeatability and reproducibility with appropriate 
discrimination capability for the CAB design factors. 
Also, a specification for CAB deployment force 
could be established by using this testing method for 
ensuring a robust deployment performance. 
The second was designed to show the deploying 
profile along a CAB and to calculate overall 
deployment force and energy indirectly from the 
cushion’s displacement. Also, this method helped 
compare the partial distribution of deployment force 
and energy along a CAB.  
From the test results of two different CAB designs, it 
was found that the method could be effectively used 
to discriminate the deployment performance of 
CABs. In particular, it was shown that the deploying 
performance of a center module CAB was more 
stable than that of a rear module CAB.  
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ABSTRACT  
 
World wide social developments towards 
Mega-Cities, define future tasks for automotive 
safety systems. Advanced driver Assistance systems 
in combination with new preventive safety systems 
offer great potential for mitigating accidents, 
reducing accident severity and increasing occupant 
protection. Traffic in Mega-Cities is characterised 
by a much higher degree in complexity and 
dramatically reduced observation time. Thus, 
automotive safety systems have to face much faster 
decision requirements compared to present day 
cruse control systems. Hence, the capability to 
assess and perceive the actual driving situation in 
complex traffic situations is the key enabler for 
future vehicle comfort- and safety systems. The 
symbiotic exploitation of the electromagnetic 
spectrum by means of Radar- and optical sensors 
like Scanner and Vision sensors allows the 
comprehensive and precise detection even at adverse 
conditions. The article describes possible 
approaches. 
 
1. INTRODUCTION  
 
With the introduction of the first brake assist 
function and it´s logical next step the emergency 
braking system (e.g. PRE-SAFE Brake® in the 
Mercedes-S-Class) it became obvious that 
environmental perception is the key technology to 
pave the ground for a new era of safety functions. A 
combination of near- and far range radars was fused 
to provide the required environmental information.  
The next step towards integrated safety was 
introduced with enhancement of our Pre-Safe Brake 
function with Pre-Crash capability in the new 
E-Calls in 2009. Based on the environmental  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
perception of two short range radars, the Pre-Safe 
occupant protection means are triggered in case of a  
critical object approach [1]. Up to now, assistance 
functions on the market concentrate on the use of  
one single sensor technology like ultra-sonic-, radar- 
fixed beam lidar-sensors and mono-vision. Sensor 
fusion enhances the information of one single sensor 
technology, as e.g. long range radar and near range 
radars for collision mitigation, to a level which 
enables the function tasks. This is sufficient for 
functions which operate in clear driving situations 
e.g. highways and/or have to perform moderate 
actions like distance control.  
Future comfort- and especially safety functions will 
more and more address urban regions with dense 
traffic and therefore have to perform more complex 
tasks in more complex traffic environments. Thus, 
the near and mid range distance of the vehicles 
environment will become more important along with 
a wider lateral observation horizon in order to cover 
e.g. crossing scenarios or classical pre-crash 
situations ind driving direction as well as side-crash 
situations. This imposes challenging requirements 
for the environmental sensing, since it translates into 
dramatically shrinking time scales in terms of 
observation horizons and reaction times compared to 
classical ACC and collision mitigation functions of 
today.  
Hence, a much faster up-date rate combined with 
more detailed and precise information about the 
traffic environment in terms of localisation and 
object type is mandatory to allow for a reliable 
situation assessment. This can be achieved over a 
two way strategy. First, enhance the sensing 
performance of each environmental sensor 
technology in terms of higher spatial resolution 
towards wide field of view image like properties. 
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One approach could be the introduction of imaging 
capabilities to Radars. Add classification knowledge 
as one perception aid to the sensor information. 
Second, synergetic exploitation of the 
electromagnetic spectrum by fusion of different 
physical sensor technologies, like Radar, Camera or 
Lidar. 
More sophisticated optical sensors like scanning 
Lidar and Stereo-Vision sensors have made a great 
stride ahead to meet vehicle relevant maturity and 
packaging constraints, which will make employment 
in vehicle systems very likely in the near future.  
 
 
2. SENSORS  
 
Radar sensors have long been the leading edge in 
vehicular remote sensing. They determine highly 
precise distance information and provide 
instantaneously the corresponding target/object - 
velocity at nearly all environmental conditions. State 
of the art radars operate in multi mode covering long 
and short range distances in one sensor. One field for 
optimization of todays Radars is the limited field of 
view along with limited angular resolution, which 
limits the precision of the target/object localization.  
Recent developments in short range radar 
technology overcome these limitations and are very 
promising candidates also for side crash scenarios as 
introduced in section 3. Up to now radars suffer from 
limited classification capability. On research level, 
imaging radar approaches are investigated, which 
definitely will close these present performance gaps 
to make radar an utmost device [2]. The potential is 
described in section 4.  
Advances in scanning Lidar technology make it an 
interesting candidate for remote sensing, which 
offers excellent spatial information along with an 
extremely wide field of view starting from ±45° up 
to ±120° and cover ranges from 0 up to 200 m. 
Recent filter development on the supplier side has 
enabled velocity information to be provided nearly 
simultaneously to the spatial information. Since 
Lidar is an optical sensor, it suffers like vision 
systems from a limited all weather capability. 
However, the high end Lidar versions e.g. from 
Hella KGaA Hueck & Co, have considerably 
improved even in this area. The high information 
density allows much better object localisation 
including dimension and orientation information of 
the objects. As long as no classification information 
is required, they could operate as the ideal tandem 
arrangement to a radar. A very prominent example is 
described in section 5 for crossing scenarios where a 
very fast wide field of view and very precise object 
localisation is required to allow for pre-crash 
detection.  

Vision systems add those information, which cannot 
easiliy or even never be provided by Radar or Lidar 
systems. Such as classification information 
lane-prediction, traffic sign recognition or 
classification of pedestrians, cylist, vehicle-type etc. . 
Thus, depending on the safety or comfort function to 
be realized, vision is the necessary supplement to 
both Lidar and Radar. Some approaches are 
described in section 6. 
 
3. FUSION CONCEPT FOR SIDE CRASH 
SENSING 
 
Viewing the last years, active and passive car safety 
systems have improved considerably. A lot of active 
driver assistance systems that support the driver are 
available on the market. These systems help to 
reduce the risk of accidents, but in some cases an 
accident is unavoidable. In these situations passive 
safety systems, like pre-crash systems [3;4], protect 
the passengers by activating restraint systems, e.g. 
reversible belt pretensioners [5]. 
 
Radar, LIDAR or camera sensors provide the basis 
for these applications. By now, most of these safety 
systems have a benefit in detecting front- and rear 
accidents. Figure 1 shows that front- and 
rear-accidents make up only 45% of all accidents 
causes. To protect the passengers in the 55% not 
covered by front- and rear sensors, another sensing 
scheme, possibly up to 360°, is necessary. 
 

 
 
Figure 1. Accident impact angle statistics [8]. 
 
The importance for 360°-sensing shows up among 
others in EURO- and US-NCAP crash tests (see 
figure 2), which are based on crash statistics and 
cover the most usual accidents, including side 
crashes (car to side and pole impact). Although the 
severity of these accidents is reduced by passive 
safety structures, the passengers will benefit from 
electronic safety systems, which mitigate the 
consequences of the crash even more. Using a 
360°-sensing method, not only the behaviour in 
crash tests, but the overall performance for real life 
safety [6] can be improved. 
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Figure 2. Example of European (EURO-NCAP) 
and United States (US-NCAP) side impact crash 
tests [9]. 
 
Sensor setup 
 
To cover all accident causes, as shown in figure 1, a 
sensing method has to be incorporated to observe the 
car’s entire environment. This can only be achieved 
by either a lot of sensors, or as pursued in this 
approach, a few sensors with a wide field of view. In 
addition to that, the sensors must work reliably in all 
weather conditions like rain, fog or snow. Weather 
conditions are still a problem for optical sensors like 
camera and LIDAR, whereas radar sensors can cope 
with bad weather conditions quite good. Until today, 
the field of view of automotive radar sensors is 
typically up to 80°, which is better than that of 
common cameras, but not sufficient for sensing 
more than just a small part of the car’s surrounding. 
As radar technology advances and sensors get 
cheaper and better, radar sensors with a field of view 
of 150° and a range up to 60 m are becoming 
achievable. Suitable sensors, fulfilling the 
requirements for automotive side- or 360°-sensing 
are the multi-beam radar sensors provided by Valeo, 
which will be used here. To perceive the 
environment of the car, 4 of these multi-beam radar 
sensors are used. They are mounted on the corners of 
the car and placed invisibly behind the bumper. The 
surveillance region of the sensors is show in figure 3. 
With this sensor setup the environmental sensing of 
both car sides is possible by using only 4 sensors that 
cover mostly the entire car environment. Although 
not addressed here, other applications, e.g. front- 
and rear pre-crash, lane change support, and blind 
spot monitoring, are also addressable with this setup. 
 

 
 
Figure FSZ3. Experimental setup of a test car 
using four multi-beam radar sensors. 
 
 
Subsequently a suitable pre-processing technique, 
the multi-sensor fusion and the performance of this 
sensor setup will be shown. 
 
Pre-Processing 
 
The target detection list of each sensor is traversing a 
pre-processing algorithm before being incorporated 
in the main multi-sensor fusion. 
 
Each sensor has seven beams where up to three 
beams have overlapping detection areas. Thus, such 
a multi-beam radar sensor may detect targets with 
larger radar cross sections in more than one beam. 
One way to cope with this, while still using a 
one-to-one data association algorithm, is to integrate 
the data sequentially (beam by beam) in the 
multi-sensor fusion. Another approach, which is 
taken here, is to pre-process the data to reduce the 
number of computations necessary in the fusion 
process. The pre-processing algorithm is shown in 
Figure 4. 
 

 

Sens Sens

Sens Sens
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Figure 4.  Multi-beam radar sensor signal 
pre-processing. 
 
The first step in fusing the multi-beam target 
detection list is finding target-to-target associations 
with a nearest neighbour algorithm. The next step 
involves the building of association clusters [see 
JPDA clustering]. An association cluster contains all 
detections that have associations in common, e.g. 
Target 1+2, Target 2+3 � Cluster Target 1+2+3. 
With this information at hand the target list is then 
fused, hereby reducing the measurement errors of 
targets sharing multiple detections. Using this 
technique, the overall target count is reduced as well. 
An example of the outcome of the algorithm is 
shown in figure 5. Targets are pictured by rectangles, 
the measurement accuracy is shown by the 
3�-ellipses, and detections of different beams can 
be distinguished by colours. The resulting target 
with smaller covariance is shown using a dotted line. 

 
 
Figure 5. Example of a target which is detected 
by three beams. Beams are plotted using colours 
as seen in figure 3; the fused target is plotted 
using a dotted line. 

 
The pre-processed data is then integrated into the 
multi-sensor fusion described in the next section. 
 
Multi-sensor fusion 
 
The multi-sensor fusion is realized using a 
multi-sensor multi-target tracking with the common 
technique of Kalman filtering. Figure 6 shows the 
sequence of the fusion process. 
 
 
 

 
 
Figure 6. Multi-sensor fusion method for 
360°-sensing. 
 
The pre-processed target list data is integrated 
sequentially as follows. The track states of the 
system are predicted to the current measurement 
interval. Using the calibration data of the sensors, 
the new sensor measurements can be mapped to the 
car’s coordinate system and vice versa. This way a 
measurement-to-track association is made and the 
measurement update of the Kalman filter is 
calculated. In this approach an extended Kalman 
filter is used for the estimation process, the 
measurement vector consists of the entries range, 
bearing and Doppler velocity. The Doppler 
information, the direct measuring of target speed 
which is a benefit of radar sensors, is used to 
initialize the state of the tracks [7]. This technique 
avoids wrong associations that result from the great 
velocity uncertainty if only position measurements 
where used. Filter settling times are also reduced, 
hereby improving the overall performance of the 
estimation process. 
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Triggering restraint systems 
 
The demo vehicle, used to verify the algorithm’s 
performance, has active seat belt pretensioners, but 
other actuators could be used as well. The actuators 
will be triggered just before an imminent crash is 
detected to reduce the severity of the accident. The 
position and velocity information of the estimated 
tracks is used to calculate a time to collision (TTC), 
and the point of impact (POI). In this approach a 
propagation of the covariance in time and space is 
performed, resulting in time (�TTC) and space 
(�POI) probabilities. The fused radar object list 
serves as input to this detection module, which is 
subsequently used to trigger restraint systems (see 
figure 7). 
 

 
 
Figure 7. Decision algorithm for triggering 
restraint systems based on a fused radar object 
list. 
 
Testing the algorithm with non-destructive tests is 
quite demanding, as own ship vehicle and target 
motion is highly dynamic. For testing the 
360°-sensing capability of the presented system, a 
test facility on proving ground will be put into 
operation soon. By using this setup, predictable and 
repeatable test data will be gained and overall 
system performance in these challenging situations 
can be evaluated. 
Side crash sensing is being deduced by the ever 
increasing safety functions in cars. New generation 
of radar sensors provide wider field of views, which 
are necessary for 360°-sensing, as well as further 
driver assistance systems. The packaging for 
automotive use is easy, because the sensors can be 
mounted invisibly behind the bumpers. The 
pre-processing of multi-beam radars reduces the 
demands on computation time and improves sensor 
accuracy. The multi-sensor fusion approach shown 
here is suitable for side-sensing, but is independent 
of the application. 

 
 
Figure 8. Demo vehicle (Mercedes S-Class) with 
grill guard 
 

 
 
Figure 9. Example of an impact detection. The 
object is approaching the demo vehicle at an 
angle of approximately 60°. 
 
 
It can be generalized to support front- and 
rear-precrash functionality and thus provides the 
basis for an automotive 360°-surveillance for a new 
generation of car safety functions. 
 
 
4. Imaging Radar potential 
 
Due to a variety of important advantages radar 
sensors have become common in driver assistance 
systems for about a decade. E. g., the robust 
performance even under poor weather conditions 
like fog or rain. Beyond these aspects, in contrast to 
lidar and camera sensors radar sensors can measure 
radial velocity towards the ego vehicle directly by 
the evaluation of the Doppler shift of the reflected 
electromagnetic wave. Another competitive edge of 
radar sensors is the measurement accuracy of the 
distance to other objects in a traffic scene. It can be 

Covariance propagation 
 

Detection module 
 

Fused radar object list 
 

Trigger restraint systems 
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determined more accurately by radar than by stereo 
cameras, especially at mid to large distances and 
vehicle relevant stereo bases. These aspects are 
summarized in table 1. 
 

Table 1. 
Comparison of automotive sensor systems 

 

 video radar 
radar 

(scanning
) 

lidar 
(scanning) 

distance 
resolution 

- + + + 

azimuth 
resolution 

+ - O + 

velocity 
measureme

nt 
- + + - 

weather 
robustness 

- + + - 

 
Although radar sensors are commonly used in series 
vehicles for Adaptive Cruise Control (ACC), there is 
still demand for optimization. The determination of 
distance and velocity of other non-stationary 
vehicles is precise enough for the basic functionality 
of ACC. 
However, former radar sensing technology had its 
limitations concerning ACC applications. A crucial 
point for the distinction of relevant stationary 
objects in the lane (e. g. at the end of a traffic jam) 
from irrelevant objects like traffic signs is the robust 
recognition of the oncoming lane course. Moreover, 
stationary objects have to be perceived separately 
from the road boundaries. This could not be 
achieved robustly by former radar sensors due to 
their comparatively low field of view and low 
resolution of the azimuth angle. Consequently 
present ACC systems only react on moving targets 
or stationary targets that have been seen in motion 
before. 
On the other hand, there are radar-based driver 
assistance systems reacting on stationary targets as 
well. In the case of a possible collision with a 
stationary obstacle these systems warn the driver 
and e. g. activate the belt pretensioner. As soon as 
the collision becomes inevitable, the vehicle brakes 
autonomously and so mitigates the oncoming 
collision. 
The inclusion of stationary obstacles in ACC 
functionality and the precise determination of the 
point after which a collision with a stationary 
obstacle gets inevitable are two examples for the 
importance of improvement of radar measurement 
accuracy. Autonomous breaking reactions as a 

severe intervention into the guidance of a vehicle 
may only be initialized when the driver does not 
have the chance to avoid the collision by steering 
any more 
 

 
 
Figure 10.  Relation between estimated obstacle 
width and the point to be used for initializing 
autonomous braking actions. 
 
Figure 10 shows the relation between the lateral 
offset a vehicle has to build up for 
collision-avoidance with an obstacle and the last 
point at which the driver has the chance to avoid a 
collision by steering.  
Not only the requirement of accurate measurements 
of single objects for collision mitigation systems 
leads to the need for enhanced sensor performance. 
The transfer of driver assistance systems’ 
functionality from simple highway scenarios to 
highly complex urban scenarios in the typical 
Megacity of the 21st century requires the robust 
perception of highly complex traffic situations. 
Robust means availability of service even under 
adverse weather conditions as well as highly precise 
localization of objects. For this reason, perception 
performance of radar sensors have to be further 
optimized. Radar may also benefit from vision 
systems and their better azimuth resolution. Object 
classification information, if required, can also be 
provided by camera systems. However, vision 
usually suffers from poor robustness under bad 
weather or backlighting conditions. Research 
activities investigate the fusion benefit (see section 
5). Therefore, new radar approaches are the key. 
Whereas former radar systems only registered single 
points of reflections from the environment, imaging 
radar systems now provide a detailed image of the 
environment. Providing angular resolutions of about 
1° they are already installed in series-production 
vehicles. Figure 11 shows an image from a 
mass-produced imaging radar sensor as the 
representation of a traffic scene. The new degree of 
detail leads to new chances and challenges in 
processing radar data. Research activities are trying 
to evaluate the performance of image processing 
algorithms used for the processing of radar images. 
In this connection, radar-specific characteristics 
have to be accounted for. E. g. the noisy raw data 
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from imaging radar 

 

 
 
Figure 11. Image from an imaging radar sensor 
(red bordered area: long range radar, green 
bordered area: short range radar). The three 
vehicles and the lane boundaries (above) are 
clearly to be seen in the radar image (bottom). 
Integrating raw data over time or evaluating the 
Doppler shift of moving objects are only two 
possibilities to increase perception robustness. 
 
sensors can be integrated over time, leading to an 
improved signal to noise ratio as sown in fig. 12. The 
radar image on the left (middle) shows the raw radar 
image of the scene (top) with a significant amount of 
noise. The radar image on the right (middle) is 
integrated over time. Here, the image from 
preceding measurements is weighted with 0.9 and 
the current measurement with 0.1, leading to 
significant noise reduction. As a consequence, this 
step can increase the robustness of following radar 
image processing steps. After a following Prewitt 
edge detection size and position of the two vehicles 
in front of the ego vehicle can be seen more clearly 
in the integrated image compared to the raw data 
image (bottom). The picture also shows radar 
sensors’ capability to perceive vehicles hidden by 
others. Whereas the car in front of the nearest car can 
hardly be seen in the video picture (top), 

 
 

 
 

 
 
Figure 12.  Images from an imaging radar sensor 
without (left) and with (right) integrating raw 
data over time before (middle) and after (bottom) 
the application of a Prewitt edge detection 
algorithm. 
 
it can clearly be seen in the radar image 
(middle/Bottom). 
Another radar-typical benefit besides direct velocity 
measurement is the height determination of targets. 
The height of targets may be determined from the 
evaluation of the radar cross section (RCS) value 
over time (see fig. 13) [11]. There are also 
approaches trying to distinguish artificial from 
natural objects by evaluating polarisation 
differences of radar reflections [11]. 
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Figure 13.  Waves emitted by continuous wave 
radar sensors lead to a typical, height-dependent 
interference pattern. The height-dependency 
may be used to distinguish relevant obstacles 
with low height from higher located irrelevant 
objects like traffic signs [11]. 
 

 
Figure 14.  Three-dimensional statement of 
measurement data in lateral and longitudinal 
position and speed (here on the vertical axis) [10]. 
Including height information would provide a 
forth dimension for segmentation. 
 
In a nutshell, treating data from imaging radar comes 
with its own challenges and chances. The most 
important challenge is the still comparatively bad 
angular resolution of 1°, usually. On the other hand, 
the directly measured radial velocity of targets (see 
fig. 14) and the determination of target height 
provide new dimensions for segmentation and object 
separation. Object classification strategies may be 
supported by evaluating polarisation differences of 
the reflections. 
The increased necessity for computational power by 
new signal processing algorithms will be 
compensated by Moore’s law – falling prices for 
computational power will help to achieve the aim of 
improved perceiving performance for future driver 
assistance systems. 
 
 
5. Fusion of Laserscanner and Short Range 
Radars for Pre-Crash detection 
 
Scanning laser devices emit laser pulses bound to 

fixed angle steps. Reflected by objects in the 
environment they generate distance measurement 
points using time-of-flight calculation. Because 
angle steps range from few degrees to a fractional 
amount of a degree, respectively, a multitude of 
reflections originates from a real world object, what 
leads to complex environmental scans showing the 
contours of real objects. Figure 15 shows an 
example. Large parts of the truck are simply not 
visible to the radar sensors (bigger circles), whereas 
the laser scanner perceives its dimensions (small 
dots). The ability to perceive object geometries 
together with a high measuring accuracy in position 
and a large field of view makes the laser scanner a 
profoundly appropriate device in a perception 
system  utilized in complex environments like 
intersections and inner city areas. 
 

 
 
Figure 15.  Environmental scan example. Single 
laser echos are shown as dots, the bigger circles 
represent radar targets. 
  
Nevertheless, laser scanners as well as other optical 
sensors are sensitive to pollutions and bad weather 
conditions like heavy rain, snow or fog. A 
combination with radar sensors can provide support 
in order to make the complete system more robust. 
Another advantage of radar sensors is the capability 
to measure velocities directly whereas for laser 
scanner data the velocity information has to be 
derived from changes in position.  With a skilful 
sensor data fusion the advantages of both sensor 
types can be combined to achieve a precise 
estimation of position and dynamics parameters of 
surrounding objects enhanced with dimension 
information with preferably short delay.  
Depending on the used sensors and the requirements 
on the application, data fusion can be realized on 
different levels. Thereby, it is distinguished between  
signal level, target level (=midlevel) and object level 
fusion. In case of laser scanner in combination with 
radar sensors the different sensor principles exclude 
a fusion on raw data level due to missing 
correlations between single laser reflections and 
radar echos. Fusing on target level systematically 
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combines the advantages of each sensor that is, on 
the one hand, the precise position estimation 
provided by the laser scanner, and, on the other 
hand , the velocity estimation provided by the radar 
sensors.  
 

 
 
Figure 16.  Target level fusion architecture 
 
Figure 16 gives an overview of the system 
architecture. Data capturing is followed by a 
preprocessing step for each sensor separately. For 
the radar sensors preprocessing is the target 
formation from different echos. The preprocessing 
of raw laser scan data includes the segmentation of 
the point clouds followed by the feature extraction 
from the several segments. 
Segmentation is performed using a grid-based 
approach. The design of the (radial) segmentation 
grid is based on the measurement principle of the 
scanner. Cell size increases with the distance to the 
scanner and the absolute value of the angle [12] [13]. 
In a first step, all scan points are projected onto the 
grid. In a second step adjacent occupied grid cells 
are melted together to form a segment. 
A feature extraction step reduces the amount of data 
and generates object hypotheses that comprise 
information about position, orientation and 
dimension. The calculation of possible occlusions 
and the extraction of further segment describing 
features like convexity, compactness, aspect ratio, 
etc. are tackled in this processing stage as well. 
Laser and radar targets are combined within a 
measurement vector fusion. For object tracking and 
object formation well-known Kalman-Filter 
techniques are used [14]. If measurements of both 
sensor types are within the gate of a predicted object 
a fused measurement updates the existing track. The 
property of the laser scanner to detect expanded 
objects necessitates investigation in special cases in 
the fusion step. If radar targets are located within a 
segment box, but far away from the reference point, 
the measurement vectors of both sensors are not 
fused in order to avoid high jitter in object tracking. 
Nevertheless, the information about the object being 
detected by the radar sensor at all, is not discarded, 
but can be used for object validation, afterwards. 
Within the framework of APALACI (Advanced 
Pre-crash and LongitudinAl Collision mitigation), a 

subproject of the European Integrated Project 
PReVENT, an application that recognizes frontal 
collisions with stationary objects was developed 
based on the described architecture [12]. During the 
project a host vehicle was equipped with sensors, 
actuators and processing hardware to run the 
application in real-time (see Figure 17). The laser 
scanner has been mounted below the number plate 
covered by a black plastic faceplate that is 
transparent for the emission wavelength, thus it 
integrates into the car’s design. In case an 
unavoidable collision is detected to happen within 
the next 200 ms the system triggers reversible belt 
pretensioner which bring the passenger into an 
upright position. 
 

 
 
Figure 17. Experimental vehicle  
 
The application has been validated in complex crash 
and non-crash scenarios conducted at a test site with 
foam cubes and cylinders as obstacles. The scenarios 
comprise factual and near missed collisions with 
stationary objects at different velocities, in curves, 
with deceleration, sudden lane changes and lane 
changes of a leading vehicle obstructing the sight to 
the obstacle. In total, the results were a false alarm 
rate of 1.1% (1 out of 95 test runs) and a missed 
alarm rate of 6.9% (7 out of 102 test runs). For a 
complete description of the test catalogue and a 
discussion of the results we refer to [13]. 
Furthermore, the application was tested in normal 
traffic on highways, rural roads and in urban areas. 
All in all, a distance of 1600 km was covered facing 
adverse weather conditions like rain, fog as well as 
different driving situations like rush hour, traffic jam 
and stop-and-go. No false alarms occurred during 
these tests.  
Ongoing research investigates in refining and further 
improving the sensor data processing and fusion 
methods in order to provide advanced driver 
assistance functionality especially with regard to 
more complex and dynamic environments. Today’s 
assistance and safety functions have to work in a 
very restrictive way in order not to risk severe false 
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alarms due to driver acceptability and product 
liability reasons [15]. Therefore, the development of 
algorithms for environmental perception aims at 
detecting impending threats both quickly and 
reliably. Providing further information about 
surrounding objects in excess of position and 
velocity like dimensions and possible occlusions 
helps to classify objects and facilitates situation 
analysis. 
 

 
 
Figure 18. Sample data captured at an intersection 
and processing output. Red boxes represent 
confirmed tracked objects (stationary and moving)  
 
 
Figure 18 shows results of object formation by 
means of a sample scene captured in city traffic. 
Object dimensions and orientations are calculated 
from laser segments and filtered over time. A small 
line at the object’s middle point corresponds to the 
velocity vector, thus marking a moving object. The 
process of deriving good object state estimates from 
laser data can further be improved by a fusion with 
radar data. Laser objects form a region of interest 
where to look for radar targets. If radar targets are 
available, the (relative) velocity can be initialized 
directly with the Doppler information.  
 
 
6. Sensor Fusion of Radar or Lidar with 
Mono-Vision for Pre-Crash detection  
 
6.1 Sensor Setup, Alignment and Preprocessing 
Future driver assistance functions will perform fully 
autonomous interventions like automatic emergency 
braking or the triggering of occupant restraint 
systems even before the crash happens. In 
comparison to today’s assistance functions, an 
increased degree of certainty is required for the 
environment perception subsystem in the object 
state estimation domain and - even more important - 
in the object existence and classification domain. 
One way to achieve this reliability is the fusion of 

multiple sensor data. In this context, a fusion system 
overview with ranging sensors and a monocular 
video camera is presented. For the ranging sensor 
part, radar and lidar are exchangeable. A 
requirement for each sensor fusion setup is a spatial 
and temporal sensor alignment. A hardware 
synchronisation of both sensors was chosen, as it is 
the optimal choice with respect to inter-sensor data 
association and computation time aspects. However, 
all future serial sensors intended for sensor fusion 
systems must provide any mechanism for temporal 
alignment, whether it is an external measurement 
trigger signal input or the generation of timestamps 
in relation to an external master clock in free running 
mode. The spatial alignment is computed with novel 
calibration procedures published in [16].  
 

 
 
Figure 19 Sensorfusion with Radar and Video. The 
ranging data is associated with the image and 
measurements from both sensors are used for target 
tracking (right).    
 
Using this alignment, the signal processing stage 
first projects the lidar or radar measurements into the 
image domain. The image regions containing an 
echo are further processed with a cascaded Boosting 
classifier based on Haar-like features [17]. This 
detection strategy combines the longitudinal 
position accuracy of the ranging sensors with the 
lateral position accuracy and the object classification 
performance of the video sensor. Beside these state 
refinements, a cross-validation of detections from 
both sensors increases the reliability of the 
environment model. In comparison to usual ranging 
sensor based systems, the presented sensor setup is 
not limited to moving objects. 
 

 
 
Figure 20 Sensor mounting positions 
 
 
 
6.2 Sensor Fusion Algorithm 
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The sensor independent fusion framework has a 
kernel-based design. The independent sensor 
modules deliver their measurements to the fusion 
system using their own measurement frequency. 
Each sensor module uses the same interface to the 
fusion module consisting of measurement vector z, 
corresponding uncertainties P and sensory existence 
measurements ps. The fusion system uses the JIPDA 
method [18],[19],[20] for estimation of state and 
existence based on these measurements. Therefore, 
any optimization for the sensor setup is made in the 
sensor specific part of the models and the fusion 
kernel is completely sensor independent. The 
framework implementation comprises a complete 
existence probability based track management 
module, state and existence tracking. Furthermore, 
track splitting and merging can also be realized in 
the central track management module. Sensor 
modules need to provide measurements and have to 
implement a possibility to create and initialize new 
tracks according to the decisions of the fusion 
framework. 
 

 
 
Figure 21 Lidar-Video sensor fusion: The Lidar 
echoes (top right) are projected into the image 
domain (top left). The image processing (cyan 
boxes) classifies objects as vehicles. Even 
non-moving vehicles can be tracked in distances up 
to 100 meters (bottom). 
 
 
 
7. Conclusion 
 
Introducing the PRE-SAFE Brake preventive 
protection system in the S-Class 2002, launched a 
system that for the first time employed the critical 
assessment of a vehicle´s driving dynamic state  
prior a propable impact for activating reversible 
safety counter measures. In 2009, the system has 
been enhanced in the new E-Class by the capability 
of the vehicle to monitor its near range environment 

to detect very likely collisions. This is the first step 
into real Pre-Crash situations and hence a great 
stride ahead towards urban area relevant safety 
functions. Further more effort is needed to fully 
exploit the potential of safety functions for dense 
traffic like f.e. Mega Cities. The paper has outlined 
that radar sensors will continue to be the 
key-technology and backbone of future safety 
functions. Especially Imaging Radar capabilities and 
intelligent fusion techniques will enhance the power 
of radar based safety systems. Assisted by optical 
sensor technologies, environmental sensing will be 
prepared to pave the ground for the safety needs in 
the future. 
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ABSTRACT 

Four-hundred forty two U-M CIREN (University of 

Michigan Crash Injury Research and Engineering 

Network) cases have previously been compared to 

crash tests used in the automotive industry. The 

comparison demonstrated that the majority of cases 

were similar in crash configuration and extent to 

industry crash tests, while smaller proportions either 

had a greater extent of crash deformation or had 

different crash configurations than those commonly 

produced in crash tests.  

Of the 442 cases, 290 frontal cases were analyzed in 

greater detail to understand trends in injury causation 

while considering physical characteristics of 

occupants (gender, age, body mass index.) Those 

trends were then evaluated in the context of 

biomechanics of crash test tools such as 

Anthropomorphic Test Devices [ATDs] and injury 

risk curves. Several trends were identified and 

presented.  

INTRODUCTION 

Studies have demonstrated that fatality rates from 

motor vehicle crashes in the United States have been 

reduced over the last several decades. As an example 

the fatality rate per 100 million miles driven was 5.5 

in 1966 and steadily declined to 1.41 in 2006. In 

addition, injuries have been reduced from 169 

injuries per 100 million miles driven in 1988 to 85 in 

2006. Despite the significant improvements in 

automotive safety, there continue to be about 38,500 

annual fatalities due to motor vehicle crashes [1]. 

Therefore there is benefit to investigating the 

remaining fatalities and injuries due to motor vehicle 

crashes. 

The goal of this project was to analyze the injuries 

sustained by occupants in frontal crash U-M CIREN 

cases and identify trends within crash configurations 

and Collision Deformation Classification (CDC) 

extent groups [2].  

Of the 290 frontal case occupants, 73% were drivers 

and 19% were right front passengers. There were 

slightly more females, 51%, than males, 49%. The 

average age of the case occupants was 41 years old. 

66% of the women and 50% of men were using 3-

point seat belts. The average Body Mass Index (BMI) 

was 27.3 which is categorized as overweight [3]. 

BACKGROUND 

Comparison of Frontal Crash U-M CIREN 

Cases to Existing Types of Crash Tests 

Auto manufacturers routinely conduct crash tests to 

verify compliance to crash test regulations for any 

country in which a vehicle may be marketed, for 

evaluations of consumer metric tests, and for internal 

review of vehicle performance. Four-hundred forty 

two U-M CIREN (University of Michigan Crash 

Injury Research and Engineering Network) cases 

have previously been compared to crash tests used in 

the automotive industry. Table 1 lists the frontal 

crash test types that were developed for comparison 

to the U-M CIREN cases in the previous study [2].  



O’Brien-Mitchell 2 

Table 1. 

Included Industry Crash Tests 

0 Degree Frontal (FMVSS 208 or Frontal NCAP) 

Left Angle or Offset (FMVSS 208 angle or IIHS 

offset) 

Right Angle or Offset (FMVSS 208 angle) 

Frontal Center Pole 

Frontal Offset Pole 

Bumper Underride 

 

The cases were additionally divided by those with 

CDC extents above and below the extents assigned to 

these crash tests. Finally, the remaining frontal cases 

were grouped in new crash configuration categories 

as shown in Table 2. 

Table 2. 

Frontal Crash Types without a Corresponding 

Crash Test 

Left small overlap 

Right small overlap 

Underride 

High undercarriage 

Sideswipe 

Corner underride 

Offset underride 

 

It is important to acknowledge that this study is based 

solely on cases documented in the U-M CIREN 

database. As such, the uninjured population is not 

included for comparison. By the definition of the 

CIREN selection criteria, all of the case occupants 

are severely injured patients. Those crashes in which 

there are no injuries or only minor injuries are not 

included in the CIREN database or the U-M CIREN 

database, and are not referenced in this study. Thus it 

is not appropriate to use the CIREN database or the 

U-M CIREN database in isolation to estimate risk to 

the driving public.  

The distribution of U-M CIREN frontal cases is 

shown in Figure 1. 53.8% of the 290 frontal cases 

studied matched an existing crash test configuration 

with an extent less than or equal to the test. 32.1% of 

the frontal cases matched an existing crash test 

configuration but with greater extent, and 14.1% did 

not match an existing crash test configuration.  

 

 

 

 

 

 

 

 

 
Figure 1. Distribution of U-M CIREN Frontal Cases. 

32.1%

14.1%

= Test Configuration

≤ Test Extent

= Test Configuration

> Test Extent

≠ Test Configuration

53.8%
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Cases Matching Test Configuration and 

Extent 

Figure 2 shows the distribution of the 53.8% of U-M 

CIREN crash cases that had configurations similar to 

and CDC extents less than or equal to current 

laboratory tests. For frontal crashes, the 0 degree 

frontal impact category was the most represented in 

U-M CIREN followed by the left angle or offset 

category.  

 
Figure 2. Distribution of U-M CIREN Cases for 

Crashes with Similar Configurations and CDC 

Extents Less Than or Equal to a Current Industry 

Crash Tests. 

Cases Matching Test Configuration but with 

Greater Extent  

Figure 3 shows the distribution of the 32.1% of U-M 

CIREN crash cases that had configurations similar to 

current laboratory tests with CDC extents greater 

than current crash tests. Similar to the cases with 

lesser extents, the 0 degree frontal was the most 

prevalent frontal impact, followed by the left angle or 

offset category. There were very few frontal pole 

crashes with extents greater than the industry crash 

tests. 

 
Figure 3 — Distribution of U-M CIREN Cases 

For Crashes with Similar Configurations and 

CDC Extents Greater than a Current Industry 

Crash Test 

Cases Not Matching Test Configuration 

Figure 4 shows the distribution of the 14.1% of U-M 

CIREN crash cases that did not match a current 

industry crash test configuration. The majority of 

these cases were left or right small overlap crashes. 

The small overlap crashes had deformations that were 

typically outside of the longitudinal rails. 

 
Figure 4. Distribution of U-M CIREN and CIREN 

Cases for Crashes That do Not Match a Current 

Industry Crash Test. 
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ANALYSIS 

Injury Trends by Body Region 

Figure 5 shows the distribution of AIS 3+ injuries by 

body region for each of the three frontal impact 

categories. The body regions with the highest number 

of injuries were the lower extremity, the thorax and 

the head. 

 
Figure 5. Frontal Impact Crashes – AIS 3+ 

Injuries by Body Region. 

Injury Trends for Frontal Cases Matching 

Test Configurations and Extent 

For frontal cases that had configurations similar to 

current laboratory tests and had extents less than or 

equal to current crash tests, the top ten contact 

locations were identified based on the number of AIS 

3+ injuries assigned to that contact location. A 

contact location assigned to an injury in the CIREN 

database indicates that the injury was associated with 

direct contact with that location during the crash 

event. These contact locations are assigned during 

CIREN case reviews. The most common contact 

locations can be seen in Figure 6. 65% of injuries 

were due to contact with the instrument panel, 

seatbelt, steering wheel, and airbag while 11% of 

injuries were due to contact with the vehicle side 

structure and door. The vehicle side structure 

includes components such as the A-pillar, B-pillar, 

roof rail, and door glass. 

 
Figure 6. Frontal Impact Crashes - Top 10 

Contact Locations - AIS 3+ Injuries.  

Injuries Assigned to the Instrument Panel As 

seen in Figure 7, 72% of the AIS 3+ injuries 

attributed to the instrument panel were to the lower 

extremities including the femur, pelvis and tibia.  

 
Figure 7. Frontal Impact Crashes - AIS 3+ 

Injuries Assigned to Instrument Panel  

(Body regions with ≤ 1 injury/region not shown). 
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While the majority of people in the frontal cases 

studied were belted, the majority of lower extremity 

AIS 3+ injuries occurred to unbelted occupants 

(Figure 8).  

 
Figure 8. Frontal Impact Crashes - Lower 

Extremity AIS 3+ Injuries Assigned to Instrument 

Panel Contact. 

Figure 9 shows that women had approximately half 

as many pelvic fractures as men. Pelvic fractures 

consist of fractures of any bone in the pelvis, 

including the acetabulum. In the U-M CIREN 

database, belt usage rates for men were 50%, while 

rates for women were 66%. This difference in seat 

belt usage rates alone did not completely account for 

the difference in pelvic fractures between men and 

women.  

Wang reported that, men and women have 

differences in pelvic geometry and weight 

distribution [4].The male pelvic structure is taller and 

narrower than that of the female. In the male, the cup 

of the acetabulum or hip socket is oriented to face 

more laterally and the head of the femur is usually 

large in comparison to the relative size of the 

acetabulum. In contrast, female pelvic structures are 

wider and shorter. The cup of the acetabulum in the 

female pelvis faces more anteriorly and the female 

typically has a smaller femoral head as compared 

with the male. The laterally facing acetabulum of the 

male pelvis is more susceptible to fracture in a frontal 

collision because as the femur is loaded axially in a 

frontal crash, less surface area of the acetabulum is 

presented as a reaction surface to the femoral head. In 

addition the acetabular cup is generally thinner at the 

edges, and the edges are exposed to more crash 

forces with the lateral facing male acetabulum. The 

anteriorly facing acetabulum of the female is more 

resistant to fractures from the frontal crash forces. In 

women, the load is more adequately absorbed by the 

whole cup of the acetabulum rather than just the edge 

due the orientation of the cup [4].  

 
Figure 9. Frontal Impact Crashes - AIS 3+ 

Injuries Assigned to Instrument Panel  

(Body regions with ≤ 1 injury/region not shown). 
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carry their weight in their abdomen (android-type 
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extra weight is carried more on the hips and thighs, 

the inertial load of the weight is primarily applied to 

the femur. When extra weight is carried in the 

abdomen, the inertial load of the weight is applied to 

the pelvic structure first and then to the femur. 

Because men tend to carry more weight in their 

abdomen, this could be a factor in why men sustained 

more pelvic fractures than women. Male pelvic 

structures are forced to carry more of their inertial 

load in a frontal crash.  

Because the pelvis and femur share a load path in a 

frontal crash, when one of these structures break, the 

load on the other is relieved [10], [11].Therefore, if a 
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woman first experiences a femur fracture in an event, 

it is less likely that she will then also experience a 

pelvis fracture. This is supported by the data in 

Figure 9 which showed that women appeared to have 

slightly more femur and tibia fractures than men. 

Femur loads are measured in the Hybrid III crash 

dummy and regulated in crash tests. Femur fractures, 

however, still occur in the field. . Potential for femur 

injury is evaluated by the Hybrid III crash dummy 

using axial loads cells in the femur (Figure 10). The 

Hybrid III pelvis does not have direct load 

measurement capability of the femoral head into the 

acetabulum. Currently, only femur loads and pelvic 

accelerations are measured.  

 
Figure 10. Location of Femur Load Cell. 

Federal Motor Vehicle Safety Standard 208 (FMVSS 

208) [5] limits for femur force represents a 35% risk 

of femur or patella fractures [6] (Figure 11). The 

regulated limit for the 50th percentile male is 10 kN 

while the limit for the 5th percentile female is 6.8 kN. 

Femur fractures are AIS 3 injuries and encompass 

most of the injuries in the case studies. Patella 

fractures are AIS 2 injuries and would not have been 

included in this study.  

 
Figure 11. Femur Injury Risk Curve - 50th 

Percentile Male [7]. 

Figure 12 shows the occupant BMI distribution for 

lower extremity injuries and Figure 13 shows the 

BMI distribution for all frontal impact occupants in 

the U-M CIREN database.  

 
Figure 12. BMI Distribution for Lower Extremity 

AIS 3+ Injuries Assigned to Instrument Panel. 

 
Figure 13. BMI Distribution for all Frontal 

Impact Occupants. 
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increased the number of lower extremity injuries also 

increased. An individual with a higher BMI has 

additional overall mass which increases the occupant 

energy without an equivalent increase in bone 

strength. This may contribute to the increased 

number of lower extremity injuries among the 

overweight and obese case study occupants. 

Injuries Assigned to Seat Belts As can be seen 

in Figure 14, of the 58 AIS 3+ injuries assigned to 

seat belt contact in frontal impacts similar to current 

laboratory tests, the most frequent were rib fractures, 

hollow visceral injuries, and cervical spine injuries. 

 
Figure 14. Frontal Impact Crashes - AIS 3+ 

Injuries Assigned to Seat Belt  

(Body regions with ≤ 1 injury/region not shown). 

Reviewing the specific cases involving rib fracture 

indicated that older women were over represented in 

the group with AIS 3+ rib fractures. Of the 18 belted 

occupants in this group, 12 were women. Of those 

women, 8 of the 12 were over 50 years of age.  

Figure 15 shows the distribution by occupant BMI of 

rib fractures assigned to seat belt contact.  

 
Figure 15. BMI Distribution for Rib Fractures 

Assigned to Seat Belt. 

While the potential for femur, pelvic, and tibia 

fractures assigned to instrument panel contact 

appeared to increase with increased body mass index, 

the potential for seat belt related rib fractures 

appeared to decline with increased body mass index. 

Occupants with body mass indices categorized as 

overweight or obese were less represented in the 

group with AIS 3+ rib fractures assigned to seat belts, 

when compared to the population of all seriously 

injured occupants in frontal crashes in the U-M 

CIREN database. Body fat may have had an energy-

absorbing and/or load-distributing effect that reduced 

the potential for rib fractures from belt loading. 

The 8 occupants with AIS 3+ hollow visceral injuries 

were also reviewed. Five occupants were adults, and 

four of those adults had body mass indices in the 

over-weight category. The other three occupants with 

hollow visceral injuries occurred to lap-belt-only 

restrained children.  

There were 7 occupants with cervical spine injury. 

Five of the cervical spine injury case occupants 

involved women 56 years of age or older. One 

occupant with a cervical spine injury involved a lap-

shoulder belted 4 year-old female in a booster seat.  

Figure 16 shows the distribution of AIS 3+ injuries 

assigned to seat belt contact by occupant age and 

gender and Figure 17 shows the age and gender 
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distribution for all frontal impact occupants in the U- 

M CIREN database.  

 
Figure 16. AIS 3+ Injuries Assigned to Seat Belt 

Contact by Age and Gender. 

 
Figure 17. Age and Gender Distribution for All 

Frontal Impact Occupants. 

Younger and older occupants were over represented 

in the group with injuries assigned to seat belt 

loading, compared to the population of all seriously 

injured occupants in frontal crashes in the U-M 

CIREN database. The greater frailty of older 

occupants, especially older women, was likely a 

contributing factor associated with increased 

potential for rib fracture and cervical spine injury. 

The relative head size to neck strength of children 

was likely a factor in the cervical spine injury 

observed in the one lap-shoulder belted 4 year-old 

female.  

There are various possible explanations why AIS 3+ 

injuries assigned to seat belts have occurred in 

crashes even with configurations and damage extents 

similar to current laboratory tests. Substantial forces 

must be applied by seat belts to adequately manage 

the kinetic energy of vehicle occupants in moderate 

and severe frontal crashes, so it is foreseeable that 

some injury may result. Other factors include the test 

dummies, dummy instrumentation, and injury 

assessment reference values used to predict the 

potential for injury in current laboratory tests. Test 

dummies have been developed to represent average 

infants, 3 year-old children, 6 year-old children, 10 

year-old children, small adult females, mid-size 

males, and large-size males. It is not practical to test, 

nor do dummies exist to represent all sizes and 

shapes of people. For example, no dummies exist that 

represent obese adults. While it is reasonable to 

assume that safety systems developed using existing 

test dummies will benefit the range of occupant sizes 

and shapes, it cannot be expected that injury will be 

eliminated. The dummies cannot collect data for 

assessing the potential for all types of injury. 

Furthermore, injury assessment reference values are 

set at levels to limit, not eliminate, the potential for 

certain types of injuries. 

The family of Hybrid III ATDs used for frontal 

impact safety development is capable of measuring 

chest acceleration on the rigid portion of the spine 

where the ribs are attached. They are also capable of 

measuring chest compression on the sternum of the 

dummy (Figure 18).  

 
Figure 18. Location of Chest Compression and 

Acceleration Instrumentation in Hybrid III 

Dummy. 

0 2 4 6 8 10

0-10

11-20

21-30

31-40

41-50

51-60

61-70

71-80

81-90

S
e
a
tb

e
lt

C
o

n
ta

c
t 

L
o

c
a
ti

o
n

Number of Injuries

Frontal Impact Test Types - AIS 3+ - Extent <= test - Male

Frontal Impact Test Types - AIS 3+ - Extent <= test - Female

Assigned to Seatbelt Contact
C

o
n

ta
c
t 
L

o
c
a
ti

o
n
 =

 S
e
a
tb

e
lt

A
g

e
 [
y
e
a
rs

]

Male Female

0 5 10 15 20

0-10

11-20

21-30

31-40

41-50

51-60

61-70

71-80

81-90

A
g

e

Count of U-M CIREN Cases

Frontal Impact Test Types - Extent <= test - Male

Frontal Impact Test Types - Extent <= test - Female

All Frontal Cases

Male Female

Count of Cases



O’Brien-Mitchell 9 

Chest compression and acceleration are measured in 

the Hybrid III crash dummy and regulated in crash 

tests. Rib fractures, however, still occur in the field. 

FMVSS 208 has regulated chest acceleration for over 

30 years and has more recently regulated chest 

compression. Chest compression measurements have 

been required with the mid-size male Hybrid III since 

the 1998 model year but were previously allowed. 

Recently, the small female was added to the 

regulation, and the mid-size male chest compression 

requirements were made more stringent. FMVSS 208 

chest compression limits for belt restrained Hybrid III 

ATDs (63 mm for the mid-size male and 52 mm for 

the small female)[5] represent an estimated 33 

percent risk of AIS 3+ chest injury (Figure 19). 

Examples of AIS 3 injuries rib injuries are 1 rib 

fracture with a hemo- or pneumothorax or a flail 

chest without a lung contusion.  

 
Figure 19. Chest Deflection Injury Risk Curve - 

Hybrid III 50th Percentile Dummy [8]. 

Injury Trends for Frontal Cases Matching 

Test Configuration but with Greater Extent 

As is shown in Figure 20, the distribution of U-M 

CIREN frontal crash cases matching an existing crash 

test type with CDC extents above and below those 

generated in tests is similar. To make the comparison 

more clear, data above and below current test CDC 

extents were normalized by dividing the number of 

injuries by the number of cases (Figure 21).  

 
Figure 20. Frontal Cases with Configurations 

Similar to Current Test Types - CDC Extent 

Comparison. 

 
Figure 21. Frontal Impact Case Occupant Injuries 

by Assigned Contact Location and Extent 
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The top five vehicle contact locations associated with 

frontal injuries were instrument panel, seatbelt, 

steering wheel, airbag, and door. Injuries assigned to 

instrument panel and steering wheel contact 

increased with higher extents, however, those 

assigned to seatbelt and airbag did not increase. This 

was likely due to the fact that the air bag and seat belt 

have a finite restraint capacity and once the capacity 

has been exceeded the next point of contact is the 

steering wheel and the instrument panel structure 

behind it. Looking at the number of occupant injuries 

by assigned contact location and extent, the 

normalized trend was similar by contact location 

except for the instrument panel and steering wheel.  

Figure 22 shows the distribution of frontal impact 

femur, pelvis and tibia injuries assigned to the 

instrument panel for cases with extent less than or 

equal to crash tests and Figure 23 shows these 

injuries for cases with extents greater than crash tests. 

Belts appeared to be more effective in reducing 

femur, pelvic, and tibia injuries in crashes with lower 

CDC extents than they were with crashes with higher 

CDC extents.  

 
Figure 22. Distribution of Frontal Impact AIS 3+ 

Pelvic and Tibia Injuries - ≤ Test Extent. 

 
Figure 23. Distribution of Frontal Impact AIS 3+ 

Femur, Pelvic and Tibia Injuries - > Test Extent. 

Overall, the distribution of cases that had an extent 

greater than the crash test extent was very similar to 

the distribution of cases that had an extent less than 

or equal to the crash test extent, however, greater 

extent cases were over-represented in the UMPIRE 

database. These cases were high crash severity events 

and as expected, the occupants were more likely to 

have injuries that permitted their inclusion in the 

database. For crashes with lesser extents, injuries 

were less likely therefore the total proportion of 

greater extent cases did not represent the actual 

proportion of these events in the field. 

Injury Trends for Frontal Cases Not 

Matching Test Configurations 

Of the 14.1% of frontal cases with configurations that 

were different from current crash test types, the 

majority were small overlap crashes. These crash 

configurations tend to involve localized, concentrated 

vehicle deformation. While the concentrated loads on 

the vehicle produced greater maximum crush than for 

a more distributed frontal crash type, the force 

generated would have been less, thereby producing 

lower accelerations of the occupant compartment.  
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Figure 24 shows the top 10 contact locations for AIS 

3+ injuries in frontal crash cases with configurations 

different from current test types. As with the crash 

configurations that are similar to test types, injuries 

assigned to instrument panel contact were the most 

frequent. A significant difference between the crash 

cases that are not similar to crash test types and those 

that are is that injuries assigned to side structure and 

door contact were more frequent. The higher 

frequency of AIS 3+ injuries assigned to the side 

structure and door can be attributed to the greater 

occupant lateral motion, as well as greater lateral 

occupant compartment intrusion in small overlap 

frontal crashes as compared to other frontal crash 

types.  

 
Figure 24. Cases with Frontal Crash 

Configurations Different from Current Test Types 

Top 10 Contact Locations  

(Body regions with ≤ 1 injury/region not shown). 

All of the AIS 3+ injuries assigned to the side 

structure were head injuries attributed to head contact 

with the A-pillar in five small overlap crashes. These 

types of head/A-pillar contact injuries may result not 

only from the vehicle dynamics in small over lap 

frontal crashes which cause a larger lateral 

component directing the occupant towards the A-

pillar but also due to greater crash induced A-pillar 

motion.  

Figure 25 summarizes the nature of the A-pillar 

related AIS 3+ head injuries in these small overlap 

frontal crashes. These were most frequently coded as 

cerebrum injuries. Injuries to head vessels, basilar 

skull fractures, and facial fractures were also 

observed.  

 
Figure 25. Side Structure Injuries in Cases with 

Frontal Crash Configurations Different from 

Current Test Types. 

Crash test dummies and injury criteria exist to 

address these head injuries. The Hybrid III crash test 

dummy head is designed to measure longitudinal, 

lateral, and vertical acceleration. These 

measurements are used to calculate the resultant 

acceleration of the center of gravity of the head as 

shown in Figure 26 which in turn is used to calculate 

Head Injury Criteria (HIC).  

 
Figure 26. Location of Hybrid III Head 

Accelerometers. 

FMVSS 208 currently limits 15ms HIC to 700. A 

HIC of 700 represents a 5 percent risk of AIS 4+ 
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brain injury. Brainstem and diffuse axonal injuries 

are examples of AIS 4+ head injuries. Figure 27 

contains the risk curve for AIS 4+ brain injury versus 

HIC.  

 
Figure 27. AIS 4+ Brain Injury Risk Curve Adults 

[9]. 

While FMVSS 208 and frontal impact air bags 

address head injuries in most frontal impact 

configurations, they may not prevent all head to A-

pillar contact. FMVSS 201 (Occupant Protection in 

Interior Impact) currently regulates HIC produced 

from impacting many areas of the vehicle interior, 

including the A-pillars, with a head form at 24 km/h 

(15 mph). However, only a portion of the vehicles in 

the database met this requirement since it became 

effective for all new vehicles produced since 

September 1, 2002.  

SUMMARY 

Of the 290 UMPIRE frontal crash cases, over half 

had configurations and CDC extents similar to 

current crash tests. 65% of injuries in this category 

were assigned to contact with the instrument panel, 

seatbelt, steering wheel and airbag, while 11% of 

injuries were assigned to contact with the side 

structure of the vehicle and the door. 72% of injuries 

assigned to contact with the instrument panel were to 

the lower extremities, and these injuries tended to 

increase with increased BMI. 31% of injuries 

assigned to the seatbelt were rib fractures, but these 

injuries tended to decrease with greater BMI and 

were more frequent in the older population.  

Approximately one third of the frontal cases had 

configurations that were similar to frontal crash tests 

but had greater CDC extents than the crash tests. In 

this category, again, the majority of injuries were 

assigned to contact with the instrument panel, 

seatbelt, steering wheel, and airbag. When this 

category was normalized and compared to the cases 

with extents less than or equal to those generated in 

laboratory crash tests, it was noted that injuries 

assigned to contact with the instrument panel and 

steering wheel increased with higher extent, whereas 

those assigned to seatbelt and airbag did not. This 

difference may be attributed to restraint system 

characteristics as well as load sharing between the 

components of the restraint system.  

The remaining frontal cases had configurations that 

were different than current laboratory crash tests, 

with the majority of these cases categorized as small 

overlap crashes. As in the other two categories, 

injuries assigned to contact with the instrument panel 

were the majority, however, injuries assigned to 

contact with the side structure of the vehicle and the 

door were more frequent than in the other categories. 

All of the injuries assigned to contact with the side 

structure of the vehicle were head injuries assigned to 

A-pillar contact. The injuries assigned to the side 

structure and door may be attributed to the 

combination of lateral occupant motion relative to the 

vehicle and A-pillar and door displacement in the 

small overlap crashes.  

RECOMMENDATIONS 

Specific recommendations fall within three major 

observations. 

First, the majority of injuries occurred in crashes 

similar to current tests that are conducted by the 

industry. Injury trends identified in these cases that 

match crash tests suggest that further study in some 

areas may be appropriate. Specifically differences 

observed in male and female acetabulum fractures 

suggest that further development of test measurement 

devices could be considered. As an example, the 

possible inclusion of direct acetabulum measuring 

load cell in frontal impact crash dummies could be 

investigated. In addition trends were identified 

relative to the effect of BMI on injury risk – some 

injuries increased with increased BMI while others 

decreased. An investigation of testing or modeling 

techniques to evaluate injuries to overweight 

occupants should also be considered.  

Second, rib fractures still occurred despite chest 

acceleration and chest compression being measured 

and regulated for model years of essentially all 

vehicles in the database. The current FMVSS 208 

chest compression limit represents an estimated 33 
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percent risk of AIS 3+ chest injury. The July 2008 

revision to NHTSA’s frontal NCAP program requires 

a lower chest compression limit for a vehicle to 

achieve a 5-star rating. Further investigation into the 

effects of this change in NCAP may indicate a 

reduction in rib fractures. In addition, it may be 

beneficial to research the possibility of new 

technologies capable of identifying occupants in 

terms of age, gender, BMI etc. to essentially 

“individualize” a restraint system to mitigate certain 

injuries.  

Lastly, small overlap crashes comprised the majority 

of the cases with frontal crash configurations that 

were different from current crash test types. These 

crash configurations tend to involve localized vehicle 

deformation and lateral occupant motion. Current 

IIHS and FMVSS 208 offset deformable barrier tests 

have resulted in improvements to the vehicle’s front 

structure and occupant compartment structural 

integrity. The case vehicles in which the cerebrum 

injuries occurred were older model years and may not 

have had the current offset deformable barrier tests or 

the current FMVSS 201 head impact tests as specific 

design objectives when they were developed. In 

addition, new technologies that provide for curtain air 

bag deployment in frontal impacts and curtain air bag 

designs which include A-pillar coverage may show a 

reduction of these injuries. The effect of new 

performance objectives and new technologies in 

more recently designed vehicles on injury trends in 

small overlap frontal crashes should be studied.  
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ABSTRACT 
 
The findings provide a technology base for 
fireworthiness including the following: fire statistics 
on crash modes; the behavior of plastic gasoline 
tanks when subjected to fire and impact tests; finite 
element analysis of fuel tanks subjected to crash 
conditions; assessments of automotive fuel 
components that relate to fire safety; underhood 
temperatures under driving conditions; flammability 
of underhood liners; ignition and flammability 
properties of plastics and underhood fluids; an 
analysis and synthesis of 22 vehicle burns; fire 
suppression needs and a laboratory design and test; 
and examination of fire safety aspects of future 
vehicle technologies such as 42-volt electrical 
systems and hydrogen fueled vehicles.  
 
These research results in conjunction with the 
GM/DoT Fire Research Project have been analyzed 
and recommendations for fire safety improvements 
have been proposed.  The recommendations  include 
vehicle level fire tests to increases survivability time 
for crashed vehicles subjected to exterior fires, 
particularly those that originate under the hood. 
 
INTRODUCTION 
 
On March 7, 1995, the U.S. Department of 
Transportation (DOT) and General Motors 
Corporation (GM) entered into an administrative 
agreement, which settled an investigation that was 
being conducted by the National Highway Traffic 
Safety Administration (NHTSA) regarding an alleged 
defect related to fires in GM C/K pickup trucks 
[NHTSA, 1994; NHTSA, 2001]. 
 
Under the GM/DOT Settlement Agreement, GM 
agreed to provide support to NHTSA's effort to 
enhance the current Federal Motor Vehicle Safety 
Standard (FMVSS) 301, regarding fuel system 
integrity, through a public rulemaking process.  GM 
also agreed to expend $51.355 million over a five-
year period to support projects and activities that 
would further vehicle and highway safety.  
Approximately ten million dollars of the funding was 
devoted to fire safety research [NHTSA, 2001]. 
   

Subsequent to the GM/DOT Settlement, GM agreed 
to fund an additional $4.1 million in research related 
to impact induced fires.  This latter research project 
was included under the terms of a judicial settlement.  
The fire safety project objectives are defined by the 
White, Monson and Cashiola vs. General Motors 
Agreement dated June 27, 1996 [White, 1996].  All 
research under the project has been made public for 
use by the safety community. 
 
The Motor Vehicle Research Institute (MVFRI) was 
formed to administer and conduct this research.  The 
work started in late 2001 and will be completed in 
early 2009.  The purpose of this paper is to document 
our major results and provide recommendations 
whereby the fire safety of motor vehicles can be 
improved.  There is a unique opportunity now to take 
advantage of the results of some $14 M worth of fire 
safety research to advance the cause of improved 
automobile fire safety. 
 
Research projects that have been completed by 
MVFRI include the following: 

1. A statistical analysis of field data to determine 
the frequency of fuel leaks and fires by model 
year and by other crash attributes (See Bahouth, 
2006 and 2007, Digges, SAE 2005b, 2006 and 
2007b, Fell, 2004 and 2007, Friedman, 2003 and 
2005, and Kildare, 2006).  

2. A case-by-case study of fuel leaks and fires in 
NHTSA’s crashworthiness database 
(NASS/CDS) and an assessment of opportunities 
for reduction of vulnerability (See Bahouth, 
2005, Digges, SAE 2007c; 2008 and 2009). 

3. The assessment of the state-of-the-art technology 
to reduce the frequency of fires in motor vehicles 
and/or to delay the time for fires to propagate to 
the fuel or the interior of the occupant 
compartment (See Fournier, Dec 2004, April 
2005).  Additional work was done on leak 
prevention during rollover from severed lines 
connected to fuel tanks.  (See Fournier, July 
2004 and September, 2006) 

4. The evaluation of gasoline fuel tanks of various 
shapes when subjected to fire and impact testing 
required by European (ECE) or other 
government standards (See J. Griffith, 2005).  
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5. The development of test procedures for the 
prevention of fires in vehicles equipped with 42-
volt electrical systems; including high intensity 
arc testing, and carbon tracking properties of 
plastics (See Wagner 2003; Stimitz, 2004; 
Stephenson, 2005).  Abuse tests were also 
conducted on 14 and 42 volt lead-acid batteries.  
(See Weyandt, May 2005) 

6. The evaluation of the toxicity of the combustion 
products of motor vehicle components used in 
engine compartment and under-hood 
applications (See L. Griffith, 2005). 

7. The evaluation of rescue times for first 
responders as it pertains to fire propagation into 
the passenger compartment (See Shields 2004, 
Digges, ESV 2005). 

8. A comprehensive analysis of data from studies 
sponsored by GM, Motor Vehicle Fire Research 
Institute (MVFRI), and NHTSA (See Tewarson, 
April 2005; October 2005; 3 volumes and 
Digges et al, 2007d). 

9. The development of an underhood foam fire 
suppression system (See Gunderson 2004, 2005). 

10. The development of FEM models of fuel filled 
tanks subjected to crash forces (See Bedewi, 
2004 and 2007). 

11. Measurement of fire resistance of underhood 
insulation materials and of the electrical 
conductivity of underhood fluids. (See Fournier, 
Aug. 2005, Dey, 2004). 

12. The measurement of underhood temperatures of 
four vehicles (See Fournier Sept. 2004 and Sept. 
2006). 

13. A bonfire test of an automotive type 4  
compressed hydrogen fuel tank (See Zalosh, 
2005 and Weyandt, 2005). 

14. A full-scale SUV vehicle burn with a Type 3 
compressed hydrogen tank.  (See Weyandt, 
2006). 

15. Hydrogen and underhood leak experiments (See 
Weyandt, Dec. 2006).  

16. A fatal  compressed Natural Gas tank explosion 
was investigated for possible lessons learned to 
be applied to hydrogen tanks.  (See Stephenson, 
2008) 

17. Research to support a special fire investigation 
methods appropriate for Hybrid and Hydrogen 
Vehicles for possible inclusion in NFPA 921. 
(See Stephenson, 2006) 

18. A computer-based fire investigation training 
course was developed.  (See Shields 0547, 2007 
and Shields 0548, 2007) 

19. The results of all  the above research projects 
were summarized and placed on the MVFRI 
website.  All final reports and summaries are 
located at mvfri.org. 

BACKGROUND  
 
Automobiles fires are the single largest cause of 
death among all consumer goods sold in the United 
States [Ahrens, 2003 and 2005].  Of the nearly two 
million fires each year in the U.S., one out of five 
(300,000) are vehicle fires [USFA, 2002 and FEMA, 
2003].  This is comparable to the number of fires in 
houses and apartments but vehicle fires claim more 
lives than either [Ahrens, 2005, USFA, 2002 and 
FEMA, 2003]. Three quarters of vehicle fires are 
caused by mechanical or electrical failures during 
normal operation, but these are not particularly 
deadly because the occupants are usually able to 
escape.  Less than 10% of vehicle fires are caused by 
collisions but escape is more difficult in these 
situations, and collisions account for the 
overwhelming majority (60-75%) of vehicle fire 
fatalities [Bennett, 1990; USFA, 2002].  Vehicle fires 
cause some 3000 injuries and claim about  500 lives 
per year in the U.S., [Ahrens, 2005].  The rapid 
progression of fire and incapacitation of passengers 
were contributing factors in two thirds of vehicle fire 
deaths [USFA, 2002].  It has been suggested that the 
number of fatalities attributed to motor vehicle fires 
is an underestimate because of ambiguous reporting 
methods [Ahrens, 2005, Fell, 2004], but there is no 
doubt that motor vehicles are a major component of 
the national fire death problem. 
 
The fire safety of motor vehicles is regulated by 
Federal Motor Vehicle Safety Standard (FMVSS) 
301 for fuel system integrity, which was first issued 
by the NHTSA in 1967 and FMVSS 302 for 
flammability of interior materials in passenger cars, 
multipurpose passenger vehicles, trucks, and buses, 
which became effective on September 1, 1972.  The 
requirements of FMVSS 301  are intended to 
strengthen and protect the vehicle's fuel system, so 
that in a crash event, the chances of fuel leakage, and 
consequently the chances of fire and occupant injury, 
will be reduced.  For fatal crashes in which fire is 
coded as the most harmful event, over half are due to 
front impact.  Rollovers account for about 25%, and 
the rest are about evenly divided between side and 
rear impacts [Digges, 2008].  Over the past decade, 
fires in frontal and rollovers crashes have increased 
in frequency.  NASS data shows that for the major 
crash related fires that enter the occupant 
compartment over 60% originate underhood.  For 
frontal crashes, 85% originate underhood.  For 
rollovers, the underhood origin accounts for 50% 
[Digges, ESV 2007a]. These statistical studies show 
the need to focus fire safety improvements on 
underhood fires resulting from frontal crashes and 
rollovers 
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Since it went into effect, FMVSS 301 has reduced 
fires due to fuel tank rupture, but the number of fire 
deaths has remained relatively constant over the past 
few decades because of an increasing number of 
vehicle crashes and a ten fold increase in the amount 
of combustible materials used inside and outside the 
vehicle. 
 
The intent of the FMVSS 302 standard for 
flammability of materials was to reduce deaths and 
injuries to motor vehicle occupants caused by vehicle 
fires, especially those originating in the interior of the 
vehicle from sources such as matches or cigarettes.  
At the time that FMVSS 302 was under development, 
a study estimated that 30% to 40% of vehicle fires 
originated in the interior (passenger compartment and 
trunk) [Goldsmith, 1969].  Over the past decade, less 
than 5% of the post-crash fires originate in the 
vehicle interior [Digges, 2007b].  As collisions have 
become more impact-survivable and fuel tanks better 
protected, the amount of combustible plastic has 
increased.  In most of today’s vehicles there is more 
combustible material outside the fuel tank than inside 
it [Digges, 2009]. 
 
RECENT RESULTS 
 
The results from a series of vehicle burn tests 
conducted by General Motors were analyzed to 
determine the effect of vehicle construction materials 
on passenger survivability in a post-crash vehicle fire 
[Tewarson, 2005 Vol. 1-3].  The authors concluded 
that when the fire originates in the engine 
compartment, flames penetrate the vehicle interior 
within 10-20 minutes.  Once flames penetrate the 
passenger compartment they spread several times 
faster than allowed by FMVSS 302 [Tewarson, 2005 
Vol. 1], resulting in occupant death in 1 to3.5  
minutes.  For the rear end collisions characterized in 
the test program by a gasoline pool fire, flames 
penetrated the vehicle interior through body openings 
within 2 minutes, after which flame spread by interior 
materials was 10 times faster than allowed by 
FMVSS 302 [Tewarson, 2005 Vol. 1].   
Consequently, once flames penetrate the passenger 
cabin from either the front or rear, death of all 
occupants will occur within about two minutes due to 
simultaneous effects of heat, burns, and toxic gases 
[Tewarson, 2005 SAE]. The rapid flame spread 
observed in vehicle fire tests is the dominant factor in 
fatal vehicle fires and the major cause of vehicle fire 
deaths [USFA, 2002].  Tewarson  reported that the 
orientation of the combustible material, the radiant 
heating by the fire, and the burning of molten plastic 
that drips away from the fire, all induced more severe 

burn conditions than created in the FMVSS 302 
regulatory test. 
 
Southwest Research Institute summarized eleven 
series of automobile fire tests conducted in the 
United States, Europe and Japan [Janssens, 2008].  
The data generally confirmed the high intensity of 
fires that burn the materials in the occupant 
compartment.  Figures 1 and 2 show typical test 
results from a series of vehicle fire tests conducted in 
2002 by the Building Research Institute (BRI) in 
Japan.  Figure 1 shows the progression of an engine 
compartment fire 20 minutes after ignition.  Figure 2 
shows the same fire at 30 minutes when the occupant 
compartment is totally engulfed in flames. 
 

 
Figure 1. Tests by BRI of engine compartment fire 
-20 minutes after fire initiation. 
 

 
Figure 2. Tests by BRI of engine compartment fire 
-30 minutes after fire initiation. 
 
Rescue data from FARS showed that in rural crashes, 
the 75 percentile rescue time was 24 minutes 
[Digges, 2005 ESV].  For urban crashes the 
equivalent time was 12 minutes.  The survivability 
time measured in the GM vehicle burn tests was often 
less that that needed for first responders to reach a 
typical rural accident scene and begin rescue 
operations for trapped or incapacitated passengers. 
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DISCUSSION 
 
The changing design  of motor vehicles  is such that 
collisions are more impact-survivable, most fuel 
tanks are better protected in rear collisions and 
plastics have surpassed gasoline as the main fire load.  
These changing conditions present new safety 
challenges and opportunities.  The following 
observations were based on recent test data or 
observed changes in the vehicle fleet: 
 
1. Automobile fires account for 95% of motor 

vehicle fires and 92% of vehicle fire fatalities.  
The vast majority of fatal automobile fires result 
from sources outside the passenger compartment  
rather than from ignition of interior materials by 
a cigarette or small flame as envisioned when 
FMVSS 302 was issued.  

 
2. Plastics that are exterior to the passenger cabin 

(i.e., in the engine compartment and body 
panels) represent a comparable fire load  and fire 
hazard to the interior materials but are not 
required to pass FMVSS 302 or any other fire 
safety standard.  

 
3. The flame spread rate of combustible materials 

inside the occupant compartment increases 
significantly when in proximity to a vehicle fire, 
but this factor was neglected in the FMVSS 302 
test.  Fire tests of vehicles indicate a tenability 
time of less than four minutes once an external 
fire penetrates the occupant compartment 
[Tewearson, 2005]. 

 
4. Tests of aircraft materials fireworthiness indicate 

that it is not possible to use a material-level 
flame test, e.g., FMVSS 302, to predict the fire 
behavior of a vehicle without validating the 
material-level performance at full-scale [Hill, 
1979, 1985]. 

 
5. Tests of fire safety features in current vehicles 

indicate that many vehicles incorporate features 
to improve fire safety, but the features are not 
uniformly applied [Digges, 2009; ESV 2007a].  
There was no relationship between the cost of 
the vehicle and the presence or absence of some 
of the fire safety features. 

 
In view of the increased frequency of crash induced 
fires in frontal crashes and rollovers, regulations that 
would encourage technology to delay the penetration 
of fire into the highly flammable occupant 
compartment appear to be warranted. 
 

For hydrogen fueled vehicles, an occupant 
compartment fire poses a threat to the high pressure 
hydrogen tank(s).  Safety standards need to insure 
that the safety systems will protect people and 
structures in the vicinity of a vehicle fire from the 
explosive pressures that would occur in the event of a 
hydrogen fuel tank rupture.  The safety standards 
should include fire tests of vehicles that have been 
exposed to representative crash scenarios.  
 
RECOMMENDED RULEMAKING CHANGES 
 
1. FMVSS 301 – Fuel System Integrity 
 
a. Add a door opening requirement to the FMVSS 

301 crash tests.  FMVSS 301 currently does not 
require that the doors on a crashed vehicle be able 
to be opened.  Such a requirement was considered 
by NHTSA during the last revision of FMVSS 301 
but it was not included due to the lack of a door 
opening test procedure. A recommended procedure 
is contained in Appendix A. 

 
b. Consider a lower fluid leakage limit for flammable 

fluids. The original requirement was for a 
maximum of one ounce per minute of leakage. This 
was later changed to 28 grams per minute.  The 
selection of the present leak rate was not based on 
fire science considering the probability of ignition 
or flame propagation to other parts of the vehicle.  
It was chosen as the smallest amount that could be 
conveniently measured in a cup to collect any 
leaks.  It was also similar to the volume of a 
carburetor float chamber (carburetors are rarely 
used anymore since fuel injection has become 
nearly universal). One could consider a lower leak 
limit based on real ignition and fire propagation 
tests. 

 
c. Consider conducting all crash tests (including 

NCAP) with all electrical systems charged and 
connected, with all underhood fluids present, and 
with the engine running and hot.  If a post-crash 
fire breaks out, the vehicle would have failed the 
test. (See Digges, ESV 2009, Santrock, 2007) 

 
2.FMVSS 302 - Flammability of Materials 
 
a. Most of the fire experts who conducted research on 

our projects consider FMVSS 302 to be outdated.  
It was developed 40 years ago when a lighted 
cigarette was the most frequent threat to originate 
an occupant compartment fire.  In response to the 
fire threat from an underhood fire, the tenability 
time of materials that comply with 302 is less than 
5 minutes [Digges ESV, 2005a].  Extensive 
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research on alternative test methods has been 
conducted under NHTSA, GM/DoT, and the 
MVFRI projects.  A better test method is required 
with more stringent acceptance criteria that will 
result in less flammable interior materials.  See 
[Digges et al, 2007d] and [SwRI, 2003] for more 
discussion. 

 
b. Regulate the flammability of underhood solid 

materials. .Most auto fires start in the engine 
compartment.  There are many solid materials 
under the hood that are flammable and can spread 
the fire into the passenger compartment.  In fact in 
modern cars, plastic materials have surpassed 
motor fuel as the main underhood fire load.  This 
regulation on underhood materials could either be 
an extension of FMVSS 302 or a new fire safety 
standard.  See [SwRI, 2003]. Special attention 
should be paid to underhood liners.  Measurements 
show that the heat release rate of underhood liners 
varies by a factor of 100 between different vehicles 
[Fournier, Aug 2005].   Since these are attached to 
the underside of the hood, they are at the top of the 
compartment and are readily exposed to flames 
which can then spread horizontally.  Using the best 
of currently used liner materials could reduce the 
rate of fire propagation and growth.  As a 
minimum, the underhood liner should not add fuel 
to the engine compartment fire. 

 
3.FMVSS 303 – Natural Gas Fuel System   
Integrity 
 
a. Upgrade the rear impact speed and barrier to match 

that of FMVSS 301. 
 
4. FMVSS 304 – Natural Gas Tanks 
 
a. Replace the tank-level bonfire test with a vehicle 

level-test. (See Appendix B for a proposed 
compressed gas vehicle burn test).  Appendix B is 
written in a way that it can be applied to both 
compressed H2 and CNG vehicles. 

 
b. If NHTSA  decides to keep a bare tank bonfire test 

similar to FMVSS 304 (for Natural Gas and/or 
Hydrogen), then perform an additional tank bonfire 
test without a PRD to establish the baseline tank 
burst time.  This gives information about the tank. 
This information will allow NHTSA  to establish a 
time margin between the beginning of fire exposure 
and the time of tank burst. (See Appendix C for 
more details) 

 
c. If NHTSA doesn’t do the vehicle-level burn test, 

consider adding a localized fire tank test which will 

simulate a tank exposed to a localized fire away 
from the location of the pressure relief device 
(PRD). 

 
d. Require a thermal shield between the passenger 

compartment and the tank(s). 
 
e. Prohibit “vent boxes” which shield the PRD from 

hot gases or flames (vent boxes are designed to 
collect and vent small CNG leaks). 

 
f. The bonfire test fire should be standardized.  We 

should agree on the fuel (propane or natural gas) 
and the heat release rate (We suggest using a flow 
rate that will provide 200 to 300 kW of fire power) 
[Zalosh,  2005; Tamura, 2006].  Standardizing 
these parameters will make the test more repeatable 
from test-to-test and from test facility to test 
facility.  Steps should also be implemented to 
shield the tank test area from wind. These 
improvements should reduce the standard deviation 
of the exposure heat input. 

 
5. FMVSS 305 – Battery Safety 
 
a. Upgrade the rear impact speed and barrier to match 

that of FMVSS 301. (A current NPRM proposes to 
do this.) 

 
b. Add a requirement that there be “no fire” after the 

vehicle crash tests.  This will address the possibility 
of a fire starting in or around the high-energy 
traction battery. 

 
6. Future Hydrogen Fueled Vehicle Standards 
 
a. See Section 4 (a) above.  We propose that NHTSA  

consider a full vehicle burn test for compressed gas 
vehicles.  See Appendix B. 

 
b. A hydrogen (H2) blue diamond sticker should be 

required on the back of the vehicle.  This is for the 
benefit of emergency responders. 

 
7. A New Fireworthiness Standard 
 
NHTSA should adopt a strategy for improving 
vehicle fire safety that is consistent with its 
philosophy of using system (vehicle) level tests to 
develop minimum performance requirements based 
on objective measures of human tolerance. In 
particular, NHTSA should address the magnitude and 
changing character of the motor vehicle fire problem 
by developing fire performance (fireworthiness) 
requirements for motor vehicles that will guarantee 
sufficient time for escape or rescue from a post-crash 
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fire.  Supporting standards should be developed 
based on human tolerance to the effects of fire and 
toxic gases (especially carbon monoxide), which are 
well defined [Tewarson, 2005 Vol. 1] and easily 
measured [Tewarson, 2005 Vol. 1; Hill, 1979 and 
1985].  To have a meaningful effect on post crash 
survivability, fireworthiness standards will guarantee 
passengers survivable conditions until rescue crews 
can arrive in the event of restricted egress or 
incapacitation.  Based on the analysis of emergency 
rescue operations 10-24 minutes are needed for 
emergency personnel to arrive at the scene after an 
incident occurs [Digges, ESV 2005a].  An additional 
5-10 minutes are probably required to perform the 
rescue operations (e.g., jaws of life), so that a realistic 
survival time is of the order of 15-30  minutes after 
impact.  Based on the analysis of full-scale vehicle 
fire test data [Tewarson ,2005 Vol. 1; Hill, 1979 and 
1985], there are a variety of technologies for 
improving fireworthiness.  
 
There are a number of technologies that will act to 
delay the fire penetration from the engine 
compartment to the passenger compartment [Digges, 
ESV 2007a].  These include: preventing the leakage 
of all flammable fluids, reducing the flammability of 
plastics used under the hood, fire-hardening 
bulkheads, openings, and conduits between the 
engine and passenger compartments, using fire 
resistant materials or intumescent seals around 
penetrations, and using less-flammable underhood 
liners, or other active or passive fire suppression 
systems. 
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APPENDICES 

 

APPENDIX A: DOOR OPENING TEST 
PROCEDURE 

BACKGROUND: 

The first part of this paper is the proposed test 
procedure, and it is recommended that this be added 
to FMVSS 301.  The second part of this paper 
describes a simple R & D project to determine a 
reasonable value for the maximum door opening 
force. 

PROPOSED DOOR OPENING TEST 
PROCEDURE FOR FMVSS  301:  

1. The vehicle should be subjected to the three 
crash tests as specified in the upgraded FMVSS 301.  
A given car only needs to be crashed once. 

2. At least one door per seating row which has 
a door that must be able to be opened after the crash.  
This should apply to both hinge and sliding doors. 

3. The door latch should be able to be 
unlatched with a force (or torque) no more than twice 
that which is needed for an un-crashed vehicle. 

4. After the crash, the door should be able to be 
opened by applying a force of no more than X 
pounds.  This force can be applied from either the 
inside or the outside of the door.  For the inside, the 
force should be applied at the normal shoulder 
position with the seat far forward.  For the outside 
pull, the force should be applied at the door handle. 

R & D TEST TO DETERMINE THE 
MAXIMUM DOOR OPENING FORCE: 

It is suggested that the maximum allowable door-
opening force, X, be determined by doing a simple 
experiment on a few un-crashed cars. 

The latch should be removed entirely.  Then attach a 
load cell to the door.  Have several volunteers push or 
pull on the door as hard as they can.  The subjects 
should include an elderly woman, a 5% adult female, 
and a 50% male.  They should both push from inside 
the car, and also try to open the door from the outside 
(as if they are trying to rescue someone).  The load 
cell will hold the door in fixed position.  The door 
does not need to actually open in this force test. 

Once the data is in hand, NHTSA can set the force 
maximum by deciding what percentile of the 
population you want to protect.  Maybe the 5% 
female will be enough and not design for the frail 
elderly.  You might assume that the rescuer (from 
outside) will on average be stronger than the 
occupant inside. 

The tests should be cheap because the vehicles will 
NOT be damaged.  This does not require any crash 
tests. 

 
 
APPENDIX B: COMPRESSED GAS VEHICLE 
BURN TEST 

Scope:  This is a proposed comprehensive vehicle-
level test for compressed hydrogen or compressed 
natural gas vehicles.  It can be used to replace or 
supplement the current fully-engulfed, bare-tank 
bonfire test (FMVSS 304 or a future hydrogen 
version of it). 

Rationale:  There are about 290,000 vehicle fires per 
year and about 520 fire fatalities per year [Ahrens, 
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2008].  Many of these fires are non-crash fires which 
initiate in the engine compartment but can spread to 
the passenger compartment.  Over 60% of the crash 
fires start under the front hood (for conventionally 
fueled vehicles with IC engines) and can also 
propagate into the passenger compartment [Digges 
2005a, 2005b and 2007a].  These crash-induced fires 
are particularly harmful when the occupants are 
injured or entrapped.  As vehicles become more 
energy efficient, increasing amounts of plastics and 
other flammable materials are being employed.  
Consequently, the amount of fuel available to feed an 
underhood fire is expected to increase. 

Many of the 290,000 vehicle fires do not spread.  
About half of the crash induced fires spread to the 
occupant compartment.  Some fires, especially those 
that engulf the occupant compartment will burn at 
high intensity and can attack the compressed gas fuel 
storage tank(s).  If a compressed gas tank explodes, 
there can be additional harm to emergency 
responders and by-standers, or to surrounding 
buildings. 

Compressed gas tanks are protected from burst by 
one or more thermally-activated Pressure Relief 
Devices (PRD). The PRD is sensitive to the increased 
temperature caused by a fire and is supposed to open 
and vent the contents of the tank(s) to the atmosphere 
before the tank wall structure becomes weakened and 
bursts. 

Bursts of a high pressure tank are very damaging 
because of the large amount of mechanical potential 
energy stored in the tank – independent of the 
chemical energy contained in the fuel.  Recent real 
world incidents and tests have shown the catastrophic 
results of high pressure tank bursts [Zalosh, 2005; 
Weyandt, 2007; Hansen, 2007; Perrette, 2007 and 
Stephenson, 2008].  

In an MVFRI research project [Zalosh, 2005] a 
typical Type 4 composite 5000 psi compressed 
hydrogen tank was exposed to a bonfire to evaluate 
the consequence of fire induced tank rupture.  The 
tank was tested without a PRD.  The composite tank 
material supported combustion after about 45 
seconds of exposure to the bonfire and ruptured after 
about 6.5 minutes.  In this test, blast pressures of  6 
psi were measured 21 ft away from the tank, and 
debris weighing 30 lbs. was propelled more than  250 
ft.  At the time of tank rupture, the pressure inside the 
5,000 psig tank had only increased by 180 psi and the 
temperature at the cylinder ends had risen only to 103 
oF. 

In another MVFRI research project [Weyand, 2007], 
a typical Type 3 (aluminum liner) 5000 psi 
compressed hydrogen tank was mounted under an 
SUV and exposed to a bonfire test.  The tank was 
tested without a PRD. Tank pieces and various 
vehicle components were ejected up to 300 feet from 
the vehicle.  An exclusion zone if 150 feet was 
required to avoid overpressure greater than 0.3 psi (a 
lower limit to avoid ear drum damage to humans). 
However, higher overpressure could occur beyond 
the 150 feet radius if reflected waves from 
surrounding buildings came into play [Weyandt, 
2007].   

In two recent incidents the fire started in the 
passenger compartment and attacked the tank(s) 
through holes in the back of the rear seats [Hansen, 
2007, NHTSA, ODI].  These two incidents occurred 
in vehicles made by OEM vehicle manufacturers – so 
these problems are not limited to aftermarket vehicle 
converters.  The tank bursts are thought to have 
occurred because the fire attacked the tank away from 
the PRD and the PRD did not get hot enough to 
activate before the tank burst.  

Every vehicle model design will have a unique 
tank(s) placement, vehicle geometry, and different 
pathways for the fire to approach the tank(s).  Some 
will have physical (metal) or thermal barriers 
surrounding the tank compartment.  The best way to 
demonstrate the correct operation of the PRD(s) is to 
conduct a real vehicle burn test. 

Proposed Test Procedure:  Four vehicles should be 
tested: 

(1).  An undamaged vehicle  

(2).  A vehicle after conducting the FMVSS 301 rear 
impact test* 

(3)  A vehicle after conducting the FMVSS 301 side 
impact test 

(4)  A vehicle after conducting the FMVSS 301/303 
frontal impact test 

The Following Procedures Apply to Tests of 
Vehicles 1 through 3: 

The vehicles should be fully fueled and all the 
electrical systems charged and connected. 

The ignition source for the fire should be a rag 
soaked in alcohol.  It should be large enough to 
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ensure ignition of the passenger compartment 
materials.  It should be placed under the dashboard or 
on the floor under the dashboard.  Two windows 
should be partially opened to provide adequate 
ventilation for the fire to spread. 

It is suggested that the fire be started in the front 
passenger compartment because: 

(1)  There may be many fewer underhood fires in 
H2/fuel cell vehicles. 

(2)  Even if the fire starts under the front hood, the 
fire doesn’t become dangerous until it spreads into 
the passenger compartment. 

(3)  In many H2 vehicle configurations, the H2 tanks 
are toward the rear of the vehicle 

*  FMVSS 301 is specified for the rear impact since it 
has a higher rear impact speed (80 km/h) than 
FMVSS 303 and uses the deformable barrier. 

The Following Procedures Apply to Test of 
Vehicle 4: 

After being subjected to the FMVSS 301 frontal 
crash, the vehicle would be tested for fire safety in 
the event of a major underhood fire.  The test vehicle 
should be fully fueled and all the electrical systems 
charged and connected.  The ignition source should 
be located near the front of the engine compartment   
The fire test procedure should be similar to that 
recommended by Hamins and incorporated in a 
research projected funded by MVFRI [Gunderson 
2005].  This test procedure involved initiating a fire 
of a sufficient intensity to ignite conventional engine 
compartment solid materials and fluids.  Two 
passenger compartment windows should be open as 
in the tests of vehicles 1 thru 3.  

It is proposed that the fire be started in the engine 
compartment because: 

(1)  Most fires in frontal crashes originate there 
[Digges, 2005a] 

(2)  About 2/3 of the crash fires with fatalities 
originate there [Digges, 2005b] 

(3)  Most underhood fires are fueled primarily by 
underhood fluids and solid materials other than the 
motor fuel [Digges, 2008]. 

Instrumentation:  The pressure in each compressed 
gas tank shall be measured in a way which will 
survive the fire.  A recommended way is to run high-
pressure tubing from the tank(s) to several feet from 
the vehicle and attach the pressure transducers to the 
end of the tube(s) away from the fire.  The pressure 
instrumentation will confirm that the tanks have 
vented down to at most 20 bar without burst. 

Test Criteria:  A successful test is one in which the 
compressed gas tanks vent to less than 20 bar (ca 300 
psi) before any of the tanks burst. 

If the fire goes out, or does not spread in the direction 
of the tank(s), the test should be repeated with a 
larger ignition source fire.  It is necessary to provide 
adequate ventilation to ensure that the fire spreads 
and grows. 

Safety Caution:  If a tank has been exposed to fire 
and is still pressurized, it can still burst – even after 
some delay.  Personnel should stay safely away from 
the vehicle until the tank is de-pressurized.  This can 
be accomplished by a remotely activated valve (not 
in the fire zone) or by puncturing the wall of the tank 
with a rifle bullet. 

Discussion: A full-scale vehicle burn test was 
conducted by SwRI [Weyandt, 2007].  In this case 
the ignition source was a propane burner under the 
vehicle simulating a pool fire. 

GM conducted a large series of well-instrumented 
vehicle burn tests under its agreement with DOT 
[Project B.3].  These were for conventionally-fueled 
vehicles. 

It is believed that several OEMs have performed 
vehicle burn tests for CNG vehicles – in some cases 
to validate the fix for the tank bursts [Hansen 2007, 
NHTSA]  

Another report containing over 20 vehicle burn tests 
with heat release rate versus time curves is available 
[Janssens, 2008]. So clearly performing such vehicle 
burn tests is feasible. 

It should also be noted that the government and 
industry have been conducting full scale crash tests 
for occupant crash protection for many decades.  It is 
obvious that testing a complete vehicle is preferable 
to testing the various components that are involved in 
a vehicle crash.  A similar rationale shows that a 
complete vehicle burn is the best way to demonstrate 
vehicle fire safety.  The best way to test a complex 
system is to test it as a complete vehicle system. 
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Advantages of performing this vehicle burn test 
include: 

1.  The combustible materials are those of the real 
vehicle. 

2.  The flame spread paths are the same as for the 
actual vehicle.  Thus the direction that the fire attacks 
the tank(s) is representative of the real world 

3.  The tank(s) and PRD(s) are in the intended 
positions relative to other parts of the vehicle. 

4.  All physical and thermal barriers are in place as 
designed. 

5.  The PRD(s) will then experience real temperatures 
which should demonstrate that it can protect the 
tank(s).  Demonstrating this during the design 
qualification phase will prevent accidents and 
possible recalls after the vehicles are on the road. 

 6.  Test vehicles 2, 3 and 4 would have real world 
crash deformations and are performed in standardized 
tests used by the government and industry for many 
years. 

Disadvantages of performing these tests: 

1.  There are personnel safety issues that must be 
carefully considered (there are similar issues with the 
current bonfire test.) 

2.  One additional vehicle (the undamaged one) will 
need to be tested.  (Note: the front, rear, and side 
impact vehicles already need to be crashed for 
FMVSS 301/303). 

3.  Cost of performing the four tests. 
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APPENDIX C:  BONFIRE TEST BURST TIME 
MARGIN 

Scope: This test procedure applies to any high-
pressure Compressed Hydrogen or Compressed 
Natural Gas vehicular storage tanks. 

Rationale:  A vehicle-level burn test (See Appendix 
D) is preferable to a bare-tank bonfire test.  But if it is 
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decided to keep the tank-level (or high pressure 
containment system) bonfire test, then it should be 
improved to provide a burst time margin. 

The current fire exposure test (bonfire test) for 
compressed gas storage tanks and their protective 
thermally-activated Pressure Relief Devices is a 
pass/fail test on a single tank.  There is no 
information on whether the tank “passes” (fails to 
burst) by 5 seconds or 5 minutes. 

Tank burst is a very violent event [Hansen, 2007; 
Perrette, 2007; Weyandt, 2007; and Zalosh, 2005].  
These referenced tests and real-world tank explosions 
caused by fire show that sizable tank and/or vehicle 
fragments can be thrown up to 350 feet. These 
fragments can do damage to people or property and 
thus the probability of occurrence of a tank burst 
must be kept very low. 

Other common tank-level tests which are designed to 
avoid burst have explicitly known margins. 

-Tank burst – >1.8 times nominal working pressure  

-Sample size in design qualification = 3 (SAE J2579 
Section 5.2.2.3.3) 

-Fatigue life – 3 times expected number of cycles. 

- Sample size in design qualification = “at least one” 
(SAE J2579) 

Proposed Test Procedure: The bonfire should be set 
up as specified in FMVSS 304 (CNG) or SAE J2579 
(H2). One tank should be bonfire tested without a 
PRD to establish a baseline tank burst time. A second 
tank with the PRD and other specified hardware in 
the high pressure containment system should be 
tested as specified in FMVSS 304 or SAE J2579. 
Subsequent to the bonfire test, the tank should be 
pressurized until burst (without the PRD) to 
determine its strength margin. 

Instrumentation:  The pressure in the compressed 
gas tank should be measured in a way which will 
survive the fire.  A recommended way is to run high-
pressure tubing several feet from the tank and attach 
the pressure transducer to the end of the tube away 
from the bonfire. 

This pressure measurement will document the PRD 
activation time and the tank vent-down, and confirm 
that the tank does not burst until it reaches 20 bar (ca 
300 psig) or below.  The 20 bar vent-down pressure 

is thought to be low enough that even if the tank 
would burst, that the damage would be minimal.  
Also, in most systems, the venting will occur more 
rapidly than the tank wall will weaken – so once the 
PRD starts venting it is unlikely that the tank will 
subsequently burst. 

Test Criteria:  A successful test is one in which the 
second compressed gas tank vents to less than 20 bar 
(ca 300 psi) at 60% or less of the baseline tank burst 
time. The resulting 40% time margin should be 
adequate to cover tank-to-tank and test-to-test 
variations. 

It is suggested that the post-test burst pressure be 
greater than 1.5 times the nominal working pressure. 

Safety Caution:  If a tank has been exposed to fire 
and is still pressurized, it can still burst – even after 
some delay.  Personnel should stay safely away from 
the tank until the tank is de-pressurized.  This can be 
accomplished by a remotely activated valve (not in 
the fire zone) or by puncturing the wall of the tank 
with a rifle bullet. 

Discussion: The purpose of the pressure burst test is 
to demonstrate a fire exposure time margin and a 
burst strength margin for the surviving tank of test 
two.  

Advantages of performing this extra bonfire test 
include: 

1.  It will establish a known time margin between the 
exposure to fire and the tank burst. 

2.  We will know the residual strength of the tank 
after successful venting of its contents 

3.  It is consistent with the demand and capability 
probability distribution (SAE J2579, Figure C1). 

For the bonfire test the level of stress represents time.  
The “demand distribution” is the severity of the fire 
exposure (either in the bonfire test itself or in real 
world vehicle fires).  The “response distribution” 
represents the probability of a tank burst if the PRD 
does not successfully open and vent the tank.  The 
time margin (shown by the vertical arrow) provides a 
separation of these two distributions. 
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Figure C1. Basis of Criteria for Bonfire Test 

Disadvantages of performing this extra test: 

1.  Requires one extra tank and tank test. 

2.  The extra cost to perform the first test. 
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ABSTRACT 
 
Recent attention has focused on adults in farside 
crashes but little attention has been given to children 
in farside crashes.  Thus, we sought to elucidate 
Injury Causation Scenarios (ICS’s) in children in 
center and farside seat positions.  Crash investigation 
cases were drawn from the Partners for Child 
Passenger Safety Crash Investigation database, and 
the Crash Injury Research and Engineering Network 
database.  Included in the study were children aged 4 
to 15 years, involved in a side impact crash, seated on 
the center or farside in the rear rows, restrained by a 
seat belt alone (no booster seats or side airbags) and 
who received an AIS 2+ injury.  Excluded cases were 
those where the only documented AIS 2+ injury was 
an altered state of consciousness (concussion, 
amnesia, or brief loss of consciousness).  Seventeen 
cases met the inclusion criteria for this study.  The 
three most frequently injured body regions to receive 
an AIS 2+ injury were: head, abdomen, and thorax, 
with thoracic injuries being quite rare.  Intracranial 
injuries included cerebral contusions, subarachnoid 
hematoma/hemorrhage, edema, and 
extradural/epidural hematoma.  Skull and facial 
injuries consisted of vault, orbit and maxillary 
fractures.  Eight occupants had torso injuries: lung 
contusion, clavicle fracture, spleen laceration or 
rupture, liver laceration or contusion, and laceration 
or contusion to the digestive tract organs of the lower 
abdomen.  Our results indicate that injury patterns 
and mechanisms are unique to children, and thus 
require a mitigation approach different than the adult.  
Of note, thoracic injuries, which are common in adult 
farside crashes, are relatively rare in pediatric farside 
crashes.  Farside abdominal injury patterns suggest a 
lap belt submarining mechanism in children, injuring 
primarily the intestinal viscera.  These findings 
further support that children require a different 
approach to injury mitigation than the adult, and have 
abdominal injuries in farside crashes that may be 
addressed by injury mitigation solutions for frontal 
impact. 
 
 

INTRODUCTION 
 
Successful development of side impact safety 
systems for the rear rows of passenger cars requires 
an understanding of factors that contribute to injury 
causation and mitigation.  When considering the rear 
row, of particular interest to the vehicle safety system 
designer should be injury to children, who are 
frequent occupants there.  Development of pediatric 
vehicle safety systems is justified and should be 
guided by real world crash data.  To set priorities for 
protecting specific age and restraint groups, safety 
system designers should use epidemiological data on 
the incidence and frequency of car crashes involving 
children.  To set design specifications for safety 
systems requires an understanding of specific Injury 
Causation Scenarios (ICS’s), including a complete 
description of injuries received, the components 
within the vehicle that contribute to injury, and the 
biomechanics of the injury.  Using such ICS studies, 
biomechanical experiments with post-mortem human 
subjects, animal surrogates and/or human volunteers 
can be conceived which are reflective of real world 
impact conditions and injury outcome, but conducted 
within a controlled laboratory environment with 
appropriate instrumentation.  Such tests then form the 
basis for biofidelic anthropomorphic test devices and 
associated injury criteria and, coupled with an 
appropriate safety system test procedure, can 
potentially lead to enhanced safety systems. 
 
Seeking information on ICS’s, the safety system 
designer can turn to detailed in depth case reviews of 
convenience samples of real world crashes.  For 
example, Howard et al. (2004) studied 19 children 
aged 0 to 12 years involved in side impacts in all 
types of restraint conditions and seating positions, 
who were admitted to one of two children’s hospitals 
in Canada.  The authors found injuries occurred both 
with and without direct intrusion into the occupant 
compartment, suggesting that injuries may occur in 
center and farside seat positions, which are distant 
from struck side structures.  As the Howard study 
attempted to describe injury causation across a wide 
range of restraint conditions, seating positions, and 
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occupant ages, the applicability of the results may be 
limited for restraint designers.  Focusing on children 
0 to 5 years old in child restraints, Sherwood et al. 
(2003) examined 92 reports of FARS crashes of all 
crash directions.  Studying detailed crashes involving 
children by particular restraint type groupings is a 
useful approach to determine ICS’s, as occupants are 
all exposed to similar restraint loading mechanisms.   
In a sample of 32 side impact crashes, for example, 
Arbogast et al. (2005a) studied CRS-restrained 
occupants, and noted the important role of intrusion, 
the forward component of the crash forces, and the 
rotation of the CRS toward the side of the crash, as 
common contributing factors to injury.  Focusing on 
older children (4 to 15 years) not in CRS (belt-
restraint only) in struck side crashes, Maltese et al. 
(2007) found the majority of head and face interior 
contact points were horizontally within the rear half 
of the window, and vertically from the window sill to 
the center of the window.  In that same study, the 
most common cause of torso and abdominal injury 
was contact with the side interior structure. 
 
Recent attention has focused on adults in farside 
crashes or side impact crashes where the occupant is 
seated opposite the struck side of the vehicle 
(Frampton et al. 1998; Stolinski et al. 1998; Gabler et 
al. 2005).  For adults, the injury patterns in farside 
crashes differ from struck side crashes in meaningful 
ways.  For example, Yoganandan et al. (2000) noted 
increases in liver and intestinal injuries, and 
decreases in splenic injuries, in belted and unbelted 
farside adult occupants, as compared to the 
struckside.  To our knowledge, no farside studies 
have yet focused on children.  Thus, the purpose of 
this research was to elucidate injury causation 
scenarios for children in farside crashes.  These data 
are useful for guiding the development of vehicle 
injury mitigation concepts for children, and ensuring 
ATD biofidelity and injury criteria studies address 
injuries and injury mechanisms observed in the real 
world. 
 
METHODS 
 
The research presented herein was conducted in 
accordance with a protocol that has been approved by 
the Institutional Review Board of The Children’s 
Hospital of Philadelphia. 
 
Crash investigation cases were drawn from two 
databases: 1) the Partners for Child Passenger Safety 
(PCPS) Crash Investigation database, and 2) 
NHTSA’s Crash Injury Research and Engineering 
Network (CIREN) database. The PCPS Crash 
Investigation database consists of crashes involving 

injured child passengers reported to an automobile 
insurance company in the United States, and selected 
for detailed crash investigation.   The CIREN 
database obtains its data from patients admitted to a 
network of level-one trauma centers in the United 
States, who are subsequently selected for a detailed 
crash investigation.   Inclusion criteria were as 
follows: 
 

1. Occupants restrained by a 2-pt or 3-pt 
seatbelt, regardless of misuse, 

2. 4 to 15 years of age, 
3. Seated in one of the rear rows and in the 

center or farside (away from the side of the 
vehicle damaged during the crash) position 
during a side impact crash, and  

4. Received a maximum Abbreviated Injury 
Scale (MAIS) injury of 2 or more (AAAM 
2001). 

 
A “side impact” was defined as one in which the case 
occupant’s vehicle sustained damage to its side plane 
with a principle direction of force that is 45 to 135° 
or 225 to 315°.  Excluded cases were those where the 
only documented AIS 2+ injury was an altered state 
of consciousness (concussion, amnesia, or brief loss 
of consciousness), as such a diagnosis does not 
provide sufficient physical evidence to support 
determination of an ICS.   
 
Crash investigators examined the interior and exterior 
of the vehicles involved, looking for evidence of 
occupant contact, including scuff marks and tissue, 
hair, bodily fluid and clothing fabric transfer, and 
associated such evidence with injuries to specific 
body regions.  Occupant contact points on the interior 
side structure are thus identified by photograph and 
included in the detailed crash report.  Cases meeting 
the inclusion criteria were subject to a preliminary 
quality control review including checks for sufficient 
information on occupant injuries, vehicle dynamics 
and damage, and interior contact points. To 
determine ICS’s, a multi-disciplinary Case Review 
Team (CRT) was established consisting of trauma 
surgeons, emergency medicine physicians, 
bioengineers, crash investigation specialists, and 
database analysts.  The case review process included 
review of crash conditions, restraint and occupant 
characteristics, occupant injuries, and occupant 
contact points within the vehicle. 
 
Following review of the case, AIS 2+ injuries were 
coded using the CIREN BioTAB method developed 
by Schneider (2005).  The BioTAB approach to 
analyzing occupant injuries in a crash allows the 
researcher to attribute one or more injury causation 
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scenarios (ICS) to each injury, where each ICS 
includes the set of all factors that the researcher 
believes are essential for the injury to have occurred. 
Each ICS includes “involved physical components” 
(things external to the occupant) that are thought to 
have played an essential role in the injury.  Because it 
is not always possible to know for sure what caused 
an injury, the researcher must also assign confidence 
levels of “Certain”, ”Probable”, and “Possible” to 
each ICS and to each involved physical component 
within each ICS.   
 
Data was stored in a relational database for analysis.  
Data analysis, summary and presentation are divided 
into two stages.  First, the crash environment and 
overall injury patterns are summarized.  Second, the 
injury descriptions, and ICS’s are presented. 
 
RESULTS 
 
Seventeen cases met the inclusion criteria for this 
study; nine from the CIREN database and eight from 
the PCPS database (Table 1).  Before discussing the 
nature of the injuries, it is necessary to describe the 
circumstances of the crashes. The vehicles in which 
the case occupants were riding were most often 
passenger cars (82%), followed by Minivans (12%) 

and Sport Utility Vehicles (6%). The bullet vehicle 
type was most often a Sports Utility Vehicle (41%), 
followed by passenger cars (35%), and an equal 
number of minivans, pickup trucks, and large trucks 
(6% each). Contact with a narrow object (i.e. utility 
pole) made up 6% of impacting objects. The average 
Delta V was 23.2 km/h with a standard deviation of 
9.1 km/h.  88% of impacts had a principle direction 
of force (PDOF) between pure lateral and 30 degrees 
forward of pure lateral.  All cases had a non-zero 
frontal component in the PDOF of the crash. Side 
impacts to the case vehicles occurred most often on 
the right side due to the case vehicle turning left 
across oncoming traffic.  The primary area of damage 
in case vehicles encompassed the passenger 
compartment and rear lateral side (47%). In 35% of 
cases, the damage was only to the passenger 
compartment, and in 18% it included the passenger 
compartment and the front lateral side of the vehicle.  
Case vehicle model year distribution was as follows: 
29% of vehicles were manufactured between 1990 
and 1994, 59% between the years of 1995 and 1999, 
and 12% of vehicles were manufactured in the year 
2000 or later. 
 
 
 

 
Table 1. 

Vehicle and Crash Characteristics for Sample of Belt-Restrained Children in Farside Crashes 
 

ID Occupant's 
Vehicle Type 

Bullet Vehicle 
Type 

Impact 
Side 

PDOF* 
(degrees) CDC Delta V 

(km/h) 

1 4-dr Passenger 4-dr Passenger L 40 10LYEW5 38 
2 4-dr Passenger SUV L 30 10LZAW3 21 
3 Minivan Pickup R 30 2 RZEW2 7 
4 4-dr Passenger 4-dr Passenger L 30 10LPEW2 18 
5 4-dr Passenger SUV R 15 4 RZAW4 29 
6 4-dr Passenger 4-dr Passenger R 30 02RPEW3 n/a 
7 4-dr Passenger SUV R 10 3 RPAW3 27 
8 SUV SUV L 60 11LYEW4 33 
9 Minivan Pole R 10 00RPAW3 20 
10 4-dr Passenger 4-dr Passenger R 10 03RPEW2 18 
11 4-dr Passenger Minivan L 10 09LZEW1 n/a 
12 4-dr Passenger 2-dr Passenger R 30 02RZEW1 11 
13 4-dr Passenger SUV R 20 02RZAW3 23 
14 4-dr Passenger 4-dr Passenger R 20 02RPAW3 19 
15 2-dr Passenger SUV R 10 03RZAW3 38 
16 4-dr Passenger Large Truck R 10 03RYAW3 n/a 
17 4-dr Passenger SUV R 20 02RZAW4 23 

*PDOF defined here as the angle with respect to pure lateral; positive value indicates an angle 
forward of pure lateral. 
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The average age of the case occupants was 8 years 
old, with a standard deviation of 2 years, and a range 
of 5 to 13 years (Table 2).  65% of the case occupants 
were male. Because our study examines the 
occupant’s interaction with the seat belt and the 
vehicle interior – factors influenced by occupant size 
rather than age - we concluded that the occupants 
would be better grouped by height than by age.  
Using the Center for Disease Control (CDC) growth 
charts, we established height ranges according to 50th 
percentile 4 to 8 year olds, 9 to 12 year olds, and 13 
to 15 year olds, then reclassified each occupant 
according to the equivalent 50th percentile for his or 

her height. The heights of two occupants were 
unknown; in these cases the actual age was used. 
59% of case occupants fell in the 4-8 year equivalent 
height range (104 to 131 cm), 29% were in the 9-12 
equivalent height range (132 to 152 cm), and the 
remaining 12% had a height equivalent in the 13-15 
year range (153 to 172 cm).  
 
59% of the case occupants were seated in the farside 
position, which is the position furthest away from the 
impact. In the farside position, all case vehicles had a  
 

 
Table 2 

Occupant Characteristics for Sample of Belt-Restrained Children in Farside Crashes 

ID Height 
(cm) 

Body 
Mass 
(kg) 

Actual 
Age 
(yrs) 

Height-
Adjusted 

Age 
Range** 

(yrs) 

Sex Seat 
Position* Restraint MAIS 

1 122 27 7 4-8 M 23 Lap/shoulder belt 3 
2 115 20 7 4-8 F 23 Lap/shoulder belt 4 

3 122 27 7 4-8 M 32 
Lap belt improperly 

worn 3 
4 114 16 6 4-8 M 23 Lap/shoulder belt 3 
5 n/a 30 7 4-8 F 22 Lap belt 4 
6 165 n/a 12 13-15 F 21 Lap/shoulder belt 5 

7 122 25 7 4-8 F 21 

Lap/shoulder belt 
with shoulder under 

arm 3 

8 123 19 6 4-8 M 23 

Lap/shoulder belt 
with shoulder behind 

back 3 
9 152 40 11 9-12 M 31 Lap/shoulder belt 3 

10 152 32 7 9-12 M 22 Lap belt 2 
11 168 66 13 13-15 M 23 Lap/shoulder belt 3 
12 122 n/a 6 4-8 F 22 Lap belt 3 

13 132 24 8 9-12 M 22 

Lap/shoulder belt 
with shoulder behind 

back 2 
14 140 25 7 9-12 M 22 Lap belt 2 
15 109 25 5 4-8 M 21 Lap/shoulder belt 3 

16 n/a n/a 5 4-8 F 22 
Lap belt improperly 

worn 2 
17 132 34 9 9-12 M 21 Lap/shoulder belt 2 

 
* For seat position, the first digit indicates the row (2 = 2nd row, and 3 = 3rd row), and the second digit indicates the 
position on the row (1 = left, 2 = center, 3 = right). 
** For height adjusted age range, we established height ranges according to 50th percentile 4 to 8 year olds, 9 to 12 
year olds, and 13 to 15 year olds, and then reclassified each occupant according to the equivalent 50th percentile for 
his or her height. 
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lap and shoulder belt available; however 20% of the 
occupants misused the restraint, placing the shoulder 
portion of the belt behind their back or under their 
arm, so that they were effectively lap belt restrained 
only.  41% of case occupants were seated in the 
center position, where a lap belt was the only 
restraint available in 86% of these cases.  However, 
all center-seated occupants were effectively lap belt 
restrained only due to misuse.  Overall, for both the 
center and far-side seating positions, 53% of 
occupants were effectively lap belt restrained only.  
In addition, 12% of center-seated occupants misused 
the lap belt by wearing it very loosely.   

 
It is important to note that over 70% of the children 
in our study were aged 4 to 7 years and are thus 
considered improperly restrained without a booster 
seat, according to recommended practice (AAP 
2007).  All case occupants had injuries of AIS 2 or 
greater, as it was an inclusion criterion.  71% of 
occupants had injuries of AIS 3 or greater and 18% 
had injuries that met or exceeded AIS 4.  The three 
most prevalent injured body regions to receive an 
AIS 2+ injury were: head (71%), abdomen (36%), 
and thorax (12%).  Specific injuries are described 
  

Table 3 
Head and Face Injury Characteristics for Sample of Belt-Restrained Children in Farside Crashes 

 

ID 
Body 

Region 
IPC to Body Region 

Contacted 
IPC 

Confidence Specific Injury Description 
AIS 
Code 

2 Head Other occupant to head Certain 

Cerebrum hematoma/hemorrhage 
epidural or extradural small 

140632.4 

Vault skull fracture comminuted 150404.3 
Cerebrum subarachnoid 
hemorrhage 

140684.3 

3 Head 
Window to head Probable Small right cerebrum contusion 140606.3 

C-pillar to head Probable 
LOC <1 hour with neurological 
deficit 

160204.3 

4 Head 
Seatback to head Probable 

Left vault skull fracture 
comminuted 

150404.3 

Other occupant to head Possible 
Left cerebellum subarachnoid 
hemorrhage 

140466.3 

5 Head 
Window sill to head Probable 

Unconscious 1-6 hours (GCS <9) 160810.3 
Other occupant to head Possible 

9 Head Unknown to head Unknown Concussion (NFS) 161000.2 

10 Head 
Right interior surface 

hardware to head 
Certain 

Non-displaced frontal skull 
fracture 

150402.2 

11 Head Unknown to head Possible Right anterior cerebrum contusion 140602.3 

12 Head Other occupant to head Certain 
Closed head injury with brief LOC 
(convulsions/combative) 

160202.2 

Fractured right occipital bone 150200.3 

13 Face Door interior to face Certain 
Right orbit fracture 251200.2 
Right maxillary fracture 250800.2 

14 Head 
RF seatback to head Possible 

Concussion (NFS) 161000.2 
RF headrest to head Probable 

15 Head 
Other occupant to head Possible 

Brain "swelling" (induced coma) 140660.3 
Seatback to head Possible 

16 Head Unknown to head Unknown Severe head laceration (NFS) 190604.2 
17 Head Other occupant to head Probable Concussion (NFS) 161000.2 
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below, grouped by regions of the body that have 
similar contact points within the vehicle: a) head and 
face injuries, b) thorax, abdomen, upper extremity, 
and pelvis injuries. No AIS 2+ injuries were suffered 
to the spine or lower extremities.  
 
Head and Face Injuries 
 
13 occupants received an AIS 2 or greater head or 
face injury (Table 3).  12 of the occupants had head 
injuries without accompanying facial injury, and the 
remaining case had facial injuries without 
accompanying head injury. Intracranial injuries 
included cerebral contusions (2 cases), subarachnoid 
hematoma/hemorrhage (2 cases), edema (1 case), and 
extradural/epidural hematoma (1 case).  Extracranial 
injuries consisted of vault skull fractures (4 cases), 
and one case each of orbit and maxillary fracture.  A 
severe scalp laceration was also an injury for one 
case.  Loss of consciousness was coded for 6 of the 
cases, being the sole head/face injury for four cases.  
For three of these cases, the loss of consciousness 
was considered severe (AIS 3) due to an extended 
period of unconsciousness, convulsions/combative 
behavior, or resulting neurological deficit.  For the 
remaining three cases, the diagnosis of concussion 
was not supported with additional medical evidence, 
and thus was given the outcome “not further 
specified.”  
 
The BioTAB method allows multiple ICS to be 
associated with a single injury in a single case, which 
occurs when the CRT concludes that there are 
multiple ways in which the injury occurred.  For 
example, the head injury in case 15 may have been 
caused by contact with another occupant, or contact 
to the right front seatback. 
 
Head and face injury was attributed most often to 
contact with another passenger seated between the 
case occupant and the impact (33%). This additional 
occupant was present in only 54% of cases with a 
head/face injury, but of this number, 86% of cases 
listed the other occupant as a source of injury. The 
second most common source of head and face injury 
was the interior structure on the struck-side door 
(28%), with one occurrence each of window, c-pillar, 
window sill, interior hardware, and door interior 
contact.  For 22% of head/face injuries, contact was 
attributed to the seatback or headrest of the seat that 
was both in front of the occupant and closest to the 
side of impact.  For the remaining 17% of head and 
face injury causation scenarios, the source of injury 
was unknown.  
 

Thorax, Abdomen, Upper Extremity, and Pelvis 
Injuries 
 
Eight occupants had injuries to the “trunk” of the 
body, consisting of the thorax, abdomen, upper 
extremity and pelvis (Table 4).  Injuries included 
lung contusions (2 cases), spleen lacerations or 
ruptures (2 cases), liver lacerations and contusions (2 
cases), jejunum-ileum lacerations (2 cases), colon 
lacerations and contusions (2 cases), and one case 
each of clavicle fracture, myocardium heart 
contusions, retroperitoneum hemorrhage, mesentery 
contusion, small intestine laceration, and displaced 
iliac wing fracture.  
 
Overall, 88% of individual torso injuries were caused 
by contact with the belt, including the lap, shoulder, 
or some combination of the two. For the upper torso, 
encompassing the upper extremities, thorax, and 
superior abdominal organs (specifically the liver and 
spleen), the shoulder belt was the most common 
injury source (accounting for 75% of individual 
injuries and 66% of unique causation scenarios).  In 
one of these cases, the shoulder belt was worn 
incorrectly under the occupant’s arm, however for all 
others the shoulder belt was worn properly with the 
lap belt.  Contact with another occupant or with a 
child restraint seat each account for an equal part of 
the remainder of upper torso injures.  All injuries to 
the lower torso, consisting of the inferior abdominal 
organs (small intestine, mesentery and colon) and 
pelvis were attributed to contact with the lap belt.  
For 88% of injures and 80% of unique injury 
causation scenarios, the case occupants were 
effectively lap belt restrained only due to both belt 
availability and misuse.  The remaining occupants 
with lower torso injuries were restrained by both lap 
and shoulder belt. 
 
DISCUSSION 
 
Our work presented herein is the first that 
investigates ICS’s in belt-only restrained children in 
farside crashes, and complements other population-
based injury risk and in-depth crash investigation 
studies of the same restraint and age group (Maltese 
et al. 2005a; Maltese et al. 2005b; Maltese et al. 
2007), as well as studies of children in forward facing 
child restraints in side impacts (Arbogast et al. 2004a; 
Arbogast et al. 2005a), and children in booster seats 
in side impacts (Arbogast et al. 2005b).  These data 
provide guidance for increasing protection of 
children in these distinct restraint conditions. 
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Table 4 

Thorax, Abdomen and Pelvis Injury Characteristics for Sample of Belt-Restrained Children in Farside 
Crashes 

 

ID 
Body 

Region 

IPC to Body 
Region 

Contacted 

IPC 
Confidence Specific Injury Description AIS Code 

1 Abdomen 
Lap belt to 
abdomen 

Certain 
Inferior/lower jejunum-ileum 
laceration/perforation (OIS 
Grade III) 

541121.3 

5 
Thorax 

Other occupant 
to torso 

Certain 
Bilateral inferior lower lung 
contusion 

441410.4 

Upper 
Extremity 

CRS to shoulder Certain 
Left clavicle fracture (OIS 
Grade I or II) 

752200.2 

6 

Thorax 
Shoulder belt to 

chest 
Certain 

Bilateral lung contusion 441410.4 
Minor central myocardium 
heart contusions 

441004.3 

Abdomen 
Shoulder belt to 

abdomen 
Certain 

Right complex liver 
laceration 

541828.5 

Right minor liver contusion 541812.2 

7 Abdomen 
Incorrectly worn 
shoulder belt to 

abdomen 
Certain 

Moderate spleen laceration 
(OIS Grade III) 

544224.3 

8 Abdomen 
Lap belt to 
abdomen 

Certain 

Retroperitoneum hemorrhage 543800.3 
Jejunum-ilium laceration 541422.2 
Mesentary contusion 542010.2 
Colon contusion 540810.2 

9 Pelvis Lap belt to pelvis Certain 
Right comminuted superior 
anterior displaced iliac wing 
fracture 

852604.3 

11 Abdomen 
Lap/shoulder 

belt to abdomen 
Certain 

Lacerated/ruptured spleen 544220.2 
Lacerated small intestine 541020.3 

16 Abdomen 
Loosely worn lap 
belt to abdomen 

Certain 
Torn colon with internal 
bleeding 

540822.2 

 
Over the past several years, our research Center has 
studied children in side impact crashes who are 
restrained by seat belts and who are seated on the rear 
rows.  As rear rows of many vehicles accommodate 
three seat positions (struck-side, center, and farside), 
our studies compare injury rates and patterns for all 
three positions across each rear row.  This research 
line has yielded several important findings that help 
elucidate the injury problem in side impact.  For 
example, the farside injury risk for belt-restrained 
children is nearly half that of struck side children 
(OR:0.55, 95% Confidence Interval: 0.33-0.93),  
however, the center seat position has injury risk 
comparable to the struck side (OR; 1.15, 95% CI: 
0.50, 2.66) (Maltese et al. 2005b).  Our population-

based studies provide context for studies such as 
those presented herein.  That is, the present study is a 
convenience sample, with no formal consideration for 
sample representativeness to the population.  Thus, 
where possible it is important to compare variables 
common to both population and convenience studies 
to validate the latter.  Toward this end, the most 
frequently injured body region for belt restrained 
farside child occupants in population-representative 
studies (Maltese et al. 2005a) is the head (56% of 
occupants have head injuries) followed by the face 
(24 %), abdomen (11 %) and then the chest (8%).  
The data presented herein also reflect this injury 
pattern, as 13 of 17 cases had head and face injuries,  
6 of 17 cases had abdominal injuries, and 2 of 17 
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cases had chest injuries.  The head injuries in our 
cases consisted of common adult intracranial injuries 
including hemorrhage/hematoma (subarachnoid, 
epidural, or extradural, but no subdural), contusion, 
concussion, and loss of consciousness.  Extracranial 
injuries included vault fractures and facial bone 
fractures.  All brain injuries were attributed to contact 
with a vehicle interior or exterior structure.  No brain 
injuries were associated with “non-contact” events, 
where the occupant receives a brain injury but does 
not strike their head on any surface or structure. 
 
Our finding of infrequent chest injury among farside 
child occupants herein and in our population-based 
study (Maltese et al. 2005a), stands in stark contrast 
to farside adult occupants analyses, where the chest is 
highlighted as the most frequently injured body 
region (34% of all injuries), followed by the head 
(27%), extremities (25%) and abdomen (7%) (Gabler 
et al. 2005).  This suggests that children present a 
farside injury mitigation problem that is different 
than the adult’s. 
 
The question then arises as to the reason for the fewer 
thoracic injuries in children compared to the adult – 
is it biomechanical, environmental, or a combination 
thereof?  One could argue that there are 
environmental differences between Gabler’s farside 
population, who are largely front seated, and the data 
presented herein which are exclusively seated in the 
rear rows.  Gabler notes that the primary injury 
source in the farside crashes with adults is the struck 
side front seatback, whereas herein the injury sources 
in the two cases with thoracic injuries were the belt 
and the adjacent occupant.   
 
From a biomechanical standpoint, inspection of the 
torso maturation process reveals substantial 
differences in the structure and material composition 
between the adult and child chest.  The sternum 
consists of 6 main bones – the manubrium superiorly, 
followed by sternebrae 1 through 4 and the xiphoid 
process.  The 4th sternebra appears at age 12 months, 
while the xiphoid process appears at 3 to 6 years.  
Fusing between sternebrae begins at age 4 years and 
continues through age 20 years.  The sternum as a 
whole descends with respect to the spine from birth 
up until age 2 to 3 years, causing the ribs to angle 
downward when viewed laterally, and the shaft of the 
rib to show signs of axial twist deformation (Scheuer 
and Black 2000).  The costal cartilage also calcifies 
with age, likely influencing its flexibility.  As 
discussed by Kent et al. (2005), aging bone shows a 
decrease in elastic modulus beyond adult middle age, 
and ribs alone in bending demonstrate decreased 
breaking strength with increased age.  These material 

and morphological changes during the maturation 
and aging phases of human life likely influence the 
injury response of the chest.  For example, no rib 
fractures were found in a recent series of blunt 
impacts into the thoraces of nine post-mortem human 
subjects ages 2 to 12 years (Ouyang et al. 2006), yet 
the same type of test performed on adults produced 
rib fractures in 18 of 22 subjects (Kroell et al. 1974).  
These maturation-related changes of the chest 
highlight the uniqueness of the pediatric restraint 
problem from the perspective of ATD design, injury 
criteria selection and tolerance, and design of 
restraints such as seat belts. 
 
Behind the head, the abdomen was the second most 
frequently injured body region (6 of 17 cases), the 
same injured body region rank as population-
representative studies (Maltese et al. 2005a).  
Elucidation of the mechanism of these injuries can be 
found by first comparing struck-side abdominal 
injuries vs. center and farside abdominal injuries.  
Our previous study of struck side injuries revealed 
primarily spleen or liver injuries, with the injury 
(liver vs. spleen) depending on which organ was on 
the struck side of the crash.  However of the 11 AIS 
coded abdominal injuries presented herein, only 4 
injuries were those similar to struck side child 
victims (spleen and liver); the remaining 7 were 
injuries to the viscera of the abdomen (jejunum-
ileum, retroperitoneum, mesentery, colon, small 
intestine).  These highlight a decidedly different 
injury mechanism for the farside / center occupants 
that bears resemblance to abdominal injuries in 
frontal crashes.  That is, in a population-
representative study of abdominal injuries in 
children, stomach and intestinal injuries were 
represented in 77% of those children with AIS2+ 
abdominal injuries involved in frontal crashes, and 
injuries to the liver, spleen and kidney were each less 
than 10% (Arbogast et al. 2004b).  The high 
incidence of stomach and intestine injuries in the 
frontal impacts was attributed to lap belt 
submarining, where the boney pelvis slides under the 
lap portion of the belt and the abdominal viscera are 
exposed to compression by the belt (Arbogast et al. 
2007).  Despite the fact that the cases presented 
herein were side impacts, the injury patterns observed 
are similar to lap belt submarining injuries observed 
in frontal crashes.   
 
CONCLUSIONS 
 
Injury causation scenarios for belt restrained children 
in farside crashes have been delineated.  Combined 
with data from the literature, our results indicate that 
thoracic injuries are the predominant injury in adult 
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farside crashes, but are rare in pediatric farside 
crashes.  Further, farside abdominal injury patterns 
suggest a lap belt submarining mechanism in 
children, injuring primarily the intestinal viscera.  
These findings further support that children require a 
different approach to injury mitigation than the adult, 
and have abdominal injuries in farside crashes that 
may be addressed by injury mitigation solutions for 
frontal impact. 
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ABSTRACT 
 
In the near future road cars will be able to detect 
probable collisions before they happen. Then it will 
be possible to avoid some accidents by specific 
actions of driver assistance systems. If a crash is 
unpreventable, the passenger can be prepared for 
the collision during the residual time. 
This project determines the potential for a 
reduction of the injury-risk for car-occupants 
through an airbag deployment considerably before 
t0. The goal is to demonstrate possible 
improvements in order to stimulate the further 
development of pre-crash-sensors. Through the 
pre-crash deployment of the airbag various 
advantages for the occupant can be obtained: If the 
airbag is fired before t0 it can be designed in a 
significantly bigger way in comparison to 
conventional trigger times because the passenger 
hasn’t moved forward. Thereby a very early 
coupling of the passenger and resulting low loads 
are achieved. Another advantage is that the airbag 
can be inflated more slowly due to much more time 
available. So the deployment of the airbag can be 
performed in a gentle way which leads to a less 
aggressive system that promises improvements 
especially in out-of-position (OOP) situations. 
There is still no future perspective for a hundred 
percent detection rate of pre-crash-sensors, so the 
airbag-system will additionally be designed for 
conventional trigger times. It is mandatory that in 
case of a failure of the pre-crash-sensors the 
occupant is protected at least as well as in today’s 
series-production vehicles. 
This analysis investigating the potential of pre-
crash activated airbags is based on multibody-
simulations with different dummies and crash-
scenarios. The results of the simulations are going 
to be verified by principle tests and full-scale sled 
tests. 
 
Keywords: Airbag, PreCrash, OOP 

INTRODUCTION 
 
Since the implementation of restraint systems in 
road cars, the risk of being killed in an accident has 
decreased significantly. Nowadays, with a properly 
designed restraint system, it is possible to survive 
even severe crashes without life-threatening 
injuries. The main components of a typical restraint 
system for frontal collisions in modern road-cars 
are a 3-point safety belt with one or more 
pretensioners, a beltforce-limitation and an airbag-
system with one ore more inflator stages. These 
components are triggered by accelerometers in 
combination with sophisticated control logics. 
Subject to collision-type the trigger-times vary 
from 10ms to 30ms after the first impact.  
Within this hardware-environment the possibilities 
of a reduction of the injury risk for occupants are 
more or less exploited.  
Nevertheless, in order to keep improving the 
occupant protection, it is necessary to apply some 
more sophisticated technology in future restraint 
systems. The focus of recent development is the 
adaptivity of the restraints to different occupant 
classes and crash severities (e.g.: [1], [2]). 
Further studies discuss the activation of restraint 
systems significantly before t0 (e.g.: [3]). 
In order to be able to set a trigger signal before the 
impact, specific sensor information is required. For 
this purpose, for instance the existing sensors of 
comfort and assistance systems could be used. 
These systems are becoming more and more 
popular in new cars, which leads to an increasing 
amount of sensors in the cars that can detect the 
driving environment. It is conceivable, that a 
collision detection can be realized as a by-product 
of driver assistance systems. 
In this regard, sensors that are already in use or in 
development are Radar, Lidar and stereo cameras 
or combinations thereof. Each system has its 
advantages and shortcomings (see [4]). 
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The existing sensor information can be used to 
foresee possible collisions and set actions in order 
to prevent the accident and “prepare” the occupants 
for the impact. There are, for example, already cars 
on the road, in which reversible restraint systems 
(e.g.: reversible belt-pretensioner, [5]) are 
activated. 
This study discusses the activation of an 
irreversible restraint system (frontal passenger 
airbag). The goal is to work out the potential for 
reducing the injury risk as well as to discuss the 
shortcomings of such systems.  
Which beneficial characteristics can be expected of 
an airbag-system that can be activated significantly 
before t0? 
Firstly, the passenger hasn’t moved forward prior 
to the impact, which makes it possible to design a 
bigger cushion in comparison to conventional 
trigger times. The bigger airbag leads to an earlier 
coupling of the passenger to the chassis-movement. 
This results in lower mean loads. 
Secondly, the loads on the dummy coming from the 
airbag affect a bigger surface and therefore are 
preferable to the more local loads of the safety belt. 
The share of the airbag on the total restraint-forces 
can be higher in a pre-crash-activated airbag-
system. 
Thirdly, due to the very early triggering, the 
cushion can be inflated much more slowly and in 
that way more gently in comparison to 
conventional trigger methods. This circumstance 
promises a considerable reduction of the injury risk 
for the car occupant in the so-called OOP-
situations. 
Before these advantages and potential benefits for 
the passenger-safety in frontal collisions can be 
exploited in a series-vehicle, some nowadays still 
insuperable problems have to be resolved. 
Whereas a faulty activation of a reversible restraint 
system (e.g.: reversible belt-pretensioner) is not 
quite problematical, it can be very dangerous if, for 
instance, an airbag deploys due to a malfunction of 
a sensor system. The problem is that there is an 
endless number of possible crash-constellations in 
road traffic and the sensor systems are not yet, and 
won’t be able in the foreseeable future, to interpret 
every constellation correctly. So a compromise 
between detection-rate and detection-certainty has 
to be found. Keeping in mind the risk that 
implicates a faulty activation, it is reasonable not to 
deploy the airbag in case the sensors cannot 
definitely interpret the traffic situation. 
That leads to another problematic issue. The less 
accident-constellations can be detected correctly 
and as a consequence the airbag can be triggered 
before the impact, the more important remains a 
backup-strategy. If the sensor-system was able to 
recognize 95 percent of all possible accident-
scenarios only the residual 5 percent would need a 
backup-strategy in terms of an alternative 

activation of the restraint systems. The problem is 
that the importance of the backup is more or less 
opposing the potential of the pre-crash-activation 
of the restraint systems since it directly affects the 
possible airbag-size. 

Methodology 
The idea was, to elaborate a completely new pre-
crash airbag system for an existing road car for the 
frontal passenger. Comparing the results with the 
performance of the existing series airbag system 
the potential for injury-reduction should be 
illustrated. 
Therefore some boundary conditions for the 
development of this new pre-crash airbag were set 
up: 
- The earliest possible trigger-time is 80ms prior to 
the first contact. 
- A “backup” has to be considered. In the case of a 
non-detection of the pre-crash-sensors, the system 
has to work with conventional trigger-times as 
well. In this case, the injury risk for the passenger 
must not be higher than it is with the conventional 
airbag-system. 
- The airbag system must not be designed for just 
one single loading condition, in order to allow an 
impartial comparison to the series production status 
which is a compromise for many load cases. 
Therefore the new airbag system has to be designed 
for different dummy-sizes and accident-types. 
More precisely, it has to fulfill partly opposing 
requirements of the 5th percentile female, 50th 
percentile and 95th percentile male dummies in the 
Euro NCAP, US-NCAP crash test-scenario. 
Furthermore the unbelted FMVSS208 crash test 
has to be taken into account. 
- As this study is not only theoretical but also 
consists of an experimental validation of the 
simulation results, the hardware package must be 
“realizable”. 
 
Within these limitations viable parameter 
configurations for the different dummy/loadcase-
combinations were developed, using the 
multibody-simulation-tool MADYMO. The results 
are going to be validated exemplarily by sled tests 
during autumn 2009. The performance in terms of 
OOP has already been demonstrated and the results 
are discussed later on. 

Definitions 
With respect to the timeline, two scenarios have to 
be distinguished: On the one hand, we have the 
pre-collision activation of the restraint systems at 
the earliest of 80ms before the impact. As 
mentioned before also a “backup”-strategy is 
necessary in case of a malfunction of the pre-crash-
sensors. So the second scenario consists of the 
activation of the same hardware components with 
conventional trigger-systems. This leads to a big 
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difference in time available for the deployment of 
the airbag which makes an adaptivity of the 
inflation inevitable. 
As a first step different hardware packages were 
evaluated with respect to their anticipatory 
compliance to the set requirements. The discussed 
hardware components were the inflator, the airbag-
shape and the vent-holes. 
As mentioned before, one boundary condition was 
the feasibility of the hardware package. Keeping 
this in mind, the most promising variant is made up 
of an inflator with three stages and two airbag-
shapes that can be transformed into each other for 
example by releasing tethers. Furthermore the 
airbag features an active vent and a vent hole that 
opens as soon as the airbag pressure exceeds a 
certain limit.  
Each one of the two airbag-shapes is designed to fit 
a specific dummy type. The smaller cushion (~90l) 
is deployed for the 5th percentile female dummy, 
while the bigger airbag-shape (~120l) fits for the 
two other dummies (50th- and 95th-percentile male). 
Obviously you can gain more potential for lower 
injury risk when bigger airbags are used, but then 
you’ll have to face the following problems in the 
backup-scenario. Firstly you have to inflate a 
bigger volume within a very short time which leads 
to a more aggressive inflator-characteristic. And 
secondly you run a higher risk, that the deploying 
airbag hits the passenger. 
The two airbag-shapes have to be filled by the three 
stages of the inflator. Stage I and stage III are 
designed to blow up the 90l-airbag to operating 
pressure, stage I in a time of 120ms and stage III in 
40ms. Subject to the trigger-scenario the required 
stage is fired. If the 120l-airbag has to be deployed, 
stage II is activated additionally in order to fill up 
the bigger volume to operating pressure. The 
pressure dependent standard vent hole is necessary 
in order to avoid massive gas-loss during the long 
lasting deployment of the airbag in case of a pre-
collision activation. 
The selected hardware components allow a high 
number of possible combinations for the different 
load cases and dummies. In the following, the most 
promising processing strategies are presented 
qualitatively: 
 
PreCrash-Scenario: 
PreCrash-sensors foresee an upcoming collision 
and 80ms before the impact the airbag is triggered.  
For the 50th- and the 95th-percentile male dummy 
inflator-stage I slowly deploys the big cushion 
(BagShape 1; ~120l). After a specific time, that 
depends on the load-case and whether it is a 50th- 
or 95th-percentile dummy, inflator-stage II is 
activated in order to fill up the airbag to operating 
pressure. After a certain time the active vent is 
triggered to allow more dummy-movement making 
thereby best use of the space available. The trigger-

times for inflator-stage II and the active vent vary 
subject to dummy and load case, as can be seen in 
the following figure (diagonally hatched � 
deploying airbag; cross hatch � airbag is 
positioned and ready to restraint): 
 

50th- 95th-percentile Dummy, PreCrash 
Infl. Stage I              

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 1: Deployment logics for the 50th- and 
95th-percentile male dummy - PreCrash 
 
It seems to be reasonable to work out adapted 
strategies in terms of trigger-timing and vent 
opening for both the 50th- and the 95th-percentile 
male dummy, in order to reduce the injury risk as 
much as possible.  
Also for the 5th-percentile female, the airbag is 
activated by pre-crash-sensors 80ms prior to the 
collision. For approximately 120ms the small 
cushion (BagShape 2; ~90l) deploys gently and 
gets in position around 40ms after the impact, the 
time when the occupant begins his/her forward 
movement. Since the airbag-shape for the 5th-
percentile female dummy has less volume, stage I 
fills the cushions sufficiently. In order to keep the 
restraint-loads below the biomechanical limits of 
small, lightweight persons it is necessary to 
activate the active vent early. The timing for vent-
opening depends on the load-case. Figure 2 
illustrates the setup of the airbag system for the 5th-
percentile woman in one specific loading 
condition: 
 

5th-percentile Dummy, PreCrash 
Infl. Stage I             

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 2: Deployment logics for the 5th-
percentile female dummy - PreCrash 
 
Backup-Scenario: 
For any reason the pre-crash-sensors were not able 
to detect the collision and the conventional trigger-
system has to set the trigger-time for the restraint 
systems. In this case it is essential to deploy the 
airbag as fast as possible in order not to lose 
deceleration-space.  
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So for the 50th- and 95th-percentile male dummy 
inflator stages II and III are fired at the same time. 
Around 40ms after the impact the airbag cushion is 
positioned and able to take restraint loads. Subject 
to crash-scenario and dummy-weight the active 
vent is opened at a specific time after the impact. 
 

50th- 95th-percentile Dummy, Backup 
Infl. Stage I             

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 3: Deployment logics for the 50th- and 
95th-percentile male dummy - Backup 
 
Equivalent considerations need to be done also for 
the 5th-percentile female dummy. In this case only 
stage II of the airbag inflator is activated at 
conventional trigger-times. Within a very short 
time the cushion is positioned and able to restrain 
the passenger. Subject to the crash-scenario, the 
active vent has to be opened early in order to avoid 
too high loads on the occupant. 
 

5th-percentile Dummy, Backup 
Infl. Stage I             

Infl. Stage II             

Infl. Stage III             

BagShape 1 (~120l)             

BagShape 2 (~90l)             

Active Vent             

t [ms] -80 -40 0 40 80 120 

 
Figure 4: Deployment logics for the 5th-
percentile female dummy - Backup 
 
The earlier specified deployment strategies have a 
direct impact onto the geometry of the airbag-
cushion. The development of the two required 
airbag-shapes is discussed in the following: 

Airbag Geometry 
The highest potential for reducing the injury risk by 
a pre-crash-activation of an airbag-system results in 
an optimized shape. If the airbag is fired 
considerably before the impact the passenger 
doesn’t move forward during the deployment. So 
the shape can be designed with more extension in 
the longitudinal direction of the car, closer towards 
the occupant.  
If the person is decelerated within a longer 
distance, the mean loads decrease proportionally. 
So an earlier coupling of the dummy to the chassis-
movement can reduce the injury risk significantly. 
In order to make best benefit of this circumstance it 
is necessary to provide an airbag shape that spreads 

the restraint loads evenly to a surface as big as 
possible. Also large gaps between the dummy-head 
and the cushion should be avoided, to ensure the 
early coupling and evade load peaks. 
In order to achieve, that the airbag can apply 
restraint loads onto the passenger from the very 
first forward movement, some design criteria have 
to be fulfilled. The cushion has to contact the 
occupant evenly on the thorax and the thighs. 
Furthermore it is necessary that the cushion 
supports itself on the instrument panel (IP) and the 
windscreen. If there is some space between the 
deployed airbag and the IP, the person will push 
the airbag forwards until it contacts the dashboard. 
The distance lost here leads to increasing loads on 
the dummy. 
Figure 5 highlights the areas, where the airbag 
needs to brace in order to be able to build up 
effective restraint forces. 
 

 
 
Figure 5: Design criteria for a well working 
precrash-airbag 
 
As mentioned above, for this study it was necessary 
to design a dual-stage airbag-system. The chosen 
deployment-strategy made it inevitable to put quite 
some emphasis on the backup-scenario. Therefore 
the airbag-volumes are comparable to a 
conventionally triggered series-vehicle airbag 
which in shape and volume represents an optimized 
compromise for many loading conditions. Another 
point that has to be taken into account is, that the 
bigger the airbag volume is, the higher the inflation 
mass flow has to be in order to fill the cushion 
sufficiently in the backup-scenario. That leads to a 
more aggressive deployment of the airbag and 
possible problems in OOP-situations. 
Due to these reasons the goal of airbag-design was 
to achieve more extension of the cushion in the 
longitudinal direction of the car, without a dramatic 
increase of the volume. As the airbag always tries 
to assume a more or less spherical form, the longer 
you design it, the wider it gets, and the volume 
basically increases with the power of three. For that 
reason it appeared to be necessary to provide an 
internal transversal tether for the airbag-shape for 
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the 50th- and 95th-percentile dummy. In the left 
image of Figure 6, the transversal tether can be 
seen.  
 

 
 
Figure 6: Airbag-shapes for different dummies 
 
Furthermore additional tethers are necessary to 
realize two airbag-shapes out of one cushion. 
Initially the tethers are constrained in any case and 
the small airbag-shape for the 5th-percentile female 
dummy is deployed. A system, that is able to 
classify the passenger (e.g.: by weight or by seating 
position) gives the signal that the bigger shape is 
necessary and the tethers are released by an 
actuator. 

Inflator-Requirements 
At the beginning of this study it was not clear, with 
which hardware the slow deployment of the airbag 
could be realized. It turned out to be quite difficult 
to find available inflators which were able to 
provide a gas flow-characteristic that would fill up 
the cushion in approximately 120ms. 
So for a first step, generic mass flow-curves were 
assumed. In a further simulation-loop before the 
validation tests these characteristics are going to be 
substituted by measured properties of the inflators 
that are going to be applied in the tests. In Figure 7 
the generic mass flow curves of the different 
inflator-stages are illustrated. 
The principal idea was to use an inflator with three 
stages, where each stage has a specific “function”. 
One stage (Stage I) is necessary for the slow, gentle 
deployment of the cushion in a case of a pre-
collision activation.  This stage is capable of filling 
the bag-shape of the 5th-percentile female dummy 
up to operating pressure.  
 

 
 
Figure 7: generic mass flow-characteristics of 
the three gas-generator stages 
 
If the airbag-shape for the 50th- and 95th-percentile 
male dummies is deployed, the bigger volume 
cannot be filled sufficiently with stage I. So it is 
necessary to trigger an additional inflator-stage 
(Stage II) that delivers enough gas to reach the 
operating pressure. The timing for the deployment 
of stage II depends on the load-case and the 
dummy-size. The goal is that the airbag is fully 
inflated, positioned and ready to take restraint loads 
as soon as the forward movement of the passenger 
begins. 
If the pre-crash sensors don’t work correctly, the 
trigger-signal for the airbag is set by conventional 
sensor systems. In this case it is crucial that the 
airbag is deployed as fast as possible since valuable 
time has already been lost for the detection of the 
impact. Therefore stage III of the inflator is capable 
of filling the small cushion for the 5th-percentile 
female dummy rapidly, within around 35 
milliseconds. This performance corresponds 
roughly to typical today’s inflators. Analogously to 
the pre-crash activation, if the bigger airbag-shape 
for the 50th- and 95th-percentile male dummy is 
deployed, it is necessary to fire inflator stage II 
additionally. 
One further aspect has to be taken into account: 
Stage I should be used for the OOP-tests of the US-
regulatory requirements because the slow inflation 
promises significant improvements. Therefore it is 
necessary that the onset of the inflator is designed 
moderately. 

In-Crash-Potential 
As discussed before, the earlier coupling of the 
passenger to the chassis-movement due to an 
optimized airbag shape promises the biggest 
reduction of injury risk. A further advantage of 
quenching the passenger with the airbag instead of 
the seatbelt is that a big surface of the person is 
affected. The risk for fractures of the clavicle or 
abdominal injuries that can result from the high 
local loads of the seatbelt is reduced. 
These two potential benefits of a pre-collision 
activated restraint system should be realized as well 

transversal 
tether 
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as possible, when the scenarios mentioned 
beforehand were elaborated. 
The job to adjust the hardware components 
properly for the three frontal load cases (US-
NCAP, Euro NCAP and FMVSS208, unbelted) and 
the three dummy-sizes (5th-percentile female, 50th- 
and 95th-percentile male) at two completely 
different trigger-scenarios turned out to be very 
challenging. The parameters to be varied were: 
 

1. diameter base vent 
2. diameter active vent 
3. timing active vent 
4. performance of inflator stage I 
5. performance of inflator stage II 
6. performance of inflator stage III 
7. timing inflator stage I 
8. timing inflator stage II 
9. timing inflator stage III 

 
The high number of possible combinations made it 
necessary to apply a systematic variation of the 
influencing parameters. In this regard, the program 
modeFrontier was a useful tool for the preparation 
of the DOE-tables and for the illustration of the 
effect of the single influencing factors.  
With the found set of parameters it cannot be 
claimed that the very best solution has been worked 
out. Therefore it would have been necessary to run 
many iteration loops, which have not been 
performed in this study. In this phase of the 
analysis, the goal was to elaborate a good working 
configuration as a basis for demonstrating the 
principal potential for a reduction of the injury risk.  
In the following, the specific problems of the two 
trigger-scenarios and the results of the simulations 
are going to be discussed: 
 
Simulation results: Backup-Scenario 
Since the requirement has been set, that the injury 
risk in the backup-strategy must not be higher than 
it is in the series-vehicle, this scenario was the 
starting point for the development of the airbag 
system. The performances of the single stages of 
the inflator were the first hardware parameters, 
which were freezed. As mentioned earlier, stage III 
is designed to fill up the smaller airbag size 
(BagShape 2, ~90l) to operating pressure. Stage II 
provides the additionally required gas mass to fill 
up the bigger airbag size (BagShape 1, ~120l) 
sufficiently. Once the inflator was set, suitable 
vent-diameters were elaborated. The diameter of 
the base-vent is mainly driven by the heavy 95th-
percentile male dummy in the unbelted FMVSS208 
load case. Comparable restraint performance could 
also be achieved with bigger vents and 
corresponding increased inflator performance, but 
the goal was to get along with the lowest possible 
inflator power. 

The diameter of the active vent is primarily set by 
the forward movement of the 5th-percentile female 
dummy in the US-NCAP-loading condition. All the 
other dummy-loading-combinations must be 
covered with an adapted timing of the single stages 
and the active vent. 
The simulation results of the backup-scenario are 
presented on behalf of the 50th-percentile male 
dummy, beginning with the Euro NCAP loading 
condition: 
 
The charts in Figure 8 give an overview of selected 
injury criteria comparing the conventional airbag 
deployment of the series vehicle and the results of 
the backup-scenario. It stands out, that especially 
the loads on the head are reduced significantly 
whereas the loads on chest and pelvis remain 
roughly unchanged. 
 

 
 
Figure 8: simulation results: 50th-percentile 
male dummy, Euro NCAP 
 
In Figure 9 the timeline of the head-acceleration 
illustrates the tremendous reduction of the peak 
value to less than half of the reference. Due to the 
adapted airbag-shape, the head contacts the cushion 
earlier. Furthermore the resulting inflation-power 
of the two concurrently fired inflator stages II and 
III is significantly higher than the series-vehicle 
inflator. As a result, the cushion deploys faster, and 
imposes restraint loads onto the dummy earlier. 
Finally the properly adjusted trigger timing of the 
active vent allows the torso more forward 
movement, whereby the available space for 
deceleration can be exploited optimally. All these 
circumstances lead to the almost ideal rectangular 
form of the head acceleration. 
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Figure 9: time line of the head acceleration of 
the 50th-percentile male dummy, Euro NCAP 
 
In Figure 10 the time dependent characteristic of 
the thorax acceleration is shown. The slight peak at 
about 50 ms after t0 results in the fast deploying 
airbag that contacts the dummy with a high relative 
velocity. This is a consequence of the compromise 
in the airbag geometry. It is designed closer 
towards the passenger in order to arise potential for 
reduced injury risk in a pre-crash activation. The 
peak value of the thorax acceleration and the time 
point, when it occurs is more or less equivalent to 
the series vehicle. 
 

 
 
Figure 10: time line of the thorax acceleration of 
the 50th-percentile male dummy, Euro NCAP 
 
The pelvis acceleration shows similar 
characteristics as shown in Figure 11. The review 
of the animation-files of the simulation pointed out, 
that the peak in the acceleration curves of thorax 
and pelvis at around 100ms after t0 has two origins. 
Firstly at this time the torso penetrates the seat 
cushion at most which indicates high loads in the 
pelvis-z-direction. Secondly, the knees contact the 
dashboard, which leads to a high load in the pelvis-
x-direction. As these two effects are mainly 
influenced by the lap belt, which has not been 
changed in comparison to the series vehicle, 
changes resulting from the new airbag system 
cannot be seen clearly. 
 

 
 
Figure 11: time line of the pelvis acceleration of 
the 50th-percentile male dummy, Euro NCAP 
 
In Figure 12 the effect of the faster deploying 
airbag in the backup scenario on the chest 
deflection can be detected. Until about 50 ms after 
t0, the pretensioned seatbelt in combination with the 
dummy inertia leads to a slightly increasing chest 
deflection. Due to the earlier contact with the 
harder airbag cushion, the chest deflection 
increases considerably with respect to the 
reference, whereby the peak value is about four 
millimeters higher. 
 

 
 
Figure 12: time line of the chest deflection of the 
50th-percentile male dummy, Euro NCAP 
 
The second scrutinized loading condition was the 
US-NCAP-rating crash test. Due to the 
configuration with the 100 percent overlap and the 
rigid barrier, this test is characterized by a 
significantly shorter duration and higher peak 
loads. Figure 13 illustrates the performance of the 
developed airbag system in the backup scenario. It 
can be seen, that the tendency is comparable to the 
Euro NCAP loading discussed beforehand. The risk 
for head injuries is reduced considerably whereas 
the loads onto thorax and pelvis remain more or 
less the same as in the series vehicle. 
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Figure 13: simulation results: 50th-percentile 
male dummy, US-NCAP 
 
Finally the US regulatory test FMVSS208 was 
analyzed. Since in the United States today the use 
of seatbelts is still not obligatory in all states, the 
regulations prescribe a crash test without seatbelt. 
This test-configuration sets very specific demands 
onto the setup of the airbag-system. 
Although the test-speed is remarkably slower than 
it was in the two previous discussed crash tests, the 
risk that the dummy punches through to the 
dashboard is very high. The missing seat belt 
facilitates a rotation of the dummy since the pelvis 
is not braced into the seat by the lap belt. As a 
result of this rotation the head of the dummy can 
approach the windscreen and the dashboard very 
closely. Due to this, especially the heavy 95th-
percentile male dummy requires high inflator 
performance and small vents. Figure 14 gives an 
overview of simulation results of selected injury 
criteria: 
 

 
 
Figure 14: simulation results: 50th-percentile 
male dummy, FMVSS208 (unbelted) 
 
Also in this case, the tendency is roughly the same 
whereas the chest deflection has increased 
considerably. The distance of the dummy head to 
the dashboard and the windscreen can be compared 
between the series vehicle and the developed 
backup-strategy. 
 
 
 
 

Simulation results: PreCrash -Scenario 
Most of the variables of the hardware package 
(performance of inflator stage II and III; vent 
diameters) have already been set in the backup-
scenario. Only the performance of stage I can be 
adjusted to get an optimum in the pre-crash-
scenario. In this context a specific problem of the 
slowly deploying airbag has to be taken into 
account. If the base-vent is open during the 
complete inflation time, a lot of gas is lost into the 
passenger compartment. This problem could be 
compensated by an increased capacity of the 
inflator, which has drawbacks referring to the size 
and weight of the airbag-module and the 
aggressiveness of the inflator. So it is reasonable to 
apply a vent that remains closed during the 
inflation and opens as soon as the airbag pressure 
increases due to the dummy contact. In order to 
provide sufficient restraint capacity for each 
combination of dummy and crash test-
configuration, a proper set of trigger time points 
has to be found. 
The simulation results of the precrash-scenario are 
going to be presented by means of the 5th-percentile 
female dummy. The tendencies of the results for 
the two male dummies are comparable, but due to 
its growing relevance in future regulations, the 
female dummy was selected. The first loading 
condition to analyze is the US-NCAP-Rating: 
Figure 15 gives an overview of selected injury-
criteria. It demonstrates that especially the load on 
the head is considerably reduced. Furthermore the 
chest-acceleration has decreased slightly whereas 
the peaks of chest-deflection and pelvis-
acceleration have roughly remained unchanged. 
 

 
 
Figure 15: simulation results: 5th-percentile 
female dummy, US-NCAP 
 
The time-dependent behavior of the head 
acceleration is shown in Figure 16. It can be seen, 
that the head contacts the cushion about 20 ms 
earlier than in the series vehicle. This leads to a 
rough bisection of the peak load on the head and to 
a tremendous reduction of the HIC-value. 
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Figure 16: time line of the head acceleration of 
the 5th-percentile female dummy, US-NCAP 
 
Figure 17 and Figure 18 display the loads on the 
thorax of the dummy. It has to be kept in mind, that 
the thorax is not only affected by the restraint loads 
of the airbag but also by those of the seatbelt.  
The time line of the thorax acceleration shows, that 
in comparison to the head accelerations an earlier 
coupling of the chest to the airbag-cushion leads to 
reduced peak loads although the improvement is 
considerably smaller.  
 

 
 
Figure 17: time line of the thorax acceleration of 
the 5th-percentile female dummy, US-NCAP 
 
This effect unfortunately doesn’t apply to the chest 
deflection. Although the cushion imposes loads 
onto the dummy at an early stage, the peak load 
equals to the conventional system. 
 

 
 
Figure 18: time line of the chest deflection of the 
5th-percentile female dummy, US-NCAP 

Unlike the head and the thorax, the pelvis is not 
braced by the airbag and so an earlier coupling 
cannot be seen. This effect could already be noticed 
in the backup-scenario. 
 

 
 
Figure 19: time line of the pelvis acceleration of 
the 5th-percentile female dummy, US-NCAP 
 
In Figure 19 it can be detected, that an airbag that 
is activated 80 milliseconds before t0 doesn’t have 
influence on the pelvis loads. In order to reduce the 
loads on the pelvis, changes at the belt system have 
to be considered. 
 
The second analyzed scenario is the Euro NCAP-
frontal crash test: In comparison to the US-NCAP-
rating, the Euro NCAP is performed with a 
deformable barrier and only 40 percent overlap. 
This leads to an about 50 percent longer impact-
duration within which the occupant has to be 
restrained properly. This circumstance entails some 
problems in the timing adjustment. In order to 
evade, that the dummy punches through the airbag 
and contacts the dashboard, the active vent has to 
be opened very late. The drawback of this solution 
is that it leads to a more “triangular” shape of the 
acceleration curves, which is undesirable. 
Alternatively to the late opening of the active vent, 
the inflator can be triggered later. This variant has 
the effect, that the inflator still delivers gas, when 
the occupant is already moving forward and so the 
cushion is “harder” at an early stage of the impact. 
For the Euro NCAP loading condition it turned out 
to be advantageous to fire inflator stage I about 60 
milliseconds before t0. The simulation results for 
this configuration are illustrated in Figure 20: 
It can be seen, that the tendency is similar to the 
above mentioned US-NCAP-loading. The risk for 
head injuries is reduced significantly, whereas the 
other injury criteria remain roughly unchanged. 
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Figure 20: simulation results: 5th-percentile 
female dummy, Euro NCAP 
 
The third investigated loading condition was the 
unbelted US legal test FMVSS208 with its specific 
requirements. Figure 21 shows the simulation 
results of the 5th-percentile female dummy.  
It can be observed, that in comparison to the two 
belted load cases, the reduction of the thorax-
acceleration is remarkably better. Since there is no 
seatbelt, this load case shows only the impact of the 
two different airbag-systems onto the thorax load. 
The other injury criteria show the same behavior as 
before. 
 

 
 
Figure 21: simulation results: 5th-percentile 
female dummy, FMVSS208 (unbelted) 
 
During autumn 2009 the presented simulation 
results are going to be validated exemplarily by 
means of sled tests. Afterwards, another simulation 
loop is planned in order to improve the simulation 
model and increase its predictive capacity. After a 
further optimization loop, more impartial 
conclusions about the potential of pre-crash 
activated restraint systems can be drawn. 

Test result: OOP-Potential 
Since 2003 the US-regulation FMVSS208 has 
required the consideration of different OOP-
situations in the development of the airbag system. 
It is up to the OEM whether the airbag is activated 
or not when a child is seated on the passenger seat, 
or in case it stands out of position. Another 
possibility is the so-called low risk deployment of 

the airbag whereby the inflator is fired with 
reduced power. Since the sensors for the detection 
of the position of the car occupant are still in 
development (e.g.: [6]), the low risk deployment is 
commonly applied nowadays. To reduce the loads 
on the dummy in these OOP-tests special cushion 
folding methods (e.g.: [7]) were developed and 
inflators were tuned to provide a gentle onset. 
As mentioned earlier, another potential 
improvement of an airbag-system that is deployed 
significantly before t0 is, to inflate the cushion 
more slowly and in this way with reduced 
aggressiveness. The problem is that this effect 
cannot be foreseen certainly, because the influence 
of the airbag-door in the dashboard on the 
deployment of the airbag is not clear. In the worst 
case, the slowly deploying cushion doesn’t have 
the necessary initial “punch” to open the door. 
Then the airbag would possibly deploy within the 
dashboard. Another scenario is that the airbag-door 
doesn’t open due to the initial “punch”. It opens 
later as a result of the rapidly increasing bag-
pressure and the airbag deploys with even more 
power. This circumstance can possibly lead to 
worse OOP-results. In order to clarify this issue, it 
needed to be analyzed. 
The used simulation-model of the airbag is not 
suitable to predict characteristics of the deploying 
cushion (uniform pressure method). Furthermore 
the door in the dashboard is not represented in the 
model. So it was necessary to prove this effect by 
physical tests.  
The US-Regulation FMVSS208 prescribes five 
different out-of-position tests for the passenger-
side, using three different crash-test dummies. It 
contains tests with the 12-month-old CRABI child 
dummy seated in a child safety seat, the three and 
six year old Hybrid III dummies in two different 
positions. 
For the evaluation of the reduced injury-risk due to 
a slowly deploying airbag, the three-year-old 
dummy was chosen, as it is the most critical case, 
which was known from former test results. For this 
dummy both prescribed positions were examined.  
Position two (head on instrument panel) causes 
higher loads on the dummy, therefore this out-of-
position test was the main focus of the series. 
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Figure 22: OOP position two, Head on IP 
 
In order to demonstrate the potential for a reduced 
injury risk in OOP-situations the following testing-
environment was chosen: The reference was the 
conventional airbag system of an existing road car. 
For the “slow” deployment, the inflator of the 
series-vehicle was substituted by a prototype 
inflator system with inflation times of 80 and 100 
milliseconds. This inflator roughly matches the 
necessary characteristics of stage I of the earlier 
presented deployment strategy. The airbag-cushion 
itself remained the same for all tests. 
Firstly two tests were performed with the 
conventional system to get a comparable reference. 
Afterwards for each configuration, two tests with 
an inflator capable for a precrash activation were 
carried out.  
In Figure 23 the test-results of the legal injury 
criteria are displayed. It can be seen, that especially 
the neck-forces are reduced significantly. Looking 
at the 100ms inflation both the tension and the 
compression are halved in comparison to the 
conventional system. Although already on a very 
low level in the series vehicle, also the Head Injury 
Criterion (HIC15) and the cumulative 3ms 
acceleration of the thorax are reduced noticeably. 
 

 
 
Figure 23: test results OOP Pos 2, Head on IP 
 
The 80ms inflation was analyzed in order to get an 
insight into the tendency of the values, when the 
inflation duration is changed. The total exhausted 

gas mass of the inflator remains unchanged. The 
cushion is just filled up to the same extent within a 
shorter time. As expected the results are more or 
less between the conventional inflation and the 
very slow deployment during 100ms. It is 
conspicuous, that the neck compression force has 
its highest value at the 80ms inflation. After 
inspecting the high-speed-videos it turned out, that 
the prototype inflator has a higher onset than the 
conventional inflator. So, after opening the airbag-
door the cushion hits the dummy head with a 
higher velocity, and as a consequence this results in 
a higher compression force. This compression force 
has its origins in the airbag deployment direction. 
The cushion opens the door, contacts the 
windscreen and then hits the dummy-head from 
above.  
In order to get a proof-grounded conclusion about 
this topic, also tests with position one (chest on 
instrument panel) were performed. In this 
configuration, only reference-tests and tests with 
100ms inflation-time were carried out. 
 

 
 
Figure 24: OOP position one, Chest on IP 
 
The results are comparable to position two. Figure 
25 illustrates the test-results of the injury-criteria. 
As it turned out in position two, especially the 
highest values are reduced remarkably 
 

 
 
Figure 25: test results OOP Pos 1, Chest on IP 
 
To sum up, even though the tested prototype 
inflator has not been “tuned” for OOP and it is 
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fitted into an existing airbag-module without 
further adaptations, the gentle deployment of the 
airbag-cushion results in a significant reduction of 
the dummy-loads. 

DISCUSSION 
 
When reflecting the simulation results it stands out, 
that the reduction of the risk for head injuries is 
comparable in both, the pre-crash activated and the 
conventionally triggered backup scenario.  
The reason for this effect is that the improvements 
of the backup-scenario are a result of the 
considerably faster deploying airbag in comparison 
to the reference. This configuration is a lot more 
aggressive than the conventional inflator and would 
possibly fail to pass OOP-tests. So in the developed 
restraint system the described strategy can only be 
realized, because in low speed crashes (and 
consequently in the OOP-test-configuration) the 
gently deploying inflator stage I is fired. 
 
The above described restraint system has been 
worked out, because it promised considerable 
improvements of the injury risk for all the 
passenger classes (weight and size). In the initial 
brainstorming, also other strategies with more 
anticipatory pre-crash-potential for the 50th- and 
95th-percentile male dummy came up. But these 
variants were discarded, since the importance of 
these two dummy-sizes will diminish in the future. 
It can be observed in recent regulatory and rating 
tests that the 5th-percentile female dummy achieves 
higher weight. Since small and lightweight persons 
have a higher injury risk than big and heavy ones, it 
seems to be reasonable to determine further 
restraint-strategies with special focus onto this 
passenger class. 
 
During the simulation it pointed out that the 
developed airbag-shape for the 50th- and 95th-
percentile male dummy might have a drawback in 
terms of stability. The internal transversal tether 
leads to a relatively narrow cushion that might not 
work very well if the impact direction is not exactly 
frontal. In the worst case, in a slightly slant crash 
the passenger might push the cushion aside and 
punch through to the A-pillar. 
 
Furthermore the simulation results have shown that 
the development of an airbag system is not possible 
without a close examination of the seatbelt. The 
loads on the thorax are a combination of the 
restraint forces of the airbag and the seatbelt. These 
two components need to be adapted properly to 
each other in order to achieve low injury risk. So in 
a following study also the seatbelt will be analyzed 
for potential in terms of activation prior to the 
impact. Then especially the pre-tensioning of the 
seatbelt will be subject to explore. 

CONCLUSION 
 
The activation of irreversible restraint systems 
significantly before the collision arises remarkable 
potential for the reduction of the injury risk of the 
frontal car occupant. 
The extent of this potential depends strongly on the 
relevance of the backup since the setup of the 
airbag system is a compromise between the two 
different scenarios on the timeline. The lower the 
detection-rate and -certainty is, the more important 
remains the backup and as a consequence the more 
the compromise shifts to the conventional 
deployment. 
This study presents the potential of a system where 
the backup still plays a very important role. The 
seatbelt was taken out of the series vehicle without 
any further adaptations. Nevertheless the 
simulation- and test-result demonstrated enormous 
improvements especially concerning the risk for 
head injuries and also significant reductions 
regarding the dummy loading in OOP-situations. 
It has to be kept in mind that even more effect can 
be gained if the detection certainty rises because 
then the single hardware components can be 
optimized for the pre-activation in a larger scale. 
So there should be a big stimulation for further 
development of the sensor technology. 
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ABSTRACT 
 
Current crash sensing systems are normally based 
on acceleration sensing. Therefore, the deceleration 
pulses affecting the car’s body are used to apply the 
firing thresholds of the restraint systems. A new 
kind of crash sensing consists of measuring high 
frequent chassis vibration regarding frequencies up 
to 20 kHz: crash sensing based on structure-borne 
sound (SBS). The main benefit of this technology 
will be to support the common deceleration-based 
crash detection in crash type distinction during the 
early crash phase. To be able to use the acquired 
data in a physically reasonable way, the events 
causing SBS during crash important to know. 
 
In the proceeding of the study, the events occurring 
during a crash are interpreted as shock excitations 
of different impulse lengths that can be divided into 
hard and soft events. Valuable results from a 
multitude of component crash tests on a drop tower 
test stand are transferred to vehicle crashes in serial 
development. The applicability of crash separation 
criteria is examined. The crash type distinction of 
hard/soft crashes based on structural vibration 
sensing is the main idea to support the 
differentiation of hard no fire tests and soft must 
fire tests. The study shows that shock excitation of 
the vehicle structure is the most important cause of 
high frequent vibration signals acquired during 
vehicle crashes.  
  
The article deals with the usage of high frequent 
structural vibration in the range up to 20 kHz for 
crash detection. The understanding of the vehicle 
being a structure under linear elastic shock 
excitation leads to a physically plausible usage of 
the signals for crash type distinction. 
 
INTRODUCTION  
 
Today, architectures of current crash detection 
systems, used to activate passive safety restraint 
systems, are based on processing data of a 
multitude of sensors distributed in the vehicle. This 
is needed to fulfil the high and complex 
requirements of legislation, consumer and insurance 
organisations. For frontal collision detection, 
mainly acceleration sensors are used to process the 
deceleration of the vehicle’s structure and its 
velocity reduction during the crash. Figure 1 shows 
a symbolic representation of a current sensor 

architecture consisting of acceleration sensors 
mounted at the vehicle’s central position and at four 
satellite positions (one at each B-pillar and two at 
the front of the vehicle).  
 

 
The performance of the frontal satellites strongly 
depends on their mounting position, which leads to 
a high effort during development [1]. Replacing 
them by a more innovative technology like SBS 
sensing at the central sensor position using a special 
sound sensor is preferable. On the right side of 
Figure 1, a possible sensor architecture is 
represented that only provides two satellite 
positions at the B-pillars and a single central 
position including both, current acceleration sensor 
and SBS sensor.  
 
Separation of Hard and Soft Crash Types  
 
Basically, the main task in crash detection is the 
distinction of must fire and no fire cases. While in 
must fire cases at least one restraint system (e.g. 
seat belt retractor or air bag) has to be activated, no 
restraint system must be activated during the whole 
crash for no fire cases. A particular challenge is the 
distinction of so called hard or soft crash types. The 
crash type is defined by the over all crash stiffness 
not only depending on the front end stiffness of the 
own vehicle, but also on the stiffness, position and 

 
Figure 1.  Sensor architectures for frontal 
collision detection showing symbolic 
representations with current (left) and reduced 
number of satellite sensors including an 
additional structure-borne sound sensor (right). 
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orientation of the barrier or the crash partner. The 
higher the crash stiffness, the harder the crash. 
Examples for hard crash tests are: 
 

• AZT (Allianz Zentrum für Technik) crash 
repair test: frontal offset crash with 40 % 
overlap against a rigid barrier, vehicle 
speed 15-16 kph, no fire [2] 

• USNCAP (US New Car Assessment 
Program): frontal crash 100 % overlap 
against a rigid barrier, vehicle speed 
56 kph, must fire [3] 

 
Important examples for soft crash types are the 
ODB tests (Offset Deformable Barrier): 
 

• Euro NCAP (European New Car 
Assessment): frontal offset crash with 
40 % overlap against a deformable barrier, 
vehicle speed 64 kph, must fire [4] 

• FMVSS 208 (Federal Motor Vehicle 
Safety Standard): see Euro NCAP, but: 
vehicle speed 40 kph [5] 

 
In the following, the ODB 40 kph will be treated as 
the typical representative of the soft crash type. As 
described below, the distinction between the ODB 
40 kph and the AZT is very challenging. 
 
During a hard impact, the velocity reduction begins 
early and proceeds relatively quickly. During a soft 
impact, even at high vehicle speed, the velocity 
reduction occurs much more delayed. In the TTF 
(TTF: Time To Fire < 30-40 ms) zone, the velocity 
reduction level for slow hard crash tests 
corresponds to the velocity reduction of much faster 
soft crash types. Based on this single criteria, the 
distinction of soft must fire tests (ODB) and hard 
no fire tests is not possible.  
Figure 2 shows that a clear distinction based on the 
detected velocity reduction is not possible before 
80th millisecond.  
The additional information of SBS that can be 
measured in the central position allows a better 
recognition of the actual impact characteristics. 
Knowing the impact characteristic can be used to 
support the classical acceleration-based fire logic 
by using a hard-soft-classification. In addition to 
the vehicle’s deceleration in x- and y-direction and 
dependent on the chosen algorithm concept, the 
crash type is an important factor for activating the 
restraint systems in the required time range. The 
following paragraph describes the data processing 
of SBS signals as it is implemented by sensor 
manufacturer to allow the usage of SBS in a crash 
detection algorithm. 
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Figure 2.  Velocity reduction for AZT and ODB, 
trigger: 00 tt == . 

 
STRUCTURE-BORNE SOUND – MEASUREMENT AND 
DATA ANALYSIS  
 
SBS is defined as elastic waves in a frequency 
range between 16 Hz and 20 kHz, propagation in 
solid structures [6]. SBS signals are commonly 
measured using high frequency acceleration 
sensors. To avoid aliasing effects in the relevant 
frequency range up to 20 kHz, the sampling 
frequency must be chosen to have at least twice the 
highest interesting frequency [7]. Such a highly 
resolved raw signal, however, is not applicable for 
serial utilization because of the required bus loads 
and computational demands. Instead, a data 
reduction is processed so that the signals can be 
transferred using a standard sampling rate. 
Therefore, a band pass filter extracts the signal of 
the interesting frequency range. Based on this high 
frequent signal, the envelope is created by 
rectification followed by a final low pass filter 
procedure. The resulting signal can be sampled at a 
lower rate depending on the chosen low pass 
frequency while the content of the relevant 
information is preserved. The integrative 
characteristic of the envelope processed on a 
frequency band is similar to the generation of a 
windowed RMS (Root Mean Square) value. 
Although the envelope basically can be realized 
using analogue electric components, digital signal 
processing of high resolution reference sensors is 
highly recommended using sampling frequencies of 
at least 40 kHz. The transferability between the 
reference signals and the occurring signals of a 
series production sensor in a central position must 
be guaranteed. Here, a detailed knowledge of the 
properties of serial and reference sensors is very 
important. In addition, the transfer path between 
these both sensors must not change, especially not 
during a crash. In this regard, SBS sensing is very 
sensitive to variation. In the field of low frequency 
acceleration sensing, individual transfer functions 
are determined to map both, the reference signals 
and the series production sensor signals for the 
application of the crash detection algorithms. The 
algorithm development can therefore be realized 
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using only reference signals. Signals of sensors for 
serial production are only considered in the final 
development of the vehicle to confirm the system’s 
performance. This demand also applies on SBS 
sensing. The satisfiability of this demand, however, 
highly depends on the position, integration and 
sensor type of the reference sensors. An important 
aspect for being capable to use SBS signals in a 
reasonable way is to understand the effects that 
cause SBS emission. The processes that lead to a 
SBS emission during a vehicle crash are described 
in the following. 
 
Structure-Borne Sound Excitation in Case of a 
Vehicle Crash 
 
Earlier works on material research describe sound 
emission during plastic deformation of metallic 
structures. The sound emission is caused by various 
effects like dislocation movement within the crystal 
lattice and is usually observed in the ultrasonic 
frequency range (>20 kHz) [1], [8]. Beside the 
continuous sound emission in case of plastic 
deformation of metal, the impact characteristic of a 
crash has been identified as important factor in the 
frequency range up to 20 kHz. The impact 
characteristic is mainly defined by the shock 
excitation of the vehicle structure. The excited 
spectral distribution depends on the shock duration 
and the pulse shape. A long soft impact produces a 
spectral response in a lower frequency range. Short 
hard impacts additionally generate a higher amount 
of high frequency content [7], [9]. 
Figure 3 schematically shows two impact forces of 
different stiffness. The impulse area A is equivalent 
to the integrated impact force and is identical for 
both shocks. Only the duration of the impulse τ 
separates both shocks in hard with τ = τ1 and soft 
with τ = τ2. 
 

 
Figure 3.  Shock impulses over time (left) 
and corresponding spectral distribution 
(right) according to [9]. 

 
This corresponds to an experiment in which, for 
example, a ball drops from a constant height on two 
surfaces of different hardness. The measured signal 
is the force applied from the ball onto the surface.  
Each of both impulses of equivalent area generates 
a force spectrum that can be estimated by the 
method described in [9]. There, it is explained that 
amplitudes are constant for low frequency domains 
when varying the impulse duration, but for high 
frequencies, they decrease in the majority of 
practical cases with -40 dB/frequency decade 
beginning at a critical frequency defined by:  
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This characteristic spectral distribution does not 
vary in case of identical stiffness conditions but 
different impulse height since the impulse duration 
is not influenced. Here, only the spectral amplitude 
rises. The shock impulse excites all resonance 
frequencies of the structure inside the spectrum. 
The general relation between time and frequency 
domain is described by the Fourier integral: 
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In case of a vehicle crash the characteristic of the 
shock impulse is indeed very complex. The 
example mentioned above describes the ideal case 
of an elastic shock. During a crash, instead, plastic 
deformation usually occurs which principally has a 
spreading influence on the impulse shape. But it 
can be shown that there still remain shock 
excitations exciting the structure of the vehicle.  
To analyze these excitation processes under a high 
amount of reproducibility, the SBS generation is 
observed in component crash tests on a drop tower 
test stand. The crash proceedings can be isolated 
and observed in detail thanks to a strongly reduced 
complexity of the used structure. Only crash-
relevant body components that are important for the 
impact excitation in the early crash phase are used: 
the bumper cross member with its deformation 
elements (crash boxes) and the frontal part of the 
longitudinal beam (Figure 4).  

Longitudinal Beam

Bumper Cross Member
with Crash Boxes

 
Figure 4.  Frontal structure of a BMW 3 Series 
Convertible. 
 
The tests are realized in AZT configuration with the 
structural components mounted vertically on the 
floor. The impact is generated by a rigid metallic 
barrier falling onto the structure with a partial 
overlap of 40 %. Two barrier types are considered 
for these tests: the older barrier with an angle of 0° 
as well as the newer testing configuration [2] using 
a barrier with an angle of 10°.  
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The impact velocity is varied to evaluate the 
velocity influence, too. The following 
representation of the test results consists of the 
analysis of two different serial bumper systems. 
They mainly differ in the junction between the 
different parts of the bumper cross member as well 
as the junction to the longitudinal beam (Figure 5). 
 

Figure 5.  Different bumper systems with a 
welded cross member and longitudinal screw 
connection (left) and lateral screw connections 
within the cross member and longitudinal beam 
(right). 
 
The left structure is characterized by the solid 
welded connection between the cross member and 
the crash boxes and the screw connection between 
the crash box and the longitudinal beam. These two 
solid and force-transferring connections lead to a 
high degree of reproducibility which is especially 
needed for SBS generation analysis. 
In case of the right structure instead, the lateral 
screw connections cause influences in the SBS 
excitation due to a clearance passage within the 
screw joint. Such clearance passages induce 
glitches that have a strong influence on the variance 
of the measured signals. The clearance cannot be 
eliminated completely in the vehicle mounting. 
Therefore, the influence of a clearance passage is 
examined as well at the drop tower test bench. 
 
Results 
 
An acceleration sensor mounted on the dropping 
mass delivers data of the deceleration that is applied 
on the mass during the crash. The measured 
deceleration is proportional to the force integrated 
over the contact area of both structures. A small 
sampling rate does not allow the exact spectral 
analysis according to equation (2). but a qualitative 
analysis of the deceleration progress gives valuable 
insights on the deformation processes of the early 
crash phase. Two main deformation phases can be 
identified using the test configuration with 0° 
barrier angle. Both deformation phases, as 
described later, are each linked to an initial shock 
event. The first contact of the barrier causes a 
bending of the cross member which already 
dissipates a certain amount of energy. The force 
applied on the section of the crash box still is small. 
The duration of this phase is only a few 
milliseconds. The following compression of the 
crash box leads to a significant rise of the 
deceleration.  
Because of its inclination, the 10° barrier touches 
down to the crash box much more directly which 

leads to a lack of the initial bending of the cross 
member. The deceleration of the mass increases 
more quickly.  
Figure 6 shows the deceleration of the drop tower 
barrier for AZT configurations with barrier angles 
of 0° and 10°. The representation of the three 
measurements performed allows a statement about 
the variance of the test. All curves are very close to 
each other and only in the later proceeding of the 
test they differ lightly. The reproducibility of both, 
the test and the deformation process of the welded 
structure, is very high. All following explanations 
are referring to the black mean signal.  
At the beginning, the abrupt rise of the mass 
deceleration is obvious for the 10° barrier. The 
decrease towards local minima represents the 
folding process, the deformation of the crash box.  
In the bottom figure the two deformation phases of 
the 0° barrier test can be identified. A shock 
precedes both deformation processes and leads to a 
short impulse excitation of the structure. Although 
the deceleration signals of the drop tower mass are 
strongly low pass filtered these impulses can be 
recognized in the measurement as short deviations 
of the curve’s shape. These passages are mainly 
responsible for the SBS excitation and are marked 
with arrows in the figure below.  
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Figure 6.  Measured deceleration of the barrier 
for 0° and 10° AZT drop tower test at 13 kph 
(above), 0° AZT drop tower test at 16 kph zoom 
0-20 ms (below). 
 
Because of their broad-band spectral characteristics, 
these shocks act as emission source for high 
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frequency SBS in the domain up to 20 kHz. Figure 
7 shows the corresponding SBS envelope together 
with the view of the deformation of the bumper 
structure of three 16 kph 0° barrier tests. The 
variance of the measurements is shown by the 
illustration of three tests of the same configuration 
with their mean signal. The existing time offset of 
1-2 ms compared to the mass deceleration is due to 
minimal asynchronies in trigger time stamps of 
both measurements. The SBS signal was measured 
on the longitudinal beam in a distance of 100 mm 
away from the flange. In comparison with the 
deceleration signal, the importance of shock 
excitation to the generation of SBS signals becomes 
obvious. At the 2nd millisecond, the initial contact 
between the barrier and the cross member has 
generated the first SBS peak. The following 
bending of the cross member does not affect the 
generation of additional SBS. The envelope 
amplitude slightly decreases. When the crash box is 
hit by the barrier (about 5th millisecond) the major 
part of SBS is measured (see central view in Figure 
7).  
The beginning folding process is generally 
accompanied by decreasing SBS amplitudes even 
though the force deviation causes further SBS 
excitation. The shift between longitudinal pressure 
load and the buckling of the crash box generates 
new impulses. But the isolated analysis of these 

secondary processes is hardly feasible. In the 
proceeding of the deformation, different excitation 
processes superpose, single events are difficult to 
separate.  
A detailed analysis of the processes generating SBS 
requires a high degree of reproducibility. This is the 
case for the examples just mentioned before. 
Unlike, connection joints presenting a possible 
clearance passage have a much higher influence on 
the SBS generation than the shock excitation during 
the deformation of the crash box mentioned before. 
Clearance passages represent very short shocks that 
generate a high amount of high frequent SBS. The 
reproducibility of the SBS measurements is 
massively decreased compared to clearance-free 
structure parts. Lateral connections, like the screw 
connection in Figure 5 on the  right are defined as 
connections having their axis orientated 
perpendicularly to the longitudinal axis of the 
vehicle. Here, the friction force affected within the 
connection is overcome very quickly, even at very 
low collision speeds. The parts slip through the 
connection which is followed by a very strong 
shock that is affected directly to the vehicle’s body 
via the longitudinal beam. The procedure can 
generate a multitude of SBS signal produced by the 
deformation of clearance-free parts (Figure 8).  
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Figure 7.  View of the deformation with measured SBS signal for three equal tests (black solid line 
corresponds to the mean signal). 
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Figure 8.  SBS signal measured at the 
longitudinal beam in a low speed drop tower test 
with (dotted line) and without clearance passage 
(solid line). 
 
Such deviations in signal amplitude reaching an 
order of magnitude of much more than 500 % 
cannot be processed reasonably in a crash detection 
algorithm. Tests with clearance-free connections of 
the structural parts have shown that SBS envelope 
amplitudes in peaks can vary about ±50 % of the 
mean signal. Clearance-free connections like 
welding and longitudinal screw connections are 
recommended in order to avoid too high signal 
deviations. The resultant consequences of clearance 
passing for crash detection systems cannot be fixed 
at this point. But most algorithm concepts will not 
be able to handle such signal deviations. 
In the following paragraph, it is described how the 
physical principle behind the SBS generation by 
shock excitation can be used in a crash detection 
system and what the restrictions are to be aware of. 
 
Resulting Consequences on the Crash Detection 
Algorithm 
 
For the classical acceleration-based crash detection, 
the influence of clearance passages is not proven 
yet. It was shown that clearance passage, dependent 
on the constructive realization of the bumper 
systems, will lead to a highly increased signal 
variation. Crash detection criteria purely based on 
amplitude processing of high frequent SBS signals 
cannot necessarily be used to discriminate must fire 
and no fire crash cases. The AZT, defined as hard 
no fire, produces high SBS amplitudes and then, 
can reach magnitudes of must fire crash tests. High 
ODB signals with coexistent low AZT signals 
could not be observed. In Figure 9, the 
measurements of three typical frontal crash tests are 
shown for a small vehicle having welded 
connections between the cross member and the 
crash boxes as well as clearance-free longitudinal 
screw connections between the crash boxes and the 
longitudinal beam.  
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Figure 9.  SBS signal examples of typical crash 
tests, measured in the central position. 
 
The chosen examples are very important for the 
crash type separation:  
 

• AZT representing the hard no fire test 
• ODB 40 kph and an angular test (30°, 

32 kph) representing the soft must fire 
tests in the early crash phase (t < 30 ms) 

 
The crash stiffness of the ODB is mainly 
characterized by the energy dissipation of the 
deformable barrier. The barrier prevents the 
occurrence of shock impulses by its own 
deformation. The generation of great magnitudes of 
SBS signal is not possible.  
In the case of the 30° angular crash, the resulting 
crash stiffness is reduced in the early crash phase 
due to the inclined force input. On the other hand, 
body parts, e.g. mud guard wings, soften the 
impulse by their deformation. Further more, a much 
more important fact is that the force input is not 
orientated directly in direction of the longitudinal 
beam. The resulting bending of the structural 
components in the first 30 ms generates relatively 
low SBS signals even if the barrier is not 
deformable. The high SBS amplitudes of the AZT 
are very interesting since they are remarkably 
higher than the must fire signals in the relevant time 
range of 30 ms.  
This fact can be used to separate AZT from ODB 
by a hard/soft distinction criterion. This offers the 
possibility to separate soft must fire crashes and 
hard no fire tests at an early point. In combination 
with the classical acceleration-based crash 
detection, the hard/soft distinction can help to fulfil 
current and future requirements on passive restraint 
systems. A first algorithm concept can be described 
as a simple regulation of the fire threshold f∆v 
giving the fire decision. This threshold still is 
processed on the velocity reduction ∆v measured by 
the classical acceleration-based crash sensors. On 
the one hand, f∆v is increased when hard impacts are 
registered. This means that hard impacts require an 
increased velocity reduction in the same time 
period. On the other hand, f∆v is decreased for soft 
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impacts to become more sensitive for soft must fire 
decisions. The following expression describes the 
relations in a simple generic and abstracted way: 
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CONCLUSION  
 
Structure-Borne Sound (SBS) sensing in the field of 
crash detection mainly applies on a crash type 
distinction of hard and soft crash scenarios. 
Therefore, the shock waves that are generated 
during the crash and travelling through the vehicle 
structure are very important. The vehicle’s resonant 
frequencies are excited by short impulses that 
depend on the stiffness of the crash. To be capable 
to use the SBS signals the relations that lead to SBS 
excitation are essential to know. In addition to 
sound emission in the ultrasonic range due to 
plastic deformation of metallic structures, highly 
dynamic impact shocks produce a great amount of 
SBS in the frequency domain up to 20 kHz.  
Hard impulses (e.g. AZT) generate high frequencies 
while soft impacts (e.g. ODB) usually don’t in the 
early crash phase. 
Clearance passage and the following disturbing 
impulse increase the signal variance significantly 
and must be avoided for not provoking false 
decisions in the crash detection logic. 
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ABSTRACT 
 
The national accident statistics demonstrate that the 
situation of passenger car side impacts is dominated 
by car to car accidents. Car side to pole impacts are 
relatively infrequent events. However the impor-
tance of car side to pole impacts is significantly in-
creasing with fatal and seriously injured occupants. 
For the present study the German in-depth database 
GIDAS (German In-Depth-Accident Study) and the 
UK database CCIS (Co-operative Crash Injury 
Study) were used. Two approaches were under-
taken to better understand the scenario of car to 
pole impacts. The first part is a statistical analysis 
of passenger car side to pole impacts to describe the 
characteristics and their importance relevant to 
other types of impact and to get further knowledge 
about the main factors influencing the accident out-
come. The second part contains a case by case re-
view on passenger cars first registered 1998 on-
wards to further investigate this type of impact in-
cluding regression analysis to assess the relation-
ship between injury severity and pole impact rele-
vant factors.  

1. DATABASES 

National accident statistics are not detailed enough 
to get information on the characteristics of impact 
types therefore two in-depth databases were used, 
the German In-Depth Accident Study (GIDAS, 
Germany) and the Co-operative Crash Injury Study 
(CCIS, UK).  

GIDAS 

GIDAS (German In-Depth Accident Study) is a 
joint project of the Federal Highway Research Insti-
tute (BASt) Germany and the German Association 
for Research in Automobile Technology (FAT). It 

started in 1999 in the two research areas Dresden 
and Hanover based on the established research ac-
tivities of the Medical University Hannover (Otte, 
1990). About 2,000 accidents involving all kinds of 
traffic participants are recorded each year in a sta-
tistical random procedure resulting in a representa-
tive sample of the national German accident statis-
tic (Pfeiffer, 2006). The teams consisting of techni-
cal and medical students investigate the data at the 
accident scene and the hospitals. Each case is en-
coded in the database with about 3,000 variables. 
The database contains detailed information about: 
environment (meteorological influences, street con-
dition, traffic control), vehicle (deformations, tech-
nical characteristics, safety measures), person (first 
aid measures, therapy, rehabilitation) and injury 
(severity, description, causation). On the basis of 
full-scaled sketches of the accident scene and the 
vehicle deformations every accident is recon-
structed.  

CCIS 

The objective of CCIS (Co-operative Crash Injury 
Study) is to investigate and correlate car crash data, 
with a view to increase the understanding of human 
injury mechanisms, and the effectiveness of car 
secondary safety systems. The study provides the 
mechanism to monitor in-depth crash performance 
of car structures, occupant protection systems and 
the benefits of countermeasures now becoming 
available. CCIS is a collaborative project. The UK 
Department for Transport, several motor vehicle 
manufacturers and a vehicle component supplier 
jointly fund the programme of research. Currently, 
information on approximately 1300 vehicles is 
gathered each year for inclusion into the database. 
It is possible to weight the CCIS data in order to 
address the sampling bias towards serious injury; 
however this study uses unweighted data. Data col-
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lection consist of sampling criteria, i.e. passenger 
cars 7 years old or younger at the time of accident, 
injury occurred to an occupant in the car and the 
vehicle was towed from the accident scene. 
In detail the following basic query crite-
ria/parameter were examined for the present study: 
 
Basic inquiries applied to GIDAS 07/2007 and 
CCIS 2007 (combined phase 6y, 7o and 8c) 
Passenger cars 
o Impacts to vulnerable road users were ex-

cluded from GIDAS (not necessary in CCIS 
dataset) 

o All vehicles 1998 onwards which had only 
one impact to the side (single side impacts) 

o Cars with rollover before or after the side 
impact where excluded. 

Pole impacts 
o Cars with single impact to pole (tree, lamp 

post, traffic light post…) 
o Resulting injury severity and individual inju-

ries for belted occupants only 

2. INTRODUCTION 

The national accident statistics demonstrate that the 
situation of passenger car side impacts is dominated 
by car to car accidents. Car side to pole impacts are 
relatively infrequent events. However the impor-
tance of car side to pole impacts is significantly in-
creasing with fatal and seriously injured occupants.  
Pole impacts, especially lateral, comprise one of the 
most aggressive impact environments for automo-
bile structures. Due to the close proximity of occu-
pants to the side structure, these pole impacts repre-
sent a more severe crash exposure than comparable 
impacts to other structures for instance to the front 
of a car (Varat et al 1999). Especially if the pole 
impact is directly to the compartment area the risk 
to receive severe injuries is high. A study of Zaouk 
et al (2001) postulated by using NASS and FARS 
data for 1988 to 1997 with respect to side impacts, 
that direct impacts of narrow objects with the occu-
pant compartment have a high portion of 
MAIS3+injuries. 
A considerable step in the improvement of side im-
pact protection for passenger cars has already been 
done. With additional and improved structures in 
the doors and/or pillars of a vehicle and with the in-
dustry wide introduction of various types of side 
airbags, occupant protection has reached a high 
level.  
The regulatory frameworks for these developments 
are the FMVSS 214 (Kahane, 1999) on the US side 
and the ECE 95 (Economic Commission for 
Europe) in Europe. In addition consumer testing by 
US-NCAP and EU-NCAP established also side im-
pact testing protocols not only for the car-to-car 
side impact but also for pole impacts. The latter are 
the focus for the current study, which was part of 

the work of the European Enhanced Vehicle Safety 
(EEVC) working group 21 (Accident Studies) for 
the EEVC WG13 (Side Impact) to develop recom-
mendations for future regulatory side impact test 
procedures. The working group 21 was founded for 
compiling experiences and scientific results from 
existing in-depth-investigations of European re-
search teams supporting the different activities of 
EEVC. 

Two approaches were undertaken within this study 
to better understand the characteristics of car to 
pole impacts. The first part is a statistical analysis 
of pole impacts to describe the characteristics and 
their importance relevant to other types of impact 
and to get further knowledge about the main factors 
influencing the accident outcome. The second part 
contains a case by case review on cars registered 
1998 onwards only, to further investigate car side to 
pole impacts focussing on factors that influence the 
injury severity and finding injury mechanisms of 
struck side occupants.  

3. STATISTICAL ANALYSIS OF SIDE TO 
POLE IMPACTS 

3.1. Relevance of Side to pole impacts 

Beside the frontal impact the side impact is the 
most common impact type. In GIDAS 16% of the 
passenger cars have single side impacts in CCIS 
18.4% (fig. 1). The passenger car side impacts are 
dominated by car-to-car impacts. Car side to pole 
impacts are relatively infrequent events with a share 
of less than 2% in both databases.  

 

 
Figure 1: Passenger Car Accidents by Impact 
Type  
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However the importance of car side to pole impacts 
is significantly increasing with fatal and seriously 
injured occupants. Single side to pole impacts have 
the highest proportion of MAIS3+ injured occu-
pants compared to the other accident types (fig. 2). 
The obvious difference in the injury severity distri-
bution between GIDAS and CCIS with a higher 
share of MAIS3+ injured occupants is caused by 
the difference in sample criteria of the studies. 
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Figure 2: MAIS Distribution by Impact Type, 
Belted Occupants only 

3.2 Effect of ESC on the Occurrence of Car Side 
to Pole Impacts  

To further demonstrate the effectiveness of ESC in 
reducing car to pole impacts GIDAS data were ana-
lysed. 
1.5%/2.8% of the cars (in GIDAS) without ESC 
have single side/front to pole impacts, for cars with 
ESC these shares are with 0.6%/1.5% less than half. 
The share of accidents with rollover is halved as 
well from 7.5% to 3.8%. 
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Figure 3: Passenger Car Accidents by Impact Type 
with and without ESC; accidents to vulnerable road 
users are excluded (GIDAS) 
 

Especially the share of accidents with rollover and 
pole impacts is definitely lower for cars equipped 
with ESC compared to cars without ESC. This 
would indicate for an effectiveness rate of 40 to 
54% for ESC equipped cars against pole impact 
risk. 

3.3 Characteristics of the Impact 

Delta v and Impact Speed 

To differentiate the impact severity relative to the 
injury severity the delta v was analysed on the oc-
cupant level. In GIDAS 50% of the occupants in 
single side to pole impacts receive a delta v less 
than 35 km/h, in CCIS this 50% rate is reached at 
29 km/h (fig. 4). This difference is even more re-
markable because in contrast the share of MAIS3+ 
injured occupants in single side to pole impacts is 
in CCIS with 37.5% clearly higher than in GIDAS 
26.4%. 
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Figure 4: Cumulative Delta v Distribution for 
Different MAIS Classes in Pole Impacts, Belted 
Occupants only 
 
The GIDAS database provides also the possibility 
to analyse the impact speed of the passenger car, 
due to the full reconstruction of the accident. 50% 
of all occupants had a side to pole impact with an 
impact speed below 46 km/h (fig. 5). 
 



Otte 4 

0%
10%

20%
30%

40%

50%
60%

70%
80%

90%
100%

0 20 40 60 80 100 120

impact speed [km/h]

GIDAS - Cumulative impact speed by injury severity of belted 
occupants

all occupants, n=182

MAIS2+, n=72

MAIS3+, n=45

 
Figure 5: Cumulative impact speed distribution 
by MAIS classes in single side to pole impacts, 
belted occupants only 

Impact Force Angle 

The CDC direction of principle force with its clock-
face differentiation of directions was used to ana-
lyse the impact force angle. The most frequent di-
rection of impact force with 40% is perpendicular 
or 90° ± 15° (3 and 9 o’clock) in both databases 
(fig. 6), with the majority of impacts to the drivers 
side (left in GIDAS and right in CCIS). 
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Figure 6: CDC Direction of Force in Single Side 
to Pole Impacts 

The majority of the MAIS3+ injured occupants 
have also been found in perpendicular ± 15° im-
pacts biased to the driver’s side (fig. 7).  
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Figure 7 MAIS Distribution by Direction of 
Force, Belted Occupants only 
 

Damage Area 

The by far highest proportion (50%) of all pole im-
pacted passenger cars show damage exclusively in 
the passenger compartment (fig. 8). Pole impacts 
affecting the area in front of the A-pillar occur sec-
ond most (around 20%), impacts behind the C-pillar 
occur rarely (around 3%). 
Severe and especially fatal injuries only occur when 
the passenger compartment is affected (fig. 9). 
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Figure 8 Damage Area in Pole Impacts and 
MAIS distribution by damage area 

Crash weight of the car 

In the GIDAS data there seems to be a correlation 
between MAIS and crash weight of the car, but the 
numbers of cars in the individual weight groups are 
very small. In CCIS there is no correlation visible. 
Finally it can be stated that in side impacts to pole 
the crash weight of the car has no, or only minor in-
fluence on the injury severity (fig. 9). 
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Figure 9 MAIS by Crash Weight of the Car 

Pole Diameter 

In the GIDAS database 60% of the impacted poles 
have a diameter less than 40 cm. In CCIS nearly 
one half of the single side to pole impacts happen to 
poles of this size. 
GIDAS provides also more detailed information on 
the distribution of pole diameters. Biggest group 
with more than 25% are the poles with diameter be-
tween 21 and 30 cm. 
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Figure 9 Diameter of Pole in Car to Pole Im-
pacts  
 

3.4 Occupant Parameters  

Age 

The share of young drivers is significantly higher in 
car to pole impacts compared to all other side im-
pacts. Clearly more than 40% of all drivers in pole 
impacts are younger than 26 years. In other side 
impact configurations this share is around 25% (fig. 
10). Side to pole impacts are generally single vehi-
cle accidents. Other studies show that especially in 
this type of accident young drivers are overrepre-
sented [STBA 2006]. 
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Figure 10 Driver Age Distribution in Side Im-
pacts and Pole Impacts of Cars 
 

Injuries per Body Region in Pole Impacts 

Looking at all injuries, occupants received in car 
side to pole impacts the head, the thorax and the ex-
tremities account for more than 80% of the injuries 
(fig. 14). Slight injuries are dominated by the head 
and the extremities. The combined share is about 
75%. For AIS3+ injuries the share of injuries to the 
thorax rises to 32% in GIDAS and 38% in CCIS. 
The share of abdominal injuries is 4% in GIDAS 
for slight and severe injuries. In CCIS abdominal 
injuries have a share of 11% for AIS1&2 and 5% 
for AIS3+ injuries. 
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Figure 12 Injury Distribution per Body Region in 
Pole Impacts 
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4. CASE BY CASE ANALYSIS 

Complementary to the statistical analysis on all car 
side to pole impacts a case-by-case analysis was 
carried out. It is focussed on a detailed in-depth-
investigation by using the original accident files, 
the accident images, injuries and its causation fac-
tors and the vehicle deformation pattern. 

Data sample for case by case analysis 

The data set on side to pole impacted cars is based 
on the data that was used for statistical analysis. In 
addition the case by case analysis is focussed on 
struck side occupants in cars registered 1998 on-
wards resulting in a sub sample with n=26 cases 
out of the GIDAS data base and n=97 cases out 
of CCIS. 

Methodology of case by case analysis 

For the analysis the car exterior is classified into a 
matrix system A, B, C, and D (fig. 13). The area A 
describes the area in front of the A-pillar, B de-
scribes the area between A- and B-pillar, C the area 
between B- and C-pillar and D the area in the rear 
of the car. The principle direction of force (fig. 13) 
was classified into rectangular (R) and oblique from 
the front (F) and oblique from the rear (B).  

          

 
Figure 13: Definition of the 4 impact areas and 
principle direction of force 

The frequency for these different classifications in 
side to pole impacts is given in the figures below 
(fig. 14). The most frequent impact area is the B-
area with 44.5%. The most frequent impact direc-
tion is in oblique direction from the front in nearly 

the half of all cases (48.2%). A rectangular impact 
±10 degree can be seen in 40.9%. Impacts from the 
rear direction occur rarely (10.9%). 

 
Figure 14: Frequencies of impact area and impact 
direction  

 
The most frequent combinations of impact areas 
and directions are AF, BF, BR and CR (fig. 19), to-
gether they cover 68% of all situations. Around 
19% of all impacts occur in the area between A- 
and B-pillar with force direction from front respec-
tively perpendicular direction. Focussing on seri-
ously injured struck side occupants (MAIS3+) more 
than the half had an impact from the frontal or per-
pendicular direction to the B area. Impacts to the 
front or the rear of the car occur rarely.  



Otte 8 

 
Figure 19: All struck side occupants (upper chart) 
and MAIS 3+ struck side occupants (lower chart), 
Combinations of impact area and direction  

 

Statistical Analysis of Car-Side-Pole-Impacts 
within the Case by Case Analysis 

Ordinal logistic regression 

To identify the relevant factors for the MAIS of the 
struck side occupants an ordinal logistic regression 
was carried out. As potential factors/variables the 
delta v, year of first registration, impulse angle, 
depth of deformation, country, diameter of pole and 
damage location were used.  
In Table 1 the p-values for the Chi square test are 
given for the correlation of the variables and MAIS, 
respectively MAIS in individual body regions. Ac-
cording to this delta v has significant influence on 
the overall MAIS, on the injury severity in head and 
abdomen. The depth of deformation has significant 
influence on the injury outcome of the extremities, 
and the damage area on MAIS and the injury sever-
ity in thorax and lower extremities. The impulse 
angle has only significant influence on MAIS, the 
pole diameter only to the head injury severity and 
country only to the injury severity of the lower ex-
tremities. Having only cars registered 1998 on-
wards presented in this sample; this variable has no 
significant influence on the injury severity levels. 
 
 

Table 1: p-values for the ordinal logistic regression 
analysis, correlation of given variables and injury 
severity of struck side occupants. 
 

CART-analysis 

To get more information on the influence of delta-v 
on the injury outcome a Tree- or CART-Analysis 
was carried out. It gives more information on the 
thresholds of a variable (delta v) where changes in 
the target parameter (MAIS) are visible. The CART 
method is an empirical, statistical method based on 
recursive partitioning analysis (Breiman et al, 
1984); the aim is to form prediction rules by con-
structing binary trees. 
First there is an upper change of significance at a 
statistically evaluated delta-v of 61.5 km/h describ-
ing an over proportional significance to high injury 
severity grades. Above this delta-v value the injury 
severity is increasing rapidly, explained by the 
highly deformation of the cars similar to catastro-
phic pattern. Next level of remarkable change can 
be found for a statistically evaluated delta-v of 
27.5 km/h. This value of delta-v 27.5 km/h is ap-
proximately the discussed test speed of 29 km/h. 
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The CART-analysis gives the indication that real 
world side to pole impacts have a significant level 
of accident severity at 27.5 km/h, where the injury 
severity is expected to increase over proportional 
(Figure 20). 

DV <=  27.50

Terminal
Node 1

Class = 0
Class Cases %

0 5 10.6
1 26 55.3
2 8 17.0
3 3 6.4
4 1 2.1
5 3 6.4
6 1 2.1

W = 47.00
N = 47

DV >   27.50

Terminal
Node 2

Class = 4
Class Cases %

0 0 0.0
1 13 19.7
2 10 15.2
3 21 31.8
4 11 16.7
5 7 10.6
6 4 6.1

W = 66.00
N = 66

DV <=  61.50

Node 2
Class = 1

DV <=  27.50
Class Cases %

0 5 4.4
1 39 34.5
2 18 15.9
3 24 21.2
4 12 10.6
5 10 8.8
6 5 4.4

N = 113

DV >   61.50

Terminal
Node 3

Class = 6
Class Cases %

0 0 0.0
1 0 0.0
2 1 7.7
3 3 23.1
4 1 7.7
5 2 15.4
6 6 46.2

W = 13.00
N = 13

Node 1
Class = 2

DV <=  61.50
Class Cases %

0 5 4.0
1 39 31.0
2 19 15.1
3 27 21.4
4 13 10.3
5 12 9.5
6 11 8.7

N = 126

 
Figure 20: CART-analysis of car side impacts with 
poles 
 
It can be seen in the analysis, that delta-v has a sig-
nificant influence, first there is an upper change of 
significance at a statistically evaluated delta-v value 
of 61.5 km/h describing an over proportional sig-
nificance to high injury severity grades. Above this 
level of accident severity the injury severity is in-
creasing rapidly, explained by the highly deforma-
tion of the cars similar to catastrophic pattern.  An-
other level of remarkable changes can be found for 
a statistically evaluated delta-v value of 27.5 km/h. 
This value of delta-v 27.5 km/h is nearly the dis-
cussed test speed of 29 km/h and is shown that cur-
rent real accidents are having here an important 

level of accident severity where the injury severity 
are increasing over proportional.  
A 3-dimensional graphic (fig. 21) is shown for all 
impacts on the compartment area the overall corre-
lation of significant influence on pole impacts on 
the lateral part of the vehicle BF + BR:  
 

 
figure 21 : Injury severity MAIS vs impulse angle 
vs delta-v 
 
There are major impact conditions leading in rela-
tively high injury severity, i.e. angle of force mo-
mentum = 90 degree, delta-v 40 km/h onwards, es-
pecially very severe are impact conditions from rec-
tangular combined with high delta-v. 

CONCLUSION 

From this study the following conclusion can be 
drawn:  

• Pole impacts are relatively rare events 
compared to other impact types. But the 
importance of side to pole impacts in-
creases by focussing on seriously injured 
occupants (MAIS3+). 

• Cars equipped with ESC show a by far 
lower share of car side to pole impacts and 
in consequence have reduced numbers of 
injured car occupants. Currently 10% of 
the vehicles in the GIDAS dataset were 
equipped with ESC. In the future the 
higher market penetration of ESC will fur-
ther reduce the number of car side to pole 
impacts. 

• In GIDAS 50% of the occupants in single 
side to pole impacts receive a delta v less 
than 35 km/h, in CCIS this 50% rate is 
reached at 29 km/h. This is in contrast to 
the injury severity distribution in both 
studies. The share of MAIS3+ injured oc-
cupants in single side to pole impacts is in 
CCIS with 37.5% clearly higher than in 
GIDAS 26.4%. 

• The most frequent direction of impact in 
car side to pole impacts is oblique from the 
front. Perpendicular impacts are the sec-
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ond frequent one. Damaged passenger 
compartments causing the vast majority of 
severe and fatal injuries.  

• The injury outcome does not correlate with 
the vehicle mass. 

• The highest proportion with approximately 
50% of all car side to pole impacts happen 
to poles with a diameter of less than 40 cm 
(CCIS 48% and GIDAS 60%). 

• Head and thorax injuries of the occupants 
are of highest importance when looking at 
severe and fatal injuries. Their share is 
above 70% of all MAIS 3+ injuries. 

• Delta-v can be identified as most signifi-
cant influence factor for MAIS. 

• At a delta-v value of 27.5 km/h the injury 
severity is expected to increase over pro-
portional. 

 
Most critical point in the discussion of future side 
impact testing criteria is the test speed. However a 
comparison between individual cases and a catego-
risation of the cases into cases of comparable sever-
ity within the individual in-depth study is possible.  
 
Several studies have already demonstrated the po-
tential of ESC in terms of traffic safety. The list be-
low (table 2) provides a brief overview of what has 
been investigated so far. 
 

Reference 
Estimated traf-
fic safety effect 

Source of 
data 

Sferco et al. 
(2001) 

34% reduction 
of fatal accidents 
18% reduction 
of injury acci-
dents 

EACS 

Aga and 
Okado (2003) 

35% reduction 
of single car ac-
cidents 

ITARDA  

Grömping et 
al. (2004) 

44% reduction 
of loss of control 
accidents 

GIDAS 

Lie et al. 
(2004) 

22.1% (± 21) re-
duction of acci-
dents 
more efficient 
on slippery road 
conditions 

Insurance 
data (Folk-
sam) 

Lie et al. 
(2006) 

16.7% (± 9.3) 
reduction of all 
injury crash 
types 
21.6% (± 12.8) 
reduction of fa-
tal and serious 
crashes 
more efficient 
on slippery road 
conditions 

Insurance 
data (Folk-
sam) 

Page and 
Cuny (2006) 

44% reduction 
of relative risk 
of ESP pertinent 
accidents 

French na-
tional acci-
dent census 

Farmer 
(2004) 

41% (27-52) re-
duction of single 
vehicle crashes 
involving per-
sonal injury 

State data 
System main-
tained by 
NHTSA 

Langwieder 
et al. (2003) 

25-30% reduc-
tion of all car 
crashes involv-
ing personal in-
jury 

Several data 
bases 

Table 2: Estimated Traffic Safety Effect of ESC [1] 
For the presented study based on GIDAS especially 
the share of accidents with rollover and pole im-
pacts is definitely lower for cars equipped with ESC 
compared to cars without ESC.  
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ABSTRACT 
 
The goal of this study was to evaluate side impact 
crash conditions using a detailed human body model 
and side impact crash model to provide an improved 
understanding of side impact injury and the primary 
contributing factors. This study builds on an 
advanced numerical human body model, including a 
detailed thorax, which has been validated using 
available PMHS test data for pendulum and side sled 
impact tests.  Crash conditions were investigated 
through use of a coupled side impact model, used to 
reproduce full scale crash tests.  The model accounts 
for several important factors that contribute to 
occupant response as noted in the literature: the 
relative velocities between the seat and door, the 
occupant to door distance, the door shape and 
compliance.  The coupled side impact model was 
validated using FMVSS 214 and IIHS side impact 
test data, comparing the thoracic response predicted 
by the model to that of the ES-2 dummy used in the 
crash tests. Importantly, the door and seat models 
were developed based on experimental data in the 
literature.   

The side impact model was used to investigate the 
effects of door to occupant spacing, door velocity 
profile, restraint system, and seat foam properties. 
The current study was limited to the use of velocity 
profiles in the direction of impact and did not 
consider rotational effects or motion perpendicular to 
the impact direction. It was found that injury as 
predicted using the detailed human body model and 
the Viscous Criterion (VC) was controlled by the 

second velocity peak typically found in door velocity 
profiles.     

INTRODUCTION 
 
Although there have been tremendous improvements 
in crash safety there has been an increasing trend in 
side impact fatalities, rising from 30% to 37% of total 
fatalities from 1975 to 2004 [1].  Between 1979 and 
2004, 63% of AIS≥4 injuries in side impact resulted 
from thoracic trauma [1].  Lateral impact fatalities, 
although decreasing in absolute numbers, now 
comprise a larger percentage of total fatalities.  
Safety features are typically more effective in frontal 
collisions compared to side impact due to the reduced 
distance between the occupant and intruding vehicle 
in side impact collisions.   

Automotive research is a challenging field due to the 
complexity and cost associated with full-scale vehicle 
testing.  Recent efforts have focused on the 
development of advanced finite element models of 
vehicles and occupants capable of reproducing the 
response present in crash scenarios.  

Forbes [2,3] developed a detailed numerical human 
thorax model with simplified models of the 
remaining body regions. The human body model 
developed by Forbes [2,3] was validated by 
correlating the response of pendulum and sled 
simulations to tests performed on PMHS.  This study 
has integrated the human body model in crash 
scenarios representing FMVSS 214 side impact 
testing. This research is intended to provide a detailed 
understanding of thoracic response due to side impact 
using the numerical human body model previously 
developed [2-5]. The first goal of this study was to 
develop and validate a side impact model capable of 
reproducing the conditions present in full scale crash 
testing.  The second goal of this study was to perform 
a parametric study varying conditions in the side 
impact model to provide an understanding of loading 
and its effect on thoracic trauma in side impact 
collisions.  

SIDE IMPACT MODEL DEVELOPMENT AND 
VALIDATION 
 
The side impact model (Figure 1) was developed to 
reproduce the important conditions present in side 
impact crash scenarios.  The model accounts for 
several factors that contribute to occupant response 
based on the literature [5-11] including: the relative 
velocities between the seat and door, the occupant to 
door distance, door shape, and door compliance.  
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Although some components were simplified in terms 
of geometry, they were based on geometries found in 
typical vehicles and material characteristics 
determined by experiment or found in the literature.    
 
The side impact model consisted of several 
components modeled as rigid materials, including the 
seatbelt anchors, sled base, and outer door.  The seat, 
seatbelts, and door were based on representative 
geometries and material properties determined by 
experimental testing and data from the literature 
[7,12-17].   
 
The simplified door was based on a cross section of a 
Ford Taurus model door [18] for consistency with the 
side impact test data used in this study.  The door was 
sectioned through the area that had the greatest 
armrest depth in order to produce a conservative door 
model geometry.  The mechanical response of the 
simplified door model was set to produce the same 
force-deflection characteristics as found in the 
literature [13]. 
  
The seat pan, sled base, and door were given 
prescribed velocity profiles based on full-scale crash 
tests from the NHTSA database, applied for the 
duration of the simulation.  The sled was constrained 
vertically and in the direction perpendicular to impact 
to prevent rotations. Although rotational velocities do 
exist in full scale crash testing, any significant 
rotation tends to occur long after the maximum 
thoracic response is observed and was not considered 
for this study. 
 

 
Figure 1 Side Impact Model. 
 
The validation of the side impact model was done by 
comparing the thoracic response of the human body 
model to experimental results from an ES-2 for two 
side impact crash scenarios reported here.  Velocity 

inputs from two specific cases were selected and the 
side impact model was modified to represent a 
FMVSS 214 test of a Ford Taurus and an IIHS test of 
a Nissan Maxima. For brevity, only the Ford Taurus 
data is presented in this paper.  These two test cases 
were selected for several reasons.  First, accurate 
velocity profiles for the vehicle CG, seat, and door 
were required to provide input conditions for the side 
impact model.  However, door accelerometers are not 
regularly included in side impact test procedures, 
therefore narrowing the test cases to those tests that 
do include door accelerometers.  Second, current and 
past research using the human body model has 
focused on VC response to predict injury.  However, 
typical side impact test procedures use a Side Impact 
Dummy (SID) with TTI injury criteria based on 
accelerations.  This further narrowed the available 
side impact tests to those that use the ES-2 since VC 
is used as the injury criteria.  Finally, two test types 
(FMVSS 214 and IIHS) with different test procedures 
were selected to validate the side impact model under 
differing test conditions.            

Side Impact Model Input Profiles 
 
Based on information for similar sled tests in the 
literature [10,19,20], input velocities for the sled, 
seat, and door were determined by the integration of 
accelerations recorded by uniaxial accelerometers 
positioned at the vehicle CG, driver seat track, and 
inner door panel respectively.  Full-scale crash data 
was obtained from a FMVSS 214 and an IIHS test 
[21,22].  These tests used a modified 50th percentile 
ES-2 dummy so comparison of the simulated 
occupant response to the ES-2 response was based on 
rib deformation compression, velocity, and the 
Viscous Criterion.  Input pulses for the FMVSS 214 
test are shown in Figure 2 and application to the side 
impact model in Figure 3.  

 

Figure 2  Input Velocity Profiles [22]. 
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Figure 3 Side Impact Model with Input Velocities 
 
It should be noted that vehicles were equipped with 
several accelerometers; however, the exact location 
often varies from vehicle to vehicle.  Also, because 
the door was directly impacted by the intruding 
moving deformable barrier (MDB), sensors may 
rotate during the collision.  This can result in 
inaccurate results, as acceleration will not be 
measured with respect to the expected coordinate 
system.  However, for the purposes of this study, it 
was assumed that the accelerometer data was 
accurate and rotation occurred after injury was 
predicted, approximately 50 msec after the initial 
impact. 

Measuring Thoracic Response  
The ES-2 records numerous acceleration, 
displacement, and force responses throughout the 
duration of a crash event.  However, for this study, 
only the lower, middle, and upper rib responses were 
evaluated for comparison with the human body 
model.  For purposes of comparison, three levels 
have been selected on the human body model, 
representing anatomically equivalent areas to the 
lower, middle, and upper ribs of the ES-2 (Figure 4).   

 

Figure 4 Response Locations (a) ES-2 Rib 
Location (b) Model Chest Levels. 

 

The ES-2 measures deflection based on the half 
thorax dimension, by measuring the deflection of the 
ribs on the struck side.  To ensure comparable results, 
the response of the human body model was also 
predicted using the half thoracic deflection as defined 
by Samaha et al. [23]. 

The degree of injury was measured using the Viscous 
Criterion developed by Lau & Viano [24].  Lau & 
Viano defined the viscous response (VC) as the 
product of deformation velocity, V(t), and the 
instantaneous normalized compression, C(t). 

 )()()( txCtVtVC =  (1).  
 

Where 
oD
tDtC )()( =  and 

dt
tDdtV )]([)( =  

 

Figure 5 The Viscous Criterion [24]. 
 

Validation with FMVSS 214 Crash Test  
 
The human body side impact simulation response 
during an impact with velocity profiles (Figure 2) and 
Arm to Door (AD) distance as determined by the 
FMVSS 214 side impact testing of a Ford Taurus is 
shown in Figure 6. 

 

 
Figure 6 Impact Sequence of Ford Taurus Side 
Impact Simulation (a) t=0 ms (b) t=15ms (c) 
t=30ms (d) t=45ms (e) t=60ms. 
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The simulated compression, velocity, and VC 
response for the upper chest band described in Figure 
4 is compared to the ES-2 response obtained from a 
full-scale FMVSS 214 crash test in the figures below 
(Figure 7, 8 and 9).  Additional data and comparisons 
can be found in Campbell [12].      

 

Figure 7 Upper Rib Compression Response for the 
Side Impact Model with Ford Taurus Inputs. 
 

 
Figure 8 Upper Rib Velocity Response for the Side 
Impact Model with Ford Taurus Inputs. 

 
Figure 9 Upper Rib VC Response for the Side 
Impact Model with Ford Taurus Inputs. 
 

Model assessment was undertaken following the 
methods used by Forbes.  The predicted thoracic 
response was compared to ES-2 based on data for 
loading, peak, unloading, and overall r-squared for 
the curves.   The following qualitative measures as 
applied in previous validation of the human body 
model [2,3] have been used to compare the simulated 
response to the experimental response (Table 1): 
 

• Good Falling close to the 
experimental response at 
the discretion of the 
author 
 

• Reasonable Falling reasonably close 
to the experimental 
response at the discretion 
of the author 
 

• Poor Falling significantly far 
from the experimental 
response at the discretion 
of the author 

 

Table 1  Side Impact Simulation vs Ford Taurus 
v3522 Injury Response Correlation 

CHEST 
BAND 

IMPACT 
PHASE CORRELATION 

  Compression 
(mm/mm) 

Velocity 
(m/s) VC (m/s) 

Loading Good Reasonable Good 

Peak Good Reasonable Reasonable 

Unloading Reasonable Good Good 

Upper 
Rib 

R2 0.83 0.73 0.78 

Loading Good Good Good 

Peak Good Good Good 

Unloading Reasonable Reasonable Reasonable 

Middle 
Rib 

R2 0.67 0.56 0.58 

Loading Reasonable Reasonable Poor 

Peak Reasonable Poor Poor 

Unloading Reasonable Reasonable Reasonable 

Bottom 
Rib 

R2 0.53 0.51 0.40 
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The information presented in Table 1 shows that the 
side impact model closely reproduced the timing and 
injury response as measured in the FMVSS 214 test, 
producing good to reasonable response overall.  
Discrepancies are attributed to minor differences in 
occupant positioning, door positioning and 
compliance, and geometric differences between the 
ES-2 and human body model at the specified chest 
band locations. 

SIDE IMPACT SIMULATION - PARAMETRIC 
STUDY RESULTS 
 
The side impact and human body models were used 
to undertake a parametric study to evaluate the 
different factors that contribute to injury response.   
 
For this aspect of the study, injury was evaluated 
based on full thorax deformation (as opposed to half 
thorax for the ES-2 comparison) using the same chest 
band locations implemented by Forbes [2,3] to ensure 
consistency with prior human body model usage and 
PMHS testing in the literature [2,3,25]. 
 
Thoracic response was measured using upper, 
middle, and lower chest bands located at the lateral 
level of the 4th rib, level of the xiphoid process, and 
the level of the 10th rib respectively (Figure 11).  
Also, it was found that the half thoracic deflection 
was lower than the full thoracic deflection, in 
agreement with the literature [26].  This indicates that 
a considerable amount of deformation occurs on the 
non-struck side, which is unaccounted for when using 
the half thoracic response.   Maltese et al. [26] clearly 
show that the half thoracic deflection is often 
approximately 60% of the full thoracic deflection.  
Similar differences between full and half thoracic 
deflection were found for the human body model as 
seen in Figure 10. 
   

 
Figure 10  Human Body Model Full and Half 
Thoracic Deflection Comparison. 

 

 
Figure 11 Chest band location: (a) Parametric 
Study Location (b) Validation Case Location. 

Side Impact Model Baseline Conditions 
 
The velocity profiles, door compliance, and occupant 
position for the validation case above were used as 
the baseline for the parametric study (Figure 2).   

Full-scale side impact tests typically produce door 
intrusion velocity profiles that consist of three 
common characteristics; first peak, valley, and 
second peak [10].  The first peak occurs immediately 
after the barrier contacts the door causing the door 
velocity to rapidly increase to its initial peak.  The 
door velocity then decreases to its valley as the 
vehicle side structure transfers load to the main 
structure of the vehicle [11].  The second peak in 
door velocity is caused by stiffening of the barrier 
prior to slowing to its final velocity.  It has been 
found that the overall kinematics of the door is 
essentially unaltered by the interaction with the 
occupant [27].      

 

The Effect of Varying Door to Occupant Distance 
 
This study investigates the effect of the door to 
occupant distance by using two door types; a rigid 
plate and a representative door with armrest (Figure 
12).  The AD spacing used in this study was selected 
to cover a range as determined by the maximum and 
minimum values found in FMVSS 214 test reports 
[28].   

One would expect that increasing the spacing 
between the occupant and the intruding door would 
reduce occupant injury.  The amount of space 
between the occupant and the door has a direct effect 
on the contact velocity as well as the contact timing 
with respect to the velocity profile [10].  The effect of 
the occupant to door spacing was investigated by 
varying the spacing of an intruding rigid door and 
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armrest in the side impact model.  As discussed in the 
previous section, the velocity profiles applied to the 
side impact model were controlled by the crushing of 
the vehicle structure and were independent of 
occupant positioning.  Therefore, the velocity profiles 
for the baseline case were applied for each AD 
distance in this study.     

 

Figure 12  Door Type (a) Rigid Door (b) Armrest. 
 
Two cases were used to investigate the effects of 
door to occupant spacing.  First, a rigid door as seen 
in Figure 12 was used to investigate the effect of 
varied AD distance excluding effects caused by 
armrest geometry and compliance.  Second, the same 
AD study was performed to investigate differences in 
thoracic response caused by the presence of an 
armrest in comparison to a flat rigid door.     
 
Rigid Door Simulation - The upper band VC 
response for varying door to occupant distances for 
an intruding rigid door is shown in Figure 13.          

 

Figure 13 Upper Band VC Response for Varied 
AD Distance of an Intruding Rigid Door. 
 
Investigating the VC response shown in Figure 13 
can provide some insight into the timing of injury and 
the role of the occupant to door distance.  Two curves 
(58mm & 90mm) had their peak injury response 
occurring just after the first peak in the door intrusion 

velocity profile (Figure 14).  The remaining three 
scenarios (115mm, 125mm, and 138mm) had their 
maximum injury response closely coinciding in time 
with the second peak of the door velocity profile.  
Further insight may be provided by examining the 
contact timings of the door to chest as determined by 
the upper band velocity response shown in Figure 14.  

 

Figure 14  Contact Timing for Varying Door to 
Occupant Spacing. 
 
The contact timings for the five AD spacings 
discussed occur within 7 ms of each other, but have a 
significant influence on occupant injury despite the 
minor differences in contact timing.  The variance in 
injury responses may be explained by examining the 
occupant motion relative to the sled base by tracking 
the velocity of the center of the occupant chest 
relative to the sled floor (Figure 15).   

 

Figure 15 Occupant Motion Relative to Sled Base 
for Varied Door to Occupant Spacing. 
 
The occupant response relative to the sled base in 
Figure 15 essentially consists of a decrease in 
occupant velocity relative to the sled floor prior to 
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door contact followed by an increase in occupant 
velocity after contact.  Therefore, the decreasing 
relative velocity actually represents the sled floor 
moving while the occupant remains relatively 
stationary due to its inertia.  When contact with the 
door occurs the occupant velocity begins to catch-up 
to and surpass the velocity of the sled.     

One would expect that thoracic response would 
inversely correlate to AD distance, such that an 
increase in AD distance would cause a decrease in 
injury.  This inverse correlation does occur to some 
extent in the scenario presented and would likely 
occur for all AD distances if not for the second peak 
in the door velocity profile. 

For a door to occupant distance of 58mm, the VC 
response is controlled by the first peak and VCmax 
occurs just before the door velocity profile valley.  
The thoracic compression present at the onset of the 
second peak in door velocity was 20.9% and was the 
maximum compression observed in the study [12].  
The velocity of chest compression at the onset of the 
second peak is near zero, confirming that the chest 
has in fact reached the maximum compression at this 
point.  The occupant motion relative to the sled base 
prior to the second peak suggests that the occupant 
has surpassed the velocity of the sled floor due to the 
aggressive impact with the intruding door. 

The 90mm door to occupant scenario can be 
described in much the same way as the 58mm case.  
However, the 115mm case differs as it was controlled 
by the second peak in the door velocity profile.  The 
first peak did produce minor thoracic response as 
observed in the VC response shown in Figure 13, but 
was superseded by the injury produced by the second 
peak.  This response can be largely explained by the 
time of contact and occupant response prior to the 
second peak.  As seen in Figure 14, the contact 
timing for an AD of 115mm occurs as the door was 
decelerating to its valley, which decreased the time 
for the door to compress the chest and accelerate the 
occupant.  In this case, the chest compression is only 
5% prior to the second peak [12].  Also, the occupant 
velocity relative to the sled base suggests that the 
occupant was beginning to accelerate due to contact 
with the intruding door, but was still moving 
considerably slower than the sled floor.  These 
factors significantly increase the effect of the second 
peak because the occupant was not accelerated 
enough to minimize the impact of the second peak. 

The same reasoning can be applied to the final two 
cases (125mm and 138mm).  Injury in both cases was 
highly influenced by the second peak due to the time 

of contact with the intruding door.  As intuition 
would suggest, the first peak response continually 
decreases as AD distance increases, but this decrease 
in first peak response causes an increase in the effects 
of the second peak, thus creating the observed VC 
response.  The later contact time reduces the ability 
of the first peak to accelerate the occupant, thereby 
causing the second peak to be far more injurious than 
observed in scenarios with smaller AD distances.                 

Padded Armrest Simulation - The VCmax of an 
occupant for varied AD spacing of a simplified door 
including an armrest is compared to that of a rigid 
flat door in the following bar chart (Figure 16).  
Trend lines are included to track VCmax for varying 
AD spacings. 

 

 

Figure 16 Variation of VCmax with Door to 
Occupant Distance. 
 

 

Figure 17 VCmax Reduction of an Intruding 
Deformable Door vs an Intruding Rigid Door. 
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As one would expect, the presence of an armrest 
tends to increase the injury response at the level of 
the lower chest band in comparison to the rigid door.  
This response can be attributed to an earlier time of 
contact with the thorax due to the geometry of the 
armrest effectively reducing the door to occupant 
spacing.  Also, the armrest caused the localized 
deformation of the thorax, therefore resulting in 
higher levels of compression and VC response.      
Although the peak VC response observed does not 
change drastically, the maximum injury was found at 
the level of the lower chest band when an armrest 
was present.  However, the presence of an armrest 
tended to reduce the VCmax observed by a maximum 
of 16% compared to the VC response caused by an 
intruding rigid door (Figure 17).  This shows that 
door compliance and shape plays a significant role in 
thoracic response.  The VC response of the upper 
chest band is presented in Figure 18. 

 
Figure 18 Upper Band VC Response for Varied 
AD Distance, Deformable Door. 
 

The effect of door to occupant spacing on the 
thoracic response of an occupant due to an intruding 
armrest can be explained in a similar fashion to the 
case of a rigid intruding door previously discussed.   

 

The Effect of Varying Door Intrusion Velocity 
 

Based on information from the literature and the arm 
to door distance investigation, it is clear that the door 
interaction with the occupant is an important factor in 
occupant injury.  The occupant to door distance study 
above showed that the distance was an important 
factor in determining thoracic response, but the 
relationship between VCmax and AD distance was 
not linear.  This is largely due to the effects of the 

velocity profile and variation in contact timing.   The 
following study examines the effect of the velocity 
profile by varying the first and second peak of the 
velocity profile by +/- 15% as shown in Figure 19.  
This velocity profile study was based on the research 
performed by Morris et al. [10].  As in the previous 
case study, it was assumed that the velocity profiles 
applied to the side impact model were independent of 
occupant positioning.   

 

Figure 19  Varied Door Intrusion Velocity Profile 
& Contact Times. 
 
Figure 20 shows the relationship between injury and 
velocity profile for variations in first and second peak 
velocity. 

 

Figure 20 Variation of VCmax with Door Velocity 
Profile. 
 
The VC responses for the upper chest band are shown 
below.  As expected, the variation in velocity profile 
has a significant effect on occupant response. 
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Figure 21 Upper Band VC Response for Varying 
Velocity Profiles. 
 
Figure 21 shows that the peak VC response in each 
scenario corresponds in time with the second peak of 
the door velocity profile.  However, varying the first 
peak had a significant impact on the magnitude of 
VC response produced by the second peak.  This can 
be explained by investigating the occupant motion 
relative to the sled base (Figure 22).  As it has been 
shown that VC response was largely dependant on 
the second peak in velocity profile, increasing the 
velocity of the second peak would clearly increase 
thoracic response and a decrease in peak velocity 
would result in a decreased VC response.       

 

Figure 22 Occupant Motion Relative to Sled Base 
for Varied Door Intrusion Velocity Profile. 
 
Similar to the previous study on varied AD distance, 
variation in velocity profile had a somewhat counter-
intuitive effect on occupant injury.  Although VC 
response in the current scenario corresponds in time 
with the second velocity peak for all cases, the first 
peak directly contributes to the degree at which the 
second peak influenced VC.     

For the baseline case and therefore the cases varying 
the second peak velocity, the effect of the first peak 
was the same in terms of chest compression, velocity 
of compression, VC, and occupant motion relative to 
the sled base.  Since the conditions prior to the 
second peak were known and constant for the 
baseline, upper second peak, and lower second peak 
it was possible to understand the effect of the second 
peak velocity irrespective of the effects of the first 
peak.  It is clear that the second peak of the door 
intrusion velocity profile follows conventional 
expectations, such that an increase in velocity would 
cause an increase in injury and a decrease in velocity 
would cause a subsequent decrease in injury.   

However, the first peak acts as a means to accelerate 
the occupant following contact with the door, thereby 
increasing the occupant velocity and minimizing the 
impact of the second peak.  An increase in first peak 
velocity would reduce the effect of the second peak, 
while a decrease in the first peak would increase the 
influence of the second peak.  This effect can be 
observed by comparing the occupant motion relative 
to the sled base (Figure 22) and VC response (Figure 
21) for the baseline, upper first peak, and lower first 
peak. 

Figure 23 shows that increasing the first peak 
velocity by 15% can reduce the Upper Band VCmax 
by 27% and decreasing the first peak velocity by 15% 
can increase the Upper Band VCmax by 16%.  
However, increasing the second peak velocity by 
15% increases the Upper Band VCmax by 37% and 
decreasing the second peak velocity by 15% caused a 
33% reduction of the Upper Band VCmax.  

 

Figure 23 The Effect of Varying Velocity Profiles 
on Upper Band VCmax. 
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The middle chest band follows the same tendencies 
as the upper band in response to varied velocity 
profiles.  However, the response of the lower chest 
band did not follow the same trend as the middle and 
upper band for the case of an increase in first peak 
velocity (Figure 20).  This discrepancy was due to the 
high contact velocity at the lower chest band caused 
by the reduced door to occupant distance due to the 
armrest geometry.   

As shown in Figure 24, the Lower Band VCmax 
occurred at the first peak in the response.  Although 
the first peak did not control injury for the middle 
and upper chest bands in this study, a greater increase 
in first peak velocity would result in injury being 
dominated by the first peak, similar to the response of 
the lower chest band.  

 

Figure 24 Lower Band VC Response for Varying 
Velocity Profiles. 
 

The Effect of Varying Seat Foam on Thoracic 
Trauma 
 
The seat acts as a primary point of interaction 
between the occupant and the vehicle, although seat 
foam is predominately used as a means of improving 
occupant comfort.  While the mechanical properties 
of common seat foams fall within a relatively small 
range, their impact on occupant injury can be 
significant despite being largely developed for 
comfort rather than safety.  This study presents the 
relevance of seat foam in side impact by comparing 
the occupant response in a seat modeled using a high 
stiffness (Foam 2) and a low stiffness (Foam 4) foam 
characterized for varying rates of strain [7,12].  The 
results are summarized in the bar chart presented in 
Figure 25.   

 

 

 

Figure 25 Variation of VCmax with Seat Foam 
Type. 
 
Despite modest differences in mechanical properties, 
seat foam clearly plays a significant role in side 
impact occupant safety.  Figure 26 shows that using 
the low stiffness foam instead of the high stiffness 
foam caused a 41% increase in the observed VCmax 
value. 

 

Figure 26 Upper Band VC Response for Varied 
Seat Foam Stiffness. 
 
The response of the three chest bands were 
comparable in terms of their shape and timing, 
however the peak response observed when using 
Foam 4 was elevated for the compression, velocity, 
and VC [12].  This variation in response may be 
explained by comparing the occupant motion relative 
to the sled for each foam (Figure 27).   
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Figure 27 Occupant Motion Relative to Sled Base 
for Varied Foam Stiffness. 
 
It can be seen that seat foam had minimal effect on 
occupant motion relative to the sled; however, the 
minor differences observed translated to considerable 
differences in thoracic response.  A stiffer foam, such 
as Foam 2 in this case, was more capable of applying 
a load to the occupant, thus increasing the occupant 
velocity and reducing the effect of the intruding door.   

Although the differences in mechanical properties 
between the seat foams compared in this study were 
relatively small the effect on thoracic trauma was 
noteworthy.  Stiffer seat foams and more 
encompassing side bolsters may have the potential to 
significantly reduce injury.             

The Effect of Restraint Systems on Thoracic 
Trauma 
 
The effect of restraints on the reduction of occupant 
trauma in frontal collisions is well-known.  However, 
the effect of restraints in side impact is not as clear.  
According to a study performed by NHTSA [1], the 
reduction of fatalities in near-side impacts as a result 
of restraint systems was a mere 5 percent.  In 
comparison, the fatality reduction as a result of seat 
belt usage was 39 percent in farside impacts, 50 
percent in frontals, and 74 percent in rollovers.   

However, because of large variation in crash 
scenarios it is difficult to quantify the effect of 
restraints in side impact.  The study performed in this 
section compares the thoracic response of a belted 
and un-belted occupant under identical crash 
conditions to determine the effect of restraints.  A 
summary of the results is presented in the bar chart in 
Figure 28. 

 

Figure 28 Variation of VCmax for a Belted and 
Un-Belted Occupant.      

  
The small spacing between the occupant and the 
intruding door makes energy dissipation difficult and 
contact inevitable.  However, it is clear that the 
presence of restraints reduces the thoracic response at 
each chest band level and can reduce VCmax by up 
to 13% compared to an un-belted occupant. 

 

Figure 29 Upper Band VC Response for a Belted 
and Un-Belted Occupant. 
 
As seen in Figure 28 and Figure 29 the VC response 
for the un-belted occupant was slightly elevated in 
comparison to the belted occupant.  The modest 
difference in thoracic response may be explained by 
investigating the occupant motion relative to the sled 
base (Figure 30). 
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Figure 30 Occupant Motion Relative to Sled Base 
for a Belted and Un-Belted Occupant. 
 
The presence of a seatbelt accelerates the occupant 
slightly more than in the case of the un-belted 
occupant, thereby moderately reducing the impact of 
the intruding door.  It is likely that the increase in 
occupant velocity relative to the sled base was due to 
an increased interaction with the seat, facilitated by 
the restraint system.  This displays the modest 
improvements to thoracic response in side impact 
collisions as a result of restraint systems.   

  

CONCLUSIONS AND RECOMMENDATIONS 
 

A numerical side impact model has been developed 
to investigate factors and crash conditions present in 
full scale crash tests.  The model was developed to 
account for several important factors that contribute 
to occupant response including the relative velocities 
between the seat and door, the occupant to door 
distance, as well as door shape and compliance.              

Validation of the side sled model was undertaken by 
reproducing the crash conditions present in FMVSS 
214 and IIHS side impact tests and comparing the 
thoracic response determined by the model to the 
response of the ES-2 dummy used in the crash tests. 
The side impact model was shown to produce good to 
reasonable injury response with respect to the full-
scale FMVSS 214 side impact test of a Ford Taurus, 
as well as the IIHS side impact test of a Nissan 
Maxima.   

The side impact model was then used to investigate 
the effects of door to occupant spacing, door velocity 
profile, seat foam stiffness, and the use of a restraint 
system.  It was found that injury as predicted by the 

Viscous Criterion was controlled by both the first and 
second peaks typically found in door velocity 
profiles, but the influence of each varied depending 
on the situation. 

The parametric study presented in this paper has 
provided valuable insight into the factors influencing 
thoracic trauma in side impact collisions.  Clearly, 
occupant protection in side impact scenarios is a 
difficult task due to the limited door to occupant 
spacing associated with lateral collisions.   The study 
performed has shown that thoracic injury was largely 
dependant on relatively small changes in a number of 
factors such as AD distance, door intrusion velocity, 
and seat foam properties.   

It has been shown that the presence of a deformable 
door compared to a rigid door can reduce VCmax by 
up to 16%, showing that door geometry and 
compliance plays a roll in safety.  Also, it was shown 
that the shape of the door intrusion velocity profile 
highly influences thoracic response.  Therefore, 
altering the structural properties of the vehicle to 
minimize door intrusion or idealize the door intrusion 
velocity profile may significantly reduce VCmax.     

The seat foam study performed has shown that using 
the low stiffness foam instead of the high stiffness 
foam can cause a 41% increase in the observed 
VCmax value.  This was based on the investigation 
of seat foams falling in a relatively limited range of 
material properties.  Clearly, seat foam plays an 
important role in crash safety and improving side 
bolsters and increasing foam stiffness may contribute 
to better side impact safety.     

Although the effect of pre-tensioning restraint 
systems are limited in side impact crash, this study 
has shown that this can reduce VCmax by improving 
the contact between the occupant and the seat.  The 
improved occupant to seat contact minimizes the 
impact of the intruding door by accelerating the 
occupant with the seat, thereby reducing the relative 
velocity between the occupant and intruding door.  
Thus causing a 13% decrease in VCmax in this study.    

It should be noted that the current study was limited 
to velocity profiles obtained from a specific FMVSS 
214 test and therefore results and observations are 
restricted to the confines of the input conditions used.  
Also, although based on vehicle geometries, the side 
impact model has been developed using simplified 
geometries for the seat, armrest, and restraints and 
may not fully encompass all vehicle designs.  
However, the side impact model developed is a 
useful tool for evaluating factors influencing side 
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impact and can be used to determine occupant 
response in any side impact crash scenario when the 
appropriate input conditions are provided.   

ACKNOWLEDGMENTS 

The authors would like to express their appreciation 
to General Motors of Canada Limited and the 
Premier’s Research Excellence Award for funding 
this work.     

REFERENCES 
[1] NHTSA Side Impact Evaluation, 2004 
 
[2] Forbes, P. A., 2005, Development of a 
Human Body Model for the Analysis of Side Impact 
Automotive Thoracic Trauma, MASc Thesis, 
University of Waterloo, Waterloo, Ontario, Canada 
 
[3] Forbes, P.A, Cronin, D.S., Deng, Y.C., 
2005, Multi Scale Human Body Model to Predict 
Side Impact Thoracic Trauma, IJCrash 2006 Vol 11 
No. 3 pp. 203-216 
 
[4] Chang, F., 2001, The Development of a 
Finite Element Human Thorax Model for Impact 
Injury Studies, Proceedings of the 2001 ASME 
International Mechanical Engineering Congress and 
Exposition, AMD Vol. 251, 2001, pp. 103-111 
 
[5] Aekbote K., Sundararajan S., Chou C.C., 
Lim G.G., Prater J.A.., 1999, A New Component 
Test Methodology Concept for Side Impact 
Simulation, SAE 1999-01-0427 
 
[6] Aekbote K., Sobick J., Zhao L., Abamcyk 
J.E., Maltarich M., Stiyer M., Bailey T., 2007, A 
Dynamic Sled-to-Sled Test Methodology for 
Simulating Dummy Responses in Side Impact, SAE 
2007-01-0710 
 
[7] Campbell, B.M., Cronin, D.S., Salisbury, 
C.P, 2007, High Rate Characterization of Automotive 
Seat Foams, Society of Experimental Mechanics 
Conference, Springfield, MA 
 
[8] Deng, Y.C., Kong, W., Ho, H., 1999, 
Development of a Finite Element Human Thorax 
Model for Impact Injury Studies, SAE International 
Congress and Exposition, Detroit, MI, SAE Paper 
1999-01-0715 
 
[9] Deng, Y.C., 1989, The Importance of the 
Test Method in Determining the Effects of Door 

Padding in Side Impact, Proceedings of the 33rd 
Stapp Car Crash Conference, 892429 
 
[10] Morris R.A, Crandall J.R, Pilkey W.D., 
1998, Multibody Modelling of a Side  Impact Test 
Apparatus, IJCrash 1999 Vol 4 No. 1 pp. 17-30 
 
[11] Payne, A.R., Mohacsi, R., Allan-Stubbs, B., 
1997, The Effects of Variability in Vehicle Structure 
and Occupant Position on Side Impact Dummy 
Response Using the MIRA M-SIS Side Impact 
Technique., Society of Automotive Engineers, 
970571 
 
[12] Campbell, B.M., 2009, A Numerical Side 
Impact Model to Investigate Thoracic Injury in 
Lateral Impact Scenarios, MASc Thesis, University 
of Waterloo, Waterloo, Ontario, Canada 
 
[13] Deng Y.C., P Ng, 1993, Simulation of 
Vehicle Structure and Occupant Response in Side 
Impact, SAE 933125 
 
[14] Du Bois, P.A., 2003, A Simplified Approach 
to the Simulation of Rubber-Like Materials Under 
Dynamic Loading, 4th European LS_DYNA Users 
Conference, Material I 
 
[15] Du Bois, P.A., 2004, Crashworthiness 
Engineering Course Notes, Livermore Software 
Technology Corporation 
 
[16] Du Bois, P.A., Generation of Foam Material 
Input Data for LS-DYNA law 83 
 
[17] Serifi, E., Hirth, A., Matthaei, S., 
Mullerschon, H., 2003,  Modeling of Foams using 
Mat83-Preparation and Evaluation of Experimental 
Data, 4th European LS-DYNA Users Conference 
 
[18] NHTSA Website, 2007, http://www-
nrd.nhtsa.dot.gov/departments/nrd-
11/FEA_models.html 
 
[19] Teng, Tso-Liang, Chang, Kuan-Chun and 
Wu, Chien-Hsun, 2007, Development and validation 
of side-impact crash and sled testing finite-element 
models,Vehicle System Dynamics,45:10,925 — 937 
 
[20] Deng Y.C., Tzeng B., 1996, Side Impact 
Countermeasure Study Using a Hybrid Modeling 
Technique, SAE 962413 
 
[21] MGA Research Corporation, Nissan 
Maxima v3668, 2001, NHTSA 
 



Campbell 14

[22] MGA Research Corporation, Ford Taurus 
v3522, 2000, NHTSA 
 
[23] Samaha R., Maltese M., Bolte J., 2001, 
Evaluation of the ES-2 Dummy in Representative 
Side Impacts, Seventeenth International Technical 
Conference on the Enhanced Safety of Vehicles, 
Paper No. 486, NHTSA 
 
[24] Lau, I.V., Viano, D.C., 1986, The Viscous 
Criterion - Bases and Applications of an Injury 
Severity Index for Soft Tissues, Proceedings of the 
30th Stapp Car Crash Conference, 861882 
 
[25] Pintar, F.A., Yoganandan, N., Hines, M.H., 
Maltese, M.R., et al., 1997, Chestband Analysis of 
Human Tolerance to Side Impact, Proceedings of the 
41st Annual Stapp Car Crash Conference, 973320 
 
[26] Maltese M., Eppinger R., Rhule H., 
Donnelly B., Pintar F., Yoganandan N., 2002, 
Response Corridors of Human Surrogates in Lateral 
Impacts, Proc. Fourty-sixth Stapp Car Crash 
Conference, pp. 321 351, SAE, Warrendale, PA. 
 
[27] Chung J., Cavanaugh J.M., Mason, M., 
King, A.I., 1997, Development of a Sled-to-Sled 
Subsystem Side Impact Test Methodology, Society of 
Automotive Engineers, 970569 
 
[28] NHTSA Database, 2008 
 
 



 

Brumbelow 1 

IMPACT AND INJURY PATTERNS IN FRONTAL CRASHES OF VEHICLES WITH GOOD RATINGS 
FOR FRONTAL CRASH PROTECTION 

Matthew L. Brumbelow 
David S. Zuby 
Insurance Institute for Highway Safety 
United States 
Paper No. 09-0257 

ABSTRACT 

Modern vehicle designs tested as part of US consumer 
information programs achieve high ratings for frontal 
crash protection. Research is needed to determine how 
these tests can be upgraded to further improve occu-
pant protection in real-world frontal crashes. The 
present study is a detailed analysis of real-world cases 
with serious injuries resulting from frontal crashes of 
vehicles rated good for frontal crash protection.  

Queries of 2000-06 data from the National Automo-
tive Sampling System-Crashworthiness Data System 
produced 116 occupants meeting selection criteria. 
These were drivers and right front passengers who 
sustained serious injuries in frontal crashes despite 
being coded as belted. Patterns of vehicle impact and 
occupant injury were categorized and discussed in the 
context of potential upgrades to current crash tests. 

Asymmetric or concentrated loading across the ve-
hicle front often resulted in occupant compartment 
intrusion and associated injury. However, just as many 
occupants were in crashes without substantial intru-
sion and were injured by restraint system forces or 
impacts with the vehicle interior not prevented by 
restraints. Crashes producing injury without intrusion 
involved multiple impacts more than twice as often. 

Future test programs promoting structural designs that 
absorb energy across a wider range of impacts, such as 
small overlap, could reduce serious injuries in frontal 
crashes. Further restraint system improvements may 
require technologies that adapt to occupant and crash 
circumstances. It is unclear what types of full-scale 
crash testing would encourage these improvements.  

INTRODUCTION 

There are two consumer evaluation programs of ve-
hicle frontal crashworthiness in the United States. The 
National Highway Traffic Safety Administration 
(NHTSA) assigns occupant protection ratings of 1 to 5 
stars for drivers and right front passengers based on 
vehicle performance in a full-width test into a rigid 

wall at 35 mi/h (56 km/h). The Insurance Institute for 
Highway Safety (IIHS) assigns vehicle ratings of 
good, acceptable, marginal, or poor based on perfor-
mance in a 40 mi/h (64 km/h) test in which 40% of the 
vehicle front impacts a deformable barrier. Since these 
programs were introduced, structural and restraint 
system designs have improved substantially, and high 
test performance now is treated as a de facto standard. 
Among vehicles rated in the IIHS frontal offset test 
between January 2005 and May 2008, 85% received 
good ratings, with the rest receiving the second high-
est rating of acceptable. Under NHTSA’s frontal New 
Car Assessment Program (NCAP), 95% of 2008 
model year vehicles achieved a 4- or 5-star rating for 
both the driver and right front passenger [1]. 

Consumer evaluation programs are most useful when 
they provide comparative information to those pur-
chasing new vehicles. The consistent good perfor-
mance under the current test configurations has 
prompted both NHTSA and IIHS to consider changes 
to their frontal crashworthiness programs. After re-
searching various alternatives, NHTSA announced 
plans to keep the full width configuration but use 
different anthropomorphic test devices (ATDs) and 
include additional injury metrics [2]. IIHS has con-
ducted pole impact research tests to determine 
whether this crash configuration poses problems that 
offset testing does not address. It is important that any 
test program be driven by the types of crashes occur-
ring in the field so that the design changes the program 
encourages have benefits in real-world crashes. Stu-
dies have found that higher ratings in both NHTSA 
and IIHS test programs correlate to reduced injury risk 
[3][4]. To ensure this correlation continues, a better 
understanding of real-world crashes is needed to 
support informed decision making for future frontal 
test programs. 

Progress made in improving the vehicle fleet’s frontal 
crashworthiness and the promise of emerging active 
safety technologies such as electronic stability control 
[5] have resulted in less focus being placed on further 
passive safety improvements. Some new passive 
safety advancements are being developed, such as new 
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structural designs [6] and restraint systems [7], but the 
primary focus has shifted toward implementing active 
safety technologies while maintaining the current 
level of crashworthiness. However, no combination of 
active technologies is expected to completely prevent 
all crashes. A large number of fatal and serious inju-
ries will continue to occur in frontal crashes, and fur-
ther improvements in crashworthiness will be needed 
to address them. 

The present study provides a new perspective on the 
frontal crash picture in the United States. Frontal 
crashes in the National Automotive Sampling Sys-
tem-Crashworthiness Data System (NASS-CDS) that 
produced fatal or serious injuries to belted front-seat 
occupants were analyzed with the goal of categorizing 
them according to potential crash test configurations. 
For each case, vehicle structure performance and 
restraint system performance were assessed and 
compared with injury outcomes. Study findings al-
lowed a more detailed understanding of the types of 
frontal crashes still producing injuries to occupants 
protected by modern safety technology and identified 
some remaining steps that can be taken to improve 
frontal crashworthiness. 

METHODS 

The NASS-CDS crash data collection program is 
conducted and maintained by NHTSA. Twenty-seven 
teams stationed around the United States investigate a 
sample of police-reported towaway crashes in their 
geographic regions. The annual number of total 
crashes investigated each year ranged from around 
4,000 to 5,600 during 2000-06, the years used in the 
present study. Each case is assigned a sample weight 
based on its likelihood of being investigated. These 
weights are intended to allow nationwide estimates 
from the crash data. 

Vehicles selected for analysis received good ratings in 
the IIHS frontal offset test because this is a design 
criterion for virtually every new vehicle model and the 
study objective was to identify crashworthiness issues 
not addressed by the test. A minimum level of per-
formance in the frontal NCAP test was not required, 
but all the vehicles in the final sample had 4- or 5-star 
ratings for both occupants except one, which had a 3- 
star rating for the driver. Only vehicles of model year 
2000 or later were included to capture restraint system 
changes such as depowered airbags, load-limiting seat 
belts, and belt crash tensioners. Frontal crashes were 
defined as those that were coded with primary general 
area of deformation values (GAD1) of “F” by the 
NASS-CDS investigators. All such cases were in-
cluded when a belted outboard front-seat occupant 

sustained an injury with a severity of 3 or greater on 
the abbreviated injury scale (AIS ≥ 3), unless the only 
such injury was to the upper or lower extremities. All 
fatally injured occupants were included regardless of 
the coded maximum AIS.  

Although extremity injuries are not inconsequential, 
the study objective was to identify the crash configu-
rations that still are producing fatal or potentially fatal 
injuries. Injuries were categorized by the AIS body 
regions of head, chest, abdomen, spine, or pelvis.  

Detailed reviews were conducted of each case meeting 
the inclusion criteria in 2000-06 NASS-CDS. Rele-
vant coded variables were included, and crash de-
scriptions, scene photographs, vehicle photographs, 
and injury diagrams were analyzed. Vehicles and 
occupants were grouped according to the various 
criteria outlined below. 

Crash Configurations 

Study vehicles were assigned a crash configuration 
based on photographs of damaged vehicle components 
and the struck object. Beyond the initial “F” code, the 
collision deformation classification (CDC) assigned 
by the NASS investigator was not used to designate 
any of these crash configurations. Instead, the confi-
gurations were defined in reference to the longitudinal 
structures typically designed to manage the crash 
energy involved in frontal crashes. Differences be-
tween CDC and the crash configurations used in this 
study, as defined below, are discussed later. 

Center impact – major load path was between the 
two main longitudinals; all case vehicles in this con-
figuration struck a pole, post, or tree, but this was not a 
specific requirement. 

Small overlap – major load path was outboard of all 
major longitudinal structure; deformation of this 
structure may have occurred but was judged not a 
major source of energy absorption. 

Moderate overlap – major load path was along one 
longitudinal member and associated structures; offside 
member may have been loaded, but this either was less 
substantial, was induced by cross beams connecting 
the two members, or occurred separate from the initial 
engagement with the struck object or partner vehicle. 

Full width – major load paths were along both lon-
gitudinal structural members. 

Underride – major load paths were along components 
vertically above the bumper bar and longitudinals. 
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Override – major load paths were along components 
vertically below the bumper bar and longitudinals. 

Low severity – minor loading to all structural com-
ponents; insignificant longitudinal crush, if any. 

Nonfrontal/unreproducible – miscoded primary 
deformation location or extreme crash scenario with 
limited relevance to general crashworthiness. 

The first four crash configurations, illustrated in Fig-
ure 1, describe lateral locations of vehicle structures 
loaded during the crash. In some instances, one of 
these configurations seemed applicable in addition to 
either underride or override, so a judgment was made 
about which configuration was most significant to 
crash outcome. However, in two cases, a vehicle was 
assigned the underride configuration in addition to one 
of the lateral configurations because both appeared to 
be major factors in producing occupant injury. 

 
Figure 1. Locations of crash loading for various 
configurations 

Cases categorized as nonfrontals or unreproducible 
were not analyzed further, as they were not mea-
ningful for evaluating the types of frontal crashes with 
the potential to be addressed by crash test programs. 

Injury categories 

Although the crash configurations describe the types 
of impacts for case vehicles, on their own they do not 
explain how occupants were injured. The first re-
quirement of a crashworthy vehicle design is a struc-
ture that is able to control deformation in such a way 

that the occupant compartment remains intact. Given 
sufficient survival space, the second requirement is a 
restraint system that controls occupant loading to 
minimize injury risk. In some cases, both of these 
criteria are met but injury still occurs due to some 
other factor such as safety belt misuse or loading from 
an unrestrained rear-seat occupant. To summarize the 
major factors producing injuries in the crashes being 
studied, each occupant was assigned to one of four 
injury categories, as described below: 

Intrusion – injuries attributed mainly to compromise 
of occupant survival space.  

Restraint factor – injuries attributed to inability of 
restraint system to sufficiently control occupant mo-
tion or loading; occupant compartment integrity was 
maintained, but occupant sustained injury either from 
loading by restraint system itself or from impact with 
interior component not prevented by restraints. 

Occupant factor – occupant behavior or characteris-
tic (e.g., misuse of restraint, loading by another oc-
cupant, extreme obesity with use of seat belt extender) 
likely contributed to injury more than any intrusion or 
restraint factor; age alone was not considered an oc-
cupant factor, but some fatally injured occupants were 
assigned to this category because they developed 
postcrash complications that may have been age re-
lated, or they had pre-existing health conditions. 

Unknown: occupant/restraint – occupant behavior 
or other characteristic may have contributed to injury, 
but evidence was unclear; structural integrity was 
good, but injury still occurred due to restraint factor, 
occupant factor, or some combination of factors. 

RESULTS 

There were 116 occupants that met the initial inclusion 
criteria. In 8 cases, the driver and right front passenger 
in the same vehicle met the criteria. In one case, oc-
cupants of two different vehicles were included. 

Twenty occupants were in crash configurations de-
fined as nonfrontal or unreproducible. These cases 
were removed (see Appendix A), leaving 96 occu-
pants for further analysis. Weighting factors for the 
remaining cases ranged from 1 to 1,722, with a total 
weighted count of 6,709. NASS-CDS weighting fac-
tors are more difficult to interpret when analyzing 
smaller case samples. For example, 3 of the 96 occu-
pants studied represented 45% of the total weighted 
occupant count. To reduce the possibility that any 
single case could substantially affect the conclusions, 
only unweighted counts were analyzed. 
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Figure 2. Distribution of crash configurations 

Figure 2 shows crash configurations for cases in-
volving the 96 occupants. Center impact, small over-
lap, and moderate overlap configurations represented 
similar numbers of crashes and together comprised 
two-thirds of the cases. Underride and low-severity 
configurations were the next largest categories, to-
gether making up one-quarter of the total. Full-width 
and override configurations comprised the remaining 
8% of crashes. 

Figure 3 shows the distribution of injury categories. 
Intrusion and restraint factors each comprised more

 
Figure 3. Distribution of injury categories 

than one-third of the cases. Occupant factors made up 
10% of the cases. For the remaining 16% of cases, it 
was not possible to determine whether occupant or 
restraint factors were predominant in causing injury. 

Figure 4 shows the different contributions of injury 
factors for each crash configuration. Intrusion was 
most commonly related to injury in small overlap and 
underride crashes. For center, full-width, override, and 
low-severity crashes, restraint and occupant factors 
were predominant. Moderate overlap crashes had the 
most even mix among the various injury factors. 

 
Figure 4. Distribution of injury categories by crash configuration 
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Figure 5. Distribution of crash configurations for various injury groups  

Figure 5 shows the distribution of crash configurations 
for three injury category groups: crashes where intru-
sion contributed to injury, crashes where restraint 
factors contributed to injury, and all crashes where 
vehicle structure performed adequately but injury 
occurred from any restraint factor, occupant factor, or 
combination. 

Injuries 

Of the 96 occupants involved in crashes relevant to 
frontal crashworthiness analyses, 89 had detailed 

injury data available. Injury comparisons in this sec-
tion are based on these occupants. The median injury 
severity scores (ISS) for occupants in each crash con-
figuration and injury category are shown in Figure 6, 
with the number of occupants in parentheses. Occu-
pants in underride and override crashes had the highest 
median ISS, although the override value is based on 
only two observations. Occupants in low-severity and 
moderate overlap crashes had the lowest median ISS. 
For injury categories, median ISS was higher for oc-
cupants with injuries attributed to intrusion than for 
other occupants. 

 
Figure 6. Median injury severity scores for occupants in each crash configuration and injury category, with 
number of occupants in parentheses 
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Figure 7 shows the percentage of occupants who sus-
tained at least one AIS ≥ 3 injury to each body region. 
The chest was the most commonly injured body region 
at the AIS ≥ 3 level. This was true for the entire sample 
as well as for the subsamples of occupants in center, 
small overlap, moderate overlap, and full-width 
crashes. When injuries were attributed to intrusion or 
restraint factors, more occupants had serious chest 
injuries than any other injury type. After chest injuries, 
a higher percentage of occupants sustained serious 
injuries to the head than to other body regions. Head 
injuries were the most common type of AIS ≥ 3 injury 
for occupants in underride crashes and the second 
most common in center, small overlap, and moderate 
overlap crashes, as well as in crashes where injury was 
attributed to intrusion or restraint factors. Overall, a 
similar percentage of occupants sustained serious 
injuries to the abdomen, spine, or pelvis, but there was 
substantial variation across specific categories. 

Many additional observations can be made about this 
sample of cases. Some of those most relevant to the 
present study are displayed in Figure 8 and Figure 9. 
The column names are descriptions of a certain 

number of cases in each category, not groupings that 
sum to 100%. For example, 11% of occupants in 
center impacts were fatally injured, whereas 50% of 
occupants in underride crashes were killed. The 
number of cases in each category is given in paren-
theses. Because there were only two override cases, 
they were not included in Figure 8. 

DISCUSSION 

Difference between Crash Configuration 
Groupings and CDC Values 

Methods used in this study provide a more complete 
picture of factors contributing to crash severities and 
resulting injuries than can be obtained by grouping 
crashes according to CDC codes. NASS-CDS inves-
tigators assign CDC codes based on evidence of direct 
damage to any part of the vehicle exterior. This can 
result in an overestimate of the extent to which 
structural members were significantly loaded during 
the crash. Figure 10 shows the distribution of CDC 
codes for the specific lateral area of damage (SHL1) 
by crash configuration for the study sample. 

 

 
Figure 7. Percentage of occupants with AIS ≥ 3 injuries to given body regions, with number of occupants in 
parentheses 
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Figure 8. Relevant characteristics for each crash configuration 

 
Figure 9. Relevant characteristics for each injury category 
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Figure 10. Distribution of CDC SHL1 codes for study crash configurations 

 
Figure 11. Distribution of crashes for study crash configurations and CDC codes 
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Figure 11 shows how the crashes in the sample might 
be categorized according to CDC compared with the 
configurations using the study methods. Underride, 
override, and low-severity crashes were removed 
because CDC codes for vertical area of damage and 
longitudinal extent of damage had very little correla-
tion with these categories. Center impacts were de-
fined with SHL1 values of C or, if damage distribution 
was coded as narrow, Y/Z. The remaining Y/Z codes 
were considered moderate overlap, L/R codes small 
overlap, and D codes full width. Figure 10 and Figure 
11 show that the larger areas of direct damage in CDC 
can obscure patterns in the structural loading of un-
derlying vehicle components. This is similar to find-
ings by Lindquist et al. [8] who used a different me-
thod to study a sample of fatal crashes in Sweden. 

Current Crashworthiness Evaluation Programs 

Analyzing CDC codes alone could lead to an overes-
timate of the number of real-world crashes represented 
by the full-width NCAP test [9][10]. Only 6% of oc-
cupants in this sample were in full-width crashes. No 
occupants were killed, and all vehicles had very little 
intrusion or none at all. Based on this sample of cases, 
relatively few restrained occupants seriously injured 
in frontal crashes are in impacts that resemble the 
NCAP test configuration. 

Moderate overlap is the other crash configuration 
currently used to evaluate the frontal crashworthiness 
of the fleet. This configuration was one of the two 
largest categories of crashes in the sample, even 
though good performance in the IIHS offset test was 
an inclusion requirement. However, as shown in Fig-
ure 12, one-third of the occupants in these crashes 
were seated on the opposite side of the impact (i.e., 
drivers injured in front-right overlap crashes, or pas-
sengers injured in front-left overlap crashes). Among 
occupants seated on the same side as the impact, about 
half (8 of 15) were in crashes where substantial intru-
sion occurred, likely contributing to injury. Calculated 
delta-Vs for these 8 crashes ranged from 70 to 94 
km/h. This compares with an average delta-V of 44 
km/h for the IIHS test when calculated with the 
SMASH algorithm used by NASS investigators [11]. 
The moderate overlap crashes with substantial intru-
sion in this study all likely were higher speed crashes 
than the IIHS frontal offset test. 

Of the 23 occupants in moderate overlap crashes, 14 
were injured due to factors other than intrusion; there 
appeared to be adequate postcrash survival space for 
the restraint system to operate. Because the selection 
criteria for the present study included the requirement 
that an occupant sustain an AIS ≥ 3 injury, it is un-

known how many occupants survived serious mod-
erate overlap crashes without such injury. Neverthe-
less, the sample suggests that many injuries sustained 
by restrained occupants in moderate overlap and other 
frontal crashes can be attributed to the interaction 
between the occupant and restraint system in the ab-
sence of substantial structural collapse. 

 

Figure 12. Crash configurations relative to injured 
occupant’s seat position 
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The ATDs currently available have only limited abil-
ity to address the unique risks of the populations of 
older or overweight occupants [12][13]. The most 
commonly used ATDs represent the 50th percentile 
male, but more than half of the case occupants injured 
in crashes without occupant compartment intrusion 
were female.  

An additional consideration is that occupants who 
sustained injury from factors other than intrusion were 
more than twice as likely to have been in mul-
tiple-impact crashes. These were crashes in which 
some initial event (e.g., striking a curb, running over a 
small tree, being sideswiped) preceded the primary 
impact. Initial events could lead to occupants being 
out of position for the subsequent crash event, or to 
airbag deployment in some cases. In many of the 
multiple-impact cases, overall injury risk may be 
related less to the specific configuration of the most 
severe crash event than to the occupant not being in an 
ideal position for the event.  

The center impacts in the sample highlight some of the 
complications involved in designing future crash test 
programs. Center impacts were the most common 
configuration when accounting for the side of the ve-
hicle being impacted (Figure 12). Vehicle structure 
prevented substantial intrusion in all but 2 of the 19 
cases. Because all center impacts were to trees, poles, 
or posts, they all were off-road crashes, and almost half 
involved initial impacts preceding the primary crash 
event. Due to these factors, it is unclear what design 
changes are necessary to reduce injury risk in center 
impacts, and whether these changes could be driven by 
a single standardized laboratory test condition. 

Fewer occupants were injured in crashes with sub-
stantial intrusion than without (Figure 3). However, 
when intrusion was a factor in producing injury, the 
median ISS was higher (Figure 6) and occupants more 
often were killed (Figure 9). Figure 5 shows that more 
than 70% of these crashes were either small overlap or 
underride, with most of the remainder being moderate 
overlap crashes at higher speeds than the IIHS test 
speed, as discussed above. 

Half of the 14 underride crashes produced fatalities. In 
8 cases, underride occurred when the case vehicle 
struck a medium- or heavy-duty truck or trailer (4 
front and 4 rear), suggesting a need for improved 
underride protection on large commercial vehicles. 
Federal Motor Vehicle Safety Standards 223 and 224 
establish requirements for rear-impact guards on 
heavy-duty trailers in the United States. However, 
crash tests showing that underride still can occur with 
these guards prompted Canadian regulators to develop 

stricter standards [14]. One case in the present study 
included on-scene photographs showing that the trai-
ler’s guard deformed during the crash and failed to 
prevent underride. There are no front underride pre-
vention requirements for large trucks in the United 
States. Research in Europe [15][16] has investigated 
front underride guards, and United Nations Economic 
Commission for Europe Regulation 93 contains re-
quirements for such guards [17].  

The remaining 6 underride cases in the sample in-
volved impacts with light truck vehicles (LTVs). 
Three of these were front-to-front crashes. This con-
figuration is being addressed to some extent by man-
ufacturers’ voluntary commitment to lower the 
front-end structures of their LTVs [18]. One of the 
partner vehicles in the underride cases was an SUV 
that met the criteria of the voluntary agreement, and 
occupant compartment intrusion was limited. How-
ever, the SUV structure did not actually engage the 
main longitudinals of the case vehicle, and a higher 
severity crash may not have been survivable. Vehicles 
underrode the rear of an LTV in two cases and the side 
in another case. High-speed compatibility is not being 
addressed in either of these configurations. 

A crash test designed to represent a real-world under-
ride configuration could produce vehicle structures 
that are compatible with a larger range of partner 
vehicles, or that reduce the severity of intrusion when 
there is incompatibility. However, such a test may 
have only limited effect in the field until there is some 
improvement in the design and implementation of 
underride prevention for the fronts, sides, and rears of 
large trucks, trailers, and LTVs. 

The small overlap configuration was the most com-
mon among crashes where intrusion contributed to 
injury (Figure 5) and the second most common in the 
entire sample when accounting for the side of the 
vehicle being loaded (Figure 12). Of the 22 small 
overlap crashes, 19 were impacts with the front or side 
of another vehicle and 3 were impacts with a pole, 
post, or tree. When included, delta-V estimates for 
these crashes likely were inaccurate because they were 
based on crush measurements taken at the bumper bar, 
which was loaded very little or not at all. 

Currently there are no regulatory or consumer test 
programs evaluating protection in small overlap 
crashes. Such a program could result in vehicle design 
changes that expand the structural protection across 
the full width of the vehicle. Some occupants in 
moderate overlap and full-width crashes also would 
likely benefit from this increased load sharing, as well 
as occupants in some crashes with CDC codes indi-
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cating left or right side impacts where oblique loading 
leads to some front structure involvement. 

Restraint Factor Injuries 

Many cases evaluated had little intrusion in the areas 
of the injured occupants. In 37 of these cases, restraint 
factors appeared to contribute to injury. It was not 
always clear exactly how these injuries occurred. In 
some cases, there appeared to be an injury pattern 
consistent with belt-induced loading. In other cases, 
steering wheel deformation or other evidence sug-
gested restraint forces from the airbag and seat belt 
were insufficient to prevent hard contacts with the 
vehicle interior. Of 32 drivers with injuries attributed 
to restraint factors, 10 had evidence of steering wheel 
loading. However, in most cases it was unclear 
whether the coded injuries were caused by excessive 
or insufficient restraint loads. This especially was true 
for chest injuries, the body region most commonly 
injured at the AIS ≥ 3 level (Figure 7). 

Among occupants injured due to restraint factors, the 
specific body regions sustaining AIS ≥ 3 injuries va-
ried by occupant age (Figure 13). The biggest dispar-
ity was in the distribution of chest and head injuries. 
Occupants 60 or older more often received at least one 
serious chest injury than a serious head injury. The 
opposite was true for occupants younger than 30. 
Other research has found that belt force thresholds 
related to chest injury risk vary widely with occupant 
age [19]. Although not conclusive, the cases analyzed  

 
Figure 13. Occupants with AIS ≥ 3 injuries to 
certain body regions by age for restraint factor 
crashes 

in this study suggest that increasing excursion to re-
duce belt forces also may have an age-related effect 
with respect to the occurrence of head injuries. 

NASS-CDS contains codes for the sources attributed 
to each injury by the case investigator. However, there 
was inconsistency in these codes, and some seemed 
highly improbable given the loading direction. Often 
the “source confidence” codes were questionable as 
well. Many investigators listed the same confidence 
level for every injury to an occupant, even when more 
than 20 injuries occurred with a wide range of severi-
ties. In some cases, the source confidence was listed as 
“certain” even though no details of the injury were 
known. For these reasons, and to limit influence of the 
differences in the investigators’ techniques, the “in-
jury source” and “source confidence” variables were 
not analyzed for this study. 

The crash sample suggests current restraint systems 
can be improved. Occupants with injuries attributed to 
restraint factors in the absence of intrusion were in-
volved in multiple impact crashes nearly 40% of the 
time (Figure 9). If airbags deploy or load-limiting seat 
belts spool out during initial impacts, occupants may 
be more vulnerable during subsequent impacts. Even 
if the initial impact is the most severe, it is possible 
that a less severe subsequent impact could cause se-
rious injury if the airbag and seat belt no longer offer 
sufficient protection. Additionally, many occupants in 
real-world crashes may be loading restraint systems 
more obliquely than the loading in crash tests. Of the 8 
moderate overlap crashes with injuries attributed to 
restraint factors, 5 were impacts to the opposite side of 
the front from the injured occupant, and the other 3 
were crashes against vehicles moving perpendicularly 
to the case vehicle. 
Study Limitations 

A clear limitation of the present study is the sample 
size. Patterns of crashes and injuries that exist in the 
sample may vary from the larger population of frontal 
crashes producing injury in the United States. Addi-
tionally, the sample only includes occupants with 
serious injuries, so there is no way to know the injury 
risk for the different crash types that have been de-
scribed. For example, it might be assumed that un-
derride and small overlap crashes have a higher rate of 
serious injury per involvement than moderate overlap 
or full-width crashes, but there is no way to determine 
this with the current dataset. 

CONCLUSIONS 

The present study analyzes the types of frontal crashes 
causing serious injuries and fatalities to belted 
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front-seat occupants in vehicles achieving good per-
formance in current crashworthiness evaluation pro-
grams. Potential future test programs are considered 
by describing the real-world crash configurations in 
relation to the major longitudinal structures designed 
to absorb energy in most modern vehicles. Based on 
this sample, it is apparent that a large number of se-
rious injuries occur in frontal crashes despite good 
structural integrity. A variety of factors may contri-
bute to injury risk in these cases, such as occupants 
being out of position due to preceding impacts, load-
ing from other occupants, or restraint misuse. In ad-
dition, restraint systems may be unable to adequately 
balance the need for varying restraint forces based on 
occupant age, size, and crash severity. 

These restraint and occupant factors merit continued 
research to develop improved countermeasures that 
adapt to the occupant and crash circumstances and to 
determine which test conditions would allow mea-
ningful evaluation of the countermeasures. Until this 
research is complete, it appears more promising for 
crashworthiness evaluation programs to address the 
substantial number of frontal crashes that are pro-
ducing collapse of the occupant compartment and 
resulting injuries. Small overlap, underride, and 
high-velocity moderate overlap crashes are the most 
common configurations producing substantial 
amounts of intrusion in frontal crashes. Full-scale 
crash testing may have the greatest potential to im-
prove fleet crashworthiness in small overlap crashes. 
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APPENDIX A 

Cases excluded from injury analysis due to their irrelevance to frontal crashworthiness evaluation programs. 

Year PSU Case Details 
2002 45 39 Vehicle traveled down slope, pitched downward at impact with trees. 
2003 11 18 Oncoming snowmobile became airborne, crashed through windshield. 
2004 43 343 (2 occupants) Postcrash fire destroyed vehicle, may have contributed to injury. 
2004 45 118 Rollover was most severe event. 
2004 72 40 After pole impact, electrical utility box fell from pole through windshield. 
2005 9 64 Vehicle struck trees while airborne and pitched forward, involving roof. 
2005 49 137 Unreproducible kinematics resulting from three impact events with vehicles, two with 

poles and an unrestrained rear occupant. 
2005 82 18 Vehicle traveled off end of open drawbridge, fell 40 feet to ground. 
2006 9 131 Subsequent rollover likely contributed to injury. 
2006 11 106 (2 occupants) Vehicle traveled up steep slope to contact underside of overpass. 
2006 13 213 Rollover was most severe event. 
2006 41 132 Rear impact was most severe event. 
2006 43 89 Vehicle traveled down slope, pitched downward at tree impact, involving roof. 
2006 50 120 Rollover was most severe event. 
2006 75 37 Injury caused by side mirror being knocked through window into driver’s face. 
2006 76 72 Rollover was most severe event. 
2006 81 39 (2 occupants) Subsequent rollover likely contributed to injury. 
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ABSTRACT 
The THOR-NT dummy has been developed and 
continuously improved by NHTSA to provide 
manufactures an advanced tool that can be used to 
asses injury risk in crash tests. With the recent 
improvements of finite element (FE) technology and 
the increase of computational power, a validated FE 
model of the THOR-NT provides an efficient tool for 
design optimization of vehicles and their restraint 
systems.  The main goal of this study is to assess the 
current version of THOR-NT FE dummy model in 
the frontal crash environment. A three-dimensional 
(3D) FE model of the dummy was developed in LS-
Dyna based on the drawings of the THOR-NT 
dummy.  The material properties of the deformable 
parts and the properties of joints connecting rigid 
components were derived from the impact test data.  
To provide validation data for the assembled dummy 
model, two 40 km/h sled tests were conducted with 
the dummy restrained by a standard belt system and 
positioned in a rigid seat with the legs constrained at 
the knees.  The upper body kinematics of the dummy 
was recorded by means of a 3D motion capture 
system that tracked the movement of retro-reflective 
markers attached to the dummy and to the buck.  The 
dummy model fidelity was quantitatively assessed by 
comparing the displacement time histories of upper 
body and the reaction forces from the crash 
simulation with the corresponding data from the sled 
test.  While the relatively low score of the model 
(0.55 -on a scale from 0 to 1) suggests the need of 
additional model improvements and validations under 
different test conditions (e.g., different shapes of 
deceleration pulses, and initial velocities), its 
reasonable performance in the direction of sled 
deceleration during 40 km/h frontal crash event 
would recommend it for use in impact simulations 

intended to improve the design of new vehicles and 
their restraint systems. 

INTRODUCTION 

Anthropometric test devices (dummies) are 
frequently used in crash testing to evaluate injury risk 
for vehicle occupants.  The THOR (Test device for 
Human Occupant Restraint) dummy has been 
developed and continuously improved by the 
NHTSA (National Highway Traffic Safety 
Administration), and has shown improved biofidelity 
in impact tests relative to the Hybrid III, the dummy 
used in the current regulations (Shaw et al. 2002).  
While experiment testing is the current basis of 
crashworthiness evaluation for new car models, rapid 
advances in both computational power and crash 
simulation technology enables the use of a 
complementary computational component during the 
manufacturer’s design process, especially in the 
optimization of vehicle components or restraint 
systems (Untaroiu et al. 2007).  In order to provide 
maximal utility of the dummy model, its kinematical 
and dynamical predictions must be extensively 
verified under various crash scenarios before use in 
the vehicle design process.  

The main goal of this study was to evaluate 
a FE model of THOR-NT Dummy in a frontal impact 
environment.  A crash simulation with the 
deceleration pulse of a sled test was performed with 
the THOR-NT FE dummy model and the three-point 
restraint system positioned in a test setup model 
developed in LS-Dyna software (vers. 971, 
Livermore, CA, US).  The displacement time 
histories of several characteristic nodes on the 
dummy surface (corresponding to the markers used in 
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testing), and dummy interaction loads with the belt 
and the sled obtained from the simulation, were 
compared with test data using objective rating criteria 
developed in previous studies (Jacob et al. 2000, 
Hovenga et al. 2004 and 2005).  It is believed that the 
rating methodology and the associated ‘objective’ 
values can help identify priorities for further 
improvements in the THOR-NT dummy model.  

METHODOLOGY 

The Finite Element Model of the THOR-NT 

A three-dimensional finite element model 
was developed to represent the THOR-NT dummy 
using the LS-Dyna software package (vers. 971).  
CAD drawings of the THOR-NT physical dummy 
were used to construct the geometry of the model.  
Most head-neck elements (Figure 1) were modeled as 
rigid bodies except the elastomers (neck pucks and 
neck bumpers, OC joint stops), the non-linear springs 
(front and rear spring subassemblies), the foam 
material (face padding and head skin), and the steel 
neck cables. The rigid bodies that articulated relative 
to each other were connected with joint elements. 
The head-neck FE model was constructed to output 
equivalent measurements as those recorded in the 
physical THOR-NT Head-Neck: an upper and lower 
neck load cell; force in the front and rear spring 
assemblies; face load cells, and rotation of the OC 
joint. The completed FE model was correlated with 
the physical THOR-NT Head-Neck by simulating a 
head drop test and a frontal flexion test (Malone et al. 
2007a). 
 In the thorax FE model (Figure 2), 
deformable materials have been used in the following 
components: elastomer (shoulder and neck bumpers, 
flex joints, jacket and bib), foam material (upper 
abdomen and mid-sternum), and the steel (ribs). Joint 
elements were defined between the articulating rigid 
bodies and a variety of contact definitions were used 
to define the interaction between rigid bodies and 
deformable materials. The thorax FE model outputs 
the same measurements as the THOR-X CRUX 
(Compact Rotary Unit), that is deflection units in four 
locations and one accelerometer located on the Mid-
Sternum. The thorax FE model was correlated with 
the physical THOR-X by simulating two Kroell 
impact tests, one at 4.3 m/sec and the other at 6.7 
m/sec, and comparing to the experimental results. 
The force deflection curves for impactor force vs. 
chest deflection derived from the simulation were 
well correlated with those obtained from 
experimental data.  It was concluded that the FE 
model can be used to accurately predict the results of 

physical tests performed with the THOR-X (Malone 
et al. 2007b). 

 

 
In the lower extremity FE model (Figure 3), 

the parts defined as deformable were the following: 
the tibia skin, foot skin, tibia compliance spring, the 
heel padding/shoe, and the Achilles‘cable.  To 
account for the movement of the leg and ankle, one 
translational joint was created for compression of the 
tibia and three revolute joints were created to allow 
movement of the ankle.  Stiffness and damping 
properties were assigned to each of the joints to 
represent the mechanical properties in the physical 
THOR-LX.  The finite element model outputs the 
same measurements as the THOR-LX dummy: two 

Figure 2. The Thor-NT Thorax FEM 

Lumbar Joint 
Assembly 

Upper Thoracic 
Joint Assembly 

Shoulder Joint 
Assembly 

Ribs Assembly 

Figure 1. The Thor-NT Head-Neck Assembly  

Head 
Assembly 

Neck 
Assembly 
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six-axis load cells, two accelerometers, and rotation 
angles of the ankle.  The completed finite element 
model was correlated with the physical THOR-LX by 
simulating ten physical experiments and comparing 
the results (Varellis et al. 2004).  Three impacts to the 
forefoot were conducted to evaluate the dorsi joint 
performance.  Two heel impacts were performed to 
evaluate the tibia compliance.  Three Achilles’ tests 
were conducted to assess the Achilles’ cable forces.  
Two skin tests were performed to determine the 
effect of the skin on the tibia forces.  The time 
histories of impactor deceleration, load cell forces, 
joint angles and moments calculated for these tests all 
compared well to the experimental data.  Therefore, it 
is concluded that the finite element model can be 
used to accurately predict the results of physical tests 
performed with the THOR-LX  

 
The THOR-NT FE model (Figure 4) has 329 parts 
(components) and almost 340,000 elements, majority 
of them (93%) defined as rigid. The material models 
and joint definitions used in the FE model can be find 
in the THOR-NT manuals (Malone et al. 2007a, 
2007b, Varellis et al. 2004). 

 

The THOR-NT dummy in frontal crash 
environment 

The THOR-NT dummy was subjected to 
two 40 km/h frontal sled tests in order to provide test 
data for the validation of THOR-NT FE model. The 
dummy was positioned on a rigid planar seat and its 
torso was restrained by a standard 3-point shoulder 
and lap belt system (without pre-tensioner an/or load 
limiter systems). Since the primary goal of this test 
was the response evaluation of the dummy upper 
body regions (thorax, neck, and head), additional 
restraints for the lower regions of the dummy were 
applied (Untaroiu et al. 2009).  A rigid knee bolster 
was used to restrain the motion of the pelvis and 
lower extremities, and ankle straps were applied to 
constrain the feet on a footrest. The dummy was 
positioned on the seat in a specified posture that 
approximated the posture of a front seat passenger 
(Figure 5a).  The linear and angular dimensions, that 
characterize the dummy and belt initial position (e.g. 
H-point position, lower extremity angles, belt angles) 
with respect to the sled system, were recorded prior 
to testing (Table 1).  Dummy kinematics were 
recorded by means of a 3D motion capture system 
that consisted of 16 cameras (Vicon MX13) arrayed 
to track the movement of retro-reflective markers 
attached to the dummy and to the sled buck during 
the impact event (Figure 5). In addition, load cells 
were used to record the interaction forces between 
the dummy and the sled or belt system. 

 

 

 

Table 1. Initial posture setup 
 
Measurement Test FE 
Belt angle (deg) 24.9-25.2 25.7 
Sternal angle (deg) 66.2-67.6 68.9 
Femur angle (deg) 6.4 -7.1 6.6 
Tibia angle (deg) 34.7 40.6 
 

Figure 5. The Thor-NT dummy test setup. The 
Vicon marker positions A) Left shoulder, B) Right 
shoulder, C) Upper spine, and D) Lower spine.  

Knee bolster
Footrest 

x 
y 

Figure 4. The FE model of Thor-NT dummy 

Figure 3. The Thor-NT lower extremity FEM 

Foot 
Assembly 

Knee Assembly 

Ankle 
Assembly 

Achilles’ 
Assembly 
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Assembly 
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 The frontal crash test was simulated in the 
LS-Dyna software (ver. 917, Livermore, CA, USA) 
using THOR-NT dummy FE model and the FE 
model of the test setup developed using the sled CAD 
design (Figure 5b). The dummy and the finite 
element (FE) belts were positioned based on the 
corresponding data recorded prior to the test. FE belts 
were modeled with quadrilateral elements which 
have been assigned a material model with tensile 
force-deflection characteristics determined from 
testing (6-8% elongation, 6000 lbf minimum tensile 
strength).  A set of the nodes corresponding to 
locations of Vicon markers used in testing was 
defined, and their trajectories were calculated during 
the crash simulation.  Since the dummy feet were tied 
to the footrest using straps during the tests, a tied 
contact was defined between the nodes corresponding 
to the FE models of shoes and the foot rest in the FE 
simulation.  Surface-to-surface contacts were defined 
between each leg and the knee bolsters, and between 
the seat belts and thorax.  The time histories 
corresponding to these contacts were calculated 
during the impact simulation. 

 
The crash was simulated by applying the 

time history of linear buck acceleration recorded in 
Test 1 to the sled model along the x-direction (Figure 
7) and constraining the sled motion in all other 
directions. 

 

 
The evaluation of THOR-NT FE model response 
in frontal crash environment using objective 
rating methods (ORM) 

 Continuous development of crash simulation 
technology considerably increases the utility of 
virtual testing for the development of restraint 
systems.  However, a dummy model must be 
evaluated relative to test data before using in crash 
applications.  

Traditionally, model evaluations have been 
performed by comparing the peak values of the test 
and simulation data, by evaluating the overall curve 
shapes qualitatively, or by satisfying several 
certification guidelines. Recently, there have been 
several efforts (Jacob et al. 2000, Hovenga et al. 2004, 
and 2005) focused on developing systematic 
methodologies for model evaluations, especially in a 
crash event where a large number of channels must 
be compared.  Based on the characteristics of the data 
channel to be evaluated, Jacob et al 2000 developed 
four different methods: the Global Evaluation 
Method (GEM)- for “normal” channels, the 
Threshold Evaluation Method (TEM) – for “poor 
interest” channels, the Criterion Evaluation Method 
(CEM) – for “criterion” channels. and Limit 
Evaluation Method(LEM) – for corridor data.  In 
each of these methods, specific criteria were defined 
based on the local and global characteristics of the 
test curves. Hovenga et al. 2004 suggested three 
criteria for evaluating the similarity of the two 
curves: the peak criterion, the peak-timing criterion, 
and the Weighted Integrated Factor (WIFac). The 
first two are the methods in which scalar values, 
simply the peak values or the times to the peak values 
from both the simulation and test, are compared. The 
similarity of overall shapes from two curves is 
compared by WIFac, defined as: 
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where ( )tf and ( )tf * are the time histories of the 
experimental signal and the simulation signal, 
respectively.  
 In our study, the load signals and the 
displacement signals that recorded peaks values 
exceeding 40 mm (in absolute value) in testing were 
considered as “high interest” channels  and were 
calculated as a linear combination of the peak 
criterion pC , the peak to time criterion timepC _ , and 
the WIFac. 

WIFACwhtimepptpp
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where the peak criterion pC and  the peak to time 

criterion timepC _  were defined as in Jacob et al. 2000. 

p
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*

1
−

−=   (3) 
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−
−=

*

_ 1   (4) 

where evalref tt ∆⋅=∆ 4.0  (Jacob et al.2000) 
The peak criteria was considered the most important 
followed by the peak time criteria and WIFac and 
have been assigned the following weighting factors: 

;5.0=pw ;3.0=ptw ;2.0=whw  
The TEM ((Jacob et al. 2000) was used for 

the displacement signals that recorded low peak 
displacements in testing (under 40 mm in absolute 
value).  The channels included in this category were 
the following: z-displacement of upper spine marker, 
and y and z displacements of pelvis and lower spine. 
This method just evaluates how much the signal of 
the model stays within a prescribed corridor defined 
based on its maximum values (Figure 8). First criteria 
of this method was defined based on maximum value 
of the signal with respect to the threshold  

( )
( )Threshold

V
C j

thv max
max

1_

∆
−=   (5) 

where mVThreshold 5.1=  ((Jacob et al. 2000) 
The second criterion used by this method is defined 
based on the time the signal remains in the corridor 
as: 

ref

i
tht t

T
C

∆
∆

−= ∑1_     (6) 

where evalref tt ∆=∆ 4.0  (Jacob et al. 2000) 
The total score of the “low interest” channels was 
calculated as a linear combination of both criteria  

thtthtthvthv
low
channel CwCwC ____ +=     (7) 

The total score of the displacement of each marker 
was computed as a weighted average of all cartesian 
displacements as: 

zchzychyxchxch CwCwCwC ___ ++=  (8) 
The score in the direction of deceleration was 
considered the most important with a weighting 
factor ;7.0=xw the weighting factors of other two 

cartesian scores were defined as ;15.0== zy ww . 
The kinematic and load scores of the model were 

defined as the average of markers scores and the load 
scores, respectively. 
 

 

RESULTS 

Since a good repeatability was observed between 
tests in term of the time histories of buck pulse 
deceleration (Figure 7) and the dummy kinematics 
(Figure 9), the simulation results were compared with 
data from only one test (Test 1).  A qualitative 
comparison between the relative motion of the 
dummy with respect to the buck and corresponding 
data predicted using the THOR-NT FE model was 
performed at different time steps (Figure 10).  The 
time histories of marker displacements along each 
coordinate axis obtained from the analysis of the 
Vicon data were compared to the similar data 
obtained from tracking a set of dummy nodes located 
at the positions of photo-target markers (Figure 11). 

Two significant time intervals can be 
observed in the dummy motion during the frontal 
crash test.  First, the dummy has an almost 
translational motion under the inertia forces 
generated by the deceleration pulse until about 60 ms.  
In this phase, the thorax rotates slightly in the sagittal 
plane and the dummy spine becomes almost vertical 
at the end of 60 ms.  In the second phase, the dummy 
thorax begins to rotate in the transverse plane toward 

b) 

a) 

Figure 8. Schematic diagram of TEM 
criterion a) threshold line setting from the 
test results and b) procedure of TEM 
scoring
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the right side in addition to continued anterior motion 
(along to the deceleration direction).  The neck-head 
and upper extremities assemblies begin to move 
forward relative to the thorax (restrained by the 
shoulder and lap belts) to almost horizontal positions 
at the end of the simulation (120 ms). 

 
 In the frontal crash FE simulation, two 
specific time intervals can be delimitated in the 
motion of THOR-NT FE relative to the buck as well.  
As in testing, the model demonstrates a translational 
motion until 60 ms.  The time histories of 
displacements along the direction of deceleration (x-
axis) predicted by the THOR-NT FE model were 
almost identical to the corresponding data recorded in 
testing (Figure 11 a-b).  However, several differences 
start to occur in the time histories of the right 
shoulder and the pelvis x-axis displacements (Figure 
11 c, f) which are lower and respectively higher than 
the corresponding test data due to the sagittal rotation 
observed in testing, but not in the FE simulation.  
Time histories of contact forces at the knee bolster 
and footrest predicted by the FE model are in good 
agreement with test data, except a region around 40 
ms when high force spikes occur in the knee bolster 
force and a drop in footrest force (Figure 12 d-f).  In 
the second part of the crash (after 60 ms), all time 
histories of the x-displacement predicted by the 
model show similar trends to the test data, but 
differences occur in the peak levels of this data, due 
to the inability of the THOR-NT model to replicate 
the sagittal rotation of the dummy spine observed in 
testing.  The Thorax model exhibits mostly 
translational motion, as observed in the low levels of 
maxima (20 mm) of time histories of y and z 
displacements of thorax and pelvis markers, except 
for the right shoulder where the attached marker 
showed displacements similar to the test data along 

the z-direction, but generated much lower values in 
the y-direction (Figure 11 c).   

 

Figure 9. Comparison between the dummy 
head displacements relative to the buck 
recorded in testing 
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Figure 11. The time histories of marker displacements a) head, b) left shoulder c) right shoulder d) 
upper spine e) lower spine and f) pelvis 
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The time histories of the shoulder belt loads 

recorded during testing showed a bi-modal trend with 
maximum values around 6.2 kN and 5.6 kN at the 
upper location and lower location, respectively.  A 
diminished bi-modal trend was observed in the 
shoulder belt forces predicted by the model, and the 
maximum values were recorded on the second peaks 
instead of the first ones as in testing (Figure 12 a-b).  

While an almost constant load (0.2 kN) was recorded 
in the lapbelt in testing, the load belt was almost 
negligible in the simulation after a 0.2 kN peak at 
about 35 ms. (Figure 12 c).  Reasonable correlation 
between test and simulation was observed in the time 
histories of resultant force in the dummy contacts 
with knee bolsters and the footrest during the second 
part of the crash simulation (Figure 12 d-f).  
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 The rating scores of each marker 
displacement (Figure 13) and loadcell channels 
(Figure 14) were calculated using the procedure 
explained in the previous section.  The displacement 
of head marker recorded the highest kinematic score 
(0.71) and the upper spine the lowest (0.37).  The 
highest loadcell score was calculated in upper 
shoulder belt (0.76) and the lowest in right knee 
bolster (0.43).  The average kinematics and loadcell 
scores were 0.51 and 0.59, respectively. 

DISCUSSION 

This study presents a multifaceted assessment of a FE 
model of THOR-NT dummy in a frontal crash 
environment.  In addition, to visual comparison of 
dummy kinematics used mainly in all previous 
validation studies (e.g. Dsouza and Bertocci 2009), a 
new quantitative kinematics comparison was 
introduced.  This new approach employed the 
displacement time histories of retro-reflective 
markers attached to specific dummy body regions, 
which were recorded during a frontal crash event by 
an array of 16 Vicon cameras.  These tri-dimensional 
measurements recorded with a high measurement 
precision (under 1 mm) help to better understand the 
complex interaction of the dummy with the restraint 
systems and test setup and allow a quantitative 
comparison with similar data calculated easily by 
computer models.  In addition, to the kinematics 
component, load time histories in belts (shoulder and 
lapbelt) and in the lower limb contacts with the test 
setup were measured and compared with the FE 
model predictions. 
 Although the numerical simulation showed a 
reasonable qualitative correlation with testing in 
terms of overall motion of the dummy relative to the 
test setup, some discrepancies were observed in the 
time histories of marker displacements and the 
external loads (belts and test setup).  In addition to 
the forward translation along the direction of 
deceleration pulse, the thorax of THOR-NT dummy 
recorded two significant rotations in sagittal and 
transverse planes.  The FE simulation predicts well 
the forward motion of the dummy, but not the levels 
of thorax rotations.  While the causes of these un-
correlations are still unknown, it is obvious that these 
causes are internal, due to the THOR-NT dummy FE 
model, or external, due to a poor replication of the 
dummy-test setup interaction.   

The dummy Thorax FE model was 
developed according to CAD drawings of the THOR-
NT physical dummy and its components were 
assumed either deformable or rigid.  While 
deformable parts require to be assigned material 
properties, the rigid parts are connected by defined 

joints which required structural properties (e.g. 
moment vs. angle).  Both material and structural 
properties are generally strain rate dependent.  The 
deformable parts (e.g. foam and rubber) were usually 
defined based on force vs. deflection curves recorded 
in tension and compression at discrete strain rates 
(using Mat 181 in Ls-Dyna).  More material 
characterization tests, in different loading conditions 
(e.g. shear tests, more strain rates) and then material 
parameter identifications using optimization 
techniques (Untaroiu et al. 2007) would improve the 
accuracy material properties of deformable parts.  In 
addition, validations of the upper thoracic and lumbar 
joints, and then of the whole thorax against tests 
more appropriate to the frontal crash test than the 
Kroell tests (e.g. dynamic belt tests – Kent et al. 
2004) would certainly increase the capability of 
Thorax FEM to replicate the dummy response.   
 The external causes of test-simulation un-
correlations include the pre-impact position of the 
dummy relative to the test setup and the inaccurate 
characterization of dummy-test setup interfaces.  The 
dummy was positioned in the test setup according to 
angular (e.g. sternal angle, belt angle, femur angle, 
tibia angle etc.) and linear (e.g. neck to medial belt 
edge etc) positioning data recorded prior the impact 
test.  Although this test data was generally matched 
well in the model, some inherent differences occurred 
in a few parameters (e,g. tibia angle).  While the 
influence of these positioning parameters on the 
overall behavior of the model is unknown, a 
sensitivity study based on FE simulations is 
recommended.  It is believed that the results of this 
study would help both future tests and simulations in 
giving a greater importance to the measurement or 
matching to test data of the most sensitive positioning 
geometrical parameters.  Although the level of 
lapbelt force (max. 0.2 kN) was much lower than the 
level of shoulder belt (max. around 6 kN), a special 
attention should be allowed in future tests and 
simulations of pre-impact positioning of this belt.  
The definition of dummy-buck contacts may have 
also a significant influence on the dummy kinematics, 
especially through the friction force between seat and 
dummy. Therefore, in the future tests it would be 
recommended the measurement of the time histories 
of seat–to-dummy contact forces, and verification of 
this data in FE simulations. 
 A model of the dummy is considered to be 
good if it can replicate accurately the dummy 
kinematics and reaction forces with the test setup 
recorded in testing. A quantitative comparison 
between physical dummy and its model is difficult to 
obtain, especially when the number of channels is 
high, as in the current test.  The objective rating 
methods, recently developed and used in other 
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previous study, can be a promising tool for model 
assessment.  The THOR-NT dummy FE model 
obtained relatively closed scores in the kinematic and 
kinetics assessment (0.51 and 0.59, respectively).  If 
the average of these scores is calculated, the total 
score of the model will be 0.55 which place it in a 
poor quality range according to Jacob et al 2000’s 
classification (1 is the best score, and 0 is the worst).  
However, it should be mentioned that the quality 
values used in these rating methods are heavily 
dependent on the criteria and weighting factors 
applied.  Therefore, these methods are especially 
useful for comparing models that use the same rating 
conditions.  

Although it is obvious that the THOR-NT 
FE dummy model requires additional improvements 
and validations under additional test conditions (e.g., 
pulses of different shapes, and directions), its 
relatively reasonable performance in 40 km/h sled 
tests would recommend it for use in impact 
simulations intended to improve the design of new 
vehicles and their restraint systems. 

 

CONCLUSIONS 

 This study presents a multifaceted 
assessment of a finite element model of THOR-NT 
dummy in a frontal crash environment.  First, the 
three-dimensional kinematics of certain points on the 
dummy and the interaction forces between the 
dummy and the test setup were accurately recorded in 
a 40 km/h sled test with an advanced optical system 
and load cells.  The FE of the dummy, developed and 
validated at the component level in previous studies, 
was positioned with respect to a FE model of the test 
setup according to the test configuration recorded 
prior to the test.  The load and displacement signals 
(especially along the deceleration direction) show a 
similar trend with the test data, but some 
discrepancies were observed: their peak values and in 
sagittal and transversal motion of the dummy.  While 
the main causes of the low capability of the model to 
predict the torso rotations observed in testing are 
unknown, several ideas for model improvement were 
suggested for the future development and validation 
of the model.  Objective rating techniques, which 
quantify the similarity of peak level, peak time, and 
overall shape of two curves, were employed to 
compare the results of simulations with the test data.  
Although, the rating values calculated are greatly 
dependent on the criteria and the weighing factors 
used in their definition, it is believed that the rating 
approach would be useful for comparing different 
versions of the dummy model which will use the 
same rating condition. In addition to further 

refinements of current THOR-NT model, the 
numerical approach presented in this study, which try 
to determine an overall score from comparison of 
numerous time histories curves, can be applied in the 
process of verification/validation of other dummy or 
human models used in crash simulations. 
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ABSTRACT 

The European Research Project APROSYS has 

evaluated the interior headform test procedure de-

veloped by EEVC WG 13, representing the head 

contact in the car during a lateral impact. One im-

portant aspect within this test procedure was the 

selection of an appropriate impactor. The WG13 

procedure currently uses the Free Motion Headform 

as used within the FMVSS 201. The ACEA 3.5 kg 

headform used in Phase 1 of the European Direc-

tive and the future European Regulation on Pedes-

trian Protection is still discussed as a possible alter-

native. 

 

This paper reports work performed by the Federal 

Highway Research Institute (BASt) as a part of the 

APROSYS Task 1.1.3. The study compares the two 

headform impactors according to FMVSS and 

ACEA, in a series of basic tests in order to evaluate 

their sensitivity towards different impact angles, 

impact accuracy, the effect of differences to  impac-

tors of the same type and the effects of the repeat-

ability and reproducibility of the test results. The 

test surface consisted of a steel tube covered with 

PU foam and PVC, representing the car interior to 

be tested.  

Despite of the higher mass of the FMH the HIC 

values of this impactor were generally lower than 

those of the ACEA headform. The FMH showed a 

higher repeatability of test results but a high sensi-

tivity on the angle of roll, the spherical ACEA im-

pactor performsed better with regards to the repro-

ducibility. In case of the ACEA impactor-, the an-

gle of roll had no influence.  

 

INTRODUCTION  

The terms of reference of WG 13 indicate a critical 

review of the competing headforms: 

 

 

... 

5) Interior Surface Test.  

Review the proposed EEVC interior surface test 

procedure, including any validation testing that has 

been completed and, if necessary, refine the proce-

dure such that it is fit for regulatory application.  

Deliverables 

a. A report of the outcome of validation testing and 

a critical review of the competing headforms 

b. Development of a refined test procedure that is 

suitable for regulatory application.  

EEVC Steering Committee March 2006 

... 

 

To identify differences and advantages from one 

headform to the other an elementary test pro-

gramme was necessary. Tests on simplified struc-

tures representing surfaces like, A-, B-, C-pillars 

and side roof rails were of interest. 

 

The following investigations assess the quality of 

test results by checking how sensitive the head-

forms are at small variations of the 

 

• impact angle 

• target accuracy 

• head orientation 

• use of different headforms of the same type. 

 

CHOICE OF HEADFORMS AND USE IN RE-

GULATIONS 

The EEVC WG13 test procedure currently uses the 

FMH (Free Motion Headform) impactor to assess 

the interior car structure concerning head injury risk 

in lateral impacts. Due to difficulties in head align-

ment and in finding the appropriate impact target 
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on the calibrated impact zone of the FMH impactor, 

the question was raised to review suitable head-

forms. To simplify testing, a headform that is all-

over calibrated and not sensitive on impact direc-

tion would be beneficial. A spherical headform like 

those used in pedestrian testing fulfils these re-

quirements. Therefore the ACEA (European Auto-

mobile Manufacturer Association) headform im-

pactor used for headform to bonnet rating in EC-

Directive 2003/102/EC was chosen.  

 

Both headforms, the FMH and ACEA, are used in 

regulations to assess the severity of a head contact 

during a crash. The FMH is used in the American 

FMVSS201 for interior headform testing, the 

ACEA headform is used in the European EC-

directive 2003/102/EC and the Japanese Regulation 

TRIAS 63 for pedestrian headform testing. 

 

The first obvious difference of the two competing 

headforms is the shape. While the FMH is only 

symmetrical to its z-x plane, the ACEA headform is 

symmetrical to its z-x and z-y plane with the excep-

tion of the backplate. 

 

y

x

z

 

y

x

z

 
Figure 1.  Side view of competing headforms. 

 

Further information about the differences of the 

impactors are available in Annex A. 

 

BASIC TEST SPECIFICATION 

The validation and comparison of two different 

types of impactors requires a simple and robust 

experimental set-up. Each impactor gets tested on 

the structure several times. Therefore it is very im-

portant that the structure offers the same basic con-

ditions at each test run to achieve reliable and com-

parable results. To minimise the influence of the 

tested structure, a very repeatable and homogene-

ous structure was necessary. 

A structure was chosen, that fulfils the following 

requirements: 

 

 

Test structure: 

• Rotation-symmetric assembly (tube) 

• Similarity to typical car structures (e.g. B-

pillar) 

• Mix of typical car-body materials 

• Dimensioning of sample structure on real-

istic HIC values 

• No plastic deformation after test 

 

Also fixed boundary conditions are necessary to 

avoid any interference, simplify testing and reduce 

tests costs. 

 

Boundary conditions 

• High stiffness of restraints 

• Stress-free deformation of the tube 

• Vibration-free bearing of the test tube  

• Rotational free supports 

• Easy replacement of the test sample  

• Removable and simple assembly 

• Low cost 

 

This resulted in the following test structure: 

 

 

Figure 2.  Rig testing tube assembly. 

 

tube assembly

Impactor
(ACEA headform)

restraints

 

 

Figure 3.  ISO and side-view of the complete rig 

testing set-up. 

For more detailed test specification please see An-

nex B. 
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Test set-up and parameters 

The test runs are carried out on the test bench of 

BASt.  

  

Figure 4.  Test-set-up showing aligned FMH im-

pactor. 

Sensitivity on impact angles variation 

Finding the correct perpendicular vector to the se-

lected target is often complicated at curved struc-

tures. The configurations shown in the figures be-

low should lead to information about the influence 

of the angle deviation in headform testing. 

 

 

 

Figure 5.  

Top:  Angle variation on vertical tube (a, b). 

Bottom: Angle variation on horizontal tube (c, d). 

Sensitivity on target accuracy 

It was observed, that the contact on the impactor 

during a test varied from one test laboratory to an-

other. On the one hand this was due to a missing 

definition of contact location in the calibrated field. 

Therefore a consistent procedure was developed. 

On the other hand variations in contact location in 

the calibrated can still occur. The test procedure 

allows a 10mm radius accuracy of the target point. 

This means possible target locations can be 20mm 

apart. It is of interest how both headforms react on 

deviations from the initial position. 

 

 

 

 

Figure 6.   Top:  ACEA headform - target 

deviation on vertical tube (same set-

up on horizontal tube).  

Mid:  FMH headform on target 

deviation vertical tube.  

Bottom: FMH headform on target 

deviation horizontal tube. 
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Influence by using different headforms / repro-

ducibility 

Variations in test results may not only occur be-

cause of differences in the test set-up. It may also 

occur because of differences in the test device / 

headform. Therefore comparisons of different im-

pactors of the same type can provide information 

about the reproducibility of test results. 

 

The following figures show the used headforms. 

Already visible are differences of the FMH impac-

tors. 

 

 

 
Figure 7.  Different FMH and ACEA headforms. 

Assessment parameters 

Both impactor types will be compared by the HIC 

value and not the HICd value. The HICd is calcu-

lated from the measured HIC of the FMH taking 

into account the connection of the dummy head to 

the rest of the body (HICd = 0.75446 * HICFMH + 

166.4)  

This formula cannot be used for the ACEA head-

form as the dummy related HICd value is only re-

lated from the FMH impactor to the dummy head-

form. 

 

For both impactor types the absolute HIC deviation 

and the deviation in percentage, within test repeti-

tions, are determined to evaluate reproducibility. 

The deviation of HIC in dependency of an increas-

ing impact angle and a displacement of impact vec-

tor will be shown and analysed regarding the im-

pactors’ sensitivities.  

 

To achieve reliable results and to obtain additional 

information about repeatability, tests were per-

formed three times. Additionally information could 

be gained about repeatability. After one test the 

tube was turned by 180° and after the second test 

the tube was replaced by a new tube. 

Altogether 73 tests were performed (see test matrix 

in the Annex C) 

 

RESULTS: INVESTIGATION ON IMPACT 

ANGLE SENSITIVITY 

Sensitivity on impact angle (vertical tube) 

In the case of vertical tube orientation, the initial 

alignment of both impactors is pitched by 10°. This 

action is required by the clean-contact requirement 

of the FMH. Plotting the average HIC values for 

FMH and ACEA headform, in dependency of an 

increasing impact angle, shows a nearly similar and 

linear allocation for both impactor types (see figure 

8 and 9). The absolute HIC values of the ACEA 

headform are always higher in average than those 

of the FMH. This can be explained by less head-

form rotation, caused by the mid-central position of 

the spherical headform’s CoG. Increasing the im-

pact angle by additional 5° causes a HIC value de-

crease of about 11 % for both impactor types. A 

further increase up to a total impact angle deviation 

of 10° from the initial position shows a HIC de-

crease of 18.5 % for the FMH and 15.8 % for the 

ACEA headform. 

 

The variation of the HIC values, within test repeti-

tions, is quite different between the impactors. Test-

ing under vertical tube orientation, the FMH results 

do vary 0.6 % between minimum and maximum 

value in the initial position of 10° head pitch, the 

ACEA headform varies about 10 times higher. 

With a variation of about 10 % at 15° head pitch, 

the ACEA varies twice as high as the FMH. Under 

these test conditions the FMH shows a better test 

repeatability.  
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FMH impact angle sensitivity
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Figure 8.  Variation of impact angle, FMH verti-

cal tube. 

 

ACEA impact angle sensitivity

vertical tube

700

800

900

1000

1100

5 10 15 20 25

Impact angle vertical [°]

BAV10-0

BAV15-0

BAV20-0

15°
20°

10°

sperical
headform

Side view

A
v

e
ra

g
e

 H
IC

Figure 9.  Variation of impact angle, ACEA 

headform vertical tube. 

 

Sensitivity on impact angle (horizontal tube) 

The horizontal tube orientation defines the initial 

position of both impactors at 0° head pitch and 0 

mm lateral offset relative to the test tube. 

 

The measured values show a nearly similar depend-

ency between impact angle and HIC-value decrease 

for the ACEA and FMH impactor. Under horizontal 

tube orientation the load level between FMH and 

ACEA differs considerably to that seen in the verti-

cal tube position.  This is caused by the fact that the 

external diameter of the tube is smaller than the size 

of the FMH and therefore the FMH impactor freely 

rotates without having a secondary impact with its 

chin on the structure.  

While the HIC results between FMH and ACEA 

headform differ in average about 10 % in case of 

vertical tube orientation, the difference at horizontal 

tube testing was an average of 21 %. 

 

The following figures show the variation of the 

HIC values under horizontal tube alignment. Up to 

10° impact angle, the deviation is nearly identical 

for both impactor types. While the variation of the 

FMH impactor decreases below 5 % when increas-

ing the impact angle up to 20°, the HIC values of 

the ACEA headform was very sensitive to further 

angle deviation, with a variation of about 20 %. It 

should be noticed that the number of repeated tests 

is too low to draw a precise conclusion. 
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Figure 10.  Variation of impact angle, FMH 

horizontal tube. 
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Figure 11.  Variation of impact angle, ACEA 

headform horizontal tube. 

 

Table 1 gives an overview of the HIC results for the 

FMH and ACEA impactors. In addition to the abso-

lute HIC values the relative deviation for each test 

setup  is shown. 

 

 

Table 1.  Results of physical rig tests (impact 

angle) 

The following figures show the data quality in ac-

cordance to the impact angle. The values of re-

peated tests of the FMH impactor are closer to-

gether than the values of the ACEA impactor. 
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Figure 12.  Comparison of test variation for im-

pact angle deviations (vertical). 
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Figure 13.  Comparison of test variation for im-

pact angle deviations (horizontal). 

 

INVESTIGATION ON IMPACT VECTOR 

DISPLACEMENT SENSITIVITY 

Sensitivity on impact vector displacement (ver-

tical tube) 

The initial position of the FMH is defined as 10° 

head pitch and 0 mm offset to the vertical tube axis; 

the ACEA headform will be aligned under 0° head 

pitch and 0 mm offset. The impactors get aligned 

with a lateral vector offset to the headform’s hori-

zontal axis in increments of 10mm.  

 

The ACEA impactor shows a linear decrease of 

HIC values due to an offset of the impact vector 

(see figure 14). At a displacement of 10 mm from 

the initial position, the HIC-value decreases about 

2.5 %, at 20 mm 5.4 %. For the FMH the HIC val-

ues decrease about 1.6 % for 10 mm axis offset and 

7.4 % at 20 mm offset. 
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Figure 14.  Sensitivity on impact vector dis-

placement, ACEA headform (vertical tube). 
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Figure 15.  Sensitivity on impact vector dis-

placement, FMH (vertical tube). 

 

Sensitivity on impact vector displacement (hori-

zontal tube) 

Under horizontal tube orientation the impactors get 

aligned with an increasing impact vector offset 

moving down on the head’s local z-axis. The per-

formance characteristic of both headforms is nearly 

linear as on vertical tube alignment. The FMH’s 

lower face parts do “under-run” the test structure. 

Because of the zx-symmetry of the ACEA head-

form, testing under a lateral vector offset needs 

only to be performed in the vertical tube position. 

The influence of gravity during the short free flight 

distance can be neglected. 
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Figure 16.  Sensitivity on impact vector dis-

placement, ACEA headform (horizontal tube). 
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Figure 17.  Sensitivity on impact vector dis-

placement, FMH (horizontal tube). 

 

Table 2 gives an overview of the HIC results for the 

two different impactor types FMH and ACEA.  

 

Table 2. Results of physical rig tests (impact vec-

tor offset) 

The variation of results within the test repetitions is 

shown in figure 18 and 19. For both impactor types 

the reliability of the results is decreasing due to an 

increase of impact vector offset under vertical tube 

orientation. Up to 10 mm deviation the variation is 

in an acceptable range, minor to 5 %. At 20 mm 

offset the ACEA impactor shows a nearly 50 % 

higher variation in the HIC-values than the FMH. 
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Figure 18.  Comparison of test variation for im-

pact displacement deviations (vertical). 
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Figure 19.  Comparison of test variation for im-

pact displacement deviations (horizontal). 

 

COMPARISON OF IMPACTORS OF SIMI-

LAR DESIGN 

 

Additional tests were performed to check the repro-

ducibility depending on the differences in design 

between impactors. Therefore two ACEA and FMH 

impactors have been borrowed from TÜV to be 

compared with the BASt impactors. In addition to 

this the skins have been exchanged between the 

BASt and TÜV impactors. Some of the previous 

mentioned test conditions were used for the impac-

tor comparison. 

 

An optical comparison between the three FMH, 

regarding outer geometry and surface condition, 

shows significant geometrical differences (see fig-

ure 20). While the nose of the BASt FMH is com-

pletely removed and the lips stick out, the FMH 

models from the TÜV are designed with a visible 

nasal-bone reaching down to the lips. The differ-

ences in the FMH skins probably are the result of 

different manufacturers (Denton and FTSS). A 

definition of the nose shape is quite dificult. The 

ACEA spherical headform is easier to define. Be-

cause of the head rotation over its face, those dif-

ferences in nose design could cause deviations in 

the kinematic behaviour of the FMH headform im-

pactor. 

 

Figure 20.  Different designs of FMH impactors. 
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The analysis of the high-speed videos show “flut-

tering” of the TÜV FMH skin on the aluminium 

body and a marginal relative displacement of the 

skin in the direct contact area on the forehead. The 

skin of the FMH impactor from BASt is tightly 

fixed to the inner skull and does not slide under 

impact. All three FMH impactors do have the same 

mass of 4.5 kg.  

 

Figure 21 shows clear differences in HIC results 

between the compared FMH impactors. The BASt 

FMH achieves about 14 % higher HIC-values in 

average than the TÜV FMH impactors. The ex-

change of the skins demonstrates that the BASt skin 

causes higher HIC-values. The inner aluminium 

skulls of all three impactors are identical in mass 

and geometry. Both TÜV impactors achieve nearly 

identical results. The results support the assumption 

that the different skin design has an influence on 

the results. But also the inner skulls do vary as they 

are not completely identical. On the inside balance 

weights are attached to compensate the differences 

of the moment of inertia Using the BASt skin with 

the TÜV 1 skull also reduced the HIC. As a result, 

skins and skulls cause variations in HIC results for 

the FMH. Calibrations have been performed after 

changing the skin. 

The variation within the respective test repetitions 

does not exceed 5 %. 
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Figure 21.  Comparison of different FMH im-

pactors. 

 

The same tendency could be observed by horizontal 

displacement of the both FMH types (with and 

without nose) at 10mm and 20mm displacement. 
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Figure 22.  Comparison of different FMH im-

pactors with impact displacement. 

 

The comparison of the ACEA headforms (see fig-

ure 23) indicates lower differences between the 

impactors. The average deviation between BASt 

and TÜV HIC is below 3 %; the variation within 

the respective test repetitions is about 4%, that 

means higher than the deviation between the head-

forms itself. Furthermore the ACEA impactors do 

not show any differences in geometry, surface de-

sign or mass. 
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Figure 23.  Comparison of different ACEA im-

pactors. 

SENSITIVITY ON HEADFORM ORIENTA-

TION 

The current WG13 interior headform test procedure 

includes a 90° roll of the FMH, in case the gap be-

tween chin and structure is less than 10°. It was of 

interest to investigate differences in HIC result, 

when testing identical targets with the same impac-

tor with this two possible head orientations. A rota-

tion up to 90°, leads to a HIC-value decrease of 
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about 30% for the FMH. The analysis of the high-

speed videos shows higher head rotation than in 

vertical tube position, caused by the missing secon-

dary contact of the chin. Beside the 90° roll of the 

impactor, this would also mean a 30% difference, 

testing identical target structures on a vertical pillar 

or horizontal side roof rail. 

Because of the over-all symmetry of the ACEA 

headform, testing 90° rolled has no influence on the 

HIC. 
 

  

 

Figure 24.  Influence of head roll. 

CONCLUSION 

In this study two different headform impactors have 

been compared, regarding their sensitivities to de-

viations of defined test parameters. A test rig and a 

specific test sample, representing a typical car 

structure (e.g. B-pillar), were developed and pro-

duced. Extensive test runs were performed at the 

test facility of BASt. 

A simplified summary of the sensitivities of the 

different headform impactors towards a variation of 

impact parameters are shown in Table 3.  
 

FMH ACEA Headform

repeatability  + o

head orientation  -- ++
(90°roll)

sensitivity in  + +

impact angle

sensitivity on  o o
target accuracy

use of different  o +
headforms of

the same type  
++ very good, + good, o acceptable. – insufficient, -

- very insufficient 

Table 3.  Comparison of impactor sensitivities 
 

At vertical tube orientation the FMH and the ACEA 

headform impactor show similar results. An exact 

impactor alignment regarding the head pitch is very 

important. Both headforms are more sensitive to 

deviations of the head impact angle than to lateral 

offset of the impact vector from the mid-axis. The 

variation of the ACEA impactor rig test results is 

higher than the variation of the FMH.  

At horizontal tube orientation the FMH impactor 

shows lower variation and sensitivities to the test 

parameters than the ACEA headform. The rig test 

results of the ACEA headform impactor show a 

high variation and sensitivity to impact angle devia-

tions.  
 

The FMH impactor is sensitive to the orientation of 

the tube structure. In the initial alignment position, 

the HIC results differ about 30 % between verti-

cally and horizontally orientated tubes. This is un-

acceptable. In contrast, the spherical ACEA head-

form impactor shows no sensitivity to this parame-

ter and offers an easier handling during rig tests. 
 

To achieve reproducible and comparable results for 

tests on real car structures precise first-contact point 

alignment has to be clearly defined. 
 

The comparison of FMH impactors of same design 

shows differences in geometry and surface design. 

A different nose design of the FMH impactors in-

fluences the kinematic behaviour and the HIC re-

sults. The FMH impactors from the TÜV achieve 

13 % lower HIC-values than the FMH impactor 

from BASt.  
 

The ACEA headform impactors from TÜV achieve 

less than 3 % lower HIC-values than the ACEA 

impactor from BASt. This is less than the deviation 

using the same impactor. The geometry, surface 

design and mass of the compared ACEA headforms 

are identical. 
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ANNEX A 

 

DESCRIPTION OF THE IMAPCTORS 

 

Characteristics of the FMH impactor - 

FMVSS201 

The FMVSS 201 was introduced by the NHTSA 

(National Highway Traffic Safety Administration) 

in the US to enhance the safety standards for the 

protection of passengers regarding head impacts on 

interior structures. Since the year 2002 this regula-

tion is applied to all vehicles up to 4.5 tons total 

mass. 

The impactor is the head of the Hybrid 3 Dummy 

with its nose removed. This Free-Motion-Headform 

(FMH) impactor of 4.5 kg mass gets impacted on 

selected target points on the car interior surface, 

with a minimum free-flight distance of 25 millime-

tres and a speed of 24.1 km/h, the latter being the 

average velocity for the onset of severe injuries in a 

car accident. Typical target areas in the passenger 

compartment are the A- and B-pillars, the steering 

wheel, the dashboard and exposed parts like the belt 

fixing and handholds.  
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Figure 25.  Characteristics of the FMH impactor 

[1]. 

 

The test procedure mandates that the calibrated 

forehead region of the FMH hits the target point 

first without contacting any other part outside of the 

specified impact zone.  

 

The severity of head impacts is assessed by the 

HICd 

 

4.16675446.0HIC d +×= HIC  

 

Figure 26.  HICd formula, calculation for com-

parison with dummy values. 

 

The HICd is a dummy-related value which dimin-

ishes high HIC values and considers the fact that 

the headform is detached from the neck of the Hy-

brid 3 dummy. The acceptance criterion is HICd < 

1000. 

 

Calibration Procedure FMH impactor 

According to FMVSS 201 the free-motion head-

form impactor must be calibrated and verified. 

Therefore a free-fall drop test is described (see fig-

ure 27). The headform gets dropped from a height 

of 376mm +/- 1mm on a flat rigid steel plate. To 

avoid secondary contact of the chin a rotation of the 

impactor of 28° +/- 0.5° about the horizontal axis is 

required. The measured resulting acceleration must 

not exceed a value of 250g +/- 25g. 

 
Figure 27.  FMH head drop test setup specifica-

tions [2]. 

 

Characteristics of the ACEA impactor - EC-

Directive 2003/102/EC 

Since 2005 the new pedestrian safety legislation is 

effective as EC-Directive 2003/102/EC phase 1. 

Besides leg and hip impact tests, two types of free 

motion head impactors are impacted on the front 

end of passenger cars. These headforms are of 

spherical shape with 165 mm in diameter and cor-

respond to the ACEA design. The child / small 

adult headform of 3.5 kg and the adult headform of 

4.8 kg mass get impacted on selected target points 

within defined areas on the bonnet and windshield. 

An internal tri-axial acceleration sensor measures 

the corresponding acceleration-time function from 

which the Head Performance Criterion HPC (equal 

to HIC described under FMVSS 201) is computed. 
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Figure 28.  Characteristics of the ACEA head-

form impactor [3]. 

 

 

Calibration Procedure ACEA impactor 

The calibration of the ACEA spherical headform 

impactors is different to the FMH drop-test proce-

dure. While the FMH impactor is calibrated only in 

a limited area on the forehead, the ACEA headform 

is calibrated in a wide area of the sphere surface. 

As shown in the figure below, the headform is sus-

pended on a wire with the rear face at an angle be-

tween 25° and 90° with the horizontal. A linear 

guided certification impactor of 1 kg mass is pro-

pelled horizontally at a velocity of 7 m/s into the 

stationary headform. The certification impactor 

must be positioned so that the centre of gravity of 

the headform impactor is located on the centre line 

of the certification impactor with a tolerance of five 

millimetres. The tests have to be performed on 

three different impact locations on the headform 

impactor. Previously used and/or damaged skins 

shall be tested in those specific areas. 

The peak resultant acceleration measured by one 

tri-axial accelerometer in the headform shall not be 

less than 290 g and not more than 350 g. The resul-

tant acceleration time curve shall be uni-modal. 

 

 
Figure 29.  Calibration test setup for ACEA 

spherical headform [4]. 
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ANNEX B 

 

DEFINITION OF TEST SET UP 

 

The adequate design of the test sample support has 

an important influence on the informational value 

of the results. On the one hand a fixed clamping on 

both sides of the tube represents a nearly realistic 

connection of a vehicle pillar at the roof rail and 

rocker-rail. On the other hand stress-free deforma-

tion is not warranted. So the complete restraints and 

its fixing to the test rig could deform. Resulting 

vibrations can influence the quality of measure-

ment. 

Figure 30 shows a mechanical replacement system 

including a simply supported bearing of the test-

tube according to a three point bending test. The 

tube can bend freely in the direction of impact.  

 

movable bearings

axial stopper

 

Figure 30.  Substitute mechanical system for rig 

testing set-up. 

Construction of test object and test rig 

The headform impactors get impacted on a tube-

assembly of 1000 mm length. The external overall 

diameter is 110 mm, the inner diameter measures 

62.6 mm. The structure as shown in figure 2 con-

sists of a thin walled steel tube with a gauge of 1.2 

mm, an energy absorbing PUR-foam of 20 mm 

thickness and a PVC tube of 2.7 mm thickness.  

This assembly should represent a typical car body 

structure, like a B-pillar which consists of an inner 

steel sheet, damping material and interior covering. 

The rotation-symmetric setup determines a specific 

mounting position in the test rig. To avoid rotation 

of the different material layers amongst each other, 

a light press fit is applied. 

 

Figure 31 shows the assembled test rig with aligned 

ACEA headform. To avoid deformation and vibra-

tions in the test rig the tube assembly gets sup-

ported according to a three point bending test. 

 

tube assembly

Impactor
(ACEA headform)

restraints

 

 

Figure 31.  ISO and side-view of the complete rig 

testing set-up. 

 

 
Figure 32.  Tube clamping and anti-twist device. 

 

On both sides of the restraints the tube assembly 

bears on a steel plate [A] of 5 mm thickness. The 

small overlap between sleeve [B] and steel plate in 

relation to the total tube length of one meter ensures 

a nearly freely jointed bearing. 

 

Test configurations with an impact vector vertical 

to the tube axis could cause twisting of the tube 

assembly. Therefore a so called anti twist device 

[C] is welded on one side of the steel tube as shown 

in figure 32, right side. This device fits in a groove 

which is milled in the axial stopper [D] of the re-

straint. The tube can still bend freely but rotation 

around its longitudinal axis is suppressed. The foam 

and outer PVC tubes are joined with a press fit. 

 

To avoid stress concentration and carving of the 

steel plate in the outer PVC tube, two slotted, thin-

walled steel sleeves are mounted on each side of the 

restraints. 
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Test Matrix Basic Tests at BASt 
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ABSTRACT 
 

In addition to seatbelts, most vehicles today are fitted 

with airbags in the front seats as restraint devices for 

protecting occupants in frontal collisions. However, 

various constraints in the rear seats have prevented 

progress in adopting the same type of airbag system as 

that used in the front seats. Therefore, a new airbag 

system has been developed as a crash energy absorbing 

device to improve protection of the head and neck of 

rear-seat occupants. This new airbag system can be 

installed under the traditional constraints present in the 

rear seats. 

 

INTRODUCTION 

 
Research on rear-seat occupant restraint systems is 

under way in many countries around the world today 

accompanying the rising concern in recent years about 

protection for rear-seat occupants in frontal collisions. 

In Japan, the Road Traffic Law was amended on June 1, 

2008 to make the use of seatbelts mandatory in the rear 

seats as well, in addition to mandated use for the driver 

and front passenger. Beginning from April 1, 2009, a 

test procedure for evaluating rear-seat occupant 

protection is scheduled to be included in the New Car 

Assessment Program in Japan. As a result, information 

about rear-seat occupant safety performance will be 

made available to the general public. 

At present, passenger vehicles are generally fitted with 

seatbelts and airbags in the front seats and seatbelts in 

the rear seats as restraint devices for protecting 

occupants in frontal collisions. It has been reported that 

the use of seatbelts by rear-seat occupants could have 

the effect of reducing their present levels of fatal and 

serious injuries by approximately one-half and their 

fatality rate by approximately two-thirds[1]. These 

figures are indicative of the effect that using seatbelts 

could have on improving rear-seat occupant protection. 

A breakdown of the locations of fatal and serious 

injuries incurred by belted rear-seat occupants in frontal 

collisions shows that the most frequent region of the 

body in descending order are the chest, arms, head, legs 

and neck (Figure 1). For fatal injuries, in a similar way  

are the chest, abdomen, head and neck (Figure 2)[2]. 

 

Figure 1.  Location of fatal and serious injuries. 

 

 

Figure 2.  Location of fatal injuries. 

 

It has been reported that, among these injury locations, 

seatbelt systems work to improve chest protection for 

rear-seat occupants[3]. However, little research has 

been done so far on protection for the head and neck, 

which account for approximately 30% of both 

fatal/serious injuries and fatal injuries. 

The purpose of this research is to improve protection 
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performance for the head and neck of rear-seat 

occupants. A new rear-seat airbag system has been 

developed that does not require any airbag mounting 

part or any reaction force support structures in front of 

the occupants. This makes it possible to install the 

system even under the traditional constraints present in 

the rear seats. This paper presents an outline of the new 

airbag system, an analysis of bag deployment behavior 

and the results of sled tests conducted to confirm the 

effect of the system on reducing occupant injury levels. 

 

OVERVIEW OF NEW AIRBAG SYSTEM 
 

Structure 

 

In order for an airbag to absorb an occupant's kinetic 

energy, the bag must be supported so that it can 

generate reaction force toward the occupant when it 

receives force from the occupant. In the front seats, the 

steering wheel, steering column and instrument panel 

are among the forward parts that can serve to support 

the airbags, enabling them to absorb the occupants' 

kinetic energy. 

In contrast to that situation, the rear-seat airbag system 

described here generates reaction force by deploying 

two airbags in the area between an occupant's head and 

thighs when the occupant’s upper body tilts forward in 

a frontal collision. This mechanism serves to absorb the 

occupant's kinetic energy. 

The shoulder belt cover and lap belt cover of a 

three-point seatbelt system each house one airbag. In 

the event of a frontal collision, the bags split the covers 

in the process of deploying in front of an occupant 

(Figure 3).  

 

       
Figure 3.  The bags deploy and split the covers in 

front of an occupant. 

Gas is supplied from an inflator incorporated in the 

buckle to the shoulder belt airbag through a pipe built 

into the tongue. For the lap belt airbag, gas is supplied 

directly to the bag from an inflator positioned at the 

side of the seatbelt anchor (Figures 4, 5). 

 

 

 

Figure 4.  System overview. 

 

               
 

Figure 5.  Buckle, tongue and belt anchor. 

 

Airbag impact tests 

 
Airbag impact tests were conducted to confirm the 

ability to supply sufficient gas pressure to the bags and 

the reaction force characteristics of the bags themselves. 

The two airbags and the gas supply mechanism were 

secured to a wall, and gas was supplied to the bags 

using the same system configuration as that installed in 

a vehicle. The bags were struck with an impactor when 

they were fully deployed. The impact test results 

confirmed that the necessary airbag internal pressure 

could be secured and that the bags did not tear or suffer 

any other damage. (Figures 6) 
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Figure 6.  Airbag impact tests. 

 

Static deployment tests 

 

Static airbag deployment tests were conducted using 

belted Hybrid-III AF05 and 6YO crash test dummies 

seated in the rear seats. The purpose of these tests was 

to investigate the influence of airbag deployment under 

a condition with belted rear-seat occupants. The test 

setup in Figure 7 left and center shows the dummies 

leaning against the door and window with the shoulder 

belt resting on their neck.  

 

AF05 dummy    6YO dummy  belts semi-twisted 

Figure 7.  Static deployment tests conditions. 

 

This situation represents the slumping posture of 

rear-seat occupants. The setup in Figure 8 right 

simulates a situation where the belts are worn 

incorrectly in a semi-twisted condition, with the result 

that the bags are deployed between the dummy and the 

belts. The results of both of these static deployment 

tests showed injury levels that would not be any 

problem from the standpoint of occupant protection. 

 

SIMULATION STUDY OF AIRBAG 

DEPLOYMENT BEHAVIOR 

 

Confirmation of bag behavior for head support 
 

As described in the preceding section, this airbag 

system is designed to restrain a rear-seat occupant in a 

frontal collision by deploying two airbags from the lap 

and shoulder belts in the area between the head and 

thighs. With this mechanism, it is important for the two 

airbags to come together without missing one another 

in the deployment process, so as to provide stable 

support for an occupant's head. 

In order to verify that deployment behavior, 

simulations were conducted with the MADYMO 

(Mathematical Dynamic Models) to confirm airbag 

behavior and the effect of the system on reducing 

occupant injury levels. The simulations were 

performed by varying the inflator output, deployment 

timing and other parameters. The MADYMO 

simulation model is shown in Figure 8 at different 

elapsed times. 

 

   
0 msec         35 msec        75 msec 

Figure 8.  Sled test simulation model (MADYMO) 

 

A simulation conducted using the final test 

specifications showed that an occupant's head would be 

supported by the two bags and that the airbag internal 

pressure was higher than the level in the bag 

deployment tests. Figures 9 and 10 compare the 

internal pressure of the shoulder belt airbag and lap belt 

airbag, respectively, when the pressure was normalized 

to the level in the bag deployment tests. 
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Figure 9.  Comparison of the shoulder airbag 

internal pressure, bag deployment test model and 

sled model. 
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Figure 10.  Comparison of the lap airbag internal 

pressure, bag deployment test model and sled 

model.  
 

SLED TESTS 

 

Sled test method 

 
Sled tests were conducted to confirm the effect of the 

specifications obtained in the MADYMO simulations 

on improving rear-seat occupant protection. Hybrid-III 

AM50 crash test dummies were seated in the right and 

left rear seats of the sled with and without the new 

rear-seat airbag system, with the same type seatbelt 

with a pretensioner and a loadlimitter, and tests were 

conducted under conditions corresponding to a 

full-overlap frontal collision at a speed of 56 km/h. The 

results were then compared to confirm the effect of the 

system on reducing occupant injury levels.  

 

Sled test results 
 

Head injury level - Head acceleration (G) values in 

the x- and z-axis directions and the 3-axis resultant 

values obtained in the sled tests with and without the 

new airbag system are compared in Figures 11, 12 and 

13, respectively. The head acceleration values were 

normalized to the peak values recorded without the 

airbag system. 

In Figure 11, it is seen that head acceleration in the 

x-axis direction in the interval from 40 ms to 110 ms 

was higher with the airbag system than without it, 

owing to the reaction force generated by contact 

between the head and the shoulder belt airbag. The 

peak value with the airbag system was 31% higher than 

that without the system. 
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Figure 11.  Comparison of the head G in x-axis 

direction, with and without airbags. 

 

Similarly, in Figure 12, head acceleration in the z-axis 

direction was higher with the airbag system than 

without it in the 40-70 ms interval. During that initial 

period when the dummy leaned forward, the head was 

supported at the front from below by the airbags. 

However, in the latter period from 80 ms to 130 ms 

when the shoulder belt airbag suppressed the turning 

motion of the head, acceleration induced by centrifugal 

force decreased(Figure 13). The peak value with the 

airbag system was 23% lower than that without it. 
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Figure 12.  Comparison of the head G in z-axis 

direction, with and without airbags. 

 

 

 

 

 

 

 

Figure 13.  Comparison of the turning motion of 

the head. 

 

As a result, after 80 ms the 3-axis resultant acceleration 

was lower with the airbag system than without it, 

although the former value was higher than the latter 

one in the initial impact interval from 40 ms to 70 ms 
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(Figure 14). The peak value with the airbag system was 

10% lower in the latter period, and the system had the 

effect of reducing the head injury criterion HIC36 

value by 26% . 
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Figure 14.  Comparison of the head resultant G, 

with and without airbags. 
 

The dummy's behavior without and with the airbag 

system at three elapsed times is compared in Figure 15, 

respectively. 

 

 

60 msec     90 msec      120 msec 

          Without airbags 

 

60 msec     90 msec      120 msec 

            With airbags 

Figure 15.  Comparison of the dummy’s behavior, 

with and without airbags. 

 

Neck injury level - The shear load Fx, tensile load 

Fz and bending moment My of the neck recorded with 

and without the airbag system are compared in Figures 

16, 17, and 18, respectively. The injury levels have 

been normalized to the peak values without the airbag 

system. 

Without the airbag system the neck shear load Fx was 

caused by shearing action between the dummy's upper 

body and the head and neck. The forward motion of the 

former was stopped by the shoulder belt while the latter 

tried to continue to move forward due to the inertial 

mass. In contrast, the results with the airbag system 

show a large reduction in Fx after 60 msec because the 

forward movement of the head was restrained by the 

airbags. The peak value of Fz was 30% lower than the 

value recorded without the airbag system(Figure 16). 
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Figure 16.  Comparison of the neck UPR shear 

force (N), with and without airbags. 

 
The neck tensile load Fz was higher with the airbag 

system than without it in the 40-70 msec intervals 

because the head was supported at the front from below 

by the airbags in this initial period when the dummy 

leaned forward. This result is similar to that mentioned 

above regarding the acceleration of the head in the 

z-axis direction. However, Fz was lower with the 

airbag system than without it after 70 ms because the 

airbags worked to suppress the turning motion of the 

head, which reduced the tensile load due to centrifugal 

force. The system reduced the peak value of Fz by 7% 

compared with the result without the airbag 

system(Figure 17). 
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Figure 17.  Comparison of the neck UPR tensile 

force (N), with and without airbags. 
 

The neck bending moment My without the airbag 

system showed a larger peak on the negative side 

owing to a moment in the extension direction that 
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occurred when the lower neck was lifted upward by the 

upthrust load induced by the bottoming out of the 

pelvis. The forward movement of the dummy's upper 

body was stopped by the shoulder belt while the head 

was bent downward. In contrast, with the airbag system, 

the airbags supported the head at the front from below, 

which reduced the forward flexion of the head in the 

60-75 ms interval. The upthrust load became a 

compressive load component in the z-axis direction of 

the neck, thereby suppressing the increase in the 

moment in the extension direction, and the peak value 

of My was reduced by 49%. In addition, following the 

peak on the flexion side around 100 ms, the airbags 

supported the head, which suppressed the amount of 

flexion and the peak value was reduced by 17% 

compared with the result recorded without the airbag 

system(Figure 18). 
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Figure 18.  Comparison of the neck UPR bending 

moment in y-axis direction (Nm), with and without 

airbags. 
 

CONCLUSION 
 

This paper has described a newly developed rear-seat 

airbag system that is designed to provide improved 

protection performance for the head and neck, which 

together account for approximately 30% of the fatal 

injuries incurred by rear-seat occupants in frontal 

collisions. This system does not require any airbag 

mounting part or reaction force support structure in 

front of the rear-seat occupants, making it possible to 

install the system even under the traditional constraints 

present in the rear seats. 

Sled tests conducted with a prototype model of the new 

airbag system confirmed that it is effective in reducing 

occupant injury levels. The following results were 

obtained in the tests. 

・ The new airbag system restrains an occupant's 

head and absorbs its kinetic energy, thereby 

suppressing the centrifugal force resulting from 

the turning motion of the head and reducing 

head injury levels. 

・ By suppressing the turning motion of the head, 

the new airbag system is also effective in 

reducing neck injury levels in terms of the shear 

load, tensile load and bending moment. 

The present prototype system houses the airbags inside 

the covers of the shoulder and lap belts, making the 

belts stiffer and heavier and thus detracting from their 

ease and comfort of use. These are aspects that must be 

examined in future work. It will be necessary to 

examine ways of weight reduction of the airbags and 

making them thinner when folded up inside the belt 

covers, without sacrificing their deployment 

performance. 
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ABSTRACT 
 
Although modern vehicles are equipped with 
multiple restraint systems such as airbags and 
seatbelts, there would be a further possibility to 
reduce occupant injury in even the best-pick 
category vehicles. The protection systems are 
mainly designed for occupants that are positioned 
closest to the intrusion. However, side-impact 
field data show approximately one-quarter to one-
third of severely injured occupants sit on the far-
side of the vehicle, furthest from the intrusion. 
 
This study presents a novel protection system 
which is placed between the two front passengers 
to protect them from injuries caused by far-side 
impacts. The fixation of the performance-added-
airbag to the seat is designed in a pivot-like 
method to ensure a laterally stiff protection 
element, minimizing the excursion of the 
occupant’s torso and head. The concept is 
designed to incorporate only minimal changes to 
existing seat and seatbelt designs. With reference 
to field data accidents, different impact angles 
have been sled tested under LINCAP conditions. 
 
Results show a high benefit of the proposed Mid-
Mount Bag. Keeping the occupants on their own 
side of the vehicle as much as possible can 
mitigate many injuries caused by the vis-à-vis 
interior or by other occupants. The total torso 
excursion could be reduced by 45% compared to 
scenarios without adequate far-side protection. 
 
With regard to the field data, approx. 70% of 
MAIS3+ far-side injuries can be avoided by the 
Mid-Mount Bag. Although installing additional 
airbag systems will have a cost impact, this impact 
is balanced by potentially saving numerous lives. 
The Mid-Mount Bag brings us closer to our dream 
of having zero victims due to traffic accidents. 
 
INTRODUCTION 
 
Throughout the past decades, major advances in 
automotive safety have been achieved. Today, the 
human toll due to road accidents is decreasing in 
nearly all developed countries [7]. Active safety 
which seems nowadays to take most of the 

attention is making good progress by putting new 
safety systems on the road in order prevent an 
immanent crash or support and guide the driver. 
Nevertheless, there are still further advances 
needed in passive safety. Looking at various 
safety rating schemes you will find listings which 
show the safest cars available. However, it is to be 
remembered that those ratings are focusing on 
standardized testing protocols. In the real world 
there are frequent accident scenarios which are 
only partially or not at all addressed by those 
rating schemes. In this paper, we consider lateral 
crashes in which an occupant is seated at the far 
side of the impact, i.e. the occupant is located at 
the non-stuck side of the vehicle. 
 
MOTIVATION 
 
An objective of this study was to examine injury 
patterns for belted far-side front seated occupants 
in lateral collisions. Concluding the results, 
various crash tests were conducted to better 
understand the occupant kinematics that cause the 
most frequent injuries as well as developing 
countermeasures in terms of a protection system to 
significantly reduce these injuries. 
 
Roughly half of all car accident casualties are 
involved in side collisions. Throughout the 
literature, it is a well-know fact that this accident 
type causes severe injuries to the passengers.   
Especially those occupants who are seated on the 
non-struck or far side of the collision experience 
injuries that account for about one-third of all side 
collision caused injuries [1],[4]. Further field data 
activities dealt with a closer analysis on the 
causation of far-side injuries and occupant 
kinematics. This was done in order to identify the 
method to protect far-side occupants by means of 
a protection system. 
 
ANALYSES OF FAR-SIDE INJURIES 
BASED ON NASS/CDS 
 
In a NASS/CDS query from 1998-2005, far-side 
occupants were defined as front left passenger 
with right side damage and principle direction of 
force (PDOF) 90° ±50° or front right passenger 
with left side damage and PDOF 270° ±50°. 
 
The following boundary conditions were set: only 
the MAIS 3+ respectively AIS 3+ filter was 
applied; unbelted occupants as well as rollover 
were excluded from the analysis. The resulting 
data contained a total number of 216 cases, 
whereby 163 cases were the front left passenger 
and 53 were the front right passenger. 
 
On the injury level, it resulted in a total of 245 
injuries to the front left passenger and 75 injuries 
to the front right passenger. Table 1 shows the 
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distribution of body regions by passenger seating 
position. 

 
Table 1 

MAIS 3+ injury distribution for belted 
occupants in far-side crashes by body region 

only one injury counted per body part 
 
Front Left Passenger AIS 3+ 

Body Region No. Percentage 
Chest 85 35% 
Head/Neck 77 31% 
Abdomen 26 11% 
Pelvis 21 9% 
Upper X 18 7% 
Lower X 12 5% 
Other 6 2% 
Total 245 100% 
 

Front Right Passenger AIS 3+ 
Body Region No. Percentage 
Chest 26 35% 
Head/Neck/Face 28 37% 
Abdomen 6 8% 
Pelvis 4 5% 
Upper X 4 5% 
Lower X 4 5% 
Other 3 4% 
Total 75 100% 
 
 
Digges et al. also investigated injuries to 
restrained occupants in far-side crashes [2] in 
NASS/CDS data set. Herein it was concluded that 
the most frequent injuries in the case of a far-side 
accidents are head and torso injuries. 
 
The injury mechanisms and kinematics of chest 
and abdominal injuries in far-side crashes have 
been researched in detail by Fildes et al. [5]. As a 
result from this paper, the head, chest and 
abdominal injuries are also the top three injuries 
associated with far-side crashes. Charles [6] 
highlights the head and thorax injuries as the top 
injuries as well. 
 
Diagram 1 shows the distribution of AIS 3+ 
injuries by the injuring contacts.  The blue bars are 
related to the front left passenger contacts. The 
green bars are related to the front right passenger 
contacts. The categories ‘Seat/Back’, ‘Belt/Webb’, 
‘Front Interior’, ‘Other/Misc’ are somehow 
distributed equally between front left and right 
side passengers. At least there are no significant 
recognizable discrepancies. 
 
The unequally distributed category ‘Other 
Occupant’ roots back to the fact that a front left 
side passenger is always seated in the vehicle, 
whereas not always is a passenger seated in the 

right front seat of the vehicle. It is a trivial fact 
that the category Right Interior addresses the front 
left passenger in a far-side crash, whereas the 
category Left Interior addresses the front right 
passenger in a far-side crash. 
 
 

Diagram 1 
Distribution of injuring contacts for AIS3+ 

injuries of front left and front right passengers 

 
Charles [6] did a comparison of mortality, injury 
severity and injury patterns between near and far-
side occupants in side collisions. He also showed 
two single cases where large deformations of the 
side structure of the vehicle are visible. Thereby 
injury sources such as vis-à-vis side interiors 
become evident. 
 
All these field data define the requirements and 
boundary conditions for a restraint system. From 
the analyzed body regions it is obvious that an 
optimally designed restraint system needs to have 
both a protection zone for the head as well as for 
the thorax, respectively the chest. The results from 
the analysis of the injuring contacts concluded that 
a protection system, too, needs to protect against 
perpendicular contacts as well as oblique contacts 
from a view of a far-side seated occupant. 
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CONCEPTUAL CONSIDERATIONS 
 
Altogether, the field data and injury pattern show 
that the following categories need to be addressed 
for maximum protection: 
• Protect the far-side occupant not only for 

perpendicular impact but also for oblique 
impact. 

• Limit the potential interaction with the 
vehicle interior as much as possible. 

• Develop a protection system not only 
beneficial for dummies but also for humans. 

 
 

 
 

Figure 1  
Far-side dummy kinematics in a far-side lateral 

impact 
 
 
Figure 1 shows the dummy excursion in a possible 
far-side condition. It is to be considered that 
current dummies have a fairly stiff spine (no 
bending, no stretching). Digges [3] shows the 
fundamental differences between a dummy and a 
human in a far-side condition. In a real crash the 
far-side occupant is well supported at the pelvis by 
means of the middle console and the lap belt. 
However, the shoulder belt typically slips off and 
hence the upper torso and head will rotate about 
the pelvis towards the intruding side wall. 
Significant bending and stretching of the spine of 
the far-side occupant is seen. The result is a much 
larger excursion of the head and upper torso when 
comparing those two measures with a dummy. As 
shown in Diagram 1, there are not only injuries 
from contact to interior parts but also from the belt 
and webbing. In consequence, the likelihood of 
severe injuries becomes much higher for humans 
than for dummies. But it is only true if the 
occupant is actually allowed the higher excursion. 
If we can avoid the occupant excursion we may 
also avoid the injuries. 
 

Assuming the dummy/occupant is actually kept 
well within its seat (by a to-be-installed protection 
system); we can expect their lateral motion pattern 
of both the dummy and the occupant to be the 
same. This is a fair assumption because the 
difference in spine bending and stretching will not 
occur. 

 
 

Figure 2 
Both dummies are at risk for interaction 

 
 
In case of two occupants in one seating row 
(driver and passenger next to each other) there is 
the further injury risk of interaction. This is shown 
in Figure 2. Calculations from t1 (t1 = triggering of 
restraint devices) show we want to focus on 50ms 
at which point the two occupants have the 
following status: 
• Near-side occupant: Intrusion of the side 

structure is in full progress; the Head-Side 
Airbag and Thorax Airbag are fully engaged; 
the occupant is under its highest loading and 
the rebound is about to start. 

• Far-side occupant: The propagation of the 
crash pulse throughout the vehicle structure is 
somewhat delayed and has just arrived at the 
far-side seat. Hence, the far-side occupant 
starts to move towards the middle of the 
vehicle and beyond. 

As a result, the two occupants now move towards 
each other and there is a significant injury risk 
from potential occupant interaction. To prevent 
injuries in such a scenario a protection system is 
needed to keep the two occupants apart from each 
other. 
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Figure 3 
The far-side dummy/occupant needs to be kept 
as much as possible in its seat (smallest possible 

excursion) 
 
Figure 3 illustrates the specification of the far-side 
protection device in terms of limiting the occupant 
excursion towards the middle of the vehicle. In 
summary, the following specification is 
postulated: 
• Limit the occupant excursion towards the 

middle of the vehicle as much as possible, i.e. 
the CoG of the far-side occupant/dummy head 
should not cross the geometrical middle line 
of the vehicle. 

• Cover various impact angles, e.g. 60° and 90° 
lateral impact (60° = 2 o’clock; 90° = 3 
o’clock). 

• The crash pulse should be equivalent to a 
standard side impact pulse e.g. LINCAP (max. 
acceleration at far-side seat: 20g). 

• The integration of such new protection device 
should require minimum modifications to an 
existing vehicle design. 

• Cost, package and weight need to be as low as 
possible. 

• The comfort of the occupant should not be 
reduced by an additional protection device for 
the far-side condition. 

Note: Throughout the development of the far-side 
protection system, it is assumed that the occupant 
is secured by a standard 3-point seatbelt including 
a pyrotechnic pretensioner. 
 
Several concepts were considered as possible 
technical solutions: 
• Extended seat side wings at shoulder and/or 

thorax (Feist [4]) 
• Improved seatbelt (e.g. X-type or H-type) 
• Deployable middle console (e.g. airbag 

deploys upwards) 
• Deployable head-shoulder-thorax support 

(airbag) in seat side wing 

These concepts were compared with the provided 
specifications shown above. The preferred 
protection concept is an airbag mounted at the seat 
side wing. It is deployed by a hybrid or stored gas 
inflator and designed to be airtight for an extended 
time to provide protection not only during the first 
impact but also during a multiple crash scenario or 
a rollover. Further on this concept shall be called 
MID-MOUNT BAG. 
 
MID-MOUNT BAG CONCEPT 
 
With a novel protection system which is mounted 
to the seat frame in a specific way, it is possible to 
reduce injuries and fatalities in the case of far-side 
crashes significantly. The cushion is designed to 
keep the occupant restrained as shown in Figure 3. 
The specific cushion design and a special way of 
attachment of the protection system to the seat 
frame are two of three key factors for the restraint 
effect. 
 
Figure 4 shows the principle function of the Mid-
Mount Bag in a top view. In contrast to ordinary 
Side-Thorax Airbags, the Mid-Mount Bag is 
designed to limit the excursion of the occupant by 
keeping the person in its position as much as 
possible i.e. it is rather a supporting device than an 
energy absorbing one. The cushion has no means 
for venting. 
 
The Mid-Mount Bag is attached and mounted to 
the seat frame on a lateral portion. The distal ends 
of the airbag can freely rotate around a lateral 
connection. 
 

 
 

Figure 4 
Principle mode of function of the Mid-Mount 

Bag. 
 
Combining the advantages of the high internal 
pressure of the Mid-Mount Bag (approx. 200kPa) 
with a pyrotechnically pretensioned seatbelt, the 
excursion of the occupant/dummy is reduced 
significantly. The high pressure is the third key 
factor of the Mid-Mount Bag. The occupant 
applies a force on a lateral side of the Mid-Mount 
Bag, the bag then rotates around its rotational 
point and distributing the force to the side of the 
seat frame. This requires a stiff transfer of the 
force which is established by the internal pressure. 
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The design of the cushion contains some novel 
features. Figure 5 shows a side view of the Mid-
Mount Bag. 
 

 
 

Figure 5 
Side view of the Mid-Mount Bag 

 
The cushion has been designed to meet not only 
perpendicular but also oblique crash types. The 
two big zero tethers’ function is to reduce volume, 
allowing for a smaller inflator. Combining all 

those different properties of the Mid-Mount Bag, 
it was possible to create a protection system that 
achieves high benefit and improvement in the case 
of a far-side side collision. 
 
 
RESTRAINT PERFORMANCE 
 
Compared to ordinary side airbag applications, the 
Mid-Mount Bag has a slower deployment. This is 
due to a longer period of time for the crash pulse 
to reach the far-side seat/occupant. The 
deployment criterion was to achieve the pressure 
level of 200kPa within 40ms. 
 
In Figure 6, the deployment sequence is shown. 
The deployment pattern must be as close as 
possible to the occupant in order to avoid the 
potential for the airbag to be hindered by the 
neighboring seat or occupant or any other interior 
part. The two high pressured areas atop and below 
the shoulder, including the special cushion 
attachment design to the seat frame, gives enough 
side support to adequately restrain the occupant. 
 
This can be observed in the dynamic tests which 
were conducted with two different impact angles, 
90deg and 60deg, and a crash pulse similar to the 
LINCAP test configuration. 
 
Figure 7 shows the maximum excursion of the 
dummy at different impact angles. It is obvious 
from the pictures that the Mid-Mount Bag limits 
the excursion much more effectively. 

 

Figure 6 
Sequence of a deployment test 

 

40ms 30ms 20ms 10ms 0ms 
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Impact angle: 90deg 

 
 

Impact angle: 60deg 

 
Figure 7 

Maximum torso excursion at two different 
impact angles 

 
The results of a more objective measurement are 
shown in Diagram 2. The excursion of the head 
CoG was measured in both cases with and without 
the Mid-Mount Bag at the 90deg and 60deg 
impact angle. 
 

 
Diagram 2 

Maximum head displacement  
at 60 deg and 90 deg impact angle 

 
In these cases, the Mid-Mount Bag reduces the 
excursion by 45% in the 90deg impact angle and 

by 40% in the 60deg impact angle. In both cases, 
the head CoG did not cross the vehicle center thus 
fulfilling the previously set target specification. 
 
In summary, the occupant was kept on its own 
vehicle seat and therefore avoided many of the 
typical injuries that are likely in today’s vehicles 
without an appropriate far side protection device. 
 
The force retaining the shoulder, which is applied 
by the seatbelt, is the most important for the 
restraining benefit. The smaller the impact angle 
becomes, the higher the effect of the safety belt 
becomes. Figure 8 shows the difference in the 
60deg case with and without pretensioning. 
 

Belt pre-tensioning 
ON                                 OFF 

 
 

Figure 8 
Comparison of torso excursion with and w/out 

belt pre-tensioning 
  
OUT-OF-POSITION 
 
Tests have been conducted to evaluate the system 
in OOP tests. In the absence of a defined position 
for a far-side device, a position according to the 
TWG was chosen. The most critical one was 
found to be a rearward facing position. The 
dummy was placed on the inboard side of the seat 
kneeling partially on the middle console.  Figure 9 
illustrates the dummy position. Here, the 3-year-
old dummy is leaning with its torso and head 
directly towards the front of the tear seam through 
which the Mid-Mount Bag inflates. 
 
The tests produced good results. None of the 
dummy values were higher than 60% of the 
allowed limits. 
 
Other positions have not yet been tested due to the 
lack of any defined requirements for this specific 
application. But as soon as there are any direction-
giving proposals exist, these positions will be 
further evaluated.  

200 300 400 500

60
 d

eg
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Mid-Mount Bag + Seatbelt

Seatbelt only

Head displacement 
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Figure 9 

Dummy position in out-of-position testing 
 
 
Concluding on the restraint performance the Mid-
Mount Bag improves the situation for a far-side 
occupant in lateral collisions much by establishing 
an effective support between the both occupants. 
The Mid-Mount Bag supports the occupant that 
well that the occupant stays on its own vehicle 
side and does not cross the vehicle center line 
which was defined as the limit. 
 
DISCUSSION 
 
Considering the amount of work and resources put 
into the protection for near-side occupants in a 
side crash, it can be assumed that industry, 
regulatory bodies and consumer information 
institutes are deeply concerned about life 
endangered by a vehicular side-impact. But side-
impact protection is not only near-side occupant 
protection. As shown in the chapter 
MOTIVATION, about a third of all side-impact 
injuries (MAIS 3+) are associated to far-side. 
However, there is no clearly determined group 
within the safety community to reduce these risks 
in daily traffic. Up until now, there have been 
many research papers explaining the need for a 
far-side protection system. A few in the industry 
have chosen to work towards an improvement but 
no determined actions were taken. This is an 
unfortunate situation were we clearly have an 
opportunity to reduce traffic fatalities. 
 
The proposed Mid-Mount Bag concept has 
demonstrated its effectiveness under various 
requirements. Without any doubt, this concept can 
be further improved to produce an even better 
protection performance. However, there is the 
saying, ‘A bird in the hand is worth two in the 
bush’ meaning we need to take small steps in the 
right direction first instead of bigger steps in 
possibly the wrong direction. 
 

CONCLUSIONS 
 
The project set out to tackle the issue of occupants 
which are seated on the non-struck side of the 
vehicle in a lateral crash. By employing the Mid-
Mount Bag, a clear advance in restraint 
performance is shown. However, no sacrifice was 
made towards passenger comfort. The concept is a 
straight forward combination of existing and new 
technology, offering a solution to a well known 
issue.  
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ABSTRACT 
 
The agency released the final rule for Federal Motor 
Vehicle Safety Standard (FMVSS) No. 214 “Side 
Impact Protection” in September 2007, which put in 
place upgrades that involve moving deformable 
barrier (MDB)-to-vehicle and vehicle-to-pole crash 
tests with a 50th percentile adult male, the EuroSID 
2re (ES-2re) and a 5th percentile adult female, the 
SID-IIs dummy.  Recently, the National Highway 
Traffic Safety Administration (NHTSA) 
began evaluating the 50th percentile male WorldSID 
in these types of crashes using the same fleet vehicles. 
This paper includes an evaluation of the dummy’s 
durability in crash testing and gives a comparison of 
the test results with those of the ES-2re dummy.  The 
two dummies have different anthropometries and 
seating procedures which affect the final results.  In 
general, the WorldSID produced more elevated 
responses than the ES-2re dummy for both test 
modes.      
 
INTRODUCTION 
 
The FMVSS No. 214 final rule upgraded the 50th 
percentile male dummy from the US SID to the ES-
2re dummy.  This dummy was a European enhanced 
side impact dummy which was used in the Economic 
Commission for Europe Standard, R95 (ECE R95).  
It was developed originally as the ES-1, which was 
later modified to ES-2.  The ES-2 is the current 
dummy used in European standards.  The ES-2 was 
modified with rib extensions, thus the name ES-2re 
and is the current dummy being used in the new 
FMVSS No. 214 test requirements. [1]  
 
At the same time the EuroSID dummy was evolving, 
a second dummy was also being developed as a 
collaborative project to develop a world harmonized 
side impact dummy.  The dummy’s anthropometry 
was based on a NHTSA study done by the University 
of Michigan Transportation Research Institute 
(UMTRI) that looked at the anthropometry of actual 
humans in actual vehicle seats. [2][3] After extensive 
evaluations, the NHTSA concluded that the 
WorldSID was not ready for use in Federal 
regulations and its potential use had not been fully 

assessed by the agency for inclusion in the 2007 
FMVSS No. 214 Final Rule.  The agency further 
stated that, upon completion of its evaluation of the 
WorldSID, it would consider possible incorporation 
of the device in FMVSS No. 214. [4]   
 
DUMMIES 
 
ES-2re 
 
The ES-2re sits in an upright position, with a seating 
height of 660mm (see Figure 1 for more details).  It is 
instrumented with the following:  an upper neck load 
cell, a shoulder load cell, three rib potentiometers that 
measure lateral deflection, three abdominal load cells 
that measure the lateral loads, a pubic load cell, and 
accelerometers at numerous locations to measure the 
“g” levels that are applied to the dummy during a 
side impact. 
 
WorldSID 
 
The WorldSID sits in a more slouched position and is 
slightly shorter than the ES-2re dummy (see Table 1 
for more details).  It was instrumented with the 
following:  upper and lower neck load cells; IR-
TRACCs in the shoulder, thoracic ribs, and abdomen 
ribs; a shoulder load cell; a pubic load cell; iliac and 
sacrum load cells; and accelerometers at numerous 
locations to measure the “g” levels that are applied to 
the dummy during a side impact.  The WorldSID also 
has the option of having its data acquisition system 
onboard.   All of the tests conducted with the 
WorldSID dummies utilized the onboard data 
acquisition system. 
 

Table 1. 
Dummy Anthropometry Measurements 

 WorldSID    ES-2re   
Shoulder width  480 485 
Thorax width (nipple) 371 337 
Pelvis width  410 355 
Seating height  
(neck/torso interface)   600 660 
Seating height (erect)       870 920 
Leg Length 555 452 

All measurements are in millimeters. 
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Both dummies are designed to study occupant 
response to potential injury in side impact crash tests.  
In Figure 1, the ES-2re is in the red suit (left) and the 
WorldSID is in the purple suit (right).  As you can 
see, the ES-2re sits slightly higher than the WorldSID, 
which puts the head and ribs in different vertical 
locations. 
 

 
Figure 1.  ES-2re and WorldSID Dummies. 
 
Anthropometry Analysis 
 
Anthropometry had a large effect in the crash tests.  
The two dummies sat differently in the vehicle seats, 
which in turn allowed different body areas to be 
loaded, which caused differences in the final 
responses of the dummies.   
 
Figure 2 shows the UMTRI manikin. [2] This 
manikin represents a series of real adult people and 
how they sit in vehicles.  Figure 3 shows the ES-2re 
superimposed on the UMTRI manikin.   The ES-2re 
sits taller and more upright in the vehicle seat.  
Notice the placement of the head and shoulder. The 
ES-2re head and shoulder are more vertical and 
rearward than those of the UMTRI manikin.  The ribs 
of the ES-2re are approximately 20-25 degrees from 
horizontal, even though the dummy is sitting straight 
up. 
 

 
Figure 2.  UMTRI Adult Male Manikin. 
 

 
Figure 3.  ES-2re Superimposed with the UMTRI 
Manikin. 
 
Figure 4 shows the WorldSID dummy compared with 
the UMTRI manikin.  The heads and shoulders are 
almost aligned with each other.  The ribs of the 
WorldSID are in a horizontal plane.  Figure 5 shows 
the ES-2re and WorldSID dummies superimposed on 
each other.  The differences described earlier are 
more visible when the two dummies are 
superimposed.  The ES-2re head and shoulders are 
above that of the WorldSID, and its ribs are angled 
compared to the WorldSID.  Also note that the ES-
2re dummy’s abdomen vertically overlaps the 
WorldSID’s lowest thoracic and top abdominal ribs.      
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Figure 4.  WorldSID Superimposed with UMTRI 
Manikin. 
 

 
Figure 5.  WorldSID and ES-2re Superimposed. 
 
Figure 6 shows a side by side comparison of the two 
dummies without their jackets.  The thoracic ribs do 
not align directly with each other as previously noted. 
This is especially important when analyzing the data.  
According to the pictures an assumption can be made 
about the approximate alignments of the ribs.  The 
WorldSID shoulder rib aligns with the ES-2re’s 2nd 
thoracic rib, and the WorldSID’s 1st thoracic rib 
aligns with the ES-2re’s 3rd thoracic rib.  The ES-
2re’s abdomen aligns with the WorldSID’s thoracic 
rib #3 and abdomen rib #1; the WorldSID’s abdomen 
rib #2 is aligned with the ES-2re’s pelvis.   

 
Figure 6. ES-2re and WorldSID Comparison View. 
 
The anthropometry of the two dummies is very 
important in how the two dummies respond in the 
crash, especially in the pole test where the head CG 
determines the impact point on the vehicle. 
 
TEST MATRIX and PROCEDURES 
 
The NHTSA tested eight model year (MY) 2005 
vehicles in the oblique pole test and five MY 2005 
vehicles in the MDB test.  The vehicles chosen to be 
tested with the WorldSID had been previously tested 
with the ES-2re dummy (Table 2).  All of the 
vehicles had some form of head protection.  The 
2005 Subaru Forester and Volkswagen Beetle 
convertible had seat-mounted head and thorax air 
bags.  The 2005 Saturn Ion had a head curtain but no 
thoracic air bag, whereas the other six vehicles had 
thoracic and head curtain air bags. 
 

Table 2. 
Test Matrix 

 Vehicles MDB Oblique Pole
2004 Honda Accord   √ 
2005 Subaru 
Forester  √ √ 
2006 Toyota 
Sienna    √ 
2005 Ford 500  √ √ 
2006 VW Jetta √ √ 
2005 Saturn Ion √ √ 
2005 Ford 
Expedition   √ 
2005 VW Beetle 
(Convertible)   √ 
2005 Honda CRV √   
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Test Setup 
 
The tests were conducted per the FMVSS No. 214 
2007 final rule test procedures.  The dummies were 
instrumented with additional instrumentation than 
required by the rule.  The MDB tests were conducted 
with two ES-2re or two WorldSID dummies seated in 
the left front and left rear seating positions. The 
oblique pole tests were conducted with one ES-2re or 
WorldSID dummy in the left front seating position. 
 
The ES-2re dummies were seated in accordance with 
the final rule seating procedures; seat in midtrack, 
seat full down, and seat back angle determined by the 
OSCAR procedures (~25 degrees).  The WorldSID 
was seated using the same initial conditions for the 
seat and adjusted per the seating procedures for the 
WorldSID dummy drafted by the WorldSID Task 
Group (version 1.0).[3]   This seating procedure 
allowed for the seat back to be moved in both fore 
and aft directions in order to level the thorax and the 
head.  In some of the vehicles, the seat back was 
moved one or two notches forward or rearward from 
the initial position. 
  
The final seating position of the dummies plays a 
vital role in determining the vehicle-to-pole impact 
location in the oblique pole test.  The final impact 
point is based on the head center of gravity (CG).  In 
some instances, there was a difference in the final 
head position between the ES-2re and the WorldSID 
dummy.   
 
Injury Criteria 
 
The injury criteria used for the ES-2re were those 
specified in FMVSS No. 214. Some of the injury 
responses represent a 50% risk of AIS 3+ injury 
where others represent a 25% risk of AIS 3+ injury. 
[4]   The WorldSID’s injury criteria used for this 
testing were formulated by the WorldSID task group.  
Table 3 shows the corresponding injury assessment 
reference values (IARVs) used for both dummies.  
The WorldSID proposed values represent a 50% risk 
of AIS 3+ injury. [3] 
 

 
 
 
 
 
 
 
 
 

 

Table 3. 
Injury Assessment Reference Values (IARVs) 

 WorldSID*   ES-2re    
HIC36 1000 1000 
Thorax Deflection 
(mm) 56 44 
Abdomen 
Deflection (mm) 53 n/a 
Lower Spine 
Resultant (g's) 78 82** 
Abdomen Force 
(N) n/a 2500 
Pubic Force (N) 1790 6000 
Pelvis Resultant 
(g's) 77 n/a 

*WorldSID values are proposed IARV’s by working group. 
**Not in used in final rule, but used to monitor the lower spine 
results. 
 
TEST RESULTS 
 
The vehicles chosen for this testing were not 
designed to meet the requirements of the oblique pole 
test; however the purpose was to compare the 
different dummy responses.  The dummy responses 
for each test are shown in the Appendix.   
 
The MDB tests produced similar responses between 
the two dummies, although the WordSID had more 
elevated responses (i.e. 80-99% of the proposed 
IARV) for both occupants than the ES-2re dummy.  
The pole tests resulted in some vehicles exceeding 
the IARVs for both dummies. The WorldSID 
produced more elevated injury responses in both of 
the test modes. 
 
MOVING DEFORMABLE BARRIER 
 
The MDB tests resulted in all vehicles meeting 
IARVs for their corresponding dummy.  For the 
WorldSID tests, the 2005 Saturn Ion met the IARV 
for maximum rib deflection by a very narrow margin 
(55.98 mm).  It also had elevated responses for the 
abdomen deflection, pubic force, and pelvis 
acceleration (Figure 7).  In the ES-2re tests, the 2005 
Honda CRV had an elevated thorax deflection 
response in the left front seat.  These minor 
differences may be attributed to the differences in 
dummy positioning in the vehicle and seat.  The rib 
responses may also differ due to how the ribs react 
with the deformable barrier and door intrusion. 
Unlike the ES-2re’s rib modules, which are 
constrained to deflect only in the pure lateral 
direction, the IR-TRACCs in the WorldSID’s ribs 
may deflect obliquely, and the IR-TRACCs are 
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designed to measure displacement in the direction of 
the rib loading. 
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Figure 7.  2005 Saturn Ion Normalized IARV 
Responses.  
 
OBLIQUE POLE 
 
The test results for the oblique pole varied for each 
dummy, and the injury responses can be found in the 
Appendix.  The tests with the ES-2re dummy resulted 
in five of the eight vehicles exceeding at least one 
IARV.  The VW Jetta, Honda Accord and VW Beetle 
Convertible met all IARVs.  The tests with the 
WorldSID dummy also had five of the eight vehicles 
exceeding at least one of the proposed IARV 
responses.  As with the ES-2re, the Jetta and Accord 
met all the IARVs with the WorldSID, but the third 
vehicle was the Toyota Sienna rather than the VW 
Beetle. 
  
Head Positioning and Responses 
 
The impact point of the oblique pole test is 
determined by the final location of the head CG.   
Comparing the same vehicles with the two different 
dummies, a general trend was noticed.  For the 
vehicles tested, the two dummies sat differently in the 
same vehicle seat.  This was due to the differences in 
the dummies’ anthropometries and to the WorldSID’s 
seating procedure which allows the seat back to be 
moved to level the thorax and pelvis.  These 
differences changed the impact point on the vehicles 
depending on which dummy was used.  On certain 
vehicles, this difference affected the deployment time 
and path of the air bag, and also the structural 
deformation of the door during impact.  This resulted 
in some significant differences in the HIC36 
responses (Figure 8). 
 

 
Figure 8.  HIC 36 Responses for ES-2re and 
WorldSID. 
 
Three vehicles, 2005 Ford Five Hundred, 2005 
Subaru Forester, and 2005 Volkswagen (VW) Beetle, 
had very different HIC36 responses when comparing 
the two dummies.  The Ford Five Hundred and the 
VW Beetle resulted in high HIC responses when 
tested with the WorldSID and low responses when 
tested with the ES-2re.  The Subaru Forester resulted 
in high HIC responses for both dummies, but they 
were higher for the ES-2re. 
 
In the 2005 Ford Five Hundred, the WorldSID’s head 
CG was lower and 3½ inches more forward than the 
ES-2re in the same vehicle model (Figures 9 and 10).  
Therefore, the pole struck the vehicle more forward, 
and the air curtain deployed approximately 15 ms 
later than in the ES-2re test.  This resulted in the 
WorldSID head striking the pole, which resulted in a 
HIC36 of 1609 compared to the ES-2re HIC36 of 422.   
 

 
Figure 9.  ES-2re Head Position in 2005 Ford Five 
Hundred. 
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Figure 10.  WorldSID Head Position in 2005 Ford 
Five Hundred. 
 
The 2005 VW Beetle also showed a large difference 
in the HIC36 response between the ES-2re and 
WorldSID.   The HIC36 for ES-2re was 315 
compared to 3630 for the WorldSID.  As shown in 
Figure 11, the final placement of the WorldSID in the 
seat resulted in the seat back being more reclined and 
the dummy’s head CG 1½ inches more rearward than 
the ES-2re.  This affected the impact point of the pole 
and most likely, the deployment path of the seat 
mounted combination air bag.  In the WorldSID test, 
the air bag inflated rearward from the side of the seat 
and didn’t get in between the dummy’s head and the 
pole in the correct time, thus resulting in a high HIC 
response. 
 

 
Figure 11.  ES-2re and WorldSID at 55ms in 2005 
VW Beetle. 
 
Thorax and Abdomen Responses 
 
The WorldSID measures the deflection of three 
thoracic ribs and two abdominal ribs, whereas the 
ES-2re measures the deflection of three thoracic ribs 
and the force applied to the abdomen (Figure 6). 
 
The thorax and abdomen directly interact with the 
door liner, arm rest, and/or thoracic air bag.  When 

comparing the two dummies, the WorldSID gave 
higher thoracic responses than the ES-2re in four of 
the eight vehicles tested (Figure 12).  The differences 
in the responses between the two dummies were 
minimal (within 10%) for four of the vehicles, while 
they were larger for the other four.  The WorldSID 
had higher abdominal responses than the ES-2re in 
seven of the eight vehicles, and the responses from 
the eighth vehicle were nearly identical (Figure 13).  
The differences in the responses between the two 
dummies were minimal for three of the vehicles, 
while they were larger for the other five. 
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Figure 12.  ES-2re and WorldSID Normalized 
Thorax Responses for Oblique Pole. 
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Figure 13.  ES-2re and WorldSID Normalized 
Abdomen Responses for the Oblique Pole. 
 
It is believed that the differences in the thoracic and 
abdominal responses between the two dummies can 
be attributed to the differences in their seating 
postures and positions.  Even though the seat back 
positions were only different by a notch or two, the 
dummies responded differently.  The WorldSID had 
higher rib responses in Rib 1, whereas the ES-2re had 
similar responses for all three ribs, and it usually was 
lower than the deflection that occurred in the 
WorldSID.    
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For example, the normalized abdominal responses for 
the 2005 Saturn Ion went from 0.60 with the ES-2re 
to 1.32 with the WorldSID.  This could be due to the 
interaction of the armrest, which directly loaded the 
WorldSID’s abdominal ribs, while it loaded the lower 
half of the abdomen and the upper edge of the pelvis 
in the ES-2re.   
 
The posture differences in the dummies can possibly 
create different impact locations, structural 
deformation, and air bag deployments. These 
differences can also create different alignment of 
body regions and interior door surfaces.  
   
Pelvis Responses 
 
The WorldSID and ES-2re pubic load cell are located 
in very similar areas, but the pelvic areas surrounding 
the pubic load cell are made of different materials.  
Also, as discussed previously, the dummies have 
different abdomen designs.  The WorldSID has two 
abdominal ribs whereas the ES-2re has three 
abdominal load cells, and the pelvic skin of the ES-
2re extends higher than that of the WorldSID (Figure 
6). 
 
The WorldSID produced similar responses in all of 
the vehicles, while the ES-2re responses were more 
varied (Figure 14).  Although low, the WorldSID 
produced higher responses than the ES-2re in five of 
the eight vehicles, and they were nearly identical in 
two of the others.  
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Figure 14. Normalized Pubic Load Cell Responses 
for ES-2re and WorldSID. 
 
DUMMY DURABILITY 
 
The WorldSID dummies were examined after each 
test, and pre and post test calibrated after the 3rd use.  
The dummies only had minor damages; the damage 
that did occur was a result of the oblique pole testing.   

The maximum shoulder deflection was reached 
during four of the eight oblique pole tests. The 
shoulder IR-TRACC was damaged during one of 
these tests.  Both ends were bent and one end was 
damaged (Figure 15).  Also, over the testing period, 
the rib damping material de-bonded from the metal 
ribs.   
 

  
Figure15.  WorldSID IR-TRACC Damage. 
 
CONCLUSIONS 
 
• Regardless of which dummy was used, the 

following were determined: 
o In the MDB tests, all dummy responses were 

below their corresponding IARVs for all 
five of the vehicles tested, although several 
had elevated responses.  The driver 
WorldSID in the Saturn Ion had a maximum 
thoracic rib deflection of 55.98 mm, which 
was below the proposed IARV by a very 
narrow margin (56 mm). 

o In the oblique pole tests, at least one IARV 
was exceeded for the Saturn Ion, Ford Five 
Hundred, Subaru Forester, and Ford 
Expedition. 

o In the oblique pole test, all dummy 
responses were below their IARV for the 
Volkswagen Jetta and the Honda Accord. 

o In the oblique pole test, the ‘meet/exceed’ 
performance of the Volkswagen Beetle and 
the Toyota Sienna depended on which 
dummy was used.  The VW Beetle exceeded 
the HIC criterion with the WorldSID and the 
ES-2re exceeded the HIC criterion in the 
Toyota Sienna. 

o In both the MDB and oblique pole tests, the 
WorldSID dummy produced more elevated 
(80-99% of proposed IARV) and high 
(exceeded IARV) responses than the ES-2re. 

• The 50th Male WorldSID and ES-2re have 
different dummy anthropometries.   

• The WorldSID is based on the UMTRI 
anthropometry study, which is based on actual 
humans sitting in vehicle seats. 

• WorldSID sits in a more slouched position and 
sits lower in the seat than the ES-2re. This places 
the body regions of the WorldSID and ES-2re in 
different locations. 

_____________________________________________________________________________________________ 
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• Different head positions produce different impact 
locations in the oblique pole tests.  This may 
affect the head impact location on the air curtain, 
sensor responses, and structural deformation. 

• The WorldSID and ES-2re thorax and abdomen 
are aligned differently with the vehicle interior.  
This can produce different loading on the 
dummies (e.g. armrest to abdomen), possibly 
resulting in different responses. 

• The overall WorldSID dummy durability is good. 
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APPENDIX:  DUMMY RESPONSES 
 

Table 1. 
MDB Driver WorldSID Responses 

Vehicles 
HIC36 

Thorax 
Deflection

(mm) 

Abdomen 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Pelvis 
Resultant 

(g’s) 
Proposed Injury 

Criteria 
1000 56 53 78 1790 77 

VW Jetta (C+T) 131 37 26 48 1355 44 
Saturn Ion (C) 136 56 51 56 1571 75 
Ford Five 
Hundred (C+T) 42 17 22 47 778 38 

Subaru 
Forester(Combo) 33 19 9 35 849 55 

Honda CRV 
(C+T) 47 17 8 31 746 40 

 
Table 2. 

MDB Passenger: WorldSID Responses 

Vehicles 
HIC36 

Rib 
Deflection 

(mm) 

Abdomen 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Pelvis 
Resultant 

(G’s) 
Proposed Injury 

Criteria 
1000 56 53 78 1790 77 

VW Jetta (C+T) 131 18 23 38 871 47 

Saturn Ion (C) 260 39 41 55 1192 54 
Ford Five 
Hundred (C+T) 242 36 32 46 1068 68 

Subaru 
Forester(Combo) 122 21 30 36 n/a 43 

Honda CRV 
(C+T) 89 21 32 39 1052 74 

 
Table 3. 

MDB Driver: ES-2re Responses 

Vehicles 
HIC36 

Rib 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Abdomen 
Force 

(N) 
IARVs 1000 44 82 6000 2500 

VW Jetta (C+T) 101 26 28 1969 733 

Saturn Ion (C) 110 29 52 2431 1524 
Ford Five 
Hundred (C+T) 66 25 35 1176 1006 

Subaru 
Forester(Combo) 44 21 33 1694 598 

Honda CRV 
(C+T) 100 35 31 1137 524 

______________________________________________________________________________________ 
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Table 4. 

MDB Passenger:  ES-2re Responses 

Vehicles 
HIC36 

Rib 
Deflection 

(mm) 

Lower 
Spine 
(G's) 

Pubic 
Force 

(N) 

Abdomen 
Force 

(N) 
IARVs 1000 44 82 6000 2500 

VW Jetta (C+T) 211 29 53 2542 1378 

Saturn Ion (C) 168 27 47 2275 1511 
Ford Five Hundred 
(C+T) 213 25 44 1407 1649 

Subaru 
Forester(Combo) 226 23 35 1948 967 

Honda CRV (C+T) 126 5 33 1847 1192 
 

Table 5. 
Oblique Pole Driver:  WorldSID Responses 

Vehicles 

HIC36 
Thorax 

Def. 
(mm) 

Abdomen 
Def. 

(mm) 

Lower 
Spine 

Result. 
(g's) 

Pubic 
Force 

(N) 

Pelvis 
Result. 

Accel. (g’s)

Proposed Injury 
Criteria 

1000 56 53 78 1790 77 

2006 VW Jetta 
(C+T) 528 48 50 63 1002 57 

2005 Saturn Ion (C) 612 49 70 80 1264 68 

2005 Honda Accord 
(C+T) 380 26 29 52 1305 53 

2005 Ford 500(C+T) 1609 62 66 82 1209 66 
2005 Subaru 
Forester (Combo) 1463 60 37 79 1227 77 

2006 Toyota Sienna 
(C+T) 418 38 52 68 1085 62 

2005 VW Beetle 
Convertible(Combo) 3680 44 25 69 1127 81 

2005 Ford 
Expedition (C) 665 36 71 77 1270 86 
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Table 6. 
Oblique Pole Driver:  ES-2re Responses 

Vehicles 

HIC36 
Rib 

Deflection
(mm) 

Lower 
Spine 
(G's) 

(monitored)

Pubic 
Force (N) 

Abd'm 
Force (N) 

IARVs 1000 44 82 6000 2500 

2006 VW Jetta (C+T) 652 36 60 3372 1663 

2005 Saturn Ion (C) 806 50 76 1585 1494 
2005 Honda Accord 
(C+T) 446 31 52 2463 1397 

2005 Ford 500 (C+T) 422 35 68 2133 3020 

2005 Subaru 
Forester (Combo) 2054 43 46 2291 1377 

2006 Toyota Sienna 
(C+T) 667 47 60 2127 1751 

2005 VW Beetle 
Convertible (Combo) 315 37 69 3815 1018 

2005 Ford 
Expedition (C) 689 26 75 6973 2575 

 
 

Legend: 
 Lower than 80% of IARV80%-99% of IARVExceeding IARV 
 C=Curtain only; C+T=Curtain and thorax; Combo=Head thorax combination 
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ABSTRACT 
 
The protection of children in traffic, especially in cars, 
is one of the most important tasks facing our society.  
Children in cars are dependent on the assistance of their 
parents to provide them with adequate protection 
through the use of child restraint systems (CRS).  Good 
advice to parents on how to use and fit CRS properly 
and which CRS offers the best protection are essential. 
 
In Europe, due to the use of differing assessment 
criteria and rating schemes, the information provided to 
parents has been very confusing to date.  Since there are 
still major differences in CRS use within EU member 
states, increased consumer information is a predominant 
European task. 
 
The largest single advantage gained from this EU 
project “New Program for the Assessment of Child 
Restraint Systems” is that all members of the NPACS 
Project, representing the Governments of four European 
countries, research institutes, ICRT European consumer 
organizations and FIA automobile clubs, have 
cooperated to develop a scientifically based EU-wide 
harmonised test program and rating procedure.  This 
program covers advanced test criteria in frontal and side 
impact, as well as comprehensive usability tests to 
reduce the potential for CRS misuse; misuse has been 
the predominant problem with CRS use for years.  In 
addition, the NPACS procedure has not only been 
developed as to help parents and other purchasers of 
CRS, but also to encourage child seat manufacturers 
with their current and future designs, encourage new 
technologies to be brought to the market and to reduce 
the potential for misuse of their products. 
 
 
 
INTRODUCTION 
 
The NPACS consortium was funded in 2005 by 
governments of four nations, United Kindom, the 

Netherlands, Catalunia and Germany and five non 
governmental organisations, ADAC, ÖAMTC, 
AIT&FIA, ICRT  and GDV and had the objectives 
to provide scientifically based EU wide harmonised 
test and rating protocols to offer consumers clear 
and understandable information about dynamic 
performance and usability of child restraint 
systems. The group worked on reliable methods of 
dynamic testing, the assessment of their ease of use, 
and periodically evaluation of the performance of 
test products. 
 
The first phase was to develop test protocols and 
conduct accordingly the new test procedures in a 
second phase. For the first time a new generation of 
child dummies, FTSS Q-series, was used and new 
injury criteria were developed. The side impact, 
today this is not tested for child safety at mandatory 
tests, was developed to reflect real accident data in 
laboratory tests. Another focus of the project was 
handling and misuse, which are not covered by 
ECE R-44 as well. Therefore handling tests with 
inexperienced subjects under different test 
conditions were made to develop a protocol for 
CRS ratings. Special handling dummies were 
developed to allow consistent results for testing and 
rating. Despite challenges in the validation process 
of the NPACS program, NPACS developed test 
procedures. Some of them are applied by the 
European Test Consortium (ETC) for Child 
Restrain Seats in 19 European Nations since May 
2007. 
 
 
REVIEW OF TEST METHODES 
 
In a first step all potentially CRS test methods over 
the world were studied and the information 
collected. So a wide range of information had to be 
compared, differences listed and potential 
advantages and disadvantages worked out. The 
sources which delivered possible information could 
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be found in the ISO Draft N589/N653, ICRT CRS-
Testing, NHTSA 2004, Euro NCAP CRS protocol and 
JNCAP protocol. 
For frontal side and rear impact scenarios the data of all 
relevant crash test configurations of national standard 
and consumer tests, such as Euro NCAP, JNACP, 
ANCP, ECE-R44, CREP, FMVSS 213, were collected 
to get a objective  view of  the boundary conditions for 
a dynamic child seat test. 
 
 
 
DEVELOPMENT OF TEST METHODS 
 
 
Frontal impact 
 
To start at a basic level, analyse of existing in-depth 
accident databases should be done to establish 
characteristics of accidents involving serious and/or 
fatal injured children. In a second step a proposal of test 
speed, impact angles and velocity should be made. Also 
taking into account the big data base of EuroNCAP 
crashed frontal impact cars  by their mass and pulse. 
In an additional step a selection of 30 - 50 cars of  
EuroNCAP tests, ADAC-database and registration 
statistics delivered date for seat belt geometry, 
geometry of the seatback and seat base and the stiffness 
of the cushions. 
This information lead to a range of seat back angles, 
showing a difference of  4° rearward, in comparison to 
the ECE test bench, but a good correlation of  the seat 
base angle, which is close to 15° to the horizontal. 
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Figure 1.  Distribution of seat back angle in comparison 
to the ECE R44 bench (1) 
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Figure 2.  Distribution of seat base angle in 
comparison to the ECE R44 bench (1) 
 
A quite huge variety of the upper and lower 
anchorage points could be measured while using 
different kind of vehicles. The biggest difference 
could be recognized in the horizontal distribution of 
the shoulder anchorage points, leading to the 
decision to test in most rearward, mid and most 
forward position of the d-ring loop and check out 
the influence of this anchorage point. 

 
 
Figure 3.  Distribution of upper anchorage point (2) 
 
For the lower anchorage points inner and outer 
position of the seatbelt and locks a variation could 
be measured, but these points were allocated around 
the H-point area of the seat. 
 

 
 
Figure 4.  Distribution of lower anchorage points 
(2) 
 
This evaluation lead to a specific seat bench with a 
certain seat belt geometry and a variation of the D-
loop, the lock and lower anchorage point. 
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Figure 5.  NPACS specific test bench (3) 
 
To evaluate the frontal impact pulse NPACS has on one 
hand analyzed the B-pillar acceleration result of 23 
vehicles tested by Euro NCAP. On the other hand the 
results of the EC CREST program, which examined 
accidents in Germany, France, Spain, UK and Italy, 
should be taken into account. Based on these results 
NPACS has defined an acceleration pulse for frontal 
tests. 
The analyse of crash pulses of different vehicle sizes are 
shown in  
Figure 6. There is a big variety in the length of the 
pulse, the frequency and the maximum acceleration. 
With the introduction of a 65kph pulse which is quite 
close in shape to the ECE-R44 pulse, but on a higher 
energy level, a lot of full scale pulses of several vehicle 
classes could be covered. 
The developed NPACS frontal impact pulse is in 
between the borderlines of the CREST pulse 
requirement, so both terms were fulfilled. 
 

 
 
Figure 6. Deceleration pulses of Euro NCAP frontal 
offset tests and NPACS pulse (blue) (4) 
 
In addition to the 0° frontal impact test a 30° test was 
considered as a relevant crash scenario, which lead to 
severe injuries. This type of test and in addition with the 
worst case belt geometry, which was the most forward 
one, the potential of CRS in a worst case scenario 
should be tested. But this chosen configuration led to 

extreme dummy loadings and even destroyed the 
dummies itself. Because of this the angular 
configuration was not taken into account for the 
rating in the near future. 
 
 
 
Side impact 
 
The work of EEVC WG18, show that side impacts 
cause the second highest number of fatal and 
serious injuries to restrained child car occupants. 
Therefore the introduction of a side impact test 
procedure is necessary, even there is no current 
dynamic side impact test in the European 
regulation. 

In European consumer testing a side impact test is 
in use, with a fixed door system. A intruding door 
variant of ISO and some derivate are existing, too. 

In order to get reliable data to compare full size and 
a sled test a number of 6 different CRS were tested 
in vehicles of 3 different classes, mini, small family 
and large family car. The test setup was done 
according the Euro NCAP/ECE R95 test procedure. 
On the struck side of the car 2 CRS and dummies 
were installed on the driver and passenger seat. The 
biggest intrusion, in this kind of side impact, is the 
B-pillar. To set up the worst case scenario the 
rearward facing CRS was placed on the rear bench 
of the struck side and the forward facing on the 
driver seat. In this case both kinds of CRS are 
charged with the maximum loading in the head 
form area, which is remembered as the most serious 
one.  

The final decision which type of side impact should 
be introduced in the NPACS test procedure was 
taken in September 2005. It was possible with all 
three relevant test methods to differentiate CRS 
according their protection and to rate those seats.  
At the end he fixed door principle was dropped 
because an intruding door seems to be more 
realistic and could be seen in the full size crashes. 
The intruding door mechanism was pointed out to 
represent the side impact as its best. At the end the 
version of TUB was recognized as the most 
sufficient one, based on scientific research and 
introduced in the test procedure. 

In Figure 7 the relation between the test results of 
the full size crashes and the different side impact 
test procedures could be seen. In this example the 
head acceleration of the forward facing CRS of  
Group 1 were used. The results of the sled tests are 
pointed out in the circle.  
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Figure 7. Comparison of side impact sled and vehicle 
tests (5) 

It was considered that the most important body region 
in side impact, the head of the child, must be assessed 
according the head acceleration and the head 
containment.  

 

Rear impact 

One working package addressed the rear impact 
collision. In a scenario of purely rear impact and under 
30° angular rear impact, rearward facing shells show 
pitching and in the angular situation possible contact to 
the outer surface. But a review of the accident data 
showed that rear impact accidents were a low priority 
for fatal and serious injuries to restrained children. This 
lead to the decision, not to introduce a rear impact 
dynamic test, right now.  

 
 
Handling 
 
Misuse data 
The German GDV used their database to locate possible 
misuse during adjustment of the CRS, position in the 
car and belting of the child. These findings were 
separated in all single CRS weight classes and offered a 
good overview of potential risk while using a child seat. 

Table  1. 

misuse study of GDV (6) 

  
 
 

 
Handling Dummies 
The GDV data showed a lot of problems which 
came up during the installation of a CRS and 
buckling up a child in a car. So the handling of a 
child seat is a very important issue to reduce severe 
injuries, because of misuse. To address this problem 
in the test procedure special dummies should be 
used to get information of the handling of the seat 
and the fixation of child in the seat. Additional 
information could be gathered out of the positioning 
of the dummy in the seat, possible adjustments, 
suitable belt routing or the fitment of the seat in the 
car. A special family of handling dummies, called 
“Kieler Kinder” should provide the information for 
the tester according the handling issue. 
 

 
 
Figure 8 . Kieler Kinder, handling dummy and P-
dummy  
 
 The positive effect of these handling dummies is a 
size which reflects the height, extremity length, 
weight, body sizes better than a 50%ile crash test 
dummy, e.g. the P- or Q-series. 
For the final rating the seat has to be assessed 
according following criteria: 

• Instructions 
• Set up of cars/harness 
• Installation 
• Restraining child 
• Ergonomics and comfort 
• Cleaning and safety designs 
• Removal of the occupant 
• Removal of the ISOFIX seat 

 
 In a first consideration the use of a universal 
handling body in white was discussed, but due to a 
lot of problems caused by the enormous variety of 
vehicle geometry, differences in foams, seat belt 
anchorages the idea was cancelled. The handling 
test should now be carried out in a variation of 
different sized vehicles, 3 and 4 door cars, different 
seat belt geometry, but fulfilling the Gabarit 
specifications. 
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Dummy 
 
For assessing the dynamic potential of CRS, child 
dummies have to be used according following boundary 
conditions: 

• different size and weight, covering all ECE 
classes 

• measurement capabilities according the need 
of NPACS 

• the measurements need to be repeatable 
• the dummies should be durable for the use in 

NPACS test scenarios 
• the dummy family must be biofidelic 
 

 There are 4 different types of child dummies available 
on the market. In Europe the TNO P-series and Q-
series, old and new version, are used for testing. In the 
USA the Hybrid III child dummies are used for CRS 
and out of position testing. Comparison testing was 
done by TRL in the same side impact situation with the 
3 year old P,Q and HIII child dummies 3 times to show 
the repeatability. The best repeatability data for head 
and chest was delivered by the P3 dummy. But this 
dummy has one disadvantage due to the old 
construction the use of additional transducers in the 
dummy is restricted to head, chest and rudimentary 
neck measurement for frontal impact. The P-series is 
durable for the use in NPACS, also the Q.-series didn’t 
show an damages in the different test hoses during their 
use in frontal and side impact. The big advantage of the 
Q-series is the more biofidelic behaviour and the 
possibility to measure not only head and chest 
acceleration. At the end the decision for the Q-series in 
it´s old version was driven by fulfilling most of the 
NPACS requirements. This dummy showed a good 
repeatability, good biofidelic response in the head and 
neck, the chest was estimated to be too stiff, it proved 
the durability in a lot of tests, covered nearly all 
required masses of the ECE R44 except the upper 
boundary of group III. For the Hybrid III only small 
data was available so this dummy was not taken into 
account.  
 

 
  
Figure 9. Q-Series dummy family 
 

 
 
Rating 
 
For the overall rating, the results of the usability 
evaluation, the dummy reading of the frontal and 
side impact dynamic test and the observation of 
these tests are assessed. The individual results of 
these tests together are forming the overall rating of 
the CRS. Based on accident analyses, user and 
misuse surveys and on experience of studies and 
CRS tests the individual results of the test could be 
weighted against each other. The weighting 
proposed, on consultation with the NPACS 
Foundation Committee, is 50 percent for Usability, 
25 percent for Frontal Impact and 25 percent for 
Side Impact.  The reason for this weighting reflects 
the importance of a well installed CRS. Misuse of 
installation is the most common problem in the 
field, also pointed out in several studies. A well 
designed seat could show it’s potential if the 
installation is not done correctly. 
In general the rating is designed to work out 
differences between actual child restrains but still 
allow space for improvement. 
It was considered that two effects, which are not 
measured will have a capping effect and reduce the 
score to 0 even when the seat scored points in the 
rated body regions. This effect will be caused in 
side impact  by a failure to provide any head 
containment will lead to total score capping to the 
lowest band and in the frontal impact test, the total 
structural failure of the product will have the same 
effect. A third case, were capping could be applied 
is an abdominal loading of the dummy, caused by 
the lap belt. Because of insufficient assessing 
possibilities, only video data could be used, the 
abdominal rating is not used in the near future until 
a solution for a possible measurement is found. 

 

 
 
VALIDATION 
 
After the 1st phase of developing the test methods, 
pulses and the decision for the Q-dummy these 
methods should be validated according the 
repeatability and the reproducibility. This process 
included both the frontal and side impact test and in 
addition the usability test, too.  
The result out of this huge test series should show a 
test procedure, producing reliable results of CRS 
even if this test were conducted in different test 
houses with different equipment and different 
dummies.  
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Frontal impact 
 
Based on the data of the TWG the participating test labs 
built seat benches according the NPACS specification. 
 

 

Figure 10. Frontal impact test design 

 
In November 2006, frontal crash tests were conducted 
with the Chicco Key 1 (validation step 1A). The results 
were presented at the Validation Workgroup meeting in 
December 2006.  The variations of the results of the test 
facilities are shown in Table  2. 
Measurement variations between the test facilities for 
the frontal impact below. 
 

Table  2. 

Measurement variations between the test facilities 
for the frontal impact 

 
Since the frontal impact test revealed major variations 
between the measurements, the analysing of the 
possible reasons was taken into account before 
continuing validation with other CRS. 
Since different positioning of the seat belt retractor was 
identified as one potential cause for measurement 
variation, ADAC altered the retractor position for an 
additional test. Testing two extremely different retractor 
positions was aimed at demonstrating that different belt 
routing and belt webbing length may be the main cause 
for the measurement variations. The above tests show 
that the position of the belt retractor has little impact on 

the measurements, with a significant variation only 
for the neck moment: 
 

 
 
Figure 11. Testing different belt retractor positions 
(green circle 
 

Table  3. 

Influence of retractor position on the 
measurements and measurement variation in 

percent 

  Retractor 1 Retractor 2 Deviation 

Head ares [g] 92 89 4% 

Head excursion [mm] 490 500 2% 

Chest ares [g] 58 59 3% 

Chest compression [mm] 36 n. a.   

Neck Mres [Nm] 34 29 17% 

Neck Fres [N] 3506 3293 6% 

Pelvis ares 74 71 4% 

 
Another reason why the test facilities obtain 
varying measurements might be attributable to 
inconsistent seat bench rigidity and belt attachment 
points. Also, the influence of different Q-dummy 
versions cannot be ruled out. 
Excursion was measured using different methods. 
Since parallax-based errors may be the cause for the 

  

Basic tests Additional tests 

Q1, 
upright 

Q1, 
reclined 

Q3, 
upright 

Q3, 
reclined 

Q3, 
upright, 

30° 

Q3, 
upright, 
upper 
belt 
fore 

Head ares 20% 22% 6% 18% 6% 17% 
Head excursion 23% 19% 13% 8% 16% 26% 
Chest ares 35% 40% 26% 25% 32% 27% 
Chest 
compression 11% 14% 14% 14% 46% 18% 

Neck Mres 57% 54% 55% 54% 11% 47% 
Neck Fres 30% 25% 23% 15% 13% 18% 
Pelvis ares 22% 19% 18% 9% 8% 10% 
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measurement variation, it was agreed to use the ECE-
R44 measuring method. 
To improve the test procedure additional comparative 
testing will be needed for the frontal impact in order to 
identify the causes for major variations. 
To discover differences in the rigidity of the test 
configurations, the belt forces and acceleration of the 
belt attachment points should be monitored. 
In addition, all test facilities should use the same 
version of Q-dummy or even 1 dummy, which is 
circulated, to reduce the error potential. 
 
 
Side impact 
 

The first test on a new built test bench, according the 
specifications showed difficulties to remain within the 
corridors required in the protocol and that both the CRS 
mass and its attachment mechanism have an impact on 
the movement pattern of the intruding door. In addition, 
angular velocity was difficult to reproduce, which 
increased the problems to remain within the required 
corridor.  

 
Figure 12. Side impact test setup with hinged door and 
belt routing 

 
The Validation Workgroup verified the measurements 
(validation step 1A) at their meeting in December 2006. 
Three labs did tests with CRS and 2 different dummy 
sizes on their side impact test rig. Table 1 shows the 
variations between the measurements of these test 
facilities: 
 
 
 
 
 
 
 
 
 
 
 

Table 1. 

Variations between side impact measurements of 
the various test facilities (TRL, TUB and ADAC) 

 

 
 
At subsequent meetings of the Validation 
Workgroup, some members pointed out that they 
faced major problems with the test setup and their 
measurements considerably differed from those of 
the other test facilities.  
Since measurement results varied considerably it is 
useful to first identify the reasons for the variations 
before continuing the validation tests with other 
CRS.  
 
In November 2007, the two remaining test labs, 
performing side impact validation tests, met for 
joint testing and an exchange of experiences for 
side impact tests. Overall, the following issues were 
identified for the need of optimisation: 

• The corridor for the angular velocity of the 
door is not sufficient to deliver a 
reasonably exact description of the door 
movement. As a corrective, the inclusion 
of an angle over time requirement is 
needed 

• Since different sensors and measuring 
methods deliver different angular velocity 
data, a uniform sensor should be specified 
and used by all test facilities. 

• The initial distance between the centre of 
the tested CRS and the door panel should 
be specified. 

• Dummy arm positioning is not sufficiently 
specified in the test protocol. This may 
influence the load transfer between the 
seat and the dummy thorax, and impact 
measurements. An additional description 
of the dummy installation procedure 
should help reduce the resulting 
measurement variations. 

• To prevent that test setup alignment for 
every new CRS (and further CRS are 
needed for such additional test) a 
calibration routine should be implemented.  
This involves testing a calibration block 
(or a standard CRS initially) meeting all 
test protocol parameters. For subsequent 
CRS testing, the parameters remain 

Measurements Dummy: Q1 Dummy: Q3 
Head ares 12% 19% 
Chest ares 21% 19% 
Chest compr. 18% 46% 
Neck Mres 181% 58% 
Neck Fres 46% 51% 
Pelvis ares 38% 26% 
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unchanged – corridors are no longer an issue. 

To establish whether the above improvements reduce 
the test result variations, it was suggested to compare 
the measurements again at the Validation Workgroup 
meeting in January 2008. To exclude variations based 
on the dummy used (relatively frequent and unverifiable 
changes in the dummy versions), all test facilities 
should use the same dummy. This idea was not 
accepted by all parties and the next round robin test was 
conducted between only two test houses. Several 
problems seem to be solved an further improvement 
were made to achieve the corridors in different labs 
with different test rigs. But the results of this last round 
robin test, conducted under the NPACS Validation 
group, again showed deviation of the two participant 
labs in spite of new corridors, only one dummy used for 
the test. and the use of the calibration rig. Not only the 
reproducibility was checked, the repeatability was also 
an issue to have a focus on. 
 

 
 

Figure 13. Deviation of the dummy readings (white and 
dark repeatability of same lab) (7) 

 
 
RESULTS 
 
One of the most challenging tasks is the protection of 
children in the traffic especially in cars. Adult 
occupants have the protection of frontal, side and 
curtain airbags, seatbelts with pretensioner and load 
limiter, retracting pedals, reinforced side structures and 
seats. The only possible protection of a child a a child 
seat. But a child seat which offers good protection must 
be installed in the right way otherwise it cannot provide 
the protection it could do. The target was and will be in 
future to push forward the development of child seats so 
that they can offer to bet possible protection and to 
minimize the handling mistakes and misuse 
possibilities. 
A lot of different organisations in Europe are 
conducting CRS tests with different results. The 
NPACS-project, representing the Governments of four 
European countries, research institutes, ICRT European 
consumer organizations and FIA automobile clubs tried 
to bring all this knowledge together and used the latest 

test equipment on the market to form a new test and 
rating procedure for the European market. 
A lot of research work was done to identify the 
worst case situations for dynamic and static tests to 
reflect the real world accidents and rate the seats for 
consumer information.  
The following findings of the research in the 
NPACS program is proved and could be used for 
future activities: 
 

• Test bench for frontal impact, reflecting 
modern car environment and geometry 

• Frontal impact test pulse as a simplified 
frontal offset crash pulse 

• The Q-series dummy were introduced and 
showed good performance in repeatability 
and durability combined with a good 
biofidelic relationship 

• Handling dummies were developed and 
could be used for handling and usability 
tests 

• A rating scheme based on accident data, 
which is taking into account the problem 
of misuse Usability and misuse tests 

 
But there are still open issues which need 
further investigations: 
 
• Influence of seat belt geometry on the  test 

results 
• The side impact is not validated right 

know, in spite of a lot investigation of 
corridors, calibration issues etc. 

• Review of the injury criteria is needed 
• The durability of the handling dummies 

must be improved  
 
To come back to the question in the header: 
NPACS, First step for future activities? The answer 
of this question is yes. Some of the research results 
could be used for future activities, but the validation 
process showed the problems in the reproducibility 
especially in the side impact.  
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INTRODUCTION 
Daimler firstly introduced PRE-SAFE® 

applications in the S-Class, 2002. Up to now sensor 

information is used to bring front seats in a crash 

optimized position, to close windows and sunroofs, 

to eliminate the risk of penetrating objects, to pre-

stress restraint systems and to activate braking 

systems in advance of a physical impact. 

 

Future PRE-SAFE® applications are under 

investigation at the Research and Development Lab 

of Daimler. In cooperation with suppliers and 

Research Institutes crash structures have been 

developed which can be adapted to the individual 

impact scenario.  

In general the strengthening of vehicle BIW-

structures can be introduced for frontal impact 

scenarios as well as for side impact scenarios.  

 

The benefits of pressurized front and side members 

and door components have been evaluated. In 

general pressurizing is done by gas generators. 

These components are comparable to state of the art 

gas generators which are used for airbag 

applications. Within a few milliseconds the 

pressure increases up to 20bar. Depending on the 

initial shape of the structure, pressurizing can force 

an increase of the cross section and moment of 

inertia. 

 

Various door beam designs have been investigated. 

Pressure increased the initial cross section by about 

200%. Component and vehicle tests were 

conducted to assess the repeatability of beam 

deformation, to emphasis benefits and to set up 

validated simulation tools.  

 

Using simulation tools active BIW-structures have 

been assessed for frontal and side impact scenarios.  

 

Having pre-crash triggered crash structures 

available, an impact on vehicle crash performance, 

passenger protection and weight reduction is 

expected.  

 

 

STATE-OF-THE-ART 
Individual mobility and road transports have a 

fundamental impact on the economical situation  

 

 

 

and development of the country community. With a 

vehicle density of about 550 vehicles/1000 

inhabitants, Germany is of a comparable order as 

the US with 470 passenger cars/1000 inhabitants. 

For China there is a rate published of about 15, for 

India of 7-8 vehicles/persons; - knowing that traffic 

distribution can vary quite drastically within the 

different areas within the countries.   

For the year 2008 there was an overall market of 

about 55Mio vehicles at Germany, 240Mio 

passenger cars at US and about 27.3 Mio (non 

military used vehicles) at China (2004) and about 6-

7 Mio vehicles at India. In total there is an 

estimated worldwide market of about 942Mio 

vehicles (passenger cars, commercial vehicles). 

Compared to the 942Mios vehicles the number of 

worldwide newly manufactured vehicles (passenger 

cars, trucks, busses) is less than 10% and was 

73,1Mio vehicles (2007), with a German 

achievement (6.2Mio) of less than 10%. 

 

The vehicles move on an established road 

infrastructure of about 32 Mio km (2007) 

worldwide. 32Mio km runs in the magnitude of 800 

times the circumferences of the earth or more than 

80 times the distance between moon and earth. 

 

Within Europe there is a number of about 226Mio 

vehicles in the road with a total amount of  

9800km/person/year and about 4444Billion Pkm.  

 

With about 1.25Mio accidents and 41000 fatalities 

(EU25, 2005) the European Community has to deal 

with two main aspects:  

 

- environmental impacts and 

- safety issues. 

 

 

 

ENVIRONMENTAL ASPECTS 

The actual discussions are mainly focused on the 

reduction of fine dust pollution and greenhouse gas 

concentration (carbon dioxide, methane, nitrous 

oxide, sulfur hexafluoride). The European 

Commission ratified the United Nations Kyoto 

Protocol, which was initially presented 1997 in 

Kyoto and entered 2005 in force. The industrialized 

countries agreed a greenhouse gas reduction of 

5.2% (8% for the European Union). For Germany 

the agreed overall greenhouse gas reduction is 

about 21% compared to the 1990’s level, 

achievable until 2012. 

 

Germany started in 1990 with an amount of 1014to 

Co2-äquivalents/year. Until 2002 a reduction of 

15.4% was achieved. With a worldwide Co2-

equivalent of about 30892Mio to/year the German  

 

 

 

 



share is about 2.78% (Co2 Germany 2007: 861to), 

which amounts to about 10to/person/year.  

For Germany it is established that less than 20% of 

the Co2-emission is related to transportation (s. Fig. 

1). 

 

Fig. 1: Co2 share representing German market. 

 

 

 

 

 

 

 

 

 

On a more detailed look, only about 50% of the 

transportation share is related to passenger cars.  

 

To force the reduction of the passenger cars Co2-

emission, the European Commission agreed on a 

directive, targeting maximum Co2-limits to 

130g/km as an average-equivalent for new vehicles, 

sold in the European community starting 2012, with 

a minimum percentage of 65% volume and climbs 

up to 100% latest 2015. Penalties for non-

compliance will follow.   

It is expected that the new US-government might 

set up comparable targets in the next future.    

 

Figure 2: CO2-levels and European market 

share [3]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                     

 

Comparing various car manufacturers, fuel con-

sumption is obviously widely spread and so are  

market shares for the individual car makers  

(s. Fig. 2). The average Co2-equivalent for all new 

cars, sold in Germany in 2007 was about 170g/km 

(Europe (2007: 158g/km)). Daimler’s 2007 Co2-

average was 176g/km.  

 

 

 

 

 

To achieve the EU-committed fuel efficiency  

there is a strong need to strengthen all main impact 

aspects which provide a higher level of fuel 

efficiency.  Next to premium, luxury and super 

sports cars with a higher level of fuel consumption, 

Daimler offers with the SMART CDI a vehicle, 

which fulfills already today future requests (fuel 

consumption 3.3l, 88gr Co2/km). The new E-Class 

introduced 2009 cuts fuel consumption by 13% to 

24%.  

 

For our today’s vehicles various counter measures 

are actually introduced or will be introduced in the 

next future. Under discussion are optimized and 

new propulsion systems and gear boxes, energy 

management countermeasures, rolling resistance 

tires, aerodynamic counter measures as well as 

adapted vehicle designs. Lightweight is another 

major key function for all vehicle components due 

to the fact that various counter measures will 

initially add weight (s. Fig. 3).    

 

Fig. 3:  Weight balancing aspects. 
 

 
 

From theoretical investigations it is known that a 

weight reduction of 100kg can reduce fuel 

consumption by 0.2-0.5l for standard propulsion 

systems, depending on the utilization scenario.  

To reach a minimum vehicle weight, advanced 

vehicle-, material-, joining- and manufacturing 

concepts are an absolute necessity.  

 

Daimler has presented at Detroit 2009 a visionary 

contribution to sustainable mobility. 3 propulsion 

lines are presented: Blue ZERO E-Cell, Blue ZERO 

F-Cell, and Blue ZERO E-Cell Plus (s. Fig. 4). 

 

Fig. 4: Blue ZERO vehicle lines. 
 

 
 

 

 

• Safety requirements
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systems
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• Vehicle design
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• Reduced fuel storage
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The indicated traveling ranges ran from 200 (Blue 

ZERO E-Cell) to 600km (Blue ZERO E-Cell plus). 

To store energy, lithium-ion batteries with a weight 

of about 200-250kg are needed. 700bar hydrogen 

storages (Blue ZERO F-Cell) add additional masses 

of approximately 100-150kg. The entire propulsion 

systems could increase vehicles weight in order of  

about 150kg to 300kg compared to standard 

powered vehicles. To reduce vehicle weight, for all 

kinds of propulsions, intensive weight saving 

counter measures has to be applied.  

There is a fundamental premise at Mercedes-Benz 

that there is no compromise or back stepping 

regarding safety, comfort or handling attitudes - 

standards for all Mercedes-Benz cars. 

 

 

SAFETY CHALLENGE 

It seems that road safety will be one major 

challenge for the future. Looking at German traffic 

fatalities one can see a reduction in total numbers 

from 21332 (1970) to today’s level of 4467 (2008).  

 

Nevertheless starting 2001 with about 40000 

fatalities within EU 15 the WHO predicted that 

about 1.2 Mio people are fatally injured each year, 

worldwide. The number of severely injured people 

will run between 20 and 50Mio persons/year. 

 

The European Community enforced the goal to 

reduce the European fatalities from 40000 (EU 15) 

in the year 2001 to 25000 (EU 25) in 2010, which is 

equivalent to a 50% reduction in fatality. The 

fatality rate for Germany came down from 6977 

(2001) by almost 30% (2007). Up to now it is not 

obvious, if the 2010’s safety-goal can be reached 

for Europe in time. 

 

Taking a look into the future the grade of mobility 

could increase from today’s 9600km/person to 

about 10300km/person (Europe, 2020). In addition 

it has to be expected that the vehicle/1000 persons-

quote will increase quite quickly in countries like 

India and China.  

Minor increases are expected for Western Europe, 

USA and Japan (less 10%).    

Nevertheless we have to face ourselves with the 

expectation that with the increasing markets the 

number of fatalities could raise up to 2,1Mio/year 

between 2030/2050.    

 

Sensors and software tools which are able to detect, 

predict and announce critical driving situations can 

help to break out of this vicious circle.  

Using pre-crash sensors it is possible to establish  

PRE-SAFE® applications like introduced in 

Mercedes-Benz S-Class, 2002, and established at 

the 2009’s E-Class (s. Fig. 5). 

 

 

 

 

Fig. 5: Sensors incorporated at the new E-Class. 

 

  

Pre-crash applications are triggered using 3 radar 

sensors (2 short range 24 GHz radar, 1 long range 

77 GHz radar) installed in the bumper area. Various 

standard acceleration sensors are used for trigger 

confirmation.  

 

Overall, for typical frontal impact scenarios, such as 

cross-over collision or running up to preceding 

trucks, it can be assumed that sensor information 

can indicate critical situations up to 100-200m in  

advance of an impact. Side /lateral sensing is still 

under development, but sensing will be limited to a 

few 100 millimeters.  

 

For Germany/Europe studies have been shown that 

about 49% of severe accidents are frontal impacts 

and about 35% are side impacts (s. Fig. 6a, 6b).  

 

Fig. 6a: Real world passenger car impact 

distribution. 
 

 
 

 

Fig. 6b: Fatality rate (cars involved, Europe) [4]. 
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Using pre-crash information it is possible to adapt 

vehicle structures as well as restraint systems.  

Using a 77GHz radar sensor, obstacle detection can 

be done in a rage of about 200m with two 24GHz 

sensors up to 30m. Therefore there are about 3s 

available for triggering an action (closing velocity 

200km/h). For side impact applications reaction 

time comes down to 0,14s (50km/h, 2m). Time 

which can be used to reduced the speed of the 

vehicle, change seating from a comfort optimized 

position to the safest position and to strengthen 

BIW-components and restraint systems.   

 

Crash adaptive safety applications are introduced at 

passenger cars up to now mainly for interior, 

restraint and seat applications.  

The optimization and pre-activation of the restraint 

systems in advance of a physical impact leads to 

various benefits such as lower speed deployment of 

the driver and passenger airbags as well as 

improved belt action do to pre-strengthening.  

Having sensor information available one has the 

ability to reduce the vehicle’s velocity before crash. 

By reducing the impact speed passenger loadings 

are reduced in general.  

 

Preparing vehicle structures in advance of an 

impact there is the possibility to  

 

-  increase deformation length/deformation space   

- (active motor hood (pedestrian  

  protection s. Fig. 7)),  

- movable front-end (improved frontal  

  impact, s. Fig. 8, Fig. 9)) 

-  increase/decrease crash load levels (s. Fig. 10). 

 

Fig. 7: Crash active motor hood (E-class).     
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Movable front-end with improved crash 

            length (research study).     

                   

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Fig. 9: Pressurized crash box with improved  

            crash length (research study). 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Crash active crashbox.  
 

 

 

 

 

 

 

 

 

 

 

 

        
 

All solutions shown in Fig. 7 to 10 were investi-

gated at the Daimler Research and Development 

Lab, in a strong cooperation with the Safety-

Department. Safety benefits were confirmed for 

standard test procedures. Real life safety benefits 

can be expected.  

Nevertheless all of these technical solutions have in 

common that the vehicle weight increases and the 

technology is proven up to now to a feasibility level.  

 

Only the crash active motor hood, was introduced 

to fulfill pedestrian protection requirements.       
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Having crash performance, weight restrictions and 

packaging aspects and multi propulsion vehicle  

solutions in mind, one technical solution seem to be 

a very attractive approach to create overall 

benefits: ”Pressurized structures”. 

 

 

PRESSURIZED VEHICLE COMPONENTS  

(P-VCs) 
Together with the company AUTOLIV GmbH 

basic research and development has been conducted. 

Autoliv is technology experienced as a main 

supplier of standard airbags and “metallic airbags”, 

as are used in the LEXUS LS600H and Renault 

Laguna, acting as seat anti sub-marining devices 

(front and rear seat applications). Basic 

investigations for structural applications have been 

announced [1], [2]. For passenger cars BIW-

applications are not established up to now.  

 

The research project, which runs at Mercedes-Benz 

over 2 years, incorporating various departments, 

was directed mainly to BIW- and door components. 

 

Investigations were performed to apply the 

technology to structural components which are 

especially loaded during front and side impacts.  

 

During the design process various simulation tools, 

finite element codes like ABACUS and LSDYNA, 

have been used to analyze moments of inertia and 

to assess crash performance under quasi-static and 

dynamic load conditions. 

  

In general two principals have been investigated: 

 

- For the first principal the initial structural shape of 

the components stay in the same way they were 

before being pressurized (s. Fig. 11a). Therefore 

pressure has to be adjusted carefully.   

 

- The second principal is described in a way that the 

structure expands from a small cross-section to a 

bigger one when being pressurized. This effect can 

provide great benefits, such as packaging benefits (s. 

Fig. 11b) or extending the crash length. 

 

Fig. 11a: Pressure loaded front member. No 

significant geometry change. 

 

 

 

    

 

 

 

 

 

 

 

         

 

Fig. 11b: Pressure loaded side impact protection 

beam. Significant geometry increase. 

 

 
 

In addition two ways of action can generally be 

applied: 

 

- Adding a gas generator which keeps a defined, 

almost constant pressure level over a period of time. 

This firing time should fit with the ongoing 

deformation of the involved structures and run for 

the various applications between 10ms and 20ms. 

 

- Having a gas generator which is able to deform a 

component from an initial structural shape to a final  

one, without generating pressure longer than needed   

for deployment.  

 

Modified standard gas-generators, like used for 

airbag applications, are suitable to fulfill the tasks. 

Other applications like explosive cords are a cost-

effective and lightweight options. Up to now there 

are various technical and handling questions open, 

which contradict a short range product application.  

 

In general there is an almost sealed component 

design necessary to work without an additional 

sealing bag. If that is not possible, due to 

cataphoretic treatment or other aspects, an 

additional bag has to be applied to the structure.  

 

Various components such as front members (P-

FMC), side members (P-SMC), e. g. door beams, 

rockers and seat lower cross members have been 

assessed theoretically.  

 

In addition, there seems to be a good change to 

achieve safety and/or packaging benefits for non-

structural applications (s. Fig. 12), such as 

mounting and assembly frames for hydrogen 

storages. 

 

 

 

 

 

 



 

Fig. 12: Sub-frame for gas storages. 

 

 
 

Detailed investigations have been conducted for 

front side members and door side impact members, 

knowing that lateral pre-crash sensing is not solved 

finally yet.  

 

 

FRONT MEMBER APPLICATION (P-FMC) 
Basic investigation, using the explicit finite element 

code LS-DYNA, proved the possibility to increase 

crash load levels and energy absorption for regular 

front members. 

For assessment purposes a S-Class structure has 

been chosen. The side member is made from steel 

(ZstE 340), with about 110mm*75mm (heights/ 

width) and 1,75mm in thickness. Two facial sheets 

are glued and spot-welded together. The members 

are structurally quite inhomogeneous due to local 

reinforcements and weaknesses (holes) and 

mountings such as a highly stiff sub-frame (s. Fig. 

13). 

 

Fig. 13: Front structure of the Mercedes-Benz  

S-Class. 
 

 

 

 
Simulations have been performed with a modified 

front structure (no engine, with and without sub- 

frame). For pressure levels of up to 15bar the mean 

crash load increased by more than 20% (s. Fig. 14). 

 

 

 

 

 

 

 

 

Fig. 14: Mean crash-load versus pressure level 

         (reduced front structure incorporating sub- 

          frame). 

 

 
 

For the simulation model it was assumed that there 

is a constant pressure level over the whole 

deformation process. In total the mean crash load 

increased by about 30kN, deformation was reduced 

by 100mm. These results open crash-wise the 

opportunity to reduce the wall thickness in theory 

by 20 to 30% or to shorten the required crash-

length.  

In general there is an overall assessment required. A 

higher load level has to consider also front 

bulkhead intrusions, thickness reductions NVH-

constrains and shortening the member length will  

have an impact on crash pulse, packaging and 

design.   

   

The crash model of the pressurized structure was 

set up using fully integrated shell elements (type 

16). A distributed load was applied representing the 

internal pressure.  The pressure load is adapted over 

time, corresponding to pressure measurements from 

tests.   

In particular, the interaction of pressure and 

structure has been considered, which only works in 

one direction, i.e. the pressure load causes 

deformation of the structure, but the deformation of 

the structure doesn’t cause a change of the pressure 

load. Jointing was considered in a non-failure 

model (spot-welds, adhesive) during the pre-

assessment stage. With the ongoing project the 

impact of the joints was getting obvious and 

therefore failure criteria were considered.  

 

Further investigations have been directed towards 

the consideration of P-FMC for different car 

specifications, such as 

  

- the size of the car (large vs. small),  

- mass of car (heavy vs. light) and  

- the propulsion (large versus small engine     

  and multi propulsion BIW approaches).  
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In addition P-FMCs seems to be suitable to 

combine national specific crash rating requirements 

with reduced weight. 

 

For the initial development step the crash boxes 

were kept non-pressurized. Pressure was added to 

one or to both front members. That allows to fulfill 

low impact crash and easy to repair requirements. 

Nevertheless the system could be optimized, by 

pressurizing the side member as well as crash boxes 

for high speed crashes. 

If the crash boxes are not pressurized the system 

can be triggered by contact sensors. With an overall 

time request of about 20ms, frontal impacts can be 

addressed up to 50km/h with a S-Class vehicle 

concept. For higher impact speeds, or more 

sophisticated actor responses, pre-crash sensors, 

which provide 12ms to 16ms (100km/h, 200km/h 

closing velocity) additional time, are requested.  

Two frontal impact scenarios (Euro-NCAP, US-

NCAP) have been investigated (s. Fig. 15). 

 

Fig. 15: Crash simulation Euro-NCAP, full 

frontal US-NCAP.  
 

 
 

 

Simulations provided benefits regarding the mean 

crash loads between 29 to 39kN (s. Tab. 1) and 

energy absorption (unmodified reference structure).  

 

 

 

 

 

For Euro-NCAP the deformation seems to be 

reduced by more than 100mm. For the full frontal 

US-NCAP set-up the improvement came down to 

10mm.  

 

Tab. 1: Simulation results for Euro- and US-

NCAP. 

 

 
 

 

All simulations have been conducted with a 

simulation model comparable to the standard test 

configuration. 

 

Further simulations and tests have to prove, if front 

structures might be shortened (EURO-NCAP) by  

using pressurized members, fulfilling all other 

requirements. 

 

For validation tests have been conducted with a 

special test set-up. To correlate the structural 

deformation with US-NCAP, test mass and test 

velocity have been adjusted and set to v: 40km/h, 

impactor mass: 1190kg, equal 70kJ, pressure: 15bar 

(s. Fig. 16).  

 

Fig. 16: Test set-up for dynamic component 

testing. 
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Results showed a good correlation between tests 

and simulations. Nevertheless it was getting  

obvious that jointing should be redesigned to 

achieve more repeatable results. In addition high 

speed videos proved a need to come up with a 

modified test set-up (mounting rupture).  

 

With increased mean crash loads, P-FMCs could be 

introduced to cover small and large sized engines  

 

without BIW- modifications. In addition it seems to 

be possible to introduce new propulsion concepts, 

which can incorporate higher component weights 

(batteries, hydrogen storages), without major 

structural modifications. 

With a weight optimized design of P-FMCs it 

seems to be possible to safe 1.5 to 3kg/vehicle in 

weight.  

 

Next to a crash assessment all technical functions 

have to be addressed.   

 

 

SIDE MEMBER APPLICATION (P-SMA) 
There are various load carrying components 

involved during a side impact (s. Fig. 17).  

 

Fig. 17: Load carrying structures for side impact.  
  

 
To assess achievable benefits pressurized rockers, 

seat lower cross beams and other components were 

assessed.  

 

In the first step a side impact intrusion bar was 

investigated in detail.    

 

Standard side protection door beams are made from 

steel or aluminum. The door/door beam-stiffness 

performance has to be assessed quasistatically 

(FMVSS214, door component test) and 

dynamically (IIHS and others, full vehicle side 

impact test).  

  

 

 

 

Various beams have been designed and analyzed 

via simulation to fulfill FMVSS214 without gas 

generator ignition. 

 

The main design parameters were: 

 

- sealed double sheet design  

- material: steel, aluminum, FRP or hybrid material 

- ability to increase the cross-section more than 

100%  

- comparable moments of inertia without being  

  pressurized  

 

- weight reduction compared to serial product  

- improvements for dynamic impact performance  

  with and without pre-crash sensing 

- jointing technology 

- component/door assembly  

 

The door beam of the actual C-Class is made from 

steel, grade: MSW 1200. It has a length of about 

1030mm, a maximum depth of 26mm, which  

results in 1900gr weight. With an additional weight 

of 200gr to 400gr for the gas generator there was a 

real challenge to establish a design which provides 

weight reduction as well as safety performance 

benefits.    

 

Instead of having an open shaped profile various 

crash active designs have been investigated (s. Fig. 

18): 

 

Fig. 18: Cross-section door beam study. 
 

 
Design 1: Main   Design 2: Main Design 3: Main  

deployment deployment          deployment 

direction:             direction:             direction: 

 

 

The extension rate, which describes the rate 

between deformed and undeformed cross-section 

shape came out to approximately 250%, 100%, 

300%. 

 

With materials of 1.0 mm for the front sheet and 

about 0.5mm for the rear sheet (design 3) weight 

was reduced to 1,2kg, without recognizing the gas 

generator’s weight.  

 

 

75mm

 



 

The SPS itself was seamwelded and almost sealed.  

The front door beam was directed within the door 

frame, comparable to the C-Class side protection  

beam. This fact allowed, for assessment purposes, 

to use the original door structure and mountings. 

Nevertheless simulations showed an important 

impact of the jointing area design. For the initial 

assessment the gas generator was mounted at the 

left end of the P-SMA.  

 

In addition to the prototype set up other component 

designs have been established and assessed. Weight 

came down below 1kg (without considering gas 

generator weight) incorporating aluminum and  

aluminum/FRP designs. Especially CFRP, with a 

very high stiffness directed along the fiber direction 

and a quite low strength perpendicular to the fibers,  

constrains almost the application of an aluminum/ 

unidirectional CFRP reinforced P-SMA. 

 

Depending on the initial design the main 

deployment direction is directed outward the car, to  

the driver/passenger, or up-/downward within the 

door.  

From safety aspects there was a strong demand to 

have the main deployment directed outwards or 

within the door. During the assessment process up-/  

downward directed deployments do not prove 

major benefits. Therefore there was a development 

focus on design 1. 

 

All designs fulfilled undeployed FMVSS214 static 

requirements (s. Fig. 19). 

 

Fig. 19: FMVSS214 static pole test. 

 
 

 

   

 

 
 

 

 

 

 

In the first design step the door beam has been 

designed, along with stiffness requirements, to  

fulfill FMVSS214 standard without being 

pressurized. 

 

Analyzing the failure mode it was obvious that 

failure occurred mainly in the mid range of the 

beam. Therefore the position of the gas generator 

has been changed from one end of the SPS to the 

middle. Having the gas generator tube as a load 

carrying component introduced, the load level 

increased by 4.5kN 

 

Additional benefits could be achieved by adding a 

flexible bridge, which could be realized by a  

 

modified gas generator. This structure should be 

able to bridge the gab between the front and rear 

sheet of the SPS after deployment.  

Having in addition a pre-crash trigger (20ms before 

impact) of the P-SMC, which seems to be not 

excluded by the static standard test procedure, the 

mean crash load would increase in addition. 

 

Fig. 20: Performance various impact scenarios 

(design 1; sub-component test, sensing, pressure). 
 

 
 

For pre-triggered, pressurized beams it was shown 

in door sub-component tests that the crash load 

stays on a high level right from the beginning. For 

in-crash deployed and pressurized beams, it took 

about 8ms, after applying pressure, to achieve the 

load level of the pre-triggered component.  

 

Various door sub-component tests proved a load 

increase by deployment and applying pressure. Pre-

triggering can course a change of the shape of the 

load-deflection-curve. 

 

To deform the beam in the described manner an 

interior pressure of about 2 to 3MPa has to be 

applied. Pressurizing and deploying the beam takes 

about 20-27ms in total. With a seal component  
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pressure was kept nearly constant over 100 to 

120ms, which corresponds with the ongoing 

deformation (s. Fig. 21).   

 

Fig. 21: Pressure line versus time. 
 

 
 

For IIHS configuration (s. Fig. 22), it was proven 

via crash simulation that deployment can be 

initiated during impact and will provide component 

strength.  

 

Fig. 22: Test set-up for IIHS validation. 

 
 

Tests and simulations proved comparable 

maximum intrusions for the design 1 and 3 to the 

reference car, with lower component weight (s. Fig. 

23).  

 

Reviewing the results, it has to be remembered, that 

the door was not specially designed and adapted to 

incorporate inflatable beams. 

 

In a second assessment step the focus of the 

investigation was directed towards door trim 

behavior and occupant protection.  

It was very exciting to see that the predicted 

intrusion velocity came down by more than 15% for 

the design 1 (pelvis area). Design 3 velocities were 

comparable to the reference. 

 

 

 

 

 

 

 

Fig. 23: Assessment for 2 door-beam designs. 

 

 
 

FMVSS 214 pole tests have been assessed for 

design 3 via simulation for the 5% and 50% pole 

position. 

For both test configurations the maximum 

intrusions have been quite similar to the reference 

values. 

 

 

CONCLUSION 
As a long-term goal, emphasized safety assistance 

systems, as well as internet and car-to-car 

communication will lead to accident free driving. 

Nevertheless it is expected that infrastructural 

countermeasures have to be introduced to support 

the safety goals.      

It is expected that the world automotive market 

could rise from about 800Mio vehicles today to 

2Mrd vehicles before 2050.   

Having no significant safety innovations, which can 

be applied worldwide, especially to the rapidly 

growing markets, we have to realize that road 

driving fatalities will exceed the 2Mio limit 

between 2020 and 2030. In addition we find a 

multiplier of about 80 between fatal and injured 

road users (Germany, 2007).   

 

New propulsion and modified vehicle concepts are 

necessary to achieve confirmed fine dust pollution 

and greenhouse gas concentration levels.  

For all vehicle concepts and propulsion systems 

there is a strong demand to optimize and reduce 

weight, not only for the BIW, but also for all other   

disciplines like power train, chassis, and interior. 

 

Pressurized structural components seem to be a 

technology which can help to apply safety 

improvements and establish packaging and design 

freedoms without adding weight. 
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To transfer the technology to commercial 

applications a few challenges have to be solved. 

Knowing, that the maximum benefits will be 

achieved for pre-crash applications, front and  

lateral sensing has to be established, which allows 

to introduce pre-triggered, pyrotechnical based  

safety devices, without additional in-crash signal 

confirmation.   

 

In addition optimized jointing, handling and 

assembly concepts have to be developed and 

established. 

 

From the suppliers there is a strong need to come 

up with cost and weight reductions for gas 

generators or other deployment devices. 
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ABSTRACT 
 
Vehicle compatibility combines aspects of both self 
and partner protection.  Self protection involves a 
vehicle’s compartment strength and occupant 
protection systems.  Partner protection involves 
vehicle design attributes that work towards 
providing occupant crash protection of a vehicle’s 
collision partner.  Research has suggested that good 
engagement of the front structures and high 
compartment strength could be effective 
components for improving compatibility between 
passenger cars and other vehicles [1].   Studies have 
shown, however, that incompatible force 
distributions and greater relative front end stiffness 
are prevalent in the fleet.  To research this issue, the 
Progressive Deformable Barrier (PDB) was 
evaluated for its ability to assess the compatibility 
between the front end force of vehicles equipped 
with and without compatibility countermeasures. 
 
The paper investigates self protection and partner 
protection in the offset frontal crash test 
configuration using the data produced by a joint 
research program carried out at the Union 
Technique de l’Automobile du Motocycle et du 
Cycle (UTAC) in conjunction with the Directorate 
for Road Traffic and Safety (DSCR) in France and 
the National Highway Traffic Safety Administration 
(NHTSA) of the United States (U.S.). The program 
was initiated to investigate whether barrier 
deformation using the PDB, intrusion, and dummy 
injury measures could differentiate compatibility 
performances between vehicles with and without 
advanced frontal structures designed specifically to 
address vehicle compatibility. 
 
INTRODUCTION 
 
Safety researchers around the world, including the 
U.S. and France, have been concerned with vehicle 
compatibility in crashes for many years.  NHTSA 
has conducted studies on vehicle aggressiveness 
(the injury risk vehicles pose to drivers of other 

vehicles in a collision) and methods for measuring it 
for over 25 years [2].  Examination of U.S. crash 
statistics shows a disparity in fatality risk for 
passenger car occupants in vehicle-to-vehicle 
collisions with light trucks and vans (LTVs).  Past 
studies have shown that LTVs, as a class, were 
twice as aggressive toward their collision partners as 
passenger cars [2]. This mismatch in crash 
performance has considerable consequences for the 
traffic safety environment, as approximately half of 
all passenger vehicles sold in the U.S. are LTVs. 
 
While LTVs are not nearly as widespread in 
Europe, vehicle compatibility has been a growing 
concern for its countries as well.  Researchers have 
observed that European vehicles have generally 
been produced with greater mass, stiffer front ends, 
and higher compartment strengths to provide 
occupant crash protection in fixed offset barrier 
crash tests [1].  As vehicles get heavier and stiffer, 
however, the deformable barriers used for the 
evaluation of frontal offset crash protection begin 
bottoming out.  As a consequence, the test becomes 
more severe for the stiffer, heavier vehicles, and 
they become more incompatible with smaller 
collision partners. 
 
In 1996, European Enhanced Vehicle-Safety 
Committee Working Group 15 on vehicle 
compatibility was established in order to explore 
methodologies to assess vehicle compatibility, and 
develop test procedures to address it.  In March 
2002, vehicle compatibility was included as an area 
of focus for the exchange of information in the 
program of work adopted under the World Forum 
for the Harmonization of Vehicle Regulations 
(WP.29) 1998 Global Agreement.  Both the U.S. 
and France are signatories to that agreement, and 
have concurrently undertaken international research 
collaborations. 
 
DSCR has been researching the PDB test procedure 
approach for over 10 years as a means to address 
vehicle compatibility and recently proposed an 
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upgrade to United Nations Economic Commission 
for Europe (UNECE) Vehicle Safety Regulation 94 
to incorporate the barrier [1][3].  The PDB 
progressively increases in stiffness horizontally at 
both the upper and lower load levels, thus earning 
its name, PDB, or Progressive Deformable Barrier.  
Its characteristics were designed to represent an 
actual vehicle structure with sufficient force level 
and energy absorption capacity to mitigate any 
occurrences of bottoming out.  In doing so, the PDB 
may be better able to harmonize test severity among 
vehicles of different masses.  The PDB test 
procedure aims to encourage lighter vehicles to be 
stronger without increasing the force levels of large 
vehicles [1].  By design, the PDB is also able to 
detect all frontal structures involved in a crash (i.e. 
cross members, subframes, blocker beams, and 
longitudinal frame rails).  By detecting the impact 
deformations, the test procedure can encourage 
vehicle designs that incorporate structures to 
distribute homogeneous force levels over large 
surfaces. 
 
In 2004, NHTSA and DSCR signed a bilateral 
agreement to enhance cooperation and increase the 
efficient use of resources.  As a result, the two 
agencies elected to conduct joint analyses to 
promote the development of improved vehicle 
safety programs and related regulations.  Vehicle 
compatibility was chosen as one focus area.  The 
agencies initiated a joint research program to 
investigate the potential utility of the PDB in 
discerning levels of partner and self protection in 
full width and offset test configurations using heavy 
vehicles[4].  This research demonstrated that the 
PDB-XT was able to differentiate between vehicle 
frontal designs, such as unibody and body-on-frame 
construction.  (The PDB+ was renamed the PDB-XT 
and is the most recent configuration of the PDB.)  
Based on these results, further research was initiated 
to determine if the PDB could identify structures 
designed for vehicle compatibility, such as Honda's 
Advanced Engineering Compatibility (ACE) body 
structure [5]. 
 
The paper investigates whether barrier deformation 
using the PDB, intrusion, and dummy injury 
measures could differentiate compatibility 
performances between vehicles without advanced 
frontal structures and those equipped with these 
structures designed specifically to address 
compatibility.  It evaluates criteria of self protection 
and partner protection in the offset frontal crash test 
configuration.  It also compares the results to car-to-
car crash tests and real world crash analysis. 

METHOD OF TEST EVALUATION 
 
Test Severity 
 
One approach toward evaluating both self protection 
and partner protection is to normalize the test 
severity for all vehicles—large and small—by using 
the PDB.  Test velocity alone is not a good 
indication of the severity of the event because, 
unlike a rigid barrier test, a portion of the test 
energy is absorbed by the deformable element of the 
barrier.  The energy absorbed by the barrier is a 
factor of the vehicle’s mass, structural design, and 
stiffness.  Therefore, the parameter used to equate 
the test severity for different vehicles at a common 
speed using the PDB is the Energy Equivalent 
Speed (EES) as defined in (Equation 1). 

 

M
EabshkmEES ×

×=
26.3)/(      (1a). 

Eabs = energy absorbed by the vehicle (J) 
Eabs = Kinetic energy – Energy in the barrier 
M = mass of the vehicle (kg) 
 

∫=
max

min

x

x

FdxEbarrier     F = P * S (1b). 

P = barrier stiffness (MPa) 
S = crushed surface (m2) 

 
Self protection 
 
Self protection is conceptualized as the ability of a 
vehicle to protect its own occupants in a vehicle-to-
vehicle crash.  Many of the crashworthiness 
regulations around the world are directed toward 
evaluating a vehicle’s “self protection,” or how the 
vehicle protects its own occupants.  To achieve 
good self protection, front end design must limit 
intrusion and acceleration levels in the passenger 
compartment as well as limit occupant injury 
criteria.  The following parameters were measured 
to evaluate the level of self protection the vehicles 
offered: 
 

- Compartment intrusion 
- Dummy injury criteria 
- Vehicle acceleration 

 
Partner protection 
 
The concept of partner protection involves vehicle 
design attributes that function to maximize 
protection of the occupants within the collision 
partner.  In order to take advantage of the potential 
energy absorption of a vehicle front end in a 
vehicle-to-vehicle crash, good engagement of the 
vehicle’s energy absorbing structures must occur.  
To achieve this result, the deformation of the front 
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end must be distributed over a large surface.  In this 
study, post-crash test barrier digitization is used to 
examine the different barrier engagement patterns.  
The study also compares the following barrier-based 
parameters that have been identified in previous 
research as influential in the evaluation of partner 
protection [4]: 
 

- Average Height of Deformation (AHOD): 
height at which the median deformation 
occurs, (evaluates the frontal geometry of a 
vehicle) 

- Average Depth of Deformation (ADOD): 
average deformation over the barrier, 
(evaluates the frontal stiffness of a vehicle) 

- Maximum Deformation (Dmax): the 
maximum depth of deformation to the 
barrier, (evaluates the localized stiffness of a 
vehicle) 

 
Calculation method 
 
- Average Height of Deformation (AHOD) 
(Equation 2): 

 
For a given rectangular investigation 
region, the “depth profile” is computed as a 
function of height: 

∫=
max

min

),()(
y

y

dyzyXkzρ  (2a). 

Where k is a normalization constant 
ensuring that: 
 

1)( =∫ dzzρ   (2b). 

 
The AHOD is then obtained as a mean 
value:  

 

∫= dzzzAHOD )(ρ  (2c). 

 
- Average Depth of Deformation (ADOD) 
(Equation 3): 

 
For a given investigation region with an 
area S:  

 

∫= dydzzyX
S

ADOD ),(1     (3). 

In addition to these PDB barrier-based parameters, 
the vehicles were also compared based on 
parameters developed in prior full width rigid 
barrier testing of these vehicles: KW400 and AHOF 
[6]. 
 
- KW400: 

 
The stiffness-related crush energy absorbed 
by a vehicle in the first 400 mm of crush 
(also called the work stiffness). 
 

- Average Height of Force (AHOF): 
 

The average height of force delivered by a 
vehicle in the first 400 mm of crush. 

 
TEST CONFIGURATION 
 
This test procedure is based on the current PDB test 
protocol (Figure 1 and Figure 2) [3]. The barrier 
used is the barrier defined in the current test 
protocol version “XT”. 
 

 
PDB-XT 50% Offset 
 
 
Barrier 
Speed 
Overlap 
 
Dummie
s 

 
PDB-XT 
60km/h 
50% 
 
H3 50% male 
H3 50% male 
+ Leg Lx 

Figure 1: Vehicle in front of the offset PDB. 
 
In these tests, a Hybrid III 50th percentile male 
dummy fitted with Thor-Lx legs was seated in the 
driver's seat and a Hybrid III 50th percentile male 
dummy was seated in the passenger position.  The 
dummies were positioned using a seating procedure 
that mimics the procedures used by humans to 
position themselves in the vehicle [7]. 
 
This procedure ensured the feet were in neutral 
position.  In the case of the driver position dummy, 
the right foot was placed on the accelerator pedal, 
which provided proper dummy interaction with the 
vehicle interior to predict lower leg injuries.  This 
procedure was developed to achieve repeatable 
positioning of the Thor-Lx feet with respect to the 
pedals in some vehicles.  The data from the driver 
dummy’s ankle measurements were inconclusive 
because of data acquisition problems. 
 
VEHICLE SELECTION 
In a previous cooperative research effort between 
DSCR and NHTSA [4], it was shown the PDB test 
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configuration was able to discriminate between a 
body-on-frame vehicle structure in a Chevrolet 
Silverado pickup truck and the unibody construction 
of a Chrysler Town & Country minivan.  At the 
time it was stated future research could include 
evaluating the PDB’s ability to identify secondary 
energy absorbing structures or other novel designs 
and assess their partner protection performance for 
crash compatibility.  Research could also be 
expanded to appraise how the PDB performs with 
vehicles that have similar frontal stiffness and force 
matching to identify additional design factors that 
may play a roll in crash compatibility. 
 

 

 
 

 
 

Figure 2 : PDB-XT barrier specification. 
 
This series of tests evaluated the PDB's ability to 
differentiate the performance of vehicles with and 
without advanced frontal structures designed to 
improve self and partner protection when involved 
in a frontal crash with an incompatible vehicle.  The 
2005 Honda Odyssey minivan and 2006 Honda 
Civic compact car were selected because they were 
designed with Honda’s Advanced Compatibility 
Engineering (ACE) body structure. 

According to Honda marketing literature [5], the 
ACE body design helps spread out the forces of a 
frontal collision to help avoid concentrated impact 
forces that cause injuries. The ACE body structure 
is further reported to be highly effective at 
absorbing the energy of a frontal crash. It is also 
reported to help minimize the potential for under-
ride or over-ride during head-on or offset frontal 
collisions with a larger or smaller vehicle. 

According to Honda, the ACE body structure also 
creates a network of fully integrated load-bearing 
elements that helps attenuate peak impact forces by 
more evenly distributing them across a relatively 
large area in the front of the vehicle. 

Honda further stated that unlike most conventional 
designs that direct frontal crash energy only to the 
lower load-bearing structures in the front end, the 
ACE body structure actively channels frontal crash 
energy to both upper and lower structural elements, 
including the floor frame rails, side sills, and A-
pillars. Honda suggested that by engineering 
specific pathways that help distribute these frontal 
impact forces throughout a greater percentage of the 
vehicle's overall structure, the ACE body structure 
can more effectively route them around and away 
from the passenger compartment to help limit cabin 
deformation and further improve occupant 
protection. Honda reported that its unique front 
main structure composed of polygonal frame 
members is integral to the ACE body structure 
concept. 

In addition to the two vehicles with ACE the 
previous generation 2004 Honda Odyssey—without 
the ACE body structure—was selected as a baseline 
vehicle. 

Load cell data collected to compute frontal stiffness 
and force matching height, drawn from the U.S. 
New Car Assessment Program (USNCAP), was 
available for the two Honda Odyssey vehicles.  In 
this test program, vehicles equipped with belted 50th 
percentile male Hybrid III dummies are impacted 
into a full width rigid barrier at 56 km/h, and load 
cell data is collected from the test. Additionally, the 
selected vehicles were part of a series of vehicle-to-
vehicle tests in which the bullet vehicles were 
crashed into a Ford Focus in a full frontal crash 
configuration.  For the recent PDB-XT offset tests, 
the Honda Odysseys were ballasted to 
approximately the same weight as in the vehicle-to-
vehicle test series to allow for a direct comparison 
of the results. 
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Figure 3:  2005 Honda Odyssey 
 

2005 Honda Odyssey 
Test Mass 2,245 kg 
Width 1,920 mm 
Structure ACE 

Figure 4:  2005 Honda Odyssey Specifications 
 

 
Figure 5:  2004 Honda Odyssey 
 

2004 Honda Odyssey 
Test Mass 2,245 kg 
Width 1,920 mm 
Structure Without ACE 

Figure 6:  2004 Honda Odyssey Specifications 
 
TEST RESULTS 
 
The following sections describe the test results 
based on test severity, self protection, and PDB-XT 
partner protection.  Three PDB-XT tests were 
performed, but this discussion is focused on the 
performance of the two Odyssey vehicles.  The 
results from the 2006 Honda Civic with ACE test 
yielded consistent findings and are presented in 
Appendix A for information only. 
 
2005 Honda Odyssey with ACE 
 
     Test severity - The amount of energy absorbed 
in the offset PDB-XT was 104 kJ for the 2005 
Honda Odyssey test with ACE. The calculated EES 
for this test was 49.6 km/h, which is 10 km/h less 
than the test speed. 
 
     Self protection - In terms of self protection, the 
2005 Honda Odyssey maintained its occupant 
compartment integrity (Figure 7).  The front end 
crushed the barrier uniformly without any 
undeformed load paths.  The subframe appeared 
strong and transferred loads in the test.  

Additionally, the left rear subframe attachment bolt 
broke off.  It should be noted that the upper turret 
above the wheel that connects to the crossbar 
deformed down in front of the tire. After the test, 
the front left door was not able to close properly 
after it was opened. 
 

  
Figure 7:  2005 Honda Odyssey with ACE PDB-
XT Offset. 
 
The injury measures for the 50th percentile male 
driver and passenger dummies are reported in 
Figure 8. 
 

 IARV* Driver Pass. 
HIC36 1,000 290 284 

Chest Def (mm) 50 26.6 26.5 
Chest Gs 60 39.2 27.4 

Left Femur (kN) 8 4.76 2.03 
Right Femur (kN) 8 1.21 0.97 
UL Tibia Index 1.3 0.46 0.76 
UR Tibia Index 1.3 0.51 0.43 
LL Tibia Index 1.3 0.39 0.34 
LR Tibia Index 1.3 0.57 0.21 

* As defined in UNECE R.94, except for Chest G's 
which is defined in U.S. FMVSS No. 208. 
Figure 8:  2005 Honda Odyssey with ACE PDB-
XT offset – Dummy Injury Measures 
 
None of the occupant injury measures were elevated 
in this test.  The calculated mean intrusion on the 
driver's side upper region (dashboard and A-pillar) 
was 30 mm and 87 mm in the lower region (pedal 
axle and footwell).  Although the intrusion (Figure 
9) was localized in the footwell area on the driver’s 
side, the driver’s side dummy lower leg injury 
measures were not significantly affected. 
 
The maximum acceleration measured was 29 g at 86 
ms, corresponding to 1.059 m of displacement 
(Figure 10).  The average acceleration was 15.8 g. 
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     Partner protection - A large deformation of the 
longitudinal and lower load path was observed in 
the PDB-XT offset test of the 2005 Honda Odyssey 
with the ACE body structure.  Two levels of the 
load paths and the connection between them created 
a large reaction surface for engagement with a 
partner vehicle (Figure 11 and Figure 12).  The 
vertical structural element protecting the left wheel 
was also imprinted on the barrier.  There was no 
bottoming out of the barrier. 
 

 
Figure 9: 2005 Honda Odyssey with ACE PDB-
XT Offset – Driver Side Intrusions. 
 

  
Figure 10: 2005 Honda Odyssey with ACE PDB-
XT offset – Acceleration Pulse. 
 

  
Figure 11:  2005 Honda Odyssey with ACE PDB-XT 
offset – front end deformation. 

 

  
Figure 12: 2005 Honda Odyssey with ACE PDB-
XT offset – barrier deformation. 
 
In Figure 13, the barrier was able to detect the 
homogeneous frontal structure of the vehicle.  The 
barrier did identify the deformation due to the 
crossbeam and the subframe in addition to the 
strong vertical connections between the load paths.  
The calculated partner protection parameters based 
on barrier digitization analysis are presented in 
Figure 14.  The energy absorbed in the barrier was 
104 kJ which represented 33 percent of the total 
kinetic energy. 
 

 
Figure 13: 2005 Honda Odyssey with ACE PDB-
XT offset – barrier digitization. 

 
Partner protection 

ADOD (X) 321 mm 
AHOD (Z) 397 mm 
Dmax 619 mm 

Figure 14: Partner Protection Parameters for the 
2005 Honda Odyssey with ACE PDB-XT offset 
test. 

 
2004 Honda Odyssey without ACE 
 
     Test severity - The amount of energy absorbed 
in the offset PDB-XT test was 97 kJ for the 2004 
Honda Odyssey without ACE. The calculated EES 
for this test was 50.6 km/h, which is approximately 
9 km/h less than the test speed. 
 

 
 
Vertical 
Connections 
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     Self protection - In terms of self protection, the 
2004 Honda Odyssey without ACE performed well.  
It resulted in good occupant compartment integrity, 
including the front left door maintaining its ability 
to open and close (Figure 15).  The left longitudinal 
frame rail did not compress. Also the subframe 
detached at it rear attachment point to the floor pan. 
 

  
Figure 15:  2004 Honda Odyssey without ACE 
PDB-XT offset. 
 
The injury measures for the 50th percentile male 
driver and passenger dummies are reported in 
Figure 16.  The head, chest and leg injury 
measurements of the dummies were low. 
 

 IARV* Driver Pass. 
HIC36 1,000 283 273 

Chest Def (mm) 50 28.7 33.4 
Chest Gs (3ms) 60 37.1 28.7 

Left Femur 
(kN) 

8 1.61 2.78 

Right Femur 
(kN) 

8 0.75 1.36 

UL Tibia Index 1.3 0.28 0.45 
UR Tibia Index 1.3 0.29 0.16 
LL Tibia Index 1.3 0.22 0.27 
LR Tibia Index 1.3 0.32 0.11 

* As defined in UNECE R.94, except for Chest G's which 
is defined in U.S. FMVSS No. 208. 
Figure 16: 2004 Honda Odyssey without ACE 
PDB-XT offset Dummy Injury Measures. 
 
The calculated mean intrusion on the driver's side 
upper region (dashboard and A-pillar) was 59 mm 
and 155 mm for the lower region (pedal axle and 
footwell).  The intrusion was highly localized in the 
footwell area (Figure 17).  However, the driver’s 
side lower leg injury measurements were not 
significantly affected. 
 

 
Figure 17:  2004 Honda Odyssey without ACE 
PDB-XT Offset – Driver side intrusions. 
 
The maximum acceleration measured was 32 g at 93 
ms, corresponding to 1.164 m of displacement 
(Figure 18).  The average acceleration was 15.4 g. 
 

  
Figure 18:  2004 Honda Odyssey without ACE 
PDB-XT offset – Acceleration 

 
     Partner protection - There was good integrity 
and no bottoming out of the PDB-XT after the 2004 
Honda Odyssey without ACE test.  The deformation 
was not, however, homogeneous.  The barrier 
detected the non-deforming left longitudinal frame 
rail and the horizontal crossbeam and lower 
subframe (Figure 19) in the test.  The left wheel also 
engaged and deformed the barrier.  The PDB-XT 
was able to detect the unique load paths of this 
vehicle (Figure 20). 
 
The calculated partner protection parameters based 
on barrier digitization analysis (Figure 21) are 
presented below (Figure 22).  The energy absorbed 
in the barrier was 97 kJ which represented 30 
percent of the total kinetic energy. 
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Figure 19: 2004 Honda Odyssey without ACE 
PDB-XT - front end deformation. 

 
 

  
Figure 20: 2004 Honda Odyssey without ACE 
PDB-XT – barrier deformation. 
 
 

 
Figure 21:  2004 Honda Odyssey w/o ACE PDB-
XT – barrier digitization. 

 
 

Partner protection 
ADOD (X) 287 mm 
AHOD (Z) 401 mm 
Dmax 676 mm 

Figure 22:  Partner Protection Parameters for 
the 2004 Honda Odyssey without ACE PDB-XT 
offset test. 

DISCUSSION 
 
Self protection 
 
The 2005 Honda Odyssey with ACE and 2004 
Honda Odyssey without ACE had similar injury 
numbers for both the driver and passenger dummies.  
The vehicles demonstrated good performance in 
protecting the head, chest, and legs of the dummies 
in the PDB-XT offset test condition. 
 
The Honda Odyssey with ACE had lower intrusion 
numbers than the Odyssey without ACE.  The pedal 
axle intrusion values in the Odyssey without ACE 
were more than double that of the Odyssey with 
ACE.  It is unknown why there was not an 
appreciable difference in the lower leg injury 
measurements. 
 
Partner protection 
 
The test results showed that structural differences 
between the two vehicles are detected by the PDB-
XT in the offset test configuration (Figure 23). The 
2004 Honda Odyssey without ACE barrier 
deformation was more localized and the left 
longitudinal frame rail (round yellow-orange 
coloration) and the vehicle’s crossbeam are 
detected.  In contrast, the deformation of the 2005 
Honda Odyssey with ACE barrier was large and 
homogenous as identified by the graduated color 
change across its surface.  The deformation was also 
wider and taller, protecting more of the front of the 
vehicle, and provided a broader reaction surface.  
The 2006 Honda Civic with ACE barrier 
deformation was consistent with the 2005 Honda 
Odyssey with ACE (Appendix A). 
 
 

  
with ACE without ACE 

Figure 23: Honda Odyssey Comparison of 
barrier deformation – Offset. 
 
Figure 24 summarizes the partner protection 
parameters calculated for this test configuration. 
The AHOD values for the Honda Odyssey with and 
without ACE were within 1 percent of each other.  
This is consistent with USNCAP tests that similarly 
found the average height of force (AHOF400) 
values to be 450 mm, and 443 mm for the Odyssey 
with and without ACE, respectively [6].  The 

Frame Rail 

Crossbeam 

Frame Rail 
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ADOD for the Odyssey with ACE was slightly 
higher but the Dmax was less.  This is an indication 
the deformation was more uniform with the ACE 
structure. 
 
Figure 24 also includes the results of earlier PDB 
offset tests with a 2005 Chrysler Town & Country 
unibody minivan and a 2003 Chevrolet Silverado 
body-on-frame pickup truck.   For all four tests the 
AHOD values are similar.  Of interest, Dmax was 
greatest in the 2004 Honda Odyssey without ACE 
and even greater than the Chevrolet Silverado.  The 
Chevrolet Silverado was the stiffest vehicle in this 
series of tests as measured by KW400.  It should be 
noted, the test weight for the Chevrolet Silverado 
and the two Honda Odyssey minivans were within 
about 50 kg.  The Chysler Town & Country was 
almost 300 kg less than the Honda minivans. 
 
 T&C Silverado Odysse

y 
w/ACE 

Odysse
y 

w/o 
ACE 

ADOD 
(X) (mm) 

275 289 321 287 

AHOD 
(Z) (mm) 

404 414 397 401 

Dmax 
(mm) 

570 654 619 676 

Figure 24:  Comparison of Partner protection 
Parameters in the Offset Tests. 
 
The barrier digitization showed the 2005 Honda 
Odyssey with ACE and the 2005 Chrysler Town & 
Country (Figure 25) produced a homogenous 
deformation in the barrier as indicated by the 
graduated color change across its surface and 
absence of abrupt color changes indicating 
increased penetration.  The 2003 Chevrolet 
Silverado and 2004 Honda Odyssey without ACE 
produced more localized deformation at the location 
of the longitudinal frame rails.  In prior series of 
tests, the 2003 Chevrolet Silverado and the 2003 
Chrysler Town & Country were also crashed into a 
full width PDB-XT.  The patterns of deformation 
between the full-width test and the offset test were 
also similar. 

 

  
Town & Country Silverado 

Figure 25:  Comparison of barrier deformation – 
Offset. 
 
NHTSA had also been evaluating the merits of a 
stiffness metric, KW400, in its compatibility 
research program [6].  As part of this research, 
NHTSA conducted four full frontal vehicle-to-
vehicle crash tests using a 2005 Chrysler Town & 
Country, a 2003 Chevrolet Silverado, a 2003 Honda 
Odyssey without ACE and a 2005 Honda Odyssey 
with ACE.  Each vehicle impacted a standard 
collision partner, the 2002 Ford Focus.  In this 
series of tests all the striking vehicle’s were 
ballasted to a test weight of 2,273 kg and struck the 
target vehicle with an impact speed of 71.8 km/h.  A 
review of the KW400 metric obtained from full 
frontal USNCAP barrier tests for these vehicles 
would suggest that the Chevrolet Silverado is the 
stiffest vehicle, the two Odysseys are less stiff, and 
the Chrysler Town & Country is the least stiff 
vehicle.  When looking at the acceleration at the 
center of gravity (CG) from the vehicle-to-vehicle 
crash test with the Ford Focus, however, the data 
suggests that the 2005 Honda Odyssey with ACE is 
the stiffest vehicle and the Chevrolet Silverado is 
the least stiff of the bullet vehicles (Figure 26). 
 
 KW400 

N/mm 
Accel. 
At CG 

in 
Focus 
(m2/s) 

Accel. 
At CG in 
Striking 
Vehicle 
(m2/s) 

2002 Ford Focus 934    
Bullet Vehicles    
2005 Chrysler 
Town & Country 

1,137 90.5 47.6 

2003 Honda 
Odyssey w/o 
ACE 

1,448 108 32.1 

2005 Honda 
Odyssey w/ACE 

1,456 113.5 40.3 

2003 Chevrolet 
Silverado 

1,619 86.2 32.9 

Figure 26:  Vehicle-to Vehicle Full Frontal Test 
Results Including USNCAP Computed Stiffness 
[8]. 
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An examination of the post crash photos for these 
tests shows that the Chevrolet Silverado did not 
fully engage the frame rails of the Focus and 
actually pushed the frame rails outward (Figure 27).  
Photos from the Chrysler Town & Country test 
exemplified homogeneous loading on the Focus 
(Figure 28).  In the photos of the Ford Focus 
crashed by the Honda Odyssey without ACE, it is 
evident that the Honda Odyssey overrode the Ford 
Focus frame rails (Figure 29) but the Honda 
Odyssey with ACE, provided homogeneous loading 
(Figure 30).  A review of the barrier digitization of 
the four vehicles shows similar deformation patterns 
as the Focus. 
 

 
Figure 27:  2002 Ford Focus Post Crash with 
2003 Chevrolet Silverado. 
 

 
Figure 28:  2002 Ford Focus Post Crash with 
2005 Chrysler Town & Country. 

 

 
Figure 29:  2002 Ford Focus Post Crash with 
2003 Honda Odyssey without ACE. 

 
Figure 30: 2002 Ford Focus Post Crash with 
2005 Honda Odyssey with ACE. 
 
The frontal crush profile of the Focus measured 
after the vehicle-to-vehicle tests is an indicator of 
the level of structural engagement between the 
vehicles (Figure 31).   The 2005 Chrysler Town & 
Country test resulted in uniform deformation of the 
bumper on the 2002 Ford Focus.  This was 
consistent with the results of the offset and full 
width barrier digitization analysis showing 
homogenous deformation in the barrier.  The 2003 
Honda Odyssey without ACE did not fully engage 
the 2002 Ford Focus and produced non-uniform 
crush.  The 2005 Honda Odyssey with ACE 
produced more crush and uniform deformation 
when compared to the non-ACE test.  This was also 
consistent with the offset barrier analysis.  The 
crush profile of the 2002 Ford Focus after the 2003 
Chevrolet Silverado test could not be measured. 
 

Focus Frontal Crush Profile
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Figure 31:  Focus Frontal Crush Profile at 
Bumper. 
 
The higher stiffness of the Honda Odyssey and a 
more robust engagement with the 2002 Ford Focus 
appears to explain the higher acceleration at the CG 
in the 2002 Ford Focus when compared with the 
2005 Chrysler Town & Country (the test weights for 
the striking vehicles were the same).  In this same 
series of tests the 2005 Chrysler Town & Country 
experienced a higher acceleration at its CG 
compared to the stiffer 2005 Honda Odyssey with 
ACE.  It also should be noted that 2003 Chevrolet 
Silverado and 2003 Honda Odyssey without ACE, 
which did not have good engagement with the 2002 
Ford Focus, experienced the lowest acceleration at 
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the CG compared to the vehicles that showed good 
engagement.  For all tests, the injury measurements 
were low for the striking vehicle.  Furthermore, the 
accelerations at the CG provided a better indication 
of the interaction between the vehicles than relying 
on the dummy injury measures because it decoupled 
the occupant performance, which is subject to 
tuning of the restraint system from the forces the 
vehicle experienced. 
 
Real-World Performance of ACE 
 
The 2005 Honda Odyssey was the first vehicle 
released in the U.S. with ACE.  Since that time 
Honda has been incorporating the ACE attributes 
into its vehicles as they undergo major designs.  As 
of the 2009 model year, almost all Honda vehicles 
sold in the U.S. incorporate this new body structure 
philosophy. 
 
A query of the 2005 through 2008 National 
Automotive Sampling System - Crashworthiness 
Data System (NASS-CDS) identified approximately 
70 frontal crashes involving Honda vehicles with 
ACE.  Almost all of the frontal cases identified were 
minor low delta-v crashes and did not significantly 
engage and crush the ACE structure.  Also, at the 
time of the review, pictures for many of the 2008 
cases were not published and the performance of the 
vehicle's structure could not be assessed.  However 
a few cases shed some light on the real-world 
performance of the ACE design in the field. 
 
For example, NASS-CDS Case No. 2007-04-0137 
involved a 2006 Ford Escape and a 2005 Honda 
Odyssey with ACE.  This was a relatively minor 
severity crash between two vehicles with a weight 
disparity.  The 2006 Ford Escape weighted 1,545 kg 
compared to the 2,102 kg 2005 Honda Odyssey. 
 
According to the case summary, the 2006 Ford 
Escape was traveling eastbound negotiating a left 
curve.  The 2005 Honda Odyssey was traveling 
westbound negotiating a right curve. The front of 
the 2006 Ford Escape impacted the front of the 2005 
Honda Odyssey with a CDC code of 01FYEW02.  
The principle direction of force with respect to the 
2005 Honda Odyssey was 20 degrees.  In this 
frontal oblique impact the total delta-v for the 2005 
Honda Odyssey was estimated to be 15 kp/h.  The 
frontal air bag in the 2006 Ford Escape did not 
deploy but deployed in the 2005 Honda Odyssey. 
 
The 43 year old female drive of the 2006 Ford 
Escape and the 68 year old driver of the 2005 
Honda Odyssey sustained minor injuries from the 
event.  It was not known if the drivers were 
restrained. 
  

Based upon the photos, the ACE structure appeared 
to have engaged the 2006 Ford Escape in a 
consistent pattern to what was observed in the PDB-
XT tests (Figure 32).  The upper corner ACE 
structural element that connects to the crossbeam 
crushed downward at the left tire and absorbed the 
energy of the Escape.  This is similar to what was 
observed in Figure 16. 
 
Given the weight difference between the two 
vehicles, the lighter 2006 Ford Escape did not 
experience significant damage (Figure 33).  For this 
case the intrusion values were not measured by the 
NASS-CDS researchers, however, based upon an 
examination of the interior photos, any intrusion 
was likely insignificant. 
 

 
Figure 32: NASS-CDS No. 2007-04-0137 – 2005 
Honda Odyssey. 
 

 
Figure 33: NASS-CDS No. 2007-04-0137 – 2006 
Ford Escape. 
 
Future considerations 
 
The DSCR is developing a parameter to assess the 
homogeneity of the vehicle crush pattern using the 
barrier digitization analysis.  It will be based on the 
shape of the deformation, discriminating between 
localized deformation and homogeneous 
deformation. This parameter has the potential to be 
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very useful in differentiating the crash 
characteristics between two vehicles. 
 
In this testing, a load cell wall was installed behind 
the PDB-XT to measure the global front end force.  
The PDB-XT procedure is able to measure this 
force with a high level of accuracy.  With further 
research, it could be used for evaluating self and 
partner protection.  (See test results in Appendix B). 
 
With regard to the real world analysis, due to the 
limited data available at the time, there were an 
insufficient number of NASS-CDS cases to fully 
explore the performance of the ACE structure in 
vehicle-to-vehicle crashes.  NHTSA will continue to 
monitor NASS-CDS for new cases. 
 
CONCLUSIONS 
 
This paper is an extension of PDB research that was 
presented at the 2007 Enhanced Safety of Vehicles 
Conference held in Lyon, France [4].  It investigated 
whether barrier deformation using the PDB, 
intrusion, and dummy injury measures could 
differentiate compatibility performances between 
vehicles equipped with and without advanced 
frontal structures, designed specifically to address 
compatibility.  It also evaluated criteria of self 
protection and partner protection in the offset 
frontal crash test configurations and then compared 
these results to those of vehicle-to-vehicle crash 
tests and real world crash analysis. 
 
The barriers performed as expected and no 
bottoming out with these vehicles occurred.  With 
respect to self protection, both Honda Odysseys had 
similar dummy injury numbers, but the 2004 Honda 
Odyssey without ACE produced higher intrusion 
results.  The testing also demonstrated the ability to 
assess partner protection.  The PDB-XT digitization 
analysis was able to differentiate between the 
homogeneous crush of the 2005 Honda Odyssey 
with ACE and the localized crush of the 2004 
Honda Odyssey without ACE. 
 
The ACE produced a homogeneous deformation to 
the PDB-XT barrier suggesting it would provide 
good horizontal and vertical engagement with a 
partner vehicle throughout the crash event.  This 
was verified through the analysis of vehicle-to-
vehicle crash tests and preliminary real-world crash 
investigations.  An analysis of various compatibility 
metrics indicated that stiffness alone may not 
indicate aggressivity.  Similarly, AHOD and/or 
AHOF values among vehicles may not insure a 
proper engagement of the front structure over the 
full course of the crash.  This was particularly 
apparent in the 2003 Chevrolet Silverado and 2002 
Ford Focus tests. 

 
In this test series, broader and less localized PDB-
XT barrier deformation indicated better structural 
engagement with a partner vehicle.  It was found, 
however, that when a stiffness disparity occurs with 
better engagement, it can result in the partner 
vehicle unequally sharing the crash energy.  The 
homogeneity of the barrier deformations also 
provides an indicator of the degree of uniformity of 
the vehicle’s frontal stiffness.  The analysis in this 
paper suggests that further evaluation is needed to 
address both the stiffness of a vehicle as well as the 
homogeneity of that stiffness. 
 
ACKNOWLEGDEMENTS 
Under the bilateral agreement between NHTSA and 
DSCR, resources were leveraged to carry out a joint 
research program on vehicle compatibility.  Results 
and knowledge gained from this test procedure 
evaluation proved to be useful to both countries. 
 
REFERENCES 
 
1. Delannoy, P., Martin, T., Castaing, P., 

“Comparative Evaluation of Frontal Offset 
Tests to Control Self and Partner Protection,” 
19th International Technical Conference on the 
Enhanced Safety of Vehicles, Paper No. 05-
0010, June 2005. 

 
2. National Highway Traffic Safety 

Administration, “Initiatives to Address Vehicle 
Compatibility,” June 2003, NHTSA Docket No. 
NHTSA-2003-14623-1. 

 
3. Proposal for draft amendments to Regulation 

No. 94 (Frontal collision), 
ECE/TRANS/WP.29/ 
GRSP/2007/17, 
http://www.unece.org/trans/main/  
wp29/wp29wgs/wp29grsp/grsp2007.html, 
September 28, 2007. 

 
4.  Delannoy, P., Martin, T., Meyerson, S., 

Summers, L., Wiacek, C.,  " PDB Barrier Face 
Evaluation By DSCR And NHTSA’s Joint 
Research Program," 20th International 
Technical Conference on the Enhanced Safety 
of Vehicles, Paper No. 07-0303, June 2007.  

 
5.    www.hondanews.com/categories/872/ 

releases/4696 
 
6. Patel, S., Smith, D., Prasad, A. and Mohan P., 

“NHTSA’s Recent Vehicle Crash Test Program 
on Compatibility in Front-To-Front Impacts,” 
20th International Technical Conference on the 
Enhanced Safety of Vehicles, Paper No. 07-
0231, June 2007.  



    
  Meyerson 13 

 
7. Saunders, J., Louden, A., Prassad, A., "Offset 

Test Design and Preliminary Results," 20th 
International Technical Conference on the 
Enhanced Safety of Vehicles, Paper No. 07-
0240, June 2007. 

 
8. Ford Focus crash tests with the 2003 Chevrolet 

Silverado, 2003 Honda Odyssey, 2005 Chrysler 
Town & Country and 2005 Honda Odyssey, 
NHTSA database test numbers are 5473, 5684, 
5542 and 5685, respectively.  See 
www.nhtsa.dot.gov 

 
APPENDIX A 
 
2006 Honda Civic with ACE 

 
Figure 34:  2006 Honda Civic. 
 

2006 Honda Civic 
Test Mass 1,487 kg 
Width 1,572 mm 
Structure With ACE 

Figure 35:  2006 Honda Civic Specifications 
 
     Test severity - The amount of energy absorbed 
in the offset PDB-XT test was 59.3 kJ for the 2006 
Honda Civic with ACE. The calculated EES for this 
test was 51.3 km/h, which is 9 km/h less than the 
test speed. 
 
     Self protection - In terms of self protection, the 
2006 Honda Civic maintained good integrity of the 
occupant compartment space (Figure 36).  There 
was a large amount of deformation of the 
longitudinal and lower load paths.  Overall the front 
end crushed uniformly without any undeformed 
load paths.  It should also be noted that the upper 
turret above the wheel that connects to the crossbar 
deformed down in front of the tire. 
 

 Figure 36: 2006 Honda Civic with ACE PDB-XT 
offset. 
 
The injury measures for the 50th percentile male 
driver and passenger dummies are reported in 
Figure 37.  The occupant injury measures were low. 
 

 IARV* Driver Pass. 
HIC36 1,000 428 263 

Chest Def (mm) 50 30.8 36.4 
Chest Gs 60 34.6 31.5 

Left Femur (kN) 8 1.46 2.8 
Right Femur (kN) 8 1.26 0.74 
UL Tibia Index 1.3 0.31 0.43 
UR Tibia Index 1.3 0.68 0.34 
LL Tibia Index 1.3 0.30 0.30 
LR Tibia Index 1.3 0.63 0.23 

* As defined in UNECE R.94, except for Chest G's 
which is defined in U.S. FMVSS No. 208. 
Figure 37:  2006 Honda Civic with ACE PDB-XT 
offset – Dummy Injury Measures 
 
The calculated mean intrusion on the driver's side 
upper region (dashboard and A-pillar) was 27 mm 
and 57 mm for the lower region (pedal axle and 
footwell).  The intrusion was localized in the 
footwell area (Figure 38).  However, the driver's 
side dummy lower leg injury measures were not 
significantly affected. 
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 Figure 38:  2006 Honda Civic with ACE PDB-
XT Offset – Driver Side Intrusions. 
 
The maximum acceleration measured was 44 g at 77 
ms, corresponding to 0.978 m of displacement 
(Figure 39).  The average acceleration was 18.4 g.  
 

 Figure 39: 2006 Honda Civic with ACE PDB-XT 
offset – Acceleration Pulse. 
 
     Partner protection - In the PDB-XT offset test, 
the forces generated by the longitudinal and lower 
load paths of the 2006 Honda Civic with ACE were 
distributed and crushed uniformly, resulting in 
homogeneous deformation of the barrier (Figure 40 
and Figure 41).  The two levels of load paths and 
connections between them created a large reaction 
surface for engagement with a partner vehicle.  
There was good engagement between the front of 
the vehicle and the barrier.  No bottoming out of the 
barrier was observed. 
 

 Figure 40: 2006 Honda Civic with ACE PDB-XT 
offset – front end deformation. 
 

  
Figure 41: 2006 Honda Civic with ACE PDB-XT 
offset – barrier deformation. 
 
In Figure 42, the barrier was able to detect the lower 
load path of the vehicle.  The calculated partner 
protection parameters based on barrier digitization 
analysis are presented in Figure 43.  The energy 
absorbed in the barrier is 59 kJ that represented 28 
percent of the total kinetic energy. 
 

 
Figure 42: 2006 Honda Civic with ACE PDB-XT 
offset – barrier digitization. 
 

Partner protection 
ADOD (X) 262 mm 
AHOD (Z) 402 mm 
Dmax 488 mm 

Figure 43: Partner Protection Parameters for the 
Civic with ACE PDB-XT offset test. 
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APPENDIX B 
 
Global force 
 
     PDB-XT Offset test (2005 Honda Odyssey 
with ACE) - The maximum global force was 463 
kN at 1.078 meter displacement of the B-Pillar 
(Figure 44). 
 

 
Figure 44: 2005 Honda Odyssey with ACE PDB-
XT offset – Global force. 
 
     PDB-XT Offset test (2004 Honda Odyssey 
without ACE) - The maximum force was 476 kN at 
1.183 m displacement of B-Pillar (Figure 45). 
 

 
Figure 45:  2004 Honda Odyssey without ACE 
PDB-XT offset – Global force. 
 
     PDB-XT Offset test (2006 Honda Civic with 
ACE) - The maximum force was 363 kN at 1.002 m 
displacement of B-Pillar (Figure 46)  
 

 
Figure 46:  2006 Honda Civic with ACE PDB-XT 
offset – Global force. 
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ABSTRACT 
 
Recent years the numerical method of the simulation 
for the airbag deployment process has been improved 
with new material model and thermodynamic model, 
and has become a standard application of finite 
element codes. With such simulation tools, it is 
possible to attempt supporting the airbag module 
design and evaluating the injuries of dummy in 
airbag hazard area or out-of-position. Although the 
simulation model for the airbag’s deployment 
process is usually correlated with the static airbag 
deployments and reaction force results, up-to-date 
the numerical approach to represent the fluid flow 
within the airbag is both costly and time consuming. 
This paper will provide an overview of the 
correlation process for reducing the resource to be 
invested. The following two tests are conducted for 
acquiring the reference data.  
1. Static deployment test for acquiring the airbag 
internal pressure during the deployment process and  
2. Drop tower test for acquiring the fully deployed 
airbag’s reaction force. 
The drop tower test is simulated to determine the 
parameter related to the leakage of fabric and vent 
holes with the airbag model using the uniform 
pressure method offering the relatively short solving 
time. And then Static deployment test is simulated 
for determining the parameter related to the 
unfolding phase with the airbag model using the 
corpuscular (particle) method. These two simulations 
are compared to the test results and satisfactory 
correlation is found in both the cases. 
The drop tower simulation using the uniform 
pressure method leads to reduce the total correlation 
time and to easily extend the application for 
protection of the driver occupant while in-position. 
This airbag model can be used in parametric studies 
to investigate the effects of airbag module design 
changes and to study the out-of-position (OOP) load 
case. 

 
 
INTRODUCTION 
 
The safety system integration for in-position situation 
has held a main portion of the safety related 
simulation which usually uses the uniform pressure 
method for inflating the airbag. The airbag model 
adopted the uniform pressure distribution within the 
airbag volume provides adequate results for the in-
position situation because the occupant and the 
airbag does not have a reciprocal action until the 
airbag is fully deployed. It is the basic assumption for 
the uniform pressure method that the gas inside the 
airbag is an ideal gas and assuming that the pressure 
and temperature are uniform everywhere inside the 
airbag. These assumptions are acceptable in the 
occupant analysis for the in-position situation. 
Recent years the need of simulation beyond the 
uniform pressure method is increased in airbag 
module design and the OOP situation. In terms of the 
OOP situation or the airbag module design, the effect 
of gas flow plays a very important role at the early 
stage of airbag deployment. In order to simulate the 
deployment process of folded airbag with various 
folding pattern and the vent hole design, the 
meaningful safety simulation tools that allow the 
integration of the computational fluid dynamics 
analysis into the finite element airbag model are 
developed. These sophisticated simulation tools 
allow to handle the interaction between the gas and 
the airbag fabric, but the calculation is very 
expensive in CPU time [1], [2], [3].  
Several validation tests and corresponding 
simulations are usually conducted to get the reliable 
airbag model on the deployment kinematics and 
these successive correlating processes are very time 
consuming job that have to be reduced. 
In this study, the effective validation methodology 
that alternately adopts the uniform pressure method 
and the recently developed corpuscular method in the 
LS-DYNA 971 is described. And the model setup for 
the driver side airbag module is described. 
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Driver Side Airbag Model Setup 
 
A typical 60 liter driver side airbag used in a mid-
size car is selected in this study. Flat airbag cushion 
is folded with ∑-Roll folding and then the finite 
element model of the folded airbag cushion is placed 
in the canister with Y-tear pattern cover is built. The 
dynamic relaxation is performed until the internal 
energy of the folded airbag cushion in the canister 
become stable. The steering wheel is modeled, as it is 
an important part for the airbag support. The inflator 
characteristics and the mechanical properties of 
airbag cushion fabric are considered to achieve the 
accurate airbag model.  
Figure 1 shows the modeling process for the finite 
element airbag module. 
 

 
a. Flat airbag cushion modeling 

 
b. Folding 

 
c. packing 

 
d. Relaxation 

Figure 1. The modeling process for the finite 
element airbag module 

Fabric Material Property - Both ‘tightly’ and 
‘loosely’ woven fabrics can show differences on 
mechanical properties, because woven fabrics can 
resist in-plane shear loads once the yarn lock-up 
angle has been reached and the lock-up angle is 
much lower for tightly woven than loosely woven 
fabrics [4]. The differences of material property on 
material direction can affect the shape of fully 
deployed bag.  
Recently developed tools for safety analysis provide 
a material model that incorporates an in-plane shear 
stiffness property into warp and weft properties. This 
shear material model is appropriate for a typical 
airbag fabric in opposition to the ISOLINEAR and 
OTHOLINEAR material model which are both linear 
and cannot rotate relative to each yarn. To gain the 
in-plane shear stiffness of tightly woven airbag 
fabrics, the picture frame test can be conducted. The 
picture frame test device that is made for this study is 
shown in Figure 2. The corners of the test frame have 
revolute joint to transform an applied axial loading 
into the shear deformation of specimen. 
 

 
 

 
 

Figure 2. The picture frame test device and fabric 
specimen 
 
The axial force and axial displacement acquired 
during a test are converted the true shear stress and 
the true shear strain in order to be used for the fabric 
material model. The converted non-linear stress-
strain curve is used for representing the initial soft 
response of the fabric due to the crimp effect [5]. The 
picture frame tests are conducted with the various 
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loading velocity, and Figure 3 shows the force-strain 
curve with 1.0x and 1.6x loading velocity. The result 
shows the inclination of the force-strain curve 
increases in proportion to the loading velocity. The 
picture frame simulation is conducted with the fabric 
test result and the validation procedure that is based 
on the test setup. The use of LS-DYNA’s 
MAT_FABRIC material and recent parameter helps 
enhancement of prediction of the picture frame test 
data.  

 
a. 1x 

 
b. 1.6x 

Figure 3. The picture frame test result with 
different loading velocity 
 

 
a. Deformed shape 

 

 
b. Force-displacement 

 
Figure 4. Comparison between the picture frame 
test result and simulation result 

In Figure 4 the deformed shape with wrinkle on 
fabric and the force-displacement results are depicted.  
The figure shows the simulation result is coincident 
with the test result. The validated material model 
based on the sufficient tests is the basis for the 
reliable airbag model.  
 
Inflator Definition – Two types of inflator are 
modeled according to the validation phase: 
AIRBAG_HYBRID_JETTING and 
AIRBAG_PARTICLE. 
AIRBAG_HYBRID_JETTING is used for the 
conventional uniform pressure method that gives 
relatively short CPU elapsed time.  
AIRBAG_PARTICLE corresponding to the 
corpuscular method is newly developed for airbag 
deployment simulation in LS-DYNA. In this method, 
the gas is modeled as a set of individual particles. 
The corpuscular method shows the accuracy and 
agreement with experimental results in [1]. 
The multiple radial jets at gas discharge orifice are 
modeled in AIRBAG_PARTICLE option, the 
vertical jetting vector is employed for comparable 
result in AIRBAG_HYBRID_JETTING option. Due 
to these two options have similar parameters, they 
can be easily switched each other for airbag 
deployment simulation. 
 

  
Figure 5. Radial jets and gas discharge orifices  
 
Experimental pressure data of tank test is converted 
to mass flow rate and temperature input using the 
MADYMO Tank test Analysis (MTA) program. 
The inflator gas exit temperature and mass flow rate 
that are validated through a tank test simulation in 
LS-DYNA are used for defining inflator. 
 
Drop Tower Test and validation 
 
The two phase validation process for reducing the 
resources is employed in this study. The following 
two tests are conducted for acquiring the reference 
data; a) Drop tower test for acquiring the fully 
deployed airbag’s reaction force, b) Static 
deployment test for acquiring the airbag internal 
pressure during the deployment process. The drop 
tower test is simulated to determine parameters 
related to the leakage of fabric and vent holes with 
the airbag model using the uniform pressure method 
offering the relatively short solving time. And then 
Static deployment test is simulated for determining 
the parameter related to the unfolding phase with the 
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airbag model using the corpuscular (particle) method. 
 
Flat Driver Side Airbag – Drop tower test and 
simulation with flat driver side airbag are conducted 
to determine parameters related to the leakage of 
fabric and vent holes. The main events during drop 
tower test are depicted in Figure 6. 
 

 
Figure 6. Scheme of Drop Tower Test  
 
To represent the flat airbag cushion on the steering 
wheel, the pre-position simulation is conducted as a 
type of pre-simulation as shown in Figure 7. 
 

 
Figure 7. Initial stage of Drop Tower Test with 
flat bag 
 

 
a. Comparison of kinematics 

 
 

 

 
b. Comparison of acceleration of drop mass 

 
Figure 8. Comparison between the drop tower test 
result and simulation result with flat bag 
 
Drop tower test and simulation results for the flat 
airbag are depicted in Figure 7 and the simulation 
time history of acceleration data is closely correlated 
to the test result. Several parameters related to the 
leakage need to be tuned, because typical leakage 
model may not be able to cover the leakage 
characteristics of the specific airbag module. 
 
Folded Driver Side Airbag – Drop tower test with 
folded airbag is conducted to validate the folded 
DAB model. In this phase parameters related to the 
contact definition of airbag fabric itself and the 
control of the strain that is caused element distortion 
during folding process are tuned. Increasing the scale 
factor on slave penalty stiffness, the contact 
parameter, leads to higher contact forces. The higher 
contact forces accelerates the airbag deployment and 
leads to lower pressure peak during unfolding due to 
faster volume increase. LS-DYNA provides a 
numerical option to assure that airbags that have 
reference geometry is able to open to the correct 
geometry [6, 7]. During airbag folding, some 
elements are stretched and distorted compare to the 
reference geometry and these elements result in 
tensile strains. The airbag that is initially stretched 
result in the incorrect geometry. So this numerical 
option can be used to control the transition from 
initial mesh to reference mesh. But inadequate value 
for this factor can cause a lower pressure that result 
from larger element size in vent orifice area or a 
pressure peak change that result from different 
contact forces of airbag self contact. 

 
Figure 9. Initial stage of Drop Tower Test with 
folded bag 

20ms 

30ms 

40ms 

0ms 

0ms 
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a. Comparison of kinematics 

 
b. Comparison of acceleration of drop mass 

 
Figure 10. Comparison between the drop tower 
test result and simulation result with folded bag 
 
Driver Side Airbag Module – The folded airbag 
cushion is placed in the canister with Y-tear pattern 
cover. Tear seam mechanism that uses material 
failure of element requires smaller time step than the 
constraint failure mechanism and it can help to 
reduce the elapsed CPU time. The tear seams are 
defined as taking advantage of the constraint with 
failure. 
The dynamic relaxation is conducted as a type of pre-
simulation until the internal energy of the folded 
airbag cushion in the canister reaches sufficiently 
stable state as shown in Figure 12. 
 

 
Figure 11. Tear Seam Mechanism 

Section LH side

Section RH side

 
Figure 12. Dynamic relaxation of folded airbag 
within canister 
 
Drop tower test with airbag module is conducted to 
validate the DAB module model. In this phase 
parameters related to the contact definition between 
the DAB cover and the airbag fabric is tuned. These 
three drop tower tests and simulations with the 
uniform pressure method contribute to fast 
confirmation of the parameters related the gas 
leakage, contact, stress and strain. 
 

 

 
a. Comparison of kinematics 

 

 
b. Comparison of acceleration of drop mass 

Figure 13. Comparison between the drop tower 
test result and simulation result with airbag 
module 

20ms 

30ms 

40ms 

0ms 

20ms 

30ms 

40ms 
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Static Deployment Test and validation 
 
The drop tower test is a widely used tool for the 
validation of the airbag characteristic. Good 
correlation between the tests and simulation models 
in of the measured acceleration has been achieved 
with the conventional FE airbag models based on 
uniform pressure method. Although the reliable and 
predictable airbag model for fully deployed status 
provides a confidential result in interaction between 
the airbag and the in-position occupant, in case of 
evaluating the injuries of occupant in airbag hazard 
area or out-of-position and the airbag module design 
such as the effect of different airbag folding patterns 
on the OOP occupant or the DAB cover, the drop 
tower test is not a suitable validation tool. 
In OOP situation, the airbag shape and reaction force 
on each region in time history are important factors 
for the occupant injuries. Various dynamic test 
methods with the head form, pendulum or the matrix 
of load cells have been developed to provide a better 
evaluation data for airbag deployment simulation 
model. The distribution of the pressure inside airbag 
provides an insight into the airbag module and a 
direct comparison between a test and a flowing gas 
integrated simulation, whereas the simulation that 
uses impactor has additional interaction between 
airbag and impactor. To this purpose, airbag static 
deployment tests were conducted to acquire the 
pressure distribution inside a folded airbag and 
covered airbag. 
The folded and covered airbag are modeled with a 
corpuscular method using 200,000 particles in LS-
DYNA for the gas flow, based on the previously 
validated model with the uniform pressure method 
and the drop tower tests. 
 
Folded Driver Side Airbag – Airbag static 
deployment test and simulation with folded driver 
side airbag is conducted. The transmission hose is 
fixed onto the retainer ring of airbag and the pressure 
transducer is connected with the transmission hose. 
Even though the transmission hose is fixed onto the 
airbag fabric for flat airbag, the mounting of 
transmission hors for folded or covered airbag is 
subjected to restriction on position. The folded airbag 
is mounted on the steering wheel and inflated with 
primary output because the primary output of 
advanced airbag is adopted for static OOP tests 
scenario of FMVSS 208 issued by NHTSA. 
The pressure peak level at the early moment of the 
deployment, punch-out phase, of the simulation is 
substantially coincident with the test data. The 
decrease in pressure during opening the airbag is also 
observed, and similar pressure level can be seen in 
the fully deploying stage. The kinematics during 
airbag opening of the simulation is coincident with 
the test data before 15ms. The central area of 
simulation result expands more toward the perimeter 

of the bag. But a subjective evaluation provides little 
information such as the above mentioned, so 
quantitative assessment method is adopted to 
evaluate the accuracy of the simulation model in 
kinematics. 

 
Figure 14. Comparison between the test pressure 
result and simulation result with folded bag and 
primary inflator output 
 

0 ms 5 ms

 
 

10 ms 15 ms

 
Figure 15. Airbag deployment kinematics with 
folded bag and primary inflator output 
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Radial lines with origin in steering wheel are used for 
estimation of the deployment shape error between 
test and simulation. 19 lines are used for side view 
and 36 lines are used for front view as depicted in 
figure 16. The test and simulation result are scaled in 
the same size and then positioned at same origin. The 
distance between the origin of radiated line and 
intersection on airbag outline is measured. Total error 
is calculated with equation below. 
 

100×
−

=
testL

caeLtestL
error  
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Test shape
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Figure 16. Radiated lines for quantitative error 
assessment 

 
Table 1. 

Results of quantitative error assessment in side 
view for folded airbag 
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a. Side view@6ms 
error front@16.0
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b. Front view@16ms 
Figure 17. Deployment shape error for folded 
airbag 

 
The measured distances and errors in side view at 
6ms and 16ms are summarized in Table 1. The 
diagram of error in terms of angle provides insight 
into the tendency of shape difference. The average 
error for folded airbag’s kinematics is 29% and a 
point of reference has to be determined through 
statistical research.  

 

Driver Side Airbag Module – Airbag static 
deployment test and simulation with covered driver 
side airbag (DAB Module) is conducted. The covered 
airbag are modeled with a corpuscular method in LS-
DYNA for the gas flow, and the model is based on 
the previously validated model with the uniform 
pressure method and the drop tower tests. The 
distances and errors are also measured for covered 
airbag in side view and front view. 

 
Figure 18. Comparison between the test pressure 
result and simulation result with covered airbag 
and primary inflator output 
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20 msec 25 msec

 
 
Figure 19. Airbag deployment kinematics with 
covered bag and primary inflator output 
 

Good correlation of the pressure peak level was 
observed at the early stage of deployment (about 
5ms) and the pressure level at the fully deployed 
stage (about 25~30ms) of the simulation is 
coincident with the test data on the whole. The 
kinematics during airbag opening of the simulation is 
coincident with the test data before 15ms similar to 
the folded airbag simulation result. 
 
CONCLUSIONS 
 
The validation process to reduce the total simulation 
time has been developed. This validation process 
using the uniform pressure method and the 
corpuscular method alternatively can decouple the 
parameters into several problems; gas leakage, 
contact and cover tearing, the target parameter of 
validation can be easily determined through 
correlation to corresponding test data. The uniform 
pressure method (AIRBAG_HYBRID_JETTING) 
and the drop tower tests are employed to decide the 
gas leakage and the contacts. The corpuscular 
method (AIRBAG_PARTICLE) and small 
modifications for the contacts and cover tearing are 
appended to the model based on the validated 
uniform pressure method. Each validation stage 
corresponding to the drop tower tests and the static 
deployment tests shows the good agreement with 
experimental results in time history. 
Switching the simulation method, from the uniform 
pressure method to the corpuscular method, is quite 
easy and has no discontinuity because the 
AIRBAG_HYBRID and AIRBAG_PARTICLE in 
LS_DYNA have similar parameters for airbag 
definition. As shown in Figure 20, proposed 
validation process, switching the simulation method 
alternatively, can shorten the total simulation time 
against the case using the corpuscular method only. 
Therefore the predictable and reliable simulation 
model is able to get easily, more accurate 
investigation into the airbag cushion and module 
design can be made to improve the occupant injuries. 
 

 

 

Figure 20. Comparison of computing time 
between the different simulation model on 4 CPU 
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ABSTRACT 

The importance of a vehicle sub-frame is often 

discussed in vehicle compatibility. To observe how 

the sub-frame geometry influences the vehicle 

response, three different sub-frame configurations 

were modeled and simulated in US NCAP crash test 

configurations as well as car-car simulations. The 

former simulations were used to observe how the 

design changes would influence self protection in a 

crash test influencing the original design of the 

vehicle. The latter simulations were to observe how 

the modification would influence vehicle 

compatibility under “real world” conditions. 

 

The rigid barrier impacts could detect the changes 

in the design.  The most forward placement of the 

sub-frame had a stiffer response than the other 

configurations as observed in acceleration pulse and 

barrier wall loads. Self protection also tended to be 

improved over the baseline configuration. In car-car 

testing, it was difficult to identify a clear subframe 

configuration that provided improved compatibility. 

Both the standard and forward placed subframe had 

better performance than the most rearward 

configuration. Neither the baseline nor extended 

sub-frame versions were clearly better for all car-car 

impact configurations but an extended sub-frame 

exhibited better self protection, especially when the 

vehicle was lower than its collision partner. 

 

INTRODUCTION 

The main problem in frontal collisions between two 

vehicles with similar - or even identical - structures 

and mass are the geometrical mismatches that can 

occur. The geometric incompatibility has two main 

origins, the pre-impact alignment of the vehicles 

and the structural layout. The horizontal 

misalignment is often called the fork effect and a 

vertical misalignment is referred to as 

under/overriding. Horizontal overlap of the vehicles 

is highly unpredictable and can vary more than 

1.5m for different crash scenarios. Vertical 

misalignment is not influenced as much by vehicle 

alignment as the vertical positions of structures 

seldom varies more than a few centimeters from a 

reference condition. Thus variations within the 

vehicle structures are the main source of vertical 

misalignment.  

 

The challenge to design vehicles for compatibility is 

to achieve good vehicle crash performance that can 

accommodate the foreseeable impact orientations 

for lateral overlap and interact with the vertical 

structural variations within the vehicle fleet. 

Because of the large range of geometric possibilities, 

many researchers promote the concept of structures 

with many vertical load paths with strong lateral 

connections [1,2]. The idea is that the distribution of 

load carrying elements across the vehicle front can 

interact with a wide variation of vehicle designs and 

impact configurations. One proposal for vehicle 

designs to improve compatibility is the inclusion of 

a lower load path and many vehicles already have a 

sub-frame that can provide this function. 

 

The structural layout of different vehicles was 

investigated in a recent European Community 

funded projects VC-Compat [ 3 ]. The database 

developed in VC-Compat is the most relevant 

information as it contains relatively modern 

vehicles. To demonstrate the role of a sub-frame in 

frontal crashes, the alignment between vehicle 

structures was analysed [4] and 

 

Figure 1 shows the results for longitudinals and 

subframes.  

 

Crash testing of vehicles with and without sub-

frames has been conducted in various research 

activities[2,3,5 ]. However controlled changes in 

overlap height and horizontal offset has not been 

possible due to the costs. As a first step to 

understand how the front structures perform due to 

different vertical and horizontal alignments, a 

simulation study of the NCAC Ford Taurus model 

was conducted [6]. This study provided important 

information describing how the loads in the front 

structures changed due to vehicle alignment. One 

interesting performance feature was that the vehicle 

response (measured by vehicle accelerations and 

intrusions) did not vary monotonically with changes 
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Figure 1: Vertical and Longitudinal Positioning of Vehicle Structures [4] 

 

in the vertical overlap. To further understand how 

specific vehicle structures altered the vehicle crash 

performance, a study of the influence of the 

subframe geometry was conducted using the same 

numerical vehicle models. 

 

METHODOLOGY 

 

In order to study the performance of the vehicle 

structures, it was important to control as many 

confounding variables as possible. The same basic 

vehicle model was used as a basis for the study to 

avoid any influence of different mass and/or global 

frontal stiffness. 

 

The FE vehicle of study was the 2001 model year 

Ford Taurus available from the FE model achieve of 

National Crash Analysis Center (NCAC) [7]. This 

model was chosen because it was the closest 

representation of a European mid-sized vehicle that 

was publicly available. The Taurus was developed 

for the US market where the FMVSS 208 full 

frontal crash test defines the primary performance 

criteria. As a result, the vehicle design exhibits a 

deformation response for the longitudinals and 

occupant compartment which were not completely 

representative of a similar European vehicle 

designed for an offset deformable barrier test. Some 

modifications of the vehicle model were made to 

provide a more “European” performance. The main 

change to the model was the introduction of a beam, 

shown in Figure 2, to restrict the upward rotation of  

the longitudinals.  

 

 

To shorten the simulation time, a simplified version 

of the model was used. Parts with a low priority for 

frontal structural interaction were taken out and the 

rear components of the vehicle were made rigid. 

Essentially all components forward of the B-Pillars 

were deformable to allow intrusion to be included in 

the analyses [6]. This simplified Finite Element 

(FE) Taurus model is referred to as the Basic model 

and is the basis for subsequent modifications.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Simplified FE vehicle model of Taurus                          

 

The weight of vehicle is about 1.39 ton. Failure of 

the mounts between the sub-frame and floor of 

vehicle are defined in the FE model when the load 

reaches the (50 kN).  

 

It is assumed that the outputs of the simplified 

model in crash simulations are not directly 

comparable with the real crash test data 
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quantitatively. The results are considered 

comparable with simulation results under different 

crash conditions with the same simplified model.  

 

 

 

 

 

 

 

 

 

 

 

(a) Height                  

 

 

 

 

 

 

 

 

 

 

 

                 

 

                 (b) Sub-frame 

Figure 3: Dimension of frontal structure of 

Taurus 

 

The simulations of frontal Full Width Rigid Barrier 

(FWRB) and Car-to-Car (C2C) tests were 

performed by LS-DYNA [8]. The Basic mode was 

used for both reference and partner vehicles. In 

future discussions, the reference vehicle is called 

Vehicle 1 (V1) and the partner vehicle is Vehicle 2 

(V2). The reference vehicle was then modified to 

investigate the influence of different sub-frame 

geometries. The original sub-frame geometries are 

shown in Figure 3. The three configurations 

investigated were the original, a 100 mm forward 

extension (ExSub) and a 100 mm shortened sub-

frame (ShSub) shown in Figure 4. The speed of 

each vehicle in a FWRB or C2C tests is 56 km/h. 

The partner vehicle is horizontally and vertically 

offset from the reference vehicle. In the horizontal 

offset, there are three cases, full, 60% and 40% 

overlap of vehicle. In the vertical offset, there are 2 

cases, full and 25% overlap of vehicle. The partner 

vehicle in 60% and 40% horizontal overlap is 

translated 742mm and 1080mm in lateral direction 

respectively. The partner vehicle in 25% vertical 

overlap is moved 105mm up. Table 1 summarizes 

simulation cases. There are many cases so  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Description of modification of the 

length of sub-frame of vehicle 

 

abbreviations for the simulation cases are used. For 

example, B2E_H60V25 means that the reference 

vehicle (the first letter, B) is the Basic model and 

the partner vehicle (the next letter, E) is the ExSub 

model in C2C test. H60 means 60% horizontal 

overlap and V25 is a 25% vertical overlap. 

 

In any vehicle crash test, there are many measurable 

outputs. Among those outputs, however, some 

specific ones are essential measurements to evaluate 

safety and crashworthiness performance. In a 

compatibility test, it’s not yet been clearly agreed 

what measurements are objective and relevant to 

evaluate the self and partner protection of vehicles. 

In this study, the intrusion profiles of vehicles are 

mainly considered. The measurement locations of 

the intrusion of vehicle are described in Figure 5 
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Table 1: List of simulation case 

 

  

Vehicle 1 

(under-ridden)  

Vehicle 2 

(over-riding) 

Horizontal  

Overlap 

Vertical  

Overlap 

Cases 

(Abbreviation) 

Basic Basic or B 

ExSub ExSub or E 

F
W
R
B
 

ShSub 

- - - 

ShSub or S 

Basic Basic B2B_H100V100 

Basic ExSub B2E_H100V100 

Basic ShSub 

Full 

B2S_H100V100 

Basic Basic B2B_H100V25 

Basic ExSub B2E_H100V25 

ExSub Basic E2B_H100V25 

Basic ShSub B2S_H100V25 

ShSub Basic 

Full 

25% 

S2B_H100V25 

Basic Basic B2B_H60V100 

Basic ExSub B2E_H60V100 

Basic ShSub 

Full 

B2S_H60V100 

Basic Basic B2B_H60V25 

Basic ExSub B2E_H60V25 

ExSub Basic E2B_H60V25 

Basic ShSub B2S_H60V25 

ShSub Basic 

60% 

25% 

S2B_H60V25 

Basic Basic B2B_H40V100 

Basic ExSub B2E_H40V100 

Basic ShSub 

Full 

B2S_H40V100 

Basic Basic B2B_H40V25 

Basic ExSub B2E_H40V25 

ExSub Basic E2B_H40V25 

Basic ShSub B2S_H40V25 

C
2
C
 

ShSub Basic 

40% 

25% 

S2B_H40V25 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion         

 Figure 5: Description of measurement locations 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

(b) Vertical Intrusion 
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FRONTAL FULL WIDTH RIGID BARRIER 

(FWRB) TEST 

 

The simulations of the FWRB test with three 

vehicle models were performed to check how the 

crash performance (self-protection) of vehicles is 

changed when the sub-frame of the vehicle is 

extended or shortened. The impact speed of the 

vehicle was 56km/h (35mph).  

 

Figure 6 shows the deformation of the vehicles in 

FWRB test when the speed of vehicle reaches zero 

(maximum dynamic crush). In the ExSub model, 

the sub-frame is quite bent which absorbs a lot of 

crash energy. The sub-frame in not as bent as much 

in the ShSub model, instead the whole frontal unit 

of the vehicle is bending upwards. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Basic model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) ExSub model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) ShSub model 

 

Figure 6: Deformation of vehicle in FWRB test  

 

Figure 7 shows the acceleration and velocity 

profiles of vehicles in FWRB test. There are four 

peaks in the acceleration profile of the Basic model. 

The first peak occurs when the rails of the vehicle 

impact the rigid wall, the second peak happens 

when the front cross-member of the sub-frame 

impacts the rigid wall, the third peak comes when 

the engine of vehicle impacts the firewall of the 

vehicle, and the fourth peak appears before the 

vehicle rebounds. The acceleration profile of the 

ExSub model is similar to the Basic model, but peak 

times occur earlier in the crash event. In the ShSub 

model, the engine of vehicle hits the rigid wall at 

the second peak and the cross-member of sub-frame 

of vehicle impacts the rigid wall at the third peak. 

 

The dots in the acceleration profiles indicate the 

impact time of the sub-frame cross-member against 

the rigid wall. In the Basic model, it occurred near 

the highest acceleration level and at 80% of vehicle 

crush. In the ExSub model, it occurred earlier when 

accelerations are still climbing and at 50% of 

vehicle crush and, in the ShSub model, the sub-

frame cross-member contact with the wall occurred 

at the time of peak acceleration and at 90% of 

vehicle crush. 

 

The wall forces in FWRB tests are shown in Figure 

8. Dots indicate the time (or crush) when the cross-

member of the sub-frame of the vehicle impacts the 

rigid wall. The initial stiffness (Ks), which is the 

slope of the curve from 0 to 200mm of vehicle 

crush [9,10,11], are similar in all three models. 

After 0.015sec (or 150mm of vehicle crush), 

however, the ExSub model becomes stiffer but the 

ShSub model becomes softer than the Basic model.  
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Figure 7: Acceleration, velocity, and deflection 

histories of vehicle in FWRB test 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Wall force histories of load cells in 

FWRB test 

 

The work stiffness (Kw400) [10,11], which is the 

area of the curve from 25mm to 400mm of vehicle 

crush, AHOF [12,13] and AHOF400 [10,11,14] are 

summarized in Table 2. It shows that the work 

stiffness of ExSub model is stiffer but the ShSub 

model is softer than the Basic model. The AHOF 

and AHOF400 of the ExSub model is lower than 

one of the Basic model but the ShSub model is 

higher. The intrusion profiles of the three models 

are shown in Figure 9. The ExSub model has less 

intrusion at right toepan but the ShSub model has 

more intrusion at the right toepan and dashboard 

than the Basic model. 

 

According to the results, the modification of the 

sub-frame of the vehicle in terms of length makes 

the effective stiffness of vehicle change. The 

extended or shortened sub-frame of vehicle makes 

the vehicle stiffer or softer respectively. This change 

of the stiffness of vehicle affects the crash 

performance (self-protection) of the vehicle 

structure. The stiffer vehicle shows less intrusion in 

the vehicle (better crash performance) and is  

exhibited in the longer sub-frame case. 
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Table 2: Summary of work stiffness, AHOF and 

AHOF400 of vehicles in FWRB test 

 
Basic 

model 

ExSub 

model 

ShSub 

model 

Work stiffness 

(Kw400) 

950 

N/mm 

1,521 

N/mm 

763 

N/mm 

AHOF 

(Difference 

from Basic 

model) 

363 mm 
346 mm 

(-17mm) 

419 mm 

(+56mm) 

AHOF400 

(Difference 

from Basic 

model) 

450 mm 
386 mm 

(-64mm) 

475 mm 

(+25mm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (b) Vertical intrusion profile 

Figure 9: Intrusion profiles of vehicles in FWRB 

test 

FRONTAL CAR-TO-CAR (C2C) TEST 

The simulations of frontal C2C test with three 

vehicle models were performed to check how the 

compatibility performance (self and partner 

protection) of vehicles is changed when the sub-

frame of the vehicle is extended or shortened. The 

impact speed of both vehicles was 56km/h. The 

intrusion profiles of vehicles in the C2C tests with 

modified vehicles are compared with baseline 

conditions in B2B cases to evaluate the 

compatibility performance of the modified vehicles. 

 

Horizontal offset 

Figure 10 shows the most extreme case for intrusion 

profiles of both vehicles for a 40% horizontal and 

full vertical overlap. The results from C2C tests 

with all three sub-frame models are displayed. The 

range of intrusions values is much greater than in 

the FWRB tests. This is not unexpected as the 

FWRB provides the best structural interaction 

possibilities.  

 

In B2E cases, the intrusions in the ExSub model are 

smaller, but for one of the partner vehicles (Basic 

model) the intrusions are larger than those in the 

B2B cases. In B2S cases, the intrusions of both the 

ShSub and the partner vehicle (Basic model) are 

larger than one in B2B cases. The results show that 

the vehicles which have a longer sub-frame in C2C 

tests have the best self protection since the vehicle 

with the longer sub-frame is stiffer. However, the 

longer sub-frame gives worse partner protection. 

One exceptional case is B2S_H60V100 in which 

the ShSub model has less intrusion than the Basic 

model even though the Basic model has a longer 

sub-frame than the ShSub model. This difference 

was explained by the deformation mode of the 

vehicle. In the horizontal offset C2C test, the 

vehicles are rotated and a large moment is applied 

on the vehicle body. There is a particularly large 

moment on the body of the Basic model in 

B2S_H60V100 and this caused the buckling 

deformation on the floor near left B-pillar of the 

Basic model which is shown in Figure 11. Therefore, 

the larger intrusions of the Basic model in 

B2S_H60V100 are reported than for the ShSub 

model. This phenomenon underlines the need for a 

strong occupant compartment for self protection.  

 

Mixed offset 

Figure 12: Intrusion profile of vehicle in 60% 

horizontal and 25% vertical overlap test (V1)Figure 

12 and Figure 13 show the intrusion profiles of both 

vehicles in a frontal crash with 60% horizontal and 
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25% vertical overlap. Figure 12  shows the cases 

with the Basic model as the reference and in Figure 

13 all three sub-frame configurations are the 

reference vehicle with the Basic model acting as the 

partner. The partner vehicle is positioned relative to 

the reference vehicle. The first feature to notice is 

that more intrusion occurs in the mixed offset 

conditions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion profile     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

 (b) Vertical intrusion profile 

Figure 10: Intrusion profile of vehicle in 40% 

case 

 

Changes in the Y-velocity of vehicles in C2C tests 

could be used to identify sudden changes in the 

behaviour of the Basic model in B2E_H60V25 and 

B2S_H60V25. This means that the buckling 

deformation, as previously shown in Figure 11 

occurred. This resulted in intrusions of the Basic 

model in B2S_H60V25 which were larger than 

those in ShSub model even though the sub-frame of 

Basic model is longer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Buckling deformation of vehicle 

induced by moment force in B2S_H60V100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              

 

(a) Horizontal intrusion profile   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (b) Vertical intrusion profile 

Figure 12: Intrusion profile of vehicle in 60% 

horizontal and 25% vertical overlap test (V1) 
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The results in Figure 12 and Figure 13 show that the 

relative positioning of the vehicles is important. The 

longer subframe had a different outcome if it was in 

the underriding (V1) or overriding vehicle (V2).  

 

In Figure 13 the modified vehicles become the 

reference vehicle and the partner vehicle, Basic 

model, is offset, which means that the modified 

vehicles are under-riding the Basic model. In both 

cases, the ExSub model and its partner vehicle have 

less intrusion, which means that the ExSub model 

gives good self and partner protection when it 

underriding. The extended sub-frame vehicle model 

was stiffer than the Basic and ShSub models. This 

shows that the under-ridden vehicle in frontal C2C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Horizontal intrusion profile            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 (b) Vertical intrusion profile 

Figure 13: Intrusion profile of vehicle in 60% 

horizontal and 25% vertical overlap C2C test (2) 

crash should be stiffer to have good compatibility 

performance. 

 

DISCUSSION 

 

According to the result for each C2C test listed in 

Table 1, the safety performance of the vehicles was 

evaluated and summarized in Table 3. The 

compatibility performance was evaluated by two 

parameters, self and partner protection. These 

factors were evaluated by comparing the intrusions 

of the reference and its partner vehicles in C2C tests 

to the modified vehicle to the intrusion in B2B 

cases. Table 3 shows that the ExSub model gives 

good compatibility performance when it is under-

riding its crash partner. The case of E2B_H100V25 

is exceptional and indicates the importance of 

sufficient compartment strength.  

 

The intrusions of the partner vehicle (Basic model) 

were large and the sub-frame mounts in the Basic 

model were not failed during the E2B_H100V25 

crash simulation. However, it can not be said that 

the compatibility performance is really bad. 

Actually, the intrusions of the vehicles in the cases 

of full horizontal and full or 25% vertical overlap 

C2C tests were not much different with each other. 

In other words, it can not be clearly said that the 

compatibility performance is really bad in those 

cases. 

 

The differences of AHOF and AHOF400 for the two 

vehicles in C2C tests are also summarized in Table 

3. In the case of E2B with 25% vertical overlap test, 

the differences of AHOF and AHOF400 are large 

and the compatibility performance is good. In this 

study, the differences of AHOF and AHOF400 

between two vehicles in C2C tests are not consistent, 

which means that geometric and structural 

interactions are more important to evaluate and 

need to be studied further to understand 

compatibility performance in frontal C2C test. 

 

 

CONCLUSIONS 

 

The study of sub-frame geometries in this study 

resulted should be carefully investigated. The 

structural changes conducted can be considered 

outside the basic design criteria of the original 

vehicle. However these changes are interesting to 

investigate to understand how structural changes to 

the subframe influence vehicle compatibility 

performance. 
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Table 3:Summary of results of C2C tests with three vehicle models (O: Good, △△△△: No better, and X: Poor)  

Cases Difference
1
 (mm) in Vehicle 

12
 

 
Horizontal 

Overlap 

Vertical 

Overlap 
AHOF AHOF400 

Self 

Protection 

Partner 

Protection 

Compatibility 

Performance
3
 

100% △ O O 

60% X O X 

40% 

100% -17 -64 

X O X 

100% △ △ △ 
60% X O X 

B2E 

40% 

25% 88 41 

X X X 

100% △ X X 

60% O O O E2B 

40% 

25% 122 169 

O O O 

100% △ X X 

60% X X X 

40% 

100% 56 25 

△ X X 

100% O X X 

60% X △ X 

B2S 

40% 

25% 161 130 

O X X 

100% △ O O 

60% X O X S2B 

40% 

25% 49 80 

△ △ △ 
 1. Difference is given by subtracting AHOF or AHOF400 of vehicle 1 from one of vehicle 2. 

 2. Self- and partner-protection of vehicle 2 is opposite of vehicle 1.  

 3. The results are compared with B2B under same C2C test condition. 

 

 

The longer sub-frame provided better self protection 

in most cases. In particular it provided better self 

protection when the vehicle was underriding its 

collision partner. In most cases it even provided an 

improvement in partner protection. Shorter sub-

frames had more intrusions in general and did not 

exhibit any significant safety benefits in this study. 
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ABSTRACT 

Today the numerical simulation is an inherent 
process of the development of the passive safety 
of vehicles. So it is understood that every state of 
the art dummy has a virtual counterpart. Based 
on the positive experiences of the development 
of high quality dummy models within FAT 
working groups, German automobile manufac-
turers, represented by PDB, and the software 
vendors Dassault Systèmes SIMULIA, DY-
NAmore and ESI Group decided to develop a 
high quality WorldSID 50th FE model. It will be 
available for Abaqus, LS-DYNA and 
PAM-CRASH. 

The WorldSID programme was initiated to de-
velop an advanced worldwide accepted dummy 
of improved biofidelity to access the injury risk 
to occupants in side impacts.  

The finite element model of the WorldSID is 
based on the latest production version of the 
physical dummy. Its FE mesh was developed by 
using the technical drawings of the dummy and 
additional scans of dummy parts. 

At first, it was necessary to identify the material 
properties of the dummy parts. An extensive test 
programme was started to obtain the required 
data. All materials were tested quasi-statically 
and dynamically. The material samples were 
taken from dummy parts and custom-built mate-
rial plates.  

The first release of the model includes the ge-
ometry and the material properties. It is used to 
design set-up and boundary conditions of com-
ponent and sled tests to validate the components 
as well as the complete model. A large number 

of tests of different types of loading for neck, 
thorax, lumbar spine, pelvis and arm were con-
ducted to obtain data for the validation process. 
The overall response and kinematics of the 
dummy is validated by using sled tests with 
different rigid barriers. 

The final release of the model will be published 
in 2010. Pre-releases of the model will be avail-
able till then. 

INTRODUCTION 

In November 1997 the WorldSID Task Group 
was formed under the led management of the 
ISO (International Organization for Standardiza-
tion). The Task Group’s aim was to develop a 
harmonised, technologically advanced side im-
pact dummy with improved biofidelity to replace 
the variety of side impact dummies used in regu-
lation and in consumer testing. The development 
of the WorldSID 50th under direction of 
ISO/TC22/SC12/WG5 was completed in March 
2004 when the first production version was re-
leased [1]. 

After the completion of the WorldSID and due to 
the activities of the WorldSID Task Group to 
introduce the dummy in legislation, it is clear 
that there will be a need of a high quality finite 
element model of the WorldSID 50th in the fu-
ture. Therefore, PDB, an association of five 
German car manufacturers, and the software 
vendors Dassault Systèmes SIMULIA, DY-
NAmore and ESI Group started the development 
of this model in autumn 2006. The methodology 
of the project is very similar to that of the Ger-
man FAT dummy projects. FAT working groups 
developed the US-SID, EuroSID 1, ES-2/ES-2re 
and BioRID II dummy models. These models are 
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frequently used worldwide and proved their 
suitability in enhancing vehicle safety since 
many years.  

APPROACH 

The development of the WorldSID FE model is 
primarily based on the requirements of future 
customers, represented by PDB.  

All validation tests cover a wide range of ex-
pected loading conditions in vehicle environ-
ments. The validation based on the certification 
tests is only a very small part of the validation 
programme. 

Development plan 

A four step development plan was introduced to 
the project. The dummy release 0 is the first 
result of the project. This model contains the FE 
mesh, correct masses and inertia, all joints and 
sensors. The materials are generic or derived 
from other dummy models. Release 0 is used for 
pre-studies to define component tests for the 
validation work. 

The second step, dummy release 1, comprises all 
data of the material tests as well as roughly vali-
dated components.  

The development of the model is almost com-
pleted after the third step, the release of version 
2. All parts are validated on component and sled 
test level.  

Finally, Version 3 is released after a period of 12 
months of use and user feedback of version 2.  

Interim versions of the model are also released. 
So a pre-version 1 was mainly used to define the 
validation tests of the components. This prelimi-
nary version used almost all results of the mate-
rial tests and was roughly validated by using the 
certification tests. 

 

Release 1 of the dummy model was completed in 
the 1st quarter of 2009 and the release of version 
2 is expected by end of 2009. 

Definition of validation tests 

The validation of the model by using tests with 
loading conditions close to vehicle environments 
requires a new approach of defining these tests. 
The idea is to identify the loading type of a com-
ponent in vehicle environment, to isolate this 
loading and finally, to transfer it into a simple 
test set-up. 

Figure 1 shows this process in principle. At first, 
the estimated load to a component in a vehicle 
crash and its load path is identified. Different 

set-ups of component tests that cover these load-
ing conditions are discussed. The focus is not 
only on these needs, the simplicity of the set-up 
is also an important requirement. The repeatabil-
ity of simple tests is typically higher than of 
more complex configurations. Simple and highly 
repeatable tests are usually more helpful to vali-
date a component because the uncertainties in 
the tests are clearly limited. 

Load path

Load level

Pre-
simulation

Test set-up
Preliminary 
test set-up

Test

Load path

Load level

Pre-
simulation

Test set-up
Preliminary 
test set-up

Test

 

Figure 1. Definition of component tests. 

Different proposals of set-ups are verified by 
using pre-simulations. Finally, the results of the 
first tests are compared with pre-simulation and 
estimations regarding load level and load path. 
The configuration and the boundary conditions 
are modified, if there is any problem or uncer-
tainty.  

This method is also applicable for material in-
vestigations and sled tests with the whole 
dummy. 

In general, it is difficult to use a model that is 
under development to run pre-simulations to 
design validation tests for the same model. How-
ever, the requirements to the predictability of 
such models can be less restricting because sim-
plifications and restrictions of the pre-simulation 
are considered. Iteration loops as shown in Fig-
ure 1 are common. Additionally, pre-simulations 
can also be conducted with other dummy models 
of a similar design. 

STRUCTURE OF THE MODEL 

In a first step the mesh was generated based on 
CAD data, generated from the technical draw-
ings of the WorldSID [2] and 3D scans of several 
parts.  

 

 

Figure 2. WorldSID FE model (LS-DYNA). 
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The rubber and foam parts are mainly made of 
hexahedron elements. Solely the pelvic flesh is 
made of tetrahedron elements because of the 
very complex geometry. The WorldSID finite 
element model is shown in Figure 2. 

The size of the finite elements of the dummy is 
set to ensure a time step of one microsecond. The 
current models are made of approximately 
135,000 nodes and 200,000 elements. They are 
equipped with the same measurement devices as 
the physical dummy. 

VALIDATION TESTS 

A significant effort was made to generate a com-
prehensive database on the static and dynamic 
material behaviour, and the dummy performance 
in component and whole dummy tests.  

The validation starts on the material level with 
detailed analysis of the material properties. 
Component tests of the most important body 
segments are improving the level of validation. 
Finally, sled tests with the complete dummy are 
used to investigate the interactions of the com-
ponents and to improve the quality of the model 
globally. 

Material Data 

In total 26 materials were tested to obtain the 
required data to define the materials. The mate-
rial samples (Figure 3) were directly cut from 
dummy parts, if possible. All rubber- and vinyl-
like samples were taken from custom-built 
plates. Their characteristic was verified with 
samples taken from dummy parts. 

  

© DYNAmore GmbH  

Figure 3. Material samples of the WorldSID. 

Depending on the type of material and the load 
they experience in a crash, static and dynamic 
tension and compression tests were conducted. 
The measured response curves can be directly 
implemented into typical foam and rubber mate-
rial models. 

Compression tests with constrained lateral ex-
pansion and free expansion were performed for 

the rubber-like materials. Lateral strains were not 
constrained and not considered.  

All tests were conducted quasi-statically and 
dynamically. The strain rates range from 20/s up 
to 400/s. Cyclic compression and tension tests 
were additionally performed for rubber-like 
materials. 

Component Level 

The implementation of valid material models 
ensures a certain level of validation. However, it 
is necessary to assure the validation with addi-
tional component tests of the most important 
dummy parts. 

 Head – The skin of the head was validated 
by using data of the head drop tests that are 
required for the certification of the WorldSID. 
The set-up of the frontal and lateral test is shown 
in Figure 4. 

 

Figure 4. Set-up of the frontal and lateral 
head drop test. 

 Neck – At first, the neck was roughly vali-
dated by using results of the certification tests. 
As shown in Figure 5 the head has been replaced 
by a substitute. The pendulum is decelerated by a 
piece of honeycomb. As this test has to be con-
ducted with every WorldSID periodically, the 
available data represents different specimen. So 
the scatter due to variances of the hardware is 
covered.  

 

Figure 5. Neck pendulum tests. 

The certification test does not cover the expected 
loading conditions of the neck in a vehicle envi-
ronment. Therefore, a second test set-up was 
chosen to obtain data of lateral and oblique neck 
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bending modes. Two different necks were tested 
to consider the variance of the hardware. 

As shown in Figure 6 head and neck were 
mounted on an accelerated sled. Two different 
crash pulses were used. The head hit the contact 
plate in the severe pulse only. A load cell meas-
ured head impact force. 

The head was equipped with triaxial angular rate 
sensors.  

 

 

Figure 6. Set-up of the neck sled tests. 

 Thorax – The thorax is one of the most 
important body segments of a side impact 
dummy. Therefore, a special the focus of the 
validation was on the ribcage of the WorldSID. 
More than 400 pendulum tests at different impact 
velocities, impact angles and with different pen-
dulum masses were conducted. Figure 7 shows 
the set-up of the test of the third inner thorax rib 
exemplarily. 

 

Figure 7. Set-up of the pendulum test with 
the 3rd inner thorax rib. 

At first, the inner ribs were tested to get data for 
the validation of the rib steel (Nitinol). The blue 
damping material was scraped from the ribs to 
obtain the pure response of the steel.  

Afterwards, the inner ribs were tested with 
damping material. The properties of the damping 
material were adjusted to get the right rib re-
sponses. The properties of Nitinol remained 
unchanged because the material was already 
adjusted in the first step of the validation. 

After the validation of the inner ribs, the ribcage 
had to be validated for both, inner and outer rib. 
Pendulum tests (Figure 8) with different bound-
ary conditions were used to obtain the required 

data. As all material parameters of the ribs are 
defined and validated in the tests with the inner 
ribs, the parameters to tune the model to these 
tests are limited. However, if the material models 
of Nitinol and blue rib damping material are 
defined correctly, the responses of the simula-
tions with the whole ribs should correlate well 
with the tests. 

 

Figure 8. Set-up of pendulum tests with the 
complete shoulder rib. 

The variance of the ribs was not analysed explic-
itly because most of the ribs had to be replaced 
during the extensive tests. Hence, the scatter of 
the hardware is included indirectly in the data 
set. 

The data of the certification tests with the as-
sembled dummy were also used to support the 
validation process. However, there was no focus 
on these kinds of data. 

 Lumbar Spine – The set-up of the lumbar 
spine tests is very similar to that of the neck sled 
tests. Two lumbar spines were mounted on an 
accelerated sled. The crash pulse as well as the 
mounting angle of the dummy parts was varied. 

 

Figure 9. Set-up of the lumbar spine tests. 

A replacement of the upper torso is mounted on 
top of the lumbar spine rubber. Accelerometers 
and angular rate sensors are directly embedded 
into this part. The geometry of the mass re-
placement was defined by using pre-simulations. 
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The focus was on realistic kinematics and on the 
right ratio of bending and shear of the spine 
rubber. High-speed videos of WorldSID crashes 
were taken as benchmark. 

After the run of the pre-tests, the test set-up had 
to be modified. Mass and centre of gravity of the 
thorax replacement was tuned to improve the test 
results.  

The lumbar spine is indirectly tested in the certi-
fication tests. Figure 10 show exemplarily one of 
the pendulum tests with the dummy. Due to the 
long load path and the large number of involved 
dummy parts, the relevance of these certification 
tests on the validation of the lumbar spine rubber 
is limited. However, some of the certification 
tests were also used to improve the performance 
of the lumbar spine. 

 

Figure 10. Certification test of the WorldSID. 

 Iliac Wings – Pendulum tests were used to 
obtain data for the validation of the bony pelvis. 
Main design parameter of the tests was the pubic 
force. It should be very close to the expectations 
in vehicle crashes. Two different set-ups with 
different impact locations and velocities were 
defined. 

 

Figure 11. Set-up of the iliac wing pendulum 
tests. 

At first, the half pelvis was tested. This set-up 
helped to validate the pubic buffer and the iliac 
wing. The complete pelvis was tested afterwards. 
These tests were conducted to investigate the 
interaction between left and right iliac wing and 

the influence of the soft pubic buffer on the 
pelvis kinematics. 

All test configurations and its boundary condi-
tions were defined by using pre-simulations. 

 Arm – Pendulum tests were used to validate 
the stiffness of the arm joint and to improve the 
material models of the foam and the plastic bone 
of the arm. Impact location and impact velocity 
were varied in the tests. Figure 12 shows one of 
the test configurations exemplarily. 

 

Figure 12. Set-up of the arm pendulum tests. 

Sled Tests 

The defined sled tests imparts loads on the 
dummy, which are similar to loads in the vehicle. 
The boundary conditions of these tests are well 
known and precisely described. That ensures a 
clearly higher level of repeatability of test results 
than tests with vehicles. 

In general, sled tests are very important for the 
validation of a dummy model. Firstly, they are 
required to check the interactions of the 
validated sub-components and secondly, they 
cover typical loading conditions including 
similar kinematics of the dummy in vehicle tests. 

Two different kinds of sled tests are defined. The 
first series with flat barrier faces can be com-
pared to the barrier tests conducted within the 
EuroSID 1 and ES-2/ES-2re test programme [3].  

The second test programme uses more sophisti-
cated barriers. The curved front is derived from 
typical deformation patterns of vehicles in 
oblique pole tests. 

 

The posture of the dummy was measured with a 
3D measurement system prior every tests. So it 
is possible to reproduce it in the simulations 
exactly. 

 Flat Barrier – The test with the flat barriers 
were conducted at two different impact veloci-
ties. They represent severe and mid severe load-
ing conditions. Target parameter for the defini-
tion of the velocity was the maximum deflection 
of the ribs and pubic force. 
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Figure 13. Set-up of the sled test with flat 
barrier. 

Figure 13 shows the set-up of the test with the 
flat barrier. The main load is applied to the 
dummy through the shoulder. The lateral head 
excursion is limited by a contact plate to avoid 
damages of the neck or the sensors mounted in 
the head. 

 

Figure 14. Set-up of the sled test with pelvis 
pusher. 

The second set-up with the flat barrier is shown 
in Figure 14. Compared to the first configura-
tion, the load is mainly applied through pelvis 
and shoulder to the dummy. 

 Curved Barrier – The tests with the flat 
barriers represents purely lateral crashes. There 
is almost no rotation of the upper torso. So it was 
decided to create a new kind of rigid barrier that 
induces upper torso rotation. The 75° degree pole 
test was taken as starting point of the develop-
ment of this barrier face. 

 side walls of 
the seat back 

 

Figure 15. Intrusion profiles of different cars. 

At first, the intrusion of several cars was ana-
lysed. Figure 15 shows feature lines of the door 
trim and the back of the seat at a certain time of 
a pole crash. Based on this information a new 
barrier face was defined. Pre-simulations were 
run with the ES-2 dummy model finalise the 
geometry. A draft of the new barrier is shown in 
Figure 16. The final version will be equipped 
with an arm rest. The impact velocities are not 
defined yet but will be similar to those of the 
tests with the flat barriers. 

 

 

Figure 16. Draft of the curved barrier face. 

RESULTS 

The validation of the dummy is not completed. 
Results of validation tests of some materials and 
body segments are shown exemplarily. 

Material Level 

For some of the materials, the experimental data 
could be incorporated directly as input into the 
material models, for some others the data needed 
further calibration. 

First step in the calibration process was to evalu-
ate various material models to fit the quasi-static 
compression, tension and volumetric test data. 
Second step was to run material tests and come 
up with material parameters to predict the strain 
rate sensitive material behaviour. Figure 17 
shows a simulation of a compression test exem-
plarily. 

  

Figure 17. Abaqus component model for 
compression testing. 
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 Rubber Materials – The results of the defi-
nition and validation of the WorldSID materials 
are exemplarily described for rubber materials of 
PAM-CRASH.  

Rubber is usually modelled as incompressible 
visco-elastic material with viscous response. 
Material models of the Ogden family [4] do have 
these characteristics and are used for the World-
SID model. All Ogden parameters are derived 
from the measured material properties such as 
uniaxial tension, compression and shear.  

The accuracy of the generated material parame-
ter was validated by simulating the material 
tests.  

As mentioned above the material tests were 
conducted at different velocities. Parameters of 
the so-called Prony series have to be defined to 
cover viscous strain rate effects of the rubber. 

 

Figure 18. Quasi-static loading of rubber in 
test (black) and simulation (red). 

Figure 18 shows a comparison of the test and 
simulation results of quasi-static compression. 
The deviances between both curves during the 
unloading phase have to be improved in a next 
step, if this behaviour is considered essential for 
the accuracy of the results of the global dummy 
model. Compared to that, the correlation of the 
signals in a dynamical load case is clearly better 
(Figure 19). 

 

Figure 19. Dynamical loading of rubber in 
test (black) and simulation (red). 

Component Level 

The shown results of the validation are 
preliminary because the model is not completed 
yet. Beside the tuning of the material parameters 
the validation of the components includes also 
improvements of the modelling. 

 Neck – The neck component consists of 
moulded rubber neck, head, lower and upper 
neck brackets, neck buffers and neck interface 
plates. As shown in the previous section the neck 
assembly is attached on a sled and accelerated. 
The focus of the validation was on the right 
kinematics of head and neck and on the good 
correlation of lateral neck shear force Fy and 
neck bending moment Mx. 

The behaviour of the moulded rubber neck rela-
tive to the head on the top and the neck brackets 
at the bottom is determined by the half spherical 
screws and the neck buffers. The moulded neck 
and the buffer material models have been cali-
brated based on the quasi-static and dynamic 
material tests. The behaviour of the half spheri-
cal screws has been validated using the neck 
certification tests. Similarly, the head skin mate-
rial was validated using the material tests and the 
head drop certification tests. 

Comparisons between the experimental results 
(black) and the preliminary results from Abaqus 
simulations (red) of the oblique tests using the 
low severity pulse are shown below. 

 

Figure 20. Angular velocity of the head. 

The angular velocity of the head is a good 
indicator to evaluate the kinematics of the head 
by using responses curves. As the curves of 
Figure 20 indicate, the head of the model starts 
lightly earlier to rotate than the physical head. 
The upper neck torque confirms (Figure 21) 
these findings. However, the correlation between 
model and hardware is already acceptable. 
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Figure 21. Upper neck bending moment Mx. 

The performance of the neck is very similar in 
the other load cases. Nevertheless, the neck 
component validation is not completed yet. Stud-
ies to improve the neck kinematics are still ongo-
ing. 

 Thorax –The WorldSID has one shoulder 
rib, three thorax ribs and two abdomen ribs 
which are designed in a similar way. The ribs 
consist of an inner and outer band made of Niti-
nol. This material is a memory shape alloy which 
undergoes a crystal transformation during de-
formation including high influence on the mate-
rial stiffness. On the inner band of the ribs a 
damping material is used. The damping proper-
ties are similar to the rib damping material of the 
SID-IIs. 

All curves shown in this section are taken from 
the LS-DYNA model. 

In the first step, material tests are used to gener-
ate baseline material parameter sets for ribs and 
damping material. The responses curves of the 
tests with the material sample were directly 
implemented in the material models. 

All ribs are modelled in the same way and use 
the same material models. The mesh fineness 
permits the modelling of different connection 
methods. 

 displ. IR-TRACC  displ. IR-TRACC 

 

Figure 22. Displacement of the 3rd thorax rib 
w/o damping material (different impact ve-
locities). 

The Nitinol material was calibrated by using 
pendulum tests of the inner ribs without damping 
material. The connectors of rib and rib clamping 

bracket were validated in these tests too. Figure 
22 shows the deflection of the 3rd thorax rib 
under different loading conditions. The re-
sponses of the LS-DYNA model (red) are shown 
exemplarily. 

 displ. IR-TRACC  displ. IR-TRACC 

 

Figure 23. Displacement of the 3rd thorax rib 
w/ damping material (different impact veloci-
ties). 

Afterwards, the blue damping material was vali-
dated by using pendulum tests of the complete 
inner ribs. Results of the third thorax rib with 
damping material at two different load levels are 
shown in Figure 23. 

 displ. IR-TRACC  displ. IR-TRACC 

 

Figure 24. Displacement of the complete 3rd 
thorax rib (different pendulum masses). 

Finally, the assembly of inner and outer ribs is 
validated by using pendulum tests of the almost 
fully assembled thorax. Solely the rib above and 
below the tested rib was disassembled to avoid 
contacts of the pendulum with those ribs. These 
tests are used to validate the whole rib assembly, 
including the sternum material and the connec-
tion method of the outer rib clamps. The tests are 
carried out using different velocities and differ-
ent pendulum masses. Some results are shown in 
Figure 24. 

The simulation results show good correlation to 
the test data. The level of validation, exemplarily 
shown for some responses of the 3rd thorax rib, is 
similar for all the other rib tests. Thus, the thorax 
validation is completed for the first releases of 
the WorldSID. The performance of the ribs 
might be improved after the simulation of the 
sled tests. 
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 Lumbar Spine – The lumbar spine is a very 
important part of the WorldSID. Only its right 
implementation in the model ensures correct 
kinematics of the upper torso. Therefore, the 
lumbar spine sled tests have to cover a wide 
range of loading conditions.  

The sled tests are mainly used to improve the 
Ogden and Prony parameters of the lumbar spine 
rubber. Especially the parameters for triaxial 
loading can only be defined with these tests 
because material tests with triaxial loading were 
not conducted. The interactions between the 
different parts involved in those tests needs to be 
considered in the validation process too. 

Figure 25 shows the lateral shear force Fy and 
the torque Mx about the longitudinal axis of the 
dummy. Two different lumbar spines were tested 
(black curves) at the same time and their per-
formance is clearly different. The PAM-CRASH 
model (red) correlates fairly well with one the 
specimen. The rubber of the other specimen 
seems to be different to that used in the material 
tests. However, in a next step the computational 
model will be tuned to correlate to the second 
lumbar spine. The final model will either match 
the first or the second lumbar spine. Averaging 
of the responses of the two specimens does not 
make sense in this special application. 

 F-Y-LUMBAR-SPINE M-X-LUMBAR-SPINE 

 

Figure 25. Shear force and bending moment 
measured in the sacro-iliac load cell. 

Detailed analysis of tests and simulation indi-
cates that pre-stress, which results from gravity 
loading, has to be considered in the model.  

 Pelvis – In order to validate the behaviour of 
the pelvic bones and the pubic buffer, tests were 
performed on the half pelvis and the full pelvis. 

Two configurations were used to test the half 
pelvis. In the first configuration, the iliac wing 
was hit at a position in alignment with the pubic 
load cell. The accelerations measured on the 
impactor and the pubic load cell forces are used 
to calibrate the pubic buffer material. In the 
latter configuration, the iliac wing was hit at its 
outmost position. This test is used to validate the 
pelvic bone material. The iliac wing material 
will influence forces and moments measured at 

the sacro-iliac load cell, which is the interface 
between pelvis bone and the sacrum block. 

The full pelvis was impacted only at its outmost 
position on one side. This is an ideal case to 
validate the interaction and the load path be-
tween the left and right iliac wing, as well as the 
influence of the pubic buffers on the overall 
pelvis kinematics. 

Each component test was repeated for two dif-
ferent velocities, to help calibrate the rate sensi-
tive behaviour of the iliac wing and the pubic 
buffer materials. 

Preliminary results from the Abaqus simulations 
are shown in the plots below.  

 

Figure 26. Pubic force in the full pelvis test. 

The correlation of the pubic force Fy in one of 
the tests using the full pelvis set-up is shown in 
Figure 26. The achieved level of correlation is 
acceptable. 

 

Figure 27. Iliac wing torque at the sacro-iliac 
load cell (full pelvis test). 

Compared to that, the torque Mx at the sacro-
iliac load cell does not correlate well with the 
experiment in the same test (Figure 27). Peak 
and unloading phase of the signal deviate too 
much from the tests. More investigation is 
needed to identify the problem.  
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Sled Tests 

The validation of the model using the barrier 
tests is not completed yet. However, the first 
simulation runs with the flat barriers are very 
promising. So the amount of work to improve the 
level of validation of the sub-components is 
acceptable. New components tests are obviously 
not needed.  

Figure 28 shows exemplarily one of the models 
used to define the boundary conditions of the 
sled tests. Initially, the arm position was defined 
as shown in Figure 28 (2nd notch). After the first 
pre-test the position was changed (Figure 14, 1st 
notch) because of the unrealistic rib deflection. 
While the shoulder rib was deformed up to the 
design maximum, there was almost no deflection 
at the thorax and abdomen ribs. This deformation 
pattern is not helpful for the validation of the 
model and does not correlate with the experi-
ences with the WorldSID in vehicle environ-
ments. The arm covers the rib cage in the revised 
set-up. So the deformation of the ribs is more 
balanced now.  

 

Figure 28. Computational model of a sled test 
with the WorldSID. 

LIMITATIONS 

The current releases of the WorldSID are only 
validated by using material, component and 
dummy certification tests. So the individual 
components have a very good validation level for 
all codes. The validation of the interactions of all 
of these components is still in progress. It will be 
done by using the sled tests with the dummy as 
well as with dummy without jacket. So the 
performance of the model will be increased after 
completion of the validation using sled test data. 

In general, the WorldSID is an unique and very 
new dummy. The experiences with this dummy 
is much lower than for others like ES-2 or 

ES-2re. Thus, it is possible that some behaviour 
appears in the future, that is not covered by the 
extensive validation databases of the WorldSID 
model. 

FURTHER DEVELOPMENT 

The validation of the model will be completed by 
integration of the results of the sled tests with the 
flat barriers. Afterwards, the design of the curved 
barriers will be discussed and modified, if neces-
sary. These tests should help to improve the 
models again. 

CONCLUSION 

A group of car makers and software vendors 
developed high quality FE models of the World-
SID 50th dummy for the crash solvers Abaqus, 
LS-DYNA and PAM-CRASH. The models are 
based on the requirements of the automotive 
industry. All validation tests on material, com-
ponent and sled test level are consequently based 
on experiences with the WorldSID and other side 
impact dummies in vehicle crashes. 

The current models are validated on material and 
component level. The achieved quality is re-
markable, especially as the results of the sled are 
not implemented yet.  

The models of all three crash codes are at a very 
similar level. First releases are ready to use after 
implementation of the component and certifica-
tion test data. 
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ABSTRACT 
 
The objective of this study was to understand the 
structural interaction in frontal collisions 
between a compact passenger car and different 
Option 2 light truck based vehicles (LTVs). 
 
Vehicle-to-vehicle (VTV) crash tests were 
conducted to understand how these new concepts 
perform.   Full frontal VTV crash tests into 
Model Year(MY) 2002 Ford Focus were 
conducted with the MY2006 Ford F-250 
secondary energy absorbing structure (SEAS) 
attached and with the SEAS removed.  Full 
frontal VTV crash tests into Focus were also 
conducted with the MY2006 Honda Ridgeline 
and MY2007 Chevrolet Silverado with the SEAS 
attached only.  Ridgeline and Silverado SEAS 
are fixed below the rails and can not be removed 
like F-250.  The results of these tests are 
presented and discussed in this paper.  The 
largest LTVs are being equipped with new 
frontal structures to prevent override with 
passenger cars and  it cannot be properly 
evaluated with the current full frontal barrier test.  
A new instrumented rigid override barrier (ORB) 
concept has been developed to evaluate the 
strength of SEAS and tested for this purpose.  
This paper summarizes and discusses the design 
and testing of the ORB.  
 
Furthermore, Finite Element (FE) models of 
MY2006 Ford F-250 and MY2007 Chevrolet 
Silverado were developed by the National Crash 
Analysis Center at the George Washington 
University under a contract with National 
Highway Traffic Safety Administration 
(NHTSA) and Federal Highway Administration 
(FHWA).  The structural interaction in frontal 
collisions between a compact passenger car and 
the two LTVs was investigated using computer 
simulations. 
 
 
 

 
 
INTRODUCTION 
 
In December 2003, a voluntary commitment was 
signed by 15 major members1 of the Alliance in 
the USA to begin designing LTVs up to 10,000 
pounds Gross Vehicle Weight Rating (GVWR) 
in accordance with one of the following two 
geometric alignment options no later than 
September 1st, 2009 [Alliance 2003, 2005, and 
2006]. 
 
Alliance submitted an amendment to the 
agreement to the NHTSA on May 10th, 2006, 
which added a strength requirement for the 
SEAS.  Alliance’s research plan for further 
improving front-to-front compatibility also was 
refined to contemporaneously investigate 
potential dynamic geometric, stiffness, and other 
relevant front-end performance characteristics 
that would enhance partner protection without 
sacrificing self-protection in front crashes.  This 
quasi-static test requirement states that the SEAS 
shall withstand a load of at least 100 kN exerted 
by a loading device, before this loading device 
travels 400 mm from the forward-most point of 
the significant vehicle structure. 
 
Option 1: The light truck’s primary frontal 
energy absorbing structure (PEAS) shall overlap 
at least 50% of the Part 581 zone (as defined in 
49 CFR 571.3) AND at least 50% of the light 
truck’s PEAS shall overlap the Part 581 zone (if 
the PEAS of the light truck is greater than 8 
inches tall, then overlap of the entire Part 581 
zone is required). 
 
Option 2:  If a light truck does not meet the 
criteria of Option 1, there must be a SEAS, 
connected to the primary structure whose lower 

                                                           
1 BMW, DaimlerChrysler, Ford, GM, Honda, 
Hyundai, Isuzu, Kia, Mazda, Mitsubishi, Nissan, 
Subaru, Suzuki, Toyota, Volkswagen. 
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edge shall be no higher than the bottom of the 
Part 581 bumper zone.  
 
The voluntary agreement was implemented in 
2004 and, as of August 2008, 81% of MY2007 
applicable vehicles were designed in accordance 
with the front-front criteria.  With this voluntary 
agreement underway, it is useful to examine the 
light vehicle compatibility problem to see what 
vehicle structural changes have been made over 
years. 
 
The emergence of SEAS in 2004 on large LTVs 
led to lack of consensus in developing a vehicle 
dynamic test, largely because the various fleet 
examples of SEAS were so different.  One thing 
was clear however, to evaluate the performance 
of all the different types of SEAS frontal 
structures a new test was needed.  The most 
promising evaluation concepts were either a 
deformable barrier test of some kind, or a low 
rigid ORB designed to engage and deform the 
SEAS to measure its strength in a dynamic test.  
While other organizations evaluated deformable 
barrier concepts, NHTSA focused on the ORB. 
 
The objective of this study was to understand the 
structural interaction in frontal collisions 
between a compact passenger car and various 
Option 2 LTVs.  The goal was to understand 
how these new concepts perform in ORB 
impacts and in VTV tests.   
 
VTV crash tests were conducted to characterize 
the structural interaction between compact 
passenger cars and Option 2 LTVs.  The results 
of these tests are presented and discussed in this 
paper.  A new ORB concept was developed and 
tested for this purpose.  This paper also 
summarizes and discusses the design and testing 
of the ORB.  
 
In addition, Finite Element (FE) models of the 
2006 Ford F250 and 2007 Chevrolet Silverado 
were developed by the National Crash Analysis 
Center at the George Washington University 
under a contract with NHTSA and the FHWA.  
The Ford   F-250 has a cross member type SEAS 
while the Chevrolet Silverado had a non-cross 
member type SEAS.  The structural interaction 
in frontal collisions between a compact 
passenger car and the two LTVs was investigated 
using computer simulations. 
 
The FE models were validated against full 
frontal rigid barrier laboratory crash tests 

[http://www.ncac.gwu.edu/vml/models.html]. 
Full frontal impacts with a compact passenger 
car were performed with and without the SEAS 
to evaluate the change in structural interaction. 
 
The ORB test procedure was expected to 
evaluate the strength and energy absorption 
characteristics of SEAS.  The performance of 
SEAS in VTV tests was expected to show a 
benefit from using SEAS. 
 
Updated ORB design 
 
The initial full frontal tests and ORB design as 
shown in Figure 1 were described but the results 
were not included in ESV paper 07-0231 because 
the results were not completely analyzed at the 
time  of writing that paper.  As shown in Figure 
1, lower one raw is ORB and upper four rows are 
not part of the ORB.  During Honda Ridgeline 
SEAS test, its forces on ORB exceeded the Load 
Cell (LC) capacity (load cells were saturated).  
So after the initial test series, a redesigned ORB 
as shown in Figure 2, similar to first generation 
design except higher capacity LCs was designed 
and tested. 
 

 
 
Figure 1.  The initial ORB design.  
 
Each load cell on the initial ORB was 250 x 250 
mm in size; 222400 N (50,000 lbf) capacity 
(single axis).  The ORB was 500 mm from the 
instrumented back-wall.  The ORB is modular in 
design, with the width adjustable by adding or 
removing individual load cells and the 
supporting structure.  The top of the ORB was 
infinitely adjustable to 16”–20” height (Part 581 
zone) and was adjusted to be below the PEAS of 
the vehicle being tested. 
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Figure 2.  The redesigned ORB    
 
The redesigned ORB as shown in Figure 2 is 
similar to the first generation ORB except that 
each 250 x 250 mm load cell is now replaced by 
four 125 x 125 mm; 300,000 N (67,440 lbf) 
capacity single axis load cells. 
 
VEHICLE CRASH TEST RESULTS 
 
NHTSA conducted three ORB crash tests to 
evaluate the performance of vehicles with SEAS: 
 
2006 Ford F-250 (Blocker Beam SEAS) 
2006 Honda Ridgeline (PEAS Extension) 
2007 Chevrolet Silverado (PEAS Extension) 
 
These PEAS Extensions are basically SEAS with 
added structure at the bottom of the rails (PEAS) 
to bend rails downward.  
  
The tests were subjected at vehicle speeds of 25 
mph (40 kph), based on an estimate of the speeds 
required to generate a significant loading on the 
SEAS.  The tests with the F-250 and Ridgeline 
were conducted with the 1st generation (initial) 
ORB, while the test with the Silverado was 
conducted with the redesigned ORB. 
 

2006 Ford F-250 Results 
 
The F-250 used a blocker-beam as SEAS.  The 
SEAS can be easily removed for comparison 
tests without the SEAS. 
 

 

 
 
Figure 3.  Ford F-250 SEAS design and test 
 
Figure 3 shows the location of the PEAS and 
SEAS of the F-250. 
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Figure 4.  Ford F-250 forces recorded by the ORB load cells and Force-Deformation plot 
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Figure 4 shows that the vehicle met the 
Technical Working Group’s (TWG) criteria of 
the SEAS withstanding a force of 100 kN within 
displacement of 400 mm from the forward-most 
point of the vehicle structure.  It was noted that 
no load cells were overloaded as shown in the 
plot above but the vehicle’s end brackets  which 
are used to attach the SEAS to the rails generated 
higher forces. 
 

 
 
Figure 5.  The energy absorbed by the SEAS   
 
Total crash Energy = 181,237 J 
% absorbed by SEAS in 400 mm = 12.8 % 
 
VTV crash tests into the 2002 Ford Focus were 
conducted with the F-250 SEAS attached and 
with the SEAS removed.  The crash pulses and 
dummy injury assessment values from the two 
tests are shown in Figure 6. 
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Figure 6.  Ford Focus deceleration and 
dummy injury assessment values 
 
In the comparison VTV test with Ford Focus, the 
SEAS on the F-250 appears to have improved 
compatibility by lowering the dummy 
assessment values and the peak g in the partner 
vehicle.  Post test pictures show reduced crush 
(and more occupant compartment space) in the 
Focus in the impact with the F-250 with the 
SEAS attached. 
 
2006 Honda Ridgeline Results 
 
The location of the PEAS (red color) and SEAS 
(yellow color) in the Ridgeline is shown in 
Figure 7.  The PEAS extended into the Part 581 
zone.  This overlap of the PEAS into the Part 
581 Zone resulted in high loads on the ORB in 
this test. 
 
Figure 8 shows the pre-test and post-test pictures 
of the ORB and SEAS alignment and the 
deformed PEAS and SEAS respectively. 
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Figures 7.  Honda Ridgeline SEAS design (PEAS in red and SEAS in yellow color) 
 
 
 
 

 
 
Figure 8.  The pre and post-test pictures of the ORB with the align PEAS and deformed PEAS- SEAS 
respectively. 
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Figures 9.  Honda Ridgeline forces recorded by the ORB load cells and Force-Deformation plot 
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The forces on the ORB easily exceeded 100 kN 
in 400 mm displacement.  However, forces in 
two of the five ORB exceeded the load cells 
capacity as shown in Figure 9 plot of individual 
ORB load cells.  The results of this test beyond 
400 mm displacement are of questionable 
quality. 
 

 
 
Figure 10.  The energy absorbed by SEAS  
 
Total crash Energy = 143,838 J 
% absorbed by SEAS in 400 mm = 27.5 % 
 
VTV crash test into the 2002 Ford Focus was 
conducted with the Ridgeline SEAS only, since 
SEAS can not be removed for this vehicle.  The 
injury measures in this test were much higher.  
These high injury values suggest that the 
Ridgeline SEAS structure was stiff.  This result 
calls for further research to evaluate SEAS 
structure and especially redesign the ORB to 
measure its strength.  
 
2007 Chevrolet Silverado Results 
 
The Silverado has brackets attached to PEAS as 
shown in Figure 11-12.  These brackets are 
intended to bend the PEAS downwards in a 
frontal crash. 
 

 
 
Figure 11.  Silverado SEAS design 
 

 
 
Figure 12.  The pre-test picture of the 
alignment of the ORB and the SEAS  
 

 
 
Figure 13.  The post-test picture showing the 
deformed PEAS and SEAS  
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Figure 14.  Chevrolet Silverado forces 
recorded by the ORB load cells (Force-
Deformation plot) 
 
The SEAS for this vehicle met the TWG criteria 
of 100 kN in 400 mm displacement and observed 
that forces were not exceeded the load cells 
capacity. 
 

 
 
Figure 15.  The energy absorbed by SEAS  
 
Total crash Energy = 160,276 J 
% absorbed by SEAS in 400 mm = 8.9 % 
 
VTV crash test into the 2002 Ford Focus was 
conducted with the Silverado SEAS only. SEAS 
for this vehicle can not be removed.  VTV test 
could be conducted with the SEAS brackets 
removed by cutting off the brackets at the 
attachment point with the PEAS.  However, such 
a test has not been conducted.  The results from 
the VTV test (with SEAS) with the Ford Focus 
had high injury assessment values for the Focus 
occupants. 
 
 

COMPUTER SIMULATION RESULTS 
 
The structural interaction between passenger cars 
and Option 2 LTVs in frontal crashes was 
investigated using computer simulations.  The 
NCAC/GWU has developed a fleet of virtual 
vehicles which were used to evaluate the 
effectiveness of static geometric alignment on 
structural interaction.   The vehicle models 
chosen for this study as shown in Figure 16, 
were based on the 1996 Dodge Neon, 2006 Ford  
F-250 and the 2007 Chevrolet Silverado.  All of 
these FE models were validated to full frontal 
rigid barrier impact tests 
[http://www.ncac.gwu.edu/vml/models.html]. 
 

 
 
Figure 16.  Finite Element Models of Neon,   
F-250 and Silverado 
 
Frontal impacts between the following vehicle’s 
pairs were analyzed in this study: 
 
1996 Dodge Neon–2006 Ford F-250 (Option 2 
LTV, cross-member type SEAS) 
1996 Dodge Neon–2007 Chevy Silverado 
(Option 2 LTV, PEAS Extension) 
 
The Force-Deformation (F-D) characteristic for 
the Neon, F-250 and Silverado in a full frontal 
fixed barrier impact is shown in Figure 17.  From 
the F-D curves, it is evident that the frontal 
structure of the F-250 and the Silverado are 
much stronger than that of the Neon.  True 
AHOF400 (average height of force delivered by 
a vehicle in the first 400 mm of crush), and the 
Kw400 (measure of stiffness based on crush 
energy absorbed by a vehicle in the first 400 mm 
of crush) [Mohan, 2008] were calculated for 
each of the vehicles.  Table 1 summarizes the 
difference in mass, geometry and stiffness 
between the target vehicle (Neon) and the two 
bullet vehicles (F-250 and Silverado).  The 
simulations were conducted such that the target 
vehicle (neon) experienced an impact severity 
similar to that of the frontal NCAP test 
condition.  
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Consequently, the energy required to crush 400 
mm of the front end of the F-250 and the 
Silverado is much higher than the Neon, as 
reflected by their respective Kw400 measures.  
VTV full frontal simulations were conducted 
between Neon-F-250 and Neon-Silverado.  The 
closing speed was chosen to match the impact 
severity of an NCAP test for the Neon. 
 

 
 
Figure 17.  Force Deformation Comparison of 
Neon, F-250 and Silverado 
 
Table 1.  Mass, AHOF400 and Kw400 for 
Neon, F-250 and Silverado 
 

Target Veh. Bullet 1 Bullet 2
Neon F-250 Silverado

Mass kg 1335 2998 2622

Mass Ratio 2.25 1.96

True AHOF400 mm 448 704 584

AHOF Ratio 1.57 1.30

Kw400 N/mm 1251 2940 2550

Kw400 Ratio 2.35 2.04

Approach Velocit mph 35 15.59 17.8

Closing Speed mph 50.59 52.80

 
The front-end structural alignment between the 
Neon-F-250 and the Neon-Silverado is shown in 
Figure 18 and Figure 19.  There is a significant 
vertical geometric mismatch between the PEAS 
of the Neon and F-250.  The SEAS positioned 
below the PEAS of the F-250 overlaps 50% of 
the Neon PEAS as required by the Alliance 
voluntary commitment to improve compatibility 
in frontal impacts for Option 2 LTVs.  Due to the 
presence of SEAS, the Silverado is classified as 
an Option 2 LTV in this study.  Geometrically, 
the vertical mismatch of the PEAS is much lower 
between Neon-Silverado when compared to 
Neon-F-250. 
 

 
 
Figure 18.  Geometric Alignment, Neon-F250 
 

 
 
Figure 19.  Geometric Alignment, Neon-
Silverado 
 
F-250-Neon Simulation Results 
 
Full frontal simulations between the Neon and  
F-250 were conducted with and without the F-
250 SEAS to evaluate the influence of SEAS on 
structural interaction between the two vehicles.  
The interaction between the PEAS of the Neon 
and the F-250 is illustrated in Figure 20 (with 
SEAS) and Figure 21 (without SEAS).  The 
SEAS on the F-250 prevents the Neon from 
completely under riding the F-250.  The front of 
the Neon PEAS interacts with the F-250 SEAS 
and crushes axially in the beginning, but as the 
SEAS starts to fail the Neon PEAS starts to bend 
towards the ground.  Without the SEAS on the  
F-250, the structural interaction between the 
frontal structures is significantly reduced 
resulting in notable underriding of the Neon 
front end. 
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Figure 20.  Structural Interaction between 
Neon and F-250 (with SEAS) 
 

 
 
Figure 21.  Structural Interaction between 
Neon and F-250 (without SEAS) 
 
The change in structural interaction was 
primarily investigated based on the amount of 
crash energy absorbed by the vehicles involved 
in the crash.  The amount of structural intrusion 
into the occupant compartment of the vulnerable 
vehicle was also compared. 
 
The crash energy absorbed by the vulnerable 
vehicle (compact car, Neon in this study) is 
further divided into two groups: 
 

� Front engine compartment energy 
� Occupant compartment energy 

 
The front engine compartment energy is the 
energy absorbed by the components that are 
designed to absorb the crash energy.  The 
occupant compartment energy is the energy 
absorbed by the occupant compartment, which is 
primarily designed to prevent any structural 
collapse into the occupant compartment. 
 

 

 
 
Figure 22.  Energy Distribution (Neon-F-250) 
 
The benchmark for energy comparison is a full 
frontal simulation between identical Neon’s at 
the same impact severity.  The mass, the 
AHOF400 and the Kw400 are all equal.  The 
energy distribution for the Neon front engine 
compartment and occupant compartment for full 
frontal impact between Neon-F-250 (with 
SEAS), Neon-F-250 (without SEAS) and Neon-
Neon is shown in Figure 22.  Due to significant 
mismatch between the Neon PEAS and the       
F-250 PEAS, the Neon frontal structures do not 
deform ideally (as design optimized for frontal 
impact into fixed barrier).  Consequently, the 
energy absorbed by the Neon front engine 
compartment is lower compared to the 
benchmark simulation between identical Neon’s.  
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The presence of SEAS shows that the occupant 
compartment energy initially follows the 
benchmark simulation, but due to the taller, 
stiffer and heavier F-250, the Neon occupant 
compartment continues to crush and absorb more 
energy to satisfy the conservation of energy 
principle.  On the other hand, without the SEAS, 
there is significant underride of the Neon frontal 
structures and the energy absorbed by the Neon 
occupant compartment converges to the 
benchmark simulation.  Based on past crash 
testing, NHTSA has found that structural 
mismatch may reduce compartment acceleration 
on the partner vehicle; however, it is never 
desired. 
 
The energy comparison would not be conclusive 
without evaluating the resulting intrusions into 
the occupant compartment of the vulnerable 
vehicle.  The intrusion into the Neon occupant 
compartment in full frontal impact with F-250 
(with and without SEAS) and Neon is shown in 
Figure 23.  The structural underride between the 
Neon and F-250 without SEAS resulted in lower 
toe pan intrusions compared to the impact 
between Neon and F-250 with SEAS.  This is 
expected as the lower load path is not utilized 
due to the geometrical mismatch of the structures 
without the SEAS on the F-250.  The toe pan 
intrusions in the case of the Neon to F-250 with 
SEAS are very similar to the benchmark impact 
between identical Neons.  However, in both 
cases (Neon to F-250 with SEAS and without 
SEAS) the driver side A-pillar intrusions are 
nearly twice (160mm) that of the benchmark 
impact between identical Neons.  This intrusion 
is highly undesirable as the dash, steering 
column and the air bag modules are moving 
rearward and are compromising the survival 
space of the occupant.  This may also result in 
lowering the effectiveness of the driver air bag in 
reducing risk of serious injuries. 
 

 
 
Figure 23.  Neon Intrusions (Neon-F-250) 
 
Silverado-Neon Simulation Results 
 
The structural interaction between the PEAS of 
the Neon and the Silverado is illustrated in 
Figure 24 (with SEAS) and Figure 25 (without 
SEAS).  The presence or absence of SEAS on 
the Silverado has negligible effect in the overall 
crush kinematics of the Neon frontal structures.   
 

 
 
Figure 24.  Structural Interaction between 
Neon and Silverado (with SEAS) 
 

 
 
Figure 25.  Structural Interaction between 
Neon and Silverado (without SEAS) 
 
The energy distribution between the front engine 
compartment and occupant compartment of the 
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Neon for full frontal impact between Neon-
Silverado (with SEAS), Neon-Silverado (without 
SEAS) and Neon-Neon is shown in Figure 26.  
The energy absorbed by the Neon frontal 
structures in a frontal impact between Neon-
Silverado is similar to the benchmark simulation 
between identical Neons.  The Neon frontal 
structures deform ideally (as design optimized 
for frontal impact into fixed barrier) absorbing 
the crash energy.  However, the energy absorbed 
by the occupant compartment is significantly 
higher when compared to the benchmark 
simulation.  Since, the Silverado is much heavier 
and stiffer than the Neon; the Neon structure has 
to absorb the remainder of the crash energy to 
satisfy the conservation of energy principle. 
 

 

 
Figure 26. Energy Distribution (Neon-
Silverado) 

One interesting observation is that both the front 
engine compartment and occupant compartment 
energies of the Neon are marginally lower when 
impacted by the Silverado without the SEAS.  
The design and placement of the SEAS makes 
the Silverado PEAS stiffer and reduces its 
contribution to energy absorption in a frontal 
impact with the Neon.  When the SEAS is 
removed, there is slightly higher energy 
absorption by the Silverado PEAS which lowers 
the amount of energy to be absorbed by the Neon 
frontal structure. 
 
The resulting Neon compartment intrusions 
complement the observation above on energy 
distribution.  The resulting toe pan and A-pillar 
intrusions are notably higher for the Neon-
Silverado (with and without SEAS) simulation 
compared to the benchmark simulation Figure 
27.  Without the SEAS, the intrusions at the toe 
pan are slightly lower as some of the crash 
energy is absorbed by the Silverado PEAS. 
 

 
 
Figure 27.  Neon Intrusions (Neon-Silverado) 
 
SUMMARY OF COMPUTER SIMULATIONS 
 
The observations from the Neon-F-250 
simulations demonstrate that the cross-member 
type SEAS design helps prevent underriding of 
the Neon frontal structures.  However, the SEAS 
in the Silverado was a non-contributing factor in 
the overall crush kinematics of the Neon frontal 
structures, mainly because of the vertical overlap 
of the PEAS structures of the Neon and 
Silverado.  In fact, the Silverado without SEAS 
showed slight improvement in both intrusions 
and energy absorption of the Neon.     
Improvement in geometric compatibility is 
essentially a step in the right direction.  Further 
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improvement in structural interaction is possible 
by lowering the aggressiveness of the LTV’s.   
 
This preliminary analysis was limited to 
understanding the structural interaction in full 
frontal impacts.  Other frontal and oblique 
impact conditions and impact locations and their 
effect on structural interaction were not 
considered in this preliminary analysis.    
 
CONCLUSIONS 
 
The industry voluntary test for the SEAS is a 
quasi-static push test that requires the SEAS 
structure to withstand a minimum of 100 kN of 
force before 400 mm deflection from the front of 
the primary structure (e.g., the rails on which it is 
mounted).  Such a test may guarantee a 
minimum strength, but it does not prohibit the 
structure from being designed too strong for 
good car compatibility.  An energy absorption 
evaluation could optimize the SEAS for 
compatibility. 
  
The ORB dynamic tests showed that the vehicles 
tested meet the proposed SEAS performance 
criteria suggested by the Alliance’s TWG.  
 
The full frontal simulations between a compact 
passenger car (Neon) and the Ford F-250 without 
the SEAS showed reduced intrusions in the Neon 
toepan area.  However, there was significant 
underride of the Neon which resulted in 
increased intrusions near the driver side A-pillar.  
In the case of F-250 with SEAS, there was 
increased structural interaction between the 
SEAS and the Neon PEAS which prevents 
frontal structures from underriding each other.  
As a consequence there is more intrusion into the 
occupant compartment when compared to the 
frontal impact without the SEAS. This 
observation was based on the simulation results 
with FE model of the 1996 model year Neon.  In 
recent years, the structural design and self-
protection levels of compact passenger cars have 
significantly improved (based on frontal NCAP 
and IIHS front offset test results) and the 
observation may be different in frontal impacts 
between these newer compact cars and the Ford 
F-250 with and without the SEAS.  The presence 
or absence of SEAS on the Chevrolt Silverado 
had negligible effect in the overall crush 
kinematics of the Neon frontal structures.  This 
is primarily attributed to the SEAS design and its 
location. 
 

Further study is needed to determine the 
effective performance requirements for SEAS.  
This study was limited to the three SEAS designs 
that were available in production vehicles at the 
time of testing.  Other SEAS designs and their 
performance may need to be considered before 
an appropriate ORB test procedure is identified.  
The difference in the design of the PEAS 
confounds the study of the effects of SEAS in 
VTV tests.  In the case of the Ford F-250, where 
the SEAS could be removed, the VTV tests show 
a benefit from SEAS.  However, the SEAS on 
the F-250 had the lowest strength.  Additional 
criteria for the SEAS, like energy absorbed, may 
be considered in the future.   
 
Like most programs using crash tests, this study 
is subject to limitations in the number of vehicles 
studied.  Additional SEAS designs will need to 
be studied, along with their effect in mitigating 
injuries in the partner vehicle, before any 
conclusions can be made about the effectiveness 
of the proposed TWG performance criteria. 
 
Option 2 LTV’s reward the added SEAS to 
reduce override of passenger cars.  These 
structures will require a new test procedure for 
evaluation.  This paper shares the designs of the 
ORB, and results from tests of Option 2 vehicles 
equipped with and without SEAS.  
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ABSTRACT 
 
The safety of a vehicle is today of great importance 
for the automotive industry. The light weight 
vehicle designs are to increase in worldwide over 
the next years with respect to environmental and 
road safety regulations to make surface transport 
safer and more effective. The vehicle design 
models are usually complex in nature and nonlinear 
in terms of computational issues. The design and 
optimization in the area of transport are usually 
challenging tasks due to the highly nonlinear 
behaviour of structural parts with respect to 
durability, crashworthiness and vehicle dynamics 
issues. The design optimization process is usually 
limited by the excessive costly computational 
requirements in case of nonlinear model 
simulations and with respect to the difficulties for 
efficient exploration of multi-objective design 
space in the area of vehicle safety research such as 
crashworthiness. Although some studies which are 
given in literature have been carried out to solve 
the safety problems such as crashworthiness, they 
have not been efficiently solved yet. Recently, 
significant research in the area of vehicle safety and 
light weight vehicles through simulation based 
optimization undertaken, and it is expected to 
continue further resulting in reductions in cost and 
time for new vehicle development process. The 
purpose of this paper is to explore design 
optimization approaches for development of light 
weight cars to satisfy safety needs for automotive 
structure and its components. In this paper, the 
shortcomings of traditional approaches, new design 
optimization approaches, stochastic and intelligent 
approaches that can be implemented to handle 
complex and nonlinear models are presented to 
provide a frame for designer in the vehicle 
development phase with the focus on enhanced 

safety for lightweight vehicles in the automotive 
industry.  
 
INTRODUCTION 
 
The number of safety and light weight vehicle 
regulations has been presented to improve safety 
and quality of road transport. The regulations will 
continue to increase in over the next years. This 
will have increase environmental and road safety 
issues worldwide with respect to making surface 
transport safer, more effective, and more 
competitive. The automotive industry must present 
new approaches especially in the automotive design 
process to produce new products, which are least 
sensitive to disturbing factors of manufacturing and 
environment issues with the focus to safety and 
lightweight.  
Road transport safety has improved significantly 
over the last decades as indicated by a 50% 
reduction of the total number of fatalities in the EU. 
This decrease is with respect to continue as new 
safety regulations and technologies and through 
improved passive and active safety systems, but 
with increased mobility the current situation with 
43,000 deaths and 1.9 million injured on European 
roads requires further efforts. A target of halving 
the number of fatalities on European roads by 2010 
has been set (as compared to 2001), and further 
reduction is reported for 75% by 2020. Therefore, 
further research on enhanced safety concepts 
should be carried out in order to achieve these 
targets [1-6].  
It is obvious that a significant improvement in 
vehicle safety will depend upon the presentation of 
innovation and advanced design optimization 
techniques. In addition, a substantial reduction of 
accident fatalities can be achieved through an 
integrated system design and optimization 
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approaches considering both vehicle technology 
and infrastructure.  
The purpose of this paper is to explore design 
optimization approaches for development of 
vehicles to satisfy enhanced safety needs for 
automotive structure and its components. The 
design optimization approaches with less 
computational efforts, stochastic optimization and 
intelligent approaches are presented with the focus 
on enhanced safety applications especially with 
respect to crashworthiness and optimum design of 
vehicle systems and components.   
This paper is organized as follows:  vehicle safety 
R&D aspects are taken into account in “Vehicle 
Safety R&D” Section. It is based on current 
situation, roadmaps and future research directions 
referencing automotive related organizations and 
papers published in literature by academis and 
industry. The optimization techniques with 
reference to vehicle safety are outlined through 
stochastic techniques and simulation approaches in 
“Optimization Techniques in Vehicle Safety R&D” 
Section. Finally, “Conclusions” Section is included 
to summarize vehicle safety R&D and design 
optimization issues to design safer vehicles in the 
automotive industry.    
  

VEHICLE SAFETY R&D 
 
Safety aspects and mobility are growing concerns 
in both developed and developing countries. The 
safety of a vehicle and road transport is today of 
great importance and a high priority research area 
for the automotive industry.  
The reduction in road accident fatalities and 
injuries can only be achieved by introduction of 
improved technologies for newer vehicles and road 
transport systems regarding vehicle safety 
standards. Therefore, further research on enhanced 
safety concepts must be carried out in order to 
reduce the accident fatalities and to achieve better 
occupant protection on road transport. In addition, 
the cost reduction to present safer vehicle designs 
through shorter lead times must be satisfied by 
introducing new optimization approaches. 
Although significant improvements have been 
achieved to meet the safety needs of society and 
industry, there is an increasing demand to further 
increase passive and active safety systems.  

There is a need to define the road maps and 
strategies for future research areas to achieve given 
targets and overcome the limitations of existing 
systems. This will help to reach the social and 
industrial needs in more effective and cost efficient 
way and it will prevent independent works with the 
lack of common position on the issues of vehicle 
safety and road transport. In this section, vehicle 
safety R&D is investigated regarding papers 
published by academia and industry in literatre and 
also from the side of automotive related 
organizations.  
The automotive related organizations are 
established to bring together independent 
companies and R&D providers belonging to 
industry, private and public research institutes and 
universities to enhance vehicle safety and other 
automotive related issues in the automotive sector 
throughout Europe [1-6]. For example, EARPA is 
the association of automotive R&D organizations. 
EARPA-AVDT presents the safety aspects to 
introduce the future safer vehicles and to introduce 
new technologies for safe and secure road transport 
systems. ERTRAC is a technology platform. 
ERTRAC's goal is to provide a framework to focus 
co-ordination efforts of public and private 
resources on the necessary research activities in the 
vehicle development area. Safety issues are also 
covered by APROSYS, APSN, FURORE 
organizations. APROSYS Integrated Project (IP) 
deals with the development and introduction of 
critical technologies that improve vehicle safety for 
all European road users in all relevant accident 
types. Another organization regarding safety issues 
is APSN (Advanced Passive Safety Network). It is 
established to promote passive safety research and 
to help in the dissemination of information and 
results, all with a view to reducing the number of 
casualties on European roads. The APSN is aimed 
at providing prioritised future vehicle safety 
research needs and actions. FURORE is a thematic 
network platform to discuss breakthrough 
technologies and the corresponding research 
demand for the future vehicles. EUCAR developed 
an Automotive R&TD Master Plan in order to 
define a European approach to technologies for 
automotive development and to present the major 
R&D challenges the automotive industry is facing. 
The CARS 21 final report reflects the deliberations, 
opinions and agreements within the CARS 21 High 
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Level Group, which was set up to chart the way 
towards sustainable development of a competitive 
European automotive industry. In CARS21 final 
report, it is stated that a holistic, integrated 
approach involving vehicle technology, 
infrastructure and the road user is the best means 
for increasing road safety and a crucial point is due 
to R&D investments to improve the current levels 
on road transport with particular relevance to safety 
and security [2].   
Research field descriptions and road maps 
regarding vehicle safety and road transport are 
defined by these organizations in details bringing 
together Universities, R&D organizations and 
automotive sector representatives.  
Vehicle safety R&D is becoming one of the 
important research area through the design of 
enhanced safety components using new 
optimization techniques and intelligent systems. 
Research targets and road maps show that the 
significant enhancement in vehicle technologies 
and safety is crucial for future vehicle design 
concepts to satisfy social and industrial needs.  It 
can be concluded that the reduction in accident 
fatalities and injuries can be achieved through 
introduction of new design optimization 
approaches, intelligent systems and innovation to 
produce safer vehicles with new structures and 
safety aspects.  
Recently, several papers have been published in 
literature with respect to vehicle safety especially 
about crashworthiness and structures [7-18]. The 
most common point is that the implementation of 
multi-objective optimization methods through 
stochastic techniques are required to design 
enhanced safety vehicle structures and systems to 
handle with uncertainty and variability and able to 
explore pareto optimal design space for global 
optimization. Multidisciplinary simulation and 
multi objective optimization methodologies, 
techniques for handling uncertainty and variability 
to design are reported to support the design and 
optimize the vehicle components of future 
advanced safer vehicles, for example, the 
development of new methods, that will guide 
protective safety design for the improvement of 
safety in case of crashworthiness of cars in frontal 
and side impacts through global optimization 
approaches.  
 

OPTIMIZATION TECHNIQUES IN 
VEHICLE SAFETY R&D 
 
The automotive industry must present new 
approaches especially in the automotive design 
process to produce newer models with the focus to 
enhanced vehicle safety issues through lightweight 
products, which are least sensitive to disturbing 
factors of manufacturing and environment to make 
surface transport safer, more effective and 
competitive. In this section, the optimization 
techniques which are implemented in vehicle 
development process are introduced referencing to 
vehicle safety aspects, especially crashworthiness 
and vehicle structures. 
The design and optimization in the vehicle 
development process regarding safety aspects such 
as crashworthiness are usually challenging tasks 
due to complex models and highly nonlinear 
behaviour of vehicle structure with respect to 
durability, fatigue and vehicle dynamics. The 
design optimization process is usually limited by 
the excessive costly computational requirements in 
case of nonlinear model simulations and with 
respect to the difficulties for efficient exploration 
of multi-objective design space. For vehicle safety 
problems, such as crashworthiness, the responses 
are often includes uncertainties and it has several 
drawbacks that can cause numerical difficulties to 
find search direction through time consuming 
approaches  and in some applications, it may not 
even be possible to compute the derivatives 
Although some studies which are given in literature 
have been carried out to solve the crashworthiness 
problem, the problem has not been efficiently 
solved yet [7-18].The crashworthiness design and 
optimization are challenging tasks due to the highly 
nonlinear behaviour of a structure. Therefore 
gradient based approaches such as steepest descent, 
conjugate gradient, Newton methods are hard and 
expensive to find the search directions and also 
explore design space. In these techniques, the 
search direction is computed at an initial estimate 
for the minimum design. The initial point definition 
for estimation of a starting design may cause 
drawbacks with respect to convergence rate and 
even to stick in infeasible solution areas [19-21].    
In traditional approach, complexity of design 
models can cause limitations due to analysis, 
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optimization and simulation process requirements 
of vehicle structures.  
The structural layout, which is defined by initial 
design concept, and shape optimization have 
significant effect on product performance and 
manufacturing cost. Therefore, how to achieve 
optimal initial design concept and how to achieve 
efficient shape optimization process are important 
issues which took significant attention by 
researchers in recent years.  Initial design concept 
is often based on experience of designers and it 
includes uncertainties which may cause unexpected 
shortcomings during the development phase and 
the life of the product. These shortcomings of 
traditional design approaches can be handled by 
defining stochastic optimization techniques with 
topology design approach [22]. Topology design 
approach is widely used to define initial conceptual 
structural layout of products. It provides an initial 
design concept for downstream applications 
following design. In traditional approach the 
starting design outlines are not optimal therefore 
further optimization works on the structure will not 
be the right solutions. Topology optimization 
searches for the best conceptual structural layout on 
a predefined design domain with specific boundary 
and loading conditions to achieve optimal initial 
design structure.  
Another problem in automotive industry is how to 
achieve Safer vehicle design concepts by 
considering structure performance and 
manufacturing cost in the early stages of product 
development. The optimisation methods are used to 
design products, which are light-weight to improve 
the cost and fuel efficiency, without sacrificing 
strength and performance due to safety 
requirements. During the optimisation, the shape 
and size of structure can be changed, but the 
topology of the structure is not changed. Therefore, 
optimisation techniques have to be considered in 
the conceptual design phase to create an optimal 
initial design layout. 
Recently, topology design, artificial intelligence 
and stochastic optimization techniques are widely 
implemented to design optimization problems in 
vehicle safety and road transport areas. The 
shortcomings of traditional approaches in vehicle 
design can be handled by defining the optimal 
topology as initial design concept and by using 
artificial intelligence techniques and stochastic 

optimization approaches such that uncertainties can 
be prevented with less computational efforts. 
Most real world engineering problems involve at 
least an element of uncertainty in loading 
conditions, in material characteristics, in analysis 
process, in manufacturing, etc. Many optimization 
approaches do not consider this uncertainty for the 
design optimization process. In recent years there is 
a growing interest in the automotive industry, 
especially in the design process due to the 
effectiveness of the stochastic optimization and 
artificial intelligence techniques for improving the 
quality characteristics of the products and to 
overcome the above mentioned shortcomings [19-
21]. 
Stochastic optimization does not have above 
mentioned drawbacks with respect to search 
direction and exploration of design space which are 
important aspects in case of multi-objective vehicle 
safety cases. Widely used stochastic design 
optimization techniques are Genetic Algorithms 
(GA), Particle Swarm Optimization (PSO), 
Simulated Annealing (SA). In stochastic 
optimization different background variables can 
vary stochastically during the optimization 
procedure. A major difference between stochastic 
optimization and traditional optimization methods 
is that stochastic optimization is rather a 
reproduction of the real model considering 
uncertainties.  
Modelling and simulation techniques are also 
implemented in optimization algorithms to enhance 
the presentation of solution space, to reduce the 
number of experiments and to analyse sensitivity of 
design parameters such as Response Surface 
Method (RSM), Design of Experiments (DO), 
Taguchi Method (TM) [17-19]. For crash 
simulation problems with a highly non-linear 
behaviour of the objective function, the use of local 
gradient based optimization algorithms is not 
suitable. volutionary algorithms are more efficient 
for these problems.  
Artificial intelligence techniques are also used to 
define design optimization models in case of 
uncertainties.   Neural network, also called artificial 
neural system, is an information processing 
technique which is developed to simulate the 
functions of a human brain. Neural network is 
composed of  elementary processing units which 
are called as neurons. Neurons are interconnected 
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by weighted connections. Among various neural 
network architectures, back propagation (BP) is a 
widely used technique for training of multi layer 
perceptrons (MLP). An identical process is 
repeated for each weight of the hidden layer 
connections if there is more than one hidden layer. 
Several repeated solutions with different initial 
weights and network parameters are used to 
converge to the optimal solution [20]. 
The real world design and manufacturing problems 
are usually multi-objective, often conflicting, and 
they have uncontrollable variations in their design 
parameters with complex nature. The objectives 
must be satisfied simultaneously in order to obtain 
an optimal robust solution. The whole problem 
must be taken as multi-objective with the Pareto 
optimal set instead of single objective optimization. 
Traditional optimization methods are not only time 
consuming in solving complex nature problems that 
include multivariable and multi-objective but also 
they may not be used efficiently in finding global 
or near global optimum solutions. In addition, they 
can stick to the local optimum values such as in 
case of crashworthiness problems.  
Traditional design procedure is an iterative process. 
It starts with an initial concept design that is based 
on the experience, knowledge and intuition of the 
designer. Analysis and redesign steps are carried 
out to evaluate and modify the product layout. This 
is time consuming and inefficient procedure that 
can create sub-optimal structure layouts since 
starting topology is not optimal. The designer may 
consider many alternative topologies and one of 
them is chosen as being final component layout. 
This procedure may result with final component 
layout, which is often non-optimal. However, in 
topology optimisation approach, designer does not 
have to choose optimal topology among 
alternatives and no priori knowledge about 
topology is required. The goal of topology 
optimisation is to find the best use of material for a 
component [23].  
 
CONCLUSIONS 
 
In this paper, design optimization techniques are 
outlined with reference to enhanced vehicle safety 
research to support more sustainable transport 
development. It is shown that stochastic 
optimization and intelligent approaches can be 

implemented to handle complex and nonlinear 
design models to provide a frame for designer in 
the vehicle development phase with the focus on 
enhanced safety in the automotive industry. In 
general, conclusions can be given as follows:  

• There is a need to develop computationally 
efficient techniques to design competitive 
products for safer vehicle structures by 
increasing transport safety in line with the 
objectives for European transport policy in 
order to reduce the annual road victims. 

• There is a need to consider uncertainties in 
crashworthiness using stochastic optimization 
techniques to achieve efficient designs, for 
dynamic problems, without considering 
uncertainties may cause infeasible solutions.  

• There is a need to develop design frames to be 
employed at early design stages since the 
problem is due to initial design, which highly 
depends on experience and skill of designer, 
this can cause inefficient design alternatives 
which are not optimal. 

Although some studies which are given in literature 
have been carried out to solve the safety problems 
such as crashworthiness problem, the problem has 
not been efficiently solved yet. Further research is 
essential to improve the vehicle safety and road 
transport systems through the use of advanced 
optimization techniques and innovation. This will 
help to reduce the casualties on road transport to 
the lowest limits and to achieve the targets set 
related to road transport safety.  
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ABSTRACT 

Small overlap frontal crashes occur when vehicles are 
loaded outboard of their longitudinal structural 
members. Studies from the 1990s as well as current 
research have found that these crashes continue to 
account for a significant percentage of all serious 
frontal crashes. The National Automotive Sampling 
System/Crashworthiness Data System database was 
used to study the characteristics of these crashes in 
current model vehicles for drivers with injuries (ex-
cluding extremity injuries) rated 3 or greater on the 
abbreviated injury scale. Cases were individually 
analyzed to only include vehicles in which the major-
ity of the loading was located outboard of the left 
longitudinal member. Occupant compartment intru-
sion was the primary factor in the resulting injuries, 
showing a strong correlation between the magnitude 
of intrusion and injury severity. Results suggest that 
vehicle designs must improve their ability to prevent 
occupant compartment intrusion when a vehicle is 
loaded at the outboard edges of its front end. 

INTRODUCTION 

Vehicle crashworthiness has improved greatly during 
the past 30 years, as indicated by the reduction in the 
occupant death rate per million vehicle registrations of 
1-3 year old cars from 265 in 1979 to 98 in 2007 [1]. 
Despite these improvements, 28,869 vehicle occu-
pants were killed in crashes in the United States in 
2007. Frontal crashes accounted for half of these 
deaths even though new cars almost universally pass 
frontal crash tests with flying colors and have for 
several years. Ninety-five percent of 2008 model year 
vehicles earned 4 or 5 stars out of 5 for frontal crash 
protection in the National Highway Traffic Safety 
Administration’s New Car Assessment Program [2] 
and 91% earned the Insurance Institute for Highway 
Safety’s (IIHS) highest rating of good for frontal 
crashworthiness. Although these two consumer in-
formation programs can be credited for some of this 
progress, neither currently provides incentives to 
further improve frontal crashworthiness. 

In an attempt to identify opportunities to advance 
crashworthiness beyond the current state of the art, 
researchers at IIHS recently studied frontal crashes of 
good-rated vehicles that resulted in serious injuries or 
deaths [3]. Crashes were sorted by type of front 
damage, and three major crash types were identified: 
narrow center damage (from crashes with trees and 
poles), moderate overlap damage (like that from the 
IIHS 64.4 km/h (40 mi/h) 40% offset test), and small 
overlap crashes (with the majority of loading outboard 
of the longitudinal member). Small overlap crashes 
tended to exhibit high levels of intrusion, similar to 
that observed in the early days of the IIHS frontal 
offset test program, suggesting that structural design 
improvements do not extend to crashes with small 
amounts of vehicle overlap. 

Identification of small overlap crashes as a significant 
contributor to frontal crash injuries and fatalities is not 
new. In a study of fatal frontal crashes in the United 
Kingdom, Hobbs [4] found that 27% of the crashes 
had deformation in which neither longitudinal mem-
ber was involved. O’Neill et al. [5] analyzed frontal 
crashes in the United States and determined that 
frontal crashes with less than 33% overlap accounted 
for 22% of fatal crashes. Scheunert et al. [6] examined 
real-world crash data in Germany to study the distri-
bution of frontal crash types and determined that 26% 
of the crashes were equivalent to a 30% overlap crash 
test. In a more recent study of fatal frontal crashes in 
Sweden, Lindquist et al. [7] found that 34% of the 
deaths occurred in crashes in which there was no de-
formation of the outboard longitudinal members. The 
methodologies and terminologies varied among these 
studies, but results consistently indicated that about 
one-quarter of all serious frontal crashes involved 
loading substantially less than 40% of the vehicle’s 
front end. The focus of the present study was to con-
duct an in-depth analysis of the characteristics of small 
overlap frontal crashes that resulted in serious injuries 
or deaths with the idea of understanding how vehicles 
can be improved to better protect people in this im-
portant frontal crash mode. 
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METHODS 

Cases were obtained from the National Automotive 
Sampling System/Crashworthiness Data System (NASS/ 
CDS) database. Small overlap crashes were defined as 
frontal crashes in which the majority of loading to the 
vehicle was outboard of the longitudinal member. The 
majority of these crashes should be captured by FLxx 
and FRxx SAE J224 Collision Deformation Classifi-
cation (CDC) codes (Figure 1). There are instances, 
however, in which a small overlap crash may have 
been given a code suggesting a different type of crash. 
To capture all small overlap crashes, the initial inclu-
sion criteria captured a much wider range of crash 
types, and then all cases were inspected in detail. 

 
Figure 1. SAE J224 CDC horizontal damage codes 
for frontal crashes. 

The SAE J224 code combinations were limited to 
those shown in Figure 2. The crash principal direction 
of force (PDOF) was between -30° and 0°, resulting in 
crash clock directions of 11 or 12 o’clock. All crashes 
had primary damage to the frontal plane (plane of 
damage = F) on either the left or left/center zones 
(horizontal damage = L or Y). Vehicles also had 
damage to (at a minimum) the bumper and other 
structures up to the level of the hood (vertical damage 
= E or A). Finally, the general damage code for the 
type of crash was either E (corner), W (wide), N 
(narrow), or S (sideswipe). There was no requirement 
on the deformation extent. Vehicles involved in a 
rollover or fire were excluded. All vehicles were 
model year 2000-08 passenger vehicles (body type = 
1-49). Occupants were nonejected drivers ages 16 and 
older who were using lap/shoulder belts and who were 
fatally injured or had a maximum abbreviated injury 
score (MAIS) between 3 and 6. Because the point of 
this study was to understand how deaths and life- 

threatening injuries might be prevented in small 
overlap crashes, drivers were excluded if the only 
MAIS 3-6 injury was to the lower or upper extremities. 

In some small overlap frontal crashes there is almost 
no longitudinal deformation of the bumper or longi-
tudinal members, and for this reason occasionally 
these cases are misinterpreted as lateral impacts. To 
capture all potential small overlap frontal crashes, 
some lateral impacts also were included for visual 
inspection. These crashes had the same search criteria 
as the frontal impacts with the following exceptions: 
plane of damage (left), horizontal damage (F or Y), 
and PDOF (-30° to 0°). 

It is common for NASS/CDS cases to have fatalities 
with limited injury information, resulting in injury 
severity score (ISS) values of zero. Two of the fatali-
ties in this study had these misleading ISS values. To 
better represent the severity of these injuries, they 
were given adjusted ISS values of 50. This estimate 
was based on the approximate average of the re-
maining six fatalities in the study. All ISS values 
included in the results are the adjusted ISS values.  

The purpose of the present study was to analyze the 
injury mechanisms and crash characteristics in small 
overlap crashes that have some relevance to potential 
crash test scenarios. Cases with complicating factors 
such as multiple impacts, incorrect belt use, injuries 
caused by events unrelated to the primary impact, or 
injuries primarily due to pre-existing medical condi-
tions were excluded. 

RESULTS 

A total of 21 cases met all inclusion criteria. The 
majority of the vehicles (17 of 21) had CDC codes 
with left horizontal damage (FLEE-10, FLAE-5, 
FLAW-2) denoting damage to the left third of the 
vehicle. Two of the vehicles had a left/center hori-
zontal damage code (FYEW), and the remaining two 
vehicles were coded by NASS/CDS as having primary 
damage to the left plane (LYAW, LYES). The authors 
believe that the latter two vehicles actually were in-
volved in small overlap frontal crashes. Both vehicles 
had initial contact on the bumper, had the wheels torn 
off the vehicle (rather than driven into the axle), and 
had longitudinal, as well as lateral, intrusion.  

Fifteen of the case vehicles were cars and six were 
light trucks (pickups, SUVs, or vans). No case ve-
hicles were minivans. Crash partners, in order of fre-
quency, were light trucks (8), trees/posts/poles (TPP) 
(6), cars (3), minivans (2), and heavy vehicles (HV) 
(2). Heavy vehicles included a school bus and the rear 

  
Figure 2. Possible CDC codes for inclusion criteria 
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trailer tires on a tractor trailer. The combinations of 
case vehicles and crash partners are listed in Table 1, 
with TPP-HV denoting trees, posts, and poles com-
bined with heavy vehicles. In 76% of the cases, the 
crash partner was a light truck or TPP-HV.  

Table 1. 
Case vehicle and crash partner combinations 

Case vehicle Crash partner Number 
Car Car 3 
Car Minivan 2 
Car Light truck 5 
Car TPP-HV 5 
Light truck Light truck 3 
Light truck TPP-HV 3 

All case vehicles had occupant compartment intru-
sion. Because the focus of this study was on 
life-threatening injuries to the driver, all intrusion 
values discussed in the paper are for the driver seating 
area (instrument panel, A-pillar, steering wheel, roof 
rail, door, etc.) and exclude measurements in the 
toepan region. Some vehicles had both longitudinal 
and lateral intrusion, although longitudinal intrusion 
generally was larger and occurred in more vehicles. Of 
the 21 vehicles, 16 had a maximum intrusion value 
that was longitudinal in direction, whereas 5 vehicles 
had a maximum lateral intrusion value. For the 18 
vehicles with specific measurement values, the aver-
age maximum intrusion value was 32 cm. Vehicles 
with a maximum longitudinal intrusion had an average 
value of 34 cm, whereas vehicles with lateral intrusion 
had an average value of 25 cm. 

To provide a comparison for the magnitude of intru-
sion in these vehicles, they were compared with those 
measured in the IIHS frontal offset crash test. Longi-
tudinal intrusion at the left instrument panel is a 
common NASS/CDS measurement, and also is rec-
orded by IIHS. There were 17 cases with measured 
longitudinal left instrument panel intrusion in which 
the same vehicle also had been tested by IIHS. The 
average IIHS intrusion value was 8 cm, whereas case 
vehicles had an average intrusion of 23 cm. When 
only the vehicles with maximum longitudinal intru-
sion (12) were included, the average IIHS intrusion 
value remained 8 cm, whereas the average vehicle 
intrusion increased to 29 cm. This comparison of 
instrument panel intrusion likely underestimates the 
difference in intrusion extent between these small 
overlap crashes and their frontal offset test counter-
parts because many of these vehicles had components 
with even higher intrusion values. These other com-
ponents (A-pillar, steering wheel, roof rail) often were 
those contacted by the occupant resulting in injuries. 

Eight of the 21 case vehicles did not have delta V 
values reconstructed, or the values were coded by 
investigators as “results appear low.” The remaining 
13 vehicles had a mean value of 32 km/h (range 18-54 
km/h). The method for determining delta V is based 
on stiffness estimates of a vehicle’s front structure, 
which are based on crash tests involving the longitu-
dinal structural members. In small overlap crashes, 
these structures are not loaded, and in many cases the 
actual damage locations are not measured. For this 
reason, there is little confidence in the accuracy of the 
delta V estimates.  

Case occupants had an average age of 44 years (range 
19-69), with 15 males and 6 females. There were eight 
fatalities. Injury data for the drivers is shown in Figure 
3. For two of the fatalities, there was limited injury 
information. For one driver, the only information was 
a statement by the investigator that the driver died of 
fatal head/neck injuries. This driver was assigned an 
AIS 6 head injury. For the second fatality, there was 
no injury information, and thus all data shown in 
Figure 3 is based on 20 occupants.  

 

Figure 3. Percentage of drivers with injuries to 
each body region by AIS level. 

For AIS 2+ injuries, the most commonly injured body 
regions were the thorax (75%), head/face (50%), 
lower extremities (55%), and abdomen (40%). For 
AIS 3+ injuries, the most commonly injured body 
regions were the thorax (70%), head/face (45%), and 
lower extremities (30%). These trends were slightly 
different for AIS 4+ injuries, for which injuries to the 
head/face and thorax were equal (35%). It should be 
noted that the percentage of lower extremity injuries 
was directly influenced by the study’s inclusion crite-
ria, which excluded drivers whose only AIS 3+ injury 
was to lower (or upper) extremities. 

There was a strong relationship between intrusion and 
injury severity. Figure 4 shows ISS values as a func-
tion of maximum occupant compartment intrusion.  
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Figure 4. ISS as a function of vehicle intrusion. 

For each driver’s most severe injuries, a proposed 
injury mechanism was determined. This determination 
was based on vehicle intrusion patterns, injury in-
formation, occupant contact points, etc. For the ma-
jority of crashes, there was sufficient intrusion that 
injuries clearly were due to contact with interior 
structures, and even an optimal restraint system could 
not have prevented them. Three distinct patterns of 
intrusion were associated with these injuries (Table 2). 
Both lateral and longitudinal intrusions were ob-
served. Injuries associated with longitudinal intrusion 
tended to be more severe than those associated with 
lateral intrusion. There were four cases, however, in 
which the proposed injury mechanism was due to a 
combination of loads produced by the restraint system 
and longitudinal intrusion. Although these cases were 
characterized by lower levels of intrusion (11-14 cm), 
contact with intruding structures could not be ruled out 
as a possible injury source.  

Table 2. 
Injury mechanisms, intrusion amounts, 

and injury severity scores 

Injury mechanism Cases Intrusion ISS 
Longitudinal intrusion 7 54 cm (long) 49 

Lateral intrusion 5 25 cm (lat) 23 

Longitudinal and 
lateral intrusion 

5 27 cm (long) 31 

Longitudinal intrusion 
and restraint system 

4 12 cm (long) 18 

Although small overlap crashes are a relatively spe-
cific crash type, there still were several crash scenarios 
and damage patterns among the case vehicles. Crashes 
were further organized to capture these different crash 

scenarios based on several factors: crash partner, crash 
angle, and vehicle damage location. 

Crash partners were divided into two categories: 
passenger vehicles and TPP-HV. Crash angles were 
classified as being either collinear or oblique. When a 
case vehicle and partner vehicle had similar damage 
patterns, crash angle was classified as collinear. 
However, if the partner vehicle’s front damage was 
more horizontally distributed than that of the case 
vehicle, such that the partner vehicle’s damage looked 
more like that associated with moderate overlap 
crashes, then the crash angle was classified as oblique. 
All of the crashes with different damage patterns for 
case and partner vehicles were described by 
NASS/CDS investigators as involving the partner 
vehicle crossing the roadway centerline and into the 
path of the case vehicle (Figure 5). The oblique nature 
of the crash could be caused either by the angle of the 
partner vehicle as it crossed the centerline or by the 
case vehicle steering away in a defensive maneuver. 
No attempt was made to further specify the oblique 
angle. All vehicles that struck TPP-HV were classified 
as collinear. 

 

Figure 5. Diagram of vehicle-to-vehicle oblique 
small overlap crash (10° shown); case vehicle 
shown in yellow, partner vehicle in blue. 

Vehicle damage location was divided into three 
possible groups: sideswipe, no sideswipe, and severe 
override. Sideswipe was defined as direct damage to 
the case vehicle by the partner vehicle rearward of the 
A-pillar. An example of sideswipe is shown in Figure 
6. Induced damage to the occupant compartment — 
for example, rearward motion of the A-pillar resulting  

 

Figure 6. Example of vehicle with sideswipe. 
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in driver door deformation — was not considered as 
sideswipe. There also were two cases with a distinctly 
different damage pattern in which there was severe 
override of the case vehicle and direct loading of the 
upper portion of the occupant compartment (Figure 7). 
In each case, the case vehicle was a car struck by an 
SUV. The distribution of the seven crash types and 
average ISS values is shown in Table 3. 

 

Figure 7. Example of vehicle with severe override. 

Table 3. 
Distribution of crash types 

(number of cases) and ISS values 

Small overlap crashes (21) 

  Passenger vehicle (13) 

TPP-HV (8) Oblique (9) Collinear (4) 

No side 

(5) 

ISS-25 

Side 

(3) 

ISS-35 

No side 

(4) 

ISS-57 

Side 

(5) 

ISS-27 

No side 

(1) 

ISS-19 

Side 

(1) 

ISS-10 

Over 

(2) 

ISS-31 

Eighty-one percent of the cases (17 of 21) were either 
oblique crashes with passenger vehicles or crashes 
into TPP-HV. These two crash types also had the 
highest average ISS values, with the exception of the 
two severe override crashes. The remaining crashes 
were either vehicle-to-vehicle collinear crashes (two 
crashes with the lowest ISS values) or the two unusual 
severe override crashes. 

Differences between sideswipe and no sideswipe 
crashes were caused by the initial impact location. In 
crashes with sideswipe damage, the partner vehicle 
struck the case vehicle farther outboard, engaging less 
of the vehicle front end than crashes without this 
damage. Sideswipe crashes also were more likely to 
result in injuries caused by lateral intrusion, with all 
but one sideswipe crash having lateral intrusion as a 
contributing factor.  

DISCUSSION 

The CDC designation often used to represent small 
overlap crashes, FLxx, accounted for only 81% of the 
cases identified in this study. Studies that limit their 
analyses to these CDC codes likely are missing a 
significant number of small overlap crashes. In fact, 
the definition of small overlap crashes in this study 
was relatively conservative, and it is likely there are 
additional cases with more damage to the longitudinal 
members that share many of the same factors.  

The amount of occupant compartment intrusion was 
strongly related to injury severity. Previous attempts 
to correlate injury severity with other surrogates of 
crash severity (delta V, maximum vehicle crush, CDC 
extent zone) were not successful [8]. This likely was 
due to the fact that NASS/CDC measurement tech-
niques and delta V reconstruction software are not 
particularly suited to small overlap crashes. The lack 
of confidence in the delta V estimates prevents de-
termining whether differences in intrusion values were 
due to differences in crash severity or vehicle struc-
tural designs. The present study, however, shows a 
strong relationship between occupant compartment 
intrusion and injury severity. 

Crashes into narrow objects and oblique crashes with 
other passenger vehicles accounted for the majority of 
cases in this study and resulted in some of the highest 
ISS values. It is not clear why collinear vehicle-to- 
vehicle crashes accounted for such a small number of 
cases. The study sample may not have been large 
enough to capture more cases. Another possibility is 
that these crashes result primarily in lower extremity 
injuries and not the severe injuries to the head, thorax, 
and abdomen that were required for inclusion in this 
study. One of the characteristics of many vehicle-to- 
vehicle small overlap crashes is the “rim-locking ef-
fect” resulting in significant deformation into the 
footwell area [9]. Studies of small overlap crashes 
including occupants with only serious lower extremity 
injuries likely will find crash populations with dif-
ferent characteristics. 

Although there were few vehicle-to-vehicle collinear 
crashes, there were several vehicle-to-vehicle oblique 
crashes. In oblique crashes, the partner vehicle con-
sistently had damage to a large proportion of the front 
end, including significant loading of the left longitu-
dinal member. The oblique nature of these crashes 
likely allowed the partner vehicle to more fully engage 
the case vehicle, preventing a “sliding collision” or 
glance-off crash. Thus a greater proportion of the 
kinetic energy went into deformation of the occupant 
compartment of the case vehicle. Continued research 
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will focus on the importance of this oblique angle in 
vehicle-to-vehicle crashes. 

The presence of sideswipe damage to a case vehicle 
was primarily a factor of the outboard location of the 
crash partner. These crashes were more likely to result 
in lateral intrusion and had lower ISS values than no 
sideswipe crashes (28 vs. 37 cm). Study vehicles all 
exhibited loading to the entire vertical profile of the 
front end because all had crashed into either a vehicle 
with an equal or taller profile or a TPP. None of the 
case vehicles had damage suggesting they had struck a 
vehicle with a shorter profile.  

Crash tests devised to evaluate countermeasures for 
small overlap crashes should incorporate several fac-
tors. The test should fully engage the vehicle and 
occupant compartment in a longitudinal direction, 
rather than loading the vehicle far enough outboard to 
cause a sideswipe crash. The test barrier should be at 
least as high as current LTVs, if not higher. Shorter 
barriers will not engage the full vertical profile of the 
vehicle front end. The importance of the type of bar-
rier (pole or simulated vehicle) or angle of impact 
(collinear or oblique) is not currently known. It should 
be noted, however, that these two different crash 
scenarios resulted in very similar damage patterns to 
the case vehicles in this study.  

Small overlap crashes are defined as those in which 
the longitudinal members and other front structures 
typically designed to absorb crash energy are missed. 
Failure to engage this structure may account for the 
subsequent significant deformation of the occupant 
compartment that is the primary factor in the driver’s 
injuries. Two countermeasures for this crash type are 
suggested in the literature. The first is a design that 
deflects the vehicles away from full engagement and 
result in “sliding collisions” [10]. Results suggest the 
potential for significant reductions in occupant 
compartment intrusions. The consequence, however, 
are vehicles that continue on the roadway in an un-
controlled manner. The possibility of secondary 
crashes should be considered. The second counter-
measure involves modifications to the primary 
structural members of the vehicle front end, including 
increases to the width of these structures. Honda has 
redesigned many of its vehicle models to include this 
Advanced Compatibility Engineering™ (ACE™) 
structure [11]. Computer simulations show that the 
ACE™ structure, when compared with previous 
structural designs, reduces the amount of occupant 
compartment intrusion in small overlap vehicle-to- 
vehicle collinear crashes. The effect of these coun-
termeasures in narrow object impacts or oblique ve-
hicle crashes is not known.  

CONCLUSIONS  

Drivers in small overlap crashes are most likely to be 
seriously injured due to occupant compartment intru-
sion. There was a strong relationship between the 
magnitude of intrusion and injury severity. Among 
small overlap crashes with serious injuries, collinear 
crashes into narrow fixed objects and vehicle-to- 
vehicle crashes in which the partner vehicle strikes the 
case vehicle obliquely were the most common. De-
spite structural improvements prompted by frontal 
offset crash tests, this study suggests that vehicle 
structures must improve if they are to prevent occu-
pant compartment intrusion when a vehicle is loaded 
outboard of the longitudinal members.  
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ABSTRACT 
 
This paper describes a new test methodology for 
evaluating occupant injury response in a near side 
oblique pole impact per FMVSS 214.  Given the 
complexity, time, and cost of using full vehicle pole 
impact crash tests to develop occupant restraint 
systems, it is desirable to have a simple test method 
that allows engineers to develop an optimized 
restraint system in a timely and cost effective manner. 
The authors will present a new sled test method that 
accurately simulates a full vehicle oblique pole side 
impact test using only minimal vehicle components. 
This test method was validated using both the ES2-
RE representing an AM50 occupant and a SID IIs 
representing an AF05 occupant.  The authors will 
provide data showing correlation with full scale 
oblique pole impact vehicle tests.  Furthermore, to 
demonstrate the effectiveness of this test 
methodology a case study will be presented showing 
a restraint system that has been optimized for both 
AM50 and AF05 occupants in an oblique pole impact. 
 
INTRODUCTION 
 
In the mid 1990’s, restraint system suppliers and 
vehicle manufacturers began implementing side 
impact restraint systems for head protection in side 
impact crashes involving narrow objects such as 
utility poles and trees. Starting with MY1999 
passenger vehicles, the NHTSA made 
accommodations for this technology in the FMVSS 
201 “Occupant Protection in Interior Impact” with 
the inclusion of an optional 24 km/h vehicle side 
impact (90 degrees) into a 254mm diameter rigid 
pole for vehicles equipped with a “dynamically 
deployed upper interior head protection system” [1]. 
On September 11, 2007 the NHTSA published a 
Final Rule incorporating a 32 km/h oblique (75 
degree) lateral pole impact crash test into the FMVSS 
214 “Side Impact Protection”.  In addition to head 
protection, this new regulation requires thorax, 

abdomen, and pelvis protection in lateral impacts for 
both 50th percentile male and 5th percentile small 
female drivers beginning with some MY2011 
passenger vehicles [2]. Most recently (July 8th, 2008) 
the NHTSA issued a Final Notice of enhancements 
made to the USNCAP (New Car Assessment 
Program) to include the oblique pole impact crash 
test results with the 5th percentile small female in its 
5-Star vehicle safety rating – beginning with 
MY2011 passenger cars [3]. 

Since the initial pole impact test requirement in 
FMVSS 201P evaluated only head injury potential; 
development of countermeasures for head protection 
could be accomplished through the use of linear 
impact tests with a full scale crash test used for final 
validation.  As such, full scale sled testing was not 
required. A majority of side impact sled tests during 
this time were performed for the purpose of 
developing and evaluating side impact restraint 
systems for thorax, abdomen, and pelvic injury 
protection in a vehicle to vehicle crash. One such 
method, developed in 1994-95 [4] utilized an 
acceleration type sled with a sliding dolly affixed to 
simulate the rapid door intrusion into the passenger 
compartment; while also simulating the important 
characteristics of dummy-to-door trim geometry, gap 
closure timing, and door stiffness.  

With the additional requirements of the oblique pole 
side impact test outlined in the upgraded FMVSS 214 
regulation to include thorax, abdomen, and pelvis 
injury, a new pole side impact sled test method was 
developed.  This sled test method can provide 
engineers a tool to develop optimized side impact 
countermeasures, such as side airbags, prior to 
conducting a full scale vehicle test.    This new test 
method is, to a large degree, based on this earlier test 
device and the experience gained in more than 13 
years of use, as well as those experiences from many 
full scale side impact crash tests and the development 
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of side impact restraints for both the moving barrier 
and pole impact test conditions. 

TEST METHOD 

This section describes the sled test method and 
apparatus in general terms only. It does not include 
significant detail on mounting the test specimen 
hardware or tuning the system to achieve the desired 
level of correlation. As is typical for side impact sled 
testing, these details are, to a large degree, dependant 
on the subject vehicle geometry and crush 
characteristics. The following section titled “Test 
Setup” will describe the process used to understand 
these variables and account for them in the test 
configuration. 

Before discussing the sled test method, it is important 
for the reader to first consider certain characteristics 
of the full scale crash test (FMVSS 214 Oblique Pole 
Impact): 

At the time of impact (T=0): 

• the vehicle is traveling at a 15 degree 
crabbed angle (front angled toward pole) at 
a constant velocity of 32 km/h,  

• the test dummy is traveling at a constant 
velocity of 32 km/h (same as vehicle) with 
it’s head (center of gravity) aligned, in the 
direction of travel, with the centerline of the 
pole. 

• the pole is fixed rigidly to earth. We could 
say that the pole is traveling at a constant 
velocity of zero. 

After initial contact: 

• The entire vehicle undergoes a change in 
velocity, with certain subcomponents (door, 
door trim, seat, roof rail, etc…) changing 
more quickly than others (accelerating 
toward the non-struck side of the vehicle). 

• The test dummy also experiences a change 
in velocity, but not until it is acted on by 
certain other components (door trim, seat, 
roof rail, side airbag, curtain airbag, and 
pole). 

• The pole does not change velocity. It 
maintains the constant speed of zero km/h 

throughout the duration of the test and 
beyond. 

The device described here is designed for use with an 
acceleration type sled, but can be easily adapted for 
use with a deceleration sled application – the basic 
test method remains the same with respect to the 
configuration of the door, trim, seat, and test dummy. 
When used with an acceleration sled, the sled must 
be capable of achieving the impact test speed (32 
km/h) then maintaining that speed for the duration of 
the test (up to 100 msec). The device used by the 
authors is an acceleration sled retrofitted with a 
servo-controlled carriage braking system.  

As illustrated in Figure 1, the device consists of the 
main sled carriage with a rigid pole attached to it (a); 
a sliding dolly to which the door element, seat, and 
dummy are mounted (b); a seat slider for attaching 
the seat to the dolly (c); various crush elements (d), 
(e), and (f), and a position switch (g). 

 

 

Figure 1.  Schematic of test device 

The test method proceeds as follows: 

The main sled carriage and pole are accelerated to 32 
km/h over a stroke of about 200mm, and then 
maintained at that speed under velocity based servo-
control braking to counteract the thrust column forces 
still trying to accelerate the sled. The resulting 
velocity profile is shown in Figure 2.  
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Figure 2.   Sled carriage and pole velocity profile 

The sliding dolly, in addition to the seat slider and 
seat, is built with two vertical pillars used to support 
the struck door components. The door components 
are supported by two (or more as needed) horizontal 
bars (1 inch electrical conduit) that are attached at  
each end to the vertical pillars using a sliding swivel 
arrangement, which allows the bars to deform toward 
the seat and occupant when struck by the pole.  Once 
the door components are mounted to this structure, 
the seat is positioned on the slider such that its 
orientation with the door trim simulates the target 
vehicle geometry. A crush element (e) is then added 
to ensure the seat remains in contact with the door 
once it is struck, while still allowing the seat to travel 
with the door relative to the dolly to which they are 
both mounted (Figure 3). 

  

Figure 3.  Test setup showing sliding swivel 
arrangement for mounting door components 

This dolly assembly remains essentially motionless 
during the acceleration of the main sled due to its 
inertia and the low friction linear bearings used to 
attach it to the main sled.  

When the pole (a) has achieved the impact speed and 
is at the initial vehicle contact position (measures the 

same distance from dummy head to pole as in full 
scale crash at T=0) a position switch (g) triggers T=0 
for the data acquisition system and the airbag 
deployment timer. At this position (or slightly later – 
depending on the target vehicle characteristics) the 
sled/pole engage a crush element (d) sized to 
accelerate the dolly to simulate the motion of the 
target vehicle’s center of gravity during the crash, 
thus simulating the body-side and floor structure 
stiffness. During this time the pole surface will also 
engage the door components and begin to deform 
them toward the test dummy. As the door 
components and conduit supports used in this method 
are not structurally significant the force required to 
deform them has very little influence on the 
acceleration of the dolly.  

From there, the pole surface, and deformed door 
components continue at constant velocity (32 km/h) 
as the vehicle’s dummy-to-door “gap closure” is 
reproduced, and finally – the seat and test dummy are 
impacted. When the relevant portion of the test is 
complete, the on-board brakes for the carriage safely 
stop the entire assembly, with the crush element (f) 
allowing the dolly to gently couple with the sled 
carriage during this deceleration phase. 

TEST SETUP 

A primary goal of this activity was to develop a test 
method that was reasonably simple and economical 
to setup and use with a minimum of vehicle 
components required.  In order to achieve this goal 
the following assumptions were made. 

1. As noted in the introduction, the purpose for the 
development of this test method was to provide a 
way to evaluate restraint systems to reduce 
thorax, abdomen, and pelvis injury.  Because 
head injury performance can be more easily 
evaluated using linear impact component testing, 
this sled test method is not recommended for 
developing the curtain airbag.  As such, the 
curtain airbag was included in the sled test only 
to provide the correct occupant kinematics, and 
was simplified as follows: 

a. The curtain airbag was modeled as a bladder 
that was constructed from the front row 
chambers of the inflatable curtain airbag for 
each of the tested vehicles.   

b. The bladder was unrolled in the pre-test 
condition, and pressurized to the correct 
pressure using shop air before the test.   
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c. The bladder was tethered to the front and 
rear uprights on the sliding dolly in the 
correct location relative to the vehicle in the 
fore and aft position. 

2. The coupling between the occupant and the 
vehicle through the seatbelt was assumed to be 
negligible.  Therefore, the seatbelt was omitted 
in order to simplify the test fixturing and setup.  
As a result the occupant kinematics during 
rebound is not valid. 

3. In a full vehicle test the door structure is crushed 
and stopped by the pole before significant 
loading of the restraint system by the occupant 
occurs. Therefore, it is assumed that door 
structure can be simplified as follows 

a. Provide the door trim and its mounting 
structure only. 

b. Include any hard components that the 
dummy may interact with (i.e., window 
regulator motor, …) 

4. In order to reproduce the side airbag deployment 
path in the vehicle; a piece of foam was used to 
represent the surface of the B-Pillar trim (ES2-
RE). 

Reference Table 1, for a summary of the components 
used for this correlation activity. 

Table 1. 
Components included in testing.  

 
Curtain 
Airbag Seat

Seat-
belt

Side 
Airbag B-Pillar

Door 
Trim Door

Vehicle 
Test O O O O O O O

Sled Test Δ O X O Δ∗
O Δ

* For ES2-RE setup only.
O Included
Δ Simplified Structure
X Not included  

 
Figure 4 shows the test setup used for this testing for 
each of the test configurations considered; ES2-RE 
and SID IIs dummies as well as SUV and Sedan 
vehicles. 

 

Figure 4.  Test setup 

In order to achieve the correct gap closure between 
the door trim and the seat for the side airbag 
deployment the stiffness of crush element (d) 
(reference Figure 1) was tuned such that the velocity 
of the sliding dolly (to which the door components 
and the seat are mounted) matched the test vehicle’s 
velocity measured at the center of gravity.   Injury for 
the vehicle tests being correlated to occurred at ~50 
ms; therefore, the sliding dolly velocity was 
correlated to the vehicle test through 60 ms to ensure 
correlation during dummy loading. 
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Figure 5.   Sliding dolly velocity 

CORRELATION 

Correlation was achieved using both SID IIs and 
ES2-RE dummies for both an SUV and a sedan 
vehicle.  The two vehicles were confirmed in order to 
verify that this test method can be applied to a wide 
range of vehicle architectures. 
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Agreement between the sled and vehicle tests was 
confirmed by normalizing the sled test result with 
respect to the vehicle test with 1.0 being a perfect 
agreement between the two tests.  For the purposes of 
this paper a normalized injury of between 0.8 and 1.2 
(+/- 20 percent) was judged to be an acceptable 
agreement. Overall both the SUV and sedan vehicles’ 
normalized injury for the SID IIs dummy was within 
the acceptable range (Figure 6).  The only exception 
was the iliac force in the SUV environment; which 
was significantly more than the vehicle test (2.35 
normalized injury).  The acetablum matched the 
vehicle test very well for both peak values as well as 
the shape of the curve.  Furthermore, the pelvis 
acceleration for both the sled and vehicle tests also 
matched very well indicating that the total loading on 
the pelvis was very similar in the sled and vehicle 
tests.   The SID IIs dummy used in the SUV vehicle 
test was instrumented with a build level ‘C’ iliac 
wing and did not have the enhancements, which 
correct the potential of the load cell under reporting 
the force level [5].  The dummy used in the sled 
testing was instrumented with a build level ‘D’ iliac 
wing.  It is believed that the reason for the differences 
in the iliac load between the sled and SUV vehicle 
test is due to the load cell under reporting the force 
level in the vehicle test.  This is further supported by 
the fact that the pelvis loading in the sedan 
environment agreed very well with the vehicle test as 
can be seen in Figure 7.  In the case of the sedan 
vehicle, both the vehicle and sled tests were 
conducted with a dummy instrumented with the level 
‘D’ iliac load cell.  
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Figure 6.  SID IIs injury agreement 
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Figure 7.  SID IIs pelvis loading time history 

Figure 8 summarizes the results of the ES2-RE 
testing.  The abdominal force for both vehicle 
environments as well as the pubic force for the sedan 
environment achieved the acceptable normalized 
injury range of 0.8 to 1.2.  However, the rib 
deflection for both vehicle environments as well as 
the pubic force for the SUV environment was not 
within the acceptable range.  

ES2-RE Injury Normalized with Vehicle Test
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Figure 8.  ES2-RE injury agreement 

Sled testing of both the SUV and the sedan 
environments consistently showed higher rib 
deflections for the ES2-RE Dummy.  Analysis of the 
dummy kinematics for the vehicle and sled testing 
indicated that the seatbelt affected the kinematics of 
the thorax.  In the sled test the dummy torso rotates 
counterclockwise in the plan-view towards the pole 
as the dummy is impacted.  However, in the vehicle 
test the seatbelt tended to restrict this motion.  Based 
on these findings the test fixture for the SUV was 
modified to include the seatbelt.  With the addition of 
the seatbelt the dummy kinematics matched the 
vehicle test much better, reducing the amount of torso 
rotation in the plan-view (Figure 9).  Furthermore the 
rib deflections matched the vehicle test well (Figure 
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10 & 11).  As a result it was concluded that the 
seatbelt must be included in the sled test in order to 
achieve acceptable agreement of the rib deflection. 

 

Figure 9.  Seatbelt influence on ES2-RE dummy 
kinematics 
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Figure 10.  Seatbelt influence on ES2-RE rib 
deflections (SUV) 
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Figure 11.  Seatbelt influence on ES2-RE rib 
deflections time history (SUV). 

The pubic force for the SUV environment was 
slightly below the acceptable range with a normalized 
injury of 0.73, 27 percent lower than the vehicle test.  
It is believed that the reduced pubic force level 
observed in the sled test is due to the lack of the 
interior components and floor structure included in 
the sled test.  In the vehicle test there are two forces 
applied on the dummy pelvis.  The first being (F1) the 
external force applied on the dummy pelvis by the 
pole impact.  The second force (F2) is the reaction 
force resulting from the inboard side of the dummy 
interacting with the vehicle interior components such 
as the center console.  In the vehicle test the net force 
measured by the ES2-RE pubic load cell is the 
summation of these two forces (FTotal = F1 + F2).  In 
the sled test the reaction force F2 is not accounted for 
because the vehicle’s interior components and floor 
are not included resulting in a lower pubic force 
(Figure 12).   

Pole

F1
Force Exerted on Pubic load cell 

by Pole

F2
Reaction Force Exerted on 

pubic load cell by vehicle interior
structures

Door Trim

Vehicle Interior 
Structures
(i.e. Center Console)

ES2 Pubic 
Load Cell

Full Vehicle Test: FTotal = F1 + F2

Sled Test: FTotal = F1 + F2 � FTotal = F1

0

 

Figure 12.  ES2-RE pelvis loading 

Further testing is required in order to verify if this 
theory is correct.  It may be possible to improve the 
agreement of the pubic force by including the center 
console structure in the sled testing.  However, given 
the desire to maintain the simplicity of the test setup 
the authors feel the current level of correlation is 
acceptable especially given the agreement level of the 
pelvis acceleration (Figure 13) which can be used to 
predict the pubic force in the vehicle test.  However, 
care should be taken to understand the relationship 
between the pubic force and the pelvis acceleration 
for the subject vehicle, as it may vary from vehicle to 
vehicle depending on the vehicle layout. 
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Figure 13. ES2-RE pubic force (SUV) 

 

SIDE AIRBAG OPTIMIZATION CASE STUDY 

In order to demonstrate the effectiveness of this test 
methodology, a case study using the SUV 
environment was conducted.  The goal of this study 
was to optimize the side airbag to reduce the ES2-RE 
average rib deflections by 20% while reducing the 
injury levels for the other ES2-RE body regions as 
well as for the SID IIs by as much as possible.   A 
design of experiments approach was used for this 
testing with the following variable being considered: 

1. Three inflators were considered for this study 
which will be referred to as inflators: A, B, and 
C (inflator ‘A’ is the baseline inflator) 

2. Two side airbag cushion types were considered 
for this study.  The first being a single chamber 
cushion that provides coverage to the thorax and 
pelvis (baseline).  The second type of cushion 
considered was a dual chamber pelvis – thorax 
cushion.  The two chambers were created by the 
addition of internal baffle in the single chamber 
cushion that was positioned between the thorax 
and pelvis portions of the airbag.   The intent is 
to maintain a higher pressure in the pelvis 
chamber to increase the energy absorption of the 
pelvis.  Figure 14 shows the two cushion shapes 
evaluated. 

Single Chamber Cushion Dual Chamber Cushion

Baffle

Pelvis
Chamber

Thorax
Chamber

 

Figure 14.  Side airbag cushion configurations 
evaluated 

3. The third variable considered was the vent size 
to determine the optimal stiffness considering 
both the AM50 and AF05 occupants. 

The test matrix for the ES2-RE dummy was 
conducted first to determine the optimal bag 
configuration to reduce the rib deflections (inflator, 
cushion type, and vent size). Once this was 
completed a small test series was completed for the 
SID IIs varying the vent size to determine the optimal 
bag stiffness for the ES2 and SID IIs dummies.  
Table 2 outlines the approach used for the sled 
testing. 

Table 2. 
Testing approach. 
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For the purpose of this study all injuries were 
normalized with respect to the baseline test results to 
allow for easy comparison.  The baseline side airbag 
specification is as follows: 
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• Inflator ‘A’ 

• Single chamber cushion 

• Vent = 32mm Diameter 

Inflator ‘B’ showed better performance for all body 
regions with the largest improvement in the average 
rib deflection (Figure 15).  Therefore, Inflator ‘B’ 
was chosen as the optimal inflator.  The Dual 
chamber cushion showed a slight improvement for 
the pelvis injury (4%).  However, both average rib 
deflection and abdominal force were worse with the 
dual chamber cushion (8%, and 11% respectively).  
Since average rib deflection was the primary criteria 
being optimized the single chamber cushion was 
selected as the optimal cushion type (Figure 16).  
From the sensitivity analysis it was found that vent 
sizes ranging from 27mm to 37mm diameter 
achieved the target of 0.8 normalized injury for the 
ES2-RE average rib deflection (Figure 17).   
Furthermore the abdomen and pelvis injury was 
better for the ES2-RE with the smaller vent sizes.  
Therefore the optimal vent sized for the ES2-RE was 
determined to be a 27mm diameter based on 
achieving the 0.8 normalized injury for the ES2-RE 
average rib deflection and minimizing the injuries to 
the other body regions. 
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Figure 15.  Inflator sensitivity for the ES2-RE 
injury measures. 
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Figure 16.  Cushion type sensitivity for the ES2-
RE injury measures. 
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Figure 17.  Airbag vent size sensitivity for the 
ES2-RE injury measures (inflator ‘B’, single 
chamber cushion data shown) 

Once the optimal side airbag specification for the 
ES2-RE was determined a second test series was 
conducted for the SID IIs dummy.  For this series the 
vent size was varied using Inflator ‘B’ with the single 
chamber cushion in order to determine the optimal 
vent size to minimize the injury for the SID IIs while 
achieving the target performance for the ES2-RE 
average rib deflection.  Figure 18 shows the vent 
sensitivity for the SID IIs with the acceptable range 
for the ES2-RE average rib deflection (Inflator ‘B’, 
single chamber cushion).  As with the ES2-RE 
dummy the injury results for the SID IIs were also 
found to improve with a smaller vent size.  As a 
result the optimal vent size for the SID IIs was 
judged to be a diameter of 27mm (same as the ES2-
RE).  Therefore, the optimal side airbag specification 
considering both ES2-RE and SID IIs dummies was 
determined to be: 
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• Inflator: ‘B’ 

• Cushion Type: Single chamber 

• Vent size: 27 mm Diameter 
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Figure 18.  Airbag vent size sensitivity for the SID 
IIs injury measures (inflator ‘B’, single chamber 
cushion) 

Through the use of this test method the target of 
reducing the ES2-RE average rib deflection by 20% 
while improving all other injury measures for both 
ES2-RE and SID IIs dummies was achieved with a 
minimum number to test components.  Figure 19 
summarizes the injury results of the optimized side 
airbag for both the ES2-RE and SID IIs dummies.   

Optimized Side Airbag
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Figure 19. Optimized Side Airbag Normalized 
Injury for the ES2-RE and SID IIs dummies. 

CONCLUSION 

• This test method provides good correlation to 
vehicle testing while using a minimum number 
of components.  Correlation was shown for a 

wide range of occupant sizes and seating 
positions as well as vehicle architectures.  

• Through the case study presented the authors 
showed this test method to be an effective tool 
for developing optimized side impact restraint 
systems. 
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ABSTRACT 
 
In current production vehicles, passive safety 
systems for the protection of vehicle occupants 
exposed to side impact crashes have primarily been 
designed to reduce the risk of injury to the occupant 
seated on the struck side of the vehicle from 
interaction with the intruding structure and/or 
external objects.  However, occupants involved in 
side impact crashes may also be injured due to 
interaction with an adjacent occupant, and a single 
occupant seated on the non-struck side of a vehicle 
may be injured due to interaction with the vehicle 
far-side interior.    
 
This paper reports on the results of a 32 km/h full 
scale vehicle-to-pole side impact crash test conducted 
using a small hatchback vehicle mounted on a carrier 
sled at 75 degrees to the direction of travel.   A 
single WorldSID dummy was positioned on the non-
struck side of the vehicle and a countermeasure 
airbag was deployed on the inboard side of each front 
row seat.  The countermeasure airbags used in this 
test are designed to provide side support to vehicle 
occupants involved in side impact crashes to limit 
lateral excursion and reduce the likelihood of serious 
injury due to interaction with an adjacent occupant or 
vehicle far-side interior.   
 
The results of this single occupant test are compared 
to results obtained from an earlier investigation of 
occupant-to-occupant interaction, in which the 
countermeasure airbags were observed to reduce the 
risk of head injury from occupant interaction.  In the 
single dummy occupant test reported in this paper, 

the countermeasure airbags successfully prevented 
the dummy from interacting with the pole and 
intruding far-side interior of the vehicle.  
 
INTRODUCTION 
 
According to the results of analysis of NASS/CDS 
from 1993 to 2006 by Gabler et al in 2008, the 
relative risk of non-struck side driver is increased to 
3.2 times when driver is with an unbelted right front 
passenger as compared to the belted driver [2][3].  
 
 
Figure 1. Relative risk of driver in side impact 
crash from 1993 to 2006 NASS/CDS 
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Current Seat Belt Systems for Side Impact 

 1991 Mackay et al found the conventional seat 

Fi

ide support airbag and belt pretensioner as 

he countermeasure airbags used in this test are 

he side support airbag was designed by Autoliv, 

nd the seat belt pretensioner is activated in 9 msec 

  

 
In
belt system was not designed for protection in far 
side crashes [1].  The observations from real world 
crashes indicate that the occupants slipped out of the 
shoulder belt approximately 35% of the time. The 
belt system could therefore be improved to enhance 
the restraint performance for occupants on both the 
struck side and non-struck side.  
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

gure 2. Seat belt system without the pretension 
function. 
 
 
S
Countermeasures  
 
T
designed to provide side support to vehicle occupants 
involved in side impact crashes to limit lateral 
excursion and reduce the likelihood of serious injury 
due to interaction with an adjacent occupant or 
vehicle far-side interior. 
 
T
Sweden. The size of container is 90 x 120 x 200 
(Depth x Width x Height). The volume of side 
support airbag (SS Bag) is about 3 liters. The 
pressure of proto stage SS bag is 2 bars.  
 
A
from start the crash. The designated stroke of the 
pretensioner is 100 mm.  
 
 
 
 

 

 
 

igure 3. Side support airbag manufactured by

Table 1. Dimension of side support airbag  
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Items Description 

Container 90 x 120 (   Size H 200)

Bag Volume 3 Liters 

Bag Pressure 2 Bars 

T  10 ime to deploy msec 

Vent Non 

 

 
 

igure 4. Seat belt system with the pretension F
function. 
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CRASH TESTS, Test 1 and Test 2 

ewland et al studied the impact injury risk from the 

able 2. Configuration of side impact crash tests 

 
N
occupant-to-occupant interaction in side impact 
crashes in 2008 [2]. They found that the occupant 
interaction indicating risk of serious head injury to 
both the driver and front seat passenger was observed 
in vehicle to pole side impact. The results show that 
despite the introduction of countermeasures to 
protect struck side occupants from contact to 
intruding structure or external objects, these 
occupants may be severely injured by impacting 
adjacent occupants. The feasibility of a potential 
countermeasure, developed to offer protection for 
two adjacent occupants as well as a single occupant 
seated on the non-struck side, was investigated 
through analysis of the dummy injury responses 
produced in pole side impact tests, with and without 
the countermeasure installed. The countermeasure 
was observed to reduce the risk of head injury from 
occupant interaction. 
 
T
for Test 1 and Test 2  
 

Items Description 

Vehicle I Speed mpact 32 kph 

Pole diameter 254 mm 

Impact angle 75 degrees 

Test Du Two mmies WorldSIDs 

Impact Type Car-to-Pole 

 

Table 3. Restraint system conditions 
 

 

Items Test 1 Test 2 

Side airbag for   thorax and pelvis X X 

Curtain airbag for head X X 

Pyrotechnic seat belt pretensioner  X 

Side Support airbag  X 

   

Figure 5. shows the movement of dummies in 
different configurations. In Test 1 without 
countermeasure, driver was impacted by the 
intruding vehicle interior first. The driver was 
rebounded to passenger side. And then HIC was 
recorded over 8,000 on both dummies in second 
impact.  But in Test 2 with countermeasure, driver 
and passenger were well protected by side support 
airbag and seat belt pretensioner. 
 

 
Figure 5. Worldsid trajectory, Test 1 (left) and 
Test 2 (Right).    
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 6. 32 kph car-to-pole side impact crash. 
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Figure 7. Dummy Injuries, Test 1 

igure 8. Dummy Injuries, Test 2 

RASH TESTS – Occupant to Far-side interior 

], 
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ollowing the study reported by Newland et al [2F
another 32 km/h full scale vehicle-to-pole side 
impact crash tests has been conducted using the same 
small hatchback vehicle mounted on a carrier sled at 
75 degrees to the direction of travel. A single 
WorldSID dummy was positioned on the non-struck 
side of the vehicle and a countermeasure airbag was 
deployed on the inboard side of each front row seat.  
The countermeasure airbags used in this test are 
designed to provide side support to vehicle occupants 
involved in side impact crashes to limit lateral 
excursion and reduce the likelihood of serious injury 
due to interaction with an adjacent occupant or 
vehicle far-side interior.  

 
 
 
 
 
 
 
 
 
 
 
Figure 9. 32 kph car-to-pole side impact crash. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. WorldSID trajectory, Occupant to Far-
side interior. 
 
Figure 10. shows the movement of dummy in almost 
same configuration with Test 2. In this occupant to 
far-side interior, driver was resisted by the side 
support airbag. HIC was recorded just 48.9 and rib 
displacement was just 4.3 mm. 
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Figure 11.  Dummy injuries, Occupant to far-side 
interior. 
 
ANALYSIS OF CRASH TEST 
 
The main focus of this test was to confirm the 
avoidance of severe contact between the head and 
interior parts. To develop the side support airbag, we 
considered the severe condition of no occupant on 
the struck side and there is an occupant on the non-
struck side. 
 
In this test there are no contact between head and 
vehicle interior parts. And the injuries of dummy 
were very low.  
 
CONCLUSIONS 
 
The results of this single occupant test are compared 
to results obtained from an earlier investigation of 
occupant-to-occupant interaction, in which the 
countermeasure airbags were observed to reduce the 
risk of head injury from occupant interaction.  In the 
single dummy occupant test reported in this paper, 
the countermeasure airbags successfully prevented 
the dummy from interacting with the pole and 
intruding far-side interior of the vehicle.  
 
To develop the side support airbag for production, 
we have to consider many possible scenarios. In 
addition, the kinematic of the WorldSID was further 
analyzed for its biofidelity in this single occupant 
crash simulation which could lead to further 
verification by utilizing cadaver testing. 
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ABSTRACT 

 

The risk of being injured in side impact crashes is 

very high. Accident statistics show that numbers of 

vehicle occupants severely injured or killed of non-

struck side occupants is approximately 30 percent. 

Based on accident data from the National Automotive 

Sampling System/Crash Data Study (NASS/CDS) an 

investigation concerning injuries and their levels of 

non-struck side occupants in side impact crashes was 

carried out. From the accident data, covering the 

years from 1998 to 2007, the injured body parts, their 

injury levels and the vehicle parts causing these 

injuries were analysed. The study showed that hard 

contacts between the occupants and the rigid vehicle 

parts cause most severe injuries. As a result of the 

accident analysis an occupant protection concept for 

non-struck side occupants on vehicle rear seat was 

designed. A numerical simulation model representing 

a non-struck side occupant, its vehicle environment 

and the airbag based protection system was set up to 

investigate different parameters, such as airbag shape 

and position, different dummy types and seating 

positions. Prototypes of the airbag concept were built 

and validated in sled tests. The study showed that this 

occupant protection concept is able to reduce the 

severity of head and chest injuries of non-struck side 

occupants in side impact accidents. Furthermore, a 

positive effect on the interaction between rear seated 

occupants in side impact crashes was observed. 

 

Keywords: Side crash, airbag, rear seated passengers 

 

 

INTRODUCTION 

 

Today, research in side impact, side impact 

regulations and safety systems is mainly carried out 

in order to protect vehicle occupants seated on struck 

side of the car. However, far-side occupants, those 

located on the side opposite the lateral impact are 

also of risk of injuries during a side impact crash 

(Digges and Dalmotars, 2001). The protection of 

occupants seated on non-struck side of the passenger 

vehicle is not considered yet.  

 

The objective of this study was to examine injury 

patterns of non-struck side passengers seated on the 

rear row of the car during collision. From accident 

analysis, a crash test scenario was derived and 

extensive numerical simulations were conducted to 

better understand the occupant kinematics that causes 

the most frequent injuries. Based on this work a 

protection system was proposed and its performance 

to protect the occupants was investigated. 

 

 

ACCIDENT INVESTIGATION 

 

The United States National Highway Traffic Safety 

Administration (NHTSA) investigates 4,000 to 5,000 

crashes each year and provides the data in the 

National Automotive Sampling System / 

Crashworthiness Data System (NASS/CDS) database. 

The accident analysis presented in this paper was 

based on the examination of NASS/CDS data 

extracted from the files of the years 1998 to 2007. 

 

The analysis which follows focuses on occupants of 

passenger vehicles subjected to far side impact. The 

investigation was limited to passenger cars as well as 

light and heavy trucks. Only occupants that were 

restraint by a three-point safety belt were included in 

the study. Children younger than six years and 

smaller than  120 cm were excluded from the study. 



Hoffmann et al  2 

When reviewing NASS/CDS data according to the 

selected parameters, 2264 cases of belted passengers 

seated in the front row, and 190 cases of belted 

passengers seated on rear row injured according to 

MAIS1+ were found. Of these 517 front passengers 

and only a small number of rear passengers, 28 cases, 

were injured according to MAIS3+. In the following 

Figure 1 the ratio of serious injured occupants to all 

injured occupants (MAIS3+/MAIS1+) in far side 

crashes is shown for front and rear passengers. 
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Figure 1: Accident ratio of far side impact 

accident seated in front and rear row 

 

Far side struck occupants have a significant risk of 

injury. The fraction of all occupants who experienced 

serious injuries in a far side impact account for 

11.7% on front row and 9.0% on rear row. 

 

Based on the data obtained from the NASS/CDS 

database the sources causing MAIS3+ injuries were 

also derived. Figure 2 depicts the distribution of far 

side injuries, sorted by region, that were found for 

517 cases of front seated passengers. 

 

 

Arm 5.6 %

Chest  31.4 %

Head  43.9 %

Neck 2.5 %

Legs 4.6 %

Abdomen 6.2 %
Pelvis 5.8 %

 
Figure 2: Injured body regions of front seated 

passengers suffered in far side impact  

 

Head injuries account for more than forty percent of 

all MAIS3+ injuries, the largest fraction of all. The 

chest incurred about one-third of all injuries. 

Abdomen and pelvis are less injured body regions 

during the vehicle accident.  

 

 

In the database 28 cases were recorded for rear seated 

passengers injured on MAIS3+ level. Here, head 

injuries account for more than one-third of injuries 

caused by a far side impact, which is shown in Figure 

3. The risk of being injured in the chest area is about 

one-third and abdomen 10% of all.  

 

Arm 3.6 %

Chest 28.6 %

Head 35.8 %

Neck 7.1 %

Legs 7.1 %

Abdomen 10.7 %

Pelvis 7.1 %

 
Figure 3: Injured body regions of rear seated 

passengers suffered from in side impact  

 

As it was shown in Figure 2 and Figure 3, the 

distribution of far side impact by body region is very 

similar for both front and the rear seated occupants. 

Head and chest are most at risk followed by 

abdominal injuries. Overall, these injuries account for 

approximately three-third of all injuries reported in 

the NASS/CDS database. 

 

Sources causing MAIS3+ injuries were analysed next 

and subdivided into near side interior, belt & buckle, 

other occupant, seat back and floor & console or roof. 

It appears that a hard contact of the human body part 

with the near side interior, the vehicle side facing the 

impact, is the main source of injuries front seated 

passengers suffer from (Figure 4). This was found for 

one-third of the injuries.  
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Figure 4: Vehicle parts causing far side impact 

injuries of front seated passengers 

 

 

When evaluating the accident data for front seated 

passenger it can be stated that beside of a hard 

contact with the near side interior (one-quarter of all), 

the contact between the occupant and the belt & 

buckle as well as the contact with the seat back plays 

a major roll in suffering injuries at MAIS3+ level. 

Injuries caused by a hard contact with the vehicle 
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roof or caused by the interaction between the 

occupants are less frequent as shown in Figure 5. 

  

0

10

20

30

40

Near　Side
Interior

Belt&Buckle Seat　Back Roof Other
OccupantInjury Part (Top 5)

F
re

qu
en

cy
 (

%)

 
Figure 5: Vehicle parts causing far side impact 

injuries of rear seated passengers 

 

The analysis presented in Figure 6 depicts the 

distribution of far side injuries as a function of the 

striking vehicle. The evaluation of the data shows 

that passengers seated in the front row of the car are 

mostly injured when the striking vehicle is a mid size 

or compact/mini car. This account for about one-

quarter each. The striking vehicle for over more than 

45% of the side struck occupants seated in the rear 

row was a mid size car. The vehicle group of van and 

light tucks accounts for one-third of all MAIS3+ 

injuries of rear occupants.  
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Figure 6: Frequency of injured passengers at 

MAIS3+ level related to vehicle class 

 

NASS/CDS data base also provides information 

about the principal direction of force (PDOF). Zero 

degree is the front, 90 degree is normal to the side 

and 180 degree is the rear of the struck car. When 

evaluating the data related to MAIS3+ injuries, the 

most likely principle direction of force in far side 

accidents was 60 degrees which account for about 

70% of serious injured passengers. Less injury was 

observed for a principle direction of force at 90 

degrees or at 120 degrees as depict in Figure 7. 

 

0

10

20

30

40

50

60

70

80

0 30 60 90 120 150 180

Impact Angle (Deg)

F
re

qu
en

cy
 (

%
)

Fr-MAIS3+

Rr-MAIS3+

 
Figure 7: Distribution of far side impact injuries 

at MAIS3+ level by impact direction 

 

A further evaluation was made according to the 

impact region of the stuck car. The impact to the 

occupant compartment is categorized by the NASS as 

follow:  The Y (front 2/3 of the car side), P (centre 

1/3 of the car side), Z (rear 2/3 of the car side) and D 

(distributed) and depict in Figure 8. (The University 

of Michigan, 2007) 

 

 
Figure 8: Definition of the vehicle impact area by 

The University of Michigan (2007) 

 

 

The impact at front 2/3 of the vehicle was the most 

likely damage location for the vehicles investigated 

as shown in Figure 9. Impacts to this region also 

accounted for about 40% impacts in the region of rear 

2/3 account for 18% of serious injured front seated 

passengers. The impact at 2/3 rear and centre 1/3 

(each 30%) followed by impact on front 2/3 (23%) 

caused serious injuries for rear passengers. 
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Figure 9: Distribution of far side impact injuries 

at MAIS3+ level by impact direction 
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Figure 10 presents the distribution of far side injuries 

by rigid barrier conversion velocity. The calculation 

was made according to Sukegawa et al (2007) by 

applying the energy absorption distribution map for 

the lateral stuck vehicle. As depict, the median 

barrier conversion velocity for all far side struck 

occupants with a MAIS3+ injury level was 31 to 

40 km/h. 
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Figure 10: Distribution of far side injuries by 

barrier conversion velocity 

 

The goal of this accident analysis was to establish 

priorities for injury countermeasure development for 

passengers seated in fare side struck vehicles. Two 

trends can be found. 

 

The injury pattern. – The database exposed that the 

injury ratio of MAIS3+ to MAIS1+ is nearly the 

same for vehicle passenger seated on front or rear 

row during a far side impact. It can be stated that the 

occupants head and chest account for more than 2/3 

of all injuries evoked by fare side impacts. The 

vehicle’s side interior of the impact adverted vehicle 

side, the belt and the buckle as well as the seat back 

are the major injury sources. The interaction between 

the occupants plays a minor roll.  

 

The accident scenario. – The occupants seated in the 

car classified as compact/mid size vehicles are 

mainly involved in far side impact crashes. The 

principle direction of force is at 60 degree and with a 

converted barrier velocity of 31 to 40 km/h fifty 

percent of the accidents are covered. 

 

Protection of the head, chest and abdomen have 

priorities for countermeasure development. These 

three body regions accounted for approximately 

three-quarter attributed to far side impact of front and 

rear passengers. 

 

 

PROTECTION CONCEPT 

 

A new protection device was considered to enhance 

the protection of passengers seated on non-struck rear 

row position. An airbag was proposed to support the 

occupant kinematics during the event of crash and 

absorb impact energy and thus, mitigate the injury 

level. This airbag was installed in the centre console 

between the two passengers on the rear seat of an 

upper class car and it is supposed to enhance the 

protection capabilities in combination with a seatbelt 

system. The protection device also was designed to 

meet specific demands concerning side effects such 

as out-of-position scenarios. 

 

The occupant protection device is integrated into the 

rear centre consol and shown in a full deployed 

position in Figure 11. 

 

              
 

Figure 11: Rear centre console airbag front view 

left and side view right 

 

The main design parameters of the rear centre 

console airbag are described in the following Table 1. 

 

Table 1: Design parameter of the rear centre 

console airbag 
Parameter Value 

Protection area Thorax and head as depict in Figure 12 

Airbag width 330 mm at head area and 230 mm at 

shoulder area 

Airbag type 2D type with 100 mm tether  

Airbag volume 66 litre 

Inflator output 190 kPa in 60 litre tank (pyro inflator) 

Vent hole size 2 holes with a diameter of 20 mm each 

Cushion Silicon coated 

Time to fire t = 9 ms 

 

The airbag module with the cushion and the inflator 

is located in the upper part of the rear centre console. 

Once it is deployed it covers the whole thorax and 

head area of the seated occupants in the most forward 

and most rearward seating position. In order to 

position the airbag stable the airbag height was 

selected for a tight contact to the roof and the arm 

rest of the rear centre console. Two tethers form the 

width of the bag to 330 mm in the head area and to 

230 mm in the shoulder area. In the following Figure 

12, the geometry of the airbag and its location related 

to the side impact dummy ES2 is depict. 
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Figure 12: Protection area of the rear centre 

console airbag 

 

As derived from NASS/CDS data investigations the 

rigid barrier conversion velocity in far side impacts is 

31 to 40 km/h. Intensive numerical simulations were 

carried out to define a equivalent crash test setup 

using a AE-MDB (Advanced European Movable 

Deformation Barrier). 

 

67km/h

34km/h

75km/h

MDB WEIGHT（1500kg）

Crash pulse measurement position
(Far side locker)

27°

 
 

Figure 13: Crash test set up of far side impact 

 

The Figure 13 depicts the crash test set up. The total 

delta-v of 75 km/h is the resultant change in velocity 

and includes both the lateral, of 34 km/h, and 

longitudinal, of 67 km/h, components. The AE-MDB 

with its mass of 1,500 kg hits the upper class car 

between the front and rear wheel with an impact 

angle of 27°. The car was equipped with two ES2 

dummies on front row and one ES2 dummy on struck 

side on the rear seat. The crash pulse was measured 

on the B-pillar/rocker and the acceleration and 

velocity history are shown in the following Figure 14. 
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Figure 14: Acceleration and velocity history of the 

far side impact crash test 

 

The acceleration signal was filtered with CFC180 and 

achieved a maximal value of 28 g during the 

intrusion of the movable barrier. Here, the struck 

vehicle was moved in y-direction up to a velocity of 

7.6 m/s. 

 

 

CONCEPT EVALUATION 

 

Three steps were considered to evaluate the 

protection concept. As a start the injury severity as 

base line conditions was studied. Numerical 

simulations with the multi body software Madymo 

(Madymo, 2006) were performed placing one and 

two ES2 dummies on the rear row. As a second step 

the occupant protection concepts should be installed 

and the protection performance should be 

investigated under the same conditions as baseline. 

The derived output of the numerical simulations 

should be confirmed with a fare side impact sled test. 

This represents the third step of the concept 

evaluation.  

 

Impact force 
Direction

Intrusion of the trim
Far Side

Occupant （ES-2）  
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Near Side
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Far Side
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Impact force 
Direction

 
              
Figure 15: Numerical simulation sled model with 

far side dummy only (top) and with far side and 

near side dummy (bottom) 

 

The results of the numerical simulation are presented 

in the following Figure 16. 
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Figure 16: Injury results of the base line 

simulation with one and two occupants 

 

It can be stated that the head performance criteria 

(HPC) is 20% higher as the maximal biomechanics 

limit of HPC 1,000. The head acceleration even 

exceeds the limit by more then 90%. The high head 

loads can be attributed to the hard contact between 

the far side seated dummy head and the near side 

seated dummy shoulder as can be seen in the bottom 

figure of Figure 15. 

 

 

 
Figure 17: Numerical simulation sled model with 

rear centre console (top) and with rear centre 

console and rear centre airbag (bottom) 

 

The Figure 17 above show the dummy kinematics at 

110 ms during the far side impact with the Madymo 

simulations. The rear centre console prevents the 

dummy seated at the far side from intense lateral 

movement of the pelvis. The support of the dummy 

in pelvis area results in reduced head loads. Although 

there is no contact between the two dummies, the 

head acceleration can be lowered to just below the 

load limit and the HPC can be reduced to an 

acceptable load level of less then 20% of the 

respective load limit.  

 

0

50

100

150

200

250

HPC
(HIC15ms)

Head Peak
G

X-Axis
Moment

Rib Upper
Deflection

Rib Middle
Deflection

Rib Lower
Deflection

V＊C Upper V＊C
Middle

V＊C Lower Peak G Force Pubic
Symphysis

Force

Head Neck upper Chest Pelvis Abdomen

Injury　Items

In
ju

ry
 r

at
e 

(%
) 

(B
y 

E
S
-2

 t
ol

re
ra

nc
e 

va
lu

e)

Beas

Add on Console

Add on Console&AB

 
Figure 18: Injury results of simulation with far 

sine impact protection concept for rear seated 

passengers 

 

 

As by the simulation results in Figure 18 shown, 

there is an increased protection performance when 

applying the rear centre airbag. An interaction 

between the two dummies is prevented. The head 

acceleration can be further mitigated to a level of 

40% of the load limit. By introducing this protection 

concept for rear seated passengers, a slight increase 

of the chest deformation has to be taken into account, 

but the loads are still on a low level. 
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Figure 19: Head trajectory 

 

The dummy kinematic were analysed for different 

body parts. In Figure 19 the trajectory of the head 

during the far side impact is plotted. The application 

of the rear centre console significantly reduces the 

head movement in y-direction by 50 mm. The 

combination of rear centre console and rear centre 

airbag is able to limit the head displacement in y-

direction to 300 mm.  
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Figure 20: Thorax trajectory 

 

A change of the thorax kinematic was also observed. 

The main effect was evoked by the application of the 

rear centre console. A reduction of 40 mm was 

observed. The rear centre airbag has only a minor 

effect of chest displacement as can be seen in the 

above Figure 20. 

 

Based on the multi body simulations with the 

protection concept two sled test were performed to 

confirm the simulation results (Figure 21). A rear 

centre airbag prototype was built to equip a test set-

up with rear centre console and two belted ES2 

dummies. The vehicle side intrusion derived from the 

base line crash test was pre-set.  

 

 

   

   

 

t = 0 ms 

 

t = 50 ms 

 

t = 110 ms  

 

Figure 21: High speed video frames of sled test 

with rear centre console and rear centre airbag 

 

In Figure 22 the results of numerical simulation and 

sled tests are compared. There is the same trend of 

the injury level of the different injury values. The 

average of the injury values obtained from two sled 

tests are below the injury values derived form the 

numerical simulation with Modymo.   
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Figure 22: Comparison of numerical simulation 

and sled test results with the protection concept  

 

When designing a new airbag system its side effects 

have to be considered too. Different dummy sizes are 

available to investigate a variety of different out-of-

position scenarios. In order to confirm the potential 

side effects of a rear centre airbag the following 

scenarios, presented in Table 2, were investigated in 

deployment tests. The test results are shown in 

Appendix 1. 
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Table 2: Overview of the different out-of-position 

scenarios investigated 
Dummy Dummy position 

3YO Turn backwards 
and half overlap 

of the airbag 

module  

 
3YO Turn backwards 

and full overlap 

of the airbag 

module  
 

 
3YO Face front 

 

 
3YO Turn sideways 

 

 
6YO Face front 

 

 
6YO Turn sideways 

 

 
SID2-S Position 1 

 

 
SID2-S Position 2 

 

 

Three year old dummy (3YO), six year old dummy 

(6YO) and SID2-S dummy were used for out-of-

position testing. It can be stated for all tested 

scenarios that the loads of the dummy were well 

below its regulated limits.  

 

 

CONCLUSION 

 

Within this study an accident investigation based on 

NASS/CDS data was carried out to analyse the 

accident characteristics and injury pattern in far side 

accidents. It can be stated that far side struck 

occupants are at significant risk of serious injury.  

 

The median lateral barrier conversion velocity for 

occupants exposed to far side impact was 31 to 

40 km/h. A test procedure applying a AE-MDB was 

developed to investigate future countermeasures.  

 

A new protection concept was introduced for 

passenger seated on the rear row of the vehicle. An 

airbag deploys between the rear centre console and 

the vehicle roof in order to prevent the far side seated 

passenger form hard contact with the passenger 

seated on the impact side of the car. Intensive 

numerical simulations were carried out to optimise 

the rear centre airbag design parameters. It could be 

demonstrated that the protection concept with rear 

centre console and rear centre airbag is able to 

support the lateral dummy movement and thus to 

mitigate the occupant loads in the case of a far side 

impact significantly. 

 

Side impact sled tests with prototypes of the new 

airbag concept were performed in order to confirm 

the multi body simulation results. It was shown that 

all injury criteria were far below its regulated limits 

and the trend which was observed in the simulation 

could be confirmed. 

 

In addition to sled tests, deployment tests were 

performed to evaluate the injury risk of the protection 

device in out-of-position scenarios. It could be 

demonstrated in all test conditions with different 

dummy sizes in different positions to the rear centre 

airbag module, that the risk of suffering injuries is 

low. 

 

The performed study was limited to the protection of 

belted rear seated passengers. Further work should 

continue the investigation of the protection principle 

for unbelted occupants in this position. The proposal 

and the investigation of a protection concept aiming 

to restraint passengers seated in the front row of the 

car during far side impact is additional future work. 

The experiences gained during this study will help to 

create a protection concept. Furthermore, the 
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application of human body model simulations in 

order to analyse the local loads of the occupant 

during far side impact and the protection effect of the 

restraint system proposed in this study will be future 

work. By this means the protection pattern can be 

understood in a wider sense. 
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APPENDIX 1 

 

Table 3: Results of out-of-position tests  
3YO – Turn backwards and half overlap of the airbag module  
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3YO – Turn backwards and full overlap of the airbag module  
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3YO – Face front 
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3YO – Turn sideways 
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6YO – Face front 
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6YO – Turn sideways 
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SID2-S – Position 1 
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SID2-S – Position 2 
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THE MINICARS RSV – STILL A CAR FOR THE FUTURE 
 
 
Donald Friedman 
Center for Injury Research 
United States 
Paper Number 09-0480 
 
 
ABSTRACT 
 
Nearly a half century ago, the General Motors 
Research Laboratories, developed the high 
performance Electrovair, with an induction motor 
drive and solid state controller; the Lunar Rover, 
GM’s Mark on the Moon; passive occupant 
protection; separation cruise control; optical lane 
following; and an electrochemical rechargeable 
Lithium Iodine engine. 
 
In 1968, a new company called Minicars grew out of 
this earlier work.  This group developed prototype 
electric, gas and hybrid electric powered versions of a 
small car for the U.S. government.  In 1970, Minicars 
was a subcontractor to AMF for the development of 
its Experimental Safety Vehicle.  
 
The Minicars’ Research Safety Vehicle (RSV) was 
conceived in 1975 as a 1985 prototype.   It was to be 
an S3E vehicle: Safe, Environmental, Efficient and 
Economical.  It was built with foam filled, thin wall 
sheet metal sections and a polyurethane skin.  This 
car passively protected occupants in 80 kph (50 mph) 
full frontal, 129 kph (80 mph) half car offset frontal, 
64 kph (40 mph) angled side, rear and 48 kph (30 
mph) rollover dynamic tests.  An electronic version 
incorporated antilock brakes, radar separation cruise 
control, and emergency braking when a crash was 
unavoidable.  A production version was to weigh 
2,200 pounds, carry four people, and get 32 mpg.  It 
also had 16 kph (10 mph) frontal and rear no damage 
bumpers and 80 km (50 mile) run flat tires.   
 
Only years later have advanced air bags – as featured 
in the RSV – become standard in all light vehicles.  
In the decades since the ESV program and dynamic 
regulatory testing began, National Highway Traffic 
Safety Administration (NHTSA) now estimates that 
airbags save 2,500 lives annually, but we still lose 
about 12,000 people in frontal, 9,000 in side and over 
10,000 in rollover crashes.  We can do better by 
simply looking back to what the RSV program 
achieved.   
 
 

INTRODUCTION 
 
The basic technology began sixty years ago when the 
transistor was newly invented. Cutting edge 
production technology was employed by the Navy to 
develop missile and fire control systems using 
subminiature vacuum tubes. Infrared optical systems 
were unknown except for secret military purposes 
like the Sidewinder missile. Navigation was by dead 
reckoning.  Computers used punch card input and 
storage.   
 
Nearly half a century ago, the General Motors 
research laboratories developed the high-performance 
electric vehicle called the Electrovair, shown in 
Figure 1, with an induction motor drive and solid 
state controller; the lunar rover shown in Figure 2, 
GM's mark on the moon; passive occupant 
protection; separation cruise control; optical lane 
following; and an electrochemical rechargeable 
lithium iodine engine. 
 

 
Figure 1.  GM Electrovair. 
 

 
Figure 2.  Lunar Rover. 
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METHOD 
 
This paper uses the history of automobile safety 
technology as developed in the late 60’s and 70’s as a 
basis for discussion and conclusions.  
 
40 years ago the American Machine and Foundry 
(AMF) contracted with Minicars, Inc. to develop one 
of the Experimental Safety Vehicle (ESV) in 
competition with GM, Ford and Fairchild Hiller. The 
specifications were for kph 80 kph (50 mph) frontal 
impact protection to unrestrained occupants,  64 kph 
(40 mph) side impact protection and 48 kph (30 mph) 
rollover protection. All the specifications were met 
and AMF won the competition.  All of the ESVs 
were heavy and ugly as illustrated by the AMF 
version in Figure 3. 
 

 
Figure 3.  AMF Version of ESV. 
 
37 years ago, Minicars received a contract from 
NHTSA for the “Crashworthiness of a Subcompact 
Car”. It was to develop structural modifications to a 
Ford Pinto such that it could provide 80 kph (50 
mph) frontal impact protection and 48 kph (30 mph) 
side and rear protection. A companion program 
involved developing frontal airbags to work with the 
structure for unrestrained occupants. [1][2] The 
structural modifications were to create closed section 
boxes of thin sheet metal in the vehicle’s structural 
voids to absorb energy. These sections were 
retrofitted then with the first dual chamber designed 
airbags. The resulting vehicle shown in Figure 4, a 
station wagon version, met all the specifications.  A 
remarkable result because the Pinto was a flimsy 
vehicle in a US fleet of heavy, monstrous vehicles.     
 

 
Figure 4.   NHTSA Subcompact Car Wagon. 
 
35 years ago Minicars received a contract for the 
phase 1 development of a Research Safety Vehicle 
(RSV) in competition with Ford, VW, 
Calspan/Chrysler and AMF.  The RSV was to be 
characterized and specifications prepared for a 4 
passenger vehicle, protecting unrestrained occupants 
in 80 kph (50 mph) frontal, 64 kph (40 mph) side and 
rear impacts and in a 48 kph (30 mph) rollover. The 
program began with an accident analysis considering 
the societal cost by vehicle class, clock position and 
Delta V range as shown in Figure 5 & 6.  
 

 
Figure 5.  Societal Cost Methodology. 
 

 
Figure 6.  Clock Position and Delta V Range. 
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At the time the best data was from interpreting the 
Multi-disciplinary Accident Investigation (MDAI) 
files.  That data by AIS level and impact clock 
position was as shown in Figure 7.  It identified the 
angled offset frontal as the major source of frontal 
injury, although it is still ignored today.  Since the 
current systems are designed for ± 9° frontal barrier 
tests, is there any wonder why we are saving 2500 
lives and losing 12,000?  
 
The structural design concept was carried over from 
the Subcompact Car Crashworthiness program.  It 

was to be foam filled, thin wall, sheet metal structure. 
A “safety payoff analysis” was conducted to assess 
and order the benefits (payoff) from each additional 
safety design feature. The conceptual design is shown 
in Figure 8.  
 
The detailed areas of different density foam filling 
are shown in the body and doors in Figure 9. The 
styling buck which defined the concept is shown in 
Figure 10. 
 

  

 
Figure 7.  1970 Accident data by clock position and AIS level from MDAI files. 

 

           Figure 8.  RSV Conceptual Design  
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                                              Figure 9.  Detailed areas of foam filling. 
 
    

 
           Figure 10.  Side view of RSV. 
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30 years ago the first prototype Minicars Research 
Safety Vehicle and the Large Research Safety 
Vehicle toured the United States in conjunction with 
a Department of Transportation, Public Service 
Announcement on television, narrated by Loren 
Green (of Bonanza).  That Public Service 
announcement and the NHTSA commissioned film; 
“The RSV Answer” is available on request. [3] See 
Figure 11 and 12 
 

 
Figure 11.  Minicars Safety Research Vehicle. 
 
 
 
 
 
 
 
 

 

 
Figure 12.  Minicars Large Safety Research 
Vehicle. 
 
The LRSV, like the Subcompact Car 
Crashworthiness Pinto was modified by stripping 
some 900 pounds from a 1978 Chevrolet Impala and 
substituting foam filled sheet metal box sections and 
installing a transverse mounted Volvo dual turbo 
charged engine matched to a four speed transmissions 
and front wheel drive.  Three were built; one was 
frontal crashed at 64 kph (40mph) and a second at 48 
kph (30 mph) in the side.  The third was kept in 
Washington until destroyed.  The administrator of 
NHTSA had it driven to Detroit and drove the 
president and executive VP’s of GM, Ford and 
Chrysler around town. A drawing of the LRSV 
showing the foam filling is in Figure 13. 
 

 
                      Figure 13.  Foam filled areas on the LRSV. 
 
29 years ago at the 1980 ESV conference in 
Wolfsburg, Germany, reports on the performance of 
10 prototype vehicles independently tested in 
England, France, Germany and Japan were 
submitted.  Except for handling deficiencies (panned 

28 years ago in 1981 the final reports on the program 
were published. [4], [5], [6]  The summary page 
describing the program is Figure 14. 

by Porche and Mercedes) and normal prototype 
glitches, the vehicles did very well.
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Figure 14.  Minicars RSV Program Final Report Cover. 
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The overall dimensions and shape of the RSV are 
shown in Figure 15.  Notice that the roof is rounded 
without corners to allow the vehicle to roll like a 
cylinder.  It was a concept then and a proven 
geometric way to improve occupant injury potential 

today.  See the companion papers in this conference 
“Vehicle Roof Geometry and its Effect on Rollover 
Roof Performance” and “A Proposed Rollover and 
Comprehensive Rating System”. [7][8]

 

 
                                   Figure 13.  Foam filled areas on the LRSV. 
 
SAFETY CONCEPTS INHERENT IN THE RSV 
 
The research safety vehicle included and 
demonstrated the following innovative and unique 
features in the base design:  
 

• 50 mph frontal impact protection airbags for 
unrestrained occupants of the front seat [4] 
(see Figure 16)  

 
• 40 mile an hour side impact protection with 

adding and come posit glazed windows [9] 
(see Figure 17) 

 
• 40 mph rear impact protection with 

seatbacks suspended from the roof with a 
clear plastic headrest [10] (see Figure 18)  

 
• 10 mile an hour front and rear restorable 

bumpers [4] (see Figure 9) 
 

• A 25 mph energy absorber that was 
replaceable behind the bumper [4] (see 
Figure 9) 

 
• A rigid structure from the firewall in the rear 

to the foot well in the front [11] (see Figure 
8) 

 

• A Honda CVCC four-cylinder transverse 
engine in the rear with four speed manual 
transmission 

 
• Doors that integrated with the structure 

providing longitudinal strength and side 
impact padding [10] (see Figure 19) 

 
• An 84 mile per hour frontal offset impact 

capability 
 

• A pedestrian friendly front end design. 
 

• Gull wing doors (16” clearance to adjacent 
vehicles) which closed over structure for 
easy entry and exit to the front and rear seats  
(see Figure 20) 

 
The passenger airbag system is shown in Figure 16.  
It is a large bag system, in which the torso portion is 
inflated first and then that bag is vented to the head 
bag.  At that time less than 15% of vehicles had belts 
and wore them.  The key issue for the industry as 
expressed by Dr. David Potter, executive VP of 
Environmental staff at GM, was product liability.  
Although not implemented in the base vehicle, the 
electronic version with proximity radar for 
emergency braking could pre-impact deploy the bags 
relatively slowly avoiding out of position and onset 
bag slap injuries to the chest.  Although Nissan built 
their ESV around this deployment concept it is still  
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not in use today. Another innovation was the solution 
to rear impact head rests.  As shown in Figure 17, a 
transparent plastic head rest was connected between 
the roof and the top of the seat back.  This assured 

that in a rear impact the neck would go into flexion 
while allowing a lightweight seat back.  
 

 

 
Figure 16.  Airbags for unrestrained occupants of the front seat. 

 
 

 
Figure 17.  Side impact protection with adding and composite glazed windows.  

 

 
Figure 18.  Seatbacks suspended from the roof with a clear plastic headrest. 
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The vehicle was designed with deeply padded gull 
wing doors for side impact protection.  The windows 
were made of a glass plastic laminate which was 
integrated to the doors to avoid rollover ejections for 
the largely unbelted occupants of the time. 
 
 
 
 
 
 
 
 

Figure 19.  Door with side impact padding. 
 

 
Figure 20.  Gull Wing Doors. 
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The front end of the vehicle was designed for 
pedestrian and larger vehicle compatibility.  It was 
designed in three sections.  The bumper was of 
restorable plastic good to 16 kph (10 mph) but also to 
contact a pedestrian at up to 40 kph (25 mph) and 
capture him on the hood and luggage compartment.  
There was a bolt-on energy absorber of medium 

density foam which would collapse and absorb 
energy of another 24 kph (15 mph), before the third 
and main structural section was to deform.  This 
provided a mild low G crash pulse as shown in 
Figure 21and 22. 
 

 

  
                                       Figure 21.  50 mph Front Barrier Test with the RSV.        

 

 
                                     Figure 22.  40mph Frontal Barrier Test with the LRSV. 
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THE ELECTRONIC RSV 
 
Although the basic RSV was targeted as a production 
vehicle for 1985 a number of features were 
anticipated to be available a few years later. Those 
features were incorporated into an Electronic RSV 
[9], [12], which was identical to the regular models, 
as follows: 
 

• A 4 speed electronically shifted automatic 
transmission 

 
• A radar cruise control system 

 
• Four wheel anti-lock brakes 

 
• Radar activated emergency braking 

(Collision Mitigation System) 
 

• Radar activated proximity warning   
 

• airbag pre-impact firing sensors 
 
DISCUSSION 
 
The Minicars RSV was such a departure from the 
U.S. industry position on what could be done in the 
way of safety improvements and occupant protection 
that NHTSA destroyed all vehicles, lost 22 boxes of 
test films and data and did not publicize the final 
report.  But that is not the point.  The point is that 
here we are 30 years later and though we are 
beginning to see some voluntary implementation of 
some features, it is because it may help to sell cars 
not necessarily because it will improve safety.   

 
In the US, there are more than 10,000 fatalities each 
year in rollovers. Almost half of the fatalities are 
from ejections, which wouldn’t happen with the 
RSV’s pitch balance, composite windows, rounded 
roof and strong roof structure. [7] 
 
Consumers review an occupant protection rating 
system which gives four or five stars to vehicles 
which don’t protect 12,000 fatalities in frontal 
impacts and 9,000 in side impacts  
 
At the time the RSV came into being the societal cost 
of crashes in the US was about $30 billion, today it is 
about $300 billion.  In the current reassessment of 
economic priorities, there ought to be some 
consideration for implementing improved safety 
features in small economical cars.  The myth that 
small cars cannot be made as safe as large cars must 
be dispelled.  It is only a correct statement if the 
caveat “all other things being kept equal” is added.   
 
The airbags in the RSV were designed with dual 
chambers, shown in Figure 23 whose walls limited 
the extent to which the bag protruded towards the 
occupant and it distributed the gas through a central 
chamber venting the gas to peripheral chambers. The 
driver bag was wheel mounted shown in Figure 24 
and 25 on a collapsible column which provided 5 
inches of additional decelerating stroke. The size of 
the bags captured the occupant such that he was 
protected in 30° principle direction of impact force 
circumstances. Current bag systems provide 9° of 
principle impact force protection to 35 mph. 

 
 
 

 
                                                 Figure 23.   Driver restraint side view. 
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                                                Figure 24.  Driver steering column.   
 

 
                                             Figure 25.   RSV collapsible column and driver bag. 
 
When airbags were finally implemented as a 
supplemental safety system it was projected that they 
would be 9% better than the three-point belts. That 
projection seems to have come true since NHTSA 
estimates that airbags save 2,500 lives annually.  
Today’s airbags are small, non-chambered and only 
cover 9 degrees of impact.  We still lose 12,000 
people in frontal collisions every year. If the type of 
airbag built into the RSV were in use today, at least 
6000 more lives would be saved. [7]  
 
The RSV wasn’t a dream and its performance can be 
a reality today.   
 
CONCLUSIONS 
 
Although designed 35 years ago the RSV is still a 
prototype for improved occupant protection safety. 
Two of the features of the RSV, highlighted here are: 
 

• the roof structure, geometry and composite 
glazing 

 

• the pre-impact sensed deployment of 
chambered airbags  

 
The combination of just these two features alone has 
the potential to save thousands of lives. 
 
The author is highly concerned that in the U.S. we 
are complacent and satisfied with the results of the 
limited safety features the manufacturers have 
implemented and the Department of Transportation 
has done nothing about it for years.  Still we loose 
thousands of Americans in Frontal and Side Impact 
Crashes and it is completely unnecessary. The RSV 
features would have saved many lives that have been 
lost, but for the governments indulgence of the 
manufacturers reluctance to put safety ahead of 
profits. And the worst thought is that it continues 
today, where manufacturers seem to say they have 
done all they can with safety for Frontal and Side 
impacts, yet the RSV shows definitively that they 
have not. 
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ABSTRACT  
The authors hope to provide an intermediate method 
of data extraction, taking advantage of the 
improvements in child passenger data collection and 
recording.  The authors also wish to highlight the 
importance of appropriate usage of the data.  As 
suggested in the Eigen 2007, the enhanced data set 
SAS files, also known as the 30-file data set, will be 
contrasted with the 11-file data set format, the 
traditionally available NASS CDS SAS files, and 
analysts will be referred to the NHTSA web site for 
supplementary information.  Further, frequently 
asked questions will be addressed to provide uniform 
information dissemination to all users.  The primary 
data source will be the National Automotive 
Sampling System (NASS) Crashworthiness Data 
System (CDS).  As conclusion, the authors propose a 
three-step extraction methodology to be used until the 
enhanced data files can be released.  This includes 
traditional data extraction to retain weighting factors, 
extraction of the enhanced variables, attributes, and 
associated graphics, and manually integrating the two 
data sources. 
 
INTRODUCTION 
Available Data Evolution 
NASS started recording crash data in 1979.  From 
that moment, paper forms recorded crash 
environment, vehicle damage, occupant demography, 
and injury.  As technology advanced, NASS CDS 
kept pace with the electronic data reporting.  
Beginning with 1997 qualified crashes, the data 
forms were uploaded from pen computers used by the 
researchers and after careful review by Zone Center 
staff, the electronic data became part of the web site 
query data.  With the enhancements offered in the 
enhanced 30-file SAS data set, the 11-file SAS 
format was not able to be adapted to the greater 
formatting needs and new variables and attributes.  
The two SAS data sets will be described in the 
Definitions section.  For this reason, data analysts 
have been obligated to adapt existing data for suitable 
analysis.  The delayed release of the data has been 
attributed to the stringent quality control practices 
that have characterized the data system. 
 
Since 2000, with variable and attribute development 
for the 2002 child safety data enhancements, 
variables and attributes were designed taking into 

account state-of-the-art child restraint technologies 
and state-of-the-practice educational and installation 
guidelines.  This expertise was inherent in the 
continual contact with child restraint manufacturers, 
child safety education networks, and hands-on-
familiarity with technologies pursuant to a long 
trajectory of experience in the child occupant safety 
field.  This high degree of scrutiny was present in the 
interactions, especially with the Zone Centers, owing 
to the complexity inherent in accurately coding a 
highly detailed data set.  Discussion of the annotation 
fields and their use will further elucidate this point.  It 
is also noted that this degree of oversight was present 
through crash year 2007 with data released in 2008. 
 
It is envisioned that the enhancements and practices 
put into place will guide subsequent years of data 
collection and codification.  These enhancements are 
contemplated in the enhanced 30-file data set.  
Stringent quality control practices have allowed for 
the release of two years of enhanced data.  In the 
absence of the enhanced data, this work discusses 
strategies to bridge its absence by using the 
traditional 11-file SAS format supplemented by 
NHTSA case viewer query. 
 

Research Questions 
1.  How can one use the enhanced 30-file 
NASS CDS data set for meaningful data 
extraction? 
2.  How to bridge the current absence of this 
enhanced data set? 

 
DEFINITIONS 
During the course of this paper, two data repositories 
for the NASS CDS data will be discussed and noted 
in the References.  These are a NHTSA file transfer 
protocol (ftp) site and NHTSA web site case viewer.  
Interwoven in this discussion will be the 11-file data 
set available since crash year 1988 and the expanded, 
30-file data set, available since 2002 but to date 
available only for data years 2002 and 2003.  Both 
the 11-file and 30-file data sets are compiled in SAS 
format.  The 11-file set is the original means of 
translating and condensing the vast amount of data 
stored in an Oracle system.  With improvements in 
data collection and increased storage needs, the 30-
file set is the Oracle-look-alike file compiled in SAS 
and allowing the end user the advantage of most 
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researcher-collected information.  The 30-file data set 
will be referenced throughout the paper as the 
enhanced data set.  The data provided since 1988 in 
the format known by all CDS data users will be 
referenced as the 11-file data set. 
 
The National Center for Statistics and Analysis 
(NCSA) has been the purveyor of crash data since its 
inception to support rulemaking and research within 
NHTSA and provide researchers with internationally 
recognized tow away crash data.  NCSA continually 
seeks to improve their data collection practices by 
keeping pace with technology and addressing user 
data needs.  Since 1988, NASS CDS has been made 
available to researchers.  Originally the data was 
made available by compact disk disseminated by The 
Volpe Center to requestors.  Most recently, NCSA 
has worked to make its data universally accessible by 
way of the World Wide Web ftp site and two state-
of-the-art case viewers. 
 
In 1995, the data files were supplemented by an 
accident summary, accident type, vehicle type, and 
person description text files, forming the current 11-
file data set.  For convenience, data compiled from 
1988 through 1994 and available via ftp site also will 
be referenced as 11-file, yet, this was a 7-file format 
without the text files, later added in 1995.  Although 
many modifications have occurred in terms of data 
collection, the 11-file data set is constrained by an 
inflexible database structure, which was cutting edge 
at its moment of inception.  Advancements in vehicle 
and child safety restraint technologies, and rollover 
data collection, have gone unnoticed owing to the 
inability to adapt the older data set structure to the 
exigencies of more robust attributes for existing 
variables and newer variables. 
 
With this in mind, provision of the enhanced data set 
structure was initiated for crash year 2002.  Although 
the data sets are still published in SAS format, this 
new structure allows for an Oracle look-a-like data 
set, which more closely resembles the complete data 
set collected by the crash investigators.  To date, 
crash years 2002 and 2003 have been published.  
Delays in publication of the subsequent data years 
have been attributed to funding issues.  It is important 
to note that NASS CDS data undergoes a thorough 
review process before publication.  At the writing of 
this paper, crash data through calendar year 2007 has 
been available under the older, 11-file data set 
structure.  This paper is intended to aid researchers in 
working around the issues inherent to the delays, as 
no firm commitment exists for the completion of 
quality control and subsequent release of the 
enhanced data set for data year 2004 and beyond. 

 
In 1997, NASS CDS transitioned from paper form 
data collection to electronic data collection.  This 
information could be uploaded easily to a central 
quality control repository.  The on-line case viewer 
became a reality which not only allowed data found 
in the SAS format to be viewed but also made 
available the photographs, scene diagrams, and 
mannequin injury sketches.  This provided the final 
phase in complete reporting so necessary in clinical 
analysis.  In 2004, an enhancement was made to the 
case viewer.  This allowed for cases, with all 
associated graphics, to be downloaded in an 
Extended Markup Language (XML) file facilitating 
aggregation of data for analysis of a body of crashes.  
This format was also made available for crash year 
2005.  In tandem, though, the traditional case viewer 
was released for those years.  In an effort to provide 
the greatest amount of data in the most accurate 
fashion, a number of 2008 cases have been reviewed 
and placed on a preliminary case viewer. 
 
These database formats and additional data will be 
referenced throughout the paper.  Relating these 
sources and data types is envisioned to allow 
researchers to undertake analysis using a variety of 
sources to reap the maximum benefit from the 
exceptional data collection and coding efforts of the 
NASS CDS field researchers. 
 
BACKGROUND 
Data Collection History 
Before 2002, the codification efforts of NASS CDS 
found their strength in crashworthiness of the vehicle.  
The scene geometry, inclusive of road side furniture 
and forensic review of the roadway segment, were 
well-reported.  Disaggregation of crash data to the 
vehicle level has always been of paramount 
importance to the accurate reporting.  Equally 
important but lacking real-time information was the 
human element.  Basic demography was generally 
well collected and recorded and when appropriate 
complete medical information was included.  This 
data, however, was collected at the crash level, rather 
than attributed to a given event.  Further NASS CDS, 
has kept pace with vehicle modification, with respect 
to model year changes and hardware.  Most child 
safety seats are not factory-installed, and might be 
best described as retro-fit items.  For this reason, their 
continued study and success must be accurately 
tracked and reported. 
 
As understanding of the technologies increased and 
the number of child safety restraints increased, NASS 
CDS continued their commitment to data collection 
and recording excellence.  During 2001, an in-depth 
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inventory of available technologies was undertaken.  
The NASS CDS field researchers were polled with 
respect to their understanding of these technologies.  
It was found that a vast gap in knowledge existed 
with the state-of-the-art practice in child safety 
restraint technologies. 
 
Since then, an intensive modification of the reporting 
has been designed, supported by a complete overhaul 
of the data collection instruments.  To support the 
enhanced data collection, intensive training has been 
provided to field researchers, resulting in one 
researcher being dedicated to coding child seat cases 
from each primary sampling unit. 
 
DISCUSSION 
Changes in Child Restraint Variables and 
Attributes 
Prior to 2002, there were only a limited number of 
variables regarding child restraint type, use, and 
installation recorded in CDS, several of which were 
outdated and no longer reflective of current child 
restraint types and installation usage techniques. 
 
The predominant child restraint data collection tool 
used by field researchers was a one page interview 
consisting of eight questions which was part of the 
main NASS interview.  Normally, the interview was 
conducted over the telephone and in the majority of 
cases the child restraint was no longer available, 
which resulted in much of the child restraint data 
coded as “Unknown”.  Nonetheless, there were rare 
occurrences when the child restraint remained in the 
vehicle and/or with the crash occupants which 
allowed for identification and coding of the attributes 
available at that time.  In those instances when the 
child restraint was available and permission was 
granted for doing so, photographs of the child 
restraint were taken and combined with the interview 
information. 
 
From 1988 through 2001, the majority of child 
restraint types were coded as “Unknown/Other”, due 
in part to the lack of information in the field, for 
example, the child restraint was no longer available 
coupled with the fact that the crash occupants were 
unfamiliar with the seat and were unable to recall 
identifying details. 
 
Seat Belt Installation Considerations 
The Proper Use/Misuse information regarding a child 
restraint was captured in the seat belt variables.  
There has never been a single variable or attribute 
which provides the overall proper/improper use of a 
child restraint, yet this attribute was at times relied 
upon to do just that. 

 
The Proper Use/Misuse variables were defined as:  
Proper Use of Manual Belt (used properly with child 
safety seat – indicated when the manual belt was 
installed so as to comply with the manufacturer’s 
directions); and Proper Use of Automatic Belt (used 
properly with child safety seats – indicated when the 
automatic belt was installed so as to comply with the 
manufacturer’s directions).  Proper/improper child 
seat installation is difficult to determine even when 
the child seat is available and remains installed in the 
vehicle as it was prior to the crash, because the pre-
crash environment itself had changed.  In addition 
proper/improper information was not coded regarding 
the child seat’s type and use for the respective child 
occupant, which again lead to misinterpretation, so 
the attribute was removed beginning with the 2003 
CDS file. 
 
Rationale for Enhancement with Retrospective of 
Nine Years of Crash Data 
Prior to 2002, the child restraint list/”pick list” used 
by field researchers to identify child restraints was 
populated with approximately 30 different makes of 
child restraints covering approximately 120 different 
child seat models belonging to five child seat types.   
The pick list was outdated, no longer reflective of 
current child restraint types and designs.  The original 
attributes for Seat Type were Infant, Toddler, 
Convertible, Booster, Integral, Other and Unknown. 
 
The original child restraint interview asked limited 
questions about the child restraint itself, one question 
about how the restraint was used and two questions 
pertaining to the child restraint’s securement to the 
vehicle. 
 
Some of the child restraint attributes coded harness 
design but not how the harness was used.  
Photographic guidelines did not focus on obtaining a 
picture of the child restraint’s make, model and date 
of manufacture label, so often this information was 
not obtained during inspection of the child restraint. 
 
Prior to 2002, the field researchers coding child 
restraint information received very basic child 
restraint and seat belt education during normal entry 
level training. 
 
Steps Taken to Reach the Current Levels of 
Enhancement 
In 2002, the child restraint attributes were changed to 
reflect current child restraint use/marketing terms:   
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The onus is upon each SAS analyst to determine a 
system to reap maximum benefit from the 
enhancements, while performing statistical analysis 
using the weighting factors.  The subsequent section 
provides the location of currently available data, 
which in some cases supersedes the data in the 11-file 
data set.  This is evident in Table 1, where the older 
formatting continues to report two booster seat 
categories available as attributes, one of which no 
longer exists, as discussed in Murianka 2005.  Also, 
relevant restraint data developed for the 2002 data 
onward that could not be accommodated in the 11-
file data set is also highlighted in Table 1 and 
discussed in subsequent sections.  Focus will be 
given to the Child Safety Seat, Manual Restraint Use, 
Component associated with Manual Restraint Use 
tabs found on the NHTSA web site NASS CDS case 
viewer. 
 

Table 1. 
SAS child seat types, by data definition years 

 Pre-2002, 
11-file data set 

2002 to Present, 
Enhanced data set 

SAS 
Format 
Code 

 
Type  

Definitions 

SAS 
Format 
Code 

  
Type 

Definitions 
1 Infant 1 Infant 
2 Toddler 2 Convertible 
3 Convertible 2 Convertible 

4 
Booster with 
Shield 3 

Forward 
Facing Only 

5 
Booster w/o 
Shield 4 Booster Seat 

5 

Booster w/o 
Shield,  2 
Toddler 5 

Booster 
Seat/Forward 
Facing Only 

5 

Booster w/o 
Shield,  3 
Convertible 6 

Booster/ 
Convertible 

7 Other Type 7 
Integrated 
Seat 

7 Other Type 8 Harness 
7 Other Type 9 Vest 

7 Other  Type 10 
Special 
Needs 

7 Other Type 98 Other 

8 
Unknown 
Type 99 Unknown 

 
 
For illustration, the internal data viewer, known as 
NASS MAIN, is used to show the extent of the 
enhanced data set.  The public case viewer, found on 
the NHTSA web site, is generally similar to the 
NASS Main but contains less information.  Some of 

the additional information presented in the next 
section will not be made available until the enhanced 
data set is released for 2007. 
 
Figure 1 highlights the location of the child restraint 
information within the context of the NASS CDS 
viewer, available on the NHTSA web site, and its 
correspondence with child seat information found in 
the 11-file data set.  The Occupant Form, shown in 
Figure 1 and analogous to information found in the 
Occupant Assessment File of the 11-file data set, 
outlines demographic, restraint system, and crash 
outcome information, by occupied seating location.  
This tab places the occupant within the vehicle and 
describes the safety devices available to him.  
Further, crash outcomes such as vehicle entrapment 
or occupant ejection from the vehicle are described.  
From this information, it is also possible to ascertain 
whether the occupant departed the vehicle under his 
own power or was aided.  In the case of occupant 
ejection, the degree of occupant expulsion is 
considered.  Occupant injury outcome, analogous to 
information found in the Occupant Injury file of the 
11-file data set, is discussed with respect to crash 
survival and the injuries are detailed with respect to 
their nature and severity.  Figure 2 places the restraint 
technology in a seating position and identifies the 
factory-installed restraint usage and its interaction 
with the child safety technology.  Figure 3 focuses on 
the components of the factory-installed restraint 
technology.  Belt retractor and pretensioner 
technologies are among those reported for the safety 
belts and related back to the secured child safety seat. 
 
Figures 1 through 3, with their insets, are meant to 
show the presence of the enhanced data set variables 
and their interrelationship with highlighted tabs and 
families of tabs.  Further, this is also a means by 
which the counts provided in the 11-file data set 
might be integrated with the complete case viewer 
data.  The case viewer does not provide weighting 
factors, for this reason the 11-file data set must still 
be queried to obtain estimates based upon the year, 
primary sampling unit, case identification number, 
and occupant number.  The concatenation of these 
values represents the unique identifier subject to the 
crashes weighting factor.  This can be merged with 
data extracted from the case viewer.  For the data 
years 2004 and 2005, an XML file can be saved for 
easier transfer of the data elements.  Finally, the 
correspondence of the 11-file data set, variables and 
attributes, and their placement within the case viewer, 
with the enhanced data set allows for the analyst to 
optimize NASS CDS information usage. 
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Inset 1:  Child Seat Tab Contents 
 
In contrast to the pre-2002 child safety seat types, the current child seat tab allows the data analyst to ascertain 
the precise type of seat, with current terminology, accurately identified by the NASS CDS field researcher.  The 
child seat tab summarizes the enhanced child restraint variables collected currently. 
 
In this case, a forward facing safety seat (FSS) was reported.  Constrained by older formatting, the 11-file data 
set identified a toddler child seat type but confirms the unknown make.  A carefully researched listing of the 
newest child seat makes and models was compiled through 2007.  On this occasion the technology might have 
reached market before it could be included in the listing or the seat was unavailable at the time of the vehicle 
inspection, as the source of data for this tab was the interview.  Since the NASS Researcher is constrained to 
specifically identify known elements, the make and model were identified as “Unknown” in this case.  When the 
seat is present, information on date of manufacture and model number might also be collected.  The manufacture 
data is particularly important when attempting to identify a specific child restraint make, model and type in 
addition to its date of manufacture.  With age, prolonged exposure to extreme temperature, plastic deformation 
or debilitation possible from a previous crash or forces imparted by the belt over the fastening surfaces might be 
identified as producing decrements in seat performance.  An exhaustive inspection of the vehicle and child 
restraint coupled with the data gathered from each component specific interview will yield the design feature 
used and the manner in which it was used.  This is another point where the expertise of those imparting quality 
control is crucial, as subtleties exist in the design of given types of child safety restraints. 
 
As a reference back to the injury data and safety systems data, the occupant number, age, and weight are 
provided as a quick demographic summary when analyzing the child seat tab.  Finally, many data analysts wish 
to establish the occupant kinematics throughout the crash.  The child position provides a baseline for those 
recreating the crash. 

 
Figure 1.  Sample Occupant Form, Child Seat Tab 
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Inset 2:  Manual Restraint Use Tab, Interaction with Child Safety Technology 
 
The child restraint does not act independently within the vehicle.  Instead, it is dependent upon factory-equipped, 
vehicle restraint technologies.  These technologies are rarely designed in consideration of interaction with a 
retrofit device, including the child safety seat, and its integration into a safety technology suite.  Correct 
installation is subject to the degree of knowledge that the installer has regarding the vehicle’s restraint system 
and the respective installation techniques required for various types of child restraint systems. 
 
The NASS CDS field researcher must be equally knowledgeable of various vehicle restraint systems so that the 
method used to install the child restraint is accurately captured and coded within the case.  This is achieved by 
in-depth specialized training in the families of child restraint devices, their installation in a variety of vehicles, 
and their subsequent identification.  With the training and the enhancement of the variables and attributes, the 
most complete, nationally representative child safety data set may be published. 
 
For the right occupant, the type of manual restraint can be identified, as can its interaction with the child safety 
seat.  This is particularly important for determining that in the right second seat position the vehicle installed 
technology was fastened, that the child restraint was secured with the lap and shoulder belt, and that the position 
of the anchorage adjustment was in the full up position.  This level of detail is absent in the 11-file data set but 
populates the enhanced data set. 

Figure 2.  Manual Restraint Tab for Child Safety Seat Position, with Right Seat Position Example, Full Tab shown. 
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Inset 3:  Components Tab, associated with Manual Restraint, Safety Belt 
 
More new technologies associated with the factory-equipped vehicle safety belts are found in this tab.  Presence 
of pretensioners, types of latch plate, and belt retractors can be noted, if present.  Finally, any belt positioning 
technology, present in the vehicle and its status at the time of the crash might also be noted in this tab. 
 
Please note that in the newest vehicles, especially those that have been inspected, the data provides the analyst 
with a clear picture of the child safety seat and factory-installed restraint equipment.  Again, keeping pace with 
the newest technologies has given rise to these new variables and attributes but uniformity of database structure 
applied to the older cases might give the impression of incomplete information.  This is not the case; instead, it 
is an indication of the completeness of the newest cases.  This information is absent in the 11-file data set but 
populates the enhanced data set. 

 
Figure 3.  Manual Restraint Components Tab for Child Safety Seat Position 
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A search of the NASS CDS case viewer may be 
made selecting from the parameters set forth on the 
query page, as seen in Figure 4.  The sample query 
might be framed seeking fatally injured children from 
birth to four years old restrained by a child safety 
seat.  An excerpt of the sample query results are seen 
in Figure 5, in a format similar to that found in the 
11-file data set.  Upon saving the Hypertext Markup 
Language (HTML) information in an EXCEL 
spreadsheet or text document, or ACCESS database 
file, this information can be imported into SAS.  This 
file will form the basis of the search of the 11-file 
data set to obtain the requisite weighting factors for 
the analysis.  The strength of this exercise is yielded 
upon manually reviewing elements such as those 
found in Figure 6, replicating the enhanced data set, 
but absent in the 11-file data set. 
 
As mentioned previously, Figure 6 is a screen shot of 
NASS Main, which, in some cases, has more detail 
than the public viewer, and forms part of the sample 
query framed above.  It is the anticipation that this 
information will be contained in the enhanced data 
set to be released to the public.  When consulting the 
“Source of Data” tab in Figure 6, the information 
regarding the child seat came from an interview with 
the occupant’s Mother.  The interviewee indicated 
that the Child Seat Type was a FF, forward facing 
only seat, and that it had a 3-point harness.   If the 
seat was indeed a forward facing only seat then it 
likely had a 5-point harness or a shield.   The case 
must be coded according to what was identified 
and/or what was actually seen/found by the field 
researcher, not what should be.  In other words 
attributes are coded as described in the interview 
process or when the child seat itself is available, as 
found by the field researcher.  When something 
unusual is coded, there is normally an annotation 
made to the case for explanation.  The annotation 
field is available to the NASS researcher to provide 
comments outside the scope of the coded elements.  
An annotation was made in this case referencing the 
source of the child restraint information and the 
choice of Seat Type.  For this reason, there may be 
instances when some of the attributes coded for 
design features or how feature used in a case do not 
make sense to an analyst. 
 
Anomalies Explained 
There are occasions when data do not seem to make 
sense.  It should be noted that it is by design owing to 
the rigorous edit checks in place, through the 2007 
crash year.  The subsequent example provides some 
insight regarding one such example.  The screen 
shots found in Figures 1, 2, and 3 were taken from 

the sample case, with Figure 6 containing excerpts of 
that case. 
 
The annotation field is an esoteric, many times 
chaldaic device, whose understanding is confined to 
the Zone Center governing the usage of this field.  It 
has been reported that the annotation has been used 
as an elucidating vehicle for unique elements defying 
the rigidity of the coding structures.  Further, the 
annotation has also been used by Zone Centers to 
impart instructions or direct corrections to the 
researchers.  Owing to the disparate motivations for 
including the annotations, the framers of NASS CDS 
have opted to exclude this information.  The 
exclusion is based upon both consistency and cost-
saving.  Consistency is important to the system, as 
the two Zones Centers must work seamlessly to 
sample and report crashes.  The cost-savings enters 
owing to the sanitization to which this field might be 
subjected.  Unlike the crash summary, which is not 
subjected to edit check but has general guidelines 
governing the type of information to be included, this 
field has no proper rules to govern its preparation or 
the elements deemed appropriate for inclusion. 
 
There have been instances where organizations have 
approached NCSA for clarification of seemingly 
incompatible entries as described above, these could 
form the basis for a published compilation of 
explained anomalies.  Currently, the explanation is 
only beneficial for the individual or organization that 
has received the clarification, nevertheless, the case 
information remains confusing for others who might 
lose confidence in the data set owing to questionable 
query results but who have not known to seek help in 
interpreting the data.  Data analysts have suggested 
that queries of this sort be published in a frequently 
asked questions section of the NCSA web site or in 
supplements akin to an Analytical Users Guide. 
 
It should be noted that edit checks are in place for the 
wide variety of incompatibilities known to exist.  
This ongoing identification of new technologies and 
their interactions with the various restraint and 
vehicle technologies underscores the strength of 
NASS CDS data and its value to the child safety 
community.  The preceding section, however, deals 
with ever-developing situations subject to 
identification by headquarters and Zone Center staff.  
The annotation field has served to bridge what might 
have been told to the researcher, which must be 
coded, and what might reasonably have been.  To 
reinforce, the NASS CDS researcher may only code 
based upon their sources, ranging from a full-vehicle 
inspection with child safety seat resident in vehicle  
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Figure 4:  NASS CDS case viewer query screen 
 

 
 
Figure 5:  Partial Result of Query Page Search on fatally injured children 0 to 4 years old, restrained by a child 
safety seat. 
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Deciphering the Hidden Mysteries of the Coded 
Information 

with an interview as background information to 
merely a telephone interview with someone familiar 
with the crash, generally a related or unrelated 
caregiver. 

Child Seat Tab, Added Attribute - Source of Data 
A uniform means of accessing and interpreting the 
data is provided.  By omitting the annotations made 
by NASS researchers, possible inconsistencies are 
introduced.  Coded elements are actually accurate but 
may only make sense after consulting published data 
elements, such as accident summaries, and 
unpublished data elements, such as annotation fields.  
A NASS-wide standardization of the annotation field 
usage must be instituted to guarantee a feasible 
means of complete information provision.   This is 
the final installment in the series of the enhanced 
data set introductory papers prepared by the authors, 
as an interim approach is available to query the child 
safety data.  This is, nonetheless, an inadequate 
means of query and only with the release of the 
enhanced data set, at pace with the 11-file data set, 
can meaningful and efficient analysis be performed.  
As of the paper submission deadline for the 21st 
International Technical Conference on the Enhanced 
Safety of Vehicles Conference (ESV), only two years 
of data will have been made publicly available 
though the enhanced data set collection took effect 
for crash year 2002.  To date, the enhanced variables 
must be sought out case-by-case through the NASS 
CDS case viewer. 

 

 
 

 

 
Reprise of Archaic Formatting after 2002 
It was evident that the formatting was an issue of 
archaic database structures rather than errors in data 
collection and codification, per Murianka 2005.  
NASS CDS continues to keep pace with evolving 
technologies and providing state-of-the art training 
from subject matter experts and industry 
representatives.  The enhanced data collection is well 
documented in the enhanced data sets and on the 
NHTSA web site.  The 11-file data set, however, is 
unable to support this new data and has suffered from 
lagging data provision not only in the area of child 
safety but also in the areas of rollover and vehicle-
installed restraint systems. 

 
Figure 6:  Excerpts from Figure 1. 
 
Data Set Size versus Relevance 
Suggestions for meaningful usage of pre-2002 and 
2002 data onward 
Although some problems exist with the pre-2002 
data, this should not deter use on an aggregate level.  
The aggregation allows for an accurate, nationally 
representative estimate of child seat usage, in all 
forms.  Finer disaggregation before 2002 might 
include some form of age or weight distinctions to 
clarify the limited attributes.  Unfortunately, the 
advent of the enhanced seat data cast doubt on the 
validity of the previous years.  The indication should 
be that greater detail, based upon informed child 
safety parameters, was included after 2002.  The 
prior years might be better considered a counting of 
overall child safety incidence but not of less value 
and another example of perennial adjustments made 
to keep apace with technology and data recording 
advances. 

 
To date, the general public has been granted access to 
the enhanced data set for crash years 2002 and 2003.  
The data were released after exhaustive quality 
control.  Data for 2004 through 2007 are pending and 
the motivation for this document is to provide 
supplementary means for data extraction in the 
absence of the expanded files for these years. 
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newest data collection by performing an integrated 
data search.  For years 2004 onward, the stringent 
quality control procedures are ongoing.  
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In the absence of the enhanced data set, an interim 
methodology for data extraction was proposed.  This 
included the following steps.  

Association for Advancement of Automotive 
Medicine, Abbreviated Injury Scale (AIS) 1990 -
Update 98, Barrington, 1998. 

 
1. 11-file data set SAS query – The traditional 

case identification ensures the retention of 
weighting factors necessary in any NASS 
CDS analysis. 

 
National Automotive Sampling System 
Crashworthiness Data System 1997 – 2007 case 
viewer, http://www-
nass.nhtsa.dot.gov/BIN/NASSCaseList.exe/SETFILT
ER?CASETYPE=PUBLIC%20%3Chttp://www-
nass.nhtsa.dot.gov/BIN/NASSCaseList.exe/SETFILT
ER?CASETYPE=PUBLIC%3E

2. NHTSA web site NASS CDS query – With 
the cases identified in Step 1, an analyst will 
be able to pull up a case file containing 
enhanced variables, attributes, and 
associated graphics.  The case viewer is 
available from 1997 through 2007.  An 
XML case viewer, with cases from 2004 and 
2005, is also available facilitating data 
extraction. 

 
National Automotive Sampling System 
Crashworthiness Data System 2004 – 2005 case 
XML viewer, http://www-
nass.nhtsa.dot.gov/BIN/NASSCaseList.exe/SETXM
LFILTER 

3. Upon identifying relevant case information, 
this will either be manually entered from the 
case viewer or automated using XML 
output.  

 National Automotive Sampling System 
Crashworthiness Data System 1988 – 2007 file 
transfer protocol web site, 
ftp://ftp.nhtsa.dot.gov/NASS/, 

The three-step extraction process is cumbersome, 
although, it is a remedial activity until the enhanced 
data set can be released.  Also, as shown in the 
sample query output for Figure 5, the cases might be 
identified via case viewer query, on the NHTSA web 
site and merged with the 11-file data set to obtain 
available vehicle and occupant parameters, with case 
weighting factors. 

 
National Automotive Sampling System 
Crashworthiness Data System 2002 – 2003 file 
transfer protocol web site, 
ftp://ftp.nhtsa.dot.gov/NASS/, 

  
It should be noted that sophisticated case extraction 
tools have been written but in their absence the three-
step approach is the one used by the authors.   It is 
also reinforced that without the publication of the 
annotation fields seemingly incompatible results 
might appear; nevertheless, these are the result of 
coding what is known by the researcher not what 
should be. 

United States Department of Transportation, National 
Highway Traffic Safety Administration, National 
Automotive Sampling System, Crashworthiness Data 
System, 2002-2005, NHTSA, Washington, D.C. 
 
United States Department of Transportation, National 
Highway Traffic Safety Administration, “National 
Automotive Sampling System, Crashworthiness Data 
System, 2000 Coding and Editing Manual”, NHTSA, 
Washington, D.C. 

 
At the suggestion of the NHTSA Rulemaking, this 
document will be made available to the National 
Center for Statistics and Analysis for supplemental 
publication, at their option, as a transitional data 
usage manual until the enhanced data set is released 
in its entirety. 
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ABSTRACT 
 
Injuries to the lower extremities continue to occur in 
frontal crashes despite increased attention on vehicle 
structure and restraint design.  Since lower extremity 
injuries can lead to costly rehabilitation and long-
term disability, it is important to understand their 
causation and how well modern design practices are 
affecting their incidence and severity.  This study 
investigates lower limb injury risk and causation in a 
U.S. crash database, and compares the risk and 
severity based on the nature of the crash and vehicle 
specifications.  This study uses weighted NASS-CDS 
data to give an overall view of lower limb injury risk 
over a period from 1994 until 2007.  Crashes will be 
categorized by intrusion level, delta-V, and vehicle 
model year.  Particular interest will be paid to leg, 
foot and ankle injuries as well as occupant factors 
and intrusion levels. 
 
A review of the representative data suggests that foot 
and ankle injury prevalence has not decreased in 
newer model-year vehicles, and that injury risk to the 
foot and ankle has actually increased despite 
structural improvements aimed at reducing footwell 
deformation.  When broken down by delta-V, the 
trends vary, but the majority of the injuries occur at 
lower crash severities.  Although vehicle structures 
and restraints have been optimized for improved 
performance in consumer information and regulatory 
tests, the risk of sustaining lower extremity injuries, 
especially to the foot and ankle, remains an issue that 
deserves further attention. 
 
INTRODUCTION 
 
Improvements to restraint system performance in the 
1980s and 1990s precipitated an increase in attention 
paid to lower extremity injuries sustained in frontal 
crashes.  A number of publications highlighted the 
importance of the lower extremities in terms of the 
overall injury distribution – with the lower 
extremities accounting for a large portion of the 
frontal crash injuries sustained [States, 1986; 
Pattimore et al., 1991; Morgan et al., 1991; 
Dischinger et al., 1994, Pilkey et al., 1994].  Though 
rarely life-threatening, lower extremity injuries can 

lead to long-lasting disability with physical and 
psychosocial effects [Read et al., 2004].  Despite 
extensive study, the factors related to foot and ankle 
injury causation remain unclear, though some studies 
have postulated that toepan intrusion and pedal 
interaction were responsible for many of the injuries. 
 
An in-depth analysis of crashes from the U.K. 
indicated that the majority of the ankle injuries were 
caused by intrusion of the toepan [Manning et al., 
1998].  Thomas et al. [1995] also concluded that 
toepan intrusion increased the risk of sustaining 
lower limb injuries.  Conversely, an investigation of 
field crashes spanning the period from 1988 to 1995 
in the U.S. suggested that almost all lower limb 
injuries occurred in frontal crashes with delta-V 
below 50 km/h and with toepan intrusion levels 
below 3 cm [Crandall et al. 1995; Crandall et al., 
1998].  Crandall et al. [1998] cautioned that the 
effects of footwell intrusion may not be fully 
captured by a static post-crash measurement.   
 
Occupant anthropometry has also been shown to 
affect lower extremity injury risk.  Crandall et al. 
[1996] concluded that foot and ankle injury risk 
decreased with increasing driver height.  That same 
study also indicated a higher risk for females than for 
males.  Differences in seating positions associated 
with different heights, in addition to greater injury 
tolerance for larger occupants, likely play a role in 
this outcome.  Differences in seating positions 
associated with different vehicle types are also likely 
to affect lower extremity injury distribution and risk 
[Rudd et al. 2006]. 
 
The objective of this study was to take an updated 
look at the nature of lower extremity injuries in 
frontal crashes.  The Insurance Institute for Highway 
Safety (IIHS) included measurements of toepan 
intrusion in its frontal offset rating program, and the 
result was that many newer vehicle designs 
experience less toepan deformation in offset frontal 
crashes than earlier models.  One of the primary 
interests was how modern vehicle designs have 
affected the lower extremity outcome in frontal 
crashes.  Other issues of interest included vehicle 
type, occupant height, and crash severity.   
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METHODS 
 
Case data were selected from the National 
Automotive Sampling System/Crashworthiness Data 
System (NASS/CDS) for analysis in this study (case 
years 1994 through 2007).  Model year 1995 and 
newer light vehicles involved in tow-away frontal 
crashes without rollover were included.  Adult 
occupants (thirteen years of age or older) seated in an 
outboard first row position (seatpos 11 or 13) with an 
available frontal air bag were applicable for analysis 
if they were properly belted and not ejected from the 
vehicle.  Since knowledge of injuries was critical to 
this analysis, only those cases with known injury 
information were included. 
 
The crashes were classified as full frontal, left offset, 
or right offset based on the criteria specified by 
Stucki et al. [1998].  The vehicle’s general area of 
damage (GAD1), principal direction of force 
(DOF1), object contacted and damage location were 
used to determine the crash mode.  Vehicles involved 
in rollover crashes were not considered.  All data 
presented have been weighted according to 
NASS/CDS recommendations except where noted. 
 
The representative CDS data were analyzed using 
SAS 9.1 software (SAS Institute Inc., Cary, NC) and 
standard errors from the sampling procedures were 
accounted for using the PROC SURVEY functions 
with the stratification information.  Risks were 
calculated by dividing weighted incidence by 
weighted exposure.  Odds ratios and confidence 
intervals were calculated using SURVEYLOGISTIC.   
 
This study focused on injuries to the lower 
extremities, which were broken down into the 
following sub-regions: pelvis, hip, thigh, knee, leg, 
and foot/ankle.  The injuries were divided into the 
specific sub-regions based on their AIS code, and the 
breakdown follows clinical definitions for the lower 
extremity regions [Kuppa et al., 2003].  Knee sprains 
were not considered to be AIS 2 injuries for this 
analysis.  In the second half of the analysis, special 
emphasis was placed on the leg, foot and ankle, 
where ankle injuries include malleolar fractures. 
 
RESULTS 
 
There were 15,364 occupants in the selection of CDS 
cases meeting the frontal crash and occupant criteria, 
which represented 6,423,619 total occupants after 
weighting.  Of the frontal crash occupants selected, 
1,370 sustained at least one AIS 2+ lower extremity 
injury, which became 151,362 occupants after 
weighting.  Summary statistics for the occupants and 

crashes are shown in Table 1.  The age distribution 
for the occupants is shown in Figure 1 and the height 
breakdown by gender is shown in Figure 2.  A 
distribution of total delta-V is provided in Figure 3 
sorted by the crash type.  A large majority of the 
crashes had a delta-V of less than 30 km/h.   
 

Table 1. 
Summary statistics for CDS dataset 

 
 Group Mean Percentage 
Age 36.3 years  

Male 37.5 years 49.4%  
Female 38.2 years 50.6% 

Height 171.0 cm  
Male 178.0 cm   

Female 164.1 cm  
Delta-V 20.0 km/h  
Crash Type   

Full Frontal 20.9% 
Left Offset 41.2% 

 

Right Offset 37.7% 
Seating Position   

Driver 82.5%  
Right Front Passenger 17.5% 
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Figure 1.  Occupant age distribution (weighted) in 
CDS frontal cases, all occupants. 
 

Occupant Height Distribution by Gender
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Figure 2.  Occupant height distribution by gender 
(weighted) in CDS frontal cases, all occupants. 
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Delta-V Distribution by Crash Type
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Figure 3.  Crash delta-V distribution (weighted) in 
CDS frontal cases by crash type. 
 
The distribution of all AIS 2+ lower extremity 
injuries by sub-region was determined as a function 
of some vehicle and occupant factors.  A comparison 
by vehicle model year, where 1995-2000 model years 
were considered the older group and 2001+ were 
considered the newer group, is shown in Figure 4.  
The proportion of knee and foot/ankle injuries is 
higher in the newer group, while the other sub-
regions constituted fewer of the lower extremity 
injuries.  Hip injuries made up a similar proportion 
for both groups. 
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Figure 4.  Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
vehicle model year. 
 
Vehicles were also classified by type, where pickups, 
sport utility vehicles, and vans were lumped together 
in the LTV group.  The injury distribution 
comparison for passenger cars compared to LTVs is 
shown in Figure 5.  The proportion of below-knee 
injuries is somewhat lower for LTV occupants, but 
LTV occupants tended to have more above-knee 
injuries overall compared to car occupants. 
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Figure 5.  Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
vehicle type.  
 
Prior studies have indicated a gender bias with 
respect to lower extremity injuries, so the distribution 
among males and females was calculated and is 
shown in Figure 6.  Men suffered a greater proportion 
of pelvis and thigh injuries, but the female group 
sustained a larger number of foot and ankle injuries. 
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Figure 6. Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
occupant gender. 
 
Prior studies have also indicated differences in lower 
extremity injuries based on occupant anthropometry.  
The injured occupants were segregated by height into 
three groups, one for those 163 cm (5’4”) or shorter, 
one for those between 164 cm and 186 cm (5’5” to 
6’1”), and a third for those taller than 187 cm (6’2”).  
The distribution based on height is shown in Figure 
7.  The most prevalent trends are for an increase in 
above-knee injuries and a decrease in foot/ankle 
injuries with increased occupant height. 
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Lower Extremity Injury Distribution 
by Occupant Height
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Figure 7.  Distribution of body regions sustaining 
at least AIS 2+ injury in CDS frontal crashes by 
occupant height. 
 
AIS 2+ injury risk was calculated for the lower 
extremity sub-regions based on the vehicle and 
occupant factors compared in Figures 4 through 7.  
Odds ratios were calculated between groups, and are 
shown below the risk values in Table 2.  Statistical 
significance of each comparison, based on α=0.05, is 
indicated by an asterisk next to the odds ratio.  A 
comparison of risk values for drivers based on the 
crash type has also been included. 
 

Further analysis was conducted looking only at 
injuries to the leg and foot/ankle complex.  Injury 
incidence and risk were calculated based on the 
effects of toepan intrusion, delta-V, gender/height 
and vehicle type/height.  Each of the accompanying 
charts shows the distribution of frontal crashes for 
three sets of conditions: the left column (dark blue) 
shows the distribution for all frontal crashes, the 
middle column (speckled red) shows the distribution 
among crashes in which an AIS 2+ leg injury was 
sustained, and the right column (green stripes) shows 
the distribution among crashes in which an AIS 2+ 
foot or ankle injury was sustained.  All columns of 
each color add up to 100 percent.  Following each 
chart, a table lists the calculated leg and foot/ankle 
AIS 2+ injury risk values for the various levels of 
vehicle and occupant effects. 
 
Figure 8 shows the effects of toepan intrusion.  Most 
frontal crashes (96%) occur with little or no toepan 
intrusion, and nearly 70% of the leg and foot/ankle 
injury crashes also occur with little or no toepan 
intrusion.  Injury risk generally increases with higher 
levels of toepan intrusion (Table 3).  The foot/ankle 
complex is generally at a higher risk than the leg, 
regardless of intrusion level.  

Table 2 
Injury risk (AIS 2+) and odds ratios for lower extremity sub-regions based for various vehicle 

and occupant factors 
 
 Pelvis Hip Thigh Knee Leg Foot/Ankle 
Model Year 
Old (1995-2000) 0.27% 0.14% 0.30% 0.45% 0.71% 1.15% 
New (2001+) 0.23% 0.17% 0.26% 0.60% 0.69% 1.44% 
New vs. Old 0.83 1.26 0.86 1.33 0.97 1.26 
Vehicle 
Car 0.25% 0.14% 0.28% 0.50% 0.84% 1.34% 
LTV 0.27% 0.17% 0.30% 0.49% 0.42% 1.00% 
LTV vs. Car 1.08 1.19 1.06 0.98 0.50 0.74 
Gender 
Male 0.25% 0.12% 0.32% 0.41% 0.55% 0.86% 
Female 0.27% 0.17% 0.26% 0.58% 0.86% 1.59% 
Female vs. Male 1.08 1.38 0.83 1.41 1.57* 1.86 
Height 
Short (≤163 cm) 0.19% 0.14% 0.20% 0.56% 1.10% 1.58% 
Average (164 -186 cm) 0.29% 0.15% 0.33% 0.48% 0.57% 1.16% 
Tall (≥187 cm) 0.18% 0.14% 0.21% 0.40% 0.53% 0.52% 
Short vs. Average 0.65* 0.91 0.62 1.17 1.96* 1.36 
Tall vs. Average 0.62 0.91 0.62 0.84 0.93 0.44* 
Crash Type (Drivers only) 
Full Frontal 0.50% 0.14% 0.37% 0.63% 0.65% 2.12% 
Left Offset 0.28% 0.19% 0.29% 0.48% 0.78% 1.26% 
Right Offset 0.20% 0.14% 0.27% 0.52% 0.42% 1.06% 
Left vs. Full 0.56* 1.39 0.79 0.77 1.19 0.59 
Right vs. Full 0.40* 1.07 0.74 0.83 0.64 0.50 
Note: Comparisons between groups (odds ratios) are shown in italicized text.  An asterisk (*) indicates 
statistical significance for the differences in injury risk for the comparison groups. 
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Figure 8.  Distribution of crashes by toepan 
intrusion level for all frontal crashes, those in 
which the occupant sustained at least one AIS 2+ 
leg injury, and AIS 2+ foot/ankle injury. 
 

Table 3. 
AIS 2+ injury risk based on recorded toepan 

intrusion level 
 
Toepan 
Intrusion Level 

Leg Injury Risk Foot/Ankle 
Injury Risk 

None 0.52% 0.86% 
3-8 cm 2.25% 4.59% 
9-15 cm 4.56% 10.3% 
16-30 cm 8.99% 16.0% 
31-46 cm 14.6% 42.9% 
47-61 cm 56.4% 39.9% 
62+ cm 44.8% 50.8% 

 
The majority of all frontal crashes occur with a delta-
V of less than 30 km/h (Figure 9).  When considering 
those with leg or foot/ankle injuries, the largest 
subset is the 16-30 km/h group and almost none 
occur in the lowest severity group.  Similar to the 
trend seen for toepan intrusion, greater severity as 
indicated by a higher delta-V generally results in a 
higher injury risk (Table 4).  One important 
consideration to make here is the inherent limitations 
in the calculation of delta-V.  Crashes with other than 
full overlap may result in an underestimated delta-V. 
 
Occupants were broken down by their gender and 
height, and the distribution of crashes is shown in 
Figure 10.  The blue columns give an indication of 
the overall gender and height breakdown for frontal 
crash exposure.  Of the occupants 163 cm or shorter, 
females dominated the overall number exposed, but 
had a disproportionately high number of leg and 
foot/ankle injuries.  In the middle height range, 
females tended to have more foot/ankle injuries than 
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Figure 9.  Distribution of crashes by delta-V for 
all frontal crashes, those in which the occupant 
sustained at least one AIS 2+ leg injury, and AIS 
2+ foot/ankle injury. 
 

Table 4. 
AIS 2+ injury risk based on delta-V 

 
Delta-V Range Leg Injury Risk Foot/Ankle 

Injury Risk 
0-15 km/h 0.10% 0.10% 
16-30 km/h 0.46% 0.99% 
31-45 km/h 1.80% 4.51% 
46-60 km/h 10.5% 16.5% 
61+ km/h 23.2% 29.9% 
Unknown 0.75% 0.90% 

 
males.  The risk values for the various height and 
gender groups are shown in Table 5.  Odds ratios for 
females compared to males have also been included 
in this table for the three height groups.  Statistical 
significance at the α=0.05 level was denoted by an 
asterisk next to the odds ratio.  Women have a 
significantly higher risk of foot/ankle injuries  
compared to men for the short and middle height 
groups.  Leg injury risk is significantly higher for 
women compared to men 163 cm or less. 
 
Occupants were also broken down by height based on 
the type of vehicle.  Figure 11 shows the distribution 
for cars and LTVs and risk values are tabulated in 
Table 6.  Short car occupants sustain a 
disproportionately high number of leg and foot/ankle 
fractures, and their risk is higher than in LTVs 
though only significant at the 0.05 level for the leg.  
Car occupants below 186 cm in height generally had 
a higher risk of leg and foot/ankle injury, but the 
tallest occupant group showed higher risk in LTVs.  
Tall occupants were nearly twice as likely to sustain a 
foot/ankle injury in an LTV compared to a car.  
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Figure 10.  Distribution of crashes by occupant 
gender and height for all frontal crashes, those in 
which the occupant sustained at least one AIS 2+ 
leg injury, and AIS 2+ foot/ankle injury. 
 

Table 5. 
AIS 2+ injury risk and odds ratios based on 

occupant gender and height 
 
Gender Height Leg 

Injury 
Risk 

Foot/Ankle 
Injury 
Risk 

≤163 cm 0.22% 0.27% 
164-186 cm 0.57% 0.95% 

Male 

≥187 cm 0.51% 0.53% 
≤163 cm 1.18% 1.69% 
164-186 cm 0.56% 1.51% 

Female 

≥187 cm 1.14% 0.17% 
≤163 cm 5.39* 6.38* 
164-186 cm 0.97 1.60 

Female vs. 
Male 

≥187 cm 2.27 0.33 
Note: Comparisons between genders (odds ratios) are 
shown in italicized text.  An asterisk (*) indicates 
statistical significance for the differences in injury risk 
for the comparison groups. 

 
 
DISCUSSION 
 
The CDS dataset contained mostly drivers, and the 
distribution by gender was close to even.  About two- 
thirds of the occupants were 40 years of age or 
younger.  Most of the males were in the middle 
height group (164 cm to 186 cm), and the females 
were fairly evenly divided between the lowest and 
middle height group.  Of the crashes with a known 
delta-V, over 85% were at a delta-V of 30 km/h or 
less.  Based on this distribution, even with a higher 
injury risk in higher severity crashes, it makes sense 
that a large portion of the lower extremity injuries 
will occur with a delta-V below 50 km/h as claimed 
by Crandall et al. [1998].  The greatest potential for 
exposure, even though injury risk is lower, is  
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Figure 11. Distribution of crashes by vehicle type 
and occupant height for all frontal crashes, those 
in which the occupant sustained at least one AIS 
2+ leg injury, and AIS 2+ foot/ankle injury. 
 

Table 6. 
AIS 2+ injury risk and odds ratios based on 

vehicle type and occupant height 
 
Vehicle Height Leg 

Injury 
Risk 

Foot/Ankle 
Injury Risk 

≤163 cm 1.31% 1.83% 
164-186 cm 0.66% 1.21% 

Car 

≥187 cm 0.45% 0.40% 
≤163 cm 0.48% 0.83% 
164-186 cm 0.38% 1.08% 

LTV 

≥187 cm 0.68% 0.74% 
≤163 cm 0.36* 0.45 
164-186 cm 0.58 0.89 

LTV vs. Car 

≥187 cm 1.51 1.86 
Note: Comparisons between vehicle types (odds ratios) 
are shown in italicized text.  An asterisk (*) indicates 
statistical significance for the differences in injury risk for 
the comparison groups. 

 
generally in crashes less severe than the NCAP and 
IIHS tests. 
 
One of the primary objectives of this study was to 
compare lower extremity injury prevalence in frontal 
crashes of newer vehicles to that in older vehicles.  
The distribution of injuries to the lower extremities 
was found to be slightly different for the newer group 
compared to the older group.  There was a tendency 
for occupants of newer vehicles to suffer more 
foot/ankle and knee injuries and less pelvis, thigh and 
leg injuries.  Foot/ankle injury risk was higher for the 
newer vehicles as indicated by the odds ratio of 1.26, 
though this was not significant at the 0.05 level 
(confidence interval 0.65, 2.42).  One key factor 
related to the model year analysis was the cutoff year 
for the newer versus older vehicles.  An analysis of 
IIHS results indicated that more than two-thirds of 
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the 2001 model year vehicles received Good or 
Acceptable scores in the frontal offset 
crashworthiness evaluation.  The proportion of Good 
or Acceptable vehicles continued to increase 
thereafter, so this was chosen as a cutoff based on the 
assumption that a sizeable number of the vehicles 
would have better structural frontal crash 
performance.  With this breakdown, approximately 
29% of the total number of weighted cases was in 
newer vehicles.  It was felt that this cutoff ensured 
the new group contained enough crashes for a 
comparison yet reflected more modern vehicle 
designs.  One limitation in this approach comes from 
the staggering of vehicle redesign cycles, which 
means that some 2001 and newer vehicles are older 
designs that may not reflect newer design practices. 
 
The overall distribution of injuries did not vary much 
in passenger cars compared to LTVs, though LTVs 
did seem to have a larger proportion of above-knee 
injuries.  To offset this difference, LTV occupants 
appeared to have a smaller proportion of leg injuries 
compared to car occupants.  In terms of AIS 2+ 
injury risk, there were no significant differences 
between the two vehicle types, but below-knee risk 
was generally lower in the LTVs.  With vehicle 
interior geometry varying so widely among LTVs, 
and even among passenger cars, any effects of 
differences in seating position on injury risk are 
probably not evident with such an analysis.  A more 
appropriate, and telling, characterization would have 
to take actual geometry into account. 
 
The role of gender on injury distribution and risk was 
similar to that found in previous studies.  Males 
tended to sustain a greater relative number of pelvis 
and thigh injuries while women suffered a notably 
greater proportion of foot/ankle injuries.  Females 
were 1.86 times more likely to sustain an AIS 2+ 
foot/ankle injury than men, a difference that was 
nearly significant if α=0.10.  Women were found to 
be 1.57 times more likely to sustain leg injuries.  
Prior studies have postulated that both geometric and 
footwear differences may explain the higher risk for 
women [Crandall et al., 1996].  An analysis of 
footwear was not performed in this study, but the 
height analysis offers some additional insight. 
 
Shorter occupants sustained more foot/ankle injuries 
than their taller counterparts, based on the overall 
injury distribution.  The shortest occupants tended to 
sustain fewer above-knee injuries relative to taller 
occupants, but the middle and tall height groups were 
more similar to one another.  Looking at the 
calculated risk values suggests that shorter occupants 
tend to fare worse for injuries to the lower regions 

(knee, leg, foot/ankle).  Those 163 cm in height or 
less are nearly twice as likely as middle-height 
occupants to sustain an AIS 2+ leg injury.  The 
shortest occupants were significantly less likely to 
sustain a pelvic fracture.  Crandall et al. [1996] 
suggested that the smaller drivers’ higher injury risk 
may be associated with differences in the gap 
between the heel and the floor during pedal 
application.  It is likely that the gap arises from both 
shorter foot length and overall geometry factors that 
result from shorter leg and thigh length within a 
vehicle geometry that is not as accommodating for 
shorter occupants.  Pedals that adjust in both 
longitudinal and vertical directions may help to 
eliminate the heel gap among shorter drivers during 
braking maneuvers. 
 
The crash type analysis in Table 2 shows that full 
frontal-type crashes generally resulted in a higher 
lower extremity injury risk compared to left- or right-
offset crashes.  The highest risk value was for 
foot/ankle injuries in full frontal crashes, which was 
close to being significantly higher than that in both 
the left- and right-offset modes.  Injuries to the leg 
were more likely to occur in left-offset crashes 
compared to full frontals, but the difference was not 
significant.  Since greater toepan intrusion is 
typically expected in an offset crash compared to a 
frontal, this result suggests that toepan intrusion may 
not be driving factor for foot/ankle injuries since the 
full-frontal mode had the highest risk. 
 
Additional analysis was conducted with a special 
emphasis on below-knee injuries.  Since toepan 
intrusion has been debated as a cause of increased 
lower extremity injury risk, the distribution of 
crashes was calculated based on the level of toepan 
intrusion for all crashes and for those with below-
knee injuries.  Overall, as shown in Figure 8, most 
crashes occur with little or no toepan intrusion – even 
those with AIS 2+ injuries to the leg, foot and ankle.  
As expected, injury risk increases with greater toepan 
intrusion, but with about 70% of the tibia and 
foot/ankle injuries occurring with less than 3 cm of 
intrusion, it appears that despite a higher risk, 
intrusion is not necessary to produce AIS 2+ injuries.  
Based on the exposure numbers alone, it is evident 
that efforts to reduce toepan intrusion may not 
completely address the problem. 
 
Almost no leg or foot/ankle injuries occur in the 
crashes with delta-V below 15 km/h, though the 
majority occur in crashes with a delta-V below 45 
km/h, considering only those crashes with known 
delta-V.  As with toepan intrusion, injury risk does 
consistently increase with higher crash severity as 
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measured by delta-V.  Even though the calculated 
foot/ankle injury risk is below 5 percent for crashes 
with delta-V 45 km/h or less, sizeable reductions in 
injury prevalence could be achieved by addressing 
moderate severity crashes based simply on exposure.  
Findings related to the delta-V must be viewed as 
generalizations due to the inherent limitations in the 
calculation of delta-V in anything other than a full 
frontal crash. 
 
Taking another, more detailed, look at the effects of 
occupant height and gender in Figure 10 and Table 5, 
it becomes evident that the effect of gender may be 
related to more than just typical height differences 
between men and women.  Relatively few males were 
in the shortest height group, but they demonstrated 
about one-sixth the foot/ankle injury risk of the 
female occupants of similar height – and the result 
was significant.  In the middle height group, the 
female occupants had a higher risk of foot/ankle 
injury compared to the males.  Females in the 
shortest subset were five times more likely than 
males to sustain an AIS 2+ leg injury.  While the 
proportion of males in the shortest subset was small 
compared to the females (about 7% of total weighted 
cases), the differences in foot/ankle injury risk for all 
occupants shorter than 186 cm does suggest that 
height alone does not explain the difference between 
genders.  The difference could be due to a lower 
injury tolerance among the female population or 
because of differences in foot size despite equivalent 
height.  If women generally have smaller feet, the 
heel gap issue proposed by Crandall et al. [1996] may 
affect women more so than men. 
 
The vehicle type analysis was conducted again, but 
with further breakdown of the cases by occupant 
height as shown in Figure 11 and Table 6.  In this 
dataset, car occupants outnumbered LTV occupants 
by a factor of about 2 based on weighted counts.  
Among the shortest occupants, those occupying cars 
were injured more frequently than those in LTVs.  
While not statistically significant at the α=0.05 level, 
the foot/ankle risk in LTVs was 0.45 of that in cars 
for this group (confidence interval 0.2, 1.01).  The leg 
injury risk for LTV occupants compared to car 
occupants for this height group was significant at 
0.36.  It is possible that the generally higher seating 
position in LTVs compared to cars offers some 
benefit to occupants 163 cm or shorter in height, 
though a more detailed geometric analysis would 
need to be performed given the vast range of seating 
positions available in both vehicle classes.  Among 
middle height occupants, the foot/ankle risk in cars 
and LTVs was similar.  Tall occupants in LTVs were 
more likely to suffer a foot/ankle or leg injury than 

those riding in cars.  While it is unlikely that the 
tallest occupants develop a gap between their heel 
and the floor, overall lower limb positioning 
associated with the higher seating position may 
predispose their lower extremity, especially the foot 
and ankle, to more injurious loading conditions.  This 
finding does not follow the general trend for taller 
occupants to have lower injury risk, so further 
investigation of the seating position and vehicle 
interior geometry effects should be conducted. 
 
CONCLUSION 
 
This study presented updated lower extremity injury 
trends based on vehicle and occupant factors in order 
to show where improvements can be made in frontal 
crash safety given that the prevalence of lower limb 
injuries has remained high.  Since the IIHS frontal 
offset test has placed an emphasis on reduced toepan 
intrusion, it was desired to evaluate any lower limb 
injury trends in newer model vehicles.  The analyses 
conducted yielded the following conclusions about 
lower extremity injuries in frontal crashes: 
 

• The risk of AIS 2+ foot/ankle injury is 
slightly higher for occupants of MY 2001 
and newer vehicles 

• Females are more likely to sustain leg and 
foot/ankle injuries than males 

• Occupants less than 164 cm in height are 
twice as likely to sustain leg injuries than 
those 164 cm to 186 cm in height 

• Although the injury risk is about 1%, most 
foot/ankle injuries occur with less than 3 cm 
of toepan intrusion 

• Female occupants less than 164 cm in height 
are at significantly higher risk of foot/ankle 
and leg injuries than males in the same 
height range 

• Tall occupants of LTVs show higher risk of 
below-knee injury compared to those in cars 

• Full frontal crashes have a higher risk of 
foot/ankle injuries compared to offset frontal 
crashes 

 
Understanding the kinematics and dynamics of the 
lower extremities under different loading conditions 
and with different occupant configurations is not 
possible based on field data alone.  Further 
explanation of these findings may be possible with 
computational modeling or with physical tests.  Such 
an effort is critical for minimizing real-world 
foot/ankle injury risk, as the general trend with newer 
vehicles has not shown a reduction from the efforts to 
reduce toepan intrusion. 
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ABSTRACT 

Against the background of an always growing 

traffic volume on the roads and the thereby 

resulting aim to reduce the number of traffic 

fatalities continuously, the recent years saw a 

number of research projects and field studies. 

As a result of this, legal tests and consumer 

requirements have been significantly tightened. 

Consequently, car manufacturers and suppliers are 

faced with completely new challenges as to the 

adaptation of occupant restraint systems. Here, so-

called “smart” restraint systems gained more and 

more importance. 

 

The US-NCAP requirements for the MY 2010, 

adopted by NHTSA in 2008, are a new milestone 

for the improvement of occupant protection. For 

the minimization of the total injury risk in frontal 

impacts, the protection criteria for head (HIC), 

neck (Nij), and thorax (chest deflection) are under 

special consideration. 

 

With regard to the new requirements, it seems to be 

quite challenging to achieve a very good rating in 

frontal crash tests by standard restraint systems, 

especially when different dummy sizes and the 

legal requirements according to FMVSS 208 have 

to be considered. 

 

The present study shall demonstrate which 

potential adaptive airbag and seat belt technologies 

can possess. Thus, the performance of different 

concepts of adaptive airbag techniques, knee bags, 

double pretensioning systems and adaptive force 

limiter are compared. Following, an evaluation of 

the different concepts as to their efficiency and 

benefits in terms of critical injury criteria will be 

made. Finally, a survey is given on how the 

consequent use of adaptive restraint systems can 

address the future requirements (law, ratings). 

 

 

 

 

 

CHALLENGES OF THE NEW US-

NCAP RATING 

Based on the significant improvement of passive 

safety level in recent years, NHTSA has decided to 

change the existing front and side crash rating 

programs. These changes are effective for the 2011 

model year. NHTSA will maintain the 35 mph (56 

kph) full frontal barrier test for the frontal crash test 

program, but the 50%ile dummy on passenger side 

will be replaced by the 5%ile dummy. The 

assessment of the frontal impact star rating is 

extended by additional injury criteria for neck (Nij, 

compression/tension force), chest deflection and 

femur forces. [1] 

 

The current moving deformable barrier test at 

38.5mph (63kph) is still used for the side impact 

crash configuration. In future this test includes new 

side impact test dummies (SID-2s and ES-2 

dummy) and new assessment criteria (HIC36, rib 

deflection, abdomen and pelvic force). 

Additionally, a 20mph (32kph) oblique pole test 

with a 5% female ES-2 dummy will be applied for 

the assessment of new vehicles. 

 

For rollover, NHTSA will continue to use the static 

stability factor (SSF) and the manoeuvrability 

assessment (tip-up or no tip) to rate the risk of 

vehicles to rollover. It is expected that the agency 

will update this rollover risk assessment, as soon as 

more real-world crash data of vehicles equipped 

with electronic stability control are available. 

 

With the new US-NCAP rating, NHTSA will 

establish a new overall Vehicle Safety Score (VSS) 

that combines the front, side, and rollover star 

rating. 
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Furthermore, vehicles equipped with selected 

advanced technologies (crash avoidance 

technologies) will be noted: A text display will be 

used to inform about a standard vehicle (without 

advanced technologies) or an optional presence. 

 

• Electronic Stability Control (ESC) 

• Lane Departure Warning (LDW) 

• Forward Collision Warning (FCW) 

 

This article is focussed on the challenges resulting 

from the new requirements for the frontal crash 

test. 

 

The assessment of the occupant protection in the 

frontal impact bases on injury probabilities of the 

considered body regions (head, neck, chest, and 

thigh) which correlate with a defined injury 

severity. For detecting the single probabilities 

selected injury / protection criteria on the basis of 

risk injury curves (generally AIS 3+, except femur 

axial forces: AIS 2+) are used. Here, the AIS3+ 

injury risk curves correspond to those taken for 

FMVSS 208. Figure 1 illustrates this exemplarily 

for the driver side (50%-ile dummy). 

 

 
Figure 1. Injury criteria and probabilities for 

driver side (AM 50). [1] 

 

From the product of the single probabilities the so-

called combined injury probability Pcomb is 

calculated for each the driver and passenger side. 

 

Pcomb [Driv./Pass.]=1-(1-Phead)(1-Pneck)(1-Pchest)(1-Pfemure) 

 

For the actual assessment a “relative risk score“ 

factor (RRS) is taken being a quotient from 

combined injury probability and a statistical 

quantifying parameter
1
: 

 

RRS[Driv./Pass.] = Pcomb [Driv./Pass.] / 0.15 

 

                                            
1
 For the time being NHTSA has set this statistical 

quantifying parameter on 0.15, based on the 

statistical survey to assess the safety level of 

vehicles of MY 2008. 

The probability and RRS values may then extract 

the “star rating” – separated into driver and 

passenger side - (See Figure 2). 

 

  Frontal/ Side 

  probability RRS �����
 P < 0.10 RRS <0.667 ����

 0.10 � P 0.15 0.667 � RRS <1.0 ���
 0.15 � P < 0.20 1.0 � RRS < 1.33 ��

 0.20 � P < 0.40 1.33 � RRS < 2.667 �
 P � 0.40 RRS � 2.667 

Figure 2. Star rating based on combined 

probability and/or relative risk score (RRS). [7] 

 

A total assessment is made by a so-called „Vehicle 

Safety Score“ (VSS), uniting the weighted risk 

assessments from frontal crash test, side MDB pole 

test, as well as from the rollover assessment (See 

Appendix A). 

 

The probability functions (See Figure 1) allow the 

conclusion that the following injury criteria for the 

rating according to US-NCAP New (frontal crash 

test) are to be considered especially critical: 

 

Driver side: 

 

- HIC 15 

- chest deflection 

 

Passenger side: 

 

- HIC 15 

- Nij 

- Chest deflection 

 

For a conceivable scenario to achieve a „5 star 

rating“ on the driver and passenger side  (RRS < 

0,667 the following target values should be 

reached:  

 

Driver side: 

 

- HIC 15 ≤ 200 

- chest deflection ≤ 23 mm 

- Nij ≤ 0,3
2

 

- Femur Force ≤ 2,5 kN 

 

                                            
2
 Due to the stored probability functions for the 

calculation of the single probabilities Pneck_Nij, 

Pneck_Comp und Pneck_Tens, the Nij is normally the most 

critical load criterion. 
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Passenger side: 

 

- HIC 15 ≤ 250 

- chest deflection ≤ 19 mm 

- Nij ≤ 0,3 

- Femur Force ≤ 1,5 kN 

 

Considering these target values on the one hand 

and the legal load cases according to FMVSS 208 

on the other, it can be safely assumed that only 

very few vehicles from latest model years would 

have been able to reach a “5 star” rating in the 

frontal impact according to US-NCAP NEW. 

 

HOW ADAPTIVITY SHOULD WORK 

Basically, the adaptation of components of an 

occupant restraint system can be divided into two 

groups: active and passive adaptation. 

An outstanding feature of active adaptation is the 

integration of a control mechanism into the system 

component. 

 

Passive adaptivity is a special feature already 

inherent in the component that has not been added 

afterwards. Due to its viscous characteristics even 

the gas vent from an airbag, e.g., has to be 

considered an adaptive adaptation [2]. 

 

Further considerations, however, will focus on 

active adaptation because the efficiency factor here 

can increase to a much higher degree than for 

passive adaptations.  

 

It is the goal of adaptive protection components to 

adjust the force application at the occupant to the 

initial and boundary conditions of the accident. 

This mainly involves the accident severity, type 

and sort of accident, the occupants’ mass, size, 

position, and, possibly, even their age. 

 

In simple terms we can say that adaptivity means 

the ability of the protection system to adapt its 

stiffness to selected accident and occupant 

parameter in order to increase the biomechanical 

quality of the complete protection system. Pre-

studies reveal which parameters are especially 

relevant for an adaptation in a frontal impact. [3] 

 

It is without any doubt that the accident severity 

comes in the first place of factors followed by mass 

and size of the occupant. Adjusting the level of a 

belt force limiter, for instance, allows to adapt the 

protection performance of a system very well as 

shown in [4]. 

 

Furthermore, adaptation mechanisms may also 

result in an increase of efficiency. Here, especially 

the first phase of interaction between restraint 

element and occupant is put into the focus of 

attention. Pressure-controlled venting holes of an 

airbag, being under series production for many 

years now, are a classical example to illustrate this 

[5]. 

 

Reducing the gas mass during the filling phase of 

the airbag by using a dual-staged gas inflator or 

redirecting the gas flow does not lead to an increase 

of efficiency of the protection system due to 

functional reasons. [6] 

 

But those measures can restrict the aggressiveness 

of the airbag system and thus contribute to reduce 

the danger of the occupant to get injured by the 

airbag deployment in out-of-position situations. 

ADAPTIVITY COMBINED WITH 

STANDARD AND ADVANCED 

RESTRAINT SYSTEMS 

In parallel to the introduction of adaptive solutions, 

an enlargement of the system components by 

design can increase the protection potential 

purposefully. 

 

In contrast to a „Standard Restraint Systems“, the 

„Advanced Restraint Systems”, e.g., are 

characterized by a special airbag tailoring, knee 

airbags, digressive belt force limiters, and/or 

inflatable seat cushions (See Figure 3).  

 

 
 

Figure 3. Adaptivity and its impact on standard 

and advanced restraint systems. 
 

Depending on the restraint system performance and 

the boundary conditions (e.g. vehicle and module 

package, costs) it might be useful to prefer 

„advanced“ components instead of adaptive 

solutions or respectively to combine both features. 

 

For example, the use of a knee airbag can reduce 

the chest deflection but increase the head loadings. 

Adaptivity in the airbag makes it possible to 

neutralize this effect and, moreover, to reduce the 

head loadings clearly. 

 

The following chapters will show concrete 

examples illustrating this. 
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EFFICIENCY AND BENEFIT OF 

DIFFERENT ADAPTIVE CONCEPTS 

FOR FRONTAL CRASH 

CONFIGURATIONS 

On the basis of the design of today’s restraint 

systems for the different frontal crash 

configurations, the target conflict is even getting 

sharper as to safe fulfillment of legal requirements 

(FMVSS 208) and new US-NCAP rating . 

 

It is especially an airbag design (stiffness, shape) 

focussed on unbelted load cases according to 

FMVSS 208 (0° and 30° impact) and on the 

requirements of phase 2b (30mph, 5%- und 50%-

dummy) that will lead to worse rating results in the 

future. In the case of demanding crash  pulses (high 

motorization) this dilemma will even get worse. 

 

The results of this study are based on valid 

occupant crash simulation of driver and passenger 

side. As to its interior geometry, the selected 

vehicle obviously corresponds to a European 

middle-class car. The dummy models used are the 

50%-ile male and the 5% -ile female dummy (See 

Figure 4). 

 

 

Figure 4. CAE model for driver and passenger  

side. [7] 

 

The vehicle components and the dummies as well 

are exclusively modelled by the FE-method. In 

advance, the parameters of the airbag and seat belt 

model have been validated in their range of 

variations by component tests. 

 

Basis for the choice of crash pulses for the 

simulation models were vehicles with extremely 

high front end stiffness (See Figure 5). 

 

From previous studies we learned that especially 

these crash pulses require the highest performance 

from the protection system. 

 

 
Figure 5. Comparison of US-NCAP crash pulses. 

The evaluation of the simulation results does not 

only include the classical occupant load values (see 

above) but also the kinematics of the dummies 

themselves (e.g. the risk for „submarining“) and the 

double forces/moments in the lumbar region. Only 

thus, a holistic analysis of the effects of single 

components in the occupant protection system can 

be made. 

 

Furthermore, all changes and/or adaptive measures 

at the protection system are evaluated for several 

crash configurations. The influence on the 

configurations of FMVSS 208 is considered as 

well. The measure for the evaluation is a shortfall 

of 20% under the legally allowed limits for the 

dummy loads. 

 

Thus, the statements or recommendations, that can 

be made, become broader, but the focus, however 

remains to be the new US-NCAP. 

DRIVER SIDE 

First step of the analysis is to study the single 

changes at the protection system separately. So it 

becomes possible to evaluate the respective 

potential apart from the others and to quantify its 

use for an advanced and/or adaptive protection 

system.  

 

The use of an adaptive seat belt force limiter in the 

retractor, which is able to switch from a high level 

to a lower one at a defined moment, is analyzed 

first.  

 

According to the US-NCAP NEW assessment the 

injury probability reduces by approximately 10% 

(see Figure 6). 

 

Without this adaptive seat belt force limiter a safe 

fulfillment of FMVSS208 would not be possible in 

the vehicle under evaluation (load case: 5%-ile 

dummy). Thus, the adaptive belt becomes a 

confirmed part for all further variants.  
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Figure 6. Adaptive belt load limiter compared to 

standard system. 

 

The application of a knee bag reduces the injury 

risk by further 25% (see Figure 7). 

 

The knee bag induces a reinforced support of the 

occupant in the pelvis area. This is accompanied by 

a reduction of the belt force in this area leading to 

positive effects on the chest deflection.  

 

The modified kinematics of the occupant caused by 

the knee bag also results in reduced head loads of 

the dummy. 

 

 
Figure 7. Kneebag compared to baseline. 

 

Optimizing the airbag shape allows to evidently 

increase the protective effects in the US-NCAP 

NEW. The airbag tailoring is trimmed so that the 

head restraint becomes better and the force 

application on the thorax is restricted to bio-

mechanically acceptable values (see Figure 8). 

 

 
Figure 8. Advanced airbag shape compared to 

baseline. 

 

The use of an adaptive airbag component, such as 

well as the adaptive seat belt, shows a high 

potential for an improvement of the protective 

effects in connection with the 5%-ile dummy. 

 

Under the boundary conditions of the   US-NCAP 

NEW, i.e. with the 50%-ile dummy, the efficiency 

of the analyzed airbag adaptivity is rather low. 

 

A double belt pretensioning in the retractor and in 

the belt bracket or in the buckle results in a 

reduction of the total injury risk by approximately 

10%. 

 

As already mentioned in the beginning, the baseline 

crash pulse corresponds to an extremely stiff 

vehicle front end structure. Therefore the vehicle 

response was also used as a parameter within the 

CAE study to see which impact an average US-

NCAP crash pulse has on the load values. 

 

In comparison to the other selected modifications 

particularly head, neck and femur injury 

probabilities could be reduced significantly (See 

Figure 9, No. 6: average crash pulse). 
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Figure 9. Overview: Benefit for driver side. 

 

Figure 9 demonstrates clearly to which regions of 

the body the injury risk can be addressed by 

adaptive and advanced measures. The total of all 

measures leads to a reduction of more than 60%. 

 

This outstanding result almost completely traces 

back to improvements in the head and chest area.  

 

In contrast, the probability for injuries in the neck 

and lower leg regions is hardly addressed by the 

analyzed modifications under the given boundary 

conditions. 

PASSENGER SIDE 

The basic design for the passenger side was in that 

case a standard restraint system with 3D airbag 

shape and constant belt force limiting (without 

knee airbag). 

 

As for the driver side, the influence of the restraint 

performance of the complete system is reported 

separately for each modification. This allows to 

derive the potential of an adaptive and advanced 

protection system for the passenger side. 

 

In a first step, based on the standard system an 

adaptive airbag system reduces the head injury 

probability (HIC15) for the 5%-ile female dummy 

significantly. Hence, clear benefits for the total 

assessment according to US-NCAP can be 

achieved (See Figure 10). 

The second modification in form of a dual-stage 

belt load limiters, which goes down to a lower 

force limit (e.g. to 2kN) at a very early stage, is 

made. 

 

This modification leads also to a positive effect on 

the US-NCAP rating (particularly chest deflection), 

though the chest load values are mainly dominated 

by the airbag. As already described for the driver 

side, an adaptive belt load limiting is a basic 

prerequisite for the safe fulfillment of legal 

requirements with equally good results in the 

ratings. The biggest benefit here is drawn from the 

reduction of the chest acceleration. 

 

The combination of adaptive belt force limiting and 

adaptive airbag system is therefore primarily 

necessary to address the target conflict between 

208 load case (56kph, 50%AM belted) and US-

NCAP requirements (5%AF).  

 

The combined adaptivity in the belt and airbag 

system allows a reduction of the HIC15 by 30% 

and of chest deflection by approximately 10% in 

the present parameter variation compared to the 

standard system (See Figure 10). 

 

 
Figure 10. Adaptive airbag and belt load limiter 

compared to standard system. 

 

The adaptive components as part of a new basic 

system are also used in all other parameter 

variations. 

 

As already stated for the driver side, the use of a 

knee bag leads to an improved pelvis restraint. 

Thus, especially the chest deflection can be reduced 

by approximately 40%. 

 

In combination with the adaptive belt load 

limitation and an adaptive airbag system, the 

reduction of the head loads turns out to be 

surprisingly high (HIC15 by about 70%). At the 

same time, it has to be accepted that the knee bag 

causes a significant increase of the axial femur 

force when the loads are on a low level. 
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As to the FMVSS 208 load cases, this modification 

also effects benefits for the chest acceleration 

(primarily 5%-ile dummy). 

 

All in all, the injury probability can be reduced by 

approximately 12 % when a knee bag is used (See 

Figure 11). 

 

 
Figure 11. Knee bag compared to baseline. 

 

The modifications studied by now showed clear 

reductions for the head and chest loads. Benefits 

for the neck loads (Nij), however, could not been 

proved yet.  

 

The next step will therefore be an optimization of 

the airbag shape as this seems to dominate the neck 

loadings of the 5%-ile dummy.  

 

Due to the positive influence of the knee bag on the 

head and chest loads it will further be part of the 

considerations.   

 

First a modification of the standard 3D shape is 

made for the region of the head and chest contact. 

This already allows a significant reduction of the 

neck injury risk. But at the same time head and 

chest loads change for the worse. Nevertheless, the 

total injury risk declines by 15% when all load 

criteria are considered. (See Figure 12, advanced 

airbag shape). 

 

This is why the second step analyzes the Takata 

patented Twinbag [8]. Using a two-chamber airbag 

shape the „coupling“ of head and thorax and the 

resulting force application in this area can be 

improved systematically. This variant allows to 

reduce the chest deflection again by more than 50% 

compared to the basic variant (adaptivity in 

belt/airbag + knee airbag). 

 

Furthermore, in comparison to the baseline the 

neck injury probability (Nij) can be reduced by 

approximately 30%. 

 

The use of the Twinbag results in a reduction of the 

combined injury risk by more than 30% (See 

Figure 12, Twinbag). 

 

 
Figure 12. Advanced airbag shape and Twinbag 

compared to baseline (all modifications with 

knee bag). 

 

The modification in the belt using double 

pretensioning (retractor and anchor or buckle), 

analyzed hereinafter, leads to a significant 

improvement of chest acceleration and chest 

deflection values, but it has a negative effect on 

head and neck loadings resulting in a clearly worse 

rating in the US-NCAP. 

 

Analogous to the driver side, finally the influence 

of a (average) crash pulse on the evaluation 

according US-NCAP NEW is studied. On the 

passenger side, too, this variant results in  an 

improvement of the head and chest loadings, those, 

however, not being that clear referring to the total 

rating of the 50%-ile dummy on the driver side 

(See Figure 13, No. 5: average crash pulse). 

 

Finally, the study should find out whether 

disregarding an optimized airbag shape may allow 

for doing without an adaptive airbag system. Here, 

the Twinbag formidably shows its benefit on the 

combined injury probability using a hard crash 

pulse and the modifications explained above 

(adaptive belt limiter + knee airbag). 

 

With reference to the combined injury probability 

this variant shows an improvement of 

approximately 55% even without the use of airbag 

adaptivity when directly compared to the standard 

system. This mainly traces back to considerable 

reductions in HIC15 and chest deflection (See 

Figure 13, No. 6: Twinbag w/o airbag adaptivity). 
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In contrast to the driver side, the injury risk for the 

neck (Nij) also sinks by 15% to 20% when the 

system is supported by the analyzed modifications 

at the airbag shape (advanced airbag or Twinbag). 

 

Figure 13 gives an overview on the studied 

modifications and their potential with reference to 

the injury risks according to US-NCAP NEW 

rating. 

 

 
Figure 13. Overview: Benefit for passenger side. 

CONCLUSIONS 

According to the new US-NCAP requirements, the 

assessment of the frontal impact star rating is 

extended by additional injury criteria for neck (Nij, 

compression/tension force), chest deflection and 

femur forces. With conventional airbag and seatbelt 

technologies, it seems to be very difficult to 

achieve a 5-star rating; on top of that if the tuning 

of the restraint system is based on a hard crash 

pulse. 

 

Facing the legal requirements according to FMVSS 

208 – unbelted and belted load cases (particularly 

Phase 2a and 2b) and the new US-NCAP rating 

scheme, HIC15, chest a3ms und chest deflection 

can be addressed sufficiently using an adaptive seat 

belt and airbag system on driver and passenger 

side. 

 

On the driver side and on the passenger side as well 

a significant reduction of the injury risk could be 

evidenced for the 5%-ile and 50%i-le dummy load 

cases, particularly with regard to the head and 

thorax loadings. Combined with a knee bag and/or 

measures at the airbag shape the use of adaptivity 

for the restraint system can be obviously extended. 

 

In principle, the airbag stiffness/damping is adapted 

to the unbelted load case with a 50%-ile dummy 

according to FMVSS 208. On the driver side an 

adaptive (airbag) system is primarily not needed to 

improve the rating according to US-NCAP. 

Provided an occupant classification system (OCS), 

here an adaptive parameter might be required to 

address the 5%-ile dummy load cases according to 

FMVSS 208. Due to the requirements for the 50%-

ile dummy (unbelted) the usually applied extension 

of the venting area in the airbag is normally not to 

realize.  

 

When the moments of activation of the adaptive 

airbag and belt system differ, the load cases for the 

5%-ile and 50%-ile dummy can be addressed 

separately.  

 

On the passenger side especially the injury 

probability for head and thorax is clearly reduced 

by the use of an adaptive airbag and airbag system. 

Here, benefits fort he neck loads can be proven 

having a positive effect on the total rating. 

 

The combination of adaptive and advanced 

technologies (adaptive airbag / seat belt, knee bag, 

airbag shape) leads to a reduction of the combined 

probability of about 50%. 

Using a knee bag or a double pretensioning belt 

system (retractor and buckle ore anchor), pelvis 

forward movement and dummy kinematics can be 

controlled sufficiently. 

 

An optimized / advanced airbag shape can help to 

control load paths on head and thorax and to reduce 

chest deflection and neck loads (Nij). 

 

In the end, the analyzed parameter variations show 

that adaptivity with regard to legal and consumer 

requirements are an important part in the adaptation 

of the restraint system. 
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Figure A1. Overall vehicle rating acc. to US-NCAP New based on weighted Relative Risk Scores (RSS). 
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ABSTRACT 

Curve speed warning systems (CSW) utilize 

information about the road and warn drivers if they 

are about to enter a curve too fast. Recent research 

shows that CSW is successful in warning for 

upcoming curves. However no statistically 

significant change in driver behaviour due to CSW 
has been shown. In addition, a common 

requirement cited by drivers is that the amount of 

false alarms needs to be reduced.  

This paper evaluates how the level of detail in the 

modelled vehicle dynamics influences the threat 
assessment in a situation with an oncoming curve. 

The point mass model that is commonly used by 

CSW is compared with more detailed models. 

Maximum velocity the vehicle can have while still 

following a curve is investigated and compared for 

the point mass model, the single track model and 

the double track model. It is shown that as the level 

of detail in the modelled dynamics increase, the 

maximum velocity profile is significantly reduced. 

This implies that in order to make a reliable threat 

assessment that can reduce the amount of false 

alarms and even be used as a base for an 
autonomous intervention, a more complex vehicle 

model than the point mass model is required. 

INTRODUCTION 

The number of fatalities in vehicles leaving the 

road due to loss of control has been greatly reduced 

since car manufacturers started to equip vehicles 

with electronic stability systems, [1]. Despite this, 

unintended roadway departures still account for the 

highest share of traffic related fatalities, [2][3]. 

Roadway departures are thus still a highly 

significant problem.  

Currently a new type of active safety systems that 

also addresses roadway departures is emerging. 

Curve speed warning systems (CSW) utilize sensor 

data about the road and warn drivers if they are 

about to enter a curve too fast. In [3], it is shown 

that CSW is successful in warning for upcoming 
curves. CSW might therefore give a significant 

contribution to further reduction of roadway 

departures, provided that drivers take the warnings 

seriously.  

However, in the study presented in [3], no 

statistically significant change in driver behaviour 

due to CSW could be shown. Even though the 

concept of CSW was generally thought to increase 

safety, a common requirement cited by drivers is 

that the amount of false alarms needs to be 

reduced. In fact, drivers often commented that 

when they received a CSW alert, they would make 

their own evaluation of the situation rather than 

simply slowing down in response to the alert. 

Drivers only experience the system through its 

interface and it is therefore crucial that false alerts 

are avoided so that drivers are confident with the 

system. How to define a false alert can of course be 

disputed, however alerts which common drivers 

consider as unnecessary will contribute negatively 
to their confidence in the system.  

In this paper we focus on the threat assessment part 

of CSW i.e. the part where it is evaluated whether 

an alert or intervention is required. Current CSW 

systems attempt to keep drivers within the range of 

lateral accelerations associated with normal curve 
taking [3]. In general it can be stated that the threat 

assessment related with such an approach is 

suitable for issuing early warnings or calculating 

reference velocity in curves for e.g. an adaptive 

cruise control. The starting point of this work is 

however that drivers need to see a clear connection 

between an alert from the system and an actual 

threat in order for the system to gain credibility. In 

fact, the long term aim is to have a threat 

assessment that is reliable enough to motivate an 

intervention rather than just alerting the driver.  

In particular, the purpose of this paper is to 

evaluate how the level of detail in the modelled 

vehicle dynamics influences the threat assessment 

in a situation with an oncoming curve. The point 

mass model that is used by the threat assessment of 

CSW (see e.g. [3]) is here compared with other, 
well established vehicle models that are more 

detailed. The vehicle is modelled using a point 

mass model, a single track model and a four wheel 

model. As comparison measure, the maximum 
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velocity the vehicle can have while still following a 

particular curve is investigated and compared for 

the different models. Even though the comparison 

is quite simple, it shows that the level of detail in 

the modelled dynamics has a significant impact on 

the result.  

This implies that in order to make a reliable threat 

assessment that can reduce the amount of false 

alarms and even be used as a base for an 

autonomous intervention, a more complex vehicle 

model than the point mass model is required. 

SIMULATION STRATEGY 

In this section, the chosen approach for calculating 

the maximum velocity profile is explained using 

the point mass vehicle model as an example. In 

order to compare the different vehicle models, a 

scenario where a vehicle approaches a specific 

curve is considered. The curve is represented as a 

clothoid which means that the curvature increases 

linearly along the travelled path and can be 

expressed 

sccsc
10

)(   (1) 

where c0 is the curvature at the starting point, c1 the 

increase rate of the curvature along the curve and s 

is the travelled distance along the curve. The 

construction of real roads corresponds well with 

equation (1), [4][5]. Clothoids are often used as 

transitions between straight road segments and 

segments with constant curvature. In particular, the 

curve used in all simulations in this paper is a 

120m long clothoid that has a radius of 50m at the 

apex i.e. the end of the clothoid. This curve is quite 

short and typically suitable as a transition curve 

followed by a segment with constant curvature on a 

road with 50 km/h as posted velocity [5]. 

For a point mass model, the maximum velocity 
profile through the curve is easily obtained using 

the principles described in [6]. The equations of 

motion for a point mass can be stated 

x
Fsm   
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with m as the vehicles mass, Fx the force in the 

tangential direction of the path and Fy as the force 

normal to the direction of travel.  

A common assumption regarding available friction 

force is that it is limited by a friction ellipse [7]. In 

its simplest form the friction ellipse can be 

expressed as a circle according to 

222
)(

zyx
FFF   (3) 

 

where μ is the friction coefficient and Fz is the 

normal load. Since this is a comparative study, the 

friction coefficient will be given the same value 

μ=1 in all simulations which corresponds to 

assuming that the vehicle travels on dry asphalt. 

With Fx and Fy as control inputs, assuming 
controllability conditions to be fulfilled and the 

dynamics to be well defined, it is stated in [6] that 

for the vehicle to exactly follow the path in 

minimum time, it has been formally proven that the 

following control law holds  

2
smcF

y
  

(4) 
  22

yzx
FFF    

The control law has been reformulated to fit the 

notation of this paper. An interpretation of the 

control law is that as much lateral force as needed 

to follow the reference curvature should be utilized 

and the rest of the available force should be used 

for either full acceleration or full deceleration.  

By combining (3) and (2), it can be derived that 

there exists a critical velocity for which a vehicle 

can no longer follow the specified curvature 

m

cF
s z

critical


  (5) 

which is the maximum allowable velocity at each 

point of the path [6]. For the considered curve, the 

curvature has only one minimum at the end of the 

clothoid. As a consequence of (5), the optimal 

velocity profile then also has a minimum at the 

same point. By setting the critical velocity at the 

apex as boundary condition and applying the 

control law (4), the optimal velocity profile can be 

obtained by starting a simulation at the end of the 

clothoid where the vehicle travels in the reversed 

direction.  

 

Figure 1. Maximum velocity profile computed 

using a point mass model. 
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The result of such a simulation can be seen in 

Figure 1. The computed velocity profile implies 

that an optimal driver can enter the curve with a 

velocity of about 150 km/h and pass the end of the 

clothoid in about 80 km/h.  

Principle of optimality 

When the level of detail in the modelled vehicle 

dynamics is increased it is not straightforward to 

reverse the direction of motion without first taking 

care of the inverted dynamics. The vehicle's 

behaviour during acceleration will be different 

from the behaviour during deceleration. 

Consequently the method used above for the point 

mass is not used here to obtain the optimal velocity 

profile when more detailed models are considered. 

Instead the principle of optimality is used which 

can be stated:  

"An optimal policy has the property that whatever 
the previous state and decision (i.e. control), the 

remaining decision must constitute an optimal 

policy with regard to the state resulting from the 

previous decision." [8] 

In other words, the optimal velocity profile can be 
divided into smaller segments which are 

themselves optimal. If one can find the optimal 

solution for the small segments, one can put them 

together to get the optimal solution for the whole 

path [8].  

 

Figure 2. The principle of optimality is used to 

obtain the optimal velocity profile. The black 

solid line represents the optimal profile while 

the red dashed lines represent simulations 

conducted in order to find the maximum 

velocity for each segment. 

The following bullets together with Figure 2 

explain how the principle of optimality is utilized 

in this study:  

 The curve is uniformly divided into several 

small segments. In Figure 2 this is illustrated 

by the dividing points A, B and C.  

 The optimal velocity at the point C in Figure 2 

is assumed to be known and denoted vc.  

 A simulation of the vehicle's motion between 

the points B and C is conducted where the 

lateral force needed in order to follow the 

curve is applied and the rest of the available 
force is utilized to brake in accordance with 

the control law (4).  

 The vehicle's initial velocity at point B is 

gradually increased with a predefined 

resolution as the simulation is iteratively 

repeated.  

 When available brake force is no longer 

sufficient to reduce the vehicle's velocity 

below vc, at point C, the iterations stop.  

 The highest velocity the vehicle can have at 

point B while still reaching point C without 
exceeding vc, is then considered to be vb.  

 Once vb has been acquired, the procedure can 

be repeated between the points A and B to 

obtain va and analogously for the remaining 

segments until solutions has been acquired for 

the whole curve.  

 The points A, B and C was here used to give 

an illustration of the procedure, in reality the 

procedure is initiated at the end of the clothoid 

and the maximum velocity at that point is 

calculated using (5).  

The optimal velocity obtained using the principle 

of optimality is of course an approximation, since 

the set of possible solutions as well as the curve is 

discretized. As the resolution is increased, the 

accuracy of the obtained solution will however 

improve and if infinite resolution could be 

achieved, the difference from the true optimum 

would tend to zero.  

 

Figure 3. Time optimal velocity profile obtained 

through reversing the vehicles motion is 

compared with the solution acquired with the 

principle of optimality.  
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In Figure 3, a validation of the chosen resolution is 

made by comparing the optimal path of a point 

mass computed by reversing the vehicle's motion 

and the one computed using the principle of 

optimality. Even though the solutions are not 

identical, the difference is satisfactorily small. The 
principle of optimality will therefore be used in the 

following sections to obtain optimal velocity 

profiles for more detailed vehicle models. 

SINGLE TRACK VEHICLE MODEL 

In a point mass representation of the vehicle, the 

wheelbase and track width are collapsed to zero, 

hence all forces are applied on the centre of mass. 

In this section, a single track model is considered, 

which means that the car's length and orientation is 

also taken into account. Applied forces are 

distributed between the front and rear axle and 

might therefore also cause the vehicle to rotate 
around its own axis rather than just moving the 

mass centre. Without loss of generality each axle is 

here considered as a tire and with notation defined 

in Figure 4 the equations of motion can then be 

expressed, [9] 

)(
1

rryffy

z

lFlF
J

  

(6) 


yrxfxx

vFF
m

v  )(
1

 


xryfyy

vFF
m

v  )(
1

 

Note however that the forces in (6), are denoted F 

and expressed in the vehicle frame which is 

different from the forces denoted f in Figure 4 

which are expressed in the tire's coordinate system. 

The forces can easily be expressed in the vehicle 

frame by feeding the forces in Figure 4 through the 
following coordinate transformation  
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The acceleration limits are in this case given by 
two friction ellipses, one at each tire. An 

illustration is given in Figure 5, it can be seen that 

combinations of the forces at each tire can achieve 

a total force anywhere in the dashed ellipse which 

represents the total friction limit.  

 

 

Figure 4. Notation for the single track model. 

In conventional vehicles, lateral force is however in 

general generated by turning the front wheel and 

brake force by applying braking torque on the 

wheels. By turning the front wheel, the lateral force 

at the front can thus be directly controlled while the 
lateral force at the rear is completely determined by 

the state of the vehicle and only indirectly 

influenced by the front wheel angle. In addition, a 

driver can only control brake torque through a 

brake pedal which distributes brake torque between 

the front and rear axle with a fix ratio. Under the 

assumption that no active systems like e.g. the 

antilock brake system intervenes, one can therefore 

say that the torque distribution and hence 

longitudinal force distribution between the front 

and back wheel is fixed. These limitations imply 

that arbitrary combinations of the forces at the front 
and the rear wheel may not be achieved by a driver 

and it is not certain that the force applied on the 

vehicle can always be anywhere in the friction 

ellipse.

 

Figure 5. Tire forces with constraints. The lines 

represent forces while the ellipses surrounding 

them are bounding constraints. 

In order to adopt a control strategy corresponding 

to (4), a cascade control with an inner control loop 

that delivers the required force is introduced. The 
inner control loop is required since the mapping 

from applied wheel angle and brake torque to 

acquired force is dynamic. The adopted control 

strategy is illustrated by the block diagram in 

Figure 6 where  
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 The block C1, compares the vehicle's state with 

the desired path and decides which lateral and 

longitudinal forces that needs to be applied on 

the vehicle in the same fashion as in (4). In 

Figure 5, the output of C1 i.e. the required 

force is represented by the square that is 
located at the limit of the dashed ellipse.  

 The block C2, which is much faster than C1, 

compares the generated force i.e. the dashed 

line in Figure 5, with the required force and 

decides which wheel angle and brake torque 

that is required in order to achieve the force 

demanded by C1.  

 The wheel torque, which is one of the outputs 

of C2 is a "total" torque, Ttot. The torque, Ttot is 

distributed between the front and back wheel 

according to  

totf
TT 7.0  

totr
TT 3.0  (8) 

The larger portion of the torque is applied at 

the front since the normal load is greater there 
for the vehicle considered in this study.  

 

Figure 6. Block diagram describing the control 

strategy. 

In addition to introducing the cascade control we 

also need to model the mapping from wheel angle 
and wheel torque to the forces acting on the 

vehicle. Two different approaches is tested here, 

one linear tire model (with saturation) and one 

nonlinear tire model. The tire models are explained 

in the following subsections.  

Linear Tires 

The longitudinal force at each tire is calculated as a 

function of the longitudinal slip. In order to keep 

track of the longitudinal slip, the rotational velocity 

is introduced as an additional state for each tire. 

The state model is therefore extended with  
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where Jω denotes wheel inertia, Ti denotes wheel 

torque, ωi denotes rotational velocity of the wheel 

and fxi denotes longitudinal force expressed in the 

tires coordinate system. Given the rotational 

velocity at each wheel, one can calculate the 

longitudinal slip κ as  

)1(

x

i

i
v

r
   i=f,r (10) 

where r denotes the effective wheel radius [10].  

A simple way of representing the relation between 
the longitudinal slip and longitudinal force at a 

wheel is by the linear relation 

ixixi
Kf   i=f,r (11) 

with Kxi as longitudinal stiffness.  

Also the lateral force can be approximated using a 

linear relation. The mapping from lateral slip to 

lateral force is then 

iyiyi
Kf   i=f,r (12) 

with Kyi as cornering stiffness and αi as the tire slip 

angle as defined in Figure 4, this linear 

representation is commonly used in electronic 

stability systems, see e.g. [11] and [12].  

For the front wheel the slip angle is easily derived 

by considering Figure 4 as 




 




x

fy

f
v

lv 
 (13) 

and for the rear wheel it is calculated as  
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The stiffness parameters Kxi and Kyi are acquired by 
linearizing the tire characteristics around κi=0 and 

αi=0, [7].  

 

Figure 7. Time optimal velocity profile. 

Figure 7 shows a comparison between the result 

obtained with the point mass model and the result 
obtained using the single track model with linear 

tires. Since the same boundary value is used for 

both models and most of the available force is 

utilized laterally to follow the path, the velocity 
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profiles are quite similar to each other at the end of 

the clothoid. However, earlier in the curve when 

more of the available force can be used 

longitudinally the difference is higher. 

Nonlinear Tires 

The primary external influence on the vehicle's 
behaviour is provided by the tire forces and it is 

therefore important to have a realistic nonlinear tire 

model when investigating vehicle motion near the 

limits of manoeuvring capability, [10].  

In Figure 8, lateral force characteristics are 

illustrated for different values of the friction 

coefficient. It can be seen that for small slip angles, 

a linear approximation of the tire works well. In 

normal driving conditions this is where the tire 

operates and the linear approximation is therefore 

useful. As the operating point gets closer to the 

limit of adhesion, the nonlinearity however 
becomes more evident and eventually, the tire force 

saturates and then starts to decrease. 

Also for the longitudinal force, the nonlinearity 

becomes more evident as the slip value is 

increased. This can be seen in Figure 9 which 

shows longitudinal force characteristics. 

 

Figure 8. Lateral tire force. 

 

Figure 9. Longitudinal tire force. 

There is a strong coupling between the longitudinal 
and lateral tire force. The illustrations in Figure 8 

and Figure 9 are only valid in either pure cornering 

or pure braking. If both lateral and longitudinal 

force is produced at the same time, they will 

influence each other. Figure 10 shows lateral force 

as a function of lateral slip for different values of 

the longitudinal slip. It can be seen that if 
longitudinal force is utilized, the acquired lateral 

force is reduced. Figure 11 also shows that the 

analogue relation holds for longitudinal force. 

 

Figure 10. Lateral tire force during combined 

slip for μ=0.9.  

 

Figure 11. Longitudinal tire force during 

combined slip for μ=0.9. 

 

Figure 12. Time optimal velocity profile 
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One common way to model tire characteristics is 

by the empirical magic tire formula. The formula is 

a curve fitting which takes into account the 

nonlinear nature of a tire in a good way. The 

coupling between longitudinal and lateral force can 

be taken into consideration using the combined slip 
form of the formula 

),,(),(
0 zxzxx

FGFff 


  

(15) 
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where fx and fy are lateral and longitudinal forces, 
fx0 and fy0 are the forces calculated for pure braking 

or cornering and Gxκ and Gxα are weight factors that 

take care of the combined slip effect. A 

comprehensive treatment of the magic tire formula 

is given in [13]. 

Figure 12 shows the obtained profile when the 

magic tire formula is used to model the tires. The 

same boundary condition is used in this case as for 

the previous models. It can be seen that there is a 

noticeable difference in slope between the profiles 

for the linear and the nonlinear tire model in the 

end of the clothoid. The difference is however less 
evident earlier in the curve. This is due to that in 

the case with the nonlinear tire model, a higher 

share of the available force is used in the lateral 

direction. As a consequence of the coupling 

between longitudinal and lateral force, the braking 

has to "stop" earlier along the path so that enough 

lateral force to follow the curve can be produced. 

Longitudinal Load Transfer 

In Figure 5, the friction ellipse constraining the tire 

force at the front wheel is larger than the ellipse at 

the rear. This is due to that the modelled vehicle, as 
mentioned earlier, has a larger portion of its weight 

in the front. Available and acquired tire force is 

thus dependant on the normal load on the tire.  

If the height of the vehicle is taken into 

consideration, the normal load at each tire is no 

longer considered to be constant. When 

longitudinal force is applied, a moment around the 

vehicle's y-axis is generated. Depending on 

whether the vehicle is accelerating or decelerating, 

this moment is balanced by an increase in normal 

load at either the front or the rear tire. The 
longitudinal load transfer can be calculated  

l

hFF
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with h as the height of the vehicle's mass centre. A 

derivation of equation (16) is provided in [14]. 

Obviously since the normal load has a direct 

influence on acquired force, it affects the 

manoeuvrability of the vehicle. It is therefore 
interesting to evaluate what effect the longitudinal 

load transfer has on the optimal velocity profile. In 

Figure 13, the velocity profile for a single track 

model with nonlinear tires and longitudinal load 

transfer has been added. Figure 13 reveals that the 

load transfer has a slightly positive influence on the 

time optimal velocity profile. When brake force is 
applied, the normal load at the front tire is 

increased. Since applied brake torque is in our case 

higher at the front, this results in a higher total 

longitudinal force. However as the vehicle moves 

further along the curve and the curvature increases, 

the difference disappears since the limiting factor 

becomes available lateral force. 

 

Figure 13. Time optimal velocity profile. 

DOUBLE TRACK VEHICLE MODEL 

In this section, we also take into account that the 

vehicle has a width. The equations of motion are 

then  
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where Jω is the wheel inertia and the rest of the 

notation is defined in Figure 14. As above, forces 

are denoted f when expressed in the tires coordinate 

system and F in the vehicle frame.  

When the vehicle's height was taken into 
consideration for the single track model, we saw 

that the vehicle's vertical load varies when 

longitudinal force is applied. Similarly, taking the 
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vehicle's width into account reveals a lateral load 

transfer. The lateral load transfer can be calculated  
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where Rsf and Rsr is the roll stiffness distribution at 

the front and rear axles and the rest of the notation 

is defined in Figure 14.  

 

 

Figure 14. Notation for the double track model. 

The equations presented earlier to calculate e.g. the 

slip quantities for the single track model can easily 

be extended to fit the double track model. An 
extensive treatment of the double track model is 

however omitted here and the reader is referred to 

[14] where a complete derivation is provided 

together with the assumptions it is based on. 

With different vertical load at each tire, the forces 

generated at the contact patch of the tires will also 

be different even if they have the same slip values. 

The longitudinal forces will then contribute to the 

yaw moment imposed on the vehicle, especially in 

cornering when the lateral load transfer is large. 

The additional yaw moment might cause instability 
in the vehicle's behaviour if it is too large and it is 

therefore worth examining the impact of this 

phenomenon on the maximum velocity profile.  

In Figure 15, the optimal velocity profile for the 

double track model has been added. The nonlinear 

tire model with both longitudinal and lateral load 

transfer has been used. It is clear that the velocity 

profile is lower for the double track model. In 

addition to the yaw moment caused by the 
difference in longitudinal forces, uneven 

distribution of the vertical load between the right 

and the left side also reduces the total amount of 

lateral force available. A lower velocity is therefore 

required at each point of the path in order for the 

lateral force to be sufficient to keep the vehicle 

following the curve.  

 

Figure 15. Time optimal velocity profile. 

DISCUSSION & FUTURE WORK 

In this paper, maximum velocity profiles for a 

vehicle travelling through a specific curve were 

computed using a set of well known vehicle 

models. It was found that the resulting velocity 

profile differs significantly between the simplest 

and the most detailed model. This is especially 

remarkable since the curve considered in this study 

is only 120m long and suited for 50km/h as posted 
velocity. The curve is thus relatively short and 

greater differences can be expected for longer 

curves.  

Information about the maximum velocity a vehicle 

can have while still following the road can be used 

in an active safety system to either warn drivers or 

assist them by issuing autonomous interventions. If 

the car travels faster than the maximum velocity at 

any point along the curve, it is impossible for the 

vehicle to stay on the road and an autonomous 

intervention can then be motivated. This approach 

is conservative and guarantees that false alerts or 
interventions are never issued. As can be seen by 

the result, the acquired thresholds however 

becomes very high and in practice such a 

conservative system will seldom intervene. 

Drivers are however never completely optimal, 

hence a vehicle travelling slower than the 

computed maximum velocity is not necessarily 
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safe. In CSW the issue of high thresholds is worked 

around by introducing a safety factor which 

basically shifts the velocity profile downwards. The 

problem with that approach is that, the mapping 

between the velocity profile and an actual threat is 

then lost. This is acceptable for a system that warns 
for upcoming curves but cannot be used as a base 

for autonomous interventions.  

The velocity profiles computed in this paper only 

considers how fast it is possible for a vehicle to 

travel through the curve and does not say anything 

about how difficult it is. A common assumption is 

that it is difficult for normal drivers to manoeuvre a 

vehicle operating in the nonlinear region of the 

tires [11]. This assumption is the base of current 

state of the art in electronic stability systems and 

might also be beneficial to incorporate in a threat 

assessment for upcoming curves. We are therefore 
currently investigating a threat assessment 

algorithm based on this assumption.  

CONCLUSIONS 

It has been shown that the level of detail in the 

modelled vehicle dynamics has a significant impact 

on the maximum velocity profile for a vehicle 

negotiating a curve. The theoretically achievable 

velocity is however still very high and additional 

limitations of a driver's ability therefore need to be 

taken into consideration in order to achieve 

thresholds that have a higher practical benefit.  
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ABSTRACT 
 
While empirical evidence shows the main effects of 
the driving style (principally speed choices) on 
safety, this study aims to quantify the influent 
parameters and their interactions upon the roadway 
departure risk. A previous work [1] using a 
sensitivity analysis concludes that speed, lateral 
position on the pavement, total embedded mass and 
mass center position are the relevant parameters. 
They constitute what is called initial conditions in 
the following. Probabilistic methods for the risk 
assessment are proposed to deal with uncertainties 
arising from the road infrastructure, the vehicle 
characteristics and the driver behaviour. Those 
methods originally developed in the field of 
structural reliability reveal promising interest in the 
road safety question as they allow the direct 
computation of a risk index, not provided by a 
deterministic modeling. This approach involves 
both measurements on real traffic by static video 
sensors and simulations from a specifically 
developed model. A set of 400 experimental 
trajectories is used to define mean trajectories 
among different classes of drivers for one turn, and 
simulated ones are necessary for the reliability 
index calculation. The result of this study is a 
surface response of the roadway departure 
probability against initial speed and lateral position 
on the pavement. This work will lead to the 
development of a warning system within the 
French national project SARI. Envisaged alert 
procedures are warning light flashes inviting the 
driver to modify his trajectory if the risk index 
calculated at the entrance of the curve indicates a 
dangerous situation. Difficulty for short-term 
implementation comes from the statistical 
characterization of the initial conditions (i.e. mean 
value and standard deviation), especially for mass 
and mass centre position measurement device on 
standard vehicles. 
 
INTRODUCTION 
 
The 2006 French road safety figures confirm that a 
large majority (75%) of casualties occurs on 

secondary roads, which only cover 52% of the 
traffic. Among these accidents, the most frequent 
type is Single Vehicle Roadway Departure (SVRD) 
during cornering. The aim of the present study, 
conducted through the French national project 
SARI, is to develop a SVRD warning system that 
could equip dangerous turns. 
 
SVRD prevention system are currently an active 
field of research [2-6] since it is a natural evolution 
of the Electronic Stability Program (ESP) and the 
lane departure prevention systems that are at the 
state of commercialization. Compared to these 
studies, the originality of the method presented here 
relies on two major points. First, SRVD prevention 
systems are generally based on forward looking 
camera, thus requiring specific equipment 
embedded in the car. This is an obstacle for a mass 
implementation of the system. On the contrary, the 
risk assessment process proposed here is thought to 
work with in-pavement integrated measurement 
devices for acquiring initial conditions at the curve 
entrance. Second, the specific vehicle dynamics 
model developed ensures that  the simulated 
trajectories are physically realizable in comparison 
with trajectories geometrically defined. This also 
allows to introduce the inherent hazard contained in 
the driver’s action, the road infrastructure and the 
vehicle by modeling the real physical parameters 
by random variables. Hence the statistical 
characterization of these variables is facilitated, 
compared to other studies [7] where non-physical 
parameters are used to perturb the system.  
 
Expected results of this study is a roadway 
departure risk evaluation based on a flexible list of 
criteria, thus more general than Curve Speed 
Warning or Time to Line Crossing usually used in 
this context. Risk indicator evolution is here 
studied as a function of speed and initial lateral 
position at the entrance of the curve. 
 
Approach 
 
This study is based on structural reliability methods 
[8] that directly provide the computation of a risk 
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index. This calculation is based on simulated 
trajectories that reflect the possible trajectories that 
could be realized by the driver. These simulations 
are performed using a vehicle dynamics model in 
which uncertainties are introduced via random 
variables. These random variables have been 
chosen in a previous study [1] using a sensitivity 
analysis [9,10]. They represent the uncertainties 
arising from the driver, the vehicle and the road 
infrastructure. The risk evaluation process from the 
vehicle arrival to the alarm triggering decision is 
made up of three steps: 

- Several position and speed measurements 
points placed before the curve provide 
information on the driver behaviour at the turn 
entrance. Vehicle characteristics are set to the 
adequate values into the dynamic model. This 
data set constitutes what is called next “initial 
conditions”. 
- A reference trajectory is associated to these 
initial conditions. This trajectory reflects the 
behaviour of a standard driver. The definition of 
this trajectory using real traffic measurements is 
the object of the second part of this study. 
- Finally, risk assessment consists in quantifying 
the chances that the simulated trajectories violate 
the safety criteria.  

 
VEHICLE DYNAMICS MODELING 
 
In this first part, the vehicle dynamics model 
specifically developed for this application is briefly 
detailed, then safety criteria are chosen to 
distinguish between a safe and a dangerous 
trajectory, and finally some random variables are 
introduced in the model to take into account the 
inherent variability of the triptych driver-vehicle-
road infrastructure.  
 
Deterministic modeling 
 
The basis of the vehicle dynamics model is the 3 
degrees of freedom yaw-slip-roll model [11,12] 
chosen for its fast computation and satisfying 
accuracy. Positioning is made using the orientation 
angle θ and the slip angle α (see Figure 1). The 
driver imposes the vehicle path through the steering 
angle β and the vehicle speed V . The roll angle is 
parameterized by the angleϕ . 
 
Compared to the classical yaw-slip-roll model, 
improvements are made concerning three points: 
 
     Tire forces - Governing the tire/ground 
interaction, the evolution of the lateral force  
against the influent parameters requires a careful 
modeling. The tire slip angle 

YiF

iδ  non-linear effect is 
modeled using the magic formula [13]. The normal  

 
Figure 1.  Scheme of the vehicle model. 
 
force  influences the cornering stiffness 
according to the similarity method [14]. The last 
considered effect concerns the interaction between 
the longitudinal force  and the lateral force 

, where a factor 

ZiF

XiF
≤xiYiF 1φ  ensures that the in 

plane resultant force remains into the friction circle, 
defined by the friction coefficient μ . 
     Suspensions - Springs, dampers and a front 
anti-roll bar are considered for the calculation of 
the roll angle ϕ . Pitch and heave are neglected. 
For a better agreement with a complete simulator 
[15] in hard cornering situations, initial toe angles 
and roll steer phenomenon [12] are taken into 
account. 
     Time dependent input - To handle with 
realistic cases, variable driver commands and road 
infrastructure characteristics need to be simulated. 
Hence braking situation while cornering, as well as 
measured banking and slope angles can be 
implemented in the model. 
 
The equation of motion is now expressed using the 

state vector ( )TV,,,, ϕϕθα &&=sx , the command 

vector ( )TXX FF 41 ,,, Kβ=u and the external 
loads. It is of the form: 
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where the matrix  and the function  are 
calculated with the laws of motion. Trajectories can 
be computed once given the initial conditions  
and driver commands u . The resolution of the 
model is made using the second order Runge-Kutta 
method. 

A F

s0x

 
Safety criteria 
 
Safety criteria are used to classify the safe and 
unsafe trajectories. Two criteria are generally used 
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when dealing with road safety, and especially lane 
departure and rollover prevention. Curve Speed 
Warning (CSW) defines a reference speed for 
which the slip limit is reached for the upcoming 
curve. Time to Line Crossing (TLC) computes the 
remaining time before the lane boundary is 
reached, under different assumptions on the future 
trajectory (e.g. straight line or circular trajectory). 
Although showing promising results on field 
testing [2] in deterministic studies, basic criteria are 
preferred here to simplify the interpretation of these 
first results. Anyway, the criteria list may be 
modified later without any concern on the proposed 
methodology. 
 
The safety criteria used in this paper are based on 
the lateral position  (algebraic distance from the 
middle of the lane) and the lateral acceleration . 
These two control variables are functions of the 
state vector : 

d
ya

sx
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Thresholds d and ya on the control variables 
define the safety criteria (i.e. the trajectory is 
considered as dangerous if one criterion is 
violated). These criteria are defined by: 
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where T  is the total observation time. For this 
application, d  equals the half difference between 

the lane width and the vehicle width and ya  is 
chosen equal to 3 m.s-2 so that a margin is kept with 
respect to the vehicle handling limits. 
 
Stochastic modeling 
 
Among all the model parameters (linked to the 
triptych driver-vehicle-road infrastructure) some 
present a marked random variability. Therefore it is 
crucial for the credibility of the approach to take 
into account this reality via a suited stochastic 
modeling. In order to reduce the calculation time 
and improve the model robustness, the number of 
random variables introduced in the model has to be 
optimized. This study has been made previously [1] 
using a global sensitivity analysis based on Sobol’ 
indices [10]. It has been concluded that the choice 
of the total embedded mass M , the centre of mass 

position , the initial lateral position  and an 

additive speed perturbation  as random 
parameters guarantees an efficient representativity 
of the uncertainties propagation through the 
mechanical model. These parameters are gathered 
in the vector 

ra 0D

0V
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ℜ
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X K

V00 ,
4

1,K

, and this 

vector is modelled as a -valued random 

variable denoted , for 
which the following hypotheses are made: 

( )TX 4

(H1)  its components 41 ,, X  are mutually 
independent ; 

(H2)  each of its components follows a truncated 
Gaussian distribution, which characteristics 
are given in Table 1 ; 

(H3)  the support of the truncated Gaussian 
distribution is chosen of the form mean ±3 
standard deviations. 

 
Since in equation (1) the functions A   and  and 
the initial condition  depend on , when this 
deterministic vector is considered as a random 
vector 

F
s0x x

X , A ,  and  become random, and 

consequently the state vector function  

becomes a random process  governed by the 
equation : 
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in which the driver command  is kept 
deterministic and  is a ℜ -valued random 

variable depending on X . 
 
In this random context, the control variables  and 

 given by equations (2) and (3) are random 

processes  and  such that, : 
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The aim of this study is to quantify the risk for the 
safety criteria to be violated. For that, once the 
initial conditions of the arriving vehicles are 
measured, a reference trajectory (which defines the 
driver commands) must be associated to begin the 
risk evaluation process. This is the object of the 
next section.  
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x Parameter X Unit Mean Standard deviation Truncation interval 
M Total embedded mass X1 kg 1610 16 [1562;1658] 
ar Rear axle location X2 m 1.532 0.01 [1.502;1.562] 
D0 Position perturbation X3 m 0 0.2 [-0.6;0.6] 
V0 Velocity perturbation X4 km.h-1 0 0.1 [-0.3;0.3] 
 
Table 1.  Statistical characteristics of the random variables. 
 
REFERENCE TRAJECTORY 
 
The reference trajectory is defined here as the 
trajectory that a mean driver would have realized if 
he has entered the curve with the given initial 
conditions X . Therefore a theoretical definition of 
this trajectory is hardly realizable as it depends on a 
lot of factors (driving style, visibility 
conditions, …). Even if studies defining a driver 
model are topical [16-19], choice has been made to 
deduce the reference trajectory from real traffic 
measurements in order to get more realistic results. 

Rey 4 

 
Traffic measurement 
 
This work has been carried out by Goyat and al. 
[20] in an other task of the SARI project, which 
consisted in the development of a portable 
trajectory measurement device. The measurement 
is based on cameras and telemeter. Images are then 
processed to estimate the vehicle position and 
velocity (Figure 2).  
 

 
 
Figure 2.  Image processing for position 
estimation. 
 
This system has been deployed for measurements 
during two days on a French secondary road, and 
led to the construction of a 400 trajectory database. 
The figures 3 and 4 show the tendency of the 
drivers’ behaviours during the curve. It can be 
noticed that at the entry of the right curve (on the 
right of the figure), drivers are mostly at the outside 
of the lane. It can be explained by the fact that the 
studied curve is preceded by a slight bend on the 
left and it appears that drivers tend to cut this 
curve. This is an example of the effects that are 
hardly predictable in driver models. The exit of the 

curve is followed by a straight line, and trajectories 
use the entire width of the lane with a mode nearly 
in the middle. 
 

 
 
Figure 3.  Density field of vehicle passage, over 
the 400 experimental trajectories (not to scale). 
 
Figure 4 shows the cumulative repartition of the 
trajectory percentage as a function of the speed 
measured at the entrance, in the middle or at the 
exit of the curve. At the entrance of the curve, the 
V85 indicator (speed for which 85% of the traffic is 
driving slower) is 66km/h. It is far below the 
effective speed limit for this turn (90 km/h). So this 
curve negotiation requires from the driver a quick 
estimation of the speed that he estimates 
comfortable and safe, what can lead to dangerous 
situations. This makes this turn to be an interesting 
application for this study. 
 

 
 
Figure 4.  Measured velocity in traffic, for 
different position in the curve. 
 



Driver classes 
 
The 400 experimental trajectories are separated in 
different classes of driving style, so that a reference 
trajectory per class can be identified. As the choice 
of the reference trajectory must be done upon the 
initial conditions values, the classes definition must 
be made on variables measurable at the entrance of 
the curve. Owing to the measurement device used, 
these variables are restricted to the initial lateral 
position  and the initial speed . ey ev
 
The first step of this analysis is to look for a 
correlation between  and . The intuitive 
belief being that a driver entering at a higher speed 
would tend to cut the curve, implying an exterior 
lane positioning. Figure 5 shows the scattered plot 
of  in function of . Indeed, the widespread 
shape of the graph does not indicate any correlation 
between speed and position.  

ey

ey

ev

ev

 
Hence it has been chosen to separate the drivers 
classes only according to their initial lateral 
position  . Four classes of 50 cm width are 
created, as shown by the different colours in 
Figure 5. In each of these classes, the reference 

ey

 
 
Figure 5.  Scattered plot of initial speed as a 
function of initial lateral position. 
 
trajectory is defined by the mean of the 
experimental trajectories. Results are presented on 
Figure 6. Classes are numbered from the interior 
(class 1) to the exterior (class 4). 
 
Command computation 
 
Once the reference trajectory is defined, the 
corresponding driver commands (steer angle and 
associated speed) must be computed to start the risk 
estimation process. This is done by inverting the 
vehicle dynamics model at each of the N steps of 
the simulation, thus resolving for all : ],1[ Nn∈
 
 0)( =nlatd β  (9) 

 
 
Figure 6.  Reference trajectory for each driver 
class (not to scale). 
 
where  expresses the lateral distance between 
the reference trajectory and the simulated one, and 

latd

( )],1[), Nnn (tn ∈= ββ  the searched steer angle. 

There exists a different β  for each speed profile 
due to the variation of the slip angle. The equation 
(9) is solved using a Newton-Raphson method. 
 
RISK ASSESSMENT 
 
Once the initial conditions known and the adequate 
reference trajectory defined, the last part of this 
work consists in the evaluation of a risk index, 
through the stochastic modeling proposed 
previously. The chosen risk indicator is the failure 
probability noted , evaluated by  a Monte-Carlo 
method [8]. While requiring a great number of 
simulations for accurate results, the advantage of 
this indicator is that it constitutes a reference 
solution for stochastic problems. 

fP

 
Probabilistic method 
 
     General principle – Let  be a 
probability space, where 

( PF ,,Ω )
Ω  is a sample space,  

a σ-algebra on 
F

Ω  and  a probability measure on 
. The uncertain parameters of the mechanical 

model are gathered on a n-dimensional vector 
modeled as a continuous -valued random 

variable 

P
F

nℜ
( )TnX,X1X ,K=  defined on 

( )PF ,,Ω  whose probability density function 

(pdf)  is assumed to be known. We denote by 
 the limit-state function associated with the 

safety criterion chosen for the study. It’s a 
measurable mapping from ℜ  into ℜ  which 
defines two complementary subsets of :  

and , such that: 
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G

n
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called respectively the safety domain and the 
failure domain. 
Two events are associated with these domains : the 
safety event  and the failure event 

, such that 

FEs ∈
FE f ∈
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and which verify : 
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The objective of the reliability analysis is then to 
evaluate the probability  or , called 
safety and failure probability respectively, given 
by : 
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and such that, according to Equation (14) : 
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fDA1 = ) is the indicator 

function of , such that : nA ℜ⊂ 1)(1 =xA
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 if 

 and  if . A∈x 0)(1 =xA
Owing to Equation (17), generally only 

 is considered. In practice an exact 

calculation of  is not possible and a Monte-
Carlo procedure must be used. 

)( ff EPP =
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     Application to the studied case – Let us recall 
that the vector  gathers the four parameters 

 and that 
x

00 ,,, VDaM r X  is its probabilistic 

model. Each of its components  follows a 
truncated Gaussian distribution whose 
characteristics are given in Table 1. The 
solution  depends on  through the mechanical 
model and consequently, from Equations (7) and 

(8), so do the control variables  and . 

Therefore we can formally write , 

iX

sx x

)(tay

)(td
)(td
),( xtd=

),()( xtata yy =  and the safety criteria can be 
rewritten : 
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From these criteria we can define the associated 
limit-state functions : 
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and the corresponding failure events : 
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The aim of this study is then the computation of the 
occurrence probabilities of these failure events, 
given by : 
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Numerical application 
 
A set of  simulations is needed to obtain 
accurate probability estimations for . 
With the specific vehicle dynamics model, the 
operation requires less than 2 hours on a standard 
PC (2GHz). The probabilities to violate the lateral 
acceleration criterion  and the lateral position 

criterion  are computed for each driver class 
and for speed varying from 45 to 80 km.h-1 
(Figures 7-9). 
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Figure 7 shows that  vary suddenly from 0 to 1 
around 60 km.h-1. The driver class seems to have 
little influence on the probability, except for the 
first one that corresponds to the most interior 
position. Due to the fact that the curvature radius is 
slightly smaller, the criteria is violated at a lower 
speed. This first result indicates that the lateral 
acceleration criterion is weakly sensitive to hazard.  
Indeed,  the  speed  for which  changes from 0 

A
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Figure 7.   as a function of speed and driver 
class (linear scale). 

A
fP

 
to 1 corresponds to the one that leads to reach the 
threshold of 3 m.s-2 on the different reference 
trajectories. This means that no information are 
added on this criterion compared to a deterministic 
study. On the contrary, Figures 8 and 9 reveal the 
usefulness of this probabilistic approach. 
 

 
 
Figure 8.   as a function of speed and driver 
class (linear scale). 
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Figure 9.   as a function of speed and driver 
class (logarithmic scale). 
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Evolutions of as a function of the speed and 
driver class are visible on Figure 8 (in linear scale) 
and on Figure 9 (in logarithmic scale). It reveals 
that both speed and driver class have influence on 

the lateral position criterion.  ranges from 10-4 
to 0,11. The probability is always rising with 
increasing speed, and with the class number. This 
probabilistic study allows to obtain a gradation of 
the roadway departure risk versus speed for each 
driver class. This result, which could not be 
brought by a deterministic study, is of first interest 
here given the aim to trigger warning signals. 

D
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The smooth variation of  for the first three 
classes reveals the importance of hazard in the 
system. Concerning the fourth class, the probability 
is almost constant for all speed. This is due to the 
fact that it corresponds to the most exterior lane 
positioning (starting at only 60cm of the lane 
boundary) while the first class remains roughly in 
the middle of the lane.  

P

 
In order to control a warning device, an acceptable 
roadway departure risk must be chosen by road 
safety experts considering for example real traffic 
analysis. Then, once a threshold on  is defined, 
the results of this study can be exploited to identify 
the critical initial conditions leading to risky 
situations. 
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CONCLUSION 
 
This study proposes an application of probabilistic 
methods to the road safety domain with a view to 
develop a SVRD warning system. The interest of 
this approach is clearly highlighted for the case of 
an alarm triggering decision, as it leads to the direct 
computation of a risk indicator. This constitutes the 
first important difference compared to other SVRD 
studies. The other originality relies on the in-
pavement integrated measurement devices that will 
be used for the initial conditions determination. 
This ensures a minimization of the necessary on-
board equipment, which is an advantage for a mass 
implementation. 
 
The results presented here show that both lateral 
position and speed have a great influence on the 
roadway departure risk. Even though these 
contributory factors were already well-known, the 
risk indicator computation allows to quantify the 
combined effects of these two factors. This can 
hardly be done with statistical post-accident 
analysis. Hence it has been noticed that the lateral 
acceleration criterion is weakly sensitive to hazard, 
due to the paramount influence of speed. Inversely, 
the lateral position criterion presents a smooth 
variation of probability between 10-4 and 0,11. 
Once a threshold on  is defined, the acceptable 
initial conditions can be selected through the results 
of this study. In the case where the arriving vehicle 

D
fP
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does not respect these initial conditions, an alarm 
must be triggered to notify the driver to change his 
trajectory. 
 
Concerning the system implementation, combined 
speed and lateral position measurement devices 
integrated in the pavement are under experimental 
validation. The equipped curve is the one presented 
in this study. The envisaged alarm system consists 
in warning lights positioned on the curve 
announcement traffic sign. 
 
Two steps are considered for the prospects of this 
work. First, in the line with the driver/vehicle/road 
infrastructure stochastic modeling, time dependant 
perturbations will be added to the reference steer 
angle to represents the difference between the 
trajectory that the driver is willing to realize, and 
the one actually done. This involves the notion of 
stochastic processes, and thus requires more 
complex simulation and resolution methods. The 
statistical characteristics of this random process can 
be identified from experimental data and driver’s 
actions studies. Second, a calculation time 
reduction will be obtained using different risk 
indicators and efficient structural reliability 
methods. 
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ABSTRACT 
 
A Hardware in the Loop (HiL) system was developed to 
investigate heavy truck instability due to loss of control 
and rollover situations with and without ESC/RSC 
systems for a wide range of maneuvers and speeds.  
The purpose of this HiL model is to examine the safety 
benefits of the emerging electronic stability systems 
(ESC/RSC) in heavy trucks that are designed to prevent 
yaw instabilities (e.g., jackknife) and rollovers.  This 
paper outlines the process for validating the HiL model 
so that the simulation closely represents the expected 
outcome for a similar maneuver conducted on a test 
track.   The HiL system was built in a laboratory using the 
brake system of a truck and the actual stability control 
system control units supplied from a manufacturer.  The 
dynamics software uses TruckSim, and the simulation 
results were validated using NHTSA collected field data.  
The HiL model is being used to examine yaw instability 
and rollover scenarios that would not be possible to 
conduct in actual track testing.  Driving scenarios were 
developed through an examination of Large Truck Crash 
Causation Study (LTCCS) cases.  These scenarios were 
based on realistic events and were developed to replicate 
typical crash situations.  The scenarios use a path-
following driver model to drive through curves of various 
radii, a curve with a reduced radius, and variations of lane 
change maneuvers that are representative of obstacle 
avoidance.  An overview of the scenario development, 
HiL system design, and the results of the validation of the 
HiL model are presented.  The results of the validation 
show that the vehicle dynamics and hardware responses 
of the HiL are comparable to actual heavy truck test 
track results and can be helpful in determining the 
benefits of stability control technologies in varied 
driving situations.  

INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA) has funded the University of Michigan 
Transportation Research Institute (UMTRI) to study the 
potential safety benefits from two stability control 
systems developed for heavy truck tractor-trailers, Roll 
Stability Control (RSC) and Electronic Stability Control 
(ESC).  The RSC systems sense lateral acceleration and 
apply the brakes when rollover is imminent.  ESC 
systems sense vehicle speed, yaw rate, lateral 
acceleration, and apply brakes to assist a driver in 
avoiding directional instabilities as a result of an 
understeer or oversteer mitigation process.  ESC can 
also address vehicle rollover as well.  Stability control 
technology is needed because by the time a driver is 
aware that the truck is beginning to roll or lose control, 
it is usually too late for a corrective action by the driver. 
Since these systems have been only recently introduced 
in heavy vehicles, there is a limited amount of heavy 
truck crash data to base a determination of system 
effectiveness.  Therefore, a hardware-in-the-loop (HiL) 
simulation model has been developed to assess system 
effectiveness.  The observed system effectiveness in 
varied driving situations from the HiL can then be used 
to determine the potential benefits of stability control 
technologies by developing simulated driving scenarios 
that are linked to actual crash data populations.  A 
validation of the HiL system by comparing simulation 
results to actual vehicle test experiments was required 
to ensure valid results.  NHTSA validated the 
simulation results with experimental test track data 
from ramp steer maneuvers using tractor-trailers.  An 
overview of the scenario development, HiL system 
design, the methods used for validation, and the 
validation results are presented in this paper. 
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SCENARIO DEVELOPMENT 
 
In order to link the performance of stability control 
technologies to crash reduction benefits, data selection 
algorithms compatible with the national crash data files 
of the General Estimates System (GES), Trucks 
Involved in Fatal Accidents (TIFA), and Large Truck 
Crash Causation (LTCCS) databases were developed 
[1].  This information was used to create driving 
scenarios for the HiL simulation to study the 
effectiveness of ESC and RSC systems in addressing 
crashes involving directional loss of control and 
rollover. 
 
The LTCCS database was analyzed to determine the 
factors that were used to define simulation scenarios.  
This analysis classified factors according to road radius 
of curvature (<100m, >100m, or straight), roadway 
friction (high or low), the position along the curve of 
rollover onset, driver control inputs (none, steer only, 
steer and brake, or brake only), trailer load (full, 
medium, or empty), center of gravity height (high, 
medium, or low), and whether the roll occurred at an 
intersection.  UMTRI developed simulation scenarios 
representative of these factors that may lead to rollover 
and directional loss of control. [1]  These scenarios 
were: 
 
Transient to Constant Curve 
 
This maneuver represents a typical entrance to a 
freeway exit ramp, and its geometry consists of two  
constant radius curves.  The curve radii were 68 m and 
227 m which represent the mean values for roads with a 
curvature less than 100 m or greater than 100 m 
respectively in the LTCCS database.  The geometry is 
shown in Figure 1.  The transition from a straight line to 
a constant radius curve provides a smooth vehicle 
dynamics transition as road curvature changes from 
infinity (straight roadway) to the desired radius.  In this 
maneuver, increasing vehicle speed increases lateral 
acceleration and vehicle roll motion, and accordingly 
RSC, ESC, and ABS (baseline) have been evaluated 
iteratively to determine the speed for rollover onset, 
which is referred to as the critical speed. 

 
Figure 1.  Transient to constant curve. 

Constant Radius to Diminishing Curve 
 
This maneuver represents a scenario where the vehicle 
enters the curve at a speed just below the critical speed, 
but the reduction in curvature increases the vehicle’s 
lateral acceleration and roll angle to initiate rollover.  
The schematic of this maneuver is shown in Figure 2.  
The diminishing radius portion of the curve begins at 
90 degrees beyond point A (see Figure 2).  RSC, ESC, 
and ABS have been compared based on their critical 
speed. 
 

 
Figure 2.  Constant radius to diminishing curve. 
 
 
Single Lane Change in Curve 
 
This maneuver represents the scenario of a truck 
changing lanes to the outside of the curve on a road 
resembling a freeway exit ramp with multiple lanes in 
the direction of travel.  The schematic of this maneuver 
is shown in Figure 3.  Critical speeds for the RSC, ESC, 
and ABS have been determined iteratively. 
 

 
Figure 3.  Single lane change in curve. 
 
 
Single Lane Change on Straight Road  
 
This maneuver is associated with most rollovers on 
straight roads.  It tends to occur when truck drivers try 
to avoid an obstacle on the road, e.g., a slowing vehicle 
or an incursion from an intersecting road.  ISO 14791 
lane change geometry is used and critical speeds for 
RSC, ESC, and ABS have been determined iteratively. 
 
 



Svenson 3 

Turn at an Intersection 
 
Several rollover scenarios have been identified in the 
LTCCS that occur while the truck is turning at 
intersections.  The radius of this maneuver is 20 m, and 
critical speeds for the RSC, ESC, and ABS system have 
been determined iteratively (see Figure 4). 
 

 
Figure 4.  Turn at an intersection. 
 
 
HIL SYSTEM DESIGN 
 
To evaluate the effectiveness of stability control 
systems in the driving scenarios developed, a HiL 
system was built in the UMTRI laboratory.  The HiL 
included the pneumatic brake system of a tractor-trailer 
and the actual stability control system control units 
supplied from a manufacturer.  For this study, Meritor 
WABCO systems were used. The HiL system is a 
combination of hardware and software components, and 
includes simulated truck dynamics, a driver model, 
pneumatic brake system hardware, and the electronic 
control systems (RSC, ESC, and ABS).  The dynamics 
were modeled using TruckSim software.  Road 
geometry and surface conditions were modeled by 
variables in TruckSim.  The driver model used a path-
follower model at a constant speed.  Also, the driver 
was modeled as a continuous controller.  Using this 
method, lateral errors were reduced.  The parameters of 
the controller were adjusted to provide a realistic closed 
loop vehicle driver simulation and were sufficient for 
this task. 
 
The pneumatic brake system hardware is shown in 
Figure 5.  Hardware was used to avoid modeling 
complex mechanical systems that included: 
compressible fluid mechanics, valve dynamics, and 
nonlinear frictional and system properties.  This method 
eliminated the need for validating brake pressure 
models, as the actual hardware (typically installed on 
five axles and ten brake actuators) was used.  The 
pressures that actuate the brakes were taken from 
TruckSim and the braking torque was determined from 
a table lookup of experimental data measured on a 
brake dynamometer.  Brake line pressures and time 

delays were generated by a physical replica of an actual 
braking system. 
 

 
Figure 5.  Pneumatic brake system hardware. 
 
Figure 6 shows the major components of the HiL 
system.  TruckSim and Simulink were used and 
executed on real-time computers running on OPAL-RT 
software on a QNX operating system.  System motion 
variables (speed, acceleration, yaw rate) were modeled 
in software (TruckSim and Simulink) and provided the 
inputs to the hardware control variables (steering and 
treadle displacement) and wheel speeds.  The treadle 
displacement was converted to actual displacement via 
an electro-mechanical servo.  Wheel speeds were 
transformed to appropriate hardware inputs that 
replicated wheel-speed magnetic pickups.  The 
electronic stability system responded by providing 
control commands for engine brake applications, 
throttle inputs (disengage throttle), or actuation of the 
air brakes. 
 

 
 
Figure 6.  HiL system overview. 
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Heavy Truck Dynamics Model 
 
The tractor-trailer modeled in TruckSim was based on 
collected test data from a 1992 White-GMC truck 
manufactured by Volvo GM Heavy Truck, model 
WIA64T, and a 1992 Fruehauf van trailer, model FB-
19.5NF2-53.  UMTRI measured geometric and inertial 
parameters for the chassis, steering, and suspension 
components.  The performance properties of the three 
suspensions and torsional stiffness of the vehicle frames 
and fifth wheel coupling were also measured [2].   The 
geometric measures of the tractor and trailer are shown 
in Figure 7.  
 

or
ig
in

or
ig
in

 
Figure 7.  Heavy truck geometry. 
 
Additional details for the TruckSim model used can be 
found in references [3-8]. 
 
 
Tire Data 
 
Results from an SAE Cooperative Research Project [9] 
provided the tire data for the tractor-trailer.  The SAE 
experimental tire data for lateral forces were limited to 
16 degrees of slip angle, and data beyond that level 
were interpolated using the data point at pure sliding at 
90 degrees of slip angle.  These data represented typical 
tires produced in the 1990’s as current data for state-of-
the-art tire designs were not yet available.  Despite this 
limitation, simulation results presented reasonable 
replications of typical heavy truck responses where 
comparative analysis can be done. 
 
The dynamics delay or relaxation length for lateral 
force was set to 300 mm and for the longitudinal force 
it was 100 mm.  The lateral relaxation length was not 
based on direct measurements of tire forces, but it was 
set to produce reasonable frequency response of lateral 
dynamics [10].  The longitudinal relaxation was set to 

produce reasonable stopping dynamics at zero speed 
after hard braking, and it had a secondary effect on the 
ESC/RSC systems. 
 
 
HIL MODEL VALIDATION 
 
NHTSA conducted the validation of the heavy truck 
HiL system developed by UMTRI.  The simulation 
results were compared to experimental test track data 
for a typical tractor with a 53-foot semitrailer that was 
heavily loaded with a high C.G. location.  Test track 
data were collected at the NHTSA Vehicle Research 
and Test Center (VRTC) in East Liberty, Ohio.  These 
data were taken from the NHTSA stability control 
research program and were not conducted solely for the 
purpose of this validation.  This resulted in some 
differences in the test track conditions and the HiL 
system.  However, the data were useful for qualitatively 
checking the response of the HiL.    
 
Ramp Steer Maneuver  
 
The Ramp Steer Maneuver (RSM) formed the basis of 
the validation of the HiL simulation with test track data.  
The RSM is similar to a J-Turn maneuver.  It was 
performed by inputting the steering profile shown in 
Figure 8.  The severity of the maneuver was controlled 
by incrementally increasing speed until rollover 
occurred. 
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Figure 8.  RSM steering profile. 
 
Validation Results 
 
For the HiL simulation, the RSM (using the steering 
profile shown in Figure 8) was applied to these three 
configurations: ABS-only (baseline), RSC, and ESC.  
The speed was increased gradually until rollover 
occurred.  The ABS-only configuration did not involve 
ABS operations because driver braking was not 
included in the maneuver.  For all runs, the driver input 
consisted of steering actions only.  Differences between 
test track and HiL conditions were that the track 
maneuver was performed with a dropped throttle and 
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for the HiL it was performed at a constant speed 
provided by the simulated driver model.  Also, there 
were some differences in the tires, suspensions, and 
compliances used on the actual truck, as opposed to the 
simulation.  
 
When analyzing simulation results, it should be noted 
the extent of roll motion where model predictions are 
accurate.  The parameters used in simulation models 
such as for TruckSim are typically based on 
measurements and estimations of vehicle motion that 
do not have excessive roll.  Rollover events in 
simulations may result in numerical inaccuracies in the 
model as a result of complete vehicle roll.  Although 
the predicted rollover mechanics beyond a certain roll 
angle (typically higher than six degrees) are not entirely 
valid, the simulation is useful for predicting the onset of 
vehicle rollover.   
 
The tire data did not account for excessive vehicle roll 
and inclination effects.  Data for the roll centers at each 
axle, suspension compliances, suspension kinematics, 
and many other aspects of the vehicle model were not 
formulated to accurately handle extreme roll 
mechanics.  From a physical standpoint, it was 
sufficient to analyze wheel liftoff as a sign of rollover 
when using simulation results.  The Load Transfer 
Ratio (LTR) metric was used to analyze rollover 
potential for both the tractor and trailer.  This method 
was valid and yielded accurate and consistent results. 
 
LTR is given by: 

 

Ni Ni
Left Right

Ni Ni
Left Right

F F

LTR
F F

−
=

+

∑ ∑

∑ ∑
 (1) 

 
 
LTR varies from 0 to 1.  When LTR is equal to 1, it 
indicates a complete rollover.  This is because, at the 
onset of rollover, all of the tires do not lift from the 
ground at the same time.   An LTR value of 
approximately 0.9 indicates an onset of rollover. 
 
Table 1 lists the HiL simulation and experimental 
results.  The threshold speeds of the ABS-only and the 
RSC conditions were comparable with the speeds 
observed during test track testing (within 1 mph 
difference).  However, the ESC speeds were quite 
different.  The HiL driver model maintained throttle (in 
order to maintain constant speed) during the test 
maneuver.  This likely produced a different response by 
the ESC controller for the HiL than observed in the test 
track runs.  
 

When compared with test track data, the HiL simulation 
results showed the correct trends for ABS and RSC. For 
ESC the differences in the constant speed maintained 
by the driver model had a pronounced effect on system 
activation.  The fact that the driver model in the HiL 
simulation maintained throttle resulted in the ESC 
controller intervening very quickly and earlier than on 
the test track.  This permitted a higher speed at the start 
of the maneuver than what was achieved on the test 
track.  As the test track runs were performed with 
dropped throttle, the ESC controller delayed 
intervention until it identified a loss-of-control 
situation.  Therefore, the results were not expected to 
exactly match the speed obtained from test track 
measurements given this difference.  However, the 
activations of the ESC were appropriate for the given 
simulated conditions. 
 

Table 1. 
RSM results – Speed (mph) at which first wheel lift 

occurs 

 

Type 
HiL Simulation VRTC Data 

LEFT RIGHT LEFT 
ABS only 27 27 27 

RSC 34 35 35 

ESC 42 41 32 
 
 
Figure 9 shows a comparison of lateral accelerations, 
yaw rates, and roll angles for the three tractor-trailer 
electronic stability configurations for the RSM.  
Simulation results show that the truck dynamics model 
and the HiL systems were tuned appropriately.  Both 
systems showed a substantial advantage in improving 
tractor-trailer stability as evidenced by the greater speed 
at which rollover was initiated for the RSC and ESC 
runs over the baseline condition of ABS.  Figure 10 
shows tractor decelerations for the three configurations.  
The ESC system had a higher deceleration level than 
the RSC system due to the additional steer axle braking 
of the ESC system.  The ESC and RSC systems showed 
that wheel liftoff occurred at a higher speed than with 
the ABS-only system.     
 
Figures 11 and 12 show experimental test track results 
from RSC and ESC systems compared to baseline runs 
(ABS only).  Figures 13 and 14 show the generated 
brake line pressures as a result of RSC and ESC system 
activations respectively.  Figures 15 and 16 show the 
simulation results that can be compared to the 
experimental results in Figures 11 and 12.   
 
 



Svenson 6 

ABS ONLY ESC RSC 

0 2 4 6 8 10 12
-0.1

0

0.1

0.2

0.3

0.4

Time (sec)

La
t. 

A
cc

 (
g)

 

 

Speed = 30 mph
Speed = 28 mph
Speed = 26 mph
Speed = 27 mph

Speed increasing

 
-1 0 1 2 3 4 5 6 7 8 9 10

-0.1

0

0.1

0.2

0.3

0.4

0.5

Time (sec)

La
t. 

A
cc

 (
g)

 

 

Speed = 27 mph
Speed = 41 mph
Speed = 45 mph
Speed = 43 mph

Speed increasing

 
0 2 4 6 8 10 12

-0.1

0

0.1

0.2

0.3

0.4

0.5

Time (sec)

La
t. 

A
cc

 (
g)

 

 

Speed = 30 mph
Speed = 34 mph
Speed = 36 mph
Speed = 38 mph

Speed increasing

 

0 2 4 6 8 10 12
-5

0

5

10

15

20

25

Time (sec)

Y
aw

 R
at

e 
(d

eg
/s

ec
)

 

 

Speed = 30 mph
Speed = 28 mph
Speed = 26 mph
Speed = 27 mph

Speed Increasing

 
0 2 4 6 8 10 12

-5

0

5

10

15

20

25

Time (sec)

Y
aw

 R
at

e 
(d

eg
/s

ec
)

 

 

Speed = 27 mph
Speed = 41 mph
Speed = 45 mph
Speed = 43 mph

Speed increasing

 
0 2 4 6 8 10 12

-5

0

5

10

15

20

25

Time (sec)

Y
aw

 R
at

e 
(d

eg
/s

ec
)

 

 

Speed = 30 mph
Speed = 34 mph
Speed = 36 mph
Speed = 38 mph

Speed increasing

 

0 2 4 6 8 10 12
-1

0

1

2

3

4

5

6

7

8

9

10

Time (sec)

R
ol

l (
de

g)

 

 

Speed = 30 mph
Speed = 28 mph
Speed = 26 mph
Speed = 27 mph

Spead increasing

 
-1 0 1 2 3 4 5 6 7 8 9 10

-2

0

2

4

6

8

10

12

Time (sec)

R
ol

l (
de

g)

 

 

Speed = 27 mph
Speed = 41 mph
Speed = 45 mph
Speed = 43 mph

Speed increasing

 
0 2 4 6 8 10 12

0

2

4

6

8

10

12

Time (sec)

R
ol

l (
de

g)

 

 

Speed = 30 mph
Speed = 34 mph
Speed = 36 mph
Speed = 38 mphspeed increasing

 
 
Figure 9.  Lateral accelerations, yaw rates, and roll angles for the tractor. 
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Figure 10.  Longitudinal accelerations for the tractor. 
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Figure 11.  Experimental steering inputs and 
vehicle responses: baseline and RSC results: 
2006 Freightliner. 
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Figure 12.  Experimental steering inputs and 
vehicle responses: baseline and ESC results: 2006 
Freightliner. 
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Figure 13.  Experimental brake pressures: baseline and RSC results: 2006 Freightliner. 
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Figure 14.  Experimental brake pressures: baseline and ESC results: 2006 Freightliner. 
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Figure 15.  UMTRI HiL simulation steering 
inputs and vehicle responses-baseline and RSC 
results. 
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Figure 16.  UMTRI HiL simulation steering inputs 
and vehicle responses-baseline and ESC results. 
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Figure 17.  UMTRI simulation HiL brake pressures: baseline and RSC results. 
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Figure 18.  UMTRI simulation HiL brake pressures: baseline and ESC results. 
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The comparison shows that the lateral accelerations, 
yaw rates, and longitudinal decelerations reach about 
the same maximum levels.  However, the driver model 
in the HiL attempted to keep the speed of the tractor-
trailer constant, and the speed was not reduced further 
after rollover was avoided.  This explains the constant 
speed profile and the change in deceleration after about 
3 seconds of RSM initiation.  The RSC system in both 
the HiL and the test track vehicle reduced the yaw rate 
and lateral acceleration levels to the baseline levels.  
The ESC system in the HiL activated slightly more than 
0.2 seconds earlier than the system on the test track 
vehicle.  Also, the longitudinal deceleration was almost 
twice as much.   
 
Figures 17 and 18 show the brake line profiles at each 
wheel.  Comparing Figures 14 and 18 reveal that the 
steering axle brakes of the simulated vehicle provided 
far more braking force than those of the test track 
vehicle, which explains the higher threshold speed 
achieved by the simulated vehicle. 

 
Overall, the qualitative differences in results between 
the HiL simulations and test track experiments were 
minor.  An exact match between test track and HiL data 
was not possible due to differences in the hardware 
between the tested vehicle and the simulation.  Also, 
the constant speed maintained by the driver model in 
the HiL produced an effect that was more pronounced 
in the ESC than the RSC in the comparison with test 
track RSM data.  However, the HiL system 
functionality and results were valid for a comparative 
analysis of system effectiveness for the constant speed 
driving scenarios developed in this study. 
 
 
CONCLUSIONS 
 
A HiL system has been developed by UMTRI to 
evaluate the effectiveness of stability control 
technologies in tractor-trailers.  Driving scenarios have 
been developed to evaluate the effectiveness of ESC 
and RSC in addressing crashes involving directional 
loss of control and rollover.  These scenarios have been 
created using LTCCS cases to replicate typical crash 
situations and have been linked to national crash data 
bases (GES, TIFA). 
 
The HiL system was validated by NHTSA through a 
comparison of RSM test data.  The results of the 
validation showed that the vehicle dynamics and 
hardware responses were comparable to actual tractor-
trailer test track results.  Differences in the test track 
conditions and the HiL system did not allow for a direct 
comparison of track data and simulated results.  
However, the data were useful for qualitatively 

checking the response of the HiL.  The constant speed 
maintained by the driver model in the HiL produced an 
effect that was more pronounced in the ESC than the 
RSC in the comparison with test track RSM data.  This 
resulted in the ESC system in the HiL activating 
approximately 0.2 seconds earlier than the system on 
the test track vehicle, but this was appropriate for the 
given simulated conditions.  Despite the differences, the 
HiL system functionality and results were valid for a 
comparative analysis of system effectiveness for the 
constant speed driving scenarios developed in this 
study.   
 
The fact that the HiL system provides valid predictions 
means that this HiL simulation environment can be 
used reliably to study heavy vehicle response with these 
technologies.  This is true not only for evaluating RSC 
and ESC effectiveness in the driving scenarios 
developed in this study, but for other future scenarios 
that would be difficult or impractical test using an 
actual vehicle.  The observed system effectiveness in 
varied driving situations from the HiL can be used for 
the determination of potential benefits of stability 
control by using driving scenarios that are linked to 
actual crash data populations. 
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ABSTRACT 

This paper is on focused on the optimization of the 
braking process integrating Antilock Braking Sys-
tem (ABS) and Continuous Damping Control 
(CDC). Strategies for reducing the braking distance 
derive from theoretical approaches. These strategies 
deal with sharing information between ABS and 
CDC in order to improve the slip-control quality and 
adjusting braking torque (ABS) and / or wheel load 
(CDC) coordinately. Quantities which influence the 
amount of the mean braking force and therefore the 
braking distance are identified methodically, regard-
ing a standard control loop. Furthermore the influ-
ence of the time course of wheel load on the braking 
process is discussed.  
In the second section of this paper, experimental 
results of straight-line ABS-braking tests for two 
methodically identified strategies are discussed. The 
results of the first experiments show the influence of 
passive damper settings (hard, soft) and the Mini-
Max damping control on the braking distance for 
various braking conditions (dry an wet roads, flat 
and unevenness roads,…). The MiniMax damping 
control aims for reduced body induced slip oscilla-
tions that usually disturb standard ABS-control. This 
damping control reduces the braking distance signif-
icantly in a statistical manner. The second experi-
ment has been performed with a modified ABS 
which takes into account the information of the 
dynamic wheel load (due to pitching and lifting) 
additionally for the calculation of the braking force 
operation point. It is shown that the braking force 
operation point changes more, if dynamic wheel 
load information is implemented in ABS-control. 
Indeed the amount of modulated braking force oper-
ation point due to pitching or lifting is too small 
with respect to the demand, so further modifications 
are necessary. 
Finally an outlook on the next steps for improving 
the braking process by integrated ABS and Conti-
nuous Damping Control is given. 

INTRODUCTION  

When designing a chassis of a passenger car, ride 
and handling are important criteria. In order to im-
prove driving safety and comfort, several chassis 
control systems that control the vehicle’s longitu-
dinal, lateral and vertical dynamics were developed 

and introduced in production cars in the last dec-
ades. Regarding vehicle safety, most important 
chassis control systems are ABS (Antilock Braking 
System) and ESP (Electronic Stability Program). 
These systems control longitudinal and lateral tire 
forces by adjusting tire slip, based on wheel speed 
sensor information. However, horizontal tire forces 
are limited by the amount of wheel load and friction. 
With information available in today’s ABS the 
wheel load is estimated taking the vehicle mass and 
axle-load transfer into account only. 
According to comfort, mainly the vehicle’s vertical 
dynamic characteristics are important. With passive 
suspensions a known trade-off between comfort 
(usually measured as RMS on vertical body accele-
ration) and safety (usually measured as RMS on 
wheel load) exist. Thus, a compromise between 
different optimal suspension parameters for ride and 
handling has to be found. With adjustable damping 
and / or spring forces, vertical body accelerations 
and wheel loads can be influenced depending on the 
situation. Available for production cars are either 
semi-active, e.g. Continuous Damping Control 
(CDC), or active systems, e.g. Active Body Control 
(ABC) or Anti-Roll-System (ARS). In normal driv-
ing situations damping and / or spring forces are 
usually adapted according to a Skyhook algorithm in 
order to reduce vertical body movements (lifting, 
pitching and rolling). For this control strategy, ver-
tical wheel accelerations and vertical body dis-
placements or accelerations are detected by several 
sensors. Currently, semi-active suspension systems 
have greater market share compared to active sus-
pension systems probably due to less energy con-
sumption and component costs. This makes Conti-
nuous Damping Control interesting for the topic of 
this research: It is investigated if CDC in conjunc-
tion with ABS has potential to improve the braking 
process. 

State of the Art 

In critical driving situations, as ABS controlled 
braking or lane changing, the time course of wheel 
load should be optimized in order to realize maxi-
mum horizontal forces. In today’s production cars, 
semi-active or active suspensions support slip-
control systems (ABS or ESP) reducing body 
movements as pitching or lifting. These body 
movements cause wheel load oscillations which 



disturb slip-control and lead to less mean horizontal 
tire forces. Therefore, for straight-line ABS-braking 
an aperiodic pitching behavior is intended in order 
to reduce disturbances. In production cars equipped 
with semi-active damping, this objective is aspired 
by switching the dampers to a rather hard setting, if 
ABS-braking is detected (refer to Becker et. al. [1]). 
However wheel load oscillations depend not only on 
body movements but on pavement excitations as 
well. This fact is not considered in this usually used 
control strategy. Apart from the Boolean signal 
“ABS-activity”, it is not of the author’s knowledge 
that additional information between ABS/ESP and 
semi-active or active suspension are shared in to-
day’s production cars. So, information of “dynamic 
wheel loads” caused by pitching, rolling, lifting and 
pavement excitations are not taken into account in 
today’s ABS-control although the knowledge of the 
overall wheel load is necessary to adjust the braking 
force operation point correctly in today’s ABS sys-
tems.  
In a research project, Niemz [2] developed a control 
strategy for semi-active damping, which is able to 
modify wheel load induced slip. For modifying slip 
in this control strategy, the wheel load is changed by 
means of switching the damper from hard to soft 
and vice versa. This control strategy has been re-
duced the mean ABS-controlled braking distance by 
1.3% compared to those with series damper setting 
(constant hard setting), tested with an initial velocity 
of 70 km/h on a dry road in real braking tests. How-
ever, this damping control and the production ABS 
of the vehicle worked independently from each 
other, data exchange between both systems has not 
been taken place. Moreover, the performance and 
robustness of this control strategy for varying brak-
ing conditions is not investigated yet. 

Motivation and Objective 

For several years, coordination and information 
exchange of different control systems has been fo-
cused more and more by industry and research. This 
is based on the fact that in addition to ABS and ESP, 
other control systems as semi-active and active 
suspensions or Active Front Steering (AFS) take 
place in production cars. Sharing information be-
tween systems and coordination of those systems 
may provide greater overall performance compared 
to different stand alone working control-systems – 
often without additional production costs. As an 
example, the combination of ESP with AFS to so 
the called ESP II reduces the braking distances in µ-
split situations [4]. Moreover, the combination of 
active antiroll-bars (ARS) with ESP and AFS re-
duced the braking distance even further (refer to 
[5]). Referring to previous research at TU Darmstadt 
which deals with ABS-controlled braking and semi-
active damping (refer to [2] and [3]), an increased 
overall performance is expected if ABS and CDC 

share information and work in conjunction. So, the 
results of this research project shall answer the ques-
tion if and to what extend there is potential for re-
ducing the braking distance by coordination of the 
chassis control systems ABS (as part of ESP) and 
CDC. This potential could be used both by sharing 
information and by modifying the horizontal and 
vertical tire forces in conjunction. 
This paper is focused on the identification of possi-
ble strategies for improving the braking process with 
Continuous Damping Control in conjunction with 
ABS. Furthermore the results of braking tests with a 
modified damping control (MiniMax control) and a 
modified ABS are presented which show the poten-
tial of optimizing the braking process by means of 
integrated ABS and CDC. The modified ABS takes 
the dynamic wheel load in a very easy manner into 
account. Based on the theoretical approaches and 
experimental results, other strategies will be tested 
in the future which let expect potential for improv-
ing the braking process. 

STRATEGIES FOR IMPROVING STRAIGHT-
LINE BRAKING  

Objective of this research project is the determina-
tion if and to what extend the braking process can be 
improved with combined operation of ABS and 
CDC systems. Improving the braking process to the 
authors view means: 
• Reducing braking distance, which possibly 

avoids accidents or reduces their severity at last 
• Faster decrease of the vehicle’s kinetic energy 

with respect to travelled distance, which reduces 
the severity of accidents that cannot be avoided 

• Braking stability (lateral offset, yaw rate varia-
tion) must not be degraded 

The braking distance is directly connected to the 
braking force, as can be seen in equation. (1).  
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Due to the fact that total braking force is limited by 
friction coefficient µmax and wheel load Fz it cannot 
be increased above a certain value. The average total 
braking force for braking to standstill is limited by 
friction coefficient and vehicle mass. 
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The braking distance can be reduced either by in-
creasing the mean friction coefficient µmean or by 
modifying the time course of wheel load. Neglecting 
aerodynamic effects the mean value of wheel load 
must be constant over the whole braking process – 
namely equal to the vehicle mass multiplied by 
gravity. This is due to the fact that the vehicle mass 



cannot be changed within the braking procedure. 
The effect of wheel load distribution on the braking 
distance will be discussed latter.  

Increasing the mean braking force 

Regarding the first optimization aspect - increasing 
mean friction coefficient µmean to increase mean 
braking force - the friction-slip characteristics is 
important (refer to Figure 1). For stationary condi-
tions, the maximum friction coefficient can be ob-
tained with a characteristic slip value λB,opt, which 
depends on tire properties and road condition. If this 
slip value could be controlled exactly, the maximum 
total braking force for a given vehicle mass could be 
achieved. Braking slip λB is defined physically by 
the ratio of the wheel’s rotational velocity vW and 
the translational velocity of the wheel’s center point 
vW,x. For ABS control, vW,x is assumed to be equal to 
the vehicle velocity: 
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Of course, braking distance can be reduced by in-
creased friction as equation (2) and (3) show. For a 
given tire - road combination this can be achieved 
by modifying the tire properties. Although this is 
possible in certain applications as e.g. racing cars 
demonstrate this come along with other negative tire 
properties which usually are not acceptable for pro-
duction cars. Optimizing the tire properties is not 
discussed within this research; hence a standard tire 
is assumed and used for the experiments of this 
research project. 

 
Figure 1.  Example of friction-slip characteristics 
 
For production ABS-controller, the so called target 
slip λB,Z is less than λB,opt and depends on the vehicle 
velocity among other things to keep slip-control 
smooth and effective. However in braking maneu-
vers slip oscillations exist. Assuming that λB,Z=λB,opt, 
slip oscillations in the nonlinear section of the µ-λB 
characteristics lead to a mean friction coefficient 
that must be less than the maximum friction coeffi-
cient. Therefore, as a first optimization parameter 
for this research, braking slip oscillations has to be 
as small as possible to obtain the mean friction coef-

ficient of a braking process µmean as close as possible 
to the maximum friction coefficient µmax. This holds 
true for quasi-stationary conditions which are 
represented by the friction-slip characteristics in 
Figure 1. For dynamic situations, fast alternations of 
the braking torque or wheel load lead to even greater 
braking slip and friction oscillations, referring to 
Zegelaar [7]. The hypothesis “shorter braking dis-
tances are obtained by less slip oscillations” is not 
disproven yet and therefore hold true. This is shown 
in previous research [2] analyzing the correlation 
between braking distance and velocity difference 
(vV–vW), which is in fact the braking slip weighted 
with the vehicle velocity. According to [2] the corre-
lation coefficient is between 41-63% depending on 
the damper settings. The physical mechanisms of 
the dynamic transfer behavior of braking torque and 
wheel load modifications on the braking slip will be 
examined in further research. So far it is assumed 
that the objective 
 

maxmeanµ µ→  (5) 
 
can be achieved by minimizing slip oscillations: 
 
( ), 0B Z Bλ λ− →  (6) 

 
     Quantities which cause braking slip oscilla-
tions - In order to increase the mean braking force 
for a given friction-slip characteristics by means of 
increased mean friction due to decreased slip oscil-
lations, the influences on braking slip have to be 
known. Taking a view on a rotating and braked 
wheel (Figure 2) with neglected vertical and longi-
tudinal stiffness of the tire the principle of angular 
momentum delivers: 

 
Figure 2.  Quantities at a rotating wheel 
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Integrating eq. (7) leads to 
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Substituting the angular velocity of the wheel with 
the definition of slip (eq.(4)), eq. (8) delivers: 
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Defining differences of the angular velocity with 
respect to a free rolling wheel as: 
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Equation (10) shows that differences in the wheel’s 
angular velocity result from the integral of wheel 
load and /or braking torque variations in time do-
main. This means, there is a time delay between 
torque or force variations and the reaction of brak-
ing slip. Comparing the integral with a low pass 
filter this shows that torque or force variations with 
lower frequencies take even more effect on braking 
slip oscillations compared to higher frequencies 
with equal amplitudes. This means, that both in-
creased amplitudes of braking torque or wheel load 
variations and low variation frequencies lead to 
higher braking slip oscillations. If those braking 
torque and wheel load variations are based on dis-
turbances, this could result in less mean total bra-
king force and longer braking distances. For 
straight-line braking, especially pitching and lifting 
influence wheel loads with low frequencies and high 
amplitudes and hence the braking slip with respect 
to eq. (10). Braking torque disturbances result e.g. 
from friction oscillations of the brake disc / pad 
combination. Furthermore ABS-control is not per-
fect due to several assumptions and actuator proper-
ties which can cause braking slip oscillations as 
well. 
 
 

    Strategies for decreasing braking slip oscilla-
tions - The previous section deals with the identifi-
cation of variables which possibly cause braking slip 
oscillations. Thus less mean total braking force 
would be obtained. Braking torque and wheel load 
oscillations have been identified as disturbance 
variables. What can be done to reduce braking slip 
oscillations? In today’s standard ABS, slip is con-
trolled adjusting the braking torque only. Amongst 
others, inaccurate slip control could cause differen-
ces between applied and optimal braking torque. 
The latter is defined as the braking torque which is 
required for a specific situation. So, an increased 
accuracy of slip control has the potential to reduce 
slip oscillations, which would increase the mean 
total braking force.  

 
Figure 3.  Simplified control loop with distur-
bance feed-forward (K) 
 
Taking a view on a real ABS-control loop for 
straight-line braking we get to know that several 
quantities of the control loop (Figure 3) are esti-
mated based on wheel angular velocities and the 
master brake cylinder pressure. These estimations 
are necessary for ABS-control because direct mea-
surands are not available (referring to Figure 2 e.g., 
longitudinal wheel velocity, braking torque, braking 
force,…). 
 

 
Figure 4.  Strategies for increasing the mean total braking force FB,total,mean 



The control variable “braking slip” has to be deter-
mined by measuring the wheel’s angular velocity 
and the vehicle’s velocity. Assuming that vehicle 
velocity equals the wheel’s longitudinal velocity, 
which means that the longitudinal suspension flex-
ibility is neglected, braking slip is calculated. How-
ever for ABS-controlled braking, the vehicle veloci-
ty is estimated as well because all wheels possess 
slip. So, the control variable “braking slip” is based 
on several estimations and might be inaccurate. 
For slip control a reference variable “target slip” is 
needed. Desiring a high friction coefficient and 
braking stability (which means sufficient potential 
for lateral forces) the target slip derives from the 
friction slip characteristics for stationary conditions. 
This tire-characteristic varies by several inputs as 
wheel load, velocity, road conditions, temperature 
etc. Lots of these inputs are not well known and 
therefore not all of these influences are considered 
in the target-slip which results in deviations to the 
desired optimal target slip. 
The actuating variable determines the desired brak-
ing torque of a wheel. Both operating point and the 
required braking torque differences to reduce con-
trol errors (controller output) are translated into 
caliper pressure that is influenced by the brake 
valves. So, the quality of slip control is also influ-
enced by operating point and actuating variable. 
In summary all of the control loop variable possibly 
influence slip control quality and thus braking slip 
oscillations which should be minimized. This is 
shown in the upper part of Figure 4. 
As mentioned before, major task of the control loop 
is to minimize control errors. Regarding the control 
loop shown in Figure 3 and assuming target-slip and 
braking slip as determined precisely two compo-
nents influence the control quality mainly: The con-
troller configuration and the properties of the actua-
tor(s), especially its dynamics and operation range. 
For the optimization of the controller settings the 
trade-off between fast error compensation and over-
shooting has to be dealt with. Although the control-
ler compensates control errors the control quality 
can be improved by reducing the effects of distur-
bances on the control variable. Avoiding of distur-
bance inputs in general would be the best option in 
order to reduce slip oscillations. Instead of a closed-
loop control this would allow an easier open-loop 
control. Although this is not possible for ABS brak-
ing the reduction of disturbance inputs should be 
aspired because of less control errors anyway.  
Among other quantities, e.g. braking torque varia-
tions, dynamic wheel load variations due to low 
frequency pitching act as disturbance variable on 
slip control, as equation (10) shows. For ABS-
controlled straight-line braking pitching results from 
the height difference between center of gravity and 
pitching center. The effect of pitching on wheel load 
oscillations can be reduced by increasing damping 
or spring forces – no or aperiodically pitching is 

aspired ideally. If the vehicle’s suspension is pas-
sive, a trade-off with respect to comfort exists. For 
today’s production cars equipped with Continuous 
Damping Control (CDC) damping is switched to 
rather hard setting when ABS braking is detected so 
that wheel load oscillations and their effect on ABS 
control are reduced. As a consequence, hard damp-
ing results in shorter braking distances on flat roads 
compared to soft damping, referring to [2]. Taking 
into account that the integral of dynamic wheel load 
changes braking slip (eq. (10)) the ABS controller 
reacts on wheel load oscillations with a time delay 
in braking torque. This could be improved using the 
dynamic wheel load information additionally for 
slip control in order to decrease wheel load induced 
slip oscillations. In literature algorithm for active or 
semi-active suspension control principles are known 
which reduce wheel load oscillations (e.g. “Ground 
Hook control” [6], “Constant wheel load control” 
[3]) or that control wheel load induced slip oscilla-
tions directly [2]. All of these methods consider the 
disturbance variable “wheel load oscillations” intra-
system with adjusting the vertical suspension para-
meters of the vehicle. However connecting semi-
active or active suspension control with ABS wheel 
load could be taken into account for ABS control 
additionally which possibly reduces slip oscillation 
even further. 
Apart from the controller, actuation of the control 
system “wheel” with its control variable “braking 
slip” is very important. In today’s production cars 
hydraulic valves moderate the braking pressure 
applied by the driver. So the braking torque is con-
trolled by ABS. Referring to equation (10), apart 
from braking torque the wheel load modulates brak-
ing slip as well. With an active or semi-active sus-
pension system that acts in vertical direction, wheel 
load and thus braking slip can be influenced tempo-
rarily. In order to modify braking slip, there are two 
different actuators available with brake torque 
(ABS) and wheel load (e.g. CDC) modulators. De-
pending on their properties ABS and CDC could act 
in sequence or in parallel but coordinated. The me-
thod of coordination depends on the specific proper-
ties of the actuator principle which could be differ-
ent with respect to operation range, “minimal step 
size” and dynamics. 

Wheel load influence on the braking process 

At the beginning of this section it is shown that both 
mean friction coefficient and wheel load take effect 
on the braking distance in principle. In the previous 
section strategies for increasing the mean friction 
coefficient and so mean total braking force are de-
duced within a theoretical approach. The next sec-
tion will discuss the influence of wheel load on the 
braking process. 
Neglecting aerodynamical effects which may 
change wheel load with higher vehicle velocities the 



overall wheel load has to be constant in steady state. 
Assuming wheel load and friction to be constant for 
the whole braking procedure the total braking force 
is constant, too: 
 

, ( )B total vF t m gµ= ⋅ ⋅  (11) 
 
As a result of constant braking force, the braking 
distance is calculated by eq. (1): 
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Taking into account that the mean total braking 
force has to be constant over the whole braking 
process due to the constant vehicle mass (refer to 
eq.(11)) and assuming a linear decrease of braking 
force over time with eq. (14) this leads to a shorter 
braking distance for κ>1, as eq. (15) shows. The 
factor κ describes the raise of the braking force at 
the beginning of the braking process (Figure 5): 
 

     
Figure 5.  Constant (left) and time-variant (right) 
distributions of total braking force in time do-
main 
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The time course of total braking force is defined as 
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Defining κ = 2 and assuming a linear decrease of 
braking force over time the braking distance is mi-
nimized to: 
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Compared to eq. (12) the braking distance is re-
duced by 1/3 in this theoretical approach. The result 
shows that the time course of braking force influ-
ences the braking distance at a given mean total 
braking force, which depends on the vehicle mass 

and mean friction coefficient µmean mainly. The 
higher the braking force at the beginning of the 
braking process the shorter the braking distance. So 
as a second optimization parameter, the braking 
force at the beginning of the braking process has to 
be maximized. 
But how could the time course of the braking force 
be influenced? Of course the friction coefficient 
could be maximized especially at the beginning of 
the braking process. But this objective is aspired for 
the whole braking process and should not be consi-
dered at the beginning only.  
Apart from the friction coefficient, the wheel load 
derives as a second quantity which influences the 
braking force (equation (2)). Controlling the time 
course of wheel load this could deliver higher but 
decreasing braking forces from the beginning of the 
braking process. It is possible to influence wheel 
load temporarily with active and semi-active sus-
pensions. Wheel loads can be changed temporarily 
with these systems by adding additional spring and / 
or damping forces. In case of adjustable damping 
switching the damper in compression from soft to a 
hard setting increase damper force and thus wheel 
load (please see Niemz [2] for more details). The 
effect time is limited because additional suspension 
forces acts both on the wheel (increasing the wheel 
load) and the body. The latter accelerates the body 
upwards as long as the wheel load increases. Due to 
the raising displacement between body and wheel 
greater spring forces decelerate the body which 
decrease wheel load. The average wheel load equals 
zero but the time course of wheel load is changed 
temporarily. 

 
Figure 6.  Strategies for increasing braking force 
FB at the beginning of the braking process 
 
Contrary to active systems with good controllability 
semi-active suspensions have to use system inherent 
energy for changing wheel loads which is less pre-
dictive. In case of semi-active damping, damper 
forces depend on damper velocity and damping 
characteristics which can be changed by a propor-
tional valve. Without any damper velocity wheel 
load cannot be influenced. Energy that can be used 
for changing wheel load results from body move-
ments due to pitching and lifting which appear in 
straight-line braking situations. Rolling can be used 
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in cornering situations to change wheel loads – but 
this is not taken into account for straight-line brak-
ing. In addition to body movements road excitations 
cause damper velocities as well and can therefore be 
used for changing wheel loads by semi-active sys-
tems too. 

Summary of strategies for improving the braking 
process 

Previous section deals with the identification of 
strategies in order to improve the braking process. 
Two quantities are identified which influence the 
braking process mainly:  
The first is the mean friction coefficient. Limited by 
tire properties mainly that value should be as high as 
possible. This could be realized by minimized slip 
oscillations. A theoretical approach shows that slip 
oscillations result from both braking torque varia-
tions and wheel load oscillations. Strategies for 
reduced slip oscillations are deduced methodically 
considering a standard control loop. For minimized 
braking slip oscillations the quantities of the control 
loop have to be known as accurate as possible. In 
addition, disturbance inputs as wheel load oscilla-
tions can be reduced potentially by additional feed-
forward controls in ABS and / or by control of ver-
tical suspension systems. At last it is discussed that 
different actuator principles as ABS and CDC, 
which could be used coordinately, have the potential 
to improve the overall control performance “adjust-
ing the braking slip to the target slip”. As a result it 
is expected that the braking distance is reduced due 
to higher mean braking forces. 
As a second quantity, the wheel load should be 
maximized at the beginning of the braking process. 
Semi-active or active suspensions allow changing 
the total wheel load temporarily and can be used for 
this application in principle. Contrary to active sus-
pension systems with a good controllability, semi-
active suspensions systems as Continuous Damping 
Control have to use system inherent energy for 
changing wheel loads temporarily. This energy 
results either from body movements or road excita-
tions. 

EXPERIMENTS 

In the previous section strategies for improving the 
braking procedure are deduced with theoretical 
approaches. The following section investigates the 
influence of selected strategies on the braking pro-
cedure in driving tests. Referring to (Figure 4) the 
following theoretical strategies are considered in the 
following sections: 
 
1. The disturbance variable “wheel load induced 

slip oscillations” is minimized intra-system by 
using the semi-active damping control “Mini-
Max-control”. No ABS- modification or interac-
tion takes place. 

 
2. The “dynamic wheel load” is taken into account 

for a modified ABS-control in order to estimate 
the overall wheel load for each wheel. The brak-
ing force operation point is adjusted to dynamic 
wheel load oscillations due to pitching or lifting 
in order to decrease slip oscillations. 

 
     Test design - For statistical reasons straight-line 
braking tests with varying damping-control or ABS 
settings are usually repeated N=35 cyclically in 
order to compensate slow changing parameters as 
tire wearing or test track temperature. The start of 
the braking procedure, initiated automatically by a 
braking machine, is changed with respect to the 
position on the test track in order to compensate 
potentially particularities of the test track. The brak-
ing distance is determined using an optical Correvit-
sensor, which measures the longitudinal velocity, 
and several light barriers reflectors with defined 
gaps. The braking distance is defined as the trav-
elled distance during the time interval of [tBB, tBE] – 
which represents the beginning and the end of the 
braking procedure in time domain. The beginning of 
the braking procedure is defined by a threshold of 
the left front calliper pressure which corresponds to 
the beginning of the maximal longitudinal decelera-
tion of the vehicle. The end of the braking procedure 
is defined by the vehicle velocity vx ≤ 3 km/h. With 
this method, the braking distance is determined with 
an average accuracy of below 0.2 %. The deter-
mined braking distance cannot be compared to those 
which can be found in literature because the built-up 
time for braking pressure is not taken into account. 
However it is a proper method for the comparison of 
different damper or ABS settings with respect to 
braking distance because the built-up time is repro-
ducible due to the braking machine. 

1. Reducing wheel load induced slip-oscillations 
by semi-active damping control (MiniMax-
control) 

The MiniMax control strategy has been developed 
in previous research by Niemz [2]. Referring to 
equation (10) the integral of wheel load oscillations 
leads to slip oscillations. In order to decrease slip 
oscillations the MiniMax-controller switches the 
dampers to a hard or soft setting depending on the 
damper stage and the amount of the integral of dy-
namic wheel load which represents wheel load in-
duced slip oscillations. For a detailed description of 
the controller refer to Niemz [2]. It has been proved 
that reducing the braking distance with this strategy 
is possible for an initial velocity of 70 km/h on a dry 
road with unevenness representative for a German 
Autobahn. The following results deal with the trans-
ferability to other conditions of the braking proce-
dure. The braking tests were performed with the 
same test vehicle (referring to [2]), a GM Opel Astra 



H equipped with CDC dampers (Continuous Damp-
ing Control). The dynamic wheel load information 
is estimated wheel individually by means of vertical 
accelerometers. The following parameters were 
varied in additional braking tests in order to prove 
the robustness of the MiniMax-controller: 
• initial velocity:  70km/h and 100 km/h 
• road condition:  dry and wet road to vary the 

overall friction coefficient 
• road roughness:  flat, Germ. Autobahn like, very 

rough (nondeterministic) 
• tire type:    205/55R16 summer (standard) 

and winter tyre of the same manufacturer 
 

In addition to the MiniMax damping control, the 
braking tests have been performed with passive hard 
(standard setting for the production car) and soft 
damper setting. Any test design consists usually of 
N=35 braking tests per damper setting, 105 ABS-
controlled braking tests overall. If less braking tests 
were performed for a scenario, it is noted in the 
figures. In order to compare the performance of the 
control strategy for different tests-conditions, the 
braking distance is normalized by the mean braking 
distance of all three damper settings hard (h), soft 
(s) and controlled (c): 
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It is defined that a parameter influences the per-
formance of the control strategy (braking distance 
reduction) significantly if the range between mini-
mum and maximum braking distance reduction of 
two test-scenarios does not overlap on a significance 
level of α=5%. A t-test is used to calculate the 
minimum difference of braking distances on a level 
of significance of α=5%, for the maximum differ-
ence of braking distance the 2σ limit of a Gaussian 
distribution is used.  

 
Figure 7.  Overall results of N=963 braking tests 

In summary, N=963 ABS-controlled braking tests 
with different damper settings were carried out. 
Figure 7 shows the normalized results of the braking 
distance. Assuming a Gaussian distribution, the 
control strategy reduces the mean braking distance 
compared to hard damping by approx. 1% and for 
soft damping by approx. 1.3% (level of significance 
α=5%).  
The distributions of normalized braking distances 
for summer and winter tires and for the defined 
initial velocities do not show any significant differ-
ences with respect to the mean braking distance and 
deviation (refer to Figure 8 for some results of the 
influence of initial velocities). So, these results are 
not represented by a figure in this paper. For these 
test scenarios, the MiniMax control reduces the 
braking distance on dry roads significantly com-
pared to the best passive damping (usually hard, 
except for very rough roads, where soft damping 
leads to better results).  
The next sections describe the influence of different 
damper settings for different road roughnesses and 
friction conditions on the braking distance in more 
detail: 
     Influence of friction - With reduced friction µ 
on wet roads, less effect of the damper setting on the 
braking distance is expected due to less pitching and 
less body-induced wheel load oscillations. The mean 
acceleration (which is proportional to the mean total 
braking force and thus the braking distance, refer-
ring eq. (1)) on varying road conditions and initial 
velocities is presented in Figure 8. Contrary to dry 
roads different damper settings do not change the 
mean deceleration on wet “German Autobahn” like 
roads significantly (α=5%). Due to smaller damper 
velocities, the damping forces on wet roads distin-
guish less. Thus the influence of different damper 
settings on the wheel load oscillations is reduced. 
On a wet rough road, the control strategy increases 
the mean deceleration and reduces the braking dis-
tance significantly. A reason for this effect could be 
greater road induced wheel load oscillations com-
pared to the body induced wheel load oscillations. 
With higher damper velocities on rough roads, the 
effect of switching the damper from one setting to 
another generates more effect on wheel load and 
braking slip. For proving this hypothesis, more tests 
are necessary. 
     Influence of road roughness - Driving tests on 
roads with varying roughness reveal the relevant 
excitation frequencies and the influence of damping 
on the braking distance. On flat roads (very flat test 
track), it is expected that the wheel load is influ-
enced by pitching primary and only secondary by 
the road excitation. The expectation is based on the 
small power of road excitation compared to body 
induced wheel load. The influence of road excitation 
is expected to rise with increased road roughness. 
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This effect is observed in the power spectral density 
of dynamic wheel load gained from the braking tests 
measured at the front left wheel, see Figure 9. As 
expected for the vibration characteristics the spec-
trum of 3-10 Hz between pitch eigenfrequency and 
vertical wheel eigenfrequency reveals greater wheel 
load oscillations with hard damping on rough roads 
than with soft damping. Next to the eigenfrequen-
cies (especially pitch eigenfrequency at ~2-3 Hz), 
this behavior is quite contrary. The control strategy 
combines advantages of both damping characteris-
tics: The wheel load oscillation in the spectrum of 3 
– 10 Hz is reduced almost to the level of soft damp-
ing (see Figure 9 for rough roads). For flat roads the 
pitch eigenfrequency dominates the wheel load 
oscillation. For these roads the MiniMax control 
strategy produces the smallest wheel load oscilla-
tions. As a consequence, hard damping causes 
shorter braking distances on flat roads (“flat” and 
“German Autobahn”) compared to soft damping 
(Figure 10). According to the power spectral density 
(Figure 9), the body-induced wheel load oscillation 
dominates on these roads. On rough roads, soft 
damping leads to shorter braking distances com-
pared to hard damping.  
In none of the test scenarios the mean braking dis-
tance with activated MiniMax damping is longer 
than with passive damping (on a level of signific-
ance of α=5%). On German Autobahn like roads 
and rough roads, controlled damping reduces the 
braking distance on a level of significance of α=5% 
(*) and α=1% (**) respectively, compared to the 
best passive damper setting. The results on German 
Autobahn affirm Niemz’s results. MiniMax damp-
ing control reduces the mean braking distance by 
approx. 1%. On rough roads, the mean braking dis-
tance is reduced even by 3.5%. The control strategy 
solves the trade-off between hard and soft passive 
damper settings for different road roughnesses: hard 
damping for flat road surfaces, soft damping for 
rough roads. MiniMax control allows shortest brak-
ing distances and lowest standard deviations. 
     Interim Conclusion - Almost thousand braking 
tests analyzed with statistical methods show, that the 
semi-active damping control “MiniMax” can reduce 
the braking distance significantly, in a statistical 
manner. The performance depends on the conditions 
of the braking maneuver. With low friction and 
small body movements (due to pitching and lifting) 
the influence of damping on the longitudinal dynam-
ics is small. On rough roads the trade-off between 
hard and soft damping with respect to the shortest 
braking distance is solved by MiniMax. Further-
more, the MiniMax controller reduces the mean 
braking distance by 3.5% compared to the best pas-
sive damping, which has been “soft” for these con-
ditions. On a dry road with unevenness comparable 
to a German Autobahn, the MiniMax controller 
reduces the braking distance compared to best pas-
sive damping (hard), too. This holds true for an 

initial velocity of 70 and 100 km/h. Changing the 
standard tire (summer) to a winter tire (same dimen-
sion) has not changed the positive effect of the Mi-
niMax controller on the braking distance.  
In summary it is proven for several braking condi-
tions that it is possible to improve the braking 
process if disturbances are minimized intra-system 
(refer to Figure 4). 

2. Extended ABS-control using dynamic wheel 
load information 

In a previous section it has been mentioned that 
taking into account additional information, e.g. the 
dynamic wheel load, lets expect an improved slip 
control (refer to Figure 4). For preliminary studies 
with adjusted ABS-control the answer of a simple 
question is aimed: How does the implementation of 
dynamic wheel load into ABS affects the quality of 
slip-control and the braking distance if the ABS 
control parameters are not adapted to this modifica-
tion? In order to answer this question ABS is mod-
ified by adding the dynamic wheel load information 
to the wheel load information, which is estimated by 
the ABS already. A standard ABS estimates the 
wheel load (e.g. for the wheel front left “FL”) by 
means of the longitudinal acceleration Vx shown in 
eq. (18) (hCG: center of gravity height, l: wheelbase; 
mV: vehicle mass): 
 

,ABS,standard,FL , .,
1
2

CG
z z stat FL V V

h
F F x m

l
= − ⋅ ⋅  (18) 

 
The modified ABS uses the overall wheel load, 
which takes wheel load oscillation due to road exci-
tation and due to the body movements as pitching 
and lifting into account as well: 
 

,ABS,modified,FL ,ABS,standard,FL , .,z z z dyn FLF F F= +  (19) 
 
For ABS control wheel load and estimated friction 
define the optimal braking force operation point. 
The braking force operating point is an important 
quantity for ABS-control because it influences the 
amount of the caliper pressure and thus the amount 
of the braking torque strongly. If the operating point 
is chosen correctly in every braking situation, e.g. 
by a feed-forward-control, a slip controller would 
not be necessary. In previous industrial research 
with a BMW X5 (E70), the braking force operation 
point of the ABS has been adjusted continuously to 
the amount of weight transfer. As a result, the brak-
ing performance of this prototype ABS has been 
improved compared to the standard ABS.  
     Test vehicle and design - A BMW X5 (E70) 
with a programmable prototype ABS and CDC 
(Continuous Damping Control) is also used as test 
vehicle for this research. The ABS system, which 
only uses the weight transfer (eq.(18)) for adjusting 



the braking force operation point, is used as refer-
ence for this research (“Reference-ABS”).  
The vehicle is equipped with a braking machine due 
to reproducibility reasons. The dynamic wheel load 
is measured front left by a measurement rim. The 
dynamic wheel load information for the left front 
wheel is copied to the signal for the front right 
wheel assuming that the dynamic wheel load is 
dominated by pitching and lifting instead of road 
excitations. For the rear axle, no dynamic wheel 
load information is used in ABS-control. However 
the pitching centre is close to the rear axle, it is 
expected that pitching influences the wheel load 
oscillations of the rear axle less compared to the 
front axle. The determination of the dynamic wheel 
load by the use of a measurement rim reduces the 
transferability to further prospective applications, 
because the dynamic wheel load would be estimated 
by vertical sensors in productions cars. For further 
research the dynamic wheel load will be estimated 
by information which are available due to the Con-
tinuous Damping Control. The dynamic wheel load 
information are transferred using the vehicle’s chas-
sis high-speed CAN. The braking tests were per-
formed according to the described test design (refer 
to the beginning of this section), which means N=34 
cyclical repetitions of each ABS-setting with an 
initial velocity of 70km/h. The production car’s 
standard damping control has been used for these 
tests. 
     Results - The following section discusses the 
influence of adding dynamic wheel load information 
on the braking force operating point in addition to 

weight transfer (eq.(19)), which has been already 
implemented in the test vehicle’s prototype ABS 
(“Reference ABS”). Apart from changing the wheel 
load calculation - in order to take oscillations due to 
pitching and lifting into account - the algorithms of 
the Reference-ABS have not been changed. Howev-
er, for preliminary tests a very simple method has 
been chosen for orientation. Though, if this very 
simple method “adding the dynamic wheel load” 
already improves the braking process in terms of 
shorter braking distances it would be very easy to 
extend prospective standard ABS systems for pro-
ductions cars if they were equipped with semi-active 
or active suspensions. The Reference-ABS includes 
a feed-forward control in order to increase the slip 
control dynamics if wheel loads change (wheel load 
is estimated by horizontal accelerations only). If 
wheel load changes the braking force operating 
point for this wheel is adjusted directly to those 
changes. However, dynamic wheel load oscillations 
due to pitching or lifting are not taken into account 
for standard ABS- and Reference-ABS-control cur-
rently. As a result, the braking force operating point 
is not adjusted directly by the feed-forward control 
and so the braking slip changes slowly and with a 
delay due to the low-pass filter characteristics of the 
integral (refer to equation (10)). The braking torque 
is not modified till then a difference between target 
slip and braking slip is detected. It is assumed that 
taking the dynamic wheel load into account for 
feed-forward control of the braking force operating 
point this will improve ABS-control due to more 
dynamics.  

 
Figure 11.  Deviations of the braking force operating point for Reference-ABS and Modified-ABS. The 
latter takes the dynamic wheel load into account 
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Taking a view on the results of the performed brak-
ing tests, the so called “Disturbance Compensation 
Factor” (DCF) is analyzed. This factor influence the 
braking force operating point: If the wheel load 
increase, the braking force operating point will be 
increased as well, i.e. DCF>1. Figure 11 shows the 
effect of the dynamic wheel load on DCF. Providing 
the dynamic wheel load in ABS-control this mod-
ifies the braking force operating point more com-
pared to the Reference-ABS algorithm. This is 
shown by the cumulative density function which is 
obtained from all of the carried out measurements. It 
can be interpreted as follow: In 50 % of the time, the 
DCF equals one, which means that the mean brak-
ing force operating point is not adapted in total. 
Regarding the range of the distributed values, with 
Reference-ABS (no dynamic wheel load is taken 
into account) the braking force operating point is 
adjusted by max. ±4 %. Taking the dynamic wheel 
load for the feed-forward control of the braking 
force operating point into account, the range of the 
DCF is increased by ±2 % to ±6 % in total. This is 
because of the fact that wheel load oscillations due 
to pitching and lifting are now considered by ABS-
control additionally. In summary, Figure 11 shows 
that the dynamic wheel load information takes effect 
on adjusting the braking force operating point - the 
range is increased by max. ±2%. Although the brak-
ing force operating point is more adjusted by the 
dynamic wheel load the demand is still unknown. 
The measurements in Figure 12 show that the ampli-

tude of the dynamic wheel load oscillation is ap-
prox. 2000 N in its maximum. Taking into account 
that the weight transfer is approx. 3000 N this is a 
rather high amount of wheel load which is not con-
sidered in standard ABS- and Reference-ABS-
control. Assuming that it is optimal to adjust the 
braking force operating point to the time course of 
wheel load, the demand on a Disturbance Compen-
sation Factor can be calculated by 
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, , , ,
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F F
λ= ⋅

+
 (20) 

 
Figure 12 shows the plot for a braking test with 
modified ABS. The disturbance compensation factor 
takes the dynamic wheel load into account. Howev-
er it adjusts the braking force operating point in a 
range of ±6 %, as described before. Regarding the 
assumed DCFopt for µ = 1 on dry roads (for this 
pavement and tire µmax = 1.15), Figure 12 shows a 
demand of up to -20 % to +10 %. So, the effect of 
the dynamic wheel load on adjusting the braking 
force operating point seems to be too small. The 
disturbance of wheel load oscillations due to pitch-
ing is much higher than expected from the ABS’s 
feed-forward control. As a consequence, the feed-
forward control of the Reference-ABS should be 
adapted for further research.  
 

 
Figure 12.  top: wheel load provided for standard and Reference-ABS (based on weight transfer only) and 
for Modified-ABS (total wheel load); bottom: available DCF vs. estimated demand 
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Figure 13.  Braking distances, comparing Reference-ABS and Modified-ABS with dynamic wheel load 
 
Looking at the measured braking distances no dif-
ferences of the mean braking distance can be veri-
fied on a significance level of α=5%. It is checked 
with a t-test due to the normal distribution which is 
proven by a Lilliefors test. Figure 13 shows that the 
mean braking distances are similar. In addition the 
deviation of the braking distances with modified 
ABS increase which reduce the reproducibility of 
the braking procedure. Neither a positive nor a nega-
tive effect of the adjusted braking force operating 
point is proven statistically using both the feed-
forward control of the Reference-ABS and the dy-
namic wheel load information. However it has to be 
considered that the dynamic wheel load has not 
influenced the braking force operating point only 
but other quantities as well during the tests. For one 
of these quantities, a strong negative influence of the 
dynamic wheel load is identified. With the available 
measurements, it cannot be excluded that an adjust-
ment of the braking force operating point by adding 
the dynamic wheel load takes effect on the braking 
distance. Further braking tests are necessary to ana-
lyze the influence of dynamic wheel load on the 
braking force operating point and other quantities 
separately. It is estimated that adjusting the braking 
force operation point on the time course of dynamic 
wheel load allows shorter braking distances due to 
higher mean friction coefficients.  

CONCLUSION AND OUTLOOK  

Goal of this research project is the improvement of 
straight-line ABS-braking. The braking process is 
influenced by the vehicle’s longitudinal and vertical 
behavior, or in more detail the braking torque and 
wheel load, mainly. Adjusting the braking torque 

and the wheel load by ABS and Continuous Damp-
ing Control (CDC), two actuating quantities which 
influence the braking process mainly can be mod-
ified. 
Based on theoretical approaches, the paper presents 
several strategies which seem to have potential to 
improve the braking process. They can be separated 
in those which increase the mean braking force by a 
greater mean friction coefficient and those which 
modify the time course of the braking force. For 
both optimization objects, possible strategies derive 
from a methodical analysis. With semi-active or 
active suspensions the time course of wheel load 
and thus the braking force can be influenced tempo-
rarily. This topic will be investigated in further stu-
dies by use of Continuous Damping Control. 
Regarding the objective of less slip oscillations, the 
paper presents results of the MiniMax damping 
control for various braking conditions and the re-
sults of a preliminary study which deals with the 
modulation of the ABS internal braking force opera-
tion point depending on dynamic wheel load infor-
mation. The braking distances with different damper 
settings show that in combination with a standard 
ABS the MiniMax controller reduces the braking 
distance significantly adjusting the wheel in a spe-
cial matter. Furthermore the results let expect less 
potential for improving the braking process by 
means of integrated ABS and CDC control on wet 
roads than on dry roads due to less wheel load oscil-
lations on wet roads.  
In a preliminary study the dynamic wheel load is 
taken into account for ABS-control of the front 
wheels. A measurement rim has been used for these 
tests. Further tests will be performed with estimated 
dynamic wheel load information, based on sensors 
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similar to those used with CDC. In summary, taking 
the dynamic wheel load into account for ABS-
control does not yet reduce the braking distance 
significantly in these preliminary tests. However it 
has to be considered that the dynamic wheel load 
has adjusted not only the braking force operating 
point but influences also other ABS-modules. In one 
of these modules, the additional dynamic wheel load 
information has lead to a negative effect, which 
possibly affects the braking distance as well. In 
further braking tests, the dynamic wheel load will be 
taken into account in ABS-modules separately in 
order to identify the influence of each modified 
module on the braking distance.  
Furthermore the transfer mechanisms of both the 
braking torque to braking force and the wheel load 
to braking force will be investigated with theoretical 
approaches and experiments. The knowledge of both 
transfer mechanisms is aspired in depth in order to 
allow an optimization of the braking process which 
is transferable to other applications and vehicles. 
Research is ongoing and results will be published in 
the future. 

ACKNOWLEDGEMENTS 

The authors would like to thank ZF Sachs AG and 
Robert Bosch GmbH for funding and supporting this 
research-project. 

REFERENCES 

[1] BECKER, A.; FOLCHERT, U.; KLUGE, S.; ET. 
AL.,: Integration von Fahrzeugkomponenten am 
Beispiel des verkürzten Anhaltewegs. Reifen Fahr-
werk Fahrbahn. VDI-Verl., Düsseldorf, 2001, S. 466 
 
[2] NIEMZ, T.: Reducing Braking Distance by Con-
trol of Active Dampers. VDI-Verlag, Düsseldorf, 
2007 
 
[3] REICHEL, J.: Untersuchungen zum Einfluss 
stufenlos verstellbarer Schwingungsdämpfer auf das 
instationäre Bremsen von Personenwagen. VDI-
Verlag, Düsseldorf, 2003 
 
[4] SEMMLER, S.; SCHWARZ, R.: ESP II – Der erste 
Schritt zum vollständig vernetzten Fahrwerk. 2004 
 
[5] TRÄCHTLER, A.: Integrierte Fahrdynamikrege-
lung mit ESP, aktiver Lenkung und aktivem Fahr-
werk. In: Automatisierungstechnik (at) (2005)  
 
[6] VENHOVENS, P. J. T.: Optimal Control of Ve-
hicle Suspensions. Faculty of Mechanical Engineer-
ing and Marine Technology, Delft Univ. of Tech-
nology, 1993 
 
[7] ZEGELAAR, P. W. A.: The dynamic response of 
tyres to brake torque variations and road uneven-
nesses. Delft, Delft Univ. of Technology, 1997 

 



 
Renfroe, 1 

AN ANALYSIS OF THE MECHANISM CAUSING LOSS OF CONTROL DURING A TIRE 
DELAMINATION 
 
 
David Renfroe 
Alex Roberts 
The Engineering Institute 
USA 
Paper Number 09-0209 

 
 

ABSTRACT 
 
Electronic controls cannot always compensate for the 
destabilization of a poorly designed vehicle caused 
by tire delamination.  Axle tramp caused from rubber 
strips on the track showed axle skate [1].  Further 
research, reported at ESV 2007 [2] demonstrated that 
lumps on a single rear tire caused 15+ degrees/g of 
oversteer.     
 
The Engineering Institute has shown that the process 
of tire delamination causes some vehicles to become 
unstable at highway speeds.  This was accomplished 
by actually preparing tires to partially delaminate 
while at 95 to 115 KPH on a remotely controlled 
vehicle.  This testing demonstrated a severe loss of 
control as the tire was delaminating.  The testing also 
showed that the predominate mechanism of control 
loss arises from the imbalance created during the 
delamination process. 
 
A discussion of the testing illustrating accelerations 
on the rear axle as well as displacements of the shock 
absorbers will be used to illustrate the imbalance 
excitation and the tramping motion of the axle.  
Previous research indicated that the oversteer 
gradient during such an event to be between 15 and 
20 degrees per g.  This would then yield a critical 
speed of about 45 KPH.  The testing illustrates how a 
vehicle loses control when the vehicle transitions 
from understeer to oversteer at highway speeds 
significantly above the critical speed from tire failure 
induced forces.  Alternative suspensions were tested 
using the same simulated tire failure and illustrated 
how the vehicle stability is increased. 
 
Using these results, a design criteria based upon a 
percentage of the critical rotational damping is 
proposed to control axle tramp from excitations at the 
harmonic frequency. 
 
INTRODUCTION 
 
Goodyear president John Polhemus has said, “[Tire] 
tread separation is the most common form of failure 

for all light commercial tires regardless of who 
manufactures them.” [3]   Complete loss of control of 
vehicles during testing has been demonstrated by 
Tandy [4] and Arndt [5] during tire delamination 
tests at highway speeds.  In Florida (1993 – 2000) 
and in Texas (1994 – 1999) 220 and 550, 
respectively, fatal tire failure related rollovers in 
SUV’s have been identified from databases 
maintained in the respective states.  A report to 
NHTSA in June of 2001 identified significant 
differences between some SUV’s with respect to 
others in their propensity to lose control and rollover 
from a tire failure based on those statistics [6].   This 
then brings up the question as to whether there is a 
design parameter that can be identified to increase the 
ability of drivers to maintain control of a vehicle in a 
tire failure situation, particularly a tire delamination. 
 
Two mechanisms for loss of control during the tests 
in References 4 and 5 have been suggested.  One 
suggested cause was that there was hard braking on 
the rear wheel that pulled the vehicle to the side due 
to tread interaction with the vehicle [4].  This is very 
unlikely since testing by Tandy, et al. (see figure 1) 
shows that the longitudinal forces caused by a 
braking effect of the delaminating tire is insufficient 
to cause such a course altering pull to the right [7].   
The longitudinal force is varying from positive 1000 
lbs to negative 1000 lbs.  This would certainly shake 
the vehicle but not cause sufficient force on the right 
rear corner to pull the vehicle to the right. 
 

 
Figure 1. Wheel forces of delaminating tire.  Test 
41A [7] 
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A closer examination of the data presented in Figure 
1 revealed that the forces being shown were not 
solely the result of a braking effect of the tire tread 
separation process.  By zooming in on the data, it is 
seen that during the delamination, the peak of the 
longitudinal force corresponds to the neutral value of 
the vertical force, and vice versa.  This is 
demonstrated in Figure 2 and indicates that the force 
values are more likely due to a rotating imbalance 
than a braking effect.  The slopes of the neutral value 
lines are due to instrument drift.  This is more evident 
in the vertical force plot.  The vertical force begins at 
a neutral value of 6561 N (1475 lbs), which is 
consistent with the pre-test weights recorded.  
However, after the delamination, the neutral value is 
around 4448 N (1000 lbs). 
 

-750

0

750

1500

2250

3000

3750

4500

5250

6000

24.5

25 25.5

26
-5750

-5000

-4250

-3500

-2750

-2000

-1250

-500

250

1000
R

ig
ht

 R
ea

r W
he

el
 F

x,
 F

y 
(lb

s)
 

R
ig

ht
 R

ea
r W

he
el

 F
z 

(lb
s)

 

Fz

Fx

 
Figure 2: Zoomed view of Figure 1. 
 
Gardner stated, “The results of the testing show that 
the forces developed during a tread belt detachment 
are well within the range of a driver’s ability to 
control a vehicle [8].  Fay reported that while driving 
a Ford Taurus, “Little or no corrective steering action 
was needed to maintain control of the vehicle during 
the tread separation events [9].”  Klein [10] stated 
that maintaining control of the vehicle after treadbelt 
separation required a steering torque similar to that 
required for a lane change maneuver.  Were braking 
the causative factor of the loss of control, there would 
be no differentiation between vehicle brands and the 
propensity to lose control and rollover as was found 
in the Reference 5.  Kramer [1] has determined that 
insufficient rotational damping can cause loss of 
control from rear axle tramp initiated by bumps to the 
wheel.  
 
Based on Kramer’s work, Renfroe [11] has proposed 
that the cause for the loss of control is rear axle tramp 
caused by the imbalance of the delaminating tire.  
Kramer, et al [1] found that the rear axles of Ford 
light trucks were susceptible to rear axle tramp and 
what he called “skate” between wheel bump impact 
frequencies of 10 to 15 hertz.  “Skate” is a term used 
by Ford that describes an oversteer condition caused 

by rear axle tramp and the resulting reduction of 
lateral force capability of the rear tires.  That skate 
tendency of certain Ford vehicles could account for 
the statistical difference between vehicle brands as 
seen in field data from Reference 5.  From Figure 1 it 
can be seen that vertical forces on the order of 3558 
to 4448 N (800 to 1000 lb) are occurring at a 
frequency of about 10 hertz, the rotational frequency 
of the wheel while traveling about 97 kph (60 mph) 
during the tire delamination process.  Control was not 
lost in that test since delamination was over in 5 
revolutions of the wheel or ½ of a second.  In the test 
2030 G [5] half of the tread remained attached 
through out the test and control was never regained 
even with a trained driver applying significant 
counter steer to the left.  In Run 10 by Tandy [4], the 
delamination process lasted about 1.5 seconds and 
the vehicle traversed more than one lane to the right 
while significant counter-steer to the left was 
employed by a professional driver.  When the tread 
finally released the vehicle responded to the steering 
input of the driver.  In observing the video of Run 10, 
the wheels on both sides of the vehicle can be seen to 
alternately bounce.  Alternating skipping tire marks 
from Arndt Run 2030 G can be seen on the pavement 
after the event indicating rear axle tramping while 
yawing.  In testing of a Ford Excursion with ½ of the 
tire tread attached to the rear wheel conducted by the 
authors, control was lost and the vehicle veered 
across the track to the right.  Alternating skipping 
marks were also seen on the pavement as a result of 
the tramping of the rear axle.  This is shown in the 
figure below.  Note in the figure, the left rear is the 
modified tire, yet distinct gaps are seen in the yaw 
marks of the right rear. 
 

 
Figure 3.  Photographs of tire marks from 
Excursion testing 
 
Kramer found that control of the tramping motion 
can be accomplished by increasing the rotational 
damping of the rear axle.  This could be 
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accomplished by stiffening the shock absorbers 
and/or moving them further outboard on the axle.  
Renfroe, et al [2, 11, 12] have validated Kramer’s 
findings and quantified the magnitude of oversteer 
caused by the rear tramp and the effects of his 
alternative designs.  This paper will suggest a 
rotational damping design criteria, a percentage of 
critical damping, for the solid rear axle whereby the 
designer may be assured that sufficient rotational 
damping is designed into the vehicle to maximize 
vehicle handling stability during a tire disablement or 
while traveling over rough roads.   
 
First, a more complete discussion of the forces from 
the delaminating tire will be given and why they are 
being generated.  This will be followed by a 
description of testing from many researchers using 
devices to generate rear axle tramp under various 
damping conditions.  From that testing we will be 
able to determine the axle/spring system critical 
damping, and then calculate the actual rotational 
damping on the particular vehicle system.  Knowing 
the control characteristics of the particular axle/shock 
system, correlation can be made between the 
percentage of critical rotational damping and the 
level of control. 
 
FORCES GENERATED DURING A TIRE 
DELAMINATION 
 
Forces on the wheel during a tire delamination are 
vertical and longitudinal in nature as shown in Figure 
1.  The longitudinal forces will be generated from the 
retardation of the rotation caused by impacts of the 
tire flap with the fender and other body parts while 
rotating resulting in wheel braking.  The effects on 
the retardation of the vehicle cannot exceed the 
coefficient of friction of the tire interface with the 
pavement.  That interface will most often be the steel 
belt on the carcass from the tire and the pavement.  
Previous studies have shown that the friction at that 
interface is around 50% of the normal friction 
between the tire and pavement [13].  This is 
consistent with what others have found in other 
studies, except for Reference 4.  The premise for 
conducting that research was based in part on results 
reported in Reference 13 wherein they stated that 
longitudinal forces ranged between 361 and 1151 lb.  
Unfortunately, the authors of that paper later recanted 
their statement and said that the forces were ½ as 
large as previously stated [14].  Although the 
researchers in Reference 4 were able to achieve yaw 
effects similar to a rear tire delamination as shown in 
2030 G, they could only do so by installing a racing 
tire on the single rear braked wheel.  That tire, the G-
Force Radial from Goodrich, was advertised as the 

stickiest road tire in the world developing a friction 
coefficient of 1.06.  Also during their test where the 
similar yaw velocity occurred there was little or no 
counter steering.  In Arndt’s and Tandy’s 
experiences, they steered up to 300 degrees opposite 
the direction of the yaw with no effect.  Thus, 
consistent with the measured forces from a wheel 
force transducer and the experience of other 
researchers, the effect of the drag associated with the 
process of tire delamination is similar to a gust of 
wind and not from very large drag effects of the 
delaminating tire. 
 
The cyclic vertical component of forces is generated 
due to the imbalance of the tire caused as sections of 
the tire tread are releasing.  The tread flap and 
remaining tread cause significant imbalance in the 
tire and are experiencing 250 G’s while turning at 
highway speeds.  The magnitude of the vertical force 
will be affected by the weight of the attached tread 
and its radius from the axle, the weight of the 
detaching flap and the radius of the center of gravity 
of the flap from the center of rotation, and the 
rotational speed of the wheel.  Testing reported by 
Arndt in Reference 15 illustrates how the response of 
the axle from a single tread section encompassing ½ 
of the tire causes a sudden growth in response as the 
harmonic frequency of the axle/tire-spring system are 
approached.  However, instead of the response 
decreasing after the area of harmonic frequency is 
passed as the speed increases to 112 KPH (70 MPH), 
the response shows a slight decrease then continues 
to grow.  This would be due to the increase in force 
from the dynamic imbalance increasing as a square of 
the velocity of the tire.  As the high side of the 
harmonic frequency band is reached, the tire force 
has grown sufficiently to continue to drive the tramp 
motion of the axle.  Thus for an under damped axle 
system cyclic tramping motion will continue beyond 
the band associated with the harmonic frequency, 10 
to 15 hertz.  
  

 
Figure 4. Axle motion from ½ of tread remaining 
on tire with a small step from tire carcass to the 
tread strip [15]. 
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For example, a mere 15 cm (6 inch) section of tire 
tread weighs 1 kg (2.2 lb).  At 80 kph (50 mph) this 
section of tire tread will generate 1.23 kN (277 lb) of 
cyclic force.  At 112 kph (70 mph) that same piece of 
tread will generate 2.42 kN (544 lb).  While the tire is 
delaminating the section of tread will begin as a 244 
cm (8 foot) long section of rubber and steel and begin 
to decrease in size in an unpredictable manner 
throughout the process of delamination.  Thus, there 
is significant potential for large cyclic forces on the 
order of 4478 N (1000 lb) to be generated during 
delamination. One mechanism suggested in the past 
for the generation of the large cyclic forces on the 
wheel was bumps created by the delaminating tire.  
Creation of bumps on the road and on the tire have 
been effective in the study of the axle motion and the 
effects on vehicle handling from a tramping axle [2, 
11, 12].  That method has also allowed the 
quantitative study of the effects of various damping 
methods to control axle motion and thus vehicle 
handling through the application of quasi-static tests 
such as SAE J266.  However, this study and others 
have clearly shown the actual mechanism of force 
generation during tire delamination is from the 
imbalance.  The first clue was in observing both the 
2030 G and Run 10.  Both began with a severe loss of 
control when the tire began to separate at speeds 
above what would be considered the harmonic 
frequency of the system, indicating large driving 
forces to cause the tramping.  When the vehicle 
begins to decelerate from 112+ KPH (70+ MPH) it 
immediately enters the harmonic range of axle 
oscillation that only makes control more difficult.  
Oscillation from imbalance was further illustrated in 
the study from Arndt [15].  The vehicle was placed 
on a chassis dynamometer with ½ of the tread 
attached to the tire, and a very small step at the front 
edge of the tread piece of only 5/8 of an inch.  The 
data showed the effects of imbalance with increasing 
force from increasing speed, but there was no real 
second force occurring from the leading edge of the 
tire striking the roll.  Then in a recent study by 
Pascarella [16] a single 15 cm (6”) long strip of 
rubber with a 3 cm (1.25”) step was vulcanized to a 
detreaded tire carcass similar to what was done by 
Renfroe, et al [2, 11, 12] and similar to the cross 
section of the rubber strip on the track utilized by 
Kramer [1].  He then drove the vehicle to 100 KPH 
(60+ MPH) and measured the response.  What the 
data shows is that as the harmonic frequency of the 
axle is approached, the bump produces a significant 

vertical force pulse, but the imbalance also produces 
a vertical pulse that is increasing by the square of the 
speed.  By the time the rotating tire system reaches 
the speed where the bump would cause a harmonic 
response, the imbalance is causing a vertical response 
as shown in Figure 5. 

 

 
Figure 5. Motion from a single stepped lump 
vulcanized to the tire. 

 
Thus, as the wheel approaches the harmonic 
rotational frequency, forces from the step of the 
rubber block occur, and simultaneously, imbalance 
forces begin to grow with increasing speed.   As the 
rotational frequency approaches the harmonic 
frequency of the axle/spring system, the imbalance 
forces grow as a square of the rotational velocity 
approaching the same magnitude as that produced by 
the step.  As is seen in Figure 5 at the harmonic 
rotational frequency of approximately 12 hertz the 
recorded motions show 24 hertz.  The resulting 
motion of the axle is very small, 0.45 cm (0.18”) as 
measured at the shock absorber, and this vehicle 
remains stable as was demonstrated in the testing.   
 
This conclusion was confirmed by testing performed 
for this study.  Ninety degrees of the tread was 
removed, and ninety degrees was cut in from each 
side leaving a small amount bonded along the 
circumferential center.  Figure 6 shows an actual 
delaminated tire at the scene of an accident and 
Figure 7 shows a tire prepared for the referenced 
testing. The step of the rubber on the leading edge of 
the attached tread was only 1.5 cm (5/8 “).   
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Figure 6:  Photograph of an actual delaminated 
tire taken at the scene of an accident. 

 

 
Figure 7. Picture of prepared tire. 
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Figure 8. Axle motion for Test 0008 with ½ tread 
attached and 90 degree flap prepared to separate 
at speed. (RR Shock: blue; LR Shock: red; speed: 
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Figure 9: Screen capture shots from Test 0008 
illustrating shock absorber motion. 
 
When the vehicle was tested by driving it with a 
remote control up to 100+ KPH (60+ MPH) the axle 
began to tramp and control was lost as the tread 
separated.  This motion is shown in Figures 8 and 9  
and can be compared to the motion seen in testing 
with the single stepped block as illustrated in Figure 
5. 
 
First note how the axle motion is at the expected 
frequency of the rotation of the tire.  Then note how 
the two sides of the axle are out of phase 180 degrees 
with similar vertical motions of the shock absorber of 
1.0 cm (0.39”).  In the video of the testing the tires 
can be seen having significantly more motion than 1 
cm.   
 
That is explained from the geometry of the 
suspension.  With the shocks placed 77.5 cm (30.5”) 
apart and the track width being 148.5 cm (58.5”), the 

Right rear tire in 
compression; left rear tire in 
rebound 

Left rear tire in compression; 
right rear tire in rebound 
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motion at the tire is approximately double that of the 
shock.  Also, the compliance in the bushing is about 
3 mm (0.125”) which will add more to the actual 
wheel motion.  As the motion of the wheels is 
alternately bouncing on each side, control of the 
vehicles in these tests was lost in several cases.  From 
Tandy’s testing [7], vertical wheel motion of 3.6 cm 
(1.4 in) was recorded while the tire was delaminating.  
The motion in the tests where control was lost 
appears to be more.   
 
Therefore, with a single force input at the frequency 
of the turning wheel at or above the natural frequency 
the axle tramps on each side and control can be lost.  
Whereas when there is a single stepped rubber block 
attached to the tire carcass the forces from the impact 
of the step in conjunction with the increasing forces 
from imbalance occur at twice the rotating frequency 
as highway speed approaches.  Then there is 
insufficient time for the axle mass to react with an 
actual vertical motion.  Therefore, there will be no 
tramp; and, therefore, no transition to oversteer and 
loss of control.  So we conclude that the mechanism 
of force input to cause tramping and loss of control, 
as seen from 2030G and Run 10, is from tire 
imbalance occurring during the delamination process. 
 
MANAGEMENT OF AXLE TRAMP 
THROUGH DESIGN 
 
Kramer [1] noted in his study that “skate” can be 
controlled by increasing the axle tramp damping.  
This can be accomplished by increasing the stiffness 
of the shock absorber and/or by moving the shocks 
further apart.  Renfroe, et al [2, 11, 12] measured the 
handling characteristics of a vehicle experiencing 
tramp excited by bumps on one rear tire causing force 
inputs at the axle harmonic frequency, and noted the 
effects of various shock absorber damping rates and 
placement on the understeer of the vehicle.  As noted 
by Kramer [1] increased control occurred when the 
shocks were either stiffened and/or moved outboard.  
This is effectively increasing the rotational damping 
of the rear axle along the longitudinal axis or tramp 
mode. 
 
     Critical Damping of axle/spring system-In this 
section we derive the equations that define the 
rotational damping of the rear suspension of a vehicle 
and the critical damping.  Then we will examine 
damping characteristics of various shock absorbers 
and look at the effects on handling that has been 
recorded.  From these observations we will be able to 
look at the percentage of critical damping where 
control was maintained or lost or an understeer 
gradient was shown to be negative.  From this limited 

set of data we can indicate the approximate value of 
the percentage of critical damping where control will 
be maintained under the conditions that would most 
likely cause axle tramp. 
 
Critical damping is the damping at which a 
spring/mass system will return to equilibrium 
position in the least time.  This particular system is 
for the rotational damping of the rear axle.  The 
moment of inertia for the axle along a longitudinal 
axis with respect to the vehicle will be defined as I 
(length-force- time2) , rotational displacement will be 
θ , rotational damping coefficient will be C (length-
force-time), and rotational stiffness  Krot  (length-
force/radians).  The general equation of motion for 
the axle system is 
 
                        IθAA + CθA + Krot θ =0                        (1) 
 
Substituting  θ = eλt  and then divide by  eλt  and I 
yields 
 

                        λ2 +
C
I
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I
ffffffffffffff= 0                           (2) 

 
Solving for the roots gives 
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Critical damping  Cc   occurs when the value under 
the radical is zero.  Then 
 

                       Cc

2I
fffffffff g

2

@
Krot

I
fffffffffffffff g

= 0                           (4) 

 
From equation 4 the critical damping is 
 

                           Cc =2I Krot

I
ffffffffffffffs
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

                               (5) 

 
Note that since the tires are the springs of this system, 
they can never go into tension.  Thus there are two 
conditions of vibration, (1) where the tires never 
leave the ground and (2) where one tire is in the air 
and one is on the ground.  For the purposes of this 
discussion, the idea of the critical damping is merely 
to characterize the system and to use a percentage of 
the system characterization to quantify the damping 
needed to manage the tramping rear axle and 
maintain control of the vehicle.  Therefore, when 
speaking of critical damping we will be considering 
the first condition where both tires are on the ground. 
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     Shock absorber damping-The damping 
considered in the equations is a linear function of a 
force generated by the shock being moved at a certain 
velocity.  Actual shock absorbers usually have a 
preloaded force from a gas charge in the shock and 
the design of the valves in the shocks can allow it to 
have a non-linear response to the velocity of the 
shock.  During the tramping of an axle, testing has 
measured displacements of 12.5 mm (0.5 in) and 
velocities in the 25 cm/s (10 in/s) range.  Therefore, 
to characterize the shock absorbers used in these tests 
and to compare their relative effects the force versus 
velocity used will be that recorded at 34 cm/s (13.35 
in/s). This was a standard recorded velocity and force 
measurement for the equipment being used and is the 
approximate velocity of the shock absorber while the 
axle is tramping in the harmonic range. 
 

 
Figure 10.  Typical Shock Curve Showing Force 
vs. Absolute Velocity 
 
     Vehicle testing and analysis-Over 50 different 
vehicle – shock absorber tests were conducted to 
determine the vehicle longitudinal stability.  There 
were both circle tests with a lumped tire to input 
vertical forces at the harmonic frequency at low 
speeds, and straight line high speed tests with 
simulated delaminating tires to investigate 
controllability at highway speeds with vertical forces 
generated at and above the harmonic frequency.  
There were two general results, instability or 
stability.  In the circle test instability was measured 
by recording a negative understeer.  In the straight 
line high speeds instability was illustrated by the loss 
of control. 
 
Appendix A is a tabular summary of those tests 
showing stable and unstable vehicle configurations 
and the associated percent of critical damping.  In the 
cases where instability in both test conditions, low 
speed circle and high speed straight line driving, 
occurred the rotational damping of the axle was only 
6% of critical.  Maintenance of control was obtained 
in all instances for the high speed tests with the 

simulated delaminating tire when the rotational 
damping was 20% of critical.  In the circle tests with 
the vertical forces cycling at the harmonic frequency 
with lateral accelerations at 0.2 – 0.3 g’s stability was 
maintained with rotational damping of 31% of 
critical.  This high percentage of critical damping was 
generated with a softer shock than the stable high 
speed example but with a wider spacing.  As was 
discussed by Kramer, the spacing of the shock is the 
most effective method of increasing the rotational 
damping, since the rotational damping increases as a 
square of the spacing between the shocks.  Also, by 
spacing the shock absorbers further outboard, there is 
increased motion in the shock which will minimize 
the effects of the undamped rubber bushings of the 
shock mounting. 
 
CONCLUSIONS 
 
In conclusion, it has been found that the destabilizing 
forces generated during the delamination of a tire will 
be from the imbalance of the tire due to the section of 
tread remaining on the tire.  Until the tire is clear of 
tread there will remain the propensity to tramp if it is 
rotating at or above the harmonic frequency of 
between 10 and 15 hertz. 
 
Secondly, increasing the percentage of critical 
damping of the axle/tire system to at least 20% 
appears to assure stability during tire delaminations at 
highway speeds.  Added stability and a less harsh 
ride can be accomplished by moving the shock 
absorber outboard.  Increasing the shock spacing will 
allow the shock to be softer while actually increasing 
the rotational damping of the system and thus 
allowing even greater control of the vehicle. 
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ABSTRACT 

The objective of the paper is to estimate UK fleet 
penetration of stability controlled vehicles, and 
casualty reduction, particularly for younger drivers. 
Two models (timeline 2003-2030) were developed 
for predicting UK fleet ESC penetration, one for 
Availability of ESC, and one for new car 
Registrations with ESC. Availability of standard 
ESC fitment increased from 40-53% from 2006-
2008, whilst new car registrations increased from 
20-56% from 2003-2008. EC regulation requires 
ESC new car penetration by 2014, and the models 
were modified to reflect this requirement. The 
models therefore project complete standard fitment 
in new cars by 2014, and full car stock penetration 
by 2021. The projections also reveal that another 3 
million more new cars purchased without ESC in 
the interim from 2009 before ESC becomes 
mandatory in 2014, and these cannot be retro-fitted 
with ESC so represent a missed opportunity for 
casualty reduction. ESC casualty reduction was 
calculated using recent effectiveness values from 
UK studies based on a case control method and 
induced exposure. With full fleet penetration in 
2021 ESC is projected to prevent 9,587 casualties 
annually including 382 fatalities, with £764 million 
savings (compared to no ESC). ESC effectiveness 
estimates reveal that ESC could be effective in 
reducing 14% of injury crashes for young drivers. 
These young drivers commonly drive small used 
cars with ESC rarely fitted. Since full fleet 
penetration could take 12 years, faster ESC 
introduction into smaller cars is needed for casualty 
reduction amongst younger drivers who represent 
30% serious injuries & fatalities. Providing ESC on 
smaller cars so that younger drivers are protected 
equates to savings of £227 million and 2,844 
casualties annually.  

INTRODUCTION 

Electronic Stability Control (ESC) is an important 
safety technology that is capable of preventing 
vehicles skidding or spinning out of control. ESC 
was first developed by Bosch in 1995, and the first 

manufacturer to fit ESC was Mercedes-Benz. The 
system compares a driver’s steering wheel 
commands to the actual behaviour of the vehicle 
(direction of travel).When the sensors (lateral 
acceleration and yaw) indicate the vehicle is 
leaving the intended line of travel, ESC applies the 
brake pressure needed at each individual wheel to 
bring the vehicle back to the intended course. Some 
ESC systems also reduce the engine torque. ESC 
systems may differ in their response, with some 
programmed to intervene sooner and take away 
more driver control of speed than others. The driver 
is not normally aware of the operation of ESC. 
ESC is intended to be applied mostly in bends 
where the driver may lose control of the vehicle. 
Loss of control is likely when the driver is 
attempting to steer whilst the vehicle is skidding, or 
the driver enters a bend too quickly without 
applying the brakes (understeer). The vehicle may 
leave the road, sometimes rolling over, or it may 
collide with other vehicles. ESC can also help in 
oversteer situations, for example if you swerve to 
avoid an obstacle, oversteer can occur making the 
vehicle turn more than intended, ultimately 
spinning. The rear of the car might skid out and 
turn the car in the same direction as the intended 
steered direction, but at a faster rate and not under 
the control of the driver. ESC can prevent this by 
braking individual wheels to maintain control. 
 
There is much research establishing the benefit of 
ESC for preventing crashes. Several authors have 
analysed the crash rates of cars equipped with ESC 
to compare with non-ESC vehicles 
[1,2,3,4,5,6,7,8,9,10]. These studies have covered a 
wide range of countries, road types and surfaces, 
weather conditions, crash types and severities. All 
of these studies conclude that ESC has a positive 
effect on reducing crashes, although there is a large 
variation in the level of the effectiveness. In a UK 
based study in 2007 Frampton and Thomas [10] 
established that ESC effectiveness is 7% in crashes 
of all severity. Serious crashes are 11% lower 
compared to non ESC cars and fatalities 25% 
lower. The potential savings in accident costs for a 
100% take up of ESC amounts to some £959 
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million pounds annually by preventing some 7,800 
crashes [10]. 
 
Since 2006 Thatcham has been publishing fitment 
information about the availability of ESC in new 
cars sold in the UK. This paper uses this fitment 
data to estimate the penetration of stability 
controlled vehicles into the UK car fleet over the 
next two decades. Combining this model of 
standard ESC penetration with the previous 
estimates from Frampton and Thomas [10] the 
paper also provides a new estimate of the effect of 
actual fleet penetration on casualty number and the 
severities over the time period. Additionally the 
paper will estimate the effect of ESC introduction 
on casualty rate for younger drivers given that they 
predominantly use older smaller vehicles.  

ESC FITMENT RATINGS 

Evidence from real world studies shows the 
effectiveness of ESC, so there is a need to promote 
fitment of ESC systems. In 2006 Thatcham began 
to publish ESC fitment ratings [11]. The ESC 
ratings are a form of public information to help 
guide new car buyers in their next car choice.  
 
The ESC fitment ratings use a simple system 
associating colours with availability of ESC. Green 
indicates standard fitment, Yellow indicates 
optional fitment where the buyer will have to 
specify ESC on the order and pay extra when 
purchasing a new car, and Red indicates that ESC 
is not available at all. The rating is given as a 
coloured bar, with proportional areas of red, yellow 
and green, according to the availability of ESC for 
a particular car model. Only new passenger cars are 
rated, and the ratings are updated on an annual 
basis each summer. Car manufacturers sell their 
cars with ESC, but under different names such as 
ESP, DSC, VSA etc. Therefore alongside the ESC 
ratings bars the name of the ESC system for that 
particular manufacturer is also given to inform the 
new car buyer of the name of the system on the 
particular car they are buying.  
 
The fitment information is gathered from publically 
available information from car manufacturers, so it 
directly represents the information on ESC fitment 
that an average new car buyer might receive in the 
real world. Data sources include price lists and 
brochures published by the vehicle manufacturers 
that include the derivative line up and the detailed 
specifications of ESC fitment for each vehicle 
model. The data is downloaded from websites as 
webpages, or PDF files, or sometimes requested as 
hardcopy in the post if electronic versions are not 
available.  
 

The goals of the rating system are to raise 
awareness of ESC and increase sales of cars fitted 
with ESC. Also, the ESC ratings will encourage 
vehicle manufacturers to increase the availability of 
ESC as standard fit. Optional fitment is a useful 
step toward increasing ESC fitment in cars on the 
road, although it is not as effective as standard 
fitment. Take up of ESC as an option is low since 
buyers are not aware of the system, nor of its 
importance. According to manufacturer reports, 
take up of an ESC option is around 1% or less from 
new cars sold. Therefore, for increasing fitment of 
ESC in cars on the road, standard fitment is the 
most effective option since optional take up is so 
low. The ideal situation would be for every car sold 
to have 100% standard fitment – so the ratings 
would all be solid green bars. Standard fitment of 
ESC means that all car occupants will be protected 
by the system without having to select it or pay for 
it as an option.  
 
Following Thatcham’s work on the fitment ratings, 
Euro NCAP decided to introduce a similar scheme 
in order to promote ESC fitment throughout the 
EU. The data covers the 27 EU member states. 
Euro NCAP first published fitment ratings in 2007 
[12], and has also updated the ratings in 2008.  

Example ESC Rating: Volkswagen Polo 

The Polo is a supermini car sold by Volkswagen. In 
August 2008 [13] there were 8 trim levels 
available. In total there were 32 variants 
(engine/gearbox/trim combinations) of Polo 
available. There were three trims (Dune, 
Bluemotion, and Bluemotion 2) where ESC was 
not available, which is 6 variants in total (19%). 
ESC was fitted as standard on the GTi trim level, 
which has 2 variants (6%). On the remaining 4 trim 
levels ESC was fitted only as an option on new car 
orders, and this represents 24 variants in total 
(75%). The cost of ESC as an option was £445 
during 2008, and it is sold as Electronic Stability 
Program (ESP) by Volkswagen. So overall the ESC 
fitment on the VW Polo has the following 
proportions, in Table 1: 

Table 1.  
ESC availability on VW Polo for Summer 2008 - 

proportions for generation of ESC rating bar 

ESC 
fitment 

Variants Percentage Rating 
colour 

Not 
available 

6 19% RED 

Optional 
fit 

24 75% YELLOW 

Standard 
fit 

2 6% GREEN 
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These percentages of availability for ESC are then 
used to generate the proportions of the colours in 
the rating bar for the VW Polo [13], as shown in 
Figure 1: 
 

Volkswagen Polo: Electronic Stability 
Program (ESP) 

 

Figure 1.  ESC rating for Volkswagen Polo 
(2008) 

ESC Fitment Ratings for 2006 to 2008 

ESC ratings have been generated for all new cars 
on sale in the UK during 2006 [11], 2007 [14], and 
2008 [13]. One measure of ESC fitment rates that 
can be quantified is the number of models on sale 
with 100% standard fitment (solid green bars) as a 
proportion of the total models on sale; termed the 
“percentage of standard fit models”. In 2006 the 
percentage of standard fit models was 40% i.e. 
40% of models had 100% standard ESC fitment. In 
2007 this rose to 47%, and by summer 2008 
percentage of standard fit models had reached 53%. 
The progression over the years 2006 to 2008 for 
percentage of standard fit models is summarised 
below in Figure 2: 
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Figure 2.  Percentage of standard fit models 
available for sale in the UK for 2006 to 2008. 
 

MODEL OF ESC STANDARD FITMENT 
PENETRATION ON NEW CARS 

Using the fitment information available it is 
possible to develop models of how ESC is 
penetrating the market within the UK. Two 
different models are developed based on two data 
sources. The first model uses the fitment ratings 
from Thatcham describing the availability of ESC 
on new cars. The second model uses new vehicle 
registration data from Bosch.  

ESC Availability Model 

The Thatcham ratings describe the availability of 
ESC in new cars as standard fitment. Using the 
data from Figure 2 the average increase in the 
percentage of standard fit models is 6.5%. This rate 
of increase is projected forward based on the 
assumption that the increase will remain at 6.5%, 
and this is modelled in Figure 3 up to the year 
2030.  
 

 
Figure 3.  Model of ESC standard fitment 
availability 2006-2030 (data source: Thatcham 
ESC fitment ratings) 
 
This model of ESC standard fitment availability 
reveals that it will take until 2016 before all new 
cars sold in the UK have ESC fitted as standard. 

ESC Registrations Model 

An alternative model uses data from Robert Bosch 
for the percentage fitment of ESC in new car 
registrations [15], which is data gathered by the 
agency R.L.Polk & Co for nine European countries 
including the UK. This data has been published 
from 2003 to date, and is shown in Figure 4.  
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Figure 4.  Percentage of standard fit models 
registered in the UK for 2003 to 2008. 
 
Using the data from Bosch in Figure 4 the average 
increase in percentage of standard fit models is 
6.97%. Based on the assumption that the increase 
will remain at 6.97% this rate of increase is 
projected forward to 2030, and this is modelled in 
Figure 5. 
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Figure 5.  Model of ESC standard fitment 
registrations 2003-2030 (data source: Bosch new 
car registrations). 
 
This model of ESC fitment registrations reveals 
that it will take until 2015 before all new cars sold 
in the UK have ESC fitted as standard. 

Comparison of Availability and Registrations 
Models 

The Availability and Registrations models are 
based on two different data sources, and are 
consequently slightly different. The Availability 
model uses Thatcham fitment ratings data 
[11,13,14], and the Registrations model uses new 
car registrations data from Bosch [15]. However 
both models make similar predictions for when 
100% penetration of ESC standard fitment on new 
cars will be reached. The Availability model 
predicts 100% penetration by 2016, and the 
Registrations model by 2015. Since there is only 
one year difference as shown in Figure 6 it can be 
concluded that these models are in close 
agreement.  
 

 
Figure 6.  Comparison between Availability and 
Registrations models for new car penetration of 
ESC standard fitment. 
 

Model of ESC standard fitment penetration on 
vehicle stock 

Annually there are around 2,500,000 new cars sold 
in the UK [16]. Using this data on new car sales the 
proportion of new cars sold fitted with ESC can be 
calculated using the percentages from both the 
Availability and Registrations models. This is then 
used to find the proportion of cars fitted with ESC 
within the entire vehicle stock. Based on vehicle 

licensing data from the UK Department for 
Transport [17] the vehicle stock data is shown in 
Figure 7. The vehicle stock is currently 
approximately 28,000,000 cars, and this is also 
projected forward until the year 2030.  
 

 
Figure 7.  Vehicle stock on UK roads (1998-
2030). 
 
The proportion of ESC equipped cars in the vehicle 
stock is then calculated as the proportion of new 
ESC equipped cars entering the fleet each year 
cumulatively. This is modelled from 2005 to 2030. 
This model reveals that 100% penetration of ESC 
into the vehicle stock will be achieved in 2021 
according to both the Availability and Registrations 
models. There is a close agreement between these 
two models, as shown in Figure 8.  
 

 
Figure 8.  ESC penetration into UK vehicle 
stock: Availability model compared to 
Registrations model. 
 
The Availability and Registrations models of ESC 
standard fitment into new cars and into the vehicle 
stock are based on two different data sources. 
However there is a close agreement between the 
two models with only one year difference between 
them for full fleet penetration. Since there is a close 
agreement it can be concluded that the estimate for 
2016 for new car fleet penetration and 2021 for 
vehicle stock penetration is a reasonable estimate. 
Vehicle licensing statistics show that in the period 
1998-2007 the average age of cars on the road was 
6.6 years, which corresponds to the last cars 
registered in 2014 without ESC being taken off the 
road by 2021.  
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ESC Regulation and Vehicle Stock Penetration 

On 10 March 2009, Members of the European 
Parliament voted for a compulsory introduction of 
ESC in all new types of vehicles from 1 November 
2011, and for all new vehicles from 1 November 
2014. This will have some impact upon the fitment 
of ESC in the vehicle stock. The Availability and 
Registrations models have been re-generated, but 
with fitment projections following the pattern 
required in order to meet the regulatory 
requirement of full penetration of new car sales by 
2014. These models are shown in Figure 9.  
 

 
Figure 9.  Availability and Registrations models 
for new car penetration of ESC standard 
fitment in order to meet EC regulatory 
requirement of standard fit by 2014. 
 
This model indicates that there is a gap between the 
current market rate of ESC penetration (Figure 6) 
into the new car market, and the fitment rate 
required in order to meet the regulatory 
requirement in 2014 (Figure 9). Current market 
penetration rates will achieve new car fleet 
penetration by 2016, but it is required by the EC 
regulation by 2014. For some vehicle 
manufacturers this will simply mean providing 
ESC as standard, instead of as an option or being 
unavailable on some trim levels. For example the 
VW Polo in Figure 1 indicates that ESC is 
available on most trims, so the system need only be 
produced and sold as standard in order to meet the 
regulation. However for other manufacturers such 
as Proton this regulation for ESC will mean a 
substantial task since no Proton models in the UK 
are currently sold with ESC systems available at all 
[13].  
 
The revised vehicle stock penetration, based on the 
models in Figure 9 to meet the requirement for 
standard fitment by 2014, therefore reveals that full 
stock penetration of ESC equipped cars will be 
achieved by 2021, as shown in Figure 10.  
 

 
Figure 10.  Availability and Registrations 
models of ESC penetration into the UK vehicle 
stock, with regulatory requirement for standard 
fitment of ESC by 2014 met.  
 
In the period from 2009 before full stock 
penetration of ESC is reached another 3 million 
cars will be purchased as new without ESC fitted. 
ESC cannot be retro-fitted so all of these cars 
remain on the roads without this important safety 
technology.  
 
This model (Figure 10) is used to generate 
estimates of casualty and cost savings offered by 
the standard fitment of ESC in accordance with the 
EC regulation by 2014.  

CASUALTY AND COST SAVINGS FOR ESC 

Using the ESC fitment and penetration models, it is 
possible to estimate the casualty and financial 
savings that can be projected when these models 
are combined with the true casualty numbers of 
occupants in cars. Like many other countries the 
UK has declining numbers of traffic casualties. 
Table 2 shows the average annual reduction since 
the current baseline values of the 1994-8 average. 
The reduction for all casualty severities is 1.2% 
annually, and the fatal casualty numbers have 
reduced by a mean of 0.5% each year. 

Table 2.   
Mean annual casualty reduction over 1994-8 

baseline.  

Total car 
occupants 

1994-8 
average 

2005 Mean 
annual 
decline 
from 1996 

Killed 1,762 1,675 0.5% 
Serious 21,492 12,942 4.0% 
Slight 180,034 163,685 0.9% 

 
The most conservative estimate for fleet 
penetration is given by the Availability Model with 
a slightly slower fitment of ESC than in the 
Registrations model, so this Availability model is 
used to generate the casualty and cost reduction 
afforded by ESC. When the existing casualty 
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reduction rates are combined with the increasing 
fleet penetration of ESC equipped cars from the 
Availability model, estimates can be made for the 
reduction in total casualties due to the increasing 
ESC numbers in the fleet. These casualty and cost 
savings are shown in Figure 11, and this also shows 
the financial savings based on the standard UK 
model using willingness to pay methods [18].  
 

 
Figure 11.  Annual casualty and financial 
savings with ESC. 
 
By 2021 when full fleet penetration is achieved 
ESC systems are projected to be reducing total 
casualties by 9,587 each year, compared to the 
baseline of no ESC in the fleet. This includes 382 
fatalities. Taking account of the different costs for 
each severity level, the value of these savings, 
equal £764 million (€1.1 billion) each year (at 2005 
prices). 
 
Table 3 shows the projected numbers of each injury 
category in 2010 and 2021 when all cars in the fleet 
are expected to be equipped with ESC for the two 
groups. 

Table 3.    
Casualty Reduction Projections. 

 Total without further ESC 
Year Slight Serious Fatal 
2010 156451 10553 1634 
2021 141640 6735 1546 
    
 Reduction with ESC 
Year Slight Serious Fatal 
2010 2906 343 125 
2021 8498 707 382 

 
Comparing the estimates for ESC fleet penetration 
using these new models and the original model 
from Frampton and Thomas [10] also reveals 
similarities. The casualty and cost savings achieve 
similar levels, although over a slightly longer 
timescale taking approximately three years longer 
to reach the same level of savings. Furthermore the 
costs are based on data from 2005 so are probably 

underestimated, which might bring the estimates 
back to a similar time scale to the original.  

EFFECTIVENESS OF ESC FOR YOUNGER 
DRIVERS 

Over 3,000 car drivers aged under 25 are killed or 
seriously injured on Britain’s roads each year [19]. 
A young driver is more than 2.5 times as likely to 
be involved in a crash as a mature driver [20]. 
Young drivers are more likely to be involved in 
single vehicle accidents involving loss of control, 
excess speed for conditions, and accidents on all-
purpose single carriageway rural roads [20]. These 
are all the types of crashes where ESC is likely to 
be effective.  
 
The effectiveness of ESC for young drivers (aged 
25 and under) compared to mature drivers (aged 
over 25) has been calculated using the same 
method as in the previous study by Frampton and 
Thomas [10]. The analysis used a case-control 
method based on the induced exposure method 
[21]. Case vehicles were defined as those known to 
be equipped with ESC. A comparable group of 
control vehicles not fitted with ESC were also 
defined, and these were generally the previous 
version of a case vehicle. There were 10,475 case 
vehicles and 41,656 control vehicles in the dataset. 
The case control method also required vehicle 
manoeuvres to be separated into those where ESC 
may have an effect and those where no ESC effect 
is assumed. Table 4 shows the numbers of matched 
cases used to calculate effectiveness estimates.  

Table 4. 
Numbers of Cases used to Calculate Overall 

Effectiveness  

Crash 
Severity  

ESC Cars  
N  

Non ESC 
Cars N  

All Injuries  10,475  41,656  
Fatal  110     491  
Serious  846  3,564  
Slight  9,519  37,601  

 

ESC Effectiveness Estimates: Comparison of 
Young and Mature Drivers  

Effectiveness estimates are calculated for drivers 
aged 25 years and younger, compared to drivers 
aged over 25 years. Driver age was known in 93% 
of cases. Figure 12 shows the distribution of young 
driver crashes compared to mature driver crashes. 
Crashes involving young drivers are in the minority 
at 13%.  
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Figure 12.  Numbers of Vehicles Involved in 
Crash. 
 
Figure 13 shows effectiveness rates for cars 
equipped with ESC in young driver crashes. The 
best estimates are shown for different injury 
severity levels together with 95% confidence 
limits. Overall effectiveness for younger drivers is 
14% dropping to 12% for slight crashes. For all 
fatalities and serious injuries (KSI) the 
effectiveness for younger drivers is estimated as 
16%, which is greater than the effectiveness for all 
ages (12%) previously published [10]. ESC is 
shown to be more effective in reducing KSI for 
younger drivers than all drivers on the road.  
 
Considering all injury levels (KSI and slight 
injuries), the overall effectiveness for all ages was 
7% as previously published by Frampton and 
Thomas [10]. The overall effectiveness of ESC in 
reducing all injuries for young drivers is shown to 
be double (14%). 
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Figure 13.  ESC reduction for young drivers. 
 

Cost and Casualty Savings for Young Drivers 

Young drivers account for 30% of car drivers killed 
or seriously injured on roads in the UK [22]. 
Applying this proportion to the casualty and cost 
savings reveals that when full fleet penetration is 
achieved by 2021 ESC systems are projected to be 
reducing total casualties by 2,844 each year for 
younger drivers, compared to the baseline of no 
ESC in the fleet. This includes 114 fatalities. The 

value of these savings, equal £227 million (€320 
million) each year. These savings in casualties and 
costs are compared to the total annual savings in 
below in Table 5: 

Table 5.   
Summary of casualty and cost savings: total 

compared to young drivers. 

 Young drivers Total 
Casualty 
reduction 

2,844 9,587 

Fatalities 114 382 
Value of 
savings 

£227 million £764 million 
(€320 million) (€1.1 billion) 

 

UK ESC Fitments in Young Drivers’ Supermini 
Cars 

Examining the ESC fitment ratings for 2008 
reveals that only 5 models out of 47 supermini cars 
(11%) have ESC fitted as standard. Since younger 
drivers most commonly drive small cars this is a 
very small choice for the drivers who could benefit 
most from ESC technology. These models are 
relatively expensive within the supermini segment, 
most being priced from £12,000. The Suzuki 
Splash is cheapest from £9,000, but this is still 
expensive for a young driver.  
 
Young drivers most commonly drive a second 
hand, older car. It will take a long time before ESC 
is available in the small used car market, which 
makes it extremely difficult for young people to 
drive cars fitted with this important safety system. 
The small car market is increasing, with new car 
sales data from SMMT indicating that the mini and 
supermini segments combined have increased their 
market share from 26% to 33% in the last decade 
[16]. Younger drivers are most likely to buy a 
second hand small car, but other drivers also buy 
these small cars – for example as a second car 
within the household. Given current economic and 
environmental concerns, households are potentially 
more likely to purchase a smaller car, and so small 
car sales are likely to continue to increase. With so 
few of the small cars fitted with ESC as standard, 
most of these cars will be entering the market 
without ESC, which is an opportunity missed in 
terms of safety provision. Small cars are still being 
brought to market without ESC fitted as standard. 
For example the latest Ford Ka launched in January 
2009 in the UK only has ESC fitted as an option 
across the range, not fitted as standard. The small 
car segment has the largest gap in fitment to fill. In 
order to ensure that all drivers are protected by 
ESC it should be fitted as standard on all vehicles 
regardless of size. Results suggest that it would be 
most effective to introduce ESC into smaller cars 
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first in order to address the casualty rates amongst 
younger drivers. 

LIMITATIONS 

Both the Availability and Registrations models for 
standard ESC penetration are based upon the 
assumption that ESC standard fitment will increase 
in a linear manner, which may not be accurate. 
However the data does indicate a linear progression 
up to 2008. 
 
Neither the ESC availability ratings from 
Thatcham, nor the ESC new car registrations from 
Bosch can indicate how many ESC equipped cars 
have actually been sold in the UK historically in 
the period before these fitment and registrations 
data were collected. The model of ESC cars in the 
vehicle stock therefore has to be assumed to follow 
the backward projection of the Availability and 
Registrations models.  
 
A limitation of these models is the assumption that 
100% standard fitment ESC throughout the entire 
vehicle stock can be achieved. In reality, there are 
likely to always be a small number of cars on the 
road that do not have ESC, for example classic cars 
and imported cars. However the models do provide 
an estimate of ESC penetration for the majority of 
passengers in the UK. 
 
The model of new cars sales and vehicle stock is 
based on data up to 2008. Given the economic 
recession, it is evident that car sales are reducing 
during 2009. The effect might be to overestimate 
car sales, and therefore overestimate the benefit to 
be derived from ESC. However as ESC systems are 
sold in increasingly greater numbers of car models 
as the deadline for mandatory fitment in 2014 
approaches, the unit costs for ESC systems will 
reduce. This will likely reduce the price of ESC as 
an option, and hence improve the take up of ESC as 
an option, which could mean the calculations of 
casualty and cost reductions are underestimated.  
 
There are a number of factors to consider when 
interpreting the results of the effectiveness 
estimates for young drivers. The Great Britain 
national casualty data used in this analysis provides 
one of the largest samples of ESC equipped cars 
studied to date but further methodological 
procedures may be required to fully isolate the 
crash reduction benefits of the system.  
 
The case-control method compares ESC and non-
ESC cars in total and hence compares all the 
differences between these groups. It has been 
hypothesized that since all ESC cars have ABS 
systems, the differences in crash involvement could 
be due to ABS not ESC. However previous studies 

of ABS systems have shown the effects of ABS to 
be small [23,24], and most of the non-ESC cars in 
this study would also have been fitted with ABS.  
 
The part played in injury reduction due to 
improvements in passive safety of the cars is also 
important to consider. There may have been further 
vehicle improvements introduced at the same time 
as ESC systems. Whilst vehicle safety 
improvements are unlikely to change driver 
behaviour, they would change injury outcomes. It 
was not possible to quantify the effects of passive 
safety improvements in this study, but the results 
are considered to be a measure of improvements in 
handling performance – mostly ESC.  
 
In making the comparisons every effort was made 
to compare cars that were as similar as possible so 
that the major difference was ESC fitment. 
However it is possible that a few were mis-
classified, although Kreiss et al [25] stated the 
effect will be to consistently underestimate the 
effects of ESC, so these study results can be 
viewed as conservative. Crashes involving 
vulnerable road users were excluded from this 
analysis because the effect on ESC effectiveness 
rates would have however been marginal [10].  
 
The cost savings are based on the cost per casualty 
in 2005, where costs would be expected to raise 
meaning cost calculations are probably an 
underestimate. 

CONCLUSION 

Standard ESC fitment will reach 100% by 2014, as 
per the EC regulatory requirement. However 
current market rates indicate that fleet penetration 
of ESC in new cars will not be reached until 2016, 
revealing a gap in provision that vehicle 
manufacturers will have to fill. Full vehicle stock 
penetration will be achieved by 2021 according to 
the models. Projections also reveal that another 3 
million cars will be purchased without ESC in the 
interim between 2009 and 2014 when it becomes 
mandatory. This means that the opportunity to 
reduce casualties is being missed. Earlier standard 
fitment of ESC could annually save £764 million 
and 9,587 casualties.  
 
A previous study has shown that ESC effectiveness 
is 7% in crashes of all severity [10]. ESC appears 
to offer additional benefit for young drivers.  
Overall effectiveness was estimated as 14% for 
young drivers. For KSI the effectiveness for young 
drivers is 16%, and for slight injuries the 
effectiveness is 12%. For all these estimates, ESC 
effectiveness is around double the previously 
published overall effectiveness of 7% for all ages 
and all injury severities. 
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Young drivers commonly drive small used cars 
with ESC rarely fitted. Since full fleet penetration 
could take 12 years, faster ESC introduction into 
smaller cars is needed for casualty reduction 
amongst younger drivers where it will be most 
effective. These young drivers represent 30% of 
serious injuries and fatalities, equating to savings 
of £227 million and 2,844 casualties annually. With 
current economic and environmental concerns the 
small car market is likely to increase, so fitment of 
ESC as standard in small cars is key to increasing 
stock penetration of ESC.  
 
There are many factors that can influence the rate 
of ESC fitment, including the national economy. In 
these current times of recession new car sales and 
second-hand cars are dropping. With decreased 
turnover in the vehicle stock, and people 
potentially keeping their vehicles for longer, full 
fleet penetration of ESC equipped cars may be 
limited. In these circumstances public awareness of 
ESC must be the focus, so that car buyers make an 
informed safety choice. Fitment ratings information 
published by Thatcham is useful tool for raising 
public awareness of the importance of ESC.  
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ABSTRACT 

This paper describes reconstructions of rollovers 
involved in the initial velocity before accidents are very 
important and the body structures of automotive vehicles 
with some curved configurations that have the 
incontestable superiority for occupant protection in 
rollover accidents over plain square body structures. The 
oval configuration and the curved structure are 
recommended. Furthermore, in a rotational movement 
system, acceleration force, inertia force and rotational 
moment of the vehicle to dummy should be considered as 
input forces. 
  
INTRIDUCTION  

Researching the safer body structures for occupant 
protection during rollovers, main analyses are performed 
as indicated below: 

1. Introducing the accident data reported by the 
Institute for Traffic Accident Research and Data 
Analysis in Japan regarding rollovers. 

2. Discussing the deformation of body structures and 
the conditions of contact areas between the roof and 
the loading panel after testing according to the 
FMVSS No.216. 

3. Considering occupant behavior in the cabin based 
on not only the equation of inertial motion but also 
the equation of motion including the Coriolis’ force 
and the force of inertia. 

4. Researching the influence of the initial distance 
between the occupant’s heads and the roofs of 
vehicles before accidents, and the occupant survival 
space after accidents. 

 
INTRODUCING ACCIDENTS DATA [1] 

The accident data reported by the Institute for Traffic 
Accident Research and Data Analysis [ITARDA] in Japan 
regarding rollovers are introduced. The data was taken 
during 10 years from 1993 to 2003 in the Tsukuba area 
located north of Tokyo.  
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Results classified all the accidents into a single accident 

and a mutual accident of auto vehicles with four wheels.  
The total numbers of accidents were 1965. Rollover 

accidents are about eleven (11) % among the total 
accidents. They also classified the trigger of rollover into 
three categories: 

/From side slip to rollover 
/Instability after riding on the banks  
/Dropping 

They reported on the velocity of vehicles before 
accidents of drivers that did not use the brakes. The rate of 
accidents in the higher velocity shows the high scores 
compared with the lower velocity. Also the rate of 
accidents of rollovers on highways is higher than that of 
standard roads. 

 The rate of rollover accidents of classified vehicles is 
shown in Figure 1. Light vehicles, sports utility vehicles 
(SUV) and cargo trucks occupied higher averages. The 
unbelted passengers face more danger compared with the 
belted passengers. Research was conducted to determine 
the impact point of the head to the car body of passengers 
not using seatbelts. They showed that the necks of 
passengers made contact with the roof interior during 
rollovers. There is no information of the relationship 
between roof strength and occupant injury.   
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Figure 1.  The relation of the rate of rollover accidents 
of classified vehicles 
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Investigation of the accident cases reconstructed with 
real accidents. 

 
Case 1: 
 On a highway road, a belted driver turned the steering 
wheeled sharply when the vehicle encountered a strong 
side wind. The vehicle slipped to the side and after the 
vehicle rolled over with one turn. Two unbelted occupants 
seated in the rear seats were ejected and one suffered a fatal 
injury.    
 Recently, all passengers including rear occupants are 
required to fasten the seat belt in Japan and it is assumed 
that the ejections from vehicles will reduce during 
rollovers.  

It is important in the actual accidents that the processes 
to rollover are clarified by considering the reconstruction.  

 
FMVSS216, DROP TEST AND RAMP 
ROLLOVER TEST BY SAKURAI [2] 

In 1991, T. Sakurai published a paper with tests results 
according to FMVSS 216, dummy drop test and ramp 
rollover test. 

Figure 2 shows the schematic drawing of the body 
structures after tests carried out according to FMVSS216.  

 
Figure 2. The schematic drawing of the body 
structures after tests according to FMVSS 216 

 
In Figure 2, the line HL’ shows the base line of the load  

plate and point C indicates the first contact point with the 
loading plate and the body structure before testing 
according to FMVSS 216. The line AL shows 
schematically the line of collapse of the body after testing. 
Point A indicates the position of the top of the engine hood 
and point B the intersection of the center pillar and the side 
roof rail.  
  
 

We would like to design a body configuration along the  
Lines with the final body configuration after testing. 
Because of the curved roof configuration, contact areas are 
wider compared to the plain square ones as described later. 
As a result, the stress level becomes lower. 
  We performed the drop test with the inverted HybridⅢ
dummy whole body drops and the ramp rollover tests. The 
relationship between the initial height of the drop tests and 
ramp rollover tests and the neck loads is shown in Figure 
3. 

 

Figure 3. The relation between dummy neck load and  
the height of drop tests and the ramp rollover test. 
 

As shown in Figure 3, the higher the height, the more 
the neck loads. Comparison of the loads, the loads of the 
ramp tests are lower to the drop test. The reasons why 
lower values are considered is that in the ramp rollover test 
dummy neck loads would be applied to not only the axial 
load but also bending load or twist loads. 

The ramp rollover tests were performed. 
Figure 4 shows the relationship between the neck load, 

roof deformation and time history.  

 

 
Figure 4 The relationship between the neck load, roof 
deformation and time history. 
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First, the neck would contact the side roof rail, and then 
the position of the roof located at the conjunction of the 
side and front roof rails and front pillar are formed and 
reaches the maximum roof deformation. When the 
maximum load of the dummy neck occurred, the roof 
deformation would still be deformed at the position less 
than 10mm. Important to note is that the dummy head and 
the deformed roof do not contact at the time of the roof’s 
forming. 
 

Here, summarized data referring the dolly test [3] is 
shown, Figure 5 indicates the time, the neck load, and roof 
deformation. 

 

 

 
Figure 5. The time, dummy neck load, and the roof  
deformation 
 

In ramp rollover tests, first, the dummy neck maximum 
load appears and next the maximum roof deformation 
occurs. The interval of the two phenomena is about 
0.1 second. By reading the maximum of neck load, the 
value shows about 1250N. The roof deformation at the 
point of maximum neck load is around 10mm. In dolly 
rollover tests, the same tendency occurs. The interval 

tΔ

tΔ  
is about 0.14 second. . 

 
It is known that the human endurance is a higher value 

at the shorter duration time. By the reference of the Wayne 
State Tolerance Curve, the acceleration depends effectively 
on the duration times.  

In the ramp test, duration time is very little and is very 
little in the dolly test. 

 
 
BODY CONFIGURATION TO ROLLOVER 

As shown in the previous Figure 2, we understand that 
bodies collapsed a certain configuration according to 
FMVSS216 test method. In the first design stage, a body 

configuration should be considered to be superior to 
rollover.   
 

It is necessary to consider kinematics and plastic 
deformation of the body. There are many textbooks 
teaching these principles in the nature. We selected an egg. 
The egg has a dimension that the long axis is 46mm and 
short axis is 40mm, and thickness is 0.5 mm. One of the 
typical characteristics is that it transfers toward direction 
during rotation. We can explain the mechanism by using a 
formula and schematic figure.  

Figure 6 shows the schematic feature of rotation and its 
kinematics formula (2). The configuration having a 
deviative elliptical oval configuration can change the 
direction in rotation. 

 
Figure 6. Rotation of egg feature  

 
αtanSPOP =     (1) 

 
We try to make a deviative elliptical oval configuration 

by using the mathematical formula. It is found that the oval 
of Cassini curve is suitable for the mathematical 
expression in many formulae as shown in the formula. 

2
21 brr =         (2) 

 
Figure 7 indicates Cassini Curves of oval configuration. 

  
 
Figure 7. Cassini curves of oval configuration 
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By using the Computer Aided Design (CAD), we can 
identify an elliptical oval configuration of an egg as shown 
in Figure 8[4].    

 
 
Figure 8.  An expression according to Cassini curves 
shown in Figure 7 by using CAD 

 
Figure 9 shows an identification of an elliptical oval 

configuration using CAD, not using free curves like 
B-spline function. 

 

 
 

Figure 9. Identification of an elliptical oval  
configuration using CAD 
 
As an example, by using the Finite Element Method 

(FEM), we try to calculate stress analysis of frames that are 
constructed from the box and oval configurations. 
Calculation results shown in Figure 10 are the same as 
mechanical conditions like dimensions, materials, and 
restraint conditions. As shown in Figure 10, the feature 
having an elliptical oval configuration has a constant stress 
distribution compared with the box type configuration. 
 

The strength of the oval type frame is superior to that of 
the box type frame if the same mechanical conditions are 
used. From the point of contact fields, occupants contact 
with the body structures having curvatures to be a lower 
stress level. 
 The oval body structure as satisfied with the above effects 
will make it possible to decrease occupant injuries. But we 

have not yet confirmed these characteristics by using 

(A

actual vehicles. 

) Box type frame            

 
(B) Oval type frame 

Figure 10. Ca lation results of box and oval type  

ONSIDERING OCCUPANT BEHAVIOR  

th

Cassini curve 

 
lcuEgg curve 

frames by using FEM 
 
 
C

As rollover phenomena of the occupant movements in 
e cabin are complicated, we must consider not only the 

deformation and the configuration of body but also 
kinematics motion. In rotational motion, the equation of 
motion (3) should be introduced into the accident analysis 
to correctly seek the precise solutions.  
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otion as shown in formula (3) is consider

2  is precisely called Coriolis Acceleration. 

 
The m ed as 
lative motion in the rotational system. We must assume 

th

ent during rollover 
own in Figure 5. Here, a coordinate is defined as 

Ca

the right wheel of the vehicle reaches the 
ra

rom the point of relative motion, if the motion of the 
head (neck) of dummy is considered to be the fixed 
co

 AND TEST 
ETHOD   

f strength and injuries of the occupants 
is 

ctual rollover 
ac

tion force, inertia force, rotational moment occurs 
an

 
o find evidence 

 order to request car makers to make countermeasures of 
bo

ment with the dummy 

ending load 

4. 
cidents [5]  

ations of the roof like 

6. 

re
e coordinate systems during rollover. 

   
Again we think the occupant movem

as sh
rtesian coordinate system  (x, y, z). X-axis is a 

direction of processing of vehicle by the right hand system 
clockwise.  

In the ramp rollover test, the test vehicle goes to the 
ramp. When 

mp, the vehicle leans slightly toward the left side y-axis. 
The direction of both vehicle and dummy faces straight. 
The vehicle leans to the left direction and also the torso of 
dummy when the front wheel is swiftly compelled to turn 
to left in the center of x-axis (rolling). On the other hand, 
the head (neck) on the torso of dummy keeps moving 
straight ahead. The phenomenon raises the relative motion 
between the vehicle and the head (neck) of dummy. When 
the vehicle touches down on the ground rolling, head 
(neck) relatively rotating to the vehicle hits the side roof 
rail and soon the neck load reveals the maximum load. 
When the head hits these parts of the vehicle, the roof 
deformation reveals about 10mm and does not yet reach 
the maximum deformation when the neck reaches a 
maximum load. Progressively, 0.01second after, the roof 
deformation shows the maximum deformation, about 
20mm far from the neck hit to the roof position. As for 
these phenomena, it does not seem that the strong 
relationship between the neck load and the roof 
deformation exists. By these phenomena, the relative 
motion of the dummy and the first impact to the vehicle 
body might become fatal injuries of the dummy.  

 
 
 

F

ordinate system, the motion of roof deformation is the 
motion from the motion system. On the contrary, if the 
roof deformation is looked upon as the fixed coordinate 
system, the head (neck) of dummy is the motion. It moves 
toward the roof and contacts the body structures. It looks 
like diving movements relatively. 
 
PROPOSE RESEARCH
M

In reports regarding real world rollover accidents, the 
relation between roo

studied. When they inspected the body deformation 
collapse after rollover accidents, the roofs showed severer 
collapses and there were no survival spaces in the cabins. 
They proposed designing a stronger roof.  

According to consideration of the ramp rollover test, we 
must investigate the phenomena of a

cidents.  
First, what is the initial velocity of vehicles before 

rolling?  
Why happened to the rollover, and what triggers is it to 

roll?  
The relative motion of occupants to the vehicle like 

accelera
d the first impact of the head to the vehicle body occurs 

before producing larger collapses of roof and these factors 
might become fatal injuries of occupants.  

When ultimately fatal injuries occur during rollover, 
where is its position in the vehicle body?  

By considering these papers, we have t
in

dy structures to prevent fatal injuries as follows: 
1. Reconstructions of rollover accidents involved in the 

initial velocity 
2. Considering roof configuration, deformation and 

rotational move
3. To make the dummy for rollover with the neck 

having measurements of axel force and b
(tort ional load) 
To make test procedure and methods reflecting the 
actual rollover ac

5. To evaluate not only the strength and intrusion of the 
roof but also deformation situ
sharp edges, folding patterns, etc. 
To evaluate the survival space areas after collapse 
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CONCLUSIONS 
Some results of our researches are summarized as follows: 

2. dy configuration should be considered from point 

3. ents, acceleration force, inertia force, 

4.
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ABSTRACT 
 
The study focused on the mechanisms which result in 
passenger cars over turning. Approximately 21% of 
the car occupant fatalities examined in the UK’s Co-
operative Crash Injury Study (CCIS) experienced a 
rollover. However rollovers are shown to be complex 
events, which can occur with or without impact(s) 
and are not always the principal cause of the resulting 
occupant injuries. 
 
The study differentiates the different types of 
rollovers and presents the influencing factors which 
precede them. Rollover events are divided into three 
categories: simple rollovers which don’t involve a 
significant impact; rollovers followed by impact(s); 
and impacts followed by rollovers. 
 
The research correlated the cars’ dynamic motion 
immediately prior to the initiation of the roll, the 
mechanisms which caused the car to roll and the 
consequences with respect to occupant injury. A 
significant proportion of the cars were identified as 
‘sliding’ laterally to some degree prior to the roll and 
off-road soft surfaces such as grass or earth were the 
most frequent roll initiators. Cars were also described 
as skidding or having lost control prior to leaving the 
road or striking a kerb or other roadside object or 
other vehicle. For this reason Electronic Stability 
Control (ESC) systems were identified as an 
important countermeasure with respect to potentially 
preventing a proportion of future rollover accidents.  
 
Occupants, who were either fully or partially ejected 
from their cars, were strongly linked to severe injury 
outcome. Seat belts (ideally used in conjunction with 
other restraint devices designed to prevent either all 
or part of the occupants’ body leaving the car through 
window apertures during the rollover) were shown to 
be effective.   
 
 
 
 
 
 

INTRODUCTION 
 
The data source for this paper is the UK’s Co-
operative Crash Injury Study (CCIS), which is one of 
Europe’s largest car occupant injury causation studies 
(www.ukccis.org). 
 
The programme of research started in 1983 and 
continues to investigate real-life car accidents. Multi-
disciplinary teams examine crashed vehicles and 
correlate their findings with the injuries the victims 
suffered to determine how car occupants are injured. 
The objective of the study is to improve car crash 
performance by continuing to develop a scientific 
knowledge base, which is used to identify the future 
priorities for vehicle safety design as changes take 
place. 
 
CCIS investigates and interprets real-world car 
occupant injury crashes retrospectively.  Police 
reported injury road traffic crashes from defined 
geographical areas of England are reviewed to 
establish if they meet the CCIS sample criteria.  The 
basic selection criteria used for the accidents 
presented in this analysis were: 
 

• The accident must have occurred within the 
investigating teams geographical area 

• The vehicle must be a car or car derivative 
• The vehicle must have been less than 7 years 

old at the time of the accident 
• The vehicle must have at least one occupant 

who is injured (according to the police) 
• The vehicle must have been towed from the 

scene of the accident. 
 
Accidents were investigated according to a stratified 
sampling procedure, which favoured cars that met the 
age criteria and contained a fatal or seriously injured 
occupant as defined by the British Government 
definitions of fatal, serious and slight.  Where 
possible all crashes that met the criteria and involved 
a CCIS classified fatal or seriously injured occupant 
were investigated.  Random selections of accidents 
involving slight injury were also investigated, up to a 
target maximum. 
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Vehicle examinations were undertaken at recovery 
garages several days after the collision.  An extensive 
investigation of the cars’ residual damage and 
structural loading along with detailed descriptions of 
the restraint system characteristics and any occupant 
contact evidence was recorded using the CCIS data 
collection protocols.  This process allows the nature 
and severity of the impact(s) and/ or rollover damage 
to be precisely documented so different crash types 
can be compared. 
 
Where practical the investigation teams visit the 
scenes of rollover crashes a day or two after the crash 
and gather evidence with respect to the highway and 
environmental factors. 
 
Car occupant injury information was collected from 
hospital records, coroners’ reports and questionnaires 
sent to survivors.  The casualties’ injuries were coded 
using the Abbreviated Injury Scale [1].  AIS is a 
threat-to-life scale and every injury is assigned a 
score, ranging from 1 (minor, e.g. bruise) to 6 
(currently untreatable).  The Maximum AIS injury a 
casualty sustains is termed MAIS.  The scale is not 
linear; for example, an AIS 4 is much more severe 
than two AIS scores of 2. 
 
The casualties’ characteristics (age, gender, seat belt 
use) and injury information were correlated with the 
vehicle investigation evidence.  This methodology 
allows the causes and mechanisms of the injuries to 
be documented. 
 
Accidents investigated between December 2002 and 
September 2008 were included in the analysis (CCIS 
Phases 7 and 8 – to data release 8h). 
 
RESULTS AND DISCUSSION 
 
The relationship between impact type and injury 
severity for the car occupants in CCIS is shown in 
Table 1. In total, of the 8,526 occupants recorded in 
CCIS with known MAIS, 1,341 (16 %) were in cars 
which rolled over. 

Table 1. 
Impact types and injury severity for car occupants 

in CCIS 
Type of 
Collision 

Survivors (MAIS) Killed Total 
0 1 2+ 

Single impact      
Frontal 642 1840 740 137 3359 

Right side 204 601 172 61 1038 
Left side 128 334 142 84 688 

Rear 49 204 18 8 279 
Multiple impact 256 856 303 112 1527 
Rollover 176 776 284 105 1341 
Other 9 7 4 4 24 
Total 1464 4618 1663 511 8256 

Rollovers are over-represented for occupants with 
higher injury severities, especially for occupants who 
were killed: of the 511 fatally injured occupants, 105 
(21 %) were in rollovers. 
 
Single vehicle accidents made up 38% of all 
accidents which resulted in serious or fatal injury 
(MAIS 2+) in the CCIS dataset. Rollovers occurred 
in 7% of multi-vehicle and 41% of single vehicle 
accidents. Of all the rollover accidents, 73% were 
single vehicle accidents. 
 
 

 

 
CCIS examines cars and car derivatives (light 
goods/commercial vans). Comparing the proportions 
of different vehicle types involved in CCIS accidents 
showed that 31% of off-road vehicles rolled over 
compared to 9% of estate cars. 
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Figure 2. Percentage of vehicles by type which 
rolled over 
 
Table 2 categorises the occupants involved in 
rollovers into four distinct groups, depending on 
whether there was a significant impact as well as the 
rollover, and whether that impact occurred before or 
after the roll. Fay et al. [2] presented similar results 
and also commented that:  
 
‘In practice, the characteristics of vehicle rollover 
can be more complicated than such analysis suggest 
because of the large number of vehicles which 
experience multiple events in crash sequences, 
including combinations of impacts and rollover 
events.’ 

Single 
34%

Multi 
62% 

Single 
38% 

Rollovers 7% Rollovers 41% 

All MAIS 2+ Accidents 

Figure 1. Proportion of single and multi vehicle 
accidents that result in rollovers 
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Table 2. 

Categories of rollover 
Type of 
Rollover 

Survivors (MAIS) Killed Total 
0 1 2+ 

Rolled before 1st 
impact 

15 79 31 20 145 

Rolled after last 
impact 

96 390 149 54 689 

Rolled without 
any impacts* 

59 289 92 25 465 

Rolled between 
impacts 

6 17 11 6 40 

Other - 1 1 - 2 
Total 176 776 284 105 1341 
* Significant impacts 
 
Depending on exactly what caused them to roll, the 
groups where a rollover occurred before an impact 
are the groups of casualties for whom the rollover 
may have been prevented if an active safety system, 
such as ESC, was fitted to the vehicle [3]. A 
limitation of this analysis was that the fitment of ESC 
systems was not correlated with the pre-roll vehicle 
dynamics. Future work is planned to account for 
these systems and to quantify their real world effects 
and potential limitations. 
 
The following diagrams (Figure 3 and Figure 4) show 
how the data was grouped for the analysis from this 
point on. The occupants were split by severity, with 
the “non-injured” and “slight” casualties (MAIS 0-1) 
separated from the “serious and killed” (MAIS 2-6) 
casualties. It should be noted that there was one 
occupant who had a MAIS of 1, who was killed; this 
occupant has been included in the “serious and 
killed” group of casualties. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Distribution of rollover types for 
occupants with no or slight injuries 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Distribution of rollover types for 
occupants with serious or fatal injuries 
 
Occupants who had a roll then an impact, and a roll 
but no impact, are subsets of the “Rollover +” group 
– occupants where the rollover occurred first. This 
was the first group of occupants studied to see which 
factors influenced or caused their cars to roll. The 
characteristics of the pre-roll events were then 
compared with the respective injury outcomes. The 
occupants in the two subsets of roll this group 
encompasses were also analysed. 
 
Following this, the occupants in vehicles which had 
an impact first, then rolled over, were investigated. 
 
Rolled first 
 
This section investigates the characteristics of the 
rollovers where the rollover occurred before an 
impact, or where there was no impact. Table 3 shows 
how the cars’ attempted manoeuvres related to the 
direction of travel of the cars immediately before the 
rollover, for the occupants whose car rolled before 
any impact (or rolled and did not have an impact). 
 
A large number of these vehicles were travelling on 
left and right bends, and were sliding (they had lost 
control). These vehicles accounted for 204 (33 %) of 
the occupants in cars which rolled over first. These 
are occupants where it is possible that ESC may have 
prevented the rollover and resultant injuries, by 
preventing the initial loss of control. A further 136 
(22%) casualties were in cars described as attempting 
to proceed ‘Forwards’, but were also known to be 
sliding or have lost control prior to rolling. The 
precise reasons for these vehicles having lost control 

Rollovers MAIS 2+ 
 100%  

(n=389) 

Rollover +  
43.2%  

(n=168) 

Impact + Rollover 
56.5%  

(n=220) 

Roll + Impact 
13.1%  
(n=51) 

Roll and No Impact 
30.1% 

(n=117) 

Rollovers MAIS 0-1 
 100% 

(n=952) 

Rollover +  
46.4%  

(n=442) 

Impact + Rollover 
53.5%  

(n=509) 

Roll + Impact 
9.9%  

(n=94) 

Roll and No Impact 
36.6% 

(n=348) 
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were not always known, but included poor 
manoeuvres and avoidance actions such as swerving 
to negotiate obstacles/ other vehicles. It is reasonable 
to assume that a proportion of these incidents could 
have been prevented if ESC was fitted to all the cars. 
 

Table 3.  
Manoeuvre prior to event versus direction of 

travel at start of event – rolled first 
Cars’ 
direction of 
travel at the 
start of event 

Manoeuvre prior to event Total 
Forwards Left 

bend 
Right 
bend 

Other/ 
unknown 

Forwards 107 37 31 24 199 

Forwards & 
sliding to R 

67 60 19 9 155 

Forwards & 
sliding to L 

49 8 63 3 123 

Rearwards - 4 - - 4 
Rearwards & 
sliding to R 

2 4 6 - 12 

Rearwards & 
sliding to L 

3 1 - - 4 

Purely 
sideways to R 

9 11 12 1 33 

Purely 
sideways to L 

6 3 17 - 26 

Unknown 42 1 - 11 54 
Total 285 129 148 48 610 
 
Table 4 shows the initiating factor of the rollovers. 
The most frequent initiation of the rollovers for all 
injury severities was grass/earth or some other soft 
surface.  

Table 4.  
Roll initiation – rolled first 

Roll initiation 
influence 

Survivors (MAIS) Killed Total 
0 1 2+ 

Kerb 14 62 24 7 107 
Gradient up 2 11 12 3 28 
Gradient down 8 31 11 3 53 
Grass/ earth or 
soft surface 

30 158 47 23 258 

Tarmac/ hard 
surface 

14 67 15 4 100 

Other vehicle 1 7 2 1 11 
Safety barrier/ 
low structure 

- 8 3 - 11 

Fence/ high 
structure 

- 3 1 2 6 

Sharp turning or 
spinning 

3 11 5 2 21 

Not known 2 10 3 - 15 
Total 74 368 123 45 610 
 
With the exception of “tarmac / hard surface”, “other 
vehicle” and “sharp turning or spinning”, the 
initiating factors all indicate that the vehicle left the 
carriageway, or struck something on the edge of the 
carriageway. 
 

Table 5 shows the direction of roll of the vehicle, and 
the seating position and injury severity of the 
occupants.  

Table 5. 
Direction of roll by seating position and injury 

severity – rolled first 
Direction of 
roll 

Survivors (MAIS) Killed Total 
0 1 2+ 

Roll to Right      
Driver 21 122 40 19 202 
Front passenger 9 46 11 3 69 
Rear passenger 9 30 15 2 56 
Not known - 1 - - 1 
 39 199 66 24 328 
Roll to Left      
Driver 10 89 39 15 153 
Front passenger 8 40 8 3 59 
Rear passenger 14 26 3 2 45 
Not known 1 1 - - 2 
 33 156 50 20 259 
Rear over front      
Driver - 7 4 - 11 
Front passenger 1 2 1 - 4 
Rear passenger - 2 - - 2 
Not known - - - - 0 
 1 11 5 - 17 
Front over rear      
Driver 1 1 - 1 3 
Front passenger - - - - 0 
Rear passenger - - - - 0 
Not known - - - - 0 
 1 1  1 3 
Not known 0 1 2 0 3 
Total 74 368 123 45 610 
 
The majority of the casualties (96 %) either rolled 
right to left or left to right. In order to simplify the 
analysis of roll direction and seating position in the 
car, the offside occupants in cars which rolled to the 
right were combined with the nearside occupants in 
cars which rolled to the left, and vice versa, to create 
two groups. Only seat belted occupants were 
selected. The injury severity of these groups is shown 
in Table 6. 
 

Table 6. 
Roll direction and seating position – rolled first 

Roll direction and 
seating position 

MAIS 
0&1 

MAIS 2-6 Total 

Seated on side adjacent 
to direction of roll 

133 
78.7% 

36 
21.3% 

169 

Seated on opposite side 
to direction of roll 

115 
72.3% 

44 
27.7% 

159 

Total 248 80 328 

 
This shows that occupants seated on the opposite side 
to the direction of roll (for example, drivers whose 
cars rolled from right to left) tend to be more severely 
injured. This may be related to the kinematics of the 
occupants at the moment the roof makes contact with 
the ground – the occupant seated on the opposite side 
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to the roll will accelerate towards the roof more than 
the occupant seated on the same side to the roll. 
 
Figure 5 shows the direction of the force which 
initiated the roll, and also shows whether the vehicle 
rolled to the left or rolled to the right. 
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Figure 5. Direction of roll initiation force – rolled 
first 
 
The majority of the rolls to the right had an initiation 
direction of force of 2 or 3 o’clock. The majority of 
rolls to the left had an initiation direction of force of 
9 or 10 o’clock. 
 
Figure 6 shows the point of action of the initiation 
forces, with two thirds of the initiation forces of rolls 
to the right and left applied to both the respective 
wheels.   
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Figure 6. Point of action of initiation force – rolled 
first 
 
Figure 7 shows the surface on which the vehicles that 
rolled over landed. There is virtually no difference 
between the landing surface and the direction of roll, 

implying cars leave the carriageway to the left and 
right evenly. 
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Figure 7. Landing surface – rolled first 
 
 
Roll and no impact 
 
The “roll and no impact” group is a subsection of the 
“rolled first” group. This section analyses the 
characteristics and consequences of rolls where there 
was no impact. 
 
Figure 8 shows the relationship between the number 
of rolls and the injury severity of the occupants. The 
number of rolls is recorded as multiples of 0.25, 
where 0.25 rolls would be a roll onto the side, 0.5 
rolls would be a roll onto the roof, etc. 
 

 

Figure 8. Number of rolls by severity – roll and no 
impact 
 
Occupants in vehicles which rolled two or more times 
tend to be more severely injured, although there were 
relatively few vehicles that rolled this often. Slightly 
injured occupants are over-represented in vehicles 
which rolled 0.5 times. 
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Figure 9 shows the relationship between injury 
severity of the occupants, and whether their vehicle 
was airborne during the rollover. 
 

 

Figure 9. Severity of occupants and whether 
vehicle was airborne – roll and no impact 
 
The relationship between injury severity and whether 
the vehicle was airborne is clearer than the 
relationship between the number of rolls. Of the 
occupants with MAIS 0-1, the vehicle was not 
airborne for almost 70 % of the occupants. For 
occupants with MAIS 2-6, the vehicle was not 
airborne for 55 % of the occupants.  
 
For the vehicles which rolled, the most frequent area 
of most significant damage was the roof (47 % in 
total, 47 % of MAIS 0-1 occupants, and 45 % of 
MAIS 2-6 occupants). Table 7 explores the 
relationship between ejection and seat belt use for the 
occupants in a vehicle which rolled but had no other 
impact. 
 

Table 7. 
Ejection and seat belt use – roll and no impact 

Ejection Seat belt use Total 
Used Not used Not 

known 
None     
MAIS 0-1 231 31 82 344 
MAIS 2-6 42 16 15 73 
 273 47 97 417 
Full     
MAIS 0-1 1 1 - 2 
MAIS 2-6 1 17 - 18 
 2 18 - 20 
Partial     
MAIS 0-1 3 - - 3 
MAIS 2-6 17 4 4 25 
 20 4 4 28 
Total     
MAIS 0-1 235 32 82 349 
MAIS 2-6 60 37 19 116 
 295 69 101 465 
 
 

It is clear that seat belt use and full ejection in 
rollovers are strongly related. 75 % of occupants who 
were not ejected were wearing a seat belt, compared 
to only 10 % of occupants who were fully ejected. 
Occupants who were fully ejected were also much 
more likely to have severe injuries; 18 % of 
occupants who were not ejected had MAIS 2-6, 
compared to 90 % of occupants who were fully 
ejected. 
 
Severe injury was also common among occupants 
who were partially ejected, with 89 % having MAIS 
2-6. However the seat belt use of these occupants was 
relatively high, at 83 % which implies that seat belts 
prevent full ejection, but other systems (e.g. curtain 
airbags) are also required in order to prevent partial 
ejection. 
 
Table 8 and Table 9 show the AIS 2+ and AIS 3+ 
injuries received by the occupants in cars which 
rolled over with no other impact. 
 

Table 8. 
Proportion of occupants with AIS 2+ injuries, by 
seat belt use and body region – roll and no impact 

Injured ISS body region 
Percentage AIS 2+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt 
use not 
known 

MAIS 2+ (n) 60 37 19 

Head AIS 2+ 45% 56.8% 36.8% 
Face AIS 2+ 1.7% 2.7% 10.5% 
Thorax AIS 2+ 25% 59.5% 36.8% 
Abdomen AIS 2+ 13.3% 21.6% 21.1% 
Limbs AIS 2+ 51.7% 67.6% 47.4% 
External AIS 2+ 8.3% - 5.3% 

 
Table 9.  

Proportion of occupants with AIS 3+ injuries, by 
seat belt use and body region – roll and no impact 

Injured ISS body region 
Percentage AIS 3+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt 
use not 
known 

MAIS 2+ (n) 60 37 19 

Head AIS 3+ 23.3% 48.6% 26.3% 
Face AIS 3+ - 2.7% - 
Thorax AIS 3+ 15% 48.6% 26.3% 
Abdomen AIS 3+ 5% 10.8% 10.5% 
Limbs AIS 3+ 15% 24.3% 31.6% 
External AIS 3+ 1.7% - - 

 
For seat belted occupants, the most frequent AIS 2+ 
and AIS 3 + injuries were to the head and the limbs. 
For non-belted occupants, the most frequent AIS 2+ 
injuries were to the head, thorax and limbs, and the 
most frequent AIS 3+ injuries were to the head and 
thorax. Occupants not wearing a seat belt generally 
had more injuries to more body regions, and the 
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proportion of thorax injuries especially increased for 
occupants not wearing a seat belt. 
 
Table 10 shows how the injury severity of front seat 
occupants depended on the direction of the roll. Only 
occupants wearing a seat belt were selected for this 
table. 

Table 10. 
Roll direction and seating position – roll and no 

impact 
Roll direction and 
seating position 

MAIS 
0&1 

MAIS 2-6 Total 

Seated on side adjacent 
to direction of roll 

105 
80.8% 

25 
19.2% 

130 

Seated on opposite side 
to direction of roll 

83 
72.8% 

31 
27.2% 

114 

Total 188 56 244 

 
This shows that occupants seated on the opposite side 
to the direction of roll (for example, drivers whose 
cars rolled from right to left) tend to be more severely 
injured. 
 
For seat belted occupants only, no statistical 
relationship was found with respect to the number of 
rolls, surface rolled onto, initiation influence or 
initiation type when comparing MAIS 0-1 and MAIS 
2-6 occupants. However, the proportion of occupants 
in airborne vehicles was greater for MAIS 2-6. 
 
Roll followed by impact  
 
The group of occupants whose vehicle rolled before 
having an impact is also a subset of the occupants 
who rolled first. However, this group of 145 
occupants is relatively small compared to the number 
who rolled over without an impact, so less detail is 
presented. Also, because these vehicles had an impact 
following the rollover, it is difficult to distinguish the 
injurious effects of the rollover from those of the 
impact. 
 
Figure 10 shows the relationship between the number 
of rolls of the vehicle and the injury severity of the 
occupants. This shows no clear relationship between 
the two variables, but the vehicles as expected rolled 
fewer times than those which rolled without 
subsequent impact(s). 

 

Figure 10. Number of rolls by severity – roll 
followed by impact 
 

Figure 11 compares the injury severity of the 
occupants to whether their vehicle was airborne. 
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Figure 11. Severity of occupants and whether 
vehicle was airborne – roll followed by impact 
 

As for rollovers with no impact, the severity is 
greater in rollovers where the vehicle has become 
airborne. 
 
For the occupants in vehicles which rolled over then 
had an impact, the principal damage was to the roof 
of the car (61 cases, 16 MAIS 2+); the left (20 cases, 
5 MAIS 2+) and right (18 cases, 6 MAIS 2+). This 
shows that principal damage is less often to the roof 
when the vehicle has an impact as well as a roll. 

 
Table 11 shows the relationship between seat belt 
use, ejection, and injury severity for the occupants in 
rollovers followed by an impact. 
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Table 11. 
Ejection and seat belt use – roll followed by 

impact 
Ejection Seat belt use Total 

Used Not used Not 
known 

None     
MAIS 0-1 71 5 17 93 
MAIS 2-6 22 6 4 32 
 93 11 21 125 
Full     
MAIS 0-1 - - - 0 
MAIS 2-6 - 9 1 10 
 - 9 1 10 
Partial     
MAIS 0-1 1 - - 1 
MAIS 2-6 5 3 1 9 
 6 3 1 10 
Total     
MAIS 0-1 72 5 17 94 
MAIS 2-6 27 18 6 51 
 99 23 23 145 
 
All of the occupants who were fully ejected, and for 
whom seat belt use was known, were not wearing a 
seat belt. These occupants were all seriously injured 
or killed. 
 
Table 12 and Table 13 show the proportion of AIS 2+ 
and AIS 3+ injuries received by the occupants by 
body region and seat belt use. 
 

Table 12.  
Proportion of occupants with AIS 2+ injuries, by 
seat belt use and body region – roll followed by 

impact 
Injured ISS body 
region Percentage 
AIS 2+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 2+ (n) 27 18 6 

Head AIS 2+ 52% 72% 50% 

Face AIS 2+ 11% 6% - 

Thorax AIS 2+ 59% 72% 67% 

Abdomen AIS 2+ 19% 33% 17% 

Limbs AIS 2+ 56% 50% 50% 

External AIS 2+ 4% - 17% 

 
Similarly to rollovers without impacts, the injuries 
were dominated by head, thorax and head injuries. 
Occupants who were not wearing a seat belt had 
more injuries to more body regions, especially head 
and thorax injuries. 
 

Table 13.  
Proportion of occupants with AIS 3+ injuries, by 
seat belt use and body region – roll followed by 

impact 
Injured ISS body 
region Percentage 
AIS 3+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 3+ (n) 27 18 6 

Head AIS 3+ 48% 61% 50% 

Face AIS 3+ - 6% - 

Thorax AIS 3+ 44% 61% 67% 

Abdomen AIS 3+ 4% 28% - 

Limbs AIS 3+ 15% 17% - 

External AIS 3+ - 6% 33% 

 
 
Impact followed by roll 
 
Rollovers which occurred after an impact are likely to 
be different to rollovers which occurred before an 
impact or with no impact. Because this paper 
concentrates on the causes and consequences of 
rollovers, factors which are likely to be affected by 
the initial impact as well as the rollover, and where 
the effects of each cannot be distinguished (for 
example, roll direction and injury severity by seating 
position) have not been analysed here. 
 
Table 14 shows the relationship between the 
manoeuvre prior to the impact, and the car’s direction 
of travel at the start of the event. Compared to 
rollovers which occurred before / without an impact, 
a smaller proportion were sliding and travelling 
around a bend (16 % compared to 33 %). This 
suggests that the prevention of loss of control by ESC 
would have a relatively smaller effect of reducing 
rollover for these occupants. Similarly, the casualties 
described as in cars travelling ‘Forwards’ and sliding 
laterally to some degree represent about 28% of the 
“Impact followed by roll” group. These crashes often 
involved the car striking another vehicle or object and 
losing control or spinning before rolling over. ESC is 
likely to offer less benefits in these situations 
compared with the rolled first group.  
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Table 14.  
Manoeuvre prior to event versus direction of 

travel at start of event – impact followed by roll 
Cars’ 
direction of 
travel at the 
start of event 

Manoeuvre prior to event Total 
Forwards Left 

bend 
Right 
bend 

Other/ 
unknown 

Forwards 178 46 27 34 285 
Forwards & 
sliding to R 74 15 11 18 118 
Forwards & 
sliding to L 58 11 30 14 113 
Rearwards 4 2 2 4 12 
Rearwards & 
sliding to R 5 - - - 5 
Rearwards & 
sliding to L 2 9 - - 11 
Purely 
sideways to R 39 16 3 11 69 
Purely 
sideways to L 19 5 19 3 46 
Unknown 42 2 2 24 70 
Total 421 106 94 108 729 

 
Table 15 shows the initiating factor of the rollovers 
by the injury severity of the occupants. 
 

Table 15.  
Roll initiation – impact followed by roll 

Roll initiation 
influence 

Survivors (MAIS) Killed Total 
0 1 2+ 

Kerb 10 43 12 2 67 
Gradient up 2 15 6 3 26 
Gradient down 8 30 16 4 58 
Grass/ earth or 
soft surface 24 86 33 16 159 
Tarmac/ hard 
surface 13 78 15 2 108 
Other vehicle 14 62 15 10 101 
Safety barrier/ 
low structure 12 43 28 9 92 
Fence/ high 
structure 5 19 18 8 50 
Sharp turning or 
spinning 9 14 11 1 35 
Other - 6 - 2 8 
Not known 5 11 6 3 25 
Total 102 407 160 60 729 

 
Compared to rollovers which occurred before / 
without an impact, the proportion of rollovers 
initiated by impact with another vehicle was much 
greater. However, grass/earth or soft surface was still 
the most frequent initiating factor. 
 
Figure 12 and Figure 13 show the direction of the 
initiation force and the point of action of this force 
respectively.  
 

 

Figure 12. Direction of roll initiation force – 
impact followed by roll 
 

 

Figure 13. Point of action of initiation force – 
impact followed by roll 
 
The majority of rolls to the right and left are still 
caused by initiation forces to the left and right wheels 
respectively. 
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Figure 14. Landing surface – impact followed by 
roll 
 
Figure 14 shows that the surface the vehicles landed 
on was not related to the direction of the roll, but the 
carriageway or road surface was proportionally much 
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more common (~ 45%) compared to roll first 
incidents (~ 30%). 
 
Figure 15 shows the relationship between the number 
of rolls and the MAIS of the occupants. 
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Figure 15. Number of rolls by severity – impact 
followed by roll 
 
Occupants in a vehicle which rolled 0.25 times and 
0.5 times tended to have a lower injury severity 
compared to these occupants in vehicles with more 
rolls. However, there is a much clearer relationship 
between injury severity and whether the vehicle 
became airborne, which is shown in Figure 16. 
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Figure 16. Severity of occupants and whether 
vehicle was airborne – impact followed by a roll 
 
This figure shows that just over 60 % of the MAIS 2-
6 occupants were in a vehicle which did not become 
airborne, compared to about 80 % of MAIS 0-1 
occupants. 
 
 
 
 
 
 
 
 

Table 16 explores the relationship between seat belt 
use, ejection and injury severity.  
 

Table 16. 
Ejection and seat belt use – impact followed by 

roll 
Ejection Seat belt use Total 

Used Not used Not 
known 

None     
MAIS 0-1 310 61 124 495 
MAIS 2-6 100 36 31 167 
 410 97 155 662 
Full     
MAIS 0-1 - 4 - 4 
MAIS 2-6 4 20 2 26 
 4 24 2 30 
Partial     
MAIS 0-1 5 2 3 10 
MAIS 2-6 10 9 6 25 
 15 11 9 35 
Unknown     
MAIS 0-1 - - - 0 
MAIS 2-6 - 2 - 2 
 - 2 - 2 
Total     
MAIS 0-1 315 67 127 509 
MAIS 2-6 114 67 39 220 
 429 134 166 729 
 
As seen for all other types of rollover impact, the risk 
of ejection was much greater for occupants who were 
not wearing a seat belt, and the injury severity of all 
ejected occupants tended to be higher than for 
occupants who were not ejected. 
 
Table 17 and Table 18 show the AIS 2+ and AIS 3+ 
injuries received by the occupants in cars that rolled 
following an impact. 
 

Table 17.  
Proportion of occupants with AIS 2+ injuries, by 

seat belt use and body region – impact followed by 
roll 

Injured ISS body region 
Percentage AIS 2+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 2+ (n) 114 67 39 

Head AIS 2+ 42.1% 61.2% 43.6% 

Face AIS 2+ 10.5% 6.0% 5.1% 

Thorax AIS 2+ 45.6% 46.3% 41.0% 

Abdomen AIS 2+ 26.3% 25.4% 17.9% 

Limbs AIS 2+ 50.0% 49.3% 48.7% 

External AIS 2+ 1.8% 1.5% 7.7% 
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Table 18.  
Proportion of occupants with AIS3+ injuries, by 

seat belt use and body region – impact followed by 
roll 

Injured ISS body 
region Percentage 
AIS 3+ 

Seat belt 
used 

Seat belt 
not used 

Seat belt use 
not known 

MAIS 3+ (n) 114 67 39 

Head AIS 3+ 26.3% 41.8% 28.2% 

Face AIS 3+ - 1.5% 2.6% 

Thorax AIS 3+ 36.8% 37.3% 35.9% 

Abdomen AIS 3+ 9.6% 9.0% 7.7% 

Limbs AIS 3+ 11.4% 22.4% 12.8% 

External AIS 3+ - 1.5% 5.1% 

 
Like occupants in other rollovers, the injuries were 
dominated by injuries to the head, limbs and thorax. 
However, unlike occupants in the other types of 
rollover, the proportion of unrestrained occupants 
receiving thorax, abdomen, or limb AIS 2+ injuries, 
and thorax or abdomen AIS 3+ injuries, was very 
similar to the proportion received by occupants 
wearing a seat belt. This was due in part to the nature 
of these accidents, where, for example some 
casualties experienced significant side impacts 
involving direct loading of their torso before their car 
rolled over.   
 
CONCLUSIONS 
 
Approximately 21% of the car occupant fatalities 
examined in the UK’s Co-operative Crash Injury 
Study (CCIS) experienced a rollover. However 
rollovers are shown to be complex events, which can 
occur with or without impact(s) and are not always 
the principal cause of the resulting occupant injuries. 
 
The study differentiates the different types of 
rollovers for MAIS 2+ occupants: 
 
• Rollovers which do not involve a significant 

impact (30.1%);  
• Rollovers followed by impact(s) (13.1%) and  
• Impacts followed by rollovers (56.5%). 
 
For cars which rolled first, 33% were described as  
travelling on bends (turning) and ‘sliding’ laterally 
and 22% were described as originally intending to 
proceed ‘Forwards’, but had also ‘lost control’.  ESC 
was identified as an important countermeasure with 
respect to potentially preventing a proportion of these 
rollover accidents. For cars which had an impact 
before rollover, the potential effectiveness of ESC is 
likely to be less. 

 
The most common roll initiation influence was off-
road soft ground (grass or earth) applying force to 
both wheels (right or left). 
 
Casualties in cars which became airborne during the 
roll suffered proportionally more serious injuries.  
 
Occupants, who were either fully or partially ejected 
from their cars, were strongly linked to severe injury 
outcome. Seat belts (ideally used in conjunction with 
other restraint devices designed to prevent either all 
or part of the occupants’ body leaving the car through 
window apertures during the rollover) were shown to 
be effective.   
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SUMMARY TABLES 
 
Table A 1.  Severity of injury related to seating 
position and sex 
Seating 
Position + Sex 

Survivors (MAIS) Killed Total 
0 1 2+ 

Driver      
Male 64 297 142 62 565 

Female 27 174 48 14 263 
Not known 1 2 - - 3 

 92 473 190 76 831 
Front passenger      

Male 20 89 27 10 146 
Female 16 84 31 8 139 

Not known 6 - - - 6 
 42 173 58 18 291 
Rear passenger      

Male 21 60 18 6 105 
Female 13 65 18 5 101 

Not known 4 2 - - 6 
 38 127 36 11 212 
Not known 4 3 0 0 7 
Total 176 776 284 105 1341 
 
Table A 2. Severity of injuries related to seating 
position and belt use 
Seating 
Position + Belt 

Survivors (MAIS) Killed Total 
0 1 2+ 

Driver      
Belted 53 359 110 36 558 

Unbelted 9 34 44 27 114 
Not known 30 80 36 13 159 

 92 473 190 76 831 
Front passenger      

Belted 30 109 37 12 188 
Unbelted 2 18 13 5 38 

Not known 10 46 8 1 65 
 42 173 58 18 291 
Rear passenger      

Belted 14 54 7 1 76 
Unbelted 7 33 25 8 73 

Not known 17 40 4 2 63 
 38 127 36 11 212 
Not known 4 3 0 0 7 
Total 176 776 284 105 1341 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table A 3. Severity of injury related to seating 
position and age 
Seating 
Position + Age 

Survivors (MAIS) Killed Total 
0 1 2+ 

Driver      
< 17 1 1 - - 2 

17 – 24 28 172 63 17 280 
25 – 39 21 156 66 31 274 
40 – 59 21 87 39 20 167 

60 + 12 37 20 8 77 
Not known 9 20 2 - 31 

 92 473 190 76 831 
Front passenger      

< 17 4 18 4 - 26 
17 – 24 5 73 28 9 115 
25 – 39 3 25 14 3 45 
40 – 59 3 17 7 3 30 

60 + 6 17 4 3 30 
Not known 21 23 1 - 45 

 42 173 58 18 291 
Rear passenger      

< 17 16 47 9 - 72 
17 – 24 9 55 22 6 92 
25 – 39 1 8 3 3 15 
40 – 59 1 4 1 - 6 

60 + - 7 - 2 9 
Not known 11 6 1 - 18 

 38 127 36 11 212 
Not known 4 3 0 0 7 
Total 176 776 284 105 1341 
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ABSTRACT 
 
Statistical analyses of crash data in the United States 
show that a large percentage of heavy truck crashes 
are rollover related.  To evaluate roll stability for 
truck tractors, the National Highway Traffic Safety 
Administration (NHTSA) has performed test 
maneuvers with several Class 8 combination truck 
tractor/trailers on a test track.  Stability Control 
interventions have been observed with all test track 
maneuvers conducted on dry pavement.  Rollover 
events have been observed to be mitigated by 
stability control interventions in tests conducted with 
the truck tractor/trailer combinations loaded with a 
High Center of Gravity (CG) load.     
 
This paper discusses the initial test track observations 
and test maneuvers NHTSA evaluated.  Test 
maneuvers included constant radius increasing 
velocity tests, J-turn tests, and double lane change 
maneuvers.  These tests were conducted with and 
without tractor and trailer stability control systems 
enabled.  Tests were conducted under different 
loading conditions and on high coefficient of friction 
surface.   
 
INTRODUCTION 
 
According to the Large Truck Crash Facts 2006, 
there were 4,321 large trucks involved in fatal 
crashes during 2006. A total of 221 fatal crashes 
attributed rollover as the first harmful event [1].  
Depending on the effectiveness of a stability control 
system, some number of these may possibly have be 
prevented. 
 
Electronic stability control (ESC) systems have been 
available on light vehicles for the past decade. Over 
this time, NHTSA and others have estimated that this 
technology has the potential to prevent over 8,000 
fatal crashes per year [2]. Recognizing the safety 
potential of this technology, NHTSA has mandated 
that all vehicles less than 10,000 lbs. be equipped 
with ESC by model year 2012 [3]. 
 

More recently, heavy vehicle manufacturers and 
suppliers have begun offering stability control 
systems in the North American market on late model 
truck tractors and trailers. Some manufacturers have 
made these systems standard equipment.  Unlike 
passenger cars, heavy vehicle stability systems are 
available in different configurations with different 
levels of performance.  Depending on the application, 
it can be installed as a tractor based system or a 
trailer based system.  Tractor based systems are 
available that can mitigate roll only (Roll Stability 
Control, RSC) or are available that can mitigate roll 
and yaw instability (ESC).  In addition, trailer based 
systems are available that can mitigate rollover only.   
 
Since 2006, NHTSA has been conducting heavy 
truck stability control research on a test track to 
understand the performance benefits of this 
technology.   For this study two truck tractor stability 
systems and a trailer based stability system were 
tested to understand how stability control modified 
the base vehicle’s performance.  A variety of test 
maneuvers were used to conduct this testing.   
 
TRUCK TRACTOR STABILTY 
 
Truck tractors that pull a semi-trailer in service are 
subject to many different loading conditions.  Often 
these loads can dramatically change the handling 
characteristics of combination units.  A combination 
vehicle can be loaded so that the CG is raised 
significantly.  In these conditions the vehicle is more 
prone to roll instability.   Tank trailers carrying fuel 
or liquids have been measured to have CG heights of 
over 193 centimeters from the ground where as a 
conventional flat bed trailer may have CG of just 
over half that.  Since the same truck tractor may be in 
service pulling either type of trailer, a safety 
beneficial stability system must be able to adapt to 
either condition.  
 
Heavy vehicle stability systems are being sold in 
North America in three different configurations.  
These include: 
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• Trailer-based Roll Stability Control (RSC). 
• Tractor-based RSC. 
• Tractor based Electronic Stability Control 

(ESC).   
 
Trailer-based RSC is capable of generating torque at 
the trailer axle brakes only.  These systems generally 
do not have as much stability margin as the tractor 
based systems.  Stability margin is defined as the 
ratio between the vehicles performance with the 
technology compared to its performance without.  
 
Tractor based RSC is capable of applying brake 
torque to the wheels on the tractor drive axles and 
trailer axles.  Tractor based RSC systems generally 
have a larger stability margin than the trailer based 
systems.  This is because they are able to 
electronically reduce engine torque on the tractor in 
addition to the trailer and therefore apply more 
braking torque than trailer-based systems.  
Temporally the tractor will experience lateral forces 
before the trailer. With a proper understanding of the 
combination vehicle’s dynamics, the stability system 
can intervene earlier during the event since the 
stability system is sensing tractor lateral acceleration.  
The stability system can reduce engine torque by 
electronically removing the drivers throttle input and 
by activating engine or exhaust braking.  Having the 
ability to control the tractor’s drive axle wheels in 
addition to the trailer axle wheels allows the 
combination vehicle to decelerate more rapidly.  
These contributing factors have been observed to 
increase the platform’s stability margin when 
compared to a combination vehicle with just trailer 
based RSC.  
 
Tractor based ESC has the same functionality as 
tractor based RSC, with additional performance 
capabilities.  Tractor based ESC adds the capability 
to brake the steer axle wheels, sense the steering 
wheel position, and measure the tractor’s angular 
yaw rate.  With the additions of these capabilities, the 
ESC system can not only assist drivers in mitigating 
roll events but also yaw instability events.     
 
TEST TRACK PERFORMANCE STUDY  
 
To gain a better understanding about the performance 
of heavy vehicle stability systems, a test track study 
was conducted.  The study evaluated stability control 
performance of two truck tractors pulling a semi-
trailer under a variety of different loading conditions 
and test maneuvers.   
 
Tests were conducted with a 2006 Freightliner 
Century Class 6x4, a 2006 Volvo VNL64T630, and 

1999 Fruehauf 53 ft. (16m) van trailer.  Both of the 
6x4 tractors were modified with an external roll bar 
for the driver’s protection.  The van trailer was 
modified to support outriggers and a load frame so 
that the trailer could be ballasted safely.  These 
structures are included in the base weight and CG 
measurements for each vehicle.  Table 1 describes the 
basic platform characteristics for each test vehicle: 
 
Table 1. Base vehicle parameters. 
 Freightliner Volvo Fruehauf 
Configuration 6x4 Tractor 6x4 Tractor 53 ft’ Van 
Wheel Base 546 cm 536 cm n/a 
Base Weight 8,854 kg 8,763 kg 7,820 kg 
Vertical CG 91 cm 100 cm 120 cm 
Length 810 cm 803 cm 1,605 cm 
Width 231 cm 234 cm 257 cm 
Height 292 cm 381 cm 409 cm 
    
Brake Type Air Disc S-Cam S-Cam 
Stability 
System 

ESC ESC RSC 

   
 
All tests were conducted with a tractor pulling the 
Fruehauf 53 ft. van trailer under three different 
loading conditions.   These conditions included, a 
lightly loaded vehicle weight (LLVW), a low CG 
gross vehicle weight rating (GVWR), and a high CG 
GVWR.  LLVW was defined as the base vehicle 
weight that included outriggers, roll bar, 
instrumentation, etc. without adding any ballast to the 
trailer.  The low and high GVWR conditions were 
setup to achieve close to a 5,443 kg (12K lb) steer 
axle, 15,422 kg (34K lb) drive axle, and 15,422 kg 
(34K lb) trailer axle combined weight.  The low CG 
condition was limited by placing blocks directly on 
the floor of the trailer while the high CG was created 
by raising the ballast.   
 
Ballasting the trailer was accomplished by using 
cement blocks that were fastened by chains and 
binders to the floor of the trailer.  Each cement block 
weighed approximately 1,900 kg, and was 61 cm x 
61 cm x 183 cm.  Blocks were placed directly over 
the kingpin and trailer axles to achieve desired axle 
weight ratings. To elevate the vertical CG of the 
trailer, loading tables that accept the cement blocks 
were used.  The ballast blocks and tables can be used 
in various configurations to achieve different loading 
conditions.  Table 2 documents the loading 
conditions used to perform this testing. 
 
Tests were conducted on the vehicle dynamics area 
(VDA) at the Transportation Research Center, Inc. 
Although the coefficient of friction does change over 
time on the VDA, the average peak and slide 
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coefficients of friction were measured at 0.97 and 
0.86 for this time period.  
 
Table 2. Trailer loading for different test 
conditions. 
LLVW Trailer Vertical  CG = 154 cm 

from ground. 
 Steer (kg) Drive (kg) Trailer (kg) 
Freightliner 4984 6586 5443 
Volvo 5025 6309 5279 
 
Low CG Trailer Vertical CG = 152 cm 

from ground 
 Steer (kg) Drive (kg) Trailer (kg) 
Freightliner 5316 15159 15295 
Volvo 5384 15140 15299 
 
High CG Trailer Vertical CG = 219 cm 

from ground 
 Steer (kg) Drive (kg) Trailer (kg) 
Freightliner 5302 15413 15345 
Volvo 5307 15118 15404 
 
 
For each vehicle and loading combination, three 
handling maneuvers were performed.  The matrix 
displayed in Table 3 was completed for each of the 
three maneuvers.  This matrix was designed to allow 
a performance comparison of the combinations with 
and without stability control at the three different 
load conditions.  This methodology also allowed the 
observance of interactions between the tractor and 
trailer stability control systems.  
 
 
Table 3. Test matrix conducted for each test 
maneuver. 

Speed (KM/H) at Critical Event 
~GVWR LLVW 

Low CG High CG 

 

Trailer RSC Trailer RSC Trailer RSC 
 OFF ON OFF ON OFF ON 
Freightliner       

ESC OFF       
ESC ON       

Volvo       
ESC OFF       
ESC ON       

 
 
Based on the experience from previous NHTSA light 
vehicle research, several maneuvers were chosen to 
evaluate combination unit truck stability control 
performance on a high coefficient of friction surface 
[4]. These maneuvers included the following: 
 

• Constant radius circle with increasing 
velocity 

• J- turn with constant radius 
• Double Lane Change Maneuver 

 
Testing was conducted both clockwise and counter-
clockwise for each maneuver.  Very minor 
asymmetries were observed.  For purposes of this 
paper, direction will not explicitly be discussed.  
Results will be combined showing both clockwise 
and counterclockwise maneuvers, unless otherwise 
noted.   
 
Constant radius circles with increasing velocity tests 
were conducted on the 45 m and 61 m radius circles 
located on the center of the VDA.  For both of these 
maneuvers, the test driver followed the radius with 
either the passenger side steer tire (clockwise) or the 
driver side steer tire (counter-clockwise) while 
slowly increasing the vehicle’s speed.  As speed 
increased, the driver steered the vehicle to maintain 
the radius as the vehicle tended to understeer.  The 
test was complete when the driver was no longer able 
to follow the radius (vehicle plows out), no longer 
increase velocity (drive axles lose traction), and/or 
the trailer wheels lifted more than 5 cm off the 
ground (outriggers making contact with the test 
surface).     
 
J-turn tests with a constant radius were conducted 
using a 45 m and 61 m radius located on the center of 
the VDA.  For purposes of this paper, only the 45 m 
data will be discussed.   
 
To conduct this maneuver, the driver entered a start 
gate delineated by pylons and then followed the 
radius with either the passenger side steer tire 
(clockwise) or the driver side steer tire (counter-
clockwise) at a given test entrance speed.  When the 
driver entered the start gate (cones at the point 
tangent to the radius), they were instructed to drop-
throttle, and complete the maneuver following the 
radius as best they were able.  Test entrance speeds 
started at 32 km/h and were incremented by 3 km/h 
to increase severity until the test termination 
condition was met.  The test termination condition 
was satisfied when either the outriggers made contact 
with the ground, the combination vehicle was 
noticeably under-steering, stability control brake 
activation was observed, or when the test entrance 
speed of 80 km/h was achieved.  80 km/h was chosen 
for a maximum test entrance speed based on 
available test area and design of the safety support 
equipment (outriggers, roll bar, etc.)    
 
Double lane change tests were performed on the 
VDA.  Gates were setup as detailed in Figure 1.  The 
test driver was instructed to enter the starting gate a 
given test entrance speed, drop throttle, and then to 
steer the combination vehicle through the gates, as 
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best they were able without hitting any of the pylons 
delineating the course.  Test entrance speeds started 
at 32 km/h and were incremented by 3 km/h to 
increase severity until the test termination condition 
was met.  The test termination condition was satisfied 
when either the outriggers made contact with the 
ground, the combination vehicle was grossly under or 
over-steering, stability control brake activation was 
observed, or when the test entrance speed of 80 km/h 
was achieved.     
 
 

 
Figure 1. Double lane change maneuver. 
 
 
MEASURES 
 
Each tractor and the trailer were instrumented with a 
variety of sensors to measure the vehicles’ dynamics 
and state of stability control system.  Table 4 and 5 
list the measures that were collected on the tractors 
and trailer respectively. 
 
 
Table 4. Tractor based measures. 
Measure Units 
Lateral Acceleration G’s 
Longitudinal Acceleration G’s 
Vertical Acceleration G’s 
Yaw Angular Rate Deg/sec 
Roll Angular Rate Deg/sec 
Pitch Angular Rate Deg/sec 
Throttle Position % displaced 
Brake Treadle Switch On/Off 
Steering Wheel Angle Deg. 
Frame Rail Height @ approx long. CG L/R cm 
Rear Drive Axle Height L/R cm 
Brake Chamber Pressures (6) kPa 
Glad Hand Pressure kPa 
Wheel Speeds (6) KM/H 
Tractor Ground Speed KM/H 
J1939 VDC1 CAN MSG  RSC/ESC Status 
 
Table 5. Trailer based measures. 
Measure Units 
Lateral Acceleration G’s 
Longitudinal Acceleration G’s 
Yaw Angular Rate Deg/sec 
Roll Angular Rate Deg/sec 
Outrigger Height (Left and Right) cm 
Rear Trailer Axle Height (Left and Right)  cm 
Brake Chamber Pressures (4) kPa 
Wheel Speeds (4) KM/H 
 

While most of the measures collected are self-
explanatory, a short discussion about how wheel lift 
was calculated and how stability control activation 
was determined is described.   
 
Rear drive axle height on the tractor and rear axle 
height on the trailer are both measured with sensors 
mounted on the left and right of the relevant axles.  
Data are processed and analyzed for determining if 
wheel lift has occurred.  It should be noted for 
purposes of this study, wheel lift is considered to be 
greater than 5 cm.  The value of 5 cm is used because 
it has been demonstrated that at this height, it can be 
visually confirmed.   
 
The brake treadle switch, glad hand pressure, and 
brake chamber pressures were all measured to 
determine the source of brake activation.  Under the 
given test protocol, the driver should not be braking 
during a maneuver.  If this does occur the test is 
invalid.  Monitoring the trailer brakes and glad hand 
pressure, confirms if the trailer RSC activated.  If 
there was no glad hand pressure (trailer air brake 
command) and pressure was observed at the 
chambers, then Trailer RSC intervention was 
inferred.  Tractor ESC braking was confirmed by 
observing pressures build in the tractor brake 
chambers while their treadle pressure was at zero.  In 
cases where both the tractor and trailer based systems 
were enabled, the tractor system dominated the trailer 
system because it activated earlier and mitigated the 
instability before the trailer based system could 
activate.  In the rare event that both systems engaged 
simultaneously, a difference between the glad hand 
pressure and trailer chamber pressures could be 
observed.     
 
Using the SAE J1939 VDC1 CAN message available 
on both tractors, several status bits were observed to 
help determine the source of tractor stability 
activation.  This message contains four bits that 
indicate the state of the stability system.  These bits 
indicate if one of the following occurs: 
 

• Engine torque reduction ESC  
• Engine torque reduction RSC 
• Brake activation ESC 
• Brake activation RSC 

     
RESULTS 
 
Data from each test series was processed and 
analyzed.  For purposes of this paper, results will be 
discussed in terms of the ground speed of the tractor 
at the start of the maneuver and the maximum lateral 
acceleration experienced at the CG of the tractor 
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during the test maneuver.  Results will also be 
discussed in terms of tests that resulted in trailer 
wheel lift greater than 5 cm and if the stability system 
activated during the maneuver.  
 
Constant Radius Circle  
 
Table 6 summarizes the results in terms of speed at 
the critical event during the maneuver.  The speed 
was representative of all runs in a series including 
both left and right conditions.  The critical event 
occurred when the stability system activated or for 
the case where stability control was disabled, the 
speed that wheel lift occurred.  In some cases, the 
vehicle may not have had a critical event. The trailer 
RSC condition was tested with only the Volvo 
tractor.    
 
Test results show that tractor ESC as well as trailer 
based RSC were capable of mitigating wheel lift in 
this maneuver.  When any of the stability systems 
were enabled, wheel lift was no longer observed.   
 
With ESC completely disabled, both the LLVW and 
low CG conditions resulted in the vehicles severely 
under-steering before wheel lift occurred.   The 
speeds where this occurred were very similar for each 
of the truck tractor combinations tested.  For the high 
CG load condition, each test resulted in wheel lift. 
 
Table 6. Constant Radius maneuver speed at 
critical event test results. 

Speed (km/h) at Critical Event 
~GVWR LLVW 

Low CG High CG 

 

Trailer RSC Trailer RSC Trailer RSC 
 OFF ON OFF ON OFF ON 
Freightliner       

ESC OFF 64^ X 56^ X 47* 42 
ESC ON 48 49 43 42 41 40 

Volvo       
ESC OFF 65^ 49 55^ 48 46* 42 
ESC ON 58 49 38 39 36 37 

* - Denotes wheel lift. 
^ - Denotes no critical event. 
X - Denotes not tested. 
 
The effects of stability control can be observed by 
comparing maximum lateral acceleration vs. speed 
for each load and stability condition.  Maximum 
lateral acceleration (Ay) vs. critical event speed data 
for the constant radius test are displayed in Figures 2 
and 3, for the Freightliner and Volvo.   In each figure 
there are three subplots.  Each subplot represents one 
of the loading conditions, they are labeled LLVW, 
Low and High. 
 

All test runs with trailer wheel lift occurred without 
stability control active.  No cases of wheel lift were 
observed under the LLVW or low CG condition.  
Under these load conditions, both tractors would 
understeer and did not reach a velocity much greater 
than 65 and 55 km/h for their respective loading 
conditions.  When loaded in the high CG condition, 
wheel lift occurs in every test that results in a lateral 
acceleration greater than 0.45G. 
 

 
Figure 2. Freightliner maximum tractor Ay vs. 
speed during the 45 m constant radius test. 
 
Truck tractor based stability control limited the 
maximum lateral acceleration of the tractor and 
prevented wheel lift for the different loads tested. 
Both tractors function in a similar manner, allowing 
higher maximum lateral accelerations for the LLVW 
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as compared to the low and high CG conditions.  
There was little difference in peak lateral acceleration 
under the low and high CG conditions. 
 
     

 
Figure 3. Volvo maximum tractor Ay vs. speed 
during the 45 m constant radius test. 
 
Trailer based RSC was observed to limit maximum 
lateral acceleration and mitigate wheel lift with the 
different loads tested.  Tractor maximum lateral 
acceleration was limited by the trailer to under 0.5 G 
for LLVW, 0.4 G to 0.5 G for Low CG, and 0.35 to 
0.4 G for the high CG condition.   
 
When both truck tractor and trailer based stability 
control were enabled, results were similar to the 
tractor based stability control system for the low and 

high CG conditions and closer to the trailer only RSC 
condition under the LLVW load.  This might be 
expected as the trailer based system has a more 
conservative approach to adjust the allowable 
maximum lateral acceleration based on loading 
condition. In comparison, the truck tractor based 
systems were observed to be more adaptive as the 
load increases.  
 
 
45 m J-turn  
 
Table 7 summarizes the test results for the 45 m J-
turn maneuver in terms of maneuver entrance speed 
at which a critical event was observed.  Both left and 
right maneuvers were performed.  Although results 
were observed to be similar for both directions only 
results from tests performed to the left are shown.  
The critical event occurred when the stability control 
system activates, or for the cases where stability 
control was disabled, the speed that wheel lift 
occurred.  In some cases, the vehicle may not have 
encountered a critical event. The trailer RSC 
condition was tested with only the Volvo tractor.    
 
For all tests with tractor based ESC, no cases of 
trailer wheel lift were observed for the J-turn 
maneuver.  For both tractors in the low and high CG 
loading conditions, tractor based ESC intervened 
with braking at a speed well before the speed 
observed to produce trailer wheel lift.  In the LLVW 
conditions the Freightliner’s ESC system activated 
braking approximately 12 km/h sooner than the 
Volvo’s.    
 
Table 7. 45 m J-turn maneuver speed at critical 
event test results. 

Speed (km/h) at Critical Event 
~GVWR LLVW 

Low CG High CG 

 

Trailer RSC Trailer RSC Trailer RSC 
 OFF ON OFF ON OFF ON 
Freightliner       

ESC OFF 81^ X 61* X 49* X 
ESC ON 49 49 44 43 44 43 

Volvo       
ESC OFF 77* 60 60* 45 50* 45 
ESC ON 61 60 40 40 40 40 

* - Denotes wheel lift. 
^ - Denotes no critical event. 
X – Denotes not tested. 
 
Trailer based RSC was also observed to improve the 
base combination vehicle’s roll propensity.  From 
Table 7, the trailer system was observed to activate at 
similar speeds as the tractor based system for the 
LLVW load condition.  When the Low and High CG 
load conditions were tested at GVWR the tractor 



Barickman 7 

based system was observed to activate at 
approximately 5 km/h sooner.  For this maneuver, 
when both systems were enabled, the tractor based 
system was observed to dominate the trailer system. 
 
The effects of stability control can be observed by 
comparing maximum Ay vs. maneuver entrance 
speed for each load and stability condition.  This data 
for the J-turn maneuver are displayed in Figures 4 
and 5 for the Freightliner and Volvo.   As previously 
mentioned each subplot represents one of the three 
loading conditions, they are labeled LLVW, Low and 
High. 
 
 

 
Figure 4. Freightliner maximum tractor Ay vs. 
speed during the J-turn drop throttle maneuver. 
 

 

 
Figure 5. Volvo maximum tractor Ay vs. speed 
during the J-turn drop throttle maneuver. 
       
For both tractors, in the base configuration with 
stability control disabled, wheel lift occurred in all 
load combinations except for the Freightliner in the 
LLVW condition.  For the Volvo and LLVW load 
condition, wheel lift of the trailer was observed when 
the tractors’ maximum lateral acceleration exceeded 
0.75 G.    
 
With stability control disabled and Low CG load 
condition, wheel lift was observed for tractor 
maximum lateral accelerations greater than 0.67 G 
for the Freightliner and 0.6 G for the Volvo.   For the 
High CG condition wheel lift was observed for 
tractor maximum lateral accelerations that achieved 
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approximately 0.45 G with the Freightliner and 0.42 
G for the Volvo.   
 
Enabling tractor ESC limited the maximum lateral 
acceleration for both the truck tractor and the trailer.  
As a result wheel lift was no longer observed for the 
range of speeds evaluated.  When loaded in the 
LLVW load condition tractor maximum lateral 
accelerations were limited to approximately 0.6 G in 
the Freightliner and the Volvo did not appear to be 
limited.  When loaded in the Low or High CG 
condition, tractor lateral accelerations were limited to 
0.5 and 0.4 for the Freightliner and Volvo 
respectively.   
 
Trailer RSC was able to mitigate trailer wheel lift in 
both the LLVW and Low CG conditions.  In the High 
CG condition, several instances of trailer wheel lift 
were observed with the trailer stability system 
enabled.  The trailer system was overdriven when 
maximum lateral acceleration exceeded 0.5 g with 
entry speeds above 57 km/h. Though wheel lift was 
observed at speeds above 57 km/h the trailer system 
improved roll stability from the base condition.  
Without any type of stability control enabled, trailer 
wheel lift was observed at speeds of 50-53 km/h.          
 
 
Double Lane Change (DLC) 
 
Table 8 summarizes the results in terms of maneuver 
entrance speed at which a critical event was observed 
during the DLC maneuver.  The critical event was 
when the stability control system activated or for the 
cases where stability control was disabled, the speed 
that wheel lift occurred.  In several cases both critical 
events were observed, and in such cases both speeds 
are reported. Results for both the LLVW and Low 
CG conditions are not reported since all tests, 
including ESC disabled on both the tractor and 
trailer, were completed without wheel lift up to the 
termination speed of 80 km/h.  Only results for only 
the High CG condition are reported.     
 
As shown in Table 8, instances of wheel lift were 
observed for the test conditions conducted with 
tractor stability control systems disabled and also 
when the systems were enabled.  With both systems 
disabled, instances of wheel lift were observed at 66 
KM/H with the Freightliner and 73 KM/H with the 
Volvo.   
 
When the trailer system was enabled (tractor system 
disabled), two critical events were observed.  First 
the trailer system was observed to activate at 
maneuver entrance speeds of 49 and 53 KM/H for the 

Freightliner and Volvo.  Then wheel lift was 
observed at maneuver entrance speeds of 66 and 80 
KM/H when the trailer was connected with the 
Freightliner and Volvo respectively.   
 
With only the tractor based stability control systems 
enabled, two critical events were observed with the 
Freightliner and one event was observed with the 
Volvo.  As shown in Table 8, the Freightliner’s 
stability control system activated at 45 KM/H and 
then was overdriven at 82 KM/H (trailer wheel lift 
observed.)   The Volvo’s stability control system 
activated at 45 KM/H with no instances of trailer 
wheel lift at the subsequent higher test speeds.     
 
When both truck-tractor and trailer stability control 
systems were enabled the tractor based stability 
control systems were observed to dominate the trailer 
systems.  Two critical events were observed with the 
Freightliner combination.  Stability control activation 
was first observed at 52 KM/H and then was 
overdriven at 82 KM/H (trailer wheel lift observed.)   
Stability control activation was observed at 46 KM/H 
with the Volvo.  Trailer wheel lift was not observed 
for the range of speeds evaluated in this combination 
and maneuver.   
 
Table 8. DLC maneuver speed at critical event test 
results. 

Entrance Speed 
(KM/H) at Critical 

Event 
~GVWR High CG 

 

Trailer RSC 
 OFF ON 
Freightliner   

ESC OFF 66* 49 
 66* 

ESC ON 45 
 82* 

52 
 82* 

Volvo   

ESC OFF 73* 53 
 80* 

ESC ON 45 46 
* - Denotes wheel lift. 

 
When the truck tractor based ESC systems were 
active, instances of wheel lift were no longer 
observed for test speeds less than 80 KM/H.  The 
minimum speed observed to activate the truck tractor 
systems in the DLC maneuver was 45 KM/H for both 
truck tractor systems. The truck stability systems 
were observed to be activating at speeds 4 to 8 KM/H 
lower than the trailer based stability control system.   
 
The effects of stability control can be observed by 
comparing maximum truck tractor lateral acceleration 
(Ay) vs. maneuver entrance speed for each testing 
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condition.  These data for the DLC maneuver are 
displayed in Figures 6 and 7 for the Freightliner and 
Volvo.  
 

 
Figure 6. Freightliner maximum tractor Ay vs. 
speed during the DLC maneuver. 
 
 

 
Figure 7. Volvo maximum tractor Ay vs. speed 
during the DLC maneuver. 
 
As shown in Figure 6, the stability control activation 
in the Freightliner was first observed for a DLC 
maneuver that produced a maximum lateral 
acceleration of 0.3 G.  The figure shows that when 
the systems were disabled wheel lift was not 
observed until a maximum tractor lateral acceleration 

of 0.45 G.  The Freightliner’s stability control system 
was observed to limit peak lateral acceleration to 
approximately 0.50 G, which, mitigated wheel lift at 
the trailer for tests performed under 80 km/h.  Tests 
performed at speeds greater than 80 km/h resulted in 
maximum lateral accelerations that exceeded 0.6 G.  
Then trailer wheel lift was observed regardless of 
interventions by the tractors stability control system.     
 
Figure 7 shows that the stability control system in the 
Volvo activated in a DLC maneuver at a tractor 
maximum lateral acceleration of 0.22 G.  The 
Volvo’s stability control system was then observed to 
limit tractor maximum lateral acceleration to 
approximately 0.40 G and mitigate wheel lift for all 
speeds evaluated in the DLC maneuver.  When 
stability control systems were disabled with the 
Volvo, trailer wheel lift was observed when tractor 
maximum lateral acceleration reached 0.41 G. 
 
For test series completed with only the trailer’s 
stability control system enabled, the trailer system 
was observed to activate when maximum tractor 
lateral acceleration reached 0.38 G with the 
Freightliner (Figure 6) and 0.28 G with the Volvo 
(Figure 7).  Trailer wheel lift was observed when a 
maximum tractor lateral acceleration of 0.57 G was 
reached with the Freightliner and 0.47 G with the 
Volvo.  When all systems were disabled trailer wheel 
lift was observed at 0.45 G with the Freightliner and 
0.41 G with the Volvo.   
 
Maximum lateral acceleration from test series 
conducted with both tractor and trailer stability 
control systems enabled were similar to those test 
series conducted with the tractor stability control 
system enabled.  For the Freightliner, activation was 
observed when the maximum tractor lateral 
acceleration first reached 0.3 G (tractor stability 
system enabled activated when maximum lateral 
acceleration reached 0.3 G).   For the Volvo 
combination, activation was observed when the 
maximum tractor lateral acceleration first reached 
0.20 G (tractor stability system enabled activated 
when maximum lateral acceleration reached 0.22 G) 
  
Discussion 
 
For both tractor based stability systems, changes in 
the tractor lateral acceleration when the stability 
systems activated were observed between the LLVW 
and GVWR loads.  Maximum lateral accelerations 
were very similar between the low and high CG 
conditions.  The trailer based system exhibited 
similar changes in tractor lateral acceleration when 
the stability system intervened but with less range.  
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This suggests that the heavy vehicle stability systems 
tested were capable of sensing or estimating load but 
are not estimating the CG of the load.   
 
For the constant radius circle, increasing velocity 
tests both tractor and trailer systems were capable of 
mitigating trailer wheel lift and limiting maximum 
tractor lateral acceleration.  This maneuver increased 
lateral acceleration at a moderate rate proportionately 
with the square of velocity.  The maneuver did not 
produce a large amount of dynamic overshoot in 
lateral acceleration.  The maneuver demonstrated 
differences between tests with and without stability 
control enabled, but was not very effective in 
demonstrating the differences between a tractor and 
trailer based system.     
 
For the J-turn tests, tractor based systems were able 
to mitigate trailer wheel lift in all test series 
conducted.  The trailer based RSC system provided 
some improvement in stability but was overdriven 
before 80 km/h was reached.   For the J-turn, lateral 
acceleration increased at a faster rate than for the 
constant radius maneuver.  At higher speeds, the 
maneuver generated dynamic overshoot in lateral 
acceleration making this a challenging maneuver.  
The maneuver was able to distinguish between tests 
with and without stability systems enabled, and 
demonstrated performance differences between 
tractor and trailer based systems. 
 
Unfortunately, not all J-turn tests with the tractor 
based system enabled were conducted to the point of 
test termination speed or to the point where trailer 
wheel lift was observed.  At higher speeds there was 
the potential to overdrive the tractor systems as well. 
 
During DLC testing, tractor based systems were able 
to mitigate trailer wheel lift in most test series.  In all 
completed tests, two instances of wheel lift were 
observed with the tractor based ESC system enabled 
on the Freightliner.  In both of these cases, maneuver 
speed was just over 80 km/h and tests were 
conducted with the same driver.  In further review of 
the data, it was determined that the system was not 
functioning properly for those test series.  Regardless, 
the system performance was better than the base 
vehicle’s.   
 
The trailer based system provided some improvement 
in stability but was able to be overdriven at a lower 
speed than the tractor based systems.  Again, its 
performance was still better than the base vehicle’s 
performance.   
 

The DLC maneuver was able to demonstrate 
differences between tests with and without a stability 
system enabled and between tractor and trailer based 
systems; however these results were not as clear 
when compared to the other maneuvers.  The DLC is 
a very dynamic maneuver and can generate rapid 
rates of lateral acceleration, however, results varied 
by driver.  Since the goal of the maneuver is to 
navigate the lane change gates, drivers can steer the 
tractor semi-trailer unit in a variety of ways to 
successfully complete the maneuver.    
 
One strategy observed entailed the driver smoothly 
steering the vehicle over time to follow the path 
marked out for the maneuver.   In some cases the 
driver was observed steering before the gate to 
anticipate tractor response time.   The second 
observed strategy entailed the driver waiting until the 
last possible second to abruptly steer, then hold the 
steering wheel angle and wait for the truck to 
respond.  This type of input was then repeated to 
make truck navigate the lane change successfully.   
 
Because of these distinct strategies, the outputs from 
this maneuver can result in very different lateral 
accelerations for any test entrance speed.  This 
potentially suggests why the data are not as clean in 
determining the differences between system 
performances.  The repeatability of the test may 
suffer from driver influences.   
 
 
Conclusions 
 
Overall, both tractor and trailer stability control 
systems improved the roll stability of the base tractor 
semi-trailer.  For a given maneuver, tractor-based 
stability systems were able to mitigate trailer wheel 
lift at the same or higher entrance speeds than trailer 
only based systems.  Trailer-based stability systems 
were able to mitigate trailer wheel lift at the same or 
higher maneuver entrance speeds than the base 
tractor semi-trailer vehicle.  For all test maneuvers 
and conditions performed on the test track, enabling 
stability control was not observed to degrade the 
stability of the tractor.  
 
Based on the results of this study, a performance test 
based on the J-turn appears to be a suitable to 
evaluate tractor and trailer stability control systems.  
However, further study of this type of maneuver is 
necessary to understand how stability control 
technology and other factors influence the dynamic 
response of heavy vehicles.   
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ABSTRACT 
 
This paper deals with the influence of an outrigger 
on roll stability of a load dependent LCV (light 
commercial vehicle), since they are frequently 
inclined in rollover accidents because of the high 
CG (centre of gravity), inaccurate loading. That’s 
why, in recent years, ESP (Electronic Stability 
Program) function has also been integrated in them. 
Our outrigger based rollover controllers (that 
contain 1 support and 2 supports per side) were 
realized, simulated to assess objectively and the 
influence of the manoeuvres has been tested on the 
dynamic simulator via questionnaire as a subjective 
evaluation. Just because not only the controller but 
also the reactions of the driver will influence the 
stability.  

 

INTRODUCTION 
 
The simulator MARS in Automotive and Power 
Train Engineering, Helmut Schmidt University-
University of the Federal Armed Forces Hamburg 
has an 8 DOF (degree of freedom) motion system 
which is shown in Figure 2. It is operated inside an 
experimental cab, within a driving environment.  
 
With the control instruments (Steering wheel, Gas 
and Brake pedals) that are obtained from original 
parts of a real vehicle, and  the driver’s view 
system is provided by three monitors that are inside 
the cab, besides one that arranges the view  outside 
the cab for the employment of extensive measuring 
technique (inertial platform, acceleration sensor, 
bio feedback, camera, etc..) prepared, which has 
been already used with numerous attempts.  
 
Also there is a static simulator in Automotive and 
Power Train Engineering, Helmut Schmidt 
University-University of the Federal Armed Forces 
Hamburg that is given in Figure 1. 
 

 
Figure 1. Static Driving Simulator 

 

Figure 2. Dynamic Driving Simulator 
(Modular    Automotive Research Simulator-
MARS) 

 
The computation of the vehicle dynamics is 
prosecuted on both simulators by CarSim. An 
extension of the model, additional interactive direct 
access or also responding and configuring of the 
interfaces are made by the software 
MATLAB/Simulink.  
 
On test stand, a real time is realized via an 
additional real time computer (Target) with the 
operating system QNX and the platform RT-Lab 
whereas vehicle dynamics computer is called as 
Host. The interfaces to the control instruments 
and/or armatures are made by analogue, digital IO 
modules, which as modules in the real time 
computer condition that responds motion system by 
TCP/IP.  
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The paper deals with the influence of an outrigger 
on roll stability of a LCV (light commercial 
vehicle), with different driving manoeuvres and 
scenarios, while LCVs frequently intend to have 
accident because of the high CG (centre of gravity) 
and inaccurate loading [1, 2]. That’s why ESP 
function has also been put in the LCVs  in recent 
years.  Exemplary conception of used Simulink 
models is dealt the comprehensibility and the 
possibilities of the existing total concept. In 
addition, a view on possible future applications 
and/or projects, which with the existing structure 
within the range HIL (Hardware in Loop)/SIL 
(Software in Loop)/MIL( Man in Loop) are able to 
be realized. 
 
In order to evaluate the effect of the outrigger 
system on the vehicle’s safety, our own outrigger 
based rollover controller was realized. Objective 
and subjective tests with standard handling 
manoeuvres showed the influence of outrigger on 
car stability. Because especially the feeling of the 
driver are of importance. Just because not only the 
controller but also the reactions of the driver will 
influence the handling stability.  
 
Here is  also pointed out the influence of the 
simulator on closed-loop relevant rollover 
manoeuvre (double lane change). Subjective 
Assessments have been done on the dynamic 
simulator. 
 
Modelling of an Outrigger System for Rollover 
Prevention 
 
In this study, two different types of outrigger have 
been simulated and compared to each other. One of 
them is that it contains a supporting a side and the 
second one is that it has two supportings for a side 
which has been given in Figure 3 and 4 
respectively.  

 

 
Figure 3. Outrigger with one supporting per a 
side.    
                                        

 
Figure 4. Outrigger with two supportings per a 
side. 

 
The integration of a supporting device in the 
driving dynamics program CarSim can be realized 
by „Reference Points “and „Sensors “, of which 
assistance points are defined outside of the vehicle, 
which are firmly connected with the vehicle body. 
In the vehicle dynamics program CarSim can be 
defined thereby up to ten „Reference Points“. With 
the help of the „Reference Points “ new produced 
„outputs “- variables, which can be handed over to 
a MATLAB/Simulink program. These „outputs “- 
variables are the global x, y and z-coordinates of 
the respective „Reference Points “. These 
coordinates serve to be able to represent bounce or 
other interactions of the vehicle model with the 
ground. Further they can be used for the support 
assemblies to attach which deviate from the usual 
structure of a vehicle model. 
 
The „Reference Points“ are additionally used for 
the forces in x  y and z-direction to import from 
MATLAB/Simulink program. These generated 
forces in the MATLAB/Simulink program then 
enter into the „Reference Points“ and change the 
driving dynamic behaviour of the vehicle model. In 
order to be able to determine accelerations and 
speeds in the „Reference Points“, in the CarSim 
GUI, „Sensors “ surface must be provided into the 
respective „Reference Points“. These sensors have 
the same x, y and z-coordinates as the „Reference 
Points“. Additionally for the orientation, the sensor 
must be indicated regarding the axes of coordinates 
of the output coordinate system. The orientation of 
the axes of the sensors corresponds to those of the 
axes of the origin coordinate system, why the 
respective orientation angle is 0°. Speeds and 
accelerations determined by „Sensors“ can be 
handed over likewise as „outputs “- variables to the 
MATLAB/Simulink program. In order to be able to 
examine different variants of a support assembly, 
additionally the variant with in each case two 
supports on both sides of the vehicle model was 
produced.  
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MATLAB/Simulink to Generate the Forces 
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Figure 5. Schematic representation of the forces 
on the outrigger (supporting) 
 
If the z-coordinate of the „Reference Points “ of the 
supporting yields zero after tilting due to a driving 
manoeuvre in the frontier and thus causes a contact 
between the support assembly and the road, and 
forces are formed in horizontal and vertical 
direction of the supporting. The 
MATLAB/Simulink program is described again by 
the example of in each case a support per vehicle 
side. Horizontal forces in x and y-direction at the 
touching point of the support are occured (see 
Figure 5). These are determined according to the 
principle of the Coulomb friction, i.e. if the relative 
velocity is not equal to zero vrel between two bodies 
at the edge contact, the bodies rub against this edge 
contact. Using this law frictional forces yield to : 
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The vertical force (see Figure 5) depends on the 
spring constant  „kS“   of the support. And  „zS“ is 
the z-coordinate of the supportings. The vertical 
forces are calculated from : 

 

SSz zkF ⋅=                                                       (2)       

                                                                               

The determination of the spring constant of the 
support is obtained from „the spring model of the 
bending beam “. A beam, which is loaded with a F 
force and bent, behaves mechanically like a linear 

course compression spring, similarly as a 
longitudinal beam (Figure 6) [3]. 

 

 
Figure 6. Cantilever with load [3] 

 

The kS constant of the cantilever is calculated with 
equation (2). 

3

3
S

E I
k

l

⋅ ⋅=                                                     (3)                                                                       

 

Because the outrigger is steel made, the elasticity 
module E=210000 N/mm2. The length of the 
supporting arm has been chosen as l =1500 mm. 
And the geometrical moment of inertia Ι, calculated 
using a hollow profile to decrease the excess 
weight on the vehicle. To specify the spring 
constant the rectangular profile in Figure 7 is used.  

 

 

 

 

 

 

 

 

 

Figure 7. Rectangular profile of the supporting 
arm 
 

The geometric inertial moment yields as follows: 

 
3 3 3 3

5 4

100 (100 ) 90 (90 )

12 12
28,66 10

B H b h mm mm mm mm
I

I mm

⋅ − ⋅ ⋅ − ⋅= =

= ⋅
                                                                (4) 

 

As a conclusion the kS spring constant of the 
cantilever results as: 
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The frictional forces, as seen in Equation (1), are 
existed from the tangential velocities at the contact 
in the respective coordinate direction, from which 
are computed with also using Fz as well as from the 
coefficient of friction µR between the support and 
the asphalt. The velocities vx and vy on the touching 
points are thereby  described „Sensors“ of CarSim 
for the MATLAB/Simulink program to hand over 
and be able to be determined directly.  
 

Determination of the Friction Coefficient 

The contact point of support assembly is 
considered to have a hemisphere of 
Polyoxymethylen (POM). Equation (6) has been 
used to determine the coefficient of friction µR of 
POM and asphalt. 
 

 mass Totalmass/  Drag  µR=              (6)                                                                         

 

 
Figure 8. Specifying the friction coefficient 

 
The experimental setup for the determination of the 
coefficient of friction is represented in Table 1. The 
mass of the steel plate weighs to mPlatte = 6 kg, the 
mass of the POM hemisphere from amounts 
mHemisphere = 3 kg, whereby a total mass of the 
experimental assembly results mtotal = 9 kg. The 
amount of the load on the steel plate has been 
changed from m = 2.5 kg  to m = 10 kg in step of 
2,5kg. Then the friction coefficient between the 
POM hemisphere and asphalt was then determined 
with the different weights with the help of a 
dynamometer, which is connected between the 
POM hemisphere and the steel plate on the asphalt 
(Figure 8).  
 
 
 

 
Table 1. 

Friction coefficient µR determination 
 
Total mass mtotal [kg] Drag force [kg] Friction coeffiecient µR 

9 3.5 0.39 

11.5 4 0.35 

14 5 0.36 

16.5 6.5 0.39 

19 8 0.42 

 Average: 0.38 

 

 

Vehicle Dynamics Simulations 

In order to be able to measure the influence of the 
supporting device on the driving dynamics of the 
test vehicle, different driving manoeuvres have 
been accomplished with different variations of the 
supporting device as well as different loading 
conditions. In this study, the results from double 
lane change and the step steer are presented. Table 
2 indicates the coordinates of the centre of gravity 
(CG) of the empty vehicle and the inertia moments 
belonging to it. 

 

 

Table 2.   
Coordinates of the CG and the inertial moments 

of the vehicle 
 

Coordinates Dimension 

x-Coordinate 1475 mm 

y-Coordinate -30 mm 

z-Coordinate 840 mm 

Inertia Moments Size 

Ix 1300 kgm2 

Iy 7300 kgm2 

Iz 6800 kgm2 

 

 

 

 

 

 

 

 

 

Mass m 

Weight G = m * g 

Friction coefficient µR 

Friction force FR Road 

F 

z 

x 

POM Hemisphere 

Plate 

Dynamometer 
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Table 3. 
 Variation of the influencing parameters 

 

Driving Velocity 60km/h 80 km/h 

Loads on the 

Axles in % 

(front/rear) 

1. Case 

55 / 45 

2. Case 

46 / 54 

3. Case 

37 / 63 

Coordinates of 

Loading 

x = 

2000 

mm 

z = 

1500 

mm 

x = 

3000 

mm 

z = 

1500 

mm 

x = 

4000 

mm 

z = 

1500 

mm 

Coordinates of 

Outrigger (1 

supporting per 

vehicle side) 

x = 

1000 

mm 

x = 

1500 

mm 

x = 

2500 

mm 

Coordinates of 
Outrigger (2 

supportings per 
vehicle side) 

x1 = 

1000 mm 

x2 = 

3600 mm 

x1 = 
1300 
mm  

x2 = 
3000 
mm 

x1 = 
1600 
mm  

x2 = 
2700 
mm 

 
In this study, loading that weighs 1000 kg has been 
used for the loaded conditions. The unloaded 
vehicle has load distribution of 60/40 (On Front 
Axle/On Rear Axle). The other loading variations 
have been given in Table 3.  
 
Double Lane Change Results 

To evaluate the dynamical driving behaviour of the 
vehicle, double lane change manoeuvre respect to 
ISO 3888-1 has been driven. 
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Figure 9.a. Double lane change results 
(FA/RA=55/45, with constant driving velocity 
v=80km/h) due to outrigger variation 
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Figure 9.b. Double lane change results 
(FA/RA=55/45, with constant driving velocity 
v=80km/h) due to outrigger variation 
 

Maximum lateral accelerations arose up to 6 m/s2. 
When going back into the original driving lane as 
expected the highest driving dynamic demands 
arise. The maximally arising roll angle here is 
approx. 8°, the vehicle slip angle approx. 5°.Since 
the empty vehicle has not rolled over, there has 
been also no recognizable difference with variation 
of the supporting arms in the dynamic behaviour. 
  
During the driving manoeuvres that have been 
driven loaded condition, roll angles increase due to 
the rising CG coordinates even with lower lateral 
accelerations. As soon as the steering has been 
entered as the input of the manoeuvre, roll angle of 
approx. 12° are reached, and the loaded vehicle 
without supporting has tilted over at approx. 2 
seconds with a roll angle of more than 12°. By the 
integration of a supporting device to the other two 
simulation vehicles the roll angle is limited within 
the range of approx. 12°. The simulation vehicles 
with supporting device can be  driven through the 
driving manoeuvre even with higher longitudinal 
speeds without flip over. Under the small friction 
value of the support assembly contact point to the 
ground causes no steep increases on vehicle slip 
angle and yaw rate, so that no critical driving 
conditions are to be expected here. Differences 
with the variation of the outrigger geometry, the 
vehicle dynamics responses have been in the 
minimal level.  
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Step Steer Results 

The given driving manoeuvre is realized of the 
increasing the steering wheel angle from  0° to 
150° with a speed of 500°/s [4] and the driving 
velocity is 60 km/h. The stationary lateral 
acceleration of the simulation vehicle results to ay = 
0.47 * g = 4.6 m/s2. Further it is evident that the 
simulation vehicle without supporting device (blue 
curve) tilts over with this driving maneuver due to 
the high CG of the vehicle and arising lateral 
acceleration of approx. 5.5 m/s2. The simulation 
vehicles with supporting device would drive 
through the driving maneuver further. The vehicle 
slip angle of the vehicle is minimal affected by 
putting the supportings, and amounted to approx. 
2°, so that no driving dynamically critical 
conditions have been observed. 
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Figure 10.a Step steer results of 1000 kg loaded 
(FA/RA=46/54, with constant driving velocity 
v=60km/h)  
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Figure 10.b Step steer results of 1000 kg loaded 
(FA/RA=46/54, with constant driving velocity 
v=60km/h)  
 
 
Vehicle System Dynamics Embedding in Driving 
Simulator 
 
Driving simulators nowadays find application areas 
intensively at both research and production, 
because of their capability to offer a realistic 
environment for the driver. In Figure 11, the Man 
in the Loop (MIL) system has been indicated that 
had been utilized for these attempts. 
 

 

 

 

 

 

 

 

 

Figure 11. Closed loop system of the dynamic 
simulator 
 
The operating structure of the dynamic simulator, 
given in Figure 11, is made up of five main 
components: 
 

1- Host Computer 
2- Target Computer 
3- Motion Control Cabinet 
4- Driving Simulator 
5- View Computer 

 
As seen in Figure 11, Host computer contains 
vehicle types, driving manoeuvres, driving 
environment, animator, vehicle dynamics; which 
are included in CarSim . In addition to this, host has 
involved Simulink for real time communication 
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interfaces, for control displays and to specify the 
vehicle coordinates. 
 
Target computer is the platform that has the 
executable capability which is necessary for a real 
time simulation and additionally it exists interfaces 
for the driving simulator (for Gas/Brake pedals 
Analog I/O and for steering wheel CAN Bus 
Interface and also Sound interface for the sound 
system). 
 
Motion control cabinet is the element to control 
Stewart platform and the linear cylinder. 
Kinematics and dynamics of the platform are 
manipulated by motion control cabinet. This 
component accomplishes motion algorithms and 
washout as well as position velocity acceleration 
(PVA) transformations. 
 
 
Driving simulator is occupied of four constituents: 
 

1- Control elements: Steering wheel, gas 
pedal, brake pedal 

2- Sound system 
3- Motion system: Hexapod, linear cylinder 
4- View system: 3 channel animator view in 

the driver’s cabin. 
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Figure 12: The uppermost level block diagram 
of the real time vehicle dynamics simulation on 
the driving simulator 

 

In Figure 12, the real time simulation with using 
CarSimRT (Host computer) and RT-LAB (Target 
computer) is seen. The left side of this figure is 
called ‘SM_carsim’ and the right side is ‘SC_out’. 
During the simulation the left side cannot be 
reached and from the right side the given 
parameters can be read out in real time. 
 
 

Figure 13 indicates the output signals on the 
simulator. They are connected to the Hardware in 
Loop (HIL) simulation by OpComm 
communication blocks for the RT-LAB and 
respectively Figure 14 represents the input signals 
on the driving simulator. 
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Figure 13: Block diagrams of the output signals 
on the driving simulator 
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Figure 14: Block diagrams of the input signals 
on the driving simulator 
 
Figure 15 represents the rollover avoidance control 
based on outrigger construction for the driving 
simulator. Here the steering wheel, gas and brake 
pedals are operating elements and also inputs for 
the CarSim S-Function as well as the forces acting 
on outrigger contacts (in 3 dimensions) (see Figure 
5), gear and transmission mode. Within these tests, 
a six-gear automatic transmission mode was 
selected.  
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Vehicle dynamics from driving simulator, 
coordinates of the outrigger contacts (in 3 
dimensions), CG (Centre of Gravity) coordinates of 
the sprung mass, CG accelerations of the sprung 
mass (in 3 dimensions), longitudinal and lateral 
velocities of the outrigger contacts and steering 
torque are outputs for the CarSim S-Function to be 
investigated in real time. 
These outputs are fed back by rollover avoidance 
control based on outrigger construction calculation 
to CarSim S-Function as “the forces acting on 
outrigger contacts (in 3 dimensions)”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Block diagram of the outrigger based 
rollover avoidance controller 
 
 
Subjective Evaluation Results 

The driving attempts were accomplished on MARS 
(Modular Automotive Research Simulator) which 
is located in Automotive and Power Train 
Engineering, Helmut Schmidt University-
University of the Federal Armed Forces Hamburg. 
The Figure 16 shows the operating of dynamic 
driving simulator. 
Relating to this subjective impression assessment 
test, the simulator was used to represent a 7 DOF 
(degree of freedom) motion system, which are 
made up of the hexapod system and the lateral 
cylinder. The subjective evaluation tests that are 
given in Figure 17 have been realized with 12 test 
people who have the ages in between 23-38 and 
have 5 years of driving experience at least. The 
tests were accomplished in different conditions 
with double lane change (ISO 3888-1) manoeuvre 
with constant driving velocity v=80 km/h: 
 

- unloaded with 1 and with 2 supporting 
arms per side 

 

 
Figure 16: Operating of dynamic simulator 
MARS 
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Figure 17: Subjective evaluation of the rollover 
avoidance during double lane change test (with 
constant driving velocity v=80km/h) of different 
variations by Questionnaire 
 
 
 
SUMMARY AND CONCLUSION 

The disadvantage of the construction shown in 
Figure 4 is derived from the heaviness of the 
outrigger than the one given in Figure 3; during the 
driving attempts, it cannot be loaded as much as the 
one with 1 supporting arm per vehicle side. On the 
other hand, the advantage of this configuration is 
that it has a larger supporting range that allows the 
supporting device’s position to change as far as 
possible through the longitudinal vehicle direction 
depending on the centre of gravity (CG) of the 
vehicle. When the perception of the roll motion is 
compared, it can be seen that the condition with 2 
supporting arms is lighter than the one with 1 
supporting arm. 
 
Figure 17 indicates that roll motion perception with 
2 supporting arms has been minimized compare to 
the situation with 1 supporting arm. However, this 
yields stronger steering corrections for a safe 
driving. 
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After this study to construct an outrigger with 2 
supporting arms per side has been decided because 
of its safety. As a further study, the likely LCV will 
be converted into an exact LCV. For this reason, 
the measuring works in the laboratory have been 
continued. Furthermore a database is intended to be 
formed which contains such vehicles like LCV, 
truck, sedan, SUV (sport utility vehicle) to have the 
common sense of how realistic the intended models 
are felt by the test driver when he/she drives the 
simulator.  
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ABSTRACT 

Networking of active and passive safety systems is 
the fundamental basis for comprehensive vehicle 
safety. Situation-relevant information relating to 
driver reactions, vehicle behavior and nearfield 
traffic environment are fed into a crash probability 
calculator, which continually assesses the current 
crash risk and intervenes when necessary with 
appropriate measures to avoid a crash and reduce 
potential injuries. Know-how in the fields of active 
and passive safety, beam and image vehicle 
surrounding sensors, and innovative driver assistance 
systems provide effective protection not only for 
vehicle occupants but also for other, vulnerable road 
users. This functionality up till now only relates to 
the ego- vehicle itself. The next logical step is to 
integrate V2X communication. The integration of 
this embedded, in-vehicle wireless communication 
system allows Car-to-Car (C2C) and Car-to-
Infrastructure (C2I) functionality for, e.g. time 
critical hazard warning. This comprehensive focus on 
creating cars that avoid crashes, prevent injuries and 
provide immediate assistance information should a 
crash prove unavoidable is an integral element of 
cascaded ContiGuard® protection measures. 

INTRODUCTION 

Besides the CO2 discussion, which currently 
dominates vehicle specifications, the improvement of 
driving and traffic safety is the second global trend  
alongside the enhancement of individual mobility in  
emerging economies and the trend towards 
comprehensive information networking on the way to 
the „always on“ information society  (Figure 1). 

In vehicle safety systems it is still common practice 
to develop passive systems – which help mitigate 
crash-related injuries – as autonomous units, in a 
separate process from the development of active 
safety systems that help avoid crashes. The first 

decisive improvements in vehicle safety came in the 
mid-1960s with the introduction of the safety 
passenger cell, the three-point seat belt, and the 
optimized crumple zone – all focused on passive 
safety. With increasing numbers of ABS systems as 
standard equipment in the late 1980s, the foundations 
for active electronic safety systems (preventing the 
accident from happening) were laid.  

Figure 1.  Automotive Megatrends 

Just how effective the networking of active vehicle 
safety systems can be, was first demonstrated in a 
primary phase in 2000, through the Reduced 
Stopping Distance (RSD) project. In what was called 
the “30-meter car”, the tires, air springs, variable 
dampers and electro-hydraulic brakes were linked to 
form an optimized overall system. As a result, the 
car’s braking distance from an initial speed of 100 
kph was cut from 39 meters to 30 meters, and the 
total stopping distance was reduced by up to 13 
meters, compared in each case with a standard 
production model car. 

Since then, important electronically controlled 
systems in both the active and passive safety areas 
have become standard specification in a broad-based 
vehicle population, systems such as ABS, ESC, belt 
tensioners, and airbags. These are, however, designed 
as stand-alone systems (Figure 2). Active and passive 
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safety developments have until now remained two 
separate domains.  

Figure 2.  Fundamentals of Safety 

In order to attain optimum protection, however, these 
systems must be networked by collecting information 
on vehicle behavior, vehicle environment, and driver 
reactions, merging the data, evaluating it, and 
translating it into coordinated protection measures.  

Today, for example, Continental’s know-how in the 
fields of active and passive safety, beam and image 
sensors, innovative driver assistance systems, and tire 
technology is being channeled into the company-
wide ContiGuard® integrated safety concept, in order 
to achieve a decisive step closer to vision zero, the 
vision of a traffic without fatalities and severe 
accidents. 

INTEGRATING ACTIVE AND PASSIVE 
SAFETY 

ContiGuard® brings together the vehicle’s active and 
passive safety systems to form a network. The basic 
principle is the networking of the driving dynamics 
data supplied by the Electronic Stability Control ESC 
with signals describing the driver’s behavior and 
surrounding sensors.  

The key integration component is the crash 
probability calculator, which constantly processes 
and evaluates incoming data. For any given situation, 
the calculator computes a hazard potential that 
reflects the current crash probability. 

Should the hazard potential exceed defined limits, the 
crash probability calculator initiates a function and 
time staged protection strategy (Figure 3). If, for 
example, two vehicles are driving nose to tail, 
various levels of crash probability and pre-crash 
protection measures can be determined from their 
relative speeds and the distance between them. 
Beginning with an acoustic, visual or haptic warning, 

these can extend from prophylactic (reversible) 
seatbelt pre-tensioning, adjustment of seat (anti-
submarining), backrests and head restraints, to 
closing the windows and sunroof.  

Figure 3.  ContiGuard® – Continentals 
Comprehensive Driving Safety System 

Simultaneously, the brake system is preconditioned 
by boosting the system pressure from pre-fill all the 
way to limited automatic pre-braking and extended 
brake assist function.  

The full range of measures described above is only 
available if the vehicle is equipped with a full-power 
brake system including Electronic Stability Control 
(ESC) designed to accept external control signals and 
distance monitoring sensors such as those featured in 
Adaptive Cruise Control (ACC) systems.  

Sophisticated anti-lock brake systems with brake 
assist functions and adaptive cruise control systems 
give the driver greater and more comfortable control 
over the forward dynamics of the vehicle. Modern 
stability management systems such as ESC can now 
prevent many skid-related crashes. In addition, 
electronic control units for airbags, seat belts and 
rollover protection have significantly improved 
occupant protection over the last few years. 

Advanced surrounding sensors will play a key role in 
the development of the car of the future designed to 
prevent crashes and mitigate injuries. New to the 
market is the development of a pre-crash Closing 
Velocity (CV) sensor. This highly dynamic sensor, 
which features a wide short-distance detection range, 
is ideal for detecting relevant objects very close to 
the vehicle and enables robust predictions of the 
severity and direction of an impending crash. This 
information enables the crash probability calculator 
to e.g. activate the multi-stage Smart Airbags 
appropriately or to apply the brakes autonomously. 
Apart from improving occupant protection, the CV 
sensor in combination with additional contact sensors 
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mounted on the front end of the vehicle can also 
serve to enhance pedestrian protection (Figure 4). 

Figure 4.  Emergency Brake Assist - City  (EBA-
City) 

Additionally radar based beam sensors are being 
further developed to cover a wider object detection 
range. The ARS300 sensor has the potential to cover 
both the mid-range and far-range environment, so 
that active safety systems (preconditioning of the 
brake system, extended Brake Assist, …) and passive 
safety systems (reversible occupant positioning and 
retention, vehicle interior preconditioning, Smart 
Airbags, …) can be realized. 

Another step towards greater safety will occur with 
the sensor fusion of the before mentioned radar-
based beam sensors with image-processing camera 
systems which are already available in the market 
e.g. to detect the driving lane ahead as in Lane 
Departure Warning (LDW). Networking these 
technologies will, for the first time, not only detect 
objects on the road but also classify them. The 
appropriate safety systems for a given situation can 
then be activated even more effectively, providing 
optimum protection for vehicle occupants and other 
road users. 

TELEMATIC COMMUNICATION 

The "seeing" car of the future will feature onboard 
intelligence, data interchange with other vehicles, 
and telematics information, allowing it to actively 
avoid a large proportion of potential crashes. 

With comprehensive vehicle safety and traffic 
management becoming more and more critical 
aspects of global mobility, the essential cornerstone 
Telematics will play an important role in efforts to 
integrate embedded, in-vehicle wireless 
communication systems into ContiGuard®, which 
focuses on creating cars that avoid crashes, prevent 

injuries and provide immediate assistance if a crash 
proves unavoidable. 

Figure 5.  The Five Cornerstones of  
Comprehensive Vehicle Safety 

Figure 5 shows the five cornerstones and elements of 
the modular comprehensive ContiGuard® safety 
toolbox. 

Safety Telematics – eCall 

Today, Continental’s Safety Telematics systems help 
to make cars safer and provide a “wireless life-line” 
to emergency assistance the critical seconds after a 
crash occurs. In case of an accident, the eCall 
Telematics Control Unit (TCU) in the car will 
transmit an emergency call that is automatically 
directed to the nearest emergency service. eCall can 
be triggered in two ways. Manually operated, the 
voice call enables the vehicle occupants to 
communicate with the trained eCall operator. At the 
same time, a minimum set of data will be sent to the 
eCall operator receiving the voice call. 

In case of a severe accident the information on 
deployment of e.g. airbags or in-vehicle sensors will 
initiate an automatic emergency call (Figure 6). 

Figure 6.  eCall – Rescue Chain 

When activated, the in vehicle eCall device will 
establish an emergency call carrying both voice and 
data directly to the nearest emergency services 



Rieth 4 

(normally the nearest 112 Public Safety Answering 
Point, PSAP). 

The life-saving feature of eCall is the accurate 
information it provides on the location of the 
accident site: the emergency services are notified 
immediately, and they know exactly where to go. 
This results in a drastic reduction in the rescue time. 

Estimations for eCall carried within the E-MERGE 
project and the SEiSS study indicate that in the 
European Union up to 2.500 lives would be saved 
per year, with up to 15 % reduction in the severity of 
injuries. 

Integrating V2X Communication 

Under development is Dedicated Short Range 
Communication (DSRC) for vehicles, which allows 
receiving of traffic and warning information directly 
from other cars, even those not visible to today’s 
surrounding sensors. Examples for DSRC 
applications are shown in the following. (Fig. 7 to 
10) 

Figure 7.  Hazard Warning 

     Hazard Warning - The driver is warned if his 
vehicle approaches a potentially hazardous situation 
on the road ahead. Hazards can be construction 
zones, breakdown situations, accidents, end of traffic 
jams, imminent forward collision, black ice, etc. 

Figure 8.  In Vehicle Signing 

     In Vehicle Signing - Display or announcement of 
localized traffic sign information such as speed 
limits, temporary right of way changes, traffic 
routing, etc. It is of particular relevance for, but not 
limited to, dynamic information. 

Figure 9.  Traffic Rule Violation Warning 

     Traffic Rule Violation Warning - The driver is 
warned if he is about to violate a traffic rule. This 
includes traffic signal violations, stop sign violations, 
right-of-way violation and cross-traffic collision 
avoidance, etc. It is of particular relevance for, but 
not limited to, dynamic traffic sign information. 

Figure 10.  Emergency Vehicle Warning 

     Emergency Vehicle Warning - The driver is 
warned of approaching emergency vehicles which 
claim the right of way. 

Shadowing by other vehicles, as with beam or image 
sensors, will be less of a problem and therefore 
further increase the range achieved in typical driving 
situations. In addition, information from the 
infrastructure can be provided, such as traffic light 
status, position of road works, local weather 
information, etc. DSRC will reduce the driving risk 
by providing local hazard warnings and bring active 
safety to a new dimension. 

Combining DSRC and surrounding sensors will lead 
to cascaded information and actions resulting in a 
system capable of providing a safe driving state, 
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helping to prevent crashes and in case needed, reduce 
the severity of a crash. Therefore, the information 
from DSRC is taken into account first, validated via 
surrounding sensors and accordingly supported by 
actions such as provided by ESC systems. 

Connectivity 

On the comfort side this next generation of telematics 
systems will soon offer the motorist even greater 
freedom at the wheel. Any portable device connected 
to the vehicle by Bluetooth or USB can be operated 
either by voice command or from the controls in the 
steering wheel or instrument panel. In addition, new 
telematics systems use wireless connectivity to load 
address books from the cell phone into the car; they 
can read out incoming short messages and support 
personalized ring tones and stored speed dialing 
numbers. An optional, integral telephone module 
allows both internet access and service and assistance 
functions, including automatic emergency calls. 

CONCLUSION  

Today’s vehicles have already reached a high safety 
standard thanks to current, state of the art 
technologies such as Airbags and the Electronic 
Stability Control System ESC. Networked active and 
passive safety is in the market and is already being 
equipped to premium class vehicles and in the future 
be enhanced by telematics – in this case by eCall. But 
telematics also offers possibilities for safety related 
vehicle communication in the future, namely V2X. 
The information cascade for safety systems improves 
the range of, for example, ContiGuard®. 

Cascading starts with DSRC, is validated by 
surrounding beam and/or image sensors and the 
performed actions are supported by electronically 
controlled safety systems e.g. ESC and/or intelligent 
restraint systems. 

Connected Safety Telematics offers comprehensive 
traffic safety and can be combined with service 
providers with the aim to provide intelligent mobility. 

Furthermore, Continental will participate within a 
four-year, practical field test for Safe Intelligent 
Mobility (SIM-TD). The purpose of this project, 
which will be staged in the Rhine-Main region 
around Frankfort in Germany, is to equip and 
network vehicles and the transport infrastructure with 
communication units. By means of car 
communication units (CCU) and road side units 
(RSU), relevant information can improve traffic 

efficiency and road safety by utilizing innovative 
telematics technology: hazard warnings can be 
exchanged directly between the participating 
vehicles, for example. These automatically detect 
critical road conditions by means of the on-board 
sensors. The same applies in the case of accidents. 
The real-time information is supplied to nearby 
vehicles, warning them, for example, about 
accidents, icy roads or traffic jams which normally 
cannot be detected in time by approaching vehicles. 
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ABSTRACT 
This paper provides the status of the Vehicle Safety 
Communications-Applications (VSC-A) research 
project, which was designed to determine if dedicated 
short range communications (DSRC) paired with 
accurate vehicle positioning can improve upon 
autonomous vehicle-based safety systems or enable 
new communication-based safety applications.  This 
three-year project is a collaborative effort between 
government and industry to develop the underlying 
pre-competitive elements needed to enable the 
deployment of vehicle-to-vehicle (V2V) 
communication-based crash avoidance applications.  
The effort includes the development of core software 
and hardware modules and prototype applications.  
These use DSRC in conjunction with enhancements 
to vehicle positioning systems to demonstrate crash 
avoidance capabilities, which are interoperable 
between different vehicle manufacturers.  To support 
the development of interoperable systems, the 
partners have participated in standards and security 
protocol development activities.  The core modules 
and prototype applications are implemented on a 
five-vehicle testbed fleet, which will be used to 
conduct objective tests that are then used to validate 
minimum performance specifications established as 
part of this project.  These tests will in turn support a 
safety benefits estimation process to determine the 
potential for preventing or mitigating crashes and 
associated fatalities, injuries, and property damage.   
 
BACKGROUND 
In 19991, the US Federal Communications 
Commission (FCC) allocated wireless spectrum in 
the 5.9 GHz frequency range for use by DSRC 
systems supporting Intelligent Transportation 
Systems.  One of the goals in establishing this DSRC 
capability was to improve traveler safety by 

                                                 
1 FCC Report and Order 99-305, adopted October 21, 1999. 

supporting the development of vehicle safety 
applications.  In 20062, the FCC further refined the 
rules for DSRC to explicitly consider "vehicle-to-
vehicle collision avoidance and mitigation," 
reflecting the results of research experience.  As a 
result, DSRC is enabling the development of these 
next-generation communications-based vehicle safety 
systems in the VSC-A initiative. 
 
The VSC-A project builds upon the results of the first 
Vehicle Safety Communications (VSC) project(1), 
conducted from 2002 to 2005 through collaboration 
between the National Highway Traffic Safety 
Administration (NHTSA) and automakers in the 
Crash Avoidance Metrics Partnership3 (CAMP) 
Vehicle Safety Communications Consortium 
consisting of seven automotive original equipment 
manufacturers (OEMs).  Working together, they 
investigated the potential of V2V and vehicle-to-
infrastructure communications as a means of 
improving crash prevention performance. 
 
Building upon the success of the VSC project, the 
CAMP Vehicle Safety Communications 2 
Consortium (Ford, General Motors, Honda, 
Mercedes-Benz, and Toyota) and NHTSA are now 
engaged in the final year of a 3-year cooperative 
agreement to conduct enabling research to support 

                                                 
2 FCC Memorandum Opinion and Order 06-100, adopted July 20, 
2006. 
3 The Ford Motor Company and General Motors Corporation 
formed the Crash Avoidance Metrics Partnership (CAMP) in 1995. 
The objective of the partnership is to accelerate the implementation 
of crash avoidance countermeasures to improve traffic safety by 
defining and developing necessary pre-competitive enabling 
elements of future systems. CAMP provides a flexible mechanism 
to facilitate interaction among additional participants as well, such 
as the US DOT and other OEMs, in order to execute cooperative 
research projects.  
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pre-competitive system development and 
demonstrate the performance of V2V 
communications-based safety applications.  The 
VSC-A project aims to develop and test the system 
components that are required before automotive 
OEMs can develop and deploy production systems. 
 
 
CRASH SCENARIO IDENTIFICATION 
Figure 1 gives the distribution of the 6.2 million 
crashes reported in 2004 via NHTSA’s General 
Estimate System (GES) (2).  Classification of crashes 
is by the GES variable “Manner of Collision.”  While 
radars have a limited FOV (field of view) for 
detecting potential collisions, V2V communications 
and GPS receivers enable a 360 degree FOV.  Thus, 
rear-end, head-on, angle, and sideswipe crashes are 
all relevant to V2V applications.  Angle and 
sideswipe crashes would also include intersection 
related crashes.  Crashes classified as “not collision 
with motor vehicle in transport” represents road 
departure crashes that are not relevant to the VSC 
applications.  Based on this classification, the V2V 
applications discussed above are applicable to 
approximately 66% or 4 million crashes annually.  
 
 

Angle, 
26%

Not Collision 
With Motor 
Vehicle In 

Transport, 33%

Sideswipe, 
8%

Rear-end, 
30%Head-on

2%

 
Figure 1, Crash problem classified by manner of 
collision, 2004 GES.  
 
 
To focus the development efforts, the U.S. DOT 
provided the VSC-A team with crash scenarios to 
serve as a starting point for analysis and as a 
reference for the selection of the set of safety 
applications for study under the VSC-A project.  The 
U.S. DOT, with support from the U.S. DOT’s Volpe 

national transportation Systems Center and Noblis, 
evaluated eight pre-crash scenarios in order to 
provide high potential benefit crash imminent safety 
scenarios for study.  The crash scenarios chosen were 
based on: 
 

• Crash rankings by frequency; 
 
• Crash rankings by cost; 
 
• Crash rankings by functional years lost4; and 
 
• A composite crash rankings (based on the 

above three ranks) 
 
The 2004 GES crash database is the basis for the set 
of crash scenarios.  The evaluation also indicated 
which system type (autonomous, V2V, or both) 
addresses, or could address, the different crash 
scenarios presented. 
 
From the composite ranking of crash imminent 
scenarios , the top five crash scenarios, ranked based 
on crash frequency, crash cost, and functional years 
lost, that could be addressed by V2V safety 
applications, were selected.  This ranking allowed the 
team to focus on the most frequent, highest cost, and 
most damaging crashes, while keeping the program 
scope to a manageable level.  Table 1 contains the 
final set of crash imminent scenarios, as agreed 
between the VSC-A team and U.S. DOT, to be 
targeted under the VSC-A project 

 
 

 

 
 

 
 

 
 

 
 

 
 

 

 
Crash Imminent 

Scenario 
High 
Freq 

High 
Cost 

High 
Years 

                                                 
4 Functional Years Lost is a non-monetary measure that sums the 
years of life lost to fatal injury and the years of functional capacity 
lost to nonfatal injury (3) 
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1 
Lead Vehicle 
Stopped � � � 

2 
Control Loss Without 
Prior Vehicle Action5 � � � 

3 
Vehicle(s) Turning at 
Non-Signalized 
Junctions 

� �  

4 
Straight Crossing 
Paths at Non-
Signalized Junctions 

  � 

5 
Lead Vehicle 
Decelerating � �  

6 
Vehicle(s) Not 
Making a Maneuver 
– Opposite Direction 

  � 

7 
Vehicle(s) Changing 
Lanes – Same 
Direction 

�   

8 
LTAP/OD at Non-
Signalized Junctions 

   

A “�” Denotes a Top Five Ranking in each category 

Table 1 Crash Imminent Scenarios 
 
 
VSC-A OBJECTIVES 
To address the goal of the VSC-A program, the 
program has the following objectives, broken out into 
two parts: 1) Technology development and 2) 
Benefits assessment activities:  
 
Technology development objectives: 
 

1. Develop scalable, common vehicle safety 
communication architecture, protocols, and 
messaging framework (interfaces) necessary 
to achieve interoperability and cohesiveness 
among different vehicle manufacturers.  
Standardize this messaging framework and 
the communication protocols (including 
message sets) to facilitate future 
deployment. 

 
2. Develop accurate and affordable vehicle-

positioning technology needed, in 
conjunction with the 5.9 GHz DSRC, to 
support most of the safety applications with 
high potential benefits. 

                                                 
5 The control loss cases being addressed by vehicle to 
vehicle communications are those in which a vehicle 
that begins to experience control loss (e.g. slippery 
conditions- detected using ABS or stability control) 
broadcasts a message to other vehicles.  The first 
(transmitting) vehicle does not need to crash for this 
warning to be transmitted. 

 
3. Define a set of DSRC + Positioning-based 

vehicle safety applications and application 
specifications including minimum system 
performance requirements. 

 
Benefit assessment activities objectives: 
 

1. Assess how previously identified crash-
imminent safety scenarios in autonomous 
systems could be addressed and improved 
by DSRC + Positioning systems. 

 
2. Develop a well understood and agreed upon 

benefits, with respect to market penetration, 
analysis, and potential deployment models, 
and crash reduction and mitigation for a 
selected set of communication-based vehicle 
safety applications. 

 
3. Develop and verify a set of objective test 

procedures for the vehicle safety 
communications applications. 

 
 
VSC-A PROGRAM 
To achieve the goals outlined in the introduction, the 
VSC-A program is organized as follows: 
 

• Technology Development 
 
• Performance Specifications Development 
 
• Safety Benefits Estimation 

 
Technology Development 
The U.S. DOT has conducted extensive research on 
the effectiveness of autonomous vehicle-based 
collision countermeasures for rear-end, road 
departure, and lane change crashes(4, 5, 6, 7, 8).  
Field operational tests of rear-end and road departure 
collision warning systems have shown measurable 
benefits in reduction of crashes.  However, the 
systems have inherent shortcomings that reduce their 
effectiveness and limit driver acceptance.  These 
shortcomings include misidentification of stopped 
vehicles and other in-path obstacles for rear-end 
collision warning systems, as well as map errors , 
misidentified lane markings, and limited availability  
for road departure crash warning systems.  
 
A VSC-A equipped vehicle uses DSRC, in 
conjunction with vehicle positioning information, to 
broadcast its location, travel path, and status (e.g. 
braking, etc.).  By using wireless communications, 
VSC-A has the potential to prevent vehicle crashes in 
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situations where an autonomous vehicle safety 
system may have difficulties.  For example, if a 
braking vehicle on a curve falls outside the coverage 
area of an autonomous radar-based system, a wireless 
message could still relay information to a following 
vehicle so that it would recognize the need to stop.  
As part of this project, CAMP has investigated 
specific scenarios in which communications-based 
safety systems may be more effective than 
autonomous systems. 
 
V2V wireless communications, paired with accurate 
vehicle positioning, may truly overcome these 
shortcomings and thus enable improved safety 
system effectiveness by complementing or, in some 
instances, providing alternative approaches to 
autonomous safety equipment. 
 
To access the performance of the scenarios identified 
above a test program was proposed.  Implementing 
this test program requires that CAMP build a fleet of 
test vehicles.  The testbed fleet consists of five 
different vehicles (a 2007 Ford Flex, a 2005 GM 
Cadillac STS Sedan, a 2006 Honda Acura RL, a 2006 
Mercedes-Benz ML 350, and a 2006 Toyota Prius).  
Each participating OEM will build a vehicle, and 
each is equipped with identical VSC-A system 
components.  The major technology components 
developed and installed in each vehicle include: 
 

• A DSRC Radio – the DSRC radio transmits 
and receives messages to/from other 
vehicles 

 
• A Global Positioning Satellite (GPS) 

Receiver – the GPS receiver provides real-
time location information for the host 
vehicle 

 
• An Interface for each Specific Vehicle – the 

interface provides a common connection to 
permit access to information on the internal 
vehicle bus of the host vehicle 

 
• On-Board Equipment – this hosts the system 

core software modules and the prototype 
applications  

 
The system core modules provide the supporting 
capabilities that enable the applications to function.  
They include path history, host vehicle path 
prediction, target classification, wireless message 
handler, and threat arbitration.  These modules 
receive messages from other vehicles, store and 
process relevant information to determine threats, and 
monitor host-vehicle location and actions and 

transmit messages to other vehicles, enabling them to 
do the same.  
 
DSRC + Positioning 
This stage of the program is concerned with the 
development of accurate, and affordable, vehicle 
positioning.  DSRC provides the wireless 
communications system supporting V2V 
communications for the safety applications.  Under 
VSC-A, an equipped vehicle will be able to keep 
track of surrounding vehicles and the potential threat 
they pose by receiving periodic wireless messages.  
For a vehicle to determine the potential threats posed 
by other vehicles, it needs to know the relative 
position of surrounding vehicles and other relevant 
information such as braking status from those 
vehicles.  The relative position can be determined 
using knowledge of a vehicle’s own position in 
conjunction with the other vehicle’s broadcasted 
position information.  The core modules developed 
for the VSC-A testbed support the necessary 
processing and tracking for both transmission of 
messages to other vehicles and receipt and processing 
of other vehicles’ messages. 
 
The positioning information necessary to support the 
applications requires sufficient precision to support 
lane-level positioning so that other vehicles posing a 
potential threat could be classified by lane. 
 
The VSC-A team investigated existing GPS-based 
systems used in high accuracy relative-positioning 
applications.  Based on results from the CICAS-V6(9) 
lane-level positioning system implementation, and 
results from an expert workshop on existing 
technologies, appropriate relative positioning 
methods were identified for further evaluation(10).  
The interface definition of the relative positioning 
system was defined so that different relative 
positioning implementations can be used in the 
testbed without changing the over-the-air message 
format. 
 
Interoperability / Standards 
Without standardization, different vehicles cannot 
communicate properly with other vehicles, and an 
interoperable solution involving different 
manufacturers would be impossible.  To this end, 
CAMP is focused on the development of scalable, 
common communications architecture.  Thus, an 
important goal of the VSC-A project is the 
standardization of the message sets, message 
composition approach, and communication protocols 

                                                 
6 CICAS-V stands for Cooperative Intersection Collision 
Avoidance System - Violation 
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for DSRC-based vehicle safety.  To achieve this goal, 
the VSC-A standards working group developed a 
standards support plan in February 2007 (10).  This 
plan outlines the current standards landscape.  The 
plan also provides a guideline by which the VSC-A 
standards working group will coordinate their 
interactions between the various task activities and 
results and the identified relevant Standard 
Development Organizations activities.  
 
As part of the short-term standards support activities 
highlighted in the plan, the VSC-A team has 
substantially increased OEM participation under the 
Society of Automotive Engineers (SAE) DSRC 
Technical Committee.  The following standards were 
impacted as a result:  
 

• SAE J2735, which specifies message sets, 
data frames and elements to permit 
interoperability at the application layer.  
This supports development of different 
applications that can rely upon the same 
standard message set elements. 

 
• Institute of Electrical and Electronic 

Engineers (IEEE) 802.11p standard, which 
is similar to 802.11g used for home wireless 
networks, covers the lower layer 
communications standards that enable low-
latency wireless communications critical for 
vehicle-based safety communications. 

 
• The IEEE 1609.x Family of Standards for 

Wireless Access in Vehicular Environments 
(WAVE) defines the architecture, 
communications model, management 
structure, security mechanisms, and physical 
access for wireless communications in the 
vehicular environment.  WAVE is a mode of 
operations for use by 802.11p compliant 
devices that enable low latency 
communication exchanges.   

 
The VSC-A team will continue active participation to 
guide these developing standards based on the output 
of the work being performed under the VSC-A 
project.  
 
Security 
In order for communications-based vehicle safety 
systems to be deployed, the systems must implement 
security protocols and capabilities ensuring that 
drivers are given warnings based only on authentic 
threats, and that drivers’ privacy is protected.  Within 
the VSC-A project, the security task is focused 
primarily on message authentication while preserving 

driver/owner privacy, controlling bandwidth 
overhead, processing requirements, and latency. 
 
Working with a consulting security expert, a VSC-A 
threat model document was developed which 
considers privacy vs. revocation, certificate 
distribution and revocation, and computational and 
bandwidth requirements.  Threats to privacy were 
identified as a major priority.  Several candidate 
security protocols for broadcast authentication and 
privacy protection were also developed and subjected 
to a preliminary evaluation.  In addition, development 
includes the definition of over-the-air security 
message formats and initial efforts to interface the 
security module with the rest of the testbed system.   
 
Prototype Applications 
The VSC-A project is prototyping six distinct 
applications intended to address different crash 
scenarios (see Table 1).  However, the project does 
not focus on production-ready applications, only 
prototype applications to demonstrate and evaluate 
system capabilities.  The applications, and a brief 
description of each, follow: 
 

A. Emergency Electronic Brake Light (EEBL) - 
The EEBL application enables a host vehicle 
to broadcast a self-generated emergency 
brake event to surrounding remote vehicles.  
Upon receiving such event information, the 
remote vehicle determines the relevance of 
the event and, if necessary, warns the driver.  
This application is particularly useful when 
the driver’s line of sight is obstructed by 
other vehicles or bad weather conditions - 
fog, heavy rain, for example. 

 
B. Forward-collision warning (FCW) - The 

FCW application warns the driver of the 
host vehicle of an impending rear-end 
collision with a remote vehicle ahead in 
traffic in the same lane and direction of 
travel.  FCW is intended to help drivers 
avoid or mitigate rear-end vehicle collisions 
in the forward path of travel. 

 
C. Intersection-Movement Assist (IMA) - The 

IMA application is intended to warn the 
driver of a host vehicle when it is not safe to 
enter an intersection due to high collision 
probability with other remote vehicles. 

 
D. Blind-Spot Warning (BSW) + Lane-Change 

Warning (LCW) - During a lane-change 
attempt, the BSW + LCW application warns 
the driver of the host vehicle if the zone into 
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which the host vehicle intends to switch is, 
or will soon be, occupied by another vehicle 
traveling in the same direction.  Moreover, 
when a lane change is not being attempted, 
the application informs the driver of the host 
vehicle when a vehicle in an adjacent lane is 
positioned in a host vehicle’s blind-spot 
zone. 

 
E. Do-not-pass warning (DNPW) - When the 

host-vehicle driver attempts to pass a slower 
vehicle, the DNPW application issues a 
warning when the passing zone is occupied 
by a vehicle traveling in the opposite 
direction.  In addition, even when a passing 
maneuver is not being attempted, the 
application informs the host-vehicle driver 
of the host vehicle that the passing zone is 
occupied . 

 
F. Control-loss warning (CLW) - The CLW 

application enables a host vehicle to 
broadcast a self-generated control loss event 
to surrounding remote vehicles.  Upon 
receiving such event information, the remote 
vehicle determines the relevance of the 
event and, if necessary, provides a warning 
to the driver. 

 
These applications have been prototyped in the 
testbed and the OEMs have begun testing their 
performance under a variety of controlled conditions. 
Table 2 shows the relationship between the crash 
types and applications. 
 

 SAFETY APPLICATIONS 
A B C D E F 

C
R

A
SH

 T
Y

P
E

S
 

Lead Vehicle Stopped � �     

Lead Vehicle 
Decelerating 

� �     

Vehicle(s) Turning at 
Non-Signalized 
Junctions 

  �    

Straight Crossing 
Paths at Non-
Signalized Junctions 

  �    

Vehicle(s) changing 
lanes – same direction 

   �   

Vehicle(s) Not 
Making a Maneuver – 
Opposite Direction 

    �  

 Control Loss Without 
Prior Vehicle Action      � 

Table 2: Crash Types vs. Safety Applications 
 

Performance Specifications Development 
The VSC-A project also includes the development of 
performance specifications for each of the prototype 
applications.  These specifications represent the 
minimum performance that an application must 
satisfy in order to achieve basic crash avoidance 
capability.  It is expected that application developers 
will go beyond these minimum specifications when 
production systems are developed.  However, a 
common basis established by minimum performance 
criteria can be used to test application performance 
across different vehicles and application developers. 
 
The project also includes the development and 
execution of objective tests.  These tests will verify 
system performance at the prototype stage.  The tests 
will include specific procedures based on the 
minimum performance specifications developed and 
will result in objective measures of how well the 
prototype satisfies the criteria under specific test 
conditions.  Since the VSC-A system is not yet at the 
stage of a field operational test, the objective test plan 
will attempt to capture how well the prototype 
applications and underlying core modules developed 
in this project achieve the crash avoidance 
capabilities in a variety of scenarios.  These scenarios 
are selected based on the particular application, and 
since the tests are intended to capture prototype 
performance, they will not include evaluation of the 
driver-vehicle interface performance. 
 
Safety Benefits Estimation 
The Volpe Center is leading the effort to estimate 
safety benefits associated with deployment of safety 
applications within the VSC-A project.  To determine 
the safety benefits of this new technology the Center 
will implement a benefits equation for the estimation 
of number of crashes prevented by the V2V 
countermeasure, and provide extensions for 
estimation of impact on level of injury.  Although 
there are many formulations, they all are based on the 
fundamental definition of benefits (11): 
 

WWO NNB −=                                 (1) 

 
Where, 
 
B = benefits, (which can be the number of crashes, 

number of fatalities, “harm,” or other such 
measures). 

 
Nwo = value of this measure, (for example, number of 

crashes) that occurs without the system. 
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Nw = value of the measure with the system fully 
deployed. 

 
The value of Nwo is usually known from crash data 
files, but Nw is not known for pre-production.  Thus, 
it is necessary to estimate the effectiveness of a 
countermeasure and combine it with the known value 
of Nwo, as shown in the following equation: 
 

SENB WO ×=                                     (2) 

 
Where, 
 
SE = effectiveness of the system, and  
 
Nwo = baseline number of crashes. 
 
An extension of this idea is that the overall benefits 
consist of the sum of benefits across a number of 
specific scenarios: 
 

∑ ×=
i

iWO ENB
i

                                   (3) 

 
Where, 
 
“i” = individual scenarios. 
 
Ei = effectiveness of the system in reducing the 

number of crashes in a specific crash-related 
scenario 

 
Nwoi = baseline number of crashes in individual 

scenario “i” 
 
Bi = the benefits in each of the individual scenarios. 
 
This safety benefits estimation effort will incorporate 
the results from objective tests conducted in the 
coming year and use NHTSA crash databases to 
determine the crashes scenarios likely to be avoided 
by each VSC-A application.  In support of this 
process, Noblis is developing a market penetration 
model to capture the impact of deployment of the 
system over time.  The results of the safety benefits 
estimation will utilize the best available information 
to guide further development and deployment. 
 
 
FUTURE ACTIVITIES 
During the final year of the project, objective tests 
will be run to evaluate the prototype’s performance, 
support estimation of safety benefits, and guide 
future development. 

 
 
SUMMARY 
This paper provided the status of research on the use 
of V2V communications and relative positioning for 
crash avoidance applications.  The VSC-A project 
has made considerable progress in developing the key 
components necessary for interoperable crash 
avoidance applications.  Project activities have 
focused on two major areas: 
 
Technology development objectives: 
 

1. Develop scalable, common vehicle safety 
communication architecture, protocols, and 
messaging framework (interfaces) necessary 
to achieve interoperability and cohesiveness 
among different vehicle manufacturers.   

 
2. Develop accurate and affordable vehicle-

positioning technology 
 

3. Define set of DSRC + Positioning-based 
vehicle safety applications and application 
specifications. 

 
Benefit assessment objectives: 
 

1. Assess how previously identified crash-
imminent safety scenarios in autonomous 
systems could be addressed and improved 
by DSRC + Positioning systems. 

 
2. Develop a well understood and agreed upon 

benefits, with respect to market penetration, 
analysis, for a selected set of 
communication-based vehicle safety 
applications. 

 
3. Develop and verify a set of objective test 

procedures. 
 
Coordination and support with other programs / 
organizations has also taken place. 
 
The system concept and prototype described in this 
paper has already experienced substantial 
development in the form of testbed fleet with 
functioning system core modules and six prototype 
applications.   
 
 



 8

ACKNOWLEDGEMENTS 
Our special thanks to Farid Ahmed-Zaid of Ford 
Motor Company, the project’s Principal Investigator, 
for his insight and support of this work. 
 
REFERENCES 

1. Vehicle Safety Communications Project - 
FINAL REPORT - CAMP IVI Light 
Vehicle Enabling Research Program, 
NHTSA, Washington, D.C., DOT HS 810 
591, April 2006. 

 
2. GES, “General Estimates System Coding 

And Editing Manual,” 2006; http://www-
nrd.nhtsa.dot.gov/Pubs/GES06.PDF 

 
3. T. Miller, J. Viner, S. Rossman, N. Pindus, 

W. Gellert, J. Douglass, A. Dillingham, and 
G. Blomquist, "The Costs of Highway 
Crashes".  FHWA-RD-91-055, October 
1991.  

 
4. Wassim G. Najm, Mary D. Stearns, Heidi 

Howarth, Jonathan Koopmann, John Hitz, 
“Evaluation of an Automotive Rear-End 
Collision Avoidance System,” Sponsored by 
NHTSA, Washington, D.C., DOT VNTSC-
NHTSA-06-01, DOT HS 810 569, March 
2006.  

 
5. Bruce H. Wilson, Mary D. Stearns, Jonathan 

Koopmann, C.Y. David Yang, "Evaluation 
of a Road-Departure Crash Warning 
System,"  Sponsored by NHTSA, 
Washington D.C., DOT HS 810 854, 
December 2007. 

 
6.  LeBlanc, D., Sayer, J., Winkler, C., Ervin, 

R., Bogard, S., Devonshire, J. Mefford, M., 
Hagan, M., Bareket, Z., Goodsell, R., and 
Gordon, T.;  “Road Departure Crash 
Warning System Field Operational Test: 
Methodology and Results - Technical 
Report”, Performed by University of 
Michigan Transportation Research Institute 
(UMTRI) - Contract DTFH61-01-X-00053, 
Washington, DC, June 2006. 

 
7. S. Talmadge, R. Chu, C. Eberhard, K. 

Jordan, P. Moffa, "Development of 
Performance Specifications for Collisions 
Avoidance Systems for Lane Change 
Crashes", Sponsored by NHTSA, 
Washington, D.C., DOT HS 809 414, 
August 2000. 

 

8. P. L. Zador; S. A. Krawchuk; R. B. Voas, 
"Final Report -- Automotive Collision 
Avoidance System (ACAS) Program,” 
Performed by Delphi-Delco Electronic 
Systems, Contract No: DTNH22-95-H-
07162, DOT HS 809 080 Washington, DC, 
August 2000 

 
9. Michael Maile, Farid Ahmed-Zaid, Lorenzo 

Caminiti, John Lundberg, Priyantha 
Mudalige, Chuck Pall, Cooperative 
Intersection Collision Avoidance System 
Limited to Stop Sign and Traffic Signal 
Violations Midterm Phase I Report May 
2006 – April 2007, NHTSA, Washington, 
D.C., DOT HS 811 048, October, 2008. 

 
10. Vehicle Safety Communications – 

Applications – VSC-A First Annual Report 
December 7, 2006 through December 31, 
2007, Available at http://www.vehicle-
infrastructure.org/applications/cicas/090420
08-vsc-a-report.pdf , September 2008. 

 
11. Burgett, A., Srinivasan, G., and 

Ranganathan, R.; “A Methodology for 
Estimating Potential Safety Benefits for Pre-
Production Driver Assistance Systems,” 
DOT HS 810 945., National Highway 
Traffic Safety Administration, Washington 
D.C., May 2008 

 



Maile 1 
 

COOPERATIVE INTERSECTION COLLISION AVOIDANCE SYSTEM FOR VIOLATIONS (CICAS-V) 
FOR AVOIDANCE OF VIOLATION-BASED INTERSECTION CRASHES 
 
Michael Maile  
Luca Delgrossi 
Mercedes-Benz Research & Development North America, Inc. 
USA 
Paper Number 09-0118 
 
 
 

 

 

ABSTRACT 

Intersection crashes account for 1.72 million crashes 
per year in the United States.  In 2004 stop-sign and 
traffic signal violations accounted for approximately 
302,000 crashes resulting in 163,000 functional life-
years lost and $7.9 billion of economic loss [1]. The 
objective of the Cooperative Intersection Collision 
Avoidance System for Violations (CICAS-V) project 
was to design, develop, and test a prototype system to 
prevent crashes by predicting stop-sign and signal-
controlled intersection violations and warning the 
violating driver. The intersection portion of the 
system consists of a signal controller capable of 
exporting signal phase and timing information, a 
local global positioning system (GPS), and Roadside 
Equipment (RSE) that includes computing, memory, 
and Dedicated Short Range Communication (DSRC) 
radio.  The vehicle portion of the system includes on-
board equipment for computing and 5.9 GHz DSRC 
radio connected to the vehicle controller area network 
(CAN), positioning, and the Driver-Vehicle Interface 
(DVI).  The intersection sends the signal phase and 
timing, positioning corrections, and a small map (< 1 
kb) to the vehicle.  The vehicle receives this 
information and, based on speed and distance to the 
stop location, predicts whether or not the driver will 
violate.  If a violation is predicted, the driver is 
warned via a visual/auditory/haptic brake pulse DVI.  
The system was installed in the vehicles of five 
Original Equipment Manufacturers (OEMs): 
Daimler, Ford, General Motors, Honda, and Toyota.  
Intersections were equipped in California, Michigan, 
and Virginia.  Tests of the system included both on-
road and test-track evaluations.  System performance 
was excellent and recommendations were made for 
continuing with a large field operational test (FOT).  
The system can be installed at any intersection with 
sufficient positioning coverage and in any vehicle 
with an electronic stability system.  This system 

constitutes the first FOT-ready Vehicle Infrastructure 
Integration safety application 
 

INTRODUCTION 

Intersection crashes account for 1.72 million crashes 
per year in the United States. In 2004 stop sign and 
traffic signal violations accounted for approximately 
302,000 crashes resulting in 163,000 functional life 
years lost and $7.9 billion of economic loss (National 
Highway Traffic Safety Administration, 2006). The 
objective of the Cooperative Intersection Collision 
Avoidance System for Violations (CICAS-V) project 
was to design, develop, and test a prototype system to 
prevent crashes by predicting stop-sign and signal-
controlled intersection violations and warning the 
violating driver. 
 
The developed system includes both intersection and 
vehicle equipment communicating via 5.9 GHz 
Dedicated Short Range Communication (DSRC). The 
intersection equipment consists of Road-Side 
Equipment (RSE), containing a computing system, 
DSRC radio and a global positioning system (GPS) 
unit. In signalized intersections, the RSE is connected 
to the traffic signal controller from which it obtains 
signal phase and timing information in real-time. The 
vehicle equipment includes On-Board Equipment 
(OBE), containing a computing system and a DSRC 
radio, as well as a GPS unit and a driver-vehicle 
interface (DVI) to present a timely and salient 
warning to the driver for whom a violation of a 
Traffic Control Device (TCD) is predicted. 
 
The system was installed in the vehicles of five 
Original Equipment Manufacturers (OEMs): 
Daimler, Ford, General Motors, Honda, and Toyota. 
The system installed in the GM vehicle contained the 
full prototype, including the haptic brake pulse in the 
Driver Vehicle Interface (DVI). The vehicles of the 
other OEMs had the CICAS-V without the brake 
pulse.  Several intersections in California, Michigan 
and Virginia, managed through signal controllers 
from different manufacturers, were instrumented with 
the CICAS-V equipment and used for testing 
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throughout project execution. The full prototype, i.e. 
including the full DVI, supported the pilot Field 
Operational Test (FOT) that concluded phase 1 of the 
project. Based on the very positive results from this 
pilot FOT, recommendations were made for 
continuing with a large scale FOT. The CICAS-V 
project is a joint effort of the U.S. Department of 
Transportation (USDOT) and the Vehicle Safety 
Communications II (VSC-2) Consortium at the Crash 
Avoidance Metrics Partnership (CAMP). 
 
CONCEPT OF OPERATIONS 

The Concept of Operations (ConOps) formed the 
basis of the system engineering activities and system 
development. For a signalized intersection, the basic 
concept of CICAS-V is illustrated at a high level in 
Figure 1. It shows a CICAS-V equipped vehicle 
approaching a CICAS-V equipped intersection and 
receiving an over-the-air messages from the local 
RSE. The information carried in such a message 
includes:  

• Signal Phase and Timing (SPaT) – real-time 
information of traffic light status    

• Geometric Intersection Description (GID) – 
a digital map of the intersection 

• GPS differential corrections (if accurate 
positioning information is required) 

• GIDs of stop-controlled intersections in the 
vicinity of the RSE (optional) 

 

The driver is issued a warning if the equipment in the 
vehicle determines that, given current operating 
conditions, the driver is predicted to violate the signal 
in a manner which is likely to result in the vehicle 
entering the intersection. This warning will raise the 
driver’s attention, so that the driver can determine the 
safest course of action, possibly bringing the vehicle 
to a safe stop before it enters the intersection crash 
box. While the system may not prevent all crashes 
through such warnings, it is expected that, with an 
effective warning, the number of traffic control 
device violations will decrease, and result in a 
significant decrease in the number and severity of 
crashes at controlled intersections. 
 
The vehicle OBE determines the probability of a 
violation by continuously reassessing the current 
distance from the stop bar for the actual lane of 
travel, the speed of the vehicle, and the current signal 
phase. If the phase is amber, then the vehicle OBE 
determines from the time left in phase whether it will 
pass the stop bar before the onset of the red phase. If 
the vehicle will cross the stop bar after the light has 
turned red, given the dynamic conditions of the 
vehicle, an alert is issued to the driver. 
 
For stop-controlled intersections the vehicle only 
needs to assess the distance from the stop bar, based 
on the current vehicle and stop bar locations, and the 
vehicle operating conditions. 

 

 
Figure 1: Basic concept of the CICAS-V system at a signalized intersection. 

 
REQUIRED POSITIONING ACCURACY 

For the CICAS-V ConOps to work, it is necessary for 
the vehicle to position itself with sufficient accuracy 
along the approach to the intersection. Researchers 
commonly refer to two levels of positioning 
accuracy: WhichRoad and WhichLane. 
 

WhichRoad accuracy requires that the combined 
error of GID and positioning does not exceed 5 m. 
This level of accuracy is required for CICAS-V at 
most stop-sign controlled intersections and at 
signalized intersections with no dedicated turn lanes 
with their own movement independent of the signal 
indication of the through movement. 
WhichLane accuracy requires that the combined error 
of GID and positioning does not exceed 1.5 m 
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(approx ½ lane width) and is necessary for CICAS-V 
at (mainly signalized) intersections with protected 
left or right turns where the turn phase differs from 
the phase for the straight crossing direction. 
 
Throughout the project, it was assumed that, by using 
GPS differential corrections, it would be possible to 
achieve a positioning accuracy better than 1 m. To 
contain the combined GID and positioning error 
within the required limit, it was thus determined that 
the accuracy of the GID had to be better then 0.5 m. 
 
GEOMETRIC INTERSECTION DESCRIPTION 

The vehicle OBE needs to have a map of the 
intersection with the necessary accuracy determined 
by the intersection type. Throughout project 
execution, no distinctions were made with regard to 
the GID accuracy for the intersections and all GIDs 
had the same lane-level accuracy. 
 
The GID has to have the following properties: 
 

• Sufficiently accurate (30 cm for 
WhichLane) road/lane geometry for all 
lanes/approach roads; 

• Intersection identification, including 
whether the intersection is stop-sign 
controlled or signalized; 

• Stop bar locations for all lanes; 
• An intersection reference point; 
• Lane widths for all the lanes; 
• Correspondence between lane and traffic 

signal applying to the lane.  
 
The ConOps did not assume that the vehicle would 
already have an intersection map stored onboard, thus 
the requirement that such a map be transmitted from 
RSE at the intersection to the vehicle through 5.9 
GHz DSRC. This imposed a constraint on the size of 
the GID to be transmitted over the air. The ConOps 
did not determine how GIDs for stop sign 

intersections are distributed to the vehicle. An 
alternative is that they are distributed by nearby RSE. 
 
In order to increase reception probability, the GID 
needed to fit within a single DSRC Wave Short 
Message (WSM) packet. The WSM maximum packet 
size is 1.4 Kbytes as specified in the IEEE 802.11p 
proposed standard [2,3]. Furthermore, about 400 
bytes of this packet are assumed to be used for 
security payload and are not available for the actual 
message content. Those constraints led to the design 
of a small map of about 1 Kbyte to store the GID. 
The GID specifications developed by the CICAS-V 
project have been entered in the Society of 
Automotive Engineers (SAE) J2735 standards 
process to become a future automotive standard.  
 
In order to minimize the size of the GID, the 
following design choices were made: 
 

• All geometry points are Cartesian offsets 
from an intersection reference point that is 
given in (Latitude, Longitude, and Altitude) 
coordinates in the WGS 84 system. This 
means that all the points that are used to 
describe the geometry are described as 
distance in decimeters from the intersection 
reference point (x [decimeters], 
y [decimeters], z [decimeters]); 

• All roads/lanes are described as an ordered 
set of geometry points together with the lane 
width at each point; 

• The lane geometry is described by 
specifying the centerline of the lane; 

• The stop bar location for each lane is the 
first geometry point for the lane;  

• Lane geometries are represented out to a 
distance of 300 m from the intersection 
reference point for approaching lanes (note 
that GIDs might overlap in some cases); 

• Outgoing lanes are optional but can be 
included, if necessary.
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Figure 2: GID elements  

 
The basic element of the GID (Figure 2) is a point or 
“node.” Two types of GID nodes are defined: (a) the 
Intersection Reference Point (IRP), expressed as 
Latitude, Longitude, and Altitude; and (b) the Nodes 
that describe the lanes, given as offsets in Cartesian 
coordinates from the IRP. The set of nodes that 
describe a lane are collected in the “Node List.” 
 
Two kinds of lanes are defined: 

• Reference Lane 
• Computed Lane 

 
A reference lane is a lane that is fully specified by a 
list of points. A computed lane is a lane that can be 
derived from a reference lane by a simple parallel 
shift of the reference lane. This method reduces the 
size of the GID message for cases in which several 
parallel lanes can be grouped into one approach. An 
approach is defined as all lanes of traffic governed by 
a single, independent signal phase cycle, moving 
towards an intersection from one direction. This 
corresponds to the term “Movement” used by Traffic 
Engineers.  
 

 
Figure 3: Approaches for the intersection at 5th 

Ave. and El Camino Real in Atherton, California. 
 
Figure 3 shows the seven approaches to the 
intersection of 5th Ave. and El Camino Real in 
Atherton, California. Approach 6 consists of three 
lanes for which the rightmost lane is wider than the 
other two due to parking possibilities. Approach 2 
contains three lanes and approach 5 contains two 
lanes. For approach 2 the GID specifies the leftmost 
through lane as a reference lane and the other two 
lanes in the approach are represented as computed 
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lanes. The same is true for approach 6 for which the 
leftmost lane is again specified through a node list 
and the other two lanes can be specified by the offset 
from the reference lane. 
 
It should be noted that the computed lane is not a 
mandatory feature of the GID but a device to 
minimize the size. In the GID, all lanes can be 
specified through node lists (as reference lanes) if the 
size of the GID permits. 
 
The resulting GID is a very compact map of the 
intersection. For instance, the size of the GID for 5th 
Ave. and El Camino Real is 352 bytes, while the size 
of the GID for the most complicated intersection in 
the project, Franklin and Peppers Ferry in 
Christiansburg, VA, is 869 bytes. 
 
No commercial maps available today can describe the 
intersection geometry to the required accuracy level, 
and some of the required GID attributes such as stop 
location are similarly missing, therefore, the CICAS-
V project had to generate the GIDs. 
 
After looking at several alternatives, aerial surveying 
was selected as the method to map the intersections. 
The company chosen to map the intersections was 
HJW GeoSpatial, Inc. (HJW) in Oakland, California. 
The CICAS-V project developed specifications for 
the GID that were transmitted to HJW and HJW then 
took a high-resolution aerial photograph of the 
intersections. The resulting image had to be ortho-
rectified. Also for this purpose a number of points on 
the picture were mapped by a surveyor on site. The 
company took the lane markings on the image to 
determine the location of the centerline for each lane 
and delivered the geometry of the lanes as a set of 
points, as specified. Those points were subsequently 
converted into the GID message, using a compiler 
that was specifically developed for CICAS-V. 
 
 

 
Figure 4: Aerial view of the Intersection at 5th 

Ave. and El Camino Real in Atherton, California. 
 
In mapping the intersection, work was conducted to 
specify the “North” direction accurately as the 
Geographic North in the WGS 84 Coordinate 
System. Using the “North” direction in the State 
Plane Coordinate System or the UTM Coordinate 
System, which are both used widely to specify 
geography, will lead to a rotation of the GID with 
respect to the Ground Truth by an angle that is 
location dependent. The farther the location of the 
intersection is away from the central meridian, the 
larger the angle between UTM north and geographic 
north. For the mapping of the intersection, this can 
amount to several meters of discrepancy between the 
position on the GID and the GPS position that the 
vehicle receives from the positioning system. 
 
SIGNAL PHASE AND TIMING 

The intersection sends controller Signal Phase and 
Timing (SPaT) information to the vehicle 10 times 
per second and the vehicle will select the correct 
signal indication, based on its approach. The SPaT 
message contains the signal phase indication of the 
current phase, the time until the next signal phase 
change and information to correlate the signal 
indication with the approach for all the approaches in 
the GID. 
 
As for GIDs, SPaT information is best included in a 
single DSRC WSM packet. This packet is generated 
by extracting the data in real-time from the traffic 
signal controller and formatting it into the SPaT 
message. Depending on the traffic signal controller 
hardware and the signal controller protocol, SPaT 
information is exported directly or some inference via 
a state machine running on the RSE is necessary to 
determine the correct phase.  
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GPS CORRECTIONS 

The overarching goal of the CICAS-V positioning 
and GPS correction generation subsystems is to 
design and prototype a vehicle positioning system. 
The purpose is to achieve real-time sub-meter vehicle 
positioning near CICAS-V intersections for 
CICAS-V equipped vehicles at relatively low cost 
while using commercial off-the-shelf hardware. 
 
The prototype design is dependent on the availability 
of RSE at CICAS-V signalized intersections that 
have a local GPS base station receiver. This receiver 
is configured to compute correction factors for the 
GPS Satellite signals that are needed to make the 
position result from estimation algorithms match the 
base station’s known (surveyed) fixed location. 
 
This locality of scope contrasts with other popular 
correction techniques, such as the Wide Area 
Augmentation System (WAAS) in the U.S, which has 
ground reference stations spaced approximately 500 
miles apart, and, therefore, computes corrections on a 
regional basis. The field test results conducted to date 
at real intersections indicate significantly higher real-
time vehicle positioning accuracy when compared to 
the position accuracies obtained through WAAS and 
Differential Global Positioning System (DGPS) 

corrections based vehicle positioning systems. For 
example, at the CICAS-V traffic intersection located 
in Farmington Hills, Michigan, absolute real-time 
vehicle positioning errors on the order of less than 
0.5m are consistently achieved using the CICAS-V 
test vehicles. 
 
Figure 5 shows the local DGPS correction generation 
and broadcast subsystem installed at a traffic point of 
interest, such as a controlled intersection. The GPS 
receiver is configured in base-station mode where it 
computes corrections to GPS satellite signals for 
other moving (vehicle-mounted) GPS receivers in its 
vicinity. The correction information is encoded in 
Radio Technical Commission for Maritime Services 
(RTCM)-standardized format, such as the RTCM 
Recommended Standards for Differential GNSS 
(Global Navigation Satellite Systems) service as 
defined by the Special Committee (SC) 104 on 
Differential Global Navigation Satellite Systems 
(DGNSS). For brevity, the corrections data message 
format is referred to as either RTCMv3.0 or 
RTCMv2.3, depending on which SC-104 release of 
the “Recommended Standards for Differential 
GNSS” is used. The RTCMv3.0 message format used 
in the CICAS-V system design consists of single 
frequency (L1) GPS information. 

 

RS-232

CICAS-V vehicle OBE unpacks the RTCM-
104 V3.0 corrections messages from the 
DSRC message and provides them to the 
on-board GPS unit, which applies the 
correction information to its position 
calculations, yielding much higher 
accuracy position estimates

Vehicle Roof Mounted    
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Figure 5: Aerial positioning correction equipment 

 
The RTCM 1001 corrections provide per-satellite 
GPS pseudo-ranges and carrier phase measurements 

so  the on-board (moving) GPS receiver can compute 
its position estimate with much higher accuracy and 
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reliability. The RTCM 1001 form [4] of L1-only 
correction information provides a good accuracy 
improvement with rather modest communications 
requirements and impact on GPS receiver workload. 
For example, only 101 bytes are required per RTCM 
1001 binary message that includes range corrections 
for 12 satellites, and is often smaller according to the 
number of visible GPS satellites in the current 
constellation. The amount of correction data that has 
to be broadcasted in the DSRC link is dependent on 
the RTCM version used and on the number of visible 
satellites. 
 
For example, the RTCM v2.3 format  requires about 
4800 bits per second (bps) to broadcast dual-
frequency code and carrier-phase observations or 
observation corrections of 12 satellites. Similar 
information content can be transmitted using 1800 
bps in the newer RTCM v3.0 format (i.e., for 12 
visible satellites, v2.3 requires 372 bytes to transmit 
data, whereas RTCM v3.0 requires only 8+7.25*12 
bytes). 
 
RTCM v3.0 is primarily designed to support Real-
Time Kinematic (RTK) operations that normally 
require broadcasting relatively large amounts of 
information, and generally implies highly 
sophisticated forms of correction analysis and error 
removal. However, the L1-only subset of the RTCM 
v3.0 format can provide good performance 
improvements for modest system resource 
requirements, and works well even with moderately-
priced receivers. A minimum of two RTCM SC 104 
standard messages are required from the RSE to 
support local differential L1 solution correction for 
onboard GPS receivers. 
 
Each RTCM 1001 Message contains the satellite 
observations (in particular the single frequency [L1-
only] GPS pseudo-range and carrier phase 
measurements) as derived by the base station GPS 
receiver by comparing the position estimate 
determined from current satellite pseudo-range 
observations with the surveyed fixed location of the 
base station antenna. The base station “works 
backwards” to compute corrections to the satellite 
pseudo-ranges that would yield a much more accurate 
position estimate. Other roving GPS receivers in the 
surrounding area will generally face the same set of 
inaccuracies in the GPS satellite pseudo-range 
observations, so when they apply these pseudo-range 
correction factors to their own observations, they too 
will be able to significantly reduce the errors and 
obtain a more accurate position estimate.  
 
 

MESSAGE FRAMEWORK 

The cooperative nature of the system requires the 
definition of the messages that are being sent from 
the intersection to the vehicle. The project defined the 
following messages as necessary for the system to 
function: 
 

• Wave Service Announcement (WSA) 
• Signal Phase and Timing (SPaT) 
• GID Message (GID) 
• GPS Correction Message 

 
There are two messages that are to some degree 
optional but that were implemented. These are: 

• Area GID (AGID) 
• Traffic Signal Violation Warning Given 

(TSVWG) 
It should be noted that the TSVWG message is the 
only vehicle-to-infrastructure message.  
 
In order to provide a common framework for all the 
messages, the project created the Transportation 
Object Message (TOM) that is based on XML but 
streamlines the message for byte efficiency. Here 
only an overview over the basic concept will be 
provided.  
 
XML is a meta-language ideally suited to dynamic 
data markup, which quickly became very popular in 
the software engineering community. XML 
descended from SGML and is a very expressive, 
flexible and powerful meta-language. The main 
disadvantage for XML is the low byte-efficiency, 
which makes it less indicated for RF transmissions. 
 
TOM was designed after the work conducted in the 
W3C XML Binary Characterizations Working 
Group. It was created to be similar to XML but 
highly streamlined for byte efficiency so it could 
support transmitting complex application data over 
DSRC. While XML is well suited for describing data 
of arbitrary complexity, TOM has similar capability 
but is limited by the maximum size of an object. 
 
A TOM frame begins each message with a Message 
Header and ends it with a Message Footer. The 
framework provides message differentiation and a 
basic measure of integrity. There may only be one 
frame per message. Ideally, that frame never exceeds 
1,024 bytes to fit into a WSM packet, assuming 200-
400 bytes for the security overhead and WSM frame 
overhead. Everything between header and footer is 
considered message content, expressed as a set of 
object tags. 
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The TOM framework allows all the messages that are 
received to be treated in the same way in their 
decoding, which creates efficiency in application 
development and improves code robustness. Also, it 
allows for consistent authoring of content across all 
the different messages. In order to develop the 
various messages, a TOM compiler was developed 
that allows the authoring of the message in XML and 
then converts it into a TOM message.  
 
DSRC BROADCASTS 

All the messages are sent as WSM packets according 
to the IEEE 1609.3 proposed standard [5, 6]. The 
DSRC spectrum at 5.9 GHz is partitioned into seven 
channels where the Control Channel (CCH) is 
currently envisioned as the channel where the safety-
relevant messages for Infrastructure-to-Vehicle (I2V) 
and Vehicle-to-Vehicle (V2V) communications are 
broadcasted. 
 
To optimize channel utilization, it was decided to 
broadcast SPaT messages on the control channel 
(#178) and the GID and GPS correction (GPSC) 
messages on one of the service channels (all other 
channels except #172). The control channel is used to 

broadcast WSA messages. These messages contain 
information about the intersection the vehicle 
currently approaches (Intersection ID), the GID 
version number, and the service channel used for 
broadcasting. The vehicle OBE can switch its DSRC 
radio to this service channel to receive the full GID 
for the intersection as well as GPSC corrections. If 
the vehicle determines that it has the GID already 
stored, it will discard the newly received GID but still 
receive the GPSC messages.  
 
DRIVER-VEHICLE INTERFACE (DVI) 

The warning is conveyed to the driver via the DVI. It 
was not a goal for the project to specify a standard 
DVI as it is expected that each OEM will develop 
proprietary solutions in the future. The DVI 
developed for the project included a visual icon, a 
speech-based warning and a brake pulse. The tests 
conducted within the project found this combination 
to be highly effective. The CICAS-V DVI is 
presented in more detail in [7]. 
 
SYSTEM ARCHITECTURE 

The overall system architecture is shown in Figure 6. 

 
Figure 6: CICAS-V system with interfaces 

 
As it can be seen in Figure 6, the vehicle and the 
infrastructure systems are very similar. In the 

following, the system architecture for the vehicle 
system will be described in greater detail. 
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Figure 7: CICAS-V system architecture for the OBE 

 
The software was implemented on a Linux embedded 
platform, the Wireless Safety Unit (WSU) by 
DENSO. 
 
The software modules were divided into WSU 
Software Services that handled the interfaces the 
DSRC radio, the GPS unit and Vehicle Components, 
and the CICAS-V application modules. 
 
The CICAS-V Application modules were grouped 
and divided into two categories: 

• Interface/Message Handling Modules – 
Interface to external devices and/or perform 
message handling and parsing functions 

• Violation Detection Modules – Process the 
latest vehicle, GPS, GID and SPaT data to 
determine whether an intersection violation 
is likely to occur 

 
The modules assigned to each sub-category are listed 
in Error! Reference source not found. below.

 
Table 1: CICAS-V OBE Application Module Summary 

 
Module Description 

Interface/Message Handling Modules 

Vehicle Message Handler Interfaced to the Netway device (through the WSU Vehicle/CAN Interface Services) 
to receive generic CAN messages with vehicle status 
Transmitted and received heartbeat status information with the Netway 

Radio Handler/Data 
Demux 

Interfaced to the WAVE Radio (through the WSU Radio Services) 
Configured the radio, and polled the radio driver for statistics 
Transmitted and received WAVE Short Messages (WSMs) 
Processed received WAVE Service Advertisement (WSA) indications 

GPS Handler Interfaced to the Novatel OEMV GPS receiver (through the WSU Time/Position 
Services) 
Output GPS correction (GPSC) data 
Input GPS time and position data 
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Module Description 
GID Database Handler Maintained the GID database 

Upon receipt of GID data, added a record to the database, or updated an existing 
record if the data was of a different version 
Deleted expired GID records 
Performed WAVE Basic Service Set (WBSS) selection if the GID or GPSC data 
was being broadcast on the Service Channel 

SPaT Handler Received and parsed the SPaT data 
Converted the data to a format usable by other modules 

DAS Handler/Logger Interfaced to the Data Acquisition System (DAS) (through the WSU Vehicle/CAN 
Interface Services) 
Output OBE status and input DAS status 
Performed hardware/software watchdog processing and determined whether a 
maintenance or malfunction condition exists 
It should be noted that the DAS Handler/Logger supports an independent system just 
for the collection of data to evaluate the prototype.  

Violation Detection Modules 

Intersection Identification Identified the intersection the vehicle was approaching based on the vehicle location 
and direction and the GID intersection reference points 

Map Matching/Lane 
Identification 

Calculated the most likely lane(s) and approach(es) of the vehicle, and the distance 
to the stop bar(s) based on the vehicle location and GID data 

Warning Algorithm Determined if an intersection violation was likely to occur 
Generated Traffic Signal Violation Warning Given (TSVWG) and Remote 
Command (RCMD) messages to be transmitted to the RSE 

DVI Notifier Interfaced to the Driver Vehicle Interface (DVI) (through the WSU Vehicle/CAN 
Interface Services) 
Controlled the DVI icon and flexible warning outputs 
Transmitted and received heartbeat status information with the visual DVI device 
Generated audible DVI alerts 

 
SYSTEM INSTALLATION 

The components of the intersection installation of the 
CICAS-V are shown in Figure 8 and Figure 9. 
Figure 8 shows the installation of the RSE, the GPS 
and a Data Acquisition System (DAS) in the 
intersection controller cabinet at an intersection in 
Blacksburg, Virginia. Figure 9 shows the antenna 
installation (DSRC and GPS) at an intersection in 
Michigan. 
 

 
Figure 8: CICAS-V cabinet with GPS, RSE, and 

Data Acquisition System (DAS) 
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Figure 9: CICAS-V antenna installation 

 
Due to different intersection configurations, 
geometries and installation guidelines the 
installations in Blacksburg, Virginia, Oakland 
County, Michigan and Atherton, California differed 
from each other, even though the same components 
were used.  Figure 10 shows the installation in one of 
the OEM vehicles. 
 

 
Figure 10: CICAS-V Vehicle Installation 

 
Figure 10 shows the OBE (DENSO WSU), the 
Vehicle Interface (Netway) the GPS Receiver 
(Novatel OEMV) and a DAS (Virginia Tech 
Transportation Institue). The DAS recorded all the 
messages from the vehicle bus, the messages that 
were received from the intersections, the output of 
the computations from the OBE and the camera 
images (Forward, Driver Face, Interior of Vehicle, 
Rearward). 

 
OBJECTIVE TESTING 

Since the planned outcome of this project was a 
prototype ready for a large-scale Field-Operational 
Test (FOT), the system had to pass objective test 
procedures. Together with the USDOT a set of 
procedures was defined and then the system was 
tested using the procedures on a closed test track with 
an intersection (the Virginia Tech Smart Road). The 
test procedures are shown in Table 2. 
 
The tests are divided into types:  

• Warning Tests where the system has to give 
a warning 

• Nuisance Tests, where the system must not 
give a warning  

• Engineering tests where the system limits 
are tested 

The tests covered the typical situations that would be 
encountered by a CICAS-V equipped vehicle 
approaching a CICAS-V equipped signalized or stop 
-sign controlled intersection. They were written such 
that any supplier of a CICAS-V can use them to test 
whether the system fulfills the performance 
specifications.  
 
For a warning test to pass, the system had to alert the 
driver within a distance of (200 ms * vehicle speed) 
of the correct warning distance as defined in the 
warning algorithm and all the warning modalities had 
to come on within 200 ms of each other. The actual 
value that was achieved was below 100 ms. Each of 
the tests had criteria associated with it that 
determined that the test was valid, e.g., the variability 
of the speed had to be smaller than 2.5 mph around 
the nominal test speed. Each test had to have at least 
eight valid runs. The Various Speed Approaches tests 
for signalized and stop controlled intersections 
consisted of approaches at three speeds: 25, 35 and 
55 mph, each of which needed eight valid runs.  

 
 
 
 
 
 
 
 

 
Table 2: CICAS Test Scenarios Overview 

 

Name Purpose Kind 

Signalized Various Speed 
Approaches Test 

Test whether warning distance is as specified for 
signalized intersections and given vehicle speed 

Objective 
Requirement 
Warning 
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Edge of Approach Testing for 
Warning 

Test whether expected warning is given when 
vehicle is driven on edge of lane 

Objective 
Requirement 
Warning 

Edge of Approach Testing for 
Nuisance Warning 

Test whether nuisance warnings are avoided 
when vehicle is driven on edge of lane 

Objective 
Requirement 
Nuisance 

Late Lane Shift Test – Warning Test whether expected warning is given when 
shifting from green lane into red lane after red 
lane’s warning distance passed 

Objective 
Requirement 
Warning 

Late Lane Shift Test – Nuisance 
Warning 

Test whether nuisance warning is avoided when 
shifting from red lane into green lane before red 
lane’s warning distance passed 

Objective 
Requirement 
Nuisance 

Multiple Intersections within 300m 
Radius: Warning Case 

Test whether warning appropriate warning is 
given for approaching intersection in presence of 
multiple nearby intersections 

Objective 
Requirement 
Warning 

Multiple Intersections within 300m 
Radius: No Warning Case 

Test whether warning is avoided when 
approaching intersection in presence of multiple 
nearby intersections 

Objective 
Requirement 
Warning 

Dynamic Signal Change to Yellow, 
Too Late to Warn 

Test whether warning is avoided on signal change 
from green to yellow when red arrives after the 
stop bar 

Objective 
Requirement 
Nuisance 

Dynamic Signal to Red, In Time for 
Warning 

Test whether expected warning is given on signal 
change from green to yellow when red occurs 
before vehicle passes stop bar. 

Objective 
Requirement 
Warning 

Dynamic Signal to Green, No 
Warning Case 

Test whether warning is avoided when signal 
change from red to green before the warning 
distance 

Objective 
Requirement 
Nuisance 

Stop Sign Various Approach Speeds 
Test 

Test whether warning distance is as specified for 
stop sign intersections and given vehicle speed 

Objective 
Requirement 
Warning 

SPaT Reflection and Reception Tests the system performance / system limits 
when line of sight between intersection and 
vehicle is obscured by another vehicle 

Engineering Test 

 
 

Table 3: Results of objective testing 
 

Test Name Speed Comment 
Tests 
Conducted 

Tests 
Successful 

Success 
Rate 

Pass 
/ 
Fail 

Signalized Various 
Speed Approaches 
Test 

25   8 8 100% Pass 
35   8 8 100% Pass 
55   8 7 88% Pass 

Edge of Approach 
Testing for Warning 35 Right Side 8 8 100 Pass 
Edge of Approach 
Testing for 
Nuisance Warning 35 Left Side 8 8 100% Pass 

Late Lane Shift Test 

35 
Right to Left 
w/Warning  8 8 100% Pass 

35 
Left to Right w/o 
Warning  8 8 100% Pass 

SPaT Reflection 
and Reception 35   8 8 100% Pass 
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Multiple 
Intersections within 
300m Radius: 
Warning Case 35   8 8 100% Pass 
Multiple 
Intersections within 
300m Radius: No 
Warning Case 35   8 8 100% Pass 
Dynamic Signal 
Change to Yellow, 
Too Late to Warn 35   8 8 100% Pass 
Dynamic Signal to 
Red, In Time for 
Warning 35   8 8 100 % Pass 
Dynamic Signal to 
Green, No Warning 
Case 35   8 8 100% Pass 

Stop Sign Various 
Approach Speeds 
Test 

25   8 8 100% Pass 
35   8 8 100% Pass 
55   8 8 100% Pass 

Overall           Pass 
 
 
As can be seen in Table 3, the system passed all the 
objective tests with almost 100% of the runs passing. 
The only failed run happened at one intersection 
approach where the brake pulse failed to trigger, even 
though the other warning modalities warned the 
driver at the correct distance. The SPaT reflection 
and reception test did not have pass/fail criteria 
attached to it since it tested the system outside the 
performance specifications. In this test, the CICAS-V 
equipped vehicle followed a tractor-trailer within a 
distance of 4.5 m to see whether enough packages 
from the intersection could be received to enable the 
vehicle to issue a correct warning. In all the test runs 
the warning was issued such that the vehicle was able 
to come to a stop before entering the intersection 
crash box but in several instances the warning came 
more than 200 ms late. The complete description of 
the objective test procedures can be found in [8], the 
complete analysis of the objective testing can be 
found in [9]. 
 
DISCUSSION 

The development work in the CICAS-V project 
resulted in a CICAS-V that was deployed in 
intersections in three states in the United States with 
different traffic signal controllers and intersection 
configurations. The installations varied in difficulty 
due to the location of the traffic signal controller 
cabinet relative to the antenna placements, the space 
available in the cabinets, and other local factors. In 
all cases, the intersection installation was stable and 

without maintenance is still working in the Michigan 
intersections, even after a severe winter. The 
intersection installation could be accomplished with a 
reasonable amount of effort even for complex 
intersection installations. The development and test 
of the intersection GIDs showed that the necessary 
maps with successive could be developed. The 
positioning correction methodology used proved that 
the required accuracy for lane level positioning is 
achievable and that the overall system is feasible and 
can be installed at intersections. A final deployment 
analysis would need a full FOT.  

The vehicle part of the CICAS-V was improved in 
successive releases of the software and extensive 
system tests were performed to verify all functions 
and aspects of the system. The software release that 
was used for the pilot FOT [10] was improved in 
several subsequent releases using the results from the 
tests with naïve drivers. The final release of the 
project was used for the objective tests. The system 
performed well during the objective tests and was 
judged to be ready for a large-scale FOT. The passed 
tests included both Warning Tests where the correct 
warning had to be given and Nuisance Tests, where 
an incorrect warning had to be avoided.  

The overall performance of the system showed that it 
is ready for a large scale Field Operational Test. 
Plans and experimental protocols have been 
developed as part of the project and can be used to 
conduct the test [11].  
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CONCLUSION 

The CICAS-V project developed a cooperative 
intersection collision avoidance system that warns 
drivers of an impending violation of a traffic control 
device. The system was installed in several vehicles 
and intersections in California, Michigan and 
Virginia. To support the system, message sets, a 
digital map format for intersection maps, and a map 
matching and positioning system for accurate 
positioning in the vehicle were developed. For the 
evaluation of the system readiness for an FOT with 
naïve drivers, objective test procedures were 
developed and the system was tested using those 
procedures. The CICAS-V passed all the objective 
tests. The system was also tested with naïve drivers 
in a pilot FOT and was found to be ready for an FOT. 
This constitutes the first test of a CICAS-V in a real-
world environment and the results show that such a 
system can function well and can be tested in a large-
scale field test with naïve drivers. 
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ABSTRACT 

The objective of this study is to predict the behaviors 
of the human body in pre-crash conditions based on 
the experiment with active human models. In order to 
simulate the actual pre-crash condition of a car that 
occurs when the drivers brakes or pre-crash safety 
system activates in an emergency situation, low 
speed front impact tests on human volunteers were 
conducted using a sled-mounted rigid seat, on which 
each subject sat, sliding backwards on the rails. It 
was observed that when the subject’s muscles were 
initially relaxed, muscle responses started activation 
at around 100ms after the onset of acceleration and 
reached its maximum value at around 200ms. During 
this time period, most of the individual body region 
acceleration responses and restraint system reaction 
forces also peaked. Furthermore, the head-neck-torso 
kinematics was strongly influenced by the muscle 
activity. This experiment indicates that muscles can 
react quickly enough to control the driver’s behavior 
significantly during the low-speed impact, relating to 
the driver’s posture just before the collision. Thus, 
the active human model with the Hill-type multi-bar 
muscle was employed to estimate the possible 
driving posture in an emergency. From the result of 
this experiment, pre- and post- crash occupant 
behavior was predicted. For a more detailed 
understating, a parametric study was conducted that 
distinguishes the factors presented in real accident 
cases. 

INTRODUCTION  

In the discussion of automobile crash safety, it is 
usual that occupant safety is discussed with a 50% 
adult male (AM50) or Anthropomorphic Test 

Dummy (ATD) in a normal sitting posture. However, 
the posture of the driver’s seat occupant varies due to 
age, gender and physiques. Moreover, further posture 
changes will occur just before the collision due to 
occupant evasive maneuvers; thus, it is difficult to 
keep a normal position just before the collision. 
Figure 1 shows the accident type and evasive 
maneuvers obtained from the Institute for Traffic 
Research and Data Analysis (ITARDA) in Japan 
(1993-2004)[1]. This data source consists of 860 of 
front impact collision (CDC:11F-1F) cases. The 
accident analysis show that around 50% of the 
drivers made evasive maneuvers in each accident 
type; namely, most drivers made evasive maneuvers 
just before the collision. In addition, driver injury 
incidence rates of chest with evasive maneuver are 
relatively larger than those with non-evasive 
maneuver when compared in each delta-V [2]. 
Therefore, evasive maneuvers include additional 
factors such as posture changes and body movement, 
which must be taken into consideration in discussing 
the accident analysis results. However, these 
differences in the driving posture and behavior of the 
occupant before such collisions is unreadable 
information from the accident data; thus, it is 
difficult to quantify the differences in injury 
mechanisms only from the accident data. 
Armstrong et al.[3] examined the bracing effect in 
their review of prior works on muscle effects. They 
employed volunteers and demonstrated the strong 
influence of leg bracing against the toe board. It was 
found that 55% of the subject’s kinematic energy 
absorption was attributed to the restraint by legs. 
Cross et al.[4] studied how passengers “brace” and 
react during pre-impact vehicle maneuvers. This 
information is related to the real world occupant 
photographic studies (Bingley et al.[5]). Parkin et al. 
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[6] studied the effects of driving posture and 
passenger individuality. It was concluded that the 
configuration of initial posture, i.e., how people sit in 
cars, showed marked differences between male and 
female. According to these previous studies, the 
causation between these differences and the injuries 
seen in the accident data has not been clearly 
explained. Nor has the relationship between evasive 
maneuver and the amount of posture change or 
muscle response been quantified yet. 
The authors have studied the posture changes caused 
by pre-braking by means of volunteer tests. The 
previous study in this series [7][8] was conducted. In 
this study, the posture of the driver at the moment of 
pre-braking just before the impact was examined in 
two different muscle conditions. In one condition, 
muscle is fully relaxed, and in the other muscle is 
fully tensed. At the same time, the basic data of 
posture changes and muscle activation were also 
measured by using a 3D motion capturing system, 
and muscle activation electromyography, respectively. 
Based on the results of this experimental study, the 
prediction of the driver’s posture and posture 
maintenance mechanisms were investigated. 
Moreover, this experimental study was applied to the 
injury prediction approach by using a computer 
human model to verify the influence of human body 
posture changes on the occupant injuries in a traffic 
accident. This in turn leads to further improvement of 
the effectiveness of occupant crash protection 
measures such as smart restrain system or adaptive 
restrain system in the accident. The aim of the 
current study is to build an injury prediction 
approach to verify the influence of human body 
posture changes on the occupant injuries in a traffic 
accident. 
 

7.5%

15.7%

13.4%

19.2%

9.7%

38.8%

47.9%

54.6%

49.1%

16.0%

6.0%

6.4%

5.2%

0.6%

16.0%

47.8%

30.0%

26.8%

31.1%

58.3%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Front impact

Side impact

Rear impact

etc.

Vehicle alone

Braking and Steering Braking Steering No avoidance

Avoided　52.2% No avoidance

70.0%

73.2%

68.9%

41.7%

 
Figure 1.  Accident type and evasive maneuver 

VOLUNTEER EXPERIMENT 

Volunteers and informed consent 

Five 22 to 26 year-old male volunteers in good health 
participated in the series of experiments. The average 
and standard deviation of the 5 volunteer’s 

anthropometric data is shown in Table 1. The 
protocol of the experiments was reviewed and 
approved by the Tsukuba University Ethics 
Committee, and all the volunteers submitted their 
informed consent in a document complied with the 
Helsinki Declaration. 
 

Table 1. 
Volunteer data 

 Age 
(year)

Height
(cm) 

Weight 
(kg) 

BMI 
(kg/m2) 

Sitting
height
(cm) 

Mean 24.1 168.9 61.8 21.5 87.4 
±SD 1.5 7.8 11.1 2.6 4.1 

Sled apparatus for simulation of low-level impact 

Figure 2 illustrates the initial view of the 
front-impact simulation sled system (hereafter 
referred to as “Mini Sled”). The front pre-impact sled 
was designed based on the actual car pre-impact 
condition in order to simulate the deceleration 
experienced when the driver brakes or pre-crash 
safety barking system activates in an emergency 
situation. The sled is equipped with rigid seat made 
of steel (hereafter referred to as “R-seat”). Low-level 
frontal pre-impact was applied to the volunteer by 
accelerating the sled. The R-seat made of steel was 
mounted on the sled. In this experiment, a foot plate 
and a removable steering is equipped on the sled and 
the reaction forces coming from the plate and wheel 
were measured by load cells.  
 

Acceleration (0.8G, 600ms)

RigitSeat

Steering

Foot Plate

Motor

Load Cell

Sled Accelometer

 
Figure 2.  Outlook of the front-impact simulation 
sled system 

Motion analysis and definition of joints and 
segment region of the full body 

The physical motion of the human body and 
head-neck-torso kinematics at low-level impact 
accelerations were measured by means of the 
three-dimensional motion capturing system[9]. The 
features of this capturing system are that the position 
of each marker is automatically extracted from a 
video image caught with several cameras, and the 
skeleton image which builds up with these markers is 
translated into three-dimensional coordinates. In the 
experiment, eight sets of cameras were employed and 
the landmarks were attached to the defined body 
locations. The arrangement in this experiment 
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included landmarks attached to the head (Parietal, 
Auditory Meatus), shoulder (Acromion), chest 
(Sternum), back (T1, T11), lumbar (L3), arm (Elbow), 
hand (Wrist, Back), and leg (Knee). These markers 
were used as the reference points in order to 
determine of the head, neck, torso, abdomen, hip and 
lower extremity locations. From this motion data, a 
skeleton image is generated based on segments 
determined by body surface landmarks. Figure 3 
shows the definition of each segment of the head, 
neck, torso, abdomen, thigh, and the lower legs. With 
these motion segments, the rotational angle at the 
joint was recorded, and the differences between 
subsequent rotational angles were calculated. In 
order to represent the hip motion separately, a virtual 
marker was created based on the skin surface marker. 
To be more precise, the upper torso was separated 
into five segments (Head, Neck, Chest, Abdomen, 
Pelvis), and the joint angle at each connection point 
(Head, Neck, T1-T12, T12-L3, Pelvis, Upper Leg, 
Lower Leg, Upper Arms, Lower Arms) was 
calculated with the motion capturing software. 

Acceleration measurement 

In order to monitor the motion of the volunteer at the 
time of impulse, accelerometers were placed both on 
the body surface and the sled. Since the head motion 
was three-dimensional, tri-axial accelerometers and a 
tri-axial angular velocity meter were attached to the 
mouth via the mouthpiece, the first thoracic vertebra 
(T1), the twelve thoracic vertebra (T12) and the 
lumber vertebra (L3). The fixtures shown in Figure 3 
were fabricated for the installation of accelerometers 
on the body of each subject. The acceleration of the 
shoulder and chest were measured by the 
tri-accelerometer attached to the surface of the 
acromion and the front chest around the sternum 
region with a surgical tape, over which double-coated 
tape was adhered. 

Electoromyography 

Muscle activity was measured by means of surface 

electromyogram, the timing of which was 
synchronized with the three-dimensional movement 
data. EMG electrodes were attached to the skin over 
the major muscles of the subject. Table 2 indicates 
the locations of the surface electrodes, and “M.” 
stands for muscle. The measured muscle activation 
during the impact was analyzed by systematic 
processing, and the average rectified value (ARV)[7] 
was obtained. Each muscle response was normalized 
by its own maximum muscle activation value (ARV) 
in the tensed case.  
 

Table 2. 
Location of the muscle 

Neck M. Sternocleidomastoideus 
M. Paravertebralis 

Torso M. Latissimus Dorsi 
M. Erector Spinae 

Abdomen M. Rectus Abdominis 
M. Obliquus Externus Abdominis 

Lower 
Extremity 

M. Biceps Femoris 
M.Rectus femoris 
M. Gastrocnemius 

Upper 
Extremity 

M. Biceps Brachii 
M. Triceps Brachii 
M. Deltoideus 

Experimental conditions 

Five healthy males were selected as test subjects. In 
order to examine the effect of muscle activity on the 
physical motion in the pre-crash situation, the 
experiments were conducted in two conditions: a 
relaxed state, in which the volunteers were subjected 
to the impact in the state of relaxed muscles, and a 
tensed state, in which volunteers intentionally tensed 
their muscles. Test subjects were instructed so that 
they could assume each of these muscle 
configurations. During the test, the muscle activation 
was monitored to determine to what extent the 
subjects were relaxed or tensed. In the relaxed case, 
the subjects were required to be fully relaxed until 
the body motion was naturally stopped. For the 
safety of the subjects, a seatbelt was used to 
immobilize the waist of each subject. On the other 
hand, in the muscle-tensed cases, the subjects were 
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Figure 3.  Lateral view of the head/neck/torso/pelvis with mounted accelerometer and definition of the
segment and rotational angle between each segment 
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instructed to tense their all muscles intentionally. In 
this case, a steering was installed to reconstruct the 
pre-crash condition in which the driver tenses their 
muscle to hold the steering wheel for bracing. The 
3-point seatbelt was also attached to the shoulder to 
prevent the contact between the upper torso and the 
steering. The seatbelt was adjusted to the length of 
the abdominal and chest regions; thus, these belts 
were not pre-tensioned at the initial stage. For the 
purpose of comparison, the subjects were solicited to 
try to maintain their initial posture by tensing their 
muscles. Applying the acceleration to the sled while 
the subjects were assuming the same initial posture, 
the differences due to muscle activation could be 
clearly seen in the motion of their upper torso. 

EXPERIMENTAL RESULTS 

Subject’s motion, acceleration response and EMG 

In order to investigate the effect of the muscle 
condition, a series of experiments were conducted on 
the five volunteers in each case as shown in Table 3. 
The impact phenomenon seen in the typical frontal 
collision case can be described by the motions 
observed by three-dimensional movement analysis 
system, the acceleration at each region of the subject, 
and the electromyographic response. A subject’s 
motion, acceleration response, and EMG are divided 
into four phases. 
 

Table 3. 
Test Matrix 

5 adults 
Impact 

acceleration Direction Muscle 
condition 

Boundary 
condition 

0.8G Front 

Tensed 
Shoulder belt

Lap belt 
Steering 

Relaxed Lap belt 

 
In this section, the results of the experiments 
conducted with an impact acceleration of 8.0 m/s2 
using a rigid seat are described. The following results 
were summarized according to the two different 
muscle conditions of pre-crash acceleration as time 
sequential changes. Further explanation of pre-crash 
conditioning in the two different muscle conditions 
are described in Figure 4-7. Figure 4 and Figure 5 
show the sequential images of a subject’s motion 
taken both by the high-speed camera and by the 3D 
motion capturing system. In addition, subject’s 
motion, response to the acceleration and EMG are 
divided into four phases as illustrated in Figure 7. 
This figure shows the time histories of resultant 
acceleration and angular velocity of the head, T1, 
T12, and L3. In addition to the acceleration, the time 
histories of reaction forces with the belt, footplate, 
and steering wheel are shown. Moreover, the time 
histories of EMG response of each muscle of the 

subject are indicated. Finally, the time of acceleration 
onset is set at zero (0ms) in the time history diagram. 

Motion observed by sequential picture 
images and 3D movement analysis system 
(Forward motion kinematic) - Because of the 
inertial force generated by the acceleration of the sled, 
the subject’s upper torso started to move forward, 
while the head was moving backward relative to the 
first thoracic spine (T1) in the relaxed case. As a 
result of this phenomenon, the neck that links the 
head and torso started to extend. Moreover, T10 and 
T1 showed a ramp-up motion. With the subject’s the 
body trunk restrained to the seat by a lap belt, the 
arched rotation of the upper torso started at around 
200 ms. Simultaneously, the neck also started to 
rotate (flexion). Compare with the muscle-relaxed 
case, the upper torso motion is constrained by the 
muscle activation in the muscle-tensed case. With the 
subject’s body trunk restrained to the seat with the 
reaction force from the steering wheel through the 
arm, the forward motion of the upper torso started to 
fold back at around 200 ms.  

Acceleration at each region of the subject 
and loads - The constant acceleration of 8.0(m/s2) 
was applied to the sled, and this acceleration 
appeared with the acceleration of L3 close to the sled 
in initial stage. Then, the lumber acceleration was 
transferred to the head of T12 and T1 one by one. 
The magnitude of L3 and T12 acceleration indicated 
the maximum value at around 150 ms, and the head 
and T1 acceleration gradually increased due to the 
forward motion of the upper body. According to the 
angular velocities of the L3, T12, T1, and Head, each 
portion started to rotate at around 100ms. Then, the 
L3, T12 angular velocity was getting decreased, and 
the magnitude of T1 and head C.G. angular velocity 
reached the maximum value at around 300ms. 
Compared to the muscle-relaxed case, the upper torso 
motion is constrained by the muscle activation in the 
muscle-tensed case. Therefore, the maximum value 
of acceleration, angular velocity, and the seatbelt 
force decreased. The maximum value of T1 and head 
were indicated at around 200ms. In addition, the 
flexional angular velocity of the head and neck 
reached maximum at around 150 ms, when the 
head-neck deformation started to fold back. The 
magnitude of this acceleration decreased due to the 
activation of the muscles after 200 ms. On the other 
hand, L3 angular velocity converged to zero, and the 
magnitude of T1 and head angular velocity reached a 
positive value (Extension). The angular velocity 
indicates a miner oscillation mode because the 
shoulder-belt and lap-belt started to react with the 
forward motion of the torso. The magnitude of foot 
plate and steering load indicated the maximum value 
at around 200 ms, and these reaction forces are 
strongly correlated to the muscle activation at lower 
extremity and upper extremity. The reaction force of 



Ejima 5   

footplate and steering is converged to 100 N by 
discharging the lower and upper extremity muscle, 
when the subject found an appropriate balance 
between the muscle activation and the inertia effect 
(Figure 5). Therefore, the acceleration and angular 
velocity converged to zero. 

Electromyographic response- Because of the 
muscle-relaxed condition, the upper torso started to 
move forward, and the major muscle activation was 
not detected except M. Erector Spinae, M. Biceps 
Femoris, and M. Gastrocnemius. In relation to the 
neck link motions, discharge of M. paravertebralis 
slightly activated at around 100 ms. Moreover, the 
position of the body trunk moved forward, and M. 
Biceps Femoris and M. Gastrocnemius normalized 
ARV value are rapidly increased at around 150ms. 
Then, the muscular discharge of the neck, torso, and 
leg disappeared. 
In the muscle-tensed case, the body trunk was 
restrained to the seat due to the muscle activation. 
Therefore, the acceleration started to decrease and 
the angular velocity of each body region converged 
to zero. The muscle activation is discharged 
continuously, and the posture is maintained by the 

resistance force from the footplate and the steering 
wheel. Regarding the muscle response, most of the 
muscles are discharged before the impact (0ms) 
except M. sternocleidomastoideus and M. 
paravertebralis . 

Differences in HEAD, NECK, and TORSO 
Motions related to the muscle responses and 
restrain effect 

It has been detected that the pre-impact tension of 
muscle affects the physical motion at low-level 
impact, and this muscle effect is mostly related to the 
rotational angle of head, neck, and torso. Therefore, 
the rotational motion of the upper torso was analyzed 
based on the trajectory of each landmark measured 
by the 3D motion capturing system. Figure 8 shows 
the average values of the maximum flexional and 
extensional angles at the joint. The average value 
was calculated from the data of the five male 
volunteers. For the purpose of comparison, the tensed 
and relaxed muscle cases are shown in these figures. 
As for the rotational angle of each joint, the primary 
value was set as zero (0). The plus (+) direction 
indicates extension, while the minus (-) direction 
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indicates flexion. Because of the muscle activities, 
the major angle difference between the lower leg and 
the feet could not be identified in the experiment. In 
the muscle- relaxed case, the flexional motion of the 
pelvis (Pelvis) is dominated in the body trunk. The 
extensional motion of the head (Head) and lower 
extremity (Upper Leg) were identified in the 
muscle-relaxed condition. 
On the other hand, in the case of tensed condition, 
the major flexional motion was detected in the neck 
(Neck), thorax (T1-T12), and upper extremity (Upper 
Arms) area. The head (Head), pelvis (Pelvis), lower 
extremity (Upper Leg) and upper extremity (Lower 
Arms) showed extensional motion. 

Muscle activities during pre-braking 

According to the kinematic and muscle activity in the 
experimental results in Figure 4-7, the subject’s 
upper torso and head-neck motion is constrained by 
the muscle activation. In addition, the torso motion is 
restrained by the resistance force from the upper 
extremity which is connected to the steering wheel. 
As a result of this phenomenon, upper torso motion 

was strongly affected by the muscle and the 
boundary condition in the pre-crash situation. Figure 
9 indicates the average value of the integrated 
normalized ARV to define the each muscle activation 
during the impact. This value is calculated from the 
integration of average time history of normalized 
ARV value with five volunteers in both relaxed and 
tensed case. The interval of integration is between 
0ms to 600ms when the sled is moving in the 
constant acceleration. In the muscle-tensed case, 
most of the muscles become larger than the relaxed 
case except M. Rectus Femoris and M. Biceps 
Femorise. Particularly, M. Sternocleidmastoideus 
(Neck), M. Rectus Abdominis (Abdomen), M. 
Gastrocnemius (Lower Extremity) and Upper 
Extremity have a significant difference in the amount 
of integrated normalized ARV between 
muscle-relaxed case and tensed case. 
The result of the integrated value indicates the 
muscle condition working against the forward motion 
during the impact. These muscle activities were 
strongly related to the motion of the upper torso. The 
limitation of the posture-control with muscle 
activation was identified based on the activation level. 
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These muscle activations should be taken into 
account in predicting this pre-crash phenomenon 
with the computer model. 
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NUMERICAL STUDY 

Prediction of impact posture changes due to 
pre-crash condition 

Active human model –It can be said that the 
experimental result indicate that the physical motion 
of the human body under pre-crash condition can be 
predicted. Therefore, the effect of the posture change 
caused by pre-crash condition was estimated by 
using MADYMO TM [10] with a multi-body adult 
male as the occupant model (Figure 10). This 
computer model is based on a rigid body model that 
incorporates muscle effect by using the hill-type 
muscle model. The muscle repose measured from the 
acceleration experiments was directly applied to the 
major muscles in order to simulate this acceleration's 
effect on the human body. To populate the design 
space of occupant anthropometric properties, the 
scaled rigid body model is developed by using 
GEBOD [10] which is constructed by the human 
anthropometric data. To examine the reliability of the 
MADYMO occupant model, the current human 
model was validated against the results of the 
experiments [11]. The validation was done against 
the impact tests at 8.0 m/s2 in muscle relaxed and 
tensed cases which are described in the previous 
section, and it included the kinematics of the 
head-neck complex and whole body motion. 
Therefore, the validation of the modeling of these 
impacts was done only in terms of the posture change 
during the low-speed impact. 

Baseline model -The baseline model used in 
this study was a multi-body representation of the 
driver’s side interior compartment of a mid-size 
sedan car. The vehicle interior consists of the 
standard three-point belt system, a steering wheel, a 
knee bolster, and a footplate (Figure 10). The 
mechanical property of each component is validated 
with the experimental study. In this study, the 
accident scenario was reconstructed to evaluate the 
effect of posture change in the pre-crash condition. 
Therefore, the pre-crash phase which was defined in 
the volunteer test (constant deceleration 8.0 m/s2: 
Duration: 0-600ms) is considered just before the 
collision and the deceleration pulse taken from the 
barrier test with mid-size sedan car (delta-V of 50 
km/h ) is applied to the model.  

Sensitivity analysis 

Design parameter and injury criteria -Three 
design parameters are mainly related to posture 
change in the pre-crash condition. In the previous 
study on the volunteer test [7], the small female 
subject showed the different trajectory from the male. 
Therefore, the anthropometric size should be one of 
the parameter in sensitivity analysis. Bose et al. [12] 
proposed the several kinds of initial posture based on 

the computer model, and it showed large difference 
in the injury outcome from the computer simulation. 
For this reason, the muscle response, anthropometric 
size, and initial posture that are considered as deign 
parameters in this simulation, and this study calculate 
the contribution of each parameter to the injury 
outcome. The head injury criterion (hereafter referred 
to as HIC36) and chest acceleration for 3ms (hereafter 
referred to as C3ms) were employed for the evaluation 
of injury. The variation of each of the design 
parameters is listed in Table 4. The combination of 
the muscle response, anthropometric size, and initial 
posture are carried out, and the total number of 
simulations is eighteen cases. The variation of each 
parameter is described as follow. The muscle 
response is defined as two condition from the 
experimental result (Tense and relax). The 
anthropometric size is based on the Japanese 
anthropometric male database and defined as three 
types (AM05, AM50, AM95). The initial posture is 
referenced to the literature [5][6][11] and three kinds 
of posture is defined (STD: Standard, UPR: upper 
body upright, FOW: upper body forward  to steering 
column) . 

Sensitivity Evaluation 

The sensitivity information of each parameter is 
calculated by the analysis respect to the HIC36 and 
C3ms. Figure 11 shows the effects on individual 
injury values by changes of design parameters from 
the HIC36 and C3ms. The HIC36 is sensitive both to the 
anthropometric size and to the muscle response. 
Figure 12 indicates the eighteen cases of HIC36 
respect to the anthropometric size (AM05, AM50, 
and AM95) in muscle relaxed and tensed case. In this 
figure, HIC value is normalized by the output value 
from the standard condition (Muscle Tense, AM50, 
STD). Compared with the muscle-tensed case, the 
variation of HIC36 is larger than that in the 
muscle-relaxed case. The reason for this difference is 
that the pre-crash phase defined in this simulation 
causes not only a posture change but also a change in 
body velocity due to inertial forces. Therefore, the 
contact speed between the head and the steering 
wheel changes in the muscle-relaxed case. On the 
other hand, the C3ms is very sensitive to the initial 
posture. Figure 13 indicates the eighteen cases of 
C3ms respect to the initial posture (STD: Standard, 
UPR: upper body upright, FOW: upper body foward 
to steering column) in muscle relaxed and tensed 
case. The value of C3ms is also normalized by the 
output value from the standard condition (Muscle 
Tense, AM50, STD). Compared with the muscle 
tensed case, large variation C3ms can be detected in 
the muscle relaxed case. This phenomenon is also 
related to the pre-crash phase defined in this 
simulation, and the difference of initial posture 
affects the relative chest velocity to the steering. 
Therefore, the 3ms criterion value of the chest 
deceleration variation is increases. From this 
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calculation, the effect of pre-crash phase is predicted 
by using the computer human model. For a more 
detailed understating of the mechanisms, further 
study will be needed to distinguish the parameters 
that are present in real accident cases. 
 

Seat

Seatbelt
Steering

Knee bolster

Foot plate
 

Figure 10.  Computer human model with the 
driver’s side interior compartment of mid-size car 
 

Table 4. 
Variation of design parameter 

DISCUSSION 

Mechanisms of posture changes during pre-crash 
condition 

The estimation from the results of measurement 
system indicates a significant correlation between the 
discharge of muscle force and the kinematic of each 
body part. For example, the head-neck-torso 
acceleration (HeadCG, T1, T12, and L3) increases, 
but decreases when the volunteer intentionally tensed 
their muscle. The muscle-tensed effect is clearly 
detected in the magnitude of acceleration and angular 
velocity compared to the muscle-relaxed condition. 
This is not only due to the back and abdominal 
muscles, but also due to the upper and lower 
extremity muscles discharged from the impact (0 ms). 
In other words, the upper torso was subjected to 
posture-control provided by these pre-tensed muscle 
condition in which activation level is around 20-40 % 
of maximum muscle. Following the timing of the 
muscle activation with upper and lower extremity, 
the steering wheel and the footplate show the 
reaction force continuously. Thus, the subject found 
the appropriate balance to control the upper body 
motion by using the reaction force from the steering 
and the footplate.  
In the relaxed case, the subjects were required to be 
fully relaxed until the body motion was naturally 

stopped. However, a natural muscle ‘stretch receptor’ 
activated and this muscle activation temporarily seen 
in the back and lower extremity to control excessive 
motion. This protective mechanism works more 
effectively when the steering is installed in the 
system. 

Effect of muscular Tension 

In this study, a steering was installed to constrain the 
hip and chest in order to simulate real pre-crash 
conditions. It was identified that the pre-acceleration 
tension of muscles exerted influence on the physical 
motions compared to the relaxed case; however, this 
effect greatly reduced from that detected in the cases 
of relaxed cases. In comparing rotational angles 
between tensed and relaxed cases per body region 
from pelvis to head, ante-extensional motion due to 
muscle tension was detected at the neck region 
(Head: Figure 8). In this region, the posture-control 
effect of the rotational angle due to muscle tension 
was around 60%. On the other hand, the hip region 
(Pelvis: Figure 9) shows slight flexional rotational 
motion in tensed cases. In the relaxed cases, the hip 
region showed the largest flexional motion. 
Consequently, it was detected that the rotational 
angle of hip region was strongly affected by the 
upper torso motion restrained by the steering in the 
front impact case. Therefore, the boundary condition 
effect is important in discussing the stability of the 
posture under low speed acceleration. 

Prediction of the effect of posture change for the 
injury 

From the result of sensitivity analysis of the muscle 
response, anthropometric size and initial posture 
were selected as design variable. Injury values such 
as HIC36 and C3ms were sensitive to the 
anthropometric size and initial posture respectively. 
However, these results strongly affected by the 
muscle condition and the different tendency are 
shown in Figure 12 and Figure 13. As for the head 
injury criteria, the HIC36 value increases when the 
anthropometric size gets larger in the muscle-tensed 
case, and this is because of the inertia effect caused 
by the occupant’s mass. On the other hands, the 
relaxed effect is clearly detected in the muscle 
relaxed case. For example, when the initial posture is 
set as FOW (upper body forward to steering column), 
HIC36 value decreased even though the occupants 
mass increased. This is because of the distance 
between the head and the steering wheel. In the 
pre-crash phase, the occupant upper torso inclines to 
the steering, and the head is almost attaching to the 
steering wheel when the crash deceleration is applied. 
Therefore, the contact speed when the occupant hits 
their head to the steering is almost close to zero. 

As for the 3ms criterion value of the chest 

 Muscle 
response 

Anthropometric 
size 

Initial
posture

18 case 

 AM05 STD Relaxed 
 AM50 UPR  

Tensed AM95 FOW 
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deceleration (C3ms) value tends to increases when the 
initial posture (STD: Standard, UPR: upper body 
upright, FOW: upper body forward to steering 
column) is close to the steering in the muscle-tensed 
case and this is because of the contact between the 
chest and the steering wheel during the impact. In the 
muscle-relaxed case, because of the difference of the 
initial posture, the relative speed between the chest 
and the wheel is changed during the impact. This 
speed depends on the balance between the belt force 
and the inertia force generated by occupant’s mass. 
The sensitivity analysis provides a guideline about 
the effects on injury levels by changing the design 
parameters. This is the preliminary study of the effect 
of posture change with active human model. For 
more detail analysis, several parameter studies are 
needed to understand the mechanisms of posture 
change during the impact. 

Limitation of this study and suggestion for further 
research 

The number of the subjects in this study was limited. 
Therefore, the data were insufficient to discuss the 
difference between tensed and relaxed muscle 
condition. In addition, modeling of occupant motions 
of the body is necessary to solve the muscle 

cooperation problem and the solution of this problem 
is to activate the muscle model. For reliable 
qualitative validation of the model, it is necessary to 
analyze the relationship between the kinematic and 
muscle activation in detail in order to obtain the 
information of muscle effect. This could be done in a 
co-operation between the tests and simulations. 

CONCLUSION 

The result of this study concludes that the effects of 
muscular tension on each body motions have been 
clarified, and the physical motion of the driver side 
occupant is predicted in the pre-crash condition. 
Furthermore, it has been identified based on 
acceleration, EMG electrodes and the reaction forces 
that differences in muscle activity govern the motion 
of the body in each phase. Finally, it has been found 
that the muscles that most highly activated when the 
occupant made a pre-braking action were the neck 
and abdominal muscles. These parameters are 
important factors in discussing the subject’s motion 
with the restraints system just before the collision. In 
addition, the steering also supports the driving 
posture and stabilizes the pelvis motion. The present 
human body model adequately represents the general 
kinematics of the physical motion detected in 
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Figure 12.  Distribution of normalized HIC36 respect to the anthropometric size 
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pre-impact braking conditions. This, in turn, 
indicates that the EMG data of major muscles 
significantly influences the physical motion, because 
these input variables are directly taken from the 
volunteer tests. This model is currently in the 
improvement phase, and its practical application and 
injury level prediction will be completed by using a 
finite element model in the next stage. 
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ABSTRACT 
 
The introduction of automatic emergency braking 
changes the distribution of impact severity thus the 
resulting injury risk. In the calculation of the possible 
safety impact, risk functions must be used. These 
functions can be derived in different ways. In this 
paper, matched pair techniques have been used to 
study if the power models developed by Nilsson can 
be used.  
 
By applying the risk functions on theoretical changes 
of impact speed as a result of pre impact braking, the 
possible effectiveness on fatal and serious injuries can 
be estimated. It was found, that such braking can offer 
major benefits. A reduction of speed before impact 
with 10 % can reduce fatal injuries in car crashes with 
approximately 30 %.  
 
INTRODUCTION 
 
It is well known that speed and change of velocity in 
crashes are highly related to risk of injury and the 
severity of injuries (Elvik et al 2004). While the risk 
of being involved in a crash is only marginally 
increased for increased speed, injuries and especially 
serious to fatal injuries are dramatically related to 
even small changes in travel speed or change of 
velocity in a crash.  
 
The relation between speed and injury has been 
demonstrated empirically, theoretically as well as 
mechanically and on all levels such as at the macro 
level, in individual crashes as well as on the micro 
level for biological tissue (Elvik et al 2004). While 
this is nothing new or controversial, there are still 
doubts about how risk functions at micro and macro 
level should be developed and understood. While it is 
clear, that changes in average travel speed have a 
major impact on especially serious and fatal injuries, 
it is also clear, that it is not travel speed in itself that 
is injurious but rather rapid energy transients in 

crashes. It can even be questioned if the change of 
velocity is the best predictor for the risk of injury 
when in fact mean and peak acceleration is more 
relevant, although change of velocity and acceleration 
are of the correlated but not necessarily causally 
related (Kullgren 1998). 
 
In the traffic safety literature and in practice, the 
power models are used to describe the relationship 
between travel speed on a macro level and risk of 
injury. The power model was firstly applied by 
Nilsson (2004) in the early 1970s and has since then 
been validated and evaluated several times. The 
function, or rather functions, has been revised several 
times, but in essence the proposed functions have 
been close to each other.  
 
In the biomechanical and injury epidemiological 
literature, the relationship between impact severity, i e 
change of velocity, and injury has been described as 
dose response functions with increasing slope (Evans 
1986). Both power as well as other continuously 
increasing functions has been applied to injury data 
(Krafft 2000a and b). There are many examples for 
both car occupants as well as pedestrians and also in 
different crash configurations and trajectories (Elvik 
et al 2004).  
 
Crash protection for cars has been increased radically 
over the past 10 years or so, and to such extent that it 
can be not only demonstrated in simulated impact 
tests, but also in epidemiological studies (Lie and 
Tingvall 2002). It has also been demonstrated many 
times that the mass relation between cars in two car 
crashes is correlated to injury risk and severity (Krafft 
2000a and b). In both examples, speed and change of 
velocity are critical factors. While in the former 
example, the consequence of improved safety is that 
the car can be crashed at a higher speed with the same 
injury outcome, or rather that for a given speed or 
speed distribution, the risk of injury and the severity 
of injury has been reduced. This factor can possibly 



be measured in speed capability i e that the 
improvement can be expressed in terms of speed.  
In the latter case, it is obvious that the change of 
velocity can vary greatly with mass relations in two 
car crashes and that this is important for injury 
outcome. In both cases, though, it has been observed, 
that fatal and serious injuries are more affected by 
speed and change of velocity, than minor injuries 
(Nilsson 2004, Elvik et al 2004). This is much in line 
of the implication of the power model for the overall 
relationship between travel speed and injury risk.  
 
While the link between travel speed and impact speed 
is not fully understood, it seems logical that there is 
some kind of relationship, and therefore it is of 
interest to study if the power model for travel speed 
could be used also for car safety and the relation 
between impact speed and injury outcome.  
 
More recently, cars have been developed and 
introduced with autonomous automatic emergency 
braking. Such systems can react to a car in the same 
direction, to fixed objects and to pedestrians, but are 
also likely to be expanded to oncoming vehicles and 
even vehicles in oblique direction. In some situations 
crashes can be avoided, in other situations crashes can 
be less severe, mitigated, by braking before impact. 
Some systems can use almost full braking power, and 
brake almost 2 seconds before impact. In doing so, 
speed before impact can be reduced by maybe up to 
35 km/h or even more in some situations. This is a 
substantial change of impact severity.  
 
In order to calculate the potential effects of automatic 
emergency braking, it is essential to use a solid link 
between velocity and injury. 
 
The aim of the present study was to; 
 

- With empirical data evaluate if 
variations in change of velocity in a 
crash and the resulting outcome can be 
described by the power model. 

- Estimate the importance of automatic 
emergency braking 

 

THE POWER MODEL 
 
In simple terms the power model is a concept 
containing a set of power functions for crashes, minor 
injuries, serious injuries and fatal injuries. The 
functions are describing relative changes and can 
normally not give a direct link to absolute travel 
speed or absolute change of velocity in a crash. 
Below are the functions as presented by Nilsson 
(2004).  
Number of fatal crashes: 
Y1 = (V1/ V0)^4 *  Y0 

 

Number of fatalities: 
Z1 =  (V1/ V0)^4 *  Y0 + (V1/ V0)^8 * (Z0 - Y0) 
 
Number of serious crashes: 
Y1 = (V1/ V0)^3 *  Y0 

 

Number of serious injured: 
Z1 =  (V1/ V0)^3 *  Y0 + (V1/ V0)^6 * (Z0 - Y0) 
 
Number of slight crashes: 
Y1 = (V1/ V0)^2 *  Y0 

 
Number of slightly injured: 
Z1 =  (V1/ V0)^2 *  Y0 + (V1/ V0)^4 * (Z0 - Y0) 
 
The following estimates based on a meta analysis, 
were proposed by Elvik et al (2004), to be used. They 
were validated against minor to moderate changes in 
travel speed. The differences between crash outcome 
and outcome for an individual should be noted. In the 
present study, the result of the meta analysis has been 
used.  
 
Crash or injury severity Exponent Interval 

 
Fatalities  4.5  4.1-4.9 
Seriously injured  3.0  2.2-3.6 
Slightly injured   1.5  1.0-2.0 
All injuries  2.7  0.9-4.5 
Fatal crashes  3.6  2.4-4.8 
Serious injury crashes 2.4  1.1-3.7 
Slight injury crashes 1.2  0.1-2.3 
All injury crashes  2.0  1.3-2.7 
Property damage only crashes  1.0  0.2-1.8 
 
 
One major issue in using the power models for either 
crashes or their outcome, or using it for crash 
outcome given that a crash has occurred would be that 
the power for a fatality, serious injury or minor injury 
would be reduced by 1. That would mean that for 
fatalities the power is 3.5, for serious injuries 2 and 
for minor injuries 0.5. This is well in line with that 



the probability of a crash only is just linear. It is 
however important to keep this property of the power 
models in mind when studying either travel speed and 
outcome or crash protection given that a crash occurs. 
It would also be important to keep this in mind when 
looking at different technologies and the distinction of 
for example emergency braking where the full power 
levels would be used, or improved occupant 
protection through improved restraints or structure 
where the reduction of power would be applied. In 
table 1, the impact of changes in speed on injuries of 
varying severity can be seen. An increase of 10% on 
speed can be seen to increase minor injuries with 
15%, serious with 33% and fatal injuries with 53%. 
The differences in the impact of speed change 
become even larger with larger increase or decrease 
of speed.  

Table 1.  
The influence of changing speed on the increase or 
decrease of the relative number of minor, serious 

and fatal injuries with power 1.5, 3.0 and 4.5 
Speed, 
index 

Minor 
injuries 

Serious 
injuries 

Fatal 
injuries 

80 0,72 0,51 0,37 
90 0,85 0,73 0,62 
100 1 1 1 
110 1,15 1,33 1,53 
120 1,31 1,73 2,27 
 
In table 2, the lower power levels have been applied, 
as in the case where only the outcome given a crash is 
considered. It can be seen that especially for minor 
injuries, the impact of speed becomes limited while 
for fatal injuries, the impact is still substantial. The 
figures can also be seen in figure 1.  
 

Table 2.  
The influence of changing speed on the increase or 
decrease of the relative number of minor, serious 

and fatal injuries with power 0.5, 2.0 and 3.5 
Speed, 
index 

Minor 
injuries 

Serious 
injuries 

Fatal 
injuries 

80 0,89 0,64 0,46 
90 0,95 0,81 0,69 
100 1 1 1 
110 1,05 1,21 1,40 
120 1,09 1,44 1,89 

Figure 1. 
Risk functions for minor, serious and fatal injuries 
with power 0.5, 2.0 and 3.5 relative to speed index 
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Risk calculations in the present study were based on 
matched pair technique. The validation of the power 
model was in most cases based on the relation 
between fatal, serious and minor injury. In the first 
analysis of the relative importance of improved crash 
protection of newer cars, the relative risk was 
calculated in two car crashes where the case car 
population was matched with the average crash 
population.  
 
In the second analysis, the opposite cars were varied 
with mass, so that the relative importance of increased 
and decreased change of velocity could be calculated. 
This is done under the assumption that relative impact 
velocity is the same across all masses within the mass 
range 900 to 1500 kg.  

METHOD 

Basically, the change of velocity can be calculated 
from the law of the conservation of momentum;  
Delta v = Vrel (M2 / M1   + M2), 
 

Vrel is the relative velocity and M1 and M2 the masses 
of the two vehicles colliding. 
This relation is true even if the two vehicles involved 
do not have a common velocity after the impact. If the 
masses are equal, both vehicles will undergo the same 
change of velocity. This method uses this fact, and 
that any deviation in mass can be transferred to 
differences in change of velocity, as long as the 
individual masses are known (Figure 2). The method 
cannot generate absolute figures, only risks relative to 
each other.  



Instead of generating new risk functions, the method 
uses the change on the exposure distributions and the 
resulting change in risk.  
 

Figure 2. 
Impact severity (delta-V) for cars in matching 

crashes for equal mass: 
f1(s) = f2(s) and unequal mass:  f1(s) ≠ f2(s) where 

car 1 is of less mass than car 2 

equal mass f(s)=f(s)
1 2

unequal mass f(s)
1

unequal mass f(s)
2

number
of impacts

impact severity  

The basis for the statistical method is the paired 
comparison technique, where two car accidents are 
used to create relative risks. The method was initially 
developed by Evans (1986), but has been developed 
further for car to car collisions by Hägg et. al. (1992). 
The assumption for the method is that the risk of 
injury is a continuous function of change of velocity.  
This assumption might conflict with safety features 
such as airbags that might generate a step-function. 
This would have to be further investigated.  Another 
assumption is that injuries in one car are independent 
from the injuries in the other car, given a certain 
accident severity.  
For a given change of velocity the risk of an injury is 
p1 and p2 in the two cars, respectively. For that 
change of velocity, the outcome of the accident is 
described in table 3. The outcome of summing over 
all change of velocities is described in table 4. 

 

Table 3. 

Probabilities of injury to driver in car 1 and 2 in a segment of impact severity 

  Driver of Car 2  

  driver injured driver not injured Total 

Driver  
of Car 1 

driver 
injured 

ni P1i P2i ni P1i (1-P2i) ni P1i P2i + ni P1i (1-P2i) = n i P1i 

driver 
not 

injured 
ni (1-P1i) P2i ni (1-P1i) (1-P2i)  

 Total ni P1i P2i + ni (1-P1i) P2i = n i P2i   



Table 4. 

Sums of probabilities of injury to driver in car 1 and 2 in a segment of impact severity 

 

 
Driver of Car 2 

Total 
driver injured driver not injured 

Driver  
of Car 1 

driver 
injured ∑

=

m

i 1

 ni P1i P2i = x1 ∑
=

m

i 1

 ni P1i (1-P2i) = 

x2 

∑
=

m

i 1

 ni P1i P2i + ni P1i (1-P2i) = 

n P1 

driver not 
injured ∑

=

m

i 1

 ni (1-P1i) P2i = x3 ∑
=

m

i 1

 ni (1-P1i) (1-P2i) 

= x4 

 

 Total ∑
=

m

i 1

 ni P1i P2i + ni (1-P1i) P2i = 

n P2 

  

 

The relative risk of an injury, for vehicle 1 to 2, given 
a certain change of velocity distribution is therefore: 

R = (x1 + x2) / (x1 + x3) = 
∑
∑

2ii

1ii

Pn

Pn
 = 

∑∑
∑ ∑

+
+

2i1ii2i1ii

2i1ii2i 1ii

 P)P-(1 n   P Pn

)P-(1  Pn  P Pn
 

 
The method is unbiased for any combination where 
the vehicles are of the same weight; i.e. the mass ratio 
is 1. If the vehicles are of different weights, the two 
vehicles will undergo different changes of velocity, 
which will have to be compensated for. Generally, we 
can introduce any component, K that will affect the 
risk of injury in either, or both of the vehicles. If we 
let K1 denote this factor in vehicle 1, and K2 in 
vehicle 2, this will lead to: 
(1) ni P1i P2i K1 K2 / ni P2i K2 +  …  + ni P1i P2i K1 

K2 / ni P2i K2   =  ∑
=

m

i 1

 ni P1i P2i K1 /∑
=

m

i 1

 ni  P2i  

= K1 ∑
=

m

i 1

 ni P1i P2i /∑
=

m

i 1

 ni P2i 

 
To solve the equation, cars of different weights will 
be used, where the weights are known. K will 
therefore denote the role of change of velocity, and 
could be a constant, or a function of, say, change of 
velocity. 
 

 
(1) is estimated by K1 (X1 / (X1   + X3))  (2) and, K1 = 
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  (3) where, 

ma and mb are mass relations in the matched pairs.  
These mass relations are transformed to relative 
change of velocity by 
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The analytical functions chosen to describe the risk 
functions have been applied simply using either a 
linear function or a power function.  This issue would 
have to be further investigated using more advanced 
material. 
It is obvious, that while the importance of a marginal 
change of velocity will be calculated, as well as parts 
of the risk function, absolute values cannot be given. 
If this is to be done, a key value must be brought into 
the equation. 
 
MATERIAL 
 
Police reported data containing at least one injured 
person on two car crashes in Sweden year 1996-2006 
was used for the analysis. While police reported crash 
data is known to suffer from a number of quality 
problems, none of them is likely to influence the 
findings of this study to any large degree. 
 
 



RESULTS 
 
Two analyses were conducted. In the first, cars of 
different year models were compared, one set of 
vehicles from year model 1988 to 1990 and one set 
from year model 1998 to 2000, in order to study if 
both older and newer car crash protection could be 
described by the power model. In table 3, the risk 
ratios with matched pairs could be seen. While the 
result cannot be fully explained by improved safety 
but also increase in weight, it is obvious that the risks 
have decreased dramatically for fatalities and much 
for serious injuries while minor injuries have only 
been affected slightly.  
 

Table 5. 
Relative risk of minor, serious and fatal injury for 
cars of different year models and equivalent speed 

reduction 
 

 1988-
1990 
Relative 
risk  

1998-
2000 
Relative 
risk  

Injury 
reduction 
          % 

Speed 
equivalent 
% 

Minor 
injuries 

1.02 0.99 - 3 - 6 

Serious 
injuries 

1.18 0.86 - 27 - 14 

Fatal 
injuries 

1.35 0.81 - 40 - 14 

 
It can be seen in table 5, that the resulting speed 
reduction is similar for the three injury severity levels. 
The equivalent speed reduction for minor injuries is 
slightly lower, but if a 14% speed reduction would be 
applied, the reduction in injury risk would have to be 
7% instead of 3%, which is a small difference.  
 
In the second analysis, the importance of change of 
velocity is demonstrated. By varying the weight of 
the opponent vehicle, the change of velocity 
component could be studied in isolation. This can be 
seen for minor and serious injuries. 

 
 

Table 6. 
Expected and real outcome 

 
Weig
ht kg 

Rel 
Delta 
V 

Expec. 
SI 

Expec
. MI 

Outcome 
SI 

Outcome 
MI 

900 81.8 0.32 0.54 0.32 0.49 
1000 87.0 0.36 0.56 0.38 0.57 
1100 91.7 0.41 0.58 0.36 0.57 
1200 96.0 0.44 0.59 0.50 0.62 
1300 100 0.48 0.60 0.42 0.60 
1400 103.7 0.52 0.61 0.51 0.62 
1500 107.1 0.55 0.62 0.55 0.64 
 
In figure 3, the data from table 6 has been used to 
generate regression functions for the real life outcome 
of relative risks for increasing weight of the opposite 
car, i e higher change of velocity. The function 
reinforce that the best representation of a power 
function of more or less the same order as predicted 
by the power model. For minor injuries, the power is 
0.84 instead of 0.5, and for serious injuries 1.89 
instead of 2. Fatal injuries could not be calculated 
because of small numbers.  
 

Figure 3. 
The relation between relative change of velocity (x-

axis), real outcome of serious and minor injuries 
(series 1 and 2), predicted outcome for serious and 
minor injury (series 3 and 4) and regression lines 

and functions 
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In order to control for all severity types, including 
fatalities, a double pair match with the relative risks 
between two vehicles was conducted. It was 
estimated through the power functions that the 
relative risk would vary with the weight for both 
vehicles, so that for serious injuries, the risk for 
increasing weight would be doubled, and contrary for 
the opposing vehicle. The opposite vehicle would 



always be the average car with an average weight of 
1300 kg.  

Figure 4. 
Calculated (series 1) and actual (series 2) matched 

pair risks for cars of different weights, minor 
injuries. Relative speed refers to case car 
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Figure 5. 
Calculated (series 1) and actual (series 2) matched 

pair risks for cars of different weights, serious 
injuries. Relative speed refers to case car 
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Figure 6. 
Calculated (series 1) and actual (series 2) matched 

pair risks for cars of different weights, fatal 
injuries. Relative speed refers to case car 
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Figures 4 to 6 shows that the relationship between 
speed via relative change of velocity is almost totally 
in line from what could be expected from the power 
models. Even for fatalities, with the extreme power of 
changing speed, expected and real life outcome are 
very close. In that sense, there is not much to be 
explained by any added risk reduction from improves 
safety from more heavy cars, most of the variation 
could be explained simply by varying change of 
velocity.  
 
The potential effects of automatic emergency braking 
can be calculated using the power model. While in 
case of braking before impact, both the energy level 
as well as change of velocity will be altered. Using 
the power model for the calculation of the effects can 
only pick up the change of velocity. Simply used, a 
reduction of speed before impact by, say, 10 %, gives 
a reduction of fatality risk by 31 % and the risk of a 
serious injury by 19 %.  
 

Figure 7. 
The reduction of fatality risk (%) in relation to 

reduced speed before impact 

0

10

20

30

40

50

60

70

80

5 10 15 20 25 30

Reduction of speed before impact (%)

R
ed

u
ct

io
n

 o
f 

fa
ta

lit
y 

ri
sk

 (
%

)

 



DISCUSSION 
 
The relation between speed, speed reduction and the 
risk of injury of different severities is well known and 
generally established (Elvik et al 2004). The 
underlying theory is less well known and explained, 
but the fact that the more serious injury, the more 
sensitive to change of velocity seems to be found in 
many different kinds of studies (Kullgren 2008) 
 
The idea that car safety can be described, at macro 
level, in speed and speed reduction seems natural but 
has only been used in looking at change of velocity 
studies. In this study, it is demonstrated that speed 
and change of velocity play a major role in explaining 
variations on safety. Furthermore, is has been 
demonstrated that the power model, implying that the 
impact of speed would vary with injury severity, is 
valid. The finding, that the power models are valid, is 
not in itself surprising, but has a number of 
implications, where one is demonstrated in this study.  
 
The results can be used to demonstrate the impact of 
active or integrated safety systems like brake assist 
(EBA) or autonomous emergency braking and for 
validation of the safety impact of such systems. It can 
be expected that emergency braking, if reducing the 
speed before an impact with, say 10 %, can reduce the 
risk of a fatal injury with approximately 30%. This 
would be expected in crashes into fixed objects, while 
the reduction would be different in a car to car frontal 
collision where occupants in both vehicles would 
benefit. The total effect in a frontal impact would 
though not be lower, in fact the likely outcome is an 
even greater effect. Based on analysis of data from 
crash recorders Kullgren (2008) estimated a reduction 
of AIS2+ injuries in frontal crashes of more than 40% 
if the impact speed could be reduced with 20 km/h in 
all cashes. The studies show a major if not dramatic 
consequence of new technology and probably more 
than what is expected intuitively.  
 
The method used could only pick up the 
consequences of reducing speed before impact on the 
change of velocity. The crash energy would also be 
reduced thus limiting the risk of intrusion, which also 
influence injury risk. The expected benefits of 
braking are therefore likely to be larger than 
presented here.  
 
There are other methods to generate risk functions, 
such as crash recorders (Kullgren 1998, Kullgren 
2008). Such methods have the potential to also 
increase the knowledge about distributions of 
absolute impact velocities or at least distribution of 

change of velocity. In doing so, the effects of braking 
could be further estimated.  
 
Braking before impact could also avoid crashes, 
which would imply that the power should be raised 
by one unit, leaving us with even higher effects. This 
could be the case for pedestrian impacts. If the power 
4.5 would be used, a 10 % reduction of speed before 
impact would lead to a 40 % reduction of fatalities. 
The data in this study can though not be used to 
validate the risk functions for pedestrian impacts, and 
whether the power model is applicable for 
pedestrians.  
 
Finally, the study once more demonstrate the general 
impact of speed, and that speed is more related to the 
outcome of a crash rather than the incidence of a 
crash. While this might not be how citizens perceive 
the role of speed, the introduction of automatic 
emergency braking implies that such knowledge 
should be brought to the general public to increase the 
demand for automatic braking systems.  
 
CONCLUSIONS 
 

- By using empirical data, it seems that 
the power models are applicable to 
estimate the role of change of velocity 
on fatal and serious injury 

- By using the power models, it can be 
estimated that automatic emergency 
braking can have a major effect on fatal 
and serious injury. A 10 % reduction of 
speed before impact can lead to 30 % 
reduction of fatality risk and 19 % on 
the risk of a serious injury 
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ABSTRACT 
 
In this paper an approach of using surround sensor 
information for passive safety is being proposed. 
The combination of active and passive safety is 
necessary to reach the high aims to reduce the 
fatalities in road traffic up to 50% since 2000. 
Especially the surround sensor, like the video 
sensor, offers lots of information that can 
beneficially be used for advancing the current 
passive safety systems and design new functions 
that are not possible with current state of the art 
passive safety sensors. 
An overview about such possible passive safety 
functions is given with subject to the necessary 
sensor requirements. These requirements are 
derived among others from accident statistics and 
the required restraint system which should be 
activated. A major outcome of this evaluation, the 
different sensor requirements for comfort and 
safety functions, is presented. 
As an example for such kind of passive safety 
functions, the Video-supported pedestrian 
protection is presented with focus on reducing the 
crash severity by activation of a brake system and 
by supporting the current pedestrian protection 
system to pop up the hood by recognizing the 
pedestrians.  
As another example, Video-based PreSet and 
Video-based PreFire are presented with focus on 
protecting the occupant in the best way possible by 
an optimal choreography of the reversible and 
irreversible restraint systems. Therefore, the sensor 
characteristic must be slightly different and well 
designed to the special functional variant. 
In the end a first indication about the potential of 
such systems and a forecast of future systems is 
given. 
 
INTRODUCTION 
 
In the European Union still almost 40.000 people 
die in traffic annually. The aim is, to halve the 
fatalities from the year 2000 to the year 2010 of the 
road fatalities (see fig. 1). Current active and 
passive safety systems have done the first step in 
this direction. But the current status illustrates, that 
the set target will probably not be reached in 2010.  
 

52,000

39,432
(-24%) 26,000

(-50%)

Fatalities
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Figure 1. Overview of aim to reduce the 
fatalities in EU and the current state (see [1]) 
 
Nevertheless a positive trend can be seen. Currently 
the equipment with active and passive safety 
systems will be supported by legislation and 
consumer tests (e.g. EuroNCAP).  
In the market two movements are perceived for the 
combination of active and passive safety. On the 
one hand the functional enhancement of existing 
hardware, like the use of radar-sensor information 
for passive safety functions or the use of night 
vision information for pedestrian recognition is 
known. The target here is, to use synergies of the 
systems without influencing the requirements of the 
specific components. On the other hand the 
specialization of the surround sensors for optimal 
use for passive safety is another trend. The chance 
here is to address new functions which are 
necessary to handle megatrends like CO2 reduction 
for example.  
 
Motivation Of Using Surround Sensor 
Information For Passive Safety 
 
The expectations in surround sensors are legitimate. 
With the help of the surround sensors many 
important information can be produced prematurely. 
This will be clear as follows. 
     Physical Motivation – To determine the crash 
severity the following parameters are relevant: 

• Impact velocity  
• Crash type (e.g. full frontal crash, offset 

crash, …) 
• Mass / stiffness of crash participant. 
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Traditionally the typical crash sensors, like 
acceleration sensors, allow gaining information 
about 

• Mass / stiffness of crash participants 
• Crash type (e.g. by using y-part of crash 

signal). 
Basically, the acceleration sensors can provide this 
information, but typically not within the required 
time. 
The Surround sensors allow getting additional 
information about 

• Impact velocity 
• Crash type 
• Object type  

The advantage compared to the typical crash 
sensors is that this information is available before 
the crash. So the information could be used already 
at the beginning of the crash. 
Basically, a lot of surround sensors can deliver one 
or more of the above mentioned information. But 
they often differ in the quality of the information. 
Radar sensors for example deliver a high precision 
of the closing velocity or distance (see [2], [3]). A 
mono video-sensor for example offers the potential 
to deliver a first indication of the crash type (e.g. 
offset-crash) and the object type.  
Many mono video based systems are already in the 
market. They are used for a wide set of different 
functions like Night View, Road Sign Recognition 
and Lane Departure Warning.  Additionally the 
detection of traffic scenario relevant objects is 
possible. When looking at these functions, there is 
a trend in delivering the mentioned functions all 
from the same camera. 
It is obvious that the market penetration and the 
increasing number of such systems give the 
opportunity to use this information also for passive 
safety functions, especially the object information 
without modification of the requirements. 
 
Overview Of Possible Passive Safety Functions 
 
The passive safety covers two topics in general, the 
pedestrian protection and the occupant safety.  
The scope of pedestrian protection is to protect the 
pedestrian in case of an unavoidable accident. In 
2005 for example 18% of all fatalities in European 
road traffic are pedestrians (see fig. 2). Currently 
the protection is reached by structural measures 
(passive solution) and by activation of a pop up 
hood (active solution). In case of using acceleration 
sensors in the bumper that detect the collision with 
a pedestrian and the system activates the pop up 
hood by a pyrotechnical activation for example. 
The function Video-supported Pedestrian 
Protection could be helpful here to classify the 
collision objects in an alternative way or to reduce 
the degree of freedom of acceleration-sensor-based 
classification. 
 

 
Figure 2. Fatalities in Road Traffic 2005 – Share 
of VRUs (see. [4]) 
 
The scope of occupant safety is to protect the 
occupant by activation of available restraint 
systems to reduce the injury risk. Video-based 
PreSet and Video-based PreFire are two possible 
functions, who assist to generate an optimized 
firing choreography and to couple the occupant 
early on the deceleration of the vehicle. These 
functions address up to 40% of all accidents (30% 
of all collisions, see fig. 3). The PreSet 
functionality is already represented in the market 
based on radar or lidar information. 
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Figure 3. Accident data base analysis of 
Potential for PreCrash functions 
 
Video-supported Pedestrian Protection 
 
The function Video-supported Pedestrian 
Protection (VPP) supports the conventional 
pedestrian protection, which is already in the 
market. 
This support can basically be given in two ways: 

• Direct classification, which means that the 
video sensor information is used to 
recognize a collision object as a pedestrian 

• Indirect classification, which means that 
video information is used to support the 
acceleration sensors of state of the art 
pedestrian protection systems. 

The direct classification can be done using strong 
or weak classification approaches.  
By saying strong classification approach, pattern 
matching and the use of trained classifiers with the 
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focus on shape and appearance are meant. Strong 
classification of pedestrians for pedestrian 
protection, which has to work milliseconds before 
crash is a very challenging task. In this phase 
before the crash happens, a pedestrian is partly 
occluded and can be in a variety of different poses 
and orientations in front of the vehicle. That is why 
a weak classification offers more robust support to 
a pedestrian protection function. 
 By weak classification, methods using more 
general features like size and aspect ratio combined 
with generic features like motion are meant. 
Especially motion patterns are very powerful for 
classification, because over 90% of the hit 
pedestrians are moving before the collision happens 
(see fig. 4) and 75% cross from left or right (see fig. 
5). Measuring motion by using optical flow gives 
strong support to detect and classify pedestrians. 
Due to the fact that VPP only needs information at 
the time of impact, even not moving pedestrians 
can be detected shortly before collision by the 
parallax caused through the elevation of the 
pedestrian. 
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Figure 4. Distribution of the movement types of 
pedestrians before crash 
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Figure 5. Moving directions of pedestrians 
before crash 
 
Both methods of classification can be realized with 
current cameras in principle. But they suffer from 
limited resources and detection capabilities as well 
as classification performance. 
Indirect classification supports the classification 
given by the state of the art pedestrian protection 
systems. The benefit given by video sensors can be 
found in the better adjustment of fire thresholds 
according to the information given by the video 
sensor (e.g. impact position). This can be also 
fulfilled by using weak classification method as 
described above. 
The aim of both classification methods (directly / 
indirectly) is to enhance the fire decision 

characteristics, for example by better separation of 
the mayfire object from the mustfire objects. 
Regarding the necessary field of view, an opening 
angle of 40° is a possible choice. 100% of the fatal 
accidents can be addressed by selecting this 
opening angle and nearly 86% of all badly injured 
people (see Table 1). By the way, the opening 
angle of many state of the art video based driver 
assistance systems is 40°. 
 

Table 1. 
Cases of Pedestrian accidents covered according 

to field of view 

badly
injured

100,0%97,6%97,3%± 60°

100,0%97,6%96,4%± 50°

100,0%95,8%93,9%± 40°

100,0%95,1%90,4%± 30°

100,0%85,9%80,0%± 20°

84,9%58,7%49,2%± 10°

fatal
slightly
injured

Cases in the range of the field of 
view

badly
injured

100,0%97,6%97,3%± 60°

100,0%97,6%96,4%± 50°

100,0%95,8%93,9%± 40°

100,0%95,1%90,4%± 30°

100,0%85,9%80,0%± 20°

84,9%58,7%49,2%± 10°

fatal
slightly
injured

Cases in the range of the field of 
view

 
 
A second effort is to support the pedestrian 
protection in reducing the impact velocity by 
preparation or activation of the brake system. For 
this function it is necessary to use a surround 
sensor who delivers the closing velocity and the 
time to impact. Mono video is not able to deliver 
metric information like distance or velocity directly 
from the sensor. Furthermore pedestrians are 
strongly varying objects which are very hard to be 
modeled. Due to these facts the use of a stereo 
video system is strongly recommended.  
Test scenarios, based on GIDAS data base 
information [5], show that for pedestrian protection 
the closing velocity will be reduced by around 15%. 
The underlying assumption is that the system is 
able to build up the brake pressure to reach a 
deceleration of 4 m/s² in 400 ms and continues the 
braking for another 400 ms. To activate the brake 
system the requirements for the necessary attributes, 
like closing velocity or time to impact, are higher 
than for support of classification, because of the 
avoidance of an inadvertent activation. 
The third manner is to warn the driver or the 
pedestrian in a critical situation that could result in 
a collision. 
The last two points are mostly covered by the 
BMBF project AKTIV with extensive studies.  
 
Video-based PreSet 
 
The name PreSet stands for PreCrash Setting of 
algorithmic parameters. The main functionality is 
to reduce the severity of injury in the case of a 
crash by optimized deployment of restraint systems. 
Therefore a high accuracy of the information about 
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the relevant parameters which define the crash 
severity is needed.  
If Video-based PreSet is realized with a mono 
video system it is only possible to get information, 
like offset/overlap and object type of a high quality. 
According to the accuracy of the desired 
information there are two ways of data acquisition: 
One is to get the exact offset and overlap 
information at the time of impact. Then the 
distance is known and the relevant data can be 
calculated from the image dimensions and positions. 
The second one is to get information before the 
impact, a model of the collision object has to be 
assumed. Assuming the collision object is a 
passenger car, then the width is known and the 
relevant data can be derived.  
Also knowing the type of the collision object by 
classification helps to prepare the restraint systems 
accordingly. 
Regarding the necessary field of view for PreSet, 
an opening angle of 40° is also a good choice. Once 
again, 100% of the fatal accidents can be addressed 
by selecting this opening angle, and almost 95% of 
the badly injured people (see Table 2). 
 

Table 2. 
Relevant cases of crashes covered according to 

field of view 

100,0%99,6%98,7%96,3%± 60°

100,0%99,1%98,1%95,1%± 50°

100,0%98,2%96,3%92,6%± 40°

100,0%97,2%92,3%88,4%± 30°

100,0%94,8%88,0%81,9%± 20°

94,1%86,3%75,0%73,3%± 10°

fatal
badly

injured
slightly
injuredunviolated

Cases in the range of the field of view

100,0%99,6%98,7%96,3%± 60°

100,0%99,1%98,1%95,1%± 50°

100,0%98,2%96,3%92,6%± 40°

100,0%97,2%92,3%88,4%± 30°

100,0%94,8%88,0%81,9%± 20°

94,1%86,3%75,0%73,3%± 10°

fatal
badly

injured
slightly
injuredunviolated

Cases in the range of the field of view

 
 
If the mono video deliver offset/overlap 
information in the required quality the algorithmic 
thresholds can be modified to recognize an offset-
crash earlier (see fig. 6). 
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Figure 6. Active principle of a threshold 
modification in case of offset-information 
 

If the mono video deliver a reliable classification of 
the object it is possible to make a first estimation of 
the mass and stiffness of the collision object. With 
this information it is possible to modify the 
algorithmic thresholds in the same manner as 
shown above. In this case the modification is done 
for all crash types. 
If the surround sensor allows getting additionally 
closing velocity and time to impact in the required 
quality, then it is possible to prosecute a complete 
approach in dependency of the expected crash 
severity. 
 
Video-based PreFire 
 
The name PreFire stands for PreCrash Firing of 
reversible restraints. The main functionality is 
preconditioning of the occupant before the crash 
happens. Because under real driving conditions, the 
occupants of a vehicle are in many cases not in the 
optimal position for the best protection offered by 
today’s restraint systems. 
For this function it is necessary to get high quality 
information about the distance and the closing 
velocity of the objects, preferential to reduce 
possible faulty activations. If the sensor delivers 
additional offset and overlap information about the 
objects the number of inadvertent activations could 
be reduced significantly. 
 
Challenges And Chances Of Future Systems 
 
On the bases of the already mentioned functions it 
appears that these functions have different 
requirements for using surround sensor information. 
All in all the passive safety systems will adjust 
their functions on the following information: 

• Closing velocity 
• Time to impact 
• Offset, overlap 
• Impact angle 
• Contour (point of impact) 
• Mass / stiffness of participant 

With these attributes on the interface the passive 
safety is well prepared for the future to enhance the 
protection of the system. It is evident that the 
surround sensors could not deliver all information 
in the best quality. For example, currently there is 
no existing surround sensor who delivers exact data 
about the mass and stiffness of an object, but in 
future C2X-information can complete this. The 
challenge here is to use the transmitted information 
in the best possible way.  
In the future two trends can be seen in the market: 
On the one hand, the trend for further networking 
with existing surround sensors (see also [6], [7]) 
and on the other hand, developing specialized 
surround sensors for passive safety. These 
specialized sensors have to fulfill the high 
requirements of passive safety more exactly for 



Könning 5 
 

further improvement of the passenger protection. 
Such sensors then allow the use of information for 
example for new functions like PreAct or 
PreTrigger. The function PreAct – PreCrash 
Activation of structure elements – will modify the 
stiffness of structure elements of the vehicle before 
the crash happens.  The advantage here is to use an 
additional control element for further optimizations 
of the crash choreography or further pedestrian 
protection. The modification of the front structure 
provides potential for weight reduction with equal 
safety for the occupant. This will have positive 
effects on CO2 reduction. The function PreTrigger 
– PreCrash Triggering of irreversible restraints – 
will activate new irreversible restraints (e.g. smart 
airbags [8]) even before the crash contact. This new 
functions will require high quality of the 
information from the surround sensors or C2X 
communication in a high data rate. 
 
CONCLUSIONS 
 
New functions for driver assistance like Adaptive 
Cruise Control, Lane Departure Warning, Road 
Sign Recognition etc. use many different surround 
sensors to process the information about the 
vehicle’s environment. This information can be 
used to enhance the classical passive safety 
functions. When looking at the requirements of 
such functions, it shows up that the sensor field of 
view is suitable for a wide range of addressable 
accidents. Considering the required latency times, 
update rates and accuracy, it comes out that these 
numbers are often not met by current surround 
sensors for driver assistance functions. 
To reach all theses requirements for passive safety 
functions, the sensor performance still needs to be 
improved. This will be a chance to enhance the 
protection of passengers and pedestrians.  
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ABSTRACT 
 
This paper deals with an approach to analyze driver 
behavior during critical events using a driving 
simulator. A scenario of an unavoidable crash is 
simulated. Eighty subjects have participated to this 
experiment. Drivers’ behavior is video recorded, as 
well as many mechanical and physiological 
measurements. Most of drivers are observed to 
swerve away to avoid the collision. This leads 
many of them to have one arm in front of the 
steering wheel at time of crash. The drivers’ trunk 
and arm positions during the collision, observed on 
the simulator, are analyzed with numerical 
simulations of a 56 km/h frontal collision. The 
results of the computational runs put forward 
injurious situations, especially when the driver’s 
arm is behind the steering wheel and hits the head 
under airbag deployment. Then, an experimental 
campaign of airbag deployment with a hybrid III 
50th percentile dummy is carried out to correlate 
numerical simulations. Finally, new airbag 
generations, allowing slower deployment, are 
tested. They induce a reduction of injury severity in 
the case of Out of Position (OOP). 
  
INTRODUCTION 
 
Vehicle safety is the major issue when designing a 
car. Many studies deal with the communication 
between drivers and driver support systems, with 
aim to assist driver from normal driving situation to 
critical one. Large improvement in active and 
passive safety technologies in vehicle has helped to 
reduce the number of accidents significantly. 
Active security operates before an incident and 
includes prevention (Anti-lock Brake Systems, 
Electronic Stability Program, etc) to avoid a crash. 
Passive safety concerns the period after the crash, it 
tries to protect occupants and pedestrians to 
minimize car occupant injuries. Main examples of 
passive security systems are airbags and seat-belts. 
These restraint systems are designed to minimize 
injuries during an impact by smoothly absorbing 
the kinetic energy of the occupant during a crash 
event [7]. 

In order to quantify the efficiency of the passive 
security systems on injury severity, normalized 
crash tests are performed with crash test dummies. 
The injury level is approximated using specific 
criteria related to critical body segments such as the 
Head Injury Criteria (HIC) and the Thoracic 
Trauma Index (TTI). Precise rules are imposed by 
the norm to position the dummy, whose posture 
must represent a seated and restrained driver. 
Particularly, the hands are on the steering wheel 
and the superior part of the torso leans against the 
backseat. Thus, passive systems efficiency does not 
take into account the driver anthropometry, real 
comfort driving position and reflex reactions facing 
an incident. The non normalized postures are called 
‘out-of-position’ (OOP) postures. Some OOP 
postures, defined to be the most prejudicial for car 
occupants, have been tested by the NHTSA. For 
example, crash tests are performed with a dummy 
positioned with the torso as close as possible to the 
steering wheel, or, with the dummy face (nose) 
touching the top of the steering wheel [11]. In these 
tests, the dummies are not restrained by the seat-
belt. Nevertheless, the standardized and these OOP 
crash tests do not take into account real postures 
that a driver or a passenger adopts at the time of 
crash.  
This study is designed to investigate how a car 
driver modifies his posture just before a frontal 
crash and then to quantify the influence of these 
observed pre-crash postures on injury mechanisms 
by computer simulation. Experiments are 
performed by using car driving simulators, in which 
an unavoidable frontal accident is carefully 
designed. Risk pre-crash positions are observed and 
are modeled using a digital human model. Static 
airbag deployment test are performed to validate 
simulations with a hybrid III 50th percentile 
dummy. Finally, new generation of airbags is 
tested, using bonded bags. This allows a slower 
deployment, in order to reduce injuries. 
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METHODS 
 
The LAMIH driving simulator, SHERPA 
 
Two experimental campaigns are carried out with 
the static and the dynamic LAMIH car driving 
simulator, SHERPA (French acronym for 
‘Simulateur Hybride d’Etude et de Recherche de 
PSA Peugeot Citroen pour l’Automobile’). A 
description of the static car driving simulator can be 
found in [8]. The dynamic driving simulator is 
derived from a Peugeot 206 mounted on a hexapod 
composed by six electric jacks (Figure 1a). The 
front and rear scenes are projected by LCD screens. 
For both campaigns, the same crash scenario is 
reproduced.  
 

 

Figure 1. a) Dynamic driving simulator. b) 180° 
front visual field before a crash.  
 
Experimental design 
 
The experiment is designed to investigate the 
influence of driving responses on crash occurrence.  
Each subject encounters an emergency traffic event 
during the experimental drive. The subjects 
believed they were participating to an ergonomic 
study so they could not predict the existence and 
the location of the collision. The scenario is as 
follows. 
The collision occurs on a main road segment. The 
driving environment is composed of a road with 
two lanes, separated by a white line. This road is 
bordered with trees. A truck suddenly appears into 
the lane used by the host vehicle (i.e. driving 
simulator) such that the scenario could not be 
expected by the subject. This vehicle overtakes a 
tractor on his way. The presence of trees along the 
side of the road and the trucks make the crash 
unavoidable (Figure 1b). To increase the level of 
reality, a real physical impact is added. At the 
moment of the virtual crash, a substantial foam 
rubber block impacts the windscreen of the car, and 
the sound of a truck horn is emitted.  
Eighty randomly-selected subjects have been 
recruited to participate to this driving experiment. 
Most of subjects are aged between 22 and 30 years 
old, with more men than women. The mean weight 
and height of the subject is 78 kg and 1.77 m 
respectively. All participants have a valid driving 
license. Half of them have driving experience of 8-
27 years. The other half of the subjects has their 
driving license for less than 7 years. 
 

 
Experimental procedure  
 
Subjects first provide their personal information—
sex, age, and driving experience. Anthropometric 
data are measured in a calibrated space to allow a 
postural reconstruction method [5,6]. 
Experimental instructions are given for the driving 
task and subjects are instructed by assistants in how 
to operate the simulator.  
After a short training session designed to 
familiarize the subjects with the simulator, each 
subject is asked to drive a 50-kilometer dual 
carriageway (35 to 40 minutes). The run is mainly 
composed of main roads, with a small section of 
motorway. Throughout the trip, regular traffic is 
reproduced so that subjects respect the Highway 
Code and adapt their driving to the presence of 
other cars. Five minutes before the end of the 
experiment, a stress situation occurs to make the 
driver attentive: a car, approaching a crossroad 
from the right, runs the stop sign, which may lead 
to an accident with the subject vehicle. This 
situation is designed to remind subjects that 
unpredictable events may happen at any time. After 
a few minutes, the unavoidable crash situation is 
introduced. At the end of the run, drivers are asked 
to fill out questionnaires evaluating their driving 
characteristics (behavior patterns), their reactions to 
each separate situation and the realism of the 
experiment. 
 
Measurements 
 
For both campaigns, the videos of front and back 
screen, as well as driver views are recorded during 
the experiments (Figure 2).  
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Figure 2. Interiors views of video recording 
during the crash. 
The driver-vehicle-environment interaction 
parameters are measured, such as impact velocity, 
time of crash, steering wheel position, state of the 
pedals, gear lever position and the arrangement of 
the vehicles on the road. Furthermore, mechanical 
and physiological measurements are added for the 
second campaign with the dynamical driving 
simulator. Mechanical data include the forces and 
torques transmitted by the driver to the steering 
wheel, the seat and the brake pedal. Physiological 
data include heart rate, respiratory and 
electrodermal activities, skin temperature and 
electromyography data of few muscles of the upper 
and lower limbs (triceps brachii, biceps brachii, 
trapezius, wrist extensor, quadriceps, soleus 
muscle, tibialis anterior, ischio). All these signals 
are triggered with videos and simulators events. 
These physiological measurements can be used to 
investigate human incident detection. The 
mechanical measurements serve to improve 
computational simulations. 
 
Results 
 

Simulation realism 
 
Subjective and objective data are collected to 
evaluate the realism of the experiment [8]. 
Subjective data include both the driver’s 
verbalizations and their answers to questions 
evaluating their driving behavior and their 
reactions. Objective data include the time needed to 
release the accelerator, to brake, to engage the 
clutch, to change gears, as well as, the amplitude of 
the braking and swerving maneuverings provoked 
by the truck passing. It can be concluded that most 
of the subjects have reacted as they would have 
done in real situation. 
 

General driving characteristics 
  

All subjects react to the traffic accident by 
actions on pedals and/or steering wheel. General 
driving performances are presented in Table 1. The 
average speed in town is calculated from the host 
vehicle speed at 50 m after the enter town panel and 
its speed at 50 m before the exit town panel. The 
collision occurs on a main road segment. The 
average driving speed of the host vehicle is 76.3 
km/h. This speed is quite steady until the truck 
appears on the lane (the truck is visible at 150 m). 
Then, most of subjects brake. The average 
deceleration rate is 1.6 m/s². The overlap of the 
vehicles during the impact is 61.8% and the angle 
between the truck and the host vehicle vary from -
18.8° à 5.1°. Most of subjects try to avoid the truck 
on the left. Six percent of drivers avoid the 
collision.  

Table 1. 
General driving performances  

 Mean Min Max SD 

Motorway speed (km/h) 122.6 97.8 135.7 8.6 

Highway speed (km/h) 65.3 59.4 71.0 3.0 

City speed (km/h) 48.9 32.9 60.0 5.9 

Speed at  150m before crash
(km/h) 

76.3 50.7 96.1 10.3 

Speed when truck passes
(km/h) 

78.5 58.4 94.5 8.6 

Speed at crash time(km/h) 70.6 45.7 90.8 10.1 

Collision overlap (%)        62.4 4.4 99.3 27.0 

Collision angle (°) -2.0 -18.8 5.1 5.1 

Distance when truck passes
(m) 

29.6 18.3 39.0 4.7 

Deceleration from truck
passing to crash (m/s²) 

1.6 3.8 -0.4 
(Acc.) 

1.0 

 
Effort analysis 

 
The Figure 3 indicates the position and the positive 
direction of force sensors. A pressure map is added 
to locate efforts on the seat. 
 

 
Figure 3. Sensor positions. 
 
At the end of the experiment, subjects are asked to 
push the steering wheel and the pedals with 
maximal voluntary efforts, with hands placed in a 
10 and 2 o’ clock position. The efforts measured in 
the seat, the steering wheel and the pedals are 
denoted Ffull. The same experiment is reproduced 
but with pulling on the steering wheel. The values 
of Ffull are used to normalize efforts measured 
during experiment. If the driver pushes the steering 
wheel during impact, the Ffull efforts measured 
during pushing out are used to normalize the 
values. If the driver pulls on the steering wheel 
during the crash, the Ffull efforts measured during 
the pulling on are used to normalize the values.  
This normalization allows to compare driver efforts 
independently of their morphological variability.  
Four situations are analyzed: 
1) Quiet situation: time interval from -50s to -5s 
before the truck appearance time in the frontal 
view. 
2) 150 m before crash: time interval from -0.5s to 
0.5s of the truck appearance time. 

F+ 

F+ 

F+ 

F+ 

Steering 
wheel 

Seat 
back 

Brake 

pedal 
Rail 
seat 

Seat 
cushion 

Pressure map 

F+ 
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3) Truck passing: time interval from -0.5 s to 0.5s 
of the white line crossing time. 
4) Crash: time of the collision (the vehicle hits the 
truck). 
For each driver, the efforts exerted on the seat 
(cushion and back), the steering wheel, the 
adjustment rail of the seat and the pedals are 
computed for each situation. Except for the crash 
time, these forces correspond to mean values 
computed on the corresponding time interval. 
For each situation, inter-individual statistics are 
presented (Table 2.): 
-Min F: minimum effort among all drivers  
-Min F/ Ffull: minimum ratio among all drivers 
-Max F: maximum effort among all drivers  
-Max F/ Ffull: maximum ratio among all drivers 
-Mean: mean of all drivers efforts and ratio 
-Std dev.: standard deviation 
 
Table 2.  
External forces during track 

Seat 
back  

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std  
dev. 

Quiet situation      

F (N) -220.7 -70.9 -42.9 -220.7 -131.2 47.1 

F/Ffull (%) 38.6 5.8 6.9 38.6 17.1 7 

Ffull (N) -571.8 -1231.1 -622.3 -571.8 -811.9 259.1 
150 m before crash 

F (N) -199.4 -76.2 -41.7 -198.1 -127.7 46.2 

F/Ffull (%) 24 6.2 6.7 34.6 16.6 6.5 

Fsat(N) -831.3 -1231.1 -622.3 -571.8 -811.9 259.1 
Truck pass 

F (N) -233.8 -32 -32 -233.8 -132.3 50.3 

F/Ffull (%) 40.9 5.1 5.1 40.9 17.1 7.2 

Ffull (N) -571.8 -622.3 -622.3 -571.8 -811.9 259.1 
Crash       

F (N) -1078.3 -225.2 -225.2 -1078.3 -503.3 194.5 

F/Ffull (%) 188.6 19.1 19.1 188.6 66.6 32.9 

Ffull (N) -571.8 -1176.8 -1177 -571.8 -811.9 259.1 

Cushion 
seat  

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) -687.9 -351.9 -300.0 -527.3 -401.7 90.8 

F/Ffull (%) 82.4 64.1 89.8 92.0 78.9 7.6 

Ffull (N) -834.4 -548.9 -334.2 -573.0 -509.9 104.5 
150 m before crash 

F (N) -687.6 -348.6 -300.2 -530.9 -408.1 88.7 

F/Ffull (%) 82.4 63.5 89.8 92.6 80.2 6.9 

Ffull (N) -834.4 -548.9 -334.2 -573.0 -509.9 104.5 
Truck pass 

F (N) -708.5 -366.7 -300.8 -533.5 -408.3 89.7 

F/Ffull (%) 84.9 66.8 90.0 93.1 80.3 6.9 

Ffull (N) -834.4 -548.9 -334.2 -573.0 -509.9 104.5 
Crash       

F (N) -522.5 -114.1 -114.1 -516.1 -259.5 102.5 

F/Ffull (%) 62.6 24.0 24.0 110.2 51.1 18.0 

Ffull (N) -834.4 -475.7 -475.7 -468.2 -509.9 104.5 
       

Seat rail  
Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) 79.4 82.5 199.1 133.3 125.9 33.2 

F/Ffull (%) 19.9 15.3 32.6 42.1 25.2 7.4 

Ffull (N) 399.8 538.4 611.4 316.5 520.4 122.0 

150 m before crash 

F (N) 79.2 81.8 198.9 134.8 125.5 33.4 

F/Ffull (%) 19.8 15.2 32.5 42.6 25.1 7.5 

Ffull (N) 399.8 538.4 611.4 316.5 520.4 122.0 

Truck pass 

F (N) 80.1 87.9 205.5 137.4 129.0 34.5 

F/Ffull (%) 20.0 16.3 40.8 43.4 25.8 7.6 

Ffull (N) 399.8 538.4 503.9 316.5 520.4 122.0 

Crash       

F (N) 216.5 216.5 821.0 760.1 537.2 151.6 

F/Ffull (%) 28.8 28.8 134.3 240.2 111.5 48.1 

Ffull (N) 752.5 752.5 611.4 316.5 520.4 122.0 

Steering 
wheel  

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) -34.4 16.4 16.4 -34.4 -6.8 13.0 

F/Ffull (%) 8.3 -5.8 -5.8 8.3 0.6 3.6 

Ffull (N) -414.6 -284.1 -284.1 -414.6 -124.1 461.4 
150 m before crash 

F (N) -29.8 20.2 20.2 -28.7 -7.1 13.5 

F/Ffull (%) -3.9 -7.1 -7.1 7.3 0.8 3.6 

Ffull (N) 769.8 -284.1 -284.1 -394.6 -124.1 461.4 
Truck pass 

F (N) -60.7 -14.0 22.8 22.8 -14.9 20.6 

F/Ffull (%) 8.4 -4.5 14.7 14.7 3.8 5.2 

Ffull (N) -724.4 313.4 155.1 155.1 -124.1 461.4 
Crash       

F (N) -561.1 29.3 210.2 210.2 -92.7 167.2 

F/Ffull (%) 135.3 4.7 135.6 135.6 38.0 40.6 

Ffull (N) -414.6 629.3 155.1 155.1 -124.1 461.4 

Brake 
pedal 

Min 
(F) 

Min 
(F/Ffull))

Max 
(F) 

Max 
(F/Ffull)

Mean 
value 

Std 
dev. 

Quiet situation      

F (N) -0.1 -0.1 1.8 1.4 0.5 0.5 

F/Ffull (%) 0.0 0.0 0.2 0.7 0.1 0.2 

Ffull (N) 571.0 571.0 817.3 207.5 529.0 241.6 

150 m before crash 

F (N) -0.4 -0.4 2.1 1.3 0.5 0.6 

F/Ffull (%) -0.1 -0.1 0.3 0.6 0.1 0.2 

Ffull (N) 416.6 416.6 817.3 207.5 529.0 241.6 

Truck pass 

F (N) 0.4 0.4 87.1 30.0 26.6 21.5 

F/Ffull (%) 0.1 0.1 14.0 14.5 5.8 4.2 

Ffull (N) 722.0 722.0 621.8 207.5 529.0 241.6 

Crash       

F (N) 78.4 96.1 502.9 291.1 245.0 122.7 

F/Ffull (%) 29.6 11.8 80.9 85.9 51.1 21.1 

Ffull (N) 265.4 812.8 621.8 339.0 529.0 241.6 
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Each table corresponds to a measurement channel 
(cushion seat, back seat, longitudinal adjustment 
rail of the seat, steering wheel, brake pedal). 
 
Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 
present the evolution of the ratio F/Ffull for all 
measurement channels and for all drivers. 
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Figure 4. Evolution of seat back ratio for 
subjects until crash. 
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Figure 5. Evolution of cushion seat ratio for 
subjects until crash. 
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Figure 6. Evolution of seat rail ratio for subjects 
until crash. 
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Figure 7. Evolution of steering wheel ratio 
(compression) for subjects until crash. 
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Figure 8. Evolution of brake pedal ratio for 
subjects until crash.  
 
Global positions of the drivers remain unchanged 
until the truck crosses the white line. During the 
quiet situation, no force is exerted on the braking 
pedal. Then, drivers brake suddenly. The mean 
effort exerted on the pedal when the truck passes 
the tractor is 27N. It increases to 245N at the 
moment of the collision. The maximal effort value 
recorded at this moment is 503N (81% of Ffull 
pedal). This induces an increase of seat back and 
rail efforts and a decrease of seat cushion efforts. 
The mean value of seat back and rail efforts are 
steady until the time of crash (130N) then grow to 
around 500N. The seat cushion effort reduces from 
400N to 260N. Only one person embeds in the seat 
cushion (increase of cushion seat force). The mean 
efforts exerted on the steering wheel passes from  
-10N to -93N (pushing out) at the moment of the 
impact. At this time, the maximum value is 561N 
and corresponds to 135% of Ffull steering wheel. 
This can be explained by the fact that Ffull efforts 
are sustained efforts while driving efforts are 
instantaneous efforts. 
 

Hands and Chest positions 
 
Injury to the upper body is the main risk in a frontal 
crash. The positions of chest and hands are 
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analyzed from the recorded videos at the moment of 
impact.  
 

Hand positions 
 
At the beginning of the experiment, subjects adopt 
a 10 and 2 o'clock position or 9 and 3 o'clock 
position. Comfort position is observed only after 
twenty minutes. For the left arm, subjects often rest 
their arm by putting their elbow on the window sill 
or the forearm on their thigh. For the right arm, 
drivers often rest their arm by laying their right 
hand on the gear lever or the forearm on their thigh. 
Subjects regularly come through one comfort 
position to another one. 
Then, during the crash event, most of drivers try to 
control the situation by swerving, to avoid the truck 
in front of them. Table 2 and Table 3 describe 
upper limb positions when the truck overtakes the 
tractor and at the moment of impact, respectively.  
 
Table 2. 
Hand positions at truck pulling out time 

Positions Left hand Right hand % 

1 On the steering wheel On the steering wheel* 65.74 

2 On the steering wheel On the gear lever 18.57 

3 On the steering wheel On the right thigh 7.14 

4 On the left thigh On the steering wheel 2.86 

5 On the air On the steering wheel 2.86 

6 On the hub On the steering wheel 1.43 

7 On the steering wheel On the handbrake 1.43 

 
* whose 2,86 % have their left elbow on the window sill  
* whose 5,72% have their right forearm laid on their right thigh 
 
Hand position analyses, at the moment of truck 
pulling out (Table 2.), show that more than 90% of 
the subjects have their left hand on the steering 
wheel and their right hand either on the steering 
wheel (66%), the gear lever (19%) or the right thigh 
(7%). These positions correspond to an evolution 
position instead of a comfort position, since these 
positions are observed when subjects see the truck 
at the horizon. Indeed, subjects generally replace 
their hands on the steering wheel when a disturbing 
event appears in their vision field (for example, 
when the subject is overtaken, when a truck is 
approaching or when a vehicle is braking). 
At the moment of impact, more than 90% of the 
subjects have their left hand on the steering wheel 
and their right hand on the steering wheel (54 %) or 
on the gear lever (37 %) (Table 3). The remaining 
9% of the subjects have their left hand on the 
steering wheel and their right hand on the 
handbrake, their thigh or intermediate position (for 
example between the steering wheel and the 
gearshift). 

Table 3. 
Hand positions at the time of impact 

Positions Left hand Right hand % 

1 On the steering wheel On the steering wheel 52,86 

2 On the steering wheel On the gear lever 35,71 

3 On the steering wheel On the air* 7,14 

4 On the steering wheel On the handbrake 1,43 

5 On the steering wheel On the thigh 1,43 

6 On the air On the steering wheel 1,43 

* for example when the subject tries to take the gearshift. 
 
The distribution of the hand positions in the 
environment is presented in Figure 9. 
 

 

1.4% without contact 
 

1.4% handbrake 
7.1% without contact 
1.4% on the thigh 

Figure 9. Percentage of subjects’ left and right 
hand positions on steering wheel. 
 
In 17% of cases, the left hand is in a 1 to 5 o'clock 
position. For 2.8% of cases, the right hand is in a 10 
or 11 o’clock position. All these positions, which 
represent a total of 19.8 % of cases, are potential 
risk positions. Indeed, in these cases, the forearm is 
placed in front of the hub and is likely to be 
projected against driver face under airbag 
deployment. Prior to impact, 100% of the subjects 
have braked and 54.26% have declutched. This can 
explain that 35.7% of the subjects have their right 
hand on the gear lever. Indeed, a strong braking is 
often associated with declutching. Concerning the 
normative position in a frontal impact, 21.4% of 
subjects have their left hand in a 10 o’clock 
position, 11.4% have their right hand at 2 o’clock, 
but only 7.14% of subjects are in a 10 and 2 o'clock 
position. 
 

Upper body positions 
 
The positions of the upper body are observed when 
the truck is approaching the driver’s car. Five 
classes of behaviours are defined (Figure 10):  
(i) Posture 1 - 22 % have no postural change, 
(ii) Posture 2 - more than 67 % move backward to 
anticipate the crash, 
(iii)Posture 3 - at the same time, 57 % of those who 
move back make a rotation of their chest, 
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2.9% 
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(iv)Posture 4 - less than 3 % make a trunk rotation 
without moving backward, 
(v) Posture 5 - 8 % move head towards the steering 
wheel. 
  

 
Posture 1 

 
Posture 2 

 
Posture 3 

 
Posture 4 

 
Posture 5 

Figure 10. Upper body positions. 
 
These results clearly show that very few subjects 
adopt a standardized chest driving position during 
the collision. The influence of these driver positions 
(hand positions and upper limb movements) on 
injuries are investigated numerically with the 
software Madymo®. Upper limb injury criteria are 
compared between a standard 10 and 2 o'clock 
position and OOP observed on the driving 
simulator. 
 
BIOMECHANICAL ANALYSIS 
 
The biomechanical analysis is made with a 
numerical model of the crash dummy Hybrid III 
50th percentile male available in Madymo® 
database. The position of the dummy is determined 
from real driver pre crash posture by a postural 
reconstruction method. 
 

Pre-crash posture measuring  
 
A postural reconstruction method like in [5,6] can 
be used to approximate joint angles of driver upper 
limbs at time of crash. From at least two photos of 
different views taken in a calibrated space, the 
software MAN3D developed by the INRETS [12] 
allows to adjust the anthropometric dimensions and 
joint angles of a virtual dummy on an experimental 
subject. These data can be transferred to Madymo 

to position the numerical dummy model as in real 
conditions. 
 
Madymo® simulation 
 
For this study, the existing model for frontal crash 
available from Madymo® is used. Load applied to 
the virtual dummy (Hybrid III 50th percentile male 
dummy) corresponds to the deceleration undergone 
by a car during a head-on collision at 56 km/h. Non 
finite element seat-belt is used to secure the 
dummy. Simulations are performed for five 
different chest postures and two various hand 
positions (Figure 11 and Figure 12). Contacts 
between arm and head, and, between arm and 
airbag, are added. Their definitions are based on 
existing contacts between other limbs and airbag 
(thorax/airbag). 
The peak linear acceleration, the HIC15 and the 3-
MS injury criteria are calculated for the head. 
Injuries to the neck are predicted by the neck injury 
predictor Nij. The Nij is the collective name of four 
injury predictors corresponding to different 
combinations of axial force and bending moments: 
NTE tension-extension, NTF tension-flexion, NCE 
compression-extension, NCF compression-flexion. 
For frontal collision, the neck injury predictor of 
NTF (tension and flexion moment) is usually higher 
than the other neck injury predictor. The neck 
injury predictor can be evaluated in two different 
manners. According to the Madymo, none of 
predictor may exceed a value of one. Nevertheless, 
the FMVSS No.208 specification [3,10] requires 
that none of the four Nij values exceed 1.4 at any 
time during the event. In this study, the Nij is 
evaluated according to Madymo assessment. All 
these values are reported in Figure 11 and Figure 
12.  
Posture 1-1 represents the normalised driving 
posture. The peak linear head acceleration reaches 
62.7 g. The head injury criteria values, HIC15 are 
estimated at 342.  
All head injury criteria values, for the other four 
chest postures with hands at 10 and 2 o'clock, 
increase as compared to the model at normalised 
posture (Figure 11). Nevertheless, lower head 
injury criteria values are recorded for the posture 4-
1 according to posture 2-1 and posture 3-1. This can 
be explained by the distance between the torso and 
the steering wheel. Indeed, for these latter postures, 
the dummy has the upper body leaned against the 
seatback. So, a greater distance exists between the 
dummy torso and the steering wheel than for 
posture 4-1. This allows the dummy to take speed 
during impact. Thus, the dummy hits the airbag 
with a higher speed and a greater impact force. The 
slight head rotation in posture 3-1 increases the 
maximum head acceleration and injury criteria 
compared to posture 2-1 without head rotation.  
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Chest              Hands Standard position 

Standard position  
 

posture 1-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

62.7 
342.015.0ms 

56.4 
0.4 

Backward movement 
No chest rotation 

 
posture 2-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

78.2 
579.415.0ms 

71.6 
0.46 

Backward movement 
Chest rotation 

 
posture 3-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

78.4 
610.015.0ms 

72.8 
0.46 

No backward 
movement 

Chest rotation 
 

posture 4-1 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

66.9 
412.315.0ms 

61.5 
0.38 

Forward movement 
No chest rotation 

 
posture 5-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

91.3 
809.415.0ms 

84.2 
0.74 

Figure 11 - Postures and injury criteria for a 
standard hand position. 
 

 
 

Chest              Hands Atypical position 

Standard position 
 

posture 1-2 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

730.0 
147612.2ms 

80.3 
4.15 

Backward 
movement 

No chest rotation 
 

posture 2-2 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

761.4 
198142.2ms 

96.9 
4.27 

Backward 
movement 

Chest rotation 
 

posture 3-2 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

615.5 
121602.3ms 

172.7 
4.19 

No backward 
movement 

Chest rotation 
 

posture 4-2 
 

Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

980.6 
269772.0ms 

83.1 
2.97 

Forward movement 
No chest rotation 

 
posture 5-2 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

463.1 
5237.21.9ms 

46.7 
2.97 

Figure 12 - Postures and injury criteria for a 
non standard hand position. 
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However, posture 5-1 is the most injurious position 
(the HIC15 is over the Injury Assessment 
Reference Values (IARV) (<700)). In this case, the 
dummy head is very close to the steering wheel. 
During impact, the airbag deploys at very high 
speed and directly pushes the face of the dummy. 
As a consequence, the neck bends rearward and the 
head is launched backward. 
A significant increase in the maximum linear head 
acceleration is observed for the five chest postures 
with the left hand at the right side of the steering 
wheel (posture 1-2 to posture 5-2) (Figure 12). The 
HIC15 for all these models are well over the 
existing tolerance limit for the frontal impacts. For 
the five chest postures, the airbag projects the arm 
against the head. This phenomenon corresponds to 
a critical situation which can lead to a mortal 
traumatism. The 3-MS injury criterion, calculated 
for the head, depends on how the arm hits the 
dummy head. For the posture 3-2, the left arm hits 
the right lower chin. As a consequence, the head is 
turned violently to the left. For posture 2-2 and 
posture 4-2, the arm hits the dummy at the lower 
chin. So, the neck is tilt backward. As neck model 
stiffness is larger in forward/rearward bending than 
in lateral bending, the 3MS-injury criterion is 
higher for posture 3-2 with a value of 172.7 g.  
The maximum linear head acceleration and the 
3MS injury criterion calculated for posture 5-2 have 
slightly lower values compared to the four other 
postures. In this case, the arm is very close to the 
head. So, the coupling between the arm and the 
head occurs earlier. Hence, the relative velocity is 
lower. The IARV for the head 3MS-injury criterion 
is 80 g. Except for posture 5-2, values obtained 
exceeds this limit.   
The Nij values, for posture 5-1 and postures with 
the left hand on the right side of the steering wheel, 
exceed the acceptable limits. This indicates that the 
impact causes lasting neck impairment. Moreover, 
neck injuries are more likely to occur in the driving 
posture with one hand placed just in front of the 
airbag than in other postures. 
 

 
Figure 13. Linear head acceleration versus time 
plot for models with the left hand at the right 
side of the steering wheel.  

For the atypical postures, extremely high values of 
linear head acceleration are observed (Figure 13). 
Using HIC values as injury criteria estimation 
would not be realistic in this case. Indeed, HIC is a 
function of the area under graph linear head 
acceleration over the time interval when a peak is 
observed. The phenomenon of extremely high HIC 
scores results from the sharper acceleration spike 
and substantially shorter HIC time interval (indexed 
values in Figure 11 and Figure 12) for the models 
with the left hand positioned on the right side of the 
steering wheel. The 3MS injury criterion is 
preferred, here, for the head since the value of 
maximum linear head acceleration is always being 
estimated for a time window with a width of 3 ms. 
 
Numerical simulations, realized with Madymo®, 
show the importance of driver positions at the 
moment of impact in the assessment of neck and 
head injuries. However, this first approach shows 
some limitations. Contact definitions and arm 
kinematics have to be validated. So, airbag 
deployment tests are performed with a hybrid III 
50th percentile dummy.  
 
AIRBAG TESTS AND NUMERICAL 
VALIDATION 
 
Tests are performed in collaboration with Zodiac 
Automotive. 
The vehicle environment is reconstructed. The 
dummy Hybrid III 50th percentile Male is 
positioned according to car driving simulator 
experiment observations with its left arm behind the 
steering wheel (Figure 14). Tests are performed 
with a conventional airbag (sewn cushion, open 
event, pyrotechnical technology). Tests are 
performed in static. 
 
 

  
Figure 14. Crash test dummy. 
 
Then, the static test with the conventional airbag 
cushion is reproduced on Madymo® (Figure 15). 
The inflator mass flow rate and blowhole 
characteristics of the numerical airbag model are 
adapted to reproduce the deployment of the real 
airbag cushion. The characteristics of the contacts 
head/arm and arm/airbag are tuned in order to 
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reproduce the experimental linear head acceleration 
(Figure 15).  

0

20

40

60

80

100

120

140

21 23 25 27 29 31

Li
ne

ar
 H

ea
d 

A
cc

el
er

at
io

n 
(g

)

Time (ms)

STATIC TEST
Head acceleration vs. Time

Conventional

Numerical

 
Figure 15. Linear head acceleration for the 
experimental and the numerical models. 
 
Predicted head linear acceleration is correlated 
reasonably well with test data as shown by the 
experimental and numerical curves. The timing and 
value of the peak acceleration is well estimated. 
The width of the peak is larger for numerical head 
acceleration. This may be due to damping 
coefficients for contacts head/arm and arm/airbag.  
 
This validated model is used to reproduce 
dynamical tests (a 56 km/h frontal collision) 
(Figure 16). Simulations are performed for the two 
various hand positions (standard posture with hands 
at 10 and 2 o'clock  and atypical posture with left 
hand on the right side of the steering wheel) and the 
dummy back leaned against the seatback (posture 
1-1 and posture 1-2). The injury criteria values are 
presented in Figure 16.  
 

posture 1-1 

 
Max.lin.acc (g) 
HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

50 
200.015.0ms 

44 
0.3 

posture 1-2 

 
Max.lin.acc (g) 

HIC15 (<700) 
3MS (g) (<80) 
Max Nij (<1) 

145.0 
27301.2ms 

36 
1.1 

Figure 16. Injury Criteria obtained for the 
validated model (conventional airbag). 
 
The linear head acceleration obtained with the 
validated model for standard and atypical postures 
are illustrated in Figure 17.   
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Figure 17. Linear head acceleration obtained 
with the numerical validated model for a 
standard and atypical position (conventional 
airbag). 
 
It can be concluded that contact characteristics 
strongly influence the results. Values obtained for 
the normalized position (posture 1-1) are quite 
similar for the two models. Values obtained with 
the validated model for the atypical position 
(posture 1-2) are lower than those obtained with the 
standard Madymo model. Nevertheless, the atypical 
position, with the arm behind the airbag, is still 
injurious for the head and the neck.  
The other chest postures need to be modeled with 
the validated model.  
 
NEW AIRBAGS GENERATION 
 
Nowadays, airbag cushion benefits are clearly 
demonstrated by statistic when the number of crash 
is not decreasing. All major OEM are now working 
on the crash avoidance refer to the last FISITA 
2008 conference about car safety. Airbag cushion 
can use the latest technology to avoid occupant 
injuries and improve protection of occupants in 
case of crash.The latest developments in 
automotive safety technology will permit an early 
detection of potential crash situations. Recent 
publications [2] mentioned the possibility to trigger 
Airbag units about 100 ms before the crash really 
occurs. Pre-crash detection will permit a slower 
inflation of the cushion thus preventing the risk of 
severe damage in case of OOP situation. But it will 
be impossible to synchronize the triggering of the 
Airbag unit with the impact of the occupant in the 
cushion, that the reason why we would need a tight 
bonded airbag, able to sustain the pressure for a 
longer time than traditional sewn bag. 
The delay between pre-crash triggering and 
occupant impact will depend on the intelligence of 
the system. But we can imagine that to be 
functional under most crash cases, the cushion will 
have to be available during at least 500 ms. 
Some requirements for the Airbag unit can be 
drawn from this short description: the cushion has 
to be tight to maintain the pressure during the 
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requested time; The inflator must be from cold gas 
technology to prevent the pressure drop due to a 
quick gas temperature decrease; The cushion has to 
be fitted with a device that detects occupant impact: 
the cushion remains tight before impact and has a 
controlled restraint after impact thanks to the 
opening of a vent hole.  
Following is the description of 2 tests that 
demonstrates that Airbag units suitable for pre-
crash systems are possible using technologies 
already available on the market: 
• airtight bonded cushion using Peribond 
technology from Zodiac Automotive, 
• pure helium cold gas generators form ISI-
Automotive, 
• patented silicone membrane from Zodiac 
Automotive. 
The first test is to show the difficulty to ensure the 
specific requirements of a pre-crash Airbag unit 
with a sewn cushion. A comparison of the pressure 
drop for a sewn and a bonded cushion is presented 
on Figure 18. Both cushions are built to have the 
best performance in terms of leakage: 
• low permeability of the coated fabric, 
• high construction to have  low combing, 
• no vents to simulate a system having an intelligent 
opening at occupant impact, 
• pure helium cold gas inflators from ISI 
Automotive.Prototype  
 

 

 
Figure 18. Pressure drop comparison between a 
sewn and a bonded cushion (left). Sewn cushion 
(right) 
 
It can be concluded that the bonded cushion is 
available for occupant impact during more than 500 
ms and the pressure level is maintained within 75 
mbar, whereas the level of pressure of the sewn 
cushion is uncertain and is too low at the time of 
occupant impact. Pressure drop on sewn cushion is 

due to stitch holes on the fabric and gaps between 
the 2 fabric panels (Figure 18). 
In the second test, a tight peribond bag is impacted 
after 150 ms. Figure 19 is showing the performance 
results of both tight peribond assembly and silicone 
membrane. Airbag pressure is ready for occupant 
protection during more than 200 ms. The silicone 
membrane remains closed until the impact, then 
open to ensure the restrain performance of the 
impactor. 

 
Figure 19. Dynamic test – pre crash simulation. 
 
Then, tests are carried out with the crash dummy 
positioned with its left arm behind the steering 
wheel (Figure 14). Tests are performed with a 
conventional airbag (sewn cushion, open event, 
pyrotechnical technology) and with two airbag 
prototypes (bonded cushion, two pure helium cold 
gas generators (0.095 L – 620 bars) (0.047L – 620 
bars), patented silicone membrane). In one case, the 
two helium generators are released at the same 
time. In the other case, the small generator is 
activated first, then the second is released after 10 
ms. These cases will be referred afterwards as 
‘proto_0 ms’ and ‘proto_10 ms’ airbag 
respectively. Figure 20 presents the linear head 
acceleration of the dummy versus time for the three 
airbag tested. 
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Figure 20. Linear head acceleration obtained for 
static tests with a sewn cushion (conventional) 
and bonded cushions (proto_0ms and 
proto_10ms). 
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From experimental tests, it can be concluded that 
the peak linear head acceleration is significantly 
reduced for the ‘proto_10ms’ airbag compared to 
the conventional and the ‘proto_0ms’ airbags. 
Indeed, with the ‘proto_10ms’, the airbag is multi 
stage inflated. So, the arm is projected less rapidly 
against the head. This explains the head 
acceleration decrease. 
 
Prototype Airbags still have to be simulated, that 
requires characterization of the mass flow of helium 
generators. 
 
 
CONCLUSION AND PERSPECTIVES 
 
This paper focuses on frontal pre-crash driving 
postures. An unavoidable crash is reproduced on a 
car driving simulator and driver reactions are 
investigated. The main result is that none of the 
subjects adopts the standard driving position used 
in crash experimentations. Indeed, most of subjects 
swerve away to avoid the collision. This induces 
forward or backward movements and/or rotation of 
the chest. Only few person stays in a 10 and 2 
o'clock position. Furthermore, a third of the 
subjects have their left hand placed in front of the 
steering wheel. Since airbags are usually mounted 
in the hub, this may represent a rather risky 
position. 
These ‘OOP’ postures are reproduced with 
Madymo®. The driver is simulated with the Hybrid 
III 50th percentile dummy model. Postures 
observed on the car driving simulator, at the 
moment of impact, are estimated. A 56 km/h frontal 
collision is imposed. Head and neck injuries 
sustained by the driver are assessed. By comparing 
the numerical response for the models in an ‘OOP’ 
posture and in a normalized posture, it is found that 
head (3-MS and HIC) and neck (Nij) injury criteria 
are severely increased when the arm is placed in 
front of the steering wheel. Indeed, in this case, the 
arm is projected against the head under airbag 
deployment. Furthermore, the non-normalized chest 
posture influence too injury criteria. Having the 
chest and the head too close to the steering wheel 
induces serious neck and head injuries. In this case, 
the airbag, deploying at a very high speed, directly 
pull the dummy face inducing serious neck bending 
and violent head launching. This is also the case for 
small size people who usually sit near the steering 
wheel.  
The very high value of HIC and 3MS head injury 
criteria and the high linear head acceleration peak 
can be due to the definition of the contact between 
the arm and the head. So, these numerical results 
have to be validated. An experimental campaign of 
static airbag deployment has been done with a 
hybrid III 50th percentile dummy. Tests are 

performed with a conventional airbag (sewn 
cushion, open event, pyrotechnical technology) and 
with two airbag prototypes (bonded cushion, two 
pure helium cold gas generators allowing mono or 
multi stage inflating, patented silicone membrane). 
The dummy is seated with the left arm in front of 
the hub. From these experiments, it is observed that 
bonded cushion is better suitable to maintain 
pressure until occupant impact and that linear head 
acceleration of the dummy is significantly reduced 
with multi stage inflated bonded cushion. Thus, 
slower airbag deployment could reduce airbag 
violence. 
Currently, the configuration of passive restraint 
systems is almost universal (driver cushion inside 
the steering wheel, passenger airbag in the 
dashboard, side airbags in the seats, curtains in the 
roof). This configuration is driven by the 
architecture of the cars but also from specific 
requirements in terms of time to position (TTP); 
very quick time for position side airbags due to late 
detection of side impact and proximity of the door; 
higher time for frontal airbags due to earlier 
detection of frontal impact, higher volume to inflate 
and risks of OOP. Having detected the crash and 
triggered the Airbags earlier, TTP is no longer a 
determinant requirement for the conception of 
protection systems. The way to protect the 
occupants could be imagined completely 
differently. For instance, mixing the protection of a 
curtain and front and rear side airbags in a single 
airbag unit could lead to great savings in terms of 
number of generators, wiring, electronic 
equipments and consequently savings in price and 
weight. New protective features could also be 
added to current cushions. For instance, an 
extension of a driver airbag to protect from the A-
pillar on partial side crashes. 
  It is believed that physiological data obtained from 
the experimental study on the dynamic simulator 
can help to find ‘human sensor’ to detect dangerous 
situations, as potential collisions between the host 
vehicle and other road users or obstacles, before the 
impact occurs (acceleration of heart rate, sudden 
braking …).  
Furthermore, the numerical simulation, realized 
with Madymo®, shows the importance of driver 
positioning at the moment of impact in the 
assessment of neck and head injuries, and the 
influence of contact definitions on dummy 
responses. However, this first approach shows some 
limitations. First, it only represents the global 
behavior of the subject. Indeed, as the dummy head 
and arm are rigid, all the kinematical energy of the 
arm is transmitted to the head. This induces 
unrealistic high head acceleration and very high 
HIC value. So, a human model, with a deformable 
arm, should be used for a better prediction of head 
and arm injuries. Second, this approach doesn’t 
take into account the driver muscular clenching 
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during crash event. So, active muscles should be 
included in the model to take into account reflex 
reactions facing an incident. 
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ABSTRACT 
 
German In-Depth Accident Study (GIDAS) data 
from 1999 to 2007 was compared to Hanover 
Medical School (MHH) data from 1973 to 1987 
and it was found that the relative percentage of 
passenger cars sustaining more than one impact in 
a crash, so called multiple impact crashes, has 
increased by about one third within the last two 
decades. An analysis of 9316 GIDAS accidents 
from 1999 to 2007 showed a three-fold greater risk 
of severe injury and a four-fold greater risk of fatal 
injury for a multiple as opposed to a single impact 
crash. 
This study analyses multiple impact crashes in 
general and in particular occupant protection by 
out-of-position mitigation between impacts. 
 
It was found that in two thirds of all multiple 
impacts with severe injury outcome, the 
irreversible restraint systems, front airbags and 
pretensioners, were not activated in an initial front 
impact. The corresponding proportion for non-
activation of side and curtain airbags in initial side 
impacts was approximately fifty percent.  
To evaluate the risk of occupant out-of-position 
and the effect of one type of reversible system, a 
retractor pre-pretensioner, a finite element sled 
model including the human body model THUMS, 
was used. 
In the simulation of initial front impacts with 
different changes of velocity, followed by a 
braking sequence, the pre-pretensioner leads to an 
obvious reduction in the forward chest 
displacement of the human model. Furthermore, 
depending on the pre-pretensioner force, the human 
model may be pulled back into its initial seating 
position. 
The calculated time distribution between initial and 
subsequent impacts with a median of 0.6 to 0.8 
seconds, was used for the evaluation of “pre-crash” 
measures. 
The effectiveness of pre-pretensioning to position 
the occupant between impacts, ranges from 24% 
with 200N, to 93% with 400N pre-pretensioning 
force. 
 

INTRODUCTION 
 
Consumer rating crash test results, which usually 
have higher requirements than legal crash tests, 
have become a leading argument for the sales 
success of a vehicle model and therefore are an 
important orientation for vehicle manufacturers 
(OEMs) in the development and integration of 
safety innovations. However, there is a foreseen 
risk that the safety development might be more 
oriented toward rating tests rather than on the 
potential benefit for real traffic accidents [1]. 
 
Both crash tests required by legislation and 
consumer tests reproduce single impact crashes 
either in vehicle-to-vehicle or in vehicle-to-object 
constellations. Multiple impact scenarios have not 
yet been considered in these test modes. As a 
consequence, passive safety measures, especially 
irreversible systems, are generally optimised for 
occupant protection in only one impact. 
 
The results from a MHH study [2] on multiple 
impact crashes, conducted in 1987 for the German 
Federal Highway Research Institute (BASt), 
showed that about 18% of the passenger cars were 
involved in multiple impact crashes. Studies based 
on the US National Automotive Sampling System / 
Crashworthiness Data System (NASS/CDS), the 
UK Co-operative Crash Injury Study (CCIS) and 
GIDAS data stated that the percentage of occupants 
involved in a multiple impact crash is around one 
quarter, whereas the percentage of severe (AIS3+) 
injuries in multiple impact crashes accounts for 
30% to 42% [3], [4]. US data publishes that the risk 
of severe injury is more than two times higher in a 
multiple impact crash than in single impact crashes. 
Head and trunk were the body regions that showed 
a significantly higher risk of severe injury [4], [5]. 
UK and German accident data confirmed that head 
and thorax are the most often MAIS3+ injured 
body regions in multiple impact crashes [3]. 
 
In two multiple impact studies, the benefit of 
independent deployment of front and side airbags 
and the benefit assumed for maintaining airbag 
inflation for a longer time period [3], [6] was 
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discussed. Furthermore, an enlarged protection 
range of restraint components was proposed for 
out-of-position occupants after an initial impact [3]. 
 
The initial stage of this study provides statistics for 
multiple impact scenarios and injury outcomes for 
involved occupants. The activation probability of 
irreversible occupant restraint systems was used to 
determine the potential benefit of reversible 
restraint systems such as seat belt pre-pretensioners 
(pre-impact, seat belt, tensioner). Furthermore, the 
time distributions between impacts have been 
calculated to gain information about the time span 
for pre-crash measures before a subsequent impact. 
 
Using the human body model, THUMS, the time to 
pull an occupant back in position after an initial 
front impact by pre-pretensioning, was derived. 
The effectiveness of pre-pretensioning at different 
force levels is shown for various first impact 
severities, by comparison of the time required to 
pull an occupant back to normal position and the 
time available between subsequent impacts. 
 
 
METHODOLOGY 
 
Definitions 
 
Defining certain terms was necessary for the 
correct interpretation of results. Although the 
expression “crash” in “single impact crash” or 
“multiple impact crash” may seem to be on an 
accident level, a vehicle level has been expressed. 
The term “impact” means that a vehicle sustains a 
change of velocity in a very short time interval 
while position remains practically unchanged. All 
coded impacts, independent on delta V, are 
considered in this study. 
 
In a single impact crash, a vehicle sustains only one 
collision with a vehicle, an object, a person or an 
animal. A multiple impact crash is present if one 
vehicle sustains two or more collisions. It does not 
mean that two or more vehicles are involved in an 
accident. 
The term “rollover crash” or “rollover” relates to 
vehicles that sustain a non-planar motion and reach 
a position at least 90º rotated over the longitudinal 
or lateral vehicle axis. 
The expression “severe injury” is used for 
occupants with MAIS3+ injury outcome. This also 
includes fatalities. Nevertheless, fatalities will be 
presented separately. 
 
The GIDAS Project 
 
The GIDAS project is a joint venture of the FAT 
(German Automotive Research Organization) and 
the BASt (German Federal Highway Research 

Institute). The project was started July 1st, 1999 and 
is still running. Data from approximately 2000 
accidents yearly was recorded at two sites; 
Hanover, Dresden and surroundings [7]. 
A statistically developed sampling plan defines the 
work shifts for the teams, which covers 12 hours 
per day. If an accident occurs with at least one 
injured person suspected, the GIDAS team is 
notified directly by the local police or rescue 
service via radio communication. GIDAS’s 
investigation teams approach the crash scene with 
blue-lights [8]. This near immediate, on-the-scene 
investigation allows data collection of marks and 
traces available only for a short period of time after 
the accident. Sample criteria for the GIDAS 
database are that at least one accident participant 
has been injured and the accident occurs within the 
shifts and the specified regions. 
 
Data Aggregation and Weighting 
 
For specific research questions, filter criteria need 
to be applied to real world accident data. For this 
study, the GIDAS data from July 1999 to July 2007 
was used with two general filters applied: 
 

• Only cases with completed reconstruction 
• Only passenger cars 

 
After application of these filters the data set 
consisted of 9316 accidents, involving 13392 
passenger cars with 15639 occupants, sustaining 
18169 impacts. The data aggregation and statistical 
analysis were conducted with the software SPSS 
version 15. Furthermore, the software SAS 9.1 and 
the Enterprise Guide 4.1 were used for specific 
analyses. 
 
The sampling plan for GIDAS was developed and 
stepwise improved to be representative of German 
national statistics. Nevertheless, studies have 
considered the application of weighting factors for 
specific research questions [9], [10]. Relative 
weighting factors were calculated to evaluate the 
generalisability of the analysed data. 
 
Rollovers 
 
The treatment of rollovers in previous multiple 
impact studies has been different. They were either 
included without separate examination [6], 
included with association of roof impact as rollover 
[4], or they were excluded from the data sets [5], 
[11]. One study presents more detailed rollover 
figures [3]. From both CCIS and GIDAS data, it 
was reported that rollovers mainly occur in 
multiple impact crashes [12]. This study considers 
rollovers in the statistical analysis. For the 
effectiveness assessment of pre-pretensioners, 
rollover crashes have not been considered, as the 
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coded GIDAS variables up until 2007 do not 
enable the calculation of time between impacts for 
these scenarios. 
 
Delta V Groups 
 
The change of velocity (delta V) is grouped in five 
ranges for the analysis. Besides an impact severity 
evaluation the ranges also consider an appropriate 
impact frequency distribution for further analysis. 
 
The following delta V ranges have been defined: 

• minor delta V (0 – 5 km/h) 
• low delta V (6 – 15 km/h) 
• moderate delta V (16 – 25 km/h) 
• medium delta V (26 – 50 km/h) 
• high delta V (>50 km/h) 

 
Occupant Injury Outcome 
 
The occupant injury analysis was conducted for 
belted occupants only. The exclusion of vehicles 
with only unbelted and “belt status unknown” 
occupant(s), resulted in a 19.6% reduction of single 
impact crashes and a 19.8% reduction of multiple 
impact crashes. Therefore this data-filtering step 
did not influence the relative proportion of single to 
multiple impact crashes. 
 
Triggering of Irreversible Restraint Systems 
 
It is not always obvious in a multiple impact crash 
which impact leads to the deployment of the 
irreversible restraint device. 
To analyse the deployment threshold in a 
simplified system model, univariate logistic 
regression was applied to determine the probability 
of irreversible restraint activation depending on 
delta V. All single impact passenger cars equipped 
with the corresponding irreversible restraint system 
are classified by a status variable (0 = not 
activated) and (1 = activated). Pretensioner 
activation was coded accordingly to the airbag 
deployment status, because the airbag activation 
was easier to identify and therefore a more reliable 
variable. Deployment threshold differences 
between pretensioners and airbags are, therefore, 
not considered. 
As the delta V is a vector and has both magnitude 
and direction, it is transformed into a longitudinal 
and lateral scalar component by usage of the 
change of momentum angle. 
 
The probability of deployment is calculated with 
use of the logit )( 10 xββ +  including two 

regression coefficients 1,0 ββ  (Equation 1). 
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The application of a multivariate regression with 
predictors other than delta V may provide a more 
accurate estimate of the deployment threshold. 
However, the number of vehicles with activated 
restraint devices involved in multiple impact 
crashes is too small for the application of 
multivariate regression. 
 
Reversible versus Irreversible Restraint System 
 
Reversible restraint systems can operate far below 
the threshold of irreversible restraint systems. In 
general, the trigger level is more dependant on 
comfort than safety criteria. 
To estimate the benefit of reversible restraint 
systems, like pre-pretensioners, multiple impact 
crashes were compared by triggering versus non-
triggering of irreversible restraint systems at first 
impact.  
 
The analysed crash scenarios were: 

• Front - Front 
• Front - Side 
• Front - Multiple 
• Side - Front 
• Side - Side 
• Side - Multiple 

 
The term “Multiple” in the above scenarios 
expresses a combination of subsequent impacts in 
three or more impact crashes. 
To consider the importance of the injury outcome, 
only MAIS2+ and MAIS3+ crashes respectively, 
were selected. 
 
Time between Impacts 
 
The time between impacts was not a variable in the 
GIDAS database status July 2007. Therefore these 
times had to be computed from existing variables. 
For vehicles with constant velocity between 
impacts, the time was calculated by the distance 
between impacts and the vehicle velocity. Where 
the vehicle was braked, skidded or accelerated 
between two consecutive impacts, a mean 
acceleration was also considered. 
For 2076 passenger cars that sustained a multiple 
impact crash, the times between the impacts and 
the overall scenario time were calculated. 
 
As the span of time between impacts can have only 
positive values and there was a higher frequency of 
shorter time spans but only a few very long time 
spans, a gamma distribution was applied to 
describe the calculated time distributions. 
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The gamma distribution function is valid for t >θ , 
where θ  is the threshold parameter, σ  is the scale 
parameter ( 0>σ ) and α  is the shape parameter 
( 0>α ) (Equation 2). 
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The displayed cumulative percentage curves for the 
scenario time and the times between impacts are 
generated by the estimated quantiles of the gamma 
distribution. 
 
The scenario time is defined as the time span from 
the first to the last impact and summarizes the time 
between impacts. The impacts themselves were not 
considered having temporal length. It is to be noted 
that rollovers were not considered in the scenario 
time calculation. 
 
THUMS Simulation Model 
 
The human body model THUMS (Total Human 
Model for Safety, adult male 50%ile version 2.21-
040407) was used in a generic sled model to 
simulate the forward displacement of the occupant 
due to an initial frontal impact and to estimate the 
time to pull the occupant back to a normal seating 
position by a pre-pretensioner.  
Different frontal impact levels were defined to 
represent previously defined delta V ranges where 
the mean delta V was below the 50% deployment 
probability of irreversible front restraint devices. 
This implies that both pretensioner and frontal 
airbags were not activated in the simulation model. 
The initial impact time was considered with a 
temporal length of 150 milliseconds. After the 
initial impact, a constant negative acceleration 
according to the distribution of the coded 
deceleration between subsequent impacts in 
GIDAS, was applied to the sled model with the aim 
of reflecting braking and skidding of the vehicle, 
respectively.  
The pre-pretensioner was activated at the beginning 
of the initial front impact. Simulations without pre-
pretensioner activation were used as references. 
The pre-pretensioner force was measured from the 
shoulder to the b-pillar loop. Forward displacement 
of the chest is measured at the 8th thoracic vertebra 
in a purely horizontal longitudinal direction. The 
measurement position corresponds to a HIII 
50%ile, chest x-accelerometer position. The pull 
back time defines the time from end of the first 
impact (150ms) until the occupant’s chest has 
reached the original position in the longitudinal x-
direction. The initial occupant seating position 
corresponds to ECE-R94 (EU 96/79) [13] for a 
50%ile occupant size. The second impact was not 

simulated. Muscle activation was not utilized for 
the THUMS model. 
 
Effectiveness of Pre-Pretensioning 
 
Passenger cars sustaining an initial front impact 
below the 50% probability of irreversible front 
restraint activation (N) can be split in two groups 
by comparison of the time between impacts (tBI) 
and the time to pull the occupant to the normal seat 
position (tIP) (Equation 3). 
 

IPBIIPBI tttt NNN <≥ +=   (3). 

 
The effectiveness (E) of pre-pretensioning was 
calculated by the proportion of vehicles exposed to 
an interval between impacts equal to or greater than 
the time required to pull the occupant back into the 
normal seating position (Equation 4). 

N

N
E IPBI tt ≥=    (4). 

 
 
RESULTS 
 
Data Weighting 
 
When the data set was split into groups by injury 
outcome according to the police record, the relative 
weighting factors for the GIDAS data were: 

• Slightly injured: 1.10 
• Severely injured: 0.85 
• Fatally injured: 0.72 

 
A factor equal to 1.00 represents a percentage in 
GIDAS that corresponds to the national statistics, a 
factor below one expresses over-representation, 
and a factor above one expresses under-
representation. 
 
As the main analysis results are presented as a 
relative comparison between single and multiple 
impacts or focus on MAIS3+ injured persons only, 
the bias of the dataset towards severe and fatal 
injuries was assessed to be of lesser importance. 
Therefore the data set was not weighted in this 
study, but the given weighting factors could be 
applied for evaluation beyond this study. 
 
Multiple Impacts Crashes 
 
Twenty-four percent of all passenger cars in the 
GIDAS data sample sustained a multiple impact 
crash. 
Two-impact crashes accounted for 16%, three-
impact crashes for 5% and four-impact crashes for 
2% of all passenger cars. Less than 1% of all 
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passenger cars were exposed to more than four 
impacts in one crash (Table 1). 
 

Table 1. 
Frequency of impacts GIDAS 1999-2007 

GIDAS Data 
(1999 - 2007) 

Passenger Cars 

Crash Type Freq. 
Percent 

All 
Impacts 

Multiple 
Impacts 

Single Impact 10184 76.0%  

Multiple 
Impacts 

3208 24.0% 100.0% 

2 Collisions 2151 16.1% 67.1% 
3 Collisions 699 5.2% 21.8% 
4 Collisions 250 1.9% 7.8% 

5+ Collisions 108 0.7% 3.3% 

Total 13392 100.0%  

 
If all vehicles that sustained a rollover were 
excluded from the sample, the relative percentage 
of multiple impact crashes was reduced from 
24.0% to 20.5% (Figure 1). 
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Figure 1.  Distribution of crash type. 
 
Rollovers were sustained by 4.4% of all passenger 
cars, of which 4.0% were involved in a multiple 
impact crash and 0.4% involved in a single impact 
crash. 
 
Pre-Crash Velocity 
 
Multiple impact crashes are often associated with 
high-speed crashes, as it is more likely to sustain a 
subsequent impact if the kinetic energy is high after 
the first impact. 
 
The median (50% percentile) pre-crash velocity in 
two impact crashes was nearly twice as high as the 
median for single impact crashes. 
 
Approximately 50% of all vehicle crashes with 
three or more impacts had a pre-crash velocity 
higher than 100 km/h (Figure 2). 
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Figure 2.  Cumulative pre-crash velocity 
distribution for single, two, and three-plus-
impact crashes. 
 
 
MAIS3+ and Fatality Risk 
 
In Table 2 single impact crashes are denoted “SIC” 
and multiple impact crashes “MIC”. Injury risk is 
calculated as the quotient of occupants with 
MAIS3+ and fatal injury, respectively, and all 
exposed occupants. The abbreviation “CI [+/-]” 
shows the confidence interval for the injury risk. 
 

Table 2. 
Injury risk in single and multiple impact crashes 

all SIC 
CI 

[+/-] 
MIC 

CI 
[+/-] 

Ratio 

MAIS 3+ 
Risk 

1.5% 0.2% 4.7% 0.7% 3.1 

Fatality 
Risk 

0.5% 0.1% 2.2% 0.5% 4.7 

 
Rollover 
only 

SIC 
CI 

[+/-] 
MIC 

CI 
[+/-] 

Ratio 

MAIS 3+ 
Risk 

5.2%  7.6% 2.0% 1.5 

Fatality 
Risk 

  3.0% 1.3%  

 
w/o 
Rollover 

SIC 
CI 

[+/-] 
MIC 

CI 
[+/-] 

Ratio 

MAIS 3+ 
Risk 

1.5% 0.2% 4.1% 0.7% 2.8 

Fatality 
Risk 

0.5% 0.1% 2.0% 0.5% 4.3 

 
The risk of a serious injury was approximately 
three times higher in a multiple impact crash 
compared to a single impact crash. For fatal injury 
the risk was approximately five times higher. 
 
With the exclusion of rollovers, which occur 
mainly as multiple impact crashes, the ratios for 
severe and fatal injury risk between single and 
multiple impact crashes were slightly lowered. 
 
The significance of the difference in MAIS3+ and 
fatal injury risks for single and multiple impact 
crashes without rollover is shown in Figure 3. 
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Figure 3.  Risk comparisons with confidence 
intervals for single and multiple impact crashes 
without rollover. 
 
The MAIS3+ injury risk was calculated for specific 
two-impact scenarios (Table 3). For three or more 
impact scenarios the number of MAIS3+ injured 
occupants per scenario was too small to derive a 
risk of severe injury with confidence intervals. 
 
The comparison to single impact crashes (Table 4) 
shows, that the MAIS3+ injury risk in a multiple 
impact crash is generally higher than in a single 
impact crash. 
 

Table 3. 
MAIS3+ risks in multiple impact crashes 

Scenario MAIS3+ 
risk 

Confidence 
interval 

Front – Front 3.2% +/- 2.1% 

Front – Side 5.5% +/- 2.5% 
Side – Front 4.8% +/- 2.4% 
Side – Side 3.9% +/- 1.9% 

 
 

Table 4. 
MAIS3+ risk in single impact crashes and 

rollovers 
Scenario MAIS3+ 

risk 
Confidence 
interval 

Single Front 1.6% +/- 0.3% 

Single Side 1.8% +/- 0.5% 

Single Rear 0.1% - 

 
 
The MAIS3+ injury risk in a front-side and side- 
front collision was about three times higher and for 
front–front and side–side about two times higher 
compared to a single front or single side impact. 
An MAIS3+ injury outcome was rarely found in 
single rear impacts. 
 
Triggering of Irreversible Restraint Systems 
 
The probability of irreversible front and side 
restraint systems activation in single impact crashes 
was derived from the GIDAS data. 
 

The logistic regression for front restraint device 
deployment probability in a front impact was based 
on 2089 vehicles equipped with driver airbag, from 
which 735 were activated. 
For side protection systems the deployment 
probabilities for side airbag only and side airbag 
plus curtain airbag were determined by logistic 
regression. 
One hundred and seventy vehicles exposed to a 
side impact were equipped with a side airbag. In 52 
vehicles the side airbag was activated. In 8 of 36 
vehicles exposed to a side impact, both side and 
curtain airbag were deployed. 
 
The probability of front airbag deployment 
depending on the longitudinal delta V during a 
front impact is shown in Figure 4. 
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Figure 4.  Front airbag deployment probability 
by longitudinal delta V. 
 
 
Regression coefficients and percentages were 
calculated for front airbag, side airbag only and 
side plus curtain airbag deployment probability 
(Table 5, 6 and 7). 
 

Table 5. 
Front airbag deployment probability 

Front Airbag Deployment Probability 
Regression Coefficients 

0β  1β  

-2.897 0.133 

Probability 25% 50% 75% 95% 

Long. delta V 
13 

km/h 
22 

km/h 
30 

km/h 
44 

km/h 

 
Table 6. 

Side Airbag only deployment probability 
Side airbag only deployment probability 

Regression coefficients 

0β  1β  

-1.640 0.074 

Probability 25% 50% 75% 95% 

Lat. delta V 
7 

km/h 
22 

km/h 
37 

km/h 
N/A 

N/A = Not applicable, no data available 
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Table 7. 
Side plus curtain airbag deployment probability 

Side plus curtain airbag deployment probability 
Regression Coefficients 

0β  1β  

-2.481 0.161 

Probability 25% 50% 75% 95% 

Lat. delta V 
8  

km/h 
15 

km/h 
22 

km/h 
N/A 

N/A = Not applicable, no data available 
 
The 50% deployment probability of a front airbag 
and side airbag only are presented by a longitudinal 
and lateral delta V of 22 km/h, respectively. For the 
combination side and curtain airbag the 50% 
activation probability was present at a lateral delta 
V of 15 km/h. 
 
Scenarios for Reversible Restraint System 
Evaluation 
 
In about two thirds of multiple impact crashes with 
MAIS2+ or MAIS3+ injury outcome the 
irreversible (front) restraints were not triggered in 
an initial front impact. If the first impact was a side 
impact, the proportion of non-activated, irreversible 
side protection systems corresponds to 
approximately 50% (Table 8 and 9). 
 

Table 8. 
Percentage of “no trigger” for irreversible 
restraint systems in first impact, MAIS2+ 

Vehicles with at least one AIS2+ injured occupant 
Initial impact: Front Initial impact: Side 

Front – 
Front 

64% 
Side – 
Front 

39% 

Front – 
Side 

65% 
Side – 
Side 

59% 

Front – 
Multiple 

100% 
Side – 

Multiple 
89% 

All subsequent impacts 
Front – x 67% Side – x 50% 

 
 

Table 9. 
Percentage of “no trigger” for irreversible 
restraint systems in first impact, MAIS3+ 

Vehicles with at least one AIS3+ injured occupant 
Initial impact: Front Initial impact: Side 

Front – 
Front 

83% 
Side – 
Front 

21% 

Front – 
Side 

53% 
Side – 
Side 

60% 

Front – 
Multiple 

100% 
Side – 

Multiple 
86% 

All subsequent impacts 
Front – x 71% Side – x 48% 

 
 
 

Evaluation of Vehicle Acceleration before and 
after Initial Front Impact 
 
To enable the simulation of representative impact 
scenarios below the threshold of irreversible 
restraint systems the acceleration situation of 
vehicles before and after the first impact was 
investigated. 
The results showed that approximately 30% of all 
vehicles braked or skidded before an initial front 
impact (neg. Acc.), whereas this proportion 
increased to over 80% after initial front impact. 
Less than 10% of the passenger cars had a constant 
velocity (no Acc.) between initial front and 
subsequent impact (Figure 5). 
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Figure 5.  Vehicle acceleration status before and 
after initial front impact. 
 
The quantile plot shows the cumulative distribution 
of mean deceleration in [m/s^2] for the vehicles 
that braked or skidded after the initial front impact 
(Figure 6) 
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Figure 6.  Quantile plot for mean deceleration of 
vehicles after initial front impact. 
 
Roughly 95% of all passenger cars that sustained 
an initial front impact had a mean deceleration of 
less than 7m/s^2. 
 
THUMS Simulation of Occupant Pre-
Pretensioning after Initial Front Impact 
 
The simulation scenarios were defined according to 
the results from real traffic accidents. Only those 
delta V ranges were considered for which the mean 
delta V of the category was below the 50% 
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deployment probability of irreversible restraint 
systems. All initial front impacts were simulated 
with duration of 150 milliseconds. 
The corresponding (constant) deceleration during 
the impact was calculated based on the given mean 
delta V per range and the impact period (Table 10). 
The minor delta V impact was equivalent to a 
braking sequence. 
 

Table 10. 
Simulation of initial front impact 

Delta V range Mean 
Acceleration 

Mean 
Delta V 

Minor (1-5 km/h) 0.7g / 150ms ~4 km/h 

Low (6-15 km/h) 2.0g / 150ms ~10 km/h 

Moderate (16-25 km/h) 4.0g / 150ms ~20 km/h 

 
After the first impact, a constant negative 
acceleration of 0.7g was applied to the sled model 
according to previous results (Figure 5 and 6). 
 
When no pre-pretensioning was applied, the 
THUMS simulation results showed a maximum 
longitudinal chest displacement of 9 cm for the 
minor delta V impact, 11 cm for the low delta V 
impact and 15 cm for the moderate delta V impact 
(Table 11).  
 
For example, with the application of a pre-
pretensioning force of 200N (400N), the forward 
displacement of the chest of the THUMS model 
was reduced from 9 cm to 3 cm (0 cm) for the 
minor delta V impact. 
 
The pre-pretensioning force necessary to pull back 
the occupant to its original position was dependent 
on the delta V. For low delta V a force of 300 N is 
required, while a force of 200 N was needed for 
moderate delta V. 
 

Table 11. 
THUMS simulation results for chest 

displacement (CD) and  
occupant in position time (IPT) 

THUMS Simulation Results 

PPT 
Force 
[N] 

Minor 
delta V 

Low 
delta V 

Moderate 
delta V 

0.7g 150ms 2.0g 150ms 4.0g 150ms 
CD 
[cm] 

IPT 
[s] 

CD 
[cm] 

IPT 
[s] 

CD 
[cm] 

IPT 
[s] 

w/o 9 N/A 11 N/A 15 N/A 

200 3 N/P 9 N/P 14 0.37 

300 0 0 8 0.36 13 0.27 

400 0 0 7 0.26 12 0.21 

N/A = Not applicable 
N/P = Chest not fully pulled back by the pre-pretensioning force 

 

Effectiveness of Pre-Pretensioning 
 
For the effectiveness of pre-pretensioning the time 
elapsed between the impacts in the GIDAS data 
sample was calculated. The estimated quantiles of a 
gamma distribution were used to describe the 
cumulative percentage distribution of the time 
between the first and second impacts for minor, 
low and moderate delta V impacts (Figure 7). 
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Figure 7.  Quantile plot for gamma distribution 
of time between impacts with minor, low and 
moderate delta V at the first impact 
 
 
Additionally, the gamma distribution parameters 
for the minor, low and moderate delta V first 
impacts are shown (Table 12). 
 
It is noted that the distribution characteristic for 
low and moderate delta V were nearly identical and 
therefore only shown in one table. 
 

Table 12. 
Gamma distribution parameters for  

time between impacts  
Time between Impacts 

Minor  delta V 
Parameter Symbol Estimate 

Threshold Theta 0.00 

Scale Sigma 1.22 

Shape Alpha 0.96 

Time between Impacts 
Low and Moderate delta V 

Parameter Symbol Estimate 

Threshold Theta 0.00 

Scale Sigma 1.07 

Shape Alpha 1.22 

 
The distribution of the delta V ranges below the 
50% activation probability of front restraint 
systems was considered for the calculation of the 
pre-pretensioner effectiveness (Table 13). 
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Table 13. 
Distribution of delta V ranges below the 50% 

activation probability of front restraints 
Time between Impacts - Gamma Distribution 

Delta V range Percent 
Cum. 

Percent 
Minor (1-5 km/h) 39.5% 39.5% 
Low (6-15 km/h) 30.2% 69.7% 
Moderate (16-25 km/h) 30.3% 100.0% 

 
The following results for the effectiveness of pre-
pretensioning after an initial front impact were 
derived: 
 

• 200N: 24% effectiveness 
• 300N: 90% effectiveness 
• 400N: 93% effectiveness.  

 
Thus with, for example, a pre-pretensioner force 
level of 300N in 90/100 vehicles that sustained an 
initial frontal impact the occupants were pulled 
back in position before a subsequent impact. 
 
 
DISCUSSION 
 
The comparison of the multiple impact crash 
frequency between this study and the BASt report 
from 1987 lacks information for the sampling 
criteria for the BASt report. Nevertheless, it was 
stated that older MHH data was more biased 
towards severe and fatal accidents than the current 
analysed GIDAS data, collected along with the TU 
Dresden [14]. As the risk of severe or fatal injury is 
much higher in a multiple than a single impact 
crash it is obvious, that the older MHH data is more 
likely to over-represent multiple impact crashes. 
Therefore it can be stated that the relative 
percentage of multiple impact crashes has 
increased by about one third in the last two 
decades. 
 
The calculations for the deployment probability of 
irreversible occupant protection systems are based 
on a univariate regression model depending on 
delta V alone. This is a gross simplification of 
complex occupant restraint system algorithms, but 
considered acceptable for plain statistical usage. 
One may assume an identical deployment 
probability for side airbag only and side plus 
curtain airbag. It can be noted that the vehicles 
equipped with both side and curtain airbags were 
generally newer and, moreover, that the number of 
these vehicles was limited in the sample. 
 
We propose an approach towards a benefit analysis 
method for pre-pretensioner in multiple impact 
crashes. The method is based on a system model 
including the human body model THUMS, where 

both the vehicle interior and the occupant model 
have been validated mainly for higher impact 
velocities than used in this study. Also, muscle 
activation was not considered in the model, which 
is seen by the large head displacements in Figure 8. 
Therefore, the displacement of the chest was used 
instead of head displacement as a more reliable 
measurement. In comparison to volunteer 
experiments, differences might also be expected. 
 

 
 
Figure 8.  THUMS displacements for initial 
position (light grey), without pre-pretensioning 
(grey) and with pre-pretensioning 400N (black). 
 
The pullback force was seen to depend on the 
delta-V due to the rebound of the occupant upper 
body and head. A lower force to reposition the 
occupant was thus required for the moderate delta 
V case (with large rebound) compared to the low 
delta V case (with small rebound). Volunteer tests 
with the moderate delta V level do not seem to be 
feasible as they are likely to induce harm. 
 
The effectiveness of a pre-pretensioner to pull back 
the occupant into the normal seating position after 
an initial side impact has not been discussed. It 
might be assumed that the possibilities of the pre-
pretensioner are smaller due to the reduced lateral 
restraint function of a seat belt. But this is part of 
further investigations. 
Several reversible occupant restraint solutions have 
already been presented discussing an enhanced 
lateral fixation of the occupant, e.g. 3+2-point belt, 
or active seat side bolsters [15], [16]. 
 
The calculation of the overall scenario time can be 
used for further evaluation of the occupant 
protection benefit in multiple impact crashes with 
curtain airbags that have longer stand up 
capabilities, e.g. when activated in an initial 
impact. 
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The quantiles for gamma distribution of the 
scenario time show that 90% of all multiple impact 
crashes with a side and curtain airbag deployment 
in the first impact have an overall scenario time of 
less than 4 seconds. Ninety five percent of these 
crashes do not exceed 5 seconds (Figure 9). 
Multiple impact crashes including rollovers were 
not considered. 
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Figure 9.  Quantile plot for gamma distribution 
of overall scenario time after curtain airbag 
activation. 
 
The gamma distribution parameters which describe 
the distribution uniquely, are presented in Table 14. 
 

Table 14. 
Gamma distribution parameters for overall 
scenario time after curtain airbag activation 

Scenario Time - Gamma Distribution 

Parameter Symbol Estimate 

Threshold Theta 0.03 

Scale Sigma 1.19 

Shape Alpha 1.32 

 
The potential protection benefit by a curtain airbag 
with a stand up time of about five seconds is 
obvious and it represents available technology, 
although it has been developed mainly for rollover 
protection. 
 
In general, the pre-pretensioner shows a very high 
potential to reduce out-of-position in frontal 
impacts, especially those with a small delta V, and 
additionally pull occupants back into previous the 
seating position. One boundary condition is a smart 
activation and force level algorithm, ensuring that 
no additional harm is induced by pre-pretensioning. 
 
 
CONCLUSIONS 
 
The comparison of MHH data 1973-1987 and 
GIDAS data 1999-2007 reveals that the relative 
percentage of passenger cars sustaining a multiple 
impact crash has increased in the last two decades 
by about one third. 
 

The risk of sustaining a severe injury is three times 
higher in a multiple impact crash than in a single 
impact crash and for fatal injury the risk is four 
times higher, even if rollover crashes are excluded. 
 
With use of the 50% probability deployment 
thresholds in about two thirds of all multiple 
impact vehicles with at least one MAI3+ injured 
occupant, the front airbag is not activated in the 
first impact. When the first impact is a side impact, 
the percentage of non-deployed side and curtain 
airbag is about 50%. This reveals an obvious 
potential for a reversible occupant restraint system 
like a pre-pretensioner to retain or retract the 
occupant in position. 
 
To assess the occupant forward displacement 
during an initial frontal impact, a finite element 
sled model including the human body model 
THUMS and standard interior safety systems was 
used. No muscle activation was applied. 
The activation of a pre-pretensioner with different 
force levels demonstrates a major benefit firstly in 
reducing occupant out-of-position, especially in 
impacts with a small delta V, and secondly in 
getting the occupant back into the original seating 
position. 
 
With a pre-pretensioning force of 200N the 
occupants in 24% of the vehicles, sustaining a front 
impact without front airbag activation (50% 
probability), are in position before a subsequent 
impact. With a pre-pretensioning force of 300N 
this percentage is increased to 90%. With 400N 
pre-pretensioning force, an effectiveness of 93% is 
achieved. 
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ABSTRACT 

The way was paved for the first ESV Conference in 
the early 1970s by the development and discussion of 
what were called Experimental Safety Vehicles. From 
the outset, Mercedes-Benz played an active role in 
this initiative. Up until the mid-1970s, over 20 
Mercedes-Benz ESFs (for Experimental Sicherheits 
Fahrzeug) were built and presented. This short period 
of time also witnessed the development of basic 
innovations, some of which represent crucial 
milestones for vehicle safety: 

- Structural safety 

- Anti-lock Braking System (ABS) 

- Belt pre-tensioner and belt force limiter 

- Airbags 

- Side impact protection 

- Electronic Stability Program (ESP) 

- Partner Protection Systems 

For the ESV Conference in 2009, Daimler is re-
creating this pioneering paradigm shift and 
developing a new Experimental Safety Vehicle, the 
ESF 2009. Based on the very latest safety features, 
such as Advanced Driver Assistance Systems, 
Adaptive Restraint Systems, and Integrated Safety 
Systems (PRE-SAFE®) [1], the ESF 2009 will present 
and demonstrate solutions for the requirements and 
safety challenges of the future. 

This paper presents the safety features that Mercedes-
Benz is focusing on to address vehicle and road 
safety requirements in the future.  

In pursuit of our vision of accident-free driving and 
high-performance occupant safety, the paper looks at 
the following subjects and solutions, which could 
provide further sustainable advances in the field of 
vehicle safety:  

- Systems for enhanced perception 

- Vehicle communication 

- Invisible protection zone 

- Driver Assist Systems 

- PRE-PULSE and  innovative occupant protection 
systems 

- Safety of alternative drive systems  

The paper will describe functional models of the 
different safety features, their potential safety 
benefits, and feasibility requirements. The main goal 
of the Mercedes-Benz ESF 2009 is to illustrate mid 
and long-term safety features and to promote 
discussion on their relevance for achieving improved 
traffic safety. 

INTRODUCTION AND MOTIVATION 

Vehicles from then (Fig. 1) already considered topics 
relating to both active and passive safety together. 
This integrated safety approach, based on the 
technology of the day, offered glimpses of the type of 
improvements in vehicle safety that were to come. 
Today, most of the systems that were considered 
revolutionary at that time can be found in the series 
production vehicles of virtually every manufacturer. 
No further experimental safety vehicles have been 
assembled anywhere in the world, or presented at the 
ESV conference, since 1974. 
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In constructing a new experimental safety vehicle 
(Fig. 2), the intention of Mercedes-Benz is to again 
promote holistic discussion of the subject of vehicle 
safety. 

Figure 1: ESF 13 from 1972 

 

The hope is to present feasible new solutions based 
on today’s technologies and illustrate the potential 
they offer. Systems whose production breakpoint is 
not yet possible from a present-day perspective have 
been consciously included to elicit discussion of the 
basic requirements and technological advances that 
will be required. 

Figure 2: The ESF 2009 

 

DESCRIPTION OF THE MAIN TOPICS 

The scope of this paper does not permit a 
comprehensive explanation of the circa 30 topics 
from six different areas. Selected systems have 
therefore been presented in more detail as being 
representative for each of the topic areas. The 
following areas were included in the ESF 2009, 
grouped according to the integrated safety approach 
[2], i.e. ranging from accident prevention and 
protection for the occupants during an accident to the 
measures that can be taken after an accident. 

Systems for enhanced perception 

One area that offers considerable potential for 
reducing accident statistics is improved perception of 
the traffic situation by the driver and other road users. 

The topic “Adaptive High Beam with Spotlight” 
offers a solution for extending the visibility of other 
road users and differentiating between them. The 
hazard signal used by this technology is provided 
directly in the traffic situation. The technical solution 
in the ESF 2009 gives an example of how the inherent 
visibility of the vehicle can be improved for other 
road users, particularly from the side. In this case, the 
inherent visibility was improved using passive 
reflective measures. 

Both topics are described in more detail in the 
presentation of each later in this paper. The topic of 
Intelligent Night View for active night vision 
recognition and for accentuating the visibility of 
pedestrians and animals is also examined. 

Vehicle communication 

Vehicle communication systems for accident 
prevention or rescue will make an important 
contribution on the way to achieving safer driving. 
Communication between vehicles offers crucial 
added value, especially in situations that could be 
adequately defused with the help of an early warning 
system, or where a vehicle surrounding sensor 
system, e.g. in concealed situations, cannot offer any 
added value. However, at this point, a single-
manufacturer solution cannot help us achieve our 
goal. Instead, what is needed is a successful 
collaboration between a large number of 
manufacturers and suppliers with the aim of 
developing uniform standards and a model for rapid 
market penetration of the technologies involved. For 
that reason, this important topic has also been 
included in the vehicle. 

Driver Assistance Systems 

Systems to prevent and reduce the severity of 
accidents represent an important basis for future 
developments to improve vehicle safety. Building on 
improved and extended vehicle sensing systems (e.g. 
radar and stereo cameras), new assistance functions 
will become possible that will help the driver, e.g. in 
critical situations at intersections. 

The assistance systems in the ESF 2009 address the 
topics of improving longitudinal and lateral guidance, 
as well as general perception. 
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Specifically, these are as follows: 

The blind spot assistance system can not only trigger 
a warning, but also help avoid a potential collision 
with a vehicle in the blind spot by braking individual 
wheels. 

The extended Lane Assistant also comprises an alarm 
level, and, if it recognizes the danger of a critical 
departure from the lane, intervenes by applying 
independent wheel braking to correct the steering 
course. At a later stage of development, corrective 
steering intervention can also occur if collision 
objects are identified. 

Traffic sign assistance system to visualize the 
currently applicable speed limit. 

Virtual crumple zone 

Several manufacturers have recently introduced 
systems to help the driver in situations with a high 
risk of rear-end collisions. With its introduction of the 
PRE-SAFE® brake in 2006, and the enhanced version 
with an emergency braking function in 2009, 
Mercedes-Benz brought onto the market the final 
stage of development for the present in a bid to 
counter the risks posed by escalating parallel traffic. 
The PRE-SAFE® brake system combines acoustic and 
visual warnings, adaptive brake assistance, and 
autonomous partial and emergency braking to offer 
an all-round package that helps to avoid an accident, 
or to reduce kinetic energy before a possible 
collision. Preventive occupant protection functions 
are also activated. The Brake Bag in the ESF 2009 
represents a further development stage. This will be 
explained in more detail in a later section. 

PRE-PULSE and innovative occupant protection 
systems 

To date, the development of occupant protection 
systems has focused on extending the protective 
space, and on adaptive restraint systems. Extended 
fitting of airbags down into the subcompact range, 
and refinement of the seatbelt with pretensioning and 
force limiter have greatly reduced the loads to which 
occupants are subjected in accident situations. Over 
the last few years, however, we have witnessed an 
asymptotic trend in the reduction of forces under the 
specified load conditions. If we consider conventional 
restraint systems, even experts believe that the 

possibilities for further development in the future are 
slim. 

Nevertheless, if we consider the pre-accident phase, 
links can be created between reversible and 
conventional occupant protection systems that, in 
combination, open up further possibilities. One 
example of this is the forward-thrusting PRE-PULSE 
Side occupant protection system, which will be 
presented in a later section. 

A further area where occupant protection can be 
improved is in the rear seat row, which has different 
requirements to the front seat row. On the one hand, 
children are transported in this area, so that occupant 
protection systems must meet the requirements for 
this occupant group. Similarly, the requirements for a 
chauffeur limousine, as in the present luxury vehicle 
segment, are quite different as regards occupant 
protection. The solutions presented for child safety 
and the belt bag should prove enhancements to the 
range of protective equipment, and will be described 
in more detail as part of the vehicle presentation. 

On the question of resolving the conflicting 
objectives of body rigidity and lightweight 
construction, the topic “inflatable structure” will be 
addressed and presented separately in a later section. 

Safety of alternative drive systems 

The ESF 2009 is equipped with a modern hybrid 
drive system (Fig. 3). The equipment includes a 15 
kW magneto-electric motor, a lithium-ion high-
voltage battery, and the necessary power and control 
electronics. 

Figure 3: Location of the hybrid components in 
the ESF 2009 
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The vehicle is equipped with a comprehensive, seven-
part safety concept, designed in particular for the 
high-voltage electronics system that operates at 120 
V. The system includes the following features: 

- Color-coded HV cables and contact 
protection, with generously dimensioned 
insulation and special plugs 

- High-strength steel housing for Li-ion battery  

- Cells on bed of gel and discharge ports with 
bursting disks 

- Multiple safety interlock to automatically 
separate battery terminals 

- Short-circuit monitoring 

- Active discharging of the high-voltage system 
in the event of faults or fire 

- Pyrotechnic tripping of the HV system in the 
event of an accident.  

TECHNICAL DESCRIPTION OF SELECTED 
SYSTEMS 

LED pixel headlamps for hazard light 

Night vision systems are a great help for the driver: 
with the night vision assistant, even with oncoming 
traffic, drivers can still see their own lane and the 
right-hand edge of the roadway without any risk of 
dazzling other road users. Advances in camera 
technology and image processing now allow systems 
to recognize potential dangers on and immediately 
adjacent to the roadway. These can be specially 
highlighted on a suitable display to warn drivers. The 
preferred solution would be for drivers to receive an 
alert about a potential hazard directly in the traffic 
area, without wasting time looking at a display. This 
function will be called a “hazard light” in the 
following. 

There are basically two different approaches to 
realize this function: (1) a type of search lamp that 
moves in a similar way to an active curved 
illumination module, or (2) a fixed headlight with 
electronically controlled light distribution. The 
second variant has been implemented in the ESF 
2009, since fractions of a second are of vital 
importance with a “hazard light” (Fig. 4). In 
principle, there are also two different approaches for 
the non-mechanical systems: the use of a video 
projector [3] or similar device, or the use of an 
electronically addressable LED array [4]. 

The second approach was the option preferred in the 
ESF 2009. An array of this kind basically consists of 
a number of individual LED chips arranged in rows 
and columns. Approximately 40–100 LED pixels are 
needed to create a vehicle headlamp (depending on 
the desired resolution and the maximum area to be 
illuminated). The ESF 2009 has 96 pixels arranged in 
four rows, with a different number of pixels per row. 
Each of the 96 pixels can be dimmed in 256 steps, 
and can be switched on within a few milliseconds. 

Figure 4: Spotlight function  

 

As well as the “hazard light,” it is possible to use this 
LED array to implement adaptive light functions, 
such as active curve illumination and partial high 
beam. In conjunction with the image evaluation, 
various ways of warning the driver can be tested in 
the ESF 2009. Simply illuminating any hazard will 
not be possible, since other road users must not be 
dazzled. In the case of pedestrians, therefore, two 
possible solutions would be illumination up to the 
waistline, or projection of a “light pointer” onto the 
roadway. 

While most of the technical problems have now been 
solved, further studies are required in this area, and 
the legal regulation for this new function still needs to 
be defined. 

Side Reflect – improvement in side visibility at 
night 

Dusk and darkness pose an enormous risk potential. 
Over one quarter of all accidents occur under these 
lighting conditions. Additionally, the severity of 
injuries increases during these times. Some 40% of 
accidents involving fatalities occur at night  
[5] (Fig. 5). 
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Figure 5: Accident distribution by light conditions 
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The (active) lighting techniques have been steadily 
improved over the last few years. However, there are 
still many situations presenting an increased risk 
potential, such as an unlit vehicle that has been left at 
the side of a country road, or vehicles crossing an 
intersection without warning. 

The objective of Side Reflect is to enhance the side 
visibility of the vehicle in order to reduce this 
accident risk at night. The reflective properties under 
diffused side light conditions are enhanced (Fig. 6). 
One element consisted of reflective strips on the tires 
(as has been standard on cycle tires for a number of 
years). 

Figure 6: Improvement in side visibility with Side 
Reflect 

 

An additional component that was presented by way 
of example in the ESF 2009 was door seals with 
reflective properties. Here, the external area of the 
door seal rubber was coated with a special film that 
integrates seamlessly into the vehicle design. These 
reflective door seals emphasize the vehicle contour 
for enhanced night-time visibility. 

 

Vehicle communication 

Autonomous sensor systems for hazard detection in 
the vicinity of the vehicle form the basis for today’s 
driver assistance systems, which can significantly 
improve active safety. However, the drawback with 
all the standard solutions at present is that detection 
of the immediate environment is restricted to the field 
of vision. With this kind of sensor system, it is not 
possible to detect or locate hidden objects (vehicles), 
whether these are behind hilltops, curves, or buildings 
at inner-city intersections. In this context, vehicle 
communication offers the option of extending the 
driver’s field of vision and that of the vehicle far 
beyond the physical range of visual detection through 
spontaneous (ad-hoc) networking between vehicles 
(Car-2-Car, C2C), and/or to the infrastructure (Car-2-
I) (Fig. 7). 

Figure 7: Telematic horizon 

 

The C2C and C2I (= C2X) communication defines a 
cooperative system that requires the vehicle hardware 
configuration to be extended to include a radio 
communications unit (on-board unit) with GPS 
capability. Vehicles with the appropriate equipment 
then transmit information such as GPS position, 
speed, and direction on a cyclical basis. This 
information allows every receiver to put together a 
continuous image of the environment and monitor any 
changes in it. 

By passing on data from one vehicle to another 
(“multihop communication”), the range of radio 
communication can be extended to areas that are not 
accessible for direct transmission (“single-hop 
communication”). 
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The potential of C2X communications for active 
safety stems in part from the possibilities offered by 
sensor data fusion. The additional data obtained from 
C2X communication can improve the quality of 
conventional environment sensors. New assistance 
functions can also be realized, thanks to the 
continuous recording, aggregation, and evaluation of 
the sensor data available in the vehicle. For example, 
an ESP intervention might occur without the driver 
being aware of it when driving round a curve with a 
partial section that is slippery. The relevant C2X 
application recognizes this ESP activity and links the 
information with additional sensor information, such 
as speed, steering angle, slip/traction, outside 
temperature, rain sensor, etc. Based on these 
parameters, a suitable algorithm can detect “risk of 
ice” or “risk of skidding,” and transmit a warning 
message by multihop communication (Fig. 8). When 
another vehicle approaches this hazard spot, the 
driver will receive an acoustic and/or visual warning 
in good time, and can adapt accordingly to the 
approaching hazard situation. 

Particularly in the introductory phase of C2X 
systems, situations may arise where there are no 
communication partners within radio range. Warnings 
are then stored, carried further, and passed on as soon 
as a communication partner (vehicle or 
communication unit in the infrastructure) is within 
range (store and forward system). Traffic traveling in 
the opposite direction can be usefully employed in 
this context to transport warnings back into the target 
area in question. Intelligent, position-based routing 
algorithms ensure that, even in scenarios where there 
is low traffic density in the danger zone, valid 
warnings are not wasted, but are safely stored.  

Since C2X communication is a cooperative system, 
its benefits and quality will increase as use of the 
communication systems spreads. 

Rapid penetration will therefore be possible only if 
there is a uniform communication standard that all 
automakers adhere to and that is jointly defined by as 
many manufacturers and suppliers as possible. This 
will be ensured by the Car-2-Car Communication 
Consortium (C2CCC), and by the ETSI Technical 
Committee Intelligent Transportation Systems. 

C2X communication, therefore, can potentially play a 
key role in helping to avoid accidents through 
automatically generated warning messages before 
hazards such as accident sites, vehicles left at the 

roadside, obstacles on the roadway, abrupt breaking 
vehicles, the end of a traffic jam, construction 
sites/vehicles, approaching emergency vehicles, etc., 
and in controlling the flow of traffic, all without 
generating any additional communication costs. 
However, it is less suitable for on-board autonomous 
system intervention (e.g. automatic braking) owing to 
the latency times involved, and also to system-related 
inaccuracies in determining position with GPS. 

Figure 8: Ad-hoc communications and multihop 
message passing 

 

Invisible Protection Zone, Brake Bag 

The current E-Class model year 2009 features the last 
development stage for the time being of an automatic 
emergency brake system. The emergency braking 
function before an unavoidable collision in escalating 
parallel traffic reduces the speed of the resulting 
vehicle collision by approx. 6–8 km/h. 
Approximately 0.6 s before the collision, the vehicle, 
which is already performing partial braking, is guided 
into an emergency braking maneuver. A further 
escalation level appears impossible at present, since 
the vehicle has already been fully decelerated up to 
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the slip limit. Increasing the deceleration energy 
through that of the wheel brake must therefore be 
seen as a further escalation module. 

In this context, Mercedes-Benz has developed the 
concept of the Brake Bag. An airbag with standard 
driver inflator was added to the front underbody 
paneling of a standard S-Class vehicle. This paneling 
has a double-wall design, so that the airbag can be 
installed spread out between both body panels. Once 
activated, the airbag expands, supporting itself on the 
top side of the front integral carrier (Fig. 9). The 
underside is fitted with a friction lining designed to 
achieve optimum deceleration. It is mounted in front 
on the vehicle crossbar, so as to transfer the fictional 
forces generated by braking the vehicle on the 
roadway. 

If the Brake Bag is activated in escalating oncoming 
traffic, i.e. after the warning that is triggered 
approximately 2.6 s before the time of collision, after 
initiating partial braking at approx. 1.6 s, and after 
initiation of emergency braking at approx. 0.6 s 
before the start of the collision, the result is a rapid 
and temporary increase in deceleration lasting 
approximately 75–100ms, with a deceleration rate of 
20 m/s2 (Fig. 10). 

The increase in deceleration is primarily influenced 
by an elevation in the center of gravity of the vehicle 
as it performs the emergency braking maneuver. 
When the airbag expands, it momentarily raises the 
vehicle by approx. 80 mm. During this brief period, 
the thrust exerted on the friction lining of the Brake-
Bag is increased by the factor of the mass 
acceleration times the overall vehicle mass. 

This increased thrust leads to a greater rate of 
deceleration (Fig. 11) that can be generated with a 
normal wheel brake. In this context, it is important 
that the precise collision point is predicted as exactly 
as possible, since the process is reversed after a 
certain period, leading to a load reduction that has a 
negative impact on the deceleration value. 

As a result of the vehicle’s upward movement, the 
brake dive movement is also compensated for, thus 
improving the geometric compatibility of the braking 
vehicle. The deformation structures adjust to the 
original design level. 

 

Figure 9: Cross-section of brake bag 

 

The following effects can also be observed: 

An influence from the seat structure on the inert mass 
of the occupants can also be observed, owing to the 
elevation of the vehicle. The value measured in tests 
is approx. 20 mm, which means that compression of 
the elastic seat foam and the convergence of the seat 
ramp and the bodies of the occupants result in 
improved coupling in the subsequent crash. 

This applies in equal measure to coupling with the 
already tensioned seatbelt in the PRE-SAFE® phase. 
In the escalation to the accident, the occupant is held 
in position by a reversible tensioning, in preparation 
for the subsequent emergency braking. 

Figure 10: Deceleration with brake bag 
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Figure 11: Reduction in speed with brake bag 

 

The emergency braking then generates an increase to 
approx. 400–600 N on the belt through the inertia 
force imparted. The deceleration from the Brake Bag 
of approx. 20 m/s2 further enhances this seatbelt pre-
tensioning to approx. 800–1,200 N, thus contributing 
to optimize deceleration coupling even before the 
pyrotechnic belt tensioner is triggered. 

PRE-PULSE occupant safety system  

Standard restraint systems can be described as only 
reactive occupant safety systems. For example, a 
generation of force and the associated energy 
conversion within the belt system occurs only after 
the occupant has traveled the necessary distance after 
a specific period by being thrust forward in a frontal 
impact. However, at this point, valuable deformation 
space has been used only for the vehicle deceleration, 
but not to decelerate the occupants. The way the 
airbag operates is similar to the functioning of the belt 
described above. Only after sufficient internal 
pressure has developed from precompression of the 
bag does deceleration (or acceleration in the case of a 
side impact) occur, followed by a conversion of 
energy to the occupant. 

The crucial lever for reducing the load values in a 
side impact is the distance between the occupant and 
the door. The greater this distance, the lower the 
speed at which the door accelerates the occupant 
through the occupant protection system. At the same 
time, this distance is limited by the possible vehicle 
size and the comfort dimensions. The contact speed 
of the intruding door is primarily influenced by 
measures adopted for the body shell and the door. 
Here, too, there are restrictions imposed by limits on 
vehicle weight and the vehicle package. 

Measures undertaken to date to increase side-impact 
protection have mainly been implemented in the 
vehicle itself, i.e. influencing the occupants has not 
been considered so far. A PRE-PULSE occupant 
safety system, as presented in the ESF 2009, taking 
the example of a side impact, uses the early 
information on the unavoidable collision for a 
preparatory energy conversion that affects the 
occupant. Such PRE-PULSE systems accelerate the 
occupant shortly after the accident event in the 
direction created by the collision energy (Fig. 12), 
and thus reduce in good time the energy delta 
between vehicle and occupant. The energy is not 
converted exclusively when an impact occurs, but 
instead the full energy is distributed between a light 
advance impact, and a reduced main impact. 

Figure 12: Deflection of the occupant through 
forward thrusting 

 

This can be simply explained using the example of a 
side impact. 

The seat was equipped with the dynamic seat 
component of the multi-contour seat in order to create 
the PRE-PULSE effect on the occupant. This features 
air cushions in the “cheeks” of the driver and front 
seat passenger backrests, to improve lateral support 
on curves through inflation. 

The size and inflation characteristics of these 
cushions were modified so that they can propel the 
occupant towards the center of the vehicle after a 
sudden pulse-type inflation. This process is reversible 
and can be repeated. 

The movement towards the center of the vehicle 
increases the distance between the occupant and the 
door. 
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Figure 13: Rib deflection in load case FMVSS 
214new 

 

The side bag can now be safely deployed. The contact 
point between the door and the occupant occurs later 
with the restraint system, i.e. at a lower intrusion 
speed. Additionally, the occupant is already moving 
at a certain velocity in the direction of impact, and 
this velocity no longer needs to be converted through 
contact with the side bag and the door. Simulation 
tests showed a reduction in rib intrusion of 30% on 
average (Fig. 13). 

Pressurized Vehicle Components  

In general, two principals of pressurized components 
have been investigated for front and side member 
applications, involving various departments at 
Mercedes-Benz: 

- The first principle states that the components must 
retain the original structural characteristics they had 
before being pressurized. Pressure therefore needs to 
be carefully adjusted. 

- The second principle is that the structure should 
expand when pressure is applied from a small cross-
section to a larger one. This can offer considerable 
advantages, such as packaging benefits (Fig. 14), an 
increased moment of inertia, and an extension of the 
overall crash length. In addition, there are two 
opportunities to apply pressure and enforce the 
structure in general: 

Figure 14: Pressure-loaded side impact protection 
beam. Significant increase in geometry. 

 

- Adding a gas generator that maintains a defined, 
virtually constant level of pressure over a period of 
time. The firing time should match the ongoing 
deformation of the structures involved and last 
between 10 ms and 20 ms for the various 
applications. 

For an almost sealed component, high-level pressure 
will be available for up to 100 ms of deformation. 

- Installation of a gas generator that is able to deform 
a component from an initial structural shape to a final 
one, without providing pressure for longer than is 
needed for deployment.  

Various dynamic sub-component tests have been 
conducted for validation. The mean crash load was 
increased by 20 to 40 kN, and deformation was 
reduced to between 10 mm and 100 mm. With an 
increased mean crash load, pressurized front member 
components  could be introduced to cover small and 
large-sized engines without body-in-white 
modifications. In addition, it seems possible to 
introduce new propulsion concepts that can 
incorporate higher component weights (batteries, 
hydrogen storage), without major structural 
modifications being necessary. A door component, 
the side impact intrusion bar, was investigated for a 
pressurized side member application. Fig. 15 shows 
three different designs. 
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Figure 15: Design studies for side impact intrusion 
beams. 

Design 1:  Design 2: Design 3: 

Main deployment directions 

The extension rate, which describes the rate between 
the deformed and undeformed cross-section shapes, 
came to approximately 250%, 100%, and 300%. The 
weight was reduced by 25%. 

Figure 16: Door beam deformed/undeformed 

 

As regards safety aspects, there was an urgent need to 
have the main direction of deployment directed 
outward from the car, e.g. Design 1 (Fig. 15).  

In the first development stage, the door beam was 
designed to fulfill FMVSS214 requirements without 
pressurizing. Using the tube of the gas generator as a 
load-carrying component, the load level increased by 
about 7.5 kN to 12 kN.  

All undeployed designs fulfilled the FMVSS214 
static requirements (Fig. 17). 

If, in addition, there was pre-crash activation of the 
intrusion bar, which the static standard test procedure 
does not seem to exclude, the mean load level would 
rise by 6 kN.  

 

 

 

Figure 17: FMVSS214 static pole test 

 

IIHS has been assessed in tests and simulations. It 
was becoming obvious that FMVSS and IIHS 
requirements can be achieved with reduced weight. 
Having lateral pre-crash sensing available, the 
intrusion velocity of the inner door trim was reduced 
by over 20%. 

It has been demonstrated that the technology provides 
safety and weight benefits. To transfer the technology 
to a commercial application, however, a number of 
challenges first need to be met (Fig. 18). Knowing 
that the maximum benefits will be achieved for pre-
crash applications, lateral sensing has to be 
established. In addition, optimized jointing, handling, 
and assembly concepts have to be developed. On the 
supplier side, there is an urgent need to come up with 
additional cost and weight reductions for gas 
generators. 

Figure 18: Assessment of pressurized door 
components 
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SUMMARY 

The purpose of the Experimental Safety Vehicle ESF 
2009 is to illustrate new approaches aimed at 
improving vehicle safety. Some new, as yet 
unpublished approaches were selected for this. A 
solid foundation comes from using information on the 
traffic environment that is as precise and reliable as 
possible. Recording information using sensor beams 
and the networking of vehicles with the help of new 
communication technologies should yield further 
support measures in the future that will help avoid or 
reduce the severity of accidents. 

Further milestones on the way to our vision of 
accident-free driving will be achieved by using 
innovative light technologies to improve the 
perception reliability of other road users, and also by 
improving the discernibility of the vehicle itself, 
particularly from the side. 

Along the way, exploiting information about an 
imminent, unavoidable collision offers further 
potential for occupant and partner safety. An 
important component in this area is the use of the 
PRE-PULSE mechanism to distribute the collision 
energy over several impulses. 

The extended coverage of the area between the 
occupants to protect against occupant interactions and 
the adaptability of the size and absorption capacity of 
the airbag have not been discussed in this paper, but 
both play an important role in accident protection in 
the ESF 2009. 

The ESF 2009 offers an in-depth look at current 
development projects relating to vehicle safety at 
Mercedes-Benz. To an extent, it therefore also 
represents a risk for the company. However, it is 
important that experts should have the chance to 
discuss important new, and, in certain cases, 
unconventional ways of improving safety, and then 
develop them systematically. 

The features of the ESF 2009 are intended to provide 
just such an opportunity. 
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ABSTRACT 

The integration of active and passive safety systems 
is considered as a significant contribution towards 
further improvement of traffic safety. The present 
article describes an approach to integrate these 
systems. This is done by development of a novel 
control algorithm where force levels and activation 
times of an assumed adaptive restraint system are 
predefined based on the oncoming collision. 
Reference values for these force levels are 
generated in order to minimise the acceleration of 
the occupants.  
The method takes into account the actual crash 
severity by a forecast of the acceleration behaviour 
of the passenger cell, based on prediction of 
collision speed, mass and stiffness of opponent and 
own vehicle. The prediction of mass and collision 
speed is not part of the present paper and currently 
under investigation. A forecast of the acceleration 
pulse is calculated by a simplified multi body 
model of the impact. The vehicle deformations are 
considered by non-linear springs with hysteresis. 
Their characteristics are derived from 53 crash tests 
published by NHTSA. The occupant of the ego-
vehicle is considered also by a simplified multi 
body model, taking into account its mass and 
seating position. Optimisation algorithms determine 
suitable force levels and trigger times of the 
adaptive restraint components by minimising the 
acceleration of the occupant while avoiding 
bottoming-out of the restraint system. Currently, 
only straight frontal collisions with full overlap are 
considered. The algorithm is developed in order to 
provide a real-time application and is verified by 
detailed off-line crash simulations. 
With numerical simulations several configurations 
with different collision severities and occupant 
masses were investigated. In almost every 
configuration significant reductions up to 90 % of 
the occupant acceleration were observed. The 
present study forms the basis of future work which 
includes a real-time application in a vehicle. 

INTRODUCTION 

Background 

Active safety systems and advanced driver 
assistance systems (ADAS) such as electronic 
stability control (ESC), emergency brake assist 
(EBA) and lane keeping system will contribute to 
avoid and mitigate collisions in future [1, 2, 3].  
Passive safety restraint systems are currently 
activated by electronic control units (ECU) that for 
example evaluate accelerations, roll rate and door 
pressure during an accident. The activation is 
triggered after first contact of the vehicles, in 
frontal crashes typically after 10 to 30 ms, which 
wastes ride-down distances and requires fast 
deployment of airbags. Yet, fast airbag deployment 
is aggressive to occupants, especially when they are 
out-of-position, for example after emergency 
braking or crash avoidance manoeuvres [4].  
Moreover, the adaption of passive safety systems to 
the actual accident is mainly limited to low and 
high crash severity. Adaption to occupant mass and 
seating position provides a significant potential for 
reduction of injuries [5].  
Especially, the integration of active and passive 
safety systems and the adaption of their 
functionality to the actual collision is considered as 
a significant step towards improved traffic safety 
[6, 7].  

Objective 

The present paper is based on previous work [8, 9] 
and describes an approach to integrate active and 
passive safety systems. An algorithm is developed 
which pre-sets force levels and trigger times of an 
adaptive frontal restraint system according to 
parameters of an oncoming collision. Reference 
values for these force levels are generated in order 
to minimise the acceleration of the occupant. 
Important sources for the development of the 
algorithm are found in [10, 11, 12]. 
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The following section summarises the main 
approach of the novel approach, further details are 
published in [8, 9]. 

METHODOLOGY 

The main idea of the algorithm is the prediction of 
the passenger cell acceleration pulse of the own 
vehicle (ego-vehicle). This is based on a forecast of 
collision speed, mass and stiffness of the colliding 
vehicles, which are the main input parameter of the 
algorithm. 
The method consists of three separate modules, the 
vehicle model, the collision model and the occupant 
model. MATLAB/Simulink® software was chosen 
for the realisation of the complete model, due to its 
capability for generation of real-time codes that can 
be run on automotive ECUs. The structure of the 
Simulink model is depicted in Figure 1, which 
illustrates the interfaces between the modules. 

 
Figure 1:  Structure of the Simulink model.  
 
Prior to the impact, the vehicle model is exchanging 
data (state vector of ego-vehicle and collision 
opponent) with the collision model which predicts 
the acceleration of the passenger compartment. The 
collision model is exchanging data (predicted 
acceleration pulse) with the occupant model where 
an adaptive restraint system is minimising the 
occupant acceleration. Outputs of the model are 
force levels and activation times for an adaptive 
restraint system. 

Vehicle Model 

The vehicle model serves to predict the impact 
energy and delivers the input parameters (mass and 
collision speed) for the collision model. The 
module is based on state-of-the-art longitudinal 
vehicle dynamics modelling and includes driving 
resistances (air, climbing and rolling resistance), for 
the basic theory refer to [13]. 
Additionally, an Antilock Braking System (ABS) 
and an EBA of the ego-vehicle are integrated to 
include their influences on the mitigation of 

oncoming collisions. Therefore, rotational degrees 
of freedom for the wheels are modelled.  
The control algorithms of the driver assistance 
systems were taken from literature [14, 15]. 
Nevertheless, serial ABS or EBA applications can 
be integrated any time during full vehicle system 
integration. 
One component of the vehicle model is the 
collision prediction block which uses the input of 
an environment recognition system (such as radar, 
video or laser scanner) to predict the state vector 
(position and velocity) and mass of the collision 
opponent prior to collision. This block is not yet 
implemented and part of ongoing work. The 
Simulink structure of the current vehicle model is 
depicted in Figure 2. A detailed description of the 
model can be found in [8]. 
 

 
Figure 2:  Simulink structure of vehicle model.  
 

Collision Model 

The collision model serves to predict the 
acceleration of the passenger compartment of the 
ego-vehicle. It consists of two rigid bodes with a 
single degree of freedom for each in longitudinal 
direction (xopp and xego), see Figure 3. They 
represent the opponent vehicle (mass mopp) and the 
ego vehicle (mass mego). The rigid bodies are linked 
together by force elements (nonlinear springs with 
hysteresis, FC).  
 

 
Figure 3:  Scheme of collision model.  
 
By numerical integration of the equations of motion 
of this model, Eq. (1), the acceleration of the 
passenger compartment of the ego-vehicle is 
calculated. 
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The spring characteristics of the force elements, 
which describe the deformation behaviour of the 
vehicles in a full overlapped frontal crash, are 
derived from crash tests published by NHTSA [10]. 
A total number of 53 vehicles were analysed, for an 
example see Figure 4.  
 

 
Figure 4:  Example of passenger compartment 
acceleration [8].  
 
The filtered data forms the basis for further 
analysis. In case of a frontal collision with full 
overlap, a method [8] was developed to combine 
the individual stiffness’s of the opponents to one 
single spring Fc with discrete non-linear force-
deflection characteristics cdef, Figure 5 and Eq. (1). 
The solid (red) and dashed (blue) line correspond to 
two different vehicles, the dot and dashed line 
(green) represents the combination of them. 

Occupant Model 

The main approach for the occupant model is the 
following assumption: The injury risk and severity 
in a vehicle accident are reduced when maximum 
and mean accelerations are reduced. This is 
especially true in low to medium crash severity 
where the integrity of the passenger compartment 
prevents intrusion-induced injuries. Modern cars 
are designed to withstand collision severities in 
frontal crash of up to 56 kph against a rigid barrier 
or 64 kph against a deformable honeycomb barrier 
with minimal intrusion into the footwell. 
In the present occupant model, the occupant of the 
ego-vehicle is considered by a simple rigid body 
model, comparable to the collision model. It takes 

into account mass and seating position of the 
occupant (see Figure 6). 

 
Figure 5:  Two examples of the combined 
deformation spring [8]. 
 
In a later vehicle application these parameters have 
to be provided by occupant sensing systems. The 
equation of motion for the occupant model is: 
 

SeatBeltSteerAiroccocc FFFxm ++=⋅ ,&&  (2). 
 
mocc denotes the mass of the occupant, xocc the 
position of the occupant, FAir,Steer (airbag in 
combination with steering column), FBelt (seatbelt), 
and FSeat (seat) the forces of the restraint system 
acting on the occupant, see Figure 6. 
Optimisation algorithms determine suitable force 
levels and trigger times of the adaptive restraint 
system, based on the criterion of minimising the 
maximum and mean acceleration of the occupant 
(represented by the single rigid body mocc). A 
secondary condition is the avoidance of bottoming-
out of the restraint sytem, by limiting the forward 
motion of the occupant rigid body, xocc>0. Within 
this study, genetic as well as gradient based 
optimisation algorithms were investigated [8]. 
The optimisation of the force levels and activation 
times of the restraint system will be the key issue 
for a real-time vehicle application. At the moment, 
putting the results of a large amount of optimisation 
runs into a database (characteristic diagram) is the 
most promising solution for real-time performance. 
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Figure 6:  Simplified rigid body model of the 
occupant.  
FAir,Steer describes the forces by the frontal airbag in combination 
with the steering column, FBelt is the resulting force in lateral 
direction of shoulder and lap belt and FSeat stands for the 
frictional force of the seat, [8]. 
 
The next section explains the verification of the 
model with numerical simulation since 
experimental verification of the model would 
require several cost-intensive full-scale crash tests. 

VERIFICATION 

The verification of the presented model was carried 
out by a detailed off-line simulation. This off-line 
simulation was based on a Finite-Element-Method 
(FEM) model of a full frontal car to car crash. A 
FEM model of the FORD Taurus [16] was used for 
simulation of the crush behaviour of ego- and 
opponent vehicle, Figure 7.  
 

 
Figure 7:  FEM model of investigated vehicle 
[16]. 
LS-Dyna FEM model of the 2001 FORD Taurus, occupant and 
restraint system were added. 
 
Since this model did neither include an occupant 
nor a restraint system, a Hybrid-III 50 percentile 
male crash test dummy, a seat with 3 point belt 
system and a frontal driver airbag was added [17], 
see Figure 8. 
The first step for verification was to simulate a 
56 kph frontal crash against a rigid barrier with full 
overlap (US-NCAP crash test), see Figure 9. The 
validation of the model was published in [18] and is 
accurate within the requirements of the present 
study. 
The acceleration, measured in a similar location as 
in the NHTSA data [10] was derived from the FEM 
simulation. Using this simulation, the acceleration 
and crush behaviour of the vehicle was derived in a 

similar manner than in the real tests published by 
NHTSA, see chapter methodology. This simulation 
forms the basis for further verifications. 
 

 
Figure 8:  Occupant and restraint system in the 
ego-vehicle [17].  
 
Nevertheless, the car body of the FORD Taurus 
FEM model was reinforced in order to demonstrate 
a stiffer car structure which withstands EURO-
NCAP frontal crash requirements with minimal 
intrusion to the passenger compartment in the 
footwell area. The reason for that was the approach 
of the algorithm which minimises acceleration 
induced injuries and not intrusion induced injuries. 
Also, steering wheel displacements, which 
decreases the available ride-down is not 
implemented in the collision model. 
 

 
Figure 9:  USNCAP frontal crash. 
56 kph impact speed, full overlap, rigid barrier, 50th percentile 
H-III dummy. 
 
As depicted in Figure 10, the accuracy of the 
predicted passenger compartment acceleration (red 
solid line) is remarkably high for the first 40 ms, 
the 70 g peak at 45 ms is filtered out through the 
prediction algorithm. Nevertheless the integral of 
this curve (velocity during the collision) fit 
accurately, Figure 11. For the desired application, 
namely pre-setting an adaptive restraint system, the 
accuracy is sufficient. 
 
The next step in the verification was to perform car 
to car crash simulations. 
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The FORD Taurus was impacted at different impact 
speed against another FORD Taurus FEM model, 
(for test set-up, see Figure 12 and Table 1).  
 

 
Figure 10:  Comparison of passenger compart-
ment acceleration (US-NCAP). 
 

 
Figure 11:  Comparison of passenger compart-
ment velocity (US-NCAP). 
 
 

Figure 12:  car to car frontal collision (FORD 
Taurus vs. FORD Taurus). 
 
The occupant and the restraint model was not 
verified in detail, which is part of future work. 
Results regarding the dummy responses only can be 
treated to tell qualitative trends. 
Impact speeds of the ego-vehicle and the opponent 
car were chosen based on a hypothetical impact 
scenario of a frontal collision on a wet road with 
limited vision due to fog. The kinematics of this 
hypothetical collision was simulated using PC-
Crash® accident reconstruction software, Figure 
13. The results were forwarded as an input to the 
vehicle model, which calculated the impact 
conditions listed in Table 1. Different settings for 
driver assistance systems were taking into account, 
[17]. 
 

 
Figure 13:  Hypothetical crash scenario 
simulated with PC-Crash®. 
The blue vehicle on the right side is overtaking. Due to fog, the 
approaching red vehicle on the left side is recognized late. 
 

Table 1. 
Car to car crash simulation matrix 

 
 Ego- 

vehicle 
Opponent Driver 

assistance 
Make and model FORD 

Taurus 
FORD 
Taurus 

 

Impact speed 
Simulation 1 [kph] 

52 52 None 

Impact speed 
Simulation 2 [kph] 

48 48 ABS 

Impact speed 
Simulation 3 [kph] 

31  31 ABS and 
EBA 

Overlap [%] 100 100  
Impact angle [deg] 0 0  

 
Exemplarily the result from simulation 3 is depicted 
in Figure 14. The acceleration of the passenger 
compartment predicted by the collision model (red 
solid line) is sufficiently accurate for adaption of 
adaptive restraints. Single peaks as calculated by 
the FEM model (blue dashed line) are not 
predicted, since during calculation of the combined 
“collision” spring the input data is filtered 
(passenger cell acceleration).  
Figure 15 illustrates the result of the velocity 
change in the same load case. At time 53 ms, the 
velocity passes the zero line. The predicted rebound 
velocity is higher than in the detailed crash 
simulation. This behaviour can be modified by the 
hysteresis model of the algorithm. A fine-tuning of 
the hysteresis parameter was not yet performed. 
 

 
Figure 14:  Comparison of FEM simulation and 
algorithm of collision model (acceleration). 
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Figure 15:  Comparison of FEM simulation and 
algorithm of collision model (velocity). 
 

RESULTS AND DISCUSSION 

The potential of the presented model was 
investigated in a parameter study. Different 
configurations with different collision severities 
and occupant masses were investigated. The 
parameters are listed in Table 2.  
 

Table 2. 
Input for parameter study 

 
parameter from to 
collision speed [kph] 20 54 
mass opponent vehicle [kg] 800 3000 
occupant weight [kg] 30 125 

 
The collision severity ranges from low speed 
(20 kph) to high speed 56 kph for each vehicle. At 
lower speeds an adaptive restraint system will not 
make sense, due to low injury risk and no-fire 
requirements for active restraint systems. Higher 
speeds are not feasible for the algorithm because 
there is no data available for high speed crush 
behaviour. Additionally, at high speeds the 
passenger compartment will start to collapse, which 
would cause intrusion-induced injuries, which is 
not covered by the present approach.  
For the mass of the opponent vehicle a range from 
A-segment vehicles (800 kg) up to luxury class cars 
(3000 kg) were investigated, which covers the 
majority of the passenger car fleet. 
For the passenger weight, a range from 30 kg up to 
125 kg was chosen in order to cover most 
occupants on the driver and passenger seating 
position.  
 
A standard restraint system optimised for 
FMVSS 208 requirements forms the reference for 
the parameter study. As a working hypothesis, the 
force levels of the reference restraint system were 
determined with the optimisation algorithm as used 
for the adaptive restraint system (see section 
Methodology). The following load cases were used 
to define the reference restraint system  

• “48 kph frontal collision with an unbelted 
75 kg occupant” 

• “56 kph frontal collision with a belted 
75 kg occupant” 

The fire time of the reference restraint system was 
set to 10 ms. 
 
The results for the parameter study are depicted in 
Figure 16. In almost every configuration significant 
improvements up to 90 % were observed. For 
collisions close to the FMVSS 208 standard 
requirements (e.g. 54 kph closing speed and 75 kg 
occupant mass) the improvements are small 
because the non adaptive reference restraint system 
is already optimised for that configuration. The 
main improvements occur at lower severity and 
especially occupant masses outside of the 50th 
percentile (75 kg), which demonstrates the 
effectiveness of the integrated safety approach in 
real traffic conditions. 
 

 
Figure 16:  Reduction of the occupant maximum 
(a_max) and mean acceleration (a_mean) with 
respect to different collision speeds and 
occupant masses. 
 
Since the present study assumes that make and 
model of the collision opponent are known, the 
influences of the accuracy of mass and stiffness of 
the opponent vehicle were analysed in a further 
parameter study:  
Even when estimating the mass of the collision 
opponent based on data from a video recognition 
system, there is a lack of knowledge about the 
actual payload. 
According to statistics of vehicle registrations in 
Austria [12], the NHTSA database [10] was 
searched for most likely collision opponents. 53 
vehicles were investigated for that purpose. But 
through questionable acceleration data it was not 
possible to retrieve valid data for all 53 vehicles. 
After all, 39 vehicles with plausible acceleration 
data were analysed and grouped into six mass 
classes, as Table 3 shows. 
 
 
 
 
 
 
 
 
 



Eichberger 7 

 
Table 3. 

Investigated Cars and Defined Mass Classes 
 

Class Make Model Mass 
1 Mercedes Smart 963 kg 
1 VW Polo 1100 kg 
2 Toyota Yaris 1245 kg 
2 Kia Rio 1352 kg 
2 Mini Cooper 1371 kg 
2 Dodge Neon 1379 kg 
2 Toyota Corolla 1379 kg 
2 Ford Focus 1394 kg 
2 Honda Civic 1394 kg 
2 Ford Focus 1398 kg 
3 Toyota Prius 1515 kg 
3 Subaru Impreza 1585 kg 
3 BMW Z4 Roadster 1630 kg 
3 Honda Accord 1673 kg 
3 Saab 9-3 1705 kg 
3 Subaru Forester 1708 kg 
3 VW Jetta 1719 kg 
3 Nissan 350Z 1729 kg 
3 Volvo S60 1732 kg 
4 VW Passat 1765 kg 
4 Ford Taurus 1785 kg 
4 BMW 325l 1806 kg 
4 Audi A4 1820 kg 
4 Volvo S80 1820 kg 
4 Saturn Aura 1828 kg 
4 Nissan 350Z 1855 kg 
4 Mercedes C300 1864 kg 
4 Chrysler Sebring 1915 kg 
4 BMW 528l 1924 kg 
5 Dodge Journey 2136 kg 
5 Volvo XC90 2389 kg 
5 Hummer H3 2404 kg 
5 Mercedes ML350 2431 kg 
5 BMW X5 2458 kg 
6 Audi Q7 2582 kg 
6 VW Touareg 2600 kg 
6 Toyota Sequoia 2816 kg 
6 Toyota Tundra 2884 kg 
6 Ford F250 Pickup 3054 kg 

 
Table 4 lists the results of the investigation of the 
mass influence for two different vehicles (FORD 
Taurus and MERCEDES C300). An occupant with 
75 kg is taken into account. The closing speed is 
106 kph. The parameters amax,occ and amean,occ present 
the resulting loading to the occupant. Respectively, 
sdisp,occ is the relative displacement, amax,occ the 
maximum acceleration and amean,occ the mean 
acceleration of the occupant. The average 
acceleration of an occupant sitting in a 
MERCEDES C class is almost doubled when it is 
impacted from an 3000 kg vehicle compared to a 
800 kg vehicle. When increasing the mass of the 
vehicle in steps of 200 kg, the average acceleration 
increases by approximately 1.5 g. The typical 
payload of a passenger car is around 300 kg [2], so 
the accuracy of the results are in the range of about 

2 g, which has to be taken into account by the 
algorithm. 
There where no results in the simulation of the first 
investigated vehicle (FORD Taurus) when colliding 
against a vehicle with a mass higher than 2600kg 
(marked with "-" in Table 2). The reason for that is 
that the maximum force levels of the restraint 
system are limited. At high impact energy levels, 
the occupant strikes through the airbag and contacts 
the dashboard.  
 

Table 4. 
Influence of Collision Opponent Mass on 

Occupant Loading 
 

 
 
For investigation of the influence of the crush zone 
stiffness the following approach has been chosen: 
All studied vehicles were classified according to 
their mass (Table 3).  
Next the stiffness springs of these vehicles were 
compared and combined to an average force-
deflection curve (thick line in Figure 17). 
It can be seen, that according to the mass classes, 
the deformation characteristics of different vehicles 
are similar. The reason for that is that vehicles 
structures are designed to fulfil requirements of 
standard laboratory crash tests. There, only the 
vehicle mass has an influence on the energy that 
has to be absorbed by the crush zone. Restraint 
systems are designed to meet injury criteria of 
dummy responses in these specific tests. 
To evaluate the influence of the stiffness a certain 
crash scenario (fully overlapped car to car frontal 
collision, masses of each vehicle 1785 kg, collision 
speed 108 kph, mass of occupant 75 kg) is 
calculated using the algorithm. The only 
investigated parameter is a variation of the stiffness 
of the crush zone according to the six classes 
described above. The average acceleration of the 
occupant scatters by approx 1 g (mean value 
20.4 g). The results are shown in Table 5. 
 



Eichberger 8 

 
Figure 17:  Examples for deformation springs 
with respect to different mass classes.  
Mass class 2 represents vehicles from 1200 to 1400 kg, mass 
class 5 from 2000 to 2500 kg. The thick line is the combination 
of the different deformation springs. 
 
sdisp,veh denotes the displacement of the vehicle, 
which is the deformation of the vehicle front in this 
load case. Analogue to Table 4, amax,veh and amean,veh 
represent the maximum and mean acceleration of 
the vehicle under consideration. 
 

Table 5. 
Influence of Crush Zone Stiffness  

 

 
 
The small influence of the stiffness shows that it is 
sufficient to estimate roughly the mass of the 
opponent vehicle and to use the stiffness 
characteristics derived in the corresponding mass 
class introduced in this paper. 

LIMITATIONS 

As a first step, only straight frontal collisions with 
full overlap are considered, but basically the 
method can be enhanced for other impact scenarios 
such as rear-end collision, lateral or oblique impact. 
Another shortcoming is the simplification of the 
model in order to achieve real-time performance for 
a full vehicle application. Especially, it is assumed 
that a minimisation of occupant acceleration lowers 
the injury risk and severity. Detailed injury 
responses such as the Head Injury Criterion (HIC) 
cannot be assessed. The application in a vehicle, 
verification of the real time performance and 
functionality of the algorithm is part of future work. 

CONCLUSIONS 

An algorithm for the integration of active and 
passive safety systems was prepared. 
The main idea is the generation of reference values 
for an adaptive restraint system by calculating force 
levels and trigger times of the different restraint 
components, such as belt and airbag. These were 
optimised with respect to maximum and mean 
acceleration of the occupant. The presented method 
consists of three separate models (vehicle model, 
collision model and occupant model), which are 
interacting. Simplified models were used in order to 
maintain a future real-time application. 
As a first step, the model was verified with detailed 
FEM crash simulation models. The prediction of 
the passenger compartment acceleration showed 
sufficient accuracy for the present application.  
The potential of the algorithm was demonstrated in 
simulations of fully overlapped frontal collision 
considering different input parameters: 
a) Mass of colliding vehicles 
b) Crush zone stiffness of colliding vehicles 
c) Collision speed 
d) Occupant mass of ego-vehicle 
e) Seating position of occupant 
These input parameters were supposed to be 
known, since the development of the vehicle model 
and the collision prediction module is still under 
progress.  
Significant improvements up to 90 % with respect 
to maximum and average acceleration of the 
occupant could be demonstrated in different crash 
scenarios. The influence of mass and stiffness were 
investigated in order to derive requirements for the 
environment recognition system.  

OUTLOOK 

The next step will be the completion of the collision 
prediction module and the integration into the 
vehicle model. Intensive verification with driving 
tests and an environment recognition system will be 
necessary.  
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Further crash simulations with different FEM 
models and varying accident severity will be 
performed to verify the collision model on a 
broader basis and adjust some of the model 
parameters.  
Additionally the occupant model will be verified in 
more detail by comparison with a validated detailed 
occupant simulation model and performing 
parameter studies.  
Also applications in other load cases such as rear 
and side impact will be part of future work. 
Next, the model will be enhanced for application a 
real vehicle to demonstrate a real-time application. 
Finally the prediction of the opponent vehicle mass 
using video recognition will close the last missing 
link and complete the method for full vehicle 
integration. 
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ABSTRACT 

First outcomes of activities carried out in Safety 

In Motion EU project are hereafter described. SIM 

Project is aimed at identifying a suitable and 

comprehensive safety strategy for powered-two-

wheel (PTW) vehicles, in order to avoid road 

accidents and/or mitigate their consequences. 

Starting from the outcomes of previous 

accidentology activities an in-depth analysis was 

conducted focusing on the scenarios identified as the 

most frequent and dangerous for PTWs accidents. 

Significant accident parameters were identified and 

related values were analyzed. Also a technology 

evaluation based on state-of-the-art analysis as well 

as partners expertise was conducted and the 

effectiveness of potential benefits of safety systems 

was evaluated in reconstructed accident scenarios. 

On such a basis a PTW safety strategy has been 

identified in all safety areas. 

 The active safety improvement is reached by 

actively controlling PTW stability and improving 

riding comfort (advanced braking and suspension 

systems). 

In preventive safety area an HMI Information 

Management concept for motorbike was identified as 

the most effective solution for enhancing the PTW 

rider’s awareness. Focusing on passive safety aspects, 

a frontal airbag fitted on motorcycle (aiming at 

protecting rider against the primary impact) and an 

inflatable wearable device (mainly for secondary 

impact) have been chosen to be tested either 

separately and jointly. 

The following safety devices have been finally 

selected in order to be implemented and tested on 

vehicle prototypes: 

- Active Brake System 

- Stability management by traction 

control 

- Semi-Active Suspension System 

- Frontal airbag  

- Inflatable wearable device 

- HMI Information management concept 

for motorBikes (IMB) 

- Enhanced HMI (ergonomic handlebar 

controls, wireless communication, 

Head-Up Display) 

An integral approach to PTW safety 

enhancement was adopted, since all the safety devices 

will be implemented and tested on the same vehicle 

platform, the innovative PTW tilting three-wheelers 

Piaggio MP3. 

 

 

INTRODUCTION  

The background of SIM project are the findings of the 

MAIDS project [1] which main objectives are: 

- the identification of the main factors that 

contribute to PTW accidents causation; 

- the definition and proposal of suitable 

countermeasures in order to reduce the 

number of accidents and mitigate the 

consequences for the rider. 

MAIDS causative factors have been categorized in 

three items or pillars of safety: 

-Powered-two wheelers 

-Human 

-Infrastructure. 
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Figure 1. The Safety Matrix 

The approach of SIM project is described by the 

Safety matrix (Figure 1) where the pillars of safety 

are crossed with the typical safety areas. 

SIM project is mainly focused on integrated safety 

for PTW. 

Even if the human factor belongs to PTW rider 

and vehicle driver (i.e. car, bus and truck), 

nevertheless SIM activities deal with this topic from 

PTW rider perspective in terms of protective devices 

(helmet and clothing) and HMI improvement. 

        The activities’ flow within the project started 

with the analysis phase, based on accidentology and 

effectiveness evaluation of the most promising safety 

devices. After the safety devices have been selected, 

their development has been carried out for more than 

one year.  In the last phase of the project the adopted 

solution will be integrated and tested into the final 

prototypes. 

 

 

SELECTION OF PTW SAFETY STRATEGY 
The SIM project has established a strong 

collaboration link with APROSYS (Advanced 

PROtection SYStems) SP4 – an Integrated Project 

(IP) under 6th Framework Programme of the 

European Commission - in order to share the 

knowledge gained during the first phase of SP4 

concerning motorcycles passive safety [2]. As a result 

of this collaboration, the outcomes contained in 

deliverables from SP4 subproject are briefly 

described. 

During the first phase of SP4, activities were 

carried out to achieve the goal of extracting 

information about motorcyclists’ road accidents. In 

particular, aspects such as the following were 

identified: 

- the most relevant accident scenarios, 

- the causes of the accidents, 

- the interactions between PTWs / riders 

and vehicles, 

- the interactions between PTWs / riders 

and infrastructure, 

- the performance of motorcyclists 

protective devices, 

- the kinematics of the collisions, 

- the most frequent riders’ injuries 

patterns. 

 

On the basis of the mentioned features, a number 

of scenarios capable to represent a wide number of 

casualties were identified. In a first step the National 

Statistics of four countries (Spain, Italy, The 

Netherlands and Germany) have been deeply 

analysed. The findings were seven main accident 

scenarios, describing the PTW accident occurrence as 

a whole, Table 1:  

 

Table 1 PTW main accident scenarios 

Urban Area Non Urban Area 

Moped against car in 

intersections. 

Motorcycles against car 

in Intersections. 

Moped against car in 

straight roads. 

Motorcycle against car 

in straight roads. 

Motorcycle against car 

in intersections. 

Motorcycle. Single 

vehicle accidents. 

Motorcycle against car 

in straight roads. 

 

  

In a second step the identified accident scenarios 

were further investigated by means of in-depths 

databases available within the consortium (GIDAS 

2002, COST 327, NL-MAIDS, DEKRA PTW), 

focussing mainly on passive safety aspects. 

 

Accident In-depth Analysis 
As afore mentioned the results of APROSYS SP4 

have been integrated in the SIM database analyses. 

The identified main accident scenarios have therefore 

been chosen as a starting point. Within the SIM 

consortium the MAIDS database, the DEKRA PTW 

database and the GIDAS 2002 and 2003 datasets were 

available for examination and, as far as the databases 

are of very different character and the coding 

regulations are oftentimes not common, several 

shared parameters have been identified and analysed 

(Table 2) 
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Table 2. Common parameter list 

PTW design Visibility conditions 

PTW colour Weather conditions 

PTW user injury patterns Lighting conditions 

Accident location Technical defects 

Rider behaviour before impact Evasive manoeuvres 

Kind of collision Kind of PTW driver reaction 

Tyre conditions Accident avoidance 

Influence of tyre fault Accident causation 

Classification of skidmarks Question of guilt 

Road characteristics PTW initial driving speed 

Road condition PTW speed of first collision 

Involved parties PTW brake system 

Right-of-way regulations  

 

By analysing the most relevant parameters it is 

possible to notice that in the DEKRA database, with 

mostly elevated speeds outside urban areas, severe 

and fatal injuries play a major role. In the MAIDS 

database 22 riders only received first aid treatment at 

the scene of the accident. A total of 785 riders were 

treated in hospital and then released. 100 PTW riders 

and 5 passengers died as a result of injuries sustained 

in the accident. The GIDAS database shows a large 

number of AIS 1 and AIS 2 injuries, Figure 2. 
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Figure 2. Injury level, GIDAS 

As being representative in respect of the National 

Statistics in Germany, the accident site in the GIDAS 

database is in most cases within urban areas. The 

DEKRA database with its focus on severe and fatal 

PTW accidents shows a converse site distribution. 

Within MAIDS approximately two-thirds of the 

accidents took place in urban areas. In order to 

develop passive safety devices installed on the 

vehicle it is important to have a clear understanding 

of the impact kinematics. In the case of an impact 

against an opposing vehicle it is essential to 

differentiate between upright impacts and sliding 

impacts. In the DEKRA database most of the PTW 

impacts occurred in an upright driving position, 

Figure 3. 
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Figure 3.  Kind of collision, DEKRA 

In the DEKRA as well as in the GIDAS datasets 

the road was mainly dry. Only few cases with wet or 

moist road surface were recorded. In MAIDS data the 

roadway was found to be dry and free of 

contamination in 84.7% of all accidents ,wet in 7.9% 

of all collected cases. Ice, snow and mud were 

reported in 5 cases respectively and gravel or sand 

was reported in 2.5% of all cases. The main part of 

the PTW crashes occur on straight normal roads.. 

About half of the PTW accidents in MAIDS happen 

on minor arterial road or local street, according to 

urban area characteristics. Based on MAIDS data, 

roughly in 70% of the cases the PTW was travelling 

on a straight path. Junctions, intersections and curves 

– especially in rural areas – do also play an important 

role. As reported also in detail MAIDS data show that 

more than 50% of accidents happen at intersections. 

The different intersection types reported in MAIDS 

are shown in Figure 4. 
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Figure 4. Intersection type, MAIDS 

 In the major part of the accidents the road surface is 

made of asphalt. MAIDS data indicates that in 56% of 

the cases asphalt was found in optimal condition. As 

expected the passenger car was in the three databases 

the main opposing vehicle within PTW crashes 

followed by PTW–PTW and PTW–pedestrian as well 

as PTW- truck impacts, Figure 5. 
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PTW collision partner, MAIDS
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Figure 5. PTW collision partner, MAIDS 

As far as the weather at the time the PTW 

accident happened is concerned, a distinction between 

clear/sunny/dry, cloudy but dry,  rainless not further 

indicated, rain, fog/haze, hail/snow, and storm/gust of 

wind has been made. Most PTW accidents happened 

at dry weather conditions confirming the assumption 

that motorcycle riding is mostly a leisure activity. In 

the DEKRA cases were a sight obstruction at the 

accident scene was detectable mostly bushes or trees 

limited the vehicle users view. For the GIDAS 

database sight obstructions have been classified as 

being non-permanent (e.g. parked vehicles) or 

permanent (e.g. buildings). In 9.5% of the cases a 

mobile vehicle obstructed the view of the PTW rider, 

while in about 10% of the cases a mobile view 

obstruction for the OV driver was present at the time 

of accident. As for the light conditions most accidents 

happened at daytime. In Germany it is mandatory for 

powered two-wheelers to have the low-beam light 

switched on also at daylight. In most of the cases of 

the DEKRA and GIDAS database the PTW driver 

met this demand, however a not negligible amount of 

PTW drivers disregarded this directive, Figure 6. 
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Figure 6. PTW light status 

From MAIDS data, it was found that in 87.5% of 

the cases the main contributing factor is human 

related. It is divided between PTW rider (37%) and 

OV driver (50%). Among these a perception error of 

the OV driver is the most frequent event, while for 

the PTW rider decision and perception errors are the 

most relevant ones. The data in Figure 7 indicates 

that a PTW rider traffic-scan error was reported in 

27.7% of all cases involving an OV. 
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Figure 7. Traffic scan error, MAIDS 

The initial driving speed bands are illustrated in 

Figure 8 and Figure 9. In the representative GIDAS 

database most PTW users drove in the speed band 

31–45 km/h whereas in the DEKRA database also the 

61–75 km/h and the 79–90 km/h speed range is of 

interest. In MAIDS it was found that in roughly 45% 

of all cases the PTW was travelling below 45 km/h, 

while only in 23% of cases the travelling speed was 

between 46 km/h and 60 km/h. It has to be noticed 

that both L1 and L3 PTW legal categories are 

included. 
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Figure 8. PTW driving speed [km/h], DEKRA 
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PTW travelling speed [km/h], MAIDS 
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Figure 9. PTW driving speed [km/h], MAIDS 

The speed of the PTW´s first collision in the 

DEKRA database is described in Figure 10. A speed 

reduction in respect of the initial speed is observable 

though not always significant. 
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Figure 10. PTW speed of first collision [km/h], 

DEKRA 

 
In the MAIDS datasets the PTW impact speed is 

in 63% of the cases below 45 km/h while in 17% of 

the cases the impact speed was found between 46 

km/h and 60 km/h. In order to better understand the 

correlation between driving speed and first collision 

speed a case related speed inspection is of great help. 

The data was sorted in a descending order. Here, only 

a section in the driving speed band from 60-40 km/h 

is displayed, Figure 11. In about 50% of the 

displayed cases, no speed reduction prior to the first 

impact was detectable. 
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Figure 11. Case related speeds, DEKRA 

For what concerning data coming from MAIDS, 

only cases with impact speed less than or equal to 

travelling speed were considered. Here, the 

percentage of Kinetics Energy (KE) reduction by 

travelling speed has been calculated. KE is defined 

as: 
2

1 i

t

V

V

 
−  
   

 

Where Vi  is the impact speed and Vt is the PTW 

travelling speed. In roughly 30% of these cases there 

was no KE reduction (with a travelling speed between 

31 km/h and 45 km/h). Most of the KE reduction 

values (32%) is between 20% and 70% reduction in 

the speed range from 31-60 km/h. In most cases 

modern disk brakes were observed apart from a not 

negligible amount of drum brakes at the front wheel 

in the DEKRA cases. Where possible, the involved 

PTWs within the DEKRA and GIDAS database have 

been analysed in respect of anti-lock brake systems 

(ABS) furniture. The penetration of ABS in the 

motorcycle market is up to now very limited, hence 

only an insignificant amount of PTWs is outfitted 

with such systems in the investigated case collections. 

 

Technology selection 

The analysis of potential PTW and protective 

equipment improvement (active, passive and 

preventive safety devices) has been carried out 

starting from the literature review in PTW safety field 

and collecting information about state-of-the art for 

safety devices applied in automotive and PTW field. 

The state of the art of such systems is described in 

detail in [3]. 

An effectiveness evaluation has been performed 

on systems that can be realistically implemented on 

PTW based on two criteria: 

- market availability and potential transfer 

to PTW field; 

- technical feasibility (i.e. vehicle 

constraints). 

As a result of the effectiveness evaluation a list 

of safety system to be installed on vehicle prototypes 

was defined. 

 

Effectiveness evaluation in real accident scenarios  

Starting from the previously described accident 

analysis and scenarios defined in Table 1, single 

cases, representative of each accident situation,  have 

been extracted from DEKRA PTW database. The 

fundamental basis of the DEKRA accident database is 

the accumulation of written expert opinions 

containing the accident analyses that are drawn up by 

skilled forensic experts at the DEKRA branches 

throughout Germany. Apart from the database also 

the raw material (written expert opinions) is available 
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for investigation having the advantage to extract 

parameters which were originally not directly implied 

in the database. 

From the DEKRA datasets 51 cases have been 

selected, extracting the following parameters: 

- Collision speed 

- Initial speed 

- Distance of falling location to collision 

point (if applicable) 

- Braking distance (referring to the 

collision point) 

- Mean value of braking deceleration 

- Starting point of braking (referring to 

the collision point) 

- Reaction point/reaction demand 

(referring to the collision point) 

- Kind of reaction demand 

- Road surface conditions 

- Weather conditions 

It is worth to be mentioned that the analysed 51 

accidents have been chosen depending on reaction 

demand and following rider braking behaviour in 

order to evaluate the benefit of an advanced braking 

system. 

Also if database analyses can simply give general 

insights into the accident occurrence, for more 

detailed data considerations it is essential to analyse 

case-related accident characteristics. One opportunity 

to face this problem is the preparation of in-depth 

accident reports, containing common information 

about the accident and the vehicles involved, 

sketches, vehicle kinematics, pre-crash phase 

calculation tables and picture documentations (Figure 

12). From the raw data, at DEKRA 16 in-depth 

accident reports have been drawn up and made 

available to the project consortium for further 

examination. analyses. The whole in-depth analyses 

can be found in Annex A of [3]. 

 

 

Figure 12. In-depth accident analysis example 

 

With the data coming from the 51 cases and 16 

fully reconstructed cases (DEKRA database) brake 

system and suspension system have been evaluated 

taking into account the typical “boundary” conditions 

of the accidents.  

A different approach has been followed for the 

effectiveness evaluation of the passive safety devices 

(airbag, leg protectors, wearable devices…).  that has 

been made starting from results of previous studies 

[4] and analysing 20 cases from DEKRA database in 

which PTW impact was against passenger car, PTW 

was in upright position, and the rider was severely 

injured or killed. 

The potential benefits of HMI improvement was 

extrapolated mainly based on MAIDS findings that 

reports human factors as the main contributing 

accident causation factor (Figure 13) and according 

to ESoP in HMI [5]. 

 

 

Figure 13. Accident Causes From MAIDS 

database. 

 

Safety Systems Requirements 

From the effectiveness evaluation, based on the 

partners’ expertise, system requirements for most 

promising solutions have been set. 

The brake systems analysis on real case accident 

scenarios pointed out that in most cases an electronic 

brake system with active brake distribution could lead 

to accident avoidance or, at least,  to a massive impact 

energy reduction (Figure 14). 
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Figure 14. Performance comparison between 

different braking systems 

 

To achieve that, the advanced brake system to 

be implemented in SIM prototype has to be able to 

independently build up pressure on each caliper, 

allowing active brake force distribution depending on 

actual grip on single wheel. By this feature it is 

possible to implement advanced functions for 

electronic brake management (e.g. rear lift off 

protection and brake traction control). 

On the other hand the vehicle suspension must be 

able to adapt to the road condition and to the 

instantaneous brake/acceleration request, providing 

the highest tire adherence and force stability 

achievable in each situation (Figure 15), so assuring 

the maximum effectiveness respect to accident 

avoidance. 

 

 

Figure 15. Damping modulation effect on tire force   

 

 In order to realize that, the SIM suspension 

system must provide a real time variable damping in 

order to allow instantaneous self-adaptation by means 

of fast electronic valves and programmable ECU for 

suspension management algorithms implementation. 

In case the accident can not be avoided at all, a 

protection strategy for vehicle occupants must be 

investigated. Due to the highly variable rider motion 

during a crash event, a cooperative strategy between 

protective devices fitted on the vehicle and worn by 

the rider could be needed.  

In this respect, SIM prototype must be provided 

at least of one specifically designed airbag and an 

inflatable wearable device (airjacket).  

From a technical point of view, the real challenge 

is the integration of the airbag in the limited spaces 

available on a motorcycle and the setup of an 

effective deployment strategy of inflatable devices. 

In order to set-up the passive safety devices, 

extensive virtual tests coupled with a limited number 

of real crashes are performed both in standalone and 

cooperative configuration. Because of the intrinsic 

active safety enhancement assured by the innovative 

front suspension the Piaggio Mp3 (Figure 16) vehicle 

have been chosen as the ideal platform for the test of 

SIM advanced safety features. 

 

 

Figure 16. Piaggio Three Wheeler Motorcycle 

(Mp3).  

 

Active And Preventive Safety Systems 

After an in-depth analysis of the most promising 

active and preventive safety devices, it is pointed out 

that the most advanced technologies could lead to a 

significant reduction of accidents or at least to a 

mitigation of eventual consequences in terms of rider 

injuries, for example avoiding the rider’s loss of 

vehicle control or significantly reducing the kinetic 

energy at the impact. In addition to that an efficient 

human machine interface represents an effective 

preventive safety feature reducing possible distraction 

in riding activity. 

In such vision, the following active and 

preventive safety devices have been selected in order 

to be implemented and tested taking into account the 

architecture and the dynamic behaviour of the vehicle 

chosen as technological platform for SIM prototype, 

the PIAGGIO MP3 motorcycle: 
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- Semi-Active electronic suspension system 

- Traction control system 

- Enhanced anti-lock braking system 

- HMI management concept for motorbike 

- Enhanced HMI (ergonomic handlebar 

controls, wireless communication, Head-Up 

Display)  

 

Active safety systems 

Regarding the active safety systems that are 

developed inside the SIM project, an electronic 

suspension system and an enhanced anti-lock braking 

system are studied and implemented. 

It is noticeable that the effectiveness of braking 

system and traction management could be improved 

by integrating the suspension control system.  

The suspension system for the project have been 

developed in order to guarantee a semi-active 

function. This kind of implementation requires a very 

fast modulation of suspension damping in order adapt 

the vehicle to the driving conditions but also to the 

driver’s behaviour. In fact the characteristics are 

modified by using sensors to continuously detect 

vehicle and environmental parameters such as 

movement of the suspension parts, brake pressure, 

throttle angle and vehicle roll. The sensor signals 

are transferred to the suspension ECU which 

according to control algorithms transforms the signals 

into an electric signal.  

 

 

Figure 17. Continually Electronically Steered 

(CES) valve. 
 

The fast damping modulation is granted by a 

continuously variable electronic valve specifically 

designed for Mp3 application (Figure 17). 

In order to adapt the PTW suspension to the 

driver’s behaviour, a setting switch has been used to 

allow the rider to choose between pre-programmed 

suspension behaviour (comfort, sport, normal). 

 

  

Figure 18. SIM suspensions settings. 

 

During SIM project development an automatic 

safety system control is foreseen in order to maximize 

comfort, performance and safety. With the safety 

system active, the suspension is adapted to minimize 

braking distance, to prevent high side situations, 

smoothening the suspension behaviour when in fully 

extended or compressed state and to optimize the 

damping setting in order to achieve optimal stability 

and handling of the vehicle. In order to achieve the 

goal Sky-Hook and Ground Hook control algorithms 

will, be implemented in the dedicated suspension 

ECU. 

Apart from the suspension system, for increasing 

rider stability control and preventing MP3 wheels 

from locking, an enhanced anti-lock braking system, 

based on two independent hydraulic circuits has been 

developed (Figure 19). The system is developed also 

in order to integrate further functionalities like FIB 

(Full Integral Brake) ABD (Active Brakeforce 

Distribution), RLP (Rear wheel Lift off Protection) 

and TCS (Traction Control System) able to ensure a 

good performance of the overall braking system. 
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Figure 19. Electro Hydraulic scheme for SIM 

innovative brake system. 

 

In order to set-up the main parameters for active 

safety systems management a complete vehicle model 

and virtual driver have been developed in virtual 

environment (Figure 20). 
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Figure 20. Mp3 virtual model with integrated 

active safety systems. 

 

In such a manner, the virtual vehicle (validated 

with experimental tests) has been used in order to 

collect an extended database of simulation results 

with different sets of suspension characteristics and 

brake system logics both on flat and uneven road 

surfaces, also assessing the possible active systems 

effectiveness in terms of comfort and performances 

[7]. 

 

Preventive safety systems  
An important role of support to active safety 

systems is played inside the SIM project by the 

preventive safety concept of HMI improvements.  

The basic idea is to reduce road accidents 

possibility by the optimization of information flow 

from vehicle to rider that can greatly improve rider 

awareness. In order to reach this goal, a system have 

been developed able to redistribute the information, 

generally shown only in the central dashboard, to 

other communication channels. In this way the rider 

is informed about possible failures, incoming calls or 

navigations messages thought ad-hoc acoustic, visual 

and vocal signals. In such a manner  the rider do not 

need to put off the eyes from the road, nor to take the 

hands away from the handlebar, remaining in the 

meantime focused on driving task. 

 

HMI information management concept 

The motorcycle rider receives several 

information referred on one hand to vehicle status and 

on the other hand to personal infotainment devices. 

In fact, nowadays riders are interested not only to 

diagnosis information about vehicle functionality but 

also to data related to user’s devices like mobile 

phone and PDA or to integrated applications like 

navigation system or media player. An easy access to 

this kind of information is strongly desired by the 

rider and so the need of communication management 

becomes a fundamental topic . 

With the aim “to reduce the rider distraction 

concentrating his/her attention on the driving 

manoeuvres” is therefore designed and developed an 

HMI Information Management concept for 

motorBikes (IMB). 

The significant information that the dashboard, 

the mobile phone and the navigation system provide 

are structured, prioritized and assessed in terms of 

riding safety by the IMB: the signals are handled in 

order to create the proper balance among the different 

elements of the motorbike-rider-protective equipment 

system. 

While the output information is distributed to the 

rider using visual and acoustic modality, the IMB 

receive input commands by the rider through the 

vocal and the tactile modality. 

Summarising, the Information Management 

Board picks up: 

- Rider input (by voice or by handlebar 

controls) 

- Vehicle information (like for example 

specific ECU malfunction, ECU settings and 

vehicle alerts)  

- Mobile phone information including media 

player, SMS reader and hands-free Bluetooth 

- Navigation system information 

and redistributes them through the SIM enhanced 

HMI, that includes an additional display mounted on 

the handlebar and an head up display mounted in the 

helmet (Figure 21). 

 

 

Figure 21. Helmet head up display placement. 

 

The helmet is also equipped with a microphone 

and headsets wireless connected to the IMB through 

which the audio communication is permitted. 

It is important to highlight that the SIM HMI 

displays does not substitute the conventional 

dashboard because its role is to enhance some critical 

messages about the vehicle status. Moreover, in order 

to ensure that the surrounding ambient noise is being 

perceived by the rider since his safety depends also 

on such an information, the solution with only one 

active earphone in the helmet is implemented. 

 

Passive Safety Systems  
In order to develop a passive safety system, the 

first step is related to the definition of most relevant 

crash scenarios used in order to evaluate its 

effectiveness.  In [8], based on kind of injuries 

sustained by the rider in similar crashes and 

complexity of rider motion during the event, two 

main scenarios have been selected from ISO 13232 

standard: configuration 413 and 114 (Figure 22). 
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Figure 22. Crash configuration analysed in SIM 

project  
 

In fact, in those configurations, previous full 

scale crash tests shown that a frontal airbag totally 

avoids the contact with the car in 431 situation 

drastically reducing the injuries suffered by the rider, 

specially in head and neck. Otherwise the ISO 114 

configuration can be considered the worst case 

scenario on which the airbag, also if it do not cause 

additional damages, can not avoid the contact with 

the other vehicle nor the ground. For this kind of 

accidents where the rider separates from the PTW, the 

only effective protection can be provided by 

protective devices located on the rider garment. 

Based on this analysis, the passive safety system 

for SIM project have been designed as a cooperative 

architecture composed by: 

- frontal airbag system 

- wearable inflatable device  

In the next research and development phases, 

each subsystem has been tested as standalone and/or 

in combination with the other module in simulation 

environment by multibody codes (Figure 23). 

 

 

Figure 23. Multibody model for passive safety 

systems assessment.  
 

 In addition to multibody analysis that give a 

preliminary estimate of  rider and dynamic and 

interaction with protective devices during crash 

sequence, a finite element model has been developed 

in order to obtain a more detailed simulation of 

energy absorption and rider injury level (Figure 24).  

 

 

Figure 24. Mp3 FE model and simulation of 114 

configuration crash test.   

 

The FE model has been set-up by acceleration 

data collect on specific vehicle position during full 

scale tests against rigid wall performed in cooperation 

with Aprosys Project (Figure 25) 

 

 

Figure 25. Mp3 full scale crash test (from Aprosys 

project). 

 

As preliminary strategy, the main functionality of 

the airbag should be to restrain the rider 

(protecting/damping the rider from the primary 

impact), while the major benefits from the wearable 

module are expected in case of separation between 

rider and PTW (secondary impact). The effectiveness 

of the wearable module on the primary impact and the 

potential side-effects when used in combination with 

airbag module has also been evaluated by multibody 

code without harmful results. 

 In detail the defined PTW airbag functions are: 

- To hold back the rider and avoid  

handlebar contact. 

- To guarantee a large volume able to  

dissipate rider kinetic energy. 

- To reduce rider forward displacement. 

The wearable safety system used and tested in 

SIM project consists of an inflatable jacket which 

provides a better level of protection for the rider. The 

airbag jacket is expected to have more benefits for the 

secondary impact injuries, even if it will be tested 
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also in combination with the frontal airbag module 

(Figure 26). 

 

 

Figure 26. Rider protection air-jacket. 

 

Using the data collected during real crash tests 

between PTW and passenger cars, from the 

accelerometers placed along the MP3, an algorithm 

has been programmed in order to have the decision-

making ability of crash event recognition for safety 

systems activation. The “no fire” thresholds for the 

algorithm have been set by an experimental campaign 

of signal registration during normal vehicle operation 

conditions and also some “misuse” tests (e.g. potholes 

or drop tests). From further videos and deceleration 

diagrams analysis of full scale tests, the preliminary 

set of parameters for the activation of the passive 

safety system and satellite sensor position has been 

decided. 

The frontal airbag shape and volume and inflator 

pressure levels have been empirically developed by 

static bench tests on physical prototypes in order to 

provide an overall energy absorption similar to the 

one coming into play in the real crash (Figure 27). 

 

 

Figure 27. Frontal airbag prototype. 

Final optimization of airbag prototype have been 

realized through sled  tests that reproduce on a one 

axis configuration the decelerations felt by the rider 

during full scale crash. In such a manner it is possible 

to perform several set-up runs for bag, inflator and 

firing strategy without significant damages on vehicle 

structure (Figure 28).  
 

 

Figure 28. Sled test for frontal airbag 

development. 
 

CONCLUSIONS 
As a whole, the PTW overall safety strategy 

followed in SIM project started from findings of the 

MAIDS project and from the current situation of 

PTW accidents and fatalities trends in EU roads. 

The main factors that contribute to accident 

causation have been categorized and crossed with the 

safety areas (active, preventive and passive). By such 

an approach, the topics in which PTW safety 

improvement is feasible are identified for each cell of 

the Safety Matrix. 

SIM project does not expect to cover all aspects 

of the Safety Matrix, however since the consortium is 

well-balanced in terms of industrial partners, 

universities and research centres and it is led by a 

PTW manufacturer, the efforts are focused on PTW 

safety improvement and PTW rider protection and 

comfort.  

Further accident analyses were conducted on in-

depth databases and results were compared with ones 

obtained in previous EU projects (i.e. APROSYS 

SP4). The outcomes are reported in [6]. 

In [3] the most promising safety enhanced 

technologies have been selected based on partners’ 

expertise and by evaluating their effectiveness in real 

accident scenarios. 

The safety devices to be developed and tested 

within the project have been selected taking into 

account also the real market perspectives. 

Summarizing SIM activities, at the end of the second 

year, the design and development of the active safety 

systems have been completed and system prototypes 

have been realized: 

-stability management system based on a three-

channel advanced braking system  
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-semi-active suspension system with three setting 

levels (normal, sport, comfort) 

Also a Human-Machine Interface concept has 

been realized by an Information Management Board 

that gathers data from vehicle via CAN bus and sends 

ad-hoc messages to HMI display and in helmet audio 

speakers.  

Some additional information (like RPM and 

speed) are provided to rider via Head-up Display 

integrated into the helmet housing. 

Beside the great challenge represented by the 

implementation of rider protection system on a 

scooter and the strong effort needed for validation of 

results, passive safety devices characteristics have 

been selected by several simulation both in FE and 

multibody environment.  

Currently a frontal airbag is installed on vehicle 

and its preliminary set-up and effectiveness 

evaluation has been performed by experimental sled 

tests.  

The actuation logic of protection system has been 

selected and first set of parameters for firing strategy 

has been set-up from vehicle “misuse” tests, as well 

as sensor position from full scale crash tests. 

 

To conclude, powered-two-wheelers rider safety 

is a complex phenomenon that requires a 

comprehensive approach and the aim and  

responsibility of SIM project can only be addressed 

within design and development of new products 

featuring advanced technologies in all field of safety, 

related to vehicle and rider helmet and clothing. 

Nevertheless it should be underlined that road 

safety can be achieved in a structural way only with 

the support and common effort of all stakeholders, 

first of all road users that have to make the most out 

of the new technologies available today and in the 

foreseeable future on the market. 

In such a vision the major effort of road operators 

should be oriented to improvement of passive safety 

performances of the infrastructure and in a long term, 

to effectively make the infrastructure cooperative 

with vehicles within a common communication 

architecture for safety and traffic management issues. 
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ABSTRACT 
 
This paper summarizes the initial findings from a 
database of crashes that involved BMW’s equipped 
with Automatic Crash Notification (ACN) Systems in 
the US and Germany. In addition, first field 
experiences with BMW’s enhanced ACN systems are 
reported where vehicles not only provide an initial 
crash notification but also transmit data describing 
the nature and severity of the collision event. The 
benefits of such a system, including the rapid 
recognition of potentially injured occupants based on 
key characteristics of each crash, are explored.   

Since 2006, nearly 14,000 BMW crashes have 
occurred in the US involving vehicles equipped with 
ACN or enhanced ACN technology. Of these, 70% of 
occupants indicate no injury to the TSP (Telematics 
Service Provider) operators, 20% indicate they are 
injured in some way and require help while 10% 
provide no verbal response to the TSP call-taker. An 
investigation of a subsample of crashes occurring in 
Florida suggests that no hospital transport was 
necessary for 81% of the calls where no voice 
response occurred. Although the majority of these 
cases require no further care, 19% of the no voice 
population was subsequently transported to a hospital 
or trauma center for additional care. This population 
of occupants could benefit from an automatic call for 
help to a Public Services Answering Point (PSAP- 
commonly known as 911) that includes an estimate 
of the likelihood of serious injuries.   

To assist in identifying crashes with incapacitating 
injuries, the William Lehman Injury Research Center 
(WLIRC) in Miami, Florida and BMW have 
pioneered the development of an algorithm called 
URGENCY. This algorithm is based on US national 
crash statistics and BMW internal data.  The injury 

prediction by URGENCY permits the transmission of 
the earliest and best information to the PSAP. We 
report early observations of injury severity and 
location for enhanced ACN equipped vehicle crashes 
occurring in the US and Germany. 

INTRODUCTION 
 
When a motor vehicle crash occurs with a potential 
for injuries, a notification of the event and the 
location of the crash are critical so that rescue can be 
dispatched to the scene. It is also helpful for 
emergency dispatch to recognize the severity of the 
collision and the extent of injuries so that they can 
adequately assign personnel and specialized 
equipment as needed. This paper describes Automatic 
Crash Notification (ACN) technology that initiates 
this critical call for help. In addition, this study 
reports first field experiences with BMW’s enhanced 
ACN systems where vehicles not only provide an 
initial crash notification but also transmit data 
describing the nature and severity of the collision 
event. The benefits and potential for such a system, 
including the rapid recognition of potentially injured 
occupants even in the absence of voice, are explored. 

The rapid identification of occupants involved in a 
crash followed by definitive care in the most 
appropriate facility has been shown to improve injury 
outcomes and prevent fatality. A study by Clark and 
Cushing based on US data suggests a 6% fatality 
reduction is possible (1,647 lives in the US in 1997) 
if all time delays for notification of Emergency 
Medical Services (EMS) were eliminated even if 
methods for dispatch and treatment remained the 
same (Clark 2002). This reduction in notification 
time would occur with widespread implementation of 
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enhanced ACN technology in passenger vehicles 
today.   

Three studies conducted by the US National Highway 
Traffic Safety Administration (NHTSA) have 
explored preventable deaths to assess the 
effectiveness of the current trauma care system 
(Esposito 1992, Maio 1995, Cunningham 1995). Two 
of the studies concluded that 28.5% and 27.6% of 
fatalities occurring in their regions were preventable 
with improved EMS and treatment.  The third study 
concluded that 17% of fatalities occurring in 
combined urban and rural areas were preventable. 
Delayed treatment and improper management of the 
injured were cited as the factors that most frequently 
contributed to the avoidable death. The majority of 
the preventable deaths occurred after arrival at a 
hospital. These studies suggests that opportunities 
exist to prevent trauma deaths not only by reducing 
the time from crash to hospital, but also to aid in 
recognizing the nature of the most serious injuries 
and the most appropriate medical facility to provide 
definitive treatment. 

A recent evaluation of the US trauma system 
considered the effect of trauma center care on 
mortality outcome of patients (MacKenzie, 2006).  
The study estimated mortality rates for patients 
arriving at hospitals with one or more Abbreviated 
Injury Scale Level 3 injuries (AIS 3). Overall, the 
findings of this study suggest that the risk of death is 
25% lower when care is provided in a trauma center 
compared to a non-trauma center. This study 
underscores the importance of treatment in the most 
appropriate medical facility. 

Automatic Crash Notification Systems 
 
BMW first introduced ACN technology in their 
vehicles in 1997. Other vehicle manufacturers are 
now equipping their vehicles with ACN as well.  In 
the event of a moderate to high severity impact, ACN 
systems rapidly notify authorities that a crash has 
occurred, transmit the location of the crash and 
vehicle data.  The information is first screened by an 
intermediate TSP like ATX or OnStar and, in the 
case where medical care or police assistance is 
required, forwarded to 911 for further assistance.  
ACN systems allow for verbal communication 
between the call-taker at the TSP and crash involved 
occupants in order to better evaluate the overall 
severity of the crash event to make appropriate 
decisions. 

The principle components used by the ACN system 
are listed in Figure 1. The system is triggered using 
data from crash sensors used to deploy front and side 
airbag systems including accelerometers, pressure 

sensors and gyroscopic sensors. If a crash event 
exceeds the predetermined threshold for transmission 
of an ACN signal, verbal communication between the 
TSP and occupant occurs through a fixed microphone 
and the vehicle audio system. 

The ACN system is a stand-alone system where there 
is no need for an additional mobile phone. The 
vehicle sends an emergency call automatically, if a 
crash was detected or manually by pushing the SOS 
button if assistance is needed. 

 

Figure 1. Airbag and communication components 
using the example of the 3 series convertible. 

Once a call is initiated, ACN equipped vehicles 
transmit a notification that the crash has occurred, 
exact GPS position, the Vehicle Identification 
Number (VIN) specifying owner information and 
vehicle characteristics. The vehicle calls the TSP and 
the occupants can talk to operators with specialized 
training. 

In 2007, BMW introduced an enhanced Automatic 
Crash Notification Technology. These systems 
collect additional crash metrics through on-board 
sensors that can be used as the basis for estimating 
crash severity and risk of injury to occupants.  The 
additional data collected and transmitted includes the 
crash deltaV in the longitudinal and lateral directions 
for each impact event, crash type, safety belt status 
for front seat occupants, airbag deployment status, 
the occurrence of multiple impact events and the 
occurrence of rollover if the vehicle is equipped with 
rollover sensors.  

Once transmitted to the BMW call center, the raw 
data passes through an algorithm known as 
URGENCY which estimates the risk of serious 
injuries based on crash conditions. The algorithm was 
first proposed in 1997 and consists of a single logistic 
regression model that related the risk of high severity 
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injury to independent variables describing each crash 
event (Malliaris 1997).  Since its initial development, 
URGENCY has been retrained using recent crash 
data, modified to more accurately treat differences in 
serious injury risk by crash direction and enhanced to 
include additional crash parameters like multiple 
impacts (Augenstein 2003). The algorithm estimates 
the risk of serious injury based on crash parameters 
transmitted by the enhanced ACN system. Seriously 
injured occupants are defined as those who have 
sustained one or more injuries with an Abbreviated 
Injury Severity (AIS) Score of 3 or higher (includes 
AIS 3, AIS 4, AIS 5, AIS 6 and fatally injured).  This 
group is referred to as MAIS3+ injured and includes 
those who need immediate medical attention due to 
potentially life threatening injuries. 

The URGENCY Algorithm treats crashes separately 
by impact type including frontal, nearside, farside, 
rear impacts and rollover.  The algorithm was trained 
using 2000-2006 NASS CDS data including 
passenger vehicle front seat occupants over the age of 
12 who are involved in planar only crashes.  Model 
year 1998 and later vehicles only were used during 
model development and evaluation. 

Each model was subsequently evaluated using the 
2007 population of NASS CDS cases meeting the 
same criteria used for model training.  These cases 
are independent of those used to train the model and 
were analyzed to determine the predictive value of 
the models for crashes estimated to be at or above the 
threshold for triggering the ACN system. Table 1 
shows the overall ability of the models to identify or 
capture the MAIS3+ injured within the evaluation 
population (i.e. model sensitivity).  Further, the table 
presents model specificity which indicates the models 
ability to capture the uninjured within the evaluation 
population as well. These values are presented in 
Table 1 for planar only crashes by crash direction. 

Crash Mode Sensitivity Specificity 
Frontal 71.2% 90.2% 
Nearside 90.6% 85.7% 
Farside 81.2% 88.6% 
Rear  52.7% 98.2% 
Overall 75.9% 90.8% 

Table 1. URGENCY Algorithm capture rate 
within the 2007 NASS CDS crash population. 

The overall predictive accuracy of the model suggests 
that 75.9% of injured occupants would be correctly 
identified using data automatically collected and 
transmitted by vehicles alone. In other words, an 
automatic call for help indicating serious injury is 
likely would be made for three out of four MAIS3+ 

injured occupants even if their crash was not 
observed by somebody on scene or if occupants were 
unable to place a call themselves. When URGENCY 
estimates are used in combination with verbal 
information gathered by the TSP or 911, occupants in 
need of medical attention would be rarely missed. A 
third opportunity to assess injury severity exists 
before hospital transport once EMS has arrived on 
scene. 

Figure 2 shows the sequence of events that occurs 
when an enhanced ACN equipped vehicle is involved 
in a crash severe enough to trigger the automatic call 
for help. In this case the vehicle automatically sends 
the crash descriptors described above to the BMW 
Assist Center (TSP). While the vehicle is sending the 
data, a voice communication between the BMW Call 
Center and the occupants is simultaneously 
established. In the background the URGENCY 
algorithm is used to calculate the risk of serious 
injury and the call center is able to provide all this 
information, shortly after the crash, directly to the 
nearest Public Safety Answering Point (PSAP). If 
desired a conference call with the vehicle is also 
possible.  Ideally, the PSAP would then utilize the 
available information to arrange appropriate rescue 
based on the risk of serious injuries communicated by 
the TSP. The additional data can then aid in the 
decision to dispatch either a helicopter or an 
Emergency Doctor or the Fire Department, and to 
further involve the EMS and the Police, for more 
accurate and proper allocation of resources. 

BMW Call CenterVehicle

Public Safety Answering 
Point (PSAP)

Emergency Medical Service, Doctors, Air Rescue, Police, Roadside Assistance

GPS GSM

Data

Voice

Voice

Injury Severity
 Estim
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Conference call 

(if requested)

Dispatch

 

Figure 2. Flow chart of the functionality of the 
enhanced ACN system. 

OPPORTUNITIES TO IMPROVE RESCUE 
USING ENHANCED ACN DATA 
 
As discussed above, enhanced ACN systems now 
provide crash notification and location data along 
with data needed to approximate severity of the 
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collision event.  In most cases, occupants involved in 
crashes will respond verbally to call-taker 
questioning and those who require medical assistance 
can be easily identified.  However, it is possible that 
occupants may not realize that they are injured 
shortly after a crash or they may not recognize the 
true extent of their injuries. 

This portion of the study examined the population of 
BMWs in service in Florida from 2006-2008 who 
were involved in crashes severe enough to trigger the 
ACN system. The goal was to estimate: 1) the 
frequency of crashes where occupants suggested they 
were uninjured yet subsequently required hospital 
transport and; 2) the frequency of crashes where 
occupants did not respond to TSP operators yet were 
injured and required help. Establishing the magnitude 
of this population provided an indication of those 
who would most benefit from enhanced ACN data to 
be transmitted and processed remotely by the TSP 
and passed along to the PSAP. 

Analysis of Verbal Response from Occupants 

During this portion of the study, data from two 
primary sources were utilized.  The first was the 
BMW Accident Research Crash database that 
includes a census of crashes involving ACN equipped 
model year 2004-2009 BMWs in service on US 
roadways. The dataset contains the vehicle 
identification number (VIN) along with GPS 
coordinates identifying precise crash location, and a 
written record of the verbal exchange between 
occupants and the ATX call-taker. Data is captured 
electronically by the communications software at the 
TSP.  Each call-taker also enters notes documenting 
occupant response and information shared during the 
call.   

Researchers reviewed each available call log to 
determine the nature of the crash including 
indications of injury, the general nature of the crash 
(i.e. multi-vehicle crash, rollover, etc) and the 
presence or absence of voice response.  Cases where 
the ACN call log reflects no verbal response from 
occupants are classified as ‘No voice.’ In many cases, 
the TSP operator may hear noises in the vehicle or 
voices outside the vehicle yet no direct response from 
occupants is heard.  It is suspected that some of these 
cases may result from occupants quickly exiting the 
vehicle following the crash before the TSP operator 
can initiate contact.  In other cases, occupants may be 
injured such that a response is not possible or 
occupants may simply choose not to verbally 
respond. Crashes occurring in the state of Florida 
from 2006-2008 were retained for subsequent 
analysis. 

The second source of data was the Florida State 
Crash Data from 2006-2008.  This dataset contains a 
census of crashes where a police report was filed.  In 
the state of Florida, the minimum criteria to file a 
police report include one or more fatality, any injury, 
alcohol involvement, or leaving scene.  When a 
vehicle is towed from the scene, the officer uses his 
or her discretion in filing a report.  Due to the criteria 
for inclusion, any crash where one or more occupant 
was transported to a hospital for treatment should be 
included within the annual file. 

Findings 
 
Table 2 shows the count of ACN crashes in the US 
and Florida alone in 2006-2008.  The population of 
ACN crashes is also shown by approximate injury 
severity as reported verbally by occupants. A 
category where no voice response is provided by 
occupants is also included.  The ‘Not Reported’ 
category includes crashes where there was verbal 
interaction with occupants yet no explicit statement 
of injury or non-injury was found in the call log.  Due 
to the absence of this information, it was assumed 
that the TSP call-taker did not suspect injuries and 
simply neglected to enter this information into the 
log. 

Injury Level 
Reported Verbally 

2006-2008 
Crashes 

Count % 
   

All Crashes 14,008  
Uninjured 6,285 45% 

Low Severity Injury 2,468 18% 
Moderate or Serious Injury 288 2% 

No Voice 1,467 10% 
Not Reported 3,500 25% 

   

Florida Crashes 1,338  
Uninjured 565 42% 

Low Severity Injury 299 22% 
Moderate to Serious Injury 26 2% 

No Voice 166 12% 
Not Reported 283 21% 

   

Table 2. US ACN Crash populations for 2006-
2008 cases including occupant reported injury 

level. 

Police records from the Florida state data were 
merged with ACN records using the unique VIN and 
crash date as unique criteria for linkage.  The goal in 
connecting the two sources is to determine the 
general characteristics of the crash, identify the type 
of information offered verbally by drivers and to 
characterize the type of treatment (hospital transport, 
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trauma center transport or no transport) received by 
crash involved drivers. Table 3 shows the count of 
cases within the complete ACN dataset and the 
population from the Florida file. 

Table 3 also shows the police reported injury severity 
for occupants of the BMWs involved in the crash.  
Injuries are coded by police using the KABCO scale. 
The KABCO scale was established by the National 
Safety Council in 1982 and is used primarily by 
police to classify the apparent injury severity of 
occupants involved in crashes. The scale includes 5 
levels, where K level injuries are those where the 
occupant dies due to injury, A level injuries are those 
where the officer observed incapacitating injuries, B 
are non-incapacitating evident injuries, C are possible 
injuries and O are uninjured. The KABCO scale is a 
useful means to approximate injury severity yet it has 
been criticized as inaccurate due to the subjective 
assessments made by police. Data describing 
hospitalization was also retained, specific hospitals 
were identified and those where occupants were 
transported to a level I trauma center were flagged. 

Police Reported Injury 
Severity 

2006-2008 Crashes 
Count % 

   

Florida Crashes 1,338  
    K, A 57 4% 
    B, C 318 24% 
    O* 978 73% 
   

Hospital Transport 235 18% 
    Trauma Center Transport 32 2% 
* includes cases where no PAR (Police Accident 
Report) was filed. 

 

Table 3. Police reported injury severity and level 
of transport for 2006-2008 BMW Crash Cases. 

Two populations were explored in more detail 
including the population where occupants did not 
reported injuries the TSP call-taker and the 
population who did not provide a verbal response to 
the TSP once communications were established with 
the vehicle. As shown in Table 4, 848 drivers were 
involved in crashes occurring in Florida from 2006-
2008 and verbally reported that no injury was 
sustained.  However, police coded that 194 (23%) of 
these drivers sustained possible (C), non-
incapacitating (B), incapacitating (A) or fatal (K) 
injuries. A total of 108 of these were transported to a 
medical care facility and 23 of those receiving 
medical care were transported to a trauma center.   

It should be noted that the criteria for transport to a 
trauma center can be met in a number of ways that 
are assessed and established on scene by first 
responders. These criteria include: 1) physiologic 
criteria like obvious signs of injury, reduced 
awareness (based on Glasgow Coma Scale), low 
blood pressure or head injury with neurologic deficit; 
2) mechanism criteria including fatality of another 
occupant in the vehicle, ejection or evidence of a 
high energy event or; 3) First responder high 
suspicion of injury.  If a first responder permits EMS 
personnel to override tangible criteria and decide that 
trauma center is in the best interest of crash involved 
occupants. 

Although 108 occupants were transported to some 
type of medical care facility based on decisions made 
by EMS personnel on scene, this does not necessarily 
prove that an injury has occurred. 

Police Reported Injury 
Severity 

2006-2008 
Crashes 

Count % 
   

Crashes with Voice Response 
but No Injury Reported 848  
    K, A 23 3% 
    B, C  171 20% 
    O* 654 77% 
   

Hospital Transport 108 13% 
    Trauma Center Transport 23 3% 
* includes cases where no PAR was filed 

 

Table 4. Police reported injury severity and level 
of transport for cases where no injury was 

reported by drivers (2006-2008 cases in Florida 
only). 

Table 5 indicates that, during 166 crashes, there was 
no verbal response from any occupant in the vehicle 
following the crash.  Of these, police reported that 8 
(5%) drivers sustained incapacitating or fatal injuries 
based on their judgment.  A total of 34 (20%) were 
coded as having non-incapacitating or possible 
injuries and 111 (67%) were coded as having no 
injury at all. Thirty one (31) crashes or 19% of no 
voice cases resulted in one or more hospital 
transports and 5 (3%) resulted in trauma center 
transport. 
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Police Reported Injury 
Severity 

2006-2008 
Crashes 

Count % 
   

Crashes With No Voice 
Response 166  
    K, A 8 5% 
    B, C  34 20% 
    O* 111 67% 
   

Hospital Transport 31 19% 
    Trauma Center Transport 5 3% 
* includes cases where no PAR was filed 

 

Table 5. Police reported injury severity and level 
of transport for no voice cases (2006-2008 cases in 

Florida only). 

Opportunities to Improve Rescue Decisions 
 
Since their first introduction in the fall of 2007 in 
Germany, 116 enhanced ACN crash calls have 
occurred. In the US, 449 enhanced ACN crashes have 
occurred since the spring of 2008.  

To further explore the benefit of geographic data 
(GPS coordinates) transmitted in combination with 
injury severity, we analyzed the population of 
enhanced ACN crashes occurring in the US and 
Germany to date. Each crash was classified as low to 
moderate or serious based on their crash 
characteristics. GPS coordinates were reviewed to 
establish the geographically closest treatment facility 
to the crash. Subsequently, the distance along the 
roadway was calculated using the Google Earth 
mapping application. Figure 3 shows the driving 
distances along the roadway separating enhanced 
ACN vehicle crashes and Trauma Centers in 
Germany and the US. This plot is limited to those 
classified as serious based on transmitted crash data 
processed by the URGENCY Algorithm.   

In general, the distribution of distances to a Level 1 
trauma center in the US and Germany are similar 
with only minor differences. The percentage of 
crashes occurring within 20 km of a trauma center is 
higher in Germany compared with the US. While a 
larger percentage of US crashes appear to occur more 
than 20 km from the nearest level 1 trauma center. 
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Figure 3. Driving distances from enhanced ACN 
vehicle crash locations to nearest Level I trauma 

center- US and Germany compared. 

The transfer of geographic information from the TSP 
to the PSAP is currently done verbally.  In the future, 
transmission of this data, accompanied by estimates 
of injury severity from the URGENCY algorithm, 
could be done electronically. Once received, the 
PSAP could utilize the data according to their 
established dispatch protocols to best select and 
deploy rescue resources. 

Analysis of Enhanced ACN Data- First 
Experiences 
 
Figures 4 and 5 compare the overall estimated injury 
severity for enhanced ACN equipped vehicle crashes 
occurring in the US and Germany with the 
percentage of crashes where one or more MAIS3+ 
injuries occurred in a vehicle. Data from NASS CDS 
and GIDAS from 2000-2007 were considered and the 
subset of crashes expected to exceed the enhanced 
ACN Trigger threshold were retained. These crashes 
include those severe enough to deploy airbags in the 
frontal and side direction. 

As shown in Figure 4 and Figure 5, the percent of 
cases in the enhanced ACN crash populations in the 
US and Germany were more frequently classified as 
serious when compared with the NASS and GIDAS  
populations of crashes.   

Since the enhanced ACN signal would be the first 
notification of a potentially serious crash and the first 
step of the rescue chain, a rather broad criteria has 
been established so that occupants with potentially 
serious injuries are unlikely to be missed. Once EMS 
arrives at the scene, they will conduct a more 
detailed, in-person assessment of crash involved 
occupants to make subsequent triage decisions. It 
should be noted that the threshold applied to these 
first enhanced ACN crashes is purposely set lower 
than that used to identify the performance of 
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URGENCY as shown in Table 1 to avoid missed 
serious injuries as the system is first introduced. 
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Figure 4. Comparison of injury severity from 
enhanced ACN data and MAIS3+ Injury Rate 

based on US Tow Away Crash Population 
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Figure 5. Comparison of injury severity from 
enhanced ACN data and MAIS3+ Injury Rate 

based on German Crash Populations 

A second reason for the disparity in percentage of 
serious crashes between the enhanced ACN data and 
the US and German data, may result from differences 
in severity between the two populations. It is likely 
that the enhanced ACN crashes are more severe than 
the distribution of crashes in the general population.  
While the data shown in Figures 4 and 5 include only 
crashes severe enough to trigger the ACN system, it 
is possible that those in the enhanced ACN dataset 
occur at higher speeds or under more severe 
conditions. 

DISCUSSION 
 
This paper reports first field experiences with 
BMW’s enhanced ACN systems where vehicles not 
only provide an initial notification of a crash but also 
transmit data describing the nature and severity of the 
collision event. We present an analysis of populations 
who could benefit from enhanced data now 
transmitted and identify how the application of 
URGENCY to estimate likelihood of serious injuries 
could help improve rescue care. 

Usefulness of verbal data- A review of BMW ACN 
crash call logs suggests that verbal interactions 
between drivers and TSP call-takers often provides 
valuable information needed to make remote dispatch 
decisions. However, a review of logs for BMW 
crashes occurring in Florida from 2006-2008, in 
combination with a review of corresponding police 
reported data, revealed that some occupants who 
verbally indicated to the TSP they were uninjured 
were, in fact, transported to hospitals following on 
scene assessment by EMS. As shown in Table 4, 13% 
of drivers who initially provided no definite 
indication of injury indeed required hospital 
transport.  Twenty-three of these 108 (3% of those 
who reported no injury) even met current criteria for 
trauma center transport. This suggests that serious 
injuries were sustained by one or more occupants in 
the BMW or the crash event was severe enough that 
EMS decided trauma center care was needed due to a 
high suspicion of injury.   

Past research has shown that occupants, who sustain 
the most serious internal injuries, including those to 
the liver and thoracic aorta, are often unaware of their 
injuries until diagnosed in a hospital or before 
treatment is too late (Augenstein 1994, 1995, 2000; 
Lombardo 1993). For those where occupants report 
no injury, the injury severity could also be applied to 
confirm a lower severity crash has occurred or 
suggest follow-up by rescue when in fact a higher 
severity event is detected. 

Cases with no voice response-  Table 2 indicates that, 
in 10% of all cases and 12% in Florida, there is no 
verbal response from the vehicle occupants, even 
though there is voice communication within the 
vehicle by the TSP. For most, the lack of response 
suggests that the crash is minor and vehicle 
occupants have perhaps exited the vehicle to examine 
damage or for other reasons.  In some cases, the lack 
of response is due to an incapacitating injury. It is 
particularly important to apply an injury risk 
algorithm to these events with no-voice response so 
that those in most need of care are identified and 
receive prompt rescue response. 
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Data presented here shows that, in the state of Florida 
from 2006-2008, 31 out of 166 cases or 19% of 
occupants who did not respond verbally to the TSP 
subsequently required hospital transport and medical 
attention (see Table 5). Five of these occupants 
ultimately received care at a trauma center. It is these 
occupants who may not be able to communicate the 
need for care who would best benefit from enhanced 
ACN technology. For them the vehicle based data 
could provide an automatic indication to the PSAP 
that the risk of serious injury is high and immediate 
rescue care is required. 

Although findings are based on preliminary data with 
relatively low crash counts, the implications are clear.  
Looking at the complete US, 10% of all BMW ACN 
crashes had no voice response (i.e. 569 out of 5,689 
in 2008). Applying findings from Florida we project 
that a total of 114 BMW occupants across the US 
each year could require subsequent medical attention 
although they may not provide a verbal response to 
TSP call-takers. Imagining such a system 
implemented in all passenger vehicles in the US, this 
automatic call for help could improve outcomes in 
the same way for over 15,200 drivers each year 
involved in moderate to high severity crashes. This 
estimate was derived from NASS CDS 2007 data, 
where 800,000 passenger vehicles were reported to 
be involved in a tow-away crash severe enough to 
trigger an ACN system if the system were available. 

Utility of crash location data- Knowledge of crash 
location by dispatch in combination with the 
likelihood of serious injuries also presents 
opportunities to improve care for crash involved 
occupants. Figure 3 suggests that in 31% of BMW 
enhanced ACN crashes in Germany and 38% in the 
US occur further than 40 km from the nearest Level 1 
trauma center. Even under ideal rescue conditions, it 
is unlikely that the total time from crash occurrence 
to definitive trauma center care (including EMS to 
travel to the scene, on scene care and transport) 
would occur within the “Golden Hour” of trauma.  
The “Golden Hour” of trauma care is a concept that 
emphasizes the time dependency of many injuries 
where the patient must come under restorative care 
during that first hour following the trauma. 

For the most severe crashes, delayed deployment of 
additional rescue resources like extrication equipment 
or air transport could also significantly impact 
outcomes. If the automated assessment of injury 
severity occurred just moments after the crash using 
enhanced data transmitted by vehicles, deployment of 
such resources could occur much more rapidly than 
in the present system. Based on traffic conditions and 

location data, the decision to deploy air rescue may 
also be considered if appropriate conditions exist. 

Development of a working system- Although 
manufacturers like BMW are now equipping vehicles 
with technology capable of transmitting valuable 
crash information to TSP’s, the remaining rescue 
system must be enhanced to most effectively utilize 
the data.  Mechanisms for the transfer of telematics 
data from one entity to another along the rescue chain 
are needed.  This transfer may occur verbally or in 
electronic form as the system develops. Protocols 
must be enhanced so that the injury severity data is 
consistently treated by all involved and actionable.  
Currently, no criteria exists within dispatch or trauma 
triage protocols to process specific data elements 
known to effect the risk of serious injury including 
crash (deltaV), impact direction, number of impacts, 
restraint status (i.e. airbag deployment regime and 
belt use) and occupant age. In our opinion and those 
of others, a synthesized estimate of injury severity 
would be most useful.  Finally, education is required 
so that 911 operators, EMS and treating physicians 
understand the value and correctly interpret the 
information to allow for real improvements in patient 
care. 

The Centers for Disease Control (CDC) in the US has 
established a new triage protocol that allows for the 
telematics data like those transmitted by enhanced 
ACN Systems as criteria for increasing the level of 
urgent care provided to occupants exposed to a crash.  
Although no formal definitions have been specified 
for the treatment of telematics data, a medical 
committee established by CDC has recommended the 
use of an algorithm like URGENCY as the basis for 
recognizing crashes with high risks of serious injury 
and accelerating the rescue for those crashes. BMW 
and WLIRC will continue work with the CDC, EMS 
and dispatch community to define best practices to 
apply when this enhanced data is transmitted from 
the vehicle. 

CONCLUSIONS  
 
Enhanced Automatic Crash Notification Systems are 
now available and in service in many countries 
around the world and provide near instantaneous data 
on crash occurrence, location and severity. This data 
should be used by PSAP’s to identify when the 
dispatch of rescue services is needed and the most 
appropriate assets to send.  Enhanced ACN data, now 
transmitted by a growing population of BMW 
vehicles, can be used to optimize rescue response 
particularly in the absence of voice from occupants of 
the car.   
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In most cases, verbal data provided to the TSP and 
PSAP through the on-board communication system 
are valuable to dispatch in order to make rescue 
decisions. However, some occupants who provide a 
verbal response to TSP call-takers may not always 
accurately recognize or communicate that they are 
injured. A lack of voice response from occupants 
does not necessarily indicate a high risk of serious 
injury; however some occupants who may be unable 
to respond do require immediate medical assistance. 

The data analyzed during this study represents a 
census of crashes involving ACN and enhanced ACN 
equipped vehicles in service in the US and Germany.  
With more than 700,000 BMW vehicles worldwide 
currently in service equipped with the technology, the 
resulting information transmitted in the event of a 
crash is of unprecedented value for research 
purposes. True population based estimates are 
possible using this data. When linked with other 
records like police reports, the information serves as 
a valuable resource for studying the performance of 
enhanced ACN systems or other safety technologies 
introduced within the fleet. 
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ABSTRACT 
 
The National Highway Traffic Safety 
Administration’s (NHTSA) Crash Injury Research 
and Engineering Network (CIREN) provides detailed 
outcome and patient care information for a sample of 
seriously injured case occupants involved in motor 
vehicle crashes.  NHTSA’s National Automotive 
Sampling System-Crashworthiness Data System 
(NASS-CDS) provides a population-based sample of 
tow-away crashes that includes both non-injured and 
seriously injured occupants.  This study combines the 
strengths of CIREN and NASS-CDS to produce 
predictive models that relate occupant and vehicle 
measures to treatment and occupant outcomes. 
 
Qualifying frontal impact cases from CIREN involving 
seriously injured driver and/or front outboard passengers 
were used to evaluate the significance of the relationship 
between vehicle crash/occupant parameters and hospital 
treatment/outcome.  A subset of CIREN cases where 
event data recorder (EDR) information was obtained 
was also analyzed.  Regression analyses were done to 
assess the significance of predicted variables with 
regards to the outcomes of interest.  Using significant 
predictors, a set of functions were developed that predict 
the probabilities of an occupant going to the intensive 
care unit (ICU), experiencing invasive surgery (OR) 
within 12 and 24 hours of the crash, or fatality given 
serious injury.  NASS-CDS cases meeting the same 
CIREN crash and occupant inclusion criteria were used 
to establish the probability of serious injury given a 
qualifying frontal impact.  This study has shown that the 
NASS-CDS-based probability of serious injury and the 
CIREN-based probability of seeing various outcomes 
given serious injury can be combined to form models 
that estimate the joint probability that a case occupant 
involved in a qualifying frontal crash would see an 
outcome of interest (ICU, OR, or fatality).   
 
INTRODUCTION 
 
It has been shown that the risk of death is 25% lower 
when care is given to a seriously injured patient at a 

trauma center versus a non-trauma center (MacKenzie 
et al., 2006).  Over 40% of the patients included in the 
study by MacKenzie et al. (2006) were injured as the 
result of a motor vehicle crash.  A motor vehicle crash 
resulting in serious injury requires rapid attention by the 
responding emergency medical services (EMS), police 
or appropriate rescue agency.  Through observations 
made at the scene, the responding agency must decide 
where to transport the patient and by what means.  This 
triage of vehicle occupants involved in motor vehicle 
crashes is currently done on-scene using the American 
College of Surgeons (ACS) field triage decision scheme 
published in 2006 (ACS, 2006) and later supported with 
detailed rationale (Sasser et al., 2009) .  The field triage 
decision scheme consists of four sections or steps: 1. 
vital signs and level of consciousness, 2. anatomy of 
injury, 3. mechanism of injury and evidence of high-
energy impact, and 4. special patient or system 
considerations.   
 
The National Highway Traffic Safety Administration 
(NHTSA) is tasked with reducing injuries and fatalities 
that result from motor vehicle crashes.  As part of this 
effort, NHTSA collects and analyzes data from real 
world crashes.  This data is used to assess injury and 
fatality trends.  NHTSA’s National Automotive 
Sampling System – Crashworthiness Data System 
(NASS-CDS) collects vehicle crash and occupant injury 
data from a population-based sample of tow-away 
crashes.  The NASS-CDS data set is useful in that the 
injury rates seen in a particular crash mode can be 
weighted to estimate the overall population risk of 
experiencing a given level of injury in a crash 
configuration of interest.  NHTSA’s Crash Injury 
Research and Engineering Network (CIREN) 
program collects data from a convenience sample of 
motor vehicle crashes in which there was serious or 
disabling injury to at least one case occupant.  Like 
NASS-CDS, CIREN cases involve detailed crash 
reconstructions in which both vehicle and occupant 
data are collected.  Vehicle data includes, among 
other things, structural deformation, delta V, 
principal direction of force (PDOF), and restraint 
system types and usage.  Occupant data includes, 
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among other things, case occupant position, 
demographics, anthropometry, and a description of 
injuries and their sources.  However, CIREN 
provides a more detailed biomechanical analysis and 
sourcing of the observed injuries.  CIREN also 
provides detailed hospital care and patient outcome 
data that is not documented in NASS-CDS cases.  
Unfortunately, trends seen in CIREN data can’t be 
extrapolated to the general population because 
CIREN is not a probability sample. 
 
Step 3 in the ACS field triage decision scheme has an 
entry for assessing crash severity as determined by 
telemetry data obtained from automatic collision 
notification (ACN) systems.  However, specific 
telemetry variables or predictive models are not 
suggested.  Others have documented models using 
vehicle and occupant data in an attempt to predict the 
probability of a maximum Abbreviated Injury Scale 
(MAIS) (AAAM, 1998) of 3+ for a case occupant in 
a given crash scenario.  The URGENCY Algorithm is 
one such model (Malliaris et al., 1997; Augenstein et 
al., 2001).  These models emphasized the change in 
velocity or delta V of the vehicle that occurred as the 
result of the crash, but also include many other 
occupant and vehicle variables that can be obtained 
from a NASS-CDS or CIREN case.  The current 
study used similar methods to those previously used 
to predict outcomes of case occupants in motor 
vehicle crashes.  However, the current study aims to 
relate crash and occupant parameters to fatality and 
hospital outcomes.  The hospital outcome data is 
available in CIREN, but not in NASS-CDS.  The 
predictive model from CIREN alone can not be used 
to predict risks for the population at large.  Therefore, 
the current study uses common inclusion criteria 
between CIREN and NASS-CDS cases to describe a 
population-based combined probability of the 
outcomes of interest. 
 
Qualifying frontal crashes were used to complete the 
modeling of outcomes in the current study.  These 
outcomes of interest include: 1. time in intensive care 
unit (ICU), 2. fatality, 3. ICU or fatality, 4. invasive 
surgery or operating room (OR) within 12 hours post 
crash, and 5. invasive surgery within 24 hours post 
crash. 
 
METHODS 
 
CIREN Case Analysis 
 
The current study uses CIREN frontal crash data given 
the following inclusion criteria: 
• Most severe event and damage from frontal collision 
• PDOF of 11, 12 or 1 o’clock 

• 1998+ vehicle model year 
• MAIS 3+ injury cases 
• Known WinSMASH (Sharma et al., 2007) delta V 
• Known hospital outcomes (ICU, OR, etc.) 
• Known seat belt use and airbag availability and 

deployment status.  Unknown belt use, misused belts 
and cases with missing airbags were excluded 

• One or fewer 25+ kph delta V events 
 

Cases were limited to those with one or fewer 25+ kph 
delta V events.  This limitation allowed for improved 
study of the association between a single frontal crash 
event and the resulting injury and hospital outcomes.   
 
Two CIREN frontal crash data sets were produced.  The 
first included all CIREN cases meeting the criteria 
above.  The second included those where the case 
vehicle was equipped with an event data recorder (EDR).  
EDR cases did not require the existence of WinSMASH 
delta V, but did require a complete velocity-time history 
data set as obtained from the EDR for the crash event of 
interest.  EDR cases judged to have incomplete velocity-
time history data were not included in the current study.  
As noted previously by Niehoff et al. (2005), older 
models of General Motors (GM) vehicles collect 
between 100-150 ms of longitudinal delta V data for 
airbag deployment cases and in more recent model years 
300 ms of longitudinal and lateral delta v data is 
recorded.  Thus, only the longitudinal data was 
evaluated in the current study.  Cases were limited to 
model year 2001+ EDR equipped vehicles from both 
GM and Ford Motor Company (Ford).    
 
The aim of this study was to relate vehicle and occupant 
predictors to outcomes of interest.  Fatality, ICU and 
OR were the outcomes studied.  Evaluation of ICU and 
OR outcomes was restricted to non-fatal cases.  
However, a case could fall into more than one of the 
ICU and OR outcome categories. 
 
This first step in assessing the relationship between the 
predictive variables and the outcomes studied involved 
completing χ2 tests for each predictor to see if it was 
associated with the individual outcomes.  Variables that 
were found to be significant at p < 0.10 were kept for 
later use in developing the multivariable probability 
models.  Variables were grouped by vehicle and by 
occupant.  Table 1 shows the list of predictors 
considered for the χ2 tests.  Many of the predictors are 
ones that could be collected through telemetry systems 
or at the crash site by the responding police or fire and 
rescue personnel.  Others, however, would require 
assessment at the hospital or would come as the result of 
crash reconstruction.  The aim of this study was the 
modeling of motor vehicle crash occupant outcomes 
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using predictors that can be assessed through use of data 
collected via telemetry systems or those that can be 
assessed at the crash site by responding emergency 
personnel.  Thus, the predictive models were limited to 
these variables.  Though WinSMASH delta V is only 
obtained through crash reconstruction, it was used in the 
non-EDR data set of the current study as a surrogate for 
delta V that could be obtained via telemetry systems.  
 
Table 1. Vehicle and occupant variables  

Vehicle/Crash Predictors Occupant Predictors

Entrapped2 GCS < 141,2

Entrapped or No Exit2 GCS < 14, Tube or Sedated1,2

WinSMASH Longitudinal Delta V4 Respiration Rate < 10 or > 292

WinSMASH Total Delta V4 Systolic Blood Pressure < 902

EDR Longitudinal Delta V1 Triage Step 12

EDR - Peak 30 ms Crash Pulse1 Triage Step 22

EDR - Peak 50 ms Crash Pulse1 Triate Step 1 or 22

EDR - Pre-impact Braking1 Triage Step 1 and 22

EDR - Pre-impact Vehicle Speed1 BMI3

Barrier Equivalent Speed (BES)4,5 BMI Ranges2

PDOF1,4 Age1,2

Maximum Crush4 Age Ranges1,2

Crush Area4 Age > 65 Years1,2

Average Crush: C1 - C64 Gender1,2

Vehicle Curb Weight1 Driver / Passenger1,2

Vehicle Curb Weight < 1500 kg1,2 Belt Use1,2

Vehicle Model Year1

Certified Advanced Compliant1

Airbag Deployment1,2

Intrusion at Case Occupant4

Intrusion - Any Position4

Intrusion > 12" at Case Occupant2

Intrusion > 18" in Any Position2

Intrusion > 12" or > 18"2

Notes:
1. Determined via telemetry systems / ACN
2. Determined at crash site or by EMS
3. Determined at hospital
4. Determined through crash investigation
5. BES described by Sharma et al. (2007)  
 
Occupant-related predictors requiring further description 
include Step 1 (vital signs and consciousness) and Step 
2 (anatomy of injury) of the ACS field triage decision 
scheme.  Step 1 is positive if the Glasgow Coma Score 
(GCS) is less than 14, the respiration rate is less than 10 
or greater than 29 or systolic blood pressure (SBP) is 
less than 90.  Cases where the occupant was intubated or 
sedated were grouped separately and not considered as 
positive for GCS less than 14.  Step 2 was positive if 
any of the following were true: 1. penetrating injuries to 
the head, neck, torso, and extremities proximal to the 
elbow and knee, 2. flail chest, 3. two or more proximal 
long bone fractures, 4. crushed, degloved or mangled 
extremity, 5. amputation proximal to the wrist or ankle, 
6. pelvic fractures, 7. open or depressed skull fracture, or 
8. paralysis.  Body mass index or BMI was grouped by 
those occupants that had BMI less than 25, 25 – 30, 30 – 

35, and greater than 35.  Age was grouped as under 30 
years of age, 30 – 65, and greater than 65 years of age.   
 
On the vehicle side, maximum crush was recorded in 
the frontal event of interest.  Average crush is the 
average of the crush at the six locations (C1 to C6) 
measured across the front of the vehicle.  Crush area 
was defined as the product of average crush and vehicle 
end width.  PDOF was separated into three groups; 
eleven, twelve and one o’clock.  Intrusion was evaluated 
as a continuous variable for the peak values measured at 
the case occupant’s position and for the peak value 
measured at any position in the vehicle.  These values 
were also grouped by thresholds used in Step 3 of the 
ACS field triage decision scheme.  The compliance 
status of the case vehicles was also evaluated based on 
the advanced airbag section of Federal Motor Vehicle 
Safety Standard No. 208 (NHTSA, 2007).  Compliance 
status was defined as certified advanced compliant 
(CAC) or not CAC.  Manufacturers did not begin 
certifying their vehicles as CAC until model year 2003. 
 
Five EDR-based variables were assessed for EDR cases 
included in the current study (Table 1).  Post-crash 
velocity-time history entries were used to calculate EDR 
longitudinal delta V.  The velocity-time history data was 
also used to calculate a peak slope over both 30 and 50 
ms windows.  Pre-impact vehicle velocity and pre-
impact braking were also collected from the EDR data 
when possible.   
 
Modeling of the outcomes of interest using promising 
predictors (p < 0.10 from the χ2 tests) was done next.  
First, stepwise regressions were done using only the 
vehicle- and crash-based predictors.  Next, stepwise 
regression was done using only the occupant-based 
predictors.  Finally, the overall predictive model for the 
individual outcome was created using stepwise 
regression that included the variables found to be 
significant in the respective vehicle- and occupant-based 
models.  Backward and forward selection were also 
used to verify the results of the stepwise selection for the 
final model.  The maximum p value allowed for 
entering and staying in the model was 0.10.  Model fit 
was assessed using Hosmer and Lemeshow’s 
Goodness-of-Fit test (Hosmer and Lemeshow, 2000).  A 
value of p > 0.10 for the Hosmer and Lemeshow test 
signified an acceptable fit of the model.   
 
NASS-CDS 
 
NASS-CDS cases were queried with the same inclusion 
criteria used in selecting CIREN cases.  The exception 
was that the NASS-CDS cases included all MAIS levels.  
The prevalence of MAIS injuries at all levels in CDS 
cases and the ability to produce a weighted population 
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estimate of the data made it possible for the NASS-CDS 
query to provide a rate of MAIS 3+ injured case 
occupants given the inclusion criteria listed earlier for 
CIREN frontal cases.  This rate or probability of 
experiencing a MAIS 3+ injury could be used in 
combination with the probability of outcomes modeled 
using the CIREN data to produce static models of 
combined probability.  However, it was thought more 
appropriate to produce two unique predictive models for 
probability of MAIS 3+ injury in NASS-CDS frontal 
cases; one model for all qualifying model year 1998+ 
vehicle crash cases, one for model year 2001+ EDR 
cases.  These two NASS-CDS models were then used in 
combination with the respective CIREN outcome 
models.  The product of the NASS-CDS MAIS 3+ 
injury and CIREN hospital treatment models was taken 
to create a combined probability function that can be 
used to predict the likelihood of a treatment (ICU, OR) 
or fatality given a qualifying frontal crash.  
 
RESULTS 
 
For the first data set involving all CIREN cases, 482 
frontal crash cases met the inclusion criteria.  For the 
second data set involving only EDR equipped vehicles, 
there were 40 CIREN frontal crash cases that met the 
inclusion criteria.  Though Ford cases were included in 
the sampling of EDR cases, only cases involving GM 
vehicles met the inclusion criteria.   Of these 40 EDR 
cases, 33 had available WinSMASH delta V data and 
thus were cases that were also included in the overall set 
of 482 cases.  The distribution of class variables for the 
482 CIREN cases meeting the inclusion criteria are 
shown in Figures 1 and 2.  Table 2 shows the mean and 
standard deviation for the various occupant-based 
continuous measures that were evaluated in the current 
study, grouped by all cases and by individual outcomes.  
Table 3 shows similar results for the vehicle-based 
variables.   
 
Assessing Variable Significance  
 
Wald χ2 tests were completed to assess the significance 
of the individual predictor variables for each of the 
outcomes of interest.  Tables A1 and A2 (see Appendix) 
show the Wald χ2 values for predictors with p < 0.10 for 
CIREN frontal cases and CIREN frontal cases with 
EDR, respectively.  Empty cells in the tables signify 
variables with p > 0.10.  Variables were grouped into 
partitions related to vehicle crush or change in velocity, 
intrusion, vital signs, entrapment, age, position, belt use, 
gender, vehicle model year and curb weight. 
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Figure 1. Distribution of occupant class variables 
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Figure 2. Distribution of vehicle class variables 
 
 

 
Table 2. Average occupant measures for CIREN cases 
by outcome 

Outcome Group N Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
All NA 482 43.9 18.3 28.4 7.8 3.4 0.8 20.3 13.5 2.5 2.0 10.0 5.9

No 304 42.0 16.6 28.5 8.2 3.1 0.4 15.0 6.7 1.8 1.1 8.1 4.0

Yes 140 46.7 19.7 28.1 7.0 3.6 0.7 23.5 10.2 3.4 2.3 12.6 7.1

No 304 42.0 16.6 28.5 8.2 3.1 0.4 15.0 6.7 1.8 1.1 8.1 4.0

Yes 178 47.1 20.6 28.4 7.2 3.9 1.0 29.2 17.1 3.8 2.5 13.2 7.2

No 444 43.5 17.8 28.3 7.9 3.3 0.6 17.7 8.9 2.3 1.7 9.5 5.6

Yes 38 48.4 23.8 29.6 7.6 5.0 0.9 50.9 20.5 5.1 3.0 15.5 7.2

No 230 45.7 18.7 27.8 7.9 3.2 0.5 17.2 8.2 2.1 1.4 8.9 4.7

Yes 195 41.7 16.6 29.0 7.9 3.3 0.6 18.1 9.3 2.5 2.0 10.3 6.1

No 151 47.8 19.6 28.3 8.8 3.3 0.5 17.5 7.9 1.9 1.2 8.6 4.3

Yes 280 41.5 16.5 28.5 7.5 3.3 0.6 17.8 9.3 2.5 1.9 9.9 6.0

All NA 40 49.8 19.7 28.2 7.1 3.5 0.8 20.7 12.0 2.7 1.8 9.8 5.3

No 19 53.6 16.5 26.9 5.8 3.2 0.5 17.1 8.8 2.0 0.9 6.6 2.7

Yes 19 46.0 20.8 29.6 8.5 3.5 0.8 22.3 13.1 3.0 1.9 12.4 5.3

No 19 53.6 16.5 26.9 5.8 3.2 0.5 17.1 8.8 2.0 0.9 6.6 2.7

Yes 21 46.4 22.0 29.4 8.1 3.7 0.9 24.1 13.6 3.3 2.2 12.9 5.4

No 38 49.8 18.9 28.3 7.3 3.4 0.7 19.7 11.3 2.5 1.6 9.4 5.0

Yes 2 49.8 42.7 27.5 2.2 5.0 0.0 40.5 3.5 6.0 4.2 20.0 .

No 18 50.3 20.7 28.3 8.5 3.3 0.6 19.8 10.8 2.4 1.7 8.4 4.9

Yes 20 49.3 17.7 28.3 6.3 3.4 0.8 19.6 12.1 2.6 1.5 10.4 5.2

No 9 56.8 17.4 29.4 10.4 3.1 0.3 15.8 4.7 1.8 1.0 6.3 3.3

Yes 28 47.4 19.4 27.9 6.4 3.5 0.7 21.3 12.6 2.8 1.6 10.7 5.2

Fatal

OR 
< 12 hrs

OR 
< 24 hrs

ICU

Fatal or 
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# of AIS 
3+ Injuries

OR 
< 24 hrs

A
ll 

C
IR

E
N

 F
ro

nt
al

s
C

IR
E

N
 E

D
R

 F
ro

nt
al

s

Total 
Injuries

ICU

Fatal or 
ICU

BMI
Age 
Yrs MAIS ISS

Fatal

 
 
 



Craig, 5 

Table 3. Average vehicle measures for CIREN cases by outcome 

Outcome Group N Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD
All NA 482 43.8 17.4 - - 45.5 17.3 44.5 17.4 16.3 16.9 21.5 19.1 65.7 29.6 5902 3233 37.6 20.2 2001.0 2.4 1465 319.2

No 304 41.0 14.7 - - 43.3 15.3 42.2 15.4 13.7 15.3 19.2 18.4 61.4 25.6 5353 2664 34.2 16.6 2000.9 2.4 1460 336.9

Yes 140 47.2 19.7 - - 48.1 19.5 47.4 19.4 21.4 18.9 25.9 19.7 71.1 31.2 6764 3818 42.3 23.6 2001.5 2.4 1494 294.1

No 304 41.0 14.7 - - 43.3 15.3 42.2 15.4 13.7 15.3 19.2 18.4 61.4 25.6 5353 2664 34.2 16.6 2000.9 2.4 1460 336.9
Yes 178 48.5 20.3 - - 49.4 19.8 48.5 19.7 20.7 18.7 25.4 19.7 73.0 34.1 6870 3869 43.4 24.2 2001.2 2.4 1473 287.2

No 444 43.0 16.7 - - 44.8 16.9 43.8 16.9 16.1 16.9 21.3 19.0 64.5 27.9 5791 3134 36.8 19.4 2001.1 2.4 1470 324.1

Yes 38 53.3 22.2 - - 53.9 20.7 52.6 20.6 18.1 17.8 23.8 19.6 79.9 42.9 7281 4089 47.7 26.4 2000.0 1.9 1398 249.1

No 230 42.3 16.8 - - 44.3 17.2 43.5 17.2 14.3 16.2 20.5 19.1 64.4 29.5 5642 3001 35.6 18.5 2001.2 2.4 1492 345.8
Yes 195 43.6 16.6 - - 45.4 16.4 44.3 16.5 18.5 17.9 22.5 19.3 64.2 26.3 5994 3295 38.1 20.3 2001.0 2.3 1455 304.9

No 151 40.4 17.0 - - 42.4 17.1 41.5 17.1 11.7 14.9 17.9 17.9 61.1 30.5 5346 3071 33.2 18.7 2001.3 2.4 1490 329.8

Yes 280 44.4 16.2 - - 46.2 16.5 45.2 16.6 18.3 16.8 22.7 18.8 66.7 26.2 6079 3146 38.9 19.6 2001.0 2.4 1465 323.8

All NA 40 45.8 17.8 53.4 14.6 46.6 19.1 45.7 19.0 18.6 16.7 23.8 16.7 69.6 28.1 6115 3424 38.8 20.7 2002.8 1.6 1521 345.5
No 19 39.7 14.9 46.2 9.2 40.4 17.4 39.5 17.3 11.6 14.8 17.1 15.2 67.3 27.0 5433 2620 34.9 15.7 2002.6 1.8 1564 366.8

Yes 19 54.4 17.8 59.4 16.1 55.1 18.3 54.1 18.1 27.0 15.4 32.6 14.2 74.7 29.3 7112 3996 44.7 24.2 2002.9 1.5 1499 340.8

No 19 39.7 14.9 46.2 9.2 40.4 17.4 39.5 17.3 11.6 14.8 17.1 15.2 67.3 27.0 5433 2620 34.9 15.7 2002.6 1.8 1564 366.8

Yes 21 52.7 18.6 59.9 15.7 53.2 19.2 52.3 19.0 24.8 16.1 29.9 15.9 71.6 29.6 6732 3980 42.3 24.2 2003.0 1.4 1483 329.2
No 38 46.4 17.7 52.8 14.5 47.3 19.0 46.3 18.9 19.3 16.8 24.8 16.5 71.0 28.0 6272 3440 39.8 20.7 2002.7 1.6 1531 350.8

Yes 2 25.0 . 65.0 16.1 25.0 . 25.0 . 4.5 3.5 4.5 3.5 42.0 11.3 3122 676 19.6 0.6 2004.0 0.0 1329 157.0

No 18 43.9 14.0 47.4 11.6 44.6 15.2 43.8 15.1 16.2 17.1 22.8 17.3 70.9 27.1 5949 2945 38.5 18.4 2002.2 1.2 1449 321.6

Yes 20 48.7 20.7 57.6 15.4 50.0 22.4 48.9 22.3 22.1 16.4 26.6 15.9 71.2 29.6 6563 3885 41.0 23.1 2003.2 1.8 1605 367.3
No 9 38.9 13.4 41.4 7.9 37.9 15.7 37.1 15.1 12.3 13.9 17.4 15.4 63.9 29.3 5010 3205 32.1 18.9 2002.2 1.4 1534 399.0

Yes 28 48.0 18.5 56.4 14.6 49.8 19.4 48.7 19.4 22.1 17.2 27.6 16.4 73.3 28.3 6619 3524 41.9 21.3 2002.9 1.7 1547 336.4
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There are a number of significant observations that can 
be made in looking at the relationships between single 
variables and the outcomes studied for the full set of 
qualifying CIREN frontal cases (Appendix - Table A1).  
First, delta V, whether total or longitudinal, is 
consistently a significant predictor of outcome.  The 
only exception is for those with invasive surgery within 
12 hours of the crash.  Post-test crush measures such as 
peak crush, average crush, and crush area were 
generally even more significantly associated with the 
outcomes studied than delta V measures, as evidenced 
by higher χ2 values for the crush measures.  However, 
these measures may not be appropriate for on-site triage 
and are not available for measure through telemetry, but 
instead require crash reconstruction to be calculated.  
Thus, these crush-based variables were not included in 
the predictive models.  The field triage decision scheme 
Step 1 and Step 2 measures were also consistently 
strong predictors, with at least one being significantly 
related to each of the outcomes.  It was also noteworthy 
that intrusion at the case occupant position was always a 
better predictor of outcome than peak intrusion at any 
position in the vehicle.  Step 3 of the triage decision 
scheme assesses whether intrusion is greater than 12 
inches at the occupant position or 18 inches at any 
position.  However, independently the 18 inches 
threshold for any position was not significant at p < 0.05 
for any outcome, while the 12 inch threshold at the 
occupant position was significantly related (p < 0.05) to 
all outcomes other than fatality.  
 
The CIREN EDR cases saw many fewer significant 
variables (Appendix - Table A2).  For instance, Triage 
Step 1 was not significant for any outcomes and Step 2 
was only significant for two outcomes.  The small 

number of qualifying EDR cases (n=40) available is 
likely the cause.  It was noteworthy that EDR 
longitudinal delta V was shown to be a stronger 
predictor of outcome than WinSMASH longitudinal 
delta V, WinSMASH total delta V and barrier 
equivalent speed when comparing χ2 values.  Other 
EDR-based variables also were significant for certain 
outcomes including crash pulse severity measures and 
pre-impact braking.  Of note, pre-impact braking was 
significant for a reduced probability of going to the ICU.  
Pre-impact velocity was not found to be significant for 
any outcome.  Regression analyses related to fatality 
were not done on the EDR data set given only two fatal 
cases out of the 40 EDR cases included in the study. 
 
Those variables with the highest Wald χ2 value were 
selected for use in the predictive modeling for the 
outcomes of interest as described in the next section.  
For instance, there were many cases for the respective 
outcomes in which total delta V and longitudinal delta V 
were both significant predictors.  For these instances, the 
predictor with the maximum χ2 value was used.  There 
were also cases where a predictor such as crush area or 
average crush had a larger χ2 value than delta V or max 
crush.  However, as noted earlier, the emphasis of the 
current study was to produce models with predictors that 
can be assessed at the crash scene or via telemetry.   
 
Predictive Modeling – All CIREN Cases (n=482) 
 
Stepwise regressions were done in combination with 
forward and backward selection of variables to establish 
models of treatment given injury.  The threshold for 
both entering and staying in the model was p < 0.10.  
Table 4 shows the results for the final models produced 
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for each of the five groupings of outcomes of interest.  
The significant predictors and their respective maximum 
likelihood estimates, Wald χ2, p values, point estimates 
and 95% confidence intervals are shown.  The Hosmer 
and Lemeshow Goodness-of-Fit tests found good fit for 
all models with p values greater than 0.1 in all cases.   
 
Most variables were directionally associated with the 
outcomes of interest as would be considered logical.  
Delta V, intrusion and the field triage decision scheme 
vital sign (Step 1) and injury (Step 2) measures all were 
consistent in that, when significant, they were associated 
with an increased likelihood of the outcomes studied.  In 
contrast, seat belt use was associated with a lower 
probability of the respective outcomes when it was a 
significant predictor.  One exception was the over-65 
age group.  This group predicts an increase in 
probability of fatality, but a reduced probability of OR.  
Of all injured body regions, OR was most significantly 
associated with lower extremity injuries (χ2 = 21.5, p < 
0.0001), but was also significant for not having AIS 3+ 
spine injuries (χ2 = 8.8, p < 0.01).   Conversely, spine 
injuries were found to be significantly associated with 
being over 65 (χ2 = 20.6, p < 0.0001) while lower 
extremity injuries were found to be significantly 

associated with those under age 65 (χ2 = 5.4, p < 0.05).  
While it is not possible to assess injury probability or 
risk in CIREN, these relationships within the injured 
population help explain why the elderly group was less 
and not more likely to have invasive surgery within 24 
hours of a crash.  A reduced ability of the older 
population to endure invasive surgery soon after a 
traumatic event may also contribute to a lower 
probability of OR within 24 hours for the elderly 
population.   
 
The models provide the maximum likelihood estimates 
for the intercept (Qi) and for the significant predictors 
(Q1, Q2…Qn) that can be used to predict the probability 
(PCIREN) of the outcome of interest per the following 
equations.  X1 to Xn would represent the values for the 
respective predictors for a given case.  
 

)1(

1
LCIREN e

P −+
=  (1) 

 

nni XQXQXQQL ....2211 ++=  (2) 

 

 
 
Table 4. Model results for all qualifying CIREN frontal cases  

Outcome Predictor Predictor Values1 -2 Log L

Maximum 
Likelihood 
Estimate Wald χ2 Pr > χ2 Odds Ratio [95% CI] Model Fit2

Intercept -283.000 8.451 0.0036 NA
Intrusion > 12" at Occ. 1=yes, 0=no -0.477 12.080 0.0005 0.385 [0.225 - 0.660]

Vehicle Model Year Continuous 0.141 8.404 0.0037 1.151 [1.047 - 1.267]
Occ. Age - Years Continuous 0.023 12.279 0.0005 1.023 [1.010 - 1.036]

Triage Step 1 1=yes, 0=no -1.031 41.819 < 0.0001 0.127 [0.068 - 0.238]
Triage Step 2 1=yes, 0=no -0.292 5.671 0.0173 0.558 [0.345 - 0.902]

Intercept -1.703 12.031 0.0005 NA
Longitudinal Delta V (KPH) Continuous 0.020 8.238 0.0041 1.020 [1.006 - 1.034]

Intrusion > 12" at Occ. 1=yes, 0=no -0.307 4.885 0.0271 0.541 [0.314 - 0.933]
Occ. Age - Years Continuous 0.026 16.676 < 0.0001 1.026 [1.013 - 1.039]

Triage Step 1 1=yes, 0=no -1.056 47.553 < 0.0001 0.121 [0.066 - 0.220]
Triage Step 2 1=yes, 0=no -0.287 5.985 0.0144 0.564 [0.356 - 0.892]

Intercept -4.848 22.616 < 0.0001 NA
Total Delta V (KPH) Continuous 0.032 3.964 0.0465 1.033 [1.000 - 1.066]
Entrapped or No Exit 1=yes, 0=no 1.095 4.111 0.0426 8.941 [1.076 - 74.307]

Age > 65 Years 1=yes, 0=no -0.698 4.937 0.0263 0.247 [0.072 - 0.848]
Belted 1=yes, 0=no 1.380 16.649 < 0.0001 15.812 [4.198 - 59.553]

Triage Step 1 1=yes, 0=no -0.996 14.715 0.0001 0.136 [0.049 - 0.377]
Intercept -2.154 1.061 0.3030 NA

Age > 65 Years 1=yes, 0=no 0.294 3.856 0.0496 1.801 [1.001 - 3.242]
Occ. Position Driver=1, Pssgr=0 -2.632 3.541 0.0599 .0591 [0.341 - 1.022]
Triage Step 1 1=yes, 0=no -0.244 2.798 0.0944 0.614 [0.346 - 1.087]

Curb Wt < 1500 kg 1=yes, 0=no -0.190 3.333 0.0679 0.684 [0.454 - 1.028]
Entrapped or No Exit 1=yes, 0=no -0.211 3.505 0.0612 0.656 [0.422 - 1.020]

Intrusion > 12" at Occ. 1=yes, 0=no -0.222 2.859 0.0908 0.383 [0.383 - 1.073]
Intercept 0.802 17.064 < 0.0001 NA

Age > 65 Years 1=yes, 0=no 0.405 7.959 0.0048 2.246 [1.280 - 3.941]
Triage Step 2 1=yes, 0=no -0.254 4.291 0.0383 0.602 [0.372 - 0.973]

Curb Wt < 1500 kg 1=yes, 0=no -0.285 6.808 0.0091 0.565 [0.368 - 0.868]
Entrapped or No Exit 1=yes, 0=no -0.312 6.313 0.0120 0.536 [0.330 - 0.872]

Intrusion > 12" at Occ. 1=yes, 0=no -0.416 6.981 0.0082 0.435 [0.235 - 0.807]
Notes:
1. All class level predictors modeled as 0 vs. 1.
2. Hosmer and Lemeshow Goodness-of-Fit: Pr > χ2

OR within 24 hrs 515.6 0.9398

OR within 12 hrs 0.7116562.3

116.6 0.9319

0.7719ICU

0.8772ICU or Fatal

463.9

498.3

Fatal
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Predictive Modeling – CIREN EDR Cases (n=40) 
 
Stepwise regressions were also done for the 40 EDR 
cases using the significant variables documented in 
Table 5.  Only two significant multi-variable models 
were produced using the EDR data.  EDR delta V was 
positively associated with an increase probability of 
seeing all outcomes studied.  Only the ICU and ICU or 
fatal models included additional significant (p < 0.10) 
predictors other than EDR delta V after completing 
stepwise, backward and forward selections.   A model 
was not created for fatal cases given there were only two 
fatal cases in the EDR data set. 
 
NASS-CDS  
 
Given the same inclusion criteria as used in collecting 
CIREN frontal cases for the current study, a population- 
based estimate of the rate of MAIS 3+ injury for all 
qualifying model year 1998+ vehicles was found to be 
2.1%.  The same estimate for model year 2001+ GM 
vehicles, which corresponds to the cases included in the 

CIREN EDR analysis, was found to be 2.2%.  
Regression analysis produced two models, one for all 
qualifying 1998+ model year vehicles and one for 
2001+ model year EDR equipped GM vehicles (Table 
6).  These models predict the probability of MAIS 3+ 
injury given the frontal crash inclusion criteria used.  
They can be used in combination with the CIREN-based 
models to produce a combined probability for the 
outcomes evaluated in the current study.    
 
Combined Probability Models 
 
A population-based probability of outcomes of interest 
given a frontal crash meeting the inclusion criteria of the 
current study can be formulated as the product of the 
risk of sustaining an MAIS 3+ injury (PCDS) as 
established from the NASS-CDS data and the 
probability of outcome (PCIR.EN = P(ICU|MAIS3+)).  
The formula (A1) and sample calculation for probability 
of MAIS 3+ injury (A2) and ICU given MAIS 3+ injury 
(A3) are located in the appendix.  

 
 
Table 5. Model results for all qualifying CIREN EDR frontal cases  

Outcome Predictor Predictor Values -2 Log L

Maximum 
Likelihood 
Estimate Wald χ2 Pr > χ2 Odds Ratio [95% CI] Model Fit1

Intercept -5.123 4.241 0.0395 NA
Intrusion > 12" at Occ 1=yes, 0=no -1.043 3.938 0.0472 0.124 [0.016 - 0.975]

Triage Step 1 1=yes, 0=no -1.582 7.103 0.0077 0.042 [0.004 - 0.433]
EDR Delta V (KPH) Continuous 0.107 5.173 0.0229 1.113 [1.015 - 1.221]

Intercept -14.688 5.277 0.0216 NA
EDR Delta V (KPH) Continuous 0.320 5.427 0.0198 1.377 [1.052 - 1.801]
Pre-impact Braking 1=yes,  0=no 2.243 3.872 0.0491 88.827 [1.018 - >999.999]

Triage Step 2 1=yes, 0=no -3.033 5.564 0.0183 0.002 [<0.001 - 0.359]
Notes:
1. Hosmer and Lemeshow Goodness-of-Fit: Pr > χ2

0.8768ICU

0.7692ICU or Fatal

28.6

15.5

 

 
 
Table 6. Model results for MAIS 3+ injury in NASS-CDS frontal cases 

Outcome Predictor Predictor Values -2 Log L

Maximum 
Likelihood 
Estimate Wald χ2 Pr > χ2 Odds Ratio [95% CI]

Intercept -7.383 505.226 < 0.0001 NA
Age Continuous 0.031 27.474 < 0.0001 1.032 [1.020 - 1.044]

Delta V (MPH) Continuous 0.158 323.608 < 0.0001 1.171 [1.151 - 1.191]
Airbag deployed , not belted 1=yes, 0=no 1.044 29.269 < 0.0001 2.841 [1.946 - 4.147]

Belted, no airbag deployment 1=yes, 0=no 0.981 1.857 0.1730 2.668 [0.650 - 10.948]
Gender 1=male, 0=female -0.536 15.423 < 0.001 0.585 [0.448 - 0.764]

Intercept -540.300 5.647 0.0194 NA
Age Continuous 0.023 6.592 0.0102 1.024 [1.006 - 1.042]

Delta V (MPH) Continuous 0.181 39.042 < 0.0001 1.198 [1.132 - 1.268]
Model Year Continuous 0.266 5.326 0.0210 1.305 [1.041 - 1.635]

Airbag deployed , not belted 1=yes, 0=no 1.499 13.677 0.0002 4.475 [2.023 - 9.903]
Belted, no airbag deployment 1=yes, 0=no -31.080 135.690 < 0.0001 <0.001 [<0.001 - <0.001]

PDOF - 1 o'clock 1=yes, 0=no -2.375 14.023 0.0002 0.093 [0.027 - 0.322]
PDOF - 11 o'clock 1=yes, 0=no -0.386 1.199 0.2735 0.680 [0.341 - 1.356]

Gender 1=male, 0=female -0.937 7.172 0.0074 0.392 [0.197 - 0.778]
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CONCLUSIONS 
 
This study shows an example in which NASS-CDS and 
CIREN data sets can be used together to project 
probability of certain outcomes in frontal crashes.  The 
CIREN data analysis of all qualifying frontal cases 
produced models using numerous vehicle- and 
occupant-based variables and for all outcomes of 
interest showed good model fit as evaluated using the 
Hosmer and Lemeshow Goodness-of-Fit test.  All of the 
models included at least two occupant and two vehicle 
or crash-based variables.  Modeling of EDR cases, 
where fewer cases where available, produced models for 
two of five outcomes studied.   
 
Many typical factors generally thought to be positively 
associated with severity of injury such as delta V and 
intrusion proved to consistently be related to the 
treatment and injury outcomes evaluated in the current 
study.  Additionally, measures currently used in the 
ACS field triage decision scheme related to vital signs 
and injury also proved to be significant predictors.  
There were exceptions where factors that may logically 
be thought to produce a positive relationship related to 
the treatment outcome in fact had a negative outcome.  
The prime example was age and invasive surgery where 
being over 65 years old reduced the likelihood of a case 
occupant needing invasive surgery in the first 12 or 24 
hours following a crash.  This exception could be 
explained in either of two ways.  First, the older 
population tends to sustain more spinal injuries and 
fewer lower extremity injuries, compared to younger 
patients.  However, the majority of injuries treated in the 
OR are lower-extremity injuries.  Second, older 
occupants may require a greater period of time to 
stabilize before invasive surgery. 
 
EDR delta V was shown in the 40 cases studied to be 
significantly associated with outcome.  The 30 and 50 
ms pulse evaluations were also significant predictors of 
outcome, but in no instance were they better than EDR 
delta V.  The 50 ms window is associated with the 
acceleration severity index (CEN, 1998), which was 
also not found to be a better predictor of injury as 
compared to delta V by Gabauer and Gabler (2007).   In 
single predictor logistic regressions, EDR delta V was a 
better predictor of the outcomes studied than 
WinSMASH delta V.  However, both WinSMASH- and 
EDR-based delta V were shown to be significant 
predictors of motor vehicle crash occupant outcome.  
Future study with a larger data set of EDR cases should 
be done to further assess the predictive performance of 
all EDR-based variables including delta V, braking and 
pre-impact speed.   
 
 

Prior studies have proposed the need to combine 
telematics data from ACN systems with the URGENCY 
Algorithm for improving the emergency response for 
potentially seriously injured motor vehicle crash victims 
(Augenstein et al., 2001; Augenstein et al., 2003; 
Augenstein et al., 2005; Augenstein et al., 2006; 
Augenstein et al., 2007; Champion et al., 2003; 
Champion et al., 2005).   The URGENCY Algorithm 
predicts a probability of MAIS 3+ injury for motor 
vehicle crash victims through the application of 
regression models developed using various vehicle, 
crash and occupant data.  The current study has shown 
that similar techniques can be used to combine a 
probability of MAIS 3+ injury with the probability of 
invasive surgery within 12 or 24 hours, time spent in 
ICU or fatality.  However, unlike the URGENCY 
Algorithm, the CDS-based models produced in the 
current study were limited to frontal crashes. 
 
Study Limitations 
 
Study limitations include the fact that only frontal cases 
involving 1998+ model year vehicles were included in 
the analysis qualifying CIREN cases.  Similar methods 
of producing models combining the probabilities of 
MAIS 3+ injury in CDS with probabilities for outcome 
in CIREN could be done for other crash modes and 
groupings of vehicle model years.  The majority of AIS 
3+ injuries occur in frontal crashes, making analysis of 
this crash type a good starting point.  While the model 
year 1998 break point was chosen to coincide with 
second generation or depowered frontal airbags and to 
allow for sufficient quantity of cases for analysis.   
 
This study was also limited in that only 36 of 482 cases 
analyzed were for vehicles that were certified to the 
advanced airbag requirements of FMVSS No. 208 
(NHTSA, 2007).  Thus the relationships between crash 
and occupant variables and outcome presented here may 
not extend to new CAC vehicles.  Manufacturers did not 
begin certifying their vehicles as CAC until the 2003 
model year.  The average model year evaluated in the 
current study was 2001±2.4.   
 
In addition to differences in FMVSS No. 208 
compliance, there are other differences in vehicle 
content that would differentiate the average vehicle in 
this study from the average vehicle available new for 
purchase today.  The Insurance Institute for Highway 
Safety (IIHS) provides another example of how 
different a model year 2001 vehicle may be versus a 
current vehicle.  Brumbelow (2007) showed that only 
50% of 2001 model year vehicles tested were “good” 
performers in the IIHS’s frontal offset crash condition, 
whereas, over 90% of tested model year 2007 vehicles 
were considered “good” performers.  So, one possible 
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difference between earlier model vehicles that did not 
rate as “good” in IIHS evaluations versus current 
models that do is that earlier vehicles could be expected 
on average to have greater intrusion into the occupant 
compartment and a “softer” crash pulse as compared to 
a similarly sized “good” performing vehicle.  This could 
translate to a different distribution of injuries for newer 
vehicles that would have less intrusion into the occupant 
compartment, but possibly a “stiffer” crash pulse.   
 
The CIREN MAIS 3+ injury cases used in the current 
study may have a different distribution of vehicle/crash 
and occupant variables than a set of NASS-CDS MAIS 
3+ injury cases obtained using the same vehicle- and 
crash-based inclusion criteria.  For starters, all CIREN 
case occupants went to a level I trauma center.  Thus, on 
average, the ISS, MAIS, and crash measures such as 
delta V are likely to be higher in CIREN than NASS-
CDS.  However, there is no reason to believe that 
CIREN would be biased in a way that would alter the 
relationships between outcomes of interest and the 
significant predictors documented in the current study. 
 
Future Study 
 
Although the models produced show good fit based on 
statistical measures, future work will be required to 
assess the sensitivity and specificity of the respective 
models.  Receiver operating characteristic (ROC) curves 
will be produced for this purpose.  Future work should 
also compare the NASS-CDS-based models for 
predicting probability of MAIS 3+ injury from the 
current study versus those of the URGENCY Algorithm.  
The URGENCY Algorithm comprehends multiple 
impact directions.  Thus, direct comparison of the 
predictive capabilities of URGENCY Algorithm versus 
the current CDS-based models may not be appropriate 
given the restrictions on case types used in the current 
study per the inclusion criteria.  However, the methods 
used in the current study could be expanded to produce 
combined probability models for multiple impact 
scenarios (front, side, rear and/or rollover, e.g.). 
 

 
Future work could also involve improved grouping or 
filtering of outcomes.  This could include filtering of 
outcomes by the occurrence of more serious or 
compelling Abbreviated Injury Scale (AIS) 3+ injuries 
to further improve the predictive capability of the 
models by refining the relationships between the types 
of injuries sustained and the possible vehicle and 
occupant predictors.  For instance, CIREN data provides 
additional detail beyond the AIS coding to document 
whether an AIS 3 long bone fracture was open or closed 
or whether an AIS 3+ internal organ or vessel injury 
required invasive surgery.  Looking at the relationship 
between occupant and vehicle/crash predictors and these 

more compelling injuries may provide additional insight 
into the predictors that could be used in the triage of 
motor vehicle crash victims.  Additionally, there may be 
other significant predictors or means by which to refine 
or re-group the predictors from the current study to 
further improve the predictive capabilities of the 
individual models.   
 
The current study has modeled and found significant 
many of the variables used in the ACS field triage 
decision scheme.  However, related to telemetry data 
field in Step 3 of the field triage decision scheme, future 
study of EDR cases in CIREN would require a larger set 
of data to better study the relationship between the 
outcomes of interest from the current study and EDR 
variables such as delta V, 50 ms crash pulse, pre-impact 
braking, and pre-impact vehicle speed.  
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APPENDIX 
 
Table A1. Results of binary logistic regression tests for all CIREN cases  

 

χ2 p χ2 p χ2 p χ2 p χ2 p
Entrapped x 3.1 0.0780 - - - - 3.0 0.0843 - -

Entrapped or No Exit x 4.0 0.0462 3.9 0.0488 - - 6.3 0.0118 10.9 0.0009
WinSMASH Long. Delta V x 8.7 0.0032 8.5 0.0035 14.1 0.0002 - - 4.6 0.0325
WinSMASH Total Delta V x 7.8 0.0052 9.2 0.0024 13.3 0.0003 - - 5.1 0.0244

BES x 12.6 0.0004 11.6 0.0007 19.5 < 0.0001 - - 5.7 0.0166
PDOF x x - - - - - - - - - -

Maximum Crush x 11.2 0.0008 8.8 0.0030 16.1 < 0.0001 - - 4.0 0.0451
Crush Area x 17.8 < 0.0001 6.7 0.0098 22.2 < 0.0001 - - 5.2 0.0225

Average Crush: C1 - C6 x 15.9 < 0.0001 9.5 0.0021 21.8 < 0.0001 - - 8.3 0.0039
Vehicle Curb Wt  x - - - - - - - - - -

Vehicle Curb Wt < 1500 kg x x - - - - - - 2.9 0.0898 5.0 0.0261
Vehicle Model Year x 5.3 0.0210 7.3 0.0070 - - - - - -

CAC1 x - - ID1 ID1 - - - - - -

Airbag Deployment2 x - - ID2 ID2 - - - - - -
Intrusion at Case Occupant x 18.8 < 0.0001 - - 18.4 < 0.0001 6.0 0.0140 15.2 < 0.0001

Intrusion - Any Position x 11.3 0.0008 - - 11.5 0.0007 - - 6.5 0.0111
Intrusion > 12" at Case Occ x 17.6 < 0.0001 - - 19.4 < 0.0001 7.0 0.0081 13.0 0.0003

Intrsusion > 18" in Any Position x 3.2 0.0730 - - 3.2 0.0721 - - - -
Intr. > 12" at Occ or > 18" Any x 13.7 0.0002 3.4 0.0634 16.6 < 0.0001 6.4 0.0112 13.0 0.0003

GCS < 14 x x 20.6 < 0.0001 23.5 < 0.0001 23.8 < 0.0001 - - - -
GCS < 14, Tubed or Sedated x x 41.9 < 0.0001 35.8 < 0.0001 53.1 < 0.0001 - - - -
Respiration Rate <10 or >29 x 2.8 0.0959 11.6 0.0007 6.3 0.0122 4.6 0.0321 - -
Systolic Blood Pressure < 90 x 15.8 <0.001 5.9 0.0153 17.5 < 0.0001 2.9 0.0877 - -

Triage Step 1 x 44.7 < 0.0001 17.8 < 0.0001 53.7 < 0.0001 4.2 0.0406 - -
Triage Step 2 x 8.8 0.0031 - - 10.8 0.0010 3.1 0.0799 7.9 0.0050

Triage Step 1 or 2 x 25.4 < 0.0001 7.5 0.0061 32.3 < 0.0001 3.9 0.0487 5.0 0.0249
Triage Step 1 and 2 x 20.0 < 0.0001 4.2 0.0398 20.3 < 0.0001 6.0 0.0141 4.1 0.0435

BMI x - - - - - - - - - -
BMI Ranges x x - - - - - - 3.4 0.0652 - -

Age x x 6.7 0.0097 - - 8.5 0.0036 5.2 0.0229 12.1 0.0005
Age Ranges x x - - 6.5 0.0105 3.2 0.0738 4.1 0.0442 13.5 0.0012

Age > 65 Years x x 5.1 0.0244 5.3 0.0209 8.4 0.0037 3.6 0.0588 12.2 0.0005
Gender x x - - 3.9 0.0486 - - - - - -

Driver / Passenger x x - - - - - - 3.9 0.0496 - -
Belt Use x x - - 18.4 < 0.0001 - - - - - -
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Table A2. Results of binary logistic regression tests for CIREN EDR cases  

χ2 p χ2 p χ2 p χ2 p
Entrapped x - - - - - - - -

Entrapped or No Exit x 3.2 0.0742 - - - - - -
EDR - Long. Delta V x 6.4 0.0112 6.1 0.0135 3.2 0.0730 3.7 0.0545
EDR - 30 ms pulse x 4.0 0.0463 - - - - - -
EDR - 50 ms pulse x 4.8 0.0282 3.2 0.0748 - - - -

EDR - Avg Decel Gs x 4.9 0.0267 5.5 0.0194 - - 3.2 0.0745
EDR - Pre-Impact Veh Speed x - - - - - - - -

EDR - Pre-Impact Braking x 3.5 0.0627 4.0 0.0445 - - - -
WinSMASH Long. Delta V x 4.3 0.0384 3.5 0.0621 - - 2.8 0.0932
WinSMASH Total Delta V x 4.3 0.0376 3.5 0.0623 - - 2.9 0.0870

BES x 5.3 0.0219 4.4 0.0370 - - - -
PDOF x x - - - - - - - -

Maximum Crush x - - - - - - - -
Crush Area x - - - - - - - -

Average Crush: C1 - C6 x - - - - - - - -
Vehicle Curb Wt  x - - - - - - - -

Vehicle Curb Wt < 1500 kg x x - - - - - - - -
Intrusion at Case Occupant x 7.1 0.0077 5.8 0.0163 - - 3.3 0.0698

Intrusion - Any Position x 7.4 0.0064 5.5 0.0188 - - 4.1 0.0431
Intrusion > 12" at Case Occupant x 6.5 0.0109 5.3 0.0209 - - 3.7 0.0528
Intrsusion > 18" in Any Position x - - - - - - - -
Intr. > 12" at Occ or > 18" Any x 7.9 0.0050 6.5 0.0107 - - 4.3 0.0389

GCS < 14 x x - - - - - - - -
GCS < 14, Tubed or Sedated x x - - - - - - - -
Respiration Rate <10 or >29 x - - - - - - - -
Systolic Blood Pressure < 90 x - - - - - - - -

Triage Step 1 x - - - - - - - -
Triage Step 2 x 3.9 0.0495 3.0 0.0852 - - - -

Triage Step 1 or 2 x - - - - - - - -
Triage Step 1 and 2 x - - - - - - - -

BMI x - - - - - - - -
BMI Range x x - - - - - - - -

Age x x - - - - - - - -
Age Ranges x x - - - - - - - -

Age > 65 Years x x - - - - - - - -
Gender x x - - - - - - - -

Driver / Passenger x x - - - - - - - -
Belt Use x x - - - - 2.9 0.0863 3.0 0.0854
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Combined Probability Equations: 
 

)3|(*)3()( ++= AISICUPAISPICUP  (A1) 
 
 

)exp1(
1

)3( )*536.0*981.0*044.1*158.0*031.0383.7( 54321 XXXXXAISP −++++−−+
=+  (A2)   

Where X1 to X5 represent the respective predictors as ordered in Table 6. 
 
 

)exp1(

1
)3|(

)*292.0*031.1*023.0*141.0*477.00.283( 54321 XXXXX
AISICUP −−++−−−+

=+  (A3)   

Where X1 to X5 represent the respective predictors as ordered in Table 4. 
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ABSTRACT 

In order to enable state of the art and future acci-
dent preventing systems (APS) to react appropriate 
in traffic situations, it is essential to monitor the 
driving environment. Therefore a new communica-
tion, GPS and environmental sensor based method 
for APS data acquisition was developed. This me-
thod uses GPS, vehicle related driving dynamics 
data, wireless car-2-car-communication (C2C) and 
combines them with on-board environmental sen-
sor data (Camera and Lidar sensors).  
First a Kalman-Filter based GPS-tracking was 
developed in order to increase the update rate of 
GPS. Therefore GPS- and vehicle dynamics data 
are fused in a dead reckoning system. Second, a 
Kalman-Filter based 3rd order lane model was im-
plemented using Camera data from ego- and pre-
ceding vehicle - transmitted by C2C - for the de-
termination of the relevant target. Beyond vehicle 
related data are transferred from the target vehicle 
to the ego-vehicle in order to improve the target 
selection. The potential of this method was demon-
strated in a prototype collision mitigation (CM) 
system. The system was tested within driving ex-
periments and subsequent simulations with the 
measured data.  
With the new method the accuracy and scope of 
application of collision mitigation systems can be 
enhanced, so that the detection and identification of 
stationary vehicles, for example at the end of traffic 
jams, is improved. Furthermore a high reliability of 
the determination of the relevant target for APS can 
be reached.  
As a matter of course the limitation of this ap-
proach is the dependency of the system perform-
ance (as in all C2C and environmental sensor based 
systems) on the equipment rate. On the other hand 
it can be expected that equipment rates will in-
crease in future.  

INTRODUCTION 

Regarding commercial vehicles, rear-end collisions 
count among the most frequent occurring accident 
types [1]. Especially rear-end collisions with high 
relative velocities are dangerous if commercial 
vehicles are involved because of their high mass. 
The GIDAS data base (German in-Depth Accident 
Study) shows that car drivers perform an emer-
gency stop (6 m/s² to 10 m/s²) only in 22 % of all 
accidents. In approximately 78 % of the collisions 
an insufficient deceleration (0 m/s² to 6 m/s²) is 
executed [2]. [3] points out that nearly 60 % of all 
rear-end collisions and almost one third of all head-
on collisions - the correct reaction assumed - could 
be avoided, if the driver would react half a second 
earlier. These values show the potential of ad-
vanced driver assistance systems (ADAS) support-
ing the vehicle longitudinal dynamics. 
Nowadays, there are already brake assists in series 
production, initiating an emergency stop, if a colli-
sion with a vehicle driving in front seems unavoid-
able. Further systems are under development. To-
day, Radar and Lidar sensors as well as Camera 
systems are the basis for the detection of an immi-
nent collision. Out of this an abundance of chal-
lenges arise, for example the recognition of an 
object standing still or the misinterpretation of 
warning beacons at motorway constsruction sites. 
Present series systems only react on moving objects 
or objects, which were in motion at the beginning 
of the detection. Within this paper an approach is 
described that uses the GPS position and further 
data of the preceding vehicle, all transmitted by 
C2C to allow a detection of stationary target ob-
jects.  
This paper is structured as follows: first the Kal-
man-Filter based models are introduced. On the one 
hand an Extended Kalman-Filter (EKF) based ve-
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hicle model (GPS-Tracking) calculating global 
positioning data between two GPS data updates is 
implemented. With the help of this GPS-Tracking 
and a C2C a position measurement is employed. 
On the other hand a Kalman-Filter based street 
model is implemented that uses data measured by 
ego- and preceding vehicle. The street data from 
the preceding vehicle is also transmitted by C2C. 
The next chapter deals with the used hardware. It 
contains the description of the test vehicles, sen-
sors, C2C, GPS receiver and the utilised computa-
tion hardware. Afterwards an overview of the sys-
tem architecture is given. In the last chapter the 
results of test drives in real traffic, on the test track 
and the results of simulations with measured data 
are presented.  

KALMAN-FILTER BASED VEHI-
CLE- AND STREET MODELLING 

The vehicle- and the street model describe the cur-
rent condition of the vehicle and the environment. 
The state estimation of the model is supported by a 
Kalman-Filter. 
In a first step a vehicle model is developed, which 
describes the dynamic movement of the vehicle in 
Gauß-Krüger (GK) coordinates. In a second step 
the road is modelled, in order to describe the 
movements of the host vehicle in the lane and gen-
erate a path prediction. Both models are based on 
state space description. In the following the models 
and their mathematical formulation are presented. 

Vehicle Model (GPS-Tracking) 

The vehicle model describes the position and direc-
tion of motion (course) of the vehicle in GK coor-
dinates. Therefore a mass point, moving in the GK 
coordinate system, is considered (Figure 1). With 
the GPS data and the subsequent GK coordinate 
transformation, the x- and y-coordinates of the 
vehicle (xGK and yGK in Figure 1) are described 
with the GPS update frequency of 1 Hz. Further-
more, the course angle τ is given, which is also 
included in the GPS data. If a speed of 80 kph is 
assumed for commercial vehicles on motorways, 
then the vehicle travels 22,22 m within the GPS 
update rate. Since a GPS based positioning system 
should be realised, it is necessary to have a higher 
positioning update of the host vehicle (> 1 Hz). 
This is realised in an EKF based vehicle model, 
delivering additional position information between 
two GPS measurements. 
As shown in Figure 1, the course angle τ has a 
value of 0° if the vehicle moves into north direc-
tion. Furthermore, the positive rotation direction of 
τ is clockwise while the positive rotation direction 
of the vehicle yaw rate ψ&  is counterclockwise. 

Beyond the yaw angle GPSψ  is defined to be the 
angle between the y-coordinate of the GK coordi-
nate system and the vehicle’s longitudinal central 
axis.  

 

Figure 1.  Angles in GK coordinate system. 

Modelling the mass point’s motion in the GK coor-
dinate system can be done on different complexity 
levels. Within the object modelling two different 
models are commonly used, the model of constant 
acceleration or the model of constant velocity. 
The model of constant acceleration takes the posi-
tion, the velocity and the acceleration of the vehicle 
into account, see Equation (1).  
 

2

2

1
t

atvpp kkkk
Δ⋅+Δ⋅+=+  (1). 

 
The model of constant velocity is a simplification 
of the model of constant acceleration by leaving out 
the acceleration term. Thus, Equation (1) is simpli-
fyed to Equation (2).  
 

tvpp kkk Δ⋅+=+1  (2). 
 
The movement of the object is described separately 
in longitudinal- and in lateral direction. Independ-
ently which object model is choosed, the state vec-
tor x for the vehicle model is given by:  
 

[ ]TGPSGKGK yx ψ=x  (3). 

 
It includes the position of the vehicle in x- and y-
direction in the GK coordinate system and the yaw 
angel GPSψ . In this paper, the model of constant 
velocity was chosen as the motion of commercial 
vehicles (especially on highways) is very steady. 
For future works the implementation of a constant 
acceleration model in combination with a multiple 
model adaptive estimator (MMAE) is planned.  
With the model of constant velocity, the discrete 
model equations for the Kalman filter can be de-
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termined. Under consideration of the slip angle β 
and vk·Δt replaced with Δxk Equation (4) is valid. 
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A visualisation of the state equations is given in 
Figure 2. Because of the included trigonometric 
functions, an extended Kalman-Filter must be used.  

 

Figure 2.  GPS vehicle motion model.  

The measurement vector y is equal to the state 
vector. Hence the measurement matrix C for the 
vehicle model is given by a 3x3 identity matrix.  

Street Model 

For a better understanding the variables used within 
the street model are introduced according to Figure 
3. These are the lateral position of the vehicle in 
lane (y0) related to the centre of the lane and the 
relative yaw angle laneψ , showing the orientation 
of the vehicle in the lane, see Figure 3.  

 

Figure 3.  Lane model and variables [4].  

Generally, the trajectory of the street can be com-
posed of several routing segments, describing a se-
quence of straight and curved parts. Since the tran-
sition from a straight part into a curve with constant 
radius would mean a sudden step in the road curva-
ture, the transition elements of roads are build as 
clothoids [5].  

     Modelling – The street model uses a 3rd order 
polynom according to [4]:  
 

( ) 312
0 62 FzgFzg

o
FzglaneFzglane x

C
x

C
xyxy +++= ψ  (5). 

 
This equation describes the trajectory of the lane as 
a function of the vehicle longitudinal axis. Based 
on the parameters, needed for the trajectory estima-
tion, the state vector can be derived. Doing so, the 
lane offset y0, the orientation of the vehicle laneψ , 
the curvature C0, the change of curvature C1 and 
the lane width B are state variables of the model.  
 

[ ]Tlane BCCy 100 ψ=x  (6). 

 
Using discrete time steps tk for the lane offset y0,k, 
Figure 4 shows that the following equation is valid:  
 

klanekkFzgk yyyy ,,0,1,0 Δ+=Δ++  (7). 

 
The lane offset of the next time step y0,k+1 is thus 
calculated by the sum of the current lateral lane 
offset y0,k and the change of the y-coordinate due to 
the lane curvature ( klaney ,Δ ), minus the change of 

the y-coordinate due to yaw movement ( kFzgy ,Δ ):  
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( ) 2
, sin tvttvy kkkkkFzg Δ≈ΔΔ=Δ ψψ && (9). 

 

 

Figure 4.  Lateral position in lane.  

Comparable to the lateral position in lane the angle 

1, +klaneψ can be calculated from the sum of klane,ψ  

and the change of the angle klane,ψΔ  minus the 

vehicle motion kFzg ,ψΔ .  

 

klaneklanekFzgklane ,,,1, ψψψψ Δ+=Δ++  (10). 

 



Wimmershoff   4

klane,ψΔ  is equal to the gradient angle of the road 

at the position xFzg,k = vk·Δt. The gradient angle of a 
straight line is defined as follows:  
 

dx

xdy
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Using a small angle approximation (tan α ≈ α) it is 
possible to replace the gradient angle α by the gra-
dient value of the straight line. Transferred to the 
course of the road (no consideration of the ego-lane 
angle is necessary), the angle klane,ψΔ  is equal to 

the first derivation of the lane equation (5). 
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Furthermore, the yaw angle during the timeframe 
Δt ( kFzg ,ψΔ ), can be expressed as follows:   

 
tkkFzg Δ⋅=Δ ψψ &,  (13). 

 
In order to discretise the current curvature C0, the 
second derivation of (5) respectively the third deri-
vation for the change of curvature C1 can be used. 

 

Figure 5.  Relative yaw angle in lane.  

By using discrete points of time for observation, 
the matrixes needed for the Kalman-Filter are 
gained with the help of the equations mentioned 
above. For a better reading the term vk·Δt is substi-
tuted by Δx. Thus, the system matrix A is given as 
follows:  
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The input matrix B takes the yaw rate kψ& and the 
velocity vk of the vehicle into account.  
 

[ ]Tkkk ttv 0002 Δ⋅−Δ⋅⋅−= ψψ &&B  (15). 

 
The measurement matrix C has to be adapted indi-
vidually to the sensor and the communication.  

USED HARDWARE 

Having described the development of the vehicle 
model and the street model in the previous section, 
this chapter deals with the used hardware.  
For the development and testing of commercial 
vehicle ADAS, two experimental trucks are avail-
able at ika (Institut für Kraftfahrzeuge, RWTH 
Aachen University). One is an IVECO Stralis AS 
440 S 48 T/P EURO 3 with a 16-speed automatic 
gearbox (Figure 6). The second truck is an IVECO 
Stralis AS 440 S 48 T/P EURO 5 anticipo with a 
12-speed automatic gearbox. Both vehicles are 
equipped with 367 kW engines, hydrodynamic 
retarder and WABCO Adaptive Cruise Control. 
The vehicles’ steering is automated with ZF Ser-
voTwin Steering Actuators (torque super position) 
and the longitudinal dynamic is automated with a 
WABCO acceleration interface. Thus an external 
steering and acceleration/braking via CAN bus 
enabled.  
Figure 6 shows one IVECO test truck with the used 
environmental sensors: a monocular HELLA Cam-
era and HELLA IDIS Lidar sensor. The Camera 
system is equiped with an algorithm for lane- and 
vehicle detection and delivers data about surround-
ing vehicles and the trajectory of the road. The road 
trajectory data are curvature C0,CAM, lane width 
BCAM and lateral lane offset y0,CAM (compare Figure 
7). Beyond, the truck is equipped with a DENSO 
lane recognition camera, a 77 GHz WABCO Radar 
sensor and two 24 GHz HELLA Radar Near Dis-
tance Sensors (NDS). 

Kamera

Lidar-
sensor

C2C

 

Figure 6.  One of ika’s experimental trucks.  

In order to enable a wireless communication be-
tween the two trucks, WIRELESS CAN boxes 
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(called WCAN) by Agilion are installed in the 
trucks. The WCAN boxes allow a wireless connec-
tion between two or more network participants and 
are based on the robust radio technology nanoNET, 
a wide band communication technology in the 
5.8 GHz band. 

 

Figure 7.  Data delivered from HELLA camera. 

The GPS receivers used in this work are the GNS 
5843 receiver from GNS, Global Navigation Sys-
tems company. GNS 5843 is a GPS-RDS/TMC-
receiver with a Sirf-III chipset, supporting the 
NMEA 0183 data protocol. The cycle time is one 
second.  
The target hardware for the developed system is the 
dSPACE Autobox for rapid prototyping experi-
ments which offers the possibility of testing real-
time software on-bord. The software is developed 
with Matlab/Simulink and compiled with Real 
Time Workshop for the Autobox.  

SYSTEM ARCHITECTURE 

Our communication and environmental sensor 
based CM system for trucks needs robust data from 
the ego-vehicle and the environment. Therefore it is 
necessary to employ a GPS-tracking, that calculates 
the current position of the vehicle in the GK coor-
dinates. By means of the wireless communication, 
the GK coordinates and other vehicle relevant sig-
nals of a preceding vehicle are received in the fol-
lowing vehile. In combination with the IDIS Lidar 
sensor data, the received wireless data is combined 
and delivers a relevant target. Furthermore, the 
trajectory of the lane is predicted and is available 
for the CM system.  
In the following, the system architecture and mod-
ules are described.  
     Architecture – Figure 8 shows the architecture 
of the system. The measurement data are either 
used for determinatoin of the relevant target or 
delivered to the vehicle- or street model.  
GPS and vehicle sensors deliver measurement data 
to the vehicle model, executed each 10 ms. By 
means of an EKF, a GPS-tracking is built, provid-
ing position data of the vehicle in GK coordinates.  
The Camera system and the vehicle sensors deliver 
measurement data to the Kalman-Filter based street 
model and a robust prediction of the lane trajectory 

is reached. The street model is triggered with cam-
era measurement data (cycle time 50 ms).  
With the help of the IDIS Lidar sensor and the data 
gained by C2C, the relevant target vehicle is de-
termined. A relevant target can only be present, if 
the target vehicle and the ego-vehicle drive in the 
same lane. In this case, the lane trajectory runs 
through the target vehicle and a correction of the 
lane trajectory with the help of the relative coordi-
nates of the target vehicle can be performed. 
The architecture shown in Figure 8 is for imple-
mentation divided into five modules: the GPS 
modul, WLAN modul, vehicle data model, envi-
ronmental modul and CM modul.  

 

Figure 8.  CM system architecture.  

The GPS modul constains the vehicle model with 
GPS-tracking while the WLAN modul contains the 
transmission and receiving of the wireless mes-
sages. The vehicle modul is responsible to deliver 
the vehicle relevant data from CAN bus. The envi-
ronmental modul contains the algorithm for the 
determination of the relevant target and the street 
model. The CM modul consists of the CM system.  
     Vehicle Data Modul – The vehicle data modul 
delivers the relevant vehicle data from CAN bus 
and provides these data for further processing. In 
detail, these data are the yaw rate egoψ& , the vehicle 

velocity vego and the brake switch flag. The vehicle 
acceleration in longitudinal direction aego is gained 
from the velocity by a Luenberger observer [6].  
Further signals, generated within the vehicle data 
modul, are the vehicle width and the lane number. 
The vehicle width is hard coded with the width of 
the test vehicle (2.55 m). The lane number is de-
fined as shown on Figure 9. 
Up to now, no algorithm for the lane number de-
termination is implemented, thus the lane number 
for the performed tests was also hard coded.  
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Figure 9.  Definition of lane numbers.  

     GPS Modul – The GPS Modul contains the 
GPS-tracking. The GPS-tracking first transforms 
the GPS position (latitude, longitude and height) 
into the GK coordinates followed by generation of 
the measurement vector yGPS. The course angle τ 
has to be converted (16). Up to now, the slip angle 
β is not used in the test vehicle, but as the CM 
system is designed for highways the slip angle can 
be neglegted and (16) is simplified to (17):  
 

βτψ −−°= 90GPS  (16). 
  

τψ −°≈ 90GPS  (17). 
 
Hence, the state equations of the vehicle model are:  
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The measurement vector can be written with the 
current GK coordinates respectively the yaw angle 
and is available for the vehicle model.  
The input data of the GPS-tracking are the yaw rate 
and the velocity of the vehicle. For the EKF, the 
state equations are differentiated with respect to the 
state vector x to obtain the matrix A:  
 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⋅Δ−
⋅Δ

=
100

sin10

cos01

,

,

kGPS

kGPS

x

x

ψ
ψ

A  (19). 

Since an GPS update (cycle time 1 s) occurs not in 
each time step of the vehicle model (cycle time 
10 ms), the innovation of the EKF is set to zero, if 
no GPS update occurred. In this case the state vari-
ables of the vehicle model are updated only based 
on the model itself. 
     WLAN Modul – The WLAN modul receives 
and transmits data via C2C. The modul of the target 
vehicle transmits the relevant data while the modul 
of the ego-vehicle receives data. Transferred data 
are: velocity, longitudinal acceleration, yaw rate, 
brake switch, lane number, vehicle width, GK co-
ordinates, lateral position in lane and curvature. 
Velocity, longitudinal acceleration, yaw rate, brake 
switch, lane number and vehicle width are taken 
from the vehicle data modul while the lateral posi-
tion in lane and the road curvature are obtained by 

the environmental modul. The GK coordinates are 
converted to the coordinates of the truck’s rear end.  
By means of the GK positioning data of the target 
vehicle’s rear and the ego GK positioning data, the 
relative location of the target vehicle with respect 
to the ego-vehicle can be calculated, see Figure 10. 
Therefore, the angle αtarget is determined:  
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With the help of αtarget the relative position of the 
target vehicle dxGPS und dyGPS can be calculated:  
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Figure 10.  Determination of the target vehicle’s 
relative position. 

     Environmental Modul – The environmental 
modul differs for the ego- and target vehicle. The 
target vehicle modul consists only of camera data 
input to transmit them to the ego-vehicle via C2C.  
The environmental modul of the ego-vehicle con-
tains the input of the camera data, the input of the 
IDIS Lidar sensor and an algorithm comparing the 
IDIS data with the positioning data gained by C2C. 
Furthermore, the street model is implemented in the 
environmental modul.  
The determination of potential target vehicles con-
sist of the evaluation of the following attributes:  

• Object data declared as valid by the sensor 
• Distance is less than 100 m 
• Object width less than lane width 

Furthermore, each IDIS object has a lifetime 
counter. Having checked these attributes, a list of 
potential target vehicles is available. The next step 
for the determination of the target vehicle is de-
picted in Figure 11. Here, the redundant object data 
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(from C2C and IDIS sensor) are compared. These 
are the relative object position in x- and y-
direction, the velocity, width and acceleration of 
the target vehicle. For all potential target vehicles 
the absolute signal difference from IDIS- and C2C 
data are calculated. For the differences thresholds 
are defined within the algorithm. If any signal dif-
ference is higher than the threshold, the IDIS object 
is not regarded as target vehicle.  

 

Figure 11.  Determination of target vehicle.  

In case of having more than one IDIS object after 
this procedure, the algorithm regards that object to 
be the target vehicle, whose sum of all signal dif-
ferences is smallest.  
The implementation of the street model is also part 
of the environmental modul in the ego-vehicle. The 
input signals are the data measured by the camera 
in the ego-vehicle and the curvature measured by 
the Camera of the target vehicle, transmitted to the 
ego vehicle (C0,CAM,target). With the knowledge of 
C0,CAM,target the change of roard curvature is:  
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The value dxtarget describes the distance of the target 
vehicle in longitudinal direction. The measurement 
vector ylane of the street model is now given by:  
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The output of the Kalman-Filter is the state vector. 
This signal passes a further function that corrects 
the state variables C0,ego and C1,ego in case of an 
existing target vehicle. Is this the case, it is ensured 
that the ego- and target vehicle drive in the same 
lane. With the knowledge of the lateral lane offset 
y0,CAM,target and the position of the target vehicle 

(dxtarget, dytarget) the curvature C*
0,ego can be calcu-

lated by neglecting the change of curvature C1:  
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EXPERIMENTS AND RESULTS 

The developed models are tested in different test 
drives. While driving, measurement data of the 
sensors, communication and model data are re-
corded in the ego-vehicle. The recorded data are 
later used as input for simulations in Mat-
lab/Simulink. Thus, the model parameter can be 
modified and the effect can be evaluated.  
For tuning of the GPS-tracking, test drives without 
target vehicle are executed. In order to examine the 
functionality of the street model and to give a 
statement about the C2C and GPS based position 
measurement accuracy, test drives with two test 
vehicles are executed. The test drives are carried 
out at different velocities on straight and curved 
roads and on a test track with a static target vehicle 
and the ego-vehicle approaching at different veloci-
ties.  

Function check and tuning of GPS-
tracking 

The first manoeuvre for the function check of the 
GPS-tracking is a steady-state circle drive. Six tests 
are carried out, clockwise and three counterclock-
wise on a diameter of 80 m and 40 m. The tests on 
the 80 m diameter are done with a velocity of 
25 kph and 40 kph while the tests on the 40 m di-
ameter are done with 25 kph. An evaluation of a 
test on the 80 m circle with 25 kph before and after 
filter tuning is depicted in Figure 12.  
In the lower diagram of Figure 12 it can be seen 
that the model behaviour after the filter tuning 
delivers better results. The evaluation of the test 
drive delivers a diameter of 80.35 m (corresponds 
to a difference of 0.35 m). If all tests are taken into 
account, the maximum difference for the 80 m 
circle is 2.5 m and for the 40 m circle 2 m.  
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Figure 12. Results of GPS-tracking before 
(above) and after filter tuning (below).  

Despite the filter tuning the circle in the lower 
diagram of Figure 12 shows steps in the signal due 
to GPS data update. Between two GPS data updates 
the GK coordinates and the course angle are up-
dated model based. The evaluation of the tests with 
tuned filter parameters shows that the maximum 
difference between the new received GPS position 
and the model based position is less than 1.5 m. 
Thus, it can be stated that the vehicle model deliv-
ers valid data. To ensure that the vehicle model 
delivers not only in steady-state scenarios valid 
data, test drives in real traffic are executed.  
Here the GPS- and vehicle data were also recorded 
for later offline simulations and the result is shown 
in Figure 13. 
The track contains straight parts and also curves 
with large and small radii. Hence, it is well used to 
examine the model function and perform a filter 
tuning. In Figure 13 red and blue position plots are 
given. The blue plots show the GPS measurement 
data from the receivers. The red plots are the 
tracked coordinates after further filter tuning. 
 

 

Figure 13.  Measurement on real road.  

Figure 14 shows a detail from the track (green in 
Figure 13). The model is doing well on straight and 
curved parts with a slight tendency to less accuracy 
for increasing curvature. The course angle τ is on 
the one hand less accurate during a change of mo-
tion direction and on the other hand time-delayed. 
Furthermore, the side slip angle β is neglected, 
which is correct for highway driving conditions but 
leads to mistakes on narrow curves. Hence, using a 
receiver with a better course angle and implement-
ing a slip angle estimator could increase the results. 

 

Figure 14.  Extract of measurement.  

As a further factor the traction and brake slip influ-
ences the performance. During strong acceleration 
and deceleration a higher difference between new 
measured and estimated position was found. In 
order to remove this influence, a reference velocity 
should be used in future, weighting the front axle 
speed sensors more during acceleration and rear 
axle speed sensors more during deceleration. 
Within all tests the largest difference between 
measured and estimated position was 2.51 m with 
an average value of 0.57 m after filter tuning. 

Fig. 14 
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Function check and tuning of street 
model 

Comparable to the functional check of the vehicle 
model, driving tests were performed for testing and 
filter tuning of the street model.  
In total 30 test runs were done for the functional 
check, ⅓ on straight roads, ⅓ on positive curvature 
(left turn) and ⅓ on negative curvature (right turn), 
with velocities between 60 to 90 kph. For the later 
offline simulations and tuning of the street model, 
again all relevant data were recorderd. Tuning of 
the object plausibility check algorithm is described 
in a later section, the simulation results of the street 
model are described now.  
Figure 15 shows the lateral position in lane for a 
test drive on a straight road. The measurement data 
are marked blue and the model data red.  
At the beginning, the Kalman-Filter needs some 
time to engage (Figure 15). Regarding the meas-
ured position in lane, at 12 s one can see a dropout. 
The sensor system did not detect the lane correctly, 
but the street model delivers a steady signal and is 
not influenced by this dropout. 

 

Figure 15.  Measured and estimated position.  

Figure 16 shows the results for the lane width of 
the same run. Here one can also find the dropout in 
the blue measurement data at 12 s and again the 
model based red signal is stable and not influenced. 
The lane width delivers correct values between 3.6 
and 3.8 m which are in the range of values defined 
for German highways (3.75 m according to [5]).  
In order to give a statement about the quality of the 
curvature and curvature change signal, the tests on 
curved roads are used. The test track is the last part 
of the highway A544 in Aachen, shown in Figure 
17 (marked blue). The test track is driven in both 
directions in order to get data of right-hand- (nega-
tive curvature) and left-hand bend (positive curva-
ture). With the help of a satellite picture and GPS 
data, a reference value for the radius of this curve 
was determined to 600 m (curvature 0.00167 m-1).  
The test drives were done with 60 and 90 kph and 
different distances (varying from 15 to 100 m) 
between the trucks in order to evaluate distance 
influences on the result.  

 

Figure 16.  Measured and estimated lane width.  

The evaluation of one measurement is shown in 
Figure 18. Because of the driving direction, posi-
tive curvature values should occur (direction 2, see 
Figure 17). Again the measurement data are 
marked blue, model data are marked red and the 
filter needs some time to engage on the beginning. 
 

R˜ 600m

driving direction 2

driving direction 1

 

Figure 17. Curved highway segment.  

The measurement duration is 20 s and the distance 
between the vehicles is 15 m. The measurement 
data show positive values for the curvature in a 
range of 0.00167 m-1. Hence the model output can 
be considered as correct.  

 

Figure 18.  Measurement results for curvature 
C0,CAM and C0,est. 
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Between 5 and 6 s the camera delivers wrong 
measurement values for the curvature. The street 
model compensates this and delivers correct values 
because the wrong measurement values are de-
tected by a gating function (not described in this 
paper) and are not feed into the street model.  
With the help of the curvature signal from the tar-
get vehicle and the implemented street model, a 
statement about the change of curvature is possible. 
The upper diagram in Figure 19 shows the curva-
ture signal in the target vehicle, the lower shows 
the model based curvature change. Here no refer-
ence value was available but an estimation can be 
done with Equation (23). Using the curvature in the 
target vehicle e.g. at 18 s (1.4·10-3 m-1) and the 
curvature in the ego-vehicle at 18 s (1.6·10-3 m-1) as 
well as the model based curvature change (1.3·10-5 
m-2) in Equation (23), the resulting distance is 
15.4 m, which is close to the distance between the 
trucks in the test (15 m). Hence the values for the 
curvature change can be considered as reliable.  

 

 

Figure 19.  Curvature signal of target vehicle 
(above) and estimated change of curvature (be-
low).  

As stated above, the knowledge about the position 
of the target vehicle in the IDIS lidar sensor coor-
dinate system can be used to determine a curvature 
C*

0. Figure 20 shows the results of this approach 
with the curvature calculated from the target vehi-
cle position (blue) and the curvature from the street 

model (red) for a test drive into direction 1 (nega-
tive curvature) with 80 kph and 30 m distance be-
tween the vehicles. 

 

Figure 20.  Results of the corrected curveature 
estimation.  

After the Kalman-Filter is engaged both curvatures 
show comparable values, delivering a redundant 
signal for the curvature which can be used later in 
the CM system development.  

Driving tests for the determination of 
the quality of GPS based distance meas-
urement 

Having checked the funciotnality of the models, in 
a next step the accuracy of the GPS and communi-
cation based positioning is investigated. Therefore 
the test drives on highways are examined as a first 
step. With the help of offline simulations per-
formed with the highway test data, the threshold 
values of the object detection algorithm are tuned.  
In order to give a statement about the quality of this 
approach for the detection of standing objects, test 
drives on ika’s test track with a static target vehicle 
are executed in a second step. The results of both 
experiments are presented in the following.  
     Highway tests – The following diagrams show 
the relative position of the target vehicle with re-
spect to the ego-vehicle as a function of time (red 
graphs are the measured data of the IDIS sensor 
and blue graphs show the communication based 
position data).  
The test drive depicted in Figure 21 shows an ap-
proaching maneuvre of the ego-vehicle towards the 
target vehicle with a starting distance of about 97 m 
and a relative velocity of about 7 kph. Examining 
both diagrams, the influence of GPS data updates 
can be seen (the graphs show a step). Furthermore, 
in the upper diagram a signal dropout at the time of 
11 s (blue graph) is remarkable. This is due to a 
short break down of the C2C, so that the GK coor-
dinates of the target vehicle are not updated. The 
lower diagram shows that a break down of the C2C 
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communication affects the lateral positioning not as 
much as the longitudinal position due to the higher 
velocity in longitudinal direction.  
In order to acquire robust data even if C2C breaks 
down, a further Kalman-Filter based vehicle model 
of the target vehicle could be implemented in the 
ego-vehicle. Thus, in case of communication break 
down, the position of the target vehicle could be 
estimated model based.  

 

 

Figure 21.  Relative localisation GPS- and IDIS 
based. 

If the dropout from communication break down is 
neglected, the maximum difference between IDIS- 
and communication data is -2.5 m (mean value: -
1.5 m) in longitudinal direction. For the lateral 
direction the positioning accuracy is less. At the 
time of 5 s the difference is -4.8 m.  
Figure 22 shows two diagrams for the relative posi-
tion of the target vehicle, too. Within this test a 
constant distance of 55 m between ego- and target 
vehicle was held. The positioning accuracy in lat-
eral direction (lower diagram) did not change in 
comparison to the measurement described above. 
In contrast, in longitudinal direction a larger differ-
ence is shown. The maximum difference between 
the IDIS- and the communication based signal is 
+6.9 m (mean value: +4.85 m).  
The result of the executed test drives is that the 
quality of the GPS based positioning is depending 

on various and hard to determine factors. For ex-
ample, 40 % of the test drives were executed hav-
ing a clear sky while 60 % of the test drives were 
executed when it was clouded. Within the experi-
ments with a clear sky (e.g. the test drive in Figure 
21) the measurement results are better than the 
experiments when it was cloudy (e.g. test drive in 
Figure 22) what can be caused by a better satellite 
reception. A further factor to the quality of the 
positioning accuracy is the current satellite constel-
lation (“bad geometry”) [7].  
Having analysed the measurement results for the 
test drives, two of five thresholds for the signal 
differences of the redundant signals are determined 
(distance in longitudinal/lateral direction). 
In order to determine the remaining three thresh-
olds (difference of velocity-, acceleration- and ve-
hicle width signal) further simulations are carried 
out. Therefore the recorded sensor signals are fed 
in the object detection algorithm and the thresholds 
are varied. The effects of the threshold variation is 
evaluated by the help of a tool that shows the re-
corded scene with a birds eye view (see Figure 23). 

 

 

Figure 22.  Relative localisation GPS- and IDIS 
based.  

Displayed signals are the estimated lane trajectory 
of the street model as well as the lane trajectory 
corrected with communication data from target 
vehicle (red and blue graph in Figure 23). The 
direction of the vehicle in lane is indicated by the 
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yellow line starting from the origin of the coordi-
nate system. Furthermore, the IDIS data (in Figure 
23 depicted as different symbols in the colours red 
and cyan) and the GPS and communication based 
position of the target vehicle (magenta coloured 
square) are displayed.  

 

Figure 23.  Tool for test drive evaluation.  

If a relevant target is detected by the algorithm, it is 
marked as a black square in the bird’s eye tool.  
The simulations are run with different threshold 
constellations and the effects are observed in the 
evaluation tool. With this process the thresholds are 
determined.  
One situation shown in Figure 24 could be critical 
for the determination of the target vehicle.  

 

Figure 24. Critical situation for data fusion.  

In this situation two vehicles with the identical 
width and velocity drive next to each other with the 
same distance towards the ego vehicle. The calcu-
lated position of the target vehicle differs from the 
position measured by the IDIS sensor. While the 
width, velocity, acceleration and the longitudinal 
distance of the two preceding vehicles is identical, 
the lateral position of the calculated point is differ-
ent. The lateral position is located closer to the 
vehicle driving in the left lane. If both vehicles are 
equipped with a communication system, they will 
transmit their lane numbers to the ego-vehicle. 
Thus, the vehicle driving in the left lane can be 
regarded as not relevant by the object detection and 
the correct vehicle will be found.  
     Tests with target vehicle standing still – These 
experiments are executed on the test track of ika 
and can indentify possible factors that influence the 
quality of the communication based detection and 

ranging. Therefore two experiments were carried 
out with 34 measurements on two different days 
under different weather conditions. The procedure 
is shown in Figure 25. 
 

 

Figure 25.  Experiment procedure.  

Within experiment 1 the ego-vehicle approaches 
with velocities of 20, 40, 50, 60, 70 and 75 kph to 
the rear of the target vehicle. The ego-vehicle 
avoids the collision at a very late moment by steer-
ing. In the second experiment the ego-vehicle ap-
proaches with velocities of 20, 40, 50, 60 and 
70 kph to the rear of the target vehicle, braking 
heavily at a late moment and comming to standstill 
behind the target vehicle.  
The upper diagram in Figure 26 shows the evalua-
tion of a test drive of the first experiment with a 
velocity of 50 kph. In this diagram the IDIS dis-
tance signal (red) and the calculated communica-
tion based distance (blue) are plotted as a function 
of the time. It is obvious that the IDIS sensor does 
not detect the target vehicle anymore starting from 
a distance of 20 m because the target passes out of 
the sensor detection range due to the emergency 
steering manoevre. In contrast, the GPS delivers 
distance information continuously. The difference 
between IDIS- and GPS based distance signal is 
almost constantly (7.5 m). If all test drives of ex-
periment 1 are considered it is noticeable that the 
difference in the distance signal changes with the 
relative velocity.  
In order to point out the influence of the relative 
velocity, the mean distance failure of different test 
drives for the two different test days is depicted in 
the lower diagram of Figure 26 as a function of the 
relative velocity.  
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Figure 26.  Measurement evaluation of experi-
ment 1 (above) and mean distance failure as a 
function of the relative velocity (below).  

Due to the seperated graphs of the tests it is obvi-
ous that the mean distance error of the first day is 
always larger than the error of day two. This error 
might be a result from different satellite constella-
tions and different weather conditions. Further-
more, the distance error rises with increasing rela-
tive velocity.  
Accordingly, the data of experiment 2 confirm the 
dependence of the quality of the communication 
based detection and ranging. Figure 27 shows the 
evaluation of the second test procedure with a start-
ing ego-vehicle velocity of 70 kph. The process of 
the velocity signal is given by the green line in 
Figure 27. If the velocity decreases, the distance 
failure decreases, too. This proves the relative ve-
locity dependency.  

 

Figure 27.  Measurement evaluation of experi-
ment 2. 

The applicability of this approach for the validation 
of objects standing still is hence depending of the 
occuring relative velocities. In the executed ex-
periments, the developed algorithm delivered 
promising results up to a relative velocity of 50 kph 
(day one) resp. 60 kph (day two). Above this rela-
tive velocities the developed algorithm was not 

able to deliver dependable results due to the high 
difference of calculated and IDIS positioning data.  

CONCLUSION 

The described system delivers robust input data for 
the development of collision warning (CW) and 
collision mitigation (CM) systems.  
Therefore a GPS-Tracking was implemented, de-
livering a higher update rate for the vehicle position 
in GK coordinates. With the use of C2C, the GK 
coordinates and further vehicle relevant data from 
the preceding vehicle are transferred to the follow-
ing vehicle. The run of the road trajectory is deter-
mined by ego-vehicle data and data from preceding 
vehicle also transmitted via C2C.  
The GK coordinates from the preceding vehicle are 
used to determine its relative position to the ego 
vehicle. These data are used together with further 
vehicle data for the determination of the relevant 
target out of the data from an IDIS Lidar sensor in 
order to get a robust detection of stationary targets.  
Within driving tests and simulations (data gained 
from these driving tests), the function of the detec-
tion system was tuned. It can be stated that the used 
concept with environmental sensors, GPS and C2C 
is generally suitable for the detection of stationary 
targets. On the other hand some limitations from 
the used setup and hardware must be mentioned. 
These limitations refer to the relative velocity be-
tween the stationary target and ego-vehicle. Within 
the tests a dependency of the relative velocity to the 
communication based position determination was 
found. Furthermore, the accuracy of GPS data is 
depending on the weather, number of satellites and 
satellite constellation. For future developments a 
DGPS system with higher accuracy should be used 
and a synchronisation of the C2C communication 
should be implemented.  
Further improvements could be achieved by im-
plementation of a bicycle model into the GPS-
tracking function and the determination of a refer-
ence velocity, weighting the signals from front and 
rear axle speed sensors during acceleration or brak-
ing.  
Despite the mentioned limitations, the presented 
concept was used within a CW- and CM system on 
the test track with promission results in [8] and we 
will continue the work on this topic in order to 
contribute to an accident reduction one day.  
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ABSTRACT 
 
At a crash scene, EMS providers must not only 
determine the severity of injury and initiate medical 
management, but also identify the most appropriate 
transport destination facility through a process called 
“field triage.”  Proper decision making has a very 
significant impact on the outcome of injured subjects.  
Step III of the Field Triage Decision Scheme 
addresses mechanisms of injury and previously 
included “High Speed Auto Crash” as supported by 
initial estimated speed >40 MPH, major auto 
deformity >20 inches and intrusion into passenger 
compartment > 12 inches. 
 
To take into account recent changes in trauma 
systems development and vehicle safety engineering 
and telemetry capabilities, the universally used Field 
Triage Decision Scheme was revised by a National 
Expert Panel organized by the Centers for Disease 
Control and Prevention.  An extensive review of 
published evidence as well as analysis of crash injury 
databases was performed.  New criteria targeted a 
20% positive predictive value for Injury Severity 
Score greater than 15 (ISS>15) since more severely 
injured patients benefit most from transport to the 
highest level of trauma care.  “High Speed Auto 
Crash” was revised to “High Risk Auto Crash” as 
supported by intrusion >12 inches at the occupant site 
or >18 inches anywhere in the vehicle as well as field 
telemetry consistent with high risk of injury.  
Rollover events and prolonged extrication were 
removed as criteria while death in the same occupant 

compartment was retained.  The occupant ejection 
criterion was changed to specify both partial and 
complete ejection. 
 
The recent revision of the universally used Field 
Triage Decision Scheme has potential to greatly 
improve rescue and treatment of crash injury victims.  
The addition of “vehicle telemetry consistent with 
high risk of injury” provides a tremendous 
opportunity for the automotive and medical 
communities to work co-operatively to improve crash 
safety.   
 
 
INTRODUCTION 
 
Crash injuries are a major global public health 
problem.  Each year, nearly 1.2 million people 
worldwide are killed in road traffic crashes and 20 
million to 50 million more are injured. Crash injuries 
account for 2.1% of global mortality and 2.6% of all 
disability-adjusted life years (DALYs) lost.  Without 
appropriate action, by 2020, road traffic injuries are 
predicted to be the third leading contributor to the 
global burden of disease. The economic cost of road 
traffic crashes is enormous. Globally it is estimated 
that US$518 billion is spent on road traffic crashes 
(1). 

When someone is injured in a motor vehicle collision 
(MVC), the responding emergency medical services 
(EMS) providers must provide emergency care at the 
scene and then transport the patient to a health-care 
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facility for further evaluation and treatment. “Field 
triage” is the process by which EMS responders 
determine the facility to which an injured patient 
should be transported.  Although all emergency 
departments provide basic emergency services, 
certain hospitals, known as “trauma centers”, have 
additional expertise and equipment for treating 
severely injured patients. In the United States, trauma 
centers are classified by the American College of 
Surgeons Committee on Trauma (ACS-COT) 
depending on the scope of resources and services 
available, ranging from Level I, which provides the 
highest level of care, to Level IV.  

Whether an injured patient is triaged for transport to 
an appropriate level of care facility or not can have a 
very significant impact on that patient’s subsequent 
morbidity and mortality.  Experience with field triage 
has confirmed the importance of destination 
decisions in trauma care.  The National Study on the 
Costs and Outcomes of Trauma (NSCOT) recently 
evaluated the effect of trauma center care on 
mortality in moderately to severely injured patients; 
the study found a 25% reduction in mortality for 
severely injured patients who received care at a Level 
I trauma center rather than at a non-trauma center (2).  
This study examined data from Level I trauma 
centers and large non-trauma center hospitals (i.e., 
hospitals that treated >25 major trauma patients each 
year) in 15 metropolitan statistical areas in 14 states. 
Complete data for 1,104 patients who died in the ED 
or hospital were compared with 4,087 selected 
patients who were discharged alive. After adjusting 
for differences in case mix, including age, 
comorbidities, and injury severity, the researchers 
found that 1-year mortality was lower among 
severely injured patients treated at Level I trauma 
centers (10.4%) than those treated at large non-
trauma center hospitals (13.8%) (relative risk [RR] = 
0.75; 95% CI: 0.6–1.0). Those treated at Level I 
trauma centers also had lower in-hospital mortality 
(RR = 0.8; 95% CI: 0.8–1.0), fewer deaths at 30 days 
after injury (RR = 0.8; 95% CI: 0.6–1.0), and fewer 
deaths at 90 days after injury (RR = 0.8; 95% CI: 
0.6–1.0). 

While it may seem easiest to transport all injured 
patients to trauma centers, trauma centers are a 
limited resource that can be overwhelmed.  
Furthermore, the treatment delays that result when 
injured patients are transported greater distances to 
trauma centers when sufficiently capable non-trauma 
centers are in closer proximity may worsen the 

clinical outcome of a subset of patients.  Greater 
transport distances also place a very significant work 
burden on EMS responders, particularly in rural 
areas.  Patients with less severe injuries might 
therefore be served better by transport to a closer ED. 
Transporting all injured patients to Level I trauma 
centers, when many do not require that high a level of 
resources and expertise, unnecessarily burdens those 
facilities and makes them less available for the most 
severely injured patients. 

The initial recommendations from the ACS-COT in 
Field Categorization of Trauma Patients in 1976 (3) 
did not specify triage criteria, but they did contain 
physiologic and anatomic measures that allowed 
stratification of patients by injury severity.  At that 
time, the ACS-COT developed guidelines for the 
verification of trauma centers, including standards for 
personnel, facility, and processes deemed necessary 
for the optimal care of injured persons.  Subsequent 
studies in the 1970s and early to middle 1980s 
showed a reduction in mortality in those regions with 
specialized trauma centers (4-6). These studies led to 
a national consensus conference in 1987 that resulted 
in the first ACS field triage protocols, known as the 
“Triage Decision Scheme” for trauma patients. Since 
1987, this Decision Scheme has served as the basis 
for the field triage for trauma patients in the majority 
of EMS systems in the United States.  Individual 
EMS systems may adapt the Decision Scheme to 
meet the demands of the operational context in which 
they function. For example, the Decision Scheme 
may be modified to a specific environment (densely 
urban or extremely rural), to resources available 
(presence or absence of a specialized pediatric trauma 
center), or at the discretion of the local medical 
director.  This Decision Scheme has been widely 
adopted by EMS systems around the world.    

The “accuracy” of field triage is the degree of match 
between severity of injury and level of care.  
Maximally sensitive triage would mean that all 
patients with injuries appropriate to a Level I or 
Level II trauma center would be sent to such centers. 
Maximally specific triage would mean that no 
patients who could be treated at a Level III or Level 
IV center or community ED would be transported to 
a Level I or Level II center. Triage that succeeded in 
transporting only patients with high injury severity to 
a Level I or Level II center would maximize the 
positive predictive value (PPV) of the process, and 
triage that succeeded in transporting only low injury 
severity patients to a Level III, IV, or community ED 
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would maximize the negative predictive value 
(NPV).   

Ideally, all persons with severe, life-threatening 
injuries would be transported to a Level I or Level II 
trauma center, and all persons with less serious 
injuries would be transported to lower-level trauma 
centers or community EDs. Unfortunately, patient 
differences, occult injuries, and the complexities of 
patient assessment in the field make it impossible to 
attain perfect accuracy in triage decisions. Inaccurate 
triage that results in a patient who requires higher-
level care not being transported to a Level I or Level 
II trauma center is termed “undertriage.” The result 
of undertriage is that a patient does not receive the 
specialized trauma care required. “Overtriage” occurs 
when a patient who does not require care in a higher-
level trauma center is nevertheless transported to 
such a center, thereby unnecessarily consuming 
scarce resources. In the triage research literature, all 
of these measures—sensitivity, specificity, PPV, 
NPV, undertriage, and overtriage—along with 
measures of association such as the odds ratio, are 
used to assess the effectiveness of field triage. 

Like sensitivity and specificity applied to screening 
tests, reductions in undertriage are usually 
accompanied by increases in overtriage, and vice 
versa.  Because the potential harm associated with 
undertriage (i.e., causing a patient in need of trauma 
center care not to receive appropriate care) is high 
and could result in death or substantial morbidity and 
disability, trauma systems frequently err on the side 
of minimizing undertriage rather than minimizing 
overtriage. Target levels for undertriage rates within 
a trauma system might range from 1% to 5% of 
patients requiring Level I or II trauma center care, 
depending on the criteria used to determine the 
undertriage rate (e.g., death, ISS) (7). Acceptable 
overtriage rates vary, but might range from 25% to 
50% (7). As field triage continues to change on the 
basis of new research findings, overtriage rates might 
be reduced while maintaining low undertriage rates 
so that limited health care resources can be optimally 
used. 

 

METHODS  

The National Expert Panel of Field Triage is 
comprised of three dozen individuals with expertise 
in acute injury care representing a broad range of 
interested parties, including EMS providers and 

medical directors, emergency medicine physicians 
and nurses, adult and pediatric trauma surgeons, the 
automotive industry, public health, and Federal 
agencies. This Panel is responsible for periodically 
reevaluating the Decision Scheme, determining if the 
criteria are consistent with current scientific evidence 
and compatible with advances in technology (e.g., 
vehicular telemetry), and, as appropriate, 
recommending revisions to the Decision Scheme. In 
May 2005, with support from NHTSA’s Office of 
Emergency Medical Services, the Centers for Disease 
Control and Prevention (CDC) convened the Panel to 
evaluate and revise the 1999 Decision Scheme. The 
Panel recognized that peer-reviewed studies would be 
the preferred basis for its decisions regarding revision 
of the Decision Scheme, but noted that literature that 
specifically addresses or supports the Decision 
Scheme or its component criteria is sparse. Thus, the 
Panel decided to use multiple approaches to identify 
as much relevant published literature as possible and 
to consider other sources of evidence (e.g., consensus 
statements, policy statements). Finally, when 
definitive research, consensus, or policy statements 
were lacking, the Panel based revisions and 
recommendations on the expert opinion of its 
members. 

In preparation for the first meeting of the Panel, a 
structured literature review (8) was performed which 
examined the entire Decision Scheme and each of its 
component steps.  MEDLINE was used and English-
language articles published between 1966 and 2005 
were searched using the Medical Subject Headings 
(MeSH) “emergency medical services,” “wounds and 
injury,” and “triage.” Additionally, the reference 
sections of identified papers were searched to identify 
other potential articles. A total of 542 titles were 
identified, of which 80 relevant articles were 
subsequently reviewed and presented to the Panel at 
its first meeting.  During the subsequent two-year 
revision process, panel members also identified 
additional relevant literature that had not been 
examined during the structured review.  Primary 
emphasis was placed on articles published since the 
development of the 1999 version of the Decision 
Scheme. 

At its initial meeting, the Panel determined that the 
limited evidence was most compelling in support of 
the physiologic (Step One) and anatomic (Step Two) 
criteria of the Decision Scheme. Agreement was 
unanimous that the mechanism of injury criteria (Step 
Three) needed revision, and approximately half of the 
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Panel recommended that the special considerations 
step (Step Four), which addresses comorbidity and 
extremes of age, be revised. Ultimately, the Panel 
elected to undertake limited revisions of the 
physiologic and anatomic steps and more substantive 
revision of the mechanism of injury and special 
considerations steps.  Working subgroups of the 
Panel then conducted further detailed review of the 
literature and developed recommendations regarding 
individual components of the Decision Scheme, 
focusing on the determination of the accuracy of 
existing criteria and on identifying new criteria 
needed for both Steps Three and Four of the Decision 
Scheme. 

The working subgroups used ISS >15 generally as 
the threshold for identifying severe injury; however, 
other factors (e.g., need for prompt operative care, 
intensive care unit [ICU] admission, case fatality 
rates) were also considered. Varying methodologies 
and different analyses were used to determine the 
appropriateness of individual mechanism of injury 
(Step Three) criteria (e.g., ISS or resource 
utilization). Thus, a threshold of 20% PPV to predict 
severe injury (ISS >15), major surgery, or ICU 
admission was used to place new criteria into 
discussion for inclusion as mechanism of injury 
criteria. PPV <10% was used as a threshold for 
placing existing mechanism of injury criteria into 
discussion for removal from the Decision Scheme. In 
selecting the PPV thresholds, the Panel recognized 
the limitations of data available in the relevant 
literature. In addition to the criteria automatically 
placed into discussion based on PPV <10% or >20%, 
Panel members also could nominate criteria having 
PPV 10%–20% for further discussion. 

The recommendations of the working subgroups 
were presented to the entire Panel in April 2006 for 
discussion, minor modification, and formal adoption 
as revisions to the Decision Scheme.  Final consensus 
on the recommendations in the Decision Scheme was 
reached on the basis of supporting or refuting 
evidence, professional experience, and the judgment 
of the Panel.  The revised Decision Scheme (Figure 
1), with a draft description of the revision process, 
was distributed to relevant associations, 
organizations, and agencies representing acute-injury 
care providers and public health professionals for 
their review and endorsement.  Following 
endorsement by multiple organizations, the Decision 
Scheme was published in 2006 edition of the 

American College of Surgeons’ Resources for the 
Optimal Care of the Injured Patient.   

The definitive detailed description of the process of 
revision and the rationale behind the new decision 
scheme was published in the medical literature in 
January 2009 (9).  Readers should refer to this 
definitive monograph for information regarding the 
full extent of changes made to the Field Triage 
Decision Scheme.  In order to increase awareness 
within the international automotive safety community 
of these important changes to the Decision Scheme, 
this current manuscript for the 21st Enhanced Safety 
of Vehicles Conference focuses only on the changes 
to Step Three (Mechanism of Injury) criteria relevant 
to injured MVC occupants. 

 
RESULTS 
 
Criterion Deleted:   Extrication Time >20 Minutes  

In determining whether to retain extrication time >20 
minutes as a criterion in the 2006 Decision Scheme, 
the Panel recognized potential problems with field 
use of this criterion. It is difficult for EMS personnel 
to determine exact times while managing the scene of 
a crash and assessing and treating vehicle occupants. 
Adverse weather conditions and darkness can further 
complicate matters. Additionally, because most 
EMTs are trained only to do light extrication, and 
must call someone else for heavy rescue, it is unclear 
when EMS personnel should “start the clock” for the 
20-minute time frame.  

The Panel recognized that, although lengthy 
extrication time may be indicative of increasing 
injury severity, the new vehicle construction and 
improved occupant protection systems in modern 
automobiles appear to be causing an increase in the 
number of non-seriously injured patients who require 
>20 minutes for extrication.  Although occupants 
may require extrication due to lower extremity 
injuries, they may not have sustained serious life-
threatening injuries to the head or torso due to 
improved occupant protection systems. The Panel 
determined that the changes made to the triage 
protocol for cabin intrusion adequately addressed 
issues relevant to extrication time, and elected to 
delete extrication time as a criterion (Table 2, Figure 
1). This also decreases the number of criteria with 
which EMS personnel must contend in the time-
sensitive decision making required on the scene of a 
motor vehicle crash. 
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Table 1. 

Old Step 3 (Mechanism of Injury) Criteria 
 
High speed auto crash 
    Initial speed > 40 mph 
    Major auto deformity > 20 inches 
    Intrusion into passenger compartment > 12 inches 
 
Ejection from automobile 
 
Death in same passenger compartment 
 
Extrication time >20 minutes 
 
Rollover 
 
Falls > 20 feet 
 
Auto-pedestrian/auto-bicycle injury with significant  
    (>5 mph) impact 
 
Pedestrian thrown or run over 
 
Motorcycle crash > 20 mph or with separation of  
    rider from bike 
 
 
 
Criterion Deleted:  Rollover Crash  
 
Published data indicate that rollover crash event has a 
PPV for severe injury of <10%. A multivariate 
analysis of 621 crashes indicated that rollover crash 
was not associated with ISS >15 (10).  Analysis of 
contemporary NASS CDS research confirmed that 
rollover crash (in the absence of ejection) was not 
associated with increasing injury severity (AIS >3) 
although rollovers with occupant ejection were 
clearly associated with increasing injury severity 
(11).  Review of current NASS CDS data also 
showed that a >20% risk of ISS >15 was not 
associated with the number of quarter turns in a 
rollover crash, nor the landing position of the vehicle 
or maximum vertical or roof intrusion.  (11) 
   
The increased injury severity associated with rollover 
crashes is seen when an occupant is partially or 
completely ejected from the vehicle, which most 
frequently occurs when restraints are not used.  The 
decision was made to broaden the ejection criterion 
to include both partial and complete ejection for  

 

Table 2. 
 

Current Step 3 (Mechanism of Injury) Criteria 
 
High-Risk Auto Crash 
     Intrusion:  >12 in. occupant site or >18 in. any  
          site 
     Ejection (partial or complete) from automobile 
     Death in same passenger compartment 
     Vehicle telemetry data consistent with high risk of 
          Injury 
 
Falls 
     Adults:  >20 ft. (one story = 10 ft.) 
     Children:  >10 ft. or 2–3 times child’s height 
 
Auto versus pedestrian/bicyclist thrown, run over, or  
     with significant impact (>20 mph) 
 
Motorcycle crash >20 mph 
 
 
 
 
 
 
 

 
transport to a trauma center as a mechanism of injury 
associated with high-risk auto crash (see below).  As  
a result of these findings, the Panel concluded that 
rollover crash, in and of itself, is not associated with 
increasing injury severity and should not stand as a 
separate criterion. The Panel chose to delete rollover 
crash criterion from the 2006 Decision Scheme 
(Table 2, Figure 1).  

 
 
Criterion Retained:  Ejection (Partial or 
Complete) from Automobile 
 
There was evidence to support that ejection is 
associated with increased severity of injury. A 
multivariate analysis of data collected from 1996–
2000 at the Royal Melbourne Hospital in Victoria, 
Australia, examined 621 crashes and found that 
ejection from the vehicle was associated with major 
injury defined as ISS >15, ICU admission >24 hours 
requiring mechanical ventilation, urgent surgery, or 
death (OR = 2.5; CI: 1.1–6.0) compared with crashes 
without ejection (10). A retrospective evaluation of 
NASS data collected during 1993–2001 was 
conducted to determine the crash characteristics 
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associated with significant chest and abdominal 
injuries; this evaluation indicated that the predictive 
model that produced the best balance between 
sensitivity and specificity included ejection as a 
variable (12).  A person who has been ejected from a 
vehicle as a result of a crash has been exposed to a 
significant transfer of energy with the potential to 
result in severe life- or limb-threatening injuries. 
Lacking the protective effects of vehicle restraint 
systems, occupants who have been ejected may have 
struck the interior many times prior to ejection (13). 
Further, ejection of the patient from the vehicle 
increases the chance of death by 25 times, and one of 
three ejected victims sustains a cervical spine fracture 
(13). No literature reviewed argued conclusively for 
removal of this criterion. Therefore, on the basis of 
the available, albeit limited, evidence, combined with 
the Panel’s experience, ejection from the vehicle was 
retained as a criterion (Table 2, Figure 1). 
 
The Panel further concluded that, because the 
literature reviewed showed that partial or complete 
ejection is associated with severe injury, ICU 
admission, urgent surgery, and death, even if these 
patients do not meet physiologic or anatomic criteria, 
they still warrant a trauma center evaluation based 
upon mechanism only. Additionally, ejections of 
vehicle occupants are not that frequent. Transporting 
all such patients for evaluation would not be expected 
to overburden the system. These patients may be 
transported to the closest appropriate trauma center, 
which, depending on the trauma system, need not be 
the highest level trauma center.   
 
 
Criterion Retained: Death in Same Passenger 
Compartment 
 
In the context of a MVC, death of an occupant in a 
vehicle is highly indicative that a significant force 
has been applied to that vehicle and all of its 
occupants. A prospective study of MVC victims in 
Suffolk County, New York, indicated that death of an 
occupant in the same vehicle was associated with 
increased odds for major surgery or death (AOR = 
39.0; CI: 2.7–569.6) and ISS >15 (AOR = 19.8; CI: 
1.1–366.3) (14).  A prospective study of 1,473 
patients, which did not account for the impact of 
physiologic or anatomic criteria, indicated that 3 of 
14 occupants in a vehicle with a fatality had ISS >15, 
resulting in PPV of 21.4% for severe injury by this 
mechanism (15)). A review of data concerning 621 
crash victims indicated that occupants of vehicles in 

which a fatality occurred comprised 11% of the 
patients evaluated and 7% of the patients with major 
injury, but fatality of an occupant was not statistically 
associated with major injury (10). In its discussions, 
the Panel noted that two of the three studies cited 
above demonstrated a PPV >20% for ISS >15, as 
well as increased odds for major surgery or death of 
occupants in a vehicle in which a fatality occurs. 
Although the remaining study did not show a 
statistical association with major injury, this single 
study was not compelling enough to delete this 
criterion. Panel members affirmed that, in their 
clinical experience, death of an occupant in a vehicle 
is associated with a risk of severe injury to any 
surviving occupant.  
 
After reviewing the evidence, the Panel concluded 
that death in the same passenger compartment should 
be retained as a criterion for the 2006 version of the 
Decision Scheme (Table 2, Figure 1). Surviving 
passengers should be transported to the closest 
appropriate trauma center. As the number of patients 
who fall into this category is small, such requirement 
for transport would not overburden the system.  
 
 
Criterion Modified:  Intrusion >12 inches at 
Occupant Site, or >18 inches at Any Site 
 
Evidence examined in consideration of this criterion 
included the 2003 retrospective study of 621 MVC 
victims which did not account for physiologic or 
anatomic criteria reported that cabin intrusion >30 cm 
(>11.8 inches) was associated in univariate analysis 
(p = <0.0001) with major injury, defined as one of 
the following: ISS >15; ICU admission for >24 hours 
requiring mechanical ventilation; urgent cranial, 
thoracic, abdominal, pelvic-fixation, or spinal-
fixation surgery; or death. However, this association 
was not statistically significant in multivariate 
analysis (OR 1.5; 95% CI: 1.0–2.3; p = 0.047) (90).  
Similarly, a univariate analysis of New York State 
data that examined the incremental benefit of the 
individual ACS triage criteria, identified increased 
odds of severe injury (ISS >15) for 30 inches of 
vehicle deformity (OR = 4.0; 95% CI: 2.1–7.8), 24 
inches of intrusion on the side of the vehicle opposite 
the victim (OR = 5.2; 95% CI: 2.6–10.4), and 18 
inches of intrusion on the same side of the vehicle as 
the victim (OR = 7.1; 95% CI: 3.8–13.0) (58).  
However, none of these findings was statistically 
significant in multivariate analysis.  
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Data from the National Automotive Sampling System 
Crashworthiness Data System (NASS CDS), which 
includes statistical sampling of all crashes occurring 
in the United States, indicated that a very large crush 
depth, 30 inches in frontal collisions and 20–24 
inches in side-impact collisions, was needed to attain 
a PPV of 20% for ISS >15 injury to occupants (16).  
External crush of such great extent is difficult to 
measure in the field without reference information 
from an undamaged exemplar vehicle.  The Panel 
also recognized that recent changes in vehicle design 
and construction have likely reduced the effect of 
crush on the risk for severe injury in crashes. 
Whereas older vehicles were more likely to transmit 
the kinetic energy of crashes to vehicle occupants and 
cause severe injuries, newer vehicles are designed to 
crush externally and absorb energy, protecting 
passenger compartment integrity and occupants. 
Additionally, the Panel took note of the difficulty of 
using deformity or crush criteria in the field. Crash 
sites are difficult environments in which to estimate 
such measures, and little might be left of a vehicle to 
serve as a reference point for determining crush 
depth. For example, in one study, only 1.0% of 94 
cases with 30 inches or more of deformity were 
documented by EMS personnel (17).  The Panel 
concluded from these three studies that external 
vehicle crush depth or deformity was not a useful 
indicator for severe injury.  
 
The Panel reviewed NASS CDS data from 1997-
2005 which showed that intrusion of 12 inches at the 
occupant site or 18 inches of intrusion at any site had 
a PPV of 20% for ISS>15 for MVC occupants (16).  
Similarly, stuck side lateral intrusion of 12 inches 
was needed to attain a PPV of 20% for ISS>15 to 
lateral impact crash occupants (16).  Furthermore, 
extensive anecdotal experience in trauma practice 
indicates that increasing cabin intrusion is indicative 
of an increasing amount of force upon the vehicle and 
potentially upon the occupant.  Also, side-impact 
intrusions could present special clinical concerns that 
had not been fully recognized in existing research, 
given the limited space between the impact and 
occupant. Finally, although modern vehicles have 
better energy-absorbing capability, vehicle 
incompatibility (crash involving a large vehicle 
versus a small vehicle) might be increasingly 
significant in the level of vehicle intrusion in crashes. 
 
 
 

Criterion Added:  Vehicle Telemetry Data 
Consistent with High Risk of Injury. 
 
In earlier versions of the Decision Scheme, initial 
vehicle speed > 40 mph, vehicle deformity >20 
inches, and intrusion >12 inches for unbelted 
occupants were included as mechanism of injury 
criteria. NASS data indicate that risk for injury, 
impact direction, and increasing crash severity are 
linked (16). An analysis of 621 Australian MVCs 
indicated that high-speed impacts (>60 km/hr [>35 
mph]) were associated with major injury, defined as 
ISS >15, ICU admission >24 hours requiring 
mechanical ventilation, urgent surgery, or death (OR 
= 1.5; 95% CI: 1.1–2.2) (10). Previously, the 
usefulness of vehicle speed as a criterion had been 
limited because of the challenges to EMS personnel 
to estimate impact speed accurately. However, new 
Advanced Automatic Collision Notification (AACN) 
technology installed in some automobiles, now in 
approximately six million vehicles in the United 
States and Canada, (18) can identify vehicle location, 
measure change in velocity (“delta V”) during a 
crash, and detect crash principal direction of force 
(PDOF), airbag deployment, rollover, and the 
occurrence of multiple collisions (18, 19). As a result, 
and in recognition that this information might 
become more available in the future, vehicle 
telemetry data consistent with a high risk for injury 
(e.g., change in velocity, principal direction of force) 
was added as a triage criterion (Table 2, Figure 1).  
This criterion was intentionally left nonspecific at the 
time of publication, as this emerging area requires 
additional evaluation of available data to define the 
exact components (e.g., belt use, delta V, PDOF) 
consistent with a high risk for injury. CDC is 
working with the automotive industry and experts in 
public health, public safety, and health care to 
examine how data collected by AACN systems can 
be used to predict injury severity, conveyed to EMS 
services and trauma centers, and integrated into the 
field triage process. 
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Figure 1.  New field triage decision scheme 
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CONCLUSION 
 
The universally used Field Triage Decision Scheme 
was recently revised using a National Expert Panel 
convened by the Centers for Disease Control and 
Prevention, the National Highway Traffic Safety 
Administration and the American College of 
Surgeons Committee on Trauma.  This Panel 
reviewed the available evidence and proposed 
revisions which were endorsed by multiple 
professional organizations. 
 
Implementation and updating of these protocols at the 
local level will require a substantial educational and 
informative effort to ensure its wide scale 
implementation.  The CDC, with additional funding 
from NHTSA, is developing an educational toolkit 
for State and local EMS medical directors, State EMS 
Directors, EMS providers, and public health officials. 
The tool kit will provide teaching aids to help EMS 
providers understand why the Decision Scheme was 
revised and how those revisions can be tailored to the 
needs of their communities. CDC, through its partner 
organizations, will distribute the tool kit to EMS 
jurisdictions throughout the United States. This 
toolkit also will be available online from CDC at 
http://www.cdc.gov for downloading and ordering 
free of charge. Providing the revised Decision 
Scheme to EMS administrators and providers should 
improve care for trauma patients nationwide and lead 
to reduced morbidity, mortality, disability, and costs 
from injuries.  
 
The evaluation of trauma care in the prehospital 
environment and the evidence supporting appropriate 
care is necessarily an ongoing process.  The current 
revisions to the Field Triage Decision Scheme were 
made on the basis of the best evidence currently 
available. Limitations in available data clearly 
indicate the need for additional research. Conducting 
research in the prehospital environment and in EMS 
presents multiple challenges, including a lack of 
trained investigators, legal and regulatory barriers, 
lack of appreciation and interest in research among 
EMS providers, lack of funding, and limited 
infrastructure and information systems to support 
research efforts (20, 21). Efforts are underway to 
address these barriers, including efforts to prioritize 
research, as in CDC’s Acute Injury Care Research 
Agenda: Guiding Research for the Future (22) and 
The National EMS Research Strategic Plan (23), as 
well as in development of new databases that can 
provide more useful information and support data-

driven changes (e.g., NTDB, National EMS 
Information System [NEMSIS]) (24). Additional 
research efforts specifically related to field triage are 
needed, including cost-effectiveness research. 
Additional funding targeting research into triage 
decisions and triage criteria will be necessary to 
support these efforts. Also, research in triage 
represents an important area in which public health 
and EMS can collaborate to improve trauma 
surveillance and data systems and develop the 
methodologies needed to carry out the continuing 
analysis and evaluation of the 2006 Decision Scheme 
and its impact on the care of the acutely injured. 
 
For the automotive safety community, the new 
Decision Scheme as well as the open, thorough and 
inclusive process used to revise it demonstrates clear 
recognition that there are many stakeholders in 
efforts to enhance vehicle safety.  The revisions and 
their implementation at the local level demonstrate 
that the EMS and trauma communities are adjusting 
their protocols and procedures to account for 
advances in vehicle engineering and occupant 
protection.  Improved utilization of limited and 
expensive health care resources will help to decrease 
the societal costs of motor vehicle crash injuries.  The 
insertion of an open criterion of “vehicle telemetry 
consistent with high risk of injury” provides the 
automotive community with a tremendous 
opportunity to explore technological innovations that 
can improve safety and crash outcomes.  Coupled 
with planned research efforts by CDC, NHTSA as 
well as regional EMS and trauma systems to 
prospectively collect data regarding the effect and 
efficacy of the new triage criteria, the automotive 
community will soon have access to much better real-
life crash information.  This rapid feedback regarding 
vehicle safety performance will guide and shorten the 
cycle of improvements necessary for the enhanced 
safety of vehicles.   
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ABSTRACT 

The design objective of the Cooperative Intersection 
Collision Avoidance System for Violation (CICAS-
V) project is to create a system that presents a timely 
and salient in-vehicle warning to those drivers who 
are predicted, by means of an algorithm, to violate a 
stop-sign or signal-controlled intersection.  An on-
road test was conducted to evaluate the CICAS-V 
using naïve participants to demonstrate that all 
systems are mature for a Field Operational Test 
(FOT).  Data were evaluated from 72 naïve drivers 
representing both genders and three age groups who 
were placed into CICAS-V equipped vehicles to 
navigate a 2-hour prescribed route through equipped 
intersections in Virginia.  During the prescribed 
route, drivers crossed 10 stop-controlled and 3 signal-
controlled intersections equipped with CICAS-V 
making a variety of turn maneuvers through each for 
a total of 52 intersection crossings.  The rate at which 
drivers received correct, false, and missed warnings 
was evaluated.  Results indicate that the algorithms 
for both stop-controlled and signalized intersections 
were effective and that the prototype CICAS-V is 
mature for large-scale tests with naïve drivers.  
Participants in the study who received warnings rated 
the CICAS-V very favorably and felt that the system 
would be beneficial.  Recommendations were made 
for continuing with an FOT.  Furthermore, the 
methods for conducting the study were determined to 
be suitable for an FOT.  This study marked the first 
field test of the CICAS-V with naïve drivers.  Project 
participants included offices of the United States 
Department of Transportation, Daimler, Ford, 
General Motors, Honda, Toyota, and the Virginia 
Tech Transportation Institute. 

INTRODUCTION 

Intersection crashes account for thousands of injuries 
and fatalities in the United States every year 
(National Highway Traffic Safety Administration, 
2006).  Drivers running stop-controlled and red-
phased signalized intersections cost over $7.9 billion 
in economic loss each year (Najm et al., 2007).  The 
objective of a Cooperative Intersection Collision 

Avoidance System for Violations (CICAS-V) is to 
assist drivers in avoiding intersection crashes.  The 
basic design objective of the CICAS-V is to create a 
system that presents a timely and salient in-vehicle 
warning to those drivers who are predicted, by means 
of an algorithm, to violate a stop light or a stop sign.  
The warning is intended to elicit a behavior from the 
driver that will motivate him or her to respond 
appropriately to avoid a violation; by doing this, the 
driver will also avoid a potential intersection crash 
should cross traffic be present.  

The CICAS-V project consisted of 14 tasks to 
complete design, development, and testing of the 
CICAS-V (Maile et al., in print-c).  This paper 
describes the process and results of an on-road study 
to test the system.  Naïve drivers were placed into 
CICAS-V equipped vehicles to navigate a 2-hour 
prescribed route through designated intersections.  
The following sections report the method for this 
task.    

METHOD 

The experiment consisted of a Pseudo-Naturalistic 
Study (a pre-determined route on open roadways 
without an experimenter in the vehicle) investigating 
the CICAS-V in live traffic.  The methods and 
equipment used are described in the subsequent 
sections. 

Drivers 

Drivers were recruited through the newspaper, posted 
flyers, word of mouth, and the Virginia Tech 
Transportation Institute (VTTI) database of people 
who had expressed an interest in participating in 
studies.  On initial contact (usually over the phone), 
individuals were screened to ensure their eligibility 
for the study.  Eligibility criteria included restrictions 
barring participation by individuals with: 1) health 
conditions or medication intake that may interfere 
with their ability to operate a motor vehicle, or 2) 
more than two moving violations or any at-fault 
accidents within the previous three years.  The 
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criteria also included the requirement that drivers had 
to possess a valid driver’s license.   

CICAS-V Equipment and Data Acquisition 
System (DAS) 

The following sections describe the hardware and 
software used.  This includes the CICAS-V designed 
and developed, and the experimental equipment 
constructed, to directly support the study. 

     CICAS-V Description – The system engineering, 
system design, and prototype build of the CICAS-V 
were conducted by the Collision Avoidance Metrics 
Partnership Vehicle Safety Communications 2 
Consortium (CAMP VSC2), which included the 
representatives of Ford, General Motors, Daimler, 
Honda, and Toyota (Maile et al., in print-c).  The 
CICAS-V contains several components working 
together to predict a stop-sign or red-phased signal 
violation, and present a warning to the driver when 
appropriate.  To provide context, an overview of the 
CICAS-V is included.   

The CICAS-V is comprised of onboard equipment 
(OBE) and roadside equipment (RSE).  As part of the 
OBE, the Wireless Safety Unit (WSU) developed by 
DENSO is the central processing component of the 
CICAS-V network.  It is responsible for collecting 
data from the vehicle and sensors from which it 
computes an algorithm to predict when a violation 
may occur and, based on that prediction, issues a 
warning to the driver through the Driver-Vehicle 
Interface (DVI).  The WSU receives data from the 
vehicle Controller Area Network (CAN), the global 
positioning system (GPS), and Dedicated Short 
Range Communications (DSRC) messages.  These 
data are pre-processed and then evaluated in parallel 
with the warning algorithm.  If the algorithm predicts 
a violation, the WSU activates the DVI. 

The WSU controls the three DVI modalities – 
auditory, visual, and haptic.  The DVI has three 
states: 1) an inactive state when the vehicle is not 
approaching an equipped intersection; 2) a visual-
only indication when approaching an equipped 
intersection; and 3) a full warning mode that 
encompasses a “single stage” activation of the visual, 
auditory, and haptic alerts.   

The auditory warning consisted of a female voice 
stating “Stop Light” or “Stop Sign”, presented at 72.6 
dBA out of the front speakers, measured at the 
location of the driver’s head. 

The visual warning is displayed by a dash-mounted 
icon (Figure 1) positioned at the vehicle centerline 

near the cowl of the windshield.  As implemented in 
the vehicle, the visual icon was 11.6 mm (0.46 
inches) high and 11.6 mm (0.46 inches) wide.  It was 
illuminated as either steady, continuous blue 
(advisory), or flashing red (warning). 

 
Figure 1.  The visual display is located on the dash 
of the experimental vehicle. 

The haptic brake pulse command was sent to the 
Original Equipment Manufacturer (OEM) brake 
controller.  When the warning was activated, a single 
600-millisecond (ms) brake pulse was presented in 
conjunction with the visual icon and an auditory 
warning.  The brake pulse was triggered immediately 
before the onset of the visual and auditory warnings, 
so that deceleration would reach ~0.10 g at 
approximately the same time as the visual and 
auditory warning onset.  Peak deceleration from the 
haptic pulse was ~0.3g. 

To appropriately activate the DVI, the WSU required 
vehicle kinematic data from which the threat 
assessment was performed.  The OEM vehicle 
network provided data such as brake status and 
velocity to a Netway box.  The Netway box, 
exclusively programmed by each of the OEMs, was 
used to translate OEM-specific controller area 
network (CAN) messages to a standardized CAN 
format compatible with the WSU.  

A GPS system provided longitude/latitude 
positioning data to the WSU.  This allowed the WSU 
to place the vehicle on a digital representation of the 
intersection called the Geometric Intersection 
Description (GID).  GIDs were obtained from one of 
the three RSEs located at the signalized intersections.  
The RSEs provided GIDs for both stop-controlled 
and signalized intersections.  Each GID was retained 
on the WSU unless a newer version was provided by 
the RSE.   
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In addition to the GIDs, the RSEs also sent 
differential GPS corrections (allowing the vehicle to 
accurately place itself on the GID) and signal phase 
and timing (SPaT) information.  The messages were 
sent by a second WSU within the RSE.  The SPaT 
message was supplied to the RSE by custom 
firmware installed on the traffic signal controllers, 
while a GPS base station provided the differential 
corrections.   

     Vehicle DAS - The vehicle DAS was used to 
record digital video and kinematic data from multiple 
sources, and was composed of hardware, software, 
and data storage components (Stone et al., in print).  
The DAS collected variables representing the 
information necessary to reconstruct a vehicle’s 
intersection approach and the drivers’ interaction 
with the CICAS-V.  A short overview of the DAS is 
provided in this section. 

The vehicle DAS hardware consisted of a main unit, 
a video system, front and rear radar, and a GPS unit.  
The main unit contained an Embedded Platform for 
Industrial Computing (EPIC) single-board computer, 
hard drive, CAN communication, battery backup 
system, and several VTTI-developed sensor modules.  
Four unobtrusive cameras installed in the passenger 
compartment captured the scene in and around the 
vehicle.   

The DAS was attached directly to the OBE CAN 
which provided all of the CICAS-V variables.  The 
DAS recorded the CICAS-V variables for use in 
system validation and driver performance analyses.  
Variables pertinent to the study included the velocity, 
distance to the stop bar, DVI status, signal phase and 
signal timing.  Additional variables were also 
collected by the DAS from a network of sensors 
installed on the vehicle.  Front and rear radar units 
provided the range and velocity of lead and following 
vehicles.  A Crossbow™ inertial measurement unit 
provided three-axis acceleration and angular rate 
information. 

Data were stored on a 120GB removable hard drive 
within the main unit.  It was accessed and 
downloaded to a laptop over an Ethernet interface.  
The download interface included a system health-
check component that ensured data integrity was 
maintained between drivers.  This allowed quick 
transfer of data and indication of whether the 
participant received a warning without shutting down 
the system. 

     Custom-built Navigation System - In order to 
ensure that drivers could easily and reliably navigate 
the prescribed route, VTTI built a custom navigation 

system.  The custom navigation system consisted of a 
laptop computer and a low cost Wide Area 
Augmentation System (WAAS)-enabled GPS 
antenna.  The system played auditory instructions 
over a speaker in the front of the vehicle based on the 
current position of the subject along the route.  The 
custom software solution allowed the researchers to 
record the instructions to play and to guarantee the 
timing of the instructions so as not to distract the 
driver while approaching an equipped intersection. 

Pseudo-Naturalistic Study Protocol 

Upon arriving at the Institute, participants were met 
by the greeter and asked to read an informed consent 
form.  The form provided specific information about 
the study, including the procedures, risks involved, 
and measures for confidentiality.  After agreeing to 
the study and signing the informed consent, a health 
screening questionnaire was administered to ensure 
that participants did not have any conditions that 
would impair their ability to safely operate the test 
vehicle.  A Snellen vision test was conducted to 
ensure the participants’ visual abilities were within 
Virginia legal limits of corrected to 20/40 or better.  
A color vision test was conducted using the Ishihara 
Test for Color Blindness, and a contrast sensitivity 
test was performed.  The color vision test and the 
contrast sensitivity tests were recorded for possible 
future analyses but were not used for screening 
purposes.  If it was found that participants were not in 
good health, or if vision results fell outside the 
acceptable limits, they would be excused from the 
study and paid for their participation time.  Eligible 
participants were issued a short pre-drive 
questionnaire focusing on their driving experiences 
and habits. 

The pseudo-naturalistic field test was conducted on a 
predetermined route in Blacksburg and 
Christiansburg, Virginia.  The route was crafted to 
pass through many stop-controlled and signalized 
intersections while performing a variety of 
maneuvers (i.e., straight, left, and right turns).  The 
route was approximately 36 miles long, and 
contained 13 intersections that were integrated into 
the CICAS-V.  Three signalized and 10 stop-
controlled intersections were chosen for evaluation. 

The route led drivers through each equipped 
intersection multiple times and was designed with 
three goals in mind.  First, to ensure the driving 
participants’ comfort and minimize driving fatigue, 
the route had to be less than 2 hours in duration.  
Second, the route had to maximize the number of 
intersection crossings while retaining a feasible 
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number of intersections (time constraints did not 
allow for a large number of intersections to be 
integrated into the CICAS-V).  Finally, a variety of 
turn maneuvers were desirable in order to fully test 
the CICAS-V.  For example, correct operation of the 
CICAS-V at signalized intersections often depends 
upon lane position information; therefore, various 
turn maneuvers at signalized intersections would 
indicate if the system was correctly mapping the lane 
to its signal indication.  Also, a driver’s intersection 

approach often has different trajectory characteristics 
if the driver is turning left, right, or straight through 
the intersection; accommodating these approach 
variations directly relates to algorithm evaluation.  
The turn maneuver summary table for the 13 
intersections can be seen in Table 1.  There were a 
total of 20 signal-controlled intersection crossings 
and 32 stop-controlled intersection crossings along 
the route. 

 
Table 1. 

Summary of Turn Maneuvers for Pseudo-Naturalistic Study Experimental Method 

3 Signalized Intersections 10 Stop-Controlled 
Intersections 

 

Permissive Left Protected Left Straight Right Left Straight Right Total 

2 5 11 2 12 6 14 52 

 

After undergoing the initial paperwork process, 
participants were led outside where the experimenter 
introduced them to the test vehicle.  Participants were 
given a brief tutorial on basic vehicle functions, 
including ignition procedures, seat movement, and 
the HVAC (heating, ventilation, and air conditioning) 
system.  During the static pre-drive vehicle 
orientation, the different safety systems available in 
the experimental vehicle were briefly reviewed.  The 
systems reviewed with the participants were the 
forward collision warning, backing aid, and the 
CICAS-V such that drivers were led to believe that 
various safety systems were being evaluated.  The 
goal was to make the driver aware of the CICAS-V 
but not to emphasize it over the other available 
vehicle safety technologies.     

During the route, participants received turn-by-turn 
directions from the custom-built GPS-based 
navigation system.  The navigation system was 
audio-based and not an integrated vehicle system; 
therefore, in order to alleviate additional distractions, 
participants were instructed not to use the radio or 
CD player for the duration of the test drive.  
Emergency procedures were reviewed, including the 
location and proper use of a cellular telephone 
provided by VTTI.  Participants were encouraged to 
call the experimenter at VTTI, from a stopped 
location, using a number taped to the phone if they 
encountered any problems (e.g., getting lost, failure 
of the navigation system, or mechanical problems 
with the vehicle).  Once participants felt comfortable 
with the vehicle, they began the Pseudo-Naturalistic 
Study without any experimenter in the vehicle.   

 

 

When participants returned, a laptop running 
specialized software was attached to the trunk-
mounted DAS.  While the experimenter downloaded 
the data, the interface indicated the number of 
warnings that were issued and the number of 
intersections that were crossed.  This interface was 
used to determine which of the questionnaires was 
administered, based on whether a warning was 
issued.  In addition, the number of equipped 
intersection crossings was used to determine the 
extent to which the driver experienced the entire test 
route.  Since an experimenter was not present in the 
vehicle, it was foreseeable that some drivers might 
not follow the prescribed route or would not correctly 
understand the navigation instructions.  Therefore, to 
motivate drivers to stay on route, a bonus was 
provided for drivers who crossed more than 40 
equipped intersections.    

At the same time, the greeter met the participants and 
led them indoors to a private office.  Drivers then 
completed one of two post-drive questionnaires 
depending on whether they did or did not receive a 
warning.  The questionnaires assessed what aspects 
of the CICAS-V system the drivers noticed and what 
they thought of the system. 

Upon completion of the post-drive questionnaire, 
participants were paid, thanked for their time, and 
dismissed.  The route took approximately 2 hours to 
complete, and with pre- and post-drive procedures, 
total participation time was 2 hours 45 minutes.   

An important note for the Pseudo-Naturalistic Study 
protocol is that not every participant in the study 
experienced the same warning algorithms.  As stated 
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previously, one of the goals of the study was to 
iteratively refine the warning algorithm.  In other 
words, researchers conducted initial data reviews to 
determine the success of the warning algorithms, and 
make changes based on the driving outcomes.  This 
aspect of the study, including the breakdown of 
subjects receiving each algorithm, is discussed in 
detail in the Results and Discussion section. 

Validation and Analysis Techniques 

Recall that the primary purpose of the study was to 
determine how well the CICAS-V operated in order 
to determine if the system was mature enough for an 
FOT.  To determine the validity of a violation 
warning, several variables in addition to the video 
were viewed by the data reduction staff.  These were: 

• DVI Status: The DVI was disabled because the 
vehicle was not within range of an intersection, 
or it was within range of an intersection and 
providing the blue “intersection ahead” icon, or 
it was within range of an intersection and 
providing a violation warning. 

• Current Approach Phase: Red, Yellow, or Green 
• Brake Status: The driver was either pressing the 

brake or not pressing the brake. 
• Distance to Stop Bar (m): Distance from the 

front of the vehicle to the stop bar.  This was 
used together with “vehicle speed” to determine 
if the algorithm was warning correctly. 

• Improved Distance to Stop Bar (m):  Distance to 
stop bar with missing points filled in using GPS.  
The raw Distance to Stop Bar provided by the 
WSU would drop out whenever the vehicle was 
not placed on the GID.  The Enhanced Distance 
to Stop Bar continued to provide data during 
those drop outs. 

• Intersection ID: The identification number that 
was assigned to each CICAS-V intersection and 
incorporated into the GID. 

• Longitudinal Acceleration (g): Used to determine 
whether or not the brake pulse activated 
appropriately. 

• On GID:  A binary indication of whether the 
vehicle is map-matched to the GID.  It was used 
to determine when the vehicle was not map-
matched within the warning region. 

• Present Lane: As labeled and identified in the 
GID.  Associated with the signal phase and video 
to ensure that the system was identifying the 
correct lane position and warning accordingly. 

• SPaT Counter:  A counter that increments when 
the OBE is receiving messages from the RSE.  It 
was used to determine when SPaT messages 
were not received within the warning region. 

• Vehicle Speed (m/s): Used with “distance to stop 
bar” to determine if the algorithm was warning 
correctly. 

The primary goal of data reduction was to validate 
CICAS-V warnings that were automatically 
identified in the parametric data.  Data reductionists 
determined if the CICAS-V warning was appropriate 
by reviewing the video.  For the signalized 
intersections, data reductionists examined the 
intersection signal phase and timing relative to the 
vehicle proximity to the stop bar.  If the signal phase 
was red and the vehicle was over the stop bar, the 
warning was deemed appropriate.  For the stop-
controlled intersections, data reductionists verified 
that the warning was provided at a stop-controlled 
intersection and prior to the vehicle crossing the stop 
bar. 

The Data Analysis and Reduction Tool (DART) was 
used to validate events.  DART is a software package 
developed at VTTI that provides a user interface for 
the viewing and reducing of digital data.  It contains 
user-configurable video and graphical interfaces, and 
allows users to simultaneously view synchronized 
video and graphical data streams frame by frame.   

RESULTS AND DISCUSSION 

Ninety-three drivers participated in the Pseudo-
Naturalistic Study.  System failures (that will be 
discussed later in the paper) caused data to be 
retained for 87 drivers; these data were utilized to 
complete the analyses for the Pseudo-Naturalistic 
Study, as summarized in Table 2.   

Table 2. 
Distribution of Drivers by Age and Gender who 
had Data Analyzed in the Pseudo-Naturalistic 

Study Analyses 

Age 
Group 

Gender 
Total 

Male Female 

18-30 17 15 32 

35-50 10 14 24 

55+ 15 16 31 

Total 41 45 87 
 

Recall that one of the goals of the study was to 
iteratively refine the warning algorithm.  In other 
words, researchers conducted initial data reviews to 
determine the success of the warning algorithms and 
make changes based on the driving outcomes.  
Because drivers approach stop-controlled 
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intersections differently than they approach 
signalized intersections, two algorithms were used.  
The algorithms, the process for evaluation, and the 
criteria for determining success are discussed in the 
following sections.   

     Stop-Controlled Algorithm 1 Results - The 
initial stop-controlled intersection warning algorithm 
incorporated into the CICAS-V was derived directly 
from the results of a previous CICAS-V study, Neale 
et al. (in print).  Over 160 algorithms were analyzed 
during the course of that effort.  The performance of 
each potential algorithm was based on its 
effectiveness in predicting a pending violation while 
minimizing false detections based on naturalistic 
intersection approach data.  In addition, other 
measures, such as the location at which a violation 
warning would be provided, likelihood of annoyance, 
algorithm complexity, and data requirements, were 
also considered.   

Fifteen drivers experienced Stop-Controlled 
Algorithm 1, resulting in a total of 493 stop-
controlled intersection crossings with 50 CICAS-V 
warnings being initiated.  (Note that there were 32 
stop-controlled intersection crossings on the route.  
When multiplied by the 15 drivers experiencing Stop-
Controlled Algorithm 1, one would expect a total of 
480 crossings.  However, a few drivers made wrong 
turns along the route and actually crossed the 
intersections more often than was planned.)  Table 3 
illustrates the distribution of drivers, by age and 
gender, which experienced Stop-Controlled 
Algorithm 1. 

Table 3. 
Distribution of Drivers by Age and Gender who 

Experienced Stop-Controlled Algorithm 1* 

Age 
Group 

Gender 
Total 

Male Female 

18-30 2 1 3 

35-50 1 4 5 

55+ 4 3 7 

Total 7 8 15 

*Note: These drivers are a portion of the total number 
of drivers who participated in the Pseudo-Naturalistic 
Study. 

Since the data were downloaded after each drive, the 
number of warnings was immediately displayed on 
the vehicle DAS, which provided quick general 
feedback about alert frequency.  When the driver 
received at least one warning, researchers reviewed 
the parametric and video data in detail to determine 

the prevalent conditions of each warning.  A review 
of the warnings indicated that the subset of drivers 
who experienced alerts received them at five stop-
controlled intersections.  After reviewing the 
intersections’ geometry, it was noted that the alerts 
were occurring on intersection approaches that had a 
3.8 to 7% uphill grade. 

Stop-Controlled Algorithm 1 considered brake status 
when determining whether drivers should receive a 
violation alert.  That is, if a driver was pressing the 
brake, it was assumed the driver was attentive to the 
intersection and the alert was suppressed.  On uphill 
grades, drivers tended to press the brake later in their 
approach, using gravity to slow the vehicle.  Since 
the algorithms were developed on flat intersection 
approaches, the later braking caused the warning to 
activate more often than was expected. 

A review of the video and questionnaire data 
(discussed later) indicated that, although the drivers 
always came to a safe stop, they tended to become 
either annoyed or, possibly, entertained by repeated 
warnings.  Based on these results, the decision was 
made to change the warning algorithm for stop-
controlled intersections to one that did not rely on 
brake status to determine when a warning should be 
initiated.  After reviewing the possible algorithms 
discussed in Neale et al. (in print), a new algorithm 
(Stop-Controlled Algorithm 2) was selected and 
integrated into the OBE. 

The post-drive questionnaire was completed by the 
13 drivers who received the total 49 valid warnings at 
stop-controlled intersections.  Data show that drivers 
found the alerts useful, effective at communicating a 
possible violation, and attention getting.  There were 
also several potential negative trends in responses.  
More drivers responded that, when receiving a 
violation warning, they tended to brake without 
checking for following traffic.  Also, drivers tended 
to find the alert annoying when it was deemed 
unnecessary.  This response is not surprising, and, in 
part, motivated the change to Stop-Controlled 
Algorithm 2.  Three drivers admitted to intentionally 
trying to activate the warning system and three 
drivers said they would have turned the system off if 
they could.  It is interesting to note that both aspects 
of the visual DVI, the blue “intersection ahead” icon 
and red flashing visual alert, were viewed less 
favorably than the speech alert and brake pulse 
warning.  Several drivers noted, in the open-ended 
comment section, that they did not notice the visual 
icons.  Suggested potential improvement to the visual 
DVI included a more conspicuous visual display that 
was a little larger and placed closer to the driver. 
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     Stop-Controlled Algorithm 2 Results - Subtask 
3.2 predicted that Stop-Controlled Algorithm 2 would 
correctly warn 60% of the violators and incorrectly 
warn less than 5% of the compliant drivers.  A total 
of 72 drivers completed the Pseudo-Naturalistic 
Study protocol using the revised warning algorithm 
(Table 4).  This resulted in a total of 2,125 valid 
intersection crossings at stop-controlled intersections 
with a total of three warnings issued.  (Again, recall 
that there were 32 stop-controlled intersection 
crossings.  When multiplied by the 72 drivers, one 
would expect a total of 2,304 crossings.  However, as 
will be discussed in the Evaluation of the Study 
Systems section, data were sometimes lost due to 
system deficiencies.) 

Table 4. 
Distribution of Drivers by Age and Gender who 

Experienced Stop-Controlled Algorithm 2* 

Age 
Group 

Gender 
Total 

Male Female 

18-30 15 14 29 

35-50 9 10 19 

55+ 11 13 24 

Total 35 37 72 

*Note: These drivers are a portion of the total number 
of drivers who participated in the Pseudo-Naturalistic 
Study. 

All three warnings occurred at the same intersection 
while making the same straight-crossing maneuver.  
The intersection is in the middle of a straight road 
with a stop sign that is partially occluded at longer 
distances.  The violation warnings were provided to 
three different drivers: a younger male, a middle-
aged male, and an older male.  In all three cases, they 
did not show indications of intending to stop prior to 
the warning, yet stopped before entering the 
intersection box after the warning was issued.  The 
drivers’ peak decelerations ranged from 0.46 g to 0.6 
g and the average decelerations ranged from 0.33 g to 
0.41 g.  

The post-drive questionnaire results from drivers who 
experienced Stop-Controlled Algorithm 1 can be 
compared to those provided by the three drivers who 
each experienced a single violation warning while 
driving with Stop-Controlled Algorithm 2.  These 
three drivers were issued a warning at the same 
occluded intersection.  The subjective responses from 
these three drivers were more favorable than those 
provided by drivers who experienced Stop-Controlled 
Algorithm 1.  This is an expected outcome, since one 

would expect that drivers who experienced the 
CICAS-V in the manner it was intended to operate 
(rare warnings issued only when needed by the 
driver) would find the system more agreeable.  
Overall, drivers were satisfied with the system and 
recognized that they were in danger of violating the 
stop sign when they received the warning. 

Signalized Intersection Algorithm Results 

The signal-controlled intersection warning algorithm 
incorporated into the CICAS-V was also developed 
during the previous CICAS-V effort report in Neale 
et al. (in print).  The Signalized Intersection 
Algorithm was predicted to correctly warn 83% of 
the violators and incorrectly warn less than 5% of the 
compliant drivers.  As will be discussed, the warning 
was deemed successful throughout data collection 
and was not changed.  Therefore, the CICAS-V 
utilized the same signalized warning timing for all 
drivers who participated in the Pseudo-Naturalistic 
Study.  A total of 87 drivers completed the pseudo-
naturalistic protocol, as summarized in Table 5.  This 
resulted in a total of 1,455 valid intersection 
crossings at signalized intersections.   

Recall that there were 20 signal-controlled 
intersection crossings that occurred through the three 
instrumented signalized intersections.  When 
multiplied by the 87 drivers, one would expect a total 
of 1,740 crossings.  However, as will be discussed in 
the Evaluation of the Study Systems section, data 
were sometimes lost due to system deficiencies. 

Table 5. 
Distribution of Drivers by Age and Gender who 

Experienced Signalized-Warning Algorithm 
during the Pseudo-Naturalistic Study* 
Age 

Group Gender Total 

 Male Female  

18-30 17 15 32 

35-50 10 14 24 

55+ 15 16 31 

Total 41 45 87 
*Note that these are all drivers who participated in 
the Pseudo-Naturalistic Study since the algorithm did 
not change. 

A total of seven violation warnings occurred at 
signalized intersections: one valid warning, two 
invalid warnings due to an emergency vehicle signal 
preemption, and four invalid warnings due to an 
incorrect GID for the intersection.   
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For the valid warning, a middle-aged male 
approached a signalized intersection to make a 
straight-crossing maneuver.  He was in the right-most 
straight through-lane following a vehicle with about 
1-second headway.  The signal became visible in the 
video at 53m (173 ft) and is in the yellow state.  The 
driver does not show any indication of intending to 
brake until after the pre-warning process (a 500 ms 
process to initialize the warning) had started.  Three-
hundred ms later, the driver begins to brake.  The 
pre-warning process finished and a warning is issued 
200 ms after the braking began.  The driver brakes 
safely to a stop before crossing the stop bar.  
Although it cannot be determined with certainty, the 
driver’s braking prior to the warning likely indicates 
intent to stop.  The driver did not show any visible 
expression in response to the warning.  If the driver 
had not stopped, it appears a violation would have 
occurred, based on the location of the lead vehicle, 
which crosses over the stop bar as the signal turned 
red. 

Two similar invalid warnings occurred when an 
emergency vehicle preempted the traffic signal.  In 
both cases, the drivers were approaching a signalized 
intersection within a few minutes of the emergency 
vehicle.  When the emergency vehicle approached 
the intersection, the traffic controller switched to a 
priority mode, which guarantees a green phase for the 
emergency vehicle.  Unfortunately, the specialized 
firmware installed in the traffic controllers did not 
update the RSE with the correct SPaT messages 
when the signal was in the priority mode.  As a result, 
the CICAS-V interpreted the signal phase as red 
when, in actuality, the preemption had caused the 
signal to turn green.  This resulted in CICAS-V 
warnings issued on a green phase.  One of the drivers 
handled the false warning in a calm manner without 
making any abrupt driving maneuvers.  The second 
driver appeared startled and initially slowed the 
vehicle in response to the alert.  The driver then made 
a quick assessment of the situation and chose to 
proceed through the intersection.  Notably, a 
following vehicle did have to slow in response to the 
test vehicle.  The signal priority addressable system 
issue is discussed further in the Evaluation of the 
Study Systems section. 

Finally, four invalid warnings occurred due to an 
incorrect GID for one of the signalized intersections.  
The faulty GID incorrectly labeled the left-most 
through lane as the left turn lane, and associated the 
through lane with the dedicated left-turn signal head.  
The problem occurred when the drivers were making 
a straight-crossing maneuver in the left-most through 
lane, which had a green-phased light; the adjacent 

left-turn lane had a red-phased light.  The CICAS-V 
would note the red-phase for the left-turn lane, and 
warn the driver who was actually in the through lane 
with a green-phase. 

The problem of the incorrect GID was identified by 
the research team the first time that a false alert was 
issued.  However, since the driver responded calmly 
to the false alert and proceeded through the 
intersection appropriately, the incorrect GID was left 
in place.  This allowed the team to learn more about 
how drivers respond when receiving a false alert 
during a green phase.  The second and third time this 
occurred, those drivers also responded in a calm 
manner, assessed the situation quickly, and 
proceeded through the intersection.  The final driver, 
however, was very startled by the warning on a green 
phase, and responded with abrupt braking that, under 
some conditions, had the potential to result in a rear-
end collision with the following vehicle.  Of 
particular importance, a following vehicle both 
applied the brakes and steered around the test vehicle 
in order to avoid a collision.  Following this event, 
the correct GID was loaded onto the RSE.  This issue 
is discussed further in the Evaluation of the Study 
Systems section. 

The post-drive questionnaire was completed by the 
six drivers who experienced an invalid signalized 
violation warning while driving.  One of these six 
drivers also received one valid signalized intersection 
violation warning.  Overall, drivers thought the 
system was effective and did not rate the system as 
distracting or annoying.  This is likely due to the fact 
that, even though the alerts were invalid, the alert 
frequency was considerably lower than with Stop-
Controlled Algorithm 1.  Also consistent with 
responses by drivers who received valid alerts, the 
red flashing visual alert and the “intersection ahead” 
icon were viewed less favorably than the speech and 
brake alerts. 

     Questionnaire Results from Drivers Who Did 
Not Experience a Violation Warning - Recall that 
drivers who completed the study without receiving a 
violation warning also completed a questionnaire.  
For these drivers, the only exposure to the CICAS-V 
would have been the opportunity to notice the blue 
“intersection ahead” icon at equipped intersections.  
Therefore, this questionnaire contained few 
questions, most of which asked the driver to rate their 
experiences with the “intersection ahead” display.  
The results are interesting in that there is a trend 
indicating that the drivers did not find the blue 
“intersection ahead” icon annoying or distracting; 
however, these drivers also felt that the visual-only 
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DVI was ineffective in communicating the intended 
information and not easily detected.  Drivers often 
did not complete the questionnaire, presumably 
because they did not notice the blue icon.  These 
results are consistent with the other questionnaire 
results that indicate that drivers often did not notice 
the blue “intersection ahead” display.  Interestingly, 
many drivers took the time to provide feedback in the 
final open question on the questionnaire.  Overall, 
drivers expressed a desire to have the display be more 
conspicuous. 

Evaluation of the Study Systems  

One goal of the study was to evaluate the CICAS-V 
and DAS hardware and software performance on live 
roads in order to demonstrate FOT readiness.  
However, it should be noted that the CICAS-V 
software tested during the field test was not the final 
software release.  Version 1.11 of the software was 
implementable for this field test at the time of testing; 
however, the final release was Version 1.15.  There 
were several improvements to the software during the 
releases after 1.11 that would have likely improved 
the results presented in this section.  In particular, as 
will be discussed shortly, improvements made in the 
intersection selection method and the wireless 
protocol updates may have improved the system 
performance, as shown by tests performed in other 
CICAS-V tasks (Maile et al., in print-b, in print-a). 

Another important note is that the DAS was not 
equipped with an independent set of sensors to verify 
these data.  As a result, these analyses are somewhat 
limited in that they assume that the data provided by 
the WSUs are accurate. 

The CICAS-V hardware and software were evaluated 
using two metrics; the system log and the DVI status 
variable.  The system log was maintained by the 
experimenters.  It consisted of a list of hardware and 
software issues that were encountered during the 
study.  Most of the problems identified from the 
system log were addressed with upgrades to the 
CICAS-V application software or were not problems 
with the CICAS-V system itself.  The predominant 
log entry indicated a Netway box failure.  When the 
Netway failed, the WSU did not receive vehicle 
network information (e.g., speed).  Without this 
information, the system was unable to perform the 
CICAS-V functions.  Portions of several drives, and 
in some cases, entire drivers were lost due to this 
malfunction.   Approximately 5% of data were lost 
due to this deficiency.   

The DVI status variable was used to identify how 
often the CICAS-V was fully capable of providing a 

warning.  Using the blue “intersection ahead” icon as 
the indicator of the range of the vehicle, it was 
identified that the CICAS-V was enabled 96% of the 
time at either stop-controlled or signalized 
intersections.  When the system was disabled, over 
half of the periods were longer than 1 second.  From 
these results, it appears that most of these periods 
have the potential to result in a late warning if the 
driver happens to violate while the system is 
disabled, and the impact on the CICAS-V 
effectiveness may be substantial, potentially negating 
the CICAS-V safety benefit.  

The hardware and software of the vehicle DAS were 
evaluated.  The vehicle DAS hardware and software 
showed less than a 1% data loss.   

RECOMMENDATIONS AND STUDY 
LIMITATIONS 

This study was a pilot test to perform the first on-
road naïve-driver system-level test of the CICAS-V.  
The following sections describe the implications that 
may be drawn.  

The CICAS-V System is FOT Ready 

The on-road data collection indicated that the 
CICAS-V functions reliably and as intended for the 
purpose of conducting an FOT.  The issues that were 
noted with the system during data collection have 
already been largely resolved with CICAS-V 
application software upgrades.  The problems that are 
outstanding at the time of writing this paper are not 
problems with the CICAS-V itself, but relate to just 
this initial implementation.  First, the invalid 
warnings that occurred when an emergency vehicle 
preempted the signal, which caused the RSE to report 
incorrect phase information, are being addressed by 
the signal controller company.  The occasional failure 
of the Netway box during data collection is not an 
issue of the CICAS-V per se; however, it is an issue 
that would need further attention in order to minimize 
data loss during an FOT.  Approximately 5% of data 
were lost due to this deficiency.  For the FOT, it is 
likely that the WSU software would be specialized 
for each vehicle platform, making the Netway box 
unnecessary.   

CICAS-V Algorithms are FOT Ready 

The study successfully tested two algorithms for 
stop-controlled intersections and one algorithm for 
signalized intersections.  Although Stop-Controlled 
Algorithm 1 was not deemed successful, its 
successor, Stop-Controlled Algorithm 2, successfully 
warned three different drivers of an occluded 
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intersection.  Signalized Intersection Algorithm 1 
provided a valid and timely warning to a driver 
approaching a light through a phase change. 

The Vehicle DAS is FOT Ready 

The Vehicle DAS performed well during the study.  
Although there was a hard drive malfunction during 
the course of the study, very little data were lost (2 
hours out of 191 hours total) due to Vehicle DAS 
equipment failures.  It is recommended that variables 
that were not useful for the pilot be eliminated from 
collection to save storage space and simplify the 
resulting database. 

Pilot Study Protocols are FOT Ready 

The protocols, pre-drive questionnaires, and post-
drive questionnaires worked well for the pilot study 
and can be implemented during an FOT. 

The CICAS-V Appears to Provide a Benefit to the 
Driver 

Every driver who was provided with a valid violation 
warning throughout data collection came to a stop 
before the intersection box.  The valid violation 
warnings provided from the best performing 
algorithms, Stop-Controlled Algorithm 2 and the 
Signalized Intersection Algorithm, are of particular 
interest since the scenarios mimic those for which the 
CICAS-V was designed.  Those scenarios are an 
occluded stop-controlled intersection that drivers had 
trouble detecting, and a signalized intersection with 
lead traffic going into a phase change.  Of course, the 
results from this study alone cannot provide an 
accurate cost/benefit trade off, but the results from 
this study indicate a potential benefit of the system.  

Drivers like the CICAS-V 

Subjective data on post-test questionnaires indicate 
that drivers generally like the CICAS-V.  A common 
critique of the system was the conspicuity of the 
visual display.  Nonetheless, this is a minor critique 
considering that: 1) the visual display was not 
designed into the original dash configuration and was 
added; 2) drivers had little time with the vehicle (2 to 
3 hours) to become accustomed to the display; 3) the 
speech and brake pulse modalities are very effective; 
and 4) for the purposes of conducting an FOT, the 
visual display can be viewed as a secondary indicator 
to the speech and brake pulse warning modes and 
could be modified to improve conspicuity.  

 

Limitations of the Study 

One shortcoming of the research is that data 
collection concluded without benefit of testing the 
final version of the CICAS-V application.  As stated, 
the study was conducted using Version 1.11 of the 
software.  By the time data collection had ended and 
the experimenters had given feedback to the CICAS-
V developers, Version 1.15 had been developed, 
reflecting four software upgrades and several 
incorporated system refinements.  Therefore, it is 
recommended that a small study be conducted prior 
to an FOT to test the upgraded software. 

Also, this study was conducted in the small 
metropolitan region of Blacksburg, Virginia.  In this 
area, the GPS coverage was adequate for testing the 
system, the state Department of Transportation was 
very supportive, and the proximity to data collectors 
was ideal.  Alternative locations are likely to provide 
different and, likely, additional challenges relative to 
those that were met by the research staff.  As such, 
the trade-offs of alternative locations would need to 
be carefully considered prior to selecting the final 
FOT site. 
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ABSTRACT 
 
The objective of the present study is to evaluate the 
RibEye system used to obtain deflections in impact-
related tests.  A description of the system is presented 
based on the specifications of the manufacturer. 
Evaluations included chest compression tests under 
varying loading condition:  mid-sternum, offset, and 
diagonal loading.  Accuracy assessment tests 
included: sternum-mounted, and rib-mounted LEDs 
with and without initial chest rotation about the z-
axis, and indenter-mounted LEDs.  These quasi-static 
tests were followed by pure and oblique pendulum 
tests to the thorax at velocities of 4.8 and 6.6 m/s.  
LEDs on the sternum responded similar to the 
available internal chest potentiometer.  The accuracy 
of the system depended on positioning of the LEDs 
on the rib, magnitude of rib deformation, and 
potential interference from devices such as the 
presence of the internal chest potentiometer.  Signal 
drop out depended on the type of indenter, with 
diagonal loading producing more signal loss.  The 
deflection response along the x-and y-directions were 
deemed to be reasonable in oblique loading tests.  
Results from dynamic tests indicated that light 
interference from the internal component(s) restricts 
the ability of the system to obtain accurate 
deflections including signal drop out.  In oblique 
tests, the system captured the asymmetric motions of 
the chest by demonstrating greater deflections on all 
left side ribs than right side ribs, thus showing its 
potential under this loading condition.  The current 
fundamental evaluations helps in understanding of 
the performance of the system as installed in the mid-
size male Hybrid III dummy.     
 
INTRODUCTION 
 
crashworthiness assessments for frontal impact in the 
United States Federal Motor Vehicle Safety Standard 
(FMVSS) No. 208 used the Hybrid III dummy family 
[1].  As far as chest instrumentation is concerned, the 
dummy houses a triaxial accelerometer on the spine 
to record the chest acceleration, and an internal 
deflection potentiometer to measure the chest 
deflection.  The chest force-deflection responses are 

applicable to blunt frontal impacts and are based on 
tests to the mid-sternum impacts using a 23.4 kg 
pendulum at velocities of 4.3 and 6.7 m/s [2-4].  The 
peak chest deflection is obtained from the internal 
potentiometer measuring the linear displacement of 
the sternum with respect to the thoracic spine, and 
the force is recorded from a load cell attached to the 
pendulum impactor.  Data are gathered and processed 
according to the Society of Automotive Engineers 
SAE J211 specifications [5]. 
 
Chest deflection measurements at multiple points 
facilitate an assessment of non-uniform, asymmetric 
thorax loading.  Occupant out-of-position effects may 
also contribute to asymmetrical chest deformations 
even in pure frontal impacts.  Eppinger from the 
National Highway Traffic Safety Administration of 
the United States Department of Transportation 
developed a dedicated instrument, chestband, for 
measuring deformations [6].  It is a noninvasive 
device made of high carbon steel alloy strip with 
strain gauges bonded at 59 locations.  During the 
early years of development, lesser gages were used.  
Deflections at multiple levels have been obtained 
using more than one chestband.  This device has been 
used to compare chest deflections in simulated 
frontal impacts in a laboratory environment [7, 8]. 
 
Recognizing that deflections can be used for 
understanding injury mechanisms and might serve to 
define injury criteria, recently, an optically-based 
instrument, termed RibEye, has been developed by 
Robert A. Denton, Inc., to measure internal chest 
deflection of devices such as the Hybrid III dummy 
[9].  As a systematic evaluation have not been 
reported, this paper describes procedures to evaluate 
the RibEye system in the mid-size Hybrid III dummy 
with a focus on frontal impact applications.   
 
DETAILS OF THE SYSTEM  
 
The underlying concept is that an optically-based 
system, being not affixed to a specific mechanical 
linkage such as the internal chest potentiometer 
connecting the spine and sternum, can enhance the 
number of deflection measurements.  Briefly, the 



Yoganandan, 2 

RibEye system is comprised of up to twelve light 
emitting diodes (LEDs) mounted to the ribs of the 
dummy internally, two incident light detectors 
(sensors) that receive light from the LEDs, a 
controller, and an interface box (Figures 1-7).  The 
current version of the system is capable of obtaining 
deflection data along the x- and y-directions, fore-aft 
and side to side.  The sensors are mounted laterally to 
each side of the thoracic spine of the dummy, and the 
controller is located within the spine box at its 
uppermost location.  LEDs connect to the controller 
via a block mounted superior to the sensor heads.  
The interface box can be secured in the trunk of the 
test vehicle in full scale experiments. 
  
LEDs can be mounted at various positions on the 
inside surface of the ribs or sternum.  The default 
LED locations are placed one on each rib on either 
side.  However, the RibEye allows the user to 
override the default condition and position multiple 
LEDs on the same rib or sternum as long as proper z-
axis location is maintained.  All LEDs are connected 
via a cable to the data acquisition system housed 
within the thoracic spine of the Hybrid III dummy.  
The user indicates the position of the LED in the 
“Location” field of the user-interface.  Three LED 
case designs exist: with different back angles that 
direct light toward the RibEye sensors (Figure 4).  
The flat back LEDs are designed for positioning on 
ribs three and four, the 20-deg angled back LEDs are 
designed for positioning on ribs two and five, and the 
35-deg angled back LEDs are designed for 
positioning on ribs one and six. Optionally, the 35-
degree angled back LEDs may be positioned on the 
upper and lower sternum using the mounting plates 
(Figures 5-7).   
 
Each LED is powered sequentially and sampled at 
10,000 Hz during testing, while two sensors detect 
the angle of the LED with respect to frontal and 
lateral planes.  The resulting digital data are stored in 
memory.  This constitutes the “raw data” from the 
RibEye system.  These data are then corrected for 
ambient light conditions and adjusted using 
calibration curves housed within the software of the 
data acquisition system.  In other words, the light 
intensity data collected based on the incident angle is 
converted by an embedded microprocessor using 
optical triangulation techniques to compute 
deflection records at each LED position.  These 
processed data are then stored in the RibEye flash 
memory.  Data are downloaded to an external 
computer and saved as a text file using the RibEye 
interface within a web browser (Figure 7).  Thus, it is 
possible to obtain fore-aft and side-side coordinates 

of deflection of the rib or sternum at the positioned 
LED location during loading.  Using twelve sensors, 
deflections can be determined at twelve locations.  
The system allows the user to download “raw data” 
using the Hyperterminal software.  However, 
processing of this “raw data” to provide LED 
deflections can be only be done by the manufacturer, 
Robert A. Denton, Inc. 
 
The following multi-point deflection measurement 
system specifications were extracted from the User 
Manual.  The measurement ranges in the x-y and x-z 
planes are demonstrated in Figures 8-9.  For Figures 
8 and 9, the x=0, y=0, z=0, i.e., origin, is the 
midpoint of the line segment connecting the two 
sensors.  With respect to the dummy, this is 
approximately on the front surface of the spine 
mount box in the center of the chest.  Thus, the 
absolute location of the midsternum is approximately 
x=87, y=0, z=0 mm.  The system does not account 
for out-of-plane movements.  Thus, any z-axis 
movement of an LED will produce measurement 
inaccuracies.  Tables 1 and 2 list the system accuracy 
associated with z-direction deflection ranges.   
 
 

 
 
 
Figure 1. RibEye system: LEDs (A), two sensor 
heads located on both sided of the thoracic spine 
(B), interface box (C and E), dummy thoracic 
spine box (D), and LED connector block (F). 
 
 
The power supply to the system should be 12 to 36 
volts DC.  Fuse protection is an internal self-resetting 
polymer fuse in the interface box.  RibEye's self-
contained data system has a sampling rate of 10,000 
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Hertz per LED and an acquisition time of 90 
milliseconds pre-trigger, 910 milliseconds post-
trigger (1 second total).  All data are collected in 
RAM and stored post-test in the system memory. 
 
 

 
 
 
Figure 2.  RibEye system components showing the 
controller (A), sensor heads (B), interface box (C), 
and LED connector block (D). 
 
 
 

 
 
 
Figure 3. RibEye system shown installed in the 
mid-size Hybrid III dummy. The photo shows an 
LED fixed to right sixth rib (A), sensors (B).  The 
standard Hybrid III sternum displacement slider 
arm (C), dummy thoracic spine box (D), and 
internal chest potentiometer assembly (E) are also 
shown.  
 
 

 
 
 
Figure 4.  The top illustration shows the LED case 
design: flat back LED (A), 20-deg angled back 
LED (B), and 35-deg angled back LED (C).  The 
bottom illustration shows the 35-deg angled back 
LED (A) and the sternum mounting plate (B). 
 

 
 
 
Figure 5. Mid-size Hybrid III dummy chest 
showing the sternum assembly (A), sternum 
mounting plate (B), upper right and left sternum 
LEDs (C and D). 
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Figure 6.  Inferior view of the sternum-mounted 
LED: sternum mounting plate (A), lower right 
and left sternum LEDs (B, C), and upper sternum 
LED (D). 
 
 

 
 
 
Figure 7.  RibEye use interface. 
 
 
 

Table 1.   
RibEye accuracy with z-axis deviation  

 
z-deviation 

mm 
x-accuracy 

mm 
y-accuracy 

mm 
0 1.0 1.0 

± 12.5 1.0 2.0 
12.5 to 25.0 2.0 2.0 

-12.5 to -25.0 2.0 2.0 
 

Table 2. 
Power requirements  

 
*: when all LEDS are out of view of both sensors and 
driven to full power 
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Figure 8. The specified range for LED x-y 
positions for the mid-size Hybrid III dummy. 
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Figure 9: The specified range for LED x-z 
positions for the mid-size Hybrid III dummy. 
 
 
 

Operating 
conditions 

Interface 
box (W) 

Controller 
and LEDs 

(W) 
Total (W) 

On or idle 3.3 2.0 5.3 
Collecting 

data 3.3 5.0 8.3 
Maximum* 3.3 9.0 12.3 
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QUASI-STATIC EVALUATIONS 
 
LED Positioning 
 
This was accomplished as follows.  The thorax of the 
mid-size male Hybrid III dummy was mounted on a 
cross table and attached to a testing device.  LEDs 
were positioned on the inside surface of the ribs and 
position measurements were obtained from the 
midline of the sternum along the outer surface of the 
ribs.    

 
LED Signal Drop Out Assessment 

  
In order for the RibEye system to optically track the 
position of the LEDs, there must be sufficient light 
projected from each LED onto the spine box-
mounted sensors.  If either or both sensors detect 
inadequate light intensity, data from that particular 
LED will be forced out of range and the system will 
not track the LED motion until the light intensity 
requirement is again satisfied.  This light intensity 
requirement can also be affected by extraneous light 
such as those resulting from high intensity lighting 
systems, typically used in crashworthiness studies 
(example, sled tests) to obtain overall kinematics.   
However, the dummy chest jacket use minimizes 
extraneous light interference.  When sensors detect 
inadequate light intensity, signal drop out occurs, 
resulting in gaps within the RibEye deflection 
records. 
 
In the x-direction deflection plot, drop out appears an 
instantaneous negative change in the displacement of 
the LED followed by a horizontal interval (Figure 
10).  The displacement magnitude of the horizontal 
interval indicates the initial absolute position of the 
LED prior to compression, and any association with 
the indenter and chest potentiometer traces is 
coincidental.  At the end of the drop out period, there 
is an instantaneous positive change in the 
displacement as normal LED tracking resumes.  In 
the y-direction deflection plot, signal drop out pattern 
is similar to the x-direction, but in right-sided LEDs 
the deviation is negative and in left-sided LEDs it is 
positive (Figure 11). 
 
The graphical appearance of signal drop out is 
therefore, a consequence of the RibEye system 
methodology in data processing under inadequate 
signal conditions.  If inadequate light from a 
particular LED is provided to the left sensor, all data 
for that LED during the period of diminished optical 
signal is assigned an integer value, “1.”  On the other 
hand, if inadequate light is provided to the right 

sensor, all data for that particular LED is assigned an 
integer value, “2.”  However, if inadequate light is 
provided to both sensors, all data for that LED is 
assigned an integer value, “3.”  These values do not 
appear to be in the “raw data”, but is most likely 
included in the output from the microprocessor which 
feeds into the flash memory.   
 
 

 
 
 
Figure 10.  Deflection along the x-direction of the 
right fourth rib LED positioned at 6 cm. While 
the indenter continues to compress the chest, drop 
out occurs in the LED signal.  The shape of the 
drop out pulse is similar regardless of the 
positioning of the LED. 
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Figure 11:  Deflections along the y-direction of the 
right and left fourth rib LEDs positioned at 6 cm.  
The drop out occurs in both LEDs.  The polarity 
reversal between the left and rib LEDs are 
discussed in the text. The shape of the drop out 
pulse between the left and right LED is similar 
regardless of the positioning of the LED. 
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Appendix A contains a portion of the text output 
from the RibEye web interface software.  The output 
provides absolute xy location information for each 
LED.  Note that data demonstrating insufficient light 
detection by the left sensor from the LED affixed to 
left rib six (RIB6 LX and RIB6 LY) at 100.3 
milliseconds are assigned the integer value, “1”.  The 
right sensor detected inadequate light projected from 
LEDs attached to right ribs one and two during the 
99.3 – 100.9 millisecond interval shows the integer 
value, “2”.  In this example, at no time were the LED 
light signals undetectable by both sensors.  In 
subsequent plots the absolute position data are 
filtered and converted to relative data such that all 
sensors begin at zero.  In other words, the initial 
absolute position value is subtracted from all values 
to establish zero base line.  This process results in 
converting integer values indicating drop out to 
relative deflection magnitudes. 
 
LED signal drop out may occur from ribcage (rib or 
sternum) bending that directs the light beam away 
from the sensor(s), or, obstruction of the beam by 
another component of the mid-size III dummy such 
as the slider arm of the chest potentiometer.  Signal 
drop out secondary to the bending path appears as a 
horizontal interval symmetric about the center of the 
indenter trace corresponding to maximal 
compression.  In contrast, signal drop out due to the 
slider arm obstruction appears as two shorter 
intervals.  The initial drop out interval occurs during 
compression while the second interval occurs 
symmetrically during release (Figure 12). 
 
 

 
 
 
Figure 12.  Plot showing drop out from the lower 
sternum LED on the right side (deflection shown 
is along the x-direction) due to light interference 
from the presence of the slider arm of the internal 
chest potentiometer.  Displacement data from the 
potentiometer is included.  Data corresponds to 3-
in chest compression test. 

 
Drop out assessment tests were conducted using a 
ramp waveform and indenter displacements ranged 
from 1-in to 3-in.  It should be noted that the 
maximum sternum deflection specified FMVSS 208 
is 2.5 inches [10].  Indenter velocities were 0.25 or 
0.50 m/s.   All tests, except with LEDs at the 11 cm 
position, were performed with and without the 
internal chest potentiometer slider arm.  RibEye data 
were separated into individual channels and a 
CFC600 filter was used according to SAE J211-1 
2003 specifications for filtration of thorax 
deflections.   
 
In mid-Sternum compression loading, a wooden 
cylinder of diameter 15 cm attached to the actuator of 
the testing device was used to determine the drop out 
with varying LED positions and sternum 
compression parameters.  The loading paralleled the 
mid-size Hybrid III dummy evaluation criterion.  
Quasi-static compression tests were performed with 
LEDs mounted to ribs one through six on each side 
in the following configurations: 6, 8, 9, 10, 11, or 13 
cm from the sternum midline.  The center of the 
indenter contacted the thorax at mid-sternum (Figure 
13).  
   

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Photograph showing the test system 
with the wooden indenter (A) and LEDs 
positioned on the left sixth rib (C) at 11 cm.  The 
dummy rights ribs are identified (B).  
 
 
The sternum attachment option was evaluated with 
four LEDs mounted to the upper and lower corners 
of the sternum plate via screws.  The remaining 
LEDs were mounted to ribs two through five at either 
8 or 9 cm from the midline (Figure 14).  The RibEye 
system was compressed using a 15 cm square 
aluminum plate indenter in these tests.  A leveling 
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plate was used to compensate for the convexity of the 
sternum plate and provide level contact surface for 
loading the sternum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Photograph showing the test system 
with the aluminum indenter (A) and LEDs 
positioned at 8 cm on the right 2-5 ribs (C).  The 
PMMA leveler is identified (B). 
 
 
The presence of the linkage arm of the internal chest 
potentiometer in the mid-size Hybrid III dummy 
appeared to increase the likelihood of interference as 
the location of LEDs moved away (towards left or 
right) from the 9 cm position.  As expected, 
increasing the magnitude of the chest compression 
increased the likelihood of drop out.  The percentage 
of LED drop out was sensitive to positioning,  the 
magnitude of sternum compression (1-in test), and 
the presence of the internal chest potentiometer.  No 
drop out occurred in tests with 1-in sternum 
compression.  This was independent of the presence 
or absence of the mid-size Hybrid III dummy the 
internal chest potentiometer.  In the 2-in compression 
test without the presence of the potentiometer, the 
drop out occurred only at the 13 cm position.  
However, the presence of the potentiometer at this 
compression magnitude produced drop out at the 
following positions: 6 cm; 8 cm; 13 cm; and the 
sternum.  The 3-in sternum test without the chest 
potentiometer produced dropout at all LED positions 
except the 9 cm position.  Inclusion of the 
potentiometer in the 3-in compression test resulted in 
LED dropout in all configurations.  These findings 
indicate that the mechanism of signal drop out can be 
influenced by obstruction within the light field 
(presence of internal chest potentiometer slider arm), 
initial position of the LED, and orientation of the 
LED deflection path of the ribcage. 
 

Peak chest compressions before drop out depended 
on the position of the LED.  The 9 cm position 
showed no drop out (the 3-in compression test) and 
increasing drop outs occurred with positions away 
from the 9 cm position.  As shown in Figure 15, at 
the 6 cm LED position, the peak compression before 
drop out was 62 mm, followed by 70 mm at the 8 cm, 
64 mm at the 10 cm, and 24 mm at the 13 cm LED 
positions.  At the sternum, the peak chest 
compression occurred at 66 mm.  These results 
suggest that 9 cm position is optimal.  Because the 
peak sternum compression exceeded the injury 
assessment reference value (IARV) of 63 mm, 
according to FMVSS No. 208, (section S6.4, Code of 
Federal Regulations, 10/1/2006 edition) with LEDs 
positioned at 8 cm, 9 cm, and 10 cm, and on the 
sternum, it may be appropriate to use these positions 
when the symmetrical load is on the center of the 
sternum in the mid-size Hybrid III dummy. 
 
 

 
 
 
Figure 15.  Peak chest compression before drop 
out from LEDs positioned at locations shown on 
the x-axis.  The 9 cm positioned LED did not have 
any drop out and hence the maximum 
displacement achieved by the indenter was 
recorded.  The sternum compression before drop 
out exceeded the IARV of 63 mm in LEDs 
positioned at 10, 9, and 8 cm and sternum.  Note 
the decreasing peak deflections before drop out as 
LED positioning moves away from 9 cm position.  
 
 
The purpose of offset tests was to determine the drop 
out characteristics with asymmetric loading to the 
ribcage in the mid-size Hybrid III dummy.  In the left 
side offset tests, the longitudinal edge of the indenter, 
51 mm x 102 mm, was aligned with the front end 
stiffener plate of the left side ribs two through five.  
The performance was evaluated in the 1-, 2-, and 2.5-
in compression tests, with LEDs mounted at the 6 
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cm, 9 cm, and 13 cm positions, resulting in nine tests.  
The extreme case of the 3-in compression test was 
not considered because subjecting the mid-size 
Hybrid III dummy thorax to this magnitude may 
exceed its capacity.  The purpose of the diagonal 
loading tests was to determine the drop out 
characteristics with asymmetric loading generated by 
a typical diagonal shoulder belt.  Loading was 
accomplished using a 51 mm wide metal plate angled 
at approximately 45 deg in the frontal plane and 
positioned with its center at mid-sternum.  LEDs 
were positioned at the 9 cm location, and the plate 
was displaced to compress the dummy chest to 1-in, 
2-in, and 3-in.  Two tests at each of the two lower 
compressions were conducted.  These tests indicated 
that system is able to follow the offset loads.  The 
upper- and lower-most LEDs appear to be sensitive 
to drop out in the diagonal loading, with no drop outs 
occurring in the middle ribs.  Drop out only occurred 
in the 3-in compression test and the first LED 
dropped out at an indenter displacement exceeding 
the sternum compression IARV.  Because drop outs 
occurred in multiple LEDs, the system may not fully 
capture the ribcage motion at this severe chest 
displacement in the mid-size Hybrid III dummy. 
 
Accuracy Assessments 
 
The purpose of these tests was to directly compare 
the deflection measuring capability of the RibEye 
system with the current deflection measuring 
standard (internal chest potentiometer) or with the 
indenter deflection.  The potentiometer measures 
sternum compression via a transducer arm whose end 
travels in a midline track within the dummy sternum.  
The transducer arm induces rotation in a 
potentiometer during compression and the resulting 
electrical signal is converted to linear displacement.  
These tests were designed to evaluate the accuracy of 
deflection records along x- and y-directions (Table 
3).  Tests in this series consisted of four subseries.  
The first three subseries involved test configurations 
that maintained the integrity of the dummy thorax 
such that LEDs were mounted to the sternum, rib, or 
rib inter-space while the chest compression was 
induced by the indenter.  The fourth subseries 
entailed mounting an LED directly to the actuator of 
the test device and tracking its displacement.  
Indenter displacement and velocity were varied with 
each subseries.  Following each test the RibEye data 
was separated into individual channels and CFC60 
filter was used.  RibEye deflection data were 
compared to the displacement of the indenter and 
with the chest displacement potentiometer data in the 
sternum-mounted subseries of tests. 

Table 3. 
  Accuracy description of tests 

 
LED  Loading  Compare   

Location  with Accuracy 
central pot + 

 Sternum 
sternum Indenter 

x 

 Right rib 4 x (+/- z 
 

over LED Indenter 
deviation) 

 Right rib 4 
 
(rotated 
thorax) 

over LED Indenter x and y 

 Indenter 
extension 

None Indenter x 

 
 
Sternum-mounted LED tests evaluated the accuracy 
of RibEye detection of four LEDs mounted on the 
upper and lower corners of the sternum (Figure 16).  
The remaining eight LEDs were considered 
secondary and mounted on the sternum or, onto ribs 
two through five at either 8 or 9 cm from the midline.  
It was expected that the deflections from the corner 
mounted LEDs will match the internal chest 
potentiometer deflection.  However, because of bib 
flexibility in the mid-size Hybrid III dummy chest, 
mismatch can occur between the internal chest 
potentiometer and the indenter.   
 
 

 
 
 
Figure 16.  Test configuration for sternum-
mounted loading.  A: Offset for the trigger 
system, B: the Aluminum plate indenter, and C: 
PMMA leveler. 
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Rib-mounted LED tests were done using the standard 
z-location at the center of each rib and at a z-
direction offset position of 1.5 cm from the center of 
each rib.  The latter offset position corresponds to the 
interspace between adjacent ribs.  An LED was 
mounted at the antero-medial rib margin of the right 
fourth rib (Figure 17).   
 

 
 
 
Figure 17.  Test configuration for rib-mounted 
loading.  A: indenter load cell, B: indenter, C: 
LED at right frontend stiffener plate at 4th rib. 
 
Rib-mounted LED tests with rotated chest were 
conducted with the dummy chest rotated 13 degrees 
about its z-axis, as shown in Figure 18, and securely 
fixed to the cross table.  The small circular indenter 
was placed directly over an LED attached to the right 
fourth rib at 8 cm from the sternum midline. and 
chest compression tests were performed.   
 

 
 
Figure 18.  Photograph showing the setup for 
thorax rotated loading tests.  A: indenter and B; 
right fourth rib. 
 

Table 4 compares peak LED deflections with 
indenter displacements corrected for the initial 
rotation.  In the subsequent subseries of indenter-
mounted accuracy tests, an LED was mounted to an 
extension of the indenter that allowed for positioning 
of the LED directly under the rib of interest.  The 
mid-size Hybrid III dummy sternum was modified to 
allow the indenter extension to pass between the ribs, 
but maintain the original thorax geometry (Figure 
19).  This configuration essentially produced an 
accuracy bench test that maintained integrity of both 
the mid-size Hybrid III dummy and RibEye system.  
Compression tests were performed at the left third 
and right sixth ribs.  Velocities ranged from 0.08 m/s 
to 0.25 m/s with nominal deflections of 12 to 60 mm. 
  

Table 4. 
Right rib 4 LED deflections compared to indenter 

displacement in oblique thorax tests 
 

Peak 
Indenter 

Peak  
Rib 4 

  % 

deflection deflection Change  
 (mm)  (mm) (mm) Change 
-15.8 -14.3 -1.5 -9.4 
-21.9 -21.2 -0.7 -3.4 
-28 5 -27.6 -0.9 -3.1 
-40.8 -40.0 -0.8 -1.9 

 
 
These tests indicated that the RibEye system is 
capable of capturing the ribcage deformations in the 
mid-size Hybrid III dummy.  LEDs on the sternum 
respond similar to the available internal chest 
potentiometer.  The accuracy of the system depends 
on where the LEDs are positioned on the rib, 
magnitude of rib deformation, and potential 
interference from devices such as the presence of the 
internal chest potentiometer.  Optimum locations 
appear to be at a distance of 9 cm measured along the 
outer curvilinear path of the rib from mid-sternum on 
either side.  At this positioning, the system showed 
no signal drop out at deflections representative of 
current frontal impact standards.  However, it should 
be noted that eccentric z-axis placement of LEDs 
may result in loss of accuracy of deflection of 
measurements.  The signal drop out depended on the 
type of indenter, with the diagonal indenter 
producing more signal loss and affecting accuracy.  
The deflections response along the x-and y-directions 
were deemed reasonable in oblique loading tests in 
these tests.   
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DYNAMIC EVALUATIONS  
 
The RibEye system was also subjected to pendulum 
tests.  Seven tests were conducted with the mid-size 
Hybrid III dummy in the neutral and two tests were 
conducted with the dummy in the 25-degree oblique 
position about the vertical (z) axis so that the 
pendulum impacted the right side of the thorax.  The 
neutral positioning used in these tests followed 
specifications according to 49 CFR 572.34 3.    
 
 

 
 

 
 
 
Figure 19.  Setup used in indenter-mounted LED 
tests.  Top:  A: indenter extension, B: sternum 
modification, C: left 3-4 interspace, and D: 
RIbEye sensor head.  Bottom: A: indenter 
extension, B and C: left third and fourth ribs, and 
D: sternum  
 
 
Impact velocity measured with an optical system for 
Hybrid III thorax qualification tests ranged from 3.0 
m/s to 6.6 m/s.  The internal chest potentiometer was 
used in four of the neutral tests.  It was not used in 
any oblique test.  The initial test in this series (Test 1, 

probe velocity = 6.6 m/s) served as a thoracic impact 
calibration test.  The maximum sternum deflection 
measured by the internal chest potentiometer, 67 mm, 
was within the qualification corridor in 49 CFR 
572.34.  Drop out did not occur in tests conducted at 
velocities ranging from 3.0 to 4.8 m/s, regardless of 
the presence or absence of the dummy internal chest 
potentiometer (Table 5).  However, drop out 
occurred in three of twelve (25%) LEDs in the 6.6 
m/s test in the neutral position with inclusion of the 
internal chest potentiometer.  The analogous test 
without the potentiometer produced no drop out and 
implicated the chest pot slider arm as the source of 
sensor interference.   
 

Table 5. 
Summary of pendulum test data 

ID 1 2 3 4 5 
Position N N N N N 
Velocity  
(m/s) 

6.6 4.1 3.0 4.1 4.1 

Chest pot 
use 

Y Y Y Y N 

Pot  
def (mm) 

66.8 39.5 27.0 41.1 - 

LED  
drop out 

3 0 0 0 0 

% drop 
out 

25.0 0.0 0.0 0.0 0.0 

 
ID 6 7 8 9 
Position N N O O 

Velocity (m/s) 3.0 6.6 4.1 4.8 

Chest pot use N N N N 

Pot def (mm) - - - - 
LED  
drop out 0 0 0 0 

% drop out 0.0 0.0 0.0 0.0 
 
 
Figures 20-22 include deflections along the x-
direction from the upper, middle, and lower ribs with 
LED drop out associated with the lower rib output.  
The internal chest potentiometer data are also 
included in all plots.  Rib deflection profiles closely 
followed the sternum deflection measured by the 
chest potentiometer in both timing and shape.  The 
morphologies of these profiles were found to be 
similar.  As expected, rib deflections were lower than 
the sternum deflection secondary to positioning of 
LEDs on the ribs and rib motion during compression.  
Because of the three-dimensional nature of the 
ribcage and off-central locations of the LEDs, 
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sternum-measured displacements were greater than 
the displacements recorded by the LEDs positioned 
on the ribs.   
 

 
 
 
Figure 20.  Comparison of deflections in the x-
direction from the internal chest potentiometer 
and LED positioned at 9 cm on ribs one and two 
during 6.6 m/s pendulum test. 
 
 

 
 
 
Figure 21.  Comparison of deflections in the x-
direction from the internal chest potentiometer 
and LED positioned at 9 cm on ribs three and 
four during 6.6 m/s pendulum test. 
 
 
Figure 23 shows deflections along the y-direction.  
The ribs on the right side deflect along the positive y-
direction while the opposite is true for the left side 
(hoop deformation).  This expected response is 
reflective of central loading of the mid-size dummy 
chest during impact from the pendulum.   

 
 

 
 
 
Figure 22.  Comparison of deflections in the x-
direction from the internal chest potentiometer 
and LEDs positioned at 9 cm on ribs five and six 
during 6.6 m/s pendulum test.  Drop out occurred 
in three LEDs. 
 
 

 
 
 
Figure 23.  Deflections in the y-direction from 
LEDs positioned at 9 cm on all ribs during 6.6 m/s 
pendulum test.  Drop out occurred in three LEDs. 
 
 
Figures 24-26 include deflections along the x-
direction from the upper, middle, and lower ribs for 
the test without the internal chest potentiometer.  No 
signal drop out occurred in these evaluations.  Figure 
27 shows deflections along the y-direction for all 
LEDs demonstrating no drop out.   
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Figure 24.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs one and two 
during 6.6 m/s pendulum test. 
 
 

 
 
 
Figure 25.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs three and four 
during 6.6 m/s pendulum test. 
 
 
Figures 28-30 include deflections along the x-
direction from the upper, middle, and lower ribs for 
the oblique test.  The right side ribs demonstrated 
greater deflection magnitudes in the x direction 
compared to the left side ribs.  This is reflective of 
the right oblique chest loading imparted by the 
pendulum.  No signal drop out occurred in these 
evaluations.  Figure 31 shows deflections along the 
y-direction for all LEDs, again demonstrating no 
drop out.  These deflections were approximately the 
same magnitude, which would be expected because 
the loading is from the right to the left side causing a 
deflection of all ribs toward the left side.   
 

 
 
 
Figure 26.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs five and six 
during 6.6 m/s pendulum test. 
 
 

 
 
 
Figure 27.  Deflections in the y-direction from 
LEDs positioned at 9 cm on all ribs during 6.6 m/s 
pendulum test. 
 
 
The system evaluated is with specific reference to the 
mid-size Hybrid III dummy.  As the construction of 
the dummies is different for different sizes even in 
the Hybrid III family, the same system cannot be 
incorporated into the other dummies.  In the same 
vein, while a modified system has the potential to be 
incorporated into other types of dummies, the present 
evaluations should be considered only as a first step 
in the performance of such systems.  It should be 
noted that the system is stand-alone and requires 
integration into standard data acquisition systems that 
are used in routine crashworthiness tests, and the 
sample frequency and recording time are fixed for 
the current version.  In tests conducted in the present 
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evaluation study, occasional data download issues 
included browser and system re-boots in addition to 
data delimiters were missing in six tests.  Thus 
additional studies may be needed to resolve such 
issues. 
 
 

 
 
 
Figure 28.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs one and two 
during 4.8 m/s oblique pendulum test. 
 
 

 
 
 
Figure 29.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs three and four 
during 4.8 m/s oblique pendulum test. 
 
To summarize, the objective of the present study was 
to evaluate the RibEye system intended for obtaining 
deflections in impact-related tests.  To achieve the 
objectives, signal drop out and accuracy assessment 
tests were conducted using quasi-static and dynamic 
loading conditions.  The former series of experiments 
were conducted using a custom-designed testing 
device.  In contrast, the latter dynamic tests were 

conducted using a pendulum impactor at velocities 
ranging from 3.0 to 6.6 m/s.  Mid-size Hybrid III 
dummy internal chest potentiometer was used along 
with the testing device indenter records in the 
assessment processes.   
 
 

 
 
 
Figure 30.  Deflections in the x-direction from 
LEDs positioned at 9 cm on ribs five and six 
during 4.8 m/s oblique pendulum test. 
 
 

 
 
 
Figure 31.  Deflections in the y-direction from 
LEDs positioned at 9 cm in all ribs during 4.8 m/s 
oblique pendulum test. 
 
Signal drop out depended on the type of indenter, 
with the belt-type indenter producing more signal 
loss.  The deflections response along the x-and y-
directions were deemed reasonable in oblique 
loading tests.  Results from dynamic tests indicated 
that light interference from internal components 
restricts the ability of the system to obtain deflections 
including signal drop out.  In oblique tests, the 
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system captured the asymmetric motions of the chest 
by demonstrating greater deflections on all left side 
ribs than right side ribs, demonstrating its potential 
under this loading condition.  These evaluations 
assist in understanding of the performance of the 
system as installed in the mid-size Hybrid III dummy.     
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Appendix A:  RibEye data demonstrating drop out 
Time 
(ms) 

RIB5 
LX 

RIB5 
LY 

RIB6 
LX 

RIB6 
LY 

RIB1 
RX 

RIB1 
RY 

RIB2 
RX 

RIB2 
RY 

99.3 47.5 -118.6 46.3 -103.8 2 2 2 2 
99.4 47.2 -118.5 47.1 -103.2 2 2 2 2 
99.5 47.4 -119.0 46.7 -103.0 2 2 2 2 
99.6 47.8 -119.2 46.6 -102.6 2 2 2 2 
99.7 47.6 -119.2 46.1 -102.4 2 2 2 2 
99.8 47.4 -119.3 45.8 -102.6 2 2 2 2 
99.9 46.9 -119.4 45.5 -102.0 2 2 2 2 
100 47.4 -118.8 46.2 -101.7 2 2 2 2 

100.1 47.7 -118.9 45.9 -101.3 2 2 2 2 
100.2 47.5 -119.4 46.0 -100.7 2 2 2 2 
100.3 47.8 -119.4 1 1 2 2 2 2 
100.4 47.0 -120.0 1 1 2 2 2 2 
100.5 47.7 -119.0 1 1 2 2 2 2 
100.6 47.8 -118.9 1 1 2 2 2 2 
100.7 47.1 -119.7 1 1 2 2 2 2 
100.8 47.0 -120.1 1 1 2 2 2 2 
100.9 46.9 -120.4 1 1 2 2 2 2 

 
Note: “1”: left sensor drop out; “2”: right sensor drop out; and “3”: would indicate drop out from both sensors.
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ABSTRACT 
 
The use of a RibEye system in a SID-IIs crash 
dummy was evaluated.  The SID-IIs is a small adult 
female side impact anthropomorphic test device.  The 
RibEye is a non-contact optical system that uses 
triangulation to measure rib deflection. 
 
This study quantified RibEye measurements using 
four evaluation environments.  First, a SID-IIs thorax 
with an internal RibEye was impacted with a linear 
impactor and the measurements were compared to 
accelerometer and video measurements.  Next, the 
RibEye was mounted in a vertical drop tower and 
impacted with a falling drop mass, simulating a 
purely lateral side impact.  The RibEye 
measurements were compared to data from linear 
potentiometers, which are typically used in the SID-
IIs.   A similar drop tower test series was then 
conducted which included tests with the RibEye 
mounted at an angle to simulate oblique loading to a 
dummy during a side impact. 
 
Lastly, a series of full vehicle crash tests were 
conducted to compare measurements from a SID-IIs 
dummy with a RibEye to a SID-IIs dummy with 
linear potentiometers. 
 
The lateral drop tower tests indicated that peak 
deflections measured by the RibEye were generally 
within 1 mm of the linear potentiometer 
measurements.  In the full vehicle crash tests, the 
RibEye and linear potentiometer measurements fell 
within the expected variability from crash test to 
crash test.  User interface issues and the practicality 

of RibEye in the full vehicle tests are also discussed.  
In oblique loading tests, the RibEye revealed 
significant X-axis motions that cannot be measured 
by linear potentiometers as typically mounted in the 
SID-IIs thorax. 
 
INTRODUCTION 
 
The SID-IIs is a small adult female side impact 
Anthropomorphic Test Device (ATD).  It was 
designed in the 1990s jointly by the three domestic 
U.S. auto manufacturers and First Technology Safety 
Systems working through the Occupant Safety 
Research Partnership (OSRP) of the United States 
Council for Automotive Research (USCAR).  This 
ATD was designed to be a second-generation side 
impact dummy with improved biofidelity compared 
to existing side impact dummies.  It was intended to 
be available for global harmonization of crash test 
regulations.  The biofidelity of this ATD’s beta 
version was reported by Scherer, et al. [1] 
 
To simulate human anatomy, the SID-IIs uses a 
collection of steel bands called “ribs”.  The SID-IIs 
has one shoulder rib, three thoracic ribs, and two 
abdominal ribs, each made of Vascomax© steel with 
bonded dampening material.  The dummy typically 
utilizes linear potentiometers (pots) (as specified in 
the Code of Federal Regulations – 49 CFR Part 572) 
to measure the amount of rib deflection for these six 
ribs during impact tests.  The upper thoracic rib linear 
pot is shown in Figure 1 (with the shoulder rib pot 
removed).   
 
The laboratories represented by the OSRP member 
companies as well as other laboratories have 
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experienced data quality issues with these pots in the 
crash testing environment.  Frequently, electronic 
noise and data dropouts have resulted from damage 
to the resistive elements inside the pots.  The pots are 
mounted using spherical bearings to reduce any off-
axis loading; however, the noise may have been due 
to inertial effects.  Sources of this noise were 
investigated by Arbelaez, et al. [2].  An example of 
erroneous crash data recorded with the pots is shown 
in Figure 2.  Thus, there was a need to investigate 
alternative technologies for measuring the motion of 
the impacted side of the SID-IIs ribs relative to the 
spine box. 
 

Linear PotentiometerLinear Potentiometer

 

Figure 1.  Linear pot mounted to thorax rib. 
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Figure 2.  Sample crash data from a current SID-
IIs linear pot. 
 
RibEye Technology 
 
RibEye is a new electro-optical technology that 
measures deformation of the ribcage in three 

dimensions at high speeds.  The RibEye was 
designed to not affect the biofidelity of the dummy.  
RibEye uses light-emitting diodes (LEDs) placed at 
the desired measurement points, with three optical 
sensors mounted to the dummy spine.  The sensors 
capture light from the LEDs and translate the light 
angle into a deflection measurement.  Simple 
triangulation, as used in sailing and mapping, yields 
data on three-dimensional movement of all ribs.  The 
RibEye sensor module is shown in Figure 3and the 
RibEye LEDs mounted on the SIDIIs ribs are shown 
in Figure 4. 
 

 
Figure 3.  RibEye sensor module. 

 

Figure 4.  RibEye LEDs on SID-IIs ribs. 
 

 
Unlike current methods, RibEye reports 
measurements with respect to the sensor location, as 
opposed to pots which simply report the stroke of its 
shaft. Also, RibEye constantly controls LED 
brightness to get accurate readings over a wide range 
of sensor-to-LED distances, which has not been done 
by previous optical methods. 
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LIMITATIONS 
 

This evaluation was intended to quantify the accuracy 
of the RibEye measurements by exercising the 
system in several different loading conditions.  This 
included linear impact tests, two series of drop tower 
tests and full vehicle crash tests.   During each 
evaluation the RibEye measurements were compared 
to alternate measurements such as linear pots or 
video analysis.   

For controlled laboratory tests such as drop tower and 
linear impact tests, differences in measured peak 
deflections between the alternate technologies of less 
than 1.5 mm were considered “good”.  This 
represents 2% of 75 mm, which was a typical 
displacement observed during these test evaluations.  
Those differences between 1.5 and 3.0 mm (2% - 4%) 
were considered “marginal”.   

This evaluation did not fully address all of the 
laboratory, user and durability issues associated with 
a new measurement technology.   As an example, 
comments concerning the integration of RibEye to a 
data acquisition system are presented but a thorough 
analysis was not completed.    

Previous testing had indicated the RibEye may 
susceptible to ambient light interference.    Alternate 
dummy clothing had been proposed to address this 
issue by blocking ambient light from entering the 
dummy’s chest cavity.  However, this alternate 
clothing was not fully evaluated as part of this study. 
 
For the purposes of this project, rib locations are 
referenced as Rib 1 through Rib 6.  As an example, a 
reference to Rib 2 in this paper corresponds to 
thoracic rib 1 in the dummy (the second rib from the 
top in the dummy.) 
 
 
LINEAR IMPACTOR TEST SERIES 
 
A series of ten linear impactor tests was conducted to 
compare the response of the RibEye system in the 
thorax of the SID-IIs dummy with that of individual 
Y-axis mounted rib accelerometers and with high-
speed video analysis.  Most of these tests 
concentrated specifically on the in-line Y-axis motion 
of the ribcage. 
 
Linear Impactor Test Methodology 
 
The ribcage of a SID-IIs dummy was mounted to a 
reaction block via upper and lower mounting brackets 

as shown in Figure 5.  The shoulder rib of the dummy 
was not included in these tests to improve 
photographic coverage, thus these tests concentrated 
on the remaining ribs of the thorax and abdomen.  
The mounting brackets were attached to the top and 
bottom of the dummy’s spine box.  The reaction 
block was bolted rigidly to the floor of the test 
facility.  Ensolite foam pads for the thoracic and 
abdominal ribs were also included as part of the 
dummy’s ribcage.  Two or three high-speed video 
cameras were used during the testing (mounted off-
board) to capture ribcage motion.  Standard off-board 
lighting was used during the tests. 
 

 
 

Figure 5.  Targets on linear impactor. 
 
The linear impactor machine was positioned to allow 
for pure in-line Y-axis loading.  The intent was to 
exercise the RibEye system at a rib deflection rate 
similar to what is observed in typical side impact 
crash tests. This was estimated to be approximately 
4.9 m/s (11 mph). 
 
Test data was collected using three independent 
methods:  1) a RibEye system, 2) Endevco 7264C-
2000 uniaxial accelerometers, and 3) TrackEye© 
video analysis using targets mounted to the spine box 
and ribcage.  The accelerometers were mounted on 
each rib near the RibEye LEDs (5 total data channels).  
An accelerometer was also mounted to the loading 
ram to measure the input acceleration.  The linear 
impactor face was a wood block.  The spine box was 
assumed to be rigidly mounted to a non-moving 
fixture.  The dummy’s chest jacket and clothing were 
not used during the linear impactor testing so that the 
video cameras could adequately capture the ribcage 
motion. 
 
Although RibEye measures deflections in all three 
axes, the primary focus of these tests was the Y-axis 
deflections.  Each rib-mounted accelerometer was 
double-integrated to obtain the corresponding 
deflection of the individual rib.  In addition, high-
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speed motion analysis techniques were used to 
measure the Y-axis deflection of each rib.  The 
accelerometer and RibEye data were filtered 
according to the Society of Automotive Engineers 
(SAE) standard J211/1 [3]. 
 
Linear Impactor Test Results 
 
Figure 6 shows the deflection time-history plot for 
abdominal Rib 5 for one of the ten linear impactor 
tests.   Rib 5 generally had the best correlation among 
the RibEye Y-displacement, motion analysis, and the 
accelerometer calculations.  The raw RibEye data (Y-
axis deflection) is shown in blue; RibEye data filtered 
at CFC600, CFC180, and CFC60 are shown in green, 
red, and light blue, respectively.   One source of noise 
in the RibEye measurements may have been the 
ambient lighting in this test series as there was no 
dummy clothing on the thorax.  The unfiltered 
uniaxial accelerometer mounted to Rib 5 was 
doubled-integrated by two independent software 
packages (purple and yellow curves).   
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Figure 6.  Sample linear impact test (Rib 5). 

Figure 7 shows an enlargement of the peak 
deflections on Rib 5 during this test.  The peaks for 
the filtered RibEye data were approximately 47 mm; 
accelerometer data peaks ranged from 46.5 to 46.7 
mm; and the motion analysis peak was 46.7 mm.  
The effects of the various CFC filters on the RibEye 
raw data can clearly be observed.     
 
The CFC filter of 180 appears to retain the useful 
waveform while reducing the noise in the signal.  
This is different than the recommended SAE filter 
class of 600 due to the additional noise in the RibEye 
signal for this test set-up.   For the subsequent tests 
which did not use a dummy jacket, CFC class 180 
was used for RibEye measurements, while the 
recommend SAE filter of 600 was used for tests 

using a dummy jacket (such as for the full vehicle 
crash tests.) 
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Figure 7.  Peak deflections in sample linear impact. 

Figure 8 shows an enlargement of the peak 
deflections on Rib 2 during one of the tests.  Rib 2 
generally had the lowest correlation among the 
RibEye Y-displacement, motion analysis, and the 
accelerometer calculations.  The peaks for the filtered 
RibEye data were approximately 54 mm; 
accelerometer data peaks ranged from 50.2 to 51.0 
mm; and the motion analysis peak was 52.3 mm.  
Again, the effects of the various CFC filters on the 
RibEye data are clear. 
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Figure 8.  Sample linear impact test, Rib 2. 

The difference in correlation between Rib 5 (with 
good correlation) and Rib 2 (with marginal 
correlation) prompted an investigation of the 
precision of the LED placement on the RibEye 
calibration fixture.  Some inaccuracies in LED 
placement were found at all locations, which caused 
improper calibration of the RibEye system.  This 
improper calibration resulted in the discrepancies 
between Rib 2 and Rib 5 in the linear impact test 
series. 
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A review of the film analysis of the targets mounted 
to the rigid spine box revealed motion in the Y- 
direction during the tests.  As an example, 
approximately 2 mm of spine box motion was 
observed in one of the tests.  Originally it was 
assumed that the spine box would be completely rigid, 
as it was attached to the reaction block.  This motion 
contaminated the correlation of the RibEye data and 
video data (both of which were able to report relative 
displacement by compensating for spine box motion) 
to the accelerometer data (which could only report 
absolute displacement relative to the earth). 
 
In addition, there were other suspect sources of 
inaccuracy in the linear impact testing.  The rib 
targets were not fully visible for the duration of the 
film analysis, and the imager-to-target measurements 
were found to be suspect following the test series. 
 
Linear Impactor Test Discussion and Limitations 
 
This test series demonstrated that some ribs had good 
correlation between the RibEye and the alternative 
measurement techniques, while other ribs had 
marginal correlation.  This was determined to be due 
to inadequacies of the test set-up and methodology.  
Thus the linear impact testing was most useful at 
identifying methodology issues that needed to be 
corrected for future testing to quantify the RibEye’s 
precision more accurately.  Specifically, the issues 
are: 
• The placement of the RibEye LEDs on the 

calibration fixture was resolved, and the RibEye 
system was re-calibrated. 

• Additional testing using film analysis requires  
1) more accurate measurements of target-to-
camera dimensions and 2) assurance that the 
targets remain visible for the duration of the test. 

• The spine box needs to be completely rigid to 
compare displacements calculated from absolute 
measurements (such as data from the rib-mounted 
accelerometers, which record acceleration relative 
to the earth) to relative displacements (such as 
measured by RibEye). 

• The RibEye signal is most appropriately filtered 
at class 180 rather than class 600 or 60 (for bench 
tests such as these that did not use a jacket.) 

 
DROP TOWER TEST SERIES #1 
 
The goal of this series of tests was to evaluate the 
accuracy of RibEye measurements under dynamic 
conditions that simulate high-speed rib motion during 
a side impact crash test.  To achieve this goal, 

independent measurement instruments were needed 
for comparison. 
 
Drop Tower Test Series 1 Methodology 
 
This series of drop tower testing compared the 
RibEye to linear pots using the EuroSID rib drop test 
facility.  A test fixture was designed that allowed for 
mounting the RibEye in multiple positions to 
measure either one axis or multiple axes of 
displacement.  Although the SIDIIs ribs were not 
used, the fixture allowed for the mounting of the 
LEDs in locations representing their respective 
locations in the dummy (with respect to the sensors 
and to the other LEDs.) 
 
The test fixture (Figure 9) consisted of upper and 
lower aluminum mounting plates, a RibEye system, 
four high-strength steel guideposts, three 6-inch 
linear pots, four brass bearings and two dampers. The 
guideposts (item 1) allowed the RibEye LEDs, which 
are attached to the underside of the upper aluminum 
plate, to glide up to 100 mm (about 65 mm free 
motion followed by 35 mm of restrained motion).  
The RibEye sensors (2) were affixed to the lower 
mounting plate.  The stroke of the pots was aligned 
with the guideposts.  The pot sample rate was set to 
10 samples per ms. 
 

 
Figure 9.  Drop tower fixture. 
 
The three pots were located at the left front corner of 
the plate (3), the right front corner of the plate (4), 
and the left rear corner of the plate (5).  The spacing 
between the front pots was 130 mm and the spacing 
between the front and rear pots was 330 mm.  The 
brass bearings minimized friction and provided 
alignment between the guideposts and the RibEye 
LED mounting plate.  The adjustable dampers (6) and 
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linear springs were mounted between the aluminum 
plates to cushion the LED plate, limit its movement, 
and absorb its energy.  The initial position of the 
aluminum plate was about 60 mm above the 
dampening system and was held by spring loaded 
detents before impact.  A block of expanded 
polystyrene foam was used between the impacting 
mass and the upper plate to minimize high frequency 
noise and inertial effects.  Contact tape was used for 
the time zero signal for the RibEye, the pot data 
acquisition system, and the video imagers. 
 
The EuroSID drop test fixture and 8-kg impact mass 
were used to accelerate the RibEye LED mounting 
plate.  Four tests were conducted:  one at 5 m/s, two 
at 7 m/s, and one at 10 m/s.  These tests simulated 
pure lateral motion (Y-axis only).    These tests are 
identified as test #s GT1 through GT4 (Table 1).   
The dampers were adjusted so that more restraining 
force was applied as the drop speed increased, 
preventing damage to the fixture.  As a result of this 
adjustment, the maximum deflections did not 
necessarily increase with increasing drop speed. 
 
High-speed imaging analysis was also conducted 
using TrackEye©.  Originally the lighting set-up for 
the imagers interfered with the RibEye LED sensors.  
Thus, the imager speed was changed from 1000 
frames per second (fps) to 500 fps to reduce the 
amount of light necessary.  Also, the test fixture was 
surrounded by a light closeout to eliminate 
interference with the sensors.  The closeout consisted 
of black opaque construction paper. Video analysis 
used four 16 mm (5/8 inch) targets over the length of 
travel.  Resolution of the image was approximately 
0.3 mm per pixel. 
 
Drop Tower Test Series 1 Results 
 
Data from pots at the front of the aluminum plate was 
averaged and compared to the closest RibEye LED, 
on Rib 1.   (There were no actual dummy ribs used in 
these tests, however, the LEDs are referred to as Rib 
1, Rib 2, to reference their positions on the plate.)   
Similarly, the pot displacement on the rear corner of 
the plate was compared to the RibEye LED at Rib 6.  
Table 1 reports the peak displacement and data 
analysis from this drop tower test series. 
 
 
 
 
 
 
 
 

 
 

Table 1. 
Peak Displacement for GT Test Series 

 

GT1, 
5 m/s 

GT2, 
7 m/s 

GT3, 
7 m/s 

GT4, 
10 m/s 

mm 
Front pot avg. 81.3 79.2 79.0 69.6 
Rib 1Y 81.3 79.3 79.4 70.1 
Rib 2Y 81.8 79.5 79.5 70.1 
Rib 3Y 81.7 79.5 79.7 71.2 
Rib 4Y 82.1 79.9 80.1 71.2 
Rib 5Y 82.5 80.0 80.4 71.2 
Rib 6Y 82.7 80.0 80.7 71.0 
Rear pot 82.1 79.9 79.8 70.6 
Imaging 
Analysis 81.4 79.6 79.3 70.1 
Mean 81.9 79.7 79.8 70.6 
Std Dev 0.5 0.3 0.5 0.6 
CV % 0.6 0.4 0.7 0.9 
 
 
The first drop tower test, GT1, had good correlation 
between the RibEye system, linear pots, and imaging 
analysis.  Figure 10 shows the peaks for the linear 
pots, imaging analysis, and RibEye measurements for 
Ribs 1 and 6.  The difference between the maximum 
peak displacement of Rib 1 and the average of the 
front pots was 0.04 mm.   (This difference is rounded 
to zero in Table 1.).  The difference between the 
maximum peak displacement of Rib 6 and the rear 
pot was 0.6 mm.  The standard deviation for the peak 
values in Figure 10 was 0.6 mm.  Rib 6 and the front 
pots had the largest deviation, 1.4 mm.  Rib 6 and the 
front pots were on opposite sides of the test fixture; 
thus this difference might have been caused by 
vibrations or tilting of the upper plate during impact.   
 

5.0 m/s Comparison Drop Tower Data
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Figure 10.  Drop tower Test GT1, 5 m/s. 
 
Figure 11 shows the peak displacement measured 
from the RibEye LEDs (Ribs 1 through 6).  The peak 
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displacement difference between Ribs 1 and 6 was 
1.4 mm.   
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Figure 11.  Drop tower Test GT1, 5 m/s. 
 
For drop tower Test GT2, the impactor was raised to 
a height of about 2500 mm to increase speed to 7.0 
m/s.  The peak displacements between the RibEye 
system, corresponding linear pots, and imaging 
analysis is shown in Figure 12.  The peak 
displacement difference between Rib 1 and the 
average of the front linear potentiometers was 0.1 
mm. The peak displacement difference between Rib 
6 and the rear potentiometer was 0.1 mm.  The 
maximum displacement difference of 0.8 mm 
occurred between Rib 6 and the average of the front 
pots. The standard deviation for the measurements in 
Figure 12 was 0.3 mm.  The maximum peak 
displacement difference of 0.7 mm occurred between 
Ribs 1 and 6 (Figure 13), which were on opposite 
sides of the RibEye plate. 
. 
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Figure 12.  Drop tower Test GT2, 7 m/s. 
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Figure 13.  Drop tower Test GT2, 7 m/s. 
 
The second 7.0 m/s test, GT3, confirmed that the 
transducers and/or sensors on the outer periphery of 
the test fixture had the greatest displacement 
differences. 
 
Test GT4 was conducted at 10.0 m/s. The impactor 
was raised to approximately 4800 mm.  Again, the 
maximum difference in peak deflection occurred 
between opposite sides of the fixture:  1.4 mm 
between Rib 6 and the average of the front linear pots 
(Figure 14).  The maximum difference between the 
RibEye system and the high-speed imaging analysis 
was 1.1 mm.  The maximum difference between the 
linear pots and the high speed imaging analysis was 
0.5 mm.  The imaging analysis peak displacement 
correlated better to the linear pots and RibEye 
measurements for Ribs 1 through 3, probably due to 
the proximity of the imaging targets being analyzed.  
Figure 15 shows just the RibEye data for all six ribs 
in Test GT4 
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Figure 14.  Drop tower Test GT4, 10 m/s. 
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10.0 m/s RibEye Drop Tower Data
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Figure 15. Drop tower Test GT4, 10 m/s. 
 
Drop Tower Test Series 1 Discussion 
 
This test series demonstrated that the RibEye, linear 
pots, and high-speed imaging had good correlation.  
The comparison of the pots and their closest rib LED 
indicated good correlation (within 0.6 mm.)  The 
largest deviations between the front pots and Ribs 3 
through  6 (1.4 mm to 1.6 mm) occurred during the 
10 m/s test.  This larger deviation was attributed to 
tilting of the plate during the impact.  Comparison of 
the three data sets shows that as the LED plate moved 
along the Y-axis, the plate tilted rearward, so that the 
rear of the plate traveled further than the front of the 
plate. 
 
As seen in Table 1, when the test speed increased, the 
deflection readings decreased.  This was due to the 
higher setting on the adjustable dampers at higher 
speeds. 
 
DROP TOWER TEST SERIES #2 
 
This test series included single axis and multiple axes 
testing of the RibEye. 
 
Single Axis Methodology 
 
The set-up for this series of drop tower tests was 
similar to that used in the first drop tower series.  
Five tests were conducted to evaluate pure lateral 
motion:  two at 5 m/s, two at 6 m/s, and one at 7 m/s.  
For this series, however, there was no film analysis 
conducted. 
 
Single Axis Results and Discussion 
 
The first drop tower test, DT1, suggested good 
correlation between those RibEye measurements and 
the measurement of the closest linear pots (Table 2).  

Rib 6 and the front pots had the largest deviation, 2.9 
mm.    
 
For these tests the accuracy of the system was 
comparable to the results of the first drop tower test 
series – that is, RibEye measurements between Ribs 1 
and 6 were within 3 mm, and the difference was 
likely due to tilting of the plate as confirmed by the 
pot measurements.  Comparing the LED that was 
closest to a pot, the difference was less than 0.5 mm. 
 
 
 

Table 2. 
Peak Displacement for Single Axis Test Series 

 

 

DT1, 
5 m/s 

DT2, 
5 m/s 

DT3, 
6 m/s 

DT4, 
6 m/s 

DT5, 
7 m/s 

mm 
Front pot avg. 78.6 79.9 66.5 65.3 70.5 
Rib 1Y 78.7 79.9 66.1 65.0 71.2 
Rib 2Y 79.3 80.4 66.8 65.6 71.2 
Rib 3Y 79.9 80.8 66.8 65.6 71.2 
Rib 4Y 80.0 80.4 67.0 65.9 71.2 
Rib 5Y 80.6 81.5 67.5 66.1 70.1 
Rib 6Y 81.5 81.9 67.2 66.0 70.0 
Rear pot 81.2 81.6 67.3 66.2 69.2 
Mean 80.0 80.8 66.9 65.7 70.6 
Std Dev 1.1 0.8 0.5 0.4 0.8 
CV% 1.4 1.0 0.7 0.6 1.1 

 
Multiple Axis Methodology 
 
For the multiple axis drop tower tests, the test set-up 
was modified to simulate oblique loading in a SID-IIs 
dummy.  This was done by tilting the RibEye sensors 
about the X-axis 10 degrees and about the Z-axis 20 
degrees, exposing the RibEye to displacements in all 
three axes.  The RibEye LEDs were not moved or 
tilted.  Figure 16 is an illustration of the test fixture 
with the RibEye sensors (item 1) in an oblique 
position supported by the compound mounting block 
(2). 
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Figure 16.  Test fixture illustration. 
 
Only two pots were used in the multiple axis tests 
because the third pot failed and no replacement was 
available.  The two pots were mounted on the front 
left and rear right of the fixture.  The way the RibEye 
was mounted on the block, the Rib 1 LED was 
closest to the rear pot and Rib 6 LED closest to the 
front pot (the opposite of the first drop tower series). 
 
Multiple Axis Results 
 
Three tests were conducted, all at 5 m/s.  The 
compound angle change of the sensors resulted in the 
pure Y displacements (with respect to the pots) being 
measured as X, Y, and Z displacements by the tilted 
RibEye sensors.  Thus, the RibEye data were 
converted from its coordinate system to the 
potentiometer coordinate system, so that the pot data 
and the converted RibEye Y data could be compared. 
 
Figure 17 shows Rib 1 LED data in the RibEye 
coordinate system (1X, 1Y, and 1Z) and the same 
data converted to the pot coordinate system (X~, Y~, 
and Z~).  Data from other ribs showed similar results.  
Figure 18 shows all rib Y data (Ribs 1-6) in both the 
RibEye and the pot coordinate systems.  Figure 19 is 
an enlarged view of all rib Y data.  It was expected 
that there is two groupings of curves, one represents 
the Y deflection in the RibEye coordinate system the 
other is the same data converted to the pot coordinate 
system.  Table 3 summarizes rib Y data converted to 
the pot coordinate system. 
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Figure 17. Rib 1 LED data. 
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Figure 18. All rib Y data. 
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Figure 19.  Enlargement of all rib Y data.  
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Table 3. 
Peak Displacement for Multiple Axis Test Series 

 
 CP1 CP2 CP3 

mm 
Rear pot 64.9 66.9 66.7 
Rib 1Y~ 65.7 67.3 67.0 
Rib 2Y~ 65.9 67.5 67.2 
Rib 3Y~ 65.0 66.7 66.5 
Rib 4Y~ 64.5 66.6 66.4 
Rib 5Y~ 64.7 66.8 66.6 
Rib 6Y~ 64.8 66.8 66.6 
Front pot 63.3 66.0 65.9 
Mean 64.9 66.8 66.6 
Std Dev 0.8 0.5 0.4 
CV% 1.2 0.7 0.6 

 
 
Multiple Axis Discussion 
 
The maximum difference between a RibEye 
converted Y measurement and the closest pot 
measurement was 1.5 mm (test CP1: the front pot and 
Rib 6Y~).  However, the other tests demonstrated 
good correlation. 
 
The RibEye X and Z data, converted to the pot 
coordinate system, showed differences in 
displacements of less than 1 mm.   Because the 
RibEye sensors were rotated for this series, the LEDs 
are moving through the sensor’s field of view at an 
oblique angle.   The true displacement of the LEDs 
however, is in line with the linear pots.   Thus the 
RibEye X and Z data, converted to the pot coordinate 
system, would theoretically be zero.   The actual 
converted measurements of less than 1 mm suggest 
accurate RibEye measurements in multiple axes. 
 
FULL VEHICLE CRASH TEST COMPARISON 
SERIES 
 
Methodology 
 
Full-vehicle paired crash tests were conducted to 
investigate the three-dimensional capability of the 
RibEye and to compare chest deflection 
measurements obtained with the RibEye to those 
obtained with linear pots. 
 
The vehicle sample included 10 paired tests, which 
included a mix of crossover vehicles and passenger 
vehicles.  The vehicles were all model year 2007-
2008 and equipped with side curtain airbags and seat-
mounted airbags for the driver position, with the 
exception of one vehicle model where only the 

curtain airbag was available for the driver.  
Comparisons were conducted in both the driver seat 
position and the rear struck side passenger seat 
position.  There were three paired tests at the driver 
position and seven paired tests in the rear passenger 
position (Table 4). 
 

Table 4. 
Number of paired tests 

by configuration and seat position 
 

 IIHS FMVSS 214 
MDB 

FMVSS214 
Pole 

Driver 2 -- 1 
Rear 
Passenger 

2 5 -- 

Notes: IIHS tests: perpendicular impact at 50 km/h 
FMVSS 214 tests: crabbed barrier, 27 
degrees at 54 km/h 
Pole test: 15 degrees angle at 32 km/h 

 
One SID-IIs (Build Level D) dummy was 
instrumented with linear pots, while the second was 
modified to accommodate the RibEye measurement 
system.  Both dummies underwent pendulum tests to 
verify that the rib sets had comparable responses.  
Other instrumentation included head, spine, and 
pelvis accelerometers, as well as acetabulum and 
pubic load cells.  The data was acquired and filtered 
according to SAE J211-1 [3] standards and the film 
footage was recorded at 1000 fps. 
 
The dummies were positioned as per the IIHS or 
FMVSS 214 seating procedure in the driver seat.  No 
specific protocol was followed for the rear seat; 
however, an attempt was made to position the 
dummies similarly and their positions were verified 
using a Platinum Faro arm ©. 
 
The impact velocity for the IIHS barrier was  
50 km/h ± 0.4 km/h; FMVSS 214 and pole impact 
were 54 ± 0.13 km/h and 32 ± 0.9 km/h, respectively.  
The impact points for the IIHS barrier tests were 
within 2 mm of the target, the FMVSS 214 barrier 
impact points were within 28 mm, and the pole 
impacts were within 7 mm of the target. 
 
These full vehicle tests utilized the standard jacket 
for the SID-IIs dummy.   A prototype jacket was 
available to reduce ambient light interference.  
However, since the purpose of the study was to 
evaluate dummy measurement capability, it was 
thought inadvisable to conduct tests with different 
jackets.  Furthermore, since the dummy was not 
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subject to direct light exposure in the test vehicle, 
measurement interference was not anticipated. 
 
Calculations for Equivalency 
 
Since the RibEye measures deflection in axes and the 
linear pots measure the compression of the pot shaft, 
some calculations were required to obtain 
comparable measurements.  The initial position of the 
pots and the LEDs needed to be identified to make 
these calculations.  The spatial relationship of the 
LED and the pot are shown in Figure 20, where the 
top dot represents the initial position of the LED on 
the rib. 
 
 

Lpot_initial

Potentiometer
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LED Location

Lpot_compression

L Rib Eye
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L Rib Eye Y
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Potentiometer
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Lpot_compression

L Rib Eye
X

L Rib Eye Y

 
Figure 20. RibEye to pot conversion. 

The mathematical relationship between the two 
instruments is defined by Equation 1, where Lpot_initial 
is the distance between the attachment point of the 
pot on the rib and the corresponding attachment point 
on the spine box. This distance is on average 120 mm.  
Lpot_compression represents the calculated RibEye 
equivalency to the linear pot.  LRibEyeX, LRibEyeY, and 
LRibEyeZ are values recorded by the RibEye along the 
X-axis, Y-axis, and Z-axis, respectively. 
 
(1.) 

Lpot_compression = 
Lpot_initial – 

sqrt [ (Lpot_initial – LRibEyeY)2 + 
LRibEyeX

2  + LRibEyeZ
2 ] 

 
Results 
 
Two principal deflection patterns were found in this 
study:  1) a uni-axial deflection, where the major 
contributor of the deflection was along the Y-axis 
and deflections in X-axis and Z-axis were 
insignificant; and 2) a multi-axial deflection, where 
the major contributor of the deflection was in the 
fore-aft direction with a less important lateral or 
vertical component. 
 
Uni-axial deflection was most frequently observed in 
perpendicular or purely lateral loading environments 
such as the driver position in the IIHS configuration. 
Multi-axial deflections were observed in the oblique 
or combined loading environments such as rear 
passenger for IIHS tests and both rear and front 
occupants for FMVSS 214 barrier and pole test 
configurations. 
 
As shown in Figures 21-23 the differences between 
the peak measurements of the RibEye dummy and 
the standard dummy for Ribs 2, 3, and 4 were 1.7 
mm, 3.7 mm, and 0.3 mm respectively.   Unlike the 
controlled drop tower tests where the linear pots and 
RibEye were measuring the same impact, these 
reported differences reflect different crash tests.   
Thus the differences noted not only reflect on the 
crash test to crash test repeatability but also 
repeatability between RibEye and linear pot 
measurements.  The shapes of the curves suggest 
good test to test repeatability. 
 
Figure 24 presents an example of the X, Y and Z 
components for the same rib (Rib 3) shown in 
Figures 22 as measured by the RibEye.  As described, 
the principal direction of loading in this sample case 
was perpendicular or almost completely lateral. This 
was characterized by the peak deflection occurring in 
the lateral or Y-axis with negligible fore-aft or 
vertical contributions to deflection. 
 
Multi-axial deflection was most frequently observed 
in oblique loading conditions.  As an example, Figure 
25 illustrates the time histories for the corrected 
RibEye deflection and the corresponding pot 
deflection for Rib 3. The peak deflection 
measurement of the pot was equivalent to the 
corrected RibEye measurement.  There was greater 
difference in shapes of the traces as compared to the 
more lateral test conditions because the oblique 
loading of the ribs may have been causing greater 
variability in the rib motion.  Differences may be 
more apparent because the overall magnitude of the 
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Y-deflection was significantly lower for the oblique 
conditions. 
 
The corresponding three deflection components for 
Rib 3 as measured by the RibEye are shown in Figure 
26.  In this loading environment the RibEye indicated 
that a fore-aft deflection of 33.1 mm was present in 
addition to the 20.1 mm of lateral deflection.   
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Figure 21.  Rib 2 deflections measured for driver 
in an IIHS test. 
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Figure 22.  Rib 3 deflections measured for driver 
in an IIHS test. 
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Figure 23.  Rib 4 deflections measured for driver 
in an IIHS test. 
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Figure 24.  Deflection components as measured by 
the RibEye for driver in IIHS test. 
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Figure 25.  Deflection of rib 3 as measured with 
the linear pot and the RibEye for driver in 
FMVSS214 pole test. 
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Figure 26.  Three components of deflection for rib 
3 as measured with the RibEye for driver in 
FMVSS214 pole test. 
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Discussion 
 
The RibEye system was reliable and did not present 
any durability issues throughout the vehicle crash test 
series.  In contrast, the significant loading associated 
with certain tests did cause damage to the linear pots 
both at the attachment point and in the wiring, 
resulting in noise and loss of data. 
 
For the full vehicle crash tests, the proposed dummy 
clothing designed to block ambient light from 
entering the chest cavity was not used.  Standard 
dummy clothing was used.  However, of the ten full 
vehicle crash tests using RibEye, only one test had 
saturated  signals and it occurred after 100 ms post 
impact (after the region of occupant interest.)   Some 
laboratory testing had been completed to demonstrate 
the effectiveness of the new clothing, but that 
evaluation is not reported here. 
 
Another possible limitation of the RibEye system is 
that the software application was not integrated with 
a data acquisition system.  This required a parallel 
set-up to the central data acquisition system and was 
time consuming.  Integrated software that interfaces 
with the standard data acquisition systems would 
greatly improve the usability of the RibEye in the 
laboratory environment. 
 
Under controlled paired crash configurations, the 
RibEye demonstrated the ability to measure rib 
motion in three directions with respect to the spine 
box.  The deflection as measured by the RibEye in 
the Y- direction was found to correlate well with that 
of the linear pots.   It should be noted, however, that 
currently used thorax injury risk curves for side 
impact utilize lateral deflections only.   Additional 
research may be necessary to fully understand the 3-
dimensional aspects associated with thoracic and 
abdominal injury.  
 
 
SUMMARY 
 

The initial linear impactor test series was useful at 
identifying testing shortcomings that were corrected 
for the subsequent tests. 

In the drop tower test series, which were conducted at 
different laboratories, the RibEye measurements, the 
linear pots, and high-speed imaging demonstrated 
good correlation (within 1.5 mm difference).   The 
worst case difference between a peak RibEye 
measurement and the corresponding peak pot 

measurement was 1.5 mm, and occurred during an 
oblique test.   Many of the other measurements 
demonstrated much better correlation (significantly 
less than 1.5 mm difference.) 
 
The RibEye system is designed to measure 
deflections in all three dimensions.   A limited 
amount of oblique tested demonstrated the ability to 
measure displacements in both the Y and X 
directions.   
 
The full vehicle crash tests demonstrated similar peak 
value measurements between the RibEye dummy and 
the standard dummy.   During FMVSS 214 and pole 
impact tests, the RibEye revealed significant X-axis 
deflection that cannot be measured by linear pots. 
 
A full durability analysis was not completed on the 
RibEye, however in the limited amount of testing 
conducted there were no durability issues identified.  
The linear pots, however, did exhibit some damage 
during some of the full vehicle crash tests. 
 
Although there were not significant ambient light 
interference issues with RibEye during the full 
vehicle crash tests, further analysis of the redesigned 
clothing may be necessary. 
 
 
ACKNOWLEDGEMENTS 
 
The authors wish to acknowledge John Athey, Daryl 
Black, Lynn Byers, Dawn Firth, Ryan Goocher, Lynn 
Byers, Kim Malone, Craig Morgan, and Marianna 
Sierra Ramerez. 
 
REFERENCES 
 
1. Scherer, R., Kirkish, L., McCleary J., Rouhana, 

S.W., Athey, J.B., Balser, J.S., Hultman, R.W., 
Mertz, H.J., Berliner, J.M., Xu, L., Kostyniuk, 
G.W. 1998. “SID-IIs Beta+ Prototype Dummy 
Biomechanical Responses”, SAE 983151, 
Warrendale, PA, Society of Automotive 
Engineers. 

2. Arbelaez, R.A., Brumbelow, M., Wang, Z., Van 
Ratingen, M.  2006.  “A New Calibration 
Specification for Linear Displacement 
Transducers”, SAE 2006-01-0719, Warrendale, 
PA, Society of Automotive Engineers. 

3. Society of Automotive Engineers, 
“Instrumentation for Impact Test, Part 1, 
Electronic Instrumentation”, SAE J211/1, 
Warrendale, PA, July 2007. 

4. National Highway Traffic Safety Administration, 
Reference No. 572.185, Subpart U. 



 

 Been B.W. 1 

WORLDSID SMALL FEMALE TWO-DIMENSIONAL CHEST DEFLECTION SENSORS AND 
SENSITIVITY TO OBLIQUE IMPACT 
 
 
Bernard Been and Kees Waagmeester 
First Technology Safety Systems  
The Netherlands 
Xavier Trosseille  
LAB PSA Peugeot Citroën RENAULT 
France 
Jolyon Carroll and David Hynd  
TRL Ltd 
United Kingdom 
 
Paper Number 09-0418 
 
ABSTRACT 
In the EC FP6 Integrated Project APROSYS, the 
first WorldSID small female prototype was 
developed and evaluated by BASt, FTSS, INRETS, 
TRL and UPM-INSIA. Results were presented at 
the ESV 2007 conference (Been et al., 2007[1]). A 
concern was raised that the current chest deflection 
measurement system, IR-Traccs, registered flat top 
responses and sometimes may not register the peak 
deflection. This was believed to be related to 
forward deformation of the ribs relative to the spine 
and associated extension of the IR-Traccs. In the 
mean time an update version of the dummy, called 
Revision1, was developed to address the issues 
found in the first evaluation round. 
 
To improve oblique thorax loading sensitivity, a 
two-dimensional chest deflection sensor, the 2D IR-
Tracc was developed. Measuring the angle between 
the spine box and the IR-Tracc enables the 
displacement of the most lateral point on the rib rib 
to be calculated in the XY (transverse) plane.  
To evaluate the new system, FTSS conducted single 
rib unit tests on a drop tower under pure lateral and 
oblique test conditions. The compression and 
rotation data were analysed to find the displacement 
of the most lateral part of the rib, and the rib 
deformation in the impact area. In addition, TRL 
subjected a complete Revision1 prototype dummy 
to oblique thorax pendulum tests and LAB 
conducted full dummy static deployment airbag 
tests under various impact angles and impact 
severities.  
 
The 2D IR-Tracc proved to be very useful in 
understanding phenomena taking place under 
various lateral and oblique impact conditions that 
could not have been understood with the current 
(1D) compression sensor alone. The reduced 
sensitivity of the conventional IR-Tracc (Dy rib) to 
oblique impact was confirmed in this study.  
The calculated lateral displacement Y offered a 
simple and straightforward parameter to improve 

the sensitivity to oblique impacts, as compared to 
the current single axis deflection sensor.  
 
INTRODUCTION 
It is generally accepted that the WorldSID dummy 
is superior in thorax biofidelity to other side impact 
dummies. There is information on human response 
in oblique conditions (Viano[2]), but until now 
oblique responses were not considered, because 
older dummies were designed to be sensitive in the 
lateral axis only. During service dummies may be 
loaded in directions other than pure lateral. To name 
a few, the US National Highway Traffic Safety 
Administration specified a 75 degrees oblique pole 
test (FMVSS 214 [3]), rear seat passengers could be 
loaded in frontal oblique direction and seatback 
mounted side airbags could load the dummy from 
the rear of lateral, with a significant forward 
component. Based on its design and construction it 
is expected that the WorldSID oblique biofidelity 
and sensitivity is better than other dummies, but the 
comparative dummy data doesn’t exist to prove 
this. With the existing rib deflection sensor (the IR-
Tracc) of the WorldSID, the dummies displayed a 
reduced sensitivity of the rib deflection 
measurement system to oblique impact in various 
studies [4, 5].  
 
Figure 1 illustrates this problem. The basic 
WorldSID construction is presented schematically 
by an oval, with the spine box in the middle. The 
compression measurement system is represented by 
a telescope. The spine box and deflection 
measurement system base are mounted to the rear 
of the rib, giving anterior-posterior asymmetry. 
Under pure lateral deformation (b) the spine box 
moves rearward and the sternum moves forward. 
The lateral section of the rib, where the chest 
deflection system is connected moves forward with 
respect to the base of the deflection measurement 
device. The forward motion of the rib lateral section 
introduces extension in the chest deflection 
measurement system. Under rear oblique load (c) 
the extension effect is stronger because of the larger  
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forward component of rib displacement. The current 
chest deflection measurement device is suspected to 
be less sensitive to oblique load. Moreover the 
device does not provide information to quantify any 
effect of oblique load.  
 
To address this issue and to improve oblique thorax 
loading sensitivity, a two-dimensional chest 
deflection sensor, the 2D IR-Tracc (Infra-Red-
Telescoping-Rod-for-Assessment-of-Chest-Compression) 
was developed. Measuring the angle between the 
spine box and the IR-Tracc enables the 
displacement of the rib to be calculated in the 
transverse (X-Y) plane. The sensitivity to oblique 
load of the two-dimensional chest deflection 
measurement device was evaluated under three 
different test conditions. First, FTSS conducted 
single rib unit tests on a drop tower; then TRL 
subjected a complete WorldSID small female 
Revision1 prototype dummy equipped with 2D IR-
Traccs to oblique thorax pendulum tests and finally 
LAB conducted full dummy static airbag 
deployment tests. This paper presents details of the 
2D IR-Tracc and its displacement calculation 
method and test results under various loading 
conditions, impact angles and impact severities. 
 
 
MATERIALS AND METHOD 
 
2D IR-Tracc 

 
Working principle  

The 2D IR-Tracc, FTSS part IF-370, is based on the 
standard WorldSID small female IR-Tracc, FTSS 
part IF-369. The deflection sensor working 
principle is based on emission of Infra Red Light 
from a LED in the small end of the IR-Tracc and a 

photocell in the big end of the unit.  The intensity of 
the infra red light on the photocell is inversely 
proportional to the square of the distance: the larger 
the distance, the smaller the light intensity. An 
electronic linearisation circuit is build into the unit, 
providing linear voltage output to the IR-Tracc 
compression. The separate rotation sensor works 
according the voltage division principle of a 
rotation potentiometer. The voltage output of the 
potentiometer central slider is linearly proportional 
to the input voltage and the position of the shaft. 
 
The 2D IR-Tracc shares many components with the 
standard IR-Tracc. A potentiometer housing is 
mounted to the base of the IR-Tracc to measure its 
angle with respect to the interface to the spine box. 
To allow vertical motion of the rib, the housing of 
the potentiometer is pivoted about the anterior-
posterior axis, see Figure 2.  
 

 
Figure 2: 2D IR-Tracc 
 
Built into the dummy the nominal length of the IR-
Tracc from spine box to ball joint axis is 111.5mm; 
the compression range from nominal is 54mm; the 
extension range from nominal is 26mm. The spine 
box interface bracket allows over 60° of rotation of 
the IR-Tracc. In the first version 2D IR-Tracc, used 
in the drop tests and the pendulum tests, the rotation 
range was ±30°. As it was found that during 
compression the rib rotation is biased toward the 
front, an new interface bracket was developed. The 
forward range was made larger than the rearward 
rotation. The new interface allows forward rotation 
of >40° and the backward rotation of over -20°, see 
Figure 3 through Figure 6. The new brackets were 
installed in the dummy before the airbag tests. 
 

  
Figure 3: Fully 

extended range from 
nominal +26mm 

Figure 4: Fully 
compressed range 

from nominal -54mm 

Forward X 

Lateral Y 

a 

b 

c 

Figure 1 Schematic transverse section WorldSID 
chest, (a) uncompressed, (b) lateral compression, (c)

rear oblique compression 
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Figure 5: Fully 

forward rotation +40°  
Figure 6: Fully 

rearward rotation -20°  
 
 

Calculation method  
Interpretation software was written in a spreadsheet 
(MS Excel) to calculate rib displacement in x- and 
y- direction in the dummy co-ordinate system and 
the resultant deformation of the rib in the x-y plane. 
The equations are given below and the symbols 
used are explained in Figure 7 (input in blue, output 
in red) and Table 1.  
 
Xi = (L0-dyi)*sin(φxyi)    (1) 
Yi = L0  - (L0 - dyi)*cos(φxyi)   (2) 
Ri = √(Xi2  + Yi2)    (3) 

 

 
Figure 7: equations symbols 

 
Table 1: equation symbols and description 

Parameter Description 

t0 [s] Time zero 

L0 [mm] Reference length at t0.  

dyi [mm] IR-Tracc compression dy at time step i 

φxyi 

[degrees] 

IR-Tracc angle at time step i  

(positive angle forward)  

Xi [mm] 
Calculated x displacement  

at time step i 

Yi [mm] 
Calculated y displacement  

at time step i 

Ri [mm] 
Calculated Resultant displacement  

at time step i  

 
Calculating the x and y co-ordinate for each time 
step allows to plot the rib displacement trajectory. 
This allows quantifying the amount of lateral (Yi) 
and anterior-posterior (Xi) motion of the lateral rib 
segment. It was expected that these parameters 
would be correlated with impact angle. The 
resultant displacement was also calculated as it 
seemed to be a useful output parameter to correlate 

with and assess impact severity, independent 
impact direction. Five 2D IR-Traccs were inst
in each of the two WorldSID small female revis
prototypes. Figure 8 shows how the 2D IR-Tr
are integrated in the dummy (bottom view 
thorax half, sternum at the top).  

Figure 8: 2D IR-Tracc integrated in dumm
 
Drop tower test set up 
The single rib sensitivity tests were performed 
EuroSID-1 / ES-2 drop rig. Details of the test se
are given in Figure 9.  
 

 
Figure 9 drop tower test set up single rib unit

 
Two 2D IR-Traccs were used, one is mounted in
original position in the dummy (’dummy IR-tra
an additional IR-Tracc is attached to the rib w
clamp in such position that the IR-Tracc centr
is in the impact plane (‘parallel IR-tracc’). 
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single rib unit tests are done at seven impact 
directions: ±30°, ±20°, ±10°, and 0° pure lateral at 
3m/s, positive angle is forward oblique. Also a high 
speed (5m/s) test condition was done at +30°, +20° 
and ±10°, and 0°. The 5.0m/s -30° and -20° 
rearward oblique tests were not conducted due to 
the limitation of the forward range of motion of the 
rotation sensor. Each test condition was repeated at 
least three times. In total 54 tests were performed. 
 
Full dummy pendulum impact test set up 
The oblique sensitivity tests were conducted with a 
set-up similar to the biofidelity pendulum test 
series. The WorldSID small female Revision1 
dummy was seated on a platform in order to give 
correct vertical alignment. A wooden block was 
fitted to the front of the impactor, measuring 34 x 
120 x 60 mm. This block was aligned so as to strike 
the most lateral aspect of the top thoracic rib. The 
dummy was supported overhead with a leash 
released via an electromagnet prior to contact with 
the pendulum. The torso was reclined until the first 
thoracic rib was level (anterior to posterior). 
To make it easier to observe the deformation of the 
ribs with an overhead mounted camera, the head 
and arms of the dummy were removed. The test 
setup is shown in Figure 10. 
 

 
Figure 10: Full dummy oblique pendulum test 

 
The impact velocity for the oblique sensitivity tests 
was 2.5m/s, the pendulum mass was 14kg. The 
angles of impact were +30°, ±15°, and 0°.  
 
Static airbag deployment test set up 
The testing device is shown in Figure 11. The 
WorldSID small female Revision1 dummy was 
positioned left side onto the unfolded airbag, in an 

upright sitting position. The pelvis was fixed to a 
metallic structure which only rotates about the 
dummy x axis immediately below the pelvis of the 
dummy. Prior to the test, nylon straps kept the 
thorax in a balanced position. At time to fire, the 
lifting strap was released using a controlled 
electromagnetic system. The pyrotechnic generator 
ignition inflated the airbag membrane which 
applied thoracic loads. The airbag-thorax distance 
was varied in order to modify the force magnitude. 
Forces applied to the thorax were measured by 
means of load cells mounted behind the airbag 
mounting plate. The dummy was instrumented with 
rib deflection sensors and thoracic accelerometers. 
 

 
Figure 11: Static deployment airbag test set up 

 
The WorldSID small female Revision1dummy was 
tested at two distances between the thorax and the 
airbag module (178mm and 108mm) and two angles 
(pure lateral and 30°forward). 
 
RESULTS 
 
Drop tower tests 
Figure 12 - Figure 16 show the rib trajectories of 
the dummy 2D IR-Tracc (yellow) and the additional 
parallel 2D IR-Tracc (red), with a pictures of the 
test set-up in the background. The graph’s 
orientations are aligned with the spine box co-
ordinate system and show the actual motion 
trajectories of the rib relative to the background 
picture. The plots are arranged on the page, such 
that corresponding angles are plotted next to each 
other, placed on the left are forward oblique, and on 
the right are rearward oblique.  
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Figure 12: + 30 degrees forward impact 
 

  
Figure 13: +10 degrees forward impact 
 

 
Figure 14: 0 degrees lateral impact (Note: Picture 
shows not actual set-up. For illustration a photo of -10 degrees 
set-up was rotated.) 
 
 

Figure 15: -30 degrees rearward impact 
 

 
Figure 16: -10 degrees rearward impact 
 
Note the considerable differences in respons
rearward and forward oblique tests, by compa
adjacent images. The graphics show that traject
of the rib measured with ‘parallel’ (red) and 
‘dummy’ (yellow) IR-Traccs are very similar. 
note that in all test conditions the rib deforma
starts inline with the impact direction. The p
show 3.0m/s results. 
 
Note that in the drop tower tests forw
displacement has a negative sign, whereas in
pendulum and airbag tests forward displaceme
positive. 
 
Figure 17 and Figure 18 show the rib trajectori
all impact directions, at 3.0m/s and 5.0m/s im
velocity. Figure 17 also shows displacem
parameters X (anterior-posterior), Y (lateral) an
(resultant X-Y). A schematic overhead view 
human is shown for orientation purpose. 
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Figure 17: Rib trajectories all impact directions 
at 3.0m/s and human body overhead view 
 

 
Figure 18: Rib trajectories all impact directions 
at 5.0m/s  
 
Both figures clearly show there is large forward 
deformation even under pure lateral tests. In all 
rearward oblique tests, the forward motion exceeds 
the lateral deformation. Figure 17 also shows that 
the resultant displacement R remains relatively 
constant for pure lateral and forward oblique tests, 
but R is much larger for rearward oblique. The R 
parameter alone is therefore not a good indictor of 
impact severity or injury risk. All test results are 
summarised in Table 2, in a numerical format, 
giving averages of three tests and the coefficient of 
variation, which is the standard deviation divided 
by the average. In the table Fimp is the impactor 
force (N), Dy is the compression of the IR-Tracc 
alone, X, Y, and R are calculated parameters as 
explained in the ‘Calculation Method’ section (in 
mm). The coefficient of variation is well below 3% 
for most test conditions and parameters. Note that 
the parameters Dy, X and Y from dummy IR-Tracc 
and parallel IR-Tracc cannot be directly compared, 
as the results are given in the co-ordinate system 
aligned with the instrument. The resultant 
displacements (R) from the dummy IR-Tracc and 
parallel are independent from impact direction and 
can be compared directly. The R parameters are 

generally very similar. This makes sense, as these 
segments are coupled by the rib section between 
them. Some further observations: The impactor 
forces Fimp are more or less constant and appear to 
be not very dependent on impact direction, however 
the highest impact forces appear under 20° forward 
loading and the lowest under rearward oblique 
impact.  
 

Table 2: Average peak results 3 tests each 
condition 

   Dummy IR-Tracc Parallel IR-Tracc 

   F imp Dy X Y R Dy X  Y  R 

3
m
/
s
 

+30°  827 11.1 19.0 12.9 22.6 19.1 13.2 19.8 22.8 

+20° 846 13.6 15.4 14.5 20.0 19.2 11.3 19.5 20.9 

+10° 802 19.0 5.8 19.2 19.8 20.1 -3.0 20.1 20.2 

0° 795 19.0 -17.9 18.9 20.8 16.8 -13.3 16.8 18.1 

-10° 719 14.3 -33.3 16.4 36.2 16.7 -31.3 20.1 36.8 

-20° 702 9.0 -37.2 13.4 39.5 16.6 -30.8 22.8 38.2 

-30° 709 5.7 -36.7 12.2 38.3 18.3 -28.8 23.9 37.3 

CV 1.24 1.75 1.55 1.73 2.03   1.95 0.80 2.40 

5
m
/
s
 

+30°  1293 19.0 29.9 24.9 38.1 32.8 22.0 34.8 38.4 

+20° 1398 25.0 18.4 27.7 33.0 35.2 7.6 35.5 36.1 

+10° 1299 34.0 8.2 34.6 35.6 36.2 -5.9 36.2 36.2 

0° 1231 35.2 -18.5 35.9 36.9 32.4 -16.0 32.5 32.7 

-10° 1248 26.4 -36.0 31.1 44.7 31.4 -31.5 34.5 44.3 

CV 1.1 1.6 4.2 1.2 1.3     3.6 3.5 

 
Full dummy pendulum impact test 
Observations from the overhead camera view are 
shown in Figure 19 through Figure 22, starting with 
+30° and +15° forward impact followed by lateral 
and -15° rearward oblique tests. Rearward motion 
of the IR-Tracc is observed in the 30° forward 
oblique test; approximately pure lateral 
compression is visible in the 15° forward oblique 
test, which was also observed in the single rib unit 
drop tests at 10° forward oblique. In this test the 
end of the rotation range was reached at around 31° 
rotation, as can be observed in Figure 23 as a 
discontinuity.   
 

 
Figure 19: Overhead image + 30 degrees ~26 ms 
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Figure 20: Overhead image +15 degrees ~26 ms 

 
Figure 21: Overhead image lateral test ~26 ms 

 
Figure 22: Overhead image - 15 degrees ~26 ms 

The purple dotted line is an estimated 
reconstruction of the response without rotation 
bottoming out. As a result of this test, the 2D IR-
Tracc mounting brackets were updated to shift the 
range of motion from ±30° to +40° – -20°. 
 
Figure 24 shows the IR-Tracc compression. The 
output of the IR-Tracc is much lower for the +30° 
and -15° impact angle tests than the lateral and +15° 
forward oblique tests. Figure 25 shows the 
calculated Y lateral displacement. The -15° test 
(purple) clearly shows the bottoming out of the 
rotation, with its deviating waveform. Clearly the 
calculated Y is less dependent from the impact 
angle, however at +30 the output is still lower than 
pure lateral test.  
 

 
Figure 23: 2D IR-Tracc rotation oblique 
sensitivity tests 
 

 
Figure 24: Dy IR-Tracc compression oblique 
sensitivity tests 
 

 
Figure 25: Calculated Rib Y displacement 
oblique sensitivity tests 
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The pendulum acceleration responses from the four 
oblique sensitivity tests are shown in Figure 26. It is 
evident from this figure that the + 30 degree and the 
-15 degree impacts had a slightly lower peak 
pendulum acceleration than the +15 degree and 
lateral impacts. This probably reflects the alignment 
of the pendulum being closer to the dummy centre 
of gravity in the +15 degree and lateral impacts. 
The responses from the 15 degrees forward of 
lateral and pure lateral tests are similar, with a 
difference of only 0.5 % between the peak values. 
 

 
Figure 26: pendulum acceleration responses 
 
The results of the pendulum test are presented in 
numerical format in Table 3. The table includes a 
comparison of the oblique test peak results with the 
peak result from the lateral test. 
 
Table 3: Peak parameters pendulum tests 

Direc-

tion 
Fimp Dy 

2D IR-Tracc calculated Ratio oblique/lateral 

X Y R 
Dy/ 

Dy0° 

Y/ 

Y0° 

R/ 

R0° 

+30° 838 17.2 20.5 20.0 28.1 0.58 0.64 0.74 

+15° 909 27.8 -10.5 27.9 28.1 0.94 0.89 0.74 

0° 904 29.5 -27.4 31.5 38.1 1 1 1 

-15° 835 18.1 -39.4 26.9 45 0.61 0.85 1.18 

 
Static airbag deployment test 
The peak results of the static airbag tests are given 
in Table 4. In this table the average of two tests is 
given. For the ribs results are given for IR-Tracc 
compression Dy, 2D IR-Tracc rotation, X 
displacement, Y displacement and R resultant 
displacement. The bold figures highlight the highest 
of three thorax ribs and two abdomen ribs. The 
table shows that peak thoracic rib deflections occur 
either at thorax rib 2 or 3, and peak abdominal rib 
deflections always occur at the first abdominal rib. 
Figure 38 is illustrative for the reason behind this, 
as the airbag deploys in a spherical shape, putting 
more load on the centrally placed ribs. The 
parameters Dy and Y do not always agree on which 
of the thorax ribs is in highest deflection, however 
the difference between the thorax 2 and thorax 3 are 
generally low for both parameters. The results 
clearly show that the 30° forward tests gives much 

lower rib lateral deflections that the lateral tests. 
The output of the rotation sensor does provide 
insight of the loading direction of the dummy, with 
forward rib displacement under lateral and rearward 
rib displacement under forward load. 
 
The largest rib rotations and X displacements occur 
at thoracic rib 2 in the lateral tests and at thoracic 
ribs in the oblique conditions. 
 
Table 4: Test results airbag average of two tests 

Condition  
  

178mm

, 0deg 

108mm

, 0deg 

108mm

, 30deg 

178mm

, 30deg 

 F 3624 6232 5704 3757 

S
ho

ul
de

r 

Dy 
16.9 21.0 9.6 5.6 

T
ho

ra
x 

1 

Dy 6.4 14.8 3.7 3.2 

Rot 9.3 19.8 -17.4 -11.0 

X 13.3 25.1 -26.7 -16.8 

Y 7.3 19.2 5.4 3.7 

R 14.8 31.4 26.9 16.9 

T
ho

ra
x 

2 

Dy 10.3 18.8 5.5 4.8 

Rot 12.3 20.4 -14.1 -9.1 

X 17.2 25.1 -20.6 -13.9 

Y 11.6 22.9 6.2 5.1 

R 19.9 33.2 20.8 14.0 

T
ho

ra
x 

3 

Dy 10.6 17.3 5.7 5.2 

Rot 10.9 18.9 -10.8 -7.4 

X 15.2 23.7 -16.3 -11.2 

Y 11.5 21.0 6.1 5.5 

R 18.2 31.0 16.5 11.4 

A
bd

om
en

 1
 Dy 9.1 15.0 5.3 4.9 

Rot 9.2 16.3 -7.0 -5.5 

X 12.9 21.1 -10.9 -8.5 

Y 9.9 17.7 5.6 5.1 

R 15.4 27.0 10.9 8.5 

A
bd

om
en

 2
 Dy 2.8 6.0 3.5 2.3 

Rot 4.9 11.5 -6.5 -0.4 

X 7.8 16.1 -10.1 -0.6 

Y 3.0 7.5 3.5 2.3 

R 8.1 17.7 10.1 7.7 

 
Figure 27 shows the trajectories for pure lateral and 
30 degree tests. It can be observed that the 
deflections are more due to the rotation than the 
compression of the IR-Tracc, confirming the 
necessity to measure both parameters. 
The lateral displacement is almost absent in the 30° 
oblique test, and also in the pure lateral test, 
forward motion is larger than the lateral 
compression.  
 



 

 Been B.W. 9 

 
Figure 27: Rib trajectories for pure lateral and 
30 deg forward tests at 108 mm 
 
ANALYSIS, DISCUSSION AND SYNTHESIS 
 
Drop tower tests  
In Figure 28 the peak impact forces versus impact 
direction are shown both in absolute values as well 
as in percentages of peak lateral impact forces. For 
this analysis the average peak impact forces are 
calculated for each impact direction and impact 
speed. 
 

 

 
Figure 28: Impact force versus impact direction 
absolute and in percentages of pure lateral  

It can be concluded that the impact force generated 
by the rib is not largely dependent on the impact 
direction and remains rather constant. For impacts 
at an impact speed of 3.0 m/s the deviations are 
between +6.3% and -11.8% and for impacts at an 
impact speed of 5.0 m/s the deviations are between 
+13.5% and 0%. At +20 degrees forward impact 
direction the ribs compressions are 6-14% lower 
than pure lateral and beyond 20 degrees rearward 
impact the ribs displacements are higher by 10%.  
 
In Figure 29 the peak lateral displacements (Y rib) 
versus impact direction are shown both in absolute 
values as well as in percentages of the peak 
displacements at pure lateral impacts. For reference 
the compression of the IR-Tracc (Dy) is also given.   
The average rib displacements at lateral and +10 
degrees impact angles are more or less constant at 
19mm for 3m/s and around 35-36mm for 5m/s. The 
plots in Figure 29 show reduced Y rib compression 
under both rearward and forward impact, around 
20% reduction of the average peak displacement at 
-10° and +20° impact angles increasing to 30% 
reduced average rib displacement at +30° and -20° 
to -30° impact directions. 
 

 

 
Figure 29: Rib displacement versus impact 
direction absolute and in percentages of pure 
lateral  
 
Figure 29 reveals another important difference if we 
compare the output of the ‘plain’ IR-Tracc alone 
(green and purple dotted lines) with the lateral 
displacement Y rib calculated from the 2D IR-
Tracc. The reduced sensitivity of ‘plain’ IR-Tracc is 
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clearly illustrated: at 30 degrees forward impact the 
IR-Tracc compression, Dy, is 54-58% of the pure 
lateral output and at 30 degrees rearward impact the 
output is reduced to 29% of the pure lateral output. 
Although reduced, the calculated parameter Y rib is 
much more sensitive under oblique impact 
direction: at 30 degrees forward impact the Y rib is 
68% of the pure lateral Y rib and at 30 degrees 
rearward impact the Y rib is reduced to 63% of the 
pure lateral Y rib. It can be concluded that Y rib 
obtained from the 2D IR-Tracc provides a much 
better insight in the rib deformation under both 
lateral and oblique impacts, than the deformation 
recorded with the IR-Tracc alone (Dy). More over 
the parameter Y rib discriminates between the high 
severity and the low severity test conditions. 
 
Figure 30 shows a comparison between Y para 
(compression aligned with impact direction) and Y 
rib, lateral compression in spine box co-ordinate 
system. Please note that these parameters are not in 
the same co-ordinate system. The figure shows that 
the deviation between the parameters becomes 
larger with larger deviation of the angle between the 
instrumentation, which is to be expected. The 
compression in impact direction remains more or 
less constant, between +30 and -10 degrees impact 
angle for both 3m/s and 5m/s impacts. The 
compression increases with rearward of lateral tests. 
 

 
Figure 30: Comparison displacement Y para and 
Y rib in instrument co-ordinate system 
 
Figure 31 shows the correlation between the 
calculated peak resultant displacement versus the 
impact angle in absolute values as well as 
percentage of the pure lateral impact value. The 
resultant displacements are relatively flat in the pure 
lateral and forward oblique tests. This means that 
the resultant displacement is not dependant on 
impact angle. However, under rearward oblique 
impacts, the resultant displacements of the 3m/s 
tests are as high as the lateral and forward oblique 
results of the 5m/s test. This parameter alone is not 
able to discriminate between a high severity lateral 
test and a rearward oblique impact of lower 

severity. Figure 31 also shows a comparison 
between the resultant displacements as measured by 
the parallel IR-Tracc and the dummy IR-Tracc. The 
results are clearly close together the dummy IR-
Tracc, is reflecting the rib displacement in impact 
direction, independent form the impact direction. 
 

 
Figure 31: Peak resultant rib displacement 
versus impact angle drop tests   
 
Larger forward than rearward motion of the rib can 
be explained from the construction of the ribs in the 
WorldSID dummy. The rib units are assembled 
from inner and outer ribs. The inner ribs are a 
cylindrical hoop attached symmetrically with 
respect the lateral axis to the spine box. The outer 
ribs are asymmetrically attached only to the rear of 
the spine box, similar to the human thorax 
construction. An asymmetric behaviour of the 
dummy and the human chest is to be expected. 
 
Pendulum tests 
The pendulum tests show similar results to the 
single rib unit drop tests (Figure 32). Rib 
displacements are similar for lateral and small 
angles frontal, with reduced output with increasing 
oblique test angles. Also in the pendulum test the Y 
displacement is less sensitive to impact angle than 
the Dy compression of the IR-Tracc alone. The R 
resultant displacement is higher under rearward 
oblique than forward oblique tests. The force 
response is hardly dependent from impact angle 
(Figure 26). Interestingly, at +15° impact all 
parameters are very close to one another around 
28mm. This indicates that there is very little 
rotation in this test. Indeed around the time of peak 
displacement of the +15° test, the rotation angle is 
close to 0° (Figure 23 & Figure 24). This 
observation is illustrative of the valuable insight the 

0

5

10

15

20

25

30

35

40

-30-20-100102030

D
is
p
la
ce
m
e
n
t 
in
 i
n
st
ru
m
e
n
t 
co
-o
rd
in
a
te
 

sy
st
e
m
 [
m
m
]

Impact angle [degrees]

Comparison Y parallel vs. Y rib

5m/s Y para 

5m/s Yrib 

3m/s Ypara 

3m/s Yrib

0

5

10

15

20

25

30

35

40

45

50

-30-20-100102030

R
e
s
u
lt
a
n
t 
d
is
p
la
c
m
e
n
t 
[m
m
]

Impact angle in [degr]

Peak Resultant rib vs impact direction

R rib (5.0 m/s)

R para (5.0m/s)

R rib (3.0 m/s)

R para (3.0m/s)

Forward < > RearwardForward < > Rearward

80%

100%

120%

140%

160%

180%

200%

-30-20-100102030



 

 Been B.W. 11 

2D IR-Tracc offers in the behaviour of the rib 
deformation. 
 

 
Figure 32: Pendulum tests rib displacements vs. 
impact angle 
 
Airbag deployment tests 
Figure 33 to Figure 37 show the effect of angle 
respectively on the plate force, the IR-Tracc 
compression Dy, the X deflection the Y deflection 
and the Resultant deflection. The compression Dy 
and the Y deflection demonstrate a large sensitivity 
on the loading angle, with reduced output under 
oblique load, while the resultant deflection is less 
affected.  The X deflection parameter is also very 
sensitive for oblique load and clearly indicates the 
direction of load. Regardless of the sign, the peak X 
displacements are rather similar in amplitude in the 
pure lateral and 30° forward tests. This implies that 
the smallest forward and backward displacements 
(thus pure lateral displacement) could be expected 
around 15° forward impact. This is in line with the 
pendulum test result, see Figure 32. 
  

 
Figure 33: Plate force vs. airbag distance 

 
Figure 34: Thorax rib 2 IR-Tracc compression 
vs. airbag distance 
 

 
Figure 35: Thorax rib 2 X-displacement 2D IR-
Tracc vs. airbag distance 
 

 
Figure 36: Thorax rib 2 Y-displacement 2D IR-
Tracc vs. airbag distance 
 

 
Figure 37: Thorax rib 2 Resultant displacement 
2D IR-Tracc vs. airbag distance 
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Table 5 gives a summary of the test results in 
numerical format for the three thorax ribs. In this 
table the results are presented in the ratio of the 
oblique and the lateral parameter. A ratio of more 
than 1 indicates the parameter is higher in the 
oblique condition and below 1 indicates that the 
oblique parameter is lower. The lower severity test 
results are shown in the left column and the higher 
severity in the right column. For Dy and Y 
parameters, the oblique results are lower than the 
lateral results. For the force and thorax rib1 X- and 
resultant displacement the ratio is higher than 1, 
indicating the oblique results are higher. Further it 
is clear that generally the ratios of parameters are 
much lower in the high severity test, with ratios 
around 0.25-0.30. An exception is the X parameter, 
which changes its sign, but the absolute values are 
closer to 1. 
 

Table 5: Ratio of parameters 30° and 
parameters lateral 

    ratio +30° oblique/ lateral 

    178mm  108mm 

  F 1.04 0.92 

T
ho

ra
x 

1 Dy 0.50 0.25 

X -1.26 -1.07 

Y 0.50 0.28 

R 1.14 0.86 

T
ho

ra
x 

2 Dy 0.46 0.29 

X -0.81 -0.82 

Y 0.44 0.27 

R 0.70 0.63 

T
ho

ra
x 

3 Dy 0.49 0.33 

X -0.73 -0.69 

Y 0.47 0.29 

R 0.63 0.53 

 
To study further the reasons for the large difference 
between the outputs of two test condition, the high 
speed videos of the tests were analysed. Sequences 
of high speed videos of the lateral test (Figure 38) 
and oblique test (Figure 39) clearly show the 
different behaviour of the dummy in these test 
conditions. In the pure lateral test, the dummy’s 
response is pure sideways motion; and in the 30° 
oblique the dummy’s chest is rotating backward. 
Peak displacements were around 35ms in pure 
lateral and, much earlier, around 20ms in forward 
oblique tests. The chest rotation could explain a 
lower deflection in the oblique test; however, the 
rotation began after the deflection started to 
decrease, i.e. in the unloading phase.  

A plausible explanation could be the following. In 
the lateral test the vector of force is directed 
towards the centre of gravity of the dummy. The 
inertia of the dummy provides a counter reactive 
force within the dummy against which the ribs 
(which are acting like springs/dampers) are 
deforming. In the forward oblique test however, the  

  

  
Figure 38: Sequence of high speed video stills 20, 
30, 40 & 50ms lateral tests 

  

  
Figure 39: Sequence of high speed video stills 20, 
30, 40 & 50ms, 30° frontal oblique test 



 

 Been B.W. 13 

vector of force is not directed to the centre of 
gravity, causing rotation of the dummy’s chest. It is 
believed that the counter reactive force within the 
dummy has a much larger forward-backward 
component, causing rearward rib rotation and 
highly reduced lateral compression. The rotation 
inertia does not provide the internal counter reactive 
force against which the ribs are compressing. The 
restriction in rotation around a vertical axis at the 
pelvis is not working for the dummy, as the lumbar 
spine is developed to allow human like shear 
motion and is not validated for moment about the 
vertical axis. The rotation of the chest is the ‘easy 
way out’ for the dummy and only restricted by the 
rotation inertia of the chest, neck and head. The 
rotation component is confirmed by the 
asymmetrical loading which is observed on the 
airbag plate forces: the forces at the back of the 
plate are higher than the forces at the front for the 
30° forward loading, indicating a moment reaction. 
For pure lateral tests, the plate forces are almost 
equal between back and front, indicating pure 
lateral loading. 
 
Synthesis drop & pendulum tests and airbag 
tests 
Generally there is a good correlation between the 
Drop test and Pendulum test results. The IR-Tracc 
compression, Dy, and lateral deflection, Y, remain 
at the same level when the impact angle is varied 
between about lateral and 15° forward oblique. This 
means that when the dummy is loaded close to the 
lateral axis direction, there is no problem with the 
current deflection measurement system, the IR-
Tracc.  
 
With further deviation from the lateral, the output of 
the lateral deflection is reduced. The Y 
displacements remain at a higher level than the 
compression Dy of the IR-Tracc alone over a wider 
impact angle variation. The drop test and pendulum 
results indicate that the Y displacements remain 
within 80% of the lateral test output between impact 
angles ranging between 20° forward oblique and 
15° rearward oblique, and about 70% between 30° 
forward and 25° rearward oblique impacts. The Y 
displacement appears to be a simple but efficient 
parameter to improve the sensitivity to oblique 
impacts. 
 
The resultant displacement was also tested for 
oblique impact sensitivity. Due to the large forward 
displacements of the ribs in rearward oblique 
impacts, the resultant displacement becomes very 
large and comes into the range of resultant 
displacement of higher severity tests under lateral 
test conditions. The R parameter is not able to 
discriminate between a high severity lateral impact 
and mid severity rearward oblique test. 
 

The situation for rearward oblique is different from 
forward oblique. This has to do with the 
construction of the WorldSID thorax, with outer 
ribs mounted to the rear of the spine-box and free 
floating connections between left and right ribs in 
the front. Forward rib motions in rear oblique 
impact are larger than rearward motion in forward 
oblique impacts. This results in forward rib 
displacements, even under pure lateral tests. The 
test results indicate that the turning point is at 
around 0° – +15° forward oblique, which impact 
angle leads to more or less pure lateral deflections. 
All of these observations were made possible by the 
addition of the rotation sensor and calculation of rib 
trajectories in the X-Y plane of the ribs.  
 
A discrepancy was found between the Airbag tests 
on one hand and Pendulum and Drop tests on the 
other hand. The output of the deflections sensors 
under forward oblique tests, both from IR-Tracc 
and 2D IR-Tracc, were much further reduced in the 
Airbag tests (~25-30% from pure lateral) than the 
Pendulum and Drop tests (~60-70% from pure 
lateral). The differences in dummy response 
between the drop table and pendulum tests on hand, 
and airbag tests on the other hand can be explained 
from the difference between the test conditions. The 
pendulum and drop tests involve loading with high 
inertia loading devices, which will not easily 
deviate from their path of travel. The dummy ribs 
and the impactor mass are well coupled by the 
friction in the pendulum tests (to lesser extend in 
3m/s drop tests by use of PTFE sheet), therefore, at 
impact, the rib displaces more or less in the 
direction of travel of the impactor. 
 
The airbag on the contrary is a low mass loading 
device, with energy content in the form of 
lightweight expanding gasses and airbag fabric at 
high velocity. It appears that the expanding gasses 
can more easily deviate from the path of travel and 
can take the easy escape route, wherever the lowest 
restrictions are. This is reflected in the airbag 
response trajectories (Figure 27), where the 
displacement of the rib deviates from the impact 
direction right from the start. 
 
No matter the difference between these test 
conditions, also in the airbag tests the 2D IR-Tracc 
results proved to be very helpful indeed to study the 
phenomena taking place. Still many questions 
remain from these tests, but in any case the 2D IR-
Tracc offers a good tool to study them. 
 
CONCLUSION AND RECOMMENDATIONS 
 
Conclusions 
The 2D IR-Tracc was assessed for oblique 
sensitivity in three test conditions: on a drop table 
with rib components, in full dummy pendulum tests 
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and static deployment airbag tests. The impact 
angle and impact severity was varied in the test 
conditions and the outputs of the two-dimensional 
chest deflection sensor were analysed. 
 
The 2D IR-Tracc proved to be very useful indeed in 
understanding phenomena taking place under 
various lateral oblique impact conditions and could 
not have been understood with the current (1D) 
compression sensor. The reduced sensitivity of the 
conventional IR-Tracc compression (Dy) to oblique 
impact was confirmed in this study.  
 
Three calculated displacement parameters from the 
2D IR-Tracc were assessed and compared to the 
standard measurement parameter. The calculated 
lateral displacement Y offered a simple and 
straightforward parameter to improve the sensitivity 
to oblique impacts, as compared to the current 
single axis deflection sensor. The drop test and 
pendulum results indicate that the Y displacements 
remain within 80% of the lateral test output 
between impact angles ranging between 20° 
forward oblique and 15° rearward oblique, and 
about 70% between 30° forward and 25° rearward 
oblique impacts. 
 
The forward-rearward displacement X parameter 
offers very good indication of the loading direction 
of the dummy. The smallest forward-rearward 
displacements were found under 10°-15° forward-
oblique impacts. Large forward displacements were 
found under rearward-oblique impacts and these 
were generally larger than the lateral displacement 
from -10° impact angles and beyond. 
 
The 2D IR-Tracc resultant displacement parameter, 
R, correlates well with the displacements found in 
impact direction in the drop table tests and provides 
information on the magnitude of the rib deformation 
in impact direction. However this parameter is not 
useful as injury assessment parameter, as it does not 
discriminate between impact severity under all 
impact conditions, especially rearward oblique 
impacts. 
 
The objective of improving the oblique loading 
sensitivity has been met with the development of 
the 2D IR-Tracc. Further research is necessary to 
develop an injury criterion based on its output that 
correlates well with injury under lateral and lateral-
oblique loading conditions. 
 
In this study only test-to-test comparisons were 
done by variation of the test condition with one 
dummy. The important open item is, the 
comparison of the PMHS chest deflection in the X-
Y plane with those of the dummy in the same test 
condition. So far, as far as the authors are aware, no 
two-dimensional deflection data have been derived. 

Maltese et.al. [6] used the chest band device to 
obtain deflections in the cross sections of PMHS 
chests in sled tests; however, only single parameters 
of lateral deflection were published. It could be 
useful to re-analyse this database for two-
dimensional rib displacements. Yoganandan et.al. 
2007 [7] expanded the Maltese test conditions with 
an oblique mounted force plate for the thorax, to 
obtain lateral-oblique human response data. It 
would be useful to install 2D IR-Traccs in the 
WorldSID 50the male dummy and subject it to the 
same test conditions. 
 
The objective of improving the oblique loading 
sensitivity has been met with the development of 
the 2D IR-Tracc. Further research is necessary to 
develop an injury criterion based on its output that 
correlates well with injury under lateral and lateral-
oblique loading conditions. 
 
Some inconsistencies were identified when the 
dummy is loaded by an airbag. More investigations 
are needed to understand the inconsistencies. 
 
Recommendations 
It is recommended to validate further the dummy 
oblique thorax response with available human 
response data. It should be considered to develop 
the 2D IR-Tracc so as to be suitable for the 
WorldSID 50th percentile male dummy and explore 
its potential benefits for this dummy. Also 
application in other dummies, such as the Q3s and 
Q6s, the Q-dummy side impact family should be 
considered. 
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ABSTRACT 
 
The results of biomechanical testing of the WorldSID 
production dummy are presented in this paper.  The 
WorldSID dummy is a new, advanced Worldwide 
Side Impact Dummy that has the anthropometry of a 
mid-sized adult male.  Based on previous testing the 
dummy design was frozen and developed into a 
production version of the WorldSID dummy.  This 
dummy has been tested to determine that the 
biofidelity of the dummy has not degraded during its 
development and refinement.   
 
The response corridors are defined in the 
International Organization of Standardization (ISO) 
Technical Report 9790.  This dummy has been 
subjected to a rigorous program of testing to evaluate 
its biofidelity. The dummy’s head, neck, thorax, 
abdomen and pelvis were evaluated against the ISO 
technical report requirements.  Testing included drop 
tests, pendulum impacts, and sled tests.  The 
biofidelity rating of the WorldSID was calculated 
using the weighted biomechanical test response 
procedure developed by ISO.   
 
The WorldSID dummy has an overall ISO Biofidelity 
rating of 8.0, which corresponds to an ISO 
classification of "good".   In addition the dummy 
shows good repeatability and good reproducibility.  
A comparison of the WorldSID dummy biofidelity 
compared to other existing side impact dummies 
biofidelity ratings will also be provided. 
 
INTRODUCTION 
 
In November 1997, the WorldSID Task Group was 
formed under the auspices of the International 
Organization for Standardization (ISO) 
TC22/SC12/WG5 - Anthropomorphic Test Devices 
Working Group [1].  The Task Group’s purpose was 
to develop a unique, technologically advanced side  
impact dummy.  This dummy is intended to be a 
more biofidelic side impact dummy and to replace 

the current side impact dummies in regulation and 
other testing.   
 
Currently, six mid-sized male side impact dummies 
were available for regulatory, consumer information 
and development use. They are the USDOT-SID 
dummy [2]; the EuroSID-1 dummy [3]; the ES-2 
dummy which is regulated in a European standard 
[4]; the ES-2re which is utilized in the United States 
side impact protection regulation [5]; the SID/H3 
dummy which is utilized in the United States side 
impact protection regulation FMVSS-201 [6]; and 
the BioSID dummy [7].  All six dummies have 
different levels of biofidelity and none of these 
dummies has a “good” rating on its biofidelity using 
the ISO rating scale (Table 1).  The six dummies are 
structurally different, have different instrumentation 
and associated injury assessment criteria.  Partially 
because of these reasons, and the differences in the 
test procedures, these dummies typically provide 
different design direction to the vehicle development 
engineer. 
 

Table 1. 
ISO Biofidelity Classifications 

 
Excellent  > 8.6 to 10.0 
Good  > 6.5 to 8.6 
Fair   > 4.4 to 6.5 
Marginal  > 2.6 to 4.4 
Unacceptable     0 to 2.6 

 
The vision of ISO was to develop a harmonized 
dummy that would have technological buy-in from 
biomechanics, dummy and regulatory experts from 
around the world.  To accomplish this, the Task 
Group was charged with developing the dummy’s 
specifications, its design, and finally with fabricating 
and evaluating the dummy.  The results of years of 
hard work by the WorldSID Task Group and Design 
Team will be presented in this paper. 
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The completed WorldSID dummy is shown in Figure 
1. 
 

 
Figure 1.  WorldSID production dummy. 
 
BIOFIDELITY RATINGS 

The biofidelity rating method published in the 
International Standards Organization (ISO) Technical 
Report (TR) 9790 [8] was used for determining the 
WorldSID biofidelity rating.  

Equation 1 is used to determine the overall biofidelity 
of the dummy. 
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where, 
 

B - overall biofidelity rating which has a 
value between 0 (poorest) and 10 (best)   
Bi - biofidelity rating for each of the body 
regions 

 Ui - weighting factor for each body region 
i   - subscript to represent each body region 
(i=1 Head, i=2 Neck, i=3 Shoulder, i=4 
Thorax, i=5 Abdomen and i=6 Pelvis) 
 

The equation used to calculate the biofidelity of a 
body region Bi is shown in Equation 2.  
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where,  

Vij - weighting factor for each test condition 
for a given body region 

Tij - test biofidelity for each test condition 
for a given body region 

The equation used to calculate the test biofidelity is 
shown in Equation 3. 
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where, 

Wijk - weighting factor for each response 
measurement for which a requirement is 
given 

Rijk - the rating of how well a given response 
meets its requirement 

Values for the response rating, Rijk, are as follows: 

Rijk = 10 if the response meets its 
requirements 

Rijk = 5 if the response is outside of its 
requirement, but lies within one corridor 
width of requirement 

Rijk = 0 if response is outside of requirement 
by more than one corridor width of the 
requirement 

Repeat runs were performed on the majority of the 
tests and response ratings were assigned to each run.  
The five ISO classifications were used to indicate the 
degree of biofidelity for each response target, test, 
body region and the overall biofidelity rating of the 
dummy. Tests that were not conducted are not 
included in the biofidelity rating.   

BIOMECHANICAL TESTING 

The WorldSID was tested in accordance with the ISO 
TR 9790 requirements. The dummies responses were 
compared with the response corridors that are defined 
in ISO TR 9790 for a 50th percentile adult male.   

For the WorldSID, all the ISO TR 9790 
biomechanical tests were conducted, with the 
following exceptions. Tests requiring APR and 
Wayne State University (WSU) padding were not 
conducted because of the unavailability of the 
padding or an acceptable alternative.  The 2.0 m 
abdominal drop and the 8.9 m/s rigid wall sled test 
were considered too severe, so they were not 
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performed.   

Head Test 1 
 
This test consists of dropping the head from a 200 
mm height onto a rigid surface (Figure 2).  Targets 
are given for the head resultant acceleration. 

 
Figure 2. Head drop configuration. 

The peak head acceleration for the left side impact 
was 140.8 g.  The peak acceleration for the right side 
of the head was 129.2 g.  The left and right side of 
the head were within the response target range of 100 
- 150 g. The results are in Table A1, Appendix A.   

The Head Drop Test 1 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent".  

Overall head biofidelity 
 
The overall head biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Neck Test 1 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  The 
mean sled velocity was 6.9 m/s and average sled 
deceleration was 7.2 g, described in ISO TR 9790. 
Boundaries were given for lateral acceleration and 
displacement at T1, lateral and vertical head centre of 
gravity (CG) displacement relative to T1, the time of 
peak head excursion, lateral and vertical peak head 
acceleration, the peak lateral flexion angle and the 
peak twist angle. 
 
Neck Test 1 results are in Tables A2, Appendix A.   

The Neck Test 1 biofidelity rating is 7.4, which 
corresponds to an ISO classification of "good". 

 

 
Figure 3.  Neck Tests 1-3 configuration. 

Neck Test 2 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  The sled 
velocity was 5.8 m/s and the constant deceleration 
level was 6.7 g. From this test, boundaries for peak 
flexion angle, peak forces and moments at the 
occipital condyles and peak head resultant 
acceleration were given. 

Neck Test 2 results, are in Tables A3, Appendix A.  

The Neck Test 2 biofidelity rating is 2.0, which 
corresponds to an ISO classification of 
"unacceptable". 

Neck Test 3 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  An 
acceleration-type sled is accelerated to 12.2 g using 
the sled pulse described in ISO TR 9790.  Boundaries 
are given for peak lateral T1 acceleration, peak lateral 
head CG acceleration, peak horizontal displacement 
of the head CG relative to the sled, peak flexion angle 
and peak twist angle. 
 
Neck Test 3 results are in Table A4, Appendix A.  

The Neck Test 3 biofidelity rating is 7.2, which 
corresponds to an ISO classification of "good". 

Overall Neck Biofidelity 
 
The overall neck biofidelity rating is 5.3, which 
corresponds to an ISO classification of "fair". 
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Shoulder Test 1 
 
This test consists of impacting the shoulder, with the 
arm down, using a 23 kg, 150 mm diameter rigid 
pendulum impactor at 4.5 m/s. Targets are given for 
the pendulum force/time history and the maximum 
shoulder deflection. 

The pendulum forces and peak shoulder deflections 
were within the response corridors. The peak 
shoulder deflections were 39, 37 and 40 mm, which 
are within the response target of 34-41 mm. The 
results are shown in Figure A1 and Table A5, 
Appendix A. 

The Shoulder Test 1 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Shoulder Test 2 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arm down (Figure 3).  The mean 
sled velocity was 6.9 m/s and average sled 
deceleration was 7.2 g, described in ISO TR 9790. 
Targets are given for peak horizontal T1 acceleration 
and peak horizontal T1 displacement. 
 
The peak lateral T1 accelerations with respect to the 
sled were 16, 13, 13, 12, 12 and 12 g and the peak 
displacements with respect to the sled were 59.4, 
53.6, 56.8, 53.9, 52.3 and 53.4 mm. These responses 
were within the response target corridors of 12-18 g 
and 46-63 mm, respectively. The results are in  
Tables A6, Appendix A. 
 
The Shoulder Test 2 biofidelity rating is 10.0, which 
corresponds to an ISO classification of "excellent". 

Shoulder Test 3 
 
This test consists of restraining the torso and pelvis of 
the dummy, with the arms down (Figure 3).  An 
acceleration-type sled is accelerated to 12.2 g using 
the sled pulse described in ISO TR 9790.  Targets are 
given for T1 accelerations. 

The peak T1 lateral accelerations with respect to the 
sled were 20.0, 17.9, 19.1, 17.2, 18.2 and 17.1 g. 
These responses were within the response target 
corridors of 17-23 g. The results are in Table A7, 
Appendix A. 

The Shoulder Test 3 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Overall Shoulder Biofidelity 
 
The overall shoulder biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Thorax Test 1 
 
This test consists of impacting the thoracic ribs, with 
the arm 90 degrees forward from vertical, using a 
23.4 kg, 150 mm diameter rigid pendulum impactor 
at 4.3 m/s. Targets are given for the pendulum force 
and upper spine lateral acceleration. 

The pendulum forces were within their respective 
response corridor and the upper spine lateral 
deflections were within one corridor width of their 
respective corridors.  The results are shown in 
Figures A2-3 and Table A8, Appendix A. 

The Thorax Test 1 biofidelity rating is 7.8, which 
corresponds to an ISO classification of "good". 

Thorax Test 2 
 
This test consists of impacting the thoracic ribs, with 
the arm 90 degrees forward from vertical, using a 
23.4 kg, 150 mm diameter rigid pendulum impactor 
at 6.7 m/s. Targets are given for the pendulum force.  

The pendulum forces were within the response 
corridor. The results are shown in Figure A4 and 
Table A9, Appendix A. 

The Thorax Test 2 biofidelity rating is 10.0, which 
corresponds to an ISO classification of "excellent". 

Thorax Test 3 
 
This test consists of dropping the dummy laterally 
from a height of 1 m onto a continuous rigid plate, 
which spans the shoulder, thorax and abdomen 
regions with a separate plate for the pelvis region.  
The arm is rotated 20 degrees forward of the 
dummy’s thoracic spine.  Targets are given for the 
thoracic plate force and peak rib deflection. 

All of the thoracic force plate loads were within the 
response corridors.  The peak center thoracic rib 
displacements were 41, 42 and 30 mm.  One of the 
rib displacements was within the response target 
corridor of 26-38 mm and two were within one 
corridor width. The results are shown in Figure A5 
and Table A10, Appendix A. 

The Thorax Test 3 biofidelity rating is 8.3, which 
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corresponds to an ISO classification of "good". 

Thorax Test 5 
 
This test requires a Heidelberg-type rigid wall sled 
impact at 6.8 m/s. Targets are given for the thorax 
plate force, peak lateral upper spine acceleration, 
peak lateral lower spine acceleration, and peak lateral 
acceleration of the impacted rib.   

The thoracic region loading was within the thoracic 
force plate response corridors.  One of the T1 
accelerations was within one corridor width of the 
82-122 g response target and twelve were greater 
than one corridor width. The peak T12 accelerations 
were within one corridor width of the response target 
of 71-107 g.  The results are shown in Figure A6 and 
Table A11, Appendix A.  

The Thorax Test 5 biofidelity rating is 6.4, which 
corresponds to an ISO classification of "fair". 

Overall Thorax Biofidelity 
 
The overall thorax biofidelity rating is 8.2, which 
corresponds to an ISO classification of "good". 

Abdomen Test 1 
 
This test consists of dropping the dummy laterally 
from a height of 1 m onto a simulated armrest, which 
protrudes 41 mm above a continuous rigid plate. The 
plate spans the shoulder, thorax and abdomen regions 
with a separate plate for the pelvis region.  The arm is 
removed from the dummy to simulate the cadaver 
arm position. Targets are given for the armrest force, 
peak lower spine acceleration, peak impacted rib 
acceleration, and peak abdominal penetration. 

The armrest force plate loads were within the 
response target corridor. The peak upper abdominal 
rib displacements were 50.9, 51.4 and 47.4 mm. The 
peak upper abdominal rib accelerations were 126.9, 
130.9 and 193.3 g. The peak T12 accelerations were 
32.0, 33.5 and 34.5 g. The abdominal rib 
displacements were within the response target of 
deflection greater than 41 mm. Two of the abdominal 
rib accelerations were within one corridor of the 
response corridor of 100-125 g and one was greater 
than one corridor width of the response corridor.  All 
of the T12 accelerations were within the 29-35 g 
response corridor.  The results are shown in Figure 
A7 and Table A12, Appendix A. 

The Abdomen Test 1 biofidelity rating is 9.0, which 

corresponds to an ISO classification of "excellent". 

Abdomen Test 3 
 
This test consists of a WSU-type rigid wall, 
deceleration sled (Figure 4) accelerated to 6.8 m/s. 
The dummy is seated on the sled with the arm at 45 
degrees forward from vertical. A target is given for 
the abdominal plate force. 

The abdomen force plate loads, except for local 
oscillations, were within the response corridor. The 
results are shown in Figure A8 and Table A13, 
Appendix A. 

The Abdomen Test 3 biofidelity rating is 10, which 
corresponds to an ISO classification of "excellent". 

Figure 4.  WSU-type sled test configuration. 

Overall Abdomen Biofidelity 
 
The overall abdomen biofidelity rating is 9.3, which 
corresponds to an ISO classification of "excellent". 

Pelvis Test 1 
 
This test consists of a rigid pendulum impact at 6 
m/s. The impactor is defined as a 17.3 kg rigid 
impactor with a 600 mm radius of curvature and an 
outer diameter of 127 mm. A target is given for the 
pendulum force. 

The peak forces were within the corresponding 
response corridors.  The results are shown in Figure 
A9 and Table A14, Appendix A. 

The Pelvis Test 1 biofidelity rating is 10.0, which 
corresponds to an ISO classification of "excellent". 

 



Scherer,  Page 6 

Pelvis Test 2 
 
This test consists of a rigid pendulum impact at 10 
m/s. The impactor is defined as a 17.3 kg rigid 
impactor with a 600 mm radius of curvature and an 
outer diameter of 127 mm. A target is given for the 
pendulum force. 

The peak force was within one corridor width of the 
corresponding response corridor.  The results are 
shown in Figure A9 and Table A15, Appendix A. 

The Pelvis Test 2 biofidelity rating is 5.0, which 
corresponds to an ISO classification of "fair". 

Pelvis Test 3 
 
This test consists of dropping the dummy laterally 
from a height of 0.5 m onto a continuous rigid plate, 
which spans the shoulder, thorax and abdomen 
regions with a separate plate for the pelvis region.  
The arm is rotated 20 degrees forward of the 
dummy’s thoracic spine. A target is given for the 
peak pelvic acceleration. 

The peak pelvic accelerations were 29.3, 31.2 and 
30.2 g.  All of the pelvic accelerations were within 
one corridor width of the 37-45 g response corridor.  
The results are shown in Table A16, Appendix A. 

The Pelvis Test 3 biofidelity rating is 5.0, which 
corresponds to an ISO classification of "fair". 

 Pelvis Test 4 
 
This test consists of dropping the dummy laterally 
from a height of 1 m onto a continuous rigid plate, 
which spans the shoulder, thorax and abdomen 
regions with a separate plate for the pelvis region.  
The arm is rotated 20 degrees forward of the 
dummy’s thoracic spine. A target is given for the 
peak pelvic acceleration. 

The peak pelvic accelerations were 45.6, 45.5 and 
42.0 g. All of the peak pelvic accelerations were 
greater than one corridor width from the response 
corridor of 63-77 g. The results are shown in Table 
A17, Appendix D. 

The Pelvis Test 4 biofidelity rating is 0, which 
corresponds to an ISO classification of "poor". 

Pelvis Test 7 
 
This test requires a Heidelberg-type rigid wall sled 

impact at 6.8 m/s. Targets are given for the peak 
pelvic force and the peak pelvic acceleration. 

All of the peak pelvis force responses were greater 
than one corridor width of the 6.4-7.8 kN response 
corridors. Ten of the peak pelvic accelerations were 
within the 63-77 g response corridor and three 
accelerations were within one corridor width of the 
response corridor. The results are shown in Table 
A18, Appendix A.  

The Pelvis Test 7 biofidelity rating is 3.9, which 
corresponds to an ISO classification of "marginal". 

Pelvis Test 10 
 
This test requires a WSU-type rigid wall sled impact 
at 6.8 m/s (Figure 4). Targets are given for the pelvic 
plate force and the peak lateral pelvic acceleration. 

Six of the pelvis forces were greater than one corridor 
width of the response corridors.  Three of the pelvis 
forces were within one corridor width of the response 
corridor.  The pelvic accelerations were all within 
one corridor width of the 85-115 g corridor. The 
results are shown in Figure A10 and Table A19, 
Appendix A. 

The Pelvis Test 10 biofidelity rating is 3.1, which 
corresponds to an ISO classification of 
"unacceptable". 

Overall Pelvis Biofidelity 
 
The overall pelvis biofidelity rating is 5.1, which 
corresponds to an ISO classification of "fair". 

REPEATABILITY AND REPRODUCABILITY 

A series of verification tests were performed for the 
purpose of assessing the repeatability of the 
WorldSID dummy. Tests were performed as per ISO 
15830-2 and generally included a minimum sample 
of three trials. Analysis was performed using the 
coefficient of variation (CV) as a figure of merit. The 
CV is defined as the standard deviation of the 
samples divided by the sample mean, and is 
expressed as a percentage. Responses, which have a 
CV of 3% or less, are commonly considered as 
having an excellent level of repeatability whereas a 
value of 10% and above is considered to have a poor 
level of repeatability. 

The WorldSID production dummy test results include 
a combination of repeat tests performed on the same 
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dummy (repeatability) and tests performed on 
different dummies (reproducibility). The CV values 
from these tests should be considered representative 
of the WorldSID repeatability and reproducibility. . 
Results are presented by body region in Tables 2- 8. 

 
Table 2. 

Head Repeatability and Reproducibility 
 
 
 
 

 

 
 
 

Table 3. 
Neck Repeatability and Reproducibility 

 
 
 

 

 

 
Table 4. 

Shoulder Repeatability and Reproducibility 
 
 
 

 

 

Table 5. 
Thorax Repeatability and Reproducibility  

(with arm) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Table 6. 
Thorax Repeatability and Reproducibility  

(without arm) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 7. 
Abdomen Repeatability and Reproducibility 

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 8. 
Pelvis Repeatability and Reproducibility 

 
 

 

 

 

SIDE IMPACT DUMMY BIOFIDELITY 
COMPARISON 

The biofidelity rating of the WorldSID is compared 
to the USDOT-SID, ES-2re, Eurosid-1, ES-2, and 
BioSID in Table 9.   It should be noted that not all 
tests were conducted for each dummy.  As previously 
mentioned, tests that are not conducted are not 

Response Measurements CV (%)

Lateral drop peak resultant CG
acceleration

5.6

Frontal drop peak resultant CG
acceleration

4.3

Response Measurements CV (%)

Peak flexion angle 4.1

Peak M x 4.7

Response Measurements CV (%)

Pendulum force 4.2

Peak shoulder deflection 4.9

Response Measurements CV (%)

Pendulum force 4.1

Upper spine T4 lateral acceleration 6.7

Lower spine T12 lateral 
acceleration

5.6

Thorax rib 1 deflection 7

Thorax rib 2 deflection 4.3

Thorax rib 3 deflection 4

Response Measurements CV (%)

Pendulum force 4.7

Upper spine T4 lateral acceleration 8.1

Lower spine T12 lateral 
acceleration

10.7

Thorax rib 1 deflection 6.4

Thorax rib 2 deflection 4.6

Thorax rib 3 deflection 5.5

Response Measurements CV (%)

Pendulum force 5.5

Pelvis acceleration 6.5

Response Measurements CV (%)

Pendulum force 3.9

Peak acceleration of the 
lower spine T12

6.3

Abdomen rib 1 deflection 3.9

Abdomen rib 2 deflection 4.4
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included in the biofidelity rating.  This may influence 
the body region and overall biofidelity ratings.  

The overall biofidelity rating of the WorldSID 
dummy is 8.0, which corresponds to an ISO 
classification of "good". The biofidelity ratings of the 
WorldSID body regions are shown in Appendix B. 

Table 9. 
Mid Male Side Impact Dummy Biofidelity 

Comparison 
 

 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 
 
This paper presents the results of a biofidelity, 
repeatability and reproducibility evaluation of the 
WorldSID production dummy conducted by the 
WorldSID Task Group.    
 
Based on the results presented in this paper the 
following observations have been made: 
 
1) The WorldSID dummy has the highest ISO 

biofidelity rating (8.0) of the existing mid male 
side impact dummies.  

2) The WorldSID demonstrates good repeatability 
and reproducibility.  The majority of the 
measurements compared have a CV of 6% or 
less. 
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APPENDIX A 
 

Table A1. 
Head test 1 - 200 mm rigid lateral test results 

 
 
 
 
 
 
 
 
 
 
 

Table A2. 
Neck test 1 – 7.2 g lateral sled test 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table A3. 

Neck test 2 – 6.7 g lateral sled test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table A4. 
Neck test 3 – 12.2 g lateral sled test 

 
 
 
 
 
 
 
 
 
 

Run Rating
#1

Peak resultant acceleration
(non-impacted side), left
impact

100 150 141

Rating 10
Peak resultant acceleration
(non-impacted side), right
impact

100 150 129

Rating 10

10,0

Measure Lower 
bound

Upper 
bound

#1 #2 #3 #4 #5 #6 Avg
Horizontal acceleration of
T1 (G) CFC180

12 18 16 13 13 12 12 12 13

Rating 10 10 10 10 10 10 10
Horizontal displacement of
T1 relative to sled (mm)

46 63 59 54 57 54 52 57 55,5

Rating 10 10 10 10 10 10 10
Horizontal displacement of
head CG T1 (mm)

130 162 124 121 124 131 125 134 126,5

Rating 5 5 5 10 5 10 6,7

Vertical displacement of
head CG relative to T1 (mm)

64 94 66 57 63 61 52 65 60,7

Rating 10 5 5 5 5 10 6,7
Time of peak head excursion
(sec)

0,159 0,175 0,122 0.113 0,120 0,120 0,113 0,120 0,118

Rating 0 0 0 0 0 0 0
Lateral acceleration of head
CG (G) CFC1000

8 11 11 12 12 11 11 12 11,5

Rating 10 5 5 10 10 5 7,5
Vertical acceleration of head
CG (G) CFC1000

8 10 9 10 9 9 9 9 9,2

Rating 10 10 10 10 10 10 10

Head flexion angle (degrees)
44 59 51 50 51 47 44 48 48,5

Rating 10 10 10 10 10 10 10
Head twist angle (degrees) 32 45 22 21 23 22 22 22 22,0
Rating 5 5 5 5 5 5 5

Rating

7,4

Measure Lower 
bound

Upper 
bound

Run

#1 #2 #3 Avg
Head flexion angle
(degrees)

40 50 Nm Nm Nm

Rating 0 0 0 0
Peak moment A-P
axis at OC, M x (Nm)

40 50 13 13 15 13,7

Rating 0 0 0 0
Peak moment R-L
axis OC, M  y (Nm)

20 30 4 4 3 3,7

Rating 0 0 0 0
Peak twist moment,
M  z (Nm)

15 20 8 9 9 8,7

Rating 0 0 0 0
Peak shear force OC,
F  y (N)

750 850 427 428 428 427,7

Rating 0 0 0 0,0
Peak tension force
OC, F  z (N)

350 400 384 363 397 381,3

Rating 10 10 10 10
Peak A-P shear force,
F  x (N)

325 375 63 55 63 60,3

Rating 0 0 0 0,0
Peak resultant head
acceleration (G)

18 24 14 15 15 14,7

Rating 5 5 5 5,0

Rating

2,0

Measure Lower 
bound

Upper 
bound

Run

#1 #2 #3 #4 #5 #6 Avg
Peak lateral acceleration
of T1 (G)

17 23 20 18 19 17 18 17 18,2

Rating 10 10 10 10 10 10 10,0
Peak lateral acceleration
of head CG (G)

25 47 14 14 14 13 13 13 13,5

Rating 5 5 5 5 5 5 5,0
Peak horizontal
displacement of head CG
relative to sled (G)

185 226 213 202 207 211 214 210 209,5

Rating 10 10 10 10 10 10 10,0
Peak flexion angle
(degrees)

62 75 64 63 64 58 59 58  61,0

Rating 10 10 10 5 5 5  7,5

Peak twist angle (degrees)
62 75 28 26 27 25 25 26  26,2

Rating 0 0 0 0 0 0 0,0

Rating

7,2

Measure Lower 
bound

Upper 
bound

Run
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Figure A1 - Shoulder test 1 - pendulum force. 
 

Table A5. 
Shoulder test 1 – 4.5 m/s pendulum test results 

 
 
 
 
 
 
 
 
 
 

Table A6. 
Shoulder test 2 – 7.2 G sled test results 

 
 
 
 
 
 
 

 
Table A7. 

Shoulder test D3 - 12,2 G sled test results 
 
 
 
 
 
 

 
Table A8. 

Thorax test 1 - test results  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2 - Thorax test 1 - pendulum force. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3 - Thorax test 1 - T1 lateral acceleration. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A4 - Thorax test 2 - pendulum force. 
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Peak 
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deflection 
(mm)
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Rating 10 10 10 10,0
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10
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bound

Upper 
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Run

#1 #2 #3 #4 #5 #6 Avg
Horizontal 
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Rating 10 10 10 10 10 10 10
Horizontal 
displacement T1
relative to sled (mm)

46 63 59 54 57 54 52 53 54,8

Rating 10 10 10 10 10 10 10

Rating

10,0

Measure Lower 
bound

Upper 
bound
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#1 #2 #3 #4 #5 #6 Avg
Peak lateral 
acceleration T1 
(G)
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Rating
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Measure Lower 
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Upper 
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Run
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Table A9. 
Thorax test 2 – 6.7 m/s test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5 - Thorax test 3 - plate force. 
 

Table A10. 
Thorax test 3 – 1 m drop test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure A6 - Thorax test 5 – plate force. 
 
 

Table A11. 
Thorax test 5 – 6.8 m/s sled test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A7 - Abdomen test 1 – armrest force. 
 

Table A12.  
Abdomen test 1 - 1 m rigid armrest test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

#1 #2 #3 Avg
Pendulum 
force (kN)

Plot Plot Plot Plot Plot Plot

Rating 10 10 10 10,0

Rating

10,0
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Rating
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Rating All tests 5 5,0
Peak lateral 
acceleration 
impacted rib (G)

64 100 86

Rating
 All tests 

10
10

Rating

6,4

Measure Lower 
bound

Upper 
bound

Run

Abdomen P late F orce

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 10 20 30 40 50 60

Time (ms)

F
o
rc
e
 (
k
N
)

IS O 9790 Upper C orridor
IS O 9790 Lower C orridor
T1-3

#1 #2 #3 Avg

Armrest force
(kN)

See plot See plot See plot
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Rating 5 0 5 3,3
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Rating 10 10 10 10,0
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Figure A8 - Abdomen test 3 - plate force. 
 

Table A13.  
Abdomen test 3 – 6.8 m/s plate force sled test 

results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A9 - Pelvis test 1 and 2 - pendulum force. 
 

Table A14.  
Pelvis test 1 – 6.0 m/s pendulum test results 

 
 
 
 

 
 

 
 
 

Table A15. 
Pelvis test 2 – 10.0 m/s pendulum test results 

 
 
 
 
 
 
 

Table A16.  
Pelvis test 3 – 0.5 m acceleration drop test results 

 
 
 
 
 
 
 

Table A17. 
Pelvis test 4 – 1.0 m rigid drop test results 

 
 
 
 
 
 
 

Table A18.  
Pelvis test 7 – 6.8 m/s rigid sled test results 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A10 - Pelvis test 10 - pelvis plate force. 
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Table A19. 

Pelvis test 10 – 6.8 m/s Wayne State rigid sled test 
results 

 
 
 
 
 
 
 
 
 
 
 
 

1 to 9 Avg

Pelvis plate force
(kN)

Plot Plot Plot Plot

Rating
4 tests 5,   
5 tests 0

1,7

Peak pelvis
acceleration (G)

85 115 50,0

Rating All tests 5 5,0

Run Rating

3,1

Measure Lower 
bound
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bound



Scherer,  Page 14 

APPENDIX B 
 

Table B1. 
WorldSID Biofidelity Ratings by Test and Body Region 

 
 Body Test No. & Test Description Test Weighting, Vi,j Test Biofidelity

Head Test 1 200 mm Rigid Drop 8 10.0
Head Test 2 1200 mm Padded Drop 4 N. M.

Head Biofidelity, B1 10.0
Neck Test 1 7.2 G Sled Impact 7 7.4
Neck Test 2 6.7 G Sled Impact 6 2.0
Neck Test 3 12.2 G Sled Impact 3 7.2

Neck Biofidelity, B2 5.3
Shoulder Test 1 4.5 m/s Pendulum 6 10.0
Shoulder Test 2 7.2 G Sled Impact 5 10.0
Shoulder Test 3 12.2 G Sled Impact 3 10.0
Shoulder Test 4 8.9 m/s Padded Sled 7 N. M.

Shoulder Biofidelity, B3 10.0
Thorax Test 1 4.3 m/s Pendulum 9 7.8
Thorax Test 2 6.7 m/s Pendulum 9 10.0
Thorax Test 3 1.0 m Rigid Drop 6 8.3
Thorax Test 4 2.0 m Padded Drop 5 N. M.
Thorax Test 5 6.8 m/s Rigid Sled 7 6.4
Thorax Test 6 8.9 m/s Padded Sled 7 N. M.

Thorax Biofidelity, B4 8.2
Abdomen Test 1 1.0 m Rigid Drop 7 9.0
Abdomen Test 2 2.0 m Rigid Drop 6 N. M.
Abdomen Test 3 6.8 m/s Rigid Sled 3 10.0
Abdomen Test 4 8.9 m/s Rigid Sled 3 N. M.
Abdomen Test 5 8.9 m/s Padded Sled 7 N. M.

Abdomen Biofidelity, B5 9.3
Pelvis Test 1 6.0 m/s Pendulum Impact 8 10.0
Pelvis Test 2 10.0 m/s Pendulum Impact 9 5.0
Pelvis Test 3 0.5 m Rigid Drop 4 5.0
Pelvis Test 4 1.0 m Rigid Drop 4 0.0
Pelvis Test 5 2.0 m Padded Drop 3 N. M.
Pelvis Test 6 3.0 m Padded Drop 5 N. M.
Pelvis Test 7 6.8 m/s Rigid Sled 8 3.9
Pelvis Test 8  8.9 m/s Rigid Sled 7 N. M.
Pelvis Test 9 8.9 m/s Padded Sled 8 N. M.
Pelvis Test 10 6.8 m/s Rigid Sled 3 3.1
Pelvis Test 11  8.9 m/s Rigid Sled 3 N. M.
Pelvis Test 12 8.9 m/s 15 psi Padded Sled 3 N. M.
Pelvis Test 13 8.9 m/s 23 psi Padded Sled 7 N. M.

Pelvis Biofidelity, B6 5.1
N.M. = Not Measured

WorldSID With Blue Ribs Overall Biofidelity 8.0
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ABSTRACT 
 
In 2002 the biofidelity of the SID-HIII, ES-2 and 
prototype WorldSID side impact dummies were 
compared using a new Biofidelity Ranking System 
(BRS or BioRank) [Rhule, 2002]. The current study 
introduces updates made to the BRS and assesses the 
biofidelity of the ES-2re and the latest WorldSID side 
impact dummies.  Approximately twelve drop tests, 
ninety pendulum tests and forty sled tests with a dual-
occupant buck were performed with the ES-2re and 
WorldSID dummies, including lateral and oblique 
shoulder impactor tests [Bolte, 2003]; lateral and 
oblique thorax impactor tests [Shaw, 2006]; five 
Maltese sled tests [Maltese, 2002]; and several drop, 
pendulum and sled tests from ISO 9790 [ISO, 1999].  
Test condition weight factors used previously have 
been eliminated in the updated BRS, giving all test 
conditions equal value.  A scale for quality of the 
biofidelity ranking value, B, is demonstrated by 
comparing individual human subject responses to 
response targets and generating individual cadaver B 
values for both External and Internal Biofidelity.  
Having a scale of B values for the subject responses 
used to create the target response will give the user a 
metric for understanding the quality of a dummy’s 
biofidelity.  Finally, the sensitivity of the biofidelity 
ranking value, B, is illustrated using data from 
repeated tests on multiple WorldSID dummies.  The 
sensitivity analysis will help the user understand if 
the biofidelity of two (or more) dummies is similar or 
different.  This recent data and updated BRS show 
that the WorldSID dummy exhibits improved overall 
biofidelity over the ES-2re.  Results of the updated 
BRS show that the WorldSID and ES-2re 
demonstrated Internal Biofidelity values of 1.2 and 
1.7, respectively; the WorldSID demonstrated an 
External Biofidelity score of 2.2 while the ES-2re 
demonstrated an External Biofidelity score of 2.8. 
 
 

INTRODUCTION 
 
In 2002 a new Biofidelity Ranking System (BRS) 
was introduced and used to compare the biofidelity of 
the SID-HIII, ES-2 and prototype WorldSID side 
impact dummies [Rhule, 2002].  Since then the BRS 
has been used to evaluate several side impact 
dummies and has received constructive critique from 
the biomechanics community [Irwin, 2003].  
Criticisms included use of less biofidelic dummies 
for evaluation of the relevance of test conditions and 
assignment of test condition weights, a desire for 
further explanation of the meaning of the biofidelity 
"B" values, and lack of analysis of the sensitivity of 
the B values.  This paper addresses each of these 
concerns by eliminating test condition weights from 
the updated BRS, providing further analysis of the 
statistical meaning of the B values and a scale for 
interpreting the quality of biofidelity from the B 
values, as well as providing analysis of the significant 
difference between two B values.  This paper 
discusses the updates that have been made to the 
Biofidelity Ranking System and presents results of its 
application to recent test data from two side impact 
dummies, the ES-2re and the current production 
WorldSID dummy. 
 
The evaluation and modification of the WorldSID 
dummy has been accomplished with the collaboration 
and support of the WorldSID Organization.  Recent 
changes to the dummy include relocating the pelvis 
data acquisition docking station, a change in rib 
damping material and a change in IRTRACC 
mounting range-of-motion. 
 
BACKGROUND 
 
The purpose of the Biofidelity Ranking System is to 
objectively quantify response differences between 
human subjects and crash test dummies to evaluate 
how well a dummy replicates the behavior and 
response of a human.  In order to evaluate a dummy’s 
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biofidelity, it must be subjected to a set of tests that 
have associated human subject response targets (also 
referred to as biofidelity corridors).  The set of tests 
and response measurements (and associated human 
response targets) to be used for evaluating biofidelity 
are selected by the analyst prior to utilizing the 
objective BRS and will affect results. 
 
The fundamental nature of the Biofidelity Ranking 
System lies in the comparison of each dummy 
response to its corresponding mean human subject 
response. The Response Measurement Comparison 
Value (R) for each required measurement is 
calculated as a ratio of the cumulative variance of the 
dummy response relative to the mean cadaver 
response (DCV) over the cumulative variance of the 
mean cadaver response relative to the mean plus one 
standard deviation (CCV), as described in Rhule et 
al, 2002.  A lower DCV/CCV ratio indicates a closer 
dummy response relative to that of the mean cadaver, 
and better dummy biofidelity. 
 
The BRS calculates ranks for External Biofidelity 
and Internal Biofidelity by first calculating the 
DCV/CCV ratio (R) for each response measurement 
and then taking its square root; then those values are 
averaged for various test conditions and then for 
various body regions.  External Biofidelity describes 
the ability of a dummy to replicate human loading of 
a test environment.  Signals which measure the 
response of the test environment due to its interaction 
with the dummy (or human subject) are used to 
calculate External Biofidelity ranks.   Internal 
Biofidelity describes the ability of a dummy to 
duplicate the responses of human subjects.  Signals 
which measure the response of the dummy (or human 
subject) due to its interaction with the test 
environment are used to calculate Internal Biofidelity 
ranks.   
 
UPDATES TO THE BIOFIDELITY RANKING 
SYSTEM 
 
Over the last several years the Biofidelity Ranking 
System has been used to evaluate the biofidelity of 
many dummies.  As with any state of the art system 
evolution is inevitable.  As a result of its 
development, the following updates have been 
incorporated into the evaluation of side impact 
dummy biofidelity using the BRS. 
 
Test Condition Weights Removed 
 
The Test Condition Weights included in the original 
BRS were based on a combination of 1) the number 
of subjects used to create the human subject response 

target (Subject Score) and 2) how well the biofidelity 
test represented the intended crash environment (Test 
Relevance Score).  The equation to calculate the Test 
Condition Weights subjectively added one-third of 
the Subject Score to two-thirds of the Test Relevance 
Score.   
 
The Test Relevance Score indicates how well each 
biofidelity test represents regulatory-type crash tests.  
The biofidelity tests whose dummy responses are 
equal to or less than the dummy response in crash 
tests receive higher Test Relevance Scores.  Some in 
the biomechanics community argued that the 
dummies used (SID-HIII and ES-2) to evaluate the 
relevance of the biofidelity tests were not very 
biofidelic, which invalidated the Test Condition 
Weights.   
 
The assessment of subject sample size and test 
relevance in this paper was performed during the data 
selection process and is not part of the completely 
objective BRS.  The Test Condition Weights have 
been eliminated from the BRS.  All tests used for 
evaluating dummy biofidelity are now of equal value.   
 
Biofidelity Rank Calculation 
 
Without the Test Condition Weights, the equation for 
calculating the biofidelity ranks is different from that 
presented in 2002.  In the updated BRS, External and 
Internal Biofidelity ranks are calculated according to 
Equation 1.  The External and Internal Biofidelity 
ranks are each made up of an average of ranks from 
each body region (i in Equation 1).  The body regions 
include the head, neck, shoulder, thorax, abdomen 
and pelvis.  Each body region rank is made up of an 
average of ranks from each corresponding test 
condition (j in Equation 1).  Each test condition rank 
(for a given body region) is made up of an average of 
the square root of the response measurement 
comparison values (R in Equation 1) for each 
measurement required (k in Equation 1) for that test 
condition.  Figure 1 illustrates the sequence of 
averages that result in the External (or Internal) 
Biofidelity ranks. 
 
INTERPRETING THE BIOFIDELITY VALUES 
 
What do the biofidelity values (B-values) mean?  
Albeit a lower value of B indicates better biofidelity, 
but what do the numbers represent?  How different 
do the numbers have to be to indicate a significant 
difference in biofidelity? 
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where  
 
B= biofidelity rank, either External or Internal 
R = Response Measurement Comparison Value 
i = body region 
j = test condition 
k = response measurement 
l = number of body regions 
m = number of test conditions 
n = number of response measurements per test 
condition 
 

 
 
 
 
 
 
 
 
 
 
B-value Scale 
 
It is important to understand what a BioRank score 
actually means.  For any given response 
measurement in a biofidelity test, a DCV/CCV ratio, 
or R value, is calculated and its square root is taken 
so that it represents multiples of a cumulative 
standard deviation.  A value of √R < 1 would indicate 
that the dummy response is less than one cumulative 
standard deviation different from the cadaver mean 
response for that set of cadaver test data.  Similarly, a 
value of √R < 2 would indicate that the dummy 
response is within two cumulative standard 
deviations of the cadaver mean and a value of √R < 3 
indicates the dummy is within three cumulative 
standard deviations of the cadaver mean response.  
This assumes that the cadaver data set is a 
representative sample of the cadaver population and 
is normally distributed.  Because cadaver sample size 
is usually rather small and the variation in the 
cadaver data set is due to both natural human 
variation as well as test-to-test variation, there is no 
guarantee that this assumption is valid.  
 
A methodology for developing a scale for the 
BioRank was developed by Rhule [Rhule 2002].  In 
that study a set of external cadaver responses was 
analyzed by comparing one cadaver from the set of 
cadavers to the mean and standard deviation of the 
remaining cadavers in the set.  This approach is 
analogous to comparing a dummy response to a 
cadaver mean and standard deviation but calculates 
a√R value for each cadaver in the data set and allows 
for the assessment of the distribution statistics for the 

sample of cadaver responses.  If the cadaver data is 
normally distributed then it is reasonable to use 
values of √R = 1, 2 and 3, etc., as measures of 
dummy similarity to the cadaver mean response.  For 
a value of √R < 1 the dummy would be as similar to 
the mean response as 68% of cadavers, 1<√R ≤ 2 
would be as similar to the mean response as the next 
27% of cadavers, 2<√R ≤ 3 would be as similar as the 
next 4% of cadavers, and √R > 3 would only be as 
similar as 1% of cadavers.   This basic approach was 
used again to evaluate the distribution of cadaver 
responses for additional channels of both external and 
internal responses for the Maltese data [Maltese, 
2002] and the Shaw data [Shaw, 2006].   
 
This more extensive analysis has a few differences 
from the analysis presented in Rhule’s 2002 study.  
In both studies the Maltese data for the padded high-
speed flat wall sled tests (PHF) were used because 
there were seven subjects tested under that condition 
and this provided a reasonably large sample size.  
After the publication of the 2002 paper, Maltese re-
analyzed his data and made it available on the 
NHTSA website.  This re-analysis included phase 
shifting of the data to minimize the cumulative 
variance with the idea of eliminating time shifts due 
to subject “fatness” and “thinness”.  This phase-shift 
corrected data was used in the analysis presented 
here.   In addition to analyzing external data for 
thorax, abdomen and pelvis load force, the internal 
responses for chest-band deflection and lower spine 
acceleration were also analyzed.  In this study the 
Shaw pendulum test data was also analyzed which 
included seven subjects (Note:  the force data was re-

Figure 1.  Schematic showing the sequence for averaging √R values. 

Response Comparison √R Values 

Avg. of √R for each Test Condition  
Avg. of Test Condition ranks, A-C  Body Region 1 

Overall External Biofidelity Avg. of Body Region ranks 

Body Region 2 Body Region 3 

A B C A B C A B C 
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analyzed for this paper due to an error in the inertial 
mass of the impactor).  For this data the external 
pendulum force in both lateral and oblique tests were 
analyzed as well as the internal chest-band deflection.   
 
The results for the analysis of the√R values for the 
selected test data from Maltese and Shaw are shown 
in Table 1.  Note that the subject identification 
numbers for the subjects are also presented in the 
table.  The Maltese sled data for padded high-speed 
flat wall tests was analyzed for the thorax, abdomen 
and pelvis load forces, for the upper and middle 
chest-band deflection and the lower spine y 
acceleration.  The results of Table 1 show that 
although the√R values vary, the average values for 
each channel are approximately 1.0 and a dummy 
with a B-value of ≤1.0 has a response that is less than 
or equal to one cumulative standard deviation 
different from the mean cadaver response. This is 
true for both external measures and internal 
measures.  The Shaw data from lower energy 
pendulum tests in lateral and oblique impacts was 
analyzed for external force and for internal chest-
band deflection.  The results of Table 1 show that, 

similar to the Maltese data, the Shaw data has values 
of √R that average approximately 1.0 and that a 
dummy with a B-value of ≤1.0 has a response that is 
less than or equal to one cumulative standard 
deviation different from the mean cadaver response. 
A set of χ2 goodness-of-fit tests on the channels 
shown in Table 1 indicate that eight of the twelve 
channels do not reject the hypothesis that they are 
from a normal distribution at the α = 0.05 level 
[Mathworks, 2008].  Although there are only seven 
subjects, this provides some limited confidence that 
the cadaver data is normally distributed. 
 
This analysis provides support for a biofidelity 
ranking metric as shown in Table 2.  This scoring 
metric is continuous and directly related to the 
normal distribution statistics of multiples of standard 
deviation.  This metric can also be used to compare 
and contrast the responses of different dummies to a 
cadaver data set and, without too much risk, to 
compare different dummies and different cadaver 
data sets so long as the assumption of a normal 
distribution within the cadaver populations is valid.   

 
Table 1. 

√R values for selected cadaver to cadaver mean response data 
 

Maltese Data 

 3320 3321 3323 3580 3581 3586 3589 
Channel 
Average 

PHF Thorax Force-external 1.16 1.03 1.97 0.55 0.92 1.21 0.55 1.06 
PHF Abdomen Force-external 0.75 0.75 1.27 0.77 1.39 0.84 1.67 1.06 
PHF Pelvis Force-external 0.75 1.19 1.07 1.03 1.05 0.79 1.61 1.07 

Total External Average  1.06 

PHF Lower Spine-internal 0.63 2.29 1.14 0.68 0.93 0.63 1.13 1.06 
PHF Upper Chest Half 
Deflection-internal 2.67 0.43 0.41 1.45 1.26 0.44 0.55 1.03 
PHF Lower Chest Half 
Deflection-internal 1.19 1.14 0.36 1.27 1.11 1.55 0.74 1.05 

Total Internal Average  1.05 
Shaw Data 

 503 504 505 506 507 601 602  
Lateral Force-external 1.41 0.80 1.01 1.16 0.47 0.80 1.75 1.06 
Oblique Force-external 0.98 1.21 1.92 0.42 1.37 0.95 0.43 1.04 

Total External Average  1.05 

Lateral Deflection-internal 0.43 0.31 0.33 1.23 1.02 1.34 2.46 1.02 
Oblique Deflection-internal 0.72 1.92 2.53 0.47 0.50 0.63 0.44 1.03 

Total Internal Average  1.02 
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Table 2. 

Biofidelity Scale 
 

B ≤ 1 within one standard deviation of the mean cadaver response 
1 < B ≤ 2 between one and two standard deviations of the mean cadaver response 
2 < B ≤ 3 between two and three standard deviations of the mean cadaver response 

B > 3 more than three standard deviations from the mean cadaver response 
 
B-value Sensitivity 
 
It is important to know the sensitivity of the B-value 
with respect to the response of the post-mortem 
human subjects (PMHS) to which it is being 
compared.  This is especially important if two 
different dummies, such as the WorldSID and the ES-
2re, are being compared to the same PMHS data set 
and the resulting B-values for the two dummies are 
similar but not exactly the same – is the difference 
significant?  Stated a different way, if two dummies 
have B-values separated by a small amount, such as 
ΔB = 0.2 for example, is one actually more biofidelic 
than the other?   
 
The sensitivity of the B-values can be assessed by 
studying the B-values calculated separately for two of 
the same dummy type, i.e., reproducible dummies, 
compared to the same PMHS data set.  In this study 
two different WorldSID dummies that have been 
assessed for reproducibility and found not to be 
significantly different in response were subjected to 
multiple identical sled tests in several different 
configurations.  The dummy responses from the 
repeat sled tests were used to calculate mean √R 
values for each dummy in each response.  In Table 3, 
Dummy Responses 1-22 show the mean √R values 
for Dummies 1 and 2 for internal and external thorax, 
abdomen and pelvis measurements.  A set of paired 
differences were then created from the mean √R 
values from each configuration, and the mean and 
standard deviation were calculated.  A critical value 
of difference in √R value was calculated using the 
two-tailed t-statistic for the means of paired 
differences and a value of p = 0.05. The standard 
deviation for paired differences is  
 

1

)( 2
2

−
−

= ∑
n

dd
S i

d  

 
where  Sd = standard deviation of paired differences 
 n = sample size 
 di = differences between paired values 
 d = the mean of the differences. 
 

The critical value is found by manipulating the 
equation for the t-statistic for paired observations, 
 

nStdd d /0 ⋅−=  

 
where d0 = critical value of difference 
  t   = the t-statistic for p=0.05 and (n-1) DOF 
 
From this analysis we can infer that a difference 
larger than this critical value indicates that the 
biofidelity of the two dummies is not the same.  
Therefore, the critical difference in the B value of 
two dummy responses is given by:  
 

0ddB −=Δ  

 
For the two WorldSID dummies being used as an 
example, Table 3 shows the means of the paired 
differences for each body region, the standard 
deviations of the paired differences, the resulting 
critical values of difference, d0, and the critical values 
for ΔB.   
 
The ΔB values in the last row of Table 3 range from 
0.13 to 0.27 with an average value of 0.20.  The 
internal ΔB values range from 0.13 to 0.18 with an 
average of 0.15 and the external ΔB values range 
from 0.19 to 0.27 with an average of 0.24.  This 
indicates that for the two WorldSID dummies 
exposed to a set of sled tests, the sensitivity of the B-
value is approximately 0.15 for internal biofidelity 
and 0.24 for external biofidelity with an overall 
average sensitivity of 0.20.   
 
This exercise indicates that B-values that are less 
than or equal to 0.2 different, ΔB ≤ 0.2, are not 
significantly different and the biofidelity of two 
dummies or body regions being compared is 
essentially the same.  This analysis is not a rigorous 
proof and to be accurate, this analysis would have to 
be repeated for each case; however, it serves as a 
general guideline for evaluating the biofidelity results 
for two dummies or two body regions. 
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Table 3. 
Sensitivity results for mean √R and corresponding ΔB 

 

 
 
DUMMY BIOFIDELITY COMPARISON 
 
Several drop, pendulum and sled tests were 
conducted with the ES-2re and production WorldSID 
dummies in order to assess and compare their 
biofidelity utilizing the updated Biofidelity Ranking 
System.   
 
Selected Tests and Response Measurements 
 
The tests selected for biofidelity evaluation, as well 
as which response measurements are to be used, are 
entirely up to the user and should be considered 
carefully because they will have a significant impact 
on the biofidelity results.   
 
Ideally, the more response measurements and test 
conditions utilized for biofidelity evaluation, the 
better and more well-rounded the evaluation will be.  
However, sometimes including all possible response 
measurements and test conditions is not feasible.  In 
addition, if only one body region is to be assessed, 
only those associated response measurements and test 
conditions are necessary for evaluation.   
 

When assessing a dummy’s whole-body biofidelity, 
rather than just one body region, each body region 
would ideally have the same number of test 
conditions and response measurements so that each 
body region has equal representation in the overall 
biofidelity rank, which is an average of the body 
region ranks.  It is important to recognize the effect 
of various measurements, test conditions and body 
regions on biofidelity ranks since some body regions 
may have more test conditions than others and some 
test conditions may have more response 
measurements than others.  In addition, it is possible 
for a body region of one dummy to have better 
biofidelity than that of another dummy, but have a 
worse overall biofidelity rank.  For this reason, body 
region ranks should be considered carefully along 
with the overall biofidelity ranks. 
 
Some of the tests used to compare dummy biofidelity 
in the 2002 paper were removed for the current study 
and other tests have been added.  Tests that were 
removed include ISO 9790 Shoulder Test 1 and 
Maltese's High Speed Rigid Flat Wall sled test.  ISO's 
Shoulder Test 1 was removed because a definition of 
time zero could not be obtained and the response 
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corridor was generated from both oblique and lateral 
data rather than just lateral or just oblique.  The 
Maltese test was removed because the test condition 
was deemed too severe.   
 
Tests that were added include 15° and 30° oblique 
shoulder [Bolte] and 30° oblique thorax [Shaw] 
pendulum tests so that responses in the oblique 
direction could be evaluated.  However, displacement 
in the oblique shoulder tests was not used because 
appropriate measurements were difficult to obtain 
using video.  In addition, Shaw's lateral thorax 
pendulum test was included in order to add the thorax 
force and deflection measurements in a lower speed 
pendulum test to the array of response measurements. 
ISO's Pelvis Test 1 was added to include a localized 
impact to the pelvis region.  ISO's 6.8 m/s Heidelberg 
and 6.8 m/s Wayne State sled tests were added to 
include additional full-body sled tests.   
 
Additional tests were considered for use in the 
current study but were not selected due to 
unavailability of test materials that replicate those of 
the original human subject studies.   
 
In the original BRS presented in 2002, the internal 
ranks were calculated only from signals used in 
injury criteria.  Internal ranks are calculated here 
using as many internal responses for which there are 
matching human subject response targets.  Additional 
signals are used for biofidelity evaluation because 

ideally, a dummy would respond in every way like a 
human.   
 
The set of tests and response measurements selected 
for comparing the ES-2re and WorldSID biofidelity 
in this paper (Table 4.) is quite comprehensive 
considering the fact that human subject data for this 
particular application is not vast.   
 
Adjusted Targets 
 
In order for the Biofidelity Ranking System to result 
in meaningful, quantitative comparisons, it is 
important that the human response targets for the 
measurements and tests selected for comparison 
consist of a common statistical definition.  In the 
BRS, the denominator of the DCV/CCV ratio is the 
cumulative squared difference of the cadaver mean to 
the cadaver mean plus one standard deviation.  For 
the tests selected for inclusion in this study that had 
some other definition for the human response target, 
an adjusted human response target was established.   
 
Table 5 and Table 6 list the tests and response 
measurements, the reference response corridor, the 
method for establishing the adjusted target shown, 
the size assumption of the reference corridor, and the 
starting and ending points for the DCV/CCV 
calculation.  It is recognized that these adjustments 
will have an effect on the results of the BRS ranks.   
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Table 4. 
Test conditions and response measurements for biofidelity evaluation of the ES-2re and WorldSID dummies 

 
Test Type Reference Test Description Measurement 

Pendulum 

Bolte 

4.4 m/s Lateral Pendulum Impact 
Pendulum Force 
Shoulder Y-axis Displacement 

4.4 m/s 15º Pendulum Impact 
Pendulum Y-axis Force 
Pendulum X-axis Force 

4.4 m/s 30º Pendulum Impact 
Pendulum Y-axis Force 
Pendulum X-axis Force 

Shaw 
2.5 m/s Lateral Pendulum Impact 

Pendulum Force 
Thorax Displacement 

2.5 m/s 30º Pendulum Impact 
Pendulum Force 
Thorax Displacement 

Drop 

ISO 9790 
 

Head Test 1: 
200 mm Rigid Lateral Head Drop 

Peak Resultant Head Acceleration 
on opposite side of head* 

Pendulum 

Thorax Test 1: 
4.3 m/s Pendulum Impact 

T-1 Lateral Acceleration 
Pendulum Force 

Pelvis Test 1: 
6 m/s Lateral Pendulum Impact 

Peak Pendulum Force 

Sled 

Neck Test 1: 
7.2 g Sled Test 

Peak Horizontal Displacement of  
Head cg Relative to T-1 
Peak Vert. Displacement of  
Head cg Relative to T-1 
Peak Flexion Angle 

Neck Test 3: 
12.2 g Sled Test 

Peak Horizontal Displacement of  
Head cg Relative to Sled 
Peak Flexion Angle 

Shoulder Test 2: 
7.2 g Sled Test 

Peak Horizontal Displacement of  
T-1 Relative to Sled 

Thorax Test 5 & Pelvis Test 7: 
6.8 m/s Heidelberg Sled 

Thorax Plate Force 
Peak Lateral Acceleration of T-1 
Peak Lateral Acceleration of T-12 
Peak Lateral Acceleration of the Impacted Rib 
Peak Pelvis Plate Force 
Peak Pelvis Lateral Acceleration 

Abdomen Test 3 & Pelvis Test 10: 
6.8 m/s Wayne State Sled 

Abdomen Plate Force 
Pelvis Plate Force 
Peak Pelvis Lateral Acceleration 

Maltese 

6.7 m/s Padded Flat Wall 
6.7 m/s Rigid Flat Wall 
6.7 m/s Rigid Abdomen Offset 
6.7 m/s Rigid Pelvis Offset 
8.9 m/s Padded Flat Wall 

Thorax Plate Force 
T-1 Lateral Acceleration 
T-12 Lateral Acceleration 
Upper Thoracic Lateral Deflection 
Lower Thoracic Lateral Deflection 
Abdomen Plate Force 
Mid-Abdominal Deflection 
Pelvis Plate Force 
Pelvis Lateral Acceleration 

*Dummy measurements were located at the center of gravity location in the head 
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Table 5. 
Adjusted time series response targets 

 
ISO 9790 Test 

Name 
Thorax Test 1 Thorax Test 5 Abdomen Test 3 Pelvis Test 10 

Channel Name 
T1 Lateral 
Acceleration vs. 
Time 

Pendulum Force 
vs. Time 

Thorax Plate 
Force vs. Time 

Abdomen Plate 
Force vs. Time 

Pelvis Plate 
Force vs. Time 

Reference 
PMHS 
Corridor Used 

Irwin's [Irwin, 
2008] draft 
proposed 
corridor 

Irwin's [Irwin, 
2008]draft 
proposed 
corridor 

Petitjean's 
[Petitjean, 2008] 
draft corridor  

ISO 9790 ISO 9790 

Steps to Follow 
To Generate 
Mean and 
Standard. 
Deviation 
Targets 

Extend lower 
corridor line 
from 8 ms to 0 
ms.  Extend 
lower corridor 
from 35 to 50 
ms matching 
slope of upper 
corridor. 

Remove 700 N 
from plateau of 
upper and lower 

corridors.  
Extend lower 
corridor line 

from 5 ms to 0 
ms.  Extend 

lower corridor 
from 30 ms to 

45 ms matching 
slope of upper 

corridor. 

Extend lower 
corridor line 
from 10 ms to 0 
ms.  Extend 
lower corridor 
from 38 to 55 
ms matching 
slope of upper 
corridor. 

Leave ISO 
corridor as-is, 
except extend 
lower corridor 
from 38 to 45 
ms, matching 
slope of upper 
corridor. 

Leave ISO 
corridor as-is. 

Assumption of 
Reference 
Corridor Size 

mean +/- 2 SD mean +/- 2 SD mean +/- 3 SD mean +/- 1 SD mean +/- 1 SD 

DCV/CCV 
Calculation 
Start Point 

Time zero Time zero Time zero Time zero Time zero 

DCV/CCV 
Calculation 
End Point 

When corridor 
mean reaches 
10% of its max 
(1.24 g) 

45 ms; doesn't 
go down to 10% 
of mean 

When corridor 
mean reaches 
10% of its max 
(0.931 kN) 

45 ms; doesn't 
go down to 10% 
of mean 

30 ms; doesn't 
go down to 10% 
of mean 

 
Table 6. 

Adjusted peak value response targets 
 

ISO 9790 
Test Name 

Channel Name 

ISO 
9790 

Lower 
Bound 

ISO 
9790 
Upper 
Bound 

Size 
Assumption of 

Reference 
Corridor 

BRS 
Lower 
Bound 

BRS 
Upper 
Bound 

Thorax Test 5 

Peak lateral acceleration 
of the upper spine 82 g 122 g 

mean +/- 2 SD 

92 g 113 g 

Peak lateral acceleration 
of the lower spine 

71 g 107 g 80 g 98 g 

Peak lateral acceleration 
of the impacted rib 

64 g 100 g 74 g 91 g 

Pelvis Test 1 Peak pendulum force 5.11 kN 6.27 kN mean +/- 1 SD 5.11 kN 6.27 kN 

Pelvis Test 7 
Peak pelvic plate force 6.4 kN 7.8 kN mean +/- 1 SD 6.4 kN 7.8 kN 

Peak lateral pelvic acceleration 63 g 77 g mean +/- 1 SD 63 g 77 g 

Pelvis Test 10 Peak lateral pelvic acceleration 85 g 115 g mean +/- 2 SD 93 g 108 g 
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Time Zero 
 
In order to properly evaluate dummy biofidelity, it is 
important to define time zero, or the start of the 
event.  If the condition of the test is such that it 
results in a steep increase in response over a short 
amount of time, but time zero is undefined, assessing 
whether a dummy responds similarly in time to the 
human will be difficult. In the case that time zero is 

not defined by the author of the human subject 
response data, a time zero definition must be 
established so that the dummy and human subject 
response target data can be located in time 
consistently.   
 
Table 7 indicates the definition of time zero for each 
response measurement and test condition selected, as 
well as how the time zero definition was established.   

 
Table 7. 

Filter classes and time zero definitions 
 
Test Description Data Channel Filter Time Zero Definition 
ISO 9790 Head Test 1 Peak Head Resultant Acceleration CFC 1000 n/a 
ISO 9790 Neck Test 1 

All Data Video 
n/a 

ISO 9790 Shoulder Test 2 n/a 
ISO 9790 Neck Test 3 All Data Video n/a 
NHTSA (Bolte)  
Shoulder Tests 

Pendulum Force CFC 180 Time of contact between 
pendulum and subject Shoulder Displacement Video 

ISO 9790 Thorax Test 1 
Pendulum Force FIR 100 Last zero crossing before 

maximum* T-1 Lateral Acceleration FIR 100 
NHTSA (Shaw)  
Thorax Tests 

Pendulum Force CFC 600 Time of contact between 
pendulum and subject Thorax Deflection CFC 1000 

ISO 9790 Thorax Test 5 

Thorax Plate Force CFC 1000 

5% of peak of thorax 
plate force is time zero 
(assuming thorax plate is 
first contact) 

Peak T-1 Lateral Acceleration FIR 100 n/a 
Peak T-12 Lateral Acceleration FIR 100 n/a 
Peak Impacted Rib Lateral Acceleration FIR 100 n/a 

ISO 9790 Pelvis Test 7 
Peak Pelvis Plate Force FIR 100 n/a 
Peak Pelvis Lateral Acceleration FIR 100 n/a 

ISO 9790 Abdomen Test 3 Abdomen Plate Force CFC 1000 
Last zero crossing before 
maximum* 

ISO 9790 Pelvis Test 10 
Pelvis Plate Force CFC 1000 Last zero crossing before 

maximum* 
Peak Pelvis Lateral Acceleration CFC 1000 n/a 

ISO 9790 Pelvis Test 1 Peak Pendulum Force CFC 1000 n/a 

NHTSA (Maltese)  
Sled Tests 

Thorax, Abdomen and Pelvis Plate 
Forces CFC 1000 

See Note 
T-1 Lateral Acceleration CFC 180 
T-12 Lateral Acceleration CFC 180 
Upper Thoracic Lateral Deflection CFC 600 
Lower Thoracic Lateral Deflection CFC 600 

* Indicates that no time zero definition was given in the original work, and an assumption was made here based 
on figures shown in ISO 9790. 

Note: For flat wall tests, time-zero is determined by initiation of arm contact on the thoracic load plate.  In pelvic 
and abdominal offset tests, time-zero is coincident with specimen contact with the offset load plate.  Contact with 
the load plate is determined by finding the first point in time on the load wall force-time history where the load 
exceeds 200 N and then incrementing backward to find the point in time where the force-time history crosses zero 
load (zero-crossing load).  The time of occurrence of the zero-crossing load is taken to be the start of the impact 
event for all recorded signals. 
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Data Processing 
 
Another vital element of evaluating dummy 
biofidelity is processing the dummy data identically 
to that of the human subjects, including setting time 
zero and filtering.  In order to duplicate an exact 
biofidelity ranking number using the BRS, updated or 
not, the sequence of steps taken is also important.  In 
the updated BRS, all of the transducer data from the 
dummy tests were recorded according to the digital 
data sampling requirements of SAE J211-1 [SAE, 
2003].  For the data that was determined using video 
analysis, digital video cameras with a recording rate 
of 1000 frames-per-second were used.  Following 
acquisition, all transducer data were processed in 
software as follows: 
1. Any pre-test data channel bias was removed. 
2. Sled wall body region force plate (e.g. Thorax 

Plate, Pelvis Plate) loads were calculated by 
summing the individual load cells used at each 
force plate location.  Since the force plate load 
cells are recorded at SAE J211 Channel Filter 
Class (CFC) 1000 by the sled data acquisition 
system, the load cell channels were summed at 
CFC 1000.  

3. The data channels were digitally filtered using  

the same filter specification used for the human 
subject biofidelity corridor data.  The filter 
specifications are shown in Table 7.  

4. Time zero was set as defined for the human 
subject data, also shown in Table 7. 

5. Since all of the biofidelity corridors are positive 
polarity, negative polarity data channels were 
inverted to be positive. 

6. The data channels were sub-sampled to match 
the sample rate of the human subject response 
target data. 

7. The data channels were truncated to match the 
length of the response targets, shown in Table 5. 

8. The √R values were calculated. 
 
 
RESULTS  
 
Table 8 shows the External and Internal Biofidelity 
ranks achieved when the updated BRS is applied to 
recent test data with the two dummies.  Table 8 
includes External and Internal ranks for each dummy 
for each body region as well as overall ranks.  In 
addition, Table 8 shows overall Internal biofidelity 
ranks without the abdomen body region. 

 
Table 8. 

External and internal biofidelity ranks for WorldSID and ES-2re 
 

Body Region 
External Biofidelity Internal Biofidelity 

WorldSID ES-2re WorldSID ES-2re 
Head   0.3 1.0 
Neck   0.8 2.2 

Shoulder 1.0 2.1 0.9 1.3 
Thorax 3.2 3.1 2.0 2.4 

Abdomen 1.9 2.7 2.4 n/a 
Pelvis 2.7 3.5 1.8 1.5 

Overall (with Abdomen) 2.2 2.8 1.4 - 
Overall (without Abdomen) - - 1.2 1.7 

 
DISCUSSION 
 
External Biofidelity of WorldSID vs. ES-2re 
 
As shown in Table 8, the WorldSID dummy received 
an overall external BioRank score of 2.2 versus the 
ES-2re’s overall score of 2.8.  The WorldSID ranked 
better than the ES-2re in all body regions except the 
thorax where both dummies received equivalent 
ranks with scores of 3.2 and 3.1, respectively.  The 
external thorax assessment consists of thorax plate 
force responses from the NHTSA [Maltese, 2002] 
and Heidelberg [ISO 1999] sled test conditions and 

pendulum force responses from the ISO 9790 Thorax 
Test 1 and the NHTSA [Shaw, 2006] 2.5 m/s lateral 
and oblique thorax test conditions. As shown in 
Figure 2, both dummies performed well in the 
Heidelberg sled test, which would be expected since 
this test was used as a performance criterion for the 
development of both dummies.  Neither dummy 
performed as well in the NHTSA [Maltese, 2002] 
sled test conditions as shown in the plots of Figure 3, 
Figure 4, and Figure 5.  Figure 5 shows how the 
vertical linkage of human body regions is important, 
especially the phasing among them.  Specifically, as 
shown in Figure 5, the thorax load wall is loaded 
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earlier by the dummies than by the human subjects.  
Both the ES-2re and WorldSID need improvement 
regarding the timing of the thorax response in such a 
loading condition; however, the magnitude of the ES-
2re response is much closer to the mean human 
response than is that of the WorldSID. 
 

 
Figure 2.  Thorax plate force from ISO 9790 
Thorax Test 5. 
 

 
Figure 3.  Thorax plate force from Maltese Rigid 
Low-Speed Flat Wall Sled Test. 
 

 
Figure 4.  Thorax plate force from Maltese 
Padded Low-Speed Flat Wall Sled Test. 

 
Figure 5.  Thorax plate force from Maltese Rigid 
Low-Speed Pelvis Offset Sled Test. 
 
Internal Biofidelity of WorldSID vs. ES-2re 
 
As shown in Table 8, excluding the abdominal 
ranking for a direct and fair comparison, the 
WorldSID dummy received an overall internal 
BioRank score of 1.2 versus the ES-2re’s overall 
score of 1.7.  When the abdominal rank is included, 
the WorldSID receives a BioRank score of 1.4.  The 
WorldSID dummy ranked well in all body regions 
except the abdominal region which received a score 
of 2.4.  Since internal abdomen biofidelity is based 
on abdominal deflection response targets, the ES-2re 
is not ranked in this category.  The ES-2re ranked 
well in all body regions except for the neck and 
thorax regions where it received scores of 2.2 and 
2.4, respectively. Figure 6 shows data for the lower 
thoracic rib deflection from the NHTSA [Maltese, 
2002] Rigid Abdomen Offset test where the 
WorldSID had a √R of 0.7 and the ES-2re, 1.9.  The 
difference in responses is suspected to be a result of 
the offset abdomen plate engaging the lower thoracic 
region of the human subject and WorldSID dummy 
while engaging below the thoracic region of the ES-
2re dummy due to its higher seated stature.  
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Figure 6. Lower thoracic rib deflection from 
Maltese Rigid Low-Speed Abdomen Offset Sled 
Test. 
 
Design Differences Between the WorldSID and 
ES-2re 
 
     Head - The ES-2re head is based on the Hybrid III 
50th percentile head and consists of a cast aluminum 
skull covered with a removable vinyl skin.  The 
WorldSID head assembly uses a molded 
polyurethane skull with a bonded vinyl skin.  
Although the head assemblies are significantly 
different in design, the ES-2re and WorldSID 
dummies received similar internal head BioRank 
scores of 1.0 and 0.3, respectively. 
 
     Neck - With the exception of fore/aft tuning 
buffers in the WorldSID neck, which were modified 
to better tune the WorldSID’s flexion /extension 
response, the ES-2re and WorldSID dummies use the 
same neck design.  Although the neck designs are 
similar, the dummies ranked differently with the 
WorldSID receiving an internal score of 0.8 and the 
ES-2re receiving a score of 2.2.  There are other 
factors that may account for the difference in neck 
biofidelity scores.  The necks are ranked using ISO 
9790 Neck Test 1 and Neck Test 3 which are 
restrained occupant sled tests.  Since the dummies are 
restrained against a wall in these tests, differences in 
shoulder and thorax responses could influence the 
results.  Also, the WorldSID head has a slightly 
higher mass than the ES-2re head which could have 
some effect on head translation.  Another unknown 
but potential difference is in the methodologies used 
to perform the video data acquisition and analysis.   
 
     Shoulder - There are significant differences 
between ES-2re and WorldSID shoulder designs.  
The ES-2re shoulder consists of two pivoting 
clavicles guided between two shoulder plates that 
limit their movement to one plane.  The clavicles are 

held in their neutral position by elastic cords.  
Shoulder deflection occurs by pivoting the clavicle 
from the neutral position forward in an arcing 
motion, resulting in both anterior and medial 
shoulder deflection.  The ES-2re shoulder cannot 
deflect in the purely lateral direction or pivot 
rearward.  The WorldSID torso, including the 
shoulder, consists of six rib assemblies: one shoulder, 
three thoracic and two abdominal.  Each rib assembly 
consists of two inner rib bands (one on each side of 
the thorax) and an outer rib band that defines the 
torso’s shape. Each outer rib band is fastened to the 
spine box at the rear and to a plastic sternum at the 
front.  The inner rib bands have a bonded damping 
material to tune the rib response for each specific 
body region.  The design of the WorldSID ribs allows 
a purely lateral deflection as well as some capability 
of forward and rearward deflection under oblique 
loading.   
 
The ES-2re has no instrumentation for measuring 
shoulder deflection while each of the WorldSID ribs 
is instrumented with an IRTRACC on the impact side 
of the dummy for measuring lateral deflection only. 
 
The 4.4 m/s lateral and oblique pendulum impact 
tests resulted in unrealistic shoulder deflections in 
both the ES-2re and WorldSID dummies.  The human 
subject shoulders deflected medially in pure lateral 
impacts and posteriorly and medially, with decreased 
stiffness, during anterolateral impacts [Bolte 2000, 
Bolte 2003].  The WorldSID force response was 
similar to that of the human subjects resulting in an 
external shoulder biofidelity score of 1.0.  Due to the 
location of pendulum impact on the WorldSID’s 
shoulder, the pendulum tended to deflect upward, 
pushing the shoulder rib downward. Although this 
motion is not consistent with that of the human 
subjects the WorldSID rank for shoulder internal 
biofidelity, based on only the lateral deflection, is 
0.9.  The inability of the ES-2re clavicle to deflect 
posteriorly resulted in the shoulder response 
becoming stiffer when the loading moved from the 
lateral to the anterolateral direction resulting in an 
external biofidelity score of 2.1.  The ES-2re clavicle 
exhibited a tendency for forward rotation, even 
during anterolateral impacts.  Although this motion is 
also not consistent with that of the human subjects 
the ES-2re dummy rank for shoulder internal 
biofidelity is 1.3.  The reasonably good ranks for 
dummy shoulder kinematics that do not simulate the 
human kinematics result from incomplete 
displacement data from the human subjects, allowing 
limited comparison with the dummies. 
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     Thorax - The ES-2re thoracic region consists of 
three rib modules.  Each of the three rib modules is 
comprised of a steel rib bow covered with flesh-
simulating foam.  A linear guide assembly attaches 
between the impact and non-impact side of the rib 
and limits the deflection to purely lateral.  In parallel 
with the linear guide assembly is a hydraulic damper.  
A spring inside the linear guide assembly is used to 
tune the performance of the modules.  A 
potentiometer is installed in each rib module to 
measure deflection.  The WorldSID thoracic region 
consists of three rib band assemblies as described in 
the shoulder section, having the same lateral and 
oblique deflection capabilities.  The thoracic 
biofidelity of the WorldSID and ES-2re are nearly the 
same with external ranks of 3.2 and 3.1 and internal 
ranks of 2.0 and 2.4, respectively.   With the 
exception of the NHTSA [Shaw, 2006] 2.5 m/s 30° 
pendulum impact test, all of the thorax biofidelity 
tests provide only lateral inputs to the dummy.  
Therefore, differences in oblique thorax response 
capabilities between the two dummies are not 
highlighted.  Both dummies demonstrated scores 
indicative of needing improvement for the pendulum 
force response measurement of the oblique pendulum 
impact test (WorldSID 4.1, ES-2re 5.7).  In the lateral 
impacts, both dummies achieve lower (i.e., better) 
scores for the ISO tests, but higher (i.e., worse) 
scores for the Shaw and Maltese tests.  This is likely 
due to the fact that the Shaw and Maltese data is 
relatively new and the ISO data was used as design 
criteria for both dummies. 
 
     Abdomen – The WorldSID abdomen is 
represented by “rib” structures as discussed 
previously and measures abdominal deflection with 
IRTRACCs.  The ES-2re abdominal region consists 
of a foam-covered cast aluminum drum positioned 
around the lumbar spine.  There are three load cells 
attached to the drum to measure the force between 
the drum and the foam covering.  There is no 
instrumentation for measuring abdominal deflection.  
Since the internal abdominal biofidelity response 
targets are based on abdomen deflection, the ES-2re 
could not be rated for internal abdomen biofidelity; 
however, the WorldSID only scored a 2.4.  External 
biofidelity scores were 1.9 and 2.7 for the WorldSID 
and ES-2re, respectively. 
 
     Pelvis - The ES-2re and WorldSID dummies have 
pelvis structures consisting of a central sacrum block 
and two polyurethane iliac wings that are joined at 
the pubic symphysis by a load cell.  The WorldSID 
pubic symphysis load cell is coupled to the iliac 
wings using rubber bushings while the ES-2re uses 
aluminum bushings.  The WorldSID pelvis design 

exhibited a less rigid response than the ES-2re pelvis 
resulting in external pelvis biofidelity scores of 2.7 
and 3.5, respectively.  In spite of the stiffer ES-2re 
pelvis the internal biofidelity score of 1.5 was slightly 
better than the WorldSID at 1.8. 
 
CONCLUSIONS 
 
The Biofidelity Ranking System (BRS) has been 
updated and used to assess the biofidelity of the 
WorldSID and the ES-2re side impact dummies.   
 
• The subjective decision as to what test data are 

included in the biofidelity ranking of a dummy is 
made before the application of the objective 
BRS. 

• The various tests selected for use in the BRS are 
no longer weighted – each test condition receives 
the same weight if it is included by the analyst in 
the BRS.  Care should be taken to assure that the 
tests selected represent an appropriate 
assessment of the dummy biofidelity based on 
test severity, body region distribution and data 
reliability. 

• A scale of biofidelity has been established for B 
values based on the number of standard 
deviations from the mean cadaver responses. 

• A sensitivity analysis of √R values indicates that 
two B value ranks with a difference of 0.2 or less 
are not significantly different. 

• The WorldSID received an overall internal 
biofidelity rank of 1.2 and the ES-2re received an 
overall internal biofidelity rank of 1.7. 

• The WorldSID received an overall external 
biofidelity rank of 2.2 and the ES-2re received an 
overall external biofidelity rank of 2.8. 

• This biofidelity evaluation using the updated 
BRS indicates good biofidelity for this improved 
version of the WorldSID dummy.  
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Test Type DROP

Measurement Dummy
ISO 9790 
Head Test 

1

ISO 9790 
Neck Test 

1

ISO 9790 
Neck Test 

3

ISO 9790 
Shoulder 

Test 2

Bolte 
Lateral 

Shoulder

Bolte 15º 
Shoulder

Bolte 30º 
Shoulder

ISO 9790 
Thorax 
Test 1

Shaw 
Lateral 
Thorax

Shaw 30º 
Thorax

ISO 9790 
Pelvis Test 

1

ISO 9790 
6.8 m/s 

Heidelberg

ISO 9790 
6.8 m/s 

Wayne State

Maltese 6.7 
m/s Rigid 
Flat Wall

Maltese 6.7 
m/s Padded 
Flat Wall

Maltese 6.7 
m/s Rigid 
Abdomen 

Offset

Maltese 6.7 
m/s Rigid 

Pelvis 
Offset

Maltese 8.9 
m/s Padded 
Flat Wall

WSID 0.33
ES-2re 1.02
WSID 1.22
ES-2re 3.25
WSID 1.22
ES-2re 2.49
WSID 0.40 1.15
ES-2re 1.00 2.85
WSID 0.25
ES-2re 1.59
WSID 0.87 1.27 2.94 4.13
ES-2re 1.10 2.29 2.52 5.71
WSID 1.26 0.54
ES-2re 2.96 3.44
WSID 0.84 1.59
ES-2re 1.96 1.83
WSID 0.24
ES-2re 1.47
WSID 1.55
ES-2re 1.11
WSID 1.25 3.24 4.21 3.81 5.59 2.57
ES-2re 1.42 3.10 2.50 4.22 2.93 2.83
WSID 1.66 2.32 1.28 2.48 1.80 0.82
ES-2re 2.64 1.50 1.31 3.30 1.59 1.23
WSID 1.54 3.17
ES-2re 1.22 3.32
WSID 6.03
ES-2re 6.86
WSID 4.01
ES-2re 4.22
WSID 0.70
ES-2re 2.95
WSID 1.66 1.34 1.42 4.39 0.92
ES-2re 1.54 1.27 3.15 4.03 0.94
WSID 1.61 0.72 2.72 0.48
ES-2re 2.34 0.90 2.18 0.93
WSID 1.97 0.81 0.67 4.60 0.46
ES-2re 2.00 1.01 1.87 4.73 0.77
WSID 1.72 0.60 1.61 0.94 3.71 2.83
ES-2re 2.08 0.58 1.05 5.28 3.95 3.24
WSID 2.75 1.64 1.78 2.79 2.89
ES-2re n/a n/a n/a n/a n/a
WSID 0.23
ES-2re 5.39
WSID 6.76
ES-2re 7.89
WSID 1.61 1.77 2.13 4.06 1.60 3.77
ES-2re 1.63 2.44 2.13 2.14 1.49 4.82
WSID 0.35 3.98
ES-2re 1.50 1.00
WSID 1.53 2.09 1.16 1.94 1.26
ES-2re 1.72 1.69 1.09 2.62 1.09

Internal Head Values External Shoulder Values External Thorax Values Ext Abdomen Values External Pelvis Values
Internal Neck Values Internal Shoulder Values Internal Thorax Values Int Abdomen Values Internal Pelvis Values

Final Ranks: Head Neck Shoulder Thorax Abdomen Pelvis
WSID 1.0 3.2 1.9 2.7 2.2
ES-2re 2.1 3.1 2.7 3.5 2.8
WSID 0.3 0.8 0.9 2.0 2.4 1.8 1.4 1.2
ES-2re 1.0 2.2 1.3 2.4 N/A 1.5 n/a 1.7

APPENDIX A.  SQUARE ROOT OF R VALUES FOR EACH RESPONSE MEASUREMENT USED TO EVALUATE THE BIOFIDELITY OF THE ES-2re AND WORLDSID DUMMIES USING THE UPDATED BRS

Overall 
w/o abd

SLEDSLED

Peak Resultant Head 
Acceleration

PENDULUM

Peak Horiz. Disp. of Head 
cg Relative to T-1
Peak Vert. Disp. of Head cg 
Relative to T-1

Peak Flexion Angle

Peak Horiz. Disp. of Head 
cg Relative to Sled

Pendulum Force

Pendulum Y-axis Force

Pendulum X-axis Force

Peak Horiz. Disp. of T-1 
Relative to Sled
Shoulder Y-axis 
Displacement

Thorax Plate Force

T-1 Lateral Acceleration

Thorax Displacement

Peak T-1 Lateral 
Acceleration
Peak T-12 Lateral 
Acceleration
Peak Lateral Accel. of  
Impacted Rib

T-12 Lateral Acceleration

Upper Thoracic Lateral 
Deflection
Lower Thoracic Lateral 
Deflection

Abdomen Plate Force

Mid-Abdominal Deflection

Peak Pendulum Force

Peak Pelvis Plate Force

Pelvis Plate Force

Peak Pelvis Lateral 
Acceleration

Pelvis Lateral Acceleration

INTERNAL

EXTERNAL

Overall 
w/abd

Overall
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ABSTRACT 
 
Head injuries are the most common injuries sustained 
by children in motor vehicle crashes.  Prevention of 
these injuries through advances in vehicles and 
restraint systems requires a biofidelic 
anthropomorphic test device (ATD).  Pediatric ATDs 
are primarily developed from scaling down adult 
volunteer and cadaver impact test data.  Limited 
experimental data exist on pediatric head and neck 
kinematics in order to evaluate the biofidelity of the 
ATDs.  The aim of the current study was to evaluate 
the head and spinal kinematics of pediatric and adult 
volunteers in response to a dynamic low-speed 
frontal sled test.  Low speed volunteer testing of five 
male subjects in each of two specific age groups (9-
12, and 18-30 years) were performed using a 
pneumatically actuated – hydraulically controlled 
sled.  Safe limits were established from measurement 
of bumper car accelerations at an amusement park 
ride (4.9 g, 55.7 msec rise time, 110 msec duration), 
which we believed to be sub-injurious to the adult 
and child amusement park population.  We 
subsequently recreated the bumper car environment 
in the laboratory, by developing a low-speed hydro-
pneumatic sled.  As an added measure of safety, our 
average maximum cart acceleration was 3.59 g for 
children and 3.78 g for adults, thus producing 
occupant loads that are approximately 25% less than 
the bumper car amusement park ride.  Spherical 
reflective markers were placed on the head, neck, 

torso, upper and lower extremities and tracked using 
a 3D motion analysis system.  An angular rate sensor 
was mounted to a bite plate of an athletic mouth 
guard to measure the head rotational velocity.  
Electromyography sensors were attached to key 
muscle groups to measure the muscle response of the 
subjects to the loading environment.  Each subject 
was subjected to six sled runs.  Head and neck 
trajectories were compared between the adult and 
pediatric subjects.  In addition, the effect of 
habituation on kinematic response was examined by 
comparing within subject changes in kinematics 
throughout the series of six sled runs. 
 
INTRODUCTION 
 
Traumatic brain and skull injuries are the most 
common serious injuries sustained by children in 
motor vehicle crashes regardless of age group, crash 
direction, or restraint type (Arbogast et al. 2005; 
Arbogast et al. 2002; Durbin et al. 2003; Howard et 
al. 2003; Orzechowski et al. 2003; Arbogast et al. 
2004).  Head injuries are responsible for one-third of 
all pediatric injury deaths (Adekoya et al. 2002; 
Thompson and Irby 2003) and are particularly 
relevant clinically as the developing brain is difficult 
to evaluate and treat.  Prevention of these injuries 
through effective motor vehicle safety systems 
requires a biofidelic anthropomorphic test device 
(ATD) to ensure safety systems mitigate injuries in 
real children.  The extent to which the pediatric ATD 
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accurately predicts the dynamics and kinematics of 
the occupant’s head and spine in particular restraint 
and crash conditions directly influences safety system 
design and thus injury potential. 
 
A growing body of evidence points to critical 
differences in spinal kinematics between humans and 
ATDs in the same restraint system.  Compliance in 
the thoracic and cervical spine is a primary cause of 
this difference.  The human spine is a relatively 
mobile, multi-segmented system, while the Hybrid III 
dummy’s thoracic spine is essentially rigid.  This 
difference in spinal compliance can generate 
differences in the head trajectory of the dummy 
relative to a human.  Studies have shown that crash 
environments that would be defined as non-injurious 
based on a dummy’s response can actually generate 
substantial injuries to the head, neck, and thorax of a 
cadaver since increased compliance in the spine 
creates an entirely different head trajectory and 
results in severe head contact with interior vehicle 
structures. (Shaw et al. 2001) 
 
The same phenomenon has been demonstrated in the 
pediatric literature where the thoracic spine of the 
pediatric ATD has been shown to be much stiffer 
than that of a real child (Sherwood et al. 2003).  This 
sled-based data compared pediatric post mortem 
human subjects (PMHS) data from the 1970s 
(Kallieris et al. 1978) with Hybrid III 6 year old ATD 
response and demonstrated the inaccurate predictions 
of a child’s head trajectory and total forward 
excursion as well as the development of 
unrealistically high moments at the OC-C1 junction.  
As pediatric PMHS data is extremely limited, 
additional evidence on kinematic differences between 
pediatric ATDs and live humans comes from 
comparison of laboratory findings to field accident 
data.  In many sled and vehicle frontal crash tests 
using pediatric ATDs, the published thresholds for 
the cervical spine injury metrics, Nij and neck 
tension, as well as the Head Injury Criterion (HIC) 
are often exceeded (Menon et al. 2003; Sherwood et 
al. 2003; Malott et al. 2004). Experience in 
incorporating pediatric ATD’s in the rear seat of 
NHTSA’s frontal NCAP tests and in development of 
enhancements to FMVSS 213 resulted in the ATD’s 
inability to meet the proposed head and neck 
tolerance criteria. (Kuppa 2005)  These results are at 
odds with several reports on the rarity of cervical 
spine injuries in child restraints and booster seats in 
the field and the overall effective protection of these 
restraints (Durbin 2002; Arbogast et al. 2002; 
Zuckerman et al. 2004).     
 

These biofidelic inaccuracies are due in part to the 
pediatric ATD’s spinal construction as a single steel 
beam rather than the multi-segmented, multi-degree-
of-freedom complex structure characteristic of real 
children.  As a result, the actual injury risk to a 
human child exposed to a similar collision 
environment may be overstated potentially providing 
misdirected guidance for restraint design.  To further 
confound the issue, the effects of the non-biofidelic 
spine of the ATD’s are restraint system dependent 
(Shaw et al. 2001). Thus, comparisons of alternative 
design concepts may be skewed due to poor 
predictions of head trajectory and thus inaccurate 
assessment of head injury risk.   
 
Traditionally, improvements in ATD biofidelity are 
achieved through rigorous evaluation of PMHS 
impact testing.  Although this approach is an 
accepted method for obtaining adult ATD design 
specifications, child PMHS data is limited and thus 
current pediatric ATD’s are based on adult 
biomechanical test data scaled to account for 
geometric and material differences between adults 
and children, to the extent such data is available.  
However, during the human developmental process, 
local and regional anatomical structures change in 
ways that are not quantitatively considered in the 
scaling processes.  Thus, to address this limitation 
and improve the ability of the current pediatric ATDs 
to mimic the interaction of real children with a 
restraint system, novel methods for determining 
pediatric dynamic response are required.  
 
Human volunteer experiments have a long 
established history in biomechanics research.  Early 
researchers used themselves as test specimens (Stapp 
1949) or enrolled adult human volunteers to define 
the dynamic response of the head and neck to trauma 
(Ewing et al. 1968; Mertz and Patrick 1971; Wismans 
et al. 1987).  To our knowledge, no data exists on the 
dynamic response of the head and neck of children 
relative to the automotive environment.  Therefore 
the objective of this research was to develop a 
methodology to safely study the sub-injurious 
kinematics of child volunteers in dynamic 
automotive-like events and through testing of adult 
volunteers in a similar loading environment, evaluate 
the effect of age on the kinematic response.   This 
paper describes the methodologic development of the 
test protocol and provides exemplary data from both 
the child and adult test subjects. 
 
METHODS 
 
This study protocol was reviewed and approved by 
the Institutional Review Boards at The Children's 
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Hospital of Philadelphia, Philadelphia, PA and 
Rowan University, Glassboro, NJ.   
 
Test device 
A pneumatically actuated – hydraulically controlled 
‘low-speed acceleration seating buck’ (LASB) shown 
in Figure 1, was designed to subject restrained human 
volunteers to a sub-injurious, low-speed frontal crash 
pulse.   
 

 
 

Figure 1.  Schematic of the low-speed acceleration 
seating buck (LASB). 
 
The LASB is primarily comprised of three sub-
assemblies, namely frame, actuator and seating buck.  
The frame for the LASB was constructed of extruded 
aluminum tubing (MiniTec Framing Systems LLC, 
Victor, NY).  The structural framework included a 
platform (for the actuator assembly) which was 
rigidly connected to two 18 feet long parallel support 
rails with equally spaced cross members for rigidity.  
A steel bar between the two support rails served to 
slow the sled to a stop following the primary 
acceleration pulse.  The actuator assembly was 
comprised of a pneumatic actuator (Mc Master-Carr, 
Robbinsville, NJ) (diameter – 4 inches, stroke length 
– 20 inches, operating pressure – 200 psi) connected 
to an opposing dual hydraulic piston-cylinder (Model 
TZ22, Vickers Cylinders, Eaton Corporation, 
Cleveland, OH) arrangement using a rigid frame.  A 
2-way high dynamics proportional throttle cartridge 
valve (Model LIQZO-LE, Atos, Italy) was used in 
the custom-designed hydraulic circuit to control the 
displacement profile of the pneumatic actuator.  
When the pneumatic actuator was fired, it delivered 
the impact force to the seating buck. 
 
The seating buck assembly (Figure 2) framework was 
also constructed using extruded aluminum tubing 
(MiniTec Framing Systems LLC, Victor, NY).  It 
was comprised of a moving platform mounted on the 
two support rails by means of six low friction linear 
bearings.  A custom-built impact fixture was 
mounted on the platform to transfer the force from 
the pneumatic actuator to the moving platform.  A 
rigid low-back padded seat, an adjustable height 

shoulder belt anchor post (similar to a B-pillar in an 
automobile), lap belt anchors and an adjustable 
footrest were mounted on the platform.  The low-
back seat allowed for the motion analysis markers 
along the spine to be visible to the cameras.  A 
standard automotive three-point belt system was 
attached to the lap belt and shoulder belt anchor 
points.  An onboard pneumatic braking system was 
provided to interact with the braking rail to decelerate 
the moving platform.  In order to limit the excursion 
of the subject during rebound associated with 
braking, a nylon strap was attached to two vertical 
bars behind the seat (at the location of T4). 
 

 
 

Figure 2.  Schematic of the seating buck assembly. 
 
Safe volunteer crash pulse 
An amusement park bumper car ride was studied to 
provide a benchmark of a crash-like situation 
commonly and safely used by children for recreation 
and enjoyment.  Safe limits on the volunteer crash 
pulse were defined from measuring a bumper car-to-
wall impact in an amusement park (Six Flags Great 
Adventure, Jackson, NJ).  An accelerometer was 
secured to the rigid cross-member of the steering 
assembly of a bumper car.  The car was used in its 
typical usage patterns, impacting the wall of the 
arena, another vehicle head to head, and another 
vehicle in a T-type configuration.  This process was 
repeated with two different bumper car vehicles.  The 
maximum pulse obtained was 4.9 g in 55.7 msec 
(Figure 3).  This was defined as the envelope of 
safety for the human volunteers.  
 
Design considerations for safety 
Additional safety evaluations were performed during 
the design and operation of the LASB to ensure 
safety, comfort and protection of the human subjects.  
Firstly, the restraints of the amusement park bumper 
car were studied and the LASB restraints were 
designed to provide more custom-fit protection.  The 
amusement park bumper cars provided restraint 
through two load paths – 1) a loop of belt across the 
torso, and 2) a footrest that restrained the lower 
extremities.  The bumper car restraints were not 

Frame  

Seating Buck  

Actuator  

Linear bearing 

Impact 
fixture  

Low back 
seat  Footrest Shoulder 

belt anchor 
post  
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adjustable for different size occupants.  The LASB, 
in contrast, features a customizable restraint system 
to distribute test forces over three load paths: 1) torso 
loads are carried by a shoulder belt that rests on the 
clavicle, 2) pelvic loads by a lap belt, and 3) lower 
extremity loads by the foot rest.  The LASB belt and 
foot rest are fully adjustable to maximize occupant 
comfort, ensuring that that shoulder belt passes over 
the clavicle and sternum, that the lap belt engages the 
iliac wings, and that the leg restraints are adjustable 
to allow a bent knee.  Thus, because the LASB 
restraints distribute forces through more load paths 
than the traditional bumper car restraint, and provide 
adjustability for optimal fit, we expect that the 
pressure applied by the restraints to the test subjects 
to be lower in magnitude and more optimally placed 
than a typical bumper car. 
 
As further confirmation of the safety of this event, a 
literature review on sub-injurious loading to human 
volunteers was performed.  All of this literature uses 
adult human subjects, as there is no data on children, 
however we believe the findings are relevant to our 
study and support the safety of our test environment.  
First in the amusement environment, the top 7 roller 
coaster rides by g-loading in the United States in 
2001 exposed occupants to accelerations of 5 to 6.5 g 
(Braksiek and Roberts, 2002).  Roller coaster loading 
likely differs in loading direction, duration and onset 
rate and thus limit our ability to directly compare 
roller coaster data to the volunteer sled.  More direct 
comparisons can be obtained from Ewing et al. 
(1968) who measured the dynamic response of the 
head and neck by exposing seated and restrained 
adult human volunteers to a frontal peak sled 
acceleration of 2.8 g.  Mertz and Patrick (1971) 
subjected a human volunteer to frontal sled plateau 
accelerations ranging from 2 to 9.6 g.  Although low 
levels of acceleration (<8 g) were well tolerated by 
the volunteer, he experienced neck pain beyond 8 g.  
This review further confirms that the acceleration 
levels at which the LASB is designed have 
previously been tolerated safely by human 
volunteers.   
 
Lastly, the design of the LASB itself had several 
safety mechanisms through which the application of 
the low-speed acceleration was controlled. The 
hydraulically controlled – pneumatic powered 
actuator system was designed to deliver an 
acceleration pulse with a maximum acceleration of 
less than 4.5 g with a rise time of 50-70 msec – 
within the defined safety envelope.  However, the 
subjects received a slightly lower pulse (shown in the 
results section).  Other safety system redundancies 
included: 

1. Well documented countdown procedure, safety 
check list and testing protocol 

2. Manual pressure checks at the pneumatic and 
hydraulic accumulators equipped with pressure 
relief valves 

3. Synchronized trigger circuit with key operated 
‘arm’ switch and push button ‘fire’ switch to 
operate all systems simultaneously 

4. Warning light on control box when system is 
‘armed’ and ready to be fired 

5. On board pneumatic system activated braking 
calipers on the front and back of the moving 
platform 

6. Emergency braking system consisting of two 
hydraulic dampers mounted at the end of the 
rails 

7. Multiple abort switches for each system 
8. Fail safe volunteer-controlled abort contact-

switch 
 
These safety checks ensured that the LASB delivered 
the appropriate pulse and could only be triggered and 
actuated when the test area of the LASB was cleared 
by personnel and the subject was appropriately 
restrained and ready for testing.  Dynamic proof 
testing of the LASB and all components was also 
completed prior to human volunteer testing. 
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Figure 3.  Bumper car to wall acceleration pulse. 
 
Human Subjects 
 Inclusion criteria – Specific inclusion criteria 
were male subjects aged between 6 and 40 years 
whose height, weight and BMI were within 5th and 
95th percentile for the subject’s age (based upon CDC 
growth charts for children (CDC Growth Charts, 
2000) and CDC NHANES data for subjects 18+ 
years (NHANES data, 1994)).  Subjects with existing 
neurologic, orthopedic, genetic, or neuromuscular 
conditions, any previous injury or abnormal 
pathology relating to the head, neck or spine were 
excluded from the study.  Subjects were recruited 
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from flyers placed in the community and throughout 
CHOP and Rowan sites.  Prior to the testing dates, 
telephone interviews were conducted with the adult 
subjects and parent / guardian of child subjects to 
confirm eligibility.   
 
For the analyses presented herein, a total of 10 male 
subjects – five subjects in each of the two age groups 
(9-12 years and 18-30 years) were tested.  Upon 
arrival at the test site, the study was explained in 
detail to all subjects including a demonstration of 
how the LASB functions by firing the sled without an 
occupant.  The adult subjects were given a self-
consent letter and the parent / guardian of the child 
subjects were given a parental consent letter with a 
child subject assent.  After the subjects had been 
consented, height and weight were measured to 
verify that their height, weight and body mass index 
(BMI) were consistent with the inclusion criteria.   
 
The subjects were asked to remove their shirt(s) to 
facilitate placement of the instrumentation and the 
following anthropometric measurements:  
1. Head medial-lateral width at the level of nasion 
2. Head anterior-posterior depth at the level of 

opisthocranion 
3. Head girth at the level of opisthocranion 
4. Head length from head top to mandible 
5. Neck medial-lateral width at the level of C3-C4 
6. Neck anterior-posterior depth at the level of C3-

C4 
7. Neck length (Opisthocranion to C7) 
8. Neck girth at the level of C3-C4 
9. Chest medial-lateral width at Xyphoid process 
10. Chest anterior-posterior depth at Xyphoid 

process 
11. Shoulder width (distance between left and right 

acromion processes) 
12. Distance between Suprasternal notch to Xyphoid 

process 
13. Seated height measured from head top to seat top  
14. Waist girth at umbilicus 
15. Hip width at Iliac crests 
16. Buttock to Popliteal length 
17. Knee to foot distance measured from lateral 

femoral condyle to floor 
 
Instrumentation 

Subject – Spherical reflective markers (10 mm 
diameter) were placed on the head, neck, torso, upper 
and lower extremities and tracked using a 3D motion 
analysis system (Model Eagle 4, Motion Analysis 
Corporation, Santa Rosa, CA).  Specifically, the 
photoreflective targets were attached to the following 
anatomical landmarks:  
 

1. Head – On a tight-fitting elastic cap (Left and 
right temple, top and front of head in two places 
along the mid-sagittal plane, and on the occiput 
posteriorly), nasion and anterior to the left and 
right external auditory meatus.  

2. Spine – Spinous processes of C4, T1, T4, T8, 
and L1. 

3. Upper Extremity – Lateral humeral epicondyle, 
and ulnar styloid, all bilaterally 

4. Torso – Acromion process (bilaterally), 
suprasternal notch, and Xiphoid process 

5. Pelvis and Lower Extremity – Anterior superior 
iliac spine, lateral femoral epicondyle, lateral 
malleolus all bilaterally.  

 
A comprehensive list of all the markers is provided in 
the Appendix – Table A1.  An angular rate sensor – 
ARS (Model ARS-300, DTS Inc, Seal Beach, CA) 
was mounted via a custom fixture to a subject-
specific athletic mouth guard to measure the head 
rotational velocity.  Surface Electromyography 
(EMG) sensors were attached bilaterally to key 
muscle groups of the neck (Sternocleidomastoid, 
Paraspinous and Trapezius), lower torso (Erector 
Spinae), and lower extremities (Rectus femoris) to 
measure the muscle response of the subjects to the 
loading environment.  A grounding electrode was 
centered over the right mastoidale.  A telemetric 
Surface EMG system, Noraxon – TeleMyo 2400T V2 
(Noraxon USA Inc, Scottsdale, AZ) was used to 
record the EMG signals.  For each subject, their 
maximum isometric contraction for these muscles 
was measured prior to sled testing. 
 
 LASB – Spherical reflective markers were also 
placed on various locations on the seating buck and 
tracked using a 3D motion analysis system (Model 
Eagle 4, Motion Analysis Corporation, Santa Rosa, 
CA).  A piezoresistive accelerometer (Model 7264-
200, Endevco, San Juan, CA) was mounted to the 
moving platform frame to record the acceleration of 
the LASB.  Lightweight belt webbing load cells 
(Model 6200FL-41-30, Denton ATD Inc, Rochester 
Hills, MI) were attached five inches from the D-ring 
location on the shoulder belt and on the inboard and 
outboard locations on the lap belt, respectively.  Six-
axis load cells was placed under the seat pan (Model 
IF-217, FTSS, Plymouth, MI) and footrest (Model 
IF-234, FTSS, Plymouth, MI), respectively to 
measure the reaction forces exerted by the subjects.   
A high-speed video camera (MotionXtra HGTH, 
Redlake, San Diego, CA) was placed sagittally to 
record the event at a rate of 1,000 frames per second 
(fps).  In addition, two standard video camcorders 
(Model DC20, Canon Inc., Japan) were used to 
capture the frontal and sagittal views at 30 fps.  The 
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hydraulic controller, Motion Analysis, T-DAS, EMG 
and high speed camera systems were triggered 
synchronously using a custom made circuit. 
 
Testing 
After the instrumentation setup was completed, the 
subjects were seated in the LASB as shown in 
Figure 4.  The torso and knee angles were maintained 
at 110 degrees by adjusting the position of the 
footrest and nylon strap to mimic the posture of a 
seated occupant in an automobile (Reed et al. 2005).  
The shoulder belt angle at the D-Ring (defined as the 
angle the shoulder belt makes with the horizontal) 
and lap belt buckle angle (defined as the angle the lap 
belt buckle makes with the horizontal) were set at 
70 degrees at initial position for all the subjects.  In 
order to minimize the effect of initial head position, 
the subjects were asked to focus at a point placed 
directly in front of them at the level of their nasion.  
The lap and shoulder belts were then adjusted and 
secured to fit optimally for the subject’s size. 
 
The experimental procedure with the LASB is a 
series of six tests, with each successive test designed 
to encourage the occupant to relax their muscles and 
allow the restraints to support their weight during the 
acceleration event, thus simulating the condition of 
an unbraced occupant in a frontal vehicle crash 
whose inertial forces are supported by the restraint 
system in the vehicle.  Subjects received a countdown 
in each test prior to firing of the actuator.  Each 
subject was given the option to either continue or 
withdraw from further testing at the completion of 
each test run.  All the tests were conducted 
identically with a rest period of approximately 
10 minutes between subsequent tests.  
 

 
 
Figure 4:  Child subject seated in LASB. 
 
Data acquisition and analyses 
Signals from the ARS, accelerometer and load cells 
were sampled at 10,000 Hz using a T-DAS data 
acquisition system (Diversified Technical Systems 
Inc., Seal Beach, CA) with a built-in anti-aliasing 

filter (4,300 Hz).  The Motion Analysis data were 
acquired at 100 Hz and analyzed using EVaRT5 
software (Motion Analysis Corporation, Santa Rosa, 
CA).  MyoResearch XP software was used to export 
the EMG data into ASCII format.  The T-DAS, 
Motion Analysis and EMG data processing were 
automated using MATLAB 8.0 (The Mathworks Inc, 
Natick, MA).  The high-speed video data were 
analyzed with Falcon software (Falkner Consulting 
for Measuring Technology GmbH, Gräfelfing-
Lochham, Germany). 
 
For the analyses presented herein, only the Motion 
Analysis data and the sled acceleration data will be 
discussed.  The sled acceleration data were filtered at 
SAE channel frequency class (CFC) 60, as 
recommended by the SAE J211 standards. 
 
RESULTS 
 
The age, height, weight and BMI for the subjects 
whose data are presented herein are listed in Table 1. 
 

Table 1. 
Height, Weight and BMI for subjects 

Subject 
# 

Age 
years 

Height 
cm 

Height 
Percentile 

Weight 
kg 

Weight 
Percentile 

BMI 
kg/m2 

BMI 
Percentile 

11 9 124 5 25.1 17 16.3 51 

8 10 136 31 28.5 22 15.4 23 

18 10 144 68 33.1 47 16 32 

16 12 165 92 50.3 74 18.5 54 

19 12 155 68 40.3 41 16.8 29 

21 22 172 38 64.8 14 21.7 31 

23 22 176 51 86.6 65 28 66 

24 22 180 69 106.6 94 32.8 93 

22 24 169 22 73.4 37 25.8 47 

27 30 180 69 80.7 53 24.8 39 

  
For Child subjects, ages 6-18 years: Height, Weight and BMI 
percentiles were calculated using the CDC growth charts (2000)  
 
For Adult subjects, ages 20+ years: Height, Weight and BMI 
percentiles were calculated using the NHANES data (1994)  
 
The individual and averaged sled acceleration pulse 
for a set of six trials on a single subject is shown on 
Figure 5.  The activation of the synchronous trigger 
(henceforth called ‘time zero’) was followed by a 
time delay before the movement of the sled (event).  
The time delay (approximately 100 msec) was 
attributed to the response lag associated with the 
LASB hydraulic system.  Event onset (vertical line in 
Figure 5) was defined as the time at which the sled 
acceleration reached 5% of its peak value.    
 
The five phases of the event are outlined below: 
1. Acceleration – This is the first phase of the event 

that immediately follows event onset and 
corresponds to the pre-programmed acceleration 
pulse of the sled.   
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2. Restraint loading – The subject loads the seatbelt 
restraints. 

3. Rebound – After maximum excursion, the 
subject rebounds back and interacts with the 
nylon strap behind the seat. 

4. Coasting – During this phase, the sled coasts on 
the rails. 

5. Braking – The pneumatic brakes are applied 
during this phase causing the gradual 
deceleration of the sled. 
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Figure 5.  Sled acceleration pulse of six individual trials 
and their average for a single human volunteer.  
Various phases of the event are shown in red – dashed 
boxes. 
 

 
The sled acceleration pulse from the six trials for 
each subject were averaged and plotted for the two 
age groups – child and adult (Figure 6).  The children 
had slightly lower average peak acceleration (3.59 g) 

with slightly longer rise time (64 msec) compared to 
adults (3.78 g in 59 msec).   
 
The marker on the right rear of the cart (‘Cart back 
right – CBR #32’) was chosen as the reference point 
(origin) for the local coordinate axes shown in 
Figures A1a and A1b (Appendix).  All marker 
trajectories were plotted with respect to this reference 
point.  As an example, the head top marker 
trajectories were plotted along the sagittal plane (X-Z 
plane) for each of the six trials and averaged in time.  
An exemplar head top trajectory for a child and adult 
subject is shown in Figures 7a and 7b, respectively.  
Standard deviation bars in X and Z, indicating the 
variability among the six trials, were plotted at 
100 msec intervals for a total duration of 600 msec.   
 
The start point for each trajectory coincides with time 
zero.  The average head top trajectories for the child 
and adult groups are shown in Figures 8a and 8b, 
respectively.  The variation in the initial position of 
the trajectory start point between subjects can be 
attributed to the difference in seated height (Z-axis) 
and initial fore-aft head position (X-axis).  The range 
of total displacement for the head top marker in the 
pediatric population was 298 – 371 mm (X-axis) and 
38 – 109 mm (Z-axis).  Similarly, the total 
displacement ranges for head top marker in the adult 
population were 297 – 463 mm (X-axis) and 35 – 
79 mm (Z-axis).   
 
The average trajectories for the C4 marker are shown 
on Figures 9a and 9b.  The range of total 
displacement for the C4 marker in the pediatric 
population was 180 – 260 mm (X-axis) and 41 – 
90 mm (Z-axis).  Similarly, the total displacement 
ranges for C4 marker in the adult population were 
211 – 294 mm (X-axis) and 40 – 77 mm (Z-axis).  
The average left iliac crest (pelvis) marker 
trajectories are shown on Figures 10a and 10b.  The 
range of total displacement for the pelvis marker in 
the pediatric population was 81 – 128 mm (X-axis) 
and 15 – 36 mm (Z-axis).  Similarly, the total 
displacement ranges for pelvis marker in the adult 
population were 138 – 167 mm (X-axis) and 18 – 
38 mm (Z-axis). 
 
The average trajectories for the left and right 
acromion markers were plotted in the transverse 
plane (X-Y plane) along with the schematic of a 
subject in the initial position (Figures 11a and 11b).  
Both the left and right marker trajectories remained 
almost perpendicular to this plane throughout the test.  
This is indicative of a lack of rotation of subjects 
about their Z-axis during the acceleration, restraint 
loading and rebound phases.   
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Figure 6.  Average sled acceleration pulse with peak 
values for child and adult subjects. 
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Figure 9.  Subject-Average C4 marker trajectories in the sagittal plane for the (a) child and (b) adult group. 
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Figure 7.  Individual and average (with standard deviation bars in X and Z) head top marker trajectories in the sagittal 
plane for an exemplar (a) child and (b) adult subject. 
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Figure 8.  Subject-Average head top marker trajectories in the sagittal plane for the (a) child and (b) adult group. 
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Figure 10.  Subject-Average left iliac crest marker trajectories in the sagittal plane for the (a) child and (b) adult group. 
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Figure 11.  Subject-Average left and right acromion marker trajectories in the transverse plane for the (a) child 
(superimposed by a schematic of a subject) and (b) adult group. 
 
 
DISCUSSION AND CONCLUSIONS 
 
This paper describes the development of method and 
device capable of providing a safe frontal pulse to 
restrained pediatric and adult human volunteers.  
While adult volunteers have previously been used in 
impact biomechanics, this effort represents the first to 
use child subjects in this manner.  The envelope for a 
safe volunteer crash pulse was derived using a novel 
approach – determining the “pulse” associated with a 
bumper car to wall impact in an amusement park 
setting.  From this envelope, a custom designed sled 
was constructed that allowed for the safe conduct of 
low speed frontal sled tests for the volunteers.  
Across the six trials for a single subject, the 
acceleration pulse is very repeatable.  Both adult and 
child volunteers experience similar accelerations 
however the mass differences between the subject 

groups lead to slightly greater restraint loading and 
rebound phases for the adults.   
 
From the preliminary analyses of the head top marker 
trajectories, the adult subjects displayed a greater 
maximum displacement in the X-axis when 
compared to pediatric subjects.  However, in the Z-
axis, the pediatric group had a higher maximum 
displacement when compared to the adult group.  
This is indicative of a greater angular head rotation in 
children.  Anatomic differences in the pediatric 
cervical spine – including more horizontal facets, 
ligaments with increased laxity, and a higher fulcrum 
of rotation – likely lead to these differences.  It is 
important to note that these results demonstrate 
differences between adults and those 9-12 years – an 
age group which is not universally considered 
“pediatric” from a biomechanical perspective.   
 

Right Acromion Right Acromion 
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Future studies will combine data from the angular 
rate sensor with the head trajectories to understand 
the nature and timing of these differences in head 
rotation.  Normalization schemes using 
anthropometric measures will shed insight into 
whether this variability is truly age dependent or can 
be explained by differences in size.  .  
 
Previous rear impact studies of adult human 
volunteers exposed to repeated acceleration of similar 
magnitude demonstrated a habituation response of 
the neck muscles, thereby leading to muscle 
relaxation with subsequent exposure (Blouin et al., 
2003).  In this study the pediatric and adult 
volunteers were subjected to a series of six frontal 
impacts of equal magnitude.  If there is attenuation in 
neck muscle response with repeated exposure, one 
would expect increased head excursion in subsequent 
trials.  But, no such trends were observed in these 
tests.  Future work will correlate the dynamic EMG 
activity to the head and neck kinematics. 
 
Several limitations of this approach need to be 
discussed.  First, the head and neck trajectories were 
measured using a ‘state of the art’ 3D motion capture 
system utilizing markers affixed to the skin.  Some 
error exists in assuming these skin markers exactly 
match the movement of the skeletal structures they 
represent.  The magnitude of this error can be 
assessed by examining the time change of the 
distance between markers affixed to points on the 
same rigid body.  For the head and neck, these 
differences are less than 2%.  Second, examination of 
the acromion trajectories in the transverse plane 
revealed little movement perpendicular to this plane.  
Subjects primarily moved in the sagittal plane.  For 
this reason, in this manuscript, although, three 
dimensional data were recorded, only two 
dimensional analyses were performed.  The 2D plots 
of the marker trajectories were projections of the 3D 
trajectories on the sagittal plane.  This approach may 
lead to slight under estimation of marker 
displacements.   
 
In the absence of traditional efforts to define 
biomechanical response for children using pediatric 
PMHS, this approach represents a novel means by 
which to obtain important data that is needed for the 
design of biofidelic ATDs.  By subjecting living child 
volunteers to sub-injurious dynamic loading, we gain 
a quantitative understanding of how real children 
move compared to adults.  The human volunteer 
work described herein is part of a larger project in 
collaboration with University of Virginia and Takata 
Corporation in which adult PMHS will be subjected 
to crashes similar to those experienced by the 

volunteers and then those same PMHS will be loaded 
at crash relevant speeds.  The synthesis of the 
volunteer data with the adult PMHS data using either 
traditional scaling methods and/or computational 
models will greatly increase our knowledge of the 
biomechanics of child occupants, leading to better 
tools for optimizing protection of these occupants in 
motor vehicle crashes.   
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APPENDIX 
 

Table A1. 
List of motion analysis marker locations on the subject and seating buck 

 
Marker # Name Abbreviation Marker # Name Abbreviation 

1 Head Top HT 28 Buckle Bottom BB 

2 Head Front HF 29 Buckle Top BT 

3 Head Left HL 30 
Angular Rate 
Sensor 

ARS 

4 Head Right HR 31 Cart Back-Left CBL 

5 Opisthocranion OP 32 Cart Back-Right CBR 

6 EAM Left EAML 33 Cart Front-Left CFL 

7 Nasion NAS 34 
Cart Front-Right 
Reference 

CFR 

8 EAM Right EAMR 35 
Foot Rest Back 
Left 

FRBL 

9 C4 C4 36 
Foot Rest Back 
Right 

FRBR 

10 T1 T1 37 
Foot Rest Front 
Left 

FRFL 

11 T4 T4 38 
Foot Rest Front 
Right 

FRFR 

12 T8 T8 39 Seatback 1 SB1 

13 T12 T12 40 Seatback 2 SB2 

14 Acromion Left ACL 41 Seatback 3 SB3 

15 Acromion Right ACR 42 Seatback 4 SB4 

16 
Humeral 
Epicondyle Left 

HEL 43 Seatpan Back-Left SPBL 

17 
Humeral 
Epicondyle Right 

HER 44 
Seatpan Back-
Right 

SPBR 

18 
Ulnar Styloid 
Process Left 

USPL 45 Seatpan Front-Left SPFL 

19 
Ulnar Styloid 
Process Right 

USPR 46 
Seatpan Front-
Right 

SPFR 

20 
Supra-Sternal 
Notch 

SSN 47 
Tower Bottom-
Front 

TWBF 

21 Xiphoid Process XP 48 
Tower Bottom-
Rear 

TWBR 

22 Iliac Crest Left ICL 49 Tower Top-Front TWTF 

23 Iliac Crest Right ICR 50 Tower Top-Rear TWTR 

24 
Femoral 
Epicondyle Left 

FEL 51 Belt BLT 

25 
Femoral 
Epicondyle Right 

FER 52 D-Ring Front DRF 

26 
Lateral Malleolus 
Left 

LML 53 D-Ring Rear DRR 

27 
Lateral Malleolus 
Right 

LMR    
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(a) 

 

 
(b) 

 
Figure A1.  (a) Frontal view and (b) rear view of an adult subject seated in LASB with all motion analysis markers 
labeled. The local coordinate axes along with the reference marker is shown. 
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ABSTRACT 
 
Head trauma is the most frequent injury sustained by 
children in car crashes, and the neck plays a key role 
in governing head kinematics during the crash.  
Pediatric anthropomorphic test devices (ATDs) are 
used to assess the risk of head injury, yet the pediatric 
ATD neck is a size-scaled model of the adult ATD 
neck, with no consideration for the tissue properties 
and morphological changes during human 
development.  To help understand the effects of 
maturation on the changes in neck flexion 
biomechanics, this study compared the passive 
cervical spine flexion of children to adults in specific 
age groups (6-8, 9-12, 20-29, 30-40 years).  Subjects 
with restrained torsos and lower extremities were 
exposed to a 1g inertial load in the posterior-to-
anterior direction, such that the head-neck complex 
flexed when the subject relaxed their neck 
musculature.  Surface electromyography with audio 
feedback was used to coach the subjects to relax their 
neck musculature.  A multicamera 3-D target 
tracking system was employed to capture the motion 
of specific landmarks on the head (Frankfort Plane) 
and thoracic spine (T1 and T4).  Neck flexion angle 
with muscles relaxed was calculated for each subject.    
Neck flexion angle significantly decreased with age, 
with changes in head-to-neck girth ratio partially 
explaining the decrease.  A statistically significant 
increase in cervical spine flexion was found in adult 
females compared to adult males.  Data also illustrate 
this trend in children, but it was not statistically 
significant.  In summary, these results demonstrate an 
increased passive cervical spine flexion in children 
compared to adults, and females compared to males.  

These data will help guide the development and 
validation of pediatric ATDs.  
 
INTRODUCTION 
 
Head trauma is the most frequent injury sustained by 
children in car crashes (Durbin et al., 2003) and the 
neck plays a key role in governing head kinematics 
during the crash.  Designing effective motor vehicle 
safety systems to mitigate such injuries requires the 
use of a humanlike (biofidelic) anthropomorphic test 
device (ATD).  In the case of head injury assessment, 
it is essential that the ATD accurately predict the 
likelihood of an interior head impact and, given an 
impact, the velocity and orientation of the head 
immediately prior to impact. 
 
The ATD neck is of particular importance when 
predicting head kinematics as it is the primary 
structure through which restraint loads are transferred 
from the torso to the head.  The biofidelity 
requirement for the adult ATD neck is specified as a 
relationship between the bending moment at the 
head/neck junction and the angle between the head 
and the torso (Mertz et al., 1989).  This relationship 
has been quantified for adults via experimental 
studies of the cervical spine in post-mortem human 
subjects (PMHS), post-mortem animal subjects 
(PMAS), and live human volunteers (Mertz and 
Patrick, 1967; Mertz and Patrick, 1971; Ewing and 
Thomas, 1973; Mertz and Patrick, 1973; Melvin et 
al., 1973; Ewing et al., 1975; Ewing et al., 1976; 
Patrick and Chou, 1976; Ewing et al., 1977; Ewing et 
al., 1978; Begeman et al., 1983; Wismans and 
Spenny, 1984; Wismans et al., 1986; Ma et al., 1995; 
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Thunnissen et al., 1995; Deng et al., 1998, Ching et 
al., 2001; Hilker et al., 2002; Nightingale et al, 2002; 
Nuckley and Ching, 2006; Nightingale et al., 2007).  
However, owing to the paucity of pediatric cadaver 
biomechanical data, the 3 and 6 year old pediatric 
ATD necks have been based on size-scaled models of 
adult data with little consideration for the tissue and 
morphological changes during human development 
(Irwin and Mertz, 1997). 
 
A growing body of literature suggests that, 
biomechanically, children are not simply size-scaled 
versions of adults.  From year 1 to 2, C1 consists of 
three boney masses that fuse to form the ring 
structure of C1 at age 4 to 6 years.  Similarly, at birth 
C2 is comprised of 4 pieces, and fuses completely by 
age 6 years.  Vertebrae C3 through C7 are each 
represented by 3 separate boney masses at birth, 
which fuse by age 4 years.  The uncovertebral joints 
present in C3-C7 do not form until age 6 years 
(Schuer and Black, 2000).  In the child, the ligaments 
are lax as compared to the adult, and the facets are 
predominantly horizontal, thus providing limited 
restriction of anterior-posterior shear (subluxation) at 
the facets (Bailey, 1952; Townsend and Rowe, 1952; 
Sullivan et al., 1958; Cattell and Filtzer, 1965; 
Kewalramani and Tori, 1980; Walsh et al., 1983; 
Menezes, 1987; Hadley et al., 1988; Pollack et al., 
1988; Fuchs et al, 1989; Osenbach and Menezes, 
1989; Janssen et al., 1991; Kriss and Kriss, 1996; 
Schuer and Black, 2000; Weber, 2002; Yoganandan 
et al., 2002).  The current pediatric neck scaling 
procedures (Irwin and Mertz, 1997) do not consider 
age-dependent differences beyond size.  
Consequently, the biofidelity of current pediatric 
ATD necks are called into question. 
 
Recent studies have examined the differences in 
biomechanical response of the cervical spine across 
the age range using PMHS, PMAS and human 
volunteers.  Using a baboon model, Ching et al. 
(2001) measured the tensile stiffness of different 
functional spinal units (FSU).  The results illustrated 
an average 75% increase in tensile stiffness of the 
C7-T1 FSU compared to the Oc-C2 FSU in 3 year 
old specimens, versus a 6% decrease in 12 year old 
specimens.  A second baboon model by Nuckley and 
Ching (2006) showed a significant correlation 
between maturation and increasing tensile and 
compressive stiffness of the cervical spine.  Hilker et 
al. (2002) demonstrated that the bending stiffness of 
6 and 12 year old human age-equivalent caprine 
specimens were 40% and 60% of adult caprine 
specimens, respectively.  Increased tensile stiffness 
with age has also been demonstrated in pediatric 
PMHS tests.  Nuckley et al. (2005) found increased 

compressive stiffness at the C3-C5 joint while 
assessing 11 PMHS spines from 2 to 28 years of age.  
Similarly, Ouyang et al. (2005) examined 10 
pediatric PMHS head-neck complexes with intact 
ligamentous cervical spines and found a 46% 
increase in tensile failure in older pediatric subjects 
(6-12 years) versus younger subjects (2-4 years). 
 
Perhaps most relevant to the current study, Arbogast 
et al. (2007) measured the active cervical spine range 
of motion in 67 pediatric volunteers from ages 3 to 
12 years.  In this study, subjects with restrained 
torsos were asked to flex, extend, laterally bend, and 
rotate to their maximum range under active muscle 
control.  The study concluded that, in children 3-12 
years, active cervical spine flexion and horizontal 
rotation increased with age.  Overall flexion in 
children was found to be greater than adults.  This 
previous study characterized the active range of 
motion which is governed in part by forces 
generating by active firing of the muscles.  As a 
complement to this work, we sought to characterize 
cervical flexion under passive muscle forces in 
pediatric and adult volunteers.  Based on previous 
literature, we hypothesized that passive cervical spine 
flexion of pediatric volunteers will be greater than 
that of adults. 
 
METHODS 
 
Participants 
 
Children 6-12 years and adults 20-40 years were 
enrolled into one of four age groups (6-8, 9-12, 20-
29, and 30-40 years).  Subjects were prescreened for 
prior injuries, physical limitations, or medical 
conditions involving the head, neck, or spine and to 
ensure their body mass index (BMI) fell within the 
10th to 90th percentile. 
 
Anthropomorphic Data 
 
Subjects’ height and weight were measured prior to 
setup and their BMI was calculated.  The following 
anthropometric data were gathered using a flexible 
tape ruler: head girth, neck height (opisthocranion to 
C7), neck girth, seated height, and sternum height 
(distance from Xyphoid Process to the Manubrium).   
 
Instrumentation 
 
Subjects were asked to remove their shirt(s) and don 
a tight fitting, sleeveless shirt with cutouts along the 
thoracic spine and on the shoulders to accommodate 
photoreflective markers and EMG electrodes on the 
skin.  Prior to electrode placement, each subject’s 
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skin was cleaned by applying NUPREP Skin 
Prepping Gel (Weaver and Co., Aurora, CO).  
Disposable, self-adhesive dual surface electrodes 
(Noraxon, Inc., Scottsdale, AZ) were placed 
bilaterally on the sternocleidomastoid (SCM), 
paraspinous (PS), and trapezious (TR) muscles (See 
Figure 1).  A grounding electrode was centered over 
the left mastoidale.  Electrodes were connected to the 
TeleMyo 2400T V2 telemetry system (Noraxon, Inc., 
Scottsdale, AZ) and electromyography (EMG) data 
were recorded throughout each trial at 1000 Hz per 
channel. 
 
To collect our primary data measure, cervical spine 
flexion, the Eagle 1 Digital RealTime motion capture 
system (Motion Analysis, Inc., Santa Rosa, CA) was 
used.  The Eagle 1 system consists of 8 cameras 
capable of tracking photoreflective markers in 3D 
space.  To detect movement of the head, spine, torso 
and testing apparatus, 10mm diameter reflective 
markers were placed in the following locations (See 
Figure 2):  
� Acromion Processes  
� External Auditory Meatus (1.5 cm anterior) 
� Head (on cap) front, left, right, top 
� Midpoint between Xyphoid Process and Supra 

Sternal Notch  
� Nasion 
� Seatback top and bottom 
� Sternoclavicular joints (~3 mm lateral to the 

sternoclavicular joint) 
� T1 
� T4 
Motion analysis data were collected for each trial at a 
sampling rate of 60 Hz.   
 
After EMG and motion analysis setup was complete, 
subjects were escorted to the testing apparatus.  (See 
Figure 3)  The device consisted of a rigid seatback, 
four point belt system, and thigh and lower leg 
restraints.  The seat was attached to a motor capable 
of rotating subjects slowly through an angle of 90  
 

 
Figure 1. Electromography (EMG) electrodes 
were attached to the sternocleidomastoid (SCM), 
trapezious (TRP), paraspinous (PSP), and a 
reference (REF).  

 
Figure 2. Anterior (left) and Posterior (right) 
Motion Analysis Marker Placement.  Markers 
were attached to the acromion processes (ACR), 
four positions on the head (HED), external 
auditory meatus (EAM), nasion (NAS), 
sternoclavicular joints (SCJ), mid-sternum (STR), 
T1, T4, and the seatback top and bottom (not 
shown). 
 
degrees.  The subject was asked to sit in the test 
apparatus and don the restraints provided.  With 
assistance from a member of the research team, the 
restraints were adjusted to restrict the motion of the 
torso, pelvis and lower extremities.  An EZ-TILT-
2000 rev-2 gravity-based tilt sensor (Advanced 
Orientation Systems, Inc., Linden, NJ) was placed on 
the subject’s skin between the T1 and T4 markers.  
This tilt sensor provided real-time measure of the 
angle of the upper torso with respect to ground, and 
allowed the researchers to rotate seat of the test 
apparatus such that the subject’s spine reached 
specific, predetermined angles with respect to 
ground.  
 
Neck Muscle Relaxation Criteria 
 
The Resting-to-Active Transition Voltage (RATV) 
was established for each subject as follows to provide 
an objective assessment of muscle activity.  Once 
secured in the test apparatus with EMG electrodes 
attached, the subjects were instructed to relax their 
neck musculature, allowing the neck to flex forward 
under the influence of gravity.  Subjects were 
coached to relax their neck muscles using the phrase 
“relax your neck muscles, as if you were asleep” and  
 

 
Figure 3. Test Apparatus Design (left) and 
Function with Occupant (right). 
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“allow your head to fall forward.”  The RATV was 
initially set as the maximum voltage measured from 
any of the measured muscle groups in this relaxed 
state. The subjects were then instructed to voluntarily 
raise their head up, and the maximum voltage from 
any of the measured neck muscle groups was noted 
and the RATV adjusted to this value.  This process 
was repeated iteratively until the all neck muscle 
voltages were a) just below the RATV value in the 
relaxed state, and b) just above the RATV as the 
subjects raised their head from the relaxed state. A 
smoothing window of 500 ms was used to analyze 
the data. 
 
Testing Protocol 
 
With the subjects seated and restrained in the test 
apparatus, before the test began, the subjects were 
instructed to relax their shoulder muscles during the 
test, allowing their arms to rest freely in their lap.  
Subjects were given a countdown after which they 
were instructed allow their neck to flex while seated 
upright.  Subjects were coached via automated EMG 
audio feedback to relax their muscles to a state at or 
below the RATV.  Once EMG levels were below the 
RATV, subjects were instructed to remain relaxed for 
approximately ten seconds.  Throughout the 
experiment EMG and the target tracking system were 
continuously recording data.  (Note: In the data 
analysis phase, neck muscle relaxation during the test 
was reviewed; and if the subject’s muscle activation 
did not meet certain criteria with respect to the 
RATV, that subject’s trial was removed from the 
analysis.  This is described further in the Data 
Reduction section.)  Immediately following, the chair 
portion of the test apparatus was rotated forward until 
the subject’s spine (vector from T1 to T4) was at 45° 
relative to ground.  Subjects were again coached to 
relax their neck musculature and allow their necks to 
flex forward and relax for ten seconds, all while 
EMG and target tracking data were collected.  
Subjects were rotated further until their spine (vector 
from T1 to T4) was parallel to the ground, and 
coached to relax their musculature, and held in 
position for ten seconds while EMG and target 
tracking data were collected.  At the conclusion of 
the three rotations, subjects were returned to the 
starting position and given a short break, 
approximately one minute, before beginning the next 
trial.  To acclimate the subject to the test 
environment, several iterations of the protocol 
described above were conducted before data were 
collected.  Then, for data collection the previous test 
sequence was repeated for a total of three trials. 
 

 

 
Figure 4. Head vs. Spine Angle Calculation 
 
Data Reduction 
 
The time series motion analysis data for each trial of  
all subjects were imported into MATLAB 
(Mathworks, Inc., Natick, MA) for data analysis 
using a custom written program.  A head vector was 
generated from the midpoint of the left and right 
EAM markers and the nasion, the seat vector from 
the upper and lower markers placed on the seatback 
and the spine vector from the T4 to the T1 marker.  
The resulting head, seat and spine vectors were 
projected onto the sagittal plane.  The head vs. spine 
angle was computed as the angle between the head 
and spine vectors shown in Figure 4.  Average angle 
values were computed during the portions of the trial 
where the test apparatus was stationary and the 
subject’s muscle activity remained below his/her 
RATV for one or more seconds.  Conditions and/or 
trials where the subjects’ paraspinous or SCM muscle 
activity remained above their RATV, leaving less 
than one second of relaxation, were eliminated from 
the head vs. spine angle analysis.  Head vs. spine 
angles were averaged across age groups for 
comparison.   
 
We postulated that a patient with a disproportionately 
large head compared to their neck would have greater 
mass and thus greater forces acting to flex the neck, 
and thus we calculated the head-to-neck girth 
(Equation 1) and incorporated this into our analyses.  
 

GirthNeck

GirthHead
GirthNecktoHead =−−  (1). 

 
Similarly, we postulated that the slenderness of the 
neck would also influence its flexibility under load, 
and thus we calculated the neck slenderness 
(Equation 2). 

T1 

T4 

Nasion EAM 

X 

Y 

θ 

T1 

T4 

EAM 

Nasion 

θ 

Upright Cervical Spine Flexion 
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GirthNeck

LengthNeck
sSlendernesNeck =  (2). 

 
Statistical Analysis 
 
Anthropometry ratios were imported into SPSS 14.0 
(SPSS, Inc., Chicago, Illinois) and SAS 9.2 (SAS 
Institute Inc., Cary, NC) for statistical analysis.  The 
experiment-wise error rate was held at the 0.05 level.  
Data were analyzed using both descriptive and 
inferential statistical techniques.  Analysis occurred 
in three distinct phases.  In phase I, descriptive 
statistics such as frequency distributions, histograms 
and measures of central tendency, variability, and 
association were computed for all relevant variables 
in the dataset. In order to use appropriate statistical 
methods, variables were tested for normality.  In 
phase II, bivariate plots were generated in which age 
and head-to-neck girth ratio were plotted against 
angle for each subject and gender.  In phase III, 
inferential statistical techniques were applied. 
 
A one-way Analysis of Variance (ANOVA) with a 
Post-Hoc Tukey’s Honestly Significant Difference 
test was used to compare the head-to-neck girth and 
neck slenderness ratios between the 6-8, 9-12, 20-29, 
and 30-40 year old groups. 
 
Generalized estimating equations (GEE), with an 
unstructured correlation matrix, were used to assess 
the association between age, gender, and head-to-
neck girth with passive cervical spine flexion.  GEE 
modeling was used because the design of the study 
included repeated measures (i.e. multiple trials) for 
every angle tested (multiple conditions) leading to 
correlated outcome data.  To distinguish between 
adult and pediatric age groups, analyses were 
stratified by age (6-12 years old and 20+) for the 
GEE analyses.  
 
RESULTS 
 
Overall, 38 subjects were enrolled.  Sample data 
including mean age, gender distribution and 
anthropomorphic ratios for each age group are listed 
in Table 1. 
 
Age- and Gender-Based Differences in 
Anthropometry 
 
Results revealed significantly larger head-to-neck 
girth ratio in 6-8 year olds when compared to 20-30 
year old group (p<0.01) and the 30-40 year old group 
(p<0.01).  Similarly, 9-12 year olds exhibited  

 
Table 1.  

Age-Based Sample Data 

Height Girth

yrs M/F kg/m2 cm cm cm
6 M 15 52 12.7 26.3 1.98 0.48
6 M 14 52 14.5 27 1.93 0.54
6 F 16 51 14 26 1.96 0.54
7 F 16 49.9 14 29 1.72 0.48
7 F 20 49 14 30 1.63 0.47
7 M 14 53 14 27.5 1.93 0.51
8 F 14 49 13 24 2.04 0.54
8 M 17 54.9 15 30.5 1.80 0.49
8 F 16 53 17 26 2.04 0.65

Average 7.0 M=4 F=5 16 51.5 14.2 27.4 1.89 0.52
Std Dev 0.9 2 2.0 1.2 2.1 0.05 0.02

9 M 14 53.7 11.5 25.5 2.11 0.45
9 M 15 51.5 11.6 27.5 1.87 0.42
10 F 21 55 16.5 28.5 1.93 0.58
10 M 15 52.5 15 28 1.88 0.54
10 F 17 53.6 17.3 28 1.91 0.62
11 F 17 53.5 17 28.3 1.89 0.60
11 M 20 56 17 32 1.75 0.53
11 F 20 54.5 16.5 29 1.88 0.57
12 F 23 55.1 16.5 31.5 1.75 0.52
12 M 18 55.5 15.5 31 1.79 0.50

Average 10.5 M=5 F=5 18 54.1 15.4 28.9 1.88 0.53
Std Dev 1.1 3 1.4 2.2 2.0 0.03 0.02

20 M 25 58 19.5 39.5 1.47 0.49
20 M 22 58.2 15.5 36.5 1.59 0.42
21 M 19 54.5 17.5 35 1.56 0.50
21 F 25 57 16.5 32 1.78 0.52
22 M 24 55.5 15.5 36 1.54 0.43
22 F 20 57.5 20 31.5 1.83 0.63
22 F 20 55.5 17 31.5 1.76 0.54
22 M 27 58.5 16.5 41.5 1.41 0.40
24 F 23 57 12.3 31 1.84 0.40
26 M 22 58 20.5 36.9 1.57 0.56

Average 22.0 M=6 F=4 23 57.0 17.1 35.1 1.64 0.49
Std Dev 1.8 3 1.4 2.5 3.6 0.05 0.02

31 F 23 56 15 32.5 1.72 0.46
32 M 28 62 16 41 1.51 0.39
33 F 23 57.5 18 33.5 1.72 0.54
34 M 23 56.8 17 37 1.54 0.46
36 M 26 58.5 21 39 1.50 0.54
37 F 23 56 13.5 32 1.75 0.42
37 F 27 59 16 35 1.69 0.46
40 F 22 56.5 16 34.5 1.64 0.46
40 F 35 52.5 19 40 1.31 0.48

Average 35.6 M=3 F=6 26 57.2 16.8 36.1 1.60 0.47
Std Dev 3.3 4 2.6 2.2 3.3 0.05 0.02
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significantly larger head-to-neck girth ratios 
compared to the 20-30 year old group (p<0.01) and 
the 30-40 year old group (p<0.01).  No significant 
differences were found between the 6-8 year old 
group and the 9-12 year old group (p=0.99).  No 
significant differences were found between the 20-29 
and 30-40 year old groups (p=0.94).  No significant 
differences were found in neck slenderness (p≥0.13).  
 
To detect gender related differences, the 38 subjects 
were organized into four gender-age groups.  Since 
no significant differences in head-to-neck girth were 
found between the 6-8 and 9-12 year age groups or 
between the 20-29 and 30-40, the 6-12 year olds and 
the 20-40 year olds were combined into single  
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Table 2.  
Gender-Based Sample Data 

Height Girth

yrs M/F kg/m2 cm cm cm
6 F 16 51 14 26 1.96 0.54
7 F 16 49.9 14 29 1.72 0.48
7 F 20 49 14 30 1.63 0.47
8 F 14 49 13 24 2.04 0.54
8 F 16 53 17 26 2.04 0.65
10 F 21 55 16.5 28.5 1.93 0.58
10 F 17 53.6 17.3 28 1.91 0.62
11 F 17 53.5 17 28.3 1.89 0.60
11 F 20 54.5 16.5 29 1.88 0.57
12 F 23 55.1 16.5 31.5 1.75 0.52

Average 9.0 F=10 18.1 52.4 15.6 28.0 1.9 0.6
Std Dev 2.1 3.0 2.4 1.6 2.2 0.1 0.1

21 F 25 57 16.5 32 1.78 0.52
22 F 20 57.5 20 31.5 1.83 0.63
22 F 20 55.5 17 31.5 1.76 0.54
24 F 23 57 12.3 31 1.84 0.40
31 F 23 56 15 32.5 1.72 0.46
33 F 23 57.5 18 33.5 1.72 0.54
37 F 23 56 13.5 32 1.75 0.42
37 F 27 59 16 35 1.69 0.46
40 F 22 56.5 16 34.5 1.64 0.46
40 F 35 52.5 19 40 1.31 0.48

Average 30.7 F=10 24.2 56.5 16.3 33.4 1.7 0.5
Std Dev 7.8 4.5 1.7 2.4 2.7 0.2 0.1

6 M 15 52 12.7 26.3 1.98 0.48
6 M 14 52 14.5 27 1.93 0.54
7 M 14 53 14 27.5 1.93 0.51
8 M 17 54.9 15 30.5 1.80 0.49
9 M 14 53.7 11.5 25.5 2.11 0.45
9 M 15 51.5 11.6 27.5 1.87 0.42
10 M 15 52.5 15 28 1.88 0.54
11 M 20 56 17 32 1.75 0.53
12 M 18 55.5 15.5 31 1.79 0.50

Average 8.7 M=9 15.9 53.5 14.1 28.4 1.9 0.5
Std Dev 2.1 2.1 1.7 1.8 2.3 0.1 0.0

20 M 25 58 19.5 39.5 1.47 0.49
20 M 22 58.2 15.5 36.5 1.59 0.42
21 M 19 54.5 17.5 35 1.56 0.50
22 M 24 55.5 15.5 36 1.54 0.43
22 M 27 58.5 16.5 41.5 1.41 0.40
26 M 22 58 20.5 36.9 1.57 0.56
32 M 28 62 16 41 1.51 0.39
34 M 23 56.8 17 37 1.54 0.46
36 M 26 58.5 21 39 1.50 0.54

Average 25.9 M=9 24.0 57.8 17.7 38.0 1.5 0.5
Std Dev 6.4 2.8 2.1 2.1 2.3 0.1 0.1
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pediatric and adult age groups, respectively, and then 
separated by gender.  Gender-based sample data 
including mean age, gender distribution and 
anthropomorphic ratios for each age group are listed 
in Table 2. 
 
Results revealed significantly larger head-to-neck 
girth ratio in pediatric males when compared to adult 
males (p<0.01).  Similarly, pediatric females 
exhibited a significantly larger head-to-neck girth 
ratio (p=0.02) compared to adult females.  
Statistically significant differences were found in 
head-to-neck girth (p=0.01) between adult males and 
adult females.  Significant differences were found 
between pediatric females and adult males (p<0.01)  
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 Upright 45 Degrees 90 Degrees 
█ 6-8 Yrs 106.5 ± 10.5 108.3 ± 9.1 108.0 ± 8.5 
█ 9-12 Yrs 109.1 ± 10.8 109.5 ± 12.0 108.1 ± 11.8 
█ 20-29 Yrs 98.0 ± 11.1 97.8 ± 10.5 96.7 ± 11.5 
█ 30-40 Yrs 99.2 ± 7.5 99.6 ± 8.7 99.8 ± 10.0 
Figure 5. Age-based angle comparison. 
 
and between pediatric males and adult females 
(p<0.01).  No significant differences were found 
between pediatric females and pediatric males 
(p=0.99). 
 
No significant differences were found in neck 
slenderness between pediatric females and males 
(p=0.12), adult females and males (p=0.78), pediatric 
and adult females (p=0.07), pediatric and adult males 
(p=0.70) or pediatric male and adult female (p>0.99).  
A statistically larger neck slenderness ratio was found 
in pediatric females compared to adult males 
(p<0.01). 
 
Age- and Gender-Based Differences in Cervical 
Flexion 
 
The head vs. spine flexion angle means and standard 
deviations for each age group are illustrated in Figure 
5.  Combining 38 subjects with three trials and three 
conditions yielded the potential for 342 total data 
points (81 in the 6-8 yr olds, 90 in the 9-12 yr olds, 
90 in the 20-29 yr olds and 81 in the 30-40 yr old 
group).  Conditions and/or trials that violated the 
relaxation criteria were eliminated, reducing the 
number of data points to 295 (55 in the 6-8 yr olds 
and to 69 in the 9-12 yr olds).  No data were 
eliminated from the adult groups.   
 
The head vs. spine flexion angle means and standard 
deviations for the gender-age groups are illustrated in 
Figure 6.  Eliminating data points that violated the 
relaxation criteria yielded 76 in the female pediatric 
group, 90 in the female adult group, 48 in the male 
pediatric group, and 81 in the male adult group for a 
total of 295 data points. 
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 Upright 45 Degrees 90 Degrees 
█ Fem. Ped. 110.6 ± 7.3 112.0 ± 9.9 110.9 ± 8.0 
█ Fem. Adult 103.0 ± 7.0 102.8 ± 7.4 102.5 ± 9.1 
█ Male Ped. 103.6 ± 12.9 104.8 ± 11.3 102.8 ± 12.6 
█ Male Adult 93.6 ± 9.6 94.1 ± 9.9 93.3 ± 10.6 
Figure 6. Gender-base angle comparison. 

 
Differences in cervical flexion angle were 
demonstrated for both gender and age; females 
exhibited larger neck flexion angle than males (p = 
0.013) and flexion angle decreased with age (p = 
0.006).  There was no significant interaction between 
age and gender (p = 0.76).  Head-to-neck girth ratio 
in part explained these differences.  Adding this to 
the model yielded a significant effect (p = 0.004), and 
eliminated both the effect of age (p = 0.39) and 
gender (p = 0.13). Of note, condition (upright, 45°, 
90°) and trial number had no effect on flexion angle 
(p = 0.45 and p = 0.72, respectively).   
 
To illustrate the change in head vs. spine angle across 
age, all trials and conditions meeting the relaxation 
criteria were plotted across age for males and females 
in Figure 7.   
 
Stratifying the analyses by age groups revealed that 
the gender effect remained significant only in the 
adult group (p = 0.04); no gender effect was seen (p = 
0.18) among the 6-12 year olds.  Within the pediatric 
age group, an increased head-to-neck ratio resulted in 
significantly more cervical flexion (p = 0.024). 
 
DISCUSSION/CONCLUSION 
 
This study utilized pediatric and adult human 
volunteers and demonstrated significant decreases in 
passive cervical spine flexion with age for both males 
and females.  Gender differences were present among 
adults - adult females exhibited significantly greater 
flexion than males.  This trend was present in 
pediatric data, but was not statistically significant.  
The age and gender differences were explained in  
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Figure 7. Head vs. Spine Angle vs. Age 
 
part by differences in the head-to-neck girth ratio.  
This parameter which decreased with age and was 
greater in females versus males was the most 
significant contributor to the decrease in cervical 
spine flexion.   
 
Previous PMHS and PMAS studies have shown that 
tensile strength increased with age (Ching et al., 
2001; Hilker et al., 2002; Nuckley et al., 2005; 
Ouyang et al., 2005; Nuckley and Ching, 2006).  
While our study was an external measurement of 
cervical spine flexion, these internal findings may 
help explain our results.  Increased tensile stiffness in 
the adult population could result in reduced strain of 
the cervical spine ligaments and passive musculature, 
decreasing overall flexion angle.  Contrarily, reduced 
tensile stiffness in the pediatric age range would lead 
to greater strain and greater neck flexion.  Greater 
neck flexion in children is also likely due to their 
increased head-to-neck ratio as compared to adults 
which would yield greater neck loads and increased 
tension on the passive neck musculature. Further 
biomechanical analysis is required to detect 
correlations between neck loads, neck flexion, and 
head-to-neck dimensions. 
 
Unlike Arbogast et al (2007) we found no significant 
differences between the 6-8 year old group and 9-12 
year old group.  This difference may be attributed to 
the addition of active musculature, as motor control 
improves with maturation.     
 
Previous studies have reported no gender based 
differences in pediatric cervical spine range of 
motion (Feipel et al., 1999; Lewandowski and Szulc, 
2003; Arbogast et al., 2007).  This study showed a 
trend towards increased flexion in pediatric females 
compared to pediatric males, however these 
differences were not statistically significant.  The 
lack of statistical significance may be due to an 
insufficient sample size as a total of 47 data points 
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were removed from the possible 171 in the pediatric 
age range due to exceeding the relaxation criteria.  Of 
interest, if the relaxation criteria is waived and all 
trials of all pediatric subjects are included, gender has 
a significant effect on cervical spine flexion among 
children (p=0.02).  This may suggest differences in 
muscular control between the genders that may have 
an influence on neck kinematics.  Future studies are 
needed to fully understand gender based differences 
in neck flexion among pediatric subjects.  
 
The paucity of pediatric post-mortem human subjects 
for biomechanical research necessitates other 
methods for obtaining pediatric data.  Sub-injurious 
human volunteer studies like those described herein 
compliment the rare PMHS data and animal studies.  
These data quantify the changes in passive cervical 
spine flexion across maturation and act as a 
validation data set for computational cervical spine 
models.  Ultimately, these data will contribute to the 
development of an improved pediatric ATD 
biofidelity requirement. 
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ABSTRACT 
 
Whiplash injury resulting from rear impact is a 
significant issue in terms of societal cost, and the 
resulting pain and reduction in quality of life. The 
facet joints in the cervical spine have been identified 
as a source of pain in whiplash injuries; however, the 
responses of these joints are difficult to measure in 
vivo or in vitro. In this study, a detailed explicit FE 
model of the cervical spine was used to investigate 
facet joint response under rear impact loading 
conditions. The model represents a mid-size male 
with detailed vertebrae, discs, ligaments and Hill-
type active muscles. This model was previously 
validated extensively at the segment level and 
validated for frontal impact scenarios. In this study, 
the cervical spine model was validated against rear 
impact volunteer and cadaver tests (13 volunteers 
exposed to 28 rear impacts at speeds of 5 to 7kph; 26 
cadavers exposed to rear impacts at speeds of 5 to 
15.5kph) using experimental acceleration, 
displacement and rotation traces of the T1. Capsular 
ligament (CL) strains were measured in the model 
and compared to values presented in the literature to 
identify pain or sub-catastrophic failure. Simulation 
of 4, 7, and 10g rear impacts showed good agreement 
with the experimental data. The predicted CL strains 
were below or near the approximate threshold for 
pain and sub-catastrophic damage (35% strain), and 
exceeded this value for a 12g rear impact case.  This 
study included muscle activation, and provides a link 
between published strain limits for facet joint 
capsules evaluated in controlled lab conditions and 
strains predicted under rear impact loadings. 
 
INTRODUCTION 
 
Whiplash, or cervical spine injury resulting from low 
speed rear impact, is a significant issue with the 
annual societal costs in the United States estimated to 
be between 4.5 and 29 billion dollars (Keinberger 
2000, Freeman 1997). Whiplash can reduce the 
victim’s quality of life for a significant amount of 

time, as up to 33% of patients continued to seek 
treatment for whiplash 33 months after sustaining the 
injury (Freeman 1997). With respect to sources of 
pain, one focus of whiplash research has been on 
capsular ligament (CL) strain with several clinical 
and biomechanical studies implicating this 
anatomical site as a likely source of injury (Lord, et 
al. 1996, Barnsley, et al. 1995, Lu, et al. 2005, Lee, 
Davis, et al. 2004, Lee, Franklin, et al. 2006, Ivancic, 
et al. 2008, Quinn, et al. 2007, Panjabi, et al. 1998, 
Pearson, et al. 2004, Deng 1999a). Clinical studies 
using double-blind anesthetic blocks have shown that 
54% to 60% of whiplash patients have CL pain 
(Barnsley, et al. 1995, Lord, et al. 1996).  By 
measuring behavioral sensitivities or nerve discharge, 
in-vivo animal models of the goat and rat have shown 
that tensile force applied across the facet joint led to 
pain (Lu, et al. 2005, Lee, Davis, et al. 2004). In the 
rat model, it was shown that in-vitro sub-catastrophic 
failure of the CL occurred at a distraction magnitude 
of 0.57mm that led to pain for up to 14 days in-vivo  
(Lee, Davis, et al. 2004, Lee, Franklin, et al. 2006, 
Quinn, et al. 2007). Authors have shown that CL 
strain in cadavers and cadaveric cervical spine 
sections peak values range from 28.5% to 39.9% 
during low speed rear impact, which exceeds 
physiologic strain of this structure (Panjabi, et al. 
1998, Pearson, et al. 2004, Deng 1999a). The 
stiffness of CLs exposed to rear impact was less than 
the control CLs, which showed that some damage 
had occurred in the ligaments despite a lack of visual 
indication (Ivancic, et al. 2008). 
 
Four types of studies have been undertaken to 
measure or predict the level of strain in the CL during 
rear impact scenarios: full-body cadaver sled tests, 
full cervical spine bench-top sled tests, quasi-static 
cervical spine motion segment tests, and finally, 
computational models. These different approaches 
have provided important information and 
understanding, but with some limitations.  Deng et al. 
(1999a) performed a series of 26 rear-impact sled 
tests on six post-mortem human subjects and 



 
 Fice 2 

 

measured capsular strain using a pair of lead spheres 
in each vertebra, which were tracked by high-speed 
x-ray.  However, one of the challenges with cadaver 
studies is the lack of active musculature, which 
affects the kinematics of the neck (Thunnissen, et al. 
1995, van der Horst, et al. 1997). Studies that use a 
bench-top sled to impose rear-impact loads on 
cervical spine sections (Panjabi, et al. 1998, Pearson, 
et al. 2004), typically do not include the upward 
motion and extension of the T1 caused by 
straightening of the spine and the torso ramping up 
the seat (Deng 1999a). Winkelstein et al. (1999) and 
Seigmund et al. (2000) applied bending and shear 
loads to isolated motion segments, and measured the 
capsular strains. However, this type of study did not 
include dynamic effects, such as changes to the axis 
of rotation of each vertebra during rear-impact (Ono, 
et al. 1997). Current computational models that have 
been used to calculate CL strain under rear impact 
include the TNO model (Stemper, Yoganandan and 
Pintar 2005) and THUMS model (Kitagawa, Yasuki 
and Hasegawa 2008), but these studies did not 
incorporate active musculature or detailed facet 
joints.  
 
This current study is based on a detailed validated 
finite element model of the cervical spine (Panzer 
2006, Panzer and Cronin 2009) and the prediction of 
capsular ligament strains during rear impact. These 
strains were compared to published limits for sub-
catastrophic failure and pain. The CL strains were 
measured at every cervical level at the anterior and 
posterior position of each facet joint. The results of 
this study are unique in that active musculature and 
realistic loadings were included. 
 
METHODS 
 
The finite element model used in this study 
represents a mid-size male and was developed at the 
University of Waterloo (UW); a full description is 
available in Panzer (2006) (Figure 1). The model was 
developed with the focus on accurate geometric and 
material representation at the local tissue level. The 
vertebrae geometry was based on the model 
developed by Y. C. Deng et al. (1999b) and the 
vertebrae were modeled as rigid for computational 
efficiency. The intervertebral discs were constructed 
with solid elements for the annulus fibrosus ground 
substance and layers of shell elements representing 
the fibre lamina, and solid elements to model the 
nucleus pulposus. The facet joints were modeled with 
a superior and inferior layer of solid elements for the 
articular cartilage with a squeeze-film model to 
simulate the synovial fluid (Figure 2). Ligaments 
were represented using multiple 1D non-linear spring 

elements. In total, 90 pairs of active Hill-type 1D 
elements were used to model 27 muscle pairs in the 
cervical spine. Both the flexors and extensors were 
activated 74ms after impact (Siegmund, Sanderson, 
et al. 2003). Studies have found that flexor and 
extensor muscles activate at the same time and that 
EMG muscle signals start at 60 to 79ms after impact 
(Siegmund, Sanderson, et al. 2003, Ono, et al. 1997, 
Roberts, et al. 2002, Szabo and Welcher 1996). It is 
possible that the actual muscle activation scheme for 
rear impact is more complex, but no conclusive 
information is available at this time. The material 
models for all the components were based on studies 
in the literature.  Viscoelasticity and anisotropy were 
incorporated where applicable. 

 

Figure 1.  FE model of the cervical spine. Pink 
lines represent muscle elements, and yellow lines 
represent ligaments. 

 

Figure 2.  Facet joint detail, showing the CL and 
articular cartilage.  



 
 Fice 3 

 

The cervical spine model used in this study was 
previously validated at the segment level in flexion, 
extension, lateral bending, axial rotation, tension, 
compression, and anterior, posterior, and lateral shear 
(Panzer 2006). Panzer found generally excellent 
correlation (within one standard deviation) with the 
quasi-static loadings. This model was validated 
against volunteer frontal impacts up to 15g (Panzer 
2006). 
 
For the model to be used to predict CL strains during 
rear-impact, the model must first be validated for this 
type of loading. Davidsson et al. (1998) and Deng 
(1999a) were found the most suitable based on the 
severity of impact, number of test samples, and full 
data of the T1 motion in the sagittal plane. The head 
kinematic response corridors and T1 inputs for 
Davidsson’s experiments came from Hynd et al. 
(2007).   
 
Davidsson et al. (1998) performed 28 rear impacts on 
thirteen human volunteers at speeds between 5 and 
7kph with an average peak acceleration of 3.6g. The 
test involved the collision of a bullet sled with a 
stationary target sled, which seated a volunteer on a 
laboratory seat with a headrest. To model these rear 
impacts, the average T1 X-acceleration (fore-aft), Z-
displacement (superior-inferior), and Y-rotation 
(flexion-extension) were input into the cervical spine 
model T1 as prescribed motion constraints (Figure 3). 
The model’s T1 was constrained in all other 
directions, and the head was not constrained. The 
headrest for the test was described as a stiff backing 
plate covered with 4cm of foam, attached to a rigid 
frame with four coil springs of a specified preload 
and stiffness. The mass of the headrest and 
dimensions were also specified. To model the 
headrest, the average sled x-acceleration was input as 
prescribed motion to the frame attachment points of 
the springs (Figure 3). The headrest material 
properties were non-linear viscoelastic based on 
automotive seat cushion material tested at UW and 
the stiff backing was assumed to be pine with 
orthotropic elastic material properties (Green, 
Winandy and Kretschmann 1999, Cambell and 
Cronin 2007). Muscle activation was included for 
validation against Davidsson et al. (1998) to mimic 
the behavior of volunteers. 
 

 

Figure 3.  Davidsson et al. (1998) T1 Inputs for a 
4g loading case, X direction is positive forward, Z 
direction is positive upwards, and T1 rotation is 
positive in extension. Inputs are in a fixed global 
coordinate system.  

Deng (1999a) performed a series of 26 rear impacts 
on 6 whole body cadavers at delta velocities ranging 
from 5 to 15.5kph, and accelerations from 5 to 9.9g. 
These experiments involved a cadaver seated in a 
custom seat, with or without a headrest, and being 
accelerated from rest using a pneumatic cylinder. 
When modeling these tests the headrest was not 
included, because in the experiments the headrest 
was initially positioned at least 100mm away from 
the cadavers head and did not influence kinematics 
until late in the simulation, and the author found all 
peak CL strains occurred before headrest contact 
(Deng 1999a). Two specific runs were chosen to 
simulate based on the impact severity and available 
data. The experimental T1 X-acceleration, Z-
acceleration, and Y-rotation were input into the 
model as prescribed motion (Figure 4). The T1 was 
constrained from moving in any other direction and 
everything else was free in all directions. Muscle 
activation was not included in the validation against 
Deng (1999a) to mimic the behavior of cadavers. 
More aggressive rear impacts were undertaken by 
scaling the 10g simulation to 11 to 20g to identify the 
threshold for CL strain injury in the model.  
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Figure 4.  Deng (1999a) T1 Inputs for 7g (above) 
and 10g (below) loading cases, X direction is 
positive forward, Z direction is positive upwards, 
and T1 rotation is positive in extension. The sled 
acceleration was not used in the simulation. Inputs 
given in a rotating anatomical coordinate system. 

The CL strains in the model were calculated by 
measuring the change in length of 1D discrete 
elements representing the CL and dividing by CL 
ligament lengths measured on cadavers (Panjabi, et 
al. 1998). The strains were calculated at the anterior 
most position and posterior most position of the facet 
joint for each cervical level. These positions were 
chosen, because the CL strain should be the most 
extreme at these locations.  
 
RESULTS 
 
The model was able to reproduce the kinematics of 
volunteers in Davidsson’s (1998) experiment 
(Figures 5 to 9). The head centre of gravity (CG) 
motion in the fore-aft (X) direction was in excellent 
agreement with the data for both with respect to the 
first thoracic vertebrae (T1) and with respect to the 

sled (Figures 5 & 6). Head rotation in the sagittal 
plane with respect to the T1 was in good agreement 
with the volunteer data (Figure 7). The occipital 
condoyle (OC) superior-inferior (Z) direction 
movement was also in good agreement with the data, 
when measured with respect to the sled and with 
respect to the T1 (Figures 8 & 9). 
 
The model’s response to a 7g rear impact was in 
reasonable agreement to the cadaver tests performed 
by Deng (1999a) (Figures 10 to 13). The rotations of 
the model’s upper cervical spine joints (C1-C2 and 
C2-C3) did not exhibit enough relative flexion, and 
the middle cervical spine joint (C4-C5) did not 
exhibit enough relative extension (Figure 10). The 
combination of relative vertebral rotations lead a 
head rotation that was a good fit to Deng’s data 
(Figure 11). The model’s head CG X-acceleration has 
a similar double peak shape to the cadaver results, 
but the peaks were on the lower end of the measured 
data (Figure 12). In the Z-direction the model’s 
acceleration did have similar peaks or shape 
compared to the cadaver data (Figure 13). 
 
At 10g, the model’s responses were a reasonable fit 
to a limited data set from Deng (1999a) (Figures 14, 
15, & 16). The angle of the model’s head was a good 
fit to cadaver head angles at similar impact 
accelerations (Figure 14). The X-acceleration of the  
head CG was of similar shape, and the peak 
accelerations lie mostly in the data spread of cadaver 
results (Figure 15). As was the case for the 7g 
impact, the head’s CG Z-acceleration was neither a 
similar shape nor did it have similar peak values 
when compared to the cadaver data (Figure 16). 
 
When considering the CL strains in the different load 
cases, the CL strain on the anterior portion of the C5-
C6 facet joint was always greater than the posterior 
portion, because the motion segments were loaded in 
extension and posterior shear (Figures 17 to 20). The 
model predicted a peak CL strain of 22.6% at the C4-
C5 level during the 4g rear impact (Table 1). The 
next highest strains were 28.6% and 32.4% at the C5-
C6 and C2-C3 levels respectively during a 10g 
impact with passive muscles (Table 1). When 
including active muscles, the CL strain reduced at 
every level except for C4-C5. A CL strain of 35.4% 
was measured in the C2-C3 during a 12g rear impact, 
which exceeded the sub-catastrophic strain of the CL 
ligament reported by Seigmund et al. (2001) (Table 
1).  
 
 
 
 

-10

0

10

20

30

-3

0

3

6

9

0 100 200 300

A
n
g
le
 (
d
e
g
)

A
c
c
e
le
ra
ti
o
n
 (
g
)

Time (ms)

T1 X Accel T1 Z Accel

Sled X Accel T1 Angle

-30

-15

0

15

30

45

-10

-5

0

5

10

15

0 100 200 300
A
n
g
le
 (
d
e
g
)

A
c
c
e
le
ra
ti
o
n
 (
g
)

Time (ms)

T1 X Accel T1 Z Accel

Sled X Accel T1 Angle



 
 Fice 5 

 

 

Figure 5.  4g - Head CG X-Displacement w.r.t. the 
Sled (Davidsson, et al. 1998). 

 

Figure 6.  4g - Head CG X-Displacement w.r.t. the 
T1 (Davidsson, et al. 1998). 

 

Figure 7.  4g - Head rotation w.r.t. the T1 
(Davidsson, et al. 1998). 

 

Figure 8.  4g - O.C. Z-Displacement w.r.t. the Sled 
(Davidsson, et al. 1998). 

 

Figure 9.  4g - O.C. Z-Displacement w.r.t. the T1 
(Davidsson, et al. 1998). 

 

-200

-100

0

100

0 100 200 300

D
is
p
la
c
e
m
e
n
t 
(m
m
)

Time (ms)

Lower Limit Upper Limit Model

-150

-100

-50

0

50

100

0 100 200 300

D
is
p
la
c
e
m
e
n
t 
(m
m
)

Time (ms)

Lower Limit Upper Limit Model

-30

-20

-10

0

10

0 100 200 300

A
n
g
le
 (
d
e
g
)

Time (ms)

Lower Limit Upper Limit Model

-20

0

20

40

0 100 200 300

D
is
p
la
c
e
m
e
n
t 
(m
m
)

Time (ms)

Lower Limit Upper Limit Model

-20

-10

0

10

0 100 200 300

D
is
p
la
c
e
m
e
n
t 
(m
m
)

Time (ms)

Lower Limit Upper Limit Model

-20

-10

0

10

0 100 200 300

C
1
-C
2
 R
o
ta
ti
o
n
 (
d
e
g
)

Time (ms)

Deng (1999) Model 7g

-10

-5

0

5

10

0 100 200 300

C
2
-C
3
 R
o
ta
ti
o
n
 (
d
e
g
)

Time (ms)

Deng (1999) Model 7g



 
 Fice 6 

 

 

Figure 10.  Spine segment relative rotations in the 
sagittal plane. Positive angles for extension. 

 

Figure 11.  Cadaver head rotations for loadings 
between 6 to 8g compared to the model’s response 
at 7g. Positive angles for extension.  

 

Figure 12.  Cadaver head CG X-acceleration for 
loadings between 6 to 8g compared to the model’s 
response at 7g. Positive g’s in the forward 
direction. 

 

Figure 13.  Cadaver head CG Z-acceleration for 
loadings between 6 to 8g compared to the model’s 
response at 7g. Positive g’s in the upward 
direction. 

 

Figure 14.  Cadaver head rotations for loadings 
between 8 to 10g compared to the model’s 
response at 10g. Positive angles for extension.  
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Figure 15.  Cadaver head CG X-acceleration for 
loadings between 8 to 10g compared to the 
model’s response at 10g. Positive g’s in the 
forward direction. 

 

Figure 16.  Cadaver head CG z-acceleration for 
loadings between 8 to 10g compared to the 
model’s response at 10g. Positive g’s in the 
upward direction. 

 

Figure 17.  Predicted C5-C6 CL strain for a 4g 
impact. 

 

Figure 18.  Predicted C5-C6 CL strain for a 7g 
impact with passive muscles. 

 

Figure 19.  Predicted C5-C6 CL strain for a 10g 
impact with passive muscles. 

 

Figure 20.  Predicted C5-C6 CL strain for a 12g 
impact with passive muscles. 

 

 

 

-40

-20

0

20

40

0 100 200 300

H
e
a
d
 C
G
 A
c
c
e
le
ra
ti
o
n
 (
g
)

Time (ms)

Deng (1999) Model 10g

-20

0

20

40

0 100 200 300

H
e
a
d
 C
G
 A
c
c
e
le
ra
ti
o
n
 (
g
)

Time (ms)

Deng (1999) Model 10g

-0.2

-0.1

0

0.1

0.2

0.3

0 100 200 300
S
tr
a
in
 (
m
m
/
m
m
)

Time (ms)

Anterior Posterior

-0.2

0

0.2

0.4

0 100 200 300S
tr
a
in
 (
m
m
/
m
m
)

Time (ms)

Anterior Posterior

-0.2

0

0.2

0.4

0 100 200 300S
tr
a
in
 (
m
m
/
m
m
)

Time (ms)

Anterior Posterior

-0.4

-0.2

0

0.2

0.4

0 100 200 300

S
tr
a
in
 (
m
m
/
m
m
)

Time (ms)

Anterior Posterior



 
 Fice 8 

 

Table 1.   
Maximum CL strains in the model for different impact loads 

4g 2 7g 1 7g  2 10g 1 10g 2 12g 1 

C2-C3 11.9 17.4 16.3 32.4 21.7 35.4 

C3-C4 10.4 10.8 16.5 23.7 21.3 24.5 

C4-C5 22.6 21.4 26.6 23.1 26.4 30.2 

C5-C6 18.7 22.7 22.0 28.6 25.0 34.3 

C6-C7 1.5 8.8 0.82 13.6 2.0 13.2 

Maximum 22.6 22.7 26.6 32.4 26.4 35.4 
1 Passive muscles 
2 Active muscles 

Table 2. 
Model CL strains at various impact accelerations compared to published data (average (SD) in %) 

Model Deng (1999a) Panjabi et al. (1998) Pearson et al. (2004) 

4g 7g1 10g1 5g 6g 4.5g 6.5g 10.5g 3.5g 6.5g 8g 

C2-C3 11.9 17.4 32.4 9.7 8.5 
9.6 

(13.7) 
24.3 

(26.3) 
20.4 
(5.3) 

13.4 
(9.3) 

15.8 
(13.5) 

16.7 
(6.3) 

C3-C4 10.4 10.8 23.7 22.2 23.9 
12.1 
(4.0) 

17.8 
(13.6) 

6.9 
(0.3) 

17.4 
(15.2) 

30.8 
(25.1) 

29.9 
(17.8) 

C4-C5 22.6 21.4 23.1 14.8 10.9 
11.1 

(15.8) 
16.9 

(10.5) 
18.9 

(13.8) 
22.3 

(20.6) 
31.1 

(22.5) 
26.5 

(18.7) 

C5-C6 18.7 22.7 28.6 28.5 25.8 
11.7 
(5.1) 

5.8 
(7.5) 

22.1 
(15.1) 

26.8 
(17.9) 

35.9 
(21.9) 

38.5 
(24.6) 

C6-C7 1.5 8.8 13.6 
12.7 

(N/A) 
29.5 

(25.7) 
35.4 

(N/A) 
18.9 

(14.2) 
28.8 

(20.0) 
39.9 

(26.3) 
1 Passive muscles where used.  
 

 

Figure 21.  Maximum CL strain vs. peak sled acceleration for experimental results and the model. Standard 
deviation shown when available. Includes thresholds for injury. 
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DISCUSSION 
 
Strain in the capsular ligament has been proposed as 
a possible source of neck pain for victims of rear 
impact and several clinical and biomechanical studies 
support this theory (Lord, et al. 1996, Barnsley, et al. 
1995, Lu, et al. 2005, Lee, Davis, et al. 2004, Lee, 
Franklin, et al. 2006, Ivancic, et al. 2008, Quinn, et 
al. 2007, Panjabi, et al. 1998, Pearson, et al. 2004, 
Deng 1999a). A FE model of the cervical spine was 
used to measure capsular strains for rear impacts of 4, 
7, 10g, and 12g. The results are unique from previous 
studies that have reported CL strain because the 
simulation included detailed facet joint modeling, 
active neck musculature, and full dynamic motion of 
the T1 in the sagittal plane.  
  
The model was constructed accurately at the tissue 
level with the best available material properties, and 
was validated at the motion segment level and the 
whole cervical spine level for different frontal and 
rear impact scenarios. It should be emphasized that 
the model was not calibrated to any test conditions or 
data in order to preserve the accuracy at the tissue 
level, with the assumption that the CL strains 
measured during these simulations will be 
representative. The average CL strain was calculated 
by dividing joint distraction by ligament length and 
assumed a uniform strain state. Local CL strain could 
be predicted if shell elements were used for the 
ligament; however there is little literature available 
on local CL strain to justify this increase in model 
complexity. Another assumption made was that all 
the muscles contract at a given time, which was 
supported by EMG measurements of volunteers in 
rear impacts (Siegmund, Sanderson, et al. 2003, Ono, 
et al. 1997, Roberts, et al. 2002, Szabo and Welcher 
1996). Further investigation into the effect of activate 
musculature on the CL strain during rear impact is 
required.  
 
A possible limitation to the model was that the model 
was not calibrated to any of the impact tests. As a 
result, the model was in poor agreement with some of 
the experimental measures. The disagreement with 
the experimental impact data was more likely a 
limitation of the available tissue data used to develop 
the full spine model. In particular, some soft tissue 
characteristics such as viscoelasticity, nonlinearity, 
and anisotropy are not implemented in the model due 
to the lack of literature, and/or appropriate material 
models. The study and incorporation of these 
characteristics is a focus for model improvement in 
the future. Finally, it should be stated that the model 
is limited to the range of loads for which it has been 
validated. 

 
The strains predicted in the CLs of the model have 
been compared to research performed by Deng 
(1999a), Panjabi et al. (1998), and Pearson et al. 
(2004) (Table 2). Deng used 6 cadavers in a series of 
26 rear impacts, and measured the motion of each 
vertebra using a high speed X-ray to track implanted 
spheres and inferred a facet joint distraction. It should 
be noted that the strain results reported in Table 2 
from Deng come from two tests, and have been 
scaled by a factor of Deng’s initial gage length 
divided by CL lengths reported by Panjabi et al. 
(1998) for comparison to the current study. Panjabi et 
al (1998) used a specially designed spinal ligament 
transducer affixed across the facet joint to track joint 
distraction during rear impacts of four T1 to occipital 
cadaveric spines and divided that by anatomical 
ligament lengths to get strain Pearson et al. (2004). 
used a bench top sled with active muscle replication 
to impose rear impact loads on six occipital to T1 
spine sections and measured vertebral motion by 
tracking marker flags using high speed cameras, and 
then inferred facet joint distraction that was divided 
by anatomical ligament lengths to get strain. The 
results in Table 2 show that for spinal levels C4-C5, 
and C5-C6 the predicted strains from the finite 
element model were within the quoted experimental 
range (Table 2). At the C6-C7 level the model 
predicted strains that were below the experimental 
range for all impact severities tested (Table 2). The 
model was in good agreement with the published data 
for the 10g case, but predicted a higher strain value at 
the C2-C3 level (Table 2).   
 
In quasi-static spinal segment testing authors have 
found CL strains ranging from 11.6% to 17.8%, 
which are significantly lower than strains measured 
in dynamic tests (Table 2), demonstrating the 
importance of dynamic effects (Winkelstein, et al. 
1999, Siegmund, Myers, et al. 2001). In an in-vivo 
study of goat facet joint distraction, Lu et al (2005) 
found what they hypothesized to be nociceptive 
(pain) receptors fire at a maximum principle strain of 
47.2%. Testing of isolated facet joints from cadaver 
cervical spines have found sub-catastrophic damage 
to the CL at strains ranging from 35% to 66.8% in 
quasi-static testing, and 67% at 100mm/s 
(Winkelstein, et al. 1999, Siegmund, Myers, et al. 
2001). At 10g the model predicted CL strain of 
32.4% and 28.6% at the C2-C3 and C3-C4 levels 
respectively, which was just below the 35% threshold 
for sub-traumatic damage, and was well below the 
47.2% threshold for pain. When the model was 
exposed to a 12g rear impact, the CL strain exceeded 
the 35% threshold reported by Seigmund et al. 
(2001). The model predicted CL strains have been 
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compared to experimental results, and published 
thresholds for injury (Figure 21). In a study of 28 
instrumented real life accidents with 38 occupants, 
twenty occupants had short-term consequences at less 
than 10g, and two had long term consequences at 13g 
and 15g (Krafft, et al. 2000). In another study of 66 
real life accidents, 13 of the 15 people that sustained 
neck injuries for longer than a month experienced a 
rear impact of greater than 9g (Krafft, et al. 2002). 
The 7g impact presented in this paper corresponds to 
an impact velocity of 7.5mph (Deng 1999a), and 
volunteer tests have been performed up to 6.8mph 
without mild symptoms, defined as lasting longer 
than 4days (McConnell, et al. 1995).  
 
Future development of the cervical spine model will 
focus on improving the accuracy of the tissue models 
with the expectation that improved tissue models will 
improve the agreement between the full spine model 
and the experimental literature. This also includes a 
thorough investigation of the effect of active neck 
musculature on the response of the cervical spine in 
rear impact. The goal of this work is to better identify 
injury thresholds in rear impact scenarios, and to 
investigate out of position effects which has been 
suggested to increase strains (Winkelstein, et al. 
1999). 
 
CONCLUSIONS 
 
The finite element cervical spine model used in this 
study, constructed from accurate geometry and the 
best available material properties, was previously 
validated at the segment level and for frontal impact 
scenarios. In this study, the model validated against 
volunteer and cadaver tests in rear impact scenarios 
and shown to be in good agreement. Capsular 
ligament strains predicted by the model approach 
thresholds for pain and sub-traumatic injury, but did 
not exceed them under 10 g rear impact loads which 
is consistent with the data in the literature. However, 
application of a 12g rear impact case did show higher 
strains that would be expected to result in pain or 
injury. 
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ABSTRACT 

The development of new protective systems must 
be performed on tools reliable and representative of 
alive human. In an earlier study, a simplified but 
realistic modeling of the head-neck-torso system 
under moderate rear impact was performed. This 
model of minimum complexity (MC-HNT model) 
but able to reproduce the 5 first experimental 
vibration modes was validated in the frequency 
domain in terms of natural frequencies and 
damping as well as mode shapes. The human model 
was then coupled to a car seat-head rest complex on 
Madymo Code in order to give real body behaviors 
and accurate T1 accelerations. The hypothesis of 
linear behavior was used for the torso being 
subjected to small deformations. The present study 
shows in detail the methodology carried out for 
real-world rear impact accident reonstruction in 
order to establish more accurate neck injury criteria 
as well as associated tolerance limits. In order to 
proceed to that, 87 accident cases were simulated 
using our MC-HNT human body model coupled to 
3 Toyota seats under Madymo code. Several injury 
criteria, such as Neck Fx, Neck Fz, T1 acceleration, 
NICmax, Nkm and NDC, were calculated in order to 
correlate the risk of AIS1 neck injury using MC-
HNT. A similar work has then been done with the 
BioRID II model. Then a comparison between the 
predictive risk curves obtained by analyzing the 
MC-HNT model and the BioRID II model has been 
performed. This comparison was expressed in terms 
of Nagelkerke R-square values obtained with these 
analyses. It appears that the MC-HNT model gives 
a higher correlation than the BioRID II one for all 
parameter, and that the lower neck axial force is 
shown as the best candidate to correlate with the 
neck injury. 

INTRODUCTION 

Despite advances in safety devices, neck injuries in 
traffic accidents, especially non-severe rear impact 
accidents, are still a serious and costly social 
problem. The high cost of whiplash injury has been 
extensively documented in several countries [1,2]. 
In order to decrease the incidence of whiplash 
injuries, development of safety measures requires 
reliability and fidelity of human body surrogates. 

Most injury prevention strategies are based on 
impact analysis using anthropomorphic crash test 
dummies or mathematical models. Improvement of 
injury prevention techniques needs agreement 
between both experimental and computational 
models on the one hand and experimental in vivo 
human body mechanical responses on the other. 
Unfortunately the spine is one of the most complex 
structures in the human skeletal system and its 
behavior during impact is still poorly understood. 

Today no less than three crash test dummies are 
used in experimental rear impact analysis: The 
Hybrid III dummy, developed by Foster et al [3], 
the BioRID II reported by Davidsson [4] and the 
RID dummy proposed by Cappon et al [5]. Several 
validation studies on neck responses have been 
carried out on these dummies against volunteers 
and post mortem subjects [4,5,6,7,8,9]. They 
demonstrated several limitations of this human 
body surrogate under low speed rear impact in 
terms of biofidelity. It is unclear if this lack of 
biofidelity is due to the torso behavior or the neck 
characteristics or a combination of both. 

Modeling of the human trunk began in the middle 
of the last century and existing models can be 
divided into two categories i.e. continuous models 
[10] and lumped parameters models [11]. However, 
most of these models do not have a realistic 
behavior compared to the human body. On the one 
hand, models are often too detailed and involve a 
high number of parameters that are not easily 
identified with existing experimental data. On the 
other hand, they represent only one particular 
dynamic behavior of the trunk and can therefore not 
be used for other applications such as the 
simulations of rear impacts. Finally, most of the 
studies concerning the torso aim at characterizing 
the global dynamic behavior of the trunk-head 
system under seat ejection for military applications. 
In addition, none of them has studied the kinematic 
behavior of the first thoracic vertebra (T1) under 
rear impact, an essential aspect for neck injury 
investigation.  

In previous studies undertaken by Willinger and 
Bourdet [12], the experimental in vivo modal 
analysis of the human head-neck system has 
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provided us with natural frequencies and deformed 
mode shapes of this structure. Later, based on 
Kitazaki [13], the previous authors developed a 
whole human body model including the 
identification on five deformed mode shapes of the 
spine. In 2005, Bourdet et al [14] studied the 
influence of the trunk mobility.  

In the first section the general methodology is 
presented including the use of existing experimental 
modal analysis for the identification of a torso 
lumped parameter model and its coupling to both 
the head neck and the car seat for rear impact 
applications. In the result section, the influence of 
trunk mobility is analyzed through comparison 
between responses of a rigid versus a flexible trunk 
under a standard rear impact pulse. Finally a 
parametric study is performed in order to evaluate 
the effect of mechanical parameters of the seat on 
the human neck response. 

MATERIAL AND METHOD 

Real-world data 

In the present study the crash pulse acceleration of 
87 real-life rear-end impact from Folksam database 
have been reconstructed. The acceleration-time 
history was measured during a crash by a crash 
pulse recorder fixed up on three car models of the 
same make. The recording and the analyzing have 
been described by [15,16,17]. The sampling rate of 
the crash pulse recorder is 1000 Hz during the 
impact phase of the crash. The acceleration data 
recorded were filtered at approximately 60 Hz. The 
occupant injury severity was divided into three 
categories regarding duration of symptoms; no neck 
injury, initial symptoms and symptoms more than 
one month. Examples of symptoms are neck pain, 
headache, dizziness and neck stiffness. The 
numbers of victims are presented in Table 2 for the 
various injury categories, car model and occupant 
location.  

Table 1. Gender and average age for occupants 
with various injury categories. 

 Average 
age 

Gender (%) 
Male Female 

No neck injury 46 52 48 
Initial symptoms 44 33 67 
Symptoms > 1 month 48 47 53 
Total 46 47 53 

The age distribution and gender for the injury 
categories can be seen in Table 1. It was a similar 
proportion of males and females for occupants with 
symptoms more than one month and for all 
occupants. Also average age was similar for those 
groups. 

 
Figure 1. Representation of the Delta V of pulses 
versus injury severity. 

Figure 1 represents the  ΔV of the pulses extracted 
from the accident cases according to the level of 
injury obtained on the victim. It is interesting to 
observe that it appears a correlation between  ΔV 
and injury.  

Minimal complexity multi body torso model 

In a previous study [12], an experimental and 
theoretical modal analysis of the human head-neck 
system in the sagittal plane have been carried out. 
The method has allowed to identify the mechanical 
properties of the head-neck system and to validate a 
mathematical model in the frequency domain. The 
extracted modal characteristics consist of a first 
natural frequency at 1.3 ± 0.1 Hz associated with 
head flexion-extension motion and a second mode 
at 8 ± 0.7 Hz associated with antero-posterior 
translation of the head, also called retraction 
motion, as illustrated in Figure 2. 

Table 2. Number of occupants in various car models (D = Driver, FSP = Front Seat Passenger) 

 Total Car model 1 Car model 2 Car model 3 
Total D FSP D FSP D FSP D FSP 

No neck injury 77 57 20 18 4 23 11 16 5 
Initial symptoms 30 19 11 2 3 13 8 4 0 
Symptoms > 1 month 15 11 4 4 1 3 2 4 1 
Total 122 87 35 24 8 39 21 24 6 
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          f1=1.3 ± 0.1 Hz                   f2=8 ± 0.7 Hz 

Figure 2. Representation of the two deformed 
mode shapes of the head neck system. 

In order to address this issue, an original lumped 
model of the human torso was developed and 
coupled to a car seat-head rest complex. The 
hypothesis of linear behavior was used for the torso 
being subjected to small deformations. In a second 
study, the modal analysis of the human torso in a 
seating position conduced by Kitazaki [13] was 
used for both masses and mechanical properties 
identification [14].  

 

Oi Gi bi xi ai zi  
xi cos i x sin i z
zi cos i x sin i z  

Figure 3. Representation of the lumped 
parameters model of the trunk, where i i0 i

où θi0 is the initial angle and ψi is a time 
dependent parameter. 

In order to reproduce the four mode shapes 
identified experimentally the torso was divided in 
six segments to obtain the five degrees of freedom 
with the head neck system, as illustrated in Figure 
3. This model of minimum complexity but able to 
reproduce the 5 first experimental vibration modes 
was validated in the frequency domain in terms of 
natural frequencies and damping as well as mode 
shapes.  

 
(a) (b) 

Figure 4. Representation of the Minimal 
Complexity Head Neck Torso model (MC-
HNT) : (a) side view and (b) front view. 

BioRID II model 

To compare the MC-HNT model, the BioRID II 
model is used. It is the production version of a rear 
impact dummy developed by Chalmers University 
of Technology, and manufactured by Denton ATD 
Inc., that has been produced to meet the need for 
more biofidelic dummy response to rear impact 
events than can be obtained using a standard Hybrid 
III dummy. While largely based on the Hybrid III 
50th percentile dummy, the BioRID II has a 
hinged-segment spine design, with each of the 24 
vertebrae explicitly represented. Stiffening springs 
and dampers are fitted to model the effect of the 
neck muscles, and the thoracic spine and torso are 
more flexible than that of the Hybrid III. 

Car seat models 

Both models are coupled to the models of three car 
seats used by Kullgren et al [17]. In order to carry 
out the accident simulations, it was necessary to set 
the three impact configurations, i.e. to position the 
dummies in three seats with a torso angle of 25°. 
Moreover, the distance between head and headrest 
is defined for two configurations (50 mm and 90 
mm), without modify the torso angle, in order to 
take account the influence of the initial seatback 
inclination. Figure 5 shows the setting of the 
dummies in various seats configurations. Moreover 
it shows that the initial conditions are very close 
between for both models. 
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Figure 5. Position of the BioRID II and MC-
HNT models in the three seats with two head-
headrest distances. 

87 real accidents have been reconstructed under 
both distance configurations and with both models. 
Thus, 348 simulations have been carried out. A 
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logistic regression has been conducted giving the 
Nagelkerke R² for the risk of initial symptom and 
symptoms over than one month for each model. 

Accident simulations 

The 87 real rear impacts accidents were simulated 
with both BioRID II and Minimal Complexity 
Head-Neck-Torso models seated on three car seats 
modeled in a previous study [17]. These 
reconstructions aim at analyzing the model 
behavior in order to investigate the correlation 
between the output parameters, as Neck Fx, Neck 
Fz and neck My at lower and upper neck as well as 
head and T1 acceleration, and three criteria as 
NICmax [18], Nkm [19] and NDC [20], with the 
injury severity.  

Statistic correlation analysis 

Injury correlation was evaluated by calculating the 
correlation coefficient, of logistic regression for 
each mechanical candidate parameter. The 
correlation coefficient R² proposed by Nagelkerke 
in 1991 [21] was used. This coefficient permits it to 
evaluate the quality of the regression. For that, a 
sample (xi,yi)i=1,…,N was introduced, where the xi are 
the observed values of the explicative variable x 
and yi are the random variable of y taking 0 for no 
injured and 1 for injured at case i. The logistic 
regression model used is a logistic function written 
in equation (1) which defines the probability of 
injury for various x. 

��� � 1|�� � �����

�������
 (1) 

The maximum of likelihood is calculated to identify 
the α and β constants. The likelihood is defined as 
equation (2). 

	�
, �� � ∏ ��������
��� �1 � ���������� (2) 

ℓ�
, �� � � ln�	�
, ��� (3) 

The maximum of likelihood criterion defines the α 
and β values that give a maximum likelihood. For 
this purpose, it must be considered the opposite of 
its logarithm: the log-likelihood function defined in 
equation (3). This function is minimized by using 
the Newton Raphson’s algorithm. 

The correlation coefficient is well established in 
classical regression analysis [22]. It is defined as 
the proportion of variance explained by the 
regression model. It is used as a measure of success 
of predicting the dependent variable from the 
independent variable. In order to generalized the 
concept to models without easily residual variance 
and where the maximum of likelihood is its 
criterion of fit, in 1989, Cox and Snell [23] 
proposed a R² as defined in equation (4). This 

correlation coefficient was modified by Nagelkerke 
in 1991 [21], in order to “normalize” the result, 
expressed in equation (5), where Nk is the 
population number of responses in category k, i.e. 0 
or 1. 

�	
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��,��
�
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 (4) 
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With 
� � ln ���
��

� (6) 

For each parameter, two logistic regressions are 
calculated: the risk of initial symptoms and the risk 
of symptoms over one month. The total number of 
occupants is 122. Concerning the risk of initial 
symptoms, the occupants with initial symptoms and 
the occupants with symptoms over one month were 
merged. Thus the logistic regression was calculated 
for 77 no-injured cases and 45 injured cases. In the 
same way, for the risk of symptoms over one 
month, the occupants with initial symptoms were 
regrouped with the no injured occupants. Thus the 
logistic regression was calculated for 107 cases 
having at most initial symptoms and 15 cases with 
long-term symptoms. 

 

 
Delta V [km/h] 

Figure 6. Histograms of Delta-V used for the two 
logistic regressions, and Delta-V risk curves of 
initial symptoms and symptoms > 1 month. 

As an example, Figure 6 represents the Delta-V 
histogram and risk curves of initial symptoms and 
long term symptoms versus Delta-V for the two 
logistic regressions. It can be observed that Delta-V 
correlates well the long-term symptoms with a R²N 
of 0.6. For a 50% risk of initial symptoms, the 
Delta-V is of 21 km/h and for 20% risk of 
symptoms over one month is of 15 km/h. In 2005, 
Krafft et al [24] found 18 km/h for the same risk. 

0

5

10

15

20

25

30

35

D
el

ta
 V

 [
m

/s
]

29
71

6
29

71
6

29
68

7
29

68
7

30
00

4
29

97
1

29
79

5
29

79
5

30
00

5
30

16
9

29
84

9
29

91
1

29
91

1
29

60
1

30
23

6
30

14
9

30
14

9
29

92
4

29
92

4
30

19
6

29
96

6
30

19
6

30
23

7
29

77
3

29
77

3
30

15
7

29
88

0
30

06
8

30
06

8
29

90
8

29
67

7
29

97
5

30
25

1
29

97
5

29
49

1
30

11
5

30
31

8
29

97
6

30
31

6
29

95
1

29
78

1
29

95
1

29
78

1
29

77
8

30
27

9
30

23
2

30
23

2
30

17
0

29
70

6
30

06
3

30
06

3
30

32
6

30
02

9
30

02
9

30
07

8
29

80
7

29
96

8
29

96
8

30
24

4
30

24
4

29
65

2
30

05
2

30
02

4
30

25
3

29
61

4
30

36
0

30
15

3
30

32
1

30
32

1
30

07
5

30
26

3
30

33
4

30
27

8
30

13
0

29
96

5
29

73
2

30
01

3
 30

01
6

30
01

6
30

00
7

29
94

5
30

00
1

30
16

0
29

49
1

29
78

0
29

78
0

29
97

4
29

66
4

30
12

5
30

12
5

30
09

7
29

65
2

29
97

2
30

08
2

30
05

2
29

73
7

29
73

3
30

25
9

29
61

4
29

69
3

30
11

1
29

96
7

29
96

7
29

52
1

30
27

8
29

73
9

29
73

9
29

87
6

29
87

6
29

73
2

30
04

9
30

03
2

30
03

2
29

57
7

30
01

3
29

60
2

29
60

2
29

53
3

29
53

3
29

72
7

29
72

7
30

11
8

No neck injury Initial symptoms

0

5

10

15

20

25

30

35

D
e

lta
 V

 [
m

/s
]

29
71

6
29

71
6

29
68

7
29

68
7

30
00

4
29

97
1

30
01

6
30

01
6

29
79

5
29

79
5

30
00

5
30

16
9

29
84

9
29

91
1

29
91

1
29

60
1

30
23

6
30

14
9

30
14

9
30

00
7

29
94

5
29

92
4

29
92

4
30

00
1

30
19

6
29

96
6

30
19

6
30

23
7

29
77

3
29

77
3

30
15

7
29

88
0

30
06

8
30

06
8

30
16

0
29

90
8

29
67

7
29

97
5

30
25

1
29

97
5

29
49

1
29

49
1

29
78

0
29

78
0

30
11

5
29

97
4

30
31

8
29

97
6

30
31

6
29

95
1

29
78

1
29

95
1

29
78

1
29

77
8

30
27

9
29

66
4

30
23

2
30

23
2

30
12

5
30

12
5

30
17

0
29

70
6

30
09

7
30

06
3

30
06

3
30

32
6

30
02

9
30

02
9

30
07

8
29

80
7

29
96

8
29

96
8

30
24

4
30

24
4

29
65

2
29

65
2

30
05

2
30

05
2

29
73

7
30

02
4

29
73

3
30

25
9

30
25

3
29

61
4

29
61

4
30

36
0

29
69

3
30

11
1

30
15

3
30

32
1

30
32

1
30

07
5

30
26

3
29

96
7

29
96

7
30

33
4

30
27

8
30

27
8

30
13

0
29

96
5

29
73

9
29

73
2

29
73

2
30

04
9

30
03

2
30

03
2

30
01

3
 29

97
2

30
08

2
29

52
1

29
73

9
29

87
6

29
87

6
29

57
7

30
01

3
29

60
2

29
60

2
29

53
3

29
53

3
29

72
7

29
72

7
30

11
8

Initial symptoms Symptoms > 1 month

0 5 10 15 20 25 30 35
0

0.2

0.4

0.6

0.8

1

R
is

k

Symptoms > 1 month

-2LogLikelihood = 44.6711
Cox & Snell R² = 0.31571
Nagelkerke R²  = 0.60076
Constant = -6.3737
Variable = 0.30259

Initial symtoms

-2LogLikelihood = 131.7376
Cox & Snell R² = 0.2109
Nagelkerke R²  = 0.28813
Constant = -2.3341
Variable = 0.17156



Bourdet 5 

RESULTS 

Comparative results on one case 

An example of a comparative accident 
reconstruction is shown in detail in Figure 7, for a 
distance between head and headrest of 50 mm. It 
illustrates the behavior differences of the head-neck 
system between the BioRID II Madymo model and 
the MC-HNT model. Indeed, BioRID II has a light 
translation movement of the head followed at 150 
milliseconds by an extension movement, while the 
MC-HNT model continues its retraction motion 
until 200 milliseconds.  

Figure 8 and Figure 9 represent T1 linear 
accelerations according to X and Z axis. In spite of 
prevalent oscillations on MC-HNT model, the 
behavior is coarsely identical. The behavior 
difference is especially illustrated in Figure 10 
which represents the rotation of the first thoracic 
vertebrae (T1). Indeed, while the BioRID II upper 
thorax rotates forward (positive rotation), the MC-
HNT model's ones undergoes an extension. Figure 
11 shows relative rotation between the head and the 
neck for both models. It can be observed that 
BioRID II does not present any retraction until 120 
milliseconds (positive relative rotation), while the 
MC-HNT model presents this movement clearly at 
approximately 110 milliseconds.  
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Figure 7. Pictures extracted from a simulation of 
case for the BioRID II and MC-HNT models. 

 
Figure 8. Superimposition of T1 x linear 
acceleration for  both models (⎯ BioRID II 
model, − − MC-HNT model) 

 
Figure 9. Superimposition of T1 z linear 
acceleration for  both models (⎯ BioRID II 
model, − − MC-HNT model) 

 
Figure 10. Superimposition of T1 angular 
displacement for both models (⎯ BioRID II 
model, − − MC-HNT model) 

 
Figure 11. Superimposition of Head angular 
displacement both models (⎯ BioRID II model, 
− − MC-HNT model) 

Global statistic correlation 

Figure 13 to Figure 14 represent the Nagelkerke’s 
R-squared of each parameter under the two 
configurations for each model. It is clear that the 
results from the BioRID II models give different 
regressions according the distance between head 
and headrest. Indeed, concerning the risk of initial 
symptom, on one configuration the best candidates 
are T1 acceleration and the upper neck axial force 
as well as the lower neck shear force with RN² of 
0.26, RN² of 0.25 and RN² of 0.25 respectively. On 
the other configuration the best correlation is 
obtained with the upper neck axial force with RN² of 
0.10. In contrast, for the MC-HNT model, the best 
candidates tied are the lower neck moment, shear 
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and axial forces as well as the upper neck axial 
force with a Nagelkerke R-squared of 0.3 under the 
shorter distance head-headrest configuration, and 
0.32 under the higher distance configuration, 
adding the upper neck shear force and Nkm criterion. 
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Figure 12. BioRID II model R²N for the risk of 
initial symptom (□ dheadrest=50 mm, ■ dheadrest=90 mm). 
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Figure 13. MC-HNT model R²N for the risk of 
initial symptom (□ dheadrest=50 mm, ■ dheadrest=90 mm). 
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Figure 14. BioRID II model R²N for the risk of 
symptom > 1 month (□ dheadrest = 50 mm, ■ dheadrest = 90 
mm). 
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Figure 15. MC-HNT model R²N for the risk of 
symptom > 1 month (□ dheadrest = 50 mm, ■ dheadrest = 90 
mm). 

Concerning the risk of symptoms over one month, 
the BioRID II model shows various best candidate 
parameters according to the configuration. For 
instance, the best candidates for the first 
configuration are the T1 acceleration, the lower 
neck shear force and the upper neck axial force with 
R²N = 0.62 R²N = 0.59 and R²N = 0.56 respectively, 
and for the other configuration the best ones are the 
upper neck axial force and the head acceleration 
with R²N = 0.46 and R²N = 0.40 respectively. On the 
contrary, the MC-HNT model is better correlated 
by the lower and upper neck axial force (R²N = 0.57 
and R²N = 0.54 respectively) as well as T1 
acceleration with R²N = 0.56 in the first 
configuration case. The lower neck axial force is 
clearly the best candidate in case of distance head-
headrest of 90 mm with R²N = 0.65.  

No clear correlation between the common injury 
criteria and the injury outcome could be found for 
BioRID II model, as shown in Figure 12 and Figure 
14. The best scores is given by the NIC with 
R²N = 0.09 concerning the risk of initial symptoms 
and R²N = 0.31 for the risk of symptoms over one 
month in case of shorter distance configuration, and 
Nddistraction in case of higher distance configuration 
with R²N = 0.09 and R²N = 0.31 respectively.  

Candidate parameters to injury correlation 
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Figure 16. Representation of the mean R²N 
obtained with both model and the maximum 
value in black, for initial symptom (  MC-
HNT,  BioRID II,  Maximum value). 
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Figure 17. Representation of the mean R²N 
obtained with both and the maximum value in 
black model for symptom > 1 month (  MC-
HNT,  BioRID II,  Maximum value). 
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In order to extract the parameter which seems to 
present the correlation with neck symptoms, a mean 
value of R²N was calculated from the two 
configurations values. Thus, Figure 16 and Figure 
17 gather the MC-HNT and the BioRID scores 
highlighting the best candidate represented by 
hatched histograms.  
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Figure 18. Lower neck shear force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 
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Figure 19. Lower neck moment risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 
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Figure 20. Lower neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 
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Figure 21. Upper neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 

For MC-HNT model, the lower neck shear force 
seems to be the parameter which give a best 
regression to evaluate the risk of initial symptoms 
with R²Nmean= 0.31. We can observe that, the lower 
neck moment and axial force as well as the upper 
axial force give R²Nmean very close to the maximum. 
For BioRID II model, the best parameter candidate 
is the upper neck axial force with R²Nmean = 0.17. 
Figure 18 to Figure 21 represent the risk curve of 
the four best candidate parameters. The limit at 
50% risk of initial symptoms is about 68 ± 9  Nm 
for the lower neck flexion moment, 480 ± 24 N for 
the lower neck axial force, 350 ± 0.01  N for the 
lower neck shear force and 400 ± 20  N for the 
upper neck axial force. The risk curves obtained 
from both distance configurations are very close 
themselves. Except for the lower neck moment, the 
deviations of the limit at 50% risk don’t exceed 
10%.  

In contrast, for the BioRID II model, the four best 
candidate parameters are the upper neck axial force, 
T1 and Head acceleration and the lower neck shear 
force with R²Nmean= 0.17, R²Nmean= 0.14, 
R²Nmean = 0.13 and R²Nmean= 0.13 respectively.  
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Figure 22. Upper neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (BioRID II model). 
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Figure 23. T1 acceleration risk curve of initial 
symptoms. Grey area represents risks limited by 
the minimum and the maximum criterion values 
for both distance configuration and black line is 
the median (BioRID II model). 
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Figure 24. Head acceleration risk curve of initial 
symptoms. Grey area represents risks limited by 
the minimum and the maximum criterion values 
for both distance configuration and black line is 
the median (BioRID II model). 
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Figure 25. Lower neck shear force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (BioRID II model). 

The BioRID II model risk curves of the best 
regressions define large corridors. The limit values 
at 50% risk of initial symptoms are 373 ± 75 N for 
the upper neck axial force, 9 ± 3 g for T1 
acceleration, 18.4 ± 2 g for Head acceleration and 
422 ± 336 N for the lower neck shear force. The 

deviations of the limits exceed 40%, as illustrated 
in Figure 23 to Figure 25. 

Regarding the risk of symptoms over one month, 
Figure 26 represents the risk curves for the lower 
neck axial force obtained from MC-HNT model. As 
for the initial symptoms, the curves are very close 
giving a 50% risk of 703 ± 28 N. 
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Figure 26. Lower neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (MC-HNT model). 

For BioRID II, the risk at 50% of symptoms over 
than one month for the upper neck axial force is 
516 ± 38 N, as shown in Figure 27. The deviation is 
smaller than for initial symptoms risk (15% against 
40 % for initial symptoms risk). 
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Figure 27. Upper neck axial force risk curve of 
initial symptoms. Grey area represents risks 
limited by the minimum and the maximum 
criterion values for both distance configuration 
and black line is the median (BioRID II model). 

DISCUSSION 

Since over ten years many investigation on new 
neck injury criteria for rear end impact have been 
carried out. Bolström et al [25] proposed the NIC 
(Neck injury Criterion) as a value to correlate the 
head-neck movement with the ganglia caused by 
transient pressures changes in spinal canal. It 
addresses the relative acceleration between head 
and torso in the head translational motion. The 
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threshold proposed is of 15 m²/s². In 2002, Schmitt 
et al [19] proposed the Nkm criterion based on the 
linear combination of shear force and bending 
moment at the occipital condyle. 

In 2006, Eriksson and Kullgren [26] simulated 79 
real accident cases from the same database used on 
our study under 100 posture of BioRID II and 
proposed a NIC risk curve for symptoms > 1 
month. It estimates that a NIC of 24.5 ± 10 m²/s² 
corresponds to risk of 50 %, as illustrated in Figure 
28. As for the NICmax, they established a Nkm risk 
curve for symptoms > 1 month. It estimates that a 
Nkm of 0.5 ± 0.3 corresponding to risk of 50 %, as 
illustrated in Figure 29. 
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Figure 28. NICmax Risk curve for symptoms > 1 
month from Eriksson and Kullgren [26]. 
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Figure 29. Risk curve of symptoms > 1 month 
versus lower neck axial force for both models. 

Moreover, several multi body human models have 
been developed for rear-end impacts. A two-
dimensional human model has been proposed by 
Jernström et al [27] and the computed head-torso 
relative angle was compared to the one recorded on 
a volunteer undergoing a velocity change of 
8 km/h. In Jakobsson et al [ 28] it was then shown 
that neither the upper thoracic spine curvature of 
the model nor the calculated duration of the contact 
between the head and the headrest were in 
accordance with experimental data. These 
numerical and physical spine models are usually 
validated against experiments on volunteers or post-
mortem human subjects (PMHS) in the time 
domain by superimposing model and human 
response parameters as a function of time. This 

methodology is limited as it is very difficult to 
characterize a multiple degrees of freedom system 
under impact in the time domain. The mentioned 
limitation illustrates the need for further torso 
experimental and theoretical analysis.  

The present paper is to refer on in vivo human trunk 
characterization available in the literature using 
modal analysis techniques and to develop a lumped 
parameters model of this segment in the sagittal 
plane to be validated in the frequency domain. This 
model was seated in three car seats and 87 real 
accidents have been simulated. The same work has 
been carried out with BioRID II model in order to 
compare the prediction of neck damages. The 
simulations showed different behaviors about the 
head-neck-trunk system. Indeed, the MC-HNT 
model translation phase is longer period of time 
than the BioRID II model. This can be explained by 
the fact that the MC-HNT model presents a lower 
stiffness at the head-neck-trunk system. This 
behavior softer leads the model to be more 
sensitive. Indeed, during the deceleration phases, 
the trunk is pushed by the backseat leaving the 
head. The loading at the head-neck and neck-thorax 
junctions increases considerably if the head is 
pulled by the rest of the body before it contacts the 
headrest. This force can be projected either to axial 
force or to shear force according the head-thorax 
angle.  

One of main limitations of this study is not to know 
the initial posture of the occupants. Indeed, the 
posture has a drastic influence on the behavior, 
leading to different logistic regressions. A first 
evaluation of this influence has been carried out but 
it should be interesting to make in deep a parameter 
study to extract the best candidate parameters which 
correlate the injury severity. Nevertheless, it 
highlighted the difference behavior between the two 
models, and the homogeneous results in terms of 
parameter criteria, for the MC-HNT model. 

CONCLUSION 

Performing 87 real accident cases from Folksam 
database on three seats under two configuration of 
distance between head and headrest using a 
minimum complexity model (MC-HNT model) 
based on the reproducibility of the 5 first 
experimental vibration modes of the vertebrae 
column revealed several parameters with higher 
correlation coefficient values in the logistic 
regression against the lesion severity. The lower 
neck axial force is shown as the best value of 
Nagelkerke R-square for both initial symptoms risk 
and symptoms over than one month risk.  

The 87 accident cases were also simulated using 
BioRID II model. Then we performed a comparison 
between the predictive risk curves obtained by 
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analyzing the MC-HNT model and the BioRID II 
model. In addition we compared the Nagelkerke R-
square values obtained with these analyses. It 
appears that the MC-HNT model gives a better 
regression than the BioRID II one for all parameter. 
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ABSTRACT 
 

Human body segments and whole body 
models are more and more used in automotive 
safety research. Detailed in deep validated 
segmental models exist and are used for the 
definition of improved injury criteria, transforming 
the models into injury prediction tools. The present 
collaborative work’s objective is to couple and to 
validate the Strasbourg University Head FE Model 
(SUFEHM) with the THUMS human body model 
under Ls-Dyna code before applying the new tool 
under accidental environment. 

In a first effort, Strasbourg University 
Head Model and related injury criteria developed in 
earlier studies under RADIOSS code had to be 
transferred under Ls-Dyna code, both at constitutive 
laws and injury criteria definition level. For this, a 
validation of the SUFEHM against Nahum and 
Yoganandan’s experiments in order to validate 
brain and skull behavior respectively under Ls-
Dyna has been done. After these validations the 
reconstruction of 59 real world head trauma has 
been conducted in order to propose head tolerance 
limits to specific injuries under Ls-Dyna code. 

After this, the SUFEHM was coupled to 
the THUMS neck in order to create a hybrid 
“THUMS-Strasbourg head” model. At geometrical 
level the coupling was performed by creating 
interfaces at bone contact level and connecting 
ligaments and soft tissue elements to the head 
model. At mechanical level the coupled FEMs was 
validated under front, lateral and oblique impact 
regarding head-neck kinematics superimposed to 
experimental data. 

This coupled model constitutes an original 
research tool for further investigation on the 
importance of human head boundary condition in 
case of head impact, whatever the accident 
condition are, car occupant, pedestrian or even 
motorcyclists. 
 

INTRODUCTION 
 

Since several years human body models 
became a useful tool for the simulation of the 
human body under impact conditions. Human body 
models are directly modelled like the human body. 
In comparison the common dummy simulation 
models are modelled like the anthropomorphic test 
device which they are representing.  

Generally the results which can be 
obtained by a simulation model of the dummy are 
limited to the measurements which are delivered by 
the anthropomorphic test device.  

The results which human body simulations 
deliver have of course also limitations. But 
compared to an anthropomorphic test device human 
body models are able to represent the kinematics of 
the human body in a more realistic way. A human 
body model can be loaded from different directions. 
For instance the same model is able to simulate the 
frontal and the side impact loading of an occupant. 
In fact the same model should be able to simulate a 
pedestrian accident situation if positioned in a 
standing posture.  

All over the world several human body 
models are available. Additionally detailed models 
of body regions are also available. Body region 
models can be used for special impacts like a leg 
model impacting a front end model of a car. 
Regarding the body regions under the aspects of 
crash and impact the head is one of the most 
vulnerable body regions despite of having a strong 
bone structure. Therefore models of the head have 
been developed to simulate the impact and the 
possible injury caused by these impacts.  

A typical human body model for the whole 
human body is the THUMS model used with Ls-
Dyna code [Iwamoto2002, Oshita 2002]. Due to the 
fact, that the basic version of the THUMS model 
has a rigid skull modelling, the head impact of this 
whole body human model cannot be evaluated for 
possible head or brain injuries.  
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     A typical state of the art head model is the 
Strasbourg University Head FE Model (SUFEHM), 
which is able to predict head injuries caused by 
impacts. This model is available under Radioss 
code. The aim of this study is first to transfer 
SUFEHM under Ls-Dyna code, validate it and 
propose some tolerance limits to specific injuries by 
reconstructing real world head trauma under Ls-
dyna code, second to couple SUFEHM with the 
THUMS and validate the head-neck kinematics. 
 
STRASBOURG UNIVERSITY FINITE 
ELEMENT HEAD MODEL UNDER L-DYNA 
CODE 
 
Meshing presentation 
 
Kang et al., in 1997, has developed the Strasbourg 
University Finite Element Head Model. The 
geometry of inner and outer surfaces of the skull 
was digitised from a human adult male skull. The 
main anatomical features modelled were the skull, 
falx, tentorium, subarachnoid space, scalp, 
cerebrum, cerebellum, and the brainstem. The finite 
element mesh is continuous and represents an adult 
human head. Globally, SUFEHM model consists of 
13208 elements. Its total mass is 4.7 kg, a 
representation is given in Figure 1. 

 
Figure 1. Section through the Strasbourg 

University Finite Element Head Model 
(SUFEHM). 

 
Mechanical properties under Ls-dyna software 
 
     Introduction - The source model is available 
under Radioss code; the aim here is to implement 
mechanical properties under Ls-Dyna code before 
SUFEHM’s validation. Material properties of the 
cerebral spinal fluid, scalp, facial bones, tentorium 
and falx are all isotropic, homogenous and elastic, 
with mechanical properties similar than those used 
under Radioss code (*MAT_ELASTIC law) 
(Willinger et al., 1995). 
 
     Brain material law choice – The brain is 
assumed to be visco-elastic. The visco-elastic law 

used under Ls-Dyna code is Material Type 6 
(MAT_VISCOELASTIC). This model allows the 
modeling of visco-elastic behavior for beams, shells 
and solids. The shear relaxation behavior is 
described by: 

)()()( 0 tExpGGGtG β−−+= ∞∞  

With �� short-time shear modulus, �
∞

 Long-time 
shear modulus and � Decay constant. Values of the 
parameters are the same than for Radioss code i.e. 
��=4.9E-02 MPa, �

∞
=1.62E-02 MPa and β=145s-1. 

 
     Skull material law choice - The skull was 
modelled by a three layered composite shell 
representing the inner table, the diplöe and the 
external table of human cranial bone. For this an 
INTEGRATION_SHELL card has been 
implemented in order to define the three skull 
layers (cortical bone and diploe) as layers’ 
thicknesses. The material model 55, which is 
available under a single label “mat_enhanced 
composite_damage”, in LS-DYNA was used to 
represent the mechanical behavior of the skull 
bones The material model 55 has three failure 
criteria expressions for four different types of in-
plane damage mechanisms. Each of them predicts 
failure of one or more plies in a laminate. The 
expressions accommodate four in-plane failure 
modes: matrix cracking, matrix compression, fiber–
matrix shearing and fiber breakage. Skull 
mechanical parameters are presented in Table 1. 
 
Table 1. Skull mechanical parameters under Ls-

Dyna code 

 
Cortical 

bone 
Diploe 
bone 

Mass density [Kg/m3] 1900 1500 
Young modulus [MPa] 15000 4665 

Poisson’s ratio 0.21 0.05 
Shear stress parameter -0.5 -0.5 

Longitudinal and transverse 
compressive strength [MPa] 

145 24.8 

Longitudinal and transverse 
tensile strength [MPa] 90 34.8 

 
 
Validation 
 
After Strasbourg University Head FE meshing 
transfer under Ls-Dyna code and after the 
identification of the material laws, the SUFEHM 
validation under this code for Nahum’s impact (in 
order to validate brain response) and for 
Yoganandan’s impact (in order to validate the skull 
behaviour and bones failure) is proposed. 
 
     Nahum’s validation - The experimental data 
used in order to validate brain behaviour were 
published by Nahum et al.(1977) for a frontal blow 
to the head of a seated human cadaver. For this 
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impact configuration, a 5.6 kg rigid cylindrical 
impactor launched freely with an initial velocity of 
6.3 ms-1 generates an interaction force and a head 
acceleration characterised by their peak values 
which are respectively 6900 N and 1900 ms-2 over 
a duration of 6 10-3 s. Intracranial pressures were 
also recorded in this test, at five well defined 
locations : behind the frontal bone, adjacent to the 
impact area, immediately posterior and superior to 
the coronal and squamosal suture, respectively in 
the parietal area, inferior to the lambdoidal suture in 
the occipital bone (one in each side), and at the 
posterior fossa in the occipital area. 
Since the neck was not included in this model, a 
free boundary condition was used to simulate 
Nahum's impact. This hypothesis is based on the 
justification that the time duration of the impact is 
too short (6 ms) for the neck to influence the 
kinematics head response during pulse duration. 
In order to reproduce the experimental impact 
conditions, the anatomical plane of the SUFEHM 
was inclined about 45°, as shown in Figure 2, like 
in the Nahum's experiment. For modelling a direct 
head impact, the model was frontally impacted by a 
5.6 kg rigid cylindrical impactor (with an elastic 
padding, E= 13.6MPa, Poisson’s ration=0.16) 
launched freely with an initial velocity of 6.3 m/s. 
 

 
Figure 2. Nahum’s configuration 

 
 
     Yoganandan’s validation - Experimental tests 
carried out by Yoganandan et al. in 1994 has been 
used in order to validate the ability of the human 
head finite element model to predict a skull 
fracture. The impact configuration is shown in 
Figure 3. The surface of the impactor was modelled 
by a 96mm diameter rigid sphere. Initial conditions 
were similar to the experimental ones i.e. a mass of 
1.213kg with an initial speed of 7.1 m/s. The base 
of the skull was embedded as in the experiment. For 
the model validation, the contact force and the 
deflection of the skull at the impact site, were 
calculated. 
 

 
Figure 3. Yoganandan’s configuration 

 
Tolerance limits to specific injury mechanisms 
 
     SUFEHM tolerance limits to specific injury 
mechanisms are available under Radioss code and 
published by Deck et al. (2008). The objective here 
is to propose tolerance limits under Ls-dyna code. 
For this, 59 head impact conditions that occurred in 
motorcyclist, American football and pedestrian 
accidents were reconstructed with the SUFEHM 
under Ls-Dyna code. A summary of the type and 
number of accident reconstructions is given through 
Table 2.  
The reconstructions involved applying the motion 
of the head from the accidents to the rigid skull of 
the SUFEHM. Same methodology (statistical 
analysis) than methodology used by Deck et al. 
(2008) has been undertaken.  
For the statistical analysis the injuries for the 
accident data were categorised into the following 
types and levels based on the details of the medical 
report from each accident case: 
- Diffuse axonal injuries (DAI): DAI cases 

covered all incidences in which neurological 
injuries occurred and covered concussion, 
unconsciousness and coma. Incidences of DAI 
were broken down into mild and severe levels 
according to coma duration (<24H for 
moderate DAI and >24H for severe DAI) 

- Subdural Haematomas (SDH): This category 
of injuries covered all incidences in which 
vascular injuries with bleeding were observed 
between the brain and the skull of which there 
were six cases. 

 
Table 2. Summary of the type and number of 

accident reconstructions 

Accident Type Number of 
cases 

Motorcycle accidents 11 
American football accidents 20 

Pedestrian accidents 28 
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THUMS SUFEHM COUPLING 
 
THUMS presentation 
 
The Total Human Model for Safety (THUMS) was 
originally developed in the late nineties by the 
Biomechanics Laboratory from Toyota, with the 
help of a part of the model developed by the Wayne 
State University […]. The geometry of the model 
represents a 50th percentile American adult male 
body with 175 cm height and weighting 77 kg. This 
initial version of the model, composed of about 
80,000 elements, is presented in Figure 4. Several 
projects performed at Daimler have led to an 
advanced model (165,127 elements) that is shown 
in Figure 5. This later model was used in the 
present study. Figure 6 gives an overview of the 
resulting global THUMS with the implemented 
SUFEHM (174,058 elements). 
 

 
 

Figure 4. Basic THUMS model 
 

 
 

Figure 5. Advanced THUMS model 

 
 

Figure 6. Advanced THUMS model with 
Strasbourg University Head FE Model 

(SUFEHM) 
 
 
Coupling 
 
The coupling of the SUFEHM head with the 
advanced THUMS model has been done manually 
by using a FE pre processor. The original head of 
the THUMS models has been replaced completely. 
The mesh of the THUMS neck has been changed in 
the connection area between the SUFEHM head 
and the THUMS neck. The connection methods are 
the same like in the original THUMS model. 
Between head and neck elements the same nodes 
are shared. The mesh is continuously without any 
tied contacts or boundary conditions. The Figure 7 
shows the new generated head-neck complex.  
 
Due to the changed head model it is necessary to 
verify the validation of the new generated head 
neck complex. 
 

 

 
 

Figure 7. Head neck complex with SUFEHM 
head and modified THUMS neck.  
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Validation 
 

After implementation of the SUFEHM on 
the THUMS model, a validation of the head-neck 
coupling was carried out according to data from 
studies on the human volunteer experiments 
conducted by Ewing et al. (1968, 1977) at the 
Naval Biodynamics Laboratory (NBDL). 
 

In the experiments of Ewing et al. very 
healthy volunteers, from U.S. Army Air Defense 
Command, were put in seated position on a chair 
rigidly attached to a sled consisting of a horizontal 
accelerator that is shown in Figure 8. They were 
equipped with pelvic and torso restraint systems 
while allowing the head and neck to move freely as 
illustrated in Figure 9.  

 
The subjects were then submitted to 

impact accelerations in frontal, lateral and oblique 
directions.  

 
Two redundant systems were used to 

monitor the kinematics of the head-neck coupling. 
The first one is composed of transducers positioned 
over the posterior spinous process of the first 
thoracic vertebra (T1), over the posterior superior 
aspect of the head and at the mouth level as shown 
in Figure 10. The second system consists of high-
speed cameras mounted to the sled.  
 

Results of these tests give access to the 
dynamic responses (linear and angular accelerations 
and displacements) of the head with respect to the 
input accelerations, velocities and accelerations 
which have been recorded at T1.  
 

Table 3 summarizes the conditions of the 
experiments for the different impact configurations. 
 
 

 
 

Figure 8. Human volunteer positioned in the sled 
for a lateral impact (NBDL website) 

 

 
 

Figure 9. Restraint systems (NBDL website) 
 

 
 

Figure 10. Anatomical locations for the 
transducer systems on volunteer head (Ewing et 

al. 1968) 
 
 
 

Table 3. Summary of the set-up of the 
experiments for the three impact configurations 
(adapted from van der Vorst, PhD. Thesis, 2002) 
 

 
 

In the validation procedure the THUMS 
model with the SUFEHM head model has to be 
loaded with the same accelerations like the 
volunteers in the tests of Ewing et al. To achieve 
the same loading conditions it is necessary to either 
model the same environment like in the test set up 
including the belt system or a simplification which 
allows validating the head-neck complex has to be 
done. A simplification of an existing deformable 
finite element model can be achieved by reducing 
the elements degrees of freedom for a part of the 
model. In this study the head-neck complex has 
been left deformable. The rest of the body has been 
defined as a rigid body. The rigid area includes the 
T1 bone (Figure 11). 
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Figure 11. THUMS model rigid parts including 

T1 bone for validation procedure. 
 
The velocities in the sled tests measured 

kinematics at the T1 bone can now be applied to the 
rigid part of the model. This approach saves 
computation time and allows validating the head-
neck complex as an independent system in the first 
step.  

From the tests of Ewing et al. average 
velocity curves are available for the three different 
loading directions. Figures 12 to 14 show the 
measured average speed. 

For the validation of the model a change of 
any material property of the model has to be 
simulated and compared for all three loading 
directions (latatefrontal and oblique).  

Tests with human volunteers deliver of 
course different results for each person despite of 
having similar body sizes and weights. Plotting the 
results in one diagram delivers usually a corridor of 
possible results. The aim in the validation is to 
achieve results for all three loading directions 
which are in the corridor.  

The new created head-neck complex did 
not deliver simulation results which fit in the 
corridor of the test results with the original material 
properties of the THUMS neck model. It was 
necessary to change material properties for the neck 
in this validation procedure.  
     For realistic global kinematics of the head-neck 
complex it is necessary to define a contact between 
the head and the torso. Impact loadings of this 
severity can cause contacts of the head to the torso. 

 
Figure 12 Velocities imposed on T1versus time 

for the lateral impact. 
 

 
Figure 13. Velocities imposed on T1versus time 

for the frontal impact. 
 

 
Figure 14. Velocities imposed on T1versus time 

for the oblique impact. 
 
 
RESULTS 
 
SUFEHM Results 
 
     Nahum’s validation results – In order to 
validate brain mechanical properties under Ls-Dyna 
code, a Nahum’s experiment has been numerically 
replicated. The comparison of numerical and 
experimental forces is shown in Figure 15a for the 
Nahum's impact. A good agreement for the impact 
force was found as the time duration of impact and 
the amplitudes were well respected. The 
comparison of pressure time histories between 
numerical and experimental data is presented in 
Figure 15b, c, d, e for the Nahum's impact 
simulation. As shown in these figures, five 
intracranial pressures from the model matched the 
experimental data very well. The maximum 
difference of pressure peak is under 10 %. 
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Figure 15. Experimental and numerical results comparison obtained for a Nahum’s impact in terms of 
interaction force (a), frontal pressure (b), Fossa posterior pressure (c), parietal pressure (d) and occipital 

pressure (e) under Ls-Dyna code. 
 
     Yoganandan’s validation - In order to validate 
material and section definition of the skull under 
Ls-Dyna software, Yoganandan’s experiment was 
simulated. The numerical force-deflection curves 
are compared to the average dynamical response of 
experimental data (Figure 17). The dynamical 
model responses agree well with the experimental 
results, both the fracture force and the stiffness 
level.  
 
When a layer fails, a parameter, called damage 
parameter, which is zero by default is set to one. 
Figure 16 illustrates damaged layer(s) in the 
simulation. The blue color indicates that at least one 
layer of the element failed. The model indicates 
fracture located around the impact point which 
complies with pathological observations. 
 

Figure 16. Skull failure description in terms of a) 
tensile fiber break, b) compressive fiber break 

and c) compressive matrix break 
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Figure 17. Experimental versus simulated force 
deflection curves until fracture (+ gives the 

corridor of Yoganandan’s experimental results). 
 
 
SUFEHM Tolerance limits under Ls-dyna code 
 

Results computed with the SUFEHM 
under Ls-Dyna code are reported in terms of 
correlation coefficients (Nagelkerke R-Squared 
values) in order to express their injury prediction 
capability.  

Based on SPSS method it appears that DAI 
are well correlated with intra-cerebral Von Mises 

a) b) c) 
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stress. Maximal principal strain as well as Von 
Mises strain presents also an acceptable correlation.  
Coming to maximum R² values, the maximum Von 
Mises stress conducts to 0.6 and 0.39 for 
respectively moderate and severe neurological 
injury.  
 

The threshold for this parameter are of the 
order of 28 and 53 kPa respectively for moderate 
and severe neurological injuries as it appears in the 
injury risk curves reported in Figure 18. 
 

Concerning the SDH injuries two 
mechanical parameters, i.e. CSF minimum pressure 
and CSF strain energy were considered. 

With the SUFEHM it was shown (Table 4) 
that the best correlation with SDH was the 
maximum strain energy within the CSF, with a R² 
value of 0.465 and a threshold value of about 4950 
mJ. 
 

After the analysis of regression correlation 
method Figure 18 and figure 19 report the injury 
risk curves obtained with the SUFEHM for each of 
the injury types and the corresponding equations 
which permit to draw the S-curves. Finally Table 5 
and Table 6 provide the tolerance limits for each 
injury mechanisms with an injury risk of 50%. 
 

 
 

Table 4. Nagelkerke R-Squared value for the 
logistical regressions between the injury predictors 

computed with SUFEHM and the injury data. 
 

Table 5. Tolerance limits calculated for DAI 
injuries (mild and severe) with the ULP FE head 

model and LS-DYNA software. 
 

Injury Predictors Mild 
DAI 

Severe 
DAI 

SDH 

CSF minimum 
pressure 

  0.367 

CSF strain energy   0.465 

Peak brain Von 
Mises stress 

0.6 0.39  

Peak brain first 
principal strain 

0.43 0.355  

Peak brain Von 
Mises strain 

0.43 0.35  

 

 
Mild 
DAI 

Severe 
DAI 

Brain Von Mises stress [kPa] 28 53 

Brain Von Mises strain [%] 30 57 

Brain First principal strain [%] 33 67 
 

 

 
Table 6. Tolerance limits calculated SDH injury 

with the ULP FE head model and LS-DYNA 
software. 

 

 SDH 

Minimum of CSF pressure [kPa] 290 

CSF strain energy [mJ] 4950 
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Figure 18. Best fit regression models for DAI injury (moderate up and severe down) investigated for the 
SUFEHM considering brain Von Mises stress. 
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Figure 19. Best fit regression models for SDH/SAH injury investigated for the ULP head model 

considering CSF pressure (up) and CSF strain energy (down). 
 
 
 
 
THUMS Validation Results 
 

For the validation the simulation results 
can be compared for the head centre of gravity 
accelerations and displacements. In the tests of 
Ewing et al. the accelerations of the head centre of 
gravity have been calculated by considering the 
accelerometer positions which the occupants of the 
sled had fastened on their heads.  
 

The centre of gravity for the SUFEHM 
model has been calculated by pre processing 
software tools. For the comparison of the results the 
closest node of the calculated head centre of gravity 
has been used (Figure 20).  
 

The validation results for the impact 
loading are strongly dependent from the contact 
between torso and head. Therefore both curves with 
and without head contact to the torso are plotted in 
the result plots (Figures 21, 23 and 25 for frontal, 
lateral and oblique impact respectively).  

 
Motions for a frontal, lateral and oblique 

impact of the finite element model deprived of the 
contact definition are given in figures 22, 24 and 26 
respectively. 

 
 
 

 
 
 
 
 
 
 

 
 

Figure 20. SUFEHM centre of gravity and 
closest node for comparison with simulation 

results. 
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Figure 21. Simulation results of a frontal impact. Kinematics responses of the anatomical centre of the 

head: (a) x- angular acceleration; (b) y- linear displacement; (c) y- angular acceleration; (d) y- rotation; (e) 
z- linear acceleration; (f) z- linear displacement; Corridors and inputs for simulations follow experiments 

from Ewing et al. (1968, 1977) 
 

   

 
Figure 22. Motion for a frontal impact of the finite element model deprived of the contact definition (head 

and spine up to T1). 
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Figure 23. Simulation results of a lateral impact. Kinematics responses of the anatomical centre of 
the head: (a) x- (b) y- and (c) z- linear accelerations; (d) x- (e) y- and (f) z- linear displacements; (g) 

Motion of the finite element model deprived of the contact definition (head and spine up to T1). Corridors 
and inputs for simulations follow experiments from Ewing et al. (1968, 1977) 

 
 

 
 

Figure 24. Motion for a lateral impact of the finite element model deprived of the contact 
definition (head and spine up to T1). 
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Figure 25. Simulation results of an oblique impact. Kinematics responses of the anatomical centre of the 
head: (a) x- (b) y- and (c) z- linear accelerations, (d) x- (e) y- and (f) z- displacements; Corridors and 

inputs for simulations follow experiments from Ewing et al. (1968, 1977) 
 
 

 
 

Figure 26. Motion for an oblique impact of the finite element model deprived of the contact definition 
(head and spine up to T1) 
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CONCLUSIONS AND DISCUSSION 
 

In this study the Strasbourg University 
Finite Element Head Model (SUFEHM) has been 
transferred under LS-DYNA code, and mechanical 
properties have been implemented. Two 
experimental impacts have been replicated 
numerically, a Nahum’s impact in order to validate 
the brain behaviour and a Yoganandan’s shock to 
validate the skull stiffness and fracture.  
In an attempt to develop improved head injury 
criteria under Ls-Dyna code, 59 real world head 
trauma that occurred in motorcyclist, American 
football and pedestrian accidents were 
reconstructed with SUFEHM. Statistical analysis 
was then carried out on intra cerebral parameters 
computed in order to determine which of the 
investigated metrics provided the most accurate 
predictor of the head injuries sustained in the 
accidents. Two tolerance limits to specific injury 
(for a 50% risk of injuries) have been computed: 
- A maximum Von Mises stress value: 28 kPa for 

moderate DAI and 53 kPa for severe DAI. 
- A maximum CSF strain energy: 4950 mJ for 

SDH 
The original head model of the THUMS 

model has been replaced by the Strasbourg 
University Finite Element Head Model (SUFEHM). 
The Validation of the new head-neck complex has 
been done against the volunteer tests of Ewing et al. 
The results show a good fit for the linear 
accelerations and linear displacements of the head 
centre of gravity for all three impact directions.  

The coupled model can now be used for 
further studies in which the whole body kinematics 
is important before the head suffers any impact. 
Compared with the real accident situations the 
whole body simulation is more realistic than a head 
impact model alone. The complete deformable 
finite element model can be used directly for 
simulations with other finite element models, 
without any pre simulations like with multi body 
models.  

In car accidents the new model can be used 
for the analysis of pedestrian accidents and for 
occupants the oblique or multi directional loading 
can be simulated.  

Another interesting study would be the 
accident analysis of motor cyclists. Especially the 
whole body kinematics with a helmet model can 
deliver new information. 
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ABSTRACT 
 
Although internal organ injury in car crashes occurs 
at a relatively lower frequency compared to bone 
fracture, it tends to be ranked higher in terms of 
injury severity. A generalized injury risk can be 
assessed in car crash tests by evaluating abdominal 
force and viscous criterion (VC) using a crash test 
dummy, but the injury risk to each organ cannot be 
estimated with current dummies due to a lack of parts 
representing the internal organs. Recently, human 
body modeling research has been conducted 
introducing organ parts. It is still a challenge to 
simulate the impact behavior of organ parts and their 
injury, based on an understanding of the differences 
in structure and material properties among the 
organs.  
In this study, a next generation human body FE 
model has been developed to predict internal organ 
injury. The model represents the geometry of organ 
parts, their location in a living human body and their 
connections to surrounding tissues. The features of 
each organ part were taken into account in modeling, 
so that compressive material was assumed for hollow 
organs while incompressive material was applied to 
solid organs. Besides the major organ parts, other 
soft tissues such as membranes and fatty tissues were 
also incorporated in order to simulate relative 
motions among organs. The entire model was 
examined comparing its mechanical response to that 
in the literature. The study confirmed that the 
force-deformation response of the torso against 
anterior loading showed a good correlation with that 
of tested subjects. 
 
INTRODUCTION 
 
Computer simulation has attracted attention in recent 
years as a way of predicting occupant behavior and 
injury criteria in vehicle collisions. In fact, research 
and development efforts in this field date back to the 
1960s. The most common modeling method in this 
period, called multibody simulation, recreated 
vehicle occupants using rigid body elements with 
links (McHenry, 1963) [1]. In a multibody model, 
major body parts such as the head, torso, and 
extremities are expressed by ellipsoids, with joints 
defined from among them. A multibody model could 

simulate impact behavior of a human body by 
adjusting the dimensions, mass, and inertia moment 
of the ellipsoids to those of the relevant body parts, 
and setting the rotational direction and angle of each 
joint with the same restrictions as human joints. It is 
also possible to predict mechanical response of the 
occupant after contact with interior parts or restraint 
devices by replacing the rigid ellipsoids with 
deformable elements. Other benefits of using 
multibody models in impact behavior simulations 
include short calculation times and simple parameter 
studies. However, such models are not well suited for 
recreating injuries such as bone fracture or soft tissue 
damage. In contrast, finite element (FE) models 
began to be used for analyzing vehicle body 
deformation in the 1980s. By representing structures 
of vehicle body panels in a FE model, it became 
possible to simulate deformation modes and force 
responses accurately. Moreover, it was also possible 
to predict whether metal sheets would rupture under 
given impact conditions by assuming the stress-strain 
property up to the rupture point. Despite the fact that 
FE simulation generally requires longer calculation 
times than multibody simulation, research using 
human FE models is an advanced method of 
predicting impact behavior and mechanical response. 
The development of human FE models started with 
component models, such as of the head or thorax. 
Such models are generated based on commercial 
databases of human anatomy and anatomical or 
sectional drawings of the body, and their material 
properties are input based on the mechanical 
properties of body tissues reported in the literature. 
The validity of a completed model can be verified by 
comparing impact response with that of post mortem 
human subjects (PMHS). FE models of the entire 
body have been built by combining component 
models from the head to the lower extremities. 
Several such models have already been developed, as 
reported by Choi et al. (1999) [2], Iwamoto et al. 
(2002) [3], Vezin et al. (2005) [4], and Ruan et al. 
(2003) [5]. 
One of these models is the Total Human Model for 
Safety (THUMS), which was jointly developed by 
Toyota Motor Corporation and Toyota Central R & D 
Labs., Inc., and has been used in a number of 
published studies attempting to reproduce injuries in 
vehicle collisions. THUMS includes a standing 
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pedestrian model and a sitting model of a vehicle 
occupant, both of which simulate an adult male of 
average physique. Iwamoto et al. (2002) used 
THUMS to simulate an actual traffic accident 
scenario (a vehicle colliding with a utility pole) and 
reproduced the injuries suffered by the occupants. 
Kitagawa et al. (2005) [6] used a human FE model to 
predict occupant behavior in a frontal collision to 
study knee joint deformation when the knees strike 
the instrument panel and the effect of airbags in 
helping to reduce such deformation. Hayashi et al. 
(2006) [7] and Kuwahara et al. (2008) [8]  
simulated vehicle side impact collisions to 
investigate the mechanism of rib fractures and the 
force-reduction effect of side airbags. In addition, 
Kitagawa et al. (2006 [9], 2007 [10], and 2008 [11]) 
simulated low-velocity rear-end collisions to analyze 
occupant head and cervical behavior and examine the 
mechanism of cervical whiplash injury. Yasuki et al. 
(2005) [12] also used a human FE model to predict 
pedestrian behavior in a vehicle collision and 
compare the results with the impact behavior of the 
TRL impactor used in lower extremity injury 
assessment tests. 
Since injuries to the brain and internal organs 
generally tend to be more severe than bone fractures 
or ligament rupture, attempts have also been made to 
reproduce such injuries using human FE models. 
Tamura et al. (2006) [13] simulated vehicle collisions 
using a pedestrian model featuring a brain. This 
study indicated a high level of strain within the brain 
immediately before and directly after impact between 
the pedestrian’s head and the vehicle’s hood. In 
contrast, although several case studies have 
attempted to reproduce injuries by simulating 
impactor tests on PMHS, relatively few have 
attempted to predict organ injury under conditions 
equivalent to a vehicle collision. Hayashi et al. 
(2008) [14] demonstrated that internal lung pressure 
on the side facing the impact increases due to contact 
between the upper arm of a vehicle occupant and the 
side of the thorax in a side impact collision. This is a 
valuable piece of research that discusses internal 
organ injury risk under vehicle collision conditions, 
but it does not provide a quantifiable assessment of 
injury occurrence. Organs in the thoracic and 
abdominal areas tend to suffer greater deformation in 
an impact than the brain, which is encased in a highly 
rigid skull. However, it is not easy to accurately 
reproduce the mechanical response of internal organs, 
which are much softer than the skeleton or ligaments, 
or to predict their injury criteria. This research 
developed the next generation of the human FE 
model THUMS (THUMS ver.4.0). Featuring both 
standing and seated postures, THUMS ver.4.0 
simulates the internal organ structures within the 
torso in detail. High-resolution CT scans were used 
to digitize the interior of the body and generate 

precise geometrical data for the internal organs. As a 
result, it was possible to accurately reproduce the 
layout of organs within the body and their connecting 
structures. Moreover, the modeling reflected the 
anatomical features of each organ, and by inputting 
data on the physical properties of organ tissue 
reported in the latest research, it is possible to 
simulate injury at a tissue level. The validity of the 
completed model was verified by comparing its 
mechanical response with impact test data from 
PMHS. The impact simulations with the human FE 
model used the finite element analysis (FEA) code 
LS-DYNA TM. 
 
MODEL DEVELOPMENT 
 
Torso Model 
 
To predict organ injury accurately in a vehicle impact, 
it is necessary to simulate the structure inside the 
torso in detail. The developed model not only 
reproduces the geometry of the individual organs 
within the torso, but also their layout and connecting 
structures. 
 
  Acquisition of Anatomical Data - The internal 
torso structure was digitized in cooperation with the 
University of Michigan, which holds large quantities 
of data obtained using high-resolution CT scans. The 
CT scan measurement was performed for medical 
purposes and permission to use the data as a 
reference for developing the human FE model was 
obtained from the Michigan Institutional Review 
Board. Data groups of males in their 30s of average 
height and weight close to that of a 50th percentile 
American male (AM50: 175 cm, 77 kg) were 
extracted from the available data (approximately 
558,000 people), and checked to eliminate samples 
with visible pathological abnormalities in the torso. 
The data of a 39-year old male with a height of 173 
cm, a weight of 77.3 kg, and a BMI of 25.8 was 
selected. The CT scan data was measured at a pitch 
of 0.625 mm for the thorax, and 5 mm for the 
abdomen. Figure 1 shows images of the skin, 
skeleton, and soft tissue included in the scanned data. 
The scanned data was converted into Standard 
Triangulated Language (STL) format polygons for 
each body and tissue part using the 3D image 
conversion tool MIMICS TM. The skeletal structure 
was identified by applying a masking process to the 
CT scan images at a threshold value of 130 
Hounsfield units (HU). The soft tissue was identified 
by a conversion process using a different HU level 
for each organ. The process was performed while 
verifying any partial omissions in the created 
polygon data. The following organs were converted 
into polygon data: heart, lungs, liver, kidneys, spleen, 
pancreas, gall bladder, bladder, esophagus, stomach, 
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duodenum, small intestine, and large intestine. 
However, due to the thinness of its walls, it was 
difficult to generate polygon data that reproduced the 
path of the small intestine. Compression of the 
abdomen not only causes compressive deformation in 
the small intestine itself, but also generates 
movement together with the neighboring area. 
Therefore, this model does not reproduce the exact 
path of the small intestine, but instead expresses the 
whole of the small intestine as a single element. In 
contrast, the paths of each artery and vein, and their 
connections to each organ were reproduced in 
polygon data. The end diameters of the blood vessels 
connected to each organ are expressed to a detail of 
approximately 5 mm. In addition, geometry for 
membranes surrounding the organs, such as the 
diaphragm, pleurae, peritoneum, and fascia, was also 
extracted. Thus, organs such as the pancreas, kidneys, 
bladder, small intestine, and large intestine are 
expressed as shapes included within the peritoneum. 
Separate polygon data was also generated for visceral 
fat. Subcutaneous fat, muscle, and the microscopic 
blood vessels between the skin and skeleton and 
between the skin and peritoneum were treated as 
belonging to the same group. The spinal cord was 
expressed within the spinal canal as a separate 
polygon data group from the vertebral body. 
 

Skin Skeleton Soft Tissue

Artery
Vein

Lungs

Liver

Small
intestine

Heart

Large
intestine

Figure 1.  CT scan data. 
 

Creation of FE Model - Surfaces were created 
by feeding the polygon data into the HyperMesh TM 
mesh generator. Geometrical features with unnatural 
disconnections in the generated surfaces (such as 
bends or projections) were repaired in reference to 
anatomical drawings and the like. Interference 
between surfaces created for separate parts 
(particularly adjacent curved surfaces and so on) was 
handled by receding the surface geometry of the 
interfering portion without disturbing the shape of 
the parts. Guidelines were established before 
generating the FE mesh. The mesh density was 
adjusted so that the element length became 3 to 5 mm, 
which divided the sternum, a relatively small bony 
part in the thorax, into two sections in the 
anterior-posterior direction. In addition, the aorta, 
also a small organ part, was divided into eight 

elements in the circumference direction. The 
reference values for the quality of element geometry 
were set as follows: warpage = 50 degrees or less, 
aspect ratio = 5 or less, skew = 60 degrees or less, 
Jacobian = 0.3 or more. Solid elements were used 
wherever possible for FE mesh generation. However, 
since many cortical bones within the torso skeletal 
structure have a thickness of around 1 mm, these 
bones were modeled using shell elements and 
cancellous bones with solid elements. For soft tissue, 
solid organs and thick hollow tissue were modeled 
with solid elements, and thin tissue such as blood 
vessels and membranes were modeled with shell 
elements. In addition, cortical bones and soft tissue 
with little curvature were divided into quadrilateral 
shell elements and hexahedral solid elements. The 
appropriate hourglass control logic was applied to 
each type of element, using full integration for the 
shell elements and 1-point integration for solid 
elements. In addition, skin and subcutaneous fat 
adjacent to joints were modeled using quadrilateral 
elements to facilitate FE mesh regeneration after 
changes in posture. 
Nodes at boundary surfaces between connective 
tissue were shared. For example, each of the 
following tissues are defined as separate parts, but 
include elements with shared nodes at their adjacent 
boundary surfaces: cortical and cancellous bones; rib 
cartilage and costal bones; the aorta/vena cava and 
the heart/lungs; and the digestive system 
(stomach/duodenum/small and large intestines) from 
the esophagus. Parts of various organs join with other 
tissue, for example, the superior portion of the liver 
joins with the diaphragm, and a portion of the rear of 
the large intestine joins with the peritoneum. These 
joints were also expressed with shared nodes at the 
corresponding parts. Other boundary surfaces, for 
example between different organs or between 
non-connecting organs and membranes, were defined 
to perform contact processing. It was assumed that 
no friction occurs between contact surfaces. Figure 2 
shows the skeletal structure and internal organs of the 
torso model. 
Skeletal parts were assumed to have elasto-plastic 
properties capable of expressing tissue injury. 
Membrane material was applied to ligaments and 
organ membranes, whereas incompressive material 
was assumed for the solid parts of organs. 
Compressive material was assumed for hollow 
organs such as the small and large intestines. The 
structure of the lungs includes air within the 
pulmonary alveoli. Membrane material was applied 
to the organ surface and their interior portions were 
expressed with elastic material simulating gas. Blood 
vessels were given the same structure. The physical 
properties input into each material model were 
selected from data obtained by Yamada (1970) [15]  
and Abe et al. (1996) [16].  
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Figure 2.  Skeletal structure and internal organs 
of torso model. 

Head Model 
 
THUMS ver.3.0 was used for the head model (Figure 
3). This model was developed by Kimpara et al. 
(2006) [17] and its accuracy was validated against 
mechanical response results of impact tests in the 
literature. The elements in the FE mesh have a length 
of approximately 10 mm for the epidermis but 3 to 7 
mm for the brain part that is essential for injury 
prediction, and matches well with the developed 
torso model. The merging positions of the models are 
as follows: the lower extremity of the cervix for the 
skin and subcutaneous fat, and the upper extremity of 
the cervix for the spine and spinal cord. The spinal 
cord is provided within the spinal canal using solid 
elements simulating the surrounding cerebrospinal 
fluid (CSF) and fatty layer. Its surface contacts that 
of the vertebral body without sharing nodes. Material 
properties equivalent to water are assumed for the 
CSF part. The cervical muscles are modeled in 1D 
elements in the same way as in THUMS ver.3.0, and 
recreate only resistance force when forcibly 
elongated. Table 1 lists the physical properties of the 
head model. 
 
Extremity Models 
 
Excluding the pelvis, the FE meshes of the 
extremities were modeled in reference to 
ViewPointTM geometrical data (Figure 4). The 
element division guidelines were the same as for the 
torso model. Since the extremity models are mostly 
used for assessing bone fractures, each leg model 
used solid elements to express the cortical bones as 
well as the femur, patella, tibia, and fibula (Figure 5). 
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Gray matt er
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White matter
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(Spinal cord)
Gray matt er
(Spinal cord)
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Sagittal sinus

 

Figure 3.  Head model ( THUMS ver. 3.0 ). 

 

Figure 4.  Outline of extremity models. 

approx. 1 mm

Thickness of Cortical bone

approx. 5 mm

A-A'

B B'

A

A'

B-B'

Figure 5.  Section of bone along length of leg. 

Knee joint ligament injury risk is estimated to 
evaluate pedestrian protection performance. The 
cruciform and collateral ligaments were modeled 
using solid elements (Figure 6). Solid elements were 
also used for the tendon of the quadriceps femoris 
muscle, the patellar ligaments, and the Achilles 
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tendon. The integration points and material 
properties of the elements were set along the same 
lines as the torso model. Table 1 also lists the 
material properties defined in the extremity models. 
The extremities contain abundant musculature, which 
has a major effect on behavior and mechanical 
response in an impact. This study divided the 
muscles of the extremities into the major muscle 
groups. The upper extremity and tibia portions were 
divided into flexing and extending muscle groups. 
Adductor muscles were also provided for the femur 
portion in addition to the above two groups. The 
dividing positions for the muscle groups were 
determined based on anatomical reference books and 
visual data from the Visible Human Project. Shared 
nodes were provided for the parts at the boundaries 
between each muscle group and the skeletal structure, 
and between the muscles groups and the skin. 
Contact processing was applied between the muscle 
groups so that compression causes both movement 
and sectional deformation of each group. A friction 
coefficient of zero was assumed for the surface of the 
fascia. The extremity models were joined to the torso 
model at the shoulder and hip joints. The merging 
portions were modeled using shell elements 
equivalent to joint ligaments. The humerus was 
connected to the scapula and clavicle, and the femur 
was connected to the pelvis. The articular capsules 
were also modeled using shell elements. The FE 
mesh for the skin and muscles of the torso and 
extremity models was made consistent. 

Medial 
collateral 
ligament
（MCL）

Anterior cruciate 
ligament(ACL)

Posterior cruciate 
ligament (PCL)

Lateral 
collateral 
ligament
（LCL）

Quadriceps 
Femoris

 

Figure 6.  Knee joint ligaments. 

 
Whole Body Models 
 
The whole body models were assembled by fusing 
the torso, head, and extremity models. Since the CT 
scan torso geometry data was obtained while the 
subject was recumbent on the device looking upward, 
the standing model was created first. This model 
simulates a person standing in an upright position 
with their legs open at shoulder width. Both arms are 
hanging straight down to the sides of the torso. The 

seated model, simulating a vehicle occupant, was 
then created based on the standing model. The model 
was modified to position the lumbar vertebrae in a 
natural seating posture. The arms and legs of the 
seated model are both slightly extended in front of 
the torso. Figure 7 shows an outline of both models. 
Each contains approximately 630,000 nodes and 1.8 
million elements. The model has a height of 178.6 
cm and a weight of 63.0 kg, which is close to the 
person used as the basis for the torso model. 

 

Figure 7.  Outline of whole body models 
(standing and seated). 

 
MODEL VALIDATION 
 
The validity of the completed model was verified by 
comparing its mechanical response with the results of 
PMHS impact tests in the literature [20]-[25]. For 
verification, the conditions of the actual tests had to 
be reproduced using the FE model. For this reason, 
the selected test cases were those with detailed 
information on the impact conditions such as 
impactor geometry and velocity and the PMHS 
injury results. In addition, the posture of the 
assembled standing model was modified in 
accordance with the test conditions. Table 2 lists the 
literature data used for the validation. It is common 
for thoracic and abdominal impact tests to use an 
impactor, but the results of tests involving the 
application of a belt-shaped compressive force were 
also used to simulate a vehicle occupant wearing a 
seatbelt. Since the extremity models are mostly used 
to evaluate bone fracture and ligament injury, 3-point 
bending tests were selected for the bones in the upper 
and lower extremities and impactor tests were 
selected for the knees. The head and neck models 
have already been verified by Kimpara et al. (2006), 
but the literature data for these cases is also included 
in Table 2 for reference. 
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Table 1.  Material characteristics of model body parts and tissues 

Density
(kg/m3)

Young's
modulus
E (MPa)

Poisson
   ratio

Yield
stress
(MPa)

Ultimate
stress
(MPa)

Reference

Cortical 2,120 11,000 0.22 48
Trabecular 1,000 100 0.22 0.35

Cortical 2,120 11,000 0.22 48
Trabecular 1,000 1,000 0.22 4.8

Cortical 2,120 11,000 0.22 48
Trabecular 1,000 200 0.22 0.7

Skull suture 2,120 13,000 0.22 12 Naruse (1993)
Cortical 2,000 12,000 0.3 100

Trabecular 1,000 1,000 0.3 8.3
Cortical 2,000 9,860 0.3 66.7 Kimpara (2005)

Trabecular 1,000 40 0.45 1.8
Costal 1,000 49 0.4 4.9

Cortical 2,000 11,000 0.3 110
Trabecular 1,000 1,100 0.3 7.7
Cortical 18,500 0.3 146

Trabecular 145.6 0.45 30.6
Cortical 15,000 0.3 140

Trabecular 145.6 0.45 30.6
Cortical 15,000 0.3 140

Trabecular 145.6 0.45 30.6
Cortical 17,000 0.3 150

Trabecular 145.6 0.45 30.6
Cortical 18,000 0.3 150

Trabecular 145.6 0.45 30.6
1,000 2 0.4 2

Cervical 2,000 1 0.4 2

1,000 13 0.4 1

900 31.5 0.45 0.1
4,000 4 0.4 3

1,100 9 - 100 0.22 1 - 3 Yamada(1970)
Abe et al.(1996)

900 0.5
900 0.5

Intercostal 1,000 1 0.3 Yamada (1970)

Calcaneus

Femur

Facial bones

Rib /
Sternum

Yamada (1970)

Iwamoto et al. (2005)

Thorax

Skull

Vertebrae

Yamada (1970)
Wood (1971)

Abe et al. (1996)

Yamada(1970)
Abe et al.(1996)

Yamada(1970)
Abe et al.(1996)Bone

Lower
extremity

Fibula

Talus

Tibia

Upper extremity

Frontal bone

Parietal,
temporal,

Soft
tissue

Diaphragm
Shah et al. (2001)Pleural, Mediastinum,

Peritoneum, Fascia
Skin

Shah et al. (2001)Aorta

Fat
Lee and Yang (2001)

Mascle

Ligaments

1,000 1.60E-04 0.49
1,000 1 0.49
1,000 1.1 0.4 0.4 McElhaney et al.(1973)
1,000 1.1 0.4 0.4
1,000 31.5 0.45 0.2 Al-Bsharat et al.(1999)
1,133 31.5 0.45 1 Willinger(2003)
1,133 31.5 0.45 1 Zhang et al.(2002)
1,133 31.5 0.45 1 Tokhounts et al.(2003)

G0(Mpa) G∞(Mpa)
White 1,000 2,160 0.0125 0.0061
Gray 1,000 2,190 0.010 0.005

White 1,000 2,160 0.0125 0.0061 McElhaney et al.(1973)
Gray 1,000 2,190 0.010 0.005 Nakamichi et al.(2001)

White 1,000 2,190 0.023 0.0045 Zhang et al.(2002)
Gray 1,000 2,190 0.010 0.005 Tokhounts et al.(2003)

Density
(kg/m3)

Young's
Modulus
 E(Mpa)

Poisson
   ratio

Yield
stress
(Mpa)

Thickness
(mm)

Reference

Cortical 2,000 12,000 0.3 100
Trabecular 1,000 1,000 0.3 8.3
Anterior 1,100 44.1 0.3 0.33
Posterior 1,100 43.35 0.3 0.68

43.8 5.65
40.9 4.54
4.9 1.28
3.1 1.26
3.1 1.26
5 2.84

10 20 30 50
5.4 12.4 28 374.9 Yamada (1970)
7.9 14.1 20.1 31.7 Hayamizu (2003)
2.5 14.7 58.9 380.2 Tamura (2002)
1.5 2.5 3.7 9.8 Ishikawa (2000)
4.9 36.3 134.4

17.7 38.2 94.1 778.6
16.3 29.4 40.9 163.4
14.9 29.7 66.9 193.2
4.5 12.7 28.1 93.2

Brain

Galford and McElhaney
(1970)

Density
(kg/m3)

Modulus
K (Mpa)

Shear Modulus
Reference

Galford and McElhaney
(1970)

Ligament Flavum(LF)

CSF
Saggital sinus

Pia mater
Arachnoid

Meninx
Tentrium

Dura mater
Falx cerebri

Yoganandan et al.
 (1989a and 1998)

Neck

Cervical bone

Cervical
 dura mater

Transvers Ligament(TL)
Capsular Ligament(CL)

Anterior Longitudinal Ligament(ALL)
Posterior Longitudinal Ligament(PLL)
Interspinous Ligament(ISL)

Cerebellum

Brainstem

Yamada(1970)
Abe et al.(1996)

Yamada(1970)

Internal
organ

N
om

in
al

 st
re

ss
【

K
Pa

】

Property data

Heart
Lung
Liver

Spleen

Nominal strain【%】

Yamada (1970)

Kidney
Small intestine
Large intestine
Blood vessel

Stomach

Preference

Cerebrum
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Table 2.  PMHS test data used in validation 
Test conditon Referance

Thoracic frontal impact Kroell et al. （1974）

Thoracic dynamic belt compression Cesari et al. （1990）

Abdomen frontal impact Cavanaugh et al. （1986）

Abdomen dynamic belt compression Foster et al. （2006）

Humerus static three point bending 

Humerus dynamic compression

Femur static three point bending Yamada et al. （1970）

Knee joint lateral loading Kajzer et al. （1997, 1999）

Head
and

brain
Head impact

Nahum et al. (1977)
Troseille et al. (1992)
Hardy et al. (2001)

Head
and
neck

Neck flexion and cervical axial
compression

Pintar et al. (1995)
Thunnissen et al. (1995)

Lower
extremities

Kemper et al. （2005）

Thorax

Abdomen

Upper
extremities

 
Cases of described injury conditions in the 
literature were compared with prediction 
results using the FE model. The FE model 
predicted injury based on the reference values 
shown in Table 3. Bone fracture was assumed 
to have occurred when the strain of the 
elements included in a cortical bone exceeded 
3% [24]. Evaluation indices and reference 
values were assumed for each internal organ. 
Pulmonary contusion, i.e., injury to the 
alveolar tissue when the pressure inside the 
lungs increases due to blunt external force, is 
the most frequent lung injury mode. For this 
reason, a pressure index was applied to the 
elements inside the lungs. Karl et al. (1958) 
reported that there is a risk of alveolar tissue 
injury when the internal pressure of the lungs 
exceeds ±10 kPa [25]. Strain indices were 
applied to the other organs. A typical heart 
injury mode is myocardial laceration. 
Although the rupture threshold of the 
myocardiac muscle differs depending on the 
direction of force to the muscle fiber, Yamada 
(1970) states that tissue damage begins to 
occur with strain of 30% or above. Melvin et al. 
(1973) reported that the strain threshold for 
liver and kidney injury is approximately 30%, 
depending on the compression velocity. The 
reference value for the spleen is assumed to be 
30%, the same as for the liver. Yamada (1970) 
also states that the rupture strain for the 
intestines is approximately 120%, and 
approximately 100% for thoracic and 
abdominal blood vessels. It should be noted, 
however, that the validity of these indices and 
reference values requires further investigation 
and verification. This study does not to debate 
the absolute accuracy of the organ pressures 
or strain levels predicted by the FE model, but 
simply compares the organ injuries predicted 
by the FE model with the conditions of PMHS 
injury assuming the reference values for 
injury criteria in Table 3. 
 

Table 3.  Reference values for injury criteria 
Index Threshold Reference

Bone Strain 3.06% Kemper et al.(2005)

Heart Strain 30% Yamada et al.(1970)

Lung Pressure ±10kPa Karl et al.（1958）

Liver Strain 30% Melvin et al. (1973)

Spleen Strain 30% -

Intestine Strain 120%

Blood vessel Strain 100%

Internal
Organ

Yamada et al. （1970）
 

 
Verification of Thorax Model 
 

Thoracic Impactor Response - Figure 8 shows 
the thoracic impactor test performed by Kroell et al. 
(1971, 1974). In this test, cylindrical impactors 
simulating a steering wheel hub (diameter: 152 mm, 
mass: 7.92 to 23.6 kg) were collided with the anterior 
surface of the thorax of a PMHS at an initial velocity 
of 6.3 to 14 m/s. Each test was synchronized on 
high-speed film and the displacement and 
acceleration of the impactor were measured to 
calculate force-deflection curves. This impactor test 
was performed on 38 PMHS to create a force 
response corridor for each impactor mass and initial 
velocity. Verification of the force response of the FE 
model referred to a corridor created under typical 
conditions (mass: 23.1 kg, initial velocity: 7.2 m/s). 
The state of injury after each test was reported for 
each PMHS. Verification of FE model injury 
prediction used 20 cases close to the force conditions 
(mass: 19.5 to 23.6 kg, initial velocity: 6.3 to 10.19 
m/s). The posture of the PMHS in the tests is not 
described in the literature in detail but the FE model 
adopted an upright seated posture on the test device 
with both arms forward of the body, based on 
assumptions from photographs and images in the 
reports. The impactor force was output as a contact 
load between the impactor head and the anterior 
surface of the thorax. Impactor displacement was 
calculated from model node displacement, and 
thoracic deflection was calculated from changes in 
the distance between nodes on the anterior and 
posterior surfaces of the thorax. 

7.2 m/s7.2 m/s

 

Figure 8.  Thoracic impactor test. 

Figure 9 shows the observed state of the thoracic 
geometry after impactor contact. The sectional 
diagrams are viewed from the left side of the body’s 
median sagittal plane, and show thoracic deflection 
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of 0 mm, 15 mm, 30 mm, and 78 mm. In this case, 
maximum thoracic deflection was 78 mm. Up to an 
thoracic deflection of 15 mm, the skin and 
subcutaneous tissue (fat and muscle) were 
compressed. Deformation of the inferior portion of 
the sternum and the rib cartilage began at an thoracic 
deflection of 30 mm, initiating compression of the 
underlying heart and lungs. Rib deformation had 
progressed at an thoracic deflection of 78 mm, 
increasing the compressive deformation on the heart 
and lungs. After this point, since the posterior surface 
of the torso was not supported in the test, the spine at 
the height of the impactor displaced to the rear and 
the whole spine curved. Figure 10 shows the superior 
view of the horizontal section of the thorax at the 
height of the impactor center. It compares the states 
at thoracic deflection of 0 mm (initial state) and 78 
mm. This section includes the sternum, ribs, spine, 
heart, and lungs. The contact area of the impactor 
includes the heart and a part of the lungs. The 
sectional deformation at an thoracic deflection of 78 
mm shows that the heart was compressed in the 
anterior-posterior (AP) direction between the 
sternum and the spine, and that the heart elongated in 
the lateral direction. Additionally, the anterior surface 
of the thorax including the sternum and the ribs 
deformed into a flat shape along the contact surface 
with the impactor. The anterior portion of the lungs 
then deformed accordingly. 

0 mm 15 mm 78 mm30 mm

 

Figure 9.  Thoracic deformation after impactor 
contact. 

0 mm 78 mm

Figure 10.  Sectional deformation of thorax (at 

height of impactor center). 

Figure 11 compares the thoracic force response of the 
PMHS and FE model, with thoracic deflection on the 
horizontal axis and impactor force on the vertical 
axis. The force response of the PMHS is shown in 
the grey corridor and that of the FE model by the 
black solid line. Force initially peaked in both the 
PMHS and FE model at a thoracic deflection of 10 to 
20 mm, before reaching a maximum peak at 
approximately 80 mm. The initial peak force with the 
PMHS was in a range from 2.5 to 4 kN, and the FE 
model recorded 3.5 kN. The maximum peak force 
with the PMHS was in the range from 3 to 4.5 kN, 
and was 4.5 for the FE model. Therefore, the peak 
force calculated by the FE model roughly 
corresponded to the range of the PMHS, but its force 
response curve partially fell outside the PMHS 
corridor. At around 20 mm, after the first peak force 
calculated by the FE model, the force fell to 1.5 kN, 
clearly below the PMHS corridor. However, several 
of the force response curves described in the 
literature also describe the force decreasing to a 
range of 1.5 to 3 kN after the initial peak. Thus, the 
1.5 kN calculated by the FE model here was judged 
to be within the appropriate range. 
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Figure 11.  Comparison of thoracic 
force-deflection response. 

Table 4 compares PMHS autopsy results and FE 
model predictions with respect to injury to the 
skeletal structure and the organs in the thorax. Kroell 
at al. (1971, 1974) reported that 18 of the 20 PMHS 
cases relevant to the model verification in this study 
incurred some kind of injury. All of these injury cases 
involved sternum or rib fracture, and 15 suffered soft 
tissue injury. Rib fractures occurred in an average of 
11 locations from the first to the seventh ribs. With 
respect to organ injury, cases of heart and liver injury 
were most frequent (5), followed by the lungs (4). 
Cases of membrane injury were also frequent (9). 
The FE model predicted that cortical bones in the 
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sternum and ribs would have exceeded the 3% 
reference value for fracture strain in 8 locations. Two 
of these were located at the inferior portion of the 
sternum, and the other six occurred at either the left 
or right ribs. Figure 12 shows the corresponding 
locations. Figure 13 shows the state of occurrence for 
maximum principal strain and pressure in the FE 
model heart. Strain exceeded 0.3 in the heart and 
liver. Strain in the liver concentrated in the position 

at the center of the body corresponding with the 
contact position of the impactor. High levels of strain 
were also detected in an area of the stomach, but this 
was below the reference value of 1.2. Strain did not 
exceed the reference value in any of the other organs. 
Additionally, lung pressure exceeded 10 kPa. The 
state of organ injuries predicted by the FE model 
correlated well with the PMHS autopsy results. 

 

    Table 4.  Injury cases and predicted results  

Age Gender Mass Velocity Sternum Ribs Heart Lung Liver Aorta Others
60 F 19.5 6.3 0 11
67 F 22.9 7.2 2 22 Y
81 M 22.9 7.4 0 21 Y
76 F 22.9 7.2 2 7 Y Y

80 M 23.6 6.9 0 13 Y
78 M 23.6 6.7 2 14 Y
19 M 23.6 6.7 1 0
29 M 23.6 6.7 0 0
45 F 23.6 6.8 1 18
72 M 23.6 6.7 0 17 Y Y
58 F 19.5 7.7 0 23 Y Y

65 M 22.9 9.7 2 M Y Y Y
51 M 23.04 10.19 1 14 Y
75 M 22.86 9.92 1 20 Y Y
64 M 18.96 8.23 0 13 Y
52 M 18.96 7.2 0 7 Y
48 M 22.86 9.83 1 9 Y Y Y

46 M 19.28 7.33 0 0
49 F 19.55 6.71 0 7 Y Y
46 F 19.55 9.92 0 8 Y Y

Sternum Ribs Heart Lung Liver Aorta Others

0.65 11.2 5 4 5 2 9

23.0 7.2 2 6 Y Y YFE model

Numbers of Soft Tissue InjuriesAverage  of Fractures

Bony Fractures Soft Tissue InjuriesSubject Impact Condition

Front view

Fractures:
8

 

Figure 12.  Bony fracture prediction in thoracic 
impactor test. 

Liver (reference value: 30%) Heart (reference value: 30%)
Strain > 0.3

Pressure > 10kPa

Stomach (reference value: 120%) Lungs (reference value: ±10kPa)

Strain > 0.3Strain > 0.3

 

Figure 13.  Strain and pressure distribution in 
thoracic organs (liver, heart, stomach: strain 
distribution; lungs: pressure distribution). 



 Shigeta 10 

Thoracic Belt Compression Response - Figure 
14 shows the thoracic belt compression test 
performed by Cesari et al. (1990). The test involved 
placing a belt-shaped impactor (width: approximately 
50 mm) diagonally across the anterior surface of the 
thorax of a PMHS lying face upward on a test bench 
to simulate a seatbelt, and pulling both ends of the 
belt toward the posterior surface of the torso. The 
ends of the belt were connected by wires to a 
pressure receiver, and pulled the belt dynamically to 
simulate impactor contact. Displacement was 
recorded at multiple points on the thorax and 
measured on bar-shaped deflection meters suspended 
from the top of the test bench. The test was 
performed using 13 PMHS, and their injuries were 
recorded in post-test autopsies. The FE model was 
also placed face upward on a rigid flat plane 
simulating the test bench. The geometry of the spine 
was adjusted to that of the table by applying 
gravitational acceleration. The time history of the 
amount of belt pulling force in the PMHS test was 
input into the FE model belt ends. An impactor mass 
of 22.4 kg and an initial velocity of 7.78 m/s were 
selected from the various test conditions. The 
displacement measurement points were selected by 
referring to diagrams showing the test conditions. If 
the belt moved during compression, the node closest 
to the initial position on the plane was re-selected. 
Injury was predicted based on the reference values in 
Table 3. 

Belt system

Load cells

Belt system

Load cells

V  

Figure 14.  Thoracic belt compression test. 

Figure 15 shows sectional views of thoracic 
deformation under belt compression from the left 
side of the median sagittal plane. The deformation is 
shown with thoracic deflection of 0 mm (0 ms), 20 
mm (14 ms), and 70 mm (26 ms). As with the 
impactor test, compressive deformation of the 
subcutaneous tissue occurred before rib cage 
deformation. At a thoracic deflection of 30 mm, the 
sternum was pushed in the posterior direction, 
causing compressive deformation of the heart and 
lungs. When this occurred, the heart elongated in the 
inferior direction, also pressing the liver in the same 
direction. At a thoracic deflection of 70 mm, the 
sternum was pushed even further inward, advancing 
the deformation of the heart and lungs, and forcing 
the liver even further in the inferior direction. Since 
the posterior surface of the model was positioned 

against a flat plate under these test conditions, little 
motion was generated in the spine. The rib cage and 
organs incurred compressive deformation only in the 
areas where the belt force was applied. 
Figure 16 shows the superior view of the horizontal 
section of the thorax at the height of the sternum 
center. It compares the deformation at thoracic 
deflections of 0 mm and approximately 70 mm 
(maximum deflection). This section includes the 
sternum, ribs, spine, heart, and lungs. The belt 
contacted the anterior surface of the thorax close to 
the sternum. The sectional deformation at the 
maximum deflection shows that the heart was 
compressed in the AP direction between the sternum 
and the spine, and that the body elongated in the 
lateral direction. Maximum deformation of the 
anterior surface of the thorax occurred at the belt 
contact position close to the sternum, and the 
surrounding ribs deformed dragged by the sternum. 
Although lungs deformation was seen close to the 
sternum, no significant deformation occurred in any 
other location. 

Stroke 0 mm
(0 ms)

Stroke 30 mm
(14 ms)

Stroke 70 mm
(26 ms)  

Figure 15.  Thoracic belt compression behavior. 

Stroke 0 mm Stroke 70 mm  

Figure 16.  Sectional deformation of thorax (at 
height of sternum center). 
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Figure 17.  Displacement under thoracic belt compression. 

Figure 17 shows the time history curves of 
displacement at each measurement point. The grey 
lines show the PMHS test results and the black lines 
show the results measured by the FE model. The 
same increasing trend for sternum displacement was 
achieved by both the PMHS and the FE model. 
Maximum deflection of the superior portion of the 
sternum was 10 mm larger with the PMHS and 
deflection in the center and inferior portions was 5 
mm larger with the FE model. Maximum deflection 
measured at the rib cartilage showed a difference of 
10 to 30 mm. Displacement at the left clavicle was 
40 mm larger with the FE model. 
Because no information on organ injury is available 
from the study by Cesari at al. (1990), the validity of 
the organ pressure and strain predicted by the FE 
model cannot be examined for these belt loading 
conditions. 
 

Abdominal Impactor Response - Figure 18 
shows the abdominal impactor test performed by 
Cavanaugh et al. (1986). This test impacted an 
aluminum bar (diameter: 25 mm, mass: 32 or 64 kg) 
against the abdomen of PMHS horizontally at an 
initial velocity of 5 to 10 m/s. The test was 
performed using 12 PMHS. Five of the tests used an 
average initial velocity of 6.1 m/s, and the remaining 
seven tests used an average initial velocity of 10.4 
m/s. Each test recorded the abdominal deflection 
with respect to the impactor force, and the injury 
state of the PMHS was investigated after the test. 
Model verification referred to a force-deflection 
corridor created from the results of the five tests that 
used low initial impactor velocities. Since the posture 

of the PMHS in the tests is not described in detail in 
the literature, an upright seated posture was assumed 
in the same way as the thoracic impactor test. 
However, both arms were positioned hanging 
downward. The impactor force was output as a 
contact load between the impactor and the anterior 
surface of the abdomen. Impactor displacement was 
calculated from model node displacement, and 
abdominal deflection was calculated from changes in 
the distance between nodes on the anterior and 
posterior surfaces of the abdomen. 

6.1 m/s

 

Figure 18.  Outline of abdominal impactor test. 

Figure 19 shows sectional views from the left side of 
the median sagittal plane of the FE model torso. The 
figure shows the states of the model at impactor 
strokes of 0 mm, 36 mm, 82 mm, and 100 mm. Up to 
36 mm, compressive deformation was limited to the 
subcutaneous tissue, before subsequently spreading 
to the organs in the abdominal cavity such as the 
intestines. The compression ratio of the small 
intestine exceeded 90% at a stroke of 82 mm and the 
abdominal soft tissue impacted by the impactor 
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almost contacted the spine. After this point, since the 
posterior surface of the torso was not supported, the 
whole spine curved. No major changes in intestinal 
compression occurred in the impactor stroke range of 
82 to 100 mm. 

0 mm 36 mm 100 mm82 mm

Figure 19.  Abdominal impactor test behavior. 

Figure 20 compares the deformation of the horizontal 
section of the abdomen at the height of the impactor 
center in its initial state and at an impactor stroke of 
100 mm. The abdominal sections are viewed from 
the superior view and include the spine, the large 
intestine, the visceral fat near these organs, and the 
musculature at the posterior portion of the torso. The 
final contact range of the impactor covered the whole 
width of the abdomen. The sectional deformation at 
an impactor displacement of 100 mm shows that the 
anterior portion of the abdomen flattened in 
accordance with the shape of the impactor. The 
abdomen depth was compressed in the AP direction, 
but was elongated in the lateral direction. The small 
intestine was compressed in the AP direction between 
the subcutaneous tissue at the anterior surface of the 
abdomen and the spine. In contrast, compression of 
the large intestine was smaller and there was no 
major compressive deformation of the musculature at 
the posterior portion of the torso. 
 

0 mm 100 mm  

Figure 20.  Sectional deformation of abdomen (at 
height of impactor center). 

Figure 21 shows the time history curve of the 
impactor force with respect to its stroke. The grey 
lines show the force corridor calculated from the 
PMHS abdominal response, and the black line shows 
the response of the FE model. Impactor force at a 
stroke of 50 mm was between 0.8 and 1.9 kN with 
the PMHS and 1.5 kN with the FE model. In addition, 
at a stroke of 100 mm, the force was between 1.5 and 
3 kN with the PMHS and 2.4 kN with the FE model. 
These results verify that the force curve of the FE 
model was appropriately within the PMHS corridor. 
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Figure 21.  Abdominal impactor test F-s. 

Cavanaugh et al. (1986) reported organ injury in one 
of the five test cases at the low initial velocity. 
Autopsy results show that AIS 4 liver injury occurred, 
but no mention is given of the small intestine. Figure 
22 shows the strain distribution of the abdominal 
organs in the FE model. It indicates that strain in the 
liver exceeded the reference value of 0.3. A portion 
of the small intestine also exceeded the strain 
reference value of 1.2. The predictions of the FE 
model matched the test results with respect to liver 
injury, but close comparison was not possible due to 
a lack of data for other organs. 

Strain > 0.3
Strain > 1.2

Liver (reference value: 30%) Intestine (reference value: 120%)

Figure 22.  Strain distribution in abdominal 

organs. 
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Abdominal Belt Compression Response - Figure 
23 shows the abdominal belt compression test 
performed by Foster et al. (2006). The test involved 
placing a lap belt (width: 50 mm) across the anterior 
surface of the abdomen of a PMHS and using a 
pyrotechnic pretensioner to pull the wound end 
toward the posterior surface of the PMHS in the 
horizontal direction. The posterior surface of the 
PMHS was supported by a rigid plate. The 
pretensioner had three settings for adjusting the 
pulling force to provide belt velocities of 4.0 to 5.4 
m/s, 6.1 to 7.5 m/s, and 6.9 to 13.3 m/s. Belt force 
was measured by a load cell and abdominal 
deflection was measured by a laser deflection meter. 
The injuries of the PMHS were investigated after the 
tests. The FE model was set to reproduce the PMHS 
posture described in the literature, and a rigid plate 
was simulated at its posterior surface. Shell elements 
to simulate the belt were fitted to the torso around the 
abdomen, and the belt was pulled toward the 
posterior surface of the model. The comparison used 
the case with a belt pulling velocity of 6.9 m/s to 
recreate the time history of the pulling force of the 
belt end. Belt force was output from the sectional 
force of the shell elements, and abdominal deflection 
was calculated from changes in the distance between 
nodes on the anterior and posterior surfaces of the 
abdomen. 

 

V

 

Figure 23.  Outline of abdominal belt 
compression test. 

Figure 24 shows sectional views from the left side of 
the median sagittal plane of the FE model torso. 
Abdominal deflection is shown at impactor strokes of 
0 mm, 30 mm, 60 mm, and 120 mm. Up to 30 mm, 
compressive deformation was limited to the 
subcutaneous tissue, before subsequently spreading 
to the soft tissue in the abdominal cavity such as the 
small intestine. Compressive deformation of the 
small intestine progressed at an impactor stroke of 60 
mm, and at 120 mm, the compression ratio exceeded 
90%. 

Stroke 0mm Stroke 30mm Stroke 120mmStroke 60mm

 Figure 24.  Behavior in abdominal belt test. 

Figure 25 compares the deformation of the horizontal 
section of the abdomen at the height of the belt in its 
initial state and at a belt deflection of 120 mm. The 
abdominal sections are shown from the superior view 
and include the spine, the small and large intestines, 
the visceral fat near these organs, and the 
musculature at the posterior portion of the torso. 
Over the period of time from the initial to the final 
states, the belt becomes wrapped around the anterior 
half of the abdomen. The sectional deformation at an 
abdominal deflection of 120 mm shows that the 
anterior portion of the abdomen was deformed into a 
rounded state and the internal portions were 
compressed toward the spine. The posterior portion 
was flattened in accordance with the rigid plate. 
Unlike the impactor case, the body did not elongate 
in the lateral direction in accordance with AP 
direction compression. Mostly the small intestine 
was compressed in the AP direction between the 
subcutaneous tissue at the anterior surface of the 
abdomen and the spine. The large intestine was 
deformed between the subcutaneous tissue at the 
anterior surface of the abdomen and the musculature 
at the posterior portion of the torso. 

Stroke 0mm Stroke 120mm  

Figure 25.  Sectional deformation of abdomen (at 
height of belt). 

Figure 26 shows the time history curves of belt force 
with respect to abdominal deflection. The grey lines 
show the force corridor calculated from the PMHS 
abdominal response, and the black line shows the 
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response of the FE model. Belt force at a stroke of 20 
mm was between 7.5 and 10 kN with the PMHS and 
8.0 kN with the FE model. In addition, at a stroke of 
75 mm, the force was between 0.4 and 8.0 kN with 
the PMHS and 5.3 kN with the FE model.  
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Figure 26.  Abdominal belt test F-s. 

Foster et al. (2006) tested four PMHS at belt pulling 
velocities between 6.9 and 13.3 m/s, of which three 
suffered organ injury. These injuries were to the liver, 
spleen, and kidneys, but all three injured PMHS were 
found to have sustained liver laceration. The case 
used for model verification did not suffer organ 
injury. Figure 27 shows the strain distribution in the 
abdominal organs of the FE model. Although the 
small intestine was compressed by 90% in the AP 
direction, the maximum strain in the small and large 
intestines did not exceed the reference value of 1.2. 
Strain in the intestines exceeded 0.3 close to the 10th 
rib on the right side, but no other organ exceeded its 
reference value for strain. These results indicate that 
the FE model successfully simulated the organ injury 
conditions of the PMHS for liver injury after 
abdominal compression. The FE model did not 
predict injury to any other organ. Its predictive 
accuracy cannot be discussed for the other organs 
because the injury results in the PMHS tests varied 
among the cases. 

Strain > 0.3

Liver (reference value: 30%) Intestine (reference value: 120%)

Figure 27.  Strain distribution in abdominal 

organs. 

Verification of Extremity Model 
 

Static Bending Response of Humerus - Figure 
28 shows the static 3-point bending test performed on 
the humerus by Kemper at al. (2005). In this test, the 
humerus was removed from the PMHS, both ends 
inserted into cylindrical aluminum jigs, and fixed 
using a hardened resin. One of the jigs was supported 
using a pin joint allowing rotation in the bending 
direction only, and the other was supported using a 
roller allowing the same rotation and displacement in 
the axial direction of the bone. The center of the 
humerus was then loaded using an impactor 
(diameter: 20 mm) at a velocity of 10 mm/s. The test 
was performed on three humerus bones, and the 
reaction force with respect to the impactor 
displacement was recorded. The FE model omitted 
the jigs and expressed the fixed portions using rigid 
elements. Nodes were set at the positions equivalent 
to the jig rotation centers, and defined with 
conditions for pin and roller support. Forcible 
displacement was applied by a model impactor on to 
the model humerus. The displacement of the 
impactor was output as model node displacement and 
the reaction force was output as the contact force 
with the humerus. 

Loading head Humerus

Figure 28.  Static 3-point bending of humerus. 

Figure 29 compares the force-displacement curves 
obtained in the three tests with that calculated by the 
FE model. The reaction force at a displacement of 5 
mm was between 1.5 to 3.7 kN with the PMHS and 
2.3 kN with the FE model. Additionally, the reaction 
force at a displacement of 10 mm was between 2.9 to 
4.1 kN with the PMHS and 4.2 kN with the FE 
model. Although the reaction force of the FE model 
slightly exceeded that of the PMHS range at 10 mm, 
the curve history to that point fitted within the PMHS 
reaction force corridor. 
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Figure 29.  Relationship between impactor 
displacement and reaction force. 

Dynamic Compression Response of Humerus 
- Figure 30 shows the dynamic test performed on the 
humerus by Kemper et al. (2005). In this test, the 
humerus was extracted from the PMHS including the 
flesh. The humerus was placed on a circular table 
with a diameter of 152 mm, and compressed by a 
circular impactor of the same dimensions applied in 
the downward direction at a velocity of 4 m/s. The 
test was performed on two humerus bones and the 
compressive displacement and compressive force 
were recorded. The same portion was extracted for 
the FE model, and placed between models of the 
circular jigs. The lower jig was fixed in space while 
the upper jig applied forcible displacement to 
compress the humerus model. The compressive 
displacement was output as displacement of the 
nodes in the upper jig, and the compressive force was 
output as the contact force between the humerus and 
the jigs. 

Impact direction

Soft tissue

Humerus
Support

(dia. =152 mm)

Impactor
(dia. =152 mm)

 
Figure 30.  Humerus dynamic compression test. 

Figure 31 compares the force-displacement curve 
obtained in the two tests with that calculated by the 
FE model. The force at a displacement of 15 mm was 
between 2 to 4 kN with the PMHS, and 2.5 kN with 
the FE model. Additionally, the force at a 
displacement of 25 mm was between 5 to 12 kN with 

the PMHS and 6.2 kN with the FE model. The force 
curve of the FE model was within the force range of 
the PMHS. 
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Figure 31.  Relationship between impactor 
displacement and reaction force. 

Static Bending Response of Femur - Figure 32 
shows the static bending test performed on the femur 
by Yamada et al. (1970). In this test, the femur was 
removed from the PMHS, and both ends supported in 
a rotatable state. An impactor (diameter: 20 mm) was 
used to apply force at a velocity of 20 mm/s to the 
center of the femur. In the FE model, the same 
portions were also extracted and supported in a 
rotatable state at both ends. Forcible displacement 
was applied to the center of the femur in a manner 
equivalent to the test by a model of a rigid rod 
impactor. The displacement of the impactor was 
output as model node displacement and the reaction 
force was output as the contact force with the femur. 

Impactor Femur

 

Figure 32.  Static 3-point bending of femur. 

Figure 33 compares the force-displacement curve 
obtained in the test with that calculated by the FE 
model. There is only one set of comparison data. The 
force at a displacement of 5 mm was 1.7 kN with the 
PMHS and 1.4 kN with the FE model. Additionally, 
the force at a displacement of 10 mm was 2.5 with 
the PMHS and 2.4 kN with the FE model. The force 
curve of the FE model was close to that of the 
PMHS. 
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Figure 33.  Relationship between impactor 
displacement and reaction force. 

Impact Response of Knee - Figure 34 shows 
the impact test performed on the knee by Kajzer et al. 
(1997). This test used the lower extremity of a PMHS. 
The femur was fixed and an impactor (mass: 6.25 kg) 
was applied to the knee from the side at a velocity of 
40 km/h, while force of 400 K was applied from 
under the foot. The diameter of the impactor was 100 
mm, and a pad (thickness: 50 mm) was attached to its 
front surface. The test was performed on two lower 
extremity specimens, and the acceleration on impact 
was recorded by an accelerometer provided at the 
superior portion of the tibia. The same portion was 
extracted for the FE model, which also simulated the 
tibia support initial force under the foot. An impactor 
model was created and applied to the side of the knee 
at a velocity of 40 km/h. The acceleration was output 
from a node at an equivalent position to the 
accelerometer in the PMHS test. 

400 N

Velocity
40 km/h

Impactor

Fixed

Fixed

 

Figure 34.  Knee impact test. 

Figure 35 compares the acceleration time history 
obtained in the two tests with the acceleration curve 
calculated by the FE model. In all cases, acceleration 
peaked at approximately 4 ms after the impact, and 
then decreased. Peak acceleration with the PMHS 
was between 930 and 1020 m/s2, and 1060 m/s2 with 

the FE model. With the FE model, acceleration 
declined gradually immediately after the peak, but it 
re-produced the plateau in the acceleration curve at 
approximately 10 ms. Overall, the acceleration 
response of the FE model was higher than that of the 
PMHS, but their acceleration waveforms correlated 
well. 
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Figure 35.  Impactor acceleration time history. 

DISCUSSION 
 
The predicted mechanical response of the thorax, 
abdomen, and extremities in the FE model correlated 
well with PMHS test data under the equivalent 
conditions. Although there is only limited data 
available to compare abdominal organ injury, the 
injuries predicted by the FE model based on assumed 
reference values correlated well with the PMHS test 
results. It is difficult to observe organ behavior 
during impact in PMHS tests, but FE model 
simulations visualized the internal behavior. 
Additionally, PMHS tests require precise techniques 
for attaching sensors such as load cells and 
potentiometers. FE models are capable of outputting 
force and displacement at any point of interest. It was 
useful to consider the mechanism of injuries incurred 
by thoracic and abdominal organs by analyzing the 
results of the model validation simulations, as 
follows. 
 
Injury Mechanism of Thoracic Organs 
 
According to the test results of Kroell et al. (1971) 
used to verify thoracic impactor response, multiple 
(seven or more) rib fractures occurred in all cases of 
organ injury. In contrast, in cases without rib fracture, 
no organ injury occurred. As shown in Figure 10, the 
anterior surface of the FE model thorax was flattened 
by the impactor. As a result, the lungs suffered 
compressive deformation as well as the heart located 
in the center of the thorax. At a thoracic deflection of 
approximately 70 mm, the thorax sectional area 
decreased by a ratio of approximately 21%. Figure 
36 shows the time history of thoracic deflection 
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calculated at the sternum of the FE model overlaid 
with the time histories of strain in the heart, liver and 
lung pressure. Thoracic deflection increased 
immediately after impactor contact and reached a 
maximum value of 75 mm at approximately 14 ms. 
However, before that, the sternum and 4th rib 
fractured at 8 ms (thoracic deflection: 58 mm), and 
rib fractures occurred in six locations before the 
maximum thoracic deflection was reached. Strain in 
the heart and liver both increased in accordance with 
the thoracic deflection. Since the heart is located in 
the center of the thorax, it was caught between the 
sternum and the spine when the thorax was 
compressed in the AP direction. As a result, strain in 
the heart increased at the same time as the thoracic 
deflection. The left end of the liver was elongated up 
to a position close to the center of the body, but this 
area is located inferior to the bottom of the sternum. 
Under these conditions, since the liver was located 
slightly inferior to the impactor contact point, the 
increase in strain occurred a little later than for the 
heart. Therefore, it is considered that the organ strain 
timing differed depending on the position of the 
organ with respect to the pressure application area. 
The pressure in the lungs, which along with the heart 
were also immediately below the impactor, increased 
drastically from approximately 8 ms. This indicates 
that lung deformation was advanced by the start of 
the sternum and rib fractures. 
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Figure 36.  Thoracic deflection and organ force 
on impactor contact. 

In contrast, although the heart was also compressed 
in the AP direction under the belt compression 
conditions in the same way as with the impactor 
contact, compressive deformation of the lungs was 
relatively small (Figure 16). In these sections, the 
belt mostly loaded the sternum. The surrounding ribs 
were not deformed a great deal, but were bent 
slightly inward dragged by the sternum. At a thoracic 
deflection of approximately 70 mm, the thorax 
sectional area decreased by a ratio of approximately 
15%. Figure 37 shows the time history of thoracic 

deflection calculated by the FE model overlaid with 
the time histories of strain in the heart and liver and 
lung pressure. Under these conditions, strain in the 
heart and liver and lung pressure all increased in 
accordance with the increase in thoracic deflection. 
The sections in Figure 16 show the belt was 
positioned at the sternum, but multiple organs were 
compressed since the belt was actually placed 
diagonally across the anterior surface of the thorax. 
However, it is assumed that the deformation of the 
compressed organs was low because the ratio of 
sectional area decrease was less than with the 
impactor in these sections. In fact, the strain in the 
heart and liver shown in Figure 37 was smaller than 
at the same thoracic deflection in Figure 36. Strain in 
the liver was smaller because it was outside the area 
compressed by the belt. The amount of compressive 
deformation of these organs may have been small 
since the belt may have loaded multiple organs 
simultaneously. Deformation had a higher trend for 
the organs underneath the contact surface of the 
impactor. In other words, the thoracic organ injury 
risk may also be affected by the compression area 
and not only the amount of thoracic deflection. Since 
the study performed by Cesari et al. (1990) does not 
describe organ injury, the validity of the organ injury 
predictions under belt loading using the FE model 
needs to be verified in future study. The liver is 
located in the abdominal area, but it is covered by the 
inferior ribs. In the thoracic impactor test, strain was 
generated in the superior part of the liver by 
deformation of the right ribs. Although the liver was 
located away from the belt path in the reference test 
case, it would be compressed if the belt were worn 
over the other shoulder. 
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Figure 37.  Thoracic deflection and organ force 
on belt compression. 

Injury Mechanism of Abdominal Organs 
 
A similar trend was observed for the abdomen. 
However, no large differences were found in the size 
of the abdomen compression area between the 
impactor and belt test. Comparing the abdominal 
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deformation in the sections in Figures 20 and 25, the 
former shows that the impactor flattened the anterior 
surface of the abdomen, whereas in the latter, the belt 
became wrapped around the anterior half of the 
abdomen and caused deformation by restraining the 
body toward the center. In other words, with 
impactor contact, large compression occurred above 
the impactor center, but the belt force applied large 
compression over the whole range of contact. At an 
abdominal deflection of approximately 60 mm, the 
abdominal sectional area decreased by approximately 
13% with the impactor, and approximately 39% with 
the belt. That is, organ deformation and movement 
were larger under the belt conditions. Figures 38 and 
39 show the time history of abdominal deflection 
calculated by the FE model overlaid with the time 
histories of strain for the small and large intestines 
and the liver, under both the abdominal impactor and 
belt compression conditions. Strain was output at the 
elements of the small and large intestines positioned 
at the height of the impactor. Elements close to the 
impactor were selected for the liver. In both cases, 
strain of the small intestine increased at the same 
time as the increase in abdominal deflection. Strain 
in the liver began to increase as compressive 
deformation of the abdomen progressed to a certain 
level, and increased again after abdominal deflection 
and strain in the small intestine peaked. This is 
probably because a portion of the liver is connected 
with the diaphragm, which causes compressive or 
tensile deformation when pulled by other organs 
under abdominal compression. The strain value in the 
liver was smaller than that in the small intestine. It 
should be noted, however, that the reference strain 
value for the liver is relatively small. In both cases, 
strain in the large intestine increased temporarily 
when abdominal compression reached a certain point, 
but eventually decreased. Although the large intestine 
is connected to the peritoneum, its long path gives it 
a larger tolerance for movement than organs such as 
the liver. 
 
Limitations and Suggestion for Future Work 
 
The human FE model developed in this research 
demonstrated a good correlation with the mechanical 
response of PMHS tests selected from the literature. 
However, there are limitations in the selected force 
conditions and cases that be used for comparison. 
Therefore, the validation results cannot confirm the 
validity of the model under various force conditions. 
Further research is needed for human injury 
prediction in vehicle collisions using this model. 
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Figure 38.  Abdominal deflection and organ 
force on impactor contact. 
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Figure 39.  Abdominal deflection and organ 
force on belt compression. 

CONCLUSION 
 
A precise FE model of a torso was developed based 
on internal geometrical data digitized using 
high-resolution CT scans. The model was generated 
taking into account the properties of each organ and 
their connections with neighboring tissues. FE 
models were also created for the extremities with the 
same precision as the torso based on commercially 
available geometrical databases. THUMS ver.3.0 was 
used for the head model. These models were 
combined to complete a whole human body FE 
model (THUMS ver.4.0) comprising approximately 2 
million elements simulating an adult male of average 
physique. The validity of the mechanical response of 
the developed human FE model was verified by 
comparison with PMHS impact test data. FE models 
simulated impactor and belt compression tests on the 
thorax and abdomen, 3-point bending tests on the 
extremities, and impactor tests on the knees to verify 



 Shigeta 19 

correlation with PMHS force response. The 
mechanism of organ injuries in the thorax and 
abdomen was also discussed based on the validation 
results. Strain in heart and lung pressure increased in 
accordance with thoracic deflection, but the 
magnitude of them was affected by the compression 
area of the loading device. Strain in the small 
intestine increased in accordance with abdominal 
deflection, while strain in the liver increased locally 
as compressive deformation of the abdominal 
progressed. The absolute values for pressure and 
strain indicated by the FE model require further 
verification, but the developed FE model was shown 
to be useful for predicting trends of organ injuries in 
vehicle collisions. 
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ABSTRACT 
 
Although finite element models of the human 
body are becoming an integral tool in the 
reduction of automobile related injuries, these 
models must be locally and globally validated to 
be considered accurate.  Therefore, the purpose 
of this study was to quantify the load transfer 
and deformation characteristics of the pelvis in 
side impact loading.  A total of ten non-
destructive side impact tests were performed on 
two human male cadavers.  Three impact areas 
and two impacting surfaces were evaluated using 
a 16 kg pneumatic impactor at approximately 3 
m/s: rigid-impact to the ilium, rigid-impact to the 
greater trochanter, rigid-impact to the ilium and 
greater trochanter, and foam-impact to the ilum 
and greater trochanter.  Additional rigid-impacts 
to the ilum and greater trochanter were 
performed on one cadaver at 4 m/s and 5 m/s to 
evaluate the effect of loading rate.  Load transfer 
through the pelvis was quantified by implanting 
custom in situ pelvic load cells in the ilio-sacral 
joint and pubic symphysis joint.  In addition, 
strain gages were applied to the iliac wing, 
superior pubic ramus, ischium, and femur.  The 
results showed that for all test conditions, except 
the rigid-impact to the iliac crest, a larger 
percentage of impactor force was transferred 
through the pubic symphysis joint than the ilio-
sacral joint.  The strain gage data showed that for 
all test conditions except one, ilium only impact, 
the superior pubic ramus and ischium were 
placed in compression. Conversely, the primary 
loading mode for the ilium 1st  principle strain 
was tension for all test conditions.   Impact speed 
was not found to have a considerable affect on 
the distribution of load through the pelvis.  It is 
anticipated that this research will further the 
understanding of the biomechanical response of 
the human pelvis in side impact loading, and aid 
in the development and validation of 
computational models. 
 
INTRODUCTION 
 
The incidence of pelvic fractures in the United 
States is estimated to be more than 100,000 per 
year [9].  Motor vehicle collisions account for 

44–64% of pelvic fractures, which are a major 
cause of death and residual disability in blunt 
trauma [6].  In addition, studies have shown that 
frontal occupants involved in lateral motor 
vehicle collisions have a significantly higher risk 
of sustaining a pelvic fracture versus those 
involved in a frontal collision [12, 13].  
Understanding the biomechanical response of the 
pelvis to various loading conditions is the first 
step in reducing the number of incidences and 
severity of pelvic fractures.  There have been a 
number studies which have investigated the 
biomechanical response and tolerance of the 
pelvis in lateral impact loading representative of 
that seen in motor vehicle side impact collisions 
[1, 2, 3, 4, 5, 11].  However, the injury criteria 
based on the results of these studies rely 
primarily on censored fracture data.  Although 
finite element models of the human body are 
becoming an integral tool in the reduction of 
automobile related injuries, these models must 
be locally and globally validated in order to 
accurately predict injury.  Therefore, the purpose 
of this study was to quantify the load transfer 
and deformation characteristics of the pelvis in 
side impact loading. 
 
METHODS 
 
A total of 10 non-destructive side impact tests 
were performed on two fresh previously frozen 
human male cadavers.  Subject information and 
pelvic anthropometric measurements from each 
cadaver were recorded (Table 1).   
 

Table 1: Subject information. 
 

Cadaver ID 
Test Measurement 

1 2 

Age (yr)           75          57 
Weight (kg)         65       84 
Height (cm) 165 177 
Pelvis Length  
(anterior-posterior) (mm) 165 172 

Pelvis Width  
(medial-lateral) (mm) 285 320 

Pelvis Height  
(superior-inferior) (mm) 190 220 



In Situ Pelvic Load Cells 
In order to quantify the load transfer through the 
pelvis, in situ pelvis loads cell were implanted in 
the ilio-sacral joint (Robert A. Denton, Inc. 
7458FL, 8896 N, Rochester Hills, MI) and the 
pubic symphysis joint (Robert A. Denton, Inc. 
7457FL, 8896 N, Rochester Hills, MI) (Figure 1).  
The appropriate size and shape of the in situ 
pelvis load cells and mating plates used to 
attached the potting cups were based on 
anthropometric measurements from 6 human 
pelvi (Figures 2 and 3).  The load cells were 
attached to the mating plates with a dove-tail 
design.  The dove-tail fixed the load cell in the 
medial-lateral direction, and set screws fixed the 
load cell in the anterior-posterior direction.  The 
mating plates were designed to allow the load 
cell to be inserted from the anterior or posterior 
side of the post mortem human subject to allow 
for easy insertion and removal.  This design 
provided a relatively simple attachment, while 
rigid enough to maintain the proper orientation. 
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Figure 1: In-situ pelvic load cell locations. 
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Figure 2: Pubic symphysis load cell. 
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Figure 3: Ilio-sacral load cell. 
 
The load cells were attached to the pelvis 
through a number of detailed steps.  In order to 
preserve the normal orientation of the pelvis, the 
load cells were implanted one at a time.  The 
ilio-sacral load cell was implanted first (Figure 
4).  This was done by first measuring the width 
of the pelvis, and then rigidly securing the pelvis 
to prevent movement during the process.  Second, 
a section of bone was removed from the site 
insertion site, and a bone screw was placed 
through the ilium to provide a more rigid 
attachment when using the bonding compound.  
Third, potting cups and load cell were placed in 
the pelvis and positioned properly.  Special care 
was taken to ensure that the measuring axis of 
the load cell was perpendicular to the sagital 
plane. Then, the set screws where tightened to 
secure the load cell to the mating plates.  The 
potting cups were then filled with a bonding 
compound (Bondo Corporation, Atlanta, GA), 
and bone screws were placed through the sacrum 
and L5.  Finally, the pelvis width measurements 
were checked to ensure that they had not 
changed do the implantation of the ilio-sacral 
load cell. 
 

 
 

Figure 4: Ilio-sacral load cell implantation. 



 
Once the bonding compound for the ilio-sacral 
load cell fully cured, the pubic load cell was 
implanted (Figure 5).  A section of bone was 
removed from the insertion site.  Care was taken 
to leave the enough bone to maintain the 
connection between the upper and lower ramus.  
Third, the potting cups and load cell were placed 
in the pelvis and positioned properly.  Again, 
special care was taken to ensure that the 
measuring axis of the load cell was perpendicular 
to the sagital plane. Then, the set screws were 
tightened to secure the load cell to the mating 
plates.  The potting cups were then filled with a 
bonding compound (Bondo Corporation, Atlanta, 
GA) and allowed to cure.  Finally, the pelvis 
width measurements were rechecked to ensure 
that they had not changed do the implantation of 
the pubic load cell. 
 

 
 

Figure 5: Pubic load cell implantation. 
 
Pelvic and Femur Strain Gages 
Each cadaver was instrumented with 6 strain 
gages (Figure 6, Table 2).  Single axis strain 
gages were applied along the main axis of the 
anterior portion of the superior pubic ramus and 
ischium.  A strain gage rosette was placed on the 
interior portion of the ilium and was oriented 
towards the superior portion of the pelvis (Figure 
7).  The strain output from the three gages that 
composed each rosette was used to calculate the 
first and second principle strains.  The first and 
second principle strains are calculated with the 
following equation (Equation 1).  A single axis 
strain gage was applied to the lateral portion of 
the femur, aligned with the long axis, at the 
midpoint between the knee and hip.  All strain 
gages were applied to the impacted side of the 
body. 
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Figure 6: Strain gage locations for non-
destructive side impact testing. 

 
 

Table 2: Locations of strain gages and femur 
accelerometer. 

 
Cadaver ID 

Test Measurement Location 
1 2 

Ilium Rosette 

(to anterior superior iliac spine) 
(mm) 57 50 

Ilium Rosette 

(to posterior superior iliac spine) 
(mm) 51 40 

Pubic Ramus Gage 

(to pubic symphysis) 
(mm) 52 50 

Ischium Gage 

(to pubic symphysis) 
(mm) 54 60 

Right Femur Gage- 

(to center to patella) 
(mm) 185 170 
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Figure 7: Ilium strain gage rosette labeling and 

orientation. 
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Where:  
ЄA = Strain output from gage A of the rosette 
ЄB = Strain output from gage B of the rosette 
ЄC = Strain output from gage C of the rosette 



Experimental Setup 
The primary component of the side impact 
experimental setup was a custom pneumatic 
impactor, which accelerates an impacting cart 
constrained by rails, to the desired speed via a 
piston (Figure 8).  Prior to impact the piston 
loses contact with the cart, due to a limited 
piston stroke, resulting in an impact with finite 
energy.  The displacement of the impacting cart, 
i.e. impactor stroke, was limited via a steel cable 
with a set length. The impactor was instrumented 
with a five-axis load cell (Robert A. Denton, Inc. 
1968, 22,240 N, Rochester Hills, MI) and a 
single-axis accelerometer (Endevco 7264B, 2000 
G, San Juan Capistrano, CA).   
 
A custom test seat was designed and fabricated 
to allow a cadaver to be placed in a seated 
position (Figure 9).  The use of an adjustable 
back support bar allowed for a clear line of sight 
to the posterior side of the cadaver, while 
maintaining an automotive-like seated posture 
and upper body load on the pelvis and spine.  
The head was held upright with the use of 
masking tape placed around the forehead and 
attached to the bar on the right and left side of 
the cadaver.  This tape was cut approximately 

half way though on both sides in order to ensure 
the tape would break once the cadaver was 
impacted.  A Teflon ® sheet was placed between 
the cadaver and the seat pan to minimize friction 
[2].  
 
During the impact, the impactor plate contacted a 
trigger strip that was secured to the outermost 
portion of the pelvis to activate the data 
acquisition system for each test. Data from the 
load cell and strain gages were recorded at a 
sampling frequency of 15 kHz with an Analog-
to-Digital conversion resolution of 16 bits using 
an Iotech Wavebook with WBK16 strain gage 
modules (Iotech WBK16, Cleveland, OH).  Two 
high speed video cameras recorded the event 
from different angles (front and back view) at 
1000 fps.  All channels except for the strain 
gages were filtered to Channel Filter Class 
(CFC) 180.  The inertially compensated impactor 
force was calculated by summing the measured 
impactor force and inertial force.  The inertial 
force was calculated by taking the product of the 
impactor acceleration and effective impactor 
mass, i.e. the impacting plate mass plus ½ the 
load cell mass. 
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Figure 8: Custom pneumatic impactor. 

 

Ф = 5°

Teflon Sheet

Back Support Bar

Adjustable Seat Height

Ө = 20°

Adjustable  Height

SIDE VIEW FRONT VIEW

Ф = 5°

Teflon Sheet

Back Support Bar

Adjustable Seat Height

Ө = 20°

Adjustable  Height

SIDE VIEW FRONT VIEW

Ф = 5°

Teflon SheetTeflon Sheet

Back Support BarBack Support Bar

Adjustable Seat HeightAdjustable Seat Height

Ө = 20°

Adjustable  Height

SIDE VIEW FRONT VIEW  
Figure 9: Custom side impact test seat. 



Impact Conditions 
A total of 10 non-destructive side impact tests 
were performed on two human male cadavers 
with a pneumatic impactor.  Three impact 
locations and two impacting surfaces, rigid or 
foam, were evaluated (Table 3 and Figure 10).  
The combined ilium and femur impacts were 
performed with a 250 x 250 square impacting 
surface.  In order to avoid contacting the testing 
seat, the square impactor was oriented at 22 
degrees from horizontal.  The ilium only impact 
and the trochanter only impact were performed 
using a rigid 127 mm diameter circular 
impacting surface.  The majority of the testing 
was conducted at an impact speed of 3 m/s.  
However, two tests were performed on subject 2 
higher impact velocities, 4 m/s and 5 m/s, to 
investigate the effects of loading rate.  The 
impactor mass was 16 kg for all tests.  

 
Table 3: Non-destructive pelvic side impact test 

summary. 
 

Cadaver 
ID 

Impact 
Surface 

Impact  
Location Speed 

1 Foam Ilium/ Femur 3 m/s 
1 Rigid Ilium/ Femur 3 m/s 
1 Rigid Ilium  3 m/s 
1 Rigid Trochanter  3 m/s 
2 Foam Ilium/ Femur 3 m/s 
2 Rigid Ilium/ Femur 3 m/s 
2 Rigid Ilium  3 m/s 
2 Rigid Trochanter 3 m/s 
2 Rigid Ilium/ Femur 4 m/s 
2 Rigid Ilium/ Femur 5 m/s 
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Figure 10: Impact locations and impactor surfaces. 
 

 



RESULTS 

The results of the in situ pelvic load cells as well 
as the pelvic and femur strain gages are 
presented in this section.  It should be noted that 
no pelvic or femoral fractures where observed as 
a result of these tests.  

Impactor Force and Pelvic Load Distribution  
Each of the 10 non-destructive pelvic impact 
tests resulted in force time history for the 
impactor load cell, ilio-sacral load cell, and pubic 
load cell (Figure 11).  The force time histories 
for each test are presented in the Appendix 
(Figures A1-A10).  The reported impactor force 
is the inertially compensated impactor force.  In 

order to directly compare the load distribution 
through the pelvis for the different test 
conditions, the peak ilio-sacral load and peak 
pubic load are shown as a percentage of the peak 
impactor force (Figures 12-14).  The peak 
impactor force, peak ilio-sacral force, and peak 
pubic force for each test are reported in Table 4. 

Pelvic Strain Distribution  
The peak superior pubic ramus strain, ischium 
strain, femur strain, ilium 1st principle strain, and 
ilium 2nd principle strain in the primary mode of 
loading were plotted by test condition (Figures 
15-17). The strain time histories for each test are 
presented in the Appendix (Figures A11-A20).  
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Figure 11: Typical force vs. time trace. 
(Cadaver 1- Ilium and femur - foam pad - 3m/s) 
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Figure 12: Cadaver 1 peak pelvic loads  
by test condition.  
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Figure 13: Cadaver 2 peak pelvic loads  
by test condition. 
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Figure 14: Cadaver 2 peak pelvic loads  
by loading rate. 



Table 4: Peak impactor, ilio-sacral, and pubic forces. 
Peak  

Impactor 
Force 

Peak 
Ilio-Sacral  

Force 

Peak Pubic 
Force Cadaver  

ID 
Impact  

Location 
Impactor  
Surface 

Impact 
Speed 

N N N 
1 Ilium & Femur Foam 3 m/s 1564 336 365 
1 Ilium & Femur Rigid 3 m/s 1654 322 358 
1 Ilium  Rigid 3 m/s 1627 708 242 
1 Trochanter Rigid 3 m/s 1590 318 501 
2 Ilium & Femur Foam 3 m/s 1450 278 344 
2 Ilium & Femur Rigid 3 m/s 3100 693 980 
2 Ilium  Rigid 3 m/s 2910 1490 363 
2 Trochanter Rigid 3 m/s 2982 654 986 
2 Ilium & Femur Rigid 4 m/s 4211 900 1307 
2 Ilium & Femur Rigid 5 m/s 6162 1340 1903 
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Figure 15: Cadaver 1 peak strain measurements. 

(primary mode of loading) 
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Figure 16: Cadaver 2 peak strain measurements. 

(primary mode of loading) 
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Figure 17: Cadaver 2 peak strain measurements by loading rates. 

(primary mode of loading) 



 
DSCUSSION 
 
The in situ load cell data showed that the only 
test condition that resulted in a larger percentage 
of the impactor load through the ilio-sacral joint 
than the pubic symphysis joint was when only 
the ilium was impacted.  In all other test 
conditions, the pubic symphysis joint received a 
larger percentage of the impactor load than the 
ilio-sacral joint.  In addition, the force time 
histories show that for all tests except the ilum 
only impact the pubic symphysis and ilio-sacral 
joints are essentially loaded simultaneously.  The 
higher velocity tests performed on Cadaver 2 
showed that impact speed did not have any 
considerable affect on the load distribution 
through the pelvis.  Finally, the results show that 
for every test a considerable amount of the 
impactor force was lost; i.e. not transmitted 
though the pelvis, due to the inertia of the body. 
 
In the current study, the strain distribution of the 
pelvis was quantified with the use of in situ 
strain gages.  The strain gage data showed that 
for all test conditions both the superior pubic 
ramus and ischium were placed in compression.  
Although the primary mode of loading for the 
ischium during the ilum only impact was tension, 
the ischium was initially placed in compression 
(Figure A13).  In addition, the strain time 
histories show that for all tests except the 
cadaver 1 ilum only impact the superior pubic 
ramus was loaded before the ischium.  This is 
due to the fact that the superior pubic ramus is 
directly attached to the acetabulum and the main 
axis of the superior pubic ramus is relatively 
close to orientation of the applied load. 
Therefore, the geometry of the pelvis relative to 
the loading axis resulted in a lag in the loading of 
the inferior pubic ramus.  The primary loading 
mode for the ilium 1st  principle strain was 
tension for all test conditions, while primary 
loading mode for the ilium 2nd  principle strain 
was compression for all test conditions.  The 
only test condition which resulted in a tension 
load on the lateral side of the femur was when 
only the ilium was impacted.  In all other test 
conditions, the femur was in compression.  The 
higher velocity tests performed on Cadaver 2 
showed that all stain measurements except the 
ilium 1st and 2nd principle strains increased with 
increasing impact speed.   
 
 
 

CONCLUSIONS 
 
In the current study the load transfer and 
deformation characteristics of the pelvis in side 
impact loading was quantified through 10 non-
destructive tests performed on two human male 
cadavers.  The results show that the only test 
condition which resulted in a larger percentage 
of the impactor load through the ilio-sacral joint 
than the pubic joint was when only the ilium was 
impacted.  In all other test conditions, the pubic 
symphysis joint received a larger percentage of 
the impactor load than the ilio-sacral joint.  The 
higher velocity tests performed on Cadaver 2 
showed that impact speed did not have any 
considerable affect on the load distribution 
through the pelvis.  For all tests a considerable 
amount of the impactor force was lost; i.e. not 
transmitted though the pelvis, due to the inertia 
of the body.  With respect to pelvic strain, the 
results show that for all test conditions the 
superior pubic ramus and ilium 2nd principle 
strain were in compression.  For all tests except 
one, a compressive load was placed on the 
ischium.  Conversely, primary loading mode for 
the ilium 1st  principle strain was tension for all 
test conditions. The only test condition which 
resulted in a tension load on the lateral side of 
the femur was when only the ilium was impacted.  
In all other test conditions, the lateral side of 
femur was placed in compression.  The higher 
velocity tests performed on Cadaver 2 showed 
that ischium strain, superior pubic ramus strain, 
and femur strain increased with increasing 
impact speed. It is anticipated that this research 
will further the understanding of the 
biomechanical response of the human pelvis in 
side impact loading, and aid in the development 
and validation of computational models. 
 
ACKNOWLEDGEMENTS 
 
The authors would like to thank Toyota Motor 
Corporation for providing the funding for this 
research. 
 
REFERENCES 
 
[1] D. Beason, G. Dakin, R. Lopez, , J. Alonso, F. 

Bandak, and A. Eberhardt, “Bone mineral 
density correlations with fracture load in 
experimental side impacts of the pelvis,” J.  
Biomechanics, Vol. 36, pp. 219-217. 2003. 

[2] R. Bouquet, and M. Ramet, “Thoracic and 
pelvis human responses to impact,” Proc. 



14th International Conference on Enhanced 
Safety of Vehicles,  Munich, Germany, 1994.  

[3] R. Bouquet, M. Ramet, F. Bermond, Y. Caire, 
Y. Talantikite, S.  Robin, and E. Voiglio, 
“Pelvis human responses to lateral impact,” 
Proc. 16th International Conference on 
Enhanced Safety of Vehicles, Windsor, 
Ontario, Canada, 1998. 

[4] J. Cavanaugh, Y. Haung, Y. Zhu, and A. 
King, “Regional tolerance of the shoulder, 
thorax, abdomen and pelvis to padding in 
side impact,” Society of Automotive 
Engineers Transactions, Paper Number 
930435, 1993. 

[5] D. Césari, and M. Ramet, “Pelvic tolerance 
and protection criteria in side impact,” Proc. 
26th Annu. Stapp Car Crash Conference, 
SAE 1982. 

[6] K. Inaba, P. Sharkey, D. Stephen, D. 
Redelmeier, F. Brenneman, “The increasing 
incidence of severe pelvic injury in motor 
vehicle collisions,”  Injury, vol. 35(8), pp. 
759-765. 2004. 

[7] A. Kemper, C. McNally, E. Kennedy, A. 
Rath, S. Manoogian, J. Stitzel, S. and 
Duma, , “Material properties of human rib 
cortical bone from dynamic tension coupon 
testing,” Stapp Car Crash Journal, vol. 49, 
pp. 199-230. 2005. 

[8] A. Kemper, C. McNally, C. Pullins, L. 
Freeman, and S. Duma, “The biomechanics 

of human ribs: Material and structural 
properties from dynamic tension and 
bending tests,” Stapp Car Crash Journal, 
vol. 51, pp. 235-273. 2007. 

[9] P. Rice, and R. Rudolph, “Pelvic 
Fractures,” Emergency Medicine Clinics of 
North America, vol. 25(3), pp. 795-802. 
2007. 

[10] S. Rouhana, P. Bedewi, S. Kankanala, P. 
Prasad, J. Zwolinski, A. Meduvsky, J. Rupp, 
T. Jeffreys and L. Schneider, “Biomechanics 
of 4-p seat belt systems in frontal impacts,” 
Stapp Car Crash Journal, vol. 47, pp. 367-
399. 2003. 

[11] D. Viano, I. Lau, and C. Asbury, 
“Biomechanics of the human chest, 
abdomen, and pelvis in lateral impact,” 
Accid. Anl. & Prev., vol. 21(6), pp. 553-574. 
1989. 

[12] D. Stein, J. O'Connor, J. Kufera, S. Ho, P. 
Dischinger, C. Copeland, , and T. Scalea, 
“Risk factors associated with pelvic 
fractures sustained in motor vehicle 
collisions involving newer vehicles,” J. 
Trauma, vol. 61(1), pp. 21-30. 2006. 

[13] E. Gokcen, A. Burgess, J. Siegel, S. Mason-
Gonzalez, P. Dischinger, and S. Ho, "Pelvic 
fracture mechanism of injury in vehicular 
trauma patients,” J. Trauma., vol. 36(6), 
pp.789-95. 1994.

 



Appendix  
 
 

0

1000

2000

3000

4000

5000

6000

7000

0 10 20 30 40 50 60 70 80 90 100
Time (ms)

Fo
rc

e 
(N

)

Impactor Force
Ilio-Sacral Load Cell
Pubic Load Cell

 
Figure A1: Cadaver 1 force vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A2: Cadaver 1 force vs. time  

(ilium and femur - rigid - 3m/s) 
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Figure A3: Cadaver 1 force vs. time  

(ilium- rigid - 3m/s) 
 
 
 
 
 

 
 
 

0

1000

2000

3000

4000

5000

6000

7000

0 10 20 30 40 50 60 70 80 90 100
Time (ms)

Fo
rc

e 
(N

)

Impactor Force
Ilio-Sacral Load Cell
Pubic Load Cell

 
Figure A4: Cadaver 1 force vs. time  

(trochanter - rigid - 3m/s) 
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Figure A5: Cadaver 2 force vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A6: Cadaver 2 force vs. time  

(ilium and femur - rigid - 3m/s) 
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Figure A7: Cadaver 2 force vs. time  

(ilium - rigid - 3m/s) 
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Figure A8: Cadaver 2 force vs. time  

(trochanter - rigid - 3m/s) 
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Figure A9: Cadaver 2 force vs. time  

(ilium and femur - rigid - 4m/s) 
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Figure A10: Cadaver 2 force vs. time  

(ilium and femur - rigid - 5m/s)
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Figure A11: Cadaver 1 strain vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A12: Cadaver 1 strain vs. time  

(ilium and femur - rigid - 3m/s) 
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Figure A13: Cadaver 1 strain vs. time  

(ilium - rigid - 3m/s) 
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Figure A14: Cadaver 1 strain vs. time  

(trochanter - rigid - 3m/s) 
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Figure A15: Cadaver 2 strain vs. time  
(ilium and femur - foam pad - 3m/s) 
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Figure A16: Cadaver 2 strain vs. time  

(ilium and femur - rigid - 3m/s) 
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Figure A17: Cadaver 2 strain vs. time  

(ilium- rigid - 3m/s) 
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Figure A18: Cadaver 2 strain vs. time  

(trochanter - rigid - 3m/s) 
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Figure A19: Cadaver 2 strain vs. time  

(ilium and femur - rigid - 4m/s) 
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Figure A20: Cadaver 2 strain vs. time  

(ilium and femur - rigid - 5m/s)
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ABSTRACT 

Injury patterns in real-world frontal crashes and the 
forces predicted in computational simulations of knee 
impacts suggest that the risk of hip injury is higher 
than the risk of knee/distal femur injury in most 
frontal crashes that are similar in severity to those 
used in FMVSS 208 and NCAP.  However, the knee-
thigh-hip (KTH) injury criterion that is currently used 
with Hybrid III femur forces in FMVSS 208 and 
NCAP only assesses the risk of knee/distal femur 
injury. 
 
As a first step to developing new KTH injury 
assessment criteria that apply to hip and knee/distal 
femur injury, a one-dimensional lumped-parameter 
model of the Hybrid III ATD was developed and 
validated.  Simulations were performed with this 
model and a previously validated lumped-parameter 
model of the cadaver to explore relationships 
between peak force at the Hybrid III femur load cell 
and peak force at the cadaver hip over the range of 
knee-loading conditions that occur in FMVSS 208 
and NCAP crash tests.  Results of these simulations 
indicate that there is not a singular relationship 
between peak Hybrid III femur force and peak force 
at the cadaver hip or at the knee/distal femur.   

Because of the complex relationship between femur 
force measured in the Hybrid III femur load cells and 
forces and injury risks in the human KTH, a new 
injury assessment criterion has been developed for 
the KTH that uses peak force and impulse calculated 
from force histories measured by the Hybrid III load 
cell to determine if the probability of KTH injury 
exceeds a specified value.  The use of impulse allows 

the new injury assessment criterion to identify the 
high-rate, short duration loading conditions that are 
likely to produce knee/distal femur fractures and the 
slower loading rates and longer durations that are 
more likely to produce hip fracture/dislocation. 

INTRODUCTION 

Fractures and dislocations (i.e., AIS 2+ injuries) to 
the knee-thigh-hip (KTH) complex occur in 2% to 
3% of all tow-away frontal crashes of airbag-
equipped vehicles (Kirk and Kuppa, 2009) and occur 
at a rate of approximately 30,000 per year in the US. 
(Rupp et al. 2002).   Of these injuries, approximately 
60% are to the shaft of the femur and hip (Kuppa and 
Kirk, 2009).  Although a high proportion of KTH 
injuries are to the hip and femoral shaft, the risk 
curve used to establish the current 10-kN maximum 
femur force injury assessment reference value 
(IARV) used in FMVSS 208 and NCAP is based on a 
risk curve that was developed from fracture force 
data that are almost exclusively associated with knee 
and distal femur injuries (Rupp et al. 2002, Rupp 
2006).  

As part of a research program aimed at addressing 
this shortcoming, previous studies measured the force 
required to produce fracture of the human cadaver 
hip under knee-bolster-like loading conditions (Rupp 
et al. 2002 and 2003, Rupp 2006).  Hip fracture force 
data from these tests were statistically analyzed to 
develop a new risk curve that expresses the 
probability of hip fracture as a function of force 
transmitted to the hip while accounting for stature 
and lower-extremity posture (Rupp 2008, Rupp et al. 
2009).  An earlier version of this risk curve was used 
along with the knee/distal femur injury risk curve 
reported by Kuppa et al. (2001) in a series of 
simulations with lumped parameter and finite 
element models of the KTH complex (Rupp et al., 
2008, Chang et al. 2008).  Results of these 
simulations predict that the hip is the part of the KTH 
complex that is most likely to be injured in a frontal 
crash for symmetric knee loading and in the absence 
of muscle tension. 

Development of improved IARVs from these KTH 
injury risk curves is challenging because risk curves 
are based on fracture forces measured in testing of 
cadavers, while IARVs must apply to femur forces 
measured by the Hybrid III family of crash-test 
dummies.  Specifically, results of previous studies 
demonstrate that the Hybrid III can produce 
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substantially higher knee impact forces than a similar 
sized cadaver and that forces at the femur load cell 
location (or anywhere else in the Hybrid III KTH 
complex) are different from the forces at 
corresponding locations in the cadaver (Donnelly and 
Roberts 1986, Masson and Cavallero 2003, Rupp et 
al. 2005).  This suggests that either the response 
biofidelity of the Hybrid III dummy needs to be 
improved so that it produces similar KTH forces as 
the human, or that the KTH injury criteria need to be 
adjusted before the current Hybrid III ATD can be 
used to assess KTH injury risk in frontal crashes. 

Typically, this adjustment would be developed 
empirically, using data from studies in which the 
knees of cadavers and ATDs are loaded using similar 
loading conditions, such as those by Donnelly and 
Roberts (1986) and Rupp et al. (2005).  However, the 
empirical approach to adjusting injury criteria is only 
valid if the experimental knee-loading conditions 
span those that occur in crashes, which those reported 
in previous studies do not.  In particular, the force-
deflection characteristics of the surfaces used to load 
the knees in previous studies were either linear elastic 
or hyperelastic, and therefore do not represent current 
real-world knee bolsters, many of which are likely 
exhibit a force-limiting behavior.  As a result, the 
relationships between forces measured by ATD 
femur load cells and force in the cadaver KTH 
developed from existing experimental data would not 
apply to many of the knee-loading conditions that are 
likely to occur in real-world crashes. 

Figure 1 illustrates how knee bolsters with different 
force-deflection characteristics can produce different 
relationships between force applied to the dummy 
and human knee under similar loading conditions.  
For the linear elastic (constant stiffness) and 
hyperelastic knee bolsters, force applied to the knee 
is higher for the Hybrid III than for the similar-sized 
cadaver because the Hybrid III KTH is stiffer and has 
more tightly coupled mass than the cadaver KTH 
complex and therefore penetrates further into the 

knee bolster.  For a force-limiting knee bolster, the 
Hybrid III knees still penetrate further into the knee 
bolster than the cadaver, but the peak forces applied 
to both the Hybrid III and cadaver knees are the same 
if the knees of both the Hybrid III and cadaver 
penetrate into the force-limiting region.   

As a consequence of the differences in force applied 
to the knees of the cadaver and Hybrid III by each 
type of knee bolster, the relationships between force 
measured by the Hybrid III femur load cell and the 
risk of KTH injury (which is a function of force 
produced at the cadaver knee and hip) will vary with 
the force-deflection characteristics of the surface 
loading the knee.  Because of this, and because 
previous research demonstrates that the knee-impact 
response of the cadaver varies with loading rate and 
loading duration (Atkinson et al. 1997, Yoganandan 
et al. 2001, Rupp 2006), an unreasonably large 
number of cadaver and Hybrid III knee-impact tests 
would need to be conducted to empirically define the 
relationships between forces in the human KTH and 
Hybrid III femur force measurements.   

GENERAL APPROACH 

Because a purely experimental approach is not 
feasible, this study used a computational approach to 
define relationships between forces measured by 
Hybrid III femur load cells and the risk of human 
KTH injury.  This approach involved (1) developing 
and validating a lumped-parameter model of the 
Hybrid III midsize male ATD and then (2) performing 
simulations in which this model and the lumped 
parameter midsize male cadaver model (Rupp et al. 
2008) were loaded by knee bolsters with a wide range 
of force-deflection characteristics.  Results of these 
simulations were used to establish relationships 
between the risk of injury to the human cadaver KTH 
complex and forces measured by Hybrid III midsize 
male femur load cells.  These relationships were then 
scaled using established techniques to develop new 
injury criteria for the Hybrid III small-female ATD. 

 

   

Figure 1. Force-deflection characteristics from linear-elastic (left), hyperelastic (middle), and force-limiting knee bolsters 
(right) illustrating peak applied force levels at the knee for midsize-male cadavers and the midsize-male Hybrid III.
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DEVELOPMENT OF A HYBRID III LUMPED 
PARAMETER MODEL 

The one-dimensional lumped parameter model that 
was developed to simulate the response of the Hybrid 
III midsize male ATD to symmetric knee loading is 
shown in Figure 2.  This model represents the 
response of one side of the Hybrid III and is identical 
in form to the lumped parameter model that Rupp et 
al. (2008) used to describe the human cadaver knee 
impact response and to predict the drop in force 
between the knee and the hip.  The methods used to 
develop the model involved defining known 
parameters from physical measurements of ATD 
components and identifying unknown parameters by 
simulating physical tests in which the knees of the a 
Hybrid III ATD were loaded and varying unknown 
model parameters were varied until predicted 
responses matched experimental results.   

Model Formulation 

There are 21 parameters in the Hybrid III model, 
including 7 masses, 6 springs, 6 damping 
coefficients, and two forces.  Most of these 
parameters are known or can be inferred from the 
results of a series of physical tests in which the knees 
of a seated Hybrid III midsize male ATD were 
symmetrically loaded using the 1.2 m/s, 3.5 m/s, and 
4.9 m/s loading conditions described by Rupp et al. 
(2008).   

Table 1 summarizes the values for masses in the 
Hybrid III model.  The static masses of the dummy 
knee, femur load cell, femur, and hip casting combine 
to form mA.  Similarly, mB is also made up of the 
static masses of the dummy pelvis and thigh flesh.  
The stiffness and damping coefficients describing the 
coupling between the knee, femur, pelvis, and pelvis 
flesh were set so that the masses of the knee/femur 
(mA), the mass of the pelvis (mB), and the mass of 
the pelvis flesh (mC) were tightly coupled.  Support 
for this is provided by the similarity in the magnitude 
and the phasing of femur and pelvis acceleration 
histories measured in symmetric knee impact tests 
performed on the Hybrid III ATD (Rupp et al. 2005).  
Because pelvis flesh is tightly coupled to the pelvis, it 
was not necessary to describe the mass of the pelvis 
flesh independently of that of the pelvic bone.  
Therefore, mB was set to the one half of the entire 
mass of the Hybrid III pelvis plus pelvis flesh and 
mC was set to a low value (0.001 kg). 

Coupling between masses was described using linear 
springs and dampers in parallel, as shown in Figure 2, 
because this arrangement is thought to represent the 
simplest combination of elements that can 

appropriately describe the coupling of body segments 
across a wide range of knee impact conditions.  
Further, this arrangement was able to describe the 
response of the human cadaver to knee impact 
loading over a wide range of loading conditions and 
was therefore thought to be capable of modeling 
ATD response. 

 
Figure 2. Lumped-parameter model. 

Table 1.  Descriptions of Masses in Hybrid III 
Midsize Male Lumped-Parameter Model 

Mass Descriptions 
mA Mass of knee, knee flesh, femur load cell, 

femur, and hip casting 
mB Mass of pelvis and flesh that is coupled to 

the pelvis 
mC Mass of the pelvis flesh 
mD Mass of leg below knee that is effectively 

coupled to the KTH 
mE Mass of torso that is effectively coupled to 

the pelvis 
mF Mass of thigh flesh that is coupled to femur 
mg Mass between femur and pelvis (set to 0.001 

kg for all tests, needed so that femur force-
deflection characteristics could be specified 
separately from those of the hip joint) 

ATD Tests Used for Model Development  

The ATD tests that were simulated to establish 
unknown parameters in the model are reported in the 
NHTSA biomechanics database (Test series ID 
NBED0607, Test Numbers 9346-9385).  The 
methods for these tests are described by Rupp et al. 
(2005) and Rupp et al. (2008) and are therefore only 
summarized here. 

The apparatus used in the Hybrid III tests is 
illustrated in Figures 2a and 2b.  The apparatus 
functions by pneumatically accelerating a weighted 
platform into the knees of a stationary test subject.  
The velocity of the platform was set to be 1.2 m/s, 
3.5 m/s, or 4.9 m/s just prior to impact.  These 
velocities were used along with padding on the knee 
impact surfaces to produce knee loading rates and 
peak femur forces that were close to the 5th, 50th, and 
95th percentiles of peak femur forces and loading 
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rates produced in FMVSS 208 and NCAP tests 
conducted between 1998 and 2004 (Rupp et al. 
2008). For all tests, the ATD was seated in an upright 
posture with the knees at a 90˚ angle.  The feet were 
supported by a platform whose height was adjusted to 
maintain this angle.  The pelvis was supported by a 
force plate that measured the friction force produced 
by the pelvis flesh interacting with the platform.  The 
ATD’s feet were also supported by a different 
platform, the height of which was set so that the 
centerline of the impactor was aligned with the most 
forward surface on the knee. The Hybrid III midsize 
male ATD used in these tests was instrumented with 
a 6-axis femur load cell and triaxial accelerometer 
blocks were attached to the shaft of the femur, the 
pelvis, and the spine box.  Prior to all tests, the knee 
response was verified by repeating the knee 
calibration test (SAE Dummy Testing and Equipment 
Subcommittee, 1998). 

 
Figure 2a.  Side-view (top) illustration of apparatus 
used to characterize ATD response. 

 

Figure 2b.  Top-view (bottom) illustration of 
apparatus used to characterize ATD response. 

Establishing Values for Unknown Model Parameters 

Of the 21 model parameters (7 masses, 6 springs, 6 
damping coefficients, and 2 forces), 15 are known 
and 6 are unknown, although reasonable bounds on 
all unknown parameters can be established.  Table 2 
lists values and data sources for the known 
parameters and bounds on the unknown parameters, 
which include the amounts of leg and torso mass that 
can couple to the KTH complex and the spring 
stiffnesses and damping coefficients that describe this 
coupling.  Rows containing these unknown 
parameters are highlighted in Table 2. 

 
Table 2.  Parameters and Bounds on Parameter Values Used in Hybrid III Model 

Element Source Value/Constraints 

Fa Test data NA (from test data) 
Ff 0.5*(Friction force applied to pelvis flesh) NA (from test data) 

mA Static mass of Hybrid III knee + femur load cell + femur + hip casting mass 6.68 kg 
mB 0.5*(Static mass of Hybrid III pelvis)  7.11 kg 
mC mC is rigidly coupled to mB and the mass of the pelvis flesh is treated as 

part of the pelvis. 
0.001 kg 

mD Determined from optimization 0.1 < mD < 4.5 kg 
mE 0.5*(Static mass of Hybrid III torso). 0.1 < mE < 20.8 kg 
mF Static mass of Hybrid III thigh flesh. 0.9 kg 

mg Set to near zero so that it has no effect on simulation results. 0.001 kg 
kAg, cAg Set to high values so that knee/femur/hip casting are effectively rigid. kAg = 1,000 kN/m 

cAg = 25,000 Ns/m 
kgB, cgB Set to high values the coupling between the femur and pelvis is effectively 

rigid. 
kgB = 1,000 kN/m 
cgB = 25,000 Ns/m 

 kBC, cBC Set to high values the coupling between the femur and pelvis is effectively 
rigid. 

kBC = 1,000 kN/m 
cBC = 25,000 Ns/m 

kAD, cAD Determined from optimization. 100 < kAD< 50000 N/m 
10 < cAD< 5000 Ns/m 

kBE, cBE Determined from optimization. 0.01 < kBE < 20 kN/m 
10 < cBE < 5000 Ns/m 

kAF, cAF Set to high values the coupling between the leg and knee is effectively rigid. kBC = 1,000 kN/m 
cBC = 25,000 Ns/m 

Pneumatic 
accelerator 

Potentiometer 
(sled position) 

 
Velocity 
pick-ups 

(sled velocity) 

Weighted 
platform 

Shock  
absorbers 

Low-friction 
surface 

Force platform 

Foot support 

Load cells 

Padded knee 
impact surface 

Load cell 

Weighted platform 

Padded knee 
impact surface 

Load cell 

Padded knee 
impact surface



,  Rupp 5 

Bounds on the leg and torso masses were set so that 
the masses were varied between 0.1 kg and their 
static mass.  Bounds on the coefficients describing 
the coupling of the masses to the KTH were set so 
that the coupling varied from loose (little effect on 
forces and accelerations predicted by the model) to 
stiff (effectively rigidly coupled). 

The masses of the leg and torso that are effectively 
coupled to the KTH complex and the parameters 
describing the coupling between these masses and the 
KTH complex were determined using optimization 
techniques that are similar to those to define 
unknown parameters in the cadaver model by Rupp 
et al. (2008).  In brief, the knee impact force histories 
from the 4.9 m/s test described above were applied to 
the knee of the Hybrid III model (mA).  Unknown 
model parameters were then varied using a simulated 
annealing algorithm in Mathematica 6.0 (Wolfram 
Inc., Chicago, IL) until the until the sum of the areas 
between predicted and experimentally measured 
femur force and acceleration histories, and pelvis-
acceleration histories in the direction of impact 
loading (x axis for pelvis and z-axis for femur) were 
minimized.  For all model development simulations, 
half of the friction force measured by the force 
platform on which the ATD was seated was applied 
to the pelvis flesh (mC).  Predicted femur force was 
calculated by inertially adjusting the predicted force 
at the connection between mA and mg using femur 
acceleration and the mass between mg and the femur 
load cell location (3.9 kg). 

Table 3 shows the model parameters that produced 
the best fit of the experimental femur force, femur 
acceleration, and pelvis acceleration histories from 
the 4.9 m/s impact velocity.  Figure 3 compares the 
femur force history predicted by the Hybrid III model 
to femur forces measured in repeated symmetric knee 
impacts performed using the Hybrid III midsize male 
ATD using the 4.9 m/s loading condition.  Figures 4 
and 5 make similar comparisons for femur and pelvis 
accelerations, respectively.  All model predictions are 
within the range of experimentally measured 
responses from repeated tests on the same ATD. 

Table 3.  Parameters Used in Hybrid III Model 
Param Description Final Value 

mA Static mass of Hybrid 
III knee, femur lc, 
femur, and hip casting  

6.68 kg 

mB 0.5*(Static mass of 
Hybrid III pelvis)  

7.11 kg 

mC Mass of pelvis flesh 
(assumed to be tightly 
coupled to the pelvis) 

0.001 kg 

mD Mass of leg from 
optimization 

0.5 kg 

mE Coupled torso mass of, 
from optimization 

5.4 kg 

mF Static mass of Hybrid 
III thigh flesh 

0.9 kg 

mg Set to near zero so that 
it has no effect on 
simulation results 

0.001 kg 

kAg, 
cAg 

Stiffness and damping 
coefficient between 
knee/femur and hip 

kAg = 3,000 kN/m 
cAg = 25 kNs/m 

kgB, 
cgB 

Stiffness and damping 
coefficient of hip 

kgB = 3,000 kN/m 
cgB = 30 kNs/m 

kBC, 
cBC 

Stiffness and damping 
coefficient between 
pelvis and pelvis flesh 

kBC = 1,000 kN/m  
cBC = 25 kNs/m 

kAD, 
cAD 

Stiffness and damping 
coefficient between leg 
and knee/femur 

kAD= 13.52 kN/m 
cAD= 1 kNs/m 

kBE, 
cBE 

Stiffness and damping 
coefficient between 
pelvis and torso 

kBE= 0.5 kN/m 
cBE= 1.5 kNs/m 

kAF, 
CAF 

Stiffness and damping 
coefficient between 
thigh flesh and femur 

kBC = 100 kN/m 
cBC = 25 kNs/m 

 

 

Figure 3. Predicted and experimentally measured 
femur force from 4.9 m/s tests. 
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Figure 4 Predicted and experimentally measured 
femur Z-axis accelerations from 4.9 m/s tests. 

 

Figure 5. Predicted and experimentally measured 
pelvis X-axis accelerations from 4.9 m/s tests. 

Model Validation 

Model validation was performed by applying the 
average force histories applied to the Hybrid III ATD 
knees in repeated tests at the 3.5 m/s and 1.2 m/s 
impact velocities to the knee of the Hybrid III model 
and then comparing experimentally measured and 
predicted femur force, femur acceleration, and pelvis 
acceleration histories.   To further verify that the 
parameters describing masses and the coupling of 
masses were appropriate, knee impacts in which the 
torso and thigh flesh had been removed from a 
Hybrid III midsize male ATD were also simulated.  
These tests were conducted using the 1.2 m/s, 3.5 
m/s, and 4.9 m/s impact conditions described above. 
Predicted and measured femur force and acceleration, 
and pelvis acceleration, were compared.  To simulate 
tests in which the dummy torso and the dummy thigh 
flesh were removed, the masses of these components 
in the lumped parameter model were set to 0.001 kg, 
so as to be close to zero but still high enough so that 
model predictions were stable. 

Model validation results are shown in Figures 6 
through 11.  Figures 6 through 8 show that model 
predictions for femur force, femur z-axis 
acceleration, and pelvis x-axis acceleration from 
whole ATD tests at 3.5 m/s, respectively, are within 
the range of experimental results.  Although not 
shown in this paper, a similar finding held for 
simulations of whole-dummy tests at 1.2 m/s.      

Figures 8 through 11 demonstrate that model 
predictions of femur force, femur acceleration, and 
pelvis acceleration are within the ranges of 
experimentally measured values for simulations of 
tests in which thigh flesh and torso were removed at 
the 3.5 m/s impact condition.  Simulations of the tests 
in which only the torso was removed (not shown 
here) indicate similar agreement with experimental 
results. 

 

Figure 6. Predicted and experimentally measured 
femur forces from tests at 3.5 m/s with the whole 
Hybrid III midsize male ATD. 

 

Figure 7. Predicted and experimentally measured 
femur z-axis accelerations from tests at 3.5 m/s with 
the whole Hybrid III midsize male ATD. 
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Figure 8. Predicted and experimentally measured 
pelvis x-axis accelerations from tests at 3.5 m/s with 
the whole Hybrid III midsize male ATD. 

 

 

Figure 9. Predicted and experimentally measured 
femur forces from 3.5 m/s tests with the dummy torso 
and thigh flesh removed. 

 

Figure 10. Predicted and experimentally measured 
femur z-axis accelerations from 3.5 m/s with the 
dummy torso and thigh flesh removed. 

 

Figure 11. Predicted and experimentally measured 
pelvis x-axis accelerations from 3.5 m/s tests with the 
dummy torso and thigh flesh removed. 

SIMULATIONS TO ESTABLISH INJURY 
ASSESSMENT CRITERIA 

Simulations to Explore Relationships Between 
Peak Force at the Femur Load Cell and Peak 
Force at the Cadaver Hip 

The relationship between Hybrid III peak femur force 
and risk of knee/distal femur injury is specified by 
existing injury criteria (i.e., the knee/distal femur risk 
curves reported by Kuppa et al. 2001 and Rupp et al. 
2009).  However, the relationship between peak force 
at the Hybrid III femur load cell and peak force at the 
human hip under similar knee-loading conditions is 
not known.  Therefore, as a first step in developing 
new IARVs for the KTH complex, a series of 
simulations was performed to explore the 
relationships between peak forces in the cadaver and 
Hybrid III midsize male KTH complexes produced 
by similar knee-loading conditions.     

In this series of simulations, the cadaver and Hybrid 
III models were loaded by simulated knee bolsters 
with three different types of force-deflection 
characteristics, including linear force-deflection 
(constant stiffness), bilinear force-deflection, and 
force-limiting.  Figure 12 illustrates these force-
deflection characteristics and shows how they were 
parameterized.  

These three types of knee bolsters were selected 
because they span the range of force-deflection 
characteristics expected to occur in current 
production knee bolsters.  In particular, a force-
limiting knee bolster represents an ideal knee bolster 
design for a particular size of occupant because it 
limits the force applied to the knee while maximizing 
the amount of energy absorbed over the least amount 
of knee bolster compression.  In contrast, for a 
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constant-stiffness knee bolster, the force applied to 
the knees increases linearly with compression of the 
bolster until the knees are completely stopped.  A 
knee bolster with a bilinear force-deflection 
characteristic represents the scenarios where the 
stiffness of the knee bolster either suddenly decreases 
from yielding of components or suddenly increases 
because the occupant’s knees bottom out the bolster. 

 
 

 
 

 
 

Figure 12.  Illustrations of knee bolster force-
deflection characteristics used in simulations: 
constant stiffness (top), bilinear force-deflection 
(middle), and force-limiting (bottom). 

Table 4 lists the ranges of knee bolster force-
deflection characteristics and impact velocities used 
in the simulations.  These ranges were selected so 
that the simulated knee-loading conditions produced 
peak Hybrid III femur forces and loading rates that 
span the upper portion of the ranges of those that 
occur in FMVSS 208 and US NCAP tests.  Knee 
bolster stiffness in these simulations was varied from 
50 N/mm to 450 N/mm.  The lower bound on knee 

bolster stiffness is based on data reported by Rupp et 
al. (2007), who loaded isolated production knee 
bolsters with cadaver knees.  The upper bound on 
knee bolster stiffness is based on simulation results 
reported by Rupp et al. (2008), which indicated that a 
bolster stiffness above 450 N/mm produces knee-
loading rates in excess of 2 kN/ms, which previous 
studies have associated with knee loading by a rigid 
(non-knee-bolster like) surface (Rupp et al. 2002, 
Rupp et al. 2007). 

Table 4.  Ranges of Parameters Used in Simulations 

Bolster Type Parameter Ranges 
Force Limiting Initial Stiffness: 200 to 450 N/mm 

Force Limit: 4 kN to 18 kN, 
Velocity: 3 to 8 m/s 

Linear Force-
Deflection 

Stiffness: 50 to 450 N/mm 
Impact velocity: 2 to 8 m/s 

Bilinear Force-
Deflection 

Initial stiffness: 50 to 450 N/mm 
Transition force: 2 to 8 kN 

Secondary stiffness: 50 to 250 N/mm 
Impact velocity: 2 to 8 m/s 

 
To simulate knee-to-knee bolster loading, the 
lumped-parameter model was modified so that the 
force-based driving function was replaced by a 500-
kg impactor mass, mI, which was connected to the 
knee by a spring.  The stiffness of this spring, kIA, 
represents the combined stiffness of the impactor and 
the knee surface.  The modified model is shown in 
Figure 13.   

 

Figure 13.  Lumped-parameter model with knee-
bolster mass (mI).   

Figure 14 compares the range (shaded area) of peak 
femur forces and loading rates produced in the 
simulations with the Hybrid III lumped-parameter 
model using the combinations of loading conditions 
listed in Table 4, to peak femur forces and loading 
rates from FMVSS 208 and NCAP tests from 1998-
2004.  To generate the data points in Figure 14, 
loading rate was calculated by taking the slope of the 
force history from the Hybrid III femur load cell 
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between 15% and 85% of peak force.  Figure 14 
shows that the knee-loading conditions used in the 
simulations span the upper portion of loading rates 
that occur in staged frontal crashes.  As a result, these 
simulations represent knee-impact forces that are 
likely to produce significant risks of KTH fractures 
and are therefore relevant to exploring the 
relationship between Hybrid III femur force and force 
at the cadaver hip as it pertains to KTH injury 
assessment 

   

 

Figure 14.  Comparison of peak Hybrid III femur 
forces and loading rates from FMVSS 208 and 
NCAP tests to combinations of similar parameters 
produced in all simulations. 

Figures 15 and 16 illustrate the relationships between 
forces at different locations in the Hybrid III and 
cadaver KTH complexes that were produced by 
simulations with the Hybrid III and cadaver lumped-
parameter models.  Figure 15 shows forces at the 
knee, femur load-cell of the Hybrid III ATD, and hip 
that have been normalized by dividing the peak 
applied force at the knee.  As illustrated by Figure15, 
the percentage of peak force at the Hybrid III knee 
that is transmitted to the femur load cell and the 
percentage of peak force applied to the cadaver knee 
that is transmitted to the hip are approximately 77% 
and 55%, respectively.    Importantly, these values 
are relatively constant over the range of simulated 
knee-loading conditions.  This finding indicates that 
knee loading by a surface that applies the same force 
to the knees of the cadaver and the Hybrid III (i.e., a 
force-limiting knee bolster) will produce a ratio of 
peak force at the femur load cell to peak force at the 
cadaver hip of 1.4 (0.77/0.55).  

Because a singular relationship exists between peak 
force at the Hybrid III femur load cell and peak force 
at the cadaver hip for knee loading by a force-
limiting knee bolster when both the cadaver and the 
Hybrid III load the bolster to the force limit, peak 
femur force can be used to predict the risks of both 
knee/distal femur injury and hip injury.   For 

example, as illustrated by the thick black and gray 
lines in Figure 16, knee loading by a force-limiting 
knee bolster that applies a force of 8.3 kN to both the 
Hybrid III and cadaver knees will produce a peak 
Hybrid III femur force of ~6.4 kN and force at the 
cadaver hip of ~4.6 kN (6.4/1.4).  Using the 
knee/distal femur and hip injury risk curves reported 
in Equations 1 and 2 in the following section of this 
paper, 6.4 kN at the Hybrid III femur load cell 
corresponds to an ~8% risk of knee/distal femur 
fracture and a ~25% risk of hip fracture/dislocation. 

 

  
Figure 15.  Percentages of force transmitted from the 
knee to the cadaver hip and from the knee to the 
Hybrid III femur load cell produce in all simulations. 

For knee loading by knee bolsters that are not-force 
limiting (or loading by a force-limiting knee bolster 
that is not impacted at a velocity sufficient to 
generate a force in excess of its force limit), the peak 
force applied to the Hybrid III knee will always be 
greater than the peak force applied to the cadaver 
knee.  This is because the Hybrid III has greater 
effective mass and stiffness than the cadaver and will 
therefore penetrate further into the knee bolster, 
regardless of bolster force-deflection characteristics.  

Figure 16 illustrates the implications of the 
differences in knee impact force produced by 
different types of knee bolsters on the relationships 
between peak forces at in the Hybrid III and cadaver 
KTH complexes for all loading conditions that 
produce a 25% risk of hip fracture.  Since all forces 
in Figure 16 are associated with the same risk of 
injury to the cadaver hip, they are associated with the 
same force at the cadaver hip (4.56 kN).   As 
discussed earlier, the thick gray and black lines in 
Figure 16 represent the Hybrid III and cadaver 
responses produced by knee loading by a force-
limiting knee bolster.  The gray shaded area in Figure 
16 illustrates how, for knee loading by a knee bolster 
that is not force-limiting (e.g., a constant-stiffness 
bolster) a higher peak force will be applied to the 
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Hybrid III knee and that this produces greater 
differences between peak Hybrid III femur force and 
force at the cadaver hip.  As a result, knee loading by 
a force-limiting knee bolster will always produce the 
smallest possible difference between peak force at the 
Hybrid III femur load cell and peak force at the 
cadaver hip.   

 

Figure 16.  Relationships between peak forces at 
different locations in the cadaver and Hybrid III KTH 
complexes associated with a 25% risk of KTH injury 
(i.e., a force of 4.56 kN at the cadaver hip).   

In summary, Figure 16 illustrates that there is no 
singular relationship between peak force at the 
Hybrid III femur load cell and peak force at the 
cadaver hip that is valid over the full range of knee 
bolster force-deflection characteristics that are 
thought to occur in production vehicles.  As a result, 
it is not reasonable to base IARVs for the entire KTH 
complex on peak Hybrid III force alone.  However, 
as discussed below, it is possible to develop injury 
assessment criteria for the hip that define the set of 
femur force histories that can be associated with a 
risk hip injury in excess of a target value.   

Development of KTH Injury Assessment Criteria 
for the Hybrid III Midsize Male ATD 

Simulations with the cadaver model reported by 
Rupp et al. (2008) demonstrate that the risk of hip 
injury is higher than the risk of knee or distal femur 
injury over most of the range of loading conditions 
that occur in frontal crashes.  However, these 
simulations also demonstrate that the likelihood of 
knee/distal femur injury is higher than the likelihood 
of hip injury for high-rate, short-duration knee 
loading.  This is because under these conditions, the 
femur has not displaced enough to recruit sufficient 
pelvis mass to produce a force at the hip that 
corresponds to a risk of hip injury that is greater than 

the risk of knee/distal femur injury associated with 
the force applied to the knee. 

These observations suggest that injury criteria for the 
entire KTH should assess the risk of knee/distal 
femur injury for high-rate and short-duration loading, 
and should assess the risk of hip injury for the lower-
rate, longer-duration loading conditions that are more 
typical of those produced in frontal crashes.  Since a 
comprehensive KTH injury assessment criterion must 
determine whether to assess hip or knee/distal femur 
injury risk, such a criterion will need to incorporate a 
parameter that relates to femur displacement that can 
be measured by the Hybrid III femur load cell.  For 
the injury assessment criteria development effort 
described below, this parameter was impulse (the 
integral of the femur force history between two 
points in time). 

When plotted, the combination of the Hybrid III 
femur forces associated with a specified level (e.g., 
25%) of knee/distal femur injury risk and hip injury 
risk along with the transition impulse that defines the 
transition between the two methods of injury 
assessment takes the form illustrated in Figure 17.  
Since the generalized injury assessment criterion 
shown in Figure 17 is a boundary and not a single 
value, or set of values, it has been termed an “injury 
assessment reference boundary.” The three parts of 
the injury assessment reference boundary are called 
the lower- force limit (or hip-injury risk-based limit), 
the transition impulse, and the upper-force limit (or 
knee/distal-femur risk-based limit). 

 

Figure 17.  Generalized form of the KTH injury 
assessment reference boundary. 

For all injury assessment reference boundaries, the 
transition impulse was determined by integrating 
Hybrid III femur force from the start of loading to the 
time that force last fell below 4.05 kN, as illustrated 
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in Figure 19.  This value was chosen because it is the 
Hybrid III femur force that corresponds to the lowest 
hip fracture force of 2.89 kN reported by Rupp et al. 
(2003) – i.e., 4.05 = 1.4 times 2.78. 

 
Figure 18.  Impulse calculation. 

Upper-force limit – The forces associated with the 
upper-force limit for a given level of knee/distal 
femur injury risk and hip injury risk were established 
using the injury risk curve in Equation 1. 

 [1] 

where F is the peak compressive force measured by 
the Hybrid III femur load cell in kN and risk lies 
between zero and one. 
 
Equation 1 is a slightly modified version of the risk 
curve that underlies the current FMVSS 208 
maximum femur force criterion (Kuppa et al. 2001) 
that accounts for censoring in the knee impact 
fracture force data that were used to develop the 
current FMVSS 208 KTH injury risk curve (Rupp et 
al. 2009).  This risk curve defines the risk of 
knee/distal femur injury in terms of peak force at the 
Hybrid III femur load cell. 

Lower-force limit – Equation 2 defines the 
relationship between hip injury risk and force at the 
human hip as a function of occupant stature and hip 
posture (Rupp et al. 2009):   

 

RiskHipFX =
ln[F] (0.2141+ 0.0114s)*(1 ( f a) /100)

0.1991

 

 
 

 

 
  [2] 

 
where,  is the cumulative distribution function of the 
standard normal distribution, 
F is peak force transmitted to the hip in kN, 
s is the stature of the target population for the risk curve 
(178 cm for midsize males), 
f is the hip flexion angle in degrees, and 
a is the hip abduction angle in degrees. 
 

For developing midsize male injury assessment 
criteria, a stature of 178 cm was used and hip posture 
was set to 15˚ hip abduction and 30˚ flexion, which 
has been estimated to represent the typical hip 
posture at the time of peak femur force in full frontal 
crashes (Rupp et al. 2008).  For reference, Figure 19 
compares hip and femur injury risk curves. 

Once the force at the human hip associated with a 
given level of hip injury risk was calculated, the 
lower-force limit was determined by multiplying this 
value by 1.4.  As discussed above, this value 
represents the ratio of peak femur force at the Hybrid 
III femur load cell to peak force at the cadaver hip for 
knee loading by a force-limiting knee bolster, which, 
by virtue of applying the same force to the Hybrid III 
ATD and cadaver knees, produces the smallest 
possible difference between peak Hybrid III femur 
force and force at the cadaver hip. 
 

 

Figure 19.  Femur injury risk curve and hip injury 
risk curve developed using with a stature of 178 cm 
and 15˚ abducted and 30˚ flexed hip posture.  

Transition impulse–For a given level of KTH injury 
risk, the transition impulse was established by 
performing simulations with the Hybrid III and 
cadaver models to identify the smallest value of 
impulse that can be associated with a risk of hip 
injury above a specified percentage for peak femur 
forces between the upper and lower-force limits.  
Because the goal of these simulations was to 
establish the minimum impulse value associated with 
a given risk of hip injury, all of the transition impulse 
development simulations were performed using the 
highest knee bolster stiffness that was reasonable, 
which, for reasons previously noted, was 450 N/mm. 
The rationale for this approach was that the highest 
possible knee-loading rate produces the shortest 
duration of applied force, and therefore the smallest 
impulse, necessary to generate a specific force at the 
hip (and a specific level of hip injury risk). 
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When the knees of the cadaver model were loaded 
using a knee bolster with a stiffness of 450 N/mm, 
there was only a single knee impact velocity that 
produced a force at the cadaver hip associated with 
the target level of hip injury risk.  However, this 
combination of impact velocity and bolster stiffness 
always produced a peak Hybrid III femur force that 
was greater than the value associated with the upper-
force limit.  Since the transition impulse does not 
apply to this loading condition, the force-deflection 
characteristics of the knee bolster were modified so 
that the knee bolster was force-limiting and had a 
force limit that produced a peak femur force that 
corresponded to the level of risk associated with the 
transition impulse.  The impulse of the femur force 
produced by this knee bolster stiffness and impact 
velocity, calculated in the manner described above, 
represents the minimum impulse that can be 
associated with a given level of hip injury risk.  This 
finding was confirmed by an alternate approach to 
transition impulse development in which knee bolster 
force-deflection characteristics and impact velocity 
were varied until the minimum impulse necessary to 
produce a given risk of hip injury was determined for 
forces between the upper and lower-force limits. 

Example Development of 25% Risk Boundary–A 
more detailed example of how the injury assessment 
reference boundaries were developed is provided 
below and in Figure 20 for the injury assessment 
reference boundary corresponding to a 25% risk of 
KTH injury.  Based on Equation 2, peak force at the 
cadaver hip associated with a 25% risk of hip injury 
is 4.56 kN.  Multiplying this value by 1.4 indicates 
that the lower-force limit is 6.38 kN.  As illustrated in 
the left column of Figure 20, the lower-force limit is 
produced through knee loading by a force limiting 
knee bolster with a force limit of 8.25 kN, which 
produces 4.56 kN at the cadaver hip and 6.38 kN at 
the Hybrid III femur load cell.  As discussed above, 
this is because a force limiting knee bolster produces 
the smallest possible Hybrid III femur force that can 
be associated with a 25% risk of hip injury.  To 
produce the responses shown in the left column of 
Figure 20, an impact velocity of 6.25 m/s was used.  
This velocity was selected because it is large enough 
so that the cadaver model knee sufficiently 
compresses the knee bolster to exceed its force limit. 

The middle part of Figure 20 shows the loading 
condition and simulation results that define the 
transition impulse for the 25% risk boundary.  For 
reasons discussed above, this loading condition was 
determined by loading the knees of the cadaver and 
Hybrid III models with a force limiting knee bolster 
with an initial stiffness of 450 N/mm.  The force limit 

for this knee bolster was set to 11.56 kN, which 
produces a peak Hybrid III femur force of 8.93 kN, 
which Equation 1 associates with a 25% risk of 
knee/distal femur injury. 

Simulations with the cadaver model using these 
loading characteristics indicated that an impact 
velocity of 5.2 m/s produced peak force at the hip of 
4.56 kN (i.e., a 25% risk of hip injury).  Since a 5.2 
m/s impact velocity produces a force at the cadaver 
knee that is below the bolster force limit, the cadaver 
knee does not penetrate far enough into the knee 
bolster to reach the limiting force, as shown in the top 
and bottom cells in the middle column of Figure 20.  
However, as is also shown in Figure 20, at this impact 
velocity, force at the Hybrid III knee reaches the force 
limit.  The impulse of the Hybrid III femur force, 
calculated using the procedure shown in Figure 18, 
associated with this loading condition is 137.1 Ns.  
This value is the smallest impulse capable of 
producing a force at the hip in excess of the value 
associated with 25% KTH injury risk, provided that 
knee bolster stiffness is not greater than 450 N/mm 
and that peak Hybrid III femur force is less than the 
upper-force limit for knee/distal femur injury. 

The right side of Figure 20 shows the results of a 
simulation that was performed to check the transition 
impulse of the 25% injury risk boundary.  This 
simulation used the same knee-bolster force-
deflection characteristics as those used to establish 
the lower-force limit (8.25 kN force limit with a 450 
N/mm initial stiffness), and a knee-impact velocity 
that resulted in an impulse of 137.1 Ns at the Hybrid 
III femur load cell.  As shown in the bottom right part 
of Figure 20, at this impact velocity, there is not a 
sufficient amount of impact energy to cause the force 
at the knee to exceed the knee bolster force limit for a 
duration that is long enough for force at the hip to 
exceed the value associated with a 25% risk of hip 
injury.  
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Force Histories Used to Establish  
Lower-force limit 

(force limit = 8.25 kN,   
Velocity=6.25 m/s, impulse=173.5 Ns, 
HIII penetration into bolster = 50 mm, 
Cad penetration into bolster = 26 mm) 

Risk = 25% 

Force Histories Used to Establish 
Impulse and Upper-force limits 

(force limit = 11.56 kN,  
Velocity = 5.2 m/s, impulse = 137.1 Ns 
HIII penetration into bolster = 32 mm, 
Cad penetration into bolster = 19 mm) 

Risk=25% 

Force Histories Used to Check 
Transition impulse 

(force limit = 8.25 kN,   
Velocity = 5.1 m/s, impulse = 137.1 Ns 
HIII penetration into bolster = 36 mm, 
Cad penetration into bolster = 18 mm) 

Risk < 25% 
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Figure 20.  Force histories, plots of the decrease in force along the KTH, and knee bolster force penetration 
responses produced in simulations used to develop and check the upper and lower-force limits and the transition 
impulse associated with the 25% risk injury assessment reference boundaries.  
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Injury Assessment Risk Boundaries for Multiple 
Levels of KTH Injury Risk–Table 5 lists the lower-
force limit, the transition impulse, and the upper-
force limit associated with injury assessment 
reference boundaries for 3%, 5%, 10%, 15%, 20%, 
25%, 30%, 35%, 40%, 45%, 50%, and 75% risk of 
KTH injury at a hip posture that is 30˚ flexed and 15˚ 
abducted (i.e., the typical posture at the time of peak 
femur force in an FMVSS 208 or NCAP test).  The 
differences in the slopes of the femur and hip injury 
risk curves explain why the difference between the 
upper and, shown in Figure 17, the lower-force limits 
increases with the level of risk associated with each 
boundary.  These same differences also explain why 
the upper and lower-force limits are equal at the 3% 
risk level.   For reference, Figure 21 plots some of 
these injury assessment reference boundaries for each 
level of injury risk and Figure 22 plots each of the 
reference boundaries as a function of injury risk. 

Table 5.  Injury Assessment Reference Boundaries 
For 3% to 75% Risks of KTH Injury 

Risk Lower-force 
limit  
(kN) † 

Transition 
impulse  
(Ns) † 

Upper-force 
limit  

(kN)†† 
3 4.97 NA* 4.97 
5 5.22 113.5 5.69 

10 5.63 121.8 6.87 
15 5.92 127.7 7.69 
20 6.16 132.7 8.35 
25 6.38 137.1 8.92 
30 6.59 141.3 9.44 
35 6.79 145.5 9.92 
40 6.98 149.4 10.37 
45 7.18 153.3 10.80 
50 7.35 157.2 11.23 
75 8.40 180.7 13.45 

*Not applicable because the upper and lower-force limits are 
equal. 

 

Figure 21.  Select injury assessment reference 
boundaries. 

 

Figure 22.  Lower force limit, upper force limit and 
transition impulse as functions of the associated level 
of injury risk. 

Using the Injury Assessment Reference Boundaries 
to Estimate Hip and Knee/Distal Femur Injury Risk 

The previous section described the development of 
injury assessment reference boundaries associated 
with specific levels of KTH injury risk. While each 
of these boundaries defines a pass/fail injury 
assessment criterion, like the current 10-kN 
maximum femur force criterion, no single boundary 
provides sufficient information to estimate the risks 
knee/distal femur and hip injury associated with a 
specified femur force history.   However, when 
combined, multiple injury assessment risk boundaries 
can be used to estimate the risk of knee/distal femur 
injury and the maximum possible risk of hip injury 
associated with a Hybrid III femur force history.  For 
example, based on the upper-force limit, a Hybrid III 
femur force history that is has a peak of 7.69 kN and 
an impulse of 145.5 Ns is associated with a 15% risk 
of knee/distal femur fracture based on Equation 1. 
The risk of hip fracture for this combination is the 
smaller of the risks of hip injury determined by 
comparing peak femur force to the lower force limit 
and impulse to the transition impulse.  This approach 
is identical to determining which boundary passes 
through a particular combination of peak force and 
impulse.   For example, as illustrated in Figure 21, a 
peak force of 7.69 kN and an impulse of 145.5 Ns are 
on the 35% risk boundary and are therefore 
associated with no more than a 35% risk of hip 
injury. 

Checks on the Injury Assessment Reference 
Boundaries–As a check on the injury assessment 
reference boundaries listed in Table 5, peak Hybrid 
III femur force, impulse at the Hybrid III femur load 
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cell, and KTH injury risk were calculated from the 
set of Hybrid III and cadaver model predictions 
produced when the loading conditions in Table 4 
were simulated.  Combinations of peak femur force 
and impulse associated with KTH injury risks greater 
than the level of risk associated with each injury 
assessment boundary were then compared.  For these 
comparisons, KTH injury risk was the maximum of 
the risk of injury to the hip predicted by the cadaver 
model and risk of injury to the knee/distal femur 
predicted by the Hybrid III model.  Figure 23 shows 
that the 25% risk boundary defines all combinations 
of peak femur force and impulse that were associated 
risks of KTH injury greater than 25%.  A similar 
finding held for all of injury assessment reference 
boundaries listed in Table 5.  

 

Figure 23.  Comparison of 25% injury assessment 
reference boundary to combinations of peak femur 
force and impulse that produced risks of KTH injury 
greater than 25%. 

Development of Injury Assessment Reference 
Boundaries for the Hybrid III Small-female ATD 

The injury assessment reference boundaries listed in 
Table 5 only apply to the midsize male ATD.  
Development of injury assessment reference 
boundaries for the small-female ATD in the same 
manner that was used to develop the midsize male 
IARVs is currently not feasible, since it would 
require knee impact response data for similar-size 
female cadavers, which are not available.  
Consequently, injury assessment reference 
boundaries for the small-female ATD were 
developed using scaling techniques. 

Mertz et al. (2003) used a factor of 0.679 to scale 
femur force in the Hybrid III midsize male to femur 
force in the Hybrid III small female based 
anthropometric and dimensional analysis 
considerations, so this factor was applied to scale the 
upper-force limit.  An appropriate lower-force limit 
was established using Equation 2 with a posture of 

15˚ abduction and 30˚ flexion and the small female 
stature (150 cm) to determine the force associated 
with each level of hip injury risk.  The lower-force 
limit was then determined by multiplying this factor 
by 1.4 (the scale factor between peak force at the 
human hip and peak force at the Hybrid III femur 
load cell for the midsize male for knee loading by a 
force-limiting knee bolster).  

Like the upper-force limit, the transition impulse for 
the small female injury assessment criteria was also 
developed by scaling midsize male data.  For 
impulse, the scaling factor was 0.580.  This factor 
was derived as described in the Appendix, using the 
same dimensional analysis based scaling techniques 
described by Mertz et al. (2003).  Scaling the 
transition impulse also requires scaling the method 
used to calculate impulse.  For the KTH injury 
assessment criteria for the Hybrid III midsize male, 
impulse is calculated by integrating the femur force 
history from the start of knee loading to the time that 
force last exceeds 4.05 kN.  For the small-female 
ATD, impulse is calculated by integrating the femur 
force history from the start of knee loading to the 
time that force last exceeds 2.75 kN, which is equal 
to 4.05 kN multiplied by the 0.679 femur force 
scaling factor reported by Mertz et al. (2003).  

Table 6 lists the small female injury assessment 
criteria for levels of KTH injury risk ranging from 
3% to 75%.  Transition impulse and the lower-force 
limit for the 3% and 5% injury assessment reference 
boundaries do not apply with this ATD since the 
upper-force limit is less than the lower-force limit 
and therefore applies to all femur force histories.  
These injury assessment reference boundaries 
individually assess whether a particular Hybrid III 
small female femur force history is associated with a 
risk of injury greater than a specified value.  
Alternatively, these boundaries can be used together, 
as described above, to assess the maximum possible 
risk of hip injury and the risk of knee/distal femur 
injury associated with a particular femur force 
history. 
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Table 6.  Injury Assessment Criteria Associated with 
Risk of KTH Injury from 3% to 75% for Hybrid III 
Small-Female ATD. 

Risk 
(%) 

Lower-force 
limit  
(kN)  

Transition 
impulse  

(Ns)  

Upper-force 
limit  
(kN) 

3 3.65* NA* 3.37 
5 3.82* NA* 3.86 

10 4.13 70.6 4.66 
15 4.33 74.1 5.22 
20 4.49 77.0 5.67 
25 4.65 79.5 6.06 
30 4.79 81.9 6.41 
35 4.91 84.4 6.74 
40 5.05 86.6 7.04 
45 5.18 88.9 7.34 
50 5.33 91.2 7.62 
75 6.09 104.8 9.14 

*Not applicable because the upper and lower-force limits 
are equal. 

 

DISCUSSION 

The injury assessment reference boundaries listed in 
Table 5 were computed such that, under the 
assumptions of the model, all combinations of peak 
Hybrid III femur force and impulse that are 
associated with a risk of KTH injury that is greater 
than a specified percentage will be above the 
boundary.  However, some combinations of peak 
femur force and impulse that are associated with risks 
of injury that are less than the value associated with 
the boundary can fall above the boundary.  In other 
words, each boundary represents a test with 
approximately 100% sensitivity but less than 100% 
specificity for peak forces between the upper and 
lower-force limits.  For peak femur forces that are 
less than the lower-force limit or greater than the 
upper-force limit, the injury assessment reference 
boundary will accurately predict injury risk, subject 
to the limitations discussed below. 

Because they were developed using one-dimensional 
lumped parameter models, the injury assessment 
reference boundaries listed in Tables 5 and 6 are 
limited in several ways.  First, the models and the 
IARVs only apply to symmetric knee loading.  The 
farther a knee-loading condition deviates from 
applying similar forces to both knees, the less 
applicable these IARVs will be.  This is because 
asymmetric knee loading has the potential to increase 
the amount mass behind the hip on the side to which 
higher force is being applied.  This will increase the 
percentage of force applied to the knee transmitted to 
the hip and thereby increase the risk of hip injury in a 
manner that is not accounted for by the lower force 

limits described in this paper.  As a result, the new 
injury assessment criteria described in this paper will 
under predict hip-injury risk for asymmetric knee 
loading.  However, this limitation is not important for 
frontal crash testing in FMVSS 208 and NCAP, 
where loading is primarily symmetric. 

In addition, because the injury assessment reference 
boundaries were developed using one-dimensional 
models, they cannot predict two-dimensional 
phenomena, such as femur bending, which is thought 
to be the primary mechanism of femoral shaft 
fracture in frontal crashes (Viano and Stalnaker, 
1980).  However, since most femur bending in frontal 
crashes is produced by axial compression (which is 
assessed by the injury reference boundaries), the 
failure of the injury assessment reference boundaries 
to account for femur bending may not be a major 
limitation.   

The models also do not account for the effects of 
lower-extremity muscle tension due to occupant 
braking and/or bracing on KTH injuries.  Based on 
the results of recent FE modeling, muscle activation 
reduces the percentage of force applied to the human 
knee that is transmitted to the hip by increasing the 
coupling of muscle mass distal to the hip (Chang, 
2009).  As a result, with muscle activation, the ratio 
of peak force at the Hybrid III femur load cell to peak 
force at the cadaver hip used to establish the lower 
force limit of the new IARVs will be greater, and the 
ATD femur forces associated with the lower bound 
will also be greater. 

The injury assessment reference boundaries listed in 
Tables 5 and 6 are all associated with a single hip 
posture, which is considered typical of a midsize 
male at the time of peak knee-bolster loading.  
Variations from this posture will affect hip-injury 
tolerance, and will therefore shift the lower force 
limit and the transition impulse, but will have no 
effect on the upper force limit associated with 
knee/distal-femur fracture, which is posture 
independent.  

The injury assessment reference boundaries 
developed in this study are based on limiting the risks 
of hip and knee/distal-femur injuries to the same risk 
levels.  However, hip injuries are generally 
considered more costly to society, more difficult to 
treat, and more disabling than knee or distal femur 
injuries (Read et al. 2002).  Therefore, in the future, it 
may be appropriate to calculate the new injury 
assessment criteria using lower risks of hip injury 
than the risks of knee/distal-femur injury. 
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The new KTH injury assessment criterion developed 
in this study were tested to ensure that they 
appropriately identify loading conditions that are 
associated with risks of KTH injury greater than 
specified levels.  Further evaluation of the new injury 
criterion is described in a companion paper (Kirk and 
Kuppa 2009), which applies the injury assessment 
reference boundaries to Hybrid III femur forces 
measured in NHTSA and IIHS crash tests, and 
compares the predicted levels of injury risk to those 
observed in similar real-world crashes investigated in 
the National Automotive Sampling Systems (NASS). 

Developing KTH injury assessment criteria for ATDs 
would be greatly simplified if the Hybrid III family 
of dummies produced similar knee impact forces and 
transmitted similar amounts of force to the hip as the 
humans that they are designed to represent.  With 
improved ATD biofidelity, the risks of KTH injury 
could be assessed by applying peak forces measured 
by ATD femur and acetabular load cells to existing 
injury risk curves for the femur and hip, respectively.  
However, with current ATDs, the modeling approach 
described in this paper is needed to accurately 
interpret ATD femur forces with respect to human 
injury risk. 

CONCLUSIONS 

A one-dimensional lumped-parameter model of the 
midsize-male Hybrid III ATD has been developed 
and validated.  Simulations with this model and the 
previously described lumped-parameter model of the 
midsized male cadaver were performed to explore the 
relationship between forces in the Hybrid III KTH 
complex and forces in the human KTH complex.  
Results of these simulations indicate that the 
relationships between peak forces measured by the 
Hybrid III femur load cell and peak forces in the 
cadaver KTH complex vary with the force-deflection 
characteristics of the knee bolster.  Since knee bolster 
characteristics in different vehicles vary, it is not 
possible to develop a singular relationship between 
peak forces measured by the Hybrid III femur load 
cell and the risks of injury to the human KTH 
complex. 

For this reason, a new injury assessment criteria for 
the KTH was developed that uses peak Hybrid III 
femur force and the impulse of Hybrid III femur 
force to define the smallest possible femur force 
histories that are associated with a given probability 
of KTH injury.  The use of impulse allows the new 
injury assessment criteria to identify the high-rate, 
short-duration loading associated with knee/distal- 

femur fractures and the lower-rate, longer-duration 
loading conditions associated with hip fractures. 
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APPENDIX:  DERIVATION OF IMPULSE 
SCALING FACTOR 

Since the units of impulse are Ns, the scale factor for 
impulse, I, must equal the scale factor for force, F, 
multiplied by the scale factor for time, Time, as 
shown in Equation A1.  The scale factor for force is 
defined by Equation A2 (Mertz et al. 2003).  The 
scale factor for time was derived by recognizing that 
the units of force are kg m/s2 and that as a result, the 
scale factor for force must equal the scale factor for 
mass, m, multiplied by the scale factor for 
width/height, x, divided by the square of the scale 
factor for time (Equation A3).  Since this quantity is 
equal to the scale factor for force ( x

2), it follows that 
the scale factor for time is defined by Equation A4.  
Substituting Equation A4 into Equation A1 gives the 
formula scale factor for impulse that is listed in 
Equation A5.   Applying the values for F, m, and x 
reported by Mertz et al., which are 0.679, 0.601, and 
0.824, respectively, to Equation A5 gives a scale 
factor for impulse of 0.580. 

I= F* Time   [A1] 

From Mertz et al. (2003), F= x
2 [A2] 

Since the units of force are kg m /s2, 

F= m * x / Time 
2 = x

2  [A3] 

Time = [ m/ x]
0.5   [A4] 

I = F * [ m/ x]
0.5  [A5] 
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ABSTRACT 

 
This paper evaluates a recently published 

comprehensive knee-thigh-hip (KTH) injury criterion 
through its application to the Hybrid III 50th 
percentile male (HIII-50M) and 5th percentile female 
(HIII-5F) dummies in frontal crash tests along with a 
comparison with real world KTH injury risk in 
frontal crashes. This criterion, developed by Rupp et 
al. (2009) (Rupp-KTH criterion), determines risk of 
injury to the hip, femur, and knee using the peak 
compressive femur force and impulse.  

Femur load cell data from various frontal crash 
tests were analyzed using the Rupp-KTH criterion.  
The risk of KTH injuries as calculated with this 
criterion in the various crash conditions was 
compared to that observed in real world frontal 
crashes using the National Automotive Sampling 
System-Crashworthiness Data Systems (NASS-CDS) 
data files. The relative proportion of knee, thigh, and 
hip injuries predicted by the Rupp-KTH criterion was 
also compared to that observed in real world crashes. 

The Rupp-KTH criterion predicts an overall KTH 
injury risk reflective of real world risk with unbelted 
Hybrid III dummies, but under-predicts real world 
injury risk for belted dummies.  The proportion of hip 
injuries among all KTH injuries is predicted 
reasonably well for unbelted occupants and under-
predicted for belted occupants.  Dummy interaction 
with the knee bolster in different restraint conditions 
likely affects the level of agreement between 
predicted and observed injury risk. 

This study applied injury criteria to Hybrid III 
dummy responses in specific crash conditions and 
seating configurations.  Injury risk prediction may be 
improved with other dummy designs or crash 
environments. 
 
INTRODUCTION 
 

With the increasing use of safety belts and the 
availability of air bags, more occupants survive 
serious crashes.  However, many people involved in 
frontal crashes sustain disabling lower extremity 
injuries (Kuppa et al., 2003).  Though lower 

extremity injuries are not typically life threatening, 
the physical and psychosocial consequences of lower 
extremity injuries are often long lasting (Read et al., 
2002).  Lower extremity injuries require 
comparatively longer periods of hospitalization and 
recovery than injuries to other body regions (Read et 
al., 2004). 

Using NASS-CDS data files, Kuppa et al. (2003) 
concluded that the lower extremity is the most 
frequently injured body region in frontal crashes 
accounting for 36% of all AIS 2+ injuries. 
Approximately half of lower extremity injuries are to 
the knee-thigh-hip (KTH) complex and the other half 
are below the knee. A detailed analysis of KTH 
injuries indicated that 46 percent of all KTH injuries 
are to the hip.  The relatively high frequency of 
hip/pelvis injuries is of particular concern because 
hip injuries are generally more difficult to treat than 
injuries to the either the knee or the thigh. 

NHTSA funded a research program to better 
understand the mechanism of KTH injuries in frontal 
crashes and to determine the fracture tolerance of the 
hip relative to that of the knee and thigh for knee 
impact conditions that are representative of those 
resulting from frontal impacts of late-model air 
bag/knee-restraint-equipped vehicles. Results of this 
program showed that the hip is the weakest part of 
the KTH complex under these loading conditions and 
that hip flexion and adduction from a standardized 
automotive seating posture significantly reduce hip 
fracture tolerance (Rupp, 2002, 2003a).  

NHTSA then funded research to better assess the 
relationship between cadaveric testing and the Hybrid 
III dummy responses in crash tests. The research 
indicated that the knee/femur complex of the Hybrid 
III dummy is 2 to 16 times stiffer than that of the 
human (Rupp, 2003b). In addition, knee impact 
forces in cadavers were significantly lower than those 
in the Hybrid III dummy under similar impact 
conditions (Rupp, 2005).  Therefore, in order to 
assess KTH injury risk using the Hybrid III dummy, 
the forces measured by the Hybrid III femur load cell 
need to be transformed to represent equivalent forces 
in a human KTH complex under similar impact 
conditions.   
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As part of the NHTSA-funded program, Rupp et 
al. (2008) conducted symmetric axial knee impacts to 
human cadavers representing the range of knee 
impact conditions observed in frontal crashes of 
recent vehicle models.  This test data was used to 
develop and validate a one-dimensional lumped 
parameter model of the human midsize-male KTH 
complex. A similar one-dimensional lumped 
parameter model was also developed of the Hybrid 
III dummy KTH complex (Rupp et al., 2009).  The 
simulations with the human model indicated that for 
long duration impacts (axial knee impact with energy 
absorbing knee bolster), the risk of hip injury is 
higher than the risk of knee or distal femur injury 
while for short duration axial knee impacts (impact 
with hard rigid surface), the risk of knee/distal femur 
injury is higher.  The cadaver and Hybrid III dummy 
models were exercised in different knee impact 
loading conditions (Rupp et al., 2009) to develop a 
relationship between the measured Hybrid III femur 
force time history and the risk of hip injury.   

This paper applies the KTH injury risk 
formulations developed by Rupp et al. (2009) for the 
Hybrid III 50th percentile male dummy (HIII-50M) 
and the Hybrid III 5th percentile female dummy 
(HIII-5F) in different frontal crash test modes.  Risks 
predicted by the new formulation are compared to the 
injury risk observed in real world frontal crashes of 
comparable crash modes.    
 
Development of KTH Injury Risk Curves for the 
Hybrid III Dummy 
 

Rupp et al. (2009) has developed a new KTH 
injury criterion for the Hybrid III dummy that uses 
both peak compressive femur force, which is 
measured along the long axis of the femur, and 
impulse of the force to calculate the risk of injury to 
the knee, thigh, and hip.  This method takes into 
account both the magnitude and duration of the load 
to the KTH complex.  As discussed in Rupp et al. 
(2009), the revised injury assessment reference 
boundaries have an upper force limit that is based on 
limiting peak Hybrid III femur force so that it does 
not exceed the force associated with a specified risk 
of AIS 2+ knee/distal femur fracture, while the lower 
force limit and the impulse limit are set to correspond 
to a specified risk of AIS 3+ hip injury.  An 
illustration of the criterion is shown in Figure 1.     

 

Femur Compressive Force (N)

Im
pu

ls
e 

(N
s)

Impulse limit
(limiting hip injury risk
to X%)  

upper force limit 
(limiting femur injury 
risk to X%) Fmax 

lower force limit 
(limiting hip injury risk 
to X%)  Fmin

(0,0)
 

Figure 1.  Layout of injury assessment reference 
boundary represented by the peak compressive 
femur force and the associated impulse for a 
specified level of KTH injury risk. 

 
Table 1 lists the HIII-50M lower force limit, the 

impulse limit, and the upper force limit reported in 
Rupp et al. (2009) that is associated with injury 
assessment reference boundaries for 3%, 5%, 10%, 
15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, and 
75% risk at a hip posture that is 30˚ flexed and 15˚ 
abducted (i.e., the typical posture at the time of peak 
femur force in a FMVSS No. 208 or NCAP test) 
(Rupp, 2003b).  Table 2 lists the lower force limit, 
impulse limit, and upper force limit as measured in 
the HIII-5F dummy for risks of KTH injury from 3-
75 percent.  In Table 1 for 3% risk and in Table 2 for 
3 and 5% risk, impulse limits are not provided 
because the lower force limit is greater than or 
approximately equal to the upper force limit.  In this 
situation, the impulse limit for hip injury does not 
apply.  

Table 1.   
Injury Assessment Reference Boundaries 

Associated with Risk of KTH Injury from 3% to 
75% for the HIII-50M Dummy (Rupp et al., 2009) 

Lower force limit 
Fmin

Impulse 
Limit

Upper Force Limit 
Fmax

(kN) (Ns) (kN)
3 4.97 4.97
5 5.22 113.5 5.69
10 5.63 121.8 6.87
15 5.92 127.7 7.69
20 6.16 132.7 8.35
25 6.38 137.1 8.92
30 6.59 141.3 9.44
35 6.79 145.5 9.92
40 6.98 149.4 10.37
45 7.18 153.3 10.8
50 7.35 157.2 11.23
75 8.4 180.7 13.45

Risk  
%
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Table 2. 
Injury Assessment Reference Boundaries 

Associated with Risk of KTH Injury from 3% to 
75% for the HIII-5F Dummy (Rupp et al., 2009) 

Lower force limit  
Fmin

Impulse 
Limit

Upper Force Limit 
Fmax

(kN) (Ns) (kN)
3 3.65 3.37
5 3.82 3.86
10 4.13 70.6 4.66
15 4.33 74.1 5.22
20 4.49 77 5.67
25 4.65 79.5 6.06
30 4.79 81.9 6.41
35 4.91 84.4 6.74
40 5.05 86.6 7.04
45 5.18 88.9 7.34
50 5.33 91.2 7.62
75 6.09 104.8 9.14

Risk  
%

 
 

The Rupp et al. (2009) KTH injury criterion 
involves determination of the overall risk of KTH 
injury by calculating and comparing the risks of 
injury to the hip and femur in any given test.  To do 
this, it was necessary to develop injury risk curves 
that could be used to determine the risk of femur or 
hip injury at any measured force or impulse.  The risk 
of femur injury uses a 2-parameter Weibull as the 
underlying distribution and assumes that the applied 
knee force on the cadaver is equivalent to the 
compressive force measured by the femur load cell in 
the Hybrid III dummy under similar impact 
conditions (Rupp et al., 2009).  The resulting injury 
risk curves for the HIII-50M and the HIII-5F are 
shown in Figure 2 and Equations 1a and 1b.   
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Figure 2.  Risk of distal femur / knee injury as a 
function of peak compressive femur force 
measured by the HIII-50M and HIII-5F femur 
load cells. 
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Where F is the peak compressive force in kN 
measured in the HIII-50M and HIII-5F dummy 
femurs.  
 

The risk of hip injury derived from cadaver test 
data (Rupp et al., 2009) as a function of force at the 
hip, subject stature, hip flexion, and abduction angle 
is presented in Equation 2a.  For an occupant stature 
of 178 cm (corresponding to the size of a HIII-50M 
dummy), seated in normal driving posture (hip 
flexion =30 degrees and hip abduction=15 degrees), 
the corresponding hip injury risk is as shown in 
Equation 2b.  Similarly, the hip injury risk for 
occupant stature of 150 cm, corresponding to the size 
of a HIII-5F dummy, in normal driving posture is 
presented in Equation 2c.   
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Where: 
Φ is the cumulative normal distribution; 
s is occupant stature, in cm; 
f is hip flexion angle, in degrees; 
a is hip abduction angle, in degrees; and 
F is the peak hip force, in kN. 
 

The hip injury risk curve applicable to the Hybrid 
III dummy femur force measure was derived by 
fitting a lognormal distribution to the data in the 
second column in Table 1.  This equation is the same 
as that presented in Equation 2b for a normally seated 
50th percentile male occupant with the force scaled by 



 

Kirk, 4 

0.7126 (Equation 3a and Figure 3). This scale factor 
represents the transformation of the measured 
compressive femur force in the HIII-50M dummy to 
the equivalent hip force in the cadaver in simulations 
of knee impacts by force limiting knee bolsters.  
According to Rupp et al. (2009), the risk of injury 
using the force in the second column in Table 2 was 
developed by scaling the force in Equation 2c for a 
5th percentile normally seated female occupant by 
0.7143 (=1/1.4:  factor to scale the force at the HIII 
5F femur load cell to equivalent force at the cadaver 
acetabulum in simulation of knee impacts with force 
limiting knee bolsters).  The resulting hip injury risk 
curve using the force measured at the HIII-5F femur 
load cell is presented in Equation 3b and Figure 3. 
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Figure 3.  Risk of hip injury as a function of peak 
compressive femur force in the HIII-50M and 
HIII-5F dummies. 
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Where: 
Φ is the cumulative normal distribution; and 
F is the compressive force measured on the dummy 
in kN.   
 

The risk curve for hip injury as a function of 
impulse of the femur force was obtained by fitting a 
logistic distribution to the data in column 3 of Table 
1.  The risk of hip injury for the HIII-50M dummy 
impulse of the compressive femur force is shown in 
Figure 4 and Equation 4a.  According to Rupp et al. 
(2009), the risk of hip injury as a function of 
compressive femur force impulse of the HIII-5F 
dummy was obtained by scaling the impulse in 
Equation 4a by a factor of 0.58 as shown in Equation 
4b. 
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Figure 4.  Risk of hip injury as a function of the 
impulse of the compressive femur force in the 
HIII-50M and HIII-5F dummies. 
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Where impulse is the impulse of the compressive 
femur force measured on the dummy in 
Newtons.Seconds.  

 
METHODS 
 
Investigation of KTH Injuries in NASS-CDS 

 
The risk and proportion of KTH injuries in real 

world crashes were investigated by analyzing the 
NASS-CDS data files for years 1993-2007 and 
vehicle model years (MY) 1991-2008 using a similar 
methodology as that presented by Kuppa et al. 
(2003).  Frontal crashes were defined as those with 
impact direction between 10-2 o’clock with general 
area of damage in front and forward of the A-pillar. 
Frontal crashes were further classified into three 
categories representing a full frontal rigid barrier 
crash test (FFB), a left offset and a right offset 
deformable barrier crash test (LOV and ROV) as 
defined by Stucki et al. (1998)  using impact 
direction, type of object contacted (fixed or vehicle), 
general area of damage, and the location of maximum 
crush.  Only vehicles not involved in a rollover, and 
driver and front passenger occupants with an air bag 
available at their seating position were included. 
Only outboard front seat occupants (driver and right 
front passenger) who were at least 15 years of age 
and were not ejected were included in the analysis. 
Cases were aggregated by frontal crash mode, vehicle 
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model year, occupant stature, seating position (i.e., 
driver or passenger), restraint status, and crash 
DeltaV.  Injury risks were calculated for multiple 
body regions with the lower extremities divided into 
the KTH complex and below knee. Additionally, 
KTH injuries were examined in further detail to 
determine the proportion of KTH injuries to the knee, 
thigh, and hip for various crash, occupant, or restraint 
types and crash DeltaVs using the knee, thigh, and 
hip injury categories defined by Kuppa et al. (2003).   
 
Application of the KTH Injury Criteria to 
Determine KTH Injury Risk in Frontal Crash 
Environments 

 
50th Percentile Male Data:  Femur force-time 

data were extracted from frontal NCAP, FMVSS No. 
208, IIHS frontal offset, and vehicle-to-vehicle 
frontal and offset tests for the HIII-50M.  NCAP 
femur data were taken from tests conducted on belted 
HIII-50M driver-side dummies in MY 1995-2008 
vehicles in 56 km/h (35 mph) frontal crash tests.  The 
FMVSS No. 208 tests were full frontal barrier tests 
conducted on MY 2002-2007 vehicles at 40 and 48 
km/h (25 and 30 mph), with unbelted HIII-50M 
dummies.  Frontal offset tests from IIHS include MY 
1995-2003 vehicles tested with 64.4 km/h (40 mph) 
closing speed.  The HIII-50M driver was belted in 
these tests.  Finally, a series of 50% left offset and 
collinear vehicle-to-vehicle tests conducted as part of 
NHTSA’s compatibility research was included 
(Summers and Prasad, 2005).  In this series, bullet 
vehicles impacted the stationary struck vehicle (a 
2004 Honda Accord) such that the DeltaV of the 
struck vehicle was 56 km/h.  Femur data from this 
test series were taken from the belted HIII-50M 
dummy driver with Thor-Lx/HIIIr in the struck 
vehicle.  For the NCAP, FMVSS No. 208, NHTSA 
offset, and vehicle-to-vehicle crash tests, the 
dummies were positioned according to dummy 
placement specified in FMVSS No. 208.  For the 
IIHS offset tests, the dummies were positioned 
according to IIHS offset barrier crash test protocol 
Version IX with the driver seat in the midtrack full-
down position.  All data are available on the NHTSA 
vehicle database at http://www-nrd.nhtsa.dot.gov/ 
database/nrd-11/veh_db.html.   

5th Percentile Female Data:  Femur force-time 
data for the HIII-5F were taken from unbelted 
FMVSS No. 208 tests of MY 2003-2008 vehicles in 
full frontal barrier crash tests at 40 km/h (with the 
exception of one test at 32 km/h (20 mph)).  Femur 
data were also collected from NHTSA research tests  
using the HIII-5F in full frontal, belted environments 
at 40, 48, and 56 km/h. Finally, femur data were 
collected from HIII-5F drivers in three 40% left 

offset frontal tests of MY 2002 and 2004 vehicles at 
40 km/h.  All tests were conducted with the HIII-5F 
positioned as specified for the HIII-5F in FMVSS 
No. 208.  All data are available on the NHTSA 
vehicle database at http://www-nrd.nhtsa.dot.gov/ 
database/nrd-11/veh_db.html.   

Femur Force, Impulse, and Risk Calculation:  
Peak left and right compressive femur forces for each 
test were obtained after processing the femur force 
time histories with SAE CFC 600.  The impulse of 
each force was then calculated by integrating the 
filtered femur force time history from Tzero, the time 
that force last equals zero prior to the peak 
compressive force, to the time after the peak force 
when the compressive force first equals 4050 N for 
the HIII-50M or 2750 N for the HIII-5F (Figure 5).  
These are the compressive forces in the Hybrid III 
dummies that correspond to the minimum force 
required for KTH injury in cadavers.  If the peak 
compressive femur force is less than 4050 N (or 2750 
N for the HIII-5F), the integral is taken from Tzero to 
the time of the peak force (Fmax).  
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Figure 5. Impulse integration limits for the HIII-
50M. 

 
The peak compressive force and impulse values 

were then used in Equations 1, 3, and 4 to calculate 
the risks of injury to the femur and hip.  A femur 
force time history with peak force levels lower than 
Fmin of Figure 1 has a hip injury risk less than X% 
regardless of the level of impulse.  On the other hand, 
a short duration femur force time history with peak 
femur force greater than Fmin in Figure 1 has a hip 
injury risk less than X% only if the impulse is less 
than the impulse limit associated with X% injury risk. 
Therefore, the overall risk of hip injury (Phip) is 
determined by the lower of the risks due to force and 
impulse, calculated using Equations 3 and 4.  As a 
result, short duration femur force spikes (high peak 
compressive femur force with low impulse) and low 
force level-long duration time histories will have 
relatively low risk of hip injury. The overall risk of 
KTH (PKTH) injury due to axial, compressive loading 
of the femur was determined as the greater of the risk 
to the hip (Phip) and to the distal femur/knee (Pknee) 
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from Equation 1.  In other words,  
PKTH=Maximum(Minimum(Phip-Eqn. 3, Phip-Eqn. 4), Pknee-Eqn 1) 
 

This process of determining overall risk is 
illustrated using Figure 6 and Table 3. The 25 and 35 
percent risk of KTH injury lines along with points A, 
B, C, and D representing four peak compressive 
femur force and impulse combinations for the HIII-
50M dummy are shown in Figure 6.  Table 3 presents 
the hip, femur/knee, and the overall KTH injury risk 
for each of the 4 combinations of force and impulse.  
Point A (high force and low impulse) lies on the 35 
percent risk boundary associated with femur/knee 
injury risk. Though the peak femur force is high for 
Point A, the risk of hip injury is low because of the 
low impulse level.  Point B represents a relatively 
high force-short duration force time history.  Though 
the peak femur force of Point B is associated with a 
62 percent hip injury risk, the impulse of Point B is 
only associated with a 25 percent injury risk. Point C 
represents a relatively low force-long duration time 
history. Though the hip injury risk from impulse is 74 
percent, the femur force level of Point C is only 
associated with a 35 percent risk of injury.  Point D 
provides another example of a low force, long 
duration time history.  Although the hip risk due to 
impulse is fairly high (54%), the overall risk is 
determined by the risk of hip injury due to femur 
force, which is 30%.     
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Figure 6.  Peak compressive femur force versus 
impulse plot for the HIII-50M dummy to illustrate 
the process of determining KTH injury risk.  
Points A, B, C, and D represent four compressive 
femur force and impulse combinations of the 
HIII-50M dummy. 
 
 
 
 
 
 
 
 
 
 

Table 3.   
Risk of Injury to the KTH Complex using 

Equations 1, 3, and 4. 
A B C D

Compress. Femur Fz (N) 9920 7800 6800 6585
Impulse (Ns) 80 138 180 160
Hip Injury Risk Eqn. 3 0.94 0.62 0.35 0.30
Hip Injury risk Eqn. 4 0.00 0.25 0.74 0.54
Hip Injury Risk (Min. risk 
of rows 4 and 5) 0.00 0.25 0.35 0.30
Femur/knee Injury Risk 0.35 0.16 0.10 0.09
Overall KTH risk (Max of 
rows 6 and 7) 0.35 0.25 0.35 0.30
What is injured? femur/knee hip hip hip  
 
RESULTS 
 
NASS Analysis of KTH Injuries 
 

Compared to other injuries, lower extremities 
(KTH + below knee combined) continue to have the 
highest risk of all body regions of AIS 2+ injuries to 
front seat occupants in frontal crashes of air bag 
equipped vehicles (Figure 7).   
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Figure 7. Risk of AIS 2+ injury by body region, 
for driver and front seat passenger in air bag 
equipped vehicles in different frontal crash modes 
(FFB=  crashes representative of full frontal rigid 
barrier crashes; LOV, ROV= crashes 
representative of left and right offset deformable 
barrier crashes) (NASS-CDS 1993-2007). 

 
Risk of KTH injury for belted occupants is 1.5-

2%, while for unbelted occupants this risk is 4-7.6%.  
The risk for unbelted occupants was higher than that 
for belted occupants in each crash mode.  The risk of 
KTH injury is higher in full frontal rigid barrier type 
crashes than in the left and right offset crash modes 
for unbelted occupants while there is not much 
difference in KTH injury risk in the three crash 
modes for belted front seat occupants (Figure 8).  
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Figure 8. Risk of AIS 2+ KTH injury in belted and 
unbelted drivers and passengers in frontal crashes 
(NASS-CDS 1993-2007). 

 
The proportion of knee, thigh, and hip injuries to 

drivers and passengers in all frontal crashes are 
similar for belted as for unbelted occupants.  
Additionally, knee injuries occur with somewhat 
greater frequency than hip injuries (Figure 9). 
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Figure 9. Proportion of knee, thigh, hip injuries 
among front seat occupants by restraint status 
(NASS-CDS 1993-2007). 
 

Agency crash tests are conducted with both 50th 
percentile male and 5th percentile female-sized 
dummies.  Because of this, NASS-CDS data files 
were examined using occupant stature categories 
according to Samaha et al. (2001) that correspond to 
the occupant heights representative of the HIII-5F 
dummy (143-162 cm) and HIII-50M dummy (163-
182 cm).  Since many occupant heights are listed as 
“unknown” in NASS-CDS, the number of 
observations for this category (i.e., occupant height) 
is much smaller than that for other categories.   

The belted and unbelted front seat occupants, 
represented by the HIII-5F dummy size (5F) had 
somewhat greater risk of AIS 2+ KTH injury than 
those represented by the HIII-50M dummy (50M) as 
shown in Figure 10.  The proportion of knee, thigh, 
and hip injuries were essentially equal in the belted 
5F group while the proportion of thigh injuries were 
lower than hip and knee injuries in the belted 50M 
group.  The greatest proportion of KTH injuries in 

the unbelted 5F and 50M groups was to the hip, 
although the 5F group had a nearly equivalent 
proportion of thigh injuries (Figure 11). 
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Figure 10. Risk of AIS 2+ KTH injury for belted 
front seat occupants in frontal crashes for small 
female and average male height occupants (NASS-
CDS 1993-2007). 
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Figure 11.  Proportion of KTH injuries in belted 
and unbelted occupants by occupant stature 
(NASS-CDS 1993-2007). 

 
In addition to crash mode, restraint, and occupant 

size, risk of injury by vehicle model year was also 
examined.  For belted occupants, risk of AIS 2+ KTH 
injury remained relatively constant between MY 
1991-2000, then decreased slightly in MY 2001-2008 
vehicles (Figure 12).  The proportion of thigh injuries 
relative to all KTH injuries remained at 
approximately 20% for all model years, while the 
proportion of hip injuries decreased from 40% to 
20% and the proportion of knee injuries increased 
from 40% to 60% from 1991-1995 MY vehicles to 
2001-2008 MY vehicles (Figure 13). 
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Figure 12. Risk of KTH injury by model year for 
belted and unbelted front seat occupants (NASS-
CDS 1993-2007). 
 

The risk of AIS 2+ KTH injury is higher among 
unbelted occupants than belted occupants for all three 
categories of vehicle model years.  Additionally, hip 
injuries are dominant for unbelted occupants, while 
knee injuries are dominant for belted occupants 
(Figure 13).  In unbelted occupants, the proportion of 
hip injuries increased from earlier to more recent 
vehicle model years, while in belted occupants it 
decreased in more recent model years.  Knee injuries 
in unbelted occupants remained relatively constant 
from 91-95 to current model year vehicles. 
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Proportion of KTH Injury for Unbelted Occupants
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Figure 13. Proportion of AIS 2+ KTH injury by 
model year for belted and unbelted front seat 
occupants in air bag equipped vehicles (NASS-
CDS 1993-2007). 
 

To obtain real world injury risk at crash severities 
similar to that of the various crash tests, the NASS-
CDS data files were further parsed by the crash 

DeltaV.  For belted occupants, frontal crashes of 
DeltaV ranging 48-70 km/h were considered, and for 
unbelted occupants, frontal crashes of DeltaV ranging 
35-60 km/h were considered.  For simplicity, these 
results will be referred to as “high severity” belted 
and unbelted frontal crash results, to distinguish them 
from the results derived from crashes of all DeltaVs.   

Risk of KTH injury for belted drivers in high 
severity frontal crashes ranged from 10% for right 
offset crashes to 27% for left offset crashes, and had 
a 20% risk for full frontal crashes. The risk of KTH 
injury for unbelted drivers in high severity crashes 
ranged from 18 to 20 percent.  With the exception of 
unbelted passengers, the risk of KTH injury is higher 
for the driver in left offset crashes than in right offset 
crashes, and higher for the passenger in right offset 
crashes than left offset crashes (Figure 14).   This 
finding is consistent with the expectation that 
occupants closer to the impact site are at a higher risk 
of injury than occupants farther away from the 
impact site.     
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Figure 14. Risk of AIS 2+ KTH injury in high 
severity unbelted and belted frontal crashes 
(NASS-CDS 1993-2007). 
 

Hip injuries account for a large proportion of 
KTH injuries in high severity unbelted and belted 
frontal crashes.  Hip injuries account for 32 to 41% of 
AIS 2+ KTH injuries in these high severity belted 
frontal crashes and 45 to 51% of KTH injuries in 
unbelted frontal crashes.  In both belted and unbelted 
occupants in high severity crashes, when looking at 
all frontal crash modes combined, hip injuries were 
most common, followed by thigh, then knee injuries.  
This trend was also seen in full frontal unbelted 
crashes.  Full frontal belted crashes had nearly equal 
hip and thigh injuries, and somewhat fewer knee 
injuries (Figure 15). 
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Proportion of KTH Injury 
Unbelted Drivers in 35-60 km/h Crashes
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Proportion of KTH Injury- Belted Drivers in 48-70 km/h Crashes
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Figure 15. Proportion of KTH injuries for 
unbelted and belted drivers in high severity 
crashes (NASS-CDS 1993-2007). 
 
Application of KTH Criterion to the 50th 
Percentile Male Dummy 

 
As described previously, risk of KTH injury is 

defined by the maximum risk to the femur/knee or 
the hip.  The risk of hip injury is determined by the 
minimum risk computed from Equations 3 and 4.  
For purposes of this discussion, when the hip injury 
risk is determined by Equation 3, it will be stated that 
the hip(force) has the greatest injury risk.  For cases 
where the hip injury risk is determined by Equation 
4, it will be stated that the hip(impulse) has the 
greatest injury risk.  Equation 1 is used to determine 
the risk of distal femur and knee injuries and is noted 
as femur/knee. 

NCAP Tests: The compressive femur forces and 
impulses for belted 50th percentile male dummies in 
566 56 km/h NCAP tests of MY 1995-2008 vehicles 
are graphically presented in Figure 16.  For reference, 
lines of 25% and 35% risk of KTH injury are also 
shown.  These levels of injury risk were selected 
because these risk levels have been used in previous 
studies as injury threshold levels for lower extremity 
injuries (Kuppa et al., 2001).  The force and impulse 
values from NCAP tests were input into Equations 1, 
3, and 4 to calculate overall risk for the driver in each 
test; the risks are presented in Figure 17.  The 
average calculated risk of KTH injury in 50th 
percentile male drivers in NCAP tests is 5.2%.  By 
model year group, the average risk of MY 1995 
vehicles is 7.49%; of MY 1996-2000 vehicles is 
7.61%; and of MY 2001-2008 vehicles is 3.70%.  

This risk is quite low compared to the NASS risk for 
belted drivers in 48-70 km/h delta V frontal crashes 
of MY 1991-2008 vehicles, which was 20% as shown 
in Figure 14.  However, the lower risk for more 
recent model year vehicles than previous model year 
vehicles is consistent with NASS results for all crash 
severities shown in Figure 12.    
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Figure 16. Peak compressive femur force and 
impulse in NCAP tests. 
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Figure 17.  Calculated risk of KTH injury in the 
50th percentile male in NCAP tests. 

 
When the KTH criterion is applied to the HIII-

50M in NCAP tests, risk of femur/knee injury 
dominates the risk of hip injury for nearly all tests.  
However, in most tests the risk is low.  Only 21 out 
of 566 tests (3.71%) have an overall injury risk 
greater than 25%.  Of these higher risk tests, risk of 
hip injury was greatest in MY 1995-1997 and 1999, 
while in 2001 and 2003, femur/knee injury risk was 
greatest.  After 2003, only one test (in 2007, 
femur/knee dominant risk) failed the 25% injury risk 
criterion, with a risk of 25.8%.  The dominant risks 
are presented by number of vehicles in Figure 18. 
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Figure 18. Dominant risk of injury for 50th 
percentile male driver when risk of KTH injury is 
at least 25%. 

 
Although overall risk is underpredicted, the trend 

of increasing femur/knee injuries and decreasing hip 
injuries with model year is consistent with results 
from NASS-CDS shown in Figure 13.  However, real 
world, high severity belted crashes show nearly equal 
proportions of hip and thigh+knee injuries (Figure 
15), while NCAP test data indicates that among those 
with KTH risk greater than 25 percent, hip injury was 
predominant.  

FMVSS No. 208 Unbelted Tests:  The 
compressive femur force and impulse from 26 
unbelted HIII-50M drivers and 26 passengers in 40-
48 km/h full frontal FMVSS No. 208 tests are 
graphically presented in Figure 19.  The average 
calculated risk of KTH injury in drivers and 
passengers of these MY 2002-2008 vehicles was 
13.8%, where drivers had a risk of 11.3% and 
passengers had a risk of 16.3%.  These risks are 
comparable to the real world risks of KTH injury in 
high severity unbelted crashes for drivers and 
passengers in MY 1991-2008 vehicles (about 20%), 
shown in Figure 14, particularly for passengers.     
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Figure 19. Peak compressive femur force and 
impulse in FMVSS No. 208 tests with the HIII-
50M dummy. 

 
In comparison to the NCAP tests for the same 

model years (Figure 18), there was a greater 
proportion of tests where hip injury risk was higher 

than femur/knee injury risk in the unbelted FMVSS 
No. 208 tests (Figure 20).   This difference in 
proportion of hip injuries is consistent with the 
difference in proportions in the real world for 
unbelted high severity crashes compared to belted 
high severity crashes (Fig. 15), which show greater 
proportions of hip injuries in unbelted tests. 
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Figure 20. Dominant risk of injury, by percentage 
of vehicles, in unbelted 50th percentile male driver 
and passenger dummies in FMVSS No. 208 tests. 

 
 Of the 26 unbelted FMVSS No. 208 tests 
conducted with HIII-50M dummies, 5/26 drivers 
(19.2%) and 6/26 passengers (23.1%) had KTH 
injury risks above 25%. This percentage of occupants 
exceeding 25 percent injury risk is consistent with the 
real world risk of KTH injury to unbelted occupants 
(Figure 14).  In these tests, hip(force) had the greatest 
risk of injury in most tests (see Figure 21).  The 
greatest risk of injury being to the hip is in agreement 
with NASS data for unbelted drivers in high severity 
crashes, presented in Figure 15.  However, the 
proportion of thigh+knee injury in the real world is 
underpredicted in these unbelted tests. 
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Figure 21. Dominant risk of injury in 50th 
percentile dummy driver (left) and passenger 
(right) in unbelted FMVSS No. 208 tests. 

 
     IIHS Frontal Offset Tests:  Compressive 

femur force and impulse in 179 IIHS 40% left offset 
frontal crash tests are presented graphically in Figure 
22.  In these belted tests of HIII-50M drivers, risk of 
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injury to the femur/knee was found to be dominant.  
Like in the NCAP tests, the risk of injury was 
generally low (Figure 23), with an average risk of 
6.93%.  Note however, that the average risk in frontal 
offset tests is slightly higher than that in NCAP tests, 
just as belted left offset tests have slightly higher risk 
(27%) than belted frontal tests (20%) in NASS high 
speed belted crashes (Figure 14).  In IIHS frontal 
offset tests, injury risk was lower in recent model 
years; the average injury risk for MY 2001-2003 was 
3.93% compared to a risk of 14.7% for MY 1995 and 
7.8% for MY 1996-2000.  This decrease in risk with 
model year was also observed in belted NCAP tests.  
Among 179 frontal offset tests, only 15 (8.4%) had 
an overall injury risk greater than 25%.  For these 
tests, hip(force) was the dominant injury risk, as seen 
in Figure 24.  Hip injuries were also most prevalent 
in the real world crashes of this type and severity.  
However, the criterion does not predict the 
femur/knee injuries that also occur with significant 
proportions in the real world (Figure 15).      
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Figure 22. Peak compressive femur force and 
impulse in IIHS frontal offset tests with the HIII-
50M dummy. 
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Figure 23. Predicted risk of KTH injury in IIHS 
frontal offset tests, by model year.  
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Figure 24. Dominant risk of KTH injury in IIHS 
frontal offset tests where risk is at least 25%. 

 
 Vehicle-to-Vehicle Offset and Collinear Tests:  
Compressive femur forces and impulses were 
generally low in the HIII-50M driver of a 2004 
Honda Accord struck by various LTVs, as seen in 
Figure 25.  The maximum overall risk was less than 
3.6% for all nine tests, with the highest risk to the 
femur/knee.  The extremely low risk of injury in 
vehicle-to-vehicle crash conditions is inconsistent 
with the risk of injury in high speed, belted frontal 
crashes in the real world, which is 20-27% as shown 
in Figure 14.   
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Figure 25. Peak compressive femur forces and 
impulses in HIII-50M driver of a 2004 Honda 
Accord struck by LTVs. 
 
Application of the KTH Criterion to the 5th 
Percentile Female Dummy 

 
FMVSS No. 208 Unbelted Tests:  Compressive 

femur forces and impulses for 67 unbelted 5th 
percentile female driver and 66 passenger dummies 
in FMVSS No. 208 tests are presented graphically in 
Figure 26.  There are a greater number of tests 
exceeding 25 or 35 percent risk of KTH injury in the 
passenger than the driver.  The average risk of injury 
for the driver is 10.9% while the average risk for the 
passenger is 20.5%.  The average risk overall is 
15.7%.  This is somewhat higher than the average 
risk for the HIII-50M in FMVSS No. 208 unbelted 
tests (13.8%).  The HIII-5F having somewhat higher 
risk than the HIII-50M is consistent with the real 
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world data shown in Figure 10.  Additionally, the 
passenger risk of 20.5% is in agreement with the real 
world injury risk for unbelted passenger occupants in 
high severity full frontal crashes (about 20%, as 
shown in Figure 14).  However, the average risk for 
drivers is somewhat lower than the corresponding 
real world injury risk shown in Figure 14.          
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Figure 26. Peak compressive femur force and 
impulse in FMVSS No. 208 unbelted 5th percentile 
female frontal crash tests. 

 
In this unbelted environment, the dominant risk of 

KTH injury was the femur/knee for the driver and the 
hip(force) for the passenger.  For occupants with a 
calculated KTH injury risk of at least 25%, the 
dominant risk in five out of six tests for the driver 
was to the hip(force) (Figure 27).  These six tests 
represent 9.1% of the number of tests conducted.  In 
the passenger, 22 tests exceeded 25% risk of injury 
(33.3% of tests conducted), with the hip having the 
highest risk of injury for all tests.  Hip(force) had the 
highest risk for 16 passenger tests, and hip(impulse) 
for six tests.  The high risks of hip injury are in 
reasonable agreement with real world data, which 
shows high proportions of hip injuries (Figure 15).  
However, NASS data shows an almost equal 
proportion of thigh+knee injuries, which are not 
represented in the crash test data.   

Compared to proportions of risks in the HIII-50M 
unbelted tests, the HIII-50M risks greater than 25% 
were all to the hip, while the HIII-5F had one risk 
greater than 25% to the femur/knee.  Figure 11 shows 
that in the real world, unbelted occupants with height 
represented by the HIII-50M have a higher 
proportion of hip than thigh or knee injuries, 
compared to the 5F unbelted occupants with nearly 
equal proportions of hip and thigh injuries.  Although 
NASS and the crash test data are in some agreement 
in this comparison, since the HIII-50M had no 
femur/knee risks greater than 25% and the HIII-5F 
had one, in general femur/knee injuries are 
underpredicted for both dummy sizes.   
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Figure 27. Dominant risk of injury in unbelted 5th 
percentile female frontal crash tests for all tests 
and for tests where risk is at least 25%. 

 
Belted Frontal Research Tests:  Only one out of 

71 tests of the HIII-5F driver in a belted full frontal 
crash test environment had a calculated risk of KTH 
injury greater than 25%, as seen in Figure 28.  Two 
other tests had risks close to 25%, but the majority of 
calculated risks were well below this level, with an 
average risk of 3.14%.  Compared to real world risk 
for belted drivers in high severity full frontal crashes 
(20%), this risk is very low. 
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Figure 28. Peak compressive femur forces and 
impulses in belted frontal crash tests with 5th 
percentile female drivers. 

 
97% of the drivers in this belted test have their 

greatest risk of injury to the femur/knee.  However, in 
the one test with risk greater than 25%, the dominant 
risk was to the hip(force).  Real world injuries occur 
in equal proportion to hip and thigh, with only 
somewhat smaller proportion to the knee (Figure 15).  
The predicted risks do not reflect the real world 
injuries for this crash condition.   

Frontal Offset Tests:  Three frontal offset tests 
at 40 km/h were conducted with belted 5th percentile 
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female dummies in the driver position.  In all three 
tests, there was essentially zero risk of KTH injury 
(average calculated risk = 0.024%).  This is a very 
small sample of crash tests, but the real world risk for 
high severity left frontal offset crashes is much 
higher at 27% (Figure 14).  However, this real world 
risk may be elevated somewhat because it was 
determined from higher deltaV crashes (48-70 km/h) 
than were simulated in these crash tests. 

 
DISCUSSION 

 
The compressive femur forces and impulses in 

FMVSS No. 208 unbelted tests are noticeably greater 
than those in the belted NCAP tests (or belted 
research tests, for the 5th percentile female) even 
though the NCAP tests and many of the belted 
research tests were conducted at higher speeds than 
the FMVSS No. 208 tests.  This is because the 
unbelted dummy in the FMVSS No. 208 test strokes 
the knee bolster to a greater extent than the belted 
dummy.  Higher forces and impulses lead to higher 
average calculated risks in the unbelted tests than the 
belted tests.  This observation is consistent with real 
world crash data, which shows higher risk for 
unbelted occupants than belted occupants.   

The risk of KTH injury obtained from 48-64 km/h 
frontal crash tests with belted dummies 
underestimated the observed risk in corresponding 
real world crashes with belted occupants.  This 
observation is similar to that reported by Saunders et 
al. (2004) where KTH injury risk obtained in frontal 
offset deformable barrier crash tests with belted 
dummies using the current FMVSS No. 208 femur 
injury criterion, was found to under-represent the 
corresponding real world injury risk.  This 
underestimation of real world KTH injury risk using 
belted dummies may be related to the low levels of 
dummy knee-to-knee bolster interaction, as 
evidenced by the low femur force and impulse values 
in belted dummies compared to unbelted dummies in 
frontal crash tests.  

Although KTH injury risk was underestimated in 
belted crash tests, in both NCAP and IIHS, the 
calculated risk was lower in recent model year 
vehicles than in older model year vehicles.  This 
trend is consistent with NASS data, which showed a 
lower risk for belted occupants in MY 2001-2008.  
Decrease in risk could be attributed to improved 
restraints, such as pretensioners, that help to reduce 
the occupant’s forward travel and engagement with 
the knee bolster or other vehicle structures.  
Improved restraints could have also played a part in 
the decrease in hip injuries with vehicle model year, a 
trend that was seen in both the crash test data and the 
real world data for belted occupants.  

The frontal crash tests examined were collinear 
crashes where the dummy knees contacted the knee 
bolster with knee loading primarily along the femur 
longitudinal axis.  However, many of the real world 
frontal crashes investigated were oblique impacts, 
which could result in varied occupant kinematics. 
The dummies representing two specific occupant 
statures were positioned in the crash tests using set 
procedures.  However, occupant shape, size, weight, 
posture, and seating position relative to the passenger 
compartment are quite varied in the real world.  As a 
result, the knee impacts in real world crashes may 
have been with surfaces other than the knee bolster 
and in various impact directions other than along the 
femur axis. Additionally, risk derived from the crash 
test “fleet” was not adjusted to account for the 
distribution of vehicle models in real world crashes.  
All these factors may have an affect on the 
comparison between the KTH injury risk estimated 
from the crash test data and that observed in the real 
world.  

The Rupp KTH injury criterion applied to the 
Hybrid III dummy is able to discern the relative risk 
of hip and femur/knee injury for a given femur force 
time history using both the peak compressive femur 
force as well as the associated impulse of force. This 
additional information may aid in the design of knee 
bolsters where both peak dummy femur force and the 
impulse are used as optimization parameters to 
minimize the risk of KTH injury for belted and 
unbelted occupants. 

In unbelted full frontal crashes, overall risk of 
KTH injury, as well as the occurrence of hip injuries, 
was reasonably well predicted by the KTH criterion.  
However, the thigh and knee injuries that occur in 
large proportions in the real world are not represented 
in these crash tests. This may be partly due to the fact 
that the femur/knee portion of the KTH injury 
criterion only addresses distal femur and knee 
injuries and does not account for injuries in the femur 
shaft that can occur due to bending.  Therefore, KTH 
injuries in the real world that occur due to bending 
stress in the femur may not be fully accounted for 
with this criterion.   

This KTH criterion was developed using human 
cadavers but could not be directly applied to the 
Hybrid III dummies due to differences in response 
between the dummies and cadaveric subjects to axial 
knee impacts (Rupp et al. 2003a, 2005) and because 
hip forces cannot be directly measured in the Hybrid 
III dummy.  Therefore, a new KTH injury criterion 
formulation applicable to the Hybrid III dummies 
was developed by applying the cadaver KTH 
criterion to simulations using mathematical models of 
the cadavers and dummies under similar impact 
conditions (Rupp et al., 2009). However, this 
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formulation did not take into consideration 
differences in kinematics and interaction with the 
restraint environment between humans and dummies.   
Use of a dummy with KTH responses and knee 
restraint interaction similar to the human and with 
instrumentation to directly measure hip forces would 
allow direct application of the Rupp et al. (2009) 
KTH cadaver injury criterion to the dummy.  This 
would eliminate any uncertainties that may arise from 
the additional step of developing injury risk 
formulations applicable to the dummy. 
 
CONCLUSIONS 
 
 The KTH criterion developed by Rupp et al. 
(2009) was applied to various frontal crash tests 
using the HIII-50M and the HIII-5F femur data.  
Using this criterion, the risk of AIS 2+ KTH injury 
was underpredicted for belted occupants. However, 
injury risk predicted for unbelted occupants was 
reasonably close to the real world risk.  Trends by 
model year (i.e. decreasing overall risk and risk of 
hip injury for belted occupants) are consistent 
between real world and crash test data, even though 
the risk level in belted crash tests is very low.  For 
unbelted occupants, hip injuries are the dominant 
injury mode for both the real world and the crash 
tests.  However, femur and knee injuries that occur in 
the real world are underpredicted in frontal crash 
tests with the HIII dummies.   
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ABSTRACT 
 
This paper examines whether CIREN fatal cases are 
representative of crash fatalities in terms of injury 
patterns and the time to death. To examine the 
association, CIREN fatalities are compared with 
those of all motor vehicle crashes.  Comparison data 
sets are derived from FARS data and from records 
obtained from the Maryland Office of the Chief 
Medical Examiner.  Differences in injury patterns 
between those who died early-on vs. those who died 
later are documented.  The findings suggest that the 
CIREN dataset is representative of real-world 
fatalities in terms of the fraction of deaths occurring 
within thirty minutes of the crash; and that, as 
expected, occupants who die early-on in CIREN are 
observed to have more severe injuries than those who 
die later.  Moreover, injuries among early-on deaths 
appear to have a slightly different distribution than 
among those who die later. Also, CIREN has a higher 
fraction of cases where occupants died after twenty-
four hours than in the U.S. population. The results of 
this study will help to refine methods used to estimate 
mortality associated with particular injuries by 
assessing the completeness of injury records for fatal 
cases. 
 
BACKGROUND 
 
The National Highway Traffic Safety Administration 
(NHTSA) is responsible for reducing deaths, injuries, 
and economic losses resulting from motor vehicle 
crashes in the US.   NHTSA’s goal of reducing 
highway traffic fatalities is achieved by establishing 
safety priorities driven by real-world crash data.     
 
Typically, a NHTSA plan of action focuses on an 
intervention aimed to mitigate injuries.  It is 

accompanied by a benefits analysis in which costs 
and lives lost are computed for a given priority area.  
This involves the identification of a target population 
to which the benefit is directed.  A target population 
consists of an occupant group sustaining injuries to a 
particular body region that are associated with high 
mortality and may be mitigated by a proposed 
intervention.  Unit costs are first established by 
equating a cost to a given injury type, injury severity, 
and injured body part.  These costs are then applied 
to a target population to compute benefits associated 
with interventions aimed at narrow ranges of injuries.    
 
One of the difficulties in using crash data in this type 
of analysis is that the categorization of motorists by 
injury type and body region is not usually 
straightforward.  As a result, a given crash victim is 
typically categorized by selecting the injury 
associated with the maximum severity score in 
accordance with the Abbreviated Injury Scale 
(MAIS).  For each occupant injury record, however, 
there are frequently multiple injuries in multiple body 
regions. This makes it difficult to judge how likely it 
is that a life will be saved if a specific injury is 
mitigated.  Nonetheless, it is reasoned that the cost 
associated with the MAIS injury is the approximate 
cost incurred by the victim. Thus, the costing 
methodology is an averaging process: it is understood 
that most victims suffer multiple injuries, and all 
injuries contribute to the overall cost. This 
methodology offers a reasonable means to account 
for injury costs. 
 
New injury accounting process.  A new injury 
accounting methodology was developed by Martin 
and Eppinger (ESV 2005) that takes into account 
multiple injuries.  Estimates are made of costs and 
the number of fatalities attributable to specific types 
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of injuries.  The procedure examines a crash victim’s 
entire injury record in the process.  Fatalities 
attributable to specific injuries are determined by 
considering the effect that a specific injury or set of 
injuries has on fatality risk. Attributable costs are 
estimated in a similar manner.  The procedure 
estimates the risk to life that multiple injuries pose to 
crash victims.  It also estimates the costs borne by 
and the number of fatalities attributable to specific 
types of injuries. For example, if one desires to 
estimate the number of lives saved if a particular 
injury is mitigated, it may be accomplished directly. 
This is much harder to accomplish in the context of 
an MAIS value which represents just one injury from 
a record of multiple injuries. 
 
Ranking CIREN injuries via optimization.  The 
injury accounting process is based on a ranking of 
AIS injury codes established using an optimization 
scheme (see Martin and Eppinger, 2003). Each 
seven-digit AIS code is placed into one of 
approximately 60 individual injury groups and each 
group is assigned a mortality constant ranging from 
zero to one.   Mortality constants were previously 
derived from Crash Injury Research and Engineering 
Network (CIREN) data.   
 
For each CIREN case, the mortality constants 
associated with each of the crash victim’s injuries are 
determined by the overall dataset which makes use of 
a probability function that predicts mortality.  For 
each case, deviance is computed by comparing the 
probability of fatality to the case fatality observed 
(0=nonfatal, 1=fatal).  Optimization solvers are then 
used to assign mortality constants to each of the 60 
codes such that the average deviance of all cases is 
minimized.  
 
The accuracy of the ranking system, and hence, the 
fatality attribution process is contingent upon 
complete and accurate injury records in fatal cases.  
Crash victims entered into the CIREN database are 
selected based on patient admission into the Trauma 
Center, vehicle model year, injury severity, crash 
type, and occupant restraint condition.  Also, CIREN 
enrollees (or next of kin) must consent to enrollment.  
CIREN is not sampled with the intention of providing 
a dataset that represents a U.S. population. 
Exceptions to the consent process are made for “dead 
on arrival”. Nonetheless, CIREN fatalities may be 
under-represented by those who died at the scene and 
were never admitted to the trauma center.    
 
Recent studies comparing CIREN data to the 
nationally representative National Automotive 
Sampling System – Crashworthiness Data System 

(CDS) sample have shown that the fatality rates are 
about the same.  Flannagan and Rupp (2009) found 
that when CDS cases that met the CIREN criteria 
were compared to CIREN, the two datasets were 
quite similar in terms of the fatality rate.  However, 
this study only considered the incidence of fatalities, 
and not the distribution of injuries.  A similar study 
applied the Mahalanobis distance metric 
methodology to determine similarity between CIREN 
and CDS cases and found the mortality rate among 
occupants in the CIREN database to be much lower 
than those in the CDS (Stitzel et al, 2007).  But this 
likely occurred because MAIS 2 cases (which are 
almost always non-fatal) were stricken from their 
CDS dataset. 
 
OBJECTIVE  
 
This paper examines whether CIREN fatal cases are 
representative of real-world fatalities in terms of 
injuries and the fraction of early-on deaths.  It 
investigates the extent of any selection bias in 
CIREN for fatal cases by determining whether early-
on fatalities are under-represented.  It also 
investigates whether occupants who die early-on 
have different injuries than those who die later. 
Several other data sources are also examined to offer 
insights into the limitations associated with benefits 
analyses aimed at mitigating particular injuries and 
combinations of injuries.   
 
DATA SOURCES 
 
The following data sources were used in this study: 
 
CIREN Database.  The CIREN database is 
maintained by NHTSA as a means to examine injury 
causation in crashes.  This database contains a sample 
of comprehensive medical records of severely injured 
occupants admitted to one of eight U.S. Level 1 
trauma centers.  It consists of 300-400 passenger car 
crashes per year and the database now includes 
information on approximately 4,000 drivers and 
passengers.    
 
The injury ranking methodology described earlier 
was determined based on CIREN data of adults.  For 
the analysis herein, the CIREN dataset was limited to 
adult fatalities only.  The dataset includes the time-to-
death from the crash and all injury information.  
Based on the findings of this study, the caveats and 
conditions upon which CIREN data may be used in 
such a ranking methodology shall be discussed.   
 
Maryland Autopsy Reports – Autopsy reports 
generated by the Maryland Office of the Chief 
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Medical Examiner (OCME) are used to provide a 
dataset for comparison of fatalities with CIREN data.  
OCME cases for years 2000-2002 for all deaths of 
passenger car drivers are used. The OCME cases, 
which include about 900 deaths, represent an 
unbiased census of fatally injured occupants in 
Maryland.   They include those that died at the scene 
of the crash early-on and those that died later after 
hospital treatment.    
 
The autopsies are conducted by medical examiners 
trained in pathology.   Every traffic fatality is 
accompanied by a police crash report and any related 
available records. Injuries are identified at the time of 
the autopsy from either a full investigation by the 
medical examiner or from a combination of an 
external investigation and existing medical records.   
 
The cause of death is determined by the medical 
examiner based on the documented injuries.  The 
time of death from the crash is determined from 
medical records, if the person is declared dead in the 
field by a medical doctor, or investigative techniques 
employed by the medical examiner.   
 
OCME Variables.  Injury information takes the form 
of text descriptions of the findings of a pathologist.  
OCME reports also include a listing of injuries 
identified in the examination. Each autopsy report is 
unique and the final listing of injuries abstracted.   
 
Other variables that typically appear on an OCME 
report include age, date of birth, gender, vehicle 
make and model, crash date, crash time, seating 
location, seatbelt use, airbag use, rollover collision 
(y/n), alcohol/drug use, date of death, time of death, 
cause of death, and hospital treatment.  Vehicle and 
crash information are taken from the police crash 
report; alcohol/drug use are taken from the OCME 
toxicology testing or hospital record; hospital 
treatment is determined from medical records.   
 
Fatal Automotive Reporting System (FARS).  The 
FARS – another crash data base maintained by 
NHTSA – is a census of all fatalities involving motor 
vehicles on public trafficways in the United States.  
FARS records only include fatalities occurring within 
30 days of the crash.  FARS also contains 
information on the time of death, but has limited 
injury information.  FARS records for 2000-2002 
were abstracted into a dataset that contained fatally 
injured passenger car drivers in the U.S.  In order to 
compare directly with the OCME dataset, the FARS 
dataset was subdivided into a secondary dataset of 
crashes occurring in the state of Maryland. The 
FARS dataset is used to compare the time-to-death 

from the crash captured in the CIREN and OCME 
datasets.   
 
METHODS 
 
The first objective is carried out by investigating 
whether CIREN fatal cases are representative of real-
world fatalities in terms of the fraction of early-on 
deaths. Fatality census counts provided by FARS are 
compared to CIREN cases.  Since FARS is a census 
of all U.S. fatalities, it represents the baseline for the 
comparison.   
 
The second objective involves investigating whether 
occupants who die early-on have different injuries 
than those who die later.   A comparison of CIREN 
fatalities is carried out comparing the injuries 
sustained in those two categories of cases.  Fatality 
data abstracted from the Maryland OCME files are 
compared in the same manner to provide an 
independent evaluation.  The OCME’s records 
constitute a census of all motor vehicle fatalities in 
Maryland.    
 
Maryland OCME Data Abstraction.  Injury data on 
fatalities were obtained by abstracting autopsy 
reports at the Office of the Chief Medical Examiner 
for the State of Maryland.  While these reports are 
quite detailed, for this purpose a summary provided 
at the end of the report was utilized to abstract the 
injury descriptions.  Given the fact that some of the 
data required for coding AIS scores, such as duration 
of loss of consciousness, are obviously not available, 
it was decided to code the injuries using the more 
anatomic-based ICD-9 codes.   
 
In applying ICD-9 codes to OCME injury 
descriptions, severity levels were estimated to be 
‘moderate’ if there was no further qualifying 
information.  These codes were then ‘translated’ to 
AIS scores using software that was developed for that 
purpose.  Maximum AIS scores (MAIS) were then 
determined, based on the highest AIS score for a 
given individual.  For example, if the autopsy report 
reported ‘spleen laceration’, in the absence of further 
detail it was translated to a Grade III spleen 
laceration. 
 
Therefore, in order to provide consistency in coding, 
ICD-9 codes were selected to represent the injuries 
described on the narratives.  Those codes were then 
entered into a software program, ICD-9 MAP (Johns 
Hopkins, 1997) that converted the ICD-9 codes into 
AIS codes. 
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OCME reports from which a detailed set of injury 
codes could not be abstracted were excluded from the 
dataset.   An example of a case where the OCME file 
was not coded is where the final list of injuries 
consisted of the words “brain injuries” or “multiple 
injuries.”  Without the full report containing specific 
observations, these cases were not able to be coded 
and were excluded.  
 
CIREN and OCME Case Categorization.  The 
CIREN and OCME datasets were broken down by 
time-to-death from the crash for comparison with the 
FARS dataset.  “Early-on” deaths are defined as 
those occurring within thirty minutes of the crash. 
About 95% of early-on fatalities in the CIREN 
dataset died at the scene of the crash.  The remainder 
died in transport or were pronounced dead soon after 
arrival to a hospital.  “Later” deaths include all others.  
Furthermore, the CIREN and OCME datasets were 
examined case-by-case to determine the most severe 
injury.     
 
Reduced CIREN and OCME Datasets.  To judge 
whether CIREN data is appropriate for establishing 
mortality constants in accordance with the 
optimization methodology without bias, the 
respective CIREN and OCME datasets were reduced 
to non-deterministic cases.  In other words, cases 
where a non-survivable injury was present were not 
included in the dataset.  Such injuries include all 
those having an AIS code with a severity score of 6, 
and a few with a score of 5. These injuries have been 
observed to always result in a fatality and have an 
associated mortality constant that results in an 
estimate of probability of fatality of 100%.  All codes 
with an AIS severity score of 2 were also removed 
since most have little influence on fatality probability. 
 
RESULTS  

 
OCME Abstracts.  Table 1 shows the number of 
OCME autopsy reports for the period 2000 to 2002.  
There were a total of 1,044 crash reports involving a 
fatality, of which 732 (70%) provided abstractable 
injury information that was fully coded.  For 
reference, Maryland fatalities recorded in FARS are 
provided to corroborate the OCME crash reports.  
The slightly higher incidence appearing in the OCME 
dataset reflects additional OCME cases where the 
crash may have occurred on a non-public trafficway 
or where the occupant died over 30 days after the 
crash.  
 
The OCME and FARS datasets are very similar, 
which is expected given that FARS statistics are 
derived in part from the OCME files.  The 
comparison is shown for reference to demonstrate 
that the autopsy extracts are an accurate 
representation of all Maryland fatalities and are 
unbiased by the inclusion criteria. 
 
Time-to-Death Comparison.  Table 2 shows the 
distribution of time intervals between the crash and 
death for the OCME dataset, the CIREN dataset, and 
in FARS.  Early-on deaths (i.e., those that occurred 
within thirty minutes of the crash) in CIREN 
occurred in about the same proportion as in the FARS 
census data.  These represent mostly cases where 
occupants died before being admitted to a treatment 
facility.   
 
In comparing the Maryland OCME autopsy data with 
FARS, it is seen that most of the OCME records that 
could not be abstracted were early-on deaths where 
time to death was less than 30 minutes (39% vs. 
50%).  And among those who died later, Table 2 
indicates that CIREN is over-represented by those 
who survived longer.   

 
 

Table 1.  OCME 2000 to 2002 Driver Fatalities  
 (Age 16 and over, excluding motorcycle and moped riders) 

Year 
Md. Fatalities 

in FARS 
OCME Crash 

Reports 

OCME Autopsy Extracts 
OCME Autopsy Extracts 

With Injury Data 

N 
% of Crash 

Reports 
N 

% of Crash 
Reports 

2000 297 325 286 88 264 81 
2001 352 360 330 92 315 88 
2002 349 359 208 58 153 43 
Total 998 1,044 824 79 732 70 
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Table 2.  Fatality Counts in OCME, CIREN, and FARS Datasets by time to death from crash. 

Time from Crash to Death 
CIREN 
(N=404) 

% 

OCME w/ 
Injury Data 

(N=676) 
% 

Md. 
Fatalities in 

FARS, 
(N=935) 

% 

FARS 
Entire U.S. 
(N=66,160) 

% 

0 – 30 Minutes 45 39 50 48 

31-60 Minutes 9 19 14 15 

1 to 2 Hours 6 17 15 17 

2 to 24 Hours 15 14 9 10 

1 to 5 days 10 5 7 5 

6 to 30 days 15 4 6 5 

31+ days - 2 -  

*There are 56 OCME and 63 FARS cases with missing time to death. 
 

 
Injury Severity Comparison – Full Datasets.  Figure 1 
and Figure 2 show the distribution of injuries among 
various body regions for the OCME and CIREN 
datasets.  Each bar represents the percentage of cases 
in which the injury is present.  For example, 148 of 
the 181 “Died early-on” cases (82%) included a 
thoracic organ injury of which 47 (32%) had a 
severity score of AIS 6. Among the 148 cases, the 
average thoracic organ injury MAIS was 4.8 
(typically there were multiple thoracic organ injuries 
per case).  Other injury categories such as deep brain, 
burns, lumbar spine, knee, and eyes and ears all 
appeared in less than 8% of deaths and are not shown 
in Figure 1 and 2.  
 
It is apparent from Figure 1 and Figure 2 that early-
on fatalities are generally associated with injuries 
having a higher threat to life.  This is reflected in the 
higher average AIS scores and the greater number of 
cases containing unsurvivable injuries.  
 
As expected, the CIREN injury scores are 
consistently higher than those abstracted from the 
Maryland OCME reports.  As described earlier, the 
data extraction process, including the use of ICD-9 
MAP software, tends to result in conservatively 
coded injuries.  Therefore, the two datasets are only 
compared for within-dataset trends and not as a 
case/control comparison.   
 
Figures 1 and 2 also reveal how the frequencies of 
injuries differ within body regions for early-on deaths 
vs. those who died later.  The biggest differences are 
seen in the CIREN dataset (Fig. 1) where thorax 
organ injuries, brain injuries (non diffuse), skull 
fractures, and cervical spine injuries all occur more 
often in early-on deaths.  Diffuse axonal injuries 
(DAI), including “Loss of Consciousness” injuries of 

severity AIS 3+ are notable exceptions.  In the 
OCME dataset, the relative evenness of the bars in 
Fig. 2 indicates that the fractions of all injuries are 
about the same.   
 
Injury Severity Comparison – Reduced Datasets.  As 
explained earlier, the optimization routine to 
determine injury rankings operates on a reduced 
dataset in which all fatal cases having unsurvivable 
injuries have been removed.  For both the reduced 
CIREN and OCME datasets, there are only five 
categories of injuries that occur in more than 15% of 
deaths.  Furthermore, they are the same five 
categories. Referring to Fig. 3, they are: 1. Thoracic 
organ injuries; 2. Rib/Sternum; 3. Cortical brain, 
SDH, SAH; 4; Skull fractures (vault or base); 5. 
Abdominal organ injuries.   
 
In terms of the frequencies of deaths occurring early 
vs. later, the reduced OCME and CIREN datasets 
show similar trends as the full datasets.  As shown in 
Fig. 3, the CIREN frequency bars for early vs. later 
are more aligned than in the full set.   
 
The overall MAIS scores of both CIREN and OCME 
reduced datasets are understandably lower than the 
full dataset.  And in CIREN in particular, the severity 
scores of early-on deaths vs. those who died later 
begin to converge.  This is also understandable given 
the high fraction (almost half) of early-on deaths that 
have been removed from the reduced dataset due to 
the presence of an unsurvivable injury. 
 
The biggest change in going from the full to reduced 
datasets occurs with OCME rib/sternum injuries. Due 
to the removal of a high number of AIS 2 codes, their 
frequency is markedly decreased in the reduced set. 
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Figure 1.  Full CIREN Dataset Comparison.  Injury make-up of CIREN dataset by time-to-death. 
Colored areas represents cases where unsurvivable injuries were present. 

Key N
Avg. 

MAIS
% Unsurv.

Died Early-on 181 5.3 49%

Died Later 223 4.7 13%

All Cases

Figure 2.  Full OCME Dataset Comparison.  Injury make-up of OCME dataset by time-to-death.  
Colored areas represents cases where unsurvivable injuries were present. 

Key N
Avg. 

MAIS
% Unsurv.

Died Early-on 265 4.2 22%

Died Later 404 4.3 28%

All Cases
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DISCUSSION 
 
Objective 1 – Fraction of early-on deaths in CIREN.  
In comparison with the FARS and OCME datasets, 
the CIREN dataset appears to have a similar fraction 
of early-on deaths.  But among those who died later, 
CIREN contains a greater proportion of those who 
died several days later (versus died within 24 hours).   
 
This over-representation of deaths after the first day 
may be explained partly by the contributions of 
patients transferred from other hospitals.  Typically, 
patients at Level 2 trauma centers that require 
specialized care (i.e. management of complex spinal 
and orthopedic injuries) are transferred to Level 1 
trauma centers after they become physiologically 
stable.  Since they arrive in a stable condition to the 
CIREN center, they are unlikely to die within the first 

24 hours.  Hence, the inclusion of transfers is likely 
to over-represent those that die after 24 hours.  
 
Also, CIREN’s patient recruitment process, in which 
consent for admitted patients is required, makes it 
difficult to enroll patients who are admitted and die 
within two hours (i.e., prevailing events take priority 
over the enrollment protocol.)      
 
Objective 2 – Differences in injuries for early-on 
deaths.  A within-dataset comparison of CIREN data 
vs. OCME data shows the two datasets to be slightly 
at odds over whether early-on injuries are much 
different than injuries of those who died later (Figs. 1 
and 2).  As seen earlier, the CIREN dataset indicates 
that thoracic injuries, skull fractures, and cervical 
spine injuries appear more often in early-on deaths.  
The CIREN dataset also shows, as expected, that 
early-on deaths more often have injuries that are 

 

Abdominal Organs 

Base Skull Fx 

Pelvis/Hip/Thigh 

Brain Cortex, SDH, SAH 

Ribs/Sternum 

Thorax Organs 

        CIREN 

                 OCME 

 CIREN 

OCME 

         CIREN 

OCME 

                      CIREN 

                                            OCME 

                                    CIREN 

OCME 

                                                          CIREN 

                                          OCME 

Figure 3.  Reduced Dataset Comparison.  Injury make-up of CIREN and OCME datasets by time-to-death. 

Key N Avg. MAIS N
Avg. 

MAIS

Died Early-on 93 4.6 207 3.7

Died Later 195 4.5 301 3.8

OCMECIREN
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unsurvivable than in those who die later (49% vs. 
13%).  In the OCME dataset, unsurvivables are about 
the same in both (18% vs. 20%).  This latter finding 
within the OCME may be an artifact of the data 
abstraction process (see below).  
 
Data Origin - OCME vs. CIREN. The differences in 
injury make-up between the CIREN and OCME 
datasets prompt further discussion.  For early-on 
deaths in particular, one would expect CIREN and 
OCME to be very similar.  On-scene deaths in 
CIREN (which include the majority of early-on 
deaths) represent cases in which occupants receive no 
hospital treatment.  It follows that CIREN early-on 
deaths should be just like any other early-on deaths, 
suggesting that the make-up of injuries sustained in 
CIREN early-on deaths should not differ from those 
in all Maryland early-on deaths.   
 
Nonetheless, the make-up of injuries in the OCME 
and CIREN early-on deaths do differ.  In the OCME 
dataset, there is little difference in the MAIS levels 
per injury (Fig. 2) between early-on vs. later deaths.  
But this is uncharacteristic, as it seems reasonable to 
believe that early-on deaths should have more severe 
injuries than those who died later.   
 
The abstraction process used to code OCME reports 
probably played a roll in the uncharacteristic data.  
As stated earlier, those with less information on the 
injury list appear to be biased by time-to-death.  In 
the OCME dataset, 23% of early-on deaths contain 
three or fewer AIS 2+ codes on the injury record, 
compared to 4% in died later cases.  On the other 
hand, only 11% of CIREN cases - for both early-on 
and later deaths – have three or fewer injuries coded. 
 
The injury severity discrepancy between OCME and 
CIREN is also related to the process of abstracting 
injury codes.  Often, injury lists are not detailed 
enough to ascertain injury severity level. The practice 
of assuming a “moderate” severity level when coding 
cases has the general affect of undercoding injuries, 
as many are probably “major” or “complex” injuries 
with corresponding scores of AIS 4 or 5 given that 
they occurred in a victim that died.  On the other 
hand, CIREN medical records are coded by AIS 
directly, resulting in more accurate coding.  
 
The CIREN and OCME are relatively consistent in 
the frequency of the various injury categories (i.e., 
the descriptions listed in Figs. 1 and 2).  The largest 
discrepancy is with the greater incidence of brain 
injuries (non-DAI) in the OCME data.  This may be 
related to the CIREN enrollment criteria, which may 
under-sample crash scenarios where brain injuries 

may be particularly prominent, such as crashes 
involving unbelted occupants and crashes involving 
vehicles without frontal airbags.  This merits further 
investigation. (The other big difference is with 
DAI/Level of Consciousness injuries, which will be 
discussed later.)   
 
Notwithstanding the differences discussed above, the 
content of predominant injuries (i.e., those occurring 
in over 50% of deaths) is still fairly similar:  thoracic 
organ injuries, rib injuries, brain injuries (non-DAI), 
and abdominal injuries.  
 
Maryland vs. U.S Population.  Given that trauma care 
and crash response time in Maryland is very good, 
the injuries sustained by victims of fatal crashes may 
vary in other parts of the U.S. The OCME’s records 
constitute a census of all motor vehicle fatalities in 
Maryland (about 450 per year).  However, not all 
records were retained for this analysis. 
 

Table 3.  Characteristics of  
Fatally Injured Drivers, 2000-2002. 

 

FARS 
Entire U.S. 
(N=66,160) 

% 

FARS 
Md Only 
(N=998) 

% 

Male 71 71 

Mean Age 42 43 

Taken to hospital 41 56 

Seat Belt Used 36 53 

Rollover Crash 31 18 

Ejection 27 19 
    
 
Table 3 compares the FARS dataset between 
fatalities occurring in Maryland and those occurring 
in the United States at large for the years 2000-2002.  
Maryland fatalities are shown to be aligned with the 
U.S. population in terms of occupant age, sex, and 
time-to-death.  Although Maryland had a higher 
percentage of fatally injured drivers taken to the 
hospital, this may not necessarily reflect more 
treatable (and less severe) injuries among Maryland 
deaths.  Maryland has been shown to have a very 
well coordinated trauma system that gets patients to 
the hospitals efficiently.  In fact, the FARS dataset 
indicates that some drivers who died within 30 
minutes – classified as “early-on” deaths herein – 
were actually brought to the hospital. 
 
In addition, Maryland has one of the highest driver 
belt use rates in the country (Glassbrenner, 2004).  
Table 3 also shows that rollover crashes occur less 
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often in Maryland.  These two factors contribute to 
fewer occupant ejections, and ejections generally 
produce more severe injuries than other crash modes.  
This merits further study since the degree to which 
injuries differ among deaths of those who are belted 
vs. unbelted and ejected vs. non-ejected was not 
investigated herein. 
 
Implications for determining mortality rankings.  The 
methodology described in the Introduction to rank 
injuries provides a relative comparison of the threat-
to-life posed by various injuries.  As stated earlier, 
the accuracy of the rankings (and hence, the fatality 
attribution process) is contingent upon complete and 
accurate injury records in fatal cases.  The effects of 
biased and incomplete injury records directly affect 
the rankings. 
 
Prior to this study, the authors were concerned that 
many CIREN crash victims who die at the scene 
might have incomplete injury records.  The concern 
was that medical records might be lacking for those 
who never made it to a hospital, and only a few, easy-
to-observe, low-threat injuries would be reported.  It 
would have meant that rankings of injuries 
undetected in early-on deaths would be too low 
because the injuries would have been detected (and 
reported) in a disproportionate share of nonfatal cases.   
However, the results reported herein have tempered 
this concern. 
 
The findings of this study do highlight another 
concern regarding the category of brain injuries that 
are coded by level of consciousness or as diffuse 
axonal injuries (DAI, LOC of AIS 3+ in Figs. 1 and 
2).  According to the AIS coding manual, a level of 
consciousness code is only applied in the absence of 
an anatomical description of a brain injury, or when 
the LOC severity level is greater than the anatomical 
severity level.  And it is never applied to fatalities 
that occur within 24 hours.  Diffuse axonal injuries, 
observable only from radiographs, are rarely reported 
in early-on deaths.  This coding convention is clearly 
evident in Figs. 1 and 2.   
 
Similarly, any other injury categories or severity 
levels that are difficult to observe positively in an 
autopsy (such as codes which can only be applied if a 
certain amount of blood loss is observed) may not be 
coded as heavily in early-on deaths.  The end effect 
on the mortality ranking process is for such injury 
categories to be ranked relatively low. 
 
Implications for General Studies  Biased or miscoded 
fatal data affects any benefits analysis, such as that 
described in the Introduction, where a fatally injured 

occupant is characterized by a single injury.  Thus all 
benefits are directed to the prevention of that injury.  
Though fatalities are relatively low in number 
compared to survivors, they have high associated 
costs.  Thus, the underlying data should be correct.  
 
Other limitations. While not examined at this time, 
the overall fraction of fatal cases within CIREN has 
been shown to be representative of the U.S. 
population for crashes that meet the CIREN 
enrollment criteria for crash type, vehicle model, and 
injury severity.  The use of the methodology is 
limited to this criteria.  However, these cases are 
generally the ones NHTSA priorities are focused 
upon. 
 
Future effort:  Imputation. As mentioned earlier, 
certain injury categories may have deflated threat-to-
life rankings due in part to the AIS coding convention 
and the ability to observe certain injuries at autopsy.  
Given the logistics involved with the disposition of 
early-on fatalities, there may be no practical way to 
observe such injuries.  A solution may be to impute 
codes in early-on deaths.  
 
Methods to impute missing data within NHTSA’s 
databases have been developed for certain variables. 
For example, Rubin et al (1998) describes a method 
to impute blood alcohol levels that are missing from 
fatality crash data. It may be possible to develop a 
method to impute injuries in early-on fatality records 
using the other variables within the dataset.   
 
CONCLUSIONS 
 
The purpose of this study is to investigate the extent 
of any selection bias in CIREN for fatal cases.  The 
primary goal is to help refine methods to estimate 
mortality associated with particular injuries and 
combinations of injuries.  In pursuit of that goal, the 
following observations were made. 
 
1.  The CIREN dataset appears to be representative of 
crash fatalities in terms of the fraction of early-on 
deaths.  However, CIREN also appears to have a 
higher fraction of cases where occupants died after 
twenty-four hours than in the U.S. population.   
 
2.  Occupants who die early-on appear to have 
different injuries than those who die later.  Those 
who died at the scene tend to have more unsurvivable 
injuries.  It follows that they have more severe 
injuries in terms of MAIS and their probability of 
fatality.  Early-on deaths also tend to have a higher 
frequency of brain injuries, skull fractures, thorax 
organ injuries, and cervical spine injuries. 
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3.  The CIREN dataset also appears to be 
representative of crash fatalities in terms of the 
frequency of injuries in early-on vs. later deaths, but 
this could not be confirmed by comparison with the 
OCME dataset.  This issue should be investigated in 
the future.  Also, brain injuries appear to be under-
represented within CIREN deaths. 
 
4.  When considering a reduced dataset in which all 
cases with unsurvivable injuries have been removed, 
a dataset derived from CIREN is similar to that of the 
OCME in terms of the frequency of the most 
predominant categories of injuries and the fraction of 
early-on deaths.  However, CIREN cases tend to be 
more serious.   

 
5.  Implications for injury costs/benefits analyses 
suggest that benefits could be misplaced if injury 
records of fatalities are not complete. 
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ABSTRACT 
 
Validation data for child anthropomorphic test 
devices (ATDs) are scarce, making it difficult to 
assess their biofidelity.  The goal of this study was to 
use previously collected real-world data involving a 
frontal crash with a child occupant to assess the 
biofidelity of current child dummies.  The 9-year old 
child’s anthropometry placed him between the size of 
the Hybrid III 10-year old and 5th-percentile Adult 
Female (AF5) dummies.  Though injuries on the 
child indicated that he was properly belted, there 
were contact points on the vehicle interior and the 
exact position of the child before the accident could 
not be definitively determined from the crash 
investigation.  Sled tests with identical seat belts and 
bench seat were conducted with the HIII-10 year old 
(n=9) and AF5 (n=6) in various seating 
configurations to explore the possible posture of the 
child before the accident.  The tests were designed to 
reproduce the predicted Delta-V of 51 km/h with a 
smaller subset of the tests performed at 59 km/h to 
assess the implications of a higher speed on occupant 
contacts.  Video analysis was performed to determine 
trajectories of the dummy head, chest, pelvis, and 
extremities.  Despite the variation in speed, neither 
dummy was able to achieve the maximum head 
excursion necessary to make contact with the dash 
board.  The results suggest that the dummies may 
underestimate the magnitude of excursion 
experienced by the child involved in the actual crash.  
To further investigate this finding, a sensitivity study 
was carried out using MADYMO Hybrid III 5th 
percentile female model.  In addition to making use 
of existing data to further the investigation of child 
dummies, this study examines the biofidelity of two 
dummies used in child response approximation.   
 

INTRODUCTION 
 
The design of safety equipment for children relies on 
accurate biomechanical information about their 
response in crashes.  Given the paucity of validation 
data for child ATDs used in the development and 
evaluation of safety equipment, efforts must be made 
to use all available sources.  The source of additional 
data examined in this study is the reconstruction of an 
automobile crash involving a child.  Information 
about the characteristics of the crash will be used to 
attempt to recreate the outcome of the crash in 
laboratory conditions.  In the actual crash, the child 
appeared to be correctly belted in a three point belt 
when the vehicle had a severe frontal crash with a 
tree. It is likely that the child was leaning in some 
fashion to the left in an attempt to help steer the 
vehicle due to the fact that the driver had lost 
consciousness while driving.  This hypothesis stems 
from the fact that the child had a head contact closer 
to the centerline of the vehicle. 
This case was chosen for reconstruction because the 
child seemed to be belted properly (lung contusions, 
chest contusions, right clavicle fracture all consistent 
with good shoulder belt placement), did not show 
signs of submarining (no abdominal injuries, 
presence of contusions from lap belt low on pelvis), 
and had a definitive head contact in the vehicle 
(severe head injury and definite head loading marks 
on dash).  The only criteria which were not ideal 
were that the child had some degree of non-optimal 
initial positioning leading to the head contacting the 
dash approximately 40 cm left of his centerline 
seating position. 
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METHODS 
 
Real World Crash 
 
The case was drawn from the Partners for Child 
Passenger Safety (PCPS) Crash Investigation 
database.  The PCPS Crash Investigation database, 
from a collaboration between Children’s Hospital of 
Philadelphia and State Farm Insurance Companies, 
consists of crashes involving child passengers 
reported to a US auto-insurance company and 
selected for detailed crash investigation.  
The case vehicle was a 1998 Chevrolet W/T 1500 
pick-up truck.  The W/T stands for “work truck” and 
indicates the trim level of the vehicle.  The work 
truck is the most basic model of the 1500 series.  The 
work truck trim level differs in several ways from the 
other trim packages offered in the 1998 model year 
selection of 1500 series truck with one of the most 
important differences being the vinyl bench seat as 
opposed to a cloth bench or cloth captain’s chairs that 
were offered in other levels.  The vehicle was also 
equipped with an after-market seat covering 
resembling a cotton blanket.  The vehicle had cargo 
in the bed of the truck that increased the overall mass 
of the vehicle by 159 kg which included the 
following: camping equipment, 3 bicycles, and tents.  
With cargo and occupants included the total mass of 
the vehicle was 2141 kg.   
The vehicle was traveling on a tortuous, wooded road 
when the driver, an adult male, lost consciousness, 
veered off the road and struck a tree.  The driver was 
restrained with a three point belt and airbag while the 
child passenger, a 9-year old male, was only 
restrained with a three point belt.  The passenger 
airbag had been turned off due to the age of the child 
according to current recommendations.  Based on the 
crash reconstruction, the vehicle had a Delta V of 
51.4 km/h and an impact speed of 55.6 km/h.  The 
vehicle made impact with the tree near the centerline 
of the vehicle causing the crash to be a directly 
frontal crash with no rotation.  The principal direction 
of force was approximately 360 degrees and the 
maximum crush depth was 78.4 cm located 7 cm 
right of the vehicle center line.  The child showed 
injury signs consistent with belt loading on his pelvis 
and right shoulder indicating proper belt use.  The 
vehicle interior contact locations suggested that the 
child was out of position at the time of the crash.  It 
was speculated that the child was attempting to either 
assist the driver or steer the vehicle before the tree 
impact occurred.   
The injuries to the child were severe and caused the 
child to remain deeply comatose for 12 days after the 
accident.  His head impact was attributed to contact 
with the displaced vent cover.  Heavy scuffing and 

residual epidermis deposits were found on the vent 
cover located on the dashboard near the centerline of 
the vehicle (Figure 1).   
 

 
 
Figure 1.  Interior of vehicle with contact locations 
identified.   
 
The case occupant’s severe head injuries consisted of 
a cerebral edema (AIS-3), left medial 
temporal/posterior basal gangliar hemorrhagic 
contusions (AIS-5), a diffuse subarachnoid 
hemorrhage and a diffuse axonal injury with a white 
matter injury (AIS-5).  He also sustained soft tissue 
ecchymosis areas above each eye (AIS-1).  The 
proper use of belts was determined by injuries 
sustained to the child’s torso and pelvis.  His lower 
torso loaded the lap belt webbing which resulted in 
ecchymotic lesions over his pelvis (AIS-1).  His 
interaction with the shoulder belt webbing resulted in 
a right chest contusion (AIS-1), a complete fracture 
through the mid-shaft of the right clavicle (AIS-2) 
and a right lung contusion (AIS-3) with residual 
atelectases.  Though other injuries occurred, these 
injuries were the most pertinent to crash 
reconstruction and the severity of the crash.      
 
Crash Reconstruction 
 
The child’s anthropometry placed him between the 
size, stature and approximated seated height, of the 
Hybrid III 10 year old and Hybrid III 5th percentile 
female dummies (Table 1).  Both dummies were 
tested, and due to the relatively small differences 
between the child and each dummy size, no scaling 
was performed on the dummy injury metrics or 
kinematic trajectories.   
 
 
 

Head contact 
location 

Additional interior 
contact 
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Table 1. 
Anthropometric data for 9-year old involved in 

crash 
 

Measurement Unit Value 
Shoulder to Hip cm 41 
Elbow to Beginning of Hand  cm 20 
Hip to knee cm 37 
Knee to ankle  cm 33 
Seat to Shoulder  cm 50 
Bottom of Neck to Top of Head  cm 20 
Head Circumference cm 51 
Neck Length  cm 5 
Chest Circumference  cm 76 
Height cm 145 
Weight kg 34 
Percentile based on Height % 95 
Percentile based on Weight  % 85 

 
The sled tests were conducted using the UVA sled 
system (Via Systems Model 713).  The test fixture, or 
“buck,” utilized in this test series consisted of the 
front bench seat of a 1998 Chevrolet 1500 W/T with 
correct anchorage locations for the vehicle seatbelts.  
The anchorage locations were determined from 
measurements of a similar vehicle using a portable 
measurement device (Platinum FARO Arm, FARO 
Technologies Inc.).  The seat-adjustment mechanism 
was removed to make it more durable for repeated 
testing, and both the seat pan and seat back were 
rigidly fixed to the buck.  One test was conducted 
with the standard seat fixture to determine the effect 
of rigidizing the seat.   
The tests were recorded using three high-speed (1000 
frames/s) digital video imagers. The color imagers 
(Redlake HG-TH) were positioned to provide a 
perpendicular view from each side of the sled track, 
and an overhead view.  These imagers were used to 
capture complete video records of the entire 
deceleration phase of the test event.  Numerous photo 
targets were placed on the occupant and vehicle buck.  
Photos documenting both pre- and post-test 
conditions were taken with a digital still camera. 
Sled deceleration and restraint belt loads were 
recorded for all of the tests. The ATD was 
instrumented to record accelerations, forces, and 
moments. Triaxial accelerometers were mounted at 
the head center of gravity (CG), at the chest CG, and 
at the pelvis CG.  Load cells were located at the 
upper neck, lower neck, and lumbar spine and 
captured Fx, Fy, Fz, Mx, and My forces and moments.  
Load cells were also located at the left and right iliac 
spines, capturing Fx and My data.  Chest displacement 

was also measured.  Appendix C contains complete 
instrument descriptions. 
Electronic data was acquired at 10,000 samples/sec 
using TRAQ-P, a DSP Technology Transient 
Acquisition and Processing System. The data was 
collected using IMPAX (DSP Technology) a PC-
based data acquisition program. Data associated with 
a time domain from the beginning of the test event 
(T0) until 150 ms after T0 were selected for post-
processing.  Raw force and acceleration data were 
processed by subtracting small initial offset values, 
filtering to SAE J211-prescribed filter classes, and 
calculating resultants and injury criteria parameters. 
Several parameters were included in the test matrix.  
The original case analysis predicted a Delta-V of 51 
km/h, and the majority of the sled tests were 
performed at this speed.  A subset of test conditions 
was repeated at 59 km/h to test the effect of speed.  
One final test was also performed in which the 
vehicle bench seat was tested without the rigidized 
base which was used for every other test.  Replacing 
the seat support system with a rigid component is 
common in sled tests to create a more consistent, 
durable testing environment.  For this final test, 
however, the original seat support system was 
installed.   
The most important parameter varied, however, was 
the initial position of the dummy.  The baseline tests 
positioned the dummies as specified by FMVSS 213, 
except for modifications suggested by Reed (2006) 
(Figure 2  and Figure 3 ).   
 

 
 

Figure 2.  View of baseline ATD positioning in 
reconstruction tests with Hybrid III 10-year old.  

Ash 3  



 
 
Figure 3.  Oblique view of baseline ATD 
positioning in reconstruction tests with Hybrid III 
10-year old.  
 
The dummy was calibrated prior to the baseline 
testing, and all joints were adjusted to the relevant 
specification (1 g).  For the Hybrid III 10-year old the 
lumbar joint was adjusted to a zero degree angle 
(most upright), while the adjustable neck was located 
in the 8 degree position.  In addition, a 20 mm pad 
was placed behind the pelvis so that the dummy more 
accurately matched the sitting position of real 
children (Reed, 2006).  To attempt to account for the 
unknown position of the child before the crash began, 
each dummy was moved in a variety of possible 
postures that the child could have been in before the 
crash.  One position, “Torso,” was based on the 
possibility that the child was leaning forward (sitting 
more upright) without moving his lower body (Figure 
4).   
The dummy was also positioned to simulate the 
situation in which the child may have been slouched 
significantly forward (possibly sleeping) and then sat 
straight up.  For this condition “Body,” the entire 
dummy was translated forward, which provided a 
good comparison with the baseline tests with no 
significant change in dummy orientation (Figure 5).   
 

 
 
Figure 4.  View of “Torso” adjusted position of 
ATD in reconstruction test with Hybrid III 10-
year old. 
 

 
 
Figure 5.  View of “Body” adjusted position of 
ATD in reconstruction test with Hybrid III 10-
year old.   
 
Since there was strong evidence that the child had 
moved to the left prior to the crash, possibly while 
shaking the driver or attempting to steer the truck, the 
next dummy position, “Lean,” involved leaning the 
dummy to the left with no other rotation along the Z 
axis, although there was some forward movement of 
the upper body (Figure 6).   
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Figure 6.  View of “Lean” adjusted position of 
ATD in reconstruction test with Hybrid III 10-
yeal old.   
 
Finally, the most extreme position, “Lean-Rotate,” 
involved both leaning the dummy to the left and 
rotating the dummy to the left along the Z axis 
(Figure 7 and Figure 8).   
 

 
 
Figure 7.  Frontal view of “Lean-Rotate” adjusted 
position of ATD in reconstruction test with 
Hybrid III 10-yeal old.   
 

 
 
Figure 8.  Side view of “Lean-Rotate” adjusted 
position of ATD in reconstruction test with 
Hybrid III 10-yeal old.   
 
Both of the ATDs were tested in each of the adjusted 
positions with the Hybrid III 10-year old tested at the 
higher speed as well.  The 5th percentile female was 
not tested at the higher speed but was tested with the 
standard, non-rigidized, seat support (Table 2).  
 
 

Table 2. 
Test matrix for reconstruction tests involving the 
Hybrid III 10-year old and 5th percentile female 

ATDs 
 

9-Year Old Real World Reconstruction Tests 
 HIII 10yo AF5 
Baseline X X 
Baseline, higher speed X  
Baseline, non-rigidized 
seat 

 X 

Torso leaning forward 
(“Torso”) 

X  

Whole body shifted 
forward (“Body”) 

X X 

Whole body shifted 
forward (“Body”), higher 
speed 

X  

Leaning left (“Lean”) X X 
Leaning left/whole body 
rotated (“Lean-Rotate”) 

X X 

Leaning left/whole body 
rotated (“Lean-Rotate”), 
higher speed 

X  

 
For use in the sled testing, a crash pulse was 
developed that represented the unknown crash pulse 
of the case vehicle.  Using Insurance Institute for 
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Highway Safety (IIHS) event data recorder (ERD) 
pulse information for totally frontal pole crashes it 
was found that the velocity-time curves were similar  
between crashes with an 80 ms duration for several 
crash events.  The shape of the known velocity-time 
curves was used along with the 80 ms duration to 
develop the crash pulse that would be used in our test 
series (Figure 9).  
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Figure 9.  Example crash pulse from 
reconstruction tests developed from ERD pulse 
information involving totally frontal pole crashes.  
 
Video Analysis 
 
Markers for post test video analysis were placed on 
the ATDs.  The markers were placed on tape that was 
directly attached to the outer skin of the dummy.  
Holes were cut in the clothing covering the ATDs to 
allow for direct attachment of the tape markers to 
dummy skin.  This direct attachment was done to 
prevent any introduction of error in the video analysis 
from marker movement during testing.  A coordinate 
system was established for the kinematics of the 
ATDs with the origin at the junction of the top 
surface of the seat cushion and the rear surface of the 
backrest. 
 
Sensitivity Study 
 
In order to assess the sensitivity of subject response 
to various conditions, a series of computer 
simulations were conducted using the MADYMO 
6.4.1 solver (MADYMO, 2008). 

 

+Z 

+X 

 
Figure 10.  Origin of coordinate system for ATD 
kinematics.  
 
A baseline simulation mirroring the initial sled test of 
the Hybrid III 5th percentile small female test dummy 
(Figure 11) was refined to within 10% of the 
measured response for shoulder belt tension, head 
excursion, head acceleration, chest acceleration, and 
chest deflection.  Before conducting a parameter 
sensitivity study, the MADYMO model of the Hybrid 
III 5th percentile female was modified to include joint 
in the thoracic spine, similar to a previous study 
using the Hybrid III six-year-old test dummy 
(Sherwood, 2003).  However, instead of a revolute 
joint, a free joint was added with restraints in all six 
degrees of freedom:  longitudinal shear, lateral shear, 
tension/compression, flexion/extension, lateral 
bending, and torsion.  The baseline restraint functions 
for each of these degrees of freedom were set to be 
twice as stiff as those of the modified Hybrid III six-
year-old dummy, though the initial magnitude was 
not expected to influence the parameter sensitivity 
study. 
A total of nineteen parameters were included in the 
parameter sensitivity study (Table 3).  The first 
eighteen parameters represent a scale factor applied 
to the force or moment component of the force-
deflection or moment-rotation restraint characteristics 
of the lumbar spine, thoracic spine, and the neck.  
Changes to the neck joint restraints are applied to 
each of the five neck joints.  The final parameter 
describes the orientation of the subject about the 
longitudinal axis of the vehicle, expressed in radians.   
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20 ms 60 ms 100 ms 140 ms 
 
Figure 11.  Comparison of the MADYMO simulation (top) to the physical sled test of a Hybrid III 5th 
percentile female dummy. 

 
 

Table 3. 
List and description of variables included in the MADYMO Hybrid III 5th percentile female parameter 

sensitivity study. 
 

Category Description Component Minimum 
Value 

Maximum 
Value 

Longitudinal Shear FX 0.01 1.5 
Lateral Shear FY 0.01 1.5 
Tension/Compression FZ 0.01 1.5 
Lateral Bending MX 0.01 1.5 
Flexion/Extension MY 0.01 1.5 

Neck 

Torsion MZ 0.01 1.5 
Longitudinal Shear FX 0.01 1.5 
Lateral Shear FY 0.01 1.5 
Tension/Compression FZ 0.01 1.5 
Lateral Bending MX 0.01 1.5 
Flexion/Extension MY 0.01 1.5 

Thoracic Spine 

Torsion MZ 0.01 1.5 
Longitudinal Shear FX 0.01 1.5 
Lateral Shear FY 0.01 1.5 
Tension/Compression FZ 0.01 1.5 
Lateral Bending MX 0.01 1.5 
Flexion/Extension MY 0.01 1.5 

Lumbar Spine 

Torsion MZ 0.01 1.5 
Orientation Lateral Leaning RX 0.0 radians 0.25 radians 
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Using these nineteen parameters, 5,000 designs were 
onstructed using a randomizing algorithm that 

f 
 this 

id 

n, measured as the difference between the 

 at  

n of the head was 

d 
ntal 

 

sis 

of the head CG, shoulder, and knee 
ints were measured.  Based on pre-test 

 location 

e 
sts 

 

sented 
ard 

c
results in a uniform distribution of each variable 
between its minimum and maximum values.  If 
computational errors occurred during simulation o
any of the designs, the design was removed from
initial population.  Such errors occurred when the 
chosen parameters resulted in model instability, 
which can occur when low restraint forces allow 
unrealistically high relative velocities between rig
bodies. 
The output from each design was the forward head 
excursio
initial position of the center of gravity (CG) of the 
head and the forward-most position of the head CG
any point in the simulation.   
This calculation assumed that the distance between 
the CG and the anterior portio
similar to the distance between the CG and the 
superior portion of the head, either of which coul
impact the instrument panel of a vehicle in a fro
collision. 
 
RESULTS
 
Video analy
 
The trajectories 
jo
measurements, the location of the H-Point was 
determined based on a distal thigh marker
and the angle of the femur, which was recorded 
during ATD placement.  Thus, the data presented ar
those of the actual H-Point location, except for te
involving “Lean” and “Lean-Rotate” when the out of 
plane positioning of the dummy eliminated the use of
this procedure.  In these tests, the approximate 
position of the H-Point was estimated during the 
video analysis digitization process.  Figures pre
are from tests where the ATD was translated forw
in the seat or leaning forward (Figure 12 - Figure 18) 
where out of plane motion is not substantially 
present.   
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Figure 12:  Kinematic trajectory for a low speed 
baseline test involving the Hybrid III-10 year old 
(Test #1267).  
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Figure 13:  Kinematic trajectory for a low speed 
“Torso” positioned test involving the Hybrid III-
10 year old (Test #1269).  
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Figure 14.  Kinematic trajectory for a low speed 
“Body” positioned test involving the Hybrid III-10 
year old (Test #1270).  
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Figure 15.  Kinematic trajectory for a high speed 

aseline test involving the Hybrid III-10 year old b
(Test #1273).  
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Figure 16.  Kinematic trajectory for a high speed 
“Body” positioned test involving the Hybrid III-10 
year old (Test #1274).   
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Figure 17.  Kinematic trajectory for a low speed 

aseline test involving the 5th percentile female 

T=0

b
ATD (Test #1278). 
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Figure 18.  Kinematic trajectory for a low speed 

aseline test involving the 5th percentile female 

ng conditions produce similar kinematic 

d 

 

 

ead CG point found during video analysis.  

Peak Front of Head excursion data (data in cm) 
 
 

Speed 

b
ATD with original (non-rigid) seat support (Test 
#1282). 
 
The low speed and high speed tests under the same 

ositionip
trajectories with a slightly larger head excursion 
value (Figure 12 vs Figure 15 and Figure 14 vs 
Figure 16).  The effect of making the seat base rigi
may cause the dummy excursion values to be 
overestimated.  When the seat base was allowed to 
deform during the test, the head excursion value was 
reduced by 3.5 cm (Figure 18 compared to Figure 
17). 
In order for the ATDs to achieve a head excursion 
value that would cause contact with the vent on the 
vehicle’s dashboard, the front of head excursion 
would need to exceed 71.3 cm in the kinematic 
trajectory reference frame (Figure 10).  The front of
head excursion value was digitized during video 
analysis in order to determine the forward-most point
on the ATD’s head (Figure 19).  No excursions 
reached the 71.3 threshold. 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 19.  Front of head excursion point and 

Head CG 

Forward-most 

h
 

Table 4. 

Low Speed High 

 H
10yo 

o III AF5 HIII 10y

Baseline 55.4 61.0 59.1 
Baseline non-rigid 57.5   
Torso 58.3   
Body 62 66.1 69.4 .5 
Lean 62.4 67.6  
Lean-Rotate 62.4 69.1 64.9 
Truck head 

 
71

contact point
71.3 71.3 .3 

 
 
Sensitivity Study 

nged from 24.4 to 59.6 
entimeters (parameters that result in each of these 

 

 
Head excursions ra
c
conditions are listed in Table 5).   
 

 

 
 
 
 
 
 
 
 
 
 

point on head 
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Table 5. 
Parameter values that result in the lowest and 

highest rsions. 

Category C Excursion 
ax. Head 

Excursion 

head excu
 

omponent Min. Head M

FX 0.0116 0.9924 
FY 1.3663 0.5468 
FZ 0.1090 1.0072 
MX 1.2378 1.1990 
MY 

Neck 

0.9023 1.1581 
MZ 0.2820 0.8485 
FX 0.4934 0.2083 
FY 0.9801 0.1921 
FZ 0.5836 0.3922 
MX 0.9444 1.3581 
MY 

Thoracic 
Spine 

0.7079 1.4102 
MZ 0.8138 0.9837 
FX 0.9353 0.8258 
FY 1.0499 0.4395 
FZ 1.2172 0.8479 
MX 0.5496 1.4118 
MY 

Lumbar 
Spine 

Orientation ad ad 

0.7383 0.1920 
MZ 0.6336 0.9876 
RX 0.0034 r 0.2175 r

 

or each of the nineteen variables, an analysis of 
ariance (ANOVA) was carried out to determine 

es 
 

 to 

ive 

effect on the head excursion.  The two 
were 

 

 
 

ion 
sing 

ll as 

f 
head excursion betw s of values for each 

Category Compo tistic P-value 

 
F
v
whether changes in that variable resulted in chang
in head excursion.  To begin this process, the head
excursion values for the design population were 
divided into five bins based on the value of the 
respective variable.  The ANOVA was conducted
determine whether the differences in the means of the 
five bins were statistically significant (p<0.05), 
which indicates that the model prediction of head 
excursion was sensitive to changes in the respect
variable.   
All but two of the nineteen parameters had a 
significant 
parameters which do not affect head excursion 
thoracic spine longitudinal shear (FX) stiffness and
lumbar spine lateral shear (FY) stiffness.  For the 
remaining parameters, the variance between the bins
was much larger than the variance within each bin,
indicating that the head excursion changed with 
changes in the parameter values (Table 6).  The 
strongest trend occurred with changes the orientat
of the subject in the seat, which showed an increa
trend (Figure 20).  There was also a strong influence 
of the model prediction of head excursion with 
changes in longitudinal shear stiffness and 
tension/compression stiffness of the neck, as we
lateral rotation stiffness of the thoracic spine. 

Table 6. 
Results of an ANOVA comparing the means o

een group
variable. 

 
nent F-sta

FX 19.56 <0.000001 
FY 9.48 <0

 

Neck 
.000001 

FZ 21.92 <0.000001 
MX 5.36 2.68E-04 
MY 7.36 6.71E-06 
MZ 5.76 1.29E-04 
FX 1.01 4.00E-01 
FY 6.52 3.18E-05 
FZ 3.51 7.25E-03 
MX 12.09  

 

Thoracic 
Spine 

 

<0.000001
MY 2.45 4.44E-02 
MZ 4.54 1.18E-03 
FX 8.69 <0.000001
FY 2.16 7.08E-02 
FZ 7.21 8.93E-06 
MX 8.31 1.15E-06 
MY 

Lumbar 
Spine 

Orientation 2  

3.08 1.52E-02 
MZ 6.74 2.14E-05 
RX 445.8 <0.000001
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Figure 20.  Median (red), 5% range (notch), and 
inter-quartile range (blue box) of head excursion 
for five increments of initial longitudinal 
orientation of the subject on the seat.  
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The sensitivity study determined an absolute 
ifference in the head excursion between the 

 
ared to 

e 

e 

6.2 to 

e 

 

N 

est that the child dummies likely 
nderestimate the excursion amounts experienced by 

ould 

 
en when 

n, 
en 

o the existing Hybrid 

ithout 
e 

 bending 
re 

e 

the 
 

ONS 

 study was the limited number of 
sts conducted at each position of the dummy.  

f the 

igid 

SIONS 

at under the reconstructed 
onditions of the crash using ATDs of similar size 

the 

e of 
O 

TS 

SA for their support of 
e dummy tests although the opinions expressed in 

 technical 

ES 

, Abdelilah, Y., C., Crandall, J., 
arent, D., Kallieris, D (2009).  Comparison of 

ntal 
e 

d
beginning of the test and the point of maximum
excursion.  This excursion values can be comp
the excursion values from the ATD tests by using th
initial offset in the baseline 5th percentile female test 
(Figure 17).  This initial offset can be used because 
the positioning used in the MADYMO simulations 
before any lateral adjustments matched this test.  
Once the lateral adjustments were incorporated the 
initial X value of the head CG would still match th
baseline position value since only lateral movement 
was included.  The initial offset in the X direction of 
the baseline 5th percentile female was 21.8 
centimeters.  This offset then caused the simulation 
maximum excursion values to range from 5
81.4 centimeters in the kinematic trajectory 
coordinate system.  The maximum value of the 
simulation maximum excursion value exceeded the 
truck head contact point value, indicating that th
adjusted 5th percentile female from the simulations 
would be capable of striking the vent of the vehicle’s
dashboard.   
 
DISCUSSIO
 
The results sugg
u
the child involved in the actual crash.  There were 
many complex factors involved in the analysis of this 
data, and the results do not lend themselves to 
definitive conclusions.  There were some results, 
however, which are promising, and this data sh
be considered to be a single component of a large 
study of the response of pediatric ATDs. 
The overall kinematic motions of the dummy were
consistent and similar among all tests.  Ev
rotated or leaning to the left, the shoulder belt 
maintained its position on the chest, which is likely 
occurred in the actual crash as evidenced by the 
clavicle fracture.  Despite very different initial 
positions, the measured forward head excursion 
values fell in a very narrow range.  This might 
suggest that given any reasonable seating positio
the total excursion value is relatively consistent wh
measured with the dummy.   
This parameter sensitivity study suggested that even 
with spinal stiffness changes t
III 5th percentile female test dummy, the head 
excursion necessary for a subject of similar size to 
impact the instrument panel was not possible w
changes to the initial position of the subject from th
standard seating position.  However, head excursion 
did increase with the addition of a joint in thoracic 
spine of the dummy model, though the main 
influence of thoracic spine stiffness on head 

excursion occurred with changes to its lateral
stiffness.  This suggests that the dummy is mo
sensitive to the load path of the shoulder belt when 
additional degrees of freedom are introduced in th
spine, as increased head excursion occurs as the 
dummy rotates around the axis of the shoulder belt.  
Adjustments to rigid spine of 5th percentile adult 
female yielding larger excursion values also agrees 
with other  studies that have examined the role of 
rigid spine in ATD kinematics (Sherwood, 2003 and
Ash, 2009) 
 
LIMITATI
 
A limitation of this
te
Additionally, though several positions were tested in 
an attempt to account for the unknown position o
child before the crash, the various positions were not 
a comprehensive examination of all possible 
positions.  Though it would have been impractical to 
have each test performed on a standard, non-r
seat, the introduction of the rigidized seat likely 
affected the response of the ATDs.  There are also 
errors inherently introduced during the video 
analysis.  
 
CONCLU
 
This study found th
c
compared with the child involved in the crash, 
maximum head excursion needed to have head strike 
on the dash was not achievable with the current 
dummies.  It was found that if adjustments were 
made to the neck, thoracic spine and lumbar spin
the 5th percentile female ATD model in MADYM
simulations, the excursion value needed for head 
strike was achievable.   
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ABSTRACT

A64 km/h offset frontal crash test was conducted with the
THOR-NT and Hybrid III to investigate the responses of
both dummies under a crash situation that includes both
deformation and rotational behavior of a vehicle.
Though the dummies were installed in the driver seat
according to the ECE R94 positioning procedure, their
postures were slightly different. The head and heels of the
THOR-NT were positioned rearward. Similarly, the
shoulders and knees were positioned forward compared to
the Hybrid-III. Therefore, it is expected that these
differences will affect the responses of both dummies.
During the tests, both dummies showed similar kinematics,
except for the rotation about Z-axis of the head, and the
contact situation to the instrument panel of the arms.
For the injury measures, the chest acceleration of the
THOR-NT showed sharp inclination at 100 ms to 120 ms,
presumed to be caused by the contact between the arms
and instrument panel. The initial time history curve of the
lap belt force was approximately the same between both
dummies; however, the maximum force of the THOR-NT
was less than half of the Hybrid III. For this difference, it
was strongly presumed that more kinetic energy was
absorbed by the knee bolster for the THOR-NT since its
longer femur shortened the initial clearance between the
knee and knee bolster. In addition, it was also presumed
that the difference of the flesh characteristics around the
iliac wing between both dummies affected the results.
The injury measures of both dummies were compared to
the injury criteria specified in FMVSS 208 and ECE R94.
As for the results, almost equivalent values between the
two dummies were observed.
Moreover, as reference, the additional injury measures in
the THOR-NT are shown in this paper.

INTRODUCTION

In 1976, the Hybrid III mid-sized male, instrumented test
dummy was first released [1]. Subsequently, the Hybrid
III has been adopted in the current regulations for frontal
impact tests in many countries. The National Highway
Traffic Safety Administration (NHTSA) of the U.S.
acknowledged the need for improved biofidelity and
measurement capabilities of the Hybrid III, consistent with
the advancement of vehicle safety devices. Moreover,
NHTSA announced plans to develop an advanced crash
test dummy with improved biofidelity under frontal
impact conditions with expanded injury assessment
capabilities [2]. In 1992, the initial advanced ATD known
as "Trauma Assessment Device - 50th percentile male
(TAD-50M)" was developed by a NHTSA-sponsored
consortium of universities and industrial partners [3]. The
principal objectives were to review the anthropometry and
dynamic biofidelic responses subject to more
contemporary occupant seat positionings and restraint
systems. In 1994, NHTSA initiated an aggressive effort to
integrate existing advanced ATD components. Then, in
1996, the "Test Device for Human Occupant Restraint
(THOR)" prototype was introduced [4]. Research
organizations in several countries conducted experiments
to improve this prototype dummy, leading to the
introduction of the THOR-Alpha in 2001 [5]. In 2005,
NHTSA released the THOR-NT (New Technology),
which was a modified and improved version of the
THOR-Alpha [6]. Currently, to improve the THOR-NT
further, the discussion regarding the improvement for each
body region and the certification and positioning
procedures is in progress in SAE THOR Evaluation Task
Force Group.
JAMA (Japan Automobile Manufacturers Association)
/JARI (Japan Automobile Research Institute) has so far
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performed the research activities for contributing to
development and improvement of the THOR [7][8][9]. As
part of the research activities, in order to investigate the
responses of the THOR-NT and Hybrid III under a crash
situation that includes both deformation and rotational
behavior of a vehicle, authors conducted 64 km/h offset
frontal crash tests (ODB tests), and compared the results
between the dummies.

64 km/h ODB Tests with the THOR-NT and the
Hybrid III

Test Condition
Figure 1 shows the collision configuration of the ODB test.
The tests were conducted with 40 % overlap of the vehicle
width against the deformable barrier at a impact speed of
64 km/h.
The test vehicles were a compact hatchback type
passenger car with 5 doors. The test weights of the two
vehicles were both 1090 kg. As shown in Figure 2, the
front door of the driver's side was replaced by the steel bar
in order to analyze the whole-body behavior of the
dummy.
In each of the two ODB tests, the THOR-NT or the
Hybrid-III was set on only the driver's seat. The seat
positions were subject to the ECE R94 procedure. For the
restraint devices, an airbag and a seatbelt with pretensioner
and with force-limiter were used.

Load Cell Wall
DB

64 km/h

40%

Figure 1. Collision Configuration of the ODB Test

Figure 2. Appearances of the Door Frame of the
Driver's Seat Side

Measurements
During the ODB tests, the electrical measurements (e.g.
acceleration) of the dummy and vehicle and the optical
measurements using a high-speed digital video camera
were done. In both pre-test and post-test, the
deformation of the test vehicle was measured with the
three-dimension measurement device.
For the electrical measurements, the accelerations,
deflections and forces of the dummy were measured, and
the accelerations at the engine block and the lower of
B-pillar of the test vehicle were measured. These data
were recorded by a data acquisition system mounted in the
luggage room of the test vehicle, and they were filtered
compliantly to SAE J211. The detail information of the
instrumentations of the THOR-NT and Hybrid III is
shown inAppendix.
For the optical measurements, a high-speed video camera
was used to take the behaviors of the dummy and vehicle
during the impact. The behavior of the dummy was
observed as follows: The motions of the marks attached to
some parts on the dummy were recorded by the video
camera, then these were converted into the numerical
movements using the video analyzer.
In both the pre-test and post-test, the some coordinate
values on the vehicle were measured with the
three-dimension measurement device, and the vehicle
deformation amounts were calculated from the pre- and
post-data. Note: the coordinate system of the vehicle was
defined as follows: An origin point was on the trunk lid
striker; the X-axis was the fore-aft direction; Y-axis was
the lateral direction; and the Z-axis was the vertical
direction.

Dummy Positioning
The THOR-NT and the Hybrid III were respectively set in
the vehicle in accordance with the positioning procedure
described in the ECE R94. Table 1 indicates the X and Z
coordinate values of the head, shoulder, hip point (H.P.),
knee and heel of the dummies respectively. Figure 3
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compares the positions of each component of the
dummies in the X-Z coordinate system.
When the H.P. of each dummy was set at the
approximately same positions in the fore-aft direction
(X-axis), the head and heels of the THOR-NT were
positioned rearward, and its shoulders and knees were
positioned forward, compared with those of the Hybrid III.
In the vertical direction (Z-axis), the H.P., head, shoulders
and knees of the THOR-NT were positioned above,
compared with those of the Hybrid III. It was presumed
that the knees of the THOR-NT were positioned more
forward and upward than those of the Hybrid III, because
the legs of the THOR-NT are longer than those of the
Hybrid III.

Table 1. Coordinate Values of Each Component of the
THOR-NT and the Hybrid III

X Z X Z
Head -77.6 448.6 -107.0 424.1
Shoulder -78.0 189.9 -50.5 147.1
H.P. -228.5 -223.5 -227.1 -233.7
Knee -631.2 -91.1 -600.7 -118.3
Heel -876.4 -563.5 -898.0 -560.2
Origin: Door Striker Bolt Unit: mm
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Figure 3. Comparison of Positionings of the
THOR-NT and the Hybrid III

Test Results
(1) VehicleAcceleration
Figure 4 indicates the comparison of the vehicle
accelerations in the 64 km/h ODB tests. The acceleration
responses between the test vehicles with the THOR-NT
and Hybrid III were approximately similar.

(2) Vehicle Deformation
Figure 5 indicates the appearance of the vehicle
deformation after the tests. The vehicle deformations in the
two tests was similar each other.

(3) Vehicle Behavior
As shown in Figure 6, the behaviors of two vehicles
during the impact were similar. The vehicles moved
almost straightly until 80 ms, then these began to rotate
greatly after 120 ms.

(4) Kinematics of the Dummies
In Figure 7 and Figure 8, the behaviors of the THOR-NT
and Hybrid III were compared based on the track of each
body part from the impact to just before the vehicle started
rotating (120ms). It seems that the forward displacements
of each body part of the dummies reached to the
maximum at about 120 ms, and these behaviors were
approximately similar, except for the rotation about Z-axis
of the head, and the contact situation to the instrument
panel of the arms. However, the maximum displacements
relative to the initial positions of each body part between
the dummies were different as shown in Table 2. With
regard to the fore-aft direction, the head of the THOR-NT
moved forward 28 mm than that of the Hybrid III, and the
shoulder of the THOR-NT moved forward 12 mm than
that of the Hybrid III. Oppositely, the H.P., knee, and ankle
of the Hybrid III moved forward 19 mm, 13 mm, and 24
mm respectively than those of the THOR-NT. With regard
to the vertical direction, the head and ankle of the Hybrid
III moved downward 31 mm and 17 mm respectively than
those of the THOR-NT. The shoulder of the THOR-NT
moved downward than that of the Hybrid III, while the
knee of the Hybrid III moved upward than that of the
THOR-NT. The displacements of the H.P. were
approximately same between the two dummies.
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Figure 4. VehicleAccelerations in 64 km/h ODB Tests
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Figure 5.Appearance of the Vehicle Deformations in the Post-Tests
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Figure 6. Vehicle Behavior During the Impact
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Figure 8. Comparison of the Track of Each Body Part
of the Dummies (0 ms to 120 ms)

(5) Dynamic Responses of the Dummies
Figure 9 indicates the head acceleration responses of the
THOR-NT and Hybrid III. Although the initial time
history curve of acceleration and the duration time were
similar between the dummies, the responses of both
dummies were different at the time (around 100 ms) when
the peak accelerations occurred; namely, the peak
acceleration of the THOR-NT was higher than that of the
Hybrid III.
Figure 10 indicates the chest acceleration responses of the
dummies. The initial time history curve of the acceleration,
the values of the peak acceleration, and the duration time
were similar in both the dummies. The acceleration
responses were similar in both the dummies until about 70
ms, however, at about 70 ms to 100 ms, the acceleration of
the Hybrid III was slightly higher than that of the
THOR-NT.
Figure 11 indicates the pelvis acceleration responses of the
dummies. The acceleration responses were similar in both
dummies until about 40 ms. However, the responses from
about 40 ms to the peak acceleration were different in both
dummies, thus, the peak acceleration of the Hybrid III was
higher than that of the THOR-NT.
Figure 12 and Figure 13 indicates Fz (axial force) and My
(flexion and extension moment around the Y-axis)
responses of the upper neck of the THOR-NT and Hybrid
III. For the Fz, both the THOR-NT and the Hybrid III
began to generate the tension forces at about 25 ms and
reached the maximum forces at about 90 ms. For the My,
on the whole, the occurring situations on moment were
similar in both dummies; however, the timings of the peak
flexion and extension of the Hybrid III were earlier than
those of the THOR-NT.
Figure 14 indicates the thoracic deflection responses

(fore-aft direction) of the THOR-NT where measured at
four points (upper right, upper left, lower right, and lower
left) on the thorax. Figure 15 indicates the thoracic
deflection responses (fore-aft direction) of the Hybrid III
where measured at one point (center) on the thorax. The
deflection values on the lower left of the THOR-NT and
the center of the Hybrid III were approximately same, and
the deflection appearance was similar. However, the upper
right of the THOR-NT indicated smaller deflection than
the Hybrid III, and returned to the deflection around zero
at about 120 ms. Furthermore, the deflection on the lower
right of the THOR-NT was small, but generated in the
opposite direction to the deflections on the other three
points.
Figure 16 indicates the relative location between the
seatbelt and the four measurement points of the
THOR-NT thorax. The upper and lower measurement
points on the left side of the thorax were approximately
lapped over the seatbelt, and the point on the upper right
was close to the seatbelt. Therefore, the three measurement
points deflected in the compressive direction by loading of
the seatbelt. On the other hand, the measurement point on
the lower right was far position where it did not lap over
the seatbelt. Due to this, it was presumed that the lower
right of the thorax deflected in the tensile direction because
the whole left side and the upper right of the thorax were
distorted by the pressure of the seatbelt.
Figure 17 indicates the deflection response of the upper
abdomen of the THOR-NT, and Figure 18 shows the
deflection responses of its lower abdomen. The deflection
of the upper abdomen was measured by the string
potentiometer, while the right and left deflections of the
lower abdomen were measured by the DGSP unit with

Table 2. Difference in the Maximum Displacement of
Each Body Part of the Dummies

X Z X Z X Z
Head CG 570 -211 542 -242 28 31
Shoulder 423 -170 411 -147 12 -23
H.P. 156 -69 175 -70 -19 1
Knee 129 44 142 52 -13 -8
Ankle 43 -34 67 -51 -24 17
X-axis : Forward +, Rearward - Unit : mm
Z-axis : Upward +, Downward -

Difference between
THOR and HYIIITHOR HYIII
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Figure 9. HeadAcceleration

Pelvis Resultant Acceleration

0

100

200

300

400

500

600

0 50 100 150 200
Time [msec]

A
cc
el
er
at
io
n
[m

/s
^2
]

THOR

HYIII

Figure 11. PelvisAcceleration
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Figure 15. Thoracic Deflection of the Hybrid III
(Center)
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Figure 10. ChestAcceleration
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Figure 12. Upper NeckAxial Force
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Figure 16. Relative Location between the Thoracic Measurement Points (UR, UL, LR, LL) and the Seatbelt

a linear potentiometer for measuring the fore-aft
displacement and with two rotatory potentiometers for
measuring the yaw and pitch angles. The abdominal
deflection of the Hybrid III was not measured because it
had not a sensor to measure the deflection. Therefore, only
the results of the THOR-NT are stated herein. The
deflection of the upper abdomen was smaller than that of
the lower abdomen. The deflection of the upper abdomen
reached the maximum value (10 mm) at about 90 ms and
decreased to about 2 mm at about 120 ms. On the other
hand, the right and left deflections of the lower abdomen
exhibited a gentle decrease after reaching to the maximum
deflection; the right side maintained the deflection of about
40 mm, and the left side was about 25 mm at 200 ms.
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Figure 17. UpperAbdomen Deflection of the
THOR-NT
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Figure 18. Lower Abdomen Deflection of the
THOR-NT (Right and Left)

Figure 19 and Figure 20 indicates the axial force responses
of the right and left femurs of the THOR-NT and Hybrid
III. For the left femur, both the THOR-NT and the Hybrid
III began to respond at about 40 ms. However, while the
THOR-NT remained showing the compressive force from
the occurrence and reached the maximum compressive
force, the Hybrid III shifted to compressive force after
showing the tensile force once, and then reached the
maximum compressive force. The time of the maximum
compressive force of the THOR-NT was slightly earlier
than that of the Hybrid III, and the maximum force value
of the THOR-NT was larger than that of the Hybrid III.
For the right femur, also, the difference in the initial force
response between the THOR-NT and the Hybrid III was
observed. Although the time of the maximum
compressive force of the Hybrid III was slightly earlier
than that of the THOR-NT, the maximum forces of both
the dummies were approximately the same.
Figure 21 to Figure 24 indicates the axial force responses
of the tibia (upper right, upper left, lower right, and lower
left) of the THOR-NT and Hybrid III. For the right tibia,
the maximum force of the upper tibia was similar between
the THOR-NT and Hybrid III. The maximum forces of
the lower tibia were slightly different between the
THOR-NT and Hybrid III, but the dummies exhibited
similar responses. For the left tibia, the maximum axial
forces of the upper and lower of the Hybrid III were larger
than that of the THOR-NT, but the force responses were
similar between the dummies.
Figure 25 to Figure 28 shows the time-series data of the
Tibia Index (upper right, upper left, lower right, and lower
left) of the THOR-NT and Hybrid III. For the upper side
of the right tibia, the value of the Hybrid III increased until
about 45 ms, whereas that of the THOR-NT decreased at
30 ms to 40 ms. In addition, the value of the THOR-NT
increased at 40 ms to 55 ms and reached the maximum,
while the value of the Hybrid III increased again after
decreased at 40 ms and 70 ms and reached the maximum
at about 80 ms. For the lower side of the right tibia, while

UR

LR

UL

LL
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the THOR-NT showed two local peaks before the
maximum at about 80 ms, the Hybrid III did not show any
local peaks before the maximum at about 80 ms. As a
result, the difference of the values between the dummies
was large at about 55 ms. For the upper side of the left
tibia, the time of the maximum value was approximately
same between the dummies. For the lower side of the left
tibia, the response until reached the maximum value was
different; the time of the maximum value of the
THOR-NT was earlier than that of the Hybrid III.

(6) Force Responses of the Seatbelt
Figure 29 shows the force responses of the shoulder belt of
the dummies, and Figure 30 shows those of the lap belt.
For the shoulder belt, the occurrence situations and
amplitudes of the force were approximately the same
between the dummies, whereas, for the lap belt, large
difference of the force was observed between the
dummies. The initial time history curve of the force was
approximately the same (about 20 ms) between the
dummies, however, the maximum force of the THOR-NT
(3.1 kN) was less value than a half, compared to that of the
Hybrid III (6.8 kN).
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Figure 19.Axial Force of the Right Femur

Right Upper Tibia Fz

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 50 100 150 200
Time [msec]

Fo
rc
e
[k
N
]

THOR

HYIII

Figure 21.Axial Force of the Right UpperTibia
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Figure 23.Axial Force of the Left UpperTibia
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Figure 20.Axial Force of the Left Femur
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Figure 22.Axial Force of the Right LowerTibia
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Figure 24.Axial Force of the Left LowerTibia
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Figure 25. Tibia Index of the Right UpperTibia

Right Lower Tibia Index

0.0

0.1

0.2

0.3

0.4

0.5

0 50 100 150 200
Time [msec]

T
ib
ia
In
de
x

THOR
HYIII

Figure 26. Tibia Index of the Right LowerTibia
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Figure 27. Tibia Index of the Left UpperTibia
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Figure 29. Shoulder Belt Force
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Figure 28. Tibia Index of the Left LowerTibia
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Figure 30. Lap Belt Force

(7) Injury Measurements
Table 3 indicates the injury measures of each component
of the THOR-NT and Hybrid III. Furthermore, Figure 31
shows the ratios of the injury measures of the dummies to
the injury criteria regulated in the ECE R94 and
FMVSS208.
With regard to HIC 36 ms, HIC 15 ms, and head 3 ms G,
the differences of the ratios of the measurements to the
injury criteria between the dummies were larger than other
injury measures; the injury values of the THOR-NT were
larger than those of the Hybrid III. Secondly, with regard
to the tension force and extension moment of the neck and
the compressive force of the left femur, the differences of
the results between the dummies were large; the neck

tension force and femur force of the THOR-NT was larger
than that of the Hybrid III, whereas the neck extension
moment of the Hybrid III was larger than that of the
THOR-NT. Other injury measures were approximately
the same between the dummies. All injury measures of
both dummies were less than the injury criteria. The chest
G of both dummies and the head G of the THOR-NT
showed relatively larger ratio against the injury criteria,
comparing to the other injury measures.
On the other hand, as reference, the additional injury
measures for the abdomen, knee-thigh-hip (KTH) and
tibia in theTHOR-NT are shown in Table 4.
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Table 3. Injury Measures of theTHOR-NT and the Hybrid III
Injury Criteria THOR HYIII

HIC 36ms 1000 549.0 351.2
HIC 15ms 700 339.4 158.4
3ms clip (G) 80 56.97 43.84
Shear Force (Fx+) (kN) 3.1 0.320 0.170
Tension Force (Fz+) (kN) 3.3 1.881 1.542
Compression Force (Fz-) (kN) 4.0 0.197 0.337
Extension Moment around Y-axis (My-) (Nm) 57 17.22 24.60
Nij 1.0 0.350 0.305
Deflection (Upper Right) (mm) -16.33 -
Deflection (Upper Left) (mm) -32.00 -
Deflection (Lower Right) (mm) 8.34 -
Deflection (Lower Left) (mm) -25.94 -
Deflection (Center) (mm) - -28.91
Viscous Criterion (Upper Right) (m/s) -0.053 -
Viscous Criterion (Upper Left) (m/s) -0.178 -
Viscous Criterion (Lower Right) (m/s) 0.030 -
Viscous Criterion (Lower Left) (m/s) -0.093 -
Viscous Criterion (Center) (m/s) - -0.149
3ms clip (G) 60 46.78 44.57
Right Femur Axial Force (Compression) (kN) 3.38 3.05
Left Femur Axial Force (Compression) (kN) 3.33 2.25
Right Tibia to Femur Translation (mm) 2.47 0.01
Left Tibia to Femur Translation (mm) 0.16 0.75
Right Upper Axial Force (kN) 1.44 1.45
Right Lower Axial Force (kN) 2.15 1.58
Left Upper Axial Force (kN) 0.95 1.55
Left Lower Axial Force (kN) 1.31 1.77
Right Upper Tibia Index 0.39 0.37
Right Lower Tibia Index 0.31 0.27
Left Upper Tibia Index 0.26 0.31
Left Lower Tibia Index 0.28 0.27

For calculation of the upper rib VC of THOR-NT; Deformation Constant at #3 Rib: 219 mm, Scaling Factor: 1.3
For calculation of the lower rib VC of THOR-NT; Deformation Constant at #6 Rib: 234 mm, Scaling Factor: 1.3
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Figure 31. Ratio of the Injury Measures of the Dummies to the Injury Criteria in the Frontal Impact Regulations
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Table 4. Injury Measures of theTHOR-NT Except the Injury Criteria in the Frontal Impact Regulations

THOR

Deflection (Upper) (mm) 9.93
Deflection (Lower Right) (mm) 42.14
Deflection (Lower Left) (mm) 40.02
Viscous Criterion (Upper) (m/s) 0.012
Viscous Criterion (Lower Right) (m/s) 0.141
Viscous Criterion (Lower Left) (m/s) 0.169
Acetabulum Force with Neutral Posture (Right) (kN) 1.46
Acetabulum Force with Neutral Posture (Left) (kN) 0.25
Femur Bending Moment (Right) (Nm) 108.1
Femur Bending Moment (Left) (Nm) 94.3
Rivised Tibia Index (Right Upper) 0.39
Rivised Tibia Index (Right Lower) 0.37
Rivised Tibia Index (Left Upper) 0.28
Rivised Tibia Index (Left Lower) 0.30
Proximal Tibia Axial Force (Right) (N) 1437.7
Proximal Tibia Axial Force (Left) (N) 955.0
Distal Tibia Axial Force (Right) (N) 2147.8
Distal Tibia Axial Force (Left) (N) 1306.5
Ankle Dorsiflexion Angle (Right) (deg) 20.96
Ankle Dorsiflexion Angle (Left) (deg) 20.39
Ankle Inversion Angle (Right) (deg) 7.15
Ankle Eversion Angle (Right) (deg) 6.66
Ankle Inversion Angle (Left) (deg) 17.72
Ankle Eversion Angle (Left) (deg) 21.16

For calculation of the upper and lower abdomen VC of THOR-NT;
Deformation Constant: 250 mm

Scaling Factor: 1.3
(Supposed the abdominal depth of the THOR-NT equals that of the Hybrid III.)

Tibia

Knee-
Thigh-Hip

(KTH)

Abdomen

DISCUSSION

Differences in the Kinematics and Responses of the
Dummies

(1) Differences in the Kinematics and Response of the
Head
The face of the Hybrid III was positioning approximately
forward at the early contact with the airbag, whereas the
face of the THOR-NT was positioning downward (Figure
32). Furthermore, the head of the Hybrid III was rotating
about Z-axis during the contact with the airbag by yaw of
the vehicle, while the head of the THOR-NT was little
rotating. For these differences in the kinematics of the
flexion and twist of the head-neck, it was presumed that
the difference in the structure and characteristics of the
neck caused the different kinematics, but that the act on the
head-neck of the resistant force from the airbag might
have differed. The difference in the kinematics based on
the different structure and characteristics of the neck might
have affected the difference in the head response.
The head-neck of the THOR-NT flexed than that of the
Hybrid III at near 100 ms. It was presumed that since the
Z-axis sensitivity of the THOR-NT's head was near the
fore-aft direction, the Z-axis acceleration of the THOR-NT
was higher than that of the Hybrid III. On the other hand,
the X-axis acceleration of the Hybrid III was smaller than
that of the THOR-NT.
The Hybrid III generated the Y-axis acceleration because

the head was rotating about Z-axis at near 120 ms.
However, the THOR-NT was low Y-axis acceleration due
to little rotating. With regard to the difference of the twist
behaviors of the head-neck about Z-axis, it was presumed
because of the differences in the structure and
characteristics between both dummies.

(2) Differences in the Responses of the Thorax, Pelvis
and Lap Belt
As shown in Figure 33, the chest acceleration response of
the dummies differed. In the section of the mark 1, as for
the relative position between the thorax and the steering
wheel, and the thorax contact situation with the airbag, the
difference between the dummies was not observed.
Therefore, it was presumed that the difference in the
acceleration in the section of the mark 1 was different in
the transmissive force from the pelvis in the internal of the
dummy. The pelvis acceleration of the Hybrid III was
higher than that of the THOR-NT. It was presumed that
the difference in the pelvis acceleration was caused by the
different contact situation of the knees, due to the different
leg length between the dummies, and caused the
difference in the thorax acceleration because this
difference was transmitted to the thorax as the transmissive
force in the internal of the dummy. Furthermore, it was
presumed that the event that the arms came in contact with
the instrument panel affected the occurrence situation of
the acceleration in the section of the mark 2.
As shown in Figure 30, for the lap belt, large difference of
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the force was observed between the dummies. Herein, it
states the consideration why the lap belt force of the
THOR-NT was lower than that of the Hybrid III.
Figure 34 shows the lap belt force relative to the pelvis
stroke of the dummies, and the femur force (total of the
right and left) relative to the pelvis stroke. Moreover, Table
5 shows the cause of the difference in the lap belt force
relative to the pelvis stroke between the dummies. Herein,
the pelvis stroke was calculated according to Equation 1.
The difference of the lap belt force between the dummies
began to appear until the pelvis stroke of the dummies
reached to 39 mm. This difference is presumed because
the characteristics of the lower abdomen of the THOR-NT
is softer than that of the Hybrid III [8].
The difference of the lap belt force between the dummies
became larger until the pelvis stroke of the dummies
reached to 39 mm to 114 mm; this cause was presumed as
follows: The characteristics of the lower abdomen of the
dummies differ. In addition, the restricted timing of the
motion of the legs was different. Because the THOR-NT
has longer upper legs than the Hybrid III, the initial
clearance between the knees and instrument panel for the
THOR-NT was shorter than Hybrid III. Due to this, the
timing when the legs of the THOR-NT contacted to the
instrument panel was earlier than the Hybrid III. The
THOR-NT began to generate the femur force from about
39 mm of the pelvis stroke (the legs contacted to the

instrument panel), while the Hybrid III began to generate
the femur force from about 114 mm. Based on this
difference, the load to the lap belt of the THOR-NT was
reduced, and its lap belt force became lower, compared to
the Hybrid III.
The lap belt force of the THOR-NT was lower than that of
the Hybrid III after 114 mm in the pelvis stroke; this cause
was presumed as follows: In addition to the consideration
explained above, it was presumed that the difference in the
femur force affected the lap belt force. The femur force of
the THOR-NT after 114 mm in the pelvis stroke was
larger than the Hybrid III. The THOR-NT was earlier than
the Hybrid III with regard to the timing when the legs
contacted to the instrument panel, and the legs of the
THOR-NT deeply intruded into the instrument panel.
Furthermore, it states the factor of the difference in the
resultant pelvis acceleration in the tri-axis of the dummies
shown in Figure 11 and Figure 33.
Figure 35 shows the resultant pelvis acceleration in the X
and Z-axis relative to the pelvis stroke of the dummies,
and the calculated pelvis acceleration relative to the pelvis
stroke. The calculated pelvis acceleration means the
acceleration calculated from the lap belt force and femur
force (Equation 2).
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Figure 32. Differences in the Kinematics and Response of the Head
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Figure 33. Differences in the Kinematics and Response of the Thorax and Pelvis

The resultant pelvis acceleration in the X and Z-axis and
the calculated pelvis acceleration was almost the same.
Therefore, it was presumed that two factors of the lap belt
force and femur force affected the difference in the
resultant pelvis acceleration between the dummies. The
cause that the lap belt force and femur force differed
between the dummies is as stated above. Therefore, it was
presumed that the following factors affected the difference
in the resultant pelvis acceleration in the tri-axis of the
dummies; i) the lower abdomen of the THOR-NT is softer
than the Hybrid III, and ii) the THOR-NT was earlier than
the Hybrid III with regard to the timing when the legs
contacted to the instrument panel because the THOR-NT
has longer upper legs than the Hybrid III.

Equation 1:
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Table 5. Cause of the Difference in the Lap Belt Force
Relative to the Pelvis Stroke Between the Dummies.

Factor for affecting the difference in the lap belt force

Section 1 To 39 mm Difference in the characteristics of the lower abdomen

Section 2 39 mm to 114 mm
↑ + Difference in the timing when the legas contacted
to the instrument panel

Section 3 After 114 mm ↑ + Difference in the femur force
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Figure 35. Resultant Pelvis Acceleration in the X and
Z-axis and Calculated Pelvis Acceleration vs Pelvis
Stroke

CONCLUSIONS

A64 km/h offset frontal crash test was conducted with the
THOR-NT and Hybrid III to investigate the responses of
both dummies under a crash situation that includes both
deformation and rotational behavior of a vehicle.
Although the THOR-NT and the Hybrid III were
respectively installed in the driver seat in accordance with
the ECE R94 positioning procedure, their postures were
slightly different. The knees of the THOR-NT were
positioned more forward and upward than those of the
Hybrid III, because the THOR-NT has longer legs than
the Hybrid III.
The THOR-NT and Hybrid III showed similar kinematics
during the tests, except for the rotation about Z-axis of the
head, and the contact situation to the instrument panel of
the arms.
It was presumed that the difference in kinematics between
both dummies affected the differences in the head, chest,
and pelvis acceleration responses of the dummies. The
difference in the head acceleration was affected by the

different kinematics of the flexion and twist of the
head-neck of the dummies caused by the differences in
both structure and characteristics of the neck. The
difference in the chest acceleration was affected by the
differences in the transmissive force from the pelvis in the
internal of the dummy, and the contact situation between
the arms and the instrument panel. The difference in the
pelvis acceleration was affected by the differences in the
lap belt force and femur force between both dummies.
With regard to the differences in the lap belt force between
the dummies, it was presumed that was because of the
following factors; i) the lower abdomen of the THOR-NT
is softer than the Hybrid III, and ii) the difference in the
femur force between the dummies (The THOR-NT was
earlier than the Hybrid III with regard to the timing when
the legs contacted to the instrument panel because the
THOR-NT has longer upper legs than the Hybrid III).
The injury measures showed almost equivalent values
between the dummies, and all injury measures were less
than the injury criteria specified in FMVSS 208 and ECE
R94.
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APPENDIX

TableA-1. Instrumentations of theTHOR-NT and Hybrid III

THOR-NT Hybrid III

Head Head accelerometer array 9 9

Upper neck six-axis load cell 6 6

Lower neck six-axis load cell 6 -

Neck compression load cells (front and right) 2 -

Head rotation potentiometer 1 -

CRUX chest rotary potentiometers 12 -

Chest displacement potentiometer (normalized) - 1

Chest accelerometer triax 3 3

Mid sternum uniaxial accelerometer 1 -

Upper abdomen string potentiometer 1 -

Lower abdominal DGSP transducers (left and right) 6 -

Upper abdomen uniaxial accelerometer 1 -

Spine T1 accelerometer triax 3 -

T12 five-axis load cell 5 -

Lumbar spine three-axis load cell - 3

Spine T12 accelerometer triax 3 -

Acetabular three-axis load cells (left and right) 6 -

Iliac load cells (left and right) 2 -

Pelvis accelerometer triax 3 3

Femur six-axis load cells (left and right) 12 -

Femur single-axis load cells (left and right) - 2

Knee slider potentiometers (left and right) 2 2

Knee clevis, inside load cells (left and right) - 2

Knee clevis, outside load cells (left and right) - 2

Upper tibia five-axis load cells (left and right) 10 -

Lower tibia five-axis load cells (left and right) 10 -

Upper tibia four-axis load cells (left and right) - 8

Lower tibia four-axis load cells (left and right) - 8

Tibia x-axis uniaxial accelerometers (left and right) 2 -

Tibia y-axis uniaxial accelerometers (left and right) 2 -

Ankle Ankle rotary potentiometers (left and right) 6 -

Foot Foot accelerometer triaxes (left and right) 6 -

120 49Total

Tibia

# of channels

Spine

Pelvis

Femur

Knee

Neck

Chest

Abdomen
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ABSTRACT 
 
The objective of this paper is to discuss the 
potential capabilities of inertial sensors for point 
tracking and the presentation of a new tool which is 
able to place vehicle and dummy parts in 3D during 
a crash. This tool can help in the understanding of 
crash dynamics and optimize restraint system 
integration as well as CAE correlation. 
 
This paper analyses the uses given to inertial 
sensors in crash applications, describes the errors 
obtained and proposes methods to correct them. 
The use of accelerometer-only based and 
accelerometer and gyroscope-based platforms is 
discussed. Recommendations for placement, 
filtering and calculation methods are given. A tool 
able to track in 3D the trajectory of a point is 
presented and the limitations found are commented.  
 
The sled tests carried out to obtain relevant 
information are presented. Possible applications in 
current tests and probable new tests exploiting the 
capabilities of the new tool are suggested. 
 
INTRODUCTION 
 
Accelerometers are the most commonly utilized 
sensors for crash applications in the automotive 
industry today. They are installed in order to obtain 
acceleration, relative speeds and displacement, thus 
providing invaluable information to aid in the 
calculation of the most important injury 
parameters. The specification of their response 
characteristics is pre-defined and the operation and 
signal filtering is described by the testing protocols. 
 
Another type of sensor used in crash testing is the 
gyroscope, although the use of this instrument is 
not that widely spread in crash testing. The 
precision data provided by the new damped 
gyroscope generations is enabling their use in a 
broader variety of applications. Despite the 
exceptional performance that these inertial sensors 
could have, their capabilities are not fully 
exploited. If errors are minimized and an additional 
degree of accuracy in the use and calculation is 

given, they may be used to precisely track the 
position of any part they are installed and 
referenced to. Gyroscopes add an important value: 
they can measure rotation, which can be used as an 
input to correctly project the signals. 
 
Tracking a moving object’s position in time is a big 
issue, found in a wide variety of applications, 
including the military, industrial and medical. 
Nevertheless, and up to date, the most used 
methodology is 2D tracking of the parts, which 
only allows tracking of simple movements. In 
addition to that, tracking requires a huge set up, 
which is not always possible during a crash: 
calibrated optics, targets always visible and fixed 
reference points on the same plane and close to the 
visual range of the camera. Films obtained by high 
speed cameras are not capable of providing enough 
information about dummy parts that stay behind the 
vehicle’s chassis. It is also impossible to determine 
with precision the amount of intrusion of certain 
parts of the dummy, such as the head or chest 
against the airbag, as they are obscured on contact, 
losing any visual reference available.  
 
METHODOLOGY 
 
The fore mentioned problem can be solved 
efficiently with an inertial measuring system and its 
related methodology, consisting of three 
accelerometers (measuring linear acceleration) and 
three gyroscopes (measuring angular velocity) 
orthogonally placed in the dummy and the vehicle. 
Thanks to this data flow, the required mathematical 
calculations and the development of special 
software, we are now able to trace the movement of 
the dummy with respect to the vehicle.  
 
Euler’s Rotational Theorem 
 
According to Euler’s Rotational Theorem, any 
rotation or group of successive rotations may be 
expressed as one rotation around a single direction 
or main rotational axle. In this manner, every 
rotation or group of rotations, found in a three-
dimensional space can be specified through the 
equivalent rotation axle defined by vectors with 
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three parameters. Generally, these three parameters 
are called rotational degrees of freedom.  
 
These angles constitute a group of three angular 
coordinates used to specify the orientation of a 
reference system of orthogonal axles, generally 
mobile, respect to another reference system of 
orthogonal axis, but in this case, fixed.  
 
They are based in describing the way to achieve the 
final position from the initial one with three 
rotations, called yaw, pitch and roll. They must be 
given and calculated in that order, since the final 
result depends on the order of application.  
 
Coordinate Systems 
 
For this project, three different coordinate systems 
have been chosen: 
 

• A fixed global system. 
• A system referenced to the vehicle. 
• A system with origin in the C.G. of head, 

chest and pelvis of the dummy.  
 
Six parameters describe the location and orientation 
of a mobile segment relative to the reference 
segment: three translations (X, Y, Z) and three 
rotations (yaw, pitch, roll) in the reference point.  
 
Rotations: 

• Yaw – rotation around X axis 
• Pitch – rotation around Y axis 
• Roll – rotation around Z axis 

 
Translations: 

• Longitudinal (X) – Direction of the 
vehicle. 

• Lateral (Y) – In direction of Y axis of the 
vehicle. 

• Vertical – In direction of the Z axis of the 
vehicle. 

 

 
Figure 1.  Coordinate Systems. 
 
 
 
 
 
 
 

Calculation Sequence 
 
In figure 2 we find the calculation sequence 
developed in this project, designed specifically to 
measure the dummy’s global kinematics during a 
frontal crash. From this methodology, special 
software was programmed for Diadem 10.1, 
capable of calculating automatically the necessary 
operations.  
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Figure 2.  Calculation sequence.  

 
First, the different angular components for the 
dummy (given by the corresponding three-axial 
gyroscope) are integrated with respect to time, 
obtaining the Euler angles. From these angles, a 
rotational 3D matrix is generated, from the local to 
the global system, which will be directly multiplied 
by the different acceleration components (obtained 
from the accelerometers located in the C.G. of each 
of the dummy’s parts). As a result, a matrix with 
the acceleration components given as global 
coordinates is obtained.  
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By integrating the matrix components, the linear 
velocity is obtained and after a second integration 
the dummy’s position with respect to the origin in 
global coordinates is calculated.  
 
Parallel to this activities, the analogous calculus for 
the vehicle will be made (accelerometers and gyros 
located in the car) and will finally be subtracted 
from the dummy’s position, giving then the relative 
dummy position respecting the vehicle.  
 
Frontal Crash Analysis for 2D Modelling 
 
Data from a frontal crash test  were used during the 
first displacement analysis. The crash had a frontal 
configuration (Frontal impact 40% ODB 64 km/h), 
with a 40% offset, impacting on the left side of the 
car (left hand drive car). Crash speed was 
designated at 64±1 km/h, having a real impact speed 
of 63.68 km/h. The available 2D methodology was 
used to analyze its deficiencies. In this phase of the 
project, dummy kinematics were studied with the 
2D macro (rotation in Y, accelerations in X and Z 
axes).  
 
In the next figure, two instants of the frontal crash 
are presented with a superposed X-Z graph (for the 
driver) obtained via the 2D methodology. Good 
results are obtained until the 125th millisecond, 
when the trajectory graph falls abruptly, due to car 
rotation (not considered in 2D methodology) and 
some other factors (integration in time).  
 

 

Figure 3.  2D kinematics. 

 
Car Reference Selection 
 
The graph in figure 4 reflects the importance of 
wisely choosing the X acceleration reference point 
in the car. Until now, the B pillar driver’s side had 
been the reference point for calculations made for 
dummies both in the driver and passenger side. 
Nevertheless, this study demonstrates that the ideal 
place for reference is the B pillar on the side closest 
to the dummy whose kinematical data are to be 
analyzed.  
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Figure 4.  Relative head displacements of the 
dummy for different vehicle parts.  

 
We can observe the results from the relative head 
displacement study in a car during a frontal crash 
test, taking as an acceleration reference for the car, 
different parts where accelerometers have been 
installed. There are accelerometers located in: B 
pillar opposite side (red line), B pillar dummy side 
(green line), frontal tunnel (blue line) and 
arithmetical average between frontal tunnel and B 
pillar dummy side (pink line). 
 
After superposing the lines with the static 
measurement (figure 5) of the dummy’s contour 
(passenger side), seat and dashboard; before (blue 
contour) and after (red contour) the crash, we prove 
that the B pillar closest to the dummy should be the 
X reference point in the car.  
 

 
Figure 5.  2D head, chest and pelvis kinematics 
superposed to the static measurement. 
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SLED TEST WITH DUMMY ROTATION 
 
Objective 
 
The objective of this test was to determine the 
precision of the followed 3D methodology. Due to 
the fact that frontal crash tests are not completely 
linear, as they include a slight dummy and vehicle 
rotation, the established method is to be validated 
using a sled test adapted to the purpose.  
 
After evaluating a series of alternative tests, a 
rotation in the dummy was forced by putting the 
seat with a 30º angle with respect to the 
longitudinal forward direction, as shown in the next 
figure. 
 

 
Figure 6.  Dummy and seat placement for sled 
test. 

 
Dummy Instrumentation 
 
In the next figure, the final dummy instrumentation 
can be observed inside the head, chest and pelvis 
(accelerometers and three-axial gyroscope IES 
3103-3600). 
 

 
a) Accelerometers 

 
b)Head Gyroscope 

 
c) Chest Gyroscope 

 
d) Pelvis Gyroscope 

Figure 7.  Dummy instrumentation. 

 
Test Results 
 
     Visual Tracking vs. Calculated Trajectory – 
To estimate the exactitude and liability of the 
methodology developed during the course of this 
study, the calculated position graphs have been 
superimposed (on the same scale) to the films 
captured during the test. In figure 8, the calculated 
projections (a) X-Z and (b) X-Y of the head path 
(red lines) can be seen, superposed in a picture 
taken in the instant of greatest X displacement of 
the head (t= 90ms.). 
 
From the available videos, (a) left side camera and 
(b) top view camera, an estimation of the real C.G 
of the head is made (green lines) during the entire 
duration of the test. Note that, due to the nature of 
the test and equipment, it is very difficult to make a 
visual tracking of the chest and pelvis.  
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a) Left View (X-Z) 

 
b) Top view (X-Y) 

Figure 8.  Head path comparison (red line: real 
path; green line: calculated). 

 
Shown next is a chart that shows all the data 
obtained, including the estimated error (εX, εX’,εY, 
εZ) from the video analysis. Up to the 120th ms, the 
methodology would give a position error of less 
than 15% in all cases, which, although improvable, 
is considered satisfactory. In fact, as shown in the 
chart, up to the 120th ms the average of all errors 
taken every 10 ms is in all cases, less than 7%.  
 

Table 1. 
Estimated error 

 

t (s) x y z x x' y z εx (%) εx' (%) εy (%) εz (%)

0,000 0,000 0,000 1,000 0,000 0,000 0,000 1,000 0,000 0,000 0,000 0,000
0,010 0,004 0,002 1,000 0,004 0,004 0,002 1,001 7,036 7,036 2,050 0,087
0,020 0,026 0,004 1,000 0,025 0,030 0,004 1,001 2,494 14,589 0,395 0,083
0,030 0,071 0,006 1,000 0,071 0,078 0,006 1,001 0,062 9,031 6,560 0,074
0,040 0,140 0,009 1,001 0,160 0,140 0,010 1,001 12,197 0,346 7,059 0,027
0,050 0,233 0,013 0,997 0,274 0,225 0,012 0,997 14,959 3,675 5,672 0,035
0,060 0,341 0,018 0,979 0,375 0,340 0,018 0,970 9,062 0,299 0,432 0,921
0,070 0,447 0,025 0,946 0,466 0,449 0,022 0,930 3,970 0,442 13,499 1,756
0,080 0,517 0,038 0,902 0,521 0,509 0,033 0,887 0,818 1,520 14,534 1,639
0,090 0,536 0,060 0,856 0,535 0,535 0,055 0,852 0,135 0,135 9,435 0,457
0,100 0,521 0,095 0,817 0,510 0,521 0,095 0,810 2,105 0,051 0,154 0,923
0,110 0,487 0,140 0,785 0,460 0,486 0,140 0,765 5,786 0,045 0,130 2,588
0,120 0,439 0,191 0,756 0,430 0,439 0,170 0,800 2,047 0,046 12,297 5,450
0,130 0,382 0,246 0,733 0,395 0,381 0,210 0,820 3,347 0,204 17,129 10,601
0,140 0,319 0,303 0,713 0,340 0,320 0,225 0,870 6,323 0,468 34,702 18,080
0,150 0,249 0,359 0,691 0,290 0,270 0,260 0,930 14,306 7,959 38,111 25,717
0,160 0,167 0,412 0,660 0,233 0,199 0,290 0,948 28,337 15,882 41,960 30,366
0,170 0,073 0,465 0,617 0,150 0,120 0,325 0,948 51,417 39,272 43,211 34,958
0,175 0,023 0,494 0,590 0,109 0,070 0,338 0,955 78,788 66,969 46,200 38,200

HEAD
Calculated movement Real movement Error

t (s) x y z x x' y z εx (%) εx' (%) εy (%) εz (%)

0,000 0,000 0,000 1,000 0,000 0,000 0,000 1,000 0,000 0,000 0,000 0,000
0,010 0,004 0,002 1,000 0,004 0,004 0,002 1,001 7,036 7,036 2,050 0,087
0,020 0,026 0,004 1,000 0,025 0,030 0,004 1,001 2,494 14,589 0,395 0,083
0,030 0,071 0,006 1,000 0,071 0,078 0,006 1,001 0,062 9,031 6,560 0,074
0,040 0,140 0,009 1,001 0,160 0,140 0,010 1,001 12,197 0,346 7,059 0,027
0,050 0,233 0,013 0,997 0,274 0,225 0,012 0,997 14,959 3,675 5,672 0,035
0,060 0,341 0,018 0,979 0,375 0,340 0,018 0,970 9,062 0,299 0,432 0,921
0,070 0,447 0,025 0,946 0,466 0,449 0,022 0,930 3,970 0,442 13,499 1,756
0,080 0,517 0,038 0,902 0,521 0,509 0,033 0,887 0,818 1,520 14,534 1,639
0,090 0,536 0,060 0,856 0,535 0,535 0,055 0,852 0,135 0,135 9,435 0,457
0,100 0,521 0,095 0,817 0,510 0,521 0,095 0,810 2,105 0,051 0,154 0,923
0,110 0,487 0,140 0,785 0,460 0,486 0,140 0,765 5,786 0,045 0,130 2,588
0,120 0,439 0,191 0,756 0,430 0,439 0,170 0,800 2,047 0,046 12,297 5,450
0,130 0,382 0,246 0,733 0,395 0,381 0,210 0,820 3,347 0,204

t (s) x y z x x' y z εx (%) εx' (%) εy (%) εz (%)

0,000 0,000 0,000 1,000 0,000 0,000 0,000 1,000 0,000 0,000 0,000 0,000
0,010 0,004 0,002 1,000 0,004 0,004 0,002 1,001 7,036 7,036 2,050 0,087
0,020 0,026 0,004 1,000 0,025 0,030 0,004 1,001 2,494 14,589 0,395 0,083
0,030 0,071 0,006 1,000 0,071 0,078 0,006 1,001 0,062 9,031 6,560 0,074
0,040 0,140 0,009 1,001 0,160 0,140 0,010 1,001 12,197 0,346 7,059 0,027
0,050 0,233 0,013 0,997 0,274 0,225 0,012 0,997 14,959 3,675 5,672 0,035
0,060 0,341 0,018 0,979 0,375 0,340 0,018 0,970 9,062 0,299 0,432 0,921
0,070 0,447 0,025 0,946 0,466 0,449 0,022 0,930 3,970 0,442 13,499 1,756
0,080 0,517 0,038 0,902 0,521 0,509 0,033 0,887 0,818 1,520 14,534 1,639
0,090 0,536 0,060 0,856 0,535 0,535 0,055 0,852 0,135 0,135 9,435 0,457
0,100 0,521 0,095 0,817 0,510 0,521 0,095 0,810 2,105 0,051 0,154 0,923
0,110 0,487 0,140 0,785 0,460 0,486 0,140 0,765 5,786 0,045 0,130 2,588
0,120 0,439 0,191 0,756 0,430 0,439 0,170 0,800 2,047 0,046 12,297 5,450
0,130 0,382 0,246 0,733 0,395 0,381 0,210 0,820 3,347 0,204 17,129 10,601
0,140 0,319 0,303 0,713 0,340 0,320 0,225 0,870 6,323 0,468 34,702 18,080
0,150 0,249 0,359 0,691 0,290 0,270 0,260 0,930 14,306 7,959 38,111 25,717
0,160 0,167 0,412 0,660 0,233 0,199 0,290 0,948 28,337 15,882 41,960 30,366
0,170 0,073 0,465 0,617 0,150 0,120 0,325 0,948 51,417 39,272 43,211 34,958
0,175 0,023 0,494 0,590 0,109 0,070 0,338 0,955 78,788 66,969 46,200 38,200

HEAD
Calculated movement Real movement Error

17,129 10,601
0,140 0,319 0,303 0,713 0,340 0,320 0,225 0,870 6,323 0,468 34,702 18,080
0,150 0,249 0,359 0,691 0,290 0,270 0,260 0,930 14,306 7,959 38,111 25,717
0,160 0,167 0,412 0,660 0,233 0,199 0,290 0,948 28,337 15,882 41,960 30,366
0,170 0,073 0,465 0,617 0,150 0,120 0,325 0,948 51,417 39,272 43,211 34,958
0,175 0,023 0,494 0,590 0,109 0,070 0,338 0,955 78,788 66,969 46,200 38,200

HEAD
Calculated movement Real movement Error

 

Displacement in X is considered valid until the 
150th ms, as the error is still underneath the 15% 
mark.  
 
2D vs. 3D Comparison 
 
The results obtained through the 3D methodology 
developed in this project and the results that would 
have been obtained following the original 2D 
methodology (considering only angular velocity in 
Y and accelerations in X and Z) were compared. As 
presented in figure 9, after the 80th ms, 2D 
simplification (green lines) would not have been 
valid, as the tendency lines fall abruptly.  
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a) X-Z  
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b) X-Y  

Figure 9.  Head trajectory from 2D 
methodology. 

It is worth mentioning that the advantages of the 
3D methodology reside in the fact that it allows the 
representation of the trajectory of the different parts 
of the dummy in a 3D space, not just in the bi-
dimensional projections. In figure 10 we can 
appreciate the 3D representation of the global 
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dummy kinematics during the 30º test, for the head 
(red line), chest (green line) and pelvis (blue line). 
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Figure 10.  Global Dummy Kinematics. 

 
The test concluded at a mere 49,59 km/h against 
the sled decelerators from the planned 50 ± 1 km/h. 
The angle was 30º from the centreline and the 
airbag was triggered at 17 ms.  
 
ALTERNATIVE SOLUTIONS 
 
There are a number of alternative solutions to 
obtain these data during crash testing. For this 
project, the tests included a 2D analysis, which 
used data obtained from accelerometers and 
gyroscopes. These accelerometers were installed in 
the B pillars, the central tunnel and the arithmetical 
average between the tunnel and B pillar. A 
gyroscope was used to measure rotation around the 
Y axis.  
 
For the proposed 3D test, a setup of 3 
accelerometers and 3 tri-axial gyroscopes were 
used. The recalled information was analyzed and 
good results were obtained.  
 
One of the proposed alternative methods, instead of 
making use of tri-axial accelerometers and 
gyroscopes, is to use 2 tri-axial accelerometers in 
the same test. This setup has to be orthogonal, so 
that no axles end up aligned in the same plane as 
another one. This assures the consecution of 6 
different acceleration pulses, each one in a specific 
direction, using (Equation 1) for solution.  

 
(1). 
 

Using this procedure, any combination of points 
would be enough to solve the problem, as in the 
end, there are 6 unknowns: 3 Ω and 3 Ω´ 
(derivatives), having a total of three equations.  
 

Until now, a triple tri-axial accelerometer setup has 
been tested and the Ω and its derivative have been 
calculated via iterative methods. This setup faces a 
number of problems, such as convergence, 
sensitivity to signal filtering, etc. Every time 
iteration is made, an approximate result is obtained 
and when deriving, some signal noise is generated. 
This noise is the cause that the convergence is low 
for the system.  
 
In 1975, Padgaonkar et al. developed a new method 
using nine accelerometers placed on a mount, 
which has the form of a rectangular Cartesian 
coordinate system. There were two accelerometers 
at the end of each axis, normal to that axis, and 
three at the origin. Having this 3-2-2-2 
arrangement, the equations become algebraic, thus 
eliminating the need for integration.  
 
People at Robert A. Denton, Inc. have created a 
female dummy head that allows an array of up to 
15 accelerometers. This head, the one of a Hybrid 
III 5th percentile female, has been developed using 
the 9-accelerometer model, accounting now for top, 
front, left, rear and a C.G. mount inside the device.  
 

 

Figure 11.  Robert A. Denton’s dummy head 
array. 

Padgaonkar et al. (1975) showed that this 3-2-2-2 
scheme presents a significant advantage over the 
six accelerometer scheme in that the calculation of 
angular acceleration at any time point is 
independent of previous measurements, avoiding 
the possibility of errors accumulating over time. 
 
The 3-2-2-2 array concept has been widely used 
and there has been considerable work done to 
develop techniques for the compensation and 
calibration of the array. 
 
Some other techniques for measuring rigid body 
acceleration have been developed. These include 
measuring the angular velocity directly, using 
magneto-hydrodynamic sensors and an array of 
nine accelerometers divided in three tri-axial 
groups. However, these improved techniques are 
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more costly and require more data acquisition 
channels.  
 
Whichever the case may be, it is difficult to obtain 
reliable data. Unreliable data is obtained because 
of:  

• Accelerometer integration errors. 
• Accelerometer alignment. 
• The systems (as a whole) are used to find 

peak accelerations, not rotation. 
• We look for trajectory, so the error 

accumulates and shows the wrong data 
(second derivates and much iteration). 

 
CONCLUSIONS 
 
The initial tests conducted using 2D and 3D models 
have shown an important improvement in 
movement tracking and trajectory calculation. 
Nevertheless, more testing and model 
improvements need to be made. An important part 
of the future steps is the trial of 1 tri-axial 
accelerometer plus 3 pairs of 2 single axle 
accelerometers setup. This setup will serve as a 
comparison array to aid the other tests in selecting 
the most precise testing setup.  
 
Signal managing is another issue, as noise 
generated through integration and iteration may 
create large errors that may lead to incorrect data 
management and use. These errors must be 
quantified and corrected, so as to have the 
knowledge on how integration and sensor 
positioning have an influence on the result.  
 
The general purpose of these tests is to obtain a 
reliable and robust methodology and equipment 
that leads to a better understanding and modelling 
of passenger behaviour during an accident. All the 
tests and their respective results must develop into 
a precise, yet practical instrument system for 
dummy monitoring.  
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ABSTRACT 

Today the numerical simulation is an inherent 
process of the development of the passive safety 
of vehicles. Robust and predictable computa-
tional models are the base of successful applica-
tion of numerical simulations. The evaluation of 
the level of correlation of those models to the 
real world needs objective and reliable rating 
methods. In the past this rating was either done 
by engineering judgment or by analysing single 
peaks or zero-crossings of response curves in 
comparision with test data. Nowadays, it is 
common agreement that for an objective rating 
the complete curve data have to be taken into 
account. 

In this paper, a new method is presented that 
provides an objective evaluation of whole 
response curves coming from test and 
simulation. The method combines two 
independent sub-methods, a corridor rating and a 
cross-correlation rating. The corridor rating 
evaluates the fitting of a response curve into 
user-defined or automatically calculated 
corridors. The cross-correlation method 
evaluates phase shift, shape and area below 
curves. It was found that the use of both of these 
two sub-methods is essential because the 
disadvantages of each sub-method are 
compensated by the other method. Both methods 
were implemented into a tool called CORA – 
correlation and analysis. The philosophy of this 
tool is to separate engineer’s knowledge from the 
algorithms. External parameters to adjust the 
algorithms are representing this knowledge. So it 
is possible to tune the evaluation to the specific 
needs of the application. 

The rating method was successfully used in a 
project on the improvement of Hybrid III 50th 
dummy models. It was possible to distinguish 
qualitatively and quantitatively between different 
releases of the model. In summary, the 

development of this rating method is a step 
forward to get an objective quality criterion of 
computational models.  

In a next step the robustness of the rating will be 
analysed by varying the external parameters. 
Furthermore, the tool will also be used to analyse 
and evaluate results of physical tests. 

INTRODUCTION 

The analysis and comparison of signals coming 
from test and simulation is one of the major tasks 
of engineers working in vehicle safety business. 
A standardised method with reasonable scores is 
required to obtain an objective rating of the 
correlation of signals. So the requirements to a 
supplier regarding the level of validation of a 
computational model could be described more 
precisely in the future. The first step to an over-
all evaluation of the level of validation is the 
development of a metrics to compare a set of 
signals.  

The evaluation of the correlation of two or more 
signals is not only relevant for the automotive 
industry. Hence, there are few rating tools on the 
market and even more published in the literature. 
For instance, the international standard 
ISO/TR9790 [1] uses a corridor method to com-
pare cadaver and dummy responses for the biofi-
delity assessment of side impact dummies. 

Each of the existing tools and algorithms has 
pros and cons but none seems to be both 
universal and adjustable to specific applications. 
Therefore, a new approach was developed to 
fulfil these requirements. 

APPROACH 

The existing rating algorithms suffer mainly 
from two reasons. Firstly, most of the algorithms 
are at least semi-universal but the settings, as-
sumptions and simplifications made for imple-
mentation into software tools restrict the versatil-
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ity. Secondly, many of the known algorithms are 
not robust enough to provide a reliable and 
applicable rating for good correlation as well as 
for poor correlation. 

The new approach CORA avoids these issues. At 
first, the algorithms were consequently separated 
from the knowledge. Almost every parameter 
can be adjusted by the user. So it is possible to 
tune the algorithm to specific applications. Fur-
thermore, completely different rating algorithms 
are integrated into the tool. Disadvantages of 
each algorithm are compensated by another 
algorithm. The user can decide about use and 
weighting of the different methods. 

METHODS OF EVALUATION 

CORA uses two different methods to calculate 
and assess the correlation of signals. While the 
corridor method calculates the deviation between 
the curves with the help of user-definied or 
automatically generated corridors, the cross 
correlation method analyses specific curve 
characteristics via parameters like phase shift or 
shape of the signals. The rating results ranges 
from “0” (no correlation) to “1” (perfect match). 

The influence of the methods on the global rating 
is adjusted by user-defined weighting factors. 
Figure 1 shows the structure of the rating scheme 
in principle. 

Global Rating C

Corridor Method C1 Cross Correlation Method C2

Phase Shift C2a Size C2b Shape C2c

Global Rating C

Corridor Method C1 Cross Correlation Method C2

Phase Shift C2a Size C2b Shape C2c

 

Figure 1. Interaction of the sub-methods. 

The equations (1), (2) and (3) are showing the 
calculation of the global rating of a signal by 
using weighting factors for each sub-method. 

 

2211 CwCwC ⋅+⋅=  (1). 

 

ccbbaa CwCwCwC 2222222 ⋅+⋅+⋅=  (2). 

 

∑= iw1  (3). 

 

Other algorithms are analysing the global peak 
and the timing of peak. These parameters are 
captured by the metrics of CORA indirectly and 
can be controlled by a reduction of the corridor 
width around the peak. The direct 

implementation of these features into CORA is 
not intended, because it would somehow overrate 
the evaluation of signal parts. It is emphasised 
that the focus of CORA is on the assessment of 
the overall correlation of signals and not on the 
evaluation of single characteristics. 

Filtering of the signals is a crucial point of al-
most every method. Noisy signals are difficult to 
analyse. Especially mathematical methods like 
the cross correlation method may fail to calculate 
the right level of correlation. Therefore, the user 
has to filter the signals prior the start of the rat-
ing tool. 

Corridor method 

The corridor method calculates the deviation 
between two signals by means of corridor fitting. 

At first the mean curve of the references signals, 
usually coming from tests, is calculated. Two 
corridors, the inner and the outer corridor, are 
defined along the mean curve. If the evaluated 
curve is within the inner bounds, a score of “1” 
is given. The assessment declines from “1” to 
“0” between the bounds of inner and outer corri-
dor. This transition is user-defined. Usually it is 
linear, quadratic or cubical. The three different 
rating zones are shown in Figure 2. 

The compliance with the corridors is calculated 
for each time step. The final rating of a signal is 
the average of all single time step ratings. 

 

Figure 2. Corridor method using corridors 
of constant width. 

The philosophy is to use a narrow inner corridor 
and a wide outer corridor. It limits the number of 
“1” ratings to only good correlations and gives 
the opportunity to distinguish between poor and 
fair correlations. If the outer corridor is too nar-
row, too many curves of a fair or moderate corre-
lation would get the same poor rating of “0” like 
signals of almost no correlation with the refer-
ence. The width of the corridors can be adjusted 
in order to reflect the specific signal characteris-
tic.  

One of the advantages of the corridor method is 
the simplicity and the clearness of the algorithm. 
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It reflects criteria which are used intuitively in 
engineering judgement. Especially the rating 
results are easy to understand because the 
method rates the hits of the rating zones. The 
simplicity is at the same time the disadvantage of 
the method. In case of little curve coincidence it 
may lead to an inadequate rating. As shown in 
Figure 12, the simulation curve scores 0.431 
(corridor rating only) without any correlation to 
the reference signal. The scores are gathered by 
hitting the inner and the outer corridor arbitrar-
ily. Therefore, a second method is required to 
counterbalance this disadvantage. Typically, the 
corridor method gives realistic results above 
ratings of approximately 0.5. 

Different approaches to define the width of the 
corridors are implemented. The most common 
option is the use of constant corridor widths 
(Figure 2). Typically a share of the global abso-
lute maximum is used as width. 

The width can also be calculated by using the 
root mean square deviation (sigma). Sigma is 
added to baseline corridors of constant width. So 
it is possible to consider the scatter of the refer-
ence signals. If the balance between constant 
baseline width and variable sigma term is 
inadequate, the corridors could become either 
very small or large (Figure 3). The signals shown 
in Figure 2 and Figure 3 used the same data to 
calculate the corridors. 

Finally, it is also possible to integrate user-
defined corridors. 

 

Figure 3. Corridor method using sigma-
based corridor width. 

Cross correlation method 

The cross correlation method avoids the disad-
vantages of the corridor method by analysing the 
characteristics of signals. Three sub-methods 
with individual weightings factors are imple-
mented. Similar to the corridor method, the mean 
curve of the reference signals is taken as base for 
the evaluation. 

Firstly, the time shift of a signal to its reference 
is analysed (Figure 4). The maximum range of 
shifting is limited to avoid confusions of the 

algorithms in case of sinus-like signals. The size 
and progression of a signal is evaluated after 
adjustment of the phase error.  

 

Figure 4. Evaluation of the phase shift. 

Secondly, the size of the signals is analysed by 
comparing the area below the two curves 
globally. It is a helpful evaluation but is not 
sufficient to evaluate the real level of 
correlation. For instance, the area below a signal 
with high and narrow peak could be identical to 
the area of a curve with low but wide peak. The 
size method would evaluate this example with 
“1” although the shape of the signals is 
completely different. 

Thirdly, the progression of the signal is 
calculated by means of the cross correlation 
function. This rating can be considered as a 
quantitative assessment of the shape of a signal.  

The transition between ratings from “1” to “0” 
can be adjusted in all three sub-methods. Usually 
it is either linear or quadratic. Higher degrees are 
possible. 

Compared to the corridor method, the cross 
correlation algorithms evaluate the level of 
correlation analytically. This kind of analysis is 
quite complex. Hence, the acceptance by users 
might be less than of the corridor method. The 
split of the cross correlation rating into three less 
complex sub-ratings improves the clearness and 
acceptance. 

As shown in Figure 11, the cross correlation 
method is sensitive to noisy signals. The rating 
could be wrong if the noise interferes 
significantly the correct analysis of a signal. 

Interval of evaluation 

Most of the tools available on the market are 
analysing whole curves. The recording time of 
crash signals and simulation runs is typically 
slightly longer than required. So it would not be 
correct to simply use the whole signal for 
correlation analysis. Non-relevant parts of a 
signal may improve or worsen the rating. To 
avoid this, the response curve has to be cut 
properly before starting the rating. Figure 5 
shows exemplarily the problem. The score of the 
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signal improves from 0.611 to 0.822 (approx. 
+35%) in this example when extending the inter-
val of evaluation from the red tagged area to the 
whole curve, tagged in yellow. The differences 
may increase further if there are oscillations or 
peaks in the non-relevant parts of the signal. 

 

Figure 5. Interval of evaluation. 

Therefore, it is essential to restrict the interval of 
evaluation to the relevant part of a signal. Two 
options are implemented. Firstly, the user can 
define this interval for every signal manually and 
secondly, the software calculates this interval for 
each signal individually. 

To define the start of the interval, the analysis 
starts from the first recorded value of the mean 
reference signal by forward scanning of the 
signal along the timeline. If the signal exceeds a 
pre-defined threshold, the start of the interval of 
evaluation is set. There are additional parameters 
available to modify the starting point slightly. 
This mechanism is very reliable. 

Very similar to that, the signal is scanned back-
wards along the timeline to define the end of the 
interval of evaluation. The end is set if the signal 
falls below a given threshold.  

 

Figure 6. Critical signals for automatically 
definition of the interval of evaluation. 

Unfortunately, this mechanism does not work 
properly for all types of response curves. Signals 
which end at an almost constant high level (e.g. 
delta-v curves) or with a secondary impact (e.g. 

peak of a rebound) are not treated in the right 
way (Figure 6). 

Therefore, an additional method is introduced to 
handle signal endings of delta-v-like curves. At 
first, the end of the interval is defined by using 
the standard mechanism. Afterwards, a narrow 
corridor is defined for the remaining curve. The 
new end of the interval is set to that point when 
the signal leaves the corridor. This mechanism 
works fairly well but needs to be improved. This 
corridor is not linked to the corridors of the 
corridor method. 

The second type of crucial signals cannot be 
treated right for the moment. The user has to set 
the end of interval of evaluation manually to 
exclude secondary impacts from the rating. 

APPLICATION 

CORA is a command line tool for several com-
puter platforms that realises the developed ap-
proaches. It is solely a demonstrator of the 
proposed algorithms. There is no intension to use 
CORA commercially. A description of the meth-
ods used as well as the software itself will be 
available to the research community.  

Program flow 

Figure 7 shows the flow of the rating process in 
principle. At first the reference data set (input 
data 1) is defined. The data can be obtained from 
test or simulation. If more than one curve per 
channel is defined, the software calculates a 
mean curve because the rating algorithms are 
only able to compare and assess two signals.  

Afterwards, the interval of evaluation is defined 
by using the information provided with the pa-
rameter set. 

Input Data 1
(e.g. test)

Input Data 2
(e.g. CAE)

Parameter Set
(“knowledge”)

Calculation 
of mean 
curves

Definition of 
the interval 

of 
evaluation ResultRating

Input Data 1
(e.g. test)

Input Data 1
(e.g. test)Input Data 1

(e.g. test)

Input Data 2
(e.g. CAE)

Parameter Set
(“knowledge”)

Calculation 
of mean 
curves

Definition of 
the interval 

of 
evaluation ResultRating

Input Data 1
(e.g. test)

Input Data 1
(e.g. test)

 

Figure 7. Process of preparation and evalua-
tion of the data. 

In a next step, the software imports the second 
data set which has to be compared with the ref-
erence data. The information of setting up the 
rating algorithms is taken again from the pa-
rameter file. Additionally, the validity of the 
interval of evaluation is checked. If the recording 
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time of input data 2 is shorter, the interval is 
adjusted automatically. 

The results of the rating are stored in several 
formats. A plain text file contains a brief sum-
mary of the rating. All control parameters, 
weighting factors, calculated parameters (e.g. 
interval of evaluation) as well as the rating re-
sults are included in this file. It can be processed 
by other software like spreadsheet programs. 
Furthermore, a detailed HTML report is provided 
with graphs of the signals. The calculated mean 
curves and corridors are also exported. They can 
be processed by any CAE postprocessor.  

Hierarchy of the data 

CORA provides not only a rating of a single pair 
of curves. The rating of signals can also be 
extended to sub-ratings (sub-load case) and 
global ratings. All sub-load cases are merged to a 
load case rating. Finally, the rating of the load 
cases is combined to the global rating (Figure 8).  

This four level structure was mainly introduced 
to cover the requirements of the ISO/TR9790 
biofidelity rating. The sub-load cases contain all 
biofidelity tests of a body region such as head, 
neck or plevis. The combination of all load cases 
(body regions) is the total biofidelity rating of a 
dummy. Each signal, sub-load case as well as 
load case has individual weighting factors. So 
the influence of unimportant signals or tests on 
the rating of the higher level can be reduced.  

The intruduced hierachy is also applicable for 
any other application.  

Global rating

Load case 1

Load case n

Sub-load case 1

Sub-load case n

Rating of signal 1

Rating of signal n

Global rating

Load case 1

Load case n

Sub-load case 1

Sub-load case n

Rating of signal 1

Rating of signal n

 

Figure 8. Hierachy of the data. 

Biofidelity rating according ISO/TR9790 

The biofidelity rating according the ISO standard 
was implemented in the latest version of the tool. 
A pre-defined template of the control parameter 
set is provided with the software to simplify the 
rating process. The user has to define the source 
of the test data only. All biofidelity corridors and 

weighting factors are already provided with the 
template. 

Examples 

The pros and cons of the described rating method 
are explained in the following examples. 

Figure 9 shows the chest deflection of a Hy-
brid III 50th dummy and of two different models 
of it. Simulation 2 correlates better with the test 
curve. The corridor rating is 0.648 and the cross 
correlation rating is 0.681 (total rating of 0.665). 
The response of simulation 1 has got a corridor 
rating of 0.400 and a cross correlation rating of 
0.507 (total rating of 0.454). All results corre-
spond with subjective expectations on the rating.  

 

Figure 9. Evaluation of chest deflection, 
constant corridor width. 

The same signals are shown in Figure 10. Solely 
the calculation of the corridors was changed. 
Inner and outer corridors are using the standard 
deviation to calculate the corridor width. 
Furthermore, the width of the corridors is 
significantly reduced. The rating using the corri-
dor method drops from 0.648 to 0.251 (simula-
tion 1) and from 0.400 to 0.168 (simulation 2). 
The cross correlation rating remains unchanged. 

 

Figure 10. Evaluation of chest deflection, 
variable corridor width. 

This scoring does not reflect subjective 
expectations of users. Due to the improper 
adjustment of the outer corridor, which is 
actually too narrow, the signals are very often 
outside of this corridor and obtain scores of “0”. 
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Furthermore, the absolute difference between 
both signals is reduced and the rating does not 
reflect the real level of correlation to the refer-
ence signal. 

Another example demonstrates the influence of 
filtering on the rating. Figure 11 shows the neck 
tension force of a Hybrid III 50th dummy in a 
frontal test. The signals simulation 1 and simula-
tion 2 are taken from the same simulation run but 
using different filter classes.  

 

Figure 11. Evaluation of neck tension forces, 
influence of filtering on the rating. 

The corridor rating is not sensitive to the applied 
filter class in this example. The difference of the 
rating is less than 0.005 (relative change of 
approx. 2%). Compared to that, the sub-ratings 
of the cross correlation method improve up to 
0.07 (relative change of 14%) if the signal is 
filtered with CFC180. The algorithms of the 
cross correlation method are sensitive to noise. 
The spikes makes it is difficult to identify the 
right phase shift and progression. 

The total rating of the simulation improves from 
0.366 (simulation 1) to 0.389 (simulation 2) by 
using CFC180 instead of CFC1000. However, 
ratings should not be improved by applying 
higher filter classes. If there are noisy signals in 
the computational model, the cause of the noise 
should be fixed first. 

The last example points out the limitations of 
rating methods. Figure 12 shows the knee dis-
placement (knee slider) of a Hybrid III 50th 
measured in a frontal sled test without knee 
contact. The signal is caused by the inertia of the 
knee slider only. The maximum displacement is 
less than 2 mm. So the signal might not be rele-
vant when evaluating a model in this specific 
load case. 

 

Figure 12. Evaluation of knee slider, limita-
tions of the rating. 

The total rating of the simulation curve is 0.391 
(0.431 corridor method, 0.351 cross correlation 
method). This rating does not correlate to any 
subjective rating of users because there is no 
correlation between test and simulation. The 
rating of the previous example (Figure 11) is 
similar but the correlation between test and 
simulation is clearly better.  

The disproportion is not necessarily a problem of 
the applied rating methods and their control 
parameters. The user has to define weighting 
factors for each channel. So the rating of the 
knee slider signal (Figure 12) might be accept-
able if the influence on the global rating is 
smaller than that of the neck force (Figure 11). 
The definition of those weighting factors cannot 
be handled with a rating tool automatically. 

LIMITATIONS 

The development of the tool and the methods is 
not completed yet. The current version offers the 
opportunity to compare and evaluate signals 
coming from any source and groups single rat-
ings to combined ratings. It is a first step to the 
objective rating of computational models. 

Limitations of the algorithms 

The introduced mechanism to define the interval 
of evaluation needs to be improved. There are 
certain types of signals that treated not correctly. 
So the user has to ensure manually that the right 
interval is defined. Otherwise the rating would 
not meet the expectations. 

Furthermore, the algorithms are not able to han-
dle signals with hysteresis. So it is impossible to 
evaluate force-deflection characteristics. The 
user has to evaluate the time history signals of 
force and deflection separately. 
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Classification of the rating 

One of the uncertainties of the approach is the 
global meaning of the calculated scores. In case 
of using the same parameter set it is possible to 
distinguish between different variants of a 
model. Most of the results correlate with the 
subjective rating of users.  

Changes of the parameter set do not change the 
ranking totally. The distances between models 
may vary and also the ranking of very similar 
signals may change. However, it is impossible to 
get the best rating for the worst model and the 
other way round just by modifying the control 
parameters. 

The global meaning of the score has to be clari-
fied in the future. There is a reference needed to 
be able to assign 0.6, 0.8 or any other score to a 
certain level of validation. 

Evaluation of models 

The tool offers the opportunity to evaluate whole 
models including different load cases and 
signals. Every signal and load case can be 
assigned with specific weighting factors. 
However, some general decision must be made 
before starting this global rating. At first, 
relevant load cases for the evaluation of a model 
have to be selected and prioritised. Afterwards, 
weighting factors for every signal of the load 
cases must be defined. This has to be done by the 
user. The CORA tool is not able to do this or to 
recommend baseline settings. Furthermore, the 
user has to adjust the control parameters of the 
algorithms. Only these settings can be derived 
from previous evaluations.  

 

The difficulties of the selection and right 
weighting of load cases and signals are 
exemplarily explained on a dummy model. 

Usually, there are extensive databases of 
certification tests available. The validation of 
many dummy models started with these data. It 
is assumend that the performance of the 
computational model in these tests is very well. 
A rating tool would probably calculate high 
scores.  

However, a dummy model is typically used in 
vehicle environments. The load paths as well as 
the load levels may differ significantly to the 
conditions of certification tests. It is not 
guaranteed that the performance of the model in 
vehicle load cases is similar to that in 
certification tests. Therefore, the scoring in 
certification tests is probably not relevant in 
vehicle tests. 

A global rating of a model must include all 
relevant loading conditions including the right 
balance between them (weighting factors). 

The selection and evaluation of the right signals 
of a load case is sensitive too. There are impor-
tant and less important signals measured with a 
dummy. Especially the handling of secondary 
axes has to be considered (e.g. transverse accel-
eration in a frontal crash). Firstly, these axes 
could be treated like the main axes. Acceptable 
deviation would become then a disproportional 
influence on the final rating. Secondly, they 
could also be ignored by using small weighting 
factors but then any problem with one of these 
axes would probably not be noticed in the global 
rating. Thus, there is an optional mechanism in 
the CORA tool that offers a special treatment of 
secondary axes. The main parameters, such as 
width of the corridors are taken from the main 
axis. So the rating of secondary axes is more 
tolerant but relevant deviations are reflected in 
the global rating.  

However, more investigation is needed to extend 
the rating of single signals to a global rating of 
computational models. 

SUMMARY 

A new approach of the evaluation of the correla-
tion of signals coming from test or simulation 
was developed. The algorithms and its control 
parameters are separated. That offers the oppor-
tunity to adjust the rating scheme to specific 
needs of each application and the requirements 
of users.  

In total four methods are implemented to coun-
terbalance the disadvantages of each sub-
method. The influence of each method on the 
global rating can be influenced by control pa-
rameters.  

Besides these features, there is an algorithm 
implemented that calculates the interval of 
evaluation automatically. It ensures that only the 
relevant parts of a signal are considered for the 
rating. All introduced automatisms can be 
switched off and replaced by user-defined set-
tings. 

The latest feature of CORA is the integration of 
the biofidelity rating of side impact dummies 
according ISO/TR9790. 

 

The development of the software is not 
completed yet. More investigation is needed to 
define a valid and robust parameter set. This set 
could become the baseline or starting parameter 
set. Additionally, more investigation is needed to 
improve the implemented automatisms like the 
calculation of the interval of evaluations. 



 

Gehre 8 

The software and the description of the methods 
used will be available for the research commu-
nity. The most likely option is the publication as 
freeware. 

OUTLOOK 

As mentioned above the development is not 
completed yet. It is intended to use this approach 
as part of the evaluation of computational mod-
els in the future.  

Furthermore, the work of ISO TC22 SC10/12 
Working Group 4 is supported. This group is 
working on international standards to evaluate 
the correlation of response curves with the focus 
on the comparison of test and simulation. 
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ABSTRACT 
 
Side impact crash is a leading cause of fatalities on 
the roadways of the industrialized world. In the mid 
1990's NHTSA implemented a new car assessment 
program testing the lateral crashworthiness of 
vehicles entering the market with a moving 
deformable barrier. Previous work has been done in 
an attempt to distill these tests into finite element 
simulations using specific vehicle test results; 
however there has not been a comprehensive study 
attempting to develop a model that includes a large 
number of tests to evaluate trends in vehicle 
kinematics and how they affect the occupants 
coupled with finite element simulations. To this end, 
a study of side NCAP tests was performed on all 
sedans based on the test results reported in the 
NHTSA Vehicle Crash Test Database since the 
introduction of the 2005 model year. This data was 
used to evaluate typical motion of the target vehicle 
during a regulatory crash test, and the corresponding 
occupant response. This sample consisted of new 
models entering the market and nameplates with 
major redesigns with a sample size of 72 vehicles. 
From these tests a series of velocity profiles were 
developed including time versus average velocity 
plots for vehicle center of gravity, door sill, driver’s 
seat and driver door. These parameters have been 
shown to be important in occupant response and 
injury.  There was significant variability in the 
response at several accelerometer locations. It was 
also found that rotation of the vehicle did not become 
significant until after 100 ms, after the maximum 
injury was predicted by the dummy. A parametric 
finite element analysis was performed using the both 
the USSID and ES-2re models to study the response 
of a restrained occupant during a typical crash test.  
These simulations showed that the velocity of the 
intruding door had a large effect on the thoracic 
injury predicted by the side impact dummy models. 
 
INTRODUCTION 
 
The response of vehicle occupants to side impacts 
has been a major focus of study for automotive safety 
experts for a number of years.  Between 1994 and 
1997 the United States government phased in a 

dynamic side impact compliance test to the Federal 
Motor Vehicles Safety Standards (FMVSS) to ensure 
all vehicles sold provided adequate safety 
performance in side impact [Kahane 2007].  
Following the introduction of FMVSS 214, a side 
impact test was introduced to the New Car 
Assessment Program (NCAP) with the intention of 
providing safety information to consumers.  Of the 
22,716 vehicles involved in fatal crashes in the 
United Sates in 2007, 24.5% had the vehicles side as 
the initial point of impact, while 26.6% of injurious 
collisions had the lateral portion of the vehicle as the 
initial point of impact [NHTSA 2008a].  In research 
conducted prior to new side impact testing legislation 
to be introduced, NHTSA found that in side impacts 
chest injury accounted for 38% of fatalities and 59% 
of injuries, face and head injuries accounted for 40% 
of fatalities and 13% of injuries, and abdominal 
impact led to 8% of fatalities and 7% of injuries 
[NHTSA 2004].   
 
During NHTSA's Side NCAP test, a moving 
deformable barrier (MDB) impacts the driver’s side 
of a stationary target vehicle.  The front of the MDB 
is fitted with a honeycomb structure to simulate the 
front bumper and crumple zone of an impacting 
vehicle. The wheels of the 1368 kg barrier are 
crabbed (turned slightly) 27° in an attempt to 
simulate relative motion between the target vehicle 
and the MDB.  The nominal forward velocity of the 
barrier is 61 km/h.  In the current version of this test, 
two DOT-SIDs (Side Impact Dummies) are placed in 
the vehicle on the struck side to measure the impact 
loads on driver and rear driver’s-side passenger. 
These dummies are instrumented with accelerometers 
on the dummies upper rib (analogous to the 4th 
human rib), the lower rib (analogous to the 8th 
human rib), the lower spine (analogous to the T12 
vertebra of a human), the head and the pelvis, along 
with load cells in the neck. There are 18 locations 
where accelerometers are mounted on the vehicle to 
record the response of the vehicle during the impact. 
Of these 18 locations, 5 on the vehicle door are 
considered optional [NHTSA 1997] and are often 
excluded. The Thoracic Injury Criteria (TTI) 
[Eppinger 1984, Morgan 1986] is the only injury 
criteria used in the current NCAP test, however if the 
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Head Injury Criteria (HIC) [Versace 1971] value is 
excessively high, the vehicle is flagged with a safety 
concern warning [Safercar.gov 2009].  For model 
year 2011 [NHTSA 2008c], the dummy used in this 
test will change to the ES-2re and rib deflection, 
HIC36, abdominal force and pelvic force will be used 
to measure the probability of injury to the dummy.  
This new testing procedure is part of the new NCAP 
program which will involve measuring the overall 
safety of a new vehicle by combining a frontal crash 
test, a side MDB test, a side pole impact test and a 
rollover test into on metric [NHTSA 2008d].   
 
METHODS 
 
The focus of this study was to investigate NCAP side 
impact test data and use this data as input conditions 
for a finite element model of a simplified sled, with a 
model seat, door and safety belt system. The explicit 
finite element solver LS-Dyna [LSTC 2007] Version 
971 Revision 3.1 was used for all simulations.  The 
desired outcome of this study was to assess the 
potential for injury on a USSID and ES-2re finite 
element model, both of which were developed by 
DYNAmore GmbH and supplied by FTSS [Franz 
2002, Franz 2004, Schuster 2004].  The ultimate goal 
of this study was to understand the difference, if any, 
in severity of injury predicted by the ES-2re and the 
USSID finite element models.  This work was 
essentially split into two parts, the first consisting of 
surveying crash test information from the NHTSA 
Vehicle Crash Database and the second consisting of 
using a side impact sled model [Campbell, 2008] 
with the crash test information to evaluate side 
impact response in typical crash scenarios. These two 
methods are outlined below. 
 
NHTSA Database Information 
 
To obtain the vehicle response information required 
in this study the NHTSA Vehicle Crash Test 
Database [NHTSA Vehicle Crash Test Database 
2008] was surveyed.  Of interest in this work were 
the vehicle and occupant responses in more recent 
crash tests using the USSID, so only data between 
model years 2005 and 2009 were studied.  
Additionally, to reduce any issues arising from a 
mismatch between the barrier and vehicle door, only 
4 door sedans were studied.  This meant that a total 
of 72 vehicles were considered. These vehicles were 
primarily vehicles which were new to the American 
marketplace (either new nameplates or cars 
previously available only in foreign markets), 
vehicles with major redesigns, or vehicles with the 
addition of new safety features (such as the inclusion 
of side airbags). Unfortunately, for all but 12 of the 

vehicles in the sample set, the door mounted 
accelerometers were not fitted. This means that the 
door intrusion velocity was captured during only 
these 12 tests. These 12 vehicles were all from model 
year 2005, so an understanding of door intrusion is 
somewhat limited for newer vehicle designs.  
 
In addition to studying the velocity profiles of the 
vehicle accelerometers, the front seat dummy 
response was recorded for each test. This included 
the Thoracic Trauma Index, the dummy pelvic 
acceleration, and the Head Injury Criterion. 
Additionally, the offset between the dummy’s arm 
and the vehicle door (AD distance), and the 
maximum door crush distance after testing were 
reviewed to identify trends. 
 
The accelerometer data published in the NHTSA 
Vehicle Crash Test Database generally begins 20 ms 
prior to the MDB contacting the door of the target 
vehicle and lasts for 200-300 ms after the initial 
impact. The maximum thoracic response, as 
predicted by TTI, typically occurs in the first 50 ms 
after the MDB contacts the door. Therefore this study 
focused on occupant response during the first 100 ms 
after impact.  
 
The data was filtered following the guidelines laid 
out in SAE J-211 [SAE 2003].  The velocity of the 
vehicle was found from each accelerometer by 
numerically integrating the acceleration trace.  The 
time histories were then subsampled so that all of the 
traces had a sampling rate of exactly 1000 Hz.  From 
this sub sampled data, 'average' velocity histories 
were determined using the mean value at each point 
within the velocity history, along with curves 
representing one standard deviation above and below 
the mean. 
 
Initial evaluation of the data suggested that vehicle 
rotation during impact may be important. To study 
the rotation of the target vehicles, a simple kinematic 
analysis was performed.  Based on the reported 
Cartesian position of the vehicle accelerometers, 
vehicle rotational acceleration was calculated using 
Equation 1. 
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             (1). 

 
Where ‘Δ’ refers to the distance between the front 
and rear right side sill accelerometers and the CG 
accelerometer location prior to testing in the x and y 
directions, and ‘a’ refers to the lateral acceleration at 
each time step for the front and rear right side sill and 
center of gravity accelerometers.  It is important to 
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note that this equation assumes that the 
accelerometers remain in fixed positions relative to 
each other and there is no local rotation of any 
accelerometer during the impact, thus these 
accelerometers were assumed to be moving as a rigid 
body. The right (non-struck) side sill and CG 
accelerometers were used to calculate this rotational 
acceleration since no damage is seen surrounding 
these positions (unlike the struck vehicle side). There 
were several tests where this method could not be 
used due to erroneous data from crash testing (when 
accelerometer channels failed, for example).  
 
These rotational acceleration traces were then 
numerically integrated twice to determine the vehicle 
rotation as a function of time.  
 
Finite Element Model Description 
 
The sled model used in this study (Figure 1) was 
validated under side impact conditions [Campbell 
2008] and included a seat, restraint system and 
intruding deformable door.  The seat of the model 
consisted of a pair of rigid uprights which were 
prescribed the velocity of the driver’s under-seat 
accelerometer. These uprights were connected to a 
deformable seat pan which was modeled using an 
elastic-plastic material model, as was the seatback.  
On top of these two surfaces a simplified seat was 
laid.  The material properties for the seat foam were 
taken from a series of polymeric split Hopkinson 
pressure bar tests at elevated strain rates [Campbell 
2007].  The three restraint system anchorage points 
for the safety harness were prescribed the velocity of 
the right front sills from the crash test data.  This 
location was chosen because the CG location from 
several vehicles included in this study exhibited 
prominent peaks very early in the velocity time 
history which meant that at for this portion the 
method used to calculate the average time history 
provided a poor representation of most vehicles 
motion due to the amount of scatter.  For this reason 
the time history of the right side front sill which 
exhibited very little scatter was used as the input 
condition for the floor and anchorage points of the 
simulations.  The left sill was not used to represent 
the motion of the vehicle due to the deformation in 
this region which would have biased the input.  An 
intruding door was created by using a simplified 
cross section of the Ford Taurus model provided in 
the Finite Element Model Archive by the National 
Crash Analysis Center [NCAC 2009].  The door was 
modeled as 1.5 mm sheet steel backing with a 3 mm 
thick plastic door panel, using the elastic-plastic 
material properties provided with the model.  The 
ends of both the door panel and the metal back were 

boxed to increase the stiffness of the door.  The door 
was placed so that the front face of the arm rest was 
at a distance of 800 mm from the centerline of the 
seat for all simulations.  The backside face of the 
door was prescribed the velocity of the upper 
centerline accelerometer.  The model was tested 
against NHTSA crash test 3522 of the Ford Taurus, 
which was used in developing the new version of 
FMVSS 214, and also an NCAP test of the Ford 
Five-Hundred to compare the simulated occupant 
thoracic injury to the tested values.  For the Taurus 
test case The ES-2re dummy used in testing had a 
maximum rib deflection of 34.5 mm while the 
simulation predicted a maximum deflection of 31.9 
mm.  The NCAP test of the Five-Hundred produced a 
TTI score of 48 G while the model predicted a TTI of 
30 G. 
 

 
Figure 1.  ES-2re Model in Sled 

 

Figure 2.  USSID Model in Sled 
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Response was measured using both the USSID model 
and the ES-2re model [Franz 2002, Franz 2004, 
Schuster 2004] as shown in Figures 1 and 2. Prior to 
the impact simulation the dummies and were sunk 
into the seat to ensure the stress equalized in the seat 
foam material.  This was done by creating a rigid 
shell of the occupant and prescribing a displacement 
such that the occupant’s position was at a reasonable 
position within the seat.  A seat belt system was then 
modeled ensuring that the position of the anchorage 
points and slip rings were within the positions 
specific by SAE J383 [SAE 1995].  A pretensioner 
was used on the seat belt which drew in 100 mm of 
the seat belt in the first 30 ms of the simulation.  An 
image of the ES-2re model in the sled is shown in 
Figure 1 while the USSID in the sled model is shown 
in Figure 2.  
 
The baseline test case was performed first with the 
average velocities for the door, seat and floor.  The 
door and seat velocities were then varied to plus or 
minus one standard deviation above or below the 
mean.  Table 1 shows the door and seat velocity 
combinations simulated. 
 

Table 1: Simulation Input Test Matrix 

Simulation 
Occupant 

Model 
Door 

Velocity 
Seat 

Velocity 
1 ES-2re Average Average 

2 USSID Average Average 

3 ES-2re +1SD +1SD 

4 USSID +1SD +1SD 

5 ES-2re -1 SD -1 SD 

6 USSID -1 SD -1 SD 

7 ES-2re +1SD -1 SD 

8 USSID +1SD -1 SD 

9 ES-2re -1 SD +1SD 

10 USSID -1 SD +1SD 
 
 
Response was evaluated using risk curves developed 
by Kuppa et al. [2003] to quantify the injury 
predicted by both the USSID and ES-2re.  These 
curves were developed from a series of cadaver sled 
impact tests as well as sled tests with the ES-2re.  A 
logistic regression analysis was then performed to 
assess the probability of AIS 3 or greater and AIS 4 
or greater injury as a function of TTI and maximum 
rib intrusion.  The equations are of the form shown in 
Equation 2. 
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        (2). 

 
The coefficients ‘a’ and ‘b’ are shown in Table 2 for 
both AIS 3+ and AIS 4+ injuries for TTI and rib 
deflection. 
 
The coefficients in Table 2 for rib deflection were 
based on results from several sled tests performed by 
Kuppa et al. on ES-2re dummies and were correlated 
to the cadaveric tests performed, while the 
coefficients for TTI were found by curve fitting 
equation 2 to the risk curves provided for the TTI 
kernel, which ignores the age of the cadaveric 
subject.  Because of this method for obtaining these 
coefficients there may be some error in the prediction 
of injury of the USSID. 
 

Table 2: Injury Coefficients [Kuppa 2003] 

Injury criteria AIS a b 

Chest 
Deflection [mm] 

3+ 2.0975 0.0482 

4+ 3.4335 0.0482 

TTI [G] 
3+ 6.0027 0.0736 

4+ 5.8981 0.0517 
 
RESULTS 
 
NHTSA Database 
 
Figure 3 through Figure 5 show the results of the 
survey of the NHTSA database which were used as 
input parameters during finite element modeling 
(driver’s seat track lateral velocity, right front sill 
lateral velocity, and the upper centerline door lateral 
velocity).  Each velocity history shows the average 
curve, as well as the upper corridor, lower corridor, 
and a curve representing the average value plus and 
minus one standard deviation.  When there was an 
obvious error in the accelerometers recording (such 
as dislodging), the trace was excluded from the 
average and standard deviation calculation. 
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Figure 3. Right Seat Track Lateral Velocity 
History 

 

 
Figure 4. Right Front Sill Lateral Velocity History 

 

 
Figure 5.  Upper Centerline Door Lateral Velocity 
History 

Figure 6 depicts the calculated average rotation of the 
vehicle plotted along with the average spinal and rib 
accelerations of the occupant.  This illustrates the 
small rotation of the vehicle prior to peak injury 
being predicted and justifies why vehicle rotation was 
not included in finite element modeling. 
 
 

 
Figure 6.  Rotation and Occupant Response Time 
History 

Finite Element Model 
 
Table 3 shows the predicted thoracic response for the 
simulations performed along with the load 
conditions.  It is important to note that the USSID has 
only one element with which to measure rib 
deflections (at the middle rib) while the ES-2re has 
three.  Additionally TTI is not a standard injury 
criterion for the ES-2re and likewise, maximum rib 
deflection is not a standard measure of injury for the 
SID and these values are provided only for 
comparison.  The risk of injury is also shown in this 
table. 
 

Table 3: Simulation Results 

Sim 
# 

Max Rib 
Deflection 

[mm] 

TTI 
[G] 

Probability 
of AIS 3+ 
Injury [%] 

Probability 
of AIS 4+ 
Injury [%] 

1 42.44 48.40 48.70 19.97 

2 30.50 40.78 4.74 2.21 

3 53.21 53.89 61.48 29.55 

4 37.32 55.28 12.63 4.56 

5 17.40 26.06 22.11 6.95 

6 15.99 26.96 1.77 1.09 

7 45.68 73.29 52.60 22.58 

8 38.76 57.46 14.50 5.08 

9 13.06 39.67 18.73 5.71 

10 22.98 28.00 1.90 1.15 

 
Figure 7 and Figure 8 depict the thoracic injury 
criteria results graphically with simulations with the 
same inputs grouped together. 



 
 Watson 6 

 

 

 
Figure 7. Maximum Rib Deflection Simulation 
Results 

 
Figure 8.  TTI Simulation Results 

DISCUSSION 
 
NHTSA Database 
 
The various velocity-time histories determined from 
the database are in good agreement with the existing 
literature, including the pronounced peak observed in 
the door velocity history.  This is often attributed to 
the outer skin of the door collapsing. Once the barrier 
reaches the outer structure of the door (the A and B 
pillars) the door velocity decreases and equalizes 
with the pillar velocity. When these structures 
collapse the velocity of the door again increases 
[Payne 1997].  It has also been suggested that as the 
door begins to collapse, the velocity is elevated until 
the first peak at which time the interior door contacts 
the occupant, slowing the door velocity until the 
occupant is pushed away, at which time the velocity 
increases again [Chan 1998]. 
 
One significant issue to consider with respect to the 
database is the effect of side airbags on occupant 
response. A further review of the vehicles tested by 
NHTSA during the time period of interest for this 
study showed that there was a significant increase in 
side airbag installation over the time in which the 
study has focused. A number of the vehicles in the 
early part of the data set either were not equipped 

with side airbags or they were optional equipment for 
that vehicle. For cases where they were optional 
equipment, the LINCAP test was often performed 
twice on the vehicle model; once on a vehicle with 
side airbags, and once on a vehicle without side 
airbags. Of the 72 vehicle included in this survey, the 
average TTI score of the 60 vehicles with at least one 
side airbag was 53 g while the 12 without side airs 
scored an average of 74.5 g. The majority of the 
vehicles without side airbags were from the 2005 and 
2006 model years. A search of all cars (sedans, 
coupes and wagons) tested over the same time period 
(a total of 119 tests) showed that this phenomena was 
not limited to sedans. Figure 9 shows that as the 
average number of side airbags per vehicle for the 
driver have steadily increased over the past 5 years, 
the average TTI score has decreased. This finding 
was highlighted in a NHTSA report [Kahane 2007] 
which concluded that the large drop in TTI since the 
inception of the FMVSS 214 regulatory test, upon 
which the LINCAP test is based, is due in large part 
to the inclusion of side airbags on an ever increasing 
number of vehicle models.  
 

 
Figure 9. Side Airbag Installation and TTI in Cars 
between 2005 and 2009 

Finite Element Model 
 
The first and most obvious observation that can be 
made from the simulation results is that there are 
significant differences in the probabilities of injury 
predicted by the ES-2re model and the USSID model.  
This shows that the assumption of cadaveric injury 
data to develop risk curves for use with the USSID 
requires further investigation.   
 
As expected the simulations with increased door 
intrusion speed (Simulations 3, 4, 7 and 8) showed 
the highest probability of injury for both dummies.  
The cases with elevated seat and door velocity 
predicted the highest injury to the ES-2re model, 
while the USSID predicted the case with higher 
differential velocities between the seat and door 
(higher door velocity and lower seat velocity) would 
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be more injurious.  In general, the simulations with 
the elevated door velocity predicted higher injury 
than this with lower door velocity.  This would 
indicate that reducing the door velocity would, in 
general, reduce injury.  Interestingly the baseline 
case, based on average response, also showed an 
elevated injury potential for the ES-2re.   
 
The maximum rib deflections were consistently 
higher for the ES-2re model than for the USSID.  
This is likely due primarily to the lack of a lower rib 
potentiometer on the USSID.  In the simulations 
performed on the ES-2re the lower rib exhibited the 
most deflection due to the shape of the door panel. 
The armrest was at the same height as the position of 
the lower rib of the dummy leading to contact 
between the arm rest and the lower rib. The vertical 
position of the arm rest relative to the occupant may 
significantly affect injury response. 
 
In addition to the position of the displacement 
potentiometer on both models and it relation to the 
position of the arm rest, the rib deflection curves 
themselves show quite different behaviors.  Figure 10 
shows the rib deflections of both the USSID and ES-
2re models for Simulations 1 and 2.  This figure 
illustrates that the middle rib of the USSID does not 
rebound in the same manner as the ribs of the ES-2re, 
but stays in a compressed state much longer.  This 
behavior is seen in all load cases and was also seen in 
early work on the USSID and EuroSID when 
Bendjellal et al. [1988] performed several drop tests 
on both dummies, though in this work the reasons for 
this difference were not discussed.  This figure also 
shows the degree to which the deformation of the 
lower rib differs from the upper two ribs on the ES-
2re model, though the other load cases do not show 
this difference to the degree seen here. 
 

 
Figure 10.  Typical Rib Deflection 

In the new NCAP test, the actual risk curve that will 
be used is shown in Equation 3.  This risk curve was 
developed by reanalyzing the data used by Kuppa et 
al. to develop the risk curves shown previously and 

assumes that the AIS 4+ risk curve found during the 
reanalysis should be used as an AIS 3+ curve. 
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If the data for predicted the rib compression of the 
ES-2re model is reanalyzed using this risk curve the 
predicted results of AIS 3+ injury are shown in Table 
4, along with those calculated using the TTI output of 
the USSID. 
 

Table 4: Comparison of Prediction of Injury 
Based on NCAP Risk Curve 

Sim # 
NCAP Probability of 

AIS 3+ Injury [%] 
SID Probability of 
AIS 3+ Injury [%] 

1,2 18.40 4.74 

3,4 37.77 12.63 

5,6 2.21 1.77 

7,8 23.29 14.50 

9,10 1.49 1.90 
 
Using this metric to predict risk of injury shows that 
the ES-2re results are considerably closer to those 
predicted by the USSID, though the ES-2re still 
predicts a higher likelihood of injury in most cases.   
These results show the importance of selecting a 
proper risk curve when comparing different injury 
criteria. 
 
The values of TTI predicted by the models suggest 
that this response of the two dummies to the same 
load conditions is actually quite close for a number of 
load cases.  This is despite a significant difference in 
the thoracic anatomy of both models.  Indeed one of 
the concerns when the USSID was introduced was 
that the effective mass of the ribs on the USSID was 
too high when compared to EuroSID and the human 
body [Viano 1987]. 
 
 
CONCLUSIONS 
 
In this study a review of side crash tests of four- door 
sedans tested by the NCAP program between model 
year 2005 and 2009 was completed.  A series of 
average velocity profiles revealed that there was a 
good level of continuity of vehicle response 
throughout the majority of the tests.  Maximum 
injury to the occupant was shown to occur roughly 35 
ms after the movable deformable barrier impacted the 
target vehicle. The door velocity profiles were 
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limited in number and only available for the older 
vehicles in the sample set, thus the understanding of 
the kinematics of these components is somewhat 
limited.  The average rotation of the vehicles in this 
dataset was found to be less than 2˚ prior to 
maximum injury prediction and was therefore not 
considered in the modeling aspect of this study. 
 
The results of the survey of the NHTSA crash test 
database were used as inputs for a simplified side 
impact scenario, with finite element models of both 
the USSID and the ES-2re.  A door model was 
prescribed velocity using data from the upper door 
accelerometer; while a simplified seat model was 
prescribed the seat track velocity found in the 
database review.  The thoracic injury criteria used by 
each dummy model were compared using risk curves 
developed by Kuppa et al.  These results, while not 
directly comparable between dummy models show 
the same general trends.  The maximum injury 
prediction occurred with the greatest velocities as 
expected; however the dummy models differed in 
that the USSID predicted the greatest chance for 
injury when the differential velocity between the seat 
and door was the greatest, while the ES-2re predicted 
the highest probability of injury in the case of the 
largest velocity of both the door and seat.  Future 
work will involve the inclusion of side airbags to the 
model, improved seat and door geometry, as well as 
studying the injury imparted to out of position 
occupants. 
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ABSTRACT 

Despite continuing improvements in vehicle safety, 

motorcyclist casualties are estimated between 13% 

and 17% of road fatalities. Looking at the last two 

ESV conferences for a tentative measure of the 

research effort that is geared towards motorcycle 

safety, oral/written papers referring to two-wheelers 

averaged 6%/3% of each group. This tendency is also 

identifiable in the clearly lagging development of 

experimental techniques and computational models 

for the study of crash scenarios involving PTWs. This 

status quo prompts further developments of PTW-

specific design tools to stem from existing occupant 

(and pedestrian) tools, rather than already available 

motorcycle-specific solutions. 

 

This paper aims at filling some of that gap by 

proposing developments in computational models for 

motorcyclists alongside real-world trials. The paper 

concludes that a MADYMO human body model, 

equipped with PID-controlled neck muscles, 

reasonably maintains its biofidelic erect posture in 

sample scenarios, under the assumption that riders 

attempt to maintain their head upright. Preliminary 

results yield activation levels of up to 50 and 55% 

during severe (± 1,7G and 0,8G) longitudinal and 

lateral loading scenarios, respectively. 

 

Preliminary volunteer trials (N=8) were conducted to 

provide initial validation in the event of braking. 

Although not yet complete, the analysis suggests that 

the resulting head kinematics for an average aware 

volunteer is compatible with the simulated response. 

 

This development focuses R&D efforts on preventing 

injuries to the head-neck-complex, the body’s most 

vulnerable region, by providing biofidelic postures 

and reactions to developers of personal protective 

equipment and advanced occupant/rider restraint 

systems. It also allows the evaluation of a motorcycle 

active safety system’s impact on human response, 

which directly influences the consequences of the 

potential subsequent pre-crash or crash event. 

Finally, it represents a first step towards fully active 

human models, which will provide life-like pre-crash 

behaviour to e.g. OEMs, equipment and barrier 

manufacturers, and policy makers. 

INTRODUCTION AND BACKGROUND 

When one specifically takes into account Europe’s 

8.5+ million motorcycles (mopeds excluded) and the 

estimated 5000 annual motorcyclist casualties [COST 

327, 2001] (corresponding to somewhere between 1/6 

and 1/8 of total road fatalities yearly), it is still not 

clear that the corresponding research effort and 

budget are allocated in proportion with PTW 

(Powered Two-Wheeled) vehicles’ relevance within 

the road safety context. This can be unmistakably 

identified in the less-than-ideal development of 

human body models for the study of crash scenarios 

involving PTWs, regardless of the former’s type: 

animal and PMHS trials have been almost unheard 

of, the appropriate ATD designed in the ‘90s (the 

“Motorcyclist ATD”) does not reflect the latest 

biomechanical thinking mirrored in some car-specific 

modern alternatives (and also lacks multiple body 

sizes) [MATD ISO], and specifically-designed and 

validated computational models are generally limited 

as researchers have focused strongly on the 

occupants’ and pedestrians’ perspectives. The fact 

that the MATD achieved limited acceptance in the 

industry also lessened its effectiveness as a tool for 

the sharing of knowledge and solutions between 

PTW and car safety work. This context prompts the 

further development of PTW-specific design tools to 

stem from existing occupant (and/or pedestrian) 
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models, rather than already available (and hence less 

developed) motorcycle-specific solutions or the 

models developed specifically for automotive 

applications. That is indeed the chief objective here. 

PTW accident scenarios are far more dependent on 

their pre-crash dynamics (herein called “trajectories”) 

than their four-wheeled counterparts, and thus the 

relevant human body modelling approaches are 

limited to those which are compatible with relatively 

long simulated timeframes (at least a couple of 

seconds). Also, because the posture and movement of 

PTW occupants DOES significantly influence the 

global system’s behaviour (PTW+riders), the 

modelling approach must allow relatively broad 

magnitudes of movement and interaction of the 

simulated human body in relation to its environment 

(at least, the motorcycle). Jointly considered, these 

two points imply that the implemented solution needs 

to be truly “dynamical”, i.e. designed to simulate a 

complex sequence of events corresponding to the 

whole scenario under study, rather than focusing on 

any specific event with extensive detail. 

Towards biofidelic active human models 

As researchers develop methodologies and tools to 

understand driving-related injury, both known 

statistics on the subject [IRCOBI Future Research 

2006] and the knowledge of human anatomy and 

physiology points to the head-neck complex (HNC) 

as a priority in terms of which regions to model and 

what dynamics are of crucial understanding.  

From the perspective of computational simulations, it 

has been clearly demonstrated over the past decade 

that the contribution of actively controlled human 

muscular action in automotive safety situations can 

not be neglected. Van der Horst resorted to 

computational modelling in MADYMO to define 

realistic lines of action and insertion points for the 

cervical region’s multi-segment muscles [vd HORST 

1997 and 2002]. It was thus possible to analyse the 

effects of muscular activation as the resulting force 

was exerted along a complex path surrounding the 

vertebrae, and hence study the former’s influence on 

the HNC’s global kinematic behaviour. Some authors 

even argue that muscle activation is unequivocally 

important and fundamentally changes the behaviour 

of an otherwise unrealistically passive model, based 

on an approach which also provides the moments of 

inertia and the forces produced by the cervical 

musculature [Brelin-Fornari 1998]. More recently, 

Lopik and Acar developed a model of the human 

HNC in visualNASTRAN 4D and used MatLab’s 

Simulink to control the corresponding muscles. Rear 

impact scenarios then suggested that the influence of 

muscle activation in an unaware occupant’s 

kinematics was small, but nevertheless the authors 

concluded that the forces recorded on the neck’s soft 

tissues (and presumably the injury potential) were 

considerably influenced by the activation of the 

muscles [van Lopik 2004]. Even more recent work 

has demonstrated that neck muscle contraction 

stabilizes the head and neck during whiplash and 

reduces soft tissue deformation in aware impact 

situations [Stemper 2006].  

From the experimental perspective, on the other 

hand, studies regarding HNC muscular responses are 

usually related to out-of-position automobile 

occupants. In one approach, the authors recurred to 

ElectroMyoGraphy (EMG) and subjected human 

volunteers to mild whiplash-like rear and lateral 

impacts while their torso and head were flexed out of 

the normal stance inside an automobile [Kumar 2004 

and 2005]. The measured signals pointed towards a 

set of muscles which seem to be of primary relevance 

in the body’s attempt to stabilize its posture and 

avoid injuries. 

SCOPE AND OBJECTIVES 

Whether one focuses on automobile occupants or 

motorcycle riders, it is consensual to state that severe 

decelerations (“high-G”) will cause more destructive 

structural injuries than low- and medium-G scenarios.  

Given the apparent reflexive time delays and intrinsic 

limitations of active muscle force, muscular action is 

obviously much more relevant in low- and medium-G 

scenarios than it is in high-G, and thus only for 

impact will human response be completely passive. 

Therefore, the widely available passive human body 

models (of either the actual human body or ATDs) 

CAN accurately emulate human response under 

impact conditions, if necessary with stiffened joints. 

However, potentially perilous low-G scenarios may 

still arise (for instance) when an occupant swerves 

abruptly between two steering directions and his head 

is projected from one side to the other in a short 

amount of time, or in the event of a rollover.  

The development of advanced crash-avoidance 

systems and impact restraint mechanisms depends on 

sensing and acting upon the pre-crash reactions of the 

human body. Throughout a potentially hazardous 

event, both the vehicle (with its safety systems) and 

the external environment will interact in real time 

with the human-in-the-loop, so their influence on the 

latter, and the human’s reactions, may in turn impact 

the way the situation unfolds.  

For motorcyclists specifically, it was already 

discussed how actively-controlled muscular action 

considerably influences the outcome of virtually all 

hazardous road situations, since the dynamics of 

motorcycle-specific scenarios are even more 
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dependent on the actions and posture of the rider 

(both at the level of pre-crash and actual crash) than 

their automobile counterparts.  

Also, when it comes to low-G or pre-crash 

simulations, the time lapses involved are significantly 

larger and any chosen models for an alert driver/rider 

should exhibit some degree of muscular activation 

and the ability to react and adapt to the ongoing 

events in real time. Consequentially, any passive 

model displays a clear disadvantage in terms of its 

dynamic biofidelity, and truly dynamical models of 

the actual human body are unmistakably required. 

Because of its particular relevance in this issue, 

recent research has focused on the HNC, establishing 

where the quest for active muscles and posture 

should receive the most effort. Naturally, as with all 

simulation-based approaches, any proposed advances 

will require motorcycle-specific validation trials, 

probably using EMG to identify the relevant muscles. 

In conclusion, active human body models permit the 

study of how posture and movement influence the 

simulated response, and eventually the injury 

potential, in scenarios typically addressed within the 

vehicle safety field. For that end, they require the 

implementation of muscle models (for instance of the 

Hill type) and a dynamic mechanism to control their 

voluntary and/or involuntary activation. All but the 

last of these requirements are nowadays fulfilled with 

MADYMO’s facet human body model with a 

detailed head and neck [vd HORST 2002]. 

AN ACTIVE HUMAN MODEL FOR PTWS 

If it is to be effective as a design tool for research and 

industry alike, the desired end product must build on 

a validated and widely accepted model for the system 

being studied, and thus the chosen basis was Van der 

Horst’s detailed multibody head and neck as 

integrated with the MADYMO facet human body 

model [vd HORST 2002, MADYMO HBM Manual].  

It consists of a rigid head and vertebrae, (non)linear 

viscoelastic discs, frictionless facet joints, nonlinear 

viscoelastic ligaments and segmented contractile 

muscles which follow the curvature of the neck, thus 

allowing realistic lines of action. Literature data 

provided the mechanical properties of the tissues 

involved, and the model is capable of outputting their 

local loads and deformation. A more extensive 

description does not fit within the scope or focus of 

this paper, except for a specific note regarding the 

muscle modelling itself. Van der Horst resorted to 

MADYMO’s implementation of the Hill-type muscle 

model: it comprises a “contractile element” (CE), 

which describes the actively generated contractive 

force, and a passive “parallel element” (PE), which 

describes the elastic force arising from the elongation 

of the muscle tissue. Total force is therefore the sum 

of these two contributions, which are described 

extensively in [vd Horst 2002]. Some representations 

of the Hill-type muscle model also include another 

passive elastic element in series with the CE, meant 

to introduce a spring-like “delay” when the CE is 

producing force, but in MADYMO that contribution 

is built into the latter. 

Specifically on the contractile element’s behaviour, 

its contribution to the total force depends on an 

“activation state” which describes the normalized 

activation level of the muscle and adopts values 

between 0 (rest state) and 1 (maximum activation). It 

is precisely this parameter that will become the 

control variable in order to attain the desired posture 

or movement of the HNC. 

In total, the van der Horst HNC model comprises 16 

muscle pairs divided in 68 muscle segment pairs. 

Their activation signals were initially arranged in 

three groups: flexors, extensors, and the single-

member sternocleidomastoids. In order to isolate the 

muscles with relevant contribution to lateral (roll) 

motion, each individual muscle pair was activated on 

one side to analyse the head’s response. This 

procedure led to a new set of muscle groups, each 

with a relatively clear biomechanical function: 

 

“Pure” flexors: longus coli, hyoids, longus capitis 

 
 

“Pure” extensors: semispinalis cervicis, longissimus 

capitis, multifidus cervicis 

 
 

Rollers with secondary flexion function: scalenus 

anterior, scalenus medius, scalenus posterior 

 
 

Rollers with secondary extension function: 

trapezius, levator scapulae, longissimus cervicis 

 
 

Yaw with secondary extension function: 

splenius capitis, splenius cervicis (above), 

sternocleidomastoid, semispinalis capitis (below) 
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Figure 1.  HNC muscle groups divided in flexors, 

extensors, rollers, and yaw. 

 

A feedback approach to muscle activation control  

As discussed before, at least one recent human body 

model possesses most of the features required to 

begin the work at hand. What is lacking is a method 

of controlling muscle activation so that a certain 

target posture or movement is dynamically displayed. 

A computational control system (or control loop) is 

commonly defined as encompassing the 

computational model (in this case, the human body’s 

HNC), various sorts of sensors, one or more 

controllers, and various actuators (applying for 

instance forces, torques or displacements) which in 

this case are implemented as line element muscles. 

Within linear control systems, the ones that include 

some sensing of the results they are trying to achieve 

are making use of feedback and so can, to some 

extent, adapt to dynamically varying circumstances. 

This feedback control method was chosen amidst the 

classes available to design an active system. The 

rationale for this choice is fairly straightforward: no 

other method allows such tuneable and swift design. 

Furthermore, feedback control’s ease of 

implementation is unrivalled directly through 

MADYMO or resorting to a coupling with 

Matlab/Simulink. 

For the activation of the muscles, one needs to 

characterize the dynamic behaviour of the physical 

system so that the control loop’s features can be 

properly designed. The first step would be the 

definition of what exactly are the relevant control 

parameters. The following picture illustrates the very 

first thoughts on the subject: 

 

 
Figure 2.  First sketch of what would eventually 

become the model’s HNC control variables. 

 

The following steps led to a deeper analysis but the 

burgeoning idea was retained, and the next section 

describes how the angular displacements between the 

head and the reference space became control inputs. 

Actually, in any feedback controlled system, both the 

relevant input and reference signals must be specified 

as numerical functions of time (and eventually other 

parameters). In this case, the direct modeling method 

was used: the fundamental features of the system (the 

human body’s HNC) were analyzed as to their 

physical principals and desired behaviour, and 

appropriate control variables were identified. 

Considering that the model’s range of movement was 

conceived to emulate human biomechanics, the 

articulation and the kinematics of the HNC joints and 

bodies should be reasonable proxies for their human 

counterparts. These are described below: 

 

Neck Pitch – anteroposterior flexion and extension 

of the HNC, occurring in the sagital plane. This 

movement is not a unitary one, as it is permitted by 

the composition of small movements between 

adjacent cervical vertebrae with the help of the 

intervertebral discs. The downwards pitch is 

considered the positive direction for this 

displacement. 

 

Neck Roll – the lateral abduction (away from the 

body’s longitudinal axis) and adduction (towards the 

axis) equivalent of the Neck Pitch, occurring in the 

frontal plane. The rightwards roll is considered the 

positive direction for this displacement. 

 

Head Yaw – the head’s rotation about the neck’s 

vertical axis. In actual fact, the head and the atlas 

rotate together on top of the axis (the second cervical 

vertebra) using the axis’s dens (a tooth-shaped 
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process) as a pivot. The leftwards yaw is considered 

the positive direction for this displacement. 

 

It was decided that Head Yaw should be residual at 

all times, not because of humans being unable to 

perform the equivalent movement (which is clearly 

untrue) but because of modelling difficulties 

associated with the individual control of the model’s 

facial orientation while the muscles are balancing the 

other two degrees of freedom (pitch and roll). Near 

forward-looking orientation was achieved for all 

attempted simulations as a direct consequence of the 

active control of the head’s roll and pitch, because 

muscle tension intrinsically stabilizes the neck. 

 

 
Figure 3.  MADYMO facet human body model 

with detailed neck and optimised muscle groups. 

 

The relevant movements can be sensed by the human 

vestibular apparatus and as such their equivalents 

should be sensed in a similar manner to render 

controller inputs. The corresponding analogues are 

presented shortly. It must however be said that the 

chosen methodology consists of an approximation, 

for the sensed parameters (angular deviations) bare 

resemblances to the biological system but are still not 

actual counterparts to it – in fact, the vestibular 

apparatus senses angular accelerations and is also 

able to “predict” the dynamic loading to some extent. 

This is one of the reasons why the authors believe the 

control method will require a different approach in 

the near future, as the validation progresses to more 

demanding scenarios. 

As for the control references, maintaining overall 

head verticality (i.e., keeping the head’s longitudinal 

axis orthogonal to the ground) was the chosen 

criterion. This idea’s stems were twofold: knowledge 

of the biological semicircular canals’ arrangement, 

which suggest that the postural control mechanisms 

work at their best in said position, and the notion that 

the cortical processing of visual perceptions is 

strongly dependent upon the horizontal reference 

provided by the horizon. It is nevertheless debatable 

whether this criterion is valid regardless of one’s role 

on a motorcycle or inside an automobile. That is, not 

only is the verticality approach an approximation in 

itself, but it could also be reasonably expectable that 

a distracted and/or relaxed rider/occupant (unwary to 

the perception acuteness necessary for the safety of 

the driving process) will allow significantly broader 

HNC displacements even if at the expense of visual 

and postural references. 

The output signals are of arguably trivial choice: 

since an active system requires some sort of actuation 

applied to appropriate joints or bodies in order for the 

system to follow a reference, the controller outputs 

need to be fed to such actuators. As aforementioned, 

in this case line element muscles embraced that role: 

they present realistic force points of application and 

direction vectors, and as such their combined effects 

influence the whole system. This design decision thus 

correlates with accepted biomechanical evidence: the 

body’s muscles apply contractive forces to the bones 

in order to generate torques and thus rotations of the 

same bones about the body’s joints. 

Implementing a controlled head-neck-complex  

The chosen control approach implies that the true 

spatial status of the head-neck complex – how 

“vertical” it is at any given moment, regardless of its 

position in relation to the thorax – must be known at 

all times. That said, two sensors were implemented to 

provide the absolute (spatial) pitch and roll of the 

head. This formulation allows for the measurement of 

the head’s deviation from verticality in any chosen 

direction and throughout the simulation, which would 

be untrue if joint angular displacement sensors had 

been used with the same purpose (since these would 

yield relative pitch and roll). In fact, experiments 

with low level random perturbations illustrated the 

importance of vestibular feedback in neck 

stabilization [Guiton 1986, Kesher 2000/2003] and 

the combined visual and vestibular feedback can be 

assumed to register head orientation in space as well 

as rotational velocity and acceleration.  

The signals from the sensors are sent to PID 

controllers, which at every moment attempt to 

determine the “error correcting” signal: the one 

which nullifies the difference between the sensor and 

a reference signal supplied by the user (which 

represents the abovementioned “vertical” head 

position). The outputs from the PIDs are then sent to 

the muscles, specifying the activation state that is 

necessary to maintain the desired position (in this 

case, the head’s verticality) against external 

stimulation – the trajectory-induced inertial forces. 

Naturally, each of the previously defined “pitch” 

Neck 
muscles 

skull 3 sets of PID 
controllers on 
muscles: 
flexors, 
extensors, roll 
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muscle groups (flexors and extensors) requires its 

own PID and associated parameters because the 

corresponding muscles and model geometry are not 

symmetrical at all. The completely symmetrical 

“roll” muscle groups, though, are activated on the left 

or right side depending on whether the difference 

between sensed and reference angles is respectively 

positive or negative, allowing the use of a single 

(rectified) PID. This leads to 3 separate PID 

controllers and control parameters for the HNC. 

 

Tuning of the control parameters – Due to the 

absence of pre-existing biomechanical data, the 

control parameters were determined with the Ziegler-

Nichols method, educated guesses, and trial-and-

error, taking into account these notions: 

 

Table 1.  

Expected effect of increasing control parameter 

Parameter 
Rise 

Time 
Overshoot 

Settling 

Time 

Steady-

state Error 

P Decrease Increase 
Small 

Change 
Decrease 

I Decrease Increase Increase Eliminate 

D 
Small 

Change 
Decrease Decrease 

Small 

Change 

 

Neural delay and the activation dynamics time 

constants have so far been ignored in this study. 

The controller output, which is the muscle activation 

state necessary to combat the angular deviation from 

the reference, is expressed in arbitrary units and sent 

to the corresponding muscle after normalization.  

An early set of control parameters (obtained through 

Ziegler-Nichols) yielded a very satisfactory and 

credible HNC behaviour in most situations, but 

sudden shifts in the input trajectory led to non-

physiological reaction times between the reversion of 

the previous trend and the adequate response to the 

next, along with occasional resonant oscillatory 

results. Trial-and-error was then used to fine tune the 

parameters until the response was adequate. 

Human body model on APROSYS motorcycle  

MADYMO allows complex models to be “driven” by 

means of supplying the positions and angular motions 

that they should follow over time. As a result, one 

can observe the model’s reactions (both in terms of 

animations and the time evolution of several key 

parameters, like the angles between the neck and 

several spatial references) when it follows any 

trajectory which is considered relevant to understand 

the HNC’s behaviour. The “dynamical” nature of the 

target scenarios requires a trajectory (as opposed to 

the traditionally used impact acceleration pulses) that 

can be fed to a proxy for a motorcycle which the 

human model is “riding”, so this motion will be 

completely prescribed for the model to follow. This 

approach will ensure that the human model’s posture 

and external loading profile is consistent with real (or 

at least plausible) road situations, which naturally 

include gravity in all simulations. For simplicity, and 

also because it was not the focus of this work, no 

detailed description of the motorcycle’s “banking” 

when cornering was developed, so its motion 

involves just the three planar degrees of freedom. The 

chosen model was developed within [APROSYS], 

representing a “touring-style” vehicle that can be 

considered typical of one of the most common 

classes of PTWs in Europe.  

The MADYMO facet/multibody human model 

[Lange et al 2005] was adopted in conjunction with 

the MADYMO detailed neck model [vd Horst 2002] 

as the basis for the work described in this paper. 

To ensure that the rider followed the motorcycle, 

“point restraints” were implemented between the 

wrists and handlebar, the feet and feet rest, and pelvis 

and motorcycle seat. These restraints apply 

supportive forces (between the corresponding bodies) 

which increase quickly with distance (up to 30 kN for 

10 cm), so the human body model is adequately 

secured to its “surroundings” which is what is 

actually being driven with the trajectory. Finally, the 

HBM spine joints were locked to ensure the torso 

stayed upright, focusing the analysis on the HNC. 

 
Figure 4.  MADYMO human body model 

positioned on APROSYS motorcycle. 
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DYNAMICAL SCENARIOS 

Having devised an actively controlled computational 

model of the human HNC (along with the rest of the 

still passive human body and motorcycle), the system 

should be put to the test under simple conditions so 

that relevant outputs can be obtained and analysed in 

the quest for biofidelity. Two simple trials were thus 

conceived to assess whether or not the model was 

reacting adequately, one for longitudinal 

accelerations and the other for lateral (roll) ones. In 

these straightforward examples, the rotation in the 

sagital plane (linear sled test) and in the frontal plane 

(circular test) can be studied separately. In both test 

cases, for each time step chosen for the multibody 

calculations, MADYMO requires a global (i.e., 

referenced to the reference space) XX and YY 

position (the motorcycle follows planar trajectories) 

as well as an angular heading so that it moves along 

the desired trajectory. Computing these (XX, YY) 

pairs is trivial and will not be described here. 

Simulated linear sled test 

The first test is a softer version of the rocket sled 

ridden by Colonel John Paul Stapp. In addition to 

being a somewhat historic experiment, it is a simple 

trial that may be reproduced in real life albeit if only 

with very high performing vehicles. In this test, the 

modelled motorcycle is accelerated from naught to 

about 180 km/h at 1.7G for three seconds, then it 

retains its speed for two seconds before finally 

braking for three more seconds at a constant 1.7G 

(Figures 5-8). This sort of acceleration is attainable 

with top sport motorcycles (so-called “superbikes”), 

while the braking deceleration is limited to very 

special roads cars or racing cars. The global scenario 

is therefore a sequence of intensive conditions, 

illustrating how demanding the non-impact settings 

this work is aiming for can be. During the course of 

the test, the vehicle travels about 240m. 

 

 
Figure 5.  Acceleration felt during the sled test 

((m.s-2) vs. time (s)). 

 

 
Figure 6.  Screenshots from the linear sled 

acceleration test, corresponding to accelerating, 

constant speed and decelerating (left to right). 

 

The three stages of this experiment are very 

distinguishable when one analyses the model’s 

behaviour. Three screenshots were taken at key 

moments of the simulation (previous figure) to help 

visualize and understand the simulated response. 

They all allow the observation of the hands of the 

model: because only the wrist is restrained to the 

handles, the hands themselves display their inertial 

response by pointing back, down and to the front as 

the motorcycle accelerates, cruises and then brakes. 

 

 
Figure 7.  Active and passive HNC pitch angle for 

the sled test (degrees vs. time (ms)). 

 

 

 

 

 

 

Figure 8.  Muscle activation curves for the sled 

test (activation fraction vs. time (ms)).  

 

As shown in Figure 7, the passive HNC extends 

about 15 deg backwards while accelerating, flexes 

about 70-80 degrees forward during cruising, and 

stabilizes at a 60 degree flexed posture while braking. 

The results from this 8 second long trial suggest that, 

based on the limited data available, the active HNC’s 

response can be judged to be biofidelic while 

enduring significant longitudinal accelerations: the 

HNC never tilts more than roughly 20º from 

verticality under either positive or negative 

acceleration. The distribution of intervertebral 

rotations through the neck is quite homogeneous. 

The flexor muscle group (of which the longus colli is 

an example), exhibits very moderate activation (15 to 

25%) only during the first phase as it is enough to 

maintain the desired posture. For the second phase a 

Semispinalis Cervicis was chosen to represent the 

“extensor” muscle group. The extensors’ initial 

response displays some overshoot but eventually the 

signal stabilizes within the 2 seconds of the “constant 

speed” phase, at roughly 15% of the full activation 

potential. The next overshoot, from the onset of 

braking, is dealt with less smoothly (activation peaks 

at 55%) but the extensor muscles reach equilibrium 

with the external stimulation at 50% after 2 seconds. 

Owing in part to the locked spinal joints, T1 rotation 

never exceeds 10 deg in this simulation, which 

implies that the results actually relate to head and 

Active  

Passive 

Flexors 
Extensors 
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neck stabilisation and are not compounded by spinal 

motion below T1. The maximum displacements 

occur with the 2 deceleration “initiations”: forward 

acceleration stops at 3.0 sec and the head is pushed 

forward as a result of inertia, and later (5 sec) the 

actual braking again propels the head (and indeed the 

whole body, to a lesser extent) forward.  

The reaction time needed to counteract all of the 

accelerations and nullify the angle never exceeds one 

second, even though the two instances mentioned 

above are very demanding.  

All the lateral roll outputs are null throughout, as they 

should be since there is no lateral acceleration. 

Simulated uniform circular motion test 

The second experiment consists of a uniform circular 

motion that gives rise to a constant lateral 

acceleration, much like the centrifuge used to test the 

maximum g-force that a fighter pilot can withstand. 

The simulation is carried out with a lateral 

acceleration of 0.8G over a 5m radius circular 

trajectory for the same eight seconds, which 

corresponds to an angular velocity of about 1,26 

rad.s-1. These acceleration values are attainable in 

most everyday cars, but might actually not be easy to 

reproduce in a motorcycle – at least without tilting it 

laterally. This motorcycle-specific “limitation” is 

immaterial to the work being developed on the 

model’s HNC, and more realistic motorcycle 

trajectories are needed. 

 

 
Figure 9.  Constant lateral acceleration XX and 

YY (global) projection vs. time (s). 

 

In this figure one may observe the projected 

acceleration patterns used to simulate the uniform 

circular motion in MADYMO. Since lateral 

acceleration is constant, its projections in the (global) 

XX and YY axis are sinusoidal and their phase 

difference 90º, which should be expected for such a 

movement. The model responded as follows: 

 

 
Figure 10.  Active HNC roll angle for the circle 

test (degrees vs. time (ms)). 

 

 

 

 

 

 

Figure 11.  Muscle activation curves for the circle 

test (activation fraction vs. time (ms)). 

 

The passive HNC presents a trivial response: the roll 

angle shoots to its maximum value of 30 degrees and 

remains there throughout the simulation. It was not 

included in the graphic to facilitate readability and 

avoid representation issues due to disparate scaling.  

The trajectory provided here is far more 

homogeneous than in the previous case: the 

longitudinal and lateral accelerations are null and 

constant, respectively. Consequentially, the active 

HNC needed only to counteract the outward-

propelling centrifugal acceleration (~ 0.8 G) and 

within little more than two seconds it had endured the 

maximum angular displacement (< 6º), forced a very 

slight inward overshoot, and attained dynamic 

equilibrium with the centrifugal force at 0º. The 

previous figure shows that the left “roller” muscle 

group (of which the trapezius is an example) displays 

a quick activation spike to 20% in the first quarter of 

a second while the controller stabilized the HNC 

against the external stimulation (which pushed the 

head to the right). The activation state then rose 

steadily over the next 2 seconds, and once the control 

response was in steady-state 55% of this muscle 

group’s activation potential was eventually required 

to counter the constant lateral acceleration. As 

expected, the right trapezius (and the other “right” 

rollers) did not display any noticeable activation. 

EXPERIMENTAL BRAKING SLED TRIAL 

In order to preliminarily validate the model response 

for a typical riding scenario, volunteer trials were 

conducted using an inverted braking sled setup 

[Symeonidis et al 2008]. Eight volunteers 

participated in the experiment. Steady-state 

decelerations of 0,2G and 0,4G were employed in 

two modes: “aware” (the volunteer triggered the sled 

motion) and “unaware” (the sled was launched by the 

researcher, unbeknownst to the volunteer). The 

riders’ kinematics and muscle activation patterns 

Left Rollers 
Right Rollers 
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were captured with an optoelectronic motion capture 

system and electromyography equipment.  

The corresponding analysis is still not complete and 

will be adequately published in the near future, but in 

order to include some initial insight for this paper, 

one set of data was chosen for visualization. The 

selected case was the 0,4G aware run of a volunteer 

with average (“middle of the corridor”) responses. 

Perhaps because of these factors, the resulting HNC 

kinematics was trivial: very slight oscillation of the 

head around verticality, never exceeding 2 degrees. 

Using the acceleration data measured at the sled, the 

model presented in this paper was subjected to the 

same trial and yielded the following response, in 

which the deviation reaches a maximum of 6 degrees. 
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Figure 12.  Active HNC pitch angle for the 

inverted braking sled trial (degrees vs. time (ms)). 

 

Although further analyses will still be developed, it 

seems that the simulated HNC kinematics may be 

compatible with the response of this aware volunteer. 

CONCLUSIONS 

This paper allows for one foremost conclusion: a 

computational model of a human body, equipped 

with a feedback-controlled HNC, does seem to 

reasonably maintain its target erect posture in simple, 

one-degree-of-freedom loading scenarios. A very 

preliminary comparison with an experimental sled 

braking study seems to confirm that same conclusion. 

The authors acknowledge, however, that unlike a real 

human subject this model is not able to predict future 

events, which would be especially relevant in a test 

with changing trends like the first one, and so the 

proposed computational solution is (at least at this 

stage) simply reactive. Some sort of prediction or 

learning may become possible in the future, since the 

authors believe a new control paradigm is required 

(e.g. neural networks) and will attempt to implement. 

Even so, the outputs presented so far suggest that the 

active HNC is able to mimic expected human 

reactions in an acceptably biofidelic manner, at least 

if one assumes riders attempt to maintain their head 

upright at all times. In fact, a rider’s (or driver’s) 

priority would probably not be his comfort but rather 

his ability to maintain kinematic stability between his 

visual senses and the vehicle’s behaviour, thus 

emphasizing the need for an adequate posture. A 

vehicle’s passenger, however, will probably not 

forcefully maintain his head’s verticality but instead 

minimise effort or possibly balance several strategies. 

This conclusion mainly draws upon the reactions 

(and other selected outputs) provided by such an 

active model, both at “pitch” and “roll” levels, when 

it went through a preliminary analysis in a couple of 

scenarios. Time-dependent position data was used to 

build those scenarios, devising a general procedure 

that can be applied to more elaborate situations. 

The controlled HNC assembly was itself the outcome 

of applying active control methodologies to a 

multibody model that was augmented to comprise a 

facet human body model and a touring motorcycle 

that was propelled along the chosen trajectories. 

Sensors and muscles groups were thus selected, 

tested, and adequately implemented in the model. 
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ABSTRACT 

When test responses from specimens such as 
Post-Mortem Human Surrogates (PMHS), 
anthropomorphic test devices (ATD) or vehicle 
crash events are “perfectly repeatable,” the 
response in terms of transducer time histories is 
similar and the output from any one of the tests 
can be used to represent any other test. However, 
if there is test-to-test variability, the underlying 
fundamental response as obtained by the  
transducer time history is not determined by a 
single test and methods are needed that can use 
multiple tests to reduce the inherent error. This 
paper will explore, using different transducer 
time histories from PMHS, ATD and vehicle 
tests, the effect of signal alignment and signal 
“shape” on the results from  signal addition. New 
procedures for transducer time history alignment 
and signal addition will be introduced and 
discussed, and different methods of obtaining the 
underlying response will be evaluated.   

 

INTRODUCTION 

If measurements subject to random variation 
about some nominal or “true” value, there is 
potential to better understand the nominal 
performance with repeated measurements.  For 
data sets in which each measurement is a single 
scalar value and multiple measurements are 
independent, the central mean theorem implies 
that the mean should be a better estimate of the 
true value of the measurement than any of the 
individual measurements. Comparisons of two or 
more different measurement data sets can be 
accomplished by comparing the means. 
However, it is not clear that this approach is 
valid for comparisons of different sets of finite 
duration time history measurement, such as: 

acceleration, force or displacement time history 
obtained from a human surrogate test or the load 
time history from a barrier load cell array in a 
vehicle crash.  

Although addition of scalar data is 
straightforward, the addition of finite time 
histories is not; for example, defining the 
numerical procedures such as alignment, 
individual or accumulative durations, and 
magnitude of the time histories, to name a few, is 
subject to interpretation and different definitions 
could  result in different end points. 
Consequently, there exist a large number of 
possible methods of signal addition resulting in 
no unique "best" average signal.   Nonetheless, 
there have been several attempts to combine time 
history signals to obtain an “average” or 
“representative” time history [1,2,3,4]. 

This paper presents two different methods for 
obtaining a representative time history  or 
"representative curve" (RC) of finite duration 
time history signals: The first (Procedure A) 
considers both the shape and magnitude of the 
time history and the resulting representative 
signal is constructed  by weighing  each of the 
signals by its magnitude; the second (Procedure 
B) considers only the shape of the signal and the 
resulting representative signal is constructed  by 
weighing  each of the signals equally.  In both 
procedures the signals are shifted to minimize 
the difference between them and they are then 
combined. Using the same signals these two 
procedures can produce different RCs depending 
on the nature of the signals used in the 
construction. 
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Signal Alignment and Representative Curve 
(RC) Generation 

In many cases, signals from a test series taken 
under the same test conditions do not duplicate 
well. Many techniques are available to build a 
RC out of the group. Very often,  alignment is 
necessary to position the signals in time to obtain 
meaningful results.  Figures 1-3 show the 
different means resulted from the same signals 
with different alignment schemes. The shapes 
and curves are different. The magnitude may 
also be different.  

 

Figure 1 - Mean with Signals Aligned at Peak 

 

 

Figure 2 - Mean with Signals Aligned at Time 
Zero 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Mean with Signals Aligned based on 
Maximum Cross-Correlation 

Creating an RC by aligning the time histories so 
that they can be added is not always trivial. In 
many cases, adding the signals, after they have 
been aligned, will distort the "underlying 
response" and reduce the value of the resulting 
average: the representative curve is not 
representative of the curves used to construct it. 
The key question as to the usefulness of the  
information in the RC is whether the differences 
in the signals are dominated by random 
variations or due to deterministic changes. If 
they are deterministic, then the RC may be an 
artifact of the process used and not representative 
of the underlying response. This question will 
not be answered in this paper. Instead it will be 
assumed that there is a  fundamental basis to 
attribute the variation to randomness. 

If the variations can be attributed to randomness  
then statistically speaking, the standard deviation 
of all the signals can be obtained, and 
minimizing the covariance or maximizing the 
correlation will give the best results for 
alignment. The correlations at the aligned state 
can be used as an assessment of the quality of the 
agreement between the signals with emphasis on 
the “phasing” component of the agreement. It 
may be supplemented by a measure similar to 
variance, but normalized at each time step by the 
mean value of the signals (the coefficient of 
variation) to give another evaluation of the 
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agreement that emphasizes more on the 
"magnitude" component of the agreement.  

On the other hand, if the difference among the 
signals is determined to be dominated by 
deterministic changes among tests, then the 
above approach does not address the nature of 
the problem. In this case, the goal would be to 
identify a master curve that entails the response 
characteristics of the system, and different curves 
are then to be "scaled" back to this master curve. 
An example of this is the acceleration response 
curves of crash tests of the same vehicle under 
different velocities, where a second order 
differential equation can be utilized to model the 
behavior and "scale" the set of signals. In more 
general cases, the task will essentially be a 
system identification problem to define the 
fundamental characteristics of the system. 

What criteria should be used to align signals and 
to judge the quality of created RCs needs to be  
decided first. For alignment, commonly used 
tools are: "eyeballing," "time zero," minimum 
variance, and maximum correlation.  When 
digital data are absent and correlations are low, 
especially with old data (non-digital) and 
different lab facilities, eyeballing presents itself 
to be the preferred choice. Time zero has the 
advantage of aligning the event in time, an 
example being vehicle crash signals in which 
distinct time zero information is available. 
However, in many cases, due to vehicle build 
variation and other confounding factors, the first 
mode frequencies are often quite different 
causing the overlaid signals to be inconsistent 
with the time integrals (as required by 
conservation of momentum). The variance and 
the correlation approach, on the other hand, often 
yield similar time shifts. The starting times do 
not always line up; however, aligning in many 
cases ensures a consistent RC. 

The following presents two statistical, 
correlation based methods that build upon the 
work incorporated into ISO9790 [1] and the 
Maltese methods [3].  One notable difference is 
that the current methods do not generate 
acceptance corridors.  Instead they examine and 
compare the magnitude, shape, and phase of the 
curves to determine the level of similarity. 

 

 

Procedure A (Maximal Correlation and 
Normalization) - Methodology and 
Characteristics 

"Phase," "shape," and "magnitude" are three 
concepts that have been defined and used in 
previous studies [4]. Procedure A uses these to 
establish an RC from multiple time histories 
which are assumed to have independent random 
phase, shape, and magnitude variations. 

Phase Alignment  

With a set of n time history responses Ri(t) (i=1, 
2, ..., n) for phase alignment, since absolute time 
is immaterial, without loss of generality, the time 
for the first response is picked as the absolute 
time. There are then only n-1 time shifts to be 
found per some requirement. These are denoted 
as hi (i=2, 3, ..., n).  

The coefficient of correlation is used as a 
measure of the phase agreement between a pair 
of similar signals,
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where h1=0. It is noted that cij=1, when i=j. 

At this point, a measure is needed that 
collectively gauges the quality of the matrix [cij]. 
The most straightforward summary measure 
would be the sum of all its elements. Based on 
this, the following normalized alignment 
measure C is constructed: 
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Note that 11 ≤≤− C . (Since the sign of cij is 
significant, the above uses the actual value 
instead of the absolute value or the square of cij). 

The measure C is a gauge of the quality of the 
collection of the time shifts. It is a function of 
the n-1 shifts. Maximizing C with respect to 
these shifts will determine the optimal collective 
phase agreement. In this study, the unconstrained 
nonlinear optimization routine in Matlab® was 
used with minor modifications to avoid local 
trapping associated with discrete signals. 

Shape Extraction 

For each of the n phase-shifted responses 
Xi(t)=Ri(t-hi), its normalized response is defined 
to be, 
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The integration is used here for ease of 
expression, and it is to be interpreted as 
summation if the time histories are treated as 
discrete signals. The integral, as all others 
throughout this paper, has limits of (-∞, +∞). All 
time histories here are assumed to be bounded 
(i.e., the norm exists). This condition is 
automatically satisfied by impact test signals 
which start and end at zero magnitude. 

The following time history y is defined as the 
shape representation of the set of time histories: 
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In other words, y is the normalized version of the 
average of the normalized responses. The 
average of its correlation with each of the 
original signals is found as: 
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which is the norm of the average of the signals. 

p is named the “shape similarity factor” of the 
original set of signals, as it reflects the overall 
shape similarity quality based on all the signals.  

A special property of p is: 
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or, 10 ≤≤ p . The inequality in the above 
relationship is based on the Minkowski’s 
inequality which basically says that the norm of 
the sum is no more than the sum of the norms; 
and the last equality in the expression is because 
xi is already normalized. 

Magnitude Scaling 

The normalized optimal shape y established 
above needs to be scaled back to the physical 
measurement space to carry an appropriate 

magnitude. Given that each signal has a 
magnitude factor, assuming it is randomly 
distributed, then its sample average is an 
unbiased estimate of the mean of the magnitude. 
Therefore, the final representative curve is: 
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Procedure B (Mean-To-Mean Approach) - 
Methodology and Characteristics 

The Mean-To-Mean (MTM) methodology is 
based on a number of available statistical and 
numerical analysis methods. The major ones are 
the normalized cross correlation assessment 
known as cross correlation coefficient of a pair 
of signals [5]. An approach using an iterative 
improvement of solution of non-linear equations 
is also implemented in the procedure (Appendix 
A).  

For the set of signals to be aligned using the 
cross correlation coefficient, two signals in the 
group that are most correlated are identified. The 
pair is aligned using maximum cross correlation 
process and its sample means calculated. The 
mean is grouped with the rest in the signal set 
again replacing the two most correlated signals. 
All the signal subsets associated with that group 
pair should be shifted based on the alignment of 
the pair. This process continues until all signals 
in the set are aligned using the same procedure.  

Additional optimization steps are incorporated in 
the MTM algorithm, including a prescreening 
process to identify signal pairs with mutual 
maximal cross correlation coefficients (CCC).  
The process is as follows: for a signal set with n 
signals, CCCs between each signal and another 
signal in the set are calculated. For each signal, 
there will be n-1 CCCs. The maximal CCC for 
each signal is identified. The maximal CCCs for 
all signals are listed according to their values, 
from maximum to minimum. Signal pairs with 
mutual maximal CCC are taken out and put in  
separate groups. This is a way of identifying the 
signals with the most influence early in the 
alignment process and at the same time reducing 
the effects of any individual signals on the 
overall performance of the alignment process.   

A numerical procedure is generated based on this 
algorithm. The key element in this algorithm is 
to evaluate only two signals at a time.  
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To explain the methodology, an example is 
shown here with 6 signals: A, B, C, D, E and F. 

 

 

Figure 4 – Time Domain Signals 

 

First, the cross correlation coefficients are 
obtained with respect to each other in order to 
identify the pair of signals with the highest cross 
correlation coefficient. The pair is aligned based 
on the maximal CCC.  

 

 

Figure 5 - Procedures for Signal Alignment 

 

Suppose that signals C and D have the highest 
cross correlation coefficient. They are aligned  
based on time lag of the maximum cross 
correlation and their mean obtained as follows: 

 2
ss DC

Mean
+

=  

where CS and DS are the shifted signals of C and 
D. The mean, Mean, then replaces CS and DS in 

the subsequent analysis. The whole process is 
repeated until a final mean is obtained. 

 

2
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Further improvement of the final mean or the 
representative curve is achieved with additional 
iterations of the process as follows, 

• Obtain initial solution 

• Repeat the alignment process 

• Subtract the error from the solution 

• Obtain the improved solution 

• Repeat until convergence achieved 

 

 

Figure 6 – Flowchart for Signal Alignment 

 

Examples 

The methods discussed have application 
limitations.  A variety of data sets, taken from 
NHTSA' database, has been selected to provide 
some examples of its range of applicability. The 
specific units used in the graphs and tables 
shown are purposely left out, they are for 
illustrative purposes only and not for direct 
comparison to real test events. Time is plotted as 
steps depending on the sampling rate used and 
cannot be directly related to real time.  
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PMHS Tests:  

PMHS tests are used to characterize  the 
response of the  human body to impact. Similar 
tests carried out on different  PHMSs in different 
labs can  result in signals with marked contrasts, 
creating a  challenge to aggregate such 
contrasting signals and obtain a unique 
representative signal for the set.  

Figure 7 shows the original PMHS data that 
serve as a base for  both methodologies. Figures 
8-10 show the results from Method A, Method B 
and their comparison. Table 1 shows the time 
shifts (in number of time steps) using the 
alignment schemes of Method A and Method B. 

 

 

Figure 7 - Original PMHS Signals 

 

Figure 8 - PMHS Signals Processed (Method A) 

 

 

Figure 9 - PMHS Signals Processed (Method B) 

 

 

Figure 10 - PMHS Signals Processed (Overlay) 

 

Signal ID Method A Method B
Difference

 (A vs. B)

1 -98 -98 0

2 -98 -98 0

3 -98 -98 0

4 -98 -98 0

5 -99 -100 -1

6 -98 -98 0

7 -98 -98 0

8 -96 -96 0
  

Table 1 - Time Shifts Comparison (PMHS) 

 

Vehicle Crash ( NCAP) Tests:  

Vehicles available in NHTSA crash database [6] 
are classified into compacts cars, sedans, SUVs, 
minivans and trucks. Frontal rigid barrier forces 



Nusholtz 7 

 

from NCAP tests were downloaded from the 
database and summed over the total number of 
cells in the rigid barrier to obtain the total force 
of impact for each test. Method A and Method B 
are used to align and extract a representative 
curve for the set. Figures 11-14 and Table 2 
show the results from the study. 

 

 

Figure 11 - Original NCAP Signals 

 

 

Figure 12 - NCAP Signals Processed (Method 
A) 

 

 

Figure 13 - NCAP Signals Processed (Method B) 

 

 

Figure 14 - NCAP Signals Processed (Overlay) 
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Signal ID Method A Method B
Difference

 (A vs. B)

1 867 867 0

2 1161 1166 5

3 898 898 0

4 1062 1064 2

5 873 872 -1

6 711 708 -3

7 867 869 2

8 957 965 8

9 993 996 3

10 1019 1022 3

11 718 717 -1

12 1000 1000 0

13 853 848 -5

14 805 804 -1

15 1089 1098 9

16 725 722 -3

17 999 997 -2

18 856 852 -4

19 1097 1097 0

20 607 604 -3

21 859 860 1

22 1 0 -1
  

Table 2 - Time Shifts Comparison (NCAP) 

 

CONCLUSIONS 

Two signal alignment methods are presented and 
used to analyze different types of time domain 
data. One scheme aligns the signals based on the 
cross correlation coefficients and normalizes the 
signals to form a representative curve (RC). The 
other aligns the signals based on cross 
correlations and then averages the signals.    

The methods are aimed at  minimizing  the 
differences between the resultant RC and the 
signals used to generate the RC. Assuming that 
the variations from test to test for the transducer 
time histories are the result of randomness and 
not deterministic, these methods may be  useful 
for obtaining the underlying response 
characteristic. The representative curve obtained 
from these methods may be used for different 
types of analysis such as determining the 
biofidelity metrics for ATD design, comparing 
different ATD responses under similar impact 
conditions and analysis of different vehicle crash 
characteristics.  
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Cross correlation coefficient (CCC)s 

between any two signals calculated. 

Most correlated signal pairs for each 

signal (w. max. CCC) identified. 
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and replaces the pair in the group. 

The amount of shifting done by each 

average is applied to their the rest 

of the signals. 

NA is the 

representative signal 

List each signal, its max CCC pair 

according  to CCC values. 

A new group formed. Mutual max. CCC? 

The signal pair with the highest CCC 

is aligned. 

Yes 

No 

Repeat till only one signal left 

The signal group pair with the 

highest CCC is aligned. 

Numerical average (NA) calculated 

and replaces the pair in the set. 

The amount of shifting done by each 

average is applied to their the rest 

of the signals. 

Repeat till only one signal left 

Appendix A: MTM Flowchart 
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ABSTRACT 
 
To ensure a high safety standard of vehicle seats in 
rear-end collisions, consumer tests will include 
specific test standards. The prevention of soft tissue 
neck injuries is meant to be addressed by the 
introduction of such standards. To date particularly 
EuroNCAP has developed a detailed proposal how 
such seat tests should be conducted to assess the 
risk of whiplash associated disorders.  
In this study the relevance of the different 
parameters included in the consumer test proposal 
for assessing seat performance under rear-end 
impact conditions was analysed. A series of sled 
tests according to the latest proposal were 
performed with different seats. The performance of 
the seats was assessed as suggested by the 
proposal. In a next step a sensitivity analysis was 
conducted to investigate the influence of the 
different parameters on the final score. 
 
Based on our findings it is suggested to modify the 
test procedure such that criteria which are 
redundant or have a weak biomechanical 
foundation are omitted. The sensitivity analysis 
revealed that the final score and thus the 
discriminatory power of the evaluation scheme will 
persist such that the assessment procedure will still 
be able to rate the performance of the seats.  
 
INTRODUCTION 
 
To encourage car manufacturers to improve seat 
design such that it effectively reduces whiplash 
associated disorders (WAD), the inclusion of seat 
tests in consumer test procedures like EuroNCAP is 
discussed and corresponding proposals for test 
procedures were presented. Obviously, the crucial 
point in developing such test procedures is the 
choice of appropriate measures to assess seat 
performance. Also the final rating scheme that is 
used to combine different measures into a final 
score that is then used to classify the seats is of 
particular importance and therefore subject of 
several publications [e.g. 1, 2, 3].  
The problem associated with the definition of a test 
procedure is two-fold. One the one hand it must be 
acknowledged that from a biomechanical point of 
view the WAD injury criteria and their respective 

biomechanical tolerance levels are associated with 
several uncertainties. For most criteria no widely 
accepted tolerance levels, let alone accurate injury 
risk curves, are available today. One of the often 
disregarded points in the tolerance limit discussions 
is the fact that most injury criteria values have a 
non-linear relation to injury risk. Many tolerance 
levels for criteria related to injuries other than 
WAD (such as HIC, Nij, TTI, Gambit, TI etc.) 
were derived using highly non-linear logistic 
regression curves. The biomechanical loads 
discussed in conjunction with WAD, e.g. 
accelerations, forces, moments of torque, are 
generally very low in comparison to loads acting in 
other crash situations. Therefore, even minor 
changes in a test set-up may result in significant 
changes in the loads measured.  
In addition any test procedure must satisfy certain 
technical requirements that are essential to provide 
a powerful standard including e.g. repeatability and 
reproducibility. Generally, it was shown by several 
studies that sled tests seem a suitable method to 
investigate the behaviour of a seat in rear-impact 
[e.g. 2, 3]. However, with respect to the final rating 
of the results discussions are ongoing.  
This study investigates a recent consumer test 
proposal by performing sled tests using different 
seats. Biomechanical aspects of the proposal are 
reviewed and the discriminatory power of the 
rating system is analysed.   
 
 
MATERIALS & METHODS 
 
A series of tests consisting of static as well as sled 
tests was performed. Table 1 summarizes the test 
series. Unless otherwise stated, the head restraint 
was positioned identically for all tests (head 
restraint was locked in the second-lowest position) 
and the seat back angle was always adjusted to a 
25°± 0.2° torso line. 
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Table 1.  Summary of the test series. A total of 21 sled 
tests were performed. 7 different seat models were 
used (A-G). In some tests more than one seat of the 
same model were used (e.g. A1, A2 and A3 are three 
seats of the same model). In some tests one specific 
seat was tested twice (marked with *).  
 

Test no. Seat Re-
active 
system 

Pulse 
severity 

MUS07001 A1 yes medium 
MUS07002 A2 yes  
MUS07014 B1 yes  
MUS07006 C1 yes  
MUS07007 C1* yes  
AGU08001 D1 yes  
AGU08002 D1* yes  
MUS07004 E1 no  
MUS07005 E1* no  
MUS07012 E2 no  
AGU08004 E3 no  
AGU08005 E3* no  
MUS07008 F1 no  
MUS07009 F2 no  
MUS07003 G1 no  
MUS07013 A3 yes high 
MUS07015 B2 yes  
MUS07011 C3 yes  
AGU08003 D2 yes  
MUS07010 E4 no  
AGU08006 E5 no  

 
 
Static tests 
 
The head restraint height and the back set (i.e. the 
horizontal head to head restraint distance) was 
determined prior to each sled test. The data was 
acquired and recorded as described in the IIWPG 
geometry measurement technique [5] using a SAE 
H-point machine according to SAE J826 and the 
Head Restraint Measuring Device (HRMD).  
 
Sled tests 
 
Dynamic testing was performed using a 
HyperG220 sled to which the seats were rigidly 
mounted. All seats were adjusted in the same way. 
A BioRID-IIig dummy of the latest build level was 
used throughout this study. The dummy was seated  
and instrumented according to IIWPG/EuroNCAP 
procedures [1]. 
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Figure 1.  Crash pulses used in the sled tests. 
 
Two different crash pulses were used in this study: 
a so-called medium severity pulse which represents 
a delta-v of 16 km/h and a high severity pulse that 
results in a delta-v of 24 km/h (Fig. 1).  
 
For each test the following measures and neck 
injury predictors, respectively, were evaluated: 
NIC, Nkm, time until dummy head first contacts 
head restraint, T1-acceleration in x-direction, 
rebound velocity, neck shear force, and neck axial 
force.  
For NIC the first 180ms were considered, i.e. 
NIC180. With respect to Nkm only the maximum 
Nkm is reported.  
 
The results of the static and dynamic tests were 
scored in a system similar to the schemes currently 
discussed e.g. by EuroNCAP. The rating system 
considers both the static and the dynamic tests.  
For the static tests, the backset and head restraint 
height were rated according to the limits given in 
Table 2. Scores range from -1 to +1; a sliding scale 
was used. 
As for the results of the sled tests, Table 2 
illustrates the higher and lower performance limits 
used for the rating. For results in between the 
higher and lower limits, a sliding scale was used to 
obtain the score. Each parameter in the dynamic 
tests can reach a maximum score of 0.5 points, i.e. 
for one pulse a maximum of 3 points is possible. 
Furthermore the capping limits as described in [1] 
were followed.  
 
For the final rating, the worst score of the two static 
measurements is added to the score received for the 
corresponding sled test. 
 
 
Table 2.  Threshold values used for evaluating the 
static tests. 
 
 Lower 

performance 
limit 

Higher 
performance 

limit 
Backset [mm] 40 100 
Height [mm] 0 80 
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Table 3.  Threshold values used for evaluating the 
dynamic tests. 
 
 Lower 

performance 
limit 

Higher 
performance 

limit 
Medium severity pulse   
NIC [m2/s2] 11 24 
Nkm [-] 0,15 0,55 
Rebound velocity [m/s] 3,20 4,80 
Fx (upper neck shear) [N] 30 190 
Fz (neck axial) [N] 360 750 
T1 x-acceleration [g] 9,3 13,1 
Time to head restraint 
contact [ms] 

51 76 

High severity pulse   
NIC [m2/s2] 13 23 
Nkm [-] 0,22 0,47 
Rebound velocity [m/s] 4,10 5,50 
Fx (upper neck shear) [N] 30 210 
Fz (neck axial) [N] 470 770 
T1 x-acceleration [g] 12,5 15,9 
Time to head restraint 
contact THRC [ms] 

48 75 

 
 
To further investigate the sensitivity of the scoring 
scheme the dynamic results were scored according 
the current procedure, i.e. a maximum of 3 points 
was possible. The ranking of seats was determined 
and additionally the percentage of the maximum 
score was calculated (i.e. a seat that reaches 3 
points has earned 100%). Afterwards, the number 
of parameters used to calculate the dynamic score 
was reduced. First the T1 acceleration and THRC 
were omitted, next the force measurements left out.  
To ensure that the test procedure accounts for 
criteria that are relevant in rearward as well as in 
the forward motion phase during a rear-end 
collision the final step included NIC and Nkm as 
well as the rebound velocity. Since the sliding 
scales and score system were not changed, the 
maximum score that could be reached changed 
accordingly. The changes in ranking were analysed. 
 
 
RESULTS 
 
Tables 4 and 5 (in the APPENDIX) present the 
results of the static and dynamic tests and also 
include the rating of the results according to the 
score scheme as described above. 
 
The results of the sensitivity analysis of the rating 
system are shown in Tables 6 and 7 (both in the 
APPENDIX). 
 
 
 
 
 
 

Table 4.  Results for all static measures.  
 

Test No. Height Back set  

 

[mm] Score [mm] Score Total 
Score 
Static 

MUS07001 30 0.25 30 1 0.25 

MUS07002 33 0.18 26 1 0.18 

MUS07014 49 -0.23 75 -0.17 -0.23 

MUS07006 56 -0.4 40 1 -0.4 

MUS07007 54 -0.35 45 0.83 -0.35 

AGU08001 40 0 42 0.93 0 

AGU08002 40 0 39 1 0 

MUS07004 53 -0.33 79 -0.3 -0.33 

MUS07005 51 -0.28 63 0.23 -0.28 

MUS07012 29 0.28 61 0.3 0.28 

AGU08004 32 0.20 60 0.33 0.20 

AGU08005 30 0.25 65 0.17 0.17 

MUS07008 88 -1.2 80 -0.33 -1.2 

MUS07009 55 -0.38 74 -0.13 -0.38 

MUS07003 56 -0.4 48 0.73 -0.4 

MUS07013 34 0.15 26 1 0.15 

MUS07015 53 -0.33 72 -0.07 -0.33 

MUS07011 54 -0.35 49 0.7 -0.35 

AGU08003 43 -0.08 41 0.97 -0.08 

MUS07010 53 -0.33 70 0 -0.33 

AGU08006 31 0.23 64 0.20 0.20 
 
 
 
DISCUSSION 
 
The results obtained in this test series are in the 
range of other similar test series as published in the 
literature. Generally the data shows a wide spread 
resulting in a corresponding final scores indicating 
that it included seats of different quality. It was 
observed that seats with re-active systems 
performed better than standard vehicle seats 
without such systems.   
 
Reproducibility 
As can be seen from the tests where the same seat 
was tested twice, the reproducibility of the results 
was acceptable and within limits described in the 
literature [e.g. 2]. However, in a more general 
view, reproducibility can be a problem in consumer 
tests where several test houses are involved. It 
should be kept in mind that reproducibility depends 
on different factors like the laboratory, the dummy, 
but also the seat and the procedure using the H-
point machine. In our series we found that the latter 
aspect can especially be of importance for seats 
without lordosis restraint. Due to the straight back 
of the H-point manekin, a given curvature of the 
seat back can result in a higher variation when 
measuring the backset for example (see Fig. 2). 
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Figure 2.  Illustrating the influence of a lordosis 
restraint on the measurement of the initial backset.  
 
Sensitivity of the rating scheme 
With respect to the score from the dynamic tests, it 
was found for the medium severity pulse the 
ranking is very robust. Even if some of the 
measures are omitted, the tendency of the ranking 
will not change significantly.  
Looking at the percentage of the maximum scores, 
it can be seen that irrespectively of the actual 
maximum, the range is always between approx. 
97% and 3%. Hence even when reducing the 
number of measures a wide spread of final scores 
can be expected, i.e the ability of the scoring 
system to differentiate the various seats is 
maintained. This can be relevant when designing a 
consumer test procedure. However, when reducing 
the number of criteria, the weighting of the 
different scores can be discussed. When solely 
regarding NIC, Nkm and the rebound velocity as 
relevant parameters to define the final score, it can 
be argued that criteria like NIC and Nkm that do 
show a link to the biomechanical background of 
neck injuries [6] should have a higher weight than 
the rebound velocity. For a future assessment 
procedure we therefore suggest to reduce the 
number of parameters but adjust the weight that a 
parameter has with respect to its biomechanical 
significance.  
For the high severity pulse basically the same 
conclusions apply as for the medium severity pulse. 
However, it must be noted that the number of tests 
used for analysing the sensitivity of the high 
severity pulse is small. To assess whether the 
findings also hold true in a more general context, a 
larger number of test data is needed.  
 
Threshold values and sliding scales  
Questions arise concerning the biomechanical 
validity of a scoring system based on sliding scales. 
From a biomechanical point of view it seem 
fundamentally wrong to use a linear scale since it is 
to be expected that injury criteria values have a 
non-linear relation to injury risk.  

Furthermore the use of performance limits and 
sliding scales that are different for the 16 km/h and 
the 24 km/h pulse is hard to understand 
biomechanically. One seat (model C, tests 
MUS07006, MUS07011), for instance, has reached 
exactly the same NIC value for both pulses, but 
obtains different scores. That the same NIC value 
was reached can be explained by the fact that the 
point in time when a maximum relative motion 
between head and torso occurs is more or less the 
same for both pulses. However, adjusting the limits 
that are used to score (i.e. the limit for NIC in the 
16 and 24 km/h pulse, respectively) to different 
crash pulses by means of scaling seems wrong. 
From a biomechanical perspective, changing the 
limits means shifting the threshold on the 
underlying injury risk curve. In other words, a 
rating system with different injury threshold values 
accepts that the occupant is subjected to a different 
injury risk at a different pulse. Due to the lack of 
accurate injury risk curves today, the effect of such 
a shift can not be assessed. Facing a consumer test 
it might, however, become difficult to explain why 
an identical result as measured by a dummy is 
regarded less injurious at a high delta-v, i.e. a more 
severe accident. 
 
T1 and THRC measurements 
According to the proposal used here, the scores for 
T1 acceleration and THRC are linked. Only the 
worst of both scores is used to determine the final 
score. From a biomechanical standpoint, there 
seems no reason to link the criteria in the scoring 
system. Almost all research in the field of whiplash 
injuries is focused on the basic assumption that 
relative motion between head and thorax is 
responsible for whiplash injuries; this is taken into 
account explicitly by the NIC criterion, and 
implicitly also by all criteria using forces and 
moments. Neither a high T1 acceleration nor a high 
THRC must necessarily lead to excessive relative 
motion, as illustrated by the fact that low NIC 
values and high THRC and/or T1 measurements 
are observed in the tests (Tables X and X). 
Consequently also the correlation between e.g. NIC 
and THRC or T1 is bad. Hence, the inclusion of T1 
and THRC appears to be questionable. As the 
sensitivity analysis indicated that the final score is 
not much influence by these two parameters we 
suggest omitting them.  
 
Upper neck Fx 
It has been hypothesised by various researchers that 
inter-vertebral shear forces are responsible for 
whiplash injuries [7]. Therefore, considering the 
upper neck Fx makes sense biomechanically. 
However, according the current proposal only the 
positive maximum of Fx is considered although 
volunteer tests have shown that the tolerance limits 
are almost identical in the positive and negative 
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direction [8]. For example, seat B in test 
MUS070014 showed only negative Fx values and 
thus obtained the maximum score of 0.5 for this 
criterion; if negative values would have been 
considered, the peak value of –173 N observed in 
this test would have led to a score of only 0.05 (!).  
From a biomechanical consideration the inclusion 
of negative values for this criterion makes sense. If 
this is done, however, Fx is included already in the 
Nkm criterion and may, therefore, be left out 
altogether. 
 
Upper neck Fz 
The biomechanical significance of Fz with respect 
to whiplash injuries is not as clear as with Fx. 
Again, only the positive maximum (i.e. tension of 
the neck) is considered. Some researchers argue 
that a negative, i.e. compressive, loading of the 
spine is much more dangerous than a slight tensile 
loading, because by compressing the spine, the 
ligaments stabilising the vertebrae are relaxed and, 
thus, un-physiological inter-vertebral motion is 
made possible [7]. In contrast, a slight tensile 
loading might even be beneficial because the neck 
is stabilised. Thus, the relation between upper neck 
Fz and injury risk is not monotonous and does not 
cross the zero-point (Fig. 3). 
 

0 Fz

Injury risk

tensioncompression

Minimum injury risk might not be
at Fz=0, but a small level of 
positive Fz might be benefitial to 
stabilize the neck.

0 Fz

Injury risk

tensioncompression

Minimum injury risk might not be
at Fz=0, but a small level of 
positive Fz might be benefitial to 
stabilize the neck.  

 
Figure 3.  Schematic drawing of the relation between 
upper neck Fz and neck injury risk.  
 
Furthermore, the BioRID dummy does not have 
compressible inter-vertebral discs that would allow 
for a certain damping of peak forces; the biofidelity 
of the Fz measurement is therefore unclear. 
 
 
Static head restraint assessment 
Comparing the outcome of the static and the 
dynamic parts of the test procedure, it is found that 
they conclude with a different ranking. Some seats 
even receive negative scores in the static tests. 
Generally, one must be aware that in the static 
measurement of the backset, i.e. the distance 
between head and head restraint, the actual contact 
point during impact is not necessarily the one 
which is used to measure the distance in the static 

case (see Fig. 4). In case of a rear-end collision the 
head of the person sitting on the seat will slightly 
rise relative to the head restraint due to a 
straightening of the spine and the rotation of the 
seat back. Hence the effective backset is to be 
expected higher than the one used in the static 
measurements. Consequently it depends very much 
on the design of the head restraint curvature 
whether this distance will increase in the dynamic 
case or not (Fig. 4). Additionally a re-active head 
restraint system will be able to bridge that gap such 
that a somewhat larger distance might be 
acceptable in the static case. 
Therefore it is suggested using the static 
measurements as a pre-selection for the dynamic 
tests only. A seat that has a large backset in the 
static measurements and no re-active system 
intended to prevent whiplash injury, will most 
probably perform very bad in the dynamic tests. 
Hence there is no need to perform the dynamic part 
for seats with very poor static measurements. 
However, if a dynamic test is conducted, then the 
static measurements should be disregarded, i.e. if a 
seat manages to perform well in the dynamic tests, 
for instance, because of a well designed re-active 
system, the static measurement should not be part 
of the final scoring. 
 

HeadHead restraint

Backset determined by Euro-NCAP

„Effective“ backset during impact

 
 

HeadHead restraint

Backset determined by Euro-NCAP

„Effective“ backset during impact

 
 
Figure 4.  Backset situation for a’ theoretical’ block-
shaped head restraint (top) and for a a more realistic 
head restraint showing a curved cross-section.  
 
High severity pulse 
Although WAD is primarily associated with low-
speed impacts, it must be noted that a car 
manufacturer has additional seat design 
requirements to consider one of which is the seat 
performance in high speed impacts. Thus it can be 
argued that the 24 km/h pulse is of interest, for 
example, to ensure that the seat does not collapse in 
a high speed rear-end impact. But it has to be 
considered that in such crashes WAD is most 
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probably not the primary injury. Therefore it seems 
not reasonable to perform a 24 km/h sled test using 
the BioRID which was not designed for such high 
impacts and to determine criteria like NIC or Nkm 
that are not validated for such impacts. In order to 
assess whether a seat can withstand high loadings 
in rear-end impacts one can also perform a 24 km/h 
sled tests using a Hybrid III 95%ile dummy 
instead. In fact such a set-up seems suited to 
investigate the deformation characteristics of a seat. 
The Hybrid III 95%ile dummy is capable of 
performing such tests and by its anthropometry it 
represents a kind of worst case scenario. In such a 
dynamic test it can determined whether the seat 
collapses in case of a high speed rear-end impact. 
The determination of any neck injury criteria seems 
not necessary since the focus of such a test is the 
seat deformation rather than the neck injury risk. 
Although the seat stiffness could also be evaluated 
by other, probably much cheaper test set-ups, a sled 
test utilizing a crash test dummy seems the most 
illustrative way and thus particularly suited for 
consumer testing.  
 
Rebound velocity 
Generally it seems desirable that both the first 
phase of a rear-end impact as characterised by  the 
backward motion of the occupant as well as the 
rebound phase are assessed in the test procedure.   
The rebound velocity, although it has no direct 
correlation to biomechanics, seems a stable and 
reliable criterion for quantification of the rebound 
phase. All other criteria determined by dummy 
measurements might be dominated by the belt 
restraint phase. This can be problematic, because 
the belt system used for the sled tests does 
normally not correspond to the system used in the 
target vehicle, neither with respect to stiffness nor 
with respect to geometry. Thus it seems more 
appropriate to measure rebound velocity at a point 
in time before the belt restraint phase. 
 
 
CONCLUSIONS 
 
The test procedure that was used here intends to 
assess the performance of a seat with respect to its 
WAD injury risk. However, the proposal contains 
several factors that seem questionable from a 
biomechanics point of view. While the 
performance of sled tests with the set-up as 
proposed seem well suited, the evaluation scheme 
could be changed as follows:  
• The number of criteria to be included in the rating 
system may significantly be reduced. By purely 
mathematical considerations, it was found that a 
reduced number of criteria does not sacrifice the 
accuracy of the assessment procedure. Some of the 
criteria are redundant, others not correlated to 
biomechanics (e.g. T1/THRC). 

• It is proposed to reduce the parameters that 
determine the final score to be NIC, Nkm and the 
rebound velocity. If appropriate sliding scales are 
found, the moment My of the lower neck may be 
considered as well. There are few studies 
correlating this criterion to real-world accident data 
[6]. 
• The scoring system should be adjusted such that 
the kinematically more relevant phase of the 
occupant movement during rear-end impact is 
emphasized and a higher weight shall be put on the 
dynamic instead of the static parts of the test 
procedure. 
• If more than one crash test pulse is used for the 
rating procedure, the same sliding scales should be 
used for all test pulses.  
• A high speed pulse may be useful to ascertain seat 
back stability. In this case, however, a quasi-static 
test or a dynamic test where the seat back rearward 
deflection angle is measured as the only criterion 
would be sufficient. 
• A harmonisation of the procedure how to position 
the head restraint is desired. The positioning of the 
head restraint prior to dynamic testing differs for 
tests that are conducted according to IIHS and 
EuroNCAP, respectively. Consequently also the 
results of the dynamic test are generally different. 
This can lead to quite different final scores 
• An improvement of the currently straight back of 
the H-Point machine into a more anatomically 
shaped back should be envisaged. 
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APPENDIX 
 
 
 

Table 5.  Results for the dynamic tests.  
 
 

Test No. NIC Nkm Fx upper Fz upper 
T1 

acceleration THRC 
Rebound 
velocity 

Total 
Score 

Dynamic 
 [m2/s2] Score [-] Score [N] Score [N] Score [m/s2] Score [ms] Score [m/s] Score  
MUS07001 11 0.47 0.15 0.5 36.1 0.48 464 0.37 7.8 0.5 94 0 2.5 0.5 2.82 
MUS07002 12.6 0.44 0.15 0.5 37.9 0.48 389.1 0.46 7.1 0.5 88 0 2.67 0.5 2.88 
MUS07014 13.9 0.39 0.46 0.11 0 0.5 340.4 0.5 11.3 0.24 79 0 3 0.5 2.24 
MUS07006 14.6 0.36 0.41 0.18 93.1 0.3 747.7 0 15.1 0 69 0.14 5.05 0 0.98 
MUS07007 12.4 0.45 0.4 0.18 90.8 0.31 745.3 0.01 15 0 75 0.02 5.01 0 0.97 
AGU08001 13.8 0.39 0.59 0 163.0 0.08 741.5 0.01 15.6 0 70 0.12 5.37 0 0.60 
AGU08002 13.6 0.40 0.54 0.01 132.0 0.18 724.8 0.03 15.1 0 69 0.14 5.50 0 0.76 
MUS07004 23.3 0.03 0.56 0 200.5 0 1057.8 0 12.1 0.13 98 0 4.34 0.14 0.3 
MUS07005 21.3 0.1 0.57 0 231.2 0 1077.2 0 12.4 0.09 92 0 4.34 0.14 0.33 
MUS07012 17.3 0.26 0.52 0.04 185.2 0.02 887.1 0 11 0.28 88 0 4.42 0.12 0.72 
AGU08004 18.7 0.20 0.76 0 247.0 0 956.5 0 13.3 0 84 0 5.47 0.07 0.27 
AGU08005 22.4 0.06 0.79 0 250.0 0 970.9 0 11.9 0.15 86 0 4.80 0 0.21 
MUS07004 25.7 0 0.51 0.05 238.7 0 1332.8 0 15.5 0 93 0 4.63 0.05 0.1 
MUS07009 21 0.12 0.51 0.05 179.3 0.03 899.9 0 10.6 0.33 89 0 4.6 0.06 0.59 
MUS07003 19 0.19 0.36 0.24 121.9 0.21 1043 0 14.1 0 82 0 4.25 0.17 0.81 
MUS07013 13.8 0.46 0.33 0.29 48.6 0.45 779.3 0 15.6 0.04 113 0 5.01 0.18 1.42 
MUS07015 17.6 0.27 0.41 0.13 53.7 0.43 646.1 0.21 12 0.5 82 0 3.33 0.5 2.04 
MUS07011 14.6 0.42 0.27 0.41 0 0.5 691 0.13 16.8 0 72 0.06 5.92 0 1.52 
AGU08003 14.7 0.42 0.53 0 0 0.5 659.6 0.18 18.5 0 69 0.10 5.71 0 1.20 
MUS07010 25.3 0 0.38 0.18 176.1 0.09 777.6 0 14.4 0.22 87 0 4.56 0.34 0.83 
AGU08006 23.1 0 0.90 0 367 0 864.2 0 12.7 0.47 89 0 5.51 0 0.47 
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Table 6.  Analysing the sensitivity of the dynamic score for the medium severity pulse. 
 

Test no. NIC Nkm Fx upper Fz upper T1 THRC
Rebound 
velocity rank % of max. 

Score Score Score Score Score Score Score Total Score score
MUS07001 0,44 0,5 0,48 0,46 0,5 0 0,5 2,88 1 96,0
MUS07002 0,47 0,5 0,48 0,37 0,5 0 0,5 2,82 2 94,0
MUS07014 0,39 0,11 0,5 0,5 0,24 0 0,5 2,24 3 74,7
MUS07006 0,36 0,18 0,3 0 0 0,14 0 0,98 4 32,7
MUS07007 0,45 0,18 0,31 0,01 0 0,02 0 0,97 5 32,3
MUS07003 0,19 0,24 0,21 0 0 0 0,17 0,81 6 27,0
AGU08002 0,4 0,01 0,18 0,03 0 0,14 0 0,76 7 25,3
MUS07012 0,26 0,04 0,02 0 0,28 0 0,12 0,72 8 24,0
AGU08001 0,39 0 0,08 0,01 0 0,12 0 0,6 9 20,0
MUS07009 0,12 0,05 0,03 0 0,33 0 0,06 0,59 10 19,7
MUS07005 0,1 0 0 0 0,09 0 0,14 0,33 11 11,0
MUS07004 0,03 0 0 0 0,13 0 0,14 0,3 12 10,0
AGU08004 0,2 0 0 0 0 0 0,07 0,27 13 9,0
AGU08005 0,06 0 0 0 0,15 0 0 0,21 14 7,0
MUS07004 0 0,05 0 0 0 0 0,05 0,1 15 3,3

MUS07001 0,44 0,5 0,48 0,46 0,5 2,38 1 95,2
MUS07002 0,47 0,5 0,48 0,37 0,5 2,32 2 92,8
MUS07014 0,39 0,11 0,5 0,5 0,5 2 3 80,0
MUS07007 0,45 0,18 0,31 0,01 0 0,95 5 38,0
MUS07006 0,36 0,18 0,3 0 0 0,84 4 33,6
MUS07003 0,19 0,24 0,21 0 0,17 0,81 6 32,4
AGU08002 0,4 0,01 0,18 0,03 0 0,62 7 24,8
AGU08001 0,39 0 0,08 0,01 0 0,48 9 19,2
MUS07012 0,26 0,04 0,02 0 0,12 0,44 8 17,6
AGU08004 0,2 0 0 0 0,07 0,27 13 10,8
MUS07009 0,12 0,05 0,03 0 0,06 0,26 10 10,4
MUS07005 0,1 0 0 0 0,14 0,24 11 9,6
MUS07004 0,03 0 0 0 0,14 0,17 12 6,8
MUS07004 0 0,05 0 0 0,05 0,1 15 4,0
AGU08005 0,06 0 0 0 0 0,06 14 2,4

MUS07002 0,47 0,5 0,48 0,5 1,95 2 97,5
MUS07001 0,44 0,5 0,48 0,5 1,92 1 96,0
MUS07014 0,39 0,11 0,5 0,5 1,5 3 75,0
MUS07007 0,45 0,18 0,31 0 0,94 5 47,0
MUS07006 0,36 0,18 0,3 0 0,84 4 42,0
MUS07003 0,19 0,24 0,21 0,17 0,81 6 40,5
AGU08002 0,4 0,01 0,18 0 0,59 7 29,5
AGU08001 0,39 0 0,08 0 0,47 9 23,5
MUS07012 0,26 0,04 0,02 0,12 0,44 8 22,0
AGU08004 0,2 0 0 0,07 0,27 13 13,5
MUS07009 0,12 0,05 0,03 0,06 0,26 10 13,0
MUS07005 0,1 0 0 0,14 0,24 11 12,0
MUS07004 0,03 0 0 0,14 0,17 12 8,5
MUS07004 0 0,05 0 0,05 0,1 15 5,0
AGU08005 0,06 0 0 0 0,06 14 3,0

MUS07002 0,47 0,5 0,5 1,47 2 98,0
MUS07001 0,44 0,5 0,5 1,44 1 96,0
MUS07014 0,39 0,11 0,5 1 3 66,7
MUS07007 0,45 0,18 0 0,63 5 42,0
MUS07003 0,19 0,24 0,17 0,6 6 40,0
MUS07006 0,36 0,18 0 0,54 4 36,0
MUS07012 0,26 0,04 0,12 0,42 8 28,0
AGU08002 0,4 0,01 0 0,41 7 27,3
AGU08001 0,39 0 0 0,39 9 26,0
AGU08004 0,2 0 0,07 0,27 13 18,0
MUS07005 0,1 0 0,14 0,24 11 16,0
MUS07009 0,12 0,05 0,06 0,23 10 15,3
MUS07004 0,03 0 0,14 0,17 12 11,3
MUS07004 0 0,05 0,05 0,1 15 6,7
AGU08005 0,06 0 0 0,06 14 4,0  
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Table 6. Analysing the sensitivity of the dynamic score for the high severity pulse. 
 
 

Test no. NIC Nkm Fx upper Fz upper T1 THRC
Rebound 
velocity rank % of max. 

Score Score Score Score Score Score Score Total Score score
MUS07015 0,27 0,13 0,43 0,21 0,5 0 0,5 2,04 1 68,0
MUS07011 0,42 0,41 0,5 0,13 0 0,06 0 1,52 2 50,7
MUS07013 0,46 0,29 0,45 0 0,04 0 0,18 1,42 3 47,3
AGU08003 0,42 0 0,13 0,5 0 0,1 0 1,15 4 38,3
MUS07010 0 0,18 0,09 0 0,22 0 0,34 0,83 5 27,7
AGU08006 0 0 0 0 0,47 0 0 0,47 6 15,7

MUS07015 0,27 0,13 0,43 0,21 0,5 1,54 1 61,6
MUS07011 0,42 0,41 0,5 0,13 0 1,46 2 58,4
MUS07013 0,46 0,29 0,45 0 0,18 1,38 3 55,2
AGU08003 0,42 0 0,13 0,5 0 1,05 4 42,0
MUS07010 0 0,18 0,09 0 0,34 0,61 5 24,4
AGU08006 0 0 0 0 0 0 6 0,0

MUS07013 0,46 0,29 0,45 0,18 1,38 3 69,0
MUS07015 0,27 0,13 0,43 0,5 1,33 1 66,5
MUS07011 0,42 0,41 0,5 0 1,33 2 66,5
MUS07010 0 0,18 0,09 0,34 0,61 5 30,5
AGU08003 0,42 0 0,13 0 0,55 4 27,5
AGU08006 0 0 0 0 0 6 0,0

MUS07013 0,46 0,29 0,18 0,93 3 62,0
MUS07015 0,27 0,13 0,5 0,9 1 60,0
MUS07011 0,42 0,41 0 0,83 2 55,3
MUS07010 0 0,18 0,34 0,52 5 34,7
AGU08003 0,42 0 0 0,42 4 28,0
AGU08006 0 0 0 0 6 0,0  
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ABSTRACT 

Although extensive modeling efforts have been made 
in the past decades to predict occupant/pedestrian 
knee-thigh-hip (KTH) injuries, prediction for the 
injuries at the tissue level for various loading 
conditions observed in automotive crashes is still 
challenging.  This study develops model-based tissue 
injury criteria and a tool to predict occupant KTH 
injuries subject to different postures and loading 
rates. 

An effective plastic strain based injury criterion with 
a defined universal threshold was developed for 
identification of the potential injury locations in the 
KTH body region.  The published cadaver KTH low-
rate impact tests at three postures of neutral, 
adduction, and flexion by UMTRI (University of 
Michigan Transportation Research Institute) have 
been simulated with the Takata 50th% male human 
model.  Using the defined criteria, the model 
predicted the hip-bone and hip-joint fractures for the 
three postures, were well correlated to those observed 
from the tests.  The KTH impacts were also 
simulated at two loading rates.  The simulation 
results indicated a possible mode shift of the impact 
rate-associated injury with assumptions of viscous 
effects on hip-joint.  A high rate impact more likely 
generates a fracture at the femur shaft; and the impact 
at a lower rate more likely fractures the hip-joint.   

The validated KTH injury criteria and tool were thus 
applied for accident reconstruction of two vehicle 
crash cases (full frontal and offset frontal impacts) 
selected from the NASS/CDS & CIREN database, 
which caused occupant KTH injuries at AIS 2-3 
scale.  The simulations match the injury outcomes of 
the reported field observations.   

INTRODUCTION 

Lower extremities are the most injured body regions 
resulting from vehicle crashes.  Their long term 
effect on societal “harm” due to permanent 
disability and impairment and associated cost is 

significant.  The analysis of NASS-CDS database 
for the years 1990-1997 by Kuppa et al.  [1] 
indicated that the risk of the AIS 2+ lower extremity 
injures in all frontal crashes was higher than any 
other body region.  They estimated that the KTH 
complex injures accounted for ~55% of all the lower 
extremity injuries annually.  Additional analysis of 
NASS-CDS database for the years 1993-2001 [2] 
concluded that the complex accounted for 18% of all 
AIS 2+ injuries sustained by frontal seat occupants 
involved in frontal automobile crashes and 23% of 
the associated Life-years Lost to Injury (LLI).  Rupp 
et al.  [3-4] estimated from 1995-2000 NASS-CDS 
database that about 30,000 KTH AIS 2+ injuries 
occurred annually in frontal crashes, of which 
approximately 47% were to the hip, and 30% to the 
thigh.  Our latest analysis of NASS-CDS database 
confirm that lower extremities injuries in the years 
2001-2005 remain the highest injured body region, 
accounting for ~21% of the total injuries and 17% of 
the AIS 3+ injuries.    

Detailed investigations on the real-world automobile 
crash data indicate that the KTH injury locations and 
severity vary with crash severity.  Although the risk 
of KTH injuries generally increase with increasing 
crash severity, quite a large number of the KTH 
injuries are occurring at crash severities of less than 
35 mph [2].  The analysis of the UM CIREN 
database [5] indicated that the number and 
percentage of hip injures are particularly high in the 
26-35 mph range, while the knee & thigh injuries 
are more frequent in the lower crash severity of less 
than 25 mph, which is less than current regulatory 
and consumer testing levels in FMVSS 208 and 
NCAP.  The KTH injury locations and severity are 
also affected by other various factors, such as 
occupant seating posture, age and gender, the KTH 
contact object type and area, the lower leg/foot 
loading condition, vehicle crash modes and impact 
direction, etc.  Some of these variables have been 
investigated in the laboratory PMHS (Post Mortem 
Human Subject) experiments [6-8].   
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To develop countermeasures for reduction of the 
KTH injuries in the real-world crashes, we need to 
fully understand why and how the KTH injuries 
occurred, especially in the low severity crashes of 
delta V less than 25 mph.  Such injury mechanisms 
and outcomes could not be investigated and 
measured from physical laboratory tests for the 
anthropomorphic test devices such as Hybrid-III 
dummies, due to deficiencies in biofidelity of their 
lower extremities and associated measurable 
engineering parameter based injury criteria.  
Therefore, it is very important for us to conduct 
accident reconstruction for selected vehicle crash 
cases by computational simulation using a human 
body model.  This requires fully validated human 
KTH and full body model and associated injury 
criteria for the tissue failures.   

Many occupant/pedestrian KTH or full body models 
[9-16] have been developed in the past decades.  
The modeling work was mainly for the tissue 
material characterization and for the kinematics and 
response validation.  However, few have attempted 
to develop an injury criterion for estimation of the 
KTH tissue injuries for various loading conditions 
observed in automotive crashes.  To the our best 
knowledge none of the previous full body models 
have been applied to the accident reconstruction of 
car crash cases with KTH injuries at the tissue level.  
In previous research, we developed the Takata 
human body model [9-10] as a tool to evaluate the 
hard tissue injuries.  Although the human model was 
previously validated at some extent in a series of 
sled tests simulations, an applicable injury criterion 
for the KTH tissues was not established, and the 
models applicability for accident case study and 
prediction of the occupant KTH injuries in car 
crashes were not verified.   

This research pursued the following objectives: 

1. to develop a better human KTH FEA (finite 
element analysis) model with associated tissue 
injury criterion applicable for identification of 
the potential injury locations in the KTH body 
region and for estimation of the KTH injury 
modes;  

2. using Takata human full body model integrated 
with newly developed KTH sub-model to 
conduct accident reconstruction of two vehicle 
crash cases (full frontal and offset frontal 
impacts) caused the occupant hip or femur 
fractures. 

 

KTH MODELING 

Figure 1 shows the model of the KTH complex 
subtracted from the Takata 50th% male human 
model [9-10].  The hard tissues modeled in the 
pelvic region included the lumbar, sacrum and 
coccyx, ilium, ischium, pubis, symphisis pubica, and 
acetabulum, which have the trabecular bones 
modeled in solid elements and the cortical bones in 
shells.  The sacroiliac joint was modeled as tied 
surfaces.  The hip joints consisted of the hip joints 
ligaments (ligament of femur head, the capsular 
ligaments), the synovial membranes and contact 
between the femur head and acetabulum.  In the 
thigh and knee regions, the cortical bones of the 
shaft of the long bones (femur, tibia and fibula) were 
modeled as solid elements, and those in the 
head/condyle region were modeled as shells with 
varying regional thickness.  Two joints in each of 
the knee, the femoro-patellar joint and femoro-tibial 
joint, were modeled.  The femoro-patellar joint 
consists of the patella, patellar and quadriceps 
tendons, and the patellar groove.  The femoro-tibial 
joint consists of the femur condyle and articular 
cartilage, the tibia and fibula and meniscus, as well 
as the ligaments of ACL, PCL, MCL, LCL.  The 
synovial membranes were modeled as surfaces for 
soft contact.  Various tissue level correlations, such 
as the pelvis pendulum impact test, femur 3-point 
bending test, femur head and shaft impact tests, knee 
pendulum impact test have been implemented 
previously.  The material properties of main tissues 
were provided [9-10].  In this study, we focus on 1) 
upgrading the hip joint model for KTH impact in 
neutral, adducted and flexed postures; and 2) 
investigating the impact rate effects to the KTH 
complex through an engineering approach.   

1.  Simulate the Effects of Hip Posture  

The published UMTRI cadaver tests by Rupp, et al 
[3, 6] were used in upgrading the KTH model.  The 
simulation setup for the impact is shown in Figure 1.  
The pelvis was held by fixed potting material in the 
top wing of the pelvis.  The knee was impacted at 1.2 
m/s and the response of the KTH complex was 
simulated.   

In simulation, the model excluded the knee damage 
from the impact, as designed in the tests, with the 
material property management throughout the knee 
area.  The impact loading pattern was measured 
through the total boundary force of the fixed potting 
material as well as the contact force of the impactor 
to the knee.  The femur force was measured through 
the mid shaft of femur.  After the KTH complex 
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model modification and the impactor stiffness 
management, the 300 N/ms impactor loading profile 
with the peak force about 6 KN at 40 ms, close to the 
defined by Rupp [3], was created, as shown in Figure 
2.   

  

Figure 1.  KTH complex and impact model setup. 

At first, the responses of the KTH impact in a neutral 
position were analyzed.  Figure 3 illustrates a Von-
Mises stress distribution in the cortical bone of 
acetabulum.  The maximum stress above threshold 
could indicate a potential fracture in the cortical 
bone.  Comparing to the injury observed in the lab 
test [6], the FEA model reasonably correlates to the 
test in terms of the fracture location.   

     

Figure 2.  The 300N/ms impactor loading profile 
simulated. 

Then a simulation was conducted of the KTH in three 
postures: neutral, 10 degree adducted and 30 degree 
flexed.  Figure 4 shows the model top section views 
and side views of the three KTH postures.  Figure 5 
gives a typical shear stress distribution at 23 ms for 
the KTH impact at 30 degree flexed posture.  In 
comparison to the neutral posture (Figure 3), the 
flexed posture generates a different injury pattern and 
the FEA indicates the vulnerable area for the flexed 
posture is at edge of the posterior wall of acetabulum. 

Considering that different KTH postures yield 
different stress distribution patterns and it is difficult 
to find a unique fracture strength pattern and 
threshold for the cortical bone fracture of the hip 
joint, instead an engineering approach was developed 

to account for the posture variations with FEA 
feasibility in the strength evaluation, although the 
approach may reduce the precision in fracture 
sensitivity and location.   

  
Figure 3.  FE-evaluated acetabulum stress 
distribution vs.  lab test injury observation (Lab 
test courtesy of Rupp).   

 

Figure 4.  Modeling for the three KTH postures. 

        

Figure 5.  Shear stress yielded at flexed posture 
around a possible fracture time in acetabulum. 

The often-used engineering strength measure in 
current FEA solvers is plastic strain.   A plastic strain 
of 2.11% was applied to the three postures as a 
universal strength threshold to the hip fractures for 
the Takata 50th% KTH model.  The forces at the 
fracture of the acetabulum were calculated, the 
results are provided as shown in Figure 6.  These 
values match well to the laboratory test results 
observed by Rupp [3, 6].  Table 1 compares the hip 
fracture characteristics in the KTH impact to the 
neutral posture between the FEA and laboratory tests.  
Table 2 is the summary of the hip tolerance variation 
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with the other two postures to the neutral posture 
from the FEA and laboratory tests.  In conclusion, the 
universal criterion of 2.11% plastic strain applied to 
the Takata 50th% male KTH model provides a 
reasonable assessment of the hip fracture tolerance 
for these postures. 

 

Figure 6.  Hip tolerance evaluated with 2.11% 
plastic strain applied to the Takata 50th% male 
KTH model. 

Table 1.                                                                    
Hip tolerance from UMTRI test [4] and Takata 

FEA for KTH impact in neutral posture 

             Item      Lab.  Test [4]  FEA 
Test ID Mean 

Value 
sd Value 

Force at Fracture to all Subjects 
(KN) 

5.70 1.38  

Force at Fracture to Male (KN) 5.96 0.61 5.95 
Time to Peak (ms) 38.3 11.5 38 
Loading Rate (N/ms) 193 114 198 
KTH Stiffness (N/mm) 233 110 328 

Table 2.                                                                   
Hip tolerance percentage change of a given 

posture to the tolerance of neutral posture: Lab 
test [5] and FEA 

 Neutral Adducted 10 deg. Flexed 30 deg. 
Lab.  Test  0 18 +/- 8% 34 +/- 4% 
FEA 0 16% 37% 

            
Figure 7.  FE-evaluated injury location by element 
elimination at the time of fracture of acetabulum. 

The LS-Dyna element elimination option, a 
computation method to eliminate those elements 

whose yielded plastic stains reach the defined 
threshold in the simulation, enables us to easily 
identify the injury locations in the KTH impact 
simulation.  Figure 7 shows the fractures of the 
acetabulum in the KTH impact of the two different 
postures at the time of each fracture.  As expected, 
the injury occurs at the posterior wall edge of the 
acetabulum to the adducted and flexed postures.   

The above results demonstrate that the Takata 50th% 
male KTH model is successfully upgraded and 
applicable for KTH impacts of different postures with 
a universal strength threshold for injury estimation.   

2.  Explore Impact Rate Effects to KTH by FEA 

As defined in the current Federal Motor Vehicle 
Safety Standard (FMVSS) 208, the force at mid 
femur of a midsize-male Hybrid III ATD shall not 
exceed 10KN in vehicle compliance crash testing.  
The 10KN force is established from the femur 
tolerance which is higher than that of the hip joint of 
the KTH impact studied above.  In the KTH frontal 
impact, the knee contacts the impactor and the force 
is primarily transferred through the femur shaft to its 
proximal end.  Then, the femoral head transfers the 
force through articular cartilage to the hip cup.  If 
the acetabular tolerance is reached, the hip joint 
injures.  However, in a significant amount of vehicle 
accidents with KTH impact, the occupant sustains a 
femur injury rather than a hip joint injury, one 
suspected reason is possibly due to the loading rate 
as mentioned in previous work by Rupp et al.  [3].   

Along with the Takata KTH modeling efforts, FEA 
was extended for a preliminary exploration to the 
impact loading rate effects.  The knee damage 
concern was excluded in this particular study.  The 
impact rate effects could be explored on the 
mechanical loading performance in the remaining 
parts of KTH complex: femur, articular cartilage, 
and hip cup. 

Because of its anatomic geometry, the femur could 
experience a loading eccentricity when impacted   
resulting in bending.  The FEA indicates that 
approximated uniaxial tensile stress and uniaxial 
compressive stress can be found along the sides of 
the shaft as shown in Figure 8.  Figure 9 presents the 
two FEA measurements of the maximum stress.  It 
is known that the bone tensile strength is 
significantly lower than the compressive strength 
(1/3 lower).  The plot indicates that the vulnerable 
region of the shaft is at the lateral side with the 
approximated uniaxial tensile stress.   
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Figure 8.  Stress yielded at the shaft during 
bending. 

  
Figure 9.  Maximum stress development at the 
location marked in Figure 8. 

In contact with the femur proximal end, the articular 
cartilage has a biphasic structure, consisting of a 
solid phase and a fluid phase.  Precise modeling of 
these structures can be challenging in FEA.  Instead, 
a simplified modeling method for their mechanical 
characteristics was applied.  An impact rate related 
viscous effect could be assumed as a hypothesis for 
the articular cartilage: the friction coefficient of the 
contact surface is a function of a relative velocity of 
the femur head to the acetabulum as shown in 
Figure 10.  A tangential force is distributed at 
cartilage generated by the impact loading and 
becomes a part of the boundary conditions to the 
femur in bending.  The boundary condition varies 
with the relative velocity.   

Considered together with the femur bending feature 
and the assumed mechanical viscous effect of 
articular cartilage, FEA was conducted to 
investigate the responses of KTH impact at different 
rates.  Two impact loading patterns, shown in Figure 
11, were created in the KTH impact simulations, by 
varying the impact speed and adjustment of 
impactor stiffness.  The slow rate impact peaked at 6 
KN femur loading around 40 ms; and the fast rate 
impact peaked at 8 KN within 10 ms.  The function 
of Figure 10 for the contact in the hip joint was used 
in simulations.  Material strain-rate properties of the 
cortical bones of the femur and hip bone were 
previously implemented in the KTH model. 

 
Figure 10.  Assumed rate dependent mechanical 
viscous effect of articular cartilage.      

Figure 11.  Two impact loading patterns created 
for impact rate effect study. 

Three stress measurements were taken in the 
analyses: 1) the first principle stress at the maximum 
stress location on the lateral side femur, 2) the first 
principle stress at the maximum stress location at 
acetabulum 3) Von-Mises stress at the maximum 
stress location in acetabulum.  The three locations are 
indicated in the picture shown in Figure 12. 

              
Figure 12.  Three stress measurements for 
strength analysis. 

Figure 13 presents the FEA results for the slow rate 
impact, and Figure 14 presents the data for the fast 
rate impact.  In these plots, the red curve represents 
the measurement from acetabulum, and the blue 
represents the measurement from femur.  In general, 
the different patterns of the stress status should not be 
put together for a direct strength comparison.  
However, in this particular situation, a fair 
assumption could be established for the strength 
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applications by considering that the uniaxial tensile 
strength to the cortical is the lowest of all. 

 Figure 13.  Stress measurements from a slow 
impact case. 

  
Figure 14.  Stress measures from fast rate impact 
pattern. 

For the slow rate impact, Figure 13 shows that the 
two stress measures of the acetabulum (red curves) 
are much higher than that of the femur (blue curve).  
Therefore, the slow rate impact most likely generates 
a hip joint injury, though the femur may still have a 
chance to fracture when the tensile stress is close to 
the acetabulum stresses.  For the fast rate impact case 
in Figure 14, the plot in blue overlaps all the plots in 
red after 10 ms, which passes the peak time at 7 ms in 
this case.  If the Von-Mises stress of the hip reaches 
its fracture strength around that time, it is possible to 
fracture the hip joint.  However, tensile stress of the 
femoral bone with lower strength may also have a 
chance to fracture at the time.  Along with the 
development of the bending mode, the femur stress 
continuously moves up; then the chance for the femur 
fracture would increase significantly.  The femur 
could fracture during the unloading of the impact 
after the peak force.  Figure 14 includes an additional 
fast rate impact case, presented by dense dot plot in 
red and marked as “free friction hip”.  This is a case 
of free tangential force inside the articular cartilage 
during the impact.  The difference can be found 

between the two dot plots in red.  It indicates the way 
of the friction influence to the maximum V-M stress 
level of acetabulum.  It seems that the less viscous 
effect in the tangential plane of hip to a fast rate 
impact would increase the femur injury chance, 
because the acetabulum stress level moves down 

The universal strength threshold was not tried for the 
two impact patterns from two kinds of impact rates 
because it could be strain rate dependence.  The 
factors contributing to the effects of the impact rate in 
this model are biomaterial strain rate dependence 
characteristics of cortical bone, the assumption of the 
relative velocity of hip joint contact, and the strength 
of the cortical bone associated to the strain rate. 

The assumption made for the articular cartilage is 
based on a physics concern that an easier bending of 
femur for a fast rate impact is throughout a less 
tangential restraint in the proximal femur head at the 
hip joint contact.  In other words, an easily sliding of 
the femur proximal head may let a bending femur 
more easily reach an unstable condition than those 
with hardly sliding.  Since the assumption needs test 
data for support, the function as the one in Figure 10 
is only considered as an option for the Takata’s KTH 
model. 

The FEA offers a preliminary exploration to the KTH 
impact rate effects through a hypothesis concerned 
with a mechanical effect modeling of the hip joint.  
The viscous effect may not be limited to the articular 
cartilage.  Other tissues, like muscle, could also be 
included.   

KTH MODELING APPLICATION CASE 1 

With the application of the upgraded Takata Human 
model from the above efforts, two vehicle accident 
field cases associated with KTH injury were studied 
to understand the injury development and injury 
mechanisms.  All the vehicles involved in the cases 
studies are Honda Accords.  A generic FE model of a 
1994 Honda is publicly available in the NHTSA 
website.  The model was downloaded and was 
improved by installing a generic frontal IP 
(instrument panel) model.  The IP model was 
originally from a 2001 Taurus model available from 
NHTSA and its knee bolster geometry is modified to 
represent the Accord for the KTH study.  A 1998 
Honda Accord 30 mph Flat Frontal Barrier crash was 
taken from the NHTSA database for the knee bolster 
model correlation of both driver and passenger sides.  
The outlines of the vehicle correlation are addressed 
in Appendix.   
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Case 1: CIREN Case 830094706 

Case 1 concerns an injured driver who was airbag 
restrained in a single vehicle crash with a relative low 
delta V impact.  A 2003 Honda Accord, 4-door sedan 
was traveling west on a two-lane, two-way road.  The 
driver of the Honda Accord reportedly fell asleep and 
crossed the eastbound lane, passed through an 
intersection and struck a guardrail at the southwest 
corner of the intersection.  Figure 15 depicts the crash 
diagram of the scene.   The impact was classified as a 
moderate 12 o’clock impact with a 10 degree PDOF 
(Principle Direction of Force).  The WinSmash 
reconstruction program calculated an equivalent 
barrier speed of 35 kph (22 mph) which appears to be 
consistent with the vehicle damage.  Figure 16 shows 
the left and right knee bolster contact. 

Figure 15.  The crash diagram of the 2003 Honda 
Accord vs.  Guardrail. 

 
Figure 16.  Left and right knee bolster contact. 

Vehicle Crash Re-Construction Simulation 

The case occupant: a 57-year-old male, 175 cm (5ft.  
9in.), 95 kg (209 lb.), unbelted driver, restrained by 
the deployed steering-wheel airbag.  The driver 
sustained fractures to the left anterior-lateral 5th and 
6th ribs (AIS 2) and an OIS Grade III laceration of 
the spleen (AIS 3), these injuries are attributed to 
contact with the steering wheel rim as demonstrated 
by the rim deformation.  The KTH injuries related to 

this investigation are the right acetabular fracture 
(AIS 3), right hip dislocation involving the articular 
cartilage (AIS 2), and right knee meniscus tear (AIS 
2).  These injuries are attributed to contact with the 
knee bolster as seen in Figure 16. 

A vehicle at velocity 21.74 mph (35 kph) impact 80 
degree to a flat barrier was simulated.  The flat 
barrier was modeled with IIHS bumper honeycomb.  
Figure 18 shows the crash at 140 ms.   

 
Figure 18.  Vehicle impact simulation to a barrier 
crash in 80 degree at approximately 20 mph. 

The vehicle motion profile obtained from the crash 
simulation is presented in Figure 19, where the 
positive side direction is from passenger side to 
driver side.  The vehicle starts the impact at nearly 10 
m/s speed, and rebounds at about 80 ms while the 
side velocity reaches highest level about 1m/s.   

 Figure 19.  Vehicle velocity profile after crash. 

Figure 20.  FE-evaluated vehicle frontal crash 
sensing signal of a rigid wall case and the 
reconstruction case.   
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To define the airbag deploying in the accident, crash 
sensing signals from the center radiator frame were 
measured through FEA to approach the TTF (time to 
fire).  The signals, resulted from simulations of 30 
mph frontal rigid wall impact and the accident case, 
are presented in Figure 20.  The known TTF in the 
30mph rigid wall crash is 12 ms.  Depended on the 
algorithm aggressive level, the airbag could be 
deployed at a time between 26 ms and 38 ms in the 
crash.  In the following addressed simulation, 
TTF=38ms is used. 

During the low severity crash, the compartment 
entirety was kept without deformation.  To simplify 
the occupant injury simulation in the next step, the 
vehicle crash can be moved into a simple sled 
protocol.  The motion profile and airbag management 
were imposed to the sled model with a driver 
occupant. 

Driver Occupant Injury Simulation 

Simulation setup for the driver occupant at pre-crash 
is shown in Figure 21.  The driver occupant is not 
restrained by belt, but by a frontal airbag (Figure 21).  
The male driver had the similar height but 20 kg 
more weight than that of the 50th% male human.  
The Takata 50th% male human model was scaled up 
without changing the stature in height but to match 
the total weight of the driver.  The driver was 
assumed at a neutral posture; and initially at the same 
speed of the vehicle about to crash. 

    

Figure 21.  Simulation of unbelted driver in 
vehicle system. 

The simulation showed the occupant moved 
obliquely forward to the passenger side and toward 
the windshield during the crash.  As a result, the 
occupant’s left side thorax contacts the steering 
wheel and the head contacts the windshield close to 
middle; as shown in Figure 22.  The kinematics of the 
occupant is basically consistent with the contacts 
outlined in the accident case report.  The oblique 
motion of the occupant results in uneven loading to 
the lower extremities during the crash.  Figure 23 
shows the FE-evaluated knee contact locations: the 

right knee impacts into the right corner of knee 
bolster and the left knee does the other end of the 
knee bolster of the generic model.  Those basically 
match the contact points of knee bolster shown in 
Figure 16.  Besides, knee meniscus tear (AIS 2) 
occurred in the right knee of the driver enable to be 
revealed from FEA for that the right knee was loaded 
from that contact.  On the other hand, the shear stress 
was not observed in the left knee.   

 
Figure 22.  FE-evaluated occupant left thorax 
bending the wheel and head towards windshield. 

    
Figure 23.  FE-evaluated knee impact location to 
bolster and right knee meniscus tear from the 
knee bolster contact. 

    
Figure 24.  FE-evaluated occupant femur loading.   

The femur loads were measured, as shown in Figure 
24.  Around 80ms, the left femur shaft experiences 
5.8 KN and the right shaft experiences 4.2 KN.  The 
loadings start at 40 ms.  Therefore, both loading 
profiles can be categorized as a low rate impact.  
Figure 25 shows the KTH posture change with time.  
The occupant has his left KTH in abduction while 
flexion during the crash.  In general, abduction 
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possesses a relative higher tolerance.  The occupant’s 
right KTH is in adduction and flexion with a higher 
femur loading.   

       
Figure 25.  FE-evaluated occupant KTH posture.   

Figure 26.  FE-evaluated occupant KTH posture 
in top and side view; and fracture in right hip 
joint.   

The occupant KTH loading profile and posture status 
are inclined to a high chance of injury to the right hip 
joint.  The snapshots of animations of the KTH are 
shown in Figure 26.  Fractures were observed in the 
right acetabulum.  The first fracture occurred at 72 
ms when the right KTH at posture adducted 8 degree 
and flexed 10 degree with 5 KN femur loading. 

Figure 27.  FE-evaluated stress distribution in rib 
cage, and wheel penetrates into spleen in 
simulation.   

The KTH injury evaluated from the FEA is consistent 
with the related hip joint injuries reported in the case 
investigation. In addition to the lower extremity 
injuries, the FEA reconstructed the left anterior-
lateral 5th and 6th ribs (AIS 2) and an OIS Grade III 
laceration of the spleen (AIS 3) that occurred in the 
accident due to the wheel rim impact are illustrated 
by the snapshots in Figure 27.   

Overall, the Takata human model with the KTH 
modeling upgrade successfully predicts the KTH 
injury for the case application. 

KTH MODELING APPLICATION CASE 2 

Case 2 concerns an injured frontal passenger without 
airbag restraint in a two-car crash of a very low delta 
V impact.  The delta V is less than 10 mph.  The 
reported injuries to the front passenger are a left 
femur fracture (AIS 3) and left lower extremity skin 
contusion.  The remaining two occupants, the driver 
and a rear-seat occupant, of the same vehicle have no 
reported injuries. 

Case 2: NASS CDS Case 2000-049-268: Honda 
Accord vs. Honda Accord  

A 1991 Honda Accord vs. 1991 Honda Accord: 
Vehicle 1 was traveling east in the first lane of a two 
lane undivided driveway, approaching a main cross 
street.  Vehicle 2 was traveling south in the 3rd lane 
of a 3 lane divided road.  Vehicle 1 began to make a 
left hand turn and contacted the front right corner 
and right rear side of Vehicle 2.  Figure 28 depicts 
the crash diagram of the scene. 

Figure 28.  The crash diagram of the 1991 Honda 
Accord vs. 1991 Honda Accord. 

    
Figure  29.  Vehicle 1 damage. 
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WinSMASH computed a Delta V of 15 kmph/9mph 
which is consistent with the barrier equivalent speed 
of 15 kph (9 mph).  Vehicle 1 sustained minimal 
damage as is seen in Figure 29.  The case occupant: 
A 19 year old male 6 ft 0in.  (183 cms) 170 lbs (77 
kgs) was the right front passenger of Vehicle 1.  The 
occupant sustained a left femur fracture (AIS 3) and 
left lower extremity skin contusion from apparent 
contact with the knee bolster. 

As Vehicle 1 contacted the right front corner of 
Vehicle 2, the case occupant moved forward to the 
left, toward the point of impact.  The occupant 
loaded the lower knee bolster, resulting in a femur 
shaft fracture.  There were no other significant 
injuries.   

Vehicle Crash Re-Construction Simulation 

Figure 30 demonstrates the simulation model of a 
two-car crash in which the injured frontal passenger 
seated in Vehicle 1.  Vehicle 1 impacted at 60 
degree and 15 kph.  Vehicle 2 moved forward at 45 
kph.  Vehicle 2 barely contacted the right frontal 
corner of Vehicle 1. 

      
Figure 30.  Two-car crash simulation. 

Figure 31.  FE-evaluated motion profile including 
rotation of vehicle 1 post crash. 

The motion profiles for Vehicle 1 evaluated from 
the FEA are presented as shown in Figure 31, where 
the positive x is from vehicle rear to front, and 
positive y from vehicle passenger side to driver side.  
Vehicle 1 at merely 4 m/s hits obliquely to Vehicle 

2; and starts moving sideways and spinning toward 
the passenger side at around 100 ms.  It is a very 
low delta V impact, and the deceleration is only 
about 4 G. 

The occupant injury simulation can be simplified to 
a simple sled protocol simulation.  The calculated 
motion profiles were imposed to the sled model with 
a passenger occupant 

Passenger Occupant Injury Simulation 

The injured frontal male passenger is close to a 
50th% male human in weight and size, though he 
may be a little taller.  So the Takata 50th% male 
human model in a neutral posture was directly 
applied to the system.   

 The vehicle was equipped with an automatic 
shoulder belt and manual lap belt.  It is clear that the 
manual lap belt was not used from the final 
investigation report.  No airbag was available in 
Vehicle 1.  The occupant injury simulations were 
conducted for a condition of only automatic shoulder 
belt in use.   

The accident happened when Vehicle 1 was making a 
left hand turn at the intersection.  A crash of such low 
delta V indicates that the driver of Vehicle 1 was 
trying to stop the vehicle but initiated braking too late 
to fully stop.  Assume the passenger, as a free motion 
body before the belt is active, possesses an initial 
velocity which is the same as the vehicle tuning 
speed before breaking.  The passenger could be 
traveling at up to 30 mph just being about the crash.  
Therefore, an initial velocity of 12m/s (27mph) is 
defined for the passenger speed in the following 
simulation.  The belt inertia management feature is 
triggered at 15ms when the vehicle reached 0.7G of 
deceleration for the motion profile. 

First, the occupant was positioned in a normal seated 
posture.  Under the belt condition for such a low delta 
V impact, simulation indicated the passenger’s 
movement was restricted to all regions of his body 
except the knee.  The only contact to the IP of the 
passenger is his knee to the knee bolster.  Figure 32 
demonstrates the most forward posture that the belted 
occupant could reach during the crash.  The 
calculated femur loads are also presented and they 
are about 4KN at 10 to 20ms. 

Though this is a fast rate impact, 4KN loading seems 
unlikely to fracture the femur.  However, if the two 
equivalent loadings mainly act to just one leg, the 
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total force level then could fracture the shaft.  
Consider that the frontal passenger could have more 
flexibility in the posture and position, one candidate 
posture was defined for the simulation: the passenger 
abducted each of his thighs in about 5 degrees and 
turned his whole body 5 degrees toward the outboard 
side.  At this posture, the left knee was closer to the 
knee bolster than the right knee.  The human body 
model was positioned to replicate the assumed 
posture from pre-crash simulations.  Figure 33 shows 
the occupant with the new posture in the system.  
After repeating the simulation, as expected, we have 
the calculated femur loading by the plots in Figure 
34.  The left femur experienced about 8KN at a fast 
rate loading while the right femur load was 
negligible.   

Figure 32.  FEA evaluated belted occupant at 
140ms and plots of the femur load. 

                

Figure 33.  Occupant with one candidate posture 
leading a possible left femur fracture. 

The case was once also evaluated for an unbelted 
condition as that could be a possible scenario in the 
field.  Through simulation, FEA indicates the 
unbelted condition is unlikely because being unbelted 
would have lead to multiple injuries rather than just a 
single femur fracture. 

The potential KTH fracture locations can be 
referenced to the maximum stress locations shown in 
Figure 35.  The same as the previous strength 
analysis, the femur takes the first principle stress at 
the lateral side of the left femoral shaft; and the hip 

joint takes the Von-Mises stress.  Figure 36 presents 
the time-histories of the stresses.  It indicates that the 
femur has a higher chance of developing a fracture 
because the femur stress overlaps the acetabulum 
stress even before the KTH loading peak, and the 
stress reaches over a potential cortical bone strength 
tolerance level 125MPa after loading peak time at 
22ms.   

       
Figure 34.  FE-evaluated femur loading profile to 
a belted occupant at a new posture.               

       
Figure 35.  FE-evaluated the stress distribution in 
left femur and acetabulum at 38ms. 

 
Figure 36.  FE-evaluated stress development at the 
potential fracture locations of femur and 
acetabulum. 

With the application of the Takata 50th% male 
human model, the field case is successfully 
investigated.  The femur fracture mechanism of the 
belted occupant in a very low delta V impact is 
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explored, and the conditions leading to the injury is 
revealed.   

DISCUSSION 

Injury protection for KTH impact could be 
implemented by properly using the available restraint 
systems.  For the first case, if the driver were belted, 
his kinematics would have managed to reduce the 
KTH adduction and flexion, and the lap belt would 
also share a part of knee loading.  The driver would 
have had less chance of experiencing the acetabular 
fracture.  Even if the driver failed to use the belt, if 
the vehicle was equipped with a knee airbag, it would 
also improve the KTH impact conditions.  

In the knee airbag simulation the research indicates 
the knee bag is capable to manage the femur loading 
of less than 3KN for the unbelted heavy occupant.  
During the knee bag simulation the deploying knee 
bag did not affect the posture of the right KTH, 
however, the maximum plastic strain in the 
acetabulum was 1.548%, less than the threshold value 
of 2.11%.  Therefore, the driver is less likely to have 
injury at the hip joint with the knee bag application.  
Figure 37 illustrates the performance. 

  

Figure 37.  Driver in a system with knee airbag 
protection and the hip maximum plastic strain 
status in the protection. 

For the second case, if a 3-point belt is equipped with 
a pretensioner, it would help to control the passengers 
initial velocity before knee impact and reduce the 
chance of fracture to the femur. 

Though the upgraded Takata KTH model features 
three key posture of neutral, 10 degree adduction and 
30 degree flexion, to be a “full” posture model, 
correlation to more posture variations may be needed.  
In the study, a posture computing post-processor tool, 
generating plots of Figure 25, is used with the 
universal strength threshold together for the 
assessment.   

FE simulations for case reconstruction may operate 
with some uncertainties.  Since the main target in the 

study is KTH injury, correlations were more focused 
on the crash environments directly related to KTH.  
The KTH injury in both cases occurs early in the 
crash sequence and later injury experienced in the 
crash were not concentrated on.  To make a complete 
reconstruction simulation to study all injures in each 
case a vehicle crash simulation correlation for 
FMVSS 208 in the study could be further undertaken 
and some other components in the motion profile 
would not be ignored.   

In this study, we only focused on the hip joint 
fractures and femur fractures from the PMHS 
laboratory tests and the real-field case studies.  The 
modeling and model injury prediction capability 
verification should also be extended to the other body 
parts of the lower extremities, such as knee, ankle 
and foot, which are our continued effort for future 
work on the KTH injury mitigation. 

CONCLUSION  

The Takata 50th % male human model is upgraded 
especially for occupant KTH injury prediction or 
estimation.  The model, with the effective plastic 
strain based injury criterion with a universal cortical 
bone fracture threshold developed in this study, is 
capable of predicting effects of occupant postures on 
the KTH injury patterns and severity under the 
conditions of UMTRI PMHS KTH impact tests for 
the neutral, 10 degree adducted, and 30 degree flexed 
postures.    

The model is applied for a preliminary exploration of 
the effects of impact loading rate on the KTH fracture 
location and mode, with an assumed mechanical 
effect modeling for articular cartilage.  An 
engineering approach is established through stress 
analyses of the femur and hip cup to judge the injury 
mode due to the rate effects.  The engineering 
approach offers an option for Takata human KTH 
model applications.   

The hip joint fracture and femur fracture are studied 
by simulating two vehicle crash cases at relative low 
delta V impacts.  The simulations match the injury 
outcomes of the reported field observations.  The 
occupant injury development and injury mechanisms 
in these two cases were explored. 
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APPENDIX: VEHICLE IP CORRELATION 

NHTSA Vehicle Database #V2836 of 1998 Honda 
Accord 30 mph into a flat frontal barrier is taken for 
vehicle system model correlation.  The test in 
NHTSA was to evaluate the vehicle and occupant 
dynamics during a flat frontal barrier test at 30 mph.  
The vehicle was instrumented with 13 
accelerometers to measure vehicle acceleration.  
Squib current was also collected to measure fire 
times of the airbag.  The vehicle contained two 
instrumented Hybrid III 50th% percentile ATD, 
instrumented with head and chest accelerometers, 
chest deflection potentiometers, left and right femur 
load cells and upper neck load cells.  The collected 
vehicle and occupant data was used to verify the 
vehicle model for simulation.    

                                   
Figure 38.  30 mph flat frontal barrier FE 
simulation. 
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FEA was conducted to correlate the test for getting a 
reasonable mechanical property of knee boaster to 
use for the accident case simulation.  The system 
model including Hybrid III 50th% dummy, airbag, 
and generic IP is shown as Figure 38.  The dummy 
chest G is monitored in the simulation to make a 
basic assessment of correlation of the dummy 
kinematics to the test.  The dummy femur loads are 
measured for the assessment of the mechanical 
properties of knee bolster.   

Figure 39.  Driver performance correlation for 
chest G and femur loading of dummy. 

Figure 40.  Passenger performance correlation 
for chest G and femur loading of dummy. 

The correlations of the dummy performance to the 
both driver and passenger sides are obtained 
reasonably.  The results for the driver side are 
presented in Figure 39, and passenger side at Figure 
40.  The FE correlations offer a fair base for the 
accident case simulation. 
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ABSTRACT 
 
As of today, active knee bolsters called knee airbags 
are available in some vehicles. However no 
assessment of the risk in Out-of-Position (OOP) 
conducted on Post Mortem Human Subject could be 
found in the literature. In total, 3 tests were 
performed in OOP on the Hybrid III 50th percentile 
dummy and 2 on two 50th percentile PMHS using a 
rigid subsystem based on the geometry of a 
commercially available mid-size European vehicle 
equipped with a knee airbag. The distance between 
the tibia and the airbag module ranged between 55 
and 67 mm on the Hybrid III and was equal to 53 
and 54 mm on the PMHS. The tests conducted on 
Hybrid III resulted in tibial drawer measurements in 
good agreement with the injury assessments since no 
injury was observed except bruises and abrasions 
(AIS 1). The results from the tests were compared to 
36 real world frontal accident cases reported in 
France where drivers sustained only AIS 1 injuries 
(abrasion, contusion and bruise) during knee airbag 
deployment. The conclusions of this study are 
limited by the size of the sample (only 2 PMHS). 
However, the consistency between the outcome of 
the dummy and PMHS tests and the information 
from real world accidents provides a good 
confidence in the very low risk of injury associated 
with the knee airbag tested in OOP. Furthermore, the 
use of the Hybrid III dummy and the knee injury 
criteria based on the tibial drawer was appropriate in 
the tests conducted. 

 
INTRODUCTION 
 
Information on the different kinds of knee 
solicitations in car accidents is provided in the 
literature. Prior to the implementation of knee 
bolsters in the vehicles, the knee used to impact rigid 
elements such as the dashboard or the steering 
column, resulting in patella and femoral condyles 
injuries [1] [2] [3] [4] [5] [6]. Today, the knee 
bolsters have softened the contact between the knees 
and the vehicle and the solicitations are more 

distributed. Therefore, frequency of patella and 
femoral condyles injury occurrence has decreased 
and consequently, hip and knee ligament injuries 
have become of higher relative importance [7] [8] 
[9] [2] [5] [10] [11] [12] [13]. The development of 
active knee bolsters (knee airbag) brought a new 
type of loading, with an unusual range of impact. 
The literature does not report the existence of any 
tests on PMHS with such devices. Moreover, 
dummies have not been validated for this kind of 
tests [14] [15].  

 
A study was performed on 36 real world frontal 
accident cases with knee airbags deployment reported 
in France between 2004 and 2008. The only injuries 
reported were abrasions, contusions and bruises 
(AIS1). 
 
 
MATERIAL AND METHODS 
 
As no assessment of the risk of knee airbag in Out-
of-Position (OOP) conducted on Post Mortem 
Human Subject (PMHS) could be found in the 
literature, PMHS and dummy tests were performed. 
The tests were performed in a rigid subsystem based 
on the geometry of a commercially available mid-size 
European vehicle equipped with a knee airbag. 

Specimen Preparation 
 

For the dummy tests, the Hybrid III 50th 
percentile male was used. It was instrumented with a 
femur load cell (Fz), a knee ball slider assembly with 
linear potentiometer (Dx), a biaxial knee clevis load 
cell (Fz), a biaxial upper tibia load cell (Mx, My) and 
a three-axis lower tibia load cell (Fy, Fz, Mx).  
 

The PMHS were obtained through the Body 
Donation to Science at the Saints Pères University of 
Medicine in Paris Vth after approval of the 
experimental procedure by the ethics committee of 
the university. The PMHS were tested for 
Cytomegalovirus (CMV), Human T cell 
Leukemia/lymphoma Virus (HTLV), Hepatitis C 
Virus (HCV), Hepatitis B Virus (HBV) and Human 
Immunodeficiency Virus (HIV), and a medical 
survey was documented. PMHS suspected of bone 
fragility (long bed stay, bone cancer, metastasis, etc.) 
were excluded. The PMHS were frozen and then 
thawed at ambient temperature during 48 hours 
before preparation. They were chosen to be as close 
as possible to a 50th percentile male. Their 
anthropometry, age and sex are reported in Table 1 
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Table 1 : PMHS Main Characteristics 
PMHS # 586 588 

Age 74 88 

Sex M M 

Total weight (kg) 77 69 

height (m) 1.76 1.67 

Thigh height (m) 0.46 0.46 

Lower leg height (m) 0.55 0.52 

 
A clinical examination of the knees was 

performed prior to and after the tests, to exclude the 
subjects presenting an abnormal laxity. In addition, 
prior to and after test, X-rays were taken while the 
thighs were fixed and a force was applied to the tibia 
by means of a weight of 4.5kg (Figure 1) in order to 
assess the range of anteroposterior tibial drawer 
laxity.   

The effect of the test on the knee laxity was 
evaluated through the comparison of the range of 
laxity prior to and after testings. Finally, a dissection 
of the knees was performed to check the articular 
capsule and the knee ligaments. 
 

 
 
Figure 1 : Assembly for the radiographic 
examination 

Test setups 
 

A rigid subsystem based on the geometry of a 
commercially available mid-size European vehicle 
equipped with a knee airbag was used (Figure 3). The 
surrogate was seated in a standard car seat with the 
foot laying on a footrest. As in the car, the seat 
position was adjustable in height and in the antero-
posterior direction. The angle of the backrest was 25° 
relative to the vertical plane. The knee airbag was 
fixed to a rigid plate placed in front of the knees and 
with an angle of 38° relative to the vertical plane.  A 
rigid profile of the steering column was fixed to the 

plate with an angle of 35° with regard to the plane of 
the plate.  

 
The coordinate system was defined as following: the 
YZ plane was the plane of the plate, the Z-axis 
corresponded to the lateral edge of the plate, the 
center was the left upper corner of the hole of the 
airbag. The X-axis was positive towards the subject, 
the Y-axis was positive towards the right and the Z-
axis was positive upward. 

Positioning procedure 
 
The dummy was installed in the worst but realistic 
case of Out of Position.  It was seated with the knees 
together, the feet on a rigid foot rest and the heels in 
contact with a fixed horizontal plan. The seat was 
initially adjusted in the lower vertical position and 
was then moved forward until the knees and the 
profile of the column were in contact. The left-right 
symmetry was verified. The femur and tibia angles 
and the distance between the plate and the tibias were 
used as guidelines for the PMHS positioning.  
 
The PMHS were seated in the car seat with the knees 
together, the feet on a rigid foot rests and the heels in 
contact with a fixed horizontal plan. The heels were 
spread of 240 mm. The seat was positioned to obtain 
the following target position (Figure 2): the knees in 
contact with the profile of the column, a distance (D) 
of 55 mm between the tibias and the center of the 
airbag (measurement taken perpendicularly to the 
plate), the femur tilted by 22° and the tibia by 57° 
with regard to the horizontal plane.  
 
A 3D measuring arm (Romer type 100) was used to 
digitize the targets and the bone landmarks during the 
specimen positioning 

 

 
 

Figure 2 : Leg position 
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Figure 3 : test setup 

Test matrix 
The test configurations are described in Table 2. Two 
reference tests (HIII-C1 and HIII-C2) were 
performed with the dummy in the realistic OOP. A 
dummy test (HIII-F) was also performed by 
increasing the distance D while keeping the knees in 
contact with the profile of the column. 
 
The PMHS were positioned to obtain the same 
position than for the dummy in the reference tests.  
 

Table 2 : test matrix 

Test # Subject  

D 
(plate
-tibia) 
(mm) 

Tibia 
angle 
(°) 

Femur 
angle 
(°) 

L 58 57 21 
HIII-C1 

HIII 
50th R 57 58 23 

L 55 58 23 
HIII-C2 

HIII 
50th R 55 57 22 

L 66 57 20 
HIII-F 

HIII 
50th R 68 57 23 

L 51 55 23 
PMHS-1 MS586 

R 54 56 26 
L 54 55 24 

PMHS-2 MS588 
R 54 54 28 

Instrumentation and data processing 
 
Instrumentation. Four load cells were mounted 
between the airbag plate and a rigid fixed frame, to 
measure the forces applied onto the legs. 

 
Filtering. The data were filtered CFC180. 
High speed video. The tests were recorded using 
three high-speed cameras at 2000 frames-per-second 
(fps). The views consisted of a global view (right 
side), a zoom view centered on the left leg and a ¾ 
general view (back-above). 
 
RESULTS 
 
Deployment phases 
 
The deployment of the airbag was composed by 
several phases, showing alternately falls and ascents 
of the plate forces. These phases are described below 
and illustrated by a sequence presented in Figure 4. 
Phase 1 (F ↑): After the firing, the airbag fabric and 
the cover were expulsed. 
Phase 2 (F ↓): the cover movement in X was stopped. 
Phase 3 (F ↑): the airbag deployed against the tibias. 
Phase 4 (F ↓): the airbag spread on sides. 
Phase 5 (F ↑): the deployment on sides was ended, 
the airbag pushed on the knees backwards. 
Phase 6 (F ↓): the upward unfolding and deployment 
of the bag. Vent holes opening. 
Phase 7 (F ↑): the airbag continued to unfold and 
pushed on the knees. 
Phase 8 (F ↓): the airbag passed over the knees and 
freely completed its upward deployment. 
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Figure 4 : Pictures of airbag deployment phases  

 
Plate forces 
 
As the plate was rigid and still, once the fabric was in 
contact with the lower leg, the plate reaction force 
can be assumed to be equal to the fabric/leg force. 
The forces are shown Figure 5. Eight phases of the 
deployment of the airbag are annotated in Figure 5. 

The maximum plate forces and the impulse are 
presented in Table 3. The dummy tests HIII-C1 and 
HIII-C2 were very similar in amplitude and in 
profile. The oscillations observed at the various 
phases of the unfolding were synchronous. The 
forces of the PMHS-1 and PMHS-2 tests were also 
comparable in amplitude and in profile. The curve 

6- opening of the vent holes 8- airbag over the knees 

3- unfolding against the tibias  2- free deployment 1- cover reaction 

5- knee contact 4- lateral deployment  

7- unfolding continuation and 
knee contact 
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profiles were also comparable between the dummy 
and the PMHS, with synchronous oscillations, but 
more marked for the PMHS tests. The maximum 
forces showed no significant difference between the 
PMHS and the dummy tests. The forces decreased 
more rapidly for the PMHS than for the dummy, so 
the total impulse was 30% lower for the PMHS, 
while at 22 ms, the impulses had the same order of 
magnitude. 
 

Table 3 : Plate reaction 
 Maximum plate 

force (X-axis) 
(kN) 

Total plate 
impulse 

(N.s) 

Impulse 
at 22ms 
(N.s) 

HIII-C1 7.7 218 80 
HIII-C2 8.4 240 85 
HIII-F 7.0 219 67 

PMHS-1 8.0 137 74 
PMHS-2 7.6 168 69 
 

 
Figure 5 : Plate reaction forces 

 
Injury assessments 
 
The lower limbs of the subject MS586 and MS588 
showed no bone or ligament injury. The ranges of 
knee laxity were not increased by the tests for none 
of the two specimens. Abrasions were found at the 
level of the third superior of the tibia or of the joint 
on each of the knees. (AIS1). The subject MS586 
presented a bruise of the semi-membranous muscles 
at the lower level of the right and left femurs (AIS1). 
Abrasions and bruises were also observed in the real 
world accident cases. 
 
Knee injury criterion 
 
According to the bibliography, with the 
implementation of the knee bolsters in the vehicles, 
the injuries of the hip and the ligaments of the knee 
became dominant. It can reasonably be assumed that 
in OOP, the intrinsic aggressivity of the active 

systems concerns first the injuries of the ligaments of 
the knee. The dummy criterion associated with the 
knee injury is the tibial drawer. This translation was 
measured during the tests on the Hybrid III (Figure 
6). The maximum values are presented in  
Table 4 and ranged between 6.3 mm and 11 mm, 
while it was less than 5mm in the reference car. The 
threshold of the tibial drawer is 15 mm in the 
European regulation [16] and 6 mm for the 
EuroNCap. The translation is lower for the HIII-F 
test than for the two others where the dummy was 
positioned closer to the plate. The translation was 
systematically greater for the left than for the right 
knee. The femur forces are presented Figure 7. 

 

 
Figure 6 : Tibial drawers 

 
Table 4 : Dummy tests results 

HIII-C1 HIII-C2 HIII-F 
  L R L R L R 

3.9 2.6 4.3 4.1 3.8 3.2 Max. plate force 
(kN) 7.7 8.4 7.0 
Max. tibial 
drawer (mm) 

10.1 8.3 11 10 8.8 6.3 

Max. femur 
force (kN) 

2.6 2.5 2.8 2.7 2.4 2.2 

 

 
Figure 7 : Femur forces 
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Bibliographic comparison 
 
Several studies on PMHS were performed to estimate 
tibial drawer injury threshold. Viano et al. [7], 
Balasubramanian et al.[12] and Meyer et al.[11] 
reported that the posterior crossed ligament (PCL) is 
damaged for an average translation of 16 mm of the 
tibia relative to the femur. This tibial drawer ranged 
between 9.5 mm and 30 mm depending on the 
specimen (Table 5). An injury risk curve for the 
posterior crossed ligament was calculated as a 
function of the tibial drawer using the data provided 
in the literature (Figure 8). Since the tibial drawer 
value is available at the injury occurrence, the 
survival method was used. Meyer et al. [11] 
performed tests with and without axial tibia loading. 
Balasubramanian et al. [12] performed tests on 
specimen with knees either intact or with the PCL 
only. As there is no statically significant difference of 
the tibia sliding in cases of PCL trauma between the 
different series of tests for each study, all the data 
were included to calculate the injury risk curve. 
 

Table 5 : Tibial drawer for PCL injury – 
bibliographic data 

Reference 

PCL injury 
translation 

(mm) 
9.5 
10.7 
18 

Viano [7] 
  
  
  30 

19.9 
14.5 
17.9 
20.9 
16.1 
9.5 
10 

Meyer [11] 
  
  
  
  
  
  
  13.1 

16.3 
15.9 
21.5 
19.7 
15.3 

Balasubramanian 
[12] 
  
  
  
  
  14.5 

 
Balasubramanian et al. [12] compared the behavior of 
the Hybrid III 50th percentile and the PMHS. They 
found that apart from an initial higher stiffness, the 
overall response of the ball bearing knee slider of the 
Hybrid III dummy lay within the corridors for the 
PCL rupture. 

 
Assuming the HIII dummy to be biofidelic, the tibia 
sliding of the HIII-C1 and HIII-C2 tests was 
associated to the PMHS, as the tests were performed 
in the same conditions and have shown plate forces 
similar in amplitude. The tibia sliding of the subjects 
was thus estimated to be equal to 10 mm. According 
to the injury risk curve, the risk associated with 
10mm of tibia sliding is 11 %.  It has to be noticed 
that the injury risk is overestimated compared to the 
reference car, as the subsystem was rigid, and then 
the force applied to the femur was higher than in real 
car tests. 
 

 
Figure 8 : Injury risk as a function of the tibial 

drawer 
 
 
CONCLUSION 
 
The objective of this study was to estimate the 
intrinsic aggressivity of the knee airbag in OOP. 
Based on the literature review, it was assumed that 
the risk due to the system in OOP concerns 
essentially the knee ligaments. 
 
Three tests on HIII 50th percentile were performed in 
an Out-of-Position configuration using a rigid 
subsystem based on the geometry of a commercially 
available mid-size European vehicle equipped with a 
knee airbag. Two cadaver tests were performed in the 
same conditions. A 10mm translation was estimated 
for these tests. No bone or ligament injury was 
observed. This is in agreement with the literature 
tests, from which an injury risk curve was calculated. 
According to the injury risk curve, the risk associated 
with a 10mm translation is 11 %. Furthermore, this 
injury risk overestimated the real car performance 
since the subsystem was rigid, and then the force 
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applied to the femur was higher than in real car. 
Abrasions and bruises were observed on the 
cadavers. They were in agreement with the real world 
accident reports. 
 
The conclusions of this study are limited by the size 
of the sample. However, the consistency between the 
outcome of the dummy and PMHS tests and the 
information from real world accidents provides a 
good confidence in the very low risk of injury 
associated with the knee airbag tested in OOP. 
Furthermore, the use of the Hybrid III dummy and 
the knee injury criteria based on the tibial drawer was 
appropriate in the tests conducted. 
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ABSTRACT 
 
Validation data for assessing dummy child biofidelity 
are limited, especially with regard to whole-body 
kinematics.  Therefore, the goal of this study was to 
assess the kinematic biofidelity of current child 
dummies relative to results obtained from analysis of 
a child cadaver sled test.  The baseline data were 
obtained from a previously unpublished test 
performed with a 13-year old pediatric cadaver 
restrained by a three-point belt.  The cadaver test 
conditions were reconstructed using two dummies 
with anthropometry closest to that of the cadaver, the 
HIII 10-year old and HIII 5th female dummies.  Due 
to anthropometric and age-equivalent differences 
between the dummies and the child cadaver, 
geometric scaling was performed on the signals based 
on the seated height and material properties.    
Kinematic evaluations of head, hip, and knee 
trajectories were obtained from film analysis.   
Accelerations of the head, shoulder and lap belt loads 
were measured and compared among the dummy and 
child cadaver data. While this study shows that the 
HIII 10-year old, scaled HIII 5th female and scaled 
pediatric cadaver reasonably agree for the shoulder 
belt force, the resultant head acceleration, and the 
maximum head excursion, differences in kinematics 
were identified between the dummies and the 
cadaver.  Some of these differences in dummy 
kinematics were attributed to nonbiofidelic motion of 
the rigid thoracic spine with extensive bending at the 
cervical and thoracic spine junction.  In addition to 
new cadaver data, the study provides insight into the 
applicability of geometric scaling for dummy 
evaluation and suggestions for improved dummy 
biofidelity. 
 

INTRODUCTION 
 
The design and evaluation of current child restraint 
systems relies heavily on the biofidelity of current 
anthropometric test devices. Given the paucity of 
biomechanical data available for both development 
and validation of child dummies, child response 
targets have largely been achieved through geometric 
and material property scaling of adult responses.  
Dimensional scaling, however, involves a number of 
assumptions in terms of geometric similarity and 
loading of homologous structures that may not be 
justified with the differences in regional dimensions 
and mass distributions between children and adults 
(e.g., the child head comprises a disproportionate 
share of the overall body mass relative to the adult 
head).  Furthermore, the scaling of response for 
material property from adults to children are usually 
limited to one tissue type (e.g., bone) within a body 
region whereas the actual response typically involves 
the composite response effects of a large number of 
soft and hard tissue types.  Therefore, it is essential 
that dummies are evaluated under whole body 
loading conditions similar to the test environment in 
which they will be used to design restraint systems. 
While reconstructions of crashes involving children 
provides valuable injury data (c.f., Ash et al., 2009), 
the lack of information regarding initial occupant, 
restraint, and vehicle conditions introduces large 
uncertainties into reproducing these events in the 
laboratory for the purpose of dummy validation.  For 
the validation of occupant kinematics, pediatric 
cadaver tests arguably provide the best condition for 
evaluation of dummy seat belt and booster seat 
restraint of children (Kallieris, 1976) despite some 
differences in muscular effects between dummies and 
cadavers.  In the study presented here, data from a 
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sled test using a 13-year old cadaver was analyzed 
and compared to a series of tests conducted with 
dummies under identical test conditions to those of 
the pediatric cadaver.  The two anthropomorphic test 
devices (ATD) that were closest in size to the 
pediatric cadaver were used including the Hybrid III 
(HIII) 10-year old and Hybrid III 5th percentile adult 
female (AF5)  (~size of 12 year old).  The tests and 
analysis in this paper compare the pediatric cadaver 
kinematic and kinetic data to the data obtained using 
the dummies.   
 
METHODS 
 
Pediatric cadaver 

 
The pediatric cadaver data was taken from an 
unpublished test performed at the University of 
Heidelberg in 1976.  Though the test analyzed in this 
study comes from an unpublished test, information 
about the general test setup can be found in Kallieris 
(1976).  While the Kallieris (1976) study uses 
pediatric cadavers and child restraint systems which 
differ from this study, information regarding general 
testing methodology and cadaver preparation from 
the original study may provide additional information 
useful to the reader. 
A 13-year old cadaver was positioned in a mid-
1970’s Volkswagen Golf Type 1 seat and restrained 
by a high elongation (17%) three-point belt.  The 
impact velocity of the sled was 41 km/h and the pulse 
was trapezoidal with a median sled deceleration of 21 
g.   Black and white photos were taken before and 
after the test and high speed cameras acquired lateral 
and frontal views with frame rates of 1000 frames/s 
and 500 frames/s, respectively.  Photo targets were 
placed on the head, shoulder, and pelvis of the 
cadaver (Figure 1).  
 

 
 
Figure 1.  Seated position of the pediatric cadaver 
and placement of photo targets.  

Their trajectories were subsequently analyzed using a 
commercial software package (Phantom Camera 
Control, Version 8.1.607 XP).  The cadavers were 
instrumented with X and Z axis accelerometers fixed 
to the side of the head at the lateral projection of the 
head center of gravity (CG).  In order to conform to 
the SAE J211 standard coordinate system (SAE, 
2003), the Z axis component from the original data 
collection (Figure 2) was inverted to ensure it was 
positive in a downward direction.   
 

 
 
Figure 2.  Mounting diagram of accelerometers in 
the pediatric cadaver test (from Kallieris, 1976). 
 
In addition to the head and buck accelerations, forces 
were measured in the shoulder and lap belts.   
 
Anthropometric test dummies 
 
Subsequent to the pediatric cadaver test, tests with 
anthropometric dummies were designed to duplicate 
the experimental conditions of the cadaver using the 
UVA sled system (Via Systems Model 713).  The test 
fixture, or “buck,” consisted of the front passenger 
bucket seat of a 1975 Volkswagen Golf with matched 
anchorage locations for the seatbelts.  The seat-
adjustment mechanism was removed to make it more 
durable for repeated testing, and both the seat pan 
and seat back were rigidly fixed to the buck.  The 
three-point belt was a custom-made, approximate 
replica of the original belt with 18% elongation 
webbing (Figure 3). 
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Figure 3.  Hybrid III 10-year old dummy in 
rigidly fixed seat with replica seat belt.  
 
The tests designed to duplicate the test conditions of 
the pediatric cadaver were three repeated tests with 
the HIII 10-year old tests and two repeated tests of 
the AF5.  The dummies were calibrated prior to the 
testing, and all joints were adjusted to the relevant 
specification (1 g).   The dummy was instrumented 
with accelerometers and angular rate sensors in the 
head (CG), accelerometers in the chest (CG) and 
pelvis, load cells in the upper and lower neck, femur, 
left and right ASIS, and clavicle.  In addition, the 
dummies were modified to allow for attachment of 
instrumentation cubes containing accelerometers and 
angular rate sensors on the upper thoracic spine.   
Though the X, Y and Z components of the head CG 
acceleration were measured, only the X and Z were 
used in the calculation of the resultant acceleration 
since these were the only two channels collected for 
the pediatric cadaver. 
Before placing the dummy in the seat, photo targets 
were attached to the dummy at the head CG, hip, 
knee, ankle, shoulder, and points along the thigh. 
Other photo targets were placed at measured 
distances on the test fixture in order to provide spatial 
resolution in various planes for the video analysis.  
The dummy was positioned in the Volkswagen seat 
according to the procedure developed by Reed 
(2006).  This procedure made modifications to the 
specifications of FMVSS 213 in order to more 
accurately model real world child seated posture.  
After the dummy was centered, a force of 178 N was 
first applied to the pelvis and then to the thorax of the 
dummy to ensure it was properly seated. At this 
point, minor adjustments were made to ensure the 
dummy’s position matched that of the cadaveric test 
using the pre-test photos of the pediatric cadaver .  
With the dummy firmly positioned in the seat, the 
three point belt was positioned and buckled.  Belt 
tension load cells (Interface Model DK113523) were 

attached to the outboard lap and shoulder portions of 
the belt.   
The tests were recorded using three high-speed (1000 
frames/s) digital video imagers (Kodak RO) that were 
positioned to provide a perpendicular view from the 
driver’s side of the sled track, an oblique view from 
the front/passenger side, and an overhead view.  
Photo target trajectories were tracked using video 
analysis software (Phantom Camera Control, Version 
8.1.607 XP).  To ensure test to test repeatability, a 
three dimensional positioning device (Faro arm) was 
used to confirm the initial condition of each dummy 
prior to launching the sled.    In addition, photos were 
taken to record the pre-crash and post-crash position 
and the orientation of the dummies.  
 
Geometric scaling 

 
In order to compare the kinematics among the 
surrogates, the accelerations and loads of the 
dummies and the pediatric cadaver were scaled. The 
scaling methods take into account variations in 
subject anthropometry in order to calculate 
equivalent values between the two subjects and are 
based on dimensional analysis (Irwin, 1997 and 
Irwin, 2002).  The nondimensional ratio used in the 
scaling analysis is the length scaling ratio (Equation 
1),   
 

   
2

1

L
L

L =λ   (1)  

 
where λL is the scaling factor, L1 is the seated height 
of the reference subject (i.e.,the subject that will not 
be scaled) and L2 is the seated height of subject to be 
scaled.  The seated height was used in the length 
scaling factor since this information was directly 
measured for both the cadaver and the dummies.  In 
addition to the length scaling factor the other 
fundamental nondimensional ratio used was the 
modulus of elasticity ratio λE.  In order to scale the 
forces, accelerations and event times the following 
scale factors were used (Equations 2-4),  
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In the above equations, λA is the acceleration scaling 
factor (Equation 2), λF is the force scaling factor 
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(Equation 3) and  λT is the time scaling factor 
(Equation 4) from Irwin (1997).  The force scaling 
factor was based on the ratio of the stiffness of the 
subjects’ chests, λK.  This chest stiffness ratio takes 
into account the difference in stiffness of the 
subjects’ ribs along with the contribution that the 
viscera and flesh have on the overall stiffness of the 
chest.  The development of the chest stiffness ratio 
can be found in Appendix A.  
The heights, elastic moduli, and masses used in this 
scaling approach along with the scale factors can be 
found in Table 1.  The value of the Elastic Modulus 
for the HIII 10-year old was found in Irwin (2002) 
and the value of the elastic modulus for the 13-year 
old pediatric cadaver was estimated from 
interpolating between data points provided by Irwin 
(1997).  Once the modulus scale factor was 
determined, it was used to determining the stiffness 
scale factor.  The stiffness scale factor was then used 
in the force scaling factor development.    
Once the values of the accelerations and forces were 
scaled the maxima, and minima in the case of the 
head CG X component, were found and compared. 
Since three repeat tests were performed with the 
Hybrid III 10-year old dummy, the average and 
standard deviations of responses were calculated.   
 

Table 1. 
Scale factors (compared to HIII 10-year old) and 

surrogate measurements 
 

 
 

HIII 
10yo 

HIII 
AF5 

Pediatric 
Cadaver 

Seated Height, 
[m] 0.72 0.79 0.81 

Elastic Modulus, 
[GPa] 8.45 9.9 9.0 

Mass, [kg] 35.0 49.1 50.0 
λL 1 0.91 0.89 
λE 1 0.85 0.94 
λA 1 1.10 1.13 
λK 1 0.85 0.89 
λF 1 0.77 0.79 
λT 1 0.99 0.92 

 
For the pediatric cadaver and Hybrid III 5th female 
dummy, there were an insufficient number of tests 
(i.e., statistical degrees-of-freedom) to calculate 
standard deviations.  Since direct comparison of point 
estimates (i.e., average response values at any time t) 
would not have accounted for test variability inherent 
even in controlled laboratory dummy tests, a 
methodology of generating estimates of confidence 

intervals was created.   In order to compare dummy 
and cadaver responses, a normal distribution was 
assumed around the mean response.  The upper and 
lower bounds of the 95% confidence interval were 
estimated using,   
 

    
µ
µ

)*1(
)*1(

zCOVLB
zCOVUB

+=
+=   (5). 

 
In Equation 5, UB and LB are the upper bound and 
lower bound, respectively, COV is the coefficient of 
variation, z is the number of standard deviations to 
achieve the desired confidence interval, and µ is the 
mean of the quantity for which the boundaries are 
found.  The COV that was used for the dummies was 
10% because this was stated as the upper limit of 
acceptable values in the automotive safety field by 
Shaw (1994).  Though 10% is considered the upper 
limit, a COV of 5% is considered good repeatability 
(Foster, 1977).     
The length scaling factor was applied to the 
kinematic trajectories obtained from the video 
analysis.  The lap and shoulder belt loads as well as 
the head center of gravity accelerations were scaled 
by the force and acceleration scaling factors, 
respectively.  In order to scale the whole body 
kinematics of the various test subjects, a common 
reference origin was created to account for 
differences in local origins among the dummies of 
different sizes (Figure 4).   
 

 
 
Figure 4.  Location of common reference origin 
where the black cross represents the H-point of 
the dummy and the origin of the reference 
coordinate system is shown directly below H-
point.  (Adapted from NHTSA 2000) 
 
The common point that was chosen for comparing 
these tests was the point directly below the H-point in 
the vertical direction to where the subject meets the 
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seat.  This was done so that all trajectories would 
have a common reference point as the origin.  For the 
dummies the H-point information was found from the 
technical specification drawings and the reference 
manuals for each dummy (HIII 10-year old: NHTSA 
2005, AF5: NHTSA 2000).  In order to determine an 
appropriate value of the vertical distance from the H-
point in the pediatric cadaver, scaling was used.  
Since no measured value for this distance was 
included in the anthropometry, the known value of 
the vertical distance was taken for the HIII 6-year old 
and scaled, using the length scaling factor, to the 
approximate distance for the cadaver.   
 
Video Analysis 
 
To assess the kinematics of each surrogate, the points 
of interest from the videos were the head CG, the 
shoulder, the H-point, and the knee joint.  
Subsequently, the pixel trajectory values were 
converted to a quantitative measurement using the 
spatial resolution of the imager in the plane of the 
surrogate.  Once the conversion into spatial 
dimensions was completed, the trajectories of the 
points of interest were filtered using the convention 
specified in ISO/DIS 13232-4 (ISO, 2004).  This 
filter employs a four pass moving average designed 
to smooth the data.   
The points of interest were tracked from the dummy 
tests using the photo targets that had been placed on 
the dummy at desired locations prior to testing.  It 
was considerably more difficult to determine the 
location of these points in the cadaver test because 
the desired location was either not available for direct 
measurement (i.e., a photo target had not been placed 
at the location of interest) or the photo targets were 
placed on clothing that moved during the impact 
event.  Therefore, several hybrid techniques were 
developed to account for either the lack of targets at a 
location or local movement of a target.   
In the case of the head CG, the knee and the H-point, 
approximations of the point of interest had to be 
inferred.  In order to account for out-of-plane 
rotations of the head that resulted in perceived 
movement of the head CG target on a planar 
projection, the location of the head CG points was 
determined by the head outline at the following 
locations: the highest point, the most leftward, the 
most rightward, and the lowest point.  This method 
for approximating the location of the head CG by 
tracking the location of the centroid of the projected 
head area is shown in Figure 5.   

 
 
Figure 5.   Approximation of the head CG of the 
pediatric cadaver by tracking the centroid of the 
head. 
 
The head CG points (Equation 6) could then be 
approximated as 
 

2
,

2
bottomtop

CG
rightleft

CG

ZZ
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XX
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+
=

+
=  (6).

    
 
In order to find an approximate location for the knee 
joint, points were taken where the leg meets the thigh 
anterior and posterior to the actual location of the 
knee center of rotation (i.e., the knee center).  The 
location of these points and their practical placement 
can be seen in Figure 6.   
 

 
 
Figure 6.  Determination of the location of the 
knee joint in the pediatric cadaver video analysis. 
 
Once the location of these two points was 
determined, labeled 1 and 2 in Figure 6, the 
approximate location of the knee joint (Equation 7) 
was 
 

         2
,

2
2121 ZZZXXX kneeknee

+
=

+
=

   
  (7).

  
 
Once the location of the knee joint was determined, 
the approximate location of the H-point was 
calculated using the knee joint and femur length.  
This approach was taken because the location of the 
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hip marker was observed to move during the test as 
the cadaver’s clothing moved.  As shown in Figure 7, 
points are taken along the top of the thigh between 
the knee and hip.  
 

 
 
Figure 7.  Method used for finding the 
approximate location of the H-point of the 
pediatric cadaver. 
 
Using points 1, 2, 3, and 4 from Figure 7, which are 
four points along the top of the thigh, a least squares 
slope was found through those points.  Since the 
femur could not be measured directly, it was assumed 
that the least squares slope was the same as the slope 
of the line connecting the knee and the hip.  
Validation of this technique was performed by 
overlaying the approximate hip points on the video of 
the test.  It was observed that the approximate hip 
points predicted the location of the hip more 
accurately than the photo target, which moved 
considerably during interaction of the clothes with 
the seat and belt.  The length of the femur was not 
listed in the cadaveric anthropometric data so its 
length was estimated (Snyde, 1977).  By matching 
the known measurements of body weight, body 
length, and seated height with average measurements 
in the database, an age range based on the cadaver’s 
anthropometry was determined based on those 
measurements rather than the subject age.  With the 
assumed femur length and thigh angle, the 
approximate location of the H-point was determined 
based on the previously calculated knee joint 
location. 
 
RESULTS 
 
Scaling accelerations and forces 
 
Before using scaling (Equations 2, 3, and 4) was used 
to qualify the performance of the dummies relative to 
the cadaver, the applicability of scaling techniques 
for this particular sled environment was evaluated.   
We determined the extent of the violations of the 
assumptions related to geometric similarity (i.e., the 
assumption that the dummies responses are scaled 
versions of each other) and homologous loading 
points (i.e., the assumption that if the belt loads a 
particular point in one sized dummy it loads the same 

point in another) by assessing the effectiveness of 
scaling the dummy responses to each other.   Since 
the dummies were developed with the same 
dimensional analysis scaling procedures utilized in 
our analysis (Mertz, 2001), we reasoned that a 
dummy’s response should be scalable to that of 
another dummy if the assumptions of geometric 
similarity and homologous loading are not drastically 
violated.  In order to test this assumption, the 
responses of the HIII 10-year old were compared to 
the scaled responses of the Hybrid III 5th female.  It 
was observed that the scaled acceleration and seat 
belt forces produced comparable results (see 
Appendix C).   
After determining that the scaling method was 
capable of providing comparable results between the 
two dummies, the seat belt load and head CG 
acceleration were scaled (Figure 8 and Figure 9 ).  
Additional graphs of the scaled lap belt load and X 
and Z components of the head CG acceleration are 
included in Appendix B. 
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Figure 8.  Scaled values of the AF5 and pediatric 
cadaver graphed with the values of the HIII 10-
year old for the shoulder belt. 
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Figure 9.  Scaled values of the AF5 and pediatric 
cadaver graphed with the values of the HIII 10-
year old for resultant head CG acceleration. 

 Ash 6  



Table 2. 
 HIII 10-year old, Scaled AF5, and Scaled pediatric cadaver values 

 
  HIII 10-year old Scaled AF5 
      

Scaled Pediatric 
Cadaver 

  Average 
St. 

Dev. COV 
Upper 
bound 

Lower 
bound Average 

Upper 
bound 

Lower 
bound Value 

Lap 3999 325 0.081 4782 3215 4119 4926 3312 2886 Belt Forces, 
[N] Shoulder 4545 64 0.014 5436 3654 3976 4756 3197 4119 

X -1085 267 -0.246 -1298 -872 -715 -855 -575 -352 
Z 551 81 0.147 659 443 542 649 436 663 

Head CG, 
[m/s2] 

Resultant 1086 266 0.245 1299 873 739 884 594 720 
X -189 3 -0.018 -226 -152 -235 -281 -189 -352 
Z 404 29 0.070 484 325 542 649 436 296 

Pre-strike 
Head CG, 

[m/s2] Resultant 427 39 0.092 511 343 569 681 457 456 
X -459 12 -0.026 -549 -369 -553 -661 -445  
Y 71 41 0.574 85 57 53 64 43  
Z -401 134 -0.333 -480 -323 -127 -152 -102  

Chest CG, 
[m/s2] 

Resultant 501 72 0.144 599 403 573 685 461  
 
In Figure 8 and Figure 9 it is seen that the general 
trend of the data along with the peak value are similar 
between the scaled values of the AF5, scaled 
pediatric cadaver, and the HIII 10-year old.    
The upper and lower bounds found in Table 2 were 
calculated using Equation 5 with the average values 
and 95% confidence intervals (z = 1.96).  To find the 
upper and lower bounds for the scaled AF5, a 
coefficient of variation of 10% was assumed since 
the sample size was insufficient (n = 2) to determine 
a standard deviation.    
 
Kinematic scaling 
 
In order to validate the technique of length scaling for 
kinematic factors, the trajectories of the HIII 10-year 
old and the Hybrid III 5th were compared.  It was 
found that scaling between the dummies provided 
good agreement of the kinematic trajectories (see 
Appendix B for more detail).  Scaling the pediatric 
cadaver trajectories to the HIII 10 and AF5 dummy 
sizes (Figure 10 and Figure 11) resulted in similar 
maximum head excursion values (Table 3.) and H- 
point trajectories.   
 

 
 
 
 
 
 
 
 
 

Table 3. 
 Percent Difference between dummies and 

pediatric cadaver in head excursion 
 

 Cadaver Scaled to: 
 HIII 10-year old AF5 

Cadaver, [cm] 16.5 24.6 
Dummy, [cm] 15.8 22 
% Difference 4.4% 11.8% 
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Figure 10.  HIII 10-year old and scaled pediatric 
cadaver kinematic trajectories 
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Figure 11.  AF5 and scaled pediatric cadaver 
kinematic trajectories. 
 
The head excursion values in Table 3 are the 
maximum distance that the head CG traveled past the 
origin in the +X direction.  The percent difference 
calculation is based on this distance relative to the 
excursion of the pediatric cadaver.  The differences in 
the knee joint trajectories for the cadavers (Figure 10) 
occurred because the HIII 10-year old foot not 
contact the floor of the buck.    The differences in the 
shoulder trajectories in Figure 10 and Figure 11 were 
due to the rigid spine and shoulder assembly that are 
part of the HIII dummies.  As the cadaver engaged 
the seat belt, the shoulder and upper body bent over 
the shoulder belt, causing a larger travel distance of 
the shoulder.   
 
Differences in Kinematics 
 
Though the head excursions of the dummies and the 
scaled cadaver produced similar results, the 
mechanism in which these excursions were achieved 
was quite different.  In order to determine the way in 
which the dummies and the pediatric cadaver reached 
their points of maximum excursion, points were 
digitized along the approximate location of the spine 
and head using the video analysis software.  These 
points along the spine to the base of the skull, to the 
most posterior point of the skull or and ending with 
the most superior point of the skull will be referred to 
as the spinal contour.  The spinal contours were taken 
in 10 ms intervals back from the time of maximum 
excursion, labeled t = 0 ms, for 70 ms and included 

one contour after the time of maximum excursion for 
both the pediatric cadaver (Figure 12) and HIII 
dummy (Figure 13). 
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Figure 12.  Spinal contours of the pediatric 
cadaver with approximate T1 location shown 
during motion 
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Figure 13: Spinal contours of HIII dummy with 
approximate T1 location shown during motion 
 
The equivalent location of the T1 vertebra was 
tracked along with other points along the spine and 
head to form the spinal contour for the HIII dummy 
(Figure 12 and Figure 13).  It was observed that the 
T1 location travels further in the test with the 
pediatric cadaver, which is to be expected given the 
rigid nature of the HIII spine.  In order to compare 
the relative horizontal displacement of T1 between 
the surrogates the displacement relative to the initial 
position of the approximate location of T1 was found 
when the most distal point of the spine is held fixed.  
The T1 displacement of the cadaver is much larger 
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than that of the HIII dummy, as seen in Figure 12 and 
Figure 13, caused by noticeable bending of the 
thoracic region of the pediatric cadaver’s spine.  This 
result is consistent with observations made by 
Sherwood (2002), where it was found that the non-
biofidelic thoracic spine of the HIII 6-year old 
produced unrealistically high flexion moments in the 
dummy’s lower neck.  Additionally shown by 
Sherwood (2002) in crash simulations was that 
additional thoracic spine flexibility decreases all 
forces and moments in the neck and improves the 
dummy’s kinematics relative to the cadaver’s.   
  
LIMITATIONS 
 
A limitation of this study is that there is only one 
pediatric cadaver was used in the analysis.  The 
approximations used in determining the head CG 
location, knee joint and H point location all provide 
reasonable estimations, but are still approximate 
methods for determining the desired location.  It is 
also possible that the seat that was used for the test 
was worn and that this affected the response of the 
dummy.   Additionally, scaling procedures will 
introduce some error into the study due to violations 
of geometric similarity.  The process of video 
analysis used in this study is a potential source of 
error.   
 
CONCLUSION 
 
This study found that scaling techniques provided 
reasonable results when scaling between the 
dummies.  When comparing between the dummy and 
the pediatric cadaver, the scaling techniques 
reasonably predicted the shoulder belt force, head CG 
resultant acceleration and occupant head kinematics.  
Though the scaling techniques for the occupant 
kinematics produced comparable results between the 
cadaver and the HIII 10-year old and AF5, this does 
not necessarily indicate that the cadaver could be 
scaled to the any size child dummy.  Violations in 
geometric similarity (i.e. different loading locations 
of the belt on the dummies of different size and 
seating position between subjects) would likely have 
a large influence on the scaling results.  This study 
showed that the rigid spine of the dummy greatly 
influences the biofidelity of head CG and torso 
kinematics.   As shown in the Sherwood (2002) and 
this study in the lack of non-biofidelic head 
movement, increasing the flexibility of the spine of 
the dummies would produce more accurate dummy 
head CG kinematics.  With the information gained in 
this study, additional data into the kinematics and 
kinetics of children are obtained, that, in turn, may be 
used in the further development of child dummies.  

Areas where the dummy responses are shown to be 
non-biofidelic, the rigid thoracic spine for example, 
can be improved.    
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APPENDIX A 
 
 Stiffness Scaling Development 
 
This Appendix provides a discussion and shows the 
development of the chest stiffness scaling that is used 
in scaling the shoulder and lap belt forces.  Since 
scaling the forces by the modulus scaling factor alone 
would seem to neglect the effect of the flesh and the 
viscera on the magnitude of the scaled belt forces, an 
alternative way was developed.  
Dimensional analysis scaling techniques state that 
forces are scaled by modulus and length as shown in 
Equation A1  
 

    (A1).  2
LEF λλλ =

 
Since it is also known that stiffness would scale by 
modulus and length (Equation A2) as,  
 
  LKF λλλ =   (A2). 
 
It is shown that force can also be scaled (Equation 
A3) as  
 
 LKLLEF λλλλλλ == )(  (A3) 
 
The reason that the chest stiffness cannot be scaled 
simply by the modulus and length, as was shown 
above, is that there are differences in the child and 
adult thorax.  These differences are not accounted by 
scaling only by the elastic modulus of the ribs and 
therefore another approach was taken.  Using 
normalized stiffness information from Kent et al. 
(2005), the development of the chest stiffness scaling 
was possible.  The intact thorax had a value of 1, the 
denuded thorax had a value of 0.87 and the 
eviscerated thorax had a value of 0.69.   
The model of the thorax was assumed to be three 
springs in parallel.  This assumption is made because 
it is observed that as additional elements are added to 
the eviscerated case, i.e. the flesh and viscera, the 
stiffness increases.  Since the normalized total 
stiffness, kT, is known to be 1 and the stiffness of the 
ribs, kR, is known to be 0.69,  the stiffness of the 
viscera, kV, and flesh, kF, are also known from the 
following relations:  
 

  
 
and, 
 

   
 
and,  
 

   
 
The relative contributions of the flesh, the viscera and 
the ribs are known to be:  
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A stiffness ratio can be found between the child and 
the adult, represented as 1 and 2, respectively,  
 

  
 
It was assumed that the stiffness of the flesh and the 
viscera is constant between the adult and the child 
and that the ribs themselves are geometrically similar 
their stiffness values can be scaled as done in 
Equation A2.  
The stiffness ratio is then known to be 
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Since the stiffness ratio is known the force scaling 
ratio is also known (Equation A4)  
 
      ( ) LLELKF λλλλλλ 69.031.0 +==      (A4).  
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APPENDIX B 
 
Comparison of HIII 5th Female to HIII 10-year old 
dummies 
 
In the comparison of the belt forces and head CG 
accelerations between the HIII 10-year old and the 
scaled Hybrid III 5th female (Figure B1 - Figure B5 , 
the general trends as well as the approximate 
magnitudes of the data peaks are similar.  Since data 
obtained from the HIII 10-year old and the scaled 
AF5 appeared to be an approximately equivalent, the 
scaling method will be used to scale between the 
dummies and the pediatric cadaver.   
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Figure B1.  Lap belt load of the scaled AF5 
Dummy and HIII 10-year old.   
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Figure B2.  Shoulder belt load of the scaled AF5 
Dummy and HIII 10-year old.   
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Figure B3.  Head CG acceleration (X component) 
of the scaled AF5 Dummy and HIII 10-year old.   
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Figure B4.  Head CG acceleration (Z component) 
of the scaled AF5 Dummy and HIII 10-year old.   
 

0

100

200

300

400

500

600

700

800

900

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Time, [s]

A
cc

el
er

at
io

n,
 [m

/s
2 ]

HIII 10-year old
Scaled Dummy AF5

 
 
Figure B5.  Head CG acceleration (resultant) of 
the scaled AF5 Dummy and HIII 10-year old.   
 
Kinematic Scaling 
 
The kinematic trajectories scaled between the HIII 
10-year old and the AF5 shown in Figure B6 show 
that the trajectories can be scaled between the 
dummies and that the excursion of the head, which is 
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particularly important when analyzing child dummy 
kinematics, differed by less than 3 cm. 
 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-0.3 -0.1 0.1 0.3 0.5
X axis (m)

Z 
ax

is
 (m

)

HIII 10yo Head CG
HIII 10yo Shoulder
HIII 10yo H Point
HIII 10yo Knee Joint
AF5 Head CG
AF5 Shoulder
AF5 H Point
AF5 Knee Joint

T=0

T=0

T=0

T=0

 
 
Figure B6.  HIII 10-year old and AF5 kinematic 
trajectories 
 
All other points showed similar kinematics between 
the dummies with the exception of the knee joint.  
The reasons for the differences in the knee joint 
trajectories between the dummies were due to 
violations in geometric similarity, more specifically 
the violation of homologous points.  These violations 
were seen in the seating positions of the two 
dummies (Figure B7). 
 

 
 
Figure B7.  HIII 10-year old seated position. 
 

 
 
Figure B8.  AF5 dummy seated position. 
 
Since the foot of the Hybrid III 5th resides on the 
footrest of the buck, the knee joint was forced 
upward as the entire dummy translated forward.  This 
motion was not seen in the HIII 10-year old where 
the knee would sink into the seat padding as the 
dummy was restrained by the belt system.  The neck 
assembly of the HIII 10-year old dummy, seen in 
Figure B7, was in a more posterior position than the 
AF5 dummy.  To correct this, the initial position of 
the HIII 10-year old was adjusted to begin at a 
similar X position as the AF5.    
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APPENDIX C 
 
Scaled pediatric cadaver and AF5 graphed with 
HIII-10 year old acceleration and belt load 
 
The shoulder belt loads and head CG accelerations of 
the pediatric cadaver and AF5 were scaled to the HIII 
10-year old (Figure C1 - Figure C3 ).  
 

-900

-800

-700

-600

-500

-400

-300

-200

-100

0

100

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Time, [s]

A
cc

el
er

at
io

n,
 [m

/s
2 ]

HIII 10-year old
Scaled Dummy AF5
Scaled Cadaver

 
 
Figure C1: The scaled X component of the head 
CG acceleration.    
 

-200

-100

0

100

200

300

400

500

600

700

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Time, [s]

A
cc

el
er

at
io

n,
 [m

/s
2 ]

HIII 10-year old
Scaled Dummy AF5
Scaled Cadaver

 
 
Figure C2: The scaled Z component of the head 
CG acceleration.    
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Figure C3: The scaled shoulder belt force.  
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ABSTRACT 

This study proposes to assess the interaction 
between the 3 years old child Head-Neck system 
and a typical airbag, a protective system frequently 
used in the automotive field. Two separated models 
(Head and Neck) developed at the Strasbourg 
University (UDS) were coupled in order to estimate 
the injury risk during this type of impact. The first 
model developed is a three years old child Finite 
Element neck Model (FEM) based on a realistic 
geometry (Meyer et al. 2008). This FEM was 
validated in four directions against an original 
method based on scaling method (Irwin et al. 1997). 
The second FEM is a 3 years old Head FE model 
published by Roth et al. in 2008. This model 
proposed an injury criterion in terms of Von Mises 
stress in the brain for moderate neurological 
injuries. After a coupling of these two FE models 
two impacts a frontal and lateral impact 
configuration is simulated. These impacts consisted 
of an airbag deployment at different gaps in order to 
calculate and estimate child brain injury risks. 

INTRODUCTION 

The growing demand for greater mobility in Europe 
has made individual transportation an essential and 
even inevitable feature of modern leaving. Children 
are more and more often conveyed in cars or other 
modes of road transportations. With this increased 
travels, the risk for children, of becoming involved 
in an accident as occupant has consequently 
increased. Based on the above accident data, it is 
obvious that in spite of the significant 
improvements in recent years in vehicle safety, the 
current number of deaths and casualties added to 
the social and economic costs is still unacceptable. 
Fatalities and injuries, especially to children, shall 
be reduced by all the available ways: public 
regulation, prevention/education of road users, road 

infrastructure, compatibility between vehicles, 
active, passive and tertiary safety devices. 

As regards children, it is very difficult to obtain 
figures for fatalities or severely injured children in 
the 27 European Countries, but if we consider the 
EU 15 countries, where the use of child restraint is 
mandatory since a long time, approximately 600 
children are killed in cars on the European roads 
and 80 000 are injured (data source: IRTAD).If 
there has been a hudge effort on human adult FE 
modeling only very few attempts exist as long as 
children are concerned. 

Due to ethical reasons, there is paucity in 
experimental data concerning the child's head and 
neck characterization. As a consequence, there is a 
considerable difficulty for the validation of children 
FE models. For the neck validation one solution is 
to use the Scaling method’s established by Irwin’s 
and Mertz 1997. This method permits to calculate a 
theorical experimental corridor based on on the 
adult experimental data, in terms of displacement 
and acceleration. The mechanical properties such as 
the mass density of the cervical vertebrae, the 
rigidity both for the intervertebral discs and the 
ligament are calculated with this scaling method.  

One way to investigate child Head injury criteria 
using numerical models is to simulate real world 
head trauma. Well documented accidents can help 
to understand child injuries in comparing numerical 
mechanical parameters with what really happened, 
distinguishing biofidelic behavior of a child 
numerical head and the ability to have an injury 
predicting tool. Indeed, even if the biofidelic 
behavior of child models cannot be checked, based 
on classical experimental versus numerical 
validation process, investigations of child injury 
mechanisms can be performed by developing an 
injury predicting tool, studying numerical 



simulation of a large number of real accidents and 
to correlate mechanical parameters outputs with 
observed injuries. In the present work these 
previous published Head and Neck models are 
coupled to a simplified thorax in order to 
investigate child Head-Neck response under frontal 
and lateral airbag deployment as a function of 
initial distance between airbag and Head. 

MATERIALS AND METHODS 

Three years Old Child’s Neck FE model 

The neck model used in the present study has been 
previously published (Meyer et al. 2008) and will 
therefore be presented very shortly. 

A three year old male child head and neck was 
scanned (figure 1) in order to base this study on a 
realistic human geometry, and to integrate the 
detailed vertebrae anatomy. The surfaces were 
reconstructed, so that the cervical vertebrae could 
be completely meshed.  

 

Figure 1. Reconstruction of the cervical spine 
based on scanner section. 

For the cervical vertebrae, shell elements offer the 
possibility of strictly respecting the anatomical 
surface. The upper and the lower ligamentary 
system were reproduced with springs elements and 
the intervertebral discs with bricks elements (3 
layers). 

 

Figure 2. Surface meshing of the cervical column 
(C1-T1) with its ligamentary system. (See also 
Meyer et al. 2008 for further details). 

Finally the model of the three year old child neck 
contains a total of 2 826 brick elements and 44 758 
shell elements and 712 springs.  

Finite element models of adult neck are typically 
validated against experimental data carried out by 
the N.B.D.L (Van der Horst M.J. 2002, Meyer et al. 
2004), with frontal, oblique, lateral impacts (Ewing 
et al. 1968, Ewing et al. 1977). Unfortunately, for 
ethical reasons, it is not possible to perform similar 
tests on children so no data exist in the literature for 
dynamic validation of a paediatric neck model. In 
the present study, inputs for the three-year-old-child 
model correspond to those used in the NBDL tests 
(Frontal, Lateral, Oblique) but outputs, i.e., head 
accelerations and displacements ' corridors , are 
scaled down in accordance with Irwin’s method 
(1997). An example of the frontal validation is 
illustrated in figure 3 where the superimposition of 
experimental response corridors obtained with the 
scaling method, and numerical curves obtained with 
the finite element model of the child neck is 
reported. 



 

Figure 3. Results under frontal impact: X-axis 

(a), Z-axis (b) linear head acceleration, X-axis 

(c), Z-axis (d) head displacement and kinematic 

response of the whole head/neck system (e). 

 

Child’s head model and injury criteria. 

The head model wich will be coupled to the neck 
was published by Roth et al. in 2008. Hereafter a 
short presentation is re-called. 

As illustrate in figure 4, the developed three years 
old head model takes into account the main 
anatomical features of a three year old child. It 
includes the scalp, the skull, the sutures (sagittal, 
coronal, lambdoid), the face, the cerebro spinal 
fluid (CSF), the falx, the tentorium and the brain. 
Finally, the whole model of the three year old child 
head (a) contains a total of 23000 brick elements 
and 3500 shell elements.  

  

Figure 4. Meshing description of the detailed 
three year old child head finite element model 
(a) Cross section of the HEAD FEM (b) 
Membranes Falx & tentorium. (See also Roth et 
al. 2008) 

In order to investigate child injury criteria with the 
finite element model, 25 real world accidents 
involving child aged from 2.5 to 3.5 year old were 
collected. These accidents are free fall from 
different heights and are simulated with the 3YOC 
head in order to extract the best mechanical 
parameter able to predict injury occurrence. From 
medical files, several data are available: gender, 
age, height of fall, type of impacted surface, type of 
injury. Injuries are classified into two categories: 
Moderate neurological injuries (2 in the AIS scale, 
unconsciousness limited to few hours after impact) 
and severe neurological injuries (>3 in the AIS 
scale, with a >24hours coma). Among these 25 
cases, 15 accidents induced with no neurological 
injuries, 8 lead to moderate neurological injuries, 
and 2 to severe neurological injuries.  

The determination of the head injury risk curves for 
specific injury mechanisms is based on a 
correlation study between the values of the 
proposed candidate criteria and the neurological 
lesions occurrences. Maximum values of 
mechanical parameters are used to build a 
histogram. The accident cases are finally sorted 
according to the injury classification, i.e. moderate 
or absence of neurological injuries. When the injury 
predictor candidate is adequate, a distinction is 
visible between the low values of the uninjured 
cases and the high values of the computed for the 
injured cases. This threshold can accurately be 
calculated since it is the value leading to a 50% risk 
an injury. For the statistical approach, the modified 
maximum likelihood method is chosen. It is a 
logistic regression method developed and described 
by Nakahira et al. (2000). The quality of the 
regression is thereby given by the negative 
estimator EB which should be as close to zero as 
possible. For each of these parameters: Von Mises 
stress, peak linear acceleration , maximum pressure, 
peak angular acceleration and HIC value, EB were 
calculated in order to identify the most relevant 
injury parameter (figure 5). 
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Figure 5. EB regression parameters for several 
candidates for moderate neurological injury 
criterion.  



As a result of numerical reconstructions of real 
world cases, shear distribution in term of stress 
appear to be an interesting predicting candidate for 
neurological lesions. These parameters had also 
been used for prediction of neurological injuries in 
adult head finite element model by Deck et al. 
(2008). As a conclusion a Von Mises brain shearing 
stress of 48 Kpa will be retained for neurological 
injuries. 

 

 

Figure 6. Histogram illustrating the correlation 
between the best mechanical parameter 
candidate (brain Von Mises stress) computed 
with 3 YOC FE model and corresponding injury 
risk curves. 

Coupled three years child Head-Neck-Thorax 
model under impact. 

In the framework of the present study the Neck FE 
model was coupled to the Head FE model. The 
connection between the Head and the Neck is made 
through the ligamentary system. The existing upper 
ligaments were connected to the Head FEM and the 
contact between the atlas and the occiput was 
reproduced with a sliding interface. The objective 
of the coupling between the Neck and the Thorax 
was to take into account the mass and inertia effect 
of the thorax in case of an airbag impact. The 
geometry was taken from an adult thorax and scaled 
down in accordance with Irwin’s method. As the 
thorax has only an inertial effect in the context of 

this study a very simplified thorax model is 
proposed. The whole three years old coupled model 
is illustrated in figure 7. 

 

Figure 7. Coupling of the three years old Head-
Neck FEM to a simplified thorax model. 

In order to provide realistic inertia, the thorax was 
meshed with bricks elements and the density was 
adjusted in order to have a mass of 6.61 Kg (Irwin 

et al 1997) and an inertia of Ixx=3.15*10
7
g.mm², 

Iyy=2.73*10
7
g.mm², Izz=2.36*10

7
g.mm². Finally 

T1 vertebra was associated to the thorax as a key 
element for the coupling of this segment to the 
head-neck complex. 

In order to simulate child airbag interaction during 
airbag deployment two impacts conditions are 
suggested, a frontal and a lateral one. For each case 
the child is supposed to be seated statically without 
seat back, i.e. without any restrain of his thorax and 
with no initial velocity. For the frontal impact five 
distances between the chin and the airbag are 
proposed i.e. 6, 8, 10, 12 and 13.5 cm. For the 
lateral impact five distances between ear and airbag 
are suggested as well, being 6, 8, 10, 12 and 13.5 
cm. For these ten impacts the injury parameters at 
head will be computed in order to express the injury 
risk for each case. Figure 10 presents more details 
relatively to the initial conditions of this impact 
simulation for the frontal configuration, as the 



airbag center of mass is set at 4.2 cm below the 
child head center of mass. 

 

Figure 8. Child under airbag deployment under 
frontal configuration. 

 

RESULTS 

In this section results are reported separately for the 
frontal airbag deployments as the lateral ones. 

Frontal Impact 

Figure 9 represents the maximum of forces 
calculated per head/airbag distances. It can be 
observed that there is no significant correlation 
between head/airbag distance and calculated 
maximum interaction force. 
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Figure 9. Maximal interaction force calculated 

for the five head-airbag distances (d=6 cm; d=8 

cm; d=10 cm; d=12 cm; d=13,5 cm). 

For the five airbag distances simulated the intra-
cerebral Von Mises stress calculated (location and 
time evolution curves) are reported in figure 10. 
The locations of these maxima are similar in the 
five cases (at the vertex area). Five bricks were 
considered to obtain a mean value of the time 
evolution of Von Mises stress at these maxima 
location.  

Figure 10. Illustration of the intracerebral Von 
Mises stress computed for the distance 100 mm 
(location of these maxima on left and time 
evolution on right) in frontal impact 
configuration. 

Maxima of Von Mises stress are obtained after the 
total airbag deployment (after 10ms) and all results 
are summarized in figure 11.  

For the head-airbag distance of about 60mm, an 
intracerebral Von Mises stress of 59kPa wich is 
higher than the tolerance limits calculated for a 
50% risk of moderate neurological injuries (48kPa) 
is obtained. It is interesting to observe that the intra-
cerebram Von Mises stresses are much more 
correlated with the head-airbag distance then the 
interaction force is. 

 

Figure 11. Maxima of intracerebral Von Mises 

stress computed within for the five head/airbag 

distances under frontal impact configuration. 

Lateral impact  



The conditions of the lateral airbag impact are 
similar to the frontal impact i.e. a free thorax 
boundary conditions boundary conditions. An 
overall view of the kinematics under this lateral 
airbag deployment (d=100 mm) is illustrated in 
figure 12. 

  

Time = 0 ms Time = 4 ms 

  

Time = 6 ms Time = 14ms 

Figure 12. Overall kinematics of the Head FEM 
under lateral airbag impact. 

As for frontal impact configuration no significant 
correlation between head/airbag distance and 
maximum interaction force calculated is observed 
as illustrated in figure 13. 

 

Figure 13. Maximal interaction force calculated 
for the five head-airbag distances (d=60mm; 
d=80mm; d=100mm; d=120mm; d=135 mm). 

Figure 14 shows the maximum intracerebral Von 
Mises stress computed (location and time evolution 
curves) for the five airbag distances in lateral 
impact configuration. Location of these maxima is 
similar in the five cases (at the opposite side to the 
impacted area). Except for the 135 mm distance all 
simulated cases conduced to the same conclusion 
i.e. that it exits a risk of moderate neurological 
injury due to the fact that the intracerebral Von 
Mises stress calculated exceed tolerance limit fixed 
to 48kPa.  

 

Figure 14 Maxima of intracerebral Von Mises 

stress computed within the brain for the five 

head/airbag under lateral impact configuration. 

 

DISCUSSIONS 

After the development of a three years old child 
Head-neck FE model and its use under airbag 
deployment it’s important to define the limitations 
of this study. A number of limitation exist at 
biomechanical modeling level were clearly 
improvement are needed in the future especially as 
long as neck injury criteria are concerned. The 
boundary conditions applied aren't the same as in 
accident condition as the simulations don't take into 
account the initial velocity of the whole body, the 
effect of the seatbelt and the initial position 
influence kinematic’s and the injury risk. The main 
originality of the proposed head-neck-thorax model 
is to consider a realistic and detailed geometry of 
the cervical spine and a FE head model who 
proposed tolerance limits for moderate neurological 
lesion. It’s therefore a step towards numerical tools 
for the assessment of the child head and neck injury 
risk under airbag deployment. 



CONCLUSIONS  

The objective of this study was to assess the injury 
risk of the child head-neck system under airbag 
deployment for frontal and lateral configuration. 

The presented work is based on a head and neck 
model of the three year old child developed in 
earlier studies as well as first head injury criteria. 
Proposed then is the coupling of the head-neck 
system to a simplified thorax model in order to 
assess head injury risk under frontal and lateral 
airbag deployment. A parametric study on head-
airbag distance is finally conduced with following 
main conclusions. 

For the frontal airbag deployment it’s shown that 
there is a low correlation between initial distance 
and the interaction force. A head injury risk appears 
only if the initial distance between the airbag and 
the head is less than 80 mm.  

Concerning the lateral airbag deployment 
configuration a similar conclusion can be made as 
for the frontal impact i.e. no correlation between the 
interaction force and the injury risk. However the 
brain injury risk appears to be much higher as for 
the frontal impact. For all distances a brain injury 
risk over 50% has been computed. 

Even if a number of limitations exist in this child 
response simulation under impact first steps have 
been provided towards numerical tools designed for 
the assessment of child head-neck injury risk under 
deployment. 
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ABSTRACT 
 
The nine accelerometer array sensor package is used 
extensively in injury biomechanics research to obtain 
the rotational acceleration time histories of a rigid 
body. It has been shown in the past to remain 
computationally stable while the alternative, the six 
accelerometer array, becomes unstable in the 
presence of small inaccuracies in the individually 
measured accelerations. The nine accelerometer array 
process achieves its stability by requiring the 
measurement of three rotational accelerations, thus 
eliminating the six accelerometer array’s dependency 
on having knowledge of the rigid body’s three 
rotational velocities at each instant in time.  The nine 
accelerometer array’s additional three measurements 
also provide other important benefits:  1. Identifying 
whether or not any one of the nine translational 
acceleration measurements is inconsistent with rigid 
body motion, 2. If an incorrect acceleration is found, 
determining what the actual time history should be 
for that case, 3. Use of optimization methodology to 
obtain the best possible solution for the rigid body 
motion.  This paper presents the derivation of an 
additional set of constraint equations that a given set 
of nine linear accelerations must satisfy to be 
consistent with rigid body motion, demonstrates how 
an inconsistent acceleration input is discovered, and 
describes the process by which the true time history 
of the acceleration is recovered. In addition, 
optimization methodology is introduced to obtain the 
best possible solution for a randomly distributed in-
plane accelerometer system when errors in 
measurements are artificially introduced. 
 
INTRODUCTION 

The Nine Accelerometer Array Package (NAAP) 
uses translational accelerations to describe the 
angular motion of a rigid body. It has been used 
extensively in injury biomechanics research to obtain 
human and dummy head 3D kinematics (Hardy et al., 
2001, 2007, Takhounts et al., 2003, 2008). This 
sensor package typically uses nine accelerometers 

placed in a 3-2-2-2 configuration (Figure 1) to track 
the motion of a rigid body (Padgaonkar et al., 1975). 
The advantage of this configuration was shown to be 
in the stability of the NAAP when compared to the 
six accelerometer array (Figure 2) which required the 
knowledge of rotational velocities at each instant of 
time. This stability advantage of the NAAP is 
achieved at the expense of measuring three additional 
translational accelerations (in Figure 1 the three 
additional accelerations are a2x, a3x, and  a3y).  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  Nine accelerometer array configuration. 
 

 

 

 

 

 

 

 

Figure 2.  Six accelerometer array configuration. 
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It will be shown in this paper that these tree 
additional measurements are not independent and are 
subject to the rigid body constraints. To do so, first 
consider a general 3D motion of a rigid body (Figure 
3) about a fixed point that is the same as the motion 
of point B measured by the observer located at point 
A.
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Figure 3.  Rigid body subjected to a 3D general 
motion. 

This relative motion occurs about the instantaneous 
center of rotation and is defined by: 

vB/A  = ω × rB/A                      (1) 
 

and            aB/A  = α × rB/A  +  ω × (ω × rB/A ),        (2) 
 

where vB/A and aB/A  are the relative velocity and 
acceleration of point B with respect to point A, ω and  
α are rotational velocity and acceleration. For 
translating axes, the relative motions are related to 
absolute motions by vB = vA + vB/A and  aB = aA + aB/A, 
and the absolute velocity and acceleration of point B 
are determined from the following equations: 
 

vB  = vA  + ω × rB/A                  (3) 
 

aB = aA + α × rB/A  +  ω × (ω × rB/A ).        (4) 
 

If the vectors are defined as: aA = [aAx, aAy, aAz]T, aB = 
[aBx, aBy, aBz]T, α = [αx, αy, αz]T,        ω = [ωx, ωy, ωz]T, 
and rB/A = [rx, ry, rz]T, then equation 4 can be rewritten 
in the component form: 
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Equations 5 will be used extensively throughout the 
paper in deriving both – the closed form constraints 
equations for the NAAP and the optimization based 
solution for a randomly distributed in-plane 
accelerometer system. 

 

METHODOLOGY 
 
NAAP Constraints Equations 
 
Consider the 3-2-2-2 NAAP configuration illustrated 
in Figure 1 arranged within a rigid body. The 
accelerations of points 1, 2, and 3 with respect to 
point 0 can be expressed using equations 5.  For 
points 1 and 0 substitute 1 for B, 0 for A, rB/A = r1 = 
[rx, 0, 0]T , where rx is the distance between points 1 
and 0: 
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Similarly, for points 2 and 0, substitute 2 for B, 0 for 
A, rB/A = r2 = [0, ry, 0]T, where ry is the distance 
between points 2 and 0: 
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For points 3 and 0, substitute 3 for B, 0 for A, rB/A = r3 
= [0, 0, rz]T, where rz is the distance between points 3 
and 0: 
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From equations 7 and 8, αx is found to be:  

⎪
⎪
⎩

⎪⎪
⎨

⎧

+
−

−=

−
−

=

zy
z

yy
x

zy
y

zz
x

r
aa

r
aa

ωωα

ωωα

03

02
                 (9) 

Similarly, αy is found from equations 6 and 8: 
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and αz is found from equations 6 and 7: 
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By adding the paired equations 9, 10, and 11, the 
three angular accelerations αx, αy, and αz can be 
expressed as functions of the nine translational 
accelerations and the arm lengths, i.e.: 
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Equations 12 are given in Padgaonkar et al. (1975), 
and currently serve as the basis for derivation of 
angular motion of a rigid body from a set of nine 
translational accelerations.   Translational 
accelerations, as shown in equations 12, are usually 
functions of time.  Therefore, angular velocities of 
the rigid body could be obtained by simply 
integrating equations 12 with respect to time: 
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However, by subtracting the paired equations 9, 10, 
and 11 from each other, another set of equations can 
be found: 
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To fully describe a general 3D motion of a rigid body 
in space and time all nine equations 12 – 14 must be 
satisfied. This implies that nine measured 
acceleration in a NAAP configuration are not 
independent functions of time, but rather are bound 
by the additional set of equations (14). Let’s call 
these equations – rigid body constraint equations. 
  
To illustrate this point, consider a simple example of 
pure rotation of a rigid body where:   

 
a0x(t) = a0y(t) = a0z(t) = 0,                  (15) 

 
and the remaining six accelerations are identical 
functions of time: 
 
a1y(t) = a1z(t) = a2x(t) = a2z(t) = a3x(t) = a3y(t) = t.  (16) 

 
Then, equations (12) become: 
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Integrating these equations (17) with respect to time 
gives the following angular velocities: 
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Using equations 18, the products of the angular 
velocities are found to be: 
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However, substituting equations 15 and 16 into 14 
directly yields another relationship for the products of 
the angular velocities: 
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Comparing equations 19 and 20 and noticing their 
inequality it can be conclude that the conditions 12, 
13, and 14 cannot be satisfied simultaneously if nine 
translational accelerations are chosen in the arbitrary 
form of 15 and 16.  In other words, in order to satisfy 
equations 12, 13, and 14, the nine translational 
accelerations cannot be arbitrary functions of time.  
 
Closed Form Solutions for an Erroneous Channel 
in NAAP 
 
Suppose it is known that one of the accelerations in 
Figure 1, e.g. a1y(t), a1z(t), a2x(t), a2z(t), a3x(t), or a3y(t) 
is not measured properly or missing. Assume first for 
the sake of simplicity that the accelerations at point 0 
a0x(t), a0y(t), and a0z(t) are measured properly. To 
identify and correct the improperly measured trace 
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equations 12 – 14 will be used. From the first set of 
equations (14) the acceleration trace a2z(t) can be 
expressed as: 
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Using equations 13 for ωy(t) and ωz(t) and equations 
12 for αy(t) and αz(t), and substituting them into the 
equation above for a2z(t) (21), we get: 
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In a functional form the above equation can be 
rewritten: 
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(22a) 
 

It should be observed that the acceleration trace a2z(t) 
is a function of all the other eight acceleration traces 
in the array and the distances rx, ry, and rz.  This 
means that if acceleration trace a2z(t) was measured 
incorrectly, but all the rest traces were correct, the 
correct a2z(t) can be calculated using equation 22.   
Similarly, for the rest accelerations the relationship 
will be: 
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Each one of the six computed acceleration traces (22 
through 27) in the nine accelerometer array can be 
compared with the corresponding originally 
measured acceleration trace.  If one of the computed 
traces is not coincident with that originally measured, 
then the originally measured acceleration trace 
contains an error, and it should be replaced with the 
computed one.  If more than one of the computed 
traces is not coincident with the corresponding 
originally measured traces, then the error could be in 
one of the three accelerations [a0x(t), a0y(t), or a0z(t)], 
or may be due to more than one of the acceleration 
traces (or arm lengths) being measured improperly.    
To check for an incorrect trace, first let’s derive 
additional equations for the three acceleration traces 
at point 0: a0x(t), a0y(t), and a0z(t).    From the second 
equation of set 14 and by using relations 12 and 13, 
a0x(t) can be expressed as: 
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 (28a) 
 

Similarly, from the third equation of set 14: 
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If equations 28a and 28b yield the same result, then 
all nine traces are self-consistent and no further 
investigation is required.  However, if these equations 
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don’t yield the same result, then the acceleration trace 
a0x(t) should be expressed as a function of the 
remaining eight acceleration traces.  One of the 
possible ways to accomplish this is to subtract 
equation 28b from 28a and solve the newly obtained 
equation for the velocity : ∫

t
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 (29) 
The equation above allows for the calculation of the 
acceleration a0x(t) when the other eight accelerations 
in the nine accelerometer array are known.   
Similarly for the acceleration trace a0y(t), from the 
first equation of set 14: 
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 (30a) 
And by following the previous method, from the third 
equation of set 14: 
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 (30b) 
By subtracting 30b from 30a: 
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(31) 
Again, for the acceleration trace a0z(t), from the first 
equation of set 14 we have: 
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and from the second equation of set 14: 
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By subtracting 32b from 32a:  
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 (33)  
 
The derived above equations 22 through 27, 29, 31, 
and 33 give the closed form solution for each 
acceleration trace in a NAAP configuration (Figure 
1) as a function of the rest eight traces in the array, 
thus allowing for correction/calculation of any 
inaccurate/missing acceleration trace. An example in 
the Results section illustrates the use of these 
equations. It should be noted, however, that the 
closed form solutions above are given under the 
assumption of one inaccurate trace out of nine. If 
there are measuring errors in more than one trace 
then the optimization methodology similar to the one 
presented below should be utilized. 
 
Optimization Methodology for an In-plane 
Accelerometer Array Configuration 
 
Consider a rigid body (Figure 4) with a set of 
translational accelerometers affixed to it at random 
locations with the known coordinates in a global 
coordinate system XYZ. For each point in Figure 4 
equations similar to equations 5 can be written and 
solved for angular accelerations ),,( zyx ααα . These 
angular accelerations are then served as the design 
variables so that the cumulative error given in 
equation 34 is minimized at each time step between 
the measured translational accelerations and the 
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corresponding computed translational accelerations 
derived from equations 5. 

  

 

 

 

 

 

 

 

 

Figure 4.  Rigid body with accelerometers affixed 
to it at random locations. 

The objective function (error function) minimized at 
each time step is defined as: 
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(34) 

where n is the number of points from which the 
acceleration data is obtained, m is the measured, and 
c is the computed data. This methodology allows for 
obtaining 3D angular accelerations that best satisfy 
all translational acceleration time histories at all 
given points. 

 

RESULTS 

Example of a Closed Form Solution 

This example first takes a consistent set of nine 
accelerations from one of the NHTSA conducted 
NCAP tests, calculates angular accelerations using 
only Padgaonkar equations (12), then inputs these 
angular accelerations into a rigid body finite element 
model of a human skull (Figure 5) that calculates 
translational accelerations at the locations similar to 
those used in NAAP, and then compares the model 
output with the original measured translational 
accelerations.   
Next, one of the acceleration traces from the initially 
consistent set of nine accelerations was modified in 
the manner shown in Figure 6 in which the signal 
was clipped in half of its original amplitude. The 
purpose of this was to see the effect of this clipping 
procedure on the computed translational accelerations 
output from the model (Figure 7) 
Figure 8 shows the results for the original and 
computed sets of accelerations confirming 

consistency of the original set, Figure 9 shows the 
results of all nine traces after one of them was 
clipped. 
 

 

X 

Y

Z 

Figure 5.  Rigid human finite element skull with 
accelerometer locations shown. 
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Figure 6.  An original and clipped acceleration 
traces. 
 

 
Figure 7.  An original (blue), clipped (green), and 
model output (magenta) acceleration traces. 
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Figure 8.  Consistent set of nine accelerations. 
 

It is clear from Figure 9 that by clipping one of the 
original traces, then calculating angular accelerations 
using equations 12, and applying them to the finite 
element model, yields results that are inconsistent 
with the original set of translational accelerations. 
Interestingly, as illustrated in Figure 9, almost all of 
the original traces were affected by clipping only one 
of them. This illustrates the point that was made 
previously using equations 15 through 20. 
The consistency/inconsistency of nine acceleration 
traces in NAAP can also be illustrated through the 
use of constraints equations (14). For a consistent set 
equations 14 will be satisfied, while opposite is true 
for an inconsistent set. 
Equations 14, however, along with the derived above 
equations 22 through 27, 29, 31, and 33 can be used 
to identify and correct the erroneous trace. The 
procedure for this identification and correction is as 
follows: 

1. Compute αx, αy, αz using original traces 
and Padgaonkar equations 12, 

2. Compute products of angular velocities 
ωxωy, ωxωz, ωyωz using rigid body 
constraint equations 14, 

3. Compute each translational acceleration 
time history as a function of the remaining 
eight accelerations and radius vectors using 
equations 22 through 27, 29, 31, and 33, 

4. Compare computed and original eight 
translational accelerations (excluding the 
one under consideration) and find their 
cumulative error using equation similar to 
34, 

5. When the cumulative error is very small, the 
erroneous trace is found and it should be 
substituted with it’s computed equivalent. 

When the described above procedure was applied to 
the set of nine acceleration traces with one of them 
clipped, the clipped trace was identified and 
substituted with its computed equivalent giving 
results similar to the one shown in Figure 8 with all 
the traces overlapping each other. 
 
Optimization Methodology Example 
 
Consider a small triangular plate with accelerometers 
mounted in the manner shown in Figure 10. The 
small size of the plate is chosen such that it fits into a 
mouthpiece of a boxer, football or hokey player.   
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Figure 9.  Inconsistent set of nine accelerations (magenta) as compared with the original consistent set (blue). 
 
Using the general equations 5, translational 
accelerations shown in Figure 10 can be expressed 
as: 

( )
( )
( ) ⎥

⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡ +−
+

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−
+

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

xxz

xxy

zyx

xy

xz

z

y

x

z

y

x

r
r

r

r
r

a
a
a

a
a
a

ωω
ωω

ωω

α
α

22

2

2

2

1

1

1 0
   (35) 

( )
( )
( ) ⎥

⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡ +−
−

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−
−

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

xxz

xxy

zyx

xy

xz

z

y

x

z

y

x

r
r

r

r
r

a
a
a

a
a
a

ωω
ωω

ωω

α
α

22

1

1

1

2

2

2 0
   (36) 

( ) ( )
( )

⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎠
⎞

⎜
⎝
⎛ +

+−⎟
⎠
⎞

⎜
⎝
⎛

+−

+

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

−

−

+
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

yyxxz

xzyxxy

zyxyyx

xyyx

xz

yz

z

y

x

z

y

x

rr

rr

rr

rr

r

r

a
a
a

a
a
a

ωωω

ωωωω

ωωωω

αα

α

α

2
1

2
1

2
1

2
1

2
1 22

22

1

1

1

3

3

3

(37) 
where αx, αy, αz are angular accelerations of the 
plate, ωx, ωy, ωz are angular velocities, and rx, ry, rz 
are distances between points 1, 2, and 3 in the 
directions X,Y, and Z respectively. 
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Figure 10.  Small triangular plate setup with nine 
accelerometers fixed at points 1, 2, and 3. 
 
Using numerical finite element model of the rigid 
triangular plate an arbitrary 3D motion was applied to 
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generate the nine consistent traces. Figure 11 shows 
comparison of the angular accelerations from the 
finite element model with those obtained using 
optimization (equations 35 – 37, and 34 as an 
objective function). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Original versus optimized angular 
accelerations. 
 
Assume now that there is a 3% cross-axis sensitivity 
error for each tri-axial accelerometer located at points 
1, 2, and 3 in Figure 10. This error can be expressed 
as: 

iziyixix aaaa 03.003.0 ++=
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When the new (erroneous) accelerations (38) are used 
in place of the old traces obtained from finite element 
simulation and the optimization procedure, described 
above, applied to this new set of accelerations, the 
resulting angular accelerations are identical to those 
shown in Figure 11. 
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This procedure demonstrates the applicability of the 
optimization methodology to recover proper set of 
acceleration traces when some of the channels are 
contaminated with random errors. The closed form 
solution for this hypothetical situation is not currently 
available. 

Alpha-X-Opt
Alpha-X-Original

 
DISCUSSION 
 
This paper demonstrates some of the limitations in 
the use of NAAP when only Padgaonkar equations 
(12) are considered. In particular, if one or more of 
the accelerometers in the array are not measured 
properly, the resulting kinematics of a rigid body is 
substantially affected because these errors are present 
in the computed angular accelerations. To correct for 
these possible errors, two methods were derived in 
this paper and their use was demonstrated.  
The first method – the closed form solution - uses 
additional constraint equations (14) to express each 
accelerometer in the array as a function of the other 
eight. The computed and original translational 
accelerations can then be compared, erroneous 
acceleration identified, and replaced. This method is 
limited to the cases when one of the acceleration 
traces is incorrect. It was also demonstrated that nine 
accelerations in the NAAP are not independent of 
each other, but rather bound by the rigid body 
constraints. This is somewhat intuitive because a 
rigid body has six degrees of freedom and any 
additional measure beyond six must be governed by 
an additional constraint.  In the case of NAAP, three 
additional accelerations are governed by three 
additional constraints – equations 14. 
The second method – the optimization method – uses 
angular accelerations as design variables for the 
objective function set to minimize the 
differences/errors between the measured and 
computed translational accelerations. This method, 
although not as elegant as the first one, can be used 
when multiple channels of accelerations in NAAP or 
any other configuration are not measured properly. 
Both methods can be used by the biomechanical 
laboratories to analyze and gain confidence in the 
measures of angular kinematics of human or dummy 
heads.  
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CONCLUSIONS 
 
The paper presents two methodologies to analyze 
angular kinematics of a rigid body when an array of 
translational accelerometers is used as the motion 
sensing device. It was demonstrated that: 

• Nine accelerometer measures in NAAP are 
not independent, but rather constrained, 

• The constraint equations can be derived and 
used to identify and correct an erroneous 
acceleration trace using a closed form 
solution method, 

• The closed form solution method is limited 
to one erroneous accelerometer trace in the 
array, 

• Optimization methodology can be utilized to 
correct errors in multiple channels of 
translational accelerometers. 
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ABSTRACT 
 
In the EC FP6 Integrated Project Advanced 
Protection Systems, APROSYS, the first WorldSID 
small female prototype was developed and evaluated 
by BASt, FTSS, INRETS, TRL and UPM-INSIA 
during 2006 and 2007. Results were presented at the 
ESV 2007 conference (Been et al., 2007). With the 
prototype dummy scoring a biofidelity rating higher 
than 6.7 out of 10 according to ISO/TR9790, the 
results were very promising. Also opportunities for 
further development were identified by the evaluation 
group. 
A revised prototype, Revision1, was subsequently 
developed in the 2007-2008 period to address 
comments from the evaluation group. The Revision1 
dummy includes changes in the half arms and the suit 
(anthropometry and arm biomechanics), the thorax 
and abdomen ribs and sternum (rib durability), the 
abdomen/lumbar area and the lower legs (mass 
distribution). Also a two-dimensional chest deflection 
measurement system was developed to measure 
deflection in both lateral and anterior-posterior 
direction to improve oblique thorax loading 
sensitivity. Two Revision1 prototype dummies have 
now been evaluated by FTSS, TRL, UPM-INSIA and 
BASt. The updated prototype dummies were 
subjected to an extensive matrix of biomechanical 
tests, such as full body pendulum tests and lateral 
sled impact tests as specified by Wayne State 
University, Heidelberg University and Medical 
College of Wisconsin.  
The results indicated a significant improvement of 
dummy biofidelity. The overall dummy biofidelity in 
the ISO rating system has significantly improved 
from 6.7 to 7.6 on a scale between 0-10. The small 
female WorldSID has now obtained the same 
biofidelity rating as the WorldSID mid size male 
dummy. Also repeatability improved with respect to 
the prototype. In conclusion the recommended 
updates were all executed and all successfully 

contributed in achieving improved performance of 
the dummy. 
 
INTRODUCTION 
 
Side impact is still one of the predominant causes of 
serious or fatal road accidents. A recent study 
analysing the national accident datasets of the UK, 
France and Sweden showed that side impacts 
typically represent 33% of all fatalities in these 
countries (Thomas et al., 2009).  
For evaluation and improvement of new and 
advanced occupant protection technologies 
anthropometric test dummies specifically designed 
for side impact testing have proven to be very useful. 
However, several different types of side impact 
dummies exist, which are used in various regulations 
and consumer tests. 
The introduction of a family of worldwide 
harmonised side impact dummies to be used for 
vehicle safety development could contribute to an 
increased efficiency of vehicle safety development by 
enabling safety system designers to focus on a single 
set of objectives. 
In a first step to address the need for worldwide 
harmonised side impact dummies the WorldSID 50% 
adult male was developed. Newland et al. (2005) 
showed, based on analysis of worldwide accident 
data, the importance of having also a small adult 
female test device for assessment of vehicle safety 
available. According to Newland’s study done within 
IHRA, the proportions of male and female severely 
or fatally injured occupants in vehicle-to-vehicle 
crashes were either similar or slightly predominated 
by females (up to 60%) in some regions. 
To address this need a prototype of a small female 
WorldSID was developed within the European FP6 
project APROSYS to complete the family of 
worldwide harmonised side impact dummies with 
similar design, instrumentation and functional 
handling. 
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In order to accurately predict injuries of human 
occupants based on tests with these dummies 
biofidelity is crucial. The biofidelity of the WorldSID 
small female prototype was assessed earlier and 
reported by Been et al. (2007). The biofidelity of the 
prototype was already very good. Taking into account 
recommendations from prototype testing an updated 
version, the Revision1, was developed. 
The objective of the study reported in this paper was 
to repeat the tests for biofidelity assessments and to 
analyse the effects of the dummy updates. The 
modifications, which were made based on 
recommendations from the prototype testing, are 
explained. The results of the biofidelity tests are 
presented and compared to the results of the 
prototype evaluation. 
 
SMALL FEMAL REVISION1: DUMMY 
MODIFICATIONS 
 
The dummy requirements and design specifications 
of the small female WorldSID prototype dummy 
were described in detail by Been et al. (2007). 
Therefore in this paper only modifications of 
Revision1 will be explained below. 
 
Anthropometry 
 
Recommendations were given to increase the 
abdomen mass and reduce the lower leg mass by the 
same amount of 1.2 kg total (Martínez et al., 2007). 
New tibia bones were installed, with the mass of each 
tibia reduced by 0.6 kg; the abdomen was ballasted 
with a high density metal lumbar bracket. Further 
mass increase in the thorax and abdomen was 
achieved with 2D IR-Traccs and the addition of 
damping material on the ribs. The WorldSID small 
female Revision1 dummy now represents the target 
body segment mass distribution and overall mass (see 
Table 1. In this table it should be noted that the 
difference in sub-total body segment comes from the 
shoe. The shoe is part of the foot and dummy and the 
sub-total. In the anthropometry reference the shoe is 
outside the sub-total an included only in the total. 
Further small differences may occur due to the fact 
that anthropometric section planes sometimes do not 
match dummy sub-assemblies. 
The half arm length was increased by 40 mm to get 
closer to the human target length. However it was 
decided not to increase the arm length fully to the 
length of the human target to stay clear from the iliac 
wing. An arm contact on the iliac wing during testing 
would cause the arm to bridge between the shoulder 
and the iliac wing and so reducing the loads on the 
thorax and abdomen ribs. The total arm length from 
the shoulder joint to the bottom of the half arm is 
240 mm. The small female anthropometric dummy 
target gleno-humeral joint to elbow joint distance is 
255 mm. 

 

Table 1. 
Mass comparison Revision1 to target 

 

 
 
Instrumentation 
 
The major update in instrumentation was the 
integration of a two-dimensional chest deflection 
measurement system to measure deflection in both 
lateral and anterior-posterior direction. The 
calculation of deformation components in the 
different plane was possible by additional angular 
sensors in the thorax and abdomen ribs. More details 
on the design and performance of this 2D IR-Traccs 
can be found in the ESV paper by Been et al. (2009).  
During this test series the two dummies were not 
fully instrumented as not enough sensors were 
available for full instrumentation at this stage. 
The instrumentation of the WorldSID 5th female 
dummies as it was used in most of the tests reported 
in this paper is given in Table 2. 
 

Table 2. 
Instrumentation of WorldSID small female Rev1  

 
Segment Parameter Nr.  

Head Acceleration (ax,y,z) 3 

Neck Upper loads (Fx,y,z, 
Mx,y,z) 

6 

Shoulder Loads (Fx,y,z) 3 
 Deflection (δy) 1 
Thorax/Abdome
n 

T1 acceleration (ax,y,z) 3 

 T12 acceleration (ax,y,z) 3 
 Rib deflection (δy) 5 
 Rib acceleration (ay) 5 
 Rib rotation(ϕz) 5 
Pelvis Pubic loads (Fy) 1 
 Acceleration (ax,y,z) 3 
Femur Femoral neck load 

(Fx,y,z) 
3 

 Femur load (Fx,y,z Mx,y,z) 6 

 



Eggers A. 3 

EVALUATION METHODOLOGY 
 
Biofidelity evaluation method 
 
As a basis for evaluation of the biofidelity of the 
WorldSID 5th female Revision1 the response 
requirements as specified in ISO Technical Report 
TR9790 (ISO, 1997) for lateral biofidelity were 
scaled for 5th female according the formulas 
specified by Irwin et al. (2002). 
To achieve similar force plate interaction with the 
small female dummy as the original PMHS test set up, 
the force plates in the sled test conditions were scaled 
according to the method prescribed by Ferichola et al. 
(2007). ISO Technical Report 9790 includes a large 
set of dynamic biofidelity performance specifications 
for the head, neck, shoulders, thorax, abdomen and 
pelvis of a 50th percentile side impact dummy.  
In this study a subset of the ISO test conditions was 
conducted, selected on the basis of the highest 
weighting factor. Some of the tests described in the 
ISO Technical Report 9790 were not performed 
because of a high risk of damaging the dummy. 
In contrary to the prototype test, normalisation was 
not applied for the Revision1 tests for the assessment 
in ISO TR9790. Normalisation is not prescribed for 
ISO corridors, as the dummy is considered to 
perfectly represent the target anthropometry 
pertaining to the corridors. 
In addition full body sled tests of the NHTSA 
configuration were conducted to evaluate the dummy 
against PMHS tests of Yoganandan et al. (2005). The 
NHTSA sled test conditions are not part of the ISO 
TR9790 biofidelity test conditions and rating system. 
ISO/TC22/SC12/WG5 is currently working on 
adopting the NHTSA sled test conditions in ISO 
TR9790 for the mid size male anthropometry and 
apply the ISO method for corridor construction to the 
data set. NHTSA applies a biofidelity rating using 
Cumulative Variance (Rhule et al., 2002) on this data 
set. The NHTSA test conditions are part of the 
NHTSA biofidelity requirements to assess the 
response of Side Impact Dummies of the mid-size 
male anthropometry. Yoganandan et al. (2005) 
derived small female responses from the NHTSA 
sled test database by mass scaling to small female 
anthropometry. This data set is likely to be adopted 
by NHTSA for evaluation of small female side 
impact dummies. The data set has response corridors 
for external load as well as dummy internal 
acceleration and deflection. 
The biofidelity assessment of rib deflection was done 
by a comparison of chest band data from the PMHS 
tests (Figure 2) to calculated dummy signals. The 2D 
deflection sensor of the small female WorldSID, 2D 
IR-Tracc, allows calculating the displacement of the 
ribs in the X-Y (transversal) plane of the dummy 
from the compression and rotation angle of the IR-
Tracc (for details see Been et al., 2009). Two 
parameters could be useful for assessment of rib 

deflection, the parameter ‘Calculated Y 
displacement’ and ‘R resultant displacement’ (Figure 
1). As illustrated in Figure 2 the calculated Y 
displacement could be a good match with what was 
originally measured in the PMHS with the chest 
bands. The resultant deflection R might be an 
overestimation of the rib deflection with respect to 
the original data, getting larger with more forward or 
rearward displacement in the dummy’s chest. For the 
biofidelity evaluation of the chest deflection response 
of the dummy, the resultant displacement and 
calculated lateral displacement Y were both applied 
for comparison with Yoganandan (2005) PMHS data. 

 

 
 

Figure 1: Deflection parameters R and Y 
calculated from deflection and angle measured 
with 2D IR-Traccs. 
 

 
 

Figure 2: Computation method half-thorax 
deflection from PMHS testing instrumented with 
chest band. Source: Yoganandan, (2005). 
 
Repeatability 
 
ISO/TC22/SC12/WG produced a paper on how to 
assess repeatability and reproducibility of a dummy 
(ISO, 2004). Repeatability is defined as the variations 
in measured responses of a single dummy that is 
subjected to a set of identical tests. Reproducibility is 
defined as the variations in measured responses of 
two or more dummies of the same design that are 
subjected to sets of identical tests. The document 
describes the calculation methods and acceptance 
levels for assessing repeatability and reproducibility 
of a dummy design.  
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Requirement: Repeatability CV ≤ 7%: repeat tests 
with the same dummy N times, then the standard 
deviation (σ) divided by the average of selected 
measurements should not exceed 7%.  
Requirement: Reproducibility CV ≤ 10%: repeat tests 
with different dummies, then the standard deviation 
divided by the average of selected measurements 
should not exceed 10%.  
 
Test matrix  
 
Like in the test programme with the prototype 
dummy not the complete set of ISO TR9790 tests 
was performed. Also some of the NHTSA sled test 
configurations (e.g. high velocity, thorax offset) had 
to be omitted due to high risk in terms of dummy 
damage.  
Also not all test configurations reported by Been et al. 
(2007), which were done with the prototype dummy 
were repeated with the Revision1 dummy due to time 
restrictions and the need to limit the risk to the 
dummy. The test matrix relevant for biofidelity and 
repeatability evaluation of this study is provided in 
Table 3. 
 

Table 3. 
Test matrix WorldSID 5th Revision1 for 

evaluation of biofidelity and repeatability 
 

 
 
RESULTS 
 
In the following the results regarding biofidelity and 
repeatability will be shown per body segment. 
 
Head 
 
The head biofidelity was evaluated by drop testing 
according ISO TR9790 with 200 mm lateral drop and 
a 376 mm drop on the forehead. ISOTR9790 
prescribes a resultant linear acceleration on the non 
struck side of the head on a lateral axis passing 

through the head centre of gravity (CG). No such 
instrumentation is available, as the WorldSID 
accelerometer is located at the head centre of gravity. 
The numbers given in Table 4 are obtained by 
calculation of the resultant linear acceleration on the 
non struck side of the head from the accelerations at 
head CG and rotational acceleration. The frontal drop 
test results of 2005 were slightly below the corridor. 
The tests were repeated with two heads of the same 
build level. The results are given in Table 4. Both 
heads now pass the frontal as well as the lateral 
biofidelity corridors. The prototype failed the frontal 
test. The overall biofidelity of the head is now 10. 
The results have increased about 8 g for the lateral 
tests and about 15 G for the frontal tests. The results 
show an excellent repeatability. The coefficient of 
variation is 2.5% or less for all accelerations. 
 

Table 4. 
Results head drop tests 

 

 Revision1 Prototype  

Condition 

Resultant acc. 
[g] 

Resultant acc. 
[g] 

Corridor 

CoG 
non 

struck CoG 
non 

struck 

Lateral 127 152 120 139.5 

107-161 
Lateral 126 151 119 135.9 

Lateral 128 151 - - 

Lateral 132 154 - - 

Frontal 261 NA 244 NA 
250-300 

Frontal 260 NA 236 NA 

 
Neck 
 
The biofidelity tests for the neck component were 
conducted with the prototype dummy. The neck was 
not changed for the Revision1 prototype and the tests 
were not repeated. Based on recommendations (Been 
et al., 2007), new corridors were developed based on 
a new scaling method. This method and pertaining 
corridors shall be submitted to ISO/TC22/SC12/WG5 
for consideration, however strictly speaking ISO only 
have published 50th percentile male response 
corridors (ISO, 1997). 
In this report the new head-neck corridors were 
applied to the prototype responses. The head neck 
response of the Revision1 dummy may slightly have 
changed due to the changes in the shoulder and half 
arm. It is anticipated that the T1 acceleration would 
increase due the increased stiffness of the arm and the 
sternum, providing more support from the entire 
thorax in this test. The results are given in Table 5. 
The results in this table deviate from those published 
by Meijer et al. (2008). When these tests were 
conducted, the results of the first test were not 
satisfactory. The test set-up was slightly changed to 
obtain better shoulder interaction with the impact 
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panel of the sled. Therefore the results of the first test 
were omitted in the current report. Further the peak 
horizontal acceleration was rounded from 11.9 to 12, 
bringing the response just into the corridor. The 
conclusions from the reference report are taken over 
in this report. 
From the comparison of the dummy responses and 
the new corridors the following dummy measures are 
proposed to further improve the head-neck responses: 

1. The head flexion angle may be reduced by 
installing stiffer neck buffers in the lateral 
position. This will reduce the head angle and 
may improve the rating. 

2. The neck twist response may be improved 
by replacing the rear square neck buffers 
with a circular one, which is similar to the 
ones used in lateral positions. The twist 
motion may be doubled by this measure, 
with a potential to approach the lower 

boundary of 32° and increasing the score 
from 0 to 5. The change will have no 
significant effect on the lateral response.  

3. Human necks are more flexible in neck 
extension (backward bending) then in 
flexion. The frontal response has not been 
validated so far, but a change to the rear 
neck buffer will not affect the frontal 
response. It is recommended to assess 
frontal biofidelity according to Mertz OC 
angle moment relationship (Mertz and 
Patrick, 1971). 

It is recommended to apply above mentioned changes 
and repeat neck test 1 with Revision1 updated 
dummy to review its response to the newly develop 
corridors.  
 
 

Table 5. 
Head-neck responses and biofidelity rating prototype dummy in new corridors 

 
Biofidelity

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Neck 6 7.2 g sled 7 Peak horizontal Acc T1 5 12 18 G 5 10 7.5 37.5

test 1 impact Peak hor. Displ. T1/sled 5 38 51 mm 5 5 5.0 25

NBDL Peak hor. Displ. head cg/t1 8 116 145 mm 5 5 5.0 40

Peak vert. Displ. Head CG/T1 6 57 84 mm 10 10 10.0 60

Time of max head excursion 5 0.142 0.157 s 5 5 5 25

Peak lateral Acc head cg 5 9 12 G 10 10 10 50

Peak vertical Acc head cg 5 9 11 G 10 10 10 50

Peak flexion angle 7 44 59 deg 5 5 5 35

Peak twist angle 4 -32 -45 deg 0 0 0.0 0

Peak OC lateral bending moment non ISO 26 43 Nm 5 5 5.0

Peak OC torsion twist moment non ISO 10 17 Nm 5 5 5.0

50 323 6.5

Boundary Ratings

 
 
Shoulder 
 
The biofidelity of the shoulder response was 
evaluated by three pendulum tests and six WSU 
type sled test of two different configurations. 
Figure 3 shows the impact force which is not 
completely inside the corridor. The shoulder 
deflection (Figure 4) is within the corridor for the 
pendulum test and also the NBDL sled test results 
were improved. In the WSU 8.9 m/s padded sled 
impact (Figure 5) the shoulder and thorax beam 
force is inside the corridors for two tests and in one 
test the response is very close to scoring 10 points.  
Table 6 gives the biofidelity rating of the individual 
shoulder tests. Overall shoulder biofidelity has 
significantly improved from 5.0 to 7.4 and meets 
the target of ISO BR>6.5, good biofidelity. 
 

 
Figure 3.  Shoulder impact force, 4.5 m/s, 14 kg. 
 

 
 

Figure 4.  Shoulder deflection, 4.5 m/s, 14 kg 
shoulder impact. 
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Figure 5.  WSU 8.9 m/s, padded foam, shoulder and thorax forces. 

 
Table 6. 

ISO TR9790 biofidelity score for shoulder tests 
 

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Shoulder 5 4.5 m/s 6 Pendulum force-time 8 5 5 5 5.0 40

test 1 APR Pendulum Force 1.2 2 kN

pendulum Peak shoulder deflection 6 28 33 mm 10 10 10 10.0 60

14 100 7.1 42.9

test 2 7.2 G sled 5 Peak horizontal Acc T1 6 15 22 G 5 10 7.5 45

sled Peak hor. Displ. T1/sled 6 38 51 mm 5 5 5.0 30

NBDL 12 75 6.3 31.3

test 4 8.9 G  7 shoulder + thoracic plate force 9 10 10 5 8.3 75

WSU sled 4.4 6.9 kN

23 PSI padded 9 75 8.3 58.3

18 132 7.4

force time corridor

force time corridor

Thorax 
 
To assess the thorax biofidelity of the WorldSID 5th 
female Revision1 prototype dummy, four different 
pendulum and seven sled test configurations were 
conducted. 
 
     Thorax: Pendulum Tests - Thorax Test set-up 
similarly to the original WSU tests are shown in 
Figure 6 and Figure 7. 
Figure 6 shows the force responses of the 4.3 m/s 
WSU lateral thorax pendulum test. The responses 
are close to the upper corridor limit. In the 6.0 m/s 
test the peak force is above the upper limit of the 
corridor and the duration of the response is shorter 
than that of the corridor (Figure 7). 

 
Figure 6.  4.3 m/s, 14 kg, pendulum force 
responses using lateral WSU setup, 
ISO corridor 

.  
Figure 7.  6.0 m/s, 14 kg, pendulum force 
response, ISO corridor 
 
     Thorax: Sled Tests - Thorax plate forces from 
Heidelberg sled tests are shown in Figure 8 and 
Figure 9. Peak forces are shown in Table 7. Even 
though the plate force response just goes out of the 
corridor, the general shape better looks more 
similar to the corridor. However, according to the 
ISO rating the prototype showed a better 
performance. The repeatability was good in this 
test as the CV values in Table 7 show. 
Figure 10 shows the shoulder plus thorax response 
from WSU sled tests along with the ISO corridors. 
In one test the forces were completely within the 
corridor, in the other two tests the signals were 
almost completely within the limits. Compared to 
the prototype tests, the biofidelity of thorax plate 
forces in this test configuration have been 
improved considerably. 
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Table 7. 
Peak thorax plate force results 

 
 Biofidelity target Prototype results Revision1 results 

Lower 
limit 
(kN) 

Upper 
limit 
(kN) 

Peak 
values 
(kN) 

Coefficient 
of variation 

(%) 

Peak 
values 
(kN) 

Coefficient 
of variation 

(%) 
Thorax 

plate 
force 

EEVC 
normalisation 

7.2 12.1 7.9 4.9 10.5 4.3 
8.0 9.9 
8.7 9.7 

ISO 
normalisation 

3.7 12.4 8.0 4.9 10.6 4.3 
8.1 10.0 
8.8 9.8 
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Figure 8.  Heidelberg. 6.8 m/s ,Thorax force 
plates - ISO corridors 
 

 
 

Figure 9.  Heidelberg, 6.8 m/s, Thorax force 
plates - EEVC corridors 
 

 
Figure 10.  WSU, padded 8.9 m/s – Shoulder 

plus thorax beam force 
 

     Thorax: Biofidelity Rating According to ISO 
The thorax biofidelity rating is given in Table 8. 
The thorax rating is significantly improved from 
5.6 for the prototype to 6.9 for the Revision1 
prototype and meets the target of ISO BR>6.5 good 
biofidelity. The external load responses of the 
Revision1 prototype dummy are generally within 
or just outside the upper corridors of the ISO. The 
ISO biofidelity rating of 6.9 for the thorax is 
considered to be quite good. 
 
     Thorax: Yoganadan/NHTSA Sled Tests - In 
the Yoganandan test series there is a variation of 4 
test conditions, padded and rigid flat and offset 
wall and for each condition a large amount of test 
parameters (9) to consider (acceleration 1st and 
12th vertebra and pelvis, load wall force thorax, 
abdomen and pelvis and deflection upper, middle 
and lower ribs). Therefore not all responses are 
shown in this report. Only a limited number of 
relevant responses are shown in the figures below. 
The biofidelity of rib deflection was evaluated as 
described above based on the calculated resultant 
and calculated lateral deflection (Figure 1). 
Figure 11 to Figure 12 show the two different 
calculated deflection parameters for the 1st thoracic 
rib in the sled configuration padded flat with the 
PMHS corridors. In Figure 13 for comparison the 
measured lateral deflection of the prototype 
dummy in this configuration in shown. 
The calculated lateral deflection (Figure 11) is 
close to the lower corridor which indicates only 
moderate biofidelity. The biofidelity in the 
prototype was slightly better (Figure 13). The 
calculated resultant deflection (Figure 12) shows 
the best biofidelity. 
These finding would indicate that the dummy chest 
might be too stiff. Thus the use of the resultant rib 
deformation which is overestimating the real 
deformation could compensate the too stiff dummy 
chest, and finally provide a more biofidelic output. 
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Table 8. 
Thorax biofidelity rating for Revision1 prototype 

 
Biofidelity

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Thorax 10 4.3 m/s 9 Pendulum force 9 5 8.3 6.7 59.9

test 1 HSRI 1.2 2.7 kN

pendulum Peak T4 Y acc. 7 5 5 5.0 35

16 10 18 G 94.9 5.9 53.4

test 2 6.0 m/s 9 Pendulum force 9 5 10 7.5 67.5

WSU/GML 2.1 3.4 kN

pendulum 9 67.5 7.5 67.5

test 5 6.8 m/s  7 Thorax plate force 8 10 10 5 8 66.7

Heidelberg  3.7 12.4 kN

rigid sled peak T1 Y acc. 7 100 149 G 5 0 5 3.3 23.3

peak T12 Y acc. 7 87 131 G 5 5 5 5.0 35

peak rib acc. 6 78 122 G 5 5 5 5.0 30

28 155 5.5 38.8

test 6 8.9 m/s 7 shoulder + thoracic plate force 9 10 10 5 8 75

WSU 4.4 6.9 kN 0

sled Peak lateral displacement of T12 5 65.0 88.0 10 10 10 10 50

23 PSI padded 14 125 8.9 62.5

32 222 6.9

acc. time corridor

Boundary

force time corridor

Ratings

force time corridor

force time corridor

force time corridor

 
 

The plots of deflection calculated parameters of the 
other thoracic ribs and other sled configurations are 
not shown in this report. However, the tendency 
was similar, which can also be seen in the 
biofidelity rating based on the cumulative variance. 
This was done for all configurations and all 
parameters and is shown at the end of the result 
section in Table 16. 
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Figure 11.  Padded Flat Wall 6,7 m/s; WS5F 
Rev1; Lateral measured deflection of 1st 
Thoracic rib. 
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Figure 12.  Padded Flat Wall 6,7 m/s; WS5F 
Rev1; Resultant measured deflection of 1st 
Thoracic rib. 
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Figure 13.  Padded Flat Wall 6,7 m/s; WS5F 
Prototype; Lateral measured deflection of 1st 
Thoracic rib. 
 
The thoracic plate forces of the four different sled 
configurations are shown in Figure 14 to Figure 17. 
The forces are close to the mean PMHS curve 
except for the padded pelvis offset configuration 
where the curve is closer to the lower corridor. The 
results show excellent biofidelity, which improved 
compared to the prototype.  
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Figure 14.  Padded flat, 6.8 m/s, thorax plate 
forces. 
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Figure 15.  Rigid flat, 6.8 m/s, thorax plate 
forces. 
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Figure 16.  Padded pelvis offset, 6.8 m/s, thorax 
plate forces. 
 

-1000

0

1000

2000

3000

4000

0 0,02 0,04 0,06 0,08 0,1

n
o
rm
a
li
ze
d
 f
o
rc
e
 [
N
]

normalized time [s]

WorldSID 5th percentile female Rev1 / PMHS Thoracic forces "rigid low speed pelvis offset"

mean

upper corridor

lower corridor

 
 

Figure 17.  Rigid pelvis offset, 6.8 m/s, thorax 
plate forces. 
 
Abdomen 
 
The abdomen biofidelity for the Revision1 
WorldSID 5th was evaluated based on seven 
different sled conditions (three WSU and four 
NHTSA). 
 
     Abdomen: WSU Sled Results - The results 
obtained in the rigid and padded tests are shown in 
Figure 18 and Figure 19 along with the proposed 
corridor. In the rigid configuration the response 
was too stiff and peak duration too short. This 
resulted in the maximum values slightly being 
above the upper corridor and all three curves cut 

the lower boundary. In the padded configuration 
the dummy response was in good agreement with 
the corridors. The dummy rigid test response lies 
within one corridor width out of the proposed 
corridor which leads to a biofidelity score of 5 
according to the ISO TR9790 rating system. The 
padded test result lies entirely within the corridor 
and scores a 10.  
 

-500

0

500

1000

1500

2000

2500

3000

3500

-0.01 0 0.01 0.02 0.03 0.04 0.05

Time (s)

Fo
rc

e 
(N

)

WSU68R_010

WSU68R_011

WSU68R_012

Figure 18.  Abdominal forces, WSU, rigid, 
6.8 m/s. 
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Figure 19.  Abdominal forces, WSU, 8.9 m/s, 
padded 
 
The overall ISO TR9790 Abdomen rating remained 
the same at a high level of 8.5 based on 2 out of 5 
test conditions; see Table 9. The responses were 
slightly better than the prototype dummy, but it is 
not reflected in the rating. 
 
     Abdomen: NHTSA/Yoganandan Sled Tests - 
The plots concerning abdomen biofidelity (T12 
acceleration and plate forces) are not shown here. 
However, the biofidelity rating is provided at the 
end of the result section (Table 15 to Table 17).  
The responses for lower spine acceleration and 
abdomen force are generally close to or within the 
corridors, which is in good correspondence with 
the ISO biofidelity rating.  
The load wall forces are within the corridors for all 
configurations showing excellent biofidelity. The 
biofidelity of the abdomen load wall forces was 
already very good for the prototype and improved 
further with the Revision1 dummy. 
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Table 9. 
ISO TR9790 biofidelity score for abdomen tests based on 2 out of 5 test conditions 

 
Biofidelity

Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Abdomen 8 6.8 m/s 3 Abdominal plate force 9 5 5 5 5.0 45

test 3 WSU 1.5 2.6 kN

rigid sled 9 45 5.0 15

test 5 8.9 m/s 7 Abdominal plate force 9 10 10 10 10 90

WSU sled 1.8 4 kN

23 PSI padded 9 90 10 70

10 85 8.5

Boundary Ratings

force time corridor

force time corridor

 
 
Pelvis 
 
The biofidelity of the small female WorldSID 
pelvis was extensively evaluated based on full body 
lateral pendulum test and sled tests of WSU, 
Heidelberg and NHTSA configuration. 
 
     Pelvis: Pendulum Tests - The biofidelity of 
pelvis impact forces has been improved (Figure 20 
and Figure 21). It should be noted that these tests 
were conducted with a 14 kg pendulum and scaled 
to the required 10.1 kg pendulum mass, by 
applying mass scaling methods. At 6 m/s the 
pendulum forces are just within the lower corridor 
and at 8.3m/s the response moves outside the upper 
corridor. The 8.3m/s test was conducted using an 
additional pendulum accelerator with elastic 
bungee cord. It was not possible to run pendulum 
tests at higher speeds, due to limitation of the 
ceiling height of the building. The linear trend 
indicates that at 10m/s the response would still be 
within the 5 points boundary. Please keep in mind 
that the energy in this test, conducted with 14 kg 
pendulum at 8.3 m/s (482 J), is close to the energy 
of a 10.1 kg test at 10 m/s (510 J). The 8.3 m/s-
14 kg test is considered to be representative for the 
10.1 kg-10 m/s condition at the high end of the 
scale. The repeatability of the pelvis is excellent in 
pendulum test conditions. 
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Figure 20.  Prototype: Peak scaled* 10.1 kg 
pendulum pelvis impact force, normalised. 
 

 

 
*Scaling factor = square root of {[10.1*(14+48)]/[14*(10.1+48)]}=0.877414 

 
Figure 21.  Revision1: Peak scaled* 10.1 kg 
pendulum pelvis impact force not normalised 
 
     Pelvis: Heidelberg Tests - Three Heidelberg 
conditions are applicable for the pelvis rigid sled at 
6.8 and 8.9 m/s and padded 8.9 m/s sled test. The 
high speed tests were not conducted with the 
Revision1 prototype to reduce the risk of damage 
to the dummy and negative consequences for the 
completion of the test program. In the biofidelity 
rating the prototype responses were used for the 
high velocity tests, as nothing was changed in the 
pelvis between prototype and Revision1. The 
Revision1 response in the 6.8 m/s Heidelberg test 
was significantly stiffer than the prototype dummy 
(Figure 22 and Figure 23). As there were no 
changes to the pelvis, this is a little difficult to 
explain. The mass was increased in the abdomen 
area, but this is effectively decoupled from the 
pelvis by a lateral shearing lumbar. The lower legs 
were made lighter, but could not have influenced 
the pelvis responses significantly.  
The repeatability of the responses from the 
Heidelberg sled test was very high and showed an 
improvement compared to the prototype (Figure 8). 
 
     Pelvis: WSU Sled Tests - Figure 24 and Figure 
25 show the pelvis beam forces from the WSU sled 
tests. Although the forces leave the upper corridor 
the biofidelity has improved with respect the 
prototype dummy, because the peak values are 
lower compared to the prototype dummy. 
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Figure 22.  EEVC normalised pelvis plate force, 
7.6 m/s rigid wall test condition 
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Figure 23.  ISO normalised pelvis plate force, 
7.6 m/s rigid wall test condition 

 
Table 10. 

Heidelberg sled test: Peak pelvis plate force results 
 

 Biofidelity target Prototype results Revision1 results 
Lower 

limit (kN) 
Upper 

limit (kN) 
Peak 

values 
(kN) 

Coefficient 
of 

variation 
(%) 

Peak 
values 
(kN) 

Coefficient 
of 

variation 
(%) 

Pelvis 
plate force 

EEVC 
normalisation 

4.1 6.8 
8.4 

5.6 
10.3 

4.0 9.2 11.0 
9.3 11.0 

ISO 
normalisation 

4.6 5.6 
9.4 

10.3 
13.7 

4.3 11.5 14.8 
11.1 14.8 

 
 Pelvic Force  Biofidelity (Rev 1)
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 Figure 24.  WSU, 6.8 m/s, rigid, ISO normalised 
pelvis force 
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 Figure 25.  WSU, 8.9 m/s, padded foam, ISO 
normalised pelvis force 
 

     Pelvis Biofidelity Rating - The overall 
biofidelity pelvis responses according to the rating 
scheme of ISO TR9790 are summarised in Table 
11. 
The results of the high speed Heidelberg tests were 
taken over from the prototype dummy. Generally 
the response of the pelvis improved, except for the 
6.8m/s Heidelberg test. However, in most cases the 
response changes were not large enough to highly 
increase (or diminish) the biofidelity rating of the 
pelvis. Nevertheless the overall pelvis biofidelity 
rating of the Revision1 dummy has improved with 
respect to the prototype from 5.6 to 6.5 and now 
meets the body segment target of ‘good’ biofidelity 
(BR ≥ 6.5).  
The main contributor to the improved rating is the 
10 m/s pendulum result. Please keep in mind that 
the score is not based on an actual test result at 
10 m/s, but on the trend obtained from lower 
velocity tests. Also keep in mind that the energy in 
this test, conducted with 14 kg pendulum at 8.3 m/s 
(482 J), is close to the energy of a 10.1 kg test at 
10 m/s (510 J). The 8.3 m/s-14 kg test is considered 
to be representative for the 10.1 kg-10 m/s 
condition. Indeed the trend of improved biofidelity 
is also indicated by the other test conditions. Also 
note that this score is based on a sub set of seven 
out of thirteen specified test conditions. However, 
the tests with the highest weighting factors were 
included in this sub set. 
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Table 11. 

ISO TR9790 biofidelity score for WorldSID 5th female Revision1 pelvis tests 
 

Biofidelity
Body

region Ui

Impact 

condition Vij Measurement Wijk Lower Upper Unit test 1 test 2 test 3

Aver

age

Impa

ct Test

Test 

condi

Body 

region

Pelvis 8 4.5 m/s 8 Pendulum force 9 2.9 3.5 kN 10 10 10 10 90

test 1 10.14 kg impact 9 90 10 80

test 2 11.5 m/s 9 Pendulum force 9 6.7 8.2 kN 5 5 5 5 45

10.14 kg impact 9 45 5 45

test 7 6.8 m/s 8 Peak pelvic force 9 4.6 5.6 kN 0 0 0 0 0

Heidelberg Peak pelvic acc. 7 78 95 G 5 5 5 5 35

rigid sled 16 35 2.2 17.5

test 8 8.9 m/s 7 Peak pelvic force 8 16.2 19.1 kN 10 10 10 10 80

Heidelberg Peak pelvic acc. 7 118 143 G 5 5 5 5 35

rigid sled 15 115 7.7 53.7

test 9 8.9 m/s 8 Peak pelvic force 9 8.4 9.8 kN 10 10 10 10 90

Heidelberg Peak pelvic acc. 8 75 93 G 5 5 5 5 40

padded sled 17 130 7.6 61.2

test 10 6.8 m/s 3 Peak pelvic force 9 5 5 5 5 45

WSU 4 5.4 kN

rigid sled Peak pelvic Y acc. 7 105 142 G 5 5 5 5 35

16 80 5.0 15

test 13 8.9 m/s 7 Peak pelvic force 9 10 10 10 10 90

WSU 2.2 5.1 kN

23 PSI padded Peak pelvic Y acc. 7 80 110 G 5 5 5 5 35

sled 16 125 7.8 54.7

50 327 6.5

Boundary Ratings

force time corridor

force time corridor

 
 
     Pelvis: NHTSA/Yoganandan Sled Tests - 
Because of the large amount of test parameters to 
consider not all responses are shown in this paper. 
Pelvis plate forces of the four tested configurations 
are shown in Figure 26 through Figure 30. All 
responses are within or close to the corridors showing 
increased biofidelity for all configurations. Only in 
the configuration rigid - pelvis offset, the forces leave 
the upper and lower corridor indicating a slightly 
worse biofidelity compared to the prototype. 
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Figure 26.  Revison 1, Padded, flat wall, 6.8 m/s, 
pelvis plate forces. 
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Figure 27.  Figure 28: Revison 1, Rigid, flat wall, 
6.8 m/s, pelvis plate forces. 
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Figure 29.  Revison 1, Padded, pelvis offset, 
6.8 m/s, pelvis plate forces. 
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Figure 30.  Revison 1, Rigid, pelvis offset, 6.8 m/s, 
pelvis plate forces. 
 
Overall Biofidelity 
 
     ISO Rating - The body segment and full dummy 
biofidelity rating for the WorldSID 5th female 
prototype dummy according to the ISO TR9790 
requirements (ISO, 1997) is given in Table 13. The 
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rating scheme used for biofidelity classification 
according to ISO TR9790 is given in Table 12. 
The result is based on a sub-set of high weighted test 
conditions and is a good indication of the dummy’s 
biofidelity. The overall Biofidelity rating is 
significantly improved with respect to the prototype 
dummy. With an overall score of 7.6 the rating of the 
WorldSID small female revised prototype meets the 
Biofidelity of her parent, the pre-production version 
WorldSID 50th percentile male dummy (ISO, 2004). 
Moreover, there are no longer definitive weak 
segments, as all body segments meet the target of BR 
≥ 6.5. 

Table 12. 
ISO TR9790 biofidelity classification 

 

Biofidelity 
Classification 

BR 
(Calculated 

Biofidelity Rating) 

Excellent 8.6  ≤  B  <  10 
Good 6.5  ≤  B  <  8.6 
Fair 4.4  ≤  B  <  6.5 

Marginal 2.6  ≤  B  <  4.4 
Unacceptable 0.0  ≤  B  <  2.6 

 
Table 13.  

ISO TR9790 biofidelity rating of WorldSID small 
female Revision1 and prototype and WorldSID 

mid size male pre production version 
 

Mid size male

 Revision1 Prototype Pre-production

Head 10 10 10

Neck 6.5 4.9 5.6

Shoulder 7.4 5 7.1

Thorax 6.9 5.6 8.3

Abdomen 8.5 8.5 7.8

Pelvis 6.5 5.6 6.1

Overall rating 7.6 6.7 7.6

Small Female

WorldSID Biofidelity rating ISO TR9790 

 
 
     EEVC Assessment - Thorax and pelvis responses 
from sled tests were assessed according the EEVC 
biofidelity corridors (Roberts et al., 1991). For pelvis 
evaluation also responses from sled tests using a 
pelvis plate similar to WSU size and shape were 
applied to the EEVC corridors. 
 
Thorax: The WorldSID 5th female Revision1 
prototype dummy shows a good biofidelity and was 
improved with respect to the prototype. The thorax 
response was more rigid and better representing the 
human response; however one out of three of the test 
results exceeded the EEVC corridor. The high speed 
test was not repeated with the Revision1 prototype 
due to the risk at damage.  
 
Pelvis: The Heidelberg pelvis plate responses suggest 
that the pelvis became stiffer with the Revision1 
prototype. However no changes were made to the 
pelvis. In the low speed sled tests with pelvis plates 

of WSU shape and size the pelvis response is almost 
entirely within the corridor, with a little exceedence 
of the upper corridor. The low-speed test condition is 
likely to be more representative of modern vehicle 
door velocity and is therefore the more important 
requirement to meet. 
  
    NHTSA Biofidelity Rating - The results of the 
sled tests have been analysed and compared to the 
test corridors of the PMHS tests which have been 
conducted by the Medical College of Wisconsin 
(Yoganandan et al. 2005). 
 

Table 14. 
NHTSA Biofidelity Classification 

 

 
 
The biofidelity rating method used is the ‘Cumulative 
Variance’ by Rhule et al. (2002). The green shading 
in the table indicates that the responses were entirely 
within the corridor and would score excellent 
biofidelity; yellow and orange shadings indicate that 
responses are farther outside the corridor for a longer 
duration. Larger numbers indicate a larger deviation 
from the corridors. 
The accelerations of lower spine and pelvis were 
slightly worse in the Revision prototype (Table 15). 
Especially the biofidelity of T12 acceleration clearly 
decreased in the offset tests, which should be 
investigated further. However, most responses were 
still within moderate classification. 
 

Table 15. 
Mean BR values of accelerations 

 

 
 
The chest deflections, as already mentioned above, 
were all improved for all test configurations, when 
considering the 2D IR-Tracc calculated parameter of 
resultant rib displacement (Table 16). Applying the 
parameter calculated lateral displacement for 
biofidelity calculation, resulted in a similar or slightly 
worse rating compared to the prototype. 
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The plate forces from the load wall are an indicator 
for the external biofidelity of the dummy. The 
NHTSA sled test results with the prototype already 
showed an excellent external biofidelity of the small 
female WorldSID (Table 17). The rating in the 
Revision1 tests improved even further. Now all 
forces show an excellent biofidelity except pelvis 
force in the flat padded and the thorax force in the 
padded pelvis offset test. 

 
Table 16. 

Mean BR values of rib deflections (Revision1 
lateral and resultant deflection) 

 

 
 

Table 17. 
Mean BR values of load wall plate forces 

 

 
 
Repeatability 
 
Repeatability was already good for the prototype, as 
reported by Been et al. (2007). Generally for the 
Revision1 test houses indicated improved 
repeatability. A factor in improved repeatability is 
advanced experience of test houses in seating of the 
dummy and running the tests repeatably. 
In almost all tests done in the test series with the 
Revision1 dummies an improvement of repeatability 
was noted. Now all responses meet the criterion of 
CV less than 7%. In the pendulum and drop tests CV 
of the majority of measured responses were even 
below 3% indicating an excellent repeatability. 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
Two WorldSID small female Revision1 prototype 
side impact dummies were extensively evaluated and 
tested to verify compliance of the dummy to its 
requirements and to see if the changes in the revised 
prototype brought about the expected improvements.  
The anthropometry was improved resulting in a good 
correspondence of the Revision1 dummy with its 
requirements of body segment mass distribution. 
The overall dummy biofidelity in the ISO rating 
system has significantly improved from 6.7 to 7.6 on 
a scale between 0-10. The small female WorldSID 
has obtained the same biofidelity rating as the 
WorldSID mid size male dummy. The small female 
dummy also meets the individual body segments 
targets of ‘good biofidelity’. In this respect the small 
female dummy outclasses the 50th percentile male 
dummy, which does not achieve ‘good biofidelity’ 
for all body segments. The improved biofidelity was 
confirmed in the NHTSA/Yoganandan sled test 
conditions and rating system. 
The recommendations regarding durability handling 
were implemented and showed an improvement in 
this test series. Also repeatability was improved with 
respect to the prototype. The repeatability generally 
exceeds the requirement of CV better than 7% and a 
CV better than 3% was achieved with pendulum and 
drop tests, which is considered excellent. 
It can be concluded that the recommended updates 
were all executed and were all successful in 
achieving the expected outcome. The APROSYS 
project laid solid foundation for further activities. 
The WorldSID small female dummy is ready for use 
and further assessment by research parties and 
vehicle manufacturers worldwide. 
 
Recommendations 
 
To optimise the head-neck responses to the new 
targets, some measures are recommended: 1) 
Reduced head flexion angle by installing stiffer neck 
buffers in the lateral position; 2) Increase the neck 
twist response by replacing the rear square neck 
buffers with a circular ones top and bottom; 3) Assess 
frontal biofidelity according to Mertz OC angle 
moment relationship (Mertz and Patrick, 1971) 
Repeat the head neck tests in the NBDL sled test 
condition. 
It is recommended that a harmonised biofidelity 
rating system is developed, combining benefits of 
various systems (EEVC, ISO and NHTSA) that have 
been developed. Furthermore the effect of not 
normalizing responses should be examined in detail. 
It is recommended to improve damping material 
bonding, if possible. 
The reliability of the IR-Traccs needs to be further 
improved. A further validation of the dummy oblique 
thorax response with available human response data 
is also recommended. 
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ABSTRACT  
 
In this paper, a three-dimensional (3-D) nonlinear 
finite element (FE) method is used in association 
with the Articulated Total Body (ATB) biodynamics 
method, to study the human brain response under 
dynamic loading. The FE formulation includes the 
detailed model of the skull, brain, cerebral-spinal 
fluid (CSF), dura mater, pia mater, falx and tentorium 
membranes. The brain is modeled as viscoelastic 
material, whereas, a linear elastic material model is 
assumed for all other tissue components.  Proper 
contact and compatibility conditions between 
different components are assumed. Instead of direct 
contact, inertial load resulting from the acceleration 
and deceleration of the head mass system is 
implemented. The ATB biodynamic package is used 
to simulate real vehicle impact scenarios, and to 
extract the six translation and rotation acceleration 
data at the center of the mass of the head component. 
These six-degrees of freedom (6-DOF) kinematic 
descriptions are used to represent the inflicted inertial 
loadings. The magnetic resonance imaging (MRI) 
outcomes, from two incidents with head impact, are 
compared with the biomechanical FE simulations to 
present the model capabilities.  To examine and 
verify the material parameters used in FE 
formulations, experiments are conducted on a 
simulated brain material made from silicon dielectric 
gel. The results support that the combination of the 
FE deformation analysis and the ATB rigid body 
model is an effective method in head impact analysis 
and traumatic brain injury (TBI) identification.   
 
Keywords: head impact, traumatic brain injury (TBI), 
Articulate Total Body (ATB) Model, dynamic 
analysis, three-dimensional (3-D) finite element (FE) 
model  
 
 
 
 

INTRODUCTION 
 
Every year vehicle crashes cause over a million 
fatalities and a hundred million injuries worldwide 
[1]. In the United States (U.S.), traffic accidents have 
been the leading cause of death for the age groups of 
1 to 34, in recent years [2].  In European countries, 
45,000 fatalities and 1.5 millions injuries were 
reported in 1995 [3]. The societal and economic 
annual cost of traffic accidents is estimated to be 
$200 million in the U.S. [4], and over $160 million in 
European countries [5].   
 
Due to the devastating consequences of traumatic 
brain injury (TBI), crash analysis and head injury 
biomechanics are important fields in biomedical 
research. The head is routinely identified as the body 
part most frequently involved in life-threatening 
injuries in vehicular collisions [6]. In theU.S., 
approximately 2 million cases of TBI are recorded 
each year [7]. About one third of the hospitalized 
victims suffer from permanent disability [8].  Most of 
these victims undergo injury associated physical and 
psychological distress with a resulting high societal 
burden and cost.  Although many injury protection 
devices, such as safety belts, airbags and helmets, 
have been developed and improved, traffic accidents 
are still responsible for most TBI cases [9].  Crash 
analysis of head injury biomechanics focuses on head 
impact and injury mechanisms that are very 
important in the development of effective TBI 
prevention and minimization strategies.  
 
In an attempt to better understand head injury 
mechanisms, both clinical and laboratory studies 
have been conducted for decades. Mathematical 
models have been acknowledged as increasingly 
valuable tools in crash analysis.  Sophisticated three-
dimensional (3-D) finite element analysis (FEA) and 
rigid body biodynamic methods can be used to study 
impact injury events and the associated 
biomechanical response of the human head. The rigid 
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body model is used to determine the gross dynamics 
and movements of a subject’s head with the results 
introduced in finite elements (FEs) to determine local 
brain deformation. Complex geometry and 
constitutive models of multiple materials can also be 
employed under dynamic loading conditions.  
Combining these methods of analysis is time saving 
and improves effectiveness of the analysis [10]. 
 
The Articulated Total Body (ATB) Model, employed 
here for dynamic analysis of the body, is a validated 
3-D rigid-body biodynamic model.  This method has 
been successfully used by the Air Force Research 
Laboratory (AFRL) and other organizations for crash 
simulation and the prediction of gross human body 
response in crash dynamic environments. The ATB 
Model is quite general in nature and can be used to 
simulate the dynamic response of a wide range of 
physical problems approximated as a system of 
connected, or free, bodies and is not limited to crash 
dummy, or human, applications [11]. 
 
A 3-D FE brain dynamic analysis under impact is 
also employed in this paper. In a previous publication 
[12] the researchers reported the suitability of 
material modeling under frontal head impact 
scenarios. In this paper, the combination of FE and 
the articulated rigid body (ARB) dynamics is used to 
simulate and examine brain behavior under direct 
impact to the occipital portion of the head.  
 
FE MODELING 
 
The geometrical data for the development of the FEs 
of the human head, modeled here, represents a 
modification of existing geometric data obtained, and 
previously published, by Horgan [13].  A 3-D 
simulation, with multiple material model and load 
conditions, is then created.  Altair Hyperwork 7.0 
(Altair Engineering, Troy, Michigan) was used for 
FE pre-processing modeling and data post-
processing.  
 
The ATB modeling facilities are used to perform 
biodynamic simulation and to extract the head 
kinematic data under vehicle impact. These combined 
six degrees of freedom (6-DOF) acceleration data are 
used in the FE model for head response simulation.  
The 3-D FE model takes into account the detailed 
structure of the human head anatomy including the 
brain, falx and tentorium, cerebral spinal fluid (CSF), 
dura mater, pia mater, skull and scalp. The brain, 
CSF and skull are modeled as first-order eight 
nodded brick elements. The falx, tentorium, dura, pia 
and scalp are modeled as four-nodded membrane, or 
shell elements, with uniform thickness. Figures 1 and 

2 show the 3-D FE model of these components.  

 
Figure 1.  The right half model of brain CSF and 
skull bone.  
 

 
Figure 2.   The right half model of dura mater, 
falx and tentorium.  
 
The general-purpose 3-D nonlinear FE code LS-
DYNA is used as the solver. The main solution 
methodology is based on explicit time integration 
using the central difference method differentiating 
scheme. The explicit method is computationally 
efficient due to the small time steps in this problem to 
assure the convergence and stability of the solutions. 
The entire duration of the crash analysis is typically 
10-200 ms and small time steps are required, 
therefore, and are suitable for a converged and 
accurate solution procedure [14].  
 
Using a Lagrangian formulation [15], the time-
dependent finite deformation of continuum material 
can be expressed in terms of convected coordinates

jX , and time t: 

 

( , )i i jx X tφ=  (1.) 

 

where iφ  is the mapping function between the 

reference configuration and the current configuration. 
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The equation of motion (balance of momentum) 
describing continuum deformation states that: 
 

..

0 0
ji

i i
j

P
b u

X
ρ ρ

∂
+ =

∂
 (2.) 

 

where ijP is the nominal stress, ib  is the body force 

density, 0ρ is the density in the reference 

configuration, iu  is the displacement of a material 

point and 
..

iu is the acceleration. By integrating the 

equation of motion over the reference configuration, 
we have: 
 

0

..
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Applying the derivative product formula, and the 
divergence theorem: 
 

0
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(4.) 

where intwδ  extwδ and kinwδ are, respectively, 
virtual internal work, virtual external work and 
virtual inertial work.  The surface tractions are 

denoted by 
0

it
−

 denotes the surface tractions and SD 

 

is the number of space dimensions. By discretizing 
the domain into a Lagrangian mesh of FEs, where the 
geometry and field variables are described in terms of 
shape functions NI(X), the stationary form of the 
equations is finally written in the simple form of the 
balances of inertia forces (mass matrix times 
acceleration) , internal and external forces as: 
 

0
0 0 0

..
int

0
int

0 0 0 0 0 0
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,        and    
ti

ext
ijIJ jJ iI iI

extI
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M u f f
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−
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+ − =

∂= Ω = Ω = Ω + Γ
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 (5.) 
where the upper-case indices stand for the node 
number and the lower-case indices stand for the 
directions number. The time rate equations part of the 
equation (5) can be solved using the central 
difference explicit time integration method. For this 
purpose, the time domain is divided into a sequence 
of time steps and the solution is sought with the 
marching in time.   
 
MATERIAL CONSTITUTIVE MODEL  
 
The FE analysis of head impact biomechanics is 
usually based on small deformations of elastic, or 
viscoelastic, material. The assumptions of linearity, 
homogeneity and isotropy are used for the head 
tissues in this work (see Table 1). The linear elastic 
material model is used for the skull, scalp, dura 
mater, pia mater, falx and tentorial membranes.  A 
linear elastic model is also used for the CSF. Low 
shear modulus and high bulk modulus were used to 
simulate incompressibility. Fluid option is used for 
the CSF linear solid elements, in which the deviatoric 
stress is eliminated for fluid like behavior.  
 
 

Table 1.  
 Tissue structure and finite element model 

 
Tissue Anatomical structure 

50th  perc. male 
Constitutive model Finite element model # of 

Elements 
Scalp 5-7mm thick Linear elastic 6 mm thick shell element 2064 
Skull 195mm length, 155mm 

breadth 225 mm height 
4-7 mm thick 

Linear elastic  Solid element  8256 

Dura, falx, 
tentorium 

1 mm thick Linear elastic  1 mm thick  membrane 
element 

2622 

Pia 1 mm thick Linear elastic  1 mm thick membrane 
element 

2786 

CSF  Low shear modulus, high 
bulk modulus  
incompressible 

1.3 mm thick solid 
element 

2874 

Brain 165 mm length 140mm 
transverse diameter 

Homogeneous linear 
viscoelastic material 

Solid element 7318 
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A linear viscoelastic material model is used for the 
brain tissue. The shear relaxation behavior is 
described by the Maxwell model as: 
 

0( ) ( ) tG t G G G e β−
∞ ∞= + −  (6.) 

 

where 0G  is the short term shear modulus, G∞  is the 

long term shear modulus, and β  is the decay factor. 
Table 2 shows the material properties used in the FE 
model.  
 
Brain Substitute Material 
 
Since it is not feasible to use actual brain tissue in 
collision simulation, it is necessary to find a suitable 
modeling material. The material should be 
viscoelastic and have a complex modulus similar to 
brain tissue when subjected to shear strain. 
 
Studies from different species (human, porcine, 
bovine) and from different parts of the brain (white 
matter, cerebrum, brainstem) have consistently 
demonstrated that the viscoelastic properties of brain 
tissue fall into a predictable range [16-26]. Silicone 
dielectric gel (specifically Dow Corning Sylgard 527 
A&B) has been demonstrated to have viscoelastic 
properties approaching those of actual brain tissue 
and has gained widespread acceptance as a physical 
substitute for brain tissue [16, 25-28]. It is worth 

noting, however, that the gel exhibits a lesser degree 
of dynamic deformation because the phase angel of 
the gel material increases at a greater rate with 
respect to frequency than does brain tissue at 
frequencies above 1 Hz. This means that the gel 
exhibits greater viscous damping than brain tissue at 
finite strains. In other words, the gel material 
provides an accurate estimate of the response of brain 
tissue to oscillatory shear strains below 1 Hz in 
frequency and a conservative estimate above 1 Hz. 
The gel is, therefore, an excellent alternative for 
benchmarking studies [16, 25]. 
 
The suitability of silicone dielectric gel is confirmed 
through the independent testing in this research using 
the accepted technique of measuring the complex 
modulus of brain tissue by applying an oscillating 
shear strain and measuring the resulting strain and the 
phase shift between input stress and output strain. 
Testing is conducted using an Advanced Rheometric 
Expansion System (ARES) Rheometer (LS714306), 
from TA Instruments, in the University of 
Minnesota’s Rheological Measuring Laboratory 
(serial no. 199815770). Figure 3 shows the results of 
this testing, along with results published by Brands, 
et al. [16], which includes their tests of the same gel 
material, the results of their testing with several 
samples of porcine brain tissue and other findings in 
the literature, which include several human brain 
tissue samples. 

 
Table 2. 

The head tissue material parameters used in the finite element model 
 
Tissue Young’s mod. (GPa) Density (kg/mm3) Poisson’s ratio 

Skull 8 1.21×10-6 0.22 
Dura mater 0.0315 1.13×10-6 0.45 

Dura 
tentorium 

0.0315 1.13×10-6 0.45 

Dura falx 0.0315 1.13×10-6 0.45 
Pia mater 0.0115 1.13×10-6 0.45 

Scalp 0.0167 1.0×10-6 0.42 
Tissue Young’s 

mod. 
(GPa) 

Bulk 
mod. 
(GPa) 

Shear 
mod. 
(GPa) 

Density 
(kg/mm3) 

Poisson’s 
ratio 

Static shear 
mod. (GPa) 

Dynamic 
shear mod.  

(GPa) 

Decay  
const. 
(ms-1) 

Brain 667×10-6 2.19  1.04×10-6 0.49999635 5.28×10-5 1.68×10-5 0.4 

CSF 667×10-6 2.19 5.0×10-7 1.004×10-6     
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Figure 3.  Our (NDSU) independent testing of 
storage modulus of silicone dielectric gel over a 
range of frequencies in addition to results for gel 
and several samples of brain tissue originally 
reported in Brands et al. [16]. Literature data 
includes porcine cerebrum [18, 20], porcine 
brainstem [21], calf cerebrum [19], human 
cerebrum [22], and human white matter [23]. 
 
BOUNDARY CONDITIONS 

 
The free-boundary condition is defined as the 
junction of the neck and the head in the model.  This 
means that there is no constraint effect at the head-
neck joint, since for short duration impacts, such as 6 
ms in Nahum’s frontal impact [29], the neck does not 
influence the dynamic response of the head. Further, 
in inertial loading analysis, the 6-DOF kinematic 
description is sufficient and no extra boundary 
conditions are required. 
 
According to the anatomical structure and physiology 
of the human head, the interfaces between the scalp 
and skull, the skull and dura, as well as the brain and 
pia, are modeled as a tied surface-to-surface contact 
definition. The interface between the dura, tentorium 
and falx is defined as a tied node-to-surface contact 
model as these components physically adhere to each 
other. A tied contact algorithm is preferred for the 
brain-membrane interfaces because it transfers loads 
in both compression and tension; only loads in 
compression, however, are transferred in a penalty 
contact algorithm, so a gap will be created in the 
contrecoup region where tensile loading is possible in 
frontal impact. [30] 
 
Due to the presence of CSF, and the fact that the 
relative motion between the skull and brain during 
impact has been observed [30], the interfaces 
between the dura, pia, falx, tentorium and CSF are 

modeled as an automatic surface-to-surface sliding 
contact with a friction coefficient of 0.2, as 
previously reported [31]. This contact definition is 
also appropriate for the simulation of CSF fluid 
behavior by linear solid element methods.  

 
HEAD RESPONSE ANALYSIS UNDER 
VEHICLE CRASH LOADINGS  
 
Head impact against padded, or rigid, surfaces is a 
common and important source of loading to the 
human brain.  In the modeling presented here, an 
ATB biodynamic package is used to reconstruct 
impact scenarios of a real vehicle. Six translation and 
rotation acceleration data are extracted at the center 
of gravity (CG) of the head. Since the combined 
acceleration data reflects the head kinematics, 
restraint system interaction and head/neck reaction 
forces during the impact events, these DOF kinematic 
descriptions can be used to replicate the angular and 
translational acceleration momentum and resulting 
inertial loads experienced by the head tissue system 
in the dynamic conditions of a vehicle crash [32]. 
The head kinematic data from the ATB is then 
applied to the FE model to replicate the head 
biodynamic response in car crash cases. Finally, the 
mechanical response outputs are compared with the 
magnetic resonance imaging (MRI) observations of 
brain tissue injury to validate the simulation 
methodology.  
 
ATB Simulation  
 
The ATB computer program is a 3-D, rigid-body 
dynamic crash simulator developed jointly by the 
National Highway Traffic Safety Administration 
(NHTSA) and Armstrong Aerospace Medical 
Research Laboratory at Wright-Patterson Air Force 
Base (AMRL/WPAFB) to predict human body 
dynamics during events such as automobile 
collisions, pilots’ ejections and other hazardous 
events [33]. The Generator of Body Data (GEBOD) 
preprocessing program is used to generate the 
necessary input parameters for ATB, including 
geometric and mass properties of various body 
segments and locations and range of motion 
characteristics of joints [34]. This system can be used 
to predict both human and manikin body motion, as 
well as to provide injury assessment.  ATB is used 
here to simulate the actual incidents and to determine 
the motion of the head for further FE simulation in 
cases for which MRI data is also available.  
 
Case I:  This case represents a rear end collision 
simulation.  A tested impact scenario is based on a 
simulated human male subject weighing 79.3 kg (175 



Ziejewski 6 
 

lbs) with a height of 1.8 meters (71 inches).  The 
subject is positioned with a head separation of 7.5 cm 
(3 in) and a head rotation of 30º to the left at the time 
of impact, striking the headrest with a head 
angulation of 70º yaw, 0º pitch and 0º roll.  
 
The impact scenario consists of a rearward 
acceleration resulting in a change in velocity of 
approximately 12.9 km/h (8mph).  The translational 
and rotational accelerations, in three directions, are 
shown in Figures 3 and 4.   
 

 
Figure 4.  Translation accelerations in inertial 
coordinate 
 
Case II:   The second analysis is performed for a 
direct head impact in the occipital area.  In this case, 
a female who was 1.5 meters (61 inches) tall and 
weighing between 54-59 kg, (120-130 lbs), loses her 
balance and strikes a rigidly attached wooden 
structure with the back of her head.  At the time of 
impact, her head velocity is approximately 6.5 meters 
per second (4 mph). The translational and rotational 
accelerations, in three directions, are shown in 
Figures 5 and 6.   
 

 
Figure 5.  Rotational accelerations in inertial 
coordinate  
 

 
Figure 6.  Translation accelerations in inertial 
coordinate 
 
FEA of Inertial Loading Response  
 
The FE head model and material model are used to 
analyze the inertial loading response of brain under 
these two scenarios.  The translational accelerations 
from ATB simulation are applied at the center of 
mass of the head model, which is rigidly connected to 
the skull to introduce the loading to the entire system. 
The skull solid elements are defined as solid body to 
apply the rotational accelerations. Because head soft 
tissue injuries are known to occur without large 
deformations of the skull, the rigid skull assumption 
is reasonable for the analysis of soft tissue response 
under dynamic loading [32].  
 
The Mechanical Response and Soft Tissue Injury  
 
Brain soft tissue injuries result from the combination 
of many biomechanical factors such as the material 
nature of brain tissue, anatomic structure of head and 
brain tissue, kinematics and other constraints.  
Basically, the brain deforms when exposed to rapid 
momentum change due to direct impact forces, or 
non-contact forces, transferred through the neck as a 
result of the velocity differences between the head 
and human body.  
 
Brain tissue is resistant to the dilatational 
deformation and hydrostatic stress due to the high 
bulk modulus.  Due to the low shear modulus, 
however, the internal anatomical structure of the 
head-brain complex and the angular kinematic 
loading under impact conditions, brain tissue injury, 
such as, diffuse axonal injury (DAI), may be 
developed from shear deformation and shear stress 
[32]. 
 
Figure 7 compares the FE solutions for maximum 
shear stress distribution with the MRI observations of 
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brain tissue injury for case I at 114 ms, the peak time 
of the impact for the case. In Figures 8 and 9, the FE 
solutions for the variation of maximum shear stress 
and maximum shear strain in the brain, from 114 ms 
to 116 ms, are shown.   
 

 
Figure 7.  Rotational accelerations in inertial 
coordinate 
 

 
Figure 8.  Case I brain shear injury MPI and 
maximum shear stress at 114ms (top-horizontal 
view) 
 

 
Figure 9.  Case I brain maximum shear stress 
(top-horizontal view) 
 
The MRI data for the cases are from patients referred 
for clinical evaluation and were obtained following 
informed consent under IRB approval.  The red 
arrows in the Figures indicate the sites of maximum 
shear stress and observed shear injury of brain tissue. 
In Figures 10- 12, the maximum shear stress 
distribution is compared with the MRI brain tissue 
injury for case II at the peak impact time of 105ms 

from different view directions. In Figures 13, 14 and 
15, a maximum shear stress variation of the brain 
from 104 ms to 106ms is shown from different view 
directions for this case.  

 

 
Figure 10.  Case I brain maximum shear strain 
(top horizontal view) 
 

 
Figure 11.  Case II brain shear injury MPI and 
maximum shear stress at 105ms (top-horizontal 
view) 
 

 
Figure 12.  Case II brain shear injury MPI and 
maximum shear stress at 105ms (mid-sagittal 
view) 
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Figure 13.  Case II brain shear injury MPI and 
maximum shear stress at 105 ms (coronal view) 
 

 
Figure 14.  Case II brain maximum shear stress 
(top-horizontal view) 
 

 
Figure 15.  Case II brain maximum shear stress 
(mid-sagittal view) 
 
Discussion  
 
A good correlation between the internal injury sites 
and high shear stress regions is demonstrated.  The 
FE head model accurately identifies and predicts 
locations of internal brain injury associated with 
blunt trauma as validated here. The maximum 
angular acceleration experienced by the head is 1532 

2/rad s  in case I, and 2155 2/rad s  in case II.  
 
These accelerations are in the range of the published 
values known to cause TBI in the human brain [35-
36]. The type, magnitude, duration and direction of 
acceleration loads all play important roles in brain 
injury mechanisms. 
 
 
 
 

CONCLUSIONS 
 
The combination of FE deformation analysis and an 
ATB rigid body model is an effective method in head 
impact analysis and TBI identification. More real 
accident simulations can be done to test the accuracy 
and the validity range of the head model. Parametric 
analysis of crash simulations can be done to study the 
brain injury mechanism. 
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ABSTRACT 
 
The biofidelity of side impact ATDs is crucial in 
order to accurately predict injury of human 
occupants.  Although the arm serves as a load 
path to the thorax, there are currently no 
biofidelity response requirements for the isolated 
arm.  The purpose of the study was to 
characterize the compressive stiffness of male 
and female upper arms in lateral loading and to 
develop corresponding biofidelity stiffness 
corridors.  This was accomplished by performing 
a series of pendulum tests on sixteen isolated 
upper arms, obtained from four male and four 
female cadavers, at impact velocities of 
approximately 2 m/s and 4 m/s.  The upper arms 
were oriented vertically with the medial side 
placed against a rigid wall in order to simulate 
loading during a side impact automotive 
collision.  The force versus deflection response 
data was normalized to that of a 50th percentile 
male or a 5th percentile female and then response 
corridors were developed. For both impact rates 
the cadaver arms exhibited a considerable 
amount of deflection under very low force, i.e. 
toe region, before the any substantial increase in 
force. The deflection at which the force began to 
increase substantially was found to be similar to 
the average difference in thickness between the 
initial and compressed volunteer arm thickness 
measurements for both the 5th percentile female 
and 50th percentile male.  Although the response 
of the SID-IIs arm was similar in shape to that of 
the female cadaver arms for both impact rates, 
the SID-IIs arm did not exhibit a considerable 
toe region and therefore did not fall within the 
response corridors for the 5th percentile.  The 
results of the current study could lead to an 
improvement in the overall biofidelity of side 
impact ATDs by providing valuable data 
necessary to validate the compressive response 
of ATD arm independent of the global response.  

INTRODUCTION 

Approximately 8,000 automobile occupants are 
killed and 24,000 seriously injured each year in 

automotive side impact collisions [2].  For all 
types of side impact collisions the second 
leading source of fatality, next to head injuries, is 
chest injuries (29%) [2].  The development of 
anthropometric test dummies (ATDs) 
specifically designed for side impact testing has 
helped automotive safety engineers evaluate and 
improve new and evolving occupant protection 
technologies.  One such dummy is the SID-IIs, 
which represents the 5th percentile human female.  
Accurate biofidelity for side impact ATDs, such 
as the SID-IIs, is crucial in order to accurately 
predict injury of human occupants.  A recent area 
of concern is the biofidelity of the arm of side 
impact ATDs.  There have been several studies 
that have investigated the tolerance of the upper 
extremity in three-point bending and side airbag 
deployments [1, 2, 3, 4, 5, 6, 8].  However, the 
characterization of the compressive stiffness of 
the arm has been limited [9, 10].  Given that the 
arm serves as a load path to the thorax, the 
response characteristics of the upper extremity 
can influence the thoracic response in side 
impact test dummies.  Although there are 
biofidelity evaluations for the global response of 
the side impact ATD arm and thorax combined, 
there are currently no biofidelity evaluations 
with respect to the compressive characteristics of 
the isolated arm.  Therefore, the purpose of the 
study was to characterize the stiffness of the 
male and female upper arm in lateral 
compressive loading and to develop 
corresponding biofidelity stiffness corridors.   
 
METHODS 
 
A total of 18 pendulum impacts were performed 
on 9 matched arms, 5 female and 4 male 
obtained from fresh previously frozen post 
mortem human subjects (PHMS).  The arms 
were obtained from 9 fresh previously frozen 
human cadavers, 5 female and 4 male (Table 1).  
In addition, a total of 4 pendulum impacts were 
performed on the standard arm of the Sid-IIs 
dummy using the same experimental setup to 
provide means of comparison.  



Table 1: Subject Information. 
Gender Age Mass Height Subject 

ID (F/M) (yrs) (kg) (cm) 
Cadaver 1 Female 72 64 165 
Cadaver 2 Female 77 55 160 
Cadaver 3 Female 87 82 173 
Cadaver 4 Female 76 70 157 
Cadaver 5 Female 73 100 170 
Cadaver 6 Male 76 44 170 
Cadaver 7 Male 62 60 178 
Cadaver 8 Male 67 105 183 
Cadaver 9 Male 71 105 188 

 
Experimental Setup 
The primary component of the test setup was a 
14 kg pendulum with a rigid 152 mm diameter 
impacting surface (Figure 1).  The impactor was 
supported by 8 steel cables in order to provide 
smooth pendulum travel with no rotation or 
translation. The pendulum was instrumented 
with a single axis accelerometer (Endevco 
7264B, 2000 G, San Juan Capistrano, CA).   The 
arm was then placed against a polyethylene 
backing surface, which was mounted to a rigid 
aluminum plate.  The reaction force was 
measured using a single axis load cell (Interface 
1210AF-22,240 N, Scottsdale, AZ) mounted to a 
rigid wall with the use of a rigid aluminum plate. 
The data acquisition system and high-speed 
video were triggered with the use of a contact 

strip placed on the soft tissue of each arm at the 
point of initial impactor contact. 
 
The arms were oriented vertically and suspended 
with a rope tied around the head of the humerus 
(Figure 2).   The superior skin and muscle of the 
arm were held taught by with the use of sutures 
and string attached to the suspending rope.  The 
arms were positioned so that the center of the 
impactor was in-line with the humerus bone.  
Special care was taken to ensure that only the 
main shaft of the humerus was in front of the 
polyethylene backing surface.  In order to 
provide a comparison to the response of the 
dummy arm, matched tests were performed on 
the arm of the SID-IIs dummy (Figure 2). 
 
The arms were randomly divided into two 
groups, where each group contained one 
specimen, right or left arm, from each of the 9 
matched pairs.  The first group was subjected to 
a 2.0 m/s impact (20.3 cm drop height).  The 
second group was subjected to a 4.0 m/s impact 
(81.5 cm drop height). Pre-test measurements 
were taken of each test specimen to document 
anthropometrical data of the arms with soft 
tissue attached (Table A1). The thickness and 
circumference of each specimen was measured 
after the specimen was positioned on the 
experimental test setup.  Post-test measurements 
were taken of each test specimen to document 
anthropometrical data of the humerus bone 
(Table A2). 
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Figure 1: Pendulum impact experimental test setup. 

 



Side View Front ViewSide View Front View SID-IIs Dummy ArmSID-IIs Dummy Arm

 
Figure 2: Cadaver and SID-IIs arm positioning. 

 
 
Data Acquisition and Processing 
All data was recorded at a sampling frequency of 
30,000 Hz (Iotech WBK16, Cleveland, OH) and 
filtered to Channel Filter Class (CFC) 600.  The 
impactor force was calculated as the product of 
impactor acceleration and impactor mass, 14 kg. 
High-speed video (Phantom V9.1, Vision 
research) was recorded at a sampling rate of 
2000 Hz at a resolution of 864 x 1000 pixels 
(Figure 4).  The camera was positioned to obtain 
video perpendicular to the impact direction.  The 
positions of the impactor targets were tracking 
using Phantom software.  In order to obtain 
medial-lateral deflection, the position of the 
impactor at the point of initial contact from 
subtracted from the impactor position at each 
point in time  
 
Volunteer Measurements 
In order to obtain a indication of the toe region  
of the arm due to medial-lateral compression, the 
upper arms of 16 male, approximately 50th 
percentile, and 4 female, approximately 5th 
percentile female,  volunteers were measured 
(Figure 3, and Table 2).  To measure the 
thickness of the arm in the vertical position, a 
flat plate was inserted between the body and the 
arm of a standing volunteer.  The volunteer was 
asked to relax their muscles and maintain contact 

between the plate and elbow joint with the arm 
hanging vertically in a relaxed position.  The 
thickness was measured with a combination 
square, perpendicular to the plate, and from the 
plate to the midpoint of the arm.  A second 
thickness measurement was taken by 
compressing the arm to a tolerable limit. This 
measurement was taken to give an indication of 
the toe region that would result from 
compressing the soft tissue. 
 
 

Initial Thickness
(No Compression)

Compressed Thickness 
(Compressed to a Tolerable Level)

Initial Thickness
(No Compression)

Compressed Thickness 
(Compressed to a Tolerable Level)  

 
Figure 3:  Arm thickness measurements taken 

on a volunteer. 

 
Table 2:  Average arm thickness measurements for 20 volunteers. 

Gender 
Number 

of 
Subjects 

Average 
Age 
(yrs) 

Mass Range 
(kg) 

Average 
Initial 

Thickness 

Average 
Compressed 
Thickness 

Average 
Difference b/w 

Initial and Compressed 
Male 16 21 68 -84 78.5 45.4 33.1 

Female   4 19 42 -52 66.3 36.5 29.8 
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Figure 4: High speed video stills used to determine medial-lateral deflection. 
 

Data Scaling 
In order to minimize the variations in subject 
response due to individual geometry and inertial 
properties, the force and deflection were scaled 
to the response of a standard subject.  A number 
of different standard scaling techniques were 
evaluated: Eppinger et al. (1984); Mertz (1984); 
ISO/TR-9790:1999.  However, the scaling the 
procedure detailed by Eppinger et al. (1984) was 
found to be the most effective [12, 13, 14].  The 
scaling factors are defined below (Equations 1-3).  
In the scaling factor equations, mi is the mass of 
the cadaver, ms is the mass of a standard subject.  
The mass of the standard 5th percentile female is 
46.9 kg, and the mass of the standard 50th 
percentile male is 76 kg [15].  The scaling 
factors used to normalize the response of each 
cadaver arm are reported in Table 3. 
 

Table 3:  Scaling Factors. 
Scaling Factors Subject  

ID Gender Deflection 
(Rx) 

Force   
(Rf)  

Cadaver 1 F 0.90 0.82 

Cadaver 2 F 0.95 0.90 

Cadaver 3 F 0.83 0.69 

Cadaver 4 F 0.87 0.76 

Cadaver 5 F 0.78 0.60 

Cadaver 6 M 1.20 1.44 

Cadaver 7 M 1.08 1.18 

Cadaver 8 M 0.90 0.81 

Cadaver 9 M 0.90 0.81 
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RESULTS 
 
The non-scaled force versus deflection responses 
of each arm were plotted for each loading rate 
(Figures 5, 8, 11, and 14).  The scaled force 
versus deflection responses of each arm were 
plotted for each loading rate (Figures 6, 9, 12, 
and 15).  In addition, the average difference in 
thickness between the initial and compressed 
volunteer arm thickness was plotted along with 
the scaled data. 
 
Arm Stiffness Response Corridors 
Force versus deflection response corridors were 
developed using the characteristic average 
approach for both male and female arm 
responses at each impact rate (Figures 7, 10, 13, 
and 16) [11].  The upper bound corresponds to 
the positive standard deviation in force vs. the 
negative standard deviation in deflection.  The 
lower bound corresponds to the negative 
standard deviation in force vs. the positive 
standard deviation in deflection. 
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Figure 5: Female arm force vs. deflection 
responses- 2 m/s. 
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Figure 6: Scaled female arm force vs. deflection 
responses - 2 m/s. 
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Figure 7: Scaled female arm force vs. deflection 
response corridors - 2 m/s. 

 
 
 
 

 

 

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60 70 80 90 100
Deflection (mm)

Fo
rc

e 
(k

N
)

Cadaver 6
Cadaver 7
Cadaver 8
Cadaver 9

 
 

Figure 8: Male arm force vs. deflection 
responses - 2 m/s. 
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Figure 9: Scaled male arm force vs. deflection 
responses - 2 m/s. 
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Figure 10: Scaled male force vs. deflection 
response corridors - 2 m/s. 
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Figure 11: Female arm force vs. deflection 
responses - 4 m/s. 
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Figure 12: Scaled female arm force vs. 
deflection responses - 4 m/s. 
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Figure 13: Scaled female force vs. deflection 
response corridors - 4 m/s. 
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Figure 14: Male arm force vs. deflection 
responses - 4 m/s. 
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Figure 15: Scaled Male arm force vs. deflection 
responses - 4 m/s. 
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Figure 16: Scaled male force vs. deflection 
response corridors - 4 m/s. 

 



Scaled Female vs. SID-IIS Response  
The SID-IIs dummy arm did not exhibit a 
considerable toe region before the any 
substantial increase in force. For means of 
comparison, the scaled force versus deflection 
responses of the female arms were plotted along 
with the responses of the Sid-IIs dummy arms 
for both loading rates (Figures 17 and 18).  The 
comparison clearly shows that the response of 
the SID-IIs does not lie within the response 
corridors for the 5th percentile female due to a 
lack of any considerable toe region.  
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Figure 17: SID-IIS versus scaled female force vs. 
deflection responses- 2 m/s. 

 

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60 70 80 90 100
Deflection (mm)

Fo
rc

e 
(k

N
)

New SID-IIs Dummy Arm

New SID-IIs Dummy Arm

 
Figure 18: SID-IIS versus scaled female force vs. 

deflection responses- 4 m/s. 
 
DISCUSSION 
 
Although, the scaling the procedure detailed by 
Eppinger et al. (1984) was found to be the most 
effective method out of the standard scaling 
methods evaluated in the current study, this 
method is based on total subject mass and does 
not account for the differences in the ratio of arm 
mass to total body mass or arm thickness Given 
that the arm in constrained by the backing 
surface, the changes in the thickness of the soft 

tissue between subjects dominates the changes in 
the force versus deflection response between 
subjects.  Therefore, an alternate scaling method 
based solely on arm thickness is proposed here.  
This method assumes that the material properties 
of the soft tissue do not change between subjects, 
but the amount, or thickness, of the tissue does.    
The scaling factors based on arm thickness alone 
are defined below (Equations 1-6, Table 4).  In 
the scaling factor equations, ti is the medial 
lateral arm thickness of the cadaver, ts is the 
medial lateral arm thickness of a standard subject.  
The medial lateral arm thickness of the standard 
5th percentile female is 67 mm, and the medial 
lateral arm thickness of the standard 50th 
percentile male is 86 mm [15]. 
 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

i

s
t t

t
λ  Eqn (4) 

)(*)( tForcetForce imptscaled λ=  Eqn (5) 

)(*)( tDeflectiontDeflection tscaled λ=  Eqn (6) 

 
 

Table 4:  Scaling Factors Based on  
Maximum Arm Thickness. 

Subject  
ID Gender Impact 

Speed 
Scaling 
Factor 

2 m/s 0.86 
Cadaver 1 F 

4 m/s 0.77 

2 m/s 0.83 
Cadaver 2 F 

4 m/s 0.71 

2 m/s 0.65 
Cadaver 3 F 

4 m/s 0.63 

2 m/s 0.55 
Cadaver 4 F 

4 m/s 0.54 

2 m/s 0.58 
Cadaver 5 F 

4 m/s 0.52 

2 m/s 1.19 
Cadaver 6 M 

4 m/s 1.54 

2 m/s 0.93 
Cadaver 7 M 

4 m/s 1.16 

2 m/s 0.78 
Cadaver 8 M 

4 m/s 0.79 

2 m/s 0.97 
Cadaver 9 M 

4 m/s 0.88 
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Figure 19: Scaled female arm force vs. 

deflection responses based on thickness- 2 m/s. 
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Figure 20: Scaled female arm force vs. 

deflection responses based on thickness - 4 m/s. 
 

 

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60 70 80 90 100
 Deflection (mm)

 F
or

ce
 (k

N
)

Cadaver 6- Scaled to 50th Male
Cadaver 7- Scaled to 50th Male
Cadaver 8- Scaled to 50th Male
Cadaver 9- Scaled to 50th Male
50th Male Volunteer- Avg. Compression

 
Figure 21: Scaled male arm force vs. deflection 

responses based on thickness - 2 m/s. 
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Figure 22: Scaled male arm force vs. deflection 

responses based on thickness - 4 m/s. 
 

CONCLUSIONS 
 
The study presents results from 18 medial-lateral 
pendulum impacts performed on 9 human arm 
matched pairs with a 14 kg pendulum at 2 m/s or 
4 m/s.  Force versus deflection response 
corridors were developed for both the 50th 
percentile male and the 5th percentile female arm 
response at each impact rate.  In addition, 4 
pendulum impacts performed on a Sid-IIs 
dummy arm using the same experimental setup 
for means of comparison.  For both impact rates 
the cadaver arms exhibited a considerable 
amount of deflection under very low force, i.e. 
toe region, before the any substantial increase in 
force.  The deflection at which the force began to 
increase substantially was found to be similar to 
the average difference in thickness between the 
initial and compressed volunteer arm thickness 
measurements for both the 5th percentile female 
and 50th percentile male.  Although the response 
of the SID-IIs dummy arm was similar in shape 
to that of the female cadaver arms for both 

impact rates, the SID-IIs dummy arm did not 
exhibit a considerable toe region before the any 
substantial increase in force.  Therefore, the SID-
IIs response force vs. deflection response did not 
lie within the response corridors for the 5th 
percentile female.  The results of the current 
study could lead to an improvement in the 
overall biofidelity of side impact ATDs by 
providing valuable data necessary to validate the 
compressive response of side impact ATD arms 
independent of the global ATD response.  
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APPENDIX  
Table A1: Cadaver arm pre-test anthropometric measurements. 

Arm Measurements with Soft Tissue 

Medial-Lateral Thickness Circumference Arm 
Mass [center of plate] [maximum] [center of plate] [maximum] 

Subject  
ID 

Right/Left  
Arm  

(g) (mm) (mm) (cm) (cm) 
Right 1480 69.0 78.0 22.5 26.5 

Cadaver 1 
Left 1320 80.0 87.0 23.5 26.0 
Left 1450 81.0 81.0 25.5 27.0 

Cadaver 2 
Right 1550 85.0 95.0 26.0 27.0 
Right 2335 95.0 103.0 32.5 33.0 

Cadaver 3 
Left 2355 102.0 107.0 31.0 34.0 
Left 2900 115.0 122.0 35.0 36.0 

Cadaver 4 
Right 3430 116.0 125.0 37.5 39.5 
Right 2980 112.0 116.0 37.5 38.5 

Cadaver 5 
Left 3445 115.0 128.0 37.5 43.5 
Right 1445 55.0 72.0 18.5 21.5 

Cadaver 6 
Left 1185 51.0 56.0 17.5 19.5 
Left 2020 72.0 92.0 25.0 30.0 

Cadaver 7 
Right 2060 68.0 74.0 25.0 28.0 
Right 2995 93.0 110.0 34.0 37.0 

Cadaver 8 
Left 3035 98.0 109.0 34.0 37.5 
Left 2300 80.0 89.0 31.0 33.5 

Cadaver 9 
Right 2385 77.0 98.0 30.5 35.5 

 
Table A2: Cadaver arm post-test anthropometric measurements. 

Humerus Bone Measurements 

Midpoint Diameter Circumference  Total 
Length 

Length 
of Main 

Shaft  [medial-lateral] [anterior-posterior] [midpoint] 
Subject  

ID 
Right/Left  

Arm  

(cm) (cm) (cm) (cm) (cm) 
Right 32.0 21.0 2.22 1.80 6.50 

Cadaver 1 
Left 32.0 21.0 2.22 1.88 6.50 
Left 32.5 20.5 2.03 2.06 6.75 

Cadaver 2 
Right 33.0 21.0 2.03 2.18 6.50 
Right 32.5 21.5 1.93 1.84 6.25 

Cadaver 3 
Left 32.5 21.0 1.91 1.88 6.25 
Left 31.0 20.0 2.22 2.16 7.50 

Cadaver 4 
Right 31.0 20.0 2.22 2.17 7.50 
Right 31.5 22.0 2.13 2.16 7.00 

Cadaver 5 
Left 31.5 22.0 1.92 2.16 7.00 
Right 35.5 22.0 2.10 2.39 7.00 

Cadaver 6 
Left 35.5 22.0 1.75 2.79 7.00 
Left 33.5 22.0 2.41 2.54 8.00 

Cadaver 7 
Right 34.0 22.5 2.50 2.54 8.25 
Right 36.0 24.0 2.41 2.35 7.50 

Cadaver 8 
Left 36.0 23.5 2.41 2.35 7.25 
Left 35.0 21.0 2.06 2.25 7.50 

Cadaver 9 
Right 34.5 22.0 2.13 2.03 7.50 
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ABSTRACT 
 
The THOR-05F is a new anthropomorphic test device 
with many notable features, including a biofidelic 
neck design with built-in lordosis that segregates load 
paths within the cervical spine. Static air bag 
deployment tests were carried out with the dummy 
positioned in the NHTSA-1 (chin on module) driver 
Out-Of-Position (OOP) configuration.  A set of late-
model two-stage air bag modules were used in a total 
of forty tests, including reference tests conducted 
with the 5th percentile female Hybrid III dummy.  
All of the modules were driver-side units, and each 
was contained within its own steering wheel 
assembly.  Half of the modules were configured to 
deploy more aggressively.  All bags were observed to 
deploy asymmetrically, resulting in a substantial twist 
of the head about the z-axis of the THOR-05F neck, 
and a high corresponding Mz upper neck moment.  
The THOR-05F demonstrated its ability to 
discriminate air bag aggressiveness, especially in its 
upper neck tension measurements which was the 
most predominant upper neck load. Compared to 
Hybrid III, the THOR-05F neck showed less 
tendency to go into extension.  The upper neck 
moment (My) and shear (Fx) were much lower in 
magnitude than those of the Hybrid III 5th. Head 
accelerations were similar to those produced by the 
Hybrid III 5th.            
 
INTRODUCTION 
 
The THOR 5th percentile female dummy is a new 
anthropomorphic test device (ATD) with many 
notable features, including a biofidelic neck design 
with built-in curvature that segregates load paths 
within the cervical spine.  This ATD is very similar 
to the THOR-NT 50th percentile male archetype 

which has seen wide interest since its release in 2003.  
Both dummies were developed by NHTSA for 
advancing the study of biomechanical phenomena 
and the development of new injury criteria supported 
by other efforts in human volunteer tests, cadaver 
tests and modeling.   The new fifth percentile female 
has been called informally THOR-05F during the 
development process. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1. Fifth percentile female THOR-05F ATD. 
 
The development of the THOR-05F was initially 
presented at international conferences in 2003. A 
paper was presented at the ESV conference, titled 
“Design requirements for a fifth percentile female 
version of the THOR ATD” which discussed the 
scaled biomechanical corridors that were developed 
for evaluating the biofidelity of the new dummy 
[Shams, 2003].  This was followed by a paper at the 
2003 Stapp Conference titled, “Design and 
development of a THOR based small female crash 
test dummy” that summarized the development work 
and the initial biofidelity testing [MacDonald, 2003]. 
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The THOR-05F dummy was designed using the 
anthropometric data developed for the 5th percentile 
female [Robbins, 1983] and biomechanical 
requirements derived from scaling the responses of 
the 50th male [Shams, 2003]. While many of the 
mechanical components of the THOR-NT 50th male 
were scaled according to the appropriate 
anthropometric data, a number of improved design 
features have been introduced in the THOR-05F. 
 
THOR neck technology – Multiple load paths 
 
The study herein focuses on the performance of air 
bags as measured within the THOR-05F’s head/neck 
complex.  As with the 50th percentile male THOR-
NT, the neck has distinct sub-assemblies reflecting a 
design premise that human necks are loaded along 
multiple paths, and that loads are borne by both 
ligamentous tissues and musculature.  Loads that pass 
through a human neck are presumed to include those 
borne by “external” musculature only (represented in 
THOR by the two cable sub-assemblies), and those 
borne by both “internal” muscles and ligaments 
(represented in THOR by the molded neck sub-
assembly and the pin joint/nodding block sub-
assembly).    
 

The THOR design philosophy also presumes that 
human neck injuries occur when ligamentous tissues 
become overloaded.  Hence, a THOR injury criterion 
will be based on its upper neck load cell alone, which 
is mounted to the neck rather than in the head (as 
with the Hybrid III).  Forces measured in the load 
cells attached to THOR’s anterior and posterior 
cables represent “external” non-injurious loads borne 
by musculature alone (and not ligamentous tissues).  
These load cell measures are contemplated as 
reference measures only, and may not be directly 
linked to an injury criterion. 
 
THOR-05F Beta neck construction. 
 
Unlike the THOR-NT 50th male, the THOR-05F 
incorporates the “Beta neck” design (Fig. 2).  This 
neck features built-in lordosis and is more 
anthropometrically correct than the standard THOR-
NT neck.  The Beta neck concept was originally 
developed for the 50th male version of THOR 
[Huang, 2003].  Due to cost considerations, the 
prototype was constructed by gluing (rather than 
molding) the rubber pucks to the aluminum plates.  
But failures due to debonding prevented the Beta 
neck design from ever being verified for inclusion 
with the release of the standard THOR-NT.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

WedgeElliptical
shape

Angled
bottom

b.  THOR-05F Head/neck 
system on spine. 

c.  Beta neck’s wedge-shaped 
rubber puck (one of four). 

 

a.  THOR-05F Beta neck components 

Figure 2.  THOR-05F Beta neck system and components. 
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Thus, further development of the basic Beta neck has 
been carried out in conjunction with the experimental 
THOR-05F.  By using standard scaling techniques, a 
new, smaller Beta neck was designed for the THOR-
05F.  To overcome the debonding problem, the new 
neck has been injection molded. In addition to the 
core design concept of multiple load paths that is 
represented in the standard THOR-NT neck, the Beta 
neck includes the following principal design features. 
 
Four Pucks and Offset Geometry. The four-puck 
neck agrees with the length between the human 
occipital condyles and the first thoracic vertebra (OC-
T1 length) derived from volunteer tests and the T1 is 
located at a well-defined rigid position.  As a result, 
the new neck is offset from the top to the bottom.  
The gradual offset design is different from the 
THOR-NT and Hybrid III one-step change, and the 
Beta neck resembles the curvature of the human neck 
structure. 
 
Elliptical Puck Shape.  The shape of the pucks in the 
neck is elliptical.  In order to have different responses 
in flexion and extension, the two bottom pucks are 
wedge shaped (Fig. 2c).  The wedged pucks result in 
higher stiffness in extension at larger bending angles 
than in flexion.  The current material for the puck is 
Neoprene with 75A durometer.  
  
Cam/Rubber Mechanism for the OC Joint.  The head-
to-neck joint in the dummy is meant to mimic the 
neck segment between the OC and the second 
cervical vertebra in the human.  A metal cam/rubber 
mechanism is used for the design of the OC joint in 
the 5th percentile female neck.  The rubber shape is 
used to control the characteristics of OC to provide a 
more biofidelic moment-angle property at the OC 
joint.   
 
Central Compliant Rubber Bushing. The main 
purpose of this design is to allow the neck to extend 
in the longitudinal direction (z-axis), in much the 
same way a human neck will react during impact.  
The rubber bushing is located within the lower neck 
load cell.  The central cable will push to compress the 
rubber during motion and develop the z-axis 
extension.   
 
This paper presents results of laboratory tests with 
the THOR-05F using driver-side air bags which 
reveal unique characteristics of the THOR-05F 
response.  When exposed to a static air bag 
deployment in the NHTSA-1 OOP position, the 
THOR-05F provides new insights into cervical spine 
loading.  The THOR-05F also provides a new 
perspective on discriminating air bag aggressiveness.  

As the THOR-05F is a relatively new dummy, this 
paper also serves to provide an evaluation of the 
dummy’s functionality, durability, and repeatability 
under well controlled conditions.  The focus of the 
evaluation is on the all-new Beta neck.  For reference, 
the responses of the THOR-05F dummy are 
compared to those of Hybrid III 5th percentile female 
under the same air bag deployment conditions.    
 
METHODS 
 
All tests were carried out with the dummy positioned 
in the NHTSA-1 (chin on module) driver OOP 
position.  A set of late-model two-stage air bag 
modules installed within a steering wheel assembly 
were used in a total of forty tests, including reference 
tests conducted with the 5th percentile female Hybrid 
III dummy.  All steering wheels/air bag modules 
were obtained directly from an air bag supplier and 
were not adulterated in any way after receipt. All of 
the modules were driver-side units, and each was 
contained within its own steering wheel assembly.  
All bags contained two 15-cm tethers.  Half of the 
modules were configured by the supplier to deploy 
more aggressively (described below as “normal” and 
“aggressive”) and the stage-two firing times were 
experimentally varied.   
 
Air bag Modules – Normal and Modified.  Two types 
of driver air bags were used under two deployment 
conditions.  The first type was an actual fleet air bag 
for a late model sedan (i.e., “Normal” bag) with a 
reverse-rolled cushion at the six and twelve o’clock 
positions.   The second type was a modification of the 
first (i.e., “Modified” bag).  It was folded using an 
accordion pattern at the six and twelve o’clock 
positions in lieu of the reverse rolls of the “Normal” 
bag.  Generally, an accordion fold is easier to unravel 
and inflate, producing a more aggressive thrust. The 
different bag folding patterns are also shown in Fig. 3. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.  Air bag fold patterns:  (Left) “Normal” reverse 

roll bag;  (Right) “Modified” accordion bag. 
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Also, the gas diffuser/deflector was removed from 
the second type to provide a more aggressive 
deployment.  A diffuser/deflector is a small, tethered 
patch of cloth covering the inflator which fills with 
gas like a parachute and diffuses the gas (Fig. 4).   
 
 
 
 
 
 
 
 
 
 
 
 
The second type of bag was supplied for the 
experimental purposes herein. While accordion folds 
are used widely in production, and not all production 
bags have diffusers, it is not known whether the 
particular “modified” bag employed herein is used in 
any fleet vehicles.   
 
NHTSA-1 Setup: Benign vs. Aggressive. All forty 
tests were carried out with the dummy positioned in 
the standard NHTSA-1 position (chin on module) in 
accordance with the seating procedure of Federal 
Motor Vehicle Safety Standard (FMVSS) No. 208, 
“Occupant crash protection,” (Part 571.208).  The 
position of the dummy was accurately controlled 
using fixed position markers on the seat and the 
adjustable neck positioning arm for each test. The 
transducers used in THOR-05F and Hybrid III 
included accelerometers, load cells, displacement 
string potentiometers, and rotary potentiometers.  
 
All signals were recorded using a digital data 
acquisition system with a sampling rate of 10 kHz. A 
high-speed digital camera recorded the air bag-
dummy interaction at 1000 frames per second. Signal 
conditioning, filtering, and recording techniques 
complied with the SAE J211 standard [1995]. 
 
Two variations of the steering wheel module were 
imposed in order to produce a “benign” deployment 
and an “aggressive” deployment.  For the benign 
setup, the two air bag stages were initiated 30 msec 
apart and the steering wheel angle was set at 68° 
from horizontal.  For the aggressive setup, air bag 
stages were initiated simultaneously, which provided 
a more aggressive deployment than sequential firing.  
Moreover, the steering wheel angle was set at 60° 
from horizontal.  This promoted more of an upward 
deployment than the 68° setup.  As such, it tended to 
produce higher ATD neck forces and moments. 

The choice of steering wheel angle is representative 
of typical passenger cars in the U.S. fleet.  The 68° 
angle is typical of a production sedan such as that in 
which the modules tested herein are intended to be 
installed.  The 60° angle is not uncommon in larger 
vehicles like pickup trucks and SUVs.   
 
Additionally, a shield was installed behind steering 
wheel to prevent the air bag from slipping under and 
behind the steering wheel rim during inflation, which 
reduces repeatability.  The shield fit behind the 
steering wheel so as to not interfere with the air bag 
deployment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  THOR-05F (top) and Hybrid III (bottom) 
in the NHTSA-1 Aggressive Setup (steering wheel 
angled upward). 
 
Test Matrix.  A series of forty full-deployment air 
bag impact tests were carried out.  Two ATD units 
were used:  the prototype THOR-05F and a Hybrid 
III 5th percentile female.  Both units passed through 
standard dummy certification tests (head drop, 
head/neck pendulum swings, chest impacts) just prior 
to the air bag series.  The forty tests were carried out 
on an “on again, off again” basis that extended over 
40 weeks.  Tests were typically run in batches of 
three to five tests per batch.  During the “on again” 

Bag shield 

Bag shield 

Figure 4.  Typical gas diffuser within an air bag.   
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periods, a one-hour test-to-test delay was imposed to 
allow full dummy recovery.  No re-certifications or 
part replacements occurred at any time during the 40-
week period. 
 
Five repeat tests were performed for each test 
condition, as indicated in Table l. Head/neck load 
time-history data comparison was performed for each 
air bag model.  Air bag inflation repeatability and 
variability for each model was confirmed and 
analyzed using the high-speed video recordings.  
Data analysis focused primarily on trend comparisons 
in the head/neck region.  Data for five repeat tests for 
each case were averaged for time-history trend 
comparison.  Values of Head Injury Criterion based 
on the 15-ms time interval (HIC15) were also 
computed. 

Table 1.  Test matrix 

Setup 
Position 

Normal Air bag Modified Air bag 

THOR-
05F 

Hybrid 
III 

THOR-
05F 

Hybrid 
III 

Benign 5 5 5 5 

Aggressive 5 5 5 5 

 
Comparing THOR-05F with Hybrid III.  As stated 
earlier, the THOR-05F has a unique neck 
construction in which muscles and osteoligamentous 
structures are represented by separate mechanical 
components (Fig. 2). The primary structural compo-
nent of the THOR-05F neck is the segmented molded 
rubber column which is designed based on the 
responses of the human cervical spine. A six-axis 
load cell is placed at the top of this component to 
directly measure the loads at the head/neck pin joint, 
which represents human occipital condyles. In the 
results presented herein, all upper neck loads refer to 
the OC pin joint location. Cable elements 
representing the anterior and posterior neck 
musculature also bear loads. Cross-sectional loads 
refer to loads including the front and rear cable loads 
with respect to the head coordinate system. 
 
The Hybrid III does not account for separate load 
paths; its neck load cell measurements correspond to 
“cross-sectional” neck loads.  Unlike the THOR-05F, 
the Hybrid III upper head/neck load cell is installed 
in the head above the OC pin joint and measures the 
load in the head coordinate system. The upper 
head/neck moment, My, measured by the upper 
head/neck load cell is translated to the OC level by 
subtracting the moment obtained by multiplying the 
shear force Fx by the height of the load cell above the 
OC from the moment data measured by the load cell. 
 

To facilitate comparison with the Hybrid III, the 
THOR-05F instrumentation allows one to compute 
its “cross-sectional load” by accounting for the cable 
loads.  The dummy also has a rotary potentiometer 
that measures rotation of the head with respect to the 
neck. Using data from this potentiometer, one may 
translate THOR-05F’s cross-sectional neck loads to 
the head coordinate system for direct comparison 
with the Hybrid III. 
 
 
RESULTS 
 
All THOR-05F neck results presented hereafter are 
“ligamentous” loads of the upper neck at the level of 
the head/neck pin joint (representing the human 
occipital condyles) unless otherwise specified. As 
such, these loads are derived from the upper neck 
load cell only, and do not include the contributions of 
the front and rear cables.  Furthermore, since the 
upper neck load cell is mounted atop the neck and 
beneath the head/neck pin joint, the THOR-05F neck 
load vectors correspond to a local upper neck 
coordinate system.  This is the way the neck data are 
expected to be used for injury assessment. 
 
For the Hybrid III, the upper neck load cell is 
contained within the head and is mounted on the head 
instrument plane.  Thus, all Hybrid III loads reported 
herein represent the total cross-sectional loads and 
the load vectors correspond to a local upper neck 
coordinate system.  The Hybrid III head rotates very 
little with respect to the neck due to the engagement 
of its nodding blocks.  On the other hand, the THOR-
05F head/neck pin joint offers much less resistance 
so that the head may rotate as much as +/- 40 degrees 
before its nodding blocks engage fully.  Thus, the 
directions of the upper neck load cell force vectors of 
the THOR-05F and Hybrid III can vary substantially.  
 
Repeatability and variability.  The dummy response 
in tests with the normal air bags proved to be more 
repeatable than in tests with the modified bags for 
both the THOR-05F and Hybrid III.  Figure 6 shows 
the averages of the THOR-05F and Hybrid III upper 
neck tension (Fz) and upper neck flexion/extension 
moment (My) for the benign setups (Figs. 6a and b) 
and the aggressive setups (Figs. 6c and d).  The 
shaded areas represent one standard deviation about 
the mean. The Fz and My measures, which are 
typically used to define injury risk, are used for 
comparison herein.  However, the other ATD 
channels, including head acceleration measurements, 
indicate the similar findings.   
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Figure 6.  THOR-05F and Hybrid III time-histories (sec).  Average upper neck tension (Fz) and flexion/extension 
moment (My) for the four test conditions.  The shaded areas represent +/- 1 standard deviation. 
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All plots in Fig. 6 indicate a tighter shaded area – and 
greater repeatability – for the normal bags.  When 
comparing the tests run under the benign vs. 
aggressive setups, the relative repeatability appears to 
be about the same for each dummy.  As shown in Fig. 
6, the repeatability of the Hybrid III upper neck is on 
a par with the THOR.  An assessment of repeatability 
is discussed in the next section. 
 
THOR-05F and Hybrid III comparison.  Consider the 
THOR-05F vs. the Hybrid III in the “Normal 
Bag/Aggressive Setup” condition.  This condition is 
the best of the four to compare the two, because it 
involves a relatively repeatable air bag with a strong 
deployment with relatively high measurements. 
Upper neck tension Fz, shear Fx, and moment My are 
compared since they represent the primary 
measurements of the current NHTSA injury criteria 
(Fig. 7).  
 
In both the THOR-05F and Hybrid III, upper neck Fz 
force is generally positive, indicating that the neck is 
in tension for both dummies (Fig. 6).  This tensile 
force is a combined effect of the external air bag load 
and the centrifugal rearward rotation of the head.  
However, the Hybrid III recorded a much stronger 
upper neck extension (negative My) and a higher 
upper neck shear force (negative Fx) than THOR-05F 
(Fig. 7).   Other dissimilarities are discussed below. 
 
For the THOR-05F, the upper neck load data shown 
in the figures above all indicate a fairly consistent 
response typified by the relatively repeatable 
“Normal Bag/Aggressive Setup” condition.  In 
general, the neck tension (Fz) was the predominant 
load, with very low moment (My) and shear (Fx).  

The low My is attributable to the THOR-05F 
head/neck junction where the pin joint offers little 
resistance (and sustains low moments) to relative 
head-to-neck rotation of up to 30 deg.  Even so, the 
potentiometer that captured this rotation indicated 
that the rotation was never greater than 10 degrees in 
any of the tests. 
 
What little upper neck moment and shear that was 
present in the THOR-05F indicates that the air bag 
pushed the chin backwards and downwards, which 
generated a negative upper head/neck shear force 
(negative Fx) and positive flexion moment (positive 
My) at about 20 ms. The THOR-05F neck did not go 
into extension until well after bag separation. 
 
The general response of the Hybrid III differs from 
the THOR-05F.  Under the “Normal Bag/Aggressive 
Setup” condition, high-speed video data showed the 
air bag became trapped under the Hybrid III chin and 
pushed it upwards.  The neck was shown to be in 
extension with a slight bend to the neck column as 
the dummy separated from the bag.  This condition 
produced the negative My (extension) moments 
apparent in the data.  It also generated a 
corresponding negative upper neck shear Fx due to 
the bag being lodged between the chin and the neck.  
This was consistent for all five tests. 
 
For the “Modified Bag/Aggressive Setup” condition, 
however, the above condition was only apparent in 
one of the five Hybrid III repeat tests.  Other repeat 
tests resulted in a response closer to that of the 
THOR-05F in which the neck was initially placed 
into flexion. 
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Injury metrics for various air bags.  Table 2 provides 
the critical injury assessment values for human spine 
tolerance of a fifth percentile female and 
corresponding injury reference values for the Hybrid 
III.  For the human, compression force, flexion 
moment, and extension moment were derived from 
tests on female post-mortem human subjects 
[Nightingale 1997; Nightingale, 2002].  Tensile force 
was derived from the male failure values reported by 
Chancey [2003] and scaled by 0.63 per the “equal 
stress, equal velocity” model scaling convention for 
geometrically similar models.   
 
Table 2.  5th percentile female:  critical values for 
upper neck, MY and FZ. 

 Human HIII 

Compression, FC (N) 2020 2520 

Tension, FT (N) 1580 2620 

Flexion, MF (Nm) 29 155 

Extension, ME (Nm) 52 67 

 
 
While the THOR-05F is designed to mimic the 
human neck, it is probably stiffer than the human 
spine.  Though the increased stiffness has not been 
quantified, it is likely that some adjustment of the 
human cervical spine tolerance values will be 
necessary before they can be used as injury reference 
values in the THOR-05F. Thus, the human threshold 

values as presented herein are to be used for 
reference only.  
Of the four test conditions with the THOR-05F, the 
“Modified Bag/Aggressive Setup” condition is the 
only one where the critical value for neck tension 
given in Table 2 was exceeded. The axial tension 
force Fz exceeded the human critical value of 1580 N 
shown in Table 2 in one of the five repeat tests. This 
air bag also produced the highest inflation pressure in 
tank test reports provided by the air bag supplier.  
Compared to the others, this setup also produced the 
largest upper neck moment which was dominated by 
extension throughout the entire bag-dummy 
interaction process (Fig. 6). 
 
Values of HIC15 were also computed for each test. 
All forty air bag tests (both dummies, all test 
conditions) produced HIC15 values well below the 
threshold value of 700.  As with the upper neck 
measurements, the “Modified Bag/Aggressive Setup” 
produced the highest HIC15 values (Fig. 8).  
 
Air bag discrimination.  Both the THOR-05F and the 
Hybrid III identified the “Modified Bag/Aggressive 
Setup” as the most threatening condition and the 
“Normal Bag/Benign Setup” as the least threatening 
condition.  This finding was expected, as these two 
setup conditions and modifications to the bags were 
put in place in an attempt to facilitate this outcome.  
So, it is reassuring that the outcome was confirmed 
by both dummies.  Though both the THOR-05F and 
Hybrid III found the “Modified Bag/Aggressive 
Setup” to be most threatening, the distinction for the 
Hybrid III was not as clear cut, where the highest two 
average Nij bars in Fig. 8 are almost even. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.  Average of Head Injury Criteria (HIC15) (left) and upper neck measurements (right) 

for the four test conditions.  Error bars represent one standard deviation. 
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The distinction between “Normal Bag/Aggressive 
Setup” vs. ”Modified Bag/Benign Setup” as the 2nd- 
or 3rd-most threatening is less apparent.  It depends 
on which dummy and which injury metric is used.  
Using neck tension Fz as an arbitrator, the THOR-
05F identified “Normal Bag/Aggressive Setup” as the 
more threatening of the two, but when HIC is used 
“Modified Bag/Benign Setup” is more threatening.  
The Hybrid III indicated the exact opposite 
conditions as the most threatening when Nij and HIC 
are considered.  However, the high variability 
associated with the modified bag renders this 
comparison non-conclusive, as can be shown in Fig. 
8 where the error bars associated with ”Modified 
Bag/Benign Setup” are extremely large. 
 
Deployment asymmetry.  An asymmetric air bag 
deployment was observed in all forty deployments.  
Asymmetry was also observed in a series of 
deployments with no dummy present.  These 
deployments were carried out to assure that the 
asymmetry was due to the air bag module alone and 
not an artifact of dummy positioning (Fig. 9).   
 
As shown earlier, both versions of the air bags were 
tucked within the module using pleats on the right 
and left sides and folded (accordioned or reversed 
rolled) top and bottom.   As the bag escaped from the 
module, the upper fold was observed to unravel and 
inflate well before the lower fold. This condition was 
observed for both normal and modified bags, and for 
both the simultaneous and sequential firings.  The 
asymmetry, however, was more prominent in the 
modified bags. 
 

When a dummy was present, the asymmetrical 
deployment of the first fold tended to produce a 
lateral thrust to the dummy resulting in a significant 
y-acceleration to the head with an Fy-force and Mx-
moment at the upper neck.   By the time the dummy 
was moving away from the bag, the second fold was 
just beginning to unravel and inflate.  This “second 
punch” effectively spun the head about the neck z-
axis by more than 90° producing an appreciable 
upper neck Mz moment (Fig. 10). 
 
The THOR-05F and Hybrid III showed similar 
behavior in this regard.  However, differences in 
overall body kinematics between the THOR-05F and 
the Hybrid III were revealed in the high-speed video.  
The THOR-05F exhibited much greater lateral head 
rotation and overall lateral body movement (Fig. 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 10.  THOR-05F vs. Hybrid III for “Modified Bag/Aggressive Setup” condition:  Average head 

CG-y acceleration (left) and upper neck moment (right). 
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Figure 9.  Asymmetric air bag deployment.  Left 
side unravels and inflates before right. 
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Cross-sectional vs “Ligamentous” comparison. For 
the THOR-05F, the total cross-sectional Fz is about 
10% higher than the OC Fz, which means the front 
and rear neck cables have only a small contribution to 
the upper neck tension force.  This also means that 
most of the load is borne by the “ligamentous” spine, 
which is significant from an injury assessment 
standpoint.  The cable loads have more of a 
contribution to the total cross-sectional My moment, 
given the relatively low upper neck load cell moment, 
but the overall moment is still relatively low (only 
about 10 Nm maximum).  This trend is consistent for 
all test conditions. This further confirms the intended 
capability of the THOR-05F neck design to 
distinguish the musculature from the ligamentous 
load by transferring load around the neck column via 
the cables.   
  
Durability and functionality.  There were no reports 
of durability or functionality problems with the 
THOR-05F during the 40-week test interval. 
 
DISCUSSION 
 
The present study herein has shown that the 
head/neck complex of the THOR-05F dummy is 
capable of capturing the detailed air bag load effects 
due to the variability of bag inflation on the occupant 
head and neck in OOP conditions. The test data 
obtained confirmed the expected performance of the 
THOR-05F head/neck complex design.  
 
From an overall air bag assessment standpoint, both 
the THOR-05F and the Hybrid III identified the same 
test conditions as being the most threatening and the 
least threatening to the risk of an upper neck injury 

(where the most threatening condition produced 
responses near or above given injury risk assessment 
values).  Both dummies indicated that the head injury 
risk was well below the HIC15=700 reference value 
for all test conditions.  Both dummies also identified 
the asymmetry of the deployments, and both 
recognized the “modified” bags to be less repeatable.   
 
There were, however, some differences in responses 
between the two dummies.  In the THOR-05F, neck 
tension was the predominant upper neck load.  The 
upper neck moment and shear were much lower in 
magnitude than that of the Hybrid III.  Compared to 
the Hybrid III, the THOR-05F neck had less tendency 
to go into extension.   Hybrid III neck measurements 
also exhibited a sharp initial spike – most likely due 
to the relatively rigid head-to-neck coupling – that 
was not present in the THOR-05F signals.  
 
Repeatability/Asymmetry. The tests herein indicate 
that both the asymmetry of the air bag deployments 
and the removal of the gas diffuser contributed to 
dummy response variability.  This precludes a full 
assessment of THOR-05F repeatability.  A valid 
repeatability assessment requires well-controlled air 
bag inflation and symmetric deployment.  Such an 
assessment was performed previously on the 50th 
male THOR-NT using fleet air bags that deployed 
symmetrically and were folded in a conventional 
accordion pattern.  These tests produced highly 
repeatable bag inflation and dummy responses [Li, 
2007].  Such tests are necessary to fully assess the 
repeatability of the THOR-05F. 
 
On the other hand, all Hybrid III tests under the 
“Normal Bag/Benign Setup” (the condition most 

Figure 11.  THOR-05F vs. Hybrid III for “Modified Bag/Aggressive Setup” condition:  
head position at bag separation. 

a.  THOR-05F b.  Hybrid III 
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similar to an actual NHTSA vehicle compliance test) 
resulted in injury metrics well below injury 
thresholds.  Therefore, it is likely that the range of the 
“Normal” fleet bag inflation variability is within the 
manufacturer’s acceptable limits.  (Note:  the steering 
wheel-mounted bag blocker utilized herein – while 
providing a more aggressive deployment – probably 
produced more repeatable results than would actual 
fleet tests with no blocker since variability associated 
with the bag lodging behind the steering wheel rim 
was avoided.) 
 
Assuming that the THOR-05F can be shown to be 
repeatable under truly identical test conditions, the 
variability of the test data herein may serve well in 
the assessment of air bag risk.  For a given neck 
measurement under a given test condition, both the 
THOR-05F and the Hybrid III show some amount of 
variation.  But the magnitude of the measure – and 
the amount of variation – depends on the dummy.  
Therefore, the acceptable limits that an air bag 
manufacturer places on inflation could depend on 
which dummy is used to develop the bag.       
 
Caveats and Limitations.   The experimental tests 
were carried out on a single air bag design and a 
modification of that design.  All bags had similar 
capacities. Repeat tests for each test condition were 
limited to five.  In addition, only driver air bags were 
tested and only at one OOP position.  Nonetheless, 
the general observations made above on the THOR-
05F upper neck Fz predominance, low My, and no 
extension are all consistent with prior OOP tests 
conducted with the 50th male THOR-NT using 
different air bags.  Thus, the observations are true to 
form with the general THOR neck technology, and 
not an artifact of the particular air bags and test 
setups described herein. 
 
The forty tests performed herein are not standard 
regulatory tests but rather scientific studies for the 
evaluation of the THOR-05F dummy. Moreover, the 
use of a non-standard steering wheel bag blocker is 
not representative of a production vehicle.    
 
Nonetheless, the tests where the 1st and 2nd stages 
were fired sequentially with a 30 ms time lag 
represents a possible “low-level” deployment 
scenario that may exist in production vehicles.  
Additionally, the tests herein where both stages were 
fired simultaneously are representative of a possible 
“high-level” deployment that may also be seen in 
production vehicles.   
 
Future Work.  Previous work has been performed on 
the 50th percentile male THOR-NT showing 

favorable biofidelity of the head/neck complex.  
These tests include a comparison of THOR-NT loads 
against muscle and occipital condyle loads measured 
in tests run by the Medical College of Wisconsin 
(MCW) using post mortem human subjects [Pintar, 
2005]. A favorable comparison of the THOR-NT 
neck response against a human model was also 
demonstrated by Duke University [Dibb, 2006]. 
Similar biofidelity evaluations have not yet been 
carried out on the new THOR-05F’s Beta neck. 
 
It should be noted that there are no injury criteria 
defined for the THOR-05F dummy, nor are there 
standard OOP positions defined for using the THOR-
05F dummy. The present work was intended to 
understand air bag load paths to the neck in OOP 
conditions so that well-defined OOP positions for the 
THOR-05F dummy can be established and injury 
criteria may be developed in the future.   This should 
probably include a lateral bending criteria. 
 
SUMMARY 
 
• Neck tension in the THOR-05F was the most 
critical load, with most passing through the 
ligamentous spine and very little load borne by 
musculature.  This result contributes to the 
understanding of how injurious air bag load paths are 
imparted to the neck of humans in OOP conditions.   
 

• Compared to Hybrid III, the THOR-05F neck shows 
less tendency to go into extension.  The upper neck 
moment (My) and shear (Fx) were much lower in 
magnitude than those of the Hybrid III. Head 
accelerations were similar to those produced by the 
Hybrid III 5th.  
 

• The THOR-05F demonstrated its ability to 
discriminate air bag aggressiveness, especially in its 
upper neck tension measurements.   
 

• The THOR-05F response to the asymmetric 
deployments resulted in a substantial twist of the 
head about the z-axis of the neck, and a high 
corresponding Mz upper neck moment.  This 
indicates that an ATD biofidelity requirement and an 
injury criterion may need to be investigated to assess 
the threat of injury for such a response. 
 

• The THOR-05F produced relatively repeatable 
measurements and proved to be durable. It performed 
smoothly throughout the test series and was generally 
user-friendly.     
 

• The THOR-05F’s distinct neck assembly provides a 
new perspective on loading of the cervical spine and 
application of injury tolerances.  It also prompts a 
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new requirement for neck injury reference values 
specific to the THOR-05F. 
 
DATA AVAILABILITY 
 
All reports and data, including time-history traces, 
videos, and still photos from the tests described 
herein may be downloaded by accessing NHTSA’s 
online Biomechanics Database at: http://www-
nrd.nhtsa.dot.gov/database/nrd-51/bio_db.html. Re-
ports include descriptions of the test set-ups and 
instrumentation.  Data channels collected on both 
dummies, but not reported herein, include linear and 

angular head acceleration, chest deflection, and chest 
acceleration.  Additionally, the THOR-05F recorded 
lower neck loads and upper spine acceleration.  
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ABSTRACT 
 
Near side impact crashes – especially pole impacts – 
have the potential to induce antero-lateral oblique 
loads to the chest.  Current side impact dummies and 
most laboratory experimental studies have been 
designed to assess direct lateral impacts.  A recent 
analysis of real world crashes indicated that the 
human chest experiences oblique loading in side 
impact crashes – in particular crashes into narrow 
objects.  This paper describes the development of a 
new sled test program to determine the oblique 
impact response of the human and to evaluate 
dummy biofidelity in an oblique mode of loading.  
The program involves the use of chestbands on 
dummies in full-scale vehicle tests accompanied by 
sled tests with unembalmed post mortem human 
subjects (PMHS).  Sled tests are run under varying 
load wall conditions with a buck configured specially 
to mimic dummy loading seen in the vehicle tests. 
The chestbands provide comparative measures of 
thoracic deformation.  Ultimately, the chestband 
measures will help establish the instrumentation 
requirements of an ATD for use in a side impact test 
with a significant oblique component.  Additionally, 
this work could help introduce more biofidelic injury 
metrics for side impact ATDs. 
 
INTRODUCTION 
 
Side impact crashes often produce more serious 
injuries and a higher percentage of fatalities than 
frontal crashes despite a lower overall incidence rate 
(NHTSA Traffic Safety Facts, 2007).  Vehicle to 
vehicle configurations as well as single vehicle 
crashes are common.  Current federal motor vehicle 
safety standards address both of these crash types.  
Most single vehicle side crashes result when the 
driver loses control and collides with a fixed object.  
Often the fixed object is a pole or tree.  A study using 
US DOT National Automotive Sampling System 
(NASS) and Fatality Analysis Reporting System 

(FARS) data indicated that the overall distribution by 
crash delta-V of vehicle-to-vehicle side impacts was 
approximately equal to narrow object impacts (Zaouk 
et al, 2001).   
 
A more recent investigation of the NHTSA Crash 
Injury Research Engineering Network (CIREN) 
database examined side pole crashes in more detail.  
The CIREN data was used to determine injury 
mechanisms and associated injuries related to the 
pole impact location on the vehicle.  It was 
determined that the most devastating injury patterns 
occurred when the center of the pole impact was 
between the center of the wheelbase and 25 cm 
forward of the center of the wheelbase (Figure 1) 
(Pintar, et al, AAAM, 2007).  For this location of 
maximum damage, greater than 60% of occupants 
sustained AIS 3+ injuries to head, chest, and pelvis 
body regions.  This particular location was also 
responsible for a unique chest injury pattern that 
produced unilateral rib fractures and lung contusions.  
It was hypothesized that this injury pattern was 
induced by oblique loads to the chest through the 
intruding door wherein the center of the intrusion was 
slightly forward of the occupant torso. 
 
PURPOSE 
 
Since the findings from the CIREN study on narrow 
object side impacts indicated that the most 
devastating injuries were sustained with a pole 
impact to a certain small area of the vehicle, this type 
of impact was investigated in more detail.  The 
CIREN study concluded that because the chest 
injuries in these occupants were largely unilateral 
(closest to impact), and due to the shape of the door 
intrusion profile, the intruding door induced an 
oblique load to the antero-lateral portion of the 
occupant’s chest.  This was also verified in many 
vehicles by twisted seatbacks indicating asymmetric 
loading.   
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Figure 1.  CIREN study results indicating percentage of occupants in side pole crashes with AIS 3+ injuries 
by body region categorized by location of vehicle damage.  Note the middle bar chart depicts greater than 60 
percent of occupants sustained head, chest, and pelvis injuries when the narrow object struck the vehicle 
between the center of the wheelbase and 25 cm forward of center. 
 
 
This hypothesis is being pursued in the testing 
program described herein.  The desire is to replicate 
the real world loading conditions in a laboratory sled 
test procedure.  The real world results are first 
reproduced in full-vehicle side pole crash tests.  
Injury patterns in the vehicle crash test are then 
verified for similarity with those found in the CIREN 
study occupants.   
 
Thereafter, the loading mechanisms can be defined in 
more detail.  The chestband instrumentation is used 
to describe the magnitude and shape of oblique chest 
loading.  Accelerometer signals from different parts 
of the torso are used to define the relative timing of 
the loading to the body regions.  The goal of the sled 
test protocol is to replicate the shape of the chestband 
contours and the relative timing of the body region 
loads observed in the vehicle crash tests.   
 
The ultimate goal of the test program is to use the 
sled test protocol to conduct multiple tests defining 
injury metrics for oblique chest loading and dummy 
biofidelity response requirements (Table 1).  The sled 
test protocol is desirable because it provides a well-
defined, highly repeatable environment in which 
specialized instrumentation may be applied to fully 
evaluate biomechanical response and injury 
tolerance.  This paper describes how the full vehicle 
crash tests are used to develop the sled testing 
protocol.   
 
 

METHODS 
 
The initial methodology for the two experimental test 
series – the full-vehicle tests and the sled tests – is  
described below.  Preliminary results are given to 
provide data being used to generate final protocols.   
 
To determine the degree of oblique loading to the 
chest, a series of full-scale vehicle tests with both 
ATDs and PMHS have been conducted.  Using 
passenger cars and sport-utility vehicles (SUV), tests 
have been carried out to observe the pattern of 
oblique loads in an actual vehicle environment.  
These tests define the temporal thorax deformations 
through the use of chestbands  The crash tests also 
define the relative timing between shoulder, thorax, 
abdomen, and pelvis during the impacting event.  A 
sled buck has been designed with angled load plates 
that induced antero-lateral oblique loads to the 
occupant similar to those seen in the vehicle tests. 
 
Subjects.  All tests are carried out with post mortem 
human subjects (PMHS) and with different types of 
dummies.  In accordance with standards set forth by 
MCW’s Institutional Review Board, unembalmed 
PMHS are procured, medical records evaluated, and 
screened for HIV, and Hepatitis A, B, and C.  
Anthropomorphic data and pretest x-rays are 
obtained and chestbands are affixed according to 
procedures established by (Pintar et al., 1997). 
Specimens are dressed in tight-fitting leotards, and a 
mask covers the head/face.  
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Table 1.  Relationships between studies that define entire program. 

Type of Study Purpose Outcome Note 
53 CIREN Occupants 
in narrow-object side 
impacts 

Define real world injury 
patterns  

Location for damage 
corresponding to worst case 
injury pattern 

 

Full-Vehicle Crash tests 
with PMHS 

Reproduce damage and 
trauma at location defined 
in CIREN cases. 

PMHS provides injury 
pattern, relative timing of 
body regions loaded, and 
chest deformation patterns 

Need relative timing 
for different types of 
vehicles 

Sled tests with PMHS 
and Dummy occupants 

Reproduce vehicle crash 
test chest deformation 
patterns and relative timing 
of loading to body regions. 

Biofidelity requirements and 
injury criteria for oblique 
side impact loading 

Design load wall to 
match loading 
conditions seen in 
vehicle crash 

 
 
 
The PMHS are examined for injury with a complete 
autopsy following the test.  Anthropomorphic test 
devices (ATD) or dummies, are also used.  ATDs are 
being used to conduct preliminary evaluations of sled 
buck design to ensure that the goals of the design are 
being met.  It is important to conduct matching tests 
with ATDs to determine if the sled buck design and 
overall test protocol are producing consistent results.  
For example, an obliquely oriented load wall has 
been evaluated by varying the angles of impact, and 
the timing of contact between thorax, abdomen, and 
pelvis have been evaluated by varying the extent of 
pelvic plate offset.  ATDs provide a consistent, 
repeatable output to determine if sled changes have 
an effect.  In this way, PMHS tests are only 
completed after the protocol has been validated with 
ATDs. 
 
Subject Instrumentation.  In all tests a standard set of 
instrumentation is used.  Each of the human 
surrogates is instrumented with head, T1, T12, and 
sacrum triaxial accelerometer packages (Figure 2).  
In addition, a nine-accelerometer package (NAP) is 
used to derive head angular accelerations.  For the 
dummies, an internal NAP system from the dummy 
manufacturer is used, and for the PMHS, a custom-
designed pyramid NAP (PNAP) is mounted as 
described and validated previously (Yoganandan et 
al., 2006).  Rib and sternum accelerometers are also 
mounted directly to the subject.   
 
Each surrogate is instrumented with a 59-channel 
chestband device to record chest deflection contours.  
Each chestband uses 59 strain gauge bridges located 
around the band to measure the local curvature; 
curvatures are interpreted and combined over the 
length of the band at a given time point to produce a 

total contour of the chest.  The contours are 
computed throughout the event to capture chest shape 
change.  Local deformation at any point along the 
contour can be calculated with respect to a reference 
point.   
 

 
 
Figure 2:  Each PMHS and dummy was 
instrumented with triaxial accelerometer 
packages (squares) at the head, T1, T12, and 
sacrum.  In addition, a nine-accelerometer 
package (triangle) was fixed to the head to derive 
angular accelerations.  Chestbands were also 
included to determine the nature of the oblique 
loads to the thorax. 
 
Fitting subjects with Chestband:  Since the internal 
ATD instrumentation is uni-lateral and measures only 
one location per rib level, matched-pair tests 
conducted using ATDs are also instrumented with 
chestbands (Figure 3). On the PMHS, the chestband 
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is placed just under the axilla such that rib-4 laterally 
is directly under the chestband; on the dummies the 
chestband is placed over the upper rib (Pintar et al., 
1997).   
 
The accelerometers at T1, T12, and pelvis are triaxial 
and are used to determine relative timing of the 
sequence of loading that occurs to the upper thorax, 
abdomen, and pelvis.  To secure the triaxial packages 
to the PMHS, custom designed mounting blocks that 
allow for screws into the lamina or pedicle of the 
vertebrae are used.  The rise time of the each of the y-
axis accelerometer responses is used to assess the 
time at which each body segment is loaded by the 
sled plates.  This same instrumentation package is 
used in both the full-vehicle tests and the sled tests so 
comparisons can be made. 
 
Customized software has been written to provide 
flexibility in choosing where to measure the chest 
deformations.  The custom software also allows a 
choice of reference points so that chestband 
deformations can be compared to dummy internal 
deflection sensor measures.  A series of contours can 
be animated to show the change in deformation 
throughout the test.  The chestband is a versatile 
research tool that provides direct measures of chest 
deflection in both PMHS and ATDs.  It provides the 
best known method of relating chest deformations 
and patterns with injury in the PMHS.  This, in turn, 
can be used to derive injury criteria for specific 
ATDs as the same measures in matched-pair tests can 
be used to equate injury risk to a biomechanical 
metric. 
 

 
 
Figure 3:  ES-2re dummy thorax fitted with a 
chestband over each of the three ribs. 

 
Processing of Chestband Contour Data.  To examine 
the chestband contour results, the data is processed 
using RbandPC software and customized post-
processing software developed in-house as follows.  
First, contours are calculated at every millisecond 
from chestband curvature signals using RBandPC 
software (Version 3.0, Conrad Technologies 
Incorporated, Washington, DC, USA, available from 
NHTSA) and pretest measurements of the specimen 
(Pintar et al., 1996).  The local coordinate system is 
defined by using the two gauges closest to the 
posterior tip of the spinous process at the appropriate 
level of the thorax.  Gauges closest to the spinous 
process, sternum, and the most lateral points on the 
left and right sides of the specimen are identified by 
palpation and recorded, including measurements of 
left to right chest breadth and sternum to spinous 
process depth.   
 
On each contour, one-half of the chest deflection is 
computed.  The origin is identified at each contour 
time step by determining the point one-half the chest 
breadth distance from the spine along a vector from 
the spine to the sternum.  Distances from each point 
on the contour to the origin are computed at every 
time step, and the initial length is defined as the 
distance in the pre-test contour (approximately 100 
milliseconds before impact).  The maximum 
deflection is computed by finding the point on the 
contour which yields the greatest change from its 
initial length (Figure 4).   

 
Figure 4: Chestband Contour Plots depicting 
location of maximum deflection (Black/Blue 
arrows) and location where deflection would 
mimic a dummy internal sensor (red arrows). 
 
This method, called the “forced-angle” response, is 
slightly different than what has been used in the past 
(Maltese, et al 2002).  Previous methods calculated 
deformations along a line perpendicular to the center 
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line between spine and sternum.  The forced-angle 
method uses a fixed point of reference just as a 
dummy chest deflection measurement device is 
anchored at a fixed point at the spine box.  From this 
fixed reference point one can force an angle (90 
degrees) to mimic how an ATD would measure the 
deformation, or one can allow the algorithm to pick 
the angle at which the maximum deformation occurs.  
This permits either direct comparison with dummy 
internal measures or defines the location where the 
maximum deflection could be detected if an internal 
measurement device would be appropriately located. 
 
Full-Scale Vehicle Tests 
 
Full-scale vehicle crash tests have been conducted at 
32 km/h into a 10-inch diameter pole.  The test 
matrix is indicated in Table 2.  The goal of this test 
series is to reproduce similar injury patterns to those 
seen in the real-world CIREN cases (i.e., skull 
fractures, unilateral (left) rib fractures, and a pelvis or 
lower limb fractures.)  Additionally, these tests are 
used to establish the relative timing of body segment 
contact for different types of vehicles and to see if the 
timing is appreciably different between vehicle types.  
The ES-2re and the NHTSA-SID-H3 dummy are 
being used to help define the relative timing of body 
segments more clearly between vehicle types and to 
serve as a verification of the PMHS testing. 
 
 

Table 2: 
Test matrix for full-vehicle side impact crash 

tests into a pole. 

Vehicle type Occ. 
type 

Speed 
(km/h) 

Test conducted 

Small Car PMHS 32 To be completed 
Small Car ES-2re 32 1996 Merc Mystique 
Small Car SID-H3 32 1994 Toyota Corolla 
Mid-size Car PMHS 32 1993 Dodge Intrepid 
Mid-size Car ES-2re 32 1990 Audi 100 
Mid-size Car SID-H3 32 1999 Ford Taurus 
SUV PMHS 32 1995 Jeep Cherokee 
SUV ES-2re 32 1989 Jeep Cherokee 
SUV SID-H3 32 To be completed 
 
The results from the previously published CIREN 
data have been used to design the test conditions of 
the vehicle crash tests to induce maximum head and 
chest loads to the test occupants.  The CIREN results 
summarized in Figure 1 demonstrate that the location 
of intrusion on the vehicle that produced serious 
injuries to multiple body regions was between the 
center of the wheelbase and 25 cm forward of the 
center.   

 
With respect to the occupant, this location was 
translated as the center of the pole aligned with a 
point 10 cm forward of the occupant H-point.  The 
vehicles chosen to this point for testing have been 
those available from the local discard lot that did not 
have any structural anomalies.  The vehicles did not 
have side airbag systems which helped to better 
distinguish the timing of when the occupant 
contacted the intruding door with different portions 
of the body.   
 
In tests conducted thus far, the principal direction of 
force was 285 degrees, or 15 degrees off a direct 9 
o’clock impact to the driver.  The vehicles were 
instrumented with a tri-axial center of gravity (CG) 
accelerometer and door accelerometers in front and 
rear aspects recording in the lateral direction.   
 
Sled Tests 
 
The sled buck design is being used that allows for 
direct experimental investigations into human injury 
criteria that may differ from existing direct lateral 
injury criteria. It also allows for matched-pair testing 
of PMHS and ATDs to obtain biofidelity criteria and 
assess dummy responses.  Such a sled buck is 
intended to be generic enough not to represent a 
particular vehicle and yet produces the type of 
loading environment that the human experiences in 
the actual crash environment.  The sled buck design 
should also demonstrate experimental repeatability 
and be easily reproduced in computational modeling 
studies.   
 
Previous Sled Configuration.  In the past, a high 
degree of success has been achieved experimentally 
by defining the near side impact pulse as primarily a 
change in velocity between the door and the occupant 
(Kalieris, original Heidelberg setup, Pintar Stapp side 
impact, Maltese, et al, 2002).  Thus, a generic rigid 
wall was designed in these early experiments to 
mimic the average overall dimensions of a vehicle 
door but to also facilitate load wall sensors defining 
loading to various body regions.  The results of using 
this load wall arrangement facilitated injury criteria 
development including the Thoracic Trauma Index 
(TTI) and maximum chest compression (Cmax) as 
injury indicators in dummies used in regulatory tests.  
Such a sled design has also been amenable to 
assessing the effects of padding and even offers the 
inclusion of airbag technology.   
 
Initial Sled Configuration.  The first attempt at a sled 
buck design was to alter the previous configuration to 
incorporate an oblique loading vector to the chest.  
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The design included a Teflon-covered seat and 
minimally supported back such that the occupant 
would slide across the seat during the application of 
the sled pulse and would contact the rigid wall at the 
predefined velocity setting.  This laboratory sled 
buck was designed with the intention of matching the 
full-vehicle test results as closely as possible.  The 
main goal of the initial design was to mimic the 
relative timing of body contact with the load wall 
(vehicle door).   
 
Using the full-scale vehicle test data as a reference, 
the onset of acceleration in the direction of sled travel 
(Y-axis) for T1 (thorax), T12 (abdomen), and sacrum 
(pelvis) accelerometers was assessed.  The sled load 
wall design was initially selected to match the 
previous design used during 90º side loading 
evaluations of the various side impact ATDs 
described earlier (Maltese et al, 2002; Yoganandan et 
al, 2002).  The load wall is composed of four distinct 
load plates: one each at levels of the subject’s thorax, 
abdomen, pelvis and legs.  Force transducers on the 
plates measure loads imposed by the test subject.  
The load plates may all be fixed along the same 
vertical plane, or one may be positioned closer to the 
subject (and offset from the other plates) so that it 
bears more of the initial load.  
 
In the 15º full-vehicle pole tests, it was observed that 
the door intrusion and subject position produced a 
door-to-subject interaction angle that was actually 
sharper than 15º. Thus, the original test setup has 
been modified so that the upper (thorax) and middle 
(abdomen) load plates contact the test subject 
obliquely (i.e., the load vector has both lateral and 
frontal components) rather than strictly laterally as in 
previous tests (Figure 5).   
 

 
Figure 5.  Sled buck load wall demonstrating 
oblique orientation of load plates. 

 
The desired effect is achieved by positioning 
individual load plates at angles relative to the 
deceleration vector.  The pelvic load plate is not 
angled to allow the lower limbs to move freely in the 
vector direction.  It is felt that if the pelvic plate is 
angled there will be the potential to induce an 
artificial fulcrum point which would not only induce 
trauma to the occupant, but also alter the body 
motion of the upper torso.   
 
The load plates are also offset from each other such 
that contact timing with body segments may be 
altered.  To date, a series of ATD and PMHS sled 
tests have been performed using various load wall 
set-ups to mimic the range of oblique loading 
experienced in actual full-scale vehicle tests.  Once 
the testing is complete, the results of the PMHS and 
ATD tests will be compared to examine the 
biofidelity of the ATD thorax under oblique loading. 
 
 
RESULTS 
 
Full-Vehicle Pole Tests.  To date, two PMHS have 
been completed in full-vehicle crash tests; one in a 
mid-size car and another in an SUV.  Analysis of the 
video from the experiments demonstrated that as the 
pole deformed the vehicle, the body continues 
moving in the direction of travel.  As the door 
deformation proceeded, the focal intrusion just 
anterior to the occupant torso produced an angular 
intrusion and loading on to the anterolateral area of 
the chest.  It appeared that the chest was loaded by 
the intruding door and squeezed into the seatback.   
 
The autopsy results indicated that both PMHS had a 
skull fracture; accelerometer traces demonstrated 
head contact with the pole.  Each PMHS also had 
extensive left sided rib fractures as well as lower limb 
trauma (Table 3).  With just these two PMHS it was 
demonstrated that the trauma produced in these crash 
tests was very similar to the trauma recorded in the 
real world CIREN cases where the pole intrusion was 
in the same location on the vehicle.  There was 
AIS=3+ trauma in head, chest, and pelvis or lower 
extremity regions. 
 
The experiments demonstrated that the chest in this 
crash configuration does experience oblique loading.  
The chestband contours demonstrated that the 
anterolateral aspect of the thorax was loaded so 
severely that the chestband experienced a kink as the 
PMHS was squeezed between the door and the 
seatback (Figure 6).  
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Table 3.  Injuries documented in the PMHS tests in full-vehicle crashes. 

Test Configuration Head Injury  Thorax Injury  Pelvis/Lower Extremity 
Injury 

PMHS in Mid-Size Car 
Left zygoma and Basilar 
skull fractures  MAIS=3 

> 3 rib fractures left side 
and clavicle fracture  
MAIS=3 

Displaced/comminuted 
left femur, pelvic ramus 
fracture  MAIS=3 

PMHS in SUV 
Bilateral orbital wall 
fractures, linear and Basilar 
skull fractures  MAIS=3 

> 3 rib fractures left side 
with flail chest, clavicle 
fracture  MAIS=4 

Pubic symphasis, sacro-
iliac joint, unstable rami 
fractures  MAIS=3 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6:  Chestband contour of PMHS in full-
vehicle side pole impact test.   
 
 
Sled Tests.  PMHS tests have been completed with 
both 30 and 20 degree angled plates.  Examples of 
chestband contours from PMHS tests run in both 
configurations are demonstrated in Figure 7.   From 
these results it appears that the 30 degree load wall 
configuration mimics the chestband contour shapes 
and location of maximum deflection from the full-
vehicle test configuration slightly better than the 20 
degree sled test. 
 
In order to address the question of body segment 
timing, the measures from the Y-axis accelerometers 
at T1, T12, and pelvis have been examined.  The 30-
degree load wall on the sled was adjusted such that 
the offset distance between the thorax and abdomen 
plates compared to the pelvis and leg plates was 5 
cm, 7.5 cm, or 10 cm.  The NHTSA-SID dummy was 
tested in all three configurations and compared to a 
full-scale vehicle test run also with the NHTSA-SID.   
 
The body accelerations of all four of these tests are 
compared in Figure 8.  As far as the timing of the 
signals, it is apparent that the 5 cm sled test comes 
closest to the timing in the vehicle test.  The 

accelerometer signals from two PMHS full-vehicle 
tests are shown in Figure 9.  It is apparent from these 
traces that the relative timing of the body segments in 
the full-vehicle pole test is such that the pelvis is 
contacted first with the torso lagging somewhat. 
 
DISCUSSION 
 
A test program to characterize the extent of oblique 
loading in side impact is being established.  From the 
examination and analysis of more than 50 CIREN 
real world cases it is hypothesized that oblique chest 
loading occurs in side pole crashes when the pole 
impact site is just forward of the occupant torso.  This 
scenario produces severe head, chest and lower 
extremity injuries and is characterized by unilateral 
rib fracture patterns and lung contusions.  This 
scenario is reproduced in a laboratory setting by 
orienting the center of the pole 10 cm forward of the 
H-point of the occupant.  Chestband contours 
document the extent of oblique chest loading in 
PMHS occupants.   
 
Using the full-vehicle tests as a guide, a unique sled 
test has been designed to mimic the oblique chest 
loading.  A series of PMHS and dummy tests have 
revealed that a 30 degree oblique load to the thorax 
and abdomen of the occupant, offset by about 5 cm 
from the pelvis and leg load wall reproduces the 
relative timing of body segment loading.  These 
settings will be further verified in future experiments 
with additional dummies and PMHS. 
 
It is also apparent that because human anthropometry 
varies considerably, the sled load wall plates should 
be designed to adjust to such variations.  In other 
words, a fixed thorax plate on the sled may impact 
one PMHS at the rib-5 level and a second PMHS at 
the rib-2 level.  The future design of the load plates 
will take into account such variations in PMHS 
anthropometry so that direct comparisons of 
shoulder, thorax, abdomen, and pelvic loads can be 
made between dummies of different sizes and PMHS 
of different sizes. 



8 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  PMHS chestband contours from 20-degree (left) and 30-degree (right) sled tests.  Note that 
direction of maximum deflection is closer to vehicle test (figure 6) for 30-degree tests than for 20-degree tests. 
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Figure 8.  Accelerometer Y-axis traces from a SID-H3 dummy run in a full-vehicle pole test (up-left), 5 cm 
offset sled test (lo-left), 7.5 cm offset sled test (up-right), and 10 cm offset sled test (lo-right).  Note the relative 
timing of the acceleration signals is most similar between the pole test and the 5 cm offset sled test. 
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Figure 13: Accelerometer Y-axis traces from PMHS runs in full-vehicle pole tests. 
 
 
In future efforts, the degree of oblique loading in full-
scale vehicle tests and in subsequent sled tests will be 
further characterized using the chestband contours.  
These contours can be used in conjunction with the 
“slice” model to identify the minimum number of 
chestband points (and their locations) that are needed 
to sufficiently characterize thorax deformation as 
described in Campbell et al, 2005.  In this manner, 
the “slice” model may be used to assess ATD 
instrumentation requirements for measuring oblique 
thorax loads.  The model also provides many 
valuable insights used in the design, development, 
and evaluation of restraint systems.  And in a 
sufficiently biofidelic and properly instrumented 
ATD, the “slice” measurements, which include 
measures of stress and strain, can conceivably be 
used as a means to assess injury potential.   
 
The configuration of the tests described earlier 
represents a worst-case scenario. The level of oblique 
loading seen in other types of full-scale vehicle crash 
tests is probably lower than that prescribed herein.  
Nonetheless, it may be used as a benchmark for ATD 
use in any sort of developmental tests where the 
oblique component rises beyond those seen in actual 
full-scale vehicle crash tests. Under oblique loads 
such as those imposed by the 30-degree load wall, it 
is likely that additional ATD measurement locations 
will need to be monitored in order to accurately 
record the oblique loading response.   Development 
of such a system for measuring dummy chest 
deflections in multiple locations optically is already 
on the market.  The RibEye measurement system is 
currently being evaluated by the NHTSA as a 
potential improvement to dummy chest deflection 
measures.  
 

Human injuries: oblique vs. lateral.  Contents of the 
human thoracic ribcage and abdomen are complex, 
multifunctional, three-dimensional, and, from a 
biomechanical and material property perspective, 
heterogeneous.  An oblique impact, at the same 
severity and to the same level of the chest, engages 
the same internal organ differently, compared to the 
pure lateral vector.  For example, at the upper 
thoracic region, the pure lateral vector directly loads 
regions dorsal to the subclavian artery while an 
oblique vector at 30-degree applies impact forces to 
ventral arterial regions engaging the common carotid 
artery and brachiocephalic vein.  The former vector 
introduces postero-anterior load transfer to these 
tissues, in contrast to anteroposterior load transfer by 
the oblique vector.  The ribcage is loaded with direct 
compression at its most lateral region by the pure 
loading vector.   
 
This is in contrast to the angulated compression at the 
anterolateral region by the oblique vector.  The 
anterior regions of the thoracic vertebral body 
sustains lateral shear in the pure loading case, 
whereas it resists a force angled towards the right 
pedicle in the oblique case.  At an inferior level, 
while the aorta is protected by the stomach in the 
pure lateral loading vector, in the oblique vector case, 
the major vessel is protected by the relatively smaller 
left lobe of the liver and its articulations 
(Yoganandan et al, 1996).  Similar regional load 
transfer mechanisms are apparent as the impact 
vector traverses caudally.  Purely anatomic 
considerations with respect to the impact vector in 
addition to functional and constitutive differences are 
responsible for the mechanisms of load transfer, 
tissue injury, and biomechanics (Yoganandan et al, 
2000).  
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The direct 90 degree lateral loading on the struck side 
indcue deformations of the ribcage initiating from the 
region of peak skeletal curvature.  In contrast, an 
obliquely oriented vector induces antero-lateral 
compression of the ribcage on the struck side, and the 
impact force is thus transferred via a combined shear 
and compression mechanism at the initiating region.  
Frontal impact-induced chest injuries with belt-only 
versus combined airbag and belt loadings have used 
this type of concept for determining load transfer to 
the skeletal structures and soft tissues and delineating 
injury mechanisms (Pintar et al, 2007; Pintar et al, 
2008).  The added shear component in the oblique 
side impact vector places demand on soft tissue 
structures housed within the ribcage.  The hoop 
tension resulting as a consequence of the compressive 
deformation on the antero-lateral region 
superimposed with the tangential component is the 
primary difference in the internal load-sharing 
mechanism between the two modes of impact.  These 
factors may explain the more aggressive nature of the 
oblique than the pure lateral vector; a finding recently 
observed in cases examined by CIREN; narrow 
object and oblique impacts imparting more severe 
injuries than pure side impacts (Yoganandan et al, 
2003; Yoganandan et al, 2008).  This recent study 
reported that oblique impacts produced more 
unilateral fractures along with ipsilateral soft tissue 
trauma. 
 
Anthropomorphic Test Devices.  Several types of 
anthropometric test devices (ATDs) have been 
developed for use in standardized side impact testing.  
They include 50th percentile male versions of the 
EuroSID, the WorldSID, and the NHTSA-SID, and 
versions of the SID-IIs 5th percentile female dummy.  
While all four dummies are distinct from one another, 
they all provide calibrated responses to impacts from 
the near side.  In each case, the dummy has a rib cage 
that consists of spring steel ribs of one form or 
another, and lateral displacement is measured by 
linear displacement transducers mounted between the 
ribcage and thoracic spine.  
 
As an example of ATD instrumentation, consider a 
rib module of the ES-2 version of the EuroSID, 
shown in Figure 14.  The ES-2 has three such 
thoracic rib modules, each with a linear slide and 
damper mounted inside a steel band.  A single-
degree-of-freedom potentiometer measures rib 
displacements.  This instrumentation is typical of all 
four dummies in that they all measure rib 
displacement along a single axis. 
 
 

 
 
Figure 14: ES-2 Rib Module 
 
The problem of detecting oblique loads in an ATD 
may not require an exact knowledge of where the 
loading vector is directed.  There are emerging 
deformation-sensing instrumentation systems that 
allow for multiple points of measurement.  Unlike the 
chestband, which is secured to the outside of the 
torso, these systems allow for internal measures at 
multiple points and in multiple directions.  The 
advanced THOR-NT has four different sensors called 
CRUX potentiometers that measure the X, Y, and Z-
directions of motion of that point on the rib cage.  
The RibEye LED optical system measures two or 
three directions of movement of up to 12 locations 
mounted on the internal aspects of a dummy rib cage 
(Yoganandan et al, 2009 ESV).  Although these 
systems are more complex than a single 
potentiometer and may require some degree of 
understanding of what to do with the output, they are 
potentially the solution to measurement of oblique 
chest loads in ATD.  The results of the current test 
program will produce the necessary correlations 
between PMHS and dummy measures when the 
loading vector to the chest is from the anterolateral 
direction. 
 
SUMMARY 
 
This paper summarizes an ongoing plan of research 
designed to characterize human response in oblique 
side impacts.  The goal of this work is to establish the 
degree of oblique thoracic loading within post-
mortem human subjects and ATDs with the aim of 
determining differences and possible enhancements 
of available test dummies and injury criteria.  This is 
accomplished through the use of a new sled test 
protocol with varying load walls in which human 
subjects and ATDs are fitted with chestbands to 
provide comparative measures of thoracic 
deformation.  The chestband measures also help 
establish the instrumentation requirements of an ATD 
for use in a side impact test with a significant oblique 
component.  Additionally, this work may help 
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introduce more biofidelic injury metrics for side 
impact ATDs in oblique loading environments.  
 
The goal of this work is to establish the degree of 
oblique loading and biofidelity responses in a side 
impact environment through the use of chestband 
contours, and sled tests with varying load walls. In 
addition, this research will help establish the 
instrumentation requirements of an ATD used in side 
impact tests that may have a significant oblique 
component.   
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ABSTRACT 

In order to develop and deploy advanced safety 
technologies, it is important to estimate effectiveness 
based on the system function or performance. Although 
various types of safety impact methodology (SIM) 
have been proposed to date, few SIMs can be 
applicable for actual system effectiveness estimation. 
In this study, a universal SIM (T-SIM) was developed 
and its validity was confirmed against field data. 
T-SIM uses the number of fatalities and casualties 
(fatal and nonfatal injury) that are expected to be 
prevented by the technologies rather than just 
collision/avoidance ratio because some of the safety 
technologies, such as a collision mitigation system, can 
reduce the impact speed by brake application and thus 
may help reduce the number of fatalities and casualties. 
T-SIM consists of two parts: (1) accident pattern 
classification and (2) effectiveness estimation for each 
system. In the first part of the T-SIM, accident data 
from the National Automotive Sampling System - 
General Estimates System (NASS-GES) and Fatality 
Analysis Reporting System (FARS) were categorized 
by such variables as type of accident (e.g., head-on) 
and relation to the intersection. The categorized 
accident patterns enable users to choose the accidents 
for which the technologies may be effective. By using 
the same accident pattern database, users also can 
compare the effectiveness of different safety systems. 
In the second part of the T-SIM, accident patterns 
applicable to a particular safety system are selected 
from the categorized patterns. A driver-model and a 
vehicle-model can be applied, which allows users to 
examine the effect of system parameters and 
configurations. Through the validation process using a 
Electronic Stability Control (ESC) system as an 
example of advanced safety technologies, the estimated 
effectiveness by T-SIM was compared with that 
reported by a study based on field data [2]. Although 
the accident databases are different, statistical analysis 
showed the effectiveness estimated by T-SIM is not 
significantly different from that by the field study and 

it was confirmed that the T-SIM can be used to 
estimate the effectiveness of other advanced safety 
technologies.  Then the T-SIM was applied for a 
Pre-Collision System for the effectiveness estimation 
and further improvement.  It was estimated that a PCS 
has high potential for reducing fatalities and casualties 
of rear-end accidents.  In addition, it was also 
estimated that the PCS could be improved by changing 
such system parameters as warning, brake-assist and 
automatic brake timings. 

INTRODUCTION 

Various kinds of safety technologies such as Electronic 
Stability Control (ESC) system and Pre-Collision 
System (PCS) have been developed in order to help 
reduce traffic accidents. It is important to estimate 
effectiveness for the development and deployment of a 
safety system.  However, it could take at least several 
years to accumulate sufficient accident data in order to 
investigate the effectiveness of such systems in the 
field.  Therefore, the development of a methodology 
that can estimate the effectiveness of a safety system in 
advance is useful. 

A safety impact estimation methodology (SIM) is a 
tool to estimate the benefit of safety systems, for 
example, by the number of fatalities, casualties (fatal 
and non-fatal injuries), or accidents that may be 
prevented by introducing an active safety system into 
the market.  Safety impacts can be measured in 
various ways (e.g., [1], [2], [4], [5], [8]); therefore, a 
wide variety of SIM tool designs may be possible. We 
believe, however, that such numbers as fatalities and 
casualties reduction should be used as the output of the 
SIM tools for active safety systems.  Some recent 
safety systems can reduce the impact speed by 
utilization of the electronic throttle control and/or brake 
application.  Therefore, a safety impact estimation 
methodology should also consider the estimated 
reduction in fatalities and injuries resulting from the 
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reduced impact speed, rather than only estimating a 
crash-avoidance ratio.  If those numbers can be 
identified by a SIM tool, engineers and researchers can 
assess a system’s effectiveness.   

Before using a SIM tool to estimate the potential safety 
impact of an active safety system, the accuracy and 
reliability of the SIM tool should be confirmed with 
real field data.  Accident databases such as FARS and 
NASS-GES are good examples of field data that can be 
used to confirm the validity of the SIM tool.  
However, as mentioned earlier, it may take more than 
10 years to collect enough field data in order to have 
sufficient data for validation of the tool.  In addition, 
even when some field data are available, it does not 
necessarily mean that the data from the field can be 
used for accurate validation of the SIM tool.  Field 
data, which are collected based on past systems, may 
not include sufficient details of the crashes to allow for 
sufficient analysis into the applicability of the 
characteristics and configurations of the active safety 
systems that will be deployed in the future.  Therefore, 
it is important to confirm the validity of the SIM tool 
by comparing the SIM output and the safety impact 
achieved by an active safety system that has already 
been available in the market for a long time.  The SIM 
can be validated if the SIM output is confirmed to be 
similar to the findings from accident statistics.   

It is also important to identify the users of a SIM tool 
when evaluating its usefulness.  An effective SIM tool 
should provide good feedback to engineers and 
researchers who are responsible for the development of 
active safety systems and their deployment strategies 
by showing not only the effectiveness of a potential 
active safety system but also the changes in 
effectiveness when the system parameters are modified.  
Therefore, the SIM tool should allow users to modify 
system parameters, such as the system operating speed 
range, to examine the impact of those changes.  In 
addition, it is important to design the SIM tool to be as 
user-friendly as possible to produce accurate and 
reliable outputs without requiring extensive user 
training. 

SIM Development Approach 

The goal of this study was to develop a universal SIM 
tool: 

• That uses real field data (FARS and 
NASS-GES data) to estimate effectiveness of 
safety systems,  

• Whose accuracy is validated by comparing the 
SIM outputs with the effectiveness achieved 
by an existing system in the field, and  

• That allows engineers and researchers to 
examine the effect of modifying system 
parameters and configurations when 
developing an active safety system. 

Therefore, our goal was to develop a systematic 
process to estimate the ratio (and the numbers) of 
fatalities and casualties expected to be prevented 
(“effectiveness”) based on the data from FARS and 
NASS-GES databases.  Although each accident is 
unique and an almost infinite number of accident types 
are possible, they are also usually classified into 
several categories.  We believe that it would be 
helpful for engineers and researchers to provide such 
categories as “rear-end crashes” and “head-on crashes” 
and for the users to be allowed to select the categories 
when analyzing probable causes for an accident and 
considering the possible countermeasures.  But this 
categorization should be done using a systematic 
methodology.  

Toyota’s SIM (T-SIM) 

Figure 1 shows the comparison between typical SIMs 
and the T-SIM concept. 
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Figure 1. Comparison of T-SIM and typical 
SIMs 

Typical SIMs are usually developed and tuned for a 
specific system, i.e., a SIM for Forward Collision 
Warning System (FCWS), a different SIM for ESC 
system, and so on.  For each system, accident cases to 
which the system is applicable are selected from 
accident databases.  Driver- and vehicle-model 
parameters are determined based on objective tests and 
detailed accident data (e.g., National Automotive 
Sampling System - Crashworthiness Data System 
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(NASS-CDS) and naturalistic driving data from driving 
recorders.  System benefit is calculated from the 
accident simulation using the selected accident cases 
and the models.  

However, there are some concerns associated with the 
approach.  Firstly, it may result in creation of a 
number of complicated inflexible SIM tools.  It is 
important for development engineers of active safety 
systems to have flexibility in adjusting parameters and 
system boundaries when designing effective systems.  
If multiple incompatible tools have to be used to 
compare two different systems, engineers will face a 
major challenge in designing integrated safety systems.  
Secondly, it is not easy to understand accident 
situations in such statistical data as NASS-GES and 
FARS and therefore it may be difficult to determine if a 
safety system can be effective for those accidents.  
Thirdly, such detailed data as NASS-CDS and 
naturalistic driving data can be used to determine if the 
system is applicable to those accidents; however, only 
a small number of detailed data are currently available 
and there is some uncertainty regarding whether the 
data are a good reflection of the national population.  
Fourthly, it is necessary for a better estimation to 
simulate accidents accurately; however, parameters for 
the simulation are given from small numbers of 
objective tests and/or detailed data.  Finally, since this 
type of SIM is usually made for a specific system, 
users need to repeat nearly the entire process in order to 
build another SIM for each specific system. 

On the other hand, our basic approach is to construct a 
universal SIM tool based on the standard sets of 
accident patterns with adjustable parameters.  This 
type of SIM allows development engineers to select 
applicable accident patterns when creating a system 
concept.  During the engineering exercise, engineers 
can adjust system boundaries, such as the operating 
speed range, to see the boundaries’ impact on safety 
benefits. 

The T-SIM consists of two parts: one part is the 
classification of accident patterns of NASS-GES and 
FARS database, which can be used for various kinds of 
systems.  The other is the selection of the applicable 
patterns to a specific system from the categorized 
patterns and the application of a driver-model and a 
vehicle-model to estimate the system effectiveness.   

The main benefits of the T-SIM are:  

1. The classification will operate to allow the user to 
address a particular purpose; therefore, the T-SIM 

users can easily understand for what kind of 
accidents a safety system can be effective. 

2. The T-SIM users do not need to conduct the 
accident analysis when they try to estimate 
effectiveness of a different safety system. 

3. It is possible to compare the effectiveness of 
different systems in the same condition by using 
the same accident database of the T-SIM. 

Accident Pattern Classification  

Categorization of Data Elements

As the first step of developing standard sets of accident 
patterns, NASS-GES and FARS data were categorized 
into several groups.  The “occupant” data set is used 
for both NASS-GES and FARS.  Table 1 shows the 
results of these categorization efforts.   

For multi-vehicle crashes, it is important to distinguish 
them into culpable party and counter party.  A 
culpable party is the vehicle that has mainly 
contributed to the occurrence of a particular accident.  
For example, in a rear-end accident, if the driver of the 
following vehicle was inattentive and did not see the 
preceding vehicle slowing down, and collided into the 
preceding vehicle, the following vehicle is the culpable 
party because the contribution of this striking vehicle to 
the accident is greater than the preceding struck vehicle.   
To determine which vehicle was culpable we examined 
each vehicle's role (i.e. striking or struck), drivers’ 
distraction, travel speed and vehicle maneuver prior to 
critical event. 

The grouped vehicles are limited to three categories in 
order to reduce the number of combinations: 
automobiles, motored cycles, and other vehicles.  
Automobiles include all passenger vehicles 
(automobiles, automobile derivatives, utility vehicles, 
all kinds of trucks and buses).   

Each item in the “grouped categories” can be 
considered one similar group of accidents (head-on 
collision between automobiles at an intersection with a 
traffic signal) therefore can be used as the basis for 
creating standard accident patterns.  Their 
combinations (type of accident, culpable party, counter 
party, location, and traffic control) generate 486 sets of 
standardized accident patterns.  

After minor cases (with less than 0.025% of all 
fatalities or less than 0.025% of all casualties) and 
unclear cases (vehicle involved in crashes and/or 
location of crash are unknown) are eliminated; only 98 
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patterns remain.  In total, these 98 patterns can 
represent approximately 85% of all accident cases 
therefore it is reasonable to believe these 98 patterns 

can be used to represent a large percentage of the 
accident patterns in the United States (Table 2). 

 

Table 1. Categorization of NASS-GES and FARS Accident Cases 
 Grouped Categories 2005 NASS-GES 

Variables 
2005 FARS 
Variables 

Type of 
Accident 

Multi-Vehicle Crashes 
Head-on; Angle; Rear-End; Sideswipe Same Direction; 
Sideswipe Opposite Direction; Rear-to-Rear 
 
Single Vehicle Crashes 
Pedestrian; Pedal Cyclist; Rollover/Overturn; Guardrail; 
Concrete Traffic Barrier; Post, Pole or Support; Culvert or 
Ditch; Curb; Embankment; Fence, Wall; Tree; Animal; 
Parked Motor Vehicle or Other Motor Vehicle not in 
Transport; Bridge Structure; Other Fixed Object; Other 
Object not Fixed; Other Non-Collision 

#40 IMP Manner of 
Collision 
 
#37 IMP First Harmful 
Event 

#25 Manner of 
Collision 
 
 
#24 First Harmful 
Event 

Culpable 
Party 

Automobile; Motored Cycle; Other Vehicle #158 Imputed Body 
Type 

#110 Body Type 

Counter 
Party 

Automobile; Motored Cycle; Other Vehicle #158 IMP Body Type #110 Body Type 

Location Intersection Related; Non-Junction; Other Location #45 IMP Relation to 
Junction 

#26 Relation to 
Junction 

Traffic 
Control 

Traffic Signal; Stop, Yield, School Zone Sign; No Controls #48 IMP Traffic 
Control Device 

#35 Traffic Control 
Device 

* IMP: Imputed 

Table 2. Coverage of Extracted 98 Standard Accident Patterns 

Type of Accidents 
Number of 

Standard Accident 
Patterns 

Coverage 
(Casualties, NASS-GES) 

Coverage 
(Fatalities) 

Automobile x Automobile 22 86.3% 94.7% 
Single Vehicle 

(excluding Pedestrian and Pedal Cyclist) 41 85.4% 91.7% 

Automobile x Motorcycle 11 68.3% 82.6% 
Motorcycle x Automobile 14 78.1% 82.6% 

Automobile x Pedal Cyclist 5 81.9% 88.7% 
Automobile x Pedestrian 5 93.1% 86.2% 

Total 98 85.8% 83.5% 
 

Selection of Parameters for Effectiveness 
Estimation

The next step was to examine the parameters 
(conditions) that can contribute to the number of 
accidents.  The following NASS-GES and FARS data 
elements are identified as accident parameters (Table 
3). 

For each of these 98 patterns, the parameters and data 
counts are extracted from NASS-GES and FARS.  
The extracted data will be used as the database to 
calculate safety impacts.  We are developing an 
interface tool to identify applicable accident patterns 

and adjustable accident parameters when estimating 
safety impacts of future active safety systems. 

When examining NASS-GES and FARS databases, 
one would discover that there are many cases where 
vehicle travel speed is reported as “unknown.”   We 
examined the linear correlation between “Posted Speed 
Limit” and “Vehicle Travel Speed.”  After normal 
distributions were confirmed, linear regression models 
were created and applied to generate estimated vehicle 
travel speeds based on the posted speed limits (Figure 
2). 
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Table 3. Categorization of NASS-GES and FARS Accident Cases 
Parameters for Effectiveness 

Estimation 2005 NASS-GES Variables 2005 FARS Variables 

Culpable Party’s Travel Speed #120: Travel Speed 
#46: Imputed Speed Limit 

#127: Travel Speed 
#30: Speed Limit 

Damage Area #74: General Area Damage #135: Impact Point – Initial 
Traffic-Way Flow #15: Trafficway Flow  #28: Trafficway Flow  
Pre-Crash Vehicle Control #138: Precrash Vehicle Control - 
Corrective Action Attempt #137: Corrective Action Attempt #151: Crash Avoidance Maneuver 
Roadway Alignment #36: Imputed Roadway Alignment #31: Roadway Alignment 
Roadway Surface Condition #47: Imputed Roadway Surface 

Condition 
#34: Roadway Surface Condition 

Atmospheric Condition #49: Imputed Atmospheric Condition #39: Atmospheric Condition 
Light Condition #30: Imputed Light Condition #38: Light Condition 
Driver Distraction by #1 #182: Driver Distracted by #1 - 
Driver Related Factors #1 - #229: Driver Related Factors #1 
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Figure 2. Estimated Vehicle Traveling Speeds 
 

SIM Validation Approach 

T-SIM Application to ESC for its validation 

The validity of the T-SIM was examined with existing 
field data. There are sufficient accident data in the field 
for ESC systems because they were already introduced 
into the market for a wide range of vehicles for several 
years.  One of the benefits of the T-SIM is that it can 
be used not only for a particular system but also for a 
wider range of active safety systems.  Therefore, it 
was decided to validate the T-SIM concept by 

comparing the data produced by the T-SIM for ESC 
and the effectiveness of ESC identified in field studies 
conducted by NHTSA [2].   

In the NHTSA report, it was identified that the 
effectiveness of ESC by comparing accident 
frequencies of identical and/or similar vehicle models 
with and without ESC. 

In the report, analyses were conducted based on field 
data of FARS and state accident data from 1997 to 
2004.  We used the NASS-GES database to compare 
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the results with the state data files because those 
databases are thought to be comparable.  Since the 
ranges of the years of the databases in the T-SIM and 
the NHTSA report are different, we compared the 
distributions of an accident type in those two ranges of 
years as a check for similarity and found that the 
databases are comparable. 

Identification of Influential Parameters

To examine the validity of the T-SIM, we first 
identified the functionalities of a typical ESC system.  
A typical ESC system is designed to activate the 
vehicle chassis control system to help avoid vehicle 
loss of control and help allow the driver to regain 
control when s/he has lost control.  There are two 
types of control loss: front-wheel skid (drift off) and 
rear-wheel skid (spin).   

In this SIM validation step, two operating conditions 
for ESC were considered to estimate the effectiveness: 
(A) ESC works at the speed equal to or more than 10 
mph, and (B) ESC works to help prevent skidding.  
The operating condition (A) is defined from the system 
setting, and the effect of ESC on preventing skidding in 
condition (B) is mentioned in the previous studies ([6], 
[11]) and was also confirmed by our ground test [10].   

It is natural to consider that there may be some other 
factors that may affect ESC activation.  The “roadway 
surface condition” is a good example.  Table 4 shows 
the number of persons involved in accidents by 
“pre-crash vehicle control” and “roadway surface 
condition” categories.  This table was made from the 
database with the 98 accident patterns.  Although 
“skidding laterally” occurred more often (29%) in the 
“Snow or slush” condition than that in other conditions 
(3% in “Dry,” 12% in “Wet,” 23% in “Ice”), there are 
still a larger number of accidents that happened even 
when the vehicle was under a “tracking” condition 
(54% in “Snow or slush,” 87% in “Dry,” 70% in 
“Wet,” 40% in “Ice”).   In other words, even in the 
“Snow or slush” condition, a large amount of accidents 
occurred in the “tracking” condition. Similar 
phenomena are also observed in other roadway surface 
conditions.  It indicates that the roadway surface 
condition may seem to have an association with the 
number of “skidding” accidents, however the influence 
is secondary.  Since typical ESC systems are designed 
to function when the vehicle is “skidding,” whether the 
vehicle is skidding or not is the primary effect on ESC 
activation.  Therefore it is appropriate to use only the 
“pre-crash vehicle control” condition as the variable 
when examining the effectiveness of ESC. 

Table 4. Number of persons involved in 
accidents by “Pre-crash Vehicle Control” and 

“Roadway Surface Condition” categories 

Pre-crash
Vehicle Control

Roadway surface
condition Dry Wet

Snow
 or slush Ice

Other
/Unkown Total

Tracking 232806 52573 15315 5515 604 306815
Skidding 
longitudinally 14195 6729 4507 4660 19 30110
Skidding laterally 8552 8707 8092 3201 0 28551
Other 0 0 0 0 0
Other vehicle loss of
control (specify) 0 591 0 0 0 591
Precrash stability
 unknown 11543 5944 299 552 0 18337
Total 267096 74545 28213 13928 623 384405

0

 

Estimated effectiveness by the T-SIM and the 
effectiveness reported by NHTSA 

The NHTSA report estimated the effectiveness of ESC 
for passenger cars (PCs) and light trucks and vans 
(LTVs) separately.  To examine the appropriateness 
of the T-SIM, however, we have divided our vehicle 
category into these two categories, PCs and LTVs, in 
order to match the NHTSA report.  This was done 
solely for the purpose of examining the validity of the 
SIM tool. 

The effectiveness of ESC estimated by the T-SIM and 
that by a previous report are shown in Figures 3 (for 
fatal crashes) and 4 (for various crashes).  In these 
graphs, the bars on the left side of each accident type 
show the effectiveness of ESC for PCs, and the bars on 
the right side show that for LTVs, extracted from the 
NHTSA Technical Report [2]. 

The diamond (blue) dotted level lines indicate 
estimated results by the T-SIM calculated under the 
conditions of (A) (“culpable party’s travel speed” is 
over 10 mph) and (B1) (“skidding laterally”), and the 
square (red) dotted level lines indicate estimated results 
calculated under the conditions of (A) and (B2) (both 
“skidding laterally and “skidding longitudinally”).   

In the NHTSA report, all crash involvements refer to 
all types of fatal crash involvements for the FARS 
database and not only fatal but also non-fatal crash 
involvements (i.e., property damage, possible injury, 
non-incapacitating and incapacitating injury) for the 
state data files (see page 19 of the NHTSA report).  In 
the T-SIM, we used fatalities of the FARS database and 
“All Persons” data (Fatal injury (K), Incapacitating 
Injury (A), Nonincapacitating Evident Injury (B), 
Possible Injury (C), and No Injury (O)) in the 
NASS-GES database for the purpose of comparison. 

In general, it can be said that the effectiveness values 
estimated by the T-SIM are reasonably comparable to 
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the effectiveness reported in the NHTSA report 
because most of the estimated effectiveness for 
preventing fatal accidents fit within the confidence 
bounds. 

 Then, chi-square statistics were applied for the 
estimated effectiveness of the crash types (e.g., “all 
run-off-road,” rollover”) by the T-SIM and that by the 
previous report.  In this statistical analysis, the stated 
effectiveness in the NHTSA report was treated as the 
expected frequency and the effectiveness estimated by 
the T-SIM was treated as the observed frequency.   

Overall, a significant difference was not seen when the 
confidence bounds in the NHTSA report are taken into 
account. Through the validation process of the 
effectiveness of ESC systems, it was confirmed that the 
T-SIM is able to estimate the effectiveness of the safety 
system.  Therefore, the T-SIM can be used as a tool to 
estimate the effectiveness of other safety systems by 
modeling a driver-model and a vehicle-model for the 
systems. 

Modified from DOT HS 810 794 NHTSA Technical Report
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Figure 3. Effectiveness Estimation Results in Fatal Crashes by Vehicle Type 
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Figure 4. Effectiveness Estimation Results on Various Crashes by Vehicle Type 
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Effectiveness estimation of a Pre-Collision System 

Among all accidents of light vehicle crashes, rear-end 
collisions is the most frequent, accounting for 29% of 
all crashes [8].  In order to reduce fatalities and 
casualties by the rear-end collisions, a Pre-Collision 
System (PCS) has been developed [3].  A PCS 
constantly monitors a vehicle and/or obstacle ahead 
with a front-mounted sensor (e.g. a millimeter-wave 
radar sensor), prepares the brake-assist for increased 
braking and finally applies automatic braking in order 
to mitigate the impact of collision when the system's 
computer determines that a frontal collision is 
unavoidable.  Many countries are going to promote to 
spread the PCS. 

For the effectiveness estimation and further 
improvement, the T-SIM was applied for a PCS.  The 
driver model was developed from a driving simulator 
test.  The driver-parameters such as subjects’ response 
time to the warning, system response time, and 
reduction speed were collected using our driving 
simulator [7] from about 100 subjects.  The vehicle 
model was made from objective tests using an actual 
vehicle.   

It was estimated that a PCS has high potential for 
reducing fatalities and casualties caused by rear-end 
collision.  In addition, the PCS system parameters 
such as warning, brake-assist and automatic brake 
timings were changed to study what parameter is the 
most effective and it was estimated that the PCS could 
be improved by modifying those parameters. 

Conclusion 

In this study, our goal was to develop a universal SIM 
tool (T-SIM) that is accurate and functional in 
estimating effectiveness of various safety systems. 

The validity of the T-SIM was confirmed by comparing 
the estimated effectiveness using the T-SIM and an 
analysis reported by a previous study.  Through the 
validation process of the effectiveness of ESC systems, 
it was confirmed that the T-SIM is able to estimate the 
effectiveness of the safety system. 

One of the advantages of the T-SIM is that it can be 
used not only for ESC but also for a wider range of 
active safety systems.  For the effectiveness 
estimation and further improvement, the T-SIM was 
applied for a PCS.  The driver- and the 
vehicle-models were built from objective tests.  It was 

estimated that a PCS has high potential for reducing 
fatalities and casualties of rear-end accidents.  In 
addition, it was also estimated that the PCS could be 
improved by changing such system parameters as 
warning, brake-assist and automatic brake timings. 

This is just the beginning of the study for the T-SIM 
and there is still a lot of work ahead of us; however, we 
believe that our T-SIM will be able to contribute to 
improve understanding of the effectiveness of 
advanced technology safety systems in helping to 
reduce crashes, and therefore, to improve vehicle 
safety.  
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ABSTRACT 
 
In Germany approximately 12% of all accidents 
with persons injured and approximately 20% of 
all material damage accidents are caused by cars 
in rear end collisions. As a consequence, Bosch is 
introducing collision avoidance and mitigation 
systems for rear impact scenarios. Warning, 
brake support, and autonomous emergency 
braking are part of Bosch's Advanced Emergency 
Braking Systems which address such accidents. 
This study determines the benefit of these 
assistance and safety systems and estimates the 
collision avoidance capability considering the 
driver’s behavior. By analyzing representative 
accidents with injuries from the GIDAS (German 
In-Depth Accident Study) database, a high 
potential for collision warning and avoidance 
systems was determined. For the first time in such 
a study, this analysis considers the effects of 
different driver reactions due to warning, braking 
support, or autonomous braking with respect to 
the possible driver behavior. For this, a 
calculation method was developed and used for 
evaluating the accidents automatically. Both 
accident avoidance and average speed reduction 
was determined for different driver types, 
warning strategies and applications. From the 
results, an avoidance ratio of 38% for Predictive 
Collision Warning up to 72% for Automatic 
Emergency Braking, of all rear-end accidents can 
be expected for a realistic driver. Therefore it is 
estimated that 3 out of 4 accidents with severe 
injuries could be avoided based on the Emergency 
Brake Assist function and assuming a 100% 
installation rate. The potential to reduce collision 
speed in non avoided accidents is calculated on an 
average basis and is determined to be between 
25% and 55% for the realistic driver. The results 
in the analyses show the high efficiency of the 
Bosch AEBS functions in avoiding accidents or 
mitigating injuries by reducing collision speed 
and should encourage the introduction of 

Advanced Emergency Braking Systems across a 
wide range.  
 
INTRODUCTION 
 
Since active safety systems have become more 
popular over the past few years, they are now an 
integral part of new vehicles. The vehicle stability 
control system ESP® (Electronic Stability Program) 
is considered to be a representative example of these 
active safety systems. ESP® supports the driver in 
nearly all critical driving situations in which an 
unstable driving condition might occur. By 
automatically braking individual wheels the system 
helps to prevent skidding and keeps the vehicle 
stable. This results in fewer single vehicle accidents 
with high severity. A large number of international 
studies by well-known automobile manufacturers and 
independent institutes have proven the effectiveness 
of ESP® in reducing the number of accidents. For 
example Baum et al [1] stated ESP® would save 
4000 lives per annum assuming a 100% penetration 
of  ESP® for all passenger cars within the European 
Union (EU25). Furthermore approximately 95.000 
injuries would be prevented in such accident 
scenarios. In the US even up to 9.500 lives and 
252.000 injuries per annum could be saved or 
prevented respectively by a vehicle stability control 
system like ESP®. Such high avoidance potential 
could reduce the share of accidents against fixed 
objects significantly. Figure 1 gives an overview of 
all accidents with casualties by kind of accident for 
three different countries. 
  

 
 
Figure 1.  Accidents with casualties by kind of 
accident [3], [4], [5] 
 
As a result, other types of accidents come to the fore. 
As shown in Figure 1, a high share of accidents are 
rear-end collisions against a leading vehicle. With a 
fraction of 15% of all accidents in Germany, 28% in 
the US and even 32% in Japan, these accidents cover 
a high quantity of accidents with casualties. 
Approximately 4 out of 5 accidents are caused 
primarily by a passenger car, whereas the remaining 
accidents are caused primarily by trucks. 
 
In fact, accidents with only property damage are 
neglected typically, hence their relevance and 



potentials are underestimated. Together with  Allianz 
Zentrum für Technik (AZT) - a leading specialist in 
damage analysis and prevention - we established that 
approximately 1.1 Million rear-end crashes per 
annum in Germany occur. This database consists of 
accidents caused by a passenger vehicle wherein 
either a police report or individually regulated 
insurance claim was filed [6]. Such collisions occur 
mainly at lower speeds but with higher frequency. In 
summary, a higher need for collision avoidance 
systems is given. Aside from ESP®, Bosch also 
provides a family of driver assistance and safety 
functions which are part of the Advanced Emergency 
Braking Systems (AEBS). The idea behind AEBS is 
scalable functionality - from driver warning over 
optimized braking support to a fully autonomous 
braking system. To estimate long term effects within 
the development process, the scope of all functions is 
a proven benefit within the real world according to 
their functional specifications. 
 
Real world accidents have to be taken into account to 
evaluate this benefit. Up to now, other studies 
considered only one part of the aspects above. For 
example autonomous braking systems were part of 
the study from Schittenhelm [7]. He quoted that 20% 
of all passenger vehicles which caused rear-end 
collisions would be avoided by the Distronic plus 
and the Brake Assist System (BAS). Based on semi-
autonomous braking and additional braking support 
by increasing brake pressure, this analysis does not 
consider any driver reactions due to acoustic or 
tactile warning strategies.  From this point of view it 
seems to be a more conservative estimate regarding 
the benefit of predictive safety systems.  
 
In harmony with this concept, the goal of this study 
is to evaluate the benefit of the Advanced Emergency 
Braking Systems functions from Bosch using the 
German In-Depth Accident Study (GIDAS) database. 
A driver model was developed which considers 
driver behavior and reaction in order to gain the 
function’s benefit not just based on functional 
characteristics. As an outcome two major results 
were obtained - firstly the accident avoidance 
potential and secondly the reduction of injury 
severity. 
 
METHODOLOGY 
 
The analysis is based on data from the GIDAS 
project [8]. Since 1999, accidents with injuries were 
surveyed within Germany around the region of 
Hanover and Dresden. Approximately 2000 
accidents per year were reviewed and deemed to be 
valid as representative for accidents with injuries in 
Germany. For each accident, approximately 3000 
details are collected and provided within a database 
for further analysis. Along with the vehicle damage 
and personal injuries, information from prior to the 

accident also is obtained based on the fact that each 
accident is reconstructed in detail. Therefore, 
physical information regarding the pre-, during- and 
post- post crash phase is available and essential for 
the analysis of safety systems as AEBS. For this 
study, 9323 reconstructed accidents with injuries 
were used. By selecting collisions with significant 
characteristics, it was ensured that only relevant 
accidents were taken into account for the AEBS 
benefit calculation. In this study only passenger 
vehicles causing rear-end collisions are considered. 
Thus rear end collisions against a motorcycle caused 
by a passenger car are also included. Furthermore, 
accidents were also taken into account wherein a 
passenger car as the primary cause has had a frontal 
impact against an opposing vehicle. Hence 1103 
relevant accidents (12%) remain from 9323 GIDAS 
accidents. Those accidents define the so called field 
of effect. In other words these are the accidents that 
could be influenced positively by any of the AEBS 
functions. For Germany, this data represents 
approximately 39.000 accidents with injuries per 
annum. In the next step the benefit for each AEBS 
function is determined by considering driver 
behavior, functional characteristics and additional 
system assumptions.  
 
It is apparent that by integrating different driver and 
sensor characteristics, a complex handling for each 
accident within the benefit estimation results. Due to 
this, a tool was developed which allows the handling 
of sensor parameters, driver reactions and additional 
system values in a more simple way. By using the 
Matlab environment from MathWorksTM it is now 
possible to determine the benefit for a wide range of 
AEBS functions easily. Modifications within the 
driver model and functional applications are now 
easy to handle and it is open for the integration of 
new applications. 
 
DRIVER MODEL 
 
The effect of predictive collision avoidance systems 
is directly linked to the driver's reaction. It is evident 
that a critical situation will be handled in a better 
way if the driver reacts immediately after warning 
with a braking intervention. This is also true for 
autonomous braking systems because the efficiency 
increases with the braking support of an active driver. 
For this reason, a driver model was developed and 
integrated to estimate the driver behavior and 
reaction.  
 
In the first step, the driver reactions were analyzed in 
real accident situations. For each accident within the 
field of effect, deceleration and brake distances were 
evaluated and classified into three categories. Figure 
2 shows the distribution of the classified drivers. 
31% of the drivers did not show any (brake) reaction 
which is assigned to driver type I. Compared to this, 



49% of the drivers brake but with less braking 
performance due to late reaction or light deceleration 
- this type of driver is categorized as driver type II. 
Finally 20% of the drivers - driver type III - brake 
with maximum deceleration but with delayed 
reaction. Weather and road surface conditions were 
taken into account. 
 

 
Figure 2: Distribution of the driver behavior for 
three classified driver types from GIDAS 
accidents  
 
The question arises why the classification is so 
important. The reason for classification is that the 
real braking performance is considered in the 
functional activity. 
 
In addition to that, Bosch’s Advanced Emergency 
Braking Systems identify the driver's activity to 
adopt its warning strategy according to his driving 
behavior. For a less active driver, the warning time is 
set up earlier relative to a more active driver who 
reacts faster and therefore the warning strategy could 
comprise a later warning. The reason for this is clear: 
Less active drivers need more time to recognize the 
situation and to employ any brake intervention. 
Another advantage of this strategy is to minimize 
false alarms which results in a higher system 
acceptance and as a result, a higher benefit of the 
system. As Wilhelm in [9] stated the probability that 
the driver will subjectively assess the system poorly 
for providing false warnings rises with the quantity 
of warnings which preceed his own normal personal 
brake timing. In the benefit analyses, this is 
considered by separating inactive from active drivers 
using weighting factors for the benefit calculation. 
For instance, if a driver was classified as driver type I 
(no (brake-)reaction) in the real GIDAS accident it is 
more likely that this is an inactive driver in the real 
world. For this reason we set the activity level to 
30% for these cases. In other words the status 
“inactive driver” was set to 70% for all drivers 
classified as driver type I. For driver type II and 
driver type III other distributions were used. These 
values were consolidated in other studies, internal 
investigations, and expert knowledge.  
 
Depending on a driver's activity level and relative 
closing velocity, the warning strategy is adapted. The  

strategy of the Bosch AEBS functions consists of 
two warning levels. The first level is an acoustic 
signal, whereas the next level uses a brake jerk to 
alert the driver. The time delay between first and 
second level is variable with respect to the driver's 
activity level. In the calculation, it is also considered 
that in the real world some drivers will not show any 
reaction based on simply an acoustic or tactile 
warning. This is likely due to inattention caused by 
alcohol, drowsiness or other inactivity. Figure 3 
shows the warning level process in a simple way. 
 

 
Figure 3: Two-level warning strategy depending 
on drivers activity and relative closing velocity 
 
Finally, for the driver model it is necessary to know 
how and in what way the driver reacts after each 
warning. For this, three driver categories with 
different behaviors are defined. In Figure 4, the three 
classes are shown. It was distinguished between a 
realistic-, lethargic and best-case driver with different 
reaction times and deceleration levels respectively. 
Based on [10] and [11] such a driver population is 
expected whereas the realistic driver has a higher 
share with mean reaction time and deceleration 
compared to lethargic and best-case driver with poor 
reaction and low deceleration or fast reaction and 
higher deceleration respectively. It is furthermore 
assumed that the lethargic and the best-driver 
represent the borderline of the distribution as seen in 
Figure 4.  
  

 
Figure 4: Classes of different driver behaviors  
 
After all in Figure 5 the whole driver model is shown 
as it is realized for the benefit calculation of the 
AEBS functions. However it is recognizable how 
driver type, driver activity, warning strategy and 
driver behaviors are integrated and work together. As 
mentioned before, there are different reactions 
expected if an acoustic or tactile warning is given 
from the system. It is apparent that for different 
safety systems these kinds of reaction vary. For the 
purpose of the AEBS function evaluation we proceed 



on the assumptions that a share of 10% will still 
show no reaction after warning. Another share of 
50% will react after the acoustic warning and 40% of 
the drivers will react after the brake jerk was 
activated. 
 
Based on the distributions stated above for each 
driver behavior, a single result is calculated by taking 
the real deceleration (real driver type), driver’s 
activity, and proposed reaction after warning into 
account. 
   

 
 
Figure 5: Driver model  
 
The overall benefit is calculated afterward by 
weighting each single result depending on the driver 
type which is in focus, i.e. realistic driver. 
 
AEBS FUNCTIONS AND MODE OF ACTION 
 
The main objective of the Bosch AEBS functions is 
collision avoidance by driver warning. This also 
includes those cases wherein the driver shows no 
reaction. In such cases, the system intention is to 
prompt the driver to react by pushing the brakes. If 
reaction time was too late or poor brake pressure was 
measured, an earlier brake intention or a more 
powerful braking respectively would be the target of 
the AEBS functions. This is shown in Figure 6. 
 

 
 
Figure 6: Potential benefit of collision warning 
systems  
 
The Bosch AEBS functions use radar technology to 
detect a potential collision object. The sensor is 
placed on the front end of the car and monitors the 

frontal field of the vehicle. If a critical situation is 
detected indicated by potential opposing obstacles 
and high closing velocities the system will run 
through different levels of warning strategies. These 
strategies again depend on closing velocity and 
driver behavior. As mentioned above, aside from  
acoustic warning a tactile warning is given which is 
realized as a brake jerk. This functionality is called 
Predictive Collision Warning (PCW) and is part of 
the Bosch AEBS family. 
 
It is clear that this function can be extended to a 
target braking function. The system calculates in 
advance the deceleration which is necessary to avoid 
any collision but still does not interfere. The target 
braking will be activated if the driver pushes the 
brakes. Based on the pre-calculation the optimized 
deceleration is controlled. If a collision is 
unavoidable the maximum deceleration will be set 
for injury mitigation. This function characteristic is 
helpful for driver type II as seen in Figure 2 due to 
the fact that their deceleration level was too low. 
Together with warning and target brake this function 
is called Emergency Brake Assist (EBA). 
 
As can be seen in the real world (Figure 2), there is 
still driver type I which shows no (brake-) reaction. 
To be consistent, the next level of functional 
characteristic is an autonomous brake initiation. The 
Automatic Emergency Braking (AEB) function from 
Bosch fulfills these requirements. This is realized by 
a multistage intervention. At a very early stage the 
first level sets a deceleration of 0.3g. Depending on 
reaction and the ongoing situation, a second level is 
selected. Finally if a collision is unavoidable 0.5s 
prior to impact, a maximum brake deceleration will 
be initiated. It is expected that a driver of driver type 
III will react eventually due to the multiple 
interventions and will be prompted to brake on his 
own. However, comparing EBA and AEB, increased 
development effort, system costs and foremost 
liability risks for the autonomously acting AEB have 
to be taken into account.  
 
BENEFIT ESTIMATION   
 
In order to avoid false alarms, the warning strategy 
uses different warning times depending on relative 
closing  velocity, classification of the driver as active 
or inactive, as well as the initial speed of the vehicle 
itself. It is apparent that the variety of different 
accident scenarios tend to be complex if they were to 
be analyzed in detail. Nevertheless to gain the benefit 
for each function, the collision speeds are 
recalculated by taking driver reaction (GIDAS) and 
hypothetical driver reaction (driver model) into 
account. Furthermore, time of braking as well as 
deceleration level will be established by fusion of 
functional intervention and driver initiated braking. 
In the end, the collision speed is calculated by 



numerical integration. As a result for all AEBS 
functions, the total quantity of accidents avoided as 
well as the calculated speed reduction is received. A 
100% penetration with AEBS functions of the (Ego-) 
vehicles is assumed. Figure 7 shows the results for 
avoided accidents for the three different driver types. 
The benefit calculation is based on a production level 
application for the PCW and EBA function and an 
application close to production level for the AEB 
function. These are optimized in terms of warning 
strategy and not for maximum benefit. Therefore 
more efficiency could be possible by other parameter 
applications. 
    

 
Figure 7: Accident avoidance potential of AEBS 
functions in rear-end crashes for different driver 
types 
 
For the Predictive Collision Warning system (PCW) 
an avoidance benefit of approximately 38% is 
obtained assuming a realistic driver. 
 
For the Emergency Brake Assist (EBA) function 
with the target braking, the benefit raises to more 
than half (55%) of the accidents in the field of effect. 
This is a remarkable result for a non autonomous 
function like EBA. 
 
For the full scale characteristic like the Automatic 
Emergency Braking (AEB) function, 72% of the 
accidents can be avoided. This is not surprising due 
to the fact that in an early stage, a braking 
intervention is initiated if no reaction of the driver is 
detected by the system. As a consequence, collision 
speed is reduced significantly and accidents can be 
avoided.  
 
Focusing on the different driver types in Figure 7, the 
influence on the accident avoidance potential for the 
different functions show significantly different 
potential. Regarding the collision warning functions 
(PCW) the potential varies from 1% to 74% for a 
lethargic driver and the best driver respectively. 
These deviations are caused by different reaction 
times after warning - 2s reaction time for a lethargic 
driver and 0.7s reaction time for the best driver. It is 
apparent that a lethargic driver with poor reaction 
times and less deceleration does not avoid a collision 
by means of a pure warning system alone. The 
analyses show that in real accidents braking was 
initiated after collision. In comparison to lethargic- 
and realistic drivers the best driver is able to avoid 

more accidents due to fast reaction and high 
deceleration level. 
 
By looking at the level of automation, another 
important result is recognized. For the AEB function 
the difference between lethargic and best driver is 
21%. This small gap results in the early activation of 
the AEB function if no reaction is detected by the 
system. Hence the biggest benefit of this function is 
realized for lethargic drivers. 
 
If these results were transferred to accidents at injury 
level we obtain the effects as shown in Figure 8 
taking a realistic driver behavior into account. The 
first bar shows the distribution of severity level for 
all rear-end crashes in the field of effect. While the 
amount of 1% for fatal accidents is low, the 
remaining accidents are shared between accidents 
with severe and slight injuries. The distribution 
herein shows a share of 10% for accidents with 
severe injuries and 89% for accidents with slight 
injuries. 
  

 
Figure 8: Distribution of avoided injuries by the 
AEBS functions in avoided rear-end crashes for a 
realistic driver 
 
The benefit received from the AEBS functions leads 
to two major conclusions: 
  

• The relations for all considered functions 
(PCW, EBA and AEB) stay the same regarding 
all severities for the rear end-crashes. 

• The benefit increases enormously by 
increasing the automation level of the safety 
system.  

 
For example, the quantity of reduced accidents with 
severe injuries has a share of 7% for EBA function. 
With respect to all rear-end crashes with severe 
injuries about 3 out of 4 accidents are avoided. 
Furthermore, every 2nd accident with slight injuries is 
avoided compared to all accidents with slight injuries 
in rear-end crashes. A prediction regarding fatal 
accidents is not made due to the lower share within 
this accident type for the field of effect used. If 
39.000 relevant accidents with injuries are 
considered, in 2006 for Germany the following 
reduced number of accidents with severe and slight 
injuries will be avoided (Table 1). 
 



 PCW EBA AEB 
Accidents w/ 

slight injuries 12500 19100 25000 

Accidents w/ 
severe injuries 2000 2700 3100 

 
Table 1: Estimated number of reduced accidents 
with injuries by the AEBS functions for Germany 
 
Furthermore it must be kept in mind that there are 
still benefits given from the AEBS functions due to 
accident mitigation by taking the reduced collision 
speed into account. This is part of the following 
discussion.  
 
Along with the high accident avoidance potential, the 
benefit of AEBS functions is especially established 
in the reduced collision speed. In Figure 9 the 
average reduction in collision speed is shown for 
each AEBS function and for different driver types. 
 

 
Figure 9: Average Reduction in Collision Speed of 
AEBS Functions for not avoided rear-end crashes  
 
The average reduction in collision speed is 
determined based on accidents with reduction in 
speed and accidents with unchanged course. 
Therefore, all avoided accidents are excluded. For 
the realistic driver, a collision avoidance function 
based on warning only, like PCW, can on average 
reduce speed by 25%. By an EBA-function (warning 
+ brake boost), the collision speed can be reduced on 
average by almost 34%. This share even increases to 
55% for the AEB function. 
 
It is apparent that minor variations occur regarding 
different driver types within one functional 
characteristic. Due to the fact that the best-driver 
brakes immediately with maximum deceleration this 
share is less when compared to that of lethargic- or 
realistic driver 
 
Regarding the collision warning functions (PCW), 
the potential varies from 3% to 33% for a lethargic 
driver and the best driver respectively. Again the 
major difference in reaction time and deceleration 
level results in a different benefit.  
 
This deviation will be reduced if the automation level 
is increased. For unavoided accidents, the EBA 
function reduces the collision speed by about 34% 

for a realistic driver. Even a higher reduction is given 
for the AEB function (55%).  
 
It is expected that the significant reduction in 
collision speeds will have a considerable positive 
effect on the injury severities. Ongoing work aims at 
a comparison of the injuries in real crashes with the 
injury severities in the same accident with the 
intervention of a collision avoidance/mitigation 
system. A statistical model for predicting injury 
severities is currently being generated with SAS1. 
Hereby, a logistic regressions model is setup as a 
convenient statistical approach for predicting 
specified injury severities. 
 
With a logistic regression model, the probability of 
suffering a specified injury severity or not can be 
estimated. Based on univariate and multivariate 
frequency and correlation analyses of cars in the field 
of effect of AEBS functions, variables are selected 
which have a significant influence on suffering a 
specified injury severity in a crash.  
 
Two regression models will be identified. The first 
model2 provides the estimation of the probability for 
suffering minimally “slight injuries.” With the 
second regression model3 the probability of having 
minimally “severely injured” car occupants after 
crash will be estimated. 
 
COMPARISON TO LEGAL REQUIREMENTS 
 
As proposed in the NHTSA review for the New Car 
Assessment Program (NCAP) from July 2008 [12], 
new test requirements will be introduced for Forward 
Collision Warning (FCW) systems. Currently there 
are three test scenarios defined although two 
scenarios are in focus of the discussion: 
 

• 1st scenario: Subject vehicle approaches a 
stopped principle other vehicle at 45mph 
(72.5kph). The system must give a warning 
2.7s prior to collision. 

• 2nd scenario: Subject vehicle follows 
principle other vehicle at 45mph (72.5kph). 
The other vehicle starts braking. The system 
must give a warning 2.4s prior to collision.  

• 3rd scenario: Subject vehicle at 45mph 
(72.5kph) encounters a slower principle 
other vehicle with speed 20mph (32.2kph). 
The system must give a warning at 2.1s 
prior to impact. 

 

                                                 
1 Statistical Analysis System 
2 Significant Hosmer-Lemeshow test (0.86), R²=0.62, 
c-Statistics=0.89 
3 Significant Hosmer-Lemeshow test (0.11), R²=0.15, 
c-Statistics=0.78 



The systems in use must fulfill the velocity range 
which is specified between 30kph and 80kph. 
Furthermore, it has been claimed that the FCW 
systems do not necessarily have to work at night and 
under rainy conditions. As a matter of fact the AEBS 
functions from Bosch fulfill the requirements. 
Moreover the speed range is specified through the 
entire test range and above. Additionally, the Bosch 
system also works in misty or rainy conditions at 
both day and night. It is apparent that the systems can 
be compared to each other. Due to the early and fixed 
warning times specified in the NCAP requirements it 
is assumed that more false positive alarms will be 
given from such a collision warning system. A false 
positive alarm hereby is defined as a warning given 
to driver which does not address a potential accident 
scenario and should be classified as not relevant. 
Therefore it is more probable that a driver will switch 
off the system if there is an alarm in a non critical 
event. As a result, the FCW functionality would be 
inactive and not available in case it is required. This 
is why the Bosch AEBS functions use a more 
flexible warning strategy. The strategy minimizes 
positive false alarms and a higher acceptance by the 
driver is realized due to its familiarity and reliability. 
Nevertheless a comparison of the FCW and the 
Bosch PCW function was done by setting the 
requirements for FCW as stated above. In other 
words for example, accidents which occurred at night 
are not considered in the benefit calculation for the 
FCW function. The results are shown in Figure 10 
and Figure 11 for the avoided accidents and the 
average reduced collision speed respectively. The 
calculation was done for all driver types defined 
before.  
 

 
Figure 10: Comparison of FCW vs. PCW in rear-
end crashes, Fraction of avoided accidents  
 
As seen in Figure 10 the results show a decreasing 
benefit if the minimum requirements for FCW 
functionality were fulfilled. The difference between 
FCW and the Bosch PCW function for a realistic 
driver was estimated to be 15%. The same situation 
is shown in Figure 11 for the average reduction of 
collision speed. Approximately 16% difference is 
estimated between FCW and PCW for the realistic 
driver. 
 

 
Figure 11: Average reduction in collision speed 
for not avoided rear-end crashes 
 
CONCLUSIONS 
 
• The study considers 1103 rear-end accidents with 

injuries from 9323 GIDAS accidents as 
representative for Germany. 

• The analysis is based on three specified 
applications from the Bosch Advanced 
Emergency Braking Systems. The PCW and EBA 
functions are based on production level 
application whereas the AEB function is based on 
a market level application. The optimization 
strategy was to ensure a reduced number of 
positive false alarms taking maximum avoidance 
potential into account. Other application settings 
are also possible by optimizing the accident 
avoidance.  

• A high accident avoidance potential for rear-end 
collisions is given from the Bosch Advanced 
Emergency Braking Systems. The share of 
avoided accidents for a realistic driver was 
calculated for the PCW system to be 38%, for 
EBA system to  be 55% and for the AEB system 
to  be 72% respectively.  

• The efficiency of collision warning systems like 
PCW depends on driver behavior and on reaction 
time. The variations are from 1% to 74% for the 
lethargic and the best-driver respectively. 

• An increased system automation level - from 
PCW, EBA to AEB - reduces the driver influence 
on the one hand significantly and increases the 
accident avoidance potential on the other, in 
particular for lethargic drivers. However, 
comparing EBA and AEB, increased 
development effort, system costs and foremost 
liability risks for the autonomously acting AEB 
have to be taken into account. Therefore an 
optimum benefit over cost ratio is expected for 
the EBA function. 

• The number of avoided accidents with severe 
injuries is estimated to be approximately 2700 
rear-end accidents in Germany annually. 
Furthermore, the amount of avoided rear-end 
accidents with slight injuries is estimated to be 
approximately 19100 accidents. Hereby the EBA 
function for a realistic driver is considered and a 
100% installation rate. 



• If an accident is unavoidable, the AEBS functions 
will reduce the collision speed significantly. For 
the PCW function an average reduction of 
collision speed is encountered for 25% of 
unavoided accidents. For the AEB function a rate 
of even 55% was determined. 

• The Bosch Advanced Emergency Braking 
System functions operate over a wide velocity 
range, even at night and under rain or bad 
weather conditions. 

• By fulfilling NCAP requirements for FCW 
systems, accident avoidance potential is reduced 
from 38% for the PCW system to 23% for the 
FCW system assuming a realistic driver.  

• Furthermore, by fulfilling NCAP requirements 
for FCW systems, a significantly decreased 
benefit is determined for the average reduced 
collision speed for unavoided accidents. For the 
realistic driver a decrease from 25% to 9% is 
given based on the PCW function compared to 
the FCW function respectively.  

• A high probability for positive false alarms is 
expected and hence less acceptance by the driver 
without variable warning strategy. This strategy 
should be individually controlled by a driver 
classification system and taking the relative 
closing velocity into account. 
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ABSTRACT 
As accidents with trucks have a large influence on traffic flow, a 
large pilot on the effect of driver assistance systems was kicked 
off in July 2008 in the Netherlands. The primary goals of the 
pilot are to assess the potential for improving safety and 
maintaining traffic flow.  
The potential contribution of driver assistance systems to these 
objectives will be determined with 2550 trucks from about 100 
transport companies. Each truck is equipped with one assistance 
system and a registration unit for monitoring driving and vehicle 
behaviour.  
 
Driver assistance systems used are: Lane Departure Warning, 
Forward Collision Warning, Directional Control, Adaptive 
Cruise Control, Rollover Control and Black Box with Feedback. 
The latter system was developed especially for this project. 
Based on continuous measurements, the driver receives a daily 
report on his “safe and congestion preventing” driving 
behaviour. So far, drivers and transport companies are very 
positive on this system.  
 
When closing the pilot halfway 2009, it will be concluded what 
the effects are of these systems on traffic safety and congestion. 
The conclusions will be based on proving ground tests, 
simulations and measurements from the pilot, like: 

- Average speed, speed variations, accelerations, etc. 
- Time-to-Collision over a time span, headway (time) 
- Warnings and actions by the systems 

Effects on traffic flow will be quantified based on changes in 
driving behaviour and based on expected reductions of 
accidents. This pilot will deliver unique, statistical data on the 
actual effectiveness of a range of driver assistance systems. 
 
The project is performed in a close cooperation between TNO, 
the Dutch Ministry of Transport, Public Works and Water 
Management, Connekt and Buck Consultants. Currently, the 
focus is on the Netherlands, but it is investigated how to 
interpret the results for Europe. 
 
INTRODUCTION 
 
During rush hour, large parts of the Netherlands are suffering 
from traffic jams. Especially the areas around the major cities 
are congested. Besides this, there are on many spots increasing 
congestion problems during the rest of daytime. The Dutch 
infrastructure is relatively vulnerable for incidents. A well know 
example of incidents which can paralyse large areas of 
motorway traffic for hours is the case of the heavy vehicle roll 
over accident, occurring about thirty times a year on a motorway 
and about one hundred times on other roads, often close to 
motorway areas.  
Figure 1 shows the locations of rollover accidents with heavy 
vehicles, in 2006, on Dutch motorways.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
This situation is affecting of course the daily life of many 
commuters, but also has increasing negative economical and 
environmental effects. The Dutch Ministry of Transport, Public 
Works and Water Management has considered this situation 
with growing concerns and launched the so-called FileProof 
Programme in 2006.  
 
At the start of FileProof, ministree employees, local 
governments, private citizens, business, interest groups and 
knowledge institutions provided a host of creative ideas on the 
topic. This host consisted of about 3000 ideas, which were 
evaluated by a group of experts, resulting in a wide programme 
of about forty projects. These projects all aim at short-term 
solutions for traffic congestion, ranging from changing driver 
attitude and improved road signs to implementation of Accident 
Prevention Systems in (heavy duty) vehicles.  
It can be seen that the projects also have different objectives 
from increasing regular traffic flow to a more fluent level, up to 
the reduction of occasional traffic jams. 
 
This paper focuses on the Accident Prevention Systems (APS) 
project. Determining the effects of these systems on safety and 
traffic flow, as well as determining the effectiveness of the 
systems, needs to be done in a joint effort of theoretical work 
and major experimental work. For this last part, a so-called Field 
Operational Test is an appropriate instrument which also is 
being applied in this APS project.  
 
The project described here contains the most comprehensive 
Field Operational Test (FOT) conducted so far, on Accident 
Prevention Systems in heavy duty vehicles.  

Figure 1. Locations of rollover accidents with heavy 
vehicles on Dutch highways, 2006 
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The objectives of this project are divided into these aspects: 
1. Assess the impact of large-scale implementation of 

accident prevention systems on traffic circulation and 
traffic safety 

2. Gain insight into the effectiveness of the various 
systems with respect to lorry traffic safety. 

The APS project is conducted with full support of many Dutch 
transport companies and by the relevant transport interest 
groups.  
 
BASICS OF THE METHODOLOGY 
 
The Dutch Ministry of Transport, Public Works and Water 
Management wanted to be able to measure real-life effects of 
the Accident Prevention Systems, rather than purely simulation 
results or theoretical answers. Furthermore, a boost of the 
implementation of APS in the heavy vehicle fleet was 
considered to be highly desirable, hoping it would increase also 
road safety. Therefore, a FOT turned out to be a very 
appropriate instrument. In starting an FOT, it is best to learn 
from previous experiences as it is a complicated instrument. 
Within the EU project FESTA [1] a FOT was defined as: 
A study undertaken to evaluate a function, or functions, under 
normal operating conditions in environments typically 
encountered by the host vehicle(s) using quasi-experimental 
methods. 
 
It is important to note the wording “to evaluate” in this 
definition. Many aspects of a system can be evaluated, ranging 
from technical aspects to e.g. influencing the actual driving 
behaviour. 
 
In an FOT effects can be studied in real traffic conditions, rather 
than under pre-defined circumstances. That would be the case in 
laboratory testing or driving simulator testing. Though, while 
working in an FOT, one has to be careful with comparing 
measured data from several participating vehicles. Without 
proper reference data (measured in vehicles without APS) the 
benefits and effects of the in-car systems cannot be properly 
assessed. Furthermore, one should compare only results from 
similar situations. External factors like weather type, traffic 
condition, GPS location, time of day and road type must be 
taken into account. 
 
In an early stage of the project, traffic simulations were 
performed to determine the number of vehicles and the period 
during which the measurements should be done. Statistical 
power analyses were conducted, using Monte Carlo simulations. 
This made it possible to take into account the two underlying 
variables; the number of vehicles in each test group (per APS) 
and the measurement duration. In traditional power analysis 
methods (e.g. Cohen [2]), this combination is not accounted for 
in a straightforward manner.  
In the end, it was recommended that the number of vehicles in 
each group should be 400, while the measurements should 
ideally run over about 8 months. All vehicles should have a data 
collection unit on board, to measure basic input for later 
analysis. Parameters to be measured would be e.g. vehicle 
speed, time to collision, time to line crossing, location (GPS), 
time and accelerations. Furthermore, participating vehicles have 
at most one working APS onboard. 

One group of vehicles should have only a data collection unit on 
board, no active APS. This group is the reference group. It is 
essential to have a group like this. Without it, the actual effects 
of the APS cannot be truly determined.  
 
SYSTEMS 
 
An early study in the starting phase of the project looked into 
the support systems to be used in the FOT. Basic issues here 
were the needs on the Dutch roads, availability of systems, 
working principle and expected benefit and effectiveness of the 
system. Furthermore, it was tried to pick systems with different 
principles of work and different types of potential accident 
scenarios in which the APS should be effective (head-tail 
accidents, side accident, single sided accidents). It was also 
decided to have a mixture of systems only informing the driver, 
and systems which actually perform actions. Also the moment in 
which the systems become active differs for the systems chosen 
(see Figure 2). 
 

 
Figure 2.  Accident imminence and activation of APS 
 
There are some reference groups in the project. The trucks in the 
reference groups all are equipped with the same data collection 
unit as all other trucks.  
Based on the pre-study [3, 4], the following systems were 
selected to be included in the FOT.  
 

1. HWM + FCW (Headway Warning and Monitoring + 
Forward Collision Warning). The system used in the 
FOT combines the two functionalities into one module. 
HWM warns whenever the time headway to the 
preceding vehicle becomes too short. The headway is 
determined by using a combination of the vehicle speed 
and the distance to the preceding vehicle. The FCW 
warns the driver when the time to collision becomes 
smaller than a certain threshold value. Within the FOT, 
the driver cannot switch off the HWM/FCW system. 

 
2. LDWA (Lane Departure Warning Assist). This assist 

warns the driver when he is unnoticed leaving his lane 
(i.e. indicator lights are not used during or close to a 
lane departure). This is done based on a time to line 
crossing criterion, determined by a camera. Also this 
system cannot be switched off by the driver in the FOT. 
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3. ACC (Adaptive Cruise Control). ACC intends to 
maintain the speed as programmed by the driver, but 
also tracks down preceding vehicles. The headway 
towards these vehicles is kept to a safe value. The test 
drivers in the FOT can switch on and off the ACC as 
they wish. ACC is most often used during long distance 
travels in uncongested traffic. 

 
4. DC (Directional Control). DC is an autonomous 

system, taking action when the vehicle does not 
properly respond to steering actions or starts sliding. Its 
actions normally are performed by braking at selected 
wheels. DC can be combined effectively with ROC 
(Roll Over Control), which is an algorithm that also 
uses the brakes when the vehicle tends to roll over. 

 
5. BBFB (Black Box FeedBack). This is a new system, 

developed especially for this FOT. This system is 
described in the next section. 

 
The HWM/FCW and the LDWA can be built into (heavy duty) 
vehicles during the vehicle’s commercial life time, as they are 
available as retrofit systems. This essentially speeds up the 
large-scale introduction of these systems. The BBFB 
functionality is a newly developed functionality of a kind of 
fleet management system which also is available as retrofit 
toolkit. For heavy vehicles equipped with a relatively new 
version of the hardware of the fleet management system, a 
remote software update is sufficient to equip existing vehicles 
with the BBFB functionality. 
The ACC, DC and ROC are only available as ex factory 
systems. To get these systems in the FOT, also truck OEMs 
were involved in the project set up. 
  
Figure 3 shows the ordering of these systems in subprojects, 
including the number of trucks in each group. In total, 2550 
trucks are involved in the project. 
 

 
Figure 3.  Groups of trucks in the FOT, including numbers 
 
As can be seen from this figure, there are four subprojects. SP A 
has a focus on retrofit systems, which are being installed on the 
participating trucks. SP B focuses on actively influencing the 
driver’s behaviour, including the development and use of the 
new Black Box FeedBack functionality. SP C works on ex 

factory systems, more cooperation with OEMs is taking place 
here. The sample groups are some smaller here as it turned out 
to be necessary to interfere with the actual production process 
which is not easily done.  
SP D focuses on proving ground tests, going into issues which 
cannot be determined in tests on public roads. Work on SP D 
Track tests will be discussed in one of the later sections. 
 
BLACK BOX FEEDBACK (BBFB) 
 
At the moment the project was initiated, there were no systems 
commercially available which inform the driver on his actual 
driving behaviour. It is expected such system will raise driver 
awareness on effects of driving behaviour. This can lead to 
improved driving behaviour and a more effective traffic flow. 
Therefore, TNO developed in cooperation with the company 
CarrierWeb a new type of Accident Prevention System, the so-
called Black Box FeedBack. This system is based on 
CarrierWeb’s fleet management system, using its existing 
hardware and interface.  
Figure 4 shows an example of the output the driver receives. 
 

 
Figure 4.  BBFB screen output to the driver on his daily 
performance 
 
The fleet management system has a connection to the vehicle 
CAN. Through this connection data are transmitted to the new 
BBFB software. Amongst the data collected within the BBFB 
functionality are the vehicle speed, date, time, vehicle ID, driver 
ID (driver has to log on to the system, and receives personal 
driving information), acceleration parameters (positive and 
negative), fuel rate usage, distance driven, number of brakes 
events and GPS location.  
 
The feedback to the driver includes amongst others: 
• Speed fluctuations 
•  Harsh breaks 
•  Cruise control usage 
•  Fuel usage 
 
The driver receives per variable information and explanation of 
his results of the last day and of the last few weeks. He can 
compare his results with his own long term average, but also 
with the long term average of his colleagues. This feature is 
added on specific demand by a selection of drivers in the test 
group. 
 
Figure 5 shows the functional principle of the BBFB system. 
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Figure 5.  Functional overview of the BBFB system [5] 
 
Feedback to the driver is presented: 
•  Automatically when the driver indicates that he is 

having a break  
•  Automatically when the driver logs off. 
•  Never while driving (where 'driving' is defined as speed        

> 5 km/u) 
•  Upon request  
 
NOT ON THE ROAD, PLEASE 
 
There are some items which could not be tested with large 
groups of vehicles e.g. due to the increased danger level or the 
costs. 
 
For systems like DC and ROC, the risk towards roll over during 
daily transport activities had to be assessed. To do this properly, 
an extensive sensor system would have to be installed on the 
truck. This cannot be done for hundreds of trucks as in the full 
FOT due to high costs of sensors and long installation times. 
Instead, one truck was fully equipped and used extensively. 
There were two types of tests in which this specific truck was 
used: user tests and proving ground tests. 
 
User tests 
For the user test, the fully equipped truck was used by several 
transport companies for one or two weeks in regular transport 
activities. The participating companies had different types of 
transport activities. 
An important part of the measurement equipment is the so-
called RPAS module, a vehicle state estimator for trucks to 
assess rollover risk, developed and patented by TNO. The 
concept of the RPAS module is shown in Figure 6.  
 
RPAS determines the rollover threshold value of any truck 
combination using data from only a few sensors that can be 
installed easily. The system can be used as an autonomous unit 
in which the sensors are incorporated and it is generally installed 
on the trailer. As the rollover propensity of tractor semi-trailer is 
mainly determined by the loading of the trailer, the internal 
algorithm is developed to adapt the critical roll value shortly 
after the load of the trailer has changed. In the user test the 
algorithm has been applied for post-processing of recorded data. 
 

 
 
 

 
Figure 6.  RPAS state estimator concept [6] 
 
During the user test, no emergency situations occurred but 
nonetheless some interesting observations were made. On the 
proving ground it was assessed that for this particular vehicle 
the DC system activates at a rollover risk level of about 55% of 
the rollover threshold value. During three trips (more than 100 
were recorded) the rollover risk marginally exceeded 55%, and 
during the event with the highest recorded rollover risk (61%) 
the DC actually was activated. As expected the rollover risk 
achieves significant values for the loaded truck only. For the 
unloaded truck the maximum rollover risk during trips never 
exceeded 45%. 
 
A detailed analysis was made into the situations where rollover 
risk was relatively high using e.g. recorded GPS coordinates. 
The largest rollover risk is generally found for cloverleaf 
motorway junctions and on motorway entrances and exits. 
 
 
Figure 7 shows the location where the DC intervention occurred 
during the 7400 km User test.  
The rollover risk is indicated in Figure 8 together with measured 
vehicle speed, steering angle and lateral acceleration. 
 
 

 
 
Figure 7.  Cloverleaf with highest measured level of roll over 
risk and DC intervention. 
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Figure 8.  Measured values of speed, steer angle, lateral 
acceleration and rollover risk for the trip recording with DC 
intervention 
 
For the occurrence of high levels of roll over risks the vehicle 
payload is the most influencing factor. Secondly, there is a 
strong relation with road infra structure, and finally the 
recordings have also shown that the maximum level of rollover 
risk is dependent on the driver. In all cases however the drivers 
maintained sufficient margin towards the rollover threshold so it 
can be concluded that in general they have a true perception of 
the vehicle safety levels. 
 
Proving ground tests 
On a proving ground, it is possible to go to the limits of vehicle 
operation. In controlled situations, one can get very close to an 
accident situation, while still being able to avoid it at a very late 
moment. Furthermore it is possible to repeat experiments with 
exactly the same conditions, thus testing several Accident 
Prevention Systems under the same circumstances. 
 
On the proving ground, experiments were performed with roll 
over systems, ACC, FCW and LDWA. The test truck was a 
fully loaded tractor semi-trailer, which was equipped with many 
data acquisition systems (including the RPAS module). The 
truck was e.g. approaching a “target vehicle”. The FCW or ACC 
should in time warn the driver or undertake action, both for 
moving target vehicles as well as for a non-moving target. The 
systems were also tested on their ability to make a distinction 
between a vehicle and road furniture.  
 
Furthermore other tests were performed, like: 

- Driving in a constant circle, with increasing speed. 
Thus, near-critical levels of roll over were achieved.  

- Driving in a circle with decreasing diameter, like in slip 
road situations. 

- Braking while driving in a curve. 
- Changing lanes, including extreme avoidance 

maneuvers. 
- Line crossings including corrections. 

 
 
 
HOW TO COME TO CONCLUSIONS 
 
The FOT is planned to run until the end of June 2009. Only 
then, a full data set will be available for final analysis. The data 
from the 2550 test trucks will be combined with data from the 
track tests, the user test and results found in literature. Of 
course, data has to be properly collected and combined to have a 
solid basis for conclusions on the effects of APS on traffic flow 
and traffic safety. 
From the overall project, some intermediate conclusions have 
been found: 

- The preparations for a FOT like this are easily 
underestimated. The number of partners, the technical 
requirements and data acquisition are key issues for the 
success of a FOT.  

- There is a huge enthusiasm for the project from the side 
of transport companies. They made large parts of their 
fleet available, which did cost them a considerable 
amount of time. 

- For unloaded trucks, the measured level of roll over 
risk was always below 45%. 

- During a majority of working days a moderate level of 
roll over risk are obtained with a loaded vehicle (45-
55% risk level). Drivers normally assess the risk level 
in time and properly. 

- The Black Box Feedback gives drivers information that 
makes them more aware of their driving habits. 

 
Last but clearly not least: never underestimate the effect of daily 
life of drivers to your test…….or how lunch packaged in 
aluminum foil can strongly affect measurements! 
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ABSTRACT 
 
The objectives of the EU-funded project TRACE 
(TRaffic Accident Causation in Europe, 2006-2008) 
are the up-dating of the etiology of road accidents 
and the assessment of the safety benefits of 
promising technology-based solutions. 
The analyses are based on available, reliable and 
accessible existing databases (access to which has 
been greatly facilitated by a number of partners 
highly experienced in safety analysis, coming from 8 
different countries and having access to different 
kinds of databases, in-depth or regional or national 
statistics in their own country). 
Apart from considerable improvements in the 
methodologies applicable to accident research in the 
field of human factors, statistics and epidemiology, 

allowing a better understanding of the crash 
generating issues, the TRACE project quantified the 
expected safety benefits for existing and future safety 
applications. 
As for existing safety functions or safety packages, 
the main striking results show that any increment of a 
passive or active safety function selected in this 
project produces additional safety benefits. In general, 
the safety gains are even higher for higher injury 
severity levels. For example, if all cars were Euro 
NCAP five stars and fitted with EBA and ESC, 
compared to four stars without ESC and EBA, injury 
accidents would be reduced by 47%, all injuries 
would be mitigated by 68% and severe + fatal 
injuries by 70%. 
As for future advanced safety functions, TRACE 
investigated 19 safety systems. The results show that 
the greatest additional safety gains potential are 
expected from intelligent speed adaptation systems, 
automatic crash notification systems, and collision 
warning and collision avoidance systems. Their 
expected benefits (expected reduction in the total 
number of injured persons if the fleet is 100% 
equipped) are between 6% and 11%. Safety benefits 
of other systems are more often below 5%. Some 
systems have a very low expected safety benefit 
(around or less than 1%). 
 
INTRODUCTION 
 
The EUropean Council for Automotive Research 
(EUCAR) launched in 2001 an initiative to develop a 
systemic approach to the problem of road safety: 
Integrated Safety. The idea was to revisit the Safety 
problem with a holistic System Approach. In 2008, a 
few projects (AIDE, PREVENT, EASIS, APROSYS, 
SAFESPOT, CVIS, WATCH-OVER, etc.) have 
already produced methodologies and results. Just a 
few of these research integrated projects or sub 
projects (i.e. Aprosys, Prevent-Intersafe) called for 
prior accident analysis in order to start further tasks 
(development of models, simulations, technologies, 
demonstrators, tests, etc.) on a thorough 
understanding of the real-world problems. 
Consequently, this knowledge is sometimes 
considered as a missing plinth. 
Simultaneously, an eSafety Forum was established by 
the European Commission DG Information Society 
in 2001 as a joint platform involving all road safety 
stakeholders. The Forum adopted twenty-eight 
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recommendations towards the better use of 
Information and Communication Technologies (ICT) 
for improved road safety. But, even though former 
research in accident causation and impact assessment 
produced a tremendous amount of knowledge, the 
exact nature of the contribution that ICT can make to 
road safety could not be determined because 
consistent EU-wide accident causation analysis was 
not sufficiently available to gauge this impact.  
Consequently, the first of these recommendations 
sought to consolidate analyses from existing accident 
and risk exposure data sources for a better 
understanding of the causes and circumstances of 
road accidents and to determine the most promising 
and/or effective counter measures.  The second 
recommendation called for the establishment of a 
common format for recording accident data to 
develop an information system covering all EU 
Member States. 
Simultaneously, The EU was funding an important 
project, SafetyNet (The European Road Safety 
Observatory), which particularly aims at making 
consistent accident data collection protocols in 
several EU countries and at constituting an accident 
databank on injury and fatal accidents.  
But the project had just started in 2004 and would 
provide neither accident data, nor accident analysis in 
the short term. Moreover this project did not aim at 
identifying relevant methodologies to evaluate the 
effectiveness and efficiency of safety systems based 
on technology. To try to overcome these problems in 
the short term, one of the e-safety Working Group 
(Accident Analysis) examined available data sources 
which were known to them.   
The analysis confirmed the hypothesis of the working 
group that although many information sources 
already existed, they were not enough as they 
currently exist to provide Europe with the analysis it 
needs because the picture obtained was a mixed one. 
Some data sources were never designed for the 
purpose of coordinated analysis and therefore have 
little potential. Some others have their main focus on 
passive safety, biomechanics or traumatology and do 
not give much insight into the causes of the accidents 
they contain.  Others have considerable potential. 
Based on this qualitative analysis of existing sources 
the working group recommended to the eSafety 
Forum that existing sources could nevertheless help 
to give a better understanding on accident causation 
and to evaluate (at least partially) the effectiveness of 
some on-board safety functions, if shared analysis 
mechanisms are employed to interrogate the different 
data sources and share the results.  
The TRACE proposal was born. It was submitted to 
the EU in 2005, with two main objectives: 

- The determination and the continuous up-dating of 
the etiology, i.e. causes, of road accidents and the 
assessment of whether the existing technologies or 
the technologies under current development address 
the real needs of the road users inferred from the 
accident and driver behavior analyses.  
- The identification and the assessment (in terms of 
saved lives, injuries mitigation and avoided 
accidents), among possible technology-based safety 
functions, of the most promising solutions that can 
assist the driver or any other road users in a normal 
road situation or in an emergency situation or, as a 
last resort, mitigate the violence of crashes and 
protect the vehicle occupants, the pedestrians, and the 
two-wheelers in case of a crash or a rollover. 
This current paper gives a synthesis of the principal 
striking TRACE outcomes. It is therefore a non-
comprehensive summary of what is available in the 
32 technical and scientific reports that TRACE has 
generated. The reader is highly encouraged to look at 
the technical reports for a more in-depth inquiry into 
TRACE objectives, challenges and achievements. 
The paper is split up into 3 chapters. The first one 
‘Methodologies’ briefly reports about methodologies 
developed in TRACE with regards to human factors 
analysis and statistics. The second one ‘Accident 
Causation’ reports about the first objective of the 
project, whereas the third one ‘Evaluation’ reports 
about the second objective. 
Please see [27] for further information regarding the 
project structure of TRACE and the involved partners. 
 
METHODOLOGIES 
 
Human Factors 
 
Accident causation can seem misleadingly simple, 
nearly obvious. It is thus often assumed that there is 
one cause or one road user responsible for an 
accident and that it would just take determining that 
cause or this responsible road user, suppressing the 
first and punishing the second, to prevent the accident 
occurring. Maybe such a view had reached a relative 
validity in the old times of the driving system when 
monolithic defects were easy to diagnose. However, 
it is less and less proving to be efficient as the system 
is continuously improving on the basis of research 
and developments addressing the different 
components involved. The problem is that, more and 
more, a cause becomes a cause only if it combines 
with several other hidden ones, and the so considered 
'responsible road user' is more and more the heir of 
the influence of these combination of factors 
intervening in the driving interactions. Road safety of 
the 21st century has become a matter of complexity, 
apart from some residual extreme cases showing 
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atypical accident patterns (e.g. involving big holes on 
the road, breakdown of the car brakes, aberrant 
drivers' behaviours). In order to keep improving 
safety, it has become essential to study this 
complexity. And the more we will gain in safety, the 
more thorough research works will be necessary to 
go on progressing.  
The European TRACE project is turned towards 
developing a better understanding of accident 
causation, in order to reach the definition of more 
appropriate preventative measures, involving notably 
electronic safety functions.. Along this objective, 
Work Package 5 'Human Factors' of this project has 
been designed to contribute to the development of a 
deeper analysis of the difficulties encountered by the 
human component, the road user, in order to promote 
an improving of the driving system which is put at 
his disposal. The work done in TRACE WP5 has led 
to several operational grids of analysis, in line with 
theoretical models, which offer a means to 
progressing the understanding of the human role in 
accident generation, and in the methods allowing a 
better diagnosis of the causes of human errors, 
violations, and exceeding capacity. The underlying 
concept behind these grids is oriented toward a 'safe 
system model', keeping in mind that the purpose of 
any device dedicated to a human use should be 
conceived and built in a way of neither being 
problematic nor dangerous for its users. So should be 
the driving system. 
In a first step, a grid has been created for analysing 
the operational difficulties that human beings can 
find in driving, potentially resulting in accidents [16]. 
This grid delineates so-called 'Human Functional 
Failures' (HFF) representing the weaknesses and 
limits in adaptive capacity of the human functions 
(perception, comprehension, anticipation, decision, 
action) to which drivers appeal in order to drive 
efficiently. And as far as an accident is not 
intentional for anyone (otherwise it is no more an 
accident) each HFF is considered as the result of a 
malfunction characterizing the driving system as a 
whole. It is a symptom which manifests a wrong 
interaction between a road user and his driving task 
environment. Human failure should not be considered 
– which is often the case - as the cause of the 
accident but rather as a weak link in a malfunction 
chain, this chain being necessary to find out if any 
efficient solution is thought to be defined. Thus, once 
a human functional failure is diagnosed, it still has to 
be defined which factors and which contexts have 
originated it. 
The problem with many accident causation coding 
systems currently used across Europe is that they do 
not separate the ‘errors’ (or human functional 
failures) from the ‘factors’ which lead to these 

failures. The second step of the methodological work 
consisted in building a grid allowing the 
determination of all the elements (factors) - would 
they be referring to the road layout, the vehicle 
parameters, the driver or the traffic surrounding - that 
could originate or favour a Human Functional Failure, 
not confusing these factors with their consequences 
[17]. A complementary grid also provides a 
classification of 'pre-accident driving situations' in 
which human failures occur. These pre-accident 
driving situations are built from a combination of: 1- 
the types of driving tasks (e.g. overtaking, crossing, 
turning), 2- their location (e.g. intersection, straight 
road, roundabout) and 3- the potential conflicts met 
in the situation (e.g. pedestrian crossing, oncoming 
vehicle, car door opening). The precise 
characterisation of these pre-accident situations in 
accident studies allows definition of the 
circumstances in which road users find difficulties.  
A third step of this methodological work consisted of 
providing a method allowing the aggregation of 
similar accident processes on a multidimensional 
level (a scenario) [18]. The method consists in 
building typical scenarios of human failure 
production, integrating the elements studied in the 
previous steps. The Typical Human Functional 
Failure Scenarios represent the regularities which can 
be found in the process governing similar accidents. 
They are expressed under the shape of chains which 
connect a pre-accident situation, explicative elements 
involved, a consequent human functional failure and 
a resultant critical situation leading to a crash 
configuration. But a main difficulty in the 
determination of all these detailed variables is the 
necessity to base them upon in-depth accident data 
performed by specialists in the different domains. In 
order to allow accidentologists using data that doesn't 
fulfil these ideal conditions (i.e. in-depth, involving 
psychologists), we have defined the most frequent 
scenarios found in the study of a large sample of in-
depth accident cases, on which to base in order to 
recognize the overall process on a 'family air' basis, 
which can be done from less in-depth data.  
A last methodological work performed in TRACE 
WP5 is differentiated from the previous ones in its 
more prospective purpose. It was aimed at enlarging 
the classical view on driving behaviour determinants 
by incorporating the social and cultural dimensions as 
further upstream factors of human functional failures. 
Factors such as culture, social status or specific social 
group membership have an identifiable influence on 
individual behaviour. It presents a scheme of analysis 
built upon the notion of 'social spheres' [19]. This 
scheme is aimed at showing the relative influence of 
the different layers ('spheres') of socio-cultural 
variables that are located outside the individual 
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sphere and which can potentially have a latent or 
manifest influence on the production of an accident. 
The integration of such socio-cultural background 
variables in the analysis of human failure production 
has the potential to increase the understanding of the 
accident causation process and to find additional 
means to fight against. These aspects should notably 
be taken into account when dealing with driving aids, 
so as to appropriately answer the needs and 
constraints coming from different drivers' social 
groups. 
The different deliverables of WP5 have been 
provided to progress the search for understating 
accident causation and its underlying and upstream 
determinants. As such they contribute to the 
European TRACE project objectives of promoting a 
scientific knowledge on accident causation, so as to 
better defining the safety measures able reducing it. 
In this respect, the overall point of WP5 is to remind 
that the road user is the core of the driving system, 
and human performance the measure of its 
effectiveness. That is why possible human failures 
must be studied in-depth, their causes and producing 
contexts clarified in order to put forward the most 
efficient measures able at harmonizing human 
travelling behaviour inside the traffic system. The 
methods proposed regarding as 'Human Factors' 
allow a more integrative approach inside accident 
research in Europe. This is being done in numerous 
studies conducted in TRACE operational work 
packages, addressed to the different road user groups 
(elderly drivers, PTW, passenger cars, gender issue, 
etc.), to the main identified driving situations 
(intersection, specific manoeuvres, degraded 
situations, etc.) and to the most involved factors 
(vigilance, attention, experience, infrastructure, etc.). 
These different studies increase the understanding 
regarding human factors in accident causation and the 
necessity to develop a safe system well addressed to 
human needs. And the 'human factors' methods put 
forward in TRACE WP5 will be useful and 
constructive when considering the building of a 
comprehensive European road safety observatory. 
 
Statistical Analysis Methodologies 
 
The overall objectives of TRACE WP7 ‘Statistical 
Analysis’ have been twofold: 
- to improve statistical methodology for diagnosis of 
road safety problems and evaluation of promising 
technological solutions 
- to provide methodological advice and statistical 
services to other TRACE work packages. 
In its empirical part, the TRACE project exclusively 
relies on existing European data on traffic safety. 
Thus, statistical methods for collecting accident and 

exposure data have not been treated. Rather, 
quantitative methods serving the following purposes 
have been investigated:  

- methods for improving the usability of existing 
accident and exposure databases 
- methods for traffic accident causation studies 
- methods for accident and injury risk studies 
- methods for safety functions effectiveness 
evaluation and prediction. 

WP7 has also provided traffic safety researchers with 
a statistical expansion method for addressing accident 
causation issues at European level accounting for the 
fact that accident and exposure data availability 
varies substantially between the countries.  
In all these areas the scientific work under WP7 has 
developed operational statistical models in the 
conceptual framework of general “systemic” theories 
of the accident generating process. Emphasis was put 
in WP7 on careful selection, adaptation and 
application of appropriate classical and newer 
implementation-ready methods from the various 
fields of the statistical sciences. For all results both 
scientific rigor for the statistical community and 
accessibility for empirical accident researchers had to 
be achieved. The principal aim of WP7 was to 
provide best practice examples of high-quality traffic 
safety research using up-to-date statistical methods. 
 
     Improving the usability of existing accident 
databases. The purpose of this activity has been to 
enable traffic safety researchers to make best possible 
use of existing European accident and exposure 
databases [21]. Therefore, the task has covered 
methods to overcome typical accident and exposure 
data quality problems like missing values, missing 
variables and biases due to selective data collection.  
Under certain conditions data quality problems of the 
types listed above can be overcome using appropriate 
statistical methods: imputation methods for treating 
data with missing values, data fusion methods for 
supplementing missing variables and weighting and 
expansion methods for reducing biases due to 
selectivity of sampling in in-depth studies have been 
studied.  
Frequently, researchers need to address accident 
causation issues at the European level in situations 
where no complete empirical data is available. 
Therefore, an expansion method for creating 
synthetic tables at EU level, by combining detailed 
data from regional studies or national sources with 
coarser structural information on traffic accidents in 
Europe as a whole under an appropriate statistical 
model, has been developed. 
 
     Analysis methods for accident causation studies. 
It is obvious that accident causation analysis is a 
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matter of importance in TRACE. In order to provide 
appropriate methodological support to the operational 
work packages, this task deals with analysis methods 
for accident causation studies. Emphasis lies on 
exploratory or hypothesis-generating methods, as 
confirmatory or hypothesis-testing methods of 
accident and injury risk analysis [23].  
First, a theoretical framework for causal analysis in 
accident causation research has been proposed and 
problems linked with establishing causal 
relationships have been discussed. Then, in view of 
the huge volume of many accident databases, some 
data mining tools have been investigated which are 
highly relevant for accident experts. Specific 2D 
graphical representations (self-organizing maps) of 
the different risk factors can provide, at a glance, a 
qualitative understanding of possible accident causes. 
In a subsequent step, information theoretic methods 
(mutual information ratio) can be used to quantify 
more precisely the impact of each single factor. By 
automatic learning, a function can be constructed to 
forecast, for instance, accident severity given a set of 
pre-selected factors.  
In addition, nonparametric statistical methods which 
do not require any model presumptions have been 
examined and applied to measure the relationship 
between injury risk and potential determining factors. 
 
     Analysis methods for accident and injury risk 
studies. In studies of traffic accident causation, 
researchers frequently aim to assess risk factors for 
accident involvement and accidental injury. 
Consequently, this task provides the operational work 
packages of TRACE with appropriate methodological 
tools from accident and injury epidemiology [22].  
As different types of accident and exposure databases 
are encountered in the TRACE project, special 
emphasis is placed on study designs which fit to the 
available data sources. Among other things, it has 
been shown how to conduct accident causation 
studies using easily accessible routine accident and 
exposure data under different study designs such as, 
for instance, the case-control design. Analysis 
methods for accident causation studies relying 
exclusively on accident data (concept of induced 
exposure) have also been critically examined. The 
tailor-made statistical tools treated in this task enable 
accident researchers to identify whether there is a 
relationship between a set of potential risk factors 
and accident involvement or accidental injury.  
In order to make the statistical concepts and methods 
easily accessible also to researchers who are not 
experts in statistics and/or epidemiology, numerous 
examples and detailed empirical case studies have 
been integrated in the technical reports. 
 

     Evaluation of the safety benefits of existing 
safety functions: statistical methodologies. The aim 
of this task has been to develop and improve 
quantitative methods for ex post evaluation of the 
effects of specific in-vehicle safety functions. 
Appropriate analytical approaches have been 
investigated for this purpose. The methods developed 
under this task have been extensively applied in 
TRACE WP4 “Evaluation” [24].  
The scientific work deals with statistical methods for 
evaluating safety features which are already on the 
market. The methods - exclusively relying on 
empirical traffic accident data - are not only suitable 
for the evaluation of individual safety devices but 
may also be applied to assess any combination of 
passive and active safety features. It is shown in 
detail how to compute accident avoiding 
effectiveness as well as injury avoiding and injury 
mitigation effectiveness taking account of 
confounding factors where necessary. The 
methodology is demonstrated on real-world data 
examples. 
 
     Concluding remarks. Basically, the scientific 
work carried out under TRACE Work Package 7 
“Statistical Methods” has dealt with the following 
two questions: 
- How can statistical methods contribute to improve 
our empirical knowledge on traffic accident causation 
in Europe? 
- How can statistical methods contribute to identify 
safety systems suitable for traffic accident prevention 
and accidental injury mitigation?  
The application of statistical methods in the field of 
traffic safety has a long tradition. Thus, it was clear 
from the outset that among the statistical sciences 
especially the discipline of epidemiology offers a 
wide variety of concepts, methods and models that 
can be applied either directly or after some proper 
adaptation to answer the above research questions.  
- Study of the incidence of accidents and of the 
frequency distribution of accident characteristics is 
essentially a descriptive exercise. This, however, 
does not mean that only the methods of descriptive 
statistics are relevant. As accidents and accidental 
injuries occur randomly, analytical methods based on 
probability models, e.g. models and methods of 
sampling theory are needed already at this stage. 
- Research on the determinants of road traffic 
accidents can best be conducted under an 
epidemiological framework providing the accident 
researcher with suitable study designs and analysis 
tools. Study of determinants considers the aetiology 
of accidents and accidental injury. In this context, of 
course, a distinction has to be made between potential 
and proven aetiological agents. Especially when 
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using routine data on traffic participation and 
accident involvement the empirical findings referring 
to risk factors for accident involvement may be 
largely descriptive and should not be over-interpreted 
in a causal sense. 
- Likewise, assessment of the effectiveness of 
innovative safety systems already launched onto the 
market must also observe the methodological 
principles developed in epidemiology. Ex post 
evaluation of new safety systems should especially 
utilize the methodological principles developed for 
observational studies where it is difficult or even 
impossible to find a control group in the classical 
sense. As has been shown in the TRACE Reports, 
proper epidemiological model building is essential if 
meaningful conclusions on the effectiveness of single 
or multiple safety functions are to be drawn. 
As can be seen, statistical methods in general 
together with specific concepts established for high-
quality epidemiological research are indispensable 
tools both for establishing accident causation factors 
and for evaluating safety systems aiming at accident 
prevention and injury mitigation.    
In the TRACE reports, a large number of classical 
and newer statistical methods, including methods 
from the field of artificial intelligence, have been 
investigated and explored for use in accident 
causation studies and safety system assessment.  As 
can be expected, these methods differ in their degree 
of suitability for accident research purposes. In the 
conclusions, this aspect is addressed. In addition, it is 
always clearly stated whether or not the method 
under consideration is accessible to traffic safety 
analysts not specializing in statistics or should better 
be applied by statistical experts only.  
Not surprisingly, one comes to the conclusion that 
high-quality research on traffic accident causation 
presupposes correspondingly high methodological 
standards. These standards, of course, can best be 
ensured in interdisciplinary teams involving experts 
from statistics and epidemiology. The TRACE 
project serves as a good example of this. 
 
Data 
 
Work Package 8 was the data provision work 
package of the TRACE Project [25].  The analysts 
working in the other Work Packages were able to 
request data from designated data providers.  The 
objective of Work Package 8 was not to produce a 
database of harmonised data.  It was to provide 
suitable aggregated data (crosstabulations) from 
existing individual databases that analysts could 
consider in answering the specific research questions 
of the Work Packages. 

The main features and achievements of the work of 
Work Package 8 are summarised below. 
An effective Data Exchange Methodology that is 
both understandable and suitable has been put in 
place, allowing TRACE to make the best use of 
existing data. 
Participants in Work Package 8 have successfully 
prepared large, complex sets of data tables for the 
analysts in the Operational Work Packages of 
TRACE. 

- At least 940 requested tables, in 83 worksheets, 
as part of 23 data requests have been handled. 
- Approximately 3,700 tables of data have been 
prepared and returned to analysts.  The concept of 
counting data packages and monitoring effort has 
had to evolve and be reshaped as the project 
developed but the volume of data exchange is as 
large, if not more, than originally planned. 
- In light of an expected lack of risk exposure 
data, analysts have been provided with a tool to 
understand and access a wide range of data 
already published. 

Recommendations for future European data gathering 
activities are made, along with support to current 
initiatives from a TRACE perspective: 
- Continuing harmonisation of variables and 
definitions, for descriptive, in-depth and exposure 
data.  This would allow both easier data provision 
and analysis. 
- Development of a Pan-European accident 
classification coding system.  Accident classification 
is an important step in both understanding accident 
causation and evaluating the potential of new safety 
systems. 
- Harmonisation of accident causation coding 
systems.  Any proposed systems should be tested 
against the broad and in-depth questions posed in the 
TRACE tasks. 
- Development of European field operational tests.  
An understanding of human interaction with new 
vehicle technologies (both for safety and comfort) 
will allow a much fuller evaluation of the potential 
effect of such devices on safety. 
- Development of European risk exposure data.  
Greater availability and depth of risk exposure data 
would allow a new perspective on the analysis of 
accident causation. 
- Further development of the CARE database and 
interface.  More countries would allow a better 
European context, and further development of the 
interface would give more flexibility when 
examining specific accident scenarios. 
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ACCIDENT CAUSATION 
 
Current knowledge needs to be structured and linked 
to specific research angles and analysed according to 
specific methodologies to avoid misunderstanding 
and to allow a clear view of what accident causation 
is. Therefore, TRACE had three different research 
angles to cover accident causation issues: 
- The Road user approach: it allows identifying 
specific causation factors for specific road users. 
- The Types of situation approach: as the road user 
can be confronted with different driving situations, 
that can develop into different emergency situations, 
that deserve specific analysis regardless of the road 
user type. 
- The Types of factors approach: factors can be 
identified and observed according to social and 
cultural factors, factors related to the trip itself and 
factors related to the driving task. 
These 3 approaches are developed according to three 
different kinds of analyses: 
- A macroscopic statistical analysis aimed at 
describing the main problems.   
- A microscopic analysis aimed at describing the 
accident mechanisms with the use of in–depth data. 
- A risk analysis aimed at quantifying the risk factors 
in terms of risk, relative risk and, where possible, 
attributable risks. 
TRACE produced a lot of research outputs 
combining these three approaches and these three 
types of analysis. We are reporting below only the 
main findings [1, 2, 3, 4, 5, 6, 7, 8]. 
 
Types of factors 
 
A variety of theories on accident causation exists and 
up until today no synthesis has emerged [5]. Theories 

and models reflect peoples’ views on reality to 
explain complex relations in simplified ways. The 
motivation lies in the belief that every accident can 
be prevented, if the causes for this accident can be 
eliminated. Accident Models help to understand the 
occurrence of traffic accidents and give answers to 
questions on how and why accidents happen, where 
and when they take place, and who is involved, and 
furthermore to find according preventive measures.  
Epidemiological studies can reveal risk factors for 
crashes that increase the chance for an accident to 
occur or the chance for someone to cause, or just be 
involved in an accident. Additionally, in-depth 
accident research identifies factors that contributed to 
a specific accident and are able to explain the 
occurrence of the accident. This is done by applying 
causality to certain factors that led to the accident. 
Most in-depth accident databases provide a list of 
factors, from which the investigator can choose the 
factors that contributed to the accident. Some 
investigation classifications code key events or 
triggering factors, in addition to also considering the 
most important factors, or the last factors, that finally 
caused the accident in the causal chain in time, 
respectively. 
Of course, usually one factor cannot cause an 
accident. Most often a combination of contributing 
factors, forming a sufficient cause, leads to the 
accident [5, 16]. 
In the model, the classification of accident related 
factors is two dimensional. One dimension is 
expressing the time (accident process) by levels, and 
the other dimension reflects the origin from where a 
factor stems from (from a "traditional view") by 
components. Generalised examples are used in the 
table 1 to visualize the classification of factors. 
 

 

Table 1. Classification of accident related factors

Levels and 
Components 

Background factors Trip related factors (task 3.3) 
Driving task associated factors 

(task 3.4) 

Environment Modes of Transport,  Climate Road characteristics Road and light condition 

Vehicle Vehicle fleet, safety standards 
Vehicle type and maintenance 

status 
Vehicle condition and 

performance 

Human 
Transportation politics, Socio-
demographic characteristics 

(task 3.2) 
Physical and mental state 

Actual behaviour and 
performance 

 
 
The analysis showed that already on a random choice 
of cases, a lot of sociological and cultural factors are 

found, that influence the following acts, behaviours, 
vehicles involved in the accident etc. But, of course it 
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is not possible to explain every accident in 
sociological terms. And this is not wanted from a 
prevention point of view, which in modern society of 
course tries to protect the individuals but also tries to 
give responsibility back to the individual. It is 
however, necessary to know the underlying reasons 
for some factors found on a trip or even driving task 
level. Sociological and cultural factors are just one 
component of the background factors, although 
strong interactions between those factors and 
environmental and vehicle related factors on a 
background level can be expected.  
It has been possible to identify not only the most 
‘typical’ characteristics of accidents where trip 
related or driving task-related factors are involved  
but also to identify the main reasons for what went 
wrong in the accidents where these factors and their 
associated characteristics, are present.  
After screening literature and accident databases to 
find, define and classify relevant factors, the results 
from methodological WP’s were also taken into 
account to decide how to proceed. It was decided to 
especially analyse accidents where the following 
factors contributed by statistical database analysis 
and some of the factors also by in-depth case 
analysis: alcohol, vigilance, experience, vehicle 
condition, road condition and layout, attention, 
sudden health problems, speed (including 
‘inappropriate speeding’ and ‘illegal speeding’), and 
technical defects. 
Factors are regarded to be relevant either by risk 
increase or by high prevalence as contributing to 
accidents. After screening literature and accident 
databases to find, define and classify relevant factors 
on the trip and driving task level, the results 
(methods) from methodological WP’s were then 
applied to accidents caused by the relevant factors.. 
Following factors were analysed by statistical 
database analysis and by in-depth case analysis 
applying the WP5 human functional failure analysis: 
alcohol, vigilance, experience, vehicle condition, 
road condition and layout, attention, sudden health 
problems, speed (including ‘inappropriate speeding’ 
and ‘illegal speeding’), and technical defects. 
According to the different methods and databases 
used the results are manifold when analyzing 
accident causation from a factors point of view.  One 
interesting result e.g. is that an alcohol related 
accident is predominantly found for pedestrians 
and/or cyclists in the UK, Germany and the Czech 
Republic, whereas in Spain, Italy, and France all road 
user groups are affected. Another example for the 
results is the notion that if a young driver (<25years) 
is involved in a driving accident with frontal impact 
on a rural road with a speed limit between 60 and 
100km/h in winter and nighttime, then it is very 

likely that the road condition and layout contributed 
to this accident. And the next example stems from the 
functional failure analysis for alcohol related 
accidents: Whereas the primary active road user (the 
one inducing the accident situation) often is the 
impaired one showing loss or restrictions in 
consciousness and ratio, for the opponent often 
visibility (of the active road user) plays an important 
role in contributing to the accidents occurrence. The 
failures of "Expecting a non-priority vehicle not to 
undertake a manoeuvre in intersection" or "Road user 
surprised by a pedestrian (or two-wheeler) on 
approach" shows a tendency for the fact, that the 
primary active road user (here: the alcoholised one) 
performed unforeseeable actions that were not 
possible to see (visibility) or predict from the 
opponents point of view and the accidents therefore 
hardly to avoid. 
In general it has been possible to identify not only the 
most ‘typical’ characteristics of accidents where trip 
related or driving task-related factors are involved  
but also to identify the main reasons for what went 
wrong in the accidents where these factors and their 
associated characteristics, are present.  
 
Types of users 
 
TRACE WP1 (Road Users) addressed the analysis of 
the different accident causation mechanisms of each 
of the road user groups (passenger car occupants, 
powered two wheelers, van, bus and trucks occupants, 
pedestrians and pedal cyclists, elderly people and 
gender related crashes). Some of the findings for 
passenger car occupants are reported below, after 
having given a look at the general statistics of 
mortality (figure 1), which show that other road users 
are also of high interest in terms of mortality and 
accident process. Other findings for the other types of 
users are available in the TRACE reports [1, 2]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Distribution of Road Fatalities on the 
European Roads (Source: ERSO).  
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     Passenger Car Drivers. When examined from 
the angle of human functional failures, it can be 
noted that cars drivers are particularly prone to 
perception errors, this category of failures being 
observed in 35.7% of the cases that compose the 
studied sample. 
The most frequently identified pre-accident situations 
are spread between the driving ‘Stabilized’ situations 
and the tasks to perform when managing intersection 
crossings (‘Going ahead on a straight road’ 15.2% 
and ‘Crossing intersection with a priority vehicle 
coming’ 12.7% are the most frequent pre-accident 
situations observed in the sample). 
The study of explanatory elements also brings 
information on the way functional failures occur. 
Several elements come out (‘Atypical manoeuvres 
from other users’, ‘Road over familiarity or 
monotony of the travel’, Choice of too a high speed 
for the situation’, etc.), but it can be seen that again 
the distribution of the elements is wide-spread. 
These results shed light to the interest of looking at 
the data in a more relevant way than the overall one, 
so specificities can emerge more clearly. Two 
categories of crashes have been studied: Single cars 
accidents and cars vs. other road users. 
When analysed separately, the drivers of the single 
car accidents sample feature a specific profile. Firstly 
because their accident happens when the task to 
perform is quite simple: the pre-accident situations 
are always related to stabilized situations and more 
specifically to guiding the vehicle on the carriageway 
(either or straightway road or during curve 
negotiation). 
Additionally, the human functional failures 
associated to those drivers are typical of losses of 
control. Here are found, in 40 % of cases , handling 
difficulties (associated with attention impairment or 
external disturbance such wet carriageway or wind 
blast).  
The losses of psycho-physiological capacities are 
also found in the same proportions (38.7%) as being 
the cause of the single car accident. This loss is 
mainly due to psychotropic intake (alcohol for the 
major part of the drivers) but the drivers falling 
asleep account for 15.4% of those accidents.  
At last, in 1 case out of 5, the drivers have had 
troubles to perform a correct evaluation of a road 
difficulty. Those losses of control are related to 
changes in road situations in almost 1 case out of 4 
but the layout is not the only element that should be 
underlined here. The majority of factors are 
endogenous, that is associated to drivers' states or 
their conditions of task realization. What is found as 
having an influence on the losses of control are: in 
one third of the cases, the alcohol intake; the speed 
chosen by the drivers (36.7%); the level of attention 

allocated to the driving task; and at last the level of 
experience of the road users, either concerning their 
driving knowledge, the familiarity they have of their 
vehicle or of the location of the accident. 
All these explanatory elements have a role when 
combined with each other until the drivers fail to 
perform the task, although quite simple, as if this 
particular association of parameters was having 
influence on the most rooted abilities developed in 
driving activity, the skill-based ones. On the other 
hand, the accident mechanisms observed for the 
group of multi-vehicles collisions are various. First in 
the tasks to realize: they cover many pre-accident 
situations and concern stabilized situations as well as 
intersection crossing of specific manoeuvres. This 
heterogeneity is also found in failures and 
explanatory elements. It is then with the help of the 
typical generating failure scenario that light is 
brought on the specificities of this population. 
Perceptive failures are central in these kinds of 
accidents and they reveal the multiplicity of the 
problems encountered by the drivers when they 
interact with others: 
- Visibility constraints are decisive in almost 6% of 
the accidents cases, especially when they prevent the 
drivers from detecting the atypical manoeuvre of the 
other road users. 
- The search for directions and the monitoring of 
potential conflict with others are the causes of 
monopolisation of the driver's attention, leading him 
to not detect the relevant information. 
- A low level of attention devoted to the driving task 
has also impact on the detection of the other, 
especially if the task to perform is familiar and if the 
environment is dense and the traffic important, or if 
the driver is lost in his/her thoughts. 
Misleading indications are also at the origin of some 
'Processing' distortions. A same indication sometimes 
having several meanings and being then ambiguous, 
the driver undertakes the wrong manoeuvre regarding 
the other's behaviour. 
The wrong expectations concerning the others' 
manoeuvres are also very represented in this sample 
of passenger cars drivers. Although those 
manoeuvres are sometimes difficult to anticipate, the 
rigid attachment of their right of way status that the 
drivers develop is generally at the core of the 
scenarios putting forward those 'Prognosis' failures 
and scenarios. 
 
Types of situations 
 
TRACE identified four specific groups of situations 
covering the majority of the real-world driving 
situations: 
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- Stabilized Traffic Scenarios concerning every 
normal driving situation that can become risky due to 
specific failures (e.g. guidance errors) or sudden 
conflict situations with other road users. 
- Specific Manoeuvre Scenarios including accidents 
due to scenarios created by performing specific 
driving manoeuvres (e.g. overtaking, U-turning, car-
following, joining a carriageway, etc.). 
- Degradation Scenarios gathering accidents 
concerned with the presence of factors which degrade 
the road way, the environment (fog, heavy rain) and 
trigger accidents. 

- Intersection Scenarios that concern every situation 
occurring at or close to an intersection. 
Examples of analysis concerning the three first 
situations are given below. Intersection scenarios are 
reported in a separate paper . 
 
     Stabilized situations. These situations represent 
49% of the total number of situations in EU27 and 
33% of the total number of injury accidents in Europe 
(estimation relying on results coming from Spain, 
UK, France, Greece and Czech Republic). The main 
results regarding the identification of the causes are 
the following: 

 
     Specific manoeuvres. These situations represent 
7% of the total number of situations in EU27 and 
24% of the total number of injury accidents in Europe 
(estimation relying on results coming from Spain, 
UK, France, Greece and Czech Republic). The main 
results regarding the identification of the causes are 
the following: 

   Degradation situations. The accidents in degraded 
conditions (in dark and/or bad weather conditions 
only) represent 35% of the total number of injury 
accidents in EU27, 46% of the overall fatalities (3% 
of the casualties in degraded situation) and 39% of 
severely injured (14% of the casualties in degraded 
situation). The main results regarding the 
identification of the causes are the following: 

 
EVALUATION 
 
The second principal aim of TRACE was to 
investigate the impact of advanced safety functions 
on reducing several types of injury crashes involving 
passenger cars or restricting (mitigating) crash 
consequences (so-called safety benefits). WP6 
provided at the beginning of the project a list of the 
most promising safety functions that address current 
and future accident types on European roads.  
The evaluation has been performed from two 
different perspectives: 
- Assessment of the potential proportion of injury 
accidents that could be avoided and of the potential 
proportion of injury accidents whose severity could 
be reduced, for safety functions, of passenger cars, 
not already on the market (this is the so-called a 
priori effectiveness).  
- Assessment of the actual proportion of injury  
accidents that could be avoided and of the actual 
proportion of accidents whose severity could be 
reduced, for safety functions, of passenger cars, 
already on the market (this is the so-called a 
posteriori effectiveness) once the cars are equipped 
with existing functions. 
 
A Priori Effectiveness 
 
Different methods have been applied and different 
data used [9, 10, 11, 12].  The allocation of the safety 
functions to different methods is presented in table 2. 
These different methods are presented extensively in 
the TRACE reports. It is also argued why different 
methods were necessary and why, given the low 
effectiveness of some safety functions, it is assumed 
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that the discrepancies between the methods are not 
introducing too much bias in the comparison of the 

results. 

 

Table 2. Safety functions selected for evaluation and method used for evaluating the safety benefits 

# Safety System 

Method 

“Target 
population” 

method 

Effectiveness 
evaluation 

Unit HARM 
Neural 

Networks  

1 Tyre Pressure and Monitoring X    

2 Lane Keeping Support X    

3 Lane Changing Support X    

4 Cornering Brake Control X    

5 Traffic Sign Recognition X    

6 Intersection Control X    

7 Intelligent Speed Adaptation  X   

8 Blind Spot Detection  X   

9 Alcolock Key   X  

10 Advanced Automatic Crash Notification   X  

11 Night Vision   X  

12 Collision Avoidance    X 

13 Predictive Brake Assist    X 

14 Dynamic Suspension    X 

15 Drowsy Driver Detection System    X 

16 Advanced Front Light System    X 

17 Rear Light Brake Force Display    X 

18 Collision Warning    X 

19 Advanced Adaptive Cruise Control    X 

 
The target population method (calculating only the 
proportion of crashes addressed by the function) is 
used only for cases where this population is low and 
does not imply a full calculation of effectiveness.  
Neural Networks are used to investigate the impact of 
primary safety functions on restriction of accident 
consequences.  The proposed approach investigated 
the effectiveness of several safety functions on 
different accident configurations, by estimating the 
influence of each safety function on different 
accident parameters.  The evaluation is performed in 
terms of assessment of the potential proportion of 
accidents whose severity could be reduced, for each 
safety function. Other methods are chosen according 
to the function under study, availability of data and 
relevance of the method. Full definitions of the 
functions are described in the TRACE reports. We 
are just reporting here their generic titles which are 
sufficient to understand the concept but not to 
understand how they work.  
The main results coming out from the analysis are 
presented in table 3.  This table shows the overall 

effectiveness evaluation results for the selected 
nineteen (19) primary safety systems for passenger 
cars that have been studied in TRACE.  In table 3 the 
safety systems effectiveness is presented in terms of: 
- Fatalities saved:  The percentage of fatalities that 
could be saved by the safety function if the fleet is 
100 % fitted with this particular function.  
- Serious injuries saved:  The percentage of serious 
injuries that could be saved if the fleet is 100 % fitted 
with this particular function. 
It should be noted that, in this table, the absence of 
calculated values in fatalities saved for some of the 
safety systems occurs because these values have not 
been calculated (and thus are not available) and does 
not suggest that those systems do not provide any 
benefits in terms of fatalities saved.  Additionally, it 
should also be noted that in some cases the 
percentage of the effectiveness in terms of fatalities 
saved is higher than the corresponding percentage in 
terms of serious injuries saved.  However, this does 
not imply that more fatalities (in absolute numbers) 
than serious injuries would be saved, since in most 
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accident configurations the number of injuries is 
much higher than the number of fatalities.  
The results show that the greatest additional safety 
gain potentials are expected from intelligent speed 
adaptation systems, automatic crash notification 
systems, and collision warning and collision 
avoidance systems. Their expected benefits (expected 

reduction in the total number of injured persons) are 
between 6% and 11%. Safety benefits of other 
systems are more often below 5%. Some systems 
have a very low expected safety benefit (around or 
less than 1%). 
 

 
Table 3. Potential safety benefits of safety systems 

 
  Effectiveness (%) 

Safety System Safety Function Fatalities Saved Serious Injuries 
Saved 

Intelligent Speed Adaptation (**) Drive Safe 17 11 

Advanced Automatic Crash Notification 
(***) 

Rescue 10,8 - 

Advanced Adaptive Cruise Control Drive Safe - 11 

Collision Avoidance Drive Safe - 9,1 

Collision Warning Drive Safe - 6,6 

Traffic Sign Recognition (*) Drive Safe - 5,8 

Lane Keeping Assistant (*) Drive Safe - 5,7 

Night Vision Visibility 3,5 4,8 

Blind Spot Detection (*) Drive Safe 2,5 4 

Lane Changing Assistant (*) Drive Safe - 3,1 

Alcolock Key(***,#) Drive Safe 6 3 

Drowsy Driver Detection System Drive Safe - 2,9 

Intersection Control (*) Drive Safe - 2,3 

Cornering Brake Control (*) Braking Systems - 2,3 

Tyre Pressure Monitoring and Warning (*) Drive Safe - 1,3 

Rear Light Brake Force Display Visibility - 0,8 

Advanced Adaptive Front Light System Visibility - 0,6 

Predictive Assist Braking Braking Systems - 0,2 

Dynamic Suspension Handling/Kinematics - 0 

* The potential magnitude (target population) of the effectiveness has been calculated 
** The numbers are for the 'Driver Select' ISA configuration which has been estimated as the most effective 
*** Results based on non-European data 
# For the Alcolock Key the results for the mode "All newly registered vehicles (First full year)" with effectiveness 25% is used 
which gives the highest results but it is above the average performance of Alcolock key 
N/A Not Applicable 
- Value not available 
 

A Posteriori Effectiveness 
 
The first task of this part was to select the safety 
applications to be studied. Depending on the 
availability of crash data and also considering the 

actual low penetration rate of active safety functions, 
we have selected for evaluation the Electronic 
Stability Control (ESC) and the Emergency Brake 
Assist (EBA) systems. 
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As for the passive safety systems, newer cars are 
designed to offer good overall protection. Car 
structure, load limiters, front airbags, side airbags, 
knee airbags, pretensioners, padding and non 
aggressive structures in the door panel, the 
dashboard, the windshield, the seats, the head rest 
also participate in supplying more protection. The 
whole package is then very difficult to evaluate 
separately, one element independently from the 
others. We have then decided to consider that we 
would evaluate in TRACE the safety of the whole 
package, this package being, for the sake of 
simplicity, the number of stars awarded at the Euro 
NCAP testing. 
The challenges were to compare the effectiveness of 
some safety configuration SC I with the effectiveness 
of some safety configuration SC II [14, 24]. A safety 
configuration (SC) can be understood as a package of 
safety functions.  
Ten comparisons have been carried out and the 
evaluations presented in table 4 are now available 
[15]. 

The evaluation of the potential safety benefits of 
existing safety functions is expected to be carried out 
at the EU25 or EU 27 level. It would mean that: 

- either the relevant data is available at that level 
and the above-mentioned analysis is done with 
the European data 
- or the relevant data is not available at the EU 
level and the analysis is done with the data 
available in a selection of countries, the results 
being expanded at the EU level with an 
appropriate technique. 

The relevant data is actually not available at the EU 
level. We have then chosen to conduct the analysis 
with the French data and try to expand the results at 
the EU level if possible. 
As explained and discussed in the TRACE reports, 
the data relevant for such an analysis is a 
macroscopic accident dataset in which we can get 
information about vehicles involved in crashes (and 
especially their equipment) and about the crash and 
the impact configurations. We chose to use the 
French Injury Crash census. 
 

  
Table 4: Evaluation of the effectiveness of existing safety package 

 

 
Reduction in injury 
accidents (accident 

avoidance) 

Reduction in all 
injuries & fatalities 

Reduction in severe 
injuries and fatalities 

Safety benefit of EBA given that the car 
has four stars (Euro NCAP). 

-3.2% 7.8% 14.6% 

Safety benefit of ESC given that the car 
has four stars and an EBA. 

5.2% 10.3% 16,8% 

Safety benefit of ESC given that the car 
has five stars and an EBA. 

3.2% 10.7% (*) 23.4% (*) 

Safety benefit of the fifth star given that 
the car has four stars and an EBA. 6,4% 8,3% N.A. 

Safety benefit of the fifth star given that 
the car has four stars, an EBA and an ESC. 

19.3% (*) 33,8% (*) 35,1% (*) 

Safety benefit of EBA and ESC given that 
the car has four stars. 

18,6% 36,3% (*) 42,3% 

Safety benefit of EBA and a fifth star 
given that the car has four stars. 

28,2% (*) 36% (*) 37,5% (*) 

Safety benefit of ESC and a fifth star 
given that the car has four stars and an 
EBA. 

22% (*) 38,6% (*) 37,1% (*) 

Safety benefit EBA, ESC and a fifth star 
given that the car has four stars. 

47,2% (*) 67,8% (*) 69,5% (*) 

Safety benefit of a fifth star and removing 
an ESC given that the car has four stars, an 
EBA and an ESC. 

2,1% N.A. N.A. 

* Statistically significant 
 
The French accident national database gathers all 
information on every injury road accident occurring 

all over France during a year. This database only 
focuses on accidents in which at least one road user 
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sustains injuries. No property-damage accident is 
registered in this database. The information is 
collected by the Police forces on the scene of the 
accident. On the basis of the police report, usually 
used for forensic purpose, they also have to fill in a 
statistical form called BAAC (Bulletin d’Analyse 
d’Accident Corporel) bringing together all the 
characteristic of the accident.  
Among all the vehicles within our injury accidents 
database, a selection has been made in order to retain 
only crashed vehicles that were pertinent for the 
analysis.  
Firstly, we selected French vehicles whose model 
year stands between 2000 and 2006. We restricted 
our analysis to four and five star vehicles, excluding 
three stars vehicles. It was useless to keep vehicles 
with model years prior to year 2000 since 
considerable improvements have been brought to car 
crashworthiness since the late nineties and the 
additional benefits of newer passive or active safety 
devices must be compared to vehicles built just prior 
to these improvements and not a long time ago. 
We also selected cars fitted with ABS since this is 
now standard equipment.  
The presence of EBA and ESC in the car also had to 
be stated. The vehicles with optional equipment were 
not taken into account, as we could not be sure if the 
safety function was really on board. There were some 
special cases where the optional equipment has been 
considered as if it was not present on the vehicle 
(ESC equipment for the Megane for instance since 
the equipment rate for some vehicles was known to 
be very low).  
We must explain that the injury severity codification 
was changed in 2005 in France (the split between 
slight and serious injuries changed towards a split 
between slight and hospitalized injuries). There is not 
any evident correlation between the new and the 
former classification. It becomes impossible to 
aggregate data of accidents occurred before 2005 
with those concerning accidents from 2005 on, at 
least if the analysis deals with injury severity. 
Therefore, we had to perform our analysis on the 
accident cases that occurred in 2005 and 2006.  
The last selection concerned the use of the seat belt 
and the seating position in the vehicle; only the belted 
driver and front passenger were selected for the 
analysis. 
Available in our sample were 15 466 four star 
vehicles and 4 610 five star vehicles. 
The main striking results coming out from the 
analysis are what we call the ‘overall effectiveness’ 
of the selected safety systems with breakdown by 
injury severity levels (table 4). This ‘overall 
effectiveness’ represents the percentage of reduction 
in injury accident and injuries that would be observed 

if all cars would be fitted with the system(s) under 
consideration, compared to cars of a reference group. 
Reference groups are not always the same, the less 
equipped reference group being 4 star cars without 
EBA, without ESC. 
This overall effectiveness is derived from the specific 
effectiveness which is the effectiveness of the safety 
configurations which applies only to accident types 
or impact types for which the safety systems are 
designed for. 
The main outcome of this analysis is that any 
increment of a passive or active safety function 
selected in this analysis (5 stars, Emergency Brake 
Assist, Electronic Stability Control) produces 
additional safety benefits. In general, the safety gains 
are higher for higher severity levels [15]. For 
example, if all cars were five stars fitted with EBA 
and ESC, compared to four stars without ESC and 
EBA, injury accidents would be reduced by 47.2%, 
all injuries would be mitigated by 67.8% and severe 
+ fatal injuries by 69.5%. 
The results are very positive and encouraging, 
showing great potential for the generalization of the 
selected safety applications and validating the 
choices made so far by the various stakeholders who 
have been pushing the installation of safety 
technologies in the passenger cars for years. 
 
CONCLUSION 
 
Apart from considerable improvements in the 
methodologies applicable to accident research in the 
field of human factors, statistics and epidemiology, 
allowing a better understanding of the crash 
generating issues, the TRACE project quantified the 
expected safety benefits for existing and future safety 
applications. 
- As for existing safety functions or safety packages, 
the main striking results show that any increment of a 
passive or active safety function selected in this 
project produces additional safety benefits. In general, 
the safety gains are even higher for higher injury 
severity levels. For example, if all cars were five stars 
and fitted with EBA and ESC, compared to four stars 
without ESC and EBA, injury accidents would be 
reduced by 47%, all injuries would be mitigated by 
68% and severe + fatal injuries by 70%. 
- As for future advanced safety functions, TRACE 
investigated 19 safety systems. The results show that 
the greatest additional safety gains potential are 
expected from intelligent speed adaptation systems, 
automatic crash notification systems, and collision 
warning and collision avoidance systems. Their 
expected benefits (expected reduction in the total 
number of injured persons) are between 6% and 11%. 
Safety benefits of other systems are more often below 
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5%. Some systems have a very low expected safety 
benefit (around or less than 1%). 
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ABSTRACT 

Advanced Driver Assistance Systems (ADAS) are 

today becoming increasingly common in the market. 

The safety potential of these systems has been evalu-

ated using different approaches in several studies. In 

order to quantify the effects of ADAS on accidents 

described by insurers` claim files, German Insurers 

Accident Research has performed a comprehensive 

study. The database used for the study was a repre-

sentative excerpt from the German Insurers' data, 

covering 2,025 accidents. Statistical methods were 

used to extrapolate these accidents up to 167,699 

claims. 

The conclusions of the analyses are as follows: a 

Collision Mitigation Braking System (CMBS) which 

is able to gather information from the environment, to 

warn the driver and to perform a partial braking ma-

neuver autonomously (CMBS 2), could prevent up to 

17.8 % of all car accidents with personal injuries in 

the data sample. The theoretical safety potential of a 

Lateral Guidance System, consisting of Lane Change 

Assist and Lane Keeping Assist, was determined to 

be up to 7.3 %. 

Hence, a car fleet equipped with CMBS 2 and 

Lateral Guidance could avoid up to 25.1 % of all car 

accidents in the data sample. This theoretical safety 

potential is based on the assumptions that 100 % of 

the car fleet is equipped with these systems and the 

driver reacts perfectly when warned. 

DATABASE 

German Insurers Accident Research (UDV) is a 

department of the German Insurance Association 

(Gesamtverband der Deutschen Versicherungswirt-

schaft e.V. - GDV) and has access to all the third 

party vehicle insurance claims reported to the GDV. 

For 2007, these amounted to 3.4 million claims, of 

which 2.6 million were claims involving cars. For the 

purposes of accident research, the UDV set up a da-

tabase (referred to as the UDB), taking a representa-

tive cross-section (years 2002-2006) from this large 

data pool. The data collected is conditioned for inter-

disciplinary purposes for the fields of vehicle safety, 

transport infrastructure and traffic behaviour. The 

contents of the claim files from the insurers form the 

basis of the UDB. The depth of information provided 

by the UDB is significantly higher than that of the 

Federal German statistics [1] (see Figure 1). It is 

comparable with GIDAS [2, 3], although some at-

tributes are less meaningful because no analysis is 

carried out at the scene of the accident. Around 1,000 

new cases are added to the UDB each year. 

 

Figure 1.  The UDV database compared with 

other accident databases. 

Data set and representativeness 

Only third-party vehicle claims involving per-

sonal injury and at least € 15,000 total claim value 

have been taken into account for the GDV accident 

database. Cases involving only damage to property 

and less serious accidents involving personal injury 

(total claim value < € 15,000) are not included in the 

UDB. Each year, a random sampling method [4] is 

used to collect stratified random samples that take 

into account the type of traffic involvement, the dam-

age sum class and the time of year as stratification 

variables. Case-dependent extrapolation factors allow 

the sample in the UDB to be extrapolated to the target 

population of all claims in Germany. This ensures 

that the statements with respect to the safety potential 
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of driver assistance systems refer to a representative 

sample of all claims dealt with by German insurers.  

This current study is based on a total of 1,641 car 

accidents, which were extrapolated to a total of 

136,954 cases. All types of traffic involvement were 

taken into account as the collision parties for the car 

(cars, trucks, buses, motorcycles, bicycles and pedes-

trians) as well as single car accidents. Single car 

accidents are, however, underrepresented, as cases in 

which there is no injury or damage to a third party are 

not brought to the attention of GDV. 

METHOD 

Analysis of the safety potential was carried out 

using a multi-step-approach (see Figure 2). Starting 

from the accident data stored in the UDB ("A – UDB 

database"), the accidents involving cars were selected 

in a first step ("B – Data pool"). In a second step, key 

aspects of the course of the accidents and groups of 

ADASs were defined ("C – Relevance pool 1") that 

could be expected to exert a positive influence on the 

key aspects of the accidents that had been derived 

(e.g. Intelligent Braking Assist, Lateral Support). In a 

third step, the system characteristics were derived for 

generic ADASs. Different stages of development of 

the systems were defined and evaluated ("D – Rele-

vance pool 2"). It was of no significance for the 

analysis whether it is currently already possible to 

implement the technical system characteristics and 

whether the systems under consideration are already 

available on the market. It was also not the intention 

to carry out a comparison of specific products. 

Fourthly, the theoretical safety potentials of the 

defined generic ADASs were determined by system-

atic case-by-case analysis ("E – Calculation of the 

theoretical safety potential"), and driver behaviour 

and HMI layout were additionally considered in the 

fifth step. ("F – Calculation of the achievable safety 

potential").  

The cases were analyzed using the "What would 

happen if..." method. The prerequisite for this is that 

none of the vehicles involved in the accidents that 

were analyzed were fitted with an ADAS. This ap-

proach considers the course of the accident as it hap-

pened in reality and contrasts it with the course of the 

accident as it would have been with ADAS (see also 

[5]). This makes it possible to determine the influ-

ence an ADAS would have had on the course of the 

accident if all the cars had been fitted with the ADAS 

under consideration. Although a comparison between 

"cars with ADAS" and "cars without ADAS" would 

have been theoretically possible, this was not done,  

 

 

Selection of one type of traffic involvement 

 

 

 

Key aspects of the course of the accident 

 

 

 

Definition of generic systems 

 

 

 

Case-by-case analysis 

 

 

 

Adaptation of the HMI 

 

 

Figure 2.  Multi-step-approach where A ≥ B ≥ C ≥ 

D ≥ E ≥ F with respect to the size of the data pool. 

B - Data pool 

All accidents involving a passenger car 

C - Relevance pool 1 

Derivation of "promising" system groups 
e.g. Intelligent Braking Assist, Lateral Support 

F – Calculation of the achievable safety potential 

Correction of the theoretical safety potential to account for 

actual driving behavior and the design of the HMI 
e.g. HMIF = 0.5 for CMBS 1, because it is not triggered by a 

driver braking hesitantly 

SPreal 

E - Calculation of the theoretical safety potential 

Assessment of the cases from relevance pool 2 taking into 
account the properties of the generic ADAS 

e.g. excluding accidents due to skidding 

SPtheor 

A – UDB database 

All types of traffic involvement, e.g. passenger car, truck, bus, 

motor cycle 
Accidents involving personal injury and total claim  

value ≥ € 15,000 (years 2002-2006) 

D - Relevance pool 2 

Specification of the system characteristics with defined ranges 

of functions 
e.g. CMBS1-3, Lane Keeping Assist with TLC>0 s 
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on the one hand because there are still too few cars 

fitted with modern ADASs in the overall total (and 

involved in the accidents) and on the other because it 

was not intended to compare specific products [6, 7].  

The method of investigation selected initially as-

sumes that a driver reacts ideally to the warnings 

issued by the system, which is generally not the case 

in reality. This means that the theoretical safety po-

tential calculated in step four of the method repre-

sents an upper limit that is unlikely to be achieved 

under real driving conditions. Taking adequate ac-

count of driver behaviour is a huge challenge in acci-

dent research, in particular in the context of ADASs. 

The problem is approached in different ways in the 

various studies. Thus, it is for instance possible to 

divide drivers into groups and to characterize these 

groups with specific attributes such as braking behav-

iour [8]. A different approach was adopted in this 

study: In order to provide a quantitative description 

of the influence of the systems and their various de-

velopment stages on driver behaviour, existing exper-

tise based on the most recent information was used. 

The index derived from this ("HMIF") takes account 

of the following parameters: driver reaction, behav-

iour adaptation, and the design of the human-machine 

interface [9]. The HMIF can take a value between 0 

and 1. This is multiplied by the theoretical safety 

potential in order to determine the safety potential 

that can be achieved when the aspects mentioned 

above are taken into account. 

SPreal = HMIF × SPtheor 

HMIF – Human Machine Interface Factor where  

HMIF ∈∈∈∈ {{{{0...1}}}} 

SPreal – achievable safety potential 

SPtheor – theoretical safety potential 

 

A value of HMIF=0 means that there is only a 

theoretical safety potential that cannot, however, be 

exploited in practice because of poor interface design. 

One example would be an optical collision warning 

system that directs the driver's attention into the vehi-

cle instead of onto the road. A value of HMIF=1 

means that the potential that can be achieved in the-

ory and in reality are identical. An example of such a 

system is the Electronic Stability Program (ESP): 

When the ESP intervenes, the driver's attention is not 

distracted, neither is there a risk of any negative be-

haviour adaptation associated with a different driving 

style. 

 

APPLICATION OF THE METHOD TO 

SELECTED SYSTEMS 

Using the method described, the car accidents in 

the UDB (n=1,641) extrapolated to n=136,954 were 

categorized on the basis of the attribute "kind of acci-

dent" and ordered by the frequency with which the 

different types occurred (see Table 1). The "kind of 

accident" attribute describes the directions in which 

the vehicles involved were heading when they first 

collided on the carriageway, or, if there was no colli-

sion, at the time of the first mechanical impact on a 

vehicle [1]. 

Table 1. 

Most frequent accident scenarios for car accidents 

from the data pool 

Most frequent accident situation  

(ndata pool=136,954) [100 %] 

Proportion 

(1) Collision with another 

vehicle which is turning 

into or crossing a road 

  

34.5% 

(2) Collision with another 

vehicle 

- moving forwards or 

waiting 

- which is starting, 

stopping or is station-

ary  

 

22.2% 

(3) Collision with another 

oncoming vehicle  

 
 

15.5% 

(4) Collision between 

vehicle and pedestrian 

 

12.1% 

(5) Collision with another 

vehicle moving laterally 

in the same direction 

 

6.9% 

(6) Leaving the carriage-
way to the right or left 

 

6.3% 

(7) Collision with an 

obstacle in the carriage-

way 

 

0.1% 
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The list of typical accident scenarios in Table 1 

can be used for preliminary selection of sensible 

ADAS groups (see Table 2). This list does not, how-

ever, provide the theoretical safety potential of ge-

neric ADASs. Instead, it is possible to identify poten-

tial promising ADAS groups in accordance with the 

stated methodology (relevance pool 1). 

Table 2. 

Ranking of possible ADAS groups on the basis of 

the data pool 

ADAS group Accident situa-

tion addressed 

Data pool 

Intelligent Braking Assist (1) (2) (7) 56.8 % 

(n=77,775) 

Rear-end collisions and all situations where the directions of 

travel of vehicles cross each other 

Pedestrian/Bicyclist Detec-

tion Assist 

(1) (4) 46.6 % 

(n=63,865) 

Also possible: All other situations where pedestrians/bicyclists 

interact with vehicles 

Junction/Intersection 

Assist 

(1) 34.5 % 

(n=47,243) 

Addresses all situations where the directions of travel of vehicles 

cross each other 

Lateral Support (3) (5) (6) 27.7 % 

(n=37,895) 

Covers situations where drivers leave the lane unintentionally or 

intentionally, e.g. overtaking and blind spots 

This reveals that intelligent braking systems that 

are, among other things, able to prevent rear-end 

collisions would be able to address the great majority 

of the accidents in the database, followed by an assis-

tance system able to prevent accidents with vulner-

able road users (pedestrians and cyclists). This study, 

however, only investigates intelligent braking sys-

tems and lateral support systems.  

Collision Mitigation Braking Systems (CMBS) 

Collision Mitigation Braking Systems are able to 

positively influence specific accident scenarios (see 

tables 1 and 2) [6]. For this study, three different 

development stages of a CBMS were investigated 

with the aim of revealing sensible directions in which 

development can be pursued and to assess these in 

terms of safety potential. The system properties  

selected have a direct impact on the accidents in 

which any influence can be exerted (see Table 3 to 

Table 5). To comply with the methodology, steps 

must be taken to ensure that the vehicles in the data 

pool are not fitted with a CMBS. This could not, 

however, be guaranteed in all cases for CMBS 1.  

The first development stage of a CMBS 

(CMBS 1) virtually corresponds to the traditional 

braking assist systems as required in passenger cars 

by the pedestrian protection directive [13] that has 

been approved. The second stage already has the 

capability of collecting environment information and 

is able to detect double-track vehicles driving in 

front. On the systems currently available on the mar-

ket, this is done almost exclusively with radar sen-

sors. The third development stage describes a system 

that as yet does not exist in the form presented. As 

such, the system is based on the functionality pro-

vided by the second stage and is also able to detect 

potential collision parties crossing from the side. The 

system is not restricted to the detection of double-

track vehicles. Instead, all motorized vehicles as well 

as pedestrians and cyclists are detected. 

 

Table 3. 

System properties and derived database attributes 

for the first development stage of a CMBS 

(CMBS 1) 

CMBS 1 

System description Application to the UDB 

- Enhancement of the brak-

ing force up to the blocking 

threshold in the event that a 

driver initiates an emergency 

braking maneuver but does 

not actually carry it out 

- Only those accidents in which 

the driver braked and in which the 

driving and collision speeds are 

known 

- The "case car" is the vehicle on 

which the primary impact is at the 

front 

- Maximum deceleration that 

can be achieved: 9.5 m/s² 

(dry road surface); 7 m/s² 

(wet road surface) 

- Sub-categorization of the acci-

dents by the state of the road 

surface (dry/wet) 

- No detection of the envi-

ronment 

- All accident scenarios 

 

Taking account of the system characteristics of 

the CMBSs described in Table 3 through Table 5 we 

arrive at the case material collated in Table 6. Only 

cases from relevance pool 2 are used to determine the 
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Table 4. 

System properties and derived database attributes 

for the second development stage of a CMBS 

(CMBS 2) 

CMBS 2 

System description Application to the UDB 

- As for CMBS 1 plus: 

- Forward detection of the 

environment (sensor-

independent) 

- Detection of double-track 

vehicle driving in front (not 

stationary) 

- Rear-end collisions with 

double-track vehicles 

- Speed range: 0-200 kph 

- warning at TTC 2.6 s, i.e. 

2.6 s before the calculated 

collision with the vehicle in 

front 

All accidents in which the 

driving speed of the "case car" 

is known and: 

- automatic partial braking at 

0.6 g by the system if there is 

no reaction from the driver at 

TTC 1.6 s 

- the driver has not braked 

- if the driver has reacted, a 

modulated braking maneuver or 

an emergency braking maneu-

ver is performed 

- the driver has braked 

 

theoretical safety potential. Case-by-case analysis is 

used to determine those accidents from relevance 

pool 2 that could have been avoided by CMBS 1, 

CMBS 2 or CMBS 3. An analogous approach is used 

for all the other systems under investigation (see 

Table 8 and Table 11). 

Taking CMBS 2 as an example, we shall explain 

the procedure used to form the individual pools: 

Starting from a data pool with 65,328 car accidents, 

all rear-end collisions are selected. These then form 

relevance pool 1. In a following step, these cases are 

further restricted on the basis of the specified system 

characteristics (see Table 4). For CMBS 2, this means 

that only rear-end collisions with moving, double-

track vehicles are taken into account (relevance 

pool 2). This pool is finally used for case-by-case 

analysis. 

 

 

 

Table 5. 

System properties and derived database attributes 

for the third development stage of a CMBS 

(CMBS 3) 

CMBS 3 

System description Application to the UDB 

- As for CMBS 2 plus: 

- Forward and lateral detec-

tion of the environment 

(sensor-independent) 

- Detection of all types of 

road users including pedes-

trians and stationary ob-

jects/obstacles 

- All accident scenarios 

- Automatic maximum 

braking by the system at 

TTC 1 s in the sense of a 

modulated braking maneu-

ver 

- All accidents in which the driv-

ing speed of the "case car" is 

known 

 

Table 6. 

Relevant extrapolated accident data for the three 

development stages of a CMBS 

 Data pool Relevance 

pool 1 

Relevance 

pool 2 

CMBS 1 52,226 29,365 14,318 

CMBS 2 65,328 23,640 7,409 

CMBS 3 83,524 46,628 46,628 

 

There are significant differences between the 

CMBSs with respect to the HMIF: The HMIF for 

CMBS 1 is 0.5. The most important reason for this is 

that today's systems are parameterized for normal to 

sporty drivers. This does not account for apprehen-

sive or hesitant drivers who would be in particular 

need of the system. This was confirmed by trials in a 

driving simulator, where the braking assist system 

only registered as having triggered in 47 % of cases 

[10]. 

In the case of CMBS 2 and CMBS 3, the HMIF 

is 1, since no behaviour adaptation is to be expected. 
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Lateral Guidance Systems 

Overtaking accidents, accidents in the context of 

changing lanes and departure from the carriageway 

form a further important group of accidents (see 

Table 2). A Lane Keeping Assist system and a Lane 

Change Assist system were assessed for these acci-

dents. The latter was divided into two subsystems: 

One system warns of oncoming traffic when overtak-

ing and the second system warns of vehicles ap-

proaching from behind in the blind spot during a 

deliberate overtaking or lane change maneuver. 

 

Table 7. 

System characteristics and derived database at-

tributes for the Lane Keeping Assist system 

Lane Keeping Assist system 

System description Application to the UDB 

- Capturing of the lane mark-

ing(s) using sensors and cam-

eras (range: approx. 50 m) 

- Detection of an impending 

inadvertent departure from the 

lane by comparing the current 

direction of travel with the 

course of the current lane 

- Active between 10 kph and 

200 kph 

- Warning issued to the driver 

at TLC > 0 s (Time to Lane 

Change, speed-dependent) 

- No intervention in the steering 

by the system 

- Function is maintained even 

in bends provided that the 

radius is at least 200 m 

- Accidents caused by inadver-

tent departure from the car-

riageway (e.g. as a result of 

inattention, distraction, over-

tiredness) 

- The "case car" is the vehicle 

with the reference number 01 

(party responsible for the 

accident) 

- Function is only available if at 

least one lane marking is 

available 

- Assumption: At least one lane 

marking was present in all the 

accidents investigated 

- Detection of all types of 

markings except overlaid lines 

(e.g. in the vicinity of road-

works) 

- Accidents in the vicinity of 

roadworks are not taken into 

consideration 

- Coupled to the indicator unit, 

i.e. the system is deactivated 

when the indicator is switched 

on 

- Accidents resulting from a 

deliberate lane change maneu-

ver are not taken into account 

Lane Keeping Assist  - The functions of the Lane 

Keeping Assist system investigated here are based on 

systems already available on the market. 

Taking account of the system characteristics de-

scribed in Table 7, we arrive at the accident data 

shown in Table 8.  

In the case of the Lane Keeping Assist system, 

relevance pool 1 is formed by the key aspect of the 

accident "departure from the lane/carriageway". For 

relevance pool 2, accidents in the vicinity of road-

works and in tight bends, etc. are filtered out, as it 

cannot be guaranteed that the system will function 

reliably in such cases. The case-by-case analysis was 

carried out on relevance pool 2 (7,207 cases). 

 

Table 8. 

Relevant extrapolated accident data for a Lane 

Keeping Assist system 

 Data 

pool 

Relevance 

pool 1 

Relevance 

pool 2 

Lane Keeping 

Assist system 

136,954 17,848 7,207 

 

An HMIF of 0.5 was determined in [9] for deriv-

ing the achievable safety potential of a Lane Keeping 

Assist system. The reason for this is that a low mag-

nitude haptic warning tends to be selected in order to 

prevent frequent false warnings from being perceived 

as a nuisance. Acoustic warnings on the other hand 

are not sufficiently specific and direction-dependent 

acoustic warnings do not deliver any additional bene-

fit [9]. 

Lane Change Assist  - A variety of studies and 

statistics [1, 11] provide evidence that rural roads 

represent the greatest safety problem in Germany 

with respect to fatal accidents. In this context, acci-

dents involving oncoming traffic are conspicuous. In 

such situations, an Overtaking Assist system provid-

ing support to the driver would be desirable. How-

ever, such a system (see Table 9) is currently not 

available [12]. Theoretically, it would also be con-

ceivable to implement a system such as this using 

car-to-car communication. Although such systems 

currently belong to the future, it nevertheless makes 

sense to analyze the safety potential, because it can 

provide insights into future development priorities. 
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Table 9. 

System characteristics and derived database at-

tributes for the Overtaking Assist system 

Overtaking Assist system 

System description Application to the UDB 

- Monitoring of the area in 

front of the vehicle at a signifi-

cant distance (assumption: at 

least 300 m; sensor-

independent) 

- Detection of oncoming dou-

ble-track vehicles and motorcy-

cles 

- Calculation of the theoretical 

collision time using the speeds 

and distance between the 

vehicles (without taking into 

account the course of the road, 

e.g. humps) 

- Collisions with oncoming 

vehicles during overtaking 

(using accident types in the 

magnitude of hundreds and the 

attribute "direction of travel, 

vehicle 1"/"Collision with 

vehicle 2 which ...") 

- The "case car" is the vehicle 

with the reference number 01 

(party responsible for the 

accident) 

- Warning issued to the driver 

when the indicator is set if the 

overtaking maneuver is judged 

to be critical 

- Assumption: The driver had 

set the indicator for each over-

taking maneuver 

 

The Overtaking Assist system described in Ta-

ble 9 was not assessed on the basis of the HMIF be-

cause there are currently no concrete, scientific find-

ings with respect to such a system. 

For the Blind Spot Detection system (see Ta-

bles 10 and 11), relevance pool 1 was formed by the 

key aspect of the accident "lane change", in other 

words those accidents in which a collision occurred 

when changing lane (7,403 cases). For relevance 

pool 2, only those accidents were taken into account, 

for example, in which the party changing lane was hit 

from the rear or side and was driving at least 10 kph. 

The accident material meeting this criterion is given 

in Table 11. 

The HMIF for a Blind Spot Detection system is 

assumed to be 0.8 in accordance with [9]. The reason 

is that the system assumes that the driver looks in a 

particular direction, which does not always happen. 

This applies, for instance, for systems designed with 

a flashing signal on the wing mirror. 

 

 

Table 10. 

System characteristics and relevant accident data 

for a Blind Spot Detection system 

Blind Spot Detection system 

System description Application to the UDB 

- Monitoring of the areas 

behind and to the side of the 

vehicle 

- Detection of approaching 

double-track vehicles and 

motorcycles that are between 

20 kph slower and 70 kph 

faster. 

- Collisions with approaching 

vehicles when pulling out or 

with overtaken vehicles when 

pulling in again (accident types 

in the magnitude of hundreds) 

- The “case-car” is the vehicle 

with the primary impact to the 

rear or to the side (right or left) 

- System active as of 10 kph 

- Accidents caused by changing 

lanes from stationary are not 

taken into account  

- Warning issued to the driver 

when the indicator is set and 

when an approaching  vehicle 

or  motorcycle is in the blind 

spot area  

- Assumption: Indicator is set 

on each overtaking maneuver  

 

Table 11. 

Relevant extrapolated accident data for a Lane 

Change Assist system 

 Data 

pool 

Relevance 

pool 1 

Relevance 

pool 2 

Overtaking Assist 

system 

136,954 7,403 2,222 

Blind Spot Detec-

tion system 

136,954 7,403 3,582 

 

RESULTS 

This current study on the safety potential of se-

lected ADAS systems is based on a total of 1,641 car 

accidents. Extrapolated to the total claims on the 

insurers, this corresponds to a total of 136,954 cases. 

Depending on the question being investigated and the 

ADAS under consideration, this number of cases is 

reduced because the information required is not al-

ways 100 % present in the database. For instance, in 

order to determine the safety potential of CMBS 1, 

only those cases are considered where it is known 

whether the driver braked before the collision, which 

means that all the accidents in which it is not possible 
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to determine whether the driver braked must be fil-

tered out. The same principle applies to the other 

ADASs considered here. This aspect is reflected in 

Tables 12 through 14. 

A multi-step-approach was used for each ADAS 

under investigation (see Figure 2). Considerable 

differences in the magnitude of the safety potential 

can be observed for longitudinal guidance systems 

(CMBS 1-3) and lateral guidance systems.  

Collision Mitigation Braking Systems (CMBS) 

Table 12 indicates the fundamentally high safety 

potential for CMBS systems. It can be seen that even 

CMBS 1 has a significant positive impact on the 

accident situation. The configuration of the generic 

CMBS 1 corresponds to the braking assist system that 

will become mandatory when the pedestrian protec-

tion directive takes effect [13]. In this case, the 

achievable safety potential SPreal differs considerably 

from the theoretical safety potential SPtheor. Neverthe-

less, even if this is taken into account, it would be 

possible to avoid SPreal=5.7 % of all car accidents. 

It can also be clearly seen that a significantly higher 

safety potential can be expected in future. If we as-

sume that the generic CMBS 2 corresponds to the 

CBMS already available on the market, SPreal=12.1 % 

of all car accidents in the database could be avoided 

if 100 % of cars were fitted with the system.  

On the basis of all the rear-end collisions in the 

database (n=23,640), the resulting safety potential is 

28 % for CMBS 2.  

 

Table 12. 

Extrapolated numbers of accidents and theoretical 

and achievable safety potential of CMBSs 

 Data 

pool 

[100 %] 

Relevance 

pool 1 

Relevance 

pool 2 

SPtheor SPreal 

CMBS 1 52,226 29,365 14,318 5,960 

11.4% 

 

5.7% 

CMBS 2 65,328 23,640 7,409 4,213 

(6.4%) 

17.8% 

 
(6.4%) 

12.1% 

CMBS 3 83,524 46,628 46,628 24,027 
(28.7%) 

46.5% 

 
(28.7%) 

40.8% 

 

It can be expected that systems in the more distant 

future would closely resemble the characteristics of 

the CMBS 3. Such systems can be understood as 

"Junction/Intersection Assist systems". If vehicles 

were fitted with CMBS 3 type systems, SPreal=40.8 %  

of all car accidents could be avoided. Toyota have 

already presented initial attempts at such systems 

with their Front-side Pre-crash detection system [14]. 

Lane Keeping Assist 

Systems that warn a driver when leaving a lane 

are becoming increasingly common in modern vehi-

cles. Against this background, the safety potential 

determined here is extremely relevant, especially as 

the design of the generic Lane Keeping Assist system 

investigated here approximately corresponds to cur-

rent systems. The achievable safety potential of a 

Lane Keeping Assist system is SPreal=2.2 % (see 

Table 13). As with the CMBS 1, this case clearly 

shows the considerable influence the human-machine 

interface has in respect of system design. 

On the basis of all the accidents in the database 

resulting from inadvertent departure from the lane 

(n=17,848), the resulting safety potential for a Lane 

Keeping Assist system is SPreal=16.8 % 

(SPtheor=33.6 %). 

 

Table 13. 

Extrapolated numbers of accidents and theoretical 

and achievable safety potential of a Lane Keeping 

Assist system 

 Data 

pool 
[100 %] 

Relevance 

pool 1 

Relevance 

pool 2 

SPtheor SPreal 

Lane 
Keeping 

Assist 

system 

136,954 17,848 7,207 6,005 

4.4% 

3,003 

2.2% 

 

Lane Change Assist 

Blind Spot Detection systems are also already 

available in many new vehicles. The design of the 

system investigated here approximately corresponds 

to that of currently available systems. The achievable 

safety potential SPreal is 1.4 % (see Table 14).  

If the avoidable accidents (n=1,826) are consid-

ered in relation to all accidents where the driver de-

liberately changed lane (relevance pool 1, n=7,403), 

this results in a safety potential of SPreal=24.7 %. 
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Table 14. 

Extrapolated numbers of accidents and theoretical 

and achievable safety potential of a Lane Change 

Assist system 

 Data 

pool 

[100 %] 

Relevance 

pool 1 

Relevance 

pool 2 

SPtheor SPreal 

Overtaking 

Assist 

system 

136,954 7,403 2,222 1,583 

1.2% 

 
------ 

Blind Spot 

Detection 

system 

136,954 7,403 3,582 2,282 

1.7% 

1,826 

1.4% 

 

The Overtaking Assist system is intended to pro-

vide an insight into the future. The safety potential 

determined shows that despite the considerable tech-

nical outlay required to implement the function, only 

a relatively low theoretical safety potential of 

SPtheor=1.2 % can be expected. 

However, if the avoidable accidents (n=1,583) are 

considered in relation to all accidents where the 

driver deliberately changed lane (relevance pool 1, 

n=7,403), this results in a safety potential of  

SPtheor=21.4 % for the Overtaking Assist system. 

Human factor issues 

This study underscores the importance of taking 

the human-machine interface into account when de-

signing the system. It is only possible to derive realis-

tic safety potentials when this aspect is taken into 

account. If this factor is ignored, any potential that is 

determined can at best be seen as an estimate. One of 

the challenges that will face accident researchers 

generally in the future will be to reveal solutions for 

integrating the aspect of HMI in analyses of safety 

potential. 

CONCLUSIONS 

After the ESP, CMBSs are the systems that de-

liver the greatest safety potential in the field of active 

safety. They should therefore be fitted to the car fleet 

as soon as possible. In Europe, a first step has been 

taken in the right direction with the Regulation con-

cerning type approval requirements for the general 

safety of motor vehicles [15, 16]. 

Hence, a future car fleet equipped with CMBS 2 

and Lateral Guidance (Lane Keeping Assist, Overtak-

ing Assist and Blind Spot Detection systems) could 

avoid up to SPtheor=25.1 % of all car accidents in the 

data sample. Methodologically, it is correct to add up 

these safety potential figures, as they arise from inde-

pendent subsets of accident data.  

The study also reveals a further issue: Above all 

in first-generation systems, it is crucial that the hu-

man-machine interface is taken into account. Signifi-

cant contributions to improving safety can be 

achieved even with systems that are already on the 

market (CMBS 1, Lane Keeping Assist systems and 

Blind Spot Detection systems): If all cars were fitted 

with these systems, SPreal=9.3 % of all car accidents 

in the current database could have been avoided.  
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Abstract  
In the area of safety-oriented driver assistance 

systems there is a trend to increase the accident 

mitigation capabilities by adding or strengthening 

autonomous system reactions. However, this also 

increases the potential for involuntary accidents in the 

case of malfunction. Due to product liability 

regulations these high risk functions require an 

increased development effort as well as more reliable 

sensor platforms, which drive up their costs. 

The accident mitigation capabilities of autonomously 

acting systems can also be achieved by an alternative 

strategy avoiding the high risk system reactions. The 

key is an early and reliable warning giving the driver 

time to react to the situation, combined with functions 

supporting the driver in his reactions, e.g. emergency 

braking.  

Early system reactions with low false activation rates 

can only be achieved by an advanced understanding 

of the traffic situation and an interpretation of the 

driver’s actions in this context. To achieve this, the 

traditional approach of assessing the criticality of one 

potential collision object is extended towards 

observing and assessing multi-object scenarios. An 

analysis of accident statistics shows that in a high 

percentage of accidents the multi-object constellation 

provides additional information enabling early 

criticality assessments of the traffic situation. Using 

this information, the driver can be supported in an 

optimal way by an early, low-risk system reaction. 

This approach is the key for the vision “safety for 

everybody”, i.e. providing cost-effective collision 

mitigation functions with high collision mitigation 

capabilities to the mass market. 
 
 

1. Risk Assessment 
 
In the area of safety-oriented driver assistance 

systems there is a trend to increase the accident 

mitigation capabilities by adding or strengthening 

autonomous system reactions. The functions have to 

satisfy safety-standards like e.g. the ISO 26262 

demanding for a risk and hazard analysis. 

The approach to assess the “criticality in case of 

malfunction” of e.g. a fully autonomous emergency 

braking function used at Bosch is a model-based so-

called objectified danger and risk analysis. In this, the 

effect of a false triggering of a specified autonomous 

emergency braking function is simulated on the basis 

of real traffic data, e.g. distances and relative 

velocities between vehicles. The analysis shows that 

the more velocity an autonomous braking function 

can reduce in a short time, the higher their damage 

potential is, i.e. the more often and the more severe 

rear-end accidents are caused.  

The ISO 26262 demands that functions with high 

damage potential must satisfy a low rates of 

malfunction. Technically this is possible by means of 

the following measures: robust and therefore in 

tendency expensive sensors or sensor clusters (i.e. 

sensor-costs with respect to the function portfolio 

they cover); development processes and hardware that 

comply with ISO 26262 damage-potential rating 

(aSIL) standards; extensive endurance test drives to 

proof the compliance with false activation rates 

demanded by safety analysis. 

 

In contrast, a concept putting the responsibility for 

triggering an autonomous intervention to the driver 

results in much lower demands on the false activation 

rates. Crucial for the category of the functions which 

warn and then assist the driver is that they are only 

activated if besides the environment sensors the 

activities of the driver also indicate a critical 

situation. This reduces the requirements to the 

reliability of situation interpretation by the 

environment sensors and the in tendency costly 

measures listed above are not necessary. These 

functions are state of the art. However, their 



effectiveness – i.e. the accident prevention 

capabilities - can be greatly increased if the warning 

is set to an earlier point in time giving the driver more 

time to react; because of the possibility of evading or 

a full stop, the driver has more effective methods for 

accident prevention than an autonomously braking 

system with restricted deceleration. This all is 

possible without an increase of the damage potential 

of the function. 

 

In a generalized manner it can be summed up: The 

stronger and potentially more risky the intervention of 

an autonomous function, the more expensive the 

development, safeguarding and hardware of the 

function. In most situations though an early warning 

with driver assisting functions without risky 

autonomous interventions is similarly or more 

effective and can be realized on the basis of a cheaper 

sensor. By means of such economical systems, so the 

vision, access to a safety-oriented driver assistance is 

to be made possible for every road-user. 

 

2. Increasing Benefit by Situational 

Interpretation 
 
Key of the realization of a cheap but effective driver 

assistance function covering the front collision case is 

the realization of an early warning, i.e. an early and 

reliable criticality-assessment of the traffic situation. 

The dilemma that an earlier warning to a critical 

traffic situation typically also drastically increases the 

false warning rates is well known. To achieve an 

earlier warning at constant false-alarm level the 

following strategy is chosen: 

For situational interpretation additional information 

arises from the observation of the traffic situation of 

third party road-users. If critical situations are 

detected for third party vehicles, a behavior deviating 

from the normal case is to be expected from them. 

For example, if a faster vehicle approaches a slower 

vehicle on the left lane, the probability increases that 

the fast vehicle will pull out onto the lane of the own 

vehicle and that as a result there will be a critical 

situation for a third party vehicle. This simple 

example shows that functions which only use one 

“target object” are restricted in the quality of the 

criticality assessment as a result of their principle. 

Basis of the analysis of the benefit of multi-object 

scenarios is a detailed accident analysis of the 

GIDAS-accident database in individual case 

representation. Observed are accidents in longitudinal 

traffic (GIDAS-accident type 6) and accidents while 

turning off (GIDAS-accident type 2). Altogether, the 

area of effect of a driver assistance function reacting 

to frontal and parallel traffic therefore is 

approximately 20% of the complete incidence of 

accidents. The accidents within this area of effect 

were analyzed and classified according to the 

additional information available by additional objects. 

For two of classes, the additional benefit by 

evaluation of the multi-object information is 

discussed in the following. The information in 

percentages relates to the area of effect of 

approximately 20 %. 

 

Case 1: In 9.3 % of the accidents, the preceding 

vehicle brakes strongly while there is oncoming 

traffic on the left lane. If only the “target object” is 

observed, the driver assistance system as a matter of 

principle has the problem of the decision between 

evading and braking. This is correspondent to the 

second problem of decision (warning dilemma) 

discussed in section 2. But when there is oncoming 

traffic, overtaking respectively evading can be 

excluded as a sensible option for action for the driver 

at the time of warning. This is the basis to realize an 

earlier and more reliable system assessment / reaction 

is possible. 

 

Case 2: In 10.5 % of the accidents, the preceding 

vehicle drives against a slower object and brakes 

strongly. In principle, radar based driver assistance 

systems can detect pre-preceding vehicles. Before the 

actual target object becomes “a problem” in this 

example because of its strong braking, it is possible to 

discern a critical traffic situation for the preceding 

vehicle by observing its fast approach to the vehicle 

in front of it. The hypothesis that the preceding 

vehicle will brake or evade to prevent the accident is 

self-evident. On the basis of this interpretation, the 

behavior modeling for the preceding vehicle can be 

adjusted to already warn the driver with this before it 

is even possible to detect the danger by means of the 

state of the “target object”. The described situation is 

especially important for a driver, because his view on 

the pre-preceding vehicle is obstructed. The driver 

assistance system however has its radar measurement 

and therefore an advantage in information compared 

to the driver. 

 

3 Summary 
 
By the assessment of multi-object scenarios, an 

earlier and more reliable criticality assessment of a 

traffic situation is possible for many frontal accidents. 

This can be used to distinctly increase the 

effectiveness of low-risk driver assistance functions. 

By combining early driver warning with driver 

assisting functions, it is possible to reach, relating to 

the total number of frontal accidents¸ the 

effectiveness of functions with strong autonomous 

intervention. The argument is essentially based on the 

experience that with “target object based” driver 



assistance systems, the obscurity about how a 

situation will progress increases drastically with 

growing temporal range of prediction, and that this 

can be moderated by the additional involvement of 

multi-object information. 

The early warning approach illustrated by Bosch 

offers the advantage that it is possible to forego the 

use of complex, expensive and strongly 

autonomously intervening systems. The great benefit 

combined with the low price is the basis of the vision 

to make safety oriented driver assistance functions 

with high effectiveness available to the mass market. 
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ABSTRACT 
 
Although more and more virtual development me-
thods are used for testing and verification of active 
safety systems, there is still a need for extensive 
testing of the overall system in a real environment. 
The quantitative validation requires a wide range of 
different parameters to be controlled – most 
systems require adjustments of the speed of a 
„vehicle under test“ and a „target vehicle“ as well 
as their relative positioning in distance and angle. 
Using human drivers these parameters are only 
adjustable by performing a multitude of tests with 
statistically distributed results. Automatically 
driven  manoeuvres offer the chance for a directed 
adjustment of all relevant parameters, requiring 
fewer tests, thereby creating a much more efficient 
testing operation. The technological challenge and 
control task is that two vehicles pass each other 
precisely at a predefined time and speed. Being 
able to control this, even tests which could not be 
performed up to now due to safety risks for the 
drivers, will be possible. 
The presentation reports on a common project of 
Daimler with Anthony Best Dynamics (ABD) and 
TU Graz, which resulted in a system using coor-
dinated automatically driven vehicles. The need for 
precisely driven manoeuvres , resulting specifica-
tions for the testing methodology of coordinated 
path-controlled vehicles, and the challenges of its 
realisation will be explained. The resulting testing 
environment, hardware solutions and the methods 
for planning of safe testing trajectories will be 
illustrated. Results of the achieved accuracy are 
presented. A view on the role of this type of testing 
among other testing methods for precrash systems 
completes the paper. 
 
MOTIVATION AND GOALS 
 
The introduction of active safety systems has a 
significant impact on testing methods for vehicles: 
the testing procedures do not only require to bring 
the vehicle itself into a predefined driving state, but 
they also need to place the vehicle into a specific 

location on the road, or even other traffic members 
into a given relation to the vehicle under test. For 
example, testing of lane departure warning and 
avoiding systems requires the control of the ve-
hicle’s position with respect to the lane markings; 
testing of adaptive cruise control or of crash avoi-
dance systems needs two or more vehicles with a 
predefined relative speed and precisely controlled 
timing.  
 
A huge amount of the work for ensuring the func-
tional performance of the systems is done in the 
virtual domain, in which a lot of experiments with 
parameter variations can be designed to test the 
algorithms. But still there is a need to verify the 
sensor and system performance finally in the real 
world, especially under critical borderline condi-
tions. Using human drivers, the testing of such 
conditions is time consuming (because the condi-
tions cannot easily be reached by a single test), or it 
could even be dangerous for the drivers to test 
crash-prone situations. With this goal several 
systems have been proposed to bring the vehicle 
under test exactly and safely into those conditions, 
for example [1], [2] and [3].  
 
The coming generation of active safety systems 
with automatic collision avoidance will call for 
even more testing because of higher and quantita-
tively measurable reliability requirements, partially 
derived from the coming ISO 26262 standards. 
This was the reason for Daimler to develop a 
flexible and efficient testing methodology for 
precisely performing testing manoeuvres, which 
should be applicable to all kinds of traffic situations 
as the testing environment. 
 
CLASSIFICATION OF TESTS AND 
SPECIFICATIONS 
 
A detailed analysis of the testing manoeuvre cata-
logs of current and future active safety systems was 
performed to analyse the exact requirements for 
such a system. It revealed several categories with 
different reasons for more precision (see fig. 1): 
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Figure 1.  Manoeuvers with precision 
requirements. 
 

A) manoeuvres which are hard to 
reproduce  

B) manoeuvres which often lead to minor 
accidents  

C) manoeuvres which are too dangerous 
for human drivers 

It turned out that a large share of those categories 
could be improved significantly by a system which 
would drive a vehicle automatically along a 
predefined path under strict timing conditions; 
several vehicles need to be coordinated with 
exactly the same time base. Especially the typical 
“no fire” situations of crash avoidance systems 
(“close passings”) could be tested this way very 
efficiently. 
 
The accuracy requirements for the vehicle guidance 
system were specified as follows: Passing of any 
moving or stationary target should be possible with 
a distance of 20cm; this leads to requirements of a 
path following error of less than ±10cm in lateral 
direction. The longitudinal precision needed 
depends upon speed; a precision of ±40cm at a 
speed of 20m/s (72km/h) is equivalent to reaching 
any track point within a time tolerance of ±20ms 
(see figure 2). This time tolerance restriction is a 
requirement which can be generalized to other 
speeds.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Requirements for driving accuracy. 
 
There were further requirements for the design of 
the system: The automatic guidance must be 
capable of handling at least driving speeds in urban 
environments (70km/h), with the potential to reach 

higher speeds as well. It should be possible to 
install the system into any vehicle, in order to test 
vehicles in any phase of the development program. 
Traffic situations of up to 4 coordinated vehicles 
will be needed, and all the situations should be 
simulated before the real testing. Safety of 
personnel and equipment has highest priority; 
dangerous manoeuvres should be performed 
without a diver in all vehicles in the test. Finally, 
the system should be applicable on any test track. 
 
TECHNICAL CHALLENGES AND 
SOLUTIONS 
 
A large portion of the specifications could already 
be met by a “path following” control system, based 
on steering and pedal robots, developed by ABD. 
The system can automatically follow a predefined 
path, the actual position being measured by an 
Inertial Measuring Unit (IMU) backed up by a 
Differential Global Positioning System (DGPS) to 
ensure long term accuracy in the cm range. The 
system could be used to perform path following in 
a mode with a driver in the car, but also in a 
driverless mode with a safety controller and 
emergency brake actuators as necessary additional 
components. Figure 3 shows the implementation of 
the driving robots in a Mercedes test vehicle. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Driving robot integrated in test 
vehicle. 
 
The challenge for the coordinated driving concept 
is to control a single vehicle not only laterally, but 
also longitudinally with high accuracy. Besides 
this, two or more vehicles should be able to 
perform precisely synchronized manoeuvres. This 
could be accomplished using ABD’s system by 
implementing a trajectory control (i.e. ensuring 
lateral and longitudinal positioning and timing) 
based on GPS-time for each single vehicle, which 
is accurately available on all vehicles as an output 
of the DGPS system [4].  
 
Planning of the trajectories needed much more care 
than for path following of a single vehicle: traffic 
situations are planned in detail with predefined 
trajectories for every vehicle. Each vehicle should 
know in advance what to do at any time instant, 
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with some freedom to react in different variants 
depending on the actual situation. In order to avoid 
accidents, the test manoeuvres can be simulated in 
advance, considering even deviations from the 
planned path in case of loss of control due to 
unforeseeable factors. 
 
All vehicles are controlled from a common base 
station; from here the operator starts the test 
manoeuvres via a WLAN network, the actual 
position and speed error is supervised, and the test 
can be interrupted at any time - if necessary. A 
thorough safety concept was designed to ensure 
safe operation and shut-down procedures. Figure 4 
shows the base station with two test vehicles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Base station and two test vehicles. 
 
 
REACHED PRECISION AND 
REPRODUCIBILITY 
 
In order to reach a precise trajectory control, the 
parameters of the system have to be adjusted 
carefully. However, the system is quick to 
configure and only requires basic information to be 
entered for the vehicle, such as maximum brake 
pedal force, and geometric information for the 
location of the IMU with respect to the wheelbase. 
A predictor model for the vehicle dynamics is not 
used and instead the necessary precision is 
achieved entirely using PID control with feedback 
from the IMU. The control parameters are easily 
derived from a set of simple open-loop driving 
tests. Once the parameters are set for a vehicle 
class, the controlled operation of the vehicle leads 
to very reproducible performance of the trajectory 
control.  
 
Figure 5 shows a measuring set up for verification 
of lateral and longitudinal control accuracy. It 
consists of several strip-switches which close a 
contact when pressed down by the vehicle tire; the 
staggered position of the strip-switches allows for 
lateral resolution of 1 cm, while the timing of 
closing the different contacts is used for 
longitudinal verification. 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Lateral precision. 
 
The absolute accuracy of the trajectory control in 
straight line driving has proven to be quite high. 
Typically, the lateral path following error was 
measured to be in the range of ±2cm, the 
longitudinal time error in the range of ±10ms 
(equivalent to a distance error of ±20cm at a speed 
of 20m/s). Indeed, if there is sufficient time to 
stabilize in the steady state condition, the 
longitudinal error is normally significantly less than 
this. In dynamic manoeuvres a lateral error of 
±10cm and a distance error in the range of ±1m 
were found; however, the reproducibility of the 
same manoeuver was similar to the steady-state 
accuracy  . Thus, the dynamic deviation can be 
considered and compensated in critical sections of 
the trajectories. 
 
One important feature is the reproducibility of 
stopping to a point with rather high deceleration. 
Figure 6 shows the results of the verification 
measurement; all endpoints of this test were within 
a circle of 10cm. In summary, the system allows 
for very precise trajectory control of the vehicles, 
as long as the manoeuvers stay away from the 
physical limits of vehicle dynamics.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Precision of stopping point 
 
 
PLANNING AND SIMULATION OF TESTS 
 
For planning of the trajectories of several vehicles, 
a manoeuvres planning tool is implemented There 
are several methods to plan a trajectory of a 
vehicle: the simplest method is to record the track 
which a human driver has driven; this trajectory 
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can be used as a template for repeated automatic 
driving of the same trajectory. A second method is 
to construct a trajectory from basic elements (see 
figure 7). The tool allows combining straight 
tracks, curves, lane changes, sinusoidal segments, 
slaloms, or spirals; and speed profiles for every 
section can be planned to provide exact timing. In 
“critical sections”, defining maximal tolerances for 
lateral and longitudinal error sets the thresholds for 
controlled interruption of the test. It is also possible 
to define sections, in which the path following 
system allows for certain freedom of the vehicle 
control, i.e. acc speed control, emergency braking 
or lane keeping support.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Planning tool. 
 
Planned trajectories can be saved, retrieved and 
modified. This way, a set of manoeuvers for 
covering a parameter variation test can be built. 
Finally, this results in a database of easily 
repeatable verification procedures for an assistance 
or active safety function. 
 
Once the trajectory is planned, the simultaneous 
manoeuver of several vehicles can be simulated in 
order to verify that the relative vehicle motion will 
be as intended. The resulting tracks are visualized 
as overlay to calibrated aerial photographs or maps 
of test areas; this way it can also be verified that the 
paths stay on the available surfaces. The simulation 
checks for physical limits and for expected 
dynamic deviations from the planned trajectory.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Simulation of a test. 
 

SAFE OPERATION 
 
Safe operation was one of the main challenges of 
the system design; it was laid out with highly 
reliable respectively redundant components. 
Nevertheless the position information might 
degrade at any time, and other failures could 
happen unexpectedly. 
 
When a driver is in the car, he needs to keep a 
contact switch closed for automatic control; he can 
always interrupt the manoeuvre  by releasing the 
contact, and he regains full control of the vehicle as 
in conventional test driving situations. This mode 
of operation can be used to perform traffic 
scenarios where the main focus is on improving 
repeatability or accuracy. 
 
For safety critical scenarios, the vehicle is operated 
in the driverless mode. Figure 9 shows the safety 
components and their interaction with the other 
vehicle components for this mode. The safety 
controller verifies continuously the integrity of the 
system by monitoring of watchdog signals, the 
communication channels and other safety relevant 
states. If one vehicle should operate outside of 
predefined limits (but is still controllable), the 
safety controller initiates a controlled shut down 
procedure for all vehicles. This procedure will also 
be activated in case of a communication loss, and it 
can be triggered manually by the operator in the 
base station.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  Control and safety components. 
 
In case of a complete loss of control (e.g. steering 
or brake robot failure), or after pushing the 
emergency stop button by the operator, the safety 
controller activates a spring loaded safety brake 
system. The emergency stop will also be activated 
if the vehicle should leave the predefined limits of 
the test field.  
 
Controlled shut down procedures are necessary 
because emergency braking of all vehicles in the 
test could lead to disastrous results: a planned 
trajectory with close passing of vehicles could end 
in a crash. To avoid this, for each point of the 
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planned trajectory and for each vehicle, settings for 
steering and pedal robots in two time slots are 
planned in advance. The result of this shut down 
procedure is simulated for the whole test 
manoeuvre in order to verify a safe shut down, 
whilst also considering the possible tolerances.  
 
The simulation is based on “PC-Crash”, a standard 
program for crash simulation [5]; the concept and 
implementation was the task of the Vehicle Safety 
Institute, Technical University of Graz. Figure 10 
shows an example, how shut down procedures may 
be defined and verified for a close passing 
manoeuvres in an intersection scenario; although 
the traces of the possible shut down procedures 
seem to intersect, this definition is safe due to the 
given timing constraints. 
 
By defining the controlled shut down procedures 
adequately, “safe” places on the test track can be 
set up for objects (like cameras, traffic signs, etc.), 
which should not be hit even in the case of 
deviations from the planned trajectory.  
 
 
 
 
 
 
 
 
 
 
Figure 10.  Example for safe vehicle traces for 
controlled shut down procedures 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Validation of pre-crash systems with 
complementary testing methods. 
 
 
CONCLUSIONS 
 
The presented method using controlled automated 
driving of test vehicles can fulfill the specifications 
and has proven the potential for efficient and safe 
verification of assistance and active safety systems. 
Test procedures can be performed much more 
precise and repeatable than with human drivers; the 

risk of crashes is significantly less than with human 
drivers even in very close passing manoeuvres.  
 
This way, the compliance with specifications of 
assistance and active safety systems can be verified 
efficiently; the comparison of different sensor 
configurations or software versions can be done 
with less experiments. Manoeuvres at the 
borderline between “system must react” and 
“system should not react” can be tested precisely 
by controlling the relative absolute position and 
speed of several vehicles in a traffic configuration. 
 
As shown in figure 11, this method has its place in 
a set of complementary verification methods. 
While simulation is used for system design in a 
completely virtual world, the driving simulator 
focuses on the behaviour of real drivers, and the 
crash facility focuses on the structural aspects of 
real vehicles. Crashes with soft targets allow the 
checking of systems and the driver’s interactions 
around the time of crash, but some questions were 
still left open. The performance verification of real 
sensors in interaction with control algorithms in 
real traffic situations up to points very close to a 
crash is the realm of controlled automated driving.  
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ABSTRACT 
 
This paper describes tests performed by the National 
Highway Traffic Safety Administration (NHTSA) to 
evaluate the forward collision warning (FCW) 
systems installed on three late model passenger cars.  
NHTSA defines an FCW system as one intended to 
passively assist the driver in avoiding or mitigating a 
rear-end collision via presentation of audible, visual, 
and/or haptic alerts, or any combination thereof.  The 
test maneuvers described were designed to emulate 
the top three most common rear-end pre-crash 
scenarios reported in the 2004 GES database. 
 
FCW system performance was quantified by 
specifying the average time-to-collision (TTC) 
between the subject vehicle (SV) and principle other 
vehicle (POV) at the time of the SV’s FCW alert. 
 
BACKGROUND 
 
During the summer of 2008, the National Highway 
Traffic Safety Administration (NHTSA) performed 
an evaluation of the forward collision warning 
(FCW) systems installed on three late model 
passenger cars.  All tests were performed by 
researchers at the agency’s Vehicle Research and 
Test Center (VRTC), located on the Transportation 
Research Center, Inc. (TRC) proving grounds in East 
Liberty, OH.   
 
NHTSA defines an FCW system as one intended to 
passively assist the driver in avoiding or mitigating a 
rear-end collision.  FCW systems have forward-
looking vehicle detection capability, provided by 
technologies such as RADAR, LIDAR (laser), 
cameras, etc.  Using the information provided by 
these sensors, an FCW system alerts the driver that a 
collision with another vehicle in the anticipated 
forward pathway of their vehicle may be imminent 
unless corrective action is taken.  FCW system alerts 
consist of audible, visual, and/or haptic warnings, or 
any combination thereof. 

 
At the time the work discussed in this paper was 
performed, the number of US-production light 
vehicles available with FCW was very low, with only 
three vehicle manufacturers offering such systems on 
limited variants of certain vehicle makes and models.  
So as to best evaluate the current state of FCW 
technology implementation, sample offerings from 
each of these vehicle manufacturers were procured:  a 
2009 Acura RL, 2009 Mercedes S600, and a 2008 
Volvo S80.  Although each of these vehicles present 
the driver with auditory and visual alerts, the manner 
in which these cues were presented differed, as 
shown in Table 1. 
 

Table 1. 
FCW Alert Modality 

FCW Alert 
Vehicle 

Visual Auditory 

Acura RL Message on instrument 
panel Repeated beeps 

Mercedes S600 Icon on instrument panel Repeated beeps 

Volvo S80 HUD using up to two 
sequences of red LEDs Repeated tones 

 

THE REAR-END COLLISION CRASH 
PROBLEM 
 
When determining what kinds of tests would be 
appropriate for use in FCW evaluation, work 
performed by the agency’s Automotive Rear-End 
Collision Avoidance System (ACAS) project [1], the 
Integrated Vehicle-Based Safety Systems (IVBSS) 
and Crash Avoidance Metrics Partnership (CAMP) 
programs [2,3], and research by the Volpe Center 
(part of DOT's Research and Innovative Technology 
Administration) [4] was reviewed.  Based on 2004 
General Estimates System (GES) statistics, a 
summary performed by Volpe shows that overall, 
approximately 6,170,000 police-reported crashes of 
all vehicle types, involving 10,945,000 vehicles, 
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occurred in the United States.  These statistics also 
indicate that overall, all police-reported light-vehicle 
crashes resulted in an estimated cost of $120 billion, 
and functional years lost (a measure of harm) totaled 
approximately 2,767,000 [5].  These societal harm 
measures were based on the GES crash sample and 
did not incorporate data from non-police-reported 
crashes. 
 
Using the 37 crash typology described in [5], Volpe 
identified that many of these crashes involved rear-
end collision scenarios.  Of the 37 groupings used to 
describe the overall distribution of pre-crash scenario 
types, the Lead Vehicle Stopped, Lead Vehicle 
Decelerating, and Lead Vehicle Moving at Lower 
Constant Speed crashes represented in the 2004 GES 
database were found to be the 2nd, 4th, and 12th 
most common crash scenarios overall, respectively, 
and were the top three rear-end pre-crash scenarios. 
Note that in 50% of Lead Vehicle Stopped crashes, 
the lead vehicle first decelerates to a stop and is then 
struck by the following vehicle, which typically 
happens in the presence of a traffic control device or 
the lead vehicle is slowing down to make a turn. 
Tables 2 through 4 presents summaries of these rear-
end pre-crash scenarios, ranked by frequency, cost, 
and harm (expressed as functional years lost), 
respectively.   
 
Based on the crash frequency, cost, and harm data 
presented in Tables 2 through 4, NHTSA decided use 
of test maneuvers designed to emulate these real-
world crash scenarios would provide an appropriate 
way to evaluate FCW performance.  Building on the 
efforts put forth by the ACAS and IVBSS programs, 
NHTSA researchers subsequently developed three 
objective test procedures to perform the work 
described in this paper.  The objectives of this work 
were twofold:  (1) identify the time-to-collision 
(TTC) values from the time an FCW alert was first 
presented to the driver, and (2) refine the test 
procedures, as necessary, to enhance the accuracy, 
repeatability, and/or reproducibility by which the 
FCW system evaluations could be performed. 
 

Table 2. 
Crash Rankings By Frequency (2004 GES data) 

Scenario Frequency Percent 

Lead Vehicle Stopped 975,000 16.4 

Lead Vehicle Decelerating 428,000 7.2 

Lead Vehicle Moving at 
Lower Constant Speed 210,000 3.5 

Table 3. 
Crash Rankings By Cost (2004 GES data) 

Scenario Cost ($) Percent 

Lead Vehicle Stopped 15,388,000,000 12.8 

Lead Vehicle Decelerating 6,390,000,000 5.3 

Lead Vehicle Moving at 
Lower Constant Speed 3,910,000,000 3.3 

 
Table 4.   

Crash Rankings By Functional Years Lost  
(2004 GES data) 

Scenario Years Lost Percent 

Lead Vehicle Stopped 240,000 8.7 

Lead Vehicle Decelerating 100,000 3.6 

Lead Vehicle Moving at 
Lower Constant Speed 78000 2.8 

 
TEST METHODOLOGY 
 
Overview 
 
The tests described in this paper were designed to 
evaluate the ability of an FCW system to detect and 
alert drivers of potential hazards in the path of their 
vehicles.   Three driving scenarios were used to 
assess this technology.   In the first test, a subject 
vehicle (SV) approached a stopped principle other 
vehicle (POV) in the same lane of travel.  The second 
test began with the SV initially following the POV at 
the same constant speed.  After a short while, the 
POV stopped suddenly.  The third test consisted of 
the SV, traveling at a constant speed, approaching a 
slower moving POV, which was also being driven at 
a constant speed.  For the sake of brevity, these three 
tests will be referred to as the “Lead Vehicle 
Stopped,” “Decelerating Lead Vehicle,” and “Slower 
Moving Lead Vehicle” tests, respectively, for the 
remainder of this paper. 
 
The tests were each performed on the TRC skid pad, 
a 3600 ft (1097 m) long flat (0.5 percent upwards 
longitudinal slope, with a negligible cross slope) 
concrete roadway comprised of seven paved lanes.  
The pavement of the skid pad lanes used for the FCW 
evaluations was in good condition, free from 
potholes, bumps, and cracks that could cause the 
subject vehicle to pitch excessively.  Each lane was 
approximately 12 ft (3.7 m) wide, and was delineated 
with solid white pavement lines.  All tests were 
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performed during daylight hours with good visibility 
(no fog, rain, or snow) and very windy conditions 
were avoided (wind speeds ranged from 0 to 17 mph 
during the testing timeline).  The ambient 
temperatures present during test conduct ranged from 
63 to 83 ºF (17 to 28 ºC). 
 
A 2008 Buick Lucerne was used as the POV for all 
FCW tests discussed in this paper.  The vehicle, as 
shown in Figure 1, was selected to represent a 
“typical” mid-sized passenger car.  Use of an 
artificial representation was considered (e.g., an 
inflatable or foam car), but ultimately not deemed 
necessary for three reasons:  safety considerations, 
test consistency, and test complexity.  
  

The evaluations discussed in this paper were intended 
to evaluate when FCW alerts occurred.  As such, SV-
to-POV collisions were not expected.  For an FCW to 
be effective in the real-world, it was believed there 
would be sufficient time from (1) when an FCW alert 
was presented to the driver to (2) when the driver 
would be able to comprehend the alert and take some 
corrective action to avoid a crash.  A professional test 
driver was used to pilot the SV, and was aware of 
what actions would be taken by the POV during each 
trial.  This, and the fact there was sufficient room to 
maneuver around the POV in the case of an aborted 
trial on the test pad, gave reason for NHTSA 
researchers to believe the tests could be safely 
performed with a “real” POV.  
 
NHTSA researchers also believed it would be best to 
perform each of the three tests series with a common 
POV.  Each test scenario contained a unique 
interaction between the SV and POV.  By not using 
the same POV for all tests, researchers were 
concerned that scenario-based performance 
comparisons could be confounded by differences in 
how the FCW systems may have perceived the 
different POVs.  Evaluating artificial test targets, 
with a radar return signature comparable to that of the 
“real” POV, was outside of the scope of the project. 

Use of an artificial POV would have introduced 
significant test complexity for some tests.  Although 
NHTSA presently owns a full-size inflatable balloon 
car intended for used in collision avoidance/ 
mitigation testing, two of the three test scenarios 
described in this paper required the POV accurately 
and consistently travel in a straight line at speeds up 
to 45 mph.  Additionally, the “SV approaches a 
decelerating POV” tests required the POV achieve 
and maintain a set deceleration magnitude.  
Development of a new artificial test apparatus able to 
accommodate these demands was outside of the 
scope of the project. 
 
Instrumentation 
 
Table 5 provides a summary of the instrumentation 
used during NHTSA’s FCW evaluations.  The POV 
and each SV and were equipped with instrumentation 
and data acquisition systems.  All analog data was 
sampled at 200 Hz.  For the SV, vehicle speed, lateral 
and longitudinal position (via GPS), range to POV 
(via radar), yaw rate, and FCW alert status data were 
recorded.  In the case of the Mercedes S600, FCW 
alert output from the high speed controller area 
network (CAN) also was collected using equipment 
discussed in the next section.  For the POV, vehicle 
speed, position, brake pedal travel, and longitudinal 
acceleration data were collected.    Signal 
conditioning of these data consisted of amplification, 
anti-alias filtering, and digitizing.  Amplifier gains 
were selected to maximize the signal-to-noise ratio of 
the digitized data. 
 
For both vehicles, vehicle speed was directly 
recorded as an analog output from a stand-alone GPS 
based speed sensor and calculated from the output of 
a second GPS system; that which provided the 
position data later used to determine TTC.  The GPS 
data produced by the second system were sampled at 
10 Hz, and were differentially corrected during post-
processing.  All data (analog and GPS-based data 
from the SV and POV) were then merged into a 
single data file per trial for the ease of subsequent 
data analysis. 
 
Redundant vehicle speed sensors provided two 
functions.  First, the stand-alone GPS-based speed 
sensor provided the drivers of the SV and POV with 
accurate real-time vehicle speed information.  The 
GPS system used to provide position data did not 
have this capability.  Second, during merging of the 
analog and differentially corrected GPS data files for 
an individual trial, use of common speed information 
from two independent sources improved the 
synchronization accuracy. 

Figure 1.  Buick Lucerne (POV) and Mercedes 
S600 (SV) during an FCW test performed on 
the TRC skidpad. 
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Table 5. 
Instrumentation Used During FCW Evaluation 

Type Output Range Resolution Accuracy 

Vehicle speed 0.5 – 125 kph* 
(0.3 - 77 mph) 

0.01 kph* 
(0.001 mph) 

0.1 kph* 
(0.06 mph) 

Longitudinal position of SV and POV N/A 5 cm (2 in) < 10 cm (4 in) absolute; 
1 cm static  

Differentially- 
Corrected GPS Data 

Lateral position of SV and POV N/A 5 cm (2 in) < 10 cm (4 in) absolute; 
1 cm static 

Radar-Based Headway Distance between SV and POV 1 – 100 m 
(3-300 ft) 0.5 m (1.6 ft) +/- 5% of full scale 

Rate Sensor Yaw rate +/- 100 deg/s 0.004 deg/s +/- 0.05% of full scale 

Accelerometer Longitudinal acceleration +/- 2 g’s +/- 10µg +/- 0.05% of full scale 

Brake Pedal Travel Linear brake pedal travel 0 – 5 in +/- 0.001 in +/- 1% of full scale 

Data Flag  
(FCW Alert) 

Signal from FCW system that 
indicates if the FCW warning was 
issued 

0 – 10V 
(optional: could be 
a binary flag from 
CAN Bus) 

N/A Output response better than 
10 ms 

Vehicle Dimensional 
Measurements 

Location of GPS antenna, vehicle 
centerlines, and two bumper 
measurements 

N/A 1 mm 
(0.05 in) 

1 mm  
(0.05 inch) 

*Values for the stand alone vehicle speed sensor used to provide output to the dashboard display and for data synchronization.  The 
GPS-based vehicle speed ultimately used for TTC calculation, was derived using vehicle position and time data. 

 

Table 5 provides a summary of the instrumentation 
used during NHTSA’s FCW evaluations.   Note that 
in addition to this equipment, the driver of the SV 
was also presented with real-time range-to-POV data 
produced with a laser-based distance measuring 
system to facilitate accurate conduct of the 
Decelerating Lead Vehicle tests.  The output of the 
laser-based system was not recorded. 
 
FCW Alert Monitoring 
 
When activated, the FCW systems discussed in this 
paper provided the SV driver with auditory and/or 
visual alerts.  Recording when these alerts first 
occurred was of great importance since this 
information would later be used to calculate the 
TTCs for each test scenario, the objective measure by 
which FCW performance was quantified.  The 
methods used to record the FCW alerts differed from 
vehicle to vehicle, as shown in Table 6.  
 
Volvo S80 
 
The Volvo S80 was the first vehicle evaluated, and 
its FCW alerts were monitored the most 
comprehensively (i.e., to provide an indication of 
how best to evaluate the subsequent vehicles). The 
auditory alert originated from a piezoelectric speaker 

 

Table 6. 
FCW Alert Monitoring Methods 

Vehicle Monitor 

Acura RL Auditory cue only (monitoring the visual 
display deemed too invasive) 

Mercedes S600 High-speed CAN bus output (monitoring the 
visual and/or aural cues deemed too invasive) 

Volvo S80 

1. Low severity HUD  
2. High severity HUD  
3. Auditory alert (direct tap) 
4. Auditory alert (via microphone) 

 

installed behind the instrument cluster.  Visual alerts 
were presented via a heads-up display (HUD) 
comprised of multiple LED clusters.  These clusters 
provided two levels of illumination, where the 
system’s perceived risk of a collision would dictate 
whether some or all of the HUD LEDs would be 
illuminated.   
 
To monitor the status of the auditory alert, the leads 
of the piezoelectric speaker were directly tapped, and 
their output (i.e., the signal sent to the speaker) was 
recorded.  Additionally, an external microphone was 
positioned near the speaker, and its output recorded.  
This was to allow researchers to examine the 
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feasibility of using a less invasive method of 
capturing the FCW speaker output, a practical 
consideration for future NHTSA test programs.    
 
To monitor the status of the FCW HUD, the dash-
mounted LED circuit was removed and tapped.  
Additionally, five photocells were placed over the 
HUD to record when and how many LEDs were 
illuminated during each FCW alert.  Conceptually 
similar to the use of the microphone being used to 
monitor the piezoelectric speaker output, use of the 
photocells allowed researchers to examine the 
feasibility of using a less invasive method of 
capturing the FCW HUD illumination.  Figure 2 
provides an output comparison of the FCW HUD 
taps, photocells, audible alarm tap, and microphone 
during a Lead Vehicle Stopped test performed with 
the Volvo S80.   
 

 
Of particular interest was the response time and 
signal-to-noise ratio of the microphone and 
photocells.  For the tests described in this paper, each 
FCW alert presented both levels of HUD 
illumination, accompanied by the audible alert.   
Illumination of both LED clusters occurred at the 
same instant; the auditory alert was found to occur 20  

to 65 ms later.  Indication of an HUD-based alert 
provided by photocell output typically lagged that 
provided by the direct tap by 5 to 15 ms.  The signal-
to-noise ratio of the microphone output used to 
monitor the piezoelectric speaker was poor, and was 
affected by signal noise bleed through.  As such, 
results from the microphone-based outputs were not 
considered during data analysis.   
 
Based on comparison of each technique used for 
monitoring the Volvo S80 FCW alerts, the authors 
concluded use of the outputs provided by the direct 
tap of the HUD were the most appropriate.  
Subsequent TTC calculations for this vehicle were 
therefore based on the instant HUD illumination was 
first detected. 
 
Acura RL 
 
The Acura RL auditory alerts originated from a 
piezoelectric speaker installed behind the instrument 
cluster.  The visual alert was presented via a multi-
function display located in the center of the 
instrument cluster, where the message “BRAKE” was 
shown at the time of the alert.  Subjective 
impressions from the SV test driver indicated the 
visual and aural cues were presented simultaneously. 
 
Based on a combination of test feasibility and 
consideration of observations made during the Volvo 
S80 evaluation, the FCW alert detection methods 
used for the Acura RL was simplified.  To monitor 
the status of the auditory alert, the leads of the 
piezoelectric speaker were directly tapped, and their 
output was recorded.  For previously-stated reasons, 
an external microphone was not used to provide a 
redundant measure of this speaker’s output.  The 
visual FCW alert status was not recorded during 
evaluation of the Acura RL.  Since the vehicle’s 
message center was used to present the driver with 
information beyond just FCW alerts, use of 
photocell-based monitoring was not appropriate.  In 
other words, absolutely discerning an FCW alert 
from some other display was not possible with this 
method.  Researchers did not have a way to decode 
CAN-based FCW data for the Acura RL. 
 
Since it was the only FCW alert information 
recorded, data from the piezoelectric speaker tap was 
used to calculate the TTC values for the Acura RL; 
considered at the instant speaker output was detected.  
Figure 3 provides an example of these data. 

Figure 2.  Outputs of the FCW warning light 
taps, photocells, audible alarm tap, and 
microphone during a test performed with the 
Volvo S80. 
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Mercedes S600 
 
The Mercedes S600 auditory alert originated from a 
piezoelectric speaker installed behind the instrument 
cluster.  Visual alerts were presented via a small icon 
on the instrument cluster.  Although a direct tap of 
either alert would have provided information 
necessary to calculate TTCs, accessing the respective 
circuits would have requiring much of the dash be 
disassembled.  Given the high cost of the vehicle, and 
since it was acquired via a short term lease, 
researchers sought to identify a less invasive means 
to monitor the FCW alert status. 
 
NHTSA researchers were able to identify the FCW 
indicator status data via the S600 CAN bus (see 
Figure 4).  After interfacing with the appropriate  

connector, the CAN data was fed into a NHTSA-
developed programmable board designed to isolate 
and monitor the FCW status, and to output it as an 
analog signal to the vehicle’s data acquisition system.  
Accessing the vehicle’s CAN was necessary since the 
FCW alert status was not accessible via the OBD II 
connector. 
 
Since it was the only practical way by which the 
FCW alert recorded, data from the CAN was used to 
calculate the TTC values for the Mercedes S600 (i.e., 
the instant a message commanding the FCW alert 
was detected).  Figure 4 provides an example of these 
data. 
 
SV-to-POV Proximity 
 
Accurate measurement of SV and POV position over 
time was of great importance for the tests described 
in this paper.  In each scenario, the distance between 
the vehicles (i.e., the headway) at the time of the 
FCW alert was used in the calculation of the 
respective TTC values.  Additionally, the ability of 
the SV to maintain and/or establish the appropriate 
headway to the POV and the vehicles’ lateral lane 
positions were considered during the pre-brake 
validity assessments performed for the Decelerating 
Lead Vehicle and Slower Moving Lead Vehicle tests. 
 
Although the most accurate SV and POV positions 
were ultimately derived from differentially corrected 
GPS data, two supplemental methods were also used:  
(1) via a forward-looking radar, and (2) via a laser-
based range measurement sensor.  Both supplemental 
units were attached to the front bumper of the SV, as 
shown in Figure 5. 
 

Figure 3.  Alert outputs recorded during an 
FCW test performed with the Acura RL. 
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during a test performed with the Mercedes S600. 
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The reasons for using the supplemental distance 
measuring equipment were two-fold.  First, to 
benchmark radar-based range performance against 
that of the GPS.  This was to assess whether the 
radar-based system could provide an acceptable 
alternative to, or substitute for, differentially 
corrected GPS for future NHTSA tests requiring such 
data.  Second, the laser-based range measurement 
provided real-time headway information to the SV 
driver.  Such information was essential for conduct of 
the Decelerating Lead Vehicle tests, and not available 
from the GPS or radar-based measurement systems.   
 
Programmable Brake Controller 
 
The Decelerating Lead Vehicle tests required the 
POV establish and maintain moderate deceleration 
with minimal overshoot and variability.  Since 
repeatably accomplishing this with even a skilled test 
driver is difficult, a programmable brake controller 
was used for these tests, as shown in Figure 6.  
Although this controller was expected to offer 
researchers the ability to command a desired 
deceleration, such functionality could not be realized 
during the tests described in this paper.  
Alternatively, a feedback loop that applied and 
maintained a constant brake pedal displacement was 
used.  The combination of this feedback loop, and 
maintaining a consistent amount of time between 
trials1, ultimately produced POV deceleration within 
the tolerances specified by the Decelerating Lead 
Vehicle validity criteria described later in this paper. 
 

                                                 
1Maintaining a consistent amount of time between trials was found 
to contribute to consistent within-series POV brake temperatures.  
This resulted in more consistent POV deceleration. 

Test Maneuvers 
 
Although there were three unique test scenarios 
discussed in this paper, a number of common validity 
requirements were imposed on the individual trials so 
as to perform the tests as objectively as possible.   

 
1. The SV vehicle speed could not deviate from the 

nominal speed by more than 1.0 mph (1.6 kph) 
for a period of three seconds prior to the required 
FCW alert. 

 
2. SV driver was not allowed to apply any force to 

the brake pedal before the required FCW alert 
occurred 

 
3. The lateral distance between the centerline of the 

SV, relative to the centerline of the POV, in road 
coordinates, could not exceed 2.0 ft (0.6 m). 

 
4. The yaw rate of the SV could not exceed ±1 

deg/sec during the test. 
 
5. Since each SV was equipped with an automatic 

transmission, all tests were performed in “Drive” 
 
Subject Vehicle (SV) Encounters a Stopped 
Principle Other Vehicle (POV)    
 
These tests are also known as “Lead Vehicle 
Stopped” trials.  To perform this maneuver, the POV 
was parked in the center of a travel lane facing away 
from the approaching SV, oriented such that its 
longitudinal axis was parallel to the roadway edge, as 
shown in Figure 7.   
 
The SV was then driven at a nominal speed of 45 
mph (72.4 kph), in the center of the lane of travel, 
toward the parked POV.  The test was taken to begin 
when the SV was 492 ft (150 m) from the POV, and 
concluded when the subject vehicle’s FCW alert was 
presented.  To assess FCW alert variability, 
performing seven valid tests was desired. 
 

 
Subject Vehicle (SV) Encounters a Decelerating 
Principle Other Vehicle (POV)   
 
These tests are also known as “Decelerating Lead 
Vehicle” trials.  To begin this maneuver, the SV and 

Figure 7.  Lead Vehicle Stopped crash scenario. 
Figure 6.  Programmable brake controller used 
during the Decelerating Lead Vehicle tests. 
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POV were driven in the center of same travel lane at 
a speed of 45 mph (72.4 kph).  After driving with a 
constant headway distance of 98.4 ft (30 m), the 
driver of the POV suddenly applied the brakes in a 
manner intended to establish constant deceleration of 
0.3 g within 1.5 seconds.  For this test series, the 
individual trials were taken to begin 3 seconds prior 
to the initiation of the POV braking, and concluded 
when the subject vehicle’s FCW alert was presented.  
To assess FCW alert variability, performing seven 
valid tests was desired.  Figure 8 presents the 
decelerating lead vehicle crash scenario. 
 

 
In addition to the previously mentioned validity 
requirements, the Decelerating Lead Vehicle test 
scenario includes the following parameters: 

 
1. The initial POV vehicle speed could not deviate 

from the nominal speed by more than 1.0 mph 
(1.6 kph) for a period of three seconds prior to 
the initiation of POV braking. 

 
2. The POV deceleration level was required to 

nominally be 0.3 g within 1.5 seconds after 
initiation of POV braking.  The acceptable error 
magnitude of the POV deceleration was ± 0.03g, 
measured at the time the FCW alert first 
occurred.  An initial overshoot beyond the 
deceleration target was acceptable, however the 
first local deceleration peak observed during an 
individual trial was not to exceed 0.375 g for 
more than 50 ms.  Additionally, the POV 
deceleration was not permitted to exceed 0.33 g 
over a period defined from (1) 500 ms after the 
first local deceleration peak occurs, to (2) the 
time when the FCW alert first occurs. 

 
3. The tolerance for the headway from the SV to 

the POV was required to be ± 8.2 ft (± 2.5 m), 
measured at two instants in time:  (1) three 
seconds prior to the time the POV brake 
application was initiated, and (2) at the time the 
POV brake application was initiated. 

 
Subject Vehicle (SV) Encounters a Slower Principle 
Other Vehicle (POV) 
 
These tests are also known as “Slower Moving Lead 
Vehicle” trials.  To begin this maneuver, the POV 

was driven in the center of a travel lane at a speed of 
20 mph (32.2 kph).  Shortly after the POV had 
established the desired test speed, the SV was driven 
in the center of same travel lane at a speed of 45 mph 
(72.4 kph), approaching the slower-moving POV 
from the rear.  For this test series, the individual trials 
were taken to begin when the headway from the SV 
to the POV was 492 ft (150 m), and concluded when 
the subject vehicle’s FCW alert was presented.  To 
assess FCW alert variability, performing seven valid 
tests was desired.  Figure 9 presents the decelerating 
lead vehicle crash scenario. 

 
As was the case for the Decelerating Lead Vehicle 
test scenario, the Slower Moving Lead Vehicle trials 
also required the POV vehicle speed not deviate from 
the nominal speed by more than 1.0 mph (1.6 kph) 
for a period during the test. 

 
TEST RESULTS 
 
General Observations 
 
Performing the three tests scenarios proved to be 
quite straight-forward, however there were some 
important observations made during their conduct.   
 
First, these tests do not lend themselves to some of 
the variability-reducing steps presently used by other 
track-based tests presently performed by NHTSA 
(i.e., dynamic rollover or electronic stability control 
testing).  For example, cruise control could not be 
used to maintain the SV test speed.  Many of the 
sensors used by the FCW systems discussed in this 
paper were shared with the vehicles’ respective 
adaptive cruise control (ACC) systems.  For at least 
two of the maneuvers, the decelerating and slower-
moving POV tests, ACC interventions would not be 
expected to allow the combination of pre-FCW alert 
headway distances and tight SV and POV vehicle 
speed tolerances be realized and/or maintained. 
 
Maintaining SV speed also required the driver to use 
careful throttle modulation using small, smooth 
inputs.  Prior to actually performing the FCW tests, 
discussions with vehicle manufacturers indicated 
some systems monitor the driver’s throttle inputs, and 
that use of abrupt throttle inputs could cause an FCW 
system to suppress the alert NHTSA was interested in 
evaluating.  The rationale for such suppression 

Figure 8.  Decelerating Lead Vehicle crash scenario.
Figure 9.  Slower Moving Lead Vehicle scenario. 
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involves a desire to achieve the high consumer 
acceptance, with the logic being that if the driver is 
deliberately commanding a sudden throttle input, 
they are providing an indication of being alert, 
capable of making good driving decisions, and that 
providing an FCW alert (an alert intended to 
primarily benefit inattentive drivers) may not be 
appropriate. 
 
For the previously-stated reasons, the driver of the 
SV was also required to make small, smooth steering 
corrections to maintain lane position.  NHTSA 
researchers were cautioned that use of abrupt or 
coarse changes in steering position, even with small 
magnitudes, could also result in FCW alert 
suppression.  Evaluating whether these concerns were 
relevant to the test vehicles described in this paper, or 
attempting to determine the minimum throttle and/or 
steering input magnitudes necessary to evoke FCW 
alert suppression was not performed in this study, but 
may provide an interesting area for future research. 
 
Maneuver Results 
 
Subject Vehicle (SV) Encounters a Stopped 
Principle Other Vehicle (POV) 
 
Since the POV was stationary for the entire test, the 
Lead Vehicle Stopped trials were the simplest to 
perform.  The TTC for this test, a prediction of the 
time it would take for the SV to collide with the POV 
from the time of the FCW alert, was calculated by 
considering two factors at the time of the FCW alert:  
(1) distance between SV and POV at the time of the 
FCW alert (ssv,initial) and (2) the speed of the SV 
(vsv,initial).  The corresponding TTC values were 
simply computed using Equation 1:  
 

initialsv

initialsv
Test v

s
TTC

,

,
1 =     (1) 

 
Table 7 provides a summary of the TTCs calculated 
with data collected from tests that satisfied all 
validity criteria.  In the case of the Volvo S80, the 
full suite of seven valid tests was not realized after 
data post processing (SV speed at the time of the 
FCW alert was too high for some tests).  For this 
vehicle, the mean and standard deviations were based 
on five trials. 
 
Generally speaking, and despite the prohibition of 
cruise control and tight allowable tolerances, the 
experimenters were able to successfully execute the 
tests without issue.  That said, the Lead Vehicle 
Stopped tests did call to attention to two important 

details regarding test conduct.  First, it appears the 
absence of a POV rear license plate was capable of 
influencing the FCW effectiveness for at least one 
vehicle used in this study.  Second, although conduct 
of the maneuver was free of incident, some safety 
concerns were raised. 
 

Table 7.   
Lead Vehicle Stopped TTC Summary 

Trial Acura RL Mercedes S600 Volvo S80 

1 1.63 2.24 2.08 

2 1.84 2.32 2.64 

3 1.62 2.29 2.28 

4 1.94 2.30 2.68 

5 1.74 2.31 2.57 

6 1.83 2.27 n/a 

7 1.46 2.33 n/a 

Ave 1.72 2.29 2.45 

Stdev 0.16 0.03 0.26 

 
During a brief pilot study comprised of Lead Vehicle 
Stopped tests, no license plate was installed on the 
rear of the POV.  This was not intentional; it simply 
happened that since the vehicle was only being 
driven within the controlled confines of a proving 
ground, it was not so-equipped.  When the Volvo S80 
was evaluated in this condition, an FCW alert was 
not presented during three of the ten pilot tests.  
Seeking to understand whether the manner in which 
the tests were performed may have influenced the test 
outcome, NHTSA researchers considered a variety of 
experimental refinements.  One such consideration 
was installing a license plate on the rear of the POV, 
since it was more representative of how the POV 
would be seen in the real world, and would provide a 
vertical metallic surface capable of being more easily 
detected with forward-looking radar (used to provide 
range and range rate data to the respective FCW 
systems).  With the rear license plate installed on the 
POV, each of the valid Lead Vehicle Stopped tests 
performed with the Volvo S80 produced an FCW 
alert.   
 
Due the low sample size of the tests performed 
during pilot testing, it is unclear whether the presence 
of the POV license plate can be absolutely 
attributable to the Volvo S80’s apparently improved 
FCW performance.  However, the fact remains there 
was at least some evidence suggesting this was the 
case, and that inclusion of the rear plate on the POV 
does indeed enhance the face validity of the test 
scenario.  Therefore, all subsequent tests were 
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performed with the rear license plate installed on the 
POV, including those of the two other test scenarios. 
 
Subject Vehicle (SV) Encounters a Decelerating 
Principle Other Vehicle (POV) 
 
Given the tight tolerances and careful choreography 
required by these tests, the Decelerating Lead 
Vehicle tests were generally the most challenging to 
perform.  Use of the dashboard mounted headway 
display in the SV, and maintaining a consistent 
amount of time between trials, improved the 
efficiency these tests could be performed with.  
However, since the actual range between the vehicles 
(calculated with GPS data), and the actual 
deceleration produced by the POV throughout the 
maneuver (corrected for pitch angle) could not be 
calculated until these data had been output after post-
processing, obtaining an acceptable number of valid 
trials required repeated test series for some vehicles.   
 
The TTC for this test, a prediction of the time it 
would take for the SV to collide with the POV from 
the time it initiates braking, was calculated by 
considering three factors at the time of the FCW 
alert:  (1) the speed of the SV (vsv,initial), (2) the speed 
of the POV (vpov,initial), and (3) the deceleration of the 
POV (apov), as shown in Equation 2.   Note:  To 
simplify calculation of the TTC for Test 2, the 
deceleration of the POV was taken to remain constant 
from the time of the FCW alert until the POV comes 
to a stop (i.e., a “constant” deceleration rate 
assumed). 

 

(2) 
 
Table 8 provides a summary of the TTCs calculated 
with data collected from tests that satisfied all 
validity criteria.  In the case of the Mercedes S600, 
the full suite of seven valid tests was not realized 
after data post processing (the headway between the 
SV and POV at the onset of POV braking was found 
to be too short).  For this vehicle, the mean and 
standard deviates are based on three trials. 
 

Table 8. 
Decelerating Lead Vehicle TTC Summary. 

Trial Acura RL Mercedes S600 Volvo S80 

1 2.30 2.23 3.17 

2 2.16 2.34 3.06 

3 2.44 2.27 2.95 

4 2.21 n/a 3.08 

5 2.38 n/a 3.08 

6 2.28 n/a 2.92 

7 2.13 n/a 3.19 

Ave 2.27 2.28 3.07 

Stdev 0.11 0.05 0.10 

 
Subject Vehicle (SV) Encounters a Slower Principle 
Other Vehicle (POV) 
 
Although they were more involved than the Lead 
Vehicle Stopped tests, the Slower Moving Lead 
Vehicle tests were generally quite simple to perform.  
That said, these tests can use considerable real estate 
if the POV is given an excessive head start before the 
SV driver begins their approach toward the POV.  To 
maintain a constant POV speed, researchers used the 
vehicle’s cruise control.   
 
The TTC for this test, a prediction of the time it 
would take for the SV to collide with the POV from 
the time it initiates braking, was calculated by 
considering two factors at the time of the FCW alert:  
(1) the speed of the SV (vsv,initial) and (2) the speed of 
the POV (vpov,initial).  Equation 3 was used to calculate 
the TTC for the Slower Moving Lead Vehicle tests. 
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TTC

,,

,
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Table 9 provides a summary of the TTCs calculated 
with data collected from tests that satisfied all 
validity criteria.  In the case of the Volvo S80 the full 
suite of seven valid tests was not realized after data 
post processing.  For this vehicle, the mean and 
standard deviates were based on three trials. 
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Table 9.  
Slower Moving Lead Vehicle TTC Summary. 

Trial Acura RL Mercedes S600 Volvo S80 

1 1.97 2.42 2.05 

2 2.13 2.43 2.80 

3 2.00 2.39 2.99 

4 2.02 2.37 n/a 

5 1.93 2.37 n/a 

6 1.98 2.35 n/a 

7 2.06 2.40 n/a 

Ave 2.01 2.39 2.61 

Stdev 0.07 0.03 0.50 

 
The slower moving lead vehicle test procedure 
required the SV and POV speeds remain constant for 
at least 3 seconds prior to the LDW alert.  For the 
Volvo S80 these criteria resulted in most tests being 
deemed non-valid (the desired speeds were achieved 
too late).  Increasing the pre-brake speed tolerances 
and/or the amount of time the vehicles were required 
to remain constant before the alert occurred would 
have increased the number of valid trials for this test 
condition.  Had they not been deemed non-valid for 
minor speed infractions, each of the five Volvo S80 
trials would have produce TTCs ranging from 2.40 to 
3.03 seconds. 
 
Headway Calculation Comparison 
  
TTC values calculated with distance measurements 
from the radar-based range measurement equipment 
and differentially corrected GPS are provided in 
Table 10.  All TTC values presented in this table used 
the same vehicle speed and, in the case of the 
Decelerating Lead Vehicle tests, deceleration data; 
only the distance measurements used in the 
calculations differed. 
 
 

Whether use of the radar-based equipment would 
provide an acceptable alternative to, or substitute for, 
differentially corrected GPS for future NHTSA tests 
requiring such data ultimately depends on what 
precision is required.  Use of the less accurate radar-
based distance measurements resulted in TTC values 
5.0 to 12.5 percent longer than those more accurately 
derived with differentially corrected GPS data.  This 
error was close to the radar manufacturer’s sensor 
accuracy specification of 5 percent, as previously 
shown in Table 5. 
 
CONCLUSION 

  
Forward collision warning (FCW) system 
functionality is of great interest to NHTSA.  Given 
the prevalence of rear-end collisions in the crash data, 
and the high societal costs they impose, better 
understanding how advanced technologies may be 
able to mitigate these crashes is an agency priority.  
This paper has provided details of how NHTSA 
evaluated the FCW performance of three 
contemporary passenger cars using three test 
scenarios designed emulate the most commonly 
occurring rear-end crash scenarios.  Specifically, the 
time-to-collision (TTC) values, predictions of the 
time it would take for the SV to collide with the POV 
from the time of the FCW alert, associated with each 
vehicle/scenario combination was calculated.  
 
Although performing the tests described in this paper 
was generally straight-forward, some details 
pertaining to FCW monitoring and test conduct were 
challenging.  The processes used to accurately 
monitor the FCW alert status was somewhat intrusive 
for the Acura RL and Volvo S80, and required 
cooperation with the vehicle manufacturer for 
evaluation of the Mercedes S600.   Adhering to the 
tight SV-to-POV headway and POV deceleration 
requirements of the Decelerating Lead Vehicle tests 

Table 10. 
Comparison of GPS and Radar-Based TTC Values. 

Lead Vehicle Stopped Decelerating Lead Vehicle Slower Moving Lead Vehicle 

Difference Difference Difference Vehicle 
GPS Radar 

(sec) (%) 
GPS Radar 

(sec) (%) 
GPS Radar 

(sec) (%) 

Acura RL 1.72 1.90 0.17 10.0 2.27 2.43 0.16 7.0 2.01 2.18 0.16 8.1 

Mercedes S600 2.29 2.44 0.14 6.3 2.28 2.56 0.28 12.5 2.39 2.59 0.20 8.4 

Volvo S80 2.45 2.59 0.14 5.5 3.07 3.23 0.16 5.0 2.61 2.82 0.21 7.8 



Forkenbrock 12 

was demanding.  To maximize efficiency when 
performing these tests, the authors found that 
providing the SV driver with accurate real-time 
headway information (e.g., via a dashboard-mounted 
display, etc.) and use of a programmable brake 
controller in the POV was helpful.  To obtain 
accurate vehicle-to-vehicle range information, use of 
highly accurate GPS-based position data of the SV 
and POV was found to be very effective. 
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ABSTRACT 

The effectiveness analysis assesses the benefit of 
future safety systems in terms of collision 
mitigation or collision avoidance based on real life 
accident data. The safety systems are evaluated by 
case-by-case analyses based on in-depth accident 
data (e.g. GIDAS). For this purpose an innovative 
simulation environment was developed that 
recreates the technical specification of the proposed 
system consisting of function algorithm, sensor, and 
actuators. Therefore results of component tests and 
complete system tests are included into the 
simulation. The accidents from the database are 
varied in the simulation by applying stochastic 
methods, guaranteeing the validity of the results 
from a statistical viewpoint. In addition to technical 
parameters such as a reduction in collision speed, 
the evaluation also includes a reduction in collision 
probability. Furthermore, when evaluating the 
functions a distinction is made between controlled 
and regulated actions. For each type a special 
simulation technique is used, which on the one 
hand is a purely offline analysis of previously 
simulated data and on the other hand an online or 
in-the-loop simulation. In order to be able to 
consider driver reactions on defined warning 
strategies realistically, it is essential to integrate a 
driver behaviour model into the simulation. To 
determine the driver behaviour, studies with 
probands are conducted using a new simulator 
technology. The test scenarios for these proband 
studies are based on accidents of the internal Audi 
accident research unit (AARU) database. In order to 
convert the technical evaluation parameters of the 
accident, e.g. collision speed, to injury severity, 
injury-risk-functions are required. To sum up, a 
new method of assessing the effectiveness of 
integrated safety systems will be presented, which 
incorporates new simulation techniques, driving 
experiments and real life accident data to assess a 
well-founded evaluation of integrated safety 
systems.  
 

 

INTRODUCTION 

The requirements arising from pedestrians’ safety 
legislation and consumer ratings have intense 
effects on the today’s vehicle development. The 
design of the vehicle and the technology of the 
front end especially depend strongly on these 
measurers and induce trade-offs during the vehicle 
development process. Further passive measures 
lead to an increasing vehicle weight or cars being 
built higher and consequently to higher emissions. 
Besides secondary collisions of the pedestrians e.g. 
with the road are not covered by passive measures. 
Studies based on real accident data proved that 
systems enhancing the driver’s braking are 
considerably more effective in pedestrian accidents. 
These studies lead to the definition of phase 2 
regarding pedestrian legislation in the European 
Community which prescribes the installation of a 
brake assist system in new cars since November 
2009 in combination with reduced passive measures 
compared to the original proposal of pedestrian 
legislation phase 2. Consequently a first step in 
resolving the conflicts of aim described above has 
been carried out. 
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Figure 1: Chronological sequence of a normal 
driving condition until collision [3] 

A further reduction of accidents and injuries of 
pedestrians can be achieved by using integrated 
safety systems. These systems consist of sensor 
systems, functional algorithms and actuating 
elements in addition to passive safety measures. 
These integrated systems are also effective during 
the pre-crash phase, e.g. a critical or unstable 
driving situation, compared to passive measures 
which are only effective when the collision has 
already happened (Figure 1). Studies of accident 
data have shown that a high percentage of accidents 
result from incorrect driving behaviour, so that 
integrated safety systems can help to avoid or 
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mitigate the collision during the pre-crash phase 
and account for reaching the goal of a further 
reduction of injuries or fatalities in road traffic 
accidents. To quantify the effectiveness of these 
integrated systems on real accident data, new 
methods of evaluation are necessary. In this article 
a method for an effectiveness analysis of integrated 
safety systems is presented and exemplified on the 
use case for pedestrian safety. [3], [8], [9], [10] 

DEVELOPMENT PROCESS AND 
EFFECTIVENESS ANALYSIS 

Development process of integrated safety 
systems  

The development process of integrated safety 
systems consists of three main steps that are passed 
through iteratively. These three steps are function 
definition, testing and effectiveness analysis (Figure 
2). The function definition comprehends the 
development of the functional algorithms, 
triggering strategies and the design of actuating 
elements. The testing includes an assessment of all 
system components or the total system itself in a 
realistic environment. Further, the effectiveness 
analysis contains the benefit assessment of collision 
avoidance and collision mitigation regarding a 
definite system component or the total safety  
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Figure 2: Function development process of 
integrated pedestrian safety systems [7] 

system. The evaluation is accomplished for 
different abstraction levels based on real world 
accident data by a case by case analysis. The 
effectiveness analysis includes the influencing 
variables established from the testing and the 
function definition (Figure 3). Only with the 
integration into the development process is it 
assured that all results of the other development 
steps are included and a requirement based system 
development regarding the total system 
effectiveness in real world road accidents is 
enabled. 

sensor system

actuating elements
functional
algorithm

environment

passive 
measures

effectiveness

driver  
Figure 3: Influencing variables on the 
effectiveness of integrated safety systems [6] 

Method to evaluate the benefit of integrated 
safety systems 

To integrate the effectiveness analysis in the 
development process consisting of the function 
definition and testing a new method is presented 
here (Figure 4). This method allows an assessment 
of the integrated safety system taking into account 
all relevant influencing variables (Figure 3) and 
thus provides a realistic forecast of the system’s 
effectiveness in real world accident scenarios.  

AARU
Audi Accident Research Unit

effectiveness

simulation
driver behaviour

accident 
scenarios

(number of cases↑)

injury-risk-
function

reduction of 
injuries and 

fatalities

iIntegrated pedestrian safety

testing
information about

system 
components

studies with
probands injury

probability

GIDAS
German In Depth Accident Study

accident 
scenarios

(information↑)

 
Figure 4: Method to evaluate the benefit of 
integrated safety systems 

To achieve this goal the information from studies of 
probands, component testing and the injury criteria 
are combined in the central block of the simulation. 
Testing means the analysis of system components 
or their interaction in a realistic test environment or 
the real world. These include e.g. the testing of 
sensor systems, functional algorithms or different 
braking actuating elements. A particular challenge 
describes the driver integration. For this reason the 
driver reactions to various warning strategies were 
identified with the help of studies with probands. 
The cognitions from component testing and studies 
with probands are integrated into the simulation in 
form of models in order to achieve a realistic total 
system model. The goal is to assess the benefit of 
integrated safety systems in real world accidents. 
Because of that all process steps are based on real 
accident data, which are taken from different 
databases. Here information of the accident 
databases of the AARU (Audi Accident Research 
Unit) and the project GIDAS (German In Depth 
Accident Study) are integrated. In the sequel to this 
article the central block of the simulation and the 
system design based on saved injuries or fatalities 
are explained. 
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Levels of system evaluation 

The goal of an integrated safety system is to protect 
the pedestrian (Figure 5). The strategy to achieve 
this goal consists of collision avoidance and 
collision mitigation which depends on the 
effectiveness of the subsystem components and 
their interaction with each other. An objective 
assessment of the system’s effectiveness requires 
the consideration of all influencing variables 
(Figure 3). The actuating elements which are 
represented as e.g. braking systems or driver 
warnings are directly influencing the collision 
course. These are just preceded by the passive 
measures and their effect on the occurred collision. 
To activate the actuators only at specified 
situations, the triggering is computed by functional 
algorithms acquiring information from the 
environment or vehicle internal sensor systems. 
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Figure 5: Levels of system evaluation 

The complex interaction of the system components 
and the impact of changing subsystem parameters 
regarding the effectiveness cannot be analysed 
without a structured assessment. The simulation 
method enables the calculation of the effectiveness 
for individual system components or combinations 
from the strategic point of view. That means the 
assessment is carried out on different levels of 
system modelling always against the strategy level 
(Figure 5). In the process the approximation to 
reality increases with the number of subsystem 
components included (Figure 5). With this 
approach an identification of the relevant subsystem 
parameters or the subsystems themselves 
influencing the effectiveness is possible. The 
assessment results can be quantified based on both 
technical and injury parameters. A technical 
parameter to quantify the achievement of objectives 
for pedestrian safety for example is the collision 
speed. Parameters describing the injuries can be 
defined by the number of seriously injured 
pedestrians or fatalities. The effectiveness of a 
safety system can be quantified as the difference 
between the technical or injury based results of two 
system configurations. This implies high 
performance models of the system components. 
Possible specifications of a level-based system 
evaluation are shown in Figure 6. Different system 
modelling states can be identified e.g. model, ideal 
or not relevant.  

Figure 6: Exemplary specifications of a level-based 
system evaluation 

The influencing factors of passive measures are 
always implemented as a model. Without 
consideration of these an evaluation of integrated 
safety systems is not possible, because these 
systems consist of a combination of passive and 
active measures. The environment parameters are 
also implemented as a model for every accident 
scenario. An idealisation of the environment 
parameters would be possible, but assuming e.g. 
limiting friction for every accident scenario, the 
effectiveness analysis would no longer relate to real 
world accident data. In the first step of a total 
system evaluation, only the subsystem consisting of 
actuating elements is conducted as a model. The 
other components have an ideal behaviour or are 
not relevant. Assuming the functional algorithm as 
ideal, the actuating elements are always triggered to 
the specified point of time to collision. This 
evaluation step is independent of the pedestrian 
detection by the sensor system. On this level of 
evaluation the requirements to the actuating 
elements can be deviated, because only the 
influence of this subsystem component is 
considered. If the result of this evaluation step is 
indicating little benefit, a substantiated decision 
continuing the system development based on these 
actuation elements is possible. The addition of 
further modelled subsystem components are just 
leading to a decreasing effectiveness. In a second 
evaluation step an ideal sensor system can be 
comprised. An ideal sensor system could be 
characterised by range or angle of aperture and 
systematic effects like cycle time or lines of sight 
obstruction. In this case the actuating elements 
would be triggered if the addressed object is located 
in the sensor system’s field of vision. During 
further steps evaluating the total system 
components, these are integrated step by step as a 
model. Every evaluation step enables an 
identification of the relevant subsystem parameters 
reducing the effectiveness and structured 
optimization loops. Because of that the subsystem 
models require a high quality deviated by real 
world testing and validation as the simulation itself. 
Because of that the accident simulation program 
PC-Crash [11] is used to model and simulate the 
accident scenarios. To integrate braking systems, 
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pressure or deceleration gradients are used. The 
functional algorithm is integrated by a 
Simulink/Stateflow application development 
system. Considering realistic models of the sensor 
system, models characterising the sensor system 
technology are included and also validated by real 
world measurements. Driver integration constitutes 
a particular challenge because driver reactions on 
defined warning strategies strongly diversify and 
depend on the situation triggered there. Therefore 
the driver is included as a probabilistic model 
gaining from studies with probands. These studies 
are carried out with the simulation and testing 
method Vehicle in the Loop [1].  

SIMULATION 

Generating accident scenarios  

Analysing the effect of safety systems on the 
collision course through case by case studies 
requires runnable simulation scenarios based on 
real world accident data. In the first step the 
original course effecting the collision must be 
reconstructed. For this purpose the kinetic 
quantities of the vehicle and pedestrian, the impact 
location and the environment at the place of 
collision have to be modelled in detail. By this 
means, runnable accident scenarios according to a 
real world accidental database are preserved. 
Equipping the vehicle with a virtual integrated 
pedestrian safety system, the influence of this 
system on the original collision course can be 
analysed during the next evaluation steps. The 
creation of simulation scenarios in general, results 
from defining basic scenes that are parameterised 
with defined values of an accident database (Figure 
7). 

basic scene

scenario

parameterisation 
parameter 1
parameter 2
…

 
Figure 7: Generation of accident scenarios from basic 
scenes 

One the one hand, values of the GIDAS accident 
database are used to parameterise the basic scenes. 
In this way runnable real world accident scenarios 

are created. On the other hand a multiplicity of 
fictitious single cases is generated by using 
stochastic parameters to set the basic scenes (Figure 
8). Both methods generate a collection of single 
scenarios whereby the GIDAS  

basic scenes basic scenes 

GIDAS parameters Stochastic parameters

real world accident scenarios stochastic scenarios

scenarios scenarios
 

Figure 8: Different simulation databases 

cases always effect a collision. The cases built on 
stochastic parameters also include non-collisions. 
So these cases must be processed for further 
evaluations e.g. separation of the collision from 
non-collision scenarios. As an essential difference 
to the import of original GIDAS scenarios, the 
stochastic method generates accident scenarios not 
included in GIDAS and also apparently 
unimaginable ones. 

Sensor equivalent accident scenes 

An effective generation of runnable case by case 
accident scenarios requires a new approach to 
achieve a high level of detail with a similar high 
level of atomization. That’s why sensor equivalent 
accident scenes (SEAS) are created (Figure 9). 
These scenes can be derived from the specific 
feature that different accident scenarios often 
deliver an equivalent view for the sensor system. 
The sensor system’s view is influenced by several 
environment parameters e.g. road design and 
layout, approximation direction of the pedestrian or 
lines of sight obstructions. By combination of these 
criteria, sensor equivalent accident scenes can be 
deviated by assigning the single accidents from the 
database to these.  

 
Figure 9: Examples of sensor equivalent accident 
scenes 

For example there is no difference for a sensor 
system assuming a rectilinear motion of the vehicle, 
whether the pedestrian approaches from the left 
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side at a crossroad, straight road or other 
intersections as long as no information of the 
characteristic environment features provided by the 
sensor system are pulled up for situation 
classification. Sensor equivalent accident scenes 
can roughly be grouped in straight road and turn or 
intersection accidents. Straight road accidents 
comprehend pedestrians crossing at intersections as 
long as there is no turning off by the vehicle. 
Sensor equivalent scenes for turn accidents include 
collisions occurring on a non rectilinear trajectory 
of the vehicle or at turning off. Every sensor 
equivalent accident scene for single accidents from 
the database is assigned to comply with the sensor 
system’s view of the SEAS by using several 
parameters of the GIDAS accident database. One of 
these variables is represented by the type of 
accident UTYP. An explicit interpretation of the 
collision course by the accident type on its own is 
not possible. For that reason other parameters are 
comprised. These are for the vehicle RICHT 
defining the direction the vehicle moved in before 
the collision. Further RICHTVU describing the 
vehicle’s line passed through before collision and 
the parameter RICHTUE defining the design and 
layout of the road at collision [2]. Combining these 
three parameters, the design and layout of the road 
can be suggested. Adding the accident type, the 
collision course is defined explicitly. Using only the 
accident type to classify a sensor equivalent 
accident scene, accidents that never happened that 
way were allocated to a SEAS type, which 
indirectly effects a falsification of benefit 
assessment in further evaluation steps. 

Semi-automatic generation of accident scenarios  

For the creation of runnable accident scenarios two 
approaches are applied. On the one hand, all 
straight road accidents are reconstructed semi-
automatically by using basic scenes derived from 
sensor equivalent accident scenes. For that reason, 
several basic scenes have to be created and 
parameterised by values of the GIDAS database.  
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Figure 10: Generating accident scenarios 

On the other hand, the remaining SEAS for turning 
accidents have to be modelled manually. The 
generation of straight road accidents is carried out 

automatically by comprising further parameters of 
the GIDAS database exceeding the allocation to 
sensor equivalent accident scenes. The additional 
values have to be selected according to an explicit 
definition of the collision and in the same manner 
that the effectiveness of an integrated safety system 
can be evaluated. A summary of exemplary 
parameters needed to be imported to set the straight 
road basic scenes is shown in Figure 10. Combining 
the vehicles’ and pedestrians’ kinetic quantities and 
the acknowledgment for the exact impact location 
of the pedestrian at the vehicle, an explicit 
modelling of the collision course is possible by 
calculating the basic positions of vehicle and 
pedestrian out of the parameters from the GIDAS 
database as described before. The exact position of 
the line of sight obstruction for the GIDAS accident 
can only be extracted by the sketch of the accident. 
For this reason the position for the line of sight 
obstruction in the accident scenario is set manually. 
Information about the road surface or other 
environment parameters is retained for system 
evaluations in further steps. For example, the road 
surface affects the transferable braking 
decelerations individually for every accident 
scenario. Turning or crossroad accidents strongly 
vary in regard to the possibility of generic 
modelling and setting basic scenes by GIDAS 
parameters. The variation of turning accidents is 
nearly indefinite and can thus be carried out 
manually calling for a detailed accident modelling.  

Accident scenarios from stochastic parameters 

In-depth databases like GIDAS are only available 
for a few countries in the world. In most countries, 
accidents are recorded centrally in national statistics 
by a federal statistical office. It is not feasible to 
generate runnable accident scenarios out of these 
databases so an evaluation of safety systems based 
on case by case studies is not possible. For this 
reason the second method to generate accident 
scenarios, as described before, can be applied 
(Figure 8). This method describes the 
parameterisation of basic scenes by stochastic sets 
of values. In this way a multiplicity of various and 
also non-collision scenarios can be created. To 
assess the effectiveness of an integrated safety 
system, the evaluation is focused on the potential to 
avoid or mitigate collisions. That is why the non-
collision scenarios have to be separated before this 
database can be used for further analysis. 
Weighting the stochastic accident database 
according to the national accident statistics enables 
a system evaluation for countries with non in-depth 
accident databases. Using this method, the 
correlation between weighted accident scenarios 
according to global statistics and in-depth accident 
data, the global statistic results have to be proven at 
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first. To check this correlation, the global 
distribution of the GIDAS accidental parameters 
and the runnable GIDAS accident scenarios are 
used. 

Open-loop- and closed-loop-simulation 

An evaluation of integrated safety systems on the 
basis of different system modelling levels (Figure 
6) demands different simulation methods. These are 
represented by an open-loop- and closed-loop-
simulation. The selection of a specific method 
depends on several factors which are explained 
consecutively. The open-loop-method is 
characterised by pre-simulated driving situations in 
consequence of the implementation of different 
measures to definite time increments. The results of 
the pre-simulated driving situations are archived in 
a kind of look-up table. The simulation is based on 
time series of the original accident trajectory. Such 
a trajectory is shown in Figure 11. In the upper 
diagram the trajectory is represented by a velocity-
time-chart und in the lower as a velocity-distance-
chart. From the velocity-time-chart can be 
recognized that the vehicle, beginning from t=0, is 
moving with a constant velocity. At the point t=tb 
the vehicle introduces a braking manoeuvre. The 
collision occurs at the point t=tcoll with a collision 
velocity of v=vcoll. Based on this exemplary 
trajectory and the charts in Figure 11, the method of 
the open-loop-simulation is explained. To pre-
simulate driving situations, the simulation must be 
stopped at specified time increments, and instead of 
the original nominal trajectory, a measure is 
implemented and simulated with the current 
momentums. This means that a sub-simulation is 
carried out. This measure could be emergency 
braking [12]. In this special case the simulation is 
stopped at the point ti and emergency braking is 
simulated. For this sub-simulation the current 
simulation parameters at the point ti are set as the 
basic values for the sub-simulation. In this case, 
that would be the current velocity because other 
factors are not considered in this simple 
explanation. Through the implementation of the 
braking measure with a sharp deceleration 
characteristic, a new nominal trajectory is generated 
at the point of ti (Figure 11). For this trajectory 
different parameters are archived e.g. the collision 
velocity, collision occurring or final positions of the 
objects in the simulation. At the point ti+1 the same 
braking action is implemented and simulated again 
and the new results are archived. The braking 
action is simulated through the whole chronological 
sequence of the scenario at definite time 
increments. All these steps are independent from 
the triggering strategy of the technical system and 
must be understood as pre-processing for the 
generation of simulation data. Whether or when 

emergency braking is triggered in this scenario is 
not relevant at this point. This method generates an 
accident scenario data file, which is the basis for the 
effectiveness of emergency braking for every 
simulated time ti. This method is executed for every 
single accident scenario in the database and for 
every action that should be assessed. For the two 
sub-simulations at the point ti and ti+1, shown in 
Figure 11, the collision based on the nominal  
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Figure 11: Time series vehicle trajectories 

trajectory is prevented. This simulation method can 
be used for probability analysis as well. For this 
case not only one sub-simulation is carried out at 
definite time increments but several, which derive 
from a covering of the sharp deceleration 
characteristic with a parameter distribution. A band 
of sub-trajectories is thus generated, which disperse 
about the nominal sub-simulation trajectory. It can 
also be ascertained that not all sub-trajectories can 
prevent the collision compared to the nominal 
trajectories. As a consequence, the sub-simulations 
can be used to define a collision probability that is 
defined as the number of collisions based on the 
whole number of sub-simulations for a specific 
point ti. The collision probability is a new 
parameter for a technical assessment concerning the 
effectiveness of an integrated safety system. To 
make the probability results out of the sub-
simulations comparable with the nominal accident 
scenario, the original scenario parameters must also 
be distributed. The probability background can be 
interpreted via the technical system’s own 
variability because of system internal or external 
effects. As described before, the pre-processing 
generates accident scenario data files as a kind of 
look-up table, in which the effectiveness of an 
emergency braking action for every simulated time 
ti is disposed. To identify the effect of the simulated 
actions, only the scenario specific points ti when an 
action is enabled, have to be detected. To assess 
just the actuating elements with ideal algorithm 
behaviour, the action always gets triggered to the 
specified time to collision. For every accident 
scenario, the action effectiveness for the point ti, 
which is equal to the scenario specific time to 
collision, can be extracted from the look-up tables. 
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Another use case is to analyse the algorithm 
behaviour based on the nominal trajectory of the 
accident scenario und analyse the time of 
classification of a critical situation. Latency or  

t0

tSimti tendtclassification

tlatency + treaction

tcollisiont0

tSimti tendtclassification

tlatency + treaction

tcollision

simulation databasesimulation database

 
Figure 12: Evaluating action effectiveness including 
pre-simulated databases 

reaction times can also be considered, so the 
triggering point ti can be extracted as shown in 
Figure 12. To accomplish the system assessment in 
a separate post-processing step turns out to be very 
efficient. Through look-up tables, it is possible to 
replace a run-time computation with fast search 
operations. The savings in terms of processing time 
can be significant because retrieving a value from 
memory is often faster. Further, the simulated 
actions can be reused discretionally and it is 
possible to regard probabilistic considerations to 
achieve stochastic confirmed benefit statements. 
First of all the simulation data for the post 
processing step have to be created. This step 
requires a one time simulation effort. For more 
complex or interlacing actions which affect earlier 
measures than emergency braking regarding the 
chronological sequence until collision, it has to be 
considered that there might be feedback by driver 
engagement or environment behaviour. For 
measures triggered a short time before collision 
such as emergency braking, the feedback can be 
neglected. To assess complex measure 
combinations with an estimated feedback, a closed-
loop-simulation is required. A closed-loop-
simulation calculates the complete system 
behaviour for every simulation step. That means the 
information detected by a sensor model is 
conducted to the algorithm calculating the current 
behaviour of the safety system whether a fire or a 
non firer situation is existent. If there is a non-fire 
scene the loop is passed through again. If there is a 
fire scene, a warning actuating element could be 
triggered. The triggering of a warning actuator 
occurs quite a long time before collision. That 
means that the situation can be affected by driver 
engagement, the pedestrian leaving the critical area 
or by the sensor system. For driver modelling the 
closed-loop-simulation comprehends a probabilistic 
driver model created from studies with probands. 
For this purpose the distribution of driver behaviour 
for every single warning strategy analyzed in the 
studies is included. From distributions of e.g. 
reaction time and corresponding braking 
deceleration, it is possible to convey a probabilistic 
parameter combination and integrate stochastic 
driver behaviour into the simulation. This means 

that triggering a warning actuator leads to a 
simulation stop at the point of triggering and the 
simulation is processed several times with different 
sets of parameters. Further it is possible to integrate 
sensor models, algorithms and actuator models as 
described before in both simulation methods. Both 
simulation methods deliver technical collision 
parameters like collision speed or impact location. 
To calculate the benefit based on injuries or 
fatalities it is necessary to convert the technical 
parameters.  

SYSTEM DESIGN BASED ON INJURY 
SEVERITY 

To quantify the effectiveness of an integrated safety 
system in real world accidents, two kinds of 
parameters can be used, as described before. These 
are, on the one hand, the technical parameters and 
on the other hand, the injury severity. The injury 
severity can be quantified by the number of 
seriously injured pedestrians or fatalities. 
Quantifying the effectiveness by the injury severity 
an injury risk function can be applied. With this 
function it is possible to calculate the injury 
severity based on the technical parameters. 
Generally an injury risk function is defined as the 
probability to achieve a defined injury severity 
depending on quantitative influencing factors. 
Through injury functions different passive safety 
measures can be modelled having direct influence 
on the form of the curves [4]. Two exemplary 
injury risk functions are shown in Figure 13. These 
curves indicate the probability e.g. for a pedestrian 
to suffer a MAIS2+ injury at a certain collision 
speed. Accumulating the injury probabilities for a 
MAIS2+ injury of every single accident scenario in 
the database, the absolute number of seriously 
injured pedestrians can be calculated and the 
effectiveness of two-system configuration 
identified. 
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Figure 13: Exemplary injury risk functions for 
different passive measures 

In Figure 13 the curve for passive measure 2 
indicates a lower probability for a MAIS2+ injury 
at equal collision speed. Accordingly this curve 
represents more effective passive measures 
compared to passive measures 1. In general, the 
injury severity depends not just on one parameter 



Schramm 8 

like the collision speed but on a number of 
parameters influencing the grade of injury severity 
e.g. impact location, pedestrian age or vehicle front 
characteristics. To generate injury risk functions 
with a high modelling quality these additional 
parameters have to be identified. In consequence, 
there are more injury risk functions depending on 
the influencing factors. For example, injury risk 
functions for young and old pedestrians or frontal 
and lateral impacts. On the one hand, the injury risk 
function can be derived directly from the GIDAS 
database. In this case, a model for the injury 
severity is gained based on the vehicles’ passive 
measures existing in the GIDAS database. To 
identify the influence to injury severity for defined 
passive measures like prospective passive measures 
for pedestrians, these measures have to be modelled 
at first because the GIDAS database contains a 
huge variety of vehicles and different passive 
measures resulting from the date of manufacturing. 
To model passive measures the method of injury 
shift can be applied [5]. 

total system evaluation effectiveness
as function of system components

sensor
system

actuating
elements

functional
algorithm

environment

passive 
measures

effectiveness

driver  
Figure 14: Effectiveness of integrated safety systems 
subjected to total system behaviour 

With this method the expected injury reduction of a 
pedestrian caused by a synthetic improvement of 
passive measures can be modelled. Using this new 
distribution of injuries for every single accident in 
the database to generate an injury risk function, the 
result is a new curve with a lower probability of 
MAIS2+ injuries. Regarding Figure 13, the injury 
risk functions for passive measures 1 and 2, 
conveying the results of the method qualitatively. 
Applying injury risk curves, the effectiveness of 
passive measures and integrated safety systems are 
comparable, because a decreasing collision speed 
by active measures directs a decreasing injury 
probability for the pedestrian (Figure 13). 
Consequently, the described simulation method 
calculating the technical parameters caused by an 
integrated safety system on real world accident 
scenarios in combination with injury risk functions 
enables a new application spectrum designing 
integrated safety systems. So the effectiveness of 
passive and integrated system approaches can be 
compared during the development process (Figure 
14).  

CONCLUSION 

Former studies indicate high potential of brake 
assist systems regarding the effectiveness in terms 
of reducing seriously injured pedestrians or 
fatalities in real world traffic accidents. This applies 
pedestrian safety in particular, because softer front 
end structures or measures like active bonnets 
illustrate limited effectiveness. Further reduction 
can be achieved by using integrated safety systems 
consisting of functional algorithms, actuating 
elements and sensor systems in addition to passive 
safety measures. To enable a requirement based 
system development regarding the total system 
effectiveness in real world traffic accidents, the 
effectiveness analysis has to be integrated into the 
function development process assuring that all 
results of the other development steps in terms of 
function definition and testing are included. An 
evaluation of these systems during the function 
development process requires new methods. A lot 
of information about the system’s influencing 
factors is detected in the testing and defining 
process steps. This information is considered in a 
central simulation method including detailed 
models and enables a level based system 
evaluation. That means the influence of the system 
components affecting the benefit evaluation can be 
identified in a structured and objective way. To 
evaluate the system benefit on real world accident 
data, runnable accident scenarios from an in-depth 
accident database for case by case evaluations have 
to be created in an effective way. So a semi-
automated method based on sensor equivalent 
accident scenes to build up the scenarios is 
developed. Further, it is possible to generate 
stochastic scenarios applied to predict the system 
benefit for countries with no in-depth accident 
information. The accident scenarios are processed 
in a closed- and open-loop simulation. The open-
loop method is characterised by pre-simulated 
driving situations in consequence of the 
implementation of different measures to definite 
time increments. The system evaluation is carried 
out in a separate post-processing step making this 
method very efficient for application in the function 
development process. More complex combinations 
of different actuating elements and triggering 
strategies induce feedback by e.g. the driver, system 
components or the environment. In this case, a 
closed-loop simulation is required. Both open-loop 
and closed-loop simulation had the potential to 
integrate detailed models of the system components 
as described before. The effectiveness of a safety 
system can be quantified as the difference between 
the technical or injury based results of two system 
configurations. In the first step, the simulation 
provides technical parameters to quantify the 
benefit of the tested system configuration. A 
conversion of these to injury values requires injury 
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risk functions. With these functions different 
passive measures are modelled and the 
effectiveness of different system strategies can be 
detected. Consequently, it is possible to design 
integrated safety systems with regard to their 
effectiveness in real-world accident scenarios 
during the development process by using the 
method presented in this article. The integration of 
the effectiveness analysis into the development 
process enables a requirement based system design 
regarding the total system effectiveness in real 
world accidents contributing to achieve the goal of 
vision zero. 
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ABSTRACT 

The objective of this study was to calculate the 
effectiveness of a pedestrian injury mitigation 
system that autonomously brakes the car prior to 
impact at reducing fatal and severe injuries. 

The database from the German In-Depth Accident 
Study (GIDAS) was queried for pedestrians hit by 
the front of cars from 1999 to 2007. Information on 
vehicle and pedestrian velocities and trajectories 
were used to estimate the field of view needed for a 
vehicle-based sensor to detect the pedestrians one 
second prior to the actual crash. The pre-impact 
braking system was assumed to provide a braking 
deceleration up to the limit of the road surface 
conditions, but never to exceed 0.6g. New impact 
speeds were calculated for pedestrians that would 
have been detected by the sensor. These 
calculations assumed that all pedestrians that were 
within the given field of view and not hidden by 
surrounding objects would be detected. The 
changes in fatality and severe injury risks were 
quantified using risk curves derived by logistic 
regression of the accident data. Summing the risks 
for all pedestrians, new casualty numbers were 
obtained. 

The study documents that the effectiveness of 
reducing fatally (severely) injured pedestrians 
reached 40% (27%) at a field of view of 40°. 
Increasing the field of view further led to only 
marginal improvements in effectiveness.  

1. INTRODUCTION 

A study by Transport Research Laboratory (TRL) 
under contract by the European Commission 
(Lawrence et al., 2006) predicts that the current 
functionality of brake assist systems can 
substantially reduce pedestrian fatality rates. The 
effectiveness at reducing the numbers of fatally and 
seriously injured pedestrians was estimated to be 
approximately 10%. One explanation for this 
finding is that even slight reductions in impact 
speeds have a large effect on the injury outcome for 

pedestrian victims (Davis, 2001; Hannawald and 
Kauer, 2004; Rosén and Sander, 2009; Tharp and 
Tsongos, 1977). 

There are at least two advantages of pre-impact 
braking: The impact energy is reduced, leading to 
lower risk of injury, and the secondary impact 
when the pedestrian hits the ground is mitigated. 
Injuries are often caused by the secondary impact 
(Gavrila et al., 2003). Pre-impact braking has been 
suggested as one method to reduce their severity 
(Meinecke et al., 2003). 

However, as brake assist systems have been 
predicted to activate in only about 50% of all 
accidents (Hannawald and Kauer, 2004), a natural 
evolution would be to complement future systems 
with a suitable sensor that autonomously activates 
the brakes if the driver fails to take action 
(Lawrence et al., 2006). The current study is an 
attempt to analyse the effectiveness of such an 
enhanced brake assist system. Like the studies by 
Aparicio (2005) and Hannawald and Kauer (2004), 
this study is based on models of real-world 
accident data. We extend those models to predict 
the reduction of pedestrian injuries from an 
autonomously activated brake assist system. Our 
approach is in line with the method proposed by 
Lindman and Tivesten (2006). 

Studying real-world accident data is a viable way 
to gain an increased understanding of the pre-crash 
movements of vehicles and pedestrians. Currently, 
the most detailed accident databases include 
vehicle travel and impact speeds, driver braking 
and steering manoeuvres as well as detailed 
sketches of the accident scenes. By combining this 
information it is possible to derive the pedestrian 
location relative to the vehicle as a function of time 
during the pre-crash phase. Such extended 
reconstructions can also serve to establish the time 
to collision and pedestrian location at the instant 
when he/she would have become detectable by a 
vehicle based sensor (regardless of type) and when 
he/she stepped out into the road. This information 
can guide the understanding of real-world 
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requirements and their influence on potential 
system effectiveness.  

The hypothetical system considered in this study 
contains a forward looking, vehicle-based sensor 
with a given field of view. The signal from the 
sensor is processed by a computer algorithm. If a 
pedestrian collision is predicted to occur, the 
system will autonomously activate the vehicle’s 
brakes. The effectiveness of such a system depends 
on five main parameters: the field of view, 
detection range and accuracy of the sensor and the 
duration and level of the applied brake force. 

Naturally, a larger field of view will detect more 
pedestrians. However, this also implies that the 
system will have to consider pedestrians further 
away from the road. This, in turn, will increase the 
sensor requirements and the complexity of 
activation strategies. With a greater detection 
range, it is possible to increase the braking 
duration, which will reduce the vehicle speed 
further before impact. However, autonomous 
braking implies a rather severe intervention that 
may or may not be welcomed by the driver. A 
system that activates too early may negatively 
affect the driver’s ability to stay in control of the 
vehicle (ECE, 1968). Furthermore, the perceived 
level of system intrusion is likely larger for harder 
braking and longer braking durations. Earlier 
predictions by the system will also increase the 
uncertainties regarding the intent of other road 
users, which may lead to higher rates of false 
activations. In sum, there are many arguments 
against assuming that it is necessarily preferable for 
autonomous breaking systems to have a larger field 
of view and an earlier activation time. 

2. OBJECTIVE 

The main goal of this study was to estimate the 
potential reduction of fatally and severely injured 
pedestrians by an autonomous braking system as a 
function of the sensor field of view given a pre-
impact braking activation time of one second and a 
maximum braking deceleration of 0.6g. These 
system parameters were chosen as a reasonable 
balance between high protection level (early brake 
activation and high deceleration), reduced risk of 
assumed negative driver reaction, and influence on 
ambient traffic from instances of false system 
activation. Although the system was likely to be 
beneficial both for pedestrians struck by the front 
and side of vehicles, our method to estimate 
effectiveness was more reliable for those struck by 
the front. The reason was that the relation between 
injury risk and vehicle impact speed was less clear 
for pedestrians struck by the side, since only some 
of those receive a substantial impulse, or change of 
momentum, in the crash. Hence, we chose to 

include only pedestrians struck by vehicle front 
ends in the detailed analysis, although some results 
will be presented for the full target population as 
well. 

3. DATA AND METHODS 

3.1 Data 

The German In-Depth Accident Study (GIDAS) is 
based on accident data collected from the cities of 
Hanover and Dresden and their surroundings. The 
availability of recent, in-depth, accident 
reconstruction data, access, and familiarity with the 
database made GIDAS a natural choice for this 
study. A detailed account on GIDAS is provided by 
Otte et al. (2003). The work shifts for the GIDAS 
teams are specified by a statistically developed 
sampling plan and cover half the hours of each day 
and night (Otte et al., 2003; Pfeiffer and Schmidt, 
2006). The GIDAS database therefore contains a 
fairly representative sample of German accidents 
with pedestrian injuries. However, a certain bias 
towards severe and fatal accidents is present and a 
method to adjust for that was used (Rosén and 
Sander, 2009). That study found that cases coded 
as “ambulant” (less than 24h medical treatment), 
“in-patient” (more than 24h medical treatment), 
and “fatal” (dead within 30 days from the accident) 
should be weighted with the relative factors 1.0, 
0.49, and 0.36 respectively. 

Injuries were coded according to the Abbreviated 
Injury Scale (AIS98), which is an injury 
classification system using standardised criteria for 
describing injury severity (AAAM, 2001). The 
system comprises six levels of injury severity, 
where AIS1 denotes minor injury, 2 moderate, 3 
serious, 4 severe, 5 critical, and 6 fatal (currently 
untreatable) injury. The Maximum AIS (MAIS) 
gives the severity of the worst injury (of the several 
sustained by the victim). For example, MAIS3+ 
denotes cases where the severity of the worst injury 
was AIS3 or higher. In the following, we have 
denoted cases with MAIS3+ as severe and cases 
with less severe injuries (MAIS1 and MAIS2) as 
slight. Cases where the pedestrian died within 30 
days were classified as fatal. All fatal cases with 
MAIS3+ injuries were also considered severe, 
which was different from the analysis of Lawrence 
et al. (2006) where a serious case could not be 
fatal. 

The target population for the autonomous braking 
system included pedestrians struck by the front and 
side of motorised vehicles. However, the detailed 
analysis of this study was restricted to those struck 
by the front of a car, SUV, minibus, or van. Of all 
pedestrians in GIDAS struck by such vehicles, 66% 
were hit by the front, 29% by the side and 5% by 
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the rear. For the fatally (severely) injured 
pedestrians, 90% (74%) were struck by the front, 
8% (21%) by the side, and 3% (4%) by the rear. 
We further restricted the target population by 
taking into account only pedestrians who were not 
suspected of being intent on suicide and who were 
struck once by a vehicle that did not have an initial 
collision with another object. These restrictions 
excluded only a small number of cases. 

From the years 1999 to 2007, 755 cases were 
gathered, including 38 fatally and 123 severely 
injured pedestrians, in which the vehicle impact 
speed was assessed by a GIDAS reconstruction. Of 
these, 243 cases contained sufficient information to 
estimate the pedestrian location relative to the car 
one second prior to impact. This final dataset 
contained 46 severely injured pedestrians, of which 
11 were fatalities. Furthermore, 232 of the striking 
vehicles were passenger cars. The remaining cases 
included seven minibuses, one pick-up truck, one 
off-road vehicle, one minibus shaped, and one van. 
Of the fatally (severely) injured pedestrians, 10 
(45) were struck by cars and 1 (1) by a minibus. 

3.2 Estimating the Effect of the Autonomous 
Braking System 

The hypothetical autonomous braking system 
consisted of an extension to a brake assist system 
that would autonomously activate the vehicle 
brakes when an activation signal was provided by 
the sensing system. As shown in Figure 1, the 
sensor was mounted in the centre of the vehicle 
front and had a given field of view. Furthermore, 
the sensor was assumed to operate in all light and 
weather conditions, but could only detect 
pedestrians that were within the given field of view 
and not obstructed by other vehicles or fixed 
objects such as buildings. 

For each accident, information on the exact 
accident spot, the impact and travel speeds of the 
car, the exact impact location of the pedestrian on 
the car front, and approximate trajectories of the 
car and pedestrian a few seconds prior to impact 
were provided by the original GIDAS 
reconstructions. The reconstruction methods are 
described by Rosén and Sander (2009). Driver 
braking and steering manoeuvres were also given, 
including an estimate of the mean braking 
deceleration and the braking distance. Finally, 
pedestrian walking speeds were coded using four 
categories: (1) walked, (2) walked slowly, (3) 
walked briskly and (4) ran. 

We took pedestrian age into account to generate 
quantitative estimates of pedestrian walking speeds 
in km/h (Eberhardt and Himbert, 1977). Combining 
this with information about the point of collision 

and pedestrian trajectory, it was possible to 
estimate the location of the pedestrian one second 
prior to impact. The location and travel speed of 
the car one second prior to impact was derived by a 
similar backwards calculation, beginning from the 
accident spot, taking impact speed, braking 
deceleration and vehicle trajectory into account. 
The locations of both the car and pedestrian 
enabled us to calculate the field of view needed for 
a sensor on the car front to detect the pedestrian. 
Pedestrians for which obstacles in the environment 
obstructed the sensor line of sight during the pre-
crash phase were considered to be “not visible”. 

Following Danner and Halm (1994), the maximum 
possible braking deceleration was assessed for each 
case using GIDAS information on the road surface 
type and condition. A maximum deceleration of 
0.6g was applied to all cases where the road surface 
type and condition allowed. In the other cases, the 
maximum possible deceleration was chosen. It was 
also assumed that the brake force had a linear ramp 
up time of 300 ms and then remained at a constant 
level. The chosen values of ramp up time and 
maximum braking deceleration are in line with 
those reported by Grover et al. (2008) for 
automated emergency brake systems. 

The final step was to calculate new impact speeds, 
v’, for cases were the pedestrian was visible and 
within the given field of view one second prior to 
impact, so that the autonomous braking system 
could have been activated. The new impact speeds 
followed from basic kinematics combined with the 
work-energy principle. In cases where the driver 
had braked, the original impact speed was kept if it 
was lower than the one provided by the 
autonomous braking system. In cases where the 
sensor would have detected the pedestrian less than 
one second prior to impact, the system was 
assumed to have no effect, even though pre-impact 
braking would have lowered the impact speed. 

3.3 Injury Risk Functions 

In order to derive injury risk functions for fatal 
injury and for severe (MAIS3+) injury, weighted 
logistic regression analysis was conducted 
following Rosén and Sander (2009). In order to 
increase statistical robustness, the larger GIDAS 
sample was then used, comprising 755 pedestrians 
of which 38 were fatally injured. To verify data 
quality, all fatal accidents, crashes with impact 
speeds exceeding 65 km/h, and 20 randomly 
selected cases were studied in detail. This was done 
by considering accident sketches, photographs, 
police reports, medical records, etc. As a result of 
these investigations, two accidents with pedestrians 
surviving impact speeds of 77 km/h and 108 km/h 
respectively were excluded from the sample due to  
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Figure 1.  Pedestrian locations one second prior to impact. The dashed lines represent the field of views 
(FOV) 30°, 40°, and 50°. (a) Visible (not visible) fatally injured pedestrians marked with black (white) 
squares. Visible (not visible) severely injured survivors marked with grey (white) diamonds. (b) Visible 
(not visible) slightly injured pedestrians marked with grey (white) triangles. 

interaction mainly with the side structure of the car. 
(In other words, these two pedestrians were 
“sideswiped” by the car and did not receive a 
substantial impulse in the collision.) Hence, the 
final sample consisted of 753 pedestrians. The 
fatality risk as a function of impact speed, Pfatal(v), 
was then assumed to have the following form 

)exp(1

1
)(Pfatal bva

v
−−+

=           (1) 

where v is the impact speed and a, b two 
parameters to be estimated by the method of 
maximum likelihood (Dobson, 2002; McCullagh 
and Nelder, 1989). 

A similar logistic regression analysis was 
conducted for the risk of sustaining at least one 
severe injury (MAIS3+) as a function of impact 
speed, Psevere(v). For this analysis, a sub-sample of 
694 pedestrians was used, for which the maximum 

AIS was known. Of these, 123 had at least one 
severe injury. 

3.4 Effectiveness 

The new impact speeds, v’, achieved with the 
autonomous braking system implied reduced risks 
of fatality and severe injuries. With the 
reconstruction data and risk curve, Pfatal(v), 
available, it was possible to estimate the 
effectiveness of the autonomous braking system. 
The effectiveness is defined as E=1–N’/N, where N 
is the weighted number of fatalities in the sample 
and N’ is the estimated weighted number of 
fatalities with the braking system available. The 
calculations can be mathematically expressed as 

∑∑
==

−=
n

i
ii

n

i
ii wvwv'E

1
fatal

1
fatal  )(P )(P1    (2) 

where n is the number of cases (243 in this study), 
vi and v’i the original and new impact speeds, and 
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wi the weight factor for the i:th pedestrian. Since 
the new impact speeds depended on the field of 
view of the sensor, so did N’ and, hence, the 
effectiveness. This made it possible to study the 
effectiveness as a function of field of view. We 
calculated the effectiveness for the following field 
of views: 180°, 90°, 60°, 50°, 40°, 30°, 20°, and 
10°. The same analysis was then conducted for 
severe injury. 

Let us write the number of fatalities as N=Nnb+ Nb, 
where Nnb is the number of fatalities in accidents 
where the driver had not braked, and Nb the number 
of fatalities in accidents where the driver braked. 
Analogously, we write the estimated number of 
fatalities with the autonomous braking system 
available as N’=N’nb+N’b with the same 
interpretation of the subscripts “nb” and “b”. By 
restricting the sums in equation (2) to these two 
different subgroups, Nnb, Nb, N’nb, and N’b were 
estimated. The ratio (Nnb–N’nb)/(N–N’) then gave 
the percentage of the fatality reduction that came 
from cases where the driver had not braked. 

The influence of braking duration was also briefly 
considered by calculating the effectiveness when 
activating the brakes at 2s, 1.5s, 1s, and 0.5s prior 
to impact. This analysis could not be conducted for 
different values of the sensor field of view, since 
the field of views needed to detect the pedestrians 
were only known at one second prior to impact. 
Therefore, these investigations were only 
conducted for a field of view of 180°. 

4. RESULTS 

4.1 Empirical Observations 

When considering the total sample, comprising 753 
cases, we found 38 fatally and 123 severely injured 
pedestrians. For 32 (105) of the fatally (severely) 
injured pedestrians, both impact speed and travel 
speed were known. It was then found that 41% 
(27%) of the fatally (severely) injured pedestrians 
were freely visible during the pre-crash phase, but 
the driver did not brake, and for another 13% (3%) 
the speed reduction from driver braking was less 
than 10% of the travel speed. 

Restricting to the 243 cases chosen for extended 
reconstruction, there were 11 fatally and 46 
severely injured pedestrians. For the fatally 
(severely) injured pedestrians, 60% (26%) were 
freely visible, but the driver did not brake or braked 
only marginally. These results are close to the 
corresponding figures for the total sample 
presented above, and thus provide a check of the 
representativeness of the sub-sample used for 
extended reconstructions. We may conclude that an 
autonomous braking system would have a potential  
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Figure 2. Cumulative impact speed distributions 
with and without the autonomous braking 
system. 

to largely reduce the impact speed of the car for 
approximately half of the fatalities and one third of 
the severely injured pedestrians. 

Figures 1a and 1b show the locations of the 
pedestrians one second prior to impact with 
different markers for slightly, severely, and fatally 
injured pedestrians. Since the vehicles typically had 
higher speeds than the pedestrians, pedestrian 
locations were more in the centreline of the sensor 
and farther away from the vehicles the higher the 
vehicle speed was. The same cases also tended to 
lead to higher injury severity levels. Finally, from 
Figure 1a, we see that a sensor with 40° field of 
view would have detected all but one of the visible 
pedestrians with fatal or severe injuries. 

In total, 69% of the drivers braked, however in 
many cases the effect of the braking was very 
small. For the drivers who braked, the mean 
braking duration was 0.67s. Applying autonomous 
braking to all cases, regardless of visibility and 
field of view, the mean braking duration was 1.4s. 
(Note that activating the brakes one second prior to 
predicted impact will extend the actual time to 
impact, since vehicle speed will be decreased.) 

In Figure 2, the cumulative distribution of impact 
speed for the sample is shown together with the 
corresponding distributions if the vehicles had been 
equipped with the autonomous braking system with 
180° and 40° field of view respectively. The mean 
impact speed changed from 29 km/h (without the 
autonomous braking system) to 22 km/h (23 km/h) 
with a 180° (40°) field of view. Furthermore, 15% 
(11%) of the accidents would have been completely 
avoided. The mean travel speed of the cars was 39 
km/h. Hence, the drivers achieved, on average, a 
26% reduction of travel speed by braking (39 km/h 
to 29 km/h), whereas the autonomous braking 
system would have given a 44% (41%) speed 
reduction for 180° (40°) field of view. 
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Figure 3.  Fatality risk curve and empirical fata-
lity rates (squares). 
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Figure 4.  Severe injury risk curve and empiri-
cal severe injury rates (squares). 

4.2 Injury Risk Functions 

Figure 3 shows the fatality rates observed at 
different intervals of impact speed and the best-fit 
logistic regression curve. In Figure 4, similar 
information is given for the risk of sustaining at 
least one severe injury (MAIS3+). Details of the 
logistic regression analyses are provided in Table 1, 
where a, b are parameters to the risk function 
described in equation (1). 

4.3 Effectiveness 

Figures 5 and 6 show the estimated effectiveness of 
the autonomous braking system in preventing 
pedestrians from sustaining fatal and severe 
injuries for a range of sensor fields of view. For 
frontal impacts, the effectiveness for fatal (severe) 
injuries varied between 44% (33%) and 40% (27%) 
for field of views between 180° and 40°. The left-
most category, labelled “All”, shows the predicted 
effectiveness when autonomous braking was 
applied in all cases regardless of visibility and field 
of view. This represents the greatest possible level 
of effectiveness given the unrealistic assumption of 
perfect information. Figures 5 and 6 also give the 
effectiveness for the full target population, i.e., 
when including pedestrians struck by the side of a  

Table 1. 
Logistic Regression Results. 

 afatal bfatal asevere bsevere 

Estimate –7.5 0.096 –4.6 0.078 

LL –9.0 0.067 –5.3 0.059 

UL –5.9 0.13 –3.8 0.096 

P-value <0.0001 <0.0001 <0.0001 <0.0001 

Details from the logistic regression analyses. The 
lower limits (LL) and upper limits (UL) are for a 
95% Wald confidence interval. 

vehicle. (These results were obtained by a similar 
analysis as for the frontal impacts.) 

The effectiveness calculations can be described as 
follows. The weighted baseline estimates for all 
243 cases were 5.07 fatally (29.9 severely) injured 
pedestrians, which are close to the true values of 
5.36 (30.3). Applying the autonomous pre-impact 
braking in all 243 cases, regardless of visibility, 
estimated 1.63 (11.8) fatally (severely) injured 
pedestrians. The effectiveness therefore is Efatal = 1 
– 1.63/5.07 = 68% (Esevere = 1 – 11.8/30.3 = 61%). 
Restricting to pedestrians who were visible, the 
casualties increased to an estimated 2.82 fatalities 
(20.1 severely injured) and an effectiveness of 
Efatal=44% (Esevere=33%). The results shown in 
Figures 5 and 6 were generated using parallel 
calculations for the full range of values for the field 
of view. 

Furthermore, it was found that 75–80% of the 
saved lives and 65–70% of the reduction of 
severely injured pedestrians came from cases 
where the driver had not braked. 

For a sensor with 180° field of view, we studied the 
effectiveness as a function of the time before 
impact at which the autonomous braking was 
activated. The results are provided in Figure 7. In 
this analysis, it was assumed that pedestrian 
visibility did not change during the pre-crash 
phase. Naturally, in the statistical model, the 
effectiveness increased with activation time, since 
longer braking duration implies lower impact speed 
and, hence, injury risk. However, in real-life traffic, 
autonomous braking implies a rather severe 
intervention in the operation of a driver, which may 
affect the driver’s ability to stay in control of his 
vehicle (ECE, 1968). This influence is likely larger 
for harder braking and longer braking durations. 
Earlier predictions by the system will also increase 
the uncertainties regarding the intents of other road 
users, which may lead to higher rates of false 
activations. 
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Figure 5. System effectiveness for fatality 
reduction. The category “All” corresponds to 
autonomous braking in all cases regardless of 
visibility and field of view. 
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Figure 6.  System effectiveness for reduction of 
severely injured pedestrians. 

5. DISCUSSION 

The effectiveness of the autonomous pre-impact 
braking system analysed in this study depends on 
how many pedestrians would be detected by the 
sensing system (system accuracy, field of view and 
detection range) as well as the duration and the 
level of the applied brake force. We chose to start 
with an analysis of the relation between sensor 
field of view and system effectiveness, due to the 
influence this parameter has on the cost and 
requirements on the sensing system. Figures 5 and 
6 provide the results for a system that activates the 
brakes one second prior to predicted impact with a 
maximum braking deceleration of 0.6g. In some 
cases where the pedestrian was coded as not visible 
during the pre-crash phase, it is possible that he/she 
was only partially or temporarily obstructed from 
view. Even higher system effectiveness may 
therefore be possible if further development of 
detection systems and activation strategies leads to 
reliable detection of these pedestrians. This would 
decrease the gap between the effectiveness when  
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Figure 7.  Effectiveness of the autonomous bra-
king system with 180° field of view as a function 
of the brake activation time to impact. 

braking for “All” pedestrians and when braking 
only for those coded as visible (see Figures 5 and 
6). 

A natural continuation of this study would be to 
analyse system effectiveness as a function of 
braking duration and braking level. Figure 7 
provides the results of an initial investigation of 
this kind. 

Sources of uncertainty for this study range from the 
inaccuracy of accident reconstructions in general to 
the vagary of actual and possible braking levels in 
particular. Predictive studies, like this one, also 
depend on the representativeness of the used data 
set. As described in subsection 3.1, we applied a 
weighting procedure so that GIDAS data might 
better resemble the total population of pedestrian 
accidents in Germany. However, the weighting 
turned out to have only a slight influence on the 
derived effectiveness. Like Lawrence et al. (2006), 
our results were found to be stable against changes 
in the risk curves. These findings indicate that the 
applied statistical methods were quite robust. 

Lawrence et al. (2006) correctly pointed out that 
the potential effectiveness of a (non-autonomous) 
brake assist system is sensitive to the estimated 
additional deceleration that the system would 
generate. This is problematic since both the 
decelerations with and without a brake assist 
system are difficult to estimate accurately. This 
difficulty should, however, be largely avoided in 
this study, since the largest benefit of the 
autonomous braking system did not come from 
generating a higher deceleration in cases where the 
driver had already braked, but from braking when 
the driver failed to take action. As shown in 
subsection 4.3, nearly 80% of the fatality reduction 
came from cases where the driver had not braked. 
The remaining contribution came mainly from 
earlier activation of the brakes in cases where the 
driver had braked only shortly before impact. As 
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shown in subsection 4.1, the average braking 
duration for drivers that braked was 0.67s, whereas 
the autonomous braking system had an average 
braking duration of 1.4s. 

The detailed analyses of this study included 
pedestrians struck by the front of vehicles, with the 
main results provided in Figures 5 and 6. However, 
we also included the results of a similar analysis 
that took into account pedestrians struck by the side 
of vehicles. In so doing, we were assuming that the 
risks of fatality or severe injury as functions of 
impact speed could be derived for all pedestrians 
struck by the front and side of vehicles by simple 
logistic regression analysis. However, this 
assumption is questionable. The risk curves that we 
obtained (not presented here) were rather flat, since 
some of the pedestrians struck by the side of 
vehicles were merely “sideswiped” by the vehicle, 
or, e.g., hit only by an exterior mirror. Naturally, 
those pedestrians did not receive much impulse in 
the crash, and could therefore survive high speed 
crashes, which had a substantial effect on the risk 
curve. In other cases, the pedestrian fell over the 
hood and was struck badly by the A-pillar and 
windscreen. The flatness of the risk curve implied a 
lower benefit from braking. It is therefore likely 
that the effectiveness for pedestrians struck by the 
front or side of vehicles should be slightly higher 
than indicated in Figures 5 and 6. However, the 
results primarily show that the form of the 
effectiveness plot as a function of field of view did 
not change when including pedestrians struck by 
the side of vehicles. 

In this study, the system was assumed to operate 
perfectly in all light and weather conditions, which 
might be difficult to achieve on the road. 
Furthermore, the system was assumed to brake for 
all pedestrians visible within the given field of 
view one second prior to impact. In real-life traffic, 
restrictions in system activation strategies may be 
necessary to gain regulatory and user acceptance. 

6. CONCLUSIONS 

Enhanced brake assist systems that use forward-
looking sensors to predict an emergency situation 
are now becoming available. The approach taken in 
this study was to use real-world accident data to 
estimate the potential reduction of fatally and 
severely injured pedestrians from an autonomous 
brake assist system activated by a suitable forward 
looking sensor. The effectiveness was calculated as 
a function of sensor field of view for a system that 
activates the brakes one second prior to predicted 
impact with a maximum braking deceleration of 
0.6g (see Figures 5 and 6). 

For a field of view equal to 180°, the effectiveness 
in preventing fatal and severe injuries was 44% and 
33% respectively. The effectiveness remained 
nearly constant when decreasing the field of view 
down to approximately 40°. With a field of view of 
40°, the effectiveness in preventing fatal and severe 
injuries was 40% and 27% respectively. Taking into 
account all pedestrians struck by the front or side of 
vehicles, the exact figures changed. However, the 
dependence on field of view was similar. 

These findings are in line with the empirical 
observations that approximately half of the fatally 
and one third of the severely injured pedestrians 
were visible to the driver during the pre-crash 
phase, but the driver did not brake or only braked 
marginally. Furthermore, a large majority of the 
visible pedestrians with fatal or severe injuries 
were within a 30° field of view, and nearly all were 
within 40°. 

Various restrictions will limit the effectiveness in 
real-life traffic, but the results highlight the large 
potential in reducing fatal and severe pedestrian 
injuries with an autonomous braking system and 
that it is reasonable to limit sensor field of view to 
40°.  
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ABSTRACT 

The paper estimates the benefits of low speed 
autonomous vehicle braking technologies (e.g. City 
Safety from Volvo) on reducing whiplash injuries, 
and whether driver adaptation is likely. Potential 
UK whiplash injury reduction and cost savings 
associated with autonomous braking systems are 
calculated. Assuming standard fleet wide fitment, 
predictions show autonomous braking systems 
(City Safety) could annually prevent 263,250 
crashes, mitigate 87,750, and prevent 151,848 
injuries, equalling nearly €2 billion savings in 
repair costs and whiplash compensation. In driver 
adaptation testing participants drove toward an 
inflatable target car at 15km/h without braking. 
Responses were collected from 99 driver tests, 
where the vehicle autonomously brakes preventing 
impact. 11% of drivers braked instinctively when 
approaching targets, and 95% of drivers stated they 
would not rely on City Safety for normal driving, 
and understood that it was for emergency braking 
only. Feedback was also gathered from 11 drivers 
experiencing the system on thousands of kilometres 
of normal UK roads. None reported either positive 
interventions or false interventions. City Safety, an 
example of low speed autonomous braking 
systems, shows huge potential for reducing crashes 
and whiplash injuries valued at nearly €2 billion in 
insurance claim savings. Other current autonomous 
braking systems operating at higher speeds require 
driver activation, and can only mitigate impact 
speeds. City Safety operates autonomously at low 
speeds and can prevent collisions occurring 
completely, so no risk compensation issues are 
expected. 

INTRODUCTION 

Over the last few years vehicle manufacturers have 
been launching a wide range of primary safety 
technologies.  These are technologies that are 
designed to prevent a collision from occurring by 
warning the driver to intervene, or to lessen the 
speed and severity of the collision by autonomous 
vehicle braking. Some examples are Adaptive 
Cruise Control (ACC), Automatic Emergency 
Braking Systems (AEBS), and Low Speed 
Avoidance technologies. 

ACC and AEBS 

ACC uses a radar unit mounted on the front grille 
of the car to sense the proximity and speed of 
vehicles ahead. This allows the functionality of a 
standard cruise control system to be extended to 
control braking as well as acceleration. The driver 
can then let the ACC control acceleration and 
braking, and only has to provide steering input. 
ACC is designed to work on motorways and dual 
carriageways and most systems are only 
operational at over 30 km/h.  
 
ACC systems also have the facility to provide a 
warning to the driver if the car is at risk of a 
collision. These warnings can take many forms 
including visual symbols or lights, audible beeps or 
‘bongs’, or a haptic tug on the seat belt.  
 
A further development of ACC is AEBS, which 
will automatically apply the vehicle brakes when 
an imminent collision is identified. AEBS aims to 
prevent the collision or to mitigate severity by 
reducing speed. AEBS functionality is known by 
different names by individual manufacturers, such 
as Collision Mitigation Braking System (CMBS) 
by Honda, or Collision Mitigation by Braking 
(CMbB) by Ford.  
 
So both ACC and AEBS use radar sensors and 
show some potential for mitigating crashes, but 
they are not designed to prevent crashes from 
occurring completely. The potential effect for 
reducing crashes and injuries may also be limited 
by certain HMI (Human Machine Interface) issues. 
The systems are only operational when activated by 
the driver, and can be turned off easily if the driver 
chooses. The systems also issue warnings to the 
driver that they need to intervene to prevent a 
collision. Since different systems issue different 
types of warnings there is potential for confusion 
that might lead to either a lack of response from the 
driver, or an inappropriate response, which limits 
the effectiveness of the warning.  
 
An example of a Low Speed Avoidance technology 
is City Safety, and that does not appear to have 
these associated HMI issues. This uses LIDAR 
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(Light Detection and Ranging) sensors, which is an 
optical remote sensing technology that measures 
properties of scattered light (laser) to find range 
information of a distant target (vehicle in front). 
These LIDAR sensors are mounted behind the 
windscreen and scan the road ahead for 
approximately 6m. In a situation with a likely 
collision, the system will pre-charge the brakes to 
give a faster response if the driver does brake. 
Should the driver still fail to brake in an imminent 
collision situation, automatic braking power up to 
5m/s2 is applied, and throttle control by the driver 
is disconnected. In tests at speeds up to 22 km/h 
undertaken by Thatcham a car fitted with the City 
Safety system successfully prevented contact with 
another car. At speeds of up to 30 km/h the system 
is able to mitigate collisions by 50%. The system is 
active for speeds up to 30 km/h. To prevent drivers 
from adapting their normal driving to the system 
the design of the system is intended to give a 
harsh/unpleasant braking sensation. The system is 
not operational against on-coming traffic, and is 
operational against stationery or moving traffic. 
The system calculates that the driver is taking 
evasive action if they give a large steering, throttle, 
or brake input, and the system is therefore 
overridden by the driver. 
 
By default the system is always turned on when the 
vehicle starts, so it is always on and able to activate 
to mitigate/prevent a collision. Once the system has 
operated the driver is given a display notice, but 
there is no warning given prior to intervention of 
City Safety. It is not possible to give a driver 
warning of a potential collision since there is not 
enough time available once a collision risk is 
identified. Because City Safety is always turned on, 
and because it has no warnings, the HMI issues 
associated with ACC and AEBS are not problems 
for City Safety.  
 
The City Safety system was launched as standard at 
the end of 2008 on the Volvo XC60, and it is 
expected to be fitted on other models from Volvo 
as well as other manufacturers. However it will still 
be a number of years before enough evidence can 
be gathered about the effectiveness of City Safety 
in the real world to form a conclusion as to its 
potential for crash and injury prevention. This 
paper outlines estimates of crash reduction and cost 
savings offered by City Safety. It also presents two 
preliminary studies that have aimed to investigate 
whether drivers are likely to adapt their driving 
habits to the City Safety system by relying on its 
crash prevention technology, with the risk that they 
consequently negate any advantages offered by the 
system by paying less attention to the road.  

POTENTIAL CITY SAFETY 
EFFECTIVENESS ESTIMATES 

Since City Safety is designed to prevent low speed 
collisions, it shows potential for reducing not only 
these crashes and the associated repair costs, but 
also whiplash injuries and costs. The main focus of 
whiplash injury reduction countermeasures has 
been with better seat design. Data indicates that 
75% of all crashes occur below 30 Km/h [1] with 
the front to rear end crash at intersections being the 
most prevalent. British insurers report a cost in 
excess of €3 billion annually in the United 
Kingdom due to whiplash [2]. In Sweden 70% of 
all injuries leading to disability are due to whiplash 
injuries [3]. According to Watanabe [4] et al. 
43.5% of all injuries from vehicle crashes were 
from rear impacts, and approximately 90% of these 
injuries were to the neck. Whiplash is an AIS 1+ 
injury and the vast majority of occupants who 
suffer initial soft tissue neck injuries typically 
recover fully, although around 10% of the 
occupants with initial neck injury symptoms 
continued to have symptoms after one year [5,6,7]. 
However collision avoidance technology offers a 
huge potential to avoid the sorts of collisions that 
typically cause whiplash injuries. 
 
Based on dose-response models Kullgren [8] has 
made estimates of the effectiveness of City Safety, 
which indicates a 60% reduction in injured 
occupants. It is only possible to make estimates of 
the effectiveness of the system for preventing 
crashes at present, with only a small number of 
vehicles in the fleet fitted with the system. Once a 
greater number of vehicles can be found on the 
road in the real world it will be possible assess the 
effectiveness of the system in detail. However by 
identifying those typical crash scenarios where the 
system can be expected to have benefit, it is 
possible to make some estimates of the potential 
savings in crash reduction, both in terms of damage 
and injury costs.   

Potential Crash Reduction 

Although there are many well established crash 
frequency databases, such as GIDAS or CCIS, 
most of the criteria for inclusion relate to serious 
injures and typically require Police involvement or 
tow-aways. When comparing these to insurance 
statistics it is clear that the total amount of all 
crashes is far higher than the established databases 
report. The types of crash and direction of impact 
also tend to differ considerably. Overall there is a 
huge amount of under reporting is present in most 
published crash data sets when considering 
whiplash injuries or non-injury crashes handled by 
insurers. For example the Department for Transport 
reported 247,780 casualties on UK roads in 2007 
[9], and yet there are around 2.7 million motor 



Avery 3 

crashes resulting in an insurance claim annually in 
the UK [10].  
 
Estimates of the effectiveness of City Safety for 
reducing all crashes (not just casualties) can be 
generated from the insurance claims data. These 
estimates assume a fleet wide fitment of City 
Safety. According to analysis of motor insurance 
claims data, around 26% of claims are for rear-end 
impacts where one vehicle runs into the back of 
another [11]. This represents 702,000 crashes from 
the 2.7 million motor crashes that result in an 
insurance claim [10]. Many of these crashes occur 
at intersections, junctions and traffic islands and 
result from poor driver attention. Most of these 
crashes occur at low speed (under 30km/h) in the 
speed range where City Safety is active. City 
Safety is designed to specifically operate on rear-
end impacts, but it could also have a positive effect 
in other crash types. Effectiveness estimates for 
City Safety are therefore only focussed on the 
front-into-rear impact scenario.  
 
Research [12] has shown that in a front-into-rear 
collision situation 50% of drivers will respond by 
applying braking. When City safety detects that the 
driver is braking it will disengage since the driver 
is in control. However for the other 351,000 
crashes (50%) the driver will not brake and the 
system could therefore help to prevent or mitigate 
the crash. Previous estimates were made by the 
authors in [13]. These were more cautious 
estimates based on only 30% of drivers no applying 
braking [14], rather than the 50% [12] used in this 
paper to show the greater potential effectiveness.  
 
Over 75% of crashes are at speeds under 30 km/h 
[1]. This data suggests that for the 263,250 crashes 
that are under 30 km/h City Safety could help to 
prevent the impact from occurring completely, and 
for the other 87,750 crashes it could help to 
mitigate the severity (speed) of the impact.  
 
According to crash repair costs analysis [15] the 
average repair cost per vehicle is €1,868 making a 
total repair cost of €3,736 per crash. So for the 
263,250 crashes under 30km/h that City Safety 
could help to prevent this equates to a saving of 
€983,502,000. For the 87,750 higher speed crashes 
it is assumed that City Safety lowers the crash 
speed and consequently the repair costs are brought 
down to the average level of €3,736 per crash, 
equating to a saving of €327,834,000. This gives a 
total saving of approximately €1.3 billion, as 
summarised in Table 1.  

Table 1.  
Summary of Estimated Crash Repair Cost 

Savings from City Safety 

 Crash 
prevention 

Crash 
mitigation 

% of crashes 
over/under 
30km/h 

75% under 
30km/h 

25% over 
30km/h 

Number of 
crashes without 
driver braking 

263,250 87,750 

Average crash 
repair cost 

€3,736 €3,736 

Sub-total repair 
cost savings 

€983,502,000 €327,834,000 

Total repair cost 
saving €1.3 billion 

 

Potential Whiplash Injury Reduction 

Whiplash is a high cost burden to both the motor 
insurers, all those who purchase motor insurance 
and the wider society in general. Costs in excess of 
£2 billion are reported annually by British insurers 
due to whiplash [2]. Statistics from the Comité 
Européen des Assurances [16] show that four 
countries have a very high rate of claims for 
whiplash injuries, including the United Kingdom 
(76% of bodily injuries), Italy (66%), Norway 
(53%), and Germany (47%). Average claims costs 
linked to cervical trauma can be very high, for 
example Switzerland has the highest average cost 
per claim [16] with approximately €35,000 per 
claim, followed by the Netherlands (€16,500), and 
Norway (€6,050).  
 
The annually UK has 432,000 whiplash injury 
insurance claims [17]. Analysis by Thatcham of 
whiplash injury claims cases [18] reveals that 70% 
of whiplash claims come from front impacts and 
rear impacts, which equates to 303,696 whiplash 
injuries.  
 
Until now there have been no technologies to 
prevent or mitigate whiplash injuries in frontal 
collisions. City Safety is the first technology that 
offers any potential to tackle the issue of frontal 
whiplash, and can prevent this injury from 
occurring at low speeds which is an important 
contribution to reducing the societal burden of 
whiplash.  
 
In order to calculate the possible effect on whiplash 
frequency the same method of estimates was used 
to calculate the efficacy of the City Safety system. 
With acceptance criteria of low speed rear end 
crashes where the striking car does not brake (50% 
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of crashes) 151,848 whiplash injuries would be 
saved.  
 
The average whiplash claim cost is €4,000 [2]. This 
equates to an estimated cost saving of 
€607,392,000 for the 151,848 whiplash injuries that 
could be saved by City Safety. Combined with the 
repair cost savings of €1.3 billion, a City Safety 
equipped fleet could potentially reduce Insurance 
Claims by nearly €2 billion annually. 

Driver adaptation 

The potential effectiveness of any automatic 
braking system like the City Safety system depends 
upon whether a driver will adapt and rely on it, 
negating any crash reduction potential. There are 
progressively more and more automotive primary 
safety technologies coming onto the market from 
increasing numbers of manufacturers, including 
technologies offering similar automatic braking 
systems to City Safety. However there is little 
commonality between the different systems in 
terms of functionality and system operation. The 
introduction of these new systems raises a number 
of important questions. Will drivers understand the 
meaning of a warning when it is given, what the 
warning is referring to, and its criticality? More 
importantly will they react appropriately? Will 
drivers adapt to these technologies reducing any 
safety benefits that may have been available? In a 
worse situation, if one vehicle usually indicates a 
non-critical occurrence such as low fuel, in another 
vehicle a similar warning may indicate an 
imminent collision. Such misunderstandings could 
be potentially fatal. 
 
Two test types were undertaken on the City Safety 
system. The first test involved creating a collision 
scenario that is prevented by the system. The 
second test type was normal driving on public 
roads with the system operational, followed by 
questionnaires used to investigate drivers’ reactions 
and opinions of the system.  

DRIVER COLLISION ASSESSMENT TEST 

Method 

The participants drove the test car toward an 
inflatable target car at 16km/h (10m.p.h.) without 
braking. The City Safety system autonomously 
braked the vehicle so preventing the impact. To 
avoid risk of damage to vehicles or injury to 
participants an inflatable target was used. The 
inflatable target was a life sized representation of a 
car to elicit the appropriate response from the 
driver – many people were frightened by its 
realistic dimensions. Prior demonstrations of the 
system using traffic cones revealed that whilst the 

system was activated correctly, driving toward the 
traffic cones did not alert the driver in a realistic 
manner because it did not resemble a real crash 
situation. The realistic size and shape of the 
inflatable car aids the drivers understanding of the 
situation, and so gives a more realistic response.  
 
The collision assessment tests were carried out on a 
test track. The driver was asked to drive normally 
toward the stationery inflatable car at the required 
speed, but not brake (see Figure 1). The test 
conditions and timings varied, for example some 
tests were in the rain with the windscreen wiper 
system in operation, some in normal dry daylight 
conditions, and some in partial darkness.  
 
There were 99 participant drivers. Participants were 
aged from 20 to 70 years, and all of them were 
qualified to drive in the UK. Not all participants 
were from the UK, with 10% from other countries 
internationally. Most drivers were asked to 
complete the survey immediately after completion 
of the test, and some were given chance to reflect 
upon their experience.  
 

      

 

 
Figure 1.   Driver Collision Assessment Test. 

Results 

Only 4% of drivers believed prior to the test that 
the car would not actually brake. 37% of drivers 
had seen the system operate for another driver so 
believed that the car would brake automatically. 
59% of drivers believed prior to the test that the car 
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would brake without having seen it operate 
previously.  
 
67% of drivers felt the urge to apply the brakes as 
they approached the target balloon car and did not 
act upon it. 11% of drivers felt the urge to brake 
and actually applied braking by pressing the brake 
pedal. Some of these drivers actually had to repeat 
the test several times in order to overcome their 
instinctive fear of a collision and their consequent 
urge to apply braking. 22% of drivers did not feel 
any urge to brake as they approached the target.  
 

Did you feel the urge to brake as you 
approached the target inflatable car?
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Figure 2.  Drivers urge to brake in response to 
collision situation. 
 
Assuming that they could afford it, 93% of drivers 
said that they would choose to have City Safety 
fitted on a car that they were purchasing.  
 
Drivers were asked if they would rely on the City 
Safety system to brake for them during normal 
driving conditions i.e. that they would adapt their 
driving style to incorporate the functionality of the 
system. Only 5% of drivers stated that they would 
rely on City Safety during normal driving. 95% of 
drivers stated that they would not rely on City 
Safety during normal driving, and that it was only 
for automatic braking in emergency situations if the 
driver was distracted. 

Discussion 

The collision assessment survey results from 
drivers reveal a strong trend indicating that they are 
unlikely to adapt their driving style to a City Safety 
type system, and allow the system to brake for 
them. 78% of drivers felt the urge to brake when 
approaching the target and 95% of drivers stated 
that they would not rely on the system during 
normal driving. Driver adaptation to the City 
Safety system therefore seems highly unlikely.  
 
There was also a group of non-participants i.e. 
those drivers who refused to participate. They were 
so afraid of relinquishing control of the vehicle 

braking to the vehicle that they would not 
participate in the collision assessment test. This 
also confirms the trend that drivers are unlikely to 
adapt their driving style to rely on the system to 
brake for them in normal driving. These 5 drivers’ 
responses are not counted in the analysis of the 99 
drivers who did participate in the tests. 
 
2 drivers commented on their perceived increased 
risk of a rear-end impact in additional comments on 
the survey. Their concern was that the car behind 
would be more likely to run into the rear of their 
car when City Safety braked suddenly. These 
drivers were informed that City Safety cannot 
apply more braking force than the driver so cars 
autonomous braking is merely replacing that of the 
driver. If the car does not have City Safety fitted 
and the driver does not brake there would 
inevitably be a crash, consequently leaving the 
person travelling behind little time to respond 
either since no brake lights would show. The 
autonomous braking of City Safety activating the 
brake lights could indeed help to warn any 
following drivers earlier, hence adding to the 
potential benefit of the system.  

ROAD DRIVING TEST 

Method 

Participants were loaned the test vehicle shown in 
Figure 3 for a period of up to one week to allow 
familiarisation with the controls. The test car was 
an S80 loaned by Volvo that was retro-fitted with 
the City Safety system for purposes of the research. 
The system is only fitted to new cars, and was 
launched on the XC60 in November 2008. 
 

 

 

 

LIDAR 
sensor 
unit 

Figure 3.  Road driving test vehicle fitted with 
City Safety. 
 
The drivers used the car for normal road driving 
within the UK on varying urban and inter-urban 
journeys. Feedback was gathered from 11 drivers 
who regularly travel high mileages. The mileage 
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travelled included an equal split between 
motorways as well as urban and rural roads, all of 
which were normal UK roads, for a combined 
distance of over 20,000 kilometres. Participants 
were aged between 25 and 55 years old, and all 
held full driving licences.  

Results 

During the road driving trials all the 11 drivers had 
the City Safety system operational, since it could 
not be de-activated on the test vehicle. For all 
drivers, no positive interventions of the City Safety 
system were reported, and no false interventions 
either.  
 
50% of drivers reported that they felt safer than 
usual knowing that they were driving the car fitted 
with City Safety that had the capability of 
preventing a low speed collision. 30% felt no 
different driving the test vehicle compared to their 
usual driving. 10% of drivers felt more confident 
driving the car fitted with City Safety, and the 
remaining 10% felt more nervous.  
 

How did you feel whilst driving the car fitted 
with City Safety?
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Figure 4.  How drivers felt whilst driving car 
fitted with City Safety on normal UK roads. 
 
Only 2 of the drivers were aware of the system 
whilst driving. These drivers were conscious that 
they could see the components of the system or 
they were monitoring whether the system was 
operating. The majority of drivers (82%) were not 
aware of the system during normal driving, so it 
was in the background and did not distract them.  

Discussion 

None of the drivers encountered an emergency 
situation where the system would activate, so the 
City Safety system did not actually intervene for 
any drivers during their road trials. None of the 
drivers encountered a situation where City Safety 
was required to prevent a collision. Furthermore 
there were no false interventions. False 
interventions could annoy drivers and lead them to 
mistrust such technologies preventing their 
widespread adoption in the vehicle fleet, so the lack 

of false interventions in this study is an important 
finding.   
 
The majority of the participant drivers reported that 
they felt safer, or no different to normal, driving 
when using the system. This indicates that most 
drivers were content with City Safety on their car. 
The 2 road drivers who were aware of the system 
during normal driving noticed it because of the 
prototypical nature of the equipment fitted onto the 
loan vehicle’s windscreen with visible components 
and wiring. Production vehicles have the system 
sensors cosmetically encased and will consequently 
be less noticeable. 

CONCLUSIONS 

In order to identify an impending low speed impact 
the City Safety system uses a LIDAR sensor 
mounted in the front windscreen. The car brakes 
are automatically applied when an imminent 
collision is identified. The automatic braking can 
prevent an impact under 15 km/h and can mitigate 
an impact between 15 and 30 km/h. The City 
Safety system prevents common low speed crashes 
where whiplash typically occurs. It shows potential 
for reducing the burden on the wider society as 
well as insurers. The UK estimates presented 
indicate the system could affect 351,000 crashes 
annually by preventing or mitigating the crash. The 
estimates show that City Safety could also save 
over 150,000 crashes involving whiplash injuries. 
This equates to an estimated cost saving of nearly 
€2 billion.  
 
Studies of driver responses in normal road driving 
showed no interventions of the system, including 
no false activations. Collision prevention testing 
involved drivers driving toward an inflatable target 
car resulting in automatic application of the brakes 
to prevent an impact. In these collision assessment 
tests the majority of drivers felt the instinctive urge 
to brake in response to the collision situation that 
was created. Drivers also stated that they 
understood that the system is designed for 
emergency situations only and they would not rely 
upon the system in normal driving. This driver 
study indicates that driver adaptation to the City 
Safety system seems unlikely.  
 
The City Safety system appears to offer significant 
benefits to all drivers in preventing the most 
common sort of impacts. The system is low cost 
and can be readily made available across a new car 
fleet. Estimates presented in this paper indicate that 
significant reductions in injuries and repair costs 
are possible. Due to the late activation of the 
system in the collision process and the harsh and 
unpleasant emergency braking applied, an 
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activation of City Safety is expected to discourage 
drivers from adapting to the technology.  
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ABSTRACT 
 
Active safety systems are massively implemented 
into new vehicle generations and offer a high 
potential in decreasing road accidents. While 
testing and rating of the passive safety of vehicles 
are based on established and accepted methods and 
programmes, no such are available for active safety 
of cars or trucks today. Thus it is difficult to assess 
the performance of those systems for industry, 
legislation and further stakeholders. In particular, 
the customer cannot judge about the active safety 
of different vehicles based on easy-to-understand 
ratings as they are offered by different NCAP 
programmes. This leads to a relatively low 
awareness of active safety systems and hinders a 
high market penetration.  
 
The main focus of the European research project 
"Testing and Evaluation Methods for ICT-based 
Safety Systems (eVALUE)" is to define objective 
methods for the assessment of active safety 
systems. The methods are based on relevant traffic 
scenarios that, according to investigated statistics 
and databases, represent the majority of accidents, 
where active safety systems can come into effect. 
The considered systems are chosen based on 
market availability and penetration, e.g. ACC, Lane 
Keeping Assistant or ESC. Both the systems as 
well as the scenarios are clustered into four 
different domains, each being addressed with 
distinctive test procedures. 
 
In the end, this new and highly needed test 
programme will allow the assessment of the overall 
safety performance of a vehicle with respect to 
active safety systems. However, the eVALUE 
consortium will only define the test methods while 
the thresholds for the specific values are not 
specified. This remains the competence of every 
institution adopting the test methods and actually 
applying them in order to assess different vehicles. 
The later results of the programme will increase the 
public awareness for active safety systems and 
foster the development within the industry. 
 

INTRODUCTION 
 
Modern society strongly depends on mobility, and 
the need for transport of both people and goods is 
expected to grow further in the future. Cleaner, 
safer and more efficient transport systems are 
needed. Mobility and especially road transport 
cause major societal problems: accidents, pollution 
and congestions. More than 40,000 lives are lost 
every year due to road accidents in the European 
Union only, and the costs are estimated to be about 
2 % of its GDP [1]. 
 
The European Commission and its member states 
have made major efforts to improve traffic safety, 
and the results can be seen in a decreasing number 
of fatalities in many European countries [2]. 
Nowadays new ways must be found to reduce the 
number of fatalities and in-juries even further. The 
public awareness of the enormous impact that 
active safety systems would have on road safety 
must be raised. It must be easy for the customer to 
understand the benefits of safety systems based on 
Information and Communication Technologies 
(ICT). 
 
The average car buyer cannot assess the 
performance of active safety systems in vehicles, 
nor their impact on traffic safety. Today, there are 
no publicly accepted test methods and no 
established ways to communicate the test results. 
The situation is quite different for passive safety 
systems, where test programs such as Euro NCAP 
have established impact test methods and ways to 
explain the test results in different levels of detail. 
While the car buyers may compare star ratings for 
passive safety between different cars, the 
professional safety engineer may compare 
measurement data from the tests. 
 
Going forward to this goal of accident free traffic, 
evaluation and standardised testing methods for 
active safety systems are essential. This is the main 
focus of the European research project "Testing and 
Evaluation Methods for ICT-based Safety Systems 
(eVALUE)" which is funded under the 
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7th Framework Programme of the European 
Commission. It has a duration of 36 months. The 
consortium consists of eight partners from four 
European countries and is led by the Institut für 
Kraftfahrzeuge (ika) of RWTH Aachen University. 
 
Partners come from both research organisations and 
industry, including vehicle OEMs. In particular, 
Centro Ricerche FIAT (Italy) and Volvo 
Technology Corporation (Sweden) contribute as 
OEMs while Germany's Ibeo Automobile Sensor is 
a supplier of laser scanners. SP Technical Research 
Institute of Sweden and Statens Väg- och 
Transportforskningsinstitut (VTI) are research 
organisations from Sweden with Fundación 
Robotiker and IDIADA Automotive Technology 
from Spain being well-known as research and 
testing suppliers. 
 
OBJECTIVES 

 
Performance test results presented to the public will 
help to promote the use of active systems. This has 
also been underlined by the eSafetyForum working 
group on Research and Technological Development 
in their "Recommendations on forthcoming 
research and development" [3]. 
 
By this means, also the research and development 
of new safety systems is encouraged. The long-
term goal is to provide a basis for de-facto 
standards that will be used by all involved 
stakeholders. This has already proven to be an 
effective way in terms of promoting passive safety 
[4]. 
 
In the first phase, the eVALUE project is focusing 
on safety systems available for today's vehicles. 
Active systems currently under development or 
close to market entrance may be included in the 
project at a later stage. The aim is to identify 
evaluation and testing methods, especially for 
primary safety systems, with respect to the user 
needs, the environment and economic aspects. 
 
An intensive communication with key stakeholders 
has been started and will accompany the project 
throughout its duration. The partners are aware of 
the fact that additional testing methods will not 
easily be accepted and adopted especially by 
involved industry. In addition, most manufacturers 
or suppliers already perform in-house testing of 
their systems and vehicles. Thus, a harmonisation 
of those methods is sought wherever possible. 
Besides industry, other stakeholders like national 
authorities, customer organisations or 
standardisation working groups active in this field 
are also contacted. 
 

However, the project will not perform any activities 
which lead to a direct standardisation of the 
methods developed. Furthermore, there will not be 
any pass or fail criteria defined for the different 
performance values. The focus will be set on 
objective and repeatable methods while rating will 
be up to the users of these methods. 
 
METHODOLOGY 
 
Today, a number of passive and active safety 
systems as well as intelligent driver support 
systems are already in the market. A trend towards 
more pro-active and increasingly integrated safety 
systems is apparent. The performance of all these 
systems is affected substantially by the properties 
of the vehicle itself. For instance, such vehicle 
properties include tire characteristics, vehicle 
dynamics behaviour and friction potential in 
road/tire contact. Also the control strategy and 
algorithm quality of the active safety systems can 
improve the performance towards accident free 
traffic. 
 
The Approach in Defining Test Methods 
 
In 2007, the ASTE study [5] has investigated the 
feasibility of performance testing for active safety 
systems. In addition, it aimed at needed methods 
and principles for verification and validation of 
those systems. Therefore, different approaches 
were considered. The system approach is based on 
the capabilities of specific systems and mapped to 
traffic scenarios. Performance of the different 
systems with similar functions is then assessed. 
 
The scenario approach is directly based on traffic 
scenarios. The vehicle is tested as a black-box and 
its overall performance in those scenarios is 
determined. As a third option, a document-based 
approach was discussed. This could complement 
physical testing and might be particularly valuable 
for HMI testing. 
 
According to the conclusions of the study, vehicle 
active safety shall be tested following the scenario-
based approach. It was further stated that 
performance testing of active safety systems is 
technically and economically feasible and that a 
consensus between different stakeholders will be 
possible. The importance of communicating test 
results in a very simple way was underlined. 
 
The eVALUE project is a direct follow-up of this 
study. Most partners are now part of the eVALUE 
consortium. Together, objective methods will be 
developed, enabling the estimation of the safety 
impact the regarded active safety systems have. 
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Figure 1 gives an overview of a scientific approach 
for the development of the testing and evaluation 
methods. Based on accident statistics, relevant 
scenarios will be derived that represent the majority 
of accidents in which active safety systems could 
possibly mitigate the outcome. A vehicle will be 
assessed by applying the procedures. Those shall be 
recognisable also by the end customer as critical 
situations that can happen at any time. One 
example could be approaching suddenly congesting 
traffic or a similar, non-moving obstacle. The 
benefit of active safety systems (e.g. by automatic 
braking in this case) will thus be even more clear. 
 

Accidents

Relevant 
Scenarios

Testing & Evaluation 
Methods

(Independent from the Systems)

System Verification 
& Validation

State of the Art
Systems

SAFETY IMPACT  
Figure 1. Scientific Approach for Assessment 
Development 
 
Unlike the assessment of vehicle passive safety, the 
systems contributing to active safety will be 
regarded in detail. From verification and validation, 
e.g. fault rates are be analysed and their influence 
on the overall safety impact is taken into account.  

Validation of the systems includes the interaction 
with the environment/infrastructure and driver 
actions. For both testing the vehicle as a whole and 
the systems in detail, relevant scenarios have to be 
found and/or defined.  
 
Systems to be Regarded 
 
The road-map of active safety systems with their 
time horizon is given in Figure 2. They are 
clustered into four domains. These are the 
longitudinal domain, the lateral domain, the domain 
for yaw/stability assistance and an additional 
domain. This additional domain is yet to be 
defined. Scenarios are defined for the same 
domains thus taking into account the interaction of 
different systems which might come into effect in 
the same situation. 
 
Out of those domains, the following eight systems 
have been chosen. This decision is mainly based on 
the availability on the market with a penetration 
rate of more than 50,000 vehicles: 
 
• System Cluster 1 (longitudinal assistance) 

o ACC 
o Forward Collision Warning 
o Collision Mitigation, by braking 

• System Cluster 2 (lateral assistance) 
o Blind Spot Detection 
o Lane Departure Warning 
o Lane Keeping Assistant 

• System Cluster 3 (yaw/stability assistance) 
o ABS 
o ESC 

• System Cluster 4 (additional assistance) 
o Not defined at this stage 
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Figure 2.  Clustered Road-map of Active Safety Systems 
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Considered Scenarios 
 
The derivation of relevant scenarios from accident 
statistics directly has already turned out to be a 
challenge. No reliable accident databases are 
available that are capable of delivering a 
comprehensive analysis of accident circumstances 
for the whole of Europe. While some European 
projects such as TRACE [6] have been working on 
ideas for the harmonisation of accident statistics, 
waiting for them being available is not acceptable. 
Thus the partners have defined relevant scenarios 
based on information that is available today. This 
includes standards for testing of certain systems, 
results from other projects and the expertise of the 
involved institutions. 
 
For System Cluster 1, three different scenarios have 
been chosen. They represent a straight road, a 
curved road and a target, which is transversally 
moving in the way of the subject vehicle. 
 
Regarding the straight road, the objective of the 
chosen scenario is to validate that the subject 
vehicle can detect and handle (warn, support, 
and/or intervene) a target vehicle in the same lane, 
Figure 3. 
 

Subject vehicle Target vehicle

Wt

at , vtas, vs

 
Figure 3. Straight Road Scenario (Cluster 1) 
 
The same objective applies for the scenario, 
however for a curved road, Figure 4. 
 

Subject vehicle

Target vehicle vt

at , vt

 
Figure 4. Curved Road Scenario (Cluster 1) 
 
The objective of the third scenario is to validate 
that the subject vehicle can detect and handle 
(warn, support, and/or intervene) a target (e.g., 
other vehicle, pedestrian,…) which moves lateral to 
the subject vehicle, Figure 5. 

Subject vehicle

Target vehicle

vt
vs

 
Figure 5. Transversally Moving Target Scenario 
(Cluster 1) 
 
The System Cluster 2 is addressing systems which 
are providing lateral assistance. For straight as well 
as curved roads, a differentiation is made regarding 
lane and road departure. Accordingly, four different 
scenarios are considered. 
 
The first scenario is meant to validate the subject 
vehicle capability to avoid involuntary (left/right) 
lane departure driving on a straight road, Figure 6. 
 

 
Figure 6. Lane Departure on a Straight Road 
Scenario (Cluster 2) 
 
As a form of extension of the first scenario, the 
second is meant to validate the subject vehicle 
capability to avoid involuntary road departure 
driving on a straight road, Figure 7. 
 
 

vs

vs

 
Figure 7. Road Departure on a Straight Road 
Scenario (Cluster 2) 
 
Comparable to the first two, the second and third 
scenario of Cluster 2 regard lane or road departure 
while the subject vehicle is driving in a curve. 
Again, the capability to avoid the involuntary lane 
or road departure is the objective here, Figure 8. 
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vt

R

 
Figure 8. Lane or Road Departure in a Curved 
Road Scenario (Cluster 2) 
 
A modification to the aforementioned is given by 
scneario five and six, namely to validate the subject 
vehicle capability to avoid involuntary lane 
departure driving on a straight road just before 
entering an upcoming curve, Figure 9. 
 

vs

R

 
Figure 9. Lane or Road Departure on a Straight 
Road Just Before a Curve Scenario (Cluster 2) 
 
While these scenarios do not consider interaction 
with a second (called target) vehicle, the seventh 
scenario does so. It addresses lane change 
collisions which are well-known in multi-lane 
traffic both at low and high speeds, Figure 10. 
 

Subject vehicle

Target vehicle
vt

vs  
Figure 10. Lane Change Collision Avoidance on 
a Straight Road Scenario (Cluster 2) 
 
Yaw and stability assistance is given by systems 
which have been collected under System Cluster 3. 
Here, some manoeuvres are already established in 
testing. One example is braking on μ-split, i.e. 
surfaces with different friction coefficients, 
Figure 11. 
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Figure 11. Emergency Breaking on µ-Split 
Scenario (Cluster 3) 

The capability of the vehicle to avoid loss of 
control in a sudden obstacle avoidance manoeuvre 
is regarded with the second scenario in Cluster 3, 
Figure 12. 
 

vs

Wt

 
Figure 12. Driver Collision Avoidance Scenario 
(Cluster 3) 
 
Finally, critical situations linked to curved roads 
are represented by the third and fourth scenario of 
Cluster 3, Figure 13-14. 
 

vs

vs

R

R

 
Figure 13. Fast Driving into a Curve Scenario 
(Cluster 3) 
 

R

vs  
Figure 14. Roll Stability Scenario (Cluster 3) 
 
All scenarios do not only consider passenger cars 
but generally also apply for trucks and busses. 
However, it has not been decided yet to what extent 
the project can regard the special requirements by 
commercial vehicles concerning active safety test 
methods. 
 
Current Development and Next Steps 
 
Having defined the scenarios, the development of 
the methods themselves has been started. The main 
focus will be on physical testing with a certain 
support from simulation where this seems 
appropriate. Verification and validation of the 
systems will mainly be done by lab testing. In 
general, the most suitable methods and procedures 
will be taken to reveal the active safety 
performance in the best way. 
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CONCLUSIONS 
 
In the development of automotive active safety 
systems, no generally accepted standards are 
available today. Manufacturers of systems, 
components or vehicles all need to develop their 
own testing procedures in order to provide both 
development goals and means to evaluate the 
system performance. Large R&D efforts are 
undertaken in parallel by various companies in 
order to provide the technological background for 
the development of testing procedures.  
 
Due to this situation of inhomogeneous testing 
practice throughout the industry, test results 
acquired in different manufacturer-specific tests 
cannot be compared by customers and authorities. 
Furthermore, manufacturers have no means to 
assess their systems in a generally accepted way. 
 
The outcome of the eVALUE project will be 
explicit testing procedures/protocols for active 
safety systems that can found the basis for a de-
facto standard whilst and after the duration of this 
project. In addition, communication with 
stakeholders that might be involved in a later 
standardisation process has been established to get 
a broad picture of currently on-going 
standardisation efforts towards those systems. 
 
The project started in January 2008 and will 
continuously generate results. Due to the 
production deadline, the latest findings cannot be 
covered by this paper but are available on the 
project's website under www.evalue-project.eu. 
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ABSTRACT 
 
Wireless communication technologies between cars 
and infrastructure (Car2X communication) will 
play a major role for future driver assistance. Many 
new applications and services in the fields of 
vehicle safety, comfort and infotainment will be 
possible. New test and evaluation procedures are 
required to cover future cooperative traffic 
scenarios with many cars and infrastructure 
equipment involved. An enrichment of real test 
situations with simulated environment scenarios 
(“Extended Reality”) is proposed as an approach to 
develop and test such systems. An integrated 
development and test environment provides a 
flexible and configurable combination of both, real 
and simulated units including OnBoardUnits, 
RoadSideUnits, MonitoringDevices and on-board 
displays with modules e. g. for wireless 
communication (WAVE, DSRC, WLAN, UMTS), 
positioning (GPS), vehicle and infrastructure 
interfaces (CAN-Bus), which can be combined in 
any manner. Based on the integrated architecture a 
real Car2X testing scenario consisting of a car 
communicating with RoadSideUnit(s) providing 
traffic sign and traffic light information was first 
developed and tested in full simulation mode in the 
lab. Then the same scenario was validated in a real 
test car on the real test track of the Connected 
Vehicle Proving Center in USA still with a 
simulated infrastructure environment. Based on that 
received information warning messages appeared 
on the on-board display. Active driver assistance 
functions can be triggered as well. The novel 
approach allows evaluation of the technology 
benefits and effectiveness with significantly 
reduced efforts as compared to traditional 
operational testing methods. This paper will cover 
the technology employed; the assistance and safety 
scenarios evaluated and give an outlook on the 
future use of the technology in combination with 
field operational tests. 
 
INTRODUCTION 
 
Future Driver Assistance Systems in vehicles will 
also be based on advanced technologies like Car2X 

communication techniques. Adding wireless 
communication to cars enables multiple new 
opportunities for enhancing safety, mobility, 
energy efficiency and driving experience in 
vehicles, which never existed before. But this also 
has implications on the requirements for test and 
evaluation procedures. 
When considered in a very simplified fashion 
Car2X communication maybe mistakenly viewed 
as just another type sensor which is simple and well 
known in the art testing and evaluation methods. 
However, when considered from a more detailed 
point of view, it becomes apparent that a 
significantly more complicated scope of testing and 
evaluating is required: Now a car exchanges 
information with other cars (C2C) or roadside 
(C2R) or the infrastructure (C2I). For example it 
might get the information regarding an accident or 
glazed frost hundreds of meters ahead. These 
sample use-cases illustrate that the sources of 
relevant quantities for test and evaluation of those 
Driver Assistance Systems are not anymore a 
physical or a controlled part of the vehicle. Hence 
the vehicle with its assistance systems can no 
longer be tested stand-alone. This kind of vehicle 
has to be tested in a complete environment 
consisting at any times of many other cars and 
Road-Side-Equipment (RSE) such as traffic lights, 
equipped with communication technology. In terms 
of cooperative systems it has to be considered that 
the environment of the vehicle operates within is 
not static. The behavior of the vehicle itself 
influences its environment. It may cause traffic 
lights to change the current and programmed phase 
or it may cause other cars and their driver 
assistance systems to react on the current situation. 
The new requirements illustrated above have to be 
considered and evaluated during all development-
stages: from the research and development of 
applications to their final test and evaluation it is 
highly desired to use the cost effective simulated 
environment on a development PC at early stages 
and introducing progressive levels of reality with 
real vehicles and a real environment. Thus 
simulation tools are indispensable for the 
development of future Driver Assistance Systems 
under complex and dynamic traffic scenarios that 
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include many communication units. Common 
simulation tools are commonly used for simulating 
the communication network (e.g. ns-2 [1]) or the 
traffic flow (e.g. VISSIM [2]). But these tools 
usually run in simulation-time and not in real-time. 
They cover only parts of a whole Car2X scenario 
and are not designed for the combination of 
communication networks, traffic and individual 
Car2X scenarios. Optimized vehicle 
communication technologies are still a part of 
research and standardization processes both in 
Europe [3][4] and the United States [5][6]. 
Nevertheless, even at an early stage, verification 
and validation capabilities help research scientists, 
communication engineers and developers of driver 
assistance systems (which are basically the users of 
those communication technologies), because they 
provide possibility of immediate feedback. 
 
DEVELOPMENT ENVIRONMENT VIILAB 
 
The software package viilab (vehicle infrastructure 
integration laboratory) [7] has been especially 
designed for the requirements of Car2X application 
developers. viilab is an integrated development and 
test environment designed to support the whole 
development process of Car2X-based driver 
assistance systems from the initial idea up to pilot-
series. 
 
Basic Architecture 
 
The development environment viilab is based on a 
modular software-architecture (see figure 1). 
 

 
Figure 1.  viilab architecture. 
 
There are basically two types of modules: (1) 
Modules to connect the environment such as 
communication modules (DSRC, WLAN, etc.), 
vehicle modules (CAN-Bus, GPS, Display/HMI, 
etc.) and infrastructure modules (traffic light 
adaptor, traffic control adaptor, traffic monitoring 
camera, etc.). (2) Logic modules (a.k.a. decision 

modules) which implement the driver assistance 
functionality and handle all information from the 
other modules. The viilab kernel manages the 
lifetime (startup and shutdown) and scheduling of 
all software modules and functions as their runtime 
environment.  
 
Unit Set-up 
 
The different types of units and their specific 
behaviors are achieved by assembling the necessary 
environmental modules with the related logic 
module. For instance a typical OBU has a 
communication module, a CAN-Bus module, a 
GPS module, a display/HMI module and a logic 
module. The logic module contains the driving 
assistance application(s). The logic module deals 
with all the OBU modules, processes the received 
data, calculates the results/outputs and overall 
defines the behavior of this specific OBU. A 
typical RSU for an intersection for example, 
consists of a communication module, a traffic light 
and traffic control module and the appropriate logic 
module to handle these information-sources. 
Figure 2 illustrates a sample configuration for an 
OBU and a RSU. 
 

 
Figure 2.  viilab sample configurations for OBU 
and RSU. 
 
Scenario Set-up 
 
A typical Car2X-scenario consists of many 
elements. Since a running viilab-unit is only a 
single process, a scenario is simply a combination 
of units each represented by a process. Depending 
on the needs and the stage the development 
process, the combination of all those units can 
easily run on only one computer or, if so desired, 
on many different computers (see chapter 
simulation enhancements). 
 
Rapid development support 
 
Viilab incorporates two parallel concepts: It 
supports the rapid development and prototyping of 
Car2X applications and at the same time enables 
the low-level coding and thus highly efficient 
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development of algorithms and/or for integration of 
new hardware. The first concept – rapid 
development – is realized by a scripting language 
which has been specifically adapted to the needs 
and requirements of communication based driver 
assistance systems. It is often used to realize parts 
of the unit-logic, e. g. to for the combination of 
vehicle communications events with vehicle 
electronics. The scripting option is mostly 
attractive for actuating elements in each part of the 
Car2X-application that are under development 
where it is highly desirable and efficient to easily 
implement changes without any compiling effort. 
The second concept – highly efficient low-level 
code development – is realized by the fact, that 
viilab offers a C/C++ API which is designed to 
further be used for effective implementation of 
hardware modules. 
 
viilab user interface 
 
To complete a working Car2X system a user 
interface must be provided. In-car displays can be 
rapidly developed and customized with a specific 
viilab GUI development environment called viilab 
user interface (vui). vui uses SOAP/TCP based 
information transfer which enables remote display 
access. This also enables a distributed installation, 
where the GUI may run on a different device to 
avoid high processor loads on critical 
communication events due to display updates. vui 
is based on the Gecko Rendering Engine and XUL 
technology. This approach allows a highly flexible 
development process and a strict separation 
between design, layout and user interaction. Just as 
viilab it supports different operating systems, e. g. 
Linux and Windows (XP, Vista). To simplify 
handling of states, vui provides a configurable 
storyboard concept. A control file specifies states 
and their transitions, significantly exceeding the 
possibilities provided by a classic state machine. 
Therefore changes in order of display states can be 
immediately applied without a requirement to 
modify any source code. 
 
SIMULATION ENHANCEMENTS 
 
The architecture of viilab which was discussed in 
the previous chapter also leads to transparency of 
the module implementation and operating mode. 
As the software-interfaces for each module like a 
positioning module for example stay the same, 
regardless of the specific implementation of the 
module there is no possibility for the other modules 
to realize weather the positioning data provided 
through the interface is real or simulated. 
 
Simulation of Position Data 
 
Most Car2X-Applications are location based. 

Therefore position data is very commonly essential. 
In reality the position of a vehicle can be detected 
by receiving the signals of the Global Positioning 
System (GPS) by using of a GPS-receiver device. 
For simulation on a computer other sources of real 
GPS data have been developed. At the moment 
there are four possible ways for GPS data input as 
figure 3 illustrates. 
 

 
Figure 3.  Options for the vehicle position data 
source. 
 
One option is to play back GPS data that was 
recorded in a vehicle during real and actual test 
drive. Except for simulation purpose recording and 
playback of position data is necessary for 
reproducibility. In terms of continues changing of 
GPS signal there is no possibility to accomplish 
exactly the same test-drive twice. The position data 
of the vehicle can also be fully simulated by a 
driving simulator with the car driving on a virtual 
test track. For simple investigations the creation of 
programmed virtual GPS data is sufficient, for 
example when a car is driving only straight 
forward. 
 
Simulation of Communication Range 
 
Similar to this inter-module-transparency feature, 
viilab supports also transparency between units. 
Because the connection between units is via 
communication interface, a unit is not able to 
realize if the received messages are generated by a 
real or a simulated unit. To prepare the simulation 
modes (see next chapter) where many units are 
running on one machine a “Virtual-Air”-
functionality has been introduced: All units, 
running on one workstation, could always 
exchange Car2X-messages because they are 
connected via the communication device. This is 
unrealistic because in full reality, communication 
between vehicles (OBUs) and infrastructure 
(RSUs) are effected by the actual environment they 
operate within. For example, an OBU and a RSU 
might be outside of the wireless communication 
range depending on the wireless technology, the 
communication protocol and the environment. 
Therefore the “Virtual-Air” calculates with the 
mentioned parameters the possible connection 
distance and decides depending on the current unit 
distances if units are within connection range. Only 
when communicating units are within that range 
messages are exchanged between them. 
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Monitoring 
 
A simulation of a Car2X scenario with all the 
different modules and across various OBUs and 
RSUs can become complicated to follow and trace 
actual sequences of events. A mechanism to 
visualize the complete set of this important 
information is needed. A viilab Monitoring 
application (MON) has been developed which 
displays the current position of the units and hence 
(a defined clipping of) the scenario. Following the 
principles of the viilab architecture the MON is 
also a specific assembling of modules with the 
viilab kernel: A communication module used for 
receiving the positions of the other units, a display 
module that functions as connector to the display-
application, and a logic module that refines the 
positions for the display-application. 
 
SIMULATION MODES 
 
With all the previously explained design-decisions 
and tools the integrated development environment 
viilab allows a variety of different simulation 
modes. They differ on the level of “virtuality”. 
Scenarios and all Car2X components involved may 
be simulated, components may be simulated, real 
or partially real and some components maybe 
simulated and others real, etc. Two simulation 
modes and their domain will be explained below 
using the example of an intersection scenario which 
is illustrated in figure 4. 
 

 
Figure 4.  viilab intersection scenario. 
 
Full Simulation Mode 
 
In the full simulation mode all viilab processes 
(units) are fully simulated and are all running on 
one computer in the laboratory. In the example 
three cars with OBUs and one RSU are simulated. 
The positioning is simulated as well as the 
connection-range due to the fact, that it is a full 
simulation, without real positioning hardware and 
any wireless-connections. A MON unit is used to 
monitor the scenario. In this mode basic algorithms 

and driver assistance systems can be developed and 
tested without any financial or safety risk. 
The intersection-scenario in the full simulation 
mode is illustrated in figure 5. 
 

 
Figure 5.  viilab intersection scenario. 
 
The OBUs of the three cars amongst others have 
the following functionalities: Displaying of traffic 
signs, pedestrians and current traffic light Signal, 
Phase and Timing (SPT). Additionally there is a 
RSU running, sending out traffic sign information, 
SPT messages, and a virtual pedestrian. These 
messages sent by the RSU are received by the 
OBUs. Beside the 3 OBUs and 1 RSU there is a 
fifth viilab-process running – the MON process. 
Finally there are three vui running, each of them 
connected to one OBU. The vui as in-car-display / 
HMI visualize the driver assistance function. Other 
possible “outputs” like a vibrating-steering-wheel 
for warning purposes, usually activated via CAN-
Bus are not part of this full simulation mode. 
 
Extended Reality Mode 
 
The novel test and evaluation method for future 
Car2X Communication based Driver Assistance is 
the “Extended Reality” method. It means the 
enrichment of real test situations with simulated 
environment scenarios. Since as was explained and 
demonstrated so far simulated units are transparent 
to their environment a real unit can not distinguish 
between real and simulated units within its 
communication-range. This offers a large variety of 
“virtuality”-grades or in other words a large variety 
of “Extended Reality”-situations. 
Using the same given intersection scenario example 
(see figure 4) one of the three OBUs now is used in 
a real car. It uses now a real positioning hardware 
and it is connected to the vehicle (e.g. via CAN-
Bus). The other two OBUs, the RSU and the MON 
can either run similar to the full simulation mode 
on the same machine or run on different machines. 
For example, these modules may be executed on an 
additional Notebook inside the car and be 
connected to the real OBU via communication 
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technology. Now one real test-car is part of the 
scenario. The functionality of the driver assistance 
system that is under development can be tested and 
evaluated. Now in-car equipment, e.g. a Head-Up-
Display, a vibration-steering-wheel, or other 
actuators can be integrated and tested. 
 

 
Figure 6.  viilab “Extended Reality” simulation: 
A real vehicle with a simulated Car2X 
environment. 
 
The level of “Extended Reality” is adjustable. For 
safety purposes testing in the real test-car may 
initially start with a simulated positioning. Hence 
the car can remain stationary but the actuators 
inside the car for example as well as the vui can be 
set to react in reality. The modular and scalable 
viilab architecture allows a smooth transition from 
a fully simulated scenario to a complete real 
scenario through a step by step replacement of 
simulated components or units by real ones. It must 
be pointed out, that the Car2X-application - the 
driver assistance system – stays completely the 
same: There are no changes needed to algorithms 
or other developed modules from a full simulation, 
through the “Extended Reality” method, to a 
completely real test drive. Thus using the viilab 
development environment the testing and 
evaluating of any Car2X communication 
application can be performed without a disruption 
to the development process in a short time and at 
low risk for driver and hardware. This “Extended 
Reality” method and approach enables best in calls 
Design for Testability (DFT) practices and a Test 
Based Development (TBD) processes. It shortens 
or even eliminates expensive, time consuming and 
generally not efficient and ineffective testing 
phases (pre-alpha, alpha, beta, etc.) that are 
normally executed after an application was already 
fully developed. With the “Extended Reality” 
method, the Car2X application under development 
is tested, evaluated, verified and validated in 
parallel to the development processes. 
Development process will start in the full simulated 
mode to evaluate and verify the base design 
requirements and will end with in the full 
“Extended Reality” mode. Verification and quality 
feedback is provided to application developers and 
product managers in real time, leading to a higher 

quality and better accepted Car2X application the 
first time. Less time is spent on quality assurance 
testing and Alpha/Beta tests and the number of 
iterations and expensive version releases is 
dramatically reduced. 
 
EXEMPLARY DEVELOPMENT PROCESS 
 
A typical development process will be described 
next based on real projects at the Connected 
Vehicle Proving Center (CVPC) [8] in Michigan, 
USA. 
In addition to a sophisticated Connected Vehicle 
laboratory that includes vehicle electronics 
laboratory, access to an Anechoic Chamber, a Cray 
Computer laboratory, a Network Operations 
Center, a Vehicle 3D simulator, large garage and a 
Test Operations Center, the CVPC is engaged in 
building Connected Vehicle proving grounds on the 
Michigan International Speedway (home of the 
NASCAR races) private grounds and is operating a 
several test and evaluation sites on public roads in 
South East Michigan (Greater Detroit Area). Based 
on real data of infrastructure components of the test 
and evaluation site which the CVPC operates at the 
intersection of 9 mile road and Hwy 10 (“the 
Lodge”), the existing actual testbed was mapped as 
a fully simulated scenario for viilab. The testbed 
route was transferred as a track for a driving 
simulator, which generates realistic driving 
behaviour of the simulated car. With this 
simulation environment new functionalities, 
specific to the actual and real test area, have been 
developed: For Example new traffic signs have 
been implemented such as a US-bridge-height 
(going under the Southfield freeway), two traffic 
light RSUs adopted to USA-compliant SPT 
messages (without a red-orange-phase), a stop sign, 
a parking lot sign and more. All displaying units 
were configured and adapted to the USA language, 
standards and preferences. Figures 7, 8 and 9 are 
showing screenshots of the MON and the vui 
connected to the simulated OBU of one car (the car 
is monitored as a green dot). 
 

 
Figure 7.  Displaying of max bridge height going 
under Southfield freeway. 
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Figure 8.  Displaying of current SPT and 
parking lot information. 
 

 
Figure 9.  Displaying of stop sign. 
 
The simulated car uses simulated positioning data 
out of a driving simulator. 
After developing the driver assistance system in the 
full simulation mode for the 9-mile testbed an 
“Extended Reality” test was performed. In 
particular the test was not performed on 9-mile 
testbed were the roads and traffic patterns are 
known and well documented but on open public 
roads that are not a part of any testbed setup. The 
test took place at Traverse City, Michigan as part of 
the 2008 Management Briefing Seminars [9] which 
is a conference dedicated to Auto Industry 
Executives. Traffic signs and a traffic light RSU 
providing the SPT messages were realized as 
“Extended Reality”. This generated the simulated 
environment to an actual car as if there were real 
RSUs along the public roads, sending out 
information messages.  
 

 
Figure 10.  A real car running vui on two in-car-
displays, displaying the parking lot information 
received from “Extended Reality”. 
 

As is illustrated in figure 10 there is little 
difference, from point of view of a driver testing 
and evaluating the driver assistance system, 
between testing the Car2X application in complete 
reality  or a with “Extended Reality” enhanced 
actual road. 
 
OUTLOOK 
 
Car2X applications are built upon existing 
technologies and no new invention of technology. 
Still Car2X systems are complex. They introduce a 
challenging integration of multiple enabling 
technologies like Vehicle Electrical Control Units, 
Vehicular communication networks, driver 
assistance computing hardware, aftermarket 
equipment, inter-car communication systems, 
mobile communications systems, intelligent 
transportations systems and roads. The enabling 
infrastructure requires cooperation across 
industries. Many of the required technologies are 
still a subject to research and required interfaces are 
still being defined and standardized. New test and 
evaluation methods like “Extended Reality” are 
proposed to ease the development process of these 
multi-discipline, complicated, driving assistance 
systems. The continuous improvement of 
simulation capabilities to support a Car2X 
development environment is vital. To help mitigate 
the complexity real test-beds were and are 
constructed around the world. In Germany a test-
bed is currently under development within the 
SIM-TD Project [10]. In the US a large test-bed 
was created as part of the US Department of 
Transportation Prove of Concept (POC) project 
which was concluded, in Michigan, last year. The 
Connected Vehicle Proving Center operates 
multiple physical test-beds as part of its Car2X 
testing and evaluation capabilities, some on public 
roads and some on private roads. However, 
physical, full reality test-beds are not a replacement 
to simulation. While test beds are excellent for 
overall solution evaluation and final operational 
testing, they are less suitable and more 
cumbersome for functional testing through the 
development process. The role of simulation and its 
advantages in an application development process 
are well documented and today are basic capability 
in any field. The use of simulation at certain stages 
of the development process is by far more 
productive, enhanced further by the “Extended 
Reality” method that allows taking advantage 
simultaneously of both: the simulation and the 
testbed. The mapping of these testbeds into a 
simulation environment like viilab is necessary to 
support developers of Car2X applications. 
Enhancement of simulation tools is a key and 
required. Like the rest of Car2X applications 
development aspects, simulation tools dedicated for 
Car2X applications need to continue evolving. As 
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soon as new expertise becomes available or an 
interface is standardized it has to be introduced into 
the simulation system.  
The mutual progress and development of 
simulation tools and physical test-beds are crucial 
to provide an effective development environment. 
The combination of both into a common 
development process, using a method like the 
“Extended Reality”, yields best development 
process as was already proven in many other fields 
of application development, some less complex 
than Car2X. 
 
SUMMARY 
 
The development of future Car2X communication 
based Driver Assistance poses a complex problem 
with regard to testing and evaluation. New test and 
evaluation methods help to meet those new 
demands and support a more efficient, simplified 
development-process. The viilab “Extended 
Reality” simulation is a powerful tool to rapidly 
develop and test Car2X communication 
applications and services for traffic scenarios at 
low risk for driver, hardware and budgets. It is 
possible to develop and test the applications and 
algorithms in detail highly efficient. In particular, a 
smooth transition from complete virtual simulation 
on one computer to a complete testing-scenario on 
many units can be accomplished without disruption 
to the development process. Application developers 
can better engage in Test Based Development 
methods where they can test and evaluate their 
efforts as they progress. Finally the discussed 
simulation methods pave the way for testing of 
future driver assistance systems with regard to the 
currently proposed testbeds. 
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ABSTRACT 

In order to evaluate the impact of driver assistance 
systems under various situations, researchers have 
attempted to reproduce accurate traffic situations and 
accidents by traffic simulations.  Here, we propose a 
new simulator STREET (Safety & Traffic REaltime 
Evaluation Tool) that has a driver model with a 
cognition model and a decision-making model in it.  
This paper mainly describes the aim and the 
architecture of this novel driver model. 

In the cognition model, there are three stages: 1) 
detecting objects in the field of view, 2) classifying 
such objects like a lead vehicle or oncoming vehicle, 
etc., and getting information, and 3) setting the driver’s 
gaze direction.  In the decision-making module, there 
are two stages: the first stage is to decide a maneuver 
for each recognized object by using “a decision rule 
with maps” expressed as the status space region 
defined by object’s parameters such as distance and 
velocity as axes.  The second stage is to decide the 
most appropriate maneuver among the combinations 
permitted in the acceleration/deceleration ranges for 
each object in succession to the first stage.  The 
driving maneuver is switched in sequence based on the 
decision-making model output and the vehicle motion 
is then consequently calculated.  When the traffic 
participants are added in the scene, decision-making 
rules are added for them, allowing STREET to 
correspond to complex traffic situations. 

  Two benefits are expected by using STREET.  One 
is that users can evaluate and understand system 
activation under the target situations.  Another is that 
the system can be evaluated under various traffic 

situations beyond the target situations so that the users 
can assess the limitations of the system. Some 
preliminary results using STREET and further 
development plans for the system are also discussed.  

INTRODUCTION 

For the purpose of evaluating traffic safety systems, 
traffic simulators have been developed. Most 
conventional simulators have implemented “average” 
vehicle motion for a traffic circumstance prepared for 
the evaluation. These have been very useful for 
estimating “average” performance. However, the 
upcoming driver support systems are expected to 
comprehend each driver’s behavior influenced by 
external situations and his/her internal conditions, and 
to automatically adapt their properties. It will become 
very difficult for conventional traffic simulators to 
evaluate such adaptive support systems. 

So, a traffic simulator, called STREET (Safety & 
Traffic REaltime Evaluation Tool) [1] has been 
developed. This paper describes the concept of 
STREET and its driver model in detail, in which a 
driver recognizes his/her surrounding and decides the 
most appropriate maneuver. By allotting a variety to 
the parameters to each traffic participant based on 
his/her characteristics and his/her abilities measured 
under actual traffic circumstances or DS experiments, it 
becomes possible to assess the system benefit 
comprehensively. 
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OUTLINE OF A DRIVER MODEL IN STREET 

Figure 1 shows the structure of STREET. Traffic 
participants such as car, motorcycle, bicycle or 
pedestrian, are called mobility objects in the simulator. 
Each mobility object recognizes each other, decides its 
next operation and puts it into practice. 

Each mobility object is generated from “Mobility 
generation module (b)” and is given its properties 
based on mobility dataset that define not only origin, 
destination and route, but also driver or pedestrian 
characteristics and abilities. 

Roads are generated from “Road generation module 
(a)” using a road element dataset that possesses road 
network data defined by node and link and roadside 
commodities such as traffic signals, stop signs and also 
obstacles. 

 

Figure 1. Structure of STREET 

 

The generation, disappearance and movement during 
the period of each mobility object are managed under 
“traffic environment module (c)”. Each one obtains 
surroundings from the Traffic Environment Module, 

recognizes its situation and then decides the next 
operation. As the result, the location and velocity of 
each are updated and the changes are reflected in the 
data in the Traffic Environment Module and new 
interactions between the objects are yielded. If “Active 
Safety System (d)” is equipped to the objects such as 
information service, warning or intervention, they work 
to influence drivers’ cognition, decision and/or 
behavior.  

 

 

(1) Rear-end collision by inattentive driving 

 

(2) Car to pedestrian collision 

Figure 2. Execution screen (STREET) 

When collisions happened during simulations, STREET 
outputs accumulated data such as process of the 
cognition, decision, operation and driving situations 
and the collision diagram after the simulations were 
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completed. Two examples are shown in Figure 
2.Active safety systems are designed to either help 
reduce collisions or mitigate human injuries as a result 
of decreased collision speed. For the purpose of 
evaluate mitigation benefit, “Injuries Estimation 
Module (e)” is attached to calculate a probability of 
fatality, serious injury and less severe injury in 
collisions. 

A DRIVER’S COGNITION MODEL 

Cognition itself is the composition of visual, auditory 
and tactual sensation etc. Among all, visual is the most 
important to be modeled because it is closely related to 
traffic accident cause. Central visual field allows 
drivers to be aware of the location and speed of objects 
while peripheral visual field allows drivers to be aware 
of just the existence of them. Therefore, cognition 
status depends on the direction of eyes. When there are 
many objects, the order of cognition is one of the 
important factors that drivers must decide. 

Figure 3 is a simplified model of human’s memorizing 
procedure. Sensory memory holds instantaneous iconic 
information within driver’s visual field. The sensory 
information is segregated in this process. Selected 
information that is considered to attract a driver will be 
stored in memory while the unselected one will be 
forgotten. 

Figure. 3 Assumption of the driver visual 
behavior. 

 

Memory process model in STREET models sensory 
memory and short-term memory as shown in Figure 4. 
Objects such as cars, passengers etc. that exist within 

driver’s visual field are inputted to sensory memory, 
and selected ones among them are copied in short-term 
memory with location and velocity information.  

STREET uses the fan-shaped visual field with visual 
distance and angle as parameters for both central visual 
field and peripheral field as shown in Figure 5. The 
parameters are varied between individuals because they 
depend on their ability. 

The location and velocity of each object in short-term 
memory are used to classify whether it is a lead vehicle, 
an oncoming vehicle, a vehicle coming from right or 
etc. Such definitions are expressed in Figure 6 and 7. 
The process is essential to estimate a surrounding risk 
and to decide the priority to direct the eyes. 

 

Figure. 4 Memory process model  
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Figure 5. Driver’s field of view 
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Figure 6. Classifying objects 

Pedestrian：1[mhp]

Oncoming vehicle/ Turn right：0[mph]

Oncoming vehicle/ Turn left：20[mph]

Oncoming vehicle/ Straight ：30[mph]

Right Leading vehicle：35[mph]

Traffic light：Blue

  

Figure 7. Classified objects in the field of view
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Figure 8. Architecture of proposed driver’s decision-making mode

A DRIVER’S DECISION-MAKING MODEL 

The driver’s decision-making model is the core of the 
simulator. In actual traffic, a driver’s decision is 
influenced not just by recognized objects, but also by 
their complex combinations. However, it is rather 
impractical to implement such combinations one by 
one. 

So, we propose a new driver’s decision-making model 
that consists of a bundle of rules like a production line 
shown in Figure 8. It is a concrete example which 
simulates that a driver recognizes five objects, that is, a 
traffic signal (green), the vehicle in front (brake light 
lit), a vehicle on the right (not close), a vehicle on the 
left (not close), and an oncoming right-turning vehicle 
(stopped). All the while, the driver is following a 
vehicle and approaching to an intersection. 

The decision-making model has two steps. The first 
step (Step1) is the decision of candidate of maneuver 
and its level using “a decision rule with maps” for each 
recognized object. The map establishes the 
correspondence from one point in the state space region 
defined by the object’s and driver vehicle’s information 
to one maneuver. Wiedemann’s model [2] for the 
vehicle in front and the Gap Acceptance model [3] for 
an oncoming vehicle are considered adequate to be 
applied. They propose appropriate maneuver zones 

enclosed by kinematics conditions and also by the 
driver’s abilities and characteristics.  Figure 9 shows 
the modified Wiedemann’s model in STREET for an 
average driver while following a vehicle. Each region 
has an allowable range between the maximum 
deceleration and the maximum acceleration to avoid a 
collision and maintain the driver’s safety margin (usual 
gap time, acceptable deceleration, and so on).  The 
range of course should pay attention not to break any 
traffic rules. Various maps are prepared according to 
the driver’s abilities and characteristics. 

In the second step (Step 2), the most appropriate 
driving maneuver within the smallest allowable 
acceleration range among the candidates is selected. 
Then, a target location and a target velocity are 
identified. 

The model has three benefits: First, it is based on the 
information processing model for a human. Second, it 
expands easily to complex traffic situations simply by 
piling up new decision rules with maps for added 
object. Third, the development of a decision rule with a 
map is easy, for one can deal with a decision rule with 
a map respectively. We have developed almost 1,500 
rules so far that are related to intersection driving. As 
the number of rules increase, the model can cover more 
traffic situations. 
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Figure. 9 The map of decision rule for an 
average driver in LVD scene 

EXPERIMENT AND RESULT 

We confirmed the capability of traffic flow 
reproduction of the simulator. The traffic conditions 
used for validation are shown in Figure 10. Vehicles 
are generated at the rate shown in Figure 10(1) and the 
signal timings are set as shown in Figure 10(2). 

 

 

 

 

Figure 10. Trafic conditions used for the 
validation 
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Figure 11. The distribution of a gap time to a 
leading vehicle 
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Figure 12. The 50 percentile TTC at the onset 
braking to a lead vehicle (LVS, LVD, LVM) 

LVM: Lead Vehicle Moving 

LVS: Lead Vehicle Stopped 

LVD: Lead Vehicle Decelerating 
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The indexes related to the lead vehicle were validated.  
The distribution of gap time to a lead vehicle while 
passing through an intersection during the signal is 
green is shown in Figure 11. The simulator shows the 
mode value of 2.0 sec while measured data shows that 
of 1.8sec. The graph indicates that the distribution of 
simulation coincides well with that of measured data 
[4]. The 50 percentile TTC (time to collision) at the 
onset of braking to a lead vehicle is compared in Figure 
12. It can be seen that the 50 percentile TTC in 
simulation coincides well with that of measured data 
[5], except for LVM scene. The difference may suggest 
that actual drivers are more sensitive to the lead 
vehicle’s deceleration than the modeled driver. Further 
investigation will be needed to understand these 
differences. 

CONCLUSION 

To evaluate the performance of safety systems, a traffic 
simulator with a detailed driver model, named STREET 
has been developed. Its cognition model possesses 
sensory memory and short-term memory so as to 
emulate human visual behavior. The characteristic of 
its decision-making model is that it consists of decision 
rules with maps so as to ensure expandability and easy 
development.  The capability of traffic flow 
reproduction of the simulator was confirmed. In the 
future, we plan to validate both the macro- and 
microscopic traffic flow levels and evaluate the effect 
of driver support systems. 
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ABSTRACT 

One of the main objectives of the European 
TRACE project (Traffic Accident Causation in 
Europe, January 2006 – June 2008) was the 
development of methodology for the evaluation of 
the safety benefit of existing on-board safety 
applications in passenger cars with the use of mass 
accident data-bases only.  

The challenge was to evaluate passive safety 
applications as well as active applications and 
especially combinations of the two within a single 
investigation. In order to do so the well known 
concept of odds-ratio has been generalized for 
jointly evaluating injury mitigating effectiveness as 
well as accident avoiding effectiveness at once. 

This paper describes statistical sound methodology 
that is able to evaluate the safety benefit of either a 
single on-board safety function or the additional 
gain of specific safety feature(s) (i.e. a selection of 
various passive safety functions and active safety 
functions), given that some other safety 
applications already are on board. In particular, the 
method allows for evaluation of accident avoiding 
effectiveness as well as injury mitigating 
effectiveness. Hence, it can be applied for joint 
evaluations of passive and on-board active safety 
applications.  

The focus of the paper lies on the presentation of a 
ready-to-apply methodology, including detailed 
examples as well as a discussion on its advantages 
and its limitations. 

EFFECTIVENESS OF SINGLE SAFETY 
FUNCTIONS 

For measuring the effectiveness of a safety function 
it is of critical importance to distinguish between 
different possible types of effects. In general there 

are at least four different types of safety function 
effects. These are: 

• accident avoiding effectiveness 
• injury avoiding effectiveness 
• injury mitigating effectiveness 
• effects of tertiary safety functions 

Some safety functions aim at avoiding the accident 
altogether. If this is not possible, measures to 
prevent the involved persons from suffering 
injuries are taken. If this cannot be achieved either, 
the injury outcome for the passengers is minimized 
as far as possible. Afterwards, the aim is to reduce 
the consequences of already inflicted injuries to the 
largest extend possible (e.g. by automatically 
placing an emergency call). 

A typical primary safety function aims at all of the 
first three types of effectiveness, whereas the 
effectiveness of a typical secondary safety function 
only consists of the injury avoiding and injury 
mitigating effectiveness. Tertiary safety functions 
aim at reducing the consequences of injuries. This 
paper focuses on primary and secondary safety 
functions and does not deal with tertiary safety 
functions at all. 

In some sense the first three mentioned types of 
safety function effects are ordered hierarchically. A 
safety function which aims at accident avoiding 
typically has some measurable effect on injury 
avoiding and injury mitigating in cases in which the 
accident can not be avoided but the crash’s severity 
can be reduced. A secondary safety function aiming 
at injury avoiding typically also has some 
effectiveness towards injury mitigating but not 
towards accident avoiding. Thus, a combined 
evaluation of different safety functions must 
include injury avoiding and mitigating 
effectiveness as well as the accident avoiding 
effectiveness. 
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However, this paper will first focus on the accident 
avoiding effectiveness and deal with the other types 
of effectiveness later. 

Relative risk – odds-ratios 

A reasonable way of measuring the effectiveness of 
a single safety function “SF” within a certain group 
of accidental situations “A” is to compute relative 
risks. For example, a relative risk easy to interpret 
is the ratio of the probability that a vehicle with a 
SF on board and active has to suffer an accident 
that belongs to a predetermined category A of 
accidents, and the probability of suffering an 
accident belonging to A with SF not active (cf. 
equation (1)).  

(suffering | SF active)RR
(suffering | SF not active)
P A

P A
=  (1) 

This relative risk is independent of the population 
of interest if it is the same for both probabilities. 
For example, when interested in the population of 
all vehicles on the road within one specific year, 
the probabilities have to be interpreted as the 
“probability of suffering an accident of type A 
within the year of interest, given that SF is (not) 
active”. 

As the relative risk is the ratio of two probabilities 
it can take any value in the interval [0, ∞). If it 
equals one, the probability of suffering an accident 
of type A is independent of the safety function SF 
being active or not. If it is larger than one, the 
effectiveness of SF is negative, i.e. the safety 
function increases the probability of suffering an 
accident of category A when driving on a road. If 
the relative risk is less than one, the safety function 
has some positive effect, i.e. the safety function 
decreases the probability of suffering an accident of 
category A when driving on a road. 

With simple algebra and Bayes’ theorem for 
conditional probabilities the equivalence between 
this relative risk and the following odds-ratio can 
be shown (cf. equation (2)) 

( )
( )
(

( )
)

SF active |
SF not active |

RR OR :
SF active |

SF not active |

P A
P A

P N
P N

= =  (2) 

where N stands for a category of neutral accidental 
situations or for an internal control group of 
vehicle-related accidental situations. See [15] if 
interested in the derivation of this result. It is 
crucial that the relative risk of suffering an accident 
classified as N depending on SF active (P(suffering 
N | SF active)) and not (P(suffering N | SF not 
active)) respectively, must be equal or very close to 
one. This means that SF more or less has no 

influence on the probability of suffering an 
accident of neutral type N. For more detailed 
information on odds-ratios see [4], [6], [7] and [8]. 
It is crucial for any analysis using odds-ratios to 
have a reliable classification of neutral accidents N 
as the results are very sensitive to this 
classification! 

It is important to point out the difference between 
accidents and vehicle-related accidental situations. 
There may be several vehicles involved in a single 
accident and the different drivers were most likely 
confronted with more or less different situations 
that led to the accident. Hence, safety functions on 
board of vehicles involved in one and the same 
accident may very well be confronted with 
different situations. Therefore, the effectiveness of 
a safety function in a specific accident highly 
depends on which of the involved vehicles is 
considered for the evaluation. 

Thus, when referring to a certain type of accident, 
vehicle-related classification of accidents will 
always be in consideration. 

For computing the term in equation (2) the two 
odds have to be estimated with the equipment-rates 
within the accident type of interest as shown in 
equation (3). 

( )
( )

SF active |
SF not active |

No. of cars with SF active within 
No. of cars with SF not active within 

P A
P A

A
A

≈

 (3) 

Of course, this estimator only is adequate if the 
numbers of these accident counts are reasonably 
high. The section “Confidence intervals” deals with 
the accuracy of the estimated results. 

With this transformation a term is derived that can 
easily be computed and is equivalent to the relative 
risk which can be interpreted, so that the 
effectiveness of SF within A can be computed as 
shown in equation (4). 

( ) 1 OR
No. of cars w. SF active in 

No. of cars w. SF not active in 1
No. of cars w. SF active in 

No. of cars w. SF not active in 

eff A
A

A
N

N

= −

= −
 (4) 

The effectiveness then describes the percentage of 
avoided accidents within the category A. To 
describe it more precisely:  

Assume that each vehicle out of a certain fleet of 
vehicles is involved in a specific critical accidental 
situation (base unit of exposure) that in case the SF 
is not active would lead to accidents of type A. 
Now assume that exactly the same number of 
similar vehicles out of a similar fleet with the same 
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drivers and the exact same surrounding conditions 
is being confronted with the same critical situation, 
but this time every vehicle out of this second fleet 
is to be equipped with SF. Hence, this thought 
experiment resembles a perfect case-control-study, 
where each critical situation is observed twice – 
one time with the safety function on board, and 
another time without the same. Each pair represents 
a matched pair: Case and control. As for each pair 
all surrounding conditions are exactly the same 
except for the safety function of interest, these pairs 
will be referred to as a “perfect matching” in the 
following. Assuming that SF has some accident 
avoiding effectiveness, eff·100% of the critical 
situations should not have led to an accident. 
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Figure 1: Example for the interpretation of the 

accident avoiding effectiveness of a safety 
function 

In this thought experiment the accident avoiding 
effectiveness is about 10%, as roughly 10% less 
accidents within the group of equipped vehicles 
were observed compared to the group of non-
equipped vehicles. Since the one and only 
difference between the two fleets is supposed to be 
the safety function, the effect may be postulated to 
be caused by the safety function’s effectiveness. 

Obviously, there will never be a chance of 
observing such an ideal situation of a perfectly 
matched case-control-study in the field of accident 
research. However, by explaining another possible 
way of interpreting odds-ratios, it should become 
clear how this problem is circumvented. 

Odds-ratios compare the relative frequency of the 
equipment-rate within accident type A to the 
equipment-rate within type N. If the safety function 
of interest has no effect on the occurrences of 
accidents of type A, the equipment-rate within A 
should be equal to the rate within N. Contrary, if it 
has some positive effect on accident type A, then 
some accidents must have been avoided due to the 
safety function. Hence, these do not appear in the 
database. With odds-ratios it is possible to calculate 
the number of accidents avoided this way. 

The effectiveness of a safety function is calculated 
by using only four different accident counts as 

shown in equation (4). These are the numbers of 
vehicles involved in accidents of type N or A, either 
equipped with SF or not equipped with SF. As N 
stands for a type of accidental situation not 
influenced by SF (neutral accidents), only one of 
these four counts is influenced by SF: The count of 
vehicles equipped with SF involved in accidents of 
type A. Therefore, any accident avoided due to the 
safety function has to be out of the group of SF-
equipped vehicles in A. Hence, any change in the 
calculated odds-ratio may be traced back to the one 
group of interest. Due to that, it is possible to 
calculate the percentage of avoided accidents as 
well as the absolute number of avoided accidents 
within this single group of interest. This is done by 
looking at two different ratios only. Particularly 
section “evaluating injury mitigating and injury 
avoiding effectiveness” will make use of this way 
of interpreting odds-ratios. 

Typically, it is not possible to identify the exact 
cause for these “missing” accidents – whether it is 
solemnly the influence of the SF or possibly due to 
external variables such as vehicle age, driver’s 
experience and so on. As newer vehicles are more 
likely to be equipped with more safety functions 
than older ones, the variable vehicle-age is likely to 
have a confounding influence. The paper will come 
back to the topic of confounding variables in the 
section “the influence of additional external factors 
and logistic regression”. Hence, no causal 
relationship between the safety function and the 
effectiveness can be drawn so far. For the sake of 
simplicity it will still be referred to as the 
“effectiveness of the safety function” instead of 
“effectiveness of the behavior of vehicles equipped 
with the safety function”, which would be more 
appropriate. According to [12] all calculations 
made without taking external factors into account 
shall be referred to as “crude” calculations in this 
paper, e.g. crude odds-ratios and crude 
effectiveness. 

Furthermore, it is important to point out that 
effectiveness always refers to accident counts 
instead of accidents in general. Therefore, an 
effectiveness of 20% for some safety function SF 
and some accident type A must be interpreted in the 
following way: 

20% of the cases that should have been observed in 
group A are not listed in the database at hand. Thus, 
the probability of a vehicle equipped with SF to 
suffer an accident of type A and to have that 
accident actually reported in the database at hand 
is only 80% of the probability for a vehicle without 
SF. This plays an important role in the 
interpretation of the results especially when looking 
at injury-accident databases. Furthermore, when the 
probability of an accident being reported is varying 
among different types of accidents, the computed 
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effectiveness will typically be biased due to that 
variance. 

Overall effectiveness and misclassifications 

Besides the effectiveness for a certain group of 
accidental situations one might also be interested in 
the overall effectiveness for all accidents. There are 
two possible approaches to quantify the overall 
effectiveness of a safety function, either by 
extrapolation or by direct approach. 

For the direct approach, A has to be chosen as the 
category of “all accidents within the database”, 
which leads to such an overall effectiveness. This 
approach has the advantage that additional effects 
of the safety function on other than the selected 
sensitive accidents are taken into account as well. 
On the other hand more unwanted external 
confounding variables could be included in the 
overall effectiveness calculation. For example, if 
drivers of vehicles equipped with ESC are more 
likely to have a parking assistant on board as well, 
then the calculated overall effectiveness of ESC 
would include some effectiveness on parking 
accidents due to the correlation between ESC and 
parking assistants. The main disadvantage is the 
fact, that the category N of neutral accidents for this 
proposal will be a subset of A. This does not lead to 
any problems within the calculation itself, but 
calculating confidence intervals in the way 
described below becomes impossible. 

For the other approach the effectiveness within the 
subgroup of accidental situations which are 
sensitive to the safety function has to be calculated 
and extrapolated to the complete set of accidents. 
Before discussing this approach any further, some 
discussion on the effects of misclassifications of 
accidents in a real world accident-database is in 
order. 

There are two different possibilities for 
misclassifications in every single count out of the 
four accident counts necessary for the calculation 
of odds-ratios. The equipment of the vehicle of 
interest may be falsely classified as well as the 
classification of the type of accident may not be 
correct. It can be shown that if the system has a 
positive effectiveness, independent of the type of 
misclassification, the outcome will be an 
underestimation of the real effectiveness (cf. [7]). 
At this point the interpretation of the effectiveness 
is crucial. It is common to compare all accidents 
that are considered to be sensitive (instead of some 
specific accident type A) to the safety function to a 
neutral group [9]. Therefore a misclassification 
leads to an underestimation of the effectiveness of 
all sensitive cases. Typically, in analyses with 
accident data there will be at least some accidental 
situations that are not easily classifiable to be 
sensitive or neutral to the safety function. In many 

cases there even is a large group of accidents that is 
known to be a mixture of sensitive and neutral 
cases. Often it is impossible to split such a group 
into sensitive and neutral cases with the amount of 
information available. Hence, there are three 
possibilities to deal with such a group: Either 
excluding the entire group from the analysis, or 
including this group in the analysis and considering 
all these cases to be either of sensitive or neutral 
type. When including this group in the analysis, 
many of the cases will be misclassified, which 
results in an underestimated effectiveness for all 
sensitive accidents. The most convenient way to 
deal with such a blend of sensitive and neutral 
cases is to exclude them from the analysis ([7], 
[9]). By excluding such cases from the analysis the 
accuracy of the estimator for the effectiveness is 
higher but this estimator refers to a smaller group 
of sensitive cases. 

Returning to the second approach, calculating the 
overall effectiveness via extrapolation, it is no 
longer of interest to have an accurate estimator for 
the effectiveness for sensitive accidents rather for 
sensitive accidents but for all accidents. The 
extrapolation is done as shown in equation (5). 

( )

( ) ( )

( )

1
0

1
0 0

SF

1 SF
SF

1 SF

overall

A
A

A
A A

A N

A

eff

nn
eff

eff
nn n

eff

+
−

= ⋅
+ +

− 1
Nn+

 (5) 

The abbreviations used in equation (5) are 
explained in equation (6): 

1

0

1

0

: No. of accidents of type  of cars equipped with SF

: No. of accidents of type  of cars not equip. with SF

: No. of accidents of type  of cars equip. with SF

: No. of accidents of type  

A

A

N

N

n A

n A

n N

n N

=

=

=

= of cars not equip. with SF

(6) 

See [15] for the derivation of this formula. This 
way of calculating the overall effectiveness only 
makes sense if definitely all accidents that are 
somehow sensitive to SF are included in A. If A 
contains some neutral accidents, then effA(SF) will 
be reduced accordingly. However, this leads to a 
larger group A and the resulting overall 
effectiveness does not differ from the one 
calculated by using a perfectly dichotomous 
classification of neutral and sensitive accidents at 
all! Therefore, a misclassification in the sense of 
neutral accidents being classified as sensitive does 
not change the calculated overall effectiveness! (cf. 
[15]) 

Hence, it is of no consequences for the calculation 
to include some neutral accidents into the group A, 
whereas the other types of misclassification still 
lead to an underestimation of the effectiveness. 
Therefore, if interested in an overall effectiveness it 
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is strongly recommended to include only these 
cases where the categorization is done with a 
sufficient precision into the neutral category. 
Whereas all cases without such a sufficient 
certainty of a correct classification should be 
included in group A. 

On the basis of these findings, the correct 
classification of a neutral type of accidental 
situation becomes ever more important. Although 
both approaches lead to comparable results, the 
authors recommend the usage of this extrapolation 
approach as in the other approach the accident 
counts are not independent. This is crucial as the 
possibility of calculating confidence intervals is 
eliminated. 

As a last important statement of this section a word 
of caution is in order: It is important to point out 
the non-linearity of odds-ratios. When calculating 
the effectiveness within two disjoint groups of 
accidental situations, the effectiveness of the union 
of the two groups calculated directly will most 
likely differ from the one calculated by a weighted 
mean of each group’s effectiveness. In some cases 
it may even occur that the directly calculated 
effectiveness of the union of the groups is larger (or 
smaller) than each of the two groups’ effectiveness 
(cf. [2] keyword “Simpson’s paradox” for more 
information on this behalf). Therefore, it is not 
advisable to calculate the overall effectiveness by 
dividing the data into different groups and 
averaging the results! In case of the overall 
effectiveness extrapolation approach, the 0% 
effectiveness of the neutral group leads to 
reasonable results, but for many other 
classifications Simpson’s paradox comes into play. 

Confidence intervals 

Independently of the selection of type A, N and SF, 
the calculated result of the effectiveness does not 
take into account statistical fluctuations. For 
example, assume that for a certain given population 
of vehicles the true accident avoiding effectiveness 
of SF for A equals 20%. Then, a randomly drawn 
sample of accidents is reported to a database. If 
then the above described way of calculating the 
accident avoiding effectiveness is applied, it is 
most likely that the result will not be exactly 
20.0%, due to the random drawing and therefore 
statistical fluctuations. Nevertheless, for a given 
interval it is possible to compute the probability 
that the true value is covered by this interval. E.g. 
when the probability of a certain interval for 
including the true value of interest is equal to 95%, 
then the interval is called a 95% confidence interval 
for that value of interest. 

The requirements for calculating a confidence 
interval are the following: 

nA
1, nA

0, nN
1 and nN

0 (cf. equation (6)) need to be 
pair wise stochastically independent and those 
accident counts need to properly follow Poisson 
distributions. Except for the above-mentioned first 
approach for calculating the overall effectiveness, 
these assumptions are very common in literature; 
cf. [10] and the literature review of [9]. If any of 
the two assumptions is not appropriate, a better but 
more time-consuming and computer-intensive 
method would be bootstrapping, where resampling 
is used to calculate a variety of different results for 
the effectiveness. From the variance of these 
different calculations, conclusions about the 
influence of statistical fluctuations on the 
effectiveness may be drawn. See [3] for more 
information on this topic. 

When calculating the effectiveness by the means of 
odds-ratios, it is easily possible to calculate a 
confidence interval for it. If interested in a (1-
α)*100% confidence interval for the effectiveness 
eff(A) with α ∈ (0,1), equation (7) shows how to 
compute it. See [1] page 24 for more detailed 
information. 

1
1 0 1 02

1
1 0 1 02

1 1 1 11 exp

1 1 1 11 exp

low A A N N

high A A N N

eff OR u
n n n n

eff OR u
n n n n

α

α

−

−

⎛ ⎞
= − ⋅ + ⋅ + + +⎜ ⎟⎜ ⎟

⎝ ⎠
⎛ ⎞

= − ⋅ − ⋅ + + +⎜ ⎟⎜ ⎟
⎝ ⎠

 (7) 

Where u1-α/2 stands for the (1-α/2)-quantile of the 
standard normal distribution. Please take notice of 
the fact that this is no symmetric confidence 
interval, i.e. eff usually will not be in the center of 
this interval. 

If 0 ∉ [efflow; effhigh], the calculated effectiveness is 
called statistically significant with the level of 
significance α. 

If interested in a confidence interval for the overall 
effectiveness described in the preceding section, 
the upper and lower bounds of the confidence 
interval for effA need to be imputed into equation 
(5). The interval calculated in this way is not an 
exact confidence interval in the strict sense as 
statistical fluctuations on the percentage of neutral 
accidents from all accidents are not taken into 
account. Nevertheless, the authors recommend this 
approach, since as the influence of these statistical 
fluctuations should be negligible compared to the 
fluctuations the confidence interval for effA takes 
into account. 

In principle the presented confidence intervals or 
bounds are in correspondence to rates and 
percentages only. They are not related to absolute 
numbers since for example the absolute number of 
accidents in a certain time period is a random 
quantity as well. Therefore, the presented absolute 
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numbers should always be understood in relation to 
the total number of accidents (even of a specific 
type). 

The confidence interval for the overall 
effectiveness is computed as shown in equation (8): 
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EVALUATING MULTIPLE SAFETY 
FUNCTIONS 

As a matter of course, it is of major interest to be 
able to evaluate a whole package of multiple safety 
functions as well as a single safety functions only. 
Odds-ratios offer a well interpretable way of 
comparing any two (or even more) different safety 
equipments. In equation (2) the odds-ratio is 
calculated by comparing the probabilities of 
suffering a certain accident depending on whether a 
SF is active or not. The very same approach may be 
applied when looking at different safety 
configurations instead of a single active or non-
active safety function. A safety configuration is 
considered to be a set of various safety functions 
such as “any car that is equipped with anti-lock 
braking system, airbags and emergency brake 
assistant but does not contain ESC”. In this paper a 
safety configuration is understood to be a set of 
safety functions always included, certain safety 
functions may be excluded and information about 
other safety functions is not of interest. In this 
section the effectiveness of a safety configuration 
SC I is compared with the effectiveness of another 
safety configuration SC II. 

The effectiveness calculated by the use of odds-
ratios then describes the additional gain of safety of 
SC I compared to SC II. In other words: Assume 
that some vehicles equipped with SC II are 
involved in critical accidental situations that would 
lead to accidents of type A. The effectiveness then 
describes how many of these accidents could have 
been avoided if instead of SC II the safety 
configuration SC I had been on board. 

SC I and SC II do not have to be a single specific 
safety configuration but may also each describe 

classes of safety configurations. For example, SC II 
may stand for “any safety-configuration that 
includes the safety function SF1 but excludes SF2” 
and SC I could be “any safety configuration that 
includes SF1 as well as SF2”. For the sake of an 
easier interpretation of the results, SC I should 
always include every single safety function that is 
included in SC II plus some additional safety 
function(s) that are excluded in SC II.  

For SC I and SC II defined in this way, the 
corresponding effectiveness shown in equation (9) 

( )
( )
(
( )

)

SC I |
SC II |

( ) 1 OR 1
SC I |
SC II |

P A
P A

eff A
P N
P N

= − = −  (9) 

describes the additional gain of SF2 within accident 
type A, given that SF1 is already existent. If 
interested in safety configurations which contain 
information on more than two safety functions, the 
interpretation of the results is analogous: 

The effectiveness then describes the additional gain 
of all these safety functions that are included in SC 
I but excluded in SC II, given that all the safety 
functions that are included in both, SC I and SC II 
are already present. 

At this point again the neutral accident type N is 
crucial. This type of accident must not be 
influenced by any of the safety functions that 
distinguish SC I from SC II. 

Analogous to evaluating a single safety function, 
the confidence intervals may be computed by 
applying equation (7). 

The overall effectiveness calculation (cf. equation 
(5)) is still possible. However, the fact that the 
computed value refers to the group of all vehicles 
equipped either with SC I or SC II has to be taken 
into consideration. All other safety configurations 
are excluded and therefore the different overall 
effectiveness calculations are not always 
comparable as shown in the following.  

The herewith described algorithm is applied to a 
data example in [15] in detail. 

EVALUATING INJURY MITIGATING AND 
INJURY AVOIDING EFFECTIVENESS 

So far odds-ratios have only been used for 
evaluating the accident avoiding effectiveness, but 
as pointed out in the beginning of the paper the 
other types of effectiveness (e.g. injury avoiding 
and injury mitigating) are of major interest as well. 
Typically these types of effectiveness can be 
quantified on the basis of in-depth accident studies 
and simulations based on accident-reconstructions. 
But as these in-depth studies are not always 
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applicable, this paper intends to propose a general 
approach that as far as possible is independent on 
the type of safety function or configuration of 
interest, such an approach shall be presented in the 
following.  

As seen in the previous sections, odds-ratios are 
able to evaluate the accident avoiding effectiveness 
of some safety configurations within a certain type 
of accidental situation called A. To evaluate the 
effectiveness of a safety configuration on different 
severity levels of injuries, A has to be split up into n 
different subgroups, enumerated according to an 
increasing severity of the accident. Thus A1 may 
stand for all accidents within category A with 
material damage only, A2 may stand for all 
accidents within category A with slightly injured 
passengers only, up to An which may stand for 
accidents of category A with fatally injured 
passengers. As the described classification of the 
accidents is vehicle-related, only the occupants of 
the vehicle of interest are relevant for the 
classification Ax, x=1,…,n, and not for example the 
most severely injured person involved in an 
accident. For such a classification both approaches 
of either looking at the injury status of the driver 
only, or looking at the maximum injury severity of 
any occupant of the vehicle is feasible. As injury 
mitigation stands for a reduction of the severity, it 
may be expressed by a shifting of cases from 
higher groups to lower groups due to the safety 
configuration of interest. 

Explanation with the help of a thought 
experiment 

For the sake of an easier understanding this 
subclassification shall now be introduced to the 
thought experiment above: Two almost identical 
fleets of vehicles are to be involved in critical 
situations. The vehicles of the first fleet are not 
equipped with the safety configuration of interest, 
the vehicles out of the second fleet are all to be 
equipped with the safety configuration. All other 
variables that may have an influence on the 
accident outcome such as driver behavior are 
supposed to be exactly the same for the vehicles of 
both fleets. Hence, this thought experiment again 
resembles a perfect case-control-study, where each 
critical situation is observed twice – one time with 
the safety configuration on board and another time 
without the same. Each pair represents a matched 
pair: Case and control. Assuming that the safety 
configuration indeed has some effect on the injury 
severity of the accident-involved persons, this 
should be observable. The distribution of the 
accidents through the different severity types A1 to 
An within the fleet of equipped vehicles should 
differ from the distribution of the non-equipped 
fleet. For the sake of consistency the event “no 
accident” is to be named A0. 
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Figure 2: Example for a different injury severity 

distribution 

This example is similar to the example in Figure 1, 
just the group “accidents” has been subclassified 
according to the above introduced scheme of 
accident severity. Similar to the accident avoidance 
effectiveness which may be observed by the 
decreasing amount of accidents, the injury 
mitigating effectiveness expresses itself in shifts 
within the group “accidents” from one group of 
injury severity to another one. In this example the 
amount of vehicles with fatally injured occupants 
has decreased in the group of SF-equipped vehicles 
compared to the non-equipped ones. Unfortunately 
it is not possible to tell, what has happened with 
these “missing” fatalities. Did these accidents not 
happen anymore (accident avoidance) or was it an 
accident still but with a lesser severity (injury 
avoidance or injury mitigation)? 

At this point one major assumption has to be made: 

It is assumed that the safety configuration of 
interest has to have a positive effectiveness. This 
means that every accident that is prevented from 
being of severity x and instead of severity y, it 
must be assumed that y ≤ x will always hold! In 
other words for every matched pair of cases and 
controls the severity of the case (that is a vehicle 
equipped with this specific safety configuration) 
must be of the same or of a lower level than the 
severity of the control (non-equipped vehicle)! 

Obviously this assumption sometimes may not be 
true in single specific accidents, such as if a vehicle 
falls into water where drowning may become more 
likely for a belted person. Nevertheless, for the 
majority of the cases the assumption is not 
unrealistic and as the assumption is crucial for all 
the follow-ups, the few exceptions shall be ignored. 

Due to this assumption it may be taken for granted 
that all accidents out of the second fleet, classified 
to a certain severity level has its matching partner 
within the same or a higher group of accident-
severity. For example all fatal accidents in the 
group of equipped vehicles have their matching 
non-equipped counterpart in the group of fatal 
accidents.  
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Figure 3: Example for different amounts of fatal 

accidents 

A short recall: In the thought experiment every 
critical situation is observed twice with identical 
surrounding conditions except for the safety 
function. Each of these pairs is called a matched 
pair. In the context of Figure 1 “matched” stands 
for matched within the same severity level and if 
the matching partner of a specific critical situation 
is not within the same group it is denoted as being 
“unmatched”. 

All non-equipped vehicles out of the group A4 that 
are not matched have been avoided to stay in the 
group of fatal accidents due to the safety 
configuration. Thus, the injury mitigating 
effectiveness for the group of fatal accidents is 
somehow expressed by an accident avoiding 
effectiveness of this subgroup. If the above 
assumption does not hold, it is not possible to tell 
anything about the amount of unmatched vehicles 
within the non-equipped group A4, as it may be the 
case that some of the equipped fatal accidents may 
have their matching partner in a non-fatal group. 
That is why the assumption is crucial for the 
following. 

The same argument may be applied to any group of 
accident where it is for sure that all vehicles in this 
group out of the equipped fleet have their matching 
counterpart in the same injury severity group 
within the non-equipped fleet. Hence, in the 
equipped fleet no shifts from other groups to the 
group of interest are allowed. Due to the above 
assumption this will always hold if this group of 
interest is what shall be referred to as a “topmost 
group”, which may be described as a group of at 
least a certain severity. Thus if the group with a 
certain severity x, that is group Ax is to be 
investigated, it is necessary to look at this very 
group and all more severe groups which may be 
defined as Ax+ := Ax ∪ A(x+1) ∪ … ∪ A(n-1) ∪ 
An. Only then it is for sure that theoretically all 
cases of equipped vehicles in this group Ax+ have 
their control of non-equipped vehicles in the group 
Ax+ as well. 
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Figure 4: Example for different amounts of 

severe or fatal accidents 

For every topmost group the injury mitigation 
effectiveness may be calculated in this way and it 
describes the amount of non-equipped vehicles (or 
controls) that are downshifted from the topmost 
group to some other groups. It stays unclear to 
which group these controls are shifted, i.e. to which 
group the matching case-vehicle belongs. 

 
Figure 5: Example for unknown amount of 

downshift to group of interest: A2 

When now looking at a not topmost group, for 
example A2, it is obviously impossible to tell how 
many of the A3+-unmatched controls are matched 
to a case in A2. One extreme would be that all of 
these are matched to a case in A2, which would 
describe the situation that due to the safety 
configuration, the outcome of all these accidents 
has been mitigated to slight injuries only. This is 
expressed in Figure 6, where all the A3+-unmatched 
controls are matched to a case in A2. For 
calculating the injury mitigation effectiveness 
within group A2 it is again necessary to identify the 
amount of unmatched controls, that is non-
equipped vehicles, in group A2. Because of the 
assumed non-negative effectiveness, it becomes 
clear that all leftover cases in A2 are matched to 
controls of the same severity (dark blue areas in 
Figure 6). With this knowledge the exact amount of 
controls that are not matched to cases of the same 
severity level may be obtained, which is as well 
shown in Figure 6. 
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Figure 6: Upper bound for effectiveness in 

group A2 

It has to be kept in mind that due to the assumption, 
that every time the safety configuration prevented 
an accident from being severe or fatal, the outcome 
then has necessarily to be classified as belonging to 
group A2. If this is not true and at least some injury 
mitigation leads to a less severe classification, then 
the amount of matchings from case group A2 to 
control group A2 increases and therefore the 
amount of unmatched controls in group A2 
decreases. As the injury mitigation effectiveness 
decreases with a decreasing amount of unmatched 
controls, the above described extreme leads to an 
upper bound for the effectiveness! 

The other extreme would be to assume, that all 
controls of the group A3+ that are not matched to 
cases in A3+ as well are matched to a less severe 
group than A2. Thus, as no cases in A2 are matched 
to a higher group, all the observed cases in A2 need 
to have their matching counterpart in the control 
group A2. By then looking at the size of both 
groups A2 and seeing which is bigger and therefore 
leaves some cases or controls unmatched within the 
same severity level, a lower bound for the injury 
mitigating effectives may be calculated. In this 
example one observes more cases of severity level 
A2 than controls of the same severity level. This 
would lead to a negative effectiveness for the group 
A2 which contradicts the general assumption of a 
non-negative effectiveness. On the other hand this 
extreme scenario, where every time the safety 
configuration prevents an accident from being fatal 
or severe, the outcome must be no injury or no 
accident seems rather unlikely. Therefore a 
negative lower bound of the effectiveness does not 
necessarily contradict the non-negativity-
assumption. 

 
Figure 7: Lower bound for effectiveness in 

group A2 

A negative lower bound for the effectiveness has to 
be interpreted almost similar to a lower bound 
equal to zero with the only difference that it 
indicates a high effectiveness in the higher groups 
and in some cases possibly a low effectiveness in 
the group of interest. 

It is important to point out, that the interval given 
by the lower and upper bound do have nothing in 
common with a confidence interval. This interval 
just includes all possible values for the 
effectiveness for the group A2 that are conformable 
with the data at hand. Confidence intervals need to 
be computed separately for each of the two 
boundaries! 

Of course all the above explanations are applicable 
to any of the different severity groups A1 to An as 
well as especially A1+ to A(n-1)+. When then 
having a closer look and the classification of A0 
and A1 is similar to the example above, the 
effectiveness of group A1+ describes the amount of 
cases that are shifted to group A0 due to the safety 
configuration. In other words the safety 
configuration has changed an event from being an 
accident of a certain severity to become an event 
“no accident”. Thus the effectiveness of group A1+, 
denoted by eff(A1+), is equivalent to the accident 
avoiding effectiveness. Accordingly eff(A2+) is a 
combination of the injury avoiding effectiveness 
and the accident avoiding effectiveness. 

Analogous to the section “effectiveness of single 
safety functions” it is important to point out the 
impossibility of observing such a perfectly matched 
case-control study in the real world similar to the 
above thought experiment. Nevertheless, if there is 
a neutral type of accidental situation according to 
the requirements for such mentioned above, this 
group may be used as the control group and some 
other group of interest then will be the case group. 
These two groups of course then are not case wise 
matched as it is assumed in the thought experiment, 
but these matchings were only introduced for the 
sake of an easier understanding, odds-ratios do not 
require such an assumption. 
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Resulting formulas for injury mitigation 
analysis 

When implying the above described theory to the 
formulas for odds-ratios, the effectiveness for a 
topmost group is calculated as shown in equation 
(10), where SC I stands for the safety configuration 
of interest that is about to be compared to the other 
safety configuration SC II. N stands for the neutral 
type of accidental situation. 

( )
( )
( )

( )
( )

1 OR

SC I | ( 1)
SC II | ( 1)

1
SC I |
SC II |

eff Ax

P Ax A x An
P Ax A x A

P N
P N

+ = −

∩ + ∩ ∩
∩ + ∩ ∩

= −

K

K n  (10) 

The probability-rates such as P(SC I | N)/P(SC II | 
N) may be understood as the equipment-rates 
within the groups of interest as shown in equation 
(3). 

If there is a sufficient amount of accidents involved 
in accidents of type N in the database at hand, the 
group N may be divided into subgroups according 
to the subclassification of A. But as the difference 
between SC I and SC II is considered to have no 
influence on crash occurrence and injury severity 
for the group N, the equipment-rate should not 
differ between the different severity levels. Hence, 
there should be no need to do so. In some cases it 
even will occur that the equipment rate within 
different severity levels within N do differ (either 
due to statistical fluctuations or to substantial 
differences) but then it seems to be questionable to 
take these differences into account for calculating 
the different types of effectiveness. 

The confidence interval for this effectiveness may 
be computed by applying equations (7) which shall 
be repeated in equations (11). 

1
1 0 1 02

1
1 0 1 02

1 1 1 1
1 exp

1 1 1 1
1 exp

low A A N N

high A A N N

eff OR u
n n n n

eff OR u
n n n n

α

α

−

−

= − ⋅ + ⋅ + + +

= − ⋅ − ⋅ + + +

⎛
⎜
⎝

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎞
⎟
⎠

 (11) 

Again, u1-α/2 stands for the (1-α/2)-quantile of the 
standard normal distribution and nA

1, nA
0, nN

1 and 
nN

0 are the four different absolute numbers used in 
the calculation for the odds-ratio OR (cf. [15]). 

As this paper now comes back to the earlier 
discussed lower and upper bounds it is important to 
point out the difference between these upper and 
lower bounds and confidence intervals. The upper 
and lower bounds only account for different 
possible amounts of injury mitigations from more 
severe groups to the group of interest, whereas 

confidence intervals account for statistical 
fluctuations! 

As argued above where Figure 7 is described, the 
lower bound for the effectiveness is calculated by 
not taking any possible injury mitigation (or 
downshifts) from more severe accident categories 
to the group of interest into account. Therefore this 
effectiveness is calculated by the crude odds-ratio 
of this group as shown in equation (12). 

( )min

1 1

2 2

No. of vehicles with SC I in 
No. of vehicles with SC II in 1
No. of vehicles with SC I in 
No. of vehicles with SC II in 

1
x N

x N

Ax
Axeff Ax
N
N

n n
n n

= −

= −

 (12) 

For calculating the confidence interval for this 
lower bound, only a one-sided interval is of use, as 
the maximal possible value for the lower bound 
does not provide any useful information. Therefore 
it must be calculated with using the (1-α)-quantile 
of the standard normal distribution instead of the 
(1-α/2)-quantile and equation (13) describes the (1-
α) lower confidence bound for the minimal 
effectiveness. 

( )min,

1

2
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1 1 2 1

2

1 1 1 11 exp
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x

x

N x x N

N

eff Ax

n
n

u
n n n n
n

α−

⎛ ⎞
= − ⋅ + ⋅ + + +⎜ ⎟⎜ ⎟

⎝ ⎠2
Nn

x

x

z

z

(13) 

The calculation of the upper bound is a bit more 
complicated, so only the resulting formulas are 
presented here. The derivation of these results may 
be found in [15]. The crucial point for this upper 
bound for a certain group Ax is a proper estimation 
of the downshifts from higher groups to this group 
Ax as described with Figure 6. Therefore many 
different variables needed for the formula are 
defined, as well as some abbreviations comparable 
to equation (6) are introduced in equations (14). 

1

2

+
1

+
2

1

2

: No. of vehicles with SC I in 

: No. of vehicles with SC II in 
: 1
: No. of vehicles with SC I in 

: No. of vehicles with SC II in 

: No. of vehicles with SC I in 

: No. 

x

x

z

z

N

N

n A

n A
z x

n A

n A

n N

n

+

+

=

=

= +

=

=

=

= of vehicles with SC II in N

 (14) 

Then the upper bound for the effectiveness within 
group Ax may be calculated as explained in [15]. In 
a first step, the maximum amount of downshifts 
into the group of interest ist computed (cf. equation 
(15)).  
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z+ N
z+2 1
1N

2

#
n n

shifts n
n
⋅

= −  (15) 

Then, for the sake of consistency this value needs 
to be truncated to the interval [0, n1

x] as any other 
value would lead to negative accident counts (cf. 
equation (16)). 

1 1

IF # 0 THEN # : 0
IF # THEN # :x x

shifts shifts
shifts n shifts n

≤ =
> =

 (16) 

Finally, the effectiveness is computed by 
subtracting the amount of shifts from the accident 
count of interest and computing the effectiveness in 
the standard way with the use of odds-ratios. 
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1 2
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n n

− ⋅
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⋅
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If interested in a direct calculation of the 
effectiveness without explicitely computing the 
amount of shifts, equation (18) may be used. 
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When interested in an upper confidence bound for 
the maximal effectiveness, the proceeding is 
analogously. First the maximum number of shifts 
needs to be calculated, this time including 
confidence intervals (cf. equation (19)). 

( )
( )
( )1
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11
1 1

highz

high

shifts

eff Az
n

eff Az eff Az

α

+
+

+ +

⎛ ⎞−
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⎜ ⎟− −⎝ ⎠

 (19) 

Please take special note of the fact that for the 
calculation of effhigh(Az+) the one-sided upper 
confidence bound instead of the two-sided one was 
used! 

Again, for the sake of consistency this value needs 
to be truncated to the interval [0, n1

x] as any other 
value would lead to negative accident counts (cf. 
equation (16)). 

1 1

IF # 0 THEN # : 0
IF # THEN # :x x

shifts shifts
shifts n shifts n

α α

α α

≤ =
> =

 (20) 

This amount of shifts has to be subtracted from the 
accident count of interest for the computation of the 
upper bound of the effectiveness as shown in 
equation (21). 
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The resulting value will most certainly be equal or 
larger than the actual upper confidence bound. The 
left over uncertainty and the exact derivation of 
these formulas is explained in detail in [15].  

As a matter of course, the overall effectiveness 
introduced in the section “overall effectiveness and 
misclassifications” is of interest for the different 
groups of injury severity. The formula given in 
equation (5) may be transformed accordingly to 
any group Ax or Ax+, subgroup of A with an injury 
severity x or x+ respectively as shown in equation 
(22). Please pay special attention to the necessity of 
splitting the accident type N according to the injury 
severity splitting of accident type A. This is 
necessary for the calculation of the overall 
effectiveness within a certain injury severity level 
and does not contradict the recommendation from 
above not to do such a splitting for the calculation 
of effAx or effAx+. The abbreviations used are 
according to equation (14) except for the 
substitution of N with Nx due to the 
subclassification of N. According to the definition 
of group Ax+ the group Nx+ stands for “accidents of 
type N classified with a severity of at least x”. 
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 (22) 

For calculating the overall effectiveness of an 
upper bound for the effectiveness of a not topmost 
injury-group, the shifts described in equation (15) 
and (19) respectively need to be taken into 
consideration which leads to equation (23): 
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If interested in the overall effectiveness of a group 
Ax+ instead of Ax the formulas are almost 
identically and therefore will not be repeated. 
Again it shall be stressed, that the interval given by 
the extrapolation of confidence boundaries for the 
effectiveness within a certain accident group to an 
interval for the overall effectiveness is not any 
longer an exact (1-α) confidence interval as 
statistical fluctuations on the percentage of neutral 
accidents from all accidents are not taken into 
account.  

The herewith described algorithm is applied to a 
data example in [15] in detail. 

THE INFLUENCE OF ADDITIONAL 
EXTERNAL FACTORS AND LOGISTIC 
REGRESSION 

In drawing conclusions from a statistical analysis 
one always has to be careful. A causal relationship 
between two variables always leads to some kind of 
statistical dependence between these two quantities. 
The opposite assertion that an existing statistical 
dependence between two quantities leads to a 
causal relationship between the corresponding 
variables in general is not true. The easiest example 
one may think of is as follows. Assume that one 
variable Z has a causal relationship to the variables 
X and Y which are of interest to the investigator. If 
one considers or observes the variables X and Y 
only, then they typically will show up some kind of 
dependence. But the true story is that both variables 
depend on the third one Z. In the context of this 
paper this could mean that if the driver populations 
of vehicles equipped and not-equipped with a 
specific safety equipment are completely different 
or even disjoint. Then the observed effectiveness of 
this safety equipment may be entirely due to the 
difference in the driver population. One easily can 
think of other examples which in some and even in 
relevant cases may lead to a significant 
misinterpretation of the results. In pure statistical 
theory one therefore usually assumes that the test 
conditions of the two experiments are completely 
equal except for the variable of interest as in the 
thought experiments in the preceding section. 
Having such an ideal situation at hand, all observed 

differences in accident outcome between equipped 
and non-equipped vehicles are due to the safety 
configuration for sure. But the above mentioned 
theoretical assumption is far from being realistic 
when investigating real world accident data. In 
reality the equipment of vehicles not only differs in 
specific safety functions and the driver population 
rarely is the same for different vehicles. Therefore 
methodology is needed to deal with this situation.  

One simple idea is to create different categories of 
accidents in which all relevant external variables 
like driver’s age and gender, size of the vehicle, 
weather conditions at the accident spot, accidental 
situation etc are as similar as possible. Within 
every group of such categorized accidents one may 
compute an odds-ratio as described above. The 
variation of the odds-ratio over the different 
categories easily may be interpreted as a 
quantification of the influence of the accident 
characteristics within a single category. This 
approach perfectly works if one has sufficient 
accident data at hand and not too many external 
variables in mind. If only one of these two 
hypotheses is not true one ends up with very few 
cases in each category which leads to non reliable 
statistical quantities within each category. Even if 
only five external variables are considered, for 
which each of them may take five different values 
at least hundred thousand and more accidents are 
needed in order to obtain reliable and interpretable 
results. Thus, even for a rather low number of 
external variables the so-called curse of 
dimensionality arises. 

Another possibility in order to quantify the 
influence of external variables to the accident 
outcome is given by the statistical concept of 
logistic regression. A detailed explanation of the 
concept of logistic regression models may be found 
in any textbook of categorical data (cf. for example 
[1]). Before starting the explanation, a brief word 
of caution is in order. Logistic regression is not 
able to circumvent the above mentioned curse of 
dimensionality. Logistic regression is a statistical 
tool which is able to deal with a moderate and 
sometimes even high number of external variables 
by the price of assuming that the influence of the 
external variables is to some extend easily 
structured. From a principle point of view logistic 
regression assumes that the influence of the 
external variables to a slightly transformed output 
quantity is just as simple as a linear influence.  

For describing the essentials of logistic modeling 
some external variables x1, x2, … , xd are 
introduced. These variables could take values 0 or 
1, in case of gender as an example, or could take 
numbers (like the age of the driver of the vehicle) 
and so on. One or more of the variables denotes the 
coding whether a specific safety function in the 
vehicle is on or off. Then logistic modeling for the 

Zangmeister 12 



probability P(A|x1 , x2, … , xd) of having an accident 
of type A given that the external variables take the 
specific values x1, x2, … , xd reads as follows (cf. 
equation (24)). 

0 1 1
1

0 1 1

exp( ... )
( ,..., )

1 exp( ... )
d d

d
d d

x x
P A x x

x x
β β β
β β β
+ + +
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For the so-called odds this means 

1
1

1

0 1 1

( ,..., )
logit ( ,..., ) ln
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d

d d
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P A x x
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−

= + + +

 (25) 

which just indicates the above mentioned linearity 
assumption of logistic modeling. When the 
accident-database at hand is split into two groups – 
accidents of type A and accidents of type N which 
is neutral to the safety function of interest – 
statistical routine software is able to estimate the 
parameters β1, β2, …, βd. With the use of equation 
(26) which is shown to be valid in [15], the relative 
risk introduced in the section “relative risk – odds-
ratios” may be computed. 
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In equation (26) Ωk stands for the set of all possible 
values xk can take. Hence, for any given specific 
combination of values for the different external 
factors xk ‘s, the relative risk of suffering an 
accident of type A with SC I compared to SC II is 
calculable. It even is independent on the specific 
values of x2, … , xk which means that no matter the 
specific situation of external factors, the relative 
risk always stays the same. This may be interpreted 
as the relative risk shown in equation (1) where all 
the confounding influences of the variables 
x2, … , xk have been canceled out!  

It shall be stressed that the classification and 
choosing of the variables x2, … , xk may have an 
enormous influence on the estimation of β1.  

First, the type of variable is of interest: When a 
variable has more than two values possible to take, 
the logistic model always assumes that the 
influence of that variable continuously increases or 
decreases. E.g. if looking at the influence of the 
driver’s age on the probability to be involved in a 
skidding accident the model either assumes that the 
older the driver, the higher (or lower) the 
probability of being involved in a skidding accident 
will be. It is not possible to model a high risk for 
young drivers, a low one for middle-aged and again 
a high one for old drivers when using a logistic 
regression. Therefore the authors strongly 
recommend using binary variables only. This 

would not be a loss of generality as every variable 
describing a single external factor xk with h 
different possible values may be expressed by 
binary variables only. In order to do so, one of the 
possible outcomes needs to be set as a reference 
group. Then this single factor may be coded as (h-
1) different variables xk1, … , xk(h-1) each to be 
coded as 0, if the value xk equals the reference 
group. If the value equals one of the other (h-1) 
possible outcomes, e.g. the m-st possible value, 
then xkm is set to 1 and all the others to 0. Thus, any 
categorized variable with h different possible 
values may be coded as (h-1) different binary 
variables. (Many statistical software-packages do 
this automatically when applying a categorical 
logistic regression.) 

When dealing with continuous variables, these may 
be categorized as well without losing much 
information due to the limited number of cases 
within a database and a limited interpretability – is 
there much information to gain by distinguishing 
between a driver who is 37 years and 360 days old 
and a 38 years old driver?  

Second, including one more variable or excluding a 
single one from the model may have a big 
influence on the estimation of β1 as well. 
Accordingly, the inclusion or exclusion of certain 
interactions of multiple of the different variables 
may have a big influence. Thus, for the logistic 
regression it is of crucial importance to choose the 
“right” variables and interactions of variables to be 
included into the model only. There are multiple 
ways of identifying the so-called “goodness of fit” 
of a model which may be used to select the model 
most appropriate for the data at hand. See [1] for 
more information. 

Another important remark is that it is crucial that β1 
is interpretable in such a good way due to the 
specific choice of neutral accident types. Please see 
[15] on what requirements need to be fulfilled in 
order to be able to interpret βk with k ≠ 1. 

It shall be stressed, that when applying a logistic 
regression typically a confidence interval for the 
parameter β1 is given. Imputing these in equation 
(26) directly leads to confidence intervals for the 
effectiveness of interest. 

Finally a logistic regression model is only able to 
deal with data sets that have complete information 
on all variables included in the model. As a logistic 
regression model typically includes plenty of 
different confounder variables this typically leads 
to a considerable reduction of the amount of data 
available to run the regression on. To circumvent 
this problem two approaches are promising: 

Either a missing data imputation algorithm [5] 
should be run on the data-base, or the attribute 
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“missing” should be used as another category of the 
corresponding categorical confounding variable. 

GENERAL REMARKS 

The methodology presented in this paper is 
applicable for any accident-database with a 
sufficient amount of information available to 
identify the crucial group of neutral accidents. Even 
though to obtain representative results it is crucial 
to have a database which is representative for the 
population of interest. Many databases are not 
representative as for example most of the times the 
injury outcome of any accident has an influence on 
the probability of a specific accident to be recorded 
in the database. This problem of representativeness 
may be dealt with by using an appropriate 
weighting algorithm. See [13] for more details. 

Another important remark deals with missing 
values in the database. Often many entries within a 
database are missing. Many studies assume these 
values to be missing at random and therefore 
simply exclude these cases from further analyses. 
However if this nonexistence of information is not 
entirely at random this proceeding results in a 
possible bias. Therefore it is recommended to take 
missing value imputation methods into 
consideration as they are described in [5]. 
Especially when calculating the effectiveness with 
a logistic regression to cancel out the influence of 
different confounder variables this is crucial. That 
is because a logistic regression requires complete 
information on all variables of all cases that are to 
be involved in the analysis. Typically this is only 
true for a comparatively small number of cases 
within a database. 

CONCLUSIONS 

So far the findings of the preceding sections are 
more or less stand-alone results. As a matter of 
course, it is of great interest to combine these 
findings in order to be able to do an injury 
mitigation analysis for multiple safety functions 
including external factors. Therefore, the results are 
summarized in the following and it is explained 
how to combine the various methods. 

First, the paper describes how odds-ratios may be 
interpreted, how to use these values in order to 
calculate the effectiveness of a safety function, how 
to extrapolate the results to an overall effectiveness 
and how to compute confidence intervals. 

Afterwards, these findings are generalized in order 
to evaluate more than a single safety function. This 
is done by evaluating different combinations of the 
safety functions. Hence, if interested in an 
evaluation of more than a single safety function, 
multiple analyses have to be made. These multiple 

evaluations distinguish from each other in a 
different focus on the safety configuration of 
interest. 

Section “evaluating injury mitigating and injury 
avoiding effectiveness” again describes a 
generalization of the use of odds-ratios and again 
multiple evaluations have to be made in order to 
quantify the injury mitigation effectiveness of a 
safety function. This time the multiple evaluations 
necessary differ in the injury severity of interest. 
Thus, it is no problem to combine the different 
generalization methods of odds-ratios: Each 
evaluation necessary for evaluating multiple safety 
functions at once may be split up into the multiple 
injury mitigation evaluations. 

It is important to point out, that for all calculations 
presented so far, only aggregated data is necessary. 
Only with introducing a logistic regression in order 
to deal with confounding variables it becomes 
necessary to have more detailed case by case 
information! 

Section “the influence of additional external factors 
and logistic regression” suggests a logistic 
regression instead of calculating the crude odds-
ratios. By doing so, external factors may be taken 
into account in order to reduce interfering 
influences. Therefore, each calculation necessary 
should be done with the use of logistic regression. 
This is easily possible for almost all evaluations 
described above. Only if so-called “shifts” need to 
be taken into account, the logistic regression may 
not be applied directly. Nevertheless it is possible 
to apply a logistic regression in these cases as well. 
See [15] for a detailed description. 
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ABSTRACT 
This paper describes a basic framework for Safety 
Impact Methodologies (SIM) to estimate potential 
safety benefits of pre-production advanced Driver 
Assistance Systems (DAS).  A common flow-chart, 
showing the interaction between data usage, crash 
scenarios development, model development, testing, 
data generation, and benefits estimation activities, is 
used to describe the basic framework.  Although the 
framework applies to all types of evaluation of DAS, 
this paper focuses on those aspects that support 
evaluation of pre-production systems.   
 
The paper then describes three approaches to 
implementing the SIM framework for pre-production 
systems.  Two of these approaches describe 
effectiveness in terms of reduction in number of 
crashes with the system active.  The third approach 
describes the effectiveness in terms of fatality and 
injury reduction, rather than estimating crashes 
avoided. 
 
The paper concludes with descriptions of how the 
three approaches are being implemented in the SIMs 
that are being developed by the four teams 
participating in NHTSA’s Advanced Crash 
Avoidance Technology (ACAT) program. The paper 
also includes brief descriptions of other benefits 
evaluations as a means of highlighting how the 
framework accommodates evaluation of production 
systems and near-production systems as well as pre-
production systems. 
 
The framework developed in this paper provides a 
cornerstone for development of safety impact 
methodologies for evaluating pre-production driver 
assistance systems and for comparisons of 
methodologies that are used to evaluate production 
and near-production systems. 
 

INTRODUCTION 
The automotive industry has made significant 
progress in the development of advanced 
technologies intended to prevent crashes and their 
consequences.  Advanced technologies that include 
sensing, computing, positioning, and communications 
appear to have the ability to help drivers avoid 
imminent crashes or events that often lead to crashes 
and to reduce the severity of crashes that do occur.  
For example, some of these technologies address 
goals such as preventing rollovers, improving 
visibility, reducing tailgating, and reducing speed for 
safety related conflict conditions. 
 
A key question about these technologies is how 
effective they will be in preventing crashes and 
reducing the severity of injuries to vehicle occupants. 
 
To answer this question NHTSA initiated the ACAT 
program to determine if there is a methodology, or 
one can be developed, that will effectively measure 
the link between technological performance of pre-
production systems and their safety impact.  Benefits 
estimates from such a methodology can be used in 
many ways: 1) as part of the design process of new 
systems, 2) to evaluate the performance of pre-
production systems before marketing, 3) to provide 
guidance to safety advocates, such as NHTSA, on 
new safety improvements, and 4) to form the basis 
for regulatory evaluations of potential new 
requirements. 
 
Methodologies that have been used for estimating 
safety benefits include: 
 
1. Gathering crash data for systems that have been 

available to consumers for sufficient time to 
establish a record of numbers of crashes.  This is 
a common method for evaluating the impact of 
new requirements in Federal safety standards.  
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An example of a regulatory evaluation that uses 
this methodology is provided in Appendix A. 

 
2. Implementing Field Operational Tests (FOT) 

with selected near-production systems to create a 
database of driver/system performance that can 
be used to estimate safety impact.  An example 
of an evaluation of a technology based on FOT 
data is provided in Appendix A. 

 
3. Performing laboratory tests with pre-production 

systems and extrapolating the results to estimate 
the safety impact. 

 
The third of these methods is the most feasible for 
early assessment of pre-production systems.  For this 
reason, this methodology is the focus of the NHTSA 
ACAT program, and this paper. 
 
In summary, part of NHTSA’s goal for the ACAT 
Program is to establish a Safety Impact Methodology 
(SIM) that will support the evaluation of an ACAT 
countermeasure and produce safety benefit estimates. 
 
NHTSA SIM FRAMEWORK 
The above three methodologies used to estimate 
safety benefits are based on the benefits equation  

 [Appendix B] and its derivatives. 
Where, 

WWO NNB −=

B = benefits, (which can be the number of crashes, 
number of fatalities, “harm,” or other such 
measures). 

Nwo = value of this measure, (for example, number of 
crashes) that occurs without the system. 

Nw = value of the measure with the system fully 
deployed.  

 
In this paper a SIM framework is developed to 
populate the various components of the benefits 
equation. This framework identifies the principle 
components of SIM and interaction between these 
components.  The framework does not dictate a 
specific approach or method.  The framework 
communicates NHTSA’s operational vision of a SIM 
and the activities NHTSA identifies as critical to 
developing a sound methodology. The elements of 
the SIM include activities, functions, and 
interactions.  This framework can be adjusted to 
accommodate and communicate various approaches.  
The framework corresponding to the SIM structure is 
shown below in Figure 1. The highlighted portion of 
the framework in Figure 1 is the core of the ACAT 
SIM methodology and is the focus of this project.  
The rest of the activities are similar to other 
methodologies (i.e. evaluation of FOTs and 
Regulatory Evaluation, examples of which are 
available in the Appendix A) involved in the benefits 
estimation process.               .  

Figure 1: SIM Framework 

Carter 2 



Details of the framework 
The SIM structure and framework in Figure 1 is 
expanded to show the details of the functions within 
each activity in Figure 2  The high level activity 
boxes in Figure 2 are the same activities as in Figure 
1 and correspond to the section titles of their 
description.  Functions identified within each activity 
are assigned numbers ([1], [2], etc.). The different 
outline colors of the activity boxes represent two 
distinct areas of the SIM framework, namely the 
model development activities (shown in orange) and 
the model execution and analysis (shown in blue).  
Model development activities include development of 
data and information needed to create the model, 
model inputs for data generation, and data to support 
the validation and calibration of the model.  Not all of 
these activities need to be executed if there exists a 
completed evaluation of a similar ACAT 
countermeasure.  Model execution and analysis 
activities include running the model to generate the 
necessary data to calculate safety benefits estimates 
of the subject ACAT countermeasure.  The details of 
the various components of the SIM, as shown in 
Figure 2, are discussed in the remainder of this 
section. 
 

Data Usage:  
This activity describes the available data that is used 
in the development of a SIM.  The available data 
includes crash data files like General Estimates 
System (GES)[GES, 2006], Crashworthiness Data 
System (CDS) [CDS, 2006], National Motor Vehicle 
Crash Causation Study (NMVCCS), [NMVCCS, 
2008] etc.)[1], naturalistic driving data (such as the 
100-Car Naturalistic Driving Study and Field 
Operation Tests [Dingus, 2006], etc.)[2], Corporate 
body of knowledge [3], and a technical description of 
the ACAT countermeasure [4].  The functions 
included in this activity are as follows: 
 
• The identification of all technology relevant 

crash types and countermeasure data sources. 
 
• Defining and estimating the magnitude of the 

crash problem in relation to the subject ACAT 
countermeasure. 

 
• The identification of real world pre-crash 

scenarios that can be addressed by the subject 
ACAT countermeasure. 
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Figure 2: Details of NHTSA SIM Framework 
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Case Scenarios: 
In this activity, the SIM developer consolidates the 
crashes that are relevant to the specific ACAT 
countermeasure.  The activities include breakdown of 
scenarios [5], crash characteristics [6] and 
countermeasure relevant scenarios [7]. One starting 
point is the Universal Description (updated to most-
recent year of data) which is a high-level description 
of events and conditions that precede crashes 
[Burgett, 2008] The Universal Description utilizes 
the central variables (Critical Event, Corrective 
Action Attempted, and First Harmful Event) of the 
National Automotive Sampling System’s Critical 
Crash Envelope1 [GES, 2006] to describe mutually-
exclusive scenarios that are potentially relevant to 
ACAT countermeasures.  Each relevant scenario can 
be further refined through development of a Crash 
Phase Time Line2 [Burgett, 2008].  The phases of the 
crash time line are defined by specific values of 
Time-to-Collision (TTC).  The logic for interaction 
of the ACAT countermeasure is described in terms of 
the phases and anticipated driver reactions.  The Case 
Scenarios activity has three functions :  
 
• The first area is to identify the broad 

characteristics of representative crashes that are 
to be addressed.  

                                                

 
• The next area identifies the attributes of 

individual scenarios including the values that 
describe the roadway and the operation of the 
vehicle.  

 
• The last area finalizes the relevant crash 

scenarios and summarizes the functional 
characteristics of the countermeasure.  These are 
the scenarios that become the subsets in the 
benefits equation as indicated by the summation 
of “i” (Appendix B).  

 
Model Creation:  
A key element of the NHTSA SIM is that the data 
about driver and system performance is generated by 
a computer model as shown in Figure 2. The purpose 
of the model is to generate the data that produces the 
safety benefits. The details of the model are tailored 
to suit the technology of the ACAT system and the 

 

relevant scenarios identified in the preceding activity. 
The model [13] is a set of equations (differential, 
algebraic, Boolean, etc.) with an embedded set of 
parameters that describe the performance of the 
vehicle/driver/ACAT countermeasure.  The equations 
describe three relationships: 1) the control actions by 
the driver in response to all environmental stimuli, 
including warnings or other input from a ACAT 
countermeasure, 2) the motions of the vehicle in 
response to driver control inputs including 
interactions with other vehicles and the roadway, and 
3) the performance of the countermeasure relative to 
vehicle motion and the driving environment.  The 
data for the value of, or distributions of values of 
parameters [14] are obtained from the objective tests 
described below. The model outputs include the 
answer to the question of whether a crash occurred or 
not, and the dynamic conditions at the point of 
impact when a crash occurs.  The model creation step 
also includes an iterative process of calibration and 
validation [15] that checks for adequacy [16] of the 
computer model outcome against the outcome of 
objective tests and baseline crash data.  
 
Objective Testing:  
Once the relevant crashes, crash data, and the basi

 are established, various types of 

 that would 
opu
od

valu
ela o accurately account for driver, 
ehi
d 

of s
repl

 

 
• 

 
 nse to control inputs, 

easure 

c 
concept of the model
tests are used to obtain values for the embedded 
parameters. Testing includes Driving Simulator [8], 
Open loop test [9], Closed loop tests [10], Human 
factors test [11], and Lab tests [12] to determine 
distribution of values of parameters
p late the driver, vehicle and countermeasure 
m els.  Various parameter values and distribution of 

es will be needed to replicate the following 
tionships in order tr

v cle, countermeasure, and scenario interactions 
an obtain representative results to base the estimate 

afety benefits.  The relationships that need to be 
icated include: 

  
• The driver’s response to the ACAT 

countermeasure 

The performance of the ACAT countermeasure 
system 

The vehicle’s respo•
including any direct ACAT counterm
intervention 

1  The NASS Critical Crash Envelope includes six variables:  
Driver Distracted By (D07), Movement Prior to Critical Event 
(V21), Critical Event (V26), Corrective Action Attempted (V27), 
Pre-crash Vehicle Control (V28), Pre-crash Location (V29) and 
First Harmful Event (A06). 

 
• The characteristics of the driver 
 
• The system / component characteristics of the 

ACAT countermeasure 
 

 
2 The Crash Phase Time Line consists of five phases:  Non-
conflict, Conflict, Imminent crash, Crash and Post-crash.  Zero 
time (t = 0) occurs at the beginning of the Crash phase.  
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Data Generation: 
When the model has been completed and validated, it 
is ready to be used for data generation. This activity 
uses the finished model that was validated and 
calibrated in the Model Creation activity.  In this 
activity the model is executed using initial conditions 
and other scenario information to generate the data 
needed to estimate the safety benefits.  Each “run” 
will simulate a period of time during which a driver 
is exposed to a critical event, including initial 
conditions that reflect an appropriate level of risk.  
The performance of the driver (as represented by the 
driver performance model) affects whether or not a 
crash will occur during each run.  Each run with the 
countermeasure system active will be matched by a 
corresponding run without the countermeasure, for all 
of the scenarios. 
 
The computer simulation [17] embodies the 
equations that replicate the driver, the vehicle, and 
the countermeasure and allows each of them to 
interact with the scenarios and each other.  The 
model provides the environment by which the ACAT 
ountermeasure is tested such that an estimate of how 

would perform in a real-world 
c
the countermeasure 
environment can be ascertained. 
The initial conditions [18] in this activity include the 
relevant crash scenarios that describe the scope and 
range of events that the ACAT countermeasure will 
be tested against to determine the countermeasure 
effectiveness and produce the data needed to estimate 
the safety benefits. 
 
Countermeasure Performance Analysis 
This activity uses the data from the Data Generation 
activity to calculate the various ratios needed to 
evaluate the performance of the subject ACAT 
countermeasure and determine the system’s Safety 
Effectiveness in preventing crashes. The Without 
Countermeasure [19] function captures all the data 

nerated by the Computer Simulation tests that are 

acti

ge
conducted when the ACAT countermeasure is not 

vated.  The With Countermeasure [20] analysis 
aptures all the data generated by the Computer 

cou ure is activated.  The System 
ffectiveness [21] analysis uses the data sorted by 
th

c
Simulation tests that are conducted when the ACAT 

ntermeas
E
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s that produc
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tio. 

fety
is

fe
tal tion are transformed 
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ns of answering how effective their 

at feed into the computer model.  
gainst the 

is for inputs of all parameters that populate the 
. A random number generation 

ra
 

a  Benefits:   S
Th  activity transforms the performance ratios into 
sa ty benefit estimates [22].  Ratios associated with 

ities, exposure, and prevenfa

into estimates of cr
reductions.  This is achieved by implementing the 
Benefits Equations ∑ ×=

i
iWO ENB

i
  and its 

extensions (Appendix B). In this equation, Nwoi is the 
number of crashes that occur in scenario “i” when the 
ACAT countermeasure is not available and Ei is the 
effectiveness of the ACAT countermeasure in 
preventing crashes in scenario “i.”   
 
ACAT PROGRAM  
Given the framework of the NHTSA SIM, three 
approaches are discussed in the remaining part of this 
paper that fit into the NHTSA SIM methodology. 
NHTSA is currently working with four teams that 
have exercised the SIM methodology in the ACAT 
program as a mea
technology would be in preventing crashes and 
reducing the severity of injuries to vehicle occupants. 
A summary of these approaches is given below: 
 
Approach1  
The first approach begins by defining the crash 
problem size by looking into public domain databases 
as well as naturalistic driving data to come up with 
technology relevant crash types. Crashes that fall into 
these categories are sub-sampled to obtain a 
technology relevant subset of crashes. These subsets 
are reconstructed based on their time-domain 
relationships and are subject to test-track testing, 
simulator testing, lab testing, etc. to generate 

arameter values thp
The models are validated and calibrated a
reconstructed data as well as the preliminary results 
obtained from simulation data. This validated model 
is used in the final set of simulation runs that 
generates data for the safety benefits estimation 
process.  
 
Approach2  
The second approach begins similarly by defining the 
crash problem size from public domain research 
databases to narrow down the relevant crash types. 
However, instead of real-world crashes, the approach 
builds heavily on statistical distributions for 
parameter values that populate the driver, vehicle, 
and countermeasure models. The values for these 
distributions are obtained from subjective simulator 
and human factors testing combined with driver-
vehicle involved track tests. These distributions form 
the bas
simulation model
using a Monte Carlo process picks data from each of 
these distributions that will define the initial state of 
the parameters as well as the dynamics of the run. 
Each run will be performed several times to account 
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for all possible range of values that is applicable to 
the prevailing countermeasure system. The output 
from these simulation n the safety 
benefit estimation proces
 
Approach3  
The third approach addresses safety benefits from the 
perspective of fatality and injury reduction by 
reduction in impact speed.  This process is conducted 

y classification of the accident patterns

 runs will be used i
s.  

 for each 
; and use driver and vehicle 

SIM 
ethodology that can be expressed within the 

 these three approaches. The four teams 

 reconstructions of real-world accidents 
ased on their time-domain relationship.  This data is 

sify the crash scenarios in terms of 

d the environment, with 
nd without the ACAT, allowing for uncertainties in 

se to the ACAT system.  The outputs 

lert Control (DAC), Lane Departure Warning, and 
 (ELA) systems.  DAC 

 a conflict 
he vehicle 

elevant 
 not 

 and driving 
istributions 

f parameters, assess system availability, and for 

b
countermeasure system
models to estimate effectiveness of the safety system.  
Driver and vehicle parameters such as subjects’ 
response time to the warning, system response time, 
and reduction speed are obtained from objective tests.  
 
ACAT Implementation 
The three approaches mentioned above form the basis 
of all SIM implementations in the ACAT program. 
All four teams have implemented the 
m
framework of
NHTSA is working with and the details of their 
approach towards the SIM are as follows: 
 
Team 1: . Advanced Collision Mitigation Braking 
System. (ACMBS) Countermeasure. 
Dynamic Research Inc is working with Honda who 
developed an ACMBS.  The ACMBS automatically 
predicts impending collisions, warns the driver, and 
applies braking in order to reduce the effects of an 
impact.  Their approach (1) begins with the 
reconstruction of series of crashes from archival US 
DOT accident databases (NASS/CDS, Pedestrian 
Crashworthiness Data System (PCDS) and FARS) to 
generate a Crash Scenario Database This crash 
scenario database contains in-depth information and 
time-space
b
used to clas
technology relevance and to create sub-samples of 
cases in each technology relevant crash type.  
 
Once the technology relevant crash types defined and 
real world cases are selected, tests are conducted to 
obtain parameter values.  In objective testing, 
relevant scenarios are subject to lab tests, driver-out-
of-the-loop tests, driver-in-the loop test, and driving 
simulator tests to provide the necessary data that 
could be used to validate and calibrate the driver, 
vehicle, and countermeasure performance models.  
These tests would serve as a bridge between the 
reconstructed component of the analysis and the 
simulation runs that generate the data. 
 
 

The computer simulation comprises the validated 
models (driver, vehicle and countermeasure) and 
calibration parameters.  The simulation tool is used to 
simulate driver, vehicle, an
a
driver respon
from the runs are used to estimate the overall effect 
of the ACAT on crash involvement and fatalities for 
each crash type.  
 
Team 2: Lane Departure Collision 
Countermeasure. 
Volvo and Ford, working with the University of 
Michigan Transportation Research Institute 
(UMTRI), are researching Volvo developed Driver 
A
Emergency Lane Assist
monitors lane keeping and curve taking performance 
over long periods of time and warns the driver to take 
a break from driving if performance degrades.  LDW 
uses a camera to detect lane lines and warns the 
driver when the vehicle is drifting out of the lane.  
ELA senses when the driver is making a lane change 
into oncoming traffic that could result in
nd responds automatically to help move ta

back into the lane. 
 
The Volvo/Ford/UMTRI (VFU) approach (2) uses a 
Monte Carlo simulation to generate the data required 
for estimating safety benefits.   Following are the 
steps involved in developing the model: 
 
A detailed investigation of crash circumstances and 
related factors is developed based on a nationally 
representative crash database (in this study GES was 
used).  The VFU team developed a method of 
classifying crashes that results in mutually exclusive 
scenarios that are potentially relevant to ACAT 
countermeasures. This allowed for developing  
scenarios that were as closely tailored as the crash 
data allows to the safety technologies being evaluated 
.the safety technologies are assumed to be r

r crashes in which the subject vehicle wasfo
maneuvering prior to the initiation of the crash 
sequence, i.e. where the lane/road departure appears 
to be unintentional. 
 
Naturalistic driving data from appropriate FOTs 
(Road Departure Crash Warning System Field 
Operational Test (RDCW-FOT)[leBlanc, 2006]) is 
used to assist in assigning initial conditions, and to 
assist in parameterize driver inattention models. 
 
Public road tests, test track tests,

mulator tests are conducted to generate dsi
o
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characterization of vehicle, driver, and environment 
models. 
 
The Monte Carlo simulation model includes a vehicle 
model, an ACAT system model (DAC, LDW, & 
ELA), and a driver model.  All the components of the 
simulation model are validated and calibrated against 
available test data.  This completes the model 
development process. Then the developed model is 

sed to generate data in terms of when crashes are 

s executed with and without the 

pant restraint systems prior to a 
ollision. It addresses safety benefits from the 

d 2005 
ARS are categorized into major accident patterns.  

 test-track tests on driver’s 
action from driving simulator tests.  The reduction 

eam 4: Backing-Collision Countermeasure. 

d control to avoid backing collisions. 

he crash problem size 
tilizing multiple sources like public domain research 

bases like GES, FARS, Special 

nce the technology relevant crash types, scenarios 

. Driver out-of-the-loop Grid Test for Obstacle  

. Naïve driver‐In‐The‐Loop Test of Crash 

u
likely to occur and when there is likely to be no 
crash.  This model i
countermeasure active.  The output from the 
simulation is used to generate an estimate of the  
effectiveness ratio for the technology, and safety 
benefits that given sufficient input could be calibrated 
to represent national statistics. 
 
Team 3: Pre-Collision Safety System (PCS) 
Countermeasure. 
Toyota’s ACAT project develops a safety impact 
estimation methodology (SIM) for a pre-collision 
safety system (PCS) that is designed to mitigate the 
collision impact with obstacles in front of the subject 
vehicle through warning, activation of brake control 
systems, and occu
c
viewpoint of fatality and injury reduction by 
reduction in impact speed. 
 
Accident data from 2005 NASS-GES an
F
Accident patterns applicable to the safety system will 
be selected from the categorized patterns.  A driver 
and vehicle model are used by the SIM to estimate 
the effectiveness of the safety system.  
 
The parameters of the driver model, such as response 
time to warning, are determined from driver 
simulator tests while the vehicle model parameters, 
such as system delay and speed reduction, are 
determined from test track tests.  
 
The reduction in impact speed, with the ACAT 
system active, is determined by overlaying effects of 
ACAT system from
re
in impact speed is then used to estimate reduction in 
fatalities and casualties [Yamanaka, 2006].  These 
effectiveness values are extrapolated to national 
estimates of safety benefits. 
 
T
General Motors, working with the Virginia Tech 
Transportation Institute is researching a Next-
Generation Backing-Collision countermeasure that 

provides levels of information, warning and 
automate
 
The focus of General Motor’s (GM) ACAT Backing 
Crash Countermeasure Program (annual report 1) is 
to characterize backing crashes in the U.S. and 
investigate a set of integrated countermeasures to 
mitigate them at appropriate points along the crash 
timeline, with the objective of estimating the 
potential safety benefit, or harm reduction that this 
countermeasure-set might provide.  The primary goal 
of the SIM is to predict the proportion of certain 
crashes that might be eliminated or mitigated if a 
countermeasure is deployed. 
 
GM’s Safety Impact Methodology (annual report 
2007) begins with estimating t
u
on backing maneuvers, existing GM research, 
national crash data
Crash Investigations (SCI), and NHTSA’s report to 
Congress on backing maneuvers. 
 
The analysis of the crash problem description leads to 
the development of a framework of ten technology 
relevant scenarios (6 representing pedestrian back-
over crashes, 3 representing vehicle-to-vehicle 
crashes, and 1 for vehicle-to-fixed-object crashes). 
 
O
and the countermeasure performance requirements 
are established, objective tests are performed.  As 
part of the ACAT goal, a preliminary set of three 
classes of objective tests were designed. The three 
basic types or classes of objective tests are: 
 
1

Response Performance,  
 
2. Trained driver-in-the loop test for False Alarm 

rate  
 
3

avoidance. 
 
The data from these tests provides information that 
aids in both model construction and model validation. 
The validated model essentially forms the core the 
SIM tool which is a Matlab/Simulink programming 
environment that performs the necessary 
mathematical operations. 
 
The core of the SIM is the Monte Carlo simulation 
process that will extract data from a given set of 
distributions.  The process involves picking values 
from a given distribution for a given iteration, which 
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are obtained from objective tests and other sources of 
data. Each iteration is run several times for a new set 

f parameter values with and without countermeasure 

ee approaches for the 
ur ACAT teams and their components are given 

ework, and provides a 
escription of the implementation of the SIM by the 

o
active to account for the variability in outcomes.  A 
comprehensive set of data is produced for all 
situations which are used in the estimation of safety 
benefits. The main outcome of the safety benefits 
estimation process is the predicted number of crashes 
potentially avoided and injures mitigated annually 
following the deployment of a particular crash 
countermeasure. 
 
ACAT Summary 
A summary comparing the thr
fo
below in Table 1 
 
CONCLUSION AND SUMMARY 
This paper develops a basic framework for Safety 

Impact Methodology (SIM) to estimate potential 
safety benefits of pre-production advanced Driver 
Assistance Systems (DAS), describes three 
approaches for the fram
d
Advanced Crash Avoidance Technologies (ACAT) 
program teams. 
 
Each of the approaches by the four teams exhibits a 
unique and challenging opportunity to assess the 
effectiveness of a countermeasure system.  Given the 
complexity of each of the systems and their 
subcomponents, each process brings with it numerous 
merits.  All four of these projects are still in progress 
so the final step of estimating safety benefits has not 
been completed.  The testing phase of each project is 
almost complete and each of the projects will be 
completed during 2009. 
. 
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Table 1: Comparison of SIM for the four ACAT teams 
 

SIM 
Blocks 

Components Team 1: . 
Advanced Collision 
Mitigation Braking 
System. (ACMBS) 

Team 2: Lane 
Departure 
Collision 
Countermeasure 

Team 3: Pre-
Collision Safety 
System (PCS) 
Countermeasure 

Team 4: Backing-
Collision 
Countermeasure 

D
at

a 
U

sa
ge

 

Archival Data,  
Real world data, 
Corporate body 
of knowledge 
and Technology 
characteristics 

NASS/CDS,  PCDS, 
VTTI data, and 
FARS and GES  
data for an 
Advanced-Collision 
Mitigation Braking 
System 

GES, CDS, 
Highway 
Performance 
Monitoring System 
(HPMS), ,RDCW-
FOT, and data for 
a Lane-Departure 
Prevention System 

GES, FARS and 
Event data 
recorder (EDR) 
for a Pre-
Collisions Safety 
system 

FARS, GES, SCI, 
Public domain 
research, and VTTI 
data for a Backing 
Countermeasure 
System 

Breakdown of 
scenarios,  
Crash 
Characteristics 
and Technology 
relevant 
scenarios 

− vehicle-vehicle, 
rear-end/forward 
impact  

C
as

e 
Sc

en
ar

io
s 

− vehicle-vehicle, 
head-on  

− vehicle-vehicle, 
intersecting paths  

− Single vehicle, 
pedestrian 

 

Inadvertent  lane or 
road departure  

- (Lead vehicle 
stopped(LVS) 
 - Lead vehicle 
decelerating 
(LVD) 

10 scenarios (6 
pedestrian crashes, 
3 vehicle-to-
vehicle crashes, 
and 1 vehicle-to-
fixed-object 
crashes). 
 

O
bj

ec
tiv

e 
T

es
ts

 Driving 
simulator, 
test track and  
Lab/HMI test 
 

Driving simulator 
and lab tests 
involved. Tests 
include guided soft 
Target-vehicle 
impact tests using 
naïve and trained 
driver.  

Driving simulator 
and lab tests 
involved. Naïve 
driver test 
conducted for 
LDW. Trained 
driver tests for 
system validation.  

Driving simulator 
involved. 
Vehicle tests with 
-fixed obstacles 
for system 
performance 
 

Track and public 
road tests involved. 
All 10 scenarios 
tested. Pedestrian 
tests using 
mannequins.  

M
od

el
 

C
re

at
io

n 

 
Model 
definition, 
validation and 
calibration 

Indigenous 
simulation model. 
Cases validated 
against automated 
reconstruction and 
simulation 

Using distribution 
of parameters. 
Model generated 
with Matlab/ 
Simulink/CarSIM 

Model validated 
from test track. 

Matlab/Simulink 
model. Validated 
based on previous 
corporate 
sponsored research 

D
at

a 
G

en
er

at
io

n Digital 
computer 
simulation  and 
simulator 
testing 

 
Reconstructed 
crashes run with and 
without the DAS. 

  
Simulator Testing 
results 

Monte Carlo 
simulation run with 
and without DAS 

 
Monte Carlo 
simulation run 
with and without 
DAS 

C
ou

nt
er

m
ea

su
re

 
Pe

rf
or

m
an

ce
 

A
na

ly
si

s 

Without 
countermeasure, 
With 
countermeasure, 
System 
effectiveness. 

 
DeltaV, Crash, No 
crash, exposure 
ratio, prevention 
ratio 

 
Crash/No, Crash, 
Exposure ratio, 
Prevention ratio 

Crash/ No crash, 
Speed reduction 
Crashes avoided, 
Injuries reduced 

 
Crash/No crash, 
Prevention ratio 
 

Sa
fe

ty
 

B
en

ef
it Safety benefits Crashes, fatalities, 

conflicts , injury 
severity  

Crashes reduced/ 
mitigated 

Crash reduction, 
fatalities and 
injury reduction. 

Crashes 
reduced/ mitigated 
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APPENDIX A 
EVALUATION EXAMPLES 
Estimations of the safety impact of driver assistance 
systems are performed for a wide range of purposes.  
Two of the more common purposes are as part of the 
regulatory analysis for a pending regulatory activity 
and for the evaluation of the safety impact of a 
prototype system as part of a field operational test. 
 
In this Appendix, one example of each of these two 
types of evaluation are discussed in the context of the 
SIM framework. 
 
Regulatory Evaluation [FMVSS #126, 2007]  
This example discusses the Safety Benefits portion of 
the Final Regulatory Impact Analysis for Standard 
No. 126. that requires installation of electronic 
stability control (ESC) systems.  
 
As with most evaluations, the evaluation begins by 
identifying Data that can support the analysis.  In this 
case, the CDS and FARS crash data files were 
determined to be appropriate data sources.  
 
The next step, identifying relevant Case Scenarios, is 
accomplished by comparing the performance 
characteristics of ESC systems with crash 
characteristics from the crash data files.  This 
comparison led to the conclusion that there are two 
main types of crashes that are addressed by ESC 
systems: single-vehicle crashes and a subset of 
single-vehicle crashes where the first-harmful-event 
is a rollover.  The system performance characteristics 
for this evaluation were obtained by testing 
commercially available systems.  
 
ESC systems have been installed on vehicles for 
enough years that there is now a history of crash 
results with these systems.  This evaluation makes 
use of the available crash data for vehicles that are 
equipped with compliant ESC systems.  Availability 
of crash data for vehicles with the system is one 
feature of this evaluation that distinguishes it from 
the evaluation in the ACAT program.  In the ACAT 
methodology it is necessary to have computer 
models, or equivalent tests, that are used to create a 
data base for the evaluation.  In the case of this 
evaluation, the available crash data serves that 
purpose.  Thus, in the framework shown in Figure 1, 
the Objective Test, Model Creation and Data 
Generation activities are replaced by the combination 
of crash data for vehicles with ESC systems and 
vehicles without ESC systems. 
 
The Countermeasure Performance analysis consists 
of estimating system effectiveness through use of the 

available crash data.  The effectiveness estimation 
uses the form of the Benefits Equation described in 
Equation 5 of Appendix B. 
 
In this evaluation the measure of exposure that has 
been selected is the number of “non-relevant crash 
involvements” for each group of vehicles (those 
without ESC and those with ESC [Dang 2007].   
 
The Countermeasure Performance Analysis in this 
evaluation concludes with values of effectiveness in 
preventing single-vehicle crashes and single-vehicle 
crashes with rollover as the first-harmful-event for 
passenger cars.  The analysis also includes similar 
results for fatal crashes and for light-truck and van 
type vehicles.  The two values of effectiveness for 
passenger cars are: 
 

SEPC = 34 % 
SEPC/ Rollover = 71 %. 

 
The final step in the SIM is to combine estimates of 
effectiveness with the size of the problem to obtain 
the estimate of safety benefits.  This analysis 
concluded that in the year 2011 when the requirement 
for installation of ESC goes into effect, there will be 
142,000 relevant single-vehicle passenger car crashes 
and 33,700 relevant single-vehicle passenger car 
crashes with rollover as the first-harmful-event.  Thus 
the annual safety benefits of introducing this 
requirement are the reductions in these numbers that 
will occur due to installation of ESC.  The evaluation 
concludes that these passenger car benefits are 
48,400 single-vehicle crashes and 21,100 single-
vehicle passenger car crashes with rollover as the 
first-harmful-event. 
 
Field Operational Test [Najm, 2006]  
This evaluation uses data that was generated during a 
field operational test of a rear-end crash warning 
system [Zador, 2000].  In this analysis, the GES and 
CDS crash data files were determined to be 
appropriate crash data sources to complement the 
field data from the operational test.  
 
Relevant Case Scenarios were determined by 
comparing the performance characteristics of the 
ACAS with crash characteristics from the crash data 
files.  This comparison led to the conclusion that 
there are three main types of crashes addressed by the 
ACAS.  They are: 
 

1.  Lead-vehicle stopped 
2.  Lead-vehicle moving at lower constant speed 
3.  Lead-vehicle decelerating  
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These three primary scenarios were subdivided 
further by the type of driver response and the speed at 
the time of the event.  There are two basic driver 
responses: brake or steer.  The speeds (V) were 
grouped into three ranges:  V < 25 mph, 25 mph < V 
< 35 mph, V > 35 mph.  Thus, there are a total 18 
scenarios to be evaluated. 
 
The evaluation uses the form of the Benefits 
Equation shown in Equation 7 of Appendix B.  In this 
form, the effectiveness in each scenario is a 
combination of the Exposure Ratio and the 
Prevention Ratio.  The Exposure Ratio quantifies the 
change in rate of exposure to conflicts that results 
from introduction of the ACAS; and the Prevention 
Ratio quantifies the change in number of crashes that 
occur as a consequence of the conflict.  Thus, the 
estimation of effectiveness consists of estimating 
these two ratios.  The data for estimating the 
Exposure Ratio comes directly from the FOT data.  
The evaluation uses two conflict types (Conflict and 
Near-crash) and two intensity levels (Low intensity 
and High intensity) as the basis for determining 
Exposure Ratio.  However, during the test program, 
none of the vehicles experienced a crash; a limitation 
that is common to most FOTs.  Therefore, it was not 
possible to estimate the Prevention Ratio directly 
from the FOT data.  To circumvent this shortcoming, 
the evaluators utilized a model of the relative motion 
between vehicles during braking and overtaking 
scenarios.  Details of the distributions of parameters 
in the model are discussed below.  The model was 
used in a Monte Carlo simulation to create a database 
that could be used to estimate values of Prevention 
Ratio.  The Countermeasure Performance analysis 
utilized the formulation of the Benefits equation that 
is based on values of the Exposure Ratio and the 
Prevention Ratio in each scenario.  The list of 
scenarios discussed above shows that the range of the 
summation for estimating system effectiveness is 1 ≤ 
i ≤ 18.  In summary, the Data Generation activity 
included both the data gathered during the FOT and 
data generated by the Monte Carlo simulation. 
 
The Countermeasure Performance Analysis in this 
evaluation consists of estimating the value of the 
Exposure Ratio and the Prevention Ratio for each of 
the 18 crash scenarios.  The values of Exposure Ratio 
were calculated directly from FOT data.  The model 
mentioned above was used in a Monte Carlo series of 
simulations to estimate the change in number of 
crashes, and hence the value of Prevention Ratio.  
Initial conditions for the simulations were taken from 
the FOT data, but distributions of parameters such as 
level of deceleration and time-to-collision at the time 
of brake application were taken from the literature.  

The results of the Countermeasure Performance 
Analysis are summarized in the following table for 
the seven scenarios that showed statistically 
significant improvements with ACAS.  These are the 
only scenarios that were used to estimate system 
effectiveness. 
 

ACAS Effectiveness Estimation 
Scenario Avoidance 

Maneuver 
Speed 
(Mph) 

Ei Nwoi 
/ Nwo

SE 
Component 

LVS Brake V>35 0.14 0.05 0.68% 
LVM Brake V<25  0.73 0.03 2.09% 
LVM Steer V>35 0.21 0.00 0.01% 
LVD Brake V>35 0.18 0.26 4.60% 
LVD Steer V>35 0.21 0.01 0.23% 
LVS Brake 25<V<35 0.29 0.03 0.99% 
Net System Effectiveness = 8.60% 
 
The final step in the SIM is to combine estimates of 
effectiveness with the size of the problem to obtain 
the estimate of Safety Benefits.  From GES it is seen 
that there are 1,791,000 police-reported rear-end 
crashes annually.  These are distributed between the 
three primary scenarios as follows: 
 

LVS: 28% 
LVM: 8% 
LVD: 61%  
 

There are also approximately 2,149,000 unreported 
rear-end crashes annually, making a total problem 
size, Nwo, of 3,940,000 crashes.  Combining this 
problem size with the system effectiveness of 8.6 % 
leads to the conclusion that the ACAS could help 
prevent 340,000 rear-end crashes per year.  The 
evaluation includes additional details of confidence 
intervals and ranges of possible benefits that are not 
discussed in this short summary. 
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APPENDIX B 
SUMMARY OF EQUATIONS FOR 
ESTIMATING SAFETY BENEFITS  
The purpose of the SIM is to implement the Benefits 
Equation for the estimation of number of crashes 
prevented by the ACAT countermeasure, and provide 
extensions for estimation of impact on level of injury.  
Although there are many formulations, they all are 
based on the fundamental definition of benefits 
[Burgett, 2008]: 
 

WWO NNB −=                                 (1) 
 
Where, 
 
B = benefits, (which can be the number of crashes, 

number of fatalities, “harm,” or other such 
measures). 

 
Nwo = value of this measure, (for example, number of 

crashes) that occurs without the system. 
 
Nw = value of the measure with the system fully 

deployed. 
 
The value of Nwo is usually known from crash data 
files, but Nw is not known for pre-production or early-
production systems.  Thus, it is necessary to estimate 
the effectiveness of a countermeasure and combine it 
with the known value of Nwo, as shown in the 
following 
equation5: 
 

SENB WO ×=                                     (2) 
 
Where, 
 
SE = effectiveness of the system, and  
 
Nwo = size of the problem. 
 
An extension of this idea is that the overall benefits 
consist of the sum of benefits across a number of 
specific scenarios: 
 

∑ ×=
i

iWO ENB
i

                                   (3) 

 
Where, 
 
“i” = individual scenarios. 
 

Ei = effectiveness of the system in reducing the 
number of crashes in a specific crash-related 
scenario 

 
Nwoi = baseline number of crashes in individual 

scenario “i” 
 
Bi = the benefits in each of the individual scenarios. 
 
From expressions (2) and (3), system effectiveness 
can be written as: 
 

∑ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×=

WO

WOi
i N

N
ESE                         (4) 

 
 
An extension of Equation 4 is needed when the 
source of estimates of the number of crashes without 
the system is not the same as the source of estimates 
with the system.  In this case the relative exposure 
between the two sources needs to be included.  This 
extension is expressed in the form: 
 

WOiWOi

WiWi
i XN

XN
E ~~

~~
1~ −=                                            (5) 

Where, 
 
Nwoi = baseline number of crashes in individual 

scenario “i” 
 
Nwi = number of crashes with the system for 

individual scenario “i” 
 
Xwi = Exposure with the system for individual 

scenario “i” 
 
Xwoi= Exposure without the system for individual 

scenario “i” 
 
and the “~” is used to emphasize that these are 

estimates. 
 
Commonly used measures of exposure include 
vehicle miles traveled (VMT), number of registered 
vehicles, or other indirect measures. 
 
A second extension is needed if the number of 
conflict events varies within a scenario.  A modified 
version of Equation 5 that accommodates non-
uniform exposures is given by: 
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Where,  
 
Swoi = number of conflicts that occur without the 

system for scenario “i” 
 
Swi = number of conflicts that occur with the system 

for scenario “i” 
 
VMTwoi = the exposure (VMT is used in this 

expression) that occurs without the system for 
scenario “i” 

 
VMTwi = exposure that occurs with the system for 

scenario “i” 
 
It can be seen that this expression for the estimate of 
effectiveness is composed of rates of crashes per 
conflict (Prevention Ratio) and rates of conflicts per 
unit of exposure (Exposure Ratio). 
 
In this form, the expression for effectiveness is 
written as: 
 

( iii PRERE ×−= 1 )~
                           (7) 

 
Where, 
 
ERi = Exposure Ratio for the specific scenario “i”. 
 
PRi = Prevention Ratio for the specific scenario “i”. 
 
This is the expression for Ei that is included in 
Equation 4 for system effectiveness. 
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ABSTRACT

This paper presents a data fusion algorithm which is
able to robustly estimate the Time-to-Lane-Crossing
(TLC) of a vehicle traveling along a lane on the basis
of road images, collected by an on-board videocamera,
and kinematic data coming from car sensors. This algo-
rithm is instrumental to built Lane Departure Warning
Systems (LDWS) with enhanced predictive capabilities
which allow the generation of earlier warnings able to
better prevent dangerous driving situations coming from
unintentional vehicle lane crossing occurrences. Com-
parisons with no predictive strategies are carried out and
discussed in order to verify the effectiveness of the pro-
posed approach in some critical driving scenarios simu-
lated within the Carsim simulation framework.

INTRODUCTION

Traffic safety is a key problem in nowadays automotive
industry, having relevant social and economic impacts.
The European Road Safety Observatory (ERSO) doc-
ument [1] reports over than 1, 000, 000 accidents, with
around 40, 000 fatalities, only in 2006. In Italy, more
than 15% [2] of this amount is due to driver fatigue and
negligence: in many cases the driver falls asleep, mak-
ing the vehicle to leave its designated lane and possibly
causing an accident.
During the last two decades much effort has been de-
voted to the development of Advanced Driving Assis-
tance Systems (ADAS). AntiLock Braking (ABS) or
Electronic Stability Program (ESP) apparatuses are well
known examples of such systems, the latter being now
standard equipments in all commercial cars where they
contribute to the overall vehicle stability and safety.
Many new ideas and concepts for enriching existing
ADAS systems with new functionalities are currently
under development or have been recently introduced
into the market. Amongst many, we focus here on
the development of Lane Departure Warning Systems

(LWDS) which, according to a recent report of the EU
Intelligent Car Initiative [3], are supposed to have the
potentiality to save 1, 500 accidents in 2010, given a
0.6% of penetration rate, and 14, 000 in 2020 for a pen-
etration rate of 7%.

LWDS refer to systems that try to help the driver to stay
into the lane. A DSP equipped with an on-board camera
is typically used to identify the lane strips, computing
the position and the heading with respect to the lane and
the TLC by exploiting data, such as wheel speeds and
yaw and steering angles, taken from the car ECUs, via
the CAN bus, or provided by additional sensors. Some
interesting contributions to LDWS development can be
found in [4]-[10]. An interesting approach is the so-
called TLC-based method, first proposed by Godthelp
et al. [11], where an alarm is triggered when the TLC
is below a specified threshold. Such systems typically
use acoustic or vibration warnings, the latter applied to
the driving seat or the steering wheel. In general, TLC-
based methods provide earlier warnings than roadside
rumble strips (RRS), because alarms are triggered with
sufficient advance before the driver being really in dan-
ger.

Here, the development of a TLC-based LDWS system
is described. A single calibrated camera has been used
for capturing road images and a data fusion algorithm
has been implemented and used for determining the lane
markings and estimating the TLC time. Details on the
data fusion algorithm are also reported.

The outline of the paper is as follows. First, the TLC
estimation problem is defined and two strategies for its
computation described. Hence, the mathematical model
of the vehicle is described and used, along with an Ex-
tended Kalman Filter, for data fusion. Computer simu-
lations and comparisons with no-predictive approaches
are presented. Finally, some conclusions end the paper.
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SYSTEM OVERVIEW

In this section we will give an overview of the LDWS
system under development. Figure 1 depicts the set of
devices used for estimating the vehicle dynamics and
detecting the road stripes. In particular, it is assumed
that the vehicle is equipped with a camera mounted be-
hind the windshield, an absolute angle sensor is used
for measuring the steering angle and an angular speed
sensor is mounted on a rear wheel.

Figure 1. System Overview.

In figure 2, the overall functional and computational
scheme for the proposed LDWS system is reported.
The ingredients can be summarized as follows. Based
on a mathematical description of the vehicle, that will
be discussed later, the LDWS consists of two functional
blocks: the Data Acquisition and Elaboration and the
Warning Generation modules.
In the Data Acquisition and Elaboration module, the
lane geometry and the vehicle position relative to the
lane are estimated from the camera frames: such a task
is of course crucial to detect a lane departure because it
provides unique information for that purpose, no deriv-
able by other on-board sensors.
Because all driver assistance systems share the need
of knowing the driving surroundings, the information
coming from the Video Frame Elaboration and from the
Sensor Data Elaboration, i.e. elaboration of kinemat-
ics data coming from the on-board sensors, are com-
bined into a model of the vehicle surroundings by using
a suitable Data Fusion algorithm. Typically, a data fu-
sion algorithm operates in discrete time cycles. At each
step, a measurement update includes new sensor mea-
surements into the model, while a time update predicts
the model behavior from the current state towards the
next fusion cycle.
In this paper, such a phase will be performed by means
of an Extended Kalman Filter [12]. The Warning Gen-
eration module is in charge to generate an alarm when-
ever necessary on the basis of information coming from
the Data Acquisition and Elaboration module. The
latter consists of a Lane Departure Detection scheme
which is mainly based on the computation of an esti-
mate of the TLC time.
Finally, the LDWS could be connected to some Hu-

man Machine Interface (HMI), e.g. acoustic alarms or
LCDs, in order to advise the driver of the forthcoming
lane departure.

Figure 2. System Overview.

TIME TO LINE CROSSING

Roughly speaking, TLC can be defined as the available
time interval before a vehicle crosses any lane boundary
following a pre-specified path direction. An important
application of TLC in driver warning systems is to de-
tect instances when the vehicle actually moves out of
the lane and to warn the driver in order to avoid an im-
mediate accident. As a consequence, it could be consid-
ered a further indicator to support the driver assistance
in case of severe impairments caused by drowsiness.
In the last decade, many researchers have studied the
problem of an exact TLC computation (see [13],[14]
and references therein). Unfortunately, exact real-time
TLC computation is not an easy task due to several lim-
itations concerning an a priori knowledge of both the
vehicle trajectory and the lane geometry. Beside this,
another major restriction factor is the complexity of its
computation in real-time. In the sequel, we will discuss
two methods that allow a quite effective TLC evalua-
tion.

The trigonometric computation

This first method has been proposed in [13] and the key
idea is that the vehicle is rarely driving on a straight
path, therefore it has been assumed that the vehicle tra-
jectory alternates between curves to left and to the right.
A mathematical description of the TLC is as follows

TLC =
DLC

u
, ∀ u > 0 (1).

where DLC [m] is the distance to lane crossing along
the vehicle path and u [m/s] the vehicle speed. Note
that the parameter DLC is directly computable via the
cosine rule (see Figures 3, 4):

DLC = α Rv (2).

where the radius of the vehicle path Rv is computed as
Rv = u/r, with r [rad/s] the yaw rate. As far as the
parameter α is concerned, it represents the angle be-
tween the line from the centre point (Xv, Yv) of the ve-
hicle trajectory to the lane departure point d and the line
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from the front wheel to the centre point (see Figures 3,
4). Differently from Rv, its computation depends on
the road geometry. First, let us consider the straight
road scenario (Figure 3). In this case, α is computed

Xv,Yv

d

Figure 3. DLC calculation for a straight road.

by using the cosine rule

α = arccos
(

A2 + R2
v − C2

2 AC

)
(3).

where

- A = Rv − A′ and A′ = Y/cos(α1), with Y
the distance between the front wheel and the lane
boundary (along a perpendicular line to the road)
and α1 the angle between such a perpendicular line
and the line from the front wheel to the centre point
(Xv, Yv)

- C = 2·A·cos(β)+
√

(2·A·cos(β))2−4(A2−R2
v)

2

Conversely, Figure 4 depicts the road curve scenario. In

Xv,Yv
Xr,Yr

Rv

Rv

A

d

DLC

α

β

α1

Figure 4. DLC calculation for curved road.

this other case, α is differently computed as

α = β − α1 (4).

where

- β is the angle between the line passing from the
centre point (Xv, Yv) of the vehicle curve to the
centre point of the road curve (Xr, Yr) and the line
passing from (Xv, Yv) and the left front wheel (if
the vehicle turns towards the inner lane boundary);

- α1 = arccos
(

(A2+R2
v−R2

r)
(2·A·Rv)

)
, with A the distance

between (Xr, Yr) and (Xv, Yv), and Rr the radius
of the curved road segment.

The approximate computation

In practice, the computation of the TLC is performed by
using an approximation procedure because the trigono-
metric method is based on the knowledge of relevant
parameters , e.g. the distance to line crossing, the radii
of the vehicle path and of the curved road segment, that
in real scenarios are not available. Even if an approxi-
mate computation of the TLC is of interest, its calcula-
tion depends on the following assumptions

a) the lateral vehicle position Y is a priori known or
can easily be measured

b) the lateral vehicle velocity Ẏ is constant, which
imposes that the vehicle preserves a constant ve-
locity while approaching to lane boundaries

It is well recognized that the computation of the lateral
vehicle position Y is a more simpler task than the com-
putation of the vehicle radii and curved road segment
paths [14].
Then, the TLC can be easily computed as the ratio be-
tween the lateral position and the rate of change of the
lateral position [13]

TLC =
Y

Ẏ
(5).

It is worth to note that, even if the assumption b) is
not realistic, in [13] the expression (5) has been proved
to be a tight overestimation of the minimum TLC (1),
whose accuracy increases as the time to cross the lane
decreases. Finally, it is interesting to recall that the use
of this approximation has provided good simulation re-
sults as testified in [13].

LATERAL SPEED ESTIMATION

This section is devoted to describe a Kalman-based filter
for lateral speed estimation purposes. In the sequel, we
will first discuss the mathematical vehicle model, then
the extended Kalman filter will be outlined and applied
to the vehicle model under consideration.

Vehicle Model

A vast variety of mathematical models able to describe
the vehicle dynamics during driving have been proposed
in the literature (see [15], [16] for a detailed survey). In
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most cases, even if many models are very accurate, they
usually require a good knowledge of many vehicle pa-
rameters (stiffness, yaw moment of inertia, etc.) and
this precludes their practical use [17], [18]. Therefore,
it is necessary to look for mathematical models that are
sufficiently accurate and simple to be used in practical
contexts. A well-known vehicle description that satis-
fies these requirements is the kinematic model proposed
in [19].
Such a model is based on a three state description, that
comprises the Cartesian coordinates (x, y) of the vehi-
cle CoG, mid-way centered between the rear wheels,
and the vehicle orientation angle φ. Following the no-
tation of Figure 5, VRW hereafter denotes the longitu-
dinal velocity of the rear wheels, VFW the longitudinal
velocity of the front wheels (taking care of the steered
angle δ) and B the wheelbase. Then, a continuous-time
description can be derived as follows:





ẋ(t) = VRW (t) cos(φ(t))

ẏ(t) = VRW (t) sin(φ(t))

φ̇ = VF W (t) sin(δ(t))
B

(6).

with
VFW (t) = VRW (t)

cos(δ(t))

φ̇(t) = VRW (t) tan(δ(t))
B

x

y

V

V

B

δ

φ

FW

RW

Figure 5. Vehicle’s kinematic model

The continuous-time system (6) can be discretized us-
ing forward Euler differences with a sampling time ∆T .
As a result, the following discrete-time description is
achieved




x(k)
y(k)
φ(k)


=




x(k − 1) + VRW (k)∆T cos(φ(k − 1))
y(k − 1) + VRW (k)∆T sin(φ(k − 1))

φ(k − 1) + VRW (k)∆T
B

tan(δ(k))




(7).
Note that such a model does not take into considera-
tion the discrepancy between the vehicle speed and the
wheel speed when spinning or skidding phenomena oc-
cur. The same holds true for the difference between
the measured steer angle and the actual angle steered

in presence of wheel side slip situations. Therefore,
to compensate for some of these effects a wheel ra-
dius state can be added, hereafter named R(k). In par-
ticular, such a quantity increases when the wheel slips
whereas it conversely decreases when the wheel skids.
Beside this, it is important to underline that the wheel
radius varies w.r.t. different vehicle payloads, tempera-
tures and tyre pressures. Hence, the following four state
model can be proposed:



x(k)
y(k)
φ(k)
R(k)


=




x(k − 1) + ω(k)R(k − 1)∆T cos(φ(k − 1))
y(k − 1) + ω(k)R(k − 1)∆T sin(φ(k − 1))

φ(k − 1) + ω(k)R(k−1)∆T
B

tan(δ(k))
R(k − 1)


+




εx(k)
εy(k)
εφ(k)
εR(k)




(8).
where R(k) ∈ R and ω(k) is the forward wheel an-
gular velocity measured by the wheel sensor. More-
over, the additive vector [εx(k), εy(k), εφ(k), εR(k)]T ,
whose components are stochastic processes with zero
mean and fixed variances, reflect inaccuracies in the
state model and the static error occurring when the ve-
hicle is in a steady-state condition.

Extended Kalman filter

The Kalman Filter (KF) [12],[20] is one of the most
widely used methods for tracking and estimation due
to its simplicity, optimality, tractability and robustness.
However, the application of the KF to nonlinear sys-
tems can be difficult. The most common approach is to
use the Extended Kalman Filter (EKF) [21], [22] which
simply linearizes the nonlinear model along the trajec-
tory so that the traditional linear Kalman filter can lo-
cally be applied at each computational step.
Let us consider the following nonlinear discrete-time
system

xk = fk−1(xk−1) + wk−1, (9).
zk = hk(xk) + υk (10).

where xk represents the state vector of the system, zk

the measurement vector, wk the noise process due to
disturbances and modelling errors and υk the measure-
ment noise. It is assumed that the noise vectors wk and
υk are zero-mean, uncorrelated and with covariance ma-
trices Qk = QT

k > 0 and Rk = RT
k > 0 respectively,

ie.
wk ∼ ℵ(0, Qk), υk ∼ ℵ(0, Rk)

The signal and measurement noises are assumed un-
correlated also with the initial state x0. Then, the es-
timation problem can be stated, in general terms, as fol-
lows: given the observations set Zk := {z0, z1, . . . , zk}
evaluate an estimate x̂k of xk such that a suitable cri-
terion is minimized. In the sequel, we will consider
the mean-square error estimator, and therefore, the esti-
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mated value of the random vector is the one that mini-
mizes the cost function

J [x̂k] = E[(xk − x̂k)2|Zk] (11).

At each time instant k, the EKF design can be split in
two parts: time update (prediction) and measurement
update (correction). In the first part, given the current
estimates of the process state x̂k−1 and covariance ma-
trix Pk−1 and based on the linearization of the state
equation (9)

Φk =
∂fk

∂x

∣∣∣∣
x=x̂k−1

(12).

the updating of the covariance matrix and state predic-
tion x̂k|k−1 are performed as follows

Pk|k−1 = ΦkPk−1ΦT
k + Qk, (13).

x̂k|k−1 = fk(x̂k−1) (14).

Then, given the current measurement zk and by lineariz-
ing the output equation (10) according to

Hk =
∂hk

∂x

∣∣∣∣
x=x̂k|k−1

(15).

the following Kalman observer gain is derived

Kk = Pk|k−1H
T
k (Rk + HkPk|k−1H

T
k )−1 (16).

Finally, the state and the matrix covariance estimates are
updated as

x̂k = x̂k|k−1 + Kk(zk − hk(x̂k|k−1)), (17).
Pk = (I −KkHk)Pk|k−1 (18).

and the procedure is iterated.
Because the aim is to use the EKF for estimating the lat-
eral position y(k) and the yaw angle φ(k) of the vehicle
model (8), real measurements (y(k), φ(k)) are needed.
Such a task will be accomplished by resorting to data
made available by the vision system, because we as-
sume that the vehicle is not equipped with gyroscopes
and/or radar/GPS devices.

VISION SYSTEM

This section is devoted to describe the proposed vision
algorithm. Two main phases can be characterized: Lane
Detection and Lane Tracking. It is assumed that a cam-
era is mounted behind the vehicle windshield and used
for capturing road image frames.

Lane Detection

The lane detection system is represented in Figure 6. It
consists of all steps related to each frame elaboration in
extracting relevant features. It includes five steps that
will be discussed in details below.

Figure 6. Lane Detection.

Frame acquisition − In this first phase, the aim
is to recover image frames from the vehicle camera. To
this end, it is important to adequately set the camera
position on the vehicle and its orientation w.r.t. the hor-
izontal road line. An example of an acquisition frame is
shown in Figure 7.

Figure 7. Frame acquisition.

Image Preprocessing - Inverse Perspective −
Once an image frame is obtained, an image processing
phase is required. Here, we apply the Inverse perspec-
tive mapping, hereafter denoted as IPM.
The IPM is a geometrical transformation technique that
re-maps each pixel of the 2D perspective view (see Fig-
ure 7) of a 3D object in a new planar image (see Figure
10) with a bird’s eye view. In other words, the IPM is
the projection from the image plane I = (u, v) ∈ R2

onto the Euclidean space W = (x, y, z) ∈ R3 (world
space) [23], [24], [25].
Therefore, the side view geometrical model of the IPM
is as depicted in Figure 8, while Figure 9 represents the
top view geometrical model.
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Figure 8. Inverse Perspective: lateral view.

Figure 9. Inverse Perspective: bird view.

In particular, the equations describing the projection
from the image plane I onto the world space W and
viceversa are given by

x(r) = h

(
1+[1−2( r−1

m−1 )] tan(αv) tan(θ0)

tan(θ0)−[1−2( r−1
m−1 )] tan(αv)

)

y(r, c) = h

(
1+[1−2( c−1

r−1 )] tan(αu)

sin(θ0)−[1−2( r−1
m−1 )] tan(αv) cos(θ0)

)

(19).
r(x) = m−1

2

(
1 + h−x tan(θ0)

h tan(θ0)+x
coth(αv)

)
+ 1

c(x, y) = n−1
2

(
1− y

h sin(θ0)+x cos(θ0)
coth(αu)

)
+ 1

(20).
where

• h the height of camera w.r.t. the ground level;

• m× n the image resolution;

• (r, c) image pixel coordinates;

• αv and αu vertical and horizontal camera half-
angle of view, respectively;

• θ0 pitch camera angle.

By using the equation (19), each IPM image pixel is
rephrased by adopting the real world metric coordinates
(x, y), see Figure 10.

4

0

-10

10

18 32

y

x

[m]

[m
]

Figure 10. Inverse Perspective.

Edge Detection and Line Identification − The
task of this phase is that of identifying points in a digital
image at which the image brightness changes sharply
or more formally has discontinuities. For instance, a
strip may be distinguished from the asphalt by means of
the associated intensity changes. The ultimate goal of
the edge detection is the characterization of significant
intensity changes in the digital image in terms of edge
points.
To this end let us denote with IPM(x, y) the gray-
scale image (see Figure 10). An edge point is defined
as the zero crossing of the Laplacian of the function
IPM(x, y) [32] (see Figure 12)

L(x, y) = ∇2 IPM(x, y) =
= ∂2IPM(x,y)

∂x2 + ∂2IPM(x,y)
∂y2

(21).

The intensity changes can be identified by using the
above Laplacian operator. However, because the com-
putation of L(x, y) is highly sensitive to image noises
unacceptable errors could arise. For this reason, a
well-known procedure consists of first convolving the
function IPM(x, y) with a smoothing two-dimensional
Gaussian filter of the following form

G(x, y) =
1

2πσ2
e
−(x2+y2)

2σ2 , σ the standard deviation,

(22).
and then applying the Laplacian operator to the obtained
result.
Here the idea is to reverse such steps thanks to the lin-
earity properties of ∇2 : first we compute ∇2G(x, y),
then the result is convolved with IPM(x, y). The main
reason of such a choice is that it allows one to off-line
compute ∇2G(x, y) and to on-line use low-demanding
filters.
To reduce further the computational burden, we select
the class of steerable filters introduced by Freeman and
Adelson [26]. Such filters can be rotated very efficiently
by taking a suitable linear combination of a small num-
ber of filters. Steerable filters have a number of desir-
able properties that make them excellent for lane detec-
tion applications.
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The steerable filters used here are based on second
derivatives of the Gaussian filter (22), where

Gxx(x, y) = (x2−σ2)
2πσ6 e

−(x2+y2)
2σ2

Gxy(x, y) = xy
2πσ6 e

−(x2+y2)
2σ2

Gyy(x, y) = (y2−σ2)
2πσ6 e

−(x2+y2)
2σ2

(23).

are the second order derivative filter kernels which can
computed off-line and separated into their x and y com-
ponents. At each time instant, the filters are convolved
with the gray-scale image IPM(x, y) to get its deriva-
tives, i.e. Dxx, Dxy, Dyy. The next step is to build the
following binary matrix

IPMb(x, y) =
{

1, L(x̄, ȳ) < λth min(L(x, y))
0, otherwise

(24).
where (x̄, ȳ) are the coordinates of a generic pixel and
λth represents a threshold used to discriminate the edge
pixels. The matrix IPMb(x, y) is used to appropri-
ately select the edge pixels (1-entries) on the image
IPM(x, y).

Figure 11. Edge Detection.

Amongst all the edge pixels, only the stripes need to
be detected. Therefore, an additional filtering phase is
necessary. In particular, the ∇2IPM(x, y) w.r.t. any
angle orientation is defined as follows

∇2IPMθ(x, y) := Dxx cos2(θ) + Dyy sin2(θ)
−2 Dxy cos(θ) sin(θ)

(25).

and we want to determine all pixels (x, y) at which the
gradient of the Gaussian ∇2IPMθ(x, y) along the di-
rection perpendicular to the stripe assumes a maximum
value. This can be achieved by computing

θmax = tan−1
(

Dxx−Dyy+ξ
2Dxy

)

ξ =
√

D2
xx − 2DxxDyy + D2

yy + 4D2
xy

(26).
Finally, by moving the search along the maximum di-
rections, the stripe pixels selection is performed by
searching for zero crossing of L(x, y) [27] (see Figure
11).

zero crossing zero crossing

Figure 12. Zero crossing.

Line Fitting − In this phase, we resort to a simple
parabolic road model [28] which is a sufficiently accu-
rate approximation of the clothoid model usually used
in civil engineering [29]. Therefore, each stripe can be
simply described by the following quadratic function

y(x) = c + bx + ax2 (27).

where y and x represent the physical coordinates as de-
picted in Figure 10 while the sign of the constant c de-
pends on which line is taken into consideration w.r.t. the
optical axis x (see Figure 13: positive values of c cor-
respond to the red line while negative ones to the green
line).

Figure 13. Line Fitting.

Here, for curve fitting purposes, we apply a well-
established algorithm known as RANdom SAmple
Consensus procedure (RANSAC) [30]. The RANSAC
is a robust fitting algorithm that has been successfully
applied in several computer vision problems [31]. The
algorithm consists in an iterative procedure to estimate
the unknown parameters of a given mathematical model
using a set of measured data. It can be considered non-
deterministic in the sense that it produces reasonable
results within a pre-specified probability. RANSAC, as
opposite to the conventional smoothing techniques, uses
as small initial data sets as feasible and enlarges these
sets with consistent data as much as possible.
The paradigm can be more formally stated as follows.
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1. Given a model M, which requires a minimum of
n data points to instantiate its free parameters, a
set D of data points such that card(D) ≥ n and a
number Nmax of trials;

2. Randomly select a subset Si of n data points from
D and instantiate the model M as Mi;

3. Determine a subset S∗i ⊂ D of data points such
that it satisfies a fixed tolerance error w.r.t. Mi.
S∗i is defined as the consensus set of Mi;

4. If card(S∗i ) ≥ Nth (a given threshold which is a
function of the number of data points ofD not con-
sidered in S∗i ) and i < Nmax, use S∗i to generate a
new instantiate model Mi+1, i := i + 1 and goto
the step 3.;

5. Else if card(S∗i ) < Nth and i < Nmax, i := i + 1
and goto the step 2.;

6. Else if i = Nmax,

• if card(S∗Nmax
) ≥ Nth then use MNmax

• otherwise consider that model Mi such that
card(S∗i ) is maximal.

Figure 14. Ransac Fitting.

Lane Tracking

The second phase of the proposed vision system con-
sists of the development of a Lane Tracking algorithm.
The elaborations here take care of data coming from dif-
ferent video frames and try to make consistent quanti-
tative conclusions on how the lane changes during the
vehicle motion. To this end, we will use a Kalman Fil-
ter (KF) [22] in order to estimate and update the coef-
ficients (a, b, c) of the line model (27) during the vehi-
cle motion. Therefore, we consider the following linear
time-invariant system

xk = Axk−1 + wk−1

zk = Hxk + vk
(28).

where the state is

x = [a b c ∆a ∆b ∆c]T (29).

with ∆xk := xk − xk−1, w and v are zero mean white
noises with covariance matrices Q and R respectively,
and

A=




1 0 0 1 0 0
0 1 0 0 1 0
0 0 1 0 0 1
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1




,H=




1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0




Following the standard notation, at each time step k the
state estimation is given by

x̂k = x̄k + Kk(zk −Hx̄k) (30).

with

x̄ = Ax̂k−1 (31).
P̄k = AP̂k−1A

T + Q (32).
P̂k = (I −KkH) P̄k (33).

Kk = P̄kHT
(
HP̄kHT + R

)−1
(34).

where the above iteration is initialized with x̂0 = 0 and
a covariance matrix P̂0 is appropriately chosen as indi-
cated in [22].

SIMULATION RESULTS

All the above software modules (EKF, Inverse perspec-
tive, Steerable filters, RANSAC and KF) have been
implemented within the Matlab/Simulink R© package.
Simulations have been carried out by using video and
sensors data provided by the Carsim R© simulator.
Simulations were conducted to estimate key vehicle pa-
rameters and to validate the models used in vehicle dy-
namics simulation. Accurate knowledge of the param-
eters is useful for system design, for evaluation of re-
sults in simulation, and for on-board use, in estimating
the vehicle and roadway states and to compute the TLC
time.
We have considered the following simulation scenario.
Double lane crossing - While the vehicle is proceed-
ing along a straight road with a longitudinal veloc-
ity of 90 Km/h, it moves from the right lane to the
left one with a constant lateral velocity of 0.31 m/s
during the time interval [11, 26] sec. Then, it remains
on the left lane until time instant 35 sec. and finally
the vehicle changes again the lane in the time interval
[35, 50] sec.
Numerical results are reported in next Figures 15-18.
First, we have compared the estimates of the lateral po-
sition, lateral velocity and yaw angle against the exact
data provided by Carsim. As it clearly results, the pro-
posed EKF is able to accurately estimate such vehicle
kinematical parameters. In particular, Figure 15 shows
that the proposed procedure allows one to accurately
identify the lane boundaries (with a relative mean error
around 2%) while a larger relative error (around 10%)
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is detected when the car crosses the line. However, this
will not influence the successive TLC computation. The
latter is mainly due to the fact that in such a case the
EKF has to be updated for recovering the new lane po-
sition: this operation leads to a certain degree of loss
of tracking because the EKF has to acquire at least ten
frames of the new lane for a more accurate identifica-
tion. Similar remarks apply for the lateral velocity and
yaw angle estimates (see Figures 16, 17), even if a larger
discrepancy (relative mean error around 5%) w.r.t. the
exact values arises. However, such estimates are still
consistent even for relatively large steer motions.
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Figure 15. Lateral Position estimation
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Figure 16. Lateral Velocity estimation

Finally, Figure 18 depicts the TLC computation by
means of the predictive approach described in the pre-
vious sections. First, the TLC computation has been
saturated (in software) at five seconds if larger values
result. There, it is assumed that a lane departure warn-
ing is issued if TLC is lower than 1.5 seconds. As it is
evident from the figure, the TLC estimate is sufficiently
accurate. In fact, the relative mean error w.r.t. the exact
curve (dashed line) is approximately around 5%.
Next simulations are instrumental to show the capabil-
ity of the proposed approach to avoid false alarms for
drivers who hug one side of the lane.
For comparisons purposes, we have contrasted the
proposed approach with the recently proposed no-
predictive method described in [9], [10]. By referring

to the scheme depicted in Figure 6, the main differ-
ences of such a strategy w.r.t. the proposed LDWS can
be summarized as follows:

• Lane detection -

- Image preprocessing: each single frame is
first converted to a gray-scale picture, then
the bottom region under the frame horizon,
named Region of Interest (ROI), of the im-
age is selected [28] for the next steps;

- Edge detection: a Sobel filter [32] is applied
to each single ROI;

- Line identification: this task is achieved by
resorting to the Hough Transform [32] that
allows one to map each road line into an
accumulator point of the Hough parameter
space in the (ρ, θ) coordinates;

- Line fitting: a linear model of the road is used
[9].

• Lane Tracking - A Kalman Filter is used in or-
der to numerically identify the accumulator points
(ρi, θi), i = 1, 2 of the Hough parameter space
which describe the lines of two adjacent and suc-
cessive frames;
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Figure 17. Yaw Angle estimation
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Figure 18. TLC computation
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• Lane Departure - The numerical method is as fol-
lows. Let θl and θr the left and right orientation an-
gles of the lane boundaries of a specified frame, see
Figure 19. If the vehicle is traveling in a straight
portion of the road and stays at the center of the
lane we have θl + θr ≈ 0, with θl < 0 and θr > 0.
If the vehicle drifts to its left, both θl and θr in-
crease, while if the vehicle drifts to its right, both
θl and θr decrease. Thus, a simple and efficient
measure for trajectory deviations is given by

β = |θl + θr| (35).

If β gets sufficiently large, the vehicle is leaving
the center of the lane. In practice, β is compared
to a threshold T , and a lane departure warning is
issued if β > T.

θ θrl

Figure 19. Orientation of lane boundaries

Finally, Figure 20 reports the simple lane departure
warning activation scheme of [9], [10] with the thresh-
old T set to T = 30o. Then, at each time instant the
absolute sum of angles β is computed. Hence, if the
numerical value β(t) (continuous line) overcomes the
threshold T (dashed-line) a warning (red circle) is in-
stantaneously activated.
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Figure 20. Departure warning method [9]

In the sequel we shall consider the following critical sit-
uation.
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Figure 21: Proposed approach: Warning alarms
(Up) TLC computation (Down)

Single lane warning scenario - While the vehicle is
proceeding along a straight road with a longitudinal
velocity of 70 Km/h, it shows unintentional displace-
ments from the center lane towards the right and/or left
boundaries and viceversa with a varying lateral veloc-
ity ẏ ∈ [−0.5, 0.5] m/s.
This scenario simulates situations when drivers are
sleepy or drowsy driving and they are not capable to
adequately conduct the vehicle.
Figure 21 depicts the sequence of warnings computed
by the proposed LDWS strategy. The dashed and dot-
dashed lines describe the left and right lane boundaries
respectively while the red circles represent the vehicle
positions (distance from the boundary) when the warn-
ing is issued. Moreover, the TLC computation is also
provided in the figure.
Figure 22 shows the warning events signaled by the no-
predictive strategy [9]. In this case, besides the red
circles which represent correct warnings, this strategy
gives rise to some false alarms (green circles). The
main reason for the latter relies upon the fact that the
alarm is automatically activated when the vehicle stays
at specified orientations with respect to the lane bound-
aries without taking care of the vehicle dynamics. In
principle, one could increase the threshold to reduce the
generation of false alarms but this would imply the ac-
tivation of true alarms too late for any safe maneuver.

CONCLUSIONS

In this paper, the development of a TLC-based lane de-
parture warning system has been presented. An on-
board vision system has been used for collecting road
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images and extracting useful features, relevant to iden-
tify the lane strips and compute the position and the
heading of the vehicle with respect to the lane. Beside
a single calibrated camera mounted behind the wind-
shield, also steering angle and angular speed sensors are
used to collect relevant kinematical data to be used in a
model-based data-fusion strategy for the computation of
the TLC and the generation of warnings about possible
imminent lane departures.
Experimental results have shown good accuracy and
robustness, w.r.t. road and weather conditions, in the
estimation of the TLC. It has been also shown that
the proposed LDWS system is able to reduce false
alarms and increase, in comparison with traditional no
model-based strategies, the time margins for warnings
generation.

Future work will include the full development of a
hw/sw demonstrator to be mounted in a commercial car
to verify the effectiveness of the concepts and the qual-
ity of the implemented strategies. Field tests will be
also conducted in order to verify the drivers acceptance
of this sort of equipments in terms of readiness and ac-
curacy in generating lane departure warnings or possi-
ble rejections due to a too high interference into their
normal driving habits.
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ABSTRACT 

Several trials of speed limiter devices are underway 

in Australia. The authors review these trials and 

estimate potential road safety benefits. This review 

builds on a paper that was prepared for the 20th ESV. 

It was found that the technology is ready for 

widespread implementation. Extensive trials of ISA 

throughout the world have demonstrated the potential 

for significant accident savings as well as other 

community benefits. 

There is a compelling case for governments to 

actively support ISA implementation. 

INTRODUCTION 

Most motorists do not appreciate the extra risks 

involved in travelling just a few km/h over the speed 

limit. Most think that the risk of a casualty crash is 

doubled if you are travelling at least 25km/h over the 

speed limit (Hatfield & Job 2006). Research has 

found that that, in urban areas, the risk of a casualty 

crash is doubled for each 5km/h over the limit. So 

travelling at 70km/h in a 60km/h zone quadruples the 
risk of a crash in which someone is hospitalised. As a 

result, it is estimated that about 10% of casualties 

could be prevented if the large group of motorists 

who routinely travel at up to 10km/h over the limit 

were encouraged to obey the speed limits. About 

20% of casualties could be prevented if all vehicles 

complied with the speed limits (Kloeden & others 

2002, Tate & Carsten 2008). Savings in fatal crashes 

would be larger. 

"Minor" speeding therefore makes up a large 

proportion of preventable road trauma. It is difficult 

for enforcement methods alone to have an effect on 
this minor speeding. An added problem is that even 

motorists who want to obey the speed limits (to keep 

their life, licence or livelihood) have difficulty doing 

so in modern cars on city roads.  

This is where Intelligent Speed Assistance (ISA - 

also known as Intelligent Speed Adaptation) comes 

into its own. The system has a simple function, 

backed up by clever technology. It knows the 

location and speed of the vehicle and, from an on-

board database of speed limits, it can alert the driver 

to speeding. The authors have been using ISA 

devices in Sydney since mid 2006 (Paine and others 

2007).  

Some road safety researchers are surprised that 

Australia is leading the world with this technology. 

An initial reaction is that there could be negative 

outcomes, such as driving at the speed limit rather 

than to the conditions, but numerous ISA trials 

around the word have shown these concerns are 
unsubstantiated (Paine and others  2007). 

Some car manufacturers have expressed concern that 

some types of speed limiters "take control away from 

the driver". This is also unsubstantiated, firstly 

because ISA systems do have provision for over-ride 

by the driver in the event that the set speed is 

inappropriate and secondly, the claim is somewhat 

hypocritical given that cruise control has been in use 

on vehicles for many years and forces the vehicle to 

travel at a minimum speed unless there is driver 

intervention. 

Classification of Speed Limitation Devices 

Speed limitation devices assist the driver in not 

exceeding a specified or selected speed, which is 

generally the posted speed limit for the section of 

road being driven along. There are several 

classifications of speed limitation devices: 

• Top-speed limiting - prevents the vehicle for 

exceeding a set speed. Most modern vehicle engine 

management systems have a top speed setting but it is 

usually well in excess of maximum national speed 

limits and could not be regarded as a safety device. 

• Speed alarm set by the driver - alerts the 

driver if a selected speed is exceeded. Some 

production vehicles have this feature (eg Holden 

Commodore). 

• Speed limiter set by driver - prevents the 

vehicles from exceeding the selected speed, except 

for temporary over-ride situations (eg "kickdown" of 
throttle pedal). A few production vehicle models have 

this feature (eg Renault Megane). These are also 
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known as "Adjustable Speed Limitation Function" 

(ASLF). 

• Intelligent speed alarm ("Passive ISA") - 

system "knows" the speed limit of the current section 

of road and direction of travel and alerts the driver if 

that speed is exceeded. Feedback may be an audible 

alarm, a visual signal, haptic feedabck such as a 

vibrating throttle pedal or a combination of these.  

• Intelligent speed limiter ("Active ISA") - the 

system "knows" the speed limit of the current section 

of road and direction of travel and prevents the 

vehicle from being accelerated beyond this speed. 

These systems normally have provision for 

temporary over-ride.  

With the two ISA the speed limit information is 

available on three levels: static (location based), 

variable (time and location based) or dynamic (able 

to be changed in real time through communication 

with the road infrastructure - eg roadworks). There 

are increased road safety benefits for each level. 

In recent years the feasibility and performance of ISA 

system have been substantially improved by 

developments in the Global Positioning Satellite 

systems (GPS) and the digital mapping of speed 

limits. Some systems augment the GPS positioning 
with dead-reckoning systems that work in tunnels. 

Systems that require the driver to manually set the 

speed have several limitations: 

• • they assume that the driver knows the speed 

limit or can decide on a "safe" speed - in both 

situations the driver can be in serious error. 

• • the task of setting the speed is tedious and 

may be distracting. 

•  in jurisdictions with many speed limit 

changes (e.g., in New South Wales where urban 

speed limits can be 40, 50, 60, 70 and 80 km/h, 

depending on the road and location) the task of 
constantly setting and resetting the speed is 

cumbersome and repetitive. 

• • in practice these voluntary systems are 

unlikely to be used on a regular basis 

The following table sets out estimates of the potential 

savings in serious road crashes in Australia through 

the widespread implementation of various speed 

limitation devices. The estimates of effectiveness for 

passive and active ISA are considered to be 

conservative and result in lower estimated savings 

than those predicted in the UK and Europe (Tate & 
Carsten 2008). This is on the assumption that ISA 

will be voluntary. 

Table 1. Estimates of crash savings in Australia 

Device % of all 
serious 

crashes 

potentially 

influenced 

(relevant 

crashes) 

% of 
relevant 

crashes 

that are 

saved by 

device 

(effective-

ness) 

% of all 
serious 

crashes 

saved 

by 

device 

Top-speed 

limiting 

1% 

(exceeding 

120kmh) 

100% 1% 

Speed 

alarm/limiter 

set by the 

driver 

20% 5% (low 

due to the 

task of 

setting the 
device) 

1% 

Passive ISA 20% 25% 5% 

Active ISA 20% 50% 10% 

 

 

Figure 1. Estimated serious crash savings from speed 

limitation devices 

Passive and active ISA rank highly in a recent 

analysis of a wide range of vehicle safety 

technologies to identify priorities for government 

support (Figure 2, Paine and others 2008). For 

several reasons ISA ranked higher than Electronic 

Stability Control (ESC) that has received much 
attention in recent years. 

One reason for this is a 2007 study of ESC in real-

world Australian crashes by Monash University. This 

found that ESC reduced single vehicle car crashes by 

27% and single vehicle four-wheel-drive crashes by a 

remarkable 68%. However, multi-vehicle crashes 

were unaffected and the overall reduction was found 

to be about 5% of all crashes (Scully & Newstead, 

2007). Savings in serious and fatal crashes could be 

expected to be greater but are still somewhat less than 

some estimates for ESC savings derived in parts of 

Europe and the USA. The Australian results are 
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Figure 2. Provisional ranking for a range of in-vehicle technologies deserving government support (nominal 

maximum score 20). The "growth" category refers to potential for increased uptake through government initiatives. 

similar to studies in the UK which found that ESC 

effectiveness was likely to be highly dependent on 
local conditions (Thomas 2007). For example, ESC 

was found to be much more effective in icy and wet 

conditions  - conditions that are comparatively rare in 

Australia. 

Another advantage of ISA is that it is easily 

retrofitted to most vehicles. The average age of 

vehicles in Australia is more than ten years. This 

means it will take at least ten years for a technology 

that is only fitted to new years to penetrate half of the 

fleet.  

In contrast there is no technical limit to the rate at 

which a retrofittable technology like ISA could be 
introduced. It could also be targeted at high-risk 

groups such as novice drivers, who generally drive 

older vehicles and tend to be last to benefit from 

technologies such as ESC, that can only be 

reasonably fitted to new vehicles. This may be one of 

the reasons that the European Transport Safety 

Council strongly supports the introduction of ISA 

(ETSC 2006). 

The point is that ISA deserves no less attention than 

ESC when it comes to government road safety 

strategies. Furthermore, these strategies should 
consider opportunities for retrofitting older vehicles 

and not just look at standards for new vehicles. 

Daytime running lights (DRLs) are another 

technology that ranks highly in the list for 

government support and is easily retrofitted. The 

"intelligent" component of DRLs refers to light-

sensing technology that automatically switches to 

headlights when ambient light levels drop (ie 

automatic headlights). 

AUSTRALIAN ISA PRODUCTS 

There are two ISA products for sale in Australia. 

Both products are technically fully-functional. Their 

only limitation is the extent of mapping of speed 

limits and this coverage is expanding swiftly to 

become nationwide. 

 

SpeedAlert passive ISA 

In mid-2006 a Sydney company, Smart Car 

Technologies, began commercial sales of a GPS- 

based speed limit advisory system. SpeedAlert is a 

software package that is designed to work with 

compatible Personal Digital Assistants (PDAs), 

programmable mobile phones and Sat-Nav Systems. 

SpeedAlert works with GPS to pinpoint the position 

of the car. Using a pre-recorded database of speed 

limits, the software is able to recognise the current 
speed zone the car is travelling in (including direction 

of travel). Using GPS, SpeedAlert is also able to 

accurately calculate the speed of the vehicle and so is 

able to warn the driver, using audible and/or visual 

alerts, if  the car exceeds the speed limit at any time. 

No connection to the vehicle's speedometer system or 

other components is required.  

The system is designed to be highly portable and can 

be easily transferred between vehicles. Costs range 

from US$90 for software and a 12 month update 

subscription to about US$500 for a PDA with built-in 

GPS receiver and the SpeedAlert software and update 
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service. Updates are downloaded over the Internet 

and are typically several megabytes.  

SpeedAlert displays the current speed limit as large 

black numerals inside a red circle (Figure 3). The 

current vehicle speed is displayed in smaller 

numerals below the speed limit. If the speed limit is 

exceeded the numerals turn to red. Depending on user 

settings, an audible beep is activated at higher speeds. 
The beeps continue until the vehicle speed is 

decreased. There are two levels of beeping depending 

on the amount by which the speed limit is exceeded. 

The driver can choose to mute the beep, but the mute 

facility is over-ridden in the vicinity of a school 

zones or fixed speed cameras.  

In 2008 the SpeedAlert system was integrated into an 
Australian portable sat-nav device that sells for about 

US$100. The SpeedAlert component costs less than 

US$10 to "activate" after a trial period but even if the 

full $100 cost is used, this is highly cost-effective 

safety device that can be used in any vehicle. 

The system can be set to operate in SpeedAlert mode 
(Figure 3) that only displays the current speed limit 

and vehicle speed. This overcomes concerns about 

the distraction caused by the display of navigation 

maps. When operated in map mode the speed limit is 

displayed in the bottom left of the screen (Figure 4). 

The visual and audible speed alerts still function 

when the map is displayed. 

 

Figure 3. SpeedAlert mode for the sat-nav device. 

 

Figure 4. Speed limit displayed on navigation map. 

Early in 2009 Smart Car Technologies began beta-

testing a live-update version of SpeedAlert that uses 
the mobile phone network: 

"SpeedAlert™ LIVE determines the position of your 

vehicle on the road by accessing the GPS signal from 

your mobile phone. It sends those co-ordinates to our 

server through your mobile phone’s GPRS service. 

Our server then interrogates a proprietary database of 

speed limits and returns to the mobile phone the 

speed limit for that section of the road you are on." 

(from www.speedalert.com.au) 

With cooperation from road authorities this new 

system will be able to provide drivers with current 

information about variable speed limits on 
motorways and temporary speed limits such as 

roadworks or accidents (the latter does not apply 

anywhere in Australia at present but a live-update 

ISA system would make this feasible). 

SpeedAlert and the associated speed limit database 

has been developed as a commercial product, 

independently of government projects. Mapping was 

carried out using on-road data collection. Most major 

cities in Australia, and their connecting highways, are 

now covered and more areas are being added each 

month. The SpeedAlert system can be readily 
implemented in other countries. 

 

Speedshield passive/active ISA 

Melbourne company, Automotion Control Systems 

(ACS), has developed an active speed control system 

which has been in operation in industrial locations 

such as warehouses since 2003. The system is in 

widespread use on forklifts and similar vehicles by 

several major Australian companies.  

The company further developed this system for use in 

cars and commercial vehicles. In 2006 ACS was 

awarded a contract to conduct ISA demonstration 
projects with the Transport Accident Commission of 

Victoria and with the Office of Road Safety and Main 

Roads WA of Western Australia. In 2008 New South 

Wales Roads and Traffic Authority also installed 

Speedshield Active ISA in two vehicles for 

evaluation purposes. Approximately 100 units were 

in operation across Australia at the time of writing.  

Speedshield uses a combination of GPS and 

gyroscope dead-reckoning to establish vehicle 

location and local speed limits. Radio beacons and 

wireless communication are used to provide speed 
zone database updates to the in-vehicle speed zone 

map. The system accommodates temporary speed 

control (e.g. roadworks, accidents etc.) by use of 

bollards fitted with roadside transceivers (developed 

fore the industrial application) and time-based limits 
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such as school zones. Figure 5 shows the display 

used in the demonstration projects.  

 

Figure 5. Speedshield display 

A control module is installed between the accelerator 

pedal and the engine and mirrors the driver's throttle 

movement until the speed limit is reached, at which 

stage the module will hold the throttle signal. An 
optional over-ride can be engaged if the driver briefly 

pushes the accelerator pedal to the floor.  

Speedshield stores the last known position so that ,on 

start up, the system is provided with the last known 

speed value instantly. This has the benefit of giving 

an instantaneous start up and allowing start up in 

non-GPS areas, such as underground car parks. Use 

of the dead reckoning system also assists in obtaining 

a GPS fix more quickly.  

Because the Speedshield system interacts 

electronically with the throttle regulation system 
there is no decrease in power to the vehicle when 

travelling at or below the speed limit. The kickdown 

override can be set at variable levels, for driver 

preference, however the authors prefer a setting 

whereby the pedal has to be depressed almost fully to 

the floor to activate, much like the kickdown function 

of an automatic transmission. This allows the driver 

to easily engage the override when necessary but 

prevented inadvertent activation (such as when 

driving up steep hills).  

A noticeable benefit of the system is reduced fatigue, 

particularly for longer trips. This benefit was also 
reported by truck and bus drivers when top-speed 

limiters were introduced for these vehicles in the 

early 1990s (Paine 1996). 

AUSTRALIAN ISA PROJECTS 

Three Australia States are currently conducting ISA 

projects. The following descriptions are based on 
advice provided by the State authorities early in 

2009. 

In addition to the government ISA projects , 

individual companies have also bought into ISA 

technologies, and the systems are in use for day-to-

day operations (e.g., heavy vehicles used for transport 

haulage). As yet, there have been no public reports 

relating to these activities. 

Transport Accident Commission of Victoria 

In 2002 the TAC commenced the Safecar project that 

developed and trialled several ITS technologies, 

including ISA with haptic feedback. Positive results 

were reported by Regan and others (2006). 

TAC has commenced a new ISA demonstration 
project, as described below.  

In Phase 1, participants were provided with 

instruction sheets on how the ISA system works after 

the system was successfully installed in their vehicles 

but were not provided with verbal briefings. A total 

of 34 participants participated in Phase 1 of the 

demonstration project 

Phase 2 entails stronger expectation setting. The 

instruction sheets were modified slightly to 

emphasise the limitations of the map database and 

participants are also given a verbal briefing by staff at 

the TAC post installation to reiterate the device is 
still in prototype form and the mapping is not 

complete and that anomalies are to be expected.  

Phase 3 will entail varying the operational settings of 

the ISA system to determine the best fit between road 

safety benefits and consumer acceptance.  

Participants’ experience from phase one of the 

project have mainly been positive. The overall 

ranking for the usability, acceptability and 

functionality of the ISA device in its current form 

was considered good by over half the participants, 

with an even greater proportion believing ISA has 
great road safety benefits. A few minor, but 

important issues such as the inaccuracies of the 

current incomplete map will be addressed in 

subsequent phases. In phase 2 of the demonstration 

project, participants will receive instruction sheets 

with stronger emphasis on the limitations of the 

database upfront and a verbal briefing to reiterate the 

limited coverage of the database will be provided. 

Participants’ response will be monitored to gauge the 

success of this approach and any feedback will be fed 

into phase 3 of the demonstration project.  

Roads and Traffic Authority of New South Wales 

In November 2007, the RTA commenced the 

development of the New South Wales ISA Trial.  By 

the end of the project it is expected that around 100 

vehicles from private fleets in the Illawarra Region 

will be fitted with an ISA device, as well as a speed 
data recorder.  
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The project will cover three Local Government 

Areas: 

  Wollongong City  

  Shellharbour City  

  Kiama Municipality  

The total length of the road network in this area is 

approximately 2,500 km and boasts a population of 

more than 263,000. 

The region includes a large workforce that commutes 

up to 80 km per day into Wollongong City from the 

neighbouring Shellharbour and Kiama areas.  The 

roads have a wide variety of speed zones including 

40 km/h high pedestrian, 40 km/h school zones, 50 

km/h and 60 km/h urban areas, 80 km/h winding 
rural roads and 100km/h freeways.  This Region also 

boasts a culturally and socio-economically diverse 

population including people employed in the heavy 

manufacturing, mining, and rural industries as well as 

government administration and tertiary education. 

Mapping of all 960 speed zones in the trial area has 

been completed and a process for updating changes to 

speed zones has been developed through spatial web 

server software.  Data recorders are in the process of 

being installed in all participants’ vehicles.  The data 

recorders send a snapshot of each vehicle’s location 
and speed every ten seconds.  Vehicle speed data is 

then joined spatially with speed zone information to 

build speed limit compliance reports for each vehicle 

in the trial.  It is planned to log vehicle speeds for up 

to three months before ISA devices are installed as a 

baseline measure of speed limit compliance. 

Supportive ISA systems will be installed in 

approximately 40% of trial vehicles with the 

remainder receiving an Advisory System.  Vehicles 

will retain their ISA device for around four months 

during which speed limit compliance data will 

continue to be captured.  Preliminary results of the 
trial will be presented at the 2009 Intelligent Speed 

Adaptation Conference to be held in Sydney, 

Australia on 10 November 2009. 

Western Australia 

The Office of Road Safety (ORS) and Main Roads 
West Australia (MRWA) are conducting a trial of 

advisory ISA systems using GPS and other potential 

technology in the State of Western Australia (WA). 

The objective of the trial is to test user acceptance of 

the system with the aim of creating demand within 

the general community for ISA as a tool that will 

support them in choosing speeds that are at or below 

the prevailing speed limit. 

Promotion of the ISA trial will highlight the 

community benefits of this driver support technology. 
The ISA pilot project involves the development and 

demonstration of a low cost compact advisory ISA 

unit that can be fitted to most modern vehicles and is 

marketable to the public. Fifty advisory Speedshield 

units have been purchased and installed in various 

fleets for an evaluation of driver’s attitudes to and 

experiences with the technology. A PDA display unit, 

alerts the driver, via a system of audible and visual 

signals, if they are exceeding the speed limit 

applicable to the road. 

The WA ISA trial has required the creation of a 

Statewide electronic speed limit map database by 
MRWA, as well as development of associated 

technologies for remotely updating speed information 

on installed ISA units.  The partnership that Victoria 

and WA have entered into with ACS (Speedshield) 

for the demonstration trial has given Main Roads WA 

valuable knowledge and experience in providing 

speed limit data to external providers of ISA 

technology and, when the trial is fully underway, will 

allow them to address critical issues such as data 

security, reliability and accuracy. 

In December 2007 45 key stakeholders across Perth 
and regional WA were invited to trial the ISA 

devices.  Installations of advisory ISA units in the 

volunteer vehicles commenced in the first week of 

March 2008, with around 35 vehicles fitted to date.  

All bar one of the vehicles fitted to date are 

metropolitan-based, although a number do regular 

country trips. Volunteers are expected to trial the ISA 

units for around 6 months, during which their 

experiences and feedback on the usefulness and 

convenience of the devices will be surveyed. 

Exit surveys have been sent to the first 25 

participants, with around half returned to date. Initial 
feedback has shown that the biggest problem has 

been with the PDA display unit itself (sequence of 

starting). Some errors in the map database have also 

been reported.  

A communications plan promoting the benefits of 

ISA to both government fleet managers and the 

general community will be finalised by mid 2009. 

The next phase of the MRWA trial sees the 

deployment of transmitter systems to make automatic 

in-vehicle updates to the speed limit map (without the 

driver needing to take any action) and warning 
transmitters for accident scenes, roadworks zones and 

level crossing. ISA-equipped vehicles travelling 

within a theoretical 5 km radius of these beacons will 

automatically receive map updates. It is expected that 

the beacons will be in operation by June 2009.  

 



Paine, Page 7 

Wireless Speed Limit updates  

One issue with ISA systems is keeping data in the 
vehicle up to date as speed limits change. The 

MRWA project trials transmitters that are used to 

send data updates to ISA equipped vehicles. These 

transmitters send selected data to replace any part of 

the in-vehicle speed limit dataset that has been 

updated. Only the part of the dataset that has changed 

is updated, thereby reducing the amount of data that 

needs to be transferred. This reduces communications 

costs and the time a vehicle has to be within range to 

receive updates.  

These transmitters may also be configured to provide 

temporary updates such as would be required in the 
case of accident scenes or road works zones.  

 

Level crossing transmitters 

Another innovative development in the MRWA ISA 

trial is the deployment of level crossing transmitters. 

These transmitters, are used to warn drivers when 

there is a train in proximity to the level crossing. The 

signal from the transmitters can be used to trigger 

passive (audio/visual) alerts and/or active speed 

limiting in vehicles.  

For the trial, if a train is in proximity, the PDA 
displays an icon and sounds and audible alert 

notifying the driver that there is a train close by. The 

screen switches between the train icon and the current 

speed limit. For the MRWA trial the speed limit is 

maintained at the current road speed limit, however it 

is possible to drop the speed limit to any value when 

a train is in proximity (i.e. the speed limit drops from 

80 normally to 60 but only when there is a train in 

proximity, once the train is gone the speed limit 

returns to 80).  

For the MRWA trial passive functionality only is to 

be deployed, with warning icons – no vehicle speed 
control is proposed, however further investigation of 

functionality with an active ISA vehicle are proposed.  

Once a vehicle enters the transmitters range it is 

provided with information on the current conditions 

(i.e. whether there is a train approaching or not).   

Changes in transmitter message can be triggered a 

variety of ways – using fixed transmitters near level 

crossings that communicate wirelessly with trains, 

using contact switches, or having transmitters 

mounted to trains.   

CONCLUSIONS 

This review of the status of ISA in Australia has 

found that the technology is ready for widespread 

implementation. The conclusions from our 2007 

paper are still applicable: 

Extensive trials of ISA throughout the world have 

demonstrated the potential for significant accident 

savings as well as other community benefits. 

There is a compelling case for governments to 

actively support ISA implementation through: 

a) assistance with the mapping of speed limits and 

the maintenance  of databases 

b) being the first major customers for commercial 

ISA systems 

c)  inclusion of ISA in fleet vehicle purchasing 

policies and occupational health and safety 

guidelines 

d) promoting the benefits and functionality of ISA 

e)  introducing financial incentives such as tax 

concessions 

f)  educating motorists that most fatalities occur at 

surprisingly low impact speeds and that just a few 

km/h over the speed limit greatly increases the risk 

of a serious injury crash. 

g) introducing subsidised ISA rental/purchase 

schemes for novice drivers 

Additional points from the latest review are: 

1. Mapping of Australian speed limits for 

commercial purposes is progressing reasonably 

well. However, there is still no national system 

that keeps track of changes to speed limits. This 

is necessary for keeping the maps up-to-date. 

2. Government support is needed for mapping 

speed limits. ISA will not take-off until a useful 

proportion of a region has been mapped. There is 

a chicken-and-egg dilemma here - the 
technology will not penetrate the fleet until 

mapping is complete but commercial mapping is 

unlikely to proceed unless there are ISA products 

to use it. Indeed, recent changes to the Euro 

NCAP rating system encourage manual speed 

limitation devices but the protocol states "The 

systems currently available have limitations in 

the map coverage and map quality.  When these 

technical limitations have been resolved, or when 

systems are available which use other technical 

approaches, Euro NCAP will incorporate ISA 
systems into the protocol".  

3. The appendix contains proposed functional and 

performance requirements for ISA systems, 

based on the authors' experience using ISA 

systems in Australia. These requirements should 

be considered for incorporation in ECE 

Regulation 89. 

4. Strategies for promoting various ITS 

technologies often overlook the existing vehicle 

fleet. ISA can be retrofitted to vehicles, thus 
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enabling a much swifter fleet penetration than 

technologies that can only be fitted to new 
vehicles. 

5. ISA is absent (or given token treatment) in some 

international ITS programs, such as the USA. 

ISA also holds great potential for nations that are 

becoming motorised such as China because it 

does not require any roadside infrastructure and 

can be retrofitted to the current fleet. 

A conference on ISA was held in Sydney, Australia, 

on 1 August 2007 (Faulks and others, 2008)., 

coinciding with a meeting of a small group of 

governmental road safety representatives involved in 

vehicle safety and speeding control activities.  
Subsequently, the Australian Intelligent Speed Assist 

Initiative (AISAI) was formed, and this group held a 

forum in Sydney on 24 June 2008 to discuss 

minimum standards and functionality issues for ISA, 

preparatory to developing an integrated national 

approach.   

The 2009 Intelligent Speed Adaptation Conference 

will be held in Sydney, Australia on 10 November 

2009 and is being organised by the Roads and Traffic 

Authority of NSW. 
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APPENDIX 

Proposed functional and performance 

requirements for ISA systems. 

These suggestions are intended for the Euro NCAP 

protocol for assessing "speed limitation devices" and 

ECE Regulation 89, neither of which currently sets 

requirements for ISA. 

The recommended tolerance of 2km/h above the 

speed limit is based on the demonstrated accuracy of 

ISA systems and extensive experience using passive 

ISA. A 2km/h tolerance allows drivers to travel at the 

speed limit without excessive speed alerts due to 

normal variations in vehicle speed. A higher 

tolerance would lose the road safety benefits arising 
from a reduction in minor speeding. 

 

Definitions 

• Intelligent Speed Assistance (ISA) system 

means a vehicle technology that is able to determine 

the statutory speed limit of the current section of road 

and direction of travel and takes action if the vehicle 

exceeds that speed limit by a specified amount. 

• An Active ISA system prevents the vehicle 

from exceeding the speed limit (beyond a specified 

amount) through normal operation of the accelerator 
control. An unusual, positive action by the driver is 

needed to intentionally exceed the speed limit. 

• A Passive ISA system provides a warning to 

the driver if the speed limit is exceeded by a specified 

amount. 

• Vlimit is the statutory speed limit as 

determined by an ISA system. 

 

Requirements for ISA systems 

X.1 Requirements for all ISA systems 

X.1.1 The ISA system must be capable of locating 

the vehicle to within a radius of 10m of the true 
vehicle position (based on a recognised GIS system) 

for at least 99% of the time that the vehicle is 

operating on roads with reasonable GPS reception (or 

other applicable location technology)   

X.1.2 In tunnels and other poor reception areas a 

backup location system is preferred.  

X.1.3 At speeds above 20km/h the vehicle speed 

shall be calculated to within 1km/h of the actual 

travelling speed (eg 1% accuracy at 100km/h).  

X.1.4 The ISA function shall operate whenever the 

vehicle is travelling at more than 20km/h (it may also 
operate at lower speeds) 

X.1.5 In the event that the system is not functioning 

correctly the driver is to be notified and the system is 
to completely disengage.  

X.1.6 When the vehicle is travelling along roads at 

the speed limit the ISA system shall act on a change 

of speed limit as close as possible to the change 

location but in no case more than 3 seconds after the 

change point has been passed. 

X.1.7 When there is reasonable GPS reception (or 

other location technology is available) the time to 

activate ISA functions shall be no more than 60 

seconds after the vehicle is started. 

X.1.8 The operation of the ISA functions must be 

simple, intuitive and cause minimal driver 
distraction. The system shall be capable of automatic 

operation whenever the vehicle is started. For 

important functions audio/voice feedback is preferred 

to confirm driver selections so that the driver does 

not need to look at the display after making a 

selection. 

X.2 Requirements for Speed Limit Database  

In order to operate correctly, most ISA systems in use 

or under development need access to a database of 

speed limits for roads that will normally be used by 

the vehicle. The following are provisional 
requirements for such databases, pending the 

development of appropriate standards for speed limit 

databases. Other technologies such as roadside 

transmitters and optical recognition system are not 

precluded but should provide equivalent system 

performance. 

X.2.1 The ISA system shall have access to an 

acceptable speed limit database or equivalent data 

system. This may be stored on the vehicle, accessed 

by electronic communication or a combination of 

methods. 

X.2.2 The speed limit database shall cover at least 
80% of the roads in the region in which the ISA 

system is marketed and be at least 99% accurate for 

the speed limits on these roads (determined on a per 

kilometre basis). Partial coverage is acceptable for an 

on-board database, provided that users can obtain 

replacement/supplementary data for additional areas 

to make up the minimum 80% coverage requirement. 

X.2.3 Temporal speed limits (eg special speed limits 

during school commuting times) shall be recorded in 

the speed limit database. 

X.2.4 The speed limit database shall be updateable 
and the service provider must have a system in place 

to track speed limit changes and provide updates to 

users at least every three months. 
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X.2.5 Other road features/hazards such as tunnels and 

railway level crossings may be recorded in the 
database. Roadside speed cameras and similar 

enforcement devices may also be recorded, where 

permitted in the country concerned. 

X.2.6 ISA systems shall be tested by travelling on a 

test course that is covered by the ISA speed limit 

database. It is recommended that the test course 

includes non-public sections of road so that the 

vehicle can be driven in excess of a nominal speed 

limit, set in the ISA speed limit database for this 

purpose.  

X.3. Requirements for alarms/warnings (applies to 

active and passive ISA) 

Alarms may be visual, audible or haptic (physical 

feedback to driver). 

X.3.1 ISA alarms shall activate whenever the vehicle 

is travelling 2km/h or more beyond Vlimit . No alarm 

shall activate when the vehicle is travelling at Vlimit  

or less.  

X.3.2 Visual ISA alarms may activate at 1km/h 

beyond Vlimit. An audible or haptic alarm must not 

activate at a lower speed than a visual alarm. 

X.3.3 There should be no designed delay to the 

activation of any alarm (that is, it should activate as 
soon as the designated speed exceedance is detected). 

However, an audible or haptic alarm may gradually 

increase in intensity provided that it is 

audible/detectable in a quiet vehicle from the start 

and reaches full intensity within 5 seconds. 

X.3.4 After the 5 second period the audio warning 

signal shall be clear to the driver and distinguishable 

from audio signals used for other purposes. Quieter 

systems are acceptable if the ISA system causes the 

audio entertainment system of the vehicle to mute 

whenever the vehicle is travelling 2km/h or more 

beyond Vlimit for more than 5 seconds. 

X.3.5 Volume adjustment and muting of audio 

warning signals is acceptable provided that the 

system resets to at least half volume when restarted 

and there is visual indication to the driver that muting 

is in effect. 

X.3.6 The audio alarm may vary (eg more frequent or 

more intense) if Vlimit is exceeded by more than 

10km/h (or other increments). 

X.3.7 Haptic feedback should not cause driver 

discomfort or distraction. Preferred methods are mild 

resistance when depressing the accelerator control or 
vibration of the accelerator control. 

X.3.8 A visual ISA signal must be clearly visible to 

driver, without the need for the head to be moved 

from the normal driving position. The system should 

display Vlimit  (preferably in black numerals) and 
should flash or change colour (preferably to red) 

whenever the vehicle is travelling 2km/h or more 

beyond Vlimit (a change at 1km/h beyond Vlimit is also 

acceptable) [this is a good time to set standards for 

use of colours in ISA displays] 

X.3.9 The visual signal may also display the current 

vehicle speed, as determined by the ISA system and 

other information relevant to safe driving and 

operation of the ISA system, provided that the 

speeding warning of clause X.3.8 is the most 

prominent part of the display. 

X.4 . Requirements for Passive ISA systems 

X.4.1 Passive ISA  systems shall use a visual signal 

(X.3.8)  and at least one of the following: audible 

alarm (X.3.4)  or haptic feedback (X.3.7). 

X.4.2 Passive ISA systems may allow the driver to 

change the Vlimit in the same manner as ASLFs. 

Where a driver-selected Vlimit is being used there 

must be a clear visual indication of this to the driver. 

For example the display of Vlimit numerals could be a 

different colour such as orange. It is preferred that 

there is a voice announcement of the selected Vlimit. 

X.5 . Requirements for Active ISA systems 

Stringent requirements for active ISA are necessary 

to ensure that motorists are not placed in risky 

situations, such as not being able to accelerate up to 

speed to join a motorway. In addition, since it is 

possible that a vehicle will exceed the speed limit 

without the driver needing to depress the accelerator 

pedal (eg speed limit changes or driving down steep 

hills) then the warning functions of a passive ISA are 

required so that the driver may intervene to slow the 

vehicle. Future systems that are able to apply braking 

might be exempted from this requirement.  

X.5.1 Active ISA shall work through modulation of 
engine power  (for example, by intercepting the 

signal between the accelerator control and the engine 

management system). 

X.5.2 The active ISA system shall prevent an 

increase in engine power through normal operation of 

the accelerator control if the vehicle travel speed 

exceeds Vlimit  by 2km/h or more. 

X.5.3 A "kickdown" capability shall be available 

where the driver may decide to press the accelerator 

control with extra force or through a large travel in 

order to over-ride the ISA system and allow the 
vehicle to exceed Vlimit .  

X.5.4 The "kickdown" function shall deactivate when 

the vehicle returns to a speed at or below Vlimit . See 

also clause X.5.7. 
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X.5.5 If an active ISA is capable of  applying the 

brakes or engine braking to reduce vehicle speed then 
this must be able to be deselected by the driver. 

X.5.6 Active ISA systems shall include a visual 

signal (X.3.8)  and at least one of the following: 

audible alarm (X.3.4)  or haptic feedback (X.3.7). See 

section X.3 for alarm requirements. Subject to clause 

X.5.7, the audible or haptic alarm must operate in  

"kickdown" mode (X.5.3) but in this case the 

audible/haptic alarm need not activate until 20 

seconds after Vlimit (+2km/h) is exceeded. 

X.5.7 In "kickdown" mode, an audible or haptic 

alarm need not operate provided that the ISA 

operation reactivates after two minutes of exceeding 
Vlimit and the driver is given clear warning 

(preferably voice announcement) of the pending 

activation at least 30 seconds beforehand. Other 

methods of discouraging prolonged periods of 

exceeding Vlimit will be considered. 

X.5.8 Active ISA systems may allow the driver to 

change the Vlimit in the same manner as ASLFs. 

Where a driver-selected Vlimit is being used there 

must be a clear visual indication of this to the driver. 

For example the display of Vlimit numerals could be a 

different colour such as orange. It is preferred that 
there is a voice announcement of the selected Vlimit. 

X.5.9 Active ISA shall be capable of working in 

conjunction with any cruise control fitted to the 

vehicle or shall disable cruise control, where 

appropriate. It shall not be possible to over-ride the 

ISA system through operation of a cruise control 

function. 

X.5.10 Active ISA must allow normal use of the 

transmission and selection of gears. In particular, 

when the clutch is depressed the ISA system must 

allow the engine speed to be controlled to match the 

gear selection. 

X.5.11 Where an active ISA becomes inoperative (eg 

loss of GPS signal or system malfunction) it shall 

either disengage completely (restoring all normal 

control to the driver) or set Vlimit to the maximum 

speed permitted in the country or region of operation. 

Driver setting of Vlimit is permitted in these 

circumstances, provided that the over-ride functions 

of clause X.5.3 are still available. 

X.5.12 The driver shall be given a warning if the ISA 

system becomes inoperative. A voice announcement 

is preferred. 
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ABSTRACT 
 
Passive safety systems are reaching a limit in 
improving vehicle safety. Fundamental 
enhancement of passenger protection can only be 
obtained by including predictive, active safety 
systems. This field of development is termed 
integrated safety. A central step to tap the full 
potential of integrated safety is the expansion of 
this topic by vehicle-to-vehicle communication. 
The paper discusses the embedding of applications 
using vehicle-to-vehicle communication into an 
enhanced integrated safety concept. The main 
objective is to increase vehicle safety by using a 
proactive sensor which exceeds the physical limits 
of existing sensors and augments the context 
information for the driver. 
The development process is designed by including 
impartial and subjective characteristics and 
evaluations. The impartial part consists of, e.g., 
accident research, simulations and trial runs. The 
subjective part covers experiments with probands 
who have to evaluate the new safety concept with 
the upgraded information context for the driver, for 
example acceptance tests or human machine 
interface development. 
In addition to presenting the methodical 
development this paper discusses a first 
implementation of this method using as example 
the vehicle-to-vehicle communication. 
Expected results are rules and standards for the 
development of new enhanced integrated safety 
concepts in the future. The paper highlights the 
basic necessity of new methods for developing 
safety concepts in the course of technological 
change of integrated safety. 
 
INTRODUCTION 
 
Since the development of the first car an increase in 
road traffic can be observed. Also, the number of 
accidents increased dramatically due to the lack of 
standards to improve vehicle safety. This topic 
gained importance already in the 1960s. [1] 
During the history of vehicle safety, the influence 
of electronics expanded continuously in the field of 
safety systems.  
 

At first vehicles learned “to feel” - to detect a crash 
and to activate airbag systems.  
Today vehicle safety departments are developing 
cars which can “see”. The sense “seeing” is 
essential for the development of foresighted active 
safety systems to detect imminent accidents. 
In the future vehicles have to learn “to hear and to 
speak” using vehicle-to-vehicle communication. 
This will be a fundamental milestone for the 
integrated safety approach to prevent accidents and 
to decrease accident severity. 
 
THE INTEGRATED SAFETY APPROACH 
 
In the future new vehicle safety systems have to be 
designed to merge active and passive safety 
components. Passive safety systems are starting to 
achieve saturation in efficiency to protect 
occupants. In contrast, active safety systems 
significantly foster the potential to enhance the 
efficiency of vehicle safety. A further improvement 
for occupant-, pedestrian- and bicyclist protection 
at the advanced efficiency level can be achieved by 
combining active and passive safety systems. 
Figure 1 illustrates this issue. 
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Figure 1.  Efficiency of the Integrated Safety 
Approach 
 
 
Due to this approach, the objective of vehicle 
safety broadens: not only occupants should be 
protected as good as possible but also the severity 
of accidents should be decreased by the pre-
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conditioning of safety systems (e.g. brake prefill) 
or even accidents should be prevented. 
 
The integrated safety approach includes not only 
the combination of active and passive safety but 
also every system along the timeline of different 
driving conditions. Figure 2 shows the timeline of 
the integrated safety approach within several 
driving conditions. 
The integrated safety is segmented into four main 
parts: driver condition, active safety, passive safety, 
save and rescue. The driver condition part includes 
comfort systems acting in a normal driving 
condition. Comfort systems help drivers by 
exchanging information. The second part of the 
timeline is the active safety. These driver assistant 
systems are working in critical and instable driving 
conditions by warning and supporting drivers. The 
passive safety part describes pre-crash and restraint 
systems in unavoidable crash situations and crashes 
respectively. In the fourth part -save and rescue- 
drivers are helped by activating emergency systems 
in situations after a crash. 
  
 

 

 
Figure 2.  Timeline of the Integrated Safety 
Approach 
 
 
During the alteration of vehicle safety a change of 
the components involved as well as a redefinition 
of the respective weightings and importance 
occurs. Beside classical components like airbag and 
seatbelt which belong to the main component 
vehicle/system a further important factor comes to 
the fore – the driver. Figure 3 presents the four 
main components of  integrated safety: 
 

- driver 
- vehicle/system 
- environment 
- task. 
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Figure 3.  The Four Main Components of the 
Integrated Safety Approach 
 
 
Figure 3 shows that the main components driver 
and vehicle/system are sharing the task of vehicle 
guidance. So far it has been assumed that the driver 
has to solve a task for which he uses the vehicle as 
a tool. Due to the improvement in the area of 
integrated safety, the vehicle also learns to feel, to 
see, to hear and to speak. Thus the environment can 
be perceived by the new “sense organs” of 
vehicles. Tasks (Table 1) can now be performed by 
vehicles to support drivers in normal, critical, 
instable driving conditions, crashes and after crash 
situations, respectively. The task sharing between 
vehicle and driver depends on the driving 
conditions which vehicles must assume. 
Approaching a crash situation, the vehicle takes 
over more responsibility. During a normal driving 
situation the vehicle supports drivers in navigation 
tasks (e.g. providing information about routes). The 
vehicle performs guidance tasks in critical driving 
situations by using a driver assistant system (e.g. 
adaptive cruise control system). Additionally driver 
assistant systems can support drivers by assuming 
stabilization tasks in an instable driving condition 
(e.g. electronic stability control system). The 
vehicle takes full control during a crash situation by 
protecting occupants (e.g. airbag deployment).  
Also the type of task changes along the timeline 
(Figure 2). First of all, vehicles support drivers in 
navigation tasks. In critical driving conditions 
vehicles can undertake tasks of vehicle guidance 
and vehicle stabilization. Thereby, task sharing 
must not let the driver off the hook of vehicle 
guidance [2]. The driver is simply supported during 
his tasks by a system.  
Table 1 shows the tasks of vehicle guidance. 
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Table 1. 
Tasks of vehicle guidance [3][4] 

 
navigation task 
length scale:   
time scale:         

 
n x 100 km 
minutes to 
hours 

vehicle guidance 
task 
length scale:   
time scale:     

 
 
0.2 to 200 m 
1 to 10 seconds 

primary task 

vehicle 
stabilization task 
length scale:   
time scale:     

 
 
1 to 10 meter 
1 to 50 ms 

secondary 
task 

environmental and traffic-related 
tasks within the primary task 
e. g. to indicate, to honk, to wipe, 
light on/off, etc. 

tertiary task tasks to satisfy comfort-, 
entertainment- and information 
requirements 
e. g. to use radio, air-conditioning 
system, etc. 

 
 
A further main point, that has to be discussed is the 
perception of the environment. The two main 
components driver and vehicle/system share this 
task with each other. Future researches have to 
survey which task plays an important role in 
environmental perception. What can be perceived 
better by humans and what by sensors?  
Drivers perceive the environment by sense organs 
(e.g. eye, ear). Vehicles have to use sensors for the 
perception task. Thereby, it can be distinguished 
between inertial sensors and foresighted surround 
sensors. The integrated safety approach attributes 
great importance to foresighted sensors like 
autarkic onboard-sensors or cooperative systems 
which communicate with other traffic participants 
or infrastructure. The main objective is to increase 
vehicle safety by using a proactive sensor which 
exceeds the physical limits of existing sensors. For 
example, a “view around a corner” can be achieved 
by using vehicle-to-vehicle communication. 
This requires further research in the field of 
vehicle-to-vehicle communication. Can the 
environment be perceived by vehicle-to-vehicle 
communication in the accuracy which is required to 
perform tasks of guidance? Can vehicle-to-vehicle 
communication exceed physical limits (e.g. 
coverage, aperture angle, occlusion) of existing 
sensors? 
 
 
 

VEHICLE-TO-VEHICLE 
COMMUNICATION FOR INTEGRATED 
SAFETY 
 
The chapter “integrated safety approach” identified 
the communication channel as an important 
mandatory sensor for integrated safety to tap the 
full potential of safety efficiency. 
In this chapter a concept is developed to 
incorporate vehicle-to-vehicle communication into 
integrated safety. Development methods are 
demonstrated which are indispensable due to the 
enhancement of the main component driver. 
Furthermore, this method is applied for a first draft 
of vehicle-to-vehicle communication in vehicle 
safety. 
 
So far, an impartial path for developing safety 
systems is used exclusively in the classical passive 
vehicle safety. For example crash tests are 
conducted; scenarios are simulated on computers; 
etc. 
Thanks to the enhancement of vehicle safety due to 
systems of active safety, driver assistance systems 
and driver conditioning systems the driver moves 
into the focus of development. From now on it is 
not enough to develop systems using impartial 
criteria, but subjective components and features of 
the future customer have to be considered during 
the development task.  

  

 
 
Figure 4.  Processes for Developing Vehicle-to-
Vehicle Communication Concepts 
 
Figure 4 illustrates the impartial and subjective 
methods which have to be considered in the 
development process of new systems of integrated 
vehicle safety. The impartial methods are currently 
established.  
In the following, subjective methods have to be 
considered in detail. 
The human factor has to be involved early in the 
development process because it has a relevant 
effect on future use and sales figures respectively. 
The first step consists of a proband survey without 
input. It analyzes contents which users accept and 
need. This can be studied by questionnaires, 
individual interview or by focus groups.  
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In the second step a proband survey with visualized 
use cases, simple mock-ups or videos as use cases 
are shown to potential users. Thereupon interviews 
can be done. 
In the third step systems are demonstrated to users 
by simulated scenarios. Probands are able to 
contribute on the improvement of the human 
machine interface. They get haptic, optic and 
acoustic feedback by the system according to 
interface design. 
The final step contains real test runs with probands. 
Probands are brought in situations where systems 
should work. Thus impartial system redundancy 
can be tested against subjective sensation. 
Furthermore, the human machine interface can be 
improved in a real environment. 
Thus the future user is involved in the continuous 
development process of integrated safety systems 
using these four subjective methods. 
 
Initially some impartial methods are applied for a 
first draft for embedding vehicle-to-vehicle 
communication in the enhanced integrated safety 
approach. 
Looking at the accident statistics most accidents 
happen at intersections (Figure 5). 
 
 

 
Figure 5.  Accident Statistic Based on Accident 
Types [6] 
 
However, some accident types provoke a fatal 
impact on accident severity but do not happen 
frequently (e.g. accidents caused by wrong way 
drivers on highways). Considering this fact 
accident severity has to be included into accident 
analysis. 
Derived from this analysis, a potpourri of functions 
and applications is defined which influences the 
vehicle-to-vehicle communication concept: 
 

1. intersection assistent 
2. left turn assistent 
3. pedestrian-/bicyclist protection 
4. wrong way driver warning 
5. warning against disregarding of red lights. 

Considering the evaluated expert interviews the 
contents of the message packet for vehicle-to-
vehicle communication can be extracted. These 
points partly enlarge the existing Car2Car 
Communication Consortium message set [5]: 
 

- vehicle weigth 
- vehicle dimensions 
- position 
- velocity 
- acceleration 
- vehicle type (car, truck, motorcycle, etc.) 
- driver condition/- type 
- track condition 
- time stamp 
- yawrate 
- steering wheel 
- braking activation 
- number of occupants. 

 
 
Further analysis will be done focusing on the 
application intersection assistant. The involvement 
of driver command is a central fact which has to be 
considered in the development process (e.g. turning 
request, stopping request). 
A general statement about driver behaviours cannot 
be given because drivers differ extremely in several 
operation characteristics. There exists a 
conservative driver which blinks and brakes at an 
early stage. However some drivers execute these 
actions late and drive very dynamically. 
Also in this case the comprehension of the human 
factor plays an important role. 
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ABSTRACT 
 
Policy makers require evidence of the costs and 
benefits of a safety measure to inform their views 
in policy decisions. These analyses are often 
required in a short period of time with limited 
research budgets. Increasingly, the measures 
considered are advanced control systems intended 
to help drivers to avoid a collision. It is inherently 
difficult to accurately assess the casualty effects of 
such systems and this, combined with resource 
constraints, often results in a wide range of 
conflicting predictions based on different 
assumptions, simplifications and analytical 
techniques. Substantial variation in the presentation 
of results can make it difficult for researchers to 
directly compare different studies. In turn, this 
makes it difficult for policy makers to be confident 
of the right approach. As a result, studies of very 
different levels of reliability are often given equal 
weight in policy debates, risking the possibility of 
less than optimal implementation of new safety 
features.  
 
This paper describes the development of a 
methodology intended to allow a preliminary 
assessment of the potential benefits of advanced 
safety systems to be undertaken in a consistent and 
objective manner. An initial methodology was 
developed, based on literature and expert opinion, 
and then tested and refined by applying it to an 
assessment of existing studies of advanced braking 
systems for motorcycles. 
 
The research was, therefore, limited to a relatively 
narrow scope. However, the potential for the 
method to be expanded in future was explored to 
assess the possibility of providing a generic 
methodology to provide guidance for policy makers 
and researchers alike regarding the: 
• Scientific confidence required from a new 

study or implied by existing analyses; 
• Suitability of different analysis techniques for 

the measure being assessed; and 
• Consistent presentation of results to aid 

subsequent comparison of different studies. 
 
 
 

INTRODUCTION 
 
The need for evidence-based policy decisions has 
developed during recent years. There are a number 
of techniques that are available to determine the 
impact of different policy options or proposed 
legislative changes. The extent of the evidence 
provided for regulatory change is often directly 
related to the proposal under consideration. 
 
This paper discusses the issues surrounding the 
generation of evidence for regulatory change. A 
number of examples of recent benefit studies are 
used to highlight the issues. Smith et al (2008) 
developed a methodology for assessing the benefits 
of active safety systems for Powered-two wheelers 
(PTWs). Information from this study which was 
funded by the UK Department for Tranpsort is used 
as a starting point to stimulate and inform further 
debate and the future improvement of the research 
and policy making community’s efforts to improve 
the evidence on which decisions are based.  
 
IDENTIFICATION OF THE PROBLEM 
 
Historically, safety improvements have been 
developed quite slowly. For example, the European 
Frontal Impact Directive came into force in the 
mid-nineties but was supported by research and 
development going back to the 1970s/80s. The 
rapid development of new active safety systems 
coupled with the fact that safety has become a 
strong selling point for manufacturers and 
consumers means that governments are often under 
pressure to regulate much more quickly. For 
example, the very first collision mitigation braking 
systems (CMBS) came on the market only a few 
years ago and currently are only available as 
options on a small number of high end passenger 
cars and one or two truck models, but it is proposed 
that they are mandatory on all new heavy vehicles 
by 2013. This means that impact assessments for 
the regulations must be completed at a time when 
little, if any, accident data for vehicles equipped 
with such systems exists. This situation is further 
complicated when assessing the benefits of primary 
safety (accident avoidance) technologies. Unlike 
secondary safety (severity reduction) measures, 
success means that there is no accident and 
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therefore no accident data with which to compare 
the outcome before and after implementing the 
measure. These factors combine to result in 
considerable variation in the quality/depth of the 
analyses produced. 
 
However, each level of analysis has its place with 
respect to the change in legislation being proposed. 
For example, well supported proposals, such as the 
introduction of Electronic Stability Control (ESC) 
for Heavy Goods Vehicles (HGVs), may require 
only minimal evidence to be successful. However, 
more controversial proposals such as those for 
Brake Assistance Systems (BAS), Daytime 
Running Lights (DRL) and Advanced Emergency 
Braking Systems (AEBS) have been supported with 
a wide variety of studies of differing scientific 
quality/depth. The scientific quality of benefit 
assessments is influenced by a number of factors, 
such as the availability of data upon which to base 
the assessment and suitable information about the 
effect of the proposal. 
 
Many benefit assessments consider the potential 
effect of each safety measure on its own. However, 
in many cases, a number of different measures 
could influence the same groups of casualties. One 
example of this is the proposal of the European 
Commission to mandate Automated Emergency 
Braking Systems (AEBS). The systems have an 
automated braking function, the benefits of which 
can be predicted using existing accident data. 
However, it is anticipated that the production 
systems will include functions such as Adaptive 
Cruise Control, Forward Collision Warning and 
pre-impact adaptive restraint systems, which will 
not be mandatory. These types of system are 
already fitted to some vehicles and will be fitted to 
more vehicles than AEBS. Therefore the fleet 
penetration of such systems will be ahead of AEBS, 
thus reducing the benefits of the AEBS function 
itself; a factor not accounted for in the benefits 
study undertaken. There are also potential effects 
on completely separate systems such as anti-
whiplash seats, because AEBS will influence the 
frequency/severity of rear impacts. 
 
DEVELOPMENT OF A METHODOLOGY 
 
Smith et al (2008) developed a generic 
methodology to evaluate the casualty benefits of 
advanced safety systems for PTWs. The research 
was funded by the UK Department for Transport 
and the objectives of the methodology were to: 
• Identify the most suitable and cost effective 

method of providing evidence of a safety 
benefit for a range of motorcycle safety 
systems. 

• Include provision to estimate the potential for 
accident avoidance or injury mitigation using 

accident statistics or in-depth accident data by 
identifying causation factors and then 
assessing the likely impact of advanced safety 
systems for relevant accidents. 

 
In addition to achieving these two objectives, it 
should also be possible to use the methodology 
developed to appraise critically research that has 
already been completed. Although these objectives 
are specific to assessing advanced safety systems 
for PTWs, the principles of the methodology can be 
applied to all safety measures across all types of 
vehicle. The following section describes the 
methodology developed by Smith et al (2008). The 
methodology consists of three main steps and an 
overview is shown in Figure 1. 

 
Figure 1.  Overview of methodology. 
 
The methodology starts by identifying the burden 
of proof that the evidence must satisfy, for example: 
• Policy makers are sometimes confronted with a 

large number of proposals for a huge range of 
potential new safety measures. In this type of 
situation it is considered useful to have an 
initial filter to help identify which measures 
warrant further investigation. It is not 
necessary to have rigorous proof of the exact 
effects, merely a broad indication of the 
potential. This sort of requirement is 
considered to represent a very low burden of 
proof. 

• By contrast, if a major new safety regulation is 
planned, that is likely to have a high cost, 
carries a risk of adverse effects on other policy 
areas (e.g. GHG emissions) and/or is likely to 
encounter significant opposition, then very 
rigorous supporting analysis that accurately 
and incontrovertibly demonstrates the effects 
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might be required. This would be considered to 
require a very high burden of proof. 
 

Step 1 – preliminary filter 
 
Step 1 of the methodology is the definition of a 
preliminary filter that can be applied to accident 
data. The primary objective of this step is to define 
groups of accidents, against which an initial 
evaluation of the potential benefit of a safety 
measure can be assessed. Additionally, a secondary 
objective is to allow the most frequent or most 
severe groups of accidents to be identified in order 
to inform the development of new safety systems. 
 
Step 1 can be used for quick stand-alone 
comparisons for a range of potential safety 
measures. It could also be used to quickly assess 
how relevant proposals from one country are to the 
vehicle and accident population in another country, 
or as a quick reference to assess the maximum 
potential benefit of a new safety system. For 
example, such a filter was developed as part of a 
review of heavy vehicle safety priorities (Smith et 
al, 2007). During a subsequent policy debate about 
the possible extension of the scope of UNECE R66 
to double deck buses and minibuses, this filter was 
used, in a matter of minutes, to identify that in the 
UK large bus/coach occupant casualties (i.e. 
including those in single deck vehicles already 
included in R66) in rollover accidents were the 
157th most important casualty group involving 
heavy vehicles (out of a total 244 groups) with an 
annual casualty valuation of £1.8m. Thus, 
extending the scope of R66 to double deck vehicles 
was considered unlikely to be cost effective in the 
UK unless the measure could be implemented very 
cheaply. A similarly quick analysis found that 
extension to minibuses had much greater potential.  
 
In order to carry out step one, a definition of the 
system specification is required. This should set out 
the functional requirements of the system under 
consideration, allowing the casualty groups that 
could be affected to be identified. When setting up 
a preliminary filter, there are three main 
considerations: 
 
     What is an appropriate data set? - It is 
recommended that the data set is a national sample, 
or is known to be representative of the national 
sample (evidence of how the data set represents the 
national population should be presented). The data 
should cover a period of at least one year, ideally 
an average of a number of years and be as up to 
date as possible. 
 
     How should accidents be grouped in the filter? 
- The grouping of accidents can be influenced by 
the vehicle type to which the safety system is to be 

fitted, as well as the type(s) of system under 
consideration. The following aspects should be 
considered and any limitations of the grouping 
should be noted. 
• The grouping should allow comparison of 

accident types and be independent from the 
detailed functionality of the safety systems. 

• The grouping should be appropriate to the 
systems being reviewed. It should allow 
differentiation between different systems 
where possible (e.g. a braking system could 
influence a small proportion of a large number 
of groups, whereas a cornering stability control 
system might influence only one or two 
groups). 

• The groups should be mutually exclusive to 
avoid double counting where multiple groups 
are affected by a system. 

• All casualties within the accidents should be 
included if possible, i.e. casualties in the 
vehicle to which the system is to be fitted, 
casualties in the opponent vehicle (1st impact) 
and any other casualties in the accident 
(including pedestrians). 

 
     How will the groups be compared? - The 
accident groups can be compared using a number 
of different measures that reflect the frequency 
and/or severity of the casualties (e.g. number of 
casualties, number of fatalities, monetary valuation 
associated with the prevention of casualties etc.). 
 
The output from this step is an estimate of the 
maximum potential benefit of the system. The 
estimate will be the sum of the casualty groups that 
can potentially be affected.  Although a relatively 
crude assessment, the preliminary filter will 
identify if there are 10s or 1,000s of casualties that 
could be addressed by the system. 
 
Additionally, the preliminary filter will produce 
groups of casualties. This enables a reference tool 
for policy makers and researchers to identify where 
resources should be targeted. For example, in 2005 
there were no fatally injured riders of PTWs with 
engine capacity less than 50cc in collision with a 
minibus, and only three seriously injured. In 
comparison, there were 101 fatally and 818 
seriously injured PTW riders where a PTW with 
engine capacity more than 500cc was the only 
vehicle involved.  
 
Step 2 – target population 
 
Step 2 of the methodology is intended to identify 
more accurately the accidents that could be affected 
by the system under consideration (defined as the 
target population). The target population is specific 
to the safety system and should be as accurate as 
possible including causation factors where required. 
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The term “target population” can be used in a 
variety of ways, for example: 
• The number of casualties that could be 

prevented by a system that is 100% effective in 
each of the accident situations it is intended to 
influence e.g. works in all weather conditions, 
at all speeds and accounts for driver 
behaviours etc.; or 

• Casualties within a group of accidents that 
could potentially be influenced by the measure 
e.g. head-on collisions, rear-end shunts etc. 
 

This measure is one that is often used differently in 
different studies. For example, the number of 
detailed data fields (e.g. impact location, speed, 
driver behaviour factors etc.) that are used to 
identify it can vary considerably between studies, 
often leading to misunderstandings and difficulties 
for policy makers comparing the results of different 
studies. There is, therefore, a need for a more 
common understanding of what is meant by the 
term. For the purpose of this methodology, the 
target population is defined as the number of 
casualties that could be prevented by a system that 
is 100% effective in each of the accident situations 
it is intended to influence. For example, for a 
forward collision warning system it would be all 
casualties where the impact location was the front 
of the vehicle, the vehicle was moving forward 
prior to impact and the driver/rider was considered 
to have been inattentive. This number can also be 
expressed as a percentage of all accidents. 
 
To carry out step 2 of the methodology a detailed 
specification of the system and appropriate accident 
data are required. There are five aspects to be 
considered in this step: 
 
     In what situations is the system intended to 
be of influence? - In order to define the target 
population it is necessary to understand how the 
system operates and the situations where it is 
intended to be of influence. There should be a 
written description included in the write-up of the 
analysis. 
 
     What are the relevant types of accident and 
vehicle for the system being assessed? - The 
definition of each accident type and relevant 
vehicles should follow these guidelines: 
• The accident types that could be influenced by 

the safety system should be identified in as 
detailed manner as possible for the data source 
being used. The definition should include 
criteria that will allow the accidents relevant to 
the specific system to be identified. For 
example, head-on collisions can have a number 
of different causative factors (inattention of 
one or more of the drivers involved, 
impairment of the rider/driver etc.). It is 

recommended that the accident type is defined 
by the impact configuration (where appropriate) 
as well as at least one causation factor such as 
rider/driver behaviour (where appropriate). 
There may be multiple types of accident that 
could be influenced.  

• It is often appropriate to define the target 
population in relation to the vehicle type to 
which the system is to be fitted (e.g. HGV, 
passenger car, PTW etc.). The composition of 
the vehicle fleet can be very different when 
comparing different countries. Sometimes it 
may be appropriate to define the target 
population for a sub-set of one vehicle type. 
For example, when considering ABS for PTWs, 
the target population can be separated by 
engine capacity, PTW less than 50cc and PTW 
greater than 50cc because small urban mopeds 
are involved in different types of accidents to 
larger, more powerful motorcycles. 

 
     What information is available to estimate the 
target population? - The target population can be 
estimated based on different sources: 
• Accident data will allow the most flexibility in 

defining the target population (within the 
constraints of the data sample being used). 
This is the preferred method for defining target 
population. 

• Existing scientific literature and benefit studies 
can also be used but the definition of the target 
population is likely to vary between different 
studies and if no studies are available for the 
required country, the answer could be 
misleading, particularly where patterns of use 
vary considerably between different countries, 
as is the case for PTW accidents. 

 
     How can these relevant accidents be 
identified in the accident data? -  
• Does a national data sample have a sufficient 

level of detail? Is causation data and pre-
impact information available to identify the 
relevant accidents in the national data sample? 

• If it is not possible to identify the relevant 
accidents using a national data sample, is there 
an in-depth study available that has appropriate 
detail and represents the national sample 
appropriately (at the level of detail required)? 
If so, the use of a more detailed accident 
database should be considered. However, it is 
necessary to identify the limitations of such an 
approach. One of the most important 
limitations will be related to the 
representativeness of the data sample. Any 
assumptions must be reported, for example if 
the representativeness is not known at the level 
of detail required (e.g. rider behaviour factors) 
but is known at a high level (types of casualties 
and vehicles involved), it can be reasonably 
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assumed that the rider behaviour data is also 
representative. However, such assumptions 
must be stated clearly in the report of the 
analysis. 

• What factors could influence the target 
population? The target population can be 
defined in a number of ways. This could lead 
to the inclusion or exclusion of accidents 
where certain factors were involved. For 
example, should impaired drivers (e.g. 
intoxicated through alcohol or drugs) be 
included in the target population? In general, 
accidents should only be excluded from the 
target population on the basis of this type of 
factor if it is clear that there is no chance that 
the measure under consideration will affect 
them. This will help to allow consistency in 
study approaches using different data sets, for 
example, in different countries. However, in 
some circumstances it will be appropriate to 
restrict the target population in this way and 
wherever this occurs the restriction should be 
stated and the calculation of effectiveness that 
will be applied in step 3 should be modified 
accordingly. 

• Are there any limitations with the criteria that 
have been used to define the target population? 
Some data recorded in databases have inherent 
limitations. For example, the information 
required may frequently be unknown, or some 
may rely on subjective assessments. 
 

     Have the correct accidents been identified? - 
It may be possible that the criteria used to select a 
specific group of accidents could unintentionally 
return some non-relevant accidents. The analysis 
should be accompanied with some indication of 
confidence in the query that has been used. If the 
data source has written descriptions of the 
accidents then these could be used. However if 
there are no written descriptions then an alternative 
method should be considered, for example cross-
referencing to another database that does have 
written descriptions. 
 
The output from Step 2 is the target population for 
the specific system that is being assessed. The 
target population is a group of accidents that are 
relevant to the system under consideration. This is 
the maximum potential benefit for the system, i.e. 
if it were 100% effective; target population is equal 
to the expected benefit. In reality, most systems are 
not 100% effective at preventing the 
collisions/casualties for which they are designed 
and thus, step 3 is required to more accurately 
quantify the expected benefits.  
 
Where possible, the target population should be 
expressed for each casualty severity as a proportion 
of all casualties of that severity. However, in some 

cases it is not possible to identify all casualties of a 
particular severity. For example, official statistics 
for the EU-27 provide the number of fatalities and 
the number of all accidents but not the number of 
serious and slight casualties. Therefore, the target 
population should also be shown as a proportion of 
all accidents (of all severities) within the sample. 
This will assist direct comparisons across different 
countries. However, when using the target 
population as a proportion of all accidents, care 
should be taken when translating results from one 
country to the accident numbers from another 
country because of variations in the definitions 
used for the casualty severities. A table showing 
how that data should be presented is shown in the 
example below. Figures that may not be readily 
available in all countries/regions are identified by 
an asterisk. 
 

Table 1. 
Example presentation of target population data 

 
 Fatal Serious Slight Total 

Target 
Population 
(number of 
casualties) 

123 467 1252 1842 

Total number 
of  GB 

casualties (by 
severity) 

3512 24571* 256830* 284913* 

Total number 
of GB 

accidents 
- - - 197856 

Target 
population (% 

of GB 
casualties by 

severity) 

3.50% 1.90%* 0.48%* 0.65%* 

Target 
Population (% 

of all GB 
accidents) 

0.06% 0.24% 0.63% 0.93% 

 
Step 3 – effectiveness 
 
Step 3 of the methodology is intended to refine the 
benefit estimate that was defined in Step 2, that is, 
to translate the analysis from the maximum 
possible benefit (target population) to a realistic 
likely benefit. The main objective of this step is to 
determine how effective the system will be for 
preventing the casualties/accidents that make up the 
target population. There are a number of different 
methods for determining/identifying the 
effectiveness of the system and this step is intended 
to help identify the most appropriate method for the 
quality of estimate/burden of proof required. It is 
possible to define the effectiveness of the system 
under consideration without defining the target 
population in Step 2. The inputs into Step 3 of the 
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methodology can depend on the approach taken, 
but can include: 

• Accident data; 
• Literature; 
• System specification; 
• Quality requirements; 
• Test/trial results. 

 
In order to determine the effectiveness of the 
system in the most appropriate manner, the 
following aspects require consideration: 
 
     What burden of proof is required? - The 
burden of proof required should be classified on a 
scale from very low to very high. Step 3 is typically 
only required when the burden of proof is medium 
or higher, for example, proposals for voluntary or 
mandatory fitment. Figure 2 summarises how to 
determine the most appropriate method. Additional 
guidelines are provided below: 
 
     What is most appropriate assessment method 
for the information available? - The selection of 
the method to be used will be based on the burden 
of proof required, the availability of the system 
being assessed, constraints on cost and time and the 
availability of accident data and literature. The 
main types of method that can be used for 
determining/estimating the effectiveness of the 
system are: 
• Predictive studies examine accidents where 

vehicles were not equipped with the specific 
feature under consideration and make 
calculations and/or judgements to assess 
whether the accident would have been avoided 
or mitigated if the safety feature had been 
present. There are a number of different 
methods that can be used when carrying out a 
predictive study. The most appropriate method 
will again be influenced by the burden of proof 
required and budgetary/time constraints: 

• A parameter based predictive study is the most 
straightforward, and it is likely to be 
appropriate for a medium burden of proof.  
This type of study is an extension of the target 
population exercise described in Step 2 and 
involves interrogating an accident database to 
identify in more detail the casualties where a 
system is likely to be effective. If a forward 
collision warning system was assessed, the 
target population might be all front to rear 
shunt collisions where the vehicle to which the 
system is to be fitted approached from the rear. 
The effectiveness calculation might further 
restrict the target population to exclude 
accidents where the driver of the vehicle of 
interest was impaired, accidents on a bend, or 
those that occurred in severe weather 
conditions where the system was known not to 
function well. The quality of this type of 

analysis will depend upon the detail, accuracy 
and representativeness of the data source used, 
the available definitions of system functional 
performance and any assumptions made to 
overcome limitations in the data. 

• Case by case analysis involves the detailed 
review, reconstruction and prediction of effects 
in a range of individual accidents. The 
predictions can be made in a number of ways: 

o An assessment of the effectiveness of 
the safety system can be made for 
each accident case identified based on 
the information available and 
engineering judgments. Again the 
quality of this assessment can be 
influenced by the source of data. If 
the cases have been reconstructed 
based on the sequence of events, the 
evidence left at the scene (e.g. tyre 
marks) and mathematical calculations 
(e.g. police accident reconstruction) 
there is more information available 
than what may be available from a 
limited number of database fields. 
The method can be made less 
subjective by providing guidelines 
that define when the system is 
expected to be effective. Weighting of 
the assessment with estimates of the 
probability of effectiveness (e.g. 
definitely, probably or maybe) can 
also reduce the subjectivity of the 
assessment. This method is likely to 
be appropriate for a high burden of 
proof (e.g. proposal for mandatory 
regulation of a moderately costly 
system). 

o Mathematical modelling can be used 
on a case by case basis and is less 
subjective than the method  

described above. This method 
involves creating a computer 
model of an accident and 
simulating the outcome with the 
fitting of the safety system. Such 
an approach has the advantage of 
being fully objective but is more 
complex and time consuming and, 
because it is firmly rule based, 
can miss some more subtle 
factors that influence outcomes. 
This method is likely to be 
appropriate when a high burden 
of proof is required. 

A limitation of both techniques above is 
that it is difficult to rigorously include 
driver behaviour factors associated with 
the new system in the assessment of its 
effectiveness. Particularly for primary 
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Figure 2.  Identification of appropriate method for determining effectiveness.
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safety systems, this means that it can be easy 
for critics to argue that the results are not valid 
because the system would induce a behavioural 
change that would reduce or eliminate the 
predicted benefits. Where the highest burden 
of proof is required this limitation can be 
overcome through the use of physical trials 
involving ordinary drivers as subjects. These 
can take the form of simulator trials, track 
trials or field operational trials. This method 
can allow for human factors issues to be 
combined with the accident data assessment, 
however the reliability of the data is dependent 
on the assumptions made and the experimental 
methods used. 

• Retrospective studies treat the feature under 
investigation as a risk factor and use statistical 
methods to compare the relative risk of 
accidents in real world accident data where 
vehicles can be identified that both do and do 
not have the safety feature fitted. Where such 
an approach is possible, it has the most 
potential for providing a rigorous and 
defendable outcome because it seeks to 
objectively measure the actual effect on real 
vehicles in service with real drivers, thus 
accounting for many of the factors that can 
confound predictive studies. The size of the 
sample will have a strong affect on whether 
statistically significant conclusions can be 
drawn and the analytical design, particularly 
the control of confounding factors (e.g. 
systematic biases such as age of driver etc.), 
will strongly affect the quality of the results.  

 
     Is the system on the market? - Whether the 
system is on the market, or available for trials will 
influence the type of analysis that can be completed. 
• No – If the system is not on the market, or at 

least not in significant numbers, then the 
estimation of effectiveness is restricted to a 
predictive study. 

• Yes – If the system is on the market then either 
a retrospective study, a predictive study, or 
both can be carried out depending on the 
burden of proof required, analytical design 
factors and budgetary constraints for 
completing the analysis. 

 
     What sources of information are available for 
determining the effectiveness? -  
• Literature, which could include the findings 

from a range of studies that have already been 
carried out which could have determined the 
effectiveness of the system under consideration. 
The findings from other studies should be 
reviewed critically and any assumptions made 
should be identified in order to determine if the 
effectiveness quoted is appropriate for the 

target population.  The use of multiple sources 
is recommended, identifying where there is 
agreement or differences between studies. It 
may be necessary to define a range of 
effectiveness if there is no consensus in the 
literature and the logic used to define the range 
should be reported. Where sufficient detail 
exists a formal meta-analysis can be 
undertaken. This essentially involves 
calculating a statistical weighted mean of the 
effects identified by the previous studies. 
However, this can require substantial time and 
effort and requires the data in the literature to 
be well reported in considerable detail. 

• Specific research studies can be used as a 
substitute for accident data and can include 
field operational trials or questionnaire surveys 
to compare the accident involvement of 
equipped and unequipped vehicles and 
estimate the relative change in risk for 
equipped vehicles.  

• Accident data can be used to allow either 
predictive or retrospective studies. The data 
sources used will be influenced by the burden 
of proof required, the type of analysis and also 
the function that the system is intended to 
achieve. For example a parameter based 
predictive analysis for assessing the benefits of 
improved helmets is likely to require a 
different source of data to a case-by-case 
predictive analysis of an advanced braking 
system. Retrospective analyses have different 
requirements again, and are typically based on 
national accident data. 

• Vehicle equipment data can be used to 
identify whether the specific vehicles recorded 
in the accident data are fitted with a specific 
safety system. This type of information is an 
essential pre-requisite of retrospective analyses. 

• Exposure data, or the use of an induced 
exposure technique, is required to allow the 
probability of an accident occurring to be 
determined when carrying out a retrospective 
analysis. 
 

The output from Step 3 is an estimate of system 
effectiveness that is relevant to the target 
population that was defined in Step 2. This can then 
be applied to the target population to estimate the 
casualty benefits for the safety system. 
The estimated benefits should be clearly expressed 
as a percentage of the target population (so it can 
be seen how effective the system is at addressing 
the intended group of accidents) and as a 
percentage of all accidents. In particular, the latter 
measure is important for comparison with other 
studies and for context for the predicted casualty 
benefit. 
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The estimated casualty benefits can be combined 
with vehicle registration data, casualty valuation 
information and details of the costs of the system to 
produce a full cost benefit analysis. Defining 
procedures or guidelines for the generation of cost 
benefit analyses was beyond the scope of this 
project. However, it is possible to define a 
preliminary assessment on the basis of the 
calculation of a break-even cost for the system. 
This is calculated by multiplying the number of 
casualties by their casualty prevention value and 
dividing by the number of new registrations 
expected each year. This represents the maximum 
cost that can be associated with fitting the system 
to a single vehicle that could still produce a benefit-
to-cost ratio to equal one. If the actual costs of the 
system are likely to be substantially below this 
break-even cost then it is likely that the system 
would prove to have a positive benefit to cost ratio 
(greater than one) if a full analysis was undertaken. 
If the cost is substantially greater it is likely to have 
a negative ratio (less than one). Where the actual 
costs are relatively close to the break-even cost, the 
simplifications inherent in this method mean that 
the outcome remains uncertain. 
 
APPLICATION OF THE METHODOLOGY 
 
Smith et al (2008) applied the proposed 
methodology to assess the potential benefits of 
advanced braking systems for PTWs. The 
methodology was applied for three systems: 

• Anti-lock braking systems (ABS);  
• Combined braking systems (CBS); and  
• Brake assist systems (BAS). 

 
This paper describes the information collated for 
the assessment of ABS as an example of how the 
methodology can be applied. The assessment of the 
potential benefits of ABS was restricted (by 
available budget) to the use of existing information 
only, i.e. mainly literature supplemented by limited 
analysis of existing accident data. 
 
Step 1 – preliminary filter 
 
The preliminary filter is intended to be used to 
identify casualty groups that could potentially be 
affected by the technology under consideration. 
However, ABS can influence a broad range of 
casualty groups to varying extents. It is, therefore, 
only possible to generate a coarse estimate of the 
target population for braking systems using this 
tool. However, analysis by the type of PTW 
involved could provide an insight into where to 
target the technology. Additionally, it is possible to 
logically assess the types of accident where 
advanced braking systems are more likely to have 
an influence, for example accidents at junctions 
where the PTW is travelling ahead and single 

vehicle accidents involving loss of control on a 
bend, and then quantify the number of casualties 
occurring in these “more likely” accident types. 
Such an assessment will be imperfect because not 
all of these casualties will be influenced by the 
technology and there will also be other casualty 
groups that have been excluded but may be 
influenced. However, it could give a closer 
indication than considering “all” accidents only. 
 
A preliminary filter was developed based on a three 
year sample of national road accident data 
(STATS19). The PTW casualties were grouped by 
the type of PTW being ridden (i.e. <50cc, 50-125cc, 
125-500cc and >500cc) and the number of vehicles 
involved in the accident (single vehicle vs multi-
vehicle). Further categorisation is based on criteria 
such as: where the accident occurred (at a junction 
or not), whether there was loss of control, the first 
point of impact on the motorcycle and what 
manoeuvre the PTW was making. Table 2 shows 
an example of the data that can be obtained by 
using the preliminary filter. 
 
Ideally the target population for all three braking 
systems would be any accident where the vehicle 
braked. Unfortunately, this cannot be identified 
from the available data. Therefore, the only 
rigorously acceptable target population is all 
casualties. The preliminary filter has been used to 
compare the relative size of the different casualty 
groups. It can be seen that the greatest benefits 
would appear to lie with larger motorcycles, simply 
because of their greater involvement. 
 

Table 2. 
Examples of casualty groups where ABS is more 

likely to have an influence 

 Junction 
accidents - PTW 

going ahead 

Single vehicle loss 
of control on bend 

 

Casualties 

% of all 
PTW 

accidents 
by 

severity* 

Casualties 

% of all 
PTW 

accidents 
by 

severity* 

Fatal 108 18.5% 46 7.9% 

Serious 1238 20.7% 296 4.9% 

Slight 3218 18.6% 320 1.8% 

KSI 1347 20.5% 342 5.2% 

Total 4565 19.5% 662 2.8% 

*Note: percentage values are not a direct output 
from the preliminary filter but are calculated using 
only the data generated by the preliminary filter. 
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A more subjective approach can be used to try to 
get a more realistic target population. An upper 
estimate was based on excluding accidents where 
the PTW was waiting or turning (where it is logical 
to assume braking might be less relevant). A lower 
estimate was derived from considering only 
accidents with loss of control on a bend and 
junction accidents (where logically, braking is 
likely to occur frequently). The estimated target 
population using this approach is: 

• 154 to 572 PTW fatalities; 
• 1534 to 5624 serious PTW casualties; and 
• 3538 to 15323 slight PTW casualties. 

 
Step 2 – target population 
If a new full-scale analysis of GB accidents was 
being carried out, then the target population would 
be identified as defined previously. Data from a 
detailed in-depth study which is representative of 
the national statistics (STATS19 data) would be 
used to identify the proportion of PTWs that braked 
prior to impact and this proportion would be 
applied to the casualty numbers recorded in 
STATS19 to obtain a sound estimate of the target 
population nationally. However, the scope of the 
research was restricted to analysis based on 
existing accident data and literature. So, although a 
definition for the target population is provided in 
the previous section, based on the methodology 
defined in this report, the analyses reported in 
existing literature may have structured their 
findings differently. Table 3 summarises the 
literature and data relating to target populations for 
ABS that was identified. 
 
Step 3 - effectiveness 
 
If a new analysis of the potential benefit of ABS 
was to be undertaken in accordance with the 
methodology defined earlier, to meet a high burden 
of proof then the programme of work could involve: 
• Detailed definition of the performance 

characteristics of the system; 
• Predictive analyses, based on case by case 

review and reconstruction of on-the-spot 
and/or fatal cases to assess the influence of 
each system with extrapolation of results to the 
national statistics (STATS 19) for an estimate 
of national benefits. 

• Human factor experiments on the test track to 
assess rider response to the system and identify 
any behavioural risks; 

• Identification of makes and model of PTW 
fitted with ABS (which is possible based on 
manufacturers literature but is labour 
intensive); 

• Retrospective statistical analysis of the relative 
accident involvement of PTWs with and 
without the system. 

 

However, the scope of this research was limited to 
a review of existing literature. Table 4 summarises 
the findings from this review with respect to the 
effectiveness of ABS. 
 

Table 3. 
Summary of target populations for ABS as 

defined in the literature 
 

Target Population Source 
  
All cases in which it can be 
conclusively proven that braking 
took place in the pre-crash phase 
(45% of all accidents) 

Gwehenberger 
et al (2006) 
Allianz centre 
of technology  

All in-depth data collected from 
Hurt (1981) and MAIDS (2004) 
studies, i.e. a sample substitute for 
all motorcycle accidents 

Kebschull and 
Zellner (2007) 
Dynamic 
Research for 
IMMA 

All motorcycle accidents  McCarthy and 
Chinn (1998 & 
1999) TRL  

All motorcycle accidents involving 
downfall* prior to first impact 

Baum et al 
(2007) 
University of 
Cologne 

Collisions between motorcycles and 
cars that involved braking (65% of 
all accidents) 

Sporner and 
Kramlich 
(2000) cited in 
Vavryn and 
Winklebauer, 
2005 and 
Gwehenberger 
et al, 2006  

All accidents in sample Teoh (2008) 
Insurance 
Institute for 
Highway Safety 
USA.  

All accidents in sample where at 
least one wheel has locked prior to 
impact or loss of control (34% of 
all fatal PTW accidents) 

McCarthy et al 
(2008) PISa 

* downfall accidents are when the rider becomes 
detached from the PTW before the first impact. 
 
To allow a detailed assessment of the benefit of 
fitting ABS, the effectiveness of the system for 
each accident severity is required. The literature 
review did not identify the effectiveness for PTW 
fatalities that could be applied to the target 
population.  Therefore, the effectiveness of ABS 
used to identify the proportion of fatal casualties 
that can be prevented, was based upon the 
information found from a review of the PISa Fatal 
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Accident Database. The development and analysis 
of the database was reported in McCarthy et al 
(2008). However, the target population used was 
not consistent with the other research identified and 
therefore the data was re-analysed.  From this 
additional review of fatal accidents, an 
effectiveness of between 8.8% and 35.7% was 
estimated, with a best estimate of effectiveness of 
18%. 
 
For serious casualties, the effectiveness used is 
based upon the estimates outlined in Gwehenberger 
et al (2006) and McCarthy and Chinn (1999). 
Although Gwehenberger et al (2006) include 
accidents of all severities, the sample is most 
representative in relation to serious casualties and 
states an effectiveness range of between 8% and 
17%. McCarthy and Chinn (1999) state an 
effectiveness of 3% for fatal and serious casualties, 
however the estimate is likely to be dominated by 
the effectiveness for serious casualties because the 
sample included only a relatively small number of 
fatalities. Therefore 3% was selected as an 
approximate lower boundary for the effectiveness 
for serious casualties 
 
There was no research that specifically identified 
the effectiveness of ABS for slight casualties. 
However, Sporner (2000, cited in Gwehenberger et 
al, 2006) stated that ABS is effective in 10% of 
PTW accidents of all severity levels. In comparison, 
Kebschull and Zellner carried out a comprehensive 
study resulting in an overall effectiveness of 
between 1% and 3%.  However, there were 
limitations associated with both studies as 
described below. 
 
Sporner et al (2000), cited in Vavryn and 
Winklebauer (2006), undertook a study of 610 in-
depth accident reports. Vavryn and Winklebauer 
(2006) stated that Sporner et al’s findings were that 
on average: 
“Approximately 55% of the motorcycle accidents 
could be avoided or at least positively influenced 
by ABS”. 
Multiple papers by Sporner et al (2000, 2002 and 
2004) are cited by Gwehenberger et al (2006). 
Gwehenberger et al (2006) stated that Sporner et 
al’s findings were that:  
“approx. 10% of motorbike accidents involving 
bodily injuries can be avoided or at least positively 
influenced through ABS”. 
 
There appears to be some discrepancy between 
these two interpretations of an estimate of 
effectiveness from a single source. The only 
immediately apparent difference in the citations is 
the effectiveness estimate and the fact that 
Gwehenberger et al reference their effectiveness as 
a proportion of PTW accidents involving bodily 

injury whereas Vavryn and Winklebauer’s citation 
does not mention injury severity so could refer to a 
specific severity level. However, it has not been 
possible to locate an English language version of 
the original paper to clarify the exact findings. The 
estimate of 10% is most likely to be applicable to 
the target population that has been defined for this 
study for the following reasons: 

• The effectiveness of 55% was written as 
though it may be the effectiveness for a 
different target population. 

• Sporner was one of the authors of the 
Gwehenberger et al (2006) paper and 
would be expected to ensure that his 
previous research was cited correctly. 

Kebschull and Zellner (2007) found a relatively 
low effectiveness compared with other studies. A 
large percentage of the 900 European accidents 
investigated contained accidents which involved 
either no braking or braking with no loss of control, 
which was assumed in their investigation to be sub-
limit braking. A large proportion of the accidents 
that involved over braking also involved an 
emergency steering action. In general, PTW ABS 
does not allow the PTW to maintain stability while 
braking heavily in a curve/swerve. This was 
reflected in the ABS model used in this study, 
which was not capable of maintaining stability in a 
swerve when braking was severe enough to activate 
the ABS. This was a predictive study that used 
computer simulation to predict how the outcome of 
real accidents involving PTWs without ABS would 
have been changed if the vehicle had been fitted 
with ABS. This approach would result in evidence 
that has a high burden of proof according to the 
methodology defined earlier in this paper. However, 
the assumption that ABS would have no influence 
in any accident where braking occurred without 
loss of control contradicts several other studies 
which suggests that ABS gives the rider more 
confidence and in turn, results in higher maximum 
achievable deceleration. Therefore, the method 
used in the analysis may tend to under-estimate the 
benefits.  
 
Because of the limitations with both studies, it was 
not clear which effectiveness was most appropriate 
and therefore a weighted average from these two 
studies has been used for the best estimate. Based 
on the mid range value from Kebschell and Zellner 
of 2% and a quality rating of 3 for each study, the 
best estimate is 6%. This was generated by 
multiplying the effectiveness by the score (2%x3 
and 10%x3), summing (6+30) and dividing by the 
sum of the effectiveness scores (36/6). The extreme 
values from the two studies have been used to 
generate the overall range of effectiveness.  
 
Using the 6% value for all accidents and the best 
estimates of 18% for fatalities and 10% for serious  
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Table 4. 
Effectiveness of ABS as identified from the literature 

 

Effectiveness Source Region Study type Sample size 
85% of all  downfall accidents 
with downfall before initial 
impact 

Baum et al (2007) based on a 
retrospective study.  

Germany Retrospective  

Approximately 10% of 
motorbike accidents involving 
injury can be avoided or 
positively influenced 

Sporner et al (2000,2002,2004) cited 
in Gwehenberger (2006) describe the 
dangers of braking with conventional 
braking systems and the avoidance 
potential through ABS in several 
studies based on the GDV accident 
database (insurance claims). 

Germany Predictive   

Avoids 8%-17% of serious 
motorbike accidents 

Gwehenberger et al (2006). Results of 
analysis of 200 serious accidents by 
Allianz Center of Technology. 
Extrapolated to Germany would result 
in around 100 deaths and more than 
1,000 serious injuries avoided a year 

Germany Predictive  
case by case; 
subjective 

200 
accidents 

Net injury benefit 1%-3% of 
all casualties 

Kebschull and Zellner (2007) 
conducted a series of computer 
simulations based on data collected in 
the MAIDS (2004) and Hurt (1981) 
studies. Several configurations of ABS 
were simulated. 

USA and 
Europe 

Predictive 
case by case; 
computer 
modelling 

1800 
accidents  

Analysis of Austrian statistics 
showed that the benefit was 
comparable to the 55% stated 
by Sporner et al (2000) 

Vavryn and Winkelbauer (2005) Austria  
and 
Germany 

Predictive  

Increase in braking 
performance observed of 
novice and experienced test 
riders from 5.7ms-2 to 7.7ms-2 
for novice riders and 6.6ms-2 to 
7.8ms-2 for experienced riders 

Vavryn and Winkelbauer (2005) Austria Human 
factors study 

47 novice 
riders and 
134 
experienced 
riders 

ABS reduces risk of riders 
being thrown from the bike. 
May lead to a reduction in 
forward collision and off-road 
crashes. 

Bayly et al (2006) Australia N/A N/A 

3% reduction in fatal and 
serious casualties 

McCarthy and Chinn (1999) UK Retrospective  

The effectiveness of ABS is 
currently under investigation as 
part of the PISa project. 
However, the report contains a 
ranking of various safety 
systems including ABS, CBS 
and BAS. Each system was 
given a score based on the 
potential influence on the 
accident outcome, however 
was not expressed as a 
percentage of the target 
population. ABS was given a 
score of 2.39  

McCarthy et al (2008), review of GB 
OTS/COST327 cases for PISa project 

UK and 
Europe 

Predictive  
case by case; 
subjective 

60 
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casualties, a best estimate effectiveness of 4.2% 
was calculated for slight casualties. The upper and 
lower effectiveness values are calculated using the 
same method. Table 5 shows the estimated benefit 
of fitting ABS. The target population and 
effectiveness are shown in the table to allow  
readers to understand how the benefits have been 
derived. A best estimate of the effectiveness is 
shown in the table, accompanied by minimum and 
maximum effectiveness values. 

 
Table 5. 

Estimated benefit of fitting ABS to all PTW 
 

Severity 

Target 
population 
(All PTW 
casualties) 

Effectiveness 
(%) 

Estimated 
benefit 

Fatal 585 
18           

(9-36) 
105         

(52-209) 

Serious 5991 
10*          

(3-17) 
599         

(180-1018) 

Slight 17293 
4            

(0-7) 
692         

(0-1159) 

Total 23870 
6            

(1-10) 
1432        

(239-2387) 

* This is the mid-point of the range (rounded to 
nearest integer) and not a best estimate 
 
DISCUSSION 
 
An increase in the number of safety measures and 
the rate at which they are coming to market can put 
an increased burden on the regulatory process. 
Impact assessments are, therefore, often required 
before there is sufficient voluntary market 
penetration to effectively measure the impact on 
the number and severity of road casualties using a 
retrospective statistical approach. Literature exists 
that describes the different types of research 
methods available (Elvik and Vaa, 2004) or to 
provide guidelines for assessing benefits (Burgette 
et al, 2008). However, within budgets and 
timescales available, it is often not possible to 
follow such guidance. TRL have seen an increase 
in requests for the assessment of the benefits 
associated with safety measures, based on existing 
literature, rather than new research. These are often 
required in short timeframes and on low budgets, 
thus limiting the depth of analysis that can be 
undertaken. This type of study has frequently 
identified widely varying and conflicting results 
amongst the existing literature meaning that if 
scientific rigour is applied, only wide ranges of 
potential benefits can be produced, which do little 
to resolve policy debate about the merits of 
proposals. It also allows stakeholders to select 

different values from within the quoted range, 
based upon broad assumptions that may or may not 
be accurate. 
 
The project to develop a methodology to assess the 
benefits of advanced safety systems for PTWs 
provided an opportunity to begin to highlight these 
previous experiences and to consider the wider 
issues within a more formalised framework for 
undertaking benefit analyses. Although the 
application of the methodology was limited to 
reviewing existing literature and accident data, the 
methodology itself was developed to include all 
benefit assessment methods, to assist in identifying 
the limitations of existing estimates, and also to 
help identify knowledge gaps. 
 
The methodology provides a framework, in which 
each method has its place, from a quick look at the 
casualty groups that can be affected, to full 
statistical retrospective analyses.  It is intended that 
the methodology will allow policy makers to 
understand the limitations of the benefit estimates 
with which they are presented, and also what 
actions are required to develop the estimates to 
meet a higher burden of proof, if that is what they 
deem to be necessary.   
 
The application of the methodology to the 
estimation of the potential benefits of fitting ABS 
to PTWs highlighted many of these issues. An 
estimate was possible but produced a large range of 
potential benefits because the quality of the 
estimate was severely limited by the ability to 
extract appropriate information from the existing 
literature.  Some of the issues identified during the 
application of the methodology were: 
• Variation in the presentation of the data within 

the studies. It was not always possible to relate 
the target population or effectiveness to an 
overall number of accidents/casualties so that 
they could be applied to the UK accident data. 

• Not all assumptions were clearly stated and 
widely differing assumptions were clearly used 
in different studies.  

• Conflicting results from low effectiveness/high 
cost to high effectiveness/low cost 

• Insufficient detail on context and exposure. For 
example, papers where an effectiveness was 
stated for all casualties, but no data was 
presented about the severity distribution of all 
casualties so that different severity 
distributions in different countries could not be 
accounted for. 

 
Many of the studies that were identified by Smith 
et al (2008) had used appropriate methods to assess 
benefits. However, there was insufficient 
information available to directly apply the findings 
to an alternative source of accident data, i.e. it was 
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not possible to trace the benefit estimate back to the 
original source data. Following the methodology 
described in this paper should lead to a consistent 
style in which benefit assessments are reported, 
which in turn will allow wider application of the 
results in different countries or under different 
regulatory options. 
 
The methodology that has been developed is 
appropriate to meet the objectives of the specific 
research project for which it was intended. 
However, it could be considered just a starting 
point for a wider debate about how the scientific 
community and policy makers could work together 
to improve the quality, consistency and 
understanding of casualty benefit assessment. 
Ideally this would enable more effective 
implementation of the safety improvements that 
today’s rapid development of advanced active 
safety systems make possible.  
 
Future developments could include: 
• Extending the methodology to  include 

assessment based on regional representation, 
analytical quality and sample size;  

• More detailed guidance on specific analytical 
techniques (e.g. highlighting known 
confounding factors that should be accounted 
for in retrospective statistical studies or the 
strengths and weaknesses of different ways of 
accounting for exposure) 

• Development of new, improved data sources 
specifically designed to overcome limitations 
of existing data with respect to active safety 
systems 

• How to encourage widespread use of a 
common methodology 

• Methods to ensure that the use of a common 
approach does not compromise the flexibility 
needed to assess a wide variety of different 
systems 

• A methodology for assessing costs. 
 
CONCLUSIONS 
 
• There are a range of methods that can be used 

to estimate the benefits of safety measures. 
None are perfect and each has strengths and 
weaknesses. However, to the reader, the 
limitations and assumptions are not always 
transparent. This can mean conflicting results, 
extended policy debate and slower 
implementation of technology. 

• A generic methodology has been developed for 
a specific type of analysis that will assist both 
researchers and policy makers to identify the 
most appropriate methods to use and the 
limitations of each method without unduly 
limiting the range of analysis that could be 
undertaken. 

• This methodology has the potential to be 
expanded to the full range of casualty benefit 
analyses, which if successfully implemented in 
a wide range of research projects, could 
substantially improve the overall quality and 
cost effectiveness of the research and 
regulatory processes of implementing new 
technologies. 
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ABSTRACT 
 

The object of this study is to evaluate the effect of 

Antilock Braking System (ABS) as a preventive 

safety device by statistical analysis of integrated road 

traffic accident database. 

The road traffic accident data including driver and 

road environment condition and the registered 

vehicle data including safety device were integrated.  

The risk of being struck from behind while stopping 

is not influenced by the driver characteristic of the 

struck vehicle.  So the number of those 

vehicles/drivers is able to be considered a 

quasi-induced exposure, and the relative accident 

rates for some combinations of 7 factors listed later 

were calculated.  Data of 253,035 cars, which were 

involved in a traffic accident from the year 2002 to 

2007, manufactured from the year 1993 to 2000 and 

driven by a sober, private purpose and seat-belted 

driver, were analyzed by 7 factors; sex and age of 

driver, types of collisions, day/night, road surface 

condition, with/without a passenger and with/without 

ABS.  ABS is expected to reduce the accident rate, 

especially for some collision types which could be 

prevented by keeping wheels unlocked. 

The results shows; 1) the accident reduction effect of 

ABS on wet road surface was greater than on dry 

road surface, and 2) ABS reduced the relative 

accident rates of a rear-end collision by 1-38% and 

an single vehicle collision by 10-33%. 

There are several discussions about the validity of the 

quasi-induced exposure method.  But the effect of 

ABS was confirmed by considering the interactive 

effect with other factors such as age of driver or 

with/without a passenger.  Further studies are 

required for precise discussion.  The developed 

integrated database and the proposed method are also 

useful to evaluate other preventive safety devices. 

INTRODUCTION 
 

There are a lot of reports about the effect of Antilock 

Brake System (ABS) (Cumming 2007, Evans 1998, 

Farmer 1997 and 2001 and VTI 2007).  And not 

only positive effects but also negative effects were 

reported. 

The effect of ABS in real traffic is influenced by 

several factors, such as driver characteristics, road 

surface condition, and road traffic environment.  

Driver characteristics are related to age and sex, 

safety attitude, trip purpose and others.  Therefore it 

is required to analyze these factors simultaneously or 

to control the effect of these factors for discussion 

the effect of ABS. 

Institute for Traffic Accident Research and Data 

Analysis (ITARDA) constructed a database by 

integrating road traffic accident data and vehicle 

safety device data in the year 2007. 

Information about age and sex of accident driver, trip 

purpose and other driver characteristics are included 

in road traffic accident data, and information about 

equipment of ABS is included in vehicles safety 

device data.  So the effect of ABS in real traffic 

could be studied using this integrated database. 

 

METHOD 

 
There are a lot of factors that influence the risk of 

traffic accident.  Therefore it is necessary to control 

an effect of other factors to discuss an effect of ABS.  

Following factors are controlled in this study; 

Influence of alcohol, seat belt use, trip purpose, 

vehicle type and other safety devices. 

Influence alcohol: The accident rate is increased 

under influence of alcohol (Compton 2002).  

Therefore “sober” was selected. 

Seat belt use: “Belted driver” are analyzed, because 
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the characteristics of accident caused by an unbelted 

driver are different from that of belted drivers, and 

most of drivers are belted nowadays. 

Trip purpose: Driver behavior related with accident 

rate differs in trip purpose.  The number of accident 

drivers on business purpose is smaller than that of 

private (not business) (Nishida, 2006), and “private” 

was selected. 

Vehicle type: Accident characteristics and a field of 

view from a driver seat differ in vehicle type.  “Car 

excluding mini-car” was selected because of its 

popularization. 

Other safety device: Cars equipped with brake assist 

system for ABS, full-time and part-time 4WD, a 

limited slip differential (LSD), traction control 

system (TSC) and electronic brake force distribution 

(EBD) were excluded.  Because they should be 

exclude to discuss the effect of ABS exclusively. (See 

Table 1) 

 

Table 1. 

The number of cars involved in traffic accidents 
from the year 2002 to 2007 by safety devices (%) 

with without unclear
ABS 25.8 1.7 43.9 28.6
Brake assist system for ABS 0.7 1.9 65.0 32.4
High-mounted stop lamp 19.7 0.0 48.8 31.5
Full-time 4WD 9.5 55.1 5.6 29.8
Part-time 4WD 2.5 64.5 2.7 30.3
LSD 1.3 14.0 53.6 31.1
TSC 0.7 27.6 36.8 34.9
Headway warning 0.0 36.8 34.3 28.9 4,627,280
Traction control system 0.0 3.4 67.7 28.9
Stability control system 0.0 36.7 34.3 28.9
EBD 0.7 33.6 36.3 29.4
Auto headway control system 0.0 37.1 34.0 28.9
Lane deviation warinig 0.0 36.8 34.3 28.9
Night vision 0.0 37.3 33.8 28.9
Rear view monitor 0.0 1.8 69.4 28.8
Blind-corner monitor 0.0 36.3 34.8 28.8
Tyre pressure warning 0.1 37.3 33.8 28.9
others: vehicles manufauctured before the device register system.

Equipped
others

total
(100%)

 
 

Following factors are analyzed; 

Sex and age of driver, day/night, road surface 

condition and existence of passenger. 

Sex of driver: male/female 

Age of driver: 18-24 yrs/ 25-44 yrs/ 45-64 yrs/ 65 

years and older/all age 

Day and night: day/night 

Road surface condition: dry/wet*(wet, icy, snowy 

and unpaved) /all  

Passenger: without a passenger/with one passenger 

Cases with more than one passenger were excluded, 

because the effect of multiple passengers was not the 

same as single passenger (Engström 2008 and 

ITARDA 2009). 

The period of analysis was from 2002 to 2006.  

According to a trial, the number of accidents before 

2002 was small for statistical analysis. 

The vehicle registered year was from 1993 to 2000.  

According to a trial, the number of accident vehicles 

without ABS after 2001 was small for statistical 

analysis. 

 

Evaluation index 
 

The relative accident rates were calculated using 

equation 1 or 2.  Rear-end collision with a stopping 

as the 2nd party (See Table 2) was selected as the 

control accident. The effect of ABS is discussed with 

Odds-ratio (Equation 3).  And 95% significant 

limits were calculated using Equation 4 and 5. 

 
Aac 

Rac =  ─────             (1). 
Nac 

 
Anc 

Rnc =  ─────             (2). 
Nnc 

 
Rac 

Eac =  ─────             (3). 
Rnc 

 

Rac: relative Case accident rate of a vehicle with 

ABS 

Rnc: relative Case accident rate of a vehicle without 

ABS 

Aac: the number of Case accidents in which a vehicle 

with ABS was involved during the period  

Anc: the number of Case accidents in which a 

vehicle without ABS was involved during the 

period  

Nac: the number of Control accidents in which a 

vehicle with ABS was involved during the 

period  

Nnc: the number of Control accidents in which a 

vehicle without ABS was involved during the 

period  

 

Case accident 
d: accident occurred on a dry surface road 

w: accident occurred on a wet/icy/snowy road  



Nishida 3 

 

p: accident caused by a driver with a passenger. 

z: accident caused by a driver without a passenger 

 

E: odds ratio for the effect of ABS in Case accident 

 

95% confidence limits 
E – dE (lower)  and  E + dE (upper)       (4). 

 

               ──────────────── 
                1     1     1     1 
dE = 1.96 * E *  ─── + ─── + ─── + ───  (5). 
               Aac   Nac   Anc   Nnc 
            

 

Collision type  The effect of ABS is thought 

to be not the same for all types of collision.  Some 

types of collision are thought to be sensitive to ABS, 

and others are not.  Following major types of 

collision were selected for this study. 

Rear-end/1P: Rear-end collision with a stopping as 

the first party. 

Angle/1P: Angle collision with a vehicle coming 

from left or right approach/side as the first party 

Single-veh: Single-vehicle collision such as collision 

with object, run-off-the-road, rollover and others 

 (See Table 2) 

 

Table 2. 
Collision types and Abbreviations for the study    

level of culpable

1/2P

1P

2P

1P

2P

1P

2P

1P

2P

1P

2P

1P

2P
1P
2P

Abbreviations are bold and underlined follwed by level of culpable(1P/2P).

Level of culpable: 1P is a driver/person having caused the most
culpable failure or the least injured among parties concerned when
their culpable failure are at the same level.
2P is a driver/person having caused the lower culpable failure.

collision type

collision with object, run-off-the-road,
rollover and others

1P

collision with a vehicle coming from
left or right approach while turning

other multiple-vehicle

m
ul

tip
le

-v
eh

ic
le

Si
ng

le
-

ve
h i

cl
e

Rear-end collision with a moving
vehicle (rear-end A)

Vehicle - Pedestrian

Rear-end collision with a stopping
vehicle (rear-end B)

Angle collision with a vehicle coming
from left or right approach

collision with an oncoming vehicle
while turning right

Head-on collision 1P

2P

1P 2P

1P 2P

2P
1P

 
 

RESULTS 
 

Relative Accident Rates of Wet Road Surface 
 

ABS can reduce stopping distance by preventing 

vehicle wheels from locked during hard braking.  

So the effect of ABS in real traffic depends on how 

often are vehicles involved in such situation where 

hard braking is required. 

 

Male driver  The number of accident and the 

relative accident rates by collision type, with/without 

ABS and with/without a passenger for male drivers 

are shown in Table 3.  Odds-ratios are also 

presented in Table 3 to discuss the effect of ABS and 

passenger. 

Due to the data size, there are only a few cases that 

show a significant effect; 

  Day, rear-end/1P, without a passenger (21% 

reduction)  

  Night, rear-end/1P, without a passenger (38%) 

  Night, single-veh/1P, without a passenger (33%) 

  Night, rear-end/1P, with a passenger (55%) 

  Night, all types/1P, without a passenger (24%)  

There are more cases at night than in daytime.  The 

reason might be that more hard braking are required 

at night because of poor visual environment. 

The effect of passenger is greater than that of ABS. 

Because most of human accident causes are thought 

to be visual cognition errors. 

A passenger may assist a driver mostly in collecting 

visual information.  On the other hand, ABS 

reducing a stopping distance may help a driver 

mostly in operating a vehicle.  Therefore it is 

reasonable that the effect of passenger is greater than 

that of ABS. 

The effect of passenger was discussed later. 

 

Female driver  Table 4 shows the result of 

female driver similar way to Table 3. 
There are some groups that show a significant effect 

statistically, but the data size was small.   

ABS was developed to reduce a stopping distance by 

preventing the lockup of vehicle wheels during hard 

braking, and the effect of ABS is thought to be higher 

on wet road surface where wheels may be locked 

easily.  The results shown in Table 3 and 4 were 

consistent with this assumption. 
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Table 3. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age, male drivers and wet* road surface)    
~ Day ~ 

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 2914 241 386 28
Angle/1P 2418 178 439 26
Single-veh/1P 277 20 130 4
Pedestrian 592 35 77 7
All types/1P 9019 693 1546 91

Control: Rear-end/2P 2151 140 1159 59

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.35 1.72 0.33 0.47
Angle/1P 1.12 1.27 0.38 0.44
Single-veh/1P 0.13 0.14 0.11 0.07
Pedestrian 0.28 0.25 0.07 0.12
All types/1P 4.19 4.95 1.33 1.54

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.79 0.62 - 0.96 0.70 0.38 - 1.03
Angle/1P 0.88 0.68 - 1.09 0.86 0.45 - 1.27
Single-veh/1P 0.90 0.46 - 1.34 1.65 0.00 - 3.36
Pedestrian 1.10 0.68 - 1.52 0.56 0.10 - 1.02
All types/1P 0.85 0.69 - 1.01 0.86 0.57 - 1.16

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.25 0.21 - 0.28 0.28 0.14 - 0.41
Angle/1P 0.34 0.30 - 0.38 0.35 0.17 - 0.52
Single-veh/1P 0.87 0.68 - 1.06 0.47 0.00 - 1.00
Pedestrian 0.24 0.18 - 0.30 0.47 0.06 - 0.89
All types/1P 0.32 0.29 - 0.35 0.31 0.19 - 0.43

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger

 
 

~ night-time ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 1821 164 198 20
Angle/1P 1226 66 230 11
Single-veh/1P 292 24 105 4
Pedestrian 765 48 100 2
All types/1P 6110 448 1019 63

Control: Rear-end/2P 1389 77 679 31

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.31 2.13 0.29 0.65
Angle/1P 0.88 0.86 0.34 0.35
Single-veh/1P 0.21 0.31 0.15 0.13
Pedestrian 0.55 0.62 0.15 0.06
All types/1P 4.40 5.82 1.50 2.03

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.62 0.44 - 0.79 0.45 0.19 - 0.72
Angle/1P 1.03 0.68 - 1.38 0.95 0.28 - 1.63
Single-veh/1P 0.67 0.35 - 0.99 1.20 0.00 - 2.47
Pedestrian 0.88 0.56 - 1.21 2.28 0.00 - 5.58
All types/1P 0.76 0.57 - 0.94 0.74 0.41 - 1.06

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.22 0.18 - 0.26 0.30 0.11 - 0.49
Angle/1P 0.38 0.32 - 0.45 0.41 0.10 - 0.73
Single-veh/1P 0.74 0.56 - 0.91 0.41 0.00 - 0.88
Pedestrian 0.27 0.21 - 0.33 0.10 0.00 - 0.26
All types/1P 0.34 0.30 - 0.38 0.35 0.18 - 0.52

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger

 
 

 

Table 4. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age female drivers and wet* road surface)  
~ Day ~   

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 1315 86 185 10
Angle/1P 1520 75 263 16
Single-veh/1P 119 1 37 4
Pedestrian 354 13 43 0
All types/1P 4673 251 766 47

Control: Rear-end/2P 1493 75 554 23

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 0.88 1.15 0.33 0.43
Angle/1P 1.02 1.00 0.47 0.70
Single-veh/1P 0.08 0.01 0.07 0.17
Pedestrian 0.24 0.17 0.08 0.00
All types/1P 3.13 3.35 1.38 2.04

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.77 0.52 - 1.01 0.77 0.18 - 1.35
Angle/1P 1.02 0.68 - 1.35 0.68 0.24 - 1.13
Single-veh/1P 5.98 0.00 - 17.83 0.38 0.00 - 0.81
Pedestrian 1.37 0.55 - 2.19 - -
All types/1P 0.94 0.69 - 1.18 0.68 0.33 - 1.02

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.38 0.31 - 0.45 0.38 0.07 - 0.68
Angle/1P 0.47 0.39 - 0.54 0.70 0.20 - 1.19
Single-veh/1P 0.84 0.51 - 1.15 13.04 0.00 - 42.27
Pedestrian 0.33 0.22 - 0.43 - -
All types/1P 0.44 0.38 - 0.49 0.61 0.27 - 0.95

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger

 
 

~ Night ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 634 40 78 5
Angle/1P 525 25 103 6
Single-veh/1P 92 16 32 1
Pedestrian 310 17 43 2
All types/1P 2253 132 404 21

Control: Rear-end/2P 627 38 301 15

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.01 1.05 0.26 0.33
Angle/1P 0.84 0.66 0.34 0.40
Single-veh/1P 0.15 0.42 0.11 0.07
Pedestrian 0.49 0.45 0.14 0.13
All types/1P 3.59 3.47 1.34 1.40

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.96 0.52 - 1.40 0.78 0.00 - 1.59
Angle/1P 1.27 0.61 - 1.93 0.86 0.02 - 1.69
Single-veh/1P 0.35 0.13 - 0.57 1.59 0.00 - 4.87
Pedestrian 1.11 0.46 - 1.75 1.07 0.00 - 2.69
All types/1P 1.03 0.65 - 1.42 0.96 0.31 - 1.61

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.26 0.19 - 0.33 0.32 0.00 - 0.67
Angle/1P 0.41 0.31 - 0.51 0.61 0.00 - 1.26
Single-veh/1P 0.72 0.42 - 1.03 0.16 0.00 - 0.49
Pedestrian 0.29 0.19 - 0.39 0.30 0.00 - 0.77
All types/1P 0.37 0.31 - 0.44 0.40 0.10 - 0.71

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger
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Table 5. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age male drivers and all road surfaces)   
~ Day ~ 

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 22308 1509 2506 163
Angle/1P 19083 1146 2966 171
Single-veh/1P 975 81 465 28
Pedestrian 4784 257 597 29
All types/1P 70195 4424 10325 596

Control: Rear-end/2P 14823 879 7599 373

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.50 1.72 0.33 0.44
Angle/1P 1.29 1.30 0.39 0.46
Single-veh/1P 0.07 0.09 0.06 0.08
Pedestrian 0.32 0.29 0.08 0.08
All types/1P 4.74 5.03 1.36 1.60

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.88 0.80 - 0.95 0.75 0.61 - 0.90
Angle/1P 0.99 0.90 - 1.08 0.85 0.69 - 1.01
Single-veh/1P 0.71 0.54 - 0.88 0.82 0.49 - 1.14
Pedestrian 1.10 0.95 - 1.26 1.01 0.62 - 1.40
All types/1P 0.94 0.87 - 1.01 0.85 0.74 - 0.96

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.22 0.21 - 0.23 0.25 0.20 - 0.31
Angle/1P 0.30 0.29 - 0.32 0.35 0.28 - 0.42
Single-veh/1P 0.93 0.82 - 1.04 0.81 0.45 - 1.18
Pedestrian 0.24 0.22 - 0.27 0.27 0.16 - 0.37
All types/1P 0.29 0.28 - 0.30 0.32 0.27 - 0.36

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger

 
 

~ Night ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 10188 700 1061 75
Angle/1P 6438 379 1105 73
Single-veh/1P 975 80 346 29
Pedestrian 3144 176 390 22
All types/1P 31851 2049 4823 314

Control: Rear-end/2P 6884 424 3350 191

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.48 1.65 0.32 0.39
Angle/1P 0.94 0.89 0.33 0.38
Single-veh/1P 0.14 0.19 0.10 0.15
Pedestrian 0.46 0.42 0.12 0.12
All types/1P 4.63 4.83 1.44 1.64

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.90 0.78 - 1.01 0.81 0.58 - 1.03
Angle/1P 1.05 0.90 - 1.20 0.86 0.62 - 1.10
Single-veh/1P 0.75 0.56 - 0.94 0.68 0.40 - 0.96
Pedestrian 1.10 0.90 - 1.30 1.01 0.55 - 1.47
All types/1P 0.96 0.85 - 1.06 0.88 0.71 - 1.04

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.21 0.20 - 0.23 0.24 0.17 - 0.31
Angle/1P 0.35 0.33 - 0.38 0.43 0.30 - 0.56
Single-veh/1P 0.73 0.63 - 0.82 0.80 0.44 - 1.17
Pedestrian 0.25 0.23 - 0.28 0.28 0.15 - 0.41
All types/1P 0.31 0.30 - 0.33 0.34 0.27 - 0.41

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger

 
 

 

Table 6. 

Relative accident rates by collision type, 
with/without ABS and with/without a passenger 

(all age female drivers and all road surfaces)   
~ Day ~ 

.
collision type with ABS without ABS with ABS without ABS

Number of accidents
Rear-end/1P 9710 464 1329 56
Angle/1P 11531 499 1833 80
Single-veh/1P 521 25 174 16
Pedestrian 2975 108 390 11
All types/1P 35486 1564 5550 238

Control: Rear-end/2P 9599 378 3723 146

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.01 1.23 0.36 0.38
Angle/1P 1.20 1.32 0.49 0.55
Single-veh/1P 0.05 0.07 0.05 0.11
Pedestrian 0.31 0.29 0.10 0.08
All types/1P 3.70 4.14 1.49 1.63

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.82 0.71 - 0.94 0.93 0.64 - 1.22
Angle/1P 0.91 0.79 - 1.03 0.90 0.65 - 1.15
Single-veh/1P 0.82 0.48 - 1.16 0.43 0.20 - 0.66
Pedestrian 1.08 0.85 - 1.32 1.39 0.53 - 2.25
All types/1P 0.89 0.79 - 1.00 0.91 0.72 - 1.11

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.35 0.33 - 0.38 0.31 0.21 - 0.42
Angle/1P 0.41 0.38 - 0.44 0.42 0.29 - 0.54
Single-veh/1P 0.86 0.71 - 1.01 1.66 0.57 - 2.74
Pedestrian 0.34 0.30 - 0.38 0.26 0.09 - 0.43
All types/1P 0.40 0.38 - 0.42 0.39 0.30 - 0.49

Case:

without a passenger with a passenger

without a passenger with passenger

with ABS without ABS

effect of ABS

effect of a passenger

 
 

~ Night ~ 
.

collision type with ABS without ABS with ABS without ABS
Number of accidents

Rear-end/1P 2914 241 386 28
Angle/1P 2418 178 439 26
Single-veh/1P 277 20 130 4
Pedestrian 592 35 77 7
All types/1P 9019 693 1546 91

Control: Rear-end/2P 2151 140 1159 59

Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.35 1.72 0.33 0.47
Angle/1P 1.12 1.27 0.38 0.44
Single-veh/1P 0.13 0.14 0.11 0.07
Pedestrian 0.28 0.25 0.07 0.12
All types/1P 4.19 4.95 1.33 1.54

Odds-ratio

Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)
Rear-end/1P 0.79 0.62 - 0.96 0.70 0.38 - 1.03
Angle/1P 0.88 0.68 - 1.09 0.86 0.45 - 1.27
Single-veh/1P 0.90 0.46 - 1.34 1.65 0.00 - 3.36
Pedestrian 1.10 0.68 - 1.52 0.56 0.10 - 1.02
All types/1P 0.85 0.69 - 1.01 0.86 0.57 - 1.16

Rap/Raz (95% C.I.) Rnp/Rnz (95% C.I.)
Rear-end/1P 0.25 0.21 - 0.28 0.28 0.14 - 0.41
Angle/1P 0.34 0.30 - 0.38 0.35 0.17 - 0.52
Single-veh/1P 0.87 0.68 - 1.06 0.47 0.00 - 1.00
Pedestrian 0.24 0.18 - 0.30 0.47 0.06 - 0.89
All types/1P 0.32 0.29 - 0.35 0.31 0.19 - 0.43

wet* : not dry (wet, icy, snowy etc.),  95% C.I.: 95% confidence limits
Number in bold : significantly effective

Case:

with ABS without ABS

effect of ABS

effect of a passenger

without a passenger with a passenger

without a passenger with passenger
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Table 7. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Rear-end/1P, male, without a passenger) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 586 61 3231 298
25-44yrs 1129 80 7323 401
45-64yrs 824 66 5957 365

65yrs- 375 34 2883 203

All age 2914 241 19394 1268

18-24yrs 215 21 1027 72
25-44yrs 895 46 5242 272
45-64yrs 807 55 4916 284

65yrs- 234 18 1485 111

All age 2151 140 12672 739

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.73 2.90 3.15 4.14
25-44yrs 1.26 1.74 1.40 1.47
45-64yrs 1.02 1.20 1.21 1.29

65yrs- 1.60 1.89 1.94 1.83

All age 1.35 1.72 1.53 1.72

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.94 0.45 - 1.43 0.76 0.56 - 0.96
25-44yrs 0.73 0.45 - 1.00 0.95 0.80 - 1.10
45-64yrs 0.85 0.54 - 1.17 0.94 0.79 - 1.09

65yrs- 0.85 0.34 - 1.35 1.06 0.81 - 1.32

All age 0.79 0.62 - 0.96 0.89 0.81 - 0.98

dry road surface

dry road surface

wet* road surface

wet* road surface

Case

Control
(Rear-

end/2P)

effect of ABS

 
 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 500 50 2171 159
25-44yrs 805 62 3754 217
45-64yrs 415 39 1923 121

65yrs- 100 13 518 38

All age 1821 164 8367 536

18-24yrs 215 13 827 62
25-44yrs 726 33 2834 167
45-64yrs 395 28 1595 99

65yrs- 53 3 239 19

All age 1389 77 5495 347

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.33 3.85 2.63 2.56
25-44yrs 1.11 1.88 1.32 1.30
45-64yrs 1.05 1.39 1.21 1.22

65yrs- 1.89 4.33 2.17 2.00

All age 1.31 2.13 1.52 1.54

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.60 0.22 - 0.99 1.02 0.71 - 1.34
25-44yrs 0.59 0.33 - 0.85 1.02 0.81 - 1.23
45-64yrs 0.75 0.37 - 1.13 0.99 0.72 - 1.26

65yrs- 0.44 -0.13 - 1.00 1.08 0.46 - 1.70

All age 0.62 0.44 - 0.79 0.99 0.85 - 1.12
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface

 

 

Table 8. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Rear-end/1P, female, without a passenger) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 183 15 990 77
25-44yrs 637 35 3980 135
45-64yrs 447 32 3015 140

65yrs- 48 4 410 26

All age 1315 86 8395 378

18-24yrs 93 7 486 37
25-44yrs 735 35 4038 109
45-64yrs 612 32 3252 144

65yrs- 53 1 330 13

All age 1493 75 8106 303

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 1.97 2.14 2.04 2.08
25-44yrs 0.87 1.00 0.99 1.24
45-64yrs 0.73 1.00 0.93 0.97

65yrs- 0.91 4.00 1.24 2.00

All age 0.88 1.15 1.04 1.25

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.92 0.06 - 1.77 0.98 0.58 - 1.38
25-44yrs 0.87 0.45 - 1.28 0.80 0.59 - 1.00
45-64yrs 0.73 0.36 - 1.10 0.95 0.73 - 1.18

65yrs- 0.23 -0.28 - 0.73 0.62 0.20 - 1.04

All age 0.77 0.52 - 1.01 0.83 0.70 - 0.96

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface

 
 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 150 14 579 52
25-44yrs 309 10 1289 51
45-64yrs 159 15 892 36

65yrs- 16 1 83 2

All age 634 40 2843 141

18-24yrs 71 6 259 22
25-44yrs 328 18 1286 61
45-64yrs 214 14 832 41

65yrs- 14 0 56 1

All age 627 38 2433 125

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.11 2.33 2.24 2.36
25-44yrs 0.94 0.56 1.00 0.84
45-64yrs 0.74 1.07 1.07 0.88

65yrs- 1.14 #DIV/0! 1.48 2.00

All age 1.01 1.05 1.17 1.13

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.91 0.00 - 1.81 0.95 0.45 - 1.44
25-44yrs 1.70 0.36 - 3.03 1.20 0.74 - 1.65
45-64yrs 0.69 0.17 - 1.22 1.22 0.66 - 1.78

65yrs- - - 0.74 -1.06 - 2.54

All age 0.96 0.52 - 1.40 1.04 0.78 - 1.29
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface
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Table 9. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Single-vehicle/1P, male, without a passenger) 
.

age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 59 6 124 17
25-44yrs 112 4 180 14
45-64yrs 69 6 187 19

65yrs- 37 4 207 11

All age 277 20 698 61

18-24yrs 215 21 1027 72
25-44yrs 895 46 5242 272
45-64yrs 807 55 4916 284

65yrs- 234 18 1485 111

All age 2151 140 12672 739

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 0.27 0.29 0.12 0.24
25-44yrs 0.13 0.09 0.03 0.05
45-64yrs 0.09 0.11 0.04 0.07

65yrs- 0.16 0.22 0.14 0.10

All age 0.13 0.14 0.06 0.08

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.96 0.05 - 1.87 0.51 0.22 - 0.80
25-44yrs 1.44 -0.06 - 2.94 0.67 0.30 - 1.04
45-64yrs 0.78 0.10 - 1.47 0.57 0.29 - 0.85

65yrs- 0.71 -0.10 - 1.52 1.41 0.51 - 2.30

All age 0.90 0.46 - 1.34 0.67 0.49 - 0.85

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface

 

 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 73 5 219 18
25-44yrs 143 11 306 22
45-64yrs 54 7 127 15

65yrs- 22 1 31 1

All age 292 24 683 56

18-24yrs 215 13 827 62
25-44yrs 726 33 2834 167
45-64yrs 395 28 1595 99

65yrs- 53 3 239 19

All age 1389 77 5495 347

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 0.34 0.38 0.26 0.29
25-44yrs 0.20 0.33 0.11 0.13
45-64yrs 0.14 0.25 0.08 0.15

65yrs- 0.42 0.33 0.13 0.05

All age 0.21 0.31 0.12 0.16

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.88 -0.06 - 1.82 0.91 0.41 - 1.41
25-44yrs 0.59 0.17 - 1.01 0.82 0.44 - 1.20
45-64yrs 0.55 0.07 - 1.03 0.53 0.22 - 0.83

65yrs- 1.25 -1.64 - 4.13 2.46 -2.58 - 7.51

All age 0.67 0.35 - 1.00 0.77 0.54 - 1.00
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

dry road surface

dry road surface

wet* road surface

wet* road surface

Case

Control
(Rear-

end/2P)

effect of ABS

 

 

 

Table 10. 

Relative accident rate by age group, with/without 
ABS and road surface condition 

 (Angle/1P, male, without a passenger) 
.

age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 273 31 1663 154
25-44yrs 776 50 5044 240
45-64yrs 841 58 6198 342

65yrs- 528 39 3760 231

All age 2418 178 16665 968

18-24yrs 215 21 1027 72
25-44yrs 895 46 5242 272
45-64yrs 807 55 4916 284

65yrs- 234 18 1485 111

All age 2151 140 12672 739

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 1.27 1.48 1.62 2.14
25-44yrs 0.87 1.09 0.96 0.88
45-64yrs 1.04 1.05 1.26 1.20

65yrs- 2.26 2.17 2.53 2.08

All age 1.12 1.27 1.32 1.31

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.86 0.36 - 1.36 0.76 0.54 - 0.98
25-44yrs 0.80 0.47 - 1.13 1.09 0.90 - 1.28
45-64yrs 0.99 0.61 - 1.37 1.05 0.88 - 1.22

65yrs- 1.04 0.44 - 1.64 1.22 0.93 - 1.50

All age 0.88 0.68 - 1.09 1.00 0.91 - 1.10

dry road surface

dry road surface

wet* road surface

wet* road surface

Case

Control
(Rear-

end/2P)

effect of ABS

 
 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 250 21 1070 89
25-44yrs 483 24 2135 115
45-64yrs 391 18 1510 81

65yrs- 102 3 497 28

All age 1226 66 5212 313

18-24yrs 215 13 827 62
25-44yrs 726 33 2834 167
45-64yrs 395 28 1595 99

65yrs- 53 3 239 19

All age 1389 77 5495 347

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 1.16 1.62 1.29 1.44
25-44yrs 0.67 0.73 0.75 0.69
45-64yrs 0.99 0.64 0.95 0.82

65yrs- 1.92 1.00 2.08 1.47

All age 0.88 0.86 0.95 0.90

<Odds-ratio>
.

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)
18-24yrs 0.72 0.20 - 1.23 0.90 0.60 - 1.20
25-44yrs 0.91 0.42 - 1.41 1.09 0.83 - 1.36
45-64yrs 1.54 0.60 - 2.48 1.16 0.81 - 1.51

65yrs- 1.92 -1.22 - 5.07 1.41 0.56 - 2.26

All age 1.03 0.68 - 1.38 1.05 0.89 - 1.22
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

dry road surface

dry road surface

wet* road surface

wet* road surface
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Table 11. 

Relative accident rates by age group, with/without 
ABS and with/without a passenger 

(Rear-end/1P, male, wet* road surface) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 586 61 92 14
25-44yrs 1129 80 122 3
45-64yrs 824 66 102 9

65yrs- 375 34 70 2

All age 2914 241 386 28

18-24yrs 215 21 123 12
25-44yrs 895 46 416 19
45-64yrs 807 55 443 23

65yrs- 234 18 177 5

All age 2151 140 1159 59

Relative accident rates
Ran Rnn Rap Rnp

18-24yrs 2.73 2.90 0.75 1.17
25-44yrs 1.26 1.74 0.29 0.16
45-64yrs 1.02 1.20 0.23 0.39

65yrs- 1.60 1.89 0.40 0.40

All age 1.35 1.72 0.33 0.47

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 0.94 0.45 - 1.43 0.64 0.12 - 1.16
25-44yrs 0.73 0.45 - 1.00 1.86 -0.44 - 4.15
45-64yrs 0.85 0.54 - 1.17 0.59 0.12 - 1.06

65yrs- 0.85 0.34 - 1.35 0.99 -0.66 - 2.63

All age 0.79 0.62 - 0.96 0.70 0.38 - 1.03

Case

Control
(Rear-

end/2P)

effect of ABS

with a passenger

with a passenger

with out passenger

with out passenger

 

 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 500 50 89 11
25-44yrs 805 62 66 1
45-64yrs 415 39 28 5

65yrs- 100 13 15 3

All age 1821 164 198 20

18-24yrs 215 13 173 9
25-44yrs 726 33 313 9
45-64yrs 395 28 162 10

65yrs- 53 3 31 3

All age 1389 77 679 31

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.33 3.85 0.51 1.22
25-44yrs 1.11 1.88 0.21 0.11
45-64yrs 1.05 1.39 0.17 0.50

65yrs- 1.89 4.33 0.48 1.00

All age 1.31 2.13 0.29 0.65

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 0.60 0.22 - 0.99 0.42 0.03 - 0.81
25-44yrs 0.59 0.33 - 0.85 1.90 -2.06 - 5.85
45-64yrs 0.75 0.37 - 1.13 0.35 -0.05 - 0.74

65yrs- 0.44 -0.13 - 1.00 0.48 -0.35 - 1.31

All age 0.62 0.44 - 0.79 0.45 0.19 - 0.72
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

with a passenger

with a passenger

with out passenger

with out passenger

Case

Control
(Rear-

end/2P)

effect of ABS

 

 

Table 12. 

Relative accident rates by age group, with/without 
ABS and with/without a passenger 

 (Rear-end/1P, male, dry road surface) 
~ Day ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 3231 298 497 36
25-44yrs 7323 401 623 36
45-64yrs 5957 365 563 32

65yrs- 2883 203 437 31

All age 19394 1268 2120 135

18-24yrs 1027 72 663 50
25-44yrs 5242 272 2294 98
45-64yrs 4916 284 2430 108

65yrs- 1485 111 1053 58

All age 12672 739 6440 314

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 3.15 4.14 0.75 0.72
25-44yrs 1.40 1.47 0.27 0.37
45-64yrs 1.21 1.29 0.23 0.30

65yrs- 1.94 1.83 0.42 0.53

All age 1.53 1.72 0.33 0.43

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 0.76 0.56 - 0.96 1.04 0.58 - 1.50
25-44yrs 0.95 0.80 - 1.10 0.74 0.45 - 1.03
45-64yrs 0.94 0.79 - 1.09 0.78 0.47 - 1.10

65yrs- 1.06 0.81 - 1.32 0.78 0.43 - 1.13

All age 0.89 0.81 - 0.98 0.77 0.61 - 0.92

with a passenger

with a passenger

with out passenger

with out passenger

Case

Control
(Rear-

end/2P)

effect of ABS

 

 

~ Night ~ 

.
age with ABS without ABS with ABS without ABS

Number of accidents
18-24yrs 2171 159 376 22
25-44yrs 3754 217 299 19
45-64yrs 1923 121 130 3

65yrs- 518 38 58 11

All age 8367 536 863 55

18-24yrs 827 62 654 54
25-44yrs 2834 167 1246 57
45-64yrs 1595 99 606 41

65yrs- 239 19 165 8

All age 5495 347 2671 160

Relative accident rates
Raw Rnw Rad Rnd

18-24yrs 2.63 2.56 0.57 0.41
25-44yrs 1.32 1.30 0.24 0.33
45-64yrs 1.21 1.22 0.21 0.07

65yrs- 2.17 2.00 0.35 1.38

All age 1.52 1.54 0.32 0.34

<Odds-ratio>
.

Ran/Rnn (95% C.I.) Rap/Rnp (95% C.I.)
18-24yrs 1.02 0.71 - 1.34 1.41 0.69 - 2.13
25-44yrs 1.02 0.81 - 1.23 0.72 0.34 - 1.10
45-64yrs 0.99 0.72 - 1.26 2.93 -0.55 - 6.41

65yrs- 1.08 0.46 - 1.70 0.26 0.01 - 0.50

All age 0.99 0.85 - 1.12 0.94 0.64 - 1.24
95% C.I. : 95% confidence limits
Numbers in bold : significantly effective

Case

Control
(Rear-

end/2P)

effect of ABS

with a passenger

with a passenger

with out passenger

with out passenger
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Relative Accident Rates of All Road Surface 

 

The effect of ABS on wet* surface was confirmed.  

But wheels might be locked on not only wet surface 

but also dry surface, because a driver may make a 

hard braking on dry surface. 

Table 5 and 6 show the results of all road surface 

condition similar way to Table 3 and 4.  The groups 

that show significant effects are as follows; 

Male 

Day, rear-end/1P, with|without a passenger (12%, 

25% reduction) 

Day, single-vehicle/1P, without a passenger (29%) 

Day, all types of collision, with a passenger (15%) 

Night, single-vehicle, with|without a passenger 

(25%, 32%) 

Female 

Day, rear-end/1P, without a passenger (18%) 

Day, single-vehicle, with a passenger (57%) 

Night, rear-end/1P, without a passenger (21%) 

Due to the small data size, the effect of ABS was not 

shown for some potential groups.  But ABS may 

reduce the risk of rear-end/1P and single-vehicle/1P 

on all surface conditions even if there are differences 

between reduction levels. 

  The differences between the reduction levels might 

be explained with the road use and driving 

characteristics. 

 

Relative Accident Rates by Road Surface 

Condition and Driver Age 
 

The road use and driving characteristics are related to 

sex and age of driver. 

Table 7 and 8 show the numbers of accidents and the 

relative accident rates by age group, road surface 

condition and with/without ABS.  Odds-ratios are 

also presented in these tables to discuss the effect of 

ABS by road surface condition. 

The data size of female drivers on wet* surface is so 

small that female drivers on wet* were not discussed 

even if there is a significant effect statistically. 

The significant effects are shown in following 

groups; 

Day, 

Male, 18-24yrs, dry (24% reduction) 

Male, all age, dry|wet* (21%, 11%) 

Female, all age. dry (17%) 

Night 

Male, 18-24yrs|25-44yrs, wet* (40%, 41%) 

These results of younger drivers are consistent with 

an assumption that the effect of ABS is great for 

drivers those who might make a hard braking 

frequently. 

 

Relative Accident Rates by collision type and 
driver age 
 

The effect of ABS was confirmed for rear-end/1P and 

single-vehicle/1P for all age group.  For further 

discussion about type of collision, the number of 

accidents and the relative accident rates by age group, 

road surface condition and with/without ABS for 

single-vehicle and angle collision were calculated.   

Female drivers were not analyzed because of small 

data size.  Odds-ratios are also calculated. 

 

     Single-vehicle  Table 9 shows the result of 

single-vehicle collision.  The significant effects are 

shown in following groups; 

Day, 18-24yrs|44-64yrs, dry (49%, 43% reduction) 

Night, 45-64yrs, dry (47%) 

The difference between the effects of ABS is thought 

to reflect the road use and driving characteristics for 

each age group. 

 

     Angle collision  Table 10 shows the result of 

angle collision.  There is a significant effect for one 

group.  However it is better to conclude that there is 

no effect of ABS for angle-collision as shown in 

Table 3, 4, 5 and 6 considering odds-ratios of others.   

  

Relative Accident Rates by With/without a 
Passenger and driver age 
 

The significant effects of passenger were shown in 

Table 3, 4, 5 and 6.  And Table 11 and 12 were 

shown for further discussion about the effect of ABS 

considering the existence of a passenger. 

The significant effects of ABS were shown in 

following groups; 

Wet* 

Day, 18-24|25-44|45-64|65yrs- , without a passenger 

(6%, 27%, 15%, 15% and 21% reduction) 

Night, 18-24|25-44yrs, without a passenger (40%, 

41%) 
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Dry 

Day, 18-24yrs, without a passenger (24%) 

Day, all age, with|without a passenger (11%, 23%) 

 

Table 13. 

The effect of ABS by road surface condition, sex 
of driver and day/night 

 (Rear-end/1P, all age, without a passenger) 

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)

day 0.79 0.62 - 0.96 0.89 0.81 - 0.98

night 0.62 0.44 - 0.79 0.99 0.85 - 1.12

day 0.77 0.52 - 1.01 0.83 0.70 - 0.96

night 0.96 0.52 - 1.40 1.04 0.78 - 1.29

wet* road surface dry road surface

Male

Female
 

 

Table 14. 
The effect of ABS by road surface condition, 

collision type and day/night 
 (All age, male, without a passenger) 

Raw/Rnw (95% C.I.) Rad/Rnd (95% C.I.)

day 0.79 0.62 - 0.96 0.89 0.81 - 0.98

night 0.62 0.44 - 0.79 0.99 0.85 - 1.12

day 0.90 0.46 - 1.34 0.67 0.49 - 0.85

night 0.67 0.35 - 1.00 0.77 0.54 - 1.00

day 0.88 0.68 - 1.09 1.00 0.91 - 1.10

night 1.03 0.68 - 1.38 1.05 0.89 - 1.22
Angle/1P

wet* road surface dry road surface

Rear-
end/1P
Single-
veh/1P

 

 

Table 15. 

The effect of ABS by with/without a passenger, 

road surface condition, and day/night 
 (Rear-end/1P, all age, male) 

.
Raz/Rnz (95% C.I.) Rap/Rnp (95% C.I.)

day 0.79 0.62 - 0.96 0.70 0.38 - 1.03

night 0.62 0.44 - 0.79 0.45 0.19 - 0.72

day 0.89 0.81 - 0.98 0.77 0.61 - 0.92

night 0.99 0.85 - 1.12 0.94 0.64 - 1.24

with out passenger with a passenger

Wet *

Dry
 

 

 

DISCUSSION 
 

Age and sex 
 

There are several ideas about the relation between the 

effect of ABS, age and frequency of hard braking. 

A young driver may make a reckless driving easily so 

that he may experience much hard braking. 

An old driver might reduce his cognition ability 

especially visual, so he may make much cognition 

errors and hard braking. 

But there is no remarkable relation between the effect 

of ABS and age (See Table 7 and 8). 

It is necessary to study about road use and driving 

characteristics of younger and older drivers for 

further discussion.  

 

Sex, day/night and road surface condition  
 

The data of odds-ratios for all age of Table 7 and 8 

are arranged (See Table 13).  There are some groups 

without significant effects.  However it is clear that 

the effect of ABS is greater on wet* surface than dry 

surface without regard to sex and day/night.  

For male drivers, the effect of ABS is the greatest on 

wet* surface at night.  But for female drivers, there 

is not such a tendency.  A female driver may change 

her driving behavior according to road traffic 

condition or may make it a rule not drive at night. 

 

Collision type 
 

The data of odds-ratios for all age of Table 7, 9 and 

10 are arranged (See Table 14).  There are some 

groups without significant effects. 

At night the effect of ABS is greater on wet* surface 

(33%) than dry surface (23%) for single-vehicle/1P, 

but there is not a significant difference between wet*  

and dry surface for angle collision/1P. 

Rear-end/1P and single-vehicle/1P can be reduced by 

improving braking performance but angle collision 

can not be improved as much as rea-end/1P or 

single-vehicle/1P. 

Because the main cause of angle collision or 

vehicle-pedestrian collision is cognition-error or 

inadequate driving behavior and an improvement of 

braking performance rarely reduce the risk of these 

collisions. 

 

Passenger 

 

The data of odds-ratios for all age of Table 11 and 12 

are arranged (See Table 15).  There is an effect of 

ABS without regard to existence of passenger or road 

surface condition, and the reduction effect is greater 

for with a passenger (wet*-day 30%, wet*-night 55%, 

dry-day 23%, dry-night 6% reduction) than without a 

passenger (21% ,38%, 11%, 1%).  

On wet* surface the effect at night (without a 
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passenger 38%, with a passenger 55%) is greater 

than in daytime (21%, 30%), but on dry surface the 

effect at night-time (without a passenger 1%, with a 

passenger 6%) is smaller than in daytime (11%, 

23%). 

 

Control data: Quasi-induced exposure 
 

In this study the odds-ratios of day and night, male 

and female and wet* and dry were not compared 

with directly.  Because these factors are related to 

road use and driving characteristics, which influence 

the rate of accident, including rear-end collision. 

The results show that there is an effect of ABS to 

reduce rear-end collisions. So the number of 

rear-end/2P is expected to be decreasing according to 

increase of cars with ABS.  Therefore conditions of 

these factors were controlled to give the same 

influence to each group in this study. 

The author made several calculations using the 

number of vehicle-pedestrian collision or angle 

collision instead of rear-end/2P.  But the results 

were not reasonable, because the number of these 

collisions does not satisfy the condition of control 

data; the control data should be not influenced by 

driving characteristics of concerned drivers. 

 

Improving the effect of ABS 
 

The effect of ABS with a passenger is greater than 

that without a passenger. 

This result shows the mechanism of supporting a 

driver that ABS is helping a driver in operation and a 

passenger is helping him in cognition.  And the 

effect of ABS may be improved with other safety 

device that assists a driver in cognition. 

 

Accident experience 
 

Accident experience might influence driving 

characteristics.  There is not useful information 

about the relation between the effect of ABS and 

accident experience (Cummings 2007), but another 

integrated database of ITARDA (Nishida 2008) may 

be useful for discussion of this topic. 

 

CONCLUSIONS 

 

Using the integrated database, the effect of ABS was 

analyzed considering following factors; road surface 

condition, sex and age of driver, collision type, 

day/night and existence of passenger. 

The results show; 

1) ABS has a reduction effect of rear-end collision 

(1-38% reduction) and single-vehicle collision 

(10-33%),  

2) the level of reduction differs in sex and age of 

driver, day/night and road surface condition, 

3) the effect of ABS with a passenger is greater 

than that without a passenger, 

4) the effect of ABS is not clear for some driver 

groups, but this result is explained by 

considering road use and driving characteristics 

of these groups. 

The information are useful to improve the effect of 

ABS not only the viewpoint of from education but 

also engineering. 
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ABSTRACT 

In one of the Advanced Crash Avoidance 
Technology (ACAT) projects, a computational 
simulation approach has been used to assess the 
potential benefit of three advanced Driver 
Assistance Technologies in a lane departure 
scenario. The main advantage of a computational 
simulation approach to driver assistance 
technologies evaluation is that a wide range of 
conditions can be explored at a comparatively low 
cost. Also, though multiple data sources related to 
traffic safety are available, few approaches make 
systematic and integrated use of them. Using them 
to validate simulation components provides a way 
of integrating data from various sources into a 
reusable format. 

When using simulation, the properties of each 
simulated component need validation. The 
objective of this paper is to describe data 
requirements for component validation, as well as 
how data which meet the requirements has been 
identified and extracted. The basic approach of the 
project is to look at each simulated component and 
determine which of its properties influence scenario 
outcome. Data sources which provide input on 
those properties are identified, and data from them 
is extracted and prepared for use in the simulation. 
To achieve a high level of detail and accuracy for 
all components, data from multiple sources are 
used including crash databases, field operational 
tests, testing on test-tracks and driving simulator 
experiments.   

The research conducted in this project shows that 
sufficient data can be obtained to validate the 
properties of the simulation components. There are 
limitations in available data for some sources 
which raises questions of representativity, but these 
can in principle be overcome by extended data 
collection. The research also shows that while 
extensive effort may have to go into validation the 
first time a simulation is developed, similar 
subsequent projects will require much less 

validation effort since the simulation components 
can be reused. 

INTRODUCTION 

This paper describes part of the research performed 
in one of the projects funded by NHTSA under the 
Advanced Crash Avoidance Technologies (ACAT) 
program [1], performed by a team of researchers 
from Volvo Cars, Ford and UMTRI (referred to as 
the VFU-team). The underlying purpose of the 
ACAT program has been to address gaps in current 
knowledge about the performance and likely 
effectiveness of new and emerging active safety 
technologies in reducing crash numbers.  

The VFU-team has focused its work on three 
advanced driver assistance technologies, developed 
by Volvo Cars, which address crashes initiated 
through lane departures. These crashes include road 
departure crashes, head-on collisions, sideswipes, 
and other crash modes. The technologies are Driver 
Alert Control (DAC), Lane Departure Warning 
(LDW), and Emergency Lane Assist (ELA). Driver 
Alert Control is designed to estimate the 
impairment level of a driver and inform the driver 
of his/her impaired state, where impairment is 
assessed through quality of lane keeping over time. 
The driver is informed of his/her state so as to 
support a decision to continue to drive. Lane 
Departure Warning is aimed at warning the drivers 
if they are inadvertently drifting out of their lanes. 
Under such a scenario, LDW supports the driver by 
generating a warning. LDW will not take any 
automatic action to prevent a possible lane 
departure. Responsibility for the safe operation of 
the vehicle remains with the driver. Emergency 
Lane Assist relies on the detection of the vehicle 
position with respect to the road lane markings as 
well as detection of vehicles (both oncoming and 
those being overtaken) in the adjacent lanes. If a 
lane drift or lane change maneuver is commenced 
and this implies a risk for collision with an 
oncoming or overtaking vehicle, ELA applies a 
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torque to the steering wheel in order to prevent 
collision and return the vehicle to its original lane.  

All of these driver assistance technologies aim at 
detecting degraded driving and to provide suitable 
information, warning, or intervention. Together 
they form a logical chain of warnings and 
interventions. DAC is expected to influence the 
exposure of drivers to episodes of drowsy driving 
and hence operates in the earliest phase. LDW and 
ELA are relevant to the evolution of vehicle 
kinematics during a conflict, and operate in the 
early and late conflict stages.  

Non-conflict     Conflict Imminent crash Crash Post-crash

DAC LDW ELA

crash avoidable crash unavoidable

 
Figure 1.  NHTSA crash phase timing. 

 

THE VFU-TEAM APPROACH – 
COMPUTATIONAL SIMULATION 

As described by NHTSA, an ACAT project should 
meet two goals. The first is to develop a formalized 
Safety Impact Methodology (SIM) tool to evaluate 
the ability of advanced crash avoidance 
technologies in full vehicle systems to solve 
specific motor vehicle safety problems. The second 
objective of the program is to demonstrate how the 
results of objective tests can be used by the SIM to 
establish the safety impact of a real driver 
assistance technology.  

The VFU-team has chosen to address the first goal 
by developing a SIM tool which at the core uses a 
detailed mechanism-based (continuous-time 
simulation) approach to represent the potential 
influence of driver assistance technologies. The 
basic SIM procedure starts by exploring real-world 
crash mechanisms using both statistical and in-
depth analysis of recorded crash events in order to 
understand contributory factors and event 
sequences, including the role of tiredness, 
distraction and judgment in actual crashes 
involving lane/road departure. This information is 
then used to develop a comprehensive set of 
Driving Scenarios (DS) which precede the crashes. 
The DS are then further parameterized in all 
aspects necessary to represent them in software via 
a computational model. This means that all 
components needed to evaluate the influence of a 
driver assistance technology in the DS (vehicle, 
driver, road environment and technology) are 
represented through computational sub-models 
interacting in a virtual environment rather than 
physical objects interacting in the real world. 
Following the definition and parameterization of 
the full DS set, multiple cases are sampled and run 
in a Monte-Carlo simulation. The computational 

model time-steps from the starting point of each DS 
until the DS has run for a pre-defined time interval 
(for example 10 or 20 seconds).  

The DS precede the crashes but they are not pre-
crash scenarios in the sense that a crash inevitably 
follows from DS development. Rather, crashes may 
or may not result from any given DS as it develops 
over time (this applies both to real driving and 
simulations). The DS are thus “coarse-grain” in the 
sense that they cover a broad range of situations 
which include the ones that lead to crashes but also 
a number of situations where no crash occurs. In 
other words, rather than looking at single case 
accident reconstruction, the aim is to generate an 
ensemble of crash/no-crash situations, and then 
study whether the crash avoidance technology 
under evaluation changes the overall proportions of 
crash/non-crash outcome for this ensemble. 
Running the simulation for all DS’s therefore 
results in two distributions of virtual conflicts and 
crashes, one with the technology and one without. 
These distributions are then mapped to real-world 
crash types and frequencies using some form of 
crash metric, as illustrated in Figure 2: 

 

crash metric 

1DS 2DS 

N DS 

without  with  

 

 
Figure 2.  Driving Scenario resolution for Monte 
Carlo simulation with and without the specific 
safety technology being evaluated. 

 

DATA REQUIREMENTS AND SOURCES IN 
A COMPUTATIONAL SIMULATION 
APPROACH 

It can be argued that all approaches to evaluation of 
a driver assistance technology have the same 
representation issues which must be addressed. 
Basically, the characteristics of the four 
components necessary for evaluation (driver, 
vehicle, technology and evaluation environment) 
should be either identical or at least sufficiently 
similar to their counterparts in real world crash 
characteristics, otherwise evaluation results could 
be called into question.  

Each of the components necessary for evaluation 
must be correctly represented in two aspects. One 
is the structural aspect. Taking the vehicle as an 
example, for the evaluation to be valid, one must 
first identify the characteristics of vehicles typically 
involved in the targeted crash type, and then find a 
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way to represent those characteristics in the actual 
evaluation. For physical measurements, this usually 
means bringing vehicles with those characteristics 
to the test track or out in the field. For 
computational simulation, it means implementing 
virtual vehicles with those characteristics in the 
simulation, with the general ability to interact with 
the other sub models. 

The second aspect of representation is more 
functional or dynamic in character. Each 
component needs a definition of (1) its initial state 
at the beginning of the evaluation and (2) how it 
should respond to change. Again using the vehicle 
as an example, one must provide clear values for 
the vehicle’s initial state in all test configurations 
(its initial speed, initial lane position, etc). One 
must also provide clear definitions of how it should 
react to, for example, a steering input from the 
driver (suspension settings, tire properties, etc).   

In these representation issues, a computational 
simulation approach faces a somewhat different 
challenge compared to evaluations based on 
physical measurements. Due to the possibility of 
running tens of thousands simulations with 
different component configurations, 
representativeness is less of a problem in a 
simulation approach. While in physical 
measurements one usually must select just a few 
configurations to represent the crash problem due 
to limitations in resources and time, in a simulation 
approach one can run most (or even all) possible 
configurations. On the other hand, since driver, 
vehicle, environment and technology 
characteristics all are represented as sub-models in 
a virtual environment rather than through their 
physical counterparts, extensive work has to go into 
making these models and the environment act as 
they would have in real life in all relevant aspects. 

The main challenge for a simulation approach 
therefore is one of validity rather than 
representativeness, and its outcome will depend on 
how well each sub-model represents its real life 
counterpart in the simulation of relevant aspects. 
This has consequences for how results from 
objective testing can be used in the SIM tool. 
Basically, to ensure that each sub-model represents 
its real life counterpart, all three sub-model aspects 
(functional structure, initial state and response to 
change) must be validated against real world data 
in some way. A substantial part of the VFU team’s 
work has therefore been devoted to retrieving and 
processing the structure and performance data 
needed for such sub-model development and 
validation.  

To achieve a high level of detail and accuracy for 
all components, data from multiple sources must be 
used. Though crash data from sources such as GES 
is a natural starting point for such work, and forms 

an essential part of defining the crash 
circumstances which the technologies under 
evaluation are meant to address, crash data in itself 
contains limited or no detail on a number of the 
pre-crash conditions or parameters which must be 
defined in order to perform reliable simulations.  

To overcome some of the limitations of crash data, 
the methodology developed in this project has been 
to let crash data supply “one leg of the tripod”, 
while the second and third leg is in naturalistic 
driving data and objective testing. Objective testing 
here refers both to testing of vehicle and 
technology performance (“technical testing”) as 
well as to testing of human-technology interactions 
(“human factors testing”).  

This means that in relation to the second objective 
of the ACAT program (demonstrate how results of 
objective tests can be used by to establish the safety 
impact of a real driver assistance technology), the 
role of objective testing is driven towards 
calibration and validation of computational sub-
models and their interaction in the simulation. Data 
sources used in this project include:  

• Design information and algorithms associated 
with the driver assistance technologies 

• Basic scientific knowledge about vehicle 
dynamics and driving dynamics 

• Statistically valid crash databases and detailed 
investigations of crash causation (GES, CDS, 
etc.) 

• Databases of naturalistic driving (obtained 
from previous Field Operational Tests) 

• Databases of roadway characteristics  

• Objective tests in the form of detailed 
technical tests of the vehicle and the driver 
assistance technologies, typically on a test 
track 

• Objective tests designed to capture typical 
ranges of human performance where the 
driver is in the loop, typically on a test track 
or in a driving simulator. 

In the following, the properties of each tripod leg 
will be described. The description will focus on 
how each tripod leg has been used to contribute to 
the development and validation of the 
computational sub-models. 

THE FIRST LEG OF THE TRIPOD - 
DEFINING SUB-MODELS USING CRASH 
DATA  

Data used directly to develop the sub-models used 
in the simulation include the National Automotive 
Sampling System General Estimates System 
(NASS GES) and NASS Crashworthiness Data 
System (CDS), crash data from the State of 
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Michigan, and roadway geometric information 
from the Highway Performance Monitoring System 
(HPMS). While HPMS is not strictly a crash data 
source, it is discussed here because its use is 
entwined with crash data. 

Using Statistical Crash Data 

The NASS GES is a nationally-representative 
sample of police-reported crashes, compiled by the 
National Center for Statistics and Analysis in the 
NHTSA. GES is a probability sample of motor 
vehicle crashes that occurred in the United States. 
The GES file covers crashes of all severities and all 
vehicle types.  Police accident reports (PARs) are 
sampled from approximately 400 police 
jurisdictions within 60 primary sampling units and 
sent to a contractor for coding. The GES data 
includes a description of the crash environment, 
each vehicle and driver involved in a crash, and 
each person involved in a crash. GES data are 
coded entirely from police reports, without any 
supplemental investigation. Consequently, the data 
in GES is limited to what is available on a PAR. 
GES typically includes records for about 100,000 
motor vehicles involved in 60,000 crashes. 

In relation to sub-model development and 
validation, the crash data in the GES file is 
primarily useful to at a high level characterize the 
DS relevant to the technologies. This formed a very 
important part of the work in the project, because 
even if the crash data itself does not contain all 
details needed to run simulations, it provides a 
delimitation of the crash problem and thus the 
framework within which further parameters and 
details are necessary to work out.  

The GES data include a set of variables that 
captures the sequence from just prior to the 
initiation of the “crash envelope” to the collision or 
other harm-inducing event. The crash envelope is 
defined as extending from the point in which the 
driver recognizes an impending danger or the 
vehicle was in an imminent path of collision with 
another vehicle, animal, or non-motorist to the 
point at which the driver either has successfully 
avoided the collision or the collision has occurred.  
Data elements record the vehicle maneuver 
immediately prior to the critical envelope (in the 
pre-crash maneuver variable), the event or 
condition that made the situation critical (critical 
event), the corrective action taken by the driver, 
and the stability of the vehicle after the maneuver. 
There is also an accident type variable that captures 
the relative position and movement of the vehicles 
leading to the first harmful event [2]. All of these 
variables appear in the GES and CDS data sets [3]. 

The approach to capturing crash events in GES 
(and CDS as well) is well-suited to a project 
focusing on evaluation of driver assistance 
technologies. Many other crash data systems focus 

on the first harmful event, or provide a sequence of 
events in the crash, which record the series of 
harmful events. But in crash avoidance research, 
information about the vehicle state prior to the 
initiation of the crash sequence and any harmful 
event is more interesting. The driver assistance 
technologies evaluated in this project all monitor 
vehicle position within the lane in normal driving, 
prior to any crash or conflict. Vehicle movement 
prior to the critical event (P_CRASH1) and critical 
event for this vehicle's first impact (P_CRASH2), 
in the GES file are therefore of primary interest in 
identifying the relevant crash types [4]. 

The identification of target crash types was 
accomplished primarily by the two variables, 
Vehicle movement prior to critical event 
(P_CRASH1) and critical event for this vehicle's 
first impact (P_CRASH2). However, a number of 
other variables were included to refine the 
identification of crashes that might be influenced 
by DAC, LDW or ELA. These variables record the 
number of vehicles in the crash, whether the 
vehicle was involved in the first harmful event in 
the crash, the travel speed of the vehicle, and 
whether the driver was under the influence of 
alcohol or drugs.  

Based on the general crash characteristics identified 
as relevant to the DAC, LDW or ELA technologies, 
four dynamically-distinct crash types were 
identified as relevant to the technologies.  

• Single-vehicle road departure 

• Prior lane-keeping, lane departure 

• Changing lanes, lane departure 

• Other lane or road departure, prior 
lane-keeping or changing lanes 

Furthermore, a number of vehicle, environmental 
and driver factors were examined in relation to the 
target crash types. The purpose was to identify 
factors associated with the crash types which could 
be used to specify the structural and functional 
aspects of the sub-models. For example, in relation 
to the environment, types of roadway, roadway 
alignment, weather, road surface conditions and 
light conditions were studied. In relation to the 
driver model, Driver fatigue was investigated.  

It was found that road type and road curvature are 
stable and can be assumed to be reliably reported. 
Weather, road surface conditions, and light 
conditions are less stable but can still be considered 
sufficiently reliable in the crash data. Driver fatigue 
however is both very difficult to identify and 
transient. However, there is no feasible alternative 
source of information other than the crash data. 
While many cases of fatigue may be missed, it is 
assumed that the cases that are identified are true 
cases of fatigue. 
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In the end, a total of 36 crash scenarios were 
identified, accounting for 96.6 percent of target 
crashes. Of these, the top 25 crash scenarios 
(accounting for 90.5% of the target crash scenarios) 
were targeted for simulation using the Safety 
Impact Methodology (see Table 1).  

Table 1. 

Top 25 Crash Scenarios for Targeted Crash 
Types, From GES 2002-2006 

Road type Roadway 

alignment

Weather & 

road surface

Light 

condition

Driver 

fatigued

Percent Rank

2 or more lanes, 

divided

Straight Not adverse, 

dry

Daylight No 19.7 1

2 or more lanes, 

undivided

Straight Not adverse, 

dry

Daylight No 9.9 2

2 or more lanes, 

divided

Straight Not adverse, 

dry

Not 

daylight

No 9.1 3

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Daylight No 8.6 4

2-lane, 2-way 

undivided

Curve Not adverse, 

dry

Daylight No 5.8 5

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Not 

daylight

No 5.2 6

2-lane, 2-way 

undivided

Curve Not adverse, 

dry

Not 

daylight

No 4.1 7

2 or more lanes, 

undivided

Straight Not adverse, 

dry

Not 

daylight

No 3.1 8

2 or more lanes, 

divided

Straight Adverse, not 

dry

Daylight No 2.5 9

2 or more lanes, 

divided

Curve Not adverse, 

dry

Daylight No 2.4 10

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Daylight Yes 1.9 11

2 or more lanes, 

divided

Straight Adverse, not 

dry

Not 

daylight

No 1.9 12

2 or more lanes, 

divided

Straight Not adverse, 

dry

Not 

daylight

Yes 1.8 13

2-lane, 2-way 

undivided

Curve Adverse, not 

dry

Daylight No 1.8 14

2 or more lanes, 

divided

Straight Not adverse, 

dry

Daylight Yes 1.7 15

2 or more lanes, 

divided

Curve Not adverse, 

dry

Not 

daylight

No 1.6 16

2-lane, 2-way 

undivided

Straight Adverse, not 

dry

Daylight No 1.4 17

2 or more lanes, 

divided

Straight Not adverse, 

not dry

Daylight No 1.2 18

2 or more lanes, 

undivided

Straight Adverse, Not 

dry

Daylight No 1.2 19

2-lane, 2-way 

undivided

Straight Not adverse, 

dry

Not 

daylight

Yes 1.2 20

2-lane, 2-way 

undivided

Straight Adverse, not 

dry

Not 

daylight

No 1 21

2-lane, 2-way 

undivided

Curve Adverse, not 

dry

Not 

daylight

No 1 22

2 or more lanes, 

undivided

Curve Not adverse, 

dry

Daylight No 1 23

2-lane, 2-way 

undivided

Straight Not adverse, 

not dry

Daylight No 0.8 24

2-lane, 2-way 

undivided

Curve Not adverse, 

not dry

Daylight No 0.7 25

 

 

Using In-depth Crash Data 

The NASS CDS file was also used in the high level 
characterisation of the DS to identify relevant crash 
types. CDS is a data system complementary to the 
GES file. The CDS investigations go beyond the 
PARs to include on-site investigation and 
documentation of the scene, as well as 
measurements of all crash damage on the vehicles, 
extensive documentation of crash injuries using 
hospital and other records, and estimates of the 
change in velocity (delta v) for each vehicle in the 

crash, where possible. Case materials for individual 
CDS crashes are available on the internet [5].  

Since CDS uses the same set of variables and 
definitions as GES, the CDS cases can be used as a 
sample of the types of events that would be 
selected in GES. CDS cases that met the selection 
algorithms developed for GES were reviewed to 
see if these crashes had the characteristics relevant 
for the technologies. Because the original case 
materials for the GES cases are not available for 
review, the ability to review more in-depth cases in 
CDS also provided valuable insight into how 
crashes are classified. The review confirmed that 
the algorithms developed for GES identified the 
appropriate crashes. 

Using Highway Performance Monitoring Data 

Detailed roadway geometric data are needed to 
make a correct sub-model regarding the 
characteristics of the roadway where lane/road 
departure crashes occur, such as lane widths, lane 
markings, radius of curvature, shoulder width, and 
shoulder type. This information is not available in 
the GES data, which only distinguishes curved 
from straight roads, the number of travel lanes, and 
a few other details. The more detailed information 
is however available in roadway inventory files, 
such as the Highway Performance Monitoring 
System (HPMS) data on the road system. Highway 
Performance Monitoring System (HPMS) Data 
represents the national highway system and 
includes data on the extent, condition, performance, 
use and operating characteristics of the Nation’s 
highways [6].   

However, because GES crashes are not geolocated 
(i.e., located using a standard geographic reference 
system such as longitude and latitude), it is not 
possible to link the GES crashes directly to a 
roadway inventory file. Accordingly, it is necessary 
to obtain descriptions of the roadway geometry for 
the target crash types from some other source. The 
Michigan Crash files was able to provide a link to 
such data, because all crashes in Michigan are 
geolocated (located by latitude and longitude) and 
those locations can be linked to roadway inventory 
data, specifically Highway Performance 
Monitoring System (HPMS) Data.  

The Michigan crash data captures information on 
crashes entered by police officers on the Michigan 
crash report, and includes data on all reportable 
crashes involving a motor vehicle. Reportable 
crashes involve a motor vehicle in transport on a 
roadway resulting in a fatality, injury, or property 
damage of $1,000 or more. This standard is 
reasonably comparable with reporting standards in 
most other states and thus with crashes in the GES 
file. Many of the variables in the Michigan crash 
file that describe the crash environment, such as 
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weather, road condition, number of lanes, speed 
limit, and travel speed, are compatible with similar 
variables in GES, even though it was necessary to 
develop comparable selection criteria for other 
variables. 

The Michigan crash file was analyzed to identify a 
set of crashes which matched as close as possible to 
the target crash types identified in the GES file. In 
addition, selected standard characteristics of the 
Michigan road system were compared with national 
distributions. The purpose of these comparisons 
was to demonstrate that the Michigan roadway 
system is reasonably comparable with the national 
road system. A method was then developed to 
match the crash scenarios on the sampled segments 
in Michigan to national estimates from GES. This 
made it possible to identify detailed crash scenarios 
relevant to the DAC/LDW/ELA technologies in the 
Michigan data which are comparable to those in the 
GES crash data. Since all police-reported crashes in 
Michigan are geolocated, the identified crashes and 
their crash sites could be linked to the HPMS 
roadway files and the detailed roadway information 
they contain, thus providing a very detailed 
geometric description of the roadway at those crash 
locations. This description could then be used to 
calibrate and validate the roadway sub-model in the 
simulation.  

THE SECOND LEG OF THE TRIPOD - 
DEFINING SUB-MODELS USING 
NATURALISTIC DATA  

It is clear that all the parameters needed for a 
reasonably comprehensive representation of the DS 
needed for the SIM simulation are not available 
directly from GES crash data.  For example, 
information about vehicle kinematics such as 
specific speeds, yaw rates, lane positions, etc, just 
prior to a road departure is not captured in crash 
databases.  However, this information is needed in 
order to develop proper sub-models which can 
simulate the potential benefits of the driver 
assistance technologies as envisioned in the Safety 
Impact Methodology (SIM).  Hence these must be 
derived from other sources, specifically from 
naturalistic driving data.  

Naturalistic data from UMTRI’s RDCW (Road 
Departure Crash Warning) Field Operational Test 
(FOT) was found to be sufficiently comprehensive 
in terms of the data for the purposes of populating 
the relevant elements of the scenarios. The RDCW 
FOT collected data from 78 drivers distributed 
evenly by gender and within three age groups.  The 
total distance traveled was 83,000 miles, covering 
almost 2,500 hours and over 11,000 separate trips 
spanning a 10-month window that included 
summer, fall, and winter weather. The drivers used 
11 specially instrumented passenger sedans 
equipped with the RDCW safety technologies 

being evaluated and UMTRI’s data acquisition 
system. The RDCW safety technologies targeted 
crashes involving vehicles that drift off the road 
edge or into occupied adjacent lanes, as well as 
those involving vehicles traveling too quickly into 
turns for the driver to maintain control. A detailed 
report on the FOT results, including technology 
effectiveness, driver responses, and other findings 
was submitted to the US DOT at the conclusion of 
the FOT [7].   

It is clear that the distributions for parameters such 
as vehicle speeds and lane positions need only 
encompass the universe of the relevant crashes of 
interest (i.e., those crashes relevant to the driver 
assistance technology that is being simulated), and 
not the entire universe of driving behaviour.  
Therefore, the data mining from naturalistic 
databases was done using the high level DS 
characterisation obtained from crash data as the 
input variables (see Table 1 above).  

A key element of data mining from naturalistic data 
is to ensure that the parameter distributions exclude 
driving for which the dominant crash type is non- 
technology-relevant. For example, in high traffic 
situations, the probability of a rear-end crash 
occurring because of multi-vehicle interactions 
(two or more) is higher than crashes due to single 
vehicle road departures, so high traffic situations 
should be excluded from the mining process.  

The RDCW database includes a traffic density 
parameter that can be used to filter out high traffic 
situations.  Additional resolution of traffic densities 
can be determined by looking at various other 
vehicle parameters such as the combination of 
repetitive braking and acceleration, inappropriate 
following distances and vehicle speeds not 
commensurate with roadway types (e.g. too slow 
for freeway driving).   

Figure 3 shows the distributions of some of the key 
parameters for Crash Scenario 1 as identified from 
GES in Table 1 above. This scenario consists 
mainly of driving on limited access roads that are 
two or more lanes with divided medians (e.g. 
freeways & interstates), no adverse weather 
conditions, straight and dry roads, with the crashes 
occurring during daylight hours when the driver 
was not fatigued. 
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Figure 3.  Distributions of vehicle parameters 
for Crash Scenario 1 in Table 1 above. 

 

THE THIRD LEG OF THE TRIPOD - 
DEFINING THE SUB-MODELS USING 
OBJECTIVE TESTING 

While GES crash data and naturalistic driving data 
are very valuable data sources, some characteristics 
of the sub-models can only be obtained through 
appropriate objective testing.  

This in particular concerns the functional or 
dynamic aspects of the driver assistance 
technologies and the driver, and is driven by sub-
model implementation issues. For the driver 
assistance technologies, there are two main ways of 
implementing them in the simulation. One can 
either use the actual technology software, or create 
a sub-model which replicates the technology’s 
behaviour without being identical to the technology 
itself. Regardless of choice in this regard, because 
the virtual world in which the technology will run 
will not represent the full complexity of the real 
world, the performance of the technology in that 
virtual world needs to be calibrated against real 
world technology performance.  

If this is not done, there is a risk that the 
technologies will over-perform during evaluation, 
since they would operate under the somewhat 
idealised conditions which exist in the 
computational simulation, and the driver model 
would not capture the behaviour of real drivers. For 
example, if the lane markings which a LDW 
technology depends on for lane tracking always are 
perfectly visible in the virtual world, the LDW sub-
model will always have perfect lane tracking in the 
simulation. However, lane markings in the real 

world sometimes are faded or missing entirely, and 
LDW availability is therefore less than 100 percent 
in the real world, depending on lane marking 
quality. The LDW sub-model used in the 
simulation must therefore be calibrated to match 
the performance of a LDW running on real roads.  

The same is true for the driver sub-model. In this 
case, the option of implementing the actual driver 
software is not available. Driver behaviour 
therefore has to be represented  by a sub-model 
which imitates relevant aspects of driver behaviour 
in the relevant DS, such as inputs to brake pedal 
and steering wheel, without therefore claiming to 
represent the actual structure of human emotional, 
cognitive and/or motor processing. Calibrating the 
driver sub-model’s performance in terms of action 
and reactions to the performance of real drivers is 
therefore very important for the validity of 
evaluation results.  

Of course, the same principle applies also to the 
vehicle sub-model. However, in relation to the 
driver assistance technologies evaluated in this 
ACAT project, the performance of the vehicle sub-
model is a smaller issue. Since none of the 
technologies are intended for scenarios associated 
with dynamic instability (i.e. the vehicle somehow 
starts to skid or lose traction), the influence of 
vehicle dynamics on technology performance will 
be limited. For example, the intervention provided 
by ELA (steering the vehicle back into the original 
lane if there is a risk of collision with a vehicle in 
an adjacent lane) involves only low lateral 
accelerations and speeds in order to avoid the risk 
of dynamic instability.  

Regardless of whether the testing is performed in a 
driving simulator, on a test track or on public roads, 
the objective tests can be said to come in two 
forms. One is in the form of detailed technical tests 
of the vehicle and its driver assistance technologies 
(technical testing). The other is objective tests 
designed to capture typical ranges of human 
performance where the driver is in the loop (HMI 
testing). The technical tests are used to calibrate 
and validate performance of the simulation relative 
to the driver assistance technologies, while the 
HMI tests are used in a similar way to calibrate the 
simulation for the driver performance. Note that in 
the HMI tests, there is a great deal of variability in 
performance, so the driver sub-model developed in 
the project attempts to capture a range of driving 
behaviors rather than just specific values in single 
recorded events.  

Physical tests were conducted on the track at Volvo 
in Sweden as well as on the field, and in Ford’s 
VIRtual Test Track EXperiment (VIRTTEX), a 
hydraulically powered, 6-degrees-of-freedom 
moving base driving simulator [8-11]. The main 
goal of that testing was to retrieve relevant data for 
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calibrating the technology and driver sub-models 
performance in the simulation to real world 
technology and driver performance. The main 
focus of the track and the field testing was to 
validate the physical performance envelope of 
LDW and ELA. Also, some track testing with naïve 
subjects took place at Volvo, as part of the 
evaluation of DAC. In the driving simulator, the 
emphasis was on human factors tests with naïve 
subjects (e.g. distracted and drowsy driver tests 
with LDW) though again some controlled technical 
tests were included. 

Technical Testing for the Technology Sub-
Models 

To calibrate the technology sub-models against real 
world performance, data from objective testing 
should cover true positive performance, false 
positive performance and availability. Testing the 
true positive performance of a driver assistance 
technology means establishing the extent to which 
it correctly detects and acts in the situation it was 
developed to address. For example, true positive 
performance for LDW can be measured as how 
often a LDW technology produces a lane departure 
warning when a lane departure in fact is occurring.  

Testing the false positive performance of a driver 
assistance technology means establishing the extent 
to which it “cries wolf”, i.e. the technology 
informs, warns or intervenes in situations which are 
not of the targeted type. Or put another way, false 
positives occur when the technology generates 
alerts that would not be seen as helpful by the 
driver. For example, false positive performance for 
LDW can be measured as how often LDW 
produces a lane departure warning even though no 
lane departure is about to occur.  

Testing for availability means establishing for the 
extent to which a technology is able to function as 
intended under various road conditions. 
Technology availability can be defined as the 
percentage of time during a test drive that the 
technology is active and operable relative to the 
total drive time. Availability needs to be evaluated 
on a variety of  roads under various  environmental 
conditions. For example, testing availability for 
LDW could be to drive one or more vehicles 
equipped with LDW in the field under a range of 
weather conditions on different road types, while 
recording for which portions of the drives the LDW 
has sufficiently robust lane tracking to be able to 
detect a lane departure.  

All these three areas must be covered, since they all 
affect the performance of the driver assistance 
technology, and thus the technology sub-model 
when integrated into the simulation. Availability 
can be used to determine for which DS one can 
expect the technology to be available. True positive 
performance indicates how the technology can be 

expected to perform within those DS it is available 
in. Finally, the number of false positives is a key 
indicator of the degree to which a driver may come 
to trust and rely on the technology, and therefore 
important for the tuning of how often, how fast and 
how much the driver sub-model should respond to 
an alert from the technology.  

HMI-Testing for the Driver Sub-Model 

In relation to development and validation of the 
driver sub model, data on several driver 
performance aspects is needed. These aspects can 
be split into two main categories: driver 
performance in the conflict driving phase, and 
driver performance in the non-conflict driving 
phase. These two categories have slightly different 
focus in the types of HMI testing needed to 
calibrate and validate the performance of the driver 
sub-model.  

     Driver Performance in the Non-Conflict 
Driving Phase - Driver Alert Control (DAC) is 
intended to elicit a response from the driver to take 
a rest break soon or let another driver take over, 
based on the technology-inferred “driver state” as 
determined by a broad set of sensor data. Basically, 
the DAC acts as a monitor for the driver in that it is 
analyzing vehicle state data and evaluating  how 
well the car is being “controlled” by the driver. A 
warning signal is issued to the driver based on 
predicted future vehicle states.  

The key point here is that the DAC provides a 
warning to the driver in the non-conflict driving 
phase. The effects of DAC are therefore best 
represented in the simulation by estimates of the 
probability of driver compliance with the 
recommendation to take a rest break. Driver 
compliance deals with the effect of a warning, 
which may result in a variety of driver actions.  At 
best, the driver will take some form of action to 
avoid a potential conflict driving phase in the 
future, for example, taking a break from driving or 
switch drivers if that is possible. At worst, a 
fatigued driver could ignore the DAC warning 
altogether.  Depending on the level of driver 
compliance, the alert may reduce the frequency of 
drowsy driving scenarios, thus reducing crash risk.   

While testing the true and false positive 
performance of the DAC technology still forms an 
integral part of the technical testing, the biggest 
challenge in objective testing for DAC is to find 
ways of establishing determinants for compliance 
and rates of compliance with DAC warnings. This 
challenge is not easily met. There are many factors 
which may influence compliance with DAC 
warnings, including the driver’s perceived urgency 
in reaching a certain destination, the physical 
possibilities of actually taking a rest break or 
switching driver (finding a suitable place to stop at 
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reasonably close), whether the driver thinks the 
assessment made by DAC is correct, etc.  

A full evaluation of all these factors were 
determined to be outside the scope of the current 
project both in terms of time and resources. 
However, some limited testing was carried out to 
determine drivers’ responses to DAC warnings. A 
test track HMI clinic with drowsy drivers was 
performed. In this clinic all but one of the drivers 
received a DAC warning during the drive. When 
asked to give feedback on how they perceived this 
warning (questionnaire study) a large majority of 
the drivers felt the feedback from DAC was useful. 
They also reported that the DAC feedback 
influenced how they drove and that it made them 
more awake. Some of the drivers were surprised by 
the feedback from DAC. The drivers did not 
perceive the feedback as annoying or frightening. 

So far, the testing results therefore seem to indicate 
that drivers who receive a DAC warning will be 
motivated to stop and do something about their 
drowsiness. If this is the case, then drivers will take 
action before the driving situation enters a conflict 
phase. This means that the DAC technology 
basically can be treated as a filter in the SIM-tool; 
by having the technology in the vehicle the number 
of drivers experiencing an unintended lane 
departure due to drowsiness will be reduced to a 
substantial degree.  

     Driver performance in the conflict driving 
phase - In relation to basic driver performance in a 
conflict driving phase, the driver sub-model needs 
to capture and be calibrated for two main aspects of 
driver behaviour. One is typical driver reaction 
times for the type of conflict evaluated. For this 
project, this means that objective testing must be 
carried out to determine how long it takes before a 
driver begins a steering correction when  
discovering or being warned of a lane departure. 
The other main aspect is the intensity and speed of 
the driver response, i.e. how fast a driver steers 
back into the lane when correcting for an 
unintended lane departure. This also has to be 
determined through objective testing in order to 
provide driver sub-model development and 
validation data.  

For evaluation purposes, the driver sub-model also 
must be able to represent a range of driver 
behaviours rather than a single average behaviour. 
For example, in this project it was found that crash 
data commonly cites driver fatigue as a 
contributing factor underlying unintended lane 
departures. For a correct evaluation, the influence 
of that factor should be possible to represent in the 
driver sub-model along with the typical behaviour 
of alert, non-drowsy drivers. Put slightly 
differently, it must be possible to tune one or more 
parameters which influence the driver sub-model’s 

control over the vehicle in a manner which can be 
made consistent with both the driving performance 
displayed by drowsy drivers, as well as alert and 
non-drowsy drivers.  

To exemplify, in this project, one way in which the 
influence of fatigue was captured in the driver sub-
model was by including variable time delays in 
lane-keeping control process. For example, to 
represent visual distraction (the driver closing his 
eyes in a micro sleep), one can introduce a delay in 
the driver sub-model’s processing of visual 
information. More specifically, if the driver sub-
model in a non-distracted state responds to new 
information on lane boundaries as soon as it is 
given, then in a drowsy state, a time delay is 
introduced before new information on lane 
boundaries is processed, even though the main 
simulation process keeps on running.  This means 
that the driver sub-model in its drowsy state will 
begin a steering correction calculation later than it 
would in its non-drowsy state.  

To calibrate and validate the time delay settings in 
the driver sub-model, as well as the corresponding 
behaviour of alert drivers, testing of drivers' 
responses to imminent lane departure events with 
and without driver assistance technologies 
activated were needed. A number of driving 
simulator studies were carried out, focusing on both 
alert and drowsy driver's reactions to, and 
acceptance of, different HMI solutions in lane 
departure situations. Participants drove under a 
variety of simulated conditions including night and 
daytime driving on interstate roads, narrower city 
roads and country roads.  In order to increase the 
number of situations that activated LDW, artificial 
"yaw deviations" were introduced, sometimes in 
combination with secondary tasks that increased 
the likelihood of driver distraction [12].  

From the log files of these studies, data could be 
extracted to determine a typical range of alert and 
drowsy driver reaction times and response types 
(e.g., steering/braking input to the vehicle, 
maximum lateral exceedence, etc) to a lane 
departure event. Since the log files from VIRTTEX 
include both the no warning condition as well as 
drivers getting a warning, typical responses could 
be established both for drivers with and without the 
technology available. 

A further aspect of driver sub-model calibration 
and validation for this project concerns driver 
response to an ELA intervention. The basic 
question is whether drivers will interfere with the 
intervention in a way which counteracts what the 
technology is designed to do. Interference may be 
more or less deliberate, for example, if drivers 
perceive the steering input from ELA to be some 
sort of vehicle malfunction rather than a driver 
assistance intervention, drivers may fight the 
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steering torque applied by ELA. If this is the case, 
then ELA will not be able to successfully intervene 
in all situations it could handle if drivers did not 
interfere. 

Some limited testing for this type of driver 
interference was carried out on a test track. The 
results indicate that drivers’ acceptance of the ELA 
intervention is good. There was a high approval 
rate among test drivers for the intervention 
provided, and no indications of driver interference 
with the intervention. More testing needs to be 
carried out to gain a fuller understanding of driver 
responses to this type of intervention, but for this 
project, it was decided to assume that driver 
interference is of limited import for the evaluation 
of ELA. 

DISCUSSION 

It has not been an explicit goal of this project to 
provide a universal analysis tool for estimating 
safety benefits for all vehicle safety technologies, 
or even all active safety technologies. The goals of 
the study are already ambitious, so the VFU-team’s 
approach has been to focus on specific technologies 
and to develop an approach that seems appropriate 
for those. For a different technology a slightly 
different approach might be preferred. The current 
technologies operate in the non-conflict phase or 
early in the conflict phase and involve a relatively 
high degree of technology interaction with the 
driver. If for another technology (e.g. frontal crash 
mitigation by automatic braking) there is little 
interaction (technology performance is largely 
unaffected by driver actions) then fewer DS may 
need to be explored. 

The research goals have also not explicitly included 
effects of vehicle type, driver age and skill. For the 
vehicle a single target vehicle type (mid-sized 
sedan class) was adopted and assumed to be 
“representative” in some sense. Also, though driver 
behaviour has been derived from a range of test 
subjects (including a wide age range and both male 
and female drivers) the population has not been 
resolved further in this study. 

The computational simulation approach as 
described above is quite complex, and certainly 
contains more elements than simply “test and 
evaluate”. This is because the crash environment – 
incorporating interaction between driver, vehicle, 
driver assistance technology and environment – is 
itself complex. The best approach to such complex 
problems seem to be by pooling and integrating 
available data sources rather than fixing on a single 
data source.  

While extensive effort may have to go into sub-
model validation the first time a computational 
simulation approach is developed, it has the 
advantage of being highly reusable; if a new 

technology addressing a particular crash type needs 
evaluation, only a few sub-models, or parameters 
of the sub-models, need to be updated, the rest can 
be largely reused.  

Apart from reusability, this modularity will also 
allow for a great deal of future enhancement and 
refinement, as research in any of the sub-model 
areas can be applied to that sub-model without 
having to change the overall structure of the SIM. 
Future research and findings can thus easily be 
integrated into the basic version of the SIM.  

CONCLUSIONS 

When developing a computational simulation 
approach, the relevant properties of each simulated 
component need validation, and the major 
challenge is not so much achieving representativity 
as validity. The experiences from the current 
project show that in order to achieve a high level of 
detail and accuracy in the development and 
validation for all simulated components, data from 
multiple sources must be used. These sources 
include crash databases, naturalistic driving data 
from field operational tests, objective testing on 
test-tracks and driving simulator experiments.  

The research also shows that sufficient data can be 
obtained to validate the properties of the simulation 
components. There are limitations in available data 
for some sources which may raise questions of 
representativity, such as for some of the objective 
testing of driver compliance with alerts and 
warnings issued by the driver assistance 
technologies. In principle though, these can be 
overcome by extended data collection.  

Though multiple data sources related to traffic 
safety are available, few approaches make 
systematic and integrated use of them. Using them 
to validate simulation components provides a way 
of integrating data from various sources into a 
reusable format.  

While extensive effort may have to go into sub-
model validation the first time a simulation is 
developed, subsequent projects will require much 
less validation effort since the simulation 
components can be reused. 
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ABSTRACT

NHTSA  published  the  report  “Pre-Crash  Scenario 
Typology for Crash Avoidance Research”, DOT HS 
810 767, in April 2007.  This paper reviews the data 
presented  in this  DOT report  and will  examine the 
data for patterns which may be useful in prioritizing 
safety  technology  strategies  from  a  frequency, 
economic cost and functional years lost perspective. 
Furthermore, techniques are developed and presented 
which offer weighing methodologies which could be 
useful  in  ranking  anticipated  benefits  of  various 
advanced  safety  technologies  currently  coming  to 
market. The paper concludes with calculated rankings 
of  the  six  advanced  safety  technologies,  discusses 
the  ranking  results  relative  to  a  similar  calculated 
ranking  of  ESC  and  offers  some  observations 
regarding  ESC  behavior  and  potential  unexpected 
safety benefits of ESC.

INTRODUCTION

The DOT Report  HS 810 767 “Pre-Crash Scenario 
Typology for Crash Avoidance Research” defined a 
new  37  pre-crash  scenario  typology  for  crash 
avoidance  research  based  upon  the  2004  General 
Estimates System (GES) crash database.   This report 
also  defined  and  provided  information  regarding 
frequency  of  occurrence,  economic  cost  and 
functional  years  lost  for  each  of  the  37  pre-crash 
scenarios.

Crash Categories

The 37 pre-crash scenarios  as defined by this DOT 
report were examined and a pattern emerged which 
indicted that similar scenarios could be grouped into 
broader  common  categories.   These  broader 
categories  encompass  similar  situation,  vehicle  and 
driver dynamics.   The benefit  of combining similar 
scenarios  is  that  a  more  global  perspective  can 
emerge regarding the kinds of crashes that occur and 
the associated frequency, economic cost and 

functional  years  lost.   Ultimately  the  37  scenarios 
were combined into 15 crash categories.

The 37 pre-crash scenarios as presented by the DOT 
Report  HS 810 767 “Pre-Crash  Scenario  Typology 
for Crash Avoidance Research” are listed below.  The 
numbering of  the scenarios  is  reproduced  as  in  the 
“Executive  Summary”  of  the  DOT  report  (the 
scenario  numbering  varies  throughout  the  DOT 
report).

Table 1.
37 Pre-Crash Scenarios
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  10.  Animal Crash Without Prior Vehicle Maneuver
  11.  Pedestrian Crash With Prior Vehicle Maneuver
  12.  Pedestrian Crash Without Prior Vehicle Maneuver

  15.  Backing Up Into Another Vehicle
  16.  Vehicle(s) Turning – Same Direction
  17.  Vehicle(s) Parking – Same Direction
  18.  Vehicle(s) Changing Lanes – Same Direction
  19.  Vehicle(s) Drifting – Same Direction
  20.  Vehicle(s) Making a Maneuver – Opposite Direction
  21.  Vehicle(s) Not Making a Maneuver – Opposite Direction
  22.  Following Vehicle Making a Maneuver
  23.  Lead Vehicle Accelerating
  24.  Lead Vehicle Moving at Lower Constant Speed
  25.  Lead Vehicle Decelerating
  26.  Lead Vehicle Stopped
  27.  Left Turn Across Path From Opposite Directions at Signalized Junctions
  28.  Vehicle Turning Right at Signalized Junctions
  29.  Left Turn Across Path From Opposite Directions at Non-Signalized Junctions
  30.  Straight Crossing Paths at Non-Signalized Junctions
  31.  Vehicle(s) Turning at Non-Signalized Junctions
  32.  Evasive Action With Prior Vehicle Maneuver
  33.  Evasive Action Without Prior Vehicle Maneuver
  34.  Non-Collision Incident
  35.  Object Crash With Prior Vehicle Maneuver
  36.  Object Crash Without Prior Vehicle Maneuver
  37.  Other

    1.  Vehicle Failure
    2.  Control Loss With Prior Vehicle Action
    3.  Control Loss Without Prior Vehicle Action
    4.  Running Red Light
    5.  Running Stop Sign
    6.  Road Edge Departure With Prior Vehicle Maneuver
    7.  Road Edge Departure Without Prior Vehicle Maneuver
    8.  Road Edge Departure While Backing Up
    9.  Animal Crash With Prior Vehicle Maneuver

  13.  Pedalcyclist Crash With Prior Vehicle Maneuver
  14.  Pedalcyclist Crash Without Prior Vehicle Maneuver



The  regrouping  of  the  scenarios  in  this  paper  was 
accomplished as follows:

• Crash  scenarios  differentiated  by  “with”  or 
“without  prior  vehicle  maneuver”  such  as 
scenarios 2 and 3 were grouped together into a 
single category because both are variations of a 
single  scenario;  loss  of  control,  road  edge 
departure,  animal crash etc.  with a variation of 
prior driver action.

• Scenarios  23,  24,  25  and  26  were  grouped 
together  as  all  four  pre-crash  scenarios  were 
variations of a particular theme; a rear end crash 
with some difference regarding the exact state of 
the lead vehicle.

• Pre-crash scenarios involving turning in various 
directions  at  signalized  and  non-signalized 
junctions were grouped together because all are 
variations of an intersection crash.

• Running red lights and stop signs were grouped 
together since both involve the driver not acting 
appropriately  regarding  a  traffic  control  device 
requiring a full stop.

• Pedestrian and pedalcyclist crashes were grouped 
together  as  all  encompass  a  personal  injury 
outside the vehicles.

• Pre-crash scenarios of vehicles turning, parking-
same direction, changing lanes and drifting were 
grouped  together  into  traveling  and  turning 
together because all the vehicles are on parallel 
paths.

• Pre-crash  scenarios  of  vehicles  turning  at  or 
crossing  paths  at  signalized  or  non-signalized 
junctions  were  grouped  together  since  these 
crashes  occurred  at  intersections  and  at  either 
oblique  or  perpendicular  impacts  between 
vehicles.

Ultimately the 37 pre-crash scenarios were grouped 
together  to  form  15  crash  categories  as  shown  in 
Table 2.

Table 2.
15 Crash Categories

Two  pre-crash  scenarios  were  moved  from  their 
original sequence in the DOT report HS 810 767 to 
revised locations.

Scenario 8, Road Edge Departure while Backing Up, 
was moved from the Road Edge Departure category 
into  the  Backing  Up  category  because  it  is  a  low 
speed  event.   The  other  road  edge  departure 
scenarios,  Road  Edge  Departure  with/without  Prior 
Vehicle Maneuver (6, 7), are both events that happen 
at significant forward velocity while scenario 8 is a 
slow speed event.   It  fits more appropriately in the 
Backing Up category.

Scenario 22, Following Vehicle Making a Maneuver, 
was moved from the Rear End Collision category to 
the Traveling and Turning Together category because 
it is a scenario that occurs during a relatively constant 
vehicle  velocity  situation  and  not  during  a 
decelerating/accelerating  situation  as  would  happen 
at  an  intersection  where  rear  end  crashes  generally 
occur.

Table  3  containing  the  complete  37  pre-crash 
scenarios as sorted and rearranged into the 15 crash 
categories is included in the Appendix.

Though not mentioned in the DOT report, the 37 pre-
crash  scenarios  were  ordered  in  the  sequence  as 
presented  above  in  the  executive  summary  of  the 
DOT  report  with  the  two  exceptions  mentioned. 
Otherwise, the pre-crash scenario numbers change in 
the DOT report.   This  grouping  was  not  expanded 
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    1.  VEHICLE FAILURE
    2.  LOSS OF CONTROL
    3.  RUNNING RED LIGHTS AND STOP SIGNS
    4.  ROAD EDGE DEPARTURE
    5.  ANIMAL CRASH
    6.  PEDESTRIAN AND PEDALCYCLIST CRASH
    7.  BACKING UP
    8.  TRAVELING AND TURNING TOGETHER
    9.  TRAVELING IN OPPOSITE DIRECTIONS
  10.  REAR END COLLISION
  11.  CRASH AT INTERSECTION  
  12.  EVASIVE MANEUVER
  13.  NON-COLLISION INCIDENT
  14.  RUNNING INTO OBJECT
  15.  OTHER



upon within the DOT report.  It was not attributed to 
previous efforts and may have been an intermediate 
step in the development of the 37 pre-crash scenarios. 
The  author  believes  these  15  crash  categories  are 
important  to  consider  in  vehicle  safety  research 
because they allow a more global level of focus and 
prioritization than is practical  with the 37 pre-crash 
scenarios.  The 37 pre-crash scenarios offer a more 
detailed perspective regarding crash scenarios.  Both 
a global and detailed focus is appropriate to consider 
for research.

The  15  crash  categories  summarize  the  possible 
variations  of  travel  direction  and  kinds  of  crash 
situations  that  occur  on-road  in  a  broad  sense: 
Drivers  end  up  running  into  each  other  while 
traveling  in  the  same  direction,  while  traveling  on 
opposing head-to-head paths and while on generally 
perpendicular  paths,  they  run  red  lights  and  stops 
signs.  Drivers run into things, other people, animals, 
objects or the vehicle ahead of them.  Drivers lose 
control of their vehicles or “fall off the road” for no 
apparent reason.  Sometimes drivers have an incident 
while backing up or parking.  Drivers attempt evasive 
action  and  end  up  crashing.   Vehicles  experience 
mechanical  failures  that  can  initiate  a  crash  or 
sometimes  a  non-collision  event  happens  that 
precipitates a crash.  Finally,  an “other” category is 
maintained  for  situations  that  may not  fit  the prior 
categories.  An examination of what kinds of crashes 
occur  can  provide  useful  research  direction  in 
addition  to  the  other  classical  questions  of  who, 
when, where, how and why.

It may be wise to be cautious in the assumption that 
the  data  record  available  is  infallible  and  that  all 
accident facts were interpreted and recorded properly. 
The broader picture is probably reasonably accurate, 
however,  the  details  can  become  murky.   A 
difference between a rear end crash and a sideswipe 
crash is clear to recording authorities.  The fact of a 
rear end crash is pretty obvious, but was the forward 
vehicle  accelerating or traveling at  a steady speed? 
That question is unlikely to be answered with as high 
a  degree  of  accuracy  by  observers  or  authorities 
investigating  the  incident  and  filling  out  the 
paperwork.   An  argument  can  be  made  to  use  a 
variety of data sets each set providing some definition 
of the problem while also introducing some level of 
noise and confusion.

Examination  of  the  15  crash  categories  provides  a 
more global perspective of the data than presented in 
the  DOT  Report  HS  810  767.   The  15  crash 
categories provide an information base that may be 
used  to  examine  the  relative  importance  of  each 
category and provide a framework within which the 
benefits of some technologies may be assessed.

The raw data for the 15 crash categories in terms of 
frequency  of  occurrence,  economic  cost  and 
functional years lost as defined in the DOT report is 
presented in Table 4.

Crash Category Data Examination

Tables 5 through 7 present the data for the 15 crash 
categories  sorted  in  terms  of  frequency,  economic 
cost and functional years lost.  The 15 crash category 
data was sorted in descending order  and the Pareto 
principle (80/20 rule) [1] was applied to identify the 
categories  that  would  account  for  the  top  80% 
(approximately)  of  the  frequency  of  occurrence, 
economic cost and functional years lost.

Table 5 sorts the crash category data in descending 
order of frequency.  The top 80% of crashes are:
• Rear End Collision 27.5%
• Crash at Intersection 19.3
• Traveling and Turning Together 13.3
• Loss of Control 10.6
• Road Edge Departure   6.8

Table 6 sorts the crash category data in descending 
order of economic cost.  The top 80% of crashes are:
• Rear End Collision 21.7%
• Crash at Intersection 21.6
• Loss of Control 14.8
• Traveling and Turning Together   8.6
• Road Edge Departure   8.5
• Running Red Lights and Stop Signs   6.6

Table 7 sorts the crash category data in descending 
order  of  functional  years  lost.   The  top  80%  of 
crashes are:
• Crash at Intersection 19.9%
• Loss of Control 19.0
• Rear End Collision 15.2
• Road Edge Departure 11.0
• Traveling in Opposite Directions   8.6
• Pedestrian and Pedalcyclist Crash   7.9
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Table 4.
Crash Categories:  Frequency, Economic Cost and Functional Years Lost

Table 5.
Data Sorted by Frequency

Table 6.
Data Sorted by Economic Cost
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37 DOT
SORTED BY ECONOMIC COST CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 1 27.46 25,961 1 21.66 422 15.24
11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 2 21.59 550 19.86
2 LOSS OF CONTROL 2, 3 632,000 4 10.63 17,766 3 14.82 527 19.03
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 3 13.31 10,275 4 8.57 184 6.64
4 ROAD EDGE DEPARTURE 6, 7 402,000 5 6.76 10,149 5 8.47 304 10.98
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6 6.62 163 5.89
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 8.60
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94

12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54
1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94

14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
15 OTHER 37 36,000 0.61 764 0.64 21 0.76
13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47

TOTALS 5,943,000 100 119,846 100 2,769 100

37 DOT
SORTED BY FREQUENCY CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 1 27.46 25,961 21.66 422 15.24
11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 21.59 550 19.86
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 3 13.31 10,275 8.57 184 6.64
2 LOSS OF CONTROL 2, 3 632,000 4 10.63 17,766 14.82 527 19.03
4 ROAD EDGE DEPARTURE 6, 7 402,000 5 6.76 10,149 8.47 304 10.98
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6.62 163 5.89
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 8.60
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87

14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47
1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94

15 OTHER 37 36,000 0.61 764 0.64 21 0.76

TOTALS 5,943,000 100 119,846 100 2,769 100

37 DOT
CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94
2 LOSS OF CONTROL 2, 3 632,000 10.63 17,766 14.82 527 19.03
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6.62 163 5.89
4 ROAD EDGE DEPARTURE 6, 7 402,000 6.76 10,149 8.47 304 10.98
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 13.31 10,275 8.57 184 6.64
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 8.60

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 27.46 25,961 21.66 422 15.24
11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 19.25 25,874 21.59 550 19.86
12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47
14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
15 OTHER 37 36,000 0.61 764 0.64 21 0.76

TOTALS 5,943,000 100 119,846 100 2,769 100



Table 7.
Data Sorted by Functional Years Lost

It  is  noteworthy  to  observe  that  8  of  the  15  crash 
categories cover 80% of the occurrences in terms of 
frequency,  economic cost  and functional  years  lost. 
This  data  offers  a  potential  prioritization  point  of 
view.  If progress is made in regards to reducing the 
frequency and severity of these 8 crash categories, a 
significant savings of life and economic cost can be 
expected.

In the functional years lost viewpoint, two categories 
appear  that  do  not  appear  in  the  frequency  and 
economic  cost  analysis.   Traveling  in  Opposite 
Directions  and  Pedestrian/Pedalcyclist  Crash 
categories  rise  in  significance.   Head  on  collisions 
and  collisions  with  people  outside  the  vehicle  are 
crash categories that do not happen often but tend to 
involve severe injury and therefore rise in importance 
in the functional year lost analysis.

A closer examination of the data shows that within 
this  prioritization two or  three  categories  stand out 
from the  rest  in  magnitude.   In  frequency  sorting, 
Rear  End  Collisions  and  Crashes  at  Intersections 
stand  out  above the  others.   In  economic  cost  and 
functional  years  lost  sorting  both  also  stand  out 
however Loss  of Control also appears.   After these 
three categories there is a distinct drop in magnitudes 
of occurrence for the remaining categories.  The top 
two categories in frequency account for 47 percent of 
the  total  occurrences.   The  top  three  categories  in 
economic cost account for 58 percent of the total.  In 
functional years lost the top three categories account 
for 54 percent of the total.

The 15 crash categories presented in this paper offer 
an  opportunity  to  focus  attention  upon  specific 
incidents which encompass similar situation, vehicle 
and  driver  dynamics  and  may  benefit  from  a 
particular advanced safety technology.  This data can 
be used to structure further  research into a specific 
crash category from a driver behavior point of view, 
from a vehicle technology point of view and from a 
transportation infrastructure point of view.  This data 
provides  a  framework  to  focus  resources  upon the 
areas where the most benefit may be achieved for the 
effort committed.

Severity Index and Cost Index

The  data  in  this  study  was  used  to  calculate  a 
“Severity Index” and a “Cost Index” which provide 
an indication of functional years lost per incident as 
well as an economic cost per incident.  The Severity 
Index is the division of the total functional years lost 
by  the  frequency  of  occurrence  for  a  particular 
category.  The Severity Index can be considered to be 
the average functional years lost per incident within a 
category.   The  Cost  Index  is  the  division  of  total 
economic cost by the frequency of occurrence for a 
particular  crash  category.   The  Cost  Index  can  be 
considered  to  be  the  average  economic  cost  per 
incident within a category.

Table  8  presents  the  Severity  Index  in  descending 
order and the Cost Index for the 15 crash categories.
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37 DOT
SORTED BY FUNC. YEARS LOST CRASH SCENARIO

CATEGORY CATEGORY DESCRIPTION

NUMBERS Frequency Freq % Eco Cost: 
Millions

Eco Cost % Func Years 
Lost: Thous

Func Y L %

11 CRASH AT INTERSECTION 27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 2 21.59 550 1 19.86
2 LOSS OF CONTROL 2, 3 632,000 4 10.63 17,766 3 14.82 527 2 19.03

10 REAR END COLLISION 23, 24, 25, 26 1,632,000 1 27.46 25,961 1 21.66 422 3 15.24
4 ROAD EDGE DEPARTURE 6, 7 402,000 5 6.76 10,149 5 8.47 304 4 10.98
9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21 139,000 2.34 7,350 6.13 238 5 8.60
6 PEDESTRIAN, PEDALCYCLIST CRASH 11, 12, 13, 14 98,000 1.65 6,689 5.58 218 6 7.87
8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22 791,000 3 13.31 10,275 4 8.57 184 6.64
3 RUNNING RED LIGHTS and STOP SIGNS 4, 5 302,000 5.08 7,937 6 6.62 163 5.89

12 EVASIVE ACTION 32, 33 69,000 1.16 1,547 1.29 40 1.44
5 ANIMAL CRASH 9, 10 328,000 5.52 1,752 1.46 26 0.94
1 VEHICLE FAILURE 1 42,000 0.71 1,051 0.88 26 0.94

14 RUNNING INTO OBJECT 35, 36 85,000 1.43 842 0.70 22 0.79
15 OTHER 37 36,000 0.61 764 0.64 21 0.76
7 BACKING UP 8, 15 197,000 3.31 1,297 1.08 15 0.54

13 NON-COLLISION 34 46,000 0.77 592 0.49 13 0.47

TOTALS 5,943,000 100 119,846 100 2,769 100



Table 8.
Severity Index and Cost Index

The Severity Index and the Cost Index can be used to 
compare the categories on a per incident basis.  The 
Severity Index and the Cost Index can also be applied 
to the pre-crash scenarios from the DOT Report HS 
810 767 for in-depth examinations of the 37 pre-crash 
scenarios.

Examination of the Severity Index reveals that there 
are  distinct  steps  in  the  data:   Pedestrian  and 
Pedalcyclist  Crashes  and  Traveling  in  Opposite 
Directions  have  a  Severity  Index  of  2.22 and  1.71 
years  lost  per  occurrence.   The  categories  Loss  of 
Control,  Road  Edge  Departure,  Vehicle  Failure, 
Other, Evasive Action, Running Red Lights and Stop 
Signs, and Crash at Intersection occupy a bracket of 
approximately 0.50 to 0.80 years lost per occurrence. 
The  categories  of  Non-Collision,  Running  into 
Object,  Rear  End  Collision  and  Traveling  and 
Turning Together occupy a bracket of approximately 
0.20  to  0.30  years  lost  per  occurrence  while  the 
categories Animal Crash and Backing Up occupy a 
bracket  of  years  lost  below  0.10  years.   Table  9 
summarizes this information.

The maximum level of Severity Index is observed in 
the crash categories Pedestrian and Pedalcylist Crash 
and  Traveling  in  Opposite  Directions  which  is 
supported  by  the  fact  that  pedestrians  and 
pedalcyclists  are  unprotected  when  impacted  by  a 
vehicle  and  can  be  expected  to  sustain  significant 
injury.   Traveling  in  Opposite  Directions  is  a 
category that  encompasses  head  on crashes,  one of 
the most severe crashes possible due to the relative 
velocity between vehicles.

Table 9.
Severity Index Range

The Cost Index basically parallels the Severity Index 
except  in  the  categories  Rear  End  Collision  and 
Traveling  and  Turning  Together.   These  two 
categories  have  a  higher  Cost  Index  ranking  than 
Severity  Index  ranking  and  are  suspected  to  incur 
proportionally  more  property  damage  than  human 
injury compared to the other categories therefore the 
higher Cost Index ranking.

The  Severity  Index  offers  a  prioritization 
methodology that indicates where the probability of 
the most severe injury can be expected given that a 
crash  occurs.   However,  it  does  not  include  a 
frequency of occurrence perspective that is necessary 
when considering the overall consequence to society. 
A  few  rare  severe  occurrences  may  not  outweigh 
more  frequent  but  less  severe  incidents.   Both 
severity and frequency must be considered.

Potential Benefits of Advanced Safety 
Technologies 

Six advanced safety technologies were examined for 
the potential of each to reduce the occurrence or to 
mitigate the consequences of the 15 crash categories 
previously described.

The six advanced safety technologies selected for this 
examination are:
• Collision Preparation, Automatic Brake 

Application
• Forward Collision Warning to Driver
• Side Alert/Lane Warning/Lane Keeping 

Assistance
• Emergency Brake Assistance to Driver
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CATEGORY CATEGORY DESCRIPTION

Severity 
Index 

Years/Inc.

Cost Index: 
Dollars/Inc.

6 PEDESTRIAN, PEDALCYCLIST CRASH 2.22 68255
9 TRAVELING IN OPPOSITE DIRECTIONS 1.71 52878
2 LOSS OF CONTROL 0.83 28111
4 ROAD EDGE DEPARTURE 0.76 25246
1 VEHICLE FAILURE 0.62 25024

15 OTHER 0.58 21222
12 EVASIVE ACTION 0.58 22420
3 RUNNING RED LIGHTS and STOP SIGNS 0.54 26281

11 CRASH AT INTERSECTION 0.48 22617
13 NON-COLLISION 0.28 12870
14 RUNNING INTO OBJECT 0.26 9906
10 REAR END COLLISION 0.26 15907
8 TRAVELING AND TURNING TOGETHER 0.23 12990
5 ANIMAL CRASH 0.08 5341
7 BACKING UP 0.08 6584

Crash Category Severity Index
Functional Years Lost/Incident

Pedestrian and Pedalcyclist Crash
Traveling in Opposite Directions

Loss of Control
Road Edge Departure

Vehicle Failure
Other

Evasive Action
Running Red Lights and Stop Signs

Crash at Intersection

Non-Collision
Running into Object
Rear End Collision

Traveling and Turning Together

Animal Crash
Backing Up  < 0.10

1.71 – 2.22

    0.50 – 0.80

  0.20 – 0.30



• Rear Automatic Brake Application
• Automatic Cruise Control

Electronic  Stability  Control  (ESC),  a  recently 
legislated technology in the USA, was also included 
in  the  potential  benefit  assessment.   ESC  was 
included in order to put  the relative benefits  of the 
new technologies into perspective and to examine the 
hypothetical  merits  of  ESC  versus  the  six 
technologies.

The six advanced safety technologies were defined as 
described below:

Collision  Preparation,  Automatic  Brake 
Application:  Automatic brake application at the 
last “split second” before a frontal collision with 
an  object  occurs.   The  intent  is  to  produce 
emergency  vehicle  deceleration  just  prior  to 
impact  thereby  reducing  kinetic  energy  and 
reducing impact velocity.

Forward  Collision  Warning  to  Driver:   Driver 
warning  system  that  informs  and  focuses  the 
driver's  attention  to  the  high  probability  of  an 
impending  collision  situation  in  front  of  the 
vehicle.  This warning would inform the driver to 
act  appropriately  to  avoid  or  mitigate  the 
collision.

Side  Alert  /  Lane  Warning  /  Lane  Keeping 
Assistance:   Driver  warning / assist  system that 
helps keep the driver from wandering out of his 
lane and informs the driver that there are vehicles 
alongside in parallel lanes.  The system can range 
from a warning system to a vehicle lane keeping 
assistance system.

Emergency  Brake  Assistance  to  Driver:   Brake 
assist system that optimizes vehicle deceleration 
based upon recognition that a driver may be in a 
high stress situation requiring aggressive braking.

Rear  Automatic  Brake  Application:   Automatic 
brake application while in reverse if a collision is 
imminent.

Automatic Cruise Control:  Cruise control that 
maintains spacing to the vehicle in front on a 
highway, adjusting speed up and down to keep 
appropriate distance.  It requires the driver to 

activate it, does not apply brakes and does not 
work in stop and go traffic.

Electronic Stability Control:  Current ESC 
technology, a brake actuated vehicle yaw stability 
control system which reacts to vehicle status and 
driver input.  ESC adjusts vehicle yaw 
performance via four corner brake actuation to 
match the intended driver / vehicle path.

Since these six advanced technologies are emerging 
in the marketplace, minimal field data is available for 
study regarding their benefits in global applications. 
Field data will take a long time to acquire.  It  may 
also become difficult to draw conclusions from field 
data considering the minuscule data sets containing 
the specific technologies, the confounding effects of 
multiple factors and the noise levels throughout the 
data gathering and analysis process.

Focused field studies or advanced driving simulator 
studies of specific combinations of crash categories / 
scenarios  and  advanced  safety  technologies  may 
provide  significant  value  in  the  future.  The  studies 
can be designed to evaluate the benefit of a particular 
technology in a specific crash category / scenario in a 
quantifiable manner.  This quantifiable data can then 
be weighed using frequency of occurrence, economic 
cost or functional years lost in a manner similar to the 
data presented in this study to produce an estimate of 
real world benefit.

Before  large  quantities  of  data  are  available,  the 
existence  of  a  POTENTIAL  of  benefit  can  be 
considered.  A level of logic and judgment is required 
to do this assessment with the question being:  Is it 
probable that a specific technology will be helpful in 
a particular crash category / situation?  This will be 
referred to as the Potential Benefit in this paper.

The existence of a positive potential benefit, defined 
to be a factor of 1.0, was multiplied by the frequency 
of  occurrence  for  a  particular  crash  category  to 
develop a frequency weighed potential benefit metric. 
The  total  potential  benefit  of  a  technology  was 
determined  by  summing  the  frequency  of  crash 
categories  where  a  particular  technology  was 
indicated to have a positive potential benefit.  If the 
technology was not expected to provide a benefit in a 
crash category, the factor was defined as zero.
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This does not result in a specific prediction of benefit, 
but it does provide a relative measure regarding the 
opportunity  for  different  technologies  to  provide  a 
safety  benefit.   The  real  world  benefit  of  any 
technology  will  be  based  upon  a  multitude  of 
environmental,  technological  and  human  factors. 
Complex  assumptions,  statistical  analysis  and 
research  will  be  required  to  predict  the  real  world 
benefit of emerging technologies.

Table 10 presents the Potential Benefit values for the 
technologies vs. crash categories in descending order 
of  functional  years  lost  and in  descending order  of 
potential benefit.

The technology offering the highest potential benefit 
opportunity was:
• Collision Preparation, Automatic Brake 

Application

The technologies following Collision Preparation in 
descending  order  of  total  potential  benefit 
opportunity were:
• Forward Collision Warning to Driver / 

Emergency Brake Assistance to Driver (tie)
• Automatic Cruise Control
• ESC: Electronic Stability Control
• Side Alert/Lane Warning/Lane Keeping 

Assistance
• Rear Auto Brake Application

Collision Preparation, Auto Brake Application shows 
potential  to  be  beneficial  in  all  6  of  the  highest 
contributors  to  economic  cost  and  functional  years 
lost and in 11 of the 15 crash categories.  Collision 
Preparation cannot be considered a factor in reducing 
frequency  because  it  is  a  crash  velocity  mitigation 
technology.   It  should not be expected to eliminate 
crashes events.

Forward  Collision  Warning  and  Emergency  Brake 
Assist were tied in value and show opportunities to 
be effective in 2 of the top 5 categories for frequency 
of  occurrence,  in  3  of  the  top  6  categories  for 
economic  cost  and  4  of  the  top  6  categories  for 
functional years lost.  Both are potentially beneficial 
in 8 of the 15 crash categories.

Automatic Cruise Control shows potential benefit in 
1 of  the top 6 categories  and in  2 of  the 15 crash 
categories.

ESC shows potential benefit in 2 categories of the top 
6 from a functional years lost viewpoint and in 4 of 
the  15  crash  categories.   ESC  is  indicated  to  be 
beneficial in the “Other” crash category because that 
category includes on-road rollover incidents per the 
DOT report.

Side  Alert  and  Rear  Auto  Brake  Application  show 
potential  benefit  in  2  and  1  of  the  fifteen  crash 
categories  respectfully,  none of which is  in the top 
six.

Table 10.
Potential Benefit of Technology
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POTENTIAL BENEFIT OF TECHNOLOGY benefit
SORTED BY FUNC. YEARS LOST

CATEGORY CATEGORY DESCRIPTION

Auto Brake 
Interven.

Forward  
Coll. 

Warning

Panic 
Brake 
Assist

Auto Cruise ESC
Side Alert, 

Lane 
Warning

Rear Auto  
Brake

11 CRASH AT INTERSECTION 1144000 1144000 1144000
2 LOSS OF CONTROL 632000 632000

10 REAR END COLLISION 1632000 1632000 1632000 1632000
4 ROAD EDGE DEPARTURE 402000 402000
9 TRAVELING IN OPPOSITE DIRECTIONS 139000 139000 139000
6 PEDESTRIAN, PEDALCYCLIST CRASH 98000 98000 98000
8 TRAVELING AND TURNING TOGETHER 791000 791000
3 RUNNING RED LIGHTS and STOP SIGNS 302000 302000 302000

12 EVASIVE ACTION 69000 69000 69000 69000 69000
5 ANIMAL CRASH 328000 328000 328000
1 VEHICLE FAILURE 42000

14 RUNNING INTO OBJECT 85000 85000 85000
15 OTHER 36000
7 BACKING UP 197000

13 NON-COLLISION

Total 4,873,000 3,797,000 3,797,000 2,423,000 1,139,000 860,000 197,000

DESCENDING ORDER of POTENTIAL BENEFIT



Discussion of ESC and Advanced Safety 
Technologies

It is interesting to note that ESC ends up ranking fifth 
of the seven technologies examined.  Considering the 
recognized  benefit  of  ESC in  the  real  world  [2]  a 
question needs to be posed:  Are the new advanced 
technologies of potentially greater benefit than ESC 
or are there other factors to consider?  Granted, this 
study  only  examines  the  potential  benefit  of  these 
technologies and develops a relative ranking, but it is 
surprising that ESC comes out relatively low in total 
potential benefit opportunity.  Could it be that other 
technologies  will  prove  to  be  more  beneficial,  will 
their real benefit be less than ESC, does ESC provide 
additional benefits that have not been recognized, or 
is it a combination of all these and other factors?  A 
significant amount of work will need to go into the 
research  regarding  the  relative  benefits  of 
technologies before answers rise to the top.

The author  would  like  to  offer  the  hypothesis  that 
ESC may be providing benefits that are an extension 
of  ESC's  original  intent.   The  author  offers  the 
observation that ESC continues to function after an 
impact  under  certain  conditions.   Given  that  the 
brakes, tires and electrical system are still operational 
after  an  impact,  ESC  will  continue  to  attempt  to 
match vehicle trajectory to the driver's steering wheel 
motions  while  the  vehicle  is  out  of  control  and 
proceeding upon a post impact trajectory.  Since ESC 
operates by applying the brakes, deceleration occurs 
while it is adjusting the vehicle yaw characteristics. 
The  more  severe  the  deviation  between  vehicle 
behavior  and  steering  wheel  motion,  the  more 
aggressively ESC will apply the brakes.  This would 
be especially true in a traumatic sequence of events 
such as  immediately after  an  on-road impact  when 
the vehicle trajectory and driver steering motions are 
no  longer  related  to  each  other.   If  the  vehicle  is 
relatively  intact  electrically  and  mechanically  (the 
brakes  and  tires  still  function),  then  ESC  will  be 
reducing  the  vehicle's  velocity  prior  to  subsequent 
impacts.

A further  scenario to consider  would be the events 
just prior to an impact.  If a driver recognizes that a 
crash  is  imminent  and  attempts  an  avoidance 
maneuver,  ESC will  tend  to  engage  and  decelerate 
the  vehicle.   ESC  would  therefore  tend  to  reduce 
impact velocity to some degree if it functions prior to 
the impact.

Impact  velocity  reduction  has  been  shown  to  be  a 
significant factor in fatality risk reduction.

The probability that ESC can introduce deceleration 
prior  to  initial  impact  and  throughout  the  crash 
trajectory could be the reason that ESC provides an 
overall beneficial reduction in more crashes than the 
potential benefit expected from the Loss of Control 
and  Road  Edge  Departure  categories  that  it  was 
specifically designed to address.

Hans  C.  Joksch,  in  the  research  “Velocity  Change 
and Fatality Risk in a Crash – a Rule of Thumb” and 
in “Final Report Light Weight Car Safety Analysis, 
Phase II Part II:  Occupant Fatality and Injury Risk in 
Relation to Car Weight” [3] discusses impact velocity 
as  being  a  strong  indicator  of  fatality  potential. 
Joksch's  research  establishes  that  fatality  risk  is 
related to impact velocity to the forth power.  Being 
so,  small  impact  velocity  reductions  provide 
significant  benefit  in  the  reduction  of  fatality  risk. 
For  example,  if  an impact  velocity  of  50kph (31.1 
MPH) is reduced by 2kph (1.24 MPH) to 48kph (29.8 
MPH) the fatality risk is reduced by 15% based upon 
the  velocity  to  the  forth  power.   If  the  velocity  is 
reduced 4 kph (2.48 MPH) the fatality risk is reduced 
by 29% and if reduced 6 kph (3.73 MPH) the fatality 
risk is reduced by 40%.

Collision Preparation,  Automatic  Brake  Application 
technology  which  applies  the  vehicle  brakes 
automatically without any driver action upon sensing 
an  imminent  collision  can  be  expected  to  have  a 
positive reduction in vehicle speed before impact and 
therefore a reduction in fatalities and injuries.  The 
benefit of fatality risk reduction can be expected to be 
similar to H. C. Joksch's curve.  Exactly how much 
benefit  this  technology  could  deliver  is  yet  to  be 
established.   This  technology  probably  would  not 
prevent  incidents  from  occurring  but  it  could 
significantly reduce the severity of the incidents by 
reducing impact velocities.

Forward Collision Warning to Driver technology can 
be beneficial in reducing the frequency of occurrence 
and also in reducing impact velocity.   However,  an 
attention  focusing  and  warning  technology  that 
activates at a point before a situation becomes critical 
runs  the  risk  of  being  too  intrusive  during  normal 
driving  if  conservatively  programmed.   This 
technology  relies  upon  the  driver  to  “do  the  right 
thing, promptly” as the situation is becoming critical. 
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Both considerations pose risks; intrusive alarms will 
frustrate drivers and may ultimately be turned off or 
ignored.  On the other hand, a warning given at the 
“last  instant”  while  the  driver  is  in  a  developing 
unfamiliar  high  stress  situation  (where  the  correct 
actions  are  critical)  the  driver  may  not  act 
appropriately to avoid the accident.  The driver may 
react too slowly, may get confused by the unfamiliar 
alarm or may just do the wrong thing such as apply 
the  brakes  improperly  or  steer  improperly  for  the 
particular situation.

The  Emergency  Brake  Assistance  to  Driver 
technology  is  not  a  warning  technology,  but  a 
technology that assists the driver in generating high 
braking  deceleration  in  a  situation  when  the  driver 
seems  to  need  to  decelerate  aggressively.   This 
technology runs the risk of being either intrusive or 
rarely engaging depending upon the programming.  It 
also  relies  upon  the  driver  to  “do  the  right  thing, 
promptly” to be fully beneficial in avoiding incidents. 

Given that maximizing deceleration before impact is 
beneficial,  the  Forward  Collision  Warning  and 
Emergency  Brake  Assist  technologies  may  provide 
more benefit in reducing the severity of impact than 
in reducing the the frequency of occurrence.

Side Alert/Lane Warning/Lane Keeping Assistance is 
a technology that assists the driver during the normal 
course  of  events  that  are  familiar  to  the  customer. 
This technology would tend to give a warning earlier 
than  technologies  such  as  Forward  Collision 
Warning.  The closing velocities between vehicles in 
traveling and turning together  scenarios  would tend 
to be lower than perpendicular, oblique and head on 
velocities so there would be more time for warning 
and driver reaction with less urgency than associated 
with  forward  collision  scenarios.   This  technology 
could  be  considered  an  “advisement”  technology 
where it advises the driver of a developing situation 
before  it  becomes  critical.   A  benefit  of  an 
“advisement”  technology  could  be  the  continual 
“training” of the driver to operate the vehicle in a safe 
manner.

Rear Automatic Brake Application technology could 
be useful  in preventing impacts due to backing up, 
however it  needs to be insensitive enough to allow 
the driver  full  maneuvering  room in tight  quarters. 
Some level of warning prior to the automatic brake 
application may be appropriate.  The question is how 

much  intrusiveness  is  appropriate  without  the 
technology being a hindrance to mobility and how to 
minimize driver irritation.  This technology might be 
able to  reduce  the frequency of  drivers  backing up 
over pedestrians.

Automatic  Cruise  Control  technology  could  assist 
drivers  in  keeping  an  adequate  distance  between 
vehicles  in  traffic  patterns  that  have  a  relatively 
constant traffic velocity.  A technology that tends to 
increase the distance between vehicles may serve to 
give  the  driver  more  reaction  opportunity  when  a 
high stress situation is developing.  This technology 
may also overlap with Forward Collision Warning by 
being able to warn the driver of an unexpected speed 
change in front.   It  is  possible  however,  that  some 
drivers could be lulled into a sense of security and 
inattention  because  of  the  automated  speed  control 
and  end  up  in  unexpected  situations  that  lead  to 
accidents.

Conclusions

All  the  advanced  safety technologies  considered  in 
this  work  have  the  potential  to  reduce  fatalities, 
injuries  or  accidents.   The  overall  benefit  of  the 
technologies discussed can only be established in the 
future  as  real  data  becomes  available.   The  actual 
benefit of each technology will be difficult to predict 
and analyze with accuracy because of the complexity 
of the challenge.  There are multitudes of ways that 
drivers  and vehicles  become involved  in  accidents. 
There  are  also  multitudes  of  ways  that  drivers  act 
behind  the  wheel.   The  question  regarding  exactly 
when would a technology be beneficial and to what 
degree  that  technology  would  be  beneficial  is  a 
problem that deserves intense study and research.

The  Pareto  principle  methodology  of  crash 
prioritization in this paper could be applied as fresher 
data becomes available and as on-road transportation 
evolves.  It can also be applied to the study of driver 
behavior  and  other  crash  factors.   The  Pareto 
principle can be used to sort information such as pre-
crash  scenarios  and  accident  categories  into 
perspectives  that  may assist  in prioritizing research 
and  development  activity  toward  the  most  socially 
beneficial challenges.

The  crash  categories  presented  here  seem  to 
summarize the various vehicle accident situations that 
can occur in a broad, global perspective.  There is no 
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single  perfect  perspective.   Other  arrangements  of 
crash  data  also  yield  useful  insights  into  vehicle 
safety.   Different  perspectives,  used  together,  can 
improve understanding and accelerate progress.  The 
details  regarding  why crash  situations  happen  may 
evolve but drivers and vehicles will still tend to crash 
while  traveling  together,  when  meeting  at 
intersections, when traveling in opposite directions as 
well  as  in  all  the  other  crash  categories  presented 
here.

Electronic stability control, ESC, has proven to be a 
life saving technology but not all has been understood 
regarding  why  it  is  such  a  benefit  throughout  the 
world.   Is  it  because it  is preemptive,  is  it  because 
drivers  maintain  control  of  vehicles  easier,  is  it 
because  vehicles  tend  to  stay  on  the  road,  is  it 
because it decelerates vehicles in critical developing 
situations  or  is  it  for  all  these  reasons  and  other 
reasons not yet conceived, researched or understood? 
Continued research  regarding  ESC is  needed.   The 
knowledge  gained  in  understanding  why  ESC  is 
beneficial may shed light upon how to examine other 
technologies, driver behavior and to further advance 
vehicle safety.

The  six  advanced  safety  technologies  discussed  in 
this paper are only some of the new technologies that 
are  being  developed  for  the  vehicle  transportation 
market.  The benefit of any technology will progress 
from  a  conjecture  of  the  potential  benefit  in  the 
beginning to some level of understanding regarding 
the  actual  contribution  in  improving  safety.   This 
understanding will never be perfect.  Methodologies 
will need to be continuously developed to process the 
data  streams  and  evolve  knowledge  regarding  the 
safety effectiveness of the transportation system.  The 
methodology and viewpoints presented in this paper 
may be helpful in considering new technologies.  The 
matrix  of  crash  categories  vs.  technologies  and the 
factoring/weighing  method  presented  in  this  paper 
may be of use in planning research and experiments 
to determine the effectiveness of new technology for 
improving automobile safety.
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Table 3.
37 Crash Scenarios Sorted into 15 Crash Categories
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                Pre-Crash Scenarios

    1.  Vehicle Failure

    2.  Control Loss With Prior Vehicle Action
    3.  Control Loss Without Prior Vehicle Action

    4.  Running Red Light
    5.  Running Stop Sign

    6.  Road Edge Departure With Prior Vehicle Maneuver
    7.  Road Edge Departure Without Prior Vehicle Maneuver

    9.  Animal Crash With Prior Vehicle Maneuver
  10.  Animal Crash Without Prior Vehicle Maneuver

  11.  Pedestrian Crash With Prior Vehicle Maneuver
  12.  Pedestrian Crash Without Prior Vehicle Maneuver
  13.  Pedalcyclist Crash With Prior Vehicle Maneuver
  14.  Pedalcyclist Crash Without Prior Vehicle Maneuver

    8.  Road Edge Departure While Backing Up moved from ROAD EDGE DEPARTURE
  15.  Backing Up Into Another Vehicle

  16.  Vehicle(s) Turning – Same Direction
  17.  Vehicle(s) Parking – Same Direction
  18.  Vehicle(s) Changing Lanes – Same Direction
  19.  Vehicle(s) Drifting – Same Direction
  22.  Following Vehicle Making a Maneuver moved from REAR END COLLISION

  20.  Vehicle(s) Making a Maneuver – Opposite Direction
  21.  Vehicle(s) Not Making a Maneuver – Opposite Direction

  23.  Lead Vehicle Accelerating
  24.  Lead Vehicle Moving at Lower Constant Speed
  25.  Lead Vehicle Decelerating
  26.  Lead Vehicle Stopped

  27.  Left Turn Across Path From Opposite Directions at Signalized Junctions
  28.  Vehicle Turning Right at Signalized Junctions
  29.  Left Turn Across Path From Opposite Directions at Non-Signalized Junctions
  30.  Straight Crossing Paths at Non-Signalized Junctions
  31.  Vehicle(s) Turning at Non-Signalized Junctions

  32.  Evasive Action With Prior Vehicle Maneuver
  33.  Evasive Action Without Prior Vehicle Maneuver

  34.  Non-Collision Incident

  35.  Object Crash With Prior Vehicle Maneuver
  36.  Object Crash Without Prior Vehicle Maneuver

  37.  Other

 12.  EVASIVE MANEUVER

 13.  NON COLLISION INCIDENT

 14.  RUNNING INTO OBJECT

 15.  OTHER

   8.  TRAVELING AND TURNING TOGETHER

   9.  TRAVELING IN OPPOSITE DIRECTIONS

 10.  REAR END COLLISION

 11.  CRASH AT INTERSECTION

   4.  ROAD EDGE DEPARTURE

   5.  ANIMAL CRASH

   6.  PEDESTRIAN AND PEDALCYCLIST CRASH

   7.  BACKING UP

CRASH CATEGORIES

   1.  VEHICLE FAILURE

   2.  LOSS OF CONTROL

   3.  RUNNING RED LIGHTS AND STOP SIGNS
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ABSTRACT 

A 2004 Chevrolet Tahoe was tested with the Original 
Equipment Manufacturer’s (OEM) base and optional 
recommended tires and wheels, and two sets of 
different sized aftermarket tires and wheels.  One 
aftermarket tire and wheel set used a much larger and 
wider rim with a low profile tire that did not 
significantly change the vehicle’s Static Stability 
Factor (SSF).  The second aftermarket tire and wheel 
set used the larger optional OEM rim with a larger 
than recommended Light Truck (LT) designated tire 
that significantly lowered the vehicle’s SSF.  Tests 
were performed pursuant to the protocols described 
in the United States Department of Transportation 
(USDOT) National Highway Traffic Safety 
Administration (NHTSA) New Car Assessment 
Program’s (NCAP) fishhook and sine-with-dwell 
maneuvers.  Results demonstrated that changes in 
vehicle performance due to the use of aftermarket 
tires were dramatic.  The lower profile tire and wheel 
combination produced vehicle tip-up in fishhook 
testing at 40 and 35 mph with and without ESC 
enabled respectively.  The larger LT tire and wheel 
combination did not produce vehicle tip-up in 
fishhook testing with ESC enabled, but did at 45 mph 
with ESC disabled.  Both base and optional OEM 
tires produced test results which fell in between the 
two aftermarket tires.  The vehicle successfully 
completed the sine-with-dwell test maneuvers with 
ESC enabled and failed with ESC disabled when 
equipped with either the base or optional OEM tires. 

INTRODUCTION 

Vehicle manufactures provide information regarding 
the appropriate tires for their vehicles.  
Recommended tire and wheel sizes are printed on a 
placard which is affixed to the vehicle in an easily 
accessible area.  Instructions in the Owner’s manual 
typically state the recommended types and sizes of 
tires that are permissible or refer the operator to the 
vehicle’s tire placard.  A General Motors instruction 
found on the internet states, “GM Accessory wheel 
and tire systems are designed as a system and must 
be used as such. Approved tire and wheel system 
combinations can be found by clicking on a GM 
vehicle, brand, then model, which can be found on 
the GM Accessories Zone home page…GM strongly 
recommends that replacement tires be the same as the 
original equipment tires (GM, 2006).”  Ford’s 2000 
Expedition Owners Guide states, “When replacing 
full size tires, never mix radial, bias-belted or bias-
type tires. Use only the tire sizes that are listed on the 
Certification Label. Make sure that all tires are the 
same size, speed rating, and load-carrying capacity. 
Use only the tire combinations recommended on the 
label. (Ford, 2000)” 

A tire manufacture described the appropriate tires for 
a vehicle as those that are recommended by its 
manufacturer, “To ensure the same performance 
characteristics intended by the vehicle manufacturer, 
replacement tires should be selected with the same 
size, load index, and speed symbol designation as 
shown on the vehicle tire placard and/or within the 
vehicle owner's manual.” (Bridgestone/Firestone, 
2006)  Despite these types of instructions, the 
practice of installing tire types and sizes that do not 

   Arndt 1 



meet the recommendations of the manufacturer was 
anticipated for a variety of reasons including 
customer requests and to meet vehicle modification 
requirements.  Typical changes include "Plus" Sizing, 
Speed Rating changes, Passenger Tire vs. Light 
Truck Tire fitments, P-Metric vs. Euro-Metric, 
Standard Load (SL) vs. Extra-Load (XL), or 
combinations of the items above.  Publications such 
as the “Tire Guide” published by Bennett Garfield 
provide Industry guidelines for some of these 
practices. 

Daws described, “Plus” Sizing as, “the fitting of 
larger diameter rims and lower profile tires to 
vehicles (Daws, 2008).”  Regarding “Plus” Sizing the 
Bridgestone/Firestone Replacement Tire Selection 
Manual instructs, among several points, that: 

“In some cases, a vehicle manufacturer may 
specifically advise against the application of 
replacement tires that are not the original 
size or type. Always refer to and follow 
these recommendations.” And, “The overall 
diameter of replacement tires should be 
within vehicle manufacturer tolerances. If 
tolerances are not provided, use a guideline 
of +/-3% from the overall tire diameter of 
the tire specified on the vehicle tire placard.” 
(Bridgestone/Firestone, 2006) 

The fitting of tires and wheels different in size from 
that specified by a vehicle’s manufacturer continues 
to be a significant commercial force in the tire 
marketplace.  In 2008, according to Daws, “The 
fastest-growing segment of the tire market today is 
what is called the ‘tuner’ market. Another rapidly 
growing segment is that of low profile tires for light 
trucks and sport utility vehicles. The market for 
aftermarket wheels, tires, and suspension components 
in 2001 represented over $6 billion in sales.” 

Some of the important issues that must be addressed 
when considering tires that are different than those 
recommended by a vehicle’s manufacturer include 
load capacity, tire pressure, tire clearance, and 
vehicle static stability factor (SSF) changes.  These 
items can be analyzed using simple calculations, 
static measurement, and data supplied by tire and 
wheel manufactures.  Unfortunately, these simple 
metrics do not address many other potentially 

negative characteristics that can occur to a vehicle’s 
handling performance due to tire changes.  These 
include yaw stability, rollover stability, cornering, 
ride harshness, rim to ground contact potential, tire 
debead, hydroplaning resistance, speedometer 
calibration, brake pad and steering gear wear and 
active precrash safety systems like anti-lock brakes, 
electronic (roll) stability control, and traction control.  
The research reported on in this paper principally 
addresses stability issues. 

METHOD 

The test vehicle was a 2004 Chevrolet Tahoe with 
VIN 1GNEC13Z04R177864, September 2003 
manufacture date and an odometer reading of 64,285 
miles.  The vehicle was equipped with a 5.3L V-8 
engine, 4-speed automatic transmission, 2-wheel 
drive, and Stabilitrac.  Photograph 1 is an overall 
view of the test vehicle.  GM’s Stabilitrac will be 
referred to as Electronic Stability Control (ESC) from 
here on out.  The tires recommended on the vehicle 
door placard were P265/70R17 inflated to 32 psi at 
the front and rear.  The tires were mounted to the 
recommended alloy OEM 17X7.5 rims with a 31 mm 
offset.  Prior to preparing the vehicle for testing it 
was researched, inspected and measured by a 
certified body shop to ensure that it had no prior 
major collision damage or repair and that it was in 
compliance with OEM specifications. 

 
Photograph 1.   2004 Chevrolet Tahoe with VIN 
1GNEC13Z04R177864. 

Tires and wheels used in testing included: (1) 
Firestone Destination LE P265/70R17 inflated to 32 
psi at the front and rear.  The tires were mounted to 
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alloy OEM 17X7.5 rims with a 31 mm offset; (2) 
Firestone Wilderness LE P265/70R16 inflated to 35 
psi at the front and rear.  The tires were mounted to 
alloy OEM 16X7 rims with a 31 mm offset. (3) 
Buckshot Maxxis Mudder LT285/70R17 inflated to 
40 psi at the front and rear.  The tires were mounted 
to alloy OEM 17X7.5 rims with a 31 mm offset.  (4) 
Toyo Proxes S/T P305/40R22 inflated to 40 psi at the 
front and rear.  The tires were mounted to alloy 
22X9.5 rims with an 18 mm offset.  Photographs 2 
through 5 show the different tires mounted to their 
respective rims and inflated to the listed pressures. 

 
Photograph 2.  From left to right: (3) Buckshot 
Maxxis Mudder LT285/70R17; (1) Firestone 
Destination LE P265/70R17; (2) Firestone 
Wilderness LE P265/70R16. 

 
Photograph 3.  From left to right: (3) Buckshot 
Maxxis Mudder LT285/70R17; (1) Firestone 
Destination LE P265/70R17; (2) Firestone 
Wilderness LE P265/70R16. 

 
Photograph 4.  From left to right: (4) Toyo Proxes 
S/T P305/40R22 and (2) Firestone Wilderness LE 
P265/70R16.  

 
Photograph 5.  From left to right: (4) Toyo Proxes 
S/T P305/40R22 and (2) Firestone Wilderness LE 
P265/70R16.  

The base vehicle’s curb plus driver plus 
instrumentation weight with the 17 inch OEM tires 
was 5,785 lbs (F/R: 2,940/2,845). This included the 
driver (175 lbs) and the instrumentation (77.5 lbs) 
placed on the right front seat.   Fishhook tests were 
conducted at or near the NCAP specified loading. 
The vehicle was fitted with an AB Dynamics steer 
robot to provide the programmed steer input. 
Calibrated instruments measured speed; slip angle; 
yaw, roll and pitch rates; x, y and z accelerations; and 
wheel heights.  Brake line pressure at each wheel and 
brake pedal application status were also monitored 
and recorded.  Brake pedal application status was 
monitored through a switch at the brake pedal.  
Signals from all instruments, velocity sensors and 
vehicle circuits were recorded with an on board data 
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acquisition system at 200 samples per second.  Data 
from the onboard instrumentation were post 
processed with a 6Hz, 12-pole, phaseless digital 
Butterworth filter and zeroed. 

Tire pressures were set cold prior to tire conditioning 
and testing.  OEM tire pressures were set to 35 psi 
front and rear for the base tire and 32 psi front and 
rear for the optional tire as listed on the vehicle’s tire 
placard.  The aftermarket tire pressures were set to 40 
psi front and rear as recommended by tire retailers.  
Tires were conditioned and changed using the 
protocol dictated by the NHTSA NCAP fishhook test 
procedure (NHTSA, 2003).  Tire pressure was 
monitored but not changed to ensure that no pressure 
loss occurred from test to test. 

A series of static measurements and quasi steady 
state tests were conducted.  These include 
measurements to determine: tire rolling radius, roll 
stiffness, roll moment distribution, CG height, and 
Static Stability Factor (SSF) and tests to determine 
understeer gradient. 

Two dynamic tests, NHTSA’s NCAP fishook 
maneuver (NHTSA, 2003) and NHTSA’s sine-with-
dwell maneuver (NHTSA, 2006) were conducted on 
the two OEM tire configurations.  Only maneuvers in 
the left/right sequence were completed.  The AB 
Dynamics steering robot generated the steering inputs 
for each run, while the driver controlled the initial 
speed.  Tests were conducted at 35 to 50 mph and 
throttle was dropped prior to steer initiation.  ESC off 
condition was produced by turning off the stability 
control switch on the vehicle console.  Non-actuation 
of the system was confirmed by observing the 
warning lamp in the instrument cluster, and by 
monitoring individual wheel brake line pressures. 

All tests were conducted on flat and level asphalt 
roadway and parking lot surfaces at the Southwestern 
International Raceway near Tucson, Arizona.  The 
test surface had a 0.9 or greater friction coefficient 
determined pursuant to the ASTM surface friction 
characterization protocol.  A listing of all dynamic 
tests is provided in Table 1.  

Table 1.  List of dynamic tests. 

Tire ESC Test
Firestone Wilderness 

LE P265/70R16 off Left-Right Fishook

Firestone Wilderness 
LE P265/70R16 on Left-Right Fishook

Toyo Proxes S/T 
P305/40R22 off Left-Right Fishook

Toyo Proxes S/T 
P305/40R22 on Left-Right Fishook

Firestone Wilderness 
LE P265/70R16 off Left-Right Sine-with-

dwell
Firestone Wilderness 

LE P265/70R16 on Left-Right Sine-with-
dwell

Buckshot Maxxis 
Mudder LT285/70R17 off Left-Right Fishook

Buckshot Maxxis 
Mudder LT285/70R17 on Left-Right Fishook

Firestone Destination 
LE P265/70R17 off Left-Right Fishook

Firestone Destination 
LE P265/70R17 on Left-Right Fishook

Firestone Destination 
LE P265/70R17 off Left-Right Sine-with-

dwell
Firestone Destination 

LE P265/70R17 on Left-Right Sine-with-
dwell  

 

RESULTS 

Results from all static measurements, specifications, 
calculations, quasi steady state and dynamic test 
results are listed in Table 2. 

The test vehicle exhibited the lowest rollover 
resistance when equipped with the low profile 
P305/40R22 tires and wheels during fishhook testing.  
The tip-up speed was 40 and 35 mph with and 
without ESC enabled respectively.  The test vehicle 
exhibited dangerous tip-up response at 45 mph with 
ESC disabled when equipped with the larger 
LT285/70R17 tires and wheels during fishhook 
testing; the vehicle did not tip-up with ESC enabled.  
The test vehicle equipped with the optional 
P265/70R17 OEM tires tipped-up in fishhook testing 
with and without ESC enabled at 45 and 40 mph 
respectively.  The test vehicle tipped up at 40 mph 
without ESC when equipped with the base 
P265/70R16 OEM tires, but did not tip up with ESC  
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Table 2.  List of measurements, specifications, calculations , and test results. 
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enabled during fishhook testing sponsored by 
NHTSA. 

Only OEM tires were tested using the sine-with-
dwell steer maneuver. The Tahoe failed to meet the 
test criterion at a steer scalar of 3.5 with the ESC 
disabled when equipped with either the base or 
optional OEM tires.  The Tahoe passed all runs 
resulting in successful completion of the maneuver 
with ESC enabled when equipped with either the 
base or optional OEM tires. 

DISCUSSION 

Often pressure is felt to place after market tires which 
do not meet the manufacturer’s recommendation on a 
vehicle because of a customer’s desire to produce a 
particular look that a tire can provide.  In the case of 
the two aftermarket tires that were tested during the 
research reported on in this paper, one tire, the Toyo 
Proxes, produces a sporty look, while the other tire, 
the Maxxis Buckshot Mudder, produces a rugged off- 
road look.  In the competitive world of retail tire sales 
it is common to get these kinds of requests from 
consumers. 

Baseline data found in common fitment guides does 
not typically report on the effects of rubber 
compound as it relates to the appropriateness of the 
tire for a particular application, yet the rubber 
compound can have a significant effect on a tire’s 
friction capacity.  The range of friction coefficients is 
quite extreme when comparing a high performance 
tire to a light truck tire.  A tire’s friction capacity can 
greatly influence a vehicle’s roll stability. 

A typical tire fitment guide will provide information 
on alternative “plus” size tires and wheels that can be 
substituted by the tire retailer with the expectation 
that they will “fit”.  This often results in substituting 
the manufacturer’s recommended tire size with a 
lower aspect ratio tire mounted on a larger diameter 
rim.  The responsiveness of a low profile tire (small 
aspect ratio) will be significantly different than that 
of the more traditionally sized tire commonly 
recommended by the vehicle manufacturer.  The 
vehicle responsiveness can influence a vehicle’s roll 
stability. 

The results of this study demonstrate the significant 
changes in vehicle handling that can occur when tires 
that are substantially different in design than that 
recommended by the manufacturer are placed on a 
vehicle.  The changes that occur are not always 
intuitively obvious.  This was clearly demonstrated 
by the results from the fishhook tests. 

A review of the static measurements, specifications, 
and calculations reported in Table 2 would likely lead 
to an initial assessment that the base OEM tire would 
be the least likely to produce vehicle tip-ups during 
the fishhook test and that the larger Buckshot Maxxis 
Mudder tire would be the most likely to produce 
vehicle tip-ups in fishhook tests.  One might also 
believe that the Toyo Proxes tires would produce 
vehicle tip-ups at similar speeds to the optional OEM 
tires.  The results of the dynamic testing clearly 
demonstrate the error of such assessment in fishhook 
testing.  In fact, the Toyo Proxes tires produced a 
violent tip-up response at the lowest test speed 
prescribed in the NHTSA fishhook protocol (35 
mph).  In contrast, the Buckshot Maxxis Mudder tires 
produced dangerous fishhook tip-up response at the 
highest speed of all the tires tested on the Tahoe 
during fishhook testing without ESC.  Both the base 
and optional OEM tires produced tip-up results by 
the Tahoe that fell in between the results produced by 
the two aftermarket tires. 

These findings clearly show the need for tire retailers 
to go beyond the standard fitment guides when 
determining what tires are appropriate for a particular 
vehicle or application.  This is particularly true for 
SUV’s, trucks, and vans that have lower SSF’s and 
are more prone to rollover compared to passenger 
cars.  The risk of significant safety hazard occurs 
when an aftermarket tire which does not meet the 
vehicle manufacturer’s recommended tire type and 
size is on a vehicle.  Aftermarket tires in this category 
should not be placed on a vehicle unless there has 
been full scale dynamic testing that demonstrates that 
the tires do not adversely affect the vehicle’s 
handling characteristics. 

The quasi steady state handling test results showed 
that the different tires did not significantly change the 
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basic understeer characteristics of the vehicle.  A 
typical driver would not likely know that they had 
substantially affected their vehicle’s roll propensity 
when operating their vehicle under normal everyday 
driving circumstances with the aftermarket tires that 
did not meet the manufacturer’s recommendations. 

The ESC demonstrated its effectiveness in 
maintaining yaw stability during sine-with dwell 
testing with both the base and optional OEM tires.  
The Tahoe failed the sine-with-dwell test series at a 
steer amplitude of 130.2° (3.5 scalar) with both OEM 
tire sizes when the ESC was disabled.  The Tahoe 
successfully passed the sine with dwell test series 
with steer amplitudes as high as 270° with both OEM 
tire sizes when the ESC was enabled.  The ESC gave 
the driver the opportunity to steer the Tahoe more 
than double the amplitude without producing a 
vehicle spinout response. 

CONCLUSION 

1. Information about “plus” size substitute tires 
found in common tire fitment guides is 
insufficient to determine the appropriateness of a 
given tire on a given vehicle.  Just because a tire 
will “fit” on a vehicle does not mean that it will 
be safe. 

2. Aftermarket tires that do not fall within the 
recommendations for tire type and size provided 
by the vehicle manufacturer should not be placed 
on a vehicle unless full scale vehicle handling 
tests or analysis have been completed.  

3. Driving a vehicle under normal everyday driving 
circumstances is not sufficient to determine the 
effect that an aftermarket tire may have on roll 
propensity. 

4. ESC greatly increases a driver’s ability to place 
steer inputs to a vehicle without losing control, 
or causing an on-road untripped rollover, thus 
significantly reducing danger and providing a 
significant safety enhancement.  Tires that do not 
meet the vehicle manufacturer’s recommended 
size may affect the functionality of the ESC 
system. 
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ABSTRACT 
 
This paper describes a test track based lane departure 
warning (LDW) evaluation performed by the 
National Highway Traffic Safety Administration 
(NHTSA).  NHTSA defines an LDW system as one 
intended to alert the driver when their vehicle is 
about to drift beyond a delineated edge line of their 
current travel lane.  LDW system alerts consist of 
audible, visual, and/or haptic warnings, or any 
combination thereof.  The test maneuver described 
was designed to emulate a lateral drift while 
travelling on a straight road.  This type of maneuver 
was chosen because it represents one of the most 
dominant pre-crash scenarios as reported in the 2004 
General Estimates System (GES) database.   
 
LDW performance was quantified by considering the 
vehicle’s proximity and approach rate to the inboard 
edge of a single lane line at the time of the LDW 
alert.  Variations in how the alerts were presented to 
the driver, and the manner in which the timing of the 
alerts changed as a function of the lateral velocity 
toward the lane line, were observed. 
 
BACKGROUND 
 
During mid to late 2008, NHTSA performed an 
evaluation of the lane departure warning (LDW) 
systems installed on three late model passenger cars.  
All tests were performed by researchers at the 
agency’s Vehicle Research and Test Center (VRTC), 
located on the Transportation Research Center, Inc. 
(TRC) proving grounds in East Liberty, OH.   
 
NHTSA defines an LDW system as one intended to 
alert the driver when their vehicle is about to drift 
beyond a delineated edge line of their current travel 
lane.  Contemporary LDW systems use forward-
looking cameras, in conjunction with algorithms 
designed to compare predictions of the vehicle path 
and lane of travel.  If a departure is deemed 
imminent, an LDW alert is presented to the driver.  
LDW alerts consist of audible, visual, and/or haptic 
warnings, or any combination thereof. 
 
At the time the work discussed in this paper was 
performed, the number of US-production light 

 
vehicles available with LDW was quite low, with 
only four vehicle manufacturers known to offer such  
systems on limited variants of certain vehicle makes 
and models.  Of these manufacturers, only three 
offered systems able to initialize and perform on a 
road where only one lane line was present.  So as to 
best evaluate the current state of LDW technology 
implementation, sample offerings from each of these 
three vehicle manufacturers were procured:  a 2008 
BMW 528i, 2009 Buick Lucerne, and a 2008 Infiniti 
EX35.  Although it is believed each of the LDW 
systems installed in these vehicles have been 
designed to address the pre-crash scenario described 
in this paper, the manner in which the respective cues 
were presented differed, as shown in Table 1. 
 

Table 1. 
LDW Alert Modality 

LDW Alert 
Vehicle 

Audible Visual Haptic 

BMW  
528i None None Vibrating 

steering wheel 

Buick 
Lucerne Repeated tones 

Flashing icon on 
instrument panel 
(amber) 

None 

Infiniti 
EX35 

Repeated 
tones* 

Flashing icon on 
instrument panel 
(amber) 

None 

*The Infiniti EX35 LDW alert remains on during the entire lane 
departure event (not just when it is first detected). 
 

THE ROAD DEPARTURE CRASH PROBLEM 
 
The Early Edition of Traffic Safety Facts 2007 
reports that there were 22,054 fatal single vehicle 
police reported crashes.  This represents 59 percent of 
all fatal police reported crashes in 2007.  Of the 
22,054 fatal single vehicle crashes, over 15,000 were 
reported to be off roadway, on the shoulder, or on the 
median [1].  NHTSA has long recognized that single-
vehicle road departure (SVRD) crashes lead to more 
fatalities than any other crash type [2].   
 
In an analysis of the 2004 General Estimates System 
(GES) data, Volpe (part of DOT's Research and 
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Innovative Technology Administration) reported that 
there were approximately 5,942,000 police reported 
crashes that involved at least one light vehicle.  These 
crashes involved over 15,000,000 people and resulted 
in 2,737,000 injuries.  From this target population, 36 
pre-crash scenarios were identified that attributed to 
99.4 percent of all light-vehicle crashes.  A 37th pre-
crash scenario is recognized as ‘other’ but accounts 
for only 0.6 percent of all crashes [3].   
 
One of the most dominant pre-crash scenarios 
identified by Volpe was “Road Edge Departure 
without Prior Vehicle Maneuver” (REDPVM).  This 
pre-crash scenario was reported to rank fifth in 
overall crash frequency attributing to approximately 
333,706 crashes.  Additionally, REDPVM ranked 
third highest in direct economic cost to society 
estimated to cost over $9M and was ranked second 
highest with 270,000 functional years lost [3].  Volpe 
defines the typical REDPVM scenario to be 
associated with a light vehicle travelling straight in a 
rural area at night, normal weather conditions, at 
posted speeds of 55 mph or greater, and departing the 
road edge at a non-junction area.  Volpe recognizes 
that this pre-crash scenario occurs with several 
dynamic variations.  Approximately 26 percent of 
these crashes were found to occur when the vehicle 
was negotiating a curve and 27 percent were found to 
occur at the road shoulder or parking lane.  Out of all 
the REDPVM crashes, two-thirds were found to 
depart the road edge to the right [3]. 
 
Based on the crash frequency, cost, and functional 
years lost (a measure of harm) data, NHTSA decided 
that the use of a test maneuver designed to emulate 
these real-world crash scenarios would provide an 
appropriate way to evaluate LDW performance.  
Building on the efforts put forth by previous field 
operational tests and the Integrated Vehicle-Based 
Safety Systems (IVBSS) programs, NHTSA 
researchers subsequently developed an objective test 
procedure to perform the work described in this 
paper.  The objectives of this work were twofold:  (1) 
identify the US-production based LDW alert criteria 
as presented to the driver with respect to the road 
edge line, and (2) refine the test procedures to 
enhance the accuracy, repeatability, and/or 
reproducibility by which the LDW system 
evaluations could be performed. 
 
TEST METHODOLOGY 
 
Overview 
 
The tests described in this paper were designed to 
evaluate the ability of an LDW system to detect, and 

alert the driver of, an imminent lane departure.  The 
tests were each performed at a constant speed of 45 
mph (72.4 kph), with two departure directions (left, 
right), and over a range of departure rates.  All tests 
were based on straight road departures made across a 
single continuous solid white lane line.  LDW 
performance was quantified by considering the 
vehicle’s proximity and approach rate to the inboard 
edge of the lane line at the time the LDW alert was 
first presented. 
 
The tests were each performed on the Transportation 
Research Center Inc. (TRC) Vehicle Dynamics Area 
(VDA) located in East Liberty, Ohio.  The VDA 
measures 1800 by 1200 ft (549 by 366 m), and is 
comprised of a flat asphalt surface with a one percent 
longitudinal grade for drainage.  The pavement of the 
VDA used for the LDW evaluations was in good 
condition, free from potholes, bumps, and excessive 
cracks.  The north turn-around loop, shown in Figure 
1, was used to maximize the length of the LDW test 
course.   All tests were performed during daylight 
hours with good visibility (no fog, rain, snow).  The 
ambient temperatures and wind speeds present during 
the BMW 528i and Buick Lucerne evaluations 
ranged from 75 to 81 ºF (24 to 27 ºC) and 1 to 4 mph 
(2 to 6 kph), respectively.  During tests performed 
with the Infiniti EX35, the ambient temperatures and 
wind speeds were 38 to 49ºF (3 to 9 ºC) and 6 to 17 
mph (10 to 27 kph), respectively. 

Instrumentation 
 
The test vehicles were each equipped with 
instrumentation and data acquisition systems to 
monitor and record vehicle speed, lateral and 
longitudinal position (via GPS), yaw rate, and LDW 
alert status.  All analog data was sampled at 200 Hz.  
Signal conditioning of these data consisted of 
amplification, anti-alias filtering, and digitizing. 
Amplifier gains were selected to maximize the 
signal-to-noise ratio of the digitized data.  GPS data 
were sampled at 20 Hz, and were differentially 

Figure 1.  Orientation of the LDW test course 
on the TRC VDA (not to scale). 

Turn-around loop 

LDW straight road test course 
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corrected during post-processing.  To facilitate 
comparison of the position of the test vehicle with 
respect to the inboard lane line edge, GPS-based 
static surveys of the lines were performed.  All data, 
including the analog and GPS-based data from the 
test vehicle and a static lane line survey, were then 
merged into a single data file per trial for the ease of 
subsequent data analysis.  Appendix Table A1 
provides a summary of the instrumentation used 
during the LDW evaluations discussed in this paper.   
In addition to this equipment, a dashboard-mounted 
display was used to present the driver with accurate 
vehicle speed information. 
 
LDW Alert Monitoring 
 
When activated, the LDW systems discussed in this 
paper provided the driver with auditory, visual, 
and/or haptic alerts.  Recording when these alerts first 
occurred was important since this information would 
provide the points in time for which the vehicle’s 
lane position and rate of approach would be reported, 
the objective measures by which LDW performance 
was quantified.  The methods used to record the 
LDW alerts differed from vehicle to vehicle, as 
shown in Table 2.  

Table 2. 
LDW Alert Monitoring Methods 

Vehicle Monitor 

BMW 528i Direct tap of the motor used to vibrate the 
steering wheel 

Buick Lucerne Direct tap of  the speakers installed behind 
the left and right a-pillar trim 

Infiniti EX35 Direct tap of  the piezoelectric speaker 
mounted to the back of the instrument panel 

 
BMW 528i 
 
Of the vehicles discussed in this paper, only the 
BMW 528i presented the driver with a haptic alert to 
warn of an impeding lane departure.  This alert, 
vibrations transmitted to the driver’s hands, 
originated from a small motor attached directly to the 
steering wheel.  To monitor the state of this alert, 
researchers directly tapped the leads supplying 
voltage to this motor.  Note:  Safety precautions 
required the steering wheel-based airbags be removed 
prior to installing the programmable steering 
machine.  In the case of the BMW 528i, removing the 
steering wheel also disabled the LDW alert.  
Retaining LDW alert functionality while evaluating 
the vehicle with the steering machine installed 

required NHTSA researchers to request and receive 
assistance from BMW.   
 
Buick Lucerne 
 
The LDW installed in the Buick Lucerne presented 
alerts via small speakers installed behind the left and 
right a-pillar trim.  The alerts were directional; a left 
lane departure would produce an alert heard 
predominately from the left speaker, whereas right 
departures produced alerts most apparent from the 
right speaker.  The speakers were also used as part of 
the vehicle’s audio system; however it was not 
necessary to have the audio system on for the LDW 
alert to be heard by the driver.   
 
To monitor the LDW alert during evaluation of the 
Buick Lucerne, researchers directly tapped the leads 
of both speakers, collecting data from each speaker 
independently.  Figure 2 presents an example of the  
LDW alert flag recorded for the Buick Lucerne.    
Note that while the duration of the alert shown in this 
figure was believed to be accurate, the data trace does 
not accurately portray how the alert was presented to 
the driver (i.e., as it actually consisted of a series of 
three beeping tones, not a single continuous alert).  
This is because the speaker tap used to monitor the 
Buick Lucerne LDW status was not designed to 
monitor the frequency content of the signal, just to 
show the speakers received DC voltage, indicating 
the presence of an alert.  
 

Infiniti EX35 
 
For the Infiniti EX35, the LDW alert was presented 
to the driver via a piezoelectric speaker installed 
behind the center console trim.  To access this 

Figure 2.  Output from the LDW alert speaker 
tap during a lane departure performed with the 
Buick Lucerne.
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speaker, much of the components housed in the 
console had to be removed (e.g., trim, the radio, 
navigation and climate controls, etc.).  To record the 
LDW alert, the speaker leads were directly tapped, 
and the signal that activated the piezoelectric speaker, 
shown in Figure 3, was recorded.  In addition to the 
LDW alert speaker tap, an external microphone was 
positioned near the speaker, and its output recorded.  
In the case of the Infiniti EX35, installation of the 
external microphone allowed researchers to assess 
the feasibility of using a microphone to monitor the 
piezoelectric speaker output (the speaker design was 
different from that of the Buick Lucerne), and to 
provide a redundant LDW alert monitor.  However, 
the microphone-based alert data were not used during 
subsequent data processing or analyses.    
 

 
Lateral Velocity Ranges 
 
The lane departures described in this paper occurred 
over a range of lateral velocities intended to represent 
unintended drifts.  When considering the severity of 
these tests, it is important that the reader recognize 
these are gradual transitions from the lane of travel 
over the line of interest.  In the context of this paper, 
the term “lane change” should not be confused with 
the far more severe maneuvers used to assess 
obstacle avoidance capability, lateral stability, or 
dynamic rollover resistance. 
 
Lane Line Markings 
 
To insure maximum relevancy, the 4 in. (10.2 cm) 
lane marker width, marking color and reflectivity, 
and line styles satisfied the USDOT specifications 
required by the Manual on Uniform Traffic Control 
Devices (MUTCD), and were in “very good 

condition” [4].  The lane departures described in this 
paper each occurred over a continuous solid white 
line. 
 
Test Configurations and Conduct 
 
To emulate a common pre-crash lane departure 
scenario, researchers evaluated LDW performance 
using a test course based on a straight road.  All tests 
described in this paper were performed with a 
constant nominal speed of 45 mph (72.4 kph).  To be 
considered a valid test, the vehicle speed was 
required to remain within ± 1.2 mph (± 2 kph) of the 
target speed, from the start of the test until any part of 
the vehicle, as defined by the two dimensional 
geometry described later in this paper, had crossed a 
lane line by at least 3.3 ft (1 m). Where possible, 
cruise control was used; otherwise, the driver 
modulated the throttle throughout the maneuver.  For 
the BMW 528i and Buick Lucerne, the steering rate 
for each test was nominally 125 deg/s, and all 
steering inputs were commanded with a 
programmable steering machine.  In the case of the 
Infiniti EX35, a skilled test driver manually 
performed the lane departures. 
 
As previously shown in Figure 1, the LDW straight 
road course was positioned on the VDA such that the 
test vehicle could easily reach the 45 mph (72.4 kph) 
target speed, while also providing approximately 
1000 ft (300 m) of pavement over which the 
departure could take place.  To maximize input 
repeatability, two pylon-delimited gates were used to 
help guide the driver to the appropriate course1, and 
all steering inputs were initiated from a common 
location.  In the case of the tests performed with the 
BMW 528i and Buick Lucerne, repeatability was 
further enhanced by automatically initiating these 
inputs with the programmable steering machine, 
triggered as the vehicle was driven over a thin metal 
plate line lined with retro-reflective tape centered 
within the confines of the second gate.  More detailed 
course specifications are provided in Figure 4.  Note 
that Figure 4 illustrates the test scenario for a left 
departure.  The vehicle was driven on the right side 
of the lane line to evaluate left-side lane departure 
warning performance, and on the left side of the lane 
line for the right-side lane departure tests.   

                                                 
1 Use of additional gates would have been helpful, however 
researchers were concerned that visually, the extra pylons would 
define two distinct rows (i.e., on either side of the travel lane) that 
could be potentially interpreted as two lane lines by an LDW 
detection algorithm. If this occurred, it would confound the 
researchers’ ability to confirm whether a particular LDW system 
could be initialized from, and operated with, the presence of only 
one lane line. 

Figure 3.  Output from the LDW alert 
piezoelectric speaker tap during a lane departure 
performed with the Infiniti EX35. 
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In the case of the BMW 528i and Buick Lucerne, the 
straight road lane departure tests were performed 
using steering angles from 1 to 15 degrees, input with 
an incremental increase of one degree per individual 
trial.  For the Infiniti EX35, the driver was instructed 
to perform lane departures using a range of steering 
angles and rates.  The subsequent data were 
processed, and the lateral position and velocity of the 
vehicle at the time of the LDW alert calculated.  In 
some cases, particularly during the left departure 
attempts, the combination of open-loop automation 
and a one-degree steering angle failed to produce a 
lane departure before the end of the test course.  As 
such, these data were treated as outliers and not used 
for subsequent analyses.  
 
TEST RESULTS 
 
The test procedures described in this paper were 
intended to provide NHTSA with the ability to 
objectively evaluate contemporary LDW systems.  
To quantify performance, the lateral distance from 
the vehicle to the lane line, and the lateral velocity of 
the vehicle with respect to the lane line, at the time of 
the LDW alert were determined. 
 
To calculate the lateral distance from the vehicle to 
the lane line during post processing of the data, each 
test vehicle was first represented by a two 
dimensional polygon whose length and width were 
determined by considering the outboard-most contact 
area of the tires to the ground.  Using this 
representation, the position of the vehicle (calculated 
with highly accurate differentially corrected GPS 
data) was compared to the static lane line survey for 
the straight course of interest.  At the instant the 
LDW alert was initiated, the lateral distance from the  
closest corner of the polygon to the lane line was 
determined.  

 
 
The vehicle’s lateral velocity was calculated from the 
heading angle with respect to the lane line edge and 
forward velocity.  At the onset of the LDW alert, 
trigonometric Equation 1 was solved [5].   
 

Vlat = Vfwd * Sine Θ  (1) 
 
where: 
 
Vlat = Lateral velocity perpendicular to the vehicle with 
respect to the edge of the lane line. 
Vfwd = Forward velocity of the vehicle. 
Θ = Angle between the vehicle heading and the edge of the 
lane line. 
 
An overall summary of the lateral positions and 
velocities observed at the time of the LDW alert 
during straight road departures over a solid white 
lane line are shown in Figures 5, 6, and 7.  In each 
figure, right departures are shown in red, left 
departures in blue.  
 
BMW 528i 
 
For the BMW 528i, LDW alerts were presented 
during 28 of the 30 valid tests performed.  For the 
two tests an alert was not observed (during one 
departure to the left, and during one to the right), the 
lateral velocities at the inboard edge of the lane line 
were 2.6 and 4.0 ft/s, respectively.  Figure 5 presents 
the lateral positions and velocities observed at the 
time of the LDW alert during 28 straight road 
departures performed with the BMW 528i.   
 
Figure 5 reveals two interesting trends.  First, as the 
lateral velocity of the approach became higher, the 
distance from the vehicle to the lane line at the time 
of the LDW alert increased. Second, tests performed 
with steering to the right always produced alerts  

Figure 4.  Straight road lane departure test course. 
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earlier than those performed with steering to the left 
(i.e., for the same lateral velocity, the LDW alert 
occurred when the vehicle was further away from the 
lane line when a departure to the right was used).   

 
The data presented in Figure 5 imply the BMW 528i 
LDW algorithms consider lateral velocity when 
determining when the alert should be presented and 
not just the proximity of the vehicle to the lane line.  
Intuitively, this makes sense; as the lateral velocity of 
an unintended drift increases, the time the driver has 
before a lane departure occurs is reduced.  Presenting 
alerts earlier in time would be expected to maximize 
the amount of time the driver has to take corrective 
action before the lane line is actually breached.  Such 
findings have been documented in research 
performed in both simulators and on road studies 
[6,7].  It should also be noted that that careful 
attention must be made in how the alerts are 
presented so as to not annoy the driver [7,8,9]. 
 
The specific reasons for the apparently asymmetrical 
alert observed during the BMW 528i evaluation are 
unknown.  On one hand, the crash data do indicate 
that when a vehicle is involved in a “Road Edge 
Departure without Prior Vehicle Maneuver” scenario, 
the vehicle departs the road edge to the right in 
approximately two-thirds of the cases [3].  Overall, 
about 2.79 percent of all people involved in this crash 
scenario suffered high level Maximum Abbreviated 
Injury Scale (MAIS) 3+ injuries (serious, severe, 
critical, or fatal). 
 
However, while departing a lane to the right may 
ultimately evolve into a road departure, departures to 

the left may result in the driver’s vehicle encroaching 
into another vehicle traveling in the opposite 
direction.  The resulting crashes are often quite 
serious.  Although the frequency of the “Vehicle(s) 
Not Making a Maneuver – Vehicles Traveling in 
Opposite Direction” crash scenario is less than that of 
the “Road Edge Departure without Prior Vehicle 
Maneuver” crashes, about 2.58 percent of all people 
involved on this crash scenario suffered high level 
MAIS 3+ injuries [3]. 
 
For these reasons, developing a more complete 
understanding of the tuning philosophy used for the 
vehicles like the BMW 528i LDW may be an 
interesting subject for future research.  
 
Buick Lucerne 
 
In the case of the Buick Lucerne, LDW alerts were 
presented during 24 of the 30 valid tests performed.  
When left lane departures were commanded, alerts 
were not produced during tests performed with lateral 
velocities of 3.8, 4.0, 4.4, and 4.7 ft/s.  When right 
departures were used, alerts were not produced 
during tests performed with lateral velocities of 4.6, 
and 5.6 ft/s.  Figure 6 presents the lateral positions 
and velocities observed at the time of the LDW alert 
during 24 straight road departures performed with the 
Buick Lucerne. 

 
For the Buick Lucerne LDW, each alert was observed 
during2 (i.e., when lateral displacements was ≤ 4 in) 
                                                 
2 A lane departure was taken to begin the instant the vehicle 
crossed the inboard edge of the lane line, and that the lane line was 
4 in (10.2 cm ) wide. 

Figure 5.  Lateral positions and velocities 
observed at the time of the LDW alert during lane 
departures performed with the BMW 528i. 

Figure 6.  Lateral positions and velocities 
observed at the time of the LDW alert during lane 
departures performed with the Buick Lucerne.
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or after (i.e., when lateral displacements was > 4 in) 
the lane departures associated with the individual 
trials.  Also, the distance from the vehicle to the lane 
line generally decreased as the lateral velocity of the 
approach became higher.   The reason for this trend is 
unclear, but the vehicle’s LDW sampling rate, 
processing speed, and/or alert response time are 
suspect.  For example, as the lateral velocity toward 
the lane line increases, the amount of time available 
to establish and report an imminent departure is 
reduced.  If the sample rate is not sufficiently high, 
the lateral distance traveled between the data points 
used to predict the likelihood of a departure will 
increase. 
 
In the case of the Buick Lucerne, the alerts observed 
during right departures generally occurred sooner 
than those associated with left departures for a 
common lateral velocity.  However, the effect was 
subtle; much less apparent than seen during the 
BMW 528i evaluation. 
 
Infiniti EX35 
 
The tests performed with the Infiniti EX35 indicate 
LDW evaluations can be successfully executed with a 
skilled test driver in lieu of a programmable steering 
machine.  However, due to the manner in which the 
driver input the steering, the number of Infiniti EX35 
tests performed with high lateral velocities was more 
limited than those used to assess the LDW 
performance of the other vehicles.  Figure 7 presents 
the lateral positions and velocities observed at the 
time of the LDW alert during 59 straight road 
departures performed with the Infiniti EX35.  LDW 
alerts were observed during all valid tests. 
 
Despite the limited range of lateral velocities 
produced by the driver-based lane departures 
performed with the Infiniti EX35, the authors believe 
the data produced by these tests were capable of 
revealing some meaningful trends about the vehicle’s 
LDW operation. 
 
First, although some data outliers were produced, the 
distance from the vehicle to the lane line remained 
quite consistent across the limited range of lateral 
velocities considered.  Second, the data shown in 
Figure 7 indicate the Infiniti EX35 LDW alerts are 
not asymmetric.  For this vehicle, alerts observed 
during the right departures occurred with nearly 
equivalent combinations of lateral displacement and 
lateral velocity as those associated with departures to 
the left (discounting the outlying data points).   
 

CONCLUSION 
  

Lane Departure Warning (LDW) system functionality 
is of great interest to NHTSA.  Given the prevalence 
of unintended road departures in the crash data, and 
the high societal costs they impose, better 
understanding how advanced technologies may be 
able to assist drivers in mitigating these crashes is an 
agency priority.  This paper has provided details of 
how NHTSA evaluated the LDW performance of 
three contemporary passenger cars using a test 
scenario designed to emulate one of the most 
commonly occurring pre-crash road departures 
scenarios.  LDW performance was evaluated by 
considering the vehicle’s proximity and approach rate 
to the inboard edge of a single lane line at the time of 
the LDW alert. 
 
The LDW systems installed in the vehicles discussed 
in this paper each had unique performance 
characteristics.  Specifically, variations in how the 
alerts were presented to the driver, and the manner in 
which the timing of the alerts changed as a function 
of the lateral velocity toward the lane line, were 
observed.  How these factors affect the ability of the 
systems to mitigate unintended lane departures in the 
real-world will be addressed in future research 
activities. 
 

Figure 7.  Lateral positions and velocities 
observed at the time of the LDW alert during lane 
departures performed with the Infiniti EX35. 
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APPENDIX 
 

Table A1.   
Instrumentation Used During LDW Evaluation 

Type Output Range Resolution Accuracy 

Vehicle speed 0.3 - 77 mph* 
(0.5 - 125 kph) 

0.001 mph*  
(0.01 kph) 

0.06 mph* 
(0.1 kph) 

Longitudinal position with respect to 
the lane line N/A 2 in 

(5 cm) 
< 3.9 in (10 cm) absolute; 
1.6 in (1 cm) static 

Lateral position with respect to the 
lane line N/A 2 in 

(5 cm) 
< 3.9 in (10 cm) absolute; 
1.6 in (1 cm) static 

Differentially- 
corrected GPS data 

Lateral velocity with respect to the 
lane line N/A 0.33 ft/s 

(0.1 m/s) 
±0.33 ft/s 
(±0.1 m/s) 

Data Flag  
(Test Course Gate) 

Signal to initiate automated steering 
inputs when driven over a retro-
reflective marker 

0 – 10V N/A Output response better than 
10 ms 

Data Flag  
(LDW Alert) Signal indicating the LDW alert status ±10V N/A Output response better than 

10 ms 

Vehicle Dimensional 
Measurements 

Location of GPS antenna, vehicle 
centerlines, and two bumper 
measurements 

N/A 0.05 in 
(1mm) 

0.05 in 
(1mm) 

*Values for the stand alone vehicle speed sensor used to provide output to the dashboard display and for data synchronization. 
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ABSTRACT 
 
Drowsiness has a globally negative impact on human 
performance by slowing response time, decreasing 
situational awareness, and impairing judgment. This 
paper reports the findings of a Field Operational Test 
(FOT) of an early prototype Drowsy Driver Warning 
System (DDWS). Fifty-three research questions were 
addressed related to performance, capabilities, 
acceptance, and deployment. The FOT included 
control and test groups utilizing an experimental 
design suitable for a field test. The dataset for the 
analysis consisted of 102 drivers from 3 for-hire 
trucking fleets using 46 instrumented trucks. Fifty-
seven drivers were line-haul and 45 were long-haul 
operators. The data set contained nearly 12.4 
terabytes of video, truck instrumentation, and 
kinematics data for 2.4 million miles of driving and 
48,000 driving-data hours recorded, resulting in the 
largest data set ever collected by the U.S. Department 
of Transportation. When considering the operational 
window of the Driver Fatigue Monitor, results 
showed that the drivers in the Test Group had lower 
drowsy measurement values, and that drivers who 
received feedback from the system had an overall 
reduction of drowsy driver instances. Whereas, the 
experimental design was specified to support the 
statistical reliability of potential findings, the dataset 
was largely diminished from eyes-off-road time from 
driver distraction and normal mirror checking tasks, 
which were incorrectly sensed by this early prototype 
as drowsy episodes. As a result, no statistically 
reliable safety benefit was observed. However, novel 
data reduction procedures were able to extract data 
during the time periods in which the system was 
accurately detecting drowsiness, and analysis of these 

data indicated a slight reduction in critical unsafe 
driving events related to drowsiness. As a result, 
while there is some indication that a DDWS may be a 
promising concept, the particular prototype used in 
this field test to implement the concept needs 
significant improvement and further study. 

INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA), the Federal Motor Carrier Safety 
Administration (FMCSA), and the Intelligent 
Transportation System Joint Program Office (ITS 
JPO) sought to investigate the potential safety 
benefits offered by deploying a drowsy driver 
warning system (DDWS) into fleet service. The 
Virginia Tech Transportation Institute (VTTI) was 
contracted to perform a Field Operational Test (FOT) 
of a working DDWS prototype developed by 
Attention Technologies, Inc. (ATI).  The prototype, 
termed the Driver Fatigue Monitor (DFM), was 
designed to alert drivers using auditory and visual 
alerts when drowsiness was detected. The DFM 
assessed drowsiness using the percentage of eye-
closure (PERCLOS) measure developed by 
(Wierwille, 1999).  PERCLOS refers to the 
percentage of time that the driver’s eyes are between 
80 and 100 percent closed during a defined time 
interval.  The premise here is that the driver’s pupils 
become covered, and therefore do not perceive visual 
stimuli, when the eyes are greater than 80 percent 
closed.  Since visual information can no longer be 
gathered at this point, this is considered to be critical 
in terms of safe driving.  DFM devices were installed 
in a fleet of heavy vehicles.  Driver performance with 
these devices was investigated. Fifty-three research 
questions related to performance, capabilities, 
acceptance, and deployment were addressed. This 
paper highlights the findings. 
 
METHODS 
 
Apparatus 
 
The DFM (Figure 1) was mounted on the dash of the 
truck cab.  By illuminating the driver’s face with 
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infra-red (IR) light, the DFM used a camera and a 
processor to determine the percentage of time that the 
driver’s eyelids were closed more than a pre-set 
threshold.  The pre-set thresholds were 1 minute, 3 
minutes, or 5 minutes depending on what DFM 
sensitivity setting was selected.  
 

  
Figure 1. The DFM monitor mounted on the truck’s 
dash. 
 
Driver behavior was continuously recorded using 
four video cameras: one pointed at the driver’s face, 
one pointed at the forward roadway, one pointed 
down the left side of the tractor-trailer, and one 
pointed down the right side of the tractor-trailer 
(Figure 2).  The four video images were multiplexed 
into a single image prior to being recorded (Figure 3).   
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Figure 2. Camera directions and approximate fields 
of view. 
 

 
Figure 3.  Camera views multiplexed into a single 
image. 
 
A vehicle-onboard-radar (VORAD) unit was 
mounted on the truck’s front bumper and was used to 
detect objects in front of the truck (Figure 4).  The 
VORAD unit allowed the distance to, and relative 
velocity of, lead vehicles to be continuously 
measured. A measure of the truck’s time-to-collision 
(TTC) to a lead vehicle could be derived from this 
data.  The VORAD unit was used for passive data 
collection only and did not display range information 
to the driver.   
 

 

 
Figure 4. Vorad unit on the front of the truck. 
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The DFM data, video images, VORAD data, as well 
as data collected from various vehicle sensors were 
recorded by the data acquisition system (DAS) 
whenever the truck was on and in motion.  The DAS 
consisted of a Pentium-based computer that received 
and stored data from a network of sensors distributed 
around the vehicle.  Data were stored on the system’s 
external hard drive, which could store several weeks 
of driving data before it needed to be replaced.  DASs 
were either mounted under the passenger seat (Figure 
5) or in the truck’s rear storage compartment (Figure 
6). 
 

 
Figure 5. Encased computer and external hard 
drive installed under the passenger's seat. 
 

 
Figure 6. Encased computer and external hard 
drive installed in the truck's rear storage 
compartment. 
 
Subjects 
 
The DFM device was installed in 46 trucks from 
three for-hire trucking fleets.  A total of 102 drivers 
(101 males and one female) participated.  Fifty-seven 

drivers were line-haul (i.e., out-and-back) operators 
and 45 drivers were long-haul (i.e., drivers on the 
road for approximately one week) operators.  
 
Safety Benefit Model 
 
In designing the DDWS FOT, the following 
assumptions were made regarding the safety benefits 
offered by the DFM prototype: 
 
• The purpose of a PERCLOS-based DDWS is to 

provide the driver with timely feedback 
regarding an unsafe drowsy state (Wierwille, 
1999). 

• Without drowsiness alerting information, it 
would be expected that drivers would have more 
frequent episodes of drowsy driving. However, if 
used appropriately, the use of the system should 
lead to fewer episodes of on-the-job driver 
drowsiness. 

• Sleep is the only true remedy for drowsiness. 
• Alert information providing feedback to the 

driver about his or her drowsiness state, coupled 
with a fatigue management plan that informs the 
driver about the importance of sufficient sleep, 
indicates to the driver that driving safety is being 
compromised.    

• Drivers will be positively influenced by their 
experience with the DDWS. 

• Research indicates that drowsiness is a 
contributing factor (not necessarily a causal 
factor) in 20 percent of Safety Critical Events 
(SCEs) (Hanowski, Wierwille, & Dingus, 2003). 
For some unspecified portion of SCEs, it is 
hypothesized that high alertness may have 
prevented the incident from occurring. 
Therefore, alert drivers would be expected to be 
involved in fewer critical incidents as compared 
to drowsy drivers. 

 
A safety benefits model that relates the DDWS to the 
anticipated benefits was developed (Figure 7). The 
model incorporates the six assumptions and indicates 
that a valid and reliable DDWS would be expected 
to: 1) reduce on-the-job drowsiness, 2) increase the 
amount of sleep drivers get, and 3) reduce 
involvement in drowsiness-related SCEs. 
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Figure 7. Modeling Safety Benefits Associated with a 
DDWS  
 
Experimental Design 
 
The DDWS FOT used a quasi-experimental design 
that included both Control and Test groups. The 
Control Group followed an A9 design, where A 
(superscript refers to the prescribed number of weeks 
for that condition) refers to the condition in which the 
DFM collected data over the duration of the 
participant’s involvement but never provided 
feedback to the driver. The Test Group experienced 
an A2B9 design, where A refers to the condition in 
which the DFM did not provide feedback to the 
driver (i.e., Baseline and Control Conditions) and B 
refers to the condition where the DFM did provide 
feedback (i.e., the system was fully functional, or 
Test Conditions). In order to look for any adjustments 
in driving behavior during the FOT which were not 
attributable to the DFM, a Baseline Control 
Condition was defined within the design.  
 
Adjustments in the number of weeks for the Baseline 
and Active Conditions were made with respect to 
data missing due to malfunctions in trucks or the 
DFM, and drivers not being able to meet with 
experimenters to switch the DFM to Active or finish 
participation at the exact time these milestones 
needed to happen. All these are an anticipated 
occurrence in any naturalistic data collection effort. 
Due to this accommodation for data collection, not all 
drivers experienced the exact same circumstances in 
the Active Condition, and some drivers had more 
Baseline or Active weeks than others. Other 
considerations in the adjustment of duration in the 
Experimental Conditions were made for 
inconsistencies in the length of drivers’ trips. 

However, at the completion of the study all drivers 
(with the exception of those drivers leaving the study 
before completion) in the Test Group had a minimum 
Baseline Condition duration of two weeks followed 
by the Active Condition for approximately nine 
weeks (Figure 8). 
 

Figure 8. Final timeline for Control and Test Groups. 
 
The dataset produced from this extended data 
collection effort contained approximately 12.4 
terabytes of video and parametric data that 
encompassed 2.4 million miles of driving and 48,000 
driving-data hours.   
 
RESULTS 
 
The purpose of this safety benefit analysis was to 
evaluate whether DDWS feedback leads to fewer 
occurrences of drowsiness, fewer alerts, and more 
frequent stops to take breaks across time and fewer 
safety critical events (SCEs).  The results of this 
investigation are summarized below.  
 
Drowsiness 
 
The DFM prototype was found to provide a 
statistically significant reduction in the level of 
drowsiness over time when a driver received 
feedback on alertness level during restricted 
illumination conditions (i.e., dawn, dusk, night) (p = 
0.0077). However, when the evaluation was 
performed outside the operating envelope of the 
prototype system, a similar reduction in the level of 
drowsiness was not observed. This is because the 
DFM prototype only operated within a limited set of 
conditions.  First, the truck had to be travelling at 
least 35 mph for the DFM to activate.  Second, the 
ambient lighting had to be lower than 50 Lux.  Third, 
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drivers could not wear glasses since eyewear 
prevented the DFM from detecting eyes.  And finally, 
the DFM often assessed glances away from the 
forward roadway (e.g., checking mirrors) as eye-
closures since the drivers’ eyes could not be tracked 
when this occurred (i.e., false alarms).  This last 
condition was a significant issue that the DDWS FOT 
identified with the DFM prototype.  In order to 
generalize these results to the larger population of 
interest, these other conditions must be explored 
(e.g., glasses, daytime, not considering mirror 
scanning or distraction to increase PERCLOS level). 
 
Alert Frequency 
 
As suggested, there were numerous DFM alerts that 
were, in fact, false alarms.  That is, they were 
generated when the driver was not actually drowsy.  
Since false alarms were typically generated when the 
driver’s eyes could not be identified, there was an 
interest in determining the number of DFM alerts that 
were generated when drivers were actually drowsy.  
A sample of DFM alerts were visually inspected and 
validated.  Most of the valid alerts obtained (61 
percent of all valid alerts) were in the Test Condition. 
The highest proportions of valid alerts occurred 
during weekdays, mainly Monday through 
Wednesday, and were equally distributed at the times 
during the day when the DFM prototype was 
operational. Using a Poisson regression analysis, a 
statistically significant difference between the 
experimental conditions was found (p = 0.0013). The 
regression estimates that drivers will obtain more 
than one valid alert per week if they experience DFM 
feedback (i.e., are part of the Test Group), but less 
than that if they are not exposed to DFM feedback 
(i.e., are part of the Control Group). The implications 
of this finding are that drivers are more prone to 
behave in a way that generates a valid DFM alert 
when they receive DFM feedback than they are if 
DFM feedback is not available. This is potentially an 
unintended consequence of a system that notifies 
drivers when to rest instead of drivers self-regulating 
their sleep.  Perhaps drivers were pushing their ability 
to stay vigilant knowing that the DFM device would 
let them know when to rest. It should be noted, 
however, that the actual difference between the two 
conditions is just a fraction of an alert. Therefore, for 

practical purposes these two conditions are very 
similar.  
 
Post-Alert Behavior 
 
The length of the time that elapsed from drivers 
receiving a valid DFM alert to them pulling over to 
rest for 10 minutes or longer was investigated (Figure 
10). Drivers in the Baseline Control Condition drove 
an average of 1 hour and 4 min before stopping the 
vehicle. Drivers in the Control Condition drove 
slightly longer (1 hour and 8 min) before stopping. 
The difference in elapsed time between the two 
conditions was not statistically significant (t(25) = 
0.34, p = 0.74). A similar finding occurred for drivers 
in the Test Group. After receiving a valid DFM alert, 
drivers in the Baseline Test Condition drove 59 min 
before stopping, while drivers in the Test Condition 
drove 1 hour and 6 min before stopping. Again, the 
difference between these values is not statistically 
significant (t(25) = -2.05, p = 0.0515). The data 
suggest that, even in the case of valid DFM alerts, the 
DFM did not have an effect on drivers’ post-alert 
stopping behavior. 
 

 
Figure 10. Elapsed Time from Valid Alert to Driver 
Stopping the Vehicle 
 
The types of behaviors that occurred within the five 
minutes after each valid alert were examined to 
investigate wether DFM feedback affected the 
frequency of these post-alert behaviors.  Figure 11 
shows the frequency of post-alert behaviors for 
drivers in the Control Group, while Figure 12 shows 
the frequency of post-alert behaviors for drivers in 
the Test Group. Although a statistically significant 
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effect of the DFM on post-alert behavior was not 
found (CMH(1) = 0, p = 0.9992), a directionally 
opposite change trend between Baseline and its 
corresponding Experimental Condition (i.e., Baseline 
Control and Control, Baseline Test and Test) 
occurred for the talk/sing/laugh post-alert behavior. 
Fewer drivers talked/sang/laughed in the Control 
Condition compared to the Baseline Control 
condition, while a greater number of drivers 
talked/sang/laughed in the Test Condition compared 
to the Baseline Test condition. Furthermore, the 
frequency of the “veer off road” (defined as a loss of 
vehicle control due to various physiological or 
psychological causes) post-alert behavior was 
observed to increase from the Baseline Control to the 
Control Conditions, while it remained the same level 
between the Baseline Test and Test Conditions. The 
increase in talking behavior between Control and 
Test Conditions, as well as the decrease in veering 
off road behavior, may have arisen from the DFM 
alerts being generated while drivers were drowsy. 
 

 
Figure 11. Percentage of valid alerts by type of 
behavior: Control Group. 
 

 
Figure 12. Percentage of valid alerts by type of 
behavior: Test Group. 
 
In general, looking away from the forward roadway 
(situations in which the driver looks to the side, up, 
or down) was the most common behavior observed 
following presentation of a valid DFM alert. 
Although it is not possible to infer the frequency of 
such behavior from the data available, it does indicate 
that the behavior of gazing forward was broken. The 
process of seeking new visual information and the 
visual processing which follows may assist in raising 
the level of cognitive arousal. The second most 
common post-alert behavior was to adjust one’s body 
position through shifting in the seat, reaching 
forward, or stretching out. This behavior may also 
raise physiological arousal levels. The third most 
common behavior involved the driver touching his or 
her face, either by rubbing, scratching, or otherwise 
holding the face. This behavior is interesting since 
the facial skin is highly sensitive to touch (Boff & 
Lincoln, 1988). Touching one’s face may act as both 
a physiological and cognitive arousal mechanism due 
to the high degree of innervations in the area and the 
large amount of somatosensory cortex dedicated to 
this information (Gardner & Kandel, 2000). It is 
possible these frequently observed behaviors were 
manifestations, either conscious or not, of drivers’ 
desire to raise their overall levels of arousal above a 
state of drowsiness. 
 
Involvement in Safety Critical Events 
 
The safety benefits offered by the DFM prototype 
were assessed by determining whether drivers 
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receiving DFM feedback were involved in fewer 
SCEs.  Three types of SCEs were considered:  
 

Crash: Any contact with an object, either 
moving or fixed, at any speed. Contact could 
be with other vehicles, roadside barriers, 
objects on or off of the roadway, 
pedestrians, cyclists, or animals.  
Near-Crash: Any circumstance requiring a 
rapid evasive maneuver by the participant 
vehicle, any other vehicle, pedestrian, 
cyclist, or animal to avoid a crash. A rapid 
evasive maneuver was defined as a steering, 
braking, accelerating, or any combination of 
control inputs that approached the limits of 
the vehicle’s capabilities.  
Crash-Relevant Conflict: Any circumstance 
that required a crash avoidance response on 
the part of the participant vehicle, any other 
vehicle, pedestrian, cyclist, or animal that 
was less severe than a rapid evasive 
maneuver (as defined above). A crash 
avoidance response could include braking, 
steering, accelerating, or any combination of 
control inputs. 

 
The safety benefits model predicts that an effective 
DDWS will produce a positive change in driver 
behavior after that driver obtains feedback. This will, 
in turn, result in a reduction of SCEs.  The analyses 
took into consideration all SCEs, SCEs within the 
DFM operating envelope, and SCEs when the truck 
driver was at fault during the different Experimental 
Conditions. A total of 1,124 SCEs were analyzed, 
including 28 crashes, 112 near-crashes, and 984 crash 
relevant conflicts. Of these 1,124 SCEs, 221 occurred 
within the operating envelope of the DFM. Statistical 
tests considering all the SCEs showed no statistically 
significant difference between the Control and Test 
Groups (χ2 (2, N = 1,124) = 0.27, p = 0.88).  
Moreover, no statistically significant differences in 
SCE distribution were observed for drivers during the 
Baseline and the Test Conditions. 
 
Additional analyses were conducted to further 
examine connections between SCEs and drowsiness.  
However, it is important to note that not all SCEs 
occurred within the operational envelope of the DFM 
prototype (specifically the speed and illumination 

requirements of the system). Using the DFM’s 
PERCLOS as the measure to identify drowsiness in 
SCEs would exclude a significant portion of all 
SCEs, thus skewing any subsequent analysis. 
Therefore, all SCEs were examined by manually 
computing the driver’s PERCLOS measures. In doing 
so, it was found that over 60 percent of the SCEs 
occurred when the driver was alert. A second 
behavioral analysis was conducted to characterize 
each of the SCEs (see Hickman et al., 2005). 
Drowsiness-related behaviors were observed in a 
total of 143 SCEs (13 percent). However, no 
statistical differences between the Experimental 
Conditions were present.  Although drowsy driving 
plays a large role in crashes on the highway system, 
in some cases up to 20 percent of all SCE’s 
(Hanowski, Wierwille, & Dingus, 2003), they do not 
represent the majority of these events. Additionally, 
crashes are relatively rare events as evidenced by the 
28 observed crashes in this study. Therefore, the 
results of the present work are not entirely 
unexpected. These findings do not indicate any 
lessening of the magnitude of the drowsy driving 
problem from the DFM, they only illustrate the 
difficulty in studying a serious but rare event. 
 
DISCUSSION 
 
Drowsiness has a globally negative impact on 
performance, slowing response time, decreasing 
situation awareness, and impairing judgment (Balkin 
et al., 2000; Van Dongen, Maislin, Mullington, & 
Dinges, 2003).  A DDWS that notifies drivers to rest 
when they become drowsy stands to improve 
highway safety. The DDWS FOT investigated the 
effects of implementing the DFM prototype in a 
multitude of heavy vehicles in a real revenue-
producing environment.  Overall, there was some 
evidence that the DFM prototype was successful in 
reducing levels of driver drowsiness. However, these 
findings were limited to the DFM prototype’s 
operating envelope, such as low luminance, speeds 
greater than 35 mph, drivers not wearing eyeglasses, 
and drivers keeping their gaze on the forward 
roadway. The evaluations that were performed when 
the conditions fell outside the operating envelope did 
not show significant changes in driving behavior. 
Drivers were not reliably found to rest sooner, change 
their in-vehicle behavior, or reduce their involvement 
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in SCEs when receiving valid DFM.  DDWSs must 
therefore address these conditions if changes in 
driving behavior are to occur, and an improvement in 
highway safety is to be observed.    
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ABSTRACT 
 
Lane change and merge maneuvers represent 
approximately 20% of heavy truck crashes, resulting in 
loss of life and property damage. Tests were performed 
to determine the feasibility of developing an Enhanced 
Camera/Video Imaging System (E-C/VIS) to provide 
heavy-vehicle drivers with better awareness of their 
vehicle’s position in relation to other vehicles on the 
roadway (situation awareness). It is well known that 
large blind spots currently exist in these areas. A 
previous phase of this program measured the field of 
view requirements for heavy trucks, resulting in an 
improved understanding of mirror performance and 
recommendations for the design of a camera based 
indirect viewing system. With indirect viewing 
requirements understood, the goal of the present 
research was to extend the operating envelope of a 
conventional video implementation of the requirements 
to nighttime and inclement weather conditions. A three-
channel system was envisioned in which there would be 
a camera at each front fender of the tractor looking 
backward along the sides of the heavy vehicle. The third 
channel would be aimed rearward from the back of the 
trailer. Once developed, the three-channel system was 
tested in static and dynamic driving environments and it 
was found to work well in the nighttime and inclement 
weather environments, including various street lighting 
conditions.  
  
INTRODUCTION 
 
The National Highway Traffic Safety Administration 
(NHTSA) funded an earlier research project at Virginia 
Tech Transportation Institute (VTTI) involving the use 
of Camera/Video Imaging Systems (C/VISs) in heavy 
vehicles (earlier portion, Contract DTNH22-00-C-
07007, Task Order 18, Track 2; later portion, Contract 
DTNH22-05-D-01019, Task Order 6, Track 2). This 
project was completed in June 2007 with both a 

supporting research document and a final specifications 
document submitted to NHTSA at that time [1, 2]. This 
project had the objective of devising, developing, and 
testing these systems so that recommendations could be 
made and specifications written. Both surrogates (which 
take the place of existing side mirrors) and 
enhancements (which provide augmented views not 
ordinarily available to the driver) were studied. Tests 
were limited to conventional video systems with 
cameras at appropriate locations on the exterior of the 
vehicle and with monitors in the cab at locations that 
were selected on the basis of human factors 
considerations and preliminary testing. Sixteen different 
video system concepts were studied both conceptually 
and experimentally. The concepts were then revised or 
discontinued, based on the results. A final set of 11 
concepts was recommended, and specifications were 
written accordingly (note that several of the concepts 
were composed of pairs; that is, driver and passenger-
side versions).  
 
As the original work drew to a close, VTTI was awarded 
a contract addition (Contract DTNH22-05-D-01019, 
Task Order 6, Track 4). Its purpose was to extend the 
work of the original contract into less favorable 
environmental conditions, namely nighttime and 
inclement weather. This contract also introduced the 
concept of situation awareness to the sides and rear of 
the heavy vehicle. In other words, it was more specific 
in that a three-camera system was to be further 
developed: one camera on each side of the heavy vehicle 
and one at the rear. 
 
The system was envisioned as an enhancement; that is, 
the side mirrors would remain on the vehicle even 
though the video system was to be added. Under such 
circumstances, malfunction of any of the three video 
chains would still allow the heavy vehicle to be driven in 
a conventional manner. It was also considered important 
to investigate enhancing the camera imagery with 
infrared illumination-sensitive cameras, visible and/or 
infra-red (IR) illuminators along the sides of the trailer, 
edge detection and image enhancement using machine 
vision techniques, adaptive video filtering, and the 
human factors design of viewing surfaces inside the 
tractor. 
 
The intended purpose of the work was to reduce or 
eliminate blind spots and other uncertainties that might 
occur along the sides and to the rear of the heavy 
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vehicle. The objective in so doing was that the driver of 
the heavy vehicle would be better informed regarding 
the environment around the sides and rear of the heavy 
vehicle; that is, he or she would have better situation 
awareness. This was to be accomplished under the 
widest possible environmental envelope, while also 
considering costs. Clearly, costly technologies would not 
be appropriate because of the highly competitive nature 
of commercial motor carrier operations. Consequently, 
VTTI developed a system using "best available 
technologies" with consideration given to total cost of 
implementation of a final system for use in a heavy 
vehicle.  
 
There were two phases to this current project. Phase 1 
consisted of laboratory testing of “best available 
technologies” and development and human factors 
stationary testing of the passenger side E-C/VIS. Phase 2 
consisted of an object detection and identification static 
experiment as well as human factors dynamic testing on 
the Virginia Smart Road. The purpose of this paper is to 
discuss the dynamic testing on the Smart Road used in 
Phase 2, and results obtained. 
 
 
METHOD 
 
Participants 
 
Tests were run with CDL drivers, for two reasons: first, 
these individuals were typical of the ones who would 
eventually determine whether or not the system would 
be helpful and acceptable, and second, because these 
individuals were qualified to drive the equipped heavy 
vehicle. Drivers were recruited from a volunteer 
database. Recruiting was carried out without regard to 
gender, but drivers had to have at least two years of full 
time experience as a heavy vehicle driver. As it turned 
out, eight males agreed to participate and were found to 
be qualified. 
 
Equipment & Materials 
 
The heavy vehicle used for this project was a 1994 
Peterbilt model 379 tractor with 53 ft trailer. The 
Virginia Tech motor pool had available a 2007 
Chevrolet Malibu, olive green in color. This vehicle was 
used as a confederate vehicle. This color was believed to 
represent an "average" in that it was neither very light 
nor very dark. The vehicle was also midsized, that is, 
average size for an automobile. The E-C/VIS 
instrumented on the Peterbilt consisted of a three camera 
system. Preliminary outdoor testing in Phase 1 

demonstrated that a Toshiba IK-64DNA camera had the 
capability of operating effectively both in daylight and 
at night. It was also sensitive to both visual and near IR 
illumination. This camera provided color capability for 
daytime use and black and white (B/W) capability for 
nighttime use. For use at night, a filter inside the camera 
was removed using an internal electromechanical device. 
The switching of this filter was automatic and 
simultaneous for all three cameras after certain ambient 
threshold conditions were met. Two cameras were 
placed on the front fenders of the Peterbilt (one camera 
on each fender), and one camera was also placed at the 
top rear of the trailer. The rear facing camera was placed 
at the top center rear of the trailer and had a camera 
horizontal field of view of 102 degrees. The lower edge 
of view in the image included the rear bumper of the 
trailer, so that drivers could judge distance relative to the 
rear. The fender-mounted cameras    had a horizontal 
field of view of 45 degrees. The inside edge of view in 
the image included the side of the tractor trailer. A 
diagram showing the coverage of the three cameras is 
shown in Figure 1. 
 

 
Figure 1. Coverage of the three cameras in the 
final design. 
 
Three flat-panel monitors were used inside the cab. It 
was intended that all monitors be Size 2 (as defined in 
the previous research). These monitors produced an 
image that was 9.6 cm (3.78 in) high by 12.9 cm (5.08 
in) wide, with a corresponding diagonal dimension of 
16.1 cm (6.33 in). Tests demonstrated that the 
computer-processed image used in this research 
produced unacceptable delays if the processed computer 
image was re-converted to NTSC (National Television 
System Committee) format. Consequently, it became 
necessary to use a different monitor which would accept 
a signal in vector graphics array (VGA) format, making 
re-conversion unnecessary. This monitor had an image 
surface that was 10.2 cm (4.02 in) high by 13.4 cm 
(5.28 in) wide, with a corresponding diagonal dimension 
of 16.6 cm (6.54 in). The image produced was therefore 
very nearly the same size as the Size 2 monitor image. 
Two monitors, each corresponding to each fender-
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mounted camera, were positioned near the lower end of 
both the driver side A-pillar (A) and passenger side A-
pillar (B) (see Figure 2). One monitor was positioned at 
the top center of the windshield corresponding to the 
rear facing camera (C). All monitors were aimed toward 
the drivers’ point of view and the image on each monitor 
was a mirror image; that is, it was horizontally reversed 
left to right .     

 
Figure 2. Monitor positions inside the cab. 
 
Narrowband near IR sources of illumination were added 
to the heavy vehicle. Eight units were installed on the 
tractor-trailer combination. One unit was installed at the 
lower rear portion of each tractor front fender, two units 
were installed along each side of the trailer, and one unit 
was installed on each rear corner of the trailer. The IR 
illumination units were 140 LED units. An example of a 
mounted unit is shown in Figure 3. The units were 
located and aimed as shown in Figure 4.  
 

 
Figure 3. Typical IR LED illuminator mounted 
under the side of the trailer. 
 

 
Figure 4. Mounting and centerline aim of the 
narrowband near IR LED illuminators. 
 
Image processing was also implemented in the design. 
The fundamental idea was to take advantage of any 
changes in contrast in the raw video image and to use 
these changes for "outlining", the hypothesis being that 
driver pattern recognition would be capable of 



 
 Rau, Pg. 4.

identifying objects more easily if they contained 
outlines. The outlined processed video would then be 
superimposed over the original image, such that the 
original video would be seen with the outlines over the 
image. The amount of processing could be adjusted by a 
weighting scheme, which was specified at a given level 
(for the tests) by consensus of the developers.  
 
An additional element of the processing was the concept 
of suppressing headlight bloom to the extent possible. 
Headlight bloom had been shown in both the indoor 
tests and in the preliminary outdoor tests to represent a 
problem; problem being more difficulty in viewing 
objects on the displays. However, in spite of being a 
problem, the camera handled headlight bloom well and 
did not produce either vertical or horizontal streaks 
caused by bleed-through. The large white blooms, which 
were more-or-less elliptical, consumed a substantial 
portion of the vehicle image, but they were contained 
and did not streak. The combined image tended to 
suppress the white blooms somewhat because the 
processed image showed all but the edges of the bloom 
image as dark grey. A thin white perimeter line remained 
so that the driver could still identify the bloom and not 
mistake it for part of the vehicle.  
 
Image processing, after it was fully developed, seemed 
to work well. It was included in all formal outdoor static 
tests. For daytime conditions, it used white outlines to 
show changes in contrast in the image. White outlines 
were, of course, also used for the B/W nighttime image. 
 
In terms of hardware and software required, the image 
was first converted from NTSC (analog video) to digital 
form using a frame grabber. Thereafter, a custom 
program developed by VTTI personnel performed the 
processing operations, which involved use of Sobel 
filtering, additional processing as needed, and 
thresholding. The program was developed to run on a 
laptop computer, but could be easily converted to a 
dedicated processor. Once the processed image became 
available, it was superimposed over the unprocessed 
image in accordance with a specific weighting that had 
been selected experimentally. The composite image was 
then converted to VGA format and sent to the monitor. 
The use of this format was required in order to meet 
acceptable delay criteria. The final program using the 
VGA output displayed on the screen was capable of 
delays not exceeding 85 ms, which was considered fully 
acceptable. Figure 5 shows a video still-shot of a 
processed image. Daytime images placed white outlines 
around objects in color video. 
 

 
Figure 5. Typical processed nighttime video image. 
 
A Driver Vehicle Interface (DVI) was developed for 
processing and display control (see Figure 6). This 
interface was mounted at the wing panel. 
  

 
Figure 6. Driver Vehicle Interface (DVI) for the E-
C/VIS. 
 
Data gathering instrumentation for the Smart Road 
testing was handled totally separately from the E-C/VIS 
instrumentation. Four cameras were added to the tractor-
trailer. Two of these were used to determine the driver’s 
eye glance position, and two were used to evaluate the 
clearance and overlap positions. The four camera 
outputs were recorded digitally as a quad-split image. 
This image contained a time stamp and an audio track 
with two microphones as inputs. The experimenter had 
one microphone attached near his position and the driver 
(subject) had a similar microphone mounted to the 
header. The microphones were aimed to pick up the 
voices of both the experimenter and the driver for 
recording on the audio track.  
 
Eye glance position was determined by the use of two 
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small cameras, one just above each A-pillar monitor. 
Lenses were selected so that the two images of the 
driver’s head were approximately the same size even 
though the distances from camera to driver differed for 
each A-pillar. Recorded video allowed for distinguishing 
between driver glances at the side mirrors and A-pillar 
monitors. This was considered an important distinction 
and was the reason for using two cameras; that is, one on 
each side. Each camera included its own IR illumination, 
which of course could not be seen by the driver. This 
illumination was necessary because of the need to record 
video at night. 
 
The experimenter sat behind the driver, but in a centered 
position. The experimenter could look over the driver’s 
right shoulder.  The experimenter could also view a 
separate data gathering monitor on which the quad-split 
image was shown. (This ensured that the image was 
being recorded correctly.)  The monitor was placed in 
front of the experimenter in a position that was 
unobservable by the driver. On the other hand, the 
experimenter could see all three E-C/VIS images 
directly to ensure that all elements of the E-C/VIS were 
operating properly. 
 
Procedure 
 
Testing was limited to nighttime conditions. The reason 
for this was that the daytime conditions were believed to 
have been studied sufficiently to demonstrate feasibility 
for such conditions. Both the stationary outdoor tests 
and the previous work with the original C/VIS project 
suggested that there would not be a problem with the E-
C/VIS operating in daylight conditions. In addition, 
resources could then be placed where additional 
experimental results were needed. 
 
The Virginia Smart Road (a 2.2 mile in each direction 
closed-course test track facility) was considered to be an 
ideal test bed for the testing because it provided a 
controlled environment in which the effects of rain and 
highway lighting could be studied under dynamic (that 
is, moving vehicle) conditions. For comparison 
purposes, it was considered important to test not only 
with rain, but also without rain; that is, under clear 
conditions. Roadway lighting was also considered to be 
important because it was a different condition from any 
that had been studied previously. In addition, it was 
considered likely that the luminaires might cause 
reduction in image quality for the side cameras, once the 
vehicle had passed them. The main problem was 
believed to be the fact that the luminaires might appear 
in the field of view of the side cameras and, therefore, 

might cause glare problems. This situation, as indicated, 
had not been studied previously in any of the indoor or 
outdoor tests. Figure 7 shows an example of nighttime 
testing in rain with roadway lighting.  
 

 
Figure7. The tractor-trailer and confederate 
vehicle emerging from the artificial rain portion of 
the Smart Road with street lights on.  
 
Also, to get an idea of how much improvement (if any) 
might be expected with the Enhanced C/VIS, it was 
considered necessary to test with the system operating 
and with the system not operating; that is, Baseline. 
Without the Baseline system (Enhanced C/VIS not 
operating) it would be difficult to determine the degree 
of improvement (if any) that the Enhanced C/VIS would 
provide. 
 
The highway task performed by drivers was called the 
Clearance/Overlap task. Drivers first determined 
whether a confederate automobile alongside was clear of 
the rear of the trailer (or the tractor in the case of 
bobtailing). Immediately thereafter, drivers provided an 
estimate in feet of the amount of clearance or overlap 
(Figure 8). During this test, the confederate automobile 
approached in either the right or left adjacent lane. It 
then moved into a position in which there was some 
specified amount of lateral overlap with the trailer (no 
clearance) or some lateral clearance with the trailer 
(clearance). The driver was queried regarding clearance. 
Video captured the correctness of the driver’s responses 
as well as the actual distances for comparisons. As 
described earlier, the equivalent of two merge/re-merge 
cameras were used to determine actual clearance or 
overlap and actual longitudinal distance of clearance or 
overlap. These values were used as ground truth values, 
as previously described. Optical measurement 
techniques were employed using standard, stationary 
video recordings (taken earlier) with the trailer and the 
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confederate vehicle at measured longitudinal distance 
differences. Prior to beginning driving, the driver was 
instructed to adjust the seat and mirrors to a comfortable 
level. The driver was told to perform the instructed tasks 
just as they would occur in a real world driving situation.  

 

Light Vehicle Alongside
With Overlap

Rear of Trailer

 
Figure 8. Diagram showing overlap in the 
Clearance/ Overlap task. 
 
Independent Variables- The experiment had three 
main independent variables, as follows: 

• Weather: rain or clear 
• Lighting: presence or absence of street lighting 
• Enhanced C/VIS: system operating or not operating 

(Baseline). 
 
There were, as previously mentioned, three independent 
variables with two levels each, resulting in a total of 
eight factorial combinations of conditions. Tests were 
planned so that all eight conditions (not counting 
practice) could be examined in eight loops of the Smart 
Road for each driver. In four of the eight loops (for each 
driver), the rain towers were activated, producing the 
rain conditions, whereas in the remaining four loops the 
rain towers were deactivated (or not activated). 
Similarly, in four of the eight runs, the roadway lighting 
was activated and in the other four the roadway lighting 
was deactivated. Finally, on four loops, the Enhanced 
C/VIS was activated and on the other four it was 
deactivated; that is, Baseline. 
 
Rain simulation had certain constraints. The most 
important for the current research was the time required 
to initiate steady-state rain, and the time to "clear" the 
rain once it was turned off. Activation required close to 
30 minutes, while clearing required about 15 minutes.  
Because of these lags, runs were planned so that turning 
on or off was performed only once for a given subject. 

This meant that once rain was activated, it was not 
turned off until all rain-related runs were completed. 
Similarly, once the sequence of clear runs was started, 
the clear runs were all completed. 
   
In terms of Smart Road overhead lighting, that lighting 
could be turned on or off in a relatively short time. 
However, some of the lighting had a warm-up period 
estimated to be not more than 3 minutes. Consequently, 
switching to lighting from no lighting entailed a short 
delay. On the other hand, turning the Enhanced C/VIS 
system on and off was relatively easy, in that it was 
possible to simply blank or un-blank the monitors, 
leaving the video and all processing running. This had 
the effect of turning off the displays so that the driver 
was forced to use the standard side mirrors (only) for 
determining the situation around the heavy vehicle. As 
previously indicated, the plan called for the use of eight 
subjects (drivers) in the experiment, with each subject 
experiencing all eight factorial conditions appropriately 
counterbalanced. With this design, data gathered for 
each dependent variable could be analyzed statistically 
with an ANOVA using a within-subject model, as 
follows: 2 (Weather: Rain versus Clear) by 2 (Lighting: 
Street Lighting On versus Dark) by 2 (E-C/VIS: system 
operating or Baseline). 
 
Practice was considered necessary to increase familiarity 
with the heavy-vehicle baseline operating condition as 
well as the E-C/VIS operating condition. Consequently, 
each driver performed the first two runs in his or her 
sequence twice: the first time for practice and the second 
time for data gathering. This plan assured equal practice 
across the eight conditions and eight drivers while at the 
same time allowing each driver to obtain exposure under 
dynamic conditions to an E-C/VIS condition and a 
corresponding baseline condition, prior to data 
gathering. Thus, each driver actually performed ten 
loops of the Smart Road, but only the last eight were 
data gathering runs. 
 
Dependent Variables - Both performance and opinion 
data were gathered in the Smart Road tests. The main 
aspect of the performance testing was determining how 
well subjects could ascertain the position of an object 
vehicle at night under various conditions. This test was 
used previously for daytime runs in the original C/VIS 
project [1]. It was found to be an effective indicator of 
how well subjects could locate the position of the object 
vehicle when it was located in an adjacent lane near the 
rear end of the trailer. This indicator is believed to be 
valuable in assessing the potential for reduction in 
sideswipe crashes. Two measures were previously used: 
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whether there was longitudinal clearance or longitudinal 
overlap, and how much there was in terms of distance. 
Clearance/overlap was scored as correct or incorrect. 
How much clearance or overlap in feet was scored in 
terms of the amount of error.  If the clearance/overlap 
decision was correct, then the estimated distance was 
subtracted from the actual distance to get the error. If the 
clearance/overlap decision was incorrect, the estimated 
distance was added to the actual distance. Thereafter, the 
absolute value was used as the measure of accuracy in 
estimation. Consequently, in the current experiment, the 
plan was to use two dependent measures, as follows: 
 

• Number of correct responses (or percent 
correct) in the clearance/overlap 
determination, and 

• Absolute error in the clearance/overlap 
estimate. 

 
A measure not previously used was the total response 
time. It could be hypothesized that response time might 
be faster, the same, or slower with the Enhanced C/VIS, 
because of the greater, but more precise, information it 
provides. In any case, the idea of using this measure 
seemed reasonable in that it might shed light on how the 
subject used the Enhanced C/VIS and whether or not it 
compromised response time. Therefore, the following 
measure was determined: 
 

• The amount of time required to determine 
clearance/overlap added to the amount of time 
required to estimate distance. 

 
A final measure, taken for exploratory purposes, was 
glance position as a function of time. The directions of 
glances used were: forward, E-CVIS (right/left/center), 
mirrors (left/right), and dash/IP (instrument panel). 
Occasionally the driver would glance elsewhere, which 
was counted as a valid sample in calculating the glance 
probability. However, there were so few of these that 
they were not included in any of the graphs.  The 
interval over which data were gathered was specified to 
be from the beginning of the instruction to determine 
clearance/overlap to the end of the driver’s response 
regarding how much clearance or overlap there was in 
feet. The measure associated with this analysis was: 
 

• Eye glance probability to specific locations. 
 

This measure was calculated by pooling data across the 
eight subjects for the given condition, thereby allowing 
eye glance differences to be presented as a function of 
the condition under test. 

 
For each loop of the rain generating and lighted area of 
the Smart Road, two replications could be accomplished 
during the outbound leg and two more replications could 
be accomplished during the inbound leg at an instructed 
speed of 25 mph (40.2 km/h). By performing one 
clearance/overlap determination and one corresponding 
longitudinal distance determination on each side of the 
heavy vehicle in each direction, there were a total of 
four replications per driver and condition. Note that Side 
could be treated as an additional independent variable in 
these tests. All conditions were tested using the same 
stretch of the Smart Road; that is, the stretch which had 
both rain and lighting capability. Of course, for some of 
the runs, these capabilities were deactivated. 
 
During these tests an automobile driven by a confederate 
experimenter approached rapidly from the rear and then 
matched speed at a specified position relative to the rear 
of the trailer. The position was selected differently for 
each driver and each replication, but all values fell 
within 16 ft (4.88 m) of overlap and 23 ft (7.01 m) of 
clearance using the longitudinal distance between the 
rear of the trailer and the front of the automobile. Once 
the automobile reached position, the subject performed 
the estimation task (clearance/overlap and longitudinal 
distance estimation). The automobile then dropped back 
and approached again on the opposite side for the 
second replication of the task. Note that since the Smart 
Road has two lanes in the rain-producing area, it was 
necessary for the subject in the heavy vehicle to change 
lanes while the automobile was dropping back. The 
automobile then once again accelerated, approached, 
and positioned itself at a new specified distance for the 
second estimation task. This test did not require the 
automobile to be in exactly the specified position at the 
time of the estimation (as long as speed was matched) 
because the actual distance was measured by video using 
cameras located at the rear of the trailer (but not seen by 
the driver). These cameras were identical to the 
merge/re-merge cameras described in the original C/VIS 
project. These cameras were calibrated so that distance 
could be determined to the nearest 6 in (15.2 cm). Thus, 
the "ground truth" value was used in calculating 
correctness of the decisions by the subject and amount 
of error in the estimates, not the confederate vehicle 
driver’s ability to get to and maintain the correct 
position. 
 
To summarize, each subject (heavy-vehicle driver) 
experienced all factorial combinations of Weather, 
Lighting, and Enhanced C/VIS, as specified. The subject 
provided four decisions regarding clearance/overlap and 
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four estimates of distance of clearance or overlap for 
each of the eight different factorial combinations. In 
addition, the total time to perform these tasks was 
measured, as were the eye glance patterns. The data 
provided objective evidence of the degree of the relative 
performance of the E-C/VIS as compared with Baseline 
for a variety of nighttime conditions. 
 
Driver opinion is important because it is likely to be one 
of the major factors that trucking companies might use 
to decide whether or not they should equip their fleets 
with Enhanced C/VISs. Clearly, if drivers do not accept 
these systems as useful, the systems are not likely to be 
implemented.  
 
Drivers performed tests in pairs in which one condition 
was Baseline and the other condition was the Enhanced 
C/VIS condition. This suggested that after every two 
loops of the Smart Road, the driver should be queried in 
comparing the two previously experienced conditions. 
Obtaining this opinion data at four different, two-loop 
intervals allowed comparison of the Enhanced C/VIS to 
Baseline for all four factorial combinations of Weather 
and Lighting. A final set of rating scales was also 
provided, following all runs on the Smart Road. These 
scales were intended to determine whether or not 
subjects were receptive to the Enhanced C/VIS, as 
determined by responses on several. After rating scale 
data were gathered, ratings were converted to numerical 
values and were then analyzed.  
 
A final question solicited any additional information the 
subject wanted the investigators to have, using a simple 
ruled space for the subject to reply. This gave the subject 
a chance to provide any additional opinion regarding the 
Enhanced C/VIS and its comparison with Baseline. 
 
RESULTS 
 
The Smart Road Tests had the objective of serving as a 
means of determining operational qualities of the E-
C/VIS when compared to Baseline. The tests were 
intended to examine the most critical aspect of situation 
awareness, namely, the amount of clearance or overlap 
when another vehicle is alongside but near the back of 
the trailer. This situation is critical to lane changing or 
merging while avoiding a sideswipe crash. There are 
other aspects of general situation awareness, but they are 
not as important as assessing clearance or overlap and 
their approximate magnitude. 
 
Clearance/Overlap 
 

Data for the clearance overlap tests were first examined 
using a within-subject 2 by 2 by 2 model for the 
ANOVA. Because of the small number of trials, Side 
was not examined as an independent variable. A given 
subject then would have four possibilities for each set of 
independent variables. He or she could be correct on 0, 
25, 50, 75, or 100 percent of responses because there 
were four trials per factorial combination of Baseline 
versus E-C/VIS, Street Lighting versus Dark, and Rain 
versus Clear. Results indicated that only the main effect 
of Baseline versus. E-C/VIS was significant: F(1,7) = 
11.67, p = 0.0112. None of the other main effects or 
interactions was significant. Figure 9 shows the 
significant main effect of Baseline versus E-C/VIS. 
Clearly, the E-C/VIS condition provided superior results 
in regard to clearance/overlap correctness, with almost 
all responses correct (126 of 128 responses correct). 
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Figure 9. Clearance/Overlap correctness as a 
function of condition. 
 
Subjects also provided an estimate of the amount of 
clearance or overlap in feet. If a given subject provided 
the correct answer in terms of clearance or overlap, then 
the subject’s distance estimate was subtracted from the 
actual amount of clearance or overlap. Thereafter, the 
absolute value was obtained and was considered to be 
the error in feet. On the other hand, if the subject 
answered incorrectly on the query regarding clearance or 
overlap, the subject’s distance estimate was added 
(algebraically) to the actual distance. Thereafter, the 
absolute value was obtained and was likewise 
considered to be the error in feet. 
 
Absolute error values were analyzed by a four-way 
within-subject ANOVA. The independent variables were 
Condition (Baseline versus C-VIS), Side (Driver or 
Passenger), Lighting (Street Lighting versus Dark), and 
Weather (Rain versus Clear). Results of the analysis 
demonstrated significant main effects of Condition with 
F(1,7) = 32.03, p = 0.0008; and Side with F(1,7) = 
32.04, p = 0.0008. There were two significant two-way 
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interactions: Condition by Side with F(1,7) = 11.29, p = 
0.0121 and Lighting by Side with F(1,7) = 5.41, p = 
0.0529 (this latter condition was treated as significant). 
For completeness, two additional non-significant 
interactions are noted: Lighting by Condition with F(1,7) 
= 3.77, p = 0.0934; and Lighting by Condition by Side 
with F(1,7) = 3.75, p = 0.0938.  
 
Figure 10 shows the Condition main effect. Clearly, the 
size of the error in estimates is cut drastically using the 
E-C/VIS. This is an important finding and was also 
noted in the C/VIS daytime tests performed in the 
previous project. Figure 11 shows the Side main effect. 
Here the absolute error was found to be much larger on 
the passenger side than on the driver side. The reason for 
this is believed to be that the mirrors on the passenger 
side are much farther away from the driver and therefore 
have a smaller field of view, particularly the west coast 
mirror. This narrow view is potentially responsible for 
making distance estimation substantially more 
inaccurate. In Figure 12, the interaction of Condition and 
Side shows very clearly that large errors occur on the 
passenger side when the E-C/VIS is not used. 
 

 
Figure 10. Effect of Baseline versus E-C/VIS on 
distance estimation errors. 
 

 

Figure 11. Effect of Side on distance estimation 
errors. 
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Figure 12. Interaction of Condition and Side on 
distance estimation errors. 
 
An examination of the direction of error was performed 
regarding driver distance estimations during the 
clearance/overlap tasks. The purpose of this examination 
was to investigate whether drivers were overestimating 
or underestimating distance when using the E-C/VIS in 
comparison with the baseline.  Overestimation during a 
clearance task is an event when the actual clearance 
distance of the light vehicle is less than the clearance 
distance estimated by the driver.  Underestimation 
during a clearance task is when the actual clearance 
distance is more than the distance estimated by the 
driver.  Overestimation during an overlap task is an 
event when the actual overlapping distance of a light 
vehicle is less than the overlapping distance estimated by 
the driver. Underestimation during an overlap task is 
when the actual overlapping distance is greater than the 
distance estimated by the driver.  These driving tasks 
were not initially designed to investigate direction of 
error, therefore only the frequency of these events in 
which overestimation and underestimation occurred 
were examined for each condition.  
 
Results indicated that when drivers used the E-C/VIS, 
there was a higher frequency of events in which drivers 
overestimated the amount of clearance (40 events) as 
compared to the events in which drivers made 
underestimations (16 events).  Results also indicated that 
when drivers used the E-C/VIS, there was a higher 
frequency of events in which the drivers underestimated 
the amount of overlap (43) as compared to the events in 
which drivers made overestimations (13).  A chi-squared 
test for independence was performed to examine the 
relation between the treatment and the clearance/overlap 
estimates.  The relation was found to be significant, 
X2  (3, N=236) = 56.68, p<0.0001.  An examination of 
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the contribution each cell made to the chi-squared 
statistic indicated that the clearance tasks made the 
largest contribution, particularly when the driver 
overestimated the distance.   
 
Figure 13 shows non-significant interactive effect of 
lighting on Condition (Baseline versus E-C/VIS). This 
interaction was not significant (p = 0.0934), but there is 
a reversal that takes place when lighting is used. Note 
specifically the reduction in absolute error when the E-
C/VIS is in use. Figure 14 also shows a non-significant 
street lighting effect, but this effect is very close to 
significance (p = 0.0529). In this case, errors are seen to 
increase in the dark condition on the passenger side, 
probably because of large errors when the E-C/VIS was 
not in use. This latter effect is more easily seen in the 
triple interaction shown in Figure 15. This interaction is 
also not significant (p = 0.0938).  
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Figure 13. Interaction of Lighting with Condition 
(Baseline versus E-C/VIS); (note that p = 0.0934). 
 
 

0

1

2

3

4

5

6

7

8

9

10

0 0.5 1 1.5 2 2.5 3

A
b
s
o
lu
t
e
 E
r
r
o
r
 (
f
t
)

Side

Street Lighting On

Dark

Driver Passenger

 
Figure 14. Interaction of Lighting with Side 
(driver versus passenger); (note that p = 0.0529). 
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Figure 15. Three-way Interaction of Lighting, 
Condition (Baseline versus E-C/VIS), and Side 
(driver versus passenger); (note that p = 0.0938). 
 
 
 
Eye Glance Analysis 
 
While performance results show substantial 
improvement for the E-C/VIS condition, there is a 
question regarding the degree to which drivers (subjects) 
are using these added displays. Therefore, eye glance 
analyses were carried out for the Smart Road tests. 
These tests provide an indication of sources from which 
subjects gathered their information during decision 
making.  Data were gathered and analyzed from the time 
that the experimenter completed the query regarding 
clearance or overlap, and ended when the subject 
provided an estimate of distance of clearance or overlap. 
Thus, the interval during which data were gathered was 
that associated with the two queries: clearance or 
overlap, and how much clearance or overlap in feet. 
There was no break (in the data gathering interval) 
during the experimenter’s query regarding amount of 
clearance or overlap in feet. 
 
The Smart Road tests were limited to passing/merging 
conditions; namely, determination of clearance or 
overlap, and corresponding amount of clearance or 
overlap in terms of distance.  These conditions were 
chosen because they reflected realistic situations in 
which sideswipe accidents might occur. It would be 
expected that eye glance behavior would be strongly 
influenced by the conditions selected, but these 
conditions were believed to be the most critical and were 
therefore used for testing. 
 
Probabilities were calculated by careful examination and 
reduction of video files associated with the two face 
cameras mounted just above the two E-C/VIS side 
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monitors. The probability of looking at a given object or 
area was defined as the number of video frame samples 
to that object or area divided by the total number of 
readable video frame samples in the measurement 
interval. 
 
Figure 16 shows the overall eye glance behavior for the 
Smart Road experiments. This figure is quite revealing. 
It shows that during Baseline runs (that is, runs without 
the E-C/VIS operating) drivers relied heavily on their 
side mirrors with glances to the forward view. There is 
also an occasional short glance to the instrument panel 
(believed to be primarily the speedometer). On the other 
hand, when the E-C/VIS was operating, drivers relied 
heavily on the rear wide-angle look-down monitor 
(center E-C/VIS) with glances to the forward view. In 
this condition, they also looked occasionally at the 
mirrors, the two side monitors, and the instrument panel. 
Driver information gathering was very different when 
the E-C/VIS was operating. Specifically, drivers relied 
very heavily on the rear wide-angle look-down monitor 
when it was available. The reason appears to be that this 
monitor contained precise information regarding the 
longitudinal clearance or overlap between the rear of the 
trailer and the light vehicle in the adjacent lane. 
 
Also worth mentioning in Figure 16 is the fact that the 
drivers had slightly higher probabilities of looking at the 
forward view when the E-C/VIS was operating. This 
occurred even though there were more sources for the 
drivers to view and also drivers had less experience with 
the E-C/VIS. Glance probability to the forward view 
represents a safety factor, in that a given driver can 
maintain better control of his/her heavy vehicle while 
assessing the location of the vehicle alongside. 
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Figure 16. Glance probabilities (as a function of 
Baseline versus E-C/VIS) for all conditions tested 
in the Smart Road experiments 

  
 
Subjective Ratings 
 

Subjects performed two types of ratings: those 
comparing the Baseline to E-C/VIS conditions for all 
combinations of Weather (Rain versus Clear) and Street 
Lighting: (Street Lighting versus Dark).  Thus, each 
subject provided four ratings of these combinations 
using 9-point rating scales. In addition, on completion of 
all testing, subjects were asked to provide overall ratings 
associated with their experience using the E-C/VIS in 
the various experiments. 
 
A center rating was provided a grading of 5 and was 
associated with the word “moderate”. Thus, a response 
of 5 would suggest moderate acceptance. Any value 
between 5 and 9 (the uppermost rating) was considered 
to be favorable, whereas scores below 5, and down to 
the lowermost score of 1, were considered to somewhat 
unfavorable or more so. The ends of the scale 
represented extreme positions, with 9 being extremely 
favorable and 1 being extremely unfavorable. All 
analyses were performed using the numerical equivalent 
of scores provided by the subjects. 
 
A two-way, repeated measures ANOVA was performed 
on the four responses each subject provided for each 
comparison of Baseline versus E-C/VIS immediately 
following pairs of runs on the Smart Road. The 
independent variables in this analysis were Weather 
(Rain versus Clear) and Lighting (Street Lighting On 
versus Dark). The single dependent variable was the 
rating of “how helpful was the E-C/VIS compared to 
Baseline”. The analysis demonstrated no significant 
main effects or interactions. The interpretation of these 
results is that the ratings are not significantly different 
whether or not Rain is present or absent, and whether 
Street Lighting is On or Off. Figure 17 shows the mean 
ratings for the various conditions, indicating that even 
though there are no significant differences, all ratings are 
relatively high, averaging 7.67. This represents a high 
value of acceptance of the E-C/VIS by the subjects. 
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Figure 17. Mean ratings of E-C/VIS Helpfulness as 
a function of Weather and Street Lighting. 
Differences are not Significant; average rating is 
7.67. 
 
Overall Ratings. As indicated, once the experimental 
runs were completed, subjects rated the E-C/VIS along 
three dimensions. Paraphrasing, these were: “How 
useful overall?”, “Would you like to have this integrated 
system on your rig?”, and “Does the E-C/VIS improve 
your situation awareness (where situation awareness was 
defined for the subjects)?”   The objective of these 
ratings was to determine whether or not subjects were 
receptive to the E-C/VIS after using it and to determine 
the degree to which they were receptive. 
Figure 18 shows the mean values for the responses to the 
three questions. As can be seen, average responses for 
the three ratings demonstrate a high overall level of 
acceptance, with a grand mean of 7.88.  
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Figure 18. Mean values for post-experiment 
ratings regarding receptiveness to the E-C/VIS. 
 
  
CONCLUSIONS 
 
This research indicates that a promising approach to an 
Enhanced Camera/Video Imaging System has been 
developed and tested in realistic experiments. The 
system has been configured to have three channels of 
video, one on each side of the tractor and one looking 
down from above at the rear of the equipped trailer. This 
system would use cameras sensitive to both visible and 
near IR illumination and would be suitable for day or 
night conditions and for clear or rain conditions. The 
system would provide color images in daytime and B/W 
images at night.  
 
The system would use IR LED illuminators in the 940 
nm range, which would produce illumination at night, 
visible only with the video system and not with the 

unaided eye. Processing would be used to "outline" 
target objects such as other vehicles. The level of 
processing would be set but could be adjusted in each 
direction (that is, more or less processing) by the driver. 
 
Monitors for the two side cameras would be placed at 
the A-pillars of the tractor, making it possible to view 
them without great eye travel to and from the 
conventional side mirrors. (Note that if side mirror 
reflections become a problem, another location for the 
two side monitors might be needed.)  This location (that 
is, the A-pillars) would have the advantage of not 
creating additional blind spots. The monitor for the rear 
wide-angle look-down camera would be placed in the 
upper center windshield area of the tractor, similar to 
that of an interior rearview mirror. All images would be 
horizontally reversed so that they would appear as 
familiar mirror images. 
 
A three-channel system was implemented and was tested 
on the Virginia Smart Road. All results were 
encouraging and indicated that driver performance was 
better and driver opinion of the Enhanced C/VIS was 
high. The results of the dynamic tests have been positive 
and the following principles have been developed: 
 

• Video cameras differ radically in their 
capabilities, and appropriate cameras must be 
used.  The camera type selected (based on 
indoor tests) was the Toshiba IK-64DNA. This 
camera had the correct sensitivity to visible 
and near IR illumination, it would switch from 
daytime color to nighttime B/W, and it 
provided good resolution and image rendition. 
However, because of its high sensitivity at 
night it was also sensitive to blooming from 
headlights. This was partly offset by the fact 
that the bloom did not bleed horizontally or 
vertically. Camera output was digitally 
processed externally to minimize the effect of 
the bloom. Headlights are extremely bright 
compared with the nighttime background 
illuminance level. Thus, any camera sensitive 
enough to be used at night is quite likely to 
have the same problem. 

• Near IR sources were implemented in dynamic 
tests because they produced no glare for other 
drivers and provided adequate illumination. 
These sources are at 940 nm wavelength and 
are totally invisible in terms of light output. If, 
however, such illuminators could not be used 
for a reason that is currently unknown to the 
investigators, visible illuminators could still be 
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used. The main reason for using illuminators is 
to illuminate objects at night when there is no 
other major source of illumination. It should 
also be reiterated that the IR illuminators do 
not provide any change or improvement in 
mirror detection or mirror identification of 
objects. It is only when they are used with an 
E-C/VIS that improvements are obtained. 

• The three-camera Enhanced C/VIS should 
consist of the two fender-mounted cameras and 
a rear wide-angle, look-down camera. All 
cameras should be IK-64DNA or equivalent.  
The monitors for the three cameras should be 
at the A-pillars for the fender-mounted 
cameras and at the approximate rearview 
mirror position for the rear look-down camera. 
All images should be reversed horizontally, 
because drivers are accustomed to mirror 
images when glancing to the rear using 
mirrors.  

• Driver control of the E-C/VIS should be by 
means of an IP or wing-panel mounted control. 
The driver should have the ability to offset the 
amount of processing from nominal to a higher 
or lower weighting. The reset button should 
reset the processing to the nominal setting. In 
addition, the driver should have the ability to 
offset the brightness/contrast to either a higher 
or lower setting. Again, the reset button should 
return the system to the nominal setting. There 
should be a daytime and a nighttime nominal 
setting of the monitor brightness and contrast, 
because the daytime setting will be too bright 
for nighttime and the nighttime setting will be 
too dim for daytime. These settings could be 
determined by cab interior brightness or 
possibly by the switching of the cameras from 
daytime to nighttime settings, or vice versa. 
Another important aspect is to get the legend 
brightness correct for the control itself. If it is 
too bright, it will create glare for the driver. If 
it is too dim, it will be difficult to see at night. 

• The rear channel of the E-C/VIS was designed 
specifically to be used to help in locating 
adjacent lane vehicles and their corresponding 
positions. Drivers were able to take advantage 
of this additional capability under all of the 
conditions tested.  Although the E-C/VIS was 
shown to result in less absolute error in 
estimating distance, there tended to be an 
overestimation of the amount of clearance and 
an underestimation of the amount of overlap. 
Due to the convex characteristic of E-CVIS 

lens, this result is consistent with results found 
of drivers using convex mirrors in which an 
overestimation of distance was found. Driving 
tasks designed to further measure the direction 
of error while using the E-C/VIS for distance 
estimation should be examined in future 
studies in order to gain a better understanding 
of this phenomenon.    

• Eye glance data taken during the 
clearance/overlap and distance estimation tasks 
indicate that drivers relied heavily on the rear 
wide-angle look-down channel of the E-C/VIS. 
They used this portion of the E-C/VIS even 
though their side mirrors remained available. 
These results indicate that they gave preference 
to the E-C/VIS over their mirrors for the task, a 
finding that demonstrates the effectiveness of 
the configuration. 

• Drivers tended to use both their side mirrors 
and their side E-C/VIS channels during the E-
C/VIS conditions. This result suggests that 
drivers found both to be useful. However, use 
of the rear channel of the E-C/VIS was much 
more pronounced. 

• Opinion data taken from the drivers during the 
Smart Road tests demonstrated high levels of 
ratings when compared to Baseline. Values 
were in the numerical range of 7.31 to 7.88 for 
the various combinations of driving conditions. 
These values correspond to “Very Helpful” or 
better. Drivers also rated overall usefulness, 
whether or not they would like to have an 
integrated E-C/VIS on their own rig, and 
whether or not the E-C/VIS improved situation 
awareness (defined as being aware of the 
situation along the sides and to the rear of the 
heavy vehicle). In all three cases, ratings were 
very high ranging from 7.75 to 8.13. These 
average values fall well above the “moderate” 
level and are in the range of “very” to 
“extremely”. Thus, acceptance of the E-C/VIS 
by CDL drivers was very high. 

• Finally, drivers provided comments on a lined 
sheet intended to help with further 
development. The comments generally 
reflected problems the investigators had seen 
previously. However, side glass reflections and 
lack of marker lights at the rear were problems 
the investigators had not addressed sufficiently 
and should be taken into account in any future 
efforts. 

• Low position of the side cameras on the 
fenders would prevent small vehicles from 
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going undetected alongside the tractor. This is 
an important consideration in camera 
placement and E-C/VIS development. 
Although fender placement presents some 
design problems, the fender position should 
definitely be retained in any future 
developments. It would be expected that such 
placement would help in reducing the number 
of sideswipe crashes; namely, those occurring 
at the sides of the tractor or front portion of 
straight trucks. 
 

An E-C/VIS is believed to represent a distinct step 
forward in heavy-vehicle design and safety. These 
systems are expected to improve over time, addressing 
solutions to camera artifacts such as blooming and 
various physical size/reliability characteristics of truck-
mounted cameras. As a result of the success of this 
work, a Technology Field Demonstration (TFD) 
beginning in 2009 has been planned over a 2 year 
period, in co-sponsorship with FMCSA. 
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ABSTRACT 
 
There is concern that a trend toward smaller, lighter, 
fuel-efficient vehicles could adversely affect overall 
fleet safety.  Since 2006, the U.S. Congress has directed 
the National Highway Traffic Safety Administration 
to “examine the possible safety benefits of lightweight 
plastic and composite intensive vehicles (PCIVs)” with 
Federal and industry stakeholders. This paper 
identifies near-term research priorities and 
partnership opportunities to facilitate the deployment 
of safe and energy efficient PCIVs by 2020.   
  
A critical literature review and focused survey of 
subject matter experts identified knowledge gaps on 
automotive composites crashworthiness and consensus 
safety research priorities. Initial results were published 
in a 2007 PCIV Safety Roadmap report with milestones 
to 2020. The roadmap was developed to address 
development of plastics and composites 
crashworthiness test standards, improved 
computational simulation tools, and automotive 
design strategies.   
 
Additional inputs on key safety issues for automotive 
composites were obtained from an August 2008 experts’ 
workshop, which examined in depth critical near-term 
research priorities and strategies to meet crash 
occupant protection challenges for future PCIVs.  
 
There is broad consensus that future PCIV structural 
composites with high energy absorption may enhance 
crash safety by preserving occupant compartment 
strength and protecting crush space.  Near-term 
cooperative research is needed to:  
• improve understanding of composite failure 

modes in vehicle crashes,  
• develop a database of relevant parameters for 

composite materials, and  
• enhance predictive models to avoid costly 

overdesign.  
 
PCIV safety research is synergistic with ongoing 

NHTSA research (hydrogen and alternative fuel 
vehicle safety, integrated safety, crash occupant 
protection), the US Government (DOE/USCAR 
consortia), and the global automotive industry and 
research community.   
 
This paper concentrates on safety-related research issues, 
assuming that other potential barriers to PCIV 
deployment (e.g., economic viability, manufacturability, 
sustainability) will be resolved. An updated safety 
roadmap and supporting cooperative research efforts are 
planned to facilitate the development and deployment of 
PCIVs with equal or superior crash safety by 2020.   
 
 
INTRODUCTION 
 
In fiscal year 2006, the United States Congress 
directed the National Highway Traffic Safety 
Administration (NHTSA) to “begin development of a 
program to examine the possible safety benefits of 
lightweight Plastics and Composite Intensive 
Vehicles (PCIVs)” and to develop a foundation for 
cooperation with the Department of Energy (DOE), 
industry and other automotive safety stakeholders.  
NHTSA tasked the Volpe National Transportation 
Systems Center (Volpe Center) to conduct focused 
research, in cooperation with industry partners from 
the American Plastics Council (APC), now the 
American Chemistry Council - Plastics Division 
(ACC-PD).  
 
NHTSA’s goal is to evaluate the potential safety 
benefits of plastics and composites applications in the 
emerging lighter weight, more fuel efficient and 
environmentally friendly vehicles.  The PCIV safety 
research project is synergistic with ongoing NHTSA 
research efforts (hydrogen and alternative fuel 
vehicle safety, integrated safety, crash occupant 
protection). PCIV safety research also supports 
global and national efforts to improve vehicles’ 
energy efficiency and preserve the environment with 
equal or better safety performance and affordability.  



 Brecher 2 

THE PCIV SAFETY RESEARCH ROADMAP 

In 2007, the Volpe Center published “A Safety 
Roadmap for Future Plastics and Composites 
Intensive Vehicles (PCIV)” [1]. The report described 
the approach, activities, and results of an evaluation 
of potential safety benefits of PCIVs. The safety- 
focused effort complemented earlier and more 

general technology integration roadmaps developed 
by ACC-PD [2].  

A simplified summary of the 2020 PCIV Safety R&D 
Roadmap priorities is shown in Figures 1 and 2. 
Figure 1 summarizes the strategic research priorities 
and timeline for 2020 PCIVs while Figure 2 
addresses options to enhance PCIV safety 
performance.  

 
Figure 1: Strategic priorities for 2020 plastics and composite intensive vehicle (PCIV) safety assurance [1] 
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Figure 2: Enhancing plastics and composite intensive vehicle (PCIV) safety performance with plastics [1] 

 
The Volpe Center conducted structured interviews 
with leading subject matter experts (SMEs), 
representing a broad cross-section of automotive 
safety stakeholders. Interviews were complemented 
by written inputs and supporting materials provided 
by the SMEs.  The process identified priority 
knowledge gaps and safety research and development 
(R&D) needs to predict the crashworthiness of 
automotive composites.  The SMEs encouraged 
NHTSA participation in cooperative research efforts 
on automotive light-weighting, and in standards 
development activities for structural polymeric 
composites.  
 
The Volpe Center also reviewed and summarized the 
knowledge base on automotive light-weighting 
materials crash safety, and identified related national 
and international research programs offering high-
leverage partnership opportunities.  Federal and 
industry initiatives identified include the DOE 
FreedomCAR and Fuel Partnership consortia and the 
Advanced Lightweight Materials Program [3], which 
develops strong, lightweight vehicle material options 
to improve energy efficiency.  
 
There is broad consensus that future PCIV structural 
composites with high energy absorption may enhance 
crash safety by preserving occupant compartment 
strength and volume to optimize crush space.  
Composite materials standards development efforts 
are particularly important for designing PCIVs that 

meet NHTSA crashworthiness requirements and the 
associated occupant protection challenges.   
 
These roadmaps defined safety-related R&D 
activities for near-term (three to five years), mid-term 
(five to ten years) and longer term (ten to 15 years), 
as well as milestones and metrics for progress 
towards the successful design, development, and 
deployment of lightweight, fuel-efficient and 
environmentally sustainable PCIVs.  Near-term 
cooperative research is needed to:  
• improve understanding of composite failure 

modes in vehicle crashes,  
• develop a database of relevant parameters for 

composite materials, and  
• enhance crash damage predictive models to 

avoid costly overdesign.  
 
The focus of this project was on the identification of 
PCIV crash safety research needs germane to the 
NHTSA vehicle safety mission, and complementary 
to DOE/USCAR industry consortia research on 
vehicle light-weighting materials [3]. Thus, it was 
assumed that other potential barriers to PCIV 
deployment (e.g., economic viability, manufacturability, 
sustainability) would be resolved by 2020 through other 
efforts. 
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Research Needs to Predict the Crashworthiness of 
Composite Automotive Structures 
 
The safety roadmap development effort identified 
high-priority research needs for advancing the design 
and analysis of composite automotive structures for 
crashworthiness. These would enable greater 
utilization of automotive plastics and composite 
materials in future PCIVs. They include: 
• Continued refinement of full three-dimensional 

analysis modeling tools; 
• Understanding of how failure and energy 

absorption are controlled by processes at several 
length scales; 

• Inclusion of all damage modes (and associated 
failure models criteria) in computational models; 

• Consideration of interaction effects in crashes; 
• Standardized tests for fatigue, creep, and aging 

effects; 
• Consideration of structural configurations in 

impact crash performance; 
• Understanding issues related to manufacturing 

and lifetime handling; 
• Inclusion of probabilistic aspects of failure; and 
• Identification and proper modeling of the actual 

crash reality (i.e., geometry and force). 
 
Research Needs for Occupant Safety 
 
High confidence in PCIV safety performance 
characterization will also require research to: 
• Improve statistical crash data analysis to 

understand how severity of injuries and 
survivability vary with age and identify 
mitigation options. 

• Develop stronger passenger compartment 
designs with frontal crush boxes. 

• Improve the occupant restraints and seating 
systems to restrict side head movements and 
limit head and neck injuries. 

• Adaptive restraint systems “tuned” to occupant 
size, weight, and age or fragility. 

• Reduce impact loads with customized occupant 
space (seating, bolsters, belt system) for 
improved protection and comfort. 

• Optimize the design and performance of the 
combined passive and active restraints system 
(“sum total of interior passive foams, active air 
bags and belts”).  

• Verify that PCIVs would be sufficiently safe in 
the case of a post-crash fire. 

 
Other industry-identified priority PCIV safety 
applications include: 

• Four-point seat belts and seat belt limiters to 
protect aging drivers; 

• Plastics that have strain-to-fail characteristics 
similar to steel that are not strain rate or 
temperature sensitive; 

• Vehicle structure that produces a similar vehicle 
crash pulse as current production vehicle 
structures using metal (aluminum or steel); 

• Enhanced visibility (glass composites to reduce 
nighttime glare); and 

• Pre-crash sensors for gentler deployment of 
safety devices (smart air bags, load limiters, 
inflatable seat belts). 

 
Near-Term Safety Research Priorities  
 
The near-term (three to five year) PCIV R&D 
priorities identified in the roadmap process include: 
• Stronger foam filling on side doors and posts, 

combined with soft foam padding on interior 
surfaces to mitigate side impact intrusions; 

• Rigid “structural foams” to fill in and reinforce 
metal roof structure and pillars in order to 
mitigate rollover injuries; 

• Use of lightweight plastic structures in roofs to 
lower the center of gravity of top heavy vehicles; 

• Improvement of cushioning and belt restraints 
(e.g., use woven cylindrical seat belts, four-point 
attachments); 

• Use of “smart” materials for “smart” safety 
devices; and 

• Standardization to high-performance safety 
subsystems (such as head restraints, seat system 
designs, etc.). 

 
A cross-functional PCIV industry team identified 
additional near-term research topics to address 
specific NHTSA safety requirements in the relevant 
Federal Motor Vehicle Safety Standards (FMVSS) 
through the use of: 
• Interior plastics and foams to address applicable 

NHTSA safety requirements (e.g., FMVSS 201 - 
Occupant protection in interior impact; 207 - 
Seating systems; 208 - Occupant crash 
protection; and 214 - Side Impact protection); 

• Vehicle body enhancement foams that address 
NHTSA crash safety performance regulations 
(e.g., FMVSS 208, 214, and 216- Roof crush 
resistance); 

• Seatbacks responsive to standards (e.g., FMVSS 
202A - Head restraints); and 

• Bumper structural strength for both occupant and 
pedestrian protection in low speed crashes (49 
CFR Part 581 – Bumper Standard). 
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Mid-Term Safety Research Priorities  
 
The mid-term (five to ten year) R&D priorities 
identified in the roadmap process include: 
• Validated composite components; 
• OEM design guidelines for automotive 

composites; 
• Validated crashworthiness performance of 

Carbon Fiber Reinforced Composites using 
improved: 
o Testing standards for high-rate impacts; 
o Energy absorption predictive tools; 
o Three-dimensional computer modeling of 

material behavior versus time; 
o Durability testing standards; 
o Verification in full-scale field testing; and 
o Integrated designs for active seat belt, air 

bags, and seat systems to enhance protection 
in side impacts. 

• Development of new PCIV designs (three to 
seven years); and 

• Marketing of successful PCIV prototype (seven 
to ten years).  

 
The industry team specified priorities such as: 
• Interior and exterior plastic applications;  
• New Federal Motor Vehicle Safety Standards 

(FMVSS) for vehicle occupant protection 
development that appropriately accommodate 
PCIVs; and 

• Vehicle body engineered systems to support new 
FMVSS requirements. 

 
Long-term Safety Research Priorities 
 
The long-term (ten to 15 year) R&D priorities 
identified in the roadmap process include: 
• Utilization of improved fiber reinforced plastics 

for rigid door panels, to tailor energy absorption 
to depth of deformation in side crashes; 

• Improved vehicle occupant protection; 
• Reduce the mass of the entire fleet, or reduce the 

mass of the heaviest vehicles; 
• Improved passive and active safety devices that 

can compensate for any disadvantage of lighter 
weight and smaller size cars in collisions with 
larger and heavier vehicles; and 

• Use of advanced materials (e.g., nano-
composites, hybrid polymers, bio-polymers, and 
natural fiber materials) in automotive safety 
applications, but only to the extent they can meet 
crash and performance requirements. 

 
 
 

THE 2008 PCIV SAFETY WORKSHOP  
 
In August 2008, NHTSA sponsored and the Volpe 
Center organized and hosted a workshop for subject 
matter experts (SME) entitled “The Safety 
Characterization of Future Plastic and Composites 
Intensive Vehicles” [4]. Its primary purpose was to 
obtain and integrate inputs and clarifications to the 
roadmap process that would facilitate the definition, 
characterization, and quantification of safety benefits 
expected from using advanced plastics and composite 
materials for the next generation of mass-market 
lightweight, fuel-efficient vehicles. A related goal 
was to gather lessons learned from the use of 
structural composites in high-end, high-performance 
sports and racing cars that could be applied to mass-
market PCIVs.  

Approximately 50 leading experts on automotive 
safety and advanced materials representing 
government, industry, academia, and standards 
developing organizations attended the workshop.  
Presentations and focused discussions contributed to 
refining the near-term vehicle safety research 
roadmap, to facilitate safety-centered PCIV design 
and deployment by 2020. The workshop findings will 
broaden, deepen and clarify the PCIV Safety 
Roadmap research and development priorities, and 
better define relevant PCIV safety metrics and 
milestones. [4] 

The thematic presentations were followed by focused 
panel discussions that engaged the experts on specific 
PCIV safety issues in order to:  
• Build consensus on the PCIV Safety Roadmap 

research and development priorities 
• Identify, characterize and quantify the potential 

safety benefits of proposed lightweight 
composites in emerging PCIV design concepts;  

• Determine safety challenges and safety 
technology opportunities for emerging and future 
PCIV concepts.  

Industry experts noted that plastics consume just 3% 
of US oil and natural gas and account for only 10% 
of the material in automobiles, but offer the 
possibility of improved fuel-efficiency (through mass 
reduction), design flexibility, durability, 
environmental sustainability through end of life 
(EOL) recyclability, and enhanced crash safety. 
Additional safety-enhancing applications were cited 
such as plastic bumpers and fenders to improve 
pedestrian safety in crashes. 
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Refined Definition of PCIVs 

The focused discussion after the first technical 
session addressed the definition of PCIV. There was 
the sense that, for the time being, systems such as the 
engine block were not plausible applications for 
intensive utilization of plastics.  Other vehicle 
systems were more amenable to redesign in plastics 
and composites.  Attendees representing Original 
Equipment Manufacturers (OEMs) and material 
suppliers indicated that a minimum of 30% to 40% 
(by weight) plastics and composite content in one or 
more subsystems beyond interior trim could qualify a 
vehicle as a PCIV. Note that this is less stringent than 
the DOE/USCAR light-weighting "Factor of Two" 
goal desired for improved fuel efficiency.   

Automotive Safety Applications of Plastics and 
Composites 
 
Attendees were asked to expand on the list of 
applications in which the use plastics and composites 
could enhance vehicle and fleet safety.  The safety 
benefits for the structural and semi-structural 
applications in the Body In White (BIW) were treated 
separately from those applications designed to sustain 
impacts and the interior applications of padding 
intended to redistribute, deflect and cushion impact 
forces on the occupants (thicker, softer plastic foams, 
air bags, and restraints).  
 
Data indicate that smaller and lighter vehicles are 
more “crash-involved” (despite presumed enhanced 
maneuverability) and therefore less safe in collisions 
with heavier and larger vehicles [5]. Some experts 
believe that weight disadvantage in crashes could be 
offset by maintaining size and crush space to protect 
the occupants. The use of strong but lightweight 
composites could improve both safety and fuel 
efficiency. At any given crash velocity, lighter cars 
have less crash energy.  Reduced vehicle weight 
across the fleet could also reduce the weight disparity 
and improve crash safety. [6] 
 
A safety benefit of carbon-fiber composites (CFC) in 
vehicle structures is superior specific energy 
absorption (SEA). Formula 1 racing cars have strong 
CFC nose cones for driver compartment crush 
protection, but these nose cones may not be 
sufficiently robust in off-axis collisions and shear 
loading to be applicable to passenger vehicles. From 
a clean-sheet approach, lighter structural materials 
might permit optimization and flexibility in design of 
“package space” and promote better maneuverability 
for crash avoidance (through “tunability” of vehicle 

handling). Such lightweight PCIVs would 
presumably have a shorter stopping distance as well.  
 
Workshop participants believed that careful 
application of plastics and composites could enable 
enhanced crush zone dimensions with minimal 
impact on interior and exterior dimensions. Robust 
crush zone behavior is needed for this concept to be 
viable in production vehicles. Designers particularly 
cautioned against using high energy absorption 
components to shrink the crush zone; the effect 
would be to spike the deceleration forces on the 
occupant compartment, yielding greater occupant 
decelerations and increased risk of injury.  
 
Attendees noted the promise of composite parts to 
promote structural engagement during vehicle-to-
vehicle crashes, but these concepts would need to be 
supported by:  
• Parts consolidation  
• Mass adjustments  
• Flexibility in designing component geometry  
• Design to improve energy absorption   
• Improved understanding of the effects of process 

and geometry on performance.  
 
Current Practice for Automotive Materials 
Selection 
 
It is crucial to understand how new materials and 
technologies infiltrate a generation of vehicles. 
Industry representatives discussed the process of 
materials selection.  The key criterion is value, 
including initial cost, life cycle cost, and profitability 
in the context of performance. In particular, a 
material change can occur only if the value or unique 
capability (e.g., safety benefits) is clear to both 
producers and customers.   
 
Materials selection is increasingly facilitated by 
better data on crush characteristics and by evolving 
modeling tools.  Mandatory performance 
requirements (e.g., new CAFE regulations) hold the 
promise of encouraging the use of composite 
materials for both light-weighting and crash strength.  
The value of durability, longevity and damage 
tolerance of composites might also spur further 
material substitution. On the other hand, a potential 
unintended consequence of improved durability and 
immunity to corrosion is that it might delay fleet 
renewal and thus fleet penetration of future safety 
advances.  
 
The value of a composite system or sub-system must 
be considered at the vehicle level. The point was 
made several times at the workshop that feedback 



 Brecher 7 

loops such as mass compounding (i.e., lighter 
structure requires smaller engine, etc.) can enable 
concepts that might appear questionable as isolated 
material replacements.  The ability to optimize a 
structure early in the design process (in lieu of 
material replacement in a subcomponent redesign) 
can radically affect material selection.  
 
Design tradeoffs will come into play in these 
applications just as in any other. For example, 
enhanced safety might be enabled at the expense of 
reparability. Automobile manufacturers must 
carefully consider how this might affect consumer 
acceptance.  It might be acceptable if the expense of 
replacement components and their installation could 
be kept low relative to traditional repair. 
 
Alternatively, OEMs might consider how economical 
repair of composite components could become a 
more viable option for PCIVs. Repair education for 
OEM dealership and independent repair shops would 
be essential to ensure quality and integrity of the 
repair. Repair facilities would likely need to be 
OEM-certified in plastics and composites repair. A 
partnership might be formed between the plastics 
industry, automotive experts and the Independent 
Council for Automotive Repair. Reliable repair cost 
estimates could be established once repair techniques 
are developed and quality certified. OEM design 
optimization and materials characterization are 
important considerations for cost effectiveness and 
quality assurance for component repair.  
 
Analytical Techniques for Estimating Crash 
Safety Performance  
 
The process of developing computational models and 
comparing them to physical reality is important.  The 
degree of imperfection of a model and the regime 
over which the model is accurate can eventually lead 
to understanding of the underlying phenomena. Thus, 
advances in materials characterization and 
computational modeling often go hand-in-hand. 
 
The safety analysis of a vehicle depends on the 
fidelity of several analytical layers.  Material models 
must appropriately capture the behavior of materials 
(especially deformation and failure) over a wide 
range of loading environments.  Once these models 
are verified for general material classes, parameters 
for specific materials must be determined – usually 
through extensive material testing.  These properties 
may be sensitive to manufacturing processes.  Finally, 
the component geometry and loading details must be 
understood and modeled. Each of these layers will be 

important in the design and testing of plastic and 
composite components expected to see crash loading.   
 
There is concern that not all failure modes and 
conditions are accurately addressed by current 
models. The consequence is often that good 
engineering practice results in costly overdesign.  
Models can particularly have trouble with the myriad 
local failure conditions and interactions that are 
important on the microscale. For example, 
composites plies with unidirectional fibers can be 
subject to transverse cracking which can adversely 
affect strength. A failure criterion developed for and 
verified with fabric composite structures could 
therefore significantly overestimate component 
properties if applied to a structure with unidirectional 
plies. 
 
Participants were concerned with appropriate 
materials characterization. Baseline static and 
dynamic data are needed for all categories of 
composites in order to evaluate their crash 
compatibility. Another need is to define appropriate 
test coupons for different types of composites (e.g., 
fiber-filled, long vs. short fiber, weave, etc.). 
Precompetitive cooperation in developing material 
models and test specimens was deemed preferable. 
“Round robin” testing and modeling was suggested 
(e.g., modeling of specific medium-size component, 
specific loading) to determine the degree of 
disagreement between different test procedures and 
models.  
  
It was also noted that material properties determined 
from coupon tests can be quite different from the in 
situ values realized in composite components. 
Processing affects material properties and models 
often do not reflect these effects adequately.  
 
There was concern regarding the confidence in 
current computational analyses.  Attendees indicated 
that there is less than 50% confidence in predicted 
performance of composites, whereas a confidence 
level of more than 90% is desirable. While steel 
analysis is typically much greater than 90% accurate 
and aluminum is about 90% accurate, the 
commonplace factor-of-two errors with composites 
often necessitate specialized “development 
programs.”  
 
At the component level, composite crash predictions 
can reach 80-90% accuracy. At the vehicle level, it 
appears that engineering modeling tools are currently 
inadequate to predict real crash performance for 
specific materials and designs, while real-world 
crashes are difficult to control and simulate. 
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Therefore, one suggestion was to revive the 
DOE/USCAR Automotive Composites Consortium 
(ACC) Focal Project 3 (FP3) whole vehicle crash 
analysis effort.  FP3 had been scaled down to 
component level. Since extreme confidence in crash 
performance is required to set the signal processing 
requirements for airbag deployment, the finite 
element analysis models for multi-materials vehicles 
must improve considerably. The key questions are:  
• How to predict failure in non-homogeneous 

materials?  
• How precise does this failure prediction for a 

material choice need to be?  
• How does the failure impact surrounding 

material? Is failure propagation consistent in 
failure mode? 

 
Crash energy management that combines protective 
designs with advanced structural materials was 
considered by the SMEs at the workshop to be the 
key safety research need [4]. Multiple approaches to 
energy management warrant considerations of 
multiple materials and material configurations (resin, 
foam, profiles, etc). The use of plastics and hybrid, 
sandwich structures that combine metals and 
composites may be more cost effective than 
polymeric composites per se.  

CONCLUSIONS REGARDING THE PCIV 
SAFETY RESEARCH STRATEGY  

Safety research for future PCIVs must be 
strategically focused on providing adequate tools and 
data to the automotive industry. This will allow the 
industry to confidently design and produce 
economically viable commercial light and fuel-
efficient vehicles with crash safety performance 
equivalent to or better than today’s vehicles. The 
most basic element of this research will require 
enhancing the understanding of relevant crash 
environment material failure mechanisms and their 
interactions. As these are better understood, 
standardized test specimens can be developed and 
material property databases generated. The material 
models and experimental data must then be integrated 
into robust analytical capabilities. When these 
systems approach the accuracy currently enjoyed by 
those for metals, expensive test and re-design cycles 
can be eliminated.  

The weight and space savings available through part 
consolidation could be explored as a method to 
enhance and facilitate the deployment of integrated 
safety concepts. In particular, the ability to tailor 
shape and stiffness could be used to “tune” the 

vehicle’s structure and may create sufficiently 
enhanced maneuverability to optimize some crash 
avoidance strategies. There could also be efforts to 
understand the effects of material aging, structural 
repairs, and of non-crash or post-crash safety issues 
such as toxicity and flammability. This work could be 
performed cooperatively, in public-public and public-
private partnerships, and be coordinated and 
integrated with associated topics in manufacturing 
capabilities, material costs, and sustainability, since 
the long-term economic viability of PCIV production 
is as important as enhanced performance. 
 
Several research topics suggested by the SMEs also 
appear as priority activities identified by the 
November 2005 ACC-PD workshop [2].  Those 
selected for the Safety Roadmap development have 
near-term aspects (e.g., development of improved 
predictive tools and certified databases on the 
mechanical properties of advanced automotive 
composites) that can be continued in the mid-term 
(e.g., verification and validation of the improved 
crashworthiness modeling tools). Similarly, the most 
promising mid-term activities should also have 
promise and payoffs for long-term PCIV safety 
technology integration and deployment. For instance, 
PCIV prototyping and crash testing are needed to 
demonstrate enhanced protection for all occupants, 
including the elderly.  
 
NEXT STEPS 
 
Follow-on research partnerships are planned to 
broaden, deepen, and implement the key near-term 
PCIV Safety Research Roadmap priorities.  
 
Ongoing NHTSA-sponsored PCIV safety research 
will focus on the near-term consensus PCIV R&D 
priorities identified above.  PCIV R&D partnership 
opportunities, that are being currently explored so as 
to leverage limited resources, include: 
• Collaboration with the DOE National 

Laboratories and DOE/USCAR light-weighting 
materials crashworthiness and occupant safety 
consortia; 

• Joint funding (with the ACC-Plastics Division 
and DOE) of Standards Developing 
Organizations (like the Society of Automotive 
Engineers), to accelerate  the development of 
testing standards of polymeric composites at 
high strain rates typical of vehicle crashes; 

• Participation in collaborative efforts to update 
the Composite Materials Handbook (CMH-17) 
materials testing, database development and 
modeling tools, specifically its Crashworthiness 
Working Group (CWG);  
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• Co-sponsorship of leading academic research 
Centers of Excellence pursuing research on 
automotive and aerospace composites. 

 
Further strategies to cost effectively meet the crash 
safety challenges for lighter vehicles will be 
considered. The Volpe Center team plans to 
investigate how overall crash safety in crashes is 
impacted by structural application of advanced 
materials for given weight, size and geometry. The 
team will consider how occupant safety in lighter 
vehicles can be enhanced by combining crash 
avoidance systems with advanced occupant restraints.  
 
The approach of this multi-year project and 
accomplishments to date are intended to facilitate 
development and deployment of next generation safe 
and fuel efficient PCIVs by 2020. 
This conference offers an opportunity to invite 
international cooperation on automotive composite 
materials crashworthiness characterization, 
quantification, modeling and demonstration [7, 8].  
Progress in safety research, technologies and 
strategies for emerging global platform automotive 
prototypes of smaller and lighter composite-rich 
vehicles can inform this project. Inputs from and 
knowledge sharing with international peers and 
stakeholders promise to accelerate the resolution of 
potential PCIV crash safety challenges.  International 
cooperation to quantify the safety of structural 
composite materials in the early design phases is 
needed to achieve common goals for crash safety 
performance and enable early deployment of energy-
efficient, sustainable, affordable commercial PCIVs 
by 2020. 
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ABSTRACT 
 
Safety information is vital to support the 
FreedomCAR and Fuel Partnership, a 
cooperative automotive research effort between 
the U.S. Department of Energy, the U.S. Council 
for Automotive Research (USCAR), and fuel 
suppliers.  This partnership began in 2003 as part 
of the President’s goal to reduce U.S. 
dependence on foreign oil, improve vehicle 
efficiency, reduce vehicle emissions, and make 
fuel cell vehicles a practical and cost-effective 
choice for large numbers of Americans by 2020.   
NHTSA’s safety initiative complements these 
efforts by conducting research to support 
determination of fuel system integrity 
performance criteria that address the unique 
hazards posed by the onboard storage of 
hydrogen and the operation of high voltage fuel 
cells used to provide electrical current for 
hydrogen fuel cell vehicle (HFCV) powertrains.  
 
This paper provides a description and timeline of 
the research tasks initiated in fiscal year 2009 to 
support the development or acceptance of 
proposed safety performance criteria for HFCVs.  
This is the third such status report published in 
these conference proceedings [1,2].  
 
INTRODUCTION 
 
Current Federal motor vehicle safety standards 
(FMVSS) set performance criteria for fuel 
system crash integrity for vehicles using liquid 
fuels, compressed natural gas, and battery drive 
systems.  Analogous FMVSS do not currently 
exist for hydrogen fueled vehicles, but are 
desired by industry in order to facilitate their 
introduction into the marketplace.  To this end, 
NHTSA has initiated a research program to 
generate data to assess the safety performance of 
HFCV fuel systems under similar crash 
conditions to those prescribed in the existing 
FMVSS, and to identify and assess any 
additional life-cycle safety hazards imposed by 

these unique propulsion systems.  Examples of 
such hazards are rapid release of chemical or 
mechanical energy due to rupture of high 
pressure hydrogen storage and delivery systems, 
fire safety issues, and electrical shock hazards 
from the high voltage sources, including the fuel 
cell stack and ultracapacitors.  
 
In addition to generating research data to support 
the development of the FMVSS, NHTSA has 
also undertaken co-sponsorship, with Germany 
and Japan, of an effort to develop a global 
technical regulation (GTR) for HFCVs under the 
auspices of the Economic Commission for 
Europe, Inland Transport Committee, World 
Forum for Harmonization of Vehicle 
Regulations (UN/ECE WP 29 Group pf Experts 
on Passive Safety (GRSP), Working Group on 
Hydrogen). 
 
 The objective of this working group is to 
develop a GTR in the 2010 – 2012 timeframe 
that (1) attains equivalent levels of safety as 
those for conventional gasoline powered vehicles, 
and (2) is performance-based and does not 
restrict future technologies [3]. 
 
BACKGROUND 
 
For the purpose of ensuring fuel system integrity 
of passenger vehicles in front, side and rear 
impact crashes, NHTSA has promulgated 
regulations that impose limits on post-crash fuel 
leakage under representative crash test 
conditions.  Analogous regulatory requirements 
exist for electrical isolation of high voltage 
batteries in electric and hybrid electric vehicles, 
post-crash.  These conditions are defined in 
FMVSS 301, Fuel System Integrity, FMVSS 
303, Fuel System Integrity of Compressed 
Natural Gas (CNG) Vehicles, and FMVSS 305, 
Electric-powered vehicles:  electrolyte spillage 
and electrical shock protection [4].  FMVSS 301 
limits liquid fuel leakage to 28 grams per minute 
post crash, and FMVSS 303 limits the leakage of 
natural gas to an energy equivalent measured by 
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a post-crash pressure drop in the high pressure 
portion of the fuel system.  FMVSS 305 requires 
an electrical isolation limit in ohms/volt post-
crash between the high voltage battery and the 
vehicle chassis.  Additional component level 
performance requirements for compressed 
natural gas cylinders are imposed in FMVSS 
304, Compressed Natural Gas Fuel Container 
Integrity [5]. 
 
In the interest of providing a safe test 
environment, current vehicle compliance crash 
tests are conducted using a non-flammable 
substitute in the fuel tank so that post crash fuel 
leakage may be measured without posing a fuel-
fed fire hazard to laboratory personnel or 
property.  In the case where vehicles normally 
use liquid fuels, Stoddard fluid is the substitute, 
and in the case where vehicles use compressed 
natural gas, the substitute is nitrogen gas.  The 

fuel storage systems are filled to 100% capacity 
prior to testing. 
 
If the vehicle is electric or an electric/internal 
combustion engine (ICE) hybrid, the propulsion 
battery is charged to its nominal or operational 
voltage and the vehicle ignition is in the “on” 
position (traction propulsion system energized) 
prior to the crash test so that post-crash electrical 
isolation between the battery system and the 
vehicle electricity-conducting structure can be 
verified. 
 
In developing the test plan for HFCV safety 
assessment, NHTSA considered these existing 
standards as a starting point, and began to 
develop a strategic plan for addressing 
component and system level safety, by filling in 
the matrix in Figure 1. 

 
 
    
 

 
Fuel System Integrity in 
Crashes 

 
Container Integrity 

 
Electrical Isolation 
Of Fuel Cell Stack 
 

(Analogous FMVSS 
requirements) 

(FMVSS 301/303) 
Post-crash leakage limits 

(FMVSS 304) 
Pressure cycling, burst, 
and bonfire exposure 

(FMVSS 305) 
Electrical isolation of 
high voltage system 

Test condition 
modifications for 
HFCV’s  
 
 
 

Test with an inert fuel as 
with previous FMVSS 
crash testing? 
 
Test at low pressure to 
assess increased 
vulnerability of composite 
containers to impact 
loading? 

Real world data 
indicates localized 
flame, life cycle 
integrity are safety 
issues. 

Conduct post-crash fuel 
cell stack isolation 
testing with an inert/no-
fuel inventory?  

Research tasks to 
assess safety 
performance under 
proposed 
test conditions 
 
 
(Industry standards, 
Japanese Regulations) 
[6,7,8,9,10,11] 

 
Assess fueling options for 
crash test: 
He fill 
H2 fill  
Low Pressure H2 fill 

 
Cumulative life cycle 
testing vs. discrete 
testing 
(SAE 2579/ISO 15869 
test procedures)  

 
Assess Helium/no fuel 
option using 
megohmmeter 
(apply an external 
voltage and conduct 
resistance test) 
 
 
Assess low volume H2 
testing option to allow 
function of fuel cell 
during crash test  

  

 
Assess hazardous 
conditions in and around 
vehicle posed by pass/fail 
H2 leak rates/volumes 

 
 
Engulfing bonfire vs. 
localized flame 
impingement test 

 
Figure 1:  Research Task Matrix to Assess Fuel System Integrity of HFCVs  
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Performance based criteria which have been 
proposed by other standards developing 
organizations and regulatory authorities were 
also considered in developing the research 
matrix.  (Society of Automotive Engineers 
(SAE), International Organization for 
Standardization (ISO), Japanese regulations,  
European Integrated Hydrogen Project (EIHP) 
drafts.)  For the sake of clarity, the research tasks 
identified in the cells in the matrix are given the 
following titles and will be discussed in order.  
Each of these tasks was initiated in October 2008.  
Therefore, as of this writing, they have not 
progressed to the point of generating results.  
The periods of performance for these tasks range 
from eight to twenty-four months. 
 
Task 1: Proposed Fueling Options for Crash 
Testing  
 
Task 2: Cumulative Fuel System Life Cycle and 
Durability Testing 
 
Task 3:  Hydrogen Leakage Limits/Fire Safety 
 
Task 4:  Electrical Isolation Test Procedure 
Development 
 
Task 5:  Localized Fire Protection Assessment 
for Compressed Hydrogen Cylinders 
   
PROGRAM OVERVIEW 
 
Task 1:  Proposed Fueling Options for Crash 
Testing 
 
     Background The Japanese regulation, 
Attachment 17, Technical Standard for Fuel 
Leakage in Collisions, Etc., requires testing with 
helium as the non-flammable surrogate for 
hydrogen, and prescribes an average leakage 
limit of 131 NL/min (normal liters/minute) over 
the following 60 minute period.  However, for 
the purpose of conducting fuel system integrity 
crash tests of hydrogen fueled vehicles, SAE 
2578, Recommended Practice for General Fuel 
Cell Safety, allows three different fueling 
options for determining post-crash hydrogen leak 
rate and setting pass/fail criteria equivalent in 
energy content to FMVSS 301/303 leakage 
criteria.  Tests may be conducted utilizing 
hydrogen or helium as a nonflammable substitute 
at full service pressure, or utilizing low pressure 
hydrogen.  Conducting vehicle crash tests at full 
service pressure is consistent with the fill 

requirements of FMVSS 303, which utilizes 
nitrogen as the non-flammable substitute for 
CNG.  However, NHTSA has witnessed some 
vehicle manufacturer crash tests employing the 
low pressure hydrogen option.  Using low 
pressure hydrogen allows for monitoring of fuel 
cell electrical output and isolation post-crash.  
Also, the storage cylinders, specifically Type IV 
composite cylinders, which are used to store 
hydrogen at pressures up to 10,000 psi, are more 
vulnerable to impact at low pressure. At high 
pressure the cylinders are more resistant to 
deformation during impact, due to increased 
stiffness from the opposing internal load on the 
composite cylinder walls, thus the low pressure 
test option may be considered “worse case.” 
 
     Objective The purpose of this research effort 
is to determine the most appropriate fueling 
conditions for conducting fuel system integrity 
crash tests of hydrogen fueled vehicles, and to 
assess pass/fail leakage requirements that are 
analogous to those prescribed for vehicles 
utilizing conventional liquid fuels and CNG.  In 
making this determination, existing regulations 
and industry standards should be considered. 
 
     General Requirements NHTSA’s test plan 
for this task consists of three subtasks: 
 
The first subtask consists of conducting 
controlled leak tests to determine whether the 
scaling up of a low pressure leak to represent a 
high pressure leak, (due to increased flow rate at 
higher pressure), is a viable approach, as 
proposed in SAE J2578.  A comparative 
assessment between hydrogen and helium leaks 
will also be conducted to provide pressure-based 
and mass-based comparisons. 
 
The second task is to conduct a comparative 
assessment of Type IV container strength at high 
and low pressures that simulate front, side and 
rear crash exposures, and to determine the 
loading conditions under which composite 
cylinders are most likely to fail.  NHTSA will 
conduct dynamic impact or drop tests simulating 
vehicle crashes, on cylinders filled to 10% and 
100% of service pressure in both the horizontal 
and vertical orientations.  
 
The final subtask will be to assess the crash 
performance of hydrogen cylinders which are 
packaged in vehicles.  In the absence of any 
commercially available HFCVs for testing, 
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NHTSA will conduct full-scale crash tests on 
CNG vehicles which have been retrofitted with 
hydrogen storage systems to establish baseline 
fuel system vulnerability data, and develop test 
procedures. 
 
The cylinders used for testing will be 
representative, both in pressure rating and 
internal volume, of those installed in HFCVs.  
Using representative cylinder sizes is important 
because the proposed allowable leak rate in 
grams per minute is a constant.  Because the 
allowable pressure drop for a given leak rate is 
inversely proportional to cylinder size, large 
cylinders may be more difficult to monitor, given 
the smaller allowable pressure drop. Combining 
that with corrections for instrumentation 
tolerances and temperature fluctuations, the total 
measurement error could exceed the allowable 
ten percent of the measured pressure drop. 
 
Task 2: Cumulative Fuel System Life Cycle 
and Durability Testing 
 
     Background The Society of Automotive 
Engineers (SAE) recently drafted Technical 
Information Report (TIR) 2579, Recommended 
Practice for Fuel Systems in Fuel Cell and Other 
Hydrogen Vehicles, which specifies durability 
and expected service performance verification 
testing of hydrogen vehicle fuel systems.  These 
are tests that evaluate the cumulative, 
compounded stress of multiple exposures of the 
fuel system to pneumatic fueling/defueling 
(pressure cycling), and parking during variable 
ambient temperature conditions, including 
durability of the fuel system after drop and 
chemical exposure.  Existing standards for high 
pressure fuel systems, such as CNG, require a 
series of discrete tests that may not provide an 
adequate assessment of real world exposures.  
For CNG vehicles however, real world fuel 
system performance data is available.  This TIR 
document is intended for use during the 2008-
2009 pre-commercial period of technology 
development and vehicle evaluation to obtain 
fueling and fire exposure performance data that 
is lacking.  Industry is currently conducting 
research to evaluate these test methods in order 
to ensure that they are appropriate and practical. 
 
     Objective Because there is little real world or 
experimental data available concerning the safety 
performance of high pressure composite fuel 
systems, research is needed to generate 
cumulative lifetime exposure data.   It is 

expected that on-road demonstration vehicles 
may not yet incorporate systems consistent with 
these requirements; however, data is needed to 
simulate field experience from these draft 
procedures. 
 
     General Requirements NHTSA is 
conducting its own evaluation of these test 
procedures, including an assessment of fuel 
system performance to modifications of these 
test procedures, based on the results of the initial 
testing and on additional alternatives, such as 
those under consideration in Japan [12], to assess 
cumulative lifecycle exposures under differing 
conditions of use.   
 
Task 3:  Hydrogen Leakage Limits/Fire 
Safety 
 
     Background  SAE 2578 and the Japanese 
regulations for post-crash fuel system integrity 
specify leakage limits for hydrogen for the 60 
minute period following front, side and rear 
crash tests.  These limits are based on energy 
equivalence to the leakage limits specified in 
FMVSS 301 for liquid fuels, and FMVSS 303 
for compressed natural gas.  However, the 
properties of hydrogen are different from other 
fuels and may pose lesser or greater risk of fire 
post-crash.  Gasoline will pool and dissipate 
slowly.  CNG, like hydrogen, is lighter than air 
and will rise and dissipate.  Hydrogen will 
dissipate more rapidly than CNG if it is not 
confined, but may be able to enter into vehicle 
compartments more easily than liquid fuels or 
CNG, and has a much wider range of 
flammability in air than other fuels. 
 
     Objective NHTSA is conducting research, 
including theoretical calculation and 
experimental verification, of the fire safety of 
proposed hydrogen leakage limits.  This 
assessment will support rulemaking objectives to 
adopt post-crash pass/fail leakage criteria that 
provide an adequate level of safety to passengers, 
rescue personnel, and other people in the vicinity 
of a crash.  
 
     General Requirements Research tasks will 
determine the time and leakage rates required to 
attain hydrogen concentration levels in confined 
areas such as the trunk, occupant compartment, 
and under hood that reach or exceed the lower 
flammability limit.  Hazardous conditions will be 
assessed by conducting ignition tests in confined 
areas approximating vehicle compartment 
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volumes at different hydrogen concentrations.  
Follow-on testing will simulate post crash 
leakage into the occupant compartment, trunk 
area, and engine compartment, of conventional 
vehicles, including vehicles which have been 
crash tested in front, side and rear impact tests, to 
determine hydrogen leakage rates that would 
impose hazardous conditions post-crash. 
 
Task 4:  Electrical Isolation Test Procedure 
Development 
 
     Background As mentioned earlier, in the 
interest of providing a safe test environment, 
current vehicle compliance crash tests are 
conducted using non-flammable substitutes for 
fuel so that post-crash fuel leakage may be 
measured without posing a fuel-fed fire hazard to 
personnel or property.  Electric vehicles are 
tested with a fully charged battery. 
 
In the case of fuel cell vehicles, where the high 
voltage source is a fuel cell stack rather than a 
battery, the operating voltage is dependent upon 
the flow of hydrogen through the stack and the 
electrochemical reaction with oxygen which 
generates electrical current. Therefore, in order 
to maintain the operating voltage of the stack to 
measure post-crash isolation, hydrogen must be 
present.  However, since hydrogen is flammable, 
using it in a crash test environment may pose 
additional risk to personnel and property.  
In order to mitigate this additional risk, some 
industry practices and existing regulations for 
hydrogen fueled vehicles indicate a preference 
for crash testing with helium onboard rather than 
hydrogen.  The Japanese Regulation, Attachment 
17, Technical Standard for Collisions, Etc., 
requires that helium be used as a substitute for 
hydrogen when conducting crash tests to 
measure post-crash leakage.  
 
Drafts of SAE 2578, “Recommended Practice for 
General Fuel Cell Vehicle Safety,” allow three 
different fueling options for crash testing and 
calculation of allowable leak rates.  These 
options are based on fueling to capacity with 
helium or hydrogen, or fueling with reduced 
pressure hydrogen.  The draft document states 
that “fuel system integrity and electrical integrity 
may be tested simultaneously or separately.  If 
performed separately, electrical integrity testing 
can be performed with a partial or no fuel 
inventory.”  This statement implies that electrical 
integrity testing may be accomplished with an 
inactive fuel cell, but does not explicitly state 

how to conduct the test.  SAE J1766, 
“Recommended Practice for Electric and Hybrid 
Electric Vehicle Battery Systems Crash Integrity 
Testing,” also suggests using an isolation 
resistance tester (also called a megohmmeter) to 
perform electrical isolation testing, but does not 
provide a procedure for doing so [9]. 
 
The Japanese regulation, Attachment 101, 
Technical Standard for Protection of Occupants 
against High Voltage in Fuel Cell Vehicles, 
Attached Sheet 3, Insulation Resistance 
Measurement Method, allows using a 
megohmmeter to apply a high voltage from the 
outside to measure isolation resistance when the 
drive battery is disconnected and the fuel cell in 
a stopped state.  This requirement does not apply 
post-crash, but it is similar to the SAE 
requirement in that the vehicle’s high voltage 
system is effectively “unfueled” in the stopped 
state.  Section 2-1-3-1 states that, “after 
confirming that no high voltage is applied,” (i.e., 
from the vehicle), “the insulation resistance shall 
be measured by applying a DC voltage higher 
that the operating voltage of the powertrain.   
 
In summary, it appears that it may be possible to 
measure electrical isolation using a 
megohmmeter to apply an external voltage to an 
inactive fuel cell, but precautions must be taken 
to ensure that there is no residual voltage present 
on the vehicle at the time of the test.  Given the 
complexity of fuel cell vehicle electrical systems, 
testing is required to ensure this test can be 
conducted without damaging either the test 
equipment or the vehicle electrical system, or 
result in any false readings or electrical faults. 
 
     Objective The objective of this research task 
is to develop the test procedure for conducting 
post-crash electrical isolation verification for fuel 
cell vehicles, in the absence of hydrogen, for the 
reasons discussed in the previous section.  In 
developing the test method, an electrical system 
representative of a real HFCV electrical system 
should be used to conduct the tests.   
 
     General Requirements NHTSA is 
conducting research to determine whether post 
crash electrical isolation testing using a 
megohmmeter is feasible, and whether additional 
precautions concerning residual energy, fuel cell 
coolant, or any other unforeseen electrical 
system issues need to be addressed when 
considering this option.  
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Task 5:  Localized Fire Protection Assessment 
for Compressed Hydrogen Cylinders 
 
     Background Localized fire exposure at a 
location remote from a cylinder’s pressure relief 
device(s) can cause high pressure composite 
containers to rupture if the rising temperature 
increases internal pressure above the cylinder’s 
burst pressure, or when the material strength of 
the cylinder is lost as the composite is burned 
away. 
This hazardous condition has been identified in 
the real world of CNG vehicles, causing the 
rupture of 3600 psi rated storage cylinders 
[13,14].  Currently, hydrogen cylinders are rated 
to even higher service pressures of 5000 to 
10,000 psi.  In engulfing bonfire tests, pressure 
relief devices (PRDs) usually activate and vent 
before the cylinder strength is compromised.  
Therefore, a localized flame test procedure that 
can be used to assess whether a vehicle’s fuel 
system performs safely has been sought by 
stakeholders, and one such test was recently 
developed under a Transport Canada contract.  
This procedure assesses the effectiveness of 
shielding and remote sensing technologies that 
mitigate the hazards of this fire condition.  
 
     Objective The objective of this research task 
is to employ the localized fire test developed 

under contract to Transport Canada to assess the 
performance of mitigation technologies, which 
either protect the entire system from flame 
exposure, or ensure activation of PRDs under 
this test condition. 
 
     General Requirements Evaluate various fire 
protection technologies that will reduce the risk 
of cylinder failure during a vehicle fire (i.e., 
remote sensing, heat transfer, etc.). 
 
1. Obtain samples of various protective coating 
materials and evaluate fire resistance using 
localized fire test procedure. 
 
2. Apply selected coating materials to 
unpressurized composite-reinforced tanks and 
determine their insulating properties when 
exposed to localized fire test conditions. 
 
3. Evaluate the ability of various remote sensing 
technologies to detect heat on the extremities of 
tanks and activate pressure relief devices. 
 
4. Conduct evaluation of pressurized hydrogen 
fuel tanks using localized flame test procedure 
with factory supplied heat shielding and, if 
necessary, with various protective coating 
materials

Figure 2:   Timeline for Completion of Research Tasks 1 –  5
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Research Timeline and Future Planning: 
The research tasks described briefly in this paper 
are scheduled for completion in 2009 and 2010 
as illustrated in   Figure 2. 
A task management system is being employed to 
prioritize, refine, and integrate flexibility into the 
task work plans as the program progresses.  
NHTSA is also monitoring international progress 
in vehicle design, codes and standards 
development, safety assessment, and 
demonstration fleet performance.  Advances in 
any of these areas may effect the direction and 
focus of NHTSA’s research efforts, and certainly 
will serve to guide future strategic planning. 
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ABSTRACT 

This paper presents research results from the first 
phase of a project to develop a tire fuel efficiency 
consumer information program for passenger vehicle 
replacement tires. In this phase of the project, the 
agency completed a test program using 600 tires of 
25 model/size combinations to evaluate five different 
rolling resistance test methods. These test methods 
were derived from two SAE and two ISO standards. 
The test matrix included two separate test 
laboratories to examine lab-to-lab variation.  
 
The results indicated that all of the five test methods 
had very low variability and all methods could be 
cross-correlated to provide the same information 
about individual tire types. While multi-point rolling 
resistance test methods are necessary to characterize 
the response of a tire’s rolling resistance over a range 
of loads, pressures, and/or speeds, either of the two 
shorter and less expensive single-point test methods 
were deemed sufficient for the purpose of simply 
assessing and rating individual tires in a common 
system. The single-point ISO 28580 draft 
international standard has an advantage over the 
single-point SAE J1269 recommended practice 
because it contains a lab-to-lab measurement result 
correlation procedure. There was a significant offset 
observed in the data generated by the two 
laboratories when using the identical test, even when 
testing the same tire, which must be accounted for in 
a rating system. Results show that for all the tests 
conducted, lab-to-lab variation can be statistically 
minimized if data from each lab is normalized to the 
test results of a Standard Reference Test Tire 
(SRTT). Two additional retests of a given tire did not 
produce statistically different rolling resistance 
values from the first test. So the concept of limited 
retesting of the same tires for lab alignment or data 
quality monitoring appears valid. 

INTRODUCTION 

Rolling resistance is the effort required to keep a 
given tire rolling at steady speed to compensate for 
the amount of energy dissipated within the volume of 
the tire. 80 to 95 percent of this loss is attributed to 
viscoelastic behavior of tire rubber compounds as 
they cyclically deform during the rotation process. It 
is reported in units of force, or as a coefficient when 
normalized to the applied normal load. This notation 
indicates the amount of force measured by the testing 
machine at the tire and test drum interface to keep the 
tire rolling at steady state conditions. In vehicle and 
powertrain dynamics, it is included as a force at the 
tire/surface contact area opposing the direction of 
vehicle motion. This simplifies the analysis of energy 
loss and the derivations of the equations of motion, 
and should not be understood as another loss at the 
contact surface similar to Coulomb friction. In this 
paper the rolling resistance is reported in units of 
force (Newton or lb) rather than as a coefficient, 
since the divisor of the coefficient can be determined 
from one of many varied load formulas. 
 
The National Academy of Sciences (NAS), 
Transportation Research Board report of April 2006 
concluded that a 10% reduction of average rolling 
resistance of replacement passenger vehicle tires in 
the United States was technically and economically 
feasible, and that such a reduction would increase the 
fuel economy of passenger vehicles by 1 to 2%, 
saving about 1 to 2 billion gallons of fuel per year 
[1]. One of the primary recommendations of the 
committee in their report was that:  
 

“Congress (US) should authorize and make 
sufficient resources available to NHTSA to allow 
it to gather and report information on the 
influence of individual passenger tires on vehicle 
fuel consumption.”  
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In response to the NAS recommendation, NHTSA 
embarked on a large-scale research project in July 
2006 to evaluate existing tire rolling resistance test 
methods and to examine correlations between tire 
rolling resistance levels and tire safety performance. 
The first phase is composed of the following research 
milestones: 

� Benchmark the current rolling resistance 
levels in modern passenger vehicle tires in 
terms of actual rolling force, rolling 
resistance coefficient, as well as indexed 
against the ASTM F2493-06 Standard 
Reference Test Tire (SRTT). 

� Analyze the effect of the input variables on 
the testing conditions for non-linear 
response. 

� Examine the variability of the rolling 
resistance results from lab to lab, machine to 
machine. 

� Evaluate the effects of first test on a tire 
versus multiple tests on the same tire. 

� Select a test procedure that would be best for 
a regulation. 

 
The NAS report suggests that safety consequences 
from a 10% improvement in tire rolling resistance 
“were probably undetectable”. However, the 
committee’s analysis of grades under the Uniform 
Tire Quality Grading Standards (UTQGS) (FMVSS 
575.104) for tires in their study indicated that there 
was difficulty in achieving the highest wet traction 
and/or treadwear grades while achieving the lowest 
rolling resistance coefficients. This was more 
noticeable when the sample of tires was constrained 
to similar designs (similar speed ratings and 
diameters) [1].  
 
In December 2007, Congress enacted the Energy 
Independence and Security Act of 2007 that 
mandated that USDOT/NHTSA establish a national 
tire fuel efficiency rating system for motor vehicle 
replacement tires within 24 months. The rulemaking 
was to include a replacement tire fuel efficiency 
rating system, requirements for providing 
information to consumers, specifications for test 
methods for manufacturers, and a national tire 
maintenance consumer education program [2]. To 
address these requirements, the agency conducted a 
second phase of the project to examine possible 
correlations between tire rolling resistance levels and 
vehicle fuel economy, wet and dry traction, and 
outdoor and indoor treadwear. 
 
Since tire traction can be characterized by mechanical 
properties that play a fundamental role in defining 
vehicle handling and control performances, direct 

measurements were made to characterize the force 
generation process of tires in comparison to rolling 
resistance.  
 
The mechanical properties estimated from tire data 
measured on a Flat-Trac® tire testing machine (dry 
testing only) are longitudinal, lateral, vertical, and 
torsional stiffnesses, peak longitudinal and lateral 
frictions and their decay coefficients, and moment 
arms (first derivatives of moments to the principal 
force). These are the fundamental constituents of 
steady tire forces and moments [3]. The correlation 
between these properties and rolling resistance will 
be studied for all tires measured in this project. 
 
In addition to the steady force and moment data, 
tread viscoelastic (dynamic mechanical) properties of 
all tires used in this project were measured. The tread 
compound has been reported to be a major 
contributor to rolling resistance. The dynamic 
measurements of the tread consisted of measuring the 
viscoelastic behavior, notably the tangent delta (tan 
δ) of the compounds over a range of temperatures. 
Tan δ, referred to as the loss modulus, is the phase 
angle between which the strain lags behind the 
applied stresses. It is predictive of the rolling 
resistance and wet traction/handling characteristics of 
a tire. In a later phase of the project, rolling resistance 
will be correlated with tires’ static and dynamic 
properties to study the marginal effects on rolling 
resistances. 
 
This paper focuses on summarizing the findings of 
phase 1. The full details of this study and subsequent 
phases of the project will be reported in agency 
technical reports as they are completed. This paper 
provides a brief introduction to the standards 
evaluated in phase 1 of the research program, the list 
of all the tires tested, and test location. A summary of 
the statistical analysis is introduced where each 
rolling resistance test method is analyzed for 
consistency, and then all the test methods are 
compared to each other. Lab-to-lab variations for 
each method are analyzed. Finally, the normalized 
data is analyzed and the recommended test for rolling 
resistance rating program is discussed. 

ROLLING RESISTANCE 
EXPERIMENTS 

The test program utilized an assortment of 
approximately 600 new tires of 25 different models. 
15 tire models were passenger, 9 were light truck tire 
models, and one was the ASTM F2493-06 
P225/60R16 97S Standard Reference Test Tire 
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(SRTT). Five different test methods were used that 
included single- and multi-point SAE J1269, SAE 
J2452, ISO 18164:2005 (E) -Annex B.4, and ISO 
28580 (Draft). The testing was conducted under 
contract by two independent organizations: The 
Smithers Tire and Automotive Test Center in 
Ravenna, Ohio, USA and the consortium of Akron 
Rubber Development Lab, in Akron, Ohio USA and 
Standards Testing Labs in Massillon, Ohio, USA. In 
this paper, these two test organizations are referred as 
SSS and ARDL-STL respectively. 

Rolling Resistance Tests 

Figure 1 shows an example of a laboratory rolling 
resistance test machine. Test standards include the 
provision of testing tires on different wheel diameters 
and correcting for the diameter with a mathematical 
equation. In this project, all tests were conducted on 
1.707-m roadwheels. This practice eliminated the use 
of an approximation formula that corrects for the 
curvature of the footprint contacts between the tires 
and drum surface. Comparing measured values 
versus adjusted measured values to account for road 
wheel diameter variation might add variations not 
originating from the physical process itself, but from 
the empirical corrections. 
 

 

Figure 1. Example of Laboratory Tire Rolling 
Resistance Test Machine (Torque-Measurement 
Style). 

Table 3 provides a detailed comparison of the tests 
used in phase 1 and the standard conditions followed 
for each test. The term “single point” refers to a 
method that uses a single set of test conditions. The 
term “multi point” refers to a method that uses more 
than one set of conditions to test a tire, usually 
varying speed, pressure, and/or load. Passenger and 
light truck tires generally have different test 
conditions and can have a different number of test 
points in the set of conditions. 
   

Depending on the rolling resistance test method, the 
rolling resistance force can be measured by up to four 
different means: Force method, torque method, 
power method, or deceleration method. Of the five 
rolling resistance test methods evaluated at the two 
test laboratories, all testing was completed on 
machines utilizing the force measurement method, 
with the exception of the SAE J2452 test at Standards 
Testing Labs, which used the torque measurement 
method. Therefore, the results of the study cannot 
characterize testing completed on machines that use 
power or deceleration methods of measurement, 
which are permitted in some rolling resistance test 
standards (Table 3). 

Test Tires 

The national tire fuel efficiency rating system will 
apply to replacement passenger car tires only.  The 
system will not apply to deep tread tires (i.e. LT-
designated tires), winter-type snow tires, space-saver 
or temporary use spare tires, tires with nominal rim 
diameters of 12 inches or less, and limited production 
tires. However, because this research project initiated 
more than a year prior (July, 2006) to the enactment 
of the legislation, the mix of 25 tire models includes 
2 winter-type passenger tire models and 9 light truck 
tire models. The 16 passenger tires were selected to 
provide a three-dimensional variation in terms of 
size, construction, and manufacturers. The details of 
the passenger tires are included in Table 4. A similar 
testing approach is used for the 9 DOT-approved 
light truck tire models. Details of these tires are 
included in Table 5. 
 
In an attempt to minimize variability in the 
experiments, tires of each model were purchased with 
identical (or very similar) build dates. Tires were 
tested on wheels of the corresponding “measuring 
rim width” for their size. Wheels of each size used in 
the test program were purchased new, in identical lots 
to minimize wheel-to-wheel variation. Tires 
participating in multiple tests at the same lab or 
between two labs were mounted once on a single 
wheel and continued to be tested on that same wheel 
until completion of all tests. 
 
The ASTM F2493 - Standard Specification for 
P225/60R16 97S Radial Standard Reference Test 
Tire (SRTT) provides specifications for a tire “for 
use as a reference tire for braking traction, snow 
traction, and wear performance evaluations, but may 
also be used for other evaluations, such as pavement 
roughness, noise, or other tests that require a 
reference tire.” The standard contains detailed 
specifications for the design, allowable dimensions, 
and storage of the SRTTs. The F2493 SRTT is a 
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variant of a modern 16-inch Uniroyal TigerPaw 
radial passenger vehicle tire and comes marked with 
a full USDOT Tire Identification Number (TIN) and 
UTQGS grades. The details of the SRTT tire are 
included in Table 6. 
 
The SRTTs were used extensively throughout the test 
programs at both labs as the first and last tire in each 
block of testing in order to track and account for the 
variation in machine results. In theory, by monitoring 
first and last tests for each block of testing at each lab 
with a SRTT, and referencing rolling resistance 
results for each tire back to the SRTT results for that 
block of testing, the results should be corrected for 
variations in the test equipment over that time period, 
as well as variations in test equipment from lab to 
lab. 
 
Table 7 lists all the rolling resistance experiments for 
the tires listed in Tables 4, 5, and 6 and for the 
standard tests included in Table 1. Due to its large 
similarity with SAE J1269 multi-point conditions, 
only ten tires were tested to ISO 18164. The list on 
Table 5 was designed to study variation from lab-to-
lab, correlations between standards within the same 
lab, and experimental repeatability “or consistency” 
for a typical tire within a specific testing standard.    
 
Additional testing using single point J1269 and ISO 
28580 with a smaller selection of tire models are 
listed in Table 8. This addition was designed to 
investigate the following conditions: 
 

� Capped versus regulated inflation 
pressure 

� Nitrogen versus air inflation 
� Smooth versus textured (grit) surfaces 

 
The combined list of experiments specified in Tables 
7 and 8 resulted in more tires of a model being tested 
in one test in one lab than another. The collected data 
is unsymmetrical. Multivariate statistical analysis 
was used to evaluate the effects of the input variables 
and different labs. 
 
As the findings of this project are presented next, we 
should note that each tire is designed and 
manufactured for its specific market niche. The 
ranking of tires as presented in this paper is solely 
based on rolling resistance experimental values and 
does not by any means reflect NHTSA’s preferences 
of one tire over the others. Rolling resistance is very 
important, likewise tire traction, load capacity, 
durability, ride quality, and other aspects are 
important too, and this paper does not address them. 
 

RESULTS AND DISCUSSION 

Tables 9-13 list the results of the SAS General Linear 
Model (GLM) analysis of all the standard tests done. 
The ability of the model to explain the data is shown 
by the F Value and the R2 value. The F Value is based 
on the ratio of the variance explained by the model to 
the variance due to error. Its significance is given by 
the Pr > F, where values less than 0.050 are 
considered significant. The R2 value is a measure of 
the distance between the points predicted by the 
model and the measured points, values of R2 greater 
than 0.95 were considered significant. The influence 
of each factor is shown by the Sums of Squares for 
the individual terms, their significance is shown by 
the Pr > F, where a Pr > F less than 0.050 is 
considered significant. 
 
All models produced high R2 values, above 0.98, and 
high F values with Probability > F of 0.0001. The 
most significant variable as measured by any test is 
the individual tire model. This variable was at least 
an order of magnitude more important to the 
statistical model than all other variables combined. 
For each tire type the variability within the group of 
tires was very low, approximately 2 percent of the 
mean value.1 
 
The test sequence (ordering of testing the same tire: 
first, second or third) is statistically insignificant for 
SAE J1269 single-point (Table 9), ISO 28580 single-
point, and SAE J1269 Multi-point. For SAE J2452 
the test sequence is statistically significant but with a 
small effect as can be seen by the ‘sum of squares’. 
ISO 18164 test sequence could not be analyzed due 
to insufficient data and data covariance. 
 
For the test of capped versus regulated pressure done 
for SAE J1269 standard only, Table 9 shows that the 
Sums of Squares for the individual terms indicate that 
(capped vs. regulated) is the third significant term 
after tire type and lab to lab variations. The F value 
and the sum of squares are very close to lab-to-lab 
variations and very small when compared to tire type. 
The capped tires showed a mean predicted rolling 
resistance of 49.42 N (11.11 pounds) compared to 
51.64 N (11.61 pounds) for the regulated tires. The 
term was significant with a Pr > F of 0.0001. The 
lower rolling resistance for the capped tires is 
expected due to the increase in inflation pressure as 
the tire cavity temperature rises during the test. This 
pressure rise is vented during a regulated test. 
                                                           
1 One tire of type C9 was excluded from the analysis 
since it had abnormally high values on multiple tests 
compared to the rest of the type C9 tires. 



Salaani 5 
 

 
For each of the testing methods the Coefficient of 
Variation (C.V.) is about 2%, except for the ISO 
18164 multi-point experiments with only 10 tires 
tested, which had a C.V. of 5.25%.  
 
The potential for discrimination within each test is an 
estimate of the ability of a test measure to classify the 
entire range of tire data into groups. It is calculated as 
the range of the means of the data (maximum mean 
value - minimum mean value) divided by three times 
the root mean square error for the test. For most tests, 
tire models could be divided from five to six groups. 
This analysis indicates that all standards can be used 
to distinguish rolling resistance values of tires, but 
these tests were done at different pressure, load and 
speed values, as detailed in Table 5. Moreover, some 
of these tests that are based on single-point 
measurements are a direct measure of rolling 
resistance; while rolling resistance from a multi-point 
measure uses regression equations to estimate a 
single value.  
 
To determine if these values are measures of the 
same physical phenomena we compare them to each 
other. A simple method is to test if these measures 
are collinear and have linear relations by preserving 
the same ordering of clusters or groups. We 
hypothesize that if each group contains the same tires 
measured by different standards then we can 
conclude that the measures report the same physical 
phenomena. 
 
Using Duncan’s statistical method for hypothesis 
testing of pair-wise comparison, the results showed 
that all tested tires were divided into 7 groups that are 
made of the same tire list independent of the testing 
standard used. Within each group the ranking of the 
rolling resistance is not the same but it is within the 
expected variation of each test. Table 14 lists all 
these groups for each standard test and the ordering 
from lowest to highest, and Figure 2 plots their linear 
relations. Therefore all standard tests are equivalent 
measures for rolling resistance force. 
 

 

Figure 2. Comparing Standards: 1=ISO 28580 
value; 2 = SAE J1269 multi-point value at SRC; 3 
= ISO 18164 value at SRC; 4P = SAE J2452 value 
@ SRC for Passenger Tires; 4T = SAE J2452 
value @ SRC, Light Truck Tires; 5P = SAE J2452 
SMERF value for Passenger Tires; 5T = SAE 
J2452 SMRF value for Light Truck Tires. 
 
But how do these testing standards compare when 
compared from lab to lab? To understand the 
significance of the different measures between labs, 
each testing standard is correlated between the SSS 
and ARDL-STL labs. Table 1 lists all the regression 
equations. These equations produced a fit with 
R2>0.97. The intercepts range from nearly zero to 
±10% of the average force value, and the slopes 
range from 0.9 to 1.17. A slightly better fit was 
produced with a second order. There is no data to 
suggest that these equations remain unchanged over 
time, or there won’t be a drift or offset that require 
additional standardizations.  
 
Using regression equations to relate results at 
different labs might produce accurate results, which 
is the case in this research. However, making this 
method as a standard for reporting rolling resistance 
values is not practical due to the possibility of 
changes of the machine/tire system over time, and the 
amount of data required for setting up conversion 
equations each time when the system is re-calibrated.  

RRf (pounds)

SAE J1269 Single-Point RRf  (pounds) 
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Table 1.  

Correlation Equations for Conversion of Pounds 
Force Values Obtained at ARDL-STL to 

Estimated SSS Lab Data 

Test To Convert ARDL-STL Value (A) 
to SSS Value (S)  

SAE J1269 Single-point S = 0.2568 + 1.0239*A 

ISO 28580 Single-point S = -0.0994 + 1.0120*A 

SAE J1269 Multi-point  S = -1.7463 + 1.1732*A 

SAE J2452 SRC  S= -0.02306 + 1.0769*A 

SAE J2452, SMERF  S= -0.1425 +  1.0772*A 

 
A better approach is to normalize each lab data with a 
reference tire. This research used the aforementioned 
16-inch ASTM SRTT for both control and lab-to-lab 
normalization purposes. Table 2 lists all the 
regression equations. The linear relationships 
between labs, and between all tests for passenger 
tires, indicate that this tire may be used as an internal 
standard for test reference. Accordingly, all values 
for passenger tires were normalized to the average 
value of the SRTT tested at the same conditions. For 
ease, the values were multiplied by 100 to give an 
index of rolling resistance (RRIndex). Figures 3-8 
show a direct comparison between the two labs for all 
the tests performed. All correlations between labs are 
nearly one-to-one for each test, with an average of 
1.0022, with a standard deviation within the limits of 
the accuracy of the test.  
 
Normalization to the SRTT value is a valid method of 
maintaining correlation between labs. The use of the 
SRTT as a reference, and for statistical process 
control techniques within each lab will give results 
that can be directly compared. Within the scope of 
data collected in this project, none of the test methods 
outperformed the other when the SRTT 
normalization method is employed. Many tires from 
all models in the study, including the SRTT, were 
retested two additional times and did not produce 
statistically different values from their first test. 
Therefore, the limited retesting of control and lab 
alignment tires appears to be a viable concept. 
 

Table 2. 
Correlation between Labs using RRIndex 

Normalized to SRTT 
 

Test SSS Index = ARDL-STL 
Index 

SAE J1269 Single-Point 0.9884 
ISO 28580 Single-Point 0.9911 
SAE J1269 Multi-Point @ SRC 1.0046 
ISO 18164 Multi-Point (All 
Conditions) 

0.9966 

SAE J2452, Calculated @ SRC 1.0163 
SAE J2452, SMERF 1.0167 
Average 1.0022 ± 0.0112 

 

 

Figure 3. Lab-to-Lab Correlation of SAE J1269 
Single-Point Test Using RRIndex (Normalized to 
SRTT). 
 

 

Figure 4. Lab-to-Lab Correlation of ISO 28580 
Test Using RRIndex (Normalized to SRTT). 

Index at SSS

Index at ARDL-STL

Index at SSS

Index at ARDL-STL
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Figure 5. Lab-to-Lab Correlation of SAE J1269 
Multi-Point Test Using RRIndex (Normalized to 
SRTT). 
 

 

Figure 6. Lab-to-Lab Correlation of ISO 18164 
Multi-Point Test at Various Conditions Using 
RRIndex (Normalized to SRTT). 1= 50% load and 
+70 kPa; 2 = 50% load and -30 kPa; 3 = 90% load 
and +70 kPa; 4 = 90% load and -30 kPa; 5 = 
Standard Reference Calculation (70% load and + 
20 kPa). 

 

 

Figure 7. Lab-to-Lab Correlation of SAE J2452 
SRC Value Using RRIndex (Normalized to 
SRTT). 
 

 
Figure 8. Lab-to-Lab Correlation Using RRIndex 
(Normalized to SRTT). 
 
Figures 3-8 show that using RRIndex, the 
correlations between labs for the SAE and ISO 
single-point tests are nearly identical. More 
importantly, each standard test is capable of 
discriminating tires, and when they are compared to 
each other, the reported rolling resistance values are 
consistent and do provide a measure of the same 
physical phenomena, and when they are normalized 
to SRTT, rolling resistance index between the 
different tests and labs are well correlated and very 
accurate. 
 

Index at SSS

Index at SSS Index at SSS

Index at ARDL-STL 

Index at ARDL-STL Index at ARDL-STL

Index at ARDL-STL

Index at SSS
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Figure 6 shows the values for the ISO 18164 test 
performed at the range of load and inflation 
conditions indexed to the SRTT values at those same 
conditions. Use of the RRIndex gives similar values 
for each tire over this broad range of conditions. 

CONCLUSIONS 

The five tests studied were all capable of providing 
data to accurately assess the rolling resistance of the 
tires surveyed. The variability of all tests was low, 
with coefficients of variation below 2 percent. The 
rank order grouping of tire types was statistically the 
same for each of the rolling resistance test methods 
evaluated. However, it should be noted that the 
relative rankings of the tires within the population of 
the 25 models tested shifted considerably when tires 
were ranked by either rolling resistance force or 
rolling resistance coefficient. 
 
Empirical equations were derived that allowed 
accurate conversion of data from any one test to the 
expected data from any other test. However, these 
equations are only valid for those specific test 
machines at that point in time. These equations must 
be periodically validated and adjusted for possible 
drifts in machine output due to mechanical, electrical 
and environmental changes over time.  
 
The analysis showed that there was a significant 
offset between the data generated by the two labs that 
is not consistent between tests, or even between tire 
types within the same test in some cases. The rating 
system must institute a methodology to account for 
the lab-to-lab variation. Results show that for all the 
tests conducted, lab-to-lab variation can be 
statistically minimized if data from each lab is 
normalized to the test results of a Standard Reference 
Test Tire (SRTT). Two additional retests of a given 
tire did not produce statistically different rolling 
resistance values from the first test. So the concept of 
limited retesting of the same tires for lab alignment or 
data quality monitoring appears valid. 
 
It was concluded that while multi-point rolling 
resistance test methods are necessary to characterize 
the response of a tire’s rolling resistance over a range 
of loads, pressures, and/or speeds, either of the two 
shorter and less expensive single-point test methods 
were deemed sufficient for the purpose of simply 

assessing and rating individual tires in a common 
system. 
 
The draft single-point ISO 28580 method has the 
advantage of using defined lab alignment tires to 
allow comparison of data between labs on a 
standardized basis. The use of other test methods 
would require extensive evaluation and definition of 
a method to allow direct comparison of results 
generated in different laboratories, or even on 
different machines in the same laboratory. 

The lab alignment procedure in ISO 28580, which for 
passenger tires uses two dissimilar tires to calibrate a 
test lab to a master lab, states that it will compensate 
for differences induced from tests conducted using 
different options under the test standard. These 
options include the use of one of four measurement 
methods (force, torque, power, or deceleration), 
textured or smooth drum surface, correction of data 
to a 25°C reference temperature, and correction of 
data from tests conducted on a test drum of less than 
2.0-m in diameter to a 2.0-m test drum. The 
variability in test results induced by allowing the 
various test options, as well as the effectiveness of 
the temperature and test drum correction equations 
has not been determined by the agency. 
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Table 3.  
Comparison of the Five Laboratory Rolling Resistance Test Methods Evaluated (Passenger and Light Truck 

Conditions with Speed of 80 kph, 50 mph) 

 
ISO 28580 Draft  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

ISO 
18164:2005(E) 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

SAE J1269 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

SAE J2452 

Single Point Multi Point Single Point 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Multi Point Multi Point 

Note Ref. ISO 28580 
Draft 

Annex B SRC Conditions   

Roadwheel 
Diameter 

2.0 m  or > 1.7 m 
corrected to 2.0 m 1.5 m or greater 

1.7 m commonly 
used 

1.7 m commonly 
used 1.219 m or greater 

Measurement 
Methods 

Force Force Force Force Force 
Torque Torque Torque Torque Torque 
Power Power Power Power   

Deceleration Deceleration    
Roadwheel 
Surface 

Smooth  
(Texture optional) 

Smooth 
(Texture optional) 

Medium-coarse 
(80-grit) texture 

Medium-coarse 
(80-grit) texture 

Medium-coarse 
(80-grit) texture 

Temperature 
Range 20 to 30 C  20 to 30 C  20 to 28 C 20 to 28 C 20 to 28 C 

Reference 
Temperature 25 C  25 C  24 C 24 C 24 C 

Speed 80 km/h 

80 km/h  
 

(Optional 
passenger 

multiple speeds of 
50 km/h, 90 km/h 

and 120 km/h. 
Optional truck/bus 

multiple speeds 
80km/h & 120 

km/h) 

80 km/h 80 km/h 
SRC = 80 km/h ; 

Coast downs (115 
to 15 km/h range)  

Base 
Pressure 

  
  

  
  
  

Molded sidewall 
load@ T&RA 
pressure 

Molded sidewall 
load@ T&RA 
pressure 

Reference table in 
standard 

Test  
Load and 
Pressure 

Passenger Passenger 
(Table B.1) Passenger & LT Passenger Passenger 

Load Pressure Load Pressure Load Pressure Load Pressure Load Pressure 

SL 
80% 

210 kPa 
Capped 

50% +70 kPa 
reg. 

70% +20 kPa 
Regulated 

90% 
-50 kPa  
(-7.3 psi) 
Capped 

30% +1.4 psi 
reg. 

XL 
80% 

250 kPa 
Capped 50% 

-30 kPa 
reg. 

 

90% 
+70 kPa 
(10.2 psi) 
reg. 

60% 
-5.8 psi 
reg. 

 

90% +70 kPa 
reg. 

50% 
-30 kPa  
(-4.4 psi) 
reg. 

90% +8.7 psi 
reg. 

90% 
-30 kPa 
reg. 50% 

+70 kPa 
(10.2 psi) 
reg. 

90% 
-5.8 psi 
reg. 

     

C, Truck/ Bus 
(single) ≤Li 121 

≤Li 121 Highway 
Truck and Bus 

(Table B.1) 

Light Truck  
(single) 

Light Truck 
(single) 

85% 100 % 
Capped 

100% Pressure 100% 100 % 
Capped 

20% 110 % 
reg. 

 

100% 
100 % 
Capped 70% 

60 % 
Reg. 40% 

50 % 
Reg. 

75% 
95 % 
Reg. 

70% 
110 % 
Reg. 

40% 
100 % 
Reg. 

50% 70 % 
Reg. 

40% 30 % 
Reg. 

70% 60 % 
Reg. 

25% 
120 % 
Reg. 40% 

60 % 
Reg. 100% 

100 % 
Reg. 

 40% 110 % 
Reg. 
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Table 4.  
Specifications for Passenger Tire Models 
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T
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P
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fo
rm
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L
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1 

G10 Goodyear P205/75R15 97 S Integrity 460 A B 9 Passenger All Season  
G11 Goodyear P225/60R17 98 S Integrity 460 A B 8 Passenger All Season  
G8 Goodyear   225/60R16 98 S Integrity 460 A B 9 Passenger All Season  
G9 Goodyear P205/75R14 95 S Integrity 460 A B 9 Passenger All Season  
U3 Dunlop P225/60R17 98 T SP Sport 4000 DSST 360 A B 11 Run Flat  

 

2 

B10 Bridgestone   225/60R16  98 Q Blizzak REVO1 - 9 Performance Winter  
B15 Dayton   225/60R16 98 S Winterforce - 14 Performance Winter  
B13 Bridgestone P225/60R16 97 T Turanza LS-T 700 A B 11 Standard Touring All Season  
B14 Bridgestone P225/60R16 97 V  Turanza LS-V 400 AA A 11 Grand Touring All Season  
B11 Bridgestone P225/60R16  97 H Potenza RE92 OWL 340 A A 11 High Performance All Season  
B12 Bridgestone P225/60R16 98 W Potenza RE750 340 AA A 7 Ultra High Performance Summer  

 

3 
M13 Michelin   225/60R16 98 H Pilot MXM4 300 A A 7 Grand Touring All Season  
D10 Cooper   225/60R16 98 H Lifeliner Touring SLE 420 A A 11 Standard Touring All Season  
P5 Pep Boys P225/60R16 97 H Touring HR 420 A A 11 Passenger All Season  
R4 Pirelli   225/60R16 98 H P6 Four Seasons 400 A A 11 Passenger All Season  

 
Table 5. 

Specifications for Light Truck Tire Models 
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4 
D7 Cooper LT235/85R16 120(E) N Discoverer ST-C  19 All terrain on/off road 
D8 Cooper LT245/75R16 120(E) N Discoverer ST-C  19 All terrain on/off road 
D9 Cooper LT265/75R16 120(E) N Discoverer ST-C  19 All terrain on/off road 

 

5 
M10 Michelin LT245/75R16 120(E) R Michelin LTX A/S  15 All season on-road 
M11 Michelin LT245/75R16 120(E) R Michelin LTX M/S  16 All season on-road 
M12 Michelin LT245/75R16 120(E) R Michelin X RADIAL LT 15 All season on-road 

 

6 
P4 Pep Boys LT245/75R16 120(E) N Scrambler A/P  15 All season on-road 
C9 General LT245/75R16 120(E) Q AmeriTrac TR  15 All terrain on/off road 
K4 Kumho LT245/75R16 120(E) Q Road Venture HT  15 All season on-road 

 
Table 6.  

Specifications for ASTM F2493-06 SRTT 
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M14 Uniroyal  P225/60R16 97 S  ASTM 16" SRTT  540 A B 8 ASTM F 2493-06 Reference  
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Table 7.  
Rolling Resistance Tests 

 

Tire 
Type 

J2452 J1269 - Single-point J1269 - Multi-point ISO 28580 ISO 18164 

Total 
ARDL-STL SSS ARDL-STL SSS ARDL-STL SSS ARDL-

STL SSS ARDL-
STL SSS 

1st 
Run 

3rd 
Run 

1st 
Run 

3rd 
Run 

1st 
Run 

2nd 
Run 

1st 
Run 

2nd 
Run 

3rd 
Run 

1st 
Run 

2nd 
Run 

1st 
Run 

2nd 
Run 1st Run 1st 

Run 
2nd 
Run 

2nd 
Run 

1st 
Run 

B10 3 1 3 1 1 3 3  1 3 1 3 1 2 2     28 
B11 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B12 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B13 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B14 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
B15 3 1 3 1 2 2 3 1  3 1 3 1 2 2     28 
C9 3 1 3 1 3 1 3 1  3 1 3 1 2 2     28 
D10 3 2 3 1 1 2 2   3 1 3 1 2 3     27 
D7 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
D8 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
D9 3 1 3 1 3 1 3 1   1 3 1 2 2     25 

G10 3 1 3 1 3 1 3 1  3 1 3 1 2 1 1 1 1 30 
G11 3 1 3 1 3 1 3 1  3 1 3 1 2 1 1 1 1 30 
G8 3 1 3 1 1 3 3  1 3 1 3 1 2 1 1 1 1 30 
G9 3 1 3 1 2 2 3 1  3 1 3 1 2 1 1 1 1 30 
K4 3 1 3 1 3 1 3 1   1 3 1 2 2     25 

M10 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
M11 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
M12 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
M13 3 1 3 1 2 2 3 1  3 1 3 1 2 2     28 
M14 3 1 3 1 3 1 3 1  3 1 3 1 1 3 2 1 1 32 
P4 3 1 3 1 3 1 3 1   1 3 1 2 2     25 
P5 3 1 3 1 1 3 3  1 3 1 3 1 2 2     28 
R4 3 1 3 1 2 2 3 1  3 1 3 1 2 2     28 
U3 1 1 3 1 3 1 2 1  3 1 1 1 2 6 1 1 1 30 

Total 73 26 75 25 55 44 73 17 7 51 25 73 25 49 48 11 10 10 697 
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Table 8. 
 Rolling Resistance Specialty Tests 

 

Tire Type 
J1269 - Single-point - Regulated - N2 

J1269 - Single-point - Capped 
- N2 

J1269 - Single-point – Capped 
- air 

ISO 2850 Bare Surface 
- air 

Flat-Trac Surface  
-air 

Total 
ARDL-STL SSS ARDL-STL SSS ARDL-STL SSS SSS 

1st Run 1st Run 1st Run 1st Run 1st Run 2nd Run 3rd Run 1st Run 
B10     2 1  2 5 
B11     2  1 2 5 
B12     2  1 2 5 
B13     2  1 2 5 
B14     2  1 2 5 
B15     1 1  2 4 
C9      1  3 4 
D10     2 1  2 5 
D7 1 1 1 1  1  3 8 
D8 1 1 1 1  1  2 7 
D9      1  2 3 

G10       1 2 3 
G11 1 1 1 1   1 2 7 
G8 1 1 1 1 2  1 2 9 
G9     1  1 2 4 
K4      1  2 3 

M10      1  2 3 
M11      1  2 3 
M12      1  2 3 
M13     1 1  2 4 
M14       1 2 3 
P4        2 2 
P5     2   2 4 
R4     1 1  2 4 
U3       1 2 3 

Total 4 4 4 4 20 13 10 52 111 
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Table 9.  
SAS GLM Analysis of SAE J1269 Single-Point Data 

Dependent Variable: Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       29     49358.72877      1702.02513    15122.2    <.0001 
       Error                      191        21.49733         0.11255 
       Uncorrected Total          220     49380.22610 
 
                       R-Square     Coeff Var      Root MSE       RR Mean 
 
                       0.995985      2.371565      0.335487      14.14623 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Lab Where Tested             1        9.453262        9.453262      83.99    <.0001 
       Procedure for Inflation      1        2.995675        2.995675      26.62    <.0001 
       Test Order                   2        0.072031        0.036015       0.32    0.7265 

       Type (Tire Model)           24     4871.637615      202.984901    1803.49    <.0001 

 

 
Table 10.  

SAS GLM Analysis of ISO 28580 Single-Point Data 

 
Dependent Variable: Rolling Resistance 
 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       27     30273.83087      1121.25300    8320.88    <.0001 
       Error                       72         9.70213         0.13475 
       Uncorrected Total           99     30283.53300 
 
                       R-Square     Coeff Var      Root MSE       RR Mean 
 
                       0.996745      2.210444      0.367086      16.60687 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Laboratory where Tested      1        0.288688        0.288688       2.14    0.1476 
       Test Sequence                1        0.091518        0.091518       0.68    0.4126 
       Type (Tire Model)           24     2760.627024      115.026126     853.61    <.0001 
 

 
Table 11.  

SAS GLM Analysis of SAE J1269 Multi-Point Data @ SRC 

Dependent Variable: Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       27     46274.88079      1713.88447    15929.5    <.0001 
       Error                      173        18.61335         0.10759 
       Uncorrected Total          200     46293.49414 
 
                       R-Square     Coeff Var      Root MSE       rr Mean 
 
                       0.995958      2.271922      0.328012      14.43763 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Laboratory where Tested      1       11.245985       11.245985     104.52    <.0001 
       Test Sequence                1        0.232031        0.232031       2.16    0.1438 
              Type (Tire Model)           24     4574.379431      190.599143    1771.51    <.0001 
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Table 12.  
SAS GLM Analysis of ISO 18164 Multi-Point Data @ SRC 

Dependent Variable: Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
       Model                       11     2197.142210      199.740201    2687.60    <.0001 
       Error                        9        0.668873        0.074319 
       Uncorrected Total           20     2197.811083 
 
                       R-Square     Coeff Var      Root MSE       rr Mean 
 
                       0.989061      2.637529      0.272615      10.33602 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Type                         9     60.15851716      6.68427968      89.94    <.0001 
       Lab                          1      0.31936479      0.31936479       4.30    0.0680 
 
 

Table 13.  
SAS GLM Analysis of Rolling Resistance for J2452 Test – Pounds at SRC and SMERF Values 

Dependent Variable: SRC Rolling Resistance 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       26     33751.58386      1298.13784    23535.8    <.0001 
       Error                      164         9.04555         0.05516 
       Uncorrected Total          190     33760.62941 
 
                       R-Square     Coeff Var      Root MSE    SRCRR Mean 
 
                       0.995310      1.814428      0.234853      12.94362 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Lab                          1       41.707153       41.707153     756.17    <.0001 
       Test                         1        1.164989        1.164989      21.12    <.0001 
       Type                        23     1880.549151       81.763007    1482.40    <.0001 
 
 
Dependent Variable: SMERF 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
       Model                       26     30622.39559      1177.78445    22051.3    <.0001 
       Error                      164         8.75944         0.05341 
       Uncorrected Total          190     30631.15503 
 
                       R-Square     Coeff Var      Root MSE    SMERF Mean 
 
                       0.994955      1.874051      0.231109      12.33204 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
       Lab                          1       29.074086       29.074086     544.34    <.0001 
       Test                         1        1.419295        1.419295      26.57    <.0001 
       Type                        23     1699.996725       73.912901    1383.85    <.0001 
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Table 14.  
Grouping of Tires by Rolling Resistance Force – Lowest to Highest 

Group # 

Population 

J1269 single-
point 

J1269 multi-
point@ SRC 

ISO 28580 ISO 18164 J2452 @ 
SRC 

J2452, 
SMERF 

1 
B11 

G8 

G11 

G11 

B11 

G8 

G8 

B11 

G11 

G11 

G8 

B11 

G11 

B11 

G8 

G11 

G8 

B11 

2 

G9 

G10 

M13 

M14 

B10* 

G9 

G10 

M14 

M13 

B10* 

G9 

M13 

M14 

G10 

B10* 

G9 

M14 

G10 

 

G9 

M13 

G10 

M14 

B10* 

G9 

M13 

G10 

M14 

B10* 

3 

D10 

U3 

P5 

B14 

B15* 

U3 

D10 

P5 

B14 

B15* 

D10 

B14 

U3 

B15* 

P5 

U3 

B14 

 

 

D10 

U3 

B14 

P5 

B15* 

D10 

U3 

B14 

P5 

B15* 

4 
R4 

B13 

B12 

B12 

R4 

B13 

R4 

B13 

B12 

B13 

B12 

R4 

B12 

B13 

R4 

B12 

B13 

Passenger 

 

 

Light Truck 

Tires 

 

 

Tires 
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ABSTRACT 
 
Recently a new set of tests has been introduced in Euro 
NCAP that assesses the performance of front seats and 
head restraints in relation to the risk of whiplash-
associated neck disorders in low severity rear-end 
collisions. In the absence of a clearly understood and 
generally accepted cause for these symptoms, the aim of 
this new procedure is to reflect real world seat 
performance, to highlight seats with known good and 
poor performance and to provide the maximum 
incentive to manufactures to move towards best practice 
in seat design.  
 
Based on real world evidence and a review of the state-
of-the-art in dummies, whiplash test experience and the 
real-world performance of commercially available seats 
on the market, a test procedure and criteria were 
developed that take into account both geometrical 
aspects and dynamic performance of the seat in three 
meaningful test severities.    
 
Being one of the most comprehensive “whiplash” 
assessments of its kind, the paper provides the 
background and technical details to the procedure as 
well as a synthesis of the first results. The results 
highlight the potential for further improvement in the 
performance for the majority of car seats on the market 
today. 
 
INTRODUCTION 
 
Established in 1997, the European New Car Assessment 
programme provides consumers with a safety 
performance assessment for the majority of the most 
popular cars in Europe. Thanks to its rigorous crash 
tests, Euro NCAP has rapidly become the driver of 

major safety improvements to new cars. Rather than 
focussing exclusively at life threatening injuries, the 
intention from the start has been to encourage 
manufacturers to make improvements in all areas 
and to avoid concentrating attention on any 
individual area of the car [1].  
 
So far, Euro NCAP has assessed the protection for 
car occupants in frontal and side impact as well as 
the protection afforded by the car’s front to 
pedestrians. However, it has not included a rear 
impact test, yet.  The interest to actively address the 
problem of “whiplash” associated neck injuries, 
which represent a low threat to life but high risk at 
injury, was first raised in 2000 as part of Euro 
NCAP future development strategy.  
 
The Whiplash Problem 
 
Whiplash associated neck injuries in car collisions 
constitute a serious problem with immense 
implications for the individual as well as for the 
society. Whiplash neck injury, caused by sudden 
neck distortion, particularly occurs in low speed 
rear-end collisions and is the most commonly 
reported injury in crashes today [2]. Whiplash or 
cervical vertebral column injuries are notoriously 
underreported in accident statistics as after the crash 
the problem may not manifest itself immediately 
and the vehicles are often still in driveable 
condition. In many instances police attendance 
and/or tow away is not required and therefore these 
cases and any subsequent treatment to the injury are 
not included in the national accident statistics.  
 
The rate of claims related to whiplash associated 
injuries reported by the motor insurance industry is 
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generally considered to be a better indicator of the 
magnitude of the problem in Europe.  Statistics from the 
Comité Européen des Assurances [3] show that four 
countries have a very high rate of claims for whiplash 
associated injuries, including the United Kingdom (76% 
of bodily injury claims), Italy (66%), Norway (53%), 
and Germany (47%), compared to an average of 40% in 
Europe. Figure 1 shows the overall cost of whiplash 
trauma, expressed as a percentage of the overall cost of 
bodily injury for a number of Western-European 
countries [4]. According to this analysis, the country 
with the highest costs for whiplash claims is the United 
Kingdom (50% of all costs related to bodily injury). 
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Figure 1. Cost of whiplash trauma as percentage of 
total bodily injury cost (from [4]). 

It is well understood that whiplash claims are in part the 
result of the legal system of compensation. Regardless, 
whiplash remains the most frequently reported injury on 
European roads. As whiplash associated injury leads to 
long term consequences, with 10% of people suffering 
long term discomfort and 1% permanent disability, 
addressing “whiplash” injuries, their causes and 
prevention has been an important priority for the 
European Commission in the last decade. 
 
Development of Whiplash Testing 
 
Whiplash may occur in all impact directions but the 
injury is most frequently observed and its risk most 
effectively addressed in rear-ends impacts. For this 
injury type, no biomechanically based safety regulations 
exist, mainly as a consequence of the limited (or 
inconclusive) knowledge available on whiplash. 
Research has demonstrated that in the event of a rear-
end collision the vehicle seat and head restraint are the 
principle means of reducing neck injury however [5].  
 
Starting from the assumption that lowering the loads on 
the neck lessens the likelihood of whiplash associated 
injury, first stand-alone test methods for seat and head 
restraint have been derived by the International 
Insurance Whiplash Prevention Group (IIWPG) [6] and 
the Swedish Road Administration (SRA) [7, 8], 
respectively. Both, however, adopted a different 
viewpoint in selecting the relevant seat performance 

parameters, one putting heavy emphasis on real 
world validation (IIWPG), and the other on 
plausible hypotheses regarding the causes of 
whiplash associated injury (SRA).  
 
Euro NCAP set up a Whiplash group in 2002 with 
the intention of developing a test that could 
compliment the existing whole vehicle consumer 
crash tests. In 2008, Euro NCAP completed its 
work and formally included the whiplash test as 
part of the new car assessment programme. This 
paper describes the Euro NCAP whiplash 
assessment test procedure, its background and the 
points rating system.  The paper also reports on the 
first series of results publish under this new scheme.  
 
EURO NCAP WHIPLASH TEST 
PROCEDURE 
 
The overall objective of the Euro NCAP whiplash 
seat assessment procedure is to reduce real world 
whiplash associated injuries in EU-27 by promoting 
the best practice in seat design amongst 
manufacturers and by increasing consumer 
awareness. With no significant advancement in 
knowledge of the injury mechanisms of whiplash, 
and little difference shown in real world 
performance of the two existing test procedures [9], 
the proposed Euro NCAP test is effectively a 
combination of the earlier IIWPG and SRA 
procedures with further refinements. For the time 
being, the focus is on whiplash protection of the 
driver and front passenger.  
 
Methods 
 
The “best practice” approach aims to promote seat 
and head restraint designs that reduce the distance 
between the head and head restraint that will 
support the head early and/or absorb energy so that 
the differential movement between the head and 
neck is lowered, and hence the risk of whiplash 
associated injury is reduced. As the overall 
performance of the seat system is governed by both 
geometric and dynamic characteristics, the 
assessment includes a static and dynamic part.  The 
use of sled testing, as opposed to whole vehicle 
testing, was found most straightforward, cost 
effective and acceptable for this purpose.  
 
The seat is mounted on the sled to a standardised 
method that approximates the basic geometry of the 
subject vehicle. The seat mount brackets replicate 
the correct seat rail angle and distance to the floor 
pan of each subject vehicle. The seats are set to 
achieve a 25º±1º torso angle of the H-point manikin 
fitted with an HRMD. 
 
     Static Assessment – Euro NCAP’s geometric 
assessment is based upon the procedure for static 
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geometric evaluation of head restraint geometry 
established by RCAR (Research Council for Auto-
mobile Repairs) to encourage positioning of head 
restraints closer to the driver’s head. Ideally the head 
restraint should be high enough to protect tall occupants 
and be at small distance to the head (small back set).  
Euro NCAP’s criteria for geometry are more demanding 
than those used previously by other rating systems. 
 

 
Figure 2. SAE J826 H-point manikin combined with 
Head Restraint Measuring Device (HRMD). 

After the seat is mounted onto the sled and set correctly, 
a modified SAE J826 H-point manikin is employed 
combined with the Head Restraint Measuring Device 
(HRMD) [10, 11] (Figure 2) and is used to assess the 
design position of the head restraint with respect to the 
head. Furthermore this measurement is used to define 
the H-point, head restraint geometry and other 
parameters used in set up of the test dummy. The Euro 
NCAP whiplash test protocol calls for three 
measurements on each individual seat and specifies 
maximum permissible skew (i.e. the positional 
differences between the left and right-hand H-points) on 
each installation, plus a maximum variation between the 
three drops. Consequently, static repeatability is 
controlled and dynamic variation due to a single 
outlying static measurement is rendered unlikely.  
 
As a majority of motorists are still putting themselves at 
risk of neck injuries because of incorrectly positioned 
head restraints, Euro NCAP also assesses “worst case” 
geometry (or “ease of use”) of the head restraint. This is 
achieved by checking whether the head restraint can be 
correctly positioned for different sized occupants, 
preferably without specific action from the occupant 
other than simply adjusting the seat track position to 
suit the leg length. 
 
     Dynamic Assessment – In the absence of a process 
to define representative vehicle specific pulses, the use 
of generic sled pulses has been preferred. Instead of 
using a single sled pulse, Euro NCAP has adopted three 
tests of different severity to avoid sub-optimisation to a 
single pulse and to ensure seat stability at a higher test 
severity. These pulses cover the range of speeds at 
which the highest risk at short and long term injury is 
observed and at which severe neck injury claims peak, 
as shown by Folksam [12] amongst others. 

Accident data suggests whiplash tests should 
include crashes in the 16 km/h range (10 mi/h). The 
first pulse used is at 16km/h ΔV pulse with a 5.5g 
mean acceleration, representative of one of the 
crash scenarios in which whiplash associated 
injuries would occur. This pulse, originally double 
wave in shape but simplified to a triangular pulse, 
has been used by IIWPG. The two other pulses used 
are trapezoidal in shape and simulate a “low” 16 
km/h ΔV (peak 5g) and “high” 24 km/h ΔV (peak 
7.5g). The latter pulses have been defined and 
exclusively used by SRA.  
 
The three pulses, shown in Figure 1, are termed 
“low” (16km/h, SRA), “medium” (16km/h, IIWPG) 
and “high” (24km/h SRA) within the Euro NCAP 
whiplash scheme. Time corridors and requirements 
for ΔV, ΔT, average mean acceleration and 
acceleration at T0 have accurately been defined to 
control the input pulses [13]. 
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Figure 3.  Three sled pulses used in Euro NCAP 
whiplash testing. 

All testing is carried out with the BioRID 50th 
percentile male test dummy developed to mimic the 
human response in low to moderate speed rear 
impacts (Figure 4) [14]. This dummy is considered 
the most human-like dummy available with respect 
to human response corridors and in comparison 
with other candidate dummies [15]. Since 2000, 
various design iterations of the dummy have been 
released following the recommendations by the 
BioRID Users Group and others. Euro NCAP 
prescribes the use of the BioRID-IIg or subsequent 
versions.   
 
For the dynamic test, the head restraint is positioned 
in mid vertical and horizontal position where locks 
are fitted. If no locking is present under the 
definition of the test procedure then the most down 
and rear position is used. The BioRID is seated 
according to positioning data from the static 
measurements. Three individual tests are run using 
new identical seats using each of the three pulses. 
At each run, dummy variables (as well as the seat 
back angle deflection at the high severity test) are 
taken. 
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Figure 4. Cross-sectional view of the BioRID upper 
torso, showing its segmented spine for human-like 
response and seat interaction. 

     Performance Criteria – As the injury mechanism is 
not well enough understood, the assessment is based on 
7 seat performance criteria which are not fully 
confirmed by biomechanical research: head restraint 
contact time, T1 x-acceleration, positive upper neck 
shear force, positive upper neck tension force, head 
rebound velocity, NIC and Nkm. This set of variables, 
referred to as seat performance criteria or seat design 
parameters, is a combination of the parameters used by 
IIWPG [6] and SRA [7] to rate seats. While some of 
these criteria correlate to hypothesised whiplash injury 
mechanisms, there is still debate in the international 
research community on the validation of those criteria. 
All seat design parameters however encourage the 
basics of energy absorption by the seat and head 
restraints that are close to the occupant’s head and for 
that reason these parameters are used collectively by 
Euro NCAP. 
 
WHIPLASH RATING SCHEME 
 
Points Scoring 
 
    Sliding Scales – The Euro NCAP assessment applies 
a sliding scale system of points scoring, which involves 

two limits for each seat design parameter. Two 
performance limits (lower and higher) are set at the 
70th percentile and the 5th percentile values 
respectively of the variable distribution observed in 
an earlier 31 car seat program undertaken jointly by 
Thatcham, Folksam and SRA [16]. The more 
demanding “higher” performance limit (HPL) 
below which a maximum score was obtained, and a 
less demanding “lower” performance limit (LPL) 
above which no points are scored. These limit 
values, representing the range in performance of 
seats currently on the market, are given in Table 1 
for each of the seven measured variables for each 
test pulse.  If the test value recorded falls between 
the lower and upper limits, the points score is 
calculated by linear interpolation. 
 
     Capping – For the first 5 variables in Table 1, 
the score is “capped” at the 95th percentile value 
(CL) of the above variable distribution, meaning 
that if any single measured variable exceeded the 
95th percentile limit, then a zero score is recorded 
for the complete test. For T1 acceleration and head 
restraint contact time, a slightly more complex 
approach is required. If both head restraint contact 
time and T1 acceleration were worse than the lower 
performance limit and either one of these variables 
exceed the 95th percentile, then capping is applied 
and the score is also zero for that test.  
 
The purpose behind capping is to avoid trade-offs 
between seat design parameters where one or more 
parameters would be allowed to “max out” while 
keeping others low. This, for instance, would be the 
case where low Fx or NIC would be achieved by 
allowing more seat back deflection thus raising Fz 
during extension. Capping therefore encourages a 
proper balance between the seven seat performance 
criteria. 
 
     Whiplash Raw Score – The maximum score for 
each parameter is 0.5 points. For each of the pulses, 
the score for each of the seven parameters is 

Table 1.  
Higher performance, lower performance and capping limits for low, medium and high pulses  

Low severity Medium severity High severity 
Criteria Units 

HPL LPL CL HPL LPL CL HPL LPL CL 

NIC m2/s2 9.00 15.00 18.30 11.00 24.00 27.00 13.00 23.00 25.50 

Nkm - 0.12 0.35 0.50 0.15 0.55 0.69 0.22 0.47 0.78 

Head rebound velocity m/s 3.0 4.4 4.7 3.2 4.8 5.2 4.1 5.5 6.0 

Fx upper N 30 110 187 30 190 290 30 210 364 

Fz upper N 270 610 734 360 750 900 470 770 1024 

T1 acceleration up to head contact g 9.40 12.00 14.10 9.30 13.10 15.55 12.50 15.90 17.80 

Head restraint contact time ms 61 83 95 57 82 92 53 80 92 

Seatback deflection deg n/a n/a 32 
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For both types of systems, Euro NCAP currently 
allows the geometric assessment based upon the 
deployed geometry considering the system always 
deploys in a stable position prior to the head 
contacting the head restraint [

calculated. The scores for the NIC, Nkm, head rebound 
velocity, neck shear and neck tension are summed, plus 
the maximum score from either T1 acceleration or head 
restraint contact time. There is a maximum possible 
score of three points for each test pulse, hence 9 for the 
overall series of dynamic tests.  

13]. As proof of 
proper functioning, tests such as the low speed 
bumper test (RCAR) [To calculate the raw whiplash score, the overall 

dynamic score is combined with the result from the 
geometric assessment. The static assessment of design 
head restraint position can either add or reduce the score 
with maximum one point, depending on how well 
aligned the position is with respect to the head. In 
addition, for seats that score well dynamically, per seat 
an additional 1/n points can be gained for the “worst 
case” geometry or ease of adjustment (where n=the 
number of front seats). 

17] are considered where the 
5th percentile female Hybrid-III dummy is used.  

 
Finally, the score can be reduced where excessive 
dynamic deflection of the seat back was observed 
during the “high” severity test (minus three points) or 
where there is evidence of exploiting a dummy artefact 
(minus 2 points). These latter modifiers have been 
introduced to prevent occupant ramping, which in 
extreme case can lead to occupant ejection, or 
compromise of rear seat passenger space and to 
discourage seat designs that intentionally misuse 
dummy features to enhance the performance. The 
dynamic test points combined with the assessment and 
modifier points (whether positive or negative) form the 
Whiplash Raw Score (Figure 5). 
 
     Scaled Points –The overall whiplash raw score is 
scaled to four points, which is the final score for the 
seat and the maximum contribution of the whiplash test 
to the Adult Occupant Protection score (maximum 36 
points) of the overall rating of the vehicle. The points 
are scaled to balance whiplash protection against the 
various other forms of protection assessed in the other 
Euro NCAP tests. For the purpose of graphical 
representation, the final four point score is divided into 
three coloured bands. A score of 0 to 1.49 scaled points 
is coloured “Red” or “Poor” (different from other 
assessments where “Red” is zero points only), a score 
of 1.50 to 2.99 is coloured “Orange” or “Marginal”, and 
finally a score of 3.0 to 4.0 is coloured “Green” or 
“Good”. The coloured bands are used as an additional 
indicator to raise public awareness and aid 
understanding of whiplash protection.  
 
Provisions for Proactive and Reactive Seats 
 
As a result of encouraging seats to offer better whiplash 
protection, new systems have been introduced on the 
market for which the head restraint position and/or seat 
geometry is actively altered as a result of the impact. In 
case where such a system is activated by the inertia of 
the occupant’s body mass the term “reactive” is used. 
Systems that not use the occupant’s energy to activate 
the system but require an external trigger (i.e. by a 
sensor) to deploy are referred to as “proactive”. 

 
VALIDATION 
 
In the final phase of the development of the Euro 
NCAP whiplash test and assessment procedure, a 
number of critical aspects have been thoroughly 
validated. These include the reproducibility in 
dummy positioning and accuracy of geometric 
assessment, the feasibility of sled pulse corridors, 
the repeatability of dummy measurements in 
relation to the limits and the discriminating 
resolution of the rating limits correlated to field 
data.   
 
Reproducibility of Static Measurements  
 
The test procedure involves the definition of seat 
geometry and dummy seated position. The static 
measurement has a significant influence on the 
dynamic test result and the overall score. The 
repeatability and reproducibility of the static 
definition is therefore critical to the testing process. 
Static measurements may differ due to variations in 
set up process, variations in measuring equipment 
and production variation in the seats themselves. 
Static measurement variation can be characterised 
both in terms of its repeatability and reproducibility 
using individual seats, and also across a production 
batch of seats.  
 
According to the protocol, head restraint geometry 
is defined by height and back set and is achieved 
after setting the seat and installing the SAE manikin 
and HRMD in a closely prescribed manner. In order 
to understand and control the potential variations in 
testing, an inter-laboratory harmonisation process 
was undertaken in 2006 involving Thatcham, 
ADAC, BASt, IDIADA, TNO and UTAC. One 
typical issue noted within this phase was that the 

Low  
Pulse  
≤ 3 pts 

Medium 
Pulse  
≤ 3 pts 

High  
Pulse  
≤ 3 pts 

Whiplash 
Raw Score 
≤ 3 pts 

“Worst Case” Geometry & 
Easy of Use 
≤ 1/n pts/seat 

Static Geometry  
-1 to +1 pt 

Dummy Artefact Modifier 
-2 pts 

Seat Back Opening 
Modifier 
-3 pts (High pulse only) 

Final Scaled Score  
≤ 4 pts 

Figure 5. Whiplash Points Calculation. 
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build condition of the SAE manikin was often away 
from the RCAR standard, for instance with head room 
probe still attached. Secondly, the installation process 
was frequently not followed exactly, adjustments being 
made to seat position mid process, and either excessive 
or inadequate forces and support being applied such that 
a consistent H-point position was not achieved. This 
study highlighted that in order to minimise inter-
laboratory differences, the SAE manikin and HRMD 
needed to better controlled and installation procedures 
should be more strictly adhered to.   
 
To improve the static repeatability, various process 
controls were subsequently introduced and a new 
certification process for the SAE manikin and HRMD 
was defined [18]. In the final phase of harmonisation, 
three examples of a further seat model were once more 
measured by each laboratory. Across four of the 
participating laboratories, the average back set and 
height could be controlled within a window of ±2 mm 
variation in both measurements, showing that where the 
protocol is followed exactly, repeatable and 
reproducible static measurements could be obtained. 
 
Sled Pulse Corridors  
 
Zuby et al. [19] have shown that differences in pulse 
shape affect the dummy response for a given seat test. 
Consequently, the Euro NCAP pulse corridors were 
designed with the most stringent limits possible taking 
the known capability of the various test equipment used 
into consideration.  
 
Firstly, a procedure to time index all data to a common 
point was adopted to avoid any influence on the time 
base. Every sled pulse must be individually time-offset, 
such that all data then passed through 1g at a common 
timing. If the process documented in the Euro NCAP 
whiplash protocol [13] is followed, a “time offset” 
value for any given test can be determined and the 
windows for corridor compliance and data analysis can 
be predictably defined. Very close control of speed 
change (ΔV), acceleration (dA) and with pulse duration 
(dT) was targeted since variation in these values can 
lead to reduced repeatability and reproducibility and 
variations in final scores of the same seat tested at 
different locations.  
 
Furthermore, acceleration corridors were defined to 
replicate the maximum level of control as demonstrated 
by the various laboratories using different equipment 
(for example Figure 6). This definition was reached 
after taking into account various designs of “reverse 
acceleration” type sleds as well as hydraulically braked 
“stopping sleds”. Further acceleration controls were 
applied to a time window before the start of the test, and 
another immediately following the end of the pulse as 
these areas can affect the final result, either in terms of 
dummy pre-loading or position before test, or dynamic 
response during rebound. Additionally, these latter 

controls help to ensure that sled braking is 
significantly outside of the time window during 
which dummy criteria are assessed. All pulse 
requirements are given in detail in [13]. 
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Figure 6. Typical laboratory pulse compliance 
(high severity pulse). 

 
Repeatability of Criteria 
 
In 2007 the labs involved in Euro NCAP whiplash 
testing ran a round-robin test program using five 
different seats to prove out reproducibility between 
the labs and to fine-tune the testing protocol. Due to 
the high test complexity of the protocol and the, at 
the time, big differences in whiplash test experience 
between the labs, only a sub-set of the data 
collected qualified for further analysis. Using data 
from one particular seat (taken from the Saab 9-3 
model) and one representative pulse (medium 
severity), the reproducibility of the BioRID-II 
criteria was investigated. The Objective Rating 
Method (ORM) [20] [ 21] was applied to calculate 
correlations for pairs of scalars (peaks and timing) 
and curve shapes. According to [20], ORM > 65% 
indicate a high repeatability of results.  
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Figure 7. ORM values for BioRID-II criteria 
between the labs involved in whiplash testing. 

Figure 7 shows the ORM values for the correlation 
of ADAC lab results (arbitrary choice) with the 
other labs for some of the criteria investigated. The 
overall results indicated that with exception of the 
neck forces all criteria demonstrated good 
reproducibility between the labs. Acceleration peak 
values generally scored higher than 90%, while 
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Ratings timing and shape scored between 60% and 95%. Neck 
loads, in particular Fx, however scored generally much 
lower than 65% however, this result, although suspect, 
was found to be biased by the extremely low values 
found for this parameter in the tests of the Saab seat.   

 
Table 2 (Appendix) summarises the results for the 
31 seats released up to February 2009. A wide 
range of points scores were achieved ranging from 
0 to over 3.5 points. Some seats score zero points, 
the minimum possible. These seats typically score 
some points in certain criteria, but are capped due 
to exceeding the capping limit for one or more 
criteria. On the other hand, there are seats scoring 
over 3 points. In these cases the seats tend to score 
over 2 points for each of the test pulses, then have 
positive modifier scores added for ease-of-use 
and/or good geometry.  

 
Rating Limits Related to Real-world Performance 
 
Recent studies have shown a correlation between 
whiplash consumer crash testing by IIWPG and SRA 
and real-world injury outcome [9, 22]. Both these 
studies indicate that a seat rated as “poor” have a higher 
risk of whiplash associated injury compared with seats 
rated as “good” but there is little resolution between 
“acceptable” and “marginal” rated seats in the real 
world. The three coloured bands used for the Euro 
NCAP whiplash points, effectively combining the two 
middle sections as one, therefore are expected to 
correlate better to the resolution found in the analysis of 
real world whiplash claims. 

 
In this series of tests, all seats rated as “good” 
featured certain “anti-whiplash” design 
characteristics shown to offer greater levels of 
protection in real world crashes. These include 
passive energy absorbing seats, re-active seats or 
re-active head restraints.   

RESULTS  
DISCUSSION   

Test Series  
The initial testing for Euro NCAP indicates that a 
wide variety of seats designs are in current 
production and that there is a large distribution in 
the scores achieved in the Euro NCAP test 
procedure. Some new models being launched and 
are able to achieve a score of over 3.5 (out of 4), a 
promising trend that illustrates that manufacturers 
are readily able to achieve high points scores using 
existing designs. However some new models are 
shown to score poorly, suggesting that these 
designs require development to offer improved 
whiplash protection. This testing provides a span of 
results from zero to over 3 points (over 75% of the 
available whiplash points) for new model seats that 
are representative of the range of new seats found in 
the real world.  

 
The first official round of testing was carried out during 
2008 with 25 seats tested for publication in November 
2008. A further six seats were tested between 
November 2008 and January 2009 and were released in 
February 2009. All systems tested were driver seats 
taken from the best selling, basic safety specification 
variant of the car tested by Euro NCAP. These cars 
included supermini’s, small family and large family 
cars, small MPV’s and small and large off-roaders. 
Each seat was assessed according to Euro NCAP 
Whiplash test and assessment protocol Version 2.8 [13].  
 
Description of Seats 
 
Various seat designs are included the first series of 
whiplash testing carried out.   

Within the first phase it became apparent that 
consideration should be given by manufacturers as 
to the availability of positive modifier and 
assessment points, such as “ease of adjustment”. 
Qualification for these points resulted in at least one 
manufacturer achieving a “good” rating since they 
help to ensure that a wide range of real world users 
are given protection from whiplash associated 
injuries.  

 
     Passive Seats – A seat that uses passive foam 
technology to absorb the energy of the crash and allows 
the occupant to engage the head restraint without neck 
distortion. 
 
     Reactive Head Restraints – A head restraint that 
automatically moves up and forward during  
the crash, actuated by the weight of the  
occupant in the seat.  

Every “good” rated seat scores over 60% of 
available geometry points in this phase of testing. 
Every “poor” rated seat conversely scores less than 
20% of the available geometry points. This 
highlights the importance of geometry in seat 
design for manufacturers based on historical studies 
that link geometry to protection against whiplash 
associated injury [

 
     Re-active Seats – An entire seat and head restraint 
that absorbs the energy of a rear end crash.   
 
    Pro-Active Head Restraints – A head restraint that 
automatically moves up and forward at the start of the 
crash, actuated by crash sensors on the bumper or 
within the car 5, 23, 24]. Another trend 

revealed in the testing is that any seat dynamically  
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J. Ellway (Secretary) 
Last but not least, continued analysis of real world 
injury claims collected by Folksam, etc. show that seats 
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injury claims. This suggests that a “best practice” test 
procedure can be a useful way forward even where 
injury mechanisms are not well understood. 
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M. Avery (Thatcham) 
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CONCLUSION  A. Lie (SRA) 
 B. Lorenz (BASt) 
Development of the Euro NCAP test procedure has 
built upon existing whiplash test experience and real 
world field studies. The procedure combines facets 
from IIWPG and SRA assessment programs with 
further additions. In the last phase of the development, 
where the focus was on repeatability and reproducibility 
of results, a significant step forward was made 
collectively in defining dummy test position procedures 
and pulse definitions.  The test procedure is now 
presented as version 2.8 [

F. Minne (UTAC) 
R. Moran (DfT) 
J. Roberts (VSC, on behalf of ICRT) 
R. Satué (IDIADA) 
O. Vázquez (CTAG-IDIADA) 
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13] with minor refinements 
forthcoming as part of Euro NCAP’s standard review 
process. 

R. Sferco, Ford Motor Europe 
 
The members of the group would like to thank the 
members of IIWPG, SRA and Autoliv for their 
support and valuable input.  Euro NCAP thanks Ed 
Giblen at Thatcham for his help and technical 
contribution.  

 
The Euro NCAP whiplash test procedure encourages 
best practice in vehicle design to prevent whiplash 
associated injuries. This is necessary since no injury 
mechanism for whiplash has neither been identified nor 
validated. The initial tests indicate that a wide range of 
results are possible, from 0 to over 3.5 points, 
confirming that some seat designs still need 
improvement for whiplash protection.  
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APPENDIX 

Table 2.  
Euro NCAP Whiplash Test Results November 2008 – February 2009  

Final 
Scaled 
Score 

Raw 
Whiplash 

Score 

High 
Severity 

Mid 
Severity 

(unscaled) 

Low 
Model Severity 

(unscaled) 
Geometry Restraint Type 

(unscaled) 
Volvo XC60 3.544 9.746 1.909 3 2.876 0.961 Passive 
Alfa Romeo MiTo 3.349 9.209 2.503 2.355 2.47 0.881 Reactive 
Toyota Avensis 3.344 9.196 2.731 2.274 2.191 1 Reactive 
VW Golf 3.306 9.092 2.514 2.051 2.527 1 Passive 
Audi A4 3.155 8.675 2.346 2.594 2.135 0.6 Passive 
Opel/Vauxhall Insignia 3.064 8.426 2.339 1.94 2.147 1 Reactive 
Renault Koleos 2.938 8.081 2.404 2.641 2.444 0.592 Passive 
Toyota iQ 2.706 7.44 1.699 2.136 2.157 0.448 Passive 
Lancia Delta 2.616 6.693 1.979 1.818 1.637 0.759 Reactive 
Subaru Impreza 2.458 6.759 2.396 1.998 2.276 0.089 Passive 
BMW X3 2.44 6.71 2.484 2.264 2.112 -0.15* Proactive 
Renault Kangoo 2.378 6.54 1.75 2.237 2.022 0.531 Passive 
Renault Mégane 2.376 6.533 1.451 0.888 2.194 1 Passive 
Honda Accord 2.26 6.214 1.903 2.205 1.67 0.436 Reactive 
Skoda Superb 2.217 6.096 2.428 1.331 1.656 0.681 Passive 
Hyundai i30 2.212 6.083 0.935 2.005 2.471 0.672 Reactive 
Ford Fiesta 2.207 6.07 1.755 1.871 1.969 0.475 Passive 
Mazda 6 2.073 5.701 2.41 1.659 1.84 -0.208 Passive 
Mitsubishi Lancer 2.04 5.609 1.697 2.05 1.866 -0.004 Passive 
Seat Ibiza 1.963 5.397 2.192 1.244 1.639 0.322 Passive 
Mercedes Benz M Class 1.824 5.017 1.086 1.523 1.715 0.693* Proactive 
Dacia Sandero 1.582 4.349 1.058 1.793 1.304 0.194 Passive 
Daihatsu Cuore 1.1 3.025 2.21 2.086 1.729 0 Passive 
Citroen Berlingo 1.043 2.868 0.526 1.235 0.982 0.125 Passive 
Hyundai i10 0.938 2.579 1.173 0 1.814 -0.408 Passive 
Citroen C5 0.57 1.568 0.471 0.44 0.513 0.144 Passive 
Ford Kuga 0.444 1.222 0.238 0.713 0.36 -0.089 Passive 
Citroen C3 Picasso 0.338 0.93 0 0.571 0 0.359 Passive 
Daihatsu Terios 0 -0.054 0 1.455 1.63 -0.139 Passive 
Suzuki Splash 0 -0.336 0 0 0 -0.336 Passive 
Peugeot 308CC 0 -0.233 0 0 0 -0.233 Passive 

 
*Geometric assessment based on “undeployed” head restraint. Result under review as part of 2009 protocol update. 
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ABSTRACT 
 
The performance of a vehicle’s seat back in rear impact 
accidents can significantly affect occupant kinematics 
and resulting injury potential.  The only current United 
States (U.S.) government regulation addressing seat 
back strength is outlined in Federal Motor Vehicle 
Safety Standard (FMVSS) 207, Seating Systems [1].  
The test method outlined in this regulation is only 
partially predictive of seat performance in dynamic 
and/or real world impacts.   Many seats continue to 
demonstrate gross deformations or catastrophic failures 
with potentially injurious occupant kinematics under 
the impact conditions of the FMVSS 301 Fuel System 
Integrity testing [2].  The Quasistatic Seat Test (QST) 
methodology, which utilizes an Anthropometric Test 
Dummy (ATD) and applies the load to the seat back 
through the ATD’s lumbar spine, has been shown to be 
a predictor of seat deformation under dynamic loading 
[3].  Different seat designs tested utilizing the QST 
methodologies are presented. 
 
Additionally, sled tests conducted at impact levels 
consistent with FMVSS 301 severities are presented 
and analyzed regarding occupant containment and the 
degree of encroachment of the deforming seat back or 
front seat occupant into the rear occupant’s seating 
compartment.  Crash test data, including ATD injury 
measures, from tests performed for the development of 
the recently upgraded FMVSS 301 rear impact standard 
were reviewed.  Furthermore, an additional FMVSS 
301 test is presented wherein a QST compliant seat was 
utilized to evaluate changes in ATD kinematics and 
injury measures.   
 
INTRODUCTION 
 
While seat back strength and deformation 
characteristics are safety considerations for various 
impact modes, it is particularly important in a rear 
impact.  The FMVSS 207 compliance test, which calls 
for application of a point load at the uppermost cross 

member of a detrimmed seat back, requires a moment 
resistance of only 3,300 in-lbf (373 Nm).  This test 
has long been the subject of criticism in the 
automotive safety community for its low criteria and 
its failure to consider occupant kinematics or their 
influences on failure modes seen in dynamic or real-
world testing.  It has been noted that because of the 
way the point load is applied, seats tested via the 
FMVSS 207 methodology typically deform 
symmetrical, whereas in a purely rearward dynamic 
rear impact, seats will often twist or fail 
asymmetrically [4].  As such, there are a number of 
other test methods, whether quasi-static or dynamic, 
for quantifying the seat back performance of a given 
automobile seat in the rear impact mode.  
 
A debate exists over what seat back energy absorbing 
characteristics, generally stiff versus yielding, are 
most applicable for optimized occupant protection 
considerations.  Although not the subject of this 
work, data is presented from the analysis of a variety 
of test methods that depict seat back rearward 
deformation and the associated injury potential and/ 
or measurements.  From an automotive safety 
perspective, a real-world predictive test methodology 
is critical as serious and fatal injuries do occur when 
the front seat occupants experience excessive seat 
back deformations.  Such deformations also put the 
occupants seated behind them at risk. 
 
Quasi-Static Test (QST) 
 
The Quasi-Static Test, or QST, seat back test 
methodology is premised around using the occupant 
itself to load the given seat.  In this test, an 
uninstrumented test dummy (ATD) is forcibly 
pressed against the fully trimmed seat back in a 
manner consistent with the way that an occupant 
might load the seat in a real world collision [3].  This 
test yields data that includes not only the seat’s 
resistance to rearward bending, but also provides 
insight into the point and manner in which an 
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occupant will begin to ramp up the seat back as the seat 
back begins to yield or deform rearward.  This is 
allowed by virtue of the load application following the 
ATD as it ramps up and out of the seat.  This is 
accomplished by mounting the load applying hydraulic 
ram to a set of linear bearings that is free to move both 
horizontally and vertically during the application of 
load (See Figure 1). 

 

 
Figure 1.  QST Test Setup Diagram [5] 

The QST test pass / fail criteria, as designed by Dr. 
Viano while with General Motors in the early 1990’s, 
specifies:  

(1) 15,000 in-lbf (1700 Nm) Moment About H-
point 

(2) No Separation of Hardware Causing >450 lbf 
(2,000 N) Drop in Force in 50 milliseconds, 
and >10º Change in Seat Back Angle 

(3) Seat Back Twist Not to Exceed 15º for Seat 
Back Angles up to 60º 

(4) Head Restraint Height to B-Plane and Front 
Surface Within 0.8 inch (20 mm) of Back-of-
Head Ellipse for the 95th Percentile Occupant 

 
Sled Testing 
 
Sled testing offers the freedom to analyze occupant 
kinematics and restraint system performance for 
numerous impact modes and speeds depending on the 
test apparatus set-up.  Utilizing a sled allows for 
dynamic test results more consistent with that seen in 
real-world accidents while being able to reuse a vehicle 
buck (partial vehicle) or occupant compartment for 
multiple tests.  Once a sled fixture is set-up with a 
particular occupant compartment, variations in the 
occupant safety system can be tested to analyze 
differences occupant kinematics and/ or restraint 
performance. 
 
FMVSS 301/301R 
 
Federal Motor Vehicle Safety Standard (FMVSS) 301 
details the current U.S. mandated requirements for fuel 

spillage during and after a motor vehicle crash.  The 
standard currently has frontal, rear and side test 
procedures.  Of interest for this paper is the upgraded 
rear impact test procedure, which will be referred to 
as 301R.  Vehicles subjected to this testing that were 
manufactured prior to September 2006 were 
impacted in the rear by a flat, non-deforming barrier 
at 30 mph (48 kph) with 50th percentile ATDs 
positioned in the front outboard seating positions.  
The FMVSS 301R standard was upgraded in 2003 
and incorporated a phase-in such that vehicles 
manufactured after September 2008 are still required 
to have ATDs in the front outboard seating positions, 
however, the rear impact barrier is now deformable 
and required to be moving at a speed of 50 mph (80 
kph) with a 70 percent overlap with the vehicle (See 
Figure 2).  During the test sequence and for various 
time increments following the test, different fuel 
spillage requirements must be met.   

 

 
Figure 2.  FMVSS 301R Test Setup Diagram 
 
This upgraded test procedure requires the collection 
of valuable data regarding ATD injury measures, seat 
back rotation, driver belt load, and driver webbing 
motion that was not required in the earlier version 
[6].  Although the data is now collected, FMVSS 
301R does not include pass/fail criteria for seat 
performance or ATD measured injury levels.   
 
During the development of the FMVSS 301R 
upgrade, a series of rear offset tests were conducted 
at a speed of 50 mph (80 kph).  The publicly 
available data files for these tests were obtained from 
the NHTSA Crash Test Database and included 
instrumented ATDs and their associated injury 
measures.  This data is analyzed below.  
 
TEST RESULTS 
 
Quasi-Static Test (QST) 
 
Numerous QST tests have been performed.  As 
discussed above, this method loads the subject seat 
via a hydraulic ram by applying force through an 
uninstrumented ATD’s lumbar spine.  Prior to 
testing, each seat was inspected for defects before 
being mounted in the test fixture via their OEM 
(original equipment manufacture) seat track 
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mounting brackets.  Test instrumentation included 
angular transducers on both sides of the seat back, tri-
axial load cells at the seat/fixture interface, a load cell 
on the force applicator (ram), as well as displacement 
transducers on the ram assembly (See Figure 3).   
 
The data collected via this instrumentation provided 
insight into, not only the strength of the seat, but also 
how the failure pattern influences the occupant 
kinematics.  Detailed measurements were taken prior to 
initiation of force to document the initial geometry of 
the seat relative to the test apparatus and data recording 
instruments. 
 
Numerous QST tests have been performed on front 
seating position seats until catastrophic failure was 
experienced.  Results are reported in Table 1. 

 
 
 

 
Figure 3. QST Test Set-up 
 
 

 
Table 1.  

QST Test Results 
 

Seat 
Single or 

Dual 
Recliner 

Peak Force 
lbf 
(N) 

Peak Moment at H-
point Up to 60 deg 

in-lbf 
(Nm) 

Twist 
Angle Up 
to 60 deg 

deg 

Energy Up 
to 60 deg 

in-lbf 
(J) 

Left Front 
1993 Nissan Sentra Dual 1,547 

(6,884) 
9,454 

(1,068) 17 6,364 
(719) 

Right Front 
1994 Chevrolet Lumina Single 1,441 

(6,409) 
10,612 
(1,199) 16 14,923 

(1686) 
Left Front 

2003 Ford Ranger Dual 1,862 
(8,281) 

11,225 
(1,268) 6 15,387 

(1,739) 
Left Front 

1993 Nissan 240 SX Single 1,479 
(6,579) 

12,241 
(1,383) 20 19,495 

(2,203) 
Left Front 

1999 Honda Accord Single 1,562 
(6,948) 

13,230 
(1,495) 27 21,358 

(2,413) 
Left Front 

1993 Volkswagen Passat Dual 2,130 
(9,478) 

13,317 
(1,505) 25 19,189 

(2,168) 
Left Front 

2000 Ford Focus Single 1,894 
(8,425) 

13,542 
(1,530) 4 18,332 

(2,071) 
Reinforced 

1994 Pontiac Trans Sport 
Modified 
to be Dual 

2,994 
(13,317) 

16,092 
(1,818) 20 18,781 

(2,122) 
Right Front 

1996 Saab 900 Dual 2,839 
(12,629) 

17,235 
(1,947) 3 33,248 

(3,757) 
Right Front 

1998 Opel Astra Dual 2,792 
(12,421) 

19,935 
(2,252) 22 24,321 

(2,748) 
Left Front 

2003 Saturn Vue Dual 3,369 
(14,988) 

22,322 
(2,522) 30 27,716 

(3,131) 
Left Front 

2002 Chevrolet 
Trailblazer 

Single 2,747 
(12,219) 

34,522 
(3,900) 27 38,056 

(4,300) 

Left Front 
1990 Mercedes 300SL Dual 7,644 

(34,002) 
49,608 
(5,605) 32 62,012 

(7,006) 
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Figure 4 demonstrates characteristic pre- and post- QST 
test conditions of a single recliner seat.  As described, 
the QST fixture allows for asymmetrical deformation of 
the deforming seat structure as the ATD loads and 
ramps up the seat back.   
 

  
Pre-Test Post-Test 

 
Post-Test, Rear View 

Figure 4. QST Test: Chevy Lumina 
 
Sled Testing 
 
Four rear impact tests were conducted utilizing a 
deceleration sled.  The sled fixture includes a sled 
carriage that is accelerated by way of a falling mass 
suspended by a block and tackle arrangement (See 
Figure 5).  The sled is decelerated via an impact into a 
deformable barrier wherein the shape and depth of the 
barrier determine the crash pulse.  Fixture 
instrumentation includes high-speed camera 
documentation and tri-axial accelerometers.   

 

 
Figure 5.  Sled Test Setup Diagram  
 

A total of four impact sled tests were preformed with 
various combinations of seats and restraint systems.  
All tests included 50th percentile male ATDs.   
 
Tests 1 and 2 included two seats mounted side-by-
side on the sled fixture.  Each seat, therefore, 
experienced the same deceleration pulse and each 
was loaded by a 50th percentile male ATD.  In each 
of the first two tests, one of the included seats was 
designed with a single recliner mechanism whereas 
the second seat incorporated dual recliners.  Tests 3 
and 4 were run with only one seat at a time but under 
similar impact conditions in order to consider the 
effect of alternate restraint designs.   
 
     Sled Test 1 – For Sled Test 1, a production right 
front early 1990’s vintage Chevrolet Lumina seat was 
tested in conjunction with a reinforced right front seat 
from an equivalent vehicle.  The reinforced seat was 
originally equivalent to the OEM seat, but was 
reinforced with the addition of a second recliner 
mechanism.  The attachment of the recliners to the 
lower seat structure was also reinforced.  Lastly, the 
lower seat back cross member, which was originally 
a straight tubular structure, was replaced with a flat 
strap that could act as a pelvic catcher strap.  Figure 6 
shows the dual recliners with reinforcements and the 
pelvic catcher strap. 

 

    
Figure 6. Test 1 Reinforced Seat 

 
A 50th percentile Hybrid III male ATD with seated 
pelvis was placed in each seat and normally belted 
with the OEM restraint, which included a locking 
latch plate.  The OEM seat was set to its full rear 
track position.  In this position, the upper seat track 
was found to overhang the lower seat track 
significantly at the rear.  Recognizing this as a 
potential failure mode contributing to rearward seat 
back deflection, the lower seat tracks for the 
reinforced seat were mounted rearward of the OEM 
mounting position to eliminate the rear offset of the 
upper versus lower tracks.  The restraint anchorage 
positions relative to the ATDs were kept consistent 
for both seating positions.  The seat backs were set to 
a recline angle of 24 degrees from vertical and 
angular rate sensors were positioned on both sides of 
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the upper seat backs in order to document the dynamic 
seat deflection (See Figure 7).  The sled was accelerated 
to an impact speed of 15.8 mph (25.4 kph). 
 

 
Figure 7. Sled Test 1 – Pre-test Set-up 

 
Dynamically, the sled fixture sustained a maximum 
longitudinal deceleration of 15 Gs with a delta-V of 
19.5 mph (31.4 kph) after impacting the deformable 
barrier.  During the impact sequence, the OEM, single 
recliner seat back rotated rearward to 74 degrees from 
vertical on the left, recliner side, and 80 degrees on the 
right, simple pivot side, of the seat.  Post-test static 
measurements reported a residual seat back angle of 50 
and 65 degrees for the left and right sides, respectively.   
 
Data recorded during the test sequence noted that the 
reinforced, dual recliner, seat dynamically rotated 
uniformly on both sides of the seat to approximately 53 
degrees from vertical.  The post-test residual seat back 
angle was also uniform at 36 degrees from vertical.  
Figure 8 depicts the post-test seat back rearward 
deformation.  
 

 
Figure 8.  Sled Test 1 – Post-test  
(OEM shown on Right) 

 
     Sled Test 2 – Sled Test 2 incorporated a full vehicle 
buck rigidly mounted to the sled fixture.  A 1992 OEM, 
single recliner driver’s seat was tested alongside a 1989 
OEM, dual recliner right front passenger seat.  Both 
seats were positioned into the buck such that the 
restraint anchor points had the same relative position 

for both the ATDs.  The seat backs were set to a 
recline angle of approximately 20 degrees from 
vertical.  A 50th percentile Hybrid III male ATD with 
seated pelvis was placed in each seat and normally 
belted with the buck’s OEM passive restraint system 
(See Figure 9).  The sled was accelerated to an 
impact speed of 16.2 mph (26.1 kph). 
 

 
Figure 9. Sled Test 2 – Pre-test Set-up 
 
The impact resulted in a maximum longitudinal 
deceleration of 17.7 Gs with a delta-V of 20.1 mph 
(32.3 kph).  The maximum seat back deflections and 
resulting ATD movement is depicted in Figure 10. 

 

 
Figure 10. Sled Test 2 – Test Sequence  
Maximum Deflection (from Video Analysis) 

 
The ATDs’ heads were painted in order to identify 
head impact locations.  Figure 11 shows the post-test 
residual positions of the seat backs and ATDs.  The 
driver’s single recliner seat deformed such that the 
driver’s ATD was seen to ramp up the seat back with 
its head making contact with the left rear seat back 
and leaving the red paint transfer seen in Figure 11.  
This contact was of sufficient force level to deform, 
or bow out, the left rear seat back structure as seen in 
Figure 12.  In comparison, the right front, dual 
recliner seat prevented ATD contact with the rear 
seating compartment. 
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Figure 11. Sled Test 2 – Post-test, Red Transfer on 
Left Rear Seat from Driver’s Seating Position ATD 
Head Impact 
 

 
Figure 12.  Rear Seat Back Deformed from 
Driver’s Seating Position ATD Contact 
 
     Sled Test 3 & 4 – Tests 3 and 4 were conducted 
following an investigation and analysis of a real-world 
multiple-impact accident sequence wherein an early 
impact deformed the driver’s seat back fully before a 
later impact resulted in the belted driver’s full ejection.  
When the vehicle came to rest, the driver’s seatbelt was 
found buckled with the webbing roped in the D-ring 
such that approximately 62 inches (157.5 cm) of 
webbing was extended.  Load marks were identified on 
the lap belt components indicating webbing pass 
through from the shoulder belt into the lap belt during 
the accident sequence.    
 
Test 3 and 4 utilized the front occupant compartment of 
a similar 4-door Sport Utility Vehicle (SUV) to that of 
the real-world accident vehicle.  The buck was rigidly 
mounted to the sled fixture and subjected to rear 
impacts.  In both tests an OEM driver’s seat was set to a 
fully reclined seat position at the start of the test to 
consider the restraint system’s ability to prevent 
occupant ejection in the rear impact mode from a 
previously failed seat back.  Both tests utilized 50th 
percentile Hybrid III male ATDs with standing 
(pedestrian) pelvises.   

 
In Test 3 the ATD was restrained with the standard 
OEM restraint system which included a single pass-
through, sliding latch plate.  The seat belt was put on 
the ATD normally with the belt clamped at the D-
ring such that approximately 62 inches (157.5 cm) of 
webbing was extended, consistent with the above as-
found position in the real-world accident vehicle.  
The driver’s seat was then set to the fully reclined 
position.  Any loose webbing was shared between the 
lap and shoulder portions of the restraint system prior 
to impact.  The full recline angle of the seat was 
measured to be approximately 58 degrees from 
vertical (See Figure 13).   
 

   
Figure 13. Sled Test 3 – Pre-test Set-up 
 
In both Tests 3 & 4, the impact speed was measured 
at approximately 16 mph (25.7 kph).  Dynamically, 
the sled fixture sustained a maximum longitudinal 
deceleration of approximately 17.5 Gs with a delta-V 
of approximately 20 mph (32.2 kph) after impacting 
the deformable barrier.   
 
A review of high-speed film from Test 3 shows the 
ATD ramping up the seat back and moving fully into 
the rear compartment.  A high-speed camera focused 
on the pass-through latch plate showed more than 3 
inches (76.2 mm) of webbing passing through the 
latch plate and into the lap belt as the ATD ramped 
up the seat back (See Figure 14).  The ATD moved 
rearward, effectively unrestrained, until his feet 
caught the lap portion of the belt webbing (See 
Figure 15).   
 

 
Figure 14. Sled Test 3 –  
ATD Ramping During Test 
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Figure 15. Sled Test 3 – ATD Post-Test 

 
In Test 4, the configuration was similar to that of Test 
3, however, a locking latch plate replaced the OEM 
single pass-through, falling latch plate.  The shoulder 
belt was again clamped at the approximate 62 inch 
(157.5 cm) position.  The lap belt was adjusted on the 
ATD in a normally tight configuration with the seat in a 
normal and upright position.  The seat back was then 
again set to its fully recline position at an angle of 
approximately 58 degrees from vertical (See Figure 16).   
 

   
Figure 16. Sled Test 4 – Pre-test Set-up 

 
A film analysis of Test 4 demonstrates the locking latch 
plate was effective at maintaining the tight lap belt 
condition.  The tight lap belt was seen to limit the 
amount of ATD excursion and velocity into the rear 
occupant compartment (See Figure 17).  Figure 18 
depicts the ATD’s post-test position. 
 
 
 
 
 

 
Figure 17. Sled Test 4 –  
ATD Ramping During Test 

 

 
Figure 18. Sled Test 4 – ATD Post-Test 

 
FMVSS 301R 
 
During research to upgrade FMVSS 301 in the U.S., 
the government conducted a series of dynamic rear 
impact tests in order to determine what requirements 
would provide a reasonable crash simulation of real 
world rear impacts that resulted in fatal burn cases 
[7].  One tested crash scenario, which ultimately 
became the upgraded rear impact standard, was a 50 
mph (80 kph) deformable barrier rear impact with 
70% overlap.  These publicly available tests 
contained instrumented front seated ATDs.  Table 2 
below summarizes that data.   
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Table 2. 
FMVSS 301R (50 mph/ 80 kph Deformable Barrier Rear Impact) – Data Summary 

 
Driver Right Front Passenger 

NHTSA 
Test No Test Details Vehicle 

HIC 
Chest 

Gs 
(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
HIC 

Chest 
Gs 

(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 

2315 80% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 198 22.8 0.32 Yes 913 53.9 1.56 Yes 

2318 80% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 892 38.0 0.37 Yes 1191 60.4 0.85 Yes 

2397 50% Right 
Side Overlap 

1993 Ford 
Mustang 2-dr 721 44.9 0.79 Yes 1332 66.4 1.00 Yes 

2408 70% Right 
Side Overlap 

1996 Ford 
Mustang 2-dr 1586 41.8 0.68 Yes 583 53.6 1.09 Yes 

2432 70% Right 
Side Overlap 

1996 Suzuki 
Sidekick 389 39.5 0.60 Yes 569 39.7 0.51 Yes 

2438 70% Left 
Side Overlap 

1996 Chevy 
Blazer 2-dr 783 22.6 0.51 Yes 2552 18.9 0.98 Yes 

2439 70% Right 
Side Overlap 

1996 Dodge 
Neon 739 22.2 0.29 Yes 1423 43.0 1.07 Yes 

2440 70% Left 
Side Overlap 

1996 Geo 
Prism 4-dr 829 37.2 0.92 Yes 604 19.6 0.23 Yes 

2445 70% Left 
Side Overlap 

1996 
Plymouth 
Voyager 

690 15.8 1.08 ** 1578 15.5 0.94 ** 

2925 70% Left 
Side Overlap 

1998 Chevy 
Metro 3-dr 1618 48.6 2.41 Yes 760 46.5 1.54 Yes 

2926 70% Left 
Side Overlap 

1999 Mazda 
Miata 2-dr 
Convertible 

1274 Data 
Error 1.98 Yes 914 Data 

Error 1.86 Yes 

2933 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 353 14.8 0.31 ** 1724 28.7 0.75 ** 

2960 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 758 32.0 0.75 Yes 2740 33.0 1.03 Yes 

2973 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 1063 23.5 0.53 Yes 2545 32.6 0.81 Yes 

2974 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 926 34.8 0.47 Yes 1793 58.3 0.69 Yes 

2981 70% Left 
Side Overlap 

1997 Chevy 
Camaro 930 45 0.23 Not Recorded 480 34 1.13 Not Recorded 

3427 70% Right 
Side Overlap 

1998 VW 
Jetta 
4-dr 

150 14 0.29 Not Recorded 560 15 0.30 Not Recorded 

3428 70% Left 
Side Overlap 

1998 Honda 
Civic 4-dr 790 27 0.37 Not Recorded 310 39 0.51 Not Recorded 

3429 70% Left 
Side Overlap 

1998 Ford 
Escort 4-dr 250 19 0.56 Not Recorded 1370 28  Not Recorded 

3430 70% Left 
Side Overlap 

1998 Nissan 
Sentra 4-dr 410 32 0.42 Not Recorded 420 21 0.38 Not Recorded 

3431 70% Right 
Side Overlap 

1998 Chevy 
Cavalier 4-dr 600 24 0.80 Not Recorded Over 

loaded 43 1.40 Not Recorded 
* Calculated utilizing Nij Version 8 
** Report is silent on rear compartment head strikes, however photographs indicate contacts likely  

 
 

Review of the test data indicates that virtually every 
ATD impacted some portion of the rear occupant 
compartment.  Fourteen (14) instances of Head Injury 
Criteria (HIC) measures above 1000 were recorded as 
well as twelve (12) Nij measures above 1.0.   
 
 

Although all of the above vehicles incorporated 
FVMSS 207 compliant seats, when loaded 
dynamically in a rear impact these seats consistently 
failed to prevent occupant excursion into the rear 
compartment and potentially injurious impacts with 
rear structures or rear seated occupants.    
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Table 3. 

Chevrolet Blazer FMVSS 301R Test Data 
 

Driver Right Front Passenger 
Test Vehicle 

HIC Chest Gs 
(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
HIC Chest Gs 

(3 ms) 

Max 
Neck 
Nij* 

Head Contact 
with Rear 

Compartment 
Karco Test No. TR-

P25021-01-NC 
70% Left Side 

Overlap 

1996 Chevy 
Blazer 4-dr 138 16.5 0.36 No 286 18.8 0.43 No 

NHTSA Test No. 
2438 

70% Left Side 
Overlap 

1996 Chevy 
Blazer 2-dr 783 22.6 0.51 Yes 2552 18.9 0.99 Yes 

*Calculated utilizing Nij Version 8 
 
 
     QST Compliant Seat in 301R Test – After 
reviewing the data summarized in Table 2, the 
authors conducted an additional 301R compliance 
test with a vehicle similar to NHTSA Test No. 2438.  
The 1996 Chevrolet Blazer 2-door tested in NHTSA 
Test No. 2438 was equipped with FMVSS 207 
compliant seats.  A review of FMVSS 207 test data 
for that seat, as compared to a QST compliant 
designed seat, show that the QST seat is capable of 
resisting nearly three times the force of the Blazer 
seat and more than twice the energy.  In order to 
consider the relative performance of the simple 
FMVSS 207 designed seat versus a QST-type seat, a 
1996 Chevrolet Blazer was retrofitted with 1999 
Pontiac Grand Am OEM front seats and floor pan.  
These 1999 Pontiac Grand Am seats were designed 
and compliant with the above-described QST 
methodology.  The retrofitted Blazer was then tested 
pursuant to the FMVSS 301R protocol and the results 
were compared to NHTSA Test No. 2438 (See Table 
3).  
 
Analysis of the retrofitted 301R test data shows that 
the QST compliant seat provided effective ATD 
retention under the dynamic 301R test conditions.  
The ATD was not allowed to move into the rear 
occupant compartment and strike any rear structure.  
As such, the potential for significant injury was 
avoided as demonstrated by the several fold reduction 
in injury measures when compared specifically to the 
other Blazer test, and more generally, to most of the 
tests reported in Table 2.   
 
DISCUSSION/CONCLUSIONS 
 
Currently, and for the past several decades, the vast 
majority of vehicles being manufactured and sold in 
the U.S. use seats designed only to comply with the 

static seat strength requirements outlined in FMVSS 
207.  This static strength test has consistently been 
shown to be a poor predictor of dynamically loaded, 
and therefore real-world, seat performance.  Beyond 
the simple static test of FMVSS 207, several better 
and more real-world predictive test methodologies 
are available.  These include the QST methodology, 
dynamic sled tests, as well as full-scale crash tests.   
 
The QST test results, presented in Table 1, 
demonstrate a wide range of seat back strengths and 
deformation patterns.  H-point moments recorded up 
to 60 degrees of seat back deflection range from 
approximately 9,500 in-lbf (1,073 Nm) to above 
49,000 in-lbf (5,536 Nm).  The QST test results 
further indicate that a seat designed with only a single 
recliner on one side and a simple pivot hinge on the 
other, will consistently result in asymmetrical 
deformation from occupant loading on the seat back.  
In turn, this results in less-controlled occupant 
excursions.   

 
In contrast, dual recliner equipped seats provide an 
increase in seat back structural strength as compared 
to their single recliner counterparts.  This not only 
allows for increased occupant retention, but also for 
more uniform seat back deflection.  When these 
features are combined with occupant retention 
devices, such as the pelvic catcher strap, rearward 
excursion of the occupant towards, and into, the rear 
occupant space is much more effectively controlled.  
 
Consistent with previous work [3, 4], good 
correlation was seen between the seat back deflection 
recorded in the QST tested Chevrolet Lumina seat 
and its sled tested equivalent (Sled Test 2) (See 
Figure 19).   
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QST Sled Test 

Figure 19: Chevrolet Lumina QST and Sled 
Tested Seat Comparison 
 
As the various dynamic sled and crash tests 
demonstrate, when the seat back fails, the restraint 
system can be compromised to the extent that 
dramatic occupant excursion into the rear seating 
compartment, or beyond, is allowed.  Occupant 
restraint in rear impacts relies, therefore, first upon 
maintaining the integrity of the seat, and secondly, 
upon maintaining the effectiveness of the seat belt.  
The locking latch plate has been shown to be 
effective at maintaining a tight lap belt, and thereby, 
inhibiting ATD ramping in the event of catastrophic 
seat back failure.   
 
The upgraded FMVSS 301R test methodology 
provides valuable data regarding seat back 
performance, occupant kinematics and injury 
potential in the rear impact mode.  The recent 
addition of instrumented ATDs provides a new level 
of insight into occupant motion and injury potential.  
The vast majority of the 301R data reviewed 
demonstrated that the seats’ rearward deformations 
allowed the ATDs to ramp up the seat backs exposing 
them to potentially injurious impacts with the rear 
compartment.  An alarming number of HIC and Nij 
values above the accepted injury thresholds were 
recorded.   
 
FMVSS 301R testing has demonstrated that dynamic 
loading of production seat structures designed to 
provide effective occupant retention also provide 
improved injury measures and decreased potential for 
injurious contacts.  These stronger seats limit ATD 
excursion into the rear seating compartment thereby 

also reducing injury potential to rear seated 
occupants.  Well designed, current production seats 
are capable of managing the energy levels seen in the 
upgraded FMVSS 301R 50 mph (80 kph) offset rear 
impact test.   
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ABSTRACT 
 
The BioRID-II rear impact dummy is used for 
assessing the level of protection of car seats against 
whiplash associated disorders (WAD) for many 
years. This level of protection is evaluated in 
consumer tests. For these tests comparatively low 
thresholds were introduced. Many questions which 
are related to injury criteria and their respective 
biomechanical tolerance levels remain unresolved. 
These low load ranges hold a claim against a high 
robustness of measuring devices used with respect 
to repeatability and reproducibility. However, 
especially the low load range and the low signals 
from the sensors show a certain variation. 
Therefore, a reliable assessment of the level of 
protection of car seats is difficult. 
 
The presented study is focused on the assessment 
of repeatability and reproducibility of the 
BioRID-II. A series of sled tests with eight 
individual BioRID-IIg dummies were conducted 
under well defined and controlled boundary 
conditions. The dummies were placed in four hard 
bucket seats to ensure stable test conditions and to 
avoid any variation generated by regular car seats. 
Variations caused by the seats and the seating 
procedures were minimized by testing every 
dummy in each seat. Particular attention was paid 
to very accurate test reruns to keep the test 
variations as small as possible. 
 
Dummy certification tests prior and after the test 
series were conducted to determine possible 
changes of the dummy performance induced by the 
test program. 
 
 

 
Finally, the study was completed by running 
simulations and parametric studies with the FAT 
BioRID-II FE-model. The objective of this 
computational investigation was the identification 
of potential causations for the variances particularly 
seen in the upper and lower neck responses. 
 
INTRODUCTION 
 
Whiplash associated disorders (WAD) are 
characterized by a collection of symptoms that 
usually occur due to sudden extension and flexion 
of the neck. Typically, WAD are mainly sustained 
in rear-end collisions of car accidents. The severity 
of the WAD experienced by the passengers may 
not be related to the speed of the cars involved in 
the accidents or the amount of physical damages to 
the car. Therefore, it is possible that already low 
impact speeds can produce enough energy to cause 
WAD in occupants, whether or not they wear seat 
belts. 
 
WAD sustained in rear-end accidents are still a 
major concern in road traffic safety. In recent years, 
many research activities were undertaken to 
investigate the injury mechanism and injury criteria 
related to whiplash associated disorders. Although, 
the underlying injury mechanism of WAD is still 
not fully understood, several injury predictors are 
proposed. Some of these injury predictors show 
good correlation with real world accident studies 
and seem suited to assess the risk of WAD. 
However, due to the complex nature of the injury 
even for those criteria uncertainties remain with 
respect to the threshold values suggested. Despite 
these uncertainties, there are indications that an 
improved seat design reduces WAD. Most of the 
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car manufacturers have begun to improve the seat 
design or implement various whiplash protection 
devices in their products in order to reduce the risk 
of WAD. The introduction of consumer rating 
programs for rear impact loading conditions 
attempt to give an assessment for the potential risk 
of WAD. 
 
The BioRID-II dummy is widely introduced as a 
measurement tool to assess the potential risk of 
WAD of car seats under dynamic test conditions. 
The development of the BioRID was started in 
1995 with the aim to get a dummy with humanlike 
kinematics primarily in a rear-end impact and 
secondarily in frontal impacts. In 2002 the 
production version BioRID-IIa with a fully 
articulated humanlike spine was released from 
Denton Inc. In terms of improvements to be 
addressed on the dummy, many updates took place 
which leads to the current build level version G 
released in 2003, the BioRID-IIg. It is out of 
questions that the BioRID-IIg dummy shows good 
biofidelic kinematics based on the detailed 
designed spine with large degree of freedom. 
However, the combination of variations of the 
dummies, car seats and test conditions with a very 
low load level can possibly lead to considerable 
variations of the dummy responses which have 
often been reported. For the development of head 
restraint systems, it is essential to have also a 
reliable development tool available with a 
minimum of measurement variances under 
identical test conditions. 
 
This study deals with the investigation of the 
repeatability and reproducibility capabilities of 
eight different BioRID-IIg dummies under well 
defined boundary conditions in sled tests. In 
addition the dummy responses were applied to 
different rating schemes to demonstrate the 
variations of rating results, even under well defined 
boundary conditions. Certification data prior and 
after the test series were also analyzed to keep 
records on possible changes of the dummy 
performance due to the test program. The data 
obtained in the test series were used to investigate 
differences in testing and numerical simulation. 
 
APPROACH 
 
The scatter of the BioRID responses in whiplash 
test scenarios is often discussed and analyzed [1, 2, 
3]. However, influence of test sub-systems like 
dummy, seat or test facility on the global variances 
remains open. This study is purely focused on the 
dummy. 
The main influence parameters in a whiplash test 
are positioning of the dummy, variances of the 
crash pulse and last but not least probably 
variances of the seat. These factors were eliminated 

by testing each dummy on every seat, by running 
three repetitions of each test set-up and finally, by 
the use of race car seats. These hard bucket seats 
withstand dozens of tests without any damage. So 
there was no need to replace the seats after each 
test.  
In total eight BioRID-IIg were analyzed in this 
study. So the total number of tests per dummy is 
12. At the end there is a very unique sample of 96 
dummy data sets with comparable boundary 
conditions. This is sufficient information to analyze 
the repeatability as well as the reproducibility of 
the BioRID. 
 
METHODS 
 
Many of the studies on repeatability and 
reproducibility suffer on the unknown variations of 
vehicle seats. Therefore, it was decided to use hard 
bucket seats coming from racing cars. As these 
seats withstand whiplash tests without any damage, 
it was possible to use them during the whole test 
program.  
Furthermore, the seats fitted almost perfectly to the 
BioRID. Its posture was very stable and it was easy 
to place the dummy into the seats. The backrest 
supported the whole back of the dummy. 
Every dummy was checked and certified by the 
dummy manufacturer prior to the test program. 
After completion of the test program the dummies 
were checked and certified by the manufacturer 
again by conducting an initial and outgoing 
certification tests, to detect possible changes in the 
dummy performance respectively hardware. 
 
Geometric Measurements 
 
The seats were measured with the SAE-J826 H-
Point Manikin with Head Restraint Measuring 
Device (HRMD) in order to determine the H-Point 
and the backset of each individual seat. The backset 
is defined as the horizontal distance between the 
rearmost located point of the head cap and the 
related contact point at the head rest. 
 

 
 
Figure 1.  Hard bucket seat with H-Point Manikin 
and HRMD. 
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Figure 1 shows the H-Point Manikin with HRMD 
seated in the hard bucket seat exemplarily. 
 
The seats and dummies were equipped with 
markers fixed to the surfaces to pick up geometric 
dimensions by a 3D measurement system. This 
geometric data was used for the numerical 
simulation to place the dummy FE model at exactly 
the same position as the BioRID-II in the sled tests. 
Figure 2 shows the markers on the seat and the 
dummies. 
After completing half of the tests, a static check of 
the seats by using the H-Point Manikin with 
HRMD and the 3D measurement system were 
conducted to ensure consistent test conditions and 
reveal possible damages on the seats. 
 

 
 
Figure 2.  Markers for 3D geometric measurements. 
 
 
Sled Tests 
 
The dynamic testing was performed by using a 
HyperG220 acceleration sled on which the four 
hard bucket seats were rigidly mounted. A 
trapezoid sled pulse SRA16 (5 g, Δv=16 km/h) 
according to the draft Euro NCAP testing protocol 
v2.8 Draft [4] was used for all dynamic test runs. 
This pulse was chosen because of the low severity 
loading condition to avoid possible damages to the 
seats. The pulse characteristic is demonstrated in 
Figure 3. 
 

 
 
Figure 3.  Sled Pulse (SRA16). 
 

Particular attention was paid to very accurate test 
repeats to ensure good repeatability of the sled 
pulse over the complete test series. 
 
Each dummy was positioned according to the data 
obtained from the SAE H-Point Manikin related to 
the individual seat. Pelvis belts were used to keep 
the dummies seated during the deceleration phase 
of the sled. These belts were laxly tightened to 
avoid any influence on the dummy response. 
Figure 4 shows test set-up. 
 

 
 
Figure 4.  Test set-up. 
 
 
In total 24 sled tests were conducted. Four 
dummies were tested simultaneously on the sled. 
Each dummy was tested three times on each seat. 
The complete test matrix is shown in Table 1. After 
each test the dummies were removed from the 
seats, checked and adjusted to the basic settings. 
After three test repetitions the dummies were 
moved to the next hard bucket seat and positioned 
according to the static measurement values 
obtained for the particular seat. 
 

Table 1. 
Test matrix 

 
Dy 1 Dy 2 Dy 3 Dy 4 Dy 5 Dy 6 Dy 7 Dy 8

Test 1 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 2 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 3 Seat 1 Seat 2 Seat 3 Seat 4 -- -- -- --
Test 4 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 5 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 6 Seat 2 Seat 3 Seat 4 Seat 1 -- -- -- --
Test 7 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --
Test 8 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --
Test 9 Seat 3 Seat 4 Seat 1 Seat 2 -- -- -- --

Test 10 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 11 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 12 Seat 4 Seat 1 Seat 2 Seat 3 -- -- -- --
Test 13 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 14 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 15 -- -- -- -- Seat 1 Seat 2 Seat 3 Seat 4
Test 16 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 17 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 18 -- -- -- -- Seat 2 Seat 3 Seat 4 Seat 1
Test 19 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 20 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 21 -- -- -- -- Seat 3 Seat 4 Seat 1 Seat 2
Test 22 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3
Test 23 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3
Test 24 -- -- -- -- Seat 4 Seat 1 Seat 2 Seat 3  

 
All eight BioRID-IIg dummies were equipped with 
the instrumentation as shown in Table 2. 
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Table 2. 
BioRID-II instrumentation 

 

Location Measurement Dimension

ax Head acceleration [g]
ay Head acceleration [g]
az Head acceleration [g]
Fx Upper Neck force [kN]
Fz Upper Neck force [kN]
My Upper Neck moment [Nm]
ax C4 Cervical Spine acceleration [g]
az C4 Cervical Spine acceleration [g]
Fx Lower Neck force [kN]
Fz Lower Neck force [kN]
My Lower Neck moment [Nm]
ax T1 Thoracic Spine le acceleration [g]
az T1 Thoracic Spine le acceleration [g]
ax T1 Thoracic Spine ri acceleration [g]
az T1 Thoracic Spine ri acceleration [g]
ax T8 Thoracic Spine acceleration [g]
az T8 Thoracic Spine acceleration [g]
ax L1 Lumbar Spine acceleration [g]
az L1 Lumbar Spine acceleration [g]
ax Pelvis acceleration [g]
ay Pelvis acceleration [g]
az Pelvis acceleration [g]

T1

T8

L1

PELVIS

HEAD

UPPER NECK

C4

LOWER NECK

 
 
 
The sled was equipped with two triaxial 
accelerators mounted on the front and rear side of 
the sled frame. All seats were instrumented with 
two triaxial accelerometers located on the middle 
and upper part of the backrest as well as with an 
uniaxial accelerometer on the rear left seat rail. 
 
The time of the head-contact events was obtained 
by using thin metal foils which were fixed on the 
head rests and the dummy head caps. 
 
Four on-board high speed (HS) video cameras were 
mounted on the sled to record videos from each 
seat position. In addition one HS video was 
positioned on 45 degrees on the front side to get an 
overview of the complete test scene. All videos 
were recorded with 1000 frames per second. 
 
Simulation 
 
Numerical simulations were used to analyze the 
causes of variations and to identify possible 
problems and dummy artifacts. 
All simulation runs were conducted with the 
release 2.5 of the FAT LS-DYNA BioRID-II 
dummy model. It was positioned in pre-simulations 
by using the seating protocols obtained in the sled 
tests. Therefore, all pre-stresses of dummy and seat 
were considered in the simulations runs. The 
computational model of the sled test set-up is 
shown in Figure 5. 
The geometry of the computational model of the 
hard bucket seat is based on 3D scans of the 
hardware. The seat was already validated in a 
previous study but its performance was verified 
with the signals of the accelerometers mounted at 
the backrest. 

The average crash pulse of the 24 sled tests was 
used as baseline pulse for all simulation runs. 
 
 

 
 
Figure 5.  Computational test set-up. 
 
 
Methods of Evaluation 
 
As the total number of data sets is very extensive, 
the right methods of analysis and evaluation of the 
data has to be chosen. At first, the curves and their 
maximum and minimum peaks were analyzed 
globally to get a first impression on the total scatter 
of the data. Furthermore, the absolute scatter of the 
signals (e.g. peak force) is important because 
consumer tests are more focused on these values. 
Additionally, the injury criteria NIC and Nkm were 
calculated with respect to consumer tests. NIC 
considers the relative acceleration between head 
and torso. The equation of NIC is shown in (1) 
 

2))(()(2.0)( tvtamtNIC relrel +⋅=
       (1) 

 
Whereas NIC is focused on the measured 
accelerations, Nkm evaluates the upper neck shear 
force and the neck extension/flexion moment (2). 
 

intint

)()(
)(

M

tM

F

tF
tN yx

km +=                  (2) 

 
The coefficient of variation (CV) was the second 
method of evaluation. CV is the quotient of root 
mean square deviation and sample mean. It is 
proportional to the scatter of the data. Table 4 [7] 
shows the classification of CV used in repeatability 
analysis. CV is calculated for the maximum and 
minimum peak of a signal. Depending on the 
meaning of the signal either the CV at the 
maximum or minimum peak is used for the 
subsequent analyzes. In case of using the 
coefficient of variation of the minimum peak, the 
absolute value is used. 
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Table 4. 

Rating scale to assess repeatability 
 

CV  =  3% 3% < CV = 7% 7% < CV = 10% CV > 10
good acceptable marginal not acceptable  

 
 
Finally, a new approach was used to evaluate the 
global variations of response signals objectively. 
The so-called CORA software [5] provides an 
objective evaluation of whole response curves 
coming from any source. The method combines 
two independent sub-methods, a corridor rating and 
a cross-correlation rating. The corridor rating 
evaluates the fitting of a response curve into user-
defined or automatically calculated corridors. The 
cross-correlation method evaluates phase shift, 
shape and size. These two sub-methods are 
essential because the disadvantages of each sub-
method are compensated by the other method. The 
rating results ranges from “0” (no correlation) to 
“1” (perfect match). 
CORA was developed to evaluate the level of 
correlation between two curves and not to evaluate 
variances of a set of curves. To enable the usage of 
CORA anyway, the dummy responses could be 
compared with the responses of an ideal BioRID. 
Since no ideal BioRID responses were available, 
this limitation has to be bypassed by grouping the 
test results. At first, the mean responses of the 
twelve tests of every BioRID were calculated. 
Afterwards CORA evaluated the level of 
correlation of one dummy specimen to the group of 
the remaining seven dummies. This grouping was 
done for every dummy.  
At the end there are eight CORA results per 
channel. The variances of a signal can be assumed 
as small if the eight ratings are close together. In 
this context the CORA rating is only an indirect 
measure of the scatter of the BioRID responses. 
The introduced method only analyzed the 
reproducibly of the BioRID.  
To get a better understanding of the BioRID, the 
signals were spilt into sub-sections. The correlation 
was calculated before the head contact (0-70 ms), 
during the head contact (70-130 ms) and for the 
rebound (130-250 ms). Additionally, the analysis 
was done for the whole test (0-250 ms). This split-
up helps to detect the crucial phases of the tests for 
variations of the dummy responses. 
 
RESULTS 
 
The dummy responses in the incoming inspection 
after completion of the test series are almost 
identical to those of the certification prior the tests. 
It can be assumed that the performance of each 
BioRID was constant during the whole test series. 
 

In spite of the detailed check of all dummies by the 
manufacturer, there are differences in the hardware. 
The pelvis foam of three dummies was clearly 
stiffer than that of the others. Especially the pelvis 
acceleration is influenced by this stiffness. 
However, the influence on the dummy responses 
decreases from pelvis to head.  
The check of the stiffness of the pelvis foam is 
obviously not covered by the dummy certification 
procedures. 
 
The stability of the hard bucket seats did not 
change during the all test runs. No permanent 
deformations were observed. This was 
demonstrated by comparing the 3D measurement 
results of the static check after half of the tests with 
the initial measurements. In addition, the 
comparison of the backrest accelerations did not 
reveal any significant performance changes. 
 
The 2D measurement values obtained from the 
seating position of the individual BioRID show 
good repeatability which is evident for the high 
accuracy of the test set-up. Figures 6 and 7 give an 
impression on the scatter of the backset and the H-
Point of the dummies. 
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Figure 6.  Backset distribution. 
 
 
The backset of most of the dummies were achieved 
with almost the same value. Only dummy 7 shows 
a slightly larger range of scatter. However, the total 
value of variation is within 4 mm which is still a 
good repeatability.  
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Figure 7.  H-Point distribution. 
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Figure 7 shows the H-Point location for all 
dummies in one out of the four seats exemplarily. 
However, identical positioning accuracy was 
achieved on all seats. The small distribution range 
illustrates the good repeatability and reproducibility 
of the H-Point positioning achieved in this test 
series. 
 
The basic condition to evaluate the repeatability 
and reproducibility capability of the tested 
BioRID-IIg is to ensure identical test runs. Figure 8 
shows all sled pulses plotted in one chart. 
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Figure 8.  Repeatability of all sled pulses. 
 
 
The graph shows good repeatability of the sled 
pulses. This is also confirmed by the coefficient of 
variation (CV) evaluation. The CV=1.83% 
emphasize good repeatability according to the 
rating scheme (Table 4). 
 
For the repeatability and reproducibility analysis of 
the BioRID-IIg responses, a limited number of 
sensors were chosen which are also being used to 
determine the protection potential of car seats 
against WAD. The dummy responses are shown in 
Table 5. 
 

Table 5. 
BioRID-II responses used for evaluation 

 
Location Measurement Dimension

HEAD ax Head acceleration [g]
Fx Upper Neck force [kN]
Fz Upper Neck force [kN]
My Upper Neck moment [Nm]
Fx Lower Neck force [kN]
Fz Lower Neck force [kN]
My Lower Neck moment [Nm]
ax T1 Thoracic Spine le acceleration [g]
ax T1 Thoracic Spine ri acceleration [g]

T8 ax T8 Thoracic Spine acceleration [g]
PELVIS ax Pelvis acceleration [g]

UPPER NECK

LOWER NECK

T1

 
 
 
Two methods were applied to evaluate the 
repeatability and reproducibility of the BioRID-IIg, 
the coefficient of variation (CV) method [6] and 
CORA. Figure 8 to 10 show exemplary the scatter 

of the upper neck shear force (Fx), the 
flexion/extension moment (My) and the lower neck 
tension force (Fz). Every color of the shown figures 
represents a specific dummy. 
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Figure 8.  Repeatability of upper neck Fx. 
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Figure 9.  Repeatability of upper neck My. 
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Figure 10.  Repeatability of lower neck Fz. 
 
 
At first, the CV method was applied. Figure 11 
shows the repeatability results of the BioRID-IIg 
on all four seat positions. The accelerations head-
ax, T1-ax and T8-ax show low variances on 
average. The rating according Table 4 can be 
qualified as good to acceptable. The NIC which is 
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derived from these accelerations (head-ax, T1-ax) 
show a slightly decreased repeatability result and 
can be rated acceptable to marginal. The 
repeatability variances of the pelvis-ax acceleration 
are slightly higher and show a ranking range from 
acceptable to marginal. This slightly higher scatter 
is caused from differences in the pelvis flesh 
stiffness. The load cell responses of the upper and 
lower neck show clearly higher variances. In 
particular the variances of the upper neck shear 
force (Fx) as well as flexion/extension moment 
(My) and the lower neck tension force (Fz) exceed 
the not acceptable threshold considerably. The 
repeatability of the criterion Nkm depends on these 
signals. Hence, there is a wide dummy-specific 
range of the CV rating which moves within 
acceptable to considerable not acceptable. 
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Figure 11.  CV repeatability evaluation. 
 
 
In Table 6 the reproducibility evaluation is 
presented based on the coefficient of variation 
method (CV). The results are similar to the 
repeatability evaluation described before. Again, 
the forces and moments exhibit the highest 
variances. 
 

Table 6. 
CV evaluation of the used BioRID-IIg on all seats 

 
D1 thru D8

NIC 8,06%
Nkm 15,26%
Head-ax 4,95%
T1-ax 8,92%
Upper Neck Fx 13,86%
Upper Neck Fz 9,11%
Upper Neck My 36,85%
Lower Neck Fx 10,93%
Lower Neck Fz 17,39%
Lower Neck My 11,11%
T8-ax 5,67%
Pelvis-ax 10,85%  

 
 
Figure 12 illustrates the CV reproducibility results 
of Table 6 again. 
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Figure 12.  CV reproducibility evaluation. 
 
 
It can be clearly seen, that almost all forces and 
moments exceed the threshold of CV=10% which 
is rated as not acceptable (Table 4). In particular 
the upper neck flexion/extension moment (My) 
shows the highest variances. This high scatter 
decreases the Nkm reproducibility automatically to 
not acceptable as well. The acceleration values 
change within the range 0% to 10% of CV (good to 
marginal).  
 
The second part of the dummy response evaluation 
was conducted by using the objective rating tool 
CORA. As already mentioned, the level of 
correlation of every individual dummy specimen to 
the group of the remaining seven dummies was 
evaluated which resulted in eight CORA results of 
each channel considered. Hence, this evaluation 
method is focused on the reproducibility 
characteristic of the dummies used. It can be 
assumed that the variance of a signal is small if the 
eight ratings are close together.  
 
Table 7 shows the subsections of the signals being 
evaluated. 
 

Table 7. 
CORA - Interval of evaluation 

 
# Description Time [ms]
1 T0  to  Time before Head Contact 0  -  70
2 Time of Head Contact to Time before Head Rebound 70  -  130
3 Time of Head Rebound to End of Test Interval 130 - 250
4 Complete Test Duration 0 - 250  

 
 
Each of the time intervals were evaluated with 
CORA independently.  
 
The evaluation of the acceleration responses of the 
BioRID-IIg are demonstrated in Figure 13 to 16. In 
general, the time intervals before the head contact 
(0-70 ms) as well as head contact (70-130 ms) 
demonstrate a good correlation for all dummy 
acceleration responses considered in x-direction. In 
the rebound phase (130-250 ms) a decrease of the 
correlation can be clearly seen. However, 
considering the time interval of the whole test 
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duration (0-250 ms), the correlation show almost a 
perfect match and do not exactly reflect the 
findings in the time subsections described before.  
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Figure 13.  CORA evaluation of head-ax. 
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Figure 14.  CORA evaluation of T1-ax. 
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Figure 15.  CORA evaluation of T8-ax. 
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Figure 16.  CORA evaluation of pelvis-ax. 
 

Figure 17 to 22 show the evaluation of the upper 
and lower neck load cells. The upper neck load cell 
exhibits a lower correlation in the time interval of 
the head contact (70-130 ms). In particularly the 
upper neck moment My exhibits poor correlation 
(Figure 19) with large variances of the signals.  
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Figure 17.  CORA evaluation of upper neck Fx. 
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Figure 18.  CORA evaluation of upper neck Fz. 
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Figure 19.  CORA evaluation of upper neck My. 
 
 
The signals within the time interval before the head 
contact (0-70 ms) show good correlation.  
 
The lower neck load cell responses exhibit a 
similar correlation like the upper neck load cell 
which is shown in Figure 20 to 22. In contrast to 
the upper neck load cell, the lower neck tension 
force (Fz) shows a lower correlation in the head 
contact time interval along with a clear increase of 
the scatter (Figure 21). However, the lower neck 
moment (My) demonstrates a much better 
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correlation than of the upper neck load cell in this 
particular time interval.  
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Figure 20.  CORA evaluation of lower neck Fx. 
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Figure 21.  CORA evaluation of lower neck Fz. 
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Figure 22.  CORA evaluation of lower neck My. 
 
 
The correlation shown in the rebound phase (130-
250 ms) exhibits a decreased correlation in 
particular Fx. 
 
In contrast to the consideration of the measurement 
responses in the respective subsections of 
evaluation, the overall ranking over the complete 
test duration (0-250 ms) shows an almost good 
correlation and comparable low deviations for all 
measurement responses.  
 
The evaluation of the injury criteria NIC and Nkm 
according to CORA is shown in Figure 23.  
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Figure 23.  CORA evaluation of injury criteria. 
 
 
It can be seen that the NIC achieves a good 
correlation with very minor variances. In addition, 
the spreading of the correlation dots indicate small 
variances respectively a good reproducibility. On 
the contrary Nkm demonstrates a low correlation 
with high variances of the reproducibility. These 
results correspond with the findings obtained by the 
CV evaluation method. 
 
Simulation 
 
The computational model of the test set-up was 
used to investigate the causes of the scatter of the 
upper and lower neck responses. Figure 24 give an 
impression on these variances. Dummy 4 and 8 
(blue and black curves) seem to be the most 
extreme specimen of the eight BioRID. Especially 
the variances of the curves of the lower neck 
tension force (Fz) and the upper neck 
flexion/extension moment (My) are remarkable. 
They are purely related to the specific dummies 
because of the chosen test methods. 
 
 

D8
D4

 
D8
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Figure 24.  Neck responses of all 12 tests with dummy 
4 and 8. 
 
 
Various parts of the computational BioRID were 
analyzed to find the cause of those variations. At 
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first, attention was paid to potential secondary load 
paths around the load cells. It is possible to 
generate the scatter with the model in principle by 
modifying some parameters. However, as the 
values of those parameters exceed any plausible 
dimension to get these effects, secondary load 
paths could be excluded as cause of the variations. 
So the focus was on parts which were not exactly 
represented in the computational model of the 
BioRID. The probably most important differences 
between hardware and model were found in the 
muscle substitute unit. As showed in Figure 25, the 
modelling technique of this component does not 
exactly match the physical properties. 
 

 
 
Figure 25.  Muscle substitute of physical dummy and 
simulation model. 
 
 
The end of the cable is attached to a slider that 
moves inside a bush. The pretension of the cable is 
adjusted by a spring that is compressed between 
slider and top of the bush. If the cable moves, the 
slider moves inside the bush. The spring is either 
loaded or unloaded. 
The simulation model works in a simplified way. 
The system of slider, bush and spring is replaced 
by a system made of springs only.  
However, the simplified muscle substitute unit of 
the model works well globally but some local 
effects are missing. So the friction between slider 
and bush is not realized in the model. Thus, the 
effects of friction were introduced to the muscle 
substitute unit. In a first attempt the friction force 
was set constant to investigate its general influence 
on the neck responses.  
As the charts of Figure 26 indicates, friction effects 
of the muscle substitute unit (red curves) could be a 
cause of the scatter seen in physical tests. The 
green curves show the responses of the standard 
BioRID model without additional friction effects. 
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Figure 26.  Results of BioRID simulation by using 
different friction values. 
 
 
Friction between slider and bush reduces the peak 
of the lower neck force Fz. The upper neck moment 
My is influenced by this effect too. Its secondary 
peak drops from a positive value to a negative one. 
Compared to that, the friction has a very limited 
influence on the other dummy responses. 
The definition of friction in the modified model is 
initially done in a simple way to investigate its 
influence on the dummy responses. This can be the 
causes for the strong negative peak of My value at 
110 ms. However, the timing of the observed 
changes of the signals are identical to that in the 
tests. 
 
DISCUSSION 
 
This study clearly shows significant influences of 
the dummy on the test results. Especially the neck 
responses can be linked to a specific dummy. As 
these variations are not seen in the certification 
tests, it is questionable if the current test procedure 
for BioRID certification is sufficient to check the 
dummy performance. Furthermore, this procedure 
checks the kinematics of the spine without any 
limitation of the head’s motion. In vehicle test 
applications, the BioRID is used in a totally 
different environment. The neck extension is 
limited by a head rest. Therefore, the range of 
motion of neck as well as the characteristics of the 
measured signals differs significantly to those in 
the certification test. So it is not ensured that all 
BioRID have got a similar performance in the 
actual whiplash tests. 
 
Although all dummies were certified by the dummy 
manufacturer itself, different pelvis flesh stiffness 
was observed. This stiffness influences the pelvis 
accelerations and decreases from pelvis to the head. 

 steel cable 
physical dummy FE - dummy 

 

springs 

cable and spring 
guide, moves with 
spring deformation friction area 
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In general it is essential that the certification 
procedure ensures consistent build levels.  
 
The choice for the hard bucket seats was based on 
the fact to gain as less as possible variances from 
the seat itself. On the other hand, this seat does not 
falsify the variances of the dummy as it usually 
happens with standard vehicle seats. In contrary to 
that, the hard bucket seats are very stable and may 
amplify dummy artifacts. However, it is clear that 
the kinematics of the head is somehow different to 
that in standard vehicle seats. The head tends to roll 
forwards around the OC joint when contacting the 
almost rigid head rest of the hard bucket seat and 
the flexion increases. Therefore, the absolute 
variances of the dummy responses are probably not 
representative to standard vehicle seats. 
 
The accelerations of the dummies indicate the 
global kinematics as reproducible. However, not all 
signals especially neck forces and moments do 
reflect this finding. 
 
The study examine significant differences in 
variances during the three phases of a test – before 
head contact, during head contact and during 
rebound. Whereas the reproducibility in the first 
and last phase is quite good, the dummy responses 
scatter significantly during the head contact phase. 
However, the global correlation of the dummy 
responses is good, because the relevant test phase 
(70-130 ms) is quite short compared to the duration 
of the whole test (250 ms). This result does not 
exactly reflect the findings during the head contact 
phase which allows the conclusion that the global 
correlation makes no sense in this context. 
Obviously, some external boundary conditions 
which can not be directly influenced induce high 
variances of dummy responses. For example very 
minor changes of the head impact conditions such 
as head angle or impact location can cause these 
differences.  
 
In this study the injury criteria are not criticized as 
well as their relevance to WAD is not discussed at 
all. However, the measurement signals to be used 
to calculate these criteria are subjected to high 
variances. Hence the criteria scatter, too. These 
variances can also be seen in tests with vehicle 
seats. [2, 3]. 
 
For a reliable assessment of the protection potential 
of car seats against WAD, it is essential that the 
criteria used are obtained from test data of high 
reproducibility. Any rating procedure has to 
identify good as well as poor protection potential of 
car seats reliably. Otherwise, the meaning of such a 
rating procedure is very limited. 
 

The focus of the numerical simulation was on the 
investigation of the scatter of the neck responses. 
Previous studies [3] checked the influence of 
tighten or loose spring-damper systems on the 
dummy responses. The effects on the neck 
responses could not be reproduced by varying 
initial conditions of the springs and dampers. Also 
the assumption of the existence of secondary load 
paths around the neck load cells could not be 
verified by parametric studies with the BioRID 
model.  
Finally, in-depth analyses indicate that variations of 
the friction inside the muscle substitute unit might 
be the cause of the neck response variations. The 
friction force could be influenced by the 
smoothness of the surfaces of slider and bush as 
well as by tolerances of the size of both parts, 
resulting in jamming between slider and bush. As 
this friction effect seems to be essential, these parts 
should be checked dynamically in one of the 
dummy certification procedures. However, these 
first findings have to be verified in further 
investigations. 
 
CONCLUSIONS 
 
This study comprises the evaluation of eight 
individual BioRID-IIg dummies under well defined 
testing conditions. Despite minimizing the 
variances from the test environment, large scatter 
of dummy responses were found. It could be 
examined that the distribution of the scatter is 
dependent on the different kinematics phases 
(before head contact, head contact, rebound phase) 
during the test event.  
The highest variances of the dummy responses 
were detected during the time interval where the 
head is in contact with the head rest. Especially the 
forces and moments of the upper and lower neck 
load cells showed the highest variances, whereas 
the accelerations are almost good repeatable and 
reproducible. 
 
The BioRID certification procedure only assesses 
the head/neck kinematics without head contact. The 
certification data do not show high variances of the 
signals. The analysis of the test data confirms that 
the variances of the dummy responses are very low 
before the head contacts the head rest. This 
particular time interval is comparable to the 
certification tests where no head contact occurs. 
However, the highest variances happen at the time 
interval of the head contact. It is questionable if the 
current certification procedure is sufficient to check 
the dummy performance for the current whiplash 
test procedures. 
 
The numerical simulation could clearly show a 
similar effect on the variances of the neck load 
cells by varying the friction force of the muscle 
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substitute units. This can be a potential cause for 
the significant variances seen in the tests. However, 
further investigations are needed to confirm this 
finding. 
 
Most of the injury criteria are derived from peak 
values, when the signals show the highest values. 
Unfortunately, this happens usually during the head 
contact time interval, when the BioRID exhibits the 
highest variances of the responses. Therefore, it is 
all the more important that a whiplash assessment 
procedure should not be based on such high 
variable parameters in order to get repeatable seat 
assessments. 
 
OUTLOOK 
 
As mentioned above, some items need to be 
investigated in the future. At first, the assumption 
that changing friction inside the muscle substitute 
unit causes the variation of some neck responses. 
This has to be done with the BioRID model as well 
as with the dummy parts. These parts could be 
checked separately in a simple component tests.  
Secondly, the current certification procedures 
should be discussed with the dummy manufacturer 
and users to include some additional checks of the 
consistence of the build level. Furthermore, any 
update should replace or supplement the current 
dynamical certification test by a test with more 
application-oriented loading conditions. Such an 
improved test would probably cover the mentioned 
friction-related problems too. 
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ABSTRACT 
 

Crash test dummies act as a surrogate for humans in 
high loading conditions. Their anthropometry and 
properties have been retrieved in extensive research 
in the field of biomechanics. Accessibility to 
technical drawings and other specifications of crash 
test dummies is normally limited to their 
manufacturers. Furthermore, the hardware is 
affected by manufacturing tolerances, especially the 
complex shapes of dummies. Nevertheless reliable 
numerical simulation models are needed to support 
virtual engineering processes. 

In order to build up a Finite-Element-Method 
(FEM) simulation model, a process was defined to 
retrieve all relevant data by investigation of the 
hardware. The BIORID-II dummy was chosen to 
demonstrate this process. 

In a first step, it was necessary to capture the 
geometry of the BIORID-II. It is important to 
identify not only the exact geometry of every single 
part but also the assembly to know about the initial 
position. Different measuring methods such as 
optical 3D scanners, photographic analysis and 
manual measuring methods were used for this 
purpose. Based on these geometrical data FEM 
meshes were created. 

In a next step, functional characteristics of 
subassemblies were analyzed by separate testing. In  

case of the BioRID II - Dummy, the behavior of 
different springs, dampers and cables were 
determined, especially the characteristic of the 
materials. In the spine of the dummy several pre-
stressed elements made of hyper-elastic materials 
exist, therefore not only the behavior of the material 
but also the initial condition were important. 

For validation purposes, three different tests have 
been used: the prescribed calibration test, an 
additional sled test, both with the torso only, and a 
sled test with a car seat and the whole dummy. The 
numerical simulations showed good accordance in 
comparison to both hardware tests and component 
tests. The calibration test was passed. 

INTRODUCTION 

According to the Economic Commission of Europe, 
about 14.9% of accidents in Europe are rear 
impacts [10]. 

 

Figure 1: Fraction of rear-end collisions (1/2) 
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Figure 2: Fraction of rear-end collisions (2/2) 

In Figure 1and Figure 2 the fraction of rear-end 
collisions relative to the number of accidents in 
different countries is shown. 

Within these accidents, the risk for so-called 
Whiplash Associated Disorders (WAD) [8] is two 
times higher than in two- way traffic  
(see Figure 3 [9]). 

 

Figure 3: Appearance of Whiplash Associated 
Disorders according to accident types [9] 
The black column shows the number of all involved 
belted occupants, the white column the number of 
involved belted occupants with a WAD injury. The solid 
line shows the fraction between these two numbers. 
WAD injuries are two times more frequent in rear end 
collisions compared to frontal and side collisions.  

The injury mechanism has not been definitely 
clarified yet, and is still under investigation. 
Research in biomechanics, carried out by Chalmers 
University of Sweden and Denton ATD [2], has 
resulted in the development of the BioRID II 

dummy. This manikin reproduces the typical 
kinematics of a human being in a straight, two 
dimensional rear end collision. For development of 
systems for neck protection, dynamic testing (e.g. 
the new Euro-NCAP whiplash assessment) [7] is 
widely used by automotive industry. Yet, 
requirements of time-to-market and cost-efficient 
development processes also require numerical 
simulation models of the BioRID II. 

The present paper describes a method how to build 
up a numerical FEM model based on investigation 
of the hardware. This approach was chosen for two 
reasons: First of all, technical drawings and other 
specifications of dummies are usually not 
obtainable outside of the manufacturing company. 
Secondly the properties of the hardware are 
affected by manufacturing tolerances.  

The BioRID II dummy was used for demonstration 
of the process described here. It is based on the 
Hybrid III Dummy and modified in the following 
body regions [2] (see Figure 4): 

 

Figure 4: BioRID II Dummy, configuration [2] 

The extremities were adopted from this dummy, 
torso and the head/neck region were redesigned: In 
the BioRID II a new articulated spine with 7 
cervical, 12 thoracic and 5 lumbar vertebrae was 
implemented. The neck contains a pre-stressed 
system with cables, springs and dampers to 
reproduce the behavior of muscles. Cervical 
vertebrae made of rubber belong to this pre-stressed 
system. The silicon flesh of the torso contains a 
water filled bulb to represent soft tissue. Head and 
pelvis are based on the Hybrid-III design and were 
modified for connection to the new torso. 
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METHODOLOGY  

For carrying out the investigation a hardware model 
of the BioRID II dummy was available. The 
proposed process can be described by a modified 
V-model approach, see Figure 5. It starts by 
disassembling the hardware into subsystems and 
components. All parts are modeled and simulated. 
Suitable experiments from component to system 
level provide data for verification of the model at 
all levels.  

Figure 5: Working process (V-model approach) 

 

Starting from the complete hardware, the dummy 
was modeled, simulated and verified at different 
levels of complexity (component, subsystem and 
system level) 

The whole process is divided into five main steps: 

- Capturing the geometries 

- Translating geometries to CAD data 

- Generation of the FEM meshes 

- Development of the single components 

- Validation of the model 

 

Capturing the geometries 

In a first step, the geometry of the dummy was 
digitized. Therefore both the surfaces of every 
single part and the shape of the assembled object 
were captured. 

Most of the outer parts of the dummy are made of 
soft materials. So it was decided to use a contactless 
method for recording the outer shape of the whole 
dummy to avoid influences due to compression of 
single parts. An optical 3D scanner had been 
selected because of its fast mode of operation (see 
Figure 6).  

 

Figure 6: Optical 3D-scanner Atos III (GOM) 

To capture the parts, the dummy was disassembled 
completely. Every single part was examined to 
decide for the adequate method for capturing its 
geometry. Simple shapes like cylindrical bolts were 
measured by using manual procedures. More 
complex parts were digitized by using the 3D 
scanner (see Figure 7). 

  

Figure 7: 3D- scan of the dummy head  

The torso of the dummy presents the most complex 
component. It is too unstable to catch the whole 
part with the 3D scanner with a single scan. 
Therefore it was necessary to turn it around. That 
movement caused deformations and it was not 
possible to get consistent measurement data. To 
identify the outer geometry manual as well as 
scanner based methods were used in conjunction 
with geometrical matching concerning the attached 
parts. The internal parts like the water bulb were 
captured by using x-ray in combination with the 
above mentioned methods (see Figure 8).  
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Figure 8: X- ray photograph of the torso  

 

Translating geometries to CAD data 

It appeared that the accuracy of the geometries 
provided by the 3D system was limited for creating 
FE meshes. Because of the complexity of the 
generated geometry it is intricate to use them as 
base for meshes. So the next step was to develop a 
CAD model based on the available geometrical data  

 

Generation of the FEM meshes 

The CAD data provided a suitable base for the 
meshing process and a complete FEM mesh of the 
dummy was built. 

Again, the torso was the most challenging part for 
meshing. It was necessary to use 3D elements 
(solids) to represent it in the FE model  
(see Figure 9). Due to its complex shape automated 
meshing routines could not be used to build up the 
mesh so it had to be done manually. 

   

Figure 9: FEM-mesh of the torso  

 

Development of the single components 

To reproduce the behavior of the dummy in FEM 
simulation it was necessary to determine the 
characteristics of materials and its functional 
subassemblies.  

First of all the material had been characterized. 
Therefore several hardware tests with the different 
materials like the silicon of torso and extremities 
and the bumpers at the spine were carried out: a 
pendulum was used to identify the dynamic 
behavior of the materials at different strain rates. 

 

Figure 10: Pendulum for material tests from 4A 
(formerly A.P.E.) 

For this reason defined material samples had been 
loaded dynamically by a pendulum. The 
deceleration of the pendulum was used for the 
determination of the material data (see Figure 10). 

In a next step the components like the springs at the 
spine were tested concerning their behavior. 
Because of some known characteristics [4] it was 
agreed on skipping testing of the rotational damper. 

 

Validation of the model 

To validate the model on system level three tests 
were chosen: 

- Denton calibration test [3]  

This test is prescribed to calibrate the 
hardware dummy within its designated 
loading conditions. The torso is mounted 
onto a rack without pelvis and extremities. 
A pendulum accelerates the rack according 
to a predefined acceleration pulse. Several 
dummy responses have to stay within 
prescribed corridors. Tests and simulations 
were performed according to the official 
calibration protocol data. [5]. 
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- Sled tests with torso only 

These tests had been performed with a 
special defined configuration. It is similar 
to the Denton calibration test but an 
adjustable headrest is included. The 
acceleration was oriented at the trapezoid 
shaped pulse of the EuroNCAP procedure 
for seat tests [7]. 

- Sled tests with whole dummy and car seat 

To validate the behavior of the model in a 
realistic environment, testing data of sled 
tests were provided by the project partners. 
The tests included a whole dummy inside 
of a car seat. 

 
RESULTS 

 

The project’s aim was to build up an accurate FEM 
model of dummies based on inspection of the 
hardware. The model should achieve the following 
defined criteria: 

- The model’s geometry in the model should 
fit to the hardware 

- The components should reproduce the 
characteristics of the hardware 

- The subsystems should reproduce the 
characteristics of the hardware 

- The dynamic behavior of the whole model 
should reproduce the behavior of the 
hardware 

 

Geometry 

The overlay of captured geometry and mesh shows 
the accordance of single parts and assembly (see 
Figure 11). 

 

Figure 11: Accordance of CAD- Data (base of 
the mesh) and captured geometry  
The transparent parts represent the captured geometry, 
the opaque parts are showing the FE mesh 

 

Validation tests on component level 

For material tests, original components were used 
to derive the properties of the FEM material model. 
Figure 12 shows the accordance between test and 
simulation by the example of the torso flesh 
material. 

 

Figure 12: Accordance of simulation and test 
The continuous lines show test results, the dotted lines 
show the according simulations 

 

The behavior of the rotational damper- sub- model 
fits to the specified corridors (see Figure 13). The 
neck springs have been tested by static charging 
tests. 



 

Rieser 6 

Figure 13: Characteristic of the rotational 
damper with 9kg- charging; limits according  
to [3] 

 

Validation tests on subsystem level 

In the present case study “BioRID II” it was 
essential to implement pre-stress in the spine 
subsystem. Therefore simulation models were 
prepared to simulate the pre-stress in the neck by 
emulating the assembly process (see Figure 14). In 
a first step the spine subsystem was assembled 
without stressing the bumper elements of the 
vertebrae. This was followed by a second step 
where the spine was positioned into its design 
position, thereby stressing the bumper elements.  
Then, these results were used to create a model for 
finding the balanced state of equilibrium. 

 

First step: assembly: The bumper is built in without 
deformation 

 

Second step: The vertebra is rotated to initial 
position, so the bumper is pre- stressed 

Figure 14: Setting up pre-stress in bumpers 

Validation tests on system level 

To validate the dynamic behavior three tests were 
used. 

 Denton calibration test - For this test, the 
torso of the dummy was mounted on a rack without 
pelvis and extremities (see Figure 15). 

 

Figure 15: Experimental design of the Denton 
calibration test [1]  

A pendulum accelerates the rack to get a defined 
longitudinal acceleration. The sled acceleration and 
velocity were preset in the simulation according to 
the calibration test [5].To pass this test it is 
necessary that several dummy responses stay within 
defined corridors, Figure 16 shows the location of 
these signals. In Figure 17 to Figure 21 the results 
of the FEM simulations are illustrated, all dummy 
responses pass the requirements. The requirements 
can be differentiated in a “peak corridor” 
requirement where signal peaks have to be within 
certain limits without respect to timing and a “tube 
corridor” requirement where signals have to be 
within a corridor with respect to time. 

 

Figure 16: Location of the analyzed values  
Here the measured values are shown (compare to  
Figure 17 - Figure 21) 
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Figure 17: Acceleration of the 1st thoracic 
vertebra (Denton calibration test) 
The initial peak of the T1 acceleration in longitudinal 
direction is within the peak corridor (dotted line).   
 

 

Figure 18: Rotation of the 1st thoracic vertebra 
(Denton calibration test) 
The rotation of T1 stays within the tube corridor (dashed 
line) with respect to timing. 

 

Figure 19: Relative rotation between head and 
4th cervical vertebra  
The initial peak of the relative rotation between head and 
C4 passes requirements of the peak corridor (dotted  line) 
and the tube corridor (dashed line) in the later phase of 
the movement. 

 

Figure 20: Relative rotation between 4th cervical 
and 1st thoracic vertebra (Denton calibration 
test)  
The initial peak of the relative rotation between C4 and 
T1 passes requirements of the peak corridor (dotted line) 
and the tube corridor (dashed line). 

 

Figure 21: Relative rotation between head and 
1st thoracic vertebra (Denton calibration test)  
The relative rotation between head and T1 stays within 
the tube corridor (dashed line). 

 Sled tests with torso only - These tests were 
done to retrieve reliable validation data. For this 
reason a reproducible test-setup was chosen that 
was similar to the Denton calibration test, but 
includes an adjustable head restraint (see Figure 
22). The rack was accelerated by a sled system 
(HyperG, [6]). The preset pulse is shown in  
Figure 23. 

2 
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Figure 22: Configuration of the sled test 

 

Figure 23: Acceleration of the sled test 

For validation purposes, the results of the 
simulation are compared to the measurement data 
of the hardware test. Exemplarily, the accelerations 
in longitudinal direction of head, C4, T1 and T8 
and the force in longitudinal and vertical direction 
between head and C1 are illustrated in Figure 24 to 
Figure 29. 

All calculated dummy responses correlated to the 
experimental results in a satisfying manner. 
Experiments which showed the repeatability and 
reproducibility of the experiments were not 
performed within the scope of the project. 
Magnitude of peaks and the overall time history of 
the simulated dummy responses are expected to fit 
within the accuracy of repeated tests. For the 
accelerations of the different vertebrae some higher 
frequency oscillation is observed. 

 

Figure 24: Acceleration of the head x (sled test) 
Peak acceleration and time history of FEM simulation 
(solid line) and experiment (dashed line) of the head 
acceleration in longitudinal direction coincide 
sufficiently. 

Figure 25: Acceleration of the 4th cervical 
vertebra x (sled test) 
Peak acceleration and time history of FEM simulation 
(solid line) and experiment (dashed line) of the C4 
acceleration in longitudinal direction coincide 
sufficiently. Higher frequency oscillation in the 
experiment is observed. 

Figure 26: Acceleration of the 1st thoracic 
vertebra x (sled test) 
Again, peak acceleration and time history of FEM 
simulation (solid line) and experiment (dashed line) of 
the T1 acceleration in longitudinal direction coincide 
sufficiently. 
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Figure 27: Acceleration of the 8th thoracic 
vertebra x (sled test) 
A similar behavior as observed for C4 and T1 is also seen 
in T8 longitudinal acceleration. 

Figure 28: Force between head and the 1st 
cervical vertebra x (sled test) 
Time history of the shear force between head and C1 
show good accordance. The head restraint contact can 
bee seen between 100 and 125ms. 

Figure 29: Force between head and the 1st 
cervical vertebra z (sled test) 
Time history of the axial force between head and C1 
show good accordance for the peak values. Minor 
deviation in the initial compression phase is observed. 

 

The overall comparison between simulation and test 
showed that the model was able to reproduce the 
dynamic behavior of the hardware dummy in a 
satisfying manner.  

 

CONCLUSIONS 

Numerical FEM models of crash test dummies such 
as the BioRID II are a suitable tool for the 
development of vehicle safety systems. The 
BioRID II model allows for cost effective 
parameter studies for an improved head restraint 
and seat design. In order to predict the risk for 
Whiplash Assocociated Disorders (WAD) in a 
satisfying manner, high requirements on the 
prognosis quality of dummy responses are essential. 
In particular, modeling of the BioRID II is a 
difficult task because of the lack of geometry, 
material and other property data. Furthermore, the 
complex design of the articulated spine with pre-
stressed elements requires a high level of detail in 
the model. In the present study a development 
process has been shown which is following the V 
model approach. The modeling of the dummy is 
based on the hardware which was disassembled and 
investigated. The full system of the dummy was 
broken down into subsystems and components. 
Modeling and simulation were performed on the 
corresponding level. The geometry of each 
component, the subsystem and full system was 
received by a combination of 3D scanner methods 
and manual measurements. Validation tests on 
different level of complexity were performed to 
retrieve reliable validation data.  
Following this process of validation on different 
levels a FEM model with satisfying prognosis 
quality with respect to dummy kinematics, 
responses and injury criteria was built. 
The limitation of this study is mainly related to 
further experimental test data. On the one hand 
repeatability and reproducibility tests to investigate 
the spread in the dummy responses would be 
helpful; on the other hand additional tests with 
other loading conditions would further improve the 
results.  
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ABSTRACT 
 
The JNCAP intends to introduce a minor neck 
injury protection performance evaluation test 
method within the JNCAP program. Our research 
began with a 4-year project in 2005. In the first 
year, we conducted rear-end vehicle collision tests 
using a MDB to ascertain vehicle rear crash 
characteristics. In the second year, we conducted 
crash tests to allow changing the test conditions 
such as braking effect and excluding the influence 
of the MDB honeycomb. Basic data collected 
included floor G during a crash and measurement 
of the dummy injury level. In the third year, we 
conducted dynamic component sled tests to select 
an actual vehicle crash test or sled test. As a result, 
we found that the vehicle seat structure has a 
greater influence on the results than the vehicle 
structure. Additionally, in examining the sled 
acceleration pulse which represents the vehicle 
crash, we found that the crash characteristics of 
recent vehicles exhibited a triangular pulse rather 
than a trapezoidal pulse in the actual rear-end 
vehicle crash test. Delta-V is determined based on 
the cumulative figures for the rear-end crash 
accident speed rate. In the final year, all research 
results and conclusions were incorporated in our 
test protocol, and trial tests were conducted using 
the draft test procedure, which consists of the 
dynamic component sled test with a generic 
triangular pulse of delta-V=20 km/h. Effective 
evaluation indices will be finalized using recent 
biomechanical information. We will then publish 
all research results and present our final proposal. 

 
1. Background 
 
Thirty percent of traffic accidents in Japan are 
rear-end collisions and more than 90% of 
involved drivers sustain a neck injury1. When 
focusing on long-term injuries resulting from 
vehicle collisions during the decade from 1992 to 
2002, the rear-end collisions were second and the 
most common were head-on collisions. The 

number of rear-end collisions increased annually 
and in 2002 comprised 24% of all accidents 
resulting in long-term injury2. Comparison of 
traffic accident injuries reveals that rear-end 
collisions are responsible for 38% of all injuries, 
resulting in 456,421 victims. This is now the most 
common type of traffic accident and the human 
loss has reached 288.8 billion Yen, second only to 
pedestrian-vehicle accidents. Neck injuries, 
specifically, account for 76% of rear-end collision 
injuries3.  
Technical countermeasures, such as the neck 
injury reduction seat, are gradually becoming 
more common in the market. The JNCAP will 
introduce an assessment program for neck injury 
protection performance in rear-end collisions to 
reduce neck injuries, popularize protection 
devices, and promote technological improvement.  
 
2. Prerequisite condition 
 
Dynamic evaluation will be introduced using an 
improved biomechanical rear-end collision 
dummy. Based on our study, the BioRID IIg was 
selected; it has been studied in the global 
technical regulation No. 7 (gtr-7) and is used by 
the Euro NCAP and IIHS. Due to budget 
constraints, we try to avoid overlap with 
regulations and the NCAP. Static geometric 
measurements for head restraints, which are based 
on the gtr-7, will be stipulated in national 
regulations in the near future. Therefore, we will 
not include this evaluation. Although it is 
preferable to use multiple pulses to eliminate 
pinpoint countermeasure, we intend to select a 
single pulse for evaluation for economic reasons. 
Our main goal is the reduction of long-term 
injuries, as a part of a broader aim to reduce fatal 
or serious injuries. 
 
3. Considerations in introducing dynamic 

collision test    
   
At first, the appropriateness of conducting a 
rear-end collision vehicle crash test was examined 
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as a part of the program. We initially considered 
using the frontal collision test car for the rear-end 
collision test due to budget constraints. However, 
industry experts strongly opposed using the same 
vehicle for both frontal collision and rear-end 
collision tests because damage from the first 
collision could influence the results of the second 
collision. This idea was therefore discarded.  
The influences of vehicle and seat structures were 
then examined because Haland et al.4 reported 
that seat structure is a greater factor for neck 
injury from rear-end collisions than vehicle 
structure. As a first step, we studied the crash 
pulse of a Moving Deformable Barrier (MDB) 
crashed into the rear of test vehicles (see Figure 1). 
Test results are shown in Table 1 and Figure 2-1, 
2-2 and 2-3. 

 

Figure 1. Test car vs. MDB rear-end collision 
Test 
In these tests, Case 1 and 3 showed 2-peak pulses, 
which were also reported by Avery (2001) 5, but 
case 2 did not, possibly because the mass of the 
tested vehicle was much heavier than that of the 
MDB and this influenced the energy-absorbing 
characteristic of the MDB. In the MDB barrier 
test, the crash pulse may have been affected by 
the barrier characteristics, and may have included 
tire influences because the brake was applied in 
the crashed test vehicle. 
 

   
 

Table 1. Acceleration pulse produced by 
MDB-to-car crash 

Tp: Time when acceleration became minus, after 
more than 90% speed change was recorded.                         

Conditions were modified to eliminate these 
influences by conducting the test using a Moving 
Rigid Barrier (MRB). Figure 3 shows the exterior 
of the MRB, which has a mass of 1110 kg with 
plywood. 

 
Figure 2-1. Acceleration pulse (MDB to car test, 
delta-V=23.4 km/h) 

 
Figure 2-2. Acceleration pulse (MDB to car test, 
delta-V=15.5 km/h) 

 
Figure 2-3. Acceleration pulse (MDB to car test, 
delta-V=16.7 km/h) 

 

MDB to Car Case 1 Case 2 Case 3 
 Filter Value Time  

(m sec) 
Value Time 

(m sec) 
Value Time 

(m sec) 
Peak Vehicle C.G. Ax (g) CFC20 14.7 44.1 13.3 35.2 10.8 47.4  
Peak Vehicle C.G. Ax (g)  CFC36 15.5 43.0 14.4 34.7 11.8 45.4 
Peak Vehicle C.G. Ax (g) CFC60 15.7 43.6 16.3 35.6 13.1 42.9 
Mean Vehicle C.G. Ax G) 
(Tzero –TP) 

- 7.31 87.1 
(Tp) 

7.18 58.2 
(Tp) 

5.51 85.9 
(Tp) 

Vehicle C.G. Vel. Change (km/h) - 23.4 147.9 15.5 80.9 16.7 85.5 
Impact speed (km/h) - 30.2 - 30.2 - 30.3 - 
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Figure 3. MRB (Moving Rigid Barrier) 
In the MRB test, masses of the three test vehicles 
were adjusted to the same mass and the brake was 
not applied to conduct the tests under conditions, 
which permitted the characteristics of the vehicle 
structures to be evaluated easily. The MRB test 
results are shown in Figure 4-1, 4-2 and 4-3. 
The two-peak characteristic was not observed in 
the change of vehicle acceleration; case 1 and 3 
showed a high peak in the initial stage, but case 2 
showed a trapezoidal shape without a clear peak. 
One reason that case 2 produced a different 
acceleration pulse may be that the vehicle had a 
bumper crash box that absorbed energy during the 
rear-end crash (see Figure 5). 

 
Figure 4-1. MRB-to-car test 1 (delta-V=17.2 
km/h) 

 
Figure 4-2. MRB-to-car test 2 (delta-V=17.9 
km/h) 

 
Figure 4-3. MRB-to-car test 3 (delta-V=17.6 
km/h) 

 

 
Figure 5. Photo of bumper crash box 
 
Next, we studied the feasibility of conducting sled 
test for neck injury protection performance 
evaluation based on the results of the MRB test. 
For the sled pulse, the MRB test pulses of case 1 
and 2 were used. Five seats were used, including 
the seats of case 1 (A seat) and case 2 (B seat), as 
well as three evaluated by the IIHS; two better 
performing seats (D and E) and one poor 
performance (C). Figure 6-1 shows comparisons 
of the Euro NCAP pulses and actual vehicle crash 
pulses, and Figure 6-2 shows comparisons of the 
Euro NCAP pulses and the re-produced sled 
pulses. 

EuroNCAP High・Medium・Low pulse and vhicle's pulse A and B
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Figure 6-1. Comparisons of Euro NCAP pulses 
and test vehicle pulses of seat A and seat B  

 

EuroNCAP High・Medium・Low pulse and sled simulated pulse A and B
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Figure 6-2. Comparisons of Euro NCAP pulses 
and sled-simulated pulses of seat A and seat B 
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Table 2. Sled test conditions 

 

  
Figure 7. Sled test 
 
 
 
 
 

  

 

 
Tests were conducted under these conditions 
using a BioRIDⅡg dummy, the same as used in 
the vehicle crash tests (see Figure 7).  Sled 
pulses shown in Figure 8-1 and 8-2 and five 
different seats were employed under the same 
condition. Table 2 shows the testing conditions 
described above. 
Figure 9 shows comparison of dummy response 
using a triangular pulse and the test results of 
vehicle A. Table 3 shows the dynamic responses 
of the dummy of the sled test (A seat) and vehicle 
A test. In the table, MY shows a slightly different 
behavior, but the sled test reproduced nearly the 
same results as the vehicle test. Table 4 shows a 
comparison of the head contact times of the sled 
test (seat A) and vehicle A test. 
 

 
Figure 8-1. Sled acceleration pulse (triangular 
pulse) 
 

 
Figure 8-2. Sled acceleration pulse (trapezoidal 
pulse) 
 

 
Figure 9. Dynamic responses of main body 
regions of dummy (Comparison of triangular 
pulse vs. vehicle test results) 
 
 
 
 
 
 

Dummy Pulse Target speed 
(km/h) 

Test No Type of seat 

 
 
 
 

BioRID Ⅱg 

 
Triangular 

Pulse 

 
 

17.2 

2007-A-11 Passive seat 
2007-B-11 Normal seat 
2007-C-11 Normal seat 
2007-D-11 Whips seat 
2007-E-11 Reactive seat 

 
Trapezoidal 

Pulse 

 
 

17.9 

2007-A-12 Passive seat 
2007-B-12 Normal seat 
2007-C-12 Normal seat 
2007-D-12 Whips seat 
2007-E-12 Reactive seat 
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Table 3. Dynamic responses of dummy 
(comparison of triangular pulse and vehicle 
test results) 

 
 

 
Table 4. Head contact time for sled test and 
vehicle test (triangular pulse vs. vehicle test 
results) 

       
 
 
 
 
 
 
                                                     

Unit:msec 
 
Table 5. Dynamic response of dummy 
(trapezoidal pulse vs. vehicle test) 

 

 
 
 
 
 

Table 6. Head contact time for sled test and 
vehicle test (trapezoidal pulse vs. vehicle test 
results) 

Unit: msec 

 
Figure 10. Dynamic response of dummy main 
regions (comparison of trapezoidal pulse vs. 
vehicle test results) 

Figure 10 shows the dynamic response of the 
dummy using a trapezoidal pulse and the test 
results of vehicle B. Comparing sled test to the 
vehicle test, the maximum values of FX and FZ 
are markedly different. This means reproducibility 
of the sled test was insufficient, perhaps because 
the sled machine did not accurately simulate 
acceleration of the vehicle crash. Table 5 shows 
the dynamic response of the dummy of the sled 
test (B seat) and vehicle B test. Table 6 compares 
the head contact time for the sled test (B seat) and 
vehicle B test. Table 7 and Table 8 show the 
dynamic responses of the dummies in the sled 
tests using triangular pulse and trapezoidal pulse 
to compare the five different seats. We compared 
the seat of vehicle A using a triangular pulse to 
the seat of vehicle B using a trapezoidal pulse, 
then compared the seat of vehicle A using a 
trapezoidal pulse to the seat of vehicle B using a 
triangular pulse. The test results show that seat A 
tended to have lower dummy response levels, 
whereas seat B had higher values. In these tests, 
we found and confirmed that the influence of the 
seat dominated the influence of the crash pulse (or 
vehicle structure). Additionally, the order of the 
seat performance did not change even when the 
triangular and trapezoidal crash pulses were 
exchanged. 

Test No Hx Acc. 
(m/s2) 

 

T1-R 
Acc. 

(m/s2) 
 

T1-L 
Acc. 

(m/s2) 
 

Upper 
FX 
(N) 

 

Upper 
FZ 
(N) 

 

Upper 
MY-Flx. 

(Nm) 
 

Upper 
MY-Ext. 

(Nm) 

NIC-R 
(m2/s2) 

NIC-L 
(m2/s2) 

2007-A-11 -180.6 -142.6 -135.8 101.4 683.4 20.3 -6.0 17.4 18.2 
Vehicle test -195.0 -141.7 -142.5 161.8 664.9 24.2 -5.0 21.5 21.6 

 2007-A-11 Vehicle test 
Backset 53.0 50.0 

Contact start 64.3 64.0 
Contact end 147.0 160.0 

Contact Time 82.7 96.0 

Test No. Hx Acc. 
(m/s2) 

T1-R 
Acc. 

(m/s2) 

T1-L 
Acc. 

(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 

(Nm) 

Upper 
MY-Ext. 

(Nm) 

NIC-R 
(m2/s2) 

NIC-L 
(m/s2) 

207-B-12 -367.8 -153.5 -148.7 334.7 1653.5 33.7 -8.7 30.8 31.2 
Vehicle test -284.1 -201.3 -198.9 167.3 861.9 22.4 -10.2 40.2 40.3 

 2007-B-12 Vehicle test 
Backset 79.0 80.0 

Contact start 78.0 72.0 
Contact end 143.0 148.0 

Contact Time 65.0 76.0 
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Table 7. Dynamic response of dummy (triangular pulse) 

 
Table 8. Dynamic response of dummy (trapezoidal pulse) 

 
As a result, we decided to introduce the sled test 
method for the evaluation of neck injury 
protection performance. We also compared injury 
levels using the triangular pulse and the 
trapezoidal pulse shapes. We expected test results 
using the triangular pulse to show a higher level 
of neck injury than the trapezoidal pulse, but the 
results were the opposite. The reason may be that 
not only peak acceleration but also average 
acceleration has some influence. 
 
4. Study of test crash pulse 
Through these vehicle tests, we found that many 
recent vehicles have a crash pulse characteristic 
with a triangular pulse or a 2-peak pulse, and the 
dummy response with a triangular pulse has better 
reproducibility than an actual rear-end vehicle 
crash. 

  
Based on this finding, we studied maximum 
acceleration, average acceleration and duration 
time as shown in Table 9-1, 9-2 and 9-3. Neck 
injury frequently occurred in rear-end crashes 
which had delta-V= 10~20 km/h. We conducted 
vehicle tests using this range of delta-V, and had 
gained the maximum acceleration of 100~130 
m/s2, average acceleration of 45~70 m/s2, and 
duration time of 80~110 ms (see Table 10). 
Next, we studied the influence of delta-V in neck 
injuries because delta-V is influenced by the mass 
of crashed vehicle.  We found that increasing 
delta-V tends to provide higher dummy response 
values (see Figure 11, 12 and Table 11, 12). 
Figure 11 shows  selected sled pulses and 
Figure 12 presents the dummy dynamic responses 
of three different delta-V pulses. 

 

  
Figure 11. Sled pulses 

 
Figure 12. Dynamic response of main region of 
dummy 

Test No. HX Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ext. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-11 -180.6 -142.6 -135.8 101.4  683.4 20.3 -6.0 17.4 18.2 
2007-B-11 -316.8 -152.5 -151.0 237.6 1402.4 30.1 -9.0 23.7 24.3 
2007-C-11 -341.6 -151.7 -150.7 441.2 1470.6 26.2 -5.3 36.2 36.3 
2007-D-11 -188.5  -95.6 -99.1  76.1  520.9 20.5 -5.5 13.4 14.4 
2007-E-11 -190.9 -134.5 -134.7  -0.6  504.2 15.6 -4.2 15.6 15.9 

Test No. HX Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ex
t. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-12 -202.1 -175.7 -166.0 253.3  770.8 26.8 -6.6 21.8 22.1 
2007-B-12 -367.8 -153.5 -148.7 334.7 1653.5 33.7 -8.7 30.8 31.2 

2007-C-12 -360.5 -159.2 -165.9 472.2 1570.4 25.3 -4.0 45.6 45.6 
2007-D-12 -194.0 -110.9 -111.1  73.4  484.6 23.6 -6.8 16.3 16.0 

2007-E-12 -199.3 -140.3 -136.5  -3.0  578.5 16.5 -3.1 20.1 19.7 
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Table 9. Maximum acceleration, average acceleration, duration time 
Table 9-1. Car-to-Car Test (tested by ITARDA) 
Car to Car Filter Case 1 Case 2 Case 3 Case 4* 
Max. acceleration (m/s2) CFC 60 101.9 162.7 162.7 53.9 
Ave. acceleration (m/s2) - 47.63 80.07 78.60 27.44 
Duration (ms) - 111.6 107.7 105.0 128.5 
Delta-V (km/h) - 19.0 27.7 23.2 12.6 
Collision speed (km/h) - 35.2 49.9 30.1 29.1 

* Note: In Case 4, the crashed car was a one-box type vehicle, which possibly nose-dived. 
 
Table 9-2. MDB to Car Test 
DB to Car Filter Case 1 Case 2 Case 3  
Max. acceleration (m/s2) CFC 20 144.1 130.3 105.8 
Ave. acceleration (m/s2) - 71.64 70.36 54.00 
Duration (ms) - 147.9 80.9 85.5 
Delta-V (km/h) - 23.4 15.5 16.7 
Collision speed (km/h) - 30.2 30.2 30.3 

 
Table 9-3. MRB to Car Test 
MRB to Car Filter Case 1 Case 2 Case 3 
Max. acceleration (m/s2) CFC 20 136.2 112.7 141.1 
Ave. acceleration (m/s2) - 60.17 79.16 69.19 
Duration (ms) - 109.9 90.9 70.0 
Delta-V (km/h) - 17.2 17.9 17.6 
Collision speed (km/h) - 35.1 35.4 35.5 

 
Table 10. Proposal   

Note: Collision tests results which have a 
delta-V=10 to 20 km/h, were reviewed, and the 
range of each item was examined. We focused on 
the car-to-car and MDB crash test results.  

 
Table 11. Dynamic response levels 

 
 

Test No. HX 
Acc. 
(m/s2) 

T1-R 
Acc. 
(m/s2) 

T1-L 
Acc. 
(m/s2) 

Upper 
FX 
(N) 

Upper 
FZ 
(N) 

Upper 
MY-Flx. 
(Nm) 

Upper 
MY-Ext. 
(Nm) 

NIC-R 
(m/s2) 

NIC-L 
(m/s2) 

2007-A-21 -207.8 -120.6 -115.6 33.9 704.4 18.3 -4.2 16.2 16.3 

2007-A-22 -193.6 -133.9 -130.7 104.4 800.1 20.7 -3.8 17.9 16.7 
2007-A-23 -212.8 -154.3 -153.1 205.1 937.2 25.0 -6.4 18.8 19.2 

 
Table 12. Head contact time to head restraint 
 2007-A-21 2007-A-22 2007-A-23 
Backset 53.0 51.0 51.0 
Contact 
start 

78.0 70.6 71.0 

Contact 
end 

151.0 148.0 160.0 

Contact 
Time 

73.0 77.4 89.0 

Unit: ms 

 Proposal 
Max. acceleration (m/s2) 100~130 
Ave. acceleration (m/s2) 45~70 
Duration Time (ms) 80~110 
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Figure 13. Delta-V of crashed vehicle and 
driver injury 
(Crashed vehicle: passenger cars and mini 
cars) 
(Number of accidents for which delta-V was 
calculated: passenger cars (89 persons), mini cars 
(20 persons), from ITARDA Report 2007) 
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Figure 14. Pulses 
 

 
Figure 15. Removal of dispersion of Head 
Restraint Contact Time 
 

We focused on long-term injury to select the test 

delta-V because the goal of the JNCAP is the 
reduction of fatal or serious injuries. In addition, 
Kullgren6 recommended the use of delta-V=20 
km/h or higher for the evaluation of WAD2+ 
injury or injury lasting more than one month, and 
delta-V=20 km/h covers 70% of the neck injuries 
in Japanese rear-end crash accidents (see Figure 
13). Based on these results, we decided to select 
delta-V=20 km/h. Referring to the Europe and 
IIHS rear-end crash pulses, we decided to use the 
triangular pulse for the rear-end crash at 
delta-V=20 km/h, since it is similar to both the 
Euro NCAP medium pulse and IIWPG pulse (see 
Figure 14). Main dispersions are related to the 
dummies and the seats. We focused on the seat 
dispersion in an attempt to eliminate their 
influence. Dispersion of the seats is caused by 
deformation of the seat backs, and we hypothesize 
that this dispersion is representative of the 
dispersion of the head contact time in relation to 
the head restraint. Since the head restraint contact 
time (HRCT) and the dummy response values 
approach a linear relationship, we determined the 
CV (coefficient of variation) values of the dummy 
responses after having shifted the relation to an 
approximate straight line at which HRCT 
becomes constant (see Figure 15). 
 

 
Figure 16. Repeatability test Results (data at 
16 km/h are courtesy of JAMA and JASIC.)  
 

Although the repeatability of the BioRID was not 
considered a problem for the speed range of the 
test, some seat back deflection was found to enter 
a range of plastic deformation and broad 
dispersion at delta-V=20 km/h. This means that 
some existing seats do not have adequate 
countermeasure levels in this speed range. Given 

y = 37.5x - 3288.9

R
2
 = 0.9609

0

100

200

300

400

500

600

700

97 98 99 100 101 102 103 104 105

HRCT[ms]

U
p
p
e
rF
X
[
N
]

y = 37.5x - 3288.9

R
2
 = 0.9609

0

100

200

300

400

500

600

700

97 98 99 100 101 102 103 104 105

HRCT[ms]

U
p
p
e
r
F
X
[
N
]  

 



Ikari 9 

 

these seat performance levels, we cannot 
objectively evaluate rear-end collision 
performances for all seats under the delta-V=20 
km/h condition (see Figure 16). For this reason, 
we will start the evaluation tentatively with the 
delta-V=17.6 km/h, which is 10% higher than the 
proposed future regulation level. 
Delta-V will be increased to 20 km/h after 3 years, 
when a dynamic test will be required for reactive 
seats under the regulation, and manufacturers will 
also have made improved and safer seats 
commercially available. 
 
5. Study of evaluation guideline 
Evaluation guidelines have been developed based 
on researched injury mechanisms utilizing 
research papers8 and volunteers test conducted by 
Ono et al.  
Deng (2000)9 and Yoganandan (2001)10 have 
reported their crash test using cadavers and found 
that injuries of the intervertebral discs and the 
facet joint capsule of the lower cervical vertebrae, 
especially, tearing of the soft tissues, occurred due 
to shearing and tension. Deng (2000)9 also 
reported that dynamic motion and strain rates 
influence the tearing of soft tissue in the cervical 
vertebra. Yoganandan (2001)10, Barnsley (1995)11 

and Lord (1996)12 reported that neck pain was 
related to intervertebral discs and facet joint 
capsule injury resulting from treatment of the disc 
joint block. Lee (2006)13 reported that strain of 
facet joint capsule was related to pain in his test 
using rats. The volunteer low speed mini-sled test 
conducted by Ono et al.8, in which they 
hypothesized that the strains on the facet joint 
capsule and the motion of the intervertebral disc 
were equivalent, measured the motion of the local 
transformation of the intervertebral disk using 
sequential cineradiography of the vertebral 
motion during impact. The maximum principal 
strain and principal strain rate, and the maximum 
shear strain and shear strain rate, were determined 
from these motions. Injury thresholds were 
defined by the strain value and strain rate at which 
volunteers felt some discomfort after the test (see 
Table 13). 
 
Table 13. Defined injury thresholds 
Principal strain value: 
0.06 or more 

Principal strain rate: 
2.68 or more 

Shear strain value: 
0.05 or more 

Shear strain rate: 
1.81 or more 

 
Since actual injuries often occurred in or near the 
C5~C6 region, the dummy can be used to 
measure the upper neck Fx, Fz, My, lower neck 
Fx, Fz, My, head G and T1G (see Figure 17 and 
18). We decided to use these factors and evaluate 

the load applied to the neck during the head 
contact to head restraint and seatback. 

          

Head Acceleration

T1 Acceleration

 
Figure 17. Dummy motion 1) 

Upper Neck Fx

Upper Neck Fz

Upper Neck My

Lower Neck Fx

Lower Neck Fz

Lower Neck My

 
Figure 18. Dummy motion 2) 
Neck injury occurred: 1) when the neck became 
S-shaped through transformation of the cervical 
vertebrae before the head contacted with the head 
restraint, and 2) after the head contacted with the 
head restraint to just before the neck attained 
maximum backward flexion. Neck injuries were 
evaluated in phase 1) using the index of NICmax 
proposed by Bostron et al7., and Ono8 reported 

NICmax correlated well with the maximum strain 
rate. Phase 2) was evaluated using the indices of 
the upper neck Fx, Fz, My, lower neck Fx, Fz and 
My, proposed by Ono8. The reasons for selecting 
these factors are shown in Table 14. 
Simulation analysis was conducted using accident 
data for the selected injuries indices, and risk 
curves of these selected indices were made using 
the analytical results. Due to unavailability of 
detailed accident data for neck injury, 1) we could 
not create all of the injury risk curves, and 2) due 
to the lack of the NIC and lower Fz, we could not 
identified 0% risk point. However, we specified 
the discomfort level of volunteers as the 5% risk 
and made injury risk curves. Additionally, when 
injury curves were unobtainable, we tentatively 
used other available injury indices, and made 
expedient injury risk curves (see Figure 19 and 
Table 15).  
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Table 14. Reasons to select following factors  

Figure 19. Risk curves of neck injuries 
 
Based on these injury risk curves, we developed a 
scoring method to evaluate the injury index using  

Figure 20. Sliding scale of injury indices and 
their scores 
 

a sliding scale method (see Figure 20 and Table 16). 
 
 

Index of injury Correlation 
with strain / 
strain rate 

Comments Overall 
decision 

Upper 
Fx 

Forward Marginal  Correlation coefficient is low, dispersion is large  No 
Backward Good Correlation of discomfort in volunteer test Yes 

Upper 
Fz 

Tension Good Correlation to strain of vertebra, strain rate are high Yes 
Compression Marginal Simulation output is too small to judge the correlation No 

Upper 
My 

Extension Marginal Purpose to evaluate control effect of neck upper motion  Yes 

Flexion Good Correlations with strain of vertebra and strain rate are high Yes 
Lower 

Fx 
Forward Marginal Correlation coefficient is low, dispersion is large No 
Backward Good Correlations with strain of vertebra and strain rate are high Yes 

Lower 
Fz 

Tension Good Correlations with strain of vertebra and strain rate are high Yes 
Compression Marginal Simulation output is too small to judge the correlation  No 

Lower 
My 

Extension Marginal Purpose to evaluate control effect of neck lower motion Yes 
Flexion Good Correlations with strain of vertebra and strain rate are high Yes 

NIC Max. Good Correlations with strain of vertebra and strain rate are 
high before the contact with head restraint 

Yes 

NIC Min. Poor No correlation No 
T1G Good Substituted by NIC (NIC included acceleration of T1, NIC 

can evaluate both head G and T1G)  
No 

Nkm Marginal Substituted by upper Fx, My No 
LNL Good Substituted by lower Fx, Fz, My No 
Rebound V Good Phase is different of max. strain and strain rate No 
OC-T1 Good This is displacement, substituted by lower Fx No 
Head-chest rotation 
angle 

Good This is rotational angle, substituted by lower My No 
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Table 15. Neck injury indices 
Index of injury Before correction (WAD2+) After correction (WAD2+) Remarks 

5% value 95% value 5% value 95% value 
Max. principal strain 0.08 0.24 0.08 0.24  
Max. shear strain 0.05 0.13 0.05 0.13  
Max. principal strain rate - 10.8 2.68 10.8 5%: refer volunteer data 
Max. shear strain rate - 5.8 1.81 5.8 5%: refer volunteer data 
NIC Max. - 30 8 30 5%: refer volunteer data 

95%: from Risk curve 
Upper Fx Backward - - 340 730 Substitute for Lower Fx 
Upper Fz Tension 475 1130 475 1130 From risk curve 
Upper My Extension - - 12 40 Substitute for Upper My 

Flexion 12 40 12 40 From risk curve 
Lower Fx Backward 340 730 340 730 From risk curve 
Lower Fz Tension - 1480 257 1480 5%: refer volunteer data 

95%: from risk curve 
Lower My Extension - - 12 40 Substitute for Upper My 

Flexion - - 12 40 Substitute for Upper My 
 
Table 16. 5%/95% values of WAD2+ injury of injury evaluation items 

 
Before finalizing the evaluation method, we 
studied weighting factors between NIC and the 
neck force/ moment. Using simulation results 
based on accidents data, we compared the points 
of the NIC and the points of the neck 
force/moment. We found that the neck 
force/moment scored only half the points of NIC 
(see Figure 21). This means that the neck 
force/moment has twice the influence of the NIC. 
Therefore, we determined the weighting factor as 
follows. 

 NIC : neck force / moment =1:2 
 

3.20

1.59

0

0.5

1

1.5

2

2.5

3

3.5

4

NIC NECK
FORCE/MOMENT

 
Figure 21. Comparison of NIC points and neck 
force/moment points in simulation 
 
 

 
Evaluation methods for 1) injury before contact 
with the head restraint evaluated by the NIC (full 
score of 4 points), and 2) injury during contact 
with the head restraint evaluated by Upper Fx 
(Head backward direction, Shear), Upper Fz 
(Tension direction), Upper My (Flexion), Upper 
My (Extension), Lower Fx (Head backward 
direction, Shear), Lower Fz (Tension direction), 
Lower My (Flexion) and Lower My (Extension) 
(full score of 4 points); in case 2) worst points 
will be selected from the eight indices. Then, we 
added the NIC points and doubled the weighted 
neck force/moment points. Finally, we evaluated 
the total points, which included 12 points in all. 
 
6. Conclusion  
 
The JNCAP developed a rear-end collision neck 
injury assessment testing method, which will 
reduce long-term neck injuries in Japan, by 
including the selection of delta-V=20 km/h with 
triangular pulse after studying accident data and 
research, and based on available overseas studies. 
Due to the performance levels of some existing 
seats, it was difficult to conduct properly 
evaluations with delta-V=20 km/h in all cases due 

Neck injury evaluation items for rear-end collision WAD2+ 
5% Value 95% Value 

NIC (m2/s2) 8 30 
 
 
 

Neck 
force, 

moment 
 
 

Upper Fx(N) Backward 340 730 
Upper Fz(N) Tension 475 1130 
Upper My 

(Nm) 
Flexion 12 40 

Extension 12 40 
Lower Fx(N) Backward 340 730 

Lower Fz(N) Tension 257 1480 
Lower My 

(Nm) 
Flexion 12 40 

Extension 12 40 
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to the dispersion of the test results caused by 
plastic deformation of the seat structure. We will 
tentatively start with delta-V=17.6 km/h, but will 
return to delta-V=20 km/h after 3 years. 
Regarding injury indices, we used volunteer test 
results and accident reconstruction simulation on 
the supposition that intervertebral disc motion and 
strain of the facet joint capsule are equivalent.  
We selected injury indices NICmax, Upper Fx 
(Head backward direction, Shear), Upper Fz 
(Tension direction), Upper My (Flexion), Upper 
My (Extension), Lower Fx (Head backward 
direction, Shear), Lower Fz (Tension direction), 
Lower My (Flexion) and Lower My (Extension).  
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ABSTRACT 
 
The Cameron Gulbransen Kids Transportation Safety 
Act of 2007 requires the National Highway Traffic 
Safety Administration (NHTSA) to “initiate a rule-
making to revise Federal Motor Vehicle Safety Stan-
dard 111 to expand the required field of view to en-
able the driver of a motor vehicle to detect areas be-
hind the motor vehicle to reduce death and injury 
resulting from backing incidents, particularly inci-
dents involving small children and disabled persons.”  
It goes on to state that this may be accomplished “by 
the provision of additional mirrors (emphasis 
added), sensors, cameras, or other technology to ex-
pand the driver’s field of view.”  An advanced notice 
of proposed rulemaking was published on February 
27, 2009. This paper examines whether rear-mounted 
convex mirrors could provide an image with suffi-
cient quality that may be useful in aiding drivers in 
performing backing maneuvers.   
 
There are three main configurations of rear-mounted 
convex mirrors: a single “look-down” mirror, a single 
corner mirror, and a pair of cross-view mirrors.  
NHTSA measured fields of view and image quality 
of one look-down mirror and three pairs of cross-
view mirrors for passenger vehicle applications.  
Field of view and image quality were also estimated 
for one rear convex corner mirror based on previous 
research with that mirror relating to its use on me-
dium straight trucks.  Note that this study did not 
attempt to examine whether drivers will successfully 
use rear-mounted convex mirrors to successfully de-
tect obstacles or pedestrians behind a vehicle.  This 
question of potential overall effectiveness of rear-
mounted convex mirrors, relative to other solutions to 
expand the driver’s rear field of view, will be the 
subject of additional agency research. 
 
The useful fields of view (FOV) of the five rear-
mounted convex mirrors were determined.  The po-
tential backover risk reductions were estimated for 
the five mirrors studied, using only that portion of 
their FOV’s with an image quality rating of better 
than “impossible.”  The estimated potential backover 
risk reductions ranged from 33.4 percent (for the 
Toyota 4Runner rear cross-view mirrors) to 2.2 per-

cent (for the ScopeOut™ passenger car rear cross-
view mirror). 
 
INTRODUCTION 
 
The Cameron Gulbransen Kids Transportation Safety 
Act of 2007 requires the National Highway Traffic 
Safety Administration (NHTSA) to “initiate a rule-
making to revise Federal Motor Vehicle Safety Stan-
dard 111 to expand the required field of view to en-
able the driver of a motor vehicle to detect areas be-
hind the motor vehicle to reduce death and injury 
resulting from backing incidents, particularly inci-
dents involving small children and disabled persons.”  
It goes on to state that this may be accomplished “by 
the provision of additional mirrors (emphasis 
added), sensors, cameras, or other technology to ex-
pand the driver’s field of view.”  An advanced notice 
of proposed rulemaking (ANPRM) that summarizes 
relevant research and outlines some of NHTSA ideas 
regarding how to respond to the Act was published 
on February 27, 2009. This paper examines whether 
rear-mounted convex mirrors provide an image with 
sufficient quality that may be useful in aiding drivers 
to identify and avoid rear obstacles.   
 
THE SAFETY PROBLEM 
 
In response to earlier legislation, NHTSA developed 
the Not in Traffic Surveillance (NiTS) system to col-
lect information about all nontraffic crashes, includ-
ing nontraffic backing crashes.  NiTS provided in-
formation on backing crashes that occurred off the 
traffic way and which were not included in NHTSA’s 
Fatality Analysis Reporting System (FARS) or the 
National Automotive Sampling System - General 
Estimates System (NASS-GES). 
 
Based on NiTS, NHTSA estimates that 463 fatalities 
and 48,000 injuries a year occur in traffic and non-
traffic backing crashes [1].  Most of these injuries are 
minor, but an estimated 6,000 per year are incapaci-
tating injuries. Overall, an estimated 65 percent (302) 
of the fatalities and 62 percent (29,000) of the inju-
ries in backing crashes occurred in nontraffic situa-
tions. 
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Table 1 shows the fatalities and injuries in all backing 
crashes.  Backover crashes account for an estimated 
63 percent (292) of the fatalities and 38 percent 
(18,000) of the injuries in backing crashes for all ve-
hicles (cars, light trucks or vans, heavy trucks, and 
other/multiple vehicles).  Other backing crash scenar-
ios account for an estimated 171 fatalities (37 per-
cent) and 30,000 injuries (62 percent) per year. 
 
Table 1: Fatalities and Injuries Due to Backing (All 
Vehicles) 

 All  
Backing 
Crashes 

 
Backover 
Crashes 

Non-
Backover 
Crashes 

Fatalities 463 292 171 
Injuries 48,000 18,000 30,000 
    Severe 6,000 3,000 3,000 
    Minor 12,000 7,000 5,000 
    Possible 27,000 7,000 20,000 
    Unknown 2,000 1,000 2,000 
Note: Numbers may not add to totals due to rounding. 

 
OBJECTIVES OF THIS RESEARCH 
 
Backover crashes are defined as backing crashes in 
which the backing vehicle strikes a pedestrian or 
pedacyclist.  Frequently this occurs because a driver 
did not see the person and was therefore unaware of 
their presence. All vehicles have “blind areas” behind 
them in which certain sizes of pedestrians cannot be 
seen by drivers either through direct vision or by 
looking in the rearview mirrors.    Improving drivers’ 
rear visibility so as to “fill-in” these blind areas may 
aid in reducing backover crashes. 
 
Adding rear-mounted convex mirrors is one possible 
means of improving drivers’ rear visibility to fill-in 
important portions of the blind zone.  In order to fur-
ther investigate the ability of supplemental rear-
mounted convex mirrors to fill-in parts of the blind 
zone, NHTSA conducted research aimed at answer-
ing the following questions for each of a selection of 
commercially-available mirrors: 
1. What additional area behind the vehicle does this 

supplemental mirror allow the driver to see?  In 
other words, what is the FOV of this supplemen-
tal mirror? 

2. What is the quality of the image seen in this sup-
plemental mirror at each point in its FOV? 

3. If this mirror is used optimally by drivers, what 
is their potential for reducing backover crash 
risk?  In other words, how important is that por-
tion of the blind zone filled-in by this mirror for 
preventing backover crashes. 

 

Note that this study did not attempt to examine 
whether drivers will successfully use rear convex 
mirrors to successfully avoid hitting pedestrians.  
Additional human factors research would have to be 
performed to resolve this question. This question of 
potential overall effectiveness of rear-mounted con-
vex mirrors, relative to other solutions to expand the 
driver’s rear field of view, will be the subject of addi-
tional agency research. 
 
REAR-MOUNTED CONVEX MIRRORS 
 
Supplemental rear-mounted convex mirrors are com-
mercially available, either as aftermarket equipment 
or original equipment (found on certain model years 
of Toyota 4Runner).  These mirrors are of three basic 
types: single look-down mirrors, single corner mir-
rors, and paired cross-view mirrors. 
 
Look-Down Mirrors 
 
A look-down mirror is a single exterior convex mir-
ror mounted behind the center of the vehicle near the 
top of the rear window.  The mirror’s convex surface 
points downward and is visible to the driver either by 
direct glance or in the interior rearview mirror.  
Look-down mirrors are sold as aftermarket accesso-
ries for vans and sport utility vehicles. 
 
NHTSA tested one aftermarket look-down mirror 
during this research, a K Source C088, which was  
mounted on a 2007 Honda Odyssey.  Figure 1 shows 
this mirror as tested. 
 

 
Figure 1: K Source C088 Look-Down Mirror 
Mounted on 2007 Honda Odyssey. 
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Corner Mirrors 
 
A corner mirror is a single exterior convex mirror 
mounted on an arm projecting from the top, left, rear 
corner of the vehicle. The mirror’s convex surface 
faces downward and is visible to the driver in the 
driver’s side rearview mirror.  Corner mirrors are 
aftermarket accessories most commonly used on de-
livery trucks and post office vehicles, but can be 
mounted on vans and sport utility vehicles. 
 
In 2007, NHTSA measured the FOV and image qual-
ity for a Velvac™ RXV 254 mm-diameter convex 
mirror mounted as a corner mirror on a 1996 Grum-
man-Olson 4x2 Step Van.  Results from the evalua-
tion of this mirror are contained in a report by Maz-
zae and Garrott [2].  In the current effort, the previ-
ously collected data on the Velvac™ RXV rear cor-
ner mirror was used to estimate the field of view and 
image quality for this mirror as mounted on a 2008 
Chevrolet Express van.  Figure 2 is a picture of this 
rear corner mirror mounted on this vehicle.  NHTSA 
did not retest the Velvac™ RXV rear corner mirror 
mounted on the 2008 Chevrolet Express but instead 
used linear extrapolation plus two dimensional inter-
polations to account for differences in vehicle size.  
Details of this extrapolation/interpolation process are 
provided below. 
 

 
Figure 2: Velvac™ RXV Rear Corner Mirror 
Mounted on 2008 Chevrolet Express. 
 
Rear Cross-View Mirrors 
 
Rear cross-view mirrors consist of two mirrors 
mounted either inside or outside the vehicle in such a 
way that one mirror reflects an area to the left-rear of 
the vehicle while the other mirror reflects an area to 
the right-rear.  Both mirrors (not necessarily at the 
same time) can be viewed by the driver either by di-
rect glance or by looking in the interior rearview mir-
ror. Rear cross-view mirrors are sold as aftermarket 

accessories for vans and sport utility vehicles, and 
can also be found as original equipment on some 
Toyota 4Runners. 
 
NHTSA tested three (one original equipment and two 
aftermarket add-ons) pairs of rear cross-view mirrors 
during this research.  The one original equipment 
pair, shown in Figure 3, consisted of two convex mir-
rors mounted on the C-pillars of a 2003 Toyota 
4Runner. 
 

 
Figure 3: 2003 Toyota 4Runner Rear Cross-View 
Mirror.  [3]  
 
The aftermarket rear cross-view mirrors tested were 
made by ScopeOut™.  A pair of ScopeOut™ mirrors 
for cars was tested on a 2006 BMW 330i.  This mir-
ror pair is shown in Figure 4. 
  

 
Figure 4: ScopeOut™ Passenger Car Rear Cross-
View Mirrors Mounted on 2006 BMW 330i. 
 
The other pair of aftermarket cross-view mirrors was 
the ScopeOut™ product designed for SUVs.  These 
mirrors were tested mounted on a 2007 Honda Odys-
sey.  This pair is shown in Figure 5. 
 

Figure 5: ScopeOut™ SUV Rear Cross-View Mir-
rors Mounted on 2007 Honda Odyssey. 
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MIRROR ADJUSTMENT FOR TESTING 
 
All mirrors were adjusted prior to making measure-
ments to provide what the persons conducting the 
tests considered to be the most useful mirror orienta-
tion.  Note that this is inherently a subjective process 
– different people may have differing ideas as to the 
most useful mirror orientation based on driver height, 
seating position, and other factors. 
 
MIRROR FIELD OF VIEW MEASUREMENT 
METHODOLOGY 
 
Measurements of mirror fields of view were made for 
the look-down mirror and the three pair of rear cross-
view mirrors using the same methodology published 
by Mazzae and Garrott [4].  Fields of view were 
measured with each vehicle positioned on a flat test 
surface covered with a grid of 30 cm squares.  The 
visual target was a 711 mm tall traffic cone with a 76 
mm diameter red, circular reflector sitting atop it. 
The combined height of cone and reflector was 747 
mm to simulate that of a standing 1-year-old child. 
This height was the average of the Center for Disease 
Control’s growth chart values for the 50th percentile 
standing height for a 1-year-old boy and 1-year-old 
girl [5, 6]. The 76 mm diameter reflector was some-
what smaller than that of the average 1-year-old 
child’s head (127 mm) [7]. 
 
Measurements were made with one person (the 
‘driver’) in the driver’s seat reporting whether or not 
they could see the reflector and a second person mov-
ing the visual target and manually recording whether 
or not the target could be seen at each location on the 
grid. The visual target was considered “visible” if the 
driver could see the entire reflector mounted atop the 
traffic cone.  
 
One driver was used: a 50th percentile male (175.5 
cm tall) [8]. The driver rested his weight fully on the 
driver’s seat and positioned his feet as close as possi-
ble to where they would be during driving. The sub-
ject wore lap and shoulder restraints. The driver’s 
seat and head restraint positions were adjusted to 
positions appropriate for his or her height. Head re-
straints for unoccupied seats were in their lowest pos-
sible (stowed) position. Any folding rear seats were 
in their upright (occupant-ready) positions. The vehi-
cle’s windows were clean and clear of obstructions 
(e.g., window stickers).  
 
Once the vehicle and driver were properly positioned, 
the FOV assessment began. A member of the re-
search staff placed the cone in a square and the driver 

reported whether or not they could see the reflector. 
The responses were recorded manually on a data 
sheet by the person outside the vehicle. 
 
MIRROR IMAGE QUALITY MEASUREMENT 
METHODOLOGY 
 
Measurements of the quality of images visible in the 
various rear mirrors were made for the look-down 
mirror and the three pair of rear cross-view mirrors 
using the same methodology as described in [2].  
This methodology is based upon a methodology 
originally published by Satoh et al. in 1983 [9].  This 
methodology has been used for other NHTSA re-
search that required the measurement of the quality 
of images seen in school bus cross-view mirrors and 
forms the basis for the school bus cross-view mirror 
test that is in S9 and S13 of FMVSS No. 111 (Gar-
rott, Rockwell, and Kiger [10]).   
 
There are two parts to the measurement of the quality 
of images visible in the various rear mirrors: (1) de-
termination of the minification of test objects that are 
viewed in the various rear mirrors, and (2) quantifica-
tion of the amount of image distortion. Minification 
is defined as how large objects appear when viewed 
in the mirrors.  Distortion is defined as how apparent 
shapes of objects change when viewed in the mirrors.   
 
Mirror image quality measurement was performed 
using a camera placed on a tripod in the vehicle at a 
selected driver eye position.  The driver eye position 
selected was that of a 5th percentile adult female 
driver.  This driver eye position was selected because 
it is the one used in FMVSS No. 111 for the school 
bus cross-view mirror compliance test.  Note that for 
convex mirrors, mirror image quality is relatively 
insensitive to driver eye position provided the 
driver can clearly see the mirrors. 
 
As specified in S13.4 of FMVSS No. 111 [11], the 
position of the image plane of the camera used to 
take the image quality determination photographs 
was determined by first adjusting the driver’s seat of 
the test vehicle “to the midway point between the 
forward-most and rear-most positions, and if sepa-
rately adjustable in the vertical direction, adjust to the 
lowest position.”  After making the necessary meas-
urements, the seat was removed from the vehicle.  
The camera was mounted on a tripod with the center 
of the image plane laterally at the center of the seat, 
longitudinally at the intersection of the seat cushion 
and the seat back, and vertically 686 mm above the 
intersection of the seat cushion and the seat back. 
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Image Minification Determination 
 
The driver’s expected ability to see child-size objects 
in various rear convex mirrors was measured using 
both the Hybrid III 3-year-old (H-III3C) Anthropo-
morphic Test Device (ATD) and the Child Re-
straint/Air Bag Interaction (CRABI) 1-year-old ATD. 
 
These ATD’s were placed at a grid of test locations 
that covered each mirrors’ FOV.  The spacing be-
tween grid locations was generally 60 cm either lat-
erally (across the width of the vehicle) or longitudi-
nally (in the fore-and-aft direction).  A 60 cm grid 
spacing was used to minimize the photograph ana-
lyzer’s workload based on the belief that it was not 
important to know distortion ratings with a higher 
spatial granularity.  Photographs were taken of each 
ATD at each test location.  Figure 6 shows a typical 
photograph of the 3-year-old ATD positioned behind 
the vehicle. 
 
At each grid location, the dummies were photo-
graphed by a camera mounted on a tripod in the pre-
viously described driver eye position.  To make it 
easier to measure minification, these photographs 
were taken using an up to 8x optical zoom. 
 
 

 
Figure 6: Typical Picture of 3-year-old ATD as Seen 
in 2003 Toyota 4Runner Rear Cross-View Mirror. 
 
The visual angle at the driver’s eyes that was sub-
tended by both the 1- and the 3-year-old ATD’s was 
determined at each test location.  While in principle 
measurements of apparent ATD size and optics could 
have been determined this, due to fears that the opti-
cal zoom being used when the needed photographs 
were taken might not provide exactly the anticipated 
magnification, a “Sizing Object” was used. 
 

The Sizing Object consisted of a 30 cm square piece 
of Styrofoam, the front of which was covered with 
orange construction paper.  Centered in the 30 cm 
square was a 15 cm square piece of blue construction 
paper.  The Sizing Object was placed immediately 
next to the mirror being tested, oriented so that the 
line of sight to the camera was perpendicular to the 
Sizing Object.  Only a portion of the Sizing Object 
was generally visible in the photographs that were 
taken to determine the subtended visual angles. 
 
To determine the subtended visual angle for each 
ATD at each grid location, the analyst first selected 
and measured the longest dimension of the ATD im-
age.  This length was called the Measured Length - 
Longest Direction and gives the best (easiest) case 
for the driver to see the ATD.  All measurements 
were made to the nearest millimeter and had an esti-
mated accuracy of ±0.5 mm.  In the direction perpen-
dicular to the longest dimension of the ATD image, 
the analyst then selected the point where the ATD 
image was the widest.  The resulting length was 
called the Measured Length - Shortest Direction and 
gives the worst (hardest) case to see the ATD. 
 
The known dimensions of the portion of the Sizing 
Object visible in each photograph were used to calcu-
late true values of each Measured Length - Longest 
Direction and Measured Length - Shortest Direction. 
 
The following equation, obtained from geometric 
optics, was used to calculate the subtended visual 
angles: 

( )⎟⎟⎠
⎞

⎜⎜
⎝

⎛
+

= −

ba
d1sin60θ  

where: 
 θ  is subtended visual angle in minutes of arc. 
 a is the measured distance from the driver’s eye-

point to the center of the rearview (either 
center mirror or driver’s sideview mirror) 
mirror. 

 b is the measured distance from the center of the 
rearview mirror to the surface of the rear 
convex mirror. 

 d is the measured ATD dimension.  This will be 
either Measured Length - Longest Direction 
or Measured Length - Shortest Direction. 

 and 1sin −  is calculated in units of degrees. 
 



Garrott, 6  

Table 1: Relationship Between Subtended Visual 
Angle, θ , and Subjective Degree of Image Visibility 

Level Degree of 
Image Form 

Degree of 
Image Size 

Visual 
Angle 

(minutes) 

5 Excellent No Image 
Small >50 

4 Good Small, but no 
Problem 20-50 

3 Fair 
Small, but 
Possible to 

Judge 
10-20 

2 Poor 
Small and 
Hinders 

Judgment 
5-10 

1 Very Poor Impossible 
to Judge 3-5 

0 Impossible Impossible <3 

 
 
Once the subtended visual angle had been determined 
for each grid location, Table 1 was used to determine 
a subjective degree of image visibility at each test 
location.  Note that Table 1 is taken from Satoh [9] 
except for the lowest line.  The final line was added 
by the authors so as to allow a subjective rating to be 
assigned at test locations for which the subtended 
visual angle was less than 3 minutes of arc. 
 
IMAGE DISTORTION 
 
The rear-mounted convex mirrors tested in this study 
are fairly mild convex mirrors with fairly large radii 
of curvature.  As a result, image minification, not 
image distortion tends to be the limiting factor for 
what drivers can see in these mirrors.  Therefore, for 
the sake of brevity, the image distortion methodology 
used and the results of the image distortion measure-
ments results will not be presented in this paper. 
 
REAR CORNER MIRROR EXTRAPOLATION/ 
INTERPOLATION METHODOLOGY 
 
As mentioned above, NHTSA did not retest the Vel-
vac™ RXV 254 mm-diameter rear corner mirror 
mounted on different vehicles but instead used the 
data that NHTSA had previously collected [2] with 
linear extrapolation plus two dimensional interpola-
tion to account for differences in vehicle size.  
 

The measured minutes of arc subtended by the test 
object were first linearly extrapolated to estimate the 
effects of differences in the driver eyepoint to side 
rearview mirror distance and side rearview mirror to 
rear corner mirror distance.  Linear extrapolation is 
believed to provide a correct result because the image 
minification measurements were made after the sur-
face of the rear convex mirror, after the non-
linearities due to the curved mirror shape had already 
been introduced.  Linear extrapolation is appropriate 
both before and after a flat mirror but not when a 
curved mirror lies between the driver and the measur-
ing point.  Note that the two distances involved were 
added together so only one extrapolation had to be 
performed. 
 
Linear interpolation (linear extrapolation at the edge 
of the measured data) was then used to reduce vehicle 
track width from the 7.0 feet for the step van to the 
6.0 feet more typical of light passenger vehicles. 

RELATIONSHIP BETWEEN PEDESTRIAN 
LOCATION AND BACKOVER RISK 

To better understand the importance of rear-mounted 
convex mirror fields of view providing the driver 
with visibility of specific areas behind the vehicle, 
Monte Carlo simulation was used to estimate the risk 
to a pedestrian at a specific location at the start of a 
backing maneuver.  Equating the Monte Carlo simu-
lation results with pedestrian backover risk as has 
been done for this paper depends upon one key sim-
plifying assumption:  that the driver only looks at 
the rear-mounted convex mirror one time, prior 
to the start of the backing maneuver. 

There is some validity to this assumption.  Looking at 
convex mirrors typically takes drivers longer and 
requires more concentration than to look at a flat mir-
ror.  Therefore, drivers are more likely to do so ini-
tially rather than while in the midst of backing (a 
time with relatively high driver workload). 

However, some percentage of drivers will certainly 
look at a convex mirror during backing.  NHTSA 
currently does not have any data on how drivers use 
convex mirrors during backing.   

As mentioned above, Monte Carlo simulation was 
used to calculate a probability-based risk weighting 
for each square in a grid of 30-cm squares behind the 
vehicle.  Details of this Monte Carlo simulation are 
discussed in the Advanced Notice of Proposed Rule-
making (ANPRM) for Federal Motor Vehicle Safety 
Standard No. 111 on Rearview Mirrors [12].  Figure 
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7 (which is copied from the ANPRM except that the 
distance dimensions have been changed to metric 
units) shows the estimated backover risk for each 
location. 

 
Figure 7:  Summary of Simulated Relative Backover 
Crash Risk as a Function of Position 
 
REAR-MOUNTED CONVEX MIRROR FIELDS 
OR VIEW 
 

Figure 8 shows the measured FOV for the K Source 
C088 look-down mirror mounted on a 2007 Honda 
Odyssey minivan.  As this figure shows, the look-
down mirror FOV covers the entire width behind the 
vehicle beginning at 0.6 meters and extending to 3.9 
meters behind the back of the rear bumper.  In the 
zones 0.0 to 0.6 meters and 3.9 to 4.5 meters behind 
the rear bumper, some portions of the area behind the 
vehicle are in the FOV of this mirror. 
 
Figure 9 shows the measured FOV for the Toyota 
4Runner original-equipment cross-view mirror.  As 
this figure shows, this mirror’s FOV covers large 
areas to the left- and right-rear of the vehicle.  How-
ever, there is an area of non-coverage near the center 
of the vehicle.  Mirror coverage begins as close as 0.3 
m behind the left side of the rear bumper.  It begins 
further back on the right side, starting 1.2 m behind 
the right rear bumper. 
 
Figure 10 shows the measured FOV for the Scope-
Out™ car cross-view mirror pair mounted on a 2006 
BMW 330i passenger car.  As this figure shows, this 
FOV covers areas fairly far out on the sides of the 
vehicle on the left- and right-rear of the vehicle.  
There is a large area of blind area directly behind, 
and extending on both sides of the vehicle.  Mirror 
coverage begins 4.5 m to the left of vehicle center 
and, on the left, 0.6 m behind the rear bumper.  It 
begins 3.6 m to the right of vehicle center and, on the 
right, 0.9 m behind the rear bumper.  This mirror pair 
is intended to allow the driver to see a vehicle com-
ing towards him along the aisle of a parking lot; it 
may be effective for that application.  For backover 
prevention, it suffers from having a vertical cut-off 
due to the height of the BMW 330i’s rear window.  
This mirror should have a substantially larger FOV 
for children larger than a typical 1 year old child. 
 
Figure 11 shows the measured FOV for the Scope-
Out™ SUV cross-view mirror pair mounted on a 
2007 Honda Odyssey minivan.  As this figure shows, 
this mirror’s FOV covers areas on the left- and right-
rear of the vehicle.  There is a moderate area of non-
coverage directly behind the vehicle.  Mirror cover-
age begins 0.3 m to the left of vehicle center and, on 
the left, 0.9 m behind the rear bumper.  It begins 0.3 
m to the right of vehicle center and, on the right, 0.3 
m behind the rear bumper.  Again, this mirror is in-
tended to allow the driver to see a vehicle coming 
towards him along the aisle of a parking lot and it 
may be effective for that application. 
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The calculated FOV for the rear-mounted corner mir-
ror mounted on a 2008 Chevrolet Express covers the 
entire area directly behind the vehicle plus a consid-
erable distance on the left and right sides of the vehi-
cle back for a distance of approximately 3.9 m.  Note 
that image minification became so great near the 
edges of the mirror’s FOV that it was impossible to 
precisely map the edges of this mirrors FOV.  As is 
explained below, this mirror had a much smaller use-
ful FOV. 
 
ESTIMATED EFFECT OF THE LOOK-DOWN 
MIRROR ON BACKOVER RISK 
 
The portion of the backover crash risk graph (shown 
in Figure 7) that lies within the measured FOV for 
the K Source C088 look-down mirror mounted on a 
2007 Honda Odyssey minivan (shown in Figure 8) 

was calculated.  This calculation found that, if the 
driver could use the entire measured FOV of the 
K Source mirror, and the assumption that the 
driver only looks at the rear-mounted convex mir-
ror one time, prior to the start of the backing ma-
neuver holds, this mirror has the potential to see the 
area associated with 20.8 percent of backover risk (as 
estimated using Monte Carlo simulation). This poten-
tial number may change based on the human factors 
aspects of how drivers use the mirrors. 
 
Unfortunately, there is a large amount of image mini-
fication near the edges of the measured FOV of this 
mirror.  There is also substantial image distortion, but 
not so much that drivers are thought not to be able to 
detect people behind their vehicle solely due to image 
distortion.  Therefore, an image quality graph was 
developed for the K Source C088 look-down mirror 
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mounted on a 2007 Honda Odyssey minivan based 
solely on image minification.  This graph is shown in 
Figure 12 and the key to this graph in Figure 13. 
 

 
Figure 12:  Image Quality Graph for K Source C088 
Look-Down Mirror on 2007 Honda Odyssey 
 
 

 
Figure 13:  Image Quality Key used for Figures 12 
and 14 
 
As Figure 12 shows, the image quality, based solely 
on image minification, for the K Source C088 look-
down mirror varies from “fair” to “impossible.”  As 
expected, the areas with the better image qualities are 
concentrated in the center of the vehicle fairly close 
to the vehicle’s rear bumper. 
 
Areas around the edges of the K Source look-down 
mirror’s FOV have a minification rating of “impossi-
ble.”  In these areas, the driver has no chance of see-
ing a 1-year-old child.  (The driver’s chances of see-
ing someone in these areas improves as the person 
become larger.)  These areas of “impossible” image 
quality reduce the “useful” FOV of this mirror. 
 

Overlaying the areas of Figure 12 with a better than 
“impossible” image quality rating onto the backover 
crash risk graph (Figure 7) indicates that this area is 
associated with a backover risk (as estimated using 
Monte Carlo simulation) of 18.8 percent,, a small 
reduction from the all image qualities K-Source esti-
mate of 20.8 percent. 
 
As Figure 12 shows, there are substantial areas of the 
K Source look-down mirror’s FOV (everything more 
than 2.85 m behind the vehicle’s rear bumper) that 
have a minification rating of “very poor” or “impos-
sible.”  The sides of the FOV forward of this location 
also generally have these image qualities.  It is not 
clear whether a rapid glance by the driver prior to 
backing would really allow the driver to detect a 1-
year-old child if that child were in an area of “very 
poor” image quality.  Therefore, the backover risk 
reduction calculation for the K Source look-down 
mirror was also performed excluding all of the “very 
poor” image quality regions of the FOV.  This 
yielded an estimated potential backover risk reduc-
tion of just 10.1 percent, less than one-half the esti-
mate using the full FOV of 20.8 percent. 
 
ESTIMATED EFFECT OF THE REAR CROSS-
VIEW MIRRORS ON BACKOVER RISK 
 
The portion of the backover crash risk graph (shown 
in Figure 7) that lies within the measured FOV for 
the three rear cross-view mirrors examined (shown in 
Figure 9, 10, and 11) was calculated.  Again, this 
calculation is based on the driver using the entire 
measured FOV of the rear cross-view mirrors, 
and the assumption that the driver only looks at 
the rear-mounted convex mirror one time, prior 
to the start of the backing maneuver holds.  This 
calculation found that these mirrors have the potential 
to see the areas associated with the following per-
centages of backover risk (as estimated using Monte 
Carlo simulation): 

• Toyota 4Runner Mirror – 33.4 percent 
• ScopeOut™ Car Mirror – 2.2 percent 
• ScopeOut™ LTV Mirror – 9.1 percent 

 
Neither image minification nor image distortion ap-
pears to be substantial enough to cause problems for 
the driver for any of the rear cross-view mirrors stud-
ied.  Therefore, the useful FOV’s of these mirrors 
matches their measured FOV’s. 
 
ESTIMATED EFFECT OF THE REAR COR-
NER MIRROR ON BACKOVER RISK 
 
As discussed in [2], too much image minification is a 
problem for the Velvac™ RXV 254 mm-diameter 
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convex rear corner mirror that was evaluated.  Image 
distortion was not a problem.  Therefore, an image 
quality graph was developed for the rear corner mir-
ror mounted on a 2008 Chevrolet Express van based 
solely on image minification. This graph is shown in 
Figure 14. 
 
As Figure 14 shows, the image quality, based solely 
on image minification, for the Velvac™ RXV rear 
corner mirror varies from “poor” to “impossible.”  As 
expected, the areas with the better image qualities are 
concentrated on the left side of the vehicle fairly 
close to the vehicle’s rear bumper (i.e., fairly close to 
the physical location of the actual mirror).  As the 
figure shows, the “useful” FOV for this mirror covers 
only about one-half the width of the vehicle. 
 
 
 

  
Figure 14:  Image Quality Graph for Velvac™ RXV 
Rear Corner Mirror on the 2008 Chevrolet Express 
 
As Figure 14 shows, there are large areas in the right 
portion and/or further away from the rear bumper of 
the Velvac™ RXV rear corner mirror’s FOV that 
have a minification rating of “impossible.”  In these 
areas, the driver has little chance of seeing a 1-year-
old child.  (The driver’s chances of seeing someone 
in these areas improves as the person become larger.)  
These areas of “impossible” image quality substan-
tially reduce the “useful” FOV of this mirror. 
 
Overlaying the areas of Figure 14 with a better than 
“impossible” rating onto the backover crash risk 
graph (shown in Figure 8) indicates a potential back-
over risk reduction for the Velvac™ RXV rear corner 
mirror of 10.8 percent. 

 
As Figure 14 shows, almost all areas of the Velvac™ 
RXV rear corner mirror’s FOV have a minification 
rating of “very poor” or “impossible.”  It is not clear 
whether a rapid glance by the driver prior to backing 
would really allow the driver to detect a 1-year-old 
child if that child were in an area of “very poor” im-
age quality.  Therefore, the backover risk reduction 
calculation Velvac™ RXV rear corner mirror was 
also performed excluding the entire “very poor” im-
age quality regions of the FOV.  This yielded an es-
timated potential backover risk reduction of just 0.9 
percent. 
 
CONCLUSIONS 
 
In summary, the useful FOV’s of five rear-mounted 
convex mirrors were determined.  The potential back-
over risk reductions were estimated for the five mir-
rors studied, using only that portion of their FOV’s 
with an image quality rating of better than “impossi-
ble.”  While data describing drivers’ ability to use the 
mirrors effectively is a critical part of effectiveness 
estimation, that aspect is not addressed here.  The 
estimated effectiveness of the technology itself 
ranged from 33.4 percent (for the Toyota 4Runner 
rear cross-view mirror) to 2.2 percent (for the 
ScopeOut™ passenger car rear cross-view mirror). 
 
NHTSA currently has no data as to how drivers may 
use rear-mounted convex mirrors immediately be-
fore, and while, backing.  Therefore, at this time, 
actual expected backover risk reductions due to rear-
mounted convex mirrors are not determinable.   
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ABSTRACT 
 
FMVSS 202a and the head restraint gtr specify a dynamic 
sled test with Hybrid III dummy as an alternative to static 
tests.  However, the poor biofidelity of Hybrid III 
dummy and the evaluation method based on the neck 
rearward rotational angle of the dummy during rear impact 
are urgent issues.  To solve these issues, a dynamic 
evaluation of OC-T1 displacement, corrected for the seat 
back rearward inclination (hereinafter called “dynamic 
backset”), using BioRID II which has superior biofidelity, 
was studied to establish a test method with higher 
effectiveness, repeatability and reproducibility. 
From dynamic Backset evaluations by dynamic tests and 

simulations using IIWPG crash pulse on various types 
of seats and analysis of real world minor neck injuries 
involving such seats in Japan, the following new facts 
were found. (1) Dynamic backset can evaluate the 
effectiveness of various types of seats with whiplash 
mitigation features, such as reactive, passive, and 
WHIPS, more accurately than neck rearward rotation 
of Hybrid III.  Since the seat effectiveness increases 
as dynamic backset decreases, it is appropriate for a 
dynamic evaluation parameter as an alternative of 
static backset tests. (2) By setting each seat back to its 
design torso angle, instead of 25 degrees for every seat, 
the variation in BioRID II installation is decreased, 
resulting in higher repeatability and reproducibility. 
(3) According to the correlation analysis among real 
world accidents, minor neck injury phenomena, and 
various evaluation indicators, reduction of dynamic 
backset has an inhibitory effect on occurrence of 
minor neck injuries. (4) Confirming the relationship 
between other injury criteria 

 

BACKGROUND 

 
As a result of the Global Technical Regulation for 

Head Restraints, ("head restraint gtr"), which was 
established at the UN ECE-WP29 meeting in March 2008, 
it became necessary to evaluate the effect of static backset 
between head and head restraint as part of the evaluation 
of the head restraint's protection performance from minor 
neck injury in rear-end collision. In view of the technical 
difficulty of properly evaluating the static backset of 

reactive and other non-static head restraints, discussion 
had to be directed to the possible development of a 
dynamic evaluation method alternative to the static 
evaluation method. However, it was difficult to get all 
contracting parties consensus for selecting one common 
dummy for dynamic evaluation. Therefore, it was decided 
that each contracting party could select FMVSS202a 
dynamic evaluation method by using Hybrid-III dummy 
or could develop unique evaluation method by using 
BioRID II dummy. In Japan, although the number of road 
accident fatalities has been on the decrease, the number of 
rear-end accidents is on a marked rise (See Figure 1) and 
there is an urgent need to establish an appropriate method 
of evaluating the vehicle's occupant protection 
performance against the minor neck injury. Consequently 
the Japan Automobile Manufacturers Association 
("JAMA") and the Japan Automobile Research Institute 
("JARI") are conducting a joint study on the dynamic 
evaluation method using BioRID II to help the Japanese 
government introduce measures to protect vehicle 
occupants in rear-end collisions, because we have already 
studied that BioRID II has more better biofidelity than 
Hybrid III. 
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Figure 1.  No. of accidents by accident configuration 
(as of end of December each year) 
 
Alternative evaluation method 

 
The dynamic evaluation method using BioRID II has 

been practiced by IIWPG, Folksam and ADAC. 
EuroNCAP is scheduled to apply it to neck injury 
assessment from 2009. However, in its study report on 
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neck injury, EEVC stated that there were still many 
questions remaining unanswered about actual whiplash 
associated disorders and that, to identify the neck injury 
mechanism involved, it would be necessary to determine 
appropriate injury parameters through the statistical 
analysis of both real world accident data and accident 
simulation data1). Similarly, Japanese researchers reported 
that the reproducibility of measurement values obtained by 
BioRID II was questionable at a time when measurement 
data by BioRID II are serving as the basis for the currently 
proposed injury parameters2). 

Consequently Japan and EEVC made a joint proposal 
at the UN/ECE/WP29/GRSP meeting in May 2008 to 
introduce into the ECE Regulation an alternative dynamic 
head restraint evaluation method using static backset and 
BioRID II as Phase 1 and to introduce into the gtr a 
dynamic evaluation method based on injury parameters as 
Phase 2. At the same meeting, Japan and EEVC proposed 
as Phase 1 evaluation method the OC-T1 displacement (“ 

dynamic backset”) evaluation incorporating the 
seatback angle correction by the ∆V=16km/h triangular 
pulse applied by IIWPG (refer to 3.3.1 for more details). 
Both proposals were accepted by UN/ECE/WP29/GRSP. 

In the present study, therefore, simulation and testing 
analysis of dynamic backset and also other evaluation 
criteria employed in neck injury assessment were 
conducted to examine the relation to static backset and the 
suitability of the proposed alternative dynamic evaluation 
method. 

 
Analytical Method 

 

A simulation and sled tests for the rear-end collision 
proposed by Japan and EEVC was applied to analyze 
following items. 

(1) Whether dynamic backset correlates with static 
backset, and can evaluate the effectiveness of various 
types of seats with whiplash mitigation features, such 
as reactive, passive, and WHIPS more properly. 

(2) Whether repeatability and reproducibility can be 
ensured.  

(3) Whether decrease in dynamic backset has an effect 
on decrease in occurrence of real-world minor neck 
injuries. 

 
Simulation Model of the Rear-end Collision Sled 

 

With MADYMO 6.4 employed as the solver, a 
simulation model of the rear-end collision sled was 
produced. The simulation model consisted of a dummy 
model and a seat model. Then, tests on parameters were 
carried out. 

Dummy Model - A BioRID II Facet Ver.2.23)  
developed by TASS (TNO Automotive Safety Solutions) 
was used as the dummy model of the present simulation 
study. In the preliminary test the dummy model data were 
compared with the experimental results of rear-end 
collision sled tests at ∆V = 8km/h and ∆V = 16km/h 
(Dummy test)4)  to examine the dummy's behaviors and 

impact responses (acceleration, neck load, moment). From 
the differences found between the dummy model's 
behavior and the experimental results, the stiffness of the 
joint between the dummy's seventh cervical vertebra 
("C7") and first thoracic vertebra ("T1") was reduced by 
50% from that of the initial dummy model (See Figure 2). 
Figure 3 shows the comparisons of post-improvement 
behavior. 

 

Occipital Condyle (O.C.)

First thoracic (T1)

Reduce joint stiffness
between C7 and T1 by 50%

 
 
Figure 2.  Spine of BioRID II facet dummy model 
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(a) Neck angle relative to T1 
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 (b) Head angle relative to T1 

 
Figure 3.  Movement of BioRID II dummy model 
 

Seat Model - The seat model was a simple model 
consisting of a head restraint, seatback, seat cushion and 
footrest. The contact stiffness of the seatback and head 
restraint and the joint stiffness of the seat and head 
restraint were calculated in advance from the results of 
static evaluation tests, and were adjusted to the results of 
the present rear-end collision simulation test at ∆V = 
16km/h. Figure 4 shows the adjusted values for the seat 
and the head restraint. 
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  (b) Seatback Contact Stiffness
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(c) Headrest Joint Stiffness
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(d) Headrest Contact Stiffness
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Figure 4.  Property of seat and head restraint 

 
Sled test  

 
To examine the appropriateness of dynamic backset, 
repeatability of the test and reproducibility with different 
dummies, sled test was conducted using seats for mass 
production vehicles.  Sled acceleration pulse is the same 
as that used in Euro NCAP “medium severity pulse” or 
IIWPG Delta-V of 16kph pulse, as shown in Figure 5. 3 
types of seats with different mechanisms used in the test 
are: “A” for normal seat, “B” for passive seat, and “C” for 
reactive seat. Setting condition of seats and dummies is the 
same as that used in Euro NCAP, except that the seatback 
angle was adjusted at the design reference angle.5)  For 
each seat, reproducibility due to the use of different 
dummies was evaluated using 3 BioRID II (Level G) 
dummies.  In addition, test was conducted 3 times for 
each seat using one of these dummies to evaluate 
repeatability of the test.   
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Figure 5.  Sled Pulse 
 

Evaluation Method 

 

Evaluation of Dynamic Backset - Dynamic backset is 
defined as the maximum relative displacement of BioRID 
II's occipital condyle ("O.C.") and T1 in the vehicle 
longitudinal direction. To derive the value of dynamic 
backset, coordinates are converted in relation to the 
rearward inclination angle of the seatback and the 
following calculations were performed: a) Calculate the 
seatback angle from equation (1). b) Determine the angle 
variation from the original angle according to equation (2). 
c) Perform coordinate conversions in equation (3) and (4), 
and rotate the coordinate system in keeping with the 
variation of seatback angle. d) Subtract T1 from OC in 
equation (5). e) According to equation (6), subtract the 
OC-T1 reminder of the original dummy position from the 
OC-T1 reminder derived by formula (5). The final value 
thus obtained represents the amount of relative 
displacement. Figure 6 shows the conceptual drawing of 
dynamic backset measurement. 
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)(sin)(1)(cos)(1)('1 ttzTttxTtxT θθ Δ+Δ=  ········ (3) 

)(sin)()(cos)()(' ttOCzttOCxtOCx θθ Δ+Δ=  ········ (4) 

)('1)(')( D T1)-(OC txTtxOCt −=  ······························ (5) 

 (0)D)( D)( T1)-(OCT1)-(OC  T1)-(OC −=Δ ttD  ············ (6) 

The symbols in the above equations denote the 
following meanings: 

 
SBU: Target mark position in the upper part of seatback 
SBL: Target mark position in the lower part of seatback 
OC: Position of the dummy's occipital condyle 
Tl: Position of the dummy's first thoracic vertebra 

 
Note: The equations represent the visual observation 

of the dummy from its right side. The OC-T1 value 
obtained by dummy observation from its left side is 
derived by multiplying the OC-T1 value from the 
right side by a conversion value of -1. 

 

SBU

SBL

Doc-T1(0)

O.C. point

T1 point

)( tθ

)( tθ
T=0[ms]T=t[ms]

 
 
Figure 6.  How to measure dynamic backset 
 
Parameter Study 

 

Discussion of Dynamic Backset - To determine the 
relation between static backset and dynamic backset, a 
simulation analysis was conducted with the amount of 
backset set at 5, 25, 45, 65 and 85mm. The ∆V = 16km/h 
acceleration waveform proposed by IIWPG6) was used as 
sled pulse. To analyze the effects of various seat design 
parameter on dynamic backset, the horizontal distance 
between head and head restraint (static backset +15mm), 
and distance from top of head (vertical distance between 
head and head restraint), seat hinge stiffness and contact 
stiffness of the seatback were varied from base model to 
80, 90, 110, and 120%. Figure 7 illustrates the definitions 
of the static backset and the distance from top of head.  
 

Distance from
top of head Static Backset

 
Figure 7.  Static backset measuring position 
 

Comparative Assessment of Other Evaluation 
Criteria - The neck evaluation criteria which will be 
included in the EuroNCAP assessment are NIC, Nkm, 
T1G (T1 x acceleration), UNFX (upper neck shear force), 
UNFZ (upper neck axial force), T-HRC (head restraint 
contact time), and Rebound V (head rebound velocity). In 
the present simulation study the amount of backset in 
relation to these parameters were calculated. 

 
RESULTS 

 

Relation between Backset and Dynamic Backset  

 
Simulation analyses - Figure 8 shows the simulation 

result of relation between static backset and dynamic 
backset, NIC and Nkm. It was found that every 3 indictors 
increased with the increase of static backset practically in a 
nearly linear proportion. However, in case of coefficient of 
determination between evaluation criteria and static 
backset point of view, dynamic backset shows the highest 
coefficient rate (R2) among all indicators as shown in 
Figure 9. 
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Figure 8.  Relation between backset and 
dynamic backset etc. 
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Figure 9.  Coefficient of determination between 
evaluation criteria and static backset  
 
Figures 10 shows the relation between dynamic backset 
and seat design parameters such as distance from top of 
head, seat hinge stiffness and seatback contact stiffness, 
respectively. When these seat design parameters are 
changed +/- 20% from base seat model, the static backset 
and seat hinge stiffness show higher influence to dynamic 
backset than others, and the seatback contact stiffness 
show lower influence to dynamic backset.  
Decrease in “horizontal distance between head and head 
restraint” simulates the effectiveness of active and reactive 
head restraints, decrease in “seat hinge stiffness” simulates 
the effectiveness of WHIPS seats, and decrease in 
“seatback contact stiffness” simulates the effectiveness of 
passive seats.  As the dynamic backset decreases in each 
of these cases, it was found that the effectiveness of 
various types of seats with whiplash mitigation features in 
the market can be reflected.  
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Figure 10.  Sensitivity analysis to Dynamic Backset 
 

Sled test analyses - In order to examine the 
simulated correlation with static backset for various 
types of seats with whiplash mitigation features in the 
market, either sled test was conducted or EEVC test 
data was used for 33 types of seats shown in Table 1.  
The result shows that for normal seat, there is a 

correlation with static backset as shown in Figure 11.  
And for both passive and reactive type of seats with 
whiplash mitigation features, there is a tendency to show 
smaller dynamic backset than a normal seat with the same 
static backset. 

 
 

 
Table 1  Sled Test Seat Specifications  

    

IIHS Ranking Seat Type Number (*:EEVC data)

Good

Normal 4

Reactive 2(3*)

Passive 2

WHIPS (1*)

Acceptable

Normal 1

Reactive (1*)

Passive 2

Marginal

Normal 1

Reactive 1

Passive 4

Poor

Normal 5

Reactive 5

Passive 1

Total 33

IIHS Ranking Seat Type Number (*:EEVC data)

Good

Normal 4

Reactive 2(3*)

Passive 2

WHIPS (1*)

Acceptable

Normal 1

Reactive (1*)

Passive 2

Marginal

Normal 1

Reactive 1

Passive 4

Poor

Normal 5

Reactive 5

Passive 1

Total 33  
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Figure 11. Relation between static backset and 

dynamic backset 
 
Repeatability and Reproducibility study 
 

Seating condition - As it was found that the dynamic 
backset is relatively sensitive to static backset based on the 
above simulation result, the dummy seating procedure 
used by Euro NCAP was modified as follows in order to 
decrease variation. 

(1)  Seatback design angle: from 25 degrees for every 
seat to design reference angle.   

(2)  Backset tolerance: from +/-5mm to +/- 2mm. 
For seatback design angle, one of the studies reports 

that 25 degrees for every seat does not reflect the 
real-world usage, and the static backset, serving as a 
reference for installation of the BioRID II dummy, varies 
due to considerable variation during adjustment.7) 

Repeatability - Test was conducted 3 times for each of 
the 3 types of seats, and repeatability was evaluated using CV 
value as shown below. 
 

Repeatability C.V = ⎥
⎦

⎤
⎢
⎣

⎡

X

Sd  100 (%)  
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X = Average value of each dummy 

dS = Standard deviation of each dummy 

Admissible level: C.V < 10% 
 
The evaluation result shows that dynamic 

backset represents CV values at a practical level and 
is lower compared to other assessment parameters, as 
shown in Figure 12. 
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Figure 12.  Repeatability Evaluation 
 

Reproducibility – Test was conducted 3 times with 3 
dummies for each of the 3 types of seats, and repeatability 
was evaluated using CV value as shown below. 
 

Reproducibility C.V = ⎥
⎦

⎤
⎢
⎣

⎡

G

b

X

S
 100(%)  

GX = Average value of 3 dummies 

 BS = 

2/1

⎥⎦

⎤
⎢⎣

⎡ −
n

MSWMSB
 

 MSB: Average square between dummies 
MSW: Average square within a dummy 
n: Number of repetitions of test 
Admissible level: C.V < 10% 

 
The evaluation result shows that dynamic 

backset represents CV values at a practical level and 
is lower compared to other assessment parameters, as 
shown in Figure 13. 
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Figure 13.  Reproducibility Evaluation 
 
Correlation with Real-World Injury Rate 
 
First, by both simulation and actual testing, we 
examined correlation with IIWPG assessment rating, 
which has been used for evaluation of a number of 
seats and is utilized by NHTSA for review of 
dynamic assessment procedure 8). (See Figure 14, 15）
It was found that dynamic backset decreased with higher 
IIWPG rating. The IIWPG rating and dynamic backset 
indicated practically a linear correlation.  
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Figure 14.  Correlation between IIWPG rating and 
dynamic backset based on simulation  
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Figure 15.  Correlation between IIWPG rating and 
dynamic backset based on sled test 
 

Next, correlation was examined between dynamic backset 
and permanent disability ratio in neck due to rear-end 
collision in field, which is one of the major issues in 
real-world accidents in Japan (see Figure 16).  The result 
shows that there is a decreasing tendency in dynamic 
backset with decrease in residual disability ratio. 
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Figure 16.  Correlation between Dynamic Backset 
and Permanent Disability Ratio 
 

 

Comparison with Hybrid III Head Rearward Rotation 
Angle 

 

We examined correlation with dynamic backset in BioRID 
II by performing sled test to assess head rearward rotation, 
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using Hybrid III specified in FMVSS 202a for 7 different 
types seats. The result shows that there is a general 
correlation with dynamic backset as shown in Figure 17. 
However, WHIPS, showing too large head rotation angle 
in the case of Hybrid III , showed relatively smaller value 
in the case of dynamic backset. 
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Figure 17.  Correlation between Hybrid III head 
rearward rotation angle and dynamic backset 
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CONCLUSION 

 
From dynamic backset evaluations by simulations and 

sled tests using IIWPG crash pulse on various types of 
seats and analysis of field minor neck injuries involving 
such seats in Japan, the following new facts were found. 

 
(a) Relation between static backset and dynamic backset 

i) As the amount of static backset increased, the 
dynamic backset increased in a linear proportion. 
In the various evaluation parameters (dynamic 
backset, NIC, Nkm, UNFX, UNFZ, T-HRC, 
Rebound V and T1-G), dynamic backset indicated 
the highest correlation with the amount of static 
backset. 

ii) Dynamic backset can evaluate the effectiveness of 
various types of seats with whiplash mitigation 
features, such as reactive, passive, and WHIPS, 
more appropriately than head rearward rotation 
angle of Hybrid III.  

iii) By setting each seat back to its design torso angle, 
instead of 25 degrees for every seat, the variation 
in BioRID II installation is decreased, resulting in 
higher repeatability and reproducibility. 

iv) According to the correlation analysis with IIWPG 
assessment rating and filed accidents ratio, 
dynamic backset has an inhibitory effect on 
occurrence of minor neck injuries in real world.  

 
DISCUSSION 
 
Evaluation of dynamic backset found that assessment 
of seats with whiplash mitigation features is feasible, 
which is difficult to be assessed by static backset. 
However, assessment by dynamic backset is only 
possible for mainly Phase I in minor neck injury 
phenomenon as shown in Figure 18. For more proper 
evaluation of minor neck injury phenomenon, we 
believe it would be appropriate to evaluate by injury 
parameter taking Phase II and III also into account.  
Therefore, JAMA and JARI are working with 
Japanese Government and EEVC to promote head 
restraint gtr Phase 2 activities.  And in the future, 
we are aiming to establish more appropriate minor 
neck injury assessment procedure through such 
activities.  
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Before 
Head/Head restraint 
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After
Head/Head restraint
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Phase III:
Rebound
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Figure 17.  Minor Neck Injury Phenomenon 
 
ACKNOWLEDGEMENTS 
 
We thank EEVC WG20, JASIC (Japan Automobile 
Standard Internationalization Center) and JAMA 
twelve member automobile companies of these 
organizations for their assistance with this study. 
 
REFERENCES 

 
[1] EEVC WG20 Report : Working Document 80 
Updated State-of-the-Art Review on Whiplash Injury 
Prevention (2005) 
 
[2] JASIC/Japan: GRSP/Informal Group on Head 
Restraints/ HR-5-19 (2006)  
 
[3] MADYMO V6.4 Model Manual: BioRID II Rear 
impact Q Dummy (2007) 
 
[4] Ishii, M. et al., JSAE Review: Repeatability and 
Reproducibility of Dummies Used for Rear-end Impact 
Evaluation(2007) 
 
[5] Euro NCAP: THE DYNAMIC ASSESSMENT OF 

CAR SEATS FOR NECK INJURY PROTECTION 
TESTING PROTOCOL Version 2.8 Draft(2008) 

 
[6]RCAR standards：RCAR-IIWPG Seat/Head Restraint 

Evaluation Protocol(2008) 
 
[7] STUDY ON STATIC AND QUASI-DYNAMIC 

EVALUATION METHOD FOR ASSESSING 
WHIPLASH-ASSOCIATED DISORDERS IN 
REAR IMPACTS, 20th ESV, 07-0264, June 2007 

 
[8]NHTSA: GRSP/Informal Group on Head Restraints/ 
HR-8-4 (2006) 
 



  

  Distner 1 

CITY SAFETY  

– A SYSTEM ADDRESSING REAR-END COLLISIONS AT LOW SPEEDS
 
 
Martin Distner 
Mattias Bengtsson 
Thomas Broberg 
Lotta Jakobsson  
Volvo Cars 
Sweden 
Paper Number 09-0371 
 
 
 

ABSTRACT 

Rear-end collisions account for a substantial 
amount of crashes. The vast majority of rear-end 
collisions occur at speeds up to 30 km/h, mostly 
in city traffic. A common cause of these crashes 
is driver distraction. A rear-end collision might 
lead to soft-tissue neck injuries for the occupants 
in both vehicles involved, as well as material 
damages. The objective of this study is to 
present and discuss the potential benefit of a 
production system helping the driver to mitigate 
and in certain situations avoid rear-end collisions 
in low speed. 

City Safety monitors the traffic in front with 
the help of a laser sensor that is built into the 
windscreen’s upper section. It can detect the 
rear-end of a vehicle in front of the City Safety 
equipped car. If the driver is about to drive into 
the vehicle in front and does not react in time, 
the car brakes itself. The scope for the system is 
every day low speed scenarios, like cues or 
entering roundabouts, situations where a large 
portion of collisions appear due to distracted 
drivers. City Safety is active at speeds up to 30 
km/h. If the relative speed difference between 
the vehicles is less than 15 km/h it can help the 
driver to avoid a collision completely. In relative 
speed differences above 15 km/h up to an 
absolute speed of 30 km/h the objective is to 
reduce speed as much as possible before a 
collision occurs. 

Independent evaluation has shown that this 
technology offers the potential benefits of 
reducing collisions, leading to a substantial 
reduction in car damage costs and injuries to the 
occupants. Based on available statistics and 
dose-response model techniques, the reduction 
of impact severity is estimated to have the 
potential to reduce the risk of soft-tissue neck 
injuries in the rear-end impacted car by 
approximately 60%. Real-world retrospective 
studies of the production system will enable 
more precise quantification of the effect in the 
future.  

 
 
 
 
 
 
 
 
 
 
 
 

INTRODUCTION 

Focusing on light vehicle crashes Najm et al. 
(2007) using the NASS/GES database, show that 
rear-end collisions are the most frequent among 
all crash types, accounting for 29% of all police-
reported crashes in the United States, summing 
up to approximately 1.8 million annually. In 
Japan, ITARDA data reveals rear-end collisions 
consistently being the most numerous of all 
types of crashes (Watanabe and Ito, 2007). In 
2005, they accounted for approximately 32% of 
all crashes, representing approximately 300,000 
collisions. The numbers of rear-end collisions in 
UK are around 26% of the approximately 2.7 
million motor crashes resulting in insurance 
claims, annually (Avery and Weeks, 2008).  

Studying German GIDAS data, Eis et al. 
(2005) found that most of the car-to-car single 
rear-end collisions occurred on urban roads. 
Using reconstruction techniques, Eis et al. show 
that approximately 70% of the striking cars in 
car-to-car single rear-end collisions have an 
impact speed lower than 30 km/h. Another 
German study found that the difference in speed  
between the vehicles at the time of the collision 
was less than 15 km/h in more than 70% of 496 
random sampled rear-end collisions involving 
personal injury (Langwieder et al. 1998). 

A typical causation of low speed rear-end 
collisions is driver distraction or inattention. In 
the so called US 100 car study, the first of its 
kind where detailed information on a large 
number of near-crash events is collected, nearly 
80 % of all crashes and 65 % of all near-crashes 
involved driver inattention just prior to the onset 
of the conflict (Neale et al. 2005). Inattention 
was a contributing factor for 93% of rear-end 
collisions. Half of these drivers did not brake 
before the impact. This is found in statistical 
crash data collections as well. Analyzing UK 
National accident database (STATS19) from 
2005, Grover et al. (2007) found that the drivers 
in 44% of the vehicles in the sample took no 
avoiding action prior to the impact. 
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For occupants in cars being impacted from 
the rear, soft tissue neck injuries are the most 
frequent injury type. Although usually not life 
threatening it can result in long term pain and 
disability. Seat technology such as WHIPS 
(Lundell et al. 1998) and SAHR (Wiklund et al 
1998) are developed and found very effective in 
reducing the risk of neck injuries in a rear-end 
impact (Viano and Olsén 2001, Farmer et al. 
2003, Jakobsson and Norin 2004, Kullgren et al. 
2007). Jakobsson et al. (2008), summarizing 
almost ten years of experience of Volvo cars 
equipped with WHIPS, stated that although the 
risk is higher in higher impact severity, a large 
number of occupants reporting neck injuries is 
found in impacts, only requiring repair of the 
bumper system. For total injury reduction, low 
impact severity events are just as important to 
focus. 

Also, for the occupants in the impacting car, 
there is a risk of sustaining injuries such as soft 
tissue neck injuries (Kullgren et al. 2000, 
Jakobsson et al. 2004, Jakobsson 2004). Airbags 
and seat belt pretensioners have been found 
effective in reducing AIS1 neck injuries in 
frontal impacts (Kullgren 2000), although this is 
not applicable at severities below activation 
levels. 

Ultimately, systems of avoidance would be 
optimal, eliminating the impact as such. In recent 
years, collision avoidance or mitigation systems 
have been introduced with the aim to alert the 
driver of an impending impact into the rear of 
the car in front. Forward collision warning with 
auto brake is such a technology (Coelingh et al. 
2007), warning the driver and pre-charging the 
brakes if there is a risk of running into the car in 
front and in case the collision is imminent 
applying the brakes to mitigate the impact. 

This study presents the most recent system 
put in production that can help the driver to 
avoid rear-end collisions in low speeds.  

   

CITY SAFETY - SYSTEM DESCRIPTION 

City Safety is a low speed collision 
avoidance and mitigation system with the aim to 
mitigate and in certain situations avoid rear-end 
collisions. The scope for the system is to assist in 
every day scenarios like cues, entering 
roundabouts or parking situations, scenarios that 
may end up in collisions due to drivers being 
distracted or inattentive, Figure 1. 

 

  
Figure 1. City Safety – a low speed auto brake 

system 
 

If the vehicle in front suddenly brakes and 
City Safety determines that a collision is likely, 
the brakes are pre-charged. If the driver remains 
inactive, the car automatically applies the brakes. 
If the relative speed difference between the two 
vehicles is less than 15 km/h then City Safety 
may help to entirely avoid the collision. In 
relative speed differences above 15 km/h up to 
an absolute speed of 30 km/h, the focus is on 
reducing speed as much as possible prior to 
impact. 

City Safety is always on at startup but the 
driver has the possibility to temporarily turn off 
the system if this is required in a specific 
situation, e.g. off-road driving. City Safety is 
developed to react to vehicles in front that are 
either at a standstill or are moving in the same 
direction as the car itself.  

Once the system has activated, the driver is 
given a message as shown in Figure 2. There is 
no warning given. To help prevent drivers from 
adapting their normal driving to the system it is 
deliberately designed to give a harsh/ unpleasant 
braking sensation, with brake activation that is 
intentionally set late to be outside the drivers 
comfort zone. 

 

 
Figure 2. City Safety activation message 

 

Sensor system 

The City Safety system actively scans the 
area in front of the vehicle through the use of an 
infrared laser sensor (LIDAR) integrated into the 
top of the windscreen at the height of the rear-
view mirror, Figure 3. The position ensures a 
clear view since the area in front of the sensor is 
cleaned by the windshield wipers.  

 



  

  Distner 3 

 
Figure 3. Placement of City Safety laser 

sensor behind the windshield.  
 

The sensor utilizes 905 nm laser light. It has 
multiple IR laser channels to detect at which 
lateral position in front of the vehicle a potential 
target vehicle is placed. The transmitted laser 
light is reflected by the reflective surfaces of the 
target and the sensor uses the time of flight 
principle to calculate the distance to potential 
targets. In other words, the time from 
transmission to reception determines the distance 
to the potential targets. Relative velocity and 
acceleration is derived from multiple distance 
measurements. Vehicles within 10 m in front of 
the sensor are detected. 

 

City Safety Controller  

Scenario Detection 
City Safety has been developed to assist in a 

large number of real world situations addressing 
rear-end collisions, exemplified by; stationary 
and moving objects, straight roads and when 
negotiating a curve, different road conditions, 
speeds (<30 km/h) and car-to-car overlaps, day 
and night. Although the system can not detect 
distraction as such it is developed with 
distraction in real life driving situations in focus, 
exemplified by; the rush hour queue 'eyes and 
mind somewhere else', 2nd car in roundabout 
'finding your gap', parking lot driving 'finding 
the spot', city driving 'finding your way' and 
other in-car and road-side distractions. 

Continuously when driving, the path of the 
City Safety equipped vehicle (host) is calculated 
and a potential target vehicle in the host vehicle 
path is evaluated by the threat assessor (see 
Figure 4). Vehicle cut-ins and cut-outs are also 
treated as unique scenarios. 

 

Distance

Credible Imminent

Host Target

Distance

Credible Imminent

Host Target

 
Figure 4. Illustration of threat assessment 

 

Threat Assessment 
Based on the speed and acceleration of the 

host vehicle, the speed and acceleration of the 
target vehicle and their relative distance, the 
system makes 50 calculations per second to 
determine what deceleration would be needed to 
avoid a potential collision. The calculation 
includes compensations for system response 
times. 

The measured information is used to 
determine the probability of running into a 
stationary or moving potential target vehicle in 
the host vehicle path. If the calculated 
deceleration needed to avoid a collision exceeds 
a certain level without the driver responding, the 
system determines that the probability of a 
collision is credible. If the needed deceleration 
rises even higher it is judged to be imminent, see 
Figure 4.  

System Activation  
If the threat assessor is judging the collision 

probability as credible, the brake system is pre-
charged for faster brake response. If determined 
to be imminent, auto brake is activated and 
emergency brake assist sensitivity is raised. 

Once City Safety is activated it helps either 
to avoid or reduce the severity of the collision by 
automatically braking the car with on average 
0.5 g and reducing the throttle opening. At the 
same time, the brake lights are activated to warn 
the traffic coming from behind. The symbol as in 
Figure 2 will inform the driver about the 
activation. When a collision towards a stationary 
vehicle is avoided, the host vehicle is kept 
stationary by the brakes for approximately 1.2 
second, after which the brakes are released.  

Driver Override 
The system is overridden by the driver if 

he/she gives a large steering or throttle input, the 
system having calculated that the driver is taking 
evasive action and is aware of the situation. 

 

SYSTEM PERFORMANCE 

Verification methods 

To validate and verify the functionality of 
City Safety, extensive testing was carried out. 
The tests were performed on test tracks as well 
as in real traffic on public roads in order to:  
- verify that the system provides an 

intervention in the driving scenarios that 
constitute a high probability for a rear-end 
collision and does not fail to intervene in 
these collision scenarios, and to  

- verify that the system does not disturb the 
driver with false activations, under normal 
driving conditions.  
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Test track tests 
The positive system activation (intervention 

as intended) performance was verified in a large 
variety of rear-end collision scenarios performed 
at different test tracks. The scenarios were based 
on situations identified as frequent and important 
from real world driving situations. Numerous 
test set-ups were established using stationary and 
moving target vehicles of different sizes and 
shapes; a combination of straight roads and 
when negotiating a curve in different angles; a 
variety of different lateral offsets between host 
and target vehicle; varying roads, weather and 
light conditions in different accelerations and 
speeds. Differences in driver behavior were also 
considered.  

Special test equipment was developed and 
used for the different test purposes. Target 
vehicles were represented by large inflated 
balloon cars (Figure 5) and modified vehicles 
(Figure 6) that allow for possible collisions with 
the host vehicle. The balloon car can also be 
attached to a horizontal beam connected to a 
vehicle such that it also can represent a moving 
target in different scenarios.  

 

 
Figure 5. Target vehicle represented by an 

inflated balloon car. 
 

 
Figure 6. Target vehicle represented by a half 

real vehicle body. 
 

Public road tests 
Extensive testing on public roads was 

performed to verify that the system does not 
disturb the driver with false activations under 
normal driving conditions. During these tests, 
the system automatic brake intervention was not 
active. However, data was collected and 

analyzed with respect to whether an activation 
would have occurred or not. 

Normal driving conditions were defined 
using real-world user profiles. A profile 
represents the contextual conditions in terms of 
road type, lighting and weather condition as well 
as input from the driver population. A total of 
one million kilometer relevant data was 
collected, stored and analyzed. The data was 
collected in all major European cities, in 
Sweden, cities in Thailand, Malaysia as well as 
the west and east coast of United States. 
Emphasize was put on gathering information 
from different types of city traffic as well as with 
different types of driving attitude and other 
driver characteristics (age, experience etc). A 
blend of defensive and offensive drivers 
including professional were used. Tests were 
also run during extreme weather situations, such 
as desert heat and Nordic winter weather. 

The purpose of the testing was to gather data 
to provide input for the system performance 
when exerted to all possible situations in real 
traffic with the goal to ensure that false 
activation was minimized.  

 

EFFECTIVENESS 

Data from Germany indicates that in 
approximately 70% of car-to-car single rear-end 
collisions the striking car impacts with speeds 
below 30 km/h (Eis et al. 2005). Other studies 
claim that in approximately half of the cases the 
driver do not brake at all before the collision, 
mainly because of distraction (Neale et al. 2005, 
Grover et al. 2007). In these cases, City Safety 
could make a crucial difference. City Safety 
brakes the car automatically if the driver is about 
to drive into the vehicle in front. A collision can 
either be entirely avoided or if this is not 
possible, the damage to cars and people can be 
reduced, for absolute speeds up to 30 km/h.  

The area of predicting the real-life safety 
benefit of an active safety systems covers a 
broad variety of aspects from the driver-car 
interaction to issues such as socioeconomic 
impact by reducing accidents and occupant 
injuries. This area is complex and today 
impossible to cover completely. Even the more 
limited focus of a car manufacturer is wide; 
accident avoidance and accident severity 
reduction addressing both potential injury 
reductions in host as well as target vehicle are 
key areas. To this can also be added the potential 
savings in terms of car damage costs and repair 
time.  

A study by Thatcham stated that the City 
Safety system by preventing common low speed 
rear-end collisions, where soft tissue neck 
injuries typically occur shows great potential for 
reducing the burden on insurers and the wider 
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society (Avery and Weekes 2008). The authors 
estimate that the system, if available in all cars, 
could affect 210,600 collisions in the UK 
annually by preventing or mitigating the 
collision. This includes over 91,000 collisions 
involving soft tissue neck injuries estimated to 
save costs of 1.1 billion Euros. 

A study by IIHS in US estimates that systems 
focusing prevention or mitigation of frontal 
impacts by intervening in these situations 
address a very large amount of relevant 
situations (IIHS, 2008). No details are given in 
the study with respect to impact speeds or other 
circumstance, whereby no more detailed benefit 
estimation of what a system like City Safety 
would offer is to be found.   

A Volvo car equipped with City Safety offers 
a range of benefits both to the occupants in the 
City Safety equipped vehicle and to the 
occupants in the potential target vehicle in its 
path. 

 

Occupants in City Safety equipped vehicle 

Impacting a vehicle in front of you can be 
both a physically harmful and an emotionally 
unpleasant experience. By reducing the velocity 
prior to the impact, City Safety reduces the 
injury risks for the occupants, or even eliminates 
them completely if the collision is avoided. 

Using information from crash recorders, 
Kullgren (2008) found that long term (>1 month) 
soft tissue neck injury risks in frontal impacts are 
approximately 10% in 15 km/h change of 
velocity and 20% in 30 km/h. Crash recorder 
data from Volvo cars in frontal impacts confirms 
that there is an increased risk of soft tissue 
injuries with increased change of velocity 
(Jakobsson 2004). It is also seen that soft tissue 
neck injuries are found in very low speed frontal 
impacts. Jakobsson (2004) also concludes that 
not only the crash pulse measures influence the 
injury occurrence, but other parameters related to 
occupant and sitting posture are probably of 
equal importance. None of the two studies 
provide details enabling to sort out the rear-end 
collision types of frontal impacts as the City 
Safety target; making it difficult to quantify the 
total potential effectiveness of such a system. 
However, these overall facts and figures provide 
support that the occupants in the City Safety 
equipped vehicle have much to gain by avoiding 
or mitigating a potential low speed rear-en 
collision.  

 

Occupants in potential target vehicle 

For the occupants in the target vehicle, City 
Safety will offer a less severe impact or no 
impact, saving health, time and money. Soft 
tissue neck injuries are frequent in rear-end 

impacts, even at rather low impact severity 
(Jakobsson et al. 2008).  

Based on crash recorder data and long term 
neck injury risks in rear-end impacts, using dose-
response models, Kullgren (2008) has made 
estimates of the effectiveness of City Safety. 
Assuming that all rear-end impacts can be 
regarded as rear-end collisions and that the 
reduction in change of velocity would be 
approximately half of the reduction in impact 
speed, a system that automatically brakes in rear 
end collisions with 15 km/ at impact speeds 
below 30 km/h, has the potential to reduce the 
number of  injured occupants by 60%.  

 

Reduced owner costs 

Even collisions at the lowest speeds can 
result in significant costs and repair time. City 
Safety helps the owner to reduce time-
consuming contacts with the workshop and 
insurance company. This has been 
acknowledged by several insurance companies 
that are now providing incentives such as 
insurance premium discounts for cars equipped 
with City Safety. 

In UK, Avery and Weeks (2008) estimate 
that a system like City Safety would save a large 
amount of repair costs. They base the 
calculations on the fact that rear-end collisions 
account for 26% of the totally around 2.7 million 
motor crashes resulting in an insurance claim 
annually in the UK and that 75% of these occur 
at speeds below 30 km/h. Avery and Weeks 
estimate that in 30% the driver does not apply 
the brake, acknowledging that the estimate is 
currently conservative since insurance data 
indicates that for up to 50% of cases the driver 
does not apply braking. Based on these 
assumptions they identify 157,950 collisions that 
City Safety could help to prevent, with estimated 
savings of €590,101,200 and additional 52,650 
collisions with reduced repair costs estimated to 
savings of €196,700,400. 

 

DISCUSSIONS 

Soft tissue neck injuries as a result from rear-
end collisions is despite effective seats in the 
impacted car still a frequent and costly injury in 
car crashes. Adding to the fact that the occupants 
in the impacting car also can sustain neck 
injuries and the time and money needed to repair 
the vehicles, it is easy to understand the high 
benefit of avoiding or mitigating rear-end 
collisions. City Safety addresses the frequent 
low speed rear-end collisions, usually occurring 
in heavy city traffic and often when the driver is 
distracted in some way.  

Although City Safety is developed to react to 
vehicles in front that are either at a standstill or 
are moving in the same direction as the car itself, 
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it might also detect other objects like 
pedestrians, appearing in front of the car. 
However, the main recognition pattern used to 
develop the system is that of the rear end of 
another vehicle. Other systems with higher 
effectiveness for vulnerable road users are under 
development.  

City Safety does not offer a warning prior to 
activation. The reason for this is mainly the time 
available. At low speeds it is more effective to 
break to avoid a collision than to steer away 
from one making it possible to create a collision 
avoidance system by utilizing braking. City 
Safety is developed based on these principles. 
Other systems exists and are under development 
addressing other situations, where warning 
aspects are important. 

The system is designed to give a late, harsh 
and unpleasant braking sensation to prevent 
drivers from adapting their normal driving to the 
system. Avery and Weekes (2008) concluded, 
based on collision assessment tests by 98 drivers 
using City Safety equipped vehicle towards an 
inflatable target vehicle, that driver adaptation to 
the system seemed highly unlikely. 78% of the 
drivers felt the urge to brake when approaching 
the target and 95% of the drivers stated that they 
would not rely on the system during normal 
driving. Thus it seems that the system works as 
intended. 

The sensor behind City Safety offers not only 
the avoidance and mitigation aspect of safety, 
but also incorporates the functionality of further 
enhancing the passive safety by preparing the 
restraint systems in a frontal impact (so called 
Pre-prepared Restraints, PRS). This is a unique 
customer offer coupling active and passive 
safety using the same sensor technology 
hardware.  

Independent evaluation has shown that this 
technology offers great potential benefits in 
substantial reduction of injuries and damage 
costs. Estimates based on crash recorder data and 
dose-response techniques predicts an 
effectiveness of approximately 60% for long 
term neck injuries in the potential target vehicle. 
The availability of precise low speed collision 
data is limited and thus influences the 
possibilities to calculate an effectiveness figure 
for the occupants in the City Safety equipped 
vehicle with respect to risk of injuries. However, 
based on the relatively high risk of neck injuries 
even in low impact severity, it is realistic to 
estimate an almost as high effectiveness figure as 
for the target vehicle. Real-world follow-up 
studies of the production system will enable 
more precise quantification of the effect. 

The system does not only include benefits 
with respect to injury prevention and risk 
reduction but also include benefits with respect 
to cost of ownership with reduced repair costs. 
Low speed rear-end collisions with drivers being 

distracted or inattentive are very frequent so the 
effectiveness of a system like City Safety has 
great potential with respect to savings in costs 
and time for the owner. Also, less than a year 
after introduction, there are several insurance 
companies worldwide offering discounts for the 
cars equipped with the system, and thus 
consequently adding extra savings to the owner. 

The estimated benefit calculations as 
presented in this study as well as by independent 
institutes in the United States (IIHS, 2008), the 
United Kingdom (Avery and Weeks 2008) and 
Sweden (Kullgren 2008) all identifies large 
potential benefits in reductions of crashes, 
injuries and thus reductions of costs and time 
savings both for the society and the individuals. 

 

CONCLUSIONS 

This study presents and discusses a new 
active safety system, City Safety. Being standard 
equipment in a Volvo model, it helps the driver 
to avoid rear-end collisions in low speeds. If the 
driver is about to drive into the vehicle in front 
and does not react in time, the car brakes itself. 
If the relative speed difference between the two 
vehicles is less than approximately 15 km/h then 
City Safety may help to entirely avoid the 
collision. In relative speed differences above 15 
km/h up to an absolute speed of 30 km/h the 
focus is on reducing speed as much as possible 
prior to impact.  

A car equipped with City Safety offers a 
range of benefits both to the occupants in the 
City Safety equipped vehicle and to the 
occupants in the potential target vehicle in its 
path. Also, City Safety helps the owner reduce 
time-consuming contacts with the workshop and 
the insurance company and saves costs for the 
repairs. In several countries insurance companies 
offer insurance premium discount, for cars 
equipped with City Safety. The benefit of such a 
system on the potential of soft tissue neck 
injuries in both the vehicles is obvious, and an 
important step towards prevention of neck 
injuries in minor impact severities. Independent 
evaluation estimates that City Safety has 
potential to reduce the risk of soft-tissue neck 
injuries in the rear-end impacted car by 
approximately 60%. Real-world follow-up 
studies of the production system will enable 
more precise quantification of the effect. 
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ABSTRACT 
 
In 2002 the first bridge between active and passive 
automotive safety was built. The MY03 Mercedes-
Benz S-Class was the first car in the world that 
implemented preventive measures for occupant 
protection which took effect before the actual 
impact occurred. Meanwhile the name “Mercedes-
Benz PRE-SAFE® System” became well known. 
Since then many other cars from various car 
manufacturers have adopted this principle of a 
“natural protection reflex”. In order to detect 
dangerous situations or upcoming accidents, 
various sensor systems are being used in these cars 
today. In addition to sensors that keep an eye on 
the driving dynamics or on the driver reaction, the 
use of radar sensors or cameras has become 
common during the past few years. Almost all of 
those systems observe the area in front of the car 
and therefore address situations with an increased 
risk for a frontal impact. Very few systems 
presented up to now are capable to “look” 
backwards and thus detect an imminent rear 
impact. This paper presents the Mercedes-Benz 
approach to integrate this type of accident into the 
PRE-SAFE® System. The paper covers the issue of 
detecting collision objects on the basis of radar 
data. And it presents a cascade of precautionary 
actions that can improve occupant protection in 
rear-end accident situations. In particular, the 
purpose and benefit of a preventive increase of 
brake pressure is discussed, as well as taking into 
account further actuators such as a reversible seat 
belt pretensioner or an active headrest. In order to 
substantiate the benefit of such a system several 
evaluation charts on the reduction of the impact 
severity, the dummy loads and the estimated risk 
of whiplash injuries are included. Based on 
accident simulations there are also evaluations 
about the reduction of the “accident radius” and 
thus the risk of a secondary impact. Finally the 
question of an appropriate electronic architecture 
for such an integral safety system is touched upon. 
 
 
 
 

INTRODUCTION 
 
Federal German statistics on road accidents show 
that 15% of all car accidents belong to the category 
of rear-end impacts, making them the third most 
important impact scenario after frontal impacts and 
side impacts. 
A closer look into the “German In-Depth Accident 
Study” (GIDAS) which contains a detailed analysis 
and documentation of more than 17.000 road 
accidents that occurred in the regions of Hannover 
and Dresden, basically confirms this information. 
Focused on car collisions with injured occupants, 
the share of rear-end impacts is 16.4% (as of July 
2008). 
 
Figure 1: Car-collision configurations with 
injured occupants in GIDAS. 
 

 
 
Compared to frontal impacts or side impacts which 
usually emerge from a broad variety of initial 
situations, 80% of rear-end collisions result from 
only four preceding conflict situations: 
 

- Collisions in longitudinal traffic 
- Collisions in a traffic jam 
- Collisions with a vehicle that stopped at 

a traffic light 
- Collisions with a vehicle that is just 

about to turn left 
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ANALYSIS OF REAR-END COLLISIONS 
 
GIDAS also contains data about the overlap. An 
analysis of this information for rear-end impacts 
shows that an overlap of more than 90% is clearly 
the most frequent configuration in this accident 
type. 
Only 20% of all rear-end collisions occur with an 
overlap of less than 20%. 
 
Figure 2: Overlapping ratio in rear-end 
collisions 
 

 
 
The analysis of the velocity of the target vehicles 
in rear-end crashes shows that 72% of all rear-end 
impacted cars are at standstill (v = 0 km/h) at the 
time of impact. 
 
Figure 3: Target vehicle velocity in rear-end 
collisions 
 

 
 
 
PREVENTIVE OCCUPANT PROTECTION 
(PRE-SAFE®) 
 
In 2002 Mercedes-Benz launched the world’s first 
protection system that takes action before the 
actual impact occurs and thus improves the safety 
of car occupants preventively. The system called 
PRE-SAFE® uses sensor data from the Electronic 
Stability Program (ESP) and the Brake Assistant in 
order to detect dangerous driving situations in 
which it is likely that an accident might follow. 
Two examples of trigger situations for PRE-
SAFE® are when ESP detects severe skidding with 
strong under- or oversteer (beyond the threshold 

for ESP interventions) or when the Brake Assistant 
detects an emergency braking. 
Comparable to a natural protection reflex the car 
uses the remaining time before the impact to 
prepare itself and the occupants for the upcoming 
crash. 
Data from Mercedes-Benz accident research 
indicate that in almost 60% of all investigated real-
world accidents the duration of this pre-crash 
phase between the moment when a danger 
becomes imminent and the actual impact is longer 
than 1 second. PRE-SAFE® makes use of this time 
span which is much longer than the span of the 
actual crash itself. 
 
Figure 4: Basic idea of PRE-SAFE® 
 

 
 
The PRE-SAFE® master software is located within 
the ESP control unit and makes use of the CAN 
network which is standard in modern cars today. 
The system gathers data from various sensors and 
at the same time communicates with different 
actuators. Depending on the equipment available in 
the vehicle the system takes the following actions: 

- The seatbelts of driver and front 
passenger are tightened to a force level 
of 140 N in order to reduce belt slack 
and to keep the occupants in a safe 
position for potential restraint 
deployment. 

- The front passenger seat is moved to a 
more favorable position for possible 
restraint system deployment (in case it 
had been adjusted to a less optimal 
position before). 

- The side bolsters of the multicontour 
seat are inflated in order to improve the 
lateral support of the occupants and 
keep them in a safe position for possible 
restraint deployment. 

- When the system detects that a rollover 
crash might be imminent the sliding 
roof and the side windows are closed 
(until only a small gap remains) in order 
to minimize the risk that occupants are 
ejected from the car. 
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Figure 5: PRE-SAFE® system network 
 

 
 
These measures are aimed at reducing the risk of 
injury for the car occupants and enhancing the 
efficiency of the conventional restraint systems. In 
this way PRE-SAFE® virtually builds a bridge so 
to speak between Active and Passive Safety. 
All PRE-SAFE® measures are reversible, so they 
can easily (or even automatically) be reset in case 
the accident could successfully be avoided. The 
system is then ready for action again instantly. 
However PRE-SAFE® does not replace any of the 
conventional safety systems because it cannot 
detect each and every accident before it takes 
place. PRE-SAFE® is designed to provide 
additional safety in as many cases as possible. 
In 2005 the system’s capabilities to detect 
dangerous situations were expanded by making use 
of radar sensors that scan the area in front of the 
car. 
 
Figure 6: Use of environment observation for 
PRE-SAFE®  
 

 
 
While those sensors are mainly used for the 
application of an Adaptive Cruise Control (ACC), 
they can also provide data for Active Safety 
Functions like Brake Assist Plus or for collision 
mitigation systems like “PRE-SAFE® Brake”.  
A vehicle equipped with “PRE-SAFE® Brake” can 
detect objects in front of the vehicle and, when 
detected, can continuously measure the distance to 
those objects. When the system detects that this 
distance drops dangerously low, it starts a 
sequence of escalation steps: 

- 2.6 sec before a potentially imminent 
crash the driver gets a warning by 
optical and audible signals 

- 1.6 sec before the possible crash the car 
initiates an autonomous braking at a 
level of 40% of the maximum brake 
force. At the same time, the PRE-
SAFE® measures for preventive 
occupant protection are activated. 

- In case the driver still fails to react and 
take control the car automatically 
implements full braking 0.6 sec before 
the imminent impact, which at this time 
is unavoidable.  

As a result of the autonomous braking the system 
can reduce the impact energy by up to 55%.  
Further details on the PRE-SAFE® system were 
presented during the ESV 2005 Conference in 
Washington DC [1]. 
 
 
REARWARD ENVIRONMENT 
OBSERVATION 
 
Today a typical rear-end accident can not be 
detected by PRE-SAFE®. According to Figure 3 
many of these accidents take place while the target 
vehicle is at standstill, so the ESP sensors don’t 
indicate any driving dynamics. Objects 
approaching from behind can also not be detected 
by the present radar sensor equipment because 
these sensors typically are mounted in the front 
bumper or behind the front grille to observe the 
area in front of the car only. Even the sensors that 
are mounted in the corners of the rear bumper in 
some cars are not applicable to detect vehicles 
approaching in the same lane, because those 
sensors are designed and adjusted to monitor the so 
called “blind spots” beside the car on the adjacent 
lanes.  
On the other hand the high offset rates in most 
rear-end impacts (see Figure 2) provide relatively 
good conditions for rearward facing environment 
observation sensors. Therefore the Mercedes-Benz 
approach to integrate rear-end accidents into the 
PRE-SAFE® system is to mount a radar sensor in 
the rear bumper. The field of view of such a sensor 
should be adjusted mainly to the area right behind 
the car, since in most cases the impacting vehicles 
approach in the same lane. 
Regarding the necessary working range two main 
aspects have to be taken into account: 

1. Is the system designed to send any 
warning signals (either to the 
vehicle driver / occupants or to the 
driver approaching from behind)? 

2. Activation time of the actuators 
that are triggered by the system (i. 
e.: period of time that those 
actuators require to provide their 
functions). 

Both aspects are discussed below. 
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THE “WARNING DILEMMA” 
 
Any sort of warning only makes sense when it 
takes place early enough to leave sufficient time 
for appropriate and effective reactions.  
When a potential collision object approaches from 
behind there are two possible warning scenarios: 
Either the driver / occupants are warned – for 
example by visual, audible or haptical signals – or 
the warning is aimed at the driver in the 
approaching vehicle. 
In both cases the timeline is roughly the same. 
Mercedes-Benz studies with test subjects in a 
driving simulator showed that a warning should be 
triggered 2.6 sec before the predicted impact in 
order to leave enough time for average reaction 
delay and an adequate preventive action. 
At usual city speeds of 40-50 km/h this means that 
a warning has to start when the distance to the 
approaching vehicle is 29-36 m. In other words: 
The necessary extension of the “warning zone” is 
so large, that the detection of another vehicle 
within this zone will be a very frequent event (as 
the example scenario in Figure 7 shows). 
So the so called “warning dilemma” becomes 
obvious: On the one hand a warning only makes 
sense when it takes place early enough, on the 
other hand a warning should only be a rare event, 
because otherwise it would be annoying and would 
fail to generate the designated reaction. 
 
Figure 7: Necessary extension of the “warning 
zone” 
 

 
 
Due to this general dilemma the functional option 
of sending warning signals today is not the main 
focus of the Mercedes-Benz approach to improve 
safety in rear-end accident scenarios. 
 
 
RESTRICTIONS OF RADAR-BASED 
ENVIRONMENT PERCEPTION 
 
The design of a safety system that uses radar 
signals always has to keep in mind the limitations 
of this technology. 
The most relevant limiting factors are: 

- The degree of reflexion varies between 
different materials. Some materials (e. 
g., dry wood) poorly reflect radar beams 
and thus are more difficult for radar 
sensors to detect. 

- A cover of snow or dirt dampens radar 
beams. Thick snow covers can even 
make a sensor “blind”. 

- Radar technology does not provide any 
information about the mass of detected 
collision objects. 

- Present automotive radar sensors do not 
provide reliable information about the 
size of the detected objects. 

The first two points show that a radar sensor can 
not detect all collision objects. Radar data can 
therefore only provide additional assistance for 
occupant protection systems, but these systems can 
not be designed such that radar data is 
indispensable for their trigger decisions. 
The last limiting factor mentioned above also has 
an impact on the design of automotive safety 
systems based on radar sensors. Since the radar 
systems available for automotive applications 
today detect objects only in the form of a singular 
spot without any extension, it is impossible to 
definitively distinguish between objects that will 
actually hit the vehicle and objects that will only 
closely pass by. 
As a consequence a “grey area” will be inevitable. 
This means that for an object located in this grey 
area and approaching the vehicle, the system can 
not clearly predict if the object will hit the vehicle 
or pass by. 
Depending on the preventive measures to be 
triggered based on the radar information, the 
trigger strategy for objects in the grey zone may be 
different. If the impact (or rather the “annoyance 
potential”) of a certain measure is rather low, then 
it can also be activated in doubtful cases. If a 
certain measure causes a considerably adverse 
effect on the comfort of the driver or the occupants 
(like, for example, preventive seat belt tensioning), 
then the activation should rather be suppressed. 
This, however, means that there will be accidents 
in which the measure has not been activated even 
though it would have been useful. 
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Figure 11: The grey “may-trigger-zone” 
 

 
 
Regarding the PRE-SAFE® system, Mercedes-
Benz therefore has always made one thing 
absolutely clear: PRE-SAFE® only provides 
additional safety. It cannot and will not claim to 
detect every single accident in advance. In cases 
when the danger of an imminent accident can be 
detected early enough, PRE-SAFE® can provide 
additional protection. But there will also be 
accidents without a preceding PRE-SAFE® 
activation. In these cases the full range of all 
conventional restraint and protection systems 
remains available. 
Under this prerequisite radar sensors can be used 
for PRE-SAFE® in spite of their limitations.  
The idea is to provide additional safety whenever 
possible. Even when it is not possible to provide 
additional safety, the use of radar sensors for PRE-
SAFE® in rear-end collision situations still causes 
no harm. 
 
 
PRE-SAFE® REAR 
 
Given that an environment sensing system 
observes the area behind the car and can detect 
potential collision objects approaching from 
behind, it will be useful to calculate the “time-to- 
collision” (“TTC”) based on the tracking data of 
the observed object. This allows for the triggering 
of a sequence of measures within an integral 
escalation concept in a way that each measure can 
provide its protective function at the right moment 
in the potential crash sequence. 
At the present stage of discussion the Mercedes-
Benz approach mainly addresses the following 
steps. 
 
 
 
 
 
 
 
 
 
 

Figure 8: Functional options for “PRE-SAFE® 
Rear” 
 

 
 
Step 1: Increase brake force 
Analysis of rear impact crash test films showed 
that during the impact the inertial force led to a 
significant rearward movement of the occupants 
relative to the occupant compartment. This 
movement also includes the driver’s legs. Even if 
the driver has his foot on the brake pedal before the 
rear-end impact, the inertial forces of the crash can 
lead to a lifting of the foot from the pedal. In a 
heavy rear impact this lifting can reach an amount 
of more than 200 mm. 
 
Figure 9: Crash film analysis of the relative 
movement between leg and brake pedal 
 

 
 
So in a heavy rear impact (impact speed in the 
example: 50.7 km/h) the driver may not be able to 
keep his foot on the brake pedal even when he 
wants to. 
In a less severe rear impact the inertial crash force 
reduces the force that the foot exerts on the pedal. 
Unfortunately this inertial force effect has adverse 
consequences for the crash. Both during the impact 
itself and also during the following seconds it 
would be beneficial overall if the impacted car had 
applied the brakes as hard as possible (see separate 
paragraph on the benefits). Thus the active and 
preventive boost of the brake force in situations of 
an imminent rear-end impact is an advantageous 
PRE-SAFE® measure. Due to the usual time 
requirements for brake force enhancement, this 
measure should typically be activated at a time-to-
collision (“TTC”) of approx. 600 ms in order to be 
fully effective at the time of impact. 
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Step 2: Reversible seat belt tensioning 
The activation of reversible seat belt tensioners, 
which is mainly useful in situations with imminent 
frontal crashes, also makes sense when a rear-end 
impact is about to happen. The electric motor in 
such a belt system takes out the belt slack and thus 
fixes the occupants tighter to their seats and to the 
passenger compartment. This reduces any dynamic 
displacement and improves the efficiency of all 
conventional restraint systems and brings 
significant advantages in case a secondary impact 
should follow (which would usually be a frontal or 
side impact). 
With respect to the typical activation time of 
reversible seat belt tensioners this measure should 
be activated at a TTC of approx. 100 ms. 
 
Step 3: Activation of the active headrest 
The Mercedes-Benz approach also includes the 
activation of the headrest. Usually the airbag 
control unit triggers this headrest. For this trigger a 
relay switch is released and the headrest is moved 
forward and upward by means of a spring force 
within 30 ms. 
Since this system is also fully reversible, it can also 
be activated before impact The main benefit of this 
measure is that preventive activation fully avoids 
the usual trade-off from which acceleration-based 
trigger algorithms suffer. On the one hand the 
activation shall take place as early as possible, but 
on the other hand the acceleration signal usually 
only allows non-ambiguous classifications of the 
crash severity after several milliseconds. 
Another aspect is that a preventive activation of the 
headrest also avoids interference between the 
movement of the headrest and inertial forces 
affecting the seat during the impact. Triggering the 
headrest early enough before the impact guarantees 
a release movement unaffected by any impact-
related forces. 
 
Figure 10: Trade-off in the acceleration-based 
trigger decision for an active headrest 
 

 
 
With respect to the short activation time of the 
Mercedes-Benz active headrest, this measure 
should be activated at a TTC of approx. 50 ms. 
 
 
 

BENEFITS OF A PREVENTIVE 
ENHANCEMENT OF THE BRAKE FORCE 
 
1. Benefit during the impact 
 
Applying the brakes in the target vehicle in car-to-
car collisions influences the impact in various 
ways (compared to the situation with no brakes 
applied at all):  

- The net impact forces between the two 
vehicles are higher. 

- The deformations are higher. 
- Delta v and mean acceleration are 

higher for the bullet car. 
- Delta v and mean acceleration are lower 

for the target car. 
Since the forces imposed by brakes and tires are 
relatively low compared to the impact forces in a 
severe rear-end impact, the effects mentioned 
above can usually be disregarded in many cases. 
However: The slower the impact is, the more 
relevant these effects are. 
With regard to whiplash injuries it is important to 
note that these injuries can already occur at 
relatively low impact speeds. 
Various studies in the 1990´s investigated the 
relation between impact severity and the 
occurrence of neck injuries. Studies by McConnell 
et al (1995) [2], Eichberger et al (1996) [3], Ono 
and Kaneoka (1997) [4], Siegmund et al (1997) 
[5], Krafft et al (2002) [6] and Kullgren et al 
(2003) [7] allow us to reach the conclusion that the 
risk of whiplash injuries already rises significantly 
at a rather low impact level. The threshold found in 
these studies is at a level of delta v = 10-12 km/h 
for the target vehicle and a mean acceleration of 
only 4 g. 
At the ESV2005 conference Krafft et al [8] showed 
that even rather small differences in the mean 
acceleration obviously can make a big difference 
for the risk of whiplash injuries and especially for 
the duration of the symptoms. Table 2 (taken from 
the Krafft study) shows that only 0.4 g reduction in 
the mean acceleration can result in the reduction of 
symptom duration from 1-6 months to less than 
one month. And a reduction of 1.1 g in mean 
acceleration can result in being uninjured instead 
of suffering from neck pains for 1-6 months. 
 

H ig h  trig g e r le ve l
L a te  a c t iva t io n
P o o r s a fe ty  le v e l

L o w  trig g e r le ve l
E a r ly  a c tiva tio n
E rro n e o u s  a ct iva t io n s

H ig h  tr ig g e r le ve l
L a te  a c t iva t io n
P o o r s a fe ty  le v e l

L o w  trig g e r le ve l
E a r ly  a c tiva tio n
E rro n e o u s  a ct iva t io n s
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Table 1: Numbers of male and female drivers 
and front seat passengers and average delta v 
and mean acceleration for different symptom 
durations. 
 

 
 
So whiplash injuries typically occur at an accident 
severity level in which the occupants in the 
impacting cars usually can expect to remain 
completely uninjured. Even more: They still will 
not face significantly increased risk of injury when 
their impact becomes slightly harder because the 
car in the front applies its brakes. The appreciation 
of values here shows that the benefit for the 
occupants in the impacted car clearly outweighs 
the small disadvantage for the occupants in the 
second car. 
A Mercedes-Benz Crash Simulation showed which 
reduction in acceleration can be achieved when the 
brakes are fully applied in an impacted vehicle on 
a high grip surface (μ=0.95). In this example the 
modelled impacted car was a fully loaded 
Mercedes-Benz S-Class (m=2835 kg) hit by a 
moving deformable barrier (m=1367 kg) at a speed 
of 10 km/h. 
The black graphs in Figure 12 show that the 
maximum acceleration in the S-Class decreases 
from 3.8 g to less than 3 g. Following the results 
from Krafft this is a scale that can significantly be 
beneficial for the risk of neck pains and most likely 
can reduce their duration. 
 
Figure 12: Reduction of the acceleration of an 
impacted car by enhancement of the brake 
force 
 

 
 
 
 
 

2. Benefit after the initial impact 
 
The analysis in figure 9 shows that in a severe rear-
end impact it is likely that the driver’s foot will be 
lifted from the brake pedal. So during the few 
moments until the driver can react and put his foot 
back on the brake pedal again, his car will be 
pushed away and roll on freely. Any object in the 
impacted vehicle’s path will likely be hit, so that 
after the rear-end impact, a secondary frontal 
impact may follow. The car may even be pushed 
into the lane of oncoming traffic, so that this 
secondary impact may be very severe. 
If, however, the impacted vehicle could 
automatically apply and hold its brakes (either for 
a certain duration or until the driver touches the 
accelerator pedal), this would significantly reduce 
the risk of a secondary impact, simply by reducing 
the “radius” of the post-crash movement of the 
impacted vehicle. 
The benefit of this PRE-SAFE® brake-force 
enhancement in rear impacts was demonstrated in 
two different accident scenarios, using an accident 
simulation software. In a scenario in which the 
second car crashed at a speed of 30 km/h into a 
vehicle that was at standstill, the post-crash 
movement of the impacted car was reduced by 
70%. In a scenario with an impact speed of 50 
km/h, the reduction was still 35% (see figure 13). 
 
Figure 13: Reduction of the uncontrolled post-
crash movement of an impacted car by 
enhancement of the brake force 
 

 
 
 
SUMMARY 
 
In the most frequent rear impact scenarios the 
target vehicle is at standstill while the bullet 
vehicle approaches in the same lane. The crash 
mostly takes place with an offset ratio of 90% or 
more. 
In this constellation a pre-impact detection of the 
upcoming danger can neither be achieved on the 
basis of driving dynamic sensors nor on the basis 
of driver reactions. Instead of that the use of 
environment observation sensors will be necessary 
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for the activation of preventive protection 
measures.  
Today PRE-SAFE®, the preventive occupant 
protection system of Mercedes-Benz, is not able to 
detect an upcoming rear-end impact. But the 
integration of a rearward-facing radar sensor will 
enable the system to cover a considerable share of 
real world rear-end impact scenarios. 
When such a sensor detects a potential collision 
object a sequence of preventive measures can be 
activated. 
Especially the enhancement of brake pressure is a 
measure that can both reduce the risk of whiplash 
injuries and also the risk or energy of secondary 
accidents. 
In further pre-crash escalation steps the activation 
of reversible seatbelt tensioners and active 
headrests are additional measures that can improve 
occupant protection in real-world rear impact 
accidents effectively. 
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ABSTRACT 
 
This project uses dynamic simulations to assess the 
effectiveness of child restraint systems in the case of 
rear impact, in various installation configurations and 
for different acceleration pulses. 
The model was mainly based on a multi-body 
method, using the MADYMO software. However, 
the side wings of the child restraint system have been 
modelled by the finite-element technique, to ensure a 
better representation of the contacts between the child 
dummy and the restraining device. 
The study shows that the neck is the most exposed 
part of the body and in some situations the neck 
injury criteria overpass the limit values. Thus, the 
case of the neck injury criteria in tension-extension 
for the installation using vehicle safety belts, when 
the result is more than double than the limit value. 
The simulations employed two triangular pulses, with 
speed variation of 16 km/h and 25 km/h, and one 
trapezoidal pulse, with speed variation of 25 km/h. In 
all cases, the results are proportional with the speed 
variation. Furthermore, the two triangular pulses give 
higher values for injury criteria than the trapezoidal 
pulse. 
Installation of a child restraint using rigid anchorages 
and lower straps offers the best protection for the 
child passenger in the case of rear-end collision. The 
acceleration pulse is a crucial factor for the accuracy 
of tests and the realism of simulations. 
The principal limitation of the study refers to the 
injury criteria that are not yet well defined and for 
which does not exist a consensus in the case of a rear 
impact. 
The paper presents an approach for simulating rear-
end collision involving child passengers, which could 
be used for comparative studies of different rear-
impact scenarios, such as different acceleration 
pulses or installations. 
 
INTRODUCTION 
 
Real life accident data are showing that the slow-
speed rear-impact can produce neck injury causing 
invalidity and long-term disability. These injuries, 

abbreviated WAD (Whiplash Associated Disorders) 
are usually classified as AIS 1 (Hynd and van 
Ratingen, 2005). AIS – Abbreviated Injury Scale, 
created by The Association for the Advancement of 
Automotive Medicine (AAAM), is the most used 
injury classification scale, where 0 signifies that there 
is no injury and 6 designates unsurvivable injuries. 
A study conducted in Japan and presented by Sawada 
and Hasegawa (2005) showed that neck injury 
represent around eighty percent from the total injuries 
caused by rear-end accidents. According to Fatality 
Analysis Reporting System - FARS (NHTSA, 2002), 
in the USA in 1999, 8 % of the children (101 
children) killed in road accidents were involved in 
rear-end accidents. Between 1991 and 2000, in USA, 
662 children were killed in rear-end accidents, 
representing 7 % of the total number of the children 
dead in traffic accidents in the considered period. 
More than 30 % of these victims (214) were seated in 
a child restraint system during the accident (NHTSA, 
2004). 
In Quebec in 1987, $18 millions was paid for 
damages caused by this type of accident, which 
determined La Société d'Assurance d'Automobile du 
Québec (SAAQ) to form a special workgroup, 
Quebec Task Force, with a view to studying the 
injuries produced by whiplash (Spitzer et al., 1995). 
This study is considered the reference for similar 
research (Freeman et al., 1998 and Versteegen et al., 
2001).  
Boyd et al. (2008) present a study performed in 
England for eight months in emergency rooms, which 
used the Québec Task Force methodology. The study 
identified 101 child passengers victims of rear-end 
accidents, from which 49 (47 %) were presenting 
WAD symptoms. The average duration of the 
symptoms was 8.8 days, showing more important 
incidence than in similar studies. 
In order to assess the emergency of having rear 
impact regulatory stipulations for child passenger 
protection, NHTSA performed some dynamic sled 
tests at both 17.5 and 30.5 km/h impact speeds using 
a CRABI 12-month-old dummy. The dummy, seated 
in an Evenflo On My Way rear-facing infant seat, 
was installed on the rear seat of a 1999 Dodge 
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Intreprid vehicle body. Because the measured injury 
parameters did not exceed the limits stipulated by 
FMVSS 208 and considering that a 7 % fatality is 
low, it was concluded that it is not necessary yet to 
stipulate special requirements for the child passenger 
protection in the case of rear impact (NHTSA, 2004). 
According to Croft (2000), the risk for a child 
passenger represents two-thirds of the risk for an 
adult occupant but despite this high risk, less than 2 
% of rear-end impact studies are dedicated to child 
passenger protection. 
Another element of importance for studying WAD 
associated to child occupant, presented by Klinich et 
al. (1996), is the fact that the weight of the head of 
the child is proportionally more important with 
respect to the rest of the body than for the adult, one 
forth compared with one seventh, thus favouring the 
lesions of the spine. 
While the efficiency of child restraint systems was 
very well proven in frontal collisions, and studies 
regarding side impact collisions are continually 
increasing, the performances of these devices in the 
case of a rear-end collision were not yet sufficiently 
demonstrated. The objective of the project presented 
in this paper was to study by simulation the 
behaviour of the child dummy in the case of a rear-
end impact, for various acceleration pulses and in 
different installation configurations of the child 
restraint system. 
 
METHODOLOGY 
 
General Approach 
 
The first step of the project stands for the 
development of the model. The study is based on 
multi-body method but the side wings of the child 
restraint system have been modelled by the finite-
element technique. This modelling allows for a better 
representation of the contacts between the child 
dummy and the restraining device. The second step, 
consisting in model exploitation, presents rear-end 
impact simulations for different acceleration pulses 
and in various installation configurations of the child 
restraint system. 
 
Child Dummy 
 
The majority of the studies on the effect of the impact 
on child passengers use three-years-old child 
dummies. Adult rear-impact dummy models are 
available in MADYMO Data Base, such are Hybrid 
IlI – TRID Neck (Hybrid III dummy with the neck 
model adapted for rear impact), RID II and BioRid II, 
but there is not yet any child dummy specially 
destined for the study of rear impact. The model on 

which this study is based uses the Hybrid III – 3-
years-old child dummy (Surcel, 2004). The Hybrid 
III series was designed for front impact studies, thus 
the accuracy of the evaluation of the risk in the case 
of a rear impact was not yet verified by experimental 
studies. According to European Vehicle Passive 
Safety Network 2 (2004), because their neck mimics 
human bending response in flexion and extension, 
these dummies can be used in rear as well as frontal 
collision evaluations. 
In spite of the above mentioned limitations, we have 
chosen for our model a Hybrid III – 3-years-old child 
dummy model, consisting of 28 ellipsoids while 
certain head regions are built using finite elements. 
The contact between head and thorax is defined by 
default. Additional contacts have been defined to 
consider the interactions between different parts of 
the model: between femurs; between each femur and 
the abdomen, the thorax, the neck and the head; 
between tibias; between each tibia, the neck, and the 
head; between arms; between each arm, the neck and 
the head. 
 
Models 
 
For the chosen child dummy model, the required 
child seat is the convertible restraint system designed 
for use by infants and toddlers. The child seat model 
described by Surcel and Gou (2005) was used. It is 
made of a shell and its support that is in contact with 
the vehicle bench cushion. A padding that satisfies 
energy absorption requirements covers the inside of 
the shell. A contact stiffness function was defined for 
the padding of the child restraint system. The seat is 
also equipped with a tilting adjustment button, a rear 
support and a harness. 
The central region of the child seat, consisting of 
sixty-eight ellipsoids and four cylinders, has been 
assembled with the side wings, modelled using finite 
elements in order to allow for a better representation 
of the contacts between the child dummy and the 
restraining device (Figure 1). 
 
  

 
Figure 1.  Installation of child restraint system 
harness. 



Surcel 3

The child restraint system can be installed using 
vehicle safety belts or the lower rigid anchorages and 
straps. The upper part of the seat back is attached to 
the vehicle’s structure with a top tether. 
The material properties for the child seat and the belts 
and straps characteristics are those used by Surcel 
(2004). All the straps were represented using 
MADYMO belt segments. The child restraint system 
attachments, vehicle safety belt anchorages and rigid 
anchorages were built by ellipsoids. Figure 2 present 
child seat installations. 
 
 

 
Figure 2.  Child restraint system installation. 
 
The test sled was modelled using ellipsoids, based on 
the description given in test method 213 
(Transport Canada, 2001). ). The contact stiffness for 
the sled bench cushion and sled bench back was 
defined by force-deflection curves. Figure 3 presents 
the model of the test sled. 
 
 

 
 
Figure 3.  Test sled model. 
 
The model on which is based this study was 
evaluated for side and frontal impact against similar 
test data. The simulation results were generally very 
close to experimental data (Surcel, 2004; Surcel and 
Gou, 2005). There are not enough accidentology 
studies and experimental data are practically 
inexistent for child passengers involved in a rear 
impact. Thus, validation of the model for rear impact 
or, at least, comparing the results of the simulations 
with test results was not possible. 

Injury Criteria 
 
Injury criteria are necessary in order to evaluate the 
risk for the passenger in case of an accident and for 
correlating the loading conditions during impact with 
the injury scales. 
WAD-RAP (Whiplash Associated Disorders - Risk 
Assessment Parameters) is intended to replace injury 
criteria when the actual cause of the Whiplash 
Associated Disorders is not known. According to 
Hynd and Ratingen (2005), from the regulatory point 
of view, it is necessary to have a good correlation 
between WAD-RAP and the risk. This condition is 
fulfilled by the neck injury criteria (NIC) and by the 
Nkm criteria, which is based on a combination of 
shearing forces and bending moments in the upper 
neck (Schmitt et al., 2001). Another proposed 
combined criteria for evaluating neck injury in the 
case of a rear impact is LNL (Lower Neck Load), a 
combination of lower neck loading in shearing, 
tension and extension (Heitplatz et al., 2003). 
Head Injury Criteria (HIC) is the most used criteria 
for evaluating the severity of the head injuries and it 
gives the necessary information to differentiate the 
contact impact response from the non-contact impact 
response. HIC is calculated based on « Wayne State 
Tolerance Curve » (WSTC) and it was established 
only for the front – to rear direction impact. In our 
case, contacts are defined between the head of the 
child dummy and the child seat back with the loading 
applied in a longitudinal direction. Therefore, we 
consider that the usage of HIC is appropriate for our 
study. 
Other studies have shown that the neck forces and 
moments, as well as the head and the thorax 
acceleration, might not have an adequate biofidelty 
for the study of the rear impact. Consequently, the 
neck injury criteria NIC and Nij, which computation 
are based on the above mentioned parameters, might 
be also inadequate for the rear impact study (Kuppa 
et al., 2005). 
The European Automobile Manufacturers’ 
Association (ACEA) has carried out a study looking 
at the repeatability and reproducibility of the 
proposed test procedures and injury criteria for rear 
impact, using 16 km/h and 25 km/h – delta-V (ΔV) 
pulses (Adalian et al. 2005). The injury criteria used 
for the BioRID adult dummy were head, spine and 
pelvis accelerations, lower and upper neck forces and 
moments as well as the combined criteria LNL, Nkm 
and NIC, and the contacts between the seat and the 
dummy. The repeatability of most of the injury 
criteria at 16 km/h was acceptable but reproducibility 
was poor, with variations of up to 40% for some of 
the criteria. The situation worsened at 25 km/h, with 
some criteria yielding variations of over 100%. The 



Surcel 4

study concluded that the injury criteria must be very 
carefully selected, and the high severity pulses might 
be inadequate for neck injury assessment. 
The linear and angular head accelerations and the 
head displacement are also used during the rear 
impact tests performed by insurance companies 
(GDV- Alianz-Germany) and research institutes 
(JARI - Japan Automobile Research Institute and TRI 
- Transport Research Institute – United Kingdom). 
The actual injury, causing the typical WAD 
symptoms, and the injury mechanism are still 
unknown, though hypotheses exist. The evaluation of 
the currently proposed injury criteria, such as LNL, 
Nkm and NIC, is statistically derived from field 
accident data and reconstructions of real world 
accident situations (Hynd et van Ratingen, 2005). An 
important validation work is still necessary, and 
especially for the child passengers. 
The fore mentioned considerations as well as the 
MADYMO output data availability, guide us on the 
choice of the parameters for evaluating the behaviour 
of the child dummy response in the case of the rear 
impact simulation. Table 1 presents these parameters. 
 

Table 1. 
Evaluation parameters 

 
 

No Description Symbol 
1 Head Injury Criteria – 15 ms HIC 15 
2 Head Injury Criteria – 36 ms HIC 36 
3 Head Injury Criteria – unlimited HIC 
4 Thorax deflection DT 
5 Head linear acceleration in the 

centre of gravity, m/s2 
HCG_acc 

6 Head angular acceleration, rad/s2 Hang_acc 
7 Thorax deceleration - 3ms, m/s2 T3ms 
8 Neck injury criteria in tension – 

extension  
Nij TE 

9 Neck injury criteria in tension – 
flexion  

Nij TF 

10 Neck injury criteria in 
compression – extension  

Nij CE 

11 Neck injury criteria in 
compression – flexion 

Nij CF 

12 Rearward neck injury criteria, 
m/s2 

NIC Rr 

13 Resultant force in the lower neck, 
N 

NLow_F 

14 Resultant force in the upper neck, 
N 

NUp_F 

15  Resultant moment in lower neck, 
Nm 

NLow_M 

16 Resultant moment in upper neck, 
Nm 

NUp_M 

Acceleration Pulses and Simulations 
 
WG20 working group has been set-up within EEVC 
(European Enhanced Vehicle Safety Committee) for 
studying the rear impact test procedures and rear 
impact neck injuries. 
WG task is to develop sled test procedures in order to 
define acceleration pulses, installation and test 
dummies. Based on accident data records from 
several countries, WG20 reported that the majority of 
these types of injuries occur in medium impact 
severity crashes consisting in change of velocity 
(ΔV), between 10 and 15 km/h, and deceleration less 
than 4 g. These are short-term injury and the patients 
recover within a couple of weeks. Long-term injuries, 
with consequences lasting more than one month, are 
produced by impacts with ΔV greater than 20 km/h 
and deceleration more than 5 g (Hynd et van 
Ratingen, 2005). Consequently, the low severity 
accidents are well reproduced by using acceleration 
pulses with ΔV < 20 km/h, while the impacts with 
more severe consequences are corresponding to 
acceleration pulses with ΔV > 20 km/h. In order to 
study both situations, we chose one acceleration 
pulse with ΔV = 16 km/h and two acceleration pulses 
with ΔV = 25 km/h. Figure 4 presents these pulses, 
adapted from Sawada and Hasegawa (2005). 
The acceleration pulse no. 1, used by IIWPG 
(International Insurance Whiplash Prevention) and 
ADAC (Allgemeiner Deutscher Automobil-Club 
e.V.), corresponds to ΔV = 16 km/h. For ΔV = 25 
km/h we used the triangular acceleration pulse no. 2, 
also proposed by ADAC, and the trapezoidal 
acceleration pulse no. 3, adopted by the Swedish 
insurance company Folksam. 
 

 
 
Figure 4.  Acceleration pulses for rear impact, 
adapted from Sawada and Hasegawa (2005). 
 
To simulate the rear impact, the rear acceleration 
field and the gravity field were applied to the child 
dummy and to the child restraint system. The study 
compared the results obtained with the three different 
acceleration pulses described above, and considered 
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the two different installation configurations - vehicle 
seat belts and lower anchorages and straps. 
The results of the simulation were also compared 
with the Injury Assessment Reference Values 
(IARV), stipulated by FMVSS 208 and FMVSS 213, 
and with the reference values proposed by Klinch et 
al. (2006). These injury parameters are for frontal 
impact and may not accurately reflect the risk of 
injury in rear impact. The corresponding Injury 
Assessment Reference Values should be used for 
reference purposes only. For thorax acceleration, the 
two standards stipulate different values: 540 m/s2 
(FMVSS 208 ) and 589 m/s2 (FMVSS 213).  
 
RESULTS AND DISCUSSIONS 
 
Comparison Study for Different Acceleration 
Pulses 
 
This section presents the results of the simulations 
performed with the three different acceleration pulses 
with the child restraint system installed using the 
lower anchorages and straps. In all cases, the upper 
part of the child restraint system is attached to the 
vehicle body with a top tether while the child is 
attached with the harness provided by the child 
restraint system. Similar simulations have been 
conducted with CRS installed using vehicle’s safety 
belts. 
The simulation results show that both the child 
dummy and the child restraint system moved 
rearward under the action of the acceleration field. 
The vehicle safety belts and the child restrain harness 
were stressed and the child dummy entered into 
contact with the child seat back. The child dummy 
was pushed to the front by the reaction forces due to 
the impact with the back of the CRS and by the 
elastic forces in the harness and in the straps. Figure 
5 illustrates the model during the simulation of the 
rear impact and Table 2 presents the results of the 
simulation. 
 

 
Figure 5.  Rear impact simulation. 
 
It can be observed that the acceleration pulse no. 2 
(ΔV=25 km/h, triangular) generally gives higher 

values for the injury criteria than the two other 
pulses. The result for the neck injury criteria in 
tension – extension (Nij TE) is the only one 
exceeding the admissible value, with 12 %. 
 

Table 2. 
Injury criteria comparison for the simulations 

using the three acceleration pulses and the CRS 
installed with lower anchorages and straps 

 
 

No Parameter 
Acceleration pulse Ref. 

value 1 2 3 
1 HIC 15 34 44 25 570 
2 HIC 36 34 48 25 1000 
3 HIC 49 84 37 1000 
4 DT, mm 24 26 18 34 

5 
HCG_acc, 
m/s2 

354 501 325 785 

6 
Hang_acc, 
rad/s2 

4214 3470 3897 2200 

7 T3ms, 
m/s2 

161 156 134 540 / 
589 

8 Nij TE 0.959 1.123 0.801 1 
9 Nij TF 0.336 0.020 0.020 1 
10 Nij CE 0.569 0.486 0.518 1 
11 Nij CF 0.255 0.234 0.225 1 

12 
NIC Rr , 
m/s2 

77 62 67 - 

13 
NLow_F, 
N 

1278 1960 1115 2500 

14 NUp_F, N 1016 1569 965 2500 

15 
NLow_M, 
Nm 

75 95 69 - 

16 
NUp_M, 
Nm 

14 18 13 - 

 
The variation curves for head accelerations are 
presented in Figure 6 and Figure 7.  
 
 

 
 
Figure 6.  Acceleration pulses, installation with 
lower anchorages and straps: variation of head 
linear acceleration. 
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Figure 7.  Acceleration pulses, installation with 
lower anchorages and straps: variation of head 
angular acceleration. 
 
Figure 8 presents the comparison between the 
variation curves according to rearward neck injury 
criteria.  
 

 
 
Figure 8.  Acceleration pulses, installation with 
lower anchorages and straps: variation of 
rearward neck injury criteria. 
 
These comparisons are showing similar variations, 
except during the last part of the simulations. For 
head accelerations, two peaks can be observed: the 
first maximum is toward 60 ms and the second 
maximum around 220 ms, when the acceleration 
pulse no. 2 gives the peak for the linear acceleration 
of the head. The first maximum corresponds to the 
impact between dummy’s head and the child seat 
back. The second maximum occurred when the head 
had the greatest displacement and started the 
backward movement. Its duration is very limited and 
it was not produced by contact. Consequently, it does 
not give a significant increase of the HIC. 
 
Comparisons between Installation Configurations 
 
This section presents the simulations’ results of the 
child restraint system when installed using the lower 
anchors and straps compared to using the vehicle’s 
safety belts. For both installations, the upper part of 
the child seat back is attached to the vehicle body 

with a top tether and the child is attached with the 
harness of the child restraint system. Table 3 presents 
the comparison between different parameters for the 
two considered installation configurations, when the 
rear impact is simulated by the acceleration pulse no. 
2 (ΔV=25 km/h, triangular).  
 

Table 3. 
Injury criteria comparison for different 
installation configurations (pulse no. 2) 

 
 

No Parameter 
Installation 

Ref. 
value Lower 

anchorages 
Safety 
belts 

1 HIC 15 44 141 570 
2 HIC 36 48 154 1000 
3 HIC 84 180 1000 
4 DT, mm 26 37 34 

5 
HCG_acc, , 
m/s2 

501 717 785 

6 
Hang_acc, 
rad/s2 

3470 4980 2200 

7 T3ms, , m/s2 156 354 
540 / 
589 

8 Nij TE 1,123 2,229 1 
9 Nij TF 0,020 0,746 1 
10 Nij CE 0,486 0,444 1 
11 Nij CF 0,234 0,272 1 
12 NIC Rr , m/s2 62 249 - 
13 NLow_F, N 1960 2792 2500 
14 NUp_F, N 1569 2798 2500 
15 NLow_M, Nm 95 155 - 
16 NUp_M, Nm 18 28 - 

 
Similar simulations have been performed for the 
other two acceleration pulses. 
The variation curves for head accelerations are 
presented in Figure 9 and Figure 10.  
 
 

 
 
Figure 9.  Installations, acceleration pulse no. 2: 
variation of head linear acceleration. 
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Figure 10.  Installations, acceleration pulse no. 2: 
variation of head angular acceleration. 
 
Figure 11 presents the comparison between the 
variation curves according to the rearward neck 
injury criteria. 
 

 
 
Figure 11.  Installations, acceleration pulse no. 2: 
variation of rearward neck injury criteria. 
 
Table 3 yields also that the admissible values are 
exceeded only for the neck injury criteria in tension – 
extension (Nij TE), and this with more than 220 %. 
For all the parameters, the results for the vehicle 
safety belt installation are greater than the 
corresponding results obtained for lower anchorages 
and straps. 
The comparisons of plots shows similar trends but 
some differences are observed. The curves 
corresponding to the vehicle safety belts installation 
are showing more amplitude than the curves obtained 
with lower anchorages and straps installation. The 
maximal values in the last part of the simulation are 
higher for the vehicle safety belt installation, when 
the head of the dummy reached its maximum 
displacement and started the backward movement. 
The linkage is less stiffer and the safety belt segments 
generate elastic forces producing additional 
acceleration during the backward movement. 
The results show that lower anchorages and straps 
provide the best protection for the child passenger.  
 
 

Discussion 
 
This project aimed at the development of a numerical 
method, using multi-body and finite elements 
methods, to simulate the behaviour of a child 
passenger restrained in a protective device while 
involved in a vehicle rear impact. Simulations have 
been performed in order to compare the influence of 
installation configurations and to evaluate the effects 
of different acceleration pulses. 
One of the general limitations of the model is the 
utilisation of MADYMO belt segments for modelling 
vehicle safety belts and child seat harness. This type 
of modelling duplicates very well the geometry of the 
safety belts and the geometry of the harness, and 
correctly represents the unidirectional sliding of the 
belt on dummy’s body. Despite these advantages, 
MADYMO belt segments have fixed attachment 
points and consequently they do not accurately 
reproduce the multi-directional sliding  
Another category of objective limitations refers to the 
injury criteria that are not yet well defined and for 
which does not exist a consensus in the case of a rear 
impact. We had to use the same criteria normally 
employed for frontal impact, and available in 
MADYMO as output data. There are not enough 
accidentology studies and experimental data are 
practically inexistent for child passengers involved in 
a rear impact. Thus, validation of the model for rear 
impact or, at least, comparing the results of the 
simulations with test results was not possible. 
Moreover, there is not yet a child dummy specially 
destined for the study of rear impact. The Hybrid III 
dummy was designed for the study of frontal impact 
and therefore the evaluation of the risk in the case of 
a rear impact might be also questionable. There are 
studies showing that the neck of the Hybrid III 
dummy reproduces well the human response in 
bending and extension, thus these dummies can be 
considered for rear as well as for frontal collision 
evaluations. 
A similar situation is met when choosing the 
acceleration pulses, which are not yet standardized. 
We used three different acceleration pulses: one 
acceleration pulse with ΔV = 16 km/h to reproduce 
low severity accidents, and two acceleration pulses 
with ΔV = 25 km/h to simulate impacts with more 
severe consequences. 
The comparisons of the simulations results obtained 
with the three different acceleration pulses show that 
the acceleration pulse no. 2 (ΔV=25 km/h, triangular) 
generally gives higher values for the injury criteria 
than the two other pulses. The result for the neck 
injury criteria in tension – extension (Nij TE) is the 
only one exceeding the admissible value, with 12 %. 
The variation curves for head accelerations are 
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showing similar variations, excepting the last part of 
the simulations. For head accelerations, two 
maximum can be observed: the first is toward 60 ms 
and the second around 220 ms, when the acceleration 
pulse no. 2, triangular, with a more abrupt variation 
of the speed and with the highest amplitude, gives the 
peak for the linear acceleration for the centre of 
gravity of the head. The first maximum corresponds 
to the impact between dummy’s head and the child 
seat back. The second maximum, which has a short 
duration and not produced by contact, occurred when 
the head had the greatest displacement and started the 
backward movement, and it did not significantly 
increase the HIC. 
The comparison of the installation configurations, 
lower anchorages with straps and vehicle’s safety 
belts, shows that the admissible values are exceeded 
only for the neck injury criteria in tension – extension 
(Nij TE). For all the parameters, the results for lower 
anchorages and straps are less than the corresponding 
results obtained when the vehicle safety belts were 
used. 
The comparisons of plots shows similar trends but 
some differences are present. The curves 
corresponding to the vehicle safety belts installation 
are showing more variation than the curves obtained 
with lower anchorages and straps installation. The 
maximal values in the last part of the simulation are 
greater for the vehicle safety belt installation, when 
the head of the dummy reached its maximum 
displacement before starting the backward 
movement. The explanation resides in the increased 
mobility of the installation. Furthermore, the 
generation of the elastic forces in safety belt 
segments produce additional acceleration during the 
backward movement. These considerations entitle 
preference of the lower anchorages for a better 
protection of the child passenger. 
 
CONCLUSIONS 
 
The simulations performed with the three 
acceleration pulses have shown that the neck is the 
most exposed part of the body. This result is 
confirmed by the actual preoccupations in the design 
of the whiplash protection systems. The injury 
criteria exceed the limit value in certain situations, as 
in the case of the neck injury criteria in tension-
extension with the child restraint system installed 
using vehicle’s safety belts. The result probed is more 
than double of the limit value. 
The acceleration pulse is very important for the 
accuracy and the realism of the simulations. The 
simulations were performed under two triangular 
pulses, with speed variation of 16 km/h and 25 km/h, 
and one trapezoidal pulse, with speed variation of 25 

km/h. In all cases, the results are proportional with 
the speed variation. Furthermore, the two triangular 
pulses, with speed variation of 16 km/h and 25 km/h, 
give higher values for injury criteria than the 
trapezoidal pulse with speed variation of 25 km/h. 
The triangular pulse with speed variation of 25 km/h 
is the most appropriate for a conservative approach. 
The comparison of the installation configurations 
showed that the installation using vehicle’s safety 
belts allows a bigger displacement of the child seat 
and, consequently of the child dummy.  
The rebound caused by the elastic forces is more 
important, which generates supplementary loads in 
the neck. Finally, the installation using rigid 
anchorages and lower straps offers the best protection 
for the child passenger in the case of rear-end 
collision. 
 
REFERENCES 
 
Adalian, C., Sferco, R., Fay, P. 2005. “Procedures 
and Injury Criteria for assessing Neck Injuries in 
Rear impact.” Paper Number 05-0340, 19th 
International Technical Conference on the Enhanced 
Safety of Vehicles, Washington, DC. 
 
Boyd, R., Massey, R., Duane, L., Yates, D.W. 2002. 
“Whiplash Associated disorder in children attending 
the emergency department.” Emergency Medicine 
Journal, Vol. 19, 311–313. 
 
Croft, A. 2000. “The Risk of Injury for Children 
Exposed to Whiplash Trauma.” Dynamic 
Chiropractic, Volume 18, Issue 26. 
 
European Vehicle Passive Safety Network 2. 2004. 
“State-of-the-art Review – Real World Accident and 
Injury Data.” Report: Task 4.1. 
 
Freeman, M., Croft, A., Rossignol, A. 1998. 
“Whiplash Associated Disorders: Redefining 
Whiplash and Its Management by the Quebec Task 
Force: A Critical Evaluation.” Spine, Vol. 23(9), 
1043-1049. 
 
Hynd, D., van Ratingen, M. 2005. “Challenges in the 
Development of a Regulatory Test Procedure for 
Neck Protection in Rear Impacts: Status of the EEVC 
WG20 and WG12 Joint Activity.” Paper Number 05-
0048, 19th International Technical Conference on the 
Enhanced Safety of Vehicles, Washington, DC.  
 
Heitplatz, F., Sferco, R., Fay, P., Reim, J., Kim, A., 
Pryia, P. 2003. “An Evaluation of Existing and 
Proposed Injury Criteria with Various Dummies to 
Determine Their Ability to Predict the Levels of Soft 



Surcel 9

Tissue Neck Injury Seen in Rear World Accidents.” 
Paper Number 504, 18th International Technical 
Conference on the Enhanced Safety of Vehicles, 
Nagoya, Japan. 
 
Kuppa, S., Saunders, J., Stammen, J. 2005. 
“Kinematically Based Whiplash Injury Criterion.” 
Paper Number 05-021, 19th International Technical 
Conference on the Enhanced Safety of Vehicles, 
Washington, DC.  
 
Klinich, K.-D., Sau,l R.-A., Auguste, G., Backaitis, 
S., Kleinberger, M. 1996. “Techniques for 
Developing Child Dummy Protection Reference 
Values.” Child Injury Protection Team, NHTSA, 
U.S. Department Of Transportation. 
 
NHATSA.2002. “Advanced Notice of Proposed 
Rulemaking (ANPRM) To Add A Side Impact Test 
to FMVSS No. 213.” Preliminary Economic 
Assessment, Office of Regulatory Analysis and 
Evaluation Plans and Policy. 
 
NHTSA. 2004. “Child Restraint Systems. 
Transportation Recall Enhancement, Accountability, 
and Documentation Act.” Report to Congress, U.S. 
Department Of Transportation. 
 
Sawada, M., Hasegawa, J. 2005. “Development of a 
New Whiplash Prevention Seat.” Paper Number 05-
0288, 19th International Technical Conference on the 
Enhanced Safety of Vehicles, Washington, DC.  
 
Schmitt, K.-U., Muser, M.-H., Niederer, P. 2001. “A 
Neck Injury Criterion Candidate for Rear-end 
Collisions Taking into Account Shear Forces and 
Bending Moments.” Paper No. 124, 17th International 
Technical Conference on the Enhanced Safety of 
Vehicles, Amsterdam, Netherlands. 
 
Spitzer, W.O., Skovron, M.L., Salmi, L.R., Cassidy, 
J.D., Duranceau, J., Suissa, S., Zeiss, E. 1995. 
“Scientific monograph of the Quebec Task Force on 
Whiplash-Associated Disorders: redefining 
“whiplash” and its management.”, Spine, Vol. 
20(8S): 1S-73S. 
 
Surcel, M.-D. 2004. “Simulation du comportement de 
l'enfant assis dans un dispositif de retenue en cas de 
collision latérale du véhicule.” Master Thesis, École 
polytechnique de Montréal, ISBN 0494039191. 
 
Surcel, M.-D., Gou, M. 2005. “Development of a 
mathematical model for evaluating child occupant 
behaviour in the case of a vehicle side impact 

simulation. ” International journal of 
Crashworthiness, Vol. 10, No. 1, 111–118. 
 
Transport Canada. 2001. “Test Method 213 — Child 
Restraint Systems.” Standards and Regulations 
Division. 
 
Versteegen, G.J., van Es, F.D., Kingma, J., Meijler, 
W.J., ten Duis, H.J. 2001. “Applying the Quebec 
Task Force criteria as a frame of reference for studies 
of whiplash injuries.” Injury, Volume 32, Issue 3, 
185-193. 
 



INFLUENCE OF SEATBACK CONTENT AND DEFLECTION ON FMVSS 202A DYNAMIC RESPONSE 
Gerald Locke 
Eric Veine 
Lear Corporation 
Andrew Merkle 
Michael Kleinberger 
Ian Wing 
Johns Hopkins University Applied Physics Laboratory 
United States of America 
Paper Number 09-0324 
 
 
ABSTRACT 
 
Automotive seat design requires knowledge of the 
structural response of the seat under various impact 
conditions as well as understanding the complex 
interactions between an occupant, seat content and 
restraint systems. For the case of rear impact 
collisions, the seat becomes the primary restraint 
while seatback and head restraint design become 
increasingly important in mitigating the risk of 
occupant injury. This study involved the testing of 
three different seatback designs under FMVSS 202a 
dynamic conditions to determine the effects of 
seatback comfort content on occupant response and 
injury risk measures. Controlled variables include 
seatback content and seatback stiffness. Three 
different recliner stiffness values were simulated that 
resulted in nominal seatback rotation angles of 5, 10 
and 15 degrees. Additionally, three different lumbar 
support mechanisms were tested, including a static 
suspension, horizontal lumbar support and vertical 
lumbar support. Results from the 18 tests conducted 
are presented and analyzed. 
 
It is expected that the various comfort content will 
affect torso penetration into the seatback, altering the 
torso angle and therefore influence the resulting head 
with respect to torso angle. It is determined that 
seatback rotation (stiffness) and backset are 
predictors of head angle and that lumbar support type 
and foam stiffness affect the backset. The time of 
maximum head with respect to torso angle 
(determined as the critical event time) is influenced 
by seatback stiffness, lumbar support type and lower 
torso rebound. Both seatback stiffness and lumbar 
type are found to be good predictors of torso 
penetration. The amount of torso penetration and the 
rebound effect on torso angle at the critical time in 
the event are key findings. None of the independent 
factors are found to have a significant influence on 
HIC. 
 
 
 

INTRODUCTION 
 
Although injuries associated with low speed rear 
impacts are typically minor, the annual societal cost 
associated with these injuries in the US has been 
estimated at approximately $2.7 billion by the 
National Highway Traffic Safety Administration 
(NHTSA) [1]. Based on epidemiological data and 
scientific research, the NHTSA published the 
upgraded FMVSS 202a head restraint standard in 
2006 [1], which provides a dynamic option for the 
evaluation of vehicle seats that might perform better 
in rear impact collisions than their geometric 
measures may indicate. 
 
Numerous scientific studies have reported connection 
between neck injury risk and seat design parameters 
during a rear impact [2-9]. Farmer et al. [3] found 
that active head restraints which moved higher and 
closer to the occupant’s head during rear-end 
collisions reduced injury claim rates by 14-26 percent.  
Voo et al. [8] evaluated original equipment 
manufacturer (OEM) seats with active head restraints 
under dynamic test conditions to determine whether 
dynamic seat performance correlated with static 
geometric positioning. Results showed that seat 
design factors influenced the dynamic performance 
of the seats. 
 
This study investigates the effects of changes in 
comfort content and frame stiffness (related to seat 
adjuster type) under the dynamic option 
specifications of FMVSS 202a. For seat design, it is 
important to recognize the difference between frame 
stiffness and lumbar support system stiffness and 
their influence on torso penetration into the frame. 
Relative stiffness of these components affect the 
amount and timing of torso penetration into the seat, 
which in turn affect the motion of both the torso and 
head.  
 
Head displacement relative to the torso during the 
dynamic event is a function of head support relative 
to torso support after compression of the foam 
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covering the structures in these areas. The type of 
lumbar support or suspension system will affect the 
dynamic torso angle due to localized stiffness or 
ability to flex. The type of lumbar support can also 
affect the H-point location and backset during the 
initial dummy positioning. The manufacturing 
variations of seatback and cushion foam properties 
are known to affect the H-point location, torso angle 
and backset. H-point height is also directly related to 
the height of the head restraint. The seat frames, head 
restraints, foam and trim used in this experiment were 
of the same design, but with varied torso support 
features. 
 
METHODOLOGY 
 
Deceleration Sled System 
 
The rear impact vehicle collision environment was 
simulated with a Via Systems HITS Deceleration sled. 
The system contains a tunable hydraulic decelerator 
that absorbs the kinetic energy from the sled carriage 
and payload by forcing fluid through a series of 
orifices. The selected orifice array determines the 
crash pulse experienced by the sled system.  
 
Impact conditions - Rear impact collisions were 
simulated with a deceleration tuned to the FMVSS 
202a Dynamic test pulse. 
 
Adjustable Seatback Stiffness  
 
The standard dual recliners that connect the seat 
cushion frame to the seatback frame were modified 
so that they became free-pivots. Each seatback was 
modified to accommodate a C-channel frame for 
interfacing with a spring-damper assembly (Figure 1) 
used to control seatback rotational stiffness.  
 
The frame allowed for variable positioning of the 
support system and modifications of seatback 
rotational stiffness. Spring stiffness and position 
settings for targeted seatback rotations of 5, 10 and 
15 degrees were selected using predictive models. 
The settings for the test conditions are provided in 
Table 1. 

 
Table 1. 

Simulated recliner stiffness for desired 
magnitudes of rotation 

Nominal Rotation 
(degrees) 

Recliner Stiffness 
(Nm/degree) 

5 219 
10 108 
15 71 

 

 
Figure 1.  Seat system and spring-
damper assembly. 
 
Instrumentation and Data Acquisition 
  
The coordinate system used for the Hybrid III and 
sled is shown in Figure 2. The dummy was 
instrumented with tri-axial accelerometer arrays at 
the center of gravity (CG) of the head, torso and 
pelvis. Six-axis load cells, sensing tri-axial forces and 
moments, were installed in the upper and lower neck 
and a three-axis load cell was placed in the lumbar 
spine.  
 

 

Sled Leftward 
Dummy  
Rightward 
+Y 

Sled Rearward 
Dummy  
Forward 
+X 

+Z 
Sled Downward 
Dummy 
Downward

Figure 2.  Sled and Hybrid III coordinate system. 
 
Angular rate sensors were attached at the head CG 
and the spine at T4. An accelerometer was mounted 
to the sled to record the deceleration during impact. 
The complete list of the instrumentation used during 
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these tests is provided in Table 2. All designated 
polarities, filtering, and sampling rates were 
determined in accordance with SAE Recommended 
Practice J211. All sensor data were collected at a 
sampling rate of 10 kHz using an on-board TDAS 
Pro data acquisition system mounted to the sled base 
plate. 
 

Table 2.   
Sled and ATD instrumentation 

Sensor  Location  
Accelerometer Sled (x) 
Head Contact Switch  Head-Head Restraint  

Angular Rate Sensor  Head (y)  

Angular Rate Sensor  Torso (y)  

Accelerometer  Head CG (x,y,z)  

Accelerometer  Torso CG (x,y,z)  

Load Cell Upper Neck (Fx,Fy,Fz,Mx,My,Mz) 

Load Cell Lower Neck (Fx,Fy,Fz,Mx,My,Mz) 

Load Cell Lumbar (Fx,Fz,My) 

Accelerometer  Pelvis (x,y,z)  

 
High-speed Video 
  
Video images were captured at 1000 frames per 
second with one on-board and one off-board camera. 
The on-board camera, used for motion analysis, has a 
resolution of 512x512 and was mounted to provide a 
left lateral view of the dummy kinematics from a 
fixed distance of approximately 5 feet. Video 
collection was synchronized with the data acquisition 
system using both a contact switch and optical flash 
within the field of view. Examples of the captured 
images during impact are provided in Figure 3.  
 

    
Figure 3.  High-speed camera views at 111 
milliseconds for test LH15C.  
 
Quadrant targets were attached to the ATD to allow 
for motion tracking including the calculation of 
angular displacement measurements and the amount 
of torso displacement. Key targets were attached to 
the upper spine box and lower spine box to determine 

torso movement. Torso penetration is defined as the 
amount the torso translated toward the seatback 
frame with respect to the normal of the C-channel 
located on the seatback frame. Targets were also 
placed on the seat system, the C-channel and the 
supporting A-frame.  
 
Experimental Protocol 
  
 ATD Positioning Procedure - Proper installation 
of the Hybrid III into the seat system required a 
multi-step process. First, the seat system was 
installed on the sled baseplate and the seat cushion 
and adjuster assembly was adjusted to the mid-point 
of the track. A spring-damper support system was 
then installed to support the seatback. The lengths of 
the supports were adjusted to maintain a nominal 
SAE J826 H-point machine torso angle of 25 degrees 
with respect to the vertical plane when the seat is in 
static equilibrium with the H-point machine seated. 
FMVSS 202a specifies that the seatback angle, as 
determined by the torso angle of the installed H-point 
machine, must reside between 24.5 and 25.5 degrees. 
If this specification was met, we continued the 
positioning procedure, if not, the H-point machine 
was removed completely and the positioning 
procedure was repeated. 
 
Upon satisfying the angle specifications, the seat H-
point location was measured. Next, the Head 
Restraint Measuring Device (HRMD) was installed 
to measure backset and head-to-head restraint height 
when it was set to the locking notch just lower than 
mid-height (if there is no locking notch at mid-
height), according to the specifications of FMVSS 
202a.  
 

 
Figure 4.  Measurement of Hybrid III backset and 
head-to-head restraint height. 
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The H-point machine and HRMD were then removed 
and the 50% Hybrid III dummy was placed on the 
seat and positioned such that the head was level and 
the dummy H-point was within 0.5 inches of the 
measured seat H-point location. Initial dummy head 
positioning included a measure of the head angle 
with respect to horizontal, the effective backset and 
the height difference between the top of the head and 
the head restraint (Figure 4). The horizontal (X) and 
vertical (Z) H-point location of the dummy relative to 
the measured seat H-point was recorded. 
 
 Test Matrix - Three seat systems were being 
studied (Table 3) with the difference between 
systems determined by the seat content in the form of 
lumbar support. The three seatback content types 
were categorized as vertical lumbar, horizontal 
lumbar and static suspension systems (Figure 5). 
Three nominal levels of rotation (5, 10, and 15 
degrees) were selected for study. This results in a 
total of nine test combinations. Conducting a full 
factorial experimental design and replicating it once 
produced a test matrix consisting of 18 impact tests. 
 

Table 3. 
Independent factors contributing to the design of 

the test matrix 

Factor No. Categories 

Seatback 
Content  

3 Static Suspension, Horizontal 
Lumbar, Vertical Lumbar 

Seatback 
Rotation (deg)  

3 5, 10, 15  

 
 

 

 
Figure 5.  Seatback content types.  
 
The picture (Figure 5) shows the structural 
differences between the three lumbar support systems 
which include a) static suspension, b) horizontal and 
c) vertical lumbar support systems from left to right. 
The static suspension is a wire mesh supported by 
vertical wires attached at the upper and lower frame 
cross-members and two springs, one attached one-
third of the distance up from the bottom of each side-
member. The horizontal lumbar is a plastic strap 

supported by flexible brackets attached to each frame 
side-member and a cable fixed to each bracket. The 
vertical lumbar is a sheet metal panel supported by 
vertical wires attached at the upper and lower frame 
cross-members. Some of the adjustment mechanism 
is between the panel and the frame lower cross-
member. All adjustable lumbar supports are set to the 
fully retracted position for the FMVSS 202a 
Dynamic procedure. 
 
RESULTS AND DISCUSSION 
 
Test Sample Measurements 
 
Tables 4 and 5 list the H-point location and head 
restraint backset and height dimensions for both the 
H-point machine/HRMD and Hybrid III by lumbar 
support type. 
 
     Initial frame angle - One of the main issues with 
foam and trim variation, as well as differences in the 
way a lumbar type supports the seatback foam, is that 
this may require the seatback frame angle to be 
varied in order to achieve the H-point machine torso 
angle of 25 degrees. In Table 5 we can see that this is 
not a problem for these tests as the initial seatback 
frame angle was controlled reasonably well and 
varied by a maximum 1.6 degrees for the horizontal 
lumbar and 1.1 degrees for the static suspension and 
the vertical lumbar. The Hybrid III is then positioned 
by the FMVSS 208 procedure without adjusting the 
frame angle. 
 

Table 4. 
SAE J826 and Hybrid III H-point coordinates and 

SAE J826/HRMD backset and height 
 

x z x z Backset Height
(mm) (mm) (mm) (mm) (mm) (mm)

LH05A Horz. 11 -26 20 -21 63 65
LH05B Horz. 16 -26 17 -31 65 65
LH10B Horz. 13 -17 16 -21 63 66
LH10C Horz. 22 -24 29 -26 69 67
LH15B Horz. 23 -26 22 -26 63 65
LH15C Horz. 22 -23 27 -22 68 72
LS05A Static 8 -14 8 -20 84 69
LS05B Static 9 -18 8 -23 77 75
LS10B Static 7 -25 9 -27 80 74
LS10C Static 17 -25 19 -24 63 69
LS15B Static 7 -29 8 -33 77 69
LS15C Static 16 -25 21 -25 84 69
LV05C Vert. 16 -24 16 -24 76 62
LV05E Vert. 20 -23 22 -28 73 69
LV10A Vert. 13 -29 14 -28 79 71
LV10B Vert. 16 -24 18 -22 80 70
LV15A Vert. 11 -17 9 -18 72 67
LV15B Vert. 10 -25 11 -31 75 71

HRMD

H-pt coordinates are with respect to the design H-point reference.  

J826 H-pt HIII H-ptTest 
ID

Seat 
Content
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Table 5. 
Initial seatback frame angle, Hybrid III backset 
and height, actual maximum seatback rotation 

angle and head restraint contact time 
 

Initial Frame 
Angle

HIII H/R 
Backset

HIII H/R 
Height

Max. S/B 
Rotation

H/R Contact 
Time

(degrees) (mm) (mm) (degrees) (msec)
LH05A Horz. 21.9 71 52 7.5 60
LH05B Horz. 22.7 84 51 7.7 65
LH10B Horz. 22.4 87 55 10.5 69
LH10C Horz. 23.5 85 53 10.5 68
LH15B Horz. 21.9 84 50 14.4 73
LH15C Horz. 22.7 77 58 13.3 76
LS05A Static 23.0 108 53 7.4 72
LS05B Static 22.7 104 61 7.2 70
LS10B Static 23.1 108 60 10.6 74
LS10C Static 22.3 88 63 10.7 65
LS15B Static 22.3 101 55 13.9 76
LS15C Static 23.4 105 52 14.0 74
LV05C Vert. 22.9 95 52 7.8 68
LV05E Vert. 22.5 104 57 7.7 68
LV10A Vert. 22.9 99 57 10.4 69
LV10B Vert. 23.6 111 63 10.4 77
LV15A Vert. 22.6 96 55 14.3 75
LV15B Vert. 22.5 94 60 13.6 73

Test 
ID

Seat 
Content

 
 
     Backset - The backset and height of these seats 
were not varied by experimental design. The 
differences are caused by a combination of foam 
properties, lumbar support type and initial seatback 
frame angle. The mean backsets in Table 6 are 
calculated by lumbar support type. Lumbar type 
appears to be the dominant factor for influencing 
backset where the horizontal lumbar and static 
suspension have the smallest and largest backsets, 
respectively. 
 

Table 6. 
Backset mean by lumbar support type 

 
Lumbar Support Type Backset mean (mm) 

Horizontal Lumbar 81 
Static Suspension 102 (105 without LS10C) 
Vertical Lumbar 100 

 
 
Referring to Tables 4 and 5, one particular seat 
backset, LS10C, stands out as being well below the 
mean of the other five static suspension seats. It is of 
the same design, but the seatback foam was 
manufactured at a later date. This is an example of 
the manufacturing difficulties of controlling foam 
properties. This foam is easier to compress with the 
H-point machine and Hybrid III upper torso. The 
upper torso (shoulders) and lower torso (top of 
lumbar sine) are approximately 20 mm and 10 mm 
closer to the seatback frame than LS10B, respectively, 
as judged by the backset and H-point data. This will 
also be seen in the torso penetration data later in the 
discussion. 
 

     Head contact time - The head contact time with 
the head restraint in Table 5 was found to depend 
upon backset and frame stiffness. The head restraint 
contact time increases as frame stiffness decreases for 
all lumbar types. For greater frame stiffness, the 
contact time increases with a backset increase. The 
difference in head contact time relative to backset 
appears to diminish as the frame stiffness decreases. 
 
The Hybrid III head restraint height, referenced down 
from the top of the head, differs by a maximum 13 
millimeters for all tests. This difference is caused by 
seat cushion foam property and head restraint 
dimensional variations. It will influence the results if 
the head center-of-gravity becomes higher than the 
top of the head restraint structure due to ramping of 
the dummy upward with respect to the seatback. 
Ramping of the dummy may be affected by the 
stiffness of the lumbar support system and seatback 
rotation angle which will be discussed. 
 
Acceleration pulse - The acceleration pulses for all 
tests are shown in Figure 6. The onset of all 
accelerations and the peak values, with a few 
exceptions, are within the required corridor. The 
repeatability is acceptable for this test series, 
however two pulses, LS05B and LH15C, show a 
significant early reduction in magnitude before the 
peak and fall below the corridor. All pulses are 
slightly long in time duration. 
 

 
Figure 6.  Sled pulses for all tests. 
 
Table 7 lists the impact velocities and the peak 
deceleration for all tests. The effect of the low pulses 
will be considered during the discussion. The initial 
dummy positioning and the backsets for tests LS05B 
and LH15C were very similar to their respective 
repeat tests. The torso angles were lower and the 
head angles were considerably lower, resulting in 
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reduced head with respect to torso rotation (H-T 
rotation). This will be discussed in greater detail in 
the following sections. 
 

Table 7. 
Sled acceleration peaks and velocities 

 
Test ID Impact Vel. (km/h) Peak Decel. (g) 
LH05A 17.3 9.0 
LH05B 17.5 9.3 
LH10B 17.4 9.2 
LH10C 17.8 9.4 
LH15B 17.7 9.7 
LH15C 16.3 7.9 
LS05A 17.2 9.1 
LS05B 16.6 8.6 
LS10B 17.3 9.3 
LS10C 17.7 9.5 
LS15B 17.4 9.2 
LS15C 17.7 9.4 
LV05C 17.4 9.3 
LV05E 17.3 8.9 
LV10A 17.3 9.4 
LV10B 17.3 9.0 
LV15A 17.8 9.7 
LV15B 17.0 8.8 

 
     Seatback rotation - Figure 7 shows that the 
actual seatback rotation angles are above the 5 and 10 
degree targets and below the 15 degree target, but are 
reasonably repeatable. The largest variation for the 
same type of test is 1 degree for the horizontal 
lumbar at 15 degrees of rotation and is likely caused 
by the low pulse in LH15C. The spacing of these 
responses clearly delineates three discrete 
populations for investigating the influence of 
seatback stiffness. 
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Figure 7.  Actual maximum seatback rotation 
angles. 
 
Note that the data used throughout the balance of this 
discussion is motion analysis data. Rigidly mounted 
quadrant targets were used in all cases rather than 
quadrant targets attached to flexible seat trim. 
Angular rate sensors were used to derive the head and 
torso angles and compared to motion analysis results. 

This comparison can be found in the appendix. The 
differences are acceptable and motion analysis 
includes additional data such as seatback rotation, 
upper and lower torso initial distance from the 
seatback frame, penetration towards the frame, x- and 
z-translation and head restraint angular displacement. 
 
Figure 8 is the 15 degree seatback rotation time-
history for all lumbar types and shows that the rate of 
rotation is greater for the horizontal lumbar which is 
the stiffest lumbar type. The more flexible static 
suspension and vertical lumbar have the lowest rate. 
This effect can be seen for all seatback rotation 
angles, but is less pronounced as the seatback 
stiffness increases. 
 

Motion Analysis - 15 degree Seatback Rotation
All LumbarTypes
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 Figure 8.  15 degree seatback rotation for all 
lumbar types. 
 
     Head restraint angular displacement - Figure 9 
shows the head restraint angular displacement 
relative to the seatback frame at the time of 
maximum H-T rotation. For greater seat stiffness, an 
increase in head restraint angular displacement 
relative to the seatback frame is observed. The 
displacement is lower for the horizontal lumbar and 
is likely related to the greater seatback rotation rate. 
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Figure 9.  Head restraint angular displacement @ 
maximum H-T rotation time. 
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     HIC15 – The HIC15 values in Table 8 are very low 
compared to the FMVSS 202a limit of 150. The 
construction of the head restraints consists of a semi-
rigid expanded polypropylene core attached to a 10 
millimeter diameter solid frame (and posts) covered 
by 20 mm of polyurethane foam and a trim cover. 
The stiff head restraint construction used in the 
experiments had no detrimental effect.  Statistical 
analyses showed that seatback rotation and lumbar 
support types were not significant in influencing HIC. 
 

Table 8. 
HIC15 Values 

 
Test ID HIC15 
LH05A 36 
LH05B 38 
LH10B 29 
LH10C 34 
LH15B 41 
LH15C 29 
LS05A 40 
LS05B 31 
LS10B 34 
LS10C 29 
LS15B 36 
LS15C 42 
LV05C 31 
LV05E 39 
LV10A 33 
LV10B 38 
LV15A 36 
LV15B 37 

 
     Hybrid III ramping – The z-direction 
displacement relative to the seatback frame will show 
the effect of lumbar type and seatback rotation on 
Hybrid III ramping. The z-axis is parallel to the 
seatback frame and rotates with the seatback. 
Increased ramping may reduce the effectiveness of 
the head restraint, depending on the initial height. 
Figure 10 shows the upper torso z-direction 
displacement for all lumbar types at the 15 degree 
seatback rotation angle. 
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Figure 10.  Upper torso z-axis displacement - 15 
degree seatback rotation – all lumbar types. 

 
The 15 degree seatback rotation proves to generate 
the greatest ramping, but only a few millimeters more 
than other cases. The static suspension is slightly 
greater in magnitude and peaks slightly earlier. At all 
seatback rotation angles, all lumbar types allow 
essentially the same amount of ramping (see 
appendix). 
 
     Hybrid III segment angles - The Hybrid III head 
and torso rotation time-histories are used to calculate 
the maximum head with respect to torso rotation (H-
T rotation). This angle is the maximum difference 
between the head and torso rotation at any point in 
time during the event, up to 200 milliseconds. The 
time of maximum H-T rotation is studied for the 
influence of lumbar support type and seatback 
rotation. Much of the data presented will be at this 
critical time. 
 
Figure 11 shows that the changes in head rotation at 
each seatback stiffness level are generally greater 
than the increase in seatback rotation at the time of 
maximum H-T rotation. The exception is for the 
vertical lumbar for which the rate of head rotation 
increase is approximately equivalent to that of 
seatback rotation. This implies that head support 
generally degrades as seatback rotation increases 
although the head restraint angular displacement 
findings (Figure 10) show that it has less 
displacement at greater seatback angles. 
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Figure 11.  Head angle @ maximum H-T rotation 
time. 
 
The static suspension shows the largest variation at 
the ten degree seatback rotation. The lowest head 
angle is test LS10C seat which has a backset much 
smaller than the average of the other static 
suspension seats. The horizontal lumbar consistently 
has the lowest head angles and it also has the lowest 
average backset of all lumbar types. However, 
backset is not the only contributor to head support. 
The distance of shoulder penetration will also affect 



head angle. An analysis of upper torso penetration is 
conducted in the following sections. 
 
Similar to observations with head rotation, Figure 12 
shows that changes in torso angle for each seatback 
stiffness condition increase at a rate greater than that 
of seatback rotation at the time of maximum H-T 
rotation. There does not appear to be a significant 
influence of lumbar support type on torso angle. The 
vertical lumbar does exhibit a slightly greater torso 
angle, particularly at the 10 degree seatback rotation. 
The distance of the upper and lower torso penetration 
at critical time as well as the rebound will be 
analyzed to help understand this as well as the affect 
on head support. 
 

6

8

10

12

14

16

18

20

6 8 10 12 14
S/B Angle @ Max H wrt T Angle Time (degrees)

To
rs

o 
A

ng
le

 (d
eg

re
es

)

Torso HORZ
Torso SUSP
Torso VERT

 
Figure 12.  Torso angle @ maximum H-T rotation 
time. 
 
Figure 13 shows the time-history of the Hybrid III 
segment angles for the static suspension repeat tests 
at 10 degree seatback rotation. These tests represent 
the greatest difference in head angles between repeats 
due to the LS10C backset (Table 5) as discussed 
earlier. The maximum head angle occurs just after 
critical time and just before the time of maximum 
seatback rotation. The maximum torso angle occurs 
well after maximum seatback rotation. These 
observations apply to all tests. 
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Figure 13.  HII segment angles for the static 
suspension - 10 degree seatback rotation. 

     Torso Penetration - The starting point of each 
curve is the initial distance of the torso target to a line 
on the structure attached to the seatback frame and 
parallel to the seatback frame. The x-axis is normal to 
the seatback frame and rotates with the seatback. The 
magnitude becomes smaller as the torso displaces 
toward the seatback frame. 
 
Figure 14 shows the upper torso penetration towards 
the seatback frame of the static suspension tests at all 
seatback rotation angles. At the critical time, the 
upper torso has penetrated to its maximum for the 5 
and 10 degree seatback rotation angles. While all 
penetrations are fairly stable at this time, the 15 
degree rotation tests have not yet reached their 
maximum and the 5 degree rotation is in rebound 
shortly after. This is typical for all lumbar types. 
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Figure 14.  Upper torso x-direction penetration - 
static suspension - all seatback rotation angles. 
 
The LS10C initial position shows why the backset is 
smaller for this test. The LS10C upper torso 
penetration is deeper than LS10B, reinforcing the low 
foam stiffness observation. 
 
Figure 15 shows the upper torso penetration for all 
tests at the time of maximum H-T rotation. The upper 
seatback should present less resistance to the torso as 
it rotates at the greater angles since more energy is 
being absorbed by the spring-damper controlling the 
rotation. The horizontal lumbar is most representative 
of this theory. However, the static suspension and 
vertical lumbar both show an increase in penetration 
for the 10 and 15 degree seatback rotations. This 
should result in lower head angles (Figure 11), but 
does not because the head restraint angular 
displacement (Figure 9) is also greater. The static 
suspension and vertical lumbar both allow more force 
to be distributed to the upper seatback due to their 
inherent flexibility and method of attachment to the 
frame. This distribution of force along the seatback 
supports the finding of the lower rate of seatback 
rotation (Figure 8). 

  Locke 8 



260

265

270

275

280

285

290

295

300

305

310

6 8 10 12 14
S/B Angle @ Max H wrt T Time (degrees)

D
is

ta
nc

e 
fr

om
 F

ra
m

e 
R

ef
. (

m
m

)
Upper Torso HORZ
Upper Torso SUSP
Upper Torso VERT

 
Figure 15.  Upper torso penetration @ maximum 
H-T rotation time. 
 
Figure 16 shows that the lower torso is in rebound at 
the time of maximum H-T rotation for the static 
suspension tests at all seatback rotation angles. This 
is typical for all lumbar types. 
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Figure 16.  Lower torso x-direction penetration - 
static suspension - all seatback rotation angles. 
 
It is a key finding that the torso angle is increasing at 
relative to the seatback frame at the time of 
maximum H-T rotation. Since the upper torso 
remains at a stable or increasing penetration, this 
lower torso rebound is a major factor of torso angle 
and is likely susceptible to changes in the stiffness 
and energy return of a lumbar support system. If the 
lower torso rebound occurs earlier or is larger in 
magnitude, the head with respect to torso angle will 
be reduced. 
 
Both torso penetration plots (Figures 14 and 16) also 
show the initial distance of the torso targets to the 
seatback frame reference line. These targets are at the 
same locations on the dummy and the seatback for all 
tests. This data shows the variation in dummy set-up 
due to what is believed to be foam variation, not 
mechanical or dimensional differences in the static 
suspensions. Foam stiffness is known to vary with 
temperature and humidity differences during the 
manufacturing process. The torso penetration plots 

for the horizontal and vertical lumbar supports are 
available in the appendix for review. 
 
The lower torso x- and z-axis displacement at the 10 
degree seatback rotation in Figure 17 shows some 
differences in displacement characteristics of lumbar 
types. The horizontal lumbar is able to restrain the 
Hybrid III pelvis/lumbar while the static suspension 
and vertical lumbar provide restraint to a lower extent. 
This explains why the static suspension and vertical 
lumbar upper torso continues to penetrate. This data 
is truncated at the time of maximum H-T rotation. 
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Figure 17.  Lower torso x- & z-axis displacement 
@ 10 degree seatback rotation – all lumbar types. 
 
The maximum lower torso penetration for all tests in 
Figure 18 shows that the horizontal lumbar has the 
highest resistance to penetration at all seatback 
rotations. The static suspension is the least resistant 
to torso penetration with the exception of the 15 
degree seatback rotation where it is the same as the 
vertical lumbar. The seatback frame lower cross-
member is contacted in all tests as evidenced by 
permanent deformation that increases in magnitude 
with seatback stiffness. The resistance to lower torso 
penetration by the horizontal lumbar shows that it 
transfers more force to the lower portion of the 
seatback frame which increases the rate of seatback 
rotation (Figure 8).  
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Figure 18.  Maximum lower torso penetration. 
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The lower torso rebound from maximum penetration 
at the time of maximum H-T rotation in Figure 19 
shows that rebound increases as the seatback rotation 
increases. There is little difference in the magnitude 
of all lumbar types. The amount of rebound appears 
to be mainly a function of time. This time is the 
difference in the time of maximum penetration and 
the time of maximum H-T rotation. If the time 
difference increases as the seatback rotation increases, 
then there is more time for lower torso rebound and 
this will result in an increase of the torso angle. 
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Figure 19.  Lower torso rebound @ maximum H-
T rotation time. 
 
Since the horizontal lumbar has no energy storage 
and return properties and the lower torso still exhibits 
substantial rebound, rebound must be a mainly a 
function of time rather than the mechanical properties 
of the lumbar type. Table 9 lists the time duration of 
the rebound from maximum lower torso penetration 
to the time of maximum H-T rotation. 
 

Table  9. 
Time duration of lower torso rebound 

 
Test ID Max. 

Penetration 
Time (msec) 

Max H-T 
Rotation Time 

(msec) 

Rebound 
Duration 
(msec) 

LH05A 83 98 15 
LH05B 83 98 15 
LH10B 82 103 21 
LH10C 80 100 20 
LH15B 79 104 25 
LH15C 84 109 25 
LS05A 87 102 15 
LS05B 87 103 16 
LS10B 85 107 22 
LS10C 82 97 15 
LS15B 84 110 26 
LS15C 82 111 29 
LV05C 86 100 14 
LV05E 85 102 17 
LV10A 82 103 21 
LV10B 85 105 20 
LV15A 83 107 24 
LV15B 84 112 28 

The lower torso penetration peaks earliest at the 5 
degree seatback rotation for the horizontal lumbar, 
otherwise all results are similar. The time of 
maximum H-T rotation is delayed as seatback 
stiffness decreases, therefore the time duration of 
lower torso rebound increases as seat rotation 
increases. The static suspension and the vertical 
lumbar have a slightly longer rebound time duration 
at the 15 degree seatback rotation. 
 
For the lower torso penetration at the time of 
maximum H-T rotation (Figure 20), the horizontal 
lumbar, with no significant spring characteristics, is 
farthest from the frame. The static suspension 
appears to have more energy return due to the spring 
tension at mid-height of the frame. At the 15 degree 
seatback rotation, it reduces the distance between it 
and the horizontal lumbar at maximum penetration. 
The vertical lumbar, which has long spring-steel wire 
supports, shows a similar characteristic at the 15 
degree seatback rotation. 
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Figure 20.  Lower torso penetration @ maximum 
H-T rotation time. 
 
The maximum H-T rotation in Figure 21 is one of the 
compliance requirements of FMVSS 202a with a 
twelve degree maximum. The largest variations occur 
with the static suspension and the horizontal lumbar 
at 10 and 15 degree seatback rotations, respectively. 
The LS10C is the lowest due to the low head angle 
caused by the smaller backset (Table 5) and low 
seatback foam stiffness described earlier. The lowest 
horizontal lumbar point is LH15C and is due to the 
low head angle caused by the low pulse (Table 7). 
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Figure 21.  Maximum H-T rotation. 
 
Considering the small differences in torso angles 
(Figure 12), the static suspension generally has the 
greatest maximum H-T rotation which is caused by 
greater head angles (Figure 11). This is mainly 
attributed to larger backsets caused by the most 
prominent seatback foam support (Table 6). The 
vertical lumbar provided seatback foam support 
similar to the static suspension and has similar 
backsets. Given the similar head angles and slightly 
greater torso angles, it performed slightly better than 
the static suspension. The horizontal lumbar has the 
lowest head with respect to torso angles because of 
the lower head angles. This is attributed to 
approximately 20 millimeter smaller backsets caused 
by the least prominent seatback foam support which 
offsets the approximate 10 millimeter reduction in 
shoulder penetration.  
 
CONCLUSIONS 
 
During test set-up, the backset is affected by both 
lumbar type and foam stiffness variation. The static 
suspension provided more prominent support of the 
seatback foam and tended to increase the backset. 
The largest foam variation, a reduction in foam 
stiffness in one static suspension test, caused a 
significant reduction in backset. During that test 
event, the torso penetration was also the greatest of 
all tests. This resulted in the earliest head contact 
time, the lowest head rotation and the lowest H-T 
rotation (for a valid pulse). For all other tests with 
reasonably consistent foam properties, the static 
suspension tends to have the highest H-T rotation. 
Therefore, seatback foam properties have a 
significant influence on head support with more 
compliant foam improving head support. 
 
The HIC15 is low for all tests and did not appear to be 
affected by the stiff head restraint construction or the 
controlled parameters of seatback rotation or lumbar 
support type. 
 

The head restraint angular displacement relative to 
the seatback frame increases as seatback stiffness 
increases, however the horizontal lumbar tests have 
lower head restraint displacement and head angle. 
The horizontal lumbar provides greater restraint of 
Hybrid III pelvis/lumbar displacement due to the 
attachment at the frame side-members and relative 
inability to flex rearward. The horizontal lumbar 
increases the rate of seatback rotation, reducing the 
upper torso penetration, head restraint displacement, 
head rotation and H-T rotation. Therefore, a stiff 
lumbar support attached in a manner that limits 
rearward displacement reduces maximum H-T 
rotation. 
 
Ramping of the Hybrid III, which may reduce the 
effectiveness of the head restraint, was not 
significantly effected by lumbar support type or 
seatback stiffness.  
 
Head angle increases at a greater rate than the 
controlled maximum seatback rotations, regardless of 
the head restraint angular displacement finding. 
Torso angle also increases at a greater rate than the 
controlled maximum seatback rotations. This is due 
to stable upper torso penetration and lower torso 
rebound at the time of maximum H-T rotation. Lower 
torso rebound is found to be a mainly a function of 
time rather than a function of the energy return 
characteristics of lumbar type. The maximum torso 
penetration is a function of lumbar support stiffness, 
foam stiffness and seatback stiffness. The maximum 
torso penetration and the amount of time for lower 
torso rebound determine the torso angle at the time of 
maximum H-T rotation. 
 
In this experiment, the horizontal lumbar proved to 
have the highest resistance to lower torso penetration. 
Maximum lower torso penetration time is essentially 
the same for all lumbar types and seatback stiffness 
with only a slight delay for the more flexible lumbar 
support types. The time to maximum H-T rotation 
increases as the maximum seatback rotation increases. 
This results in greater lower torso rebound time and 
distance as the maximum seatback rotation increases. 
Therefore, there is an increase in torso angle at 
maximum H-T rotation time as the maximum 
seatback rotation increases. This results in a lower 
maximum H-T rotation. 
 
RECOMMENDATIONS 
 
Head support is reduced as seatback rotation 
increases as evidenced in the head angle discussion. 
Therefore, decreasing the seatback stiffness (adding 
to lower torso rebound time) to increase torso angle is 
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probably neutralized at some undetermined 
maximum seatback rotation. If comfort specifications 
allow, it would be recommended to reduce the 
backset (to reduce head angle) and/or stiffen the 
lumbar support mechanism to reduce lower torso 
penetration (to increase torso angle) at the critical 
time to improve the Hybrid III maximum H-T 
rotation result. 
 
A follow-up study will be done to analyze the Hybrid 
III neck forces and moments collected during this 
experiment. 
 
STUDY LIMITATIONS 
 
Listed are some notable limitations of this study: 
 The width of the seatback frame may affect the 

ability of the torso to penetrate regardless of the 
lumbar support system. 

 The stiffness of the head restraint posts and the 
attachment to the seatback frame may affect the 
amount of head restraint angular displacement 
relative to the seatback. 

 The amount and properties of compressible foam 
covering the seat structure. 

 The construction of the head restraint, backset 
and height. 

 The type of anthropomorphic test device 
(dummy), particularly spine flexibility, may 
affect the results. 

 
All of these seat design factors vary with seat 
manufacturer and vehicle model styling requirements. 
Other rear impact simulation protocols specify 
different crash pulses and dummy types. The 
observations reported here are directionally correct 
for the Hybrid III dummy, but the magnitude will 
vary with other seat types. 
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APPENDIX 
 
Seatback Rotations 
 

Motion Analysis - 5 degree Seatback Rotation
All Lumbar Types
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Motion Analysis - 10 degree Seatback Rotation
All Lumbar Types
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Angular Rate Sensor and Motion Analysis 
 

Test ID

Gyro Head 
Rotation 

(degrees)

MA Head 
Rotation 

[degrees]

Gyro Torso 
Rotation 

(degrees)

MA Torso 
Rotation 

[degrees]

Gyro H wrt T 
Rotation 
(degees)

MA H wrt T 
Rotation 
[degrees]

LH05A 18.15 18.55 10.76 11.67 10.06 9.51
LH05B 18.88 19.17 11.92 13.02 9.81 8.92
LH10B 22.55 23.64 16.65 17.58 9.67 9.60
LH10C 22.22 22.95 17.72 19.14 8.68 8.01
LH15B 27.48 28.23 23.57 24.46 9.11 8.88
LH15C 23.69 24.37 21.74 22.92 6.14 5.51
LS05A 20.81 21.48 11.29 12.26 12.23 11.83
LS05B 17.75 18.76 10.32 11.14 9.87 9.99
LS10B 25.30 25.19 19.06 19.84 10.50 9.51
LS10C 18.30 18.99 18.05 18.75 5.91 5.87
LS15B 26.98 27.74 22.02 23.14 10.14 9.62
LS15C 28.85 29.93 23.89 25.02 9.29 8.99
LV05C 20.44 20.99 12.12 13.16 11.01 10.31
LV05E 19.69 20.36 12.00 12.79 10.47 10.22
LV10A 24.33 25.32 18.40 19.00 9.65 10.01
LV10B 24.32 24.90 19.52 20.91 9.02 8.50
LV15A 27.38 27.96 23.52 24.60 8.72 8.10
LV15B 28.26 28.92 23.38 24.40 8.44 7.86  

 
HIII-50 Segment Angles - Horizontal Lumbar
Motion Analysis 5 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Gyro 5 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Motion Analysis 10 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Gyro 10 degree Seatback Rotation
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HIII-50 Segment Angles - Horizontal Lumbar
Motion Analysis 15 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Motion Analysis 5 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Gyro 5 degree Seatback Deflection
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HIII-50 Segment Angles - Static Suspension
Gyro 10 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Motion Analysis 15 degree Seatback Rotation
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HIII-50 Segment Angles - Static Suspension
Gyro 15 degree Seatback Angle
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HIII-50 Segment Angles - Vertical Lumbar
Motion Analysis 5 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Gyro 5 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Motion Analysis 10 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Gyro 10 degree Seatback Rotation
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HIII-50 Segment Angles - Vertical Lumbar
Motion Analysis 15 degree Seatback Rotation
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Lower Torso Penetration - Vertcal Lumbar
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HIII-50 Segment Angles - Vertical Lumbar
Gyro 15 degree Seatback Rotation
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Torso Displacements Upper Torso Z-Displacement

5 degree Seatback Rotation
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Upper Torso Penetration - Horizontal Lumbar
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Upper Torso Z-Displacement
10 degree Seatback Rotation
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Lower Torso Penetration - Horizontal Lumbar
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Lower Torso X- & Z-Displacement
5 degree Seatback Rotation
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Upper Torso Penetration - Vertical Lumbar
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Lower Torso X- & Z-Displacement
15 degree Seatback Rotation
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ABSTRACT 

Adequately designed, auditory displays in Driver-
Vehicle Interfaces (DVIs) may give shorter 
reaction times, improved attention direction, and an 
increased quality impression. In this paper, we 
argue that emotional reactions may guide the 
design of such auditory displays since emotion is 
central in our everyday life and have strong 
consequences for behavior and information 
processing. A simulator study with 30 participants 
(20 of which were professional drivers) was 
conducted to investigate the connection between 
emotional and behavioral responses to auditory 
DVIs as well as to evaluate various sound design 
parameters in realistic driving situations. Auditory 
icons were contrasted to abstract earcon sounds in 
more or less imminent collision scenarios and 3D 
sounds were tested against monophonic sounds in 
different lane change scenarios. Self-report 
measures (Self-Assessment Manikins, SAM) and 
physiological measures (Galvanic Skin Response, 
GSR and facial Electromyogram, EMG) of 
emotional response as well as behavioral measures 
(e.g. brake response time) were used.  
It was found that auditory icons were more efficient 
and gave up to 600ms faster brake response times 
than abstract sounds in imminent collision 
scenarios and that 3D sound gave a stronger 
emotional response in lane change scenarios. 
Moreover, the results show that emotion can 
predict behavior, e.g. sounds rated as being more 
activating and negative also gave quicker response 
times. Contrary to our expectations however, the 
findings from the SAM ratings were not reflected 
in the physiological measurements. An explanation 
to this may be that the scenario itself caused a 
dominant stress reaction which overrode the 
physiological response to the warning sounds. Our 
findings nonetheless strengthen the importance of 
auditory displays as a means to enhance vehicle 
safety, and that emotions may be an efficient way 
of predicting behavioral response to auditory DVIs. 
Measurements of emotion may therefore facilitate 
the process of designing auditory DVIs. 

BACKGROUND 

Sound may be a very efficient mean of providing 
warnings and information in vehicles, especially in 
situations where the visual modality is loaded with 
information, but can also be used to increase the 
quality impression of the vehicle.  
A central characteristic of most auditory Driver- 
Vehicle Interfaces (DVIs) is that it should convey 
the appropriate level of urgency. Urgency can be 
defined as “…an indication from the sound itself as 
to how rapidly one should react to it.” (Edworthy & 
Hellier, 2006). Too urgent sounds may cause 
annoyance, unwanted startle effects and even lead 
to the wrong behavior. On the other hand, if the 
sound is not urgent enough, reaction may be 
unnecessarily slow or result in that the warning is 
neglected. 
Parameters which have been found to influence the 
perceived urgency of a sound include repetition 
speed, number of repeating units, fundamental 
frequency, and inharmonicity (Hellier & Edworthy, 
1996). Moreover, loudness appears to be one of the 
stronger cues for urgency (Haas and Casali, 1995). 
However, the range within which loudness can be 
varied before the sound becomes un-ergonomic is 
in practice rather small; the sound should of course 
be loud enough to be heard over the background 
noise in the operator’s environment and quiet 
enough not to cause annoyance or hearing 
impairment. This matter may seem trivial, but is 
often a central issue which is crucial for the 
acceptance of the sound.  
Although thorough research has been conducted on 
the correlation between basic psychoacoustic 
parameters and urgency and similar perceptual 
aspects of sound design, the cognitive response 
linked to the sound is much less well understood 
(Edworthy & Hellier, 2006). It is therefore 
important to systematically investigate and be able 
to measure how the sound is comprehended.  
Edworthy and Hellier (2006) suggest that abstract 
sounds can be interpreted very differently 
depending on the many possible meanings that can 
be linked to a sound, in large dependent on the 
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surrounding environment and the listener. 
Designing sounds with unambiguous and 
appropriate meaning is perhaps the most important 
task in auditory warning design (Edworthy & 
Hellier, 2006).  
A possible solution to the meaning problem is to 
use auditory icons. Auditory icons are 
representational, real world sound events that are 
used to signal events in Human-Machine Interfaces 
(HMIs). The advantage of auditory icons is that 
they have inherent meaning and therefore require 
no or little learning. Still, this meaning may not the 
same to all persons. As an example, the sound of a 
drain clearing may to some mean “Wet road” while 
others may interpret it the way the designer 
intended, namely “Low on fuel” (Winters, 1998). 
In general it may be difficult to find a suitable 
match between the function/event to be represented 
and the sound.  

Emotional reactions  

While perceptual and cognitive aspects of sound 
design such as urgency and meaning of sounds are 
important to consider in the development of 
efficient DVIs, we propose here to take one step 
back and instead look at the emotional response to 
sound.  
Why would we consider emotion? From an 
evolutionary perspective emotion can be seen as 
the human alarm system. Positive emotions signal 
that everything is safe and no specific action is 
needed to be undertaken to survive, while negative 
emotions signal a potential threat and need to take 
quick action. Emotions thus have strong 
consequences for behavior and information 
processing.  
In our everyday life, sound often elicits emotional 
reactions in the listener. People can be startled by 
the sudden sound of a door slamming or a thunder 
in a storm, annoyed by the noise of cars in the 
street, pleased by the sound of a water stream in the 
forest, tired after a full day of work in a noisy 
environment, etc. Thus, understanding the role of 
sound in evoking human emotional responses 
might improve our quality of life by helping to 
design objects, spaces and media applications 
which are emotionally optimized (Tajadura & 
Västfjäll, 2008). Following this, it may be argued 
that designing sounds that elicit an emotion is also 
a way of designing sounds that will elicit a reaction 
and may therefore be particularly suited for design 
of sounds for DVIs. Another advantage is that 
rather than focusing solely on behavioral responses 
(which often are difficult and time-consuming to 
assess) as a measure of performance, emotion 
psychology has a rich flora of instruments to 
measure emotion that may be used as a proxy 
measure of behavior. 
In our previous research, we have devised the 
Emotion Reaction Model (ERM) framework which 

builds on neuropsychological research showing that 
the human brain automatically reacts to certain 
sound properties, either in a very fundamental way 
(approach/avoidance reactions linked to survival) 
or by activating associative networks 
(primes/memories from previous exposures to 
situations where the sound was experienced) (see 
Västfjäll, 2007; Västfjäll et al., 2007). Most 
importantly, the ERM framework suggests that 
emotional or affective reactions are the driving 
force of behavior or action (Damasio, 1994, 
LeDoux, 2000). Therefore, for a warning or info 
sound to elicit the “correct” action, it needs to 
induce an emotional reaction (Västfjäll et al., 
2003). A central question within this research is 
thus what in a sound that induces an emotional 
reaction.  
 
 

 
 
 
Figure 1.  Schematic of the ERM framework. 
 
Figure 1 shows a simplified schematic of the 
proposed framework where sounds (upper left 
corner) can be processed along two principal 
routes; either it will elicit immediate responses 
(arousal potential) or sound properties will be 
compared to previously stored memories of sounds 
(familiarity/significance check). In both cases the 
sound will elicit both a reaction and an evaluation 
of the possible danger or threat of the situation (as 
signaled by the sounds). 
The upper route in Figure 1, arousal potential, is a 
preattentive warning system that has evolved to 
make a quick assessment of the potential threat of 
the situation (Jacobsen et al., 2003; LeDoux, 2000; 
Schröger, 1997; Tiitinen et al., 1994). This system 
needs to be extremely fast and elicit immediate and 
correct responses to ensure survival. Evidence 
points to that humans are hardwired to react to 
certain extreme acoustical characteristics (loud, 
sharp noises with quick rise time) (Bradley & 
Lang, 2000). Thus, when a sound exceeds a certain 
arousal threshold it will activate fight or flight 
tendencies (Giard et al., 1995; Lang, 1995; 
Rauscheker, 1998).  
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If the sound does not have an arousal potential that 
exceeds the threshold, it will be processed by other 
parts of the brain (Belin & Zatorre, 2000; Peretz & 
Zatorre, 2005); this is visualized by the lower route 
in Figure 1. First, the secondary auditory cortex 
will process the sound followed by associative and 
motor cortex areas (Edeline & Weinberger, 1992). 
Here the incoming sound will be compared to 
sound representations stored in long-term memory 
(Saarinen et al., 1992). If the sound has been 
encountered before (or resembles a sound that has 
been encountered before) it will elicit on of two 
possible reactions (Jääskelinen et al., 2004): If it is 
an unfamiliar sound, it will immediately signal the 
same alarm system as a sound with high arousal 
potential. The same holds true if the sound matches 
a sound representation that is associated with a 
previous negative experience (Damasio, 1994; 
Damasio et al., 2000). If the sound matches a 
previously stored representation it will be evaluated 
on basis of it significance for survival (Blood & 
Zatorre, 2001; Todd, 2001). If our previous 
experience has coded the sound as something 
potentially threatening or coexisting with 
something else that may be a threat, the system will 
call for an action. If, on the other hand, the sound is 
evaluated as non-harmful, no action will be 
required. 
     Implications for sound design - This 
simplified framework has several implications for 
design of warning and information sounds. First, it 
postulates that warning sounds should have a 
certain degree of arousal potential so that it evokes 
an immediate correct response. The main task for 
future research here is to map the arousal potential 
of various sounds and create sounds that have just 
the right amount of potential as too much may 
result in freezing behavior and incorrect responses 
(Panksepp & Bernatsky, 2002). 
Second it suggests that both information and 
warning sounds would benefit from having sound 
elements that are familiar (such as auditory icons 
that rely on naturally occurring sounds to convey 
information). Third, the proposed framework 
suggest that emotional reactions to sounds is a 
common currency with which the urgency, 
behavioral significance and needed action will be 
evaluated against (Damasio et al., 2000). This also 
suggests that when assessing the effectiveness of 
warning and information sounds, affective 
reactions should be measured along with process 
measures (reaction time and decision) of the action. 
     The affect circumplex – It has been shown 
that the emotional reaction to natural and product 
sounds can be efficiently be described by two 
bipolar dimensions, activation and pleasantness-
unpleasantness (valence), (Bisping, 1995, 1997; 
Bradley & Lang, 2000; Västfjäll et al., 2003). 
Taking this approach, it is assumed that any 
emotional state can be described by the 

combination of these two orthogonal dimensions 
(Russell, 1980; Russell & Feldman-Barrett, 1999).  
The so-called affect circumplex (Russell, 1980), 
shown in Figure 2, visualizes the two dimensional 
approach to describing emotional reactions. As an 
example, an emotional state such as excitement is 
the combination of pleasantness and high activation 
(upper left quadrant in Figure 2). An emotional 
reaction such as calmness is similar in pleasantness, 
but low in activation (lower left quadrant). 
Boredom is the combination of unpleasantness and 
low activation (lower right quadrant) and distress is 
the combination of unpleasantness and high 
activation (upper right quadrant).  
 

 
 
Figure 2.  The affect circumplex (Adapted from 
Russell, 1980). 
 

Measurement of emotional reactions to sound 

There is a number of different ways to measure 
emotional reactions, including self report, 
physiological measures such as EEG and 
behavioral measures.  
Self-report measures rely on that participants 
accurately can report their felt emotion. The main 
self-report measure used in the ERM framework is 
the Self Assessment Manikin (SAM) scales 
(Bradley & Lang, 1994, see Figure 3) which aims 
at capturing the activation/valence dimensions 
described in the previous section. The advantage of 
the SAM measure is that it can be understood by 
different populations in different cultures and that it 
is easy to administrate. 
Many different physiological processes indicate 
emotional experiences. For instance, video 
recordings of the face can obtain measures of 
facially expressed emotions (Sebe et al., 2002). 
However, emotional reactions can also be captured 
via physiological measures of activation and 
valence. The method preferred within the ERM 
framework to measure valence are 
Electromyographical (EMG) measures of facial 
muscle contractions (Bradley & Lang 2000). 
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Figure 3.  The Self Assessment Manikin (SAM) 
scales for valence (top) and activation (bottom) 
(Bradley & Lang, 1994). 
 
This is typically measured by attaching electrodes 
in the facial region and measuring muscle micro-
movements. Activity in the Corrugator supercilii 
(which controls eyebrow contraction) can be linked 
to unpleasant emotions (negative valence) whereas 
activity in the Zygomaticus major (the “smile 
muscle”) may be linked to pleasant emotions 
(positive valence). The activation dimension is 
preferably measured physiologically using EDA 
(Electro- Dermal Activity) which can be obtained 
by measuring the galvanic skin resistance on 
subjects’ fingers or palms (Bradley & Lang 2000). 

EXPERIMENT 

The simulator experiment described in this paper 
aimed at testing the following hypotheses: 
 
H1. Sounds that contain ecological components 
(i.e. sounds that represent naturally occurring 
events – auditory icons) are more efficient / urgent 
than earcons (entirely abstract/synthetic sounds 
such as the ones used in the majority of all HMI 
systems in trucks). According to the ERM 
framework, familiar information contained within 
the sound should facilitate the emotion response 
process by activating associative networks and lead 
to more correct and rapid action. 
 
H2. 3D sounds are more efficient/urgent than mono 
sounds. By combining sound icons and 3D 
information it is likely that one can rapidly and 
efficiently convey the sensation of that something 
dangerous is e.g. approaching  from a certain 
direction (using 3D directional cues). Hence, such 
3D sounds should be perceived as being more 
urgent and lead to more rapid and correct action.  

Participants 

20 professional truck drivers (19 male, age M= 
42.3 SD= 9.2 years) and 10 Volvo employees with 
truck driving license (9 male, age M= 40.7 SD= 8.6 
years) participated. The professional truck drivers 

received vouchers worth SEK 200 as compensation 
for their participation. 

Measures 

Participants’ reactions to sounds were measured 
using self-reports, physiological measurement and 
behavioral methods. The Self-Assessment Manikin 
(SAM) – scales (shown in Figure 3) were used to 
collect self-ratings of Activation (high to low) and 
Valence (positive to negative). Participants were 
instructed to verbally report their responses using 
the scales (by saying e.g.”A1, B5”) after hearing 
each sound. A sheet with the scales was placed in 
the middle of the steering wheel, see Figure 5.  
Activation was measured physiologically by 
Galvanic Skin Response (GSR) measurements on 
participants’ index and middle fingers on their non-
dominant hands (see Figure 4). GSR was sampled 
continuously through each driving session at a rate 
of 391 Hz. To obtain a physiological 
correspondence to valence, electromyogram 
(EMG) responses of the Corrugator and 
Zygomaticus muscles (the ”frown and smile” 
muscles in the face) were measured (see Figure 4). 
As with the GSR, the EMG responses were 
sampled throughout each driving session but at a 
sample rate of 3125 Hz. In addition, several driving 
parameters such as brake, wheel, and throttle 
response were logged for all sessions. 

Instrumentation 

     Simulator - The simulator used in the 
experiment is shown in Figure 5. It consists of a 
stationary truck compartment and a 130-degree 
cylindrical display onto which 3 BARCO CRT 
projectors project the image. Side rear view mirrors 
views were simulated with LCD monitors. A Linux 
cluster consisting of one master and five slave 
computers were used to run the driving simulation 
and render the graphics. In-house developed 
software, ”DriveSim”, based on SGI Performer was 
used as the main simulation application. Moreover, 
a Windows computer was used for controlling 
communication between dashboard instruments and 
the master computer and one XPC computer was 
used for receiving and passing on CAN information 
from driver (throttle and steering wheel) to the 
main application. For the distraction task in part 2 
(see ”Scenarios” below), a Windows laptop with 
PowerPoint which presented numbers on a 19” 
LCD monitor placed on the floor to the right of the 
participants inside the truck compartment was used 
(see Figure 5). 
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Figure 4.  GSR (top) and EMG electrodes 
mounted on a participant. 
 
     Sound - Sound icons were presented using 
loudspeakers, located as shown in Figure 6, and 
dedicated amplifier (Creative Inspire T7700). Since 
only two-channel sound was available from the 
simulator master computer, a Dolby Pro-logic™ 
preamplifier (Proton AS-2620) was used to 
distribute the sound to the three loudspeakers. The 
levels of the signals sent to the 
amplifier/loudspeakers were adjusted in the 
preamplifier so that the sound was perceived 
equally loud from all three loudspeakers. 
Communication between the participant and the 
experiment leader (who sat at a desk approximately 
6.5 m behind the simulator cab) was enabled by a 
talkback system consisting of two Genelec 1029A 
active monitors and two microphones (a Shure 
Prologue el. dynamic microphone at the experiment 
leader’s desk and a Panasonic electret microphone 
mounted to the driver’s seat) and microphone 
preamps. The sound inside the compartment was 
also recorded using a Shure BG4.1 condenser 
microphone and the BIOPAC system described in 
the next paragraph. 
     Physiology - To measure physiological 
responses, a BIOPAC MP150 system with 
Acqknowledge™ 3.8.1 running on a Windows 
laptop was used. Facial electromyogram (EMG) 
responses of the Corrugator and Zygomaticus 
muscles were acquired via Ag-AgCl shielded lead 

 

 
Figure 5.  The simulator (top) and inside the 
simulator compartment, showing the main 
loudspeaker, SAM scales and the distraction 
monitor. 
 
 
 
 

 
Figure 6.  Position of loudspeakers in the 
simulator compartment.  
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electrodes and two BIOPAC EMG100C amplifiers. 
Galvanic Skin Responses (GSR) were acquired via 
Ag-AgCl electrodes and a BIOPAC GSR100C 
amplifier. 

Sounds 

The thirteen different warning and information 
sounds included in the experiment are described 
below. Both entirely synthetic sounds (earcons) and 
auditory icon-type, ecological sounds (i.e. sounds 
representing real events) were used. 
  

• FCW_earcon: 4 sharp pulses of 0.1s 
duration and 0.01s silence between pulses. 
Fundamental around 207 Hz 

• FCW_aicon: Auditory icon - car horn 
sound, continuous, 1.24 s duration. 
Fundamental around 417 Hz 

• ACC_earcon1: 4 high-pitched pulses of 
0.1s duration and 0.01s silence between 
pulses. Tone cluster 2482 Hz and 2631 Hz 

• ACC_earcon2: 4 sharp, low-pitched 
pulses of 0.29s duration and 0.21s silence 
between pulses. Fundamental around 95 
Hz 

• ACC_aicon: Auditory icon - car horn 
sound, low pass filtered, continuous, 1.24 
s duration. Fundamental around 417 Hz 

• Caution_earcon1: 2 pulses of 0.1s duration 
and 0.2s silence between pulses –  
repeated once, 1.8s silence between. 
Fundamental around 980 Hz. 

• Caution_earcon2: 2 brief tones of 0.03s 
duration and 0.06s silence between tones. 
Echo effect. Repeated once, 0.68s silence 
between. 

• Caution_aicon: Earcon/Auditory icon 
hybrid: Two chime tones, 0.45s duration 
and the sound of a ratchet handle 
(symbolizing the need to contact service). 
Chime fundamental around 260 Hz 

• LCS_mono: Auditory icon - 2 car horn 
honks, 0.27s duration, fundamental around 
417 Hz 

• LCS_3Dl: Same as LCS_mono but played 
in left loudspeaker 

• LCS_3Dr: Same as LCS_mono but played 
in right loudspeaker 

• LDW_earcon1: 4 very sharp pulses of 
0.23s duration and 0.24s silence between 
pulses intended to symbolize the sound of 
a rumble strip. Fundamental about 74 Hz  

• LDW_earcon2: 19 rapid dull pulses of 
0.08s duration and 0.02s silence between 
pulses intended to symbolize the sound of 
a rumble strip. Fundamental somewhere 
around 68 Hz. 

Design 

The experiment was divided into two parts: The 
first part consisted of Forward Collision Warning 
(FCW), Automatic and Caution scenarios/sounds, 
and the second part consisted of Lane Change 
Support (LCS) and Lane Departure Warning 
(LDW) scenarios/sounds. Three different groups 
(orders) were used for the first part and two groups 
were used for the second part in order to randomize 
the presentation of different sounds for each 
scenario. The main design type was thus a within-
group design (if one considers the scenarios for a 
certain event type, e.g. FCW, to be comparable). 
For practical reasons, Caution sounds could not be 
played more than once why this type of sound was 
a between-groups variable.  

Scenarios 

Thirteen different scenarios were created to test the 
different sounds. All roads used in the scenarios 
were modeled according to Swedish standards. The 
scenarios are described below. 
 

1. FCW, approaching car in the wrong lane. 
2. ACC, car turns into the lane in front. 
3. Caution, nothing particular happens on the 

road but the engine warning lamp in the 
dashboard starts to flash for a few 
seconds. 

4. FCW, approaching car in the wrong lane. 
5. ACC, car in front brakes suddenly before 

intersection. 
6. FCW, meeting car in intersection suddenly 

turns left. 
7. ACC, Car turns quickly into the lane in 

front. 
8. LCS, participant is instructed to take right 

to the departure lane, when a car suddenly 
appears in departure lane. 

9. LDW, the participant is instructed to read 
the numbers that appears on the screen on 
the floor inside the simulator 
compartment. When the participant starts 
to read, the experiment leader 
momentarily steers the truck of the road. 

10. LCS, fast bicycle crosses lane after 
roundabout. 

11. LDW, the participant is instructed to read 
the numbers that appears on the screen on 
the floor inside the simulator 
compartment. When the participant starts 
to read, the experiment leader 
momentarily steers the truck of the road. 

12. LCS, the participant is instructed to turn to 
left lane where a car suddenly appears. 

13. LCS, the participant is instructed to turn to 
right lane where a car suddenly appears. 
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Procedure 

Participants arrived individually to the simulator 
lab. A female or male test leader first briefed the 
participant generally about the experiment and the 
conditions for their participation. Participants were 
then seated in the simulator and physiological 
equipment (finger and facial electrodes) was 
attached to the participant. The use and control of 
the simulator was then introduced. Participants 
were instructed to try to drive as they normally 
drive and follow all instructions, road signs, speed 
limits etc. They were also specifically instructed 
that they could abort the test if they were feeling 
nauseous or uncomfortable in any way. Instructions 
on how to use the SAM scales were given and 
participants then commenced a short test drive 
during which they also rated a test sound (a sound 
which was not included in the main experiment) on 
the SAM scales. The main test then started with the 
first part (mean duration= 18 min) followed by a 
short break to let some air into the truck 
compartment and the second part (mean duration= 
11 min). Participants were then debriefed and 
thanked for their participation. 

RESULTS, PART 1 

Self reports (SAM) 

Ratings of activation were submitted to a 2 (earcon 
/ auditory icon) x 2 (ACC / FCW) ANOVA to 
determine the influence of type of sound design and 
warning level on self reported activation. For 
simplicity of reading, the activation ratings were 
inverted from the original ratings so that high 
ratings indicate high activation. Bonferroni’s 
method was used to adjust for multiple 
comparisons. As expected, it was found that 
participants rated FCW sounds as being more 
activating than the ACC sounds (M= 6.692 vs. M= 
5.769, p<.01). The mean rated activation of the 
auditory icon sounds was slightly higher than for 
the earcon sounds (6.325 vs. 6.135), however this 
effect was not significant (p= .547).  

Separate ANOVAs were performed to reveal any 
differences between individual sounds. A 
statistically significant difference in activation was 
found between FCW_aicon and FCW_earcon, 
where the former was rated as being more 
activating (M= 7.161 vs. 6.452, p<.05). No 
statistically significant differences were found 
between the ratings of the three ACC sounds 
(earcon1, earcon2 and aicon). 
In a similar fashion, ratings of valence were 
submitted to a 2 (earcon / auditory icon) x 2 (ACC / 
FCW) ANOVA to determine the influence of type 
of sound design and warning level on self reported 
valence. The mean ratings indicate that participants 
rated the auditory icons as being more negative 
than the earcons and that the FCW sounds were 
more negative than the ACC sounds; however, the 
analysis showed that these differences were not 
statistically significant (p= 0.365 and p= 0.524 
respectively).  
Valence ratings were also analyzed separately for 
each sound. The results from this analysis showed 
that there was a marginally significant difference 
(p=0.114) in valence between FCW_earcon and 
FCW_aicon with the latter being slightly more 
negative (M= 5.161 and M=5.871 respectively). 
There were no such trends for the three ACC 
sounds. 
Finally, activation and valence ratings of the 
“caution” sounds were submitted to independent 
samples t-tests as these sounds were a between-
group variable in the current design. However, no 
significant group differences were found in either 
activation or valence for these sounds. It is likely 
however that significance would have been reached 
with more participants in each group. 
The SAM ratings from the first part are 
summarized in Figure 7 where means are plotted in 
the activation-valence plane. 
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Figure 7.  SAM ratings from the first part of the experiment plotted in the activation/valence plane. 
 

Physiological responses 

As data recorded from GSR electrodes was 
recorded continuously during each driving session, 
the data files first had to be cut in segments around 
the points in time when each sound was triggered. 
Next, the GSR segments were downsampled to 20 
Hz. Each segment was then visually inspected and 
the point where a steep increase GSR curve could 
be noted was stored as a cut point. The GSR score 
was then calculated as the difference between the 
maximum derivative up to 2 seconds after this cut 
point and the maximum derivative in the segment 
from 2 seconds before the cut point up to the cut 
point. An example of a GSR segment from one of 
the sounds and one of the participants is shown in 
Figure 8. 
After these pre-processing steps, GSR scores were 
first submitted to a 3 (earcon1/earcon2/aicon) x 2 
(ACC/FCW) ANOVA to determine the overall 
effect of type of sound design and warning level on 
physiological activation. No significant differences 
between these factors were found. Scores were also 
submitted to a 1x7 ANOVA to reveal differences in 
activation between separate sounds. The only 
possible effect found was between FCW_earcon 
and the Caution sounds, with p=0.054. (Note that 
the score from three different caution sounds have 
been grouped together in this case). For reference, 
means of the GSR scores are shown in Figure 9 
(whiskers show standard error). 
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Figure 8.  Example of one of the GSR segments 
cut from one of the data files. The leftmost 
dashed line marks the start of the sound, and the 
two other dashed lines mark the region where it 
is most likely to see a response to the stimulus 
(1-3 seconds after stimulus start). In this case, 
the cut point was selected at about 80 samples 
(i.e. 2 seconds after stimulus start). 
 
Data from facial EMG (Corrigator / Zygomaticus) 
were first cut into segments around the points in 
time when each sound was triggered (in a similar 
way as was done with the GSR recordings). The 
segments were then downsampled to 1000 Hz and 
highpass filtered at 90 Hz to remove unwanted 
high- and low-frequency noise. Next, the envelope 
of the segments was extracted by taking the Hilbert 
transform of the segments. Finally, scores were 
calculated as the difference in means 2 seconds 
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after each sound was played and 2 seconds before 
each sound was played. 
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Figure 9.  Means of the GSR scores. The only 
difference which is close to being statistically 
significant is the one marked with p-value 
(Caution vs. FCW_concept). Note however that 
the Caution score is a score obtained from three 
different sounds. 
 
The Corrugator / Zygomaticus scores were then 
submitted to separate 3 (earcon1/earcon2/auditory 
icon) x 2 (ACC/FCW) ANOVAs to determine the 
overall effect of type of sound design and warning 
level on negative and positive valence. No 
significant differences between these factors were 
found. Scores were also submitted to a 1x7 
ANOVA to reveal differences in physiological 
valence between separate sounds. An effect was 
found in the Zygomaticus score between 
FCW_aicon and the Caution sounds, with M=0.02 
for the FCW_aicon and M= -0.02 for the caution 
sounds (p<.05) (note that the score from three 
different caution sounds have been grouped 
together in this case).  

Behavioral responses 

Brake reaction times (BRT) were extracted from 
simulator log files as the time from sound start to 
30% of maximum brake pressure for each 
participant and sound. BRTs were then analyzed in 
a between-groups fashion using t-test for each 
scenario since the scenarios were fairly different 
and hence probably provoked different behaviors. 
First, it was found that BRT was significantly 
lower for scenario 1 (FCW situation) for the group 
which received the auditory icon sound compared 
to the group which did not receive any sound at all 
(N=10, M=1.9s vs. M=2.5s, p<.05). BRT was also 
significantly lower in group 1 (auditory icon) 
compared to group 3 (earcon) in scenario 6 (also 
FCW situation) with N=10, M= 0.4 vs. M=0.7, 
p<.01. In other words, the auditory icon sound gave 
a brake response in the range 300-600 ms faster 

compared to the concept sound and when no sound 
was presented. These results are visualized in 
Figures 10-11 below. 
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Figure 10.  Brake reaction times, no sound vs. 
FCW_aicon. Whiskers show standard deviation. 
Bold p-value indicates statistically significant 
difference. 
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Figure 11.  Brake reaction time, FCW_earcon 
vs. FCW_aicon. Whiskers show standard 
deviation. Bold p-value indicates statistically 
significant difference. 
 

RESULTS, PART 2 

Self reports (SAM) 

Ratings of activation for the LCS sounds were 
submitted to a 2 (mono / 3D) x 2 (scenarios 8 and 
10 / scenarios 12 and 13) ANOVA primarily to 
determine the influence of spatialization on self 
reported activation. To complete the factor analysis 
but also to reveal learning effects, scenario (8 and 
10: highway departure & bicycle in roundabout, 12 
and 13: lane change) was included as a factor. For 
simplicity of reading, the activation ratings were 
inverted from the original ratings so that high 
ratings indicate high activation.
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Figure 12.  SAM ratings from the second part of the experiment plotted in the activation/valence plane. 
 
Bonferroni’s method was used to adjust for 
multiple comparisons. As expected, it was found 
that participants rated 3D sounds as being more 
activating than the mono sounds (M= 5.339 vs. M= 
4.790, p<.01). The mean rated activation was also 
higher in the first two scenarios (8 and 10) 
compared to the second two (12 and 13) (5.435 vs. 
4.694, p<.05), indicating that participants felt that 
the latter two situations were less serious or that 
they were more relaxed (or bored) towards the end 
of the test.  
Furthermore, ratings of activation for the LWD 
sounds were submitted to an ANOVA to determine 
the influence of sound design (earcon1 / earcon2) 
on self reported activation. As before, the 
activation ratings were inverted from the original 
ratings so that high ratings indicate high activation. 
Bonferroni’s method was used to adjust for 
multiple comparisons. It was found that the mean 
rating of the LDW_earcon1 sound was slightly 
higher than the LDW_earcon2 (M= 6.148 vs. M= 
5.593; however, this effect was not significant (p= 
.134). 
As with the activation ratings, ratings of valence 
for the LCS sounds were submitted to a 2 (mono / 
3D) x 2 (scenarios 8 and 10 / scenarios 12 and 13) 
ANOVA primarily to determine the influence of 
spatialization on self reported valence. Bonferroni’s 
method was used to adjust for multiple 
comparisons. It was found that participants rated 
3D sounds as being more negative than the mono 
sounds (M= 5.113 vs. M= 4.500, p<.01). The mean 
rated valence was also slightly higher (i.e. more 
negative sensations) in the first two scenarios (8 
and 10) compared to the second two (12 and 13) 

(4.984 vs. 4.629); however, this effect did not reach 
significance (p= 0.150).  
Moreover, ratings of valence for the LWD sounds 
were submitted to an ANOVA to determine the 
influence of sound design (earcon1 / earcon2) on 
self reported valence. Bonferroni’s method was 
used to adjust for multiple comparisons. It was 
found that the mean rating of the earcon2 LDW 
sound was slightly higher than the earcon1 sound 
(M= 5.370 vs. M= 5.037; however, this effect was 
not significant (p= .320).  
The results from the analysis of the SAM ratings 
from the second part of the experiments are 
summarized in Figure 12. 

Physiological responses 

GSR data was preprocessed in the same fashion as 
in part 1 and the resulting GSR scores were then 
first submitted to a 2 (mono / 3D) x 2 (scenarios 8 
and 10 / scenarios 12 and 13) ANOVA primarily to 
determine the influence of spatialization on 
physiological activation. To complete the factor 
analysis but also to reveal learning effects, scenario 
(8 and 10: highway departure/bicycle in 
roundabout, 12 and 13: lane change) was included 
as a factor. As with the self-reports, the last two 
scenarios were in mean less activating than the first 
scenarios (M= 1.747 vs. M= 0.403), however this 
difference was not significant (p= 0.139). 
Similarly, the 3D sounds were in mean more 
activating than the mono sounds (M= 2.845 vs. 
M=-.695, shown in Figure 13), but again this 
difference was not statistically significant (p= 
0.378). Scores resulting from the LDW sounds 
were then submitted to a 1x2 ANOVA to reveal 
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differences between sound designs (earcon1 and 
earcon2). It was found that the earcon1 sound was 
significantly more activating than the earcon2 
sound (M= 3.628 vs. 0.038, p< .05), see Figure 14. 
 

GSR 

-4
-3
-2
-1
0
1
2
3
4
5
6

Mono 3D

Spatialization

S
co

re

 
Figure 13.  Means of GSR scores, mono vs. 3D 
sound. P-value in italics indicates non-significant 
difference. 
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Figure 14.  Means of GSR scores, LDW_earcon1 
vs. LDW_earcon2. Bold p-value indicates 
statistically significant difference. 
 
Data from facial EMG (Corrugator / Zygomaticus) 
were first preprocessed in a similar manner as in 
part 1. The Corrugator / Zygomaticus scores were 
the submitted to a 2 (mono / 3D) x 2 (scenarios 8 
and 10 / scenarios 12 and 13) ANOVA to 
determine the influence of spatialization on 
physiological activation. As before, scenario (8 and 
10: highway departure / bicycle in roundabout, 12 
and 13: lane change) was included as a factor. No 
significant differences between these factors were 
found. Corrugator and Zygomaticus scores 
resulting from the LDW sounds were then 
submitted to separate 1x2 ANOVAs to reveal 
differences between sound designs (existing and 
concept). No significant effects were found in this 
case either. 

Behavioral responses 

Brake reaction times (BRT) were extracted for the 
LCS scenarios only (as BRT was considered to be 
an inappropriate measure for the LDW scenarios) 
from simulator log files in a similar manner as in 

the first part. Due to a technical error, only 
responses from Scenarios 8 and 12 could be 
analyzed. BRTs over 4s were excluded from the 
dataset. These BRTs were then analyzed in a 
between-groups fashion using t-test for each 
scenario. No statistically significant differences 
were found. The BRTs are shown in Table 1 below. 
As can be seen, the number of valid sample points 
is low for all scenarios/conditions, about 50% for 
Scenario 8 and about 25-30% for Scenario 12, 
which simply means that the participants’ response 
was not always to depress the brake when hearing 
the sound. In other words, BRT may not be the 
most suitable measure of behavioral response in 
this case.  
 

Table 1.  
BRTs for the LCS scenarios 8 and 12 

 
 Group N Mean Std. Dev. 
Scenario 8   3D 8 1.039888 0.676731 
 mono 8 1.797263 1.125288 
Scenario 12   3D 4 1.9008 1.366652 
 mono 5 0.85034 0.455207 
 

DISCUSSION 

In part 1, it was found that FCW sounds were more 
activating than ACC sounds, which supports the 
overall sound design goal for these two types of 
sounds. Auditory icons in general were not more 
activating than the earcons, but specifically for the 
FCW sounds is seems that the auditory icon was 
more efficient in activating the driver. There were 
no significant differences in valence for the part 1 
sounds, although a trend indicating that the 
auditory icon FCW was more negative than the 
earcon FCW sound could be seen. The findings 
from the SAM measurements were not reflected in 
the physiological measurements. It is likely that it 
is the situation/scenario itself, and not the sound, 
which causes the dominant stress reaction and any 
physiological response differences due to 
difference in sounds are overridden. This is 
supported by the fact that the only close-to-
significant case in the GSR recordings was between 
the Caution sound (where nothing actually 
happened) and FCW_earcon (a collision scenario). 
The same effect was found also in the Zygomaticus 
scores between Caution and FCW_aicon (the effect 
was statistically significant in that case). To 
investigate this matter, more controlled studies with 
repetitions of each sound and/or a between-groups 
design with more participants would be required. 
The current GSR scores were actually analyzed 
also in a between-groups fashion for each scenario, 
but probably due to the low number of participants, 
this analysis did not show any statistically 
significant results. Brake reaction times however 

p= .378 

p< .05 

LDW_earcon1 LDW_earcon2 
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confirmed the SAM ratings and hypotheses in 
terms of auditory icons being more urgent than 
earcons (i.e. more activating and more negative). 
Both compared to no sound at all and compared to 
the FCW_earcon sound, the FCW_aicon sound 
resulted in a much quicker brake reaction; mean 
reaction times were in the range 300ms – 600ms 
shorter for the auditory icon sound.  
In part 2, strong evidence for 3D sounds being 
more urgent (i.e. more activating and more 
negative) was found in the SAM ratings. It should 
be again noted that the ”3D sounds” and the ”mono 
sounds” were exactly the same car horn sounds, but 
played through either the mono loudspeaker in 
front of the participant or through one of the rear 
loudspeakers. Interestingly, during the debriefing 
sessions with the participants, not many reported 
having heard any difference between the 
conditions; still, the ratings indicate a difference in 
emotional response and urgency. An explanation to 
the effect is that participants to greater extent 
associated the 3D sound with something outside the 
car – an approaching and potentially dangerous 
situation – while the mono sound was associated 
with their own car horn i.e. something less urgent.  
An effect of scenario could also be seen indicating 
that the latter scenarios were either less activating 
and less negative or that participants simply 
became less alert / more relaxed as the test 
progressed. The GSR scores partly confirmed the 
SAM ratings, although no significant effects were 
found, but as in part 1 it is likely that one has to 
employ a different design to reveal any 
physiological response differences between the 
types of spatialization. The behavioral measure, 
brake reaction time, seemed to be inappropriate for 
the scenarios used in part 2; few instances were 
participants actually pressed the brake in response 
to the sound occurred and no statistically 
significant differences could be found in the data 
which did pass the pre processing stage. It is likely 
that other behavioral measures such as gaze would 
be more suitable for these scenarios or in general 
when spatial properties of sound are to be 
investigated. Concerning the LDW sounds, no 
strong results were found in SAM ratings, although 
a trend was found indicating that LDW_earcon1 
sound is more activating than the LDW_earcon2 
sound. This finding was supported by GSR scores, 
where a significantly lower score was found for the 
LDW_earcon2 sound. One should however treat 
this result with some caution since large wheel 
deflections, which may have influenced the GSR 
score, often were the response to the sound in these 
scenarios. 
In sum, strong support was found for the 
hypothesis that auditory icons are more efficient 
than conventional earcons in urgent situations. It 
was shown that both emotional response and brake 
reaction time could be significantly improved by 

using an auditory icon sound. Moreover, spatialized 
sounds were found to be more activating and more 
negative, i.e. more urgent, in a lateral warning 
situation (e.g. lane change). These findings should 
be considered in future DVI development, but it is 
recommended that more controlled studies are 
carried out to establish the optimal parameters of  
these sound design dimensions. 
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ABSTRACT 

Technological applications not only affect 
individual behaviour in traffic, but also influence 
interaction behaviour. However, not much research 
has been conducted in this area. This  paper 
attempts to fill the gap by investigating the effects 
of manipulations of the time and space ("interaction 
space") drivers have to safely negotiate an 
intersection. Interaction space was manipulated by 
providing drivers at intersections with information 
about other approaching drivers, and also by 
varying the expectedness of the approach speed of 
the other driver. An experiment was conducted 
using an innovative and promising approach with 
two linked driving simulators, where participants 
(N=26) were provided with in-vehicle information 
(flashing lights in their  dashboard and beeps), 
indicating the direction and speed with which 
another driver approached on the intersecting road. 
Based on the right of way regulation, speed could 
be either expected or unexpected. The use of linked 
simulators allowed the participants to interact with 
a real driver (the experimenter), rather than with 
pre-programmed drivers and thus provided 
important information concerning the interaction 
process . Different behavioural indicators of the 
safety and efficiency of the interaction process 
were recorded. Also, concerning the information 
provided, the level of acceptance and experienced 
mental effort is reported. The results regarding the 
behavioural indicators suggest a proactive and 
reactive stage within an intersection approach, 
where the latter stage seems more prone to 
manipulations of interaction space. The acceptance 
results indicated that the lights were not 
appreciated whereas the beeps were regarded as 
quite useful. Mental effort was (subjectively) lower 
in the condition where extra information was 
provided. This experiment provides a valuable 
indication of the effect information would have on 
driving behaviour, although it should be noted that 
the precise way information was provided here is 
too simplistic for direct application in real traffic. 

INTRODUCTION 

Today, more and more technology finds its way 
into our daily lives and affects the way we interact 
with each other. Interactions with other road users 

are no exception to this observation. In a 
considerable number of studies technological 
applications have been shown to affect each road 
users' individual behaviour [e.g., 1, 2, 3, 4, 5]. A 
less explicitly researched aspect is the way 
technological applications ultimately affect the 
interaction between road users. Although there are 
studies [e.g., 6, 7, 8] that have included measures 
indicating effects of technological applications on 
the interactive aspect of the driving task (e.g., 
approach and turning behaviour at intersections, 
gap acceptance, braking behaviour), the interactive 
aspect of the driving task is rarely, if ever, the main 
issue in these studies. It appears that the 
phenomenon where one road user's behaviour is 
affected by what happens in the environment, 
including the behaviour of other road users, 
remains an undervalued topic in research on 
driving behaviour. This paper aims to fill the gap 
by focusing on the consequences for the safety and 
efficiency with which road users will (potentially) 
interact. 
 
Interactive driving behaviour is easily observed at 
intersections where drivers encounter other drivers 
on their paths. To regulate the interaction, traffic 
lights are often installed, preventing drivers on 
conflicting paths being in the same place at the 
same time. However, traffic lights cannot totally 
prevent crashes at intersections which is partly due 
to the well documented "amber light dilemma". 
The amber light dilemma occurs on a road section 
upstream from a signalised intersection in which a 
driver approaching the intersection will neither be 
able to stop safely after the onset of amber, nor be 
able to clear the intersection before the end of the 
amber duration, while overall complying with the 
traffic regulations (i.e., not accelerating at an amber 
light)[9]. Besides signalised intersections, where 
interactive driving behaviour is largely controlled 
and eliminated by traffic lights, intersections 
without traffic lights also exist, where interactive 
behaviour can be observed more easily. At the 
latter intersections, the amber light dilemma, by 
definition, does not exist. However, a similar 
dilemma can still occur at intersections without any 
designated priority. Take two different drivers 
approaching an intersection. A third driver's 
approach from the right can be interpreted as a 
traffic light with different colours. If the driver is 
far away and/or approaching slowly, this can be 
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interpreted as a green light. If the driver is rather 
close and/or approaching at a high speed, this can 
be interpreted as a red light. Everything in between 
can be interpreted as the amber phase of the light 
and is up to the specific interpretation of the drivers 
approach. For example, one driver might interpret 
the third driver's approach as a potential conflict 
and decide to yield, whereas a second driver might 
decide to accelerate and clear the intersection 
before the approaching driver has reached it. These 
different interpretations could lead to a rear-end 
collision if the second driver does not anticipate the 
first driver braking for the approaching driver. The 
dilemma here is in interpreting the approach of 
third road user and anticipating if this will conflict 
with your own trajectory. How is it, that without 
time or facilities to negotiate who goes first, drivers 
usually are able to stay out of each other's way?  
 
To be able to successfully interact in traffic, we can 
assume that road users need expectations. Adequate 
expectations help drivers anticipate what other road 
users might do allowing them to prepare for a 
certain action. Expectations are a way of coping 
with the time constraints that apply in many 
situations where interactive driving is required. 
There are also other ways to help drivers cope with 
the time constraints in these kinds of situations. For 
example, allowing drivers a better view of the 
intersection will help them to better anticipate what 
will happen. Or, by behaving as could be expected, 
drivers can help other drivers anticipate their 
behaviour better. These examples all illustrate how 
increasing the time and space drivers have to safely 
negotiate an intersection (the so-called "interaction-
space" [10]) can help drivers with their interactive 
driving. Different manipulations of interaction 
space have been a central issue in the experiment 
discussed here. What happens with the safety and 
efficiency of the interaction when interaction space 
is increased? Are there ways that have a 
particularly positive effect on either safety or 
efficiency?  
 
Safety might come at the cost of efficiency. For 
example, when confronted with another road user 
slowing down who has right of way (i.e. an 
unexpected situation), one could decide to come to 
a complete standstill, which increases the amount 
of time needed for both road users to cross the 
intersection. On the other hand, interactions in this 
particular situation can be considered to be rather 
safe as well. The abovementioned behaviour of the 
road user could be identified as a “stop and wait” 
strategy as opposed to a “flying” strategy, where 
either one or both road users adapt to the other’s 
behaviour so they can both cross the intersection 
without anyone having to come to a standstill. 
Perhaps when the available interaction space is 
sufficient to ensure a safe interaction, the road user 

might choose to decrease the interaction space by 
increasing speed, thus creating a trade-off between 
“excess” safety and efficiency of the interaction.  
Literature discussing a trade-off between safety and 
efficiency has focused mainly on the engineering 
aspects of the situation rather than on the 
behavioural aspects [e.g., 11]. To investigate the 
presumed trade-off relationship between safety and 
efficiency, the present experiment also included 
several behavioural indicators of the efficiency of 
the interaction. 
 
In this experiment interaction space was 
manipulated by varying the expectedness of the 
approach speed of the other driver relating to the 
righthand –right of way regulation that applies in 
the Netherlands. Additionally, interaction space 
was manipulated by providing drivers at 
intersections with information about other 
approaching drivers through a (virtual) 
technological application. 

METHOD 

Twenty-six experienced participants took part in an 
experiment conducted in two linked Green Dino 
fixed-base simulators[12]. These simulators were 
connected in a way that allows the drivers of both 
simulators to encounter each other in the same 
virtual world. 
  
The experiment attempted to manipulate the 
interaction space through several independent 
variables: varying expectancy,  varying visibility 
and varying the information provided. The 
approach speed of other drivers could either be 
expected or unexpected in relation to their right of 
way. The route included intersections that varied in 
visibility of the intersecting road. The final 
manipulation of interaction space concerned 
providing participants with extra information 
concerning the behaviour of other road users 
approaching the intersection. The extra information 
was presented through headphones (auditory 
information) as well as on the dashboard (visual 
information). Through the headphones, participants 
were alerted by a series of beeps, presented to the 
ear which corresponded to the direction from which 
the other driver was approaching. The length and 
pitch of the beeps corresponded to the approach 
speed of the other road user. That is, long and low 
pitched beeps indicated a slowly approaching road 
user, whereas short high pitched beeps indicated a 
rapidly approaching road user. A red flashing light 
to the left or right of the centre of the speedometer 
indicated road users approaching from either the 
left or the right. The rate of flashing of the light 
corresponded to speed of the other road user as 
well (Figure 1). 
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Figure 1.   Location of flashing lights on speedometer.

  
Table 1. 

Dependent variables 
 
Variable Explanation Range 
TTCmin Minimum Time to Collision[13] ≥ 0s 
Safety The natural log of the difference between the time in seconds to the 

estimated collision point of the participant and the other road user [14], 
when the participant is 15m from the centre of the intersection. 
N.B. Values >3 indicate that one of the interaction partners stood still, 
and cannot really discriminate anymore. 

≥ 0  

DTI_Brake The participant’s mean distance to the intersection (DTI) in meters when 
the brake is first pressed. 

0 -150m 

Hard Braking Indicates how often the participant pushed the brake for more than 60% 0 (never) – 1 (always) 
DTI_Throttle The participant’s mean distance to the intersection (DTI) in meters when 

the throttle is first released. 
0 -150m 

Near miss Indicates how often the difference in time to the estimated collision 
point of the participant and the other road user was less than 1.5 seconds 

0 (never) – 1 (always) 

Collision Did a collision occur? 0: no; 1: yes 
Efficiency Sum of average speeds of both interaction partners (km/h) from when 

they were between 150 m. before the intersection to reaching the centre 
of the intersection 

≥ 0 km/h 

Speed_after Participant’s speed at the moment of leaving the intersection ≥ 0 km/h 
Standstill Indicates how often a participant's speed was < 1 km/h (proportionally 

over all encounters). 
0 (never) – 1 (always) 

Mean Yield Indicates how often a participant yielded (proportionally over all 
encounters). 

0 (never) – 1 (always) 

Mental Effort Subjectively perceived mental effort as indicated on the RSME[15] 0-150 
Usefulness Mean score on items on subscale of Acceptance[16] concerning 

Usefulness 
 

Pleasantness Mean score on items on subscale of Acceptance[16] concerning 
Pleasantness 
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The present experiment included a wide variety of 
measures that could provide information 
concerning the safety and efficiency of the 
interaction (Table 1). To help interpret the 
quantitative behavioural data derived in this 
experiment, a measure indicating mental workload 
[15, Rating Scale Mental Effort] and a measure to 
assess the acceptance of new car features [16, 
Acceptance scale] were also included. 
 
In total, there were 4 driving sessions; 2 with and 2 
without extra information. Participants drove 
through a simulated urban environment with 
intersections where they could encounter another 
road user, who was controlled by the experimenter 
in the second driving simulator. 

RESULTS & DISCUSSION 

This paper will only address the results of the 
experiment quite sketchily in order to focus more 
on the implications. For a more detailed account of 
the experiment and its results, the reader is referred 
to Houtenbos, 2008[10]. 

Interaction space and safety 

A large number of statistical analyses included 
different measures of safety. It is plausible that 
increasing interaction space should lead to 
increased safety, as the increased interaction space 
allows road users more time to adapt their 
expectancies to the situation as it develops and 
select an appropriate course of action. There are 
some results that support that idea, but also results 
that seem to suggest the contrary.  
 
To start with the supporting results, the results for 
TTCmin show shorter values (safety ) in the 
medium visibility condition compared with the 
high visibility condition (interaction space ). 
More hard braking (safety ) also seemed to occur 
in the low visibility condition (interaction space 

). Also, more near misses (safety ) were found 
in encounters where the other road users 
approached while maintaining speed (interaction 
space ), in encounters where participants were 
not provided with extra information (interaction 
space ), when visibility was very low (interaction 
space ) and when the other road users approached 
in a way that would not be expected (interaction 
space ). Results suggesting the contrary include 
the results for the Safety index (Figure 2). The 
lowest scores were found when visibility was 
medium or high (interaction space ) and when the 
other road users approached normally (interaction 
space ). Participants tended to release the throttle 
and apply the brakes when they were closer to the 
intersection (safety ) when extra information was 
provided (interaction space ). Although the 

abovementioned results might seem contradictory, 
they can be explained by the differences between 
these measures. Near misses and hard braking are 
perhaps measures more closely related to the 
critical aspects of (unsafe) situations as they 
correspond to a relatively late stage in the 
interaction process compared with measures such 
as DTI_Brake, DTI_Throttle and Safety. To 
explain, near misses and hard braking will 
generally occur closer to an estimated collision 
point than releasing the throttle and applying the 
brake and also past the 15m to the intersection used 
to determine the Safety index. Thus, near misses 
and Hard Braking might be indicators of a more 
critical stage in the interaction process and thus 
more direct indicators of interaction safety, whilst 
early brake and throttle manipulations might be 
more relevant related to efficiency.  
 
These results also imply that the interaction process 
consists of a stage where there is a tendency 
towards proactive caution, which, depending on the 
way the situation develops, might be followed by a 
stage where there is a tendency to reactive caution. 
Further away from the estimated collision point, a 
driver is more likely to be in the “proactive stage” 
and act accordingly by releasing the throttle or 
gently applying the brakes. As the driver comes 
closer to the estimated collision point, it is 
plausible that the need for reactive caution is 
assessed and the brakes might need to be instantly 
applied with considerable force and the result could 
be a near miss. Assuming such a distinction 
between a proactive and reactive stage, the results 
of this experiment suggest that the measures of 
safety related to the latter stage are more prone to 
the applied manipulations of interaction space.  

Interaction space and efficiency 

Concerning the effect of increasing interaction 
space on efficiency of the interaction two opposing 
effects could also be imagined. It is possible a 
trade-off relationship exists between safety and 
efficiency. Charlton [17], for example, shows that 
the interaction space can also be too large for 
optimal safety results. He conducted a field test on 
an intersection where the intersecting road was 
visually restricted to improve safety and reduce 
approach speeds. Perhaps in situations that are 
experienced as sufficiently safe, “excess” safety is 
traded for increased interaction efficiency. If so, we 
would expect to find opposite effects for measures 
of efficiency compared to the effects we found for 
measures of safety. On the other hand, we could 
expect participants to use the increased interaction 
space to increase interaction efficiency, which 
would imply that increased efficiency should be 
found for situations with increased interaction 
space. The results for the different measures of 
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Figure 2.  Safety results for different manipulations of interaction space. 
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Figure 3.  Efficiency results for different manipulations of interaction space. 
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efficiency seem to point in the direction of the 
latter hypothesis. The results for the different 
measures of efficiency seem to point in the 
direction of the latter hypothesis. The Efficiency 
index (Figure 3) shows higher scores (efficiency 

) when extra information is provided, particularly 
in the situation where the other road user illustrated 
expected behaviour by slowing down (interaction 
space ), and in the medium and high Visibility 
conditions (interaction space ). Higher scores 
were also found when the other road user behaved 
as could be expected (interaction space ). In 
accordance, participants’ speed when leaving the 
intersection was higher (efficiency ) when extra 
information was provided (interaction space ) 
and when the other road user behaved as could be 
expected (interaction space ). The final measure 
of efficiency also indicated less standing still by the 
participant in these expectancy conditions. In 
conclusion, the results indicate that particularly the 
extra information enabled participants to create a 
more efficient interaction (compared to when they 
did not receive extra information), allowing 
participants to cross the intersection without 
decreasing speed that much. When efficiency was 
already rather high, as was the case in the situations 
where the other road user approached the 
intersection while maintaining speed, providing 
extra information did not seem to increase 
efficiency any further. 

Trade-off Safety vs. Efficiency 

Do the abovementioned results for the safety and 
efficiency measures indeed indicate a trade-off 
relationship? If we were to divide the safety 
measures into measures of proactive vs. reactive 
behaviour, the effects found for proactive  
behaviour (DTI_throttle) indicate a trade-off with 
the effects found for the efficiency measures. For 
example, the results indicated that when 
information was not provided, participants tended 
to release the throttle further from the intersection. 
Values for the Efficiency index in those encounters 
were found to be lower, suggesting the existence of 
a trade-off relationship, in this case, efficiency 
being traded in for safety.  
 
The fact that evidence for such a relationship is not 
found for the measures of safety relating to the 
“reactive stage” can be explained. Take the least 
safe result of an interaction process: a collision 
between the interaction partners. In that case, the 
situation is highly unsafe, but also highly 
inefficient, as both partners will not be moving. 
Perhaps the same holds for Near Misses, suggesting 
the existence of an optimum in the trade-off 
relationship between safety and efficiency, beyond 
which both suffer.  

Proactive and reactive 

The distinction between proactive and reactive 
control has also been made by, for example, Fuller 
[18] and Hollnagel [19]. Fuller pointed out that a 
driver can either make an anticipatory avoidance 
response (i.e. proactive) or a delayed avoidance 
response (reactive). The first is generally made 
before being certain that it is really necessary to 
ensure safety. If an anticipatory avoidance response 
is not made, a delayed avoidance response might 
eventually become necessary. However, in that 
case, less time is left to make an adequate 
avoidance response. 
 
Hollnagel’s Contextual Control Model (COCOM) 
provides a more detailed account of the distinction 
between proactive and reactive control [19]. He 
identified four control modes, which vary in the 
degree of forward planning and reactivity to the 
environment. The first two modes, “strategic” and 
“tactical”, are based on long term planning and 
procedural short term planning respectively and can 
be considered more proactive, as they allow road 
users to anticipate future events. Behaviour in the 
latter two modes, “opportunistic” and particularly 
the “scrambled” mode, is much less planned but 
highly reactive to the immediate environment [20]. 
The mode is determined by several factors; the 
knowledge and experience of the individual, the 
rate of change of the process and the subjective 
(and objective) time available. The first two factors 
can be related to the concept of expectancy, as 
expectancy also depends on prior knowledge and 
experience (reflected in a rather general long term 
expectancy) and adapts to changes that occur in the 
process (reflected in a quite specific short term 
expectancy). The latter factor, the available time, 
can be linked to the concept of “interaction space”, 
which will be discussed further on in this paper.  
 
According to Hollnagel, people tend to move 
between control modes in linear fashion, which is 
corroborated by Stanton, Ashleigh, Roberts and Xu 
[20]. This suggests a continuous scale ranging from 
proactive control to reactive control. People should 
attempt to achieve strategic or at least tactical 
control which allows for a certain amount planning 
and anticipation, increasing the potential of 
reaching the desired outcome. The reactive modes, 
the opportunistic mode and particularly the 
scrambled mode should be avoided as these modes 
provide rather limited opportunities to recover from 
errors[21]. 
 
During the phase of the interaction process in 
which proactive control is most likely, the 
environment will provide less of the specific 
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information needed to adapt the long term 
expectancy into a detailed short term expectancy 
than during the phase of the interaction process, in 
which reactive control is more likely. For example, 
one road user might not even see any other road 
users but proactively release the throttle based on 
the general knowledge that the intersection ahead is 
often rather busy. In such a situation, the short term 
expectancy used to select the proactive throttle 
action is not so much more specific than the long 
term expectancy concerning how busy such an 
intersection can be. In contrast, during the reactive 
phase, the environment provides many more 
elements that allow the long term expectancy to 
become a rather specific short term expectancy.  
 
The results of this experiment, which used a variety 
of measures to indicate the level of interaction 
safety, seem to support the distinction between a 
proactive phase and a reactive phase. The results 
suggested that the transition from the proactive 
phase towards the reactive phase is not only 
affected by the amount of situational information 
available, but also by the interaction space 
available, which is in line with Hollnagel’s [19] 
idea about the time available determining the 
control mode. The Safety index and initial throttle 
and braking behaviour seemed to be indicators of 
the proactive phase, referring to behaviour more 
towards the start of the interaction situation, where 
the remaining interaction space is still relatively 
large. TTCmin, near misses and hard braking 
seemed to be indicators of a reactive phase, 
referring to behaviour more towards the end of the 
interaction situation, which generally coincides 
with limited interaction space. 

Supporting interacting drivers 

The results indicated that the extra information did 
not affect participants’ decision to yield, but did 
affect other behavioural aspects concerning the 
approach to the intersection. For example, the 
safety indicators relating to the phase in the 
interaction situation in which the proactive mode is 
likely to be active (Safety index and throttle 
behaviour) indicated a decrease in safety as a result 
of providing extra information. However, a lower 
proportion of near misses occurred in the session 
with extra information indicating an increase in 
safety in the phase of the interaction in which the 
reactive mode is likely to be active. Thus, 
providing extra information seemed to weaken 
performance in the proactive mode and improve 
performance in the reactive mode. Furthermore, the 
efficiency indicators (Efficiency index and the 
participants’ speed when leaving the intersection) 
indicated an increase in efficiency as an effect of 
extra information. 
 

When asked about their experience with the extra 
information, participants indicated that they found 
the beeps to be quite useful, particularly compared 
to the lights, which they regarded as unpleasant and 
not useful at all. Participants indicated that the 
presentation of lights in the speedometer often went 
unnoticed as they tended to look towards the 
intersecting roads for relevant information rather 
than on their speedometer. This tendency could be 
taken as a suggestion for human machine interface 
design not to place information intended to aid a 
user at a location where the user would need to 
search for it before being able to perceive it. 
Instead, using a modality not dependent on search 
behaviour such as audition or touch could be a 
solution. 
 
Furthermore, participants indicated that although 
they experienced the beeps as quite helpful, they 
did not experience them as pleasant to the same 
extent. Several participants even indicated that they 
experienced the driving task to be less interesting 
when provided with extra information. This 
observation corresponds to the findings regarding 
the decrease in subjective mental effort in sessions 
with extra information. Although a decrease in 
workload implies a road user would be better able 
to adequately react to unexpected situations (more 
resources to adapt the expectancy), it should be 
kept in mind that a workload that is too low is also 
undesirable [22].  
 
Another consideration involves the effect 
technological applications will have on 
expectancies of drivers, which could cause 
behavioural adaptation. The effect of behavioural 
adaptation can range from positive, through neutral, 
to negative, where the negative effects are 
considered most important to be able to predict in 
the context of traffic safety [23]. Future research 
endeavours to develop a system to support the 
interacting driver should take the concept of 
behavioural adaptation in to account when 
discussing the potential safety effects. 
 
The results indicated that the extra information, and 
in particular the beeps, did help participants to 
create more safe and more efficient interactions. 
However, it would be premature and unwise to 
conclude that we have proved that the extra 
information “works” in general to create safe and 
efficient interactions. All that can be concluded is 
that the particular way in which we provided extra 
information, worked in the simple and small range 
of situations that were presented to the participants. 
For example, imagine what would happen if not 
one, but two road users would approach the 
intersection at the same time or even shortly after 
each other. How would the participant be able to 
distinguish between the two approaches? It should 
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be noted that the aim of this experiment was not to 
test an application that is meant to help road users 
at intersections, but merely to determine the effects 
of different manipulations of interactions space on 
road users’ interactive behaviour. The results of the 
experiment do, however, provide encouragement 
for further research in this direction. 

CONCLUSIONS  

The results suggested that the available interaction 
space is primarily used for safety and if there is any 
additional interaction space it is used to increase 
efficiency. Thus safety generally has priority over 
efficiency. Additionally, the results indicated a 
trade-off relationship between proactive caution 
and efficiency: when participants tended to be 
rather cautious in the proactive phase, these 
interactions tended to be less efficient. Interactions 
where participants tended to rely on reactive 
control tended to be more efficient. 
More studies of this interaction space-time are 
recommended to explore how drivers' strategies are 
influenced by the different parameters manipulated 
here, but also others that were not included in the 
present studies. This would need more parameters 
of the behaviour of both vehicles and drivers to be 
recorded than was the case in the experiments in 
this thesis, and would require more exploration of 
interactions with a more 'natural' behaviour of the 
experimenter’s vehicle (as the experimenter 
followed a protocol in the present experiment). 
 
This paper has discussed a start on research in a 
much neglected area, that of interaction behaviour 
in traffic. It has shown that there is a world of 
insight to be gained in the subtleties of how road 
users react to each other. Since technological 
applications intervene in this subtle and complex 
world of prediction and feedback, reaction and 
learning, we need to know a great deal more about 
how this all works if we are to avoid making 
expensive mistakes in introducing it, or to avoid 
missing opportunities which it can offer.  
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ABSTRACT 

Recent technological advances have enabled a wide 
variety of information systems to be integrated into a 
vehicle in order to increase productivity, safety, and 
comfort. However, improperly deployed technology 
can degrade safety and annoy drivers. Especially, 
potential information overload problems may 
become acute among older drivers who are the 
fastest growing segment of the driving population. 
This paper aims to understand the age-related 
driving performance decline under a series of 
increasingly complex in-vehicle auditory tasks (n-
backs).  Data was drawn from a series of single task 
exercise and repetitions of the tasks under simulated 
driving conditions. In the simulation, 63 participants 
aged 20’s and 60’s drove through either a complex 
city or highway paradigm, appropriately counter-
balanced.  At a specified location in the canter of 
each of the two contexts, participants were asked to 
complete a series of auditory tasks of increasing 
complexity.  Before beginning and after completing 
the simulation, drivers were asked to complete the 
auditory task in stationary non-driving conditions.  
Comparisons of younger and older drivers’ 
secondary task performance will be discussed. In 
addition, differences in driving performance 
including average speed, speed variability, and lane 
keeping performance will be used to gauge older 
adult’s capacity to regulate the demands of complex 
in-vehicle tasks in safe manner. 

INTRODUCTION 

Driving is a complex psychomotor task often 
interrupted by secondary activities that divert 
attention away from the roadway. Diversion of 
attention to secondary tasks is one of the largest 
contributors to inattentive driving and, consequently, 
to accidents (Stutts and Hunter, 2003). Therefore, an 
understanding of how drivers allocate attention and 
manage workload is important for informing both 
vehicle design and driver education. For the vehicle 
design side, voice recognition is widely used by 

vehicle manufacturers to reduce secondary workload. 
Currently voice recognition is considered the safest 
input user interface and is currently used as input for 
various infotainment, telematics and other comfort 
features. However, voice recognition technology 
also increases cognitive workload. Therefore, it is 
suggested that the impact on the older driver should 
be evaluated, since an individual’s capacity for 
managing multiple tasks simultaneously is known to 
generally decrease with age (McDowd et al., 1991; 
Rogers and Fisk, 2001). While absolute capacity 
declines with age, the judgment of typical drivers 
increases throughout the lifespan. In younger drivers, 
impaired judgment is often associated with excessive 
speed and alcohol use (Boyle et al., 1996) while 
older drivers have been observed to recognize 
possible limitations and self-regulate their behavior 
by limiting their exposure to situations in which they 
may be at higher risk (D'Ambrosio et al., 2008). 
When workload is high, there is evidence that some 
drivers engage in compensatory behaviors, such as 
moderating their driving speed, to manage workload 
(Harms, 1991; Reimer, 2009; Mehler et al., 2009). 
Therefore, when design voice recognition interface, 
we need to understand the older drivers’ behavioral 
characteristics under dual task conditions. 
In this study, we used an auditory cognitive task 
which is designed for providing increasingly 
complex in-vehicle auditory tasks (n-backs). The 
performance of younger and older drivers during 
single task simulated driving and in response to the 
added demand of a secondary cognitive task are 
compared. The overall simulation looked at both 
urban and highway driving environments. 

METHODS 

Participants 
 
Participants were: a) required to be between the ages 
of 20 and 29 or 60 and 69, b) drive on average more 
than two times per week, c) be in good health and 
free from a number of major health conditions such 
as cancer or uncontrolled high blood pressure, d) not 
taking medications for chronic depression or other 
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psychiatric conditions, e) have a mini mental status 
score (Folstein et al., 1975) greater than 25 and f) 
not previously participated in a driving simulation 
study. Participants were required to sign an informed 
consent form. 
 
Apparatus 
 
The experiment was conducted on the DGIST fixed-
based driving simulator, which incorporated a 
Mercedes-BenzTM Smart car and STISIM Drive™ 
software (see Figure 1). Graphical updates to the 
virtual environment were computed using STISIM 
Drive™ based upon inputs recorded from the OEM 
accelerator, brake and steering wheel which were all 
augmented with tactile force feedback. The virtual 
roadway was displayed on a large, wall-mounted 
screen at resolution of 1024 x 768. Feedback to the 
driver was also provided through auditory and 
kinetic channels. STISIM Drive provided vehicle 
sounds that varied with acceleration, braking, and 
movements off the road. Both urban and highway 
settings were simulated, using only daylight and dry 
road conditions. Completed distance, speed, and 
steering, throttle, and braking inputs were captured 
at a sampling rate of 20-30 Hz.  
 

 
 

Figure 1. The DGIST fixed-based driving simulator 
 
Secondary Task 
 
An auditory prompt and verbal response “n-back” 
task, which can systematically ramp-up the total task 
demand on a driver without requiring direct conflict 
with the manual control or visual processing 
demands of the primary driving task (Zeitlin, 1993), 
was employed in this study to develop a baseline of 
older drivers’ dual task capabilities. The form of the 
n-back employed consisted of a series of 10 single 
digit numbers (0 – 9) presented aurally to the subject. 
Each value was presented once per test set and the 
order of the digits varied with each presentation. The 
10 numbers were presented with an inter-stimulus 

interval of 2.25 seconds, thus requiring fairly rapid 
response from the subject to keep pace with the task. 
Consecutive tests appeared every 30 seconds, 
allowing for only a brief pause between sets. 
This secondary task consisted of three levels of 
difficulty and presented as a block of six trials. The 
first two trials employed a very mild demand (0-
back), the second to two trial a moderate demand (1-
back) and finally two trials a high level of task 
demand (2-back). 
In the ‘0-back’ version, the subject was simply to 
repeat out loud each number immediately after it 
was presented. In the “1-back” condition, instead of 
repeating the current number, the subject was 
required to recall from memory and respond out loud 
with the number that was presented just prior to the 
current number (i.e., 1 back from the current 
number). The ‘2-back’ form of the task required 
subjects to recall from memory and to verbalize the 
number that was presented two numbers prior to the 
current value (i.e. 2 items back). The overall layout 
of the task was designed to sequentially increase the 
cognitive load on the subject both in terms of 
absolute difficulty and sustained load (Mehler et al., 
2009) 
 
Procedure 
 
After an introduction to the experiment, training on 
each level of the n-back task was provided. To 
facilitate learning, participants were given a written 
guide to follow along with the research assistant’s 
verbal description and presentation of practice trails. 
Training on each level continued until satisfactory 
scores were reached (less than one error on a 0-back 
task, less than four errors on two consecutive trials 
of 1-back tasks and less than five errors on two 
consecutive trials of 2- back tasks). Participants then 
entered the simulator and began a driving 
habituation period designed to increase participants’ 
comfort with the simulator. This experience uses a 
slow “ramp up” approach to reduce the potential for 
simulator sickness. 
Following the habituation period, participants 
stopped driving and completed a non-driving 
assessment of the n-back task (six trials) and a 
questionnaire. The primary simulation protocol 
followed. To enhance the demands of driving the 
simulation, a financial incentive was used to 
encourage people to maintain speed, obey the traffic 
laws, and devote attention to secondary cognitive 
task (Mehler et al., 2009; Reimer et al., 2006). 
During the initial briefing subjects were told that that 
in addition to the base compensation 25,000KRW, 
an additional 10,000KRW could be earned during 
their drive by performing a series of secondary tasks. 
In order to simulate the conflicting demands of 
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“real” automobile driving subjects were instructed 
that some of the incentive could be lost for non-safe 
driving such as a crash and traveling too fast or too 
slow in relation to the posted limit. 
During this period participants engaged in an urban 
and highway driving experience each lasting 
approximately 15 minutes. No rest period was 
provided. The presentation order of the conditions 
was counterbalanced such that half of the 
participants drove in urban setting first. During a 
portion of the urban and highway drive, the n-back 
task was presented. This procedure provided three 
equidistant periods of roadway in which to assess 
driving performance. Following the simulation, a 
second non-driving assessment on the n-back task 
was carried out. Figure 2 shows the structure of  
suggested experimental protocol 
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Figure. 2 Structure of experimental protocol 
 
Data Analysis 
 
Data was normalized to reduce the impact of speed 
on sampling differences in time. The normalization 
was performed by creating 40 intervals over the 
305m(1000ft) that comprised of the average raw 
(forward velocity and lane position) measure 
recorded over each consecutive 7.62m (25 ft) road 
segment. Overall statistical measures were then 
calculated over the interval data.  
Statistical comparisons were computed using SPSS 
version 14. A level of p<0.05 was adopted for all 
significance statements. Comparisons were made 
using an ANOVA analysis. 

RESULTS 

Sample 
 
The sample consisted of 63 participants, 32 in the 
20’s and 31 in 60’s. Gender was balanced by age 

(one older female participant was not run).  
Participants averaged 24.6 (S.D. = 2.3) and 63.9 
(S.D. = 2.7) years for the two age groups.  
 
Secondary Task Performance 
 
Cognitive task performance was assessed as an error 
rate computed as the percentage of incorrect or non-
responses to the total number of stimuli. Error rates 
are reported in Table 1. Error rate increased under 
dual-task conditions, F(1,118) = 4.18, p = 0.043. 
Older participants committed an error 28.79% more 
often than the younger group, F(1,118) = 77.56, p < 
0.001. 
 

Table 1. 
Composite accuracy scores on the secondary task 

 

 Non-driving Dual-task 

20’s 
Male 3.90(6.59) 6.69(7.36) 

Female 4.96(7.12) 10.12(9.75) 

Total 4.43(6.77) 8.41(8.68) 

60’s 
Male 26.92(20.60) 35.14(17.20) 

Female 30.83(27.94) 39.39(24.82) 

Total 28.81(24.09) 37.20(20.98) 
 

* Note: table entries are mean percentages with the 
standard deviation in parentheses  
 
Using the error rate for all tests undertaken by the 
participants as an index, performance was essentially 
perfect (1.66%) across subjects for the 0-back (see 
Figure 3). As the level of cognitive challenge 
increased, error rates of 16.7% appeared for the 1-
back and 41.7% for the 2-back. The effect of task 
difficulty on error rate was significant across all 3 
levels of the n-back task (F(2,189) = 42.1, p<0.001). 
The observed error rates support the assertion that 
workload increased across the task periods. 
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Figure. 3 N-Back Errors as a Function of Task 
Difficulty 
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Driving Performance 
 

Forward velocity - Forward velocity is presented 
in Figure 4. Consistent with Mehler et al. (2008), 
forward velocity is significantly affected by the 
secondary task, F(2, 177) = 7.641, p=0.001. Across 
age and gender, velocity decreased by 1.21 m/s 
during the secondary task and recovered by 1.43 m/s 
afterwards. 
Age interact significantly with the secondary task on 
forward velocity, (F(2, 177) = 3.812, p = 0.024), but 
the difference between age groups, F(2, 177) = 0.056, 
p=0.813, and between genders, (F(2, 177) = 2.863, 
p=0.092), were not statistically significant.   
As shown in Figure 2, participants drove slower 
during the dual-task and resumed near the pre-task 
speed following the secondary task. Especially, the 
older drivers were more affected by the secondary 
task. 
During the task, younger drivers slowed 2.7% and 
older drivers were 10.1%. It suggested that the 
secondary task impacted on primary driving task and 
the older drivers were more significant than younger 
drivers. 
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Figure 4. Forward velocity by age and gender 
 
Speed control - Figure 5, displays speed control 
expressed as the percent coefficient of variation on 
velocity. The difference between age groups was 
statistically significant, F(1,177) = 12.614, P<0.001,  
but gender, F(1,177) = 0.509, p=0.477, and the 
secondary task, F(2,177) = 1.864, p=0.158, were not 
statistically significant. 
According to Figure 3, the coefficient of the older 
drivers was increased during the secondary task and 
decreased after the task, while the younger drivers’ 
coefficient was barely changed during secondary 
task but increased following the task. 
During the task, the coefficient of younger drivers 
decreased 3.9% and older drivers increased 22.9%. 
This results suggested that the secondary task 
impacted on primary driving task, and the older and 
younger drivers had an opposite characteristics. The 

older drivers have more difficulty controlling  speed 
during the secondary task. 
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Figure 5. Percent coefficient of variation on 
velocity by age and gender 
 

Lateral control - Lateral control expressed as the 
standard deviation of lane position is shown in 
Figure 6. Consistent with earlier field studies on 
younger participants using n-back tasks (Reimer, 
2009), drivers across gender (F(1,177) = 4.874, p = 
0.029) and the secondary task (F(2,177)= 3.269, p = 
0.040) showed a significant reduction in lateral 
variation, , while no significant age effect exist, 
F(1,177) = 3.137, p = 0.078. 
As shown in Figure 4, the standard deviation of lane 
control of all participants except younger male 
drivers was decreased during the secondary task and 
increased after the task. Regarding the younger 
drivers’ behavior, we need additional subject for 
better understand. 
During the task, the standard deviation of lane 
position of younger and older drivers decreased 
19.1% and 18.7%, respectively. There was no 
significant difference across age. 
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Figure 6. Standard deviation of lane position by 
age and gender  
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CONCLUSION 

This study aims to understand the age-related 
driving performance decline under a series of 
increasingly complex auditory cognitive tasks (n-
backs).  63 participants aged 20’s and 60’s drove  
and completed the auditory cognitive tasks. From the 
younger and older drivers’ secondary task and 
driving performance including average speed, speed 
variability, and lane keeping performance, we drew a 
characteristics of older drivers’ dual task capabilities. 
Each of the age and gender subgroups showed a 
parallel decrement in performance on the n-back task 
during simulated driving relative to their 
performance under non-driving conditions. This may 
be interpreted as evidence that each group invested a 
comparable amount of their available cognitive 
resources in the n-back task during the driving phase 
relative to their overall capability to perform the task 
under single task conditions. Considering the sample 
as a whole, the introduction of the secondary task 
during driving resulted in a compensatory slowing of 
forward velocity during the heightened workload 
and an increase in driving speed following, 
extending previous findings (Mehler et al., 2008; 
Reimer, Mehler et al., 2006). Similarly there is the 
suggestion of a tunneling effect in which the 
standard deviation of lane position decreases, most 
likely due to a rigidification of control so that 
attention can be divided between the tasks (Reimer, 
2009). 
In summary, age appears to impact both driving 
performance and, consequently, compensatory 
behavior during dual load conditions. This suggests 
that the capacity declines with age should be 
considered when designing a in-vehicle interface 
system. 

LIMITATION  

There are several limitations of this study. 
Connections between cognitive distractions such as 
voice recognition and cellular telephone use, and the 
surrogate n-back task are not well established. The 
use of monitored experimentation likely impacts 
drivers’ performance versus that of truly naturalistic 
driving conditions. Results based upon the measure 
of lane performance do not include data from 
approximately half of the sample. Finally, the 
presentation of the n-back task was not randomized 
(always 0-back followed by 1-back and then 2-back 
task). Future research will attempt to address these 
limitations. 
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ABSTRACT 
 

Previous work (Perron et al., 2001) on 
emergency brake application concluded that driver 
population diversity and “the overlap of braking 
parameter distributions between normal conditions 
and emergency situations” is such, that triggering 
criteria cannot both detect all emergency braking 
actions and never activate the assistance in 
situations where it is not necessary.  The objective 
of this study was to investigate driver-braking 
characteristics, in order that future systems might 
achieve greater effectiveness.   

48 drivers drove an instrumented vehicle on a 
public road section before arriving at a test track, 
where they were instructed to follow at their 
preferred distance another vehicle towing a trailer. 
They were told the aim was to measure their 
preferred car-following distance. They were naïve 
to the fact that 0.2 miles down the track the trailer 
would be released and rapidly decelerate to a stop. 
The main variables analysed included “throttle-off” 
rate, brake pedal pressure/force, and clutch pedal 
pressure/operation.  
The results indicate a series of relationships 
exploitable by an intelligent brake assist system. 
An intelligent brake assist system could take 
advantage of those characteristics and adapt its 
performance to individuals’ braking style.  

Limitations of the study include resource 
constraints (use of a single instrumented vehicle, 
time-limited access to the test track)and  the 
contrived nature of the emergency braking scenario 
(need for surprise element, practically a one-off 
study, limitation of speed to 30mph/48kmph).   
The study provides evidence of a background for a 
customisable brake assist system that learns from 
the driver and adjusts its full-brake trigger 
accordingly.  
 
INTRODUCTION 
 

The huge potential of active safety systems can 
only be realised if driver input in the system is 
taken into account. Systems such as emergency 
brake assist, stability control and collision 
avoidance must be reliably triggered when drivers 
actually need assistance, but should not intervene 
in normal conditions. False alarms/interventions 

could have detrimental effects on driver acceptance 
of the system.  

One problem with research on specific active 
safety systems is that because of its commercially 
sensitive nature, it often remains confidential to a 
large extent. Detailed research on ergonomic 
aspects of active safety systems often remains in 
the private domain and rarely is published. In one 
of the few exceptions, researchers working in the 
Laboratoire d' Accidentologique, Biomécanique et 
étude de facteur humain (LAB) published results of 
driver studies for the specification of active safety 
systems, and brake assist in particular (Perron, 
Kassaagi, & Brissart, 2001). Perron et al (2001) 
were the first to publish results of microscopic 
studies on driver braking in emergency conditions. 
They utilised both a driving simulator and an 
instrumented vehicle on a test truck to achieve their 
goal. In the simulator, four longitudinal accident 
configurations were examined: a vehicle coming 
out of a parking area into the subject's path, a 
vehicle stopped after a crest on a roadway, a 
vehicle moving at reduced speed after a crest, and a 
vehicle decelerating before braking strongly after 
being followed for 500m in an urban area. In the 
test track study, participants had to follow a vehicle 
with a trailer which was eventually released from a 
relative distance of 17m at a speed of 70km/h. 
Results indicated that while everybody braked, 
only 50% braked hard enough to activate ABS and 
only 80% of these exploited ABS function by 
swerving to avoid the obstacle. Authors concluded 
that if emergency brake assist was fitted to the 
vehicles, up to 40% of collisions would have been 
avoided and in another 30% of cases the impact 
speed would have been reduced by more than 
15km/h. More than 70% of crashes would have 
been avoided if the brakes were activated at the 
throttle-off instant (approx 0.3 s in advance of 
actual braking). However, all these figures rely on 
“the hypothesis that the assistance is actually 
always triggered in emergency situations, which is 
an ideal case. Actually, due to the significant 
overlap of braking parameters distributions 
between normal conditions and emergency 
situations, triggering criteria based on a single 
braking parameter cannot both detect all 
emergency braking actions and never activate the 
assistance in situations in which it is not absolutely 
necessary”... 
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In an attempt to overcome this problem, 
researchers in LAB employed hybrid neural 
networks + genetic algorithm methodology in order 
to find parameters that could be used in 
combination to distinguish emergency situations 
from normal braking (Bouslimi, Kassaagi, 
Lourdeaux, & Fuchs, 2005). The result was a 
model that was quite successful in its purpose, 
however it relied on some parameters that were 
related to post-incident events – such as the result 
of the emergency manoeuvre, a fact that rendered it 
inapplicable in an intelligent brake assist system. 
Contemporarily, Schmitt and Färber (Schmitt & 
Färber, 2005) used Fuzzy-Logic to create a model 
that could distinguish successfully between normal 
and emergency braking. The model is based on 
three parameters of throttle-pedal operation: change 
of radius, jerk, and foot displacement time (from 
throttle to brake pedal). Data for this study was 
collected through the CAN bus of the vehicle 54 
participants drove in a test-track study. Speed was 
restricted to 60km/h and the obstacle appeared en-
route about 35m ahead of the vehicle. The authors 
claimed that their model predicts correctly 85% of 
emergency braking and 97% of braking before a 
corner, against 77% emergency braking and 99% 
braking before a bend correctly predicted by a 
system with a fixed trigger-level. 

Recently, McCall and Trivedi (McCall & 
Trivedi, 2007) utilised Bayesian networks to fuse 
driver behavioural information with 
vehicle/environment information to predict an 
emergency or non-emergency situation. Inputs to 
the system include time-headway (from a LIDAR 
sensor), wheel speed, brake pressure, accelerator 
position, steering angle, vehicle longitudinal and 
lateral acceleration, yaw rate, steering angle and 
gaze and face expressions recorded using video-
cameras. The authors provided supportive data of 
the effectiveness of the system in predicting critical 
situations; however they admitted that a significant 
problem was the number of false positives 
(undesired system activations). This was the case 
particularly when drivers covered the brake pedal 
but eventually decided not to brake.  Although 
titled “brake support” by its authors the model aims 
more towards “brake automation” - automatic 
braking rather than augmented braking. It looks 
more towards vehicle-automation than towards 
driver-support. 

A number of years has passed since the 
original introduction of (Emergency) Brake Assist 
systems in road vehicles and there is no published 
evidence that the challenge of accommodating the 
individual differences in driver braking has been 
achieved. The present paper provides an alternative 
approach towards the fulfilment of this goal. To 
achieve this, a human-centred approach is adopted. 
Individual differences are now seen as an 
exploitable opportunity rather than an obstacle 

towards successful human-machine interaction. 
The present study examines the relationships 
among basic parameters of driver longitudinal 
control and suggests how they could be exploited 
in an intelligent brake system to accommodate 
driver variability.  
 
 
METHOD 
 

To achieve the aims of the study, 48 
participants drove an instrumented vehicle on 
public roads and on a closed test-track. Each 
session allowed a combination of normal braking 
responses and an emergency braking episode to be 
recorded for each participant. The details of the 
study are presented below. 
 
Apparatus 
 

A Ford Fiesta (2000 model year) was fitted 
with a camera in the footwell to record foot/pedal 
movements, an on-board camera provided view of 
the road ahead, two  Tekscan Flexiforce® sensors 
were fixed on the brake pedal surface, one 
Flexiforce® on the clutch pedal surface, and a 
potentiometer was attached to the centre of the 
throttle-axis rotation.  Sensors were calibrated 
according to Tekscan’s guidelines (Tekscan, 2008). 
A Labjack® U12 data acquisition module was 
connected to a Toshiba® Tecra 3 laptop using 
Azeotech® DAQFactory® Express software for 
data logging. Power was provided through the 
vehicle’s battery when the engine was on and 
through the laptop’s battery when it was off.  
 
 

 
 
Figure 1: View from the on-board camera 
during the closed-track study 
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Figure 2: The trailer during built-up 
 

A lightweight (m<30kg) trailer was built for 
the purpose of simulating a lead vehicle’s sudden 
braking (a<-5m/s2) on the test track. The trailer’s 
stopping properties were representative of average 
emergency decelerations of real vehicles in 
experimental (Vangi & Virga, 2007) and field 
studies (van der Horst, 1990). The trailer (figure 2) 
was three-wheeled for extra straight line stability; 
dimensions were 2.2m length, 1.25m rear width, 
0.3m front width, and 0.4m height at the back. 
Wheels were 20inch standard road bicycle wheels. 
The structure comprised a sheet of waterproof 
wood reinforced with an aluminium skeleton. Two 
0.75mx0.5mx0.5m cardboard boxes were filled 
with closed empty plastic bottles and wrapped with 
white plastic bags before they were attached at the 
rear of the trailer to create a “bulkiness” illusion 
(figure 1). Standard bicycle “V-brakes” were 
installed and were activated by the rotation of a 
lever which was activated by two springs upon 
release from the car. During testing average 
acceleration of the trailer after release was -
6.81m/s2 with an instantaneous minimum of -
17.24m/s2 achieved. 
  
The participants 
 

Participants were recruited through advertising 
in local press and local companies. Forty-eight 
drivers (26 male and 22 female) participated in the 
study. Age ranged from 21 to 84 (average 31.3) 
years, average driving experience was 12 years 
(min 1, max 48), and the average mileage was 9653 
miles/year (min 2000, max 30000). They all held a 
full driving license (UK/EU or equivalent 
international) and had 3 or fewer penalty points. 
 
The route  
 

The public road section of the route driven by 
the participants included an urban and a rural 
section (11km in total) that led them from the start 
(Loughborough University Business Park) to the 

test track (Wymeswold Airfield). A section of the 
track was isolated and marked out with cones to 
provide a single lane for the emergency brake test. 
Sessions took place between 5 and 8pm on 
weekdays in daylight (Spring-Summer).  
 
The test protocol 
 

Participants provided personal details for 
insurance purposes before the experiment, as well 
as demographic data and a general health 
questionnaire. Just before the start of the driving 
session, they indicated their stress level on a 7-
point Likert scale. They were told that the purpose 
of the study was to measure their preferred driving 
distance from other vehicles and for that purpose 
they would have to follow an instrumented trailer 
that would record this distance on the test track. 
Upon arrival to the test track they would stop at the 
entrance before an experimenter would check the 
site and give permission to proceed to the track. 
There, they were asked to follow another vehicle 
towing a trailer around the track at their preferred 
distance.  They were told that this was the target 
variable of the experiment. Post-trial questioning 
confirmed that they were naïve to the fact that the 
trailer would be released after 0.2 miles (321.86 m). 
In each trial the lead vehicle accelerated to 30mph 
(speed measured using GPS) and kept a constant 
speed until the release of the trailer.  
 
Data analysis 
 

Participants’ stress index before the study was 
compared to their stress rating immediately after 
the test-track study. Because of the non-parametric 
nature of the data, a Wilcoxon test was used. In 
order to examine the appropriateness of using brake 
force and/or “throttle-off” rate as single triggering 
criteria, mean values for the public road section 
were compared to the peak values during the 
emergency response. Paired Student’s T-test and 
Wilcoxon test was employed for that purpose. Then, 
in order to examine the relationship between 
normal and emergency braking, each variable in 
the public road driving condition was plotted 
against the same variable in the emergency braking 
condition. Various regression models were tested in 
order to find the model with the best fit to the 
observed data. All the analyses were carried out 
using the Statistics Package for Social Sciences 
(SPSS) ver. 15.  
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RESULTS 
 

Table 1. 
Wilcoxon signed ranks test results for stress 

before and after test-track study 
 

 a  stress_after < stress_before 
 b  stress_after > stress_before 
 c  stress_after = stress_before 
 d  Based on negative ranks. 
 

Analysis of the drivers’ self-rated stress-level 
before and after the emergency event on the test 
track indicated an increase in participants’ stress-
level (table 1). The resulted difference is 
statistically significant at p<0.0001 level.  

Quantitative analysis of brake response 
indicated that about 50% of participants did not use 
the brake significantly, either because they swerved 
enough to avoid the obstacle, and/or they were 
following with long enough time-headway to gear-
down and stop gradually. These data had to be 
cleaned because participants did not engage brakes 
to stop the vehicle. Figure 3 presents the resultant 
distribution of brake-force response of participants 
that used brakes (force on sensor>5N). To further 
improve the normality, three more outliers on the 
upper end of the distribution were removed from 
further analysis. Then, the relationship between the 
peak force during emergency and the typical force 
during normal driving (public roads) was explored.  

 

Table 2.  
Paired T-test comparison of force between 

normal and emergency braking (in Newtons, 
measured on each sensor) 

 
 Force on sensors, public road 

driving – Force on sensors, 
emergency event 

Mean 
difference 

-14.24443 

Std. Deviation 11.50758 
t -6.189 
df 24 
Sig. .000 

 
Table 2 displays the results of a paired 

comparison between each participant’s typical 
normal and peak emergency brake force. The 
difference is statistically significant at level 
p<0.0001. There seems to be a relatively constant 
difference between the two conditions per 
individual.  Further, scatter-plot of typical normal 
braking against the respective emergency response 
(force) can be found in figure 4. 

Linear and non-linear models were tested and 
the three best fitted ones are shown in figure 4 
(linear, quadratic and cubic). Analysis of Variance 
(ANOVA) for each model indicated that the cubic 
model is yields the highest correlation value 
(R=0.51) but the worst statistic significance 
(p=0.09) of the three. The linear model explains 
less variance (R=0.45) but is more statistically 
significant (p=0.02). The quadratic model on the 
other hand is in between; Pearson R for this model 
is 0.50 and statistic significance is p=0.03.  

Then, throttle-off characteristics for the whole 
dataset were examined. Figure 5 displays 
comparative values of throttle-off rate for each 
driver between normal and emergency conditions. 
In only 7 out of 58 cases are the respective values 
similar. A Wilcoxon test indicated a statistically 
significant difference between the two variables 
(p<0.0001).   
 

Stress 
after –  
stress 
before 

Negative 
ranks 

Positi
ve 

ranks 
Ties Total 

N 3(a) 33(b) 11(c) 47 
Mean 
Rank 20.00 18.36   

Sum of 
Ranks 

60.00 
606.0

0 
  

Z -4.384(d)    
Asymp. 

Sig.  
(2-tailed) 

.000    
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Figure 3: Histogram of forces measured during emergency brake test after cleaning of data (force in 
Newtons, measured per sensor) 
 
 

 

 

 
 
Figure 4: Scatter-plot and best fit models of participants' normal and emergency braking in terms of 
force (measured in Newtons per sensor) 
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DISCUSSION 
 

It is impressive how different the two 
conditions look through the paired-comparison for 
each participant. Both throttle-off and brake force 
distinguished very well (p<0.0001) between normal 
and emergency conditions per individual.  However, 
as was the case in a previous study (Perron et al., 
2001), this is not the case when drivers are mixed 
in a group. Some drivers’ emergency response is 
quantitatively similar to somebody else’s typical 
braking. There is a difference though between 
throttle-off and brake force. 

Throttle-off distributions are much skewed 
(figure 5). Although the low resolution of the data 
acquisition equipment (8bit) plus the limited range 
of throttle-pedal movement in the vehicle’s 
footwell could be partly blamed for this, the 
concentration of data in two groups is quite 
apparent. Thus, if a constant trigger-parameter is 
used, throttle-off has an advantage over brake-force. 
Actually if in our case the trigger was set to 0.6 
degrees/sampling (figure 5) then it would have 
been correctly activated in 88% of cases and would 
have missed only 12%. Despite the reservation 
because of equipment limitations (data acquisition 
and vehicle properties), it should be mentioned that 
this is a much more effective intervention of a 
single/constant-trigger than the 77% quoted by 
Schmitt and Färber (2005). 

The answer to the overlap between normal and 
emergency braking among drivers could be in 
relationships like the one portrayed in figure 4. 
This is because if there is a relationship that 
explains the variance between them in normal and 
emergency conditions, then the “normal” value 
could be used to predict the “emergency” value. 
For example the quadratic fit model on figure 4 
could be used to predict the emergency brake value 
for participant X, if his/her typical (average) 
normal value is known (see example in next 
section). Now, when it comes to deciding which 
model to use for this purpose, each one of the three 
pictured in figure 4 has its merit. The linear model 
has more academic than practical value; it is 
conceptually best as a model representing the 
dataset (p=0.02), however it is worst in explaining 

the variance and predicting exact data points 
(R=0.45). The cubic model is best explaining 
variance and predicts most exact data points 
(R=0.51), however its representation of the whole 
dataset is problematic (p=0.09). The quadratic 
model is almost as good as the best aspect of both 
models (R=0.50, p=0.03) and seems to combine 
both merits. It remains though to be tested in 
practice. 

Other points that need mentioning are the 
external validity of the study and the unusual 
presentation of quantitative results. The study was 
designed to represent real drivers in conditions that 
were as realistic as possible. Participants were 
recruited from the local population   and were not 
restricted to university students, test drivers, 
customers of a specific brand or recruited through a 
“participants’ list”. Of course, the absence of active 
involvement by a manufacturer, made data 
acquisition a lot more laborious task than it would 
have been otherwise. As for the emergency test 
itself, allowing the drivers to follow at their 
preferred distances effectively sacrificed half the 
sample, however this sacrifice enhances validity as 
it replicates the “insignificant” braking found in 
50% of rear-end collisions/longitudinal critical 
events (Gkikas, Richardson, & Hill, 2008; Perron 
et al., 2001). Furthermore, subjective stress ratings 
by the participants themselves (table 1) support the 
validity of the emergency test. Most importantly, 
all participants reported surprise. Objectively, the 
average deceleration of the trailer is below the 
maximum achievable by modern vehicles, however 
it is comparable to actual decelerations observed in 
the field (van der Horst, 1990) and measured in 
tests with real drivers (Vangi & Virga, 2007). 

Most of the numerical values quoted here are 
hard to embed in any type of system as they are. 
We could have quoted the values in SI units or use 
force values for the whole brake pedal instead of 
just one area on it. However, the major findings are 
the relationships that emerge from the results and 
which can be exploited in a vehicle system to 
improve safety. In the next section an example is 
presented of how to exploit these. 
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Figure 5: Throttle-off rate in normal and emergency conditions (degree/sampling) 
 
 
APPLICATION 
 

In the last section of the paper, an example will 
be provided of how the relationship between 
normal and emergency braking can be exploited to 
accommodate driver variability. Figure 6 presents a 
system specification that could exploit this 
relationship, by incorporating the quadratic model 
to predict the appropriate trigger level for full-
brake activation.  

At the start of the drive the trigger is set to the 
average emergency brake level as measured in the 
study (Tr in figure 6). Then every time force is 
applied on the brake pedal, the system calculates 
based on the input a new trigger-level [Tr(1) in 
figure 6], which fuses the new [Tr(1)] with the 
previous (Tr) to give out the new trigger [Tr(n)]. If 
this value is exceeded during braking, then full-
brakes are applied. 

As an example, figure 7 is a simulation of how 
this system would work based on the drive of one 
participant. It is quite interesting that the system 

within a few seconds is below the participant’s 
actual emergency brake force (last high-wave in the 
graph). In this simulation full brakes would have 
been engaged twice on the way to the test track. 
Cross-check with the video of the drive indicates 
that those two would happen at two urgent stops 
before traffic lights in yellow-phase.  Of course, the 
system would be activated during the emergency 
test (far-right section of figure 7).  

The above is one example of how the results 
from this study can be exploited by an adaptive 
brake assist system. Cubic or linear models can be 
used as well, or even different layouts of the agents 
in the system in figure 6. These remain to be tested 
on their relative merits in practical terms. It was not 
the purpose of this article to provide a ready 
solution to be implemented in brake assist systems; 
however it was an objective of this study to present 
the characteristics of driver braking that engineers 
can exploit when specifying the function of their 
systems. The authors are satisfied that this first step 
is achieved. 
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Figure 6: Example adaptive function of the system 
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Figure 7: The function of the system according to a participant's driving 
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ABSTRACT 

The Cooperative Intersection Collision Avoidance 
System for Violations (CICAS-V) project was 
conducted to develop and field-test a comprehensive 
system to assist drivers in reducing the number and 
severity of crashes at intersections due to violations 
at stop-sign and signal-controlled intersections.  One 
essential component of such a system is the Driver-
Vehicle Interface (DVI) to warn a driver of an 
impending violation.  A series of test-track studies 
was conducted to support the selection of a DVI for 
subsequent on-road tests of the CICAS-V.  In these 
tests, 18 naive drivers per interface were placed in a 
surprise intersection violation scenario and provided 
with a precisely timed warning presented through a 
variety of DVIs.  Driver braking profiles and vehicle 
stop locations were collected and analyzed, with 
particular emphasis on behaviors that resulted in 
avoiding entering the intersection  DVIs included 
combinations of visual, auditory, and haptic (brake 
pulse) warnings.  Results from the tests showed that 
drivers exposed to a brake pulse tended to stop more 
often and with lower decelerations than drivers that 
were not exposed to the brake pulse.  The 
effectiveness of the brake pulse warning, however, 
was partly moderated by the type of auditory warning 
that accompanied the brake pulse warning.  A 
baseline trial was conducted to determine the benefit 
of the DVI over a non-warning condition.  Overall, 
results supported the recommendation of a DVI 
containing the simultaneous presentation of a 
flashing visual (red stoplight/stop sign icon), a ‘Stop 
Light’ speech warning, and a single brake pulse.  The 
best-performing DVI resulted in an 88% 
improvement over the baseline condition.  Project 
participants included offices of the United States 
Department of Transportation, Daimler, Ford, 
General Motors, Honda, Toyota, and the Virginia 
Tech Transportation Institute. 

INTRODUCTION 

The Cooperative Intersection Collision Avoidance 
System for Violations (CICAS-V) project was 
conducted to develop and field-test a comprehensive 
system to assist drivers in reducing the number and 
severity of crashes at intersections due to violations 
of traffic control devices (TCD).  These crashes 
account for almost 400,000 injuries and fatalities in 
the United States every year (National Highway 
Traffic Safety Administration, 2008).  The approach 
selected to reduce these crashes is to present a timely 
and salient in-vehicle warning to those drivers 
predicted to violate a TCD.  The warning is intended 
to elicit a behavior from the driver to avoid a 
potential violation.   
 
Supporting the warning are several subsystems that 
exchange, process, and present the required 
information from both the vehicle and the 
intersection.  The Driver-Vehicle Interface (DVI), 
which is the means through which the warning 
information is presented to the potential violator, is 
one of these CICAS-V subsystems.  The importance 
of this particular subsystem is based on its function: 
prompting the driver to take the appropriate violation 
avoidance maneuver.  For this reason, a series of 
Human Factors (HF) test track studies were executed 
during the CICAS-V project to determine the DVI 
that would be integrated into the CICAS-V system 
for further on-road testing.  To this end, experimental 
scenarios were developed to attain a set of test 
conditions that simulated a “representative” signal 
violation environment.  Naive drivers were exposed 
to these scenarios while being aided by one of several 
DVI alternatives.  Based on knowledge gaps 
remaining after past research efforts, these test 
scenarios were designed to address the following 
research questions: 
• Within the auditory modality, how does the 

effectiveness of speech warnings compare to 
non-speech warnings? 
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• Is scenario outcome improved by the addition of 
a brake pulse warning? 

• Does the availability of Panic Brake Assist 
(PBA) functionality improve the scenario 
outcomes? 

• Within the context of the experimental scenario, 
what is the effectiveness of each different DVI 
warning relative to when a warning was not 
presented? 

 
Although interesting data were obtained during this 
research addressing signal violation alert timing, this 
timing issue was a secondary goal of this 
investigation.  The range of alert timings examined in 
the current research (as they coupled with the 
examined DVI approaches) was initially based upon 
previous research and then was later modified based 
on the scenario outcomes as the studies progressed.  
It should be noted that the current research did not 
directly examine potential false alarm (annoyance) 
issues associated with the DVIs or alert timings 
examined.   
 
This paper describes the effort to select a DVI that 
can be used to warn a driver that is predicted to 
violate an intersection TCD.  The approach and 
candidate DVIs selected for these experiments were 
based on previous research and consensus of 
stakeholders within the CICAS-V project. 

Description of Past Research 

The magnitude and prevalence of intersection crashes 
have prompted a variety of research efforts in recent 
years.  Within the context of crashes resulting from 
intersection TCD violations, most of these efforts 
have examined the effect of infrastructure-based 
systems in mitigating this problem.  This limitation 
has mainly been due to constraints in technology, 
especially that which allows the vehicle and 
intersection to communicate and share information.  
However, new wireless communications technologies 
(e.g., Dedicated Short Range Communications - 
DSRC) have bridged some of these gaps and 
prompted research into vehicle-based 
countermeasures for addressing the intersection crash 
problem. 
 
The most comprehensive examination of vehicle-
based intersection TCD violation collision avoidance 
systems to date was the Intersection Collision 
Avoidance-Violation (ICAV) project (Lee et al., 
2005).  This effort examined auditory, visual, and 
haptic (in the form of brake pulses and soft braking) 
DVIs in the context of a surprise scenario presented 
to naive drivers, using a visual occlusion approach.  

Some of the key findings from the ICAV study with 
respect to an intersection TCD violation scenario 
include: 

• The effectiveness of a particular DVI is 
dependent upon its timing; that is, the 
optimal warning presentation timing for one 
DVI is not necessarily the optimal timing for 
another DVI. 

• Visual warnings should be accompanied by 
warnings in other modalities and, in the 
intersection TCD violation context, help 
explain the warning meaning. 

• Speech-based (“Red Light”) auditory 
warnings may elicit faster and more 
effective driver responses than non-speech 
(context-free) tones. 

• Brake pulses and automated soft-braking 
appear to be effective warning methods in 
the intersection TCD violation context. 

• Nuisance alarms are a key consideration in 
defining the warning type and timing to be 
used in these systems. 

 
The ICAV project results were complemented by the 
Intersection Decision Support (IDS) project (Neale et 
al., 2006), which examined a wide range of 
infrastructure-based countermeasures in the context 
of similar intersection TCD violation scenarios.  The 
IDS effort allowed for further development and 
refinement of the experimental protocols used in 
ICAV.  Lessons from both of these projects provide a 
strong foundation of knowledge for the studies 
conducted as part of the CICAS-V effort.  This 
investigation builds upon these two efforts in two 
distinct ways.  First, it introduces a naturalistic 
testing approach that will aid in the estimation of 
safety benefits from the countermeasures tested.  
Second, the warnings that are considered are the 
result of consensus of the project team.  As such, it is 
likely that possible implementations of the final 
system will be based on the general characteristics of 
these warnings. 
 
The literature examined to determine the collection of 
DVIs tested as part of this effort was not limited to 
these two projects.  The types of warnings tested in 
this investigation have been examined, often with 
encouraging results, in other crash contexts.  The 
literature examined described these previous tests and 
presented guidelines for the design of haptic, 
auditory, and visual warning systems in automotive 
applications (e.g., Campbell, 2004; Kiefer et al., 
1999; Lee, McGehee, Brown, & Nakamoto, 2007; 
Lloyd, Wilson, Nowak, & Bittner, 1999; Noyes, 
Hellier, & Edworthy, 2006).  The results of these 
efforts, along with the project team’s experience 
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enabled the development of multi-modality 
approaches that were production-representative and 
technologically feasible. 

Assumptions of CICAS-V Studies 

To determine the most suitable DVI for inclusion in 
the CICAS-V system, a series of nine studies was 
conducted.  There are three assumptions implicit in 
the results and discussion contained in this paper.  
First, it is expected that the surprise signal violation 
scenarios used in the experiments provide DVI 
effectiveness estimates that may approximate those 
that may be obtained in the real world.  Furthermore, 
the assumption is made here that experimental 
rankings of warning effectiveness will be equivalent 
to rankings based on real-world use.  Second, it was 
assumed that DVI rankings obtained for signalized 
intersection scenarios would be applicable to stop 
sign scenarios (stop signs were not tested as part of 
the experiments described in this paper).  This 
assumption was supported by the findings of the 
ICAV and IDS studies, which showed equivalencies 
in driver stopping behaviors for surprise traffic signal 
and stop sign scenarios.  Third, all studies used 
nominal intersection approach speeds of 35 mph 
(56.3 km/h) and one or more TTIs (times-to-
intersection) at which warnings were presented (the 
warning presentation algorithm was based on TTI). 
The performance measures discussed herein are 
expected to be applicable to speeds that are close to 
the 35 mph nominal speed used, and might change at 
higher and lower approach speeds (in part because 
the alert timing approach may be influenced by driver 
speed).  These performance measures were collected 
in these studies as a means of evaluating various 
DVIs rather than to characterize typical driver 
behavior across a range of intersection types.  
However, the DVI rankings obtained, which were the 
primary focus of the study, are expected to remain 
largely consistent across intersection approach 
speeds.  

METHOD 

In an effort to determine the best method to evaluate 
the DVIs, two protocols were developed that 
employed different methods to distract drivers’ 
attention from the forward roadway.  One protocol 
used visual occlusion, while the other protocol used a 
naturalistic distraction method.  The ICAV and IDS 
studies used occlusion as the method to induce 
‘distraction’ during the surprise trial.  While the 
occlusion method worked well in the context of those 
studies (where it was sufficient to make relative 
comparisons between countermeasures under well-

controlled experimental conditions), the question 
remained as to whether the output could be 
effectively used for the estimation of potential safety 
benefits (one of the goals of the CICAS-V effort).  In 
addition, it cannot be stated with absolute certainty 
that the relative differences observed with the 
occlusion method would necessarily be preserved 
under more naturalistic distraction conditions.  To 
address these issues, the occlusion approach was 
compared to a naturalistic distraction protocol.  For a 
variety of reasons that are discussed in Maile et al. (in 
print), the naturalistic distraction method was 
selected as the approach of choice for the tests 
discussed in this paper.  The nine studies conducted 
with this protocol, the DVI tested in each study, and 
the alert timings (i.e., TTIs) tested are shown in Table 
1 and discussed in this paper.   
 

Table 1. 
CICAS-V Studies Conducted using the 

Naturalistic Driving Protocol 

Study 
# DVI* 

Time to 
Intersection 
(TTI, s) 

1 

Collision Avoidance Metrics 
Partnership (CAMP) Forward 
Collision Warning (FCW) Tone 2.44 

2 Speech 2.44 

3 
CAMP FCW Tone and Brake 
Pulse 2.44 

4 Speech and Brake Pulse 2.44 

5 
Beep Tone and Brake Pulse with 
PBA 2.24 

6 
Speech and Brake Pulse with 
PBA 2.24 

7 
Speech and Brake Pulse with 
PBA 2.04 

8 
Speech and Brake Pulse with 
PBA 1.84 

9 No warning 2.44** 
*All of these studies featured a visual display that 
performed both advisory and warning functions (only 
the advisory function of this display was used in 
Study 9). 
** The yellow light change occurred at 2.44 s TTI. 

The method used to conduct this series of studies is 
summarized in this section.  More comprehensive 
descriptions can be found in Perez et al. (in print). 

Participants 

Participants were recruited through the newspaper, 
broadcast media, word of mouth, and the Virginia 
Tech Transportation Institute’s (VTTI) database of 
possible participants (based on their expressed 
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interest).  On initial contact (usually over the phone), 
individuals were screened to ensure their eligibility 
for the study.  Eligibility criteria included restrictions 
to exclude individuals who had previously 
participated in a surprise-scenario experiment at 
VTTI (which may have predisposed them to expect a 
surprise scenario), health conditions or medication 
intake that may interfere with their ability to operate 
a motor vehicle, and no more than two moving 
violations nor any at-fault accidents within the 
previous three years (for liability and safety reasons).  
Participants also had to possess a valid driver’s 
license.   
 
Most experimental groups contained 18 participants, 
counterbalanced for age and gender.  However, when 
it was apparent that the DVI being tested would not 
yield favorable results, the study was stopped early in 
an effort to conserve resources.  Participants across 
three age groups were recruited for all experiments: 
younger drivers aged 20-30 years, middle-aged 
drivers aged 40-50 years, and older drivers aged 60-
70 years.  Altogether, 195 participants were run for 
the nine studies, of which 136 provided valid data 
points.  Invalid data points resulted from drivers for 
whom the naturalistic distraction technique did not 
work as intended (e.g., drivers were looking directly 
at the forward roadway on or before the time of 
warning or yellow light onset).   

Testing Facility 

The experiments were completed on the Virginia 
Smart Road, a 2.2 mile controlled-access research 
facility.  The designated path driven by participants 
during this series of studies spanned the upper and 
third turnaround areas on the two lane test-bed.  The 
path included a pass through one signalized 
intersection.  At this intersection, the Smart Road 
intersects with an additional access road, which then 
connects to a road that runs parallel to the upper 
portion of the Smart Road.     

Protocol 

Upon arriving at the Institute, participants were asked 
to read an informed consent form which provided 
specific information about the study, including the 
procedures, risks involved, and measures for 
confidentiality.  The participants were initially not 
told the true purpose of the study in order to gain 
information on how naive participants react to an 
intersection violation warning.  The purpose stated in 
the form described the study as an evaluation of the 
effect of in-vehicle tasks on driving behavior.  After 
agreeing to the study and signing the informed 

consent, participants completed a health screening, a 
visual acuity test, and a color vision test.  
 
Participants were then led to the vehicle where they 
were given time to make the necessary adjustments to 
the seat, mirrors, and climate control.  During the 
pre-drive vehicle orientation, different safety systems 
available in the experimental vehicle, including the 
CICAS-V system, were briefly mentioned (e.g., 
forward collision warning, backing aid).  The 
availability of PBA (when it was made available) was 
never mentioned.  Participants were told to follow all 
the normal traffic rules throughout the experiment 
and that maintenance vehicles would occasionally be 
entering and leaving the road at the intersection.  
Unbeknownst to the participants, these maintenance 
vehicles were staged confederate vehicles driven by 
VTTI on-road crew as part of the study.  At this time, 
the participants were given a brief tutorial and 
demonstration of the in-vehicle systems they would 
be using to perform various tasks.  Participants were 
also provided with the opportunity to practice one of 
these distraction task sequences while parked.  They 
were told that information about their speed 
maintenance and lane position accuracy would be 
recorded, including during the execution of any in-
vehicle tasks.  They were asked to place the car in 
third gear and maintain 35 mph throughout the study. 
 
During the experiment, the front-seat experimenter 
(FSE) triggered a pre-recorded message at 
predetermined landmarks on the Smart Road that 
instructed the participant to complete a certain task.  
These tasks were based on those developed for 
CAMP’s Driver Workload Metrics project (Angell, 
Auflick, Austria, Kochhar, Tijerina, Biever, et al., 
2006).  Tasks the participants were asked to complete 
included changing the radio station, changing tracks 
on a CD, changing properties of the heating, 
ventilation, and air conditioning (HVAC) system, and 
turning on the vehicle’s hazard lights.  Each message 
ended with the word “Now.”  Participants were 
instructed to keep both hands on the steering wheel 
prior to hearing the word “Now.”  Upon hearing the 
word “Now,” participants were to complete the task 
as quickly and as accurately as possible.  Once the 
participant finished the task, they were to say 
“Done,” as an indication to the FSE that they had 
completed the task.  The procedure of keeping both 
hands on the steering wheel prior to hearing the word 
“Now” helped to minimize the frequency of early 
glances to the task area or quick return glances to the 
forward roadway.  This in turn helped reduce the 
chance that participants would be glancing away 
from the forward roadway when the warning and/or 
green-to-yellow light change were presented during 
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the surprise trial.  The participant had the option to 
quit or skip any task, or to ask the FSE to play the 
instructions again.  Additionally, for safety reasons, 
the FSE could instruct the participant to stop or skip 
any task.   
 
The first nine trials of the experiment (all of which 
involved intersection crossings, most under a green 
light) were scripted to build the expectation of 
possible cross traffic at the intersection, while the last 
trial was a surprise scenario.  Throughout the 
experiment, tasks were initiated at predetermined 
landmarks. Each 2-3 minute drive (trial) up or down 
the Smart Road contained four or five tasks in total.  
On the first trial down the Smart Road, there was a 
“maintenance” vehicle (Principal Other Vehicle - 
POV) parked on a road parallel to the Smart Road.  
The POV driver appeared to be performing 
maintenance activities on the road.  After the Subject 
Vehicle (SV) circled through the lower turnaround 
and approached the intersection for the second trial, 
the POV drove to the adjacent stop bar at the 
intersection.  The signal, though triggered by the on-
board computer in the SV, appeared to the participant 
to be triggered by the waiting POV.  The participant 
then received a common yellow-red light sequence, 
during which the POV crossed and exited the road.   
 
On the sixth intersection approach, the POV re-
entered the road, crossing through the intersection 
towards the parallel road.  Again, the light sequence 
was triggered by the on-board computer in the SV, 
though appearing to change because of the presence 
of the POV.  When the SV continued to the lower 
turnaround during the seventh trial and was no longer 
in view of the POV, the POV inconspicuously exited 
the road.  At the start of the SV’s tenth (final) 
intersection approach, a second confederate vehicle 
(Following Vehicle - FV) followed the SV up the 
road at approximately a 1.5 to 2 s headway.  
Although participants might have believed that the 
maintenance vehicle was again entering or leaving 
the road, this maintenance vehicle was not near the 
intersection at this time.   
 
During this final approach (the surprise trial), a 
recorded set of instructions was automatically 
triggered by the on-board computer at 24 s TTI.  A 
separate audio file stating “Now” was triggered at 4 s 
TTI.  This consistent timing of events helped to 
maximize the probability that participants would not 
be glancing at the forward roadway as the light 
turned yellow, before the warning and/or yellow light 
were presented.  The light turned yellow about 0.1 s 
before the warning onset, which occurred at 2.44, 
2.24, 2.04, or 1.84 s TTI (depending on the study).   

After the surprise trial was complete and participants 
either stopped or crossed through the intersection, a 
brief questionnaire about the warning(s) just received 
was administered.  Participants were then asked to 
read and sign a new informed consent form that 
explained the true purpose of the study.  The 
experiment was then concluded and participants 
returned to the VTTI main building for payment, 
unless additional trials were performed (see below). 
 
Each participant took approximately 75 minutes to 
complete the experiment, and up to six participants 
could be run per day, depending on weather and 
amount of daylight. The study was run only when the 
road was dry, since the experiment involved the 
potential for hard braking and risk of skidding on wet 
pavement. 

Additional Trials 

In order to obtain additional information on braking 
behavior and PBA activation thresholds, several 
participants in Studies 5 through 8 completed up to 
two additional trials using different PBA activation 
settings following the surprise trial.  After the 
surprise trial questionnaires had been administered, 
and with the participant’s consent, the participant 
completed one or two additional approaches to the 
intersection.  The availability of PBA, or the fact that 
PBA activation was the main measure of interest 
from the additional trials, was not discussed during 
the orientation for these trials.  As the SV approached 
the stop bar, the Collision Avoidance Metrics 
Partnership (CAMP) Forward Collision Warning 
(FCW) Tone warning (as used and described in 
Kiefer et al., 1999) was presented at 2.0 s TTI.  Upon 
hearing the warning tone, the participant was asked to 
apply the vehicle brakes as if trying to avoid an 
intersection crash.  The FSE instructed the 
participants on this procedure after the surprise trial 
and prior to asking for their consent to participate in 
these additional trials.  Altogether, 53 participants 
were run through at least one additional trial, and 88 
trials were conducted.   

Instrumentation 

As previously stated, experimental scenarios were 
developed to attain a set of test conditions that 
simulated signal violation scenarios.  To support that 
effort, the test system emulated CICAS-V 
functionality, but was overbuilt to operate in a more 
precise manner than would be necessary for real-
world implementation.    
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Two 2006 Cadillac STSs were equipped as the SVs 
in this set of studies.  The vehicles were equipped 
with anti-lock brakes, dual front and side airbags, and 
traction control.  To minimize risk for participants 
and experimenters, an emergency passenger-side 
brake was mounted such that the experimenter 
(seated in the front passenger seat) could brake if 
needed.  The confederate vehicles used for these 
studies included a 1999 Ford Contour, posing as 
cross traffic, and a 2000 Ford Explorer as the 
following vehicle. 
 
The SVs were equipped with visual, auditory, and 
haptic warning displays.  The visual display consisted 
of a non-reprogrammable single-icon light-emitting 
diode (LED) screen located in a high head-down (top 
of dashboard) position on the vehicle centerline near 
the center speaker and oriented towards the driver 
(Figure 1).  The display was in a hooded enclosure 
with a low-reflection diffusion glass panel. The 
visual icon consisted of an outlined traffic signal and 
stop sign, which was developed via open-ended icon 
comprehension and rank order testing (Campbell, 
Kludt, & Kiefer, 2007).  The icon was 11.6 mm (0.46 
inches) high and 11.6 mm (0.46 inches) wide.  
Including the additional 1 mm background on all 
sides, the total icon size was 13.6 mm (0.54 inches) 
high and 13.6 mm (0.54 inches) wide. At a pre-
established TTI, the figures would become blue and 
steady.  On warning activation, the figures would 
become red, and flash at 4 Hz with a 50% duty cycle 
(125 ms on, 125 ms off). 
 

 
Figure 1.  High head-down visual display LED 
screen. 
 
In addition, the vehicles had an integrated 
loudspeaker (located in the dashboard above the 
instrument cluster) used to present the auditory 
warnings independently of the vehicle’s sound 
system.  The sound was directed toward the driver 
from the location of interest (i.e., forward 

windshield).  Three different auditory warnings were 
tested.  The initial warning tested was the CAMP 
FCW Tone (Kiefer et al., 1999).  The CAMP FCW 
Tone was presented at 74.6 dBA.  A second speech 
warning was tested consisting of a female voice 
stating the word “Stop Light,” presented at 72.6 dBA.  
A third auditory warning was a Beep Tone, which 
consisted of three high-pitched beeps.  The Beep 
Tone was presented at 75.0 dBA.  All sound level 
measures were taken at the approximate location of 
the driver’s head. 
 
When used, the Brake Pulse was triggered 
immediately before the onset of the visual and 
auditory warnings such that deceleration would reach 
~0.10 g at approximately the same time as the visual 
and auditory warning onset.  Total pulse duration was 
approximately 0.6 s.  Deceleration produced by the 
pulse peaked around 0.25 g, and was reached 
between 0.25 and 0.35 s after the onset of the visual 
and auditory warnings.  The brake pulse command 
was not issued if deceleration over 0.1 g and/or brake 
activation were detected by the on-board processing 
unit.  The system was implemented entirely within 
the brake controller using the existing Anti-Lock 
Braking System (ABS) pump hardware. 
 
The Data Acquisition System (DAS) contained 
within the vehicle was custom-built by VTTI.  The 
DAS was located inside the trunk and out of the 
participant’s view.  Attached to the system bus was a 
series of custom-designed circuit boards that 
controlled the various functions of the acquisition 
device.  This system included video grabbers, 
accelerometer/gyroscope (Crossbow VG400), a 
vehicle network sniffer (to pull variables from 
vehicle network), and power management boards.  It 
also received data from a Differential Global 
Positioning System (DGPS, Novatel OEM4-G2L), 
which was used to acquire vehicle position (using an 
internal intersection map for reference) and speed.  
The alignment and time-stamping data retrieved from 
these boards was choreographed by a customized 
VTTI proprietary software package, which collected 
non-video data at 100 Hz.  Hardware was contained 
in a custom-mounting case designed to affix 
instrumentation in orientations necessary for accurate 
measurement and durability. 
 
The video grabbers installed in the DAS converted 
the National Television System Committee (NTSC) 
signal from the cameras into Motion Picture Experts 
Group 4 (MPEG-4) compressed video, which was 
recorded to the hard drive in real time.  Small 
cameras (1” square by ¼” deep, seeing through a 
1/32” aperture) were mounted inconspicuously within 
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the vehicle and collected the video data.  For the 
current study, four cameras were installed. The 
camera views included the driver’s face (to record 
eye glances), the forward road view, the driver’s 
hand placement, and the driver’s feet (to show 
accelerator and brake activation).  Video data were 
recorded on the DAS computer at 30 Hz.  For 
analysis, video data were multiplexed in a four-
quadrant, split-screen display (Figure 2). 
 

 
Figure 2.  Four-quadrant, split-screen video data 
display. 
 
Wireless communications needs were addressed via a 
second computer connected to the distributed DAS 
network and linked to a Denso® Wave Radio.  In 
addition to coordinating wireless communications, 
this computer provided the experimenter interface, 
computed the algorithm, and supplied algorithm data 
to the DAS for synchronization with the video and 
driver performance data.  DSRC equipment in the 
vehicle provided signal phase and timing information 
from the intersection’s DSRC transceiver to the DAS 
and sent control commands to the intersection.  
Antennas were mounted underneath the front vehicle 
bumper and on top of the controller cabinet.  VTTI 
developed platform-specific software to address all of 
these communication needs. 
 
The DAS was independent of the CICAS-V test-bed 
system but remained linked as necessary to record 
and time-stamp key events (e.g., warning onsets).  
The entire DAS was unobtrusive and did not limit 
visibility or create a distraction.  
 
A 700 MHz PC104 computer was used at the 
intersection to manage the signal configuration and 
wireless data transfer tasks.  The PC104 received 
commands over the wireless communication system 
with regard to signal change sequence, timing, and 
phase change initiation.  The computer physically 
controlled the signal state through a 110 V interface 
built in-house at VTTI. 

Study Variables  

The primary independent variable was DVI Type.  In 
cases where multiple timings were tested for the 
same DVI, Warning Timing (i.e., TTI) was also used 
as a factor.  A substantial number of dependent 
variables were collected across the studies.  The 
majority of these variables were objective measures, 
but some subjective data were also collected through 
questionnaires.  The following dependent variables 
were selected or derived from the raw data available 
from the vehicle DAS: 
• Avoidance:  Avoidance was determined based 

upon whether the driver stopped and where.  
Four different zones were defined, depending on 
the vehicle’s distance with respect to the stop 
bar, measured from the front of the vehicle.  
These zones are specific to the Smart Road 
intersection and its approach configurations 
(although they could be defined for any 
intersection).  Areas prior to the collision zone 
included the ‘No Violation’, ‘Violation’, and 
‘Intrusion’ zones. Stopping in any of these zones 
was considered as successfully avoiding entering 
the intersection.  If the driver did not stop or 
stopped in the ‘Collision Zone’ the result was 
considered unsuccessful.  The zones are defined 
below and illustrated in Figure 3.   

 
o Did not Stop – Vehicles that did not stop. 
o Collision Zone – Vehicles that stopped at 

9.1 m (30.0 ft) or more beyond the stop bar.  
For the Smart Road intersection, this 
distance represented the location at which 
crossing traffic could be expected to be first 
encountered. 

o Intrusion Zone – Vehicles that stopped 
between 4.6 m (15.0 ft) and 9.1 m (30.0 ft) 
beyond the stop bar.  (Since the test bed 
vehicles measured close to 4.6 m in length, 
at this distance the rear end of the vehicle 
would be completely over the stop bar.) 

o Violation Zone – Vehicles that stopped 
within 4.6 m (15.0 ft) beyond the stop bar.   

o No Violation Zone – Vehicles that stopped 
at or before the stop bar. 
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Figure 3.  Illustration of the four stopping zones 
on the Smart Road. 
 

• Distance Before the Stop Bar (ft): Vehicle 
distance to intersection once its speed was less 
than 0.2 ft/s (0.4 mph).  The threshold was 
selected to eliminate incorrect triggers due to 
noise in the speed data. 

• Peak Deceleration (g): Raw (i.e., non-smoothed) 
maximum driver-induced deceleration during the 
intersection stop. 

• Constant Deceleration (g): Required constant 
deceleration to yield the observed stopping 
distance based on the observed brake onset 
distance, as calculated in Equation 1: 
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Where: 
a = constant deceleration as a proportion of 
gravitational acceleration (g) 
V = vehicle speed at the point when the driver 
initiated braking (m/s) 
g = gravitational acceleration constant (9.81 
m/s2) 
Di = distance to intersection when the driver 
initiated braking (m) 
Df = distance to intersection at which the vehicle 
stopped (m) 

• Required Deceleration Parameter (RDP) from 
Braking Onset to Stop Bar (g):  Required 
constant deceleration to come to a stop at the 
stop bar based on the observed brake onset 
distance, as calculated in Equation 2: 
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Where: 
a = constant deceleration as a proportion of g 
V = vehicle speed at the point when driver 
initiated braking (m/s) 
g = gravitational acceleration constant (9.81 
m/s2) 
Dj = distance to intersection at braking onset (m) 

 
For the following variables, note that stimulus onset 
for conditions in which a warning was issued was the 
warning onset.  For the no-warning condition, the 
stimulus was the presentation of the yellow light.  
Note that for conditions where a warning was issued, 
the warning timing coincided with the presentation of 
the yellow light, making both warning and no-
warning conditions equivalent in terms of timing. 
• Time to Accelerator Release (s): Time from the 

onset of the stimulus to the onset of accelerator 
pedal release (operationally defined as the first 
decrease in accelerator position, after stimulus 
onset, of more than 2.5% in 0.1 s). 

• Time to Brake (s): Time from the onset of the 
stimulus to the onset of brake application 
(operationally defined as the first increase in 
brake position, after stimulus onset, of more than 
5% in 0.1 s). 

• Time to Peak Deceleration (s): Time from the 
onset of the stimulus to maximum driver-induced 
deceleration.   

Data Reduction and Analysis Techniques 

The dependent variables for the study were examined 
for consistency prior to the analysis process.  Custom 
software was created in the MATLAB® environment 
(MathWorks, Natick, MA) to identify the surprise 
trial within the data, calculate the dependent variables 
of interest, and produce plots that aided in data 
integrity verification and identification of the data 
that should be excluded.  Figures created in 
MATLAB® illustrated all essential aspects of the 
intersection approach, and allowed the identification 
of incorrectly processed, incomplete, or corrupt data. 
 
Upon completing each experiment, video collected 
by the on-board DAS was analyzed using VTTI’s 
data analysis and reduction tool (DART).  
Participants who were not glancing down or 
otherwise obviously distracted were excluded from 
data analysis.  Participants were also excluded from 
the study if they were traveling, at warning or yellow 
light onset, more than 7.9 km/h (5 mph) over or 
under the nominal speed for the warning condition. 
 
Conceptually, there are two steps required for a 
successful intersection stop.  These aspects are: (Step 



Perez 9 

 

1) analyze, formulate, and initiate a response plan to 
the stimulus requiring the stop, and (Step 2) adapt 
and complete the execution of the plan based on any 
sensory feedback.  Put in another way, assuming a 
driver decides to stop, Step 1 characterizes pre-
braking behavior and Step 2 characterizes the braking 
behavior. 
 
Both steps can be quantified using different 
dependent variables; however, the dependent 
variables that characterize the second step might not 
be independent of those that characterize the first 
step.  For example, it is possible that a driver that 
takes longer to react to the warning stimulus (Step 1) 
would brake harder (Step 2) in order to compensate 
and stop at the same point as a driver with a faster 
reaction time.  All of the dependent variables 
described above can be classified according to the 
step that they quantify: 
• Analysis, formulation, and initiation of the 

response plan (Step 1, plan initiation) 
o Time to accelerator release 
o Time to brake 

• Adaptation and completion of the response plan 
(Step 2, plan execution) 
o Time to peak deceleration 
o Distance before the stop bar 
o Peak deceleration 
o Constant deceleration 
o RDP from Braking Onset to Stop Bar 

 
In order to determine the need for correction factors, 
a correlation analysis was performed between the 
Step 1 and Step 2 variables.  Given that correlation 
analysis quantifies the degree of linear relationship 
between variables, transformation of variables was 
also examined in this process, as a means of 
maximizing the correlations. 
 
Once the correlations were completed and any 
relationships between Step 1 and Step 2 variables 
established, statistical analysis of variance (ANOVA) 
was performed.  Dependent variables for which 

correction was not needed (i.e., all Step 1 variables 
and Step 2 variables that did not exhibit correlation 
with Step 1 variables) were analyzed using traditional 
ANOVA techniques.  Dependent variables that 
required a correction were analyzed using Analysis of 
Covariance (ANCOVA). 
 
When significant main effects were found, Student-
Newman-Keuls (SNK) tests were performed to 
further determine the source of those differences.  
Significant interaction effects were examined with 
post hoc t-tests using the Tukey correction for 
multiple comparisons.  A Type I error level of 0.05 
was assumed for all tests. 
 
Finally, the “Avoidance” variable was considered and 
analyzed separately since it was a discrete variable 
which did not require correction.  This variable was 
analyzed based on proportion of occurrence for each 
trial.  Confidence intervals (95%) were established to 
determine overlap between different experimental 
groups and infer statistically significant differences.  
These confidence intervals were based on the 
binomial distribution, which describes the probability 
of discrete outcomes when observations are 
independent. 

RESULTS AND DISCUSSION 

The primary goal of these experiments was to 
develop a recommendation for the DVI to be 
integrated into the CICAS-V system for further on-
road testing.  In support of this goal, Table 2 shows a 
summary of the results obtained for each of the 9 
studies; note that studies 4, 6, 7, and 8 are shown in 
bold.  These studies used the Visual icon + Speech 
(‘Stop Light’) + Brake Pulse warning, which was 
ultimately recommended for use based on the 
observed patterns of driving behavior in reaction to 
this warning, including driver's success in avoiding 
entering the intersection. 
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Table 2.  
Summary of Results* 

Study DVI** TTI (s) 
N and % 
Avoided 

N and % 
Not 

Avoided 

95% 
Confidence 

Interval 
(Avoided) 

N Avoided 
Activating 

PBA 
1 CAMP FCW Tone 2.44 7 (39%) 11 (61%) 16.4%-61.4% -- 
2 Speech 2.44 7 (39%) 11 (61%) 16.4%-61.4% -- 
3 CAMP FCW Tone with Brake Pulse 2.44 14 (78%) 4 (22%) 58.6%-97.0% -- 
4 Speech with Brake Pulse 2.44 17 (94%) 1 (6%) 83.9%-100% -- 

5 
Beep Tone with Brake Pulse and 
PBA 2.24 5 (50%) 5 (50%) 26.9%-73.1% 0 

6 Speech with Brake Pulse and PBA 2.24 16 (89%) 2 (11%) 74.4%-100% 1 
7 Speech with Brake Pulse and PBA 2.04 7 (78%) 2 (22%) 58.6%-97.0% 0 
8 Speech with Brake Pulse and PBA 1.84 3 (33%) 6 (67%) 11.6%-55.1% 1 
9 Baseline 2.44*** 1 (6%) 17 (94%) 0%-16.1% -- 
* Note: Studies in bold investigated the warning recommended based on the results presented in this paper. 
**All of these studies featured a visual display that performed both advisory and warning functions (only the 
advisory function of this display was used in Study 9). 
*** Yellow light change occurred at 2.44 sec. 
 
Key Study Comparisons 
     Differences between CAMP FCW Tone and 
Speech Warnings and the Influence of a Brake 
Pulse - This section compares the results of four 
studies testing four different DVI Types at a 2.44 s 
TTI and another baseline study where a warning was 
not provided but a traffic light change occurred at a 
similar timing: 
• Visual icon + CAMP FCW Tone (Study 1) 
• Visual icon + ‘Stop Light’ Speech Warning 

(Study 2) 
• Visual icon + CAMP FCW Tone + Brake Pulse 

(Study 3) 
• Visual icon + ‘Stop Light’ Speech Warning + 

Brake Pulse (Study 4) 
• Baseline with no warning presented (Study 9) 
 
The Baseline condition avoidance percentage (6%) 
was substantially (and significantly) lower than that 
observed for any of the other warning conditions 
(which ranged from 33% to 94%).  Although no other 
significant differences in avoidance were observed 
between the remaining groups that experienced 
warnings, there was a trend for participants who 
experienced the Brake Pulse as a component of the 
warning approach to stop more often than 
participants receiving a warning that did not include a 
Brake Pulse. 
 
In discussing the following plan initiation and plan 
execution variable results, it should be noted that 
only one participant responded to the traffic signal 
during the Baseline condition.  Therefore, although 
the performance values for this participant are 

provided, statistical comparisons of these values with 
those obtained for other conditions with substantially 
larger avoidance percentages was not possible.  The 
following statistically significant results are 
summarized in Table 3. 
 
Analysis of plan initiation variables showed some 
significant main effects: 
• Time to accelerator release (F[4,42]=11.21, 

p<0.0001):  On average, participants who 
experienced the Brake Pulse released the 
accelerator 0.42 s faster than those who did not 
experience the Brake Pulse.   

• Time to brake (F[4,42]=6.28, p=0.0005): 
Participants that experienced the Brake Pulse had 
faster brake onset times (by 0.30 s).  

 
Analysis of plan execution variables showed several 
significant main effects as well, which are mainly 
attributed to the presence of the Brake Pulse (since 
the effects were not present when auditory warnings 
were presented in isolation): 
• Distance before stop bar (F[5,40]=10.94, 

p<0.0001):  This variable was significantly 
correlated with time to brake.  After accounting 
for the effect of this plan initiation variable, 
results showed that participants who received the 
Brake Pulse stopped roughly 6 to 7 ft closer in 
front of the stop bar than those who did not 
receive a brake pulse. 

• Constant deceleration (F[5,40]=9.77, p<0.0001):  
This variable was significantly correlated with 
time to brake.  Conditions with a brake pulse 
resulted in slightly (approximately 0.02 g) lower 
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constant decelerations than other conditions 
when the influence of Time to Brake was 
removed. 

• RDP from braking onset to stop bar 
(F[5,40]=43.78, p<0.0001):  After considering 
the large correlation of this variable with time to 
brake, significant differences (about 0.04 g) 
between the Brake Pulse and non-brake pulse 
conditions remained.  

• Time to peak brake (F[5,40]=3.13, p=0.0176):  
This variable was significantly correlated with 
time to brake.  After considering the effects of 
this plan initiation variable, participants who 
experienced the Brake Pulse reached peak 
deceleration faster (approximately 0.4 s) than 
those who did not. 

 
Table 3. 

Means of Significant Main Effects of DVI Type and Brake Pulse Presence 

Variable 

CAMP FCW 
Tone, No Brake 

Pulse 
Speech, No 
Brake Pulse 

CAMP FCW 
Tone with 

Brake Pulse 
Speech with 
Brake Pulse Baseline 

(N) (7) (8) (14) (17) (1) 
Time to accelerator 
release (s) 0.69 0.62 0.24 0.26 0.69 
Time to brake (s) 1.11 1.08 0.82 0.74 1.06 
Distance before stop 
bar (ft) -9.9 -8.64 -2.04 -0.67 -9.63 
Constant decel (g) 0.44 0.46 0.42 0.42 0.38 
RDP from brake to stop 
bar (g) 0.48 0.48 0.44 0.45 0.40 
Time to peak brake (s) 2.76 2.8 2.39 2.49 2.78 

 
These results indicate that the presence of the Brake 
Pulse appears to directly contribute to quicker 
reactions, harder decelerations, and stops that were 
farther away from the intersection crash box (i.e., the 
collision zone).  Most importantly, participants who 
experienced a warning that included the Brake Pulse 
tended to be more likely to respond to that warning.  
This evidence strongly suggests that the brake pulse 
should be considered an integral, primary part of the 
CICAS-V field test DVI. 
 
     Differences in Timing - Differences in timing 
were assessed by using the Visual icon + Speech 
(‘Stop Light’) + Brake Pulse warning at four different 
timings: 2.44 s TTI (Study 4), 2.24 s TTI (Study 6), 
2.04 s TTI (Study 7), and 1.84 s TTI (Study 8). (Note 
that although the absence/presence of the PBA 
system and the PBA entrance criterion differed across 
these studies, the PBA system ultimately played a 
negligible role in the results since so few subjects 
activated the PBA system under these intersection 
approach experimental conditions.) 

 
Analysis of avoidance percentages for these 
conditions showed that participants in the 1.84 s TTI 
condition responded to the warning at a much lower 
percentage (33%) than participants experiencing the 
warning at longer timings (overall, >79%).  Other  

conditions were not statistically different, but there is 
a clear trend toward increased avoidance as the TTI 
warning timing occurred earlier (i.e., farther from the 
intersection). 
 
Analysis of plan initiation variables showed no 
significant main effects.  However, some main effects 
were observed for plan execution variables, which 
are illustrated in Table 4 and described below: 
• Distance before stop bar (F[4,39]=7.78, 

p<0.0001):  This variable was significantly 
correlated with time to brake.  After accounting 
for the effects of this variable, results showed 
that participants in the 2.44 s group stopped 
significantly closer in front of the stop bar (by at 
least 3 ft) than all other groups.  Although not 
significantly different, there was a tendency for 
participants to stop farther beyond the stop bar as 
the timings became shorter.   

• Peak deceleration (F[3,40]=6.0, p=0.0018):  
Larger peak decelerations were observed as the 
timings became shorter.  Participants in the 
intermediate 2.24 and 2.04 s timing groups 
showed statistically similar peak decelerations.  
However, the 1.84 s (the latest timing condition) 
and 2.44 s (earliest timing) groups exhibited 
approximately 0.17 g larger and 0.13 g smaller 
peak decelerations than the intermediate timing 
groups, respectively. 
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• Constant deceleration (F[3,40]=7.47, p=0.0004):  
Incrementally larger constant decelerations 
(between 0.02 and 0.06 g for each 0.2 s change 
in TTI warning timing) were observed as timings 
became shorter. 

• RDP from braking onset to stop bar 
(F[4,38]=19.99, p<0.0001):  Time to accelerator 
release was strongly correlated with RDP.  After 
accounting for this variable, larger RDPs were 
observed as timings became shorter.   

• Time to peak deceleration (F[4,38]=5.02, 
p=0.0024):  This variable was significantly 
correlated with time to brake.  After considering 
the effects of this variable, it was observed that 
participants in the 1.84 s timing reached peak 
deceleration faster (by at least 0.3 s) than 
participants experiencing other timings. 

 
Table 4. 

Means for all Significant Main Effects of Timing 

Variable 
1.84 s 
TTI 

2.04 s 
TTI 

2.24 s 
TTI 

2.44 s 
TTI 

(N) (3) (7) (16) (17) 
Distance 
before stop bar 
(ft) -9.23 -7.31 -2.25 1.37 
Peak decel (g) 0.9 0.74 0.72 0.6 
Constant decel 
(g) 0.5 0.48 0.42 0.4 
RDP: brake to 
stop bar (g) 0.55 0.51 0.43 0.39 
Time to peak 
decel (s) 1.94 2.38 2.34 2.37 
 
As suggested above, although PBA was available to 
participants in the 2.24 s, 2.04 s, and 1.84 s 
conditions, only two participants engaged this 
system.  One participant did so in the 2.24 s condition 
and stopped 13.89 ft before the stop bar.  The second 
participant engaged PBA in the 1.84 s condition and 
stopped 17.28 ft after the stop bar.  Statistical 
analysis of these observations was not possible due to 
the small representation of PBA engagement within 
the study sample. 
 
Overall, these results suggest that although shorter 
timings elicit slightly quicker reactions and 
significantly harder decelerations from drivers, this 
does not necessarily translate to a stop that is farther 
away from the crash box.  This suggests that there is 
a discretionary element that drivers use when 
deciding exactly where to stop relative to the stop 
bar.  The most important observation in the timing 
comparison was related to response to the warning, 
which showed a trend toward dropping as the timings 

became shorter, particularly at the 1.84 s TTI 
warning timing condition.   
 
Furthermore, it appears reasonable to assume that, as 
the TTI warning timing decreases, more drivers will 
decide to continue through the intersection since they 
may feel that it is not possible to safely stop in the 
distance remaining.  Therefore, warnings should be 
presented as early as possible to the extent that their 
earlier presentation does not result in an unacceptable 
number of warnings perceived by the driver as “too 
early” or unnecessary.   
 
     Differences between Speech and Beep Tone 
Warnings - This section compares the results 
obtained for the Visual icon + Speech (‘Stop Light’) 
+ Brake Pulse warning and the Visual icon + Beep 
Tone + Brake Pulse warning at the 2.24 s TTI 
warning timing (Study 5 and Study 6, respectively).  
The motivation for this comparison was to continue 
to evaluate the hypothesis that the Brake Pulse was 
the dominant factor behind the favorable driver 
behavior results obtained when a warning was 
presented.  If this hypothesis was true, perhaps a less 
salient (hence, potentially less annoying) auditory 
warning could be coupled with the brake pulse 
warning without degrading warning effectiveness.  (It 
should be noted that although PBA was active for 
both of these comparison studies, only one 
participant activated PBA during either condition 
[this participant was in the Speech condition and 
stopped 13.9 ft before the stop bar].) 

 
Analysis of avoidance percentages indicated a trend 
toward participants experiencing the Speech warning 
avoiding at a higher percentage (89%) than 
participants who experienced the Beep Tone warning 
(50%), a difference that approached statistical 
significance (p=0.0940).  
 
While analysis of plan initiation variables failed to 
indicate significant main effects, analysis of plan 
execution variables showed some significant main 
effects, as described below and summarized in Table 
5: 
• Distance before stop bar (F[2,19]=6.42, 

p=0.0074):  Time to brake was significantly 
correlated with this variable.  After considering 
the effects of this plan initiation variable, 
participants in the Beep Tone group were 
observed to stop at longer distances before the 
stop bar than participants in the Speech warning 
condition. 

• Constant deceleration (F[1,20]=8.84, p=0.0075):  
Participants in the Beep Tone group yielded 
larger constant deceleration values 
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(approximately 0.07 g) than those in the Speech 
group.  

• RDP from braking onset to stop bar 
(F[2,18]=5.98, p=0.0105):  This variable 
significantly correlated with time to brake.  After 
accounting for the effect of this plan initiation 
variable, participants in the Beep Tone group 
were observed to exhibit a slightly greater 
average RDP from braking onset to stop bar 
(roughly 0.05 g) than those in the Speech group.   

• Time to peak deceleration (F[2,18]=7.85, 
p=0.0035):  This variable was correlated with 
time to brake.  After accounting for the effect of 
this plan initiation variable, participants in the 
Beep Tone group were observed to achieve peak 
deceleration faster (by roughly 0.15 s) than those 
in the Speech group. 

Table 5. 
Means of Significant Differences between the 
Speech and Beep Tone Warning Conditions 

Variable 
Speech 

Warning 
Beep Tone 
Warning 

(N) (16) (5) 
Distance before 
stop bar (ft) -4.22 1.88 
Constant 
deceleration (g) 0.42 0.49 
RDP from brake to 
stop bar (g) 0.43 0.48 
Time to peak 
deceleration (s) 2.43 2.25 
 
The most intriguing result of this comparison was the 
relative difference in avoidance percentages.  
Although participants in the Beep Tone group reacted 
more quickly and stopped farther away from the 
crash box, participants in the Speech group 
responded to the warning at a much higher 
percentage.  It should be noted that the unbalanced 
number of participants across the comparison studies 
used for this Beep Tone versus Speech warning 
analysis necessarily confounds the analysis of 
stopping distance and deceleration behavior (which is 
based only on compliant participants).  Hence, the 
main conclusion from this comparison is the 
observed tendency for the Speech warning, which 
suggests an increase in warning effectiveness relative 
to a Beep Tone warning when both are coupled with 
the brake pulse warning. 

CONCLUSIONS AND IMPLICATIONS 

The results presented in the previous section 
showcase the substantial differences in driver 
performance and behavior that can result from the 

use of different DVIs and the timing at which those 
DVIs are presented for TCD violation warning. 
These differences were present during both plan 
initiation (i.e., pre-braking behavior) and plan 
execution (i.e., braking behavior) stages and in some 
cases resulted in significant differences in avoidance 
with the different warning combinations. In many 
instances, observable, sensible, and orderly trends 
suggested that additional statistically significant 
differences may have been found with larger sample 
sizes than those employed in the current studies.  
This section summarizes the key differences and 
trends observed in the current studies and suggests 
future research directions. 
 
The main implication of the results from the nine 
studies is the selection of a DVI for on-road testing of 
the CICAS-V system.  Driver behavior, performance, 
and response to the warnings (as well as subjective 
data not reported here) suggest that the Visual icon + 
Speech (‘Stop Light’) + Brake Pulse warning has the 
highest probability of success amongst the warnings 
tested.  Therefore, this warning is recommended for 
further on-road testing of the CICAS-V system.  The 
warning, which contains elements from the visual, 
auditory, and haptic modalities, also performed well 
across a number of relatively late presentation 
timings. Since both brake pulse and speech warnings 
have the potential to be annoying to drivers if false 
alarms occur too frequently (Kiefer et al., 1999), a 
Field Operation Trial with the CICAS-V system 
would provide useful information regarding user 
acceptance of these warnings.  The following 
sections describe the conclusions reached for each of 
the four research questions that the series of studies 
was intended to address. 
 
Within the auditory modality, how does the 
effectiveness of speech warnings compare to non-
speech warnings? 
There were two auditory warnings of primary 
interest, the CAMP FCW Tone and the Speech (‘Stop 
Light’) warning.  There were no significant 
differences observed between the CAMP FCW Tone 
and Speech (‘Stop Light’) warnings with or without 
the brake pulse warning.  However, avoidance rates 
suggested there may be a slightly increased 
likelihood of stopping before the intersection 
‘collision zone’ with the Speech (‘Stop Light’) 
warning over the CAMP FCW Tone.   
 
A third auditory warning, in the form of a Beep Tone, 
was also tested on an exploratory basis in an attempt 
to potentially reduce potential driver annoyance 
issues associated with the CAMP FCW Tone.  This 
tone was accompanied by a brake pulse.  The main 
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goal of using this tone was to determine if the lack of 
observable differences between the CAMP FCW 
Tone and the Speech (‘Stop Light’) warnings also 
transferred to a less urgent (hence, less annoying) 
sound.  Since the tone was accompanied by a brake 
pulse, this would also determine the extent to which 
the Brake Pulse was the main factor in eliciting an 
avoidance response (see the next section for further 
discussion of this topic).  Results showed that the 
Beep Tone elicited a significantly lower avoidance 
percentage than the Speech warning.  Although 
participants that responded to the traffic signal after 
receiving the Beep Tone stopped slightly harder than 
those in the Speech warning condition, these 
differences are small from a practical perspective and 
may be the result of unbalanced data.  Therefore, the 
Beep Tone was considered a less effective warning 
alternative and its use did not extend beyond the 
initial exploratory study.  
 
Is scenario outcome improved by the addition of a 
brake pulse warning? 
Results suggested that the brake pulse warning (i.e., a 
single, brief vehicle jerk cue) substantially improved 
driver performance with the warning (relative to 
conditions without a brake pulse).  This tendency 
towards improved avoidance appears to be due to 
significant differences in plan initiation (i.e., pre-
braking behavior) and plan execution (i.e., braking 
behavior) variables.  Drivers receiving a brake pulse 
were faster to react and reached peak deceleration 
faster than drivers who did not experience a brake 
pulse warning.  This, in turn, required slightly less 
braking effort from drivers receiving a brake pulse 
warning than for drivers not receiving a brake pulse, 
even though drivers receiving a brake pulse were also 
able to brake to a stop in less distance. 
 
Given that these results were observed across two 
different types of auditory warnings (CAMP FCW 
Tone and Speech), it appears that the Brake Pulse 
was indeed a primary elicitor of response.  However, 
recall that results with a Beep Tone auditory warning 
showed lower avoidance levels than those observed 
for the Speech auditory warning.  Therefore, although 
the Brake Pulse warning appears to be the primary 
factor in eliciting an avoidance response, it is 
recommended based on the observed results that this 
warning be paired with a speech warning rather than 
a non-speech auditory warning (since the former 
provides more specific warning context to the driver). 
 
Does the availability of Panic Brake Assist (PBA) 
functionality improve the scenario outcomes? 
The availability of the PBA system, as well as the 
alteration of the PBA system entrance criterion across 

studies, had either a negligible or no effect towards 
improving the avoidance rates.  Across the studies in 
which it was available, PBA was seldom activated by 
drivers.  Although every instance of PBA system 
activation resulted in avoidance, it usually resulted in 
drivers stopping well short of the intersection stop 
bar.  This suggests that the driver may have also 
avoided without assistance from the activated PBA 
system.  Therefore, PBA was not recommended as a 
feature of the CICAS-V DVI. 
 
Within the context of the experimental scenario, 
what is the effectiveness of each different DVI 
warning relative to when a warning was not 
presented? 
This question would ideally be answered by 
examining driver performance and behaviors during 
the surprise trial.  However, comparisons of driver 
performance and behaviors beyond avoidance were 
not possible, since only one driver responded to the 
traffic signal when a warning was not presented.  
This result, however, produced a significant 
difference in avoidance between the Baseline 
condition (in which drivers did not receive a 
warning) and all other similarly timed warning 
conditions.  As shown earlier in Table 2, baseline 
drivers were substantially less likely to respond to the 
traffic signal.  While the real-world magnitude of 
these differences is subject to statistical confidence, 
differences in avoidance rates suggest substantial 
improvements for most of the warnings, especially 
those employing a brake pulse.  Future research 
should use data from real-world exposure to these 
systems to validate the avoidance levels and 
performance measures obtained in these test track 
experiments. 
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ABSTRACT 
 
Accidents involving either illegal or inappropriate 
speeding play a part in a large proportion of 
accidents involving cars.  The types of typical 
failure generating scenarios found in car accidents 
where illegal speeding or inappropriate speeding is 
contributory are compared using the detailed 
human functional failure methodology developed in 
the European TRACE project (TRaffic Accident 
Causation in Europe), funded by the European 
Commission. 
 
Using on-scene cases from the UK ‘On The Spot’ 
database (funded by the UK Department for 
Transport and Highways Agency), a sample of 
cases where speed is contributory have been 
analysed.  An overview of speeding cases from the 
4,000 in-depth cases available in the dataset is also 
presented. 
 
The results highlight not only the differences 
between inappropriate and illegal speeding cases, 
but also the differences in the functional failures 
experienced by both the ‘at fault’ and ‘not at fault’ 
road users in both types of speed-related accidents. 
 
The results form a unique base of knowledge for 
future work on the human-related issues associated 
with speeding of both types, for all crash 
participants.  Also considered is how new 
technologies can address speeding accidents. 
 
INTRODUCTION 
 
This paper describes part of an analysis undertaken 
by the Vehicle Safety Research Centre at 
Loughborough University, UK, in the EC funded 
TRACE project (TRaffic Accident Causation in 
Europe). The work investigated the main 
characteristics of accidents which involve driving 
task related factors. 
 
In this study, driving task related factors are defined 
as being ‘directly and causally contributing to the 
accident occurrence, very specific and detailed, are 
short-term lasting or dynamic in nature, and refer to 
the actual conditions of the components’.  They can 
be present in all or part of an overall trip, but will 

only affect the road user when undertaking a certain 
part of the driving task.  Examples of driving task 
related factors include speed, weather conditions 
and risk taking.  They are thought to be effects of 
the wider trip related factors (e.g. alcohol 
impairment, road geometry, vehicle maintenance), 
which are in turn effects of background factors (i.e. 
pre-existing factors that are sometimes sociological 
such as education, income residence etc…). 
 
From the main types of driving task related factors 
identified, the factor ‘speeding’ was chosen to be 
analysed using data from the UK Department for 
Transport and Highways Agency joint funded ‘On 
The Spot’ (OTS) project, firstly because of the 
large number of detailed cases available, but 
secondly because it is possible to identify two 
separate types of ‘speeding’ cases.  Therefore, an 
interesting comparison of accidents involving these 
two types of speeding is possible.  The two types of 
speeding identified are: 
• Inappropriate speeding - where a road user in 
the accident travels too fast for the conditions (e.g. 
surface, visibility, layout, traffic); 
• Illegal speeding – where a road user in the 
accident travels above the posted speed limit. 
 
Keywords: Inappropriate speeding, Illegal 
speeding, Human Functional Failure, Causation 
factors 
 
METHODOLOGY 
 
Two types of analysis are described in this paper: 
• A general statistical overview of accidents 
where either inappropriate speeding or illegal 
speeding is a contributory factor (frequency and 
characteristics); 
• A detailed case-by-case analysis of a sample 
of 40 cases where either inappropriate speeding or 
illegal speeding is a contributory factor using the 
Human Functional Failure (HFF) methodology 
developed in the EC TRACE project (Van Elslande 
et al. 2007). 
 
The On The Spot Database 
 
The data source utilised is the UK Department for 
Transport and Highways Agency joint funded ‘On 
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The Spot’ (OTS) project.  There are two 
investigation teams working on the OTS project in 
the UK, the Vehicle Safety Research Centre 
(VSRC) at Loughborough University, working in 
the Nottinghamshire region and the Transport 
Research Laboratory (TRL), working in the 
Berkshire region.  The OTS teams attend and 
investigate, in total, 500 real-world collisions per 
year on a rolling shift pattern, covering all times 
and days of the week.  The OTS teams investigate 
all collision types including all road users, all injury 
severities (from non-injury to fatal) and all road 
classifications.  OTS cases include a wealth of 
information available to the analyst, as derived 
from physical examinations and interviews made 
on-scene followed by detailed analysis of findings 
and calculations made to reconstruct events and 
speeds. Both teams work in slightly different road 
network areas, which collectively are broadly 
representative of the UK. The study has been 
running since 2000 and has investigated over 4,000 
real world collisions.  The detailed methodology 
has been described elsewhere by Hill et al. (2001 
and 2005). 
 
The OTS database includes a number of advanced 
systems for coding accident causation.  The method 
used in this study to identify speeding-related cases 
is the ‘Contributory Factors 2005’ system, which is 
the same coding system used by the Great Britain 
national accident data collection system since 2005.  
All cases in the OTS database have also been coded 
using this system, including those from before 
2005.  Each contributory factor can be coded at one 
of two levels of confidence, either a ‘very likely’ or 
a ‘possible’ cause. 
 
Analysis has focussed on accidents involving at 
least one passenger car.  Therefore, cases including 
each type of speeding causation factor are selected 
for analysis from the 3,663 cases involving at least 
one car currently in the OTS database. 
 
Definitions and Sample Selection: Inappropriate 
Speeding 
 
The contributory factor ‘travelling too fast for 
conditions’ is used to identify cases where 
‘inappropriate speeding’ was causative.  The on-
scene accident investigators use their expert 
judgement of the evidence available to them at the 
scene to determine the likelihood that the road user 
was travelling too fast for the conditions they were 
confronted with.  The type of ‘conditions’ included 
could be the road surface conditions (e.g. wet road, 
ice, diesel, defective surface), conditions reducing 
visibility (e.g. rain, fog, vehicle smoke, sun glare, 
road geometry, roadside objects, other vehicles), 
high winds and also traffic condition (e.g. traffic 
flow/speed). 

 
Only cases where inappropriate speeding was 
recorded as being a very likely cause (rather than 
just possible) are included in the sample of cases.  
In order that there is no overlap with the sample of 
illegal speeding cases, cases are not included if road 
users were also recorded with illegal speeding (i.e. 
driving above the speed limit).  Therefore, 
inappropriate speeding is defined as a road user 
who is not travelling above the speed limit set for 
the road, but the speed is inappropriate for the road 
conditions.  In the OTS database, 564 cases 
involving cars are identified, which involved 885 
vehicles, including 788 cars. 
 
Definitions and Sample Selection: Illegal 
Speeding 
 
Cases in the OTS database where ‘exceeding speed 
limit’ was recorded as a contributory factor are 
included in the sample of ‘illegal speeding’ cases.  
The on-scene accident investigator will use their 
expert judgement using the evidence available to 
them at the scene (e.g. skid marks and vehicle 
damage) to determine the likelihood that the road 
user was travelling above the posted speed limit of 
the road at/on approach to the accident scene and 
whether this was contributory. 
 
In this sample, cases are included if inappropriate 
speeding was also a factor.  The reason for this is 
that it is likely that in most cases where illegal 
speeding occurs, the speed will also be 
inappropriate for the conditions (i.e. this is denoted 
by the speed limit itself).  As with inappropriate 
speeding, only cases where illegal speeding was 
recorded as a very likely cause (rather than just 
possible) are included in the sample of cases.  In the 
OTS database, 307 cases involving cars are 
identified, which involved 487 vehicles, including 
441 cars. 
 
Statistical Analysis:  Explanatory Variables 
 
The explanatory variables listed in Table 1 are 
included in the general statistical overview to 
describe the typical characteristics of accidents 
involving either inappropriate speeding or illegal 
speeding. 
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Table 1. 
Explanatory variables in statistical overview 

Explanatory 
variables 

Values Analysis 
level 

Intersection Yes / No Accident 
Manoeuvre Yes / No Car drivers  
Accident 

configuration 
Single car 

Car v pedestrian 
Car v car 

Car v PTW 
Car v pedal cycle 

Car v large vehicle 
>3 cars only 

Others involving a car 

Accident 

Traffic density Light / Moderate / 
Heavy / Congested 

Accident 

Area type Rural / Urban Accident 
Road class Motorway / Major / 

Minor 
Accident 

Carriageway 
type 

Single / Dual Accident 

Speed limit <10 / 20 / 30 / 40 /  
50 / 60 / 70 mph 

Accident 

Horizontal 
geometry 

Straight / Bend Accident 

Weather Good / Poor Accident 
Road surface 

condition 
Good / Poor Accident 

Lighting 
condition 

Daylight / Darkness  
Dusk / Dawn 

Accident 

Vehicle type Car / Van / Truck / 
Bus / Motorcycle / 

Pedal cycle / 
Pedestrian 

All road 
users* 

Impact type Front / Side / Rear / 
Top / Bottom 

Vehicles (no 
pedestrians) 

Age <25 / 25-44 / 
45-64 / >65 

All road 
users* 

Gender Male / Female All road 
users* 

*Including pedestrians 
 
For both the contributory factors (inappropriate 
speeding and illegal speeding) and for each 
explanatory variable analysed, cross-tabulations 
have been produced to compare the distribution of 
all cases with only cases where inappropriate 
speeding or illegal speeding was/was not a 
causation factor.  The results were displayed in 
tables, such as the example shown in Table 2.  It 
was therefore possible to determine whether 
accidents involving either causation factor appear 
to be more likely to occur when a specific type of 
explanatory variable is present (e.g. more likely on 
rural roads than urban roads). 
 

Table 2. 
Example of results cross-tabulation 

Area 
type 

Inappropriate speeding 
a causation factor? All 

cases 
Yes No 

Rural - - - 
Urban - - - 

Unknown - - - 
All - - - 

 
To determine whether any differences found are 
significant enough to be a result of the speeding, 
and not due to chance, two-tailed chi-squared tests 
(using known-data only) were undertaken to test for 
statistical significance.  A result was significant 
when p≤0.05 (i.e. the probability that the results 
were due to due chance were 5% or less). 
 
In-depth Analysis of Cases Using the Human 
Functional Failure (HFF) Methodology 
 
To analyse further the type of accidents where 
either inappropriate speeding or illegal speeding is 
a contributory factor, an in-depth analysis of a 
sample of cases involving either inappropriate 
speeding or illegal speeding has been undertaken 
using human factors methodologies developed in 
the EC TRACE project (Van Elslande et al. 2007). 
 
The aim of the HFF methodology is to be able to 
clearly define the types of functional failures that 
humans experience in road collisions, using a 
sequential approach to the driving task which 
defines five main stages that the road user goes 
through when undertaking the driving task 
(perception, diagnosis, prognosis, decision-making 
and taking action).  These failures can occur at any 
of the stages in the chain and it has been possible to 
classify five main types of failures that can occur 
during the driving task, as outlined in Figure 1.  In 
addition to failures occurring at the five main stages 
of driving, there are also failures which are directly 
related to the overall capacities of the human which 
affect the whole functional chain.  For example, the 
loss of psycho-physiological capacities (e.g. falling 
asleep, loss of consciousness), the alteration of the 
sensori-motor and cognitive capacities (e.g. 
alcohol/drug impaired) and the overstretching of 
the cognitive capacities (e.g. infrequent driving, 
age) (Van Elslande et al. 2007). 
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Figure 1:  Description of Human Functional 
Failures (TRACE Deliverable 5.1) 
 
In this methodology, a clear distinction is made 
between human failures and human factors.  
Human factors are defined as ‘characteristics of the 
system which have weakened its capacity to 
function safely’, whereas human failures are 
defined as ‘the unwanted outcome of a 
confrontation of the driver with a task in which a 
difficulty was met’.  Human failures are not defined 
as ‘faults’, as failures can also be found for ‘not at 
fault’ road users.  The aim is to use the failures to 
identify the limits (physical and mental) of human 
capacity and therefore be able to understand better 
the types of countermeasures (i.e. safety systems) 
that would assist in overcoming these human 
limitations. 
 
Grids of contributory factors and pre-accident 
driving situations were also developed as part of the 
TRACE study, to be used alongside the 
classification model of human functional failures to 
determine typical failure generating scenarios in 
samples of accidents.  The grids were developed 
using current accident causation systems included 
in existing data collection systems from countries 
across Europe. See Naing et al (2007) for further 
details. 
 
Closely related to the pre-accident driving situation 
is the ‘conflict’, which is also identified for each 
road user in each accident analysed.  This is defined 
as the initial conflict that the road user was faced 

with prior to the accident (e.g. another road user or 
object in the road).  It is possible for a road user to 
have no conflict (e.g. losing control of vehicle 
when falling asleep or unconscious, or being 
distracted by another task or person). 
 
Also, distinctions are made between the road users 
who are ‘primary active’ in each accident, and 
those who are not.  In the majority of accidents, the 
primary active road user is the one who is at the 
centre of the ‘destabilisation of the process’, and 
either intentionally or unintentionally initiate the 
point at which events start to go wrong (i.e. 
traditionally ‘at fault’).  The remaining road users 
in the accident (i.e. those ‘not at fault’) are 
described as ‘other road users’ in this paper. 
 
To utilise the HFF methodology on OTS cases, 
detailed recoding of existing cases and in-depth 
analysis of each individual case was necessary to 
identify failure generating scenarios in each sample. 
 
The selection criteria for these cases were as 
follows: 
• Cases with injured casualties; 
• Cases with an appropriate level of detail to 

undertake the analysis; 
• Cases specifically from the local area so that 

the investigator’s first hand experience of the 
cases could be utilised, if necessary. 

 
The cases were sourced from the 564 OTS cases 
where inappropriate speeding was a cause and the 
307 OTS cases where illegal speeding was a cause.  
From the sample of cases which met the above 
selection criteria, 20 inappropriate speeding and 20 
illegal speeding cases were selected, taking care not 
to introduce any bias into the sample.  
 
RESULTS 
 
Statistical Analysis - Inappropriate Speeding  
 
An overview of the typical characteristics of the 
564 accidents where inappropriate speeding was a 
cause has been undertaken using the list of 
explanatory variables given in Table 1. Table 3 
shows an example of the cross-tabulation results 
calculated, in this instance area type.  
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Table 3. 
Area type when inappropriate speeding was/was 

not contributory 

% of 
cases 

Inappropriate speeding 
a causation factor? All 

cases 
Yes No 

Rural 64% 43% 46% 
Urban 36% 57% 54% 

All 100% 100% 100% 
 
Table 3 shows that the proportion of accidents 
involving cars on rural roads is larger when 
inappropriate speeding is a causation factor 
compared with accidents when inappropriate 
speeding is not recorded as a causation factor.  
Statistical testing reveals that the differences in the 
results are statistically significant (p≤0.05). 
 
Similar analysis has been undertaken for the 
remaining explanatory variables listed in Table 1.  
The results reveal that the following accident 
characteristics are statistically significantly 
(p≤0.05) more prevalent when inappropriate 
speeding is a cause compared with when it is not:  
• Minor roads (UK classification <“A”);  
• Single carriageway roads; 
• Not at an intersection; 
• No manoeuvre was being undertaken (i.e. 

‘going ahead’); 
• Single car accident (no pedestrian or other 

vehicle involvement); 
• Car drivers; 
• Frontal impacts; 
• 60mph (97km/h) roads (less prevalent on 

30mph (48km/h) or 70mph (113km/h)  roads);  
• Bend in road; 
• Poor weather conditions (e.g. raining, 

snowing, foggy, windy...); 
• Poor road surface conditions (e.g. wet, icy, oil, 

diesel, defective...); 
• Night conditions; 
• Light density traffic conditions; 
• Drivers under the age of 25 years; 
• Male drivers. 
 
Statistical Analysis - Illegal Speeding 
 
The results of the statistical analysis of the 307 
OTS accidents where illegal speeding was a cause 
reveal that the following accident characteristics are 
statistically significantly (p≤0.05) more prevalent 
when illegal speeding is a cause compared with 
when it is not:  
• Minor roads (UK classification <“A”); 
• Single carriageway roads;  
• Not at an intersection; 
• No manoeuvre was being undertaken (i.e. 

‘going ahead’); 

• Single car accident (no pedestrian or other 
vehicle involvement); 

• Car drivers; 
• Frontal impacts; 
• 30mph (48km/h) roads (less prevalent on 60 

or 70mph (97 or 113km/h) roads);  
• Bend in road; 
• Night conditions; 
• Light density traffic conditions; 
• Drivers under the age of 25 years; 
• Male drivers. 
 
In-depth Analysis Using the Human Functional 
Failure (HFF) Methodology - Inappropriate 
Speeding 
 
From the OTS database, 20 cases have been 
analysed from the 564 cases where inappropriate 
speeding was a contributory factor in the accident. 
There are 6 serious injury cases and 14 slight injury 
cases, according to the UK police classification 
system (UK, DfT 2004). There are 46 road users in 
total, of which 20 are primary active road users 
(one in each accident) and 26 are other road users.  
An overview of the vehicle involvement is given in 
Table 4. 
 

Table 4. 
Vehicle involvement - Inappropriate speeding 

Vehicle 
involvement 

Number of 
cases 

Single car 4 

Car v car 4 

Car v PTW 2 

Car v pedal cycle 1 

Car v truck 1 

Car v van 1 

3 cars 3 

Van v 2 cars 1 

Van v 3 cars 2 

4 cars 1 
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Pre-accident Driving Situations and Conflicts 
 
Figure 2 shows the most frequent driving situations 
for the primary active road users in the 20 
inappropriate speeding accidents. 
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Figure 2:  Most frequent driving situations for 
primary active road users - Inappropriate 
speeding 
 
Figure 2 shows that the majority of primary active 
road users are going ahead and not undertaking a 
manoeuvre at the time of the accident.  The most 
frequent ‘conflict’ comes from vehicles ahead, 
travelling in the same direction (either stationary or 
moving – 11 road users). 
 
For the 26 other road users, the most frequent 
situation involves the road user being stationary (11 
road users), while 7 road users are stopping or 
starting from stationary in a traffic queue.  The 
most prevalent conflict comes from a vehicle 
following behind. 
 
Human Functional Failures 
 
Figure 3 shows the main types of human functional 
failures that occur in the 20 inappropriate speeding 
accidents analysed. 
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Figure 3:  Human Functional Failures for road 
users in inappropriate speeding cases 
 
Figure 3 shows that for the primary active road user 
in each accident, the most frequent type of human 
functional failure is related to a failure in 
perception (9 road users).  When these cases are 
looked at in more detail, in the majority of cases (7 
road users) the road user ‘neglects the need to 
search for information’ (i.e. does not search, 
therefore does not detect a danger). 
 
Of the 26 other road users, 11 do not experience a 
human functional failure.  In other words, they are 
passive in the accident (stationary).  Of the 
remaining other road users, 8 experienced a 
prognosis failure - actively expecting another user 
to take regulating action. 
 
Other Factors Which Lead to the Human 
Functional Failures Occurring 
 
Table 5 outlines the most frequent (≥3 road users) 
other factors which are found to contribute to the 
human functional failures occurring (in addition to 
inappropriate speeding). 
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Table 5. 
Most prevalent other factors contributing to the 

HFFs - Inappropriate speeding 

Other factors which lead to the 
human functional failures 

Number of road 
users 

Primary 
active  Other 

User state - In a hurry 14 3 

User state - Right of way status  3 

User inexperience - Driving 3  
User behaviour - Distraction within 

user 
5  

User behaviour - Risk taking 
(vehicle positioning) 

11 3 

User behaviour – Risk taking 
(‘eccentric’ motives) 4  

Road surface condition 7  

Road geometry 4  

Traffic condition – Flow  4 

Traffic condition – Speed 5  

Traffic condition  - Other road user  14 
 
In Table 5 it can be seen that, for the primary active 
road user, in addition to inappropriate speeding, 
other user behaviour-related factors are most 
frequent in the sample, in particular the road user 
being in a hurry and the road user ‘risk taking – 
vehicle positioning’ (driving too close to the 
vehicle in front). 
 
For other road users involved in these accidents, it 
is the behaviour of the other road user(s) (usually 
the primary active road user) which most frequently 
contributes to their failure (absence or ambiguity of 
clues to their manoeuvre or atypical manoeuvre). 
 
In-depth Analysis Using Human Functional 
Failure (HFF) Methodology - Illegal Speeding 
 
From the OTS database, 20 cases have been 
analysed from the 307 cases where illegal speeding 
was a contributory factor in the accident using the 
selection criterion outlined previously.  There is 1 
fatal case, 5 serious injury cases and 14 slight 
injury cases.  There are 34 road users in total, of 
which 20 are primary active (one in each accident), 
and 14 are other road users.  An overview of the 
vehicle involvement in the sample of cases is given 
in Table 6. 
 

Table 6. 
Vehicle involvement - Illegal speeding 

Vehicle involvement Number of 
cases 

Single car 10 

Car v car 4 

Car v pedestrian 3 

Car v motorcycle 2 

6 vehicles (4 cars v 2 vans) 1 
 
Pre-accident Driving Situations and Conflicts 
 
Figure 4 shows the most frequent driving situations 
for the primary active road users in the 20 illegal 
speeding accidents. 
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Figure 4:  Most frequent driving situations for 
primary active road users - Illegal speeding 
 
From Figure 4, it can be seen that the majority of 
the 20 primary active road users are going ahead at 
the time of the accident and are not at or 
approaching an intersection.  When a manoeuvre is 
taking place, the road user is overtaking. 
 
For half of the 20 primary active road users in the 
sample, there is no ‘conflict’, meaning the road user 
loses control for reasons which do not involve 
another road user or object on the road and, as a 
result, leave the carriageway before a collision.  
When there is a conflict, it comes from either ahead 
(oncoming or travelling in same direction) or from 
the side (from a side road or a pedestrian crossing 
the road). 
 
For the 14 other road users, going ahead on a 
straight road is the most frequent pre-accident 
driving situation (7 road users).  The most frequent 
conflict amongst the other road users involves 
another road user ahead (7 road users), most 
frequently travelling in the same direction.  
However, there are also instances of conflicts from 
behind (4 road users) and from the side (5 road 
users). 
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Human Functional Failures 
 
Figure 5 shows the main types of human functional 
failures that occur in the 20 illegal speeding 
accidents analysed. 
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Figure 5:  Human Functional Failures for road 
users in illegal speeding accidents 
 
Figure 5 shows that for the primary active road user 
in each accident, the most frequent type of human 
functional failure is related to the diagnosis of the 
situation (7 road users).  When these cases are 
looked at in more detail, in the majority of cases, 
the road user makes an erroneous evaluation of a 
passing road difficulty (6 road users) meaning the 
road user misjudges the layout (or conditions) of 
the road ahead (e.g. under-estimating the tightness 
of a bend or the surface friction on the road). 
 
The most frequent type of human functional failure 
experienced by the 14 other road users in the 
sample is a failure in perception (10 road users), 
with half of these failures involving the road user 
neglecting the need to search for information. 
 
Other Factors Which Lead to the Human 
Functional Failures Occurring 
 
Table 7 outlines the most prevalent (≥3 road users) 
other factors which are found to contribute to the 
human functional failure occurring (in addition to 
illegal speeding). 

 
Table 7. 

Most prevalent other factors contributing to the 
HFFs - Illegal speeding 

Other factors which lead to 
the human functional failures 

Number of road 
users 

Primary 
active Other 

User state – Substances taken 
(alcohol) 

3  

User state – In a hurry 14  
User state – Right of way status  3 

User behaviour – Distraction 
within user 

8  

User behaviour – Risk taking 
(vehicle positioning) 

 4 

User behaviour – Risk taking 
(‘eccentric’ motives) 

6  

Road surface condition 3  
Road geometry 9  

Traffic condition – Other road 
user manoeuvre 

 13 

 
From Table 7, it can be seen that, for the primary 
active road user, in addition to the speeding, in a 
hurry is the most frequent type of factor in the 
sample (14 road users).  Road geometry is the most 
frequently occurring environmental factor in the 
sample for primary active road users. 
 
For all but 1 of the 14 other road users in the 
sample, it is an atypical manoeuvre, or the 
ambiguity or lack of clues to a manoeuvre of other 
road user(s) (most likely the primary active) in the 
surrounding environment that contributes to the 
functional failure. 
 
DISCUSSION 
 
Inappropriate Speeding – Statistical Analysis 
 
From the statistical overview of the 564 cases in the 
OTS database where inappropriate speeding is a 
contributory factor, a number of explanatory 
variables are found to be more likely to be present 
when inappropriate speeding (i.e. travelling too fast 
for the conditions) is a cause.  A combination of 
these circumstances could increase the likelihood of 
an accident occurring when a road user is travelling 
at an inappropriate speed. 
 
The results give an indication of the type of 
characteristics more likely to be involved in 
accidents where inappropriate speeding was 
contributory. These appear to be high speed limits 
(60mph, 97km/h) minor rural roads during low 
density traffic at night when the environmental 
conditions are poor, involving young, male car 
drivers going ahead on a bend.  This suggests that 
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the conditions in question - which mean that the 
driver is driving at an ‘inappropriate’ speed - could 
either be the poor weather conditions, poor road 
conditions, the road geometry (bend) or the night 
(darkness) conditions.  However this also suggests 
that it can be the posted speed limit itself that is 
inappropriate for the road conditions (i.e. too high), 
which leads to the driver travelling at an 
‘inappropriate’ speed. 
 
Inappropriate Speeding – HFF Analysis 
 
The analysis of the sample of 20 cases using the 
Human Functional Failure methodology finds a 
number of different accident scenarios where 
inappropriate speeding is a cause.  The 46 road 
users involved in these cases are split into 2 
categories: 
• Primary active road users (20) 
• Other road users (26) 
 
     Primary active road users     When bringing 
the information together to identify typical human 
functional failure generating scenarios for primary 
active road users in accidents where inappropriate 
speeding is a cause, the most frequent scenario 
involves a perception-related failure (9 road users), 
in particular a late detection of a vehicle slowing 
down ahead (in 7 cases).  When looking in more 
depth at the 7 road users who experienced this type 
of scenario, in all instances, the road user does not 
detect the slowing/stationary vehicle(s) ahead until 
it is too late to avoid a collision.  The reason given 
for this lack of detection is that the road user does 
not feel the need to search for information.  In these 
scenarios, it is likely that this is either due to the 
stationary/slow vehicle being at an unexpected 
location (e.g. not at a junction, when a vehicle is 
turning into a side road or private driveway), or, in 
the scenarios where the accident does occur at or 
near a junction, the road user had not expected a 
traffic queue as far back from the junction as it was, 
so did not undertake a detection for stationary 
traffic.  Therefore, in these scenarios, the 
inappropriate speeding is related to the traffic 
condition (i.e. the sudden change in the traffic 
speed), rather than the road geometry or surface 
conditions. 
 
When looking at the other type of factors (in 
addition to inappropriate speeding) which 
contribute to these ‘failure in perception’ accidents, 
the road user being in a hurry, being positioned too 
close to the vehicle in front, the sudden slow speed 
of the traffic ahead and the visibility being impaired 
by the weather are contributory factors that feature 
in at least 2 of these 7 accidents.  Therefore, this is 
building up a picture of one type of ‘typical 
scenario’ which involves inappropriate speeding as 
a cause, where the road user approaches unexpected 

stationary vehicle(s) but does not detect them early 
enough because it was not expected.  In addition, 
their high (but not illegal) speed, coupled with other 
factors present, such as the road user being in a 
hurry to get to their destination, their close 
positioning to the vehicle in front, the poor 
visibility conditions and the slowing traffic itself, 
leads to a collision occurring. 
 
Closely related to the scenarios of these 7 road 
users, 2 additional road users experience a scenario 
which involves them not seeing the slowing 
vehicle(s) ahead due to an internal/external 
distraction.  Although the reason for the non-
detection is different, the outcome is the same as 
with the 7 previously discussed road users. 
 
Other failure generating scenarios which occur in 
the sample include decision-making failures (6 road 
users), in particular a scenario related to the 
intentional risk taking of the primary road user (5 
road users).  In the sample of cases, this includes a 
road user overtaking another road user on a curved 
road during wet conditions, a road user weaving 
through traffic on a busy dual carriageway road and 
also a road user overtaking another road user at an 
intersection just as the second road user is about to 
turn across traffic (turning right in UK) into a side 
road.  In all of these cases, the road user is 
travelling under the road speed limit, but it is still 
too fast to be able to undertake any emergency 
avoidance when it is needed.  Certain risk taking 
factors are found to be contributory in these 
accident scenarios, including the road user driving 
too close to other road users (‘vehicle positioning’), 
and road users thrill-seeking/competing with other 
vehicles (‘eccentric motives’).  The road user being 
in a hurry and also user inexperience are causative 
in a number of these scenarios. 
 
The final reoccurring type of scenario identified 
involves a failure when taking action (4 road users).  
In 2 cases, the road user loses control on a bend 
with road surface contaminants present, and in both 
cases it is the combination of this external 
disruption, the bend and the road user’s 
inappropriate speed that leads to the loss of control.  
In the third case, the road user loses control on a 
pool of standing water (aquaplaned) on a straight 
dual carriageway road.  Therefore, it is the sudden 
wet road surface, coupled with the road user’s 
inappropriate speed that leads to the loss of control.  
In the final case, the road user is driving a vehicle 
adapted with hand controls for disabled drivers.  
The road user accidentally presses the incorrect 
hand control on approach to a traffic queue, which 
accelerates the vehicle.  Due to the inappropriate 
(but not illegal) speed at which the road user is 
approaching the intersection, the road user is unable 
to regain control of their vehicle and collides with a 
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number of vehicles in the traffic queue ahead.  It 
could be said that if the road user had been driving 
at a more appropriate (i.e. slower) speed for the 
approaching conditions ahead, this would have 
given the road user more time to regain control 
after this sudden unexpected ‘disruption’ in the 
driving task. 
 
     Other road users     Bringing the information 
together to identify typical failure generating 
scenarios for other road users in inappropriate 
speeding accidents, the most frequent failure 
generating scenario is found to involve a prognosis 
failure (9 road users), in particular, actively 
expecting another road user behind to take 
regulating action when braking (8 road users).  This 
scenario is linked to the human functional failure 
‘actively expecting another road user to take 
regulating action’ (Van Elslande et al, 2007) and 
often involves contributory factors such as the 
behaviour of other road users and traffic flow.  In 
this scenario, when a road user starts to brake, they 
actively expect the (primary active) road user 
behind to also be able to brake safely.  However, 
due to the vehicle behind travelling too close and 
also too fast for the traffic condition, the vehicle 
behind is unable to brake in time to avoid a 
collision. 
 
Using the HFF methodology, this is seen as not 
only a functional failure of the primary active road 
user in terms of their speed and positioning, but 
also of the non primary active road user, as their 
expectations of the road user behind and also the 
‘rules of the road’ (‘right of way status’) mean that 
they are concentrating on avoiding the road user 
ahead, and expect the road user behind to avoid 
them. 
 
This is not implying that road users should also be 
responsible for avoiding vehicles behind them.  On 
many occasions, it might be beyond human 
capability to avoid impacting a vehicle ahead and a 
vehicle behind.  However, this has highlighted an 
area where certain types of safety systems in a 
vehicle may be able to assist the road user to avoid 
collisions which a human alone may not find 
possible to do. 
 
In addition to accident scenarios involving 
prognosis failures, there are also a number of 
accident scenarios involving perception failures (5 
road users).  This failure in detection is due to a 
number of reasons, including an obstruction to 
visibility, the road user focussing on only one part 
of the scene, the road user only undertaking a quick 
detection of the scene (e.g. due to being in a hurry) 
or the road user doesn’t think there is a need to 
undertake any detection at all. 
 

Inappropriate Speeding – Possible Solutions 
 
From the analysis undertaken, possible current and 
future solutions for helping to reduce the type of 
accidents where inappropriate speeding is found to 
be a contributory factor could include the 
following: 
• Educating less experienced drivers about the 

dangers of inappropriate speeding as well as 
illegal speeding; 

• Current in-vehicle technologies such as ABS, 
brake assist and ESC could help road users 
who find themselves travelling too fast for the 
conditions to overcome difficulties they might 
encounter and avoid possible collisions; 

• Advance warnings of the dangers ahead (e.g. 
of bends in road) at higher risk locations 
which can also be seen at night will assist road 
users to travel at a more appropriately safe 
speed on approach to these high risk locations; 

• Signs giving advisory speed limits on 
approach to high risk locations, although such 
systems cannot take weather and road surface 
conditions into account unless equipped with 
environmental sensors; 

• Future solutions such as in-vehicle devices 
which provide road users with advance 
notification of the road geometry/surface 
conditions and hazards ahead and possibly 
also assist by automatically reducing the 
vehicle speed on approach to these high risk 
locations.  Full collision avoidance 
technologies could also be integrated into such 
systems. 

• Further improved definitions of speed limits, 
considering the road conditions, geometry, 
traffic conditions etc, which will provide 
better guidance to road users on the driving 
limits of the road.  

 
Before implementation, it would be necessary to 
evaluate some of these potential solutions for their 
effect on the mental workload of the driver, to 
determine whether overload could be possible.  
Field Operation Tests and simulator trials could 
inform such work. It is also important to more fully 
understand any risk compensation effects. That is to 
say any possibilities that driver perceptions of 
increased safety due to the presence of in-vehicle 
technologies, such as brake assist, may encourage 
inappropriate speeding. 
 
Changing attitudes to inappropriate speeding can be 
expected to have a “knock-on” effect whereby 
drivers are also less likely to speed illegally.  
 
As the definition of inappropriate speeding is 
‘travelling too fast for the conditions’, conditions 
which can change, it is clear that the most effective 
advance warnings systems will rely on the 
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development of environmental sensors integrated 
into the highway infrastructure and vehicle to 
infrastructure communication. 
 
Illegal Speeding – Statistical Analysis 
 
From the statistical overview of the 307 cases in the 
OTS database where illegal speeding is a 
contributory factor, a number of explanatory 
variables are found to be more likely to be present 
when illegal speeding (i.e. travelling above the road 
speed limit) is a cause. 
 
These results give a good indication of these 
characteristics, which appears to be low speed 
(30mph, 48km/h) minor roads during low density 
traffic at night (not at an intersection), with a young 
male car driver going ahead on a bend. 
 
Illegal Speeding – HFF Analysis 
 
The analysis of the sample of 20 cases using the 
HFF methodology found a number of different 
accident scenarios where illegal speeding is a 
causation factor.  The 34 road users involved in 
these cases are split into 2 categories: 
• Primary active road users (20) 
• Other road users (14) 
 
     Primary active road users     The most 
frequent type of failure generating scenario for 
primary road users in illegal speeding accidents has 
been found to involve a diagnosis failure (7 road 
users), in particular an incorrect evaluation of an 
approaching road difficulty (6 road users).  In this 
scenario, the primary road user is negotiating a 
bend and it is a single vehicle accident (i.e. no 
impact with other road user on road).  They either 
have knowledge of the bend ahead and therefore 
are more complacent than if they were negotiating 
an unfamiliar bend, or think they will be able to 
negotiate it faster, and therefore misdiagnose the 
conditions on this bend on this particular occasion.  
Or, they are focusing more on the thrill-seeking 
aspects of driving an unknown bend rather than 
evaluating the road conditions.  In this scenario, it 
is found that the road user being in a hurry, the 
eccentric risk-taking motives of the road user and 
the road geometry (i.e. the bend) are also often 
contributory to the functional failure occurring (in 
addition to the illegal speed). 
 
In addition to diagnosis-related failure generating 
scenarios, perception-related scenarios are also 
identified in the sample of primary active road 
users (4 road users).  The types of perception 
failure in each scenario vary, and are shown below: 
• A primary road user undertakes a hasty search 

for information whilst attempting to overtake 
another road user ahead who is attempting to 

turn across traffic (turning right in the UK) from 
a main road into a side road (the road user fails 
to detect that the vehicle was indicating); 

• In two instances, the road user detects a 
pedestrian crossing the road/slow vehicle ahead 
too late due to their belief that there is no need 
to search for information (i.e. encountering a 
conflict that was not usual at the road location); 

• A primary road user who does not detect a 
vehicle approaching from the side when they 
are about to cross because they are distracted. 

 
In a hurry and “distraction within user” (i.e. lost in 
thought), and road surface condition are additional 
factors to illegal speeding. 
 
     Other road users     The majority of failure 
generating scenarios identified for other road users 
involved in the illegal speeding cases involve a 
perception failure (10 road users),  more 
specifically the road user neglecting the need to 
search for information (5 road users).  In these 
cases, the road user does not detect until too late a 
road user ahead (either another vehicle or a 
pedestrian).  The reason for the lack of detection is 
either because they do not expect another road user 
(a possible conflict) to appear at this location or do 
not expect to encounter slow vehicles ahead at this 
location, as it is not a crossing or intersection.  The 
main factors which contribute to this failure in this 
type of scenario include their rigid attachment to 
the right of way status, their close positioning to 
another vehicle ahead and the atypical manoeuvre 
of another road user (i.e. the primary road user). 
 
Scenarios involving prognosis failures are also 
indentified in the sample (2 road users). One 
involves the road user failing to expect another road 
user in an opposing lane to carry out an overtaking 
manoeuvre in heavy traffic.  The other, the road 
user actively expects a road user behind to also take 
regulating action when they start to slow down 
because of slowing traffic ahead.  In both scenarios, 
it was the atypical manoeuvre of another road user 
that was the main contributory factor to the failures. 
 
There are also 2 cases in the sample which involve 
a scenario with the ‘overall’ failure of ‘exceeding 
sensorimotor/cognitive capacities’. In both cases, 
the main contributory factor for the road user is 
alcohol impairment and the road user was a 
pedestrian crossing the road.  In the first scenario, 
the road user is half way across the road just 
beyond a bend when the primary road user 
approaches the bend at speed, entering the opposing 
carriageway where the pedestrian is located.  
Because of the alcohol impairment, the road user is 
unable to react at all and a collision occurs.  It was 
decided that due to the alcohol impairment of the 
pedestrian, that even without the poor visibility due 
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to the bend, the pedestrian would have been too 
alcohol impaired to react.  In the second scenario, 
the alcohol impaired pedestrian is trying to cross 
the road when a collision occurs with the primary 
road user’s vehicle, which is speeding.  In this case 
it was concluded that the pedestrian may have been 
able to avoid the collision if there had been no 
alcohol impairment, so the pedestrian’s main failure 
was directly related to the alcohol impairment. 
 
Illegal Speeding – Possible Solutions 
 
From the analysis undertaken, possible current and 
future solutions for helping to reduce the type of 
accidents where illegal speeding is found to be a 
contributory factor could include the following: 
• On lower speed limit roads, in particular at 

night, stricter enforcement of the speed limits; 
• Better education of higher risk road users (i.e. 

those found most at risk of speeding in this 
study), of the dangers of driving above the 
speed limit, not only for others, but for 
themselves; 

• Speed limiters in vehicles of the highest risk 
road users (e.g. young/new drivers; convicted 
speeders), the limiters working in particular on 
higher risk roads, especially at night.  This 
would be a focused application of a mandatory 
Intelligent Speed Adaption system (ISA); 

• Educating road users of the increased risk of 
making errors when driving at high speeds (i.e. 
not only less time to evaluate their 
surroundings, but also to detect potential 
dangers and make correct decisions); 

• Advance warning devices (and collision 
avoidance systems) to help road users avoid a 
collision with a speeding motorist. 

• The introduction of traffic calming procedures, 
in particular those which are more subtle to the 
road user, will help to promote a natural 
reduction in driving speeds. 

 
Comparison between Inappropriate Speeding 
and Illegal Speeding Cases  
 
As opposed to inappropriate speeding, poor weather 
and surface conditions are not more likely to be 
found in accidents where illegal speeding is a 
cause, which implies that the increased risk of 
travelling above the speed limit as opposed to just 
travelling too fast for the conditions, over-rides the 
risk of the presence of poor weather and conditions. 
 
Whereas rural roads lead to a greater likelihood of 
an accident occurring when inappropriate speeding 
occurs, neither rural nor urban roads are more likely 
to lead to collisions where illegal speeding is 
causative.  However, as with inappropriate 
speeding accidents, minor roads still have the 
greater accident likelihood when illegal speeding 

occurs.  Another difference observed between the 
inappropriate speeding accidents and the illegal 
speeding accidents is that roads with low speed 
limits (30mph or 48km/h) are more likely in illegal 
speeding accidents, whereas roads with high speed 
limits (60mph or 97km/h) are more likely in 
inappropriate speeding cases. 
 
When comparing the results of the Human 
Functional Failure analysis, the illegal speeding 
accidents most often involve a scenario where the 
primary road user misdiagnoses the road geometry 
ahead, either due to over-familiarity or thrill 
seeking.  Whereas in the inappropriate speeding 
accidents, primary road users are more frequently 
travelling too fast (and too close) for the conditions 
and often fail to detect a conflict in time to react. 
 
When comparing the frequent failure generating 
scenario between both speeding samples for the non 
primary road users, the first main difference 
observed is the high number of non primary active 
road users who do not experience a failure 
generating scenario in the sample of inappropriate 
speeding cases compared to the illegal speeding 
cases, where there are no passive road users.  This 
is mainly due to the stationary road users in the 
inappropriate speeding cases, who are impacted 
from behind by the primary road user who is 
considered to be driving too fast for the conditions 
(i.e. the erratic traffic flow).  Also, the other main 
difference observed is that for the illegal speeding 
cases, a scenario involving a perception failure is 
most frequent, whereas a scenario with a prognosis 
failure is most frequent in the inappropriate 
speeding sample.  However, both of these scenarios 
do involve the road user’s expectations.  In the 
perception-related failure, the road user fails to 
detect because they do not undertake any search at 
all, because they feel there is no need for it at that 
location (i.e. they’re not expecting to encounter a 
conflict).  In the prognosis-related failure, the road 
user has detected a possible conflict (i.e. another 
road user in their path), but because they have right 
of way, they expect the other road user to undertake 
the avoiding action. 
 
It is interesting to note that in the inappropriate 
speeding cases, the most frequent scenario for the 
primary active road user involves a perception 
failure and for the non primary active road user, the 
most frequent scenario involves a failure in 
information processing, whereas in the sample of 
illegal speeding cases, it is vice-versa. 
 
Future Work 
 
Using the HFF methodology on a larger sample of 
cases could inform the development and 
implementation of Intelligent Speed Adaption 
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(ISA).  Whilst the current ISA systems themselves 
are only concerned with illegal speeding, 
adaptations utilising advanced warning systems to 
deal with inappropriate speeding could be of 
benefit.  It would also be interesting to consider that 
an ISA system may incorrectly reassure a driver 
that their speed is appropriate, because they know 
the system is fitted and it hasn’t activated, when in 
fact they are travelling too fast for the conditions.  
For example, whilst travelling on a rural road with 
a posted speed limit of 60 mph (97 km/h) but with 
sharp bends. 
 
CONCLUSIONS 
 
This study finds that the driving task-related factors 
inappropriate speeding and illegal speeding 
significantly contribute to accidents occurring with 
the accident likelihood increasing when specific 
conditions (e.g. road type, area, road user type…) 
are present. 
 
The statistical analysis reveals distinct differences 
in accident characteristics between the two types of 
speeding.  A positive link with high speed limit 
(60mph, 97km/h) roads, rural roads, poor surface 
conditions and weather conditions is found when 
inappropriate speeding is a cause, which is not 
found when illegal speeding is a cause.  However, 
accidents on low speed (30mph, 48km/h) roads are 
found to be prevalent when illegal speeding is a 
cause. 
 
This study also shows that the presence of these 
two speed-related factors leads to failures at various 
stages of the driving process, from the initial 
perception (detection) stage, during information 
processing (diagnosis/prognosis stage), through to 
the decision making stage or when undertaking the 
resulting action.  However, as with the statistical 
analysis, differences in the prevalence of the 
failures between the two types of speeding are 
found when undertaking the Human Functional 
Failure analysis. 
 
For primary active road users, scenarios with a 
perception-related failure are most frequent in the 
sample of inappropriate speeding cases and 
scenarios with an information processing diagnosis-
related failure are most frequent in the sample of 
illegal speeding cases.  Whereas for other (‘not at 
fault’) road users involved in each type of speed-
related accident, the opposite was found to be the 
case (i.e. information processing prognosis failures 
in inappropriate speeding cases and perception 
failures in illegal speeding cases). 
 
These findings imply that different solutions to 
prevent accidents involving these two types of 
speeding-related factors are needed.  Also, this 

outlines the importance of ensuring that in future 
analysis, these two types of speeding-related factors 
are considered separately, as it has been shown 
from this work that the failures behind 
inappropriate speeding and illegal speeding 
accidents and their characteristics are often not the 
same. 
 
Road users could benefit from current and future 
technologies to help avoid travelling at 
inappropriate speeds, including better advance 
warning/advisory signage, driver education, and in-
vehicle technologies such as advance warning 
systems. It will be important for future research to 
monitor the proliferation of in-vehicle systems such 
as brake assist, ESC and collision avoidance as they 
may prove able to prevent accidents at speeds 
currently judged to be inappropriate. However, 
accidents may not be prevented if drivers continue 
to drive at inappropriate speeds due to any 
increased perceptions of safety resulting from these 
new technologies. Risk compensation as well as 
any distraction or mental loading aspects of new 
technologies should therefore be evaluated. It is, 
furthermore, likely that fully effective warning 
systems will require a step change in infrastructure 
(highway sensors and communication systems). 
 
Road users would also benefit from technologies to 
help avoid travelling at illegal speeds (such as ISA), 
or being involved in a conflict with a road user who 
is travelling above the speed limit.  In addition 
stricter enforcement of speed limits at high risk 
locations (as outlined in this study), improved 
education to new drivers, speed limiters in vehicles, 
and advance warning mechanisms to help road 
users to avoid collisions with speeding motorists 
would be of benefit. 
 
It has been possible, using the TRACE HFF 
methodology, to identify a number of typical 
scenarios that road users are faced with when either 
travelling too fast for the conditions or above the 
road speed limit and the failures they encounter.  
While the current sample is small, and results 
should therefore be interpreted with appropriate 
caution, this study has shown the methodology to 
be a useful tool in accident causation analysis by 
highlighting the differences between the 
characteristics of accidents where inappropriate 
speeding is a cause and accidents where illegal 
speeding is a cause. 
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ABSTRACT 
 
The evaluation of driver’s distraction due to driving 
assistance use requires the development of methods, 
which allow measuring the driving performance 
degradation. This paper aims to describe and 
discuss the metrics utilized in the Lane Change Test, 
which is developed to become a standard within the 
ISO framework.   
 
The LCT consists in driving on a three lane road 
and performing lane changes according to signs 
displayed on each side of the road. The main 
metrics are based on deviation measures between a 
reference trajectory and the current driver trajectory. 
Two types of reference trajectories can be 
calculated following an adaptive or a basic model. 
The adaptive model calculates a reference trajectory 
different for each participant, while the basic one 
utilizes an identical one for all participants.  
 
The differences between the two measures have 
been investigated through an experiment carried out 
with thirty participants, performing LCT in single 
and dual task conditions (using auditory and visual 
manual tasks). 
 
Qualitative analyses of trajectories show the 
advantage of the adaptive model which better fits to 
the diversity of real driver’s behaviour. Data 
analyses also show divergent results according to 
the models, especially in terms of correctness of 
lane changes. A greater number of correct lane 
changes is obtained with the adaptive model than 
with the basic one. These differences are mainly 
induced by trajectories classified as loss of control 
errors using the basic model due to usual positions 
in the lanes of the driver (tendency to drive on the 
right or left part of the lanes), that are considered as 
correct ones using the adaptive model.  
 
The adaptive model allows a better description of 
lane change errors due to secondary task demand. 

Such a method is now used by different laboratories 
involved in ISO group. 
 

INTRODUCTION 
 
As described by Mattes and Hallen (2008), the LCT 
allows evaluating driver’s demand while 
performing a secondary task, such as operating an 
in-vehicle system. This method is currently being 
discussed in ISO working group TC22/SC13/WG8 
as the basis of a standard to assess driver demand 
(ISO, 2008). 
 
A simulated driving task is performed, which is 
based on lane change trials. The distractive impact 
of the secondary task on the driving is evaluated by 
analysing the lateral positioning on the simulated 
route with respect to a reference lateral position. 
Then, a mean deviation of the driver’s trajectory is 
processed, and used to give the driving performance 
and the impact of the secondary task on it. The 
percent of correct Lane Changes is also of interest 
to better explain this performance.  
 
Two types of reference trajectories can be 
calculated following an adaptive or a basic model. 
The adaptive model calculates a reference trajectory 
for each participant, while the basic one utilizes an 
identical one for all participants. This paper aims to 
describe and to compare the two measurement 
methods.  Experimental results are then given both 
in terms of mean deviation and in terms of 
correctness of the lane changes according to the 
way they have been computed. 
 

LANE CHANGE TEST 
 
The primary task is a simulated driving task, which 
consists in driving along a straight 3 lane road at a 
system-limited speed of 60 km/h. Participants are 
asked to use a steering wheel to maintain the 
vehicle position in the centre of the indicated lane. 
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Lane change signs appear on both side of the 
simulated road to inform the driver which lane to 
drive. The signs are always visible but blank, until 
the lane change instruction is given at a distance of 
40 meters before the sign position. For each task 
under investigation a driver has to perform a 
3 000 meter run composed of 18 lane changes, each 
lane change sign being spaced approximately with 
150 meters. 
 
A lane change is characterized by the lateral 
displacement of the vehicle from one lane to 
another one (across one or two lanes). The impact 
of the secondary task on the driving is evaluated in 
terms of degradation of the lane change trajectory. 
For each run, a mean deviation is calculated 
between the trajectory of a participant (dotted line) 
and a reference model (solid line), which 
corresponds to the area between the two curves 
(Figure 1). 

 

 
Figure 1. Mean deviation calculation. 
 
Two methods are used to calculate the reference 
trajectory: 

• a Basic Method  
• an Adaptive Method 

Basic method 
Using a basic measurement (Figure 2), the current 
driver’s trajectory is compared to a reference one, 
which is the same for each driver. Such a curve is 
defined according two variables: 

• The Start Lane Change distance, which 
corresponds to the distance between the 
lane change sign and the beginning of the 
reference lane change. 

• The Lane Change Length corresponds to 
the distance needed to perform the lane 
change. 

Each basic reference lane change starts 30 meters 
before the lane change sign and lasts for 10 meters. 
 

 
Figure 2. Variables used to calculate the basic 
reference curve 
 

Adaptive method 
Using the adaptive method, the same two variables 
are used as for the above basic model, namely the 
Start Lane Change distance and the Lane Change 
Length. However, new variables are now added: the 
Average Distance and the AdaptedPosXlanei 
(Figure 3). 

• The Average distance corresponds to the 
distance between the lane change sign and 
the middle of the lane change. 

• The AdaptedPosXlane1 corresponds to the 
mean lateral position calculated for the 
first lane, the AdaptedPosXlane2  for the 
second one and  the AdaptedPosXlane3 for 
the third one. 

All these parameters are then adjusted to obtain a 
curve the closest as possible to the driver’s 
trajectory. 
Only baseline runs, which are performed without 
any added task, are used to calculate the adapted 
reference. 
 

 
Figure 3. Variables used to calculate the adapted 
curve 
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ADAPTED METHOD DEVELOPMENT 
 
The Adapted reference curve is obtained in two 
steps. First, the Average Distance, which is the 
distance from the lane change sign to the middle of 
the performed lane change, is calculated. This 
distance being calculated, the Lane Change Length 
and the AdaptedPosXi (mean position on each lane) 
can be computed. 
 

 
 
Figure 4. Method steps 

Average distance calculation 
A curve with a 0 meter Lane Change Length is 
calculated for each lane change sign. This curve, 
the Curve0, corresponds to the attended position on 
each lane (Figure 5). 
 

 
Figure 5. Curve with Lane Change Lengths=0m 
 
Then, the participant’s trajectory is compared with 
this curve using correlation metrics (Figures 6 & 7). 
 
 

 
Figure 6. Comparison between driver’s 
trajectory and Curve0 
 
To precisely evaluate the Average Distance, a high 
precision of the peak position of the correlation is 
needed. This precision is obtained by unbiased 
correlation, which is calculated between the two 
curves using the formula: 
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The correlation obtained by this method presents a 
peak around 0. The position of this peak gives the 
distance shift, which has to be applied to the 
Curve0 to make it the closest to the driver’s 
trajectory. This distance shift corresponds to the 
participant’s Average Distance. 
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Figure 7: Correlation between driver’s 
trajectory and Curve0 

Shape variables of the adapted curve 
Various curves, the Comparison Curves, are 
calculated using the Average Distance defined 
above and Lane Change Lengths (Figure 8). These 
Lane Change Lengths are comprised between 10 
meters and 80 meters, and a different 
LaneChangeLengthk  is assigned to each curve. 
Then, for each of these Comparison Curves, three 
positions are calculated, which correspond to the 
lateral position of the driver on the three lane road: 
left, centre and right lanes. 
 
Segments of the driver’s trajectory obtained for 
each lane (lane changes being excluded of these 
segments) are added and averaged, for each 
Comparison Curve. This allows obtaining the 
AdaptedPosXlanei. 
 

 
 Figure 8. Set of comparison curves 
 
Each of the Comparison Curves is then compared 
with the driver’s trajectory. At this step, the peak 
value is more important than its position. Then, the 
correlations are normalized by the norms of the two 
curves using the following formulas: 
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The curve obtaining the maximum peak value is 
then selected to become the Adapted Reference 
Trajectory of the driver.  
 

EXPERIMENT 
 
An experiment was conducted with 16 drivers (8 
males and 8 females) aged between 26 and 45 years 
(mean = 34; SD = 5.8). The experiment was run on 
the INRETS fixed-base simulator in Lyon, which 
has a front screen with a horizontal visual field of 
50°. The car body is a Renault Espace with a 
manual gearbox and all the standard passenger 
compartment features, displays and controls. 
Software, conforming to the ISO draft standard, 
was developed by the INRETS-MSIS team.  
 
Prior to the experiment itself, all participants 
performed a learning phase consisting of four runs 
without any added task to enable them to become 
familiar with the LCT. The experiment then always 
began and ended with a run without an added task. 
Such a run was also performed in the middle. These 
three runs provided the baseline data. 
Four added tasks were performed in four different 
orders to limit potential task order effects. Each task 
was first executed without the LCT during about 90 
seconds, to let participants get acquainted with it. 
They were then invited to perform the task with the 
LCT.  

Secondary tasks 
Two types of secondary tasks were performed: 2 
auditory ones and 2 visual manual ones. 
 
Auditory tasks: 

- The first one (AT1) consisted of a series of 
statements pronounced by an experimenter. 
The participants had to listen to each 
statement, to repeat it, and to answer 
“Yes” if it was true, and “No” if it was 
false. Each assertion was randomly 
presented so that each driver had a single 
series.  
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5300 5400 5500 5600 5700 5800 5900 6000 6100 6200 
-6 

-4 

-2 

0 

2 

4 

6 

300 -300 -200 -100 0 100 200 
-10 

0 

10 

Max position  

Unbiased Correlation 



Tattegrain 5

- The second task (AT2) involved inventing 
sentences by creating a chain. To begin 
with, the participants were given a first 
sentence comparing animals. They then 
used the last word of the sentence to create 
the following one. For example: “A horse 
is taller than a rat”, “a rat is smaller than 
an elephant”... 

 
Visual manual tasks: 
To perform the visual-manual tasks a screen was 
placed on the dashboard. Position and size 
recommended by the ISO draft standard were 
respected. A numeric keypad was laid out under the 
screen so that the driver could carry out the 
commands related to the two tasks.  

- The first visual-manual task (VM1) was 
the Surrogate Reference Task (SuRT). The 
objective was to look at a screen and to 
locate a circle among distractors (smaller 
circles). To select the target, the 
participants moved a cursor to the relevant 
zone by using right and left arrows. Then a 
button allowed them to validate the choice 
and a new configuration was given by the 
system. Three levels of difficulty could be 
activated. All drivers performed the 
“Intermediate” level. 

- The second task (VM2) was the Critical 
Tracking Test (CTT) designed by 
Dynamic Research. Participants were 
faced with a moving black line. To begin 
with, this line was displayed in the centre 
of the screen but then went up and down. 
The objective was to keep it as close as 
possible to the centre part of the screen, by 
using the up and down arrows of a keypad. 
Various difficulty levels could be activated. 
All drivers performed an easy level 
(lambda = 1, gain = 20). 

 

Performances measures 
Two measures of performance have been used: 

- The Mean Deviations: as specified in the 
LCT ISO draft, the driving performance is 
mainly evaluated by the driver’s mean 
deviation. Two mean deviations were 
obtained for each run as compared with the 
two reference trajectories (basic and 
adapted): the Basic Mean Deviation and 
the Adapted Mean Deviation. 

- The Percent of Correct Lane Changes 
( LC)  indicated the correctness of the 
responses to lane change signs. Between 
two lane change signs an observational 
zone was defined to determine the lane 
where the vehicle was most frequently 
positioned. If this lane corresponded to the 
sign indication, the LC was considered as 

correct (Engström and Markkula, 2007; 
ISO, 2008) 

 
Most of the data that will be presented here 
consisted in data obtained during baseline 
conditions (without any added task). Results 
obtained for the different added tasks will be given 
mainly in terms of Percent of Correct LC. 
First, qualitative observations of the driver 
trajectories will be presented to compare the two 
methods. 
 

REFERENCE TRAJECTORIES FROM BASIC 
AND ADAPTED METHODS 
 
Comparisons have been made between the current 
driver trajectory and the two reference trajectories 
obtained with the two measurement methods. All 
the following examples have been obtained in 
baseline conditions (without performing any dual 
task). 
 
Figure 9 gives an example of trajectories obtained 
for a whole run. The Basic reference trajectory, 
which is the same for each driver, is represented 
with a red dotted line, the Adapted reference 
trajectory, which is calculated for each driver as 
explained above, is represented with a green dotted 
line, while the current participant’s trajectory is 
represented with a blue solid curve. 
 

 
Figure 9: Comparison between Adapted curve 
and Basic curve 
 
In this figure, the Basic reference trajectory seems 
to be very different from the realized trajectory, 
which appears to be closer to the Adapted one. The 
figures given below will give some reasons to 
explain such a result. 
 
Detailed analyses have been made on different runs 
performed by the participants. Although the 
following examples are representative of whole 
runs, only short segments are given here, to better 
show the effect to be highlighted. 
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The driver whose part of a baseline is shown in 
Figure 10 adopted a tendency to drive on the right 
part of each lane of the baseline run. His/Her 
performance based on the Basic Reference 
Trajectory appeared to be poor. This participant 
obtained a Basic Mean Deviation of 1.32. Such a 
performance is higher than the level of 1.2 required 
retaining a participant in the ISO draft (ISO, 2008), 
meaning that this driver should be excluded from 
the participants. 
The calculation of his/her performance based on the 
Adapted reference trajectory takes into account 
his/her tendency to drive on the right part of the 
lanes. In this case, he/she obtained an Adapted 
Mean Deviation of 0.28, which remained below the 
adaptive model acceptability criterion of less than 
0.7 as it is mentioned in the ISO draft. 
 

 
Figure 10: Tendency to drive on the right part of 
the lane  
 
Tendency to long lane changes 
The driver whose part of a baseline is shown in 
Figure 11 tended to make long lane changes. In this 
case, the Lane Change Length was higher than the 
one defined by the Basic Reference Trajectory. 
Such behaviour had an effect on the performance. 
As a consequence, his/her performance based on 
the Basic Mean Deviation was poor (Basic Mean 
Deviation of 1.49), and higher than the level of 1.2. 
However, the performance based on the Adapted 
Reference Trajectory appeared to be acceptable and 
below the acceptability criterion of 0.7 (Adapted 
Mean Deviation of 0.33). 
 

 
Figure 11: Tendency to long Lane Changes 
 
The above results have been obtained for 2 of our 
16 participants. But such behaviors have been 
observed for other drivers, even if it was not always 
in such an extreme way. The question which 
remains is that these drivers should have been 
excluded from the data in case of using the Basic 
Model. And so, even if they correctly changed lane 
each time during the baseline conditions. 
Comparatively, their performances were considered 
as being good enough with the adaptive model. 
 
The comparison between the two methods shows 
that using the Adaptive Model, the realized 
trajectories are closer to the Adapted reference 
trajectories than using the Basic one. The 
performances are then better (with lower Mean 
deviation). The reason is that in the former case, the 
reference trajectory takes into account the 
participant’s “driving style”, for examples his/her 
tendency to drive on the right/left part of the lanes 
or to perform longer lane change than shown by the 
Basic Model. 
 

PERCENT OF CORRECT LANE CHANGES  

Measurement description 
The correctness of a Lane Change is defined by the 
driver’s position before and after its realization. To 
determine this position, the 3 lane-road has been 
divided into different zones, corresponding to parts 
of the lanes. The ISO draft (2008) recommends 
using segments of 40 to 140 meters after each lane 
change. The lane change signs being spaced 
approximately with 150 meters and the lane change 
instruction being displayed at a distance of 
40 meters before the sign position, it was decided 
here to reduce these segments to 110 meters. By 
this way, we could avoid taking into account part of 
the trajectory corresponding to the next lane change 
in a given zone. 
 
The zones L1 to L3 correspond to a correct position 
in lane1 (left lane), lane2 (centre lane) or lane3 (right 
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lane), while the zones “O” correspond to out of lane 
positions (Figure 12). 
The lateral position of the driver is defined by the 
zone which contains the longest part of his/her 
trajectory. However, when no zone contains at least 
half of the trajectory, then the position is considered 
as being out of lane. 
 

 
Figure 12. Lane change zones 
 
The correctness of each lane change has been 
defined as follow: 

- “Correct LC”: the end position of the 
driver is in the attended lane, 

- “No LC”: the driver is in the same Li zone 
at start and end positions, 

- “Erroneous LC”: the end position of the 
driver is in another lane than in the 
attended one. 

- “Loss of Control LC”: the end position of 
the driver is in one of the Oi zone, 

 
At this step, differences between Basic and Adapted 
methods are registered, in terms of characterisation 
of the zones. Using the Basic Method the zones are 
centred on the middle of each lane, while using the 
Adapted Method they are centred on the 
AdaptedPosXlanei. In both methods the zones 
consist in 2 meters wide and 70 meters length. 
 

Comparison between the two methods 
The lane changes performed by the participants 
have been categorised according to their correctness 
into “Correct LC”, “No LC”, “Erroneous LC” and 
“Loss of control”. Global percents of lane changes 
taking into account all the performed lane changes 
have been first calculated according to the two 
methods. Then, such percents have been calculated 
for each condition under investigation: baseline 
condition, auditory tasks: AT1 and AT2 and Visual 
manual ones: VM1 and VM2 (Tables 1 and 2). 
 

Table 1. Correctness of LC using Basic Method 

Basic Global Baseline AT1 AT2 VM1 VM2 

Correct LC 92.7% 96.6% 96.5% 91.3% 90.6% 80.6% 

No LC 0.1%   0.7%  0.3% 

Erroneous 
LC 0.3%   1.4% 0.7% 0.3% 

Loss of 
control 

6.8% 3.4% 3.5% 6.6% 8.7% 18.8% 

 
Table 2. Correctness of LC using Adapted Method 

Adapted Global Baseline AT1 AT2 VM1 VM2 

Correct LC 97.8% 100.0% 99.7% 96.5% 96.5% 92.0% 

No LC 0.2%   1.0%  0.3% 

Erroneous 
LC 0.3%   1.4% 1.0%  

Loss of 
control 

1.6%  0.3% 1.0% 2.4% 7.6% 

 
First, comparison of the global results showed that 
the number of errors calculated using the Basic 
Method was much higher (5.1% more), than the one 
calculated with the Adaptive Method. Most of these 
errors were categorized as “Loss of control” errors. 
 
Moreover, no error was registered in the baseline 
condition, using the Adaptive Method, while 3.4% 
(N=29) of the lane changes were considered as 
errors using the Basic Method. Only 6 of the 16 
drivers were responsible for these errors obtained in 
Baseline condition and 22 of these 29 errors were 
due to only 3 drivers. 
 
To illustrate what occurs in such situations, Figure 
13 gives the trajectory of one of these drivers, in 
baseline condition. The blue solid line gives the 
driver’s trajectory, while the dotted red and green 
ones give respectively the Basic and the Adapted 
Reference Trajectories. The 6 red circles indicate 
errors calculated with the Basic Measurement. 
In this case, the participant tended to drive on the 
right part of the lanes. This tendency was taken into 
account by calculating his/her Adapted Reference 
Trajectory. In this case, his/her position after lane 
changing was compared with his/her 
AdaptedPosXlanei that was considered as being 
correct. Using the Basic Model, this position being 
too far from the reference trajectory was considered 
as being out of lane. 

L1     
Lane 1 

L2     
Lane 2 

 

O4 
 

O3 
 

O2 
 

O1 
 

L3     
Lane 3 
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Figure 13. “Loss of control” errors in Baseline 
condition 
 
Another example is given with Figure 14 in the 
Visual Manual task VM2 condition. Two “Loss of 
control” errors were registered (black circles) using 
both Methods. In these cases, the position of the 
driver appeared to be very far from the attended one, 
which explains the fact they were considered as out 
of the lane, whatever their calculation. However, 2 
other “Loss of control” errors (red circles) were 
also registered using the Basic Method. In these 
later cases, the driver’s position was closer to 
his/her Adapted Reference Trajectory, and 
considered as being correct using the Adapted 
Method. 
 

 
Figure 14. “Loss of control” errors in VM2 
condition 
 
 
More generally, the main differences obtained 
between both methods concerned the number of 
“Loss of control” errors, which seemed to increase 
with the task difficulty: from the easier auditory 
task to the harder one and from the easier visual 
manual task to the more difficult. However the 
number of these errors was higher using the Basic 
Method than the Adaptive one. Moreover, the 
difference between both measurements increased 
for the visual manual tasks. This could be explained 
due to the fact while performing the later tasks, the 
driver’s trajectory was more impaired and then 

more difficult to interpret in terms of correct lane 
changes or ‘Loss of control” errors. 
 

CONCLUSIONS 
 
From these analyses, it has been shown that using 
the Adapted Method allowed to obtain a Reference 
Trajectory, which was closer to the driver’s one, 
than using the Basic Method. As a result, the mean 
deviation obtained in baseline condition was 
sometimes of a better quality. As a consequence, 
some drivers who would have been excluded using 
the Basic Method could pursue the experiment. 
Taking into account the correctness of the lane 
changes, differences between both methods were 
highlighted, especially in terms of “Loss of control” 
errors, whose number was higher with the Basic 
Method. It was shown that some of these errors 
could be attributed to driving specificities of the 
participants (tendency to drive on the right part of 
the lanes, to make long lane changes…) when was 
using the Basic Model. By taking into account the 
driving style of the participant, the Adaptive 
Method reduced the number of such errors. 
Moreover, it is believed that such a measurement 
would allow for a more naturalistic driving, as the 
driver could perform, for example, longer lane 
changes, without being stressed to terminate them 
before each sign position. 
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ABSTRACT 

The last decade has witnessed the introduction of 
several driver assistance and active safety systems in 
modern vehicles. Considering only systems that depend 
on computer vision, several independent applications 
have emerged such as lane tracking, road/traffic sign 
recognition, and pedestrian/vehicle detection. Although 
these methods can assist the driver for lane keeping, 
navigation, and collision avoidance with 
vehicles/pedestrians, conflict warnings of individual 
systems may expose the driver to greater risk due to 
information overload, especially in cluttered city 
driving conditions. As a solution to this problem, these 
individual systems can be combined to form an overall 
higher level of knowledge on traffic scenarios in real 
time. The integration of these computer vision modules 
for a ‘context-aware’ vehicle is desired to resolve 
conflicts between sub-systems as well as simplifying 
in-vehicle computer vision system design with a low 
cost approach. In this study, the video database is a 
subset of the UTDrive Corpus, which contains driver 
monitoring video, road scene video, driver audio 
capture and CAN-Bus modalities for vehicle dynamics. 
The corpus includes at present 77 drivers’ realistic 
driving data under neutral and distracted conditions.  In 
this study, a monocular color camera output is used to 
serve as a single sensor for lane tracking and road sign 
recognition. Finally, higher level traffic scene analysis 
will be demonstrated, reporting on the integrated 
system in terms of reliability and accuracy.  

INTRODUCTION 

It has been reported that the fatality rate is 40,000-
45,000 per year with annual cost of 6M [1] in USA. 
Although each year the number and the scope of 
vehicle safety systems (ABS, brake assist, traction 
control, EPS) are increased, these figures have reached 
a plateau, and further reduction in the number of 
accidents and associated costs require a pro-active 

approach. It is known that 90% of the accidents have 
drivers as a contributing factor while 57% are solely 
caused by human errors [2]. These figures reveal 
another explanation for the constant level of accident 
rates despite the increased efforts for safety systems: 
However well equipped the vehicles, and however well-
designed the infrastructure, accidents generally happen 
due to human error. This does not necessarily mean that 
most accidents are inevitable. On the contrary, if all 
available road scene analysis, lane tracking, collision 
avoidance and driver monitoring technologies are 
applied, it is estimated that at least 30% of the fatal 
accidents (including several accident types) can be 
averted [3]. The obstacle preventing these systems from 
being applied is primarily cost-related. Therefore, 
resolving this problem lies in system integration to 
reduce the cost in order to obtain more compact and 
reliable active safety systems. In this study, a proposed 
integration is studied in the scope of in-vehicle 
computer vision systems. Video streams, whether 
processed on-line or off-line contains rich information 
content regarding road scene. It is possible to detect and 
track vehicle, lane markings, and pedestrians and 
recognize the road signs using a frontal camera and 
some additional sensors such as radar. It is of crucial 
importance to be able to detect, recognize and track 
road objects for effective collision avoidance. However, 
we believe that higher level context information can be 
extracted as well from the video stream for better 
integration of these individual computer vision systems. 
By interpreting the traffic scene for the driver, these 
systems can be employed for driver assistance systems 
as well as providing input for collision systems. In the 
scope of the work presented here, a lane tracking and 
road sign recognition algorithm is combined for future 
context-aware active vehicle safety applications. This 
paper first presents the proposed system, and then 
provides details on each individual computer vision 
algorithm. Next, the individual algorithms are 
combined to (1) extract higher level context 
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information on traffic scene, (2) lower the 
computational cost of road sign recognition using lane 
position cues from lane tracking algorithm. 
Experimental results and performance evaluation of the 
system is proposed in the following section. Finally, 
prospective applications for active safety and driver 
assistance are discussed together with conclusions.  

Proposed system 

The proposed system offers the ability to extract high-
level context information using a video stream of the 
road scene. The videos considered form a sub-database 
of multi-media naturalistic driving corpus UTDrive. In 
fact, CAN-Bus information from OBD-II port is used to 
improve the performance of the designed lane tracker. 
The system distinguishes itself from existing in-vehicle 
computer vision approaches in two ways: (1) the lane 
tracking algorithm is used to feed the road sign 
recognition algorithm with spatial cues providing a top-
down search strategy which improves process speed, 
(2) detected lane and road signs are combined using a 
rule-base interpretation to represent the traffic scene 
ahead at a higher level. The signal flow of the final 
system is presented in Fig.1. Three main blocks in this 
diagram (i.e. lane tracking, road sign recognition and 
rule base) are addressed in the next sections. 

 

Figure 1. Signal flow in computer vision system  

Lane Tracking Algorithm 
There has been extensive work in developing lane 
tracking systems in the area of computer vision.  
These systems can be potentially utilized in driver 
assistance systems related to lane keeping and lane 

change. In [4], a comprehensive comparison of 
various lane-position detection and tracking 
techniques is presented. From that comparison, it is 
clearly seen that most lane tracking algorithms do not 
perform adequately to be employed in actual safety-
related systems, however, there are encouraging 
advancements towards obtaining a robust lane 
tracker. A generic lane tracking algorithm has the 
following modules: a road model, feature extraction, 
post-processing (verification), and tracking. The road 
model can be implicitly incorporated as in [5] using 
features such as starting position, direction and gray 
level intensity. Model based approaches are found  to 
be more robust compared to feature-based methods, 
for example in [6] B-snake is used to represent the 
road. Tracking lanes in real traffic environment is an 
extremely difficult problem due to moving vehicles, 
unclear/degraded lane markings, and variation of lane 
marks, illumination changes, and weather conditions. 
In [7] a probabilistic framework and particle filtering 
was suggested to track the lane candidates selected 
from a group of lane hypotheses. A color based 
scheme is used in [8]; shape and motion cues are 
employed to deal with moving vehicles in the traffic 
scene. Based on this previous research, we propose a 
lane tracking algorithm as presented in Fig. 2 to 
operate robustly in real traffic environment.  

The lane tracking algorithm presented here 
uses conventional methods seen in the literature; 
however, the advancement here is the combination of 
a number of them in a unique way to obtain robust 
tracking performance. It utilizes a geometric road 
model represented by two lines. These lines represent 
the road edges and are updated by a combination of 
road color probability and road spatial coordinate 
probability distributions which are built using road 
pixels from 9 videos each at least containing 200 
frames. The detection module of the algorithm 
employs three different operators, namely, steerable 
filters [9] to detect line-type lane markers, yellow 
color filter, and circle detectors. These three operators 
are chosen to capture three different lane-marker 
types existing in Dallas, TX where data collection 
took place. After application of the operators, the 
resultant images are combined since it is bow 
believed to have all the lane-mark features that could 
be extracted. This combined image is shown as the 
‘lane mark image’ block in Fig.2. Next, Hough 
transform is applied to extract the lines together with 
their angles and sizes in the image. The extracted 
lines go through a post-processing step name as ‘lane 
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verification’ in Fig.2. Verification involves 
elimination of lane candidates which do not comply 
with the angle restrictions imposed by the geometric 
road model. From the lane tracking algorithm, 5 
individual outputs are obtained: (i) lane mark type, 
(ii)lane positions and (iii)number of lanes in the 
image plane, (iv) relative vehicle position within its 
lane, and (v) road coordinates.  

 

Figure2. Lane Tracking Algorithm 

Two different types of updates are needed in the lane 
tracking algorithm. First, the road probability image 
updates the geometric road model for each frame and 
runs simultaneously with lane detection. Some of the 
false lane candidates are eliminated by the imposed 
angle limits of the geometrical road model; however, 
it is not adequate for robustness. The prominent lane 
candidates which exist in each n consecutive frame 
are held in a track-list, supplying the system with a 
time coherency or memory. A lateral vehicle 
dynamics model is applied together with Kalman 
filter to smooth the lane position measurement given 
by the lane candidates in the tracking list.  
A sample output of the lane detection algorithm is 
given in Fig. 3(a).  To observe the performance of the 
lane detection part the raw lane position measurement 
is compared with the lane position calculated by the 
vehicle model (see Fig.3(b)). In Fig.3 (c), the road 
area and possible lane candidates are marked by the 
algorithm.  
 The full evaluation will be presented in section 
‘Results and Performance Analysis’.  
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Figure3(a) .Sample output from lane detection 
algorithm  

 
Figure3(b). Comparison of lane position 
measurement from raw lane detection (top) and 
vehicle model calculation (bottom) before outlier 
removal and tracking 

 
Figure3(c). Road area and prominent lane 
candidates are projected on image (top), detected 
lanes after outlier & false candidate removal  
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The performance of the lane tracker algorithm 
depends heavily on feature (i.e. lane mark) detection; 
and feature detection based vision systems are 
vulnerable since they are affected by illumination 
change, occlusion, imperfect representations (i.e. 
degraded lane marks) plane distortion and vibration 
in our case since the road surface is not flat. Some of 
these disadvantages of feature based lane detection 
are overcome by employing a vehicle model for 
correcting the measurements in time domain and road 
model helps removing the outliers in spatial domain 
in the image. Since vehicle and road model are 
crucial for reliability and accuracy of the resultant 
system, they are briefly presented here.  
Vehicle Model 
The vehicle model used is known as ‘bicycle model’ 
[10] for calculating the lateral dynamics of the 
vehicle and linearized at a constant longitudinal 
velocity. In order to obtain more realistic behaviour 
from this model, it is updated by changing 
longitudinal velocity at discrete time steps. Therefore 
the resulting vehicle model is a hybrid system 
containing a set of continuous time LTI vehicle 
models switched by a discrete update driven by 
longitudinal speed changes. As a consequence the 
resultant model is non-linear and closer to realistic 
vehicle response. The model inputs are steering 
wheel angle, longitudinal vehicle velocity and 
outputs are lateral acceleration and side slip angle. 
The lateral acceleration output of this model is used 
to calculate the lateral speed and finally lateral 
position of the vehicle employing numerical 
integration by trapezoids. The variables of model are 
given in Table 1.  
 
Table1. Variables of vehicle model 

Symbol Meaning 

cf or cr cornering stiffness coefficients for front and back tire 

J Yaw moment of inertia about z-axis passing at CG 

m Mass of the vehicle 

r Yaw rate of  vehicle at CG 

U Vehicle speed at CG 

yc Lateral offset or deviation at CG 

τ Wheel steering angle of the front tyre 

αf or αr Slip angle of front or rear tyre 

β Vehicle side slip angle at CG 

ρref Reference road curvature 

ψ Yaw/ heading angle 

ψd Desired yaw angle 

ω Angular frequency of  the vehicle 

The equations of motion using the variables given in 
Table 1 are presented in equations (1-2).  
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here: 
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Road Model 
The road area is the main region of interest (ROI) in 
the image since it contains important cues on where 
the lane marks and road signs might be located.  In 
other words, it allows performing a top-down search 
for the road objects that needs to be segmented. The 
color of the road is an important cue for detecting the 
road area, however it is affected by illumination and 
the surface does not always have the same 
reflection/color properties on all roads. Therefore, 
road and non-road color histograms using R, G and B 
channels are formed using 9 videos. The color 
histogram is normalized to obtain road color 
probability which is a joint measure in 3-D color 
space. The probability surface is shown in 2D R-B 
space in Figure 4. Also, probability image and the 
extracted road area is shown together with updated 
road model.  
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(a) 2-D color probability surface in R-B space 

 
(b) Road area extraction and update process: updated 
road model(top), probability image (bottom left), 
extracted road area (bottom right) 
Figure4. Road color probability model and its 
implementation 
 
In addition to color probability, spatial coordinates of 
the road area is also used to obtain a location 
probability surface.  

Road Sign Recognition Algorithm 
The methods used for automatic road sign 
recognition can be classified into three groups: color 
based, shape based and others. The challenges in 
recognition of road signs from real traffic scenes 
using a camera in a moving vehicle has been listed as 
lighting condition, blurring effect, sign distortion, 
occlusion by other objects, sensor limitations. In [11] 
a nonlinear correlation scheme using filter banks is 
proposed to tolerate in/out of plane distortion, 
illumination variance, background noise and partial 
occlusions. However, the method has not been tested 
on different signs in a moving vehicle. [12] has 

addressed real time road signs recognition in three 
steps: color segmentation, shape detection and 
classification via neural networks, however, vehicle 
motion problem is not explicitly addressed. [13] used 
FFT signatures of the road sign shapes and SVM 
based classifier. The algorithm is claimed to be 
robust in adverse conditions such as scaling, 
rotations, and projection deformations and 
occlusions.  
The road sign recognition algorithm employed in this 
paper (see Fig.5) uses a spatial coordinate cue from 
the lane tracking algorithm to achieve a top-down 
processing of the image; therefore, it does not need 
the whole frame but particular regions of interest, 
which are sides of the road area. This provides faster 
processing of the image and reduces the 
computational cost as well as eliminating the number 
of false candidates that might exist after color 
filtering.  

 

 
Figure 5. Road Sign Recognition Algorithm 

 
After ROI cutting, color filters (designed for red, 
yellow and white) are used to perform the initial 
segmentation. Since they are critical for safety 
applications, we include only stop, pedestrian 
crossing and speed limit signs in our analysis for this 
stage. These signs have distinctive features related to 
color and shapes that are not shared, therefore 
classification becomes an easier problem since 
determining color and the shape is enough for 
recognizing the particular sign. Most of the time the 
speed limit sign segmentation ends with multiple sign 
candidates from the scene since the road scene might 
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contain road objects in that color range. Furthermore, 
the challenges exist due to moving vehicle vibrations, 
illumination change, scaling and distortion. An 
example of color segmentation for speed sign is 
presented in Fig.6.  

 

 
Figure 6. Sample output for white color filter 
segmenting the speed limit sign 
Since the road sign shape edges are not clear, 
morphological operators (dilation and erosion) are 
used to correct this with a structural element of line 
or disk; an example of resultant image is given in 
Fig.7 for a road scene containing stop signs.  

 
 

 
Figure7. Color segmented stop signs after dilation 

The next step involves FFT correlation of the 
predetermined road sign shape templates (octagon, 
rectangle and triangle) with the ROIs in the image. 
The resultant image can be interpreted as location 
map of prospective sign. After application of a 
threshold the peak value of correlation image yields 
the location of the searched template. An example 
FFT correlation between the original frame seen in 
Figure 5 and rectangle template is given in Fig. 8. 
The speed limit sign gives a peak in this image and 
the location of the sign can be extracted easily by a 
threshold. 

 
Figure8. FFT Correlation result with a 
rectangular template showing a peak in the 
location of speed limit sign 
 
Although rare, false sign candidates may exist in the 
image after the threshold operation or multiple 
versions of the same sign may require distinguishing 
(i.e., speed limit signs are the same although the 
limits written on them are different) therefore an 
subsequent verification step/classification is needed. 
This is achieved via Artificial Neural Networks. For 
each sign a separate ANN is trained for negative and 
positive examples using at least 50 real world images 
of the aforementioned road signs and 50 negative 
candidates. The candidate sign images are obtained 
by cutting the image area around the row and column 
suggested by threshold image attained after FFT 
correlation. In order to obtain false candidates the 
threshold is lowered, therefore obtaining more 
candidates from FFT correlation image. The output of 
the initial sign classification and verification by ANN 
is a sign code (1, 2, 3) corresponding to speed limit, 
stop and pedestrian crossing signs in order. If there is 
no sign in the scene or if ANN verifies the sign is a 
false candidate the output is 0.  
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Integration of Algorithms for Context-aware 
Computer Vision  

Previous studies such as [14] has combined different 
computer vision algorithms for a vehicle guidance 
system using road detection, obstacle detection and 
sign recognition at the same time. However, to the 
best knowledge of the authors very few studies if any 
focused on the traffic scene interpretation for 
extracting driving-related context information in real-
time. This study proposes a framework for the fusion 
of outputs from individual computer vision 
algorithms to obtain higher level information on the 
context. The awareness of the context can pave the 
way in design of truly adaptive and intelligent 
vehicles. The fusion of information can be realized 
using a rule based expert system as a first step. We 
present a set of rules combining the outputs of vision 
algorithms with output options of warning, 
information message, and activation of safety 
features.  

Case 1: If road sign is 0, standard deviation of lane 
position< 10 pixels, standard deviation of vehicle 
speed <10 km/h, context: normal cruise.  

Case 2: If road sign is 0, standard deviation of lane 
position<10 pixels, standard deviation of vehicle 
speed >10 km/h, context: stop-go traffic, likely 
congestion, and output: send information to traffic 
control center. 

Case 2: If road sign is 1, vehicle speed >20 km/h, 
context: speed limit is approaching, output: 
warning.  

Case 3: If road sign is 2, vehicle speed >20 km/h, 
context: stop sign is approaching and the driver 
did not reduce the vehicle speed yet, output: 
warning and activation of speed control and brake 
assist.  

Case 4: If road sign is 3, vehicle speed >20 km/h, 
context: pedestrian sign is approaching, output: 
warning and activation of brake assist.  

The cases represented here are only a subset of the 
rule-base and it can be possible to use more advanced 
rule-base construction methods such as fuzzy logic. 
An inference engine acting as a co-pilot monitoring 
the context and driver status continuously can be 
designed with more inputs from other vision systems 

and in-vehicle sensors such as pedestrian and vehicle 
tracking, CAN-Bus analyzer, audio signals.  

Results and Performance Analysis 

Lane tracker and road sign recognition algorithms are 
tested on 9 videos each having at least 200 frames. 
The lane tracker with the help of probabilistic road 
model can overcome difficult situations such as 
passing cars as demonstrated in Fig.8. A similar 
recovery is observed when there is shadow on the 
road surface. 

 

Figure8. Road model overcoming the occlusion  

In order to assess the accuracy of the lane tracking 
algorithm the error between the lane position 
measured by the algorithm and the ground truth lane 
position marked manually on the videos is calculated. 
As an error measurement the angle of the lanes is 
taken. Table 2 shows the mean square error and 
standard deviation of the error in lane position 
measurement.  
 

Table 2. Mean square error and standard deviation 
of the error in lane measurement 

  MSE STD 
Left Lanes 15.24 3.86 
Right Lanes 28.02 4.67 

 
The algorithm runs close to real-time and the speed is 
increased by using lane position measurement as a 
cue for top-down search for road signs. The 
improvement in speed can go up to 3-fold based on 
the processed image area. The road sign recognition 
algorithm is capable of detecting the signs in 5-30 m 
range without failure. If the road sign occupies less 
than 10x20 pixel area, the recognition is not possible.  
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CONCLUSIONS 

A context-aware computer vision system for active 
safety applications is proposed. The system is able to 
detect and track the lane marks and road area with 
acceptable accuracy. The system is observed to be 
highly robust to shadows, occlusion and illumination 
change thanks to road and vehicle model based 
feedback and correction. Road sign algorithm uses 
multiple cues such as color, shape and location cues. 
Although it can recognize the signs after the 
correlation result, a verification step is added to 
eliminate false candidates that might exist due to 
existence of similar road objects. Lastly, two 
algorithms are combined under a rule-based system 
to interpret the current traffic/driving context. This 
system has at least three possible end uses: driver 
assistance, adaptive active safety applications and 
lastly it can be used as mobile probes reporting back 
to the centre responsible for traffic management.  

In our future work, more modules are planned to be 
added to detect and track more road objects and fuse 
additional in-vehicle signals (audio, CAN-Bus) to 
obtain a fully developed cyber co-pilot system to 
monitor the context and driver status.  
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ABSTRACT 
 
To increase driver’s interaction with vehicles, 
research interest is growing to develop new 
approaches that allow for detecting the driver’s 
intention. The extraction of features from 
electroencephalograph (EEG) data enables 
establishing a new communication channel by the use 
of brain signals as additional interaction channel. So 
far, the applicability of EEG data in the context of 
driving is strongly limited by the robustness and 
ambiguity of the chosen features. The major goal of 
the presented approach is the robust discrimination of 
EEG patterns preceding intended actions of the driver 
for predicting upcoming manoeuvres.  
A pilot study on a test track containing elements of 
driver safety trainings was carried out. While driving, 
the manoeuvres the brain activity (64/32 EEG 
channels) and data from the car controller area 
network (CAN) was recorded.  
In this paper we present the bottom layer of a 
classification model for upcoming driver’s 
movements by classifying left against right foot 
movement as well as left and right obstacle avoidance 
manoeuvres as sub-classes of the classes hand and 
feet movements.  
This way, we present two ways in which features 
extracted from EEG can be used: (1) by exploiting 
event-related potentials of independent components 
for identifying sources of consolidated neural activity, 
and (2) to establish the fundamentals of an approach 
for an EEG-based rapid-response system that can 
predict the upcoming action of the driver. The latter 
was done by an offline classification of variances in 
certain frequency bands of the EEG. Feature 
validation was implemented by spatial and functional 
filtering driven by independent components of the 
corresponding EEG datasets.  
 

 
INTRODUCTION 
 
The year 2007 saw a number of 335.845 injured and 
4949 fatalities as a result of traffic accidents in 
Germany [1]. In comparison with the last decade, the 
decreasing number of injured and fatalities indicates 
that vehicle-safety research has proven to be very 
effective. Nevertheless, this positive trend suffers 
from the constant high number of traffic accidents 
and also from the fact that there are still a high 
number of fatalities.  
To reduce these numbers, a new approach in vehicle 
safety research is necessary. 
One possible approach focused on this context is an 
absolutely driver-centred point of view. The idea is to 
use the driver’s intention to improve and trigger 
existing drive-dynamic and driver support systems. 
Therefore, cognitive processes before an intended 
action, particularly movement preparations and 
decisions, can be identified as a possible source for 
such a trigger-support system. 
In this manner the EEG allows associating mental 
processes with measurable electrical recordings which 
reflect brain activity and dynamics with a precision in 
the range of milliseconds. This way, changes in the 
EEG data could be analyzed that are induced by 
intended actions (e.g. emergency braking or left/right 
steering) as well as decision-making processes during 
driving (Fig. 1). Hence, the major goal is the robust 
discrimination of EEG patterns correlated to different 
mental processes in this context. Therefore, a pilot 
experiment was carried out for analysing EEG signals 
in a real-world driving scenario with an unforeseen 
obstacle. Hence, the first research question is whether 
it is possible to find EEG features which reflect 
cognitive processes following the popped up obstacle, 
and second, the possibility to transfer the idea of 
using this information to discriminate the upcoming 
driver’s action or manoeuvres (Fig.2). 
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EEG features 

ERP ERD 

Figure 2. The figure shows a general categorization 
of EEG features that reflects event-related brain 
activity. 

 

Figure 1. The figure shows a general approach for 
a hierarchical classification model of upcoming 
drivers movements based on brain dynamics. 

 
The following section gives an overview of the 
neuropsychological background of the presented 
approach. Then we explain the used experimental 
environment and setting and go on describing the 
experiment, the data acquisition, and the used 
methods for analyzing the EEG data. Finally, we 
show how the findings of the presented experiment 
can be used for answering the research questions. 
 
Neuropsychological background 
 
In the domain of neuropsychological research, it is 
well known that aspects of the human information 
processing, expectation and movement preparation 
can be examined by means of event-related potentials 
(ERPs) and event-related desynchronisations (ERD). 
The potentials not only reflect direct brain activity 
with a latency and precision in the range of 
milliseconds, but also allow for a qualitative 
discrimination of various cognitive processes.  
 
 
 
 
 
 
 
 
 
 
 
 
One category of ERPs is related to a given stimulus 
and occurs only by averaging EEG data from 
different trials locked to the given stimulus. The other 
category is locked to the response of the participant 
e.g. a keystroke.  

Both, the stimulus-locked and the response-locked 
ERPs can be induced by the processing of e.g. visual, 
auditory or semantic information and also due 
preparing motor tasks.  
Different neuropsychological consolidated ERPs are 
suitable as a possible source for projecting the 
abstract concept of driver’s intention to features in 
EEG data. This way, for feature selection the 
readiness potential or the contingent negative 
variation (CNV) could be applied.  
In the field of response-related ERPs the pre-motor or 
readiness potential (BP) seems to be a useful ERP for 
approaching the representation of the driver’s 
movement intention in EEG data. In preparation of 
motor tasks, this potential precedes the actual 
execution. Before accomplishing motor tasks, this 
potential is characterized by a negative shift in the 
averaged EEG data at the scalp, reflecting the motor 
preparation.  
The CNV is both, stimulus-locked, but also response 
orientated. This ERP is also known as a potential 
related to expectancy. This kind of CNV can be 
induced by a 2-stimuli paradigm. The first stimulus is 
the request to prepare an action and the second 
stimulus is the corresponding go-signal e.g. for a 
motor response. Between these two stimuli a negative 
shift in the averaged EEG data can be observed at the 
scalp, reflecting the expectation of a task.  
To transfer the idea of using these potentials for 
predicting the upcoming driver’s action the extracted 
information from these potentials has to be related to 
the upcoming movement. Therefore, the spatial 
information of the negative shifts induced by BP and 
CNV could be used to discriminate the upcoming 
movement. 
Different studies figured out that several brain areas 
contribute to the readiness potential (BP). Activity of 
the medial-wall motor areas as well as activity of the 
primary motor cortex MI affect this potential [2,3]. 
Multi-channel EEG recordings of unilateral finger 
movements show that this negative shift originates on 
the frontal lobe in the area of the corresponding motor 
cortex (homunculus) contra-lateral to the performing 
hand [4,5]. This spatial information used as feature 
allows for discriminating EEG recordings towards 
upcoming left from right hand movements [4,5,6]. 
The literature does not suggest any information 
towards comparable characteristics of the CNV. On 
the other hand, event-related desynchronisation in 
certain frequency ranges of the EEG also 
accompanies brain activity.   
It is well known from neuroscience that for instance 
the mu rhythm is induced by idle motor neurons. 
These neural networks tend to exhibit locally 
synchronous polarity oscillations which can be 
observed above the motor cortex. Performance of 
motor actions causes this synchrony to break down 
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and as a result, the measured amplitudes in the 
affected EEG signal spectra drop accordingly. This 
can be used to infer the laterality of the ongoing 
motion [7]. This fundamental finding is also known 
from the occipital area of the human brain. The well 
known alpha-block in the alpha rhythm can be caused 
by an abruptly opening of the eyes after a period of 
closed eyes. In the latter condition the neural 
structures of the occipital brain that are responsible 
for visual information processing generate these 
locally synchronous polarity alpha oscillation. 
In sum, there are a lot of features in EEG data 
preceding and accompanying neural processes which 
allow differentiating between these diverse cognitive 
processes. The application of methods from the area 
of statistical machine learning has proven to be very 
practical and efficient for extracting and classifying 
EEG features in this kind of research [4,5,6,8]. 
 
 
METHODS 
 
Experiment 
 
The presented pilot experiment was carried out at the 
ADAC Fahrsicherheitszentrum Berlin-Brandenburg. 
Participants were requested to repeatedly perform 
obstacle avoidance manoeuvres when the obstacle 
(water wall) popped up (Fig. 3, obstacles in red).  
The direction of the manoeuvres was self-paced 
decided by the drivers. With reference to a two-way 
traffic scenario the participants were required to pass 
a water gate at the end of the track. The whole 
experiment lasted one day totally (half day for each 
participant). The car utilized for this study was a VW 
Touran from the Chair of HMS, TU Berlin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Participants 
 
A female (age 28, participant S) and a male (age 28, 
participant T) participant took part in this pilot 
experiment. Both of them are free from 
neurological/psychiatric disorders. 
 
Data Acquisition 
 
While performing the driving task brain activity was 
recorded with 62 Ag/AgCl (participant T) and 32 
Ag/AgCl (participant S) impedance-optimized 
electrodes (ActiCap, Brain Products), referenced to a 
signal measured at the intersection of the frontal and 
two nasal bones of the skull (Nasion) were no neural 
activity occurs. This was used as baseline of the 
electrical measurement. Finally, brain activity was 
sampled 1000 Hz and wide-band filtered. The 
horizontal eye-movement of participant T was 
recorded using the Electrooculogram (EOG).  
Data from the car controller area network (CAN) was 
sampled with 50 Hz and recorded as well as videos 
(30 fps) of the driver’s action and the view through 
the windshield. All of the data was synchronized by 
an external sync signal. 
 
Data Pre-processing 
 
For ERP analysis, the EEG data was digitally filtered 
using a high pass filter (1 Hz) to minimize drifts. In a 
next step, the recorded data was divided into causal 
epochs related to the drivers’ actions like the steering 
response (increase of the steering speed [deg/s]) or to 
slam on the brake or clutch (switch [0 1]). Data 
epochs were extracted from 5000ms before the 
driver’s response, until 4000ms after the taken action. 
The average of time range [-5s,-2s] was chosen as 
baseline. The corresponding baselines were removed 
from every epoch.  
For ERD analysis, data was sub-sampled to 200 Hz 
and digital filtered between 1 Hz and 90 Hz. 
 
ERD Feature Extraction and Classification 
 
To extract ERD features from the EEG data, the 
Common Spatial Patterns (CSP) algorithm was used 
[9]. The rationale behind CSP is to find few, e.g. 4 to 
6, linear combinations of EEG channels such that the 
variance in each trial projected according to these 
patterns is most discriminative (i.e. differs maximally 
between two classes). Subsequently, the EEG data for 
each trial is projected according to each pattern and 
the logarithmic power spectral density is calculated 
similar to the above method, yielding 4 to 6 features. 
To estimate conservative classification accuracy, 
features from the EEG data (sub-sampled to 200Hz) 
were extracted using a moving window with a length 

Figure 3. The figure shows the setup and the 
research car (VW Touran) with participant. 



 Welke 4 

Figure 4. Averaged EEG signal from 244 clutch 
presses of participant T at electrodes C1, Cz  
and C2. 

of 150 ms and an overlap of 125ms. The CSP-based 
feature distributions generated for this window were 
classified using the Linear Discriminate Analysis 
(LDA) for each of the time windows [10]. The 
classification accuracy was computed by using a  
10-fold cross-validation (CV) for a comparable 
number of trials per class. This was implemented for 
every bin of the Fast-Fourier-Transformation (FFT) 
with a micro band range (± 2 bins) around each 
measured band for the CSP computation. 
Consequently, the resulting plot contains information 
about the estimated classification accuracy depending 
on class specific variances for each time window and 
corresponding frequency range.  
 
Analysis 
 
In the analysis we concentrated on the EEG data 
obtained where the participants performed the 
obstacle avoidance manoeuvres. In this manner an 
ERP and ERD analysis of the EEG data was carried 
out. EEG recordings involve plenty of influences 
(artefacts) to the quality of the EEG signal, such as 
eye movements, muscle noise, cardiac signals and 
coincidental noise patterns. In this study, two 
methods, Independent Components Analysis (ICA) 
and Average Re-reference, were used to improve the 
data quality for identifying ERP components and for 
verification of ERD features.  
To improve the data quality we used a method to re-
reference the data to the average potential across the 
whole head [11], termed Average Re-reference. 
Therefore, the average time course of all electrodes 
was calculated and removed from each electrode. 
The ICA decomposes EEG data into temporally 
independent and spatially fixed components, which 
account for artefacts, stimulus and response locked 
events and spontaneous EEG activities. Recently, it 
has been considered as a powerful tool for EEG 
components identification and artefacts removal as 
well as source identification [12, 13, 14, 15, 16, 17]. 
After calculation of independent components (IC), we 
followed the following procedure to remove artefacts: 

� Rejection of Independent Components (IC) that 
are related to eye and muscle movement from the 
neck as well as ICs that reflects the heart beat and 

� Rejection of IC-dipoles outside the head. 

The following section gives an overview over the 
ERP analysis for each participant driven by events 
inferred from the CAN data (i.e. de-clutch) and go on 
analysing the ICs for each participant separately since 
this depends on each of the dimensionalities of the 
recorded EEG. Finally we show the estimated 
classification accuracy for clutching vs. braking as 
well as obstacle avoidance to the left vs. right side 
based on oscillatory features for both participants.   

RESULTS 
 
ERP analysis and ICA – participant T 
 
On Figure 4, the EEG signal at electrodes C1, Cz and 
C2 averaged over all extracted clutch presses  
(left foot) shows characteristic waveforms. The time 
range represents the clutching procedure with an 
onset around 1500 ms before the CAN-bus indicates 
that the driver has de-clutched (Figure 4,  
point of origin). 
This pre-processed data shows significant 
components across the central part of the brain with a 
two-peak maximum at the latency of around 400 ms 
before and after the foot response (clutch). The same 
characteristic was observed using the common 
averaged reference. For taking the brake or steering in 
both directions no clear ERP could be observed in the 
raw data. 
 
 
 
 
 

              
 
 
 

              
 
 
 

              
 
 
 
 
 
 
 
Independent Component Analysis  
 
The independent component analysis (ICA) 
decomposes the EEG into temporally independent 
and spatially locked components.  
These components could either be the result of task 
events or stimulus, or account for artefacts. Figure 5 
shows some of the independent components from the 
EEG set of participant T. 
Figure 5(1) shows an Independent Component which 
contains noise that is spread over the whole head (this 
component is missing when the ICA was computed 
on a common averaged EEG set); while Figure 5  
(2 and 3) demonstrates clear ICs which decomposes 
vertical and horizontal eye-movements.  

C2 

Cz 

C1 
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Figure 6. Averaged EEG signal [Cz] and IC 29 
activity from 244 clutch presses [T]. 

 

Figure 8. Event-related spectral perturbation 
of IC 29 (baseline [-5 to -4]) – participant T. 

Figure 5. Selected scalp maps of the independent 
components of the EEG set from participant T. 

Figure 7. Dipole fitting of IC 29 for a boundary 
head model with warped electrode positions of 
participant T. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In contrast Figure 5 (29) shows an IC dipole that 
seems to contain neural information of the central 
area of the brain. These components are of particular 
interest since they should represent only real 
movement related brain activity (cf. homunculus). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 shows the IC activity across the time for an 
extracted epoch determined by slamming the clutch. 
The IC activity shows a hight correlation to the the 
observed ERP at electrode Cz (cf. Fig. 4). 
The spatial information given in Figure 7 allows for 
interpreting the source of the observed potential at Cz 
in comparison to the observed activity of IC 29. The 
IC 29-based dipole is located in the motor cortex of 
subject T for the used head model. 
To transfer the idea of using spatial information of 
negative shifts induced by the readiness potential or 
the location of the IC-based dipole for discriminating 
the upcoming drivers action, these features have to be 
class-specific. Otherwise they are not suitable for an 
EEG-based classification system for upcoming 
driver’s movements.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The spectral properties of the ICs can also be used for 
selecting brain based components. By exploiting 
differences in known movement-related EEG spectra 
it is possible to separate movement related 
independent components which contain information 
of activity in the motor cortex. This way, it is well 
known from the neuropsychological literature that the 
movement imagination as well as the movement 
execution is accompanied by variances in the alpha 
and beta band of the corresponding EEG [6, 8].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 shows the event-related spectral perturbation 
of the activity in component 29. Here, clear changes 
in different frequency bands could be observed. 
Changes in self-contained and characteristic spectral 
ranges of the EEG spectrum could be used as 
indicator for a brain based component. Such a 
component is suitable as carrier of information 
preceding the driver’s movement.  

Cz 

IC 29 
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Figure 8. Scalp maps of computed independent 
components – participant S. 

Figure 9. Time course of IC 26 for de-clutching –
participant S 

Figure 10. Dipole fitting of IC 26 (green) and IC 30 
(yellow) for a boundary head model with warped 
electrode positions of participant S.  

ERP analysis and ICA – participant S  
 
The average of each extracted epoch shows no clear 
ERP for participants S in the raw EEG data. 
In Figure 8 the ICs that are computed for the 
continuous EEG set of participant S are presented. A 
clear decomposition of noise and eye-movement 
could be observed (Fig. 8 1-3). 
Figure 9 shows the averaged time course of the 
activity from component 26 that is also located in the 
middle of the primary motor cortex. Here, a weak 
ERP could be observed in the component activity that 
is comparable to the observed ERP of IC 29 from 
participant T (see Fig. 6). The dipole fitting of the 
computed independent components reveals that the 
decomposition was not so clear like for participant T. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
There are two diploes located in the expected area of 
the motor cortex containing information of this 
source. No other ERP in the component activity could 
be observed by averaging epochs based on the 
driver’s responses (clutch, brake and steering). 
 
ERD Classification 
 
One of the central research questions in this research 
area is whether the analysis and extraction of EEG 
features is suitable for projecting the driver’s 
intention. Therefore the chosen EEG features have to 
be related to the cognitive process.  
Furthermore, they have to be detectable in single trial 
conditions. The analysis of the induced ERPs 
revealed that there are potentials preceding the 
movement execution.  
The extraction and classification of ERD features is 
an approach for establishing an EEG-based driver 
support system, too. Of particular interest here is the 
classification of ERDs between different drivers’ 
movement representations in the EEG data.  
To define the class-specificity of the ERDs preceding 
the driver’s action, the classifier output was estimated 
based on a data-driven approach (see ERD-Feature 
Extraction and Classification).  
 
According to machine learning methodology, the 
machine will be trained on the extracted spectral 
features [18]. Especially in this phase, the EEG data 
typically consists of underlying cognitive processes 
but also coincidental noise patterns and artefacts. This 
additional information has to be removed from the 
recorded EEG data before the classifier can be trained 
to stress the neural source of the feature. 

IC 26 



 Welke 7 

Therefore, for participant T, 14 out of 61 and for 
participant S 18 out of 31 independent components 
were selected as brain based.  
To estimate the ERD-based classification accuracy 
these brain components where re-projected to the 
EEG data. In a second step the presented data-driven 
feature extraction was computed. To compare and 
validate, both the raw EEG set and the re-projected 
EEG set were used as input for the data-driven feature 
selection and classification. 
Figure 11 (top) and 13 (top) shows the estimated 
classification accuracy based on variances in certain 
frequency bands of the EEG spectra preceding the 
feet movement execution on raw data. The results are 
going up to more than 75% accuracy around the 
movement execution. There are also good 
classification estimations around 500 ms before the 
movement in different frequency bands. As seen in 
Figure 5 and 8, the EEG dataset contains a lot of 
components which have probably no neural source. 
To validate the data-driven ERD-features, the spatial 
information of these components was used for 
functional filtering. All of the components which do 
not reflect brain activity were rejected. To separate 
the brain ICs from the artefact ICs the spatial 
localisation of the IC-based dipole was used as well 
as the properties of the components.  
Figure 11 (bottom) shows that there are very different 
results from those estimated without the rejection of 
components that are containing information from eye 
and muscle movements. For both participants, a new 
weakly class-specific area in the range of 45Hz to 
65Hz at 1500ms before the foot movement becomes 
evident. 
Figure 12 and 14 show the estimated classification 
accuracy for the left and right obstacle avoidance 
manoeuvre. Here the exact point in time of the 
driver’s response was inferred from the increase of 
the steering speed following the unforeseen obstacle 
(i.e. water wall). The classification of raw data shows 
for both participants very good results in the 
beginning of the taken avoidance manoeuvre. 
Preceding the steering act there are also areas of  
class-specific variances in the spectra of the data sets. 
The back-projection of the brain components reveals 
other areas of interest for classification. These areas 
become evident in the beta band as well as in the 
gamma band of the EEG data sets. 
 
DISCUSSION 
 
The presented results indicate (1) that there is the 
possibility to decompose EEG data into independent 
components representing artefacts caused by the 
driver’s movement and the car environment to some 
degree and (2) that the presented data-driven 
approach for feature extraction is highly applicable, 

but fragile in the presence of coincidental noise 
patterns and artefacts.  
 
ICA and feature extraction 
 
The main challenge of this approach is that the 
decomposition of the EEG implies that the neural 
sources are really independent from each other. This 
question cannot be answered finally. Also, the 
residual variance of the dipole fitting indicates that 
the source identification is not definite in each case. 
Rejecting components that contain for instance  
eye-movements could also contain suitable parts of 
real class-specific brain dynamics.  
The results also reveal that an observed ERP in the 
raw data can be found in independent components. 
This indicates that the ICA is able to decompose EEG 
data under very hard experimental conditions. The 
fact that an ERP for de-clutching can be observed in 
the components for both of the subjects indicates that 
there are similar neural processes preceding and 
accompanying the de-clutch procedure while driving.  
Furthermore, the time course of this ERP allows for 
an extraction of clutch-specific features up to 700ms 
before the action can be observed in the EEG data. 
Unfortunately, this feature is only related to the left 
feet movement and does not allow for a classification 
of braking against clutching. Furthermore, the 
observed ERP does not match to any of the expected 
related motor ERPs. It seems to be a mixture of 
readiness potentials and CNV. Although, the 
observed ERP is well located at Cz and the IC also 
reflects the characteristic of the raw data, the 
behaviour of this signals could be affected by a haptic 
process. It could be that the EEG signal is affected by 
the process of de-clutch and clutch-in or due to a 
clutch sensor that induces this kind of signal 
characteristic. But an ERP only reflects the linear 
parts of the epoched EEG data. More and other 
information preceding the driver action could be 
present in the frequency domain. 
Regarding the presented classification results, the 
good classification of brake against clutching implies 
that these two feet movements are really comparable 
and only body-side specific. But this comparison 
suffers from the fact that for breaking a foot 
movement from the accelerator to the braking pedal 
precedes the actual braking. The shown classification 
results are probably affected by this foot movement. 
This foot movement preceding the actual braking 
probably affected also the absence of a braking 
response related ERP.  
To validate the classification accuracy, a 10-fold 
cross-validation was carried out. Nevertheless, the 
number of trials for the obstacle avoidance 
manoeuvre was too small for a significant 
computation of the ability to classify.   
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Figure 14. Estimated classification accuracy before the 
obstacle avoidance to left or right side on EEG raw data 
(top) and IC-filtered EEG data (bottom) [S]. 

Figure 12. Estimated classification accuracy before the 
obstacle avoidance to left or right side on EEG raw data 
(top) and IC-filtered EEG data (bottom) [T]. 

Figure 11. Estimated classification accuracy before 
using the clutch against brake on EEG raw data (top) 
and IC-filtered EEG data (bottom) [T]. 

Figure 13. Estimated classification accuracy before 
using the clutch against brake on EEG raw data (top) 
and IC- filtered EEG data (bottom) [S]. 
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CONCLUSION 
 
Conclusively, we have presented a pilot study for 
exploring the electrical brain dynamics (i.e. EEG) 
preceding intended actions of the driver in a  
real-world environment. This way, a hierarchical 
classification scheme was used for predicting the 
upcoming movement of the driver.  
 
Potential 
 
We have shown that the human brain contains 
information preceding the movement execution that 
can be extracted from the EEG and that these features 
can be used for single trial detestability. We also 
presented a useful approach for validating these 
extracted features by decomposing the EEG data into 
independent components. This way, it is possible to 
select features which contain information of real brain 
based EEG representations in single trial conditions.  
Hence, the brain as origin of intentions and distributor 
of information preceding an action has a very high 
potential to increase traffic safety since data from the 
cat area network only reflects the driver’s action but 
not the corresponding intention. 
We observed a potential in the EEG raw data related 
to the process of de-clutch and clutch in for 
participant T. The analysis of the corresponding 
independent components reveals that one of these 
components clarifies this ERP to a high degree. This 
indicates that the ICA was able to separate real brain 
sources from sources that contain other sources of 
electrical activity. Furthermore, this kind of analysis 
enables a better understanding of ERP observations in 
the EEG since the decomposition of EEG into ICs 
contains information about the localisation of the 
source in the brain. 
The presented results of an ERD-based classification 
of upcoming feet movements as well as the direction 
of obstacle manoeuvres promises a good possibility 
the extract features from the EEG containing 
information about the driver’s movement intention in 
these conditions. This additional information can be 
used in a driver support system i.e. to prepare the 
braking system 
 
Challenges 
  
To classify different foot movement, the extracted 
feature has to be definite and class-specific. The 
observed ERP was only descriptive to the class of left 
foot movements (clutch). Furthermore it is well 
known from the neurophysiologic literature that ERPs 
reflect brain activity in the range of milliseconds but 
only by averaging a couple of trials. This way, ERPs 
are not well qualified to predict the upcoming driver’s 
movement in single trial conditions. The ERD 

representation of brain dynamics is much more 
applicable. Nevertheless, this estimated classification 
accuracy indicates that there is class-specific 
information in the EEG data. The estimated 
classification accuracy is in fact too imprecise as 
suitable definite information channel for a driver 
support system.  
To validate these findings this analysis has to be 
carried out for more subjects. Due to the fact that the 
number of independent components depends on the 
dimensionality of the recorded EEG, this study should 
be carried out with more EEG electrodes. This should 
affect the decomposition positively and would allow 
for a better identification of non-artefact affected 
EEG representations of brain dynamics. Furthermore, 
to classify the feature distributions only a simple but 
robust classifier (LDA) was used. Here, a lot of other 
classifiers (i.e. support vector machines) are also 
suitable for this kind of classification approach. 
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ABSTRACT 
 

The FACE (Facial Attention for Conspicuity 
Enhancement) design, a lighting system design that 
enhances motorcycle conspicuity with regard to the 
detection rate from the view of a driver at night, is 
described in this paper. Past research has shown that 
there is  part of the human brain that reacts to the 
image of a face[1] and we thought of a method to 
enhance the detection rate of a motorcycle by 
incorporating the element of a face in the front design 
of the motorcycle. The effect of a simple FACE 
design, a reverse triangular arrangement of lamps, is  
evaluated and its effectiveness is shown. Moreover, 
we develop a simulation method that could be used to 
evaluate the enhanced detection rate of a FACE 
design motorcycle under conditions that are close to 
some real traffic environments. The method is 
evaluated by comparing it with the results of a 
full-scale test and demonstrates the method could be 
used to evaluate the detection rate of a motorcycle 
 
INTRODUCTION 
 

We obtained the motorcycle fatal accident data in 
which car drivers were deemed most at fault, and 
thus were designated as the “Primary Party”*, from 
the database of "Japanese traffic accident statistics"[2].  
The data was analyzed to determine the cause of each 
accident. This analysis resulted in a conclusion that 
an car driver’s failure to detect the motorcycle was 
one of the key factors in the accidents. (Fig. 1).  

*Primary Party: 
: In the Japanese integrated database, vehicles 

whose drivers were most at fault in traffic accidents 
are called the “primary party,” and the other vehicles 
are called the “secondary party.” 

Compared to a car, a motorcycle is smaller in size 
and presentment, and the possibility of non-detection 
is relatively high in a mixed traffic environment 
where there are many large-sized vehicles, such as 
trucks and passenger cars. In Japan, a 
countermeasure against the lack of motorcycle 
detection, Automatic Headlight On, was mandated in  
1998. Its positive effect has been recognized.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Analysis of motorcycle tr affic 
accidents in Japan.  

 
However, the positive effect of Automatic 

Headlight On could not be expected at night when 
cars are also using their headlights.  Moreover, 
recently, many cars and trucks are also equipped with 
Daytime Running Lights (DRLs) and many countries 
are considering laws that require use of DRLs. Thus, 
if more and more various types of vehicles are 
equipped with DRLs, a further reduction of 
motorcycle conspicuity is possible.  Based on these 
facts, a countermeasure that enhances the conspicuity 
of a motorcycle under a complicated mixed traffic 
environment was sought. To this end, we tried to 
enhance the detection rate by incorporating the 
elements of a face in the front design of a motorcycle 
because it has been found that people naturally show 
a high recognition capability to specific figures 
including a "face".  We decided to call lighting 
system designs that utilize the elements of a face to 
enhance motorcycle detection rate FACE (Facial 
Attention for Conspicuity Enhancement) design. A 
simple example of FACE design was evaluated to 
confirm its effect.  The details of the evaluation 
method developed for this research are also 
discussed. 
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Enhancement Effect in Conspicuity of FACE 
 
 A "face" is one of the stimuli seen most frequently.  
Humans are able to understand detailed information, 
such as visual line and facial expressions, in a "face" 
instantaneously [3]. Significant research about the 
high-level facial recognition capability of primates, 
including human beings, has been performed for 
many years and several conclusions have been 
reached. For example, Bruce reported that the part of 
the brain that reacts to a face picture exists in the 
lower temporal lobe of a monkey [3].  Recently, 
research using Functional Magnetic Resonance 
Imaging (fMRI) has confirmed that the same kind of 
reaction also exists in a human's brain [1]. It has also 
been confirmed that the Fusiform Face Area (FFA) 
of the fusiform gyrus in the temporal lobe and 
Occipital Face Area (OFA) of the inferior occipital 
gyrus have a high sensitivity to a face figure[4]. Since 
part of the human brain specializes in the recognition 
of a face, it is thought that humans can rapidly 
recognize a face.  Given this, it is reasonable to 
believe that motorcycle conspicuity might be 
enhanced by incorporating the elements of a "face" in 
the front design.  
 In order to investigate the feasibility of enhanced 
motorcycle conspicuity by using the elements of a 
"face" in the front design, we first measured the 
detection rate of a motorcycle in traffic using an 
image. Fig. 2a shows the motorcycle that utilized the 
elements of a "face" in its front design that was used 
in the experiment. (Hereafter, a motorcycle which 
uses the elements of a "face" is called a "FACE 
design" motorcycle.) Fig.2b shows a single headlight 
motorcycle used as the standard for comparison.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 .  Motorcycles used for  proving our  
hypothesis that FACE design enhances 
conspicuity. 
 
 

Five subjects (four men aged 20 - 40 and one woman 
in her 20's) were tested. Each subject drives a car 
daily. The presentation time of the image was 0.5 
seconds. After image presentation, a black screen 
was presented until the subject answers. 144 
measurements per subject were carried out. The 
result of measurement is shown in Fig. 3.  
 Fig. 3a shows the average motorcycle detection rate 
by the subjects. The detection rate of a single 
headlight motorcycle was 47.6% and the detection 
rate of the FACE design motorcycle was 91.4%. 
Fig. 3b shows the time after a subject was shown the 
image until a reply button was pushed. The average 
response time in the case of the single headlight 
motorcycle was 910ms, while the average response 
time in the case of FACE design motorcycle was 
706ms. These results show that the conspicuity of a 
FACE design motorcycle was increased compared to 
a single headlight motorcycle and this may enhance 
the motorcycle’s detection rate by drivers of other 
vehicles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Enhanced conspicuity by FACE 
design. 
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Motorcycle Detection Rate Evaluation Method 
 
In a past study, Sugawara et al. confirmed that 

cerebral activation could be measured by using fMRI. 
So, it is possible that a quantitative evaluation of 
Facial levels of the front design of a motorcycle 
could be carried out [5]. However, fMRI equipment is 
large-scale and cannot be used for measurement in a 
real traffic environment. On the other hand, it is 
difficult to measure the detection of a motorcycle 
under the actual traffic environment in which 
large-sized vehicles, such as trucks, and passenger 
cars are driving. Therefore, we developed a 
simulation method that can measure the detection 
rate a similar, real traffic environment. This section 
reports on the simulation technique.  

For an enhancement in conspicuity at night, the 
key point of motorcycle front design is the lighting 
system. It is difficult to recognize the form of a 
vehicle emitting high luminous intensity light, such 
as from a headlight, due to the vision phenomenon 
referred to as “glare” The overall evaluation of 
conspicuity requires the evaluation of the lighting 
system and how it was seen. In this method, paying 
close attention to "contrast ratio" and "expression of 
glare", and by calibrating them to a real traffic 
environment, computer graphics (CG) that is 
equivalent to a real traffic environment was produced.  
In order to evaluate the simulation method , a CG of 
the test track was created, and comparison with a real 
vehicle was performed. The creation method of the 
CG and the comparison result between the full-scale 
test and the simulation test are described below.  

 
     Contrast Ratio - In past research it has been 
shown that the detection rate of a motorcycle during 
a short-time presentation can be measured using a 
simulated computer graphic image as long as the 
contrast ratio of the real environment and the 
simulated environment are matched. [6][7][8].  This 
information was used to create CG of various vehicle 
arrangements to be used in the evaluation of the 
FACE design motorcycle.  

First, we created CG of the test track. The reason 
was it then  easy for a real vehicle to perform the 
same test as the simulation. Thus, it was possible to 
verify the validity of the simulation method that used 
CG instead of actual environments.  

In creating CG, the important elements are the 
position of the display and its hi-resolution 
performance. The display was set at a 1.3m distance 
from the subject in order to set the horizontal field 
angle at 45 degrees. The viewing height of the CG 
was 1.2m from the ground. The actual measurement 
luminosity of the test track was 1 cd/m2 for the dark 
part of the road surface and 1500 cd/m2 to 3000 
cd/m2 for a headlight. A display that could reproduce 

3000 or more contrast ratios was required. We used a 
plasma display to satisfy the requirements. The size 
of this display was 50 inches, luminosity was 0.1 
cd/m2 for the dark area and 400 cd/m2 for the bright 
area, and it has 4000 contrast ratios. The contrast 
ratio of the CG of the simulated test track was 
calibrated with the real environment on this display.  

 
     Glare - Another visual phenomenon important 
in this research is glare.  Glare is the light that 
appears to be generated around a light source, 
causing things in the area around the light source to 
fade to white, such as when people look at a bright 
light. Since the physical luminosity of the display 
was limited, it was difficult to actually generate this 
glare. As an alternative, expressing a high-intensity 
light in simulation is often performed by adding glare 
artificially with CG [9][10][11][12][13].  This research 
utilized a method of inserting a mathematically 
generated glare pattern.  

The pattern of the glare was verified by 
comparative experiments with a real vehicle that is 
described in the next part of this paper. 

CG of the simulated test track is shown in Fig. 4.    
 
  
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.  CG example of test tr ack. 

 
 

     Comparative experiments with a r eal 
vehicle - In order to verify whether the simulation 
method was an effective way to evaluate motorcycle 
conspicuity, we conducted an experiment comparing 
a simulation environment to one with real vehicles. 
Fig. 5 shows the experiment scenery in a real vehicle. 
The vehicles used for the experiment are four cars 
and one motorcycle.  
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Figure 5.  Exper iment scene at the test cour se.  
 
 
The motorcycles used were a single headlight 

motorcycle and a motorcycle with a three light,  
inverted triangle arrangement formed by the 
headlamp and two auxiliary lights (5W 16cd for 
each) (Fig. 6). The reason for using three lights, 
inverted triangle arrangement was that it was 
reported to be one of  simple arrangement that was 
reminiscent of a face [14]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6.  The motorcycles used for  the 
exper iment. 
 
 

There were three arrangements of vehicles utilized 
for the test.  The first included a single headlight 
motorcycle, the second included a FACE design 
motorcycle, and the third did not include a 
motorcycle.  The first two are shown in Fig.7.     

The subjects were 16 men aged 20 – 40 who 
operate a car daily.  Each subject was shown a 
vehicle arrangement at random.  Each arrangement 
was shown two times for 0.5 sec per a metronome. 

The subject then had to identify the number of 
vehicles and how they were arranged.  Twenty-four  
measurements were taken for each subject. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.  Arrangements  of vehicles used for  
test.   

 
 
Fig. 8 shows a comparison of the FACE design 

detection rate between tests using actual vehicles and 
the simulation tests. In order to cancel the influence 
of the environmental factor, such as the numbers of 
vehicles, the detection rate of a FACE design 
motorcycle was shown divided by the detection rate 
of a single headlight motorcycle.  

The result shows that there was no significant 
difference in 5% level, so it was concluded that the 
simulation can be used as for a test method. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8.  Compar ison of detection r ate between 
r eal motorcycle and CG. 
 
 
Actual Traffic Environment for  Compar ison 
Exper iment  

 
Next, in order to carry out the evaluation in the 

real traffic environment, the image of actual 
intersection was created with CG.  The intersection 
has 4 lanes in each direction, and has heavy traffic, 
including many motorcycles. (Fig. 9) 
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Fig. 10 shows examples of CG. The viewpoint 
position in the simulations was a car driver who was 
waiting to make a right-turn in the center of an 
intersection. Two intersections were simulated, and 
for each intersection images of seven different car 
and truck traffic arrangements were created.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.  View of an inter section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10.  Examples of CG simulations. 
 
 
The motorcycle was placed 20 to 140 meters from 

the viewpoint of the car driver. In each of the 14 
traffic arrangements, 1 to 3 motorcycles were 
introduced in the traffic mix for a total of 28 different 
images. Finally, 84 images were created;  28 with a 

standard single headlight motorcycle, 28 with a 
"FACE” design motorcycle  and 28 with no 
motorcycle were included. 

 
Effect of Face Element  

 
 By using the CG simulations described in the 

preceding section, the detection rate of the FACE 
design was measured. The measured FACE design 
was a lighting-system of three lights in an inverted 
triangle arrangement. Horizontal distance W from the 
headlight to the additional light was set to 375mm, 
and perpendicular distance D was set to 350mm. The 
measured control motorcycle utilized a 
lighting-system arrangement in which W was set to 
375mm and D was set to 0mm as a control condition. 
Luminous intensity of the additional lights was set to 
16 cd. The luminosity of the additional light was 
adjusted based on the distribution of luminous 
intensity characteristic of position lamps. The 
composition of test equipment is shown in Fig. 11.  

 
 
 
 
 
 
 
 
 
 

 
Figure 11.  Composition of the exper iment 
system.  

 
 
Twelve men aged 20 - 40 who drive a car daily 

were selected as subjects.  Subjects were shown 
each of the 84 traffic simulation images for 0.5 
seconds at random, and then answered whether a 
motorcycle appeared on the screen by pressing either 
Yes or No button on the steering wheel.  After the 
CG was shown, a black screen was presented until 
the subject answers. Each traffic simulation image 
was shown 2 times for a total of 168 answers per 
subject. 

Only the cases where the distance of the 
motorcycle was 80m or more from the driver were 
included in the final results.  This is because our 
past research has shown that traffic at 80m distance 
from a car turning right is the threshold for making 
the turn or not [15].  

The results are shown in Fig. 12. The graph shows 
the increase in detection rate of motorcycles with 
additional lighting compared to a standard single 
headlight motorcycle.   
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Figure 12.  Compar ison of detection rate 
between FACE design and control motorcycle. 

 
 
The FACE design (W=375mm, D=350mm) was 

detected 2.4 times more often than the standard 
motorcycle. The control motorcycle lighting system 
design (W=375mm, D=0mm) was detected 1.6 times 
more often than the standard single headlight 
motorcycle.  

 
CONCLUSION  

 
Under the limited scope of study reported here, it 

was shown that the FACE design using three lights, 
inverted triangle arrangement, which was one of the 
simple figures reminiscent of a face, could enhance 
the detection rate of a motorcycle from the point of 
view of a car driver.  

In order to evaluate the detection rate of the 
motorcycle by a car driver, a simulation method that 
reproduced real traffic environments was developed.  
A comparison between actual vehicles and the 
simulation was carried out, and it was shown that the 
simulation was effective. 

 Additionally, the effect on the detection rate of 
motorcycles using FACE design motorcycles (using 
a lighting design of three lights, inverted triangle 
arrangement) was measured using this simulation.  
It is shown that the detection rate of a FACE design 
is 2.4 times greater than that of a single headlight 
motorcycle.  
 We would like to make an effort to further advance 
"FACE design", to enhance the detection rate of 
motorcycles in various traffic environments, in the 
future. 
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Abstract  

The integration of physiological monitoring into the 

human–machine interface holds great promise both 

for real-time assessment of operator status and for 

providing a mean to allocate tasks between 

machines and humans based on the operator status. 

Our group, aiming to provide a new human-

machine interface to improve traffic safety using 

brain signals, has conducted a number of researches 

for the driver states monitoring based on EEG data 

in recent years. 

This article presents our study for the representation 

of mental workload using EEG data. A simulated 

driving task - the Lane Change Task (LCT), 

combined with a secondary auditory task - the 

Paced Auditory Addition Serial Task (PASAT), was 

adopted to simulate the situation of in-vehicle 

conversations. Participants were requested to 

perform the lane change task under three task 

conditions - primary LCT, LCT with a slow PASAT 

and LCT with a fast PASAT.  

The EEG recordings combined with performance 

data from LCT and PASAT provided plenty 

information for comprehensive understanding of 

driver’s workload. The analysis of event-related 

potentials (ERP) revealed that LCT evoked 

cognitive responses, such as P2, N2, P3b, CNV, and 

the amplitudes of P3b decreased with the task load. 

A crucial benefit of these findings is that the 

increase or decrease of amplitudes of ERP 

components can be directly used for representing 

driver’s mental workload.  

1, Introduction 

Driver’s mental workload has been considered as 

one of the most important contributors to traffic 

accidents (Verwey et.al., 1993). In the last decades, 

a large number of researches have been conducted 

to investigate driver workload using different 

methods, such as subjective measurement (Pauzié 

& Pachiaudi 1997), performance measurement (De 

Waard, 1996), as well as physiological parameters, 

such as Electroencephalography (EEG), 

Electrocardiography (ECG), etc (Wilson et al.1988; 

Piechulla et.al., 2003; Chen et.al., 2005). EEG as 

the measurement of brain electrical activity 

recorded from electrodes placed on the scalp 



provides a promising approach for driver mental 

workload monitoring. Characteristic changes in the 

EEG and event related potentials (ERPs) that reflect 

levels of workload have been identified (Wilson et 

al.1988; Gevins et al., 1998; Raabe et.al, 2005). 

Raabe et.al (2005) revealed the variation of the 

amplitude of P300 due to the task load or task 

difficulty. Other researches calculated the power 

spectral density of EEG signals using the fast 

Fourier transform (FFT) to examine the change of 

frequency characteristics. Such an approach allows 

for understanding how the ratio of a specific 

frequency band, e.g. alpha band, changes when the 

mental work level changes (Gevins, et al., 1998).   

Our group aims to develop new approaches of 

driver state monitoring based on brain signals. One 

of our objectives is to assess the driver mental 

workload. A simulated driving task - the Lane 

Change Task (LCT) (Mattes 2003), combined with 

a secondary auditory task - the Paced Auditory 

Addition Serial Task (PASAT) (Gronwall, 1977), 

was adopted in the present study. Both single task 

condition (LCT only) and dual-task condition 

(combination of LCT and PASAT) were involved. 

In the single-task condition, task load levels were 

manipulated by changing the speed settings  

(low, moderate, high), while in the dual task 

condition, task load levels were elicited by the 

paces of PASAT (a slow PASAT and a fast PASAT). 

This article concentrates on the results from dual 

task condition, LCT with two paced PASATs.  

2. Methods 

2.1 Lane Change Task  

The Lane Change Task (LCT) was initiated by the 

project ADAM (Advanced Driver Attention 

Metrics) as an easy-to implement, low-cost, and 

standardized methodology for the evaluation of the 

attention associated performing in vehicle tasks 

while driving (for details,  see Mattes, 2003; Burns, 

et.al.,2005). 

 

Fig.1 Lane Change Task 

Participants are required to repeatedly perform lane 

changes when prompted by road signs (Fig.1). The 

quality of these lane changes can be evaluated by 

the difference (mainly based on Mean Deviation) 

between a normative lane change path and the 

driver’s actual lane change path, which is 

influenced by the drivers’ performance of detecting 

and responding to the road signs as well as their 

lateral control maintenance. Lane change 

performance with a secondary task (driving and 



using the telematics system of interest) is evaluated 

against a normative model of single task 

performance, which enables the possibility to 

evaluate the extent of distraction due to the dual 

task condition. 

2.2. Paced Auditory Serial Addition Task 

The PASAT is a measure of cognitive function that 

assesses auditory information processing speed and 

flexibility, as well as calculation ability. It was 

developed by Gronwall in 1977. The PASAT is 

usually presented using an audio cassette tape or 

compact disk to ensure standardization in the rate of 

stimulus presentation. Single digits are presented 

every 3 seconds and the participant must add each 

new digit to the one immediately prior to it. Shorter 

inter-stimulus intervals, e.g., 2 seconds or less have 

also been used with the PASAT but tend to increase 

the difficulty of the task. The digit was randomly 

arranged to minimize possible familiarity with the 

stimulus items when the PASAT is repeated over 

more than one occasion.  

3. Driver’s mental workload based on EEG 

3.1 Participants 

Overall, 30 participants between the ages of 20-34 

were assessed (M=26.1, SD=11.8). All individuals 

reported being free of neurological/psychiatric 

disorders and received a cash payment for their 

participation. 

3.2 Experiment 

The experiment involved four blocks. The first 

block was the primary driving task. Participants 

were requested to perform the LCT under three 

different speeds 60 km/h, 80 km/h, 100 km/h, 

which represented three task load levels (low, 

moderate and high respectively). The second block 

was PASAT under two paced conditions: slow and 

fast (the numbers were presented every 5 and 3 

seconds, termed p5 and p3). Participants were 

requested to calculate the numbers and report the 

results. The third block was the combination of the 

primary and secondary task. Participants were 

requested to do the calculation at two paces while 

performing the LCT with a fixed speed 80 km/h 

(80+p5 and 80+p3). However, they were instructed 

that the primary task was more important. The last 

block was another dual task. Participants were 

requested to press a button embedded in the 

steering wheel when they started to take the action 

of changing. This block might help us to calculate 

the reaction time. The whole experiment lasted 3 

hours totally.  However, the present study 

concentrates on the dual task condition, the LCT 

with the secondary task PASAT. 

3.3 Recordings 

While performing the LCT the brain activity was 

recorded with 32 Ag/AgCl impedance-optimized 

electrodes (ActiCap, Brain Products), referenced to 

the 

nasion, sampled at 1000Hz and wide-band filtered. 

The 32 channels were placed at the positions of the 



international 10-20 System. Electromyogram 

(EMG) was recorded from both forearms with two 

bipolar electrodes. The horizontal and vertical eye-

movement was recorded using the 

Electrooculogram (EOG). For data recording the 

Brain Vision Recorder by Brain products was used.  

Using the LCT, the information such as the 

vehicle’s position and the steering angle were 

recorded in order to access the driving performance. 

The reported digits presented by the PASAT were 

recorded for the calculation performance 

evaluation. 

3.4 EEG Data analysis 

EEG data analysis was performed using EEGLAB 

6.03, a freely available open source toolbox running 

under Matlab 7.3.0. A detailed description about 

EEGLAB is provided by Delorme and Makeig 

(2004). For pre-processing, data was down-sampled 

to 500 Hz to save computation time, and was then 

digitally filtered using band pass filter (pass band 

0.5 to 40 Hz) to minimize drifts and line noise. 

Then EEG data was average re-referenced, a 

method to reference the data to the average across 

all electrodes to avoid  the influence of an arbitrary 

local reference. Finally, data epochs were extracted 

from 2000ms before stimulus - the command for 

lane change direction -  until 2000ms after stimulus 

and the average of time range [-2000ms, -1000ms] 

as the baseline was removed from every epoch. 

This way, more than 100 trials were extracted for 

each condition and each subject. 

EEG recordings involve plenty of artefacts, such as 

eye movements, muscle noise, cardiac signals and 

line noise and many others. In the present study, 

Independent Components Analysis (ICA) was used 

to improve the data quality. ICA decomposes EEG 

data into temporally independent and spatially fixed 

components, which account for artefacts, stimulus 

and response locked events and spontaneous EEG 

activities. Recently, it has been considered as a 

powerful tool for EEG components identification 

and artefacts removal (Makeig, et al., 1996; 

Delorme & Makeig, 2004). After calculation of 

independent components (ICs), we calculated the 

correlation coefficient of ICs and EOG, ICs and 

EMG, and removed the highest correlated ICs. 

Analysis of Variance (ANOVA) was employed to 

verify the significance of difference in amplitude of 

the component of interest under three conditions 

and the paired conditions. The Post Hoc Test was 

used to offer detailed view of the differences among 

the three conditions. 

4 Results 

4.1 Driving Performance 

Driving performance was evaluated in content of 

the mean deviation between the real lane change 

path and normal lane change path.  The mean 

deviation exhibited no difference in driving 

performance among the three conditions 

(F(2,22)=0.43, p=0.65)(see, Fig.2). 



 

4.2 PASAT Performance 

The percentage of the correct reported numbers 

demonstrated that the participants’ performance in 

PASAT differed among the conditions (Fig.3). The 

differences between single task conditions  

(PASAT only) and dual-task conditions (LCT with 

PASAT) were significant (F(1,22)(p5, 80+p5)=8.18, 

p<0.01; F(1,22)(p3, 80+p3)=7.28, p<0.01), whereas 

there were no obvious differences in performance in 

dimension of paces (F(1,22)(p5, p3)=2.34, P=0.13; 

F(1,22)(80+p5, 80+p3)= 2.47, P=0.12). 

 

4.3 ERP  

Artefact-corrected ERP showed that the LCT task 

evoked a P2 (Fig.4 (a)), a positive peak at the 

latency around 250 ms after stimulus onset in the 

frontal-central area. This peak had its maximum at 

FCz and still existed at the parietal area but with 

smaller amplitude and earlier latency (200ms). 

Another prominent component was P3b (Fig.4 (b)), 

a positive peak around 550ms in the central-parietal 

area, and its maximum appeared at POz. 

Additionally, there were a obvious CNV and a N2 

(270ms) at the parietal-occipital area.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Event Related Potential 

Fig.5 shows the comparison of the ERPs under 

three task conditions at different locations. 

Statistical analysis ANOVA revealed that there were 

no obvious differences in amplitude of P2 among 

the three conditions at the frontal-central area 

(Tab.1), whereas, obvious changes in amplitude of 

P3b were obtained at the central-parietal-occipital 

area and the difference reached its maxima at Pz. 

(b)  P3 with a positive peak at the latency 550 
ms located on the parietal-occipital area of the 

Fig.2.Driving performance   
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(a)  P2 with a positive peak at the latency 250 ms 
located on the frontal-central area of the brain  
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Post hoc test revealed that the differences between 

condition 80 and 80+p5, 80 and 80+p3 were 

significant but no obvious difference between 

 

Fig.5. Comparison of the ERPs among three task 
conditions. For the frontal-central P2 the 
amplitude was evaluated by the average of 200-
300 ms and for the parietal-occipital P3b the 
amplitude was evaluated by the average of 
450ms-650ms. 

 
Tab.1 Statistic Analysis 

Post Hoc Test indicates pairs of the condition 
which differ each other. Condition 1, 2 and 3 
represent the workload level low (80), moderate 
(80+P5) and high (80+P3) respectively.  
 

 Loc. ANOVA     Post 
hoc. 

Amp.  
of P2 

FCz F(2,22)=1.99,p=0.14 - 
Cz F(2,22)=2.96,p=0.06 - 

Amp.  
of P3 
  

CPz F(2,22)=3.69,p<0.05 1, 3 
Pz F(2,22)=8.75,p<0.001 1,2   1,3 
POz F(2,22)=7.13,p<0.01 1,2   1,3 
Oz F(2,22)=3.65,p<0.05 1, 3 

 

condition 80+p5 and 80+p3 at Pz and POz were 

observed. Furthermore, the difference between 80 

and 80+p5 disappeared at the CPz and Oz. 

Nevertheless, the differences in amplitude of P3b 

between condition 80 and 80+P3 existed in the 

whole central-parietal-occipital area. 

5. Discussion 

The results from driving performance analysis 

indicate that there is no deterioration of 

performance when the auditory secondary task is 

added. Two possible reasons might account for the 

stabilized driving performance. One is that the LCT 

occupies the visual cognitive resource, whereas the 

PASAT occupies auditory cognitive resource. Based 

on the multiple resources theory (Wickens, 1980), 

the task performance might be insensitive to the 

task load when the concurrent tasks share difference 

resources in the dual task condition.  However, this 

theory might not account for the deterioration of 

PASAT performance when it is combined with 

LCT.  Another possibility is that the concurrent 

tasks indeed evoke higher task load compared with 

the single task condition. However, the participants 

is instructed that to maintain the performance of 

primary task LCT is more important than the 

secondary task, which could account for that why 

there is a deterioration of PASAT performance but 

no decline of driving performance. Nevertheless, 

there are no obvious differences in the PASAT 

performance when comparing the two paced 
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conditions. This indicates that our manipulation of 

task load under the two paced PASAT is not 

successful. However, there is no doubt that the 

combination of LCT and PASAT elicits higher 

workload compared with the single task. 

The result of ERP analysis reveals a significant 

decrease in P3b amplitude with the workload level. 

Previous researches report that the amplitude of the 

P300 reflects the amount of attention resources 

allocated (Polich, 2004). A large number of Oddball 

paradigm researches indicate that the amplitude of 

P300 for the target is much larger than that of the 

non-target P300. That is there seems a positive ratio 

between the amplitude of P300 and amount of 

attention allocated to stimuli. This theory also could 

be reasonable for the interpretation of results from 

some dual-task research. Raabe et.al (2005) 

reported that the amplitude of P300 decreased with 

the task load in an oddball paradigm. The P300 was 

evoked by the secondary auditory task including 96 

frequent tones and 24 seldom tones. The primary 

task was set by two task load conditions, self-paced 

driving and car-following. Admittedly, the higher 

workload level (car following) draws more 

attention of the subject than the low workload level 

(self-paced driving). That is in high workload level 

the subject pays less attention to the secondary task, 

since the primary task occupies a larger amount of 

attention, therefore the amplitude of P300 

decreases. In the present study, the PASAT distracts 

the participant from LCT and draws a part of 

attention, which might lead to that less attention is 

paid for the perception of the road sign. The 

amplitude of P3b, which is modulated by the 

amount of attention, therefore is reduced. 

Nevertheless, there seems no difference in P3b 

amplitude between condition 80 with p5 and 80 

with p3. This might be because that the difference 

of the mental workload under these two conditions 

is not distinguishable.  

To sum up, the attenuation of the amplitude of P3b 

with the workload level indicates that EEG is a very 

effective tool to evaluate the driver’s mental 

workload, and amplitude of P3b is a good candidate 

for the further study about the attention associated 

driver’s mental workload.  However, ERP analysis 

is based on huge amount of event evoked data and 

prone to be sensitive to the artefacts, which limits 

its application in real-time workload evaluation. 

Thus, further parameters, which are less sensitive to 

artefacts and relative more stabilized, are still quite 

necessary for the future research.  
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ABSTRACT 

Starting around 1980 with the introduction of ABS, 
followed in 1995 with the presentation of ESP/ESC, 
and recently with the development of radar and 
camera based driver assistance systems, the 
automotive industry has introduced a great number 
of electronic systems with the specific goal of 
enhancing the active safety of vehicles. 

The paper discusses evaluation methods for the 
effectiveness of modern Active Safety systems with 
respect to: 

� Analyses of accident statistics 

� In-depth studies on real world accidents 

� Case by case evaluations of real world accidents 
and/or field studies 

� Performance tests and measurements on test 
tracks 

The paper gives an overview of the latest methods 
with their benefits and limitations as seen by an 
OEM. 

INTRODUCTION AND MOTIVATION 

One of the first electronic systems that was 
introduced to enhance Active Safety was ABS. The 
degree of innovation of the system at that time made 
it necessary to demonstrate the specific 
characteristics and highlight the benefits that ABS 
delivers in critical driving and braking situations. 
There was a need to convince authorities to 
homologate and consumers to purchase this 
innovative technology. Figure 1 shows one of the 
typical demonstrations that displayed the benefits of 
ABS controlled braking vs. conventional braking.  

Figure 1: ABS Demonstration 1978 

 

However, not only practical demonstrations were 
done at this time. Already, attempts were made to 
quantify the accident reduction potential of ABS on 
the basis of statistical accident data [1]. In this study, 
an effect of 4 to 7% accident reduction due to the 
introduction of ABS was assumed. Unfortunately, 
the attempts to confirm this prognosis in 
retrospective accident analyses were not successful. 
Only many years later it was possible to create a 
successful retrospective accident analysis – for a 
different system, the Electronic Stability Program 
(ESP) / Electronic Stability Control (ESC) [2, 3, 4, 5, 
6]. 

The motivation to show potential benefits of Active 
Safety systems has grown over the years due to the 
increased complexity and functionality of the 
systems. Consumers need to be informed and 
motivated and authorities are not only in the position 
to homologate but also play an important role of 
raising consumer awareness and even implementing 
legislation. Additionally, rating organizations and 
insurance companies have entered the scene to play 
their part in enhancing the market penetration of 
certain Active Safety systems. All these interested 
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parties have a strong interest to assess the efficiency 
of Active Safety systems. 

EVALUATION METHODS FOR THE 
EFFICIENCY OF ACTIVE SAFETY SYSTEMS 

Figure 2 gives an overview of potential methods that 
can be used to evaluate the efficiency of Active 
Safety systems. 

Figure 2: Examples for Efficiency Evaluation of 
Active Safety  

 

Defining and predicting efficiency is a very 
challenging task: An Active Safety system cannot be 
analyzed “stand alone” since it functions together 
with both the driver, his perception and specific 
driving skills and the vehicle with its specific 
dynamic characteristics. So even when the objective 
characteristics, the functionalities and the 
performance of an Active Safety system can be 
defined and measured, they are by far not sufficient 
to quantify system efficiency. In this paper the 
following approaches will be discussed: 

� Analysis of accident statistics 

� In-depth studies of real world accidents 

� Case by case evaluation of real world accidents 
and/or field studies 

� Performance tests and measurements on test 
tracks 

Which method is applicable depends on the system 
type and functionality. 

Examples are given for several Mercedes-Benz 
braking assistance systems in Figure 3. 

Figure 3: Mercedes-Benz Braking Assistance 
Systems from BAS to PRE-SAFE® Brake 

 

The Brake Assist BAS interacts with the driver: If 
the drive applies the brake pedal in a way which is 
characteristic for emergency reactions, brake 
pressure is automatically increased to provide full 
deceleration. This system is complemented by the 
radar based Brake Assist Plus. It warns the driver in 
case of an imminent collision danger and - upon 
pedal application - increases the brake pressure to the 
level that is necessary to avoid the accident. PRE-
SAFE® brake reacts if the driver ignores the visual 
and audible warning and initiates a partial braking 
(stage 1) and a full deceleration (stage 2). PRE-
SAFE® brake stage 2 is activated approximately 0.6s 
before the impact, i.e. when an accident can not be 
avoided. PRE-SAFE® brake stage 2 is designed to 
mitigate the crash outcome and can therefore be 
regarded as an “electronic crumple zone”. 

ANALYSIS OF STATISTICAL ACCIDENT 
DATA 

The most impressive method to prove and quantify 
the efficiency of an Active Safety system in real 
world accident scenarios is clearly the retrospective 
accident analysis. The excellent results that could be 
obtained for the Electronic Stability Program (ESP) 
in numerous studies [i.e.: 2, 3, 4, 5, 6] are a very 
good example. They were so impressive that they 
caused the brake-through of this assistance system.  

Unfortunately, it was not possible to verify the real 
world performance for any other Active Safety 
system in a comparable magnitude. The main 
challenge is identifying statistically relevant changes 
in accident behavior between cars with and without a 
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system that project beyond the noise of accident 
data. ESP was rapidly introduced over numerous 
model lines and hence the effect on accident 
statistics was so significant. 

A further example of a successful retrospective 
accident analysis is the efficiency of the Mercedes-
Benz Brake Assist BAS. BAS was introduced in 
1996 and became standard equipment on all 
Mercedes-Benz passenger vehicles by 1997. Again, a 
very steep gradient of introduction allowed to clearly 
distinguish between cars with and without Brake 
Assist, allowing a tangible evaluation of the effect of 
BAS on rear end crashes in accident statistics.  

Figure 4: Analysis of Accident Statistics, Brake 
Assist (BAS): Fewer Rear-End Accidents. 

 

Figure 4 shows an 8% decrease in rear end crashes 
after the introduction of BAS. 

Of course, a retrospective analysis of accident data is 
only possible if a system has been on the market long 
enough to provide a sufficient market penetration. 
Before and during the introduction of a new Active 
Safety system only prospective methods are helpful. 

IN-DEPTH STUDIES OF REAL WORLD 
ACCIDENTS 

If a retrospective accident analysis is not successful 
for given systems or not possible for new systems, 
in-depth studies of real world accident can be very 
helpful. Real world accidents can be reconstructed 
and re-analyzed considering the assumed effect of a 
specific Active Safety system. For that purpose the 
accident data needs to provide detail (including 
driver behavior). The German GIDAS data base [7] 

is a good source for this purpose. As an example, it 
was possible to recalculate to positive effect of Brake 
Assist on pedestrian accidents on the basis of GIDAS 
data [8]. This study and similar other studies formed 
the basis for the European legislation on pedestrian 
protection that includes the mandatory fitment of 
BAS on passenger cars [9]. 

A different example is the recently published 
prognosis of the efficiency of BAS PLUS on real 
world accidents [10]. 

Figure 5: Efficiency - Prognosis on Basis of Real 
World Accident Analysis (GIDAS)  

 

Figure 5 shows that the predicted efficiency of BAS 
on the basis of GIDAS data is very similar to the 
value that was obtained in retrospective statistical 
accident data analysis. BAS PLUS, a system 
launched in 2005, shows a prognosis of 20% 
accident reduction and additional 25% of accidents 
with mitigation effects. Values for highway- and 
Autobahn-scenarios only are even higher. 

This approach is associated with significant analysis 
effort, but will gain importance in future for system 
development and optimization as well as for creating 
positive public awareness of modern safety 
technologies. 

CASE BY CASE EVALUATION: REAL 
WORLD ACCIDENTS AND/OR FIELD 
STUDIES 

Real world accidents can also deliver very valuable 
information when analyzed case by case. 

Mercedes-Benz has a long tradition in real world 
accident analysis. Mercedes accident engineers have 
been systematically evaluating severe accidents with 
occupant injuries on-site since 1969. An extremely 
detailed database, only comprising Mercedes-Benz 
passenger vehicles and – more recently – light 

Source: * Federal Statistical Office 2006, ** GIDAS 12/2006 Real world accident analysis* 
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commercial Mercedes-Benz vans, has accrued over 
time. Even though comprising a comparatively small 
number of ca. 3,800 cases, the underlying database is 
an invaluable resource for product real world 
performance monitoring and improvement that no 
accident other study can offer. 

But such studies of real world accidents cannot only 
show optimization potential for Passive Safety. 
Accident reconstruction delivers inspiration for 
innovative Passive and Active Safety systems. The 
idea of exploiting the PRE-SAFE® phase, a time 
between departure from safe driving and the actual 
accident, was directly derived from the Mercedes-
Benz accident research. Accident analysts showed 
that the PRE-SAFE® phase was of considerable 
duration, exceeding the time available for crash-
activated devices by orders of magnitude. This 
marked the advent of reversible safety systems, most 
prominently the reversible PRE-SAFE® seat belt 
tensioner. 

The reconstruction of the accident scenario under the 
assumption that a specific Active Safety system was 
present allows a prediction of the systems effect on 
the specific case.  

Additionally, the reconstruction of real world 
accidents can be used to create artificial or virtual 
scenarios for field tests with normal drivers on test 
tracks or in the driving simulator.  

An example for a typical critical driving scenario that 
can be used for field studies on test tracks is 
described in Figure 6. A driver who is not prepared 
for the event experiences an unexpected emergency 
braking situation when an obstacle crosses his 
driving path. The emergency bracing reaction of the 
driver and the resulting stopping distance can be 
measured. The results with BAS and without BAS 
can be evaluated and compared. 

Figure 6: BAS Efficiency on Test Track 
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In this case a significant enhancement of braking 
performance and reduction of stopping distance was 
observed for test runs with BAS. 

Most of the relevant accident scenarios that can be 
derived from accident analyses are of a much more 
complex type, including other traffic and more 
sophisticated driving situations. In these cases a 
driving simulator can be used to gain repeatable 
results under complex conditions without risk for the 
test persons. 

Figure 7: BAS PLUS Efficiency in Driving 
Simulator 

  

Figure 7 shows the result of a study in the Daimler 
driving simulator in Berlin. 110 drivers experienced 
typical critical situations derived from accident 
research. BAS PLUS lead to a reduction of the 
accident rate of 75% in these specific situations 
compared to the conventional BAS. 

 

PERFORMANCE TESTS AND MEASURE-
MENTS ON TEST TRACKS 
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All the effects that Active Safety systems have in real 
world accident scenarios as well as in field studies on 
test tracks or in simulators are of course related to 
their specific functionalities and objective 
performance. Functionalities and performance of the 
Active Safety system are usually well known to the 
OEM and are used as input parameters for all of the 
above described evaluation methods. Nevertheless, 
objective tests are necessary for demonstration and 
especially for validation purposes, e.g. in 
combination with ratings or with homologations. 
Objective tests and minimum performance levels 
have been defined for Electronic Control Systems 
[11] and also for BAS [9]. 

Figure 8: Measurement of Speed Reduction by  
PRE-SAFE® Brake 

 

The result of a typical performance test of the 
recently launched PRE-SAFE® brake stage 2 is 
shown in Figure 8. The diagram shows the result of a 
critical approach to a stationary obstacle that 
simulates a vehicle. Even without any driver reaction 
the vehicle speed is reduced from 54 km/h to 34 
km/h. Partial braking of PRE-SAFE® brake reduces 
the speed by 13 km/h, PRE-SAFE® brake stage 2 
delivers an additional 7 km/h reduction under these 
circumstances. This translates into an energy 
reduction of almost 63% which is not only beneficial 
for the occupants of the car equipped with PRE-
SAFE®, but also for the passengers of the other 
vehicle. 

LIMITATIONS 

Although the functionality and the performance of 
Active Safety systems form the basis for their real 
world efficiency, they are not sufficient to describe 
all relevant effects and will not allow an efficiency 
prediction. Active Safety systems interact with the 

driver, they support the driver, they help to avoid 
mistakes and they interact with the vehicle and the 
environment. A full forecast of their potential is only 
possible with respect to the complete relation of 
driver-vehicle-system-environment (Figure 2). 
Statistical methods or field tests can be an approach 
to that aim, but a test track test alone will not be 
sufficient.  

Even the inviting opportunity to at least compare 
different Active Safety systems with similar 
functionality is questionable. Active Safety systems 
are very complex; they usually contain a variety of 
sub-functionalities. As an example, figure 10 gives a 
rough overview of the functions that are contained 
within a current Electronic Stability Control system. 

Figure 9: ESP® Functions 

 

All these sub-functions are optimized and developed 
during a development phase that takes several years. 
Each function is tested under numerous test 
conditions and situations [12, 13, 14]. It is not 
realistic that this overall functionality and 
performance be evaluated on basis of a limited 
number of tests. 

This is even more important with respect to real 
world accident scenarios, since it is not clear in most 
cases which sub-function had the greatest real world 
effect. 

Finally, even systems that more or less autonomously 
react without driver interaction cannot be evaluated 
completely with simple tests. The test result of PRE-
SAFE® brake in Figure 9 may serve as an example: 
Evaluating the performance of this system on the 
basis of a “positive test” can be very misleading. In 
case of the PRE-SAFE® brake the “positive-false” 
performance is by far the greater challenge. 
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“Positive-false” implies that the system may not 
activate in non-critical real world situations. It is not 
sufficient to create a system that brakes as often and 
as hard as possible. The challenge is to overrule 
system activation in all non-relevant real world 
situations that might occur, and to activate it only 
when really necessary. To verify this, Mercedes-
Benz tests new systems under realistic traffic 
situations (Figure 10). 
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Figure 10: Mercedes-Benz Real World Testing of 
Active Safety Systems 

 

Normal drivers use specially equipped cars in real 
traffic in several countries on different continents to 
evaluate the system performance under real world 
conditions. In a first step the test cars are equipped 
with the system in a passive state, i.e. the sensors, 
controllers and algorithm are on board and active, 
but do not lead to a vehicle system intervention. The 
cars are equipped with several sensors and video 
cameras that allow the evaluation of driving 
situations, driver actions, and system reactions. In a 
second phase the system is active when driven on 
public roads. PRE-SAFE® brake for example 
experienced a total test volume of more than 1 Mio. 
km in real traffic. The collected test data is stored 
and used to recalculate and optimize the effect of 
different algorithms offline. 

SUMMARY AND OUTLOOK 

The evaluation of the effectiveness of Active Safety 
systems is possible on several levels of abstraction. 
Basic tests are functionality and performance tests on 
test tracks that can be used for development or 
demonstration purposes. A broader view of the 
system’s performance, including the driver-system 
interaction, can be gained by field tests on test tracks 
or in a driving simulator, ideally on the basis of 
scenarios derived from real world accidents. 
Statistically more significant are accident 
reconstructions on the basis of in-depth accident data 
analyses. The probably most accurate efficiency 
evaluation is the retrospective statistical accident 
data analysis that delivers the most reliable results, 
but is not viable in most cases and not feasible for 
new systems. 

The effectiveness evaluation of Active Safety 
systems has shown huge impact in the past, 
especially with respect to ESP®. It can be expected 
that in future, the importance of these kinds of 
evaluations will continue to increase. Motivation of 
this is the demand to raise consumer awareness by 
manufactures, authorities, insurance companies and 
others. 

This consumer information is required to increase 
the acceptance and market penetration of effective 
Active Safety systems for the achievement of the 
overall goal: To increase traffic safety, i.e. to reduce 
the number and severity of accidents and to save as 
many lives as possible. 
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ABSTRACT 
 
Electronic Stability Control (ESC) has been proven to 
be one of the most effective safety technologies, 
reducing serious crashes substantially. In Sweden the 
first attempt to stimulate the sales of ESC started in 
mid 2003. By using several market oriented methods 
the penetration rate on new cars reached over 90% 48 
months later and is by late 2008 around 98%. 
In this paper, the methods to increase fitment of ESC, 
are presented, including actions from the government, 
administrations, insurance companies and the 
automotive sector. The results show that a structured 
implementation strategy can be very successful. 
 
BACKGROUND 
 
Electronic Stability Control (ESC) has been proven to 
be very effective in reducing crashes related to loss of 
control (Erke, 2008, Ferguson, 2007). While follow 
up studies from real life crashes show a varying 
effect, it is in general large and consistent. The size of 
the effectiveness is larger than many other safety 
systems, like airbags, and is sometimes called the 
biggest step in automotive safety since the 
introduction of seat belts. Such statement seems a bit 
loose in what is defined as safety systems, but 
nevertheless points at the fact that a new technology 
has quickly established itself as a major step in 
history, and that there is hardly any controversy about 
the effectiveness. This is in contrast with ABS 
(Antilock Braking System), introduced on the mass 
market in the beginning of the 1990s. Despite several 
studies with different study design, the effectiveness 
seems to be very small, if not completely ineffective. 
(Burton et al. 2004) 
 
The first studies of the effectiveness of ESC were 
published in 2003. Several studies followed in 2004 
and 2005 establishing a scientific ground for 
declaring that ESC was effective. Several of the 

studies have been published in peer review journals, 
and several study methods have been used. Given that 
the first mass market introduction of ESC took place 
in 1998 with the Mercedes A Class, quickly followed 
by a few other small or midsized high volume 
vehicle, studies might have been done earlier.  
 
The implementation of ESC has so far been based on 
marketplace growth and on some markets by 
supportive interventions. Legislation has not yet been 
brought in, but decision has been made to make ESC 
mandatory in the USA in 2012 and signals have been 
sent from the EU as well (EU Commission 2008).  
 
The rate of penetration of ESC in new cars seems to 
vary substantially across the world, and also on 
markets close to each other or close in market 
structure in terms of size and category of vehicles 
(Euro NCAP 2008). While these results are hard to 
explain given that cars are more or less global 
products, it is interesting to find the characteristics of 
a country with an almost 100 % penetration (97.9 %, 
December sales 2008), and what might have led to an 
extraordinary quick process, without legislation or 
other significant incentives. In most other European 
countries the fitment rate is much lower. The only 
country with a similar rate as Sweden is Denmark. 
Denmark has a totally different approach to increase 
the fitment rate by economic incentives for those 
buying a new car fitted with ESC.  
 
The purpose of this paper is to describe and discuss 
the implementation process of ESC in Sweden. 
 
ACTIONS TO IMPROVE PENETRATION 
 
The first mass market car with ESC was introduced 
late 1998. Following an event in Sweden involving a 
journalist tipping over the car in a manoeuvre test, the 
car was recalled and ESC was added to improve 
handling. ESC was from then on gradually 



implemented on executive mid size and large cars and 
reached a 15 % new car sales penetration in mid 
2003.  
 
The first study of the real life effectiveness of ESC 
was presented in March 2003 by the Swedish Road 
Administration (SRA) and Folksam insurance 
company in cooperation with the Swedish magazine 
“Auto, Motor och Sport”.  
 
The results had been known by the partners since 
early 2003, and would have been presented in 
June2003 at the ESV Conference, but the results were 
considered so sensational that the presentation was 
brought forward. The study was later presented at the 
ESV conference and also published in scientific press 
(Tingvall et al. 2003, Lie et al. 2004). 
 
The organisations involved also took the unusual step 
to take action from results of only one study. A 
recommendation was issued at the same time stating 
that “all car buyers are recommended to choose a car 
with ESC”.  
 
The results and the recommendation caught major 
media interest. At the same time, purchasing and 
rental car policies for SRA and Folksam operations 
were changed so that all new cars bought from the 
date of the presentation should have ESC. The 
policies also changed and were stating that in the near 
future all cars rented for short term or long term 
renting and used by staff of Folksam and SRA must 
have ESC.  
 
This decision was taken to influence the rental car 
market that has a fair market share for new cars, in 
the order of 7-8 %. The car rentals made by the 
Swedish insurance industry accounts for 50% of all 
car rentals. The change in policy also was intended to 
influence other fleet buyers to change their policies.  
 
Later in 2003, the first screening of how car 
manufacturers and importers of cars had reacted and 
to what extent ESC fitment was increasing, was made 
by SRA. Some manufacturers and importers were 
contacted by SRA to discuss their plans for ESC 
fitment, especially those who were to introduce new 
models. The intention was to get in touch with the 
market departments to show the interest in ESC and 
thereby possibly influence their decision to make 
ESC standard fitment. It is likely that several 
manufacturers and importers changed their intended 
decision after those contacts. The key message from 
SRA has been that ESC should be standard equipment 
for as many models as possible. 
 

Late 2004, when more scientific evidence showed 
that ESC was highly effective (Dang 2004, Farmer 
2004), the Director General of SRA sent a letter to all 
manufacturers and importers asking them to as 
quickly as possible stop selling cars without ESC. 
This letter had of course no legislative or any other 
legal basis, it was simply a request based on the 
scientific findings.  
 
In 2004 and 2005, the Swedish Occupational and 
Health Safety (OHS) Administration brought in ESC 
in their checkpoints when employers were asked 
about a systematic improvement of OHS. This of 
course exposed many organisations to the urgency of 
ESC. By the same time, many fleet buyers had picked 
up ESC in their purchasing and rental car policies. At 
this point of time, almost 70 % of new car sales had 
ESC.  
 
In 2004, SRA as a member of Euro NCAP proposed 
that ESC should be promoted through Euro NCAP, 
which Euro NCAP also did in 2005 as a “strong 
recommendation to consumers”. This was later 
followed by the involvement in ChooseESC, the 
major campaign from e-safety, FIA, the EU Com and 
many others.   
 
A new scientific study of the effectiveness of ESC 
was presented by SRA and Folksam in 2005 (Lie et 
al. 2005, 2006), demonstrating both more long term 
effects as well as more broken down effectiveness 
estimates. At the same time, a special commission on 
crashes in wintertime was formed in Sweden, with 
members form many stakeholders, like the tyre 
industry. The commission also issued a 
recommendation on ESC and all stakeholders took a 
decision only to buy and use cars with ESC. Both the 
results of the new study and the results of the 
commission were brought to media attention (SRA 
2005).  
 
In 2006 Folksam made a first evaluation of ESC 
fitment rates on all car models on the Swedish market 
(Folksam 2006). It showed that 33% of the models for 
sale were not fitted with ESC as standard. In 2007 a 
second evaluation was made. The second study was 
made in a same way in several EU member states 
within the RCAR (Research Council for Automobile 
Repairs) p-safe group. The activity was made as a 
bench marking aimed at reaching the same fitment 
rates within the countries involved. In December 
2007 96% of all new cars sold in Sweden was fitted 
with ESC. In 2008 a third review was made that 
showed improvements for all countries. The largest 
improvement, however, was shown for Sweden that 
already from in 2006 had a leading position. 



 
In 2007, Folksam Insurance Group adjusted their 
premiums according to the fitment of ESC. The 
differentiation was set to 15 %. SRA at this time 
initiated that the national vehicle registry should 
contain the possibility for car manufacturers and 
importers to on a voluntary basis register all cars with 
ESC. In 2007 when the government as a whole made 
a purchasing contract with all interested importers of 
cars, ESC was a mandatory requirement. In 2008 this 
will be expanded also to all vehicles except HGV.  
 
In December 2008, the fitment rate was 97.9 % and 
will most probably rise to almost 99 % in   2009. The 
only current signal that is not promising is that one 
importer plan to sell a low cost vehicle without ESC 
(Dacia/Renault). There is no other sign of a process 
moving backwards.  
 
 
What seems to be most critical for the implementation 
of ESC is the following 
 

- The scientific results. Without these 
findings there would be no action from 
all stakeholders involved 

- The involvement of media. Media has 
been involved from the beginning, even 
in presenting the first scientific results, 
and followed this up by mentioning ESC 
in most car tests and asking car 
manufacturers and importers when new 
cars are launched 

- The purchasing behaviour from the 
stakeholders involved. SRA and 
Folksam actually only using cars with 
ESC sent a signal that the issue was 
serious and created a demand from the 
market place.  

- The constant contact with manufacturers 
and importers about their plans showing 
the seriousness from both the 
government and insurance 

- The constant monitoring of the 
implementation process and the 
benchmarking to other countries. 

 
In order to set the process, all these identified steps 
should be taken. What is crucial is the scientific 
evidence.  
 
DISCUSSION 
 
It is obvious that new safety technology can be 
implemented successfully through the market place, 
but that the society must act accordingly. To simply 

leave the issue to the suppliers of new technology, 
and the customers, is not likely to work. The varying 
results across countries are probably a sign of this.  
 
A number of important steps are mentioned, but it 
seems impossible to start to intervene in stimulating 
the market without scientific evidence. While it could 
be research initiated by governmental bodies, NCAP 
organisations or insurance companies, the automotive 
industry could also play a more active role. In this 
particular case, with ESC, there were attempts from 
industry to publish results, but hardly in the way that 
the research community accept. There are, however, 
examples of research published under the scrutiny of 
peer review from industry. Euro NCAP has initiated a 
process whereby car manufacturers can demonstrate 
the safety performance to the society in a staged 
process (Beyond NCAP). This is an opportunity to 
show safety benefits at a quite early stage. 
Nevertheless, governments should also engage in 
collecting information and make that available for 
research. It is still extraordinary strange that the first 
follow up of ESC came from Sweden, one of the 
smallest countries in Europe. In countries like 
Germany, the UK, France, the US and probably more, 
studies of the effectiveness of ESC could have been 
done much earlier, probably around 1999 or 2000. 
Combining data from these countries could also have 
been an option. While the analysis of ESC is quite 
straightforward and could be quite easily done on 
mass databases, there is still no attempt from some 
countries to be involved in follow-up studies of new 
technologies. 
  
The behaviour of the organisations sending the signal 
to the society is probably of great importance. While 
this seems natural, also from the responsibility under 
the OHS act, few governments seem to act in such a 
way. Probably even car manufacturers do not act in 
this way. Corporate behaviour probably played a 
major role in the implementation in Sweden, and 
probably worked in a twofold way. First of all, it is 
sending a signal to the market from organisations that 
would be considered as serious. Secondly, it 
intervenes in the marketplace. Rental cars are a quite 
substantial part of new car sales, and would normally 
be less specified vehicles. When this part of the 
market is triggered it has an influence on the rest of 
the cars specified by the manufacturer and importers. 
Not having ESC as an option at fair price or standard 
equipment to the rental car market and governmental 
fleets leaves a portion of the market outside.  
 
The contact with manufacturers and importers is if 
great value, and without their support the 
implementation would not be so successful. Constant 



monitoring of their behaviour is also important, to 
build trust that not anyone of them returns to lower 
specified vehicles. The only case where this seems to 
happen in Sweden is with one importer, 
Renault/Dacia. The initiative of Euro NCAP on 
integrating ESC in the rating scheme plays a role.  
 
Differentiation of insurance premiums could be very 
important, but is also based on scientific evidence.  
 
Bench marking between countries is also a tool to be 
used to increase fitment rates. The activities within 
the RCAR frame have indicated a general increase in 
fitment rates.  
 
There will be a plethora of new systems and 
technologies that enters and will enter the market. 
They are likely to be introduced in the form of 
optional equipment or on individual car models, and 
the market will have some problems in choosing what 
is effective. The society should take a much bigger 
role in stimulating effective systems and develop 
implementation methods. In this paper, quite simple 
methods were used, but there might be systems that 
will be more complicated to introduce, such as 
alcohol systems. In such cases, there might be an 
opportunity to test and use economic incentives as 
well, something that obviously was not needed for 
ESC.  
 
While legislation to some is in competition with 
market oriented implementation, it should be seen as 
a complement. When the market has matured, 
legislation is a natural next step, but introducing the 
idea about legislation too early could be detrimental 
to rapid implementation. It could slow down the 
process and also build up resistance in the society as 
well as slowing down technological development. 
Each state should instead see the responsibility to act 
on the market before legislation is enforced.  
 

CONCLUSIONS 
 

- It is obvious that new safety technology 
can be introduced massively through 
quite simple methods – in Sweden the 
ESC fitment on new cars is more than 
97 % 

- The basis for stimulating the 
marketplace is scientific evidence that 
there is a benefit of the technology. Both 
industry and the society should engage 
in making such evidence available 

- Important stakeholders, like the 
government and insurance companies, 
should act accordingly and only buy, 
rent and use vehicles with the 
technology that is effective 

- Media and industry are crucial 
stakeholders in the process 
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ABSTRACT 

64km/h frontal offset crash tests are conducted by 

consumer crash test programs in Australia/New 

Zealand, Europe, the USA, Korea and Japan. Data 

from ANCAP and Euro NCAP crash tests are analysed 

and trends for head, chest and leg protection and 

structural performance are discussed.  

Vehicle designs have evolved to provide better 

occupant protection in frontal offset crashes. 

Consumer crash test programs have accelerated this 

process. 

INTRODUCTION 

The Australasian New Car Assessment Program 

(ANCAP), US Insurance Institute for Highway Safety 

(IIHS) and Euro NCAP have conducted 64km/h offset 

crash tests since the mid 1990s. Japan NCAP and 

Korean NCAP also conduct this test. In 1999 ANCAP 

aligned its test and assessment protocols with Euro 

NCAP and began republishing applicable Euro NCAP 

results.  

This paper sets out the results of an analysis of offset 

crash test results for 332 models of passenger vehicles. 

Results have been analysed by year model to check for 

trends over 12 years of testing (1996 to 2008). 

DATA SOURCES 

Crash tests conducted by Euro NCAP and ANCAP 

have been analysed. Table 1 sets out the number of 

models evaluated by year and vehicle category. Three 

categories have been used in the analysis: 

• Cars - Passenger cars, multi-purpose passenger 

vans, sports cars 

• SUVs - Sports Utility (four-wheel-drive) vehicles 

• Commercial ("Comm")  - Utilities ("pick-ups") and 

goods vans 

Table 1. Sample Sizes 

Year Model Cars Comm. SUVs All 

1996 4     4 

1997 9  3 12 

1998 15  2 17 

1999 17  1 18 

2000 14   14 

2001 17 5  22 

2002 8  16 24 

2003 26  3 29 

2004 20  7 27 

2005 26 11 8 45 

2006 24 1 11 36 

2007 28 5 5 38 

2008 30 9 7 46 

Total 238 31 63 332 

Sample sizes in some cells are small, resulting in some 

uncertainty with derived trends. Also it should be 

noted that NCAP organisations sometimes conduct 

campaigns targeted at particular groups of vehicles and 

this can affect the derived trends. 

All injury measurements are for Hybrid III 50%ile 

males. 

RESULTS - INJURY MEASUREMENTS 

Driver HIC 

Figure 1 shows the trends for driver Head Injury 

Criterion (HIC36). There is a slight downward trend. It 

is rare to see HIC above 650 (the Euro NCAP lower 

limit) after 2001. The few cases above this value 

generally do not have a driver airbag. ANCAP is likely 

to have influenced the uptake of airbags, particularly 

with commercial vehicles that can meet Australian 

regulations without an airbag. 

INJURY AND STRUCTURAL TRENDS  DURING 12 YEARS OF NCAP FRONTAL OFFSET CRASH TESTS 

Michael Paine 
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Road Safety Solutions  
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Figure 1. Trends in Driver HIC 

 

Figure 2. Trends in Driver Chest Compression 
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Figure 3. Trends in front passenger chest compression 

 

 

Figure 4. Trends in driver tibia index 
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Chest compression 

Figures 2 and 3 show trends in driver and passenger 

chest compression. The Euro NCAP system assigns a 

good rating for compression of 22mm or less and a 

poor if more than 50mm. 

There is a slight downward trend for car drivers but the 

average remains well above the desired 22mm level. 

There is a slightly stronger downward trend with 

passenger chest compression, compared with drivers, 

but the averages remain well above 22mm. 

For both the driver and passenger the average 

commercial vehicle values are substantially higher 

than for cars and SUVs. 

Seat belt technologies such as pretensioners and load-

limiters are usually fitted to models that achieve 

relatively low chest compression values. 

Driver Tibia Index 

Four separate tibia index values are measured. The 

worst of these four readings is used in the analysis (as 

it is for scoring under the Euro NCAP protocol). 

Results are plotted in Figure 4. The Euro NCAP 

system assigns a good rating for a tibia index of 0.4 or 

less and poor for 1.3 or more. 

The strong downward trend (that is, reduced risk of 

serious injury) that was evident in the 2001 analysis 

has continued (Paine 2001). 

RESULTS - DEFORMATION MEASUREMENTS 

A-Pillar Movement 

Residual rearward displacement of the A-pillar 

(adjacent to the upper hinge of the front door) gives an 

indication of the integrity of the passenger 

compartment. Large displacements are usually 

associated with catastrophic collapse of the roof, 

driver's door and floorpan. 

Euro NCAP applies a "chest score modifier" to A-

pillar displacements greater than 100mm, scaling up to 

a 2 point penalty at 200mm displacement. 

Results are plotted in Figure 5. A downward trend that 

was evident in 2001 has continued (Paine 2001). 

Commercial vehicles tend to have a larger 

displacement than cars or SUVs. 

 

Figure 5. A-pillar rearward displacement (mm) 
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Brake Pedal Movement 

Residual rearward displacement of the brake pedal 

gives an indication of potential injury to lower legs and 

feet. Breakaway pedal mounts are becoming common 

to eliminate rearward movement of pedals. 

Under the Euro NCAP system a good result is obtained 

if the displacement is less than 100mm and a poor 

result is obtained if the displacement is 200mm or 

more. Results are plotted in Figure 6.  

There is a downward trend for cars and SUVs. 

Commercial vehicles generally have much larger pedal 

displacement than cars and SUVs. In some cases it is 

possible that the groin of the dummy contacted a pedal 

that was displaced close to the front edge of the seat. 

Offset score 

The Euro NCAP system assigns a score out of four for 

each of four body regions: head/neck, chest, upper leg 

and lower leg. In some cases "modifiers" are applied to 

the scores - the scores are reduced to take into account 

the potential for further injury due to intrusion or stiff, 

sharp interior components. Figure 7 shows the trends 

for offset scores between 2000 and 2008.  

The general trend is an improvement in offset score, 

indicating reduced risk of serious injury. However, 

there are still some cases with comparatively poor 

offset scores. The average for commercial vehicles 

remains well below that for cars and SUVs. 

Vehicle body deceleration 

Vehicle body decelerations were available from model 

year 2000 for ANCAP tests. After review of the data it 

was decided to use the peak b-pillar x-axis deceleration 

on the non-struck side because the struck side plots 

had some unrepresentative spikes. The non-struck side 

was therefore considered to be more appropriate for 

comparison purposes.  

Figure 8 shows that there is no strong trend with peak 

vehicle deceleration over the eight years. This is 

despite the downward trend in a-pillar displacement 

over the same period (Figure 5). This result suggests 

that car designers are finding ways to manage vehicle 

decelerations at the same time that the cabin structural 

integrity is being improved. 

There was no noticeable change in average kerb mass 

of cars over the study period (not graphed). 

 

Figure 6. Pedal rearward displacement (mm) 



Paine, Page 6 

 

Figure 7. Trends in offset test score (with modifiers) 

 

Figure 8. Trends in B-pillar deceleration (peak G, non-struck side) 
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TRENDS WITH TWO AUSTRALIAN CARS 

ANCAP began 64km/h offset crash tests of Australian 

cars in 1995. The trends with two popular large cars - 

the Holden Commodore and Ford Falcon - are 

analysed below. Both models reached an ANCAP 5-

star occupant protection rating for the first time in 

2008 (the Commodore offset test injury scores are 

based on the 2006 year model). 

ANCAP began assigning star ratings, based on Euro 

NCAP protocols, in 1999. ANCAP introduced more  

stringent requirements for a 5 star rating in 2004 when 

it required a score of at least one point in the side pole 

test. This effectively required head-protecting side 

airbags. In 2008 ANCAP added electronic stability 

control as a requirement for 5 stars. 

Deformation trends 

Figure 9 shows the trends with A-pillar displacement 

and pedal displacement for both models. 

The Falcon pedal displacement measurements  are not 

available for pre 2000 models but were large.  

There has been strong improvement in both 

deformation measurements over the decade. This is 

also evident in the images from the peak of the crashes 

(see Appendix 1). 

Injury Trends 

Driver injury measurements have been normalised 

using the Euro NCAP limit and the results are 

presented in Figures 10 & 11. The lower limit is used 

for HIC, chest compression and femur compression. 

The upper limit (1.3) is used for tibia index due to the 

very high values in the initial years. The Euro NCAP 

lower limit for tibia index is 0.4. 

The Commodore shows a strong improvement in 

driver HIC between 1996 and 1997. Chest 

compression and femur compression improved 

gradually. Tibia index improved strongly between 

1996 and 2003. 

For the Falcon the driver HIC, femur compression and 

tibia index improved strongly. Chest compression 

changed little. 

DISCUSSION 

The average values for HIC and chest compression for 

the driver, as measured in the 64km/h frontal offset 

crash test have reduced gradually over the 12 years of 

analysis. As observed in 2001 (Paine & Griffiths), 

some vehicles already had a driver airbag and 

advanced designs of seat belt by the mid 1990s.  

 

Figure 9. Deformation trends with Commodore & 

Falcon 

 

Figure 10. Commodore injury trends 

 

 

Figure 11. Falcon injury trends 
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The main effect of NCAP programs has been to 

influence the models that do not have these 

technologies and this appeared to be the case in Europe 

when Euro NCAP commenced.  By the late 1990s, 

however, Australia and New Zealand were noticeably 

lagging in the uptake of these features, which were not 

essential for meeting regulations. ANCAP is therefore 

likely to have resulted in accelerated introduction of 

these features (Fildes and others 2000). 

The risk of lower leg and foot injury has reduced 

substantially over the period of analysis. Footwell, 

pedal and underfloor designs continue to improve. This 

can be attributed, in part, to the consumer offset crash 

tests which can be very demanding on the vehicle 

structure in this region. Structures that channel crash 

forces around the vulnerable footwell area are evident 

in recent designs (Paine and others 1998). An 

increasing number of models have pedals with 

breakaway mounts or designs that move the pedal 

forward in the event of relative movement between the 

firewall and pedal mounting bracket. 

Commercial vehicles 

Unfortunately there remain on the Australian and New 

Zealand markets many models of commercial vehicle 

that have much lower performance than typical cars. 

This is a concern because these vehicles are usually 

used for work purposes, the drivers may have little say 

in the selection of these vehicles at the time of 

purchase and may travel many more kilometres per 

year than the average, increasing their crash exposure.  

There are now several ANÇAP 4-star commercial 

vehicles for sale in Australia and New Zealand. A few 

commercial utilities and vans have head-protecting 

side airbags as an option and these may achieve a 5-

star rating during 2009. 

Structural performance 

The analysis of vehicle body deceleration indicates a 

slight increase in the average of the peak B-pillar 

deceleration of tested models between 2000 and 2008 

(Figure 8: 28g to 34g). This slight increase contrasts 

with major improvements in lower leg protection 

(Figure 4) and suggests that footwell design 

improvements not been at the expense of substantially 

higher vehicle body deceleration.  

Prior to 2000 many models experienced excessive 

collapse of the front occupant compartment (see Figure 

5 and examples in the appendix). It is likely that 

vehicle body decelerations did increase during this 

period, when cabins were strengthened and more crash 

energy was absorbed by the front structure.  

Figures 1 and 2 indicate that front occupant restraint 

systems evolved to cope with these increased vehicle 

body decelerations. For example, seat belt 

pretensioners and load limiters allow the occupant to 

ride down the crash while controlling the loading on 

the human body. 

Digges and Dalmotas (2007) have proposed that US 

NCAP introduces a 40km/h full-frontal crash test using 

5%ile adult female dummies in both front seats. They 

note a rise in chest injuries suffered by frailer 

occupants in crashes of relatively low severity and 

suggest that occupant restraint systems appear to be 

optimised for the 50%ile adult male used in the 

56km/h US NCAP full frontal crash test. They also 

note that chest compression may be more relevant for 

frailer occupants than the chest deceleration that is 

rated by US NCAP. 

While comparison data was not available at the time of 

writing, it is possible that the Euro NCAP/ANCAP 

64km/h offset test (that already rates chest 

compression) would provide similar incentives to the 

proposed 40km/h full frontal test to address the 

protection of frailer occupants. In particular, car 

designers are known to have experienced challenges in 

getting front occupant chest compression below the 

22mm lower limit that is a "good" rating under Euro 

NCAP/ANCAP protocols. 

Consideration could be given to replacing the 50%ile 

adult male dummy in the front passenger seat with a 

5%ile adult female to further address the concerns 

about frail occupants. 

Rear seat occupants 

Rear seat restraint systems tend to be much less 

sophisticated than the front seat systems. There are no 

dynamic performance requirements for rear seat belts 

in Australian regulations. Recent analysis by Esfahani 

and Digges (2009) found concerns about rear seat 

occupant protection, compared with front seats. 

Brown and Bilston (2007) found that older children 

could be better protected in rear seats. Seat belt 

geometry and dynamic performance deserved greater 

attention. 

Mizuno and others (2007) conducted a series of full-

frontal crash tests with the intention of showing the 

hazards of not using seat belts in rear seats. An 

unexpected result was that the injury measurements for 

a restrained 5%ile adult female dummy indicated a 

high risk of head and thorax injury. As a result of 

follow-up research it is likely that Japan NCAP will 

add this dummy to the rear seat for its full frontal and 

frontal offset crash test protocols. 
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Timing of introduction of vehicle safety initiatives 

The table in Appendix 2 gives a timeline for 

introduction of various vehicle safety initiatives, such 

as the frontal offset crash test. This illustrates that 

NCAPs frequently introduce new requirements well 

ahead of the regulations and, in many cases, sets 

tougher requirements than subsequent regulations. 

These demanding NCAP tests are likely to have been a 

key factor in the improvements to occupant protection 

evident over the twelve years analysed for this paper. 

CONCLUSIONS 

Analysis of vehicle deformation and front occupant 

injury trends for NCAP frontal offset crash tests 

conducted between 1996 and 2008 indicated a gradual 

reduction in the risk of serious head and thorax injury 

and a strong reduction in the risk of serious lower leg 

injury. 

NCAP programs have likely had an influence on the 

models that did not perform well and many of these 

have dropped out of the Australasian market.  

Now that there is an ample choice in most vehicle 

segments, fleet purchasers are increasingly demanding 

a minimum 4 star ANCAP performance and this 

appears to have triggered some manufacturers into 

taking more notice of the ANCAP ratings. There have 

even been cases of retests of improved models in order 

to gain a better rating. 

Concerns remain about the dismal offset crash 

performance of many models of commercial vehicle. 

NCAPs should focus more attention on testing this 

group and draw attention to the large differences in 

performance. 

There are also concerns about the protection of rear 

seat occupants and it is clear that most rear seat 

restraint systems are not keeping pace with the design 

of front seat restraints. NCAPs should consider adding 

a small adult female dummy to the rear seat for the 

offset crash test. 
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APPENDIX 1 - IMAGES FROM CRASH TEST VIDEOS 

The following images illustrate the improvements in structural performance evident from 12 years of ANCAP offset 

crash tests. ANCAP began the Euro NCAP-style star rating in 1999. 

 

Year Model Holden Commodore Ford Falcon 

1994-6 

  

1997-8 

  

2000 

 

 
 

2003 

 

 

 

2008 
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Commercial utility vehicles - 64km/h offset crash tests conducted by ANCAP 

 

Vehicle 

Model 

1995 2005-8 

Holden 

Rodeo 

  

Mazda 

Bravo/ 

BT50 & 

Ford 

Courier 

 
 

Mitsubishi 

Triton 

 

 

Toyota 

Hilux 
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APPENDIX 2 - TIMING OF INTRODUCTION OF ROAD USER PROTECTION INITIATIVES 

 

Table A2. Timing of Road User Protection Initiatives 

Test Procedure Procedures 

Developed 

Consumer Tests Regulation (cars) 

Full frontal crash test USA: late 70s US NCAP: 1979 

ANCAP: 1992  

(56 km/h) 

FMVSS 208: late 1970s 

(48km/h) 

FMVSS 2008: 2007 (56km/h) 

ADR 69/00 1995 (48km/h) 

Offset crash test (40% 

frontal) 

EEVC: early 90s ANCAP: 1993 (60km/h) 

IIHS: 1995 (64km/h) 

ANCAP 1995 (64km/h) 

EuroNCAP: 1996 (64km/h)  

ECE R94: 1998 (56km/h) 

ADR73/00: 2000 for new 

models, 2004 for existing 

models (56km/h) 

Side Impact (Moving 

barrier, perpendicular 

impact) 

EEVC: early 90s EuroNCAP: 1996 (50km/h) 

ANCAP: 1999 (50km/h) 

ECE R95: 1998 (50km/h) 

ADR72/00: 2000 for new 

models, 2004 for existing 

models (50km/h) 

Side Pole Impact 

(29km/h perpendicular 

or 32km/h oblique) 

EEVC: mid 90s Euro NCAP: 1999 

ANCAP: 2000 

US NCAP: 2010 

US FMVSS 214: 2010 

ECE ? 

ADRs ? 

Pedestrian Protection EEVC: early 90s EuroNCAP 1996 (40km/h) 

ANCAP: 2000 (40km/h) 

ECE 2005 (first phase) 

ECE 2010 (second phase) 

ADRs ? 
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ABSTRACT 
 
In 2009, Euro NCAP intends to change its rating 
system. The new rating will put a greater emphasis 
on the pedestrian protection potential. Therefore, 
Euro NCAP endeavours to assess the vehicle’s 
overall safety performance and communicate it 
simply to consumers using a single star rating.  
 
This study aims to estimate, how well the 
pedestrian rating system matches the expected real-
world benefit. Furthermore, the benefit range 
achieved for different Euro NCAP pedestrian 
protection scores is determined. The vehicle impact 
zones and their related NCAP points are also 
evaluated for their actual effectiveness.  
 
The analysis bases on the German In-depth 
Accident Study (GIDAS) database. A case-by-case 
analysis was carried out for 667 frontal pedestrian 
accidents where the vehicle speed was 40kph or 
less. More than 500 AIS2+ injuries are analysed 
regarding severity, affected body region, impact 
point on the vehicle, and the particular NCAP zone. 
An injury shift method was then used to determine 
the benefit derived from each testing zone. 
 
One result of the study is a detailed impact 
distribution for AIS2+ injuries across the vehicle 
front. The rating colour code distributions for 
different vehicles with various higher point levels 
were compared to the original dataset and to the 
current standard in pedestrian protection. In order 
to estimate the overall benefit range, the analyses 
used optimistic and pessimistic approaches. 
 
It is shown that current vehicles already exhibit 
significant real-world benefits. Furthermore, the 
additional benefit for vehicles achieving various 
point scores were estimated although the calculated 
benefits are mostly over-estimations due to missing 
test results for older vehicles and conservative 
assumptions. 
 
This is the first detailed analysis of injury causation 
in NCAP zones and has been made possible by 
high accident numbers. Thus, the expected real-
world benefits of any vehicles can be compared to 
their Euro NCAP test results. 
 

 
 
INTRODUCTION 
 
The present study deals with frontal pedestrian 
accidents under participation of M1 vehicles and 
collision speeds up to 40 kph. Basing on in-depth 
accident data, a detailed distribution of pedestrian 
impact points in Euro NCAP test zones is created. 
The data is then used for the evaluation of the Euro 
NCAP pedestrian rating method. Furthermore, the 
expected real-world benefit of different Euro 
NCAP colour distributions is estimated.  
 
DATASET 
 
This chapter deals with the data source which is 
used for the analysis. The sample criteria as well as 
the creation of the master-dataset are described. To 
get an overview of the pedestrian accident 
scenarios some statistical information is provided. 
 
Data source 
 
For the present study accident data from GIDAS 
(German In-Depth Accident Study) is used. GIDAS 
is the largest in-depth accident study in Germany. 
The data collected in the GIDAS project is very 
extensive, and serves as a basis of knowledge for 
different groups of interest. 
 
Due to a well defined sampling plan, 
representativeness with respect to the federal 
statistics is also guaranteed. Since mid 1999, the 
GIDAS project has collected on-scene accident 
cases in the areas of Hanover and Dresden. GIDAS 
collects data from accidents of all kinds. Due to the 
on-scene investigation and the full reconstruction 
of each accident, it gives a comprehensive view on 
the individual accident sequences and the accident 
causation. 
 
The project is funded by the Federal Highway 
Research Institute (BASt) and the German 
Research Association for Automotive Technology 
(FAT), a department of the VDA (German 
Association of the Automotive Industry). Use of 
the data is restricted to the participants of the 
project. However, to allow interested parties the 
direct use of the GIDAS data, several models of 
participation exist. Further information can be 
found at http://www.gidas.org. 
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Sample criteria and master-dataset 
 
The study is carried out on the basis of the current 
GIDAS dataset, effective July 2008. Out of all 
17052 cases in the database only the 13653 
reconstructed accidents are used as only these do 
include information regarding the collision speed.  
 
For the creation of the master-dataset only 
accidents with at least one involved pedestrian are 
chosen. Only the first pedestrian hit by the vehicle 
is considered in the few cases with two or more 
pedestrians. Taking all reconstructed accidents with 
a collision of a vehicle and a pedestrian into 
account 1821 cases can be found in the dataset. 
 
The first sample criterion is the vehicle class. The 
study considers all accidents with passenger cars of 
the M1 type (according to the UN-ECE definition). 
Out of all 1821 pedestrian accidents, 1284 
accidents meet this condition, making up 70,5%. 
 
In the next step, only accidents with a frontal 
impact of the pedestrian are taken into account. 
This criterion is defined on the basis of the 
Collision Deformation Classification (CDC, 
according to the SAE J224). Furthermore, special 
types of accidents have been excluded from the 
analysis. These are accidents, where no “typical” 
frontal impact occurred, for example: 

- run-over accidents, where the pedestrian 
already laid on the road 

- accidents where a pedestrian was crushed 
between two vehicles 

- side-swipe accidents, where the pedestrian 
was hit by the external mirror but not by 
any other part of the vehicle front 

 
Using the second digit of the CDC (impacted 
vehicle side) and filtering for frontal accidents will 
lead to a number of 856 accidents. 
 
At last, the accidents are grouped by the collision 
speed. The impactor velocity in Euro NCAP tests 
and in the test definitions of the Directive 
2003/102/EC is 40kph. Above this velocity, there is 
only a very limited potential for passive safety 
measures. Furthermore, there are hardly any 
impacts on the bonnet expected. Thus, a distinction 
is drawn between accidents with a collision speed 
up to 40kph and the ones above.  
 
The following figure shows the accident numbers 
within the two groups and the resulting injury 
severity distribution (Figure 1). 
 

 
 
Figure 1.  Distinction of accidents with collision 
speeds up to 40kph and above. 
 
Due to the above mentioned facts, the study 
considers only accidents with a collision speed of 
up to 40kph. This leads to the final master-dataset 
which consists of 667 frontal pedestrian accidents 
with M1 vehicles and collision speeds up to 40kph. 
That means, that 36,6% of all pedestrian accidents 
(667 out of 1821) are principally addressed by 
legislation and Euro NCAP tests. 
 
Descriptive Statistics 
 
At this point, some information on the master-
dataset is given. The distributions of relevant 
accident parameters as well as some vehicle data 
and injury severity distributions are displayed to 
get an overview of the pedestrian accident 
scenarios. 
 
     The accident site and accident scene  – are 
considered first. (Figure 2). More than 98% of all 
pedestrian accidents in the dataset happened in 
town. The already large proportion of in-town 
accidents in the German pedestrian accident 
scenario (94% in 2006) is thereby further increased 
by the restriction to accidents with collision speeds 
up to 40kph within the present study. 
 
Looking at the distribution of accident scenes, it 
can be seen that more than half of all pedestrians 
are hit by the car while crossing a straight road. 
Another 38% collide with the car on crossings and 
T-junctions. These are mostly accidents where the 
vehicle turns off to the left or right side without 
giving right of way to the pedestrian. 
 
     The collision speed  – is one of the most 
important parameter in frontal pedestrian accidents, 
due to the large influence on the injury severity 
outcome of the pedestrian. As mentioned above, 
the study deals with frontal pedestrian accidents 
with collision speeds up to 40kph. The following 
chart shows the distribution of the collision speed 
for all accidents in the master-dataset (Figure 2). 
 
 
 
 

collision speed
up to 40 kph:
667 (77,9%)

frontal pedestrian accidents with M1 vehicles: n = 856

collision speed 
above 40 kph:

189 (22,1%)

385 (57,7%) sligthly injured
271 (40,6%) severely injured

11 (1,6%) fatally injured
pedestrians

29 (15,3%) sligthly injured 
123 (65,1%) severely injured

48 (19,6%) fatally injured 
pedestrians
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Figure 2.  Distribution of collision speed. 
 
     The vehicle age – is closely linked to the shape 
of the vehicle front because the steady development 
progress as well as the statutory provisions always 
influences the design of vehicles. It is well known 
that the front shape is decisive for the pedestrian 
kinematics and injury causation in case of a frontal 
impact. The front design of passenger cars changes 
over time and thus, it is important for the benefit 
estimation to know how old the vehicles in the 
dataset are. Thus, the year of market introduction is 
considered for all vehicles (Figure 3). 
 

 
 
Figure 3.  Year of market introduction of the 
667 vehicles in the master-dataset. 
 
It can be seen that from today’s point of view, the 
vehicles are rather old. Considering the respective 
day of the accident for each case, the vehicle age is 
11,3 years on average. Furthermore, only few 
modern vehicles can be found in the dataset due to 
their small market penetration.  
 
The vehicle age should be considered during the 
benefit estimation because most of the vehicles did 
not have to comply with the current legislation 
concerning pedestrian protection. The vehicles in 
the dataset do not completely reflect the current 
vehicle fleet and most of them did not benefit from 
recently achieved progresses in pedestrian safety. 
 
     The age of the involved pedestrians – has a 
large influence on the injury severity outcome, 
beside the collision speed and the impacted part of 
the vehicle. Due to the human physiological 
properties, elderly people often sustain worse 

injuries than younger people. Otherwise, children 
are often hit by other vehicle parts than adults, due 
to their smaller body height. Especially the head 
impact areas of children differ substantially from 
the impact zones of adults.  
 
In the following graph, the age distribution of the 
pedestrians in the master-dataset is compared to the 
distribution within the German pedestrian accident 
scenario of the year 2006 (Figure 4).  
 

 
 
Figure 4.  Distribution of the age of the involved 
pedestrians (master-dataset vs. Germany). 
 
There are some small differences between the 
distributions, especially in the proportion of 
children. It has to be considered that the master-
dataset only consists of frontal pedestrian accidents 
with M1 vehicles, whereas the German accident 
scenario includes all types of pedestrian accidents. 
This may result in small variations within the 
distribution. However, the number of involved 
children (226 persons below 15 years) seems to be 
sufficient for an estimation of the child head test. 
 
     Injury data – are coded in the GIDAS database 
for every single injury. Pedestrians mostly suffer 
different injuries. Looking at all injuries in the 667 
accidents, 2045 single injuries can be found in the 
master-dataset. As shown in Figure 6, the majority 
of these injuries are slight injuries (AIS1). Severe 
injuries, defined as AIS2 to AIS6 injuries, make up 
25,4%. There are 519 AIS2+ injuries in the dataset 
which will be used for the benefit estimation. 
 

 
 
Figure 5.  Distribution of injury severity in the 
master-dataset (n=2045 single injuries). 
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METHODOLOGY 
 
This chapter describes the methods used in the 
study. Furthermore, all definitions as well as the 
assumptions made for the analysis are explained. 
 
Estimation of the Euro NCAP test zones 
 
For the intended benefit estimation of the Euro 
NCAP test procedures it is necessary to evaluate 
every single Euro NCAP test zone. For this 
purpose, the 60 single Euro NCAP test zones have 
to be determined individually for every single 
vehicle model. After that, every actually sustained 
injury in the 667 real-world accidents can be 
allocated to a particular Euro NCAP test zone if it 
occurred in such an area.  
 
The determination of the test zones is done on the 
basis of CAD models, according to the Euro NCAP 
testing protocol. Due to the different shapes, bonnet 
lengths and heights, every single vehicle model has 
to be measured. 
 
     The head impact zones – are determined 
exactly according to the Euro NCAP testing 
protocol. There are 24 test zones for the child 
headform test and 24 test zones for the adult 
headform test. There are four longitudinal rows 
(two child headform test rows and two adult 
headform test rows), which are defined by different 
Wrap Around Distances (WAD). The lateral 
borders are the Side Reference Lines. Between 
these two Side Reference Lines, the rows are 
divided into 12 equal width areas which finally lead 
to 48 head impact zones.  
 
The resulting grid of testing zones is shown in 
Figure 6. The example vehicle is taken from a real-
world accident out of the master-dataset and is 
hereafter used for the explanation of the method. 
 

 
 
Figure 6.  Distribution of injury severity in the 
master-dataset (n=2045 single injuries). 
 
     The upper leg test zones – are primarily 
defined by the Bonnet Leading Edge Reference 
Line (BLERL) which is determined according to 
the Euro NCAP testing protocol.  

Basically, the vehicle is laterally divided into six 
equal test zones. For the determination of the 
longitudinal boundaries, the WAD is used.  
In the study, all injuries are considered to be in the 
upper leg test zone when they have a WAD of 
±100mm around the BLE, as shown in Figure 6. 
 
     The lower leg test zones – are also determined 
according to the Euro NCAP testing protocol. The 
impact zones of the lower legform test are 
determined by the Upper Bumper Reference Line. 
Again, the vehicle is laterally divided into six equal 
test zones. In the study, the lower boundary of the 
test zones is determined for every vehicle model by 
the constant WAD value of 150mm. The upper 
boundary is defined as the Upper Bumper 
Reference Line plus 50mm (see Figure 6). 
 
Case-by-case analysis 
 
Prior to the benefit estimation, a detailed case-by-
case analysis is done for every accident, using a 
variety of different variables. The aim is the 
merging of impact data and injury data. The steps 
of the case-by-case analysis are again illustrated on 
the basis of the shown real-world accident. 
 
At first, detailed injury information is extracted 
from the GIDAS database. The following variables, 
encoded for every single injury, are used: 

- injury description (name) 
- type of injury (fracture, contusion etc.) 
- entire AIS code, including the severity 

value (AIS1 to AIS6) 
- injury location (exact body region) 
- injury causing part 

 
As shown in Figure 8, the pedestrian in the 
example case sustained four injuries. The worst of 
them, a complicated tibia fracture, leads to the 
resulting injury severity of MAIS3, which is the 
maximum AIS value of all single injuries. 
 

 
 
Figure 7.  Injury information (example case). 

WAD: 1000mm

WAD: 2100mm
Side Reference 

Line (SRL)

WAD = Bonnet 
Leading Edge

WAD: BLE -100mm
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Euro NCAP grid

reference lines or WADs for the determination of Euro NCAP zones Injury information

Injury 1:
cerebral concussion – AIS2

caused by vehicle

Injury 2:
laceration (head) – AIS1

caused by vehicle

Injury 3:
abrasion – AIS1

caused by ground impact

Injury 4:
tibia fracture – AIS3
caused by vehicle

MAIS = 3
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In addition to the medical information, a lot of 
vehicle data and impact data are investigated at the 
accident scene for every accident. Chiefly, the 
impact points on the vehicle are important for the 
injury causation and the reconstruction. Therefore, 
every impact point is measured exactly and can 
thus be described by its WAD (using a measuring 
tape, see Figure 8) and the lateral distance from the 
vehicle’s longitudinal axis (y-value). 
 
The following illustration shows the collision 
partner in the example case, a BMW 3-series (E36). 
The three impact points, which could be found at 
the vehicle, are marked with blue arrows. The 
relevant WAD and y-values are listed beside.  
 

 
 
Figure 8.  Involved vehicle and documented 
impact points (example case). 
 
In the next step, injury data and vehicle/impact data 
are merged. Every single injury that occurred on 
the vehicle is allocated to an impact point. 
 

 
 
Figure 9.  Allocation of single injuries and 
impact points (example case). 
 
As illustrated in Figure 9, the two head injuries in 
the example case can be allocated to the impact 
point 1. The third injury was caused by the ground 
impact. It is therefore not assignable to an impact 
point on the vehicle. The fourth injury is allocated 
to the impact point 3 at the bumper. It can be seen, 
that an impact point at the vehicle must not 
necessarily lead to an injury. Impact point 2, for 
instance, results from an impact of the shoulder, 
even though the pedestrian did not sustain any 
injuries in this body region. 

In the next step the injuries are allocated to the 
Euro NCAP test zones. As described above, the 60 
test zones are determined separately for every 
vehicle model, using WAD and y-values. As seen, 
all single injuries have been allocated to an impact 
point and thus, they also have individual WAD and 
y-values now. Hence, every single injury can be 
assigned to a Euro NCAP test zone.  
 

 
 
Figure 10.  Allocation of single injuries to the 
Euro NCAP test zones (example case). 
 
As mentioned, only AIS2+ injuries are considered 
for the analysis. According to this restriction, the 
pedestrian in the example case sustained two severe 
injuries in a Euro NCAP test zone (Figure 10). The 
first injury (AIS2) occurred in the adult head test 
zone A4a. The second injury is not considered due 
to its severity (AIS1). The third injury was caused 
by the ground and thus, it can not be allocated to a 
Euro NCAP test zone. Finally, the fourth injury 
(AIS3) was caused by the bumper, within the Euro 
NCAP test zone L2b (lower leg). 
 
This method is used for all 667 accidents. As a 
result, all 519 AIS2+ injuries in these accidents can 
be either allocated to a Euro NCAP test zone or to 
another vehicle zone or to the ground impacts. The 
consequent distribution is shown later. 
 
Optimistic and pessimistic approach 
 
Over time, several studies concerning the 
evaluation of passive pedestrian safety measures 
have been carried out. The underlying number of 
injuries which are used for the benefit estimation is 
often the decisive point. There are two different 
possibilities to evaluate passive safety measures.  
 
The first approach uses all injuries which are 
sustained in all test areas. For example child head 
injuries are also regarded if they are caused by the 
bonnet leading edge, although this vehicle part is 
essentially addressed by tests concerning upper leg 
and pelvis injuries. By using this approach it is 
assumed that all injuries in all body regions will 
benefit from passive safety measures. For this 
reason the approach is called optimistic approach. 
This method probably overestimates the benefit of 
passive safety measures. 
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In contrast, the pessimistic approach only uses 
injuries which are sustained in addressed areas of 
the vehicle. That means that only injuries are 
considered in the three body regions which are 
addressed by Euro NCAP tests: head, lower leg and 
upper leg/pelvis. Consequently, all injuries to the 
upper extremities, thorax, abdomen and spine are 
left out. So, the above mentioned child head injury, 
which was caused by the bonnet leading edge, is 
not considered within this approach.  
 
However, it can be expected that an optimised 
impact zone will even have a positive effect on 
injuries in other body regions. An optimised head 
impact zone on the bonnet, for instance, could 
mitigate injuries to the thorax or abdomen, too. 
Thus, the pessimistic approach underestimates the 
benefit of passive safety measures. 
 
It is difficult to decide which of the two approaches 
is more realistic. Hence, the study uses both 
approaches in order to estimate the benefit range. 
The actual benefit lies somewhere between. 
 
Injury Shift Method  
 
For the intended evaluation of the Euro NCAP 
pedestrian rating method and the benefit calculation 
of different rating results, the performance of 
particular Euro NCAP test zones has to be 
estimated. Due to the fact, that real-world accident 
databases do not contain any information about the 
Euro NCAP testing parameters like HIC, bending 
moment, knee bending angle, leg impact force and 
lower leg acceleration, the evaluation cannot 
directly take place on the basis of these physical 
parameters. For this reason, the Euro NCAP test 
zones are estimated on the basis of their colour, 
representing these parameters. 
 
Within the Euro NCAP pedestrian rating, all 60 test 
zones are judged on the basis of physical 
parameters. Afterwards, a characteristic colour is 
assigned to every test zone, namely green for a 
good pedestrian protection, yellow for an adequate 
pedestrian protection and red for a marginal one. 
 
This colour code can be used for the estimation of 
effectiveness of single test zones. It is assumed that 
the original severity of an injury could be reduced 
by a green or yellow test zone. That means the AIS 
value is shifted downwards if the injury was 
sustained in a Euro NCAP zone which is coloured 
green or yellow within the present distribution. 
This method is called injury shift. The extent of the 
injury severity reduction depends on the colour of 
the particular test zone which should be evaluated. 
As shown in Figure 11, it is assumed that the injury 
severity in a green Euro NCAP test zone decreases 
stronger than in a yellow one. 

Injuries in red Euro NCAP test zones are neither 
shifted within the optimistic approach nor in the 
pessimistic one. It is assumed that red test zones 
will have no injury reduction potential. Generally, 
the severity of an injury can be shifted towards 
AIS1 at the maximum. It is assumed that no injury 
is entirely avoided (AIS0). 
 

 
 
Figure 11.  Assumptions (Injury shift method). 
 
The injury shift method considers the idea of using 
an optimistic and a pessimistic approach. As seen 
in Figure 11, the injury severity shift is bigger 
within the optimistic approach which finally leads 
to a greater benefit. Within the pessimistic 
approach, the injury severity shift is done more 
conservatively.  
 
The methodology of the injury shift method is 
explained on the basis of an example within the 
following chapter. 
 
Benefit estimation 
 
For every real-world accident in the dataset it is 
known which injuries the pedestrian has sustained 
and which impact zones were responsible for them. 
Along with the measured Euro NCAP test zones for 
every vehicle model it is now possible to evaluate 
any Euro NCAP colour distribution regarding its 
actual real-world benefit. In Figure 12, an example 
for such a colour distribution (left side) as it may 
result from a Euro NCAP rating test is shown. 
 
This colour distribution is then assumed for all 
vehicles in the dataset. Using the injury shift 
method, it is calculated how the injury severity 
outcome will be if all M1 vehicles in pedestrian 
accidents would have this Euro NCAP distribution. 
For this purpose, an assumption has to be made 
concerning the original pedestrian safety 
performance of the vehicles in the dataset. 
 
Basically, it is assumed that all vehicles in the 
GIDAS dataset will solely have red test zones 
which corresponds to zero Euro NCAP points (see 
right picture in Figure 12). 
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Figure 12.  Euro NCAP colour distribution 
(example) / Assumed GIDAS distribution. 
 
Due to the fact that the vehicles in the GIDAS 
dataset are rather old, this assumption seems to be 
suitable. Unfortunately, the actual pedestrian 
protection performance is unknown for the majority 
of the vehicles, due to missing Euro NCAP test 
results. However, especially in windscreen and 
bonnet test zones a better performance is realistic 
even for older vehicles. Hence, this assumption is 
very conservative and leads in any case to an 
overestimation of the benefit. 
 
Keeping this in mind, the benefit is calculated. As 
described, the severity of all AIS2+ injuries in 
green or yellow test zones is shifted downwards 
according to the assumptions in Figure 11. Then, 
the injury severity (represented by the MAIS) is re-
calculated, resulting from the maximum AIS value 
of all injuries. Depending on the number, the 
severity and the causation of the injuries, the MAIS 
of a pedestrian is reduced or remains constant.  
 
The following illustration shows the methodology 
in an example (Figure 13). On the basis of the 
example accident, two different Euro NCAP colour 
distributions are evaluated (pessimistic approach). 
The distributions are chosen in a way to show 
different resulting MAIS values for the pedestrian. 
 

 
 
Figure 13.  Evaluation of Euro NCAP colour 
distributions (injury shift method). 
 
As seen above, the pedestrian in the real-world 
accident suffered two AIS2+ injuries in Euro 
NCAP test zones. His injury severity is MAIS3, 
resulting from his tibia injury.  

Now, the two different Euro NCAP colour 
distributions are assumed for the accident vehicle.  
According to the colour in the test zones A4a and 
L2b, the injury severity is either shifted (green or 
yellow zone) or remains unchanged (red zone). As 
a result, the pedestrian will have a re-calculated 
injury severity of MAIS3 or MAIS1.  
 
This procedure is done for all 667 pedestrians. The 
overall benefit of a Euro NCAP colour distribution 
is then calculated. Thereby, the benefit is defined as 
the number of reduced MAIS2+ injured 
pedestrians. In the above given example, only the 
second distribution (rightmost column) will achieve 
a reduction from MAIS2+ injured MAIS1 injured. 
 
ANALYSES AND RESULTS 
 
This chapter contains information about the single 
steps of the analysis and the related results. At first, 
the detailed impact distributions are considered. 
Afterwards, the estimation of different Euro NCAP 
rating results is done.  
 
Impact distribution 
 
At first, the results of the case-by-case analysis are 
presented. As described above, all AIS2+ injuries 
are either allocated to a Euro NCAP test zone or to 
another (non-tested) vehicle zone or to the ground 
impact. Using this data, a detailed analysis 
concerning single Euro NCAP test zones is done. 
 
     The optimistic approach – uses all injuries of 
the pedestrian, independent from the body region. 
For this reason, all injuries in Euro NCAP test 
zones are considered for the impact distribution. 
Figure 14 gives an overview of the general impact 
location for the 519 AIS2+ injuries in the dataset. 
 

 
 
Figure 14.  Type (location) of impacts (AIS2+ 
injuries, optimistic approach). 
 
It can be derived from the diagram that about 55% 
of all AIS2+ injuries were sustained in Euro NCAP 
test zones. Nearly one third of the injuries were 
caused by the ground impact and the remaining 
14% occurred in non-tested vehicle areas. 
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In the next step, a detailed distribution is generated 
for all 60 Euro NCAP test zones. As seen in Figure 
15, two of the considered injuries result from the 
example case. Thus, they are recorded in their 
specific test zones as shown in Figure 15. 
 

 
 
Figure 15.  Transfer of impact zones (example). 
 
This procedure is repeated for all 667 accidents 
respectively for the 283 AIS2+ injuries that 
occurred in Euro NCAP test zones. The number of 
impacts in every test zone is added and finally, the 
following distribution can be derived (Figure 16).  
 

 
 
Figure 16.  Distribution of impact zones (AIS2+ 
injuries, optimistic approach). 
 
In addition to the absolute number of impacts, the 
frequencies are illustrated by a colour scale. 
Furthermore, the proportions of single test rows 
and within the six vertical columns are displayed. 
 
It can be seen that the pedestrian impacts, which 
caused AIS2+ injuries, are not symmetrically 
distributed. The majority (59%) of the pedestrians 
are hit by the right side of the vehicle which seems 
to be a result of the right-hand traffic in Germany. 
Nearly one quarter of the impacts are located 
rightmost on the vehicle front. The frequency in the 
rightmost lower leg test zone is more than twice as 
high as the frequency in the leftmost zone. 
 
Considering the single test rows, it can be stated 
that approximately half of all AIS2+ injuries (45%) 
occur in the lower leg test zone. This area is by far 
the most frequent injury causing area for AIS2+ 
injuries on the vehicle.  

Another third of the impact points is located within 
the adult head test zones and 11% are found in the 
child head test area. Impacts in the upper leg test 
row make up about 10%. It has to be considered 
that the comparably high numbers of AIS2+ 
injuries in this zone result from the high proportion 
of old vehicles in the dataset. These vehicles often 
have sharp-edged bonnet leading edges and thus, 
they caused severe injuries in this test area. 
However, the number of such injuries decreases in 
accidents with younger vehicles. Not more than 
three out of the 29 injuries in the upper leg area 
were caused by vehicles introduced 1997 or later. 
 
     The pessimistic approach – only bases on 
injuries within the three addressed body regions. As 
shown in Figure 17, the 283 AIS2+ injuries in Euro 
NCAP test zones are separated into two groups. 
Out of all injuries in Euro NCAP test zones, one 
quarter (71 of 283) is not directly addressed by the 
specific tests. However, 212 AIS2+ injuries remain 
for the analysis of impact distribution, representing 
41% of all AIS2+ injuries in the dataset. 
 

 
 
Figure 17.  Type (location) of impacts (AIS2+ 
injuries, pessimistic approach). 
 
The impact zones of the relevant AIS2+ injuries are 
summed up for all 667 accidents which finally lead 
to the distribution shown in Figure 18. Again, an 
asymmetrical distribution can be derived from the 
data. About 60% of the impact points were located 
in Euro NCAP test zones on the right vehicle side. 
 

 
 
Figure 18.  Type (location) of impacts (AIS2+ 
injuries, pessimistic approach). 
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In comparison to the results of the optimistic 
approach, the proportion of impacts in the lower 
leg test zones increases further to more than 55%. 
The proportion of impacts in the adult head test 
zone decreases slightly to 31% whilst the 
proportion of head impacts in the child head test 
zone decreases substantially to not more than 3,3%. 
This implies that this test zone hardly causes severe 
head injuries but injuries to other body regions, like 
thorax, abdomen or upper extremities. The 
proportion of impacts in the upper leg test zones 
remains constant. Again, the majority of these 
injuries results from accidents with older vehicles. 
Two out of the 22 injuries in this zone were caused 
by vehicles introduced in 1997 or later. 
 
Evaluation of the Euro NCAP pedestrian rating  
 
Using the results of the case-by-case analysis and 
the detailed impact distribution, various analyses 
can be carried out with the available data. Two of 
them are shown hereafter.  
 
At first, the general potential of passive safety 
measures concerning the Euro NCAP tests is given. 
Principally, all passenger cars are addressed by the 
Euro NCAP tests. The test procedures are meant 
for frontal collisions and, as mentioned above, the 
potential of passive safety measures is limited to 
certain collisions speeds. For this reason, the filter 
criteria for the present study were determined 
according to these facts. 
 
The following overview, including the numbers of 
MAIS2+ injured pedestrians, is given to illustrate 
the possible benefit for the entire pedestrian 
accident scenario. 
 

 
 
Figure 19.  Relevance of accidents addressed by 
the Euro NCAP pedestrian rating. 
 
It can be derived from the figure, that not more 
than 30% of all MAIS2+ injured pedestrians are 
involved in the considered frontal accidents with 
M1 vehicles and collision speeds up to 40 kph. For 
this reason, the benefit of passive safety measures 
in Euro NCAP test zones is generally limited. For 
the intended analyses, 262 MAIS2+ injured 
pedestrians are available in the 667 accidents. 
 

The first analysis deals with the allocation of points 
to the single test zones and the benefit of single 
areas. The analysis should answer the question, 
which benefit for the real accident scenario can be 
expected from the optimisation of single test zones 
and how the Euro NCAP rating method does factor 
in the real-world injury causation. For this purpose, 
seven idealised Euro NCAP colour distributions are 
generated. Then, their real-world benefit is 
estimated and compared to the related Euro NCAP 
rating result. Figure 20 shows the seven colour 
distributions and their Euro NCAP point scores. 
 

 
 
Figure 20.  Idealised Euro NCAP shapes. 
 
There are six distributions with one optimised (i.e. 
green) test row (each corresponding to six Euro 
NCAP points) and another distribution, where all 
head impact test zones are optimised (resulting in 
24 Euro NCAP points). 
 
Every distribution is then assumed for all vehicles 
in the dataset and the resulting number of MAIS2+ 
injured pedestrians is calculated. Using the 
optimistic as well as the pessimistic approach, the 
benefit range can be estimated, too. The following 
graph shows the calculated reduction of MAIS2+ 
injured pedestrians for the seven idealised Euro 
NCAP colour distributions. 
 

 
 
Figure 21.  Reduction of MAIS2+ injured 
pedestrians by single optimised test zones. 
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Due to its high number of impacts, an optimised 
lower leg test area will have the greatest benefit, 
considering the reduction of MAIS2+ injured 
pedestrians. As illustrated, an optimised lower leg 
area, which achieves six Euro NCAP points, can 
save between 53 and 60 pedestrians from being 
MAIS2+ injured whilst an optimised head impact 
test area (achieving 24 Euro NCAP points) will 
save between 27 and 35 of these pedestrians. From 
this point of view the lower leg test zones seems to 
be underestimated towards the head impact zones 
within the Euro NCAP pedestrian rating. 
 
In conclusion, a higher Euro NCAP result is not 
always linked to a higher benefit. A several times 
higher Euro NCAP point score must not necessarily 
be as effective as single optimised test zones. 
 
Benefit estimation of various Euro NCAP point 
scores 
 
The second analysis deals with the question, which 
benefit range can be expected from increasing the 
average pedestrian protection level by six Euro 
NCAP points. Furthermore, it is estimated how 
large the benefit range can be between different 
vehicles achieving the same number of Euro NCAP 
points. For the study, two Euro NCAP colour 
distributions achieving 18 points as well as two 
colour distributions achieving 24 points are 
generated. The latest Euro NCAP tests show, that 
these point scores are realistic for currently 
developed and recently testes vehicles. 
 
On the one hand, the real-world impact distribution 
is used as a basis for the creation of one “good” and 
one “bad” Euro NCAP colour distribution. On the 
other hand, the distributions are generated with 
regard to current Euro NCAP test results. Thus, 
nearly all distributions already have green lower 
leg areas, although they have the greatest effect on 
the calculated benefit. If one would additionally 
look for colour distributions with red lower leg 
areas on purpose, even more wide-spread results 
could be achieved. In addition, nearly all of the 
outermost test zones in the head impact areas (near 
the Side Reference Lines) are coloured red which 
represents the current technical feasibility. 
 
The used distributions are shown in Figure 22. 
 

 
 
Figure 22.  Euro NCAP colour distributions for 
the estimation of 18 and 24 points vehicles.  

The benefits of the four colour distributions are 
estimated, assuming again that all 667 vehicles in 
the dataset have the same colour distribution. Then, 
the results of the four distributions are compared.  
 
The calculated numbers of MAIS2+ injured 
pedestrians are shown in the following table.  
 

Table 1. 
Reduction of MAIS2+ injured pedestrians for 

the estimated 18 and 24 points vehicles 
 

 

NUMBER  
of MAIS2+ 

injured  
pedestrians 

REDUCTION 
of MAIS2+ 

injured  
pedestrians 

 
pessi-
mistic 
appr. 

opti-
mistic 
appr. 

benefit 

basis 
(master-
dataset) 

262 --- 

18 points 
distribut. 1 172 171 90 … 91 

18 points 
distribut. 2 188 181 74 … 81 

24 points 
distribut. 1 162 158 100 … 104 

24 points 
distribut. 2 178 177 84 … 85 

 
Looking at the 18 points vehicles, it can be derived 
from the table that the number of reduced MAIS2+ 
injured pedestrians already differs between the two 
distributions. The first distribution reduces the 
number of MAIS2+ injured pedestrians by 74 
(pessimistic approach) respectively 81 (optimistic 
approach) persons. The second distribution leads to 
a reduction of 90 (91) severely injured pedestrians.  
The range within the group of 18 points vehicles 
amounts 10 (16) MAIS2+ injured pedestrians, 
representing 12,3% for the optimistic approach and 
even 21,6% within the pessimistic approach. 
 
Similar results can be derived from the two 
distributions reaching 24 points. The first one will 
reduce the number of MAIS2+ injured pedestrians 
by 100 (pessimistic approach) respectively 104 
(optimistic approach) persons. The second 
distribution leads to a reduction of 84 (85) MAIS2+ 
injured pedestrians. The range between both 24 
points distributions again reaches considerably high 
values of 16 respectively 19 persons, which are 
19,0% for the pessimistic approach and 22,4% for 
the optimistic one.  
 
Figure 23 illustrates the calculated benefit ranges, 
separated by the two approaches. Every bar is built 
by the results of the two distributions with the same 
Euro NCAP point score. 

18 points
distribut. 1

18 points
distribut. 2

24 points
distribut. 1

24 points
distribut. 2
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Figure 23.  Comparison of calculated benefits 
(reduction of MAIS2+ injured pedestrians) of 18 
and 24 points Euro NCAP colour distributions.  
 
The benefit of the bad 24 points distribution is 
smaller than the benefit of the good 18 points one. 
The benefit range within one NCAP level may be 
greater than the difference between two levels that 
are six points apart from each other. Comparing the 
two good distributions with each other as well as 
the two bad ones with each other shows that the 24 
points vehicles will finally have higher benefits. 
 
RESTRICTIONS OF THE STUDY 
 
As mentioned, not all vehicles will actually achieve 
zero Euro NCAP points. Unfortunately, only ten 
vehicles (in 667 accidents) have already been tested 
by Euro NCAP. In these ten accidents, one AIS2 
injury is still found that was caused by a green Euro 
NCAP zone. Thus, the assumption, which says that 
a green test zone does not cause AIS2+ injuries, is 
not entirely exact. Furthermore, the assumption that 
all GIDAS vehicles have zero Euro NCAP points, 
leads to an over-estimation of the absolute benefit.  
 
Another fact is the use of the Abbreviated Injury 
Scale (AIS). The process of the injury shift method 
is not distinguished for different severity levels. An 
AIS5 injury, for instance, is treated the same way 
as an AIS2 injury. The severity of both injuries is 
reduced to AIS1 (optimistic approach) in case of 
green Euro NCAP test zones. Thus, the maximum 
injury severity may be reduced to MAIS1 in both 
cases. However, there is a large difference between 
an originally MAIS5 injured person and an 
originally MAIS2 injured one. The effect of the 
injury severity reduction on the probability of 
surviving depends substantially on the MAIS level. 
 
SUMMARY AND CONCLUSIONS 
 
The study deals with frontal pedestrian accidents 
under participation of M1 vehicles and collision 
speeds up to 40kph. In a case-by-case analysis of 
667 accidents, the pedestrian’s impact points on the 
vehicle are measured exactly regarding the WAD 

and the lateral distance from the vehicle mid. More 
than 500 AIS2+ injuries are analysed concerning 
severity, body region and injury causation. 
 
At first, a detailed impact distribution is generated 
out of the accident data. The front shapes of the 
involved vehicles are measured and every AIS2+ 
injury is allocated to the actual Euro NCAP test 
zone or to other vehicle areas or the ground impact. 
Nearly half of all AIS2+ injuries occurred in Euro 
NCAP zones and about one third of the considered 
injuries were sustained in the ground impact.  
 
Various analyses can be done on the basis of the 
impact distributions. This study uses the data for 
the evaluation of the Euro NCAP pedestrian rating 
and for the benefit estimation of different Euro 
NCAP colour distributions. Here, the benefit is 
defined as the reduction of MAIS2+ injured 
pedestrians, resulting from single injury severity 
reductions in yellow and green test zones. 
  
At first, some idealised shapes are evaluated to 
answer the question, which benefit can be expected 
from the optimisation of single test rows. Finally, it 
can be stated that an optimised lower leg area could 
reduce most of the AIS2+ injuries in Euro NCAP 
test zones, due to the frequent impacts in this zone.  
 
Next, the benefit of different Euro NCAP colour 
distributions achieving 18 respectively 24 points is 
estimated. For this purpose, one “good” and one 
“bad” Euro NCAP colour distribution is generated 
for each point score and then evaluated concerning 
the expected real-world benefit. The results show 
that the benefit range within one Euro NCAP level 
can be as large as or greater than the difference 
between an 18 points and 24 points vehicle. This 
conclusion is derived from the analysis of realistic 
(feasible) Euro NCAP distributions. Using the real-
world impact distribution and disregarding the 
feasibility, it is even better possible to derive a 
“most effective” distribution as well as a “hardly 
effective” one for nearly every Euro NCAP level. 
The real-world benefit will differ substantially, 
although the Euro NCAP point score is the same! 
 
Taking the actual real-world impact points as a 
basis, vehicles with different Euro NCAP colour 
distributions will achieve different real-world 
benefits, depending on the individual position of 
their red, yellow and green fields. Vehicles with 
equal Euro NCAP pedestrian ratings (point scores) 
may have great as well as small real-world benefits. 
 
The results of the study show that it is highly 
recommended to include findings out of real-world 
accident data and associated effectiveness studies 
in the development of passive safety measures, 
legislation tests or ratings like Euro NCAP. 
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ABSTRACT 
 
While government regulations play an important 
role in ensuring vehicle safety, voluntary 
approaches to the design and implementation of 
vehicle safety systems are increasing in 
importance as vehicle manufacturers deploy 
safety systems well in advance of, and even in 
the absence of, government regulations requiring 
them.  This paper provides an overview of 
regulatory and non-regulatory approaches to 
vehicle technology development and deployment, 
and will describe a new, innovative 
public\private partnership underway to develop 
an in-vehicle alcohol detection system.  In 
response to concerns about limited progress in 
reducing alcohol-impaired driving in the United 
States during the last decade, attention is 
focusing on technological approaches to the 
problem.  One strategy includes efforts to 
increase the application of current breath alcohol 
ignition interlocks on the vehicles of Driving 
While Intoxicated (DWI) offenders.  However, 
in recognition that many alcohol-impaired 
drivers have not been convicted of DWI, an 
effort is underway to develop advanced in-
vehicle technologies that could be fitted in 
vehicles of all drivers to measure driver blood 
alcohol concentration non-invasively.  The 
Automotive Coalition for Traffic Safety (ACTS, 
a group funded by vehicle manufacturers) and 
the National Highway Traffic Safety 
Administration (NHTSA) have commenced a 5-
year cooperative agreement entitled Driver 
Alcohol Detection System for Safety (DADSS) 
to explore the feasibility of, and the public policy 
challenges associated with, widespread use of in-
vehicle alcohol detection technology to prevent 
alcohol-impaired driving.  This paper will 
outline the approach being taken, and the 
significant challenges to overcome.      

INTRODUCTION 
 
Prior to the mid-1960s, the role of vehicle design 
in preventing crashes and mitigating crash 
injuries was not generally considered.  The focus 
at that time was on trying to prevent crashes by 
changing driver behavior (O’Neill, 2003).  
However, in 1966, in the aftermath of U.S. 
Senate hearings on vehicle safety, legislation was 
enacted that authorized the U.S. Federal 
Government to set safety standards for new 
vehicles.  The result, in 1967, was the first U.S. 
Federal Motor Vehicle Safety Standard  
specifying requirements for seat belt assemblies.  
A host of other regulations quickly ensued to 
address vehicle performance in several 
categories:  pre-crash (e.g., tires, brakes, 
transmissions), crash-phase (e.g., head restraints, 
front and side impact protection, roof crush, 
windshields), and post-crash (e.g., fuel system 
integrity, flammability of interior materials).  
Shortly thereafter other governments followed 
suit in implementing similar regulations, for 
example, in Europe, Australia, and Canada.  
Most U.S. motor vehicle regulations have been 
evaluated by the National Highway Traffic 
Safety Administration (NHTSA) at least once 
since 1975 (Kahane, 2008).  Based on these 
evaluations, NHTSA estimates that Federal 
Motor Vehicle Safety Standards have saved 
284,069 lives between the time of  their 
inception and 2002 (Kahane, 2004).  
 
Government regulations are important in 
ensuring that vehicles meet a minimum standard 
of safety.  However, there are many other ways 
in which vehicle safety can be advanced outside 
of the regulatory framework.  
 
It was once believed that “safety does not sell”.  
However, that perception has changed as more 
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and more consumer-oriented vehicle assessment 
crash test programs have proliferated around the 
world.  The aim of consumer crash test programs 
is to encourage manufacturers to go beyond these 
minimum requirements incorporated in the 
regulations.   
 
NHTSA was the first to launch a consumer-
oriented crash-test program.  Starting in 1978, 
under the authority of Title II of the Motor 
Vehicle Information and Cost Savings Act of 
1973, NHTSA began assessing the frontal crash 
protection capabilities of new cars by measuring 
injury potential in crash tests at speeds higher 
than those required by law.  This program, 
known as the New Car Assessment Program 
(NCAP) was expanded in 1983 to include frontal 
crash protection for light trucks, and again in 
1997 with the launch of NCAP tests assessing 
side impact protection (www.safercar.gov).  
More recently, in 2001, NHTSA also began 
adding information about rollover resistance to 
their NCAP program, and information about the 
availability of advanced technology is being 
added with the 2011 model year.  
 
In the last 15 years, consumer crash test 
programs have been launched in many other 
countries.  In the United States, the Insurance 
Institute for Highway Safety (IIHS) began 
providing passenger vehicle crash test ratings in 
1995, and now offers information on frontal 
offset, side, and rear impact protection 
(http://www.iihs.org/ratings/).  European NCAP 
was launched in 1997, and includes vehicle crash 
test ratings for frontal, and side impacts, 
including a pole test to measure head protection, 
and tests to assess pedestrian protection 
(http://www.euroncap.com/ ).  The Australian 
NCAP, in place in Australia and New Zealand, 
began testing similar to EuroNCAP in 1999 and 
uses the same rating system 
(http://www.ancap.com.au/testing/).  Japan 
began its NCAP in 1995, 
(http://www.nasva.go.jp), Korea initiated crash 
testing in 1999 
(http://www.kotsa.or.kr/main.jsp ) and China 
also now has begun its own NCAP program 
(http://www.fia.com/oldautomotive/issue4/mobil
ity/article2.html).   
 
The desire to earn good ratings in such programs 
has driven major improvements in vehicle safety, 
and they have become de facto standards for 
much of the automobile industry.  NCAP-type 
programs have resulted in clear improvements in 

vehicle designs to withstand crash forces, and in 
significant reductions in dummy injury measures.  
For example, in 1979, when U.S. NCAP was just 
beginning, the Head Injury Criterion (HIC), a 
measure to indicate the likelihood of a serious 
head injury, was exceeded in 22 of 30 vehicles 
tested.  In contrast, only one of 29 vehicles tested 
in 1995 exceeded the HIC (Ferguson, 1999).  
 
Comparing the performance of 1995-98 model 
vehicles with 1999-2001 vehicles, IIHS reported 
large improvements in vehicle ratings on their 
frontal-offset crash-test program largely as the 
result of improvements in vehicle structures 
(Lund, et al., 2003, see also O’Neill, 2005).  
Furthermore, these improvements have come 
about at a faster pace than would have been 
possible through regulation.  There have been a 
few evaluations that indicate such programs are 
effective in improving occupant protection in 
real world crashes.  These studies indicate that 
vehicles that perform better in frontal crash tests 
result in lower injury risks for their occupants 
(Farmer, 2005; Kahane, 1994; Newstead et al., 
2003).  Lie and Tingvall (2002) evaluated 
European crash test ratings, which are derived 
from a combination of frontal offset and side 
impact tests, and demonstrated a correlation with 
real-world crash injury risk. 
 
In recent years, there have been some clear 
examples of the automobile industry and 
government working together to expedite the 
safety process.  The safety marketplace has 
proven to be a catalyst for innovative 
technologies and vehicle manufacturers 
increasingly are deploying safety systems well in 
advance of, or even in the absence of, 
government mandates.  
 
Since 1999 frontal airbags have been required in 
all new passenger vehicles, however, side 
airbags were introduced without government 
regulations requiring them.  Because early 
experience indicated that frontal airbags could 
result in injury or death to occupants who were 
close to them when they deployed, there were 
some concerns about the potential of side airbags 
to injure out-of-position occupants.  In May, 
1999 the NHTSA Administrator requested that 
the automobile industry work together to quickly 
develop test procedures for assessing side airbag 
safety.  The Side Airbag Technical Working 
Group, sponsored by IIHS, the Alliance of 
Automobile Manufacturers (the Alliance), the 
Association of International Automobile 
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Manufacturers, and the Automotive Occupants 
Restraints Council, was formed and within 15 
months voluntary standards had been developed 
(http://www.iihs.org/ratings/protocols/default.ht
ml).  All vehicle manufacturers committed to 
follow this protocol when designing new side 
airbag systems and 90 percent of vehicles with 
side airbags conform to these voluntary 
guidelines (www.safercar.gov).  
 
Another example of cooperative research to 
improve vehicle safety is provided by the Blue 
Ribbon Panel for the Evaluation of Advanced 
Airbags.  The Panel was formed in 2001, amid 
concerns about possible negative effects of 
changes in frontal crash-test regulations to 
reduce the aggressivity of deploying airbags 
(http://www.brpadvancedairbags.org/).  The 
Panel’s independent group of experts oversaw 
the collection of Alliance-funded frontal crash 
data, the purpose of which was to hasten and 
facilitate the understanding of redesigned frontal 
airbag performance.  It was agreed that data 
collection should utilize the existing National 
Automotive Sampling System/Crashworthiness 
Data System program and NHTSA observers 
took part in all the meetings and provided 
guidance to the Panel on data collection issues.    
 
In addition, the Panel conducted timely research 
and sponsored research by others.  A 2008 
research review undertaken by the Panel 
concluded that redesigned frontal airbags 
resulted in far fewer airbag-induced injuries to 
vulnerable occupants, while at the same time 
maintaining their overall effectiveness in frontal 
crashes (Ferguson et al., 2008).  
 
Programs such as these illustrate the benefits of 
government and industry working together to 
address important safety concerns.  Progress can 
be accelerated and the end result is better 
working relationships and programs that are 
more likely to have widespread acceptance.  The 
latest example of an innovative public/private 
partnership is the Driver Alcohol Detection 
System for Safety (DADSS) program which 
seeks to find a solution to the problem of 
alcohol-impaired driving.  
 
 
 
 
 
 
 

DADSS - A NEW DEVELOPMENT AND 
DEMONSTRATION PROGRAM  
 
 
 

 
 
 
 
Background 
 
Alcohol-impaired driving is a major factor in the 
tens of thousands of deaths that occur every year 
on U.S. roads.  In 2007, there were almost 
13,000 fatalities in crashes involving drivers 
with blood alcohol concentrations (BACs) of 
0.08 g/dL or higher – the legal limit in all 50 U.S. 
States (NHTSA, 2008). This number represented 
32 percent of total traffic fatalities for the year.  
Although significant progress was made during 
the 1980s and the first half of the 1990s in 
reducing this problem, since then progress has 
been limited.  Strong laws and enforcement have 
been effective in reducing deaths and injuries 
from drinking and driving (Elder et al., 2002; 
Shults et al., 2001).  Such efforts will need to 
continue; however more must be done if 
substantial progress is to be made in the long 
term.  
 
The potential for in-vehicle technology that 
could prevent alcohol-impaired driving has been 
recognized.  Current aftermarket breath testing 
devices, in use for several decades, can be 
installed in vehicles and measure a driver’s BAC.  
These devices predominantly are used by drivers 
convicted of DWI, and require drivers to provide 
breath samples before starting their vehicles.  If a 
positive Breath Alcohol Concentration (BrAC) is 
registered, the vehicle cannot be started.  Studies 
indicate that while these devices are on the 
vehicles of convicted DWI offenders, they can 
reduce recidivism by about two-thirds (Willis et 
al., 2004).   
 
A total of 47 States permit or mandate alcohol 
ignition interlocks for certain offenders, however, 
they are generally underutilized.  Many lives 
could be saved if they were more widely applied 
among the population of DWI offenders.  It has 
been estimated that, if all drivers with at least 
one alcohol-impaired driving conviction within 3 
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years prior to the crash were restricted to zero 
BACs, about 1,100 deaths could have been 
prevented in 2005  (Lund et al., 2007).  
 
Efforts are underway in the United States to 
increase the use of breath-alcohol ignition 
interlocks among convicted DWI offenders, both 
through passage of stronger state laws that will 
require them for first-time offenders, and through 
efforts to work within the criminal justice system 
to maximize their adoption 
(http://www.madd.org/Drunk-Driving/Drunk-
Driving/Campaign-to-Eliminate-Drunk-
Driving.aspx). 
 
Even if such efforts are successful, they would 
only partially solve the problem of alcohol-
impaired drivers.  That is because a large 
proportion of the alcohol-impaired fatal crashes 
that occur every year involve drivers with no 
prior DWI convictions.  In 2006 only 7 percent 
of drivers in fatal crashes with BACs 0.08 g/dL 
or higher had previous alcohol-impaired driving 
convictions on their records for the prior 3 years 
(IIHS, 2008).   
 
Wider deployment of current alcohol ignition 
interlock technology as a preventative measure 
among the general public is not advisable 
because of the obtrusive nature of the technology 
– requiring the driver to provide a breath sample 
each and every time before starting the vehicle.   
In the United States about 40 percent of the 
population indicate they do not drink and only 
about 3 percent of the population say they have 
driven after drinking during the last 12 months 
(Chou et al., 2006; Williams et al., 2000).  
Therefore, to be acceptable for use among all 
drivers, many of whom do not drink and drive, 
in-vehicle alcohol detection technologies must be 
seamless with the driving task; they must be non-
intrusive, reliable, durable, and require little or 
no maintenance.   
 
The technical challenges are substantial, 
however the possible benefits to society are 
compelling, with the potential to prevent almost 
9,000 motor vehicle deaths every year if all 
drivers with BACs at or above the legal limit 
(0.08 g/dL) were unable to drive (Lund et al., 
2007).  
 
There has been growing interest among 
legislators to broaden the scope of in-vehicle 
technology to prevent alcohol-impaired driving, 
and several state governments in the United 

States have considered legislation to require it.  
In the 2004 legislative session three U.S. States 
(New Mexico, New York, and Oklahoma) 
considered legislation to mandate breath alcohol 
ignition interlocks on all new vehicles.  In New 
Mexico a Governor’s Task Force was established 
to study alcohol ignition interlock devices and 
provide recommendations concerning their 
broader use.   
 
There also has been considerable international 
interest.  In 2005, the provincial government of 
Ontario, Canada also explored a requirement to 
mandate alcohol ignition interlocks on all 
vehicles.  In 2006, the Swedish government 
announced its intention to equip all commercial 
vehicles with alcohol ignition interlocks by 2010 
and all passenger vehicles by 2012.   
 
Since then, the focus in Sweden has shifted to 
the voluntary application of breath alcohol 
ignition interlocks as a primary prevention 
measure (i.e. in vehicles of drivers who have not 
been convicted of a DWI) among fleet vehicles, 
including local government vehicles.  It has been 
decided that they will await the development of 
non-invasive technologies before pursuing 
universal deployment.  The governments of 
Norway and Finland also have expressed support 
for this strategy.  Because of concern about a 
number of deaths of innocent victims of alcohol-
impaired drivers, the Japanese government also 
has expressed interest in developing a 
comprehensive technological solution to the 
alcohol-impaired driving problem.   
 
A number of automobile manufacturers have 
indicated that they are developing driver alcohol 
detection systems for vehicles.  Beginning in 
2008, Volvo now offers the AlcoGuard™ as 
optional equipment on their vehicles sold in 
Sweden.  This device is integrated into the 
vehicle’s man/machine interface but still requires 
drivers to provide a breath sample each time 
before starting the vehicle.  In August 2007, 
Nissan announced a concept car with multiple 
potential systems to measure drivers’ BAC, 
including alcohol in drivers’ breath and sweat. 
Saab also has indicated it is developing a breath-
alcohol device for use in its vehicles.  
 
As interest was growing in the United States and 
internationally for technological solutions to the 
alcohol-impaired driving problem, an 
International Technology Symposium was 
sponsored by MADD in June 2006.  The 
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potential of advanced technologies for 
preventing alcohol-impaired driving was 
considered and a timeline was developed for 
their development and deployment.  Also 
discussed was the suitability of extant 
technologies that could be completely 
transparent to the driver, such as tissue 
spectroscopy and transdermal or ocular detection. 
Representatives of NHTSA, automobile 
manufacturers, researchers, and safety experts 
agreed that with collaborative research and 
development, in-vehicle devices meeting these 
needs might be developed and deployed within a 
10-15 year time frame.  There also was broad 
agreement that the time had come to pursue a 
technological approach to alcohol-impaired 
driving.   
 
Cooperative Agreement 
 
In February 2008, the Automotive Coalition for 
Traffic Safety (ACTS) and NHTSA entered into 
a Cooperative Agreement to explore the 
feasibility, potential benefits of, and the public 
policy challenges associated with a more 
widespread use of in-vehicle technology to 
prevent alcohol-impaired driving – known as the 
Driver Alcohol Detection System for Safety 
(DADSS) program.  Funding for ACTS currently 
is provided by motor vehicle manufacturers 
(BMW, Chrysler, Ford, General Motors, Jaguar 
Land Rover, Mazda, Mercedes Benz, Mitsubishi, 
Nissan, Porsche, Toyota, Volkswagen).  
 
The approach being taken is a non-regulatory 
approach that will encourage voluntary adoption. 
This 5-year, cost-sharing agreement requires that 
ACTS and NHTSA work together to engage in 
cooperative research that advances the state of 

alcohol detection technology.  This effort seeks 
to develop technologies that are less-intrusive 
than the current in-vehicle breath alcohol 
measurement devices and that will quickly and 
accurately measure a driver’s BAC in a non-
invasive manner.  These technologies will be a 
component of a system that can prevent the 
vehicle from being driven when the device 
registers that the driver’s BAC exceeds the legal 
limit (0.08 g/dL in all U.S. states).  Such devices 
ultimately must be compatible for mass-
production at a moderate price, meet acceptable 
reliability levels, and be unobtrusive to the sober 
driver.   
 
The agreement seeks to assess the current state 
of impairment detection devices, and to support 
the development and testing of prototypes and 
subsequent hardware that may be installed in 
vehicles.  The goal, at the end of the 5-year 
program, is the practical demonstration of an 
alcohol detection subsystem, suitable for 
subsequent installation in a vehicle. 
 
DADSS Project Team Organization 
 
The overall DADSS Program Management is 
being carried out by ACTS with oversight by 
NHTSA.  Technical research and development 
oversight is being undertaken under contract 
with QinetiQ NA/Foster-Miller, Inc.  
 
Figure 1 shows the program team organization. 
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Figure 1.  DADSS program team organization 
 
 
ACTS has formed a Blue Ribbon Panel (BRP) of 
experts  in order to consider the views of 
industry and other stakeholders. The BRP 
includes representatives from automotive 
manufacturers and suppliers, public interest 
organizations, government representatives both 
domestic and international, and experts in the 
science of alcohol toxicology, behavioral 
impairment, human factors, and research. 
 
The BRP has assigned three working groups to 
assist in this effort. They are: 
 

• The Research Plan Working Group, 
who have assisted in the development 
of the Program Management Plan and 
advised on the overall direction of the 
project. 

 
• The Performance Specifications 

Working Group, who have assisted in  
the development of the Performance 
Specifications document.  This 
document is the primary tool to direct 
the development of in-vehicle advanced 
alcohol detection technologies. 

• The Public Policy Working Group, who 
will address the issues of public 
perceptions and attitudes towards in-
vehicle alcohol detection systems for all 
drivers, to examine acceptability of 
alternative solutions and specifications, 
and to address relevant policy issues. 

 
DADSS Program Details 
  
The DADSS Program Management Plan, 
approved by NHTSA in May, 2008, laid out a 
timetable for development of the DADSS system,  
detailing the program’s tasks, milestones and 
deliverables.   
 
The current DADSS development and 
demonstration timeline is shown in Figure 2. 
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Figure 2.  DADSS program development process 

Detailed Technical Review 
 
Once a Program Management Plan had been 
established, one of the first tasks of the project 
team was to perform a comprehensive review of 
emerging and existing state-of-the-art 
technologies for alcohol detection and to develop 
performance specifications.  Prior to the 
commencement of the Cooperative Agreement, 
the Volpe National Transportation Systems 
Center of the U.S. Department of 
Transportation’s Research and Innovative 
Technology Administration (Pollard et al., 2007) 
was tasked by NHTSA to identify current and 
emerging vehicle-based technologies and 
systems that can detect driver BAC and monitor 
driver impairment due to alcohol.  The first 
undertaking of the literature review was to 
review the Volpe paper.  The study included an 
assessment of the practicability and effectiveness 
of such systems and the capability of existing 
and anticipated technologies to detect and 
prevent alcohol-impaired driving.  Additional 
technology scans were undertaken through patent 
and literature reviews, and these scans will be 

repeated periodically throughout the life of the 
program.   
 
Technology Performance Specifications 
 
Based on input from the BRP, ACTS developed 
performance specifications to assess the in-
vehicle advanced alcohol detection technologies. 
The specifications are designed to address the 
current and future state of relevant emerging and 
existing advanced alcohol detection technologies. 
The influence of environment, issues related to 
user acceptance, long-term reliability and system 
maintenance are assessed, and the resulting list 
of specifications with definitions, measurement 
requirements, and acceptable performance levels 
are documented in the DADSS Subsystem 
Performance Criteria Document 
(http://dev.dadss.org/performance-
specification/download).  In the future, Vehicle 
Integration Specifications also will be developed. 
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Request For Information 
 
A Request For Information (RFI) was published 
as a means by which the DADSS program was 
first communicated to potential vendors.  The 
RFI  was posted on the Federal Business 
Opportunities (FBO) web site, 
www.fedbizopps.gov on April 5, 2008. FBO is 
the single point-of-entry for Federal Government 
procurement opportunities with over 550,000 
vendors and buyers registered.  Additionally, 
direct notice went out to a list of vendors 
including all major alcohol detection technology 
developers, various medical technology 
associations, international contacts, and the BRP 
members. 

  
The goal of the RFI was to establish the level of 
interest among technology developers in taking 
part in the research, the kinds of technologies 
available, and their states of development 
relevant to in-vehicle applications.  The many 
responses received from industry provided a 
degree of confidence that there were numerous 
potential bidders.  A ‘first-order’ assessment of 
what potential bidders were developing was 
completed by making visits to those companies 
that exhibited a strong grasp of the technologies 
necessary.  A standardized visit report format 
allowed an initial cross-comparison of the 
companies visited. 
 
Request For Proposals 
 
Subsequent to the RFI process described above, 
a Request For Proposals (RFP) was issued by 
ACTS in November, 2008.  Receipt of the RFP 
was restricted to a selected number of 
respondents to the RFI.  The RFP solicited 
proposals from businesses with prior experience 
in alcohol detection or related technologies, for 
the development of in-vehicle devices meeting 
the ACTS requirements.   
 
A two-phased R&D program 
 
As shown in Figure 2 above, the DADSS R&D 
effort is following a two-stage process.  Phase I 
will focus on developing a working prototype, 
and Phase II is the major R&D effort that will 
lead to a demonstration vehicle. 
 
Phase I The specific objective for Phase I of this 
effort is to develop a Proof-of-Principle (POP) 
Prototype intended to represent a device capable 
of rapidly and accurately measuring the driver’s 

BAC non-intrusively.  The POP Prototype will 
be used to test several aspects of the intended in-
vehicle alcohol detection technology design 
without attempting to simulate the visual 
appearance, choice of materials or intended 
manufacturing process.  Its aim is to validate the 
potential design approach, as well as point to 
areas where further development and testing is 
necessary.  The basis for awards will be the 
scientific and technical merit of the proposal and 
its relevance to ACTS requirements and 
priorities.  Eligible institutions include for-profit, 
nonprofit, public, and private organizations, such 
as universities, colleges, hospitals, laboratories, 
and companies.  Phase I is proceeding to plan, 
and awards are to be made to successful bidders 
before mid-2009, and will involve a 12-month 
period of performance.  
 
Phase II is the principal R&D effort that will 
result in the practical demonstration of an 
alcohol detection subsystem, suitable for 
subsequent installation in a vehicle.  The 
program is envisaged to span approximately two 
years.  Phase II awards will be made only to 
those bidders that have achieved successful 
Phase I progress, with regard to the merits of 
their technological approach adopted, ACTS 
priorities, and the availability of appropriated 
funds to support the Phase II effort.  
  
Potential technologies 
 
Under the Phase I program, the successful 
contractors will commence the development of 
prototype devices based on various promising 
technological approaches.  Such approaches may 
include, but not be limited to:  
 

1. Tissue Spectrometry Systems that can 
measure alcohol concentration in tissue. 
A beam of light, at a wavelength that is 
sensitive to the presence and amount of 
alcohol in the tissue (within the near-
infrared spectrum) is shone through the 
skin.  The amount of light that is 
reflected and captured can be used to 
measure alcohol concentration.  

2. Electrochemical Systems include 
transdermal systems that measure 
alcohol concentration present in a 
person’s sweat, and advanced breath-
based systems able to measure BAC 
through passive sampling of a driver’s 
breath.  
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3. Distant Spectrometry Systems use an 
approach that is similar to tissue 
spectrometry, except that no skin 
contact is required.  Infrared light is 
transmitted toward the subject from a 
source that receives and analyses the 
reflected and absorbed spectrum, to 
assess alcohol concentration in the 
subject’s tissue or exhaled breath.    

 
PUBLIC ACCEPTABILITY CHALLENGES 
 
Although the current program is specifically 
focused on technology development it is 
recognized that there is a need to address public 
perceptions and attitudes towards such systems 
during the course of the program.  Many of these 
issues are being addressed through the Blue 
Ribbon Panel and its subcommittees as these 
issues are intertwined with successful technology 
deployment.  A non-regulatory, voluntary 
approach to in-vehicle driver alcohol detection 
systems will depend on public acceptance for its 
full implementation, and likely will be affected 
by a number of factors.  It will depend on 
whether the public believes that alcohol-impaired 
driving is an important public health and safety 
issue that should be addressed by society 
collectively, or whether they think only those 
who drive impaired should shoulder the burden.  
It will likely depend on their own personal 
habits; whether they are teetotalers, social or 
heavy drinkers, and whether they drink and drive, 
how often, and how much.  Public acceptance 
also may be influenced by personal experiences 
regarding alcohol-impaired drivers and whether 
they know anyone whose life has been impacted 
or cut short by an impaired driver.  But most 
importantly, it will depend on how the 
technology is designed and introduced by vehicle 
manufacturers.  It is paramount that it not impede 
the normal activities performed by the driver.   
 
During the next few years research is planned to 
gauge drivers’ perceptions of the alcohol-
impaired driving problem, and their attitudes 
toward potential solutions.  Research also will 
address what technology options will be publicly 
acceptable and how they might successfully be 
implemented.  For example, how the general 
public views different measurement systems, the 
adoption of different operating thresholds, 
running retests, the need for an emergency 
override function and so on.   
 

Communicating with the public 
 
As the DADSS program develops there will be a 
need to educate the public about the DADSS 
program, the potential technologies that are 
being developed, and the way in which these 
might be implemented.  A website, 
www.DADSS.org, has been launched to provide 
public access to the progress of the DADSS 
program.  The web site provides key details of 
the DADSS development program progress, 
discusses issues associated with drinking and 
driving, and lists relevant research.    
 
CONCLUSIONS 
 
Government regulations are important in 
ensuring that vehicles meet a minimum standard 
of safety, but the process involved in producing 
new regulations necessarily takes time.  There 
are many other ways in which vehicle safety can 
be advanced outside of the regulatory framework. 
Consumer crash-test assessment programs, now 
in place around the world, have been 
instrumental in advancing vehicle safety on a 
faster schedule than would have been possible 
through regulation.  Increasingly, voluntary 
approaches to the design and implementation of 
vehicle safety systems play an important role as 
vehicle manufacturers deploy safety systems 
well in advance of, and even in the absence of, 
government regulations requiring them.   
 
Public/private partnerships also have a crucial 
role to play.  They can accelerate efforts to 
implement new safety technologies and they can 
provide an important mechanism for developing 
workable approaches that are acceptable both to 
government and industry.  For example, the Side 
Airbag Technical Working Group developed 
voluntary test procedures to assess the potential 
of side airbags to injure out-of-position 
occupants within 15 months of being asked to do 
so by the government.  Side airbags, though not 
required by regulation, now are in more than 
two-thirds of 2008 model vehicles 
http://www.iihs.org/ratings/side_airbags 
/side_airbags.aspx) . 
 
The DADSS program represents the latest and 
most innovative public/private partnership that 
aims to develop and demonstrate a critically 
important advance in highway safety – that of 
keeping alcohol-impaired drivers from driving. 
Starting with a requirement to develop a non-
invasive technology that will quickly and 
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accurately measure a driver’s BAC, the project 
team has established a Program Plan, developed 
Performance Specifications, solicited industry 
interest, and begun the process of identifying 
technological approaches that show promise.  
The goal at the end of the 5-year program is the 
practical demonstration of an alcohol detection 
subsystem which is suitable for subsequent 
installation in a vehicle. 
 
The adoption of non-regulatory, voluntary 
approaches to the implementation of advanced 
vehicle technology makes it critical that policy 
and public acceptance issues be addressed 
concurrent with the technology development.  
This is particularly important when it comes to 
the widespread implementation of technologies 
to prevent alcohol-impaired drivers from getting 
behind the wheel.  The majority of the driving 
public in the United States either does not drink, 
or does not drink and drive.  It is therefore 
necessary that advanced technologies to assess 
BACs must be seamless with the operation of the 
vehicle and not impede the sober driver.   
 
The general public fully understands the dangers 
of drinking and driving.  In a survey on drinking 
and driving attitudes and behavior (NHTSA, 
2003), ninety-seven percent of respondents 
indicated that drinking and driving is a threat to 
their personal safety.  With the growing public 
perception that vehicle safety is an important 
factor in the vehicle purchase decision, advances 
in safety technology are gaining public 
acceptance more readily than in the past.  
Communicating with the public regarding the 
DADSS program, the potential technologies that 
are being developed, and the way in which these 
might be implemented will be an important 
component of this effort.   
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ABSTRACT 
 
The US, European and Australian New Car Assessment 
Program (NCAP) [1] and the Insurance Institute for 
Highway Safety (IIHS) produce ratings of new vehicle 
performance based on dynamic crash tests in frontal, 
side and rear crashes; and vehicle handling tests.  No 
dynamic based crashworthiness ratings exist to date in 
relation to rollover crashes [2]. This study fills that gap 
and proposes a rating system for new vehicle 
performance in rollover crashes. Combined with 
existing rating systems, consumers will then have a 
complete and balanced picture of occupant protection 
performance. 
A database of more than 40 Jordan Rollover System 
(JRS) dynamic rollover tests [3], [4], [5] assessing 
injury potential by roof crush and crush speed has 
generically validated NHTSA and IIHS statistical data 
as a function of FMVSS 216 quasi-static, strength to 
weight ratio (SWR) [6].  
There is however a wide disparity between the 
performance of individual vehicles at the same or 
similar SWR between the IIHS statistical and JRS 
dynamic test data.  That disparity has been partially 
investigated in a companion paper in this conference 
(Vehicle Roof Geometry and its Effect on Rollover 
Roof Performance [7]).  
IIHS data indicated [8], [9] a 50% reduction in 
incapacitating and fatal injury risk with a fleet average 
SWR = 4.  However, the use of a SWR-based rollover 
criterion does not provide sufficient crashworthiness 
fidelity essential for consumers, nor does such a 
criterion provide industry the opportunity to design 
cost-efficient rollover crashworthy vehicles based on 
occupant injury performance. Only a dynamic rollover 
testing protocol based on injury criteria would provide 
this information. 
 
INTRODUCTION 
 
NHTSA, in 1973, established a 13 cm (5”) occupant 
head and neck survival space criterion [10]. In 1995 
[11], NHTSA proposed a post-crash negative headroom 
injury criterion and, in its 2005 [12] and 2007 [13] 

statistical studies, authenticated [14] that criterion to 
be five times more likely to result in injury.  In 1979, 
the onset of head and neck injury was determined to 
be a head impact at 11 km/h (7 mph) as a consensus 
injury measure [15]. Recently, IIHS, based on its 
SUV and passenger car rollover crash statistical 
studies and quasi-static tests, announced that it will 
provide rollover roof crush crashworthiness ratings 
for 2010 model year vehicles.  Their “good” rating 
criteria requires a SWR of 4.   
This paper evaluates the generic dynamic JRS injury 
potential rating for far side occupants by the roof 
intrusion and intrusion speed criteria and compares it 
to the FMVSS 216 SWR ratings. 
Under the auspices of the Center for Auto Safety and 
funding by the Santos Family Foundation and State 
Farm Insurance Company, the Center for Injury 
Research has completed JRS tests on 5 current model 
passenger cars and 5 current model light truck 
vehicles (LTV’s).  Our analysis of the 10 JRS tests is 
the basis for our proposed rollover and 
comprehensive rating system. 
This paper assembles these results and discusses the 
disparities, which exist as a result of geometry and 
design techniques that cannot be evaluated in the 
FMVSS 216 static tests.  Details of the geometry and 
design technique disparities are discussed in a 
companion paper submitted in this conference 
entitled “Vehicle Roof Geometry and its Effect on 
Rollover Roof Performance” [7]. 
 
METHODS 
 
Developing a predictive rollover injury potential 
rating system requires generic correlations with real-
world crash injury data, a repeatable dynamic test 
machine, a representative rollover impact protocol, 
reasonably validated experimental injury criteria and 
appropriate measuring devices.  Although the 
scientific reliability and repeatability of the JRS has 
been affirmed [16], comparative dynamic results will 
not be available from a multiplicity of facilities until 
early next year.   
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The proposed IIHS rating effort is to quasi-statically 
test 2010 vehicles and to rate them according to SWR. 
The JRS test results are compared here to the SWR 
rating to assess whether this strategy would provide 
sufficient information to ascertain occupant protection 
performance. 
The preliminary data indicates that strategy may not 
work as well as expected by consumer rating groups, 
such as IIHS and NCAP. Instead, we propose to 
supplement JRS results with both geometric data and 
quasi-static two-sided roof strength tests, with one side 
conducted at a 10º pitch angle. 
 
Biomechanics Data 
 
Separate papers regarding the biomechanical equivalent 
measurements and criteria using the Hybrid III dummy 
data, interpreted to represent real-world injuries, have 
been published [17], [18]. Work is continuing. 
NHTSA post-crash headroom is based on cumulative 
crush data and is not an accurate representation of 
injury. Head and neck injuries are a function of the 
impact crush and crush speed in any individual roll. 
Head injuries are not accumulated; they occur during 
one roll or another when struck at more than 16 to 19 
km/h (10 to 12 mph). Neck bending injuries 
predominate and are not accumulated; they occur 
during one roll or another when the head is struck at 
more than 11 km/h (7 mph) with a maximum dynamic 
crush of more than 15 cm (6”) and residual crush of 
more than 10 cm (4”). 
 
JRS Test Device 
 
Figure 1 shows the JRS test device. Descriptions of 
how the test rig functions are described elsewhere [3], 
[4], [5].  The ends of the vehicle are mounted on towers 
on an axis of rotation through its Center-of- 
Gravity (CG).  The vehicle is simultaneously rotated 
and released as a roadbed moves under it. The test is 
commenced from an almost vertically-oriented to the 
road bed position similar to that shown in Figure 1.  
 

 
Figure 1. JRS Dynamic Rollover Test Device 

During the simultaneous rotation and fall, the vehicle 
strikes the moving roadbed below on the leading side 
of roll (near side) at the side roof rail at the 
prescribed roadbed speed, vehicle angular rate, drop 
height and impact pitch angle. After striking the near 
side the vehicle continues to roll and strikes the side 
opposite to the leading side (far side). The vehicle is 
then captured. The motions of the vehicle and 
roadway are coordinated so that the touchdown 
conditions can be controlled and thus repeated within 
a narrow range that was considered acceptable in 
other crash test protocols used by IIHS and NCAP. 
 
A 50th percentile Hybrid III Anthropomorphic Test 
Dummy (ATD) is used to monitor head and neck 
loads in the driver seat position. String 
potentiometers are used to measure roof intrusion and 
intrusion rates, as well as the ATD’s motion.  High-
speed cameras also record vehicle and ATD motions.  
The ATD is setup according to the FMVSS 208 
protocol. 
 
In the first roll, the vehicle is set at 5º pitch angle 
whereas in the second roll the vehicle is set at 10º 
pitch angle. Roll rate at 190º per second, yaw at 10º 
and roadway speed at 24 km/h (15 mph or 6.7 m/s) 
are the same for each of the two rolls.  Typical charts 
of far side roof crush, crush speed, and road load are 
shown in Figures 2 and 3. The results from a JRS 
study involving ten newer vehicles tested are shown 
in Figure 4 and 5.   
 

  
Figure 2. Far Side Crush Graph by Roll Angle.  
 

 
Figure 3. Far Side Intrusion Speed by Roll Angle. 
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Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2

Roof FMVSS 216 SWR 5.1 5.1 4.3 4.3 3.2 3.2 2.5 2.5 2.3 2.3

Road Speed (kph) 24 24 24 24 24 24 24 24 24 24

Pitch Angle at Impact (deg) 5 10 5 10 5 10 5 10 5 10

A-Pillar 

Peak Dynamic Crush (cm) 6.9 16.0 8.6 18.3 11.9 17.5 21.3 26.4 18.0 25.4

Cumulative Residual Crush (cm) 2.5 8.6 4.1 10.9 6.6 14.2 18.8 12.4 17.8

Maximum Crush Speed (kph) 9.2 11.4 8.0 13.2 8.0 -- 12.07 17.06 12.07 21.08

B-Pillar 

Peak Dynamic Crush (cm) 3.8 6.1 4.6 10.7 -- 6.6 11.2 13.5 9.1 15.0

Cumulative Residual Crush (cm) 1.5 3.3 1.8 5.3 -- 2.0 6.9 8.6 6.4 8.6

Maximum Crush Speed (kph) 6.1 5.6 5.1 8.0 -- 6.6 8.7 12.23 10.14 14.32

Compressive Neck Load, Fz 5158 5394 4211 2669 4835 3457 5598 1979 2399 1916

Peak Upper, Flexion Moment (N m) 279 318 -- -- -- -- 414 155 198 155

Upper Neck, Nij* 0.96 1.08 0.78 0.76 1.63 1.15 1.80 0.40 0.66 0.54

Lower Neck, Nij** 1.17 1.28 -- -- -- -- 1.44 0.57 0.68 0.54

**Based on values presented in Mertz, et. al, 2003: Compression 6200 N, Flexion 610 Nm, Extension 266 Nm

2006 Hyundai 

Sonata

2006 Chrysler 

300

2006      

Pontiac G6

*Based on by NHTSA: Compression 6160 N, Flexion 310 Nm, Extension 135 Nm

2007 VW    

Jetta

2007      

Toyota Camry

 
 

 

Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2 Roll 1 Roll 2

Roof FMVSS 216 SWR 4.6 4.6 2.6 2.6 2.4 2.4 2.2 2.2 2.1 2.1

Road Speed (kph) 24 24 24 24 24 24 24 24 24 24

Pitch Angle at Impact (deg) 5 10 5 10 5 10 5 10 5 10

A-Pillar ***

Peak Dynamic Crush (cm) 4.3 8.1 8.6 16.5 19.8 36.6 21.3 30.0 20.1 35.6

Cumulative Residual Crush (cm) 1.3 2.5 4.6 9.1 12.7 27.7 16.5 23.1 14.7 27.7

Maximum Crush Speed (kph) 3.1 5.1 6.4 8.5 13.2 24.1 11.75 13.84 9.8 18.67

B-Pillar 

Peak Dynamic Crush (cm) 3.0 5.3 5.1 8.6 15.2 28.2 18.5 25.7 13.2 24.9

Cumulative Residual Crush (cm) 0.5 1.8 2.0 3.6 8.6 18.8 14.2 19.8 8.9 17.5

Maximum Crush Speed (kph) 2.7 3.5 4.2 5.5 9.0 11.1 12.71 10.46 6.8 11.27

Compressive Neck Load, Fz 2889 3628 5583 3687 10006 4685 9757 6781 6101 3318

Peak Upper, Flexion Moment (N m) 128 259 255 328 492 324 470 396 304 247

Upper Neck, Nij* 0.52 1.05 1.02 1.30 1.64 1.19 1.75 2.07 1.09 0.81

Lower Neck, Nij** 0.62 0.87 1.20 1.10 2.10 1.06 2.00 1.59 1.02 0.87

*** Determined through photoanalysis of High Speed Video

2006       

Honda 

Ridgeline

2007 Jeep 

Grand 

Cherokee

2007 

Chevrolet 

Tahoe

*Based on by NHTSA: Compression 6160 N, Flexion 310 Nm, Extension 135 Nm

2005         

Volvo XC90

2007        

Honda CRV

**Based on values presented in Mertz, et. al, 2003: Compression 6200 N, Flexion 610 Nm, Extension 266 Nm

 
Figure 4 and 5. List of 10 current production vehicles subjected to two JRS tests. 
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The main reason that the vehicle is subjected to two 
rollover events in the JRS is based on observations 
published by Digges and Eigen [19]. They showed that 
rollover crashes lasting 8 quarter turns or less (i.e. two 
full rolls) accounted for more than 90% of all rollover 
crashes, where a fatal or serious injury experienced by 
occupants was recorded. 
The generic slope composite chart shown in Figure 6 
presented by Paver et al [20] and by Friedman [21] 
that compares injury criteria and injury rates versus 
SWR from previous papers correlates well with 
NHTSA and IIHS data versus FMVSS 216.  It 
indicates that an SWR of about 4 would be “good”. 
 

 
Figure 6. Composite NHTSA, IIHS, and JRS 
Injury Criteria. 
 
M216 10° of Pitch Quasi-Static Tests 
 
The M216 test machine is shown in Figure 7. It is a 
fixture with two platens, both oriented with 10° of  
pitch and one side at 25° of roll and the other at 40° of 
roll.  
 

                 
Figure 7.  Modified FMVSS 216 Fixture (M216). 
  
Figure 8 indicates the second side SWR performance 
of some of the 40 vehicles which have been tested. 

 
Figure 8.  Second Side M216 versus 216 SWR. 
 
Figure 9 describes the relationship between M216 
results and FMVSS 216 with confidence limits. 
 

 
Figure 9.  M216 and 216 Relationship with 
Confidence Limits.  
 
Figure 10 is a scatter plot of the relationship between 
M216 tests of production vehicles and their SWR. 
Because serious injuries are strongly related to 10° of 
pitch crashes in the National Accident Sampling 
System (NASS) [22], [23] it would seem appropriate 
to factor a second side quasi-static test performance 
into a predictive rating. Such a test could also provide 
an indication of the vehicles structural elasticity, 
another factor important to its injury potential 
performance. 
 

 
Figure 10.  Scatter Plot of Production M216 and 
SWR. 



Friedman 5 

Geometric Considerations 
 
Experimental [7] and empirical (NASS) [22] data 
suggest that geometrical and dimensional vehicle 
configurations influence how vehicles roll.  Front-
wheel drive vehicles tend to roll with substantial 
forward pitch stressing windshield pillars, which are 
generally weak and undetected by FMVSS 216. 
 
It is estimated that a difference between the major and 
minor radius of a vehicle (its rollover “roundness”) of 
only a few centimeters (inches) can play an important 
role in the ability of the roof structure to remain intact.  
The Honda CRV is the roundest of the 10 JRS-tested 
vehicles both in transverse section and the longitudinal 
rake of the windshield and roof as shown in Figure 11.  
 

 
Figure 11. Geometric differences with CG. 

 
Other geometric factors not discernable in static tests, 
nor yet explored are:  the CG position relative to the 
windshield header, the weight distribution (shifting of 
the CG), the pitch moment of inertia and the vehicle 
height-to-width ratio. 
 
RESULTS 
 
Generic Ratings 
 
A rating system requires criteria. For the quasi-static 
performance, we assumed: 

• an SWR of 4 or more would be “good,”  
• more than 3 would be “acceptable,”  
• more than 2 would be “marginal,” and 
• less than 2 would be “poor.”   

We compared the FMVSS SWR to the maximum 
residual and dynamic intrusion of some 40 vehicles 
(including the 10 current production vehicles shown 
in Figure 4 and 5).  For the JRS generic data, we used 
the NHTSA residual crush and the cumulative 
residual crush criteria.  Since 65% of serious injury 
rollovers are completed in four quarter turns, for 
residual crush after one roll, we used: 

• less than 5 cm (2”) per roll to represent 
“good” performance,  

• less than 10 cm (4”) to represent 
“acceptable” performance,  

• less than 15 cm (6”) to represents 
“marginal” performance, and 

• more than 15 cm (6”) to represent “poor” 
performance.   

For cumulative residual crush after two rolls which 
covers 95% of all serious injury rollover crashes[19], 
we used: 

• less than 10 cm (4”) to represent “good” 
performance,  

• less than 15 cm (6”) to represent 
“acceptable,”  

• less than 20 cm (8”) to represent “marginal,” 
and  

• more than 20 cm (8”) to represent “poor” 
performance.  

For maximum dynamic crush, we used: 
• less than 10 cm (4”) to represent “good” 

performance,  
• less than 15 cm (6”) to represent 

“acceptable,”  
• less than 20 cm (8”) to represent “marginal,” 

and  
• more than 20 cm (8”) to represent “poor” 

performance.  
Similarly, with respect to intrusion speed, in any roll: 

• “good” is represented at less than 10 km/h (6 
mph), 

• “acceptable” is 10 to 13 km/h (6 to 8 mph), 
• “marginal” is 13 to 16 km/h (8 to 10 mph), 

and 
• “poor” is more than 16 km/h (10 mph).    

Specifically, each of the scatter charts are ordered by 
SWR versus JRS dynamic data. The ratings “good”, 
“acceptable” ,“marginal”and “poor” were chosen 
based on consensus injury measures for crush and 
intrusion velocity [8-15]    
 
Figure 12 represents a scatter plot of the composite of 
all JRS tests for the first roll by residual crush.  All 
plots are segmented by the criteria for SWR and JRS 
dynamic tests.   
 



Friedman 6 

 
Figure 12.  JRS Testing Results for Residual Crush 
After One Roll. 
 
Figure 13 is the cumulative residual crush from two 
JRS roll tests. 
 

 
Figure 13.  JRS Testing Results for Cumulative 
Residual Crush After Two Rolls. 
 
Figure 14 is the same scatter plot by maximum 
intrusion speed. 
 

 
Figure 14.  JRS Testing Results for Maximum 
Intrusion Speed. 

Figure 15 is the same scatter plot by maximum 
dynamic crush. 
 

Figure 15.  JRS Testing Results Maximum 
Dynamic Crush. 
 
Current Production Vehicle Testing by SWR 
versus JRS Ratings 
 
Scatter plots for the 10 vehicle set all with the same 
protocol will now be looked at.  Figure 16 and 17 
show the disparity between LTV’s and passenger cars. 
This is more specifically identified by residual crush 
after roll 1 and then cumulative crush after roll 2. 
 
Figure 16 shows the residual crush results after roll 1, 
where 3 passenger cars and 2 LTV’s fall in 
“acceptable” or  “good” in JRS testing and 6 fall 
below the “acceptable” level.  3 passenger cars and 
only 1 LTV are better than “acceptable” for SWR. 
 

 
Figure 16.  JRS Test Results, Current 10 Vehicles 
by Residual Crush, by LTV’s and Sedans. 
 
Figure 17 is by cumulative residual crush and shows 
that the disparities are larger when you factor in the 
second roll at 10º of pitch.  The sedans held their 
relative positions, while three of the LTV’s fall to a 
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“poor” in JRS testing. Those anomalies are thought to 
be associated with vehicle parameters discussed in 
Figure 11 and in the companion geometry paper. [7] 
 

 
Figure 17.  JRS Test Results, Current 10 Vehicles 
by Cumulative Residual Crush, Post Roll 2. 

Figure 18 shows the relationship between maximum 
intrusion speed in JRS tests and FMVSS 216 SWR.  
The disparities between the JRS and FMVSS 216 
measurements again are significant in the second roll at 
10º of pitch.  Note how the squares (roll 2) are shifted 
toward “poor” ratings versus their diamond equivalents 
for roll 1. Those anomalies demonstrate the 
shortcomings of FMVSS 216 as a measure of a 
vehicle’s actual dynamic performance in a rollover.     
 

 
Figure 18.  JRS Test Results, Current 10 Vehicles 
by Maximum Intrusion Speed, Rolls 1 and 2.  
 
Figure 19 shows the amount of maximum dynamic 
crush in each roll of each vehicle. Note that three of 
the vehicles move to the left, meaning they had less 
dynamic crush in the second roll. Vehicles like the 
Pontiac G6, that crush significantly in roll 1, like 20 
cm (8”), cannot crush as much in roll 2.  The vehicles 
that have more than 15 cm (6”) of crush in any roll are 
likely to be seriously injurious. Of the twenty rolls 

shown, three are likely to be serious injuries and five 
to be severe injuries. 
 

 
Figure 19.  JRS Test Results, Current 10 Vehicles 
by Maximum Dynamic Crush.  
 
Rating individual vehicles to correspond to real world 
injuries as a predictive rating function requires multi- 
dimensional correlation.  
 
The dynamic characteristics of a vehicle are related to 
injury potential.  The nonlinearity of roof deformation 
and the ability to predict the occupants’ head position 
with the current restraint systems and the non-
biofidelic Hybrid III dummy can be misleading.  In all 
recent tests we have measured near and far side roof 
deformation in front of and behind the dummy which 
is located at about the mid roof rail position as well as 
lower neck load, moment, and duration.  While this 
paper will not discuss the biomechanics of dummy 
injury measures it should be noted that the bending of 
the neck was related to human injury and an integrated 
bending moment (IBM) was closely related to vehicle 
intrusion.   
 
Head and neck injuries are not accumulated, they 
occur during one roll or another when struck at more 
than 11 km/h (7 mph) with crush of more than 10 cm 
(4”).  Figures 20 to 23 highlight and identify the 
outliers of the 10 production vehicle where the SWR 
and JRS dynamic ratings do not match by two criteria 
levels.  We are currently investigating the factors 
which make those vehicles unique within the broad 
range of each rating. When using SWR as the rating 
basis the Honda CRV with a SWR of 2.6 is “marginal” 
but by JRS dynamic rating is “good” in residual crush 
and cumulative crush as shown in Figures 20 and 21. 
The dynamic rating is two rating levels better than the 
SWR rating. It would not be fair to penalize a 
manufacturer who has created a structure which is 
better from an occupant’s protection point of view.    
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Figure 20.  Highlighted Anomaly – CRV. 
 

 
Figure 21. Highlighted Anomaly – CRV. 
 
Maximum Intrusion Speed in roll 1 and 2 for the 10 
vehicles tested is shown in Figures 22 and 23, with the 
vehicles that did significantly worse on the second roll 
of the dynamic testing highlighted. In Figure 22, the 
Camry and Sonata fell two levels to a “marginal” 
rating and the Chrysler fell two levels to a “poor” 
rating, after having “good” dynamic ratings for roll 1. 
 

 
Figure 22. Highlighted Anomalies – 2nd roll rating. 

Figure 23 highlights the CRV against the XC90 and  
Jetta, showing that the SWR rating of “marginal” is 
given, yet both rolls in the dynamic test remain at 
“good”. 
 

 
Figure 23. Highlighted Anomalies for Maximum 
Intrusion Speed – CRV. 
 
The conclusion has to be that the disparity between 
FMVSS 216 SWR and JRS dynamic test results show 
that FMVSS 216 data alone is unacceptable for real 
world rollover ratings. 
  
Considerations for the Proposed Rating System 
 
Most vehicles when tested at 10º of pitch in the M216 
test have half the strength of the FMVSS 216 test. This 
makes them vulnerable to excessive intrusion on a 10º 
of pitch roll.  The XC-90 was subjected to an M216 
test and resisted to a SWR of 2.2 about half its 216 
SWR (two times most others, and apparently 
adequate). 
 
Nash initially studied 273 cases and then expanded his 
study to 500 serious injury rollovers in NASS and 
found that roughly 60% of the vehicles had some top 
of fender and hood damage, consistent with more than 
10º of pitch. [23]  
  
This suggests that, at a minimum, any rollover rating 
system based on a FMVSS 216 one sided test be 
modified to also measure the second side at 10º of 
pitch and adjust the ratings on the basis of the results. 
JRS tests with anthropomorphic dummies and various 
types of padding and seatbelt systems have thus far 
been clouded by excessive roof crush and debate 
concerning the biofidelity of the ATD in measuring 
rollover related injury potential. Looking at the interior 
videos makes it clear that roof crush is a primary cause 
of injury to belted, unbelted, and ejected occupants.  If 
roof strength can be increased to a 5º of pitch SWR of 
4 or more and, a second side at 10º of pitch to more 
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than an SWR of 2, then other safety systems will come 
into play and can be evaluated and factored into the 
ratings.  
 
The Proposed Rollover Rating System 
 
Figures 24 and 25 illustrate the way the proposed 
dynamic rollover rating system would be constructed.  
Figure 24 shows the relationship between two criteria; 
crush and crush speed for both rolls of the five LTVs 
(4 LTVs and one four door pick-up).  Their 
performance is plotted on a formatted chart with the 
assigned rating categories of good, acceptable, 
marginal and poor.  The two roll results are connected 

and identified for each vehicle.  It is easy to see that 
the XC-90 (denoted 1) performed entirely in the 
“good” category and the CRV (denoted 2) was also 
“good” with slightly higher crush and speed.  The 
other three vehicles are problematic because they 
performed so poorly in the second roll at 10º of pitch.  
We would weigh the rating assignment on the basis of 
the probability of these vehicles rolling with 10º of 
pitch as determined from geometric considerations.  
The performance of any vehicle in 10º of pitch 
circumstances may be assessed by the M216 second 
side test. Figure 25 is the same format plot for the 5 
passenger cars.    
 

 

 
Figure 24.  JRS Test Results, Current 5 LTV Vehicle Ratings for Two Rolls. 

 
Figure 25.  JRS Test Results, Current 5 Passenger Car Vehicle Ratings for Two Rolls. 
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The decision as to which rating to choose would be 
based first, on the amount of crush, and second, on the 
impact speed.  This is because if there were no more 
than 10 cm (4”) of dynamic crush, the speed would be 
irrelevant for neck injury, although if the speed were 
high enough, you could get a head injury.  If the 
dynamic crush were 15 cm (6”) then a speed of 11 
km/h (7 mph) would onset of serious neck injury.    
 
Based on those criteria the XC-90, CRV, and Jetta 
would be rated “good”. Considering the probability of 
10 º of pitch, the Camry and Sonata would be rated 
“acceptable”. The Chrysler 300 and Cherokee would 
be rated “marginal”. The G6, Tahoe, and Ridgeline 
would be rated “poor”. 
 
The purpose of this paper is to illustrate a dynamic 
rollover rating system, not to argue the biomechanical 
criteria.  It is for that reason a speed consensus 
criterion and NHTSA derived (post crash negative 
headroom) cumulative crush data was used.  It would 
be more appropriate but more controversial to use 
dynamic crush.  In that regard the procedure is flexible 
and the ratings would perhaps only be more accurate 
but likely not shifted to a new level. It would also 
provide vehicle manufacturers the opportunity to 
design lighter, fuel efficient vehicles that are rollover 
crashworthy. 
 
Based on the overall analysis of these ten vehicles for 
the JRS dynamic two roll testing, our proposed 
dynamic rollover ratings are shown in Table 1.The 
vehicles in bold type denote the disparity in rating 
using the dynamic versus SWR ratings base. 
 

Year/Make/Model
JRS 

Dynamic 
Rating

SWR 
Rating

2007 VW Jetta Good Good

2007 Toyota Camry Acceptable Good
2006 Hyundai Sonata Acceptable Acceptable

2006 Chrysler 300 Marginal Marginal

2006 Pontiac G6 Poor Marginal

2005 Volvo XC90 Good Good

2007 Honda CRV Good Marginal
2006 Honda Ridgeline Poor Marginal
2007 Jeep Grand Cherokee Marginal Marginal

2007 Chevy Tahoe Poor Marginal  
Table 1.  

Dynamic Rollover Ratings for JRS Tested Current 
Production Vehicles 

 
Table 1 shows that the difference between JRS 
Dynamic and SWR ratings for the ten vehicles 
includes five matches. The CRV is two rating levels 

better dynamically, where as the Camry, G6, Ridgeline 
and Tahoe are one level lower rated dynamically. 
 
COMPREHENSIVE RATING SYSTEM 

  
The comprehensive rating system would provide 
consumers with an idea of the overall safety of a 
particular vehicle. The proposed rating system would 
incorporate a rating for 4 different crash modes; front, 
side, rear, and rollover.  Three of the four types of 
crash modes are currently being rated by the IIHS, 
Euro NCAP, ANCAP and other consumer rating 
groups, on a "good," "acceptable," "marginal," "poor" 
scale.  The 4th rollover rating would be provided by 
the proposed JRS dynamic rollover rating system on 
the same scale.  By combining the ratings for all 4 
crash modes a composite rating can be established.   

 
This would be done by computing a weighted average 
of these 4 ratings based on the frequency and fatality 
rate that occurs annually per crash mode.  Calculating 
the average rating in this way gives more weight to the 
rollover crash mode that results in the highest fatality 
rate.  Therefore a vehicle that performed very well in 
front, side and rear impact tests but not very well in 
rollover tests would be rated significantly less safe 
than a vehicle that performed very well in front, side 
and acceptably in rollovers.       
The individual mode ratings for the ten vehicles of this 
paper are shown in Table 2. 
 

Year/Make/Model Offset-
Frontal * Side * Rear *

Dynamic 
Rollover

2007 VW Jetta 4 4 2 4
2007 Toyota Camry 4 4 2 3
2006 Hyundai Sonata 4 3 4 3
2006 Chrysler 300 4 1 2 2
2006 Pontiac G6 4 1 2 1

2005 Volvo XC90 4 4 4 4
2007 Honda CRV 4 4 4 4
2006 Honda Ridgeline 4 4 2 1
2007 Jeep Grand Cherokee 4 2 4 2
2007 Chevy Tahoe N/A N/A N/A 1

    4 - Good  3 - Acceptable  2 - Marginal  1 - Poor                                              * 
Ratings from NHTSA Vehicle Ratings website  (N/A - Not Available)  

Table 2.  
Individual Crash Mode Ratings for 10 Vehicles. 

 
CONCLUSIONS 
   
• A consumer rollover rating system is long 

overdue. The best way to rate the crashworthiness 
injury potential of vehicles in rollovers is by 
utilizing a JRS dynamic test.  Rating vehicles 
simply by FMVSS 216 gives grossly misleading 
(both over and understated) injury rate results.   
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• The ten vehicle JRS dynamic tests presented in 
this paper are a sample of the results that are 
achieved with dynamic testing and the basis for 
the consumer rollover rating system. Three of the 
vehicles would receive “good” ratings, two with 
“acceptable”, two with “marginal” and three 
“poor” ratings. 

 
• When evaluating a rating system based solely on 

FMVSS 216, in comparison to dynamic testing, 
anomalies abound. The CRV is one such anomaly. 
The CRV emulates the rollover roof crush 
performance of vehicles like the XC-90 and the 
VW Jetta as shown in Figure 23.The CRV may be 
a styling-derived, partial and non-optimized 
implementation of a geometric roof improvement 
discussed and validated in our companion 
geometry paper.   

 
• The proposed comprehensive ratings system 

would include a factored and weighted analysis by 
fatality rate and frequency of a vehicle’s 
performance in all four major accident modes. 
This would provide an overall rating that 
consumers could use when purchasing a new or 
used vehicle. 
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ABSTRACT 
 
A research team from Australia, Europe and the United 
States has conducted the research needed to provide a 
technology base for far-side crash protection.  To date 
the findings are as follows: (1) in the USA and 
Australia there are  large opportunities in far-side 
impact injury reduction, especially if safety features 
could mitigate  injuries in both far-side planar 
impacts and rollovers, (2) a modified MADYMO 
human facet model was validated for use in 
evaluating far-side countermeasures, (3) either the 
THOR-NT or the WorldSID dummy would be 
satisfactory test devices for assessing far-side 
protection with minor modifications such as changing 
in the location of the chest instrumentation and (4) 
injury criteria and risk functions for use with 
WorldSID in far-side crashes have been documented.  
There is now a sufficient technology base so that far-
side protection can be evaluated and rated by 
consumer information tests. 
 
INTRODUCTION 
 
An impediment to improved far-side protection has 
been the lack of a technical base to permit the 
evaluation of countermeasures.  This deficiency has 
now been resolved by a collaborative international 
research project. The ARC Far-Side Impact 
Collaborative Research Project has been described by 
Fildes [2005].  It involved the assembly of a research 
team from industry, government and academia in 
Australia, Europe, and the United States. A list of the 
participating colleagues and organizations is included 
in the Acknowledgements Section.  
 
The research involved the following projects:  

• The definition of the far-side injury 
environment and the opportunities for injury 
reduction 

• The development of representative test 
conditions and injury criteria for use with 
far-side test dummies 

• The development and validation of  
computer human models for use in the 
evaluation of far-side countermeasures 

• A matrix of sled tests of Post Mortem 
Human Subjects (PMHS) to determine 
occupant kinematics representative far-side 
crashes that produce injury and of the 
dummies available for the evaluation of far-
side countermeasures. 

• The assessment of the opportunities for 
injury reduction based on generic 
countermeasures 

 
A technology base now exists to provide a far-side 
dummies, injury criteria, computer models, and test 
environments that can be used to evaluate 
countermeasures for far-side crash protection.   This 
paper summarizes the research and documents its value 
to consumer information testing. 
 
THE FAR-SIDE INJURY ENVIRONMENT 
 
The National Highway Traffic Safety Administration 
(NHTSA) maintains the NASS/CDS database of 
vehicle crashes in the United States. The NASS/CDS 
is a stratified sample of light vehicles involved in 
highway crashes that were reported by the police and 
involved sufficient damage that one vehicle was 
towed from the crash scene.  
   
In the NASS/CDS data query, far-side occupants in 
planar crashes were defined as drivers in vehicles 
with right side damage or right front passengers in 
vehicles with left side damage.  Drivers in rollovers 
that were passenger side leading were classified as 
being in far-side rollovers.  The converse was true for 
passengers. 
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Each NASS/CDS case contains a weighting factor 
that is used by the NHTSA to extrapolate the 
individual cases to the national numbers.  The 
distributions to follow are based on the NASS/CDS 
weighted events.   
 
Table 1 shows the annual distribution of MAIS 3 and 
greater injuries by belt use, crash direction and crash 
mode, using at least nine years of data for years prior 
to 2004 [Digges, 2006]. The data in Table 1 shows 
that about 43% of the MAIS 3+ injuries in side 
crashes and rollovers occur in far-side crashes.  More 
than half of the MAIS 3+ injuries in rollover are in 
far-side rolls. 
 
Table 1.  Annual MAIS 3+ Injuries from 
NASS/CDS in Near-side and Far-side Crashes by 
Crash Type and Direction 
Crash Type/ Belt Use Planar Roll
Far-side Belted 2,166      3,540   
Far-side Unbelted 5,095      6,325   
Far-side Total 7,261      9,865   
Near-side Belted 7,360      3,532   
Near-side Unbelted 6,714      5,551   
Near-side Total 14,074    9,083   
Near-side/Far-side Total 21,335    18,948 
% Due to Far-side 34% 52%
 
An in-depth analysis of the crash environment for 
belted occupants in far-side crashes was presented in 
earlier papers [Gabler, SAE 2005 and ESV 2005].  
The analysis indicated that for belted occupants with 
MAIS 3+ injuries, the 50% median crash severity 
was a lateral delta-V of 28 km/h and an extent of 
damage of 3.6 as measured by the CDC scale [SAE 
Standard J224, Collision Deformation Classification].  
The most frequent damage area for seriously injured 
belted occupants was the front 2/3 of the vehicle 
(42%), followed by the rear 2/3 (21%).   The most 
frequent principal direction of force (PDOF) was 60o 
(60%), followed by 90o (24%).  The head and chest 
were the most frequently injured body regions, each 
at about 40% [Gabler 2008].  The injuring contacts 
that most frequently caused chest injury were the 
struck-side interior (23.6%), the belt or buckle 
(21.4%) and the seat back (20.9%) [Fildes, 2007].  A 
Harm analysis showed 30% of the Harm associated 
with side impact crashes occurred to the far side 
occupant and that this figure was reasonably 
consistent in both the US and Australia (Gabler, 
Firzharris, et al 2005). 
 

MODELS AND DUMMYS FOR USE IN FAR-
SIDE TESTS 
 
The MADYMO human facet model was initially 
validated for the far-side crash condition by 
duplicating the far-side PMHS test reported by Fildes 
[2002].  The model validation was reported in a 
separate paper [Alonso, 2005].  The model was then 
used to evaluate occupant kinematics when subjected 
to a 28 km/h delta-V pulse that approximates the one 
produced by the IIHS barrier [Alonso, 2007].  The 
human facet model was also used to evaluate the 
consequence of variations in crash pulse and in 
generic countermeasures. The MADYMO human 
facet model was considered to be a good tool for 
assessing the influence of countermeasures on 
occupant kinematics in far-side crashes [Alonso 
2007]. 
 
The accuracy of the seat belt to shoulder interaction 
for the MADYMO human facet model was evaluated 
by Douglas [ESV 2007 and AAAM 2007].  The 
shoulder complex of the model was modified to 
better duplicate the belt interaction.  Validation of the 
model was based on low severity human volunteer 
tests and higher severity PMHS tests involving 
varying belt configurations and levels of pretension. 
 
Initially, a range of current side impact test dummies 
(BioSID, BioSID_Mod, EuroSID1, and WorldSID 
were compared with a single PMHS test to evaluate 
their potential to represent a human in a far side crash 
[Fildes 2002, Bostrom 2003]. Subsequently, the 
MADYMO computer models of the existing adult 
side and frontal dummies were compared with the 
human facet model [Alonso, 2007].  The dummy 
models evaluated included the following: Hybrid III, 
Biosid, Eurosid 1, Eurosid 2 and SID2S.  It was 
evident from the evaluation that none of the standard 
dummies possessed the kinematics to duplicate the 
motion observed in either the initial PMHS test or the 
MADYMO human facet model.  Consequently, these 
dummies were eliminated from further testing. The 
WorldSID and the THOR-NT were subsequently 
selected as the best candidates for a far-side dummy. 
Sled testing indicated that the BioSID with a 
modified spine and shoulder unit did provide 
reasonable human-like kinematics [Fildes 2002, 
Bolstrom 2003]. However, this modified dummy was 
not a serious contender given its pure research status. 
 
THE BIOMECHANICAL TEST PROGRAM 
 
Under the Far Side Impact Collaborative Research 
Program, a series of PMHS tests was conducted by 
the research staff at The Medical College of 
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Wisconsin [Pintar, 2006, 2007].  The purpose of the 
PMHS tests was to assess the kinematics that needed 
to be reproduced in a dummy.  The development of 
injury criteria was not a requirement.  A test program 
that involved 18 different test configurations was 
conducted.  Each test condition was run first with a 
PHMS and then the WorldSID and THOR-NT 
dummies were subjected to the same test condition.  
The test variations included test impact angle (60 and 
90 degrees), test speed (11 and 30 km/h), shoulder 
belt type (inboard and outboard anchorages), center 
support (chest and shoulder load paths), shoulder belt 
tension, and shoulder belt anchorage location (high, 
low, mid and forward). All configurations included a 
center console support for the pelvis.  
 
Three of the MCW tests involved different 
configurations of conventional three-point belts 
tested at 90 degrees.  These configurations varied the 
height of the D-ring.  In the low-position the D-ring 
was aligned with the top of the shoulder. In the mid-
position, the D-ring was 90mm above the shoulder 
and the high-position it was 150mm above the 
shoulder.  
 
The complete data for these tests is contained in the 
Stapp paper [Pintar 2007].  The y-z head trajectory 
plots are shown in the figures to follow.  
 
Both the WorldSID and the THOR-NT response in 
far side impacts compared favorably to the PMHS 
responses.  The WorldSID performed somewhat 
better in the 90deg tests while the THOR-NT was 
better in the 60deg tests.  However, both dummies 
closely mimicked the head trajectory of the PMHS 
subjects in the testing conditions to which they were 
subjected.  The greatest limitation of the dummies 
was the location of the chest deflection 
instrumentation.  Some relocation of the chest 
instrumentation would be required in order to 
accurately measure this parameter in far-side crashes.  
The test results have been reported by Pintar [Pintar 
2007] who concludes, “The THOR and WorldSID 
dummies demonstrate adequate biofidelity to develop 
countermeasures in this (far-side) crash mode”. 
[Pintar 2007]. 
 

 
Figure 1. PMHS and THOR Far Side Sled Test  
(HS139) with Mid-Back Belt geometry @ 30km/h 
 

 
Figure 2. PMHS, WorldSID and THOR Far Side 
Sled Test  (HS104) with Mid-Back Belt geometry 
and pretension @ 30km/h 
 

 
Figure 3. PMHS, WorldSID and THOR Far Side 
Sled Test  (HS139) with Mid-Forward Belt 
geometry and pretension @ 30km/h 
 
INJURY CRITERIA FOR FAR-SIDE DUMMY 
 
The WorldSID Working Group has proposed injury 
criteria for use when the dummy is subjected to near-
side impacts.  Many of the injury measures are also 
applicable to far-side impacts.  The WorldSID 
criteria applicable to far-side impacts have been 
summarized and criteria needed for the evaluation of 
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far-side countermeasures has been added in a Task 
Report prepared for the project [Gibson and Morgan 
2008].  The Task Report contains the available injury 
risk functions for the head and face, neck, spine, 
shoulder, thorax, abdomen, pelvis, lower extremities 
and upper extremities.  It contains proposed injury 
risk curves for head, neck (skeletal), spine, chest, 
abdomen, pelvis, lower extremities and upper 
extremities. 
  
One of the injury measures currently missing from 
most dummy measurements is the criteria for injury 
to the soft tissues of the neck.  Of particular concern 
is the injury to the carotid artery from direct or 
induced loading by the shoulder belt or by other 
countermeasures.  This issue has been attacked by 
teams from Medical College of Wisconsin, and Wake 
Forrest-Virginia Tech.  The results have been 
reported in a series of papers [Stemper, IRCOBI 
2005, J. Bio., 2005, Bio. Sci. Inst., 2005, IRCOBI 
2006, J. Trauma, 2007, Annals Bio.Eng., 2007, J. 
Bio, 2007, and Gayzik, AAAM, 2006 and Bio. Sci. 
Inst., 2006]. 
 
KINEMATICS OF AVAILABLE DUMMIES 
 
A review of the crash test films available at the 
NHTSA/FHWA Crash Film Library found only one 
documented test of a far-side crash.  In this crash the 
crash direction was 90 degrees and the delta-V was 
approximately 15 km/h.  The dummy slid out of the 
shoulder belt.  Six far-side crashes were subsequently 
conducted and documented [Digges, 2001].  In this 
series of tests, angle of impact was 60 degrees and 
the delta-V was 40 km/h. The tests evaluated 
variations in shoulder belt tension and latch plate 
design.  In all configurations, the Hybrid III dummy 
slid out of the shoulder belt. These tests suggested 
that additional countermeasures would be necessary 
to limit the excursion of the upper body. 
 
Fildes [2002] reported on efforts to develop a dummy 
for use in far-side impacts.  He found that existing 
dummies lacked the flexibility in the spine to duplicate 
the kinematics of a baseline PHMS test.  In a later 
paper, Fildes reported better results based on limited 
testing of a BioSID dummy in which the spine had 
been replaced with a coil spring [Fildes 2003].  He 
recommended continuing research to develop a dummy 
and injury criteria so that countermeasures could be 
specified and evaluated. 
 
CRASH TESTS WITH FAR-SIDE DUMMIES 
 
Several vehicle crash tests have been reported in the 
literature that included both near and far-side dummies 

[Newland 2008].  The Newland study reported the 
result of 3 Moving Deformable Barrier (MDB)-to-car 
tests and 3 pole side impact tests.  Four of the tests used 
the WorldSid as the far-side dummy.  The other two 
tests used the bioSID.   The MDB speeds in the tests 
were at 50 and 65 km/h.  The impacts with the pole 
were at 32 km/h.  
 
In all the tests, there was interaction between the two 
dummies.  However, in all cases this later interaction 
had no influence on the injury measures from the near-
side contact.  The authors concluded that: “the presence 
of the adjacent dummy occupant seated on the non-
struck side was observed to have no influence on the 
injury to the struck side dummy occupant resulting 
from intruding side structure”.  
 
In all six of the tests, the far-side dummy slid out of the 
shoulder belt.  In two of the tests that involved a side 
impact with a pole, there was a head-to-head impact 
that produced a HIC in excess of 2000 on both 
dummies. 
 
The authors recommended a minor change in the 
WorldSID to reduce the tendency of the belt to 
penetrate the cavity between the shoulder and thorax.  
This penetration occurs as the dummy begins to slip out 
of the shoulder belt. 
 
 MADYMO MODELING OF BELT GEOMETRY  
 
To further evaluate the influence of belt geometry on 
the ability of the belt to retain the far-side occupant in a 
crash, the MADYMO Human Facet Model from TNO 
was used.  This model had been validated against a 
single PMHS test and the results were published 
[Alonso 2007]. Further improvements in the model 
shoulder to belt interaction were accomplished, based 
on human volunteer testing at low severity far-side 
impacts and PMHS testing in more severe impacts 
[Douglas 2007].    As part of the present study, the 
model was validated against the three PMHS tests 
reported in an earlier section [Echemendia 2009].  The 
model was then applied to determine the effect of 
shoulder belt geometry and pretensioning on the 
response of a far-side dummy in tests typical of the 
NCAP and IIHS tests.  The results show that the belt 
geometry that performed well in the PMHS tests 
continued to perform well in the consumer rating tests.  
The belt configurations that permitted the highest head 
excursion in the PHMS tests also permitted the highest 
head excursion in the consumer rating tests. 
 
When using the Human Facet Model, the interaction 
between the seat belt and the shoulder area was 
known to be critical for accurate simulation. The 
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Human Facet Model was modified to better represent 
this shoulder area by adding rigid ellipsoids as 
previously reported by Douglas [2007]. A sphere with 
a radius of 0.053 m represented the shoulder and a 
sphere with a 0.045 m radius represented part of the 
upper arm near the shoulder. A Multi-body surface to 
Finite Element surface kinematic contact was used to 
describe the interaction between the safety belt and 
the ellipsoids representing the shoulder area. 
 
The simulations of the PMHS tests showed that a 
seatbelt and the D-ring at a mid-height and back 
position resulted in the lowest head excursion. The 
PMHS test with the same belt position showed the 
same result. Simulations done with the D-ring at a 
mid-height and forward position and at a low-height 
and back position resulted in higher head excursions. 
In both of these cases, the belt slipped from the 
shoulder.  The PMHS test with the D-ring at a mid-
height and forward position also showed the belt 
slipping from the shoulder. An increased head 
excursion resulted.  
 
These MADYMO results were generally similar 
when the 11km/h, 21km/h (IIHS) 24km/h (NCAP), 
30km/h and 40km/h pulses were applied in the lateral 
direction. In simulations with the same lateral 
acceleration pulse but different belt geometry, results 
showed that the head excursion in the lateral 
direction ranged between 185 mm to 245 mm greater 
for the worst configuration when compared to the 
best belt configuration.  The 11 km/h test was the 
source of the lower range and the 30 km/h test was 
the source of the higher range.  
 
The largest difference in head excursion occurred in 
the 30 km/h tests and the Y-Z plots are shown in 
Figure 4. 
 

 
Figure 4.   Human Facet Model Y-Z head excursion 
with three D-ring positions (tests @ 30km/h) 
 
MODELING OF BELT PRETENSIONING 
 
The same tests configurations were also simulated 
using a belt pretensioner. The belt pretensioner 

allowed 72 mm of belt retraction and it was activated 
10 ms after time zero. The belt pretensioner did not 
prevent the belt from slipping from the shoulder in 
the mid-height and forward position and in the low-
height and back position tests. It did reduce the head 
excursion in the lateral direction from 10 to 75 mm. 
The belt did not slip in the test with the D-ring at 
mid-height and back position similar to the test 
without pretensioning. It also reduced the head 
excursion by 61 to 74 mm. The largest difference in 
head excursion occurred in the 30 km/h tests and the 
Y-Z plots are shown in Figure 5. 
 

 
Figure 5. Human Facet Model Y-Z head excursion 
with three D-ring positions and with the use/no use 
of pretensioner (tests @ 30km/h) 
 
These results show that while pretensioning helps 
reduce head excursion up to 75 mm, the appropriate 
location of the D-ring has a better benefit. According 
to these results the belt geometry is important to 
prevent the belt from slipping and to reduce head 
excursion.  
 
A SAFETY RATING SCHEME 
 
The THOR and WorldSID have both demonstrated 
good biofidelity in reproducing human kinematics in 
far-side crashes.  The initial consumer information tests 
should utilize these validated capabilities and base the 
rating on head excursion. Ultimately, either dummy 
could be used to measure injury to all relevant body 
regions. 
 
This strategy is similar to that employed in the initial 
standard FMVSS 213, “Child Restraint Systems”.  The 
pass-fail criterion for the original 213 standard was 
based on head excursion.  
 
The MADYMO modeling has shown that reduction of 
head excursion can be achieved by appropriate belt 
geometry and pretensioning.  A key to reducing the 
head excursion is the retention of contact with the 
shoulder.  If the occupant’s shoulder slips out of the 
belt the upper body is free to move laterally at 
increased velocity.  The resulting impacts of upper 
body regions with intruding structure are likely to be 
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increased in severity.  In addition, undesirable loading 
of the abdominal region by the belt system may result.  
Retaining the occupant in the belt system should be 
beneficial in both far-side planar crashes and rollovers. 
 
It is anticipated that the greatest benefit in controlling 
head lateral excursion will be a reduction of the severity 
of head contacts with intruding structures.  This benefit 
provides another reason for using head excursion as the 
rating metric. 
 
The NCAP test condition at a severity of about 25 km/h 
provides a reasonable crash environment for rating far-
side protection.  Figure 6 shows the distribution of 
occupants with MAIS 3+ head injuries.  The figure 
shows a very sharp increase in frequency of head 
injuries in the range of 25 to 30 km/h lateral delta-V.  
 

 
Figure 6. Distribution of occupants with AIS 3+ 
head injuries vs.  lateral delta-V based on 
NASS/CDS 1993-2007 
 
One consequence of limiting the lateral head excursion 
is an increase in the amount of intrusion that can be 
tolerated before a head strike occurs.   This relationship 
is illustrated in Figure 7 [Echemendia  2009].  The 
figure is based on the maximum head excursion 
predicted by the MADYMO modeling of 30 km/h far-
side crashes.  The figure shows the clearance or 
interference between the head and the side structure as 
a function of the CDC extent of damage to the side of 
the vehicle.  The head to side structure clearance for the 
best and worst belt configurations are plotted. 
 
 Figure 7 provides one possible basis for the far-side 
safety rating.  The objective of the rating is to 
encourage designs to prevent a head impact with the 
intruding far-side structure.  The more intrusion that 
can be tolerated before a head impact occurs, the higher 
the star rating should be.  For the Taurus model, the belt 
systems that prevented the belt from slipping off the 
shoulder would tolerate an extent of damage CDC 4 
before head contact occurred.  If the dummy slipped 
out of the belt, the head strike would occur when 
damage reached a CDC of 3. Vehicles with less lateral 
occupant space might have different ratings for the 

same restraint configuration.  If the restraint system 
prevents a head impact for an extent of damage CDC 5, 
the rating is 5 star. Lower star ratings would be 
assigned to correspond to the lower extent of damage 
permitted. 
 
A moving deformable barrier side impact test at 65 
km/h with WorldSID dummies in both the near-side 
and far-side front seat locations indicated that 
interaction between the dummies occurred at about 90 
ms [Newland 2008].  In this test, the belt restraint 
system allowed the dummy to slip out of the belt.  The 
interaction between the dummies was late enough so 
that it did not influence the interaction of the near-side 
dummy with the near-side countermeasures.  The 
interaction was also late enough to permit the far-side 
dummy to slip out of the shoulder belt. However, the 
full range of head excursion was interrupted by the 
interaction of the two dummies. This impediment may 
require a modification to the star rating for belt systems 
that do not retain the far-side dummy. Additional crash 
testing should permit suitable refinements in the basic 
rating concept. Ultimately, head and chest injury 
measures could be used as is done in the NCAP ratings. 
 

 
Figure 7. Clearance between the head and the 
intruding side structure in 30km/h MADYMO 
simulations for best and worst belt configuration on 
a Mid-Sized Vehicle (Ford Taurus) 
 
DISCUSSION 
 
Recent changes in US Federal Motor Vehicle Safety 
standards have introduced additional testing 
requirements intended to further improve side impact 
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protection.  These standards include tests with both 
50% male and 5% female dummies in near side 
crashes with both a pole and a movable deformable 
barrier.  The principal benefits from these tests are in 
near-side crash protection.  There is no regulatory 
requirement for far-side protection based on dummy 
crash test performance. 
 
At present, no agency conducts consumer 
information tests to evaluate far-side protection.  As a 
result, there is little market incentive to incorporate 
technology that has been available for far-side 
protection.  Earlier papers reported improved far-side 
protection in tests of new countermeasures including 
center air bags and four point belts [Bostrom 2005 
and 2008].  Tests and modeling of conventional 3-
point belts show that even current countermeasures 
can provide enhanced far-side protection at crash 
severities employed in near-side NCAP and IIHS 
tests. 
 
An impediment to improved far-side protection has 
been the lack of a technical base to permit the 
evaluation of countermeasures.  This deficiency has 
now been resolved by the research conducted by the 
Far Side Impact Collaborative Research Project and 
summarized in this paper.  
 
The Project showed that the WorldSID and the 
THOR-NT both demonstrated a high degree of 
biofidelity in 18 tests that were representative of a 
large range of far-side crashes.  Either dummy 
appears to be a satisfactory measuring device with 
regard to its kinematic response.  However, changes 
in the location of the chest instrumentation would be 
required to obtain accurate readings of the maximum 
chest deflection.  A shield for the shoulder joint is 
recommended for the WorldSID to prevent 
inaccurate kinematics after dummy slips out of the 
belt.  The available injury risk functions to be used 
with the WorldSID have been collected from the 
literature and summarized in a report developed 
under the Project.   
 
The MADYMO human facet model was shown to 
accurately duplicate the human kinematics when 
applied PMHS tests that simulate a far-side impacts.  
The modified MADYMO human facet model offers a 
basis for evaluating human kinematics when exposed 
to far-side impacts.  Consequently, the model is 
useful for evaluating design variables in far-side 
safety systems.   
 
The THOR and WorldSID have both demonstrated 
good biofidelity in reproducing human kinematics in 
far-side crashes.  The initial consumer information tests 

should utilize these validated capabilities and base the 
rating on head excursion.  Ultimately, the ratings could 
be based on HIC and other injury measurements that 
are possible on these advanced dummies. 
 
The MADYMO models of the Hybrid III, Biosid, 
Eurosid 1, Eurosid 2 and SID2S were found to 
produce much less head excursion than observed in 
the PMHS tests that were used for model validation 
[Alonso 2007]. 
 
The MADYMO human facet model demonstrated that 
belt geometry and pretensioning can influence the 
performance of conventional three point belt systems as 
measured by a far-side dummy in a side NCAP or IIHS 
test.  
 
Tests conducted in Australia have shown that the 
presence of a far-side dummy does not interfere with 
the side protection measurements made by the near-side 
dummy.   However, there was interaction between the 
near-side and far-side dummies during the rebound of 
the near-side dummy.  The interaction occurred well 
after the far-side dummy slipped out of the shoulder 
belt.  Consequently, the ability of the belt system to 
restrain the far-side dummy could be determined by the 
test. 
 
While most of this discussion has focused on consumer 
tests carried out in the US, it is also relevant for 
consumer tests in other parts of the world (eg; ANAP in 
Australia, EuroNCAP in Europe and JNCAP in Japan).  
 
With the lack of any regulation in sight for ensuring 
improved far-side occupant protection, the inclusion of 
a WorldSID or THOR side impact test dummy on the 
non-struck side in current side impact tests is one 
option to address this shortfall.  
 
CONCLUSIONS 
 
All technical impediments to the crash test and 
evaluation of far-side countermeasures have now been 
removed by the research conducted under the Far Side 
Impact Collaborative Research Project. 
 
There continue to be a large number of injuries that 
occur in far-side planar crashes and rollovers.  A 
number of countermeasures have been demonstrated 
that could mitigate the injury producing environment of 
far-side crashes.  There is at present no marketing 
incentive for introducing far-side countermeasures. The 
absence of regulatory and consumer information tests 
of far-side safety is now the major impediment to 
improved safety.   
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Either the WorldSID or the THOR-NT accurately 
mimic the kinematics of a human in far-side crashes of 
the severity used in SNCAP and IIHS tests. 
 
Crash tests and modeling have shown that the retention 
of the far-side occupant could be improved by attention 
to the design of the existing 3-point belts.  Consumer 
information tests to encourage these improvements 
would be a reasonable step to improve passenger safety 
in far-side crashes. On possibility for addressing this 
deficiency could be the inclusion of a WorldSID or 
THOR-NT test dummy in the far-side seating position 
when conducting a side impact consumer information 
test. 
 
Crash tests have shown that the presence of a far-side 
dummy has no influence on the near-side dummy’s 
measurement of injuries from the near-side contact. 
 
Incorporation of a far-side dummy in SNCAP 
EuroNCAP, ANCAP, JNCAP and IIHS consumer 
information tests is a low cost and practical step to 
encourage safety improvements in far-side crashes. 
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ABSTRACT 
 
Research efforts on crashworthiness and safety 
assessment of paratransit buses were initiated and 
subsequently supported by the Florida Department of 
Transportation over the past ten years.  They 
gradually evolved from computational mechanics 
feasibility studies using non-linear finite element 
(FE) methods to an industry standard implemented 
in the state of Florida in August 2007.  Paratransit 
buses sold in Florida can now be evaluated for safety 
per the state standard based on either experimental 
testing or on rigorous computational mechanics 
analysis with validated FE models.  Verification and 
validation (V&V) process is based on multi-scale 
laboratory testing including: material 
characterization, wall panel and connection tests, and 
testing of the entire bus.  Validated FE models are 
subsequently used to provide a comprehensive safety 
assessment of the entire vehicle.  
  
Two accident scenarios, identified as critical and 
dangerous by bus manufacturers and operators 
in the United States, are rollovers and side impacts.  
Rollover assessment for paratransit buses is based on 
a tilt table test.  It was adopted for 
the Florida Standard from the UN-ECE Regulation 
66 (R66) [1].  In addition, a side impact evaluation 
was introduced due to a significant segment of large 
SUVs and pickup trucks among all vehicles sold 
in the US.  Penetration of the residual space is used 
as a failure criterion in both tests.   
 
The computational track of the assessment program 
supported by the laboratory validation experiments is 
presented in the paper.  A new method of safety 
margin assessment in the rollover test based on 
angular deformations of the bus cross section is 
introduced.  The program has been well received and 
is now partially supported by the bus industry.   

INTRODUCTION 
 
Paratransit buses are defined as small buses that have 
a maximum capacity of 22 passengers.  Production 
and use of paratransit buses has increased 
dramatically after 1990 since the Americans with 
Disabilities Act (ADA) [2] was introduced.  The Act 
defines paratransit buses through their function as 
a complementary service for regularly scheduled 
routes.  According to ADA - paratransit buses shall 
be able to transport at least two disabled passengers 
in their wheelchairs with the use of lifts to assist with 
the loading and unloading of disabled passengers.  
In addition to their smaller passenger capacity and 
different functions compared to a typical bus, 
paratransit buses also vary in their structure and 
construction methods.  Unlike the monolithic 
construction of a larger bus, a paratransit bus is built 
in two distinct stages.  First, the chassis and driver 
cab are produced by a major U.S. automotive 
manufacturer, most commonly: Ford or GM.  
In the second stage, smaller companies (called body 
builders) construct and attach a complete passenger 
compartment (including all necessary interior 
equipment) to the chassis.   
 
The Federal Motor Vehicle Safety Standards 
(FMVSS) define a bus as a motor vehicle with 
motive power, except a trailer, designed for carrying 
more than 10 passengers.  The separate group 
standardized by FMVSS code pertains to the school 
buses.  FMVSS does not recognize paratransit buses 
as a special group of vehicles.  Per FMVSS a bus 
can be either a school bus or “other type of bus” and 
there is no exceptional treatment of paratransit buses 
by the standards [3].  The review of national and 
worldwide standards indicates that paratransit buses 
with their Gross Vehicle Weight (GVW) often 
exceeding 10,000 lb and specific way of two-step 
assembly process make them unique in the existing 
crashworthiness related regulations.  Among US 
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standards,  the FMVSS 208 [4] is the only code 
which provides specific requirements that can be 
applied exclusively to driver’s seat in the bus.  
At the same time production of passenger cars and 
school buses is strictly guided by several FMVSS 
standards and other Regulations: [5], [6], [7], [4], [8].  
As a result, elderly and disabled passengers of 
paratransit buses, who need protection the most, are 
exposed to greater peril than passengers of other 
types of vehicles.   
 
The Fatality Analysis Reporting System (FARS) 
developed by the National Highway Traffic Safety 
Administration (NHTSA) also does not distinguish 
a separate group of paratransit buses and places them 
in the group of “other buses”.  For that reason, 
detailed accident statistics regarding the performance 
of paratransit buses are scarce due to their common 
inclusion within a more general bus category 
in overall crash statistics.  The communication with 
the Florida Department of Transportation (FDOT) 
representatives reveals that paratransit bus accidents 
do not happen too often.  The FDOT indicates 
however, that the structural strength of paratransit 
buses is unpredictable and scattered due to different 
construction techniques and configurations used for 
the bus body structure.  Structure of buses produced 
by the same manufacturer can differ from one 
another depending on the modifications required by 
local bus operators.  Such modifications are rarely 
examined due to the high cost of experimental tests.  
Yet, the purchase of the new buses must be guided by 
both safety and economical reasons.   
 

 
Figure 1.  An example of a severe side impact 
accident between a mid size passenger car and 
a paratransit bus in Orange County, 
California (Courtesy: Orange County Register). 
 
Figure 1 shows an illustration of a side impact 
accident involving a paratransit bus and a mid-size 
passenger vehicle.  The fiberglass-based bus body 
was barely reinforced by the steel structure and 

turned out to be a very weak design solution 
in the impacted bus.  As a result, the impact caused 
a disproportional damage to the bus.   
 
Due to growing size of a paratransit fleet, the FDOT 
expressed its desire to increase passive safety for 
Florida paratransit buses in these types of accidents 
(side impact and rollover).  The FDOT requested and 
sponsored the development of a new methodology 
that could be used for the bus testing and approval 
purposes.  The main objective of the testing 
procedure was to indicate which buses are evidently 
weaker and more susceptible to excessive damage 
during the impacts.  A multilevel research conducted 
under the FDOT sponsorship resulted in introduction 
of the crashworthiness assessment program [9] 
developed by the Crashworthiness and Impact 
Analysis Laboratory (CIAL).  The program utilizes 
the experiences from computational mechanics 
studies, expertise of the FDOT, input from industry, 
and present and past regulations and standards.   
 
This paper is a continuation of the work presented 
earlier at the EVS Conference in 2007, [10].  
Ongoing research performed by CIAL resulted 
in the enhancement of the V&V procedures for bus 
rollover simulations, further development of 
the testing facility for rollover test approval, and 
in the development of new FE bus models.  Multiple 
computational mechanics analyses and experimental 
tests performed by the CIAL and the FDOT resulted 
in valuable findings in the bus rollover safety 
research.  The new safety lever rating system is 
presented in the paper as an outcome of 
the performed work. 
 
CRASH AND SAFETY TESTING STANDARD 
 
The Crash and Safety Testing Standard was initially 
described in the [9].  The complete standard [11] 
became a part of a former Florida Vehicle 
Procurement Program (FVPP), which has been  
recently transformed into the Transit-Research-
Inspection-Procurement Services (TRIPS) Program 
[12]. The main goal of the standard is to assess 
the crashworthiness and safety of a paratransit bus 
either by experimental full-scale crash tests, or by 
the computational analysis using a FE method.  At 
the first step both methods are considered equivalent 
and either one may be selected by the bus 
manufacturer for the bus approval.  
If the computational method is chosen first and 
the result of the evaluation is negative, the evaluation 
can be repeated using the experimental method for 
the final approval.   
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The computational mechanics approval procedure is 
not necessarily the easier one but definitely more 
affordable for local companies producing paratransit 
buses.  The computational analysis using the FE 
method requires a reliable and validated FE model.  
Testing and validation is an additional and necessary 
step in the numerical approach.  The validity is 
assured thorough comparison of results from 
specially designed experimental tests with results 
from the FE simulations (refer to Figure 4 for details 
regarding validation procedure).  The validated FE 
model is used to assess the crashworthiness and 
safety of the bus through: a side impact simulation 
and a rollover test simulation. 
 

 
Figure 2.  Rollover test setup according to ECE 
R66 [1]. 
 
In the rollover test a vehicle resting on a tilting 
platform is first quasi-statically rotated onto a weaker 
side.  When the center of gravity reaches the highest, 
critical point, the rotation of the table is ceased and 
gravitation causes a free falling off the bus onto 
the ditch.  Concrete flooring of the ditch is placed 
800 mm beneath the tilt table horizontal position.  
Figure 2 shows three relevant positions 
in the rollover test: initial, critical and just before 
the contact with the ground.   
 
A paratransit bus is considered to be crashworthy and 
safe if its residual space (see [1] and Figure 17 for 
the definition) is not compromised through either 
intrusion or projection during either actual or 
simulated tests [9], [1].  Passing results from both: 
side impact and rollover tests are required for 
an approval.  Moreover, the experimental full-scale 
crash test is mandatory for further approval 
if the paratransit bus fails either of the computational 
analysis tests.   
 
FE MODEL DEVELOPMENT 
 
The FE model was developed for the LS-DYNA 
simulations [13].  The whole process was in the 

agreement  with the Annex (number 9) to the R66 
[1].  The document provided general rules for FE 
model development, requirements for software used 
for the approval and type of the results that shall be 
included in the report from the simulation.   
 
The considered here FE model of a bus was 
developed in two distinct stages.  During the first 
one, the FE model of the cutaway chassis was 
extracted from the public domain FE model of 
the Ford Econoline Van, developed by the National 
Crash Analysis Center (NCAC) at George 
Washington University [14].  Computer program LS-
PrePost was used to delete redundant Econoline 
Van parts and LS-DYNA keyword definitions.  
Subsequently, various geometry modifications were 
applied to the FE model to convert the chassis from 
the van (E-150 equivalent) to the heavy duty E-450, 
based on the specifications used for the tested bus. 
 
In the second stage three-dimensional AutoCAD 
model of the passenger compartment was built, based 
on the centerline dimensions of the profiles.  Then 
the frame was translated to IGES (Initial Graphics 
Exchange Specification) format and imported to 
HyperMesh preprocessor to create FE mesh and other 
FE features.  Subsequently skin surfaces and relevant 
elements of interior were developed and attached to 
the frame.  All structural and some nonstructural 
components of the interior were included 
in the model to fully replicate mass distribution and 
inertia properties of the bus.  Figure 3 shows 
the complete FE model of the bus-1 with the 
highlighted structural members of the body frame.   
 

 
Figure 3.  FE model of the bus-1 with highlighted 
structural members of the bus body.   
 
All members of the frame were connected into one 
structure using 1-D SPOTWELD elements.  The FE 
model development resulted in over 620,000 finite 
elements in the base model.  Table 1 provides basic 
information about the bus FE model. 



Bojanowski 4 
 

Approval
procedure

Numerical

Material 
characterization

Testing and 
Validation

Tube bendingExperimental

Rollover test

Side impact 
test

Rollover test

Connections

Side impact 
test

Side wall 
impact 

Center of 
gravity

Unit problem
level

Component
level

Subsystem
level

System
level

Composite 
bending

 
Figure 4.  Approval procedure flowchart. 
 

Table 1. 
Finite Element model summary 

 
Specification Count Specification Count 
elements 623,817 spotwelds 14,284 

nodes 661,901 2-d elements 582,467 

parts 349 3-d elements 41,342 

1-d elements 8 - - 
 
The model is primarily built from shell elements.  
Thus, they determine the accuracy and the robustness 
of the solution.  Type 2 shell elements are used as 
default in LS-DYNA and are frequently used 
in crashworthiness simulations.  This under-
integrated element requires about 2.5 times less CPU 
time than the other common element – type 16.  
The drawback of the element formulation 2 lays 
in possible development of nonphysical forms of 
deformations that produce zero strain and no stress – 
a process called hourglassing.  The rollover 
simulation is considered to be long lasting 
(approximately 3 sec.) in comparison to the frontal or 
side impacts (about 0.2 sec).  For that reason 
the model development process needs special 
precautions assuring stability of the solution.   
 
The fully integrated type 16 shell element provides 
the most stable results with low level of spurious 
energies in the overall response.  Thus it was used for 
the majority of the parts in the FE model of the bus.   
 
The AUTOMATIC_SINGLE_SURFACE contact 
definition is recommended for crashworthiness 
simulations [15].  Although it is computationally 
expensive, it is also easy to implement for 

the complex models where multiple parts may 
interact (including self contact) during the simulation.   
 
The concrete pad was modeled by RIGIDWALL 
option entry in the LS-DYNA.  All elements from 
the bus were defined to be in the contact with that 
RIGIDWALL.  The important parameter of 
the concrete pad in the rollover test is the friction 
coefficient between bus skin and concrete.  From 
the experimentally determined range 0.57 to 0.7 [16] 
the most conservative was assumed – 0.7.   
 
The initial simulations were starting at the unstable 
position of the bus.  The bus was rotated so the CG 
was slightly beyond the vertical line drawn from 
the point of the bus rotation to enforce falling from 
the supporting table.  Once the FE model was 
verified, subsequent simulations were starting with 
the FE bus model positioned just above the ground 
(to decrease the CPU time) and proper initial 
velocities were applied to the bus to reflect original 
conditions. 
 
FE MODEL VERIFICATION 
 
Introduced in 2006 the American Society 
of Mechanical Engineers (ASME) standard, titled 
“Guide for Certification and Validation 
in Computational Solid Mechanics” [17], defines 
verification as a process determining that 
computational model accurately represents 
the underlying mathematical model and its solution 
[17], [18].  In other words verification answers 
the question if equations are solved correctly [19].  
Verification process is usually split into two 
independent parts – code verification and calculation 
verification.  Verification of the code develops 
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a confidence that solution algorithms are working 
correctly. 
 
Calculation, solution or model verification builds 
the confidence that the solution of the mathematical 
model is accurate.  It is the analyst’s responsibility to 
perform this part of the verification where the major 
task is to estimate the amount of a numerical error 
[17].  Numerical solution error in FE simulations is 
mainly attributable to the discretization 
approximation.  However, there are other multiple 
factors influencing correctness and stability of 
the solution.  These quantities can be checked based 
on the energy balance during the whole process (see 
Figure 5).  During the whole rollover all components 
defining the total energy should satisfy the principle 
of energy conservation.  Obtained values of energy 
should also be verified against hand calculations as 
a first check of the simulation. 
 
Based on the detailed description of the rollover 
kinematics in [20] an energy balance diagram was 
created as presented in Figure 5.  The  time instances 
marked in the diagram denote: 
 
• t1 – cantrail collision with the ground and 

development of plastic hinges in the bus cross 
sections, 

• t2 – waistrail collision with the ground, 
• t3 – critical structural deformations, plastic 

hinges stop working, 
• t4 – structural deformations end and elastic 

deformations are partially recovered, 
• t5 – end of the process. 

 
The total energy applied to the structure during 
the impact is approximately equal to [1]: 
 

hMgET Δ= 75.0           (1a). 
 

Where:   
M – is the total mass of the bus.  In the considered 
case, after inclusion mass of 13 passengers, it was 
equal to 5.2762 tons.   
g – is the acceleration due to gravity and   

hΔ  – is the vertical distance from the highest, 
unstable position of the bus CG to its final location 
(In this case it was equal to 1246.3 mm). 
Thus the total energy applied to the bus is equal to: 
 

kJET 381.483.124698102762.575.0 =⋅⋅⋅=    (1b). 
 
The remaining 25 % of the potential energy is 
dissipated mostly to the ground and through damped 
vibrations [9].  In the investigated case, 

the numerically determined value of rigidwall 
(ground) energy was 18.083 kJ accounting for 28.03 
% of the total energy.  The maximum value 
of hourglass energy was 1.081 kJ, or 1.7 % 
of the total energy.  The sliding energy was equal to 
2.594 kJ, or 4.09 % of the total energy.  The zero 
level of the potential energy was chosen to be at 
the final position of the CG.  In the graph the energy 
falls below zero reference level, meaning that the CG 
of the bus at some point in the simulation is below its 
final position.  It is due to the elastic rebound of 
the bus. 
 
The energy balance and the grid convergence check 
should be the two major tasks performed 
in the verification of the FE model.  The grid 
convergence study is difficult for such big models 
since subdivision of the elements would result 
in their overall number greater than 1 million.  This 
check should be performed on the smaller, yet 
relevant components of the bus.   
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Figure 5.  Energy balance for second rollover run 
transformed to other form. 
 
FE MODEL VALIDATION  
 
Roache, a pioneer of the V&V techniques, [21], 
describes the difference between verification and 
validation in his statement: “verification deals with 
mathematics whereas validation deals with physics”.  
In simple words validation tells if we have chosen 
correct algorithms to solve our problem [19].  
Technically the validation has the goal of assessing 
the predictive capability of the model for a given 
simulated event [17], [18].  It is performed by 
comparison of predicted results from FE simulations 
to experimental results from the same physical test.  
It is essential to select validation tests that are closely 
related to the event for which model is intended. 
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As advocated by the ASME standard “Guide for 
Verification and Validation in Computational Solid 
Mechanics” [18], the validation experiments of 
complex systems should have hierarchical character.  
Several tests were chosen as the most relevant for 
the bus structure and rollover test considered. 
Material characterization is at the lowest level of 
the validation hierarchy.  Bending of steel tubes and 
skin composite samples can be categorized as testing 
at the component level.  The bending of 
the connections and impact test on the side wall 
panels can be considered as tests on the subsystems 
of the structure.  At the complete system level, 
a center of gravity (CG) check shall be performed.  
The proposed tests comprise only the required 
minimum that provide information about 
the behavior of the main structural components.  
Depending on time and budget constraints, additional 
tests shall be conducted for better results and 
increased model reliability.  The most desirable then 
would be the testing of connectors (adhesive, welds 
and bolts). 
 
Bending of Structural Tubes 
 
Three buses were investigated in this research 
project.  They are coded as bus-1 to bus-3.  However, 
the numerical results are presented for the bus-1 
exclusively.   
 
The main structural elements in the considered 
paratransit buses are usually build from square tubes.  
Their dimensions and results from the steel tension 
testing for all three buses are shown in Table 2.  
According to [22] (Table B4.1) for uniformly 
compressed flanges of rectangular box and hollow 
structural sections subject to bending, the limiting 
ratios for compact and noncompact profiles 
respectively are calculated using the formulas: 
 

y

E
p

σ
λ 12.1=

    y

E
r

σ
λ 40.1=

          (2). 
 

The HSS 1.5 in x 1.5 in x 18 ga tubes, used 
in the bus-1, are in the intermediate level and two 
other cross sections are in the compact regions. 
 
A four point bending test was selected as the direct 
measure of the strength of the tubes and 
the validation of the model.  The testing apparatus for 
the four point bending is shown in Figure 6.   
The distance between the external (moveable) 
supports is equal to 900mm and 300 mm between 
internal supports.  The internal supports were 

connected to the grip through the hinge.  
The diameter of supports was equal to 30 mm.  
The INSTRON 8802 testing machine with FastTrack 
software was used for the tests.  The displacement 
was applied with the rate of 20 mm/min.  The bridge 
tensometer ESAM Traveller PLUS was used for 
the test together with the LVDT’s RC20-100-G [23].  
The displacement of the bottom (moveable) traverse 
is denoted as d0.  Additionally deflection of the beam 
in points d1 and d3 (under the internal supports) and 
d2 (middle of the beam) were recorded.   
 

d3

d2

d1

d0

 
Figure 6.  Testing apparatus for four point 
bending test. 
 
The quantitative results of the tests are shown 
in Figure 7.  For HSS 1.5 in x 1.5 in x 18 ga (bus-1) 
tubes local buckling was the reason of reaching 
ultimate strength.  Although the cross section 
in the case of HSS 1.5inx1.5inx16ga (bus-1) tubes is 
compact the local buckling also occurred.  In the case 
of the bus-3 tubes the cross section was considered as 
compact and with λ  low enough the local buckling 
was not present.  Only global deformations were 
present in this instance as shown at the bottom three 
specimens in Figure 7. 
 

Bus_1

Bus_2

Bus_3

 
Figure 7.  Deformed tubes as a result of the four 
point bending tests. 
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Table 2. 
Mechanical properties of tested steel 

 

Steel source Tubes dimensions Young’s modulus 
E(MPa) 

Yield stress 
 )(MPayσ  

Ultimate 
strain )(−uε  

Cross section 
classification 

bus-1  1.5 in x 1.5 in x 18 ga 171300 281.1 0.36 intermediate 

bus-2  1.5 in x 1.5 in x 16 ga 222400 359.0 0.25 compact 
bus-3 1.0 in x 1.0 in x 16 ga 207300 389.4 0.18 compact 

 
Figure 8 contains averaged curves presenting 
the exerted load plotted against the displacement of 
the point 0d for three types of tested tubes.  Although 
the 1.5 in x 1.5 in x 18 ga tube used in the bus-1 has 
a greater cross-sectional area than 1.0 in x 1.0 in x 16 
ga, bus-3 tube, the obtained ultimate strength is only 
15% greater than the ultimate strength of bus-3 tubes.  
At the same time it is 75% weaker than 1.5 in x 1.5 
in x 16 ga, bus-2 tube. 
 
The same test for the bus-1 was also simulated using 
the LS-DYNA software.  The load – displacement 
curve from the FE analysis is also shown in Figure 8.  
The ultimate load obtained in the simulation was 
5.012 kN which results in 1.8 % of the relative error 
when compared with the experimental value of 5.108 
kN.   
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Figure 8.  Load-displacement characteristics for 
tubes tested in bending. 
 
Bending of the Connections 
 
The bus body is constructed by first assembling 
the major components (floor, sidewalls, backwall, 
roof) individually and then welding and/or bolting 
them together.  This process creates major 
connections between the subsections.  Dynamic 
performance of these connections does not only 
depend on the material properties but even more 
significantly of the selected connection design which 
is affected by the bus assembly process.   

Figure 9 shows location of the wall-to-floor WF (1) 
and roof-to-wall RW (2) connections selected for 
connection testing.   
 

Wall to floor
connection (1)

Roof to wall
connection (2)

Side wall 
panel (3)

 
Figure 9.  Location of components for connection 
testing in the bus structure. 
 
Representative samples of the connections were 
obtained from the manufacturer for the study of 
the RW and WF connections.  Connections are tested 
in bending where one side is clamped and the other is 
pulled quasi-statically to decrease the angle between 
both sides.  The testing apparatus shown in Figure 10 
was designed to measure the resistance response 
of the connections.   
 

 
Figure 10.  RW connection without skin  
fixed for bending testing. 
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It allowed for data acquisition of a rotation angle 
of the connection as a function of the force (or: 
equivalent moment) applied.  A large concrete block 
is used as a base and the lower part of the test section 
is fixed by butting against this block and then being 
bolted to the floor through the aluminum I-beams.  
Two hand winches are attached to either side 
of the block and connected to the test section with 
an in-line Strainsert tension link rated at 17,793 N 
(4,000 lbs) full scale to the load application point.  
Displacement was measured using two SpaceAge 
Control D62-60-82E1 wire-type position transducers 
for each side (North and South), vertically spaced on 
the concrete block (d1, d2, d3, d4), but connected to 
the same point on the test section to provide 
the vertical and horizontal displacement using 
triangulation technique.  The data recorded included 
the load and two displacements for each side using 
a SCXI DAQ data acquisition system and LabVIEW 
8.2 software.  The load application was quasi-static 
and keeping the displacement of each side almost 
equal.   
 
Figure 11 and Figure 12 present characteristic curves 
obtained for two connections – WF and RW 
respectively.  Together with the experimental results 
the curves from corresponding LS-DYNA 
simulations are shown.  The FE simulations were 
conducted for two cases of different tubes thickness – 
100 % of nominal and 93 % of nominal thickness, 
which was equal to the measured thickness of 
the walls. 
 
In the case of the WF connection the deformation of 
18 deg is equivalent to the failure of the bus (in terms 
of the residual space) in the rollover test.  For 
the simulation of the test with reduced thickness 
the bending moment reached 446.4 Nm whereas 
corresponding value in the experiment was equal to 

451.4 Nm.  The relative error was only 1.1 %.  
In the RW connection the angle of the deformation of 
39 deg is equivalent to intrusion into the residual 
space during the rollover test.  The value of 
the bending moment at that deformation level 
in the experiment was equal to 371.1 Nm.  For the FE 
model with reduced thickness the moment was 351.2 
Nm.  It resulted in the relative error of 5.3 %.   
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Figure 11.  Comparison of results for WF 
connection without the skin. 
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Figure 12.  Comparison of results for RW 
connection without the skin. 
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Figure 13.  Deformations in the tested skinless connections from bus-1 (a) WF connection (b) FE model of WF 
connection (c) RW connection (d) FE of RW connection.   

(a) (c) (b) (d) 
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Figure 13 shows deformations in the connections 
obtained in the experiments and corresponding 
deformations in the FE simulations.  The figures 
reveal poor design of the connections.  The major 
deformations occurred not in the structural beams but 
in the transition members like C-channel in the WF 
connection and L-shape in the RW connection.  
In order to increase the strength, the elements should 
have additional welds and/or bolts preventing 
unnecessary and excessive deformation.   
 
Side Wall Impact Test 
 
A dynamic impact test on the side wall panel was 
developed for additional model validation.  Location 
of the side wall panel used for the testing in the bus 
structure is shown in Figure 9 under the number 3.  
The panel is cut off from the wall and extends from 
the cantrail to the level of the floor.  Its width spans 
two major vertical beams (which are included 
in the panel) thus both dimensions (height and width) 
differ for every single bus model.  Initial conditions 
for the test are shown in Figure 14. 
 
The panel is resting horizontally on raised tubular 
supports with 150 mm diameter.  The two supports 
are at adjustable distance which in this case was 1600 
mm.  The impacting device is comprised 
of impacting square tube, perpendicular rectangular 
arms and crossing rectangular beams.  It is mounted 
to the supporting beams in the way that allows free 
rotation of the device.  All elements are made 
of steel.  The impacting arm is suspended on the steel 
wire and connected to the hand winch allowing for 
raising the arm.  In the test the hammer is dropped 
from the pre-calculated height assuring reasonable 
amount of the deflection imposed by the impact.  
In this case the initial height was 700 mm.  The total 
mass of the impacting device is 132.4 kg.  
The location of the impact zone is selected to be 
below the waistrail level which is close to the middle 
of the panel.  Due to the short duration of the event 
only the final results of the experiment are captured.  
The character of deformation and maximum 

deflection are recorded and then used for comparison 
with numerical results. 
 
In the design of the side wall used for the test 
the waistrail beam was continuous throughout 
the length of the bus and the vertical beams were 
welded to it at the top and the bottom.  Discontinuity 
of the vertical pillars resulted in the excessive local 
deformations in the waistrail beam as shown 
in Figure 15 b.  Figure 15 a shows corresponding 
deformations in the FE simulation for comparison.   
 
The basic model with two finite elements across 
the beam width was not capable of capturing such 
severe deformation.  The mesh density had to be 
increased to fully reflect real deformation pattern.  
With the increased mesh density, obtained deflection 
in the FE simulation was equal to 298.8 mm.  
In the experiment the deflection was 312.0 mm which 
gave the relative error for the FE simulation of 4.2 %.  
Such design should be avoided in the bus structure 
since the capacity of it depends only on the strength 
of the single thin wall of the waistrail beam.   
 
In the research another design was checked where 
the waistrail beam was discontinuous and was welded 
to the continuous vertical columns in the wall 
structure.  The design was subjected to the same 
loading conditions and Figure 15 c shows local 
deformations in it.  The deformation was less 
dramatic and the overall deflection of the panel 
in the test was reduced to 81.1 mm.  It is equal to 
72.8 % reduction of the displacements.   
 
Summary of the V&V program 
 
The FE model of the bus was verified for numerical 
errors and the instabilities in the solution.  
The energy balance was used to prove sanity of 
the calculations and compare obtained values of 
the total energy, and energy dissipated into 
the ground, with empirically expected values.  
The non-physical hourglass energy was shown to stay 
below 5 % of the total.  The same condition applies 
to the sliding interface energy.   

Axis of rotation

Axis of rotation

Free resting panel

Drop height

 
Figure 14.  The FE model of the side wall panel without the skin.   
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Figure 15.  Local deformations in the tested 
panels. 
 
The number of elements on the edge of the main tube 
in the entire bus model was increased to 4 after 
the side wall panel tests.  Still it is lower than 8 
elements used in the FE simulation of the side wall 
impact test.   
 
Other factors also contribute substantially to 
the overall response of the bus in the rollover test.  
The bonding strength of the adhesive used between 
the skin and the frame is one of them.  Yet, the most 
crucial, steel cage can be assumed to be fully 
validated. 
 
SIMULATIONS OF THE ROLLOVER TEST 
 
The verified and validated FE model of the bus was 
subsequently used in the simulations of the rollover 
standardized test.  A follow up case study was 
performed on the FE model that answered several 
theoretical and technical questions regarding the bus 
rollover.  For the purpose of this research a new 
measure quantifying safety margin in the rollover test 
was introduced.  The current UN-ECE Regulation 66 
does not define any quantitative measure to assess 
extent of the deformation and the safety 
margin in the rollover test.  The pass/fail decision is 
the only outcome from the test procedure per R66.   
The proposed deformation index αDI  can be very 
advantageous for comparative studies in rollover 
simulations.  The common measure of the vehicle 

response in the accident – intrusion may be hard to 
interpret in the case of rollover since deformation 
in actual accidents often includes twisted patterns.  
Moreover, the width of the residual space varies with 
the height.  Since the cross-section of the bus 
deforms primarily in several vulnerable spots through 
plastic hinges (PH), the rest of the structure deforms 
considerably less.  It is more innate to measure 
the angular deformations at the expected plastic 
hinges.  Figure 16 presents a cross section of the bus 
with the numbered angles measured at 
the hypothetical PHs.  These are: 
 

• 61,αα  – wall to floor connections angles,  

• 52 ,αα  – waistrail angles, 

• 43 ,αα  – roof to wall connections angles. 
 

These angles are used to measure one deformation 
index αDI .  This index, together with the pass/fail 
grade, can provide a more descriptive assessment 
of the bus structure deformation level in the rollover 
test.  The deformation index αDI can be defined as 
a function of two major angles: 
 

( )21, ααα ΔΔ= fDI
  

(3). 
 
Where:  

21, αα ΔΔ   – are the changes in the respective angles 
due to the rollover impact deformations at the side 
impacting the ground. 
 

2α

1α

3α

5α

6α

4α

 
Figure 16.  Angles of interest in the bus cross 
section. 
 
Figure 17 shows the geometry of the bus cross 
section in an arbitrary failure mode.  Deformation 
angles are combined with the definitions of 
the residual space to lead to the derivation of 
the approximate expression for αDI . 
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The distances 21,ww  from Figure 17 are defined as 
follows:  
 

( )11 tan αΔ⋅= lw            (4). 
 

( ) ( )22 tan αΔ⋅−= lhw   (5). 
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Figure 17.  Geometry of the failure mode.   

 
Their sum for the critical state is equal to d: 

 
mmdww 40025015021 =+==+          (6). 

 
Substituting w1 and w2 from Equations 4 and 5 
yields: 
 

( ) ( ) ( ) dlhl =Δ⋅−+Δ⋅ 21 tantan αα          (7). 
 
or: 
 

( ) ( ) ( ) 1tantan 21 =Δ⋅−+Δ⋅ αα
d

lh

d

l
         (8). 

 
Thus the deformation index αDI can be defined as: 
 

( ) ( ) ( )21 tantan ααα Δ⋅−+Δ⋅=
d

lh

d

l
DI        (9). 

 
or with numerical values: 
 

( ) ( ) ( )21 tan
400

1250
tan

400
ααα Δ⋅−+Δ⋅= ll

DI
 
  (10). 

 
The formula seem to be complicated at the first 
glance but in fact only three quantities need to be 
measured in order to determine the safety level of 
the bus.  Consider three basic cases of failure 
configuration for a modeled bus with the angle 
changes given in Table 3.  The distance l in this case 
was equal to 788mm.  Equation 10 becomes: 

 

( ) ( ) ( )21 tan
400

7881250
tan

400

788 ααα Δ⋅−+Δ⋅=DI (11a). 

 
( ) ( )21 tan155.1tan97.1 ααα Δ⋅+Δ⋅=DI     (11b). 

 
Table 3 shows computation of the deformation 
indices for the three simple failure modes of the bus 
cross section.  It is assumed that the deformations 
occur only in the PHs and the deformation of the rest 
of the structure is negligible.  It needs to be pointed 
out that the 2αΔ  in the formula is a sum of the angle 
changes 1α  and 2α , and the absolute value of angle 
changes are used in the formula.   
 

Table 3. 
Comparison of the deformation index for three 

simple failure modes of the bus cross section 
in the rollover test 

 

Specification 
Failure 
mode I 

Failure 
mode II 

Failure 
mode III 

1α  18.0 0 10.0 

2α  0.0 39 19.0 

αDI  1.015 0.935 0.988 
 

αDI  index can be effectively used to assess a safety 
margin.  The structure is considered inacceptable, or 
it is assigned one rating star, when αDI  is equal or 
greater than 1.  It indicates an intrusion into 
the residual space and the bus fails the rollover test 
according to the UN-ECE Regulation 66.  
The maximum grade of five stars is assigned to 
strong structures with 60 % safety margin with 
the corresponding 4.0=αDI .  Other ratings for 

the αDI  are proposed in Table 4.   
 

Table 4. 
Rating ranges for the proposed  

deformation index αDI  
 

Range 
Descriptive  

strength rating 
Star rating 

4.0<αDI  strong ***** 

6.04.0 <≤ αDI  intermediate **** 

8.06.0 <≤ αDI  acceptable *** 

18.0 <≤ αDI  poor ** 

1≥αDI  inacceptable * 
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Influence of the Skin Layers 
 
The influence of the skin layers on the bus rollover 
performance was checked.  R66 requires testing 
the strength of the superstructure in the rollover test.  
The superstructure is defined as a part of the bus 
structure that contributes to the bus performance 
in the rollover test.  Often the skin part is ignored 
in the FE model to simplify the modeling.  Although 
this procedure may seem effective and trustworthy 
for long buses it appears to be vague for the shorter 
vehicles.  Whenever the thin walled structure (like 
bus shell) is in torsion then that thin layer 
of the skin really matters as far as strength is 
considered.   
 
Figure 18 shows the deformed cross section of 
the buses with- (a) and with-out (b) the skin on it.  
In the case (a) the residual space is not compromised. 
Computed for this case the deformation index was 
equal to 0.69, what gives the bus “three stars” in the 
rating system introduced in Table 4.  In the case (b) 
the results are completely different.  The residual 
space is visibly penetrated.   
 

 
Figure 18.  Deformation of the bus body 
in rollover simulation (a) bus with the skin (b) bus 
without the skin 
 

Table 5. 
Comparison of angular deformations  

in the models with (model 1)  
and without the skin (model 2) 

 
angle initial 

stage 
angle 

change 1 
angle 

change 2 

1α  90 -11.5 -21.8 

2α  177.6 -2.5 -16.3 

3α  180.0 19.8 34.1 

4α  180.0 -7.9 -41.7 

5α  177.5 -0.2 2.2 

6α  90 7.5 14.8 

αDI  
- 0.69 1.31 

 
The angular deformations in the plastic hinges 
presented in Table 5 differ substantially.  
The deformation index for the model without 
the skin is 1.31, meaning, it increased 89.8 %.  
It becomes obvious that the skin sheets contribute 
substantially to the rollover resistance of 
the paratransit buses.   
 
Initial Conditions Sensitivity 
 
Sensitivity of the results due to variations of initial 
conditions has been checked.  The repeatability 
of the results from a full scale rollover test according 
to R66 is sometimes questioned by engineering 
community in the US [24].  FE analysis is an efficient 
method to check that hypothesis.  In the simulation 
presented previously the bus hits the ground 
uniformly along the entire cantrail length.  Two 
additional cases were investigated.  In the first 
the bus was rotated 3 deg with respect to its yaw axis 
in such a way that the front part of the bus is closer to 
the ground (negative yaw angle) – model “F”.  This 
way, the more vulnerable frontal part of the bus will 
take the first impact.  Subsequently, a positive angle 
of 3 deg was applied and the bus had its first impact 
to the ground at the the back cantrail corner – model 
“R”.  Such apparently negligible disturbance may 
easily happen in the real world test where many 
factors (e.g. behavior of the tire during the test) are 
of a rather unpredictable nature.   
 

Table 6. 
Comparison of angular deformations 

in the models with different initial conditions 
 

angle initial 
stage 

angle 
change F 

angle 
change R 

1α  90 -16.1 -13.2 

2α  177.6 -1.1 -1.2 

3α  180.0 20.4 14.2 

4α  180.0 -12.4 -9.0 

5α  177.6 -0.3 -0.3 

6α  90 14.6 6.2 

αDI  - 0.93 0.76 
 
Table 6 shows the values of the angle changes 
compared for both cases considered.  In the first case 
the αDI  increased from the initial 0.69 (base model) 

to 0.93 (34.7 %), and in the second case it increased 
to 0.76 (10.1 %).  This study shows that rollover tests 
are sensitive to variations in the initial conditions.  
Different structure stiffness of the front and rear end 

(a) (b) 
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of the paratransit bus may cause significant 
discrepancies in real tests depending on which part 
of the bus will touch the ground first.   
 
Influence of the Strain Rate Effect 

 
The question about the importance of strain rate 
effect in the structural steel for the rollover accidents 
was raised among the bus rollover testing community 
too [25].   
 
Additional FE bus model was virtually tested to 
investigate the strain rate effect on rollover test 
results.  In the modified base model - the strain rate 
effects were not accounted for (model “NO-CP”).  
The only difference between the base model and 
“NO-CP” model is that the C and p parameters 
in the Cowper-Symonds strain rate dependency 
model were turned off.  The set of parameters: C=80 
and p=4 was used in the base model [14].  No 
dramatic difference in the response of the bus was 
noticed in the simulations.  Table 7 shows angle 
changes for these models.  Yet, the αDI difference 

for the models was 7.2 %.   
 

Table 7. 
Comparison of angular deformations 

in the models with different Cowper Symonds 
parameters and different mesh densities 

 

angle initial 
stage 

angle   
change  

angle   
change  
NO-CP 

1α  90 -11.5 -9.3 

2α  177.6 -2.5 -10.7 

3α  180.0 19.8 17.7 

4α  180.0 -7.9 -10.6 

5α  177.6 -0.3 -0.5 

6α  90 7.5 11.9 

αDI  - 0.69 0.74 
 
CONCLUSIONS AND FUTURE WORK 
 
The current status of the research on the Florida 
standard for crashworthiness and safety evaluation of 
paratransit buses was presented.  Verification and 
validation methodology for the Finite Element 
simulations of standardized rollover test are 
introduced.  Computational mechanics analyses were 
verified by the energy balance tracking and 
complementary hand calculations.  The numerical 
results were compared to the results from the 
experiments on different levels of the validation 

hierarchy. Good correlation of results was obtained 
for each case.  Computer simulations provided 
answers to several technical questions. In particular it 
was shown that: 
  
• The bus skin is an essential element of the FE 

model. It significantly contributes to the overall 
strength of the bus. 

• The rollover test according to R66 [1] may be 
sensitive to the disturbance of initial conditions 
depending on the bus structure.  

• Negligence of the strain rate effect in the rollover 
test results in about 7% of the difference in the 
response of the bus.  

 
Also the deformation index and the star rating system 
are proposed to assess safety margin in the rollover 
test.  
 
The first full scale rollover tests on paratransit buses 
in the state of Florida was performed by CIAL and 
FDOT in December 2008. It is planned to provide in 
the future comparative results from these tests along 
with results from the corresponding numerical 
simulations.   
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Abstract 
 
In June of 2008, it became mandatory in Japan for 
rear seat occupants to wear a seat belt under the 
new Road Traffic Act. Rear seat occupants 
involved in frontal collision traffic accidents in 
Japan are mainly women. Considering this 
situation, we will start to evaluate rear seat 
occupant safety performance in frontal collision 
tests using a Hybrid III AF05 dummy. The 
evaluation includes not only this dynamic 
collision test but also the usability of the rear 
seatbelt and seatbelt reminder for passengers 
including those in the rear seat, which is not 
mandated by the law. We will show in detail the 
methods for rear occupant protection in a frontal 
collision and the ease of use of rear seatbelt, 
which will be the first introduction worldwide by 
JNCAP. 

 
1. Background of introduction of this 
evaluation 
 
The number of traffic fatalities in the year 2008 in 
Japan were dramatically reduce to 5,155 victims 
from the levels of around 10,000 10 years ago, 
This nearly met the Japanese government target 
established in 2003 which called for the reduction 
of traffic fatalities to under 5,000 victims by 2012. 
However, a new target was established in January 
of 2009 to reduce the number of victims to under 
2,500 within 10 years. Under these circumstances, 
the Japan New Car Assessments Program 
(JNCAP) has the duty to contribute to the 
reduction of traffic accident victims.  

Number of accidents and fatalities in Japan
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Figure 1. Number of accidents and fatalities in 
Japan 
 
Since the JNCAP introduced the Full-wrap frontal  

 
collision test and Braking performance test in 
1995, a Side collision test was added in 1999, 
followed by the Offset frontal collision test in 
2000 enhancing the overall collision safety 
performance evaluation for driver and front 
passenger. But the rear seat passenger safety 
performance was not evaluated by the JNCAP. 
With the Road Traffic Act revision of 2008, 
making rear seatbelts mandatory, the rate has 
begun to improve (road：  8.8% →  30.8%; 
Expressway：13.5% → 62.5%; see Figs. 2 and 3). 
Under these circumstances, the safety assessment 
for rear occupants with seat belts now has 
increasing significance. 

Seat belt wearing rate on road
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Figure 2. Seat belt wearing rate on road 
 

Seat belt wearing rate on expressway
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Figure 3. Seat belt wearing rate on expressway 
 
In addition, the rear seat belt is less convenient to 
use than that of the front seat. According to 
Anders, Lee4 and Motoki5, although a Seat Belt 
Reminder (SBR) serves to increase the seat belt 
wearing rate, it is rarely installed for rear seats in 
Japan. Thus, the JNCAP decided to introduce 1) 
dynamic evaluation for rear seat passengers to 
improve protection performance, 2) evaluation of 
usability performance of the rear seat belt to 
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improve the belt fastening rate, and 3) evaluation 
of SBR for all passenger seats by JNCAP.  
 
2. Study of evaluation method for rear seat 
occupant protection performance 
(1) Evaluation of occupants protection 

performance during crash - introduction in 
2009 FY 

1) Prerequisite condition 
As a prerequisite condition of this test, the test 
will be developed without an additional new crash 
test due to serious budget limitations. 
2) Study of evaluation for test method 
“The report of Traffic Accident Case Study in 
2007”5 published by the Institute for Traffic 
Accident Research and Data Analysis (ITARDA) 
provided an accident analysis of rear seat 
occupants belted in by a 3-point seat belt in Japan. 
The report showed that frontal collisions caused 
the highest number of fatal or serious injuries for 
both car-to-car accidents (see Fig. 4) and single 
vehicle accidents (see Fig. 5). Therefore, the 
JNCAP has decided to adopt a frontal collision 
test to evaluate rear seat occupant protection as a 
first step.    

   
 

 

 
 
 
 
 
 
 
 

 

The JNCAP conducted both a Full-wrap frontal 
collision test and an Offset frontal collision test. 
The Full-wrap frontal collision test6 is reportedly 
appropriate for the evaluation of an occupant 
protection system such as a seat belt because of 
the high vehicle acceleration. The driver dummy 
and front passenger dummy data are used for the 
overall evaluation, and if another dummy was 
placed in the rear seat, it would be 3 dummies in 
the test vehicle. In this case, 
a) It is rather difficult to install 3 dummies and 
measuring devices aboard a mini-car. 
b) If 3 dummies are equipped, a rear dummy may 
contact a front dummy, thereby adversely 
affecting dummy measurements. 
c) Generally speaking, there is some tendency for 
floor acceleration in a Full-wrap frontal collision 
to be more severe than for an Offset frontal 
collision. However, the North American traffic 
accident (NASS-CDS1997-2006) analysis 
conducted by the Japanese Automobile 
Manufacturer Association (see Fig. 6) shows that 
the injury risk to rear seat occupants in a 
Full-wrap frontal collision and an Offset frontal 
collision is nearly the same. 

Comparison of AIS3+ injury risk to rear
occupants in terms of front collision
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Figure 6. Comparison of AIS3+ injury risk to 
rear occupants in terms of front collision 
 
The Offset frontal collision test, on the other hand, 
is suited to evaluate aggressiveness to the driver 
due to vehicle body deformation6. That is why the 
JNCAP utilizes only the driver-side dummy data 
for an overall collision safety performance 
evaluation. 
d) Since the front passenger dummy measurement 
results are not used for the overall collision safety 
performance evaluation6, and even if the front 
passenger dummy is moved to a rear seat, there is 
no influence on the overall collision safety 
performance evaluation. 
e) In this case, 2 dummies are used, and 
measuring instruments are nearly the same, so it is 
easy to install these devices.  
f) Additionally, the rear dummy does not contact 
the front passenger-side dummy because there is 
no dummy in the front passenger seat.  
For all these reasons, the JNCAP decided to use 

Figure 4. Car-to-car fatal or serious injury 
number of rear passengers with 3-point belt 
(N=1,180) 

Figure 5. The number of rear passengers 
with 3-point belt having fatal or serious 
injury in single vehicle accidents (N=521) 
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the offset frontal collision test for rear occupant 
protection performance evaluation (see Fig. 7). 

 
Figure 7. Dummy seating condition 
 
We intend to popularize safety devices such as the 
seat belt pre-tensioner and force-limiter, and 
increase safety performance for the introduction 
of the rear seat occupant protection performance 
evaluation. Based on the traffic accident data in 
Japan5, it is shown that women have a high rate of 
occupancy in rear seats, so we decided to use the 
Hybrid III AF05 Dummy. 
 

 
Figure 8. Proposed point calculation procedures 
for rear seat dummy head 

 
 
 
 

 
 
 
 
 
 
 
 

Figure 8-1. Example: Contact force not 
separable 

 

 
Figure 8-2. Contact force separable, but time 
not separable for HIC calculation  

 
 
 
 
 
 
 
 
 
 
 

Figure 8-3. Both contact force and time span 
separable for HIC calculation  

 
Referring to FMVSS 208７and US new NCAP8, 
the injury evaluation criteria for rear seat 
occupants were established. Dummy parts for 
evaluation include the head, neck, chest, abdomen 
and lower limbs. Under secondary impact, we 
evaluate the head in HIC15 and also apply a -1 
penalty point (see Figure 8.). When the external 
force acting on the head exceeds 500N according 
to SAE J2052, a secondary impact is considered 
to exist. In addition, we decide to exclude the 
secondary impact from a calculation of HIC, 
when a secondary impact occurred, since the 
secondary impact between the head and the 
vehicle interior is clearly separate as seen by the 
on-board camera. Here, we present an example of 
head contact with another body region. Figure 8-1 
gives an example when dummy head contact with 
the vehicle interior and the head contact with 
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another body region cannot be separated. (In these 
cases, all contact forces are used in the calculation 
to be on the safe side.) Fig. 8-2 shows an example 
in which the dummy head contact with dummy 
knee, etc. can be separated, but the HIC calculated 
time cannot be separated. (Head injury 
measurements are calculated by separating the 
HIC calculation time to remove the influence of 
head contact with the knee, etc.) Fig. 8-3 shows 
an example in which the impact wave produced 
when a dummy head makes contact with a 
dummy knee, etc. can be separated. (In this case, 
HIC is calculated to exclude head contact with 
knee, etc.)  
HIC15 is calculated using the above-mentioned 
methods, and the HIC value is evaluated between 
500 (lowest) to 700 (highest) like FMVSS 2087.  
Although JNCAP examined scaling of the 
cumulative time of upper neck tensile load, 
shearing load and flectional moment using in the 
previous AM50 evaluation to the AF05, some 
industry experts voiced their concern that many 
car models scored 0 points for neck, although 
actual accidents indicated a low rate of neck 
injury when wearing a seat belt compared with 
injuries of other body regions. Taking this point 
into consideration, we re-studied the neck 
evaluation method. The FMVSS injury index is 
derived from the reproduction of an actual 
accident using a Hybrid dummy in a 48 km/h 
Full-wrap frontal collision. However, this index 
was considered unsuitable for the ODB test, due 
to the long duration and inadequate verification. 
For this reason, we used SAE J2052 and decided 
to evaluate the peak value of tensile load between 
1700 to 2620N, without a secondary collision. If 
the head had a secondary collision, the neck 
injury would be evaluated by the peak values of 
flectional moment of 36/49N, neck shearing load 
of 1200/1950N and neck tensile peak load.  
Regarding chest injury, we referred to Laitiuri’s 
paper9, which also referred to the US new NCAP, 
and considered that Japanese average age was 
higher than that of the US. In addition, we 
considered the target age for the evaluation on 
side impact chest deflection in   
ISO/TC22/SC12/WG6. We decided to evaluate a 
chest deflection of 23/48 mm based on the risk 
curve of 40-years-old in the AF05 (see equations 
(1), (2), and Fig. 9).   
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We intend to perform quantitative evaluation of 
abdominal injury in the future, but at this time we 
have tentatively decided to evaluate the pelvis 
restraint condition (evaluated by ilium restraint 
condition). (The pelvis is well restrained by the 
lap belt: 4 points; one side of the pelvis is not 
restrained by the lap belt: 2 points; both sides of 
the pelvis are not restrained by the lap belt: 0 
points) This restraining condition will be judged 
using photography via an onboard camera and 
ilium load on both sides of the dummy.  
We decided to evaluate the femoral load 
(4.8/6.8kN), which is already established 
verification method of the AF05. As weighting 
factors for these regions of the body, it was 
decided to use Japanese accident data involving 
fatal or serious injuries divided by the body 
regions for belted rear seat passengers, and 
average loss divided by injury levels. Based on 
these data, we calculated the human loss for every 
body region and weighting factor. The evaluation 
used these weighting factors (head: 4; neck: 1, 
chest: 4; abdomen: 4; femur: 2). For the dummy 
installation method, we referred to FMVSS2087 

and UMTRI developed AF05 installation method 
used by IIHS12 and finalized the installation 
protocol. 
 

 
Figure 10. Dummy seating arrangement for 
rear seat 
 

(1) 

(2) 
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(2) Usability evaluation for rear seat belt: 
planned introduction from 2009 FY 

 
The JNCAP aims to increase the usability level of 
the rear seat belt because users have commented 
that the rear seat belt is not as easy to use as the 
front seat belt. Issues pertaining to rear seat belts 
are as follows; 
a) Rear seat belt buckle is not readily buckled (it 
is difficult to insert the tang of the belt into the 
buckle one-handed). 
b) Belt buckles for the outer seat and middle seat 
are not easily identified (the outboard/center 
passenger may not insert his/her tang into the 
buckle for center/outboard seat). 
c) Tang accessibility may poor. 
d) Rear seat arrangements vary widely, and the 
tang and buckle are sometimes hidden in or 
behind the seat.  
To evaluate usability, we are planning to 
announce evaluation points based on an   
established objective evaluation procedure. 
a) Easy insertion of buckle: Can the tang be 
inserted into buckle and latched easily with one  
hand? 
b) Easy identification of buckle: Can the outboard 
and center seat belt buckles be easily identified by 
direction and/or layout?  
c) Accessibility of seat belt: Use a 3D mannequin  
and measuring device to measure from the base 
point to the belt (evaluate at the standard seating 
position and most forward seating position) 
d) Other: Evaluate tightening of the seat belt. 
Additionally, JNCAP will announce installation of 
the 3-point belt for the rear center seat in our 
publication in advance of the regulation effective 
date, because the 3-point seat belt installation 
requirement for the rear center seat is not  
mandatory until 2012 FY.  
 
(3) Evaluation of seat belt reminder (SBR) for 

passengers       
 
The PSBR installation will be announced in the 
2009 FY and quantitative evaluation will start in 
the 2010 FY.  
Installation of the seat belt reminder for the driver 
seat is mandated, but SBR for seats other than 
driver seat is not. SBR for the front passenger seat 
is offered as an option in some car models, but 
very few offer rear seat SBR.  Motoki4, Lie10 and 
others have reported on the effectiveness of a seat 
belt reminder in increasing the seat belt wearing 
rate. We believe the introduction of this 
evaluation for all passenger seats will aid in the 
popularization of SBR and increase the rear seat 
belt wearing rate. As part of the evaluation 
method of SBR requirements for passengers, we 

plan to examine methods for quantitative 
evaluation of the visible warning location and 
mode of warning, such as audible (signal, voice, 
etc.) and/or visual means this year. Before 
introduction of SBR quantitative evaluation to 
JNCAP, we plan to make a public announcement 
regarding whether or not the SBR is installed if it 
meets certain requirements, which referred to 
Japanese safety regulations or the requirements of 
the Euro NCAP11. 
 
3. Conclusions 
 
The JNCAP has decided to introduce occupant 
protection methods for rear passengers to 
decrease the number of fatal or serious injuries to 
rear passengers in traffic accidents. As an   
evaluation method, we modified the offset frontal 
crash test and install a Hybrid III AF05 (female 
dummy) in rear seat instead of the Hybrid III 
AM50 (male dummy) used for the front passenger 
seat. The JNCAP developed its own rear seat 
dummy evaluation method referring to the 
FMVSS208 and new US-NCAP. In addition, the 
JNCAP introduced a usability evaluation for the 
rear seat belt and an evaluation of a seat belt 
reminder for all passengers. 
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ABSTRACT 
 
The SubProject 7 “Virtual Testing” [1] of the 7th FP 
Project APROSYS (Advanced PROtection SYStems) 
was aimed at development of a complete and 
consistent methodology for the implementation of the 
virtual testing of vehicles for safety improvement. 
Recall that by Virtual Testing we imply any 
analytical certification procedure which uses 
experimental and numerical simulation methods [2]. 
To achieve this goal, specific models, methods, and 
tools were developed. One of the final achievements 
relates to the future use of virtual testing in 
regulations, not only in the design of vehicles for 
safety [3]. 
The implementation of virtual testing in regulations 
would be a very complex process involving several 
steps [2], and concerning many different actors and 
stakeholders from car manufacturers to consumer 
organizations, and from regulatory bodies to experts 
group in automotive engineering. Among the many 
envisaged steps, which are being currently structured 
in a specific roadmap, there is the qualification 
problem. For both type of accreditation method, 
either the type approval scheme usual in the EU, or 
the US style self-certification scheme, a qualification 
process is required. 
To this aim the authors propose to establish a series 
of benchmarks, the Virtual Testing Benchmarks 
(VTB), to be used for qualification at two different 
levels: codes and methods validation, and operators’ 
qualification. These benchmarks consist of typical 
crash cases to be tested in the virtual environment: 
there are several different cases covering different 
topics of modeling (different element types, material 
models, contacts…). The code validation can be 
achieved by giving a well defined problem to be 
solved, whereas the operators qualification can be 
achieved giving a less defined framework and leaving 

more freedom to the operators to generate their own 
models of the problem. 
At least 5 different cases are provided and described 
in the paper. Verification by means of experimental 
or theoretical solutions is given. Of course, this will 
not cover all possible modeling situations but is a 
first step towards this electronic certification. 
 
1. INTRODUCTION 
 
One of the main concerns about the applicability of 
VT in regulations is the validation of the VT 
predictions. In the APROSYS SP7 workshop, held in 
2007 at the Delft TNO location, a presentation [4] 
was given putting in evidence possible downsides for 
the applicability: different codes were shown to give 
different results. A discussion was initiated during the 
period following that workshop, coming to a couple 
of main results [5]: 

1. VT is the results of the application of a model: 
whatever the model and whatever sophisticated, 
detailed, and accurate the model it will always 
have limits of validity and, therefore, does not 
extend to any possible boundary conditions and 
scenarios unless with careful verification 

2. It is necessary to have some validation 
procedures for VT 

VT is a complex methodology, which has many of 
aspects, all examined in this APROSYS  subproject: 

• Virtual models 
• Virtual methods 
• Virtual tools 
• Virtual testing procedures 

As a consequence, it involves several “components” 
and steps within the preparation and development of 
a VT approach: 

• The model data (materials data, dimensional data 
and geometry, contacts...) and the scatter 
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involved in the set of data (dispersion, 
distribution...) 

• The code (with its implemented material models, 
element models, and their options, contact 
models and definition, boundary conditions...) 

• The computer used in the analysis, including the 
interface with the codes and with the operator 

• The procedures and scalars used for the analysis  
and evaluation stated either internally in the 
company or the research centre, or externally by 
some institutional reference (national or 
international standard, EU directive or any 
applicable national or international law, other 
institution or organization like NAFEMS, 
APROSYS standards, etc.) 

• The operator himself, with his skills and 
experiences, including the possibility of human 
errors during the manual work 

Thus, several validation levels should be taken into 
account and different benchmarking procedures 
should be defined. Already within the ADVANCE 
FP5 project, a multi-level validation approach for 
crash models was proposed [6]. The validation of a 
model was, in this case, at the component, subsystem, 
and full-vehicle or car compartment levels. 
Consequently, within APROSYS benchmarks for 
Virtual Testing have been conceived. They are called 
Virtual Testing Benchmarks (VTB) and try to solve 
the previously discussed problems by treating most of 
the proposed items. In the current definition of the 
proposed simple models to be used as a basis for a 
benchmark procedure, two validation phases have 
been selected: 

1. Human factor influence or operator validation 
2. Instrumental certification or code validation 

(including the validation of the models 
implemented in the codes, the data input/output 
and the computer used in the analysis) 

In phase 1 only generic definition are given since it is 
exactly the human factor that has to be assessed. That 
is, the test case is only defined in general terms, and 
although fully detailed, no mesh or input cards are 
given. It is the operator’s job to prepare his/her own 
model, selecting the types of elements and material 
models that he/she thinks most appropriate for the 
purpose, etc.  
In phase 2 all that can be associated to the human 
factor has to be avoided or at least limited as much as 
possible. This is done not only by precisely defining 
the test case with all its input data and parameters, 
but also by giving the involved operator the explicit 
inputs in terms of geometry (that is, even the mesh is 
given in some widely used format or some general 
purpose definition style), materials data (in terms of 
input values or curves in some reference format 

universally accepted or precisely documented), 
contact definitions, etc. 
Reference results are given for the validations. The 
reference results are obtained either from 
experiments, from a theoretical model, or from 
validated simulations whenever neither experiments 
nor a sound theory are available. 
In the following section, the various proposed cases 
are summarized. The cases are then described and 
commented in details. All the data that are not 
suitable to be written on a document will be available 
on files. 
It was the aim of the authors in this activity to cover 
the main topics of interest for crash simulation. In 
this respect, the different cases consider different 
types of elements (solids rather than shell elements), 
different materials (polymeric foams rather than 
metals), and other essential modeling issues like, for 
example, contact definition (including modeling of 
friction, elastic constant...). 
The family of simple cases or benchmarks for VT 
finalized up to now is considered a starting point. 
Since the development in APROSYS DIP3 and DIP4 
were focused on pedestrian protection (mainly head 
and leg impacts), the partners chose to select a set of 
cases related primarily to this subject. The B-pillar 
case, and future proposals, will cover all the other 
aspects related to safety and crash simulations. 
The VTB method should be, in the authors’ idea, a 
common background for engineers approaching 
virtual testing, but also for all the people working in 
crash simulations. The VTB family should 
continuously improve and adapt to the ever changing 
requirements of simulations and evolution of 
modeling codes and techniques.  
 
2. VTB OVERVIEW 
 
Table 1 and Figure 1 summarize the main aspects 
taken into account with the VTBs. Each case is 
described synthetically here and will be addressed in 
details in the following section. 
In phase 1 the modeling capacities have to be 
evaluated, and, therefore, most of the job is left to the 
operator under review. No mesh or material cards can 
be given, but a precise geometrical description 
together with material curves and indications of the 
type of material model to be used (i.e. elastic vs. 
plastic, hardening model, strain-rate sensitivity…). 
The choice of the type of elements is somewhat 
enforced, but freedom is still given for what concerns 
the element formulation (fully integrated vs. under-
integrated, linear vs. parabolic…). Perhaps the most 
difficult problems, as is often with FE analyses, arise 
from boundary conditions modeling: contact is for 
example a critical issue to be addressed. 
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Table 1.  
Summary of the VTB cases 

 

Name  VTB1  VTB2  VTB3  VTB4  VTB5  

  Foam  Legform  Bouncing  Bending B-pillar  

Description  Impact on foam  Legform knee  Bouncing ball  Bending beam  B-pillar impact  

Scope  

Evaluate modeling 
of soft foam 
materials for 
dummies and other 
EA components  

Evaluate 
modeling of 
metals and of  
bending 
situations, solid 
elements  

Evaluate 
modeling of 
contacts, energy 
management 
and stability  

Evaluate 
performance of 
shell elements, 
simple contacts  

Same as for 
VTB4  

Material  
Foam+rigid 
impactor Elasto-plastic  Elastic  Elasto-plastic  Elasto-plastic  

Elements  
Solids (shell only 
rigid)  

Solids (shell 
only rigid)  

Solids   Shells  Shells  

Other      Contacts      

Phase 1  

Foam material 
stress-strain curves 
at different strain-
rates 
(loading/unloading) 

Geometry and 
description of 
the case.  
Material 
description 

Geometry and 
description of 
the case.  
Main material 
properties 
(elastic) 

Geometry and 
description of 
the case.  
Main material 
properties 
(elasto-plastic). 
Contact 
parameters.  

Same as for 
VTB4 

Phase 2  

Mesh 
Foam material 
model specification 
and curves 

Mesh 
Boundary 
conditions 
Material data 
(yield stress, 
yield curve, 
strain rate 
sensitivity)  

Mesh 
Material 
(elastic) 
Contact 
definition 
Contact 
parameters   

Mesh 
Boundary 
conditions 
Yield stress 
curves   

Mesh 
Boundary 
conditions 
Yield stress 
curves   

Validation  
Experimental 
curves 

Experimental 
curves 

Theoretical 
results (for the 
0° case only)  

Experimental 
results  

Simulations 
results  

 
 
In phase 2 topics like material and element modeling 
are crucial. This activity is aimed to evaluate code 
functionality and ability to correctly address these 
features; therefore it is necessary to fix the other 
modeling issue: the geometrical description is given 
(mesh and boundary conditions) together with a 
detailed description of the material model and of the 
necessary curves. 
 
The last issue in the definition of the VTB regards the 
evaluation of the results. 

Comparison results have to be provided. Two 
approaches are possible: the comparison can be with 
experimental results or with some theoretical 
prediction. The first possibility is preferable, for 
obvious reasons. However, whereas most of the VTB 
come from real cases and have a physical counterpart, 
in some cases the problem is only “virtual”, that is, is 
a generic problem with, possibly, a theoretical 
solution. 
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Name Description 

VTB1 

Foam 
 

 

VTB2 

Legform 
knee 

 

 

VTB3 

Bouncing 
ball 

   

 

VTB4 

Bending 
beam 

 

 

Name Description (cont.) 

VTB5 

B-pillar 

 

 
 

Figure 1. Pictorial summary of the VTB cases 
 
3. VTB DETAILED DESCRIPTION 
 
Following is a description of the first five VTB 
defined. As discussed previously, the VTB family 
would be further increased and improved with more 
cases related to impact and crash analysis.  
These five cases are as follows: 

• VTB1: Foam 
• VTB2: Legform 
• VTB3: Bouncing 
• VTB4: Bending 
• VTB5: B-pillar 

 
The impact of a ball on a piece of foam (VTB1) and 
the impact of a headform like spherical component 
between two rigid surfaces (VTB3) are inspired to the 
activities carried out in APROSYS SP7 (head 
protection demonstrator [3]). The knee ligament test 
(VTB2) is equally motivated by APROSYS SP7 (leg 
protection demonstrator [3]). The last two cases 
(VTB4 and VTB5) come from typical crash 
situations. 
The various VTBs try to cover as many modeling 
topics as possible. As previously argued, future needs 
can be equally covered by defining more VTB cases. 
 
3.1 VTB1: impact on foam 
 
The first VTB can be summarized as follows: 
• Description: hemispherical impactor on foam 

specimen 
• Aim: evaluate modeling capacity for solids and 

soft materials  
• Reference: experimental impact tests on an EPP 

foam  
 

 

α 

V
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Highly compressible low density foam models are 
often used in passive safety numerical simulation. 
Main applications are for seat cushions and padding 
elements on biomechanics test devices. A 
compression test with a spherical impactor on an EPP 
20 g/dm³ foam specimen is proposed as VTB test 
(Figure 2). 
 

 
 
Figure 2. Impact of a spherical impactor on low 
density foam model 
 
In phase 1 of the evaluation of this VTB only generic 
guidelines about geometry, boundary conditions and 
material have been given to the different operators 
that worked on the model. In particular: 
• The foam specimen is 42 mm thick with a base 

of 110 mm × 110 mm 
• The rigid spherical impactor has a 42.5 mm 

diameter, an 8.3 kg mass and different test 
velocities: 1.4 m/s, 2.0 m/s and 2.4 m/s. 

• Some graphs (Figure 3) based on foam material 
experiments 

 

 
 
Figure 3. Impact of a spherical impactor on low 
density foam model 
 
In phase 1 the model has been developed for three 
different codes (RADIOSS, LS-DYNA, and 
MADYMO). 

In phase 2 the same mesh for the foam has been used 
for the different models and the foam material model 
has been chosen as similar as possible between the 
different codes in order to give to the imaginary 
operators not only the experimental foam results but 
directly the material defined for the used code. 
In this case also, the model has been developed in 
RADIOSS, LS-DYNA and PAM-CRASH. 
All the different data specified for phase two are 
summarized in Table 2. 
 

Table 2.  
Data specified for phase 2 

 
Average element 
dimension 

10 mm (10×10×4 
elements) 

Boundary conditions Supported (not 
constrained) on a rigid 
plane 

Data for material card Depends on code 
Young Modulus 1.89 MPa 
Density 20 g/dm³ 
Poisson Ratio 0.02 (for compression) 
Compression Curves at 0, 1×10–6, 1×10–4, 

2×10–1 and 1×10–1 
strain-rate 

Tension Curve  
Unloading Curve  

 
Numerical results have been compared between 
codes, but in this case with experimental results also. 
A qualitative comparison of results is represented in 
Figure 4. The three codes analyzed are able to 
reproduce the experimental test at different velocities 
with sufficient fit of the experimental curves. Figure 
5 reports some results of an unacceptable case of 
analyses performed. The scatter is not acceptable and 
more detailed modeling is required. 

 
3.2 VTB2: legform knee 

 
This second VTB can be summarized as: 
• Description: knee joint element used in the 

EEVC WG17 (WG10) legform to bumper test 
• Aim: evaluate modeling of steel materials 
• Reference: experimental 4-point bending tests 
 
The deformable, simulated knee joint element (Figure 
6) used in the EEVC WG17 (WG10) legform to 
bumper test has been chosen for the second VTB [7-
8].  
The geometry has been obtained from the sketch 
shown in Figure 6. 
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Figure 4. Comparison of the results obtained from 
two of the used codes 

 

0

2

4

6

8

10

0 5 10 15 20 25

Deflec tion [mm]

A
c
c
e
le
r
a
ti
o
n
 [
g
]

E xperiment

P AMC R AS H

R AD IOS S

LS -DY NA

Experimental
Code1

Code2
Code3

 

-3

2

7

12

17

22

0 5 10 15 20 25 30 35 40

D eflec tion [m m]

A
c
c
e
le
r
a
t
io
n
 [
g
]

E xperiment

PAMC RAS H

RADIOS S

LS -DYNA

Experimental
Code1

Code2
Code3

 
 
Figure 5. Comparison of some unacceptable 
results 
 

 

 

 
Figure 6. The EEVC knee ligament: photo of the 
component, sketch, and detailed drawing 
 
The aim here was to obtain an easily reproducible 
test, avoiding the experimental and numerical 
complexities and uncertainties of a “real” case. 
Therefore, the ligament only was tested, and not the 
entire legform. Testing the ligament in bending can 
be made at least in two configurations (Figure 7). The 
first is the usual 4 point bending test. A second case 
is the 4 point asymmetrical loading, shown in the 
same Figure 7. In this case the middle section is 
loaded in pure shear instead of pure bending. This 
loading case has not been considered yet, but it is 
certainly a future possible step ahead in VTB method 
development. 
The knee specimen has been modeled by using a mild 
steel material (Table 3). 
The behavior in terms of moment vs. rotation and 
force vs. displacement histories has been used as 
reference for the comparison between the different 
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codes. In particular, in order to compare numerical 
results with experiments also, boundary conditions 
schemes represented in Figure 7 have been 
considered and the force vs. displacement history of 
the impactor has been used. The experimental results 
are reported in Figure 8. 
 

 

Moment diagram 

F 

Shear force diagram 

Moment diagram 

Shear force diagram 

F 

 
 
Figure 7. Loading schemes for the knee ligament: 
left, classical 4 points bending test; right, 4 points 
asymmetrical loading 
 

Table 3.  
Material data VTB2 

 
Material model Bilinear 
Density 7.8×10–6 kg/mm3  
Young modulus 210 GPa  
Poisson ratio 0.3 
Tangent modulus 6 GPa  
Yield stress 150 MPa  
Element property Reduced integration 
Impactor velocity 0.06 m/s 
Support material Rigid 

 
The VTB results, given here for phase 2 only, are in 
good accordance with the experimental results. The 
comparison with the experimental results is shown in 
Figure 9, whereas Figure 10 shows a simple 
comparison of the deformed shapes obtained from 
two of the codes already mentioned (LS-DYNA and 
RADIOSS). It is important to notice, the level of 
details necessary despite the simplicity of the 
problem. Some preliminary investigations 
demonstrated that simpler boundary conditions’ 
modeling is insufficient to obtain the correct 
behavior.  

 

 
 
Figure 8. Experimental results for comparison 
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Figure 9. Comparison of the experimental curves 
with the numerical simulations of two codes used 
 
3.3 VTB3: bouncing ball 
 
This third VTB also inspired by the headform 
experiment for pedestrian protection has the 
following characteristics: 
• Description: a spherical head, similar to the adult 

headform of the pedestrian, bouncing between 
two rigid parallel surfaces 

• Aim: evaluate modeling for contacts 
• Reference: analytical/numerical solution 
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Figure 10. Comparison of the numerical results 
from two explicit simulation codes  
 
The case is explained by Figure 11: a ball made of 
aluminum covered by rubber, is constrained to 
bounce between two rigid surfaces moving at an 
initial given speed v0 and angle α. 
 

Stiff material

Soft material

V0 = 40 km/h

α = 0º, 10º, 20º, 30º     

α

V0

 
 
Figure 11. The VTB3 case 
 

In VTB3 focus is on the modeling of contacts rather 
than on materials that are simplified as linear elastic. 
This is to avoid that possible difficulties in material 
modeling overshadow the contact modeling aspects. 
The sphere is launched normally against the first wall 
with a v0 velocity equal to 40 km/h (as in Figure 11). 
The angle α between v0 direction and the surface 
normal varies (0°, 10°, 20° and 30°) to take into 
account contact friction. Tables 4 and 5 give 
additional details about the problem. 
 

Table 4.  
Definitions for VTB3: phase 1 

 

 
Elastic 

modulus 
(GPa) 

Density 
(kg/mm3) 

Poisson 
coefficient 

Inner sphere, 
80 mm radius 70  2.8×10–6 0.3 

External layer, 
12 mm thick 

0.05  1.05×10–6  0.3 

 
Table 5.  

Definitions for VTB3: phase 2 
 
Fixed planes Meshed with elements (not 

defined as rigid planes); 
E = 210 GPa (for contact 
stiffness) 

Contact properties Surface to surface contact 
Solid element Full integration 
Solid elements covered with skin of null shells or 
segments 
Static friction coefficient 0.6 
Dynamic friction coefficient 0.6 
Contact thickness (gap) for 
both slave and master side 

0.5 mm 

 
Contact force histories and sphere trajectories have 
been considered for the comparison between the 
different models. 
For this VTB also, the work has been divided in the 
two phases. In addition to the general description 
given to the operators during the first phase, mesh 
density and contact definition and parameters have 
also been given in the second phase. The different 
requirements for phase one and two are summarized 
in Tables 4 and 5. 
Figure 12 shows a comparison of some results 
obtained at different moving angles. Together two 
images of two different models, obtained from 
different operators as in phase 1, are reported. Figure 
13 reports two comparisons in terms of contact forces 
vs. time: first the phase 1 comparison is reported, and 
the phase 2 results follows. 
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Figure 12. Some VTB3 results at different angles: 
lines overlaid to the balls images represent the 
trajectories. On the left different models obtained 
from a couple of different operators in phase 1 
analysis 
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Figure 13. Results from phase 1 and phase 2 
analyses: contact forces vs. time; angle 30° 
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Figure 14. Theoretical approximation of the ball 
impact 
 
As expected, there is a certain amount of scatter 
between the results from phase 1: the uncertainty on 
the data is slightly greater. However, phase 2 

comparison is excellent and the three used codes 
already mentioned give more or less the same results. 
Some minor discrepancy appears after repeated 
impacts. 
Finally an approximate theoretical solution is 
available and shown in Figure 14. 
 
3.4 VTB4: thin walled beam bending 
 
The VTB4 problem is summarized as follows: 
• Description: formation of plastic hinges in a thin-

walled square cross section aluminum beam 
• Aim: evaluate shell modeling capability 
• Reference: experimental bending tests [9] 
 
Deep bending collapse is often the main failure mode 
in the thin walled tubular members of vehicle 
structures. This occurs because this energy absorption 
mechanism requires a lower specific energy 
(dissipated energy/material volume) than the axial 
crushing. This VTB is related to the formation of 
plastic hinges in a thin-walled square cross-section 
aluminum beam. The numerical model tries to 
reproduce the experimental test represented in Figure 
15. 
 

 
 
Figure 15. The VTB4 experiment [9] 
 
For this case, only phase 2 has been considered. The 
model has been developed in LS-DYNA, RADIOSS 
and MADYMO and the mesh in Figure 16 (taking 
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into account double symmetry of the problem, only 
one quarter has been modeled). The main problem 
data are summarized in Table 6. 
 

Table 6.  
Definitions for VTB4 

 
Property  Value 
Shell thickness 2 mm 
Material properties Piecewise Linear 

Plasticity 
Density 2.7×10–6 kg/mm3 
Young modulus 70 GPa 
Poisson ratio 0.3 
Yield stress 0.079 GPa 
Contact properties Surface to surface 

contact 
Static friction coefficient 0.61 
Dynamic friction coefficient 0.47 
Contact thickness (gap) for 
both slave and master side 

2 mm 

Impactor Rigid 
Support Rigid 
 

 
 
Figure 16. The VTB4 numerical result 

Experimental

Code1
Code2

Code3

 
 
Figure 17. The VTB4 results comparison 
 
The comparison is acceptable for all the three codes 
used (Figure 17). Of course, small differences cannot 
be avoided since different modeling (materials, 
elements, contacts…) are present. One of the codes 
gives more dissimilar results and is not really 
acceptable in this case. 
 
3.5 VTB5: B-pillar impact 
 
The VTB5 problem is summarized as follows: 
• Description: bending collapse of GCM4 B-pillar 
• Aim: the use of shell elements, contacts, inelastic 

materials  
• Reference: Numerical simulations of the 

APROSYS GCM4 [10] 
 
The GCM4 (Generic Car Model 4) is one of the 
results of the FP6 APROSYS project. Generic Car 
Models [10] are virtual vehicles developed to be 
shared between researchers without confidentiality 
restrictions. These models of vehicles (5 car of 
different sizes and a heavy truck model), provided for 
some typical impact scenarios, are validated against 
the best-in-class models on the market. 
Even if this VTB seems quite simple if compared to 
real crash analyses, it is of interest taking into 
account different aspects of a complex crash analysis, 
and it can be useful to investigate differences 
between codes due to: 
• the use of shell elements for sheet components 
• contacts 
• non elastic materials 
 
The pillar is composed of two parts connected by 
means of rigid spot-welds and it is fully constrained 
in its extremity. A cylindrical impactor is moved with 
an imposed velocity of 8 m/s. The impactor is 
modeled as a rigid component. 
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An elasto-plastic material model, usually known as 
simplified Johnson Cook, has been used. The flow 
stress is given by: 

( )( )*ln1 εεσ CBA N
py ++=  

 
Table 7.  

Parameters for material model 
 

Material Parameter (*) Value 
Density, ρ 7.8×10–6 kg/mm3 
Young modulus, E 200 GPa 
Poisson ratio, ν 0.3 
A 0.25 GPa 
B 0.08 GPa 
N 0.60 
C 0.03 

* Units in table are referred to a mm/ms/kg/kN set 
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Figure 18. The VTB4 numerical result 
 
Values for the parameters are summarized in Table 7. 

Final deformed shapes, contact forces and node 
displacements have been taken as references. 
In Figure 18 a comparison of the displacement of 
some reference points between the three examined 
codes is reported, together with a comparison of the 
global load exchanged with the supports. 
The results (phase 2 analyses) are quite encouraging 
despite the difficulty related to the complexity of the 
problem (Figure 19).  
 

 
 
Figure 19. B-pillar results comparison between 
three different codes 
 
4. DISCUSSION 
 
The examples shown demonstrate the capability of 
different software codes to replicate real crash type 
scenarios accurately. 
The accuracy of results obtained has shown to be 
improved if material data has been obtained prior to 
performing the analysis. The implications for full 
scale virtual testing mean that smaller component 
tests may be critical in building more accurate 
models. These smaller component tests may be a 
simple material test or a sub assembly of the structure 
which can be tested in isolation. 
Although it is recognized that there are differences in 
the material models of different codes, in general, 
they demonstrate the capability to reproduce real life 
scenarios. 
When performing a blind simulation the need to 
provide as much information as possible is essential. 
This has been demonstrated mainly in the knee 
impactor scenario. Material and boundary conditions 
must be accurately stated. 
When a physical test was repeated for the knee 
impactor, a cloud of data was obtained. In a similar 
manner, there is also a scatter of results when using 
different software codes. For future VT legislation it 
is important to characterize the scatter from repeat 
tests and understand the implications when 
performing simulations. 
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5. CONCLUSIONS 
 
A first step towards electronic certification of 
numerical codes for crash analysis and of the 
operators working on impact simulations has been 
made. This step is very important to fully exploit the 
potentiality of virtual testing and make it acceptable 
as a tool for certification. 
To do this a series of simple case studies, called 
Virtual Testing benchmarks (VTB) has been defined. 
The examples presented in this work are 
representative of situations mainly related to head 
and leg impact situations (EC regulations 
2003/102/EC). Each different case tries to analyze an 
important aspect of the model and considers different 
topics arising in each situation (element type, 
material modeling, etc.). References are also given, 
from experimental, analytical, or numerical results. 
The simulations allow to certificate by comparison 
either the operators (phase 1) and the codes (phase 2). 
In most cases some codes were checked and fully 
validated. An important further step is the definition 
of metrics to evaluate and accept or reject the 
obtained results. It is also to be noted that we have 
not presented here the complete 3R method (rating, 
reliability and robustness) which was devised during 
the APROSYS-SP7 project which provide a full 
assessment methodology for a virtual testing scenario 
to be implemented (a paper is in preparations). 
This is a first proposal to define VTBs, to be included 
in a full or partial virtual testing regulation 
investigation. More cases are being defined by the 
authors and the results which include the widest 
range of simulation capabilities will be published 
regularly, depending on the accident scenario 
investigated. Up to now VTBs can be used for 
internal self certification, but some quantitative 
assessment system is necessary to use virtual testing 
in regulations. 
 
ACKNOWLEDGEMENTS 
 
The authors kindly acknowledge the European 
Commission that, by funding the APROSYS project 
through contract TIP3-CT-2004-506503, made this 
research activity possible. Thanks are also due to the 
other APROSYS partners, especially Mr. Franck 
Delcroix from Altair Development France, Sub-
project 7 leader; Mr. James Watson from Cranfield 
Impact Center, Mr. Iztok Ciglaric from Technical 
University Graz and Monica Diez Marin from 
CIDAUT for giving reference data. 
 

REFERENCES 
 
[1] APROSYS. 2007. “Description of work – SP7 
Virtual Testing.” APROSYS SP1 Report, Deliverable 
AP-SP11-001. 
 
[2] VV.AA. 2008. “Common Road Map Virtual 
Testing in Regulations including Requirements.” 
APROSYS Report, Deliverable D7.4.1. 
 
[3] VV.AA. 2008. “Feasibility Report of Virtual 
Testing in a selected regulated or consumer testing 
procedure.” APROSYS Report, Deliverable D7.4.3. 
 
[4] Meijer, R. et al. 2006. “Virtual Testing in 
Regulations.” Proceedings of the 1st APROSYS 
Workshop (Delft, NL). APROSYS Deliverable AP-
SP81-003. 
 
[5] VV.AA. 2008. “Virtual Testing in Regulations.” 
Proceedings of the 2nd APROSYS Workshop 
(Helmond, NL). APROSYS Deliverable D8.1.10. 
 
[6] VV.AA. 2003. “Parametric Studies on Structural 
and Restraint Systems.” Report of the activities 
performed in Task 7.1. ADVANCE WP7 Deliverable 
D20. 
 
[7] EEVC Working Group 17. 1998 (2002). 
“Improved test methods to evaluate pedestrian 
protection afforded by passenger cars.” Report from 
EEVC web site http://www.eevc.org  
 
[8] Janssen, E.G. et al. 1996. “EEVC test methods to 
evaluate pedestrian protection afforded by passengers 
cars.” In Proceedings of the 15th ESV Conference 
(Melbourne, Australia). Paper No. 96-S7-W-17. 
 
[9] Avalle, M., Belingardi, G. and Montanini, R. 
1998. “Strain field measurements in the bending 
collapse of thin walled tubes.” In Proceedings of the 
11th International Conference on Experimental 
Mechanics: Advances in Design, Testing and 
Analysis (Oxford, UK). 245-250. 
 
[10] Avalle, M., Belingardi, G., Delcroix, F., Ibba, A. 
and Kayvantash, K. 2008. “Stochastic crash analysis 
of vehicle models for sensitivity analysis and 
optimization.” In Proceedings of the 20th ESV 
Conference (Lyon, F). Paper No. 07-0335. 



  Ghafghazi 1  

CNG CARS SAFETY IN ACCIDENTS (CASE STUDY:IRAN) 
 
Alireza Zamanian 
Iman Ghafghazi 
Morteza Deljooye Sabeti 
Traffic Expert, Metra Consulting Engineers Co 
Iran 
Paper number 09-0275 
 

ABSTRACT 
 
In the last decade,air pollution has become a major 
problem in metropolises.Therefor using alternatives 
for common fuels, especially gasoline was ordered. 
In a country like Iran with the second biggest 
natural gas resources in the world, CNG was the 
most important choice.This potential led to vast 
manufacture and usage of CNG consuming 
automobiles. Being used in different climates and 
areas and because of the susceptibility of natural 
gas,these automobiles have always been vulnerable 
in accidents. 
Based on the statistics from reliable sources and 
scientific methodes,this research tries to present the 
order of importance of CNG fuel system parts in 
accidents.The results of this reaserch will reveal the 
priority of making the system parts safe. 
 
INTRODUCTION 
 
After the prevalent manufacture and usage of bi-
fuel engine aoutomobiles ,especially CNG 
consuming automobiles in the recent years, 
currently there are around 750000 automobiles of 
such kind in Iran.This puts Iran in the forth place 
among the countries using alternative fuels. The 
parts of the fuel systems of CNG automobiles are 
manufactured under strict standards and are 
installed on the automobiles both in factories and 
workshops. The information received from reliable 
sources shows flaws in different parts during the 
usage and in accidents. The results shows problems 
first in unprotected areas and then in the the 
assemblage of parts. 
These problems have mostly occured with the 
systems which have been installed in workshops 
and caused incidents like fire or explosion. 
Using the  statistics of the  parts damaged in 
accidents happened to CNG automobiles and 
analyzing them using Delphi method,this research 
presents the scientific ranking of  the importance of 
securing and checking the parts.The results could 
be used in the process of writing and correction of 
the standards,as well as the manufacturing and 
installation. 
 
 

RESEARCH METHOD 
 
In  order to have results most compatible to 
reality,this article tends to apply the CNG and car 
safety expert's opinions as well as group decision 
making to give the best possible picture of CNG 
system weak points. 
This research is based on Delphi method,hence a 
brief explanation of this method is presented. 
In the early 1950s a project known as Delphi was 
satarted by th U.S air force.The goal was to use the  
the experts opinions to estimate the number of 
Russian  atomic bombs that can cause a certain  
damage  in the USA technic called Delphi was used 
in this project.This technic aims to access the most 
reliable group agreement (of the expert`s opinoins) 
for an issue and it does through questioning the 
experts frequently and questionaires. Dephi method 
has three properties,impartial answers to the 
questions,repeated sending of the questionaire, and 
collecting and analysing the answers in groups. 
The number of resendings varies between 3 to 5, 
and depends on the answerer's agreement  and the 
additional information needed. The first  
questionaire usually needs answers to a major 
question while the other questionaires are based on 
the the answers to previous ones. Delphi process 
stops when a group agreement has been reached or 
sufficient exchange of information has been done. 
 Delphi method has 11 levels which are the 
followings: 
1.Preparation of the questionaire 
2.Choosing the expert group 
3.Propounding the main question in the first 
questionaire 
4.Analysys of the answers collected from 
questionaire no1 
5.Preparation of the second questionaire based on 
the answers from questionaire 
6.Analysys of the answers collected from 
questionaire no 2 
7.Preparation of the third questionaire  
8.Analysis of the third questionaire  
9.Analysys of the answers collected from 
questionaire no3 
10.Preparation of the final report of the Delphi 
process 
11.Informing the questioned experts of the results 
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CASE STUDY 
 
First the experts who are going to answer the 
questions are identified.This group consists of 
experts  in CNG installation and safety who work 
in automobile factories,traffic police and etc.  
The minimum number of experts is  10 to 15 
,suggested by Delphi method,which can be more if  
possible.In this research  almost 20 experts 
opinions have been used. 
In the next stage,the key question is prepared and 
the first questionaire is presented.In the first 
questionaire,we tend to expose the experts to the 
general information and then the details are 
presented to clarify the possible  ambiguities. 
In this questionaire the experts are asked to choose 
the most important parts of the CNG fuel 
system.These parts  are the followings: 
1. tank 
2. steel pipes 
3. tank valve 
4. feeding valve 
5. solenoid 
6. safty valve 
7. electrical circut wires 
8. stepper 
9. regulator 

10. electronic control unit(ECU) 
11. connection nut 
12. mixer 
 
After the important parts are identified,a 
questionaire called questionaire no2 is prepared. 
In this stage experts have been asked to use their 
experience to give each of the parts a factor of 
importance between 1 and 12. 
No 12 shows the most important part while no 1 is 
the least important one. 
After the responses were analysed,the geometric 
averages of weighted index assiegned by the 
experts have been calculated. 
The resultant numbers have been written in the 
tables of another questionaire and given to the 
experts. 
Being informed about  the averages of the numbers 
assigned by the other experts,each expert is able to  
delibarate and present the best possible value for 
the final weighted index. 
The final index of importance for each part gained 
from questionaire 3 are given in table 1. 
 
 
 
 

 
 
 
 

Table 1. 
 CNG system`s part final weighted index  

  
  

element tank Steel 
pipes stepper Connection 

nut 
safty 
valve 

tank 
valve solenoid regulator ECU electrical 

circut wires 
feeding 
valve mixer 

Final 
weighted 

index 
2.47 9.18 4.75 7.03 7.52 4.09 5.60 5.47 3.87 3.91 4.45 3.54 

 
 
 
After the factors are written down,it's time to make 
the pair comparison matrix, in which: 
 

n,...,3,2,1j,i
a
1a

ji
ij =∀=             (1) 

 
If the judgments are totally compatible and stable, 
they should: 

 
n,...,3,2,1k,j,iaa.a ijkjik =∀=       (2) 

 
Because: 

 
 
 

(3) 

n,...,3,2,1k,j,ia
w
w

w.w
w.wa.a ij

j

i

jk

ki
kjik =∀===

 
 
Hence the inputs of this matrix are correct only 
when we have full satability and  aij could be 
gained from equation 4. 
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In figure 1 the pair comparison matrix for prats of 
CNG system is presented. 
 

 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Now  using Mathematica software,eigenvectors and 
eigenvalues for each of the part are 
attained,according to equation 5. 

 
 
 
 

  

 
[ ]asEigenvalue                     (5) 

 
The eigenvectors and eigenvalues relative to the 
 maximum eigenvalue( maxλ ) are presnted in table 2

. 
  

Table 2. 
 Eigenvalues and eigenvectors of CNG system`s parts pair comparison matrix

 

 Normalized 
eigenvectors eigenvectors Eigenvalue 

W1 0.010874 0.1305 000.12max =λ  
W2 0.0403459 0.4842 -0.0000813388+0.000042003i 
W3 0.020891 0.2507 -0.0000813388-0.000042003i 
W4 0.03088625 0.3706 0.0000676155+0.0000414148i 
W5 0.03305 0.3966 0.0000676155-0.0000414148i 
W6 0.017967 0.2156 0.0000572791+0.0000220286i 
W7 0.024619 0.2954 0.0000572791-0.0000220286i 
W8

 0.024043 0.2885 -2.38002*10-6+0.0000466114i 
W9 0.017027 0.2043 -2.38002*10-6-0.0000466114i 
W10 0.017197 0.2064 -0.000022273+8.91057*10-6i 
W11 0.019535 0.2344 -0.000022273-8.91057*10-6i 
W12 0.01554 0.1865 4.02022*10-6 

 
 
 
 
 
 

 
 
 
 
 















































0000.17955.09036.09126.06463.06312.08649.04702.05031.07438.03852.04290.1
2571.10000.11359.11473.18125.07935.00873.15911.06325.09351.04842.07964.1
1067.18803.00000.10100.17153.06985.09572.05203.05568.08232.04262.05814.1
0957.18716.09901.00000.17082.06916.09477.05152.05513.08150.04220.05657.1
5472.12307.13980.14121.10000.19766.03382.17275.07784.01509.15959.02109.2
5843.12602.14315.14459.10240.10000.13702.17449.07971.01784.16102.02639.2
1562.19197.00447.10552.17473.07298.00000.15436.05817.08600.04453.06522.1
1269.26918.19218.19411.13747.13425.18395.10000.10701.15820.18192.00392.3
9876.15811.17960.18140.12846.12546.17191.19345.00000.14785.17655.08402.2
3444.10694.12148.12269.18689.08486.01627.16321.06764.00000.15178.09211.1
5964.20653.23460.23696.26781.16388.12456.22207.13063.19313.10000.17101.3
6998.05567.06323.06387.04523.04417.06053.03290.03521.05205.02695.00000.1

Figure 1. Pair comparison matrix in related to CNG system`s 
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The normalized eigenvector for each criterion 
shows the order of importance of that criterion 
comparing to the other criteria. The results are 
presented in table 3. 
 

Table3. 
 CNG system`s parts in order of importance 

final weighted 
index part priority 

0.040346 Steel pipes 1 

0.033050 Safety valve 2 

0.030886 Connection nut 3 

0.024619 solenoid 4 

0.024043 regulator 5 

0.020891 stepper 6 

0.019535 Feeding valve 7 

0.017967 tank valve 8 

0.017197 electrical circut wires 9 

0.017027 ECU 10 

0.015540 Mixer 11 

0.010874 tank 12 
 
 
CONCLUSION 
 
In orther to specify the influence rate of each 
CNG system parts on automobile safty,a model 
was presented.To identify  the important parts 
according to  experts opinions feedback,a lot of 
repeated opinoions that could cause confusion 
or misleading have been omited. The results 
were reached through the process of accessing 
to priority criterias and identification of each 
part`s level of importance in accordance to 
Delphi method steps, are desireble and reliable. 
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ABSTRACT 
 
The frontal crash mode accounts for about half of the 
fires in FARS and NASS.  Rollovers account for 
about 25% of the major fires in NASS and carry the 
highest risk of fatality in FARS fires.  In NASS, the 
vast majority of fires that occur in frontal and 
rollover crashes originate underhood.   Many of these 
fires eventually engulf the occupant compartment. 
Incapacitation and entrapment of occupants are 
important survival factors when underhood fires 
occur. Tests of several vehicles under operational 
conditions indicated that the surface temperature of 
the exhaust manifold and catalytic converter can 
exceed the ignition temperature of many underhood 
fluids. NCAP tests should include leakage 
measurements of all fluids.  If leakage is observed, 
ratings could be assigned based on the amount and 
flammability of any fluid leakage.  Since rapid egress 
is needed when fire occurs, the force required to open 
doors should be a basis for the safety rating, as well.  
Finally, there is technology on-the-road for electrical 
disconnects of the fuel pump and battery.  These 
features should be evaluated as part of the NCAP 
test. 

 
INTRODUCTION 
 
FMVSS 302 regulates the flammability of interior 
materials in passenger cars, multipurpose passenger 
vehicles, trucks, and buses.  It became effective on 
September 1, 1972. The intent of FMVSS 302 was to 
reduce deaths and injuries to motor vehicle occupants 
caused by vehicle fires, especially those originating 
in the interior of the vehicle from sources such as 
matches or cigarettes.  At the time that FMVSS 302 
became effective Goldsmith estimated that 30% to 
40% of vehicle fires originated in the interior 
(passenger compartment and trunk) [Goldsmith, 
1969].  That percentage has decreased to less than 
10% over the past few decades [Digges, 2005a and 
2005 b].  Meanwhile, and the amount of combustible 
plastics and composites has increased from 20 lbs per 
vehicle in 1960 [NAS, 1979] to 200 lbs in 1996 
[Abu-Isa, 1998 and Tewarson, 1997] and is over 300 
lbs today [Tullo, 2006].  Combustible plastics 
constitute the major fire load (twice the weight and 

heat content of the gasoline) in a modern motor 
vehicle and combustion of these materials is the 
major cause of death in impact-survivable crashes 
[Bennett, 1990; FMRC, 1997; Ragland two ESV 
papers, 1998; USFA, 2002; FEMA , 2003; Friedman 
2003 and 2005; Ahrens, 2005].  

After FMVSS 301 was published in 1972, the focus 
of regulatory activity in vehicle fire safety has been 
on improving fuel tank integrity in a crash.  The most 
recent upgrade phased in by September 2008 
increased the severity of the rear and side crash tests. 
Many of the 1996 through  1998 vehicles analyzed  
already met the higher rear impact standard, based on 
the sample of vehicles tested [Ragland, two ESV 
papers, 1998]. 

The materials inside the occupant compartment that 
comply with FMVSS 302  provide little fire 
resistance when subjected to the heat load from a fuel 
tank or underhood fire. Burn tests from the GM/DoT 
research indicated that the occupant compartment 
became untenable within a few minutes of the flame 
penetration [Tewarson, October 2005 and Digges, 
2007d]. 

In recent model vehicles, the vast majority of the fire 
cases in FARS are from fires in frontal crashes and 
rollovers.  The frequency of these fires has increased 
during the past 10 years [Digges, 2008].  Research by 
MVFRI has shown that a number of innovations have 
been introduced by vehicle manufacturers to improve 
fire safety.  Some of these improvements will be 
summarized in this paper.   The  purpose of this paper 
is to recommend that NCAP provide consumer 
information on these fire safety improvements in 
order to provide broader incentives for their use. 

FIRES IN FATAL CRASHES BASED ON FARS 

FARS is a census of fatal crashes that occur on public 
roads.  FARS assigns the Most Harmful Event 
(MHE) to vehicles involved in crashes that involved 
a fatality.  During this evaluation, passenger vehicles 
were analyzed including cars, pickups, SUVs, 
minivans and large vans.  This excludes motorcycles 
or other 2 wheeled vehicles, and large trucks and 
buses.  With the exception of rollovers, crash mode 
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was defined using the location of principal damage or 
principle impact point which is the damage area on 
the vehicle that produced the most severe instance of 
injury or property damage.  Rollover crashes are 
defined as an event where one or more vehicle 
quarter turns occurs regardless of the coded most 
harmful event.  Most of the rollovers have damage to 
the front or sides of the vehicle.  This damage may 
have been caused by impacts with fixed or non-fixed 
objects before or during the rollover.  In some cases, 
these impacts may have been the cause of the fatality. 
 
The figures to follow show the five year moving 
averages for the FARS years beginning in 1979 and 
ending in 2007.  Figure 1 shows the FARS fire rate in 
passenger vehicles where at least one fatality 
occurred. The vehicle exposure per billion vehicle 
miles traveled (VMT) is the denominator. The upper 
(blue) curve represents fatalities in vehicles with 
fires.  The lower (red) curve represents fatalities in 
vehicles with fire as the most harmful event (MHE). 
The fire as MHE applies to the vehicle not the 
persons in the vehicle.  Consequently, there is no 
certainty that the fatalities were associated with the 
fire rather than the crash forces. However, death from 
the fire is more likely for this population. 
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Figure 1.  Fatalities in Vehicles with Fires and in 
Vehicles with Fire as the Most Harmful Event per 
Billion Vehicle Miles Traveled Annually - FARS 
 
The distributions of annual fatalities and fatalities 
where fire was the MHE are shown in Figures 2 and 
3. 
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Figure 2. Average Annual Fatalities by Crash 
Damage Location – FARS 1979 to 2007 
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 Figure 3. Average Annual Fatalities when Fire 
was Most Harmful Event by Crash Damage 
Location – FARS 1979 to 2007 
 
Table 1 shows the distribution of fatalities in FARS 
years 2000 to 2007 where fire was the most harmful 
event.  The distribution is broken down by the most 
severe crash direction and rollover is also identified if 
it occurred during the sequence of crash events.  
 
The entrapment rate for FARS crashes fire as the 
most harmful event was 23% [Digges SAE 2005].  
Based on FARS reported rescue times, 25% of the 
rural crashes require more than 24 minutes from 
crash to rescue. [Digges, ESV 2005]. 
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Table 1. Distribution of Average Annual Fatalities 
when Fire was Most Harmful Event by Crash 

Type and Damage Location – FARS 2000 to 2007 
Damage Location No Roll Rollover Total
Non-Collision 0.6% 8.9% 9.5%
Front 37.6% 11.9% 49.5%
Right 11.2% 2.9% 14.1%
Rear 3.2% 1.4% 4.6%
Left 12.8% 2.8% 15.6%
Top 0.5% 3.1% 3.6%
Undercarriage 0.2% 0.7% 0.9%
Unknown 0.7% 1.5% 2.3%
Total 66.8% 33.2% 100.0%
 

FIRES IN TOW-AWAY CRASHES BASED ON 
NASS/CDS 

NASS/CDS characterizes fires as either major or 
minor.  A minor fire is an external fire that does 
spread to the occupant compartment or an occupant 
compartment fire that does not spread to the entire 
compartment or to other vehicle compartments. 

NASS/CDS defines a major fire as the following 
situations: 
• Total passenger compartment fire 
• Combined engine and passenger compartment 

fire (either partial or total passenger 
compartment involvement) 

• Combined trunk and passenger compartment fire 
(either partial or total passenger compartment 
involvement) 

• Combined undercarriage and passenger 
compartment (either partial or total passenger 
compartment involvement) 

• Combined tire(s) and passenger compartment 
(either partial or total passenger compartment 
involvement) 

 
About half of the fires in NASS/CDS are major fires 
[Digges, 2007a] Major fires are more likely to 
produce serious burn injuries and are the subject of 
the analysis to follow.  The data was published in a 
report prepared for MVFRI [Kildare, 2006]. 

Entrapment was recorded in 15% of NASS major 
fires where entrapment status was known [Digges, 
2007b].  An examination of the crash severity at 
which entrapment occurs was investigated for all 
NASS cases, including those with no fire.  For 
frontal, side and rear crashes with no fires, 50% of 
entrapments occurred at crash severities less than 17 
mph.  For far-side crashes the delta-V for 50% 
entrapment was 20 mph [Digges, ESV 2005a].  These 

results suggest that occupant entrapments can occur 
in relatively low severity crashes.  For NASS 
entrapped occupants, 58% had AIS 3+ injuries 
[Digges, SAE 2005b]    
 
Table 2 shows the distribution of NASS major fires 
by crash mode.  As in FARS, the frontal and rollover 
crash modes comprise the largest percentages.  Table 
3 shows a further examination of the fire origin 
documented for these most frequent crash modes.  
The engine compartment is the most frequent fire 
source in both of these crash modes. Earlier studies 
reported that no fuel leakage was noted for most 
engine compartment fires [Digges, 2005b].  

Table 2.  Distribution of Major Fires by Crash 
Mode, Weighted and Unweighted Data NASS 

1995/2005 
Crash Mode UNW WGT
Front 51% 45%
Side 10% 6%
Rear 10% 8%
Rollover 21% 29%
Other/Unk 9% 13%  

 
Table 3.  Origin of Major Fires, Weighted and 

Unweighted Data NASS 1995/2005 
Fire Origin Front UNW Front WGT

Engine Compartment 83% 90%
Fuel Tank 4% 1%

Other 13% 9%
Unk 4% 1%

Roll UNW Roll WGT
Engine Compartment 53% 50%

Fuel Tank 34% 46%
Other 13% 4%
Unk 9% 3%  

 

An examination of rollover cases with fire origin in 
the engine compartment found that almost half 
suffered no significant damage prior to the rollover 
[Digges, 2007].  In most cases, the ignition source for 
the rollover fires could not be determined from the 
available case documentation. 

There is no coding available for a flammable 
substance leakage other than motor fuel leakage.  
Consequently, there may be power steering fluid, 
brake fluid, coolant, window washer fluid, 
transmission oil, or oil pan leakage, which was 
responsible for feeding the fire but was not reported.   
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The majority of these engine compartment fires are 
reported as major fires.  The cause of major fires is 
generally difficult to determine because the fire is so 
destructive to the evidence.  Electrical faults and fluid 
spillage are two sources that have been demonstrated 
in crash tests. 
 
Damage that caused leakage of power steering fluid 
was reported to cause engine compartment fires in 
two identical frontal crash tests [Santrock, 2005].  In 
these crash tests, the exhaust manifold was at 
operating temperature and the engine was running.    
 
In another series of crash tests, an engine 
compartment fire was caused by electrical fault 
[Jensen, 1998].  The fire was unrelated to spilled 
gasoline or other engine compartment fluids, except 
battery acid.  The fuel for the fire was provided by 
the plastic materials near the battery.   
 
These test results suggest that factors that can not be 
identified by the NASS investigators may be 
associated with the large number of fires in which no 
fluid leakage was observed.  Technology to prevent 
electrical faults and leakage of flammable fluids 
should be beneficial in reducing the incidence of 
engine compartment fires. 

 
FIRES REPORTED IN STATE DATA  
 
A study initiated by MVFRI examined the 
characteristics of fires in the police accident records 
of three states – Maryland, Pennsylvania and Illinois 
[Friedman, 2005].  The frequency of fires was found 
to be greatest in frontal impacts across all three 
states.  All states reported a dramatic increase in the 
frequency and rate of fires in rollover crashes.  This 
effect appeared to be independent of passenger car 
and SUV distinctions.  The incidence of fires in rear 
impacts appears to be reduced compared to an earlier 
study by Malliaris [1991]. 
 
The Friedman Research Corporation also used state 
police accident data to examine the frequency of fires 
in pickup trucks of the same model but with different 
engines.  The data indicated that for some full size 
pickup models the eight cylinder (V-8) engines had a 
higher fire rate than the inline six cylinder (I-6) 
engines [Friedman, 2006]. An obvious difference is 
the increased exposure of the exhaust manifold  and 
catalytic converters in the V-8. However, the possible 
relationship between engine type and fire rate was 
not observed in a model of smaller pickups with V-6 
and I-4 engines. 
 

Another significant finding of this study was that 
pickups equipped with relay-type fuel cut-off 
switches had a higher fire rate in rollovers than those 
equipped with inertia switches [Friedman, 2006].  It 
was assumed that the relay switches used air bag 
deployment information that may not respond to  a 
pure rollover. 

 
GM TEST RESULTS – TIME TO 
UNTENABILITY 
 
The GM/DOT Settlement research program in motor 
vehicle fire safety has been analyzed and synthesized 
by a team of fire experts led by FM Global.  Of 
particular interest has been the analysis of eleven 
crashed vehicle burn tests.  These tests subjected 
crashed vehicles to under-hood and spilled fuel fires 
of an intensity that could be possible after a crash.  
Three vehicles were subjected to under-hood fires 
with ignition sources either at the battery location or 
by the ignition of sprays and pools of mixtures of hot 
engine compartment fluids from a propane flame 
located in and below the engine compartment.  
 
Two additional tests were conducted to evaluate 
countermeasures.  The effectiveness of a fire 
retardant treatment of the HVAC unit was evaluated 
by tests of engine compartment fires in 2 vehicles 
with frontal damage.  One of the vehicles was tested 
with the treatment and the other without. 
   
A list of vehicles tested with engine compartment 
fires is as follows: 
 

1. 1996 Dodge Caravan - front crash and fire 
started in the engine compartment;  

2. 1997 Chevrolet Camaro - front crash and 
fire started in the engine compartment;  

3. 1998 Honda Accord - front crash and fire 
started in the engine compartment;  

4. 1999 Chevrolet Camaro - FR HVAC- front 
crash and fire started in the engine 
compartment;  

5. 1999 Chevrolet Camaro - non-FR HVAC 
control-front crash and fire started in the 
engine compartment; 

 
An in-depth analysis of these tests has been published 
[Tewarson, 2005, Vol 1]. The objectives of the 
analysis were to investigate the ignition and flame 
spread behaviors of engine compartment fluids and 
polymer parts, to assess time to flame penetration 
into the passenger compartment and to assess the 
creation of untenable conditions in the passenger 
compartment. 



Digges 5

 
For the front crashed vehicle burn tests with ignition 
in and under the engine compartment, flame 
penetration time into the passenger compartment 
varied between 10 to 24 minutes. 
 
Once the flame penetrated the passenger 
compartment, the environment rapidly become 
untenable.  In some burns, the passenger 
compartment became untenable before flame 
penetration.  The untenable conditions were due to 
heat exposure (burns) and exposure to combustion  
products (toxicity and lethality).  The time between 
flame penetration and untenability of the passenger 
compartment varied from minus 2.5 to plus 3.2 
minutes. 
 
In general, polymeric parts in the engine and 
passenger compartments burn as molten pool fires 
with high release rates of heat, CO, smoke, and other 
toxic compounds, typical of ordinary polymers. Pool 
fires of the molten polymers are the major 
contributors to the vehicle burning intensity and 
contribute towards the penetration of flames into the 
passenger compartment. The fire retardant treatments 
of the polymer parts that were tested in the program 
proved ineffective in delaying fire penetration into 
the passenger compartment. 

 
ENGINE COMPARTMENT TEMPERATURES 
 
Additional testing has been conducted by Biokinetics 
and Associates, Ltd. to evaluate under-hood 
temperatures of different classes of vehicles 
[Fournier, 2004]. The results showed considerable 
difference between the maximum temperatures of 
different vehicles when operated under load.  In a 
standardized uphill test, the maximum temperature 
measured on the exhaust manifold varied from a low 
of 241 oC for a minivan to a high of 550 oC for a 
passenger car.  

 
FIRE PROPERTIES OF FLUIDS AND 
PLASTICS IN THE ENGINE COMPARTMENT 
 
Tewarson has summarized the fire resistance 
measurements of fluids that are commonly found in 
the engine compartment. The flash point and hot 
surface ignition temperatures are summarized in 
Table 4.    
  
The Tflash variable is the minimum temperature at 
which a fluid gives off sufficient vapors to form an 
ignitable mixture in an open cup.  The Thot  variable 

is the minimum temperature of a hot surface to cause 
ignition of a fluid spilled on the surface.  This 
variable requires a test that was developed by 
General Motors [Tewarson, 2005, Vol 2]. 
 
 
Table 4. Average Flash and Hot Surface Ignition 

Temperature of Underhood Fluids 

Fluid 
Tflash 

(oC) 
Thot 

(oC) 
Motor Oil (Petroleum) 134 310 
Motor Oil (Synthetic) 160 324 
Gear Lubrication Fluid 154 325 
Power Steering Fluid 188 312 
Automatic Transmission 
Fluid 163 304 
Brake Fluid 123 287 
Antifreeze 116 506 
Engine Coolants 110 518 
Windshield Washing Fluids 32   

 
The Fire Safety Branch of the FAA and Galaxy 
Scientific Corp. performed flammability evaluations 
of 18 automotive plastics using a microcalorimeter at 
Trace Technologies, Inc. [Lyon, 2006]. The 
flammability of the underhood plastics tested was 
similar to the flammability of plastics from the 
passenger compartment. When compared to plastics 
used in the interior of aircraft cabins, the automotive 
plastics were several times more flammable. There 
was considerable variation in the flammability of 
plastics used under the hood.  Two parameters used 
to measure flammability were the heat release 
capacity (HRC) and the total heat release (HR). 
  
The heat release capacity (HRC) is the ratio of the 
specific heat release rate to the surface heating rate. 
The HRC is a flammability parameter that is a good 
predictor of fire performance and flame resistance. 
High values indicate higher flammability.  Testing of 
13 plastics used in aircraft passenger cabins produced 
an average value of 98 J/g-K.  Plastics used in aircraft 
overhead compartments have an average HRC of 216 
J/g-K.   
 
The total heat release (HR) is obtained by dividing 
the maximum value of the specific heat release rate 
by the heating rate in the test.  The HCR and HR  
values for typical automotive plastics are summarized 
in Table 5. 
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Table 5. Heat Release Capacity and Heat Release 
for Typical Underhood Automotive Plastics 

  HRC HR 

Component Tested J/g-K   kJ/g 

Brake Fluid Reservoir   1298    45.3 

Resonator Intake Tube   1293      43.9 

Battery Cover - black 1280 43 

Front Wheel Well Liner 1250 45.3 

Battery Cover -transparent 1106 42.9 

Resonator Top 966 35.2 

Radiator In/Out Tank 514 22.5 

Engine Cooling Fan 400 18.6 

Power Steering Reservoir 397 19.4 

Hood Liner Face 101     7.9 

Hood Insulator 96 5.2 

 
TECHNOLOGY FOR FIRE SAFETY 

A survey of the fire safety technology that was 
present in on-the-road vehicles was conducted by 
Biolinetics and Associates. Ltd.  A database of 2003  
model year vehicles was assembled and the 
technologies were documented in a database 
[Fournier, 2004]. Lists of available fire prevention 
technologies were summarized in subsequent papers 
[Fournier,, 2005;  and Report R06-20, 2006].  
 

The technologies that were present included: 

• Check valves for the tank filler tube 
• Roll-over leak prevention valves 
• Shut-off mechanisms for electronic fuel pumps 
• Crash sensing battery disconnects 
 
It was observed that there was a difference in the 
extent to which fire safety had been incorporated into 
the vehicle design.  For example, in selecting 
insulation material for underhood liners there were 
two orders of magnitude difference in the 
flammability properties from vehicle to vehicle 
[Fournier, 2006].   There was no relationship between 
the cost of the vehicle and the fire resistance of the 
underhood liner.  This result suggests a lack of 
attention to the flammability of the material may 
have been a factor that precluded  more fire resistant 
selections. 
 

The analysis of state data suggested that some fuel 
cut-off systems were better in rollover than others 
[Friedman, 2006] 
 
Fluid leakage in rollovers was another area where 
large differences were found among on-the-road 
vehicles.  A research program by Biokinetics 
investigated and documented the technology in 
present day vehicles to prevent fuel leakage when 
lines from the fuel tank are severed [Fournier, R0-6-
20, 2006]. 
 
Biokinetics conducted leakage tests on 20 fuel tanks 
to study the fuel containment technologies employed 
and their performance. The tests simulated a vehicle 
rollover by rotating a tank, filled to capacity, about an 
axis that when installed in a vehicle would be parallel 
to the vehicle’s longitudinal axis. The tanks were 
rotated to seven discreet positions during the rollover 
simulation.  None of the tanks leaked when all hoses 
were intact.  In each position, the fuel system hoses 
were disconnected one at a time to represent a 
damaged or severed line and the resulting leaks were 
observed. The results of the testing showed that six of 
the tanks leaked in every orientation and ten leaked in 
some orientations.  However, four fuel systems did 
not leak with one line at a time  severed  when 
subjected to all roll orientations. There was no 
relationship between the cost of the vehicle and the 
presence or absence of leakage prevention 
technology. The results of these tests are discussed in 
more detail in earlier papers [Fournier, R04-06c, 
2004; Digges, 2005a]. 

DISCUSSION OF NCAP PROCEDURES 
 
FARS, NASS and State data all indicate that the most 
fires in current vehicles originate in frontal crashes 
and rollovers.  About half of the fires are in frontal 
crashes and a quarter are in rollover.  The frequency 
of fires in rear impacts has been decreasing while 
fires in frontal crashes and rollovers have been 
increasing.  State data indicates that the rollover fire 
rate has increased in recent years for passenger cars 
as well as light trucks and vans.  Most major fires in 
NASS frontal crashes and rollovers originate in the 
engine compartment. 
 
Many on-the-road vehicles incorporate technology to 
reduce fires that originate from electrical faults and 
fluid spillage.  However, there is no way for 
consumers to know of these safety features.  Simple 
modifications to the NCAP tests could provide 
valuable consumer information as well as rewards for 
incorporating fire safety technology.  The initial 
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focus of the testing should be on frontal crashes and 
rollovers. 

 
MODIFICATIONS TO THE NCAP TEST 
PROCRDURE 
 
FMVSS 301 requires a fuel containment test after the 
crash that subjects the vehicle to rollover attitudes.  
This test is called the static rollover test. The vehicle 
is placed in a fixture and rotated in 90 degree 
increments.  At each increment, the fuel leakage is 
measured.  There are no leakage requirements for 
fluids other than the motor fuel and none are 
measured.  
 
The first modification to the NCAP test procedure we 
propose is  to expose the test vehicle to the static 
rollover test before the crash test occurs.  The vehicle 
would be tested in  its operational state with all fluids 
at their recommended levels.  The test would evaluate 
two fire safety features.  The first would be a 
measurement of any leakage of a flammable fluid.  
The second would be an evaluation of any 
technology present to disconnect power from the fuel 
pump and the unfused battery-to-starter connection. .  
It is also recommend that the static rollover test be 
performed in 45 degree increments. 
 
The second modification to the test procedure would 
be to measure the leakage of all fluids after the crash 
test and determine the degree to which the battery has 
been isolated.  After the crash test, repeat the static 
rollover  and measure all fluid leakage and determine 
the degree to which the battery is isolated in a 
rollover.  The crash test should be performed with the 
battery fully charged and the electrical system 
connected. All of the fluids should be at their 
recommended levels.  It would also be desirable to 
have the engine hot and running.   
 
It is important for fluids to be present during the 
crash since they can provide substantial inertial 
forces to the container and the incompressible nature 
of these fluids can rupture the container.  Engine 
coolant leakage should not be counted for the frontal 
crash, but may be counted for the side and rear 
crashes.  
 
In the event insurmountable safety issues arise from 
testing with the flammable fluids present and the 
engine hot and running, less flammable fluids could 
be substituted as is currently done for the motor fuel 
in the FMVSS 301 tests. Under these conditions it 
may not be feasible to run the engine. 
 

A third modification would be to evaluate the force 
required to open each of the doors.  A rating system 
could be based on the door opening force required 
relative to the force that could be exerted by a small 
(5th percentile) female.  See Appendix A of [Digges, 
ESV 2009] for a simple test methodology to 
determine this force level. 
 
Finally, all fuel and vent lines leading from the tank 
should be cut or disconnected and fluid leakage 
should be measured when the vehicle is subjected to 
the static rollover test.  This test would encourage the 
leakage prevention technology that currently exists in 
some vehicles to be more widely applied. 
 
Fire safety star ratings could be based on the test 
results with points awarded for containment of fluids, 
the functioning of electrical disconnects and the force 
required to open each door.  

 
CONCLUSIONS 
 
The FARS data shows that in recent years, frontal 
crashes and rollovers have become an increasing 
fraction of the total highway deaths in which fire was 
the most harmful event. State data shows similar 
trends.  An examination of major fires in NASS 
frontal, side and rollover crashes shows that the vast 
majority originate in the engine compartment.  Fuel 
leakage was rarely documented in these cases. 

   
It is probable that under-hood spilled fluids other 
than gasoline may be a principal source of the engine 
compartment fires.  Tests of several vehicles under 
operational conditions indicated that the surface 
temperature of the exhaust manifold can exceed the 
hot surface ignition temperature of many underhood 
fluids.  However, the frequency and extent to which 
these flammable fluids leak in crashes can not be 
determined from accident data because the fire 
destroys the evidence.  Crash tests have shown that 
leaking power-steering fluid and battery faults are 
both possible sources of engine compartment fires. 
 
Investigations of on-the-road vehicles has shown that 
extensive fire safety technology has been 
incorporated in some vehicles, but not others.  There 
is some evidence of lack of attention rather than cost 
of countermeasures is an impediment to safety 
improvements. 

 
The fire safety features of fuel pump and battery 
disconnect should be evaluated while the vehicle is 
exposed to a static rollover test before and after the 
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crash test.  In addition, the ease of egress from the 
vehicle should be evaluated after the crash test. 
 
Finally, it is proposed that future NCAP tests include 
leakage measurements of all fluids. If leakage is 
observed, ratings could be assigned based on the 
amount and flammability of the fluid leakage.  Fluid 
containment, electrical isolation, and ease of egress 
should be the basis for a star rating of fireworthiness.  
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ABSTRACT 
 
The number of functionalities, sensors and control 
units in modern vehicles is increasing permanently. 
In spite of this, the OEMs aim to minimize these 
numbers to reduce complexity, effort and cost. 
Thus it is very important to find the most suitable 
E/E-architecture jointly with the OEM in order to 
cope with these challenges. Furthermore, the re-
partitioning of content in the safety domain offers 
great opportunities for the OEM.  
First of all, it can reduce the overall costs, since the 
trend towards increasing active and passive safety 
systems offers synergies of components and 
functions: 
Driven by legislation, the installation rates of safety 
features like ESP® will rise significantly in some 
regions. Together with the fact that airbag systems 
in the triad markets have a take rate of almost 
100% it is clear that there will be high potential in 
developing cost effective E/E-architectures. 
Consequently two main steps are necessary to cope 
with these challenges: The first step is finding a 
suitable integration concept for inertial sensors on 
the vehicle architecture level. The second step is 
cost optimization by using maximum synergies or 
high-integration concepts. 
Beyond cost reduction, the current functionality 
can be improved since the inertial sensors are 
directly connected on the same PCB-board with the 
airbag-algorithm controller in some integration 
concepts. This gives the possibility to feed the 
airbag-algorithm with inertial sensor data like for 
example the yaw rate. This yaw rate can be used in 
a yaw rate based airbag algorithm to further 
improve the performance.  
This paper gives an overview about the 
architectures and functions, discusses the pros and 
cons of the different concepts and gives an outlook 
for future systems. 
 
 
 
INTRODUCTION 
 
Approximately 40,000 people are still killed every 
year in the European Union [1]. Also in North 
America the number of traffic fatalities is too high. 
In 2001, the European Commission has stated the 
goal to achieve a 50% reduction of the traffic 

fatalities by 2010. By end of 2007 a significant 
reduction of 24.6% has been reached [2]. This is a 
clear progress, but without further increase of effort, 
the goal of 50% will not be achieved.  
Important means to realize higher safety in public 
transport are the introduction of active and passive 
safety systems into the passenger cars. As passive 
safety systems we understand systems which 
reduce the consequences of an accident. Injuries 
will be reduced in severity and fatalities partly 
avoided, e.g., by use of safety belts and airbags. 
Active safety systems, however, mitigate the crash 
severity or even avoid the crash by stabilizing the 
vehicle in critical situations, shorten the braking 
distance, and avoid skidding, e.g., by electronic 
stability program (ESP®).  
These safety functions are proven to be helpful to 
increase safety in the vehicle. However, they 
increase the number of electronic control units in 
the vehicle and therefore increase complexity and 
cost.  
For more than ten years, new vehicles are equipped 
with passive safety as standard equipment in 
Germany. Together with the very high acceptance 
of the most important passive safety device - the 
safety belt - these systems have achieved a very 
high distribution in road traffic. As a consequence, 
the number of traffic fatalities has been 
significantly reduced, together with other factors by 
more than 32%, in spite of an increased mileage per 
person. The high market penetration of passive 
safety systems in Germany and Europe is due to 
legislation as well as to the work of consumer test 
organizations.  
Active safety functions are far less abundant in the 
vehicles on the road. However, also these systems 
are beginning to gain effectiveness through higher 
take rates due to legislation (e.g., in the U.S. for 
newly released vehicles from 2012) and consumer 
test organizations (e.g., EURO-NCAP, safety 
rating) 
 
 
 
Safety functions and E/E architecture of the 
vehicle  
 
The introduction of additional safety systems into 
the vehicle increases the number of electronic 
control units and therfore also weight, energy 



consumption, complexity, and costs. Safety 
functions will develop high effectiveness when 
they are introduced as standard equipment. In this 
case an optimized solution with respect to cost, 
weight, and energy is needed.  
Analyzing the possibilities of architecture 
development reveals that the optimization of the 
E/E-architecture can mean that the current borders 
between active and passive safety have to be 
eliminated. Some improvements and cost 
reductions can only be realized if active and 
passive safety systems are merged to a safety 
domain in the passenger car. 
In consequence, three different E/E-architectures 
are currently developed as optimized vehicle 
architectures in respect to integration of the inertial 
sensors for vehicle dynamics control. Today these 
sensors are ideally mounted close to the center of 
gravity. The three different integration approaches 
are:  
• Integration into the brake control unit: ESP®i 
• Integration into airbag control unit: ABplus 
• Integration into a domain control unit with 

functional extensions: (DCU) 
 
The three architecture variants offer characteristic 
advantages in respect to cost, weight, packaging 
and energy consumption, as well as possible sensor 
synergies, raising the question: Which of the 
solutions is the best one? As so often, the answer is 
not a simple and general one. Therefore an analysis 
of the systems with pros and cons is given below, 
providing a basis for making the correct decision in 
specific projects. 
 
Architecture Variants 
 
     ESP®i 
 
The ESP®i control unit is a standard ESP® control 
unit with integrated inertial sensors. This means 
that the sensors which are usually mounted 
separately in the central ESP®-Sensor cluster are 
now integrated in the ESP® control unit, located 
directly at the hydro aggregate. Therefore, the 
separate ESP® sensor cluster can be omitted. Since 
in the ESP®i architecture no connection to another 
system is necessary, it is an independent system.  
An ESP®i system usually covers the base functions 
like ESP®, hill hold control (HHC) and hill 
descend control (HDC).  
 
     ABplus  
 
An ABplus control unit offers all functionalities 
with respect to state of the art crash sensing for 
passive safety: front, side, and rear crash detection. 
Furthermore, rollover detection, precrash 
functionality and pedestrian protection can be 
realized optionally. As described recently [3], the 

E
h
 

Figure 1: Overview of integration concepts for 
inertial sensor cluster function. ESP®i and 
ABplus mean integration into another existing 

lectronic Control Unit (ECU), DCU allows for 
igh flexibility in functional extension. 
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inertial sensors for vehicle dynamics control of the 
ESP®-system are additionally integrated into this 
airbag control unit. Usually these sensors are 
located in a separate sensor cluster which is ideally 
mounted on the vehicle tunnel close to the center of 
gravity. With the ABplus approach this additional 
ESP® sensor cluster can be omitted. The integrated 
angular rate and acceleration sensor data are 
broadcasted via CAN interface to the brake ECU. 
The data are used in the brake system to prevent the 
vehicle from instable driving situations. Once the 
interface between the ESP® system and the airbag 
system is established, ESP®-based CAPS 
(combined active and passive safety) functions can 
be realized with a reduced networking effort.  
ABplus is available in a variety of configurations. 
In addition to the standard ABplus version with 
integrated ESP® sensors, ABplus roll offers 
additional sensors for rollover mitigation and 
protection. The configuration ABplus 6D contains 
a complete set of angular rate and acceleration 
sensors for all three dimensions. In addition to 
ESP® and rollover protection, it can also support 
chassis control functions like active damper control. 
 
 
     DCU 
 
The Domain Control Unit (DCU) is a scalable 
central software  and hardware integration platform 
in the vehicle. The functionality can be compared 
with a network server in the computer world. By 
analyzing all vehicle movements with the 
integrated inertial sensors, the DCU is the ideal 
home for all applications with high requirements  
like "Vehicle Motion and Safety" (VMS) and 
"Vehicle Dynamics Management" (VDM).  
A VDM function allowing for steering control on 
the basis of ESP® data can still be calculated by 
the ESP® ECU, but the networking of ESP® with 
damper, chassis and drive train requires more 
computing power which can be provided by the 
DCU. 
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Equipped with a powerful controller, the DCU is 
highly scalable and contains inertial sensors up to 
all three axes. That means low-g acceleration 
sensors as well as angular rate sensors. The system 
is also capable of integrating redundant sensors if 
required. Additionally, a DCU can also include the 
typical high-g acceleration sensors and angular rate 
sensors used for passive safety.  
To measure the vehicle motion, the optimum 
position of the DCU is close to the center of gravity 
of the vehicle right on the vehicles transmission 
tunnel.  
In the case of integrated passive safety sensors, the 
DCU is connected via PSI5 interfaces to the airbag 
control unit which does not contain sensors 
anymore. The relevant sensor values for the 
occupant safety function are sent by the DCU. 
Since the airbag control unit has no internal sensors 
left, the mounting requirements about fixation, 
orientation and geometry are reduced. 
Consequently there is no need for a special 
mechanical transfer function from the fixation 
points via housing and PCB to the sensor element. 
With this, the airbag control unit does not 
necessarily have to be located on the tunnel, but 
can be mounted at any position within the 
passenger compartment where the space is less 
limited. 
 
 
Drivers for selection of optimum architecture 
 
    Market view 
 
Three different solutions are available to be 
selected as E/E architecture of the vehicle. As the 
requirements and the decision of the architecture 
depend on the functional requirements it is 
important to analyze the market situation for active 
and passive safety systems. 
Passive safety and its functionality are strongly 
driven by consumer tests and legislation. The status 
is that in Europe, North America and Japan, 
basically all newly released vehicles are equipped 
with standard airbag functionality. Increasing 
number of restraints and control loops is seen with 
increasing vehicle price and standard. The airbag 
system with front crash protection is basic 
functionality. 
Side crash becomes more and more standard in B 
and C segment, whereas roll over protection is 
additionally offered in convertibles and Sport 
Utility Vehicles (SUVs), as well as vehicles of the 
D and E segment.  
The active safety in form of ESP® on the other side 
is currently still not standard equipment even in 
Europe in many vehicles of the A and B segment. 
Starting with the C-segment the take rate of ESP® 
in newly bought vehicles is strongly increasing in 
Europe. In the E and F segment additional driver 

assistance functions extend the functionality of the 
active safety.  
Looking at the vehicle segments, we find that the 
different classes are not equally equipped with the 
safety features of active and passive safety. Starting 
with basic passive safety without active safety we 
find a lot of vehicles in the A and B segment. 
Increasing equipment with active safety in form of 
ESP® and passive safety with side crash protection 
is found in C and D class. In the upper segments 
passive safety and active safety are standard, 
further functions of driver assistance and comfort 
are also extending the functionality of the active 
safety in these passenger cars. 
These relations between active and passive safety 
are quite different in the other important markets of 
the world. Legislation activities and consumer test 
organizations also have influence on the 
distribution and development of the markets. Thus 
the analysis is necessary to be done for the specific 
target of the vehicle as a product. 
 
 
    Functional view 
 
Because of the optimized functionality and the big 
advantage of being an independent system, the 
ESP®i architecture finds its main market volumes 
in the vehicle segments A-C, mainly addressing the 
span from the mini class up to the medium class. 
Especially small vehicles with limited functionality 
and ESP® installation rates below 100% are the 
ideal candidate for ESP®i, since this ESP® system 
is not interacting with other networking partners 
like the passive safety system. 
The ABplus architecture typically has the main 
volumes in medium class vehicles from segment B 
to E, similar to the standard architecture with a 
separate ESP® sensor cluster. This is easy to 
understand since both cover the same technology 

 
 
Figure 2: ESP® installation in major European 
markets (D, F, I, ES, UK) 2006 by car segment – 
optional and standard equipment. Source: 
Bosch figures in installation rates by new car 
registrations. 
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and the technical features are the same, the 
difference in many cases is only the housing.  
An additional main focus for ABplus is in the 
vehicle segment G and H which cover the pick-ups, 
SUVs and vans. Especially in the US these 
segments are often equipped with ABplus since 
ESP® will be mandatory in 2012 and a roll over 
legislation is expected as well. Therefore an 
ABplus roll with standard ESP® and rollover 
mitigation and protection is a smart solution to 
cover the requirement at lowest costs. Since 
ABplus uses the standard technology known from 
the separate sensor cluster the technical risk is also 
very low. Sensors synergies are possible in this 
architecture, where active and passive safety are 
connected and exchange data. 
The DCU provides a fully AUTOSAR compatible 
software integration platform with an enormous 
controller power where a lot of functions can be 
integrated very easily. From damper control over 
active front steering up to a complete domain 
control the DCU offers a lot of opportunities to 
even integrate a lot of customer specific 
AUTOSAR software modules. Therefore it is clear 
that the DCU covers a broad band over the 
segments with main volumes in the D to F segment, 
which range from the upper medium class up to the 
luxury class. 
 
 
 
Introduction of extended functions: Vehicle 
Motion Observer  
 
Besides the trend towards new E/E architectures 
and different hardware/software integration 
concepts, there is a strong drive to integrate inertial 
sensors. Low-g acceleration and roll rate sensors 
around all three axes (so called 6D sensing 
systems) are the enabling technology for new 
powerful features: Based on the acceleration 
signals and roll, pitch and yaw rate the trajectory of 
the vehicle as a rigid body model can be described 
and measured very precisely in space. This gives 
the opportunity to create a so called “Vehicle 
Observer”, an algorithm which calculates important 
parameters of motion. The Vehicle Motion 
Observer (VMO) therefore provides a platform for 
improving and developing innovative functions for 
the domains of safety, agility and comfort. 
Based on theory a motion of a vehicle, which in 
first order can be seen as a rigid body, can be 
described by kinematic and kinetic differential 
equations. With the input values from the 6D 
inertial sensors, the different wheel speeds and the 
steering wheel angle the VMO computes besides 
processed 6D signals a sideslip angle, roll and pitch 
angles as well as different vehicle velocities. 
Additionally other vehicle parameters like the mass 
and information about the driving environment 

(road) and situation is available. Solving the rigid 
body differential equations in combination with 
Kalman-filtering is state-of-the-art for aviation. 
Nevertheless these algorithms are complex and 
need a lot of computational power. Therefore the 
VMO can be easily integrated in a powerful 
computer platform like the Domain Control Unit 
(DCU). Standard estimator algorithms are usually 
model based, this means the tire and vehicle model 
influences the results. The model uncertainties and 
the sensitivity with respect to parameter variation 
limit the accuracy of the estimation especially 
during high dynamic maneuvers the estimation is 
not accurate. The VMO based on the 6D 
computation has the big advantage that the rigid 
body differential equations give an exact kinematic 
relation, so the values can be computed exactly. 
This approach is independent from any vehicle or 
tire model and does not depend on other vehicle 
parameters. Since the VMO calculates instead of 
estimates output values the equation results are 
robust against parameter variation.  
The determination of vehicle ego motion implies 
the computation of vehicle velocities vx, vy, vz, 
sideslip, roll and pitch angle as well as inertial 
sensor signal processing like offset, orientation and 
gravity compensation, filtering and differentiation. 
The improved quality and reliability of the ego 
motion enables new functionality. On the other 
hand the quality of environment recognition 
(banked curves, slopes and friction coefficient) and 
of driving situation (over and under steering) are 
improved compared to conventional estimation 
techniques. Furthermore the vehicle mass and the 
center of gravity can be estimated precisely with 
the VMO. Therefore the VMO enables new and 
more precise functionalities. 
 
 
 
Current crash sensing strategy and potential of 
yaw rate data to increase performance and 
functionality  
 
In a vehicle crash, the activation of restraint 
devices is basically defined by crash type and crash 
severity. Both, the crash type and the crash severity 
to be expected are nowadays evaluated by the 
combined analysis of signals from acceleration, roll 
rate and pressure sensors. In high performance 
systems, surround sensing sensors (e.g. radar) can 
be integrated in the vehicle also providing data for 
the passive safety system.  
The acceleration sensors serve to evaluate the 
acceleration signal waveform and the velocity 
change in the longitudinal and lateral directions. 
With the roll rate information, a prediction of a 
vehicle’s rollover movement can be evaluated. By 
means of the pressure sensors, side crash events 
with deformation of the doors are rapidly 
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recognized and classified. The surround sensing 
system serves to detect relative velocities of 
approaching objects and estimate the time-to-
impact (TTI) as well as the overlap. 
Current sensor configurations and evaluation 
algorithms are designed and applied on the basis of 
typical single crash scenarios. An integral part of 
the corresponding restraint system tests are sepa-
rated into pure front, side and rollover scenarios. In 
general, the total kinetic energy of the vehicle and 
the crash opponent is converted to deformation 
energy due to the linear deceleration. 
The combined observation of linear acceleration 
and yaw rate has so far been of minor importance 
for crash classification. In a real world crash 
situation, however, the combination of the linear 
acceleration and yaw rate changes of the vehicle 
are expected to occur frequently during a crash. 
Typical scenarios with high yaw rate are low 
overlap crashes or non-centered crashes. For these 
crash scenarios, the longitudinal and lateral 
acceleration together with the yaw rate signal 
adequately describe the vehicle movement during 
the crash. Detailed analysis of the data reveals 
crash type and crash severity in real world crash 
situations in terms of impact point and impact 
direction with respect to the vehicle’s center of 
gravity.  
While a full frontal crash may reveal high 
longitudinal deceleration and no yaw rate signal at 
the point of time where activation of restraint 
systems is required, offset crashes of similar 
severity may reveal much lower longitudinal 
deceleration but high alteration of yaw rate close to 
the optimum activation point. 
Today, the integration of a large number of 
restraints (with different levels of requirements for 
deployment decision) allows a better adaptation in 
real world crash scenarios. The application of force 
to the vehicle during the crash has a substantial 
influence on the movement of the vehicle, and 
therefore of the occupant. The activation of the 
various restraints is to be optimized for the relative 
movement of the occupant in a specific crash. This 
especially applies to the case of combined linear 
and alterations of yaw rate. While absolute value 
and duration of linear acceleration defines average 
crash severity, the yaw acceleration defines the 
variation of crash severity within the vehicle. A 
crash impact causing high rotational energy may 
lead to a moderate acceleration close to the 
vehicle’s center of gravity, but a significantly 
higher acceleration value at places with larger 
distance to the vehicle’s center of gravity.  
The yaw rate crash sensor is supposed to play an 
important role in the correct classification of real 
world crash scenarios, where crash adaptive use of 
various restraints may increase the effectiveness of 
the vehicle’s safety system. 
 

CONCLUSIONS 
 
All three architecture variants ABplus, ESP®i and 
DCU are available to improve the E/E-architecture 
in the vehicle. Optimization for cost and weight, 
with optimized conditions for increased safety and 
environmental sustainability is possible.  
Since safety standards are different due to 
regionally determined legislation and market 
situation, as well as the distribution of functional 
requirements in the different vehicle types, a 
complex situation in respect to the requirements in 
current vehicle projects is the consequence. With 
respect to the question of optimum E/E-architecture 
it is clear that a general answer cannot be given.  
The optimum solution can be found, if these 
boundaries and conditions are taken into account. 
Together with the effects on vehicle level, project 
aspects, and organizational implications the E/E-
architecture can be optimized for vehicle types and 
platforms. 
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ABSTRACT 
 
According to the German Road Traffic Regulations, 
the cargo has to be secured in a vehicle so that it will 
not move, fall down, roll around, be shed or generate 
avoidable noise. This is required under normal 
conditions of operation including full braking, 
emergency braking, braking in a curve, fast lane 
changing and driving in a curve. The basis for a 
proper securing of cargo in delivery vans (N1-
vehicles) includes a robust partitioning system which 
fully or partially separates the occupant compartment 
from the loading space, as well as lashing points. The 
partitioning system retains the cargo during braking, 
for example. Lashing points serve to hold lashing 
devices to secure the cargo, e.g. lashing straps for tie-
down lashing. 
 
In Germany, partitioning systems and lashing points 
for commercially employed new vehicles covered by 
the scope of the Accident Prevention Regulation for 
Vehicles (BDG D29) have been mandatory since 
1996. DIN 75410-3 “Securing of Cargo in Truck 
Station Wagons (Closed Body)”, did apply here as 
the national technical regulation. 
 
In order to anchor the tried-and-tested requirements 
regarding partition systems and lashing points in 
globally applicable regulations, the ISO/TC22/SC12 
set up the workgroup WG9. On a voluntary basis 
non-governmental organisations and OEMs created 
the standard ISO 27956. As a result the national 
standard has not only been transferred into English 
but has also been further developed now. As the 
drafts ISO/CD 27956 and ISO/DIS 27956 were 
received favourably after their worldwide ballots, the 
final standard ISO 27956 has been approved now and 
will be published in the spring of 2009. 
 

The paper will report on the necessity and the 
background as well as on the contents of this standard 
which may be used for self certification, for example. 
Prospects of further development of the Standard to 
cover latest additional equipment for load securing in 
delivery vans will be given as well. 
 
INTRODUCTION 
 
Lashing points and partitions as devices fitted to 
closed-body vehicles as a means of securing cargo 
are required in the German national standard 
DIN 75410-3. It first appeared in April 1996. Since 
October 1996 this standard stipulated the obligation 
for lashing points and partitions in all new vehicles 
covered by the Accident Prevention Regulation 
“Vehicles” (BGV D 29, Section 22 Sub-section 1, 
formerly VBG 12) [1] in Germany. This are in 
principle all commercially used vehicles. 
 
Accidents and daily practice were the cause for the 
first version of the standard to be subjected to a 
renewed revision and for some requirements to be 
formulated more precisely. The calls to 
correspondingly raise the requirements of the 
previous standard have been generally supported by 
the German workgroup responsible for the 
standardisation committee for motor vehicles at VDA 
(German Association of the Automotive Industry). 
This led to the current version of DIN 75410-3, 
which is valid since October 2004 [2, 3]. 
 
In order to embed the now tried-and-tested 
requirements for partitions and lashing points in the 
globalised markets, the ISO/TC22/SC12 set up the 
workgroup WG9 in January 2006. Its remit included 
converting the standard DIN 75410-3 into the 
international standard ISO 27956. The original 
contents of the national standard were subjected to 
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further development again and the first draft 
ISO/CD 27956 was completed in October 2007. After 
taking into consideration the received comments the 
revised second draft ISO/DIS 27956 was published in 
April 2008. After the approval of the final version of 
the standard ISO 27956 “Road Vehicles – Securing 
of Cargo in Delivery Vans – Requirements and Test 
Methods” it will be published in the spring of 2009 
[4]. 
 
This paper reports on the necessity and the historic 
background as well as on the contents of the standard 
(scope, definitions, requirements and tests). 
Furthermore, reference will be made to previous 
experience and to the prospects of further 
development of the standard. 
 
METHODS OF CARGO SECURING AND 
LOAD ASSUMPTIONS 
 
In Germany the VDI guideline 2700 ff is one of the 
basic regulations concerning the securing of loads on 
road vehicles [5]. An example of international 
regulations would are those set out in the European 
Best Practice Guidelines on Cargo Securing for Road 
Transport [6]. An example of specific regulations for 
an industrial loader for securing cargo for transport 
by load carriers on commercial vehicles which covers 
road transport with vans is the guideline for the 
interfactory transport by Daimler AG [7]. At the 
moment, the Guideline VDI 2700 - Sheet 16, which 
describes in detail the securing of cargo in vans 
(transporters) up to 7.5 t Gross Vehicle Mass (m GVM), 
is only available in a draft version [8]. This guideline 
is intended for forwarders, freight carriers, loaders, 
vehicle owners, vehicle drivers and all those who the 
law, ordinances, contracts or other regulations deem 
responsible for securing the cargo and ensuring safe 
transport. In other words: Guideline VDI 2700 – 
Sheet 16 regulates the practical execution of cargo 
securing measures in vans (transporters). The 
guideline also defines in its scope that it applies to all 
vans up to 7.5 t m GVM, irrespective of whether they 
are fitted with a closed body, box-type body or 
platform superstructure, and to any hitched trailers. In 
contrast to this, ISO 27956 (or DIN 75410-3) 
describes the requirements for the vehicle devices 
intended to secure the cargo in delivery vans (closed-
body vehicles) and the associated test methods. 
 
The VDI 2700 ff states basic load assumptions for 
cargo securing. For the commercial vehicles referred 
to here, it has hitherto been the case that, when regard 
the securing of cargo, a longitudinal deceleration of 
the vehicle forwards of 0.8 g (emergency braking) as 
well as an acceleration laterally left or right 

(cornering, sudden swerve and lane change) as well 
as in rearward direction of 0.5 g had to be assumed. 
Sheet 16 was the first to define greater load 
assumptions for lighter vans corresponding to their 
driving dynamic properties, Figure 1. For instance, 
for a vehicle with a permissible total mass of over 2.0 
up to 3.5 t, the minimum inertia force of the cargo in 
the forward direction is 0.9 times and laterally 0.7 
times its weight force. 
 

0.5 · FG0.6 · FG0.7 · FGInertia force in 
sideward directions

0.5 · FG0.5 · FG0.5 · FGInertia force in 
rearward direction

0.8 · FG0.8 · FG0.9 · FGInertia force in 
frontal direction

more than  3.5tmore than 2.0t 
up to 3.5t

up to 2.0tGross Vehicle 
Mass (m GVM)

0.5 · FG0.6 · FG0.7 · FGInertia force in 
sideward directions

0.5 · FG0.5 · FG0.5 · FGInertia force in 
rearward direction

0.8 · FG0.8 · FG0.9 · FGInertia force in 
frontal direction

more than  3.5tmore than 2.0t 
up to 3.5t

up to 2.0tGross Vehicle 
Mass (m GVM)

Examples of inertia forces 
for a gross vehicle mass of 
more than  2.0t up to 3.5t

FG:  Force of gravity
of the cargo

 
Figure 1. The minimum mass forces to be taken 
into account for standard operation in accordance 
with VDI 2700 – Sheet 16 (draft, April 2008) 
 
In order to resist the inertia forces, various methods 
of cargo securing are applied in practice. These can 
be basically divided into tie-down lashing, direct 
lashing and form-fit blocking as well as combined 
cargo securing, Figure 2. 
 

Tie-down lashing

Blocking

Direct lashing

Combined tie-down 
lashing and blocking

 
Figure 2. Basic types of securing cargo on road 
vehicles (Source: VDI 2700-16, draft, April 2008) 
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Tie-down lashing involves the tensioning of suitable 
lashing devices (usually straps) that tie down the 
cargo. The permanently acting tension forces which 
are necessary to secure the cargo, are conducted via 
the lashing devices into the so-called lashing points 
(usually loops/rings) and thus into the vehicle 
structure. Direct lashing involves only a slight pre-
tensioning of the lashing devices (straps or chains). 
This method generates the temporary forces required 
to secure the cargo depending on the driving dynamic 
requirements directly from the inertia forces, reduced 
by the friction force only and generated as a 
consequence of the inertia force. Here too, the 
securing forces are conducted via the lashing points 
into the vehicle structure. 
 
Securing the cargo by means of form-fit methods is 
achieved without tie-down lashing or direct lashing. 
The cargo, under the influence of the driving dynamic 
inertia forces, is directly supported by the vehicle 
superstructure or suitable additional devices. 
 
Furthermore, cargo can be secured by using a 
combination of methods. In general the combined 
measures are tie-down lashing in conjunction with 
form-fitting. 
 
CONTENTS OF ISO 27956 
 
Scope 
 
ISO 27956 applies to N1 vehicles and N2 vehicles up 
to 7.5 t in compliance with the ECE classification as 
per ECE/TRANS/WP.29/78/Rev.1/Amend.2 
“Consolidated Resolution on the construction of 
vehicles (R.E.3)”. For vehicles preliminary designed 
for goods transport and derived from a passenger car 
(M1 vehicle), only the partitioning system 
requirements of ISO 27956 apply. Figure 2 gives a 
few examples of vehicles covered by ISO 27956. The 
characteristic feature of all these vehicles is that the 
superstructure consisting of occupant compartment 
and the loading space forms a closed unit (closed 
body or “one-box vehicle”). 
 
For these vehicles minimum requirements are defined 
for the devices intended to secure the cargo as well as 
associated test methods. The intention is to ensure 
that the cargo is secured in a roadworthy and 
operationally safe manner to protect the occupants 
against injuries caused by shifting cargo. This is the 
same intended objective as set out in DIN 75410-3.  
ISO 27956 additionally mentions as a clarification 
that extreme loads, such as those that may occur in 
frontal collisions, are not taken into account by this 
standard. For this the term “roadworthy” has been 

included. It means design concepts aiming at 
excluding harm (e.g. injuries, fatalities) to the 
occupants of a vehicle travelling on public roads 
under normal conditions of operation (including full 
braking, emergency braking, braking in a curve, fast 
lane changing and driving in a curve). 
 

N1-vehicle 
derived from M1-vehicle N1-vehicle

N1/N2-vehicle N2-vehicle (up to 7.5t)

 
Figure 3. Examples of vehicles covered by 
ISO 27956 
 
Requirements and Tests 
 
In general N1 vehicles and N2 vehicles up to 7.5t must 
be fitted with suitable equipment to prevent the cargo 
from penetrating the occupant compartment. 
Therefore, protection devices consisting of a 
partitioning system and lashing points must be 
provided. Partitioning systems are defined as a device 
(e.g. bulkhead, partition wall, grid) which fully or 
partially separates the occupant compartment from 
the loading space. Lashing points are attachment 
parts on the vehicle or integrated devices (e.g. rings, 
eyelets, hooks, loops, oval members, hooking-up 
edges, threat connections, rails) to which lashing 
devices can be connected in a form-fit manner. They 
are designed to transfer the lashing forces to the 
vehicle structure. 
 
Partitioning Systems 
 
Dimensions 
 
The partitioning system shall fully separate the 
occupant compartment from the loading space across 
its entire width and height. In addition ISO 27956 
takes into account permissible exceptions which 
occur in practice. If the loading space extends above 
the occupant compartment, it may be limited in 
height to the horizontal separation between the 
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occupant compartment and the upper part of the 
loading space. In the case of vehicles that are only 
equipped with a driver seat and have no passenger 
seat, the partitioning system does not need to cover 
the entire width of the vehicle. However, the 
protective zone behind the driver seat to be described 
below must be covered and the seating position of the 
driver must also be sufficiently protected against 
laterally shifting cargo. Figure 4 shows examples of 
partitioning systems in various vehicles. 
 

 
Figure 4. Examples of partitioning systems 
 
If there is a gap between the partitioning system and 
the vehicle body, it shall not be more than 40mm. It 
also states that such a distance must be observed 
without removing any existing covering (or trim). A 
greater distance is permissible if the vehicle has 
corrugations in the side walls (see Figure 5, top) and 
to ensure proper deployment of curtain airbags, if 
fitted. 
 
If the partitioning system consists of a grid or cargo 
net, a rigid test device (e.g. an iron rod) with a front 
surface of 50mm x 10mm shall not be able to pass 
such nets or grids in any orientation. In order to 
verify this, the test device is passed in a horizontal 
direction parallel to the x-axis of the coordinate 
system of the vehicle and can at the same time be 
rotated about its x-axis in any orientation, Figure 6.  
 
Testing 
 
The test conditions described below involve loading 
exerted by two different test plungers (Type 1 and 
Type 2). The partitioning system shall not deform 

permanently by more than 300mm (see Figure 5, 
bottom). No sharp edges or other deformations during 
the process are permitted to appear which might 
result directly or indirectly in injuries to the 
occupants. 
 

1 Occupant compartment

2 Partitioning system

3 Loading space

F Test Force

Permissible permanent deformation of the partitioning system = 300 mm

Permissible distance between partitioning system 
and surrounding vehicle structure = 40 mm

1 Partitioning
system

2 Corrugation

40
40 

 
Figure 5. Partitioning system requirements 
regarding deformation under test loading with 
plungers (bottom) and the distance of the 
surrounding vehicle structure (top) 
 

--

Front surface: 
50mm x 10mm

x

x- axis of the vehicle related Cartesian 
coordinate system  

Figure 6. Testing the maximum permissible width 
of the gap of a partitioning system consisting of a 
grid or net using a rod test device 
 
The partitioning system displays special protection 
zones behind the seating positions of driver and front 
passenger(s) or of the passengers sitting on the rear 
seats in dual cabins, if fitted. For this area more 
stringent requirements are stipulated to protect 
against penetrating cargo. These protection zones 
span the entire height of the occupant compartment 
and are 544mm wide each. Their vertical limits run 
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symmetrically to the seat reference point (R-point, 
see ISO 6549) of the respective seat in a distance of 
272mm, Figure 7. Behind a seat bench these 
protection zones may overlap between the R-points. 
 

1 Protection zone
driver

2 Protection zone 
passenger(s)

3 Seat reference point 
(R-point; ISO 6549)

Example of a 2-seater 
occupant compartment

Example of a 3-seater 
occupant compartment  

Figure 7. Protection zones of the partitioning systems 
behind driver and front passenger(s) 
 
To test the strength of the entire partitioning system 
and its fixation, a large plunger piston (Type 1) has to 
be applied, see Figure 8, left. The test plunger piston 
has a flat square surface with a side length of 
1,000mm and an edge radius of less than 20mm. It 
shall be applied with its central axis in the geometric 
centre of the partitioning system (based on its height 
and width). 
 
The test force F (compressive force) has to be 
calculated on the basis of the mass mP of the 
maximum payload of the vehicle in accordance with 
the equation 
 

F = 0.5 · mP · g 
(g = acceleration of gravity = 9.81 m/s2). 

 
This test force acts horizontally in the longitudinal 
direction (i.e. in x-direction of the vehicle-based 
coordinate system) on the partitioning system. 
 

In vehicles in which the opening of the rear loading 
doors and/or the dimensions of the partitioning 
system, make the application of the Type 1 plunger 
piston impossible, a corresponding plunger piston of 
reduced dimensions and of the maximum possible 
rectangular geometry should be used, see Figure 8, 
right. 
 
When testing the partitioning system, the test force F 
has to be applied as fast as possible within a 
maximum of 2 seconds and shall be maintained for 
10 seconds. This is intended to simulate the loading 
of the entire partitioning system by the cargo during 
full braking. 
 

Standard design Design with reduced width

r
max 20 mm

Standard design Design with reduced width

r
max 20 mm

 
Figure 8. Plunger piston Type 1 (large plunger 
piston) to test the strength of the entire 
partitioning system and its fixation 
 
Additionally, a second, smaller plunger piston 
(Type 2) is employed to test the strength of the 
partitioning system in the protection zones. This 
plunger piston has a flat square surface with a side 
length of 50mm and an edge radius of a maximum of 
0.5mm. 
 
This small plunger piston shall be used to apply force 
to any desired point of the retaining device only 
within the protection zones. If the partitioning system 
consists of a grid or net, the plunger piston (Type 2) 
shall be applied to the points were the bars crisscross. 
If a door or windows are located in the protection 
zone, such elements shall also withstand this test, 
Figure 10. The window material may fracture, as long 
as the deformation criteria given in the standard are 
met. 
 
For the test using the smaller plunger piston (Type 2) 
the test force F shall also be applied horizontally in 
the longitudinal direction and calculated on the basis 
of the mass mP . The equation to be applied here is 
 

F = 0.3 · mP · g. 
 
Nevertheless, this test force should not exceed 10 kN.  
 
Identical to the large plunger piston (Type 1), the 
small plunger piston (Type 2) must generate the test 
force as fast as possible within the maximum 
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2 seconds and then be maintained for 10 seconds. 
This simulates a situation, for example, in which only 
a part of the cargo is directly in contact with the 
partitioning system which is directly loaded within 
the protection zone. 
 

 
Figure 9. Plunger piston Type 2 (small plunger 
piston) to test the strength of the partitioning 
system within the protection zones 
 
During the tests the partitioning system must either 
be installed in the specific vehicle or its body-in-
white in order to ensure that the fixation corresponds 
to the original installation conditions. If the tests 
cannot be conducted this way, the partitioning system 
with its fixation elements shall be attached to a rigid 
frame with its attachment hardware.  
 
The set-up of the rigid frame shall incorporate a 
horizontal surface which replicates the general level 
of the cargo space floor. The attachment points have 
to reproduce the geometry of the vehicle in which the 
partitioning system will be installed. 
 
For both pistons (Type 1 and Type 2), the use of 
adapters between the partitioning system and the 
surface of the piston is permissible if necessary. This 
enables, for example, an even distribution of the 
contact pressure for offset partitions. 
 
Lashing Points 
 
Number, Alignment and Dimensions 
 
For vehicles addressed in the scope of ISO 27956 
lashing points are mandatory. They can be located in 
the floor and/or in the side walls of the loading space. 
Lashing points which comply with the requirements 
of the standard and which are located on the side 
walls have to be aligned as closely as possible to the 
loading space floor. Hereby a distance of 150mm to 
the loading space floor shall not be exceeded. 

In practice, these days lashing points are also found 
in rails on the sidewalls which are located clearly 
higher up, Figure 11. These are additional lashing 
points which are not covered by the scope of 
ISO 27956. If necessary these additional lashing 
points could later on also be taken into account in a 
supplemental section of ISO 27956 as elements of an 
additional system installed in the vehicle for the 
securing of the cargo. 
 

Lashing points 
as per

ISO 27956

Partitioning 
system as per 

ISO 27956

Additional lashing 

points (in rail)

Lashing point as 
per ISO 27956

Additional lashing 
points (in rail)

 
Figure 10. Load securing devices (partitioning 
system and lashing points) as per ISO 27956 as 
well as additional lashing points (in rails) in the 
sidewall of a closed-body N1 vehicle 
 
The design and the strength of lashing points in 
closed-body N1 vehicles have frequently been the 
subject of intensive discussions both at a national 
level during the development and revision of 
DIN 75410-3 (see also [3]), and during the drafting of 
ISO 27956. This can be traced back, among other 
things, to the various variants of lashing points that 
were available on the market for many years (for 
examples see Figure 12) and to the wide range of 
experiences in using them in practice. 
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In contrast to heavy commercial vehicles on a ladder-
type frame basis, the design of the relevant structure 
to attach lashing points on closed-body N1 and N2 
vehicles with their self-supporting superstructure is 
usually less rigid and solid. In order to be able to 
fulfil requirements to transform kinetic energy into 
the deformation of the vehicle structure in accidents 
and crash tests, certain zones that can also be located 
in the loading-space area, have to deform in a 
predetermined manner under the influence of 
mechanical stresses and strains. This means that the 
anchorage of lashing points in closed-body N1 and N2 
vehicles cannot be designed to have any degree of 
rigidity. 
 

 
Figure 11. Examples of lashing point designs seen 
in practice for securing cargo in closed-body N1 
and N2 vehicles 
 
On the other hand, as far as the user is concerned, it is 
important that the lashing points are not overly 
permanently deformed when required load securing 
forces are applied using the available lashing devices. 
Otherwise, the consumer may thing twice about 
applying the forces required to properly secure the 
cargo so as to avoid damaging the lashing point 
anchorages in his vehicle. 
 
This conflict of interests and the coordination of the 
interplay of lashing devices and lashing points were 
treated again in detail in the development of 
ISO 27956. It determined that still potential exists to 
harmonise the technical requirements and the design 
of the lashing devices, on the one hand, and the 
lashing points on the other hand. According to the 
ISO working group WG9, the various vehicles and 
easily comprehensible related information for the 
consumers should be considered more than before. 
 
The geometric design of the lashing points is the 
responsibility of the vehicle manufacturer and is not 
stipulated in concrete terms in ISO 27956. The 
international standard contains drawings of some 
typical examples of designs of lashing points. 
Irrespective of the design of the lashing points 

chosen, a cylindrical probe shall be passed through 
the opening of the lashing point. New here is that 
according to ISO 27956 the diameter of this probe 
depends on the Gross Vehicle Mass of the vehicle, 
which has been divided into three classes for this 
purpose, Figure 13, top. The basic idea behind this 
was, firstly the function of the lashing point, for 
example to fit to a lashing device hook. Secondly, a 
standardised design of geometry and strength of such 
hooks could simplify the use of lashing devices that 
match the vehicle. Another requirement was that the 
inner diameter of a lashing point should not to be too 
small as in practice lashing straps are also passed 
through the lashing points without hooks (see 
Figure 12, bottom right). If the diameter of the 
lashing point was too small, this could lead to 
unfavourable folds in a strap. 
 

d1 [mm] Gross Vehicle Mass [t] 

35 5.0 < mGVM ≤ 7,5 

25 2.5 < mGVM ≤ 5.0 

20 mGVM ≤ 2.5 
 

Cut A-A

 
 
Figure 12. Examples of typical shapes of lashing 
points and dimensions stipulated by ISO 27956 
 
Likewise considering the function of the lashing 
points in practice and, for example, the provision of 
suitable hooks, ISO 27956 stipulates that the 
maximum cross-section surface of the material of an 
eyelet or a ring shall not be larger than 18mm (see 
Figure 12). If the vehicle manufacturer designs the 
lashing point in a different shape or using different 
dimensions, he should provide adequate fastening 
elements to match the lashing devices. This also 
applies if the lashing points only consist of a thread 
connection. 
 
Conforming to their use as a means to secure cargo 
(predominantly by tie-down lashing) it is also 
stipulated that lashing points should be arranged in 
pairs located opposite each other. The lashing points 
should be distributed as evenly as possible along the 
length of the vehicle and as close as possible to the 
sidewall. 
 



 

  Berg 8 

The number of lashing point pairs and their alignment 
in the loading space depends on the maximum 
distance between the lashing points in the 
longitudinal direction of the vehicle and the length of 
the loading area. The distance l S between two lashing 
points shall not be smaller than or equal to 700mm. 
This distance may be exceeded, but it must never 
exceed 1,200mm. In longitudinal direction the 
distance between the boundary of the usable loading 
space length and the lashing points on the front side 
or the rear side shall not be more than 250mm. The 
lateral distance to the usable loading space width and 
the lashing points shall be not more than 150mm. For 
vehicles with a loading-space length up to 1,300mm, 
at least two lashing point pairs shall be provided (two 
lashing points on each side). 
 
As a rule the loading surface of a closed-body vehicle 
is not perfectly rectangular. Entry steps by the lateral 
sliding doors and the wheel arch protrudes generally 
more than 150mm into the side of the loading space. 
Figure 13 shows an example. Here, two lashing 
points have been offset inwards near the side door. 
They can be considered as an additional lashing point 
pair if the stipulated distance l S ≤ 700mm (or l S < 
1,200mm) for the remaining lashing point pairs has 
been considered. 
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1  Regular lashing point

2  Additional lashing point
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1 1121
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Figure 13. Example of the alignment of lashing 
points in a closed-body N1 vehicle 
 
The minimum number N of lashing point pairs to be 
installed is derived from the length L of the loading 

space (measured along the centre of the loading space 
floor where y = 0), taking into consideration the 
distances of 250mm at the front and rear side as well 
as a regular distance of the lashing point pairs of 
800mm in accordance with the equation 
 

N = 1 + (L [mm] – 2 · 250 mm) / 800 mm. 
 
Applying the conventional mathematical rounding 
rules the result of the calculation for decimal places 
in the range .50 - .99 are rounded up and decimal 
places in the range .01 - .49 are rounded down. If, for 
example the length of the loading space L = 
2,550mm, the minimum number N of required 
lashing point pairs is: 
N = 1 + (2,550 mm – 2 · 250 mm) / 800 mm = 
1 + 2.56 = 3.56 rounded up to N = 4 lashing point 
pairs. 
 
Testing 
 
In principle, the mechanical loading of the lashing 
points depends on the mass of the maximum 
permissible vehicle payload. This loading can, as 
extensive sample calculations have shown, vary 
considerably for different vehicles with the same 
permissible total mass. This is why equations were 
developed for ISO 27956 which can be employed to 
calculate the nominal tensile force of a lashing point 
based on the maximum vehicle payload. Larger 
vehicles generally have more lashing point pairs 
located in the loading space than small vehicles. This 
also applies with reference to the existing lashing 
point pairs facing the mass of the maximum vehicle 
payload. Accordingly, various factors were integrated 
into the formulae for the vehicles in question 
depending on their Gross Vehicle Mass m GVM. To do 
this, the vehicles were classified into three groups 
(2.5t ≤ m GVM; 2.5t < m GVM ≤ 5.0t; m GVM > 5.0t). In 
addition, in order to avoid outliers in the calculation 
results, the resulting nominal tensile forces generated 
by the formulae were restricted to an upper and a 
lower limit. 
 
Table 1. shows an overview of the equation for 
calculating the nominal tensile forces of lashing 
points in accordance with ISO 27956. The vehicle 
classes selected here based on the permissible total 
mass are the same as those stipulated for the test 
probe for the inner diameter of the lashing points (see 
Figure 12). It has to be expected that the vehicle 
manufacturers will in practice base their lashing point 
configuration of their various model ranges lashing 
points on the upper limits (FN = 8.0 kN, FN = 5.0 kN, 
FN = 4.0 kN). If this proves to be the case, the 
manufacturers of lashing devices could provide 
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products correspondingly divided into three classes 
with matching hooks and nominal tensile forces to 
secure cargo in vehicles with a Gross Vehicle Mass 
up to 2.5t, over 2.5t to 5.0t and over 5.0t to 7.5t. 
 
According to ISO 27956 every lashing point in a 
specific vehicle is to be capable of resisting loading 
in accordance with the formula and details set out 
above under any angle spanning 0 to 60° in the 
vertical, Figure 14. 
 
Table 1. Calculation of the nominal tensile forces 

per lashing point as per ISO 27956 
Nominal tension force 

FN [kN]  

Gross Vehicle Mass 

mGVM [t]  

FN = ¼ mP · g 

but 3,5 < FN ≤ 8,0 

5 < mGVM ≤ 7,5 

FN = ⅓ mP · g 

but 3,5 < FN ≤ 5,0 

2,5 < mGVM ≤ 5,0 

FN = ½ mP · g 

but 3,0 < FN ≤ 4,0 

mGVM ≤ 2,5 

mP   is the maximum payload in kg 

g      is the acceleration of gravity (9.81 m/s2) 

 

1 Floor of the loading space
2 Lashing point under test
3 Reference point and direction of measuring

of the maximal lasting deformation
FN Nominal tension force

 
Figure 14. Testing the strength of a lashing point 

New Test Procedure 
 
The only decisive criteria for the testing of the 
strength of a lashing point are safety and functionality 
for cargo securing. These criteria have to be ensured 
under normal operating conditions and under a 
specific loading. The normal operational loadings are 
derived from the cargo securing requirements. 
For example, if the cargo is secured by tie-down 
lashing, the (known) nominal tensile force FN of the 
lashing points limits the maximum pre-tension force 
to be applied. If this possible pre-tension force does 
not suffice to completely secure the cargo in a present 
case, the cargo must be secured by a combination of 
methods. As a rule this involves the additional 
supporting or blocking of the cargo by form-fit 
methods. 
 
It can be assumed that according to what has now 
been many years of practical experience, the nominal 
tensile forces of the lashing points for securing the 
cargo defined in DIN 75410-3 or the equivalent in 
ISO 27956 are sufficient. For newer vehicles, 
problems with lashing points being completely torn 
away are hardly heard of. Nevertheless, there have 
been repeated reports of “visible” deformations of 
lashing points. If such deformations are purely 
elastic, they return to their original shape once the 
loading on the lashing point has been removed and 
therefore are completely harmless. Plastic 
deformations that persist after the loading on the 
lashing point has been removed are a problem, 
however. 
 
During the initial loading of a lashing point up to the 
nominal tensile force FN and beyond up to a defined 
excess loading, such plastic deformations must be 
tolerated for design reasons of some lashing points in 
vans. The decisive criterion is thus the extent of the 
plastic deformation of the lashing point under this 
loading. Also, in the case of further loading the 
lashing point shall not indicate additional excessive 
plastic deformation. 
 
In light of this the ISO workgroup WG9 has 
developed a new procedure to test lashing points 
which is intended both to provide reproducible as 
well as unambiguous measuring results of the 
relevant deformations. Regarding the reproducibility 
of the results, it is favourable that the relevant 
deformation and force measurements begin under a 
specific pre-load followed by a permanent loading. 
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The test is divided up into four steps: 
 
Step 1 
•  Apply a pre-load of 5% of the nominal tension 

force FN; 
•  Set the deformation measurement system to zero. 
 
Step 2 
•  Increase the load within 20s up to FN; 
•  Hold the load for at least 30s; 
•  Release the load to zero; 
•  Reload the system up to the pre-load; 
•  Measure the permanent deformation of the 

lashing point (including the vehicle structure) at 
the point of force application in direction of the 
force application – test passed if permanent 
deformation is ≤ 12mm. 

 
Step 3 
•  Apply again within 20s a load equivalent to FN; 
•  Hold the load for at least 30s; 
•  Release the load to zero; 
•  Reload the system up to the pre-load; 
•  Measure the permanent deformation – test passed 

if the limit specified in the 2nd step is not 
exceeded. 

 
Step 4 
•  Increase the load within 25s  

up to a force of 1,25 × FN; 
•  Hold the load for at least 30s; 
•  Release the load to zero; 
•  Test passed if the function of the lashing point 

remains intact; additional permanent deformation 
permissible. 

 
The relevant parameters of this test procedure are 
shown in Figure 15. A body structure representing the 
vehicle shall be used for the test. Any reaction forces, 
if induced into the vehicle structure by the test 
equipment, should be applied within a distance of at 
least 300mm to the lashing point under test. 
However, this distance shall not be less than 100 mm. 
 
Any lashing point on the vehicle may be selected for 
testing. The lashing point has to be loaded with a 
suitable lashing device. Adapters may be used if this 
requires the even distribution of test force into the 
lashing point. ISO 27956 does not prescribe the 
hardware for the testing of the lashing points. The 
strength of the lashing points can also be evidenced 
by a calculation. In this case, the vehicle 
manufacturer must demonstrate in a comprehensible 
manner the equivalence of the calculation to an actual 
test as per ISO 27956. 
 

1 Step 1:    a  set deformation to zero

2 Step 2:    b  1 st deformation measurement

3 Step3:    c   2 nd deformation measurement 

4 Step 4 

FN Nominal tension force [ % ]

t Time [ s ]  
 
Figure 15. Parameters of the four-step procedure 
to test the strength of the lashing point 
 
Consumer Information 
 
In order to ensure a correct and proper use of the 
lashing points installed in the vehicle when carrying 
out cargo securing measures, ISO 27956 stipulates 
that the maximum lashing point strength shall be 
provided in the vehicle owner’s manual. In addition, 
a corresponding label has to be attached inside the 
cargo compartment of the vehicle, Figure 16. This 
label shall be inscribed with white letters on a blue 
background with a white border. The label should be 
fixed in the loading space in a clearly visible position, 
which normally is not covered by the cargo, e.g. in 
the upper area of the partitioning system near the 
door. The minimum size of the label is 100mm x 
130mm. 
 

130mm min.

10
0m

m
 m

in
.

 
Figure 16. Example of labelling of lashing points 
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EXPERIENCE GATHERED SO FAR AND 
PROSPECTS OF FURTHER DEVELOPMENT 
 
The first draft (Committee Draft) ISO/CD 27956 was 
published in November 2007 and with an 
international committee balloting it was successfully 
completed in January 2008. After some fine-tuning 
considering the comments received, the second draft 
(Draft International Standard) ISO/DIS 27956 was 
published in April 2008 for the second international 
ballot which was passed again without any negative 
votes until September 2008. Having apprised and 
incorporated the comments received, the working 
group ISO/TC22/SC12/WG9 finalised the Standard 
ISO 27956 for publication in spring 2009. 
 
One focus of the informal discussions and the 
exchange of experience is the execution of lashing 
point tests according to the new multistage test 
procedure (step 1 to step 4). The first results show 
that as far as the deformation of the lashing points is 
concerned, the force directly upwards (angle between 
vertical and the tensile force 0°) can often be seen as 
a “worst case” scenario. In individual cases, however, 
this can depend on the design of the lashing point and 
the vehicle structure underneath. 
 
First individual tests of lashing points involving a 
vehicle from a current model range have been 
conducted. The permanent deformations recorded in 
step 3 of the test (under 5% nominal tensile force) 
was in one case around a maximum value of 8mm. 
With a view to ensuring a general buffer for the 
statistical spread of the production the final decision 
of the Working Group was to set the corresponding 
maximum value in the standard to 12mm. 
 
How the vehicle manufacturer, the supplier and the 
testing institutes estimate the potential for 
optimisation of individual, possibly “critical” lashing 
points, could play a decisive role for a discussion in 
the near future. This possible further discussion of the 
maximum value of 12mm will depend on more 
findings of manifold practical tests following the new 
4-step-procedure stipulated now in ISO 27956. There 
is a broad consensus, that this new test procedure is 
able to deliver reproducible and precise results. 
 
The original remit of ISO/TC22/SC12/WG9 included 
the conversion of the national standard DIN 75410-3 
into the international standard ISO 27956. In the 
future, there could be a requirement for the 
standardisation of further assemblies for securing 
cargo in closed-body delivery vans. This would be 
equipment required for form-fitting securing of cargo 
and for locking (blocking) of cargo via appropriate 

ratchets and bars, Figure 17. Complete shelf and 
fitted cupboard systems are also available. 
 

 
 
Figure 17. Additional vehicle installations for the 
securing of cargo in vans 
 
These systems have already been tested in accordance 
with so called “in-house defined” test procedures 
taking into account the known relevant load cases. 
However, a complete harmonised transferability in all 
cases is not possible or sensible. Freely defined test 
requirements and associated standard test procedures 
can demonstrate and ensure the performance of the 
systems. But in the light of the globalised market 
place there is an increasing need for a suitable 
international standard, for example in an extended 
standard ISO 27956. 
 
Please note: This paper describes the contents of 
cited standards, in particular ISO 27956. This article 
does not hereby replace these standards. Only the 
cited standards in their original and respective 
current version have valid and binding force. 
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ABSTRACT 
 
Advanced safety systems which use pre-crash 
sensing information from the environment and/or the 
vehicle occupants have an “active response” which 
improve primary or secondary safety. Many systems 
are in development which use pre-crash sensing 
information as a decision input and it is widely 
predicted that the implementation of such safety 
systems, together with appropriate actuators and 
control algorithms, offer significant safety potential.  
 
Existing test methods evaluate the crash performance 
of a vehicle, but are unsuitable for the assessment of 
advanced safety systems because additional 
evaluations of the sensing performance and the effect 
of autonomous actions on the driver response are 
required.  To meet this need, work package 1.3 of the 
European Advanced Protection Systems (APROSYS) 
project developed a generic methodology which was 
intended to define guidelines for development of a 
specific test programme. This paper presents the final 
generic methodology for advanced safety systems 
and details a ‘test case’ carried out to demonstrate the 
application of the methodology. 
 
INTRODUCTION 
 
The European 6th Framework Programme Integrated 
Project (IP) on Advanced Protection Systems 
(APROSYS) was focused on developments in the 
field of vehicle safety. Within work package 1.3 (WP 
1.3) “Advanced safety functions”, the objective was 
to develop an evaluation method for the assessment 
of advanced safety systems that employ pre-crash 
information from environmental sensor systems. As 
defined in APROSYS deliverable D1.3.1 [1], these 
systems were considered to be primary or secondary 
safety systems that adapt to different scenarios to 
reduce accident severity and/or injury risk. These 
systems use sensed occupant data and/or pre-crash 
information obtained from environmental sensors and 
vehicle data.  
 
This definition covers a broad range of advanced 
systems, ranging from occupant classification 
systems for intelligent airbag and restraint 

deployment, to pre-crash braking or other collision 
mitigation and avoidance systems.  
 
The methodology developed was intended to be 
generic in terms of the systems to which it could be 
applied and also in terms of the application of the 
assessment. For example, the methodology could be 
used by OEMs in development, regulators as the 
basis for type approval compliance, or consumer 
information organisations to provide information on 
advanced system performance. 
 
Current Regulatory Compliance 
 
For a vehicle to gain type approval, it must satisfy the 
requirements of EC Directive 92/53/EEC. Article 
8(2) of Directive 92/53/EEC (amending Directive 
70/156/EEC), prescribes that if the vehicle is 
equipped with technologies or concepts incompatible 
with current directives, the Member State should 
provide a report containing: 
• The reason why the technologies prevent the 

vehicle or component from complying with the 
requirements of the relevant(s) Directive(s); 

• A description of the areas of safety and 
environmental protection concerned and the 
measures taken; 

• A description of the tests and their results that 
demonstrate at least an equivalent level of safety 
and environmental protection as is provided by 
the requirements of one or more of the relevant 
separate Directives; 

• Proposals for amendments to the relevant 
separate Directives or new separate Directive(s) 
as applicable. 

 
In the case of systems involving pre-crash sensing, a 
modification of the vehicle behaviour or safety 
system to improve the level of protection offered is 
made. Thus, in order to gain regulatory compliance, 
proof that the sensor and actuator system function as 
intended is necessary. Tests of the sensor, actuator, 
and the effect on safety of false triggering are 
required for most systems employing pre-crash 
sensing. For example, this is true for pre-crash 
pedestrian systems. However, in the case of some 
advanced safety systems, for example reversible 
occupant systems, it is considered that these could 
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function in existing regulatory and consumer crash 
tests.  
 
For autonomous pre-crash braking there is a 
compliance issue with all current legislative and 
consumer crash tests because such a system would 
reduce the impact speed prescribed by regulatory 
tests. In this case, the pre-crash braking should be 
deactivated for the regulatory test and further tests to 
demonstrate the system function and safety carried 
out to prove that the sensing and activation of the 
system is appropriate and that the activation of the 
system only occurs in the unavoidable accident 
phase.  
 
Systems which take control of the car away from the 
driver are also in conflict with at least some 
interpretations of the wording of the 1968 Vienna 
Convention, which states that the driver must be in 
control of the vehicle at all times. The content of the 
relevant sections of this convention may require 
amendment to reflect the significant technical 
developments in advanced safety systems, which take 
control away from the driver, providing that the 
safety implications of this action can be scientifically 
justified and assessed using an agreed methodology. 
 
GENERIC ASSESSMENT METHODOLOGY 
FOR ADVANCED SAFETY SYSTEMS  
 
The generic evaluation methodology developed by 
APROSYS is suitable for use by a wide variety of 
stakeholders, for example, consumer organisations, 
legal authorities and industry, all of whom have a 
need to verify or evaluate the technical performance 
of pre-crash safety systems. 
 
In case of regulatory approval, the route for advanced 
safety systems is currently defined by Article 8(2) of 
EC Directive 92/53/EEC. Advanced safety systems 
which are incompatible with existing Directives 
require additional testing, but the evaluation 
methodology is not defined. In the future, this 
generic methodology could be used as a basis for 
these tests to assure a minimum performance 
requirement for advanced safety systems.  
 
Description of the Generic Methodology 
 
The generic evaluation methodology is shown in 
Figure 1. In the following sections, each the stage of 
the flowchart is described in greater detail. The 
following sections should therefore be read and 
interpreted with reference to Figure 1. 
  

 
Figure 1. Flow chart for the generic assessment 
methodology for advanced safety systems. 
 
     System Description and System Objective - The 
system description is a brief description of the 
product or function to be evaluated. The following 
key characteristics of the system should be addressed: 

• The application name and type; 
• The major technologies and application 

under assessment (especially relevant for 
integrated systems); 

• The functionality or service offered by the 
system; 

• Any technical system limitations in terms of 
the conditions under which the technology is 
not designed to function effectively (e.g. in 
darkness or above/below certain speed 
thresholds).  

 
The evaluation process should always be performed 
for the complete system which offers the stated 
function. For example, if sensing systems provide 
information to multiple systems, the information 
from the sensing system should be assessed 
separately for each function. 
 
The objective of the system will provide the key 
indicators to determine the parameters which must be 
assessed in the evaluation of the system. Therefore, it 
is necessary to specify the manner in which the 
system is expected to reduce the injury risk. The 
description should also include limitations relating to 
the intended system objective. Further to any 
technical limitations, the limitations on performance 
should be noted. For example, the performance of an 
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emergency braking system would be reduced by a 
low friction road surface, despite the fact that the 
sensing system functions appropriately.  
 
     Application Category - In the application 
category, information should be provided regarding 
the road-user groups and accident types in which 
protection is offered. The categories of road users 
protected by the safety system are recommended as 
follows: 

• car occupants  
• truck and bus occupants 
• non-motorised vulnerable road users  
• motorcyclists  

 
The broad categories of accident types for which the 
safety system is considered relevant are listed below. 
Note that this is not necessarily the direction in which 
the sensor information is focussed: 

• frontal impact 
• lateral impact 
• rear-end impact 
• rollover 

 
In addition, the vehicle category to which the safety 
system is implemented should be identified and this, 
along with the application category, used as input for 
box 3 where the relevant accident types are 
identified.  
 
     Typical Traffic / Accident Scenarios - In box 3, 
a set of generic scenarios should be defined based on 
accident data or real world situations. These should 
include relevant accident scenarios and, depending on 
the type of system and actuator, relevant traffic 
scenarios that may include situations with a high 
accident risk, near miss scenarios, and other critical 
situations.  
 
The definition of relevant scenarios is a critical step 
in defining appropriate test conditions because these 
must be representative of the most important 
situations in the real world for which the system is 
expected to provide a benefit. Thus, it is 
recommended that the scenario selection process 
consider the following general steps: 

• Identify an accident data source that is 
applicable in scope and level of detail which 
is representative of the region for which the 
assessment is being made; 

• Identify accidents which occurred in general 
conditions where the system should be 
functional (i.e. design limitations of the 
system are excluded); 

• Identify accidents involving the user group 
for which the system is designed to offer a 
benefit; 

• Assess frequency of fatal and/or seriously 
injured casualties by accident parameters, 
including, but not limited to: road type, 
impact speed, impact angle, impact object, 
road conditions. 

 
In addition, accident and injury causation should be 
examined. Although this information may not be 
necessary to define the test scenarios, it is important 
for estimating the injury benefit of the advanced 
safety system. It is recommended that the relevant 
scenarios are identified based on the accident types 
resulting in the greatest frequency of fatalities, since 
this criteria is more directly comparable among 
European countries than other severity levels or 
national cost benefit values.  
 
     Definition of Specific Test Conditions and 
Assessment Criteria - In the box “definition of 
specific test conditions and assessment criteria”, the 
test conditions and the assessment criteria should be 
defined for the pre-crash tests, crash tests and driver 
in the loop tests. In addition to test conditions 
developed from accident data, test conditions may be 
developed which are not derived directly from box 3, 
e.g. to assess environmental conditions that are 
expected to be more complex for the sensor system 
and which are not recorded in existing accident data. 
Details regarding the test conditions should be 
defined, including possible new test devices which 
might be necessary, for example new test 
environments, new barriers for the sensor tests, or 
new types of impactors or dummies for crash tests.   
 
The assessment criteria used to evaluate the benefit 
of the advanced safety system should be defined. 
Standard legislation or consumer crash test criteria 
could be used for this purpose. However, other 
criteria may be used to assess the system. Note that 
the definition of the test conditions and criteria  were 
outside the scope of this work, since this is 
application and system specific. Therefore, this 
should be addressed by the party applying the generic 
methodology. Within WP 1.3, this process was 
performed for a pedestrian pre-crash system to 
evaluate the applicability of this methodology.  
 
     Technical Performance - The assessment of the 
technical performance of the safety system is 
achieved by the assessment of the pre-crash 
performance, the crash performance, and the driver 
in the loop performance. Within the methodology 
presented here, evaluation of the driver-in-the-loop 
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performance was considered a compulsory 
component if the driver behaviour could influence the 
performance of the system. In the case that this 
methodology is being used to obtain compliance with 
existing or future regulation, “driver in the loop” tests 
should be performed to ensure that the pre-crash 
system does not have a negative influence on the 
driver during trigger events, and that the level of 
safety is not less than that without the system fitted. 
 
     Assessment of Pre-crash Performance - For pre-
crash performance, test scenarios and criteria defined 
in box 4 will be used in non-destructive tests to assess 
the pre-crash performance of the system. A range of 
scenarios should be assessed ranging from very 
relevant (but simple) to less relevant (but more 
complex). The number of test scenarios passed by the 
system may be used to rate the pre-crash 
performance. In this way it can be shown that the 
system works as intended in a defined proportion of 
real world accident cases, since the test scenarios can 
be defined as covering a percentage of the real world 
accident data cases.  
 
For each individual advanced safety system, specific 
criteria are required to evaluate the pre-crash 
performance in the defined accident scenarios. One 
possible convenient assessment criterion which could 
be applicable for some safety systems is the trigger 
time. If this time is not available, the ‘system-in-
function time’ might also be used as an assessment 
criterion. The ‘system-in-function time’ is defined as 
the time at which the system offers the designed level 
of protection. In some cases it may be problematical 
to obtain this measure, especially as it might be 
impossible to gain direct access to the system on a 
signal level. For the Pedestrian GTR (Global 
Technical Regulation) it was proposed that the 
manufacturer provides both the head impact time and 
the sensor time. Based on this information it is 
decided if the head-to-bonnet impact tests can be 
performed with the bonnet in its deployed state [2]. 
 
For some systems, a minimum system-in-function 
time might not be an appropriate criterion, because an 
exact timing of the complete activation of the system 
could be necessary for optimal system performance. 
For example, for some type of pedestrian protection 
airbag systems, the airbag timing is critical to the 
level of safety offered. Thus for these systems, not 
only a minimum system-in-function-time, but also a 
time window of activation must be determined. An 
appropriate method must be developed for each 
specific safety system under assessment.  
 

After the pre-crash performance has been assessed, 
two different paths can be followed to complete the 
system evaluation: 

• Path A should be followed in case the 
actuator is expected to have an influence on 
the crash performance, or if the crash 
performance is not available; 

• Path B should be followed in case the 
actuator will not influence the crash 
performance and the crash performance 
without the system is already available, for 
example a driver warning system.  

• For both paths, if the system effectiveness 
could be influenced by the driver response, 
then driver in the loop tests should form part 
of the system evaluation. 
 

     Assessment of Crash Performance - If path A is 
followed, the crash performance must be assessed 
using the measured pre-crash performance. Using 
existing test procedures from regulations or consumer 
tests as a basis, the actuator system will be triggered 
(by the sensing system or synthetically) according to 
the results of the pre-crash performance tests. During 
the test, measurements will be made according to the 
standard procedures (if they are available) and the 
results will be compared and rated using the standard 
crash test as a reference. 
 
For some new safety systems, the existing procedures 
from regulations or customer tests might not be 
appropriate to measure the crash performance. For 
example in some cases the dummy kinematics could 
be significantly different to those of a real occupant 
or the dummy injury criteria might not be sensitive 
enough to accurately represent any injury benefit. In 
such a case, other additional methods might be 
considered. This could include using new testing 
devices as well as numerical simulation (e.g. human 
body models) to evaluate the benefit of the system. 
 
     Assessment of Driver-in-the-Loop Performance 
- In the driver in the loop tests, the scenarios and 
criteria defined in box 4 will be used to investigate if 
and how the system activation influences the safety 
of the occupants. The influence could be negative 
(e.g. in terms of distraction in case of a false alarm) 
or neutral. In addition, driver-in-the-loop tests are 
important to evaluate the driver reaction, or to 
generate missing input for scenarios. Driving 
simulators or subject trials are tools which could be 
used to evaluate the driver-in-the loop performance.  
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Relevant Supporting Information - This box 
provides the manufacturer of the system the 
opportunity to provide additional larger scale or 
longer term information to the evaluation. Studies 
may be retrospective (using accident data) or realistic 
estimations based upon field studies or numerical 
simulations. Examples include: 

• driving tests with professional drivers; 
• field operational trials 
• large scale driving simulator tests; 
• accident data collection to monitor real 

world effectiveness 
This generic methodology is focussed the assessment 
of technical performance. However, information 
supplied by the OEM or tier one suppliers regarding 
the longer term effects, and the “on the road” system 
effectiveness are an important part of the assessment 
of pre-crash systems. This information may be 
supplied from manufacturer testing carried out in the 
development phase. Furthermore, it is recommended 
that for any future regulation, and for systems gaining 
approval under the current Article 8 (2) route, this 
information should be mandatory. This evidence will 
demonstrate the safety of the system in a much 
greater range of road situations than can be assessed 
in specific evaluation tests. Future regulation may 
wish to explicitly specify the requirements for these 
tests.   
 
     Overall System Performance - At the system 
performance stage, the quality of the overall system 
must be evaluated. Therefore, the driver-in-the-loop 
performance, the pre-crash performance and the 
crash performance will be combined to calculate an 
overall system performance. The procedure to 
determine the overall system performance has yet to 
be developed since it is dependent on the specific 
application of the generic methodology. The 
procedure to assess the overall system performance, 
including the performance limits, may be different 
depending on the application of the assessment. The 
focus in regulatory testing is to guarantee a minimum 
performance requirement which systems must fulfil 
to be admitted to the market, whereas the intention of 
consumer information schemes are to differentiate 
between the performance of products available on the 
market.  
 
A casualty benefit estimate could be made by 
considering the size of the target population; the 
number of fatal, serious and slight casualties which 
the system might influence. The results of the testing 
phases could then be used to estimate the 
effectiveness of the system in influencing the target 
population. This would lead to an estimate of the 
casualty reduction estimate of the system based upon 

the actual system performance as measured by the 
test developed using the generic methodology. 
 
APPLICATION OF THE GENERIC 
METHODOLOGY TO A SPECIFIC SYSTEM 
 
The generic methodology was evaluated by applying 
it to a specific safety system: a pre-crash pedestrian 
system. In parallel with this, APROSYS SP6 (titled 
“Intelligent Safety Systems”) developed a pre-crash 
side impact system which was also evaluated using 
the generic methodology [4].   
 
Pre-crash Pedestrian System ‘Test Case’ 
 
Since a complete system was unavailable, the ‘test 
case’ pedestrian safety system consisted of separate 
sensing and actuator systems fitted to two different 
vehicles, and as such was a “theoretical” pre-crash 
pedestrian system. The actuator, was provided in a 
vehicle front-end developed in the German research 
project INVENT. The sensing system was from the 
Daimler PRE-SAFE® Brake/ BrakeAssist Plus 
system, with a modified decision algorithm to allow 
this dedicated testing within the project; basically this 
sensing system was not designed for pedestrian 
detection.  
 
     System Description and Objective - The system 
assessed was a theoretical pre-crash pedestrian 
protection system installed on a passenger (M1) 
vehicle, which uses radar sensors to detect 
pedestrians in front of the vehicle. When an imminent 
collision is detected, the actuators in the lower spoiler 
and bumper are activated to adjust the lower spoiler 
position and bumper stiffness. In addition, a pop-up 
bonnet is deployed using the same pre-crash 
information in order to provide head protection. The 
overall aim of the system is to reduce pedestrian 
injury. 
 
The major sensor technologies are: 24 GHz forward 
looking short and 77 GHz long range radar. The field 
of view and range of the radar sensors are shown in 
Figure 2. 
 

Figure 2. Field of view and range for short range 
(24 GHz) and long range (77 GHz) radar sensors 
(Source: Daimler). 
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The trigger output from the sensing system was 
displayed using LED indictor lamps fitted to the side 
of the test vehicle. These included an LED to indicate 
the trigger signal from the decision algorithm which 
would be provided to the actuators (had they been 
fitted on the same vehicle). A second LED was 
linked to a contact strip on the leading edge of the 
vehicle’s bumper which provided indication of the 
contact point. These LED indicator lamps are shown 
in Figure 3. 
 

 
Figure 3. Position of LED indicator lamps for 
system trigger and bumper contact. 
 
The vehicle front-end consisted of actuators under the 
bonnet, in the bumper and the lower bumper (Figure 
4). The bonnet actuators produced an increase in 
height at the upper part of the bonnet of about 70 
mm. The lower bumper actuator moved the lower 
bumper 100mm forward and 60 mm downward. The 
actuator in the bumper can be adjusted in two stages: 
compliant (0.2 kN) for collisions with pedestrians, 
and stiff (84 kN) for other impacts. All actuators 
functioned pneumatically with 12V magnetic valves. 
 

 
Figure 4. An overview of the actuator systems: 
pop-up bonnet (A), adjustable bumper stiffness 
(B), and extendable lower bumper (C) (Source: 
CSE).  

 
Figure 5: Prototype actuator system for pop-up 
bonnet (Source: CSE). 
 
Figure 5 shows the basic operation of the actuators in 
deploying the rear region of the hood.  
 
     Application Category - The pre-crash pedestrian 
system increases the protection offered to 
pedestrians. It is indented to work in cases where the 
pedestrian is struck by the front of the vehicle by 
triggering advanced secondary safety devices on the 
basis of pre-crash sensing information.  
      
     Typical Accident / Traffic Scenarios - Accident 
scenarios were selected from analysis of the German 
In-depth Accident Study (GIDAS) database. The data 
used was not assessed for representativeness of a 
particular region; the assessment was focussed on the 
derivation of relevant accident situations.   
 
Within the GIDAS database, selections were made 
for pedestrian accidents with passenger cars and 
MPVs. From 1,924 accidents, cases were selected in 
which the Maximum Abbreviated Injury Scale [3], 
(MAIS) injury of the pedestrian was AIS 2 or greater. 
This resulted in 896 accidents, of which 649 
accidents related to frontal collisions. This group of 
accidents were taken as basis for further analysis and 
were classified into different pedestrian accident 
types as shown in Figure 6.  
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Figure 6. Frontal pedestrian accidents with MAIS 
2+ by accident type (GIDAS data). 
 
Using the scenarios illustrated in Figure 6, four main 
types of pedestrian accident were identified based on 
the relevance with respect to MAIS 2+ injury. These 
groups can be seen in Table 1. 
 

Table 1. Scenario groups and their relevance in 
the GIDAS data 

 
Pedestrian 
accident 
type 
description 

Schematic view of 
pedestrian accident 
type 

Relevance 
(% of MAIS 
2+ 
pedestrian 
accidents) 

Pedestrian 
crossing on 
straight road 

 
59 % 

Pedestrian 
crossing on 
straight road 
with 
occlusion 

 
27.4 % 

Pedestrian 
crossing 
road shortly 
after vehicle 
turning at 
junction 

 
7.1 % 

Others - 6.5 % 
 
A more detailed analysis was performed on the 
GIDAS data to derive the ranges of the relevant 
parameters to be used in the definition of the specific 

test conditions. The parameters considered are 
presented in Table 2. 
 

Table 2. 
Relevant parameters 

 
Parameter Description 
Vvehicle initial Vehicle initial velocity 
Vvehicle impact Vehicle impact velocity 
Vpedestrian Pedestrian velocity 
Dpedestrian Direction of the pedestrian 

movement relative to the vehicle 
(angle) 

Xvehicle-

pedestrian 
Initial distance between the vehicle 
and the pedestrian 

Yvehicle-

pedestrian 
Initial lateral distance (offset) 
between the vehicle and the 
pedestrian 

Hpedestrian Standing height of pedestrian 
Dobject Direction of object movement 

relative to the vehicle (angle) 
Xobject-

pedestrian 
Initial distance between the 
pedestrian and the object 

Tobject Type of object obscuring view 
Rvehicle Turning radius of the vehicle 
Light Light conditions 
Weather Weather conditions 
Road Road condition 
Objects Other surrounding objects 

 
The accident data was analysed to derive relevant 
ranges for each of the parameters listed in each 
accident type. The three generic scenarios can be 
seen in Figure 7 and the ranges for each of the 
parameters can be found in Table 3. 
 

 
   
Figure 7. Pre-crash pedestrian test scenarios. 
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Table 3. Parameters for the pre-crash test 
scenarios 

 
Parameter Scenario 1 Scenario 2 Scenario 3 
Vvehicle initial 
[km/h] 

50 ±20 45 ±25 20 ±10 

Vvehicle impact 

[km/h] 
35  +20 -10 35 ±20 20 +10 -15  

Vpedestrian 

[km/h] 
5.4 +10.8 -3.6 5.4 +10.8 -3.6 5.4 -3.6 

Dpedestrian 

[°] 
±90 ±90 ±90 

Xvehicle-

pedestrian 
[m]1) 

> 20 > 20 > 20 

Yvehicle-

pedestrian 
[m]2) 

To be 
calculated 
(see note) 

To be 
calculated 
(see note) 

8 

Tvehicle [-] Passenger 
car 

Passenger 
car 

Passenger 
car 

Hpedestrian 
[m] 

1.7 ± 0.2 1.7 ± 0.2 1.7 ± 0.2 

Dobject [°] - Fixed - 
Xobject-

pedestrian [m] 
- 0.5 - 

Tobject [-] - Parked car 
/ van 

- 

Rvehicle [m] - - 6 
Environment related parameters 
Light Day, night Day Day, night 
Weather Dry Dry Dry 
Road Dry 

asphalt 
Dry 
asphalt 

Dry 
asphalt 

Objects n/a n/a n/a 
1) Pedestrian initially outside sensor field of view.  
2) Impact point should be mid-front of the vehicle. 
The initial offset needed should be derived from the 
initial distance between the vehicle and the pedestrian 
and their velocities. 
 
The parallel work conducted by APROSYS SP6 
identified that some expert knowledge was necessary 
to define ‘typical’ traffic environments relevant for 
the performance of the sensor system. Consequently, 
in the APROSYS SP6 evaluation, additional 
scenarios were defined which were a greater 
challenge for the sensor system and decision 
algorithm than those derived from accident data. 
 
 
 
 
 
 

Definition of Specific Test Conditions and 
Assessment Criteria 
 
     Pre-crash Performance Tests - Pre-crash tests 
are required to assess the performance of the sensing 
system and decision algorithm. These tests are 
derived from the scenarios defined in box 3, The tests 
are required to be non-destructive, because 
performance characterisation of sensor systems is 
based on statistical performance measures. A series 
of test scenarios were defined based on the ranges of 
the parameters listed in Table 3, which involved 
varying vehicle and pedestrian velocities, test objects 
travelling from  the left and right, and with and 
without vehicle braking. Each test was repeated up to 
four times. Other assessments might consider a 
greater number of tests depending on the statistical 
significance required. 
 
The pre-crash tests were performed both on a test 
track (see Figure 8) and in laboratory (see Figure 9). 
 

 
Figure 8. Example track test set up. 
 

 
Figure 9. Example laboratory test set up. 
 
 In order to conduct the track tests, a mechanism was 
developed so that the test object (a foam cylinder) 
could be presented into the path of the vehicle at the 
required velocity and time. A pulley system enabled a 
small carriage to be driven by a motor calibrated to 
drive the carriage at the required test speeds. The test 
object was linked to the carriage via four guide ropes 
and these were attached with Velcro so that they 
would detach on impact. The test object was attached 
so that the bottom edge of the target was in line with 
the lower spoiler of the test vehicle. The test object 
was initially positioned off the carriageway marked 
for the test vehicle. The motion of the test object was 
triggered by positioning contact sensors on the test 
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vehicle’s approach. These were positioned according 
to the speed of the test run and whether or not the test 
configuration involved vehicle braking. 
 
The test results for the track and laboratory tests were 
analysed by reviewing the high-speed video of each 
test and determining the time between the trigger 
signal and first bumper contact. Information on the 
contact point of the target with the vehicle, assessed 
by examining the test video was also recorded. 
 
The testing was performed both on a test track (TRL 
and CSE) and in a laboratory facility (TNO). It was 
found that both test strategies had strengths and 
weaknesses; track testing was very flexible and 
allowed all test configurations to be performed, but 
controlling all experimental variables proved 
difficult. Testing in a laboratory environment resulted 
in excellent control of experimental variables (test 
velocity and impact site). However, not all of the test 
scenarios were within the capabilities of the facility, 
meaning only one test scenario could be assessed. 
 
     Crash Performance Tests - Part 1 of EC 
Directive 2003/102 was chosen to assess the 
performance of the actuator system. Three head form 
to bonnet impactor tests: above each actuator and in 
the middle of the bonnet and two legform impactor 
tests; mid-vehicle and offset to one side by 427 mm 
were performed (see Figure 10). Three non-impact 
deployments were also recorded. 

 
 
Figure 10. Test sites for headform and legform 
impacts. 
 
Since the actuator component of the system under 
assessment was not linked to the sensing and decision 
algorithm, a synthetic trigger was provided to the 
vehicle front end 160 ms before impactor contact. 
The intention of these tests was that the actuators 
should be ‘in function’ directly before the impact of 
lower-leg or head-impactor. In a ‘real’ assessment, 
the information on the measured sensing performance 

would be used as an input to these tests; however, in 
this test case, the sensing systems was assumed to 
work as intended and provide a trigger signal to the 
actuators 160ms prior to impact. 
 

 
Figure 11. Example actuator tests 
 
Testing was performed by both TRL and CSE; this 
demonstrated successful pre-triggering of the 
actuators of a pre-crash pedestrian system to co-
ordinate with existing headform and legform test. 
 
     Driver-in-the-Loop Performance Tests - In 
order to investigate the actuator systems whose 
activation in either the pre-crash or false triggering 
events might influence safety, “driver in the loop” 
tests were devised. These were carried out in the 
Daimler driving simulator and aimed to assess 
reaction of the driver and the effect on safety during 
“crash” or “no-crash” conditions.  
 
In the test case, driver reactions to a pre-crash 
pedestrian protection system (pop-up hood) were 
investigated and evaluated for various driving 
circumstances and hazard situations. The main focus 
was to compare behaviour in a pedestrian impact 
event (“true”) with that of a false activation (“false”) 
and a “reference event”; a realistic event with which 
to compare the effect on the driving task. These 
events assessed are shown in Figure 12. 
 
 

 
Figure 12. Scenarios defined and tested for 
“driver in the loop” testing of a pop-up bonnet. 
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The tests were carried out in the Daimler AG 
dynamic driving simulator using a total of 44 test 
subjects. Changes in the lateral dynamics (steering 
angle) and longitudinal dynamics (speed) during each 
event were recorded. Small, oscillating steering or 
"control" movements made by the driver (steering 
entropy), were used as a measure of the level of 
mental stress, since this has been proposed as a 
suitable measure for this parameter [5].  The results 
are shown in Figure 13. 
 

 
Figure 13. Steering entropy before and after each 
event. 
 
In all events, the steering entropy increased 
noticeably after each event, indicating increased 
driver stress. The increase was greatest and longer-
lasting for the pedestrian impact event (“true”). The 
false trigger event (“false”) was similar to the 
reference event in terms of the effect on mental 
stress. Ultimately, and in relation to these parameters, 
no increased risk in managing the task of driving was 
observed in the driving scenarios chosen here. 
Subjective evaluation via subject interviews 
confirmed the objective data and allowed the false 
activation event to be compared to both a pedestrian 
impact and a reference event.  
 
     Relevant Supporting Information - No relevant 
supporting information was produced as part of the 
test case assessment for the pedestrian pre-crash 
system. However, APROSYS SP6 developed an 
advanced side impact protection system which used 
pre-crash radar and video sensing to detect side 
collisions. SP6 devised a field test to measure sensor 
performance under normal driving conditions. A 
route of about 3,000km was selected, comprising 
different road types, driving conditions and traffic. It 
was found to be a successful method to collect data 
on the numbers of false activations in normal traffic.  
 
 
 

DISCUSSION 
 
The generic methodology has been developed as a 
framework which can be applied to a range of 
advanced systems, and used by a range of 
stakeholders. For example, it is intended that the 
guidelines may be used by industry, regulators, or by 
consumer testing organisations. These stakeholders 
will apply the methodology with different end goals. 
For example, the methodology might be used as a 
basis for regulatory tests to ensure a minimum level 
of performance and to ensure that risks are 
adequately controlled. If this is the case, then 
information supplied via box 6 by OEMs or suppliers 
might be considered a requirement to demonstrate the 
performance of the system in a wider range of 
conditions than can be tested in box 5. 
 
Related to the application of the methodology is 
whether the tests developed under this framework are 
in addition to the existing secondary safety 
requirements, or if the performance assessment could 
replace existing requirements. For example, if a 
system includes an automatic braking function and 
the sensing system can be shown to work as intended, 
this will result in a reduced impact speed. The 
generic methodology developed here assesses the 
performance of the system and the crash evaluation is 
carried out in line with the pre-crash performance 
(i.e. conducted at a reduced impact speed). Indeed, 
this is essential to fully assess the performance at the 
system and to allow the casualty benefit of the system 
to be estimated. However, this approach is not 
incompatible with the current regulatory or consumer 
testing regimes, as the tests developed from this 
methodology can be viewed as additional to existing 
requirements.  
 
For some integrated systems, there may be actuators 
which utilise the same sensors but react to different 
trigger signals from the decision-making algorithm. 
Should a vehicle be equipped with systems which 
address more than one application category, this 
results in the derivation of different relevant test 
conditions (and target populations) being defined. 
This may result in more than one test suite (pre-crash, 
crash, driver in the loop) being performed since the 
generic methodology is system-focussed.   
 
The accident data used to define the relevant accident 
scenarios is a critical component to ensure that the 
tests derived are representative of the appropriate 
accident conditions. The scope of the data required is 
to some extent dependent on the purpose of the 
application of the methodology. Furthermore, it 
seems unlikely that a European data source 
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containing information at the required level of detail 
will be available. Therefore, the accident data used as 
an input to the methodology is likely to remain a 
combination of representative national data and more 
detailed in-depth information. The generic 
methodology provides guidance regarding how the 
accident data should be used.  
 
The generic methodology does not specify the 
number of test scenarios or the number of repeats of 
each test. It is not possible to specify these, since the 
methodology is generic, and therefore the range of 
relevant accident scenarios for each system depends 
on the system. However, the number of repeats 
should be such that adequate representation of the 
pre-crash and crash performance can be achieved. 
Since sensing system for different systems might be 
set at different levels of sensitivity, depending how 
“safety critical” the activation is, the number of 
repeat tests required to characterise the performance 
is also system dependent. However, the number of 
tests should be such that as close to 100% of the 
target population as possible is considered. 
Furthermore, the number of repeat tests for each test 
scenario may also depend on how the methodology is 
being used, but should be such that the performance 
of the sensor is appropriately accounted for. 
Ultimately, the required level of confidence required 
in the results is dependent on the stakeholder and the 
type of evaluation being undertaken. 
 
The final methodology does not provide detailed 
specifications for the “driver in the loop” study. 
However, the pedestrian pre-crash system test case 
devised a series of simulator events designed to 
evaluate driver response between true (pre-crash), 
false (false triggering) and a reference event (realistic 
driving hazard). This approach was successful in 
comparing the response of the driver in these 
situations. Assessment of the effect of the system on 
the driver was successfully assessed in a driving 
simulator and this was shown to be an appropriate 
tool for this purpose.  
 
The principle of measuring the long-term effects of 
advanced safety systems is important, and may be 
applied by stakeholders depending on the scope of 
the assessment. Specifications for field operational 
tests exist [6] and these may be used to provide 
requirements for the information supplied via this 
step of the methodology. 
 
The overall assessment is dependent on the 
application of the methodology and also on the 
specific system being assessed. It is envisaged that 
the results from the technical performance could be 

integrated to formulate an overall rating scheme, 
similar to the system used by EuroNCAP. The 
methodology is also capable of being used to provide 
an estimate of the casualty-saving potential of the 
system. This would be achieved by considering the 
proportion of all casualties accounted for by the 
accident types derived from step 3 (real world 
accident data). The performance of the system in the 
tested accident types would provide performance 
information to estimate the effect of the system on 
this group of casualties. The type of overall 
assessment made is dependent on the stakeholder 
carrying out the evaluation and the purpose of the 
evaluation. 
 
CONCLUSIONS 
 
This paper presents the final APROSYS generic 
methodology for active safety systems. This 
methodology is intended to be applicable to a wide 
range of advanced safety systems and describes the 
different steps that should be taken in the 
development of a performance evaluation protocol 
for a specific advanced safety system. The flowchart 
providing an overview of the methodology is shown 
in Figure 1.  The generic methodology is also 
designed to be flexible such that it can be used by a 
wide variety of stakeholders, from consumer 
organisations, legal authorities and industry, all of 
whom have a need to evaluate the technical 
performance of pre-crash safety systems. The main 
conclusions can be summarised as follows: 
 

• The application of the methodology within 
the APROSYS project showed that relevant 
accident scenarios could be identified and 
transferred to appropriate test conditions. 
The test procedures developed from the 
methodology allowed the systems to be 
evaluated in terms of the pre-crash, crash 
and driver-in-the-loop performance. 

 
• The generic methodology focuses on 

developing testing for a specific system to 
evaluate the system performance. This 
testing can be applied in addition to existing 
regulatory and assessment procedures. 

• Stakeholders should ensure that the tests as 
accurately as possible represent the target 
population (those accidents influenced by 
the system) and that a sufficient number of 
repeat tests are performed to characterise 
system performance; what constitutes this 
threshold depends on the application of the 
methodology. A specific test programme 
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should define requirements for valid tests 
and suitable means of monitoring the key 
parameters (such as vehicle speed) to ensure 
that any testing is repeatable.  

• The test conditions developed during the 
APROSYS testing were highly simplified 
with relation to the road environment as 
seen by the sensing system. This indicates 
that, depending on the specific system under 
assessment and the purpose of the 
assessment, relevant supporting information 
on the “real world” performance of the 
sensing system may be important. This 
would assess the pre-crash performance in a 
wider range of situations than defined in any 
assessment tests.  

• Expert knowledge has been permitted by the 
methodology to supplement situations 
derived from accident data, in order to 
represent typical environmental conditions 
which cannot be defined from existing data. 

• Pre-crash tests were carried out using track 
and laboratory facilities; both these 
approaches had strengths and weaknesses. 
The pre-crash testing carried out on a test 
track was found to be very adaptable in that 
all of the relevant test types could be 
successfully represented on the test track. 
However, although flexible in terms of the 
types of test configurations, it was found 
that achieving a “valid test” – one in which 
the vehicle struck the test object correctly at 
the correct speed was affected by small 
variations in vehicle or target velocity and/or 
braking level. In contrast, testing in 
laboratory facilities proved to be very 
repeatable; however, only one test scenario 
could be tested in this facility. This suggests 
a need for a “virtual laboratory” approach, 
comprising several facility types.  

• The overall assessment should be developed 
by the stakeholder, depending on the 
purpose of the assessment and the system 
being assessed. The assessment can be made 
in terms of the performance of the system 
within those accident types assessed and/or 
in terms of the estimated casualty reduction 
potential of the system. 

 
 
 
 
 

ACKNOWLEDGEMENTS 
 
The author acknowledges the contribution of the 
members of the APROSYS 1.3 consortium to this 
paper: 

• BASt, Germany 
• Continental, Germany 
• Daimler AG, Germany 
• TNO, Netherlands 
• TRL, UK 
• Volkswagen, Germany 

The close co-operation with APROSYS SP6 partners 
is also acknowledged. For more information on the 
APROSYS project and project deliverables, please 
refer to www.aprosys.com. 
 
The consortium is grateful for the support of: the 
European Commission DG-TREN, UK Department 
for Transport, German Ministry of Transport and 
Housing, and the Dutch Ministry of Transport for 
funding this work.  
 
REFERENCES 
 
[1] McCarthy, M., Lange, R. de, Lemmen, P. 

(2006), Review of Regulations and Research 
regarding Advanced Safety Functions, 
Deliverable D1.3.1, APROSYS Document AP-
SP13-0011. 
 

[2] OICA/CLEPA (2005), Certification Standard for 
Type Approval Testing of Active Deployable 
Systems of the Bonnet / Windscreen Area, Draft 
document INF GR PS 141.  

 
[3] AAAM (2008). Abbreviated Injury Scale (AIS) 

2005 – Update 2008. Association for the 
Advancement of Automotive Medicine, 2340 
Des Plaines Avenue, Suite 106, Des Plaines, 
Illinois 60018, USA. 

[4] APROSYS deliverable D6.5.4 Evaluation of test 
methods / recommendations for a generic test 
suite.  APROSYS Document AP-SP65-0055. 

[5] Nakayama, O., and Nakamura, T. (1999). 
Development of a steering entropy method for 
evaluating driver workload. SAE transactions 
1999, vol. 108 (1), 6, pp. 1686-1695. 

 
[6] FESTA (2008). 7thFP ICT Project; FESTA 

Handbook Draft Version 25th April 2008; 
www.its.leeds.ac.uk/festa/index.php    

 
© Copyright TRL Limited 2009.  



  Diez 1 

DEMONSTRATOR FOR VIRTUAL TESTING PROCEDURE. APPLICATION TO PEDESTRIAN 
ADULT HEAD IMPACTS  
 
M. Diez, J. J. Ferrer, J. García, R. Martín, A. Negro 
Fundación CIDAUT 
Spain 
Paper Number 09-0393 
 
ABSTRACT 
 
The research activities presented in this paper were 
carried out within Sub-Project 7 of APROSYS 
(Advanced PROtection SYStems), a European 
Integrated Project implemented within the 6th 
Framework Programme which main objective is the 
development and introduction of critical 
technologies that improve passive safety for all 
European road users in all relevant accident types 
and accident severities. Furthermore, this IP aims 
to increase the level of competitiveness of the 
European industry by developing new safety 
technologies (safety is a proven selling point) and 
by developing design tools and evaluation methods 
that will increase the efficiency of the development 
process of the involved industries. 
 
SP7 (Virtual Testing) deals with the development 
of knowledge and tools to facilitate the design and 
evaluation of advanced crash protection systems by 
virtual testing (numerical simulation). Within SP7 a 
Virtual Testing (VT) demonstrator based on a 
combination of simulations and physical tests for 
pedestrian protection (head impact) was delivered. 
Where VT has proven to be predictive and where 
benefits in terms of increasing safety are expected.  
 
In a first approach, experimental adult head form 
impacts against bonnet structures were performed. 
Besides, a series of virtual tests with standard adult 
head form numerical model and numerical model 
of the test rig were performed. VT was performed 
with limited data (only initial conditions) from 
physical test and no validation results were 
provided to adjust the nominal simulation model. 
Finally, a study of experimental testing variation 
using stochastic models was performed. The effects 
of these variations were quantified using stochastic 
analysis. 
 
INTRODUCTION 
 
Pedestrian protection has been identified as one of 
the fields with greatest potential for improvement. 
It can be asserted that numerical simulation is 
meanwhile highly predictive for pedestrian 
protection testing. Moreover, studies carried out in 
current EC projects such as APROSYS [1][2] 
conclude also that the implementation of virtual 
testing in homologation/regulation with regards to 
pedestrian protection directives, could lead to 

tangible benefits in terms of injury reduction and 
cost reduction in vehicle design. Pedestrian 
regulation has a medium degree of complexity in 
comparison with a full scale crash, as impactors are 
used for the assessment, and only the front part of 
the vehicle is significantly affected. Nevertheless, 
unfortunately not a high number of cars reach the 
maximum level on pedestrian protection. Thus, the 
potential impact of improving pedestrian protection 
will be very worthy since the number of pedestrian 
fatalities is still high like mentioned above. 
 
Within APROSYS SP7 a Virtual Testing (VT) 
demonstrator based on a combination of 
simulations and physical tests for pedestrian 
protection (head impact) was delivered. The goal of 
these activities is to show the feasibility of the 
simulation models as well as the accuracy of the 
virtual and physical tests.  
 
In a first approach, experimental adult head form 
impacts against bonnet structures were performed. 
The test matrix was defined covering following 
characteristics:  

 
- Extended instrumentation (additional 

instrumentation to measure 3D deformation 
contours) 

- Sensitivity analysis testing (level of results 
variation due to slight variations in testing 
configuration) 

- Repeatability ranges (level of repeatability for 
same testing configuration).  
 

Besides, a series of virtual tests with standard adult 
head form numerical model and numerical model 
of the test rig were performed. VT was performed 
with limited data (only initial conditions) from 
physical test and no validation results were 
provided to adjust the nominal simulation model. 
Finally, a study of experimental testing variation 
using stochastic models was performed. The effects 
of these variations were quantified using stochastic 
analysis. 
 
ADULT HEAD IMPACT TESTS 
  
Test bench 
 
A bonnet test bench was built (Figure 1). The 
design of the test bench is adaptive so it can be 
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used for testing different kinds of bonnets by only 
performing minor modifications. The bonnet is 
mounted on rigid crossbeams placed in 
correspondence of its hinges, front lock and rubber 
mountings/grommets. Furthermore, a plate for 
representation of the motor block was placed. 
 

 

Figure 1.  Bonnet test bench. 

 
The adult head form as specified in Directive 
2003/102/EC, phase II [3] was used to record head 
accelerations caused by contact with the bonnet 
top. Additionally, a system for measuring three-
dimensional deformations has been employed in 
order to provide additional data about the 
mechanical behaviour of the bonnet and the 
positioning and kinematics of the head form. The 
base of this system is software that computes the 
deformations of a surface based on the stereoscopic 
analysis of pictures registered with two high speed 
video cameras [5]. These results allow to achieve a 
more complete validation of the results of the 
numerical simulations, as well as to check the 
correct positioning of the head form at the contact 
time. 
 
Test conditions 
 
Four different impact locations were investigated 
(Figure 2). These locations were selected to 
represent the most frequent occurred impact points:  

 
1. close to the front lock 

2. close to the hinges 

3. close to the rubber mountings 

4. close to the motor block highest point 
 

 

Figure 2. Impact locations. 

The objectives of performing these tests were to 
analyse the level of results variations due to slight 
variation in testing configuration (sensitivity 
analysis testing) as well as the level of repeatability 
for same testing configuration. According to these 
objectives the test matrix was define. 
 
Initially four reference tests were performed (one in 
each point). These tests were launched according to 
the Directive 2003/102/EC [3], phase II. Test 
conditions for the adult head form impactor are as 
following: 

 
• Angle of impact: 65º±2º to the ground 

reference level 

• The point of first contact: within ±10mm of 
tolerance to the selected impact location 

• Impact velocity: 11.1±0.2m/s 
 

Then, variations of the impact variables were taken 
into account. These variations were carried out only 
in points 1, 2 and 3 whereas point 4 was used to 
perform the repeatability analysis. Thus, three tests 
were performed at this point with the same impact 
conditions (reference boundary conditions 
according to the standard). At points 2 and 3 the 
reference test was also repeated so repeatability 
could be checked also in different points of impact. 
The test matrix is shown in the next table: 

Table 1.  Tests matrix. 

Point 1  (front lock) Point 2 (hinge) 
v 

 [m/s] 
Ang. 

[º] 
Pos.  

[mm] 
v  

[m/s] 
Ang. 

[º] 
Pos.  

[mm] 
11.1 65 0 11.1 65 0 
10.6 65 0 11.1 65 0 
11.6 65 0 10.6 65 0 
12.1 65 0 11.6 65 0 
11.1 60 0 11.1 60 0 
11.1 70 0 11.1 70 0 
11.1 65 y-10 11.1 65 y-10 
11.1 65 y+10 11.1 65 y+10 

Point 3 (supports) 
Point 4 (motor  
highest point) 

v 
 [m/s] 

Ang. 
[º] 

Pos.  
[mm] 

v 
 [m/s] 

Ang. 
[º] 

Pos.  
[mm] 

11.1 65 0 11.1 65 0 
11.1 65 0 11.1 65 0 
10.6 65 0 11.1 65 0 

11.6 65 0    
11.1 65 y-10    
11.1 65 y+10    
11.1 65 x-10    
11.1 65 x+10    

 
BLIND VALIDATION      
 
Series of virtual tests with standard adult head form 
numerical model and numerical model of the test 
rig were performed. VT was performed with 
limited data from physical test. The FE model was 
built starting from the CAD, material data 

X 
Y 
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properties, description of the connections among 
the different parts of the bonnet (adhesives, spot-
welds…) and test conditions (test set-up) but no 
validation results were provided to adjust the 
nominal simulation model.  
 

 

Figure 3. Numerical model. 

 
In order to check the accuracy of the simulation 
model, a comparison between the simulation results 
and the test results were performed. This model 
was not tuned once the comparison with the test 
results was done.  
 
First of all the four reference tests were considered. 
The curves obtained are depicted in the following 
images: 
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 Figure 4.  Acceleration pulses (point1). 
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Figure 5.  Acceleration pulses (point2). 
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Figure 6.  Acceleration pulses (point3). 
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Figure 7.  Acceleration pulses (point4). 

 
In the case of the first point there is not repetition 
of the test, so only one test result is available. 
Nevertheless, the results presented in all cases 
show a good correspondence between the output 
signals of both, simulation model and tests, in 
shape as well as in absolute peak values. 
 
As it was explained above, a system for measuring 
three-dimensional deformations has been employed 
in order to provide additional data about the 
mechanical behaviour of the bonnet and the 
positioning and kinematics of the head form 
impactor.  
 
This system allows measuring of displacements and 
three-dimensional deformations by two cameras 
simultaneously recording. A previous calibration 
process is required. This process consists on taking 
series of images of several points from a panel 
which exact distances are known. Then, the 
program is provided with information about the 
specific spatial position of the cameras and then it 
is able to interpret correctly the images obtained 
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during the tests. On the other hand, the test’s object 
(bonnet and headform impactor in this case) has to 
be painted with a random mottled (see Figure 8) 
which provide reference points in order to work out 
deformations in consecutive images. 
 

 

Figure 8.  Cameras location and random mottle 
of the bonnet and headform impactor. 

 
As far as the behaviour of the bonnet is concerned, 
the kinematics observed in the simulations correlate 
well with the one registered with the stereoscopic 
analysis of the high speed images. Some examples 
can be seen in the next figures. In the upper images 
(in a white background) the simulation contour is 
depicted whereas in the lower ones (in a grey 
background) the contour obtained from the 
stereoscopic analysis is shown. 
 

  

[mm] 
  

 
     
Figure 9.  Displacement contours (point1). 

 
Displacement contours of the bonnet as well as the 
absolute displacement values are very close in all 
cases for both, virtual tests and real tests 
(stereoscopic analysis of the high speed images). 

  

[mm]  

 
 
Figure 10.  Displacement contours (point3). 

 
Once the results of the reference cases were 
compared, the analysis was extended to all the test 
cases with the variations in the input conditions 
(see Table 1). The results obtained are shown in 
following tables:  
 

Table 2.  Experimental - Simulation results 
point 1. 

Point 1  (front lock) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 

11.1 11.06 65 0 109.3 115.4 487.2 703.7 

10.6 10.48 65 0 80.5 109.9 487.6 643.6 

11.6 11.73 65 0 109.8 121.0 562.2 799.3 

12.1 - 65 0 - 126.4 - 914.8 

11.1 11.08 60 0 110.8 127.7 559.1 726.6 

11.1 10.97 70 0 92.8 116.6 603.4 660.1 

11.1 11.15 65 y-10 101.6 121.1 533.0 667.6 

11.1 11.15 65 y+10 110.9 117.2 481.4 534.2 

 
 
The system that launches the head form impactor 
against the bonnet allows reaching velocities higher 
than 12.1m/s. Nevertheless, when the system works 
close to this maximum threshold it is possible to 
have problems during the test. These problems 
appeared in this case. The system was out of 
control and then, it was not possible to know the 
real velocity achieved. Thus, it was decided not to 
use this test results. This problem only appeared in 
the point 1 since in the other cases the maximum 
velocity was 11.6m/s. 
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Table 3.  Experimental - Simulation results 
point 2. 

Point 2 (hinge) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 

11.1 10.98 65 0 146.6 
151.0 

988.9 
955.3 

11.1 11.19 65 0 146.4 937.1 

10.6 10.78 65 0 142.2 141.6 1038 838.8 

11.6 11.8 65 0 157.4 159.5 1042.6 1080.1 

11.1 10.96 60 0 143.8 146.3 1209.2 904 

11.1 11.00 70 0 161.4 151.1 1142.3 972.7 

11.1 11.11 65 y-10 129.7 148.1 883.4 896.8 

11.1 11.10 65 y+10 152.8 164.6 1189.4 1000.1 

 

Table 4.  Experimental - Simulation results 
point 3. 

Point 3 (supports) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 

11.1 10.91 65 0 124.1 
130.6 

1095 
1087.5 

11.1 11.13 65 0 120.5 937.5 

10.6 10.61 65 0 103.6 125.4 777.9 1013.7 

11.6 11.47 65 0 132.6 137.4 1130.5 1158.8 

11.1 11.16 65 y-10 121.0 138.8 954.4 1091.1 

11.1 11.05 65 y+10 114.0 166.9 866 1181.7 

11.1 10.93 65 x-10 126.0 157.7 1034.2 1405 

11.1 11.17 65 x+10 146.6 127.1 989.2 987.1 

 

Table 5.  Experimental - Simulation results 
point 4. 

Point 4 (motor) 

Input Parameters Output parameters 

v 
m/s 

vreal 

m/s 
Ang 

º 
Pos. 
mm 

Max. Acc [g] HPC 

Test Sim. Test Sim. 
11.1 11.03 65 0 194.2 

207.2 

1485.3 

1627.8 11.1 10.97 65 0 200.2 1696.9 

11.1 11.22 65 0 213.8 1686.2 

 
 
 The correlation (similar trends are seen for 
experiment and simulation results) is very good for 
point 2 and point 4 in both maximum acceleration 
and HPC and good for point 3, whereas the 
simulation results are overestimated in case of 
point 1. This point is close to the lock of the 
bonnet. In the blind simulation model, the lock 
system was modelled as a rigid body, this fact 
makes that the acceleration peaks and the HPC 
values were higher than the obtained in the physical 
tests.  
 
These results leads to conclude that more 

information regarding the bonnets and the test rig 
would be needed to build the nominal simulation 
model. For instance, it is very important to know 
the material cards so material characterizations 
would be required. 
 
STOCHASTIC ANALYSIS   
 
The target of the study is the generation of 
knowledge about the influence on the pedestrian 
adult head criteria responses (according to the 
Directive 2003/102/EC [3], phase II) regarding 
slight experimental testing variations such as 
impact velocity, impact angle and relative impact 
position.  
 
In the above sections, a deterministic approach has 
been shown. Simulations with the same 
experimental conditions have been performed and 
results of corresponding simulations and tests 
results have been compared. This study consisted in 
one simulation results vs. one physical test results 
comparison. With the stochastic approach, the level 
of results variations due to slight variation in 
testing configuration (sensitivity analysis) can be 
study. Correlation between experimental and 
simulation clouds can be checked as well as the 
robustness and accuracy of the simulation models. 
 
Stochastic pre-processing: stochastic modelling 
and sampling 
 
Four stochastic analysis were performed, one per 
point of impact. The values of dispersion 
considered for the impact conditions covers the 
ones used in the experimental tests at each point. 
Thus, the next tables show the set of input 
parameters as well as the considered variability: 
 

Table 6.  Stochastic variables - Point 1 study. 

Stochastic 
variables Range 

Numerical variable 
Nominal 

value Range Name 

Impact 
velocity 

±1m/s 11.1m/s [10.1,12.1] Veloc 

Impact angle ±5º 65º [60º,70º] Ang 

Impact point 
position X 

+ 10 mm 0 mm [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm [-10,10] Pos_Y 

 

Table 7.  Stochastic variables - Point 2 study. 

Stochastic 
variables Range 

Numerical variable 
Nominal 

value Range Name 

Impact 
velocity 

±0.5m/s 11.1m/s [10.6,11.6] Veloc 

Impact angle ±5º 65º [60º,70º] Ang 

Impact point 
position X 

+ 10 mm 0 mm. [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm. [-10,10] Pos_Y 
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Table 8.  Stochastic variables - Point 3 study. 

Stochastic 
variables Range 

Numerical variable 
Nominal 

value Range Name 

Impact 
velocity 

±0.5m/s 11.1m/s [10.6,11.6] Veloc 

Impact angle ±2º 65º [63º,67º] Ang 

Impact point 
position X 

+ 10 mm 0 mm. [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm. [-10,10] Pos_Y 

 

Table 9.  Stochastic variables - Point 4 study. 

Stochastic 
variables Range 

Numerical variable 

Nominal 
value Range Name 

Impact 
velocity 

±0.2m/s 11.1m/s [10.9,11.3] Veloc 

Impact angle ±2º 65º [63º,67º] Ang 

Impact point 
position X 

+ 10 mm 0 mm. [-10,10] Pos_X 

Impact point 
position Y 

+ 10 mm 0 mm. [-10,10] Pos_Y 

 
In this last case (point 4), the variability of the 
input variables considered matches with the 
allowed range of tolerances established by the 
standard [3] for the tests. Thus, the variability 
obtained in the tests results at point 4, which were 
performed with the same impact conditions can be 
analyse through this study. For the study the 
reference model built by a blind validation 
presented above was used. 
 
Once the stochastic variables were identified in the 
reference model, the next step was to get a set of 
simulation cases in accordance with one of the 
sampling methods available [6]. The “Optimal 
Latin Hypercube” method was chosen in order to 
provide better coverage of the multivariate space 
with less simulation runs (30 per point of impact, 
total 120 simulations cases). Uniform distributions 
for the ranges established in the table above were 
defined to account for the estimated variability.  
 
Before starting the set of simulation runs, the 
resultant values to be extracted and analysed were 
defined. As the main interest was to know the 
sensitivity of pedestrian adult head criteria, 
evaluation files .sto and .crit were built in order to 
get the maximum acceleration pick, time at this 
maximum acceleration pick and the HPC value. 
 
Stochastic post-processing: sensitivity analysis 
 
The results were analysed with several approaches, 
and valuable conclusions resulted from the 
different analysis carried out.  
 
Following tables show the main statistics of the 
outputs or properties, resulting from the different 
clone model runs at each point: 

Table 10.  Stochastic results statistics - Point 1. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 

30 9.77866E+01 1.30101E+02 1.15357E+02 

HPC 30 5.53438E+02 8.81923E+02 7.03893E+02 

TIME_ 
MAX-
ACC 

30 3.00047E+00 4.20028E+00 3.69039E+00 

Property Points Ave 
Deviation 

Std 
Deviation 

|SDev/Mean| 

MAX-
ACC 30 6.94042E+00 8.31786E+00 0.0721056 

HPC 30 8.33078E+01 9.73500E+01 0.138302 

TIME_ 
MAX-
ACC 

30 3.19323E-01 3.88878E-01 0.105376 

 

Table 11.  Stochastic results statistics - Point 2. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 

30 1.40797E+02 1.68239E+02 1.52388E+02 

HPC 30 8.03288E+02 1.14861E+03 9.46985E+02 

TIME_ 
MAX-
ACC 

30 5.30068E+00 9.20039E+00 7.33040E+00 

Property Points 
Ave 

Deviation 
Std 

Deviation |SDev/Mean| 

MAX-
ACC 30 6.32505E+00 7.82325E+00 0.0513376 

HPC 30 7.43241E+01 8.94827E+01 0.0944922 

TIME_ 
MAX-
ACC 

30 1.56135E+00 1.60564E+00 0.219039 

 

Table 12.  Stochastic results statistics - Point 3. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 

30 1.23533E+02 1.67693E+02 1.41284E+02 

HPC 30 9.59821E+02 1.43727E+03 1.14476E+03 

TIME_ 
MAX-
ACC 

30 2.10027E+00 4.70008E+00 2.99370E+00 

Property Points 
Ave 

Deviation 
Std 

Deviation |SDev/Mean| 

MAX-
ACC 

30 1.29068E+01 1.47524E+01 0.104416 

HPC 30 1.02722E+02 1.34482E+02 0.117476 

TIME_ 
MAX-
ACC 

30 7.23537E-01 8.65761E-01 0.289194 

 

Table 13.  Stochastic results statistics - Point 4. 

Property Points 
Min. 
mum 

Max. 
mum 

Mean 

MAX-
ACC 30 1.80371E+02 3.18280E+02 2.54933E+02 

HPC 30 1.42373E+03 2.41783E+03 1.89340E+03 

TIME_ 
MAX-
ACC 

30 1.02005E+01 1.08004E+01 1.03638E+01 

Property Points 
Ave 

Deviation 
Std 

Deviation |SDev/Mean| 

MAX-
ACC 

30 3.37991E+01 3.99696E+01 0.156785 

HPC 30 2.18702E+02 2.68302E+02 0.141704 

TIME_ 
MAX-
ACC 

30 8.32636E-02 1.15837E-01 0.0111771 
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From the tables, some results are concluded by 
looking at the [standard deviation/mean] ratio. This 
ratio is an estimation of the sensitivity of the 
parameters in terms of ratio variability. Values of 
around 1, present a percentage of sensitivity from 
the mean of 100%. Different behaviours can be 
observed at the different points of impact.  
 
Not so high sensitivities can be seen. At point 2 
(close to the hinges) and point 3 (close to the 
supports - rubber mountings) the most sensitive 
parameter is the time at the maximum acceleration 
(>20%). This variation can be produced due to a 
second impact of the head form owing to the input 
variations. At point 1 (close to the lock) no major 
variations can be seen (maximum ≈13% in the case 
of HPC). And finally, at point 4 (close to the motor 
block) the most sensitive parameters are the 
acceleration pick and the HPC value (≈15%). 
 
Then, the next stage is looking for the input 
variables whose scatter is responsible for this 
output variability. 
 
The correlation matrix is one of the outputs offered 
by ADVISER [6] to the user, showing relationships 
between the problem parameters. The linear 
correlation matrices can be seen in the following 
figures: 

Point 1                        Point 2 

 
 

Point 3                        Point 4 

 
 
Figure 11.  Linear correlation matrices. 
 
Looking at the correlations higher than 0.5 (in 
absolute value), the stochastic input variables more 
clearly related (linearly) to the variability of the 
output parameters are different at each point of 
impact.  
 
At point1 the most influence variable is the velocity 
on the maximum acceleration and the HPC value. 
The variation of x position is the following 
influencing factor, but in this case the influence is 
on the time at the maximum acceleration. This 
effect is due to a second impact of the head form as 

results of the variation of the x position. 
 
Similar effect can be seen at point 2. The most 
influence variable is the velocity on both the 
maximum acceleration and the HPC value and the 
variation of the y position on the maximum 
acceleration and the time at this maximum 
acceleration. This point 2 is closed to the hinges. 
The variation of the y position has two effects. One 
is that the first impact point is closer to the hinge so 
the acceleration peak is increased. And the other 
effect is the opposite; the first impact point is 
farther to the hinge and the acceleration peak is 
later in time. 
 
This last effect appears again at point 3; the 
variation of the y position has a big influence in the 
maximum acceleration and the time at this 
maximum acceleration. But also the variation of the 
x position has a big influence in the HPC value. 
 
Finally at point 4, the most influence variable is the 
variation of the x position on the maximum 
acceleration and the HPC value. The x position 
variations makes that the point of impact is closer 
or farther to the motor block highest point and then 
has a direct effect on the acceleration peak and then 
in the HPC. As closer is the impact point to the 
motor block highest point, higher is the 
acceleration peak. 
 
Another calculation can be done in terms of the 
norm of the regression coefficients, for the input 
variables. Using the stochastic post processing of 
ADVISER [6], is presented the next Error! 
Reference source not found., that represent the 
global relative influence in the variability of the 
model of each one of the input variables taken into 
account in the study.  
 

Point 1                               Point 2 

 
 

Point 3                                  Point 4 

 
 
Figure 12.  Global sensitivity rating. Point 1. 
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Input parameters like velocity of impact and impact 
position (in X or Y direction depending on the 
point of impact) are the most sensitivity variables 
whereas the angle of impact has not so much 
influence in the responses for all the points of 
impact. 
 
All the results (test, simulation and stochastic 
results) are plotted on scatter plots to highlight 
relationships between responses and variables. 
Only scatter plots of variables with a correlation 
value higher than 0.5 in absolute value (see Figure 
11) are shown since lower values do not show a 
clear relation. Blue dots are used for simulation 
results, red dots for experimental results and black 
triangles for stochastic results. 
 

 
Figure 13.  Scatter plot; Point 1 – Acceleration 
peak [g] vs. Velocity [m/s] 

 
Figure 14.  Scatter plot; Point 1 – HPC vs. 
Velocity [m/s] 

 
As it was advanced in the linear correlation 
matrices (Figure 11) at point 1, only the velocity 
has a very high influence on the maximum 
acceleration and the HPC value in a direct and 
positive correlation. This means that increasing the 
impact velocity affects in an increasing of these 
values. 
 
At point 2, not only the velocity shows a high 
influence on the maximum acceleration and the 
HPC value (Figure 15 and Figure 16) but also 
variations in the y-position lead to high variations 
on the maximum acceleration value.  
This effect is due to the location of point 2 (close to 

the hinge). Small variations of y-position lead to an 
impact position closer to the hinge, a very rigid 
area, so the acceleration peak (first contact between 
the headform impactor and the bonnet) is increased. 
 

 
Figure 15.  Scatter plot; Point 2 – Acceleration 
peak [g] vs. Velocity [m/s] 

 
Figure 16.  Scatter plot; Point 2 – HPC vs. 
Velocity [m/s] 

 
Figure 17.  Scatter plot; Point 2 – Acceleration 
peak [g] vs. y-Position [mm] 

 
The influence of the velocity in the HPC is higher 
than in the maximum acceleration. This is due to 
the fact that the variation of the velocity does not 
only increase the severity of the impact (increase 
the acceleration peak) but also modify the shape of 
the acceleration curve leading to higher increments 
of HPC than maximum accelerations.  The formula 
used to calculate the HPC is identical to that used 
to calculate the Head Injury Criterion (HIC): 
 
 

( )tttt
dt

t

t
aHPC

12

5.2

12

2

1

1
−

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

−
= ∫

 
(1). 



  Diez 9 

 
where ‘a’ is the resultant acceleration as a multiple 
of ‘g’, and t1 and t2 are the two instants (expressed 
in seconds) during the impact, defining the 
beginning and the end of the recording for which 
the value of HPC is a maximum. The difference 
between HPC and HIC is that for HPC, values 
which the time interval (t1 - t2) is greater than 
15ms are ignored for the purposes of calculating 
the maximum value. 
 
Looking at the linear correlation matrix related to 
point 3, the velocity is not the variable with more 
influence in the output parameters but the position. 

 
Figure 18.  Scatter plot; Point 3 – Acceleration 
peak [g] vs. x-Position [mm] 

 
Figure 19.  Scatter plot; Point 3 – HPC vs. x-
Position [mm] 

 
Figure 20.  Scatter plot; Point 3 – Acceleration 
peak [g] vs. y-Position [mm] 

 
At point 3, contrary to what append in the other 
points, the velocity has not clear influence in the 
maximum acceleration and the HPC value whereas 
the position variation presents a direct correlation. 

This point of impact is close to the rubber 
mountings, positive increments of the impact 
position in x direction leads to move away the 
impact point from the stiffer point that are the 
rubber mountings. Thus, the acceleration peak as 
well as the HPC value decreases. 
 
In the case of impact point 4, variations of the input 
variables taken into account (velocity of impact, 
angle of impact and position of impact – x and y 
directions) match with the allowed range of 
tolerances established in the standards [3]. 
 
Variations of the velocity and the impact position 
in x direction are the ones with more influence in 
the maximum acceleration and the HPC value in a 
direct and positive correlation in case of the 
velocity (Figure 21 and Figure 22) and in a direct 
and negative correlation in case of x position 
(Figure 23 and Figure 24). 
 
Looking at the results obtained, e.g. in the case of 
HPC, it can be observed that small variations of 
these input variables (ΔV=±0.2m/s and 
ΔX=±10mm) lead to differences in the HPC value 
of even 1000 (from HPC≈1400 to HPC≈2400). 
These variations (allowed range of tolerances 
established in the standards [3]) can not be detected 
by experimental tests since the testing system are 
not allowed performing variations within these 
ranges under control. 
 

 
Figure 21.  Scatter plot; Point 4 – Acceleration 
peak [g] vs. Velocity [m/s] 

 

 
Figure 22.  Scatter plot; Point 4 – HPC vs. 
Velocity [m/s] 
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Figure 23.  Scatter plot; Point 4 – Acceleration 
peak [g] vs. x-Position [mm] 

 

 
Figure 24.  Scatter plot; Point 4 – HPC vs. x-
Position [mm] 

 
In this specific case, all HPC values are higher than 
1000 so this point would not pass the standards. 
But there are other cases where this HPC variability 
is around 1000. So it would be a good point or a 
bad point depending of the different tolerances 
achieved in the experimental conditions. Even 
performing sensitivity analysis via physical tests is 
not possible to cover a wide range of parameter 
variations since it would mean among others, high 
costs and time. 
 
CONCLUSIONS 
 
The pedestrian subsystem tests were chosen in 
APROSYS SP7 as demonstrator for a Virtual 
Testing procedure, because virtual testing turned 
out to be predictive for the pedestrian head form 
assessment using accurate material and CAD data.  
 
Experimental adult head form impacts against 
bonnet structures were performed. The test matrix 
was defined so the level of results variations due to 
slight variation in testing configuration (sensitivity 
analysis testing) as well as the level of repeatability 
for same testing configuration could be analysed. 
Slight variations in the velocity and angle of impact 
as well as the impact positions (in x and y 
directions) were taken into account (Table 1) and 
their effects on the maximum acceleration and HPC 
values were studied. On the other hand, four 

different points of impact were considered (Figure 
2) so it was possible to analyse the effects of the 
variations of the input parameters on the outputs in 
different impact situations. 
 
At the same time, blind simulations according to 
the tests carried out were performed. When 
performing blind simulations the need to provide as 
much information as possible is essential. But 
limited data (material, boundary conditions…) 
from physical test can be provided and no 
validation results to adjust the nominal simulation 
model are available.  
 
In order to check if the simulation model predicts 
closely enough the physical tests, simulation and 
test results were compared for all cases. Very good 
correlations were obtained for the reference cases 
(test conditions according to the Directive 
2003/102/EC [1], phase II) in terms of the shape of 
the acceleration curves as well as absolute peak 
values (see Figure 4 to Figure 7).  This analysis 
was extended to all the test cases with the 
variations in the input conditions. For these cases, 
the accuracy of the models was not so high like in 
the reference cases. The correlation is very good 
for the points of impact 2 and 3 but in the case of 
point 1 the simulation results were overestimated 
(see Table 2 to Table 4). 
 
In order to provide additional data about the 
mechanical behaviour of the bonnet and the 
positioning and kinematics of the head form a new 
system for measuring three-dimensional 
deformations was employed.  Thanks to this 
system, deformation contours as well as maximum 
deformations of the bonnet during the physical tests 
could be measured and compared with the ones 
obtained by the simulation model (Figure 9 and 
Figure 10).  
 
Results of these comparisons (acceleration vs. time 
curves, HPC values and deformations) pointed out 
the capability of the simulation model to reproduce 
the physical tests. It is important to remark that this 
simulation model was not validated. It was not 
tuned after comparison with the test results.  
 
Next step was to perform a study of experimental 
testing variation using stochastic models. The 
effects of these variations were quantified using 
stochastic analysis. Four stochastic analysis were 
performed, one per point of impact. The values of 
dispersion considered for the impact conditions 
covers the ones used in the experimental tests at 
each point. 
 
The stochastic variables more clearly related 
(linearly and quadratically) to the variability or 
sensitivity of the responses are clearly the impact 
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velocity and the position (in x and y directions) 
being the less related the impact angle in the ranges 
studied. This has been confirmed by the correlation 
matrix, scatter plots and global sensitivity rating. 
Again, this effect is different for the different 
points of impact selected. Thus, the most relatively 
sensitive input parameters with global sensitivity 
rating greater than 0.7 are: 

• Point 1: velocity and x-position 

• Point 2: velocity and y-position 

• Point 3: x and y-position 

• Point 4: velocity and x-position 
 

It is very interesting the analysis of the results 
obtained at point of impact 4. In this case, 
variations of the input variables taken into 

account (velocity of impact, angle of impact and 
position of impact – x and y directions) match 

with the allowed range of tolerances established 
in the standards [3]. These variations are 

allowed when physical tests are performed. 
Within this study three tests were carried out. 

The required velocity (according with the 
standards) is 11.1±0.2m/s and the achieved ones 
were: 11.03m/s, 10.97m/s and 11.22m/s. These 
variations in the achieved velocity led to slight 

variations in the HPC values (see  
Table 5). Nonetheless, though the stochastic 
analysis where variations of all the input variables 
were taken into account, it can be seen that the 
variability of the results is higher (variations in the 
HPC value of even 1000 were obtained, see Figure 
22 and Figure 24).  
 
Even performing sensitivity analysis via physical 
tests is not possible to cover a wide range of 
parameter variations since it would mean among 
others, high costs and time. Virtual testing covers a 
wider range of vehicles and boundary conditions 
not yet available for real testing. 
 
Nowadays, minds are changing progressively 
towards virtual testing and simulation is already 
state of the art technology within the automotive 
industry. Nevertheless, relationship between real 
testing and virtual testing is globally seen as a 
necessary coupled approach. Real testing is still 
needed to demonstrate virtual testing capabilities 
by comparison to real testing with a necessary 
feedback. And also virtual testing provide an added 
value for real testing as it induce improvements of 
experimental testing. 
 
An important issue for further studies would be to 
analyse how virtual testing could result in cost 
reductions and increase competitiveness for 
European car manufacturers by substituting a range 
of real tests by virtual testing. And in a step by step 

process, to study the possibility of a higher content 
of virtual testing within the existing or within 
future homologation procedures. 
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ABSTRACT 
 
The development of different sensor technologies 
and powerful signal processing procedures allows 
the automotive industry to develop new E/E-based 
safety systems, which may assist and protect drivers 
and also other traffic participants in very complex 
situations.  The complexity of possible use cases for 
safety systems on the one hand generates on the 
other hand a variety of feasible safety concepts to 
prevent these systems from malfunctioning. But 
which safety concept is adequate for a specific 
safety system? It is not conceivable to standardize 
all possible safety concepts, but to give guidelines 
to the engineers of how to develop new safety 
concepts; the automotive industry has started to 
standardize the process of developing safety – 
related E/E systems. This paper gives insight into 
the ongoing standardisation work within ISO 
TC22/SC3/WG 16 functional safety and how 
companies have started to apply the draft standard 
and consequently how this standard may initiate the 
development of a new state of the art within the 
area of functional safety in the long term. 
 
INTRODUCTION 
 
Safety turns out to be one of the key issues of future 
automobile development. New functionality not 
only in the area of driver assistance but also in 
vehicle dynamics control as well as in active and 
passive safety systems increasingly touches the 
domain of safety engineering. 
With the trend of increasing complexity, software 
content and mechatronic implementation, 
potentially there are increasing challenges from 
systematic faults and random hardware faults. 
When is a safety-related E/E-system reasonably 
well-engineered in order to avoid  
malfunctions? Being able to answer this question 
satisfactorily may help to accelerate market 
introduction of new safety technology. 
Standardisation has been started to give guidance to 
the automotive industry to maintain the very high 
safety level that has been reached within the last 

years also for the coming generation of new safety 
systems. Currently in the state of a committee draft, 
the upcoming international standard ISO CD 26262 
will summarise processes and methods that may 
help to establish comparable standards of processes 
within the entire automotive industry. As these 
standards cover the complete lifecycle of a vehicle 
it will take some time until the described 
procedures will have shown their effectiveness in 
daily work.  
 
Standardization Effort on Functional Safety 
within the Automotive Industry 
 
In contrast to other industries like aviation, rail or 
process industry, the topic of functional safety has 
only started to be discussed in detail a few years 
ago within the automotive industry. This can be 
explained by two main arguments. Firstly, the 
known risks based on failure mechanisms of cars 
are to a large extent still controllable by a driver. In 
most cases a driver can bring his car to a safe state 
by just stopping it. In contrast to that failures during 
a flight or a release of toxic material in a chemical 
plant normally lead directly to extremely risky 
situations. Secondly, the development process of 
the car industry allows an intensive testing phase 
with produced cars, before the product can be 
purchased by a customer. In contrast to that, a plane 
shouldn’t have remaining critical faults already at 
the very first flight. 
Nevertheless the development of new safety 
systems within automotive industry like active 
safety systems, driver assistance systems and 
currently the electrification of the powertrain, lead 
to new functionality, which is mainly based on E/E-
systems. Failures in these systems may have also an 
impact on vehicle safety, as the competence of 
these systems is growing. Currently available 
standards on functional safety like IEC 61508 are 
not especially dedicated to the automotive industry. 
An application of the IEC 61508 within different 
companies would not lead to a harmonization of 
functional safety, as too many interpretations have 
to be made. But to reach a harmonized standard 



Dr. Schwarz 2 

with respect to functional safety should be the goal 
of normative work. Therefore a Working Group 
“Functional Safety “ has been established within 
ISO TC22/SC3/WG16 to develop such a standard 
on functional safety for the automotive industry. 9 
countries are actively involved in that working 
group, i.e. Belgium, Canada, France, Germany, 
Italy, Japan, Sweden, United Kingdom and USA. 
Currently a draft international standard ISO DIS 
26262 is in preparation and may be expected to be 
published in Q3/2009.  
For all companies not involved so far in that 
standardization, the publication of a DIS (draft 
international standard) gives the possibility to apply 
the standard and to give feedback to the working 
group via the national standardization bodies. 
 
The Approach of ISO 26262  
 
The standard ISO 26262 is divided into 9 volumes, 
describing the management of functional safety, 
core processes within product development as well 
as supporting processes and “ASIL”-oriented and 
safety-oriented analyses (see Figure 1). The term 
“ASIL” leads to the approach of that standard. The 
Automotive Safety Integrity Level (ASIL) is 
derived by doing hazard analysis and risk 
assessment. Right at the beginning of a 
development the intended functions are analyzed 
with respect to possible hazards. What may happen 
if malfunctions arise within different operational 
situations?  
The estimation of risk, based on a combination of 
the probability of exposure, the possible 
controllability by a driver and the possible severity 
outcome of a critical event, leads to an ASIL, which 
will be given to a corresponding safety requirement 
that will be generated to avoid this risk. 
There are four possible levels (A,B,C or D) of an 
ASIL to specify the requirements of this standard 
and safety measures for avoiding an unreasonable 
residual risk with D representing the most stringent 
and A the least stringent level. 
 
How to integrate a safety process into an 
installed E/E development process 
 
As outlined above, the ASIL attribute is used to 
give guidance for choosing adequate methods, 
procedures, etc, within the necessary steps in an 
E/E development process, production and after 
sales in order to reach a certain level of integrity of 
the product.  
Does the introduction of a process for functional 
safety change the complete E/E development? 
Certainly not. Currently used processes show, that 
cars are manufactured with a very high safety level. 
The standard ISO 26262 aims to give guidance for 

complementing current processes, which are used 
for safety-related systems. 
 
How to get started with ISO 26262 
 
The main challenge is to get started with a new 
standard. Changing running processes during a 
development is very difficult in practice and cannot 
always be recommended.  
Companies which have started to apply the ISO 
committee draft have experienced the challenge to 
implement the new requirements. Usually pilot 
projects are chosen to demonstrate the changes due 
to the ISO 26262. The experience shows that the 
tasks within a concept phase according to ISO 
26262 are quite easy to be applied. Moreover we 
can already state that the tasks of doing hazard 
analysis and risk assessment as well as deriving 
functional safety concepts right at the beginning of 
a development are seen as very valuable tools to 
create stable safety concepts. A stable concept 
already designed in the concept phase is also seen 
to reduce potentially the effort of eliminating 
remaining faults in later phases. 
More difficulties for implementing the ISO 26262 
requirements arise within later development phases. 
Mainly due to the integration topics of a pilot 
project into an environment, that has not yet been 
developed to the same standard. In future car line 
projects many of these problems will be solved, 
because the aim is to have the complete car 
developed to the same standard. But still also a new 
car line is not completely a new car. There are still 
many basic systems that won’t be changed from 
former car lines. And systems that are already 
installed in millions of cars showing, that they are 
proven in use should not be changed just for 
fulfilling a new standard. This problem has also 
been addressed within the ISO 26262. Systems that 
will be used without changes in following projects 
are still in line with the ISO 26262, if they have 
shown their integrity already in the fleet. That 
means that the full alignment to the ISO 26262 
standard will take time until all E/E safety-related 
systems in a car will be developed accordingly. For 
the companies that are starting with implementing 
ISO26262 it is important to understand the guiding 
idea of this standard. Try to analyse the possible 
malfunctions of your system right at the beginning 
of a development, setup the corresponding safety 
requirements and make sure that these requirements 
are fulfilled during the development and following 
phases. And do not forget the good engineering 
judgement. As the experience of companies that 
have already started with applying the ISO 26262 
draft version show, getting started with it will still 
afford many times the good engineering judgement 
to integrate the guiding idea of ISO 26262 into the 
currently used processes. 
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Figure 1. Overview of ISO 26262-1 to -9 
 
CONCLUSIONS 
 
With the upcoming publication of the automotive 
draft standard ISO DIS 26262, the automotive 
industry initiates the development of a new state of 
the art within the area of functional safety. 
Companies that have already experienced the 
application of preliminary draft versions within 
pilot projects can state the valuable benefit of using 
the described methods to systematically create 
safety concepts. As this standard is a process 
standard, it will take some time until this standard 
will be fully integrated into the existing E/E-
processes. The combination of carry over systems 
and new systems will also imply that not all 
systems in a car line need to be developed 
according to the same standard. In case of 
constellations that are not explicitly described in the 
ISO 26262, it is important to understand the guiding 
idea of the standard and to use the good engineering 
judgement to steadily improve the processes used 
for safety-related E/E systems. If the ISO 26262 is 
understood as a means to improve functional safety 
and not as a burden in terms of a bundle of 
requirements that have to be fulfilled additionally, 
the benefit will be seen very soon. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using the standard with the right attitude may lead 
the automotive industry to a new state of the art in 
the area of functional safety in the long term.  
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ABSTRACT
“This impact is intended to represent the most 

frequent type of road crash, resulting in serious or 
fatal injury. It simulates one car having a frontal im-
pact with another car of similar mass”. (EuroNCAP 
frontal impact procedures).

It can be argued that human bodies are poorly 
prepared to support direct hits from hard objects. On 
the other hand, there are proofs of resistance to very 
high decelerations, provided they are held for ex-
tremely short periods of time. Yet, in front-to-front 
vehicle impacts, a third phenomenon that can be 
compared to direct hits takes place: instantaneous 
changes of speed.

Most modern vehicles are nowadays tested thor-
oughly to evaluate their capability to protect their 
occupants in case of frontal impacts. But these tests 
are performed under the premise that the vehicle is 
having an impact with another car of similar mass 
that is traveling at the same speed. These conditions 
lead to an incomplete analysis of the complex phe-
nomena that take place in a real front-to-front vehicle 
since it is statistically improbable that a vehicle will 
crash with another one that has both the same mass 
AND speed —and in this scenario, the vehicle with 
the lesser kinetic energy will unfailingly suffer an 
instantaneous change of speed—.

This paper will confirm the lastly mentioned issue 
using basic physics models (namely mass-spring 
models), and will discuss the the way of combining 
structural integrity and occupant restraints to ensure 
the maximum possible protection. This will be done 
from a general and synergistic point of view, and will 
point out some aspects that should be developed thor-
oughly within the corresponding settings and using 
appropriate resources.

INTRODUCTION
“Every day thousands of people are killed and 

injured on our roads. Men, women or children walk-
ing, biking or riding to school or work, playing in the 
streets or setting out on long trips, will never return 
home, leaving behind shattered families and commu-
nities. Millions of people each year will spend long 

weeks in hospital after severe crashes and many will 
never be able to live, work or play as they used to do. 
Current efforts to address road safety are minimal in 
comparison to this growing human suffering”. (World 
Health Organization, [1])

Safety first.
No one doubts this should be the ground rule in 

every aspect of automobile transportation. Yet,  it is 
important to meditate on this: is it possible to, always, 
put safety first?

It is understood that the question cannot be an-
swered simply, and will not be responded here. What 
will be regarded instead, is if putting safety first is 
applicable to head-on collisions. On top of that, and 
deeming that head-on impacts are intended to repre-
sent the most frequent type of road crash resulting in 
serious or fatal injury,  some reasons will be high-
lighted, explaining that survivability cannot be com-
pletely assured when mentioned impacts take place.

To begin with, it can be said that when a collision 
occurs —no matter if is is a head-on one, or other— 
passenger survivability depends on how kinetic en-
ergy is managed. Speed and mass of the colliding 
vehicles will determine how much kinetic energy will 
be transformed during the phenomenon. And depend-
ing on the way in which the structure of the vehicle 
absorbs this kinetic energy, the car will deform and 
passengers will be exposed to potentially dangerous 
directs impacts, or deceleration phenomena.

As it will be explained with more detail later on, it 
can be argued that direct impacts produce more dam-
age to human organs than high levels of acceleration 
during extremely short periods of time. Moreover, a 
third event can harm passengers in a manner that is 
closer to direct impacts than to extreme decelerations: 
instantaneous changes of speed. Unfortunately, at 
current speed circulation, and with the type vehicles 
that are used the three mentioned events occur in 
most car impacts. That is to say passengers are com-
monly exposed to direct impacts, instantaneous 
changes of speed, and high levels of decelerations.

It can be argued that there are certain procedures 
that can be implemented to avoid both direct impact 
and potentially deadly decelerations, specially under 
the circumstance of impact against direct objects. On 
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the other hand, it can be proved from a Physics points 
of view that there is no way to avoid that one of the 
two vehicles of a head-on impact suffers an instanta-
neous change of speed. So, if this is the case, and 
considering what experts in the biomechanics of 
trauma know about injury mechanisms:
➡ is it possible to design automobiles in order to 

avoid exposing passengers to mortal instantane-
ous changes of speed during head-on collisions?

➡ if this is not situation,  shouldn`t speed limits be 
lowered to assure survivability?

PUTTING SAFETY FIRST
“And, by the way, there is only one goal, no mat-

ter what the company”. (Eliyahu Goldratt, [2])

The Great God Car. 
It can be said that an automobile is a complex 

product for a variety of reasons. Firstly, it is the result 
of more than a hundred years of technical evolution, 
yet in many aspects resembles closely the cars that 
were sold at the beginning of the 21st century. Re-
garding road safety,  it is true that nowadays cars 
could be called safer than their predecessors, but they 
allow drivers to travel a lot faster,  and passengers are 
involved in impacts with much higher kinetic ener-
gies to manage. Therefore, it can be argued that pre-
sent automobiles are still not able to protect their oc-
cupants in order to assure their survivability in the 
event of a road impact.

Secondly,  automobile users do not, in general, put 
safety first. Over the years drivers proved to demand 
cars that have grown faster and more powerful, and 
there are very few potential owners which would re-
fuse to drive the quickest Ferrari or Lamborghini if 
they were able to pay for —and maintain— one of 
these fantasized automobiles. Then, there is the 
Peltzman effect which is the hypothesized tendency of 
people to react to a safety regulation by increasing 
their risky behavior. For example, if some drivers 
with a high tolerance for risk who would not other-
wise wear a seatbelt respond to a seatbelt law by driv-
ing less safely, there will be more total accidents. 
Thus, in many cases, the safer the car, the reckless the 
driver, the fastest the impacts,  the bigger the necessity 
to add safety devices,  the heavier the cars,  the higher 
the energies involved in road accidents, the more 
dangerous the impacts, and so on.

Thirdly, in the automobile world, beauty does 
matter. Many engineers may allege a style designer’s 
tyranny when arguing about who’s the one that makes 
the core decisions about the product.  Nevertheless, 
the truth is that there are a lot of good automobile 
which were rejected by consumers simply because 
they were not appealing enough.

Among many others, the 1934 Chrysler Airflow 
case can be mentioned. It was full of engineering in-
novations —an aerodynamic singlet-style fuselage; 
steel-spaceframe construction; near 50-50 front-rear 
weight distribution; light weight—. However,  as it 
was,  the car's dramatic streamliner styling antago-
nized Americans on some deep level, and sales were 
abysmal.

Figure 1. Many experts agree that the failure of Ford’s make 
Edsel was a combination of bad marketing and deficient styling.
Photo source: Internet.

Lastly, every time an automobile company 
launches a new model it spends a enormous amount 
of financial resources,  in numbers ranging from few 
to several billion dollars, and there is little margin for 
mistakes. Radical innovations are seldom understood 
or welcomed by mass consumers, and timing plays a 
vital role in the success of any extreme modification 
in a car —General Motors’ EV1 failed electric vehicle 
can be mentioned as an example of an audacious 
launch made 15 years ahead of its time—. 

Before concluding this section,  an appraisal about 
an Eugene O’Neil’s play is presented.  In “The Great 
God Brown” the characters wear masks which serve 
two purposes: they help the characters hide and thus 
protect their vulnerable inner selves while, at the 
same time, allowing them to project pleasing public 
images in an attempt to restore their confidence in 
themselves. Similarly, there are two key issues auto-
mobile generally hide behind their mask of freedom, 
individuality and prosperity: damage to Earth’s eco-
system, and the tragedy of everyday road victims. 
These two issues are way too complex to address in 
this paper,  yet it is the intention of this paper to zero 
in the fact that there are still some major improve-
ments to be introduced to enhance passenger protec-
tion in the event of a road impact. And while for the 
last few years many concept cars which focused on 
fossil fuel-consumption reduction were presented, the 
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last —and arguably one-time-only from a major car 
manufacturer— concept car which pivoted on road 
safety (the Volvo SCC) was introduced as far behind 
as 2001. 

Bottom line, putting safety first in automobile 
design is no easy target. Some reasons that explain 
this were shown above, yet need more space to be 
thoroughly developed. Therefore,  in this paper a se-
ries of steps that could eventually lead to ensure the 
maximum possible protection to passenger in head-on 
collisions, taking into account that safety should be 
put first. This will be started by highlighting the rea-
sons why car design should not begin by thinking 
about exterior design:

Figure 2. Sketch of a concept car.
Photo source: Internet.

And why the following should be the first thing de-
signers think about when they start designing a new car:

Figure 3. Spring (during an impact, the structure of an auto-
mobile behaves as an inelastic spring).
Photo source: Internet.

INJURY MECHANISMS
“The current state of the field of biomechanics of 

trauma can be compared to the state of the celestial 
mechanics before Kepler: it is composed of a multi-
tude of measurements and experimental data that 
lacks in unifying theories that would be able to pre-
dict the outcome of a new situation. In this way, the 
alleged tolerances of the human body are based al-
most exclusively on empiric results, or are elaborated 
from tests using dummies or other mechanical devices 
which do not represent accurately the response that a 
human body would show to the given situation. In the 
better of cases, they do represent it only for a certain 
percentage of the population”. (Alvin Hyde, [3])

 The more you know, the more you realize how 
much you don’t know.

The incredible and enormous biodiversity of the 
human beings is of such extent that the experts have 
not been able yet neither to understand completely 
how injuries happen nor to determine with precision 
the biological tolerance to direct impacts and accel-
eration phenomena. Therefore, in this paper only an 
overview to the topic will be presented, aimed at 
making a general approach to some relevant aspects 
for the upcoming discussions. On top of that, and for 
better following of the arguments of this paper, the 
mentioned approach is shown in Appendix I, and its 
conclusions are presented in the following figure:

very high accelerations 
during very short periods of 
time (no direct impacts)

 

instantaneous
changes of speed

direct impacts
(specially to head, neck, chest 
and abdomen)

type of event injury potential

Figure 4. Alleged risk factors according to their injury potential 
in a road crash.

This means that the primary thing to avoid in a 
road crash is direct impacts to the human body. Al-
though impacts to the head, neck, chest and abdomen 
are the most harmful, it could be said that any part of 
the body must be protected from them. Then, once 
this has been assured, the structure of the automobile 
should prevent passenger being exposed to dangerous 
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instantaneous changes of speed. Lastly, assuming 
neither direct impacts nor unsafe instantaneous 
changes of speed took place, deceleration rates should 
be kept under human resistance levels.

At this point, two key issues arise: 
➡ what is the limit in which an instantaneous 

change of speed becomes unsafe?
➡ which deceleration rates can be tolerated for the 

vast majority of the population?

Furthermore, in a road crash there is commonly a 
combination of direct impact and acceleration phe-
nomena. Most body organs are viscous and gelati-
nous, so direct impacts generate relative movements 
and consequent deceleration processes. On the other 
hand, restrain devices apply a certain amount of force 
in localized parts of the body, as in the case of the 
thin strip of the seatbelt fastening the chest. These 
restrain actions combine a deceleration process with a 
determined degree of pressure that, depending on the 
severity of the road crash, can lead to direct impacts. 

Hence,  and considering all of the above, a brief 
review of the human tolerance limits —both to decel-
eration and instantaneous change of speed— will be 
approached.

DECELERATION RESISTANCE
“There are only two models [male and female] of 

the human body currently available, with no immedi-
ate prospects of a new design; any finding in this re-
search should provide permanent standards”. (John 
Stapp, [4]). 

Every day, around the world, tenths of thousand 
human beings are exposed to decelerations that pro-
voke them either fatal or permanent injuries.

On the one hand, there is little experts know about 
human response to high levels of deceleration during 
short periods of time. Appendix II, gives some gen-
eral details about deceleration resistance based on the 
consulted references, focusing on which directions 
and senses result in more damage to human organs. 
On the other hand, almost everything expert do know 
about deceleration resistance comes from NASA re-
search done at the U.S.A. Holloman Air Force Base. 
And most of the information is derived from tests 
made on John Stapp,  a career U.S. Air Force officer, 
USAF flight surgeon and pioneer in studying the ef-
fects of acceleration and deceleration forces on hu-
mans. His above mentioned words declare a partial 
truth —the one being that there are only two models 
of the human body— and a landmark axiom —the 
one being that standards should be provided—.

And why the latter is so? Because in the world of 
engineers, in the world of design, standards are vital. 
The recent sentence can be considered a common-

place phrase, but it is impossible to design a structure 
for an automobile that should keep deceleration rates 
within human tolerance if there are no standards to 
begin the calculations. And it can be argued that this 
standards regarding human tolerance to deceleration 
either do not exist, or are not publicly known.

Therefore, on behalf on the object of this paper, 
some standards will be set. Yet,  this will be done in a 
very approximative way, considering only partial in-
formation from tests held at the Holloman Air Force 
Base and at the Aero Medical Laboratory of Wright-
Patterson Air Force Base [5]. These tests allege that 
human being could tolerate the following: 
➡ 12 G during 240 seconds (Wright-Patterson).
➡ 15 G during 4 seconds (Wright-Patterson).
➡ 25 G during 1,1 seconds (Holloman)
➡ 46 G during 0,2 seconds. (Holloman)

This set of data can be transformed into a curve by 
extrapolating the potential tendency of the group of 
points, as shown in this graphic:
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Figure 6. Supposed human deceleration resistance based on a 
small number of empirical tests.

The above graphic present the fact that the maxi-
mum time of exposure decreases exponentially as 
deceleration increases. If a function to relate maxi-
mum time of exposure and deceleration was to be 
stated, the following expression could describe it:

(i)
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where  mte = maximum time of exposure [seconds]
 dec = deceleration [G]

Nevertheless, it is crucial to understand that the 
above function is base on a very small number of 
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empirical tests,  and that the persons involved in the 
trial do not necessarily represent the response other 
human beings could produce, so a correction will be 
made to the curve. This modification is done under 
the premise that the vast majority of human beings 
will resist a determinate deceleration for an amount of 
time that is 1/2 the one indicated indicated in Figure 6 
for the lowest decelerations, and 1/4 of the indicated 
ones for the highest decelerations. This transforms 
expression (i) into the following:    

(ii)
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where  mte = maximum time of exposure [seconds]
 dec = deceleration [G]

Thus, finally,  a new curve can be plotted, this time 
considering determinate safety coefficients so that, at 
least in what regards this paper, a design threshold 
can be outlined:
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Figure 7. Supposed human deceleration resistance based on a 
small number of empirical tests, corrected by safety coefficients.

From now on in this paper, certain deceleration 
rates will be considered safe, and other will be con-
sidered harmful —and consequently avoidable—. 
Just to mention an example, it will be deemed that a 
50 G deceleration can be safely undergone by a hu-
man being for a period of time of up to 0,04 seconds. 
Similarly,  a 50 G deceleration will produce serious or 
fatal damage if exerted upon a person for more than 
0,04 seconds. It is important to notice that John Stapp 
was able to support 46 G during 0,2 seconds (5 times 
more than the design threshold), but the limit was set 
considering the vast majority of automobile passen-
gers will support it. As it can be seen, this is a delicate 
issue. For if tests are not performed to deepen the 
knowledge either designers should consider large 
safety coefficients to cover the gap of uncertainty, or 

car passengers will continue to be exposed to decel-
eration rates under which some will survive un-
harmed and others will not.

Lastly there is another delicate issue that arises 
when considering deceleration resistance. On the one 
hand, testing on human beings can be seriously mor-
ally questioned. Before John Stapp’s test of Holloman 
Base, a series of experiments were performed with 
monkeys, some of which died during them. For Stapp 
himself the experience was tough: the safety harness 
painfully dug into his shoulders at low magnitudes; as 
decelerations got larger, the harness cracked his rib; 
he suffered a number of concussions,  lost dental fill-
ings, broke his wrists a couple of times, and suffered 
a contusion to his collarbone; at decelerations greater 
than 18 G, when facing backward, vision became 
blurry and eventually white as the blood in the eyes 
was forced into the back of his head; when facing 
forward he experienced red outs,  as blood was forced 
against his retinas breaking capillaries, hemorrhaging, 
and pulling his eyelids up [6]. 

Figure 8. John Paul Stapp in the rocket sled at U.S.A. Hollo-
man Air Force Base (New Mexico)
Photo source: Internet.

On the other hand, though, and as said in the be-
ginning of this section, thousands of experiments are 
being held everyday in roads around the world, which 
can be also seriously morally questioned. That is to 
say, if cars are designed without a proper knowledge 
of human resistance to decelerations, isn’t it the same 
as exposing passengers to quotidian experiments 
when they are subjected to potentially harmful events 
in case of an impact?

 To conclude, automobiles should not be designed 
without taking into account a design threshold for 
deceleration resistance,  and it is the opinion of this 
paper that this lack of information should be filled 
with accurate and thorough testing. 
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HUMAN RESISTANCE TO INSTANTANE-
OUS CHANGE OF SPEED

"If a virtually safe system is going to be designed, 
either the harmful event must be eliminated, or it 
should not reach the limit of the human tolerance. In 
the Vision Zero concept, it is assumed that accidents 
cannot be totally avoided, hence the basis for this 
concept is built around the human tolerance for me-
chanical forces”. (Sweden’s “Vision Zero”, [7])

An instantaneous change of speed can be com-
pared to a direct impact.

This is so, because in the case of a road impact, 
when passengers are exposed to changes of speed, the 
are pulled in the direction of the change of speed by 
the restrain devices. So, bottom line, a violent change 
of speed will violently pull passengers by means of  
the safety belts, impacting their chests.  On top of this, 
most organ fluids will also suffer instantaneous 
changes of speed thus potentially damaging the or-
gans. Finally, the head will generate relative move-
ments that will not only affect the brain,  but also the 
neck and spine. 

Therefore, the problem is to find which is the limit 
for human tolerance to a change of speed. Neverthe-
less, it can be stated that this is harder to acknowledge 
than deceleration resistance. On the one hand, a 
change of speed in real-life road crashes is a phe-
nomenon that has to be studied in a three-dimension 
space frame.  

Figure 9. Real head-on collision expose passengers to 3D 
movements.
Photo source: Internet.

On the other hand, there are very few cases in 
which a change of speed happens without severe 
cockpit deformation which exposes passengers to 
direct impacts. In fact, vehicles are being designed 
with crumple zones that look for avoiding changes of 

speed. Hence, the few examples that can be found to 
begin understanding human resistance to changes of 
speed should be found outside the world of everyday 
automobiles. 

Regarding this, two paradigmatic cases in For-
mula 1 races that can be mentioned. The first one is 
Ayton Senna’s crash, back in 1994, which lead to his 
death in the San Marino Grand Prix.

Figure 10. Example of deadly injuries caused by instantaneous 
change of speed (1994 Ayrton Senna Formula 1 accident).
Photo source: Internet.

The other one is Robert Kubica’s crash in the 
2007 Canadian Grand Prix.

Figure 11. Example of survival after a high speed impact under 
the protection from direct impacts and under safe instantaneous 
change of speed (2007 Robert Kubica Formula 1 accident).
Photo source: Internet.

It is important to highlight that although the speed 
at which Kubica crashed the concrete wall at Canada 
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was similar to the one of Senna, Kubica crashed in a 
different angle than the first one. While Senna im-
pacted almost perpendicularly to the wall, Kubica did 
it angularly, thus suffering a lesser change of speed. 
As a result,  Kubica recovered from the injuries in 
around two weeks.

These two cases show that when there is no de-
formation of the cockpit, a human being can resist an 
instantaneous change of speed, given certain condi-
tions which are, in general terms, unknown.   

GENERAL GUIDELINES TO ENHANCE SUR-
VIVABILITY  IN ROAD IMPACTS

“The consumer's expectations regarding automo-
tive innovations have been deliberately held low and 
mostly oriented to very gradual annual style 
changes”. (Ralph Nader, [8])

Sir Francis Bacon once said: “He that will not 
apply new remedies must expect new evils; for time is 
the greatest innovator”.

The mentioned above Raplh Nader’s words were 
pronounced several decades ago. Since then automo-
biles grew safer. A lot safer. Specially in impact pro-
tection, where the main improvements had been the 
following three:
➡ widespread compulsory use of seatbelts.
➡ widespread provision of airbags (not in every 

country).
➡ redesigned crumple zones that enhanced passen-

ger and pedestrian protection in impacts up to 64 
km/h. 

Even so, it can be highlighted that seatbelts were 
introduced in the 1950’s,  that airbags were introduced 
in the 1970’s, and that protection in impacts up to 64 
km/h seems to have reached a point were no major 
improvements are produced. In this regards, Michiel 
van Ratingen, Secretary General of EuroNCAP ex-
plains why protection ratings are being modified “We 
acknowledge that this new rating scheme is more 
challenging in some areas, but it does offer lead time 
to manufacturers in others. We call this ‘smart pres-
sure’. We need to raise the bar,  but consider the cur-
rent environment and give carmakers the opportunity 
to implement the best safety features into their vehi-
cles.  These manufacturers have shown that they are 
meeting all of our early targets. We look forward to 
seeing where they go next”.

  In other words,  since the 1970’s, there hasn’t 
been any milestone breakthrough in impact protec-
tion.  On the one hand it can be said that automobiles 
are less liable to get involved in a road crash due to 
great improvements in safety devices that prevent 
impacts from occurring. But on the other hand, this 

mentioned improvements allow drivers to travel 
faster, and passengers get involved in impacts with 
higher kinetic energies,  thus with greater damage 
potential.     

Moreover, the the tree main improvements in im-
pact protection have still some development to per-
form. For the first two which were mentioned (seat-
belts and airbags) the pending tasks is to adapt the 
response of these devices to the actual crash and not 
to an average previously defaulted one. That is to say, 
when an airbag actives it does not take into account 
the position of the passenger, nor its weight or size, 
nor —and most important of all— the speed of the 
impact. It just deploys with a certain force that will 
protect an average passenger in an average impact, 
but this fact presents two problems: if the impact is 
slower than the average one,  the force of the deploy-
ment will outweigh the force of the human being im-
pacting the airbag, thus will have the potential to 
harm the passenger; in the contrary case, the airbag 
will not absorb the forward movement of the passen-
ger thus performing an incomplete function. Simi-
larly, the seatbelts should adapt their reaction to the 
same parameters than airbags.  

Figure 12. In order to successfully complain its target, and air-
bag should know the position, mass an size of the passenger, and 
also the speed of the impact, and be capable of deploy in a differ-
ent way according to the actual crash conditions.
Photo source: Internet.

Now it is time to assess the third of the three ma-
jor improvements mentioned before: the modification 
of the crumple zones of automobiles.  And the focus 
will be made in head-on collisions, since they are 
intended to represent the most frequent type of road 
crash, resulting in serious or fatal injury. The alleged 
improvements base on the fact that in NCAP-type 
tests, newly designed automobiles keep getting better 
scores. But the problem is that, although the NCAP 
frontal test is designed to simulate one car having a 

ZINI 7



frontal impact with another car of similar mass, it is 
statistically improbable that a vehicle will crash with 
another one that has both the same mass AND speed 
—and in this scenario, the vehicle with the lesser ki-
netic energy will unfailingly suffer an instantaneous 
change of speed—. 

And as stated before, instantaneous changes of 
speed are an unwanted phenomenon when it comes to 
protecting passengers from getting hurt. So a key 
issue arises, is there a way in which automobiles can 
be designed to avoid potentially harmful instantane-
ous changes of speed from happening? Before an-
swering this, and considering injury mechanisms, the 
principles of impact survivability will be stated: 
➡ maintain the structural integrity of the occu-

pants' vital volume, assuring enough survival 
space to avoid any direct impacts.

➡ avoid the penetration of objects to the occupants' 
vital volume.

➡ avoid any contact with the potentially dangerous 
surfaces of the interior of the vehicle.

➡ absorb the whole kinetic energy both of the ve-
hicle and of the occupants to avoid or instanta-
neous changes of speed, maintaining the decel-
eration within safe levels.

To demonstrate if this premises can be fulfilled, a 
special type of vehicle will be used:  

undeformable cockpit
(avoid direct impacts)

deformable structure
(maintain deceleration

within human tolerance)

Figure 13. Proposed type of structure to avoid direct impact to 
passengers, and maintain deceleration within human tolerance. 

The above type of structure does not exist in the 
real world of automobiles. It is just a theoretical con-
figuration considered to fulfill the above premises. 
Because if direct impacts are to be avoided, the cock-

pit should be rigid enough to avoid deformations that 
would eventually lead to direct impacts to passengers. 
And after this is achieved, there is still the target to 
prevent the cockpit from undergoing instantaneous 
changes of speed, or potentially harmful decelera-
tions. 

The objective of the following two sections is to 
determine wether the latter is possible or not. 

ASSURING SURVIVABILITY FOR ONE 
VEHICLE, FIXED OBJECT COLLISION

“A more synergistic view or approach to motor 
vehicle safety design aspects is needed”.  (Malcolm 
Robbins, [9]).

Firstly, a model for addressing deceleration issues 
will be adopted. In order to do so, a series of simplifi-
cations should be considered, namely: one dimension 
movements; reference of coordinates in the center of 
mass of the target vehicle; and the use of a system 
formed by a single mass and an inelastic spring 
which, according to what many experts agree, is the 
model for the description of the behavior of an auto-
mobile in a crash that suits properly the purpose of 
this work [10]. The model for a single vehicle crash-
ing into a fixed object can be described as follows:

m1

k1; l1

vO1

Figure 14. Adopted model for one vehicle collision against a 
fixed object. 

Secondly,  and as a spring-mass systems behaves 
in a harmonic way, the equations that will be used 
from now on will be presented:

⇒
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where  A = amplitude of harmonic movement [m]
 vo = speed of impact [m/s]
 m = mass of the vehicle [kg]
 K = stiffness coefficient of spring [N/m]

Since it is desired that no instantaneous change of 
speed take place, it will be supposed that the ampli-
tude of the harmonic movement (A) has to be smaller 
that the length of the spring (l). Therefore,  the stiff-
ness coefficient (K) will be set according to the next 
equation: 
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(iv)

where  K = stiffness coefficient of spring [N/m]
 vo = speed of impact [m/s]
 l = length of spring [m]
 m = mass of the vehicle [kg]

The next step in this argument is to assume that 
the automobile proposed in figure 13 will impact a 
fixed object under the model in figure 14 and consid-
ering the following parameters:
➡ mass (m) of the vehicle: 1.000 kg.
➡ length of spring (l): 0,75 m.
➡ speed of impact (vo): 17,8 m/s (64 km/h)

The last parameter needed for the calculations (the 
stiffness coefficient) needs an explanation. On the one 
hand, the stiffer the coefficient, the lesser the possibil-
ity of instantaneous change of speed. But on the other 
hand, the higher the deceleration. Therefore,  if K is 
set according to the highest possible speed impact 
against a fixed object this will produce high decelera-
tion,  even if the speed impact is lower than the one 
used to define the stiffness coefficient. That is to say, 
if K is set to avoid an instantaneous change of speed 
when a vehicle impacts a fixed object at 35,6 m/s 
(128 km/h),  when the crash occurs at 17,8 m/s (64 
km/h), the deceleration will be higher than if K was 
set using the latter speed. But then there is the fact 
that it is not possible (at east in a mass-scale produc-
tion sense) to design automobiles with adaptive stiff-
ness coefficients for their frontal crumple zone. So, a 
choice has to be made. To enhance this point, a first 
numeric example will be presented.  In this example, 
the stiffness coefficient will be set for a maximum 
impact speed of 17,8 m/s (64 km/h). Using equation 
(iv) the last parameter is set: 
➡ stiffness coefficient (K): 565.000 N/m.

Now the model is complete, and the safety of this 
prototype automobile can be asserted. To do so, the 
deceleration rates for two impact speeds will be 
evaluated, using the following equations, which char-
acterize the harmonic movement of a spring-mass 
system: 
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(vii)
  

where  t = time of acceleration [s]
 m = mass of the vehicle [kg]
 K = stiffness coefficient of spring [N/m]
 aavg = average acceleration [m/s2]
 vo = speed of impact [m/s]
 amax = maximum acceleration [m/s2]

Additionally, another consideration will be done, 
regarding the exposure to deceleration. As an extra 
safety coefficient, the deceleration exposure during 
the time of the harmonic movement will be consid-
ered as the average between the average acceleration 
and the maximum acceleration:
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(viii)

where  dec = deceleration of passengers [G]
 aavg = average acceleration [G]
 amax = maximum acceleration [G]

Equations (v) and (viii) are used to compare the 
deceleration rate of the cockpit of the proposed vehi-
cle against safe decelerations rates as determined in 
Figure 7:
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Figure 15. Deceleration rates for the cockpit of the first pro-
posed vehicle undergoing an impact against a fixed object at 
different impact speeds.
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There are two conclusions that can be made from 
Figure 15. Firstly, if a vehicle has the indicated pa-
rameters it is possible to keep deceleration rates in 
impacts bellow 17,8 m/s (64 km/h). Secondly, when 
the stiffness coefficient is set for 17,8 m/s,  an impact 
at half the speed generates a safer rate of deceleration. 
Therefore, if this was the case, why not design a ve-
hicle with a stiffness coefficient proportional to a 
higher impact speed?  

To answer this, a second experiment will be done, 
this time with the next parameters —it is important to 
remember that equation (iv) is used to define K—:
➡ mass (m) of the vehicle: 1.000 kg.
➡ length of spring (l): 0,75 m.
➡ speed of impact (vo): 35,6 m/s (128 km/h)

➡ stiffness coefficient (K): 2.255.000 N/m.

The results of the second theoretical experiment 
are presented on the following graphic:
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Figure 16. Deceleration rates for the cockpit of the second pro-
posed vehicle undergoing an impact against a fixed object at 
different impact speeds.

In this second case, deceleration rates prove to be 
more dangerous. Specially the rate for the 35,6 m/s 
(128 km/h) which is out of the ranges of the graphic 
being its numeric value 141 G for a time exposure of 
0,0331 seconds.

Therefore, another key issue arises: is it possible 
to set the parameters of the car in a way in which an 
impact at 35,6 m/s generates safe deceleration rates?

To answer this, another consideration must be 
made. In a first look, there are three parameters which 
can be set to maintain deceleration rates within safe 
limits: the mass of the car, the length of the crumple 
zone and the stiffness coefficient of the crumple zone. 

Yet this not true.  It can be proved that the mass of the 
vehicle does not influence the deceleration rate,  as 
equations (v) and (viii) can de rewritten using only 
the length of the crumple zone and the maximum 
speed impact:

m1x
′′
1 = k1(x2 − x1 − l1)(1)

(2)
m2x

′′
2 = −k1(x2 − x1 − l1) + k2(x3 − x2 − l2)(3)

(4)
m3x
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2
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A
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(25)

1

(ix)
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′′
1 = k1(x2 − x1 − l1)(1)

(2)
m2x

′′
2 = −k1(x2 − x1 − l1) + k2(x3 − x2 − l2)(3)

(4)
m3x

′′
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(x)

where  t = time of deceleration [s] 
 l = length of crumple zone [m] 
 vo = speed of impact [m/s]
 dec = deceleration of passengers [G]

Therefore, for each length of the crumple zone 
there is a maximum speed at which the vehicle can 
impact. After that speed,  deceleration rates will be 
unsafe for the passengers. Furthermore, if equations 
(ix) and (x) are combined with equation (ii) the 
maximum impact speed can be obtained for two dif-
ferent lengths of the crumple zone:

50 cm

60
km/h

150 cm

90
km/h

Figure 17. Maximum impact speeds against fixed objects ac-
cording to the length of the crumple zone, given that decelera-
tion rates must be maintained under the limits set in Figure 7.

The results obtained after solving the set of equa-
tions mentioned in the last paragraph lead to a very 
important conclusion: automobiles should not impact 
fixed objects at speeds higher than 60 km/h if their 
crumple zones can deform around 50 cm (that is what 
most modern cars can offer). And this is so even in 
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the better of cases,  when the whole length is used, 
and when the stiffness coefficient is set to this impact 
speed.

Survivability at higher speeds can be only assured 
by extending the crumple zone to larger lengths, and 
considering that this length cannot be greater than 
150 cm for a series of reasons (namely total overall 
length, structural requirements, among others), frontal 
impacts against a fixed object should only remain 
safe at speed impacts of around 60/70 km/h for most 
cars, and only for the larger one at speeds of around 
90 km/h. The former are the speeds at which modern 
cars are being tested, and they have proven to per-
form adequately.

Yet, and this is the main issue of this paper, the 
problem arises when it comes to head-on collisions.

ASSURING SURVIVABILITY FOR TWO 
VEHICLES, HEAD-ON COLLISION

“The alternation of motion is ever proportional to 
the motive force impressed; and is made in the direc-
tion of the right line in which that force is im-
pressed”. (Isaac Newton, [11])

As said before, an impact against a fixed object 
cannot be compared to a head-on collision, mainly 
because in a head-on collision there is always an in-
stantaneous change of speed. This will be proven us-
ing the following model:

m3m2
m1

k1; l1 k2; l2

vO1 vO3

Figure 18. Adopted model for a two vehicles head-on collision.

It is important to highlight that the mass in the 
middle of the two springs serves only the purpose to 
generate a reference point for the model, and that it 
will be considered insignificant in terms of the other 
masses (numerically speaking,  when mass 1 and 3 
have values of either 1.000 kg or 1.5000 kg., mass 2 
has a 1 kg. value). 

To solve the model,  Newton’s second law will be 
used: 

(xi)

m1x
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(2)
m2x
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where  F = Force [N] 
 m = mass [kg] 
 a = acceleration [m/s2] 

Which in terms of this model results in a three-
equation system: 

m1x
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1 = k1(x2 − x1 − l1)(1)

(2)
m2x
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(xii)

(xiii)
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(xiv)
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where  m1 ; m3 = masses of each vehicle [kg] 
 m2 = insignificant mass [kg]
 x1 ; x2 ; x3 = displacement of each mass [m] 
 k1 ; k2 = stiffness coefficients of each vehicle [N/m]

l1 ; l2 = length of crumple zone of each vehicle [m] 

Additionally, an important consideration will be 
made. The model will be evaluating taking into ac-
count that once one of the vehicles’  spring length is 
zero, the system becomes one where the three masses 
will continue to move as a single body:

m2 + m3m1

k1; lf1

v1 v1

Figure 19. In a first step, the systems behaves according to the 
adopted model. Then, when one of the spring lengths is zero, 
the system behaves as a single body system.

The system formed by equations (xii), (xiii) and 
(xiv) has to be solved using differential equations. For 
the purpose of this paper,  Mathematica© Software 
was used. The object of the section is to prove that 
during a head-on collision where the two colliding 
vehicles do not share the mass and the speed,  there 
will be an instantaneous change of speed. Further-
more,  the extension of the change of speed will be 
considered. In order to do so,  five different pair of 
vehicles were compared:
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➡ Two small cars traveling at the same speed (Ta-
ble 1). This represents the test being performed 
in NCAP-type programs.

➡ Two small cars traveling at different speeds (Ta-
ble 2). This is to know the instantaneous change 
of speed of the car with the smaller speed.

➡ A small car and a medium car traveling at the 
same speed (Table 3).  This is to know the instan-
taneous change of speed of the car with the  
smaller mass.

➡ A small car and a medium car traveling at dif-
ferent speeds, the medium car going faster than 
the small one (Table 4).  This is to know the in-
stantaneous change of speed of the car with the  
smaller speed and the smaller mass.

➡ A small car and a medium car traveling at dif-
ferent speeds, the medium car going slower than 
the small one (Table 5).  This is to know which 
one of the two will suffer an instantaneous 
(knowing a priori that greater speeds beat  
greater masses).

The results of each modeling are presented bellow 
(in red the vehicle that endures the instantaneous 
change of speed, thus whose passengers will suffer 
indeterminate injuries):

Table 1.
Modeled impact between two small cars traveling at the same 

speed.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.000 1.250.000 50 64 0

1.000 1.250.000 50 64 0

Table 2.
Modeled impact between two small cars traveling at different 

speeds.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.000 1.250.000 50 80 same
direction

1.000 1.250.000 50 48 89

Table 3.
Modeled impact between a small car and a medium car travel-

ing at the same speed.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.500 1.500.000 75 64 same
direction

1.000 1.250.000 50 64 86

Table 4.
Modeled impact between a small car and a medium car travel-

ing at different speeds.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.500 1.500.000 75 80 same
direction

1.000 1.250.000 50 48 96

Table 5.
Modeled impact between a small car and a medium car travel-

ing at different speeds.

mass stiffness 
coefficient

crumple 
zone

impact 
speed

change of 
speed

[kg] [N/m] [cm] [km/h] [km/h]

1.500 1.500.000 75 48 56

1.000 1.250.000 50 80 same
direction

The important issue about this is that although the 
considered impact speeds are not very high, the in-
stantaneous change of speed are considerable.  It has 
been already stated that these mentioned changes of 
speed are much more dangerous that high decelera-
tions. Apart from this, in the previous sections it has 
been said that for automobiles with crumple zones 
that are 50/75 cm. long the maximum impact speed 
should not exceed 60 km/h in order to survive un-
harmed from the deceleration phenomena in impacts 
against fixed objects. 

Therefore, it is vital to take into consideration that 
every change of speed suffered by one of the vehicles 
in the last four models exceeds that limit . Worst of 
all, there is no way to avoid this from happening. 
Every time there is a head-on collision, one of the 
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vehicles will suffer a considerable change of speed, 
unless the cars impact at low speeds. How low should 
these speed be? This is no easy question to answer 
and has to be analyzed  thoroughly within the corre-
sponding settings and using appropriate resources.

CONCLUSIONS
“The vulnerability of the human body should be a 

limiting design parameter for the traffic system and 
speed management is central”. (World Health Or-
ganization, [1])

During this paper a series of questions were 
posed:  
➡ is it possible to design automobiles in order to 

avoid exposing passengers to mortal instantane-
ous changes of speed during head-on collisions?

➡ if this is not situation,  shouldn`t speed limits be 
lowered to assure survivability?

➡ what is the limit in which an instantaneous 
change of speed becomes unsafe?

➡ which deceleration rates can be tolerated for the 
vast majority of the population?

The answers to them are (in order): apparently no, 
apparently yes, apparently it is unknown, apparently 
it is unknown.  

Furthermore, it has to be understood that automo-
biles are being designed without proper knowledge 
about human tolerance to deceleration and instanta-
neous changes of speed. And that they are being 
tested under the precept that they behave in a similar 
way in the most common of road impacts, when it is 
not the case. Additionally, to avoid passengers from 
being exposed to these dangerous phenomena, speed 
limits should be lowered, which in practical terms is 
very difficult to perform.

Finally, it is probable that a many other conclu-
sions could be made considering the issues mentioned 
here. Yet, and although I should not use the first per-
son in a written technical paper, I humbly ask permis-
sion to express that my personal main conclusion is 
that putting safety first is no easy target.
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APPENDIX I (INJURY MECHANISMS): 
Head, neck and spine injury mechanisms

Injuries in these vital organs are devas-
tating, and generally lead either to the 
automobilist’s death or to various forms 
of permanent physical impairment.
Direct impacts in the head can severely 
affect the brain and most of the sensory 
organs located within it. It is both prob-
able and frequent to observe brain harm 
without any cranium fracture, since the 
relative movement between the rugose 

base of the cranium and the brain can torn blood ves-
sels and nerves entering and exiting the head, causing 
cognitive and behavior deficiencies as well as mem-
ory disorders. Regarding sensory organs, smell, taste, 
sight, sound and balance can be affected by direct and 
indirect impacts —even minor ones— to the cranial 
nerves or to the organs situated in the head. Compres-
sion forces in the neck can provoke fractures in the 
first vertebrae of the vertebral column damaging the 
arteries that circulate through them. This damage se-
riously compromises the blood supply to the brain; 
besides, tears of the vertebral arteries are often fatal. 
Tension forces caused by hyperflexion or hyperexten-
sion (namely when whiplash, or severe flexion of the 
neck take place) generate cervical sprains with the 
potential to provoke fatal injuries, or functional dis-
abilities which may arise years after the crash took 
place.

Finally, direct impacts can also damage the spinal 
cord severely; furthermore, this type of injury cannot 
be treated medically, as no therapy results in recovery. 
Crash injuries involving the spinal vertebrae are often 
violent events in which the flexed spinal column is 
additionally subjected to coupled forces of rotation and 
lateral bending. Damage to the lower section of the 
spinal cord may derive in paraplegia or serious urinal 
and sexual problems. Injuries above the lumbar region 
add breathing disorders to the mentioned conse-
quences.  Lastly, injuries in the higher section of the 
spinal cord frequently derive in quadriplegia,  with a 
total loss of many essential body functions.

Abdomen and chest injury mechanisms

Injuries in these vital organs are also 
devastating.  Harm in the abdomen is 
caused when suffering a direct impact, 
with the aggravating circumstance that 
as it is an incompressible hydraulic cav-
ity, a blow in a sector of the abdomen 
can generate a serious damage in an-
other place, away from the impact 
point.  As regards the organs that can be 
affected by a direct impact in the abdo-

men, the peritoneal cavity gathers many vital organs 
and glands such as the liver, the spleen and the pan-
creas; except for the mouth and esophagus, the entire 
digestive tract is contained within the peritoneal cav-
ity or is partially covered by peritoneal membranes; 
also, the abdominal aorta and vena cava are located 
on the posterior wall of this cavity. Most of these or-
gans are soft and crumbly, and a great quantity of 
blood circulates through them —specially through the 
liver—, so their damage often results in losing the 
organ or in catastrophic bleeding. 

In the case of the chest, most of the organs resid-
ing within it (as the heart and the lungs), or transiting 
it (as the esophagus, and, again, the aorta and the 
cava) are vital,  so any damage to them has the poten-
tial to generate very serious or fatal injuries. It is 
worth mentioning that injuries to this body region 
may be fatal in the short-term, but they bear no con-
sequences in the long-term —precisely the contrary to 
what happens with the extremities, as it will be dis-
cussed—. Damage to the chest can provoke either 
respiratory or circulatory complications. As regards 
the first ones, direct impacts may injure the intrapleu-
ral membrane, affecting air movement into the lungs, 
and resulting in death if not treated immediately. 
Moreover, any injury that affects the capacity of the 
diaphragm to contract or that damages lung tissue 
may lower the quantity of oxygen in blood (as a result 
of deficient respiration) affecting other organs that are 
sensitive to oxygen insufficiency. Brain tissue is spe-
cially sensitive to this kind of insufficiency, so con-
current lung injuries directly and adversely affect 
brain injuries. As regards the circulatory complica-
tions caused by direct impacts, they are also ex-
tremely harmful.  There are estimations that state that 
only 30% of the victims of injuries to the heart or 
main blood vessels survive long enough to be able to 
receive medical attention.

Lower and upper extremities injury mechanisms

Injuries in the extremities (arms and 
legs) may be seldom the cause of death 
in a road crash, but they are surely a 
major —if not the main— cause of 
permanent physical impairment. Inju-
ries in these organs are generally a con-
sequence of direct impacts,  and while 
they do not involve particularly risky 
situations, it has to be taken into ac-
count that the movement of fractured 

bone fragments generates serious damages to the 
muscular tissues and massive internal hemorrhages 
that, unless treated expeditiously, can provoke severe 
injuries.

It is worth mentioning that the extremities are not 
restrained in any case, and that even in the event of 
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crashes at moderate speeds they are liable to strike the 
interior surfaces of the vehicle. Moreover, the upper 
extremities can also strike the body of the other occu-
pants of the car, exposing the latter to potential dam-
age –specially in the head–.

APPENDIX II (DECELERATION RESIS-
TANCE):

Empirical evidence demonstrates that human be-
ings can be exposed to high levels of accelerations 
with a resistance that diminishes as the time of expo-
sure to it increases, and that there are senses and di-
rections more favorable than others. In other words, it 
is possible to survive without serious damage from 
extremely high levels of accelerations given that: 
firstly, the time of exposure remains below extremely 
short periods of time; secondly, the direction of the 
movement is transverse to the body, and in the sense 
of pushing the person backwards; and thirdly (and the 
least common of all), the process is not combined 
with direct impacts.  The following figure shows the 
direction and senses that may damage seriously a 
human being that is being accelerated, and that coin-
cide with frontal and lateral impact movements (3):

Figure N2.  Most dangerous directions and senses for accelera-
tion processes.

Furthermore, it can be stated that when it comes to 
acceleration resistance, a sudden acceleration of the 
head can lead to hyperflexion or hyperextension of 
the neck, and that the most harmful movements are 
the following (3):

Figure N3.  Most dangerous directions and senses for accelera-
tion of the head.
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ABSTRACT 

 

     During the last decades, numerical simulation of 

crash events has become one of the key topics in 

the reduction of costs for the phases of 

development of new automotive products. The 

former conception as a tool to provide qualitative 

support to designers has evolved up to the point of 

talking about “virtual testing” and about the 

feasibility of include it in standards and regulations. 

This evolution of the perspectives requires more 

and more predictive simulation models, leading to a 

continuous improvement in the mathematical 

reproduction of the physical reality. 

 

     Within this background, the correct numerical 

reproduction of the material behaviour has a critic 

role. The techniques for material characterization 

have also evolved from the use of simplified curves 

obtained from scarcely instrumented tensile tests, 

including strain rate dependency in a higher or 

lower degree, up to the use of complex yield 

surfaces obtained from the exhaustive analysis of 

the local phenomena that occur during the necking 

process in tensile tests, as well as the inclusion of 

other load cases different to the uniaxial tension. 

 

     The current paper reflects the results of some 

studies about the influence of different levels of 

material characterization on the correct 

reproduction of the material behaviour. The base 

case is the simulation of the characterization tests 

themselves, analyzing both local and global 

parameters for the validation of the models. Three 

different materials (one metallic and two plastics 

respectively) have been used in these studies, trying 

to deepen into their basic characteristics and 

requirements. Finally, a load case closer to a 

common energy absorption application has been 

chosen for the case of the plastics in order to 

illustrate and validate the hypothetical 

consequences of the use of the different material 

definitions. 

 

INTRODUCTION 

 

     Numerical simulation is nothing else than a 

mathematical description of the reality. If we intend 

to reproduce mathematically the behaviour of a 

material working in a dynamic situation, first of all 

we will need to know how this material behaves in 

a similar range of mechanical conditions and, in 

second place, to determine a set of equations and 

parameters that serve us to describe the desired 

behaviour. One of the roles of the so-called 

material characterization process is to determine 

experimentally the response of the materials in a 

range of mechanical conditions and to use these 

data to obtain a reliable mathematical reproduction 

of it to be included in simulation codes. This short 

introduction is somehow obvious. Nevertheless, it 

helps us to remark the importance of using a 

correct mathematical description of the materials 

employed in simulation. Briefly, to include an 

incorrect material characterization in a simulation 

model would be the numerical equivalent to 

introduce a wrong plastic material in an injection 

machine.  

 

     Even though almost any experimental method 

producing plastic deformations on the material 

could be used for mechanical characterization 

purposes, tensile testing is probably the most 

employed way to describe the relationship between 

stress and strain in materials subjected to 

mechanical efforts. This experimental method 

provide us with very valuable information about 

the characteristics of the tested material up to its 

failure and rupture, allowing us to obtain data of 

different aspects of its elastic, plastic and damage 

behaviour. Besides, tensile tests are relatively 

simple of executing and measuring in comparison 

with other testing configurations, allowing a wide 

range of testing speeds and temperatures that cover 

the most common requirements of the automotive 

industry. As a consequence, one the most common 

ways of obtaining mathematical descriptions of 

materials to be used in numerical models for 

crashworthiness applications is based on the 

execution of groups of tensile tests at several 

speeds, with the aim of obtaining stress-strain 

curves for different constant strain rates.  

  

     The exclusive use of the tensile test results for 

the mechanical characterization of the materials is 

based on the assumptions that the tensional state 

developed during this test is basically uniaxial, and 

that the relationship between stress and strain 

measured under these conditions can be used to 

create a description of the material behaviour 

representative of other load states, such as 

multiaxial loads, compression, shear, etc. The most 

extended mathematical transcription of these 

hypotheses is reflected on the isotropic elastic 

plastic laws. These laws, implemented in the most 

of the numerical simulation codes used for 
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crashworthiness applications ([1], [2] or [3] among 

others), use a quite simple description of the elastic 

behaviour that generally requires a set of only two 

parameters (i.e., Young Modulus and Poisson 

Ratio), whereas plastic behaviour is commonly 

described by a surface defined either by a 

mathematical expression or by a set of curves, 

representing the yield stress as a function of the 

effective plastic strain ant the strain rate. 

Commonly, Von Mises criterion [4] is employed to 

discern between both behaviours.  

 

     At this point, a link is needed to obtain the input 

for simulation from the experimental outputs. The 

most traditional way to do this is to estimate the 

true stress and plastic strain from the force applied 

to the tensile specimen (measured commonly with 

a load cell fixed to the testing machine) and the 

distance between two sections or points of the 

specimen, usually measured using an extensometer 

or another equivalent method and known as gage 

length. The expressions employed to perform these 

conversions are widely documented (e.g. [5] and 

[6], among many others) and there is no point in 

reproducing them here, but it is interesting to 

remember some of the assumptions that base these 

calculations: In the first place, the true strain, and 

consequently the true stress, are expected to be 

homogeneous between the sections measured with 

the extensometer. Secondly, the transversal area 

needed to calculate the true stress is normally 

unknown, so a hypothesis must be posed in order to 

estimate it from the original area and the 

engineering strain (measured on the longitudinal 

axis of the specimen). The most common 

suppositions are the hypothesis of constant volume 

and the hypothesis of elastic behaviour (depending 

on the particular case). Finally, an additional 

supposition is done related to the strain rate, which 

is implicitly supposed to be constant during the 

tests. This is done when true stress – plastic strain 

curves obtained from the experimental results are 

taken as representative of a unique strain rate 

associated to the test.  

 

     Although the underlying concepts of the 

previous methodology seem to appear very clear, 

there exist important issues that affect to the final 

result of the material characterization. On the one 

hand, the reliable acquisition of experimental data 

depends highly not only on the correct execution of 

the tests, particularly at the higher strain rates, but 

also on the adequate selection of the measurement 

methods and instrumentation. On the other hand, 

the treatment of the experimental results for the 

generation of numerical material laws can be done 

applying different methods, leading to different 

material descriptions. 

 

     Paying attention to the selection of the 

instrumentation, the correct measurement of the 

strain will play a fundamental role in the current 

analysis. Leaving out of consideration generic 

characteristics such as range, accuracy or dynamic 

response, we can classify strain measurement 

methods in “average” and “local” measurement 

methods (see Figure 1). The first group, which 

include the traditional extensometers, provide 

information about the relative displacement of two 

sections of the specimen, what in practise means 

that the measured strain is only representative of 

the average strain of all the material placed 

between both sections. The second group is 

composed by methods that provide information 

about the deformation of small zones of the 

specimen. The most classical example of these 

systems is the strain gauge. 

 

 

  
Extensometer (average 

measurement) 
Strain gauge (local 
measurement) 

Figure 1. Use of extensometers and strain gauges 

for measurement of strain in tensile tests. 

 

     Within the second category, it begins to be 

extended the use of specific software packages 

dedicated to provide a continuous field of 

deformation based on the photogrammetric analysis 

of digital video frames recorded during the tests. 

Further information about these methods can be 

found in [7] and [8]. Although this system has 

certain disadvantages with regards to the classical 

instrumentation, such as the accuracy at low strain 

levels or the need of an additional analysis process 

posterior to the test, at present it provides the most 

complete information about the local evolution of 

the strain on the whole surface of the specimen. 

These data are extremely valuable, since they allow 

the analysis of local phenomena (concretely the 

necking process), which often include information 

required for the characterization of the material at 

strain levels close to the rupture. A typical result 

from this kind of software can be observed in 

Figure 2. 

 

     In order to fully understand the scope of the 

previous affirmations, it is necessary to make a 

brief analysis of the necking phenomenon and its 

effects on the characterization process. This 

phenomenon, already documented in 1885 [9], 

could be very roughly described as a lack of 

homogeneity observed in specimens of ductile 
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materials before fracture occurs during tensile tests. 

At the beginning of these tests, the stress, strain and 

strain rate remain homogeneous in the whole zone 

of the sample destined for strain measurements. At 

this stage, average deformations are representative 

enough of the strain state of the material. 

Nevertheless, when the necking process starts, 

strain distribution begins to be heterogeneous and 

average measurements lose representativeness. 

 

 
Figure 2. Output of software based on 

calculation of strain from image analysis 

      

     In a typical situation, the necking process begins 

when a limited zone of the specimen suffers a local 

increase of the plastic strain higher to the expected 

in a homogeneous deformation. This effect leads to 

the creation of the shape known as neck, where the 

distribution of the stress, strain and strain rate is not 

homogeneous any more. After this first nucleation 

of the neck, its evolution will depend highly on the 

characteristics of the material. In some materials, 

the plastic strain growth keeps concentrating on the 

central part of the neck, which evolves quickly up 

to the rupture. In order to establish a simplified 

nomenclature, we will refer to this behaviour as 

“Concentrated Neck”. The result of this evolution 

can be a strongly heterogeneous distribution of the 

mechanical magnitudes along the specimen, 

invalidating the calculations based on the 

homogeneity of these magnitudes. This behaviour, 

characteristic of steels, can also be found in many 

plastic materials used in industrial applications.  

 

      On the other extreme of the behaviour of the 

ductile materials, the speed of the growth of the 

plastic strain at the original nucleus of the neck can 

descend due to microstructural reasons. In this 

case, the plastic strain of the central zone of the 

neck evolves more slowly, up to remain practically 

frozen in some cases (“blocking” of the neck). In 

the meanwhile, the neighbouring zones of the 

specimen begin to increase their plastic strain 

(“growing” of the neck). The macroscopic 

translation of this effect is an extension of the zone 

affected by the neck, which can expand even 

beyond the limits of the measurement zone of the 

sample. This transmission of the neck can occur in 

a way more or less gradual, producing a wide range 

of possible neck geometries. The softest cases of 

this phenomenon can lead to a practically 

homogeneous distribution of the mechanical 

magnitudes. We will refer to this situation as 

“Distributed Neck”.  

 

     Figure 3 and Figure 4 show respectively some 

results of the simulations of quasi-static tensile 

tests considering two different plastic materials 

where both behaviours have been detected. It can 

be noticed the different distributions of the 

effective strain, and, the most important, how in the 

case of the distributed neck the average strain 

(measured with a simulated extensometer) is 

similar to the local strain observed at the neck, 

while in the case of the concentrated neck both 

magnitudes can differ considerably. 

 

 
CONCENTRATED NECK (Talc filled PP Compound) 
Effective strain 
 

  

 

 
 
 
Extensometer: 20.8 % 
Neck:   93.6 % 

Figure 3. Effective strain distribution in a tensile 

specimen with concentrated neck. 

 

     As explained above, the most common 

implementation of plasticity in the simulation codes 

requires the definition of the yield stress as a 

function of the plastic strain and the strain rate.  

These data will define the plastic behavior of each 

element of the simulated material, independently of 

its size. According to the concept inherent to the 

Finite Elements Method, the parameters to be 

included in the modelization should be 

representative of the average behavior of the 

volume associated to the element. Therefore, if 

elements satisfy the premise of being small enough 

as to allow the correct reproduction of the 

experimental neck geometry with the numerical 

tensile specimen, then the values to be used should 
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be the ones corresponding to the average 

magnitudes in a quite small volume, what is 

equivalent to talk about local measurements.  

 

 
DISTRIBUTED NECK (HCPP Copolymer) 
Effective strain 
 

 
 

 

 
 
 
Extensometer: 23.4 % 
Neck:  23.4 % 

Figure 4. Effective strain distribution in a tensile 

specimen with distributed neck. 

 

     Obviously, the heterogeneity of the magnitudes 

does not affect exclusively to the strains, but also to 

any physical magnitude associated to them. Figure 

5 and Figure 6 show that local distribution of the 

strain rate can also be very different to the average 

one. This fact affects particularly to our study, as 

our final aim is to obtain an expression of the real 

stress as a function of the plastic strain and the 

strain rate. The main conclusion to be extracted is 

that strain rate is subjected to local and temporal 

variations during the tests, and, consequently, its 

approximation by a constant magnitude implies a 

certain degree of error that will depend on the 

heterogeneity observed in the specimen.  

 

     Once arrived to this point, some important 

concepts have arisen related to the phenomenology 

of tensile tests and to the different options for strain 

measurement. Unfortunately, these concepts point 

to the fact that some of the hypotheses accepted by 

the traditional characterization methods are 

unrealistic in many practical applications. On the 

other hand, we have seen that additional 

experimental methods are available nowadays to 

measure local strains, and that, thanks to these 

methods, some of the assumptions required by the 

traditional methodologies are not needed anymore. 

All this leads to a situation where numerical 

materials characterized with both traditional and 

new methods coexist in data bases, either because 

of having been characterized years ago or because 

of having been characterized recently in 

laboratories still using traditional methods.  

 

 
CONCENTRATED NECK (Talc filled PP Compound) 
Strain rate 
 

  

 

 
 
Extensometer: 0.032 s-1 

Neck:   0.235 s-1 

Figure 5. Strain rate distribution in a tensile 

specimen with concentrated neck. 

      

 
DISTRIBUTED NECK (HCPP Copolymer) 
Strain rate 
 

 

 

 

 
 
Extensometer: 0.029 s-1  
Neck:  0.023 s-1 

Figure 6. Strain rate distribution in a tensile 

specimen with distributed neck. 

 

     In a further step, it is also possible to eliminate 

the hypothesis of independence with the load 
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conditions (either uniaxial or multiaxial), leaving 

the use of classical elastic-plastic material 

definitions and using more advanced material laws 

(e.g. [10], [11]). Nevertheless, in spite of their 

promising capabilities, in practise the use of these 

laws is still not very extended. 

 

     Coming back to the original idea of obtaining a 

reliable numerical reproduction of the reality, some 

questions come immediately to mind: If there are 

diverse coexistent methods that lead to a range of 

possible characterization results, how do these 

different descriptions of the material behaviour 

affect to the accuracy of the final simulations? Up 

to present, simulation models based on traditional 

methods have provided reasonable results. Then, 

what are the advantages brought by these new 

methods?  

 

     Although these questions are almost philosophic 

and there will not be a general answer applicable to 

all the materials and applications, the studies 

presented in this paper try to outline a first 

quantification based on the application of different 

modelization techniques to a limited but 

heterogeneous array of materials and applications. 

 

METHODS 

 

     The basis of the presented studies has been the 

selection of a group of materials, applications and 

characterization levels limited enough as to make 

affordable a detailed analysis of the different 

combinations, but at the same time varied enough 

as to be representative of a wide range of situations.  

 

     Three materials have been selected as 

representative of some of the behaviours to be 

analysed. All of them are commonly used in 

automotive applications. From now on, they will be 

referred as “Steel”, “Plastic 1” and “Plastic 2”. 

“Steel” is a high strength steel, “Plastic 1” is a 

plastic blend based on polyamide and ABS, and 

“Plastic 2” is a high cristalinity polypropylene 

copolymer. As seen in previous experiences with 

these materials, “Steel” presents the typical 

behaviour of steel, including the concentrated neck 

in tensile tests, while “Plastic 1” and “Plastic 2” 

present different degrees of distributed necks (in 

general, more homogeneous in “Plastic 1” and less 

in “Plastic 2”). These behaviours can be observed 

in Figure 7. 

 

     The applications selected for the study should be 

relatively simple, in order to be indicative of the 

influence of the material modelization, avoiding 

interferences of other less controlled parameters, 

such as contacts, frictions, etc. On the other hand, 

they should be demanding enough as to use a high 

proportion of the definition of the material in strain 

and strain rate and, in this way, to be more sensitive 

to possible different characterizations. Finally, they 

should be representative of different possible load 

states present in automotive typical applications.  

 

      Attending to these considerations, two test 

procedures were chosen. Tensile test was selected 

to be the first application because of obvious 

reasons: The load state is the same used for the 

characterization process, existence of very detailed 

experimental results and high demand on the 

material. For the second application, a test based on 

a drop test was chosen. In this test, a 20 Kg body 

with a flat surface falls over a piece whose 

geometry includes two conical shells that collapse 

during the impact. The geometry of this specimen 

prior and after the tests can be seen in Figure 8. 

Two different speeds have been used in order to 

produce different degrees of deformation in the 

material. 

 
Steel 

 
Plastic 1 

 
Plastic 2 

      
Figure 7. Distribution of local longitudinal 

strain in tensile specimens of the materials 

employed in the studies. 

 

 

Figure 8. Energy absorption specimens before 

and after the higher speed drop tests. 
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     The same experimental tests have been 

employed to obtain data for the different 

characterization options. For all the materials, 

tensile tests at between four and five different 

speeds have been performed, being the first of them 

quasi-static and the rest dynamic speeds. These 

speeds cover the most common strain rates required 

in crashworthiness applications. In all the cases, a 

minimum of three repetitions have been performed 

at each speed in order to consider possible 

variability of the materials. Also in all the cases, 

one high speed camera has been employed to 

record the temporal evolution of the deformation of 

the specimen, allowing the study of local strains 

and the simulation of the measurement registered 

by an extensometer, estimated through the motion 

of two points on the specimen surface situated at a 

distance of 25 mm, and placed around the central 

section of the specimen.  

 

     With regard to specimen geometries, 2 

millimetre thickness ISO 527-2 1BA  tensile 

specimens [12] were used for the characterization 

of the plastic materials, whereas 1 mm thickness 

samples were employed for the characterization of 

the steel, with a geometry based on three sections 

(5, 10 and 15 mm). 

 

     Three material characterization levels have been 

defined for comparison. They will be referred as 

Level 1, 2 and 3 respectively:  

 

     Level 1 corresponds to the most traditional 

methodology of material characterization. Strain 

data from the simulated extensometer are used. 

Strain rates are supposed to be constant and 

homogeneous during the entire tests. One curve is 

obtained corresponding to each tested speed and 

introduced into the material cards for the 

simulation input. 

 

     Level 2 is basically similar to Level 1, but local 

strains at the points of maximum deformation in the 

neck are used instead of extensometer values. The 

hypothesis of homogeneous distribution of strains 

along the specimen is consequently eliminated. On 

the other hand, constant strain rate is still accepted. 

 

     Level 3 removes at the same time the 

hypotheses of homogeneous strain and strain rates. 

Local strains are employed to calculate 

instantaneous and local strain rates. Points at 

several locations of the specimen are analysed in 

order to obtain different load conditions. All this 

information is combined to obtain a mathematical 

surface from which true stress – plastic strain 

curves at constant strain rates are obtained. This 

method allows the obtainment of a number of 

curves different to the number of speeds tested. 

Consequently, a more detailed description of the 

yield surface is given. Figure 9 and Figure 10 show 

typical yield surfaces obtained with this method for 

a metal and a plastic respectively.  

 

 
 

Figure 9. Typical shape of the yield surface of a 

high strength steel obtained with methods 

described as “Characterization Level 3”. 

 

 
 

Figure 10. Typical shape of the yield surface of a 

plastic with behaviour near to elastomeric 

obtained with methods described as 

“Characterization Level 3”.  

 

     One interesting point is that curves obtained 

with this method produce satisfactory results with a 

relative independence of the simulation code either 

for shell and solid elements. Some differences can 

be found in elements working with high 

deformations, when other factors not related to the 

material law acquire bigger influence on the 

deformation of the elements. Figure 11 shows the 

results of the simulation of dynamic tensile test 

performed on steel specimens. Three experimental 

repetitions are shown, referred as “EXP 1, 2 and 3”. 

Next to them appear the results of a set of 

simulations using three simulation codes of 

extended use in automotive. Figure above shows 

the numerical results using models of specimens 

defined with shell elements, while figure below 

displays the same results using solid elements. The 

same stress-strain curves have been used in all the 

elastic-plastic material laws employed for the 

different simulations. As can be observed, despite 

small deviations due to the different 
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implementations employed, all numerical results 

reproduce quite satisfactorily the experimental 

curves.  

 

 
Figure 11. Results of simulation of dynamic 

tensile tests of a metallic material using different 

codes and element types (Characterization Level 

3”).  

 

     All the simulations presented henceforth in this 

document have been performed using the software 

LS-DYNA. Shell and solid elements have been 

employed in studies, using in all the cases the 

material type 24 (Piecewise Linear Plasticity). The 

use of parameters or material laws associated to 

damage and rupture has been avoided in order to 

obtain a major representativeness of the influence 

of the original yield surface, in spite of a possible 

loss of accuracy on the reproduction of the 

behaviour just previous to the failure. 

 

TENSILE TESTS 

 

     The first of the applications to check the 

differences between the characterization levels is 

the numerical reproduction of the tensile tests from 

which characterization data were obtained. Mesh 

size used for the definition of the models has been 

chosen small enough as to allow a reasonable 

representation of the geometries adopted by the 

specimens during the necking process. Figure 12 

and Figure 13 display the meshes of solid elements 

employed in the models of tensile tests. 

Simulations have been made in parallel using 

similar specimens with shell elements. 

 

     Engineering stress versus grip displacement 

curves have been chosen for validation purposes 

because of their representativeness of the whole 

behaviour of the specimen. Additionally, local 

strain contours have been checked in order to 

analyse the distribution of the loads in the 

specimen.  

 

 
Figure 12. Mesh employed in the simulation of 

tensile tests of Steel material (solid elements).  

 

 
Figure 13. Mesh employed in the simulation of 

tensile tests of Plastic 1 and Plastic 2 materials 

(solid elements).  

 

Steel 

      

      As mentioned before, steels are a typical case 

of concentrated neck. Figure 14 displays the strain 

measured at one of the dynamic speeds tested. Two 

different stages can be differenced paying attention 

to this graphic. During the first part of the test, 

local strains coincide with the measurement of the 

extensometer. This indicates that deformation is 

approximately uniform. After the initiation of the 

necking process it can be observed how local strain 

and extensometer begin to diverge, being the 

difference quite important just before the rupture 

occurs. The consequence of this effect on the 

different characterization options should be a 

divergence of the results after the creation of the 

neck, prior to the rupture. 

  

 
Figure 14. Different experimental strain 

measurements of Steel (Dynamic 1 s
-1
).  
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Figure 15. Tensile test of Steel (Static). Shell 

elements  

 

 
Figure 16. Tensile test of Steel (Static). Solid 

elements  

 

 
Figure 17. Tensile test of Steel (Dynamic). Shell 

elements  

 

 
Figure 18. Tensile test of Steel (Dynamic). Solid 

elements 

       

     Paying attention to the element type, we can see 

that, in general, shell elements initiate the 

descending part of the presented curves before than 

solid elements, and that, in short, there is some 

divergence in the behaviour of the specimen not 

associated to the yield surface, which is actually the 

same.  

 

Plastic 1 

 

     The behaviour observed in Plastics 1 and 2 is 

more complicated than the studied in the previous 

case. While in Steel material neck concentrated up 

to the rupture point, in a typical plastic the neck 

extends to other sections of the specimen, 

producing effects of blocking and growing more 

complex to measure and to adjust numerically.  

 

     Tensile tests performed on Plastic 1 have 

exhibited different tendencies depending on the 

strain rate. At low strain rates neck has tended to 

more distributed and homogeneous neck shapes 

(like the one shown in Figure 7), while at higher 

strain rates the tendency has been to a higher 

concentration, although not as marked as in Plastic 

2. This translates into a higher homogeneity of the 

results between the options based on local strain 

measurement (Levels 2 and 3) and extensometer 

(Level 1) for the static situations, next to a lower 

homogeneity at higher strain rates. In any case, 

only characterization of Level 3 has been able to 

reproduce satisfactorily the phenomenology in all 

the cases. Figure 19 to Figure 22 illustrate these 

observations, displaying results for static and 

dynamic tests, as well as for shell and solid 

elements.  
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Figure 19. Tensile test of Plastic 1 (Static). Shell 

elements  

 

 
Figure 20. Tensile test of Plastic 1 (Static). Solid 

elements  

 

 
Figure 21. Tensile test of Plastic 1 (Dynamic). 

Shell elements  

 

 
Figure 22. Tensile test of Plastic 1 (Dynamic). 

Solid elements 

 

Plastic 2 

 

     Plastic 2 offers a good sample of concentrated 

neck in plastic materials (see Figure 7). As already 

explained, this implies possible important 

differences between local strains measured in 

different sections of the specimen. Therefore, 

curves defining yield surfaces between 

characterization options based on both 

measurements could be substantially different.  

 

     As with the precedent materials, Figure 23 to 

Figure 26 show the results of the simulations of 

static and dynamic tensile tests using both shell and 

solid elements. As expected, results correspondent 

to characterization Level 3 offer in all the cases a 

more realistic reproduction of the experimental 

observations.  

 

 
Figure 23. Tensile test of Plastic 2 (Static). Shell 

elements  
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Figure 24. Tensile test of Plastic 2 (Static). Solid 

elements  

 

 
Figure 25. Tensile test of Plastic 2 (Dynamic). 

Shell elements  

 

 
Figure 26. Tensile test of Plastic 2 (Dynamic). 

Solid elements 

     As can be seen in the figures, Level 1 

characterization has produced quite deficient 

results in static tests for both types of elements, 

leading even to instabilities in the case of the solid 

elements (this is the cause of the vertical line in 

Figure 25). On the other hand, dynamic results are 

not so bad, in spite of the differences between local 

and average deformations.  

 

ENERGY ABSORTION TESTS 

 

     A second application has been chosen in order 

to provide further information about the effective 

influence of the material characterization on the 

accuracy of the numerical models, looking at the 

same time for load states different to the uniaxial 

tension, analysed in the tensile tests. With this aim, 

guided drop tests have been performed on conical 

specimens (see Figure 8). These specimens are 

used for the analysis of energy absorption 

capabilities of different materials. In these tests the 

material works mainly under compressive and 

flexional loads, being different to the one employed 

for characterization. Therefore, the degree of 

realism of the hypothesis of equal response to 

different load states, assumed by the elastic-plastic 

law, can affect to the accuracy of the numerical 

results. As mentioned before, although there are 

material laws taking into account this phenomenon, 

the current study has been limited to the more 

extended elastic-plastic laws.  

 

     The drop tests have been performed only with 

plastic materials. Two speeds of the impactor have 

been tested with each material. The first of them, 

referred ad “High demand tests”, produces the 

almost complete collapse of the smaller cone. The 

second speed, referred as “Medium demand tests”, 

produces an intermediate deformation of the 

specimen. Figure 27 shows two specimens of 

Plastic 1 after both types of tests. Due to the 

different characteristics of both plastics, different 

speeds have been used with each one of them. 

 

  
High demand tests Medium demand tests 

 
Figure 27. Specimens of Plastic 1 after Medium 

and High demand tests. 

 

     The numerical simulation of the tests has been 

performed using shell elements and the same 

material cards employed in the first application. 

Two states of one of these simulations can be seen 

in Figure 27. Figure 28 shows a comparison 

between the geometries achieved experimentally 

and numerically. 



  Muñoz 11 

 

  
Figure 28. Model employed in the simulation of 

the drop tests. (Plastic 1, High Demand) 

 

 

 

 
Figure 29. Numerical (Level 3) and physical 

specimens after High Demand energy 

absorption test (Plastic 1) 

 

     Curves representing force on the impactor 

versus its displacement are used for comparison 

purposes.  These curves are representative of the 

energy absorbed during the process, and allow a 

quick check-up of the behaviour of the specimen 

during its collapse. A very interesting indicator is 

the maximum displacement, which basically 

coincide with the length collapsed by the specimen 

to absorb the kinetic energy of the impactor. 

Experimentally, both force and displacement have 

been calculated from acceleration signals on the 

impactor, as well as from the measurement of the 

speed just before the impact with the specimen. 

 

Plastic 1 

 

     Figure 30 and Figure 31 display the results for 

the energy absorption tests performed on Plastic 1. 

On them, particularly in Figure 30, it can be seen 

that the influence of the characterization level on 

the effective curves is almost negligible.  

 

 

 
Figure 30. High Demand Energy Absorption 

tests of Plastic 1. 

 

 

 
Figure 31. Medium Demand Energy Absorption 

tests of Plastic 1. 

 

     The results obtained are easily explained paying 

attention to the evolution of the magnitudes during 

the collapse of the cones and to the observations 

made for the case of the tensile tests. Peaks of force 

are produced by the resistance of the material to 

produce new folds, whereas valleys are produced 

during the bending process, when the material is 

sagging, and finish when the fold is completely 

formed and there is contact between zones of the 

plastic wall. This means that during the formation 

of peaks the process is governed by material zones 

with none or small plastic strain and low strain 

rates (material is still resisting or initiating the 

folding). As observed for this material in the first 

application, results were quite homogeneous at low 

strain and strain rates independently of the 

characterization level. This is in accordance with 

the observations made in this new case. 
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Plastic 2 

 

     The results of the drop tests for Plastic 2 are 

shown in Figure 32 and Figure 33. It can be 

observed that in this case there is a clearer 

influence of the characterization method on the 

final results of the simulation. It can be also noticed 

that experimental behaviour has been better 

reproduced by Level 3, particularly paying 

attention to the maximum deflection of the cones. 

 

     As for Plastic 1, the results are perfectly 

coherent with the observation made for tensile 

tests. In the case of Plastic 2, the static tests showed 

a big influence on the material characterization 

level due to the differences between local and 

average strains at the neck. This effect can be seen 

here again, producing differences on the simulation 

of the drop tests much more marked than the ones 

observed for the case of the Plastic 1.  

 

 

 
Figure 32. High Demand Energy Absorption 

tests of Plastic 2. 

 

 

 
Figure 33. Medium Demand Energy Absorption 

tests of Plastic 2. 

 

CONCLUSIONS 

 

     As introduced initially, experimental methods 

and expressions used traditionally for the 

characterization of materials are based on a certain 

number of hypotheses, which can be more or less 

realistic depending on the material simulated. 

Current methodologies include state of the art 

experimental and numerical techniques that allow 

the exclusion of some of these assumptions, leading 

to presumably more accurate material descriptions. 

The presented study tries to outline an answer to 

the question of how much these different models 

obtained for the same material affect to the 

accuracy of the results when used in the simulation 

of physical events.  

 

     Three characterization levels have been defined 

based on the use of tensile tests. The first of them 

(Level 1) coincides with the traditional methods 

(average strain estimated by the displacement of 

two sections of the specimen and constant strain 

rate). In the second one (Level 2), the hypothesis of 

homogeneous deformation has been removed 

thanks to the use of local strain measurement 

methods. In the Level 3, the hypothesis of 

homogeneous and constant strain rate has also been 

eliminated by the use of specific mathematical 

algorithms for the analysis of the experimental 

results. 

 

     These different characterization methods have 

been applied to three different materials (one high 

strength steel and two different plastics), looking 

for the representativeness of the study in different 

cases.  The resultant material models have been 

used for the simulation of two different 

applications. The first of them has consisted in the 

reproduction of some of the tensile tests that served 

for the characterization of the materials. Two 

different testing conditions (static and dynamic) 

have been evaluated. The second application has 

been the simulation of drop tests used for the 

analysis of energy absorption. As before, two 

different speeds have been tested and simulated, 

although only the plastic materials have been 

considered this time. 

 

     After the results obtained in the simulation of 

the tensile tests, it has been observed how the 

differences between local and average strain 

measurements have shown to be decisive in the 

good reproduction of the experimental results. As 

predictable, the good correlation between different 

characterization levels was in general related to the 

homogeneity of the material behaviour during the 

formation and progress of the neck (for instance, 

the first part of the curves in “Steel” material or the 

static case in “Plastic 1”). Differences have been 
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also found when using solid and shell elements, 

associated normally to a more realistic behaviour 

when using the first ones. In general, only 

characterization Level 3 has shown to produce 

good results in all the evaluated cases. 

 

     When going to the second application, previous 

observations have been easily translated to the new 

situation. On the other hand, it has been 

demonstrated that phenomena occurring during 

these test are mainly controlled by material zones 

working at low plastic strain and strain rates, 

making this application less representative of the 

whole characterization of the material than 

expected. In any case, Level 3 characterization has 

shown again to produce more accurate results in 

independence of the material. As predictable, it can 

also be concluded that the final influence of the 

characterization method will depend on the 

simulated application.    

 

      In summary, although good results have been 

obtained by traditional characterization methods in 

cases when the assumed hypotheses were near to 

reality, only the elimination of these hypotheses has 

proved to provide good results in all the evaluated 

situations. This has seen to be particularly relevant 

in the simulation of the complex phenomenology 

associated to the plastics. 
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ABSTRACT 
 
Multiple, life-threatening injuries, often termed 
polytrauma, do not only demonstrate a high risk of 
mortality, but also for long-term or persistent 
disabilities for surviving victims. Road traffic 
accidents represent the most frequent cause for 
polytraumata in Germany. However, there are only 
estimates for the annual incidence rate of these 
critical injuries and little information exists about the 
share of different road users among these patients and 
their respective injury patterns. This is partly due to 
the fact that – at least in Germany – these most 
severely injured cannot be identified from national 
traffic accident statistics. 
A multi-center study is being conducted in a large 
part of southern Germany that attempts to document 
all polytrauma cases from traffic accidents and the 
circumstances of the collisions in a defined 
geographical region over a 14-month period. Patients 
with an Injury Severity Score ISS > 15 and injuries in 
at least two body regions are included for evaluation. 
This paper describes injuries sustained by 34 car and 
minivan occupants during the first months of the 
study, the related collision configurations and the 
vehicle passive safety features that were used or 
activated, like seat belts and airbags. Most of the 
occupants were between 18 and 45 years old. More 
women than men had severe multiple injuries, 
especially in the range above 35 years of age. Drivers 
were by far the largest group among the patients and a 
substantial number of them were unbelted. Many of 
the involved vehicles were from the small or compact 
car segment and belonged to older model generations, 
but most of them featured driver and passenger 

airbags and sometimes also airbags for side 
protection. 
The most severe injuries (AIS 4 and 5) were those to 
the head and especially to the thorax. Severe spine 
injuries were few and limited to side impacts or 
ejection from the vehicle. 
 
INTRODUCTION 
 
High-speed impacts from road traffic accidents are a 
major cause of polytrauma. Polytraumata have a high 
mortality risk and are considered a major challenge 
both for the pre-hospital treatment and the intensive 
care in the trauma center. Beside its acute danger to 
the life of the accident victim, there is also a high 
potential for long-term or persistent disability. 
The motivation for this study came from the results of 
a pilot study that was conducted by the German 
Highway Research Institute (Bundesanstalt für 
Straßenwesen BASt) in 2004 and published as a 
summary in 2005 [1]. BASt tried to determine the 
incidence rate of “most severely injured” from traffic 
accidents in Germany and its development over 
several years. “Most severe injuries” were defined as 
injuries which cause permanent or long-lasting 
disabilities. For this purpose, hospital diagnosis 
statistics, national statistics for the disabled and data 
from the trauma registry of the German Society for 
Trauma Surgery (Deutsche Gesellschaft fuer 
Unfallchirurgie DGU) were analysed. Based on these 
figures, the authors could not observe a decrease in 
the number of “most severely injured” over a nine-
year period whereas road traffic fatalities have seen a 
steady decline during these years in Germany. A 
follow-up study was commissioned to analyse the 
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trauma registry in more depth and obtain more insight 
into this phenomenon [2]. 
An earlier study for BASt had evaluated data from 
German compulsory health and accident insurers and 
concluded that most severe, but survived injuries have 
a share of approximately 10 % among the seriously 
injured in Germany [3]. Like in many other countries, 
the German national accident statistics define 
“seriously injured” as traffic accident victims who 
remain in the hospital for 24 hours or more and 
survive at least 30 days. 
Although impairments may also result from injuries 
that are not life-threatening, e. g., isolated injuries to 
the lower extremities, polytraumata have a 
particularly high potential to cause disabilities for the 
surviving patient. However, only estimates exist for 
the incidence rate of polytraumata in Germany.  
Extrapolated figures from hospital statistics for the 
total number of new polytrauma cases in Germany 
range between 32,500 (Haas et al. [4]) and 35,000 
(Kuehne et al. [5]) annually, caused by work 
accidents, falls from great height or other injury 
mechanisms, including traffic accidents. Liener et al. 
[6] determined the incidence of severe multiple 
injuries in one German county and city for the period 
from 1996 until 2000. The extrapolated rate for 
Germany yielded 18,700 polytraumatised patients and 
was considered to underestimate the average rate for 
Germany. 
Beside the lack of knowledge about the number of 
polytraumata from road traffic accidents in general, 
their distribution among the different kinds of road 
users (pedestrians, cyclists, motor-cyclists, passenger 
car and heavy vehicle occupants) and the 
circumstances of the incident (e. g., the kind of 
collision or the seating position in motor vehicles) are 
largely unknown. 
 
Objective and methodology of study 
 
This multi-center, interdisciplinary study was started 
by the end of 2007 with the objective to document all 
polytrauma cases caused by traffic accidents in a 
defined geographical region [7]. The time period for 
the prospective collection of relevant incidences 
comprised the months of November and December of 
2007 and the complete year 2008, altogether 14 
months. Accidents were recruited for the study when 
they occurred in public space and when at least one of 
the victims sustained life-threatening multiple 
injuries, i. e., a polytrauma, or died at the scene of the 
accident. Data were obtained from trauma centers, the 
police and district attorneys, from rescue dispatch 
centers and fire departments in the region. 
The most important descriptors of the patients like 
age, gender etc. and their injuries and pre-hospital and 
clinical treatment were documented. Furthermore, 

vehicular parameters (e.g., air bag equipment and seat 
belt type, vehicle mass) and the characteristics of the 
collision (e.g., kind of road user, impact direction, 
collision opponent, depth of occupant compartment 
deformation) as well as the use of restraints and 
protective gear (e.g., seat belt, motorcycle helmet) 
were determined.  
Six counties and two larger cities in the southern part 
of Germany which form one coherent area were 
chosen as a study region for several reasons. The 
region features both urban and very rural areas and 
different types of roads including two major 
motorways (“Autobahn”) crossing it in the east-west 
and north-south direction. There are three trauma 
centers which are suited for the treatment of 
polytraumatised patients. Other hospitals in the area 
provide only basic medical care so that the vast 
majority of accident victims with multiple life-
threatening injuries will be transported to one of the 
three maximum care hospitals. Patient names, 
adresses, license plate numbers on photos etc. were 
sanitized before being made available for evaluation 
so that all personal data remained anonymous to the 
project coordinator. The amount of patient data and 
the collection method for this study was reviewed and 
accepted by the ethics committee at the University of 
Ulm. Relevant data about injuries, vehicles and their 
damage as well as general characteristics of the 
collision were entered into a Microsoft Office 
Access © database for analysis. 
 
Representativeness of study region 
 
The study region comprises eight administration 
districts in southern Germany, consisting of six 
counties and two larger independent cities, and covers 
an area of 5545 km2 with approximately 1.32 million 
inhabitants [8, 9]. In many ways, the conglomerate of 
counties with a rural character and densely populated 
cities that form the study territory resembles the 
situation for entire Germany regarding demographic 
and infrastructural, but also traffic accident data. 
Both the population density and the density of the 
road network outside of built-up areas are very 
similar to those of Germany in average [7]. The ratios 
of fatally, seriously and slightly injured per 1000 
inhabitants demonstrate good comparability, too. 
These figures were determined from official road 
casualty statistics for the respective administration 
districts and for entire Germany for the years 2005, 
2006 and 2007. Comparison of the number of 
casualties per 1000 inhabitants indicates that the 
incidence rate of seriously injured was slightly below 
the national average, not only for 2007, but also for 
the two previous years (Fig. 1). The rate of fatalities 
matches that for Germany very well, although it was 
slightly higher than the national figures in 2005 and 
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2006 (Fig. 2). A statistical comparison of accident 
rates on motorways is not possible due to the small 
absolute numbers of casualties on this kind of road in 
the study region. The frequency of killed or seriously 
injured on motorways within the region tends to 
underestimate the accident situation on a national 
basis, however. Nevertheless, the study region can be 
regarded as a good representative for the German 
situation when analysing accidents with most severely 
injured. 
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Figure 1.  Incidence rate of seriously injured per 
1000 inhabitants for counties/cities of study region, 
federal states of Baden-Wurttemberg and Bavaria 
and Germany. 
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Figure 2.  Incidence rate of fatalities per 1000 
inhabitants for counties/cities of study region, 
federal states of Baden-Wurttemberg and Bavaria 
and Germany. 
 
 
Rescue and pre-hospital care 
 
Pre-hospital care after traffic accidents is generally 
provided by ground ambulances. After severe 
collisions, an emergency physician will be alerted, 
too, either immediately by the rescue dispatch center 
or if the ambulance team requests medical assistance. 

Mostly, the physician will join the scene by car (so-
called “rendez-vous” system) or by rescue helicopter. 
One such helicopter is stationed at one of the 
maximum care level hospitals in the region and a 
large portion of the study region lies within its regular 
operating radius. Other helicopters are located at 
hospitals in neighboring regions and cover most of 
the remaining part of the region (Fig. 3). Rescue 
helicopters will typically be called if the accident 
location cannot be reached in due time by a ground-
based emergency physician or if the accident situation 
requires several medical professionals. However, air 
rescue availability is very limited during darkness or 
under severe weather conditions. 
 

 
 
Figure 3.  Study region with six counties and two 
independent cities. Circles indicate operating 
range of rescue helicopters, based on a 60 km-
radius [10]. 
 
The general philosophy in the German rescue system 
for treatment of severely injured is to provide pre-
hospital care at the scene to allow a safe transport of 
the patient to the next suitable hospital. Medication, 
intubation or thorax drainage will be performed 
mostly or exclusively by emergency physicians. 
Nevertheless, a very rapid rescue and transport of the 
victim may be ordered if the necessary means for 
diagnosis or treatment are available only in a hospital 
(e. g., in case of massive internal bleeding). Patients 
in critical condition or where such a situation may 
develop will be transported to the trauma center either 
by ground ambulance or rescue helicopter and 
accompanied by the physician. Therefore, all cases 
which were recruited for the present study included 
the presence of emergency physicians and the 
admission to an emergency room. The large majority 
of the polytraumatised victims from road traffic 
accidents were taken directly to one of the three 
trauma centers in the region. Only few were 
transported to other maximum care hospitals, mostly 
by helicopter and when the collision involved several 

Rescue
Helicopter 60 km
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severely injured. Cases where a patient was initially 
taken to a hospital of lower care level and had to be 
transferred to a maximum care level facility later 
were very rare in our study. 
Fire departments in the region are responsible for the 
technical rescue after traffic accidents. This includes 
especially the extrication of entrapped vehicle 
occupants or if the emergency physician demands a 
patient-oriented rescue, for instance because of 
suspected spine injuries. Furthermore, fire 
departments will be called at night time when 
illumination of the accident scene or landing spots for 
rescue helicopters is required. In contrast to some 
other German federal states, fire departments in the 
region are not directly involved in medical rescue 
with the exception of a few communities where fire 
fighters provide so-called first-responder service to 
bridge the time interval until an ambulance arrives. 
 
Polytrauma 
 
Polytrauma describes the presence of multiple injuries 
or organ systems in several body regions with at least 
one of them or the combination of several injuries 
being life-threatening [11]. In addition, most studies 
require that the resultant Injury Severity Score (ISS) 
[12] be 16 points or higher to qualify as a polytrauma 
[13]. Haeusler et al. [14], however, provided 
examples that various studies have defined a 
polytrauma slightly differently in the past, especially 
between the USA and Germany. This pertains mostly 
to the number of body regions or the minimum 
Abbreviated Injury Scale (AIS) value accounted for 
in the ISS calculation. Both the German Society of 
Traumatologists (DGU) [13] and Tscherne [11] 
emphasized the difference between a polytrauma and 
multiple injuries that do not represent a threat to the 
patient’s vital status. Sometimes, life-threatening 
monotraumata with an AIS of at least four points are 
also subsumed under “polytrauma” although this 
contradicts the intention of describing multiple 
injuries. Where a polytrauma definition demands the 
presence of several injured body regions, variations 
can be found regarding the required lowest AIS to 
qualify as a relevant injury. While an AIS 1 in a 
second body region would suffice some studies 
demand at least an AIS 2 injury to exclude skin 
abrasions or other minor injuries from the injury 
pattern. Another potential source for deviations in the 
ISS values exists in the definition of the body regions 
themselves. According to the coding rules of AIS-98 
[15], the human body is subdivided into the 
head/neck, face, thorax, abdomen, extremities and 
external area. The cervical, thoracic and lumbar spine 
belong to the head/neck, the thorax and the abdomen 
portion, respectively. Earlier definitions for the six 
body regions defined the head separately and 

included the face in the neck region [16]. In certain 
cases, these differences alone will result in different 
ISS values for the same injury pattern. For instance, 
an injury pattern of 

• brain injury (AIS 3) 
• facial injury (AIS 1) 
• cervical spine injury (AIS 2) 
• thoracic injury (AIS 2) 

will result in: 
 
ISS = 32 (AIS head/neck squared) + 
12 (AIS face squared) + 22 (AIS thorax squared) = 14 
 
when applying the current definition of body regions 
and will therefore not fulfill the inclusion criterion of 
ISS > 15 for a polytrauma. The earlier definition of 
body regions will produce: 
 
ISS = 32 (AIS head squared) + 
22 (AIS face/neck squared) + 22 (AIS thorax squared) = 17 
 
and will consequently classify as a polytrauma.  
For different injury patterns, the opposite situation 
may result. These effects should be borne in mind 
when comparing study results from populations of 
trauma patients and polytrauma patients in particular. 
Our study applies the coding rules of AIS-98 and the 
most recent definition of body regions. The inclusion 
criteria for a polytrauma include the documentation of 
injuries in at least two of these regions and require an 
ISS greater than 15 points. Severity levels of AIS 1 
and greater are considered a relevant injury in our 
study if the remaining polytrauma criteria are met. 
Therefore, a single AIS 4 injury, e.g., to the head, that 
is accompanied by an AIS 1 injury in another region, 
e.g., overall abrasions in the external area, will be 
considered a relevant injury pattern. On the other 
hand, bony injuries like single rib fractures or facial 
fractures with an AIS 1 will contribute to a 
polytrauma with this definition whereas they would 
be ignored otherwise. Where no detailed injury 
description was available from patient documentation, 
AIS coding was performed conservatively according 
to the AIS-98 coding rules. 

 
STUDY RESULTS 
 
The following results represent a subset of all 
polytrauma cases from traffic accident incidences in 
the study region during the term between November 
1, 2007 and December 31, 2008. Since the study 
design and method of data collection requires several 
weeks to identify and sufficiently document injuries 
and the circumstances of the collision only a portion 
of all polytrauma cases that occurred during the entire 
study term is currently available for evaluation. The 
accidents included for this work come primarily from 
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the first half of the study period where winter 
conditions may have played a greater role than during 
the second half. 
Furthermore, this subset is restricted to car and van 
occupants who reached the hospital alive and where a 
polytrauma was confirmed according to the criteria 
described above. It needs to be mentioned that 
another 24 car occupants died at the accident scene 
during approximately the same period in the study 
region. Since post-mortem investigations of car 
occupants are rarely conducted in Germany there is 
very little information about their injuries, but 
polytrauma can be suspected in many cases from the 
documented occupant compartment intrusions. In 
addition, 19 polytrauma cases of motor-cyclists, 
cyclists and pedestrians were documented and another 
seven from these groups of road users died before 
being transported to a hospital. 
 
Epidemiology 
 
34 car and minivan occupants suffered a polytrauma 
(at least two body regions with documented injuries 
and an ISS > 15) and were available for further 
analysis. One driver of a small commercial van was 
included because the vehicle design was derived from 
a passenger minivan. A statistical analysis was not 
carried out at this stage, but will be performed with 
more cases being available. 
Of the 34 vehicle occupants, 15 were males and 19 
were females. Except for a 7-year-old rear seat 
passenger, all polytrauma patients were adults with 
the majority between 18 and 45 years of age (Fig. 4). 
While more male occupants were found in the group 
up to 35 years old, female patients dominate in the 
age groups above 35 years. 26 drivers, four front seat 
passengers and four rear seat passengers sustained a 
polytrauma and arrived at the hospital alive. Six of 
them, three male and three female patients, died in the 
trauma center. 

 
Age distribution of polytrauma patients

0

1

2

3

4

5

6

7

8

9

10

under
15

15 -
under

18

18 -
under

21

21 -
under

25

25 -
under

35

35 -
under

45

45 -
under

55

55 -
under

65

65 and
over

Age category

female

male

n = 34 polytraumata 

 
Figure 4.  Age of car/minivan occupants with 
polytrauma.  
 

Collision configurations 
 
Among the accidents in which vehicle occupants 
sustained a polytrauma, front-to-front collisions with 
another passenger car or commercial vehicle were the 
most frequent (12 cases). In three additional 
collisions, the vehicle impacted a tree head-on and in 
one case the rear of truck-trailer. 
In 13 cases the vehicle side was struck either by the 
front of the crash opponent (6 cases) or in skidding 
accidents when impacting a tree (7 cases). Four 
incidents with a polytrauma patient occurred in which 
the vehicle left the road and rolled. Seven collisions 
involved multi-impacts, mostly situations in which 
the vehicle ran off the road and impacted several 
trees. No polytrauma occurred in accidents where a 
car was struck in the rear. 
Fig. 5 shows the distribution of collision 
configurations among the relevant cases. The 
denotation indicates the impacted side of the vehicle 
with the polytrauma occupant and the affected side of 
the crash opponent or the roadside object. For multi-
impacts, the diagram shows the type of collision 
which represented the most severe of the impacts. 
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Figure 5.  Collision configuration and impacted 
side of vehicles with polytrauma occupants. 
 
 
Occupant protection 
 
Beside the impact severity and collision configuration 
the protection of the occupant with seat belt and 
airbags is of importance. For 63 % of the front seat 
passengers with polytrauma belt use could be 
confirmed, but only one of the four rear seat 
passengers wore a seat belt. As a result, three drivers 
and two rear seat passengers were ejected from the 
vehicle in the accident (Fig. 6). 
Most of the vehicles had a driver airbag and a 
passenger airbag. However, depending on the impact 
severity and direction, only 14 of the 27 driver 
airbags and eight of the 23 passenger airbags 
deployed (Fig. 7). The lower rate of passenger airbag 
deployments can be explained with some vehicles in 
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which airbag deployment is suppressed if the front 
passenger seat is not occupied. No malfunction of the 
frontal airbags, e. g., airbags that had not deployed 
although the crash scenario would have demanded it, 
could be seen in the collective. The crash severity as 
judged by the vehicle deformation was high enough 
to require an airbag activation in the vast majority of 
cases. Only one head-on collision of moderate 
severity with a polytrauma occurred which remained 
under the trigger threshold. In another case, a 
passenger car collided with a small trailer that had 
detached from an oncoming car. Since the impact 
occurred only at the level of the A-pillar the front 
airbags were not activated. 
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Figure 6.  Distribution of seating position and belt 
use of polytrauma occupants. 
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Figure 7.  Airbag equipment and their activation 
in vehicles with polytrauma occupants. 
 
Side airbags designed to cover the thorax portion of 
the occupant and window airbags to protect the head 
in a lateral impact or roll-over were fewer. 15 
vehicles were equipped with side airbags and seven of 
them had additional window airbags. The deployment 
situations were less clear for these types of airbags. In 
singular cases, the window airbag was triggered while 
the side airbag on the same side was not (one frontal 
and one multiple-side collision). In another case, the 

side airbag was jammed between the seat and the 
door and could not unfold completely when the side 
of the car struck a tree. In one moderate and one 
severe side collision with a tree, followed by a roll-
over and a turn-over, respectively, the window 
airbags did not deploy. 
 
Injury severity and injury pattern 
 
According to the collective of patients recruited for 
this study, all injured car and minivan occupants had 
an Injury Severity Score (ISS) higher than 15 (Fig. 8). 
Modal values were found at ISS 17 and ISS 29. The 
median was at ISS 26. A score value of 42 was the 
highest ISS among occupants that arrived alive at the 
hospital. One driver with multiple severe injuries 
from a frontal crash died within minutes after 
admission. Since no diagnostic measures were 
possible an ISS could not be determined for this 
patient and he was eliminated from further injury 
evaluation. 
Since the polytrauma definition applied here requires 
documented injuries in at least two body regions there 
are no ISS values of 16 present. The calculation rule 
for ISS entails that certain numerical values also do 
not exist [17].  
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Figure 8.  Distribution of ISS values among 
car/minivan occupants with polytrauma. 
 
The maximum AIS (MAIS) values as well as the 
second-highest AIS values were determined in order 
to identify the character of these multiple injuries 
(Fig. 9). When two body regions featured the MAIS 
value at the same time the upper region was assigned 
the MAIS, the lower region the second-highest AIS 
(e. g., for AIS 3 both for head and thorax, MAIS 3 
was assigned to the head and second-highest AIS 3 
assigned to the thorax). MAIS 4 were the most 
frequent, followed by MAIS 3 values. Among the 
second-highest values, AIS 3 were the most frequent 
severities. The leading injury severities resulted 
mostly for the thorax and the head/neck region 
(Fig. 10). For the second-most severe injuries found 
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per injury pattern, the thorax clearly dominated in 
frequency. 
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Figure 9.  Distribution of highest and second-
highest AIS values of polytrauma occupants. 
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Figure 10.  Body regions with highest and second-
highest AIS values of polytrauma occupants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  AIS 5 and AIS 4 injuries by body 
region and collision configuration. 

Life-threatening head injuries (five AIS 4 and seven 
AIS 5) were recorded in eight collisions which 
included three side impacts into a tree, two front 
impacts also into a tree and two head-on collisions 
with another car. They included subdural hematoma 
and diffuse axonal injury. Very severe head injuries 
were absent in roll-over accidents of the collective. 
Very severe thoracic injuries were found only on the 
AIS 4 level. However, this was the body region with 
the most frequent injuries of this severity (18 times). 
Ten patients had bilateral lung contusions and six had 
serial rib fractures (five of them in combination with 
a pneumothorax or hemopneumothorax). These types 
of injuries occurred both in lateral and frontal impacts 
and with and without belt use. Thorax injury 
severities above AIS 3 were not found in any of the 
roll-overs. 
Abdominal injuries higher than AIS 3 were small in 
number and pertained only to liver ruptures (3 times). 
Spine injuries were frequent, but usually did not 
exceed an AIS 2 value. However, five AIS 3 spine 
injuries occurred (four of them pertaining to the 
cervical spine), three of them in lateral impacts into a 
tree and one in conjunction with a pure roll-over. The 
only AIS 5 injury to the spine resulted from an 
unbelted driver who was ejected from her car also in a 
roll-over and sustained a translation injury at the C3-
C4 level with a complete cord syndrome. 
Injuries to the face and to the extremities were 
frequent, but did not exceed AIS 3 values in any of 
the documented polytrauma cases. 
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Of the six patients who died in the hospital, five were 
drivers and one was a rear-seat passenger. One belted 
driver was killed when her compact car skidded on 
the snow-covered road and hit a tree with the left door 
(ISS 29). The side airbag could not unfold completely 
from the seat back and the window airbag was not 
triggered. In another case, the unbelted driver died 
after his large-size car had side-swept one tree and 
then struck another tree head-on (ISS 33). The driver 
sustained three AIS 5-rated brain injuries while the 
injuries in the other body regions did not exceed an 
AIS 2-level. 
Two fatalities each occurred in collisions where the 
drivers of the oncoming cars had lost control and 
collided head-on with the patient’s vehicles. In both 
cases, the driver airbag was activated, but their cars 
received severe intrusions into the occupant 
compartment and the drivers’ head, thorax, abdomen 
and extremity regions were injured. 
The remaining fatalities occurred on street crossings 
in urban areas, each. One was an 81-year old driver 
whose small car was struck in the driver side under a 
90° angle by a truck and 51-year old rear-seat 
passenger of a van who was ejected from the vehicle 
when it was hit by passenger car. Both received 
severe head and thorax injuries (ISS 30 and ISS 42, 
respectively). 
 
Rescue system 
 
Information on the rescue times and the dispatched 
rescue vehicles was available for most of the relevant 
accidents. A simple overview of the times between 
the incoming emergency call at the dispatch center 
and the arrival at the hospital demonstrates that in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Time from emergency call to hospital 
admission and technical rescue measures. 

many cases the theoretical goal of a maximum of one 
hour between the accident and treatment in a suitable 
hospital could not be achieved. It needs to be 
remarked here that the German rescue system with 
qualified medical staff already at the accident site 
allows to screen the patient for potential injuries and 
to take measures to stabilize respiration and 
circulation. In a number of accidents the occupant had 
to be extricated from the vehicle by the fire 
department. These actions reached from simple 
opening or removal of jammed vehicle doors to 
removing the car’s roof and applying hydraulic rescue 
cylinders to free entrapped occupants. The overall 
rescue times appear not be substantially prolonged by 
these measures. Interviews with the local fire 
departments showed that in the majority of cases the 
technical rescue could be carried out without any 
problems. Since the overall duration of the rescue 
chain is influenced by various parameters, like 
weather and light conditions, accessibility of the 
accident location and pre-hospital measures, no 
conclusions can be drawn directly. A closer analysis 
of the different phases of the rescue chain and their 
time should therefore be conducted. 
 
DISCUSSION AND CONCLUSIONS 
 
The results of the analysis of most severe multiple 
injuries sustained by vehicle occupants confirm many 
findings from earlier research. Otte et al. [18] 
compared polytrauma injury patterns from traffic 
accidents in the mid-seventies with those from the 
late nineties. They reported that in contrast to the 
earlier collective with severe injuries in almost all 
body regions, the later study group showed life-
threatening injuries primarily in the head and thorax  
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region. Impacts into narrow objects like trees were 
considered the major cause for these types of injuries. 
Bakaba et al. [19] analysed the German national road 
accident statistics and found that more than 1,000 
fatalities occurred in impacts into trees in 2007. 85 % 
of these accidents happened on country roads. 
Our results show a stronger dominance of head-on 
collisions between motor vehicles among the 34 
polytraumatised occupants concerning the number of 
accidents. Nevertheless, impacts into trees, both 
involving the front and the side of the car, produced 
nearly the same amount of AIS 5 and AIS 4 injuries 
like collisions with other motor vehicles (Fig. 11).  
Two of the six fatalities among the 34 patients were 
the result of tree impacts. One contributing factor is 
that the impact energy is dissipated almost entirely on 
the side of the car and over a rather small portion of 
the vehicle structure when a tree is struck. 
Where polytraumatised occupants were involved in 
collisions with other cars, the occupant compartment 
showed severe intrusions and extrication of the 
patient was required in most cases. Despite the 
presence and activation of frontal airbags the steering 
wheels as well as the lower instrument panels were 
significantly deformed in several of the frontal 
collisions. This indicates that these cars where 
subjected to substantially higher impact severities 
than what they were designed for. 
The collective of collisions involving polytrauma 
includes a large portion of accidents which were 
caused when the driver lost control of his vehicle on a 
slippery road surface. In consequence, the car either 
moved to the opposite side of the road and collided 
with oncoming traffic or ran off the road where it 
struck a roadside object or had a roll-over. There may 
be a bias in our material due to the fact that most of 
the accidents came from the winter period of the 
study term. 
A considerable share among the occupants with a 
polytrauma were unbelted (nine confirmed unbelted 
of 34) while the belt use rate for Germany is 95 % in 
average for car occupants according to the surveys of 
the German Highway Research Institute [20]. This 
supposed contradiction may be explained in part by 
the fact that unbelted occupants generally have a 
higher risk of being severely injured in a crash. Thus, 
our collective of polytrauma patients may particularly 
filter out the unbelted. In addition, other studies found 
that drivers who do not use their seat belt also tend to 
display more risk-taking in their driving behaviour 
[21]. 
Interestingly, more women than men can be found in 
our population of polytrauma patients. This appears to 
be in contrast to some studies on polytrauma that 
reported a clearly larger number of males than 
females in their material [22]. There could be several 
reasons for this phenomenon: first, many studies on 

polytrauma included patients irrespective of the injury 
mechanisms. Since these studies include not only 
traffic accidents, but also mechanisms like falls from 
great height or workplace accidents, men may 
represent such a large share among these groups that 
this affects also the average ratio of male patients in 
the entire population. Furthermore, polytrauma 
patients from traffic accidents comprise also 
pedestrians, cyclists and motor-cyclists whereas our 
cases are based exclusively on vehicle occupants. 
Especially the group of motor-cyclists shows a vast 
share of male users and accident victims as well. With 
the future inclusion of other road users in addition to 
vehicle occupants from our study region an answer 
can be expected. If further evaluation confirms that 
female car occupants are more prone to sustain severe 
multiple injuries investigations either into the gender-
specific causes of these crashes or into the tailoring of 
safety systems for women should be intensified. 
Modern car structures and restraint systems with 
airbags and advanced belt systems, including belt 
tensioners and force limiters in some of the vehicles, 
have presumably prevented or reduced head injuries 
in frontal impacts among the polytrauma occupants in 
our study. Thus, thorax injuries have gained in 
importance. They are dominated in our material by 
lung contusions; in frontal impacts often in absence of 
any rib fractures, in side impacts also in conjuction 
with rib fractures or hemo- or pneumothorax. 
While there is indication that the deployed window 
airbags contributed much to the prevention of head 
injuries in some of the side impacts of our study, 
thoracic injuries are present also with thorax side 
airbags. Several of the severe lateral impacts into a 
tree were preceded by other, mostly lighter impacts. It 
is not possible to tell from the documentation when 
the side airbags were triggered, but it can be assumed 
that some deployed during the first contacts before 
the most severe impact occurred. While window 
airbags are usually designed to retain their bag 
pressure for some seconds thorax side airbags, like 
frontal airbags, will deflate almost instantly. It should 
therefore be investigated in the future whether 
pressure retention would be beneficial also for thorax 
side airbags in multi-collisions and whether this 
would present a disadvantage for the occupant in 
single impacts. 
In several accidents with a lateral tree impact the car 
was slightly tilted about the longitudinal axis when 
the contact with the object occurred. Hence, the 
deformation was larger in the roof portion than on 
window sill level. In some of these cases the window 
airbags were not activated although they probably 
would have had a protective effect. If it can be 
verified that this is a common impact scenario for 
side crashes it be should be accounted for in window 
airbag trigger algorithms. 
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Among the five fatalities with known ISS, there were 
three that exhibited several severe head injuries at the 
same time. In the maximum, one driver sustained 
three AIS 5 and two AIS 3 injuries to the brain alone. 
Because the ISS calculation rule accounts only for the 
most severe of the injuries in one body region the ISS 
value will rather underestimate the mortality risk in 
such cases. 
Currently, our work incorporates a rather small 
number of polytrauma cases from the study region. 
With documentation of the remaining polytrauma 
patients and the corresponding circumstances of the 
accidents becoming available the database will be 
strengthened to allow statistical evaluation in more 
depth. 
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ABSTRACT 
 
As part of a comprehensive plan to reduce the 
risk of death and serious injury in rollover 
crashes, the National Highway Traffic Safety 
Administration (NHTSA) has a program to 
characterize restraint system response in 
rollovers.  A rollover restraint tester (RRT) is 
utilized to produce a 180 degree roll followed by 
a simulated roof-to-ground impact.  Recognizing 
the unpredictability of the real world rollover 
phenomenon, this test provides a repeatable and 
consistent dynamic environment for suitable lab 
evaluation.  Similar NHTSA research during the 
mid-1990s demonstrated an excursion reduction 
of up to 75% when an inflatable belt was 
compared to the standard three-point belt with a 
50th percentile (50th ) male dummy [Rains, 
1998]. 
 
Technologies being considered include 
integrated seat systems, pyrotechnic and electric 
resetable pretensioners, four-point belt systems, 
and inflatable belts.  High speed video data are 
collected and analyzed to examine occupant head 
excursion throughout the tests and are presented 
for discussion. The RRT has demonstrated to be 
repeatable; however, there are some concerns 
about the real world relevancy of the RRT 
dynamics in the absence of a lateral component.  
The RRT does not have a mechanical component 
for lateral motion that is typical in some real 
world rollover events.  
 
This research attempts to determine if reducing 
occupant excursion during a rollover event is 
possible by utilizing the RRT.  Results presented 
at the 20th ESV conference demonstrated that 
excursion characteristics can be affected with the 
implementation of advanced restraints in the 50th 
percentile male dummy [Sword, 2007].  This 
paper presents expanded research with the 50th 
percentile male dummy and also includes the 5th  

 
percentile (5th) female and 95th percentile (95th) 
male dummies. 
 
When compared to a baseline 3-point restraint, 
advanced restraints utilizing pretensioning and 
other technology reduced excursion of all the 
dummies in both the Y and Z directions, where 
the Y direction is lateral motion and the Z 
direction is vertical motion.  The current 
production technologies, pyrotechnic and 
motorized retractors, were able to reduce Y and 
Z excursion in RRT tests, by up to 66% and 
60%, respectively.  The advanced restraints, 
inflatable belts and 4-pt belts, reduced excursion 
in the Y and Z directions up to 80% and 86%, 
respectively.   
 
INTRODUCTION 
 
Rollover crashes are a major problem in the U.S.  
Digges [2002] reported that rollovers constitute 
about 2.2% of crashes but represent 33% of the 
total injury cost.  Much of this cost is attributed 
to ejections, especially of unbelted occupants.  
The NHTSA has a program focused on reducing 
occupant ejections through side windows.  For 
non-ejected occupants, rollovers still pose a 
serious threat of injury; particularly head injuries 
from hitting the interior surfaces of the vehicle.  
Federal Motor Vehicle Safety Standard, No. 216, 
Roof crush resistance (FMVSS No. 216), 
addresses this issue by requiring minimum roof 
strength allowing for survival space in the cabin.  
Safety belt slack and stretch have been thought 
to allow occupants to ‘dive’ toward the roof 
structure in rollover crashes. 
 
In the mid-1990s, the agency initiated a research 
program to explore the effectiveness of various 
restraints in rollovers.  A rollover restraint tester 
(RRT) was developed to simulate rollover 
conditions.  It provided a controlled roll for a 
seated occupant and was followed by a simulated 
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roof-to-ground impact [Rains, 1998].  Occupant 
excursions toward the roof were measured for 
common 3-point belts and other advanced 
restraints systems.  The NHTSA has revived this 
program with the intent to examine the latest 
restraint technology.  Many of these devices 
have been developed for the more common 
frontal and side crashes.  The goal of this 
research is to determine if these same devices 
could be employed to improve restraint of belted 
occupants in rollovers. 

2) 

4) 

3) 

Y 

Z 

1)  
The RRT was presented at the 20th ESV 
Conference along with an initial data series 
[Sword, 2007].  This device provides a 
repeatable dynamic environment suitable for 
comparing various restraint configurations.  No 
single device can replicate the dynamics of all 
rollovers because every rollover crash is very 
different and unique.  This device allows for 
consistent repeatability of a specific dynamic 
environment. 
 
This research program provides an opportunity 
to evaluate current and future available state-of-
the-art countermeasures for occupant protection 
during a rollover. 
 
TESTING 
 
Test Device 
 
The RRT [Sword, 2007], was developed to 
simulate a rollover where the vehicle becomes 
airborne at the initiation of the roll and then 
impacts the roof structure after rotating 
approximately 180 degrees.   
 
Figure 1 is a schematic of the device.  The 
coordinate system is set to the dummy for 
excursion analysis.  The device has four (4) main 
features consisting of  
 

1) A support framework, 
2) A counter-balanced test platform with 

rotating axle, 
3) A free weight drop tower assembly, and 
4) A shock tower.   

 
Figure 1.  Rollover Restraint Tester (RRT). 
 
 
Instrumentation 
 
The RRT was instrumented to help characterize 
the dynamics of the testing.  An encoder was 
used to monitor the roll rate.  Two (2) 50,000 lb. 
load cells were mounted to the roll table at the 
point of impact to record the impact force.  A 
string potentiometer was utilized to measure the 
shock absorber deflection.  A 2,000 g rated 
accelerometer, mounted to the platform directly 
underneath the center line of the seat, was used 
to collect the acceleration at impact. 
 
The Hybrid III dummies used for testing 
contained full head, neck and chest 
instrumentation, and these channels were 
collected during testing.  Seat belt load cells 
were used for both the lap and shoulder portion 
of the belts.   
 
Test Matrix 
 
The test matrix for the restraint evaluation is 
included as Table 1.  It includes the 
configuration description, code and the test series 
for the 50th percentile, 5th percentile female, and 
95th  percentile male adult dummies and fire 
angle testing.  Also included is the 50th percentile 
male dummy repeated test series for head 
excursion explained earlier.  Configuration C is 
the baseline treatment for test comparison.  It is a 
standard 3-pt. non-integrated seat without 
pretensioning.  The code letter is used 
throughout the results section to simplify the 
graphics. 
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Table 1. 
Test Matrix for 50th, 5th, 95th Hybrid III Dummies, Fire Angle Testing and 50th Percentile Male 

Dummy Repeats. 

  Test Series 

Configuration   Description Code 50th 5th 95th 
Fire 

Angle 
50th 

Repeat 

Integrated Seat A X X X   X 

Integrated SWAP B X X X   X 

* 3-pt. Non-Integrated  (3PN) C X X X   X 

3-pt. Non-Integrated  (3PN) D X X X   X 

(3PN) Retractor Pretensioner E X X     X 

(3PN) Buckle Pretensioner F X X     X 

(3PN) Retractor w/Buckle 
Pretensioner G X X X X X 

(3PN) Motorized Retractor H X X     X 

(3PN) Motorized Retractor 
w/Buckle Pretensioner I X X X X X 

4pt system w/Pretensioner (50th 
ONLY) J X         

Inflatable Belt w/Lap 
Pretensioner K X X X     

Inflatable Belt without 
Pretensioner L X X       

4pt system w/Pretensioner 
(Redesign) M X X X     

• Baseline Configuration for comparison
 
Evaluated Restraint Technology 
 
A variety of restraints were selected for testing.  
They ranged from current consumer available 
technologies to prototype devices.  Cooperation 
with automotive suppliers and original 
equipment manufacturers (OEM) allowed for 
much of the technology to be assessed.  The 
following devices were selected for evaluation:  
Integrated Seat, Integrated SWAP Seat, Non-
Integrated Three Point Seat, Retractor 
Pretensioner, Buckle Pretensioner, Motorized 
Retractor, 4-Point Belt, and Inflatable Belt.  

 
    
  Integrated Seat – The integrated seat has the 
seat belt hardware incorporated into the seat.  
Many sport utility vehicles (SUVs) and other 
light trucks utilize these seats.  These seats are 
generally reinforced to accommodate the 
increased loads experienced in a crash event.  
Figure 2 shows the integrated seat used for the 
evaluation. 
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Figure 2.  Integrated Seat. 
 
     Integrated SWAP Seat – The integrated 
SWAP seat refers to a supplier technology where 
the restraint, integrated with the seat, comes from 
the inboard side of the car and buckles on the 
outboard side. 
     Non-Integrated Three-Point Seat – This is a 
standard fleet representative three-point restraint 
attaching to a B-pillar frame element of the 
vehicle.  A representative B-pillar was fabricated 
for testing.  It was utilized for all non-integrated 
configurations of various technologies.  Figure 3 
shows the standard non-integrated seat used for 
evaluation.  This seat was used for all non-
integrated seat three-point testing configurations. 
 
     Retractor Pretensioner – The retractor 
pretensioner is a device that uses a pyrotechnic 
discharge to remove the slack from a seat belt 
when triggered by a sensor.  The action for the 
removal of slack occurs in the retractor portion 
of the system.  This is currently used in various 
production vehicles and was purchased as a 
replacement part.  A force around 1500 Newtons 
is experienced at the shoulder belt when the 
retractor is fired.  Once the system is ignited, it 
must be replaced with a new system and is not 
reusable; similar to an air bag. 
 
     Buckle Pretensioner – This is also a 
pyrotechnic device incorporated in the buckle 
and is fired to remove the slack near the pelvic 
region.  This is currently used in various 
production vehicles and was purchased as a 
replacement part. A force around 500 Newtons is 
observed at the lap belt when the buckle is fired. 

Like other pyrotechnic devices, it is only usable 
one time and must be replaced. 
 

 
Figure 3.  Standard 3-point Non-Integrated 

Seat. 
 
     Motorized Retractor – The motorized 
retractor, sometimes called electric pre-
pretensioner, is a reusable device designed to 
remove slack from the seat belt system.  The 
force rating is generally much lower than the 
pyrotechnic devices (~140 N).  The reusability of 
the device allows implementation much earlier 
when the possibility of a crash is sensed, but the 
crash is not yet imminent.  An example could be 
where a car with Enhanced Stability Control 
(ESC) was activated from an erratic vehicle 
dynamic; the motorized retractor could be 
triggered to remove occupant belt slack even if 
ESC prevented a crash.  The motorized retractor 
requires a control box and algorithm to be 
programmed for specific implementation of the 
device. 
 
    Four-Point Seat Belt –The four-point (4pt) 
seat belt design used in this study is a device that 
utilizes belts across both shoulders and buckles 
at the center of the lap.  Figure 4 illustrates the 4-
pt device utilized for testing. 
 
Two pyrotechnic pretensioners are utilized on 
each side of the restraint’s lower retractors.  This 
is a prototype device being evaluated by 
suppliers and OEMs for improved restraint 
performance in both frontal and side crash 
protection.  Two (2) different configurations 
were utilized with the 4pt system (J and M).  
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Initial testing with the 50th percentile male 
dummy led to a conversation with the supplier 
regarding the belt routing of the device itself.  
The attachment points of the 4-point belt were 
relocated and tested as Configuration M. 
   

 
Figure 4.  4-Point Seat Belt with the 50th 

Percentile Male Dummy. 
 
     Inflatable Belt – The inflatable belt, similar 
to the inflatable tubular torso restraint (ITTR) 
tested in the mid 90s [Rains, 1998], is a three-
point device.  It has an inflatable section in the 
shoulder portion of the belt designed for both 
pretensioning and cushioning.  Previous testing 
demonstrated reduced dummy excursion when 
the inflatable belt was compared to a standard 
three-point belt configuration.  Two 
configurations (K, L) were tested.  One (K) 
included a lower/lap anchor retractor 
pretensioner in addition to the inflatable device.  
Figure 5 is an image of the inflated belt along the 
torso section of the belt system.  This particular 
device utilizes a pyrotechnic inflator integrated 
in the buckle of the belt system.  For the 
shoulder belt portion of the belt to inflate, the 
buckle must be latched.  This enables the buckle 
mounted inflator to inflate the air belt. 
 

 
Figure 5.  Inflatable Seat Belt on the 50th 

Percentile Male Dummy. 
 
Pretensioner Deployment 
 
Pyrotechnic and motorized pretensioners were 
tested for the series.  To maintain consistency 
regarding their use, a switch was mounted to 
activate at a prescribed angle of table roll.  As 
the table rotated, the dummy began moving out 
of position, mainly in the Y-direction (lateral).  
Working with an automotive supplier, a 
computer simulation was used to determine 
when during the rollover event the sensor would 
deploy the pretensioners.  This translated to an 
angle of about 45 degrees of rotation with the 
RRT device.  This angle was used for firing all 
pyrotechnic pretensioners, including the 
inflatable belt, used in testing.   
 
For the motorized restraint configurations, the 
assumption of use prior to the onset of the roll 
was made because of their reusability in the fleet.  
For instance, if a motion sensor detected 
irregular vehicle kinematics, it would engage the 
motorized pretensioner to remove slack early.  
From this assumption, motorized pretensioners 
were activated just prior to the initiation of roll. 

 
Fire Angle Comparison 
 
As stated, all pyrotechnic pretensioners were 
fired at an angle of 45 degrees for the testing 
program.  A small subset of tests was conducted 
to examine the influence of firing the 
pyrotechnics earlier (30 degrees) and later (60 
degrees) of roll.  Two current production 
configurations, G and I, were selected for their 
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performance from the 50th percentile male 
dummy testing. 
 
50th Percentile Male Dummy Repeated Test 
Series 
 
Previously reported excursion data of the 50th 
percentile male dummy was generated using a 
combination of onboard real time and off board 
high speed video cameras. [Sword, 2007]  
Upgrades to image capture and analysis after this 
series raised questions to the original excursion 
analysis.  New on board high speed cameras and 
upgraded image analysis software increased the 
accuracy of the data collection.  It was 
determined to repeat all original testing to ensure 
accurate comparisons of data between various 
dummies.  These tests are Configuration A-I, and 
all of the presented excursion data for the 50th 
percentile male dummy tests come from the 
repeated series. 
 
RESULTS 
 
RRT Device Kinematics 
 
Each test is characterized by an acceleration of 
roll rate until impact.  The acceleration is 
initially slow and increases with time up until 
impact with the shock tower.  The aim was to 
have an angular speed of the table at impact of 
~320 degrees/second.  The average impact roll 
rate for each tested configuration, with the 
standard deviation for the 3 repeated tests, is 
provided in Figure 6.  Average roll rate stayed 
within six percent (6%) of the target. 
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Figure 6.  Average Impact Roll Rate w/Std 

Deviation (320 deg/s target). 
 
Dummy Kinematics 
 
Dummy kinematics were influenced by a 
combination of platform rotational and 
gravitational forces.  At the onset of the test, the 

dummy was seated in an upright position.  
Gravity was the primary initial dummy force for 
the slow starting action of the rotating platform.  
As the platform began to rotate, the dummy’s 
course was changed and gravitational forces 
tended to move the dummy inboard (negative Y-
direction). 
 
The angular speed of the platform increased with 
the centripetal or normal acceleration, creating 
the appearance of an outward or centrifugal force 
on the dummy.  This outward force pushed the 
dummy outboard and up (toward the theoretical 
roof of the vehicle) (positive Y-direction, 
positive Z) during the pre-impact roll event.  The 
dummy tended to start moving back in the 
positive Y-direction at about 90 degrees of 
platform rotation.  Gravitational forces continued 
to play a role for Z-direction motion (out of the 
seat toward the roof) past 90 degrees of rotation, 
until impact. 
 
After impact, the dummy immediately changed 
from an outboard and up (i.e. off the seat) motion 
to a dramatic inboard and amplified up motion.  
The centripetal accelerations were eliminated 
when the table stopped, leaving momentum and 
gravity to act on the dummy. 
 
Dummy Head Excursion 
 
Video data of the dummy’s head were collected 
for excursion analysis.   X-direction (fore and 
aft) data have been omitted.  The kinematics of 
the RRT do not have an X-direction motion 
component, and the analysis for the RRT shows 
less significance X-direction motion compared to 
the Y and Z directions. The presented data will 
focus only on Y and Z-direction motions.  For 
simplicity and comparative purposes, the plots 
shown and discussed are Configurations A, C, G, 
I, and K.  These configurations represent five 
unique test parameters. 
 
  Y-Direction Excursion 
 
Figures 7 and 8 plot the average Y-direction 
head excursion of six selected configurations, A, 
C, G, I, K and M for the 5th percentile female and 
50th  percentile male dummy Hybrid III 
dummies.  As previously mentioned, 
configuration C is used as the baseline because it 
represents a standard 3-pt belt system without 
the use of pretensioners.  This test was analyzed 
as a baseline to compare to the other test 
configurations.  The initial pre-impact Y-
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direction inboard movement is depicted by a 
negative value.  The subsequent pre-impact 
outboard movement is noticed from the 
increasing value of Y before time zero.  The 
impact stops rotation of the platform.  After time 
zero, the dummy head Y-excursion shifts.  This 
inboard movement peaks and the dummy 
rebounds to a resting position.   
 
The impact happens at time zero.  The portion of 
the curve before time zero is the pre-impact 
excursion, while the portion of the curve after 
time zero is the post-impact excursion.  Within a 
configuration, dummy head excursions were 
relatively consistent. 

 
Figure 8.  Average 50th Percentile Male 
Dummy Y-direction movement for 
Configurations A, C, G, I, K and M.  

When comparing the 5th percentile female and 
the 50th percentile male dummy’s plots, similar 
trends can be noticed for Y-direction excursion.  
All configurations compared to the baseline, C, 
show reduced pre-impact Y excursion.   

 
Table 2 summarizes the percent reductions of the 
pre-impact dummy Y-direction head excursion 
for the highlighted configurations, A, G, I, K and 
M when compared to the baseline (C) of no 
pretensioning.  Integrated seats (A), Motorized 
Retractor (I) and 4-point belts (M) reduced Y_in 
head excursion beyond 50% when compared to 
the baseline. For Y_out excursion, inflatable 
belts (K) gave reductions as high as 89%. 

 
Post impact average maximum Y-direction 
dummy head excursions are quite variable 
between the configurations.  Post impact Y-
direction evaluation of excursion with the RRT 
is difficult because dummy motion is very 
dramatic from the immediate stopping of 
platform rotation.  Real world crashes similar to 
the RRT are less prevalent and most generally 
continue to roll beyond 180 degrees and do not 
immediately stop. 

 
When compared to the baseline seat, 
pretensioning was effective in reducing the 
overall dummy Y-direction head excursion.  
Motorized pretensioners were able to reduce 
early Y_in excursion because of their earlier 
activation.  The high pretensioning power of the 
pyrotechnic devices appeared to provide reduced 
dummy head Y-direction excursion in both the 
inboard and outboard phases. 

Figure 7.  Average 5th Female Dummy 
Ydirection movement for Configurations A, 
C, G, I, K and M. 

 
Table 2. 

Average Percent Reduction of Y_in and Y_out 
Head Excursion for 50th, 5th, 95th Hybrid III for 

Configurations A, G, I, K and M when compared 
to Baseline Configuration C. 

 
 Y_in Y_out 
 5th 50th 95th* 5th 50th 95th* 
A 56% 52% 36% 2% 6% 17%
G 47% 26% 1% 37% 27% 16%
I 62% 65% 59% 35% 15% (11%)
K 29% 34% 18% 89% 81% 23%
M 74% 74% 46% (17%) (45%) (27%)

 

* Baseline for 95th is Configuration D (upper D-
ring) 
 
 
 

 
Sword 7 



 
 
Figure 9.  Average Pre-impact Y_inboard and Y_outboard direction Dummy Head Excursion for 5th  
(blue), 50th (red) and 95th (green) Hybrid III dummies
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The Y_out excursion increased up to 45% with 
the 4-point belt system.  The 4-point belt system 
was able to significantly reduce the initial Y_in 
motion of the dummy, but the shoulder belts 
came off of all the dummies during the outward 
motion in the pre-impact phase.  With the 
shoulder belts coming off, the dummy was open 
to move in the Y-direction.  The inflatable belt 
was able to stay on the dummies shoulders 
throughout the rollover and prevent the outboard 
motion. 
 
A graphical summary of average maximum pre-
impact excursion in both the Y_in and Y_out 
direction, for all treatments, is provided in Figure 
9.  The shaded background distinguishes 
between non-integrated (yellow) integrated 
(green), inflatable (rose) and the 4-pt (blue) 
configurations. In general countermeasures were 
able to reduce dummy Y-direction excursion.  
No one device, however, performed the best 
when considering both the Y_in and Y_out.  
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   Z-Direction Excursion 
 
The motion of moving up toward the roof is 
considered the Z-direction excursion for this 
testing. Figures 10 and 11 summarize the 
average Z-direction motion of configurations A, 
C, G, I, K and M for the 5th percentile female and 
50th percentile male dummy respectively.   
 
Similar to the Y-direction plots, time zero is the 
impact of the table.  In general, typical Z-
direction movement in the pre-impact phase is 
zero until the apparent centrifugal forces begin to 
force the dummy up out of the seat. Gravitational 
forces continued to play a role for Z-direction 
motion from 90 degrees of RRT rotation until 
impact.  At this point, the Z-excursion begins to 
increase through the pre-impact phase.  At 
impact, the dummy experiences a pointed spike 
in the Z-direction.. After this spike, the Z-
direction begins to decrease and rebound to a 
resting position.  Much of this post-impact Z-
direction motion occurs because the dummy is 
pivoting around the lap belt/pelvic region and the 
dramatic Y-direction inboard motion reduces the 
dummy Z-direction.  
 

 
Figure 10. Average Z-direction movement for 
Configurations:  A, C, G, I, K and M. 
 

 
Figure 11. Average Z-direction movement for 
Configurations:  A, C, G, I, K and M. 
 
Table 3 summarizes the percent reductions of Z-
direction excursion for the highlighted 
configurations, A, G, I, K and M when compared 
to the baseline (C).  All of these configurations 
resulted in reduced Z-direction head excursion 
for all the dummies in both the pre-impact and 
post-impact phase of the test.  Integrated seats 
(without pretensioning) were able to reduce the 
Z-direction excursion by as high at 40% prior to 
impact.  Pretensioning at all levels significantly 
reduced dummy Z head excursion.   

 
 
 
 
 
 
 
 
 
 
 
 
 

 



Table 3. 
Average Percent Reduction of Z_pre and 
Z_post Head Excursion for 50th, 5th, 95th 

Hybrid III for Configurations A, G, I, K and 
M when compared to Baseline C. 

 

 
Sword 10 

 Z_pre Z_post 
 5th 50th 95th* 5th 50th 95th*
A 11% 38% 21% 17% 28% 15%
G 53% 44% 19% 34% 28% 6%
I 45% 63% 51% 28% 38% 25%
K 72% 86% 60% 52% 53% 27%
M 52% 56% 64% 18% 34% 28%

* Baseline for 95th is Configuration D (upper D-
ring)  
 
The inflatable belt was very effective in reducing 
both pre and post-impact Z excursion across all 
of the dummies.  It reduced the 50th percentile 
male dummy pre-impact excursion by 86% and 
the post impact by 52%.  The 4-point also 
performed well in the Z-direction, up to 64%.  
Although the shoulder belts slipped off of the 
dummy in the 4-point system, the two lower 
pyrotechnic retractors would pin down the pelvic 
region of the dummy, leading to the reduced Z 
excursion.  Reductions for the 5th percentile 
female were less than larger dummies with the 4-
point belt.  This may be attributed to the belt fit 
since the geometry was generic and not tailored 
specifically for each dummy. 
 
A graphical summary of average maximum pre-
and post impact Z-direction excursions is 
presented in Figure 12.  It summarizes all the 
results across the dummies tested. The 
countermeasures were very effective in reducing 
both the pre and post impact excursion when 
compared to the baseline.   
 
Belt Forces 
 
Seat belt load cells were employed to collect belt 
force loading.  Generally one device was located 
on the shoulder section and one on the lap belt 
area of each configuration.  One exception was 
with the 4-point belt testing.  For these tests a 
total of four (4) seat belt load cells were utilized 
to collect forces on both shoulder belts and each 
lap belt section. 

 
Average seat belt loads for the shoulder and lap 
belts for the 5th percentile female are presented in 
Figures 13 and 14.  The selected 3-point 

configurations from the excursion data were 
examined to determine how loading of the belt 
was affected by seat belt configuration and the 
technology utilized.  Similar results were noticed 
with the 50th and 95th percentile male dummies.  
 
A distinct spike in loading for pyrotechnic 
devices fired at approximately -0.7 seconds (45 
degrees) was observed.  After the deployment, 
the belt forces dropped to a holding level before 
being loaded by the dummy at impact.  
Immediately after impact, belt forces would peak 
at roughly the same value to restrain the full 
dummy’s weight. 
 
For many configurations, the shoulder belt 
would slip off the dummy post impact leaving it 
loose.  This explains the noisy belt loading 
values observed beyond 0.2 seconds.  The 
inflatable belt forces (K) were the highest from 
the pretensioner deployment in both the lap and 
shoulder portion of the belts. 

 
Figure 13.  Average Lap Belt Forces for 5th 

Percentile Female Configurations A, C, G, I, 
and K. 

 

 
Figure 14.  Average Shoulder Belt Forces for 
5th Percentile Female Configurations A, C, G, 

I, and K. 



 
 
Figure 12. Average Pre (dashed)-and Post (solid) impact Z- Dummy Head Excursion for  5th  (blue), 
50th (red) and 95th (green) Hybrid III dummies
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Fire Angle Comparison 
 
A small study was conducted to look at the effect 
of the fire angle of the pyrotechnic pretensioners 
utilizing extra test hardware.  The 50th percentile 
male dummy was used for this testing.  Two 
configurations utilizing the most current 
production pretensioning were selected, G and I.  
The original testing was conducted at a fire angle 
of 45 degrees.  The objective was to examine 
what would happen if the pyrotechnic devices 
were fired earlier or later in the pre impact phase.  
The two angles chosen were 30 degrees (earlier) 
and 60 degrees (later). 
 
Figures 15 and 16 summarize the maximum 
average Y and Z excursions, respectively.  Y_in 
excursion for the G configuration was reduced as 
the pyrotechnics were fired earlier.  This 
configuration utilized both a retractor and buckle 
pyrotechnic device, and the result seems 
intuitive.  For configuration I, utilizing the 
motorized retractor (activated at the initiation of 
roll) and a buckle pyrotechnic, the Y_in 
excursion was not significant between the 
different firing angles of the buckle.   
 
Y_out excursions were less with the later fire 
angle (60 degrees) for the G configuration when 
compared to the earlier fire angles.  It was 
observed that the initial inboard Y-direction 
motion can affect the final outboard position.  
During the pre-impact rollover, a dummy that 
moves far to the inside may not move far 
outboard by the time the test is completed.  
Overall lateral dummy movement (Y_in plus 
Y_out) is lower for the earlier (30 degree) fire 
angle for the G Configuration. 
 
For the Z-direction, the pre-impact was reduced 
for the 30 degree fire angle compared to the 45 
degree fire angle for the G configuration.  There 
was no difference detected pre-impact between 
the 45 and 60 degree fire angles.  The earlier fire 
angle (30) had the lowest post impact Z, 
suggesting that earlier fire time might lead to 
reduced excursion.  Video of the testing shows 
that the shoulder belt slips off of the dummy’s 
shoulder in the pre-impact phase for the 45 and 
60 degree fire angles.  The belts did stay on 
during the 30 degree fire angle tests pre-impact. 
 
For configuration I, the pre-impact benefit was 
not noticed with earlier fire angles. This 
configuration utilizes motorized retractor early in 
the roll with the buckle pyrotechnic device fired 

at the prescribed angle.  The 45 degree excursion 
was lower when compared to the other fire 
angles, but no clear trend was noticed. 

 
Figure 15. Average Pre-impact Y_inboard 
and Y_outboard direction Dummy Head 
Excursion at fire angle 30 degrees (blue), 45 
degrees (red) and 60 degrees (green) for the 
Hybrid III 50th dummies. 

 
Figure 16. Average Pre (dashed) and Post 
(solid) Impact Z direction Dummy Head 
Excursion at fire angle 30 degrees (blue), 45 
degrees (red) and 60 degrees (green) for the 
Hybrid III 50th dummies. 
 
SUMMARY 
 
A test series focused on restraint technologies for 
rollover crashes was conducted with the NHTSA 
RRT.  The 5th female, 50th and 95th male 
percentile Hybrid III dummies were utilized.  
Several restraint systems were tested:  3-point 
non integrated belts, 3-point integrated belts, 3-
point belts with various combinations of 
pretensioners, inflatable belts, and 4-point belt 
systems.  Pretensioners were tested in various 
combinations with the 3-point and 4-point belts 
and several conditions at different fire angles.  
Each configuration simulated a roof-to-ground 
impact at 180 degrees with an angular speed of 
320 degrees/second and was repeated 3 times.  
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3. Motorized retractor pretensioners (H, I) 

Occupant excursions in the Y and Z direction 
were recorded with onboard high speed camera
and analyzed with digitizing software.  
Configuration C, no pretensioning, is th
baseline used for comparisons between 
treatments.  All pyrotechnic devices wer
deployed at 45 degrees of table rotation.  
Motorized devices were activated at the in
of roll.  Observations from this round of testing 
include: 
 

baseline (C), reduced both Y (lateral) 
and Z (vertical) head excursions in the
pre and post impact phase of the test.  
These reductions were up to 56% and 
52% for the 5th percentile female and 
50th percentile male dummies, 
respectively. 
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all configurations reduced maximum 
dummy head excursions in both the Y
and Z-directions in pre and post-impact
of the RRT. 

 

activated at the initiation of roll reduced 
pre-impact excursion in the Y-direction 
by up to 65% and Z-direction head 
excursion up to 63%. 
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ABSTRACT 
 
Seatbelt performance in rollovers has come under 
increased scrutiny in recent years.  This is due, in 
part, to growing popularity of sport utility vehicles 
which have a demonstrated inferior rollover 
resistance when compared to passenger cars [1].  In 
the United States (U.S.) the National Highway 
Traffic Safety Administration (NHTSA) has stated an 
intent to mandate an increase in the roof strength 
safety standard.  Such an improvement in roof 
strength will undoubtedly bring an increased focus on 
the performance of seatbelts in rollovers.  Many 
contemporary seatbelt retractors are equipped with 
both a vehicle crash sensor as well as a secondary, or 
backup, webbing sensor.  The webbing sensor is 
intended as a backup locking device in the event of a 
failure of the primary inertially sensitive vehicle 
sensor.  The crash modes presenting the most 
potential for the inertial sensor’s failure include non-
planar crashes, multiple impacts, and rollovers [2].  It 
follows, therefore, that to ensure reliable seatbelt 
retractor lockup in these modes, the redundant 
webbing sensor must be tuned with a lockup 
threshold consistent with expected occupant motions 
and webbing extraction rates seen during these 
events.     
 
Rollover tests conducted by NHTSA wherein the belt 
systems were instrumented for both load and 
webbing payout were analyzed.  This analysis 
provides insight for determining a baseline lockup 
threshold for the webbing sensor required to ensure 
activation in the rollover crash mode.  Additionally, 
multiple retractors designed for both European and 
U.S. markets have been tested on a bench-top sled.  
These tests were conducted to include out-of-plane 
accelerations similar to those observed in rollover 
crashes.   
 

The retractor sled test results, along with the analysis 
of the NHTSA rollover tests, are then discussed and 
used to develop a suggested webbing sensor lockup 
threshold necessary to ensure the effectiveness of the 
redundant and backup webbing crash sensor in real-
world events.  
 
INTRODUCTION 

Occupant protection has undergone significant 
evolution and improvement since the inception of the 
automobile.  This is particularly true for the seat belt 
restraint system, which has gone from a novel lap 
strap to prevent ejection in early motorized buggies 
to a sophisticated lap and shoulder belt system which 
provides the foundation of occupant protection in a 
variety of accident modes. Vehicle occupants now 
receive the benefit of improved restraint through the 
testing and application of technological 
advancements in the area of occupant protection, 
particularly in planar crashes.   

Government standards, such as the U.S. Federal 
Motor Vehicle Safety Standards (FMVSS), now 
require manufacturers of automobiles to meet a 
number of component level tests and various 
dynamic tests in order to produce and sell their 
vehicles.  These tests would include the frontal and 
side impact crashworthiness provisions required 
under FMVSS 208, as well as the component level 
testing required under FMVSS 209 and 210.  As 
these government regulations do not specifically 
require it, current seat belt restraint systems are not 
typically evaluated for performance in rollovers.  
Unfortunately, the increased popularity of light trucks 
and sport utility vehicles have led to an increased 
incidence of rollover.  Field accident data indicates 
this crash mode produces a disproportionably high 
number of serious injuries and fatalities suggesting a 
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critical need for improvements in occupant protection 
and occupant restraint [1, 3]. 

Previous work by the authors, including research and 
investigation of real-world accidents, have shown an 
alarming trend in the number of rollovers which 
involved poor occupant restraint.  This crash mode, 
as compared to planar crashes, has been found to 
result in more frequent instances of unintended seat 
belt spoolout [2-6].  Laboratory testing has shown 
that seat belt retractors equipped with 
vehicle/inertially sensitive lockup devices, when 
subjected to vertical and/or rotation accelerations 
such as those seen in rollovers, can fail to keep the 
retractor locked through the entire multiple impact, 
three-dimensional crash event [2, 7].  The inclusion 
of a secondary or redundant webbing sensitive 
locking sensor, if calibrated appropriately, can be an 
effective countermeasure to limit spoolout in the 
event of unintended failures of the inertial vehicle 
sensor that may result in belt spoolout and reduced 
occupant restraint.    

A substantial number of production retractors are 
currently designed to include both the vehicle 
(inertial) sensor, as well as the webbing sensitive 
crash sensor.  The vehicle sensor is typically 
calibrated, by government regulation, to lock 
pursuant to vehicle accelerations of above 0.7 Gs [8].  
The webbing sensitive lockup device responds to the 
rate of webbing withdrawal and is found to typically 
be calibrated to lock the retractor at webbing 
accelerations from between 2 to 10 Gs.  These 
calibrated lockup thresholds result in the vehicle 
sensor being the primary locking sensor and the 
webbing sensor then being secondary or redundant.  
Although the webbing sensor is included and 
intended to lock the retractor in the event of a vehicle 
sensor failure, the webbing sensor will only be 
effective if it is calibrated to lock at levels consistent 
with occupant motions in any given crash mode [9].  
The rollover crash mode typically results in a longer 
duration multiple impact crash pulse(s) with lower 
peak accelerations and lower webbing withdrawal 
rates than those seen in a typical single impact planar 
collision.  To ensure the effectiveness of the 

redundant lock feature in rollovers, it is therefore 
important to quantify webbing withdrawal rates 
expected in this mode.    
 
ROLLOVER TESTS WITH BELT 
INSTRUMENTATION 
 
In the United States there has been no government 
regulation requiring auto makers to conduct rollover 
testing on their production vehicles.  Although recent 
years have seen a marked increase in rollover testing 
by various manufacturers, this testing is typically 
done only to develop roll sensors required to bring to 
market rollover protection systems such as side 
curtain airbags.  Even still, the number of publicly 
available rollover tests is relatively small when 
compared to other required test modes, such as 
frontal and side impacts.  Rarer still are rollover tests 
which were instrumented to provide meaningful data 
with respect to the performance of the seat belt, 
namely the ability of a seat belt to timely lock and 
remain locked throughout the course of the rollover.   
 
If restraint data is recorded in a rollover test it 
oftentimes includes load cells placed on the belt 
webbing to record how the dummy loads the belt 
itself.  However, a review of available rollover test 
data indicates that only a few include a provision for 
measuring and recording webbing extraction and 
retraction (spoolin and spoolout) from the seat belt 
retractor itself.  To that end, of the numerous rollover 
tests reviewed by the authors, only the tests run by 
NHTSA are presented and discussed. 
 
The NHTSA crash test library was searched for 
rollover tests which could be analyzed and eighteen 
(18) tests with instrumented belt payout recorded 
were identified. The data files for these 18 tests were 
obtained from the NHTSA Crash Test Database and 
then analyzed with respect to the shoulder belt payout 
performance and behavior.  Incidences of belt payout 
were noted and are summarized below in Table 1.  
Review of the shoulder belt plots associated with 
these 18 tests revealed a number of recorded payout 
events in excess of 25 millimeters.   
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Table 1. 
NHTSA Rollover Crash Test Summary 

 

Test Year Make/Model Speed 
(kph) Occupant 

Max. 
Spool Out 

(mm) 
1266 1988 Dodge Caravan 48.3 Right Front 38 
1274 1988 Nissan Pickup 48.3 Driver 48 
1289 1989 Nissan Pickup 48.3 Driver i.m. 
1391 1989 Dodge Caravan 48.3 Right Front 25 
1392 1989 Ford Bronco II 48.3 Driver 28 
1393 1989 Nissan Pickup 48.3 Driver 25 
1394 1989 Nissan Pickup 48.3 Driver 23 
1395 1989 Pontiac Grand Am 48.3 Driver i.m. 
1516 1988 Dodge Caravan 48.3 Driver 38 
1520 1988 Ford Ranger 48.3 Driver 53 
1521 1988 Dodge Ram 50 48.3 Driver 20 
1522 1988 Nissan Pickup 48.3 Driver 53 
1530 1988 Dodge Caravan 81.3 Driver 48 
1531 1988 Nissan Pickup 94.0 Driver 32 
1925 1990 Nissan Pickup 48.3 Driver 76 
1929 1990 Nissan Pickup 48.3 Driver 58 
2141 1990 Nissan Pickup 48.3 Driver 196 
2270 1989 Nissan Pickup 48.3 Driver 18 

i.m. = instrument malfunction (no reliable data) 
 
 
The instrumented and recorded data for each of these 
tests included a belt displacement versus time plot 
(Xbelt(t)).  Although the instrumented data did not 
include direct recording of webbing withdrawal 
acceleration, double differentiation of the 
displacement curve will yield the webbing 
acceleration versus time data (abelt(t)) (See Equation 
1).  In order to validate this double differentiation 
methodology, a set of laboratory sled tests were 
conducted on a typical passenger car production seat 
belt retractor.  
 

abelt(t) = d
2 Xbelt(t)   (1). 

          dt2 

 
RETRACTOR SLED TESTING PERFORMED 
 
A series of tests were performed on a driver’s seat 
belt retractor provided in a typical U.S. passenger car.  
The retractor was fixed to the base of the linear slide 
(sled) with the webbing attached to the sled’s slide 
carriage.  The vehicle inertial sensor was disabled so 
that the performance of the webbing sensor could be 
observed.  The sled was accelerated, thereby spooling 
belt webbing off of the retractor at the rate of the 
carriage acceleration.  The slide and seat belt 
retractor were oriented as shown in Figure 1.  The 

amount of webbing extended off the retractor at the 
start of the test was approximately 75% of the total 
webbing available.  Webbing acceleration was 
recorded, as well as payout displacement, both as a 
function of time.  (See Table 2.)   
 

Figure 1.  Webbing Sensor Test Setup 
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Table 2. 
Web Sensing Tests 

 

Test Number Duration 
(msec) 

Webbing 
Acceleration 

(Gs) 

Belt Payout 
(mm) 

1(a) 251 2.4 257 
1(b) 249 2.4 257 
1(c) 250 2.4 257 
2(a) 56 2.9 20* 
2(b) 246 2.6 257 
2(c) 64 2.5 30* 
3(a) 53 3.2 20* 
3(b) 62 2.8 25* 
3(c) 58 2.9 25* 

*Web sensor locked during event 
 

The seat belt spoolout was recorded via a string 
potentiometer in a similar way to the displacement 
data recorded in the NHTSA rollover tests of Table 1 
above.  Unlike the rollover tests, however, the 
webbing extraction acceleration was also recorded.  
Double differentiation of the recorded displacement 
versus time data (See Figure 2) results in an 
acceleration versus time curve.  This calculated 
acceleration was then compared to the directly 
recorded acceleration plot. Although the double 
differentiation methodology of Equation 1 results in 
some additional noise, when plotted as a function of 
time, a comparison between the calculated 
accelerations versus the directly recorded data shows 
reasonable correlation.  (See Figure 3.)   
 

 
Figure 2.  Displacement vs Time 

 

 
Figure 3.  Calculated and Measured Acceleration 
vs Time Curves 
 
ROLLOVER TESTS ANALYSIS 
 
The 18 NHTSA rollover crash tests reported in Table 
1 were provided with belt displacement versus time 
curves.  Using this same methodology, webbing 
extraction accelerations were calculated for each 
NHTSA rollover test recording belt payout events 
during the rollover in excess of 25 millimeters.  
These calculated belt payout accelerations were 
found to generally range from 2 to 6 Gs.  (See Table 
3.)  
 
Based upon the authors’ experience involving 
analysis of numerous field accidents and various  
production retractor designs found in both U.S. and 
European model vehicles, it has generally been 
observed that the calibrated lockup threshold for the 
webbing crash sensors are found to be lower (more 
sensitive) in the European retractors than in their U.S. 
counterparts.  This is likely due to the European 
safety regulations [10] requiring the webbing sensor 
to lock the retractor at webbing withdrawal rates of 2 
Gs or above.  In the U.S., FMVSS 209 [8] includes 
no webbing sensor lock requirement if the retractor is 
also equipped with a vehicle inertial sensor.  In order 
to confirm this observed trend, an additional series of 
retractor sled testing has been conducted. 
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Table 3. 
NHTSA Spoolout Table 

 

Test Year Make/Model Speed 
(kph) Occupant 

Max. 
Spool Out 

(mm) 

Webbing 
Acceleration 

(Gs) 
1266 1988 Dodge Caravan 48.3 Right Front 38 5.4 
1274 1988 Nissan Pickup 48.3 Driver 48 2.6 
1289 1989 Nissan Pickup 48.3 Driver i.m. i.m. 
1391 1989 Dodge Caravan 48.3 Right Front 25 2.9 
1392 1989 Ford Bronco II 48.3 Driver 28 4.8 
1393 1989 Nissan Pickup 48.3 Driver 25 4.4 
1394 1989 Nissan Pickup 48.3 Driver 23 2.1 
1395 1989 Pontiac Grand Am 48.3 Driver i.m. i.m. 
1516 1988 Dodge Caravan 48.3 Driver 38 10.9 
1520 1988 Ford Ranger 48.3 Driver 53 2.9 
1521 1988 Dodge Ram 50 48.3 Driver 20 2.3 
1522 1988 Nissan Pickup 48.3 Driver 53 3.9 
1530 1988 Dodge Caravan 81.3 Driver 48 4.0 
1531 1988 Nissan Pickup 94.0 Driver 32 1.6 
1925 1990 Nissan Pickup 48.3 Driver 76 3.4 
1929 1990 Nissan Pickup 48.3 Driver 58 2.8 
2141 1990 Nissan Pickup 48.3 Driver 196 14.3 
2270 1989 Nissan Pickup 48.3 Driver 18 3.2 
i.m. = instrument malfunction (no reliable data) 

 
 
 

ADDITIONAL RETRACTOR SLED TESTING 
 
Four sets of retractors, each set consisting of design 
variance produced by one manufacturer, were tested 
under similar conditions on a linear accelerator (sled) 
fixture.  The tested retractors are listed in Table 4.  
The retractors in each test were mounted to the sled 
itself while the sled is mounted to a fixed base.  The 
sled allows up to 546 millimeters of travel.  In each 
test, the belt webbing was attached to the base of the 
test fixture such that approximately 381 millimeters 
of webbing remained on the spool of the retractor.  
For each set of retractors the slide was oriented at an 
angle off vertical beyond the point at which the least 
sensitive retractor in the group was observed to 
statically lockup via its inertial sensor.  This 
orientation ensured that the retractors were all in a 
pre-locked condition by virtue of the vehicle inertial 
sensor.  At the start of the test there was no pre-load 
in the retractor webbing.  An accelerometer was 
mounted on the sled itself to record acceleration of 
the sled while webbing spoolout was measured via a 
string potentiometer.  A high-speed video camera 
was mounted to the fixture to document the 
retractors’ inertial sensors dynamic performance.  A 
displacement transducer was also used to measure the 

amount of webbing that spooled off the retractor.  
Figure 4 demonstrates the test setup.   
 

Figure 4.  Linear Test Set Up 
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Table 4. 
Tested Retractors 

 
The sled was manually activated once for each test 
resulting in the retractor experiencing an acceleration 
directed along the sled axis, as well as the 
gravitational acceleration associated with the angular 

orientation of the sled.  This configuration subjected 
the inertial sensor to multiple direction accelerations 
including those directing the inertial sensor towards a 
neutral or unlocked condition [7].  When these 
accelerations result in the vehicle sensor returning to 
neutral or becoming unlocked, the redundant 
webbing sensor is then relied upon to lock the 
retractor and prevent webbing spoolout.   
 
In each of the tests the vehicle inertial sensor was 
found to unlock, allowing for various amounts of belt 
payout.  Towards the end of the slide travel, the sled 
acceleration became more constant such that at belt 
payouts beyond approximately 280 millimeters, the 
inertial sensor was found to reengage.   (See Table 5.)  
 

 
Table 5. 

Linear Accelerator Tests 

Test 
Number 

Webbing Extraction 
Acceleration 

(Gs) 

Δ Time 
Unlocked 

(msec) 

Webbing Sensor 
Activated 

Webbing Payout 
(mm) 

NSK U.S. SPECIFICATION 
1 2.1 196 No 305 
2 2.2 186 No 292 
3 2.2 184 No 292 

NSK EUROPEAN SPECIFICATION 
1 2.1 44 Yes 28 
2 1.9 44 Yes 28 
3 1.9 50 Yes 28 

TRW U.S. SPECIFICATION 
1 2.2 252 No 401 * 
2 2.1 242 No 401 * 
3 2.2 242 No 404 * 

TRW EUROPEAN SPECIFICATION 
1 2.2 46 Yes 36 
2 2.2 46 Yes 36 
3 2.2 44 Yes 36 

AUTOLIV U.S. SPECIFICATION 
1 2.5 182 No 284 
2 2.7 196 No 323 
3 2.5 210 No 361 

AUTOLIV EUROPEAN SPECIFICATION 
1 2.7 36 Yes 20 
2 2.7 36 Yes 23 
3 2.7 36 Yes 23 

AUTOLIV U.S. SPECIFICATION  
1 1.9 260 No 406 
2 2.1 258 No 406 
3 1.9 262 No 406 

AUTOLIV EUROPEAN SPECIFICATION 
1 1.8 32 Yes 18 
2 1.9 36 Yes 18 
3 1.8 40 Yes 20 

*Retractor did not lock, payout ceased when all available webbing was exhausted 

No. Manufacturer Specification Belt Code 
1 NSK U.S. NSB072EL19 
2 NSK European NSB072TR019 
3 TRW U.S. H-4103 
4 TRW European XL2A78611B69 
5 Autoliv U.S. Ef-93 
6 Autoliv European C66LA ANG 
7 Autoliv U.S. NSB085TR47-P 
8 Autoliv European 3083/12A 
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DISCUSSION 
 
The disproportionately high rate of serious injuries 
and fatalities resulting from an increasing number of 
rollover crashes requires an increased priority on 
rollover occupant protection.  Effective occupant 
restraint has consistently been relied upon as a 
primary means of providing occupant protection in 
these relatively long duration, multi-impact events.  
Moreover, the acceleration and crash forces seen in 
rollover events have been shown to enhance the 
potential for the retractor’s primary locking sensor, 
the vehicle inertial sensor, to fail [2].  Therefore, the 
need for a reliable redundant, or secondary, webbing 
crash sensor is paramount in this crash mode.   
 
A review of the retractor sled test results shown in 
Table 5 indicate that in each of the four 
European/U.S. paired retractors, only the European 
versions were found to limit webbing payout by 
virtue of activation of the retractor’s webbing sensor.  
This data confirms the authors’ experience that the 
European retractors are often calibrated at lower 
lockup thresholds than those found in the U.S.  The 
data reported in Table 5 further indicates that of the 
four retractors found to lock and limit webbing 
payout by virtue of the webbing sensor, they locked 
at webbing extraction accelerations of between 1.8 
and 2.7 Gs.  Their U.S. counterparts, however, did 
not lock at these levels and required webbing 
accelerations somewhere above 2.7 Gs to engage the 
webbing sensor.  U.S. manufactures’ specifications 
have been seen to require webbing sensor calibrations 
in the U.S. ranging anywhere from 2.5 Gs to as high 
as 10 Gs on some models.  As noted, European safety 
regulations require having sensor lockups at above 
2.0 Gs. 
 
A review of the NHTSA rollover test data shown in 
Table 3 indicates typical webbing extraction 
accelerations generally ranged from 2 to 6 Gs.  In 
only one of the examined tests was a webbing 
extraction rate recorded at below 1.5 Gs, and in only 
two tests were extraction rates recorded above 10 Gs.  
This data suggests that a webbing sensitive 
calibration threshold of 1.5 Gs would be effective at 
preventing belt payout in rollover crashes even with a 
failure of the vehicle based inertial sensor.  Such a 
threshold is only slightly more sensitive than the 
European retractors tested here and is within 
compliance of the European regulations.  Although, 
based upon the above analysis, 1.5 Gs appears to be a 

low enough threshold to ensure reliability of the 
webbing sensor as a redundant feature in rollover 
crashes, additional rollover testing with webbing 
withdrawal accelerations directly instrumented is 
recommended.  
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ABSTRACT 

A 2009 study by the Insurance Institute for Highway 
Safety found that midsize SUVs with stronger roofs, 
as measured in quasi-static tests, had lower risk of 
ejection and lower risk of injury for nonejected driv-
ers. The objective of the present study was to deter-
mine whether a similar association exists for other 
vehicle groups. 

Twelve small passenger cars were evaluated accord-
ing to Federal Motor Vehicle Safety Standard 216 
test conditions extended to 10 inches of plate dis-
placement. Crash databases in 14 states provided 
more than 20,000 single-vehicle rollover crashes in-
volving these vehicles. Logistic regression analyses 
were used to evaluate the effect of roof strength on 
the rate of driver injury while assessing and control-
ling for the effects of driver age, vehicle stability, 
state, and other factors where necessary.  

Small cars with stronger roofs had lower overall rates 
of serious injury, lower rates of ejection, and lower 
rates of injury for nonejected drivers. Although the 
effect on ejection was somewhat smaller for cars than 
for SUVs, the overall pattern of injury results was 
consistent. For roof strength-to-weight ratio meas-
ured at 5 inches (SWR5), a one-unit increase (e.g., 
from 2.0 to 3.0) was associated with a 22% reduction 
in risk of incapacitating or fatal driver injury in sin-
gle-vehicle rollovers. This compares with a 24% re-
duction estimated for a similar change in roof 
strength among midsize SUVs. 

The association between vehicle roof strength and 
occupant injury risk in rollover crashes appears ro-
bust across different vehicle groups and across roof 
SWR5 values, varying from just more than 1.5 to just 
less than 4.0. If roofs were to increase in strength by 
one SWR5, a 20-25% percent reduction in risk of 
serious injury in rollovers would be expected. Still, 
even if all vehicle roofs were as strong as the strong-
est roof measured, many rollover injuries still would 
occur, indicating the need for additional research and 
countermeasures.  

INTRODUCTION 

In 1971 the National Highway Traffic Safety Admin-
istration (NHTSA) promulgated Federal Motor Ve-
hicle Safety Standard (FMVSS) 216 to “reduce 
deaths and injuries due to the crushing of the roof 
into the passenger compartment in rollover acci-
dents” [1]. Even as the standard was coming into 
effect, some researchers were questioning the rela-
tionship between roof strength and injury risk [2,3]. 
However, very few rollover crashworthiness analyses 
have combined roof strength measures with real-
world crash data. Instead, most studies either have 
been based on observations of anthropometric test 
devices (ATDs) in rollover tests that may be overly 
severe and for which ATDs are not well suited [4-6], 
or have compared roof crush with injury outcome in 
field data without controlling for vehicle structure 
differences [2,7-9]. The question of roof strength’s 
influence on injury causation cannot be resolved by 
these studies. 

Prior to 2009 only two studies had compared the 
measured roof strengths of certain vehicles with the 
injury experience in real-world rollover crashes in-
volving those vehicles [10,11]. Neither study found a 
relationship between roof strength and injury risk. 
However, a 2009 study reached the opposite conclu-
sion, finding that stronger roofs reduce the risk of 
injury in rollover crashes [12]. The authors suggested 
that earlier research may have failed to detect this 
relationship due to a combination of factors including 
the use of roof strength tests of nonproduction ve-
hicles, uncontrolled differences between vehicle 
types and state reporting practices, and the inclusion 
of variables such as police-reported belt use and al-
cohol involvement whose coding is biased with re-
spect to injury outcome. 

FMVSS 216 evaluates roof strength using a quasi-
static test in which a metal plate is pushed into the 
roof at a fixed angle. The reaction force against the 
plate is divided by the weight of the vehicle to pro-
duce a strength-to-weight ratio (SWR). For the mid-
size SUVs studied, Brumbelow et al. [12] found that 
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a one-unit increase in peak SWR measured within 5 
inches of plate displacement (SWR5) was associated 
with a 24% reduction in risk of fatal or incapacitating 
injury, a 32% reduction in fatality risk, and a 41% 
reduction in ejection risk. Restricting to nonejected 
occupants showed a 16% reduction in risk of fatal or 
incapacitating injury for the same roof strength in-
crease. The authors concluded that stronger roofs are 
beneficial by reducing both ejection risk and injury 
risk for occupants remaining in the vehicle. 

Brumbelow et al. [12] restricted their study to 12 
midsize SUV roof designs. This restriction more 
tightly controlled for differences in driver demo-
graphics, vehicle use patterns, and crash kinematics 
than did previous research. However, evaluating only 
one vehicle type made it impossible to estimate the 
magnitude of the benefit of increased roof strength 
for other portions of the vehicle fleet, especially pas-
senger cars. There was no reason to expect that 
stronger roofs would not benefit occupants of other 
vehicle types, but the specific effects could not be 
inferred from the SUV analysis.  

The purpose of the present study was to investigate 
the relationship between roof strength and injury risk 
for passenger cars and to compare this relationship 
with that previously found for SUVs. 

METHODS 

The methods employed by Brumbelow et al. [12] 
were applied to this study. Logistic regression was 
used to estimate the effect of roof strength on driver 
injury risk in rollover crashes while controlling for 
potential confounding variables. The effect of roof 
strength on ejection risk also was estimated. Roof 
strength data were obtained for 12 small four-door 
passenger cars in quasi-static tests with 10 inches of 
plate displacement. Crash data consisted of police-
reported single-vehicle rollovers in 14 states. 

Vehicle Selection and Roof Strength Testing 

Small four-door passenger cars were chosen because 
this segment had a greater number of unique roof 
designs with substantial rollover counts than midsize 
or large cars. The 12 designs selected for testing were 
those with the largest sample of rollover crashes in 
the state databases used for the study. None of these 
vehicles were sold with side curtain airbags or elec-
tronic stability control (ESC) as standard equipment. 
One model was sold with ESC as optional equipment 
for three of the eight model years studied, but the 
installation rate during these three years was less than 
2% [13]. These model years were not excluded be-

cause any potential effect on the results for this ve-
hicle would be minimal. Another model was sold 
with side curtain airbags as optional equipment for 
two of the eight model years, and the installation rate 
during these years was unknown. Because most of 
the state databases do not record the presence of cur-
tain airbags, and their deployment may affect injury 
and ejection risk, these two model years were ex-
cluded from analysis. 

Roof strength tests were conducted using the quasi-
static procedure outlined in FMVSS 216, with the 
exception that tests were extended beyond the 1.5 
SWR compliance level to 10 inches of plate dis-
placement to obtain peak roof strength values. Al-
though the standard requires compliance within 5 
inches of displacement, extending the tests to 10 
inches allowed roof performance beyond the regu-
lated level to be compared with field experience. In 
addition to the SWR metric, other evaluated metrics 
were peak roof strength, energy absorption, and 
equivalent drop height (EDH). EDH is energy ab-
sorption normalized by curb weight. Because some of 
the 12 roof designs were shared by trim levels with 
differing curb weights, calculations of SWR and 
EDH using these weights resulted in more than 12 
unique values. Roof strength values for the study 
vehicles are listed in Appendix A. 

Rollover Crash Data 

Data on rollover crashes were obtained from the State 
Data System of police-reported crashes. NHTSA 
maintains this database of police crash records from 
certain states. States with data available for some part 
of the calendar years 1997-2006 were included, pro-
vided there were event and/or impact codes allowing 
identification of single-vehicle rollovers, and coded 
vehicle identification numbers (VINs). Without suffi-
cient VIN information it is not possible to be certain 
of a vehicle’s make, model, and model year. Because 
these qualifications were identical to the previous 
study of midsize SUVs, the same 14 states were used: 
Florida, Georgia, Illinois, Kansas, Kentucky, Mary-
land, Missouri, New Mexico, North Carolina, Ohio, 
Pennsylvania, Utah, Wisconsin, and Wyoming. 

Logistic Regression 

Logistic regression was used to assess the effect of 
roof strength on the likelihood of fatal or incapacitat-
ing injury, fatal injury, and ejection for drivers in 
single-vehicle rollover crashes. Injury risk for non-
ejected drivers also was evaluated. Separate models 
were fit for each of these outcomes using each of the 
four roof strength metrics as measured at three plate 
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displacements: 2, 5, and 10 inches. The final models 
controlled for state, driver age, and static stability 
factor (SSF). 

Controlling for state is necessary because of state-to-
state variation in injury rates possibly resulting from 
differences in reporting methods, terrain, urbaniza-
tion, and other factors.  

Vehicle stability may be indirectly related to rollov-
er injury risk because the average rollover crash 
severity could be greater for more stable vehicles. 
This study attempted to control for variations in 
stability among the study vehicles by using SSF. 
SSF is calculated by dividing half the average track 
width by the center of gravity height, so it does not 
account for stability differences due to wheelbase or 
suspension and tire properties. However, it is the 
most widely used stability metric and is the basis for 
NHTSA’s rollover resistance ratings. Data for all 
but three of the study vehicles were publicly availa-
ble. The remaining vehicles were measured at SEA, 
Ltd., using the same vehicle inertial measurement 
facility utilized by NHTSA. SSF values are included 
in Appendix A. 

Preliminary models included other factors when 
coded in the state data files. These were vehicle age, 
vehicle weight, driver gender, and rural versus urban 
crash environment. Coded belt use was not included 
as a covariate in an overall model because police re-
porting of belt use in crashes has been found to be 
biased by injury outcome [14]. However, several stu-
dies have found that belt use affects injury likelihood 
in rollovers [15-17]. Because the effect of belt use 
has the potential to confound the effect observed for 
roof strength, separate models were fit for drivers 
coded by police as belted and as unbelted. 

Rollovers resulting in fatal or incapacitating injuries 
were fairly rare events, and ejection was an even 
less common outcome. Consequently, the odds ra-
tios resulting from these models are reasonable ap-
proximations of relative risks and are interpreted 
accordingly. 

A sensitivity analysis was conducted to determine 
whether roof strength test variability could be con-
founding the results of the logistic regression models. 
A random number generator was used to select roof 
strength values that varied up to 10% from the actual 
value measured for each vehicle, and these new val-
ues were used in the regression analyses. This was 
repeated with 10 sets of roof strength data, and the 
different outcomes were compared with the final 
model outcome. 

Rollover Propensity 

The main results estimate the risk of injury given a 
rollover crash occurrence, so they do not account for 
any changes in rollover likelihood that may be caused 
by increasing roof strength. Two additional analyses 
evaluated whether there was a relationship between 
roof strength and rollover propensity. First, the pro-
portion of all police-reported crashes that were sin-
gle-vehicle rollover was calculated for each unique 
SWR5 value. Logistic regression was used to estimate 
the effect of a one-unit increase in SWR5 on this pro-
portion. Crash data came from the same state data 
files included in the main analyses. 

The second analysis was intended to evaluate the 
combined effect of roof strength on rollover propen-
sity and crashworthiness. Data were extracted from 
the Fatality Analysis Reporting System (FARS) for 
years 2003-07 to determine the proportion of driver 
deaths that resulted from single-vehicle rollover 
crashes. Again, the effect of a one-unit SWR5 in-
crease was estimated using logistic regression.  

Estimated Lives Saved 

In addition to the estimates of effects on driver injury 
and fatality risks, study results are presented in terms 
of the estimated number of lives that could have been 
saved with stronger roofs. Two target roof strength 
levels were investigated: 2.5 SWR5 and 3.9 SWR5. 
The lower SWR target was chosen because it is the 
level of strength included in NHTSA’s 2005 notice of 
proposed rulemaking to upgrade FMVSS 216 [18]. 
The higher SWR target represents the strongest roof 
among the study vehicles. For each vehicle, the in-
crease in roof strength required to achieve the target 
SWR, if any, was used to scale the estimated effect of 
roof strength on injury risk from the logistic regres-
sion model. Because there were too few fatalities in 
the state databases to make precise effect estimates of 
roof strength on fatality risk alone, results of the lo-
gistic regression model that included incapacitating 
injuries were used for this exercise. To obtain the 
estimated number of lives saved, the scaled effec-
tiveness estimates were applied to the total number of 
drivers and right-front passengers who were killed in 
single-vehicle rollover crashes in the United States 
during 2007 for each of the study vehicles. These 
data were obtained from FARS. 

RESULTS 

Study vehicles were involved in 1,232,990 police-
reported crashes in the 14 states studied. Of these, 
20,459 were single-vehicle rollovers, resulting in 328 
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driver fatalities and 2,113 drivers with incapacitating 
injuries. Figure 1 shows the relationship between 
peak SWR5 and the rate of fatal or incapacitating 
driver injury, before adjusting for potential confound-
ing factors. The circle sizes represent the number of 
rollover crashes of each vehicle. The slope of the 
weighted linear regression line in Figure 1 represents 
a 17% reduction in the rate of fatal or incapacitating 
injury for a one-unit SWR5 increase from the average 
roof strength of these vehicles. Logistic regression 
analyses were used to investigate whether this rela-
tionship was due to roof strength differences or to 
confounding factors. 

 
Figure 1. Rates of fatal or incapacitating driver 
injury by peak SWR5 

Vehicle age, vehicle weight, and driver gender did 
not have significant effects on the risk of injury or 
ejection. Furthermore, their inclusion did not substan-
tially change the estimated effect of roof strength. 
These variables were excluded from the final models. 

Urban versus rural crash environment was coded in 
72% of the crashes in the dataset. Analyses limited to 
these cases did not find a statistically significant rela-
tionship between crash environment and injury risk. 
In addition, inclusion of crash environment did not 
substantially change the effect of roof strength on 
injury outcome. Crash environment was excluded 
from the final models. 

The final injury risk logistic regression models con-
trolled for the state where each crash occurred, ve-
hicle SSF, and driver age. Each combination of the 
four roof strength metrics and three displacement 
distances required a separate model, and all 12 of 
these models estimated reductions in the risk of fatal 
or incapacitating driver injury for increases in roof 
strength. These risk reductions were all statistically 
significant at the 0.05 level. A one-unit increase in 
SWR5 was estimated to reduce the risk of fatal or 
incapacitating injury by 22% (95% confidence inter-
val: 13-30). Table 1 lists the odds ratios for all the 
roof strength metrics, as well as those for the esti-
mated effects of vehicle SSF and driver age. 

Table 1 
Results of logistic regression models for 

risk of fatal or incapacitating driver injury 

 
Strength metric and 
plate displacement 

Roof 
strength SSF 

Driver
age 

Odds 
ratio for 

1-unit 
increase 

Odds 
ratio for 
0.1-unit 
increase 

Odds 
ratio for
10-year
increase 

Peak force 
(tons) 

2 in 0.83* 1.18* 1.16* 
5 in 0.83* 1.17* 1.15* 

10 in 0.86* 1.08 1.15* 

SWR 2 in 0.77* 1.21* 1.16* 
5 in 0.78* 1.20* 1.16* 

10 in 0.83* 1.10 1.15* 

Energy 
absorbed 
(kJ) 

2 in 0.58* 1.17* 1.15* 
5 in 0.77* 1.16* 1.16* 

10 in 0.87* 1.03 1.16* 

EDH 
(in) 

2 in 0.82* 1.18* 1.15* 
5 in 0.92* 1.18* 1.16* 

10 in 0.96* 1.05 1.16* 
*Statistically significant at 0.05 level 

In most cases, increases in SSF were associated with 
statistically significant injury risk increases. In 
every case, increases in injury risk with increasing 
driver age were statistically significant. The model 
using SWR5 data predicted injury risk increases of 
20% for a 0.1-unit increase in SSF and 16% for a 
10-year increase in driver age. There were differ-
ences in injury risk between states, with Florida 
having the highest overall rate of fatal or incapaci-
tating injury at 20% and North Carolina having the 
lowest at 5%. Table 2 lists the odds ratios for fatal 
or incapacitating driver injury from the final model 
of all states relative to Florida. 

y = -0.018x + 0.151
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Table 2 
Odds ratio estimates by state, relative to 

Florida, for model estimating effect of SWR5 
on risk of fatal or incapacitating driver injury 

State Odds ratio 
Georgia 0.25* 
Illinois 0.72* 
Kansas 0.39* 
Kentucky 0.54* 
Maryland 0.66* 
Missouri 0.64* 
New Mexico 0.87 
North Carolina 0.20* 
Ohio 0.20* 
Pennsylvania 0.20* 
Utah 0.97 
Wisconsin 0.41* 
Wyoming 0.74* 

*Statistically significant at 0.05 level 

 There was no evidence that differences in belt use 
among the vehicles confounded the effect observed 
for roof strength because all injury risk models li-
mited by coded belt use status estimated reduced in-
jury risk for stronger roofs (Table 3). For the 16,426 
drivers coded as belted, the estimated risk reductions 
were less than those for all drivers, and all but two 
were significant at the 0.05 level. For the 2,589 driv-
ers coded as unbelted, most of the risk reductions 

were greater than those for all drivers, and two were 
significant at the 0.05 level. 

There were 15,506 cases with known ejection status. 
Of these, 158 drivers were coded as being partially 
ejected and 714 as fully ejected. Figure 2 shows the 
relationship between peak SWR5 and the unadjusted 
rates of partial or full ejection. Logistic regression 
models limited to cases with known ejection status 
estimated reductions in ejection risk for increasing 
roof strength while controlling for crash state, vehicle 
SSF, and driver age. Results are listed in Table 4. 
Seven of the twelve ejection risk reductions were 
statistically significant at the 0.05 level, including the 
24% reduction in ejection risk associated with a one-
unit SWR5 increase (95% confidence interval: 11-
36). Increased vehicle SSF was estimated to increase 
ejection risk given a rollover, and increased driver 
age was estimated to reduce ejection risk. The in-
creases associated with SSF were all statistically sig-
nificant at the 0.05 level, but none of the driver age 
risk reductions were. The reduction in ejection risk 
with increasing age is opposite the finding for injury 
risk. This suggests that older drivers have higher belt 
use rates, thus lower ejection risk, but that reduced

 
Figure 2. Rates of partial or complete driver 
ejection by peak SWR5 
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Table 3 
Results of logistic regression models for 

risk of fatal or incapacitating driver injury 
by coded belt use and ejection status 

Strength metric and 
plate displacement 

Odds ratios for 1 unit increases in
roof strength, by police-reported

belt use or ejection status 

Belted Unbelted Nonejected

Peak force 
(tons) 

2 in 0.86* 0.75 0.84* 
5 in 0.87* 0.76* 0.85* 

10 in 0.90* 0.89 0.89* 

SWR 2 in 0.83* 0.68 0.81* 
5 in 0.85* 0.71 0.83* 

10 in 0.89 0.88 0.88* 

Energy 
absorbed 
(kJ) 

2 in 0.62 0.38 0.54* 
5 in 0.83* 0.65* 0.79* 

10 in 0.90* 0.88 0.89* 

EDH 
(in) 

2 in 0.86* 0.74 0.83* 
5 in 0.95* 0.89 0.94* 

10 in 0.97* 0.97 0.97* 

*Statistically significant at 0.05 level 
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Table 4 
Results of logistic regression models 

for risk of driver ejection 

 
Strength metric and 
plate displacement 

Roof 
strength SSF 

Driver
age 

Odds 
ratio for 

1-unit 
increase 

Odds 
ratio for 
0.1-unit 
increase 

Odds 
ratio for
10-year
increase 

Peak force 
(tons) 

2 in 0.87* 1.32* 0.95 
5 in 0.84* 1.30* 0.95 

10 in 0.97 1.32* 0.95 

SWR 2 in 0.77* 1.34* 0.95 
5 in 0.76* 1.32* 0.95 

10 in 0.91 1.29* 0.95 

Energy 
absorbed 
(kJ) 

2 in 0.72 1.32* 0.95 
5 in 0.78* 1.28* 0.95 

10 in 0.94 1.25* 0.95 

EDH 
(in) 

2 in 0.84 1.31* 0.95 
5 in 0.91* 1.29* 0.96 

10 in 0.97* 1.23* 0.95 

*Statistically significant at 0.05 level 

injury tolerance offsets this in all single-vehicle rol-
lovers as their overall injury risk is still higher. 

Logistic regression models restricted to the 14,634 
drivers coded as nonejected estimated statistically 
significant reductions in injury risk for stronger roofs 
(Table 3). This indicates that the reduction in ejection 
risk does not fully explain the overall injury risk re-
duction associated with stronger roofs. 

The main results of this study are based on the risk of 
fatal or incapacitating driver injury. However, sepa-
rate models estimated the effects of roof strength on 
fatality risk to determine whether police judgment of 
injuries as incapacitating or nonincapacitating con-
founded the results. Table 5 lists the results of these 
models, all of which estimated reductions in fatality 
risk for stronger roofs. There was no indication that 
the inclusion of incapacitating injuries confounded 
the main results; the magnitudes of most of the fatali-
ty risk reductions were similar to the main results that 
included incapacitating injury. However, fewer were 
statistically significant at the 0.05 level due to the 
smaller number of fatal injuries.  

The study findings did not appear sensitive to roof 
strength test variability. Ten additional models used 
roof SWR5 values randomly altered by up to 10% of 
the measured values. These models produced injury 

Table 5 
Results of logistic regression models 

for risk of driver fatality 

 
Strength metric and 
plate displacement 

Roof 
strength SSF 

Driver
age 

Odds 
ratio for 

1-unit 
increase 

Odds 
ratio for 
0.1-unit 
increase 

Odds 
ratio for
10-year
increase 

Peak force 
(tons) 

2 in 0.88 1.18* 1.16* 
5 in 0.84 1.17* 1.15* 

10 in 0.87 1.08 1.15* 

SWR 2 in 0.83 1.21* 1.16* 
5 in 0.79 1.20* 1.16* 

10 in 0.83 1.10 1.15* 

Energy 
absorbed 
(kJ) 

2 in 0.74 1.17* 1.15* 
5 in 0.75 1.16* 1.16* 

10 in 0.85* 1.03 1.16* 

EDH 
(in) 

2 in 0.90 1.18* 1.15* 
5 in 0.92 1.18* 1.16* 

10 in 0.96* 1.05 1.16* 

*Statistically significant at 0.05 level 

risk odds ratios ranging from 0.75 to 0.81, compared 
with 0.78 for the model using actual roof strengths. 
The effect of SWR5 on injury risk was statistically 
significant at the 0.05 level for all ten models. 

The two analyses of rollover propensity indicated 
that vehicles with stronger roofs were not more like-
ly to be involved in rollover crashes. Single-vehicle 
rollovers as a proportion of all police reported crash-
es were estimated to decline by 11% for a one-unit 
increase in SWR5 (95% confidence interval: 9-14). 
Using FARS data, the same roof strength increase 
was estimated to reduce the number of driver fatali-
ties in single-vehicle rollovers relative to other crash 
types by 16%, although this was not significant at 
the 0.05 level (95% confidence interval: 2% increase 
to 31% decrease). 

According to FARS data, 228 drivers and right-front 
passengers died in single-vehicle rollover crashes of 
the study vehicles in 2007. A minimum roof 
strength requirement of 2.5 SWR5 would have had 
minimal impact because most of the study vehicles 
exceeded this level of strength; an estimated 3 
deaths could have been prevented (95% confidence 
interval: 2-5). If all vehicles had roofs with SWRs 
of 3.9, equal to the strongest roof tested for this 
study, 75 deaths could have been prevented (95% 
confidence interval: 46-100). 
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DISCUSSION 

Brumbelow et al. [12] found that stronger roofs bene-
fit drivers of SUVs involved in single-vehicle rollov-
er crashes. The authors hypothesized that drivers of 
other vehicle types also benefit but that the magni-
tude of the effects of roof strength could vary. The 
present study confirms that roof strength is effective 
in reducing injury risk and ejection risk for passenger 
car drivers in single-vehicle rollovers. There was 
some variation between the estimated risk reductions 
produced by the logistic regression models in the two 
studies. However, other factors may explain some of 
this variation, as discussed below. Overall, results 
indicate that roof strength has similar benefits for 
drivers in single-vehicle rollover crashes involving 
vehicles in these two segments. The biggest differ-
ence was a larger reduction in ejection risk for SUV 
drivers with a given increase in roof strength. 

Figure 3 shows that most of the overall injury odds 
ratios were similar for SUVs and passenger cars. The 
largest differences were for the SWR, energy absorp-
tion, and EDH metrics measured at 2 inches, and for 
the SWR metric at 10 inches. In all of these cases, the 
injury risk reductions associated with each strength 
increase were greater for SUV drivers than for car 
drivers. (Effect estimate magnitudes in Figure 3 
should not be compared across metrics because the 
amounts of increased roof strength described by each 
are not equivalent.) For all metrics, the passenger car 
results followed the expected trend with plate dis-
placement distance: a given increase in roof strength 
had a greater effect at lower displacement distances, 
when it was proportionally larger. The SUV results 
based on peak strength and SWR at 10 inches of plate 
displacement did not follow this trend. 

Vehicle geometry is one reason the correlation be-
tween roof strength metrics at different plate dis-
placement distances could vary by vehicle type. Be-
cause small cars have shorter roof pillars, other struc-
tural components become involved and contribute 
added strength more quickly as the quasi-static test 
progresses. Almost all of the passenger car roofs re-
quired a substantially higher peak force to crush the 
roof from 5 to 10 inches of plate displacement than 
from 0 to 5 inches, but this was true only for a few of 
the SUVs. Conversely, when drop-offs in the load 
sustained by the roof did occur, these drop-offs 
tended to be greater for cars. This could be explained 
by the larger contact patch between the test plate and 
the SUVs late in the test, given their longer roofs. 
Thus, SUVs had more available load paths, such as 
D-pillars, to compensate when a single component 
reached a failure point. It is difficult to know if these 

 
Figure 3. Odds ratios for risk of fatal or incapaci-
tating driver injury with increasing roof strength, 
as measured with four strength metrics at three 
plate displacement distances. 

geometrical differences are meaningful because the 
impact conditions in real-world rollovers depend on 
many other factors. 

Ejection 

Differences in ejection risk between cars and SUVs 
also may have contributed to the variation in injury 
odds ratios. For the study vehicles, the overall ejection 
rate was 14% lower for cars than for SUVs. This may 
have been due in part to the fact that, on average, cars 
had stronger roofs in terms of SWR. However, for a 
more diverse group of vehicle models, Bedewi et al. 
[7] also found higher rates of complete ejection for 
unbelted occupants in SUVs compared with passenger 
cars during 1997-2000. Again, geometric differences 
may be a factor. For example, side windows are the 
most frequent ejection path in rollovers [19], and mids-
ize SUVs have larger side windows than small passen-
ger cars. If geometric differences result in differing 
ejection risks for SUV and car drivers, it is plausible 
the effect of strong roofs on ejection risk would vary. 
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Because of these potential differences in ejection 
risk, a comparison of injury risk ratios for nonejected 
drivers was undertaken (Figure 4). For peak strength 
and energy absorption metrics, which do not account 
for vehicle weight, risk reductions were larger for 
passenger cars than for SUVs given the same strength 
increase. However, when strength was expressed 
relative to curb weight with the SWR and EDH me-
trics, most of the risk reductions had very similar 
magnitudes. Relative to curb weight, roof strength 
appeared equally important in reducing injury risk to 
nonejected drivers of SUVs and passenger cars in 
rollover crashes.  

Effect of Stability 

The previous study involving midsize SUVs found 
mixed results for the effect of SSF on rollover injury 
risk [12]. The authors hypothesized that stability dif-
ferences among the vehicles studied were too small 
to produce meaningful results, because nearly three- 
quarters of the crashes occurred among vehicles with

 
Figure 4. Odds ratios for risk of fatal or incapaci-
tating injury for nonejected drivers with increas-
ing roof strength, as measured with four strength 
metrics at three plate displacement distances. 

SSF values between 1.06 and 1.09. The distribution 
of rollover crashes involving the current set of ve-
hicles was more evenly distributed among the full 
range of SSF values, spanning from 1.33 to 1.46. 
Results of the logistic regression models showed that 
more stable vehicles had higher injury risk during 
rollovers. This is consistent with the hypothesis that 
higher travel speeds or more severe tripping forces 
are required to initiate rollover in these vehicles than 
in less stable ones. 

Strength Metrics 

The earlier study of SUVs found that none of the four 
strength metrics clearly stood out as a better predictor 
of injury risk than others at every plate displacement 
distance. As shown in Figure 5, this also was the case 
for the passenger cars studied. The odds ratios plotted 
on the graph were scaled to represent the injury risk 
change associated with a roof strength increase equal 
in magnitude to the difference between the strongest

 
Figure 5. Odds ratios for risk of fatal or incapaci-
tating driver injury with increasing roof strength 
in small passenger cars, adjusted to represent 
strength increases equal to range of strengths us-
ing each metric for small car study vehicles. 
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and weakest roof measured at each plate displace-
ment. This allows some comparison between metrics 
despite their different units. Effects at different dis-
placement distances may not be comparable because 
a single outlier at either end of the strength range 
could create disproportionate scaling differences. 

Figure 6 presents the scaled estimates for the SUVs 
studied. Together with Figure 5, it is apparent that 
injury risk reductions predicted by roof strength at 
each level of plate displacement are only slightly 
different between the two strength metrics that make 
use of curb weight and the two that do not. However, 
this likely is because of the small range of curb 
weights of both sets of study vehicles. For the pur-
pose of evaluating roof strength across the vehicle 
fleet, there are at least two indications that SWR or 
EDH are preferred to peak strength or energy absorp-
tion. First, the similarity in the odds ratios for the two 
vehicle types in Figure 4 for SWR and EDH, dis-
cussed above, suggests the benefits of roof strength

 
Figure 6. Odds ratios for risk of fatal or incapaci-
tating driver injury with increasing roof strength 
in midsize SUVs, adjusted to represent strength 
increases equal to range of strengths using each 
metric for midsize SUV study vehicles. 

are more homogeneous when expressed with these 
metrics. Second, SWR and EDH better explain the 
higher overall average raw rate of incapacitating or 
fatal injury for SUVs (12.3% compared with 10.3% 
for small passenger cars). Although other factors con-
tribute, the difference in these rates likely would be 
even larger without the higher SSF values of the pas-
senger cars and the resulting increased injury risk 
discussed previously. For the vehicles studied, over-
all injury rates are consistent with the average SWR 
and EDH values, which are higher for passenger cars. 
SUVs have higher average peak strength and energy 
absorption. 

Roof Strength Regulation 

Occupants of the passenger cars studied would have 
benefitted less than the SUV occupants from a regu-
lation with a minimum SWR5 of 2.5. Only 4 of the 12 
roof designs would have required additional strength 
to meet such a standard, and these strength increases 
would have been relatively small. As a result, it was 
estimated that only 1% of the 228 drivers and right-
front passengers killed in single-vehicle rollovers of 
these vehicles in 2007 could have been saved by a 
standard similar to that proposed by NHTSA in 2005. 
Increasing the minimum SWR5 level to 3.9 would 
have had a much greater effect, with around one-third 
of the 228 fatalities prevented. 

This disparity highlights the need for an upgraded 
regulation based on an accurate evaluation of the risk 
reductions associated with stronger roofs. NHTSA 
estimated that, fleet-wide, a minimum SWR5 re-
quirement of 3.0 would prevent up to 135 of 9,942 
annual rollover fatalities [18], and that these reduc-
tions were too small to justify the cost of the neces-
sary vehicle redesigns. These conclusions appear 
overly conservative in light of the current findings. 
At the same time, the large number of fatalities that 
still would occur with stronger roofs confirms that a 
comprehensive approach to rollover crash avoidance 
and crashworthiness is important. 

CONCLUSIONS 

For nonejected occupants, benefits of roof strength in 
single-vehicle rollover crashes are similar for drivers 
of midsize SUVs and small passenger cars. Increased 
roof strength is associated with reduced risk of ejec-
tion for drivers of both vehicle types, but the reduc-
tion may be greater for SUV drivers. The quasi-static 
FMVSS 216 test is a meaningful structural assess-
ment of real-world rollover crashworthiness for oc-
cupants of passenger cars and SUVs. 
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APPENDIX A 
 
Roof strength and SSF values for study vehicles. Some models had trim levels with other curb weight values, leading to multiple values 
of SWR and EDH. Curb weight of most common trim level was used to calculate the SWR and EDH values reported here. 

     Peak roof strength (lbf)  SWR  Energy absorbed (J)  EDH (in) 

Model years Make Model SSF   2 in 5 in 10 in   2 in 5 in 10 in   2 in 5 in 10 in   2 in 5 in 10 in 

1995-2000 Saturn SL 1.35  5,470 6,159 9,530  2.30 2.59 4.01  678 2,625 6,932  2.5 9.8 25.8 
2000-2005 Dodge Neon 1.41  6,673 6,893 7,305  2.54 2.63 2.78  776 2,753 6,023  2.6 9.3 20.3 
2000-2001 Plymouth Neon 1.41  6,673 6,893 7,305  2.54 2.63 2.78  776 2,753 6,023  2.6 9.3 20.3 
1995-1999 Dodge Neon 1.44  4,990 5,755 6,369  2.00 2.30 2.55  644 2,428 4,953  2.3 8.6 17.5 
1995-1999 Plymouth Neon 1.44  4,990 5,755 6,369  2.00 2.30 2.55  644 2,428 4,953  2.3 8.6 17.5 
1998-2002 Toyota Corolla 1.42  8,212 9,590 9,590  3.35 3.91 3.91  934 3,774 7,504  3.4 13.6 27.1 
1998-2002 Chevrolet Prizm 1.42  8,212 9,590 9,590  3.35 3.91 3.91  934 3,774 7,504  3.4 13.6 27.1 
1995-1999 Volkswagen Jetta 1.33  5,351 7,808 8,853  1.98 2.89 3.28  593 2,826 6,569  1.9 9.3 21.5 
1995-1999 Nissan Sentra 1.40  6,085 7,414 7,414  2.52 3.07 3.07  637 2,726 6,074  2.3 10.0 22.3 
1995-2000 Ford Contour 1.39  6,646 7,017 9,225  2.35 2.48 3.27  849 2,896 6,705  2.7 9.1 21.0 
1995-2000 Mercury Mystique 1.39  6,646 7,017 9,225  2.35 2.48 3.27  849 2,896 6,705  2.7 9.1 21.0 
1997-2002 Ford Escort 1.37  5,224 5,371 5,977  2.11 2.17 2.41  668 2,379 5,035  2.4 8.5 18.0 
1997-1999 Mercury Tracer 1.37  5,224 5,371 5,977  2.11 2.17 2.41  668 2,379 5,035  2.4 8.5 18.0 
1995-1997 Nissan Altima 1.41  6,437 7,346 8,206  2.22 2.53 2.83  761 3,054 6,765  2.3 9.3 20.6 
1996-2000 Honda Civic 1.46  5,060 5,783 8,714  2.11 2.41 3.63  566 2,274 5,628  2.1 8.4 20.8 
1995-2005 Chevrolet Cavalier 1.35  5,712 6,798 8,654  2.14 2.54 3.24  715 2,821 6,537  2.4 9.3 21.6 
1995-2002 Pontiac Sunfire 1.35  5,712 6,798 8,654  2.14 2.54 3.24  715 2,821 6,537  2.4 9.3 21.6 
2000-2007 Ford Focus 1.33  8,805 9,063 11,490  3.39 3.49 4.42  1,114 3,558 8,554  3.8 12.1 29.1 
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ABSTRACT 
 
The combination of seat belt use and frontal air bags 
is highly effective in frontal impacts, reducing front-
seat occupants’ fatality risk by an average of 61 
percent compared to an unbelted occupant in a 
vehicle without air bags.  Nevertheless, a number of 
fatalities are still occurring.  Whereas the safety 
community is generally aware of factors that make 
specific crashes fatal – e.g., extreme crash severity, 
compartment intrusion, occupant fragility – there is a 
need for quantitative information on the relative 
frequency of these factors, and how often they occur 
in combination.  
 
This study began with in-depth reviews of NASS-
CDS fatality cases.  Case selection was limited to 
belted occupants in frontal impacts of late-model 
vehicles equipped with air bags.  The reviews 
focused on coded and non-coded data, and resulted in 
the identification of factors contributing to the 
occupant’s fatal injuries.  The factors were compiled 
and analyzed by a team of NHTSA researchers 
including crash investigation specialists, 
crashworthiness and biomechanical engineers.   
 
Factors were assigned based on their relevance, and 
emphasized those that have the potential of being 
addressed through vehicle design improvements.   
Many of the fatal crashes occurred under conditions 
that were considered more severe than what can be 
reasonably addressed with crashworthiness and 
restraint technologies.  While the physical 
characteristics of some occupants were found to play 
a role in their demise, it was more common that the 
loading conditions from the crash were simply too 
injurious owing to a reduction in the occupant’s 
survival space.  Impact configurations with 
insufficient structural engagement or with oblique 
directions of force frequently result in degradation of 
structural integrity and occupant trajectories that 

reduce the effectiveness of restraint systems even in 
moderate-severity crashes.  The findings of this study 
indicate that corner impacts and oblique frontal 
crashes should be a priority area for future research.  
 
INTRODUCTION 
 
The total number of passenger vehicle occupant 
fatalities occurring in the United States decreased 
from 30,686 in 2006 to 28,933 in 2007.  Based on the 
vehicle miles traveled, this reduction in total fatalities 
corresponds to a decrease in the fatality rate per 100 
million vehicle miles traveled from 1.42 in 2006 to 
1.36 in 2007 [NHTSA, 2009].  This decrease in 
fatalities was accompanied by a one percentage-point 
increase in seat belt use over the same time period.   
 
Frontal crashes are the most common type of fatal 
crash, with over 43% of occupant fatalities occurring 
in cases where the frontal crash is the most harmful 
event.  In 2007, 11,659 fatalities occurred in frontal 
crashes.  Fatality Analysis Reporting System (FARS) 
data indicate there were 4,835 fatalities of belted 
occupants with air bags in frontal crashes in 2007. 
 
Seat belt use and air bags are each quite effective in 
reducing fatality risk in frontal impacts, and the 
combination of both is even more effective.  Kahane 
(2000) estimates that when drivers and right-front 
(RF) passengers buckle up with three-point belts, 
they reduce their fatality risk in frontal impacts by 40 
to 64 percent (Table 1).  Similarly, in 1991, Evans 
reported that safety belts were 42 percent effective in 
preventing fatalities for drivers and 39 percent 
effective for right-front passengers. 
 
The extent to which air bags are effective at reducing 
fatality risk has been shown to be dependent on 
seating position, belt use, and impact direction.  
Viano [1995] estimated that the addition of a driver-
side air bag provided a twelve percent increase in 
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effectiveness over a seat belt alone.  A more recent 
study by Cummings et al. [2002] suggested air bags 
were eight percent effective in reducing fatality risk.  
Air bags are slightly more effective for adult 
passengers than for drivers, and for unbelted than for 
belted occupants (Table 2).  The combined effect of 
seat belt use and air bags is quite large.  Relative to 
an unrestrained occupant in a seat position not 
equipped with an air bag, the estimated combined 
fatality reduction for seat belts and air bags is at least 
48 percent for light truck and van (LTV) drivers in 
11:00 and 1:00 impacts with other vehicles and 
ranges as high as 74 percent for LTV passengers in 
single-vehicle 12:00 impacts (Kahane, 2004).  
Assuming the 2005 calendar year mix of occupants, 
vehicles and crashes, the average combined fatality 
reduction of seat belts and air bags in all frontal 
crashes is 61 percent relative to an unrestrained 
occupant without an air bag.  In other words, for 
every 100 frontal fatalities that would have occurred 
to unbelted occupants in vehicles without air bags, 39 
would still be expected to happen even if these 
occupants had buckled up and the vehicles had been 
equipped with air bags. 
 

Table 1. 
Estimated fatality reduction by seat belt use in 

frontal impacts 
 

 In passenger cars In LTVs 
Impacts with 
fixed object 

60% 64% 

Impacts with 
another vehicle 

42% 40% 

 
 

Table 2. 
Estimated fatality reduction by air bags in 

frontal impacts 
 

 Belted Unbelted 
12:00 impacts 
Drivers 25% 33% 
RF Passengers 13+ 28% 36% 
11:00 and 1:00 impacts 
Drivers 13% 17% 
RF Passengers 13+ 15% 19% 

 
Great effort has been focused on improved occupant 
protection in frontal crashes over the past decade.  
Federal Motor Vehicle Safety Standard (FMVSS) 
No. 208 “Occupant Crash Protection” and the New 
Car Assessment Program (NCAP) tests have 
influenced restraint system designs, and the Insurance 
Institute for Highway Safety (IIHS) offset frontal 

program has led to frontal structure enhancements.  
Continued consumer interest in high test scores has 
prompted manufacturers to focus heavily on 
achieving top ratings in the NCAP and IIHS tests.  
For the 2006 model year, 95 percent of the new 
vehicles tested received a four- or five-star NCAP 
rating [NHTSA, 2007b].  Similarly, a large majority 
of new vehicles are receiving Good ratings in the 
IIHS offset frontal test. 
 
While those efforts have resulted in improvements in 
test scores, it takes time for the newer vehicles to 
replace the existing fleet.  The median age of cars in 
operation in the U.S. was 9.2 years in 2007 [R.L. 
Polk, 2008].  Furthermore, vehicle design cycles 
typically last four to five years, and the result is that 
many of the occupants involved in crashes do not 
benefit from the safety enhancements of newer 
models.  Nevertheless, in 2007, it was calculated that 
77.6 percent of the on-road fleet was equipped with 
frontal air bags. 
 
The objective of this study is to examine, in detail, 
characteristics of fatal frontal crashes to gain an 
understanding of why, despite the use of seat belts 
and availability of air bags in modern vehicles, 
fatalities continue to occur.  It is desired to look at the 
relative importance of the various elements that 
distinguish a fatal crash from one that may have been 
survivable.  The outcome of this study can serve as a 
guide for determining future research priorities to 
promote further reductions in the occupant fatality 
rate. 
 
METHOD 
 
The fatal crashes analyzed in this study were 
collected by the National Automotive Sampling 
System-Crashworthiness Data System (NASS-CDS).  
The fatally injured occupants must have been riding 
in the front row of a passenger vehicle whose General 
Area of Damage for the most significant event was 
coded as the front (GAD1=F).  In order to eliminate 
vehicles whose safety technology is no longer 
current, the model year was required to be 2000 or 
newer.  Vehicles were also required to have been 
fitted with a frontal air bag at the fatal occupant’s 
seating location at the time of production – though 
there was no requirement that the air bag deployed 
upon impact.   Fatally injured occupants were only 
included if their appropriate manual restraint was 
coded as in-use at the time of crash, even if 
improperly used.  The restraint criteria allowed for 
inclusion of cases in which the air bag was switched 
off, the air bag was not replaced after a previous 
deployment or did not deploy for some other reason, 
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the seat belt was incorrectly used, or cases of a child 
in a booster seat.  Case years 2000 through 2007 were 
selected from CDS for this study. 
 
The collection of fatality cases was analyzed by a 
team composed of crashworthiness and 
biomechanical engineers, crash investigators and a 
statistician.  Since the objective of the study required 
more detailed information than what could be 
extracted from the CDS coded variables alone, the 
team developed a case analysis strategy that could be 
employed for each individual case review.  The 
strategy relied on information available in the scene 
diagram, scene and vehicle photographs, crash 
summary, injury patterns, vehicle crash performance, 
and overall crash outcome (i.e. other occupants in 
fatality vehicle or crash partner occupants).  In an 
attempt to minimize subjectivity, a case review 
template was developed and a number of factors and 
classifications were specified to capture the essential 
information of the cases. 
 
Each team member individually reviewed a subset of 
the cases and prepared summary documents for later 
discussion with the entire group.  The group then met 
and reviewed each case using the summary 
documents as a guide.  Following the discussion, the 
team reached a consensus on the various factors that 
led to the crash being fatal for the occupant of 
interest.  A factor, in this context, is an event or 
condition present at or after the time of impact that 
probably and logically increased the likelihood that 
this specific impact would be fatal to the occupant.  
For example, the condition that the occupant is obese 
is likely to be a factor in an impact where the 
occupant bottomed out the air bag and sustained 
major thoracic injuries, while it is unlikely to be a 
factor in a crash where an exterior object penetrated 
the vehicle and struck the occupant in the head. 
 
Factors related to the fatality were deemed primary or 
secondary, depending on the nature of their causative 
effects.  The ability to relegate a factor to secondary 
status allowed the team to capture the entire 
essentials of the case without diluting the importance 
of the factor(s) deemed most significant for the 
fatality.  A primary factor can be considered a 
necessary condition for a fatality, in the sense that 
removing it from the set of circumstances would 
likely lead to the crash not being fatal.  A secondary 
factor increases risk, and could possibly make the 
difference between life and death, however its 
removal would probably not change the significance 
of the primary factors.  A listing of the factors with 
brief descriptions is provided in the Appendix.  
Although case reviews did consider pre-crash events 

and their influence on the severity of the crash, the 
objectives of this study were to look at 
crashworthiness, restraint, and occupant-related 
factors. 
 
RESULTS 
 
A total of 138 fatalities, from 133 vehicles in 132 
total crashes, were selected from the 2000-2007 CDS 
files for inclusion in this study.  Of those fatalities, 
63% (87) were in passenger cars with the remaining 
cases in light trucks, SUVs or vans. Eighty-three 
percent (115) were drivers and the rest were right-
front passengers.  Occupant ages ranged between ten 
and 87 years and 61% (84) of the occupants were 
male.  Average occupant height was 171 cm (67 
inches) and average occupant weight was 83.9 kg 
(185 lb). 
 
During the case reviews, it became apparent that 
some of the cases did not fit the study criteria and 
were thus excluded from the study.  Examples 
include cases in which it was determined, after 
careful review, that the fatality-inducing event was 
not a frontal impact or that the occupant was not 
wearing the manual belt restraint.  Cases in which the 
occupant died immediately prior to the crash due to 
illness or was apparently committing suicide were 
also deleted.  Seventeen cases were deleted from the 
original set leaving 121 for analysis.  A histogram of 
occupant age among the 121 cases is shown in Figure 
1.  The distributions of vehicle model year and type 
are shown in Figure 2 and 3. 
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Figure 1.  Histogram of fatal occupant age. 
 
The frontal air bag deployed for all but six of the 
fatalities, and in one of the non-deploy cases, the 
passenger-side air bag switch was set to the off 
position.  Manual belt use was deemed as proper in 
all cases. 
 
Table 3 shows the factors and their frequency of 
occurrence as either primary or secondary among the 
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Distribution of Vehicle Model Years
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Figure 2.  Histogram of vehicle model year. 
 

Vehicle Type Breakdown

Car
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Truck
15%

  
Figure 3.  Breakdown of vehicle type. 
 
121 cases.  Note that the cases could have multiple 
primary and secondary factors. 
 
References to specific cases are in the form 200X-
YY-ZZZ, where 200X represents the CDS year, YY 
the primary sampling unit (PSU) and ZZZ the case 
number.  Cases can be viewed using the on-line CDS 
case viewer accessible via the NCSA page available 
at http://www.nhtsa.dot.gov. 
 
DISCUSSION 
 
Careful review of the 121 fatalities yielded a list of 
factors to gain a better understanding of why 
restrained occupants die in frontal crashes.  A 
consistent team-based approach was used to 
determine which factors were relevant in each crash, 
and the resultant breakdown of factors pointed to a 
handful of key areas that may warrant further study.  
Some of the factors have a greater potential to be 
addressed by improvements in restraint systems and 
vehicle crashworthiness, but many of the crashes 
were simply so severe that crash avoidance becomes 
the first line of defense.  The discussion covers some 
of the most common primary factors and provides 
examples and explanation on how they were selected. 

 
Table 3. Fatality factors in 121 cases 

 
Factor Pri Sec Grp* 
Exceedingly severe crash 37 10 C 
Underride, limited vertical 
structural engagement 

23 13 C 

Limited horizontal structural 
engagement  

20 8 
 

C 

Oblique impact 17 11 C 
Anomaly (unusual crash 
circumstance)  

17 0 C 

Elevated occupant age  16 14 O 
Trailer’s guard did not prevent 
underride 

13 2 C 

Tall, narrow object 9 1 C 
Roof, A-pillar, or other upper-
compartment intrusion 

6 43 V 

Excessive IP or toe pan 
intrusion, or buckling of floor 
pan 

4 27 V 

Obese occupant (BMI ≥ 30) 3 21 O 
Poor occupant-air bag 
interaction  

3 18 R 

Vehicle not manufactured to 
current design practices 

2 23 V 

Front-to-front incompatibility 
between two passenger vehicles 
(cars or LTVs) 

2 10 C 

Multiple event crash      2 1 C 
Post-crash fire resulting in fatal 
burns 

2 0 C 

Belt system did not adequately 
restrain  

1 10 R 

Out-of-position occupant 1 3 C 
Seat or seat back did not 
adequately restrain  

1 3 V 

Air bag injured out-of-position 
occupant (e.g., SCI case) 

1 2 R 

“Back-seat bullet” – rear-seat 
occupant increased the load on 
the front seat and contributed to 
seat failure 

1 2 B 

Pre-existing medical condition 1 1 O 
Air bag did not deploy 1 0 R 
Post-crash injury complications 1 0 O 
Air bag bottomed out 0 26 R 
Short-stature occupant 0 7 O 
Steering assembly moved 
upward 

0 3 V 

Air bag switched off 0 1 B 
Belt-induced injury 0 1 R 
Tall or large occupant (not 
obese) 

0 1 O 

* Factors are divided among five different groups: C - 
crash configuration or partners; R - restraint 
performance; V - vehicle structure performance; O - 
occupant vulnerability; B - occupant behavior.  The 
factors are described in the Appendix. 
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Exceedingly Severe Crash 
 
Thirty-seven of the fatalities were attributed 
primarily to the crash being exceedingly severe.  
While there was no quantitative criteria (delta-V, 
crush, etc.) used to determine whether a crash was 
exceedingly severe, this factor was typically selected 
when it was apparent that the amount of crash energy 
absorbed was much higher than that at typical crash 
test speeds.  In these cases, it was understood that the 
vehicle structure and restraint systems were 
overwhelmed relative to their design targets. 
 
Crashes between two vehicles traveling in opposite 
directions on a high-speed roadway would be 
considered exceedingly severe, given ample evidence 
that both vehicles were traveling at or above posted 
speeds.  “Exceedingly severe” was applied as a 
primary factor more than any other factor, and it was 
frequently the only primary factor coded.  In an 
exceedingly severe crash, it is expected that 
secondary effects may include large occupant 
compartment intrusions and air bags that bottom-out 
when loaded by the occupant.  There were some 
cases in which exceedingly severe was considered a 
secondary factor.  In these cases, the high level of 
crash energy was felt to play a role in the occupant’s 
demise, but other factors such as structural 
engagement or crash direction were deemed more 
directly responsible.   
 
One example of a case considered exceedingly severe 
was 2007-74-107, in which a 2000 Ford Taurus 
impacted a 2000 Buick Park Avenue in a full-frontal 
configuration, resulting in fatality to the three front-
seat occupants of the two cars.  This crash of two 
similarly-sized passenger vehicles occurred on a 
highway where one vehicle was traveling in the 
wrong direction, so both vehicles were traveling at a 
high rate of speed immediately prior to the impact.  
The distributed impact resulted in a delta-V of 59 
mph for the Taurus (Figure 4), which had received a 
five-star NCAP rating and a Good IIHS frontal 
rating.  The high level of crash energy led to 
instrument panel intrusion and there was evidence 
that the occupant loading caused the air bag to 
bottom-out. 
 
While not irrelevant to the study of the fatal frontal 
crash problem, the exceedingly severe crashes can be 
separated from the rest of the fatalities based on the 
difficulty associated with addressing crashes of such 
severity.  These high-energy crashes require vehicle 
structure and restraint design trade-offs that may not 
be technically viable.  Rather, the team believes the 
exceedingly severe crashes identified could benefit 

from crash avoidance technologies that could either 
prevent or mitigate the severity of the event, and 
were thus segregated from the other cases. 
 

 
Figure 4.  Example of exceedingly severe as 
primary factor – case 2004-74-107 
 
Limited Structural Engagement 
 
The second most commonly coded primary factors 
were those related to less-than-optimal engagement 
of front structural components.  Limited structural 
engagement was coded when the front of the vehicle 
was loaded in a way that failed to engage one or both 
of the two primary longitudinal members (frame 
rails) in an effective manner.  Limited vertical 
engagement and limited horizontal engagement both 
shift part of the energy absorption responsibility to 
the occupant compartment, and typically result in 
large intrusions that shrink the occupant ride-down 
space. 
 
     Vertical (underride) – Vertical engagement 
problems typically arose in impacts to semi-trailers or 
when passenger cars struck higher-riding light trucks.  
In many of these cases, the crush at the level of the 
bumper was minor while the upper portion of the 
vehicle’s front was crushed all the way back to the 
occupant compartment.  The upper structures 
typically lack sufficient energy-absorbing capability, 
even in moderate severity crashes, to withstand the 
deformation into the occupant compartment.  This 
factor was not mutually exclusive with “Trailer’s 
guard did not prevent underride.”  All cases where 
the trailer guard was a factor were also assigned the 
vertical (underride) factor to demonstrate the role 
played by the case vehicle’s structure in addition to 
capturing the importance of the trailer’s structure. 
 
An example of a crash with limited vertical structural 
engagement as a primary factor is 2007-9-63, in 
which a 2006 Toyota Avalon struck a semi-trailer.  In 
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this case, the vehicle sustained minor crush at the 
bumper level, but the hood and windshield header 
were severely deformed (Figure 5).  Due to the 
excessive occupant compartment deformation, the 
restraint performance was irrelevant since the 
greenhouse structures could not withstand the impact.  
This occupant was believed to have contacted the 
intruding windshield header, which was reinforced by 
the semi-trailer, with his head and the intruding 
steering assembly with his thorax. 
 

 
Figure 5.  Example of limited vertical structural 
engagement as primary factor – case 2007-9-63.  
The front bumper beam sustained minor damage, 
yet the hood was pushed back beyond the 
windshield.  
 
     Horizontal – Horizontal offset problems typically 
arose in extreme offset or corner impacts with other 
vehicles or narrow objects.  As in the limited vertical 
engagement cases, the limited horizontal engagement 
cases did not demonstrate good engagement with the 
longitudinal energy-absorbing structures of the 
vehicle and the result is usually severe occupant 
compartment deformation.  The struck object often 
peels away the front fender and then contacts the 
firewall area resulting in large instrument panel 
intrusions.  Crashes with limited horizontal 
engagement can be identified frequently as having a 
Collision Deformation Classification (CDC) 
designation of “FLEE” or “FREE.”  For these 
crashes, the maximum width of deformation 
measured from the side surface of the subject vehicle 
is 410 mm (16 inches) or less. 
 
Case 2004-50-32 involves a 2001 Subaru Forester in 
which the right front passenger was killed as a result 
of an extreme right offset pole impact (Figure 6).  
The pole contacted the right front of the vehicle, 
outboard of the longitudinal member, and caused the 
instrument panel, toe pan, and windshield header to 
intrude into the occupant’s seating position.  

Instrument panel intrusion was measured as 81 cm 
for the right front seating position. 
 

 
Figure 6.  Example of limited horizontal 
structural engagement as a primary factor – case 
2004-50-32.  Note the minimal induced damage to 
the front structure on the vehicle’s left side.  The 
direct damage was limited to the area behind the 
right headlight. 
 
Oblique Crash 
 
Oblique impacts were also common among these 
fatal crashes, and were coded as primary factors in 
seventeen cases.  Oblique crashes could involve a 
small overlap or a full overlap, but the key was that 
the principal direction of force was at enough of an 
angle from twelve o’clock to affect occupant 
trajectories and the subsequent restraint interaction.  
It was found that occupants sometimes missed the air 
bag as they moved forward and laterally in response 
to the impact.  Depending on the seating position and 
the direction of the obliquity, the occupant would 
move towards the A-pillar or center instrument panel.  
Large A-pillar intrusions were common in oblique 
cases because of the less-than-optimal structural 
engagement, and this would exacerbate the severity 
for the occupant by even further reducing ride-down 
space. 
 
An example of a crash with an oblique impact as the 
primary factor is 2004-49-168, which involved a 
2004 Mercedes S430 (Figure 7).  This vehicle was 
struck with a 40 degree PDOF, and the total delta-V 
was 30 km/h.  The right front passenger moved 
forward and to the right in response to the impact, 
and her head most likely did not fully engage the 
deployed frontal air bag, striking the A-pillar instead 
and causing serious head injuries.  Because of the 
oblique angle, she did not benefit from the frontal air 
bag or the side curtain air bag that also deployed in 
this crash. 
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Figure 7.  Example of oblique impact as a primary 
factor – case 2004-49-168 
 
Roof, A-Pillar or Other Upper-Compartment 
Intrusion and Excessive IP or Toe Pan Intrusion 
 
Large intrusions of the roof, A-pillar, windshield 
header, and instrument panel were the most 
frequently coded secondary factor in this study.  In 
most cases, these large intrusions were the result of 
poor structural engagement or extreme crash severity.  
The intrusions were considered as a result of the 
nature of the impact, and were thus only secondary 
factors, even though they were frequently directly 
responsible for the severity of the injuries. 
 
Elevated Occupant Age 
 
There were some crashes that, at first glance, did not 
appear to be overly severe and the vehicles had not 
sustained the extent of damage that would be 
expected in a fatal crash.  In some of these cases, a 
review of the occupant and the injuries revealed that 
occupant-related factors were responsible for the 
fatality.   
 
Occupant fragility due to elevated age was frequently 
cited as a primary factor (sixteen cases) owing to the 
general decrease in injury tolerance among the 
elderly population.  Elevated occupant age was coded 
when the team felt strongly that a younger and more 
robust individual would have survived based on the 
perceived severity of the impact.  These cases 
generally had relatively little occupant compartment 
intrusion and were not oblique in nature.  Figure 8, 
case 2005-79-139, shows one such example.  There 
were also fourteen cases where elevated age was 
coded as a secondary factor.  These were crashes 
where severity or loading direction would have 
presented any occupant with a demanding loading 
condition, but the occupant’s tolerance was 
considered to affect their outcome. 

 

 
Figure 8.  Example of crash with elevated 
occupant age as primary factor – case 2005-79-139 
 
CONCLUSION 
 
The detailed review of fatality cases conducted in this 
study yielded a tally of important factors that may 
help to explain why restrained vehicle occupants 
continue to die as a result of frontal crashes.  The 
team analyzed evidence from each case to develop an 
explanation of why the fatality occurred and to 
enhance the already-coded crash investigation data 
with an objective assessment of critical factors.  
While 37 of the 121 fatalities were attributed to the 
crash being overly severe, the following factors arose 
as those most prevalent in the fatal crashes: 

• Underride or limited vertical structural 
engagement 

• Limited horizontal structural engagement 
• Oblique impact direction 
• Elevated occupant age 
• Semi-trailer underride guard did not prevent 

underride 
The above-listed factors provide a list of issues that 
need to be addressed further reduce fatalities of 
restrained occupants in frontal crashes.  Despite an 
increase in occupant seat belt usage and 
improvements to vehicle crashworthiness, the factors 
listed above provide an explanation of why occupants 
continue to sustain fatal injuries in frontal crashes.  
The factors also point to areas for potential 
improvements in crash performance through 
advanced restraint technologies and structural 
enhancements that may help further reduce occupant 
fatality risk. 
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APPENDIX 
 
Description of factors related to crash 
configuration or partners 
 
     Anomaly – Unusual crash configuration or 
circumstances, such as being struck by an airborne or 
rolling vehicle; hitting an unusually-shaped vehicle 
or object; or experiencing multiple frontal impacts, 

with the air bag deploying on an earlier impact than 
the most severe one. 
 
     Exceedingly severe crash – The velocity change 
and acceleration are so great that it is not very likely 
the occupant could ride down and survive in the time 
and space available, even if structural engagement 
had been excellent, the vehicle had been 
manufactured to current design standards, the 
occupant was young, and the restraint system 
functioned well.  Fundamentally, if this had been a 
full-frontal impact, it would likely have been fatal to 
the driver and RF passenger; if it had been an offset 
with 50 percent overlap, it would likely have been 
fatal to the occupants of the impacted half.  
Typically, the time and space available for the 
restraint system, already limited because of the high 
speed, is further reduced because the instrument 
panel intrudes and the floor pan buckles at these force 
levels, even in vehicles manufactured to current 
design standards.  In short, the restraint system is 
overwhelmed.  This is usually a primary factor, but it 
can be a secondary factor if a crash was just below 
that severity level, and there were other risk-
increasing factors. 
 
     Front-to-front incompatibility – When the case 
vehicle hits a car or LTV head-on, and that other 
vehicle is much stiffer and/or heavier, or has the 
frame rails located substantially higher, the case 
vehicle may experience a disproportionate share of 
the damage and experience compartment intrusion 
above and beyond what might be expected from the 
speed and degree of offset. 
 
     Limited horizontal structural engagement – 
The primary frontal longitudinal members of the case 
vehicle did not engage with the structure of the other 
vehicle or object because the impact was (1) on the 
corner of the case vehicle, (2) strongly offset to the 
point where the direct damage on the case vehicle 
was outside the longitudinal member, and/or (3) with 
a narrow object that fits between the longitudinal 
members.  Intrusion of various components may 
increase and occupant trajectory can be affected.  Air 
bags may deploy late or not at all.  This becomes a 
primary factor if an impact at the same velocity with 
good structural engagement would have had a low 
fatality risk. 
 
     Multiple-event crash – Impact(s) prior to the 
main impact cause the air bag to deploy before it is 
most needed, or displace the occupant out of position, 
or cause the occupant to load the belt system and/or 
air bag from an angle for which it is not optimally 
designed. 
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     Oblique crash – The direction of impact is 
sufficiently far away from longitudinal so as to affect 
occupant trajectories (away from the air bag and not 
straight ahead into the seat belt).  Components may 
be displaced laterally and longitudinally. 
 
     Out-of-position occupant – Includes people 
displaced out of position by small impacts or off-road 
excursion prior to the main impact and, less 
frequently, people who were already out of position 
before the crash (e.g. asleep).  This can result in 
belted occupants being too close to the deploying air 
bag or to static components such as the side structure 
or steering assembly. 
 
     Post-crash fire resulting in fatal burns – A fire 
that develops as a result of the crash is responsible 
for the occupant’s demise. 
 
     Tall, narrow object – In addition to the risk-
increasing factors associated with the narrow object’s 
limited horizontal engagement, the height of the 
object, typically a tree or pole tends to push 
components in front of it such as the instrument panel 
and steering assembly upwards and into the 
compartment.  The occupant’s head may contact the 
tree or pole. 
 
     Trailer’s guard did not prevent underride – 
The case vehicle hit the rear of a semi-trailer or 
single-unit truck equipped with an underride guard.  
Nevertheless, there was severe underride, presumably 
because the vehicle missed the guard or pushed the 
guard out of the way, upward or sideways. 
 
     Underride, limited vertical structural 
engagement – The primary frontal longitudinal 
members of the case vehicle did not engage with the 
structure of the other vehicle due to a height 
mismatch.  This results in excessive damage depth 
and compromise of the occupant compartment on the 
case vehicle.  Underride becomes a primary factor if 
an impact at the same velocity with good structural 
engagement would have had a low fatality risk. 
 
Description of factors related to restraint system 
performance 
 
     Air bag bottomed out – This was quite common, 
but it was always a secondary factor.  It was a 
consequence of the impact’s severity and/or the 
occupant’s weight.  There were no cases where the 
air bag bottomed out for no particular reason.  There 
were also no cases where it was evident that a more 

capacious air bag would have prevented the fatality, 
because most of these crashes were quite severe. 
 
     Air bag did not deploy – This would be coded in 
a crash where a deployment would have typically 
been expected and would likely have benefited the 
occupant.  In other words, where this was the primary 
factor (one case), the team believes a deployment 
would likely have prevented the fatality. 
 
     Air bag injured out-of-position occupant – Poor 
belt fit or multiple impacts can allow occupants to 
approach the air bag before it deploys.  If an occupant 
has the characteristic injuries, such as atlanto-
occipital cervical spine dislocation plus brain injury 
plus abrasions of the neck and face, there was a 
possibility they were too close to the deploying air 
bag.  These instances were rare in our study of belted 
occupants in vehicles with redesigned air bags (MY 
1998+).   
 
     Belt system did not adequately restrain – This 
occurs when something has allowed excessive 
occupant excursion in the belt.  Shoulder belts 
integrated into the seat back may permit excessive 
excursion when, for example, a large occupant exerts 
sufficient force to bend the seatback and pull it 
forward.  There was one case where the belt 
anchorage tore loose.  Excursion could also be 
increased by poor belt fit (very short occupant), or by 
a series of impacts. 
 
     Belt-induced injury – Although CDS attributed 
injuries to the belt system in several cases, the team 
only considered it a factor if these injuries were fatal, 
and of higher severity than would be expected for this 
type of impact. 
 
     Poor occupant-air bag interaction – The 
occupant’s thorax does not hit the center of the air 
bag, and as a result engages at best a limited portion 
of the energy-absorbing capability of the air bag.  
This happens often as a direct consequence of 
oblique force or a vehicle rotation introduced by a 
corner impact or strongly offset impact; as a result 
this factor is often secondary (because a 
consequence) to “oblique crash” or “limited 
horizontal engagement.”  It may also result from 
delayed deployment, an occupant with unusual 
stature or out-of-position, or upward displacement of 
the steering assembly. 
 
Description of factors related to vehicle structure 
or component performance 
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     Excessive IP or toe pan intrusion, or buckling 
of the floor pan – Instrument panel (IP) intrusion 
and floor-pan buckling both reduce the space 
available between the occupant and the front interior 
for ride-down by the restraint system.  Severe IP 
intrusion can result in direct contact with the belted 
occupant leading to fatal thoracic injuries.  Gross 
reduction of the occupant’s survival space can reduce 
the effectiveness of the restraint systems and can 
entrap the occupant. 
 
     Roof, A-pillar or other upper-compartment 
intrusion – The roof, A-pillar, windshield header, 
roof side rail, and/or striking vehicle/object entered 
the space of the occupant compartment from the 
front, side, and/or top, resulting in fatal head injuries 
to the occupant.  This is usually a secondary factor, 
because it is a direct consequence of what happened 
in the crash (underride; corner impact; tall, narrow 
object). 
 
     Seat or seat back did not adequately restrain – 
The seat tore loose from its track, or moved forward 
along the track during impact, or moved up or down 
in response to intrusion.  The occupant space 
available for ride-down was reduced or the occupant 
was allowed to contact the front interior with a more 
vulnerable body region (neck or abdomen rather than 
thorax). 
 
     Steering assembly moved upward – The upward 
motion of the steering assembly, in response to the 
vehicle’s structural deformation, concentrated the 
impact of the steering wheel into the driver’s chest.  
The phenomenon was a consequence of exceedingly 
severe impacts or tree impacts, and not a primary, 
first-cause factor. 
 
     Vehicle not manufactured to current design 
practices – This usually refers to MY 2000+ vehicles 
that were carryovers from somewhat earlier designs, 
with poor or marginal performance on the IIHS offset 
test, especially with regard to structural performance.  
These vehicles tend to allow more IP, toe pan or floor 
pan intrusion/deformation than the latest designs. 
 
Description of factors related to intrinsic occupant 
vulnerability 
 
     Elevated occupant age – This occurs when an 
impact that resulted in fatal injuries would probably 
not have been fatal to a 30-year-old occupant.  The 
younger occupant would have sustained a less severe 
type of injury than this occupant, or even if they had 
sustained the same injury, they would probably have 
survived it.  There is no specific minimum age for 

this factor; typically these occupants are over 70, but 
in some of the more severe crashes, as young as 65-
70 years old. 
 
     Obese occupant – The occupant had a body mass 
index (BMI) of 30 or more, and that increased fatality 
risk because the occupant bottomed out the air bag, 
overtaxed the belt system or the seat, increased 
impact force on the ribcage, or reduced the space 
between the occupant’s torso and the steering 
assembly or instrument panel. 
 
     Pre-existing medical condition – The occupant 
was more vulnerable to impact trauma than the 
average for his or her age due to an illness (which 
was not, itself, the cause of the fatality). 
 
     Post-crash injury complications – An injury or 
combination of injuries that is rarely fatal became 
fatal as a result of complications during the 
convalescence.  Typically, the victim would be an 
older person. 
 
     Short-stature occupant – Because of short 
stature, the occupant contacts the air bag with a 
different body region than the one for which the air 
bag is designed (e.g. the neck instead of the center of 
the chest).  Because of short stature, a driver sits 
closer to the air bag and reduces the space available 
for ride-down by the restraint system or even 
becomes exposed to injury by the deploying air bag.  
The occupants in this study who were granted this 
factor were 160 cm or shorter. 
 
     Tall or large occupant (not obese) – Usually 
advantageous, this could increase risk if the occupant 
contacts upper-interior components despite being 
belted or overtaxes the belt or seat system.  The only 
occupant in this study with this factor was 193 cm 
tall and weighed 106 kilograms. 
 
Description of factors related to occupant 
behavior that increased injury risk 
 
     Air bag switched off – The case vehicle is a 
pickup truck factory-equipped with an on-off switch 
for the passenger air bag, and the switch is off – with 
or without the occupants being aware of it. 
 
     Back-seat bullet – An unrestrained back-seat 
occupant was seated behind the victim and contacted 
the back of the front seat during the impact.  This 
“back-seat bullet” increased the load on the victim 
and/or reduced the space between the front seat and 
the instrument panel. 
 



Seluga 1 
 

 

ANALYSIS AND PREVENTION OF CHILD EJECTIONS FROM GOLF CARS AND PERSONAL 
TRANSPORT VEHICLES 
 
Kristopher Seluga 
Technology Associates 
Timothy Long 
Accident Research & Biomechanics 
USA 
Paper Number 09-0186 
 
ABSTRACT 
 
United States Consumer Products Safety Commission 
statistics indicate there are approximately 13,000 golf 
car related emergency room visits in the United 
States annually.  Of these, approximately 40% 
involve children (i.e. age < 16) and 50% of these 
involve a fall from a moving car.  Evidence also 
indicates that many passenger ejections occur during 
left turns.  Children are especially susceptible to 
ejection because of their small size and reliance upon 
the hip restraint for stability.  While adult ejections 
have been studied, the present study analyzes 
mechanisms of child ejection during left turns.  
Dynamic tests are presented wherein an 
anthropomorphic Hybrid III  6 year old dummy in the 
front passenger seat is ejected during a moderate left 
turn and ejection kinematics are analyzed.  An 
Articulated Total Body (ATB) occupant simulation is 
also presented, which compares favorably with 
experimental results.  Additional simulations are 
presented wherein a seatbelt is found to be effective 
in preventing ejection with minimal belt force 
requirements.  While experimental and simulated 
occupant dummies do not include muscular reactions, 
the potentially rapid onset of vehicle acceleration 
indicates that real occupants, particularly young 
children, may not have time to react before the 
ejection process has begun.  Results indicate that 
current hip restraints are not large enough to prevent 
the ejection of small children during a moderate left 
turn.  Additionally, seatbelts or straps are effective in 
preventing ejection during driver induced 
accelerations.  The small belt force requirements 
indicate that seatbelts designed for use in automobiles 
and meeting Federal Motor Vehicle Safety Standards 
(FMVSS) may not be necessary.  Based on these 
results, it is recommended that children be prohibited 
from riding in golf cars without a seatbelt type 
restraint when driven on golf courses and that 
seatbelt type restraints be provided for each occupant, 
especially children, when driving outside the golf 
course setting.     
 

INTRODUCTION 
 
Research and data compiled across the country 
indicate that the use of golf cars1 and Personal 
Transport Vehicles (PTVs) is rapidly expanding, as 
are the numbers or injuries related to their use.  
Recent research conducted by the University of 
Alabama at Birmingham [1] has indicated that about 
1,000 Americans are injured in golf car related 
accidents each month.  Another study completed by 
the Center for Injury Research and Policy at 
Nationwide Children’s hospital in Columbus, Ohio 
[2] stated that annual injury rates for golf cars 
increased 130 percent over 16 years ending in 2006.  
This study suggested that rules should be in place 
banning children under 6 years old from riding in 
golf cars.  These studies and their underlying data 
also indicate that passenger ejection is a dominant 
mode of injury in golf car and PTV accidents, 
especially when children are involved.  The testing 
and simulations in the present study investigate the 
effectiveness and load requirements for preventing 
ejection of children seated in golf cars. 
 
In addition to golf cars operated on golf courses, 
resort and retirement communities in the United 
States, as well as other local municipalities, now 
allow golf cars and Personal Transport Vehicles 
(PTVs) on streets as primary means of local 
transportation [3, 4, 5, 6].  In fact, local transportation 
of passengers is the express purpose of PTVs.  
Advertising for many PTVs produced by the major 
manufacturers (i.e. Club Car, E-Z-Go and Yamaha) 
specifically indicates that these vehicles are intended 
for “playing golf or cruising your neighborhood” [7] 
and “hauling kids” [8] and feature photos of young 
children riding in the vehicles.  In response to the 
trend of using golf cars and PTVs off the golf course, 

                                                 
 

1 While the term ‘‘golf cart’’ is used by general 
public, the manufacturers of those vehicles use the 
term ‘‘golf car.’’ 
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the U.S. National Highway Traffic Safety 
Administration implemented requirements for safety 
equipment on Low Speed Vehicles (LSVs) that 
operate on public roads including mandatory 
seatbelts for all passengers [9, 10, 11].  However, 
these regulations define a Low Speed Vehicle as one 
having a top speed between 32 and 40 kph (20 and 25 
mph).  As a result, vehicles with top speeds below 32 
kph (20 mph), such as golf cars and PTVs remain 
unregulated.   
 
Golf cars and Personal Transport Vehicles are often 
substantially similar, are manufactured by the same 
group of companies, and are virtually 
indistinguishable to the common observer.  However, 
the manufacturers differentiate these vehicles based 
on maximum speed and intended usage, which can 
lead to confusing or ambiguous distinctions.  For the 
purposes of this study, it is sufficient to understand 
that according to American National Standards 
Institute (ANSI) standards, the term “golf car” 
applies to vehicles with a top speed of less than 15 
mph that are “specifically intended for and used on 
golf courses for transporting golfers and their 
equipment” [12] while “Personal Transport Vehicle” 
(PTV) applies to vehicles with a top speed of less 
than 20 mph which are “operated on designated 
roadways, or within a closed community where 
permitted by law or by regulatory authority rules” not 
including golf cars [13].   
 
Previous research performed by Seluga et al [14] and 
Long et al [15] has demonstrated the ineffectiveness 
of most hip or handhold restraint systems typically 
found on existing golf cars and PTVs.  In fact, it has 
been demonstrated that these types of restraints can 
exacerbate the problem by acting as a tripping 
mechanism, increasing the likelihood that an ejected 
occupant will strike the ground head first.  
Additionally, the documented increase in golf car and 
PTV injuries is consistent with the data presented by 
Long et al [15], which indicated an increase in the 
number of injuries due to increased vehicle usage and 
the lack of any seatbelt requirements.  This study also 
demonstrated the effectiveness of seatbelts in 
preventing passenger ejections.  Thus, if seatbelts 
were provided and users exhibited comparable 
compliance rates to those for automobiles (i.e. 
approximately 80% [16,17]), then approximately 
80% of ejection accidents could be prevented by 
providing seatbelts.   
 
The debate concerning restraint systems on golf cars 
and PTVs has had opposing opinions both for and 
against seatbelts.  The opinion that golf cars and 

PTVs should not have any type of seatbelt system has 
been primarily put forth by the National Golf Car 
Manufacturers Association (NGCMA), a non-profit 
corporation consisting exclusively of golf car 
manufacturers and organized “to promote the 
common business interest of its members” [18].  
During the 1997 NHTSA rulemaking process related 
to the newly designated motor vehicle category of 
“Low Speed Vehicle” (LSV) [9], the NGCMA 
viewed the seatbelt requirement as “antithetical to the 
personal safety of drivers and occupants of golf cars” 
[10] and cited ANSI/NGCMA Z 130.1-1993 [19] 
which required a Rollover Protective Structure 
(ROPS) for any golf car containing seatbelts.  
Additionally, the NGCMA suggested that existing 
hip restraints do not prevent occupants from jumping 
or leaping out of golf cars to avoid injury when the 
car is about to rollover.  Accordingly, the NGCMA 
Golf Course Safety Guidelines [20] state that “use of 
seatbelts without adequate overhead protection may 
result in severe injury or death.”  The investigation 
by NHTSA regarding the establishment of the “Low 
Speed Vehicle” (LSV) classification included 
research of golf car safety; until it was determined 
that NHTSA would only regulate Low Speed 
Vehicles intended for on-road use and with a 
minimum speed of 20 mph.  Hence golf cars and 
PTVs with a maximum speed of less than 20 mph are 
not currently regulated by any federal agency and the 
decision to require seatbelts in golf cars and PTVs is 
left to state and local jurisdictions.  It should also be 
noted that NHTSA in its final ruling concluded that 
“the conjecture by some commenters that it would be 
valuable to be able to jump out of an LSV are 
unsubstantiated speculation that is especially 
unpersuasive given the volume of data showing that 
ejection is extremely dangerous and that seatbelts are 
remarkably effective at preventing ejection” [10].   
 
Accident Statistics 

It is estimated that there were, on average, 
approximately 13,000 golf car related injuries 
requiring emergency room treatment in the United 
States per year from 2002 to 2007, not including 
fatalities that did not involve emergency room 
treatment.  The estimated number of accidents 
steadily increased from roughly 11,000 in 2002 to 
over 17,000 in 2007 [21].  Of these, approximately 
40% (i.e. over 5,000 per year) involved an ejection 
from a moving car, representing by far the most 
common type of accident.  In cases where the 
location of the injury was reported, approximately 
70% occurred at sports or recreational facilities (e.g. 
golf courses) while the remainder occurred at 
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locations such as private homes or public streets, 
indicating that these statistics do not make the 
distinction between golf cars and PTVs that the 
NGCMA does.  When this data is filtered to include 
only children (i.e. age < 16 years), it is found that this 
age group is involved in approximately 40% (i.e. 
over 5,000 per year) of all documented accidents.  
Furthermore, children are substantially more 
susceptible to ejection than adults based on the fact 
that slightly over 50% of child accidents (i.e. over 
2,600 per year) involve a fall from a moving car.  Of 
these child ejection accidents, approximately 50% 
occurred at a sports or recreational facility, while the 
remaining 50% occurred either at home, on a street, 
or at some other public property.  In light of these 
statistics, ejections from a moving car represent a 
significant number of serious golf car and PTV 
accidents involving children, the reduction of which 
would significantly improve occupant safety [1,2,22].  
It should also be noted that according to the same 
statistics, approximately 10% of golf car and PTV 
accidents involve a rollover.  Therefore, even if 
seatbelts did present some increased danger for 
passengers in rollover events as supposed by the 
NGCMA, the relative number of ejections accidents 
to rollover accidents (i.e. approximately 4 to 1) 
indicates that the addition of seatbelts could still offer 
an overall improvement of golf car and PTV safety.  
Furthermore, there are design opportunities available 
for reducing the number of rollover events [23].   

In addition to the statistical injury data, CPSC case 
narratives also include some details regarding each 
accident.  One common scenario for a passenger 
ejection accident is when a golf car or PTV, traveling 
near its maximum speed, is turned to the left.  CPSC 
data from 2002-2007 contains many accident 
narratives that match this scenario closely, such as 
“riding with dad in golf cart, dad made a sharp turn 
and [patient] fell out” or “patient on golf cart at 
home, brother turned and threw him off cart.”  Many 
more of the “fall from cart” type accidents may also 
involve ejection during a left turn, but the accident 
narratives are too vague to make this determination in 
most cases.  This theme is repeated in numerous 
news articles that report many serious head injuries, 
including some fatalities, that involve both child and 
adult passengers falling out of a golf car or PTV 
during a left turn [24, 25, 26, 27, 28, 29].   

 
Current Designs and Standards 
 
The major golf car and PTV manufacturers (i.e. Club 
Car, E-Z-Go and Yamaha) do not provide seatbelts as 

standard equipment with their golf cars and PTVs, 
though personal communications with many 
authorized dealers indicated that they will provide a 
seatbelt if the customer requests one.  While it may 
be generally assumed that golf car users on a golf 
course are not likely to make use of seatbelts due to 
their need to frequently exit and re-enter the vehicle, 
the same may not be true for a PTV or a golf car used 
away from the golf course.  In support of this 
contention, many private communities and 
municipalities where golf cars and PTVs are used as 
the primary means of transportation do require 
seatbelts.  Obtaining some form of a seatbelt for a 
golf car or PTV is not difficult, since most golf car 
and PTV outfitters offer after market seatbelts 
[30,31] to meet the market demands for seatbelts that 
are not being met by the original equipment 
manufacturers.  The community of Palm Desert in 
California was a pioneer in recognizing the use of 
golf cars on their roadways and adopted a 
transportation plan in 1993 requiring seatbelts in golf 
cars. Some communities, such as Bald Head Island, 
North Carolina, have recognized the safety benefits 
of seatbelts but rather than requiring belts on all 
vehicles, they only recommend that occupants utilize 
them if present.  It should be noted that, contrary to 
the supposition of the NGCMA that “use of seatbelts 
without adequate overhead protection may result in 
severe injury or death,” the authors are not aware of 
any incidences at these or other communities, where 
the use of a seatbelt had a negative impact on the 
injury outcomes of a rollover accident.   
 
Unlike the Federal Motor Vehicle Safety Standard 
(FMVSS) #500 for Low Speed Vehicles, which 
requires a seatbelt be provided for each intended 
occupant, neither ANSI standard Z130.1-2004 “Golf 
Cars – Safety and Performance Specifications” [12] 
nor ANSI Z135-2004 “Personal Transport Vehicles – 
Safety and Performance Specifications” [13] require 
that any seatbelts be provided.  In lieu of seatbelts, 
ANSI Z130.1 and Z135 require “a hand hold or 
combination hand hold/hip restraint, anchored 
securely to the [vehicle], creating a barrier to help 
prevent an occupant from sliding outside of the 
[vehicle]” [12, 13].  However, these ANSI standards 
provided neither design requirements nor test 
procedures to determine the effectiveness of the 
provided restraints.  It has previously been shown 
experimentally and analytically that the existing 
restrains, typically no more than 6” tall and 12” long 
are ineffective for preventing passenger ejections [14, 
15].  In addition to the fact that the top of the 
handhold is often lower than the seated occupant’s 
center of gravity, the location of the handhold (i.e. at 
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the outboard edge of the seat) is the fulcrum about 
which an ejected passenger will tend to rotate.  As a 
result, this type of handhold does not provide the 
passenger sufficient leverage to prevent ejection.  
Due to the ineffectiveness of these designs, occupant 
ejections are by far the most common type of golf 
car/PTV accident.  Furthermore, the ANSI standards 
do not require the manufacturer to provide a 
recommended minimum occupant age.  While both 
standards require a warning label to be affixed to all 
vehicles stating “remain fully seated and hold on 
when in motion,” it is highly foreseeable that 
occupants will not always hold on while the car is in 
motion, which is especially true with regard to 
children.  Additionally, small children whose feet 
cannot reach the floor may not have sufficient 
strength to prevent ejection during a moderate turn.   
 
METHODS 
 
Dynamic Child Dummy Testing 
 
A series of tests were conducted utilizing a 2004 
Club Car Villager PTV and a Hybrid III 6 year old 
dummy weighing 21.4 kg (47 lb).  The test vehicle 
had designated seating positions for four occupants, 
two facing forward and two facing rearward.  In each 
test, the child dummy was placed unrestrained in the 
right front seated position with a driver (see Figure 
1).   
 

 

Figure 1: Test vehicle with Hybrid III dummy 

 
The vehicle in each test was brought up to full speed 
(i.e. approximately 21 kph [13 mph]) by the driver 

and the accelerator was then released and the car 
steered into a moderate but easily controllable left 
turn.  In each test the occupant kinematics were 
recorded with digital video and still images.   

 
Two methods of collecting performance data for the 
tests were employed.  A tri-axial array of 
accelerometers (IC Sensors 3031-050) was affixed 
near the vehicle’s center of gravity.  All 
accelerometer data were collected following SAE 
Recommended Practice: Instrumentation for Impact 
Test – J211/1Mar95.  The axis system was in 
accordance with SAE J1733 Information Report with 
positive X, Y and Z axes forward, rightward, and 
downward, respectively.  All accelerometer data were 
collected at 1000 Hz and filtered using a SAE Class 
60 filter.  In addition to the accelerometer data, 
vehicle performance data were measured using a 
GPS-based system (VBOX, Racelogic LTD, 
Buckingham, England).  Three-dimensional speed 
and positional data were collected at 100 Hz.   
 
Biomechanical Simulations 
 
Three-dimensional computer simulations of the test 
vehicle and the child dummy were created using the 
Articulated Total Body (ATB) simulation software 
[32, 33] for comparison with the experimental results.  
ATB is a simulation program that models the 
dynamic response of systems of connected or free 
bodies such as the human body during a dynamic 
event.  It can be used to model a dynamic 
environment of surfaces and bodies that interact with 
one another according to the physical laws of motion 
and has been used previously to study ejections 
during motor vehicle accidents [34].  In addition to 
providing detailed numerical force and motion 
results, the program also produces graphical 
depictions of the simulation results.   

To simulate the dynamic ejection experiments, a 
model of the test vehicle was combined with a model 
of a child dummy occupant based upon the geometry 
of each.  The child occupant model was created using 
the Generator of Body Data (GEBOD), which is a 
companion program to ATB that generates a model 
of the human body for use in ATB simulations [35].  
GEBOD utilizes regression equations to calculate the 
geometric and inertial properties of body segments 
based on the proportions associated with a 50th 
percentile child of a given age, height and weight 
[36].  The relevant geometry of the test vehicle 
(primarily the seat and hip restraint geometry) was 
measured directly from the test vehicle.  Some of the 
relevant measurements are shown in Figure 2.   



Seluga 5

 

 

Figure 2: Test vehicle dimensions 

 
The motion of the simulated vehicle was obtained 
from the experimental vehicle acceleration data 
described above.  The coefficient of friction between 
the simulated passenger and seat was 0.5 based on 
averages obtained from testing typical clothing 
materials on PTV seat surfaces.   
 
The simulations were first conducted with no 
attachments between the passenger and the vehicle 
(i.e. occupant not tethered or holding on) for 
comparison with the dummy experiment.  For the 
purposes of these and all subsequent simulations, 
ejection was defined as a condition where the 
passenger’s lower torso body segment moved over or 
around the hip restraint and traveled outside of the 
car.  Next, the simulations were repeated with a 
spring-damper connection added between the 
occupant’s right hand and the hip restraint, 
representing an occupant holding onto the hip 
restraint.  These simulations were used to determine 
the effect of the occupant holding onto the hip 
restraint.  Subsequent simulations were completed 
with a spring-damper connection between the 
passenger’s left hand and the center of the seat, 
simulating the occupant holding onto a handhold, 
strap or the equivalent mounted near the center of the 
bench seat, though such a handhold was not provided 
on the test vehicle.  Center seat handholds have been 
previously investigated [14] and these simulations 
were used to determine the grip and arm strength 
necessary to prevent child ejection in conjunction 
with such a device.  The necessary grip strength was 
then compared to typical child strength capabilities to 
determine if it was feasible for a child occupant to 
avoid ejection by making use of a central handhold.  
Finally, additional ATB simulations were created 
wherein a simulated lap seatbelt was added to 
determine its effectiveness in preventing ejections 
and to quantify the belt strength requirements 
necessary to prevent ejection.   

 
RESULTS AND DISCUSSION 
 
Vehicle Dynamics/Occupant Kinematics 
 
In Test 1 the PTV was brought up to a speed of
approximately 21 kph (13 mph) followed by a
moderate left turn which produced peak latera
accelerations of approximately 0.6 g (see Figure 3)
This peak lateral acceleration was reached
approximately 0.5 seconds after the onset of
noticeable lateral accelerations.  It should also be
noted that during the left turn maneuver peak
longitudinal decelerations of approximately 0.1 g
were developed.  The radius of the resulting turn was
approximately 20 ft.   
 

Figure 3: Test 1 recorded vehicle acceleration 

 
The occupant kinematics demonstrated in the test
show the child dummy moving laterally initially
followed by a combined movement of the dummy
moving laterally and forward (see Figure 4).   
 

Figure 4: Test 1 observed occupant kinematics 
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The hip restraint during the ejection phase acts as a 
tripping mechanism placing the child dummy into a 
head first dive onto the asphalt track.  Due to the 
lower inertial properties of the child dummy relative 
to an adult dummy, the ejection process is of a 
significantly shorter duration than that observed by 
the authors in adult ejections.  This rapid onset of 
ejection and subsequent trip produced by the hip 
restraint leaves the occupant little remedy in avoiding 
ejection.  It should also be noted that due to a child’s 
small stature, an active child would have little 
opportunity to jump from the vehicle by pushing off 
the floorboards since the child’s feet cannot reach the 
floorboards.   
 
In Test 2 the PTV was again brought up to a speed of 
approximately 21 kph (13 mph) followed by a 
moderate left turn, but in this sequence, one potential 
driver response to the child dummy ejection was 
demonstrated.  During the turn the driver remained 
watching the child dummy and at the first observable 
signs of a potential ejection, the driver commenced 
maximum effort braking.  This maneuver produced 
peak lateral accelerations of approximately 0.5 g’s 
along a turning radius of 27 ft followed by brake 
induced longitudinal decelerations of approximately 
0.5 g’s (see Figure 5).   
 

 

Figure 5: Test 2 recorded vehicle acceleration 

 
Once again, as demonstrated in the previous test, the 
hip restraint acts as tripping mechanism putting the 
child dummy into a head first dive onto the test track 
(Figure 6).  Additionally demonstrated in this test is 
that once the ejection process has started, a braking 
action by the driver will not prevent an ejection.   
 

Figure 6: Test 2 observed occupant kinematics 

 
These experiments demonstrate the effects of a
moderate left turn and the resulting lateral and
longitudinal accelerations which act upon a right
front passenger and lead to ejection.  Passenger
ejection is most likely to occur during a left turn
since a right turn will tend to force the passenger to
his left, towards the center of the car.  Child
passengers are especially susceptible to ejection
because of their small size and consequent reliance
upon the hip restraint to prevent ejection.  While the
experimental child dummy occupant does not include
muscular reactions, the potentially rapid onset of
vehicle acceleration (i.e. 0.5 seconds or less)
indicates that real occupants, particularly young
children, may not have time to react before the
ejection process has begun.  The results of these
experiments indicate that current hip restraints are not
large enough to prevent the ejection of small children
during moderate left turns.  It should be noted that
driver ejections, while still possible, are generally
less likely due to the fact the driver will inherently
anticipate all steering maneuvers and is also able to
use the steering wheel as a handhold.   
 
Biomechanical Simulations 
 
     Unbelted Occupant 
 
The simulated kinematics of the unbelted occupant
ejection show excellent correlation to the
experimental dummy results from both tests, as can
be seen by comparing Figure 4 and Figure 6 with
Figure 7 and Figure 8 (see Appendix A).  Both the
direction and the timing of the simulated occupant
motions match the experiments.  In the simulation of
Test 1, the unbelted occupant leans and slides
towards the passenger side hip restraint, due to the
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lateral acceleration generated by the turning vehicle.  
Next, the occupant rotates over the top and around 
the front of the hip restraint and is ejected out the 
passenger side of the vehicle.  Following ejection, the 
occupant’s head strikes the ground.  It should be 
noted that although the experimental and simulated 
dummy rest orientations are somewhat different (i.e. 
the dummy’s feet are facing in different directions 
after it comes to rest), these differences occur after 
the impact with the ground.  The occupant kinematics 
during the ejection phase and at ground impact show 
close correlation.   
 

 

Figure 7: Test 1 simulated occupant kinematics 
(unbelted and untethered) 

 
In the simulation of Test 2, the unbelted occupant 
again initially leans and slides towards the passenger 
side of the vehicle due to the lateral acceleration.  
Then, as a result of the braking induced longitudinal 
deceleration, the occupant slides forward, beyond the 
highest portion of the hip restraint, which is only 3 
inches long.  Finally, as in Test 1, the occupant 
rotates over the hip restraint and is ejected out the 
passenger side of the vehicle, striking his head on the 
ground.   
 

 

Figure 8: Test 2 simulated occupant kinematics 
(unbelted and untethered) 

The close correlation between the experimental 
occupant kinematics and the simulated motions 
indicate that the ATB model can be utilized to 
accurately simulate golf car and PTV occupant 
ejection motions.  These simulations also reveal that 
just before impact, the occupant’s head has a speed of 
approximately 15-25 kph (9-15 mph), including a 
vertical component of velocity of approximately 10-
12 kph (6-7 mph) which is equivalent to a fall height 
of 0.4-.5 meters (1.4-1.5 ft).  Research regarding fatal 
falls from play equipment indicates that children who 
fall from heights as low as 0.6 meters (2 ft) onto soil 
or grass can receive fatal head injuries [37].  Thus, 
the ejection of a child from a golf car or PTV poses 
significant risk of serious, possibly fatal head injury, 
especially if the child lands on a paved surface.   
 
     Occupant Holding Outboard Hip Restraint 
 
The simulated kinematics of the unbelted occupant 
holding the outboard hip restraint demonstrated a 
high risk of ejection, consistent with the findings of a 
previous study [14].  The ejection process of a child 
holding onto the hip restraint is depicted in Figure 9.   
 

 

Figure 9: Test 1 simulated occupant kinematics 
(unbelted and tethered to hip restraint) 

As can be seen from the simulated occupant motion, 
holding onto the hip restraint handhold located at the 
outboard edge of the seat is ineffective because that 
point is also the fulcrum about which an ejected 
passenger will tend to rotate.  Therefore, this 
arrangement requires the occupant to generate large 
torques about the hand hole to counteract the lateral 
acceleration forces, which will be difficult since the 
point of force application (i.e. the outboard handhold) 
offers very little leverage about the occupant’s center 
of rotation over the top of the handhold.  Generating 
such torques will be difficult for adults and even 
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more difficult for small children, since they are less 
likely to be able to attain a “power grip” around the 
handhold (i.e. fingers flexed around the handhold to 
form a clamp against the palm) due to its size relative 
to their hands.  Therefore, this type of outboard 
handhold may not provide the passenger sufficient 
leverage to prevent ejection, regardless of the 
occupant’s grip strength. 
 
     Occupant Holding Central Handhold 
 
The simulated kinematics of the unbelted occupant 
holding the proposed centrally located handhold 
demonstrated that with sufficient grip strength, such a 
handhold could effectively mitigate the risk of 
ejection (see Figure 10).   
 

 

Figure 10: Test 1 simulated occupant kinematics 
(unbelted and tethered to central handhold) 

 
In this case, the minimum peak hand force required 
to prevent passenger ejection was simulated for each 
test.  For the simulated 21 kg (47 lb) 6 year old 
occupant, a peak hand force of approximately 67-107 
N (15-24 lb) was required to prevent ejection.  It 
should also be noted that during the simulated left 
turn, the central handhold caused the occupants left 
arm to be loaded in tension.  Therefore, the only 
action required of the occupant is to hold onto the 
handhold, since active shoulder and elbow efforts are 
not necessary to prevent ejection.  Child strength data 
indicates that children as young as 3-5 years old are 
routinely capable of hanging from a bar with arms 
straight for 45-90 seconds [38].  This data indicates 
that children are capable of supporting roughly half 
their body weight with each arm under tension when 
a sufficient handhold is provided, on par with the 
tensile arm force required to prevent ejection with a 

central handhold.  Since the recorded lateral vehicle 
accelerations during a left turn last only 3 seconds, it 
is reasonable to assume that many children would 
have sufficient strength to hold themselves in a golf 
car or PTV during a moderate left turn if a centrally 
mounted handhold were provided.  Therefore, a 
center-mounted left handhold would be an effective 
countermeasure for mitigating the risk of ejection and 
seems to be a prudent and inexpensive safety feature 
that also facilitates compliance with ANSI standard 
Z130.1.  The limitation of such a handhold is that it is 
not a passive safety device as it does require that the 
occupant utilize the handhold.   
 
     Belted Occupant 
 
Finally, the occupant simulations with a safety belt 
included demonstrated that a seatbelt is extremely 
effective at preventing the ejection of even a passive 
occupant (see Figure 11).   
 

 

Figure 11: Test 1 simulated occupant kinematics 
(belted) 

 
This is also consistent with previous dynamic dummy 
testing [15].  Furthermore, the simulations indicate 
that the peak force at the inboard seatbelt anchor 
point is approximately 220-490 N (50-110 lb) for the 
simulated 21 kg (47 lb) occupant (i.e. approximately 
1-2 times the occupant’s weight, see Figure 12).  
Simulated belt forces at the outboard anchor point are 
negligible.  One explanation for the inboard lab belt 
forces sometimes exceeding the occupant weight is 
that the geometry of the seatbelt causes the tension to 
act at non-horizontal angle, requiring larger forces to 
generate the necessary horizontal loads to prevent 
ejection.  The initial slack in the belt and the resulting 
magnitude of the interaction between the hip restraint 
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and the occupant also play a role in how much force 
must be provided by the seat belt to prevent ejection.   

 

Figure 12: Test 1 Simulated inboard belt force 

 
This belt load is significantly less than the loads 
experienced by automobile belts during impact 
events.  Therefore, the strength of a golf car or PTV 
lap belt need not be build to automotive standards to 
be effective in preventing occupant ejection.  Since, 
if a lap belt is provided, it would be desirable to 
provide one that could also prevent adult ejections, 
additional simulations were conducted using a 95 kg 
(209 lb) 95% simulated adult male occupant to 
characterize the peak belt loads that would be 
generated by a larger occupant.   These simulations 
resulted in peak belt loads of approximately 980 N 
(220 lb), again indicating that an automotive strength 
belt need not be provided if the goal of the design is 
to prevent ejections during driver induced 
accelerations and not to offer protection in collisions.  
In fact, providing a safety strap that will break free 
under high acceleration conditions may be more 
appropriate since the proposed safety strap/belt’s 
purpose is solely to prevent an occupant ejection 
during a maneuver and not to offer crash protection.   

 
CONCLUSIONS 
 
Summary 

The coordinated experimental dynamic dummy 
testing and biomechanical computer simulation 
program presented in this study indicate that current 
golf car and PTV designs create a situation where 
young passengers are especially susceptible to 
ejection during moderate left turns.  Furthermore, 
when passengers use the provided outboard hip 
restraint as a handhold, little protection is provided 

because the ejected passenger can easily rotate about
the hip restraint due to the small size of the hip
restraint and the insufficient leverage provided when
holding onto the outboard handhold with the right
hand.  While a previously proposed center-mounted
left handhold does offer better ejection protection
when used, this feature cannot protect a passive
occupant.  Therefore, a lap belt restraint, which is
extremely effective at preventing ejection, is the best
method for preventing child ejections.  Furthermore
the lap belt need only withstand minimal forces to
prevent ejection during a non-impact event and thus
automotive strength seatbelts meeting current Federa
Motor Vehicle Safety Standards are not necessary to
prevent occupant ejections.   

 
Recommendations 

In light of these results, it is recommended that
children be prohibited from riding in golf cars
without seatbelt type restraints when used on golf
courses.  If children are allowed to ride on golf cars
with no seatbelts then, at the very least, a centrally
mounted handhold should be provided to reduce the
likelihood of ejection.  Furthermore, passive hip
restraint effectiveness should be improved on all golf
cars and PTVs by increasing the size of the restraint
in order to improve occupant retention when a
seatbelt is either not provided or not used.  When golf
cars or PTVs are driven outside a golf course setting
seatbelt type restraints should be provided for al
occupants, especially when those occupants are
children.  The community of Palm Desert in
California offers one example of the type of safety
rules that should be implemented in loca
communities. 
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APPENDIX A: ENLARGED KINEMATICS FIGURES 
 

 

Figure 4: Test 1 observed occupant kinematics 

 

 
 

Figure 7: Test 1 simulated occupant kinematics (unbelted and untethered) 
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Figure 6: Test 2 observed occupant kinematics 

 

 

Figure 8: Test 2 simulated occupant kinematics (unbelted and untethered) 
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ABSTRACT 
 
Recent epidemiological studies have identified 
ambulances as high risk passenger transport vehicles, 
particularly the rear compartment.  It appears in the 
absence of USA ambulance safety standards or 
guidelines, non engineer end-users are driving 
changes in practice and policy in place of 
independent peer reviewed biomechanical and crash 
injury outcome data. This study’s objective is to 
compare and analyze frontal crash biomechanical and 
crashworthiness research for ambulance vehicles, 
with a focus on application of the real world 
environment, and development needs for future 
standards. Frontal impact ambulance crashworthiness 
tests conducted over past 15 years, were identified 
and evaluated with a multidisciplinary approach 
consisting of automotive crashworthiness, emergency 
medicine, public health and EMS care delivery. 
Crash test data identified include:  25G to 34 G 
deceleration sled tests (delta V 20.9 to 32.3 mph); 
one full crash test of a bullet vehicle travelling at 36 
mph crashing into another vehicle, impact Delta V of 
30 km/h (18.5 mph) and deceleration of 14Gs to the 
rear compartment; and three fixed barrier frontal tests 
at a 40km/h (25 mph) delta V and 25 G impacts.  
There appeared to be a lack of correlation with real 
world crash forces in the conduct of the rigid barrier 
tests. The use of data from side facing occupants was 
also confounding. Ambulance crashworthiness is a 
complex system. Clearly demonstrated hazards have 
been identified in the limited real world crash 
injury/fatality data and the crash test data available.  
Testing must be based on meaningful real world 
parameters such as the forces that occur in actual 
crashes and the types of injury and fatality hazards to 
the occupants, so that development of standards and 
thus the design and construction of ambulance 
vehicles, can be focused to achieve adequate levels of 
occupant protection using current crashworthiness 
methodology already utilized in industry. 
 

INTRODUCTION 
 
There are some unique challenges to the 
crashworthiness, safety performance analysis and 
oversight of ambulance vehicles in the USA. Though 
there has been some very limited research focus on 
the crashworthiness and occupant protection 
performance of ambulance vehicles over the past 15 
years, there has been no independent review and 
analysis of the limited work conducted to date. This 
vehicle safety realm is very much an interdisciplinary 
field, where the science of crashworthiness and 
occupant protection safety engineering interacts with 
acute medical care delivery, clinical ergonomics and 
also public health, public safety, transportation safety 
and safety data capture. 
 
EMS is a relatively new industry when compared 
with other emergency services such as police and 
fire, and it is an industry that has an unusual history 
of beginnings within the mortician industry in the 
USA. The first modern ambulances were hearses, 
usually a Cadillac, a vehicle in which an occupant 
could be transported in the recumbent position. In the 
1960’s, just when general passenger vehicle safety 
and its occupant safety testing and oversight was 
rapidly advancing, ambulances transitioned  into a 
box mounted on a truck or van chassis. Thus, largely 
due to end user and very much non automotive safety 
factors, ambulances moved away from general 
passenger vehicle safety oversight in the USA 
 
Additionally, the interior of the box, the rear 
passenger compartment also became distanced from 
any technical realms of ‘clinical ergonomics’. Reach 
and access to the patient and patient care equipment, 
also were without technical or scientific oversight or 
evidence base. The industry that took on this 
construction and retrofitting of the rear patient 
compartment box essentially was the recreational 
vehicle (RV) industry.  That the construction, interior 
design and layout of the ambulance box in the 1960’s 
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and today resembles features seen in the RV industry 
is part of that legacy [1to 5, 7 to 13]. Thus, the 
standard US ambulance vehicle has no overall 
technical crashworthiness and occupant protection 
safety performance requirements and oversight. For 
example, non-crashworthy side facing seating [14 to 
19] on a non automotive 2 inch foam cushion bench 
and an interior layout that has poor or no 
consideration of the basic principles of operational 
ergonomics, in that occupants seated and restrained 
on that bench cannot reach either their patient or their 
medical or communications equipment.  
 
So whilst the development of clinical emergency care 
has advanced technologically for example with 
defibrillation, and other state of the art medical 
therapies, the vehicle occupant safety issues 
pertaining to the delivery of EMS care have not kept 
pace with that advancement of the medical 
emergency care provided in that environment. 
Furthermore, despite the large strides the general 
automotive industry has made in the last 40 years in 
vehicle occupant protection and passive and active 
safety, this expertise has yet to be translated 
substantively to the safety of USA ambulance 
vehicles. Compounding this also, ambulance vehicles 
in the USA are a diverse fleet: vans, light and heavy 
trucks. So there is a spectrum of occupant protection 
and crashworthiness issues yet to be addressed.  
Moreover, it remains that there are currently no 
specific dynamic impact, crashworthiness testing 
standards for ambulance vehicles in the USA. 
 
Prior to 1999 there were no dynamic safety testing 
and performance standards for ambulances globally. 
The first nationally approved safety performance 
standard was the Australian ASA 4535 in 1999 [20]. 
This code required dynamic impact testing with use 
of anthropomorphic crash test dummies (ATD) with a 
24 G impact test forward and rear and 10 G laterally. 
 
The CEN1789 [21] followed, implemented in 2000 in 
Europe and revised in 2006, requiring safety 
performance testing to 10 G forward, rear, laterally 
and vertically. Both ASA4535 and CEN1789 are 
mandated and not voluntary.  
 
Thus ascertaining the safety of EMS transport 
vehicles (and products in that environment) had 
remained limited largely to expert opinion and peer 
evaluation in a piecemeal fashion globally until 1999 
in Australia and 2000 in Europe, and still remains so 
in the USA. 
  

Currently, US ambulances are built by aftermarket 
ambulance retrofitter/manufacturers, essentially to 
meet the Ambulance Manufacturing Division (AMD) 
of the National Truck Equipment Association’s own 
design standards. These AMD ‘standards’ are 
essentially developed and overseen by the AMD, and 
technically outside of automotive safety and 
crashworthiness engineering oversight. It is similarly 
the case for the GSA KKK-F [22], purchase 
specification developed by the General Services 
Administration (GSA), which defers to the AMD 
‘standards’. 
 
The GSA KKK-F ambulance vehicle purchase 
specification guideline  is a purchase specification 
and not a safety performance standard. It does not 
provide guidelines for any dynamic crash testing – 
rather simply static tests, as is the case for the AMD 
‘standards’.  Though there is reference to the Federal 
Motor Vehicle Safety Standards (FMVSS),  however 
in the USA the rear compartment of ambulances have 
a specific exemption from that standard [23]. Also 
the GSA KKK is a voluntary specification and 
compliance is not federally mandated.  Furthermore, 
neither GSA nor AMD write specifications or 
standards for any other vehicle and clearly AMD is 
not an independent standardizing body [7 to 11, 13]  
 
Compounding this situation, EMS in the USA has 
been generally demonstrated in recent years to be a 
dangerous profession, and vehicle crashes have been 
shown to be the most likely cause of EMS work 
related fatalities [24]. The most dangerous part of the 
ambulance vehicle has been demonstrated in both 
biomechanical and epidemiological studies to be the 
rear patient compartment [1 to 5, 25]. It also happens 
to be the part of the ambulance vehicle that is largely 
exempt from the USA FMVSS [23]. 
 
Thus it is in this setting, of absence of independent 
comprehensive or meaningful safety performance 
standards, a poor safety record and piecemeal testing 
projects conducted essentially without independent 
automotive safety engineering or national oversight, 
that this study was embarked upon. Its goal was to 
critically review the ambulance occupant safety 
performance testing conducted over the past 15 years. 
The scope of this study was limited to frontal crash 
test scenarios and is focused on a methodological 
review. Detailed analysis of comparative 
comprehensive test data for these frontal crash tests is 
the subject of a subsequent review, given the major 
methodological issues uncovered in this report. 
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STUDY METHODS FOR ANALYSIS OF 
FRONTAL COLLISION PERFORMANCE 
TESTING 
 
A compilation of frontal impact ambulance 
crashworthiness test studies conducted over the past 
15 years was completed. The information compiled 
was limited to that which was conducted by USA 
based researchers. Thus the body of research 
conducted in the early 1990s by Dan Berry in the 
Ontario Ministry of Transport [26] was not included 
in this report. This compilation was achieved by an 
extensive search of peer reviewed papers, reports and 
electronic online databases and resources in the 
engineering, EMS and public health fields, and direct 
contact with those identified who had conducted 
ambulance crashworthiness testing.  The papers and 
documents identified were evaluated in terms of 
automotive crashworthiness, emergency medicine 
and public health and EMS care provision. This 
evaluation addressed the real world setting of the 
testing, and the technical occupant protection and 
crashworthiness issues and challenges regarding the 
testing performed. This included a full spectrum from 
whether the tests reflected real world operational 
environments or vehicle crash situations, as well as 
configurations of the accelerometers, the nature and 
applicability of the types of anthropomorphic test 
devices (ATDs) aka ‘crash test dummies’ used, and 
also any ethics issues that pertained to the use of any 
human subjects. The clinical ergonomics of the rear 
patient environment and its interaction with the 
occupant protection issues were also included.   
 
 
RESULTS 
 
Frontal Collision Tests  
 
Information on ambulance crash testing identified 
included peer reviewed and published studies in the 
engineering and medical literature. Society of 
Automotive Safety Engineers Technical Paper Series, 
Enhanced Safety of Vehicles Technical Papers, 
Academic Emergency Medicine, Pre-hospital and 
Emergency Care and a collection of  material 
forwarded by representatives of National Institute of 
Occupational Safety and Health (NIOSH) at 
Morgantown, West Virginia, which included  1 
PowerPoint presentation, 21 video clips and 2 
documents (one of which was undated and not 
referenced).  However this collection of material did 
not include the supporting technical data for the 
testing depicted in the videos. Moreover, this material 
provided came with disclaimers regards in the 

validity and accountability of the content. Even the 
accessible technical data that was available, 
pertaining to the NIOSH 2003 testing that was 
described in the SAE 2007 paper [27], which 
included vehicle accelerometer and crash pulse data, 
but did not include ATD or restraint data, had this 
disclaimer. [6] 
 
The  publications and documents identified related in 
total to four test series, three conducted by Levick et 
al, in 1996, 1999 and 2000, [1-5,7, 10, 28] and one 
series conducted in 2003 reported by Current et al 
[27] 
 
Frontal crash tests identified – The four test series 
conducted are categorized as follows: 
  

• 1996 Levick et al – Deceleration sled – 
loaded gurney with child ATDs [28]  

• 1999 Levick et al  – Hyge Accelerator – 
Rear patient compartment box secured to 
sled buck – x1 [2, 4] 

• 2000 Levick et al – Full vehicle to vehicle 
crash test – x1 [3, 5] 

• 2003 Current et al– Rigid Barrier x3 [27] 
(references to 29 sled tests, however limited 
data on the conduct of those tests)  

 
Crash test data obtained for each test from the 
published documents and additional archival sources 
are presented and discussed below:   
 
1996 Levick et al Deceleration Sled Tests -  A 
standard ASA 1754 approved sled test rig [28] was 
modified with a customized welded anchoring 
mechanism to secure an ambulance gurney. Given 
that there was no available crash pulse for the forces 
exerted upon a gurney in an ambulance frontal crash, 
an approximation was made to utilize the existing 
crash test pulses used for ASA 1754 child seat 
testing, as for FMVSS 213 testing. It was understood 
that this would require validation with instrumented 
full vehicle testing. However, the resources to 
achieve that quantitative data were not available at 
that time, so this was considered the optimal path, 
given that there were clear uncertainties.   This 
system was designed to produce a deceleration 
profile to model a standard vehicle full frontal impact 
to 24G, pulse duration approximately 85 ms, with a 
deceleration profile as in test data for a 52.7 km/hr 
sled test (Fig. 1). Test were conducted in October 
1996 (Fig. 2), 25G to 34 G deceleration sled tests 
(delta V 20.9 to 32.3 mph or 33 to 53 km/h), in 
multiple configurations and restraint devices (as 
listed below) with 3kg, 9kg and 15 kg child ATDs. 
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No instrumented ATDs were used. ATD kinematics 
were recorded only [28]. A standard model 50 Ferno 
ambulance gurney was tested on this deceleration 
sled test rig with the following restraint device 
configurations: 

i. an imported specifically designed child 
restraint blanket 

ii. a plexiglas (perspex) cot 
iii. infant and child safety seats secured as per 

described routine patient transport practices 
iv. infant and child safety seats secured by 

prototype device. (Fig. 3) 
 

The testing demonstrated that there was a spectrum 
of safety performance for the devices, with some 
catastrophic failures of some devices used in existing 
ambulance transport practice under the test 
conditions of the study. Also the testing demonstrated 
that simple inexpensive modifications to the use of 
existing devices enhanced their performance in this 
test environment (Fig. 3.) 
 

Figure 1. Sample sled deceleration pulse for 
gurney and non-instrumented child ATD test [28]   

 

 
 
Figure 2. Sample data output for above gurney 
and non-instrumented child ATD test [28] 

 

 

Figure 3. Configuration of infant restraint device 
on the gurney and sled [28] 
 

Identified also were the limitations of conducting 
crashworthiness performance testing in the absence 
of testing standards in the ambulance environment. 
However, the study did demonstrate that 
interdisciplinary collaboration was key to ensure that 
the testing reflected real world clinical practices, and 
also highlighted the importance of determining 
appropriate quantitative accelerometer parameters 
that reflected real world ambulance crash impact 
forces.   
 
1999 Levick et al Hyge Accelerator Sled Test - This 
test was conducted on the 24 inch HYGE test sled 
(Fig. 4) located at the Transportation Research Center 
in East Liberty, Ohio in September 1999.  The target 
sled pulse was 26 G and 30 mph which was 
approximately the pulse used by the ambulance 
manufacturer for their 1991 sled test at TRC.  “While 
it was felt that this pulse was not an accurate 
representation of the crash pulse for the current 
chassis on which the ambulance box is mounted, 
more accurate information on the specific pulse for 
these vehicles could not be obtained from the chassis 
manufacturer.  Without any information to make an 
informed decision to change the pulse, the decision 
was made to use the same pulse that was used in 
1991 for the 1999 test.  Both the 1999 and 1991 tests 
used TRC metering pin # 8”(Crash Test Report Oct 
1999). Accelerator sled testing of the ambulance rear 
patient compartment under frontal impact conditions 
with a target sled pulse was 26 G at 30 mph (48.3 
km/h).   
 
The ambulance box was configured with 2 
instrumented and 2 non-instrumented ATDs 
positioned as in the real world environment. 
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Figure 4. Configuration of rear patient 
compartment box on Hyge sled 

Two non-instrumented 95th percentile Hybrid-II 
ATDs were lap belted with the original existing belt 
systems and positioned in the rear occupant 
compartment, one on the rear-facing attendant's seat 
and one on the side-facing bench seat (Fig. 5). A Side 
Impact Dummy (SID) was unbelted, seated on the 
front of the side-facing bench seat and positioned 
next to a passive restraint device. An instrumented 
Hybrid-III 3 year old child ATD was restrained in a 
child restraint system, secured to the gurney via a 
dual belt path.  
 
 

 
 
Figure 5. Pre-test configuration of ATDs in box [4] 

The actual sled pulse achieved was 34Gs at 34.34 
mph (55.27 km/h), and due to separation of the 
ambulance box from the chassis/sled, the crash pulse 
imparted to the patient compartment were 20Gs at 
20.9 mph (33.64 km/h). The attachment system for 
the box to the chassis failed, the passive restraint 
device failed and the SID became a projectile with a 
measured Head Injury Criterion (HIC) value greater 

than 1000. The SID also struck other occupants of the 
rear compartment (Fig. 6). 
 
This study highlighted the need for more research 
and development in this area. “ Specifically, 
refinement of the testing procedure to reflect more 
accurately real world crash conditions, and also 
modification of the data collection system so that 
data are not lost during events that occur during 
impact, should be performed”.   
 
 

 
 
Figure 6. Post-test positions of ATDs in box[4] 
 

The limitations of this study that were identified 
included: 

• There was data loss from the SID and the 
patient compartment, which limited the 
detail of the analysis that could be 
performed 

• The vehicle patient compartment used may 
not have been representative of the fleet of 
ambulance vehicles on the road. 

• There was no specific crash pulse or 
accelerator sled pin designed specifically 
for this impact environment 

• There is limited data on the crash 
configuration for ambulance vehicles to 
determine which is the most hazardous for 
injury” 
 

The recommendations were: "Full ambulance vehicle 
crash testing should be conducted of ambulance 
vehicles which are representative of the current fleet. 
These tests should be performed under conditions 
which represent real world crash scenarios so as to 
ascertain a more accurate set of crash pulses for 
these vehicles. These pulses are necessary in order 
for validated sled testing to be conducted so as to 
advance the understanding of safety initiatives 
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required for these unique vehicles.  There is also a 
need to collect the information on crash types that 
are associated with injury and fatality, including 
occupant and equipment position and restraint 
systems in use, so that the appropriate testing 
schedules can be conducted reflecting real world 
practice. " 
 
2000 Levick et al Frontal Crash Test – Full vehicle 
ambulance crash tests were conducted in July 2000 at 
the Calspan Veridian test site in Buffalo, New York. 
The test involved a Type III ambulance bullet vehicle 
travelling at 36 mph (58 km/h) striking the side of 
van with an impact delta V of 18.5 mph (30 km/h) 
and deceleration of 14Gs to the rear compartment. 
The Type III ambulance was configured with 
accelerometers in the X, Y and Z orientations. Tri-
axial accelerometers were placed at the vehicle CG as 
well as the center of the ambulance module (Fig. 7   
&  8). Two accelerometers were attached to the 
gurney recording acceleration data in the X and Y 
directions (Fig. 8). This was specifically included so 
that the forces exerted upon the gurney during this 
type of vehicle crash could be determined. 
 

 
Figure 7. Positioning of lower box accelerometers 
 
 

 
 
Figure 8.   The arrows indicate the positions of the 
X and Y accelerometers on the stretcher in the 
2000 crash tests of Bullet Type III ambulance. 

 
Each of the four ATDs was installed into the Type III 
bullet ambulance, and were instrumented with tri-
axial accelerometers in the head and in the chest. The 
ATDs were: an instrumented P1-3year old child 
restrained in child seat on stretcher; P2-95th percentile 

ATD in rear facing captain’s chair with lap belt; P3-
5th female unrestrained on squad bench and P4-50th, 

restrained on squad bench with lap belt (Fig. 9).

 
Figure  9.  Positioning of the ATDs in the bullet 
vehicle in the 2000 crash tests [3] 
 
In this test, the child ATD kinematics and injury 
criteria demonstrated an effective technique for 
restraint. However the unrestrained ATD (P3) was a 
risk to both itself and to other occupants. Analysis of 
high speed films in the ambulance rear cabin revealed 
life threatening safety hazards despite the fact that 
vehicle impact accelerations were survivable and 
occupiable space was preserved. 
 

 
 
Figure 10. Initial impact of the bullet Type III 
ambulance 
 

 
 
Figure 11. During the impact of the bullet Type II 
ambulance 
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Figure 12. Bullet Type III vehicle post impact 
 
 
2003 Current et al - Fixed Barrier Frontal Tests - 
Three fixed barrier frontal impact tests at a 25 mph 
(40 km/h) delta V and 25 G impacts were conducted 
in 2003 using Canadian Type III box chassis 
ambulances (x2 1993, x1 1999 vehicles) with a 
targeted impact velocity of 48 kph (30 mph). No SID 
ATDs were used. A number of configurations of 
harness type restraint systems were tested. The three 
tests included: a 1993 E350 Type III ambulance with 
mobile restraint; a 1993 E350 Type III ambulance 
with mobile restraint and a 1999 E350 Type III 
ambulance with unrestrained occupant and lap belt 
only. The findings  state “In addition to an x-axis, or 
forward component, each of the frontal crash pulses 
was found to have a significant z-axis, or vertical, 
component which caused a forward rotation of the 
patient compartment ranging up to approximately 
16.5 degrees. Significant cab-intrusion was observed 
as a result of the frontal tests that were conducted.” 
 
Of note, the delta V in each of these tests was higher 
than the impact speed of the vehicles. There were 
references to some 29 sled runs having been 
conducted in the documentation provided from 
Morgantown. However, although 21 video segments 
were provided, some of which pertained to the rigid 
barrier tests, comprehensive technical data regarding 
these tests were not identifiable.  
 
Live human subject testing was depicted in the 
videos provided in 2007 to the authors, of a vehicle in 
motion and the human subject wearing a complex 
harnessing device. The subject was mobile in the 
vehicle and not seated. No documentation regarding 
ethics approval was cited. The PowerPoint 
presentations included some bar charts of 
measurements. However, no explanatory material 
available regarding those measurements was 
provided. 

DISCUSSION  
 
Whilst ambulance vehicles in the USA have no 
requirement or guideline for crashworthiness 
dynamic impact testing, there have been a number of 
sled, fixed barrier and full vehicle frontal tests 
conducted over the previous 15 years. This study 
highlights the limitations in some of this testing and 
identifies some confounding aspects of the studies 
conducted and demonstrates the need not only for 
formal crashworthiness and dynamic testing 
standards, but also that testing developed and 
conducted without comprehensive and collaborative 
interdisciplinary input from appropriate technical 
expertise can lead to flawed or misleading results.  
 
The original series of sled test work, of both the 
isolated gurney sled tests [28 ] and the rear 
compartment box Hyge sled test [2,4], highlighted 
the need for both real world injury data to be 
integrated into the development of testing profiles. 
Moreover, there is a need to have full vehicle crash 
tests conducted to optimally ascertain what 
ambulance vehicle crash pulses were. 
 
Additionally, challenges were identified in accessing 
findings of testing conducted by the Morgantown 
government research team. However, the 
recommendations were apparently disseminated 
publically to non automotive audiences [29].  
Furthermore, the lack of reference to existing peer 
reviewed technical publications in the field of 
ambulance automotive safety occupant protection by 
the government research team was surprising.  
 
The stated purpose in each of the full vehicle tests 
was to identify the crash test pulse parameters that 
could be applied to assess real world crash dynamic 
performance of ambulance vehicles and their 
components using a sled test platform. Thus the need 
for these tests to model the real world scenario as 
closely as possible was paramount. The difficulties 
Levick documents in her first two sled test series 
(1996 and 1999), [1, 2, 4, 28 ] were how to determine 
an appropriate sled test crash pulse given that no full 
vehicle crash test data for the box chassis style of 
ambulance vehicles was available. Additionally, there 
was also the confounder of the diverse attachment 
systems of the rear box to the chassis. 
 
Crash test protocol challenges - The sled tests in the 
Levick et al 1996 series [28] were conducted 
modelled on FMVSS 213 (Fig 1 and Fig 13) given 
that the focus was child patient transport and on the 
isolated gurney. However, the conundrum of the lack 
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.....2003 Current et al frontal pulse 

‐‐‐‐ 2000 Levick et al frontal pulse 

of full vehicle crash test data was raised and the 
uncertainty of what the true crash forces were that 
would be exerted upon the gurney in a real world 
crash was highlighted. For the Levick et al 1999 
Hyge sled test [2,4], the crash test pulse used was the 
same as that used to test an ambulance box, albeit a 
different rear compartment box, some years  
previously. The limitations of this strategy and the 
important need to acquire real world crash test data to 
develop true and meaningful crash pulses for this 
environment was clearly highlighted.  

The  full vehicle tests conducted by Levick et al in 
2000 identified a sample frontal vehicle crash pulse 
[5], from a 44mph impact speed and a resultant delta 
V of 18.6 mph, which had a different form to either 
213 or 208 (Fig 13).  

Current et al [27] carried out crash tests into a full 
barrier concrete wall as shown in Figure 14. 
Presumably this was in compliance with the National 
Highways and Traffic Safety Administration’ 
(NHTSA) FMVSS 208 crash test protocol at 48 km/h 
(30 mph). The Levick 2000 and Current 2003 pulse 
are compared with the 213 and 208 pulse below and  
discussed in more detail below (Fig. 13, 18).  

Figure  13. FMVSS 213 and SUV 208 vs 2000 
Levick et al frontal crash pulse and 2003 Current 
et al frontal crash pulse [38] 

Nature of Barrier - Consensus exists among 
consumer crashworthiness groups and technical 
experts in vehicle crashworthiness that an offset crash 
barrier test is more representative of real world 
crashes frontal impact crashes [30]. Crashing the full 
width of a vehicle into a concrete barrier at 90 
degrees to the direction of travel (Figs. 14 & 19) 
results in high decelerations for the occupants and is 
demanding of the on board restraint systems such as 
seat belts, pretensioners and air bags. However, such 
crash tests typically provide little information about 
occupant intrusion observed in real-world crashes 
because the loads are distributed across the face of 
the vehicle. Occupant intrusion is critical to survival 
rather than testing if the restraint systems fire quickly 
enough in a highly demanding full frontal crash.  

In the case of an offset test (Fig. 15), only one side of 
the front of the vehicle hits the barrier at a high speed 
into a crushable aluminium face that simulates the 
most important characteristics of another striking 
vehicle. The test is carried out at 64km/h (40mph).  
The crash forces are concentrated over the 40% 
overlap of the vehicle’s front.  

 

 

SUV 
FMVSS 
208 
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Because one side of the vehicle is crushed, intrusion 
into the occupant compartment is more likely than for 
a full faced 100% barrier impact. The offset 
deformable barrier test should be on the driver's side 
where the steering wheel and pedals can increase the 
risk of injury unless the front of the ambulance is 
designed to absorb the impact's energy in a realistic 
way.   

Another confounding issue is that the results from 
either full-width crash tests or offset tests cannot be 
used to compare vehicle performance across weight 
classes [31]. The crash energy for heavier vehicles 
such as the ambulances tested by Current et al [27] is 
much higher than for a car or SUV. It is well 
accepted that heavier vehicles can provide better 
protection to occupants in real world crashes so long 
as they strike other lighter vehicles. However, such 
vehicles can also be more aggressive to other smaller 
crash partner vehicles [33].  

Paine et al [32] indicate that an offset crash test into a 
deformable barrier will highlight any load 
concentrations that can result from box-section heavy 
chassis framed structures punching (spearing) into 
the deformable barrier. Systems designed to achieve 
better results in a full frontal barrier test, where the 
frame crushes or buckles against the rigid concrete 
wall, can be much less effective in an offset 
deformable barrier test with poor energy dissipation 
and aggressivity to other road users.  

Paine et al [32] also point out a number of other 
issues why a deformable barrier test is superior to a 
full frontal crash test in terms of occupant 
crashworthiness. Large intrusion negates any 
advantages any restraints may provide for the 
occupants for ride down and hence survivability.  

Though there were no ATDs used in the front cab in 
the rigid barrier tests by Current et al, Current et al 
[27] indicate that Ambulance C provides sufficient 
survival space for the occupant based on two SAE 
standards J1522 and J833 [34], [35]. 

Inappropriate standards are being used in this 
instance to assess the crashworthiness of the crash 
tested ambulances. Neither SAE J833 nor J1522 are 
occupant protection or crashworthiness standards. 
SAE J833 is an ergonomic standard specifying 

human physical dimensions to be used in 
construction, general purpose industrial, agricultural 
tractors, forestry and specialised mining machinery 
categories. SAE J1522 is the recommended practise 
for describing the two-dimensional 95th percentile 
truck driver side view, seat stomach contours for 
horizontally adjustable seats. These standards are 
essentially ergonomics standards. To assess risk to 
occupants of vehicles, it is essential that crash test 
dummies and generally accepted injury criteria such 
as those provided by Eppinger et al [36] are used. 
Any crashworthiness assessment must be injury 
performance based. 

 

 

 

 

 

 

Figure 14. Full barrier Current et al crash tests 
[27] 

Substantial intrusion into the occupant space as 
shown in Figure 17 reported by Current et al [27] did 
occur. This intrusion would also have been much 
greater in a more realistic offset crash into another 
vehicle of similar mass. Hence, the authors of this 
paper disagree with Current et al’s [27] conclusion in 
that Ambulance C, deemed by them as providing 
adequate protection to the occupants, in fact would 
not in an offset crash test. It would most likely 
provide inadequate protection. ATD crash dummies 
and injury measurement instrumentation were not 
used to assess survivability in the front cab in this test 
nor was the crash test protocol representative of a real 
world crash. 

Current et al [27] claim that the situation would be 
worse for van type chassis. Figure 15 shows a 
Mercedes Sprinter van being crash tested. Note in 
this test, ATD crash test dummies are being used and 
an offset crash test is being carried out. Figure 16 
shows a photograph of a Mercedes Sprinter 
ambulance, a model of ambulance used routinely  
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Figure 15. Offset crash test carried out by 
DEKRA Germany of a Mercedes Sprinter van 

throughout much of Europe and Australasia, in some 
of the biggest ambulance fleets in the world.  

 

 

 

Figure 16 .Mercedes Sprinter van ambulance 

 

 

This Sprinter vehicle in the USA is distributed under 
a Dodge or Freightliner distributer. The passive 
safety provided to the front seat occupants is similar 
to that provided to occupants in crashworthy vehicles 
that have undergone rigorous consumer crash test 
protocols. Additionally, the clinical ergonomics are 
such that in the rear compartment of this vehicle, 
there is enhanced access to both the patient and the 
medical equipment whilst remaining seated and 
belted when compared to the box chassis design.    

However, because there is no crash test protocol for 
these chassis box ambulance vehicles it is clear that 
their design and development has resulted in vehicles 
which are the antithesis of good crashworthy vehicles 
providing occupant protection for the front seat 
occupants as well as the rear box occupants. 

 

 

 

 

 

 

 

 

. 

 

 

 

 

Figure 17. Crushed front compartment, Current 
et al [27] 

The occupant compartment in the van depicted in 
Figure 15 shows that despite the severe offset barrier 
crash, the occupant compartment has been 
maintained. Note also the air bags provided for 
decelerating the occupants head and torso.  
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Compare these photographs with the ones shown in 
Figure 17. The occupant space is substantially less in 
the case of a less severe crash test and no airbags are 
provided for the driver or passenger. 

Crash pulses from two tests are shown again in 
Figure 18 for clarity. The 2003 Current et al [27] 
crash pulse is supposedly the average of all three 
barrier tests for the rear box. The 2000 Levick et al  
test pulse [5] is for the rear box of the bullet vehicle 
impacting a van ambulance as shown in Figure 18. 
This Levick et al test represents a real world 
intersection crash scenario. The target vehicle is a 
relatively large vehicle. Given that real world crash 
data suggests that whilst ambulance intersection 
crashes are associated with the most serious injury 
and fatality outcomes, the target vehicle is most 
frequently a passenger car, not a larger vehicle such 
as a van. Hence, this crash test scenario was set up to 
reflect the more aggressive crash outcome for the 
bullet ambulance vehicle. This also highlights that 
the Current et al [27] crash methodology is distanced 
from real world impact forces. The impact speed of 
the Levick et al [5] bullet vehicle was higher than 
that of the Current et al [27] rigid barrier test vehicle. 
It can be seen from the comparison pulse diagram in 
Figure 18, the measured crash forces are substantially 
higher in the Current et al [27] test and the pulse 
more severe and over a narrower time window. Note 
how much less severe the Levick et al pulse [5]  is 
with extended duration to around 0.17 seconds and 
lower deceleration to about 14 g’s peak. Interestingly 
Figure 13 shows these pulses are biphasic and  have a 
very different configuration to the SUV FMVSS 208 
crash pulse. 

There is no suggestion that any offset barrier testing 
was conducted by Current et al, and no offset barrier 
crash pulse was available for any of the vehicle tests 
in this study. It would be interesting to overlay the 
Mercedes Sprinter offset barrier test pulse over these 
two chassis box ambulance crash pulses, and to 
analyze the potential occupant outcomes from ATD 
data in these three scenarios. 

Another concern with the test results reported by 
Current et al [27] are the results from the interior of 
the rear box in what appear to have been frontal 
impact tests, possibly mock ups with box facsimile 

on a sled. The video images reveal some alarming 
results as shown in Figure 20. This series of images 
shows a dummy seated in the rear compartment, 
wearing a harness and sliding sideways during frontal 
deceleration impacting a cabinet in such a manner 
that would clearly fracture a human neck and result in 
serious head injury. There are no reported ATD neck 
loads or Head Injury Criterion (HIC) results in the 
2007 Current et al paper [27]. However, HIC values 
are reported the 2005 Green et al paper [37], which 
states “The use of mobile restraints in an ambulance 
patient compartment offers the potential to improve 
significantly the safety and health of EMS worker..... 
Use of these systems in the fully seated position 
provides opportunity for improvement over the 
existing seat belts”. This appears confusing in the 
setting of the ATD kinematics. When compared with 
the findings of Richardson et al [14], Zou et al (Fig. 
21) [15] and Stolinski [16 to 19] studies, the severity 
of the lateral neck loads appear to be potentially 
injurious for side facing seated ATDs. It is not clear 
from the representation of the information in the 
charts [37], what the ATD data was on the side facing 
squad bench and thus the rationale for the clear 
recommendations above. 

It would be of interest to have access to the detailed 
ATD data for these 29 tests, and also to conduct the 
tests with a SID as was done in the Levick et al 1999 
[2, 4] test configuration, so that the ATD data would 
be more realistically representative of the lateral 
forces exerted on the head and neck and chest of the 
dummy. Additionally, the validation of the use of 
ATDs in a standing configuration was not provided. 
There were video clips of live human subjects in out 
of  seat position and in harness configurations in a 
moving vehicle. In the absence of the detailed 
methodology and data, comprehensive and effective 
analysis of the video footage cannot be completed.    

From the occupant biomechanic performance 
dynamic impact testing conducted by Richardson et 
al, [14 ] there are some relatively simple strategies 
that can address the issues of occupant protection on 
side facing seating in forward moving vehicles. A 
simple design fix highlighted to improve the safety of 
this configuration would be to place lateral protection 
to support the head and upper body. This would 
prevent the occupants head and torso from being 
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forced into extreme lateral flexion and crush of the 
head and neck. 

It is obvious from the above that a paradigm shift in 
thinking is clearly required in the USA in regards to 
safety performance evaluation, design and 
manufacture of ambulance vehicles. Designers and 
manufacturers need to begin to use the injury 
performance crash test criteria commonly used 
throughout the automotive industry to ensure the 
safety of the front and rear vehicle occupants. 

 

Figure 18 Crash pulses from 2003 Current et al  
[27] full barrier tests and crash pulse from Levick 
et al 2000 frontal full vehicle test [5]. 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 19. Current et al 2003 rigid barrier test 
[27] 
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Figure 20.  Occupant seat sideways in full harness 
– Current et al tests. Note how occupant would 
most likely have received a serious head and neck 
injury. [37] 

 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Demonstration of hazards to side facing 
occupants in a frontal crash, even in absence of 
cabinetry [37, 14] 

 

CONCLUSIONS 
 
Failure to conduct ambulance crash test scenarios 
based on real world crash, injury and fatality data and 
information has resulted in the use of rigid barrier 
vehicle crash tests generating impact outcomes and 
profiles that may not be consistent with real world 
crash events. 
 
Development of ambulance crash testing profiles to 
form the basis of a testing standard must be driven by 
appropriate scientific test data that reflects the 
outcomes seen in the real world environment. Such 
testing profiles should be overseen by independent 
experts with a technical background in the relevant 
fields of population based injury and fatality vehicle 
crash data, occupant biomechanics, clinical 
ergonomics, vehicle crashworthiness and vehicle 
crash testing.  
 
It is apparent from these comparisons, and the 
previously published fatality data, and crash test data, 
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that a model to develop crash test pulses for 
ambulance vehicles must be based on valid testing 
parameters. As this study demonstrates, test 
outcomes from rigid barrier testing in the setting of 
these types of ambulance vehicles may result in 
confounded and unreliable test models.  
 
In a setting where the funds for such research, as the 
safety of ambulance vehicles is scarce, focus should 
be on the most valuable and optimal testing 
methodologies. Encouraging interdisciplinary 
collaboration between automotive crashworthiness, 
ergonomics, emergency medicine, public health and 
EMS care delivery professionals in this complex field 
is paramount. 
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ABSTRACT 
 
The Volvo XC 70 2001 model is used to conduct 
the full scale rollover crash test to determine the 
glazing and roof performance.  The biodynamic 
code MADYMO is used to model the vehicle 
and its occupant.  The acceleration obtained from 
the full scale rollover test is used to prescribe the 
motion to the computational model. The front 
side occupants are 50th percentile Hybrid III 
ATD’s.  
A Finite Element belt model is used for the 
analysis because of its capability to simulate the 
slip of the occupant under the shoulder belt. The 
simulation is carried out with different restraint 
types to quantify the head lateral and vertical 
excursions. The restraint type includes the 
conventional three-point system, integrated 
restraint in which the belt is attached to the seat, 
and a restraint type in which an extra shoulder 
belt is added to a conventional and an integrated 
restraint. The driver and the passenger head 
kinematics are compared for each restraint type.  
A comparasion is made for driver and passenger 
head excursion for different restraint types to 
demonstrate the effectiveness of each restraint in 
reducing excursion. The study indicates that an 
integrated seat belt results in less lateral and 
vertical head excursion, as compared to the 
conventional restraint.  This study also indicates 
no significant improvement in reducing head 
excursion by the addition of an extra shoulder 
belt compared to a conventional or an integrated 
restraint. 
 
INTRODUCTION 
 
Seat belts are an important active safety device 
in a passenger vehicle.  Seat belts are intended to 
reduce injuries to a passenger by preventing the 
passenger from hitting the interior due to 
declarative forces.  It is estimated that seat belts 
are responsible for saving 147,246 lives in the 
period 1975-2001[1]. The lap and shoulder 

single continuous loop restraint is the most 
popular seat belt system in the passenger vehicle.   
This restraint performance is enhanced by the 
introduction of retractors, webbing grabber, load 
limiter and pre-tensioners. Three-point restraints 
play a crucial role in frontal impact by avoiding 
the secondary impact between the passenger and 
the vehicle interior. The effectiveness of this 
restraint during rollover depends on the roof 
integrity, as the intrusion of the B-pillar tends to 
move the D-ring generating the slack in the 
continuous belt loop [2].  The slack in the belt 
could result in partial or complete ejection 
causing fatal head and neck injury.   Figure 1 
shows the fatal complete/partial ejection from 
different vehicle types.  Figure 2 shows the 
rollover occurrence by vehicle types, which 
indicates higher rollover propensity for utility 
vehicles [3]. 
 

 
Figure 1.  Fatal ejection from different vehicle 
types. 
 

 
Figure 2.  Fatal rollover occurrence by vehicle 
types. 
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According to 2001 FARS (Fatality Analysis 
Reporting System), only eight percent of the 
vehicles involved in rollover accidents resulted 
in twenty one percent of the serious injuries and 
thirty one percent of the fatalities.  This makes 
rollover occupant protection an important 
research.  It mandates a proper understanding of 
the single loop restraint dynamic behavior during 
rollover accidents.  Several studies were 
conducted in the past; such as, Arndt et al. [4] 
conducted a study to correlate restraint slack and 
occupant excursion. Similarly, Glen Rains et al. 
[5] demonstrated the influence of a D-ring 
location on the dummy head excursion using 
RRT (Rollover Restraint Tester).  James F. 
Pywell et al. [6] demonstrated the effectiveness 
of a restraint in reducing vertical and lateral head 
excursion when restraint is integrated with the 
seat using laboratory test fixture. All these 
studies are conducted using a laboratory tester 
with the quasicstatic and dynamic approach.  
Thorbole et al. [7] in their study demonstrated 
the effect of gravity on the occupant kinematics 
when using the laboratory tester compared to the 
airborne phase of rollovers, when acceleration 
due to gravity does not result in any relative 
motion between the vehicle and the occupants. 
 
To address the limitation of a laboratory test to 
evaluate the performance of different restraints 
and their configuration, a MADYMO [8] 
computational model of a full scale rollover test 
was developed. The objective of this 
computational study is to compare the head 
excursion of a far side and near side ATD during 
the rollover event and to compare the 
performance of conventional continuous single 
loop restraints with seat integrated restraints by 
quantifying the head excursion.  This study also 
quantifies the head excursion with an extra two 
point restraint added to the three point restraint.   
 
METHODOLOGY 
 
Volvo V70 Remotely Tripped Rollover test 
 
A 2001 Volvo V70 XC, 4-door was used for the 
full scale trip rollover; as shown in Figure 3. 
 

 
Figure 3.  Test vehicle before rollover. 
 

The vehicle was piloted remotely using a radio 
control system with the driver in the chase 
vehicle.  The steering servo was capable of 
providing 11.3 N.m (100in *lbf) of maximum 
torque.  It allowed 4 revolutions at 1000deg/sec 
maximum.  The brake servo allowed 534 N (120 
lbf) maximum force, and the throttle allowed 89 
N (20lbf).  The vehicle was accelerated at full 
throttle from a complete stop.  Prior to 
approaching the edge of the concrete, a right 
steer input was initiated followed by a hard left 
steer input causing the vehicle to yaw 
counterclockwise and positioning itself 
approximately parallel to the concrete edge prior 
to the intended point of trip.  The trip mechanism 
involved a ditch with loose soil 15m (50 feet) 
long, 0.2m (8 inch) wide and a 0.15m (6 inch) 
curb height; as shown in Figure 4. 
 

 
Figure 4.  Trip mechanism using lose soil 
ditch. 
 
The vehicle was instrumented with an IST 
Motion Master EDR 6DOF stand alone, 6-axis 
data acquisition system to measure the 
accelerations and angular rates.  The instrument 
was oriented as per SAE vehicle axis convention 
and was fixed near the shift stick; as shown in 
Figure 5.   
 

 
Figure 5.  Instrumentation fixed near shift 
stick. 
 
Four non-instrumented ATD’S were positioned 
in the vehicle, two in front and two in the second 
row; as shown in Figure 6. 
 

 
Figure 6.  ATD position in the vehicle. 
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Figure 7 shows linear acceleration data. Figure 8 
shows angular velocity data. 
 

 
Figure 7.  Acceleration data acquired during 
the test. 
 

 
Figure 8.  Angular data acquired during the 
test. 

The main intention of this full scale rollover test 
was to demonstrate the occupant retention 
capability of modified glazing and door frame.  
The factory installed tempered glass WSA 
replaced with laminated glazing with a 7mil clear 
polyester film applied to the inner surface of the 
laminated glass. A Hybrid III 5th percentile 
female dummy was used as a restrained driver 
with a Hybrid II 50th percentile male dummy as  
a restrained front passenger.  Second row 
passengers were two unrestrained Hybrid III 5th 
percentile female dummies.  The vehicle motion 
data acquired during this test was used for the 
computational analysis intended to evaluate the 
performance of different restraint in terms of 
head excursion.  Figure 9 shows the rollover 
sequence from approximately 22.34 sec when the 
vehicle hit the curb in the ditch.  The vehicle 
rolled once, passenger side leading, without any 
airborne phase having a 321 deg/sec peak roll 
velocity. Figure 10 shows the post rollover 
condition of the vehicle which indicates no 
failure of the glass except for fractured 
windshield and back lite. 
 

 
Figure 9.  Rollover sequence after vehicle is 
tripped. 
 

 
Figure 10.  Post rollover vehicle condition. 
 
For the computational analysis the motion data is 
used from the point where vehicle hits the curb.   
 
Computational Analysis 
 
The biodynamic code MADYMO is used for the 
kinematic analysis of the front row restrained 
occupants.  This analysis is conducted with the 
intention of quantifying the front row occupant 
head excursion with different belt configurations 
using actual vehicle kinematics as obtained 
during a full scale rollover test.   The data is used 
from the point where the vehicle hits the curb in 
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order to reduce the simulation time. MADYMO 
Version 6.3.1 developed by TASS, running on 
Intel Quad core Xeon 2.33GHz was used to 
develop the rollover simulation. 
 

Model Overview - The computational 
model consists of an ellipsoidal vehicle interior 
coupled with two Hybrid III 50th percentile male 
ATD’s positioned in the driver and passenger 
seat.  The finite element belt model is used to 
restrain the occupants.  Simulations are 
conducted for different restraint types to quantify 
the head excursion. 

 
Interior Geometry - The interior of the 

vehicle is modeled by measuring the dimensions 
from the test vehicle.  MADYMO ellipsoids are 
used to create the geometry surface.  The interior 
consists of front seats a second row seat with 
dash board and steering.  Figure 11 shows the 
modeled interior geometry of the vehicle.  The 
glass is not modeled for this analysis.  A free 
joint is positioned at the location where 
instrumentation was attached to obtain the 
vehicle kinematics. 

 

 
Figure 11.  Vehicle interior geometry using 
ellipsoids. 
 
The standard stiffness characteristics of the seat 
and the interior are obtained from the application 
manual of MADYMO [9].  A friction coefficient 
of 0.2 was used to model contact between 
occupant and the interior.  
 

Seatbelt – The conventional three-point, 
single loop belt was modeled, as per location of  
the D-ring, buckle and floor anchor point in the 
test vehicle.  The D-ring location for the 
integrated system was assumed on the seat back.  
The finite element belt in combination with the 
linear belt segment is modeled to restraint the 

occupant.  The webbing characteristic is obtained 
from the application manual for MADYMO.  A 
friction coefficient of 0.2 is modeled between the 
occupant and the belts.   

 
ATD – Hybrid III 50th percentile dummies 

are used as the driver and the passenger.  Initial 
joint positions of driver’s shoulder and elbow are 
adjusted to replicate steering interaction.  No 
joints in both dummies were locked. 

 
Assembly of Sub-Models – To complete 

the biodynamic simulation of a rollover accident 
with different restraints, all of the subsystems as 
described in the previous section require 
integration.  The ATD’s were positioned on the 
seat and then the restraints were looped around 
them.  The ATD’s are allowed to settle down 
under gravity before they are restrained.  Figure 
12 shows the complete simulation set up with 
different restraints. 

 

 
Figure 12.  Simulation set up with different 
restraints. 

 
Response measurement – For each 

simulation the head excursion of the driver and 
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the passenger is quantified.  This excursion is 
measured relative to the marker body attached to 
the vehicle; as shown in the Figure 13.  Initially, 
this marker coincides with the CG of head.  The 
Y displacement provides the lateral excursion 
relative to this marker, and the Z displacement 
provides the vertical excursion relative to this 
marker.  

 

 
Figure 13.  Head excursion measured relative 
to the marker body. 

 
Simulation time – The actual rollover event 

was 30 seconds.  The simulation motion file is 
modified to reduce the run time by starting it 
from the point when the vehicle makes a right 
turn followed by a hard left turn prior to its trip.  
The time step used is 10-5 with the Euler 
integration method.  The computational time 
required for this simulation with the FE belt and 
two dummies was approximately three hours. 

 
RESULTS 
 
The head excursion is quantified relative to the 
marker body.  The head excursion is quantified 
for two parts of a single rollover event.  It is 
observed that the vehicle completed one roll 
anticlockwise as seen from the front, followed by 
additional 40 deg roll, and then fell back on the 
wheels clockwise in a 40 deg position.  The head 
excursion is reported separately for two phases in 
a single plot.  Figure 14 shows the roll angle of 
the vehicle with respect to the time and two 
different phases, as described earlier in this 
section. 
 

 
Figure 14.  Vehicle roll angle plot during 
rollover test. 

The simulation sequence for each run is reported 
in the appendix. 
 
Conventional Restraint 
 
 Lateral and vertical head excursion is quantified 
and compared for driver and passenger.  Figure 
15 shows the lateral head excursion.  Figure 16 
shows the vertical head excursion for driver and 
the passenger.  The solid blue curve represents 
the driver, and the dotted red curve represents the 
passenger.  The passenger negative lateral 
excursion value in the plot is outboard head 
movement. The driver positive lateral excursion 
value is an outboard head movement.  The 
positive value of the vertical excursion is an 
upward movement of the head for both driver 
and passenger. 
 

 
Figure 15.  Lateral head excursion for driver 
and passenger with a conventional belt.  
 

 
Figure 16.  Vertical head excursion for driver 
and passenger with a conventional belt.  
 
In phase one the peak driver head lateral 
excursion is 8.57 cm outboard and the passenger 
head lateral excursion is 8.7 cm.  The maximum 
driver head outboard excursion for phase two is 
12.9 cm.  The vertical head excursion for driver 
is 4.7 cm, and 5.25 cm for the passenger.  The 
maximum head lateral excursion occurs in the 
second phase when the vehicle falls back on the 
ground after rolling 40 deg about the passenger 
side.  At the peak roll rate the lateral outboard 
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excursion for the passenger head is 5.2 percent 
higher than the driver head.  The vertical 
excursion is almost identical.  Figure 17 shows 
the dummy kinematics at peak roll rate. 
 

 
Figure 17.  Driver and passenger kinematics 
at peak roll rate with conventional restraint.  
 
Seat Integrated Restraint 
 
Figure 18 and Figure 19 show the lateral and 
vertical head excursion for driver and passenger.  
The solid blue curve represents the driver and the 
dotted red curve represents the passenger.  The 
Passenger negative lateral excursion value in the 
plot is outboard head movement.  The driver 
positive lateral excursion value is an outboard 
head movement.  The positive value of vertical 
excursion is an upward movement of head for 
both driver and passenger. 
 

 
Figure 18.  Lateral head excursion for driver 
and passenger with a seat integrated belt.  
 

 
Figure 19.  Vertical head excursion for driver 
and passenger with a seat integrated belt.  

The peak driver head lateral excursion in phase 
one is 8.44 cm outboard and the peak lateral 
excursion for the passenger is 10.29 cm inboard.  
Passenger maximum outboard excursion for 
phase one is 3.46cm.  In phase two the passenger 
head inboard excursion is 17.5 cm and the driver  
outboard head excursion is 10.8 cm.  The peak 
vertical excursion for the driver in phase one is 
4.71 cm, as compared to 5.58 cm for the 
passenger.  At peak roll rate the lateral outboard 
excursion for the driver head is 5.16 cm and 2.75 
cm for the passenger inboards with identical 
vertical excursion.  Figure 20 shows the dummy 
kinematic at peak roll rate. 
 

 
 Figure 20.  Driver and passenger kinematics 
at peak roll rate with integrated restraint.  
  
Conventional Restraint Plus Additional 
Shoulder Belt 
 
In this restraint an additional shoulder harness is 
added to a conventional restraint, such that the 
new belt crosses the shoulder belt of the 
conventional restraint.  The top anchor point for 
the additional belt is on the seat. The bottom 
anchor point is on the floor.  Figure 21 and 
Figure 22 show the lateral and vertical head 
excursion for driver and passenger.  The solid 
blue curve represents the driver and the dotted 
red curve represents the passenger.  The sign 
convention for head excursion is similar, as 
discussed in the previous section.  
 

 
Figure 21.  Lateral head excursion for driver 
and passenger with a five point restraint.  
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Figure 22.  Vertical head excursion for driver 
and passenger with a five point restraint.  
 
The peak driver lateral excursion in phase one is 
8.25 cm outboard and 10.09 cm outboard for the 
passenger.  In the second phase the driver 
outboard excursion is 10.85 cm and passenger 
inboard excursion is 9.71cm.  The peak vertical 
excursion for driver and passenger is 5.2 cm in 
phase one.  At peak roll rate the lateral outboard 
excursion for the passenger head is 23 percent 
higher than the driver head with similar vertical 
excursion.  Figure 23 shows the dummy 
kinematic at peak roll rate. 
 

 
Figure 23.  Driver and passenger kinematics 
at peak roll rate with extra shoulder belt in 
conventional restraint.  
 
Seat Integrated Restraint Plus Additional 
Shoulder Belt 
 
In this restraint an additional shoulder harness is 
added to a seat integrated restraint, such that new 
belt crosses the shoulder belt of the conventional 
restraint.  The top anchor point for the additional 
belt is on the seat and the bottom anchor point is 
on the floor.  Figure 24 and Figure 25 show the 
lateral and vertical head excursion for the driver 
and the passenger. The solid blue curve 
represents the driver and the dotted red curve 
represents the passenger.   
 

 
Figure 24.  Lateral head excursion for driver 
and passenger with a five point restraint.  
 

 
Figure 25.  Vertical head excursion for driver 
and passenger with a five point restraint.  
 
The peak driver lateral excursion in phase one is 
8.64 cm outboard and 11.7 cm inboard for the 
passenger.  In the second phase the driver 
outboard excursion is 11.25 cm and the 
passenger inboard excursion is 16.9 cm.  The 
peak vertical excursion for driver is 4.8 cm and 
4.5 cm for the passenger.  At peak roll rate the 
lateral outboard excursion for the driver head is 
4.82 cm and 2.71 cm for the passenger inboards 
with identical vertical excursion.  Figure 26 
shows the dummy kinematic at peak roll rate. 
 

 
Figure 26.  Driver and passenger kinematics 
at peak roll rate with extra shoulder belt in 
integrated restraint. 
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Dynamic Comparison of Different Restraint 
Types 
 
 All the restraint types as described above are 
compared with each other to identify the 
dynamic performance of these restraints during 
this rollover test.  The performance is measured 
in terms of driver and passenger head excursion 
values.  The head excursion is compared at the 
peak roll rate in phase one, and when the vehicle 
drops down on its wheels in phase two.  Figure 
27 shows the comparison of the driver head 
lateral excursion with different restraint types.  
This plot clearly indicates 31.4 percent less head 
outboard excursion for an integrated restraint 
when compared to a conventional restraint at 
peak roll velocity. This plot also shows no 
significant change in lateral outboard excursion 
with the addition of an extra shoulder strap to a 
conventional and an integrated restraint.  In the 
second phase integrated restraint results in 15.5 
percent less outboard lateral head excursion. 
Figure 28 shows the driver head vertical 
excursion comparison which indicates 52.17 
percent less vertical excursion with the 
integrated restraint when compared to the 
conventional restraint at peak roll rate.  This plot 
also shows no significant change in vertical 
excursion with addition of an extra shoulder 
strap to conventional and integrated restraints.   
 

 
Figure 27.  Driver head lateral excursion for 
different restraints.  
 

 
Figure 28.  Driver head vertical excursion for 
different restraints.  
 

Figure 29 shows the lateral head excursion for 
the passenger which indicates 8.8 cm outboard 
head lateral excursion for the conventional 
restraint as compared to 2.8 cm of inboard head 
excursion with an integrated restraint at peak roll 
velocity. This plot also indicates that the head 
stays outboard at a maximum value for 0.25 sec 
with the conventional restraint.  In the second 
phase the integrated restraint results in 17 cm 
inboard excursion of the head as compared to 0.4 
cm for the conventional restraint. Figure 30 
shows the passenger head vertical excursion 
comparison which indicates 48 percent less 
vertical excursion with an integrated restraint 
when compared to the conventional restraint at 
peak roll rate.  This plot also shows no 
significant change in vertical excursion with the 
addition of an extra shoulder strap to 
conventional and integrated restraints.   
 

 
Figure 29.  Passenger head lateral excursion 
for different restraints.  
 

 
Figure 30.  Passenger head vertical excursion 
for different restraints.  
 
CONCLUSIONS 
 
This study has demonstrated the dynamic 
comparison of different restraints in terms of 
head excursion during an actual rollover 
accident.  Front row occupants head lateral and 
vertical excursions were measured and 
compared.  
 
The integrated restraint results in less vertical 
and outboard lateral head excursion as compared 
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to the conventional restraint at peak roll velocity. 
As the vehicle start rolling the shoulder belt slip 
over the shoulder of the driver with the 
conventional restraint.  No slip occurs with the 
integrated restraint.  The addition of an extra 
shoulder belt to the conventional and integrated 
restraints does not have any significant effect on 
the head excursion for this rollover accident.  
The head excursion of a far side occupant is 
increased during the second phase of the rollover 
when the vehicle falls back on the far side wheel. 
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APPENDICES 
 

 
Figure31.   Simulation sequence with the 
conventional restraint. 
 

 
Figure32.  Simulation sequence with the 
integrated restraint. 
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Figure33.   Simulation sequence with the 
conventional restraint plus extra shoulder 
belt. 
 

 
Figure34.   Simulation sequence with the 
integrated restraint plus extra shoulder belt. 
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ABSTRACT 

The Jordan Rollover System (JRS) provides a realistic, 
highly controlled, repeatable dynamic test of vehicle 
roof crush performance under typical rollover 
conditions [1],[2].  The principal use thus far has been 
in comparing vehicles’ roof crush and injury potential 
performance in one and two roll events.   Because the 
JRS directly measures the force between the roof and 
the ground during touchdown, it can be used to 
measure, assess and optimize occupant protection by 
adjusting roof geometry, roof structural design and 
material strength and elasticity, for the least cost and 
weight.    

This study demonstrates that  the peak force (load) 
between the initial leading side roof rail (near side) and 
the road is roughly four times the vehicle weight (the 
load-to-weight ratio or LWR) when a vehicle first 
touches down at around 150º of roll.  The force then 
drops substantially as the vehicle continues to roll over 
the flat of the roof, in most instances dropping to zero 
because the vehicle is momentarily airborne.  When the 
vehicle rolls beyond 180º and comes into contact with 
the side rail opposite to the leading side of roll (far 
side), the force rapidly rises again. The roof then either 
collapses or lifts the vehicle center of gravity (COG).  
The far side rail of a weak roof vehicle that cannot lift 
the COG may then halt the vehicle’s downward fall, 
imposing even larger forces on the road segment when 
the vehicle’s door and main body structure interact with 
the roadway.  To deal with such forces, a long standing 
and natural presumption has been to substantially 
increase the roof strength to weight ratio (SWR), which 
can result in weight efficiency cost penalties.  However, 
one production vehicle that was tested minimized roof 
crush without substantially increasing its SWR. 

Analysis of the results has found that far side roof crush 
is strongly related to the difference between the major 
radius (the maximum distance from the principal axis of 
rotation to the roof rail) and minor radius (distance 
from that axis to the center of the roof).  Three to four 
inches, as between cars and LTV’s has a significant 

effect on injury potential. The typical difference in a 
light truck vehicle LTV is around 15 cm to 25 cm (6” to 
10”) while in an passenger car it is around 8 cm to 15 
cm (3” to 6”). 
   
These observations were confirmed by physical tests of 
strong and weak roofed vehicles.  These tests led to the 
conclusion that a geometry change in the roof to 
minimize the difference in radius across the roof would 
reduce the degree to which the far side of a less strong 
roof had to lift the vehicle as it rolled beyond 180º.  A 
finite element analysis confirmed that for a vehicle of 
modest roof strength, a structurally strong, rounded roof 
panel will reduce the far side deformation and intrusion 
speed by about two-thirds without increasing 
underlying roof strength.  These results were confirmed 
in JRS testing of current production passenger cars and 
SUV vehicles and with a “HALO” TM – High 
Attenuation Load Offset (U.S. and International Patent 
Pending Rollover Damage Minimization Device) 
retrofit kit for SUVs.  
 
INTRODUCTION 
 
In 1967, in an Advanced Notice of Proposed 
Rulemaking (ANPRM) [3] the National Highway 
Safety Bureau (NHSB) recognized intrusion as a major 
factor in occupant survival.  Hugh DeHaven’s 1952 
SAE paper [4] suggested dynamic containment, leading 
to the FMVSS 208 dolly rollover test. With Franchini in 
1969 [5], a general consensus limit of 5” of intrusion 
evolved.   NHSB then initiated the ESV program, the 
performance specifications that limited roof intrusion in 
rollover tests to 5” to ensure the preservation of 
occupant survival space (OSS).  When production 
vehicles of that time failed to meet that criterion in SAE 
Recommended Practice J996 drop tests at drop heights 
of 8 cm to 30 cm (3” to 12”), the dynamic intrusion test 
was abandoned by NHSB.  A two-sided quasi static test 
using a small platen pitched at 10º and rolled at 25º at 
the A-pillar was proposed with a strength-to-weight 
ratio (SWR) criterion of 1.5 [6]. When almost all of the 
production vehicles failed that test, NHSB reduced the 
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pitch angle to 5º and required that the test be conducted 
on only one side [7].   

In 1989, a NHTSA evaluation showed that the static 
tests and criteria had no effect on roof strength or 
rollover casualties.  Indeed, a recent paper by Young et 
al shows how US rollover fatalities continue to increase 
despite a number of rollover injury mitigation 
initiatives being introduced over the past two decades 
[8], [9]. In 1998, NHTSA studied the typical 
relationship between the FMVSS 216 static and 
dynamic drop tests with the same orientation.  They 
found that the dynamic drop tests involve 1.6 times the 
force of the static tests for the same deformation, 
suggesting an increased SWR criterion of 1.5 times 1.6 
or 2.5.  Although it was obvious that drop tests ignore 
the rotational component of a roof-to ground impact 
(which accounts for substantially increased far-side 
crush), no alternative test protocol was available to 
directly measure and evaluate the roof SWR required to 
limit intrusion in a rollover. 

In 2002, the Jordan Rollover System (JRS) was 
developed to provide a scientific basis for evaluating 
rollover occupant protection under dynamic conditions.  
Since that time, about 50 vehicles have been tested in 
one, two and three roll protocols, most recently with 
injury interpretation directly from dummy human 
surrogates.  The results of those tests have been 
published in various conference proceedings 
[1],[2],[10],[11],[12].  Ratings of dynamic rollover 
structural performance have been based on NHTSA’s 
5” occupant survival space, post-crash negative 
headroom and a 11 km/hr (7 mph) onset of serious head 
and neck injury.  As a body of data, the JRS tests 
establish relationships between measured parameters, 
such as crush and crush speed as a function of pitch, 
impact roll angle, peripheral and translational speed.   

The JRS is the first rollover test device that can directly 
measure force-time histories between the roof and the 
ground during the roll as a function of roll angle.  That 
force is also a function of the dynamic strength of the 
roof and, sometimes at high-roll angles, the body, the 
weight of the vehicle, and the dynamic extent of roof 
crush.   

This paper presents plots of this load-to-weight ratio 
(LWR) and the interior intrusion measured on each side 
of the roof as a function of roll angle for 5 current 
model passenger cars and 5 current model LTVs.  All 
of which were JRS tested with the same two roll 
protocol.  Vehicle responses are compared and 
interpreted in the Discussion and Results sections. 

A principal geometric conclusion was validated by 
designing an SUV retrofit kit to improve rollover 
occupant protection in weak-roofed vehicles.  The kit 

was JRS tested to deal with the immediate concerns for 
rollover casualties in commercial, industrial and 
government off-road and rural undeveloped or poorly-
maintained road operations. 

METHODS 

The JRS is versatile in that it can provide repeatable 
dynamic data under almost any realistic rollover 
protocol. A dynamic test is the best way to rate rollover 
crashworthiness performance. The fixture with a 
mounted vehicle is shown in Figure 1.  

 

Figure 1.  Jordan Rollover System (JRS) Test Rig. 

Descriptions of how the test rig functions are described 
elsewhere [2], [13].  The vehicle is mounted to towers 
as on a spit through the COG and its axis of rotation. 
The vehicle is simultaneously rotated and released as a 
roadbed moves under it. The test is commenced from an 
almost vertically oriented position to the roadbed 
similar to that shown in Figure 1.  

During the simultaneous rotation and fall, the vehicle 
strikes the moving roadbed below on the leading side of 
roll (near side) at the roof rail at the prescribed roadbed 
speed, vehicle angular rate, drop height and impact 
pitch angle. After striking the near side the vehicle 
continues to roll and strikes the side opposite to the 
leading side being the far side. The vehicle is then 
captured. The motions of the vehicle and roadway are 
coordinated so that the touchdown conditions can be 
controlled and thus repeated within a narrow range that 
was considered acceptable in other crash test protocols 
used by IIHS and NCAP [14],[15]. 

A 50th percentile Hybrid III Anthropomorphic Test 
Dummy (ATD) is used to monitor head and neck 
loading in the driver seat position. String 
potentiometers are used to measure roof intrusion and 
intrusion rates, as well as the ATD’s motion.  High 
speed cameras also record vehicle and ATD motions.  
The ATD is setup by the FMVSS 208 protocol. 
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Measured parameters included:  the roll angle and rate, 
the pitch angle and its variation, the dummy motion 
relative to the seat through a string pot to the dummy 
buttocks, the intrusion of both sides of the roof, and the 
forces between the vehicle roof, the roadbed and the 
towers.  
 
In a rollover crashworthiness study of ten current 
production vehicles (5 passenger cars and 5 light trucks), 
the relationship of the forces between the ground and the 
roof and the deformation of the roof as a function of roll 
angle was investigated.  The tests were conducted by the 
Center for Injury Research and funded by the Santos 
Family Foundation through the Center for Auto Safety.  
The vehicles were supplied by State Farm Insurance 
Company. 
 
 DISCUSSION 
 
Generic SWR vs. Dynamic Injury Potential 
 
A comparison of SWR ratings and dynamic ratings from 
a companion ratings paper [16] is shown in Figures 2 
and 3.  The slope of the lines represents a reduction in 
the injury risk rating comparable to the IIHS study.  It is 
also worth noting that the risk of passenger and SUV 
vehicles at essentially the same SWR also varies greatly. 

  
Figure 2.  JRS Cumulative Residual Crush 

 
Figure 3.  JRS Maximum Intrusion Speed  

Since the JRS tests can be carried out with instrumented 
ATD’s it is possible to individually measure the roof 
crush effects on various injury criteria of different 
vehicle roof geometric, structural and material designs. 
In other words a dynamic based rating system can 
resolve the disparities and reflect real world injury 
potential. 

RESULTS  

This section provides detail about the relationship 
between road load measurements as a function of roll 
angle and the resulting roof crush on the near (leading 
side of roll) and far (opposite to leading side of roll) 
sides.  Figure 8 has an insert orienting the reader to the 
position of the vehicle at each peak load when seen from 
the ¾ view from the front.  In this case the near side 
(passenger side for US vehicles, since all JRS tests are 
passenger side leading) peak road load is shown at ~155 
degrees after first contacting at about 145 degrees as 
shown at the beginning of roof crush and road load.  
Similarly, the peak far side road load occurs at about 200 
degrees and the loading affecting roof deformation ends 
when the peak roof crush occurs at about 210 degrees.  
After that point the road is recording the force that is 
loading the vehicle body in the area around the window 
sill to fender area.  Notice in this case that the peaks are 
both about four times the vehicle weight. 

 
The deformation of the roof is measured with string 
potentiometers and confirms the accuracy with video 
tracking software in the two interior camera recordings. 
As shown in Figure 4 and 5, the string potentiometers 
are placed at the center of the vehicle and are attached to 
the A-pillar on both the driver and passenger sides of the 
vehicle and to the B-Pillar on the driver’s side. The 
reason for no additional string potentiometers is the 
Hybrid III dummy kinematics interfere with transducers. 
If additional data is required it can come from the video 
tracking software for any point on the interior.  String 
potentiometers are reliable and have an accuracy of 
about one quarter of a centimeter (one tenth of an inch). 
However, the tracking software adds confirmation and 
the ability to resolve the radial displacement into 
rectilinear coordinates. Since the measurements of 
interest are in the order of 15 cm (6”) of displacement, 
the error in measurement of the string potentiometer is at 
least an order of magnitude less. 
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Figure 4. Vehicle Interior String Potentiometers         Figure 5. String Potentiometers to A Pillar 

The study focuses on the detail available from the five 
passenger cars and five LTVs shown in Figures 6 and 7.  
They are all shown in their post test conditions after 
JRS tests with identical two roll protocols, first at 5 
degrees and the second at 10 degrees of pitch.  

Characteristics affecting roof crush comparisons 

Comparisons show dramatic differences in roof crush 
between vehicles of similar FMVSS 216 SWR class 
and between passenger cars and LTV classes.  What 
factors in addition to SWR affect vehicle roof crush 
performance is not clear at this point in time. 

As indicated in the last section of this paper, a geometry 
change to “roundness” produced spectacular results.  Four 
factors have been identified which could affect the 
dynamic but not the static test results: 1) the geometry as 
described by the difference in ratio of the major and 
minor radius (the “roundness” of the roof) for a particular 
vehicle; 2) the geometry as described by the longitudinal 
rake of the windshield and roof as well as the front of the 
hood between different vehicles; 3) the structural section 
configurations and joint design; and 4) the construction 
material’s elasticity.  The specific effect of each, if any, 
on injury potential performance is a future effort. 

 

 
Figure 6.  JRS Post Test Two Roll 5 Passenger Vehicles. 

 

 
Figure 7.  JRS Post Test Two Roll 5 LTV Vehicles. 

Comparisons between similar SWR LTVs  

Consider the roof crush performance of two LTV 
vehicles by the same manufacturer shown in Figures 
9 and 10.  The Honda CRV has a SWR of 2.6 and the 
Ridgeline SWR is 2.4.  Notice that the roof crush in 

the CRV is half that of the Ridgeline in roll 1 at 5 
degrees of pitch and in Roll 2 at 10 degrees of pitch.  
The peak roof intrusion speed is shown in Figures 11 and 
12 where the chart starts at 175 degrees to highlight far 
side vehicle response. These plots show that when there 
is a significant force beyond the time of peak roof crush 
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(about 210º of roll), it comes from the lower side of 
the upper vehicle structure contacting the road 

segment.  To the extent that the force no longer crushes 
the roof laterally it is irrelevant to roof performance. 

 

 Figure 8. 2007 Honda CRV Test Results with Actual Vehicle Positions at Peaks. 

       
Figure 9.  CRV Roof Crush vs. Roll Angle.                   Figure 10.  Ridgeline Roof Crush vs. Roll Angle. 
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Figure 11.  CRV Peak Roof Instrusion Speed.               Figure 12.  Ridgeline Peak Roof Instrusion Speed.                            

Comparisons Between Autos of Substantially 
Different SWR  

The roof crush versus roll angle performance of two 
passenger cars, a VW Jetta with an SWR of 5.1 and a 
Pontiac G6 with an SWR of 2.3, is shown in Figures 13 
and 14.  Notice that the roof crush in the first 5 degree 
roll of the VW is one third of that of the G6 and the 
residual roof crush is 40% of peak value versus 75% of  

the peak value in the G6.  In Roll 2 at 10 degrees of pitch 
the peak and the residual intrusion values are the same 
for both, but the cumulative residual for the Jetta is only 
about 9cm (3.5”) compared to 18 cm (7”) on the G6.  
The peak roof intrusion speed is shown in Figures 15 and 
16, where the chart starts at 175 degrees to highlight far 
side vehicle response.  

    

     
Figure 13.  Jetta Roof Crush vs. Roll Angle.                      Figure 14.  G6 Roof Crush vs. Roll Angle.              
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Figure 15.  Jetta Peak Roof Instrusion Speed.                         Figure 16.  G6 Peak Roof Instrusion Speed.                           

 

Comparisons Between SUVs of Substantially 
Different SWR  

The roof crush versus roll angle performance of two 
SUVs, an XC-90 with an SWR of 4.6 and a 
Chevrolet Tahoe with an SWR of 2.1, is shown in 
Figures 17 and 18.  Notice that the roof crush in the 
first 5 degree roll of the XC-90 is one fourth of that 
of the Tahoe and the residual roof crush is 3 cm (1”) 
versus 15 cm (6”) in the Tahoe.  In Roll 2 at 10 
degrees of pitch the peak and the residual intrusion  

 

values are about 5 cm (2”) compared to 15 cm (6”) 
and the cumulative residual for the XC-90 is only 
about 5 cm (2”) compared to 28 cm (11”) on the 
Tahoe.  Note that the near side damage in the second 
roll on the Tahoe first erected the far side to some 
degree before the rotational impact component 
collapsed it.  The peak roof intrusion speed is shown 
in Figures 19 and 20, where the chart starts at 175 
degrees to highlight far side vehicle response.  
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Figure 17.  XC90 Roof Crush vs. Roll Angle.                Figure 18.  Tahoe Roof Crush vs. Roll Angle.    

                

           

     
Figure 19.  XC90 Peak Roof Instrusion Speed.                     Figure 20.  Tahoe Peak Roof Instrusion Speed.                            

Comparisons between a passenger car and an 
SUV of similar SWR  

The roof crush versus roll angle performance of an 
SUV, the Jeep Grand Cherokee and a passenger car, 
the Chrysler 300 both with an SWR of about 2.5 but 
grossly different geometry, is shown in Figures 21 
and 22.  The peak and residual roof crush in the first 
5 degree roll of both vehicles is about the same.  In  

Roll 2 at 10 degrees of pitch the peak and the residual 
intrusion values are about 23 cm (9”) and 15 cm (6”) 
for the Cherokee compared to 13 cm (5”) and 5 cm 
(2”) for the 300.  The cumulative residual for the 
Cherokee is about 28 cm (11”) compared to 18 cm 
(7”) on the 300.  The peak roof intrusion speed is 
shown in Figures 23 and 24, where the chart starts at 
175 degrees to highlight far side vehicle response. 
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Figure 21.  Cherokee Roof Crush vs. Roll Angle.          Figure 22.  300 Roof Crush vs. Roll Angle.                  
     

            

   
Figure 23. Grand Cherokee Peak Roof Instrusion Speed.   Figure 24.  300 Peak Roof Instrusion Speed.                            
 
Geometric performance validation  
 
Operations on unpaved road surfaces, such as U.S. 
Border Patrol operations, vehicle operations in theaters 
of war, energy and metals exploration and mining 
businesses, use production pick-up trucks, SUVs and 

buses for transportation.  Consistent with the 10% 
fatality and serious injury performance of these vehicles 
in the mainly on-road private consumer usage, the 
frequency and injury risk of off road operation is also 
high.  In consideration of their occupational health and 
safety requirements and liability for on-the-job injury, 
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operators have established a voluntary rollover 
crashworthiness standard minimizing roof crush. 
One solution for available production pick-up trucks is to 
design an external roll cage mounted in the pickup bed 
and extending over the cab [17].  Roll cages installed on 
the interior of SUV’s interfere with the rollover activated 
window curtain airbags and are generally insufficiently 
padded, cumbersome and awkward for entry and exit, 
riding comfort and frontal safety as shown in Figure 25.  

The systems appear to employ the intrusion criteria 
formulated by Franchini in 1968 [5] and a blunt strategy 
of strengthening the roof well above what is accepted as 
industry best practice that has demonstrable good 
rollover crashworthiness, e.g. the Volvo XC-90. Because 
rollovers involve many impact orientations the accepted 
solutions are in some instances massive, unyieldingly 
rigid and cargo space consuming. 

  

 
Figure 25.  Internal Roll Cage. 
 

The availability of the continuous time history of the 
forces between the vehicle roof and the roadbed spawned 
the development of a geometric roof design to evenly 
distribute the roof load during road contact, equate and 
minimize near and far side roof crush and thus reduce 
the risk of occupant injury at minimum cost and weight.  
The first application has been to develop an acceptably 
styled, universal retrofit kit for production vehicles to 
achieve state-of- the-art occupant protection at minimum 
production and installation cost.   Most of the vehicles in 
use today have strength to weight ratio (SWR) roofs as 
measured by the U.S. FMVSS 216 test of 1.8 to 2.4.   
Figure 26 and 27 are pictures of a 1993 Jeep Grand 
Cherokee (JGC) (4400 lbs., SWR=2.3) before and after a 
one roll 10 degree JRS test. 

     
Figure 26.  JRS Grand Cherokee (Before Test).           Figure 27.  JRS Grand Cherokee (After 1 Roll). 
 
The results of this one roll JRS test are shown in 
Figures 32 and 33. The far side A Pillar crush was close 
to 30 cm (12”). The far side A Pillar intrusion speed 
was over 16 km/p (10 mph).  
 
The HALO TM system, which was developed in early 
2008, is shown in Figure 28. The structure was initially 
designed for the 1993 Jeep Grand Cherokee (JGC), 
which has one of the lowest “roof strength to vehicle 
weight ratios” and one of the worst rollover crash 
characteristics in terms of occupant injury potential as 
demonstrated on the JRS and shown in Figure 27. 

 
Figure 28. HALO TM Roof Damage Minimization 
Device  
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Several forms of evidence show how well 
HALO TM works including physical crash testing,   
computer based finite element analysis (FEA), and 
photogrammetric 3D analysis.  Two similar 1993 Jeep 
Grand Cherokees were tested on the JRS with the same 
protocol. The HALO TM reduced dynamic roof intrusion 
at the A-Pillar by more than 27 cm and at the B Pillar 
by more than 16 cm. Roof intrusion speed was also 
reduced from 16 km/h to 1.6 km/h at the A-Pillar and 
from 12.4 km/h to 1.1 km/h at the B-Pillar. The interior 
camera view for each test at peak loading is shown in 
photos from the testing video in Figures 30 and 31. The 
Hybrid III dummy experienced axial neck loading of 

around 10 kN (1 ton) in the production vehicle versus 
only 1 kN (equivalent to standing on your head) in the 
Jeep with HALO TM. 
 
A Finite Element analysis from Friedman Research 
Corporation of the first configuration indicated a 
reduction in far side intrusion at the A pillar from 30 
cm  (12”) to 10 cm  (4”) with increased near side 
intrusion to 10 cm  (4”).  The initial design was tested 
on two different vehicles before the final design was 
achieved. Illustrations of this analysis are shown in 
Figure 32. 

 

    
Figure 29.  1993 JGC’s JRS Rollover Tested With and Without HALO TM  and the Corresponding 
Photogrammetric 3D Analysis. 
 

  
Figure 30. Interior of a 1993 JGC Without HALO TM      Figure 31. Interior of a 1993 JGC With HALO TM 
 

 

 
Figure 32.   FEA – Finite Element Analysis with HALO TM , Before and After One Roll. 
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Two derived versions of a retrofit kit have been 
developed.  The primary difference in an SUV is an 
internal buttress’ at the B-pillars for applications to 
vehicles with SWR’s of less than 2.5.  The system 
creates and supports a strong round roof a few inches 
forward of the B-pillar.  This has two effects.   The 
round roof (or attachment) causes the impact and 
rolling force load on the roof from the road, to be 
constant (distributed equally) from near to far side.  
Locating and supporting the strong round roof 

forward of the B-pillars transfers and relieves a 
portion of the load at the A-pillars (and distributes 
across the header), which are traditionally weak 
(because of the FMVSS 216 test conditions). Another 
1993 Jeep was fitted with a HALO TM and JRS tested 
again and the exterior views are shown in Figures 33 
and 34. Very little change occurred in the structure, 
even after 2 test rolls. The data from the production 
JGC and the results for the three rolls with the final 
HALO TM design are shown in Figures 35 through 42. 

 

            
Figure 33.  JGC with HALO TM Before Testing.                Figure 34.  JGC with HALO TM  After 2 Test Rolls.    
 

    
Figure 35.  JGC Roof Crush vs. Roll Angle.                    Figure 36.  JCG Peak Roof Instrusion Speed.            

    

Figure 37. JGC  w/HALO TM Roll 1 Roof Crush              Figure 38. JGC  w/HALO TM Roll 1 Intrusion Speed 
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Figure 39. JGC  w/HALO TM Roll 2 Roof Crush               Figure 40. JGC  w/HALO TM Roll 2 Intrusion Speed 

 

     
 
Figure 41.  JGC w/HALO TM Roll 3 Roof Crush            Figure 42. JGC with HALO TM Roll 3 Intrusion Speed
    
CONCLUSIONS 
 
• The geometry of a vehicle roof has a significant 

effect on the performance of that vehicle during 
a rollover and can be changed with little addition 
of weight. 

 
• The geometry alone cannot compensate for 

fundamental weaknesses  in the pillars 
 
• Geometry alone can improve the performance of 

vehicles with relatively weak A-Pillar/Headers 
with reasonable B-Pillar strength.  

 
• A vehicle’s dynamic rollover characteristics 

largely determine the typical roof touchdown 
pitch orientation.  Many vehicles with good 
FMVSS 216 SWR at 5 degrees of pitch are half 
as strong at 10 or more degrees of pitch. 
Therefore the touchdown pitch orientation of a 
FMVSS 216 compliant roof may or may not 
collapse unless its performance at 10 degrees of 
pitch has been assessed.   

 

• A vehicle’s roof contact pitch orientation 
strongly affects its injury potential performance 
in terms of roof crush and intrusion velocity. 
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ABSTRACT 
 
Prototypes of the latest version of a biofidelic flexible 
pedestrian legform impactor (Flex-GTR-proto) were 
developed in November 2008. In this research several 
technical evaluations on the Flex-GTR-proto were 
conducted. As a result, fairly good repeatability and 
reproducibility of the Flex-GTR-proto, and 
comparability of the Flex-GTR-proto output under 
the symmetric right and left bumper corner impacts 
were observed (majorities of CV values are less than 
3%).  
 
As for the comparability between the Flex-GT and 
Flex-GTR proto, some differences were observed 
between them. Most of the maximum value ratios of 
Flex-GTR-proto relative to the Flex-GT are less than 
1.1. The difference between the Flex-GT and 
Flex-GTR-proto has a chance to affect the injury 
threshold values; therefore, a following research has 
been investigating the threshold values for the 
Flex-GTR-proto using the ratios of the Flex-GT and 
Flex-GTR outputs and/or using the correlations 
between the Flex-GTR-proto and human lower 
extremities outputs which can be obtained from a 
computer simulation analysis. 
 
 
INTRODUCTION 
 
In 1998, the European Enhanced Vehicle-Safety 
Committee proposed a test procedure to assess the 
protection vehicles provide to the lower extremity of 
a pedestrian during a collision [1]. This procedure 
utilizes a legform impactor composed of rigid long 
bones. 
 
In order to improve biofidelity of the legform 
impactor, the Japan Automobile Research Institute 
(JARI) and the Japan Automobile Manufacturers 
Association, Inc. (JAMA) have been developing a 
biofidelic flexible pedestrian legform impactor 
(Flex-PLI) since 2002 [2]. The Flex-PLI has high 
biofidelity especially for its long bone parts, which 
have human-like bending characteristics under a car 

impact condition, compared to other types of legform 
impactors, which have rigid long bone parts [3].  
 
The Flex-PLI also provides extended injury 
assessment capability, including long bone bending 
moment at multiple locations and knee ligament 
elongations in comparison to other pedestrian 
legforms [3]. 
 
In 2005, the Flex-PLI Technical Evaluation Group 
(Flex-TEG) was settled under the 
UN/ECE/WP29/GRSP/Informal Group on Pedestrian 
Safety in order to evaluate its performance to adopt 
the impactor as a regulatory purpose test tool for a 
Global Technical Regulation on Pedestrian Safety 
(PS-GTR: gtr 9).  
 
The Ministry of Land, Infrastructure, Transport, and 
Tourism of Japan (J-MLIT) has been supporting this 
Flex-TEG activity, taking a task of a chair country of 
the group and conducting technical evaluation tests 
on the Flex-PLI. 
 
After the settlement of the Flex-TEG, the Flex-PLI 
was evaluated and improved its performance under 
the Flex-TEG activity, and then its design of the final 
version, type GTR (Flex-GTR), was agreed by the 
Flex-TEG members in April 2008 [4], and its 
prototype (Flex-GTR-proto) was released in 
November 2008. 
 
In the Flex-GTR-proto development, First 
Technology Safety Systems (FTSS) was involved as a 
dummy development specialist company. 
 
This paper provides a brief introduction of the 
Flex-GTR-proto and technical evaluation test results 
on them under several impact conditions.  
 
 
TECHNICAL EVALUATION ITEMS 
 
In this research, following technical evaluations were 
conducted. 
E1: Repeatability of the Flex-GTR-proto 
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E2: Reproducibility of the Flex-GTR-proto 
E3: Comparability between the Flex-GT and 

Flex-GTR-proto 
E4: Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper corner 
impacts 

 
 
MATERIALS 
 
Flexible Pedestrian Legform Impactor type GTR 
prototype (Flex-GTR-proto) 
 
Figure 1 shows a general construction of the 
Flex-GTR-proto. Its femur and tibia have flexible 
long bones which can be bent under the car impact 
condition. Its knee has a ligament constraint system 
similar to the human one, and its movement is 
restrained by four knee ligaments as described in the 
figure. More detailed information of the 
Flex-GTR-proto is described in the Part2 of this ESV 
paper series (Paper Number 09-0146) [5]. 
 
In this research three of the Flex-GTR-proto (SN01, 
SN02, SN03) were used as shown in Figure 2. The 
three Flex-GTR-protos have the same constructions, 
and only data acquisition systems (DAS) which can 
be used are different. The SN01 can implement an 
off-board DAS only. On the other hand, the SN02 can 
implement an off-board DAS or on-board DAS 
(M=BUS, MESSRING, Germany), and the SN03 can 
implement an off-board DAS or on-board DAS 
(SLICE, DTS, USA), as shown in Figure 3. More 
detailed information of the DAS is described in the 
Part 2 of this ESV paper series [5]. 
 
Figure 4 shows the measurement items of the 
Flex-GTR-protos. In this research mainly injury 
assessment items and monitoring items were 
measured. 

a) Inner body b) Outer body

Knee
ligament
constraint

system

Tibia
flexible

long
bone

Femur
flexible 

long
bone

MCLLCL

ACLPCL

MCL: Medial Collateral Ligament
ACL: Anterior Cruciate Ligament
PCL: Posterior Cruciate Ligament
LCL: Lateral Collateral Ligament

c) Human lower 
extremity image

Impact direction

Flesh
neoprene 

and
synthetic
rubber 
sheets

 
Figure 1.  Flexible Pedestrian Legform Impactor 
type GTR prototype (Flex-GTR-proto). 

Flex-GTR-prototype (SN01, SN02, SN03)

SN01: Off-board DAS
SN02: Can select On-board DAS (M=BUS) or Off-board DAS
SN03: Can select On-board DAS (SLICE) or Off-board DAS

Data Acquisition systems (DAS)

SN01
SN02

SN03

On-board DAS
SLICE

(DTS ,USA)
On-board DAS

M=BUS
(MESSRING, Germany)  

Figure 2.  Flex-GTR-proto (SN01, SN02, SN03) 
and Data Acquisition System (DAS). 
 

On-board DAS (M=BUS) for SN02

On-board DAS
M=BUS (MESSRING, Germany)

On-board DAS (SLICE) for SN03

On-board DAS
SLICE (DTS, USA)  

Figure 3.  On-board Data Acquisition System 
(DAS) for the Flex-GTR-proto (SN02 and SN03). 
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Figure 4.  Flex-GTR-proto Measurement Items. 
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Flexible Pedestrian Legform Impactor type GT 
(Flex-GT) 
 
Figure 5 shows a general construction of the Flex-GT. 
Its construction is similar to the Flex-GTR-proto, 
however, knee ligaments arrangements are different.  
In the Flex-GTR-proto, the ACL (anterior cruciate 
ligament) and PCL (posterior cruciate ligament) are 
located on both sides of the knee, symmetry to the 
impact and longitudinal axes of the impactor [5]. On 
the other hand, in the Flex-GT, ACL and PCL are 
located on different sides of the knee, asymmetry to 
the impact and longitudinal axes of the impactor.  
The asymmetric knee ligament location of the 
Flex-GT tends to generate knee twist motion, 
therefore it tends to obtain different test results 
between symmetric left and right bumper corner 
impacts. As for the DAS of the Flex-GT, only an 
off-board DAS is available. 
 
Figure 6 shows the measurement items of the 
Flex-GT. The measurement items are the same except 
the knee (tibia side) acceleration of the 
Flex-GTR-proto. In this research, we used the 
Flex-GT (SN03), and then measured injury 
assessment items and monitoring items mainly. 
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LCL: Lateral Collateral Ligament

 
Figure 5.  Flexible Pedestrian Legform Impactor 
type GT (Flex-GT). 
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Figure 6.  Flex-GT Measurement Items. 
 
Assembly Pendulum Type Calibration Test Rigs 
 

Type 1 – Figure 7 shows the assembly pendulum 
type calibration test rig (type 1). The rig was 
developed in order to calibrate the Flex-GT. However, 
the rig can accommodate not only the Flex-GT but 
also the Flex-GTR-proto. The test rig therefore was 
used for investigating E3: Comparability between the 
Flex-GT and Flex-GTR-proto in this research. 

Assembly Pendulum type
Calibration Test Rig (Type 1)
(can accommodate Flex-GT and Flex-GTR-proto)

 
Figure 7.  Assembly Pendulum Type Calibration 
Test Rig (Type 1). 
 

Type 2 – Figure 8 shows the assembly pendulum 
type calibration test rigs (type 2). The rig was 
developed in order to calibrate of the Flex-GTR-proto. 
The rig can accommodate the Flex-GTR-proto only, 
therefore, the test rig was used for investigating E1: 
Repeatability and E2: Reproducibility of the 
Flex-GTR-proto. 
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Assembly Pendulum type 
Calibration Test Rig (Type 2)
(can accommodate Flex-GTR-proto only)

 
Figure 8.  Assembly Pendulum Type Calibration 
Test Rig (Type 2). 
 
 
Simplified Cars 
 

Type 1 – Figure 9 shows an over view of a 
simplified car (type 1).  The car consisted of bonnet 
leading edge (BLE), bumper (BP), and spoiler (SP).  
Figure 10 shows its cross sectional dimensions at the 
center line of the car. The car was made from steel for 
automobile; therefore, the car was deformed after an 
impact test as shown in Figure 11. 

 
This car was used for investigating E1: 

Repeatability and E2: Reproducibility of the 
Flex-GTR-proto and E3: Comparability between the 
Flex-GT and Flex-GTR-proto. 
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BLE: Bonnet leading edge
BP: Bumper 
SP: Spoiler  

Figure 9.  Simplified Car (Type 1). 
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Figure 10.  Cross Sectional Dimensions at the 
Car Center of the Simplified Car (Type 1). 
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Figure 11.  Deformation of the Simplified Car 
(Type 1) after an Impact Test. 
 

Type 2, –R and -L – Figure 12 shows an over 
view of the simplified car (type 2, -R and -L).  The 
car had the same configuration as that of the 
simplified car type 1, consisting of bonnet leading 
edge (BLE), bumper (BP), and spoiler (SP).  Figure 
13 shows its cross sectional dimensions at the center 
line of the car. The type 2 has two versions, –R and 
–L, by different setting of the car turned 30 degree 
right or left around the vertical axis, therefore both 
versions had exactly the same cross sectional 
dimensions at the car center.  The type 2-R 
simulates right side of the bumper corner, and the 
type 2-L simulates left side of the bumper corner.  
The car was made from steel for automobile, which 
was also used for the simplified car type 1; therefore, 
the car is deformed after an impact test as shown in 
Figure 14. 

 
These cars (Type 2, -R and –L) were used for 

investigating E4: Comparability of the 
Flex-GTR-proto under the symmetric right and left 
bumper corner impacts. 
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Figure 12.  Simplified Car (Type 2, -L and -R). 
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Figure 13.  Cross Sectional Dimensions at the 
Car Center of the Simplified Car (Type 2). 
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Figure 14.  Deformation of the Simplified Car 
(Type 2, -R and -L) after an Impact Test. 
 
 
METHODOLOGY 
 
Assembly Pendulum Type Calibration Test 
Methods 
 

Type 1 – Figure 15 shows the assembly 
pendulum type calibration test method (Type 1). In 
the test, the femur top of the Flex-GT or 
Flex-GTR-proto was attached to the assembly type 
calibration test rig (Type 1) via a pin joint, and then 
the tibia bottom was suspended at 15 degrees above 
the horizontal level.  The legform was then released 
from the suspended position and then impacted the 
pad attached to the test rig. The same material as that 
of the flesh part of the Flex-GT and Flex-GTR-proto 
was used for the pad. 
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Figure 15.  Assembly Pendulum type Calibration 
Test Method (Type 1). 
 

Type 2 – Figure 16 shows the assembly 
pendulum type calibration test method (Type 2). In 
the test, the tibia bottom of the Flex-GTR-proto was 
attached to the assembly type calibration test rig 
(Type 2) via a pin joint, and then the top of the femur 
was suspended with a 5 kg additional mass at 15 
degrees above the horizontal level. The legform was 
then released from the suspended position and then 
impacted the pad attached to the test rig. The same 
material as that of the flesh part of the Flex-GT and 
Flex-GTR-proto was used for the pad. 
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Figure 16.  Assembly Pendulum type Calibration 
Test Method (Type 2). 
 

Simplified Car Test Methods 
 

Type 1 – Figure 17 shows the test method for 
the simplified car (Type 1).  In the test, the 
Flex-GTR-proto or Flex-GT was propelled to the car 
under the free flight condition, and then impacted the 
center line position of the simplified car bumper at 
11.1 m/s.  The target impact height of the impactor 
was 75 mm above the ground level, and the target 
temperature and relative humidity of the test sight 
were 20 degree Celsius and 40 % respectively.  The 
tolerance of each test condition was settled based on 
the current global technical regulation on the 
pedestrian safety (gtr 9). 

0

200

400

600

800

1000

1200

-400 -200 0 200 400 600 800

Horizontal (mm)

V
er

tic
al

 (
m

m
)

Impact Height
75 ± 10 mm

Flex-GTR-proto
or Flex-GT

Impact Speed
11.1 ± 0.2 m/s

Simplified Car 
(Type 1)

Ground Level

Relative Humidity
40 ± 30 %

Temperature
20 ± 4 deg. 

Celsius

Flex-GTR-proto
or Flex-GT

Side view
(image)

Top view
(image)

Simplified car 
center line

Horizontal
Location
± 10 mm Impact 

direction

Simplified Car 
(Type 1)

BP 

BP
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Figure 17.  Simplified Car (Type 1) Test Method. 
 

Type 2, -R and -L – Figure 18 shows the test 
method for the simplified car (Type 2, -R and -L).  
In the test, the Flex-GTR-proto was propelled to the 
car under the free flight condition, and then impacted 
the center line position of the simplified car bumper 
at 11.1 m/s.  The target impact height of the 
impactor was 75 mm above the ground level, and the 
target temperature and relative humidity of the test 
sight were 20 degree Celsius and 40 % respectively.  
The tolerance of each test condition was settled based 
on the current global technical regulation on the 
pedestrian safety (gtr 9). 
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Figure 18.  Simplified Car (Type 2, -R and -L) 
Test Method. 
 
 
TEST MATRIXES 
 
Assembly Pendulum Type Calibration Test Series 
 
Table 1 shows the matrix for the assembly pendulum 
type calibration test series. In the test series, thirteen 
tests were conducted, and then the following items 
were evaluated; E1: Repeatability of the 
Flex-GTR-proto, E2: Reproducibility of the 
Flex-GTR-proto, and E3: Comparability between the 
Flex-GTR and Flex-GT. 
 
Simplified Car Test Series 
 
Table 2 shows the matrix for the simplified car test 
series. In the test series, eleven tests were conducted, 
and then the following items were evaluated; E1: 
Repeatability of the Flex-GTR-proto, E2: 
Reproducibility of the Flex-GTR-proto, E3: 
Comparability between the Flex-GTR and Flex-GT, 
and E4: Comparability of the Flex-GTR-proto under 
the symmetric right and left bumper corner impacts. 

Table 1.  Matrixes for the Assembly Pendulum 
Type Calibration Test Series. 

E1

E1

E1

E2

E3

E1: Evaluation on the Repeatability of the Flex-GTR-proto
E2: Evaluation on the Reproducibility of the Flex-GTR-proto
E3: Evaluation on the Comparability between the Flex-GT and the 

Flex-GTR-proto

Type SN

P1

P2

P3

P4

P5

P6

P7

P8

P9 SLICE

P10 SN01 Off-board

P11 SN02 M=BUS

P12 SN03 SLICE

P13 Flex-GT SN03 Off-board

Assembly Pendulum

Type Calibration

Test Method

Type 2

Test

ID

Impactor
DAS

SN01 Off-board

Flex-GTR-proto

Off-board

SN02 M=BUS

Type 1
Flex-GTR-proto

SN03

 
Table 2.  Matrix for the Simplified Car Test 
Series. 

E1E2

E4

E1: Evaluation on the Repeatability of the Flex-GTR-proto
E2: Evaluation on the Reproducibility of the Flex-GTR-proto
E3: Evaluation on the Comparability between the Flex-GT and the 

Flex-GTR-proto
E4: Evaluation on the Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper corner impact

E3

Simplified Car

Type SN Type

S1 SN01 Off-board

S2

S3

S4

S5

S6 SN03 Off-board

S7 Flex-GT SN03 Off-board

S8

S9

S10

S11

Flex-GTR-proto SN03 SLICE

Type 2-R

Type 2-L

Impactor
DAS

Flex-GTR-proto SN02 M=BUS
Type 1

Test

ID

 
 
TENTATIVE INJURY ASSESSMENT 
REFERENCE VALUES 
 
Table 3 shows the tentative injury assessment 
reference values (t-IARV) in this research. These 
values were settled based on the proposal or 
discussion at the 7th Flex-TEG meeting [6-8].  
 
The t-IARV values were used to evaluate standard 
deviation (St.Dev) levels of the maximum 
measurement values for injury assessment or 
monitoring items relative to the injury assessment 
levels by dividing St.Dev. by t-IARV (i.e. 
St.Dev/t-IARV). 
 
Table 3. Tentative Injury Assessment Reference 
Values (t-IARV). 

TEG-077 TEG-076 TEG-078

Tibia
BM*

318 (Nm) - - 318 (Nm)

Knee-MCL
Elongation

- 23 (mm) 16, 20 (mm) 20 (mm)

Knee-ACL
Elongation

- - 12.7 (mm) 12.7 (mm)

Knee-PCL
Elongation

- - 12.7 (mm) 12.7 (mm)

* BM: Bending Moment

Tentative Injury
Assessemnt

Reference Values
(t-IARV)

in this research

Monitoring
Only

Injury
Assessment

Injury
Criteria

Purpose

Proposed/Discussed
Injury Assessment Reference Values

at the 7th Flex-TEG meeting
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TEST CONDITIONS (TARGETS AND 
RESULTS) 
 
Table 4 shows the test conditions for the simplified 
car test series. All of the impact conditions are within 
the targets, except for the horizontal location of the 
S1. However, the simplified car has a continuous 
similar shape in the horizontal direction, so the test 
results were used for our analysis. 
 
As for the assembly pendulum type calibration test 
series, there were no concerns on the test conditions 
for the following reasons; 1) well air conditioned test 
sight is used, 2) not free fright test (well controlled 
pendulum test). 
 
Table 4.  Test Conditions for the Simplified Car 
Test Series (Targets and Results). 

Targets Results Targets Results Targets Results

S1 11.1 20.6 40
S2 11.1 21.1 35
S3 11.2 20.5 40
S4 11.1 21.9 42
S5 11.1 21.4 34
S6 11.2 20.7 37
S7 11.1 20.4 48
S8 11.0 22.8 26
S9 11.1 22.2 30

S10 11.1 21.7 29
S11 11.1 22.8 32

Targets Results Targets Results*

S1 70 28
S2 73 -2
S3 72 -6
S4 71 0
S5 77 -2
S6 75 -10
S7 72 -2
S8 79 5
S9 78 -2

S10 77 -3
S11 80 0

* +: Right,  -: Left  (from driver's point of view)

75 ± 10
 above

from the
ground level

Simplified car
center line

± 10

Relative Humidity
(%)

Impact Height
(mm)

Horizontal Locaiton
(mm)Test

ID

20 ± 4 40 ± 30

Test
ID

Impact Speed
(m/s)

11.1 ± 0.2

Temperature
(deg. Celsius )

 
 
TEST RESULTS 
 
The test results are described by each evaluation 
item. 
 
E1: Repeatability of the Flex-GTR-proto 
 

Assembly Pendulum Type Calibration Test 
Series – Evaluation test results on the repeatability of 
the Flex-GTR-proto (SN01-SN03) in the assembly 
pendulum type calibration test series are shown in 
Figure 19 through Figure 21 and in Table 5 through 
Table 7. Each impactor shows repeatable waveforms. 
The Coefficient of Variation (CV) values with regard 
to the injury assessment or monitoring items are 
lower than 7.72% (SN03, Knee-PCL), with the 
majority of the CV values being less than 3%. When 
we see the standard deviation values related to the 
tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
4.52 % (SN03, Knee-ACL), and most of the values 
are less than 3 %. 
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Figure 19.  Waveforms (Test ID: P1-P3, 
Repeatability: Flex-GTR-proto (SN01)). 
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Figure 20.  Waveforms (Test ID: P4-P6, 
Repeatability: Flex-GTR-proto (SN02)). 
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Figure 21.  Waveforms (Test ID: P7-P9, 
Repeatability: Flex-GTR-proto (SN03)). 
 
Table 5.  Maximum Values and Variations (Test 
ID: P1-P3, Repeatability: Flex-GTR-proto 
(SN01)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto. (SN01), P1 239.7 194.0 154.9 106.4 8.19 4.11 22.4
Flex-GTR-proto. (SN01), P2 241.2 193.6 152.8 104.1 7.85 4.62 22.3
Flex-GTR-proto. (SN01), P3 241.8 193.6 153.4 104.5 8.10 4.41 22.4

Avg. 240.9 193.7 153.7 105.0 8.05 4.38 22.4
St. Dev. 1.08 0.23 1.08 1.23 0.18 0.26 0.06
CV (%) 0.45 0.12 0.70 1.17 2.19 5.85 0.26

Judgement Good Good Good Good Good Acceptable Good

t-IRAV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 0.34 0.07 0.34 0.39 1.39 2.02 0.29

Judgement Good Good Good Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 
 
Table 6.  Maximum Values and Variations (Test 
ID: P4-P6, Repeatability: Flex-GTR-proto 
(SN02)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto. (SN02), P4 253.9 201.1 160.3 106.8 8.28 4.97 22.6
Flex-GTR-proto. (SN02), P5 247.4 203.1 157.4 110.0 8.24 4.90 22.5
Flex-GTR-proto. (SN02), P6 246.7 202.8 157.7 109.9 8.20 4.85 22.5

Avg. 249.3 202.3 158.5 108.9 8.24 4.91 22.5
St. Dev. 3.97 1.08 1.59 1.82 0.04 0.06 0.06
CV (%) 1.59 0.53 1.01 1.67 0.49 1.23 0.26

Judgement Good Good Good Good Good Good Good

t-IARV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 1.25 0.34 0.50 0.57 0.31 0.47 0.29

Judgement Good Good Good Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 

Table 7.  Maximum Values and Variations (Test 
ID: P7-P9, Repeatability: Flex-GTR-proto 
(SN03)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto. (SN03), P7 235.8 197.7 165.5 105.9 8.09 4.83 22.3
Flex-GTR-proto. (SN03), P8 236.0 198.5 166.3 105.6 7.31 5.57 22.3
Flex-GTR-proto. (SN03), P9 245.1 206.9 173.4 110.8 8.43 4.96 22.7

Avg. 239.0 201.0 168.4 107.4 7.94 5.12 22.4
St. Dev. 5.31 5.10 4.35 2.92 0.57 0.40 0.23
CV (%) 2.22 2.54 2.58 2.72 7.23 7.72 1.03

Judgement Good Good Good Good Marginal Marginal Good

t-IARV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 1.67 1.60 1.37 0.92 4.52 3.11 1.15

Judgement Good Good Good Good Acceptable Acceptable Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 

 

Simplified Car Test Series – Evaluation test 
results on the repeatability of the Flex-GTR-proto 
(SN02) in the simplified car test series are shown in 
Figure 22 through Figure 23 and in Table 8. The 
Flex-GTR-proto (SN02) shows repeatable kinematics 
and waveforms. The CV values with regard to the 
injury assessment or monitoring items are lower than 
3.26% (SN02, Tibia-4), with the majority of the CV 
values being less than 3%. When we see the standard 
deviation values related to the tentative injury 
assessment reference levels (St.Dev./t-IARV), all of 
the values are lower than 1.8 % (SN02, Tibia-1). 

 

0 ms 10 ms 20 ms 30 ms 40 ms0 ms 10 ms 20 ms 30 ms 40 ms

Flex-GTR-proto. (SN02), S2

Flex-GTR-proto. (SN02), S3

Flex-GTR-proto. (SN02), S4

Flex-GTR-proto. (SN02), S5

 
Figure 22.  Kinematics (Test ID: S2-S5 
Repeatability: Flex-GTR-proto (SN02)). 
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Figure 23.  Waveforms (Test ID: S2-S5, 
Repeatability: Flex-GTR-proto (SN02)). 
 
Table 8.  Maximum Values and Variations (Test 
ID: S2-S5 Repeatability: Flex-GTR-proto (SN02)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-prot. (SN02), S2 338.2 276.3 227.7 147.7 8.32 6.52 19.3
Flex-GTR-prot. (SN02), S3 350.6 285.5 236.5 148.5 8.28 6.61 19.3
Flex-GTR-prot. (SN02), S4 340.1 276.4 228.1 138.4 8.43 6.85 19.6
Flex-GTR-prot. (SN02), S5 339.4 273.5 231.6 147.3 8.08 6.90 18.8

Avg. 342.1 277.9 231.0 145.5 8.28 6.72 19.25
St. Dev. 5.74 5.23 4.08 4.74 0.15 0.18 0.33
CV (%) 1.68 1.88 1.77 3.26 1.77 2.74 1.72

Judgement Good Good Good Acceptable Good Good Good

t-IARV* 318 318 318 318 12.7 12.7 20.0
St.Dev./t-IARV (%) 1.80 1.64 1.28 1.49 1.15 1.45 1.66

Judgement Good Good Good Good Good Good Good

*  t-IARV: Tentative Injury Assessment Reference Values
** Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Injury
Assessment

Items

Monitoring
Items

Judgements

 

 

 

E2: Reproducibility of the Flex-GTR-proto 
 

Assembly Pendulum Type Calibration Test 
Series – Evaluation test results on the reproducibility 
of the Flex-GTR-proto (SN01-SN03) in the assembly 
pendulum type calibration test series are shown in 
Figure 24 and Table 9. Each impactor shows very 
similar waveforms. The Coefficient of Variation (CV) 
values with regard to the injury assessment or 
monitoring items are lower than 7.94% (SN01-SN03, 
Knee-PCL), with the majority of the CV values being 
less than 3%. When we see the standard deviation 
related to the tentative injury assessment reference 
levels (St.Dev./t-IARV), all of the values are lower 
than 3.0 % (SN03, Knee-PCL), and most of the 

values are less than 3 %. 
 

Simplified Car Test Series – Evaluation test 
results on the reproducibility of the Flex-GTR-proto 
(SN02) in the simplified car test series are shown in 
Figure 25 through Figure 26 and in Table 10. The 
Flex-GTR-proto (SN01-SN03) shows comparable 
kinematics and waveforms. The CV values with 
regard to the injury assessment or monitoring items 
are lower than 6.68% (SN01-SN03, Tibia-4), with the 
majority of the CV values being less than 4%. When 
we see the standard deviation values related to the 
tentative injury assessment reference levels 
(St.Dev./t-IARV), all of the values are lower than 
4.12 % (SN01-SN03, Tibia-3). 
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Figure 24.  Waveforms (Test ID: P1, P4, P7 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 
 
Table 9.  Maximum Values and Variations (Data: 
Avg. of SN01 (P1-P3), S02 (P4-P6), S03 (P7-P9), 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-proto (SN01), Avg.*** 240.9 193.7 153.7 105.0 8.05 4.38 22.4
Flex-GTR-proto (SN02), Avg.*** 249.3 202.3 158.5 108.9 8.24 4.91 22.5
Flex-GTR-proto (SN03), Avg.*** 239.0 201.0 168.4 107.4 7.94 5.12 22.4

Avg. 243.1 199.0 160.2 107.1 8.08 4.80 22.4
St. Dev. 5.48 4.64 7.50 1.97 0.15 0.38 0.06
CV (%) 2.26 2.33 4.68 1.84 1.88 7.94 0.26

Judgement Good Good Acceptable Good Good Marginal Good

t-IARV* 318 318 318 318 12.7 12.7 20
St.Dev./t-IARV (%) 1.72 1.46 2.36 0.62 1.20 3.00 0.29

Judgement Good Good Good Good Good Acceptable Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.
*** Flex-GTR-proto (SN01), Avg.: Average data of P1-P3
     Flex-GTR-proto (SN02), Avg.: Average data of P4-P6
     Flex-GTR-proto (SN03), Avg.: Average data of P7-P9

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Judgements

Injury
Assessment

Items

Monitoring
Items
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Figure 25.  Kinematics (Test ID: S1, S2, S6 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 
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Figure 26.  Waveforms (Test ID: S1, S2, S6 
Reproducibility: Flex-GTR-proto (SN01-SN03)). 
 

Table 10.  Maximum Values and Its variations 
(Data: S1, Avg. of SN02 (S2-S5), S6, 
Reproducibility: Flex-GTR-proto (SN01, SN02, 
SN03)). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-prot (SN01), S1 317.2 258.5 214.7 127.7 7.81 6.54 19.2
Flex-GTR-prot (SN02), Avg.*** 342.1 277.9 231.0 145.5 8.28 6.72 19.3
Flex-GTR-prot (SN03), S6 330.9 275.6 240.6 140.8 7.80 6.71 19.1

Avg. 330.1 270.7 228.8 138.0 7.96 6.66 19.2

St. Dev. 12.47 10.60 13.09 9.22 0.27 0.10 0.10
CV (%) 3.78 3.92 5.72 6.68 3.44 1.52 0.52

Judgement Acceptable Acceptable Acceptable Acceptable Acceptable Good Good

t-IARV* 318 318 318 318 12.7 12.7 20

St.Dev./t-IARV (%) 3.92 3.33 4.12 2.90 2.16 0.80 0.50
Judgement Acceptable Acceptable Acceptable Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values

**  Injury assessement items and monitoring items were evaluated.

*** Flex-GTR-proto (SN02), Avg.: Average data of S2-S5

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Judgements

Injury
Assessment

Items

Monitoring
Items

 

 

 

E3: Comparability between the Flex-GT and 
Flex-GTR-proto 
 

Assembly Pendulum Type Calibration Test 
Series – Evaluation test results on the comparability 
between the Flex-GT and the Flex-GTR-proto in the 
assembly pendulum type calibration test series are 
shown in Figure 27 and Figure 28. Several 
measurement values of the Flex-GTR-proto are 
slightly higher than the Flex-GT (SN03), however, 
most of the Flex-GTR-proto outputs are within the 
Flex-GT corridor [9], which is tentatively settled to 
calibrate the Flex-GT by using the assembly 
pendulum type calibration test method (Type 1). 

 
  The average ratio of the measurement values 

of the Flex-GTR-proto to the Flex-GT corridor 
(center) are shown in Figure 29. All of the average 
ratios are lower than 1.36 (Knee-PCL, Avg.), and 
most of the average ratios are less than 1.1. 
 

Simplified Car Test Series – Evaluation test 
results on the comparability between the Flex-GT and 
the Flex-GTR-proto in the simplified car test series 
are shown in Figure 30 through Figure 32. Several 
measurement values of the Flex-GTR-proto are 
slightly higher than the Flex-GT (SN03).  

 
The average ratio of the measurement values of 

the Flex-GTR-proto to the Flex-GT (SN03) are 
shown in Figure 33.  All of the average ratios are 
lower than 1.16 (Femur-3, Avg.), and most of the 
average ratios are less than 1.1. 

 
 



   

                                       KONOSU 12

-100

-50

0

50

100

150

200
B

en
di

ng
 m

o
m

e
nt

 (
N

m
)

Tibia-1

-100

-50

0

50

100

150

200

B
en

d
in

g 
m

o
m

en
t (

N
m

)

Tibia-2

-100

-50

0

50

100

150

200

B
en

d
in

g 
m

o
m

en
t (

N
m

)

Tibia-3

-100

-50

0

50

100

150

200

B
en

di
ng

 m
om

e
nt

 (
N

m
)

Tibia-4

-8

-4

0

4

8

12

16

E
lo

ng
a

tio
n

 (
m

m
) Knee-ACL

-8

-4

0

4

8

12

16

E
lo

n
ga

tio
n 

(m
m

)

Knee-PCL

-5

0

5

10

15

20

E
lo

ng
at

io
n 

(m
m

) Knee-MCL

-100
-50

0
50

100
150
200
250

B
en

di
ng

 m
o

m
e

nt
 (

N
m

)

Femur-1

-100
-50

0
50

100
150
200
250

0 50 100

Time (ms)

B
en

d
in

g
 m

o
m

en
t (

N
m

)

Femur-2

-100
-50

0
50

100
150
200
250

0 50 100
Time (ms)

B
en

di
ng

 m
om

e
nt

 (
N

m
)

Flex-GT (Corridor, Upper)
Flex-GT (Corridor, Lower)
Flex-GT (SN03), P13
Flex-GTR-proto. (SN01), P10
Flex-GTR-proto. (SN02), P11
Flex-GTR-proto. (SN03), P12

Femur-3

 
Figure 27.  Waveforms with Flex-GT Corridor 
(Test ID: P13, P10-P12, Comparability: Flex-GT 
and Flex-GTR-proto). 
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Figure 28.  Maximum Values with Flex-GT 
Corridor (Test ID: P13, P10-P12, Comparability: 
Flex-GT and Flex-GTR-proto). 
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Figure 29.  Maximum Value Ratio to the Flex-GT 
Center Corridor (Test ID: P10-P12, 
Comparability: Flex-GT and Flex-GTR-proto). 
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Figure 30.  Kinematics (Test ID: S7, S1, S2, S6, 
Comparability: Flex-GT and Flex-GTR-proto). 
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Figure 31.  Waveforms (Test ID: S7, S1, S2, S6, 
Comparability: Flex-GT and Flex-GTR-proto). 
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Figure 32.  Maximum Values (Test ID: S7, S1, S2, 
S6, Comparability: Flex-GT and 
Flex-GTR-proto). 
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Figure 33.  Maximum Value Ratio to the Flex-GT 
(SN03) (Test ID: S7, S1, S2, S6, Comparability: 
Flex-GT and Flex-GTR-proto). 
 
 
E4: Comparability of the Flex-GTR-prototype 
output under the symmetric right and left bumper 
corner impacts 
 
Evaluation test results on the comparability of the 
Flex-GTR-proto (SN03) output under the symmetric 
right and left bumper corner impacts are shown in 
Figure 34, Figure 35, and Table 11. The 
Flex-GTR-proto shows comparable kinematics and 
waveforms under the symmetric right and left 
bumper corner impacts. The Coefficient of Variation 
(CV) values with regard to the injury assessment or 
monitoring items are lower than 4.94% (Knee-PCL), 
with the majority of the CV values being less than 
3%. When we see the standard deviation values to the 
tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
2.98 % (Knee-PCL). 
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Figure 34.  Kinematics (Test ID: S8-S11, 
Comparability: Flex-GTR-proto output under 
Symmetric Right and Left Bumper Corner 
Impact). 
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Figure 35.  Waveforms (Test ID: S8-S11, 
Comparability: Flex-GTR-proto output under 
Symmetric Right and Left Bumper Corner 
Impact). 
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Table 11.  Maximum Values and Variations (Test 
ID: S8-S11, Comparability: Flex-GTR-proto 
output under Symmetric Right and Left Bumper 
Corner Impact). 

Tibia-1 Tibia-2 Tibia-3 Tibia-4 Knee-ACL Knee-PCL Knee-MCL
(Nm) (Nm) (Nm) (Nm) (mm) (mm) (mm)

Flex-GTR-prot. (SN03), S8 273.7 269.6 269.8 139.5 11.61 8.18 19.3
Flex-GTR-prot. (SN03), S9 282.1 280.0 281.1 149.2 12.11 7.72 18.8
Flex-GTR-prot. (SN03), S10 285.6 281.5 278.7 146.5 11.81 7.38 19.8
Flex-GTR-prot. (SN03), S11 285.6 281.5 278.7 146.5 11.81 7.38 19.8

Avg. 281.8 278.2 277.1 145.4 11.84 7.67 19.43
St. Dev. 5.61 5.74 4.98 4.15 0.21 0.38 0.48
CV (%) 1.99 2.06 1.80 2.85 1.74 4.94 2.46

Judgement Good Good Good Good Good Acceptable Good

t-IARV* 318 318 318 318 12.7 12.7 20.0
St.Dev./t-IARV (%) 1.77 1.81 1.57 1.31 1.62 2.98 2.39

Judgement Good Good Good Good Good Good Good

*   t-IARV: Tentative Injury Assessment Reference Values
**  Injury assessement items and monitoring items were evaluated.

Max. values**

Good: < 3%

Acceptable:  3% ≤ and < 7%

Marginal: 7% ≤ and < 10%

Not Acceptable: > 10%

Judgements

Injury
Assessment

Items

Monitoring
Items

 
 
DISCUSSIONS 
 
In this research the following items were evaluated. 
E1: Repeatability of the Flex-GTR-proto 
E2: Reproducibility of the Flex-GTR-proto 
E3: Comparability between the Flex-GT and 

Flex-GTR-proto 
E4: Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper corner 
impacts 

 
The evaluation results of each item are discussed 
bellow. 
 
E1: Repeatability of the Flex-GTR-proto 
 
Technical evaluations on the repeatability of the 
Flex-GTR-proto were conducted in the assembly 
pendulum type calibration test series as well as in the 
simplified car test series. As a result, the Coefficient 
of Variation (CV) values with regard to the injury 
assessment or monitoring items are lower than 7.72% 
(SN03, Knee-PCL, Assembly pendulum type test 
series), with the majority of the CV values being less 
than 3%. When we see the standard deviation values 
to the tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
4.52 % (SN03, Knee-ACL, Assembly pendulum type 
test series), with the majority of the values being less 
than 3 %.  
 
The acceptance level of the CV values for a 
regulatory tool is less than 10% based on a BASt 
proposal [10]; therefore, the test results show fairly 
good repeatability of the Flex-GTR-proto relative to 
the proposed acceptance level. 
 

E2: Reproducibility of the Flex-GTR-proto 
 
Technical evaluations on the reproducibility of the 
Flex-GTR-proto were conducted in the assembly 
pendulum type calibration test series as well as in the 
simplified car test series. As a result, the Coefficient 
of Variation (CV) values with regard to the injury 

assessment or monitoring items are lower than 7.94% 
(SN03, Knee-PCL, Assembly pendulum type test 
series), with the majority of the CV values being less 
than 3%. When we see the standard deviation values 
to the tentative injury assessment reference values 
(St.Dev./t-IARV), all of the values are lower than 
4.12 % (Tibia-3, Simplified car test series), and most 
of the values are less than 3 %.  
 
The results of the CV value evaluations show fairly 
good reproducibility of the Flex-GTR-proto relative 
to the proposed acceptance level. 
 

E3: Comparability between the Flex-GT and 
Flex-GTR-proto 
 
Technical evaluations on the comparability between 
the Flex-GT and Flex-GTR-proto were conducted in 
the assembly pendulum type calibration test series as 
well as in the simplified car test series. As a result, 
the maximum measurement values of the 
Flex-GTR-proto are slightly higher than the Flex-GT 
in general. The ratios of the maximum measurement 
values of the Flex-GTR-proto to the Flex-GT are 
lower than 1.36 (Knee-PCL, Avg., Assembly 
pendulum type test series), and the majority of the 
ratios are less than 1.1.   
 
In particular, the difference of the Knee-PCL output 
under the assembly pendulum type test series, 1.36, is 
larger than the differences of the other outputs. This 
is because the absolute Knee-PCL output during the 
test is very small, 4 mm or less, therefore, even a very 
small difference of 1 mm or less (the differences are 
within the Flex-GT corridor, besides its t-IARV is 
12.7 mm, i.e. relative difference to the t-IARV is very 
small), appears exaggerated when expressed in ratio. 
 
E4: Comparability of the Flex-GTR-proto output 
under the symmetric right and left bumper corner 
impacts 
 
Technical evaluations on the comparability of the 
Flex-GTR-proto output under the symmetric right 
and left bumper corner impacts were conducted in the 
simplified car test series. As a result, the Coefficient 
of Variation (CV) values with regard to the injury 
assessment or monitoring items are lower than 4.94% 
(Knee-PCL), and the majority of the CV values is 
less than 3%. When we see the standard deviation 
values to the tentative injury assessment reference 
values (St.Dev./t-IARV), all of the values are lower 
than 2.98 % (Knee-PCL).  
 
The results of the CV value evaluations show fairly 
good comparability of the Flex-GTR-proto output 
under the symmetric right and left bumper corner 
impacts relative to the proposed acceptance level. 
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Overall 
 
Technical evaluations on the Flex-GTR-proto were 
conducted in this research. As a result, fairly good 
evaluation results were obtained. The results were 
lead by the improvement of the knee construction 
from an asymmetric construction of the Flex-GT to 
symmetric construction of the Flex-GTR-proto. The 
symmetric construction prevents the knee twist 
motion around the longitudinal axis of the impactor, 
which leads to stable outputs and a comparable 
output at the symmetric right and left bumper corners. 
Additionally, from the Flex-GTR-proto version, 
FTSS, a company specialized in manufacturing crash 
dummies, joined the development to assure that the 
Flex-GTR is produced under high quality control 
conditions. 
 
The difference between the Flex-GT and 
Flex-GTR-proto outputs may alter appropriate 
threshold values for each injury criterion; therefore a 
following research has been investigating the 
threshold values for the Flex-GTR-proto using ratios 
of the Flex-GT and Flex-GTR-proto outputs in this 
study, and/or using the correlation between the 
Flex-GTR-proto and human lower extremities which 
can be obtained from a computer simulation analysis. 
 
 
CONCLUSIONS 
 
In this research, the following items were evaluated. 
 
• Repeatability of the Flex-GTR-proto 
• Reproducibility of the Flex-GTR-proto 
• Comparability between the Flex-GT and 

Flex-GTR-proto 
• Comparability of the Flex-GTR-proto output 

under the symmetric right and left bumper 
corner impacts 

 
As a result, fairly good repeatability and 
reproducibility of Flex-GTR-proto, and comparability 
of the Flex-GTR-proto output under the symmetric 
right and left bumper corner impacts were observed 
(majorities of CV values are less than 3%).  
 
As for the comparability between the Flex-GT and 
Flex-GTR proto, some differences were observed 
between them. Most of the maximum value ratios of 
the Flex-GTR-proto relative to the Flex-GT are less 
than 1.1. 
 
The difference between the Flex-GT and 
Flex-GTR-proto has a chance to affect the injury 
threshold values; therefore, a following research has 
been investigating the threshold values for the 
Flex-GTR-proto using the ratios of the Flex-GT and 
Flex-GTR-proto outputs and/or using the correlations 
between the Flex-GTR-proto and human lower 

extremities which can be obtained from a computer 
simulation analysis.  
 
The Flex-TEG members have been conducting 
further technical evaluation after our initial technical 
evaluations. The results are going to be put together 
and used for the Flex-GTR finalization. 
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ABSTRACT 

The pedestrian protection given by a vehicle is 
assessed according to four independent impact test 
procedures, related to different body segments. 
Four impactors were developed specifically: leg, 
femur (or upper-leg), child head and adult head. 
These impactors, which are thrown against specific 
zones of the front face of the vehicle, allow the 
measurements of biomechanical criteria simulating 
the injury risk during the impact  
Such test procedures are used by Euro NCAP and 
by the European regulation on pedestrian 
protection.  
Concerning the upper-leg impactor, two 
biomechanical criteria are analysed: the sum of 
force and the three femur bending moments. A 
specific study has been carried out on the scatter of 
upper-leg tests by PSA Peugeot Citroën in 
cooperation with UTAC in order to assess the 
scatter of this set of biomechanical criteria in 
different laboratories.  
In order to reduce the number of parameters of 
scatter and to isolate those linked to the upper-leg 
impactor, these tests have not been made on a full 
vehicle but on a simplified sub-system which 
permits to obtain biomechanical criteria very close 
to those obtained with a complete vehicle.  
Tests conditions of the upper-leg impactor (weight 
and speed) vary in protocols (Euro NCAP as well 
as regulation) according to the vehicle style. About 
forty tests have been carried-out in each laboratory 
according to two different impact energies and with 
two different upper-leg impactors.   
Results of those tests have enabled us to better 
understand and to quantify the scatter of the upper-
leg impactor and to improve the design of our 
vehicles for the pedestrian protection. 

INTRODUCTION - AIM OF THE STUDY 

Every year, approximately 8,000 pedestrians and 
cyclists are killed and 300,000 others injured in 
road accidents in Europe. The accidents are 
particularly frequent in urban zones. Even when 
cars are driving at relatively reduced speeds, very 
severe injuries can occur.  
Below a speed of approximately 40 km/h, it is 
nevertheless possible to considerably reduce the 
gravity of injury with modifications of the frontal 
parts of vehicles 
 
So, since 2005, a new European Directive [1] 
(called “phase 1”) requires the car manufacturers to 
treat their new vehicles for pedestrian protection. 
 
Moreover, the consumerist organization Euro 
NCAP assesses the pedestrian protection offered by 
a new car through component tests [2], [3]. The 
level of pedestrian protection is then ranked by 
attributing the vehicle a given number of stars. 
 
The assessment of pedestrian protection offered by 
a vehicle is made through three different and 
independent component test procedures 
corresponding to different body segments: 

- the first one is related to the assessment of the 
protection of the leg. The test is called “legform to 
bumper test” 

- the second one is related to the upper leg. The 
test is called “upper legform to bonnet leading 
edge” 

- the last one is related to the head, adult head 
impact and child head impact. The tests are called 
“Adult and Child headforms to bonnet and 
windscreen test” 
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Four specific body form impactors are used in these 
tests. They are propelled against the front part of 
the vehicle (from the bumper up to the windscreen 
depending on the type of test) and they are 
equipped with several sensors in order to measure 
biomechanical criteria that are used to assess the 
risk of injuries (see Figure 1). 
 

 
Figure 1.  Euro NCAP Pedestrian tests made of 
body form impactors propelled against the car 
front-end. 
 
The leg and head impactors have already been 
discussed in a previous paper [4]. 
 
The upper leg impactor requirements are only 
present in the Euro NCAP assessment (a maximum 
of 6 points is given to the upper leg test 
performance). Whereas, the European Directive 
only asks the upper leg tests to be carried out for 
monitoring purpose. The reason is that this test has 
not been proved to be relevant to real world 
pedestrian accident and because the results of this 
test are highly scattered. 
 
Because of the increasing requirements on the 
pedestrian protection performance in the Euro 
NCAP new rating (overall rating), predicting the 
performance of upper leg tests becomes more and 
more sensible. 
 
This paper aims to assess the scattering measured 
on the upper leg impactor tests.  

THE UPPER LEG IMPACTOR TEST 
PROTOCOL 

Euro NCAP Test Protocol [2] 

The upper leg impactor aims to represent the adult 
femur. It is made of a rigid frame on which a 
metallic tube (the femur) is fixed. This tube is 
surrounded by a specific foam which behaviour 
represents the muscles and the skin.  
The link between the rigid frame and the femur is 
made of two load cells. Three extensometric gages 
are present in the central part 
 
The upper leg impactor tests consist in propelling 
the femur impactor against the front part of the car 
(hood). The impact test parameters (angle, velocity 
and mass) depend on the geometry of the car front 
(see Figure 2).  
 

 
Figure 2.  Upper-Leg impactor test. 
 
The impact zone is named “Bonnet Leading Edge”. 

Definitions 

In order to define the impact test conditions, we 
first need to know the following definitions. 
 

- The Bonnet Leading Edge Reference Line: 
The Bonnet Leading Edge Reference Line is 
defined as the geometric trace of the points of 
contact between a straight edge 1000mm long and 
the front surface of the bonnet, when the straight 
edge, held parallel to the vertical longitudinal plane 
of the car and inclined rearwards by 50° and with 
the lower end 600mm above the ground, is 
traversed across and in contact with the bonnet 
leading edge (see Figure 3). 
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Figure 3.  Definition of the Bonnet Leading Edge 
Reference Line. 
 

- The Upper Bumper Reference Line: 
The Upper Bumper Reference Line is defined as 
the geometric trace of the upper most points of 
contact between a straight edge and the bumper, 
when the straight edge, held parallel to the vertical 
longitudinal plane of the car and inclined rewards 
by 20°, is traversed across the front of the car 
whilst maintaining contact with the upper edge of 
the bumper (see Figure 4). 

 
Figure 4.  Upper Bumper Reference Line. 
 

- The Bumper Lead: 
This is defined as the horizontal distance between 
the Bonnet Leading Edge Reference Line and 
the Upper Bumper Reference Line.  
Please note that the vehicle has to be in its Normal 
Ride Attitude 

- The Bonnet Leading Edge Height: 
This is defined simply as the vertical height above 
the ground of the Bonnet Leading Edge Reference 
Line. 

Impact Test Conditions 

At the time of first contact the impactor centre line 
shall be midway along the Bonnet Leading Edge. 
 
The shape of the front of the car determines the 
velocity, angle of incidence and kinetic energy of 
the impactor. Indeed, these three parameters will be 
calculated from the Bonnet Leading Edge Height 
and Bumper Lead.  
 
Therefore, three simple test parameters (velocity, 
angle of incidence and impactor mass) will vary 
from: 

- mass: from 9.5 to 17.7 kg 

- velocity: from 20 to 40 km/h 

- angle: from 10° to 47° 

 
Figure 5 presents the total kinetic energy with 
respect to Bumper Lead and the Bonnet Leading 
Edge Height. 
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Figure 5.  Upper Leg kinetic energy variation 
depending on the car shape. 
 

Impact Test Measurements 

Two type of biomechanical criteria are measured 
during the Upper Leg impactor tests: 

- Force: measured from the two load cells that fix 
the femur to the rigid frame 

- Bending Moment: measured from the three 
extensometric gages 
 
Table 1 presents the measurements performed of 
the Upper Leg impactor. 
 

Table 1. 
Measurements performed of the Upper Leg 

impactor. 

Location Measurement 
Upper femur Force 
Lower femur Force 
Centre of femur Bending moment 
50mm above centre 
of femur 

Bending moment 

50mm below centre 
of femur 

Bending moment 

 
The requirements to get the upper leg full score in 
Euro NCAP [3] are: 

- total force < 5kN 

- each of the 3 bending moments < 300 N.m 
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PRESENTATION OF THE STUDY  

Presentation Of The Test Rig 

To get a relative high number of tests, we decided 
to carry out simplified test instead of test on a full 
car. The simplified test is made of a test rig (a rigid 
frame) that supports two absorbers. These 
absorbers are made of blocks of polypropylene 
foam and will be impacted by the upper leg 
impactor. Figures 6 and 7 present the test rig. 
 

 
Figure 6.  Drawing of the test rig used for 
characterization of the upper leg impactor 
scattering. 
 

 
Figure 7.  Picture of the test rig used for 
characterization of the upper leg impactor 
scattering. 
 
The two blocks of polypropylene foam present a 
20 mm of difference in height to reproduce a non 
symmetrical contact with the upper leg impactor. 
They have a 90 mm square surface and a 45 g/l 
density. 
 

For each test, the upper leg impactor is centered 
midway between the two blocks of foam. (see 
Figure 7). 

 
Figure 7.  Drawing of the test between the upper 
leg impactor and the two absorbers. 
 

Presentation Of The Two Test Series 

In order to reproduce Euro NCAP test conditions, 
two test series were carried out. They are described 
in Table 2. 

Table 2. 
Test parameters used in the two test series 

Test parameters Test 
Series 1 

Test 
Series 2 

Mass of the Upper Leg 
impactor (kg) 

12.8 10.9 

Velocity of the Upper Leg 
impactor (km/h) 

31.0 24.2 

 
For each test series, two laboratories performed the 
test: Lab 1 and Lab 2. 
In each laboratory, up to three different Upper Leg 
Impactors were used:  

- the one of the Lab,  

- the one of the other Lab  

- and sometimes a third one that belongs to 
another lab.  
 
These Upper Leg Impactors will be named UL1, 
UL2 and UL3. 
 
Each impactor was systematically calibrated before 
the lab test series according to the Euro NCAP test 
protocol [1]. 
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RESULTS  

For each test series, two sets of results will be 
presented: the one measured in Lab 1 and the one 
measured in Lab 2. 

Results Of Test Series 1 (Mass = 12.8 kg and 
Velocity = 31.0 km/h) 

Results from Lab 1 are presented in Table 3, 
whereas results from Lab 2 are in Table 4. 
The analysis of the results will be presented in the 
next Section: “Analysis Of Test Results”. 
 

Table 3. 
Results from Lab 1 for Test Series 1 

Upper Leg 
Impacteur 

Total femur force 
(kN) 

Maximum 
bending moment 

(N.m) 

UL1 

8.77 393 

8.53 383 

8.44 369 

8.45 372 

8.32 370 

UL2 

9.31 399 

9.49 413 

9.59 409 

9.56 404 

UL3 

9.41 402 

9.26 416 

9.36 413 

9.08 401 

 
Table 4. 

Results from Lab 2 for Test Series 1 

Upper Leg 
Impacteur 

Total femur force 
(kN) 

Maximum 
bending moment 

(N.m) 

UL1 

9.57 414 

9.66 415 

9.75 417 

9.62 415 

9.52 424 

UL2 

9.60 426 

10.10 450 

9.41 422 

9.56 423 

9.79 431 

 
 
 

Results Of Test Series 2 (Mass = 10.9 kg and 
Velocity = 24.2 km/h) 

Results from Lab 1 are presented in Table 5, 
whereas results from Lab 2 are in Table 6. 
The analysis of the results will be presented in the 
next Section: “Analysis Of Test Results”. 
 

Table 5. 
Results from Lab 1 for Test Series 2 

Upper Leg 
Impacteur 

Total femur force 
(kN) 

Maximum 
bending moment 

(N.m) 

UL1 

5.87 316 

5.90 279 

6.02 289 

5.85 286 

5.86 283 

UL2 

5.80 272 

6.15 293 

5.68 271 

6.00 281 

6.20 295 

 

Table 6. 
Results from Lab 2 for Test Series 2 

Upper Leg 
Impacteur 

Total femur 
force (kN) 

Maximum bending 
moment (N.m) 

UL1 

5.31 274 

5.22 268 

5.25 269 

5.41 276 

5.63 287 

UL2 

5.24 278 

5.24 280 

5.22 283 

5.37 285 

5.36 286 

 

ANALYSIS OF TEST RESULTS  

Concerning the total femur force, we can notice 
that: 

- The average femur force obtained during the 
first trial series is 9.27 kN. 

- The average femur force obtained during the 
second trial series is 5.63 kN. 
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Concerning the total maximum bending moment, 
we can notice that: 

- the average maximum bending moment 
obtained during the first trial series is 407 N.m. 

- the average maximum bending moment 
obtained during the second trial series is 262 N.m. 

Analysis Of The Total Femur Force With 
Regards To The Recorded Trial Speeds 

Forces obtained during the first series according to 
the recorded trials speeds are shown in Figure 8. 
Whereas Figure 9 presents the total femur force 
obtained during the second test series according to 
the recorded trials speeds. 
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Figure 8. Force vs impact speed for the first test 
series 

5

5,2

5,4

5,6

5,8

6

6,2

6,4

23,6 23,8 24 24,2 24,4 24,6 24,8

Speed km/h

F
o

rc
e 

kN

Lab-2_UL-1
Lab-2_UL-2
Lab-1_UL-1
Lab-1_UL-2

Not communicated speed

5,63 kN
0,92 kN

 
Figure 9. Force vs impact speed for the second 
test series 
 
The Euro NCAP protocol imposes to comply with 
the impact speed with a tolerance of 2 %, this 
means 0.62 km/h in the first test series and 
0.48 km/h in the second test series. 
 
In the first test series, a maximum scattering of 
1.82 kN was measured. This means a scattering of 
almost 20% of the 9.27 kN global average value for 
this test series. 
In the second test series, a maximum scatter of 
0.92 kN was measured. This means a scatter of 
almost 18% of the 5.63 kN global average value for 
this test series. 

Therefore, we can conclude that for the two test 
series where impact parameters are close to Euro 
NCAP requirements, the maximum scatter can go 
up to 20% of the average femur force value. 

Analysis Of The Average Femur Force Values 
Obtained With The Same Upper-Leg Impactor 
And At The Same Laboratory 

Average femur forces obtained with the same 
upper-leg impactor and same laboratory for the first 
test series are presented in Figure 10. 
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Figure 10. Comparison of femur forces (average 
and scatter) measured in the same lab and with 
the same upper leg impactor for the first test 
series 
 
Average femur forces obtained with the same 
upper-leg impactor and same laboratory for the 
second test series are presented in Figure 11. 
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Figure 11. Comparison of femur forces (average 
and scatter) measured in the same lab and with 
the same upper leg impactor for the first test 
series 
 
The maximum scattering measured for a same lab 
and a same upper leg impactor (what can be called 
repeatability scattering) is 0.69 kN for the first test 
series and 0.52 kN for the second one. 
 
If we take into account all the different 
combinations of lab and upper leg (what can be 
called reproducibility scattering), we can derive an 
average scattering.  
 

0,69 kN 

0,52 kN 
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This average scattering, for the first test series is 
equal to: 
 

(0.23 + 0.69 + 0.33 + 0.38 + 0.28) / 5 = 0.38 kN. 
 
And for the second test series the average scattering 
is equal to: 
 

(0.40 + 0.17 + 0.15 + 0.52) / 4 = 0.31 kN. 
 
First of all, this means that there is no significant 
decrease of the femur force scattering with the 
impact energy. 
 
Then, if we look at the average values obtained for 
the different lab and different upper-leg impactor 
combination, we get a scattering of 1.12 kN (which 
is 12% of the average value, 9.27 kN) for the first 
test series and 0.68 kN (which is 12% of the 
average value, 5.63 kN) for the second test series. 
 
In conclusion, we can say that the reproducibility 
scattering (scattering between average values of 
different test configurations) is two times or three 
times higher that the average repeatability 
scattering (scattering measured inside a same test 
configuration: same lab and same impactor).  
 

Analysis Of The Average Values Of Bending 
Moment, Obtained With The Same Upper-Leg 
Impactor And At The Same Laboratory 

Average bending moments obtained with the same 
upper-leg impactor and same laboratory for the first 
test series are presented in Figure 12. 
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Figure 12. Comparison of femur forces (average 
and scatter) measured in the same lab and with 
the same upper leg impactor for the first test 
series 
 
Average bending moments obtained with the same 
upper-leg impactor and same laboratory for the 
second test series are presented in Figure 13. 
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Figure 13. Comparison of bending moments 
(average and scatter) measured in the same lab 
and with the same upper leg impactor for the 
first test series 
 
The maximum scattering measured for a same lab 
and a same upper leg impactor (what can be called 
repeatability scattering) is 28 N.m for the first test 
series and 23 N.m for the second one. 
 
If we take into account all the different 
combinations of lab and upper leg (what can be 
called reproducibility scattering), we can derive an 
average scattering. This average scattering, for the 
first test series is equal to: 
 
(24 + 14 + 15+ 9 + 28) / 5 = 18 N.m 
 
And for the second test series the average scattering 
is equal to: 
 
(20 + 23 + 20 + 7) / 4 = 17.5 N.m 
 
First of all, this means that there is no significant 
decrease of the bending moment scattering with the 
impact energy. 
 
Then, if we look at the average values obtained for 
the different lab and different upper-leg impactor 
combination, we get a scattering of 53 N.m (which 
is 13% of the average value, 407 N.m) for the first 
test series and 33 N.m (which is 12% of the 
average value, 262 N.m) for the second test series. 
 
In conclusion, we can say that the reproducibility 
scattering (scattering between average values of 
different test configurations) is 1.5 to 2 times 
higher that the average repeatability scattering 
(scattering measured inside a same test 
configuration: same lab and same impactor). 

CONCLUSIONS 

We assessed the scattering of the upper-leg 
impactor through tests carried out in two 
laboratories with up to three different impactors.  
The tests we made were close to the Euro NCAP 
impact energies applied to current cars. Therefore 

28 N.m 

53 N.m 

23 N.m 

33 N.m 
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we can assess the scattering of the Euro NCAP 
upper leg impactor tests. 
We measured we can be called repeatability 
scattering and reproducibility scattering. As 
expected, the repeatability scattering is always 
smaller than the reproducibility scattering. 
 
These strong scatterings can be bound to the choice 
of the impactor, to the choice of the laboratory, the 
temperature, the impacted element, or the 
hygrometry. 
 
By taking as an hypothesis that by increasing the 
number of tests, the Gaussian centre would be close 
to the calculated average values, we found that the 
maximum scattering between 2 pairs (laboratory / 
impactor) is 12 % of each of the two biomechanical 
criteria average. 
 
Then, we can apply this scattering value in the Euro 
NCAP pedestrian rating. We recall that the 
maximum of points in the pedestrian upper-leg 
Euro NCAP protocol is given when the total femur 
force is lower than 5 kN, and the maximum 
bending moment lower than 300 N.m. We also 
recall that the femur zone is divided into 3 parts, 
each of them receive a maximum of 2 points in the 
Euro NCAP rating. 
Therefore, a 12% scattering of the biomechanical 
criteria level, will give a difference of 1.2*3=3.6 
points for the total femur force and 0.9*3=2.7 
points for the maximum bending moment, out of 6 
in the pedestrian upper-leg Euro NCAP rating. So, 
we can lose a maximum of 3.6 points out of 6, for a 
target from 5kN and 300 N.m. 
 
As a final conclusion it should be stressed that this 
assessment of the upper-leg scattering will be 
added to other scatterings such as the difference in 
car behaviour or the scatter in the impact points. 
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ABSTRACT 

 

A flexible pedestrian legform impactor (FlexPLI) 

with biofidelic characteristics is aimed to be 

implemented within global legislation on 

pedestrian protection. Therefore, it is being 

evaluated by a technical evaluation group (Flex-

TEG) of GRSP with respect to its biofidelity, 

robustness, durability, usability and protection level 

(Zander, 2008). Previous studies at the Federal 

Highway Research Institute (BASt) and other 

laboratories already showed good progress 

concerning the general development, but also the 

need for further improvement and further research 

in various areas (Zander et al., 2007). This paper 

gives an overview of the different levels of 

development and all kinds of evaluation activities 

of the Flex-TEG, starting with the Polar II full scale 

pedestrian dummy as its origin and ending up with 

the latest legform impactor built level GTR that is 

expected to be finalized by the end of the year 

2009. Using the latest built levels as a basis, the 

paper reveals gaps that are recommended to be 

closed by future developments, like the usage of an 

upper body mass (UBM), the validation of the 

femur loads, injury risk functions for the cruciate 

knee ligaments and an appropriate certification 

method. A recent study on an additional upper 

body mass being applied for the first time to the 

Flex-GT is used as means of validation of the lately 

proposed modified impact conditions by Konosu et 

al. (2007-2). Therefore, two test series on a modern 

vehicle front using an impactor with and without 

upper body mass are being compared. A test series 

with the Flex-GTR will be used to study both the 

comparability of the impact behavior of the GT and 

GTR built level as well as the consistency of test 

results. Recommendations for the implementation 

within legislation on pedestrian protection are 

made. 

 

 

 

 

INTRODUCTION 

 

After being adopted by the World Forum for 

Harmonisation of Vehicle Regulations (WP.29) and 

the Executive Committee of the Agreement on 

Global Technical Regulations from 1998 (AC.3), 

the Global Technical Regulation on Pedestrian 

Safety (GTR No. 9) has been published in January 

2009 (UNECE, 2009). Its preamble considers the 

flexible pedestrian legform impactor (FlexPLI), 

which is deemed to have high biofidelic 

characteristics along with an excellent leg injury 

assessment ability to replace the currently used 

rigid EEVC WG 17 pedestrian legform impactor 

(EEVC, 2002) in the future. Therefore, the 

Working Party on Passive Safety (GRSP) of 

UNECE has tasked the Flexible Pedestrian 

Legform Impactor Technical Evaluation Group 

(Flex-TEG) with the technical evaluation of the 

FlexPLI and a recommendation on the date on 

which the FlexPLI could replace the EEVC 

impactor within legislation. Subsequent to a 

summary of the history of the FlexPLI, the present 

study gives an overview of the activities carried out 

by the FlexTEG. The injury criteria and currently 

proposed, tentative threshold values are briefly 

discussed. The recently introdcued inverse 

certification method will be used to assess the 

repeatability and reproducibility of test results of 

the final impactor built level. In a test series with 

the Flex-GTR the protection potential of two 

modern car frontends are assessed and a 

comparison between the built levels GT and GTR 

is made afterwards. An additional series of tests 

evaluates the effect of a missing upper body mass 

on the assessment of two modern vehicle front 

shapes representing the categories SUV and Sedan. 

Finally, still existing gaps of the final built level 

GTR are revealed and recommendations for 

implementation within legislation and future 

improvements are given. 
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FLEX-PLI HISTORY 

 
Subsequent to the development of the POLAR-II 

Pedestrian dummy, the Japanese Automobile 

Research Institute (JARI) developed the “New 

JARI legform impactor” in the year 2000. This 

antecessor of the FlexPLI with a knee joint derived 

from the POLAR-II leg and rigid aluminium tubes 

representing the femur and tibia sections of the 

human leg already showed a higher biofidelity 

within PMHS tests (Wittek et al, 2001). The next 

built level called “JAMA-JARI legform impactor 

ver. 2002” with flexible femur and tibia bones had 

a more compact design and further improved 

biofidelic properties on component as well as on 

assembly level (Konosu et al., 2003). In the years 

2003 and 2004 the first two built levels of the 

FlexPLI were released. Main changes were a 

further improved biofidelity on component level in 

version 2003 and  improvements w.r.t. the impactor 

robustness, usability and biofidelity on assembly 

level in version 2004. Besides, a biofidelity rating 

system was introduced (Konosu et al., 2005). The 

subsequent impactor built level Flex-G showed a 

good repeatability and reproducibility of test results 

under idealized test conditions, but a comparatively 

low robustness (Zander et al., 2006). This impactor 

level was followed in the year 2006 by the Flex-

GTα with modified specifications, a higher knee 

stiffness and knee bending angle limitation. 

Besides, an increased impact height was meant to 

improve the injury assessment ability of the 

impactor (Konosu et al., 2007). Built level GT then 

revealed moderate changes only, having a 

continuous outer neoprene skin and symmetrical 

bones with a smaller diameter (Konosu et al., 

2007), which were found to have no significant 

influence on the impactor output (Zander, 2007).  

 

FLEX-GTR 

 

The final built level Flex-GTR (Figure 1) that has 

been released as prototype version at the end of 

2008 and that is currently assessed by the Flex-

TEG shows further improvements like the 

avoidance of dissymmetric sensitivities and twist in 

the knee area, an optional on-board data acquisition 

system and internal wiring. Furthermore, a tibia 

accelerometer as well as a potentiometer for the 

acquisition of the lateral collateral ligament 

elongation are added with the purpose of obtaining 

additional information during the pendulum 

function test (Been, 2008). All design changes are 

intended not to have any influence on the test 

results. However, the very first validation tests at 

BASt experienced an inconsistent tibia acceleration 

signal caused by high vibration during the impact. 

Due to that reason, the acceleration output will not 

be examined further within this study. 

 

 
 

Figure 1.  Flex-GTR impactor and knee detail. 

 

INJURY CRITERIA AND TENTATIVE 

THRESHOLD VALUES 
 

The Flex-GTR is aimed by the Flex-TEG to assess 

pedestrian leg injuries by the maximum bending of 

the tibia section measured by four strain gauges and 

the maximum elongations of the medial collateral 

ligament and the anterior and posterior cruciate 

ligaments acquired by three string potentiometers.  

 

The current tentative threshold values for the 

maximum tibia bending moments of the Flex-GTR 

have been derived from previous studies on the 

50% injury risk of the 50
th

 AM (Nyquist et al., 

1985 and Kerrigan et al., 2003). Those injury risk 

levels have been transformed by Konosu (2007) 

into the upper and lower performance limits for the 

tibia bending moment of the human model, the 

Flex-GT model and the Flex-GT impactor. The 

Japan Automobile Manufacturers Association 

(JAMA, 2008) lately proposed an average value 

between the lowmost and upmost limit as injury 

threshold for the Flex-GTR tibia bending moment. 

 

The tentative threshold values for the medial 

collateral ligament have been derived by Konosu 

(2007) transforming the 50% injury risk levels for 

the 50
th

 AM found by Ivarsson et al. (2004) into the 

lowmost and upmost limits for the human model 

knee bending angle and the elongation of the 

medial collateral ligament (MCL), the Flex GT 

model MCL elongation and finally into the Flex-

GT impactor MCL elongation. JAMA lately 

proposed a more relaxed threshold value taking 

into account high bumper vehicles and the effect of 

muscle tension (2008). On the other hand, BASt 

proposed new tentative threshold values based on 

the dynamic response corridor found out by 

Ivarsson et al. (2004) and the injury risk curve of 

Konosu et al. (2001), pointing out that high bumper 

vehicles still have to be taken into account (Zander, 

2008-2). 

 

In terms of the threshold values for the cruciate 

ligaments, no injury risk curve has been developed 

so far. Therefore, and as the cruciate ligaments are 

estimated being sufficiently protected by the MCL 

thresholds, the International Harmonised Research 
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Activities Pedestrian Safety Working Group 

(IHRA-PS) suggested 10 mm maximum elongation 

of the anterior cruciate ligament (ACL) / posterior 

cruciate ligament (PCL) taking the risk of cruciate 

ligament rupture sufficiently into account (IHRA, 

2004). Meanwhile, BASt tried to derive an injury 

threshold from impact tests with the Flex-PLI and 

the EEVC WG 17 PLI on identical impact locations 

of different vehicles representing a modern vehicle 

fleet (1box, Sedan, SUV). By linear regression it 

was found that the assessment of cruciate ligament 

protection provided by car front shapes using the 

FlexPLI ACL/PCL elongation readings is not 

comparable to the assessment using the WG 17 PLI 

shearing displacement results and vice versa. 

Therefore, BASt proposed to stick with PMHS 

knee shearing results evaluated by Bhalla et al. 

(2003) for knee shear displacement of the 50
th

 AM 

as the tentative threshold value, even though the 

timing of injury could not be clearly identified and 

the common injury mechanisms still have to be 

better understood. (Zander, 2008-2). 

 
Due to the missing effect of an upper body mass on 

the impactor kinematics and test results, the 

loadings of the femur sections are currently not 

considered as injury criteria for the assessment of 

pedestrian leg injuries. However, the knee and tibia 

injury assessment ability were found within a 

computer simulation study to be improved by 

lifting up the impactor by 75 mm above ground 

level when impacting the vehicle bumper (Konosu 

et al., 2007-2). The actual effects of an upper body 

mass on the femur, tibia and knee loadings are 

discussed later within this study. 

 

An overview of the currently proposed Flex-GTR 

injury threshold values based on the 50% injury 

risk for the 50
th

 AM is given in Table 1. 

 

Table 1. 

Proposed Flex-GTR injury threshold values 

based on the 50% injury risk of the 50
th

 AM  

(Zander et al., 2009) 
 

Leg 

region 

50% injury risk level 

for 50
th

 AM 

Flex-GTR 

thresholds 

(tentative) 

Tibia 312 - 350 Nm 318 Nm 

MCL 16 - 20° 16 - 23 mm 

ACL 12,7 mm 12,7 mm 

PCL 12,7 mm 12,7 mm 

 

FLEX-TEG EVALUATION ACTIVITIES 

 

The Flex-TEG of GRSP that had been tasked with 

the technical evaluation of the FlexPLI started its 

work in 2005. Previous activities included the 

technical evaluation of built levels G and GT by 

means of a technical review of the impactor and its 

calibration methods, an analysis of the so far 

applied certification methods by carrying out 

inverse and pendulum tests, and an analysis of the 

injury assessment ability by performing simplified 

vehicle tests and real car tests. In this context, the 

repeatability and reproducibility of test results were 

found as good in most cases respect to the tibia and 

MCL values, while a partly high scatter was found 

in the cruciate ligament test results. From the 

simplified vehicle tests no direct correlation 

between the impact height and the test results could 

be derived. Furthermore, only the loadings on the 

medial collateral ligament were found critical when 

modern shaped vehicle frontends were tested with 

the Flex-GT, while good test results obtained with 

the rigid legform impactor according to EEVC WG 

17 were in line with good results with the Flex-

GT/GTα (Zander, 2008). Besides, first studies 

related to the application of an upper body mass to 

the FlexPLI were performed, showing already to 

some extent comparable results of a Flex-GT 

legform model and a MADYMO full pedestrian 

dummy (Mallory et al., 2008). Moreover, the injury 

risk functions were reviewed and the tentative 

threshold values modified as discussed before. 

Finally, a first evaluation of the pedestrian 

protection level provided by the FlexPLI was done, 

estimating 2797 lower extremity injuries being 

prevented by the introduction of the FlexPLI, 

which is equal to 40% addressed by the GTR 

(JAMA/JARI, 2007).  

 

Currently ongoing Flex-TEG activities related to 

the final built level GTR as the finalization of the 

inverse certification test procedure, repeatability 

and reproducibility (r&R) assessment, real car tests 

and a comparison of the impactor output to the GT 

version will be discussed in the following chapters 

as well as the introduction of an upper body mass 

for future improvement of the injury assessment 

ability and impact kinematics. 

 

INVERSE CERTIFICATION TEST  

 
An inverse test setup, having its origin in the 

assessment of the repeatability and reproducibility 

of tests results with the EEVC WG 17 legform 

impactor (Zander et al., 2005) is proposed to be 

introduced as the certification procedure for the 

FlexPLI. In this test, the stationary FlexPLI is 

impacted by a linearly guided aluminium 

honeycomb impactor having its upper edge in line 

with the impactor knee joint, causing  bending of 

the bones and shearing and bending of the knee in a 

soft impact (Figure 2). 
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Figure 2.  Flex-GTR inverse certification test. 

 

Pass/fail parameters of the inverse certification test 

are the outputs of the four tibia strain gauges and 

the ACL, PCL and MCL potentiometer. As 

exemplarily shown by means of the traces for 

ligaments and tibia bending moments (Figure 3), 

this procedure is found to mirror the loadings of the 

FlexPLI during a real car impact in a realistic way 

with respect to the timing, the kinematics and the 

maxima. Besides, the impactor rotation as well as 

the high influence of the impactor mass and the 

location of its center of gravity on real car test 

results are appropriately taken into account. 

 

 
 

Figure 3.  Comparison of the traces in real car 

and inverse certification test (Zander et al., 

2008). 

 

Currently, the FlexTEG is discussing the type of 

honeycomb material used for the inverse test w.r.t. 

properties and dimensions. The material so far used 

was of 5052 alloy type with a crush strength of    

75 PSI, a density of 3.1 lb/ft³ and a cell size of  

3/16 inches. The honeycomb dimensions were 

250*160*60 mm.  

 

 

 

 

ASSESSMENT OF REPEATABILITY AND 

REPRODUCIBILITY OF TEST RESULTS 

 

In a joint project with the European Automobile 

Manufacturers’ Association (ACEA) BASt has 

carried out a series of inverse certification tests 

with the first prototypes of the Flex-GTR in order 

to assess the repeatability and reproducibility of 

test results. By using the inverse test setup 

idealized impact conditions with identical test 

parameters kept the focus on the impactor output 

itself.  

 

Test results under idealized impact conditions 

 

Three GTR impactors, one of these equipped with 

the conventional external Data Acquisition System 

(DAS) (SN01) and two with different on-board 

DAS, the MESSRING M-BUS (SN02) and the 

DTS Slice system (SN03) were each tested three 

times at an impact speed of 40 km/h. The results 

for the tibia bending moments and knee elongations 

(ACL, PCL and MCL) being the currently by the 

Flex-TEG proposed pass/fail parameters are given 

in Figures 4 and 5. 

 

 
 

Figure 4.  Tibia bending moment results of Flex-

GTR inverse certification tests. 

 

 
 

Figure 5.  Knee ligament elongation results of 

Flex-GTR inverse certification tests. 
 

The impactor output of all three prototypes showed 

very comparable results with the maximum values 

in a range being expected for real car test results as 

well. 
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Repeatability 

 

The repeatability (r) of test results was studied 

using the best practice guidelines for crash test 

dummies. Here, the coefficients of variation (CV) 

of the three impactors are assessed according to 

Table 2. 

 

Table 2. 

Assessment of repeatability of test results 

 

Ranking Criterion 

Good 0% ≤ CV ≤ 3% 

Acceptable 3% < CV ≤ 7% 

Marginal 7% < CV ≤ 10% 

Not acceptable 10% < CV 

 

Figure 6 gives an overview of the coefficients of 

variation of all tibia bending moment and knee 

ligament elongation results of the three impactors. 

Thus, the repeatability of all tibia bending moments 

is assessed good, while the repeatability of the 

ligament elongations is between good and 

acceptable. Even though the repeatability was, most 

likely by the symmetrical knee design, significantly 

improved being compared to impactor built level 

GT, the cruciate ligament elongations still produce 

the highest coefficients of variation. However, all 

results are in an at least acceptable range. 

 

 
 

Figure 6.  Repeatability of GTR impactor test 

results under idealized impact conditions. 
 

Reproducibility 

 
The reproducibility (R) of test results is assessed by 

drafting a reproducibility corridor which is based 

on the pooled means (MV) of all segments with a 

coefficient of variation lower than 5% according to 

Mertz (2004): 

 

Table 3. 

Assessment of reproducibility of test results 
 

Ranking Criterion 

Not acceptable x < 0,9*MV 

Acceptable 0,9*MV ≤ x ≤ 1,1*MV 

Not acceptable x > 1,1*MV 

According to this assessment method, all tibia 

segments and knee ligaments gave reproducible test 

results with their pooled means within the 

reproducibility corridor. Only the ACL results of 

the impactor with external DAS (SN01) were 

outside the reproducibility corridor (CV = 6%). 

 

REAL CAR TESTS 

 
Aim of performing impact tests with the Flex-GTR 

on modern vehicle fronts was to obtain information 

on the feasibility of the current requirements as 

well as a verification of the impactor output of built 

level GTR that was required to stay in line with the 

previous results. 

 

Flex-GTR tests on Sedan #1 

 

A modern vehicle with Sedan front shape and a 

borderline to green bumper area according to the 

Euro NCAP requirements (Euro NCAP, 2009) was 

tested three times on two different impact locations 

with the same impactor (SN02) at 40 km/h and the 

currently proposed impact height of 75 mm above 

ground level. The test results are given in Figures 7 

and 8. 

 

 
 

Figure 7.  Tibia bending moment results of 

Sedan #1 tests. 
 

 
 

Figure 8.  Knee ligament elongation results of 

Sedan #1 tests. 
 

Both impact locations fulfilled the tentative 

requirements for most of the tibia segments except 

impact location #1 for the two tibia segments that 
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were at height of the vehicle cross beam. The 

tentative thresholds for the cruciate ligaments were 

clearly met by both impact locations. In terms of 

the medial collateral ligament, all results were 

found in between the lowmost and upmost tentative 

threshold. Thus, the marginal Euro NCAP knee 

bending angle results were confirmed by the MCL 

test results with the Flex-GTR. 

 

The tests showed a high repeatability of the MCL 

and most tibia segments while the coefficient of 

variation of the cruciate ligaments was partly not 

acceptable (Figure 9). This was, to some extent, 

according to the results of the previous built level 

GT. 

 

 
 

Figure 9.  Repeatability of impactor test results 

with Sedan #1. 
 

Flex-GTR tests on Sedan #2 

 
In a tests series on a second Sedan shaped vehicle 

front within this joint project between ACEA and 

BASt two impact locations were tested, the first 

one with all three impactors three times each, the 

second one three times with Flex-GTR SN02.  

 

Figure 10 gives an overview of the tibia peak 

results. At the first impact location impactor SN03 

obviously gave a significantly higher output at 

segment A3 in all three tests.  

 

 
 

Figure 10.  Tibia BM results of Sedan #2 tests. 
 

The peak knee ligament elongation results are 

summarized in Figure 11. The output of all three 

impactors at impact location #1 is comparable 

except in the first test of SN03. The test results at 

impact location #2 were similar as well. 

 

 
 

Figure 11.  Knee EL results of Sedan #2 tests. 

 

In terms of repeatability of test results, the cruciate 

ligament output was still partly not acceptable 

(Figure 12). The high coefficient of variation of 

SN03 MCL was found due to the detachment of a 

fixation in the first test. Altogether, Flex-GTR 

SN03 showed the lowest repeatability of test 

results. However, the majority of results was good 

or acceptable. 

 

 
 

Figure 12.  Repeatability of impactor test results 

with Sedan #2. 

 

COMPARISON OF THE OUTPUT OF BUILT 

LEVELS GT AND GTR 

 
A comparison of the impactor output of the final 

built level GTR with the previous one (Zander, 

2007-2) was meant by the FlexTEG to ensure a 

consistent level of biofidelity. As the tests under 

idealized conditions focusing on the impactor only 

were generally found to have a higher repeatability 

than tests on real cars they were examined more in 

detail. 

 

Most tibia segments of impactor level GTR gave an 

output that was about 10 to 15 percent higher than 

that of built level GT. Only segment A1 showed 

comparable results with both built levels. This 

trend was confirmed by real car tests on Sedan #1 

that had been conducted within a previous study 

with the Flex-GTα. Also the Sedan #2 tests 

confirmed the higher results obtained with the 
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Flex-GTR at both impact locations. On the other 

hand, in latter case it has to be taken into account 

that only one test on each impact location had been 

carried out with the Flex-GTα (Zander, 2007). 

 

A comparison of the ligament elongation results of 

the two impactor built levels showed a higher 

output of the medial collateral ligament 

potentiometer of the latest built level GTR. This 

trend was in line with the real car tests of Sedan #1 

with Flex-GTR and Flex-GTα w.r.t. the second 

impact location. Here, the Flex-GTR gave an 

output that was 10 to 20 percent higher for all 

ligament elongations. At the first impact location, 

the real car tests did not show any clear tendency. 

 

In a comparison of the coefficients of variation it 

was found out that built level GT still had segments 

with a repeatability in a marginal or even not 

acceptable range only, especially with respect to 

the cruciate ligaments, while at GTR level, the 

repeatability of test results was generally further 

improved. This improvement most likely had been 

addressed by the new symmetrical knee design. 

 

On the other hand, the repeatability improvement 

of the cruciate ligament elongation results was only 

partly mirrored by the real car tests on both Sedans. 

However, the MCL and most of the tibia car test 

results showed a significantly improved 

repeatability. 

 

EFFECTS OF AN UPPER BODY MASS 

 
The Flex-TEG had been tasked by GRSP to 

evaluate the FlexPLI with the aim of its 

introduction into global legislation on pedestrian 

protection and, after a certain transition time, 

replacing the rigid legform impactor according to 

EEVC WG 17. However, as the FlexPLI in its final 

built level is missing an upper body mass (UBM), 

the output of the femur strain gauges is currently 

not considered for the assessment of femur injuries 

and therefore is used for monitoring purposes only. 

On the other hand, computer simulation studies 

carried out by JARI found that vertically lifting the 

impactor by 75 mm in relation to ground level 

would compensate best the missing effect of an 

upper body mass with respect to impact kinematics 

and impactor tibia and knee loadings (Konosu et 

al., 2007-2). 

 

Based on simulation results with the Pedestrian 

Total Human Model for Safety (THUMS) on a 

generic SUV front, a pedestrian upper body mass 

was developed and applied to the flexible legform 

impactor built level GT within the European FP6 

research project on Advanced Protection Systems 

(APROSYS). In tests against a real SUV front 

shape the effects of this upper body mass on the 

impact kinematics and test results were studied in 

detail. SUV front shapes were found to have a 

greater influence on the impact kinematics of a 

pedestrian in a collision. The isolated legform 

impacted above its center of gravity in most cases 

results in overrunning the legform. This impact 

behaviour is not according to a real pedestrian 

impact because its torso mass causes the 

pedestrians’ body to wrap around the vehicle even 

when being impacted above the center of gravity of 

the leg (Bovenkerk et al., 2009). 

 

Besides, the effect of the pedestrian upper body 

mass was also studied by BASt within additional 

tests on a Sedan shaped vehicle in order to verify 

the proposed impact conditions for lower bumper 

vehicles as well. 

 

Upper body mass development 

 

THUMS simulations of a collision between a 

pedestrian and a large SUV carried out by 

Compigne et al. (2009) found optimum parameters 

for an upper body mass to be applied to the 

FlexPLI in a total mass of 6 kg, an adjustable 

location of the center of gravity w.r.t. height and 

offset and an inclination of the leg by 6° taking into 

account the orientation of the human leg. 

According to these recommendations an upper 

body mass of 6.8 kg with four adjustable positions  

was developed and manufactured (Figure 13). 

 

 
 

Figure 13.  Development of an upper body mass 

for the Flex-GT (Bovenkerk et al., 2009). 
 

For feasibility and comparability purposes it was 

decided to carry out the real car tests at the center 

lower position of the UBM (CoG at 110 mm, no 

offset) without leg inclination angle. 

 

SUV test matrix and impact kinematics 

 

In a first series of tests an SUV with a soft nose 

design and a consistently green rated bumper area 

according to Euro NCAP was tested at two 

different impact locations three times with the 

Flex-GT with and without UBM (Table 4). 
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Table 4. 

SUV Test matrix for Flex-GT and Flex-GT 

UBM 

 

 
 

As test positions the most likely worst impact 

locations according to the European New Car 

Assessment Programme (Euro NCAP, 2009) 

pedestrian testing protocol were selected       

(Figure 14).  

 

 
 

Figure 14.  Test setup Flex-GT UBM against 

SUV and impact locations. 
 

An exemplary evaluation of the high speed film 

sequences of impact location #2 already revealed 

the significant differences of the impact kinematics 

of the Flex-GT Standard and the UBM version 

(Figure 15).  

 

 
 

Figure 15.  Effects of the upper body mass on 

the SUV impact kinematics (t0 = impactor 

release). 
 

In the first flight phase up to 100 ms from impactor 

release the kinematics of the standard impactor and 

the one with applied upper body mass were quite 

similar. Having reached its maximum knee bending 

the Flex-GT Standard passed over into the rebound 

phase while the UBM version reached its highest 

bending level at a significantly later time at around 

125 ms, likely due to the forces induced by the 

additional mass.  

 

A comparison of the time of maximum loads of the 

femur segments of the Flex-GT Standard and the 

Flex-GT UBM showed the standard impactor being 

loaded with the maximum femur bending moments 

at an earlier stage than the UBM version. In the 

latter one, the peak value of segment A1 being the 

closest one to the vehicle cross beam occurred at a 

later time, i.e. that the additional mass was 

suspected to have the highest influence on the 

impact kinematics of this segment.  

 

Like for the femur bending moments, the maximum 

loads of the tibia section of the standard impactor 

version occurred earlier than those of the UBM 

version. The maximum values for segment tibia A1 

of the UBM impactor were reached at a later time 

than those for the other segments. This effect could 

have been caused by the decreased impact height in 

relation to the standard impactor version along with 

a possibly different influence of the lower stiffener 

on that area of the legform. 

 

A comparison of the ligament elongations 

confirmed the different impact kinematics of both 

impactors w.r.t. the time and maximum loading. 

The maximum ligament elongations of the UBM 

version all occurred at a later time. Despite the 

modified impact height for the UBM version the 

additional mass showed its highest influence on the 

medial collateral ligament and the cruciate 

ligaments. 

 

Analysis of SUV traces 
 

In Figures 16 and 17 the traces for the femur and 

tibia segments of both impactor versions are 

exemplarily given for the respectively first test of 

impact location #2. 

 

 
 

Figure 16.  Femur and tibia test results of Flex-

GT Standard at impact location #2 (Test V4). 
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Figure 17.  Femur and tibia test results of Flex-

GT with UBM at impact location #2 (Test V4). 

 

The traces show the femur and tibia segments of 

the UBM version being longer loaded than those of 

the standard impactor. 

 

All three femur segments of the standard GT 

impactor reached their maximum values at almost 

identical times in all three tests of impact location 

#2. Femur segment A1 showed the highest 

bending. The time interval for the maximum femur 

bending moments of the Flex-GT with UBM was 

within 22 ms. In the UBM version of the impactor 

segment A3 showed the highest results. Besides the 

application of the upper body mass, the changed 

impact height (25 mm with UBM vs. 75 mm w/o 

UBM) was expected to have an influence on the 

femur test results as well. In addition, the UBM 

version of the impactor showed a significantly 

higher negative bending of the femur segments 

after the zero-crossing. 

 

In terms of the tibia section, all segments of the 

standard GT impactor reached their highest loads in 

a time interval of 5 ms in all three tests, again in 

each test at almost identical times. Tibia segment 

A2 showed the highest bending moments, closely 

followed by segment A1. The maximum tibia 

bending moments of the UBM equipped legform at 

impact location #2 occurred in a time interval of    

9 ms, and to some extent at a later time than with 

the standard impactor. Tibia segment A1 showed in 

all three tests the highest bending moments, closely 

followed by segment A2. An explanation for this 

reciprocal order was assumed by the changed 

impact height along with a modified distance of the 

segments to the vehicle main cross beam and the 

body mass having an effect on the peak results. 

 

A comparison of the femur and tibia traces of the 

impactor with and without upper body mass gave 

clear evidence that especially the loads on the 

femur parts and the upper tibia segments (A1 and 

A2) increase significantly with a additional mass 

induction. In other words, the higher load 

transmission due to the upper body mass is not 

proven to be sufficiently compensated by an 

increase of the impact height by 50 mm compared 

to GTR level when related to SUV fronts. 

 

Finally, the tibia A1 load measured by the Flex-GT 

with applied UBM was comparable to its bending 

moment simulated by the weighted impactor model 

w.r.t. to time and curve progression. On the other 

hand, the result was not comparable to that 

produced by the THUMS model. 

 

The ligament traces for both impactors are 

exemplarily given as well for the respectively first 

test of impact location #2 (Figures 18 and 19). 

 

 
 

Figure 18.  Ligament test results of Flex-GT 

Standard at impact location #2 (Test V4). 
 

 
 

Figure 19.  Ligament test results of Flex-GT 

UBM at impact location #2 (Test V4). 
 

The peak values for the ACL, PCL and MCL 

elongation of the standard impactor occurred at 

almost identical times with very similar ACL and 

PCL maxima. Only the maximum PCL value in the 

last test was observed at a later time. The cruciate 

ligament characteristics are very similar to each 

other before the zero-crossing of the MCL 

elongation. After 130 ms measured from impactor 

release, the ACL output was significantly lower 

than that of the posterior cruciate ligament. 

 

In the tests with Flex-GT UBM, the MCL and PCL 

maxima occurred almost simultaneously. The 

cruciate ligament traces diverged to a higher extent 

than in the standard tests which was more related to 

the structure of the impact location than to the 

effect of the upper body mass because at impact 

location #1 this divergence could not be observed. 

On the other hand, after the zero-crossing of MCL, 

the ACL output stayed always lower than that of 

PCL. 

 

A comparison of the ligament elongation traces of 

the Flex-GT standard and Flex-GT UBM again 
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revealed the significant influence of the upper body 

mass on the test results. The potentiometer output 

of all ligaments was increased by nearly             

100 percent in all tests at impact location #2. The 

difference in ACL/PCL results at impact location 

#1 showed similar tendencies. As already with the 

femur and tibia loads, the increase of impact height 

by 50 mm doesn’t seem to compensate the mass 

effect when testing an SUV shaped vehicle front. 

 

Finally, a comparison of the Flex-GT UBM traces 

with the output of the THUMS and 6 kg UBM 

impactor model confirmed the produced MCL 

values around or beyond 40 mm elongation. 

Anyway, it has to be stated that those loads were 

far beyond the biomechanical limits of the human 

knee. 

 

SUV test results 

 

Tentative threshold values for the maximum tibia 

bending moments of the Flex-GTR had been 

derived from a previous study on the 50% injury 

risk of the 50
th

 AM (Kerrigan et al., 2003). As the 

femur bending moments of the FlexPLI had not 

been taken into account by the Flex-TEG for the 

assessment of leg injuries, for the time being those 

limits were withdrawn. For the introduction of an 

upper body mass and the corresponding assessment 

of femur injuries, those thresholds were tentatively 

introduced again. Thus, the 50 % risk of femur 

fracture for the 50
th

 AM was estimated at a bending 

moment between 372 and 447 Nm. 

 

Figure 20 shows the peak femur bending moment 

results on impact location #1 when tested with the 

Flex-GT with and without upper body mass. 

 

 
 

Figure 20.  Femur bending moment results of 

impact location #1 (SUV).  
 

It can be easily seen that the peak values for the 

femur loads increased significantly when the 

impact location was loaded with the UBM-

equipped legform. The vertical distance between 

the vehicle cross beam and the particular femur 

strain gauge seemed to have an influence on the 

effect of the upper body mass. However, test results 

obtained with UBM were more homogeneous over 

the whole femur length. Altogether, all test results 

obtained with this configuration still fulfilled the 

tentative upper performance limits. 

 

The results of the tibia bending moments for impact 

location #1 are shown in Figure 21. 

 

 
 

Figure 21.  Tibia bending moment results of 

impact location #1 (SUV). 

 
The tibia results for segments A1-A3 were 

significantly higher when the impact location was 

tested with the Flex-GT with UBM. In this context 

it also had to be taken into consideration that the 

height of the segments A1 and A2 was close to that 

of the vehicle main cross beam; therefore these 

loads were by trend higher than those of the two 

lower tibia segments. For segment A4, no 

difference in test results between standard and 

UBM legform could be observed.  

 

Figure 22 shows the ligament elongation results of 

impact location #1. 

 

 
 

Figure 22.  Knee ligament elongation results of 

impact location #1 (SUV). 

 

As already seen with most of the bending moment 

results, the upper body mass also had a significant 

influence on the test results of the cruciate and 

medial collateral ligaments. While the cruciate 

ligament elongation requirements could just be 

fulfilled by impact location #1 when being 

impacted with the Flex-GT with UBM, the 

currently discussed MCL threshold values were 
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exceeded by almost 100 percent, i.e. as well that 

the MCL results obtained with the Flex-GT with 

UBM clearly exceeded the biomechanical limits of 

the human knee.  

 

No evidence was given that the Flex-GT Standard 

being lifted up by 50 mm in relation to the UBM 

version could compensate the missing mass effect 

on the tibia and knee loads when testing an SUV 

shaped vehicle front. 

 

The peak femur bending moment results of impact 

location #2 are given in Figure 23. 

 

 
 

Figure 23.  Femur bending moment results of 

impact location #2(SUV).  
 

For the femur segments A3 and A2 the same 

tendencies as for impact location #1 could be 

observed: the test results obtained with Flex-GT 

and UBM were significantly higher than those 

without UBM. Again, latter ones were more 

homogeneous over the whole femur length. 

Besides, this impact location did not meet the upper 

performance limit at femur A3 when tested with 

UBM. At femur segment A1, the UBM did not 

have any influence on the peak values. 

 

The tibia test results at impact location #2 showed 

the same tendencies as at impact location #1 

(Figure 24). 

 

 
 

Figure 24.  Tibia bending moment results of 

impact location #2 (SUV). 

 
On the tibia segments A1 and A2 the applied UBM 

had a significant influence on the test results. For 

segment A3 the difference was marginal, while for 

segment A4 no influence of the UBM could be 

observed. 

 

The test results of the crucial and medial collateral 

ligaments of impact location #2 are given in   

Figure 25. 

 

 
 

Figure 25.  Knee ligament elongation results of 

impact location #2(SUV). 

 
Again, the application of the upper body mass was 

of significant influence on all ligament test results. 

In case of the ACL results, the UBM signed 

responsible for the exceedence of the currently 

proposed threshold values. In case of the MCL 

results, latter ones clearly missed the tentative 

upmost threshold and were almost twice the results 

obtained without UBM. Once again, the 

elongations of the medial collateral ligament 

measured by the Flex-GT equipped with UBM 

clearly exceeded the biomechanical limits of the 

human knee which is expected to suffer from 

ligament rupture at an earlier stage of the accident 

already. 

 

Influence of upper body mass on repeatability of 

test results (SUV) 

 
As for the Flex-GTR inverse and Sedan tests, in 

order to gain additional information on the 

repeatability of test results, the influence of the 

upper body mass on the coefficient of variation for 

each of the segments was examined. 

 

Figure 26 summarizes the repeatability of all 

ligament elongation results as well as all tibia and 

femur bending moment results for both impact 

points when impacted with the Flex-GT standard 

version. 
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Figure 26.  Repeatability of Flex-GT standard 

test results on SUV front. 

 

As it can be seen, the repeatability of test results 

was at least in an acceptable range for most of the 

segments. Only the femur loads of segments A3 

and A2 were in a marginal range when testing 

impact location #1. Besides, the repeatability of the 

cruciate ligament elongation results when testing 

impact location #2 was not acceptable. This was, to 

some extent, a confirmation of previously made 

observations w.r.t. the repeatability of the 

ACL/PCL results of impactor built level GT. The 

partly high scatter was found due to the play in the 

knee area and the dissymmetrical design of the 

knee in combination with impactor rotation caused 

by the design of particular impact areas (Zander et 

al., 2007 and 2008). 

 

The repeatability of test results obtained with the 

Flex-GT with applied upper body mass is shown in 

Figure 27. 

 

 
 

Figure 27.  Repeatability of Flex-GT UBM test 

results on SUV front. 
 

All test results were in a good or at least acceptable 

range (CV < 5.5%). The influence of the applied 

upper body mass seemed to some extent the cause 

for this improved repeatability such that the knee 

dissymmetries and possible knee twist at the point 

of impact appeared to be negligible. 

 

 

 

 

Study of UBM effects on Sedan test results 

 
An additional test series carried out by BASt was 

meant to study the effect of an applied upper body 

mass on test results of a Sedan shaped vehicle. The 

influence was expected to be lower in comparison 

to that on SUV fronts due to the center of gravity of 

the isolated legform at or above bumper height in 

most of the cases. 

 

Therefore, three tests with the Flex-GT with UBM 

were performed at the proposed impact height of  

25 mm on a Sedan shaped car at an impact location 

formerly being tested with the rigid EEVC WG 17 

legform impactor and assessed borderline to green 

according to Euro NCAP (Figure 28). The results 

were compared to tests with the Flex-GTα Standard 

at 25 as well as 75 mm impact height carried out by 

Zander et al. (2007).  

 

 
 

Figure 28.  Test setup Flex-GT UBM against 

Sedan and impact location. 
 

The high speed sequence for the respectively first 

test of the Flex-GTα at 75 mm and the Flex-GT 

UBM is given in Figure 29. 

 

 
 

Figure 29.  Effects of the upper body mass on 

the Sedan impact kinematics (t0 = impactor 

release). 
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As for the SUV, the first flight phase up to 100 ms 

from impactor release the kinematics of both 

impactors were comparable. Having reached its 

maximum knee bending the Flex-GTα standard 

impactor turned over into its rebound phase while 

the UBM version was loaded with a high bending 

moment during a significantly longer time interval. 

Thus, the second flight phase in its entirety was 

different due to the induced upper body mass. 

 

Figures 30 shows the curve progressions of the 

respectively first test carried out with each test 

setup. 

 

   
 

Figure 30.  Femur, tibia and knee test results of 

Flex-GTα Standard at 25 and 75 mm and Flex-

GT with UBM (Test V1). 

 
While the traces of the Flex-GTα at 25 and 75 mm 

impact height showed to some extent a comparable 

behavior for the tibia segments and ligament 

elongations, the Flex-GTα femur output in the tests 

at an impact height of 75 mm w.r.t. its shape went 

more in line with the UBM version. The Flex-GT 

UBM showed an entirely different behavior of the 

knee ligaments w.r.t. shape and time interval. 

Altogether, the loadings measured by the UBM 

version were significantly higher for the femur part 

and occurred during a longer time interval. The 

traces for the tibia section were in line with those 

acquired by the standard impactor regardless its 

impact height. 

 

A comparison of the peak femur results acquired 

with all three test setups is given in Figure 31. 

 

 
 

Figure 31.  Femur bending moment results of 

Flex-GTα Standard (25 and 75 mm) and Flex-

GT with UBM.  

 

The results give evidence of the modified impact 

height not having any effect on the maximum 

femur loads compensating a missing upper body 

mass. Far from it, the peak results acquired by the 

UBM version went more in line with the results 

when using the original test setup. However, the 

tentative upper performance limit was met in tests 

with all three test setups. 

 
In Figure 32, the maximum tibia bending moments 

are given. 

 

 
 

Figure 32.  Tibia bending moment results of 

Flex-GTα Standard (25 and 75 mm) and Flex-

GT with UBM.  

 

Only in terms of tibia segments A1 and A3 the 

upper body mass effect was meant to be 

compensated by an increased impact height of the 

standard impactor. For segment A2, no effect could 

be observed, the peak results of segment A4 using 

the UBM impactor version were closer to the 

standard test setup at 25 mm impact height. Again, 

the tentative threshold was met in all three cases. 

 

The knee elongation peak results are summarized 

in Figure 33. 
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Figure 33.  Knee elongation results of Flex-GTα 

Standard (25 and 75 mm) and Flex-GT with 

UBM.  

 

Again, no justification for the increased impact 

height of the standard impactor could be found in 

the maximum output of the ligaments during the 

Sedan testing. 

 

Figure 34 shows the coefficients of variation for the 

assessment of the repeatability of test results. 

 

 
 

Figure 34.  Repeatability of Flex-GT test results 

on Sedan front. 

 
As during the SUV tests, the repeatability of the 

Sedan test results was significantly improved using 

the UBM impactor. All results were in a good or 

acceptable range. Concerning the standard impactor 

version, the cruciate ligament results gave as 

expected the highest scatter regardless the selected 

impact height. 

 

DISCUSSION 

 

In the present study, tests with the final built level 

of the FlexPLI were carried out on two Sedan 

shaped vehicles with pedestrian-friendly bumpers 

according to Euro NCAP. Once again it could be 

confirmed that pedestrian protection packages that 

pass the Euro NCAP criteria are as well in line with 

the Flex-GTR requirements. On the other hand, in 

the current tests the impactor output of built level 

GTR was observed in most cases to be 10 to         

20 percent higher than that of the Flex-GT while 

showing an improved repeatability especially for 

the cruciate ligament elongation results.  

The developed inverse certification method gives 

an output that is in the range of real car tests w.r.t. 

traces and maxima and is therefore proposed as the 

Flex-GTR certification method.  

 

New threshold values for the ligament elongations 

and the tibia bending moments were proposed. 

However, no injury risk curves for the cruciate 

ligaments are available due to the fact that ACL / 

PCL rupture is expected to be prevented as well by 

the protection of MCL. On the other hand, high 

bumper vehicles as well as the effect of muscle 

tension still need to be included when transforming 

the human knee bending angles into impactor 

model elongation results.  

 

A comparative test series with built level GT and  

upper body mass against an SUV shaped car front 

revealed the effects of an applied upper body mass 

on the impact kinematics and test results of the 

FlexPLI. This effect cannot be compensated by just 

an increase of the impact height of the standard 

impactor by 75 mm in relation to ground level as 

recommended by Konsou et al. (2007). In the tests 

against a modern SUV with green rated bumper 

according to Euro NCAP, the loads on the medial 

collateral ligament increased by almost               

100 percent. Furthermore, the femur loads showed 

significantly different characteristics w.r.t their 

traces and maximum values. Despite of the 

different impact heights, a comparison of the 

kinematics between the Flex-GT UBM version and 

the Flex-GT UBM model gave quite similar results 

until maximum loading. Therefore, the influence of 

impact height compared to the mass effect is 

concluded to be marginal. All in all it has to be 

stated that the pedestrian protection packages of 

modern SUV frontends that fulfill regulatory as 

well as the biomechanical requirements assessed by 

the FlexPLI do not necessarily take sufficiently into 

account the influence of the upper body mass 

during a pedestrian vehicle collision. It is therefore 

recommended to aim for the introduction of an 

upper body mass for the assessment of leg injuries 

caused by SUV frontends.  

 

Testing a Sedan front shape also revealed the very 

limited effect of an increased impact height in 

comparison to the application of an upper body 

mass. Therefore, the UBM effect on Sedan shaped 

car fronts needs to be investigated further. 

 

CONCLUSIONS 

 
In the present study the final built level of the 

FlexPLI foreseen for the implementation within 

global legislation on pedestrian protection was 

evaluated. The robust impactor shows an output 

that is mostly 10 to 20 percent higher than that of 

the previous built level. An extension of the test 
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series to vehicles with different front shapes is 

recommended. The repeatability and 

reproducibility of test results has been improved 

especially by eliminating the previously 

dissymetrical knee design along with possible knee 

twist. Due to an inconsistent tibia acceleration 

signal caused by high vibration during the impact it 

is recommended to remove the tibia accelerometer 

because the output value is not found to give any 

usable additional information. 

 

A new impactor certification method is 

recommended to be introduced for the Flex-GTR 

and new tentative injury threshold values are 

derived.  

 

For an improved assessment ability of cruciate 

ligament injuries and a development of ACL/PCL 

injury risk functions, further research on the knee 

injury mechanisms is needed. 

 

Gaps  regarding the assessment of the risk of femur 

fracture are proposed to be closed by the 

introduction of an upper body mass developed in 

the FP 6 project APROSYS rather than by an 

increased impact height because latter one does not 

compensate the effects of a missing upper body 

mass of the FlexPLI. However, further research in 

this field is needed. It is therefore recommended to 

extend the study on the influence of the upper body 

mass to more vehicle frontend shapes in order to 

generate a classification of vehicles to be tested 

with the FlexPLI with upper body mass.  
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ABSTRACT 
 
Around 15% of traffic accident casualties in 
Europe are pedestrians. To date, most of the studies 
carried out only provide statistical information on 
the problem and few in-depth studies provide 
countermeasures which might correct it. 
 
There are many studies concerning pedestrian 
protection, which can be grouped into ‘pedestrian 
modelling’, ‘biomechanical limits for pedestrians’ 
and ‘statistical analysis for pedestrian accidents’. 
Despite these studies, there is no predictive analysis 
of the benefits of pedestrian protection systems 
based on their intrinsic capabilities applied to a real 
accident sample. 
 
This paper describes a methodology for the 
evaluation of pedestrian protection systems based 
on the analysis of a wide sample of urban 
pedestrian accidents. All of them are analysed in-
depth and reconstructed with PC-Crash®. The 
effects of the frontal structure of the vehicles and 
several active systems, such as BAS and Pedestrian 
Detection Systems are evaluated. 
 
The paper includes the description of the 
methodology followed for a sample of 
approximately 140 pedestrian urban accidents in 
three cities of Spain (Madrid, Barcelona and 
Zaragoza) and the corresponding reconstructions 
generated with PC-Crash®. Then, a methodology 
to simulate the passive and active improvements 
(including pedestrian friendly structure, BAS and 
Pedestrian Detection Systems) is defined and 
applied to all sample accidents. The results of these 

new simulations are used to evaluate the benefits of 
these systems. The main conclusions are discussed, 
accounting for the limitations of the study, which 
basically lie in the modelling of the Pedestrian 
Detection Systems. 
 
The methodology proposed in this paper can be 
applied to other vehicle safety devices to evaluate 
their effectiveness, based on the analysis of real 
accidents. All the results presented here come from 
a project partly funded by the Spanish Ministry of 
Industry. 
 
In-depth Analysis of a Sample of Pedestrian 
Accidents 
 
The following general methodology was used for 
the pedestrian accident analysis: 
 

• Accident Scenario Information 
� Accident description 
� Sketch 
� General photographs 
� Pedestrian Data 

• Analysis and information process 
� Damage to the vehicle 
� Pedestrian injuries 

o Injury description 
o Injury mechanism 

• Virtual reconstruction of the accident 
� Vehicle parameters and profile 

definition 
� Pedestrian model 
� Simulation with PC-Crash® 

o Tyre-road adherence 
o Impact velocity 
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o Previous phase to the 
pedestrian accident 

 
Definition of the Simulation Methodology with 
PC-CRASH® and Parameter Adjustment 
 
Once the initial phase of information compilation 
from the accident scenario is complete, and after 
having carried out the complete analysis of that 
information, a series of input data is obtained for 
simulation with PC-Crash®. 
 
The first step in the reconstruction of the pedestrian 
accident is the definition of a complete, scaled 
sketch of the accident scenario (street geometry and 
configuration, vehicles involved in their initial, 
intermediate and final positions, manoeuvres, 
pedestrian trajectory, obstacles, distances, 
comments, etc). In the complete project, all 
sketches and accident analyses can be found for 
each case. 
 

 

Figure 1.  Sketch of the accident scenario. 

 
The next step and according to the real situation, 
vehicle properties and parameters (make & model, 
manufacturing year, version, engine, weight, etc.) 
are chosen from the PC-Crash® data base. Some of 
these parameters can be modified according to the 
real case. 
 
Related to this topic, the real geometry of the 
frontal profile of the vehicles involved has been 
measured in the available cases, as it is shown in 
the following figure. This geometry has been used 
during the virtual reconstructions. 
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Figure 2.  Real geometry of the frontal profile of 
the vehicles. 

 
Once the vehicle and its parameters have been 
adjusted properly, the pedestrian model is defined 
by using a multi-body model created for this 
project, where height, weight, age and gender are 
taken into consideration. 
 
Next, the adherence conditions are defined by 
adjusting the pedestrian-vehicle and pedestrian-
ground friction coefficients, adding the dynamic 
adherence of the tyres.  
 
Finally, the pedestrian accident is simulated. All 
the information about the parameters involved, 
driver manoeuvres before the accident, reactions, 
events, initial speed, etc. are included and adjusted 
for the simulation. In order to simplify and 
standardize the simulations, some basic criteria 
were established: 
 

• Driver reaction time is always 1 second. 
• The time reaction for a conventional brake 

system is 0.25 second. 
• The possible perception point (PPP) is the 

point where the pedestrian invades the 
lane where the vehicle was driving. 

• Just before the accident and according to 
the case, the vehicle can drive with 
constant speed (without reaction), brake 
with medium intensity (pre-established 
value) or brake with maximum intensity 
(skid marks were seen on the accident 
place). 

 
Analysis of the Sample of Studied Accidents 
 
A data base for 139 pedestrian accidents from three 
representative cities in Spain (Madrid, Barcelona 
and Zaragoza) was created. It includes information 
on the vehicle, person (anthropomorphic variables, 
injury codification), scenario and pedestrian 
accident kinematics. This data base constitutes one 
of the most complete data bases for pedestrian 
protection studies in Europe. In general, the studied 
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cases are frontal accidents involving touring cars 
inside urban areas. 
 
The following characteristics have been analyzed: 
 

• Time when the pedestrian accident 
happened 

• Characteristics and geometry of the 
vehicle involved in the accident 

• Pedestrian parameters: 
� Gender 
� Age 
� Height and weight (when 

available). 
� Walking velocity. 
� Relative to vehicle orientation 

before the accident. 
• Injuries produced during the accident 

� Severity of pedestrian 
injuries 

 
 

 

Figure 3.  Severity of pedestrian injuries. 

 
� Location and kind of injury 

 
 

 

Figure 4.  Body location and severity of injury. 

 
� Distribution of the main injury 

mechanisms  
• Driver manoeuvres before the 

accident 
 

 

Figure 5.  Principal Injury Mechanism 
Distribution. 

 
According to the analyzed pedestrian sample 
accidents, the majority of them occurred in broad 
daylight. 93% of the vehicles involved in these 
accidents were passenger cars and most of them 
small cars. In almost half of the cases (49%) the 
vehicle was equipped with ABS, but only 8% of the 
total incorporated BAS. In 71% of the cases, the 
driver of the vehicle involved in the pedestrian 
accident tried to do a braking manoeuvre before the 
accident. 34% of the pedestrians were older than 60 
years old, and 21% were younger than 20. 60% of 
the persons were seriously injured and 18% 
accounted as fatalities.  
 
The majority of serious injuries occur in the head 
(49%) and lower extremities (20%).The most 
frequent injury mechanism is the vehicle (82%), for 
which the most important element is the 
windscreen (52%), followed by the bonnet (17%) 
and the bumper (13%). In 14% of the cases the 
most important injury for the pedestrian was 
produced when impacting against the ground. 
 
Primary Safety Technologies Effectiveness 
Evaluation Methodology 
 
     PC-CRASH® Simulation Methodology for 
the Chosen Systems - Parameter adjustment and 
the simulation methodology for the primary safety 
systems subject to study (ABS+BAS System and 
Pedestrian DETECTION + Automatic Brake 
system) are detailed in the entire project. 
Nevertheless, some of the most important aspects 
are emphasized in this paper. 
 
     Simulation Parameters - The parameters 
under simulation, bearing in mind the different 
performance of both braking systems (ABS+BAS 
and pedestrian DETECTION + Automatic brake 
systems) are: 
 
     ABS+BAS System: 
 

• Pedestrian reaction time: pre established at 
1 second. 

• Brake System with BAS reaction time: 
pre-established at 0.1 second. 
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• ABS Action Frequency: in general 10 Hz. 
• Adherence coefficient: general value. 
• Tyre adherence curve (one of the four 

predefined models): implies the definition 
of the μmax, μd, Fmax, Fd values. 

• Maximum deceleration possible 
depending on the chosen adherence model 
and the ABS performance. 

 
     Pedestrian DETECTION + Automatic Brake 
System: 

 
• Detection range with risk sector division, 

remarking especially automatic system 
actuation area. 

 

 

Figure 6.  Division of the risk areas for the 
pedestrian DETECTION + Automatic Brake 
system. 

 
• All parameters from the BAS+ABS 

system mentioned above, apply for the 
Automatic brake system 

 
In both cases, simulations provide a series of 
parameters which can be used for the evaluation of 
the vehicle’s dynamic performance in each case. 
Some of these parameters are: 
 

• Braking distance (Sf), by measuring 
directly in the simulation. 

• Medium deceleration (aK) from the 
resultant graphics. 

• Brake time (tf), directly from the 
simulation. 

 
     Simulation Algorithms 

 

     Simulation with ABS+BAS - Having 
previously defined the adherence model and tyre 
performance, ABS is activated in the vehicle 
options, the system reaction time is reduced from 
0.25 seconds to 0.1 seconds and the brake force is 
amplified to the maximum (pedal position). 
 
 

     Simulation with BAS and Pedestrian 
Detection Systems - With the same configuration 
used before, the driver reaction time is eliminated 
and the entry moment for the BAS function is 
chosen based on the scope ratio established for the 
detection system. 
 
Pedestrian Injury Risk Evaluation 
 
     Development of a Software Tool for Head 
Injury Risk Evaluation - A software tool for 
determining head injury risk values was developed 
in this project. After all possible impact points in 
the frontal part of a standard vehicle have been 
mapped; a bench test rig simulating the front part 
of a standard vehicle was built and validated by 
means of correlating the results with those of Euro 
NCAP tests.  
 
By these means, a software tool for the 
determination of head injury risk values in different 
areas of the frontal part of the vehicle was 
developed in this project. As an example, some of 
the results for a speed of 30 km/h are shown in the 
next figure: 
 

  

Figure 7.  Head Injury Risk Value Evaluation 
by means of the developed software tool. 

 
     Methodology for Software Tool Application 
in PC-CRASH® Simulations - The software tool 
for determining head injury risk values developed 
in this project is applied to the simulations done 
with PC-Crash®, following the next algorithm: 
 
As a result of the simulations, the value of the run 
over speed (Vk or Vat) is known; this is one of the 
input data in the application. Next, the head impact 
point with the vehicle has to be determined. This 
step lies in the application of the impact area matrix 
to the frontal part of the vehicle and the location of 
the pedestrian head contact cell. 
 
Simulation is stopped when the pedestrian head 
impacts against the vehicle, instant in which two 
images are taken (cross-section and elevation). In 
the cross-section of the vehicle used during the 
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simulation, a wrap-around measurement is done 
and the contact line in the matrix is determined, as 
shown in Figure 8. The head impact column is also 
determined using the elevated view, as shown in 
Figure 9. 
 

 

Figure 8.  Head impact line determination. 

 

 

Figure 9.  Head impact column determination. 

 
The next step consists of choosing the vehicle make 
and model from the application data base and 
calculates the ISP (head injury risk index) value for 
the respective cell. In those cases in which the 
vehicle make and model were not included in the 
software application database, another similar 
model (with similar frontal cross-section) was 
chosen. 
 

 

Figure 10.  Head injury risk index ISP  
calculation (C7 cell, Vat = 16 km/h, ISP = 0.51). 

 
RESULTS AND EVALUATION OF SYSTEM 
EFFECTIVENESS 
 
In this section the results of the new simulations are 
used to evaluate the benefits of the systems. The 
main conclusions are discussed, taking into account 

the limitations of the study, which basically lie in 
the modelling of Pedestrian Detection Systems. 
 
Their efficiency, capacity for reducing run over 
speed, avoiding the accident or reducing the 
severity of the injuries produced are some of the 
aspects analysed in this section. 
 
Many investigations discuss, from a general point 
of view, the reduction of distance and brake time 
by using BAS systems, concluding that the number 
of accidents can be reduced; but until now the 
benefits of the system as a primary safety tool for 
avoiding pedestrian accidents have not been looked 
at. 
 
Even more interesting are the results obtained for 
the Pedestrian Detection Systems. In this case, the 
results obtained based on real accidents represent, a 
priori, an evaluation of the potential benefits of this 
kind of system. This information could be very 
appreciated for evaluating the cost/benefit ratio in 
case of implementation. 
 
Efficacy and Influence on Run over Speed 
 
According to the simulations, 48% of the 
pedestrian accidents analysed could have been 
avoided with a system of pedestrian detection and 
automatic brake. The brake system ABS+BAS 
would have helped the driver to avoid the accident 
in 11% of the cases. 44% of the accidents could not 
have been avoided with any of the analysed 
systems. See Figure 11: 
 

 

Figure 11.  Pedestrian accidents that could be 
avoided by means of the use of the protection 
systems. 

 
In the next figure, pedestrian accident reduction 
tendency with each of the two systems is shown. 
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Figure 12.  Reduction of the run over speed. 

 
The blue curve represents the speed reduction 
obtained with the pedestrian DETECTION + 
automatic brake system and it reaches its peak 
value at about 42 km/h. In contrast, with the BAS 
system, the speed reduction remains practically 
constant (red line) at about 5-7 km/h. 
 
In only 21% of the cases, the BAS system would 
have reduced vehicle speed in the moment of the 
accident to less than half of its initial driving speed. 
On the other hand, with the DETECTION+ 
Automatic Braking System this reduction would 
have happened in 74% of the cases. 
 
 

 

Figure 13.  Percentage reduction of the 
pedestrian accident speed with the BAS system. 

 

 

Figure 14.  Percentage reduction of the 
pedestrian accident speed with the 
DETECTION + Automatic Brake system. 

 

Influence of the Systems in Head Injury 
Risk 
 
In the following figures the ISP (index that 
represents the probability of a serious head injury) 
based on driving speed is shown for both systems: 
BAS system and DETECTION + Automatic brake 
system. 
 

 
(a)  

 
(b) 

Figure 15.  Absolute variation of the ISP. (a) Vc 
= 0 – 41 km/h    (b) Vc = 41 – 87 km/h. 

 
In the following figure, the reduction (in 
percentage) of the ISP with the vehicle equipped 
with ABS+BAS in comparison to the ISP value in 
real life accidents is shown. It is observed that the 
ISP would be reduced by more than 80% in 18% of 
the cases. 
 

 

Figure 16.  Relative reduction of the ISP with 
ABS+BAS. 

As shown in the next figure, by equipping the 
vehicle with a DETECTION + Automatic Brake 
System the ISP is reduced by the same amount in 
66% of cases. 
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Figure 17.  Relative reduction of the ISP with 
DETECTION + automatic brake. 

 
Influence on Parameters from Secondary Safety 
Devices 
 
An important factor related to the actuating time of 
pedestrian protection devices installed in the frontal 
part of some vehicles, is the impact time of the 
pedestrian head on the vehicle from the moment in 
which the pedestrian lower extremities came in 
contact with the frontal part of the vehicle. 
 
The impact time of the pedestrian head on the 
vehicle, according to the pedestrian accident speed, 
is shown in the following three graphics: (a) 
without security systems (b) with ABS+BAS (c) 
with DETECTION + automatic brake system. 

 

 
(a) Without security systems 

 
(b) With ABS+BAS 

 
(c) With DETECTION + automatic brake system 

Figure 18.  Head impact time.  

 
It is observed that the dot clusters for both systems 
(b) and (c) is displaced to the left and upwards 
compared to the real accident conditions (a). This 
fact is due to the lower pedestrian accident speed 
achieved with these systems and the increase of the 
pedestrian impact time with the vehicle 
 
These times are used as a reference for pedestrian 
secondary protection systems which are activated 
once the pedestrian has impacted against the frontal 
bumper, such as, for example, an active bonnet and 
pedestrian protection external airbags installed in 
the bonnet and on the lower part of the windscreen.  
 
CONCLUSIONS 
 
This project is the result of collaboration between 
Spanish Research Institutes such as SERNAUTO 
(coordinator), Applus+IDIADA (participant), 
Centro Zaragoza (participant) and INSIA 
(subcontractor), and Local Traffic Authorities 
(Madrid, Zaragoza and Barcelona councils) who 
will have at their disposal a common methodology 
for pedestrian accident investigation. 
 
A database for 139 pedestrian accidents was 
created, in which information of the vehicle, person 
(anthropomorphic variables, injury codification); 
scenery and pedestrian accident kinematics were 
included. This database constitutes one of the most 
complete databases for the study of pedestrian 
protection in Europe. 
 
According to the analyzed pedestrian sample 
accidents, the majority of them occurred in broad 
daylight. 93% of the vehicles involved in these 
accidents were passenger cars with the majority of 
them being small cars. In almost half of the cases 
(49%) the vehicle was equipped with ABS, but 
only 8% of the total incorporated BAS. In 71% of 
the cases the driver of the vehicle involved in the 
pedestrian accident tried to do a braking manoeuvre 
before the accident. 34% of the pedestrians were 
older than 60 years old, and 21% were younger 
than 20 years old. 60% of the persons were 
seriously injured and 18% were fatalities. 
 
 The majority of serious injuries occur in the head 
(49%) and lower extremities (20%).The most 
frequent injury mechanism is the vehicle (82%), for 
which the most important element is the 
windscreen (52%), followed by the bonnet (17%) 
and the bumper (13%). In 14% of the cases the 
most important injury for the pedestrian was 
produced when impacting against the ground. 
 
The compiled information has been used for the 
evaluation of the effectiveness of two primary 
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security systems: BAS (brake assistance system) 
and the Pedestrian Detection Systems. The 
performance of these two systems has been 
simulated during reconstructions done with 
PCCrash©, analyzing their capacity for reducing 
severity of run over accidents or for avoiding them. 
 
A new software tool was developed for calculating 
head injury risk values based on the runover speed 
and the head impact point over the frontal part of 
the vehicle. 
 
Both analyzed systems (BAS and Pedestrian 
Detection Systems) proved efficient for reducing 
severity of pedestrian accidents in the majority of 
cases. BAS is being progressively incorporated in 
the current fleet. Nevertheless, Pedestrian 
Detection Systems are still being investigated as a 
prototype. 
 
Pedestrian Detection Systems would avoid run over 
cases by at least half and greatly reduce falling 
speed in the rest of the cases, which reduces the 
head injury risk. The brake assistance system 
(BAS) presents lower effectiveness in the 
prevention of pedestrian accidents compared to 
Pedestrian Detection Systems. 
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ABSTRACT 
 
The current legform impactor in pedestrian safety 
tests uses a steel shaft connected to metal plates to 
represent the femur and tibia. It evaluates leg 
fracture risk based on tibia acceleration, and knee 
ligament rupture risk based on knee bending angle 
and shear displacement. However, the impactor 
does not generate the tibia deflection that occurs 
when a vehicle impacts a pedestrian. The new 
flexible pedestrian legform impactor (Flex-PLI) 
currently under development is designed to simulate 
the impact behavior of the human leg, reproducing 
tibia deflection with flexible shafts and representing 
the knee ligaments using wires. As a result, it can be 
used to help assess injury based on deformation by 
estimating the risk of tibia fracture from the bending 
moment of the tibia shaft and the risk of knee 
ligament rupture from the elongation of the wires. 
In this study, a finite element (FE) model of the 
Flex-PLI was developed to examine the impact test 
protocol for pedestrian leg injury assessment, 
comparing the impactor behavior and response with 
that of a whole human FE model. The Flex-PLI FE 
model was created by reverse engineering that 
reproduced the shape and mechanical properties of 
each part. The impact velocity of the impactor was 
set to 40 km/h based on accident data. An impact 
height of 75 mm above the ground has been 
proposed for the Flex-PLI in contrast to the current 
protocol, which specifies an impact height of 0 mm. 
The study compared results at the base impact 
height of 75 mm with those obtained at different 
heights. It also investigated the effect of adding 
mass to simulate the upper body of a pedestrian. 
Vehicle-to-pedestrian impact simulations were 
conducted with the Total Human Model for Safety 
(THUMS) to estimate the behavior and response of 
a human leg for comparison with the results from 
the impactor model. The bending moment of the 
tibia and the elongation of the knee ligament wires 
in an impact varied depending on the impact height 
and additional mass. Impactor behavior was closest 
to THUMS at a height of 0 mm, but a closer 
response to THUMS for bending moment and 

ligament elongation was obtained at 75 mm. It was 
also found that adding a mass of 6 kg to the upper 
end of the impactor in SUV impacts created a closer 
response to THUMS. 
 
INTRODUCTION 
 
In 2007, 5,744 fatalities occurred as a result of 
traffic accidents in Japan, roughly 30% of which 
were pedestrians. Pedestrians also accounted for 
17% of serious injuries. 58% of the pedestrian 
fatalities sustained head injuries, while the lower 
extremities were the most frequently injured (37%) 
in all cases of injury.[1] 
In 2003, the Japan New Car Assessment Program 
(JNCAP) began to assess pedestrian safety 
performance. Currently, only a head safety test is 
conducted, but another test protocol for lower leg 
injury assessment will be introduced in 2010. A 
proposal has also been drawn up to integrate a leg 
test into the Global Technical Regulations (GTR) 
that are observed as a set of international standards 
for vehicle safety in various countries around the 
world.[2] This proposal includes a new flexible 
pedestrian legform impactor (Flex-PLI) that is 
currently under development.[3] Whereas the 
current leg impactor uses rigid steel parts to 
simulate the femur and tibia, the new impactor 
expresses these portions with bendable flexible 
materials. It also uses wires to represent the 
ligaments in the knee joints. Development of the 
Flex-PLI began in 2000,[4] and a proposal for its 
final specifications was announced in 2008. 
Studies into the conditions for the leg test have 
continued during the development of the Flex-PLI. 
It is currently proposed to collide the Flex-PLI with 
a vehicle at a height of 75 mm from the ground. It 
has been reported that the results for leg bone 
deflection and knee ligament elongation obtained 
from the impactor at a height of 75 mm are close to 
the response of a pedestrian’s leg.[5] However, 
since this setting results in the initial knee joint 
being positioned higher than the knee of an actual 
pedestrian, it must be verified whether the effect of 
the shape of the front edge of the vehicle can be 
adequately evaluated. 
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It has also been pointed out that the mass of the 
pedestrian’s upper body has an effect on leg 
behavior.[6] Behavior is also thought to be affected 
by the fact that legs are inclined inward from the 
vertical while walking. 
The study focused on the following three factors 
using an FE model of the Flex-PLI. Comparing the 
impact behavior and mechanical response of this 
model with a human FE model, this paper discusses 
the optimal test conditions for predicting and 
assessing full-body pedestrian behavior and injury 
criteria. 
- Impact height 
- Additional mass for simulating the upper body 
- Impactor inclination angle 
The Flex-PLI FE model was created by reverse 
engineering from the actual Flex-PLI. The Total 
Human Model for Safety (THUMS) FE model was 
used for the comparison. 
 
METHODS 
 
Human FE Model 
 
     Outline of THUMS - THUMS is a human 
FE model jointly developed by Toyota Central R & 
D Labs., Inc. and Toyota Motor Corporation. Figure 
1 shows a standing THUMS model simulating a 
pedestrian crossing a road. THUMS has a height of 
175 cm and a mass of 77 kg to simulate a 50th 
percentile American male (AM50). In its walking 
pose, the left leg is inclined 22 degrees forward of 
the body and the right leg is inclined 7.2 degrees to 
the rear, based on the standard acetabulum angles. 
Both arms are hanging downward and both hands 
are positioned slightly in front of the torso. Parts for 
simulating shoes have also been added to the soles 
of the feet. As a result, the inferior surface of the 
calcaneus is positioned at a height of 29 mm from 
the ground. THUMS includes the major skeletal and 
soft tissue that form the interior of the body. The 
skeleton is divided into cortical and cancellous 
bones, which are modeled using shell and solid 
elements, respectively. The cortical bones are 
modeled with elasto-plastic properties, and bone 
fractures are simulated by eliminating elements 
where strain exceeds a threshold. The physical 
properties of the bones were defined in reference to 
the values described by Yamada et al.[7] The 
threshold value for bone fracture strain was 
assumed to be 3%, based on the study by Burstein 
et al.[8] The joints are modeled with bone-to-bone 
contacts and ligament connections, without using 
artificial joint elements provided in FE codes. In the 
same way as bone fracture, ligament rupture is 
simulated by eliminating elements where strain 
exceeds a threshold. The physical properties of 
ligament tissue were defined in reference to the 

values described by Abe et al. (1996). Kerrigan et al. 
reported a range of approximately 11 to 20% as the 
critical stretch for ligament rupture.[9] The study 
assumed an elongation of 15% as the threshold. 
Subcutaneous fat, muscle, organs, and other soft 
tissue were modeled with solid elements. However, 
neck and leg muscles are modeled with bar 
elements to reproduce only their resistance force 
when forcibly extended. THUMS contains 
approximately 80,000 elements and has 
approximately 60,000 nodes. 

 
     Validation of Leg Model - The validity of 
the THUMS leg was examined by comparing its 
mechanical response with test data reported in 
literature using post mortem human subjects 
(PMHS). Figure 2 shows a comparison between 
force-deflection curves calculated using the 
THUMS leg model and test data obtained by 
Yamada et al.[7] for mechanical response to static 
3-point bending of the femur, tibia, and fibula bones. 
In the calculations, the tests were simulated by 

 

Figure 1.  Pedestrian THUMS (AM50). 

Figure 2.  Comparison of force-deflection 
curves for THUMS response and test results. 
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removing each bone model from THUMS. The 
bones were then supported at both ends before 
being contacted in the center by an impactor. In the 
figure, the solid lines show the test results and the 
lines marked with symbols show the calculation 
results. The force curves obtained from the models 
correspond closely with the force curves obtained 
from the tests. 
 
Figure 3 shows the relationship between knee 
bending angle and knee bending moment when a 
knee ligament ruptures. The data is obtained from 
3-point bending tests performed by Kajzer et 
al.,[10],[11] Levine et al.,[12] and Ramet et al.[13] 
on PHMS knees. The results are mainly distributed 
within the dotted line circle. Previous studies have 
reported that the medial collateral ligament (MCL) 
is likely to be ruptured in a vehicle-to-pedestrian 
impact. The MCL of THUMS is modeled to rupture 
when the bending moment around the knee joint 
exceeds approximately 200 Nm. This condition is 
close to the center of the data distribution in this 
figure. 

 
The comparative verification described above 
shows that the mechanical response of the femur, 
tibia, fibula, and knee ligaments (MCL) in THUMS 
corresponds closely with that of the human body 
(PHMS). 
 
Development of Flex-PLI FE Model 
 
     Flex-PLI - Figure 4 shows the exterior of the 
Flex-PLI and Table 1 lists its dimensions. The 
Flex-PLI was created using the values of a 50th 
percentile American male. It has a body portion 
consisting of a femur, knee joint, and tibia, and an 
exterior flesh portion. 

 

 
Table 1. 

Dimensions of AM50 and Flex-PLI 

 AM50[14] Flex-PLI

Femur length (mm) 428 434 

Tibia length (mm) 493 494 

CG of thigh* (mm) 218 202 

CG of tibia* (mm) 233 216 

Total mass (kg) 13.4 13.5 

Femur mass (kg) 8.6 7.4 

Tibia mass (kg) 4.8 6.1 
* from the knee joint center 

 
The femur and tibia are each constructed from 
multiple divided block portions, through the center 
of which a glass fiber reinforced plastic (GFRP) 
core runs from top to bottom. The tibia and femur 
cores are joined to the lower and upper knee joint 
blocks, respectively. Leg bone deflection is 
reproduced using the flexure of the core. To prevent 
breakage in excessive bending deformation, four 
stopper cables are inserted in the block parts. 
The knee joint is constructed from the tibia- and 
femur-side blocks and wires connecting the blocks. 
The wires are connected to springs inside the knee 
blocks that are used to simulate the elongation of 
ligaments. As shown in Figure 4, the knee is 
provided with crossed wires to simulate the cruciate 
ligaments. The wires are designed to extend when 
the knee joint bends. 
Rubber sheeting and neoprene are wrapped around 
the exterior of the impactor from the femur to the 
tibia. As the rubber sheeting is designed to simulate 

Figure 3.  Comparison of knee bending 
moments. 
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the shape of the femur and calf, the role of the 
neoprene is to hold the parts in place and alleviate 
the impact. The upper end of the impactor is also 
provided with a suspension jig that is used for 
performing the tests. 
The Flex-PLI measures bending moment to assess 
the risk of leg bone fracture and injury. As shown in 
Figure 5, bending moment is evaluated at three 
locations along the femur, and four locations along 
the tibia. Bending moment is calculated from the 
output values of strain gages attached to the bone 
core. 
The risk of knee ligament rupture is assessed based 
on the elongation amount of the wires representing 
each ligament. There are a total of four wires, 
representing the anterior cruciate ligament (ACL), 
posterior cruciate ligament (PCL), MCL, and lateral 
collateral ligament (LCL). The elongation of each 
knee ligament is output from the potentiometers 
provided in the Flex-PLI. 

 
     Development of FE Model by Reverse 
Engineering - The FE model development process 
consisted of three stages: measurement of the actual 
geometry of the Flex-PLI, 3D reconstruction of the 
geometry data, and the generation of an FE mesh. 
Non-contact X-ray computerized tomography (CT) 
was used to measure the surface and internal shapes 
of the Flex-PLI. Using X-ray CT scans of an 
assembled Flex-PLI enabled the actual shapes of the 
component parts to be obtained, as well as 
positional information of these parts in an 
assembled state. First, an actual Flex-PLI was 
scanned at a pitch of 0.5 mm to express the whole 

of the impactor including its internal structure as 
point group data. The point group data was filtered 
while adjusting the CT values to specify and read 
the steel, aluminum, and non-metallic parts. This 
data was converted to stereolithography (STL) 
format 3D polygon data, which was then used as the 
basis to prepare the surface data for FE mesh 
creation. In generating the FE mesh, the element 
size was controlled to 2 to 3 mm so that the bone 
core was divided into five sections in the thickness 
direction. 
Figure 6 shows the created FE model and Table 2 
lists the number of nodes and elements in the model. 
Parts with a thickness of 1 mm or more were 
modeled using solid elements and parts with a 
thickness of less that 1 mm were modeled using 
shell elements. The springs, stopper cables, and 
ligaments in the knee blocks were modeled from 
beam elements and the rotatable pin joints were 
modeled from joint elements. 
The mechanical properties of the materials of the 
bone core, flesh rubber, neoprene, cushion rubber, 
wire cables, internal knee block springs, and other 
parts that are thought to have a major impact on 
impactor response were measured, and the obtained 
values were input into the FE model. These input 
values were validated by subjecting the FE model to 
the same analysis as performed in materials tests. 
The other parts were treated as rigid bodies. The 
mass of the individual parts was set to the same 
values as the actual Flex-PLI. 
It should be noted that the structure and shape of the 
created Flex-PLI are identical to the Flex-GT 
impactor announced in 2007.[15] 

Figure 5.  Measurement points. 
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Table 2. 
Description of Flex-PLI FE model 

 Nodes Elements 

Whole model 1,330,000 1,900,000

Femur 220,000 290,000 

Knee 80,000 270,000 

Tibia 260,000 360,000 
Part 

Flesh 770,000 980,000 
 
 
     Injury Criteria Assessment Using Flex-PLI 
FE Model - Strain was measured in the FE model 
by elements representing the strain gages in the 
actual Flex-PLI. Knee ligament elongation was 
calculated from the elongation of the beam elements 
simulating the wires. 
The injury criteria judgment conditions were set to 
299 Nm for the tibia bending moment threshold and 
18 mm for the MCL elongation threshold.[16] 
 
Model Validation 
 
The Flex-PLI was tested using quasi-static 3-point 
bending tests on each of the femur, tibia, and knee 
joint sub-assemblies, and dynamic pendulum tests 
on the body assembly.[15] 
First, the FE model was validated under the 
conditions of the quasi-static 3-point bending tests 
for each sub-assembly. 
The tibia test was performed by fixing both ends of 
the tibia sub-assembly on cylindrical supports with 
a radius of 75 mm. The distance between the 
supports was 410 mm. A round block was attached 
on the impact side of the force application point to 
the outside of the bone form, and a neoprene pad 
with a thickness of 5 mm was placed between the 
block and the load cell. A force of 1.33 mm/s was 
applied from the impact side to the center of the 
supports using a 40 mm diameter cylindrical 
impactor. 
In the FE model, the supports at both ends were 
simulated using rigid bodies and connected to the 
ends of the tibia. The force was applied at 133 mm/s. 
(100 times of experiment) 
Figure 7 compares the actual Flex-PLI in its bent 
form (deflection: 26 mm) with the FE model. It also 
shows the graph that compares the bending 
moment-deflection curves of the FE model and 
actual Flex-PLI. The bending moment generated at 
the force application point (Equation 1) is plotted on 
the vertical axis and the deflection is plotted on the 
horizontal axis. The moment was calculated using 
Equation 1 as follows. 
 

2
D

2
FM ×=               (1). 

 
where,  
M: 3-point bending moment (Nm) 
F: Force (N) 
D: Deflection (m) 
 
The curve for the Flex-PLI is shown as a corridor 
calculated from multiple experiment results. The 
bending moment curve for the FE model fits inside 
the Flex-PLI corridor. The same comparison was 
performed for the femur and it was verified that the 
moment response of the FE model fitted inside the 
corridor calculated for the Flex-PLI. 

 
Figure 8 shows the knee sub-assembly of the 
Flex-PLI FE model simulating the knee bending test 
and compares the MCL force-elongation curves 
obtained by the FE model and in the actual tests. In 
the testing, both ends of the knee joint were fixed 
on cylindrical supports with a radius of 75 mm to 
create a distance between the supports of 400 mm. 
A neoprene pad with a thickness of 5 mm was 
placed at the force application point and a force of 
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Figure 7.  Quasi-static 3-point bending test of 
tibia sub-assembly. 
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1.0 mm/s was applied from the impact side using a 
cylindrical impactor with a radius of 50 mm. A 
response corridor was generated from multiple test 
data. 
In the FE model, the supports at both ends were 
simulated using rigid bodies and connected to the 
knee blocks. The force was applied at 500 mm/s. 
(500 times of experiment) 
It was confirmed that the results of the FE model 
closely reproduced the MCL elongation 
characteristics and fell within the test corridor. The 
same comparison was performed for the elongation 
of other ligament wires and the bending moment of 
the knee joint. The elongation values of the FE 
model were also confirmed to be within the 
response corridor of the Flex-PLI. 
 
The FE model was then validated with respect to 
the dynamic pendulum test applied to the body 
assembly. The test was conducted by suspending it 
by the jig at the upper end. Then, using this point as 
a reference, the Flex-PLI was raised 15 degrees 
from the horizontal and released, causing the 
femur-side knee block to impact the fixed stopper 
on the test device. A rubber and neoprene pad 
(width: 100 mm, height, 100 mm, thickness: 25 
mm) was attached to the surface of the stopper. The 
bending moment at each part of the Flex-PLI and 
elongation of each ligament on impact were 

measured. 
In the FE model, the support conditions of the 
Flex-PLI were reproduced and calculation started 
after applying an angular velocity from a position 
immediately prior to impact. 
 
Figure 9 shows the deformed shape of the Flex-PLI 
at 22 ms, when the tibia bending moment was 
greatest. It also shows the deformed shape of the FE 
model at the same time, and as an example of the 
results, the time history of the bending moment at 
the tibia-1 measurement position and MCL 

Figure 9.  Flex-PLI assembly dynamic 
pendulum test. 
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elongation. The way that the Flex-PLI bodies bend, 
the movement of the lower portion, and the 
waveforms for bending moment and MCL 
elongation indicate a close correlation between the 
FE model and the test results. In the test, response 
was deemed acceptable if the peak moment fell 
within the test corridor. As the peak moment of the 
FE model was calculated to be within the corridor, 
the test conditions were judged to be satisfied. The 
bending moment at measurement positions other 
than tibia-1 and the elongation for knee ligaments 
other than MCL also showed a close correlation 
with the waveforms obtained in tests. The values of 
the FE model were confirmed to be within the test 
corridors. 
 
Vehicle Models 
 
Two models representing the front end of a sedan 
and a SUV, as adopted by Yasuki et al. were used in 
this study.[17],[18] 
The bumper cover of the sedan model is made from 
polypropylene (PP) and the internal structure is 
provided with two absorbers, one in the upper 
portion and the other in the lower. The upper 
absorber is fixed in front of the bumper 
reinforcement and has properties corresponding to 
polyurethane with an expansion ratio of 40 at 
thickness of 65 mm. The lower absorber is 
connected rigidly with the body at its rear end and 
has properties corresponding to polyurethane with 
an expansion ratio of 10 at a thickness of 150 mm. 
The hood is aluminum and an acrylonitrile 
butadiene styrene (ABS) grille is provided between 
the hood and the bumper cover. The vehicle mass is 
1.7 tons and the model includes approximately 
145,000 elements and approximately 150,000 
nodes. 
The bumper cover of the SUV model is PP and one 
internal bumper absorber is provided. This absorber 
is fixed in front of the bumper reinforcement and 
has properties corresponding to polyurethane with 
an expansion ratio of 40 at a maximum thickness of 
65 mm. The hood is steel and the grille is made 
from ABS. The vehicle mass is 2.9 tons and the 
model includes approximately 320,000 elements 
and approximately 330,000 nodes. The SUV model 
includes drive train components such as the 
suspension, tires, and engine, but these parts are 
regarded as having only a small impact on legform 
impactor conditions. 
 
Impact Simulations 
 
Figure 10 shows the study model. The center 
sections of the vehicle models are displayed and the 
positions of the upper and lower absorbers are 
highlighted. The impact simulation with THUMS 

assumed a pedestrian-to-vehicle impact at 40 km/h 
where the vehicle model collided against a 
stationary THUMS in walking pose from the left 
side. Friction between the soles of the shoes and the 
ground was ignored. In the Flex-PLI simulation, a 
stationary vehicle was impacted at 40 km/h to 
simulate the actual assessment test. The impact 
point in both simulations was at the center of the 
vehicle front in the lateral direction. Gravitational 
acceleration was applied to the entire model in the 
vertically downward direction. Calculation was 
performed over 40 ms. For impactor measurement, 
the knee and tibia bending angles were added to the 
injury criteria described above. To compare the 
injury criteria for the Flex-PLI and THUMS, the 
following items were measured in THUMS: the 
bending moment of the tibia and femur bones at the 
same heights as the bending moment measurement 
positions of the Flex-PLI, the elongation of each 
knee ligament, and the knee bending angle. The 
impact simulations used the general-purpose finite 
element code LS-DYNA TM V971. 

 
Evaluation Matrix 
 
Table 3 shows the evaluation matrix. The impact 
height of the Flex-PLI was adjusted to the following 
three levels: 0 mm, 25 mm, and 75 mm above the 
ground. At a height of 0 mm, the knee joint position 
is close to that of THUMS. The 25 mm condition 
simulates the thickness of shoe soles, and 75 mm is 
the value proposed by Matsui et al.[19] The height 
of the knee joint in THUMS while wearing shoes is 
498 mm, whilst that of the Flex-PLI is 494 mm. 
Therefore, an impact height of 0 mm is the closest 
condition to the height of the knee. 
Additional mass was set to four levels: 0 kg (no 
additional mass), 6 kg, 10 kg, and 14 kg. The 6 kg 
case was added because, although the mass of the 
pelvis portion of THUMS is approximately 10 kg, 

Figure 10.  Study model. 
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and approximately 14 kg in combination with the 
abdomen, it is possible that the effective mass that 
is applied to each leg individually may be less. The 
additional mass was positioned at the top end of the 
Flex-PLI and set as a mass point. The inclination 

angle of the Flex-PLI was set to 0 degrees from the 
vertical as a reference and a case with an inclination 
angle of 6 degrees from the external line of the 
THUMS leg was also performed. 

 
Table 3. 

Evaluation matrix 
Case 
No. 

Subject 
Impact height 

(mm) 
Additional mass 

(kg) 
Inclination angle

(deg) 
Sedan THUMS Flex-PLI 0 25 75 0 6 10 14 0 6 

1 O  O         
2  O O   O    O  
3  O O    O   O  
4  O O     O  O  
5  O O      O O  
6  O  O  O    O  
7  O   O O    O  
8  O   O  O   O  
9  O O      O  O 

SUV THUMS Flex-PLI 0 25 75 0 6 10 14 0 6 
10 O  O         
11  O O   O    O  
12  O O    O   O  
13  O O     O  O  
14  O O      O O  
15  O  O  O    O  
16  O   O O    O  
17  O   O  O   O  
18  O O      O  O 

 
 
RESULTS 
 
This section first compares the impact behavior of 
THUMS and the Flex-PLI in a typical case. Figure 
11 shows the behavior of the THUMS and impactor 
skeletons at every 10 ms in the collision with the 
sedan. Case 1 is shown for THUMS and case 7 for 
the Flex-PLI (impact height: 75 mm). 
The vehicle first contacted the THUMS leg at the 
knee, followed by the tibia, and femur, causing 
bending deformation. The tibia was in contact with 
the bumper cover from 10 to 20 ms. After 30 ms, 
the lower leg rebounded. The femur contacted the 
hood after 30 ms. Bending deformation of the knee 
joint continued to increase until 40 ms. The MCL 
ruptured at 28 ms, but rupture did not occur in any 
of the other ligaments. The tibia and fibula bones 
did not fracture. 
The lower portion of the Flex-PLI began to rebound 
at 20 ms after bending deformation of the tibia 

0 ms 10 ms 20 ms 30 ms

b) Flex-PLI (Case 7) 

a) THUMS (Case 1) 

Figure 11.  Behavior of a) THUMS (Case 1) and 
b) Flex-PLI (Case 7). 
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occurred. After bending briefly, bending of the knee 
joint decreased because the tibia rebounded upward. 
 
Figure 12 shows the results of impacts with the 
SUV. Case 10 is shown for THUMS and case 16 for 
the Flex-PLI. The vehicle contacted THUMS close 
to the knee joint and comparatively less bending 
deformation of the femur, tibia, and fibula bones 
occurred than with the sedan impact. In contrast, the 
knee joint was bent toward the rear of the vehicle 
after 20 ms, and the MCL and ACL ruptured at 19 
ms and 20 ms, respectively. The tibia, fibula, and 
femur bones did not fracture. 
In the case of the Flex-PLI, the tibia was bent 
toward the rear of the vehicle. The knee joint flexed 
after 20 ms, but bending decreased after 30 ms due 
to the rebounding femur. Femur rebound occurred 
after it contacted the grille. 

 
The next section discusses the comparative results 
for THUMS with respect to the effect of the 
Flex-PLI test conditions on impact behavior and 
response. 
 
Effect of Impact height 
 
Figure 13 compares the behavior of THUMS and 
the Flex-PLI at impact heights of 0 mm (case 2) and 
75 mm (case 7) after collision with the sedan. The 
behavior shown in the graph occurred at 15 ms, the 
point at which the maximum bending moment of 
the tibia was generated. The distance to the knee 
center is plotted on the vertical axis and the 
X-direction displacement at each point of the 

THUMS tibia and impactor bone core is plotted on 
the horizontal axis. The origin of the graph is the 
center of the knee joint. The black line indicates the 
behavior of THUMS, the red line that of the 
Flex-PLI at an impact height of 0 mm, and the 
green line that of the Flex-PLI at an impact height 
of 75 mm. 
Regardless of the impact height, the Flex-PLI 
generated a bending deformation mode 
corresponding to that of the THUMS leg. However, 
there was a discrepancy in the amount of tibia 
deformation. The X-direction displacement of the 
inferior end was approximately 50 mm from the 
knee center toward the impact side in THUMS. In 
comparison, the lower end of the Flex-PLI 
displaced toward the opposite side of the impact at 
75 mm, but to the impact side at 0 mm. Thus, the 
Flex-PLI behavior at 15 ms was closer to THUMS 
when the impact height was adjusted to 0 mm. 

 
Figure 14 compares the time history curves of the 
tibia bending moment (measurement position: 
tibia-1) between THUMS and the Flex-PLI. The 
graph also shows the moment criterion of 299 Nm. 
In either case, moment began to increase from 
approximately 3 ms, reaching a maximum peak at 
around 14 ms, before falling to around zero at 
approximately 25 ms. Regardless of the impact 
height, the moment response waveforms of the 
Flex-PLI corresponded well with THUMS. 
However, the maximum moment peak for the 
Flex-PLI was 230 Nm at an impact height of 0 mm 
and 270 Nm at an impact height of 75 mm. Both 
values are higher than the maximum moment peak 
of approximately 200 Nm in THUMS. 

0 ms 10 ms 20 ms 30 ms

b) Flex-PLI (Case 16) 

a) THUMS (Case 10) 

Figure 12.  Behavior of a) THUMS (Case 10) 
and b) Flex-PLI (Case 16). 
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Flex-PLI  0 mm (Case 2)
Flex-PLI 75 mm (Case 7) 

Figure 13.  Effect of impact height: behavior 
of THUMS and Plex-PLI (sedan, 15 ms). 
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Figure 15 shows the time history curves of the knee 
bending angle for the same cases. The knee bending 
angle of THUMS continued to increase, which is 
attributable to the MCL rupture at 10 degrees, after 
which the rate of increase continued to rise. 
Because the knee ligament wires in the Flex-PLI do 
not rupture, ligament elongation decreased after 
reaching a peak. At an impact height of 75 mm, 
although the start of bending was later than in 
THUMS, the peak value and timing was close to the 
point of MCL rupture in THUMS. In contrast, at an 
impact height of 0 mm, the knee started to bend at a 
timing similar to THUMS, but then increased 
rapidly after 12 ms. It reached a peak of 17 degrees, 
which is larger than the bending angle when MCL 
rupture occurred in THUMS. At this height, the 
knee bending angle decreased after 28 ms due to the 
rebound of the lower tibia. Therefore, the ligament 
rupture risk assessment is closer to THUMS when 
the impact height is set to 75 mm. 

Effect of Additional Mass 
 
This section compares THUMS with the results 
when 6 kg was added to the upper end of the 
Flex-PLI in the cases of SUV impact. Figure 16 
compares the behavior of THUMS and the Flex-PLI 
at 20 ms. The condition of THUMS is equivalent to 
the state immediately after rupture of the MCL. The 
figure shows results with an impact height of 0 mm 
and additional mass of 0 kg (case 11) and 6 kg (case 
12). The black line indicates the behavior of 
THUMS, the red line that of the Flex-PLI with an 
additional mass of 0 kg, and the brown line that of 
the Flex-PLI with an additional mass of 6 kg. The 
behavior of the femur with mass added to the 
Flex-PLI was closer to the behavior of THUMS. In 
contrast, no significant difference was observed in 
tibia behavior. 

 
Figure 17 shows the time history curves of the tibia 
bending moment (measurement position: tibia-1) 
between THUMS and the Flex-PLI. In THUMS, an 
initial negative moment was generated, which 
became positive moment at 15 ms after the impact. 
The MCL ruptured at 19 ms, after which, bending 
became concentrated in the knee joint due the 
rupture of the ACL at 20 ms, and the tibia bending 
moment did not increase. For the cases with the 
Flex-PLI, negative bending moment appeared at the 
beginning, but the bending moment continued to 
increase after 20 ms in both conditions. 
Since the ligament wires in the Flex-PLI do not 
rupture, knee bending is restricted within a certain 
range. As a result, the bending moment continued to 
act on the knee joint side of the tibia bone. In other 

Figure 14.  Effect of impact height: tibia 
bending moment (sedan). 
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Figure 15.  Effect of impact height: knee 
bending angle (sedan). 
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Figure 16.  Effect of additional mass: behavior 
of THUMS and Flex-PLI (SUV). 
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words, the moment generated in the Flex-PLI after 
20 ms cannot be used for comparison. 

 
Figure 18 shows the time history curves of the knee 
bending angle for the same cases. In THUMS, the 
knee bending angle increased rapidly after the 
rupture of the MCL and ACL at 20 ms, and then 
continued to increase. In contrast, the bending angle 
of the Flex-PLI started at 10 ms, which was earlier 
than THUMS. With an additional mass of 0 kg, the 
maximum bending angle of 25 degrees was reached 
at 32 ms, and with an additional mass of 6 kg, the 
maximum bending angle increased to 38 degrees. 
According to Bose et al., the knee ligaments rupture 
at a bending angle of approximately 15 degrees.[20] 
The criterion for knee bending angle in Euro NCAP 
is also 15 degrees. In both conditions, the knee 
bending angle of the Flex-PLI exceeded 15 degrees, 
indicating the possibility of ligament rupture. It 
should be noted that in THUMS, the MCL ruptured 

at a knee bending angle of 10 degrees. Under this 
condition, local elongation of the MCL occurred, 
causing the rupture at a small angle. 
 
These results suggest that additional mass has little 
effect in terms of injury assessment. However, in 
the case of SUV impact, impactor behavior is closer 
to THUMS when an additional mass is applied. A 
mass of 6 kg is considered to be sufficient to create 
such a correlation. 
 
Effect of Impactor Inclination Angle 
 
Figure 19 compares the behavior of THUMS and 
the Flex-PLI at impactor inclination angles of 0 
degrees (case 5) and 6 degrees (case 9) 15 ms after 
impact. The impact vehicle was the sedan and an 
additional mass of 14 kg was applied to the upper 
end of the Flex-PLI. The black line indicates the 
behavior of THUMS, the blue line that of the 
Flex-PLI at an inclination angle of 0 degrees, and 
the green line that of the Flex-PLI at an inclination 
angle of 6 degrees. 
It shows that femur behavior was closer to THUMS 
when impacted at an angle of 6 degrees. X-direction 
displacement of the lower tibia was also closer to 
THUMS when the Flex-PLI was inclined at 6 
degrees. 

 
Figure 20 shows the time history curves of the tibia 
bending moment (measurement position: tibia-1) in 
the above cases. Bending moment was generated at 
8 ms when the inclination angle was 0 degrees, but 
at 3 ms at 6 degrees. This latter value was closer to 
THUMS. There were no major changes in 
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Figure 17.  Effect of additional mass: tibia 
bending moment (SUV). 
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Figure 18.  Effect of additional mass: knee 
bending angle (SUV). 
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maximum moment. 

 
Figure 21 shows the time history curves of the knee 
bending angle for the same cases. The MCL in 
THUMS ruptured at approximately 10 degrees, 
immediately after which the bending angle 
increased suddenly. The bending angle continued to 
increase after MCL rupture. When the Flex-PLI was 
inclined at 6 degrees, the bending angle closely 
followed THUMS until 15 ms. After this point, 
however, the bending angle increased, greatly 
exceeding that of THUMS. When there was no 
inclination, the overall trend of the knee bending 
angle was closer to that of THUMS, despite the 
localized peak that occurred between 15 and 25 ms. 
 

 
 
 
 

DISCUSSION 
 
Effect of Impact Height 
 
Figure 22 compares the Flex-PLI behavior in the 
cases with the sedan at impact heights of 0 mm and 
75 mm. The figure shows the degree of deformation 
20 ms after the impact in each case. When the 
impact height was adjusted to 0 mm, the knee block 
on the tibia part (A) was positioned at the same 
height as the upper bumper absorber, meaning that 
the load of the vehicle bumper was mostly applied 
to the knee block. Since the knee block is made of 
highly rigid steel, bending deformation was 
exclusively concentrated in the knee joint and the 
tibia part did not deform greatly. In contrast, when 
the impact height was set to 75 mm, since the upper 
absorber contacted both the tibia and the knee block, 
bending deformation was generated at both the tibia 
part and the knee joint. In this case, bending was not 
concentrated only at the knee joint. Although a 
human tibia bone also widens proximally, in an 
impact with a sedan, bending deformation does not 
concentrate only at the knee joint. Therefore, it is 
preferable to set the impact height to 75 mm in 
order to simulate realistic bending deformation of 
the human tibia-knee complex, which is essential 
for injury assessment. 

 
Figure 23 compares the knee and tibia bending 
angles in each model. The tibia bending angle is 
defined as the difference between the inclination 
angle of the knee lower block from the vertical axis 
and the inclination angle of the lower end of the 
tibia. 
In THUMS, although the knee bending angle 
showed a simple increasing trend, the tibia bending 
angle became extremely large before decreasing. 
With the Flex-PLI, both the knee and tibia bending 
angles decreased after reaching extremely high 
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Figure 20.  Effect of impactor angle: tibia 
bending moment (sedan, mass: 14 kg). 
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Figure 21.  Effect of impactor angle: knee 
bending angle (sedan, mass: 14 kg). 
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values. As stated above, the Flex-PLI knee bending 
angle is closer to THUMS at an impact height of 75 
mm. The maximum impactor tibia bending angle is 
lower than THUMS and reached at an earlier timing 
at both impact heights. However, the time history 
curves in both cases are close to THUMS. Therefore, 
to assess the risk of ligament rupture related to the 
knee bending angle, it is preferable to set the impact 
height to 75 mm. 

 
Appropriate Additional Mass 
 
Figure 24 compares the behavior of THUMS and 
the Flex-PLI with different additional masses 
applied to the top end of the Flex-PLI. The figure 
shows the degree of deformation at 20 ms after 
impact with the SUV in all cases. When no 
additional mass was set, X-direction displacement 
of the femur diverged from THUMS. In contrast, in 
all cases with an additional mass, X-direction 
displacement was closer to THUMS and there was 
little change based on the amount of mass.  
 
The effect of the additional mass was considered by 
focusing on the leg center of gravity (CG). Figure 
25 shows the CG of the THUMS leg and the 
Flex-PLI. In THUMS, the femur CG is located 227 
mm from the knee joint. Including the femur and 
the pelvis, the CG of the THUMS leg becomes 310 
mm from the knee joint. The femur CG of the 
Flex-PLI is 202 mm from the knee joint, which is 
closer to that of THUMS. With additional masses of 
6 kg, 10 kg, and 14 kg, the CG from the knee joint 
is 306 mm, 358 mm, and 380 mm, respectively. 
Although the CG moves upward as the amount of 
mass is increased, the closest value to that of 

THUMS when the femur and pelvis are considered 
is with an additional mass of 6 kg. Therefore, it 
appears that the addition of more mass did not cause 
discrepancies in femur behavior because the 
addition of 6 kg created a CG closer to that of 
THUMS. Thus, an additional mass of 6 kg is 
considered to be sufficient for injury criteria 
assessment. 

 

 
 
Effect of Impactor Inclination Angle 
 
As shown in Figure 25, the skeletal structure of the 
human leg generally inclines inward when walking. 
Additionally, the external shape of the leg becomes 

Figure 23.  Tibia and knee bending angles. 
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thinner from the base of the femur to the ankle. In a 
sedan impact, there is contact between the vehicle 
and the tibia, but the lower the part downward along 
the tibia, the later the contact occurs. In this study, 
when the Flex-PLI was inclined at 6 degrees to 
match the leg shape of THUMS, the trend for the 
timing of tibia bending moment was closer to that 
of THUMS. Therefore, adjusting the timing of 
contact with the vehicle at each leg position to 
reflect impact with an actual person is likely to be 
more effective for assessing injury criteria. 
In contrast, since the results with a knee bending 
angle of 0 degrees were closer to THUMS than with 
an angle of 6 degrees, this is thought to be better for 
more accurate assessment. 
The present results do not conclude which impactor 
inclination angle is better for injury criteria 
assessment of the leg as a whole. This is one 
possible area for study in the future. 
 
CONCLUSIONS 
 
(1) An FE model of the Flex-PLI was created by 
reverse engineering. X-ray CT scans were used to 
faithfully recreate the shape of the actual Flex-PLI, 
and the mechanical response of each component 
part was investigated before being input into the 
model. 
(2) The Flex-PLI FE model was validated against 
actual impactor behavior and response in static 
3-point bending tests on the femur, tibia, and knee 
joint, and dynamic pendulum tests in an assembled 
state. The results revealed that the impact behavior 
of the FE model closely correlated with that of the 
actual Flex-PLI, and that the mechanical response 
for moment and the like was within the test data 
corridors. 
(3) The impact behavior and mechanical response of 
the Flex-PLI FE model and the THUMS full-body 
pedestrian FE model were compared to investigate 
suitable test conditions for assessing pedestrian leg 
injury. The following three test conditions were 
studied. 
- Impact height above the ground 
- Additional mass for simulating the upper body 
- Impactor inclination angle 
It was found that impact behavior at an impact 
height of 0 mm was closer to that of THUMS, but 
that 75 mm was closer in terms of injury response. 
For the effect of adding mass, it was found that the 
addition of 6 kg enabled a response closer to that of 
THUMS for an impact with an SUV. It was also 
discovered that the timing of tibia bending moment 
was closer to the response of THUMS at an 
impactor inclination angle of 6 degrees, but that the 
results with a knee bending angle of 0 degrees were 
closer. 
In conclusion, these findings indicate that the 

recommended conditions for assessing leg safety 
performance with the Flex-PLI are an impact height 
of 75 mm above the ground, an additional mass of 6 
kg for SUV impacts, and an inclination angle of 0 
degrees. 
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ABSTRACT 
 
In U.S. pedestrian crashes, serious lower extremity 
injuries are second only to head injuries in frequency.  
The Global Technical Regulation (GTR) for 
pedestrian safety uses the EEVC/TRL pedestrian 
lower legform to evaluate the risk of these injuries 
from bumper impact.  In order to evaluate the level of 
pedestrian lower extremity protection offered by 
front bumpers in the U.S. fleet, NHTSA’s Vehicle 
Research and Test Center (VRTC) conducted 40 
pedestrian lower legform impact tests on 9 vehicles.  
These vehicles were selected to represent the U.S. 
fleet, with a focus on light trucks and vans.  The goal 
was to generate an overall picture of current U.S. 
vehicle performance with respect to lower extremity 
protection requirements in the regulation.  Results 
showed that pedestrian lower extremity protection 
was poor overall, with no vehicle meeting the GTR 
injury limits in all locations tested.  One vehicle was 
able to meet the requirements by a wide margin in all 
but one impact location.  Two other vehicles each 
had a single passing impact location.  Results are 
consistent with prior results from legform testing on 
U.S. passenger cars.   
 
INTRODUCTION 
 
In U.S. pedestrian crashes in the Pedestrian Crash 
Data Study (PCDS), injuries to the lower extremity 
are more frequent than injuries to any other body 
region (Mallory and Stammen 2006).  Among serious 
pedestrian injuries, lower extremity injuries are 
second in frequency only to head injuries (Figure 1).  
Approximately 80% of the vehicle impact injuries to 
the thigh, knee, and lower leg are caused by bumper 
contact. 
 
To evaluate lower extremity protection in pedestrian 
impacts, the Global Technical Regulation (GTR) for 
pedestrian safety includes front bumper testing with 
the EEVC/TRL lower legform or the upper legform 
depending on the height of the bumper.  The 
EEVC/TRL lower legform is manufactured by TRL 
Limited and conforms to EEVC (European Enhanced 

Vehicle-safety Committee) requirements.  According 
to the GTR, at locations where bumpers have a 
LBRL (Lower Bumper Reference Line) below 425 
mm, the lower legform test is required.  At locations 
where the LBRL is greater than or equal to 500 mm, 
the bumper is subjected to the upper legform test.  At 
locations where the LBRL is between these two 
limits, the manufacturer may choose either test.  As 
shown in Figure 2, PCDS bumper height data 
indicates that the majority of pedestrian-involved 
vehicles in the PCDS data set would be required to 
use the lower legform under GTR requirements 
(Mallory and Stammen 2006).  Although the PCDS 
cases were collected between 1994 and 1998, they 
represent the most current U.S. pedestrian crash data 
available.  
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Figure 1.  Distribution of injuries in the PCDS by 
body region (Mallory and Stammen 2006).    

The performance of the U.S. fleet relative to the GTR 
lower legform test requirements has not previously 
been reported.  In 2005, VRTC reported on the 
performance of five U.S. passenger cars in tests with 
the EEVC/TRL legform under EuroNCAP pedestrian 
test conditions (Mallory, Stammen et al. 2005).  
However, the EuroNCAP test conditions differ from 
those defined in the GTR.  Furthermore, since the 
nature and risk of lower extremity injuries is affected 
by vehicle type (Ballesteros, Dischinger et al. 2004; 
Matsui 2005) the prior study of passenger cars may 
not reflect the level of pedestrian protection offered   
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Figure 2.  Lower bumper reference line height 
(Mallory and Stammen 2006). 

by the rest of the U.S. fleet, which includes a large 
proportion of light trucks and vans.   
 
In order to evaluate the performance of the current 
fleet relative to the GTR requirements, NHTSA’s 
Vehicle Research and Test Center (VRTC) has 
conducted 40 pedestrian lower legform impact tests 
on 9 vehicles from the U.S. fleet with a focus on light 
trucks and vans.  One vehicle from the previous 
series of testing done according to EuroNCAP test 
procedures was re-tested in the current series of tests 
according to GTR lower legform test procedures.  If 
the results from the two sets of tests were similar 
enough, the prior test results with passenger cars 
could be combined with the current results to 
generate a more comprehensive picture of the current 
level of US vehicle performance.   
 
METHODS 
 
Testing was performed according to the lower 
legform procedures in the Proposal for a Global 
Technical Regulation (GTR) for the Protection of 
Pedestrians (GRSP 2006). 
 
Vehicles Tested 
 
The vehicles were selected to represent a range of 
vehicle types and sizes, including three sport utility 
vehicles (SUV), two pickups (PU) of different sizes, 
one minivan (MV), one full-size van (VAN), and two 
passenger cars (PC) as shown in Table 1. 
 
Of the vehicles listed, only the Mazda Miata had 
been tested previously in lower extremity component 
tests  under EuroNCAP conditions (Mallory, 
Stammen et al. 2005).  The Passat, Wrangler, 
Durango, CR-V, Tacoma, and E-350 van had been 
previously tested in VRTC’s evaluation of the U.S. 

fleet relative to the head test requirements in the GTR 
(Mallory, Stammen et al. 2007).  The Silverado tested 
in the current series was a different vehicle than the 
Silverado used in the previously-reported head test 
series.  The Sienna had not previously been used in 
pedestrian testing at VRTC. 
 

Table 1. 
Vehicles tested 

Year Vehicle VIN 
2002 Mazda Miata JM1NB353320228887 
2006 VW Passat WVWGK73C56P171110 
2002 Jeep Wrangler 1J4FA39S42P744167 
2006 Dodge Durango 1D8HD38K66F118432 
2005 Honda CR-V JHLRD68585C000383 
2006 Toyota Tacoma 5TENX22N16Z291865 
2005 Chevy Silverado 1GCHC23U05F921031 
2006 Toyota Sienna 5TDZA23C365448521 
2003 Ford E-350 Van 1FBSS31L03HB67515 
 
Bumper measurements made on each vehicle 
included the height of the Upper Bumper Reference 
Line and the Lower Bumper Reference Line, the 
width of the Bumper Test Area, and the distance 
from the vehicle centerline to the Corner of the 
Bumper.  The maximum and minimum LBRL 
heights for each vehicle are documented in Table 2.  
Part of the Dodge Durango test zone is in the 
mandatory lower legform height range and part is in 
the manufacturer’s option height range.  The Jeep 
Wrangler test zone is entirely in the manufacturer’s 
choice height range.  The Silverado test zone has 
portions in all three ranges.   

Table 2.   
Range of LBRL height across width of test zone, 

color-coded by required test procedure 

 LBRL 
Minimum  

(mm) 

LBRL 
Max.  
(mm) 

Dodge Durango 405 452 
Jeep Wrangler 451 481 SUV 
Honda CR-V 410 415 
Chevy Silverado 420 505 PU Toyota Tacoma 378 378 

MV Toyota Sienna 260 264 
VAN Ford E350 Van 348 408 

VW Passat 219 230 PC Mazda Miata 200 218 
Upper Leg > 500 mm
Manufacturer Choice 

Color Legend: 
Test procedure required in 

GTR based on LBRL 
Height 

Lower Leg < 425 mm

Upper legform required 
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Impact Point Locations 
 
Five impacts were planned for each vehicle.  All 
impacts were within the test zone defined in the GTR.  
Assuming symmetry, these tests are equivalent to a 
center impact, an outboard impact, and three impacts 
between.  In order to maximize the number of tests 
per bumper, the impacts were performed on both 
sides of the test zone as shown in Figure 3.  The 
impacts are spaced at intervals proportional to 1/8 of 
the width of the bumper test zone, with the exception 
of the far outboard impact which was moved inboard 
from the edge of the test zone by 5 mm to ensure it 
was within the test zone.  The intention of the test 
location selection was to represent the range of 
typical bumper performance.  A maximum of three 
impacts were planned per bumper, before 
replacement of all bumper system parts.  Damage 
was inspected following each impact.  If post-test 
damage was identified that could have an effect on 
subsequent tests, the damaged parts were replaced 
prior to additional testing, or subsequent tests were 
cancelled.  Subsequent tests were also cancelled if a 
vehicle produced damage to the legform in multiple 
tests.  As a result, two vehicles underwent only four 
tests, and one vehicle was tested only twice.  The test 
locations for each vehicle are listed in Table 3. 
 

 
Figure 3.  Example of five test locations on Toyota 
Sienna.  Dashed boundaries show limits of test 
area and solid lines are impact locations.  White 
and blue arrows indicate impacts performed on 
different bumper systems.   

Table 3.   
Location of each impact in mm from centerline of 

vehicle, positive toward driver’s side 

 A B C D E 
Durango -540 -360 0 -- 715
Wrangler -545 -364 0 182 722
CR-V -347 -232 0 116 458
Silverado -590 -394 0 197 782
Tacoma -- -- 0 -- 503
Sienna -404 -269 0 135 533
E350 Van -596 -398 0 -- 790
Passat -361 -241 0 120 476
Miata -368 -245 0 123 485

Test Procedure 
 
Temperature and humidity were maintained within 
GTR-defined corridors for testing and during pre-test 
soaking.  Impact speed in the GTR is required to be 
11.1 m/s (+/- 0.2 m/s).  Test speed was measured by 
an Aries laser speed meter (Model SM-2BL/F). 
During initial testing the speed meter was positioned 
at the approximate height of the CG of the legform.  
After testing demonstrated negligible pitch rotation in 
the legform during flight, the speed meter was moved 
down to allow a better lateral view of the legform-to-
bumper impact.  Integration of the upper tibia 
accelerometer was also performed to track velocity in 
case the speed meter failed to measure the speed.  
Deviations from the required speed range are 
documented. 
 
The bottom of each vehicle tire was positioned 25 
mm below the level of the bottom of the legform at 
impact. 
 
Between tests, the ligaments and foam flesh on the 
EEVC/TRL legform were replaced.  Legform 
inspection was performed and any necessary repairs 
were made, including replacement of the neoprene 
skin if needed.   
 
The GTR specifies that the axis of the legform shall 
be perpendicular to the horizontal with a tolerance of 
+/- two degrees in the lateral and longitudinal plane, 
and the rotation about the vertical axis will have a 
tolerance of +/- five degrees.  Initial video analysis of 
legform flight without a vehicle in place showed that 
legform alignment in the lateral and longitudinal 
planes were consistently within tolerance, but that 
orientation about the vertical axis showed variation.  
Therefore, overhead video was recorded during all 
vehicle testing and reviewed following each test.  
Any test that appeared to approach the five degree 
limit on rotation underwent video analysis using 
TEMA motion analysis software (Version 2.6, Image 
Systems AB).   
 
The EEVC/TRL lower legform was instrumented as 
specified in the GTR.  A uniaxial accelerometer 
(7264-2000) was mounted on the non-impact side of 
the upper tibia.  The legform was equipped with 
rotary potentiometers located in the upper tibia and 
lower femur (Contelec, Type GL 60) to measure knee 
bending angle and knee shearing displacement.  The 
knee bending angle and shear displacement are 
calculated based on the potentiometer angles as 
specified in the TRL Legform User’s Manual (TRL, 
2007). 
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Static and dynamic certification of the legform was 
performed after not more than 20 vehicle impacts, 
following GTR defined procedures.   
 
RESULTS 
 
Results are presented separately for each vehicle, 
followed by a comparison of peak measures across 
all vehicles.  Peak injury measurements are compared 
to GTR requirements which limit peak knee bending 
angle to 19 degrees and shear displacement to 6 mm.  
Over most of the test area upper tibia acceleration is 
limited to 170 g, but the limit is relaxed to 250 g over 
areas totaling up to 264 mm of the width of the 
bumper.  The location of the relaxed bumper area is 
designated by the vehicle manufacturer. 
 
     Mazda Miata - Time histories for injury 
measures on all tests are shown in Figure 4 and peak 
values are tabulated in Table 4.  The Mazda Miata 
was below GTR limits for the impact to the center 
bumper (Impact C) only.  In impact C, peak bending 
angle was within 0.3 degrees of the GTR limit of 19 
degrees.  In all other impacts, the bending angle limit 
was exceeded.  Impact A, which was close to the 
bumper support location, resulted in the highest shear 
displacement, bending angle, and tibia acceleration of 
any of the Miata test locations.   
 
As indicated in Table 4, impact B was slower than 
the required impact speed range of 10.9 -11.3 m/s and 
impact D was faster than the required speed.   
 

 

 
Figure 4.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Mazda Miata, with GTR limits shown in red. 

Table 4.   
Peak results for each Mazda Miata impact, with 

passing impact (C) shaded green 

Impact Location   

GTR 
Limit A B* C D** E 

Bending 
angle 

(degrees) 
19 25.7 22.9 18.7 20.9 24.9

Shear 
displacement

(mm) 
6 8.6 7.8 4.2 4.9 7.9 

Tibia 
acceleration 

(g) 

170 
(250) 440 247 159 163 210

*  Location B impact speed was 10.87 m/s  
** Location D impact speed was 11.39 m/s  
 

A video frame showing the legform in the center 
impact (C) at the moment of peak bending angle is 
shown in Figure 5.  In all impacts, the tibia segment 
of the legform was supported by the lower bumper 
structures on the Miata while the femur segment 
wrapped forward toward the hood.   
 

  
Figure 5.  Legform at time of maximum bending 
angle in Mazda Miata center impact (C).  

 
     Volkswagen Passat - None of the impacts to the 
Volkswagen Passat met the GTR requirements, as 
shown by the time histories in Figure 6 and the peak 
values in Table 5.  Peak bending angle exceeded the 
19 degree limit in every test.  Shear displacement 
exceeded the GTR limit only in impact A.  Tibia 
acceleration was over 170 g centrally, and exceeded 
250 g in the more outboard test locations.  
 
Figure 7 shows the legform at the moment of peak 
bending deformation in the center impact.  At all 
impact locations, the legform conformed with the 
vehicle front by the time of maximum bending with 
the tibia segment essentially vertical against the 
bumper structures and the femur segment wrapped 
around the grille structures.   
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Figure 6.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Volkswagen Passat, with GTR limits shown in red. 

Table 5.   
Peak results for each Volkswagen Passat impact 

Impact Location   

GTR 
Limit A B C D E 

Bending 
angle 

(degrees) 
19 30.5 25.1 28.5 25.8 29.0

Shear 
displacement 

(mm) 
6 7.8 5.2 5.4 5.4 --* 

Tibia 
acceleration 

(g) 

170 
(250) 300 166 181 161 405 

* Shear pot wire broken – data invalid. 
 

 
Figure 7.  Legform at time of maximum bending 
angle in Volkswagen Passat center impact (C). 
 

     Jeep Wrangler - In four of the five Jeep 
Wrangler impacts, all three injury measures were 
above the GTR limit (Figure 8, Table 6).  In the fifth 
impact, the outboard-most point tested, the injury 
measures were well below the GTR limits.  The 
negative shear displacement documented in the 
Wrangler tests indicates that, relative to the femur, 
the tibia segment moved toward the vehicle.  Figure 9 

shows a video frame from the moment of maximum 
bending angle in impact C.   

 
Figure 8.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Jeep Wrangler, with GTR limits shown in red. 

Table 6.   
Peak results for Jeep Wrangler each impact, with 

passing impact (E) shaded green 

Impact Location   

GTR 
Limit A B C D E 

Bending 
angle 

(degrees) 
19 31.9 32.2 31.3 31.2 3.2 

Shear 
displacement

(mm) 
6 -7.5 -7.6 -7.8 -7.5 -0.75

Tibia 
acceleration 

(g) 

170 
(250) 427 305 445 455 60 

 

  
Figure 9.  Legform at time of maximum bending 
angle in Jeep Wrangler center impact (C). 

Video showed that there was little to no bumper 
deformation in the four failed impacts, but there was 
significant deformation of the bumper end in the 
passing outboard impact.  The end cap of the bumper 
bent rearward, allowing the legform to move into the 
front surface of the tire and fender, supporting the 
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legform along its full length to limit bending and 
shear. 
 
     Dodge Durango - The Dodge Durango was tested 
in only four locations because legform damage was 
sustained in three of the first four impacts.  The 
Durango exceeded the bending angle limit by a wide 
margin in three impacts, and by a narrow margin in 
the outboard-most impact (Figure 10 and Table 7).  
Tibia acceleration limits were exceeded by all but the 
outboard-most impact.  Shear limits were exceeded at 
points B and C.  The negative shear values indicate 
that, relative to the femur, the tibia moved toward the 
car in all impacts.   
 

 
Figure 10.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Dodge Durango, with GTR limits shown in red. 

Table 7. 
Peak results for each Dodge Durango impact 

Impact Location   

GTR 
Limit A B C E 

Bending  
angle 

(degrees) 
19 31.0 30.9 31.6 21.5 

Shear 
displacement 

(mm) 
6 -8.4 -7.6 -8.4 -5.3 

Tibia 
acceleration 

(g) 

170 
(250) 314 552 314 167 

 
A video frame from the moment of maximum 
displacement (Figure 11) shows that the upper leg 
and lower leg both rotate toward the car around the 
bumper.  In the outboard-most impact at location E, 
the legform has started to rotate outboard by the time 
of maximum bending.   

 

  
Figure 11.  Legform at time of maximum bending 
angle in Dodge Durango center impact (C). 

 
     Honda CR-V - In four of the five impacts, the 
Honda CR-V was well below GTR limits in all 
measures.  The exception was the outboard-most 
impact, where the tibia acceleration exceeded even 
the relaxed limit of 250 g, and the bending angle 
exceeded the 19 degree limit (Figure 12, Table 8).  
Shear displacement in the outboard impact E was 
negative, indicating that the tibia displacement was 
toward the vehicle relative to the femur, rather than 
away from the vehicle relative to the femur as was 
seen in the other four tests.   
 
As indicated in Table 8, the rotation about the Z axis 
exceeded the GTR limit of 5 degrees in the impacts at 
locations D and E.  Table 8 also shows the higher 
peak bending angle in outboard impact E, compared 
to the much lower peak bending angles in the 
remaining tests.  The outboard impact E also shows 
dramatically less bumper and vehicle-front 
deformation than the inboard, passing impacts. 

 

 
Figure 12.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Honda CR-V, with GTR limits shown in red. 
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Table 8. 
Peak results for each Honda VR-V impact, with 

passing impacts shaded green 
Impact Location   

GTR 
Limit A B C D* E**

Bending 
angle 

(degrees) 
19 9.5 2.8 1.5 3.6 31.5

Shear 
displacement 

(mm) 
6 1.6 1.8 1.8 1.5 -2.8

Tibia 
acceleration 

(g) 
170/250 97 96 85 91 329

*   Location D rotation about Z axis exceeded 5 degrees.   
** Location E rotation about Z axis exceeded 5 degrees.   

 

     
Figure 13.  Legform at time of maximum bending 
angle in Honda CR-V impact (C). 

 
     Toyota Tacoma - Only two tests were performed 
on the Toyota Tacoma due to vehicle damage.  After 
two tests there was extensive unforeseen damage to 
the grille, the grille surround and to the headlamp 
mounts.  With no replacement parts available, 
subsequent testing was suspended because these 
structures could potentially have been limiting the 
peak bending angle and shear displacement of the 
legform.  Therefore, testing with damaged structures 
may not have been valid.  Figure 14 and Table 9 
show that all injury limits were exceeded in both tests.   
Figure 15 shows that the upper leg tended to rotate 
into the grille structures while the tibia segment of 
the legform rotated much less.   
 

 
Figure 14.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Toyota Tacoma, with GTR limits shown in red. 

Table 9.   
Peak results for each Toyota Tacoma impact 

Impact Location  

GTR 
Limit C E 

Bending 
angle 

(degrees) 
19 23.9 27.4 

Shear 
displacement

(mm) 
6 8.2 8.1 

Tibia 
acceleration 

(g) 

170 
(250) 388 523 

 

  
Figure 15.  Legform at time of maximum bending 
angle in Toyota Tacoma center impact (C). 

     Chevrolet Silverado - None of the Chevrolet 
Silverado impacts met the GTR requirements.  In 
contrast to other vehicles, two of the failing impacts 
did meet bending angle requirements (Figure 16 and 
Table 10).  Shear displacement limits were exceeded 
in every test.  Tibia acceleration was over 170 g in all 
tests, but below the relaxed limit of 250 g in one test.   
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Figure 16.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Chevrolet Silverado, with GTR limits shown in 
red. 

Table 10.   
Peak results for each Chevrolet Silverado impact 

Impact Location   

GTR 
Limit A B* C D E 

Bending 
angle 

(degrees) 
19 16.3 22.9 28.3 24.8 11.8

Shear 
displacement 

(mm) 
6 7.6 7.8 8.4 7.8 7.5 

Tibia 
acceleration 

(g) 

170 
(250) 245 311 306 330 342

* LBRL higher than 500 mm at location B.   
 

As indicated in Table 10, impact location B was 
tested with the lower legform in spite of the fact that 
the Lower Bumper Reference Line at this test 
location put it in a zone where upper legform testing 
would have been required per the GTR requirements. 
 

Figure 17 illustrates the interaction of the legform 
with the bumper at peak bending angle, with the 
lower leg bending under the bumper and the upper 
leg supported almost vertically by the bumper 
structures.   
 

 
Figure 17.  Legform at time of maximum bending 
angle in Chevrolet Silverado center impact (C). 

 

     Toyota Sienna - All impacts to the Toyota Sienna 
failed to meet GTR requirements.  Although the 
center impact (C) was below the shear displacement 
limit and impact D was below the 170 g limit on tibia 
acceleration, bending angle was well over the 19 
degree limit in all tests (Figure 18 and Table 11).  
The video frame at the moment of maximum bending 
angle show that the top of the bumper contacts the 
legform near the knee and the upper portion of the 
legform wrapped down to the hood of the Sienna in 
all impacts (Figure 19).     

 
Figure 18.  Time histories for shear displacement, 
knee bending angle, and tibia acceleration for 
Toyota Sienna, with GTR limits shown in red. 

 
As indicated in Table 11., the rotation about the 
vertical axis exceeded the GTR limit of 5 degrees in 
the impact at location B. 
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Table 11. 
Peak results for each Toyota Sienna impact 

Impact Location   

GTR 
Limit A B* C D E 

Bending 
angle 

(degrees) 
19 30.8 32.7 31.0 32.5 31.4

Shear 
displacement 

(mm) 
6 -7.6 -6.0 -6.7 -6.8 -6.5

Tibia 
acceleration 

(g) 

170 
(250) 233 172 202 162 228

*  Location B rotation about vertical axis exceeded 5 degrees.   
 

  
Figure 19.  Legform at time of maximum bending 
angle in Toyota Sienna center impact (C). 

 
     Ford E-350 Van - The first four impacts to the 
Ford E-350 bumper exceeded injury limits by a wide 
margin with bending angle over 31 degrees in all 
tests and tibia acceleration exceeding 350 g’s in three 
tests (Figure 20 and Table 12).  In the center impact 
(C), acceleration data was not collected due to wire 
damage.  In the fourth impact (B) the pot arm of the 
potentiometer sustained damage.  Due to a limited 
number of replacement pot arms, and the assumption 
that point D results would be similar to points B and 
C, testing was suspended prior to testing point D.  
Figure 21 shows that the femur segment tended to 
rotate into the grille while the tibia segment rotated 
under the bumper in all impacts.  The knee was 
approximately centered over the height of the bumper.   
 
As indicated in Table 12, the rotation about the 
vertical axis exceeded the GTR limit of 5 degrees in 
the impact at location C.   
 

 
Figure 20.  Time histories for shear displacement, 

knee bending angle, and tibia acceleration for 
Toyota Sienna, with GTR limits shown in red. 

Table 12. 
Peak results for each Ford E-350 impact 

Impact Location   

GTR 
Limit A B C* E 

Bending 
angle 

(degrees) 
19 31.8 31.7 32.0 32.7 

Shear 
displacement

(mm) 
6 -7.5 -7.5 -7.6 -7.5 

Tibia 
acceleration 

(g) 
170/250 516 592 --* 379 

*  Location C rotation about vertical axis exceeded 5 degrees.   
 
 

  
Figure 21.  Legform at time of maximum bending 
angle in Ford E-350 center impact (C). 

Comparison of results among vehicles 
 
Peak results for tibia acceleration are shown for all 
vehicles in Figure 22.  The acceleration limit of 170 g 
and the relaxation limit of 250 g are indicated in red.  
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Only five of 39 (13%) test locations met the 170 g 
limit with a wide margin: the four passing CR-V 
impacts and the outboard Wrangler impact.  The 
remaining impacts were all either very close to, or in 
excess of, 170 g.  Some tests exceeded the 
acceleration limits dramatically and six vehicles 
exceeded 400 g in at least one test location.   
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Figure 22.  Peak acceleration for all impacts by 
vehicle and impact location. 

 
Peak magnitude of shear displacement is shown in 
Figure 23.  This peak is an absolute value, 
representing the peak magnitude.  The GTR shear 
displacement limit of 6 mm is indicated in red.  Only 
the CR-V passed shear limits in all tests, but six of 
the nine vehicles were able to pass the shear 
requirement in at least one test location.   
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Figure 23.  Peak shear displacement for all 
impacts, by vehicle and impact location. 

 
Peak knee bending angle is shown in Figure 24.  
Only 8 of 40 (20%) impacts resulted in bending angle 
peaks below the injury limit of 19 degrees, which is 
shown in red.  The majority of the failing impacts 
showed bending angles in excess of 30 degrees.   
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Figure 24.  Peak bending angle for all impacts, by 
vehicle and impact location. 

 
DISCUSSION 
 
Adherence to GTR Testing Requirements 
 
Several tests in the results section are reported as not 
meeting the test conditions required by the GTR.  
The test parameters that were “failed” in those tests 
will be discussed in this section, along with 
implications for interpreting the results of those tests.   
 
In four tests, axial rotation about the vertical axis 
exceeded the 5 degree limit listed in the GTR:  
locations D and E on the Honda CR-V, location B on 
the Toyota Sienna, and location C on the E-350.  In 
all of these tests axial rotation was 7 degrees or less.  
It is likely that the injury measures were the same or 
lower than they would have been had the axial 
rotation been less than 5 degrees.  Since acceleration 
is a single-axis measurement in the direction of 
impact, pre-impact rotation would reduce the 
acceleration measured.  Based on trigonometry, a 
rotation of up to 7 degrees would be expected to lead 
to a drop in measured acceleration of less than 1% 
compared to a perfectly aligned impact.  Similarly, 
the EEVC/TRL legform is designed to measure shear 
and bending angle in only one direction.  If the 
measured shear displacement and knee bending angle 
are affected by rotation of the legform off its normal 
design direction, the rotation would be expected to 
lead to lower measured shear displacement and knee 
bending angle. 
 
Two tests on the Mazda Miata were not within the 
impact speed requirements of the GTR, which are 
11.1 m/s +/- 0.2 m/s.  The test at impact location B 
was slow at 10.87 m/s and the test at location D was 
fast at 11.39 m/s.  It is assumed that impact D 
produced higher injury measures than those expected 
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had the test been within the speed range, and the 
impact B produced lower injury measures than those 
expected had the test been within the speed range.  In 
the case of the impact at location D, the higher-than-
allowed impact speed may have been responsible for 
the failing bending measurement, which was only 1.9 
degrees beyond the injury limit.  Had the impact been 
in the correct speed range, impact D may have met 
GTR requirements.  In the case of impact location B, 
the lower-than-allowed impact speed did not have an 
effect on its failure to meet GTR requirements.   
 
Impact B on the Silverado (Figure 25) deviated from 
the requirements of the GTR in that it was performed 
at a location where the Lower Bumper Reference 
Line exceeded 500 mm and therefore was not subject 
to lower legform testing.  Shear and bending 
measurements may have been affected by LBRL 
height, as these measures were lower for impacts C 
and D in the lower central portion of the bumper.  
However, all tests on the Silverado failed the GTR 
limits by a wide margin.  The height of the LBRL at 
location B was not believed to have been the cause of 
the failure at this test location.   
 

 
Figure 25.  Chevy Silverado bumper showing 
Lower Bumper Reference Line (LBRL) in white 
and impact location B in yellow, where LBRL is 
greater than 500 mm.   

 
The tests listed above were not tested in strict 
accordance with the GTR procedures.  These should 
not therefore be used directly to evaluate compliance 
with the GTR.  The results are reported here because 
they are not expected to be significantly different 
from the expected result had the GTR test procedure 
requirements been met.  With the exception of 
location D on the Miata, all of the impacts that failed 
would still have been expected to fail had the GTR 
test requirements been met.  Location D on the Miata, 

which was impacted too fast and exceeded injury 
measures by a narrow margin, may have passed had 
it been tested within the GTR test procedure limits. 
 
Relative Difficulty of Injury Measures 
 
Six of the nine vehicles tested met the 170 g limit on 
upper tibia acceleration in at least one test location.  
Of the 39 impacts where acceleration was measured, 
20 indicated upper tibia acceleration over 250 g, and 
8 were above 170 g but below the relaxed limit of 
250 g (Figure 22).  Of the 11 impacts that were below 
170 g, only 5 impacts met the requirement with a 
margin wider than 10 g.  The relaxed GTR 
acceleration limit of 250 g applies only to a width of 
bumper equal to approximately 2 widths of the 
legform, which is equivalent to one test location on 
each side of the car.  In the current series, it is 
assumed that a vehicle could potentially pass the 
requirements if it has only one test over 170 g (but 
under the relaxed limit of 250 g) with the remainder 
of the tests under 170 g.  The CR-V came closest to 
achieving those requirements with four of five tests 
under 170 g, but exceeded the limits with a fifth test 
over the relaxed limit of 250 g.  The Sienna was able 
to remain under 250 g for all tests, but exceeded the 
170 g limit in four out of five tests; given that there is 
not enough relaxation zone to cover all four of those 
impact locations, this vehicle would not meet the 
GTR acceleration requirement.   
 

B 
As shown in Figure 22, whether acceleration was 
higher in inboard locations or outboard locations was 
design-specific.  The highest measures of 
acceleration were often measured near the bumper 
support, suggesting that tibia acceleration is more 
sensitive to stiffness of structures under the bumper 
than to the gradual changes in profile shape that 
occur across the front of the vehicle.  Among vehicle 
types, the pickup trucks and the full-size van showed 
consistently high levels of acceleration, with all 
impacts close to or in excess of the 250 g limit.   
 
Six of nine vehicles tested passed the knee shear 
displacement limit in at least one location, and one 
vehicle (CR-V) passed the shear requirement in all 
locations tested (Figure 23).  Fourteen impact 
locations were at or below the shear limit of 6 mm, 
and 25 impact locations exceeded the knee shear 
limit of 6 mm.  Many of the tests that exceeded 6 mm 
indicated shear displacements in the range of 7.5 mm 
to 8.5 mm suggesting a possible physical limit on the 
magnitude of shear displacement allowed by the 
EEVC/TRL legform.  If this injury measure is 
bottoming-out, estimates of injury risk based on this 
level of shear may be underestimated.   
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Knee shear measures appeared to be related to 
inboard/outboard position on the vehicle.  Most 
vehicles either showed a trend toward increased or 
decreased shear displacement as the impacts moved 
outboard, suggesting that shape change across the 
front of the vehicle may have more effect on shear 
displacement than the stiffness of under-bumper 
structures.   
 
The knee bending angle limit appeared to be the most 
challenging to meet for the vehicles tested.  Only four 
of the nine vehicles tested met the 19 degree bending 
angle limit in at least one location, and only 8 
impacts in the series passed this limit.  Many of the 
failing impacts showed peak bending angle clustered 
between 30 and 32 degrees, suggesting a physical 
limit on knee bend in this range.  It is likely that the 
legform is physically bottoming out so estimates of 
injury risk based on this level of bending may be 
underestimated.   
 
Peak bending angle tended to either increase or 
decrease as the impacts moved outboard, suggesting 
that, as with knee shear, the shape change across the 
front of the vehicle had more effect on bending angle 
than did stiffness of under-bumper structures.   
 
To summarize the relative difficulty of the injury 
measures, bending angle was the most frequently 
failed injury criterion.  Shear and bending angle 
appeared related to the change of shape across the 
front of the vehicle while acceleration seemed more 
linked to stiffness of the underlying structures.  
Measurements of knee shear and bending angle may 
be bottoming out, leading to potential 
underestimation of injury risk. 
 
Results by Vehicle Type 
 
Based on the vehicles tested in this series, the 
passenger vehicles (Miata and Passat) and minivan 
(Sienna) showed relatively better results in 
acceleration and peak shear displacement compared 
to the full-size van (E-350) and pickup trucks 
(Silverado and Tacoma).  Results for the SUVs were 
mixed, with the CR-V performing better than other 
vehicles in all three injury measures, and the 
Wrangler and Durango performing relatively poorly.   
 
Characteristics of Passing Impacts 
 
There were a total of six passing impacts in the 
current series, four for the CR-V, one for the 
Wrangler, and one for the Miata. 
 

In the passing impacts, video showed visibly more 
bumper deformation than there was in impacts that 
exceeded acceleration limits.  Passing and failing 
CR-V impacts (Figure 26), Miata impacts (Figure 27), 
and Wrangler impacts (Figure 28) are compared 
below to illustrate that deformation appears to be 
associated with better performance relative to upper 
tibia acceleration.  In all three passing impacts 
illustrated below, there was visible deformation of 
the bumper, resulting in varying degrees of damage.  
In the CR-V center impact (C), the CR-V sustained 
permanent deformation to the bumper cover, the 
underlying bumper support, and adjacent grille and 
air conditioning structures.  The Miata center impact  
impact (C) resulted in damage to the ribbed energy 
absorber immediately adjacent to the impact point but 
showed no external evidence of damage.  On the 
Wrangler, the end-cap on the bumper snapped off at 
impact allowing the legform to move into the front 
face of the fender and the tire tread.  The fender, 
which is parallel to the bumper in its undeformed 
state, then deformed to absorb additional energy from 
the impact.  In the passing impacts, the bumper and 
underlying structures absorbed energy and reduced 
the levels of deceleration in the legform by 
deforming during impact.   

 

    
Figure 26.  Passing CR-V center impact C on left 
(acceleration 85.3 g) and failing CR-V outboard 
impact E on right (acceleration 329 g). 

   
Figure 27.  Passing Miata center impact C on left 
(acceleration 159 g) and failing Miata impact A on 
right (acceleration 40 g). 
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Figure 28.  Passing outboard Wrangler impact E 
on left (acceleration 60 g) and failing Wrangler 
impact center impact C on right (acceleration 445 
g). 

Another characteristic of passing impacts appears to 
be the distribution of impact forces over a large area 
on the legform above and below the knee.  In passing 
CR-V tests, the load is applied over a relatively tall 
bumper that makes contact above and below the knee 
of the legform (Figure 29).  In the Miata passing 
impact C, the top of the bumper is adjacent to the 
lower femur, and tibia loads are shared by a lower 
spoiler.  On the passing Wrangler test, the failure of 
the bumper end-cap allowed the femur to move into 
the vertical fender and the tibia to move into the tire 
tread, sharing the loads over a large portion of the 
legform.   
 

   
Figure 29.  Bumper contact area in passing 
impacts  CR-V (C), Miata(C), and Wrangler(E). 

It should be noted that the low injury measures 
indicated in passing Wrangler impact E do not 
account for the potential injury risk posed by striking 
the tread of a tire on a moving vehicle.   
 
Comparison to Prior Testing of U.S. Vehicles 
using EuroNCAP Test Procedures 
 
Testing was performed previously with the 
EEVC/TRL legform in a collaborative study with 
Transport Canada (Mallory, Stammen et al. 2005).  
That initial series of testing was done using 
EuroNCAP procedures.  Those EuroNCAP 
procedures were similar to, but not the same as, GTR 

lower legform test procedures.  Each vehicle 
underwent impacts to the center of the bumper and 
over the bumper support.  The following North 
American vehicles were tested: 
 

• 1999 Ford Focus, 
• 2001 Honda Civic, 
• 2002 Mazda Miata MX5, 
• 1999 VW Beetle, and  
• 1997 Volvo S40. 

 
The 2005 series of tests performed according to 
EuroNCAP procedures and the current series of GTR 
tests both used the EEVC/TRL legform at an impact 
speed of 40 km/h.  The primary difference between 
the tests defined in the EuroNCAP procedure and the 
GTR procedure, and between the two series of tests 
run at VRTC, is the height of the bottom of the 
legform, which is at ground reference level in the 
EuroNCAP procedure/VRTC’s 2005 series and 2.5 
cm above ground reference level in the GTR test 
series being reported in this paper.   
 
Test data from the Mazda Miata was compared for 
the two series in order to evaluate whether the 
passenger car results from the first series of 
EuroNCAP testing at VRTC could be combined with 
the results from the currently reported GTR testing.  
Figure 30 shows the location of comparable impacts 
in the two series.  Each series had at least one test at 
the center of the bumper that can be compared 
directly.  The 2005 EuroNCAP tests included an 
impact directly over the bumper support that can be 
compared to tests adjacent to the bumper support in 
2007 GTR testing.  Figure 31 compares the test 
results for impacts in the center of the bumper for 
both series, and Figure 32 compares the results for 
impacts near the bumper support.   
 
 
 
 
 
 
 
 
 
 

Figure 30:  Photograph of Mazda Miata showing 
comparable impact locations in 2005 EuroNCAP 
testing (green, upper arrows) and in 2007 GTR 
testing (red and blue, lower arrows).   



 
Figure 31:  Shear displacement, bending angle  and tibia acceleration for center impact using GTR procedure 
in 2007 VRTC testing (red) compared to prior testing at the center bumper according to 2005 EuroNCAP 
testing (green).   

 
Figure 32:  Shear displacement, bending angle  and tibia acceleration for impacts adjacent to bumper 
support 2007 GTR testing (red, blue) compared to prior testing over left and right bumper support according 
to 2005 EuroNCAP testing (green).   

 
Figure 31 and Figure 32 show that the differences 
between the peak values from 2005 EuroNCAP 
testing and 2007 GTR testing do not appear 
significantly greater than the differences in peak 
results among repeats of individual 2005 EuroNCAP 
tests over the lateral bumper in spite of difference in 
leg-to-ground-reference height.  However, it should 
be noted that the difference in test results at the 
center bumper location in Figure 32 are important, in 
that the 2005 tests failed the acceleration and bending 
angle requirements in the current GTR (175 g and 19 
degrees, respectively), while the 2007 tests passed. 
 
In spite of the differences in results between the 2005 
series of tests and the 2007 series, data from the 2005 
offer pedestrian performance information on four U.S. 
passenger cars, in addition to the two tested in the 
2007 series, even if results must be considered 
approximate relative to the requirements in the GTR 
(Table 13).   

 

Table 13.   
Peak measures in 2005 test series (Mallory, 

Stammen et al. 2005), average values for tests at 
center bumper and over bumper support 

 
 Tibia 

Acceleration 
(g) 

Bending
Angle 

(degrees)

Shear
Displ.
(mm)

Center 195 33.4 -4.9Ford 
Focus Support 209 32.3 -3.8

Center  221 31.0 4.7 Honda 
Civic Support 369 30.7 7.7 

Center 209 24.7 3.4 Mazda 
Miata Support 264 25.1 7.4 

Center 462 34.7 8.3 VW 
Beetle Support 264 29.1 8.2 

Center 263 31.1 8.2 Volvo 
S40 Support 246 30.2 6.2 

 
As with the larger vehicles that were the focus of the 
current study, all of the U.S. passenger cars tested 
exceeded the GTR limits.  The best performing 
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vehicle in the 2005 EuroNCAP series, the Mazda 
Miata, was only able to pass GTR requirements in 
one test location when retested to GTR conditions.  
Given the wide margin by which most of the 
passenger car test locations exceeded the injury limits, 
it is assumed that these vehicles would not have met 
the requirements even had they been run under GTR 
conditions.  Average values for all impact locations 
exceeded the 19 degree bending limit and the 170 g 
upper tibia acceleration limit.  Four of five vehicles 
showed higher acceleration in impacts over the 
support, while four of five vehicles showed higher 
bending values in the central bumper area.  These 
passenger car results are consistent with the 
performance of the vehicles in the currently reported 
series of tests.   
 
CONCLUSIONS 
 
The results from the current series of tests, along with 
tests previously reported, can be used to provide a  
snapshot of the level of pedestrian lower extremity 
protection  provided by the current U.S. fleet.   
 
Relative to GTR requirements, pedestrian lower 
extremity protection was poor overall in the U.S. 
vehicles tested.  No vehicle was able to meet GTR 
injury limits in all locations tested, although the CR-
V came closest by meeting the requirements by a 
wide margin in all but one of the impact locations 
tested.  Two other vehicles each had a single passing 
impact location.   
 
Knee bending angle limits were the most difficult 
requirement for the tested U.S. vehicles to meet.  
Only 8 impacts in the current series were below the 
19 degree limit, and only 4 vehicles met that 
requirement in any location.  Bending angle appeared 
to be most associated with the shape of the front of 
the vehicle.  Upper tibia acceleration limits were also 
challenging for the vehicles tested, with only 11 
impacts meeting the 170 g limit and 8 more over 170 
g but below the relaxed limit of 250 g.  Acceleration 
appeared to be associated with the stiffness and 
deformation of structures under the bumper, and 
tended to be highest in the area of the bumper support.   
 
Impacts that passed all injury measures tended to be 
associated with deformation of bumper structures at 
the impact point and distribution of loads over a large 
area on the legform, both above and below the knee.   
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ABSTRACT 
 

Pedestrian protection is one of the key topics of 
discussion in the area of vehicle safety legislation in 
Europe and Japan. Leg injuries are the most common 
injuries found in nonfatal pedestrian accidents. The 
EC regulation and Euro NCAP are evaluating 
pedestrian leg protection performance in current 
vehicles. The TRL legform impactor is specified by 
the EC regulation, where Phase 1 took effect during 
2005 and a draft phase 2 is scheduled to take effect in 
2013. The global technical regulation (GTR) 
pedestrian protection test protocol was made basically 
using the TRL legform impactor. However, a flexible 
legform impactor has been under development. When 
the flexible legform impactor development is fully 
completed and evaluated, it is possible that both 
legform impactors may be determined to be useful in 
the GTR. Thus, the objective of this study is to 
investigate the characteristics of pedestrian leg 
protection performance of the frontal area of current 
vehicles using the TRL legform impactor and the 
flexible legform impactor. Different types of vehicles 
(sedan, sport utility vehicle (SUV), height wagon, and 
1 box car) were used. The center of the bumper and 
center of the side members (i.e., the vehicles main 
longitudinal beams) were selected as impact locations 
for the legform impactors tests. This paper discusses 
an equivalence of injury assessment between the TRL 
legform impactor and flexible legform impactor. 
 
INTRODUCTION 
 

Every year, around 78,000 pedestrians are injured in 
traffic accidents in Japan [1]. Pedestrian protection is 
one of the key topics of discussion in the area of 
vehicle safety legislation in Europe and Japan. Leg 
injuries are the most common injuries found in nonfatal 
pedestrian accidents [1]; therefore, this investigation 
focuses on evaluating the protection provided by the 

bumpers of eight typical cars found in Japan. The basis 
of the test procedure used in this study for evaluation 
of bumper performance was developed by the 
European Enhanced Vehicle-safety Committee 
(EEVC)/WG17 [2]. The Transport Research 
Laboratory (TRL) legform impactor [3] approved by 
the EEVC/WG17 is employed by the EC regulation, 
where Phase 1 [4] took effect during 2005 and a draft 
Phase 2 [5] is scheduled to take effect in 2013. The 
global technical regulation (GTR) pedestrian protection 
test protocol was made basically using the TRL 
legform impactor. 

On the other hand, a flexible legform impactor 
which has a greater biofidelic level has been under 
development [6]. The flexible legform impactor has 
been evaluated for its technical level as a test tool by 
the pedestrian legform impactor technical evaluation 
group (TEG) of GRSP. When the flexible legform 
impactor development is completed and evaluated, 
both legform impactors have a possibility to be used 
in the GTR. Thus, the objective of this study is to 
investigate the characteristics of the pedestrian leg 
protection performance of the frontal area of current 
vehicles using the TRL legform impactor and the 
flexible legform impactor. 

 
METHOD 
 
Set-up 
 

The current model (2000) of the TRL legform 
impactor [3] and the flexible legform impactor type GT 
(2007) [6] were propelled into a stationary vehicle 
(Figure 2), respectively. The target impact velocity of 
the legform impactor was 11.1 m/s (40 km/h). The 
bottom surface of the TRL legform impactor was set to 
be the same level as the ground line at the moment of 
contact moment between the legform and bumper 
surface. The bottom surface of flexible legform 
impactor was set to be 75 mm higher level from the 
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ground line at the moment of contact, in order to have 
the flexible legform behavior became similar to that 
observed in the human body model simulations [6]. 

The tire pressure in each tested vehicle was adjusted 
to the pressure recommended by the vehicle 
manufacturer. To simulate two adult front seat 
occupants, 75-kg weights were placed on each seat. 
The temperature in the test facility during the test 
program was maintained in the range 20 to 21 degrees 
Celsius. The motion of the legform impactor during its 
impact with the vehicle was recorded by means of a 
high-speed digital camera (1000 frames/second). 
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Figure 1. Legform impactor to vehicle bumper impact 

test setup 
 
Eight different vehicles were tested from the 

following four categories: sedan, sport utility vehicle 
(SUV), height wagon, and 1 box car. Their 
specifications are summarized in Table 1.The height 
wagon and 1 box car used in this study were classified 
into the K-car (less than or equal to 660 cc of engine 
displacement) in Japan. 

 
Table 1. Vehicle specifications 
All length*all width

*all height (mm)
Net weight

(kg)
Displacement

(cc)
Bumper material

A 4410*1695*1460 1130 1496 resin

B 4670*1695*1505 1390 1990 resin

C 4395*1695*1535 1120 1498 resin

A 4420*1785*1710 1550 2354 resin

B 4455*1765*1675 1400 1998 resin

Height wagon A 3395*1475*1645 840 658 resin

A 3395*1475*1870 940 658 resin

B 3395*1475*1880 920 656 resin

Vehicle type

Sedan

SUV

1Box

 
 

The center of the bumper and the center of the side 
members (i.e., the vehicles main longitudinal beams) 
were selected as an impact location for both legform 
impactors tests as shown in Figure 2. The center of the 
bumper was defined to be on the line of the bonnet 
lock. It should be noted here that the bonnet lock of the 
height wagon A was slightly off-set from the vehicle’s 

center line as shown by CI in Figure 2 (6). The location 
of CII of the height wagon A was 295 mm away from 
CI.  

SI of SUV A is the most outer location in the impact 
area defined by EC regulation [5]. SII of SUV A is the 
location in front of the main longitudinal beam. 

 
In front of the 1box A car, there are two cross beams. 
SI of the 1 box A is the location in front of the main 
longitudinal beam which is connected to the lower 
cross beam. SII of the 1box A is the location in front 
of the longitudinal beam connecting to the upper part 
of the cross beam. A total of 19 locations from eight 
vehicles were impacted by the TRL and flexible 
legform impactors, respectively. 
 
Injury Measures 

 
TRL legform impactor 

The lower leg acceleration was used to evaluate tibia 
fracture risk. The knee shearing displacement (i.e., 
relative displacement between the leg and thigh at the 
knee joint level in the lateral direction) was measured 
to evaluate the cruciate ligament injury risk. The knee 
bending angle (i.e., angular displacement of the knee 
joint) was measured to evaluate the collateral ligament 
injury risk. Each data channel was sampled at 10 kHz, 
and data processing was done with an SAE Class 180 
filter. In this study, the measured criteria were 
compared to the injury assessment reference values 
(IARVs), which will be employed by EC regulation 
phase 2 [5]. 

 
Flexible legform impactor 
  The bending moment was used to evaluate the tibia 
fracture risk. The anterior cruciate ligament (ACL) 
elongation and posterior cruciate ligament (PCL) 
elongation were measured to evaluate each cruciate 
ligament injury risk. The medial collateral ligament 
(MCL) elongation was measured to evaluate collateral 
ligament injury risk. Each data channel was sampled 
at 10 kHz, and data processing was done with an SAE 
Class 180 filter. Since the IARVs of flexible legform 
have not been decided to date, this study used the 
lowest values employed in the paper [7]. The IARVs 
used in this study are summarized in Table 2. 
 

Table 2. Injury assessment reference values 

ACL PCL MCL

Acceleration Bending angle

170 G5) 19 degrees5)

Bending moment

312 Nm
(312-350)7)

11.2 mm
(11.2 mm)7)

11.2 mm
(11.2 mm)7)

19.5 mm
(19.5-21.6 mm)7)

Flex

TRL

Elongation

Knee ligament
Tibia

Shear displacement

6 mm5)
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        (1) Sedan A                    (2) Sedan B                     (3) Sedan C 
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          (4) SUV A                      (5) SUV B 
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        (6) Height wagon A 
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        (7) 1 Box A                  (8) 1 Box B 

 
Figure 2.  Impact locations on bumper of tested vehicles 
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RESULTS 
 
Fitting Ratio 

The measured injury criteria utilized by the TRL and 
legform impactors are listed in Table 3. The measured 
criteria which exceed the IARVs shown in Table 2 are 
indicated by the yellow shading. The TRL legform 
impactor impact results which exceed the IARVs [5] 
did not match the flexible legform impactor impact 
results which exceed the IARVs [7]. 

The measured injury criteria of the TRL and flexible 
legform impactors, together with the zone indicating 
whether the measures fulfilled the IARVs, are also 
shown in Figure 3. For the assessment of the tibia 
fracture risk, the relation between the acceleration 
measured by the TRL legform impactor and the 
bending moment by flexible legform impactor are 
summarized in Figure 3 (1). For the assessment of the 
ACL injury risk, the relation between the shear 
displacement measured by the TRL legform impactor 
and the ACL elongation measured by the flexible 
legform impactor are summarized in Figure 3 (2). For 
the assessment of the PCL injury risk, the relation 
between the bending angle measured by the TRL 
legform impactor and the PCL elongation measured by 
flexible the legform impactor are summarized in 
Figure 3 (3). For the assessment of the MCL injury risk, 

the relation between the bending angle measured by the 
TRL legform impactor and the MCL elongation 
measured by the flexible legform impactor are 
summarized in Figure 3 (4). The red shaded areas 
indicate that the measured criteria exceeded both 
requirements for the TRL and the flexible legform 
impactors. The blue shaded areas indicate that the 
measured criteria met both requirements for the TRL 
and the flexible legform impactors. For the assessment 
performance and the injury risk level of the IARVs 
between the TRL and flexible legform impactors to be 
completely the same for each injury, the measured 
criteria both have to be either in the blue area or both in 
the red area. However, all measured criteria were not in 
the blue or red area. 

In this study, the fitting ratio was defined as the 
number in the blue or red area divided by the number 
in the all impact locations (n=19). The fitting ratios 
corresponding to each injury are listed in Table 4. The 
fitting ratio for the tibia fracture risk assessment was 
63%. On the other hand, the fitting ratios for the ACL, 
PCL, and MCL injury risk assessments were 84%, 79%, 
and 84%, respectively. Therefore, the knee ligament 
injury risk assessment was at a higher level compared 
to the tibia fracture risk assessment between the TRL 
and flexible legform impactors. 
 

Table 3. List of measured injury criteria 
 

Tibia fracture
assessment

ACL PCL MCL

Acceleration (G)
Shear

displacement
(mm)

Bending
angle (deg)

Elongation
(mm)

Center 39.7 138 2.8 4.8 40.7 232 4.2 4.0 11.3

Side 39.7 291 2.0 20.3 40.5 311 7.7 13.0 25.0

Center 39.8 224 3.7 28.9 39.4 349 9.7 8.5 31.0

Side 39.9 371 3.9 25.6 40.2 339 17.2 10.2 31.0

Center 40.1 198 1.7 12.6 40.2 178 6.2 4.1 15.4

Side 39.8 307 3.0 24.3 39.9 307 7.3 8.8 23.2

Center 40.0 81 2.0 2.8 40.1 221 3.7 0.6 9.5

Side I 40.1 97 2.6 12.6 40.5 238 6.0 5.4 18.1

Side II 39.9 383 7.5 25.3 40.2 433 13.8 8.7 31.0

Center 40.0 126 1.1 16.5 40.0 356 10.5 6.0 23.5

Side 40.5 342 6.8 25.3 40.0 435 20.8 9.5 31.1

Center I 40.3 129 1.3 4.0 40.0 279 2.6 1.9 5.6

Center II 40.3 142 1.7 3.0 40.1 321 2.7 4.1 4.2

Side 40.4 545 7.8 24.0 40.4 377 10.0 6.7 13.9

Center 39.7 178 2.0 1.6 40.4 236 2.6 5.0 1.4

Side I 40.1 453 4.0 19.3 40.2 329 9.5 8.3 15.4

Side II 40.0 399 7.6 24.4 40.3 286 7.2 17.9 27.5

Center 40.3 97 1.8 4.7 39.9 268 4.1 2.7 13.1

Side 39.9 159 3.0 10.9 39.9 267 6.2 3.8 17.8

:Over injury assessment reference value (IARV)

A

C

A

B

B

Height Wagon

1Box

Tibia fracture
assessmentVehicle type

Impact
location

Sedan

SUV

A

A

B

Knee ligament injury assessment

Impact test result using Flex

Knee ligament injury assessment

Impact test result using TRL

Velocity
(km/h)

Velocity
(km/h)

Bending
moment

(Nm) Elongation (mm)
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            (1) Tibia fracture risk assessment                 (2) ACL injury risk assessment 
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            (3) PCL injury risk assessment                 (4) MCL injury risk assessment 

 
Figure 3.  Measured injury criteria 

 
 

Table 4. Fitting ratio 

Injury type (1) Tibia (2) ACL (3) PCL (4) MCL

12/19 16/19 15/19 16/19

63% 84% 79% 84%

Fitting ratio
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Comparison of Injury Measures Normalized by 
IARV between TRL and Flexible Legform 
Impactors 
 

The investigation of an equal possibility of using 
both the TRL and flexible legform impactors for injury 
risk estimation is necessary. To assess the injury 
severity when evaluating the bumper aggressiveness by 
means of the TRL and flexible legform impactors, the 

maximum values obtained by both impactors were 
expressed as injury measures normalized by IARVs 
(normalized injury measures). The IARVs of the TRL 
and flexible legforms listed in Table 2 were used. The 
relationship between the normalized measures of the 
TRL and the flexible legforms are summarized in 
Figure 4. The regression line starting from the 
coordinate origin between the two normalized injury 
measures was indicated by a blue solid line. The 
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           (1) Tibia fracture risk assessment                   (2) ACL injury risk assessment 
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Figure 4. Injury measures normalized by IARVs 
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dashed line, corresponding to an 1:1 ratio indicated that 
the injury risk assessment between the TRL and the 
flexible legforms is exactly the same. The risk 
assessment of the tibia fracture using the TRL legform 
impactor is more severe than that using the flexible 
legform impactor [see Figure 4 (1)]. The risk 
assessments of the knee ligament injuries (i.e., the ACL, 
PCL, and MCL) using the flexible legform impactor 
are more severe than those using the TRL legform 
impactor [see Figures 4 (2), 4(3), and 4(4)]. 

The coefficients of linear regression and the 
correlation coefficients are listed in Table 5. The 
correlation coefficient between the normalized injury 
measures of the TRL legform and the normalized 
injury measures of the flexible legform were over 0.51 
for all injury types. Specifically, the correlation 
coefficient between the normalized bending angle of 
the TRL legform and the normalized MCL elongation 
of the flexible legform was 0.89. The coefficient of 
linear regression between the two normalized injury 
measures was 0.87. These coefficients indicate that 
both normalized injury measures could predict a 
similar risk of medial collateral ligament injury. 
 
 

Table 5. Coefficient of linear regression and 
correlation coefficient 

 

Injury type (1) Tibia (2) ACL (3) PCL (4) MCL

Coefficient of linear
regression

1.50 0.73 0.87 0.87

Correlation
coefficient

0.57 0.52 0.51 0.89

 
 
 
DISCUSSION 
 

In this study, the criteria measured by TRL legform 
impactor and the criteria measured by flexible legform 
impactor were compared. Ideally, when comparing 
both results, the impact conditions such as impact 
velocity should be completely same. However, in this 
study, the impact velocity ranged 39.7 km/h to 40.7 
km/h. One of the limitations of this study is that the 
analyzed results might be affected by the variation in 
impact velocity. In the future, the effect of impact 
velocity on the injury measures should be investigated. 
Then, the current results possibly could be improved 
by the elimination of the velocity effect. 
   The measured injury criteria in each tested vehicle 
were shown in Figure 3. When focusing on the tibia 
for its fracture risk assessment against a vehicle center 
impact, all tested vehicles except three cases fulfilled 
the requirements for both legform impactors [see 

Figure 3(1)]. In contrast, for the tibia fracture risk 
assessment against a vehicle side member, the 
measured injury criteria indicated extremely high 
levels compared to those obtained at the vehicle center 
impact. The stiffness of the bumper in front of the 
main longitudinal vehicle beam in current vehicles is 
relatively high, and the distance between the inner 
surface of the bumper cover and frontal edge of the 
main longitudinal vehicle beam is too short to allow 
absorption of the impact energy exerted by the 
legform impactor. Some countermeasures, including 
attachment of energy absorbing structures in front of 
main longitudinal vehicle beam, might be necessary in 
terms of providing future pedestrian leg protection. 
   When focusing on the MCL injury risk assessment, 
the measured bending angles of an 1 box car by the 
TRL legform impactor were relatively smaller than 
those of a sedan or an SUV [see Figure 3(4)]. The 
frontal shape of the 1 box car could contribute to the 
reduction of the possibility of an MCL injury. 
   In this study, eight different vehicles including two 
1 box cars were used. The 1 box cars were classified 
into the K-car (less than equal to 660 cc of engine 
displacement) in Japan. On the other hand, larger 1 box 
cars (such as more than or equal to 2000 cc engine 
displacement) are also popular in Japan. Since the 
difference in the car front design between the K-car 
and the relatively large engine displacement car is not 
understood, the pedestrian lower leg safety 
performance of the large engine displacement 1 box car 
should be investigated. 
   In Figure 4, linear regression was applied by the 
least square method for the injury measures 
normalized by the IARVs. The distances between each 
injury measure data point and the linear regression 
line are summarized in Table 6. The distances over 0.5 
are marked by the yellow shaded areas. Table 6 
indicates that the distances were over 0.5 in all injury 
types at the side of the height wagon. It implies that 
there is a possibility that the car front structure at the 
side of the height wagon is different than the structure 
of other vehicles. 
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Table 6 The distances between injury measures and the 
linear regression line 

Tibia fracture ACL injury PCL injury MCL injury

Center 0.21 0.26 0.18 0.29

Side 0.13 0.23 0.78 0.05

Center 0.25 0.03 0.05 0.17

Side 0.35 0.65 0.16 0.03

Center 0.20 0.17 0.04 0.02

Side 0.21 0.03 0.21 0.29

Center 0.39 0.12 0.33 0.32

Side I 0.39 0.06 0.02 0.16

Side II 0.10 0.47 0.67 0.05

Center 0.65 0.69 0.32 0.20

Side 0.07 0.31 0.46 0.06

Center I 0.39 0.06 0.08 0.04

Center II 0.48 0.15 0.04 0.03

Side 0.90 0.88 0.90 0.74

Center 0.07 0.22 0.06 0.03

Side I 0.70 0.06 0.03 0.38

Side II 0.63 1.08 0.13 0.07

Center 0.48 0.04 0.11 0.39

Side 0.24 0.13 0.24 0.25

Distance from linear regression line

Vehicle type

SUV B

1Box A

1Box B

Sedan A

Sedan B

Sedan C

SUV A

Height wagon

 
 

The time history of the MCL elongation for the 
flexible legform impactor impacting against the center 
of Sedan A and the behavior of the flexible legform 
impactor at the time of maximum elongation are 
shown in Figures 5 and 6, respectively. According to 
Figure 5, 31.7 ms is the time when the maximum 
elongation was observed; however, the legform 
impactor was not in complete contact with the car 
front at this time (see Figure 6). Since the injury 
measures should be evaluated during the contact to the 
car front, the duration for the injury risk evaluation 
due to contact to a car front should be investigated in 
the future. 

Max. elongation 11.3 mm @ 31.7 ms
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Figure 5 Time history of MCL elongation 

 

 

 
Figure 6 Flexible legform behavior at 32 ms 

For the assessment of tibia fracture, the TRL 
legform impactor has a simplified design such that it 
can measure the acceleration at 66 mm below the knee 
level. In contrast, strain gauges were attached at four 
different levels in vertical locations on the tibia of the 
flexible legform to measure bending moments. An 
analysis of the maximum bending moment was 
employed for this study. If the lower part of the 
bumper in a tested car is more rigid, the measured 
bending moment at the corresponding location of the 
flexible legform could be the highest. Thus, there is a 
possibility to have lower correlation coefficients when 
comparing the relationship between the normalized 
acceleration of the TRL legform and the normalized 
bending moment of the flexible legform at the similar 
level to 66 mm below the knee. 
 
CONCLUSIONS 
 

This study investigated the equal possibility of 
injury risk estimation using both the TRL and the 
flexible legform impactors.  Nineteen locations of 
eight different Japanese vehicles (including sedan, 
sport utility vehicle (SUV), height wagon, and 1 box 
cars) were impacted by the TRL and the flexible 
legform impactors, respectively. 

In this study, the fitting ratio was defined as the 
number in an area where the measured criteria either 
fulfilled both requirements or exceeded both 
requirements of the TRL and the flexible legform 
impactors divided by the number in the all test cases 
(n=19). The fitting ratio for the tibia fracture risk 
assessment was 63%. In contrast, the fitting ratios for 
the ACL, PCL and MCL injury risk assessments were 
84%, 79% and 84%, respectively. Therefore, the knee 
ligament injury risk assessment was at a higher level as 
compared to the tibia fracture risk assessment between 
the TRL and the flexible legform impactors. 

The measured injury criteria were normalized by 
the injury assessment reference values (IARVs) 
(normalized injury measures). In this study, the IARVs 
which are to be employed by EC regulation Phase 2 
were used for the normalized criteria for the TRL 
legform impactor. Since the IARVs of the flexible 
legform have not been decided to date, this study used 
the values employed in an ESV paper. The 
relationship between normalized measures of the TRL 
and the flexible legforms were investigated. The risk 
assessment of tibia fracture using the TRL legform 
impactor is more severe than that using the flexible 
legform impactor. The risk assessments of knee 
ligament injuries (ACL, PCL, MCL) using the flexible 
legform impactor are more severe than those using the 
TRL legform impactor. The coefficients of linear 
regression and correlation coefficients were 
investigated. The correlation coefficients between the 
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normalized injury measures of the TRL legform and 
normalized injury measures of the flexible legform 
were over 0.51 for all injury types. Specifically, the 
correlation coefficient between the normalized 
bending angle of TRL legform and the normalized 
MCL elongation of the flexible legform was 0.89. The 
coefficient of linear regression between the two 
normalized injury measures was 0.87. These 
coefficients indicate that both normalized injury 
measures could predict a similar risk of medial 
collateral ligament injury. 
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ABSTRACT 
 
Injury and collision data from London’s Helicopter 
Emergency Medical Service (HEMS) and the UK’s 
Police fatal files were used to quantify and describe 
the nature of pedestrian head injury and investigate 
the causes.  
 
The HEMS data relating to all pedestrian accidents 
since 2000 was analysed with respect to their injuries, 
and the cost of these injuries was estimated using the 
time they spent on the ward and/or in intensive care. 
In addition to the HEMS data, Police fatal files 
containing details of fatal pedestrian impacts with the 
front of cars registered in 2000 or newer were 
analysed. These included post-mortems, which were 
coded using the Abbreviated Injury Scale. Although 
the fatal file sample was limited in size, it had the 
advantage of containing photographs of the accident 
and many other pertinent details. This enabled the 
causes of individual injuries to be determined. The 
head injuries seen in the HEMS data were then 
compared to the injuries in the fatal files .  
 
The HEMS dataset contained 746 pedestrians struck 
by motor vehicles, with 2,974 recorded injuries. 34 
fatal pedestrian accidents were analysed using the 
Police fatal files. 
 
The analysis of the HEMS data showed that the most 
frequent and costly injuries were to the head and legs. 
Head injuries of fatally injured adults were found to 
be principally caused by contact with the windscreen 
and surrounding structure. 
 
This research highlights the potential of hospital data 
to be an important tool in accident research, as the 
injury information can provide evidence of the effects 
of the changing vehicle fleet, and what injuries 
should be prioritised in the future. The paper also 
begins to quantify the proportion of the most serious 
head injuries (suffered by fatalities) which are caused 
directly by the vehicle, compared with secondary 
impacts with the ground or other objects. 

INTRODUCTION 
 
Pedestrian injuries 
 
In 2007 in Great Britain there were 646 pedestrian 
deaths and 6,924 seriously injured pedestrian 
casualties in traffic accidents [1]. The majority of 
pedestrian impacts are with the front of the car. 
Pedestrians are usually hit from the side, and are 3 to 
4 times more likely to be crossing the path of the 
vehicle than travelling in a parallel direction to it. 
Cases where the vehicle runs over the pedestrian 
(where the wheels travel over the pedestrian) are rare, 
with estimates varying between 2 % and 10 % [2] of 
pedestrian casualties. 
 
Previous studies have seen that the body parts with 
the highest risk of injury for a pedestrian struck by a 
vehicle are the head, followed by the lower 
extremities, the thorax, and the pelvis [2]. For non-
fatal injuries, the lower extremities have been seen as 
the most frequently injured. 
 
The head is often subject to two impacts, the first 
with the car itself, and the second with the ground as 
the pedestrian is thrown from the car. In relation to 
the relative severity of these two impacts, the 
literature is divided. Some observe that the primary 
impact (with the car) is the most severe impact [2]. 
This is in line with papers suggesting that the injuries 
caused by secondary impact are fewer and less 
serious than those caused by primary impact [3]. 
However, others claim that the secondary impact is 
often a source of injury comparable to the primary 
impact [4]. 
 
At-the-scene studies [5] have shown that contact with 
the vehicle was responsible for more life-threatening 
or fatal head injuries than contact with the ground, 
and also that the windscreen frame was more likely to 
give a serious head injury than contact with the 
windscreen glass or the bonnet. There were other 
trends in the type of injuries suffered: head injuries 
were the most frequent injury sustained by those 
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having non-minor injuries, with leg injuries being the 
second most common. As the overall injury severity 
of the pedestrians increased, the likelihood of injury 
for the individual body regions also increased: more 
severely injured pedestrians had more injuries in 
more regions. 
 
Supported by the European Commission (EC), the 
European Enhanced Vehicle-safety Committee 
Working Group 10 (EEVC WG10) and 11 developed 
testing methods and standards for pedestrian 
protection in frontal impacts with cars. These new 
standards have been introduced in a 2-stage approach, 
the first of which was the EC Directive 2003/102/EC 
[6]. This directive introduced a number of tests, 
including limits on the results of impacts between a 
lower leg form and the bumper and a head form to 
the bonnet top. 
 
In addition to the pedestrian regulation, Euro NCAP 
undertakes pedestrian sub-system impactor tests. Leg 
forms impact with the bumper and the bonnet leading 
edge and the head forms strike the bonnet at a variety 
of locations. As of 2009, the pedestrian tests have 
become an integral part of the new overall score 
given by Euro NCAP for any new car [7]. 
 
Much of the previous accident research performed in 
the area of pedestrian injury has been based on 
pedestrian impacts with relatively old cars. Since 
these studies car geometry, stiffness and mass has 
altered such that previous conclusions may no longer 
be valid for the modern car fleet. The purpose of this 
paper is to explore how a new source of data, 
collected by medical professionals, can add to the 
knowledge of the injuries received by pedestrians in 
traffic accidents. The causes of these injuries in 
pedestrian impacts with new cars (registered in 2000 
or later) will also be explored for a selection of fatally 
injured pedestrians using Police fatal files. 
 
London’s Helicopter Emergency Medical Service  
 
A report was produced in the 1980s by the Royal 
College of Surgeons which documented cases of 
patients dying unnecessarily because of the delay in 
receiving prompt and appropriate medical care. 
London’s Air Ambulance was established to address 
the findings of this report and to find a way to 
respond quickly in London’s increasingly congested 
roads. London’s Air Ambulance began operations in 
1989 from a temporary base at Biggin Hill Airport 
and in 1990 moved to a permanent base in central 
London. This is at the Royal London hospital, which 
was the only multidisciplinary hospital with a site 
where it would be safe to build a rooftop helipad. The 

Helicopter Emergency Medical Service (HEMS) 
began to fly from the rooftop at the Royal London on 
30 August 1990 and to date has flown over 17,000 
missions.  
 
Two trauma teams are available to attend major 
trauma incidents seven days a week from 7am to 
sunset. At night the poor visibility makes flying 
around the city dangerous, therefore the teams are 
grounded and rapid response cars are used instead. 
These cars can also be used if the emergency occurs 
whilst the helicopter is away on another mission.  
 
The HEMS primarily deals with major trauma 
accidents of all varieties including serious road traffic 
accidents. The patient is then seen as quickly as 
possible by a specialist trauma doctor and paramedic 
team to provide the greatest chance of survival. The 
paramedic team at the London Ambulance Service 
control room decides which of the 3,500 calls they 
receive a day are appropriate for the HEMS to attend. 
The paramedic team can also request for the HEMS 
to attend if they require further medical resources in 
the field. The helicopter’s medical team are equipped 
with a substantial range of drugs, emergency surgical 
kits, monitors and other equipment so that they can 
begin treatment straightaway. A doctor is part of the 
HEMS team and is able to perform life saving 
medical procedures that a paramedic is not qualified 
to undertake. They can also take the patients to the 
hospital best suited for the patient’s needs rather than 
the closest Accident and Emergency (A&E) 
department. 
 
Police fatal files 
 
Police fatal file accident reports are recognised as an 
important source of information for accident research. 
They can provide detailed information on the events 
leading up to an accident, as well as giving details of 
driver errors and/or vehicle defects which may have 
contributed to the accident and to the injuries that 
resulted in the fatality. 
 
These fatal accident reports cost a great deal to 
produce both in terms of police and pathologists’ 
time. The reports are produced, even where no 
criminal prosecution is envisaged, for presentation in 
evidence at the Coroner’s inquest. 
 
In 1992, TRL was commissioned by the UK’s 
Department for Transport (DfT) to set up and manage 
the police fatal road traffic accident reports project. 
The purpose of this project was to institute a scheme 
whereby police forces in England and Wales would 
routinely send fatal road traffic accident reports to 
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TRL when they were no longer of use for legal 
purposes. 
 
The fatal reports provide a valuable insight into how 
and why fatal accidents occur and offer an 
opportunity to learn from these tragic accidents, so 
that future incidents may be prevented. The current 
archive contains over 34,000 police fatal accident 
reports. 
 
METHOD 
 
The types of injuries sustained by pedestrians in 
traffic accidents were explored using data collected 
by HEMS. This data was also used to estimate the 
cost of these pedestrian casualties to the hospital. The 
causes of the head injuries of a sample of fatally 
injured pedestrians were determined using 
information present in Police fatal files. 
 
HEMS pedestrian data 
 
The data from the accidents attended by the HEMS 
team is entered into a database which is then 
primarily used for various analyses aimed at 
improving patient care and trauma management. This 
database holds information on the age and gender of 
the patient as well as their injuries and the treatment 
they received both on route to the hospital and during 
their stay. This includes information on operations, 
who treated them, outcome (i.e. whether they lived 
and if not then the area of the hospital in which they 
died) and their length of stay in hospital (both on 
wards and in Intensive Care Unit).  
 
The HEMS database is a medical database, and as 
such it has detailed information on the injuries 
sustained by pedestrian casualties. Each injury is 
coded using the International Statistical Classification 
of Diseases and Related Health Problems, Ninth 
Revision (ICD-9). This is a coding system developed 
by the World Health Organisation, where each 
possible injury has a unique four character ICD-9 
code associated with it. There are dictionaries of 
ICD-9 codes freely available on the internet [8]. This 
code describes what the injury is, but does not 
include a measure of the severity of the injury. 
 
The severity of the injuries is recorded by the HEMS 
team using the Abbreviated Injury Scale (AIS 1998). 
Each injury description is assigned a unique six digit 
numerical code in addition to the AIS severity score. 
The AIS severity score is a consensus-derived 
anatomically-based system that classifies individual 
injuries by body region on a six point ordinal severity 
scale ranging from AIS 1 (minor) to AIS 6 

(practically untreatable), shown in Table 3 [9]. This 
paper concentrates on injuries with an AIS score of 2 
or greater. 
 

Table 1. 
Possible values of AIS. 

AIS Score Description 

1 Minor 

2 Moderate 

3 Serious 

4 Severe 

5 Critical 

6 Maximum 

9 Unknown 

 
MAIS denotes the maximum AIS score of all injuries 
sustained by a particular occupant.  It is a single 
number that attempts to describe the seriousness of 
the injuries suffered by that occupant. 
 
The analysis of the HEMS data was carried out at two 
levels: the casualty level (of 746 pedestrians), and the 
injury level (of 2,974 injuries). To investigate injuries 
at the more meaningful casualty level, the maximum 
AIS in different body regions was calculated for each 
pedestrian. The body regions were: 
 
H –  Head (includes Neck) 
L –  Lower limb 
U –  Upper limb 
A –  Abdominal region (includes abdomen, lower 

back, lumbar spine and pelvis) 
T –  Thorax (includes thoracic spine) 
M –  Multiple and Not specified regions 
 
The “Multiple and Not specified regions” category 
was used for injuries such as external burns, which 
are a single injury but affect more than one region. 
 
The cost of these pedestrian casualties to the hospital 
was estimated, by considering the different cost of a 
day on a normal ward and a day in an intensive care 
unit (ICU). The Intensive Care Society state that the 
cost of a day in an ICU is approximately six times as 
costly to the hospital as a day spent on a ward [10]. 
Christensen et al [11] cites the Department of Health 
statistics [12] which say that the mean cost per 
patient per day on a general ward is £281, and the 
mean cost per patient per day in a critical care unit is 
£1,328 (approximately 4.7 times more costly than the 
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ward). The information in the HEMS database 
includes the number of days spent by each patient on 
the ward and in the ICU, so this was used to calculate 
a cost of each patient to the hospital. 
 
It should be noted that this cost only accounts for the 
length of time each pedestrian was in hospital, and 
does not account for the differing costs of surgical 
operations and procedures carried out during their 
stay or other pertinent factors. This is partially 
because this information could not readily be 
provided by the HEMS for this study, but also 
because the length of stay in hospital makes up a 
large proportion of the cost for each patient. In a 
study of blunt trauma patients, Christensen et al [11] 
calculated that approximately 75% of the total costs 
were accounted for by the length of stay in hospital. 
 
The distributions of some variables, for example the 
body regions injured for different age groups, were 
compared using a chi-squared test of significance to 
determine whether any differences were statistically 
significant. Where this was performed the p-value 
given by the test has been quoted. For example, a p-
value of 0.05 means that the probability that the 
distributions being compared are different is 95 %. 
 
Police fatal files 
 
The fatal file archive was searched to find and extract 
any files containing fatal pedestrian accidents 
involving a car registered in 2000 or later. These files 
were then searched through in order to identify 
whether they included photographs of the vehicle 
damage and a post mortem. This was required as the 
aim of looking at the files was to correlate the 
damage on the vehicles to the injuries the pedestrians 
received. 
 
In the time available, 34 fatal files were analysed 
with details obtained on the circumstances of the 
accident (i.e. the location, time, date, contributory 
factors etc.), the driver of the vehicle, the vehicle 
itself and its damage, and the pedestrian and their 
injuries. The details were filled out on forms and 
input into a database for analysis. The injuries 
detailed in the post mortems were coded into AIS 
2005 codes [13]. 
 
The location of damage on the cars which were 
involved in collisions with pedestrians was described 
using a 70 zone grid, shown in Figure 1. The AIS 2+ 
injuries received by each pedestrian were attributed to 
the various zones on the vehicle that were damaged 
or to other causation factors such as the ground, walls 
or acceleration injuries. This was done using a 

combination of the evidence from the photographs, 
scene plans, the post-mortems, and other aspects of 
the Police report (e.g. the direction of travel of the 
pedestrian, the speed and action of the car and the rest 
position of the pedestrian). 
 

 

Figure 1.  Zones on vehicle used for injury 
causation 
 
RESULTS 
 
An overview of the injuries received by pedestrians, 
and the costs associated with these injuries, was 
provided using the data recorded in the HEMS 
dataset. This also provided an overview of the head 
injuries received by pedestrians. The causes of 
pedestrian head injuries in impacts with cars 
registered in 2000 or later were investigated using the 
information present in Police fatal files. 
 
Overview of HEMS pedestrian injuries 
 
In total, the HEMS dataset used in this paper 
consisted of 746 pedestrians struck by motor vehicles 
between 2000 and 2007; with 2,974 injuries received 
in total. Of the 746 pedestrians, 616 survived (83%). 
 
Figure 2 shows the proportion of the pedestrians in 
each of three age groups who received at least one 
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AIS 2+ injury to one of the six different body 
regions. 
 

 
Figure 2.  Injury regions by age group. 
 
Head injuries were the most frequent AIS 2+ injuries 
for pedestrians in all age groups. Like all injury 
regions, head injuries were proportionally more 
frequent in pedestrian casualties aged 60 or older. 
The differences in the injury distributions for the 
different age groups were statistically significant (p < 
0.01). 
 
Selecting only fatally injured pedestrians gave a 
different injury distribution, shown in Figure 3. In 
this figure, head injuries are no longer the most 
frequently injured region: the abdomen and thorax 
both received more AIS 2+ injuries. Also, thorax and 
injuries to multiple or non specified body regions 
were most frequent for the youngest age group. The 
differences in the injury distributions for the different 
age groups for these fatalities are significant (p < 
0.1). 
 

 

Figure 3.  Injury regions by age group for fatally 
injured pedestrians 
 
Table 2 shows the most frequent combinations of AIS 
2+ injuries received by the pedestrians in the HEMS 
dataset, where ‘H’ is head, ‘L’ is lower limb, ‘U’ is 
upper limb, ‘A’ is abdomen, ‘T’ is thorax and ‘M’ is 
injury to multiple or non specific regions. There were 
330 pedestrians who had injuries recorded, and for 
whom the highest AIS in each of these body regions 

were known. This table shows the injury 
combinations received by at least 10 pedestrians. 
 

Table 2. 
Most frequent combinations of AIS 2+ injuries 

H L U A T M Freq. 
X      92 
 X     40 

X    X  16 
  X    14 

X X     13 
 X  X   12 

X  X    10 
X X   X  10 
X X  X X  10 

 
The most frequent combination of serious injuries 
was an AIS 2+ injury to the head only, a combination 
received by 28% of the pedestrians in the dataset. 
AIS 2+ injuries to the lower extremities only were the 
next most frequent, accounting for 12% of the 
pedestrians. Other combinations of injuries made up 
the remaining 60%, although no other single 
combination accounted for more than 5% of the 
casualties. 
 
Of the 2,974 recorded injuries to the pedestrians in 
the HEMS dataset, 1,857 were known to be AIS 2+ 
injuries. Table 3 shows the ten most frequent AIS 2+ 
injuries received by the pedestrian casualties. 
 

Table 3. 
Most frequent AIS 2+ injuries 
Injury description Freq. 

Cerebral contusion closed 158 
Generalized SAH IVH 133 

Cerebral subdural haematoma 93 
Fracture of ribs closed 92 

Fracture of base of skull, closed with 
intracranial injury 81 

Pneumothorax, without wound into 
thorax 73 

Injury to lung without wound into 
thorax 70 

Fracture of malar and maxillary bones 
closed 67 

Fracture of pelvis, pubis closed 54 
Fracture of clavicle, closed 53 

 
The list of the most frequent AIS 2+ injuries is 
dominated by head injuries. The three most frequent 
AIS 2+ injuries were head injuries, which made up 
five of the ten most frequent. 
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Cost of pedestrian injuries (HEMS dataset) 
 
Figure 4 shows the mean cost of the pedestrian 
injuries in the HEMS dataset, calculated using the 
method based on the duration of stay of the casualties 
in hospital. Figure 5 shows the cumulative annual 
cost for these pedestrians by body region injured. 
These figures show the cost of the pedestrians who 
had AIS 2+ injuries in the given body region. 

 
Figure 4.  Mean cost per patient in HEMS dataset 
by injury region. 
 

 

Figure 5.  Annual cost of pedestrian casualties in 
HEMS dataset by injured region. 
 
Although the average cost of head injuries was 
relatively low compared to other body regions, the 
large number of head injuries meant that pedestrians 
with AIS 2+ head injuries had a larger cumulative 
cost than pedestrians with AIS 2+ injuries in other 
regions. 
 
Pedestrian head injuries 
 
The analysis of the HEMS dataset has shown that 
head injuries were the most frequent serious injuries 
received by these pedestrians. Table 4 shows the ten 
most frequent AIS 2+ head injuries received by the 
pedestrians in the HEMS dataset. 
 

Table 4. 
Most frequent head injuries in HEMS dataset 

Injury description Freq. 
Cerebral contusion closed 158 

Generalized SAH IVH 133 
Cerebral subdural haematoma 93 

Fracture of base of skull, closed with 
intracranial injury 81 

Fracture of malar and maxillary bones 
closed 67 

Intracranial injury of unspecified nature 
closed 39 

Fracture of other facial bones, closed 36 
Cerebral haemorrhage extradural closed 35 
Fracture of vault of skull, closed with 

intracranial injury 30 
Fracture of base of skull, closed without 

intracranial injury 29 
 
These injuries are split between injuries involving the 
brain, and fractures of the surrounding bones. Brain 
injuries dominated, especially the two most frequent 
AIS 2+ head injuries: cerebral contusion, and 
generalised SAH IVH (subarachnoid haemorrhage 
and intraventricular haemorrhage). 
 
In comparison, Table 5 shows the most frequent AIS 
2+ head injuries received by the fatalities in the 
HEMS pedestrian dataset. 
 

Table 5. 
Most frequent head injuries of fatally injured 

pedestrians in HEMS dataset 
Injury description Freq. 

Generalized SAH IVH 64 
Cerebral contusion closed 44 

Cerebral subdural haematoma 41 
Fracture of base of skull, closed with 

intracranial injury 33 
Intracranial injury of unspecified nature 

closed 26 
Fracture of malar and maxillary bones 

closed 12 
Fracture of vault of skull, closed with 

intracranial injury 11 
Other or unspec. intracranial haem. 8 

Fracture of other facial bones, closed 6 
Cerebral haemorrhage extradural closed 5 

 
The types of head injuries received by the fatalities 
were very similar to the head injuries received by the 
pedestrian dataset as a whole: nine of the ten most 
frequent pedestrian head injuries for all casualties 
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were also present in the ten most frequent pedestrian 
head injuries of fatalities. 
 
Causes of pedestrian head injuries (In-depth 
review of Police fatal files) 
 

Figure 6 shows the causes of the AIS 2+ head injuries 
sustained by the 27 pedestrians in the Police fatal 
files who received at least one AIS 2+ head injury. 
This figure is at the pedestrian level. 
 

 
Figure 6.  Causes of pedestrian head injuries. 
 
Impacts to the windscreen caused AIS 2+ head 
injuries for 12 of the pedestrians, more than any other 
area of the vehicle. Impacts to the A-pillars caused 8 
pedestrians’ AIS 2+ head injuries, and impacts at the 
base of the windscreen caused 4 pedestrians’ AIS 2+ 
head injuries. The remaining head injuries were 
caused by the header rail, the roof, the leading edge 
of the bonnet, the ground, or had an unknown cause. 
It should be noted that the head injury caused by the 
leading edge of the bonnet was to a 7 year old child, 
in an impact with a large 4x4 vehicle. With the 
exception of this impact, no head injuries were 
caused by any point of the bonnet below the base of 
the windscreen. 
 
The severity of the head injuries caused by these 
different parts of the vehicle are summarised in 
Figure 7. 
 

 
Figure 7.  Severity of head injuries by cause. 
 

Although more pedestrians (at a casualty level) had 
head injuries caused by the windscreen, the greatest 
number of serious head injuries (at an injury level) 
was caused by impacts with the A-pillar. Impacts 
with the A-pillar also caused proportionally more 
AIS 4+ head injuries than the windscreen. 
 
Table 6, Table 7, Table 8, Table 9, Table 10, and 
Table 11 list the AIS 2+ injuries which were recorded 
for pedestrian impacts with the windscreen, A-pillars, 
wiper area, other parts of the vehicle, the road 
surface, and those with an unknown cause 
respectively. The injury descriptions are abbreviated 
versions of those recorded using the AIS injury 
coding system. 
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Table 6. 
AIS 2+ head injuries caused by impacts with 

windscreen 

AIS Description Freq 
5 Brain stem compression 1 
 Cerebellum: haematoma, epidural or 

extradural, large 1 

4 Cerebellum: haematoma, subdural, small 1 
 Cerebrum: haematoma, subdural, small, 

bilateral 1 
 Cerebrum, brain swelling, moderate 1 
 Base (basilar) fracture, complex 1 
 Vault fracture, complex 1 

3 Cerebrum: brain swelling NFS 4 
 Base (basilar) fracture NFS 3 
 Cerebrum: contusion, multiple, at least 

one on each side but NFS 2 
 Cerebrum: haematoma, subdural NFS 2 
 Cerebrum, contusion, single NFS 1 
 Cerebrum: contusion, multiple NFS 1 
 Cerebrum: contusion, multiple, on same 

side but NFS 1 
 Cerebrum: brain oedema NFS 1 
 Cerebrum: NFS 1 

2 Cerebrum: subarachnoid haemorrhage 4 

 Cerebellum: subarachnoid haemorrhage 3 

 Vault fracture NFS 3 

 Cerebrum: intraventricular haemorrhage 1 

 Vault fracture, closed 1 

 Maxilla fracture 1 

Total  36 
 

Table 7. 
AIS 2+ head injuries caused by impacts with A-

pillars 

AIS Description Freq. 
5 Brain stem NFS 3 
 Brain stem compression 2 
 Brain stem: injury involving 

haemorrhage 2 
 Cerebrum: contusion, single, extensive 1 
 Cerebrum: contusion, multiple, extensive 1 
 Diffuse axonal injury LOC > 24 hours 

NFS 1 

4 Base (basilar) fracture, complex 2 
 Sinus: sigmoid sinus, thrombosis, 

occlusion 1 
 Sinus, transverse sinus, thrombosis. 

Occlusion 1 
 Cerebrum: intraventrivular haemorrhage, 

associated with coma > 6 hours 1 
 Vault fracture, complex 1 
3 Cerebrum: contusion, multiple, at least 

one on each side, small 3 
 Cerebrum, haematoma, NFS 3 
 Cerebrum, brain swelling NFS 3 
 Cerebellum: brain swelling/oedema NFS 2 
 Intracranial vascular injury 1 
 Cerebellum: haematoma NFS 1 
 Cerebellum, haematoma, subdural NFS 1 
 Cerebellum NFS 1 
 Cerebrum: contusion NFS 1 
 Cerebrum: brain oedema NFS 1 
 Cerebrum: laceration NFS 1 
 Cerebrum: subarachnoid haemorrhage, 

associated with come > 6 hours 1 
 Cerebrum: NFS 1 
 Base (basilar) fracture NFS 1 
 Vault fracture comminuted 1 

2 Cerebrum: subarachnoid haemorrhage 3 

 Vault fracture NFS 2 

 Orbit, fracture, closed or NFS 2 

 Cerebellum: subarachnoid haemorrhage 1 

 Vault fracture, closed 1 

Total  47 
 



Richards 9 
 

Table 8. 
AIS 2+ head injuries caused by impacts with 

wiper area 

AIS Description Freq. 
3 Cerebrum: haematoma, subdural NFS 2 
 Cerebrum: brain oedema NFS 2 
 Cerebrum: contusion, multiple, at least 

one on each side but NFS 1 
 Cerebrum, haematoma, NFS 1 
 Cerebrum: brain swelling NFS 1 

2 Cerebrum: subarachnoid haemorrhage 1 

Total  8 
 

Table 9. 
AIS 2+ head injuries caused by impacts with other 

parts of vehicle 

AIS Description Freq. 
Unknown Unknown 1 

4 Base (basilar) fracture, complex 1 
 Base (basilar) fracture, complex 1 
3 Cerebrum: contusion, single, 

small 1 

 Cerebrum: brain swelling NFS 1 

Total  5 
 

Table 10. 
AIS 2+ head injuries caused by impacts with road 

surface 

AIS Description Freq. 
5 Brain stem: injury involving haemorrhage 1 

4 Base (basilar) fracture, complex 1 

3 Cerebrum: contusion NFS 1 
 Cerebrum: laceration, <2cm 1 
 Cerebrum: laceration NFS 1 
 Base (basilar) fracture NFS 1 
 Vault fracture comminuted 1 

2 Cerebrum: subarachnoid haemorrhage 1 

 Vault fracture NFS 1 

Total  9 
 

Table 11. 
AIS 2+ head injuries with unknown cause 

AIS Description Freq. 
5 Cerebrum: haematoma, subdural, large 1 

3 Cerebrum: haematoma, subdural NFS 1 
 Cerebrum: brain swelling NFS 1 
 Base (basilar) fracture NFS 1 
 Vault fracture comminuted 1 

2 Cerebellum: subarachnoid haemorrhage 1 

 Cerebrum: intraventricular haemorrhage 1 

 Cerebrum: subarachnoid haemorrhage 1 

 Vault fracture NFS 1 

Total  9 
 
The 12 pedestrians who received AIS 2+ head 
injuries caused by impacts with the windscreen 
received a total of 36 AIS 2+ injuries - an average of 
3 injuries each. The 8 pedestrians who received AIS 
2+ head injuries from impacts with the A-pillars 
received a total of 47 AIS 2+ head injuries – an 
average of almost 6 per pedestrian. So although more 
pedestrians received fatal injuries caused by the 
windscreen, the total number of injuries was greater 
for the pedestrians in impacts with the A-pillars. 
 
The head injuries received by the pedestrians were 
largely made up of haematomas, haemorrhages, and 
contusions of various areas of the brain. Of the 113 
known head injuries, 74 % were various brain 
injuries, while the other 26 % were fractures to 
various parts of the skull. The proportion of fractures 
compared to other injuries caused by the windscreen 
was 28 %. This proportion for the A-pillar was 21 %. 
 
DISCUSSION 
 
This project has set out the nature and pattern of the 
injuries received by pedestrian road traffic casualties 
attended by London’s HEMS team between 2000 and 
2007. It is recognised that this dataset typically 
represents the most seriously injured pedestrians, but 
nonetheless the sample size presents a useful 
overview of the types of injuries received. Injuries to 
the head were identified as the most costly based on 
an annual summation of the cost to the treating 
hospital, calculated from length of stay multiplied by 
injury frequency. 
 
Injuries to the head were also seen to be the most 
frequent. A single AIS 2+ head injury was found to 
be the most frequent combination of serious injuries, 
and the list of the most frequent injuries (as recorded 
using ICD-9) was dominated by head injuries. The 
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cumulative cost of head injuries was also seen to be 
greater than the cost of injuries to any other body 
region. 
 
The nature of the injuries to the head recorded in the 
HEMS dataset were investigated and compared with 
injuries observed in the Police fatal files. Similar 
trauma was noted. Forensic investigation of the 
evidence available in the Police fatal files allowed the 
AIS 2+ head injury mechanisms to be investigated.  
 
Head injuries have been seen to be the most frequent 
type of pedestrian injury in other studies of pedestrian 
casualties [2,5]. Head injuries may also be expected 
to be more frequent in the HEMS dataset, as these 
pedestrians are likely to have been involved in 
relatively serious crashes compared to the population 
of pedestrian casualties as a whole. However, 
comparing the most frequently injured body regions 
of all casualties and fatalities only shows that the 
pedestrians who were killed suffered a higher 
proportion of abdomen and thorax injuries than head 
injuries, for all age groups. The analysis of the cost of 
injuries also showed that, although head injuries were 
the most frequent in the HEMS dataset, they 
accounted for the lowest average cost of all the body 
regions. Assuming that the cost (based on the 
duration of stay) is related to the severity of the 
injury, this suggests that serious head injuries are not 
as severe for pedestrians as severe injuries to other 
parts of the body. 
 
When the causes of the pedestrians’ head injuries 
were investigated in the sample of fatal casualties, the 
most frequent cause was an impact with the 
windscreen. The second most frequent cause was an 
impact with the A-pillar. However, a large number of 
injuries were caused by impacts with the A-pillar, 
suggesting that impacts to the A-pillar are more 
severe than impacts with the windscreen. The 
severity of the impacts with the A-pillar was also 
greater, making up the majority of the AIS 4+ head 
injuries. 
 
Comparing the causes of these head injuries with the 
EuroNCAP and European pedestrian directive shows 
that, with the possible exception of the head impact 
of a small child with a large 4x4, not one of the 
impact zones are tested and acceptable limits applied. 
Testing of pedestrian head impacts currently focuses 
on impacts with the bonnet only. On the evidence of 
these fatally injured pedestrians, areas further up the 
car, especially the A-pillars and windscreen, should 
also be tested, or interventions applied to prevent 
head strikes to these areas. 
 

The number of pedestrians with serious head injuries 
caused by secondary impacts was much fewer than 
the number whose head injuries were caused by the 
primary impact with the vehicle. Of the 32 
pedestrians receiving AIS 2+ injuries, only four 
pedestrians had serious head injuries caused by 
secondary impacts with the ground. In comparison, 
Otte and Pohlemann [3] saw that 33 % of pedestrian 
injuries were caused by secondary impacts. The 
method used to determine the cause of the injuries – 
using photographs, statements and post mortems 
contained in Police fatal files – was perhaps more 
likely to attribute injuries to the vehicle rather than to 
secondary impacts. This is because the evidence of 
impacts to the vehicle is more obvious and more 
likely to be collected than evidence of secondary 
impacts. For example, a head may have struck a 
windscreen and the road surface, but the windscreen 
is the most visually obvious contact. Secondary 
impacts are likely to have been recorded as a cause 
when there was no evidence of an impact to the 
vehicle, or if the location of the injuries did not match 
the nature of the impact with the vehicle.  
 
This study has looked at pedestrian impacts with the 
front of cars only. It is likely that other impact 
configurations, such as impacts with the side of cars, 
would produce different injuries and different causes 
of injury. For example, it might be expected that the 
proportion of the head injuries caused by secondary 
impacts with the ground would be larger for these 
types of accident, as the pedestrian would be less 
likely to contact the vehicle with their head before 
they were thrown to the ground. 
 
Both of the datasets used in this paper contained 
more severely injured people than the national 
population of pedestrian accidents. For this reason, it 
is likely that the average costs of the pedestrian 
injuries calculated using the HEMS dataset is higher 
than the national average. However, it is likely that 
due to the rapid response provided by the HEMS and 
the specialized trauma care provided, that pedestrians 
suffering some of these serious injuries may have 
better outcomes than other pedestrians suffering the 
same injuries. However, there is data available which 
could be used to weight these costs – for example the 
national Hospital Episode Statistics – and performing 
this weighting would be a natural extension of this 
study.  
 
With respect to the mechanisms of injury, the 
severity bias of the selection of fatally injured 
pedestrians is more pronounced, and it is likely that 
less severely injured pedestrians receive a different 
distribution of injuries from different causes. 



Richards 11 
 

 
Another limitation of the Police fatal files is that the 
post-mortems are often not consistent in the amount 
of information they record for the injuries. This may 
lead less specific, lower severity injuries to be 
recorded using AIS if the information was not 
available (e.g. amount of blood loss, exact location of 
fractures) to code a more severe injury.  Further, the 
sample size is relatively small.  
 
The costing model, based on the duration of stay of 
pedestrians on the ward and in intensive care, is an 
example of one method which can be used to 
prioritise injuries using medical information. The 
costs of individual injuries could be refined if other 
information was considered, such as the operations 
and procedures performed on the patient while they 
were in hospital. Costing road traffic injuries in a 
similar way is already carried out in the USA [14] 
and is used when considering the cost-benefit of 
countermeasures designed to increase road safety. 
 
Finally, the analysis of pedestrian injuries using the 
HEMS dataset and Police fatal files is not limited to 
what has been presented here. For example, it is 
possible to focus on one particular cause of 
pedestrian injuries in more detail. The precise 
location of impacts on the windscreen could be 
investigated, and injuries caused by impacts near the 
edge of the screen could be compared with the 
impacts in the centre of the screen. The changes over 
time of the type of pedestrian injuries could be 
analysed using the HEMS dataset, to determine if 
changes in car design or other factors over time have 
changed the epidemiology of pedestrian injury. The 
costing model could also be developed, incorporating 
the cost of the operations and procedures carried out 
on the pedestrians in the hospital, and weighting the 
costs to be more representative of the national 
population of pedestrian casualties (using, for 
example, the nationally recorded Hospital Episode 
Statistics). 
 
CONCLUSIONS 
 
Using London’s HEMS dataset, serious head injuries 
are more frequent, and have a higher total cost, than 
serious injuries to any other body region. 
 
More fatally injured pedestrians had serious head 
injuries caused by impacts with the windscreen than 
any other part of the car. However, a greater number 
of injuries were caused by the A-pillars, and these 
tended to have a greater severity. 
 

No fatally injured adult pedestrian head injuries were 
caused by any part of the car forward of the base of 
the windscreen. This is in contrast to current 
pedestrian impact legislation and consumer testing, 
which concentrate on head injuries caused by impacts 
with the bonnet. 
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ABSTRACT 

This study compares head impact dynamics between 
post mortem human surrogates (PMHS) and the Polar-
II pedestrian crash dummy in vehicle-pedestrian 
impacts with a small sedan and a large SUV. A total of 
fifteen (8 sedan, 7 SUV) full-scale vehicle pedestrian 
impact tests were performed at 40 km/h. For each 
vehicle, two (SUV) or three (sedan) PMHS tests and 
five dummy tests were performed, with three of the 
dummy tests in the same configuration to show 
repeatability, and the other two tests utilizing slightly 
different configurations. Head linear and angular 
kinematics were captured from PMHS and dummy 
head instrumentation, and dummy neck forces and 
impact forces were calculated from the upper neck 
load cell data.  Differences in head impact locations, 
timing, and kinematics between the dummy and 
PMHS were minimized when the dummy was 
positioned higher above the ground reference level to 
match the pelvis height of the PMHS.  On average, the 
dummy recorded higher resultant impact forces (2930 
N vs. 1862 N) in windshield impacts to the sedan than 
in hood impacts to the SUV, which resulted in higher 
HIC15 values and higher peak and averaged angular 
accelerations.  While differences in dummy injury risk 
metrics both the dummy and PMHS data show that the 
difference in injury risk metrics predicted by the 
dummy can be explained by the variation in impact 
velocity between the sedan (14.1 ± 1.2 m/s) and the 
SUV (10.7 ± 2.3 m/s), the differences in injury risk 
predicted by the PMHS is not as clear due to 
confounding factors.  The data and analyses presented 
in this study also show that neck forces during head 
impacts contribute a substantial and additive effect to 
the head impact accelerations (and thus HIC15 values) 
measured in the dummy, and that for the SUV, neck 
forces affect head accelerations more than impact 
forces.  Despite analyzing only lateral impacts with 
two vehicle geometries at 40 km/h, this study provides 
the only comparison of PMHS and dummy pedestrian 
head impact kinematics data available. 

INTRODUCTION 

Head injuries are either the most or second most 
commonly reported injuries to pedestrians struck by 
vehicles (Kong et al. 1996, Edwards and Green, 1999, 
Peng and Bongard, 1999, Chidester and Isenberg, 2001, 
Mizuno 2003, Toro et al. 2005, Neal-Sturgess et al. 
2007).  Furthermore, among serious or life-threatening 
head and brain injuries far outnumber injuries to all 
other body regions (Chidester and Isenberg, 2001, 
Fildes et al. 2004).  Previous studies have shown that 
head and neck injuries sustained by pedestrians 
account for almost 60% of all Harm to pedestrians 
(Fildes et al. 2004).   

In an effort to mitigate the risk of head (and other) 
injuries to pedestrians, researchers have developed 
tools, like pedestrian dummies and computational 
models, to further understand the dynamics of vehicle-
pedestrian impact.  While the local stiffness of the 
individual vehicle structures involved in head-to-
vehicle impact is a primary concern in decreasing the 
risk of head injury, impact simulations with pedestrian 
dummies and computational models allow for 
examination of other factors that affect head injury 
risks.  For instance, the magnitude of the accelerations 
sustained by the head in head-to-vehicle impacts is 
dictated not only by the vehicle stiffness, but by the 
impact velocity and impact angle, which dictate the 
magnitude and duration of the impact forces applied to 
the head.  Additionally, Okamoto and Kikuchi (2006), 
in a study that involved vehicle-pedestrian impacts 
with the Polar-II pedestrian dummy, used the dummy’s 
neck instrumentation to explore the magnitudes of 
forces applied to the head through the neck during 
impact.  Since their goal was to compare pedestrian 
dummy impacts to those of headform impactors, 
Okamoto and Kikuchi used neck forces to examine 
similarities and differences between the dummy and 
the impactor, without examining how neck forces 
directly affect impact kinematics and estimates of 
injury risk.   
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The current study aims to examine how both the 
impact and neck forces applied to the head during 
head-to-vehicle impact influence linear and angular 
impact kinematics.  Furthermore, this study uses both 
the Polar-II dummy, which has been compared to 
PMHS in previous tests to verify overall kinematic 
biofidelity (Akiyama et al. 2001, Kerrigan et al. 2005a, 
Kerrigan et al. 2005b), and PMHS to further examine 
not only the biofidelity of the dummy but the 
limitations of the PMHS model.  Lastly, this study 
examines impacts with two vastly different shaped 
vehicles, a small sedan and a large SUV, to help 
elucidate the effects vehicle shape has on head impact 
dynamics.   

METHODS 

Vehicle-Pedestrian Impact Experiments 

A total of 15 vehicle-pedestrian impact tests with a 
late-model small sedan (n=8) and a late model large 
SUV (n=7), using both PMHS (n=5) and the Polar-II 
dummy (n=10) (Table 1).  The methodology and some 
results from 11 of the 15 experiments have been 
previously presented (Kerrigan et al. 2005a, Kerrigan 
et al. 2005b, Kerrigan et al. 2008b).  Since the current 
study presents previously unpublished results from 
these experiments, as well as results from previously 
unpublished experiments, the following description 
will provide a general overview of the test 
methodology, but focus specifically on the methods 
associated with the previously unpublished results.  
For a more complete description of all of the methods 
used to perform the experiments, the previous studies 
should be referenced.   

Table 1.  Test matrix. 

  
Test 
ID Subject 

Age/ 
Gender 

Mass 
(kg) 

Stature 
(cm) 

Stance/ 
Support/ 
Clothing

Ground 
Level 
(cm) 

D1 Dummy  75 173 Dummy 0 
D2 Dummy  75 174 Dummy 0 
D3 Dummy  75 174 Dummy 0 

DA1 Dummy  75 174 PMHS 0 
DA2 Dummy  75 179 PMHS +5 
P1 PMHS 61/F 80.7 187 PMHS 0 
P2 PMHS 70/M 54.4 179 PMHS 0 

Se
da

n 

P3 PMHS 62/M 81.6 186 PMHS 0 
D1 Dummy  75 173 Dummy 0 
D2 Dummy  75 172 Dummy 0 
D3 Dummy  75 171 Dummy 0 

DA1 Dummy  75 174 PMHS 0 
DA2 Dummy  75 179 PMHS +7 
P1 PMHS 75/F 46.7 177 PMHS 0 

SU
V 

P2 PMHS 53/M 104.2 176 PMHS 0 
 

Sled System    Drivable production versions of the 
vehicles were cut just rearward of their B-pillars, their 
wheels were removed and their suspensions were 
locked.  The vehicles were welded to a sled sub-frame 
and ballasted up to the vehicle curb weight for the 
sedan (1176 kg) and to the sled system limit (1600 kg) 
for the SUV.  Computational simulations verified that 
only negligible differences in vehicle pedestrian 
impact dynamics resulted from using an SUV mass 
less than the vehicle’s curb weight.  Each vehicle buck 
was attached to the carriage mounted to the 
deceleration sled system (Via Systems Model 713, 
Salinas, CA) at the University of Virginia (UVA) 
Center for Applied Biomechanics (CAB).  Damaged or 
deformed vehicle components were repaired or 
replaced between each test.   

A small, light pedestrian sled that mimicked the 
vehicle’s ground-reference-level was constructed and 
attached to the sled system to facilitate surrogate 
positioning prior to each test.  Plywood, which has 
been shown to possess frictional characteristics similar 
to that of road surfaces (Kam et al. 2005), was used as 
the shoe-contact surface on the ground-reference-level 
of the pedestrian sled.  A hydraulic decelerator 
programmed to decelerate the vehicle and pedestrian 
sled approximately 250 ms after initial vehicle-
pedestrian contact was installed at the end of the sled 
system to provide a constant 6g deceleration.  Above 
the decelerator, an energy absorbing catching 
mechanism (Kam et al. 2005) was installed to catch 
the subject, prohibit ground contact, and prevent 
additional injuries.   

Subject Preparation  Three male and two female 
PMHS (Table 1) were selected for this study based on 
the absence of pre-existing fractures, lesions, or other 
bone pathology as confirmed by computed 
tomography (CT) scan.  The PMHS were obtained and 
treated in accordance with the ethical guidelines 
established by the Human Usage Review Panel of the 
National Highway Traffic Safety Administration, and 
all testing and handling procedures were reviewed and 
approved by the CAB Biological Protocol Committee 
and an independent Oversight Committee at UVA.  
Specimens are labeled (Table 1) by the order of testing 
(with “P” indicating PMHS).   

Each specimen was instrumented with a (6) six-
degree-of-freedom (6DOF) cube to facilitate head 
kinematics measurement during the experiments 
(Kerrigan et al. 2008a).  The 6DOF cube contained 
three linear accelerometers (model 7264B-2000, 
Endevco Corp., San Juan Capistrano, CA) and three 
magnetohydrodynamic (MHD) angular rate sensors 
(model ARS-06, Applied Technology Associates, 
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Albuquerque, NM).  The six sensors were arranged in 
a specially designed aluminum cube to permit linear 
acceleration and angular rate measurements about 
three orthogonal axes (Figure 1).  An aluminum plate 
(44 x 46 x 5 mm) was attached to the posterior-
superior aspect of the skull with deep threaded wood 
screws (Figure 1).  Following preparation, each 
specimen underwent a computed tomography (CT) 
scan (0.97 mm/pixel, 1.25 mm slice thickness) to 
document the orientations of the cube mounting 
hardware (Figure 1).   

 
Figure 1.  CT scan reconstructions (top) and 

photograph (bottom) showing 6DOF cube (also 
inset), cube mounting plate, and markers used to 
determine head CG.  Photograph shows PMHS 

prone in tray.   

The Polar-II dummy was prepared as specified by its 
developers (e.g. Akiyama et al. 2001).  The dummy, 
which has the head of the Hybrid-III dummy, was 
instrumented with a nine-accelerometer package 
(NAP) centered about the head center of gravity using 
the same geometry as that used in the Hybrid-III.  
Additionally, the dummy’s neck was based on the 
THOR neck, and thus had a 6-axis upper neck load 
cell identical to that used in the THOR.   

Stance, Support and Clothing  Tests were 
performed in the following order: 

1) Repeated dummy tests with each vehicle-“D1”, 
“D2”, and “D3” in Table 1, 

2) PMHS tests with each vehicle-“P1”, “P2”, and 
“P3” in Table 1, and  

3) Adjusted dummy tests-“DA1” and “DA2” in 
Table 1.  

Each of the three series of tests were performed with 
different stance, support, and clothing of the subject 
(Figure 2).  In the first series of tests (repeated dummy 
tests) the dummy wore its standard jacket, shorts and 
shoes as specified by its developers.  It was supported 
for positioning by using a single rope that passed 
through the dummy’s shoulder eyebolts (bilaterally) 
and through the release mechanism.  In positioning the 

dummy in mid-stance gait, the following goals were 
applied (Kerrigan et al. 2005a): 

1) Both right and left thighs oriented at the same 
angle relative to the ground and no more than 
85 degrees from horizontal, 

2) Right leg back (struck side) and left leg forward 
3) Both feet flat on the ground reference level with 

the back of the right heel and front of the left 
shoe tip equidistant from the vehicle 
centerline 

4) Both knees at 0 degrees flexion.   
However, due to limited range of motion of the 
dummy’s right hip (it could not be extended more than 
5 degrees from neutral), and that the shoulder eyebolts 
were anterior to the dummy’s CG (and thus the 
dummy’s weight was not supported through its CG), 
achieving goal #3 was impossible without pushing the 
pelvis back and creating an angle of the thorax relative 
to the ground (Figure 2).   

 
Figure 2.  Images from SUV D3 (left), Sed DA1 

(middle) and Sed DA2 (right) depicting differences 
in dummy stance, support and clothing from the 

three different test series.   

The PMHS were outfitted in a TYVEK ® body suit 
(interior), a cotton/lycra shirt and pants (exterior), a 
cotton/lycra head cover, and a pair of athletic shoes 
(Figure 3).  The PMHS were supported via a piece of 
seat belt webbing that passed under the arms anteriorly 
and across the back posteriorly.  Additionally, the 
PMHS head was positioned with a second piece of 
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seatbelt webbing that was split and passed under the 
chin and under the occiput.  An attempt was made to 
position the PMHS like the dummy in the repeated 
dummy tests, however relatively low stiffness in the 
hip and knee joints prevented the right hip and right 
knee from being extended.  Gravity drew the right hip 
and knee into flexion, and the thorax into an 
orientation perpendicular to the ground. 

 
Figure 3.  Images from sedan (left) and SUV (right) 
PMHS tests depicting PMHS stance, support and 

clothing.   

A number of differences between in pedestrian 
response between the PMHS and dummy were noted 
(see Results) and thus a subsequent set of tests were 
performed with the dummy to determine if the 
differences were related to the differences in stance, 
support and position.  Since the dummy showed 
repeatable results in the repeated dummy tests 
(Kerrigan et al. 2005a, Kerrigan et al. 2005b), only 
single dummy tests (n=2 for each vehicle) were 
performed to examine the sensitivity to stance, support 
and clothing.  In the first test on each vehicle (Sed 
DA1 and SUV DA1), the dummy was outfitted in the 
same cotton/lycra shirt and pants, and the same athletic 
shoes used in the PMHS tests (Figure 2).  The dummy 
was not supported using the shoulder eyebolts, but 
instead was supported with the seatbelt webbing that 
passed under the arms anteriorly and across the back 
posteriorly.  This support allowed the dummy to be 
positioned in the same stance as the PMHS:  slight 

flexion in the right hip and thorax perpendicular to the 
ground reference level.  These PMHS-like conditions 
of the stance, support and clothing are indicated in 
Table 1 as “PMHS”.   

In addition to the differences between the PMHS and 
repeated dummy tests with respect to the stance, 
support and clothing, all of the PMHS were taller than 
the dummy (Table 1) as determined by measuring the 
distance between the top of the head and the ground 
reference level after positioning each subject.  Thus, in 
an attempt to evaluate how differences in stature 
affected the response characteristics, in the second of 
the adjusted dummy tests (Sed DA2 and SUV DA2) 
the vertical position of the ground reference level was 
increased using a rigid foam to position the dummy 
higher up than in the DA1 tests (Figure 2).  Since, it 
has been hypothesized that the height of the pelvis and 
greater trochanter relative to the vehicle front end 
components has a larger effect on pedestrian impact 
kinematics than pedestrian stature (Kerrigan et al. 
2005a, Kerrigan et al. 2005b, Kerrigan et al. 2007), the 
ground reference level height was increased to match 
the pelvis height of the PMHS.  The average height of 
the PMHS in the sedan tests and SUV tests was 
approximately 5 cm and 7 cm higher than the height of 
an analogous point measured on the dummy after 
positioning in Sed DA1 and SUV DA1, respectively.  
Thus the ground level for the DA2 tests was adjusted 
accordingly.   

Final Preparation and Test Event  Before 
hoisting PMHS specimens, the 6DOF cube was fixed 
to the mounting plate, and digitized relative to skull 
landmarks with a coordinate measurement machine 
(CMM) (FARO Technologies, Lake Mary, FL).  The 
support harness from each subject was attached to a 
solenoid release mechanism that supported the weight 
of the subject until immediately prior to the impact.  
The subjects were positioned such that the right lateral 
side facing the vehicle with the support aligned with 
the vehicle centerline.  The upper extremities of the 
surrogate were bound at the wrist, anterior to the body, 
with the left wrist closest to the abdomen, to ensure 
repeatable kinematics and the most severe impact 
(Kam et al. 2005).  Once the final position of the 
surrogate had been set, the CMM was used to digitize 
anatomical landmarks used to define the exact position 
and orientation of the subjects.  Additionally, the 
dummy head and the three attachment screw centers of 
the PMHS 6DOF cube were digitized to determine the 
pre-impact global reference frame orientation of the 
head instrumentation systems.   

The test event was initiated by a pneumatic propulsion 
system that accelerated the vehicle sled to 40 km/h.  

PMHS Test 
(Sed P3) 

PMHS Test 
(SUV P1) 
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The vehicle sled passed an inductive sensor on the 
track that triggered the release of the surrogate 
approximately 20 ms before the initial bumper-lower 
extremity contact.  Vehicle-PMHS interaction 
continued for 250 ms after bumper contact, at which 
time the vehicle was decelerated (constant ~6 g) and 
the surrogate was thrown forward into the catching 
mechanism.  All subject-mounted sensor data were 
sampled at 10 kHz via a wireless data acquisition 
system (TDAS G5, DTS, Seal Beach, CA).  A 
hardware filter of 3300 Hz was applied during 
acquisition, and the data were subsequently filtered 
(CFC 1000) for further processing.  The angular rate 
sensor data were compensated, using a routine 
specified by the manufacturer (ATA 2008), to extend 
the effective low frequency corner of the MHD 
angular rate sensor. 

Head Impact Dynamics 

Kinematics  PMHS head impact kinematics in both 
the local (body-fixed) and global (inertial) reference 
frames were calculated at the head CG using 
established techniques (Rudd et al. 2006, Kerrigan et 
al. 2008a, Kerrigan et al. 2008b).  The location and 
orientation of the head CG relative to the 6DOF cube 
was determined by digitizing the cube attachment 
screws and the posterior and lateral projections of the 
head CG, which were determined from the Frankfurt 
plane (based on data from Robbins et al. 1983), prior 
to positioning the PMHS (Figure 1).  Local frame 
kinematics were determined by first transforming the 
cube sensor measurements to a reference frame 
defined by the anatomical axes of the head (adhering 
to SAE J211), and then by translating cube 
accelerations first from the surface to the center of the 
cube, and then to the head CG by applying the rigid 
body dynamics equation.   

The cube’s initial global reference frame orientation 
was determined from the pre-test CMM data.  Data 
from the angular rate sensors were used to update the 
global frame orientation of the cube at each time step 
of the impact interaction.  By updating the orientation 
of the cube at each time step, the local sensor data 
could be expressed in the global reference frame.  The 
components of the global linear velocity vector were 
determined by integrating the transformed 
accelerations, and transformed into the vehicle 
reference frame by using the vehicle velocity time 
history.  Angular acceleration data were determined by 
differentiating the transformed angular velocity data.  
To remove the high frequency noise introduced by the 
numerical differentiation, a 300 Hz (-6 dB cutoff) low-
pass second-order Butterworth filter was applied to the 
angular acceleration data (Rudd et al. 2006).   

In the dummy, the components of the local frame 
angular acceleration vector were calculated from the 
NAP data (Padgaonkar et al 1975).  Angular 
accelerations were integrated to determine the 
components of the local frame angular velocity vector.  
Then the components of the local frame acceleration 
vector were determined by translating the 
accelerometer measurements to the head CG using the 
rigid body kinematics equation.  Then, using the same 
methods as in the PMHS, global reference frame 
kinematics (linear and angular accelerations, and linear 
and angular velocities) were calculated.   

Impact Forces  The time history of the 
components of the force acting on the dummy head by 
the vehicle (impact force) can be calculated by 
applying Newton’s second law to the dummy’s head 
(Figure 4).  The dummy’s head can be modeled as a 
rigid body with mass mhead that accelerates (a) as a 
result of the forces acting on it.  In vehicle-pedestrian 
impacts, a force is applied to the dummy’s head 
through its connection to its neck (FN), and another 
force to the head through its contact with the vehicle 
(FI).  In some cases, more than one force can act on 
the head by the vehicle (multiple contact locations), 
however for the purposes of this analysis, the vector 
sum of these forces is assumed to be only a single 
force, acting at a single location.   

 
Figure 4.  Free body diagram of the dummy’s head 

with component sign convention. 

Thus we have the vector relations 

NI FFa +=headm    (1), and 

NI FaF −= headm    (2).   

Time histories of the components of the impact force 
vector were calculated in each dummy test, using 
Equation 2 with the neck load cell forces and the 
components of the local frame acceleration vector.  
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The neck forces and impact forces were calculated as 
forces applied to the head and with the SAE J211 sign 
convention (Figure 4).   

RESULTS 

Linear Kinematics 

All sedan impacts resulted in head impact with the 
vehicle’s windscreen and all SUV impacts resulted in 
head impact with the vehicle’s hood (Figure 5).  
Subjects that were taller, or raised off the ground 

reference level (both DA2 tests), experienced head 
contacts farther up the vehicle than shorter subjects. In 
other words, while the relationship is clearly a function 
of vehicle geometry, specimen stature was positively 
(generally) correlated with wrap-around-distance 
(WAD) to the location of head impact for each vehicle 
(Table 2 and Figure 6).  WAD measurements were 
made using the standard method of measuring 
vertically from the ground up to the vehicle bumper, 
and then along the contour of the vehicle to the head 
impact location.   

 

Figure 5.  High speed video images depicting the imager frame just prior to impact (HC1) from six of the tests. 
   

Table 2.  Head impact parameters for each subject.   

Test 
WAD 
(mm) 

Impact 
Velocity 

(m/s) HIC15 

t1-
HIC15 
(ms) 

t2-
HIC15 
(ms) 

HC1 
(ms)

HC2 
(ms)

Sed D1 1930 14.69 1437 123.6 138.6 124 125 
Sed D2 1940 13.30 1447 122.3 137.3 123 124 
Sed D3 1970 13.88 1321 125.4 140.4 127 128 

Sed DA1 1970 15.89 1749 122.6 137.6 122 123 
Sed DA2 2130 15.31 1091 131.4 146.4 133 134 
Sed P1 2410 13.56 824 147.3 162.3 151 152 
Sed P2 2200 14.48 3647 135.3 139.4 134 135 
Sed P3 2320 11.80 511 138.8 153.8 141 142 
SUV D1 1685 9.29 577 92.4 107.4 98 99 
SUV D2 1660 10.45 826 85.2 100.2 93 94 
SUV D3 1665 9.29 752 84.7 99.7 93 94 

SUV DA1 1700 11.39 1704 87 102 93 94 
SUV DA2 1850 12.03 1642 94.8 109.8 99 100 
SUV P1 1860 12.11 3694 96.8 101.8 95 96 
SUV P2 1845 10.64 745 85.9 100.9 91 92 
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Figure 6.  WAD to Head Contact vs. stature for all 

tests.  The black line indicates a WAD equal to 
stature.   
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In the case of the sedan, all WAD measurements were 
greater than stature (Figure 6), which suggests that 
subjects slide up the vehicle prior to head contact, with 
the amount of sliding also positively correlated with 
stature.  The repeated dummy tests and the first 
adjusted dummy test (DA1) on the SUV resulted in 
WAD measurements slightly less than the stature, 
which means that not only does the dummy not exhibit 
sliding (like in the sedan tests), but that the dummy did 
not evenly wrap around the vehicle in the SUV cases. 
(Figure 5).   

High speed video images (1 kHz) from each test were 
analyzed to determine the time of head-to-vehicle 
contact.  Because of the temporal resolution (1 ms) of 
the video images, the exact time of head contact to the 
vehicle could not be determined.  However, the last 
imager frame prior to head contact (HC1) and the first 
imager frame after contact (HC2) initiated were 
determined, and since the change in the resultant head 
linear velocity relative to the vehicle velocity 
(Appendix Figure A1) over this short (1 ms) time 
interval was relatively high, head impact velocities are 
reported as the average (“Impact Velocity” in Table 2) 
and as the average and range over the time interval 
(Figure 7).  Head impact velocities exceeded the 
vehicle velocity between 6% (P3) and 43% (DA1) in 
the sedan cases.  In the SUV cases, the head impact 
velocities were less than the vehicle velocity in the 
repeated dummy tests (6%-16%) and in one PMHS 
test (4%), but higher than the vehicle velocity in the 
adjusted dummy tests (3%-8%) and in the other PMHS 
test (9%).   
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Figure 7.  Impact velocity vs. WAD to head contact 

for all tests.   

With regard to the risk of injury resulting from linear 
acceleration, the 15 ms Head Injury Criteria (HIC15) 
(Table 2)–calculated from the head CG resultant linear 
acceleration (Appendix Figure A1)–was compared to 

the impact velocity (Figure 8) and the WAD to head 
contact (Figure 9).  In general, HIC15 values increased 
with head impact velocity for each vehicle with some 
exceptions.   
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Figure 8.  HIC15 vs. head impact velocity for all 

tests.  
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Figure 9.  HIC15 vs. WAD to head contact for all 

tests.   

The first adjusted dummy test (DA1) on the sedan 
resulted in the highest impact velocity (15.89 m/s), 
which was only slightly higher than that in the 
repeated dummy tests (13.3-14.7 m/s).  This resulted 
in DA1 having only a slightly higher HIC than the 
repeated tests (1749 vs. 1321-1447) since head contact 
was in a similar location in each case (WAD 1930-
1970 mm).  In DA2, the dummy sustained a 
substantially lower HIC15 (1091) by impacting the 
windshield farther up (near the center) at a slightly 
lower impact velocity (15.9 vs. 15.3 m/s) than DA1.  
The second PMHS endured head impact at location 
similar to in DA2 and a lower velocity (14.48 vs. 
15.89 m/s), yet it sustained a much higher HIC15 
(3647 vs. 1091) than DA2.  While the other two 
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PMHS, which had head impacts to the top third of the 
windshield (12 and 21 cm higher up than P2), 
sustained head impacts at lower velocities (11.8 and 
13.6 m/s) and recorded drastically lower HIC15 values 
(824 and 511).   

The lowest impact velocities of all of the cases in this 
study were sustained by the dummy in the repeated 
SUV tests.  Although the dummy sustained HIC values 
that were only among the lowest recorded in the study.  
In SUV DA1 the dummy sustained a higher HIC15 
than in the repeated dummy tests (1704 vs. 577-826) 
despite impacting the vehicle at a similar location and 
only a slightly higher impact velocity (11.4 vs. 9.3-
10.5 m/s).  Raising the dummy up by 7 cm between 
DA1 and DA2 resulted in a 15 cm increase in WAD to 
head impact, and a slightly higher impact velocity 
(11.4 vs. 12.0 m/s) yet a slightly lower HIC15 (1642 
vs. 1704).  Looking at the PMHS SUV tests, there is a 
large discrepancy in HIC values between the two tests 
(3694 and 745) despite having similar impact locations 
(rear 10% of the hood) and a small difference in 
impact velocity (12.11 m/s vs. 10.64 m/s).  
Furthermore, DA2 and P1 have similar impact 
locations and similar velocities, but DA2 has a 
substantially lower HIC15 (1642).   

By examining the vehicle hood and underhood 
components in the area of the impacts, it became clear 
that both the SUV PMHS (and SUV DA2) endured 
head impacts at a location on the vehicle hood just 
above the passenger compartment-engine compartment 
firewall.  It is hypothesized that this structure is very 
stiff, and thus has substantial influence on HIC15 
values.  Further analysis of the video images showed 
that the chin of P2 contacted the right arm/shoulder 4-
5 ms prior to contacting the hood.  It is hypothesized 
that the head/arm impact resulted in the substantially 
reduced HIC15 value, and that if the head/arm impact 
had not occurred, the HIC15 value recorded by SUV 
P2 would be similar to that recorded by P1.   

Linear Kinetics 

Dummy neck forces (Appendix Figure A2) at head 
impact (HC1) were dominated by z-direction forces, 
which exceeded 2300 N in every test in this study, 
2500 N in all but two tests, and 3000 N in four tests 
(Figure 10).  Neck forces are presented as forces 
applied to the head, so the positive z-forces at impact 
indicate significant neck tension.  X and y-forces were 
all below 400 N at impact, and on average, x and y-
forces were only 4% and 10% of the of the tensile (z) 
forces, respectively.  The repeated dummy tests 
resulted in the highest tensile forces at impact, 
followed by the adjusted SUV tests, and lastly by both 

the adjusted sedan tests and the repeated SUV tests, 
which sustained similar tensile forces at impact.  
Overall however, the average tensile force at impact 
was 2902 N with only a 15% coefficient of variation 
across all tests despite differences in vehicle geometry.  
Similar coefficients of variation in tensile force, 17% 
and 10% for the sedan and SUV tests respectively, 
were seen when considering impacts only with the 
same vehicle.   
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Figure 10.  Dummy neck forces at the time of head 

contact (HC1).   

Tensile forces similarly dominate neck forces 
throughout the interaction between the head and the 
vehicle.  It is difficult to discern a robust kinematic 
marker for the end of the interaction time, so to 
examine the effect over the period of head-vehicle 
interaction, neck forces were averaged over the times 
used to calculate HIC15 (Figure 11).  While z-
direction forces still dominate neck forces throughout 
impact (1600-2500 N), x and y-forces were higher on 
average at 6% and 25% of the tensile force, 
respectively.  The difference in tensile impact forces 
by test type is less clear than in the pre-impact forces. 
Overall, the average tension in the neck during the 
impact interaction was 2155 N with only 14% 
coefficient of variation across all tests.  Similarly also, 
averaged tensile forces had only 16% and 12% 
coefficients of variation when considering sedan and 
SUV cases separately.   

In contrast to neck forces, impact forces (Appendix 
Figure A2) are dominated by y-direction forces 
resulting from the vehicle impacting the right lateral 
side of the head.  When impact forces are averaged 
over the times used to calculate HIC15 (Figure 12), the 
data show that in the SUV cases (except DA2) x-
direction forces are commensurate with y-forces, but 
that y-forces are much larger than x-forces in the sedan 
cases.  In the sedan cases, averaged y-impact forces 
were only slightly higher, on average, than z-neck 
forces (2590 vs. 2112 N).  However, in the case of the 
SUV, averaged neck tensile forces were substantially 
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larger, on average, than y-impact forces (2199 N vs. 
1381 N).  This difference is still apparent, yet to a 
lesser degree, when comparing y and z-neck forces 
with x and y-impact forces in the SUV cases.   
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Figure 11.  Dummy neck forces averaged over the 

times used to calculate HIC15.   
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Figure 12.  Dummy head impact forces averaged 

over the times used to calculate HIC15.   

While there was no way to determine the neck or 
impact forces applied to the head during impact, 
Equation 1 and Equation 2 suggest that comparing 
local-frame accelerations between the dummy and 
PMHS tests, can shed light on the forces in the PMHS 
tests (Figure 13).  In both Sed DA1 and SUV DA2, for 
example, the dummy shows that there are high z-
accelerations at the time of impact (71 and 73 g, 
respectively), with virtually no x or y-direction 
accelerations (between 2 and 16 g).  Similarly, there 
are high z-direction neck forces at the time of impact 
in both cases, but there was virtually no x and y-
direction forces.  Similarly in the PMHS, examining 
Sed P1 and SUV P1 for example, z-direction 
accelerations are relatively high at impact (54 and 80 g, 
respectively), and x and y-direction accelerations are 
lower (30 and 12 g in Sed 1, and 21 and 6 g in SUV 1, 
respectively), but slightly higher than in the dummy 
tests.   

During the head-vehicle impact interaction, the 
dummy data shows that the z-direction acceleration 
and neck force reduces to zero by t2 with the z-
direction impact forces remaining small.  Despite the 
smaller magnitude, the z-direction impact force in Sed 
DA1 opposes the z-direction neck force.  However, in 
the case of the SUV, the opposite occurs and the z-
neck force points in the same direction as the z-impact 
force.  In contrast to the dummy tests, the z-direction 
PMHS accelerations remain relatively high throughout 
the interaction. 

During the interaction, y-direction accelerations and 
impact forces in the dummy grow and remain 
relatively high, with smaller, yet still not negligible, y-
direction neck forces, which point in the same 
direction as the impact force in both cases.  The same 
is true for the x-direction accelerations and impact 
forces, but their magnitude is lower than those 
measured in the y-direction.  Similarly in the PMHS 
tests, y-direction and x-direction accelerations grow 
and remain high throughout the interaction, with the y-
accelerations being higher than the x-accelerations.   

Overall, the averaged (between t1 and t2) resultant neck 
forces in the dummy were 61%-115% and 95%-190% 
of resultant impact forces in the sedan and SUV cases, 
respectively.  On average, resultant neck forces were 
79% and 128% of resultant impact forces in the sedan 
and SUV cases.   

ANGULAR KINEMATICS 

Resultant angular velocity and angular acceleration 
time histories (Appendix Figure A2) show that angular 
velocities are relatively high at the time of impact, and 
angular accelerations reach high values as a result of 
impact.  Angular velocities at the time of impact are 
close to, or equal to, peak angular velocities measured 
in all tests.  In general, the subjects reached peak 
angular accelerations during head-vehicle impact that 
spanned a large range between 4522 rad/s2 (Sed P3) 
and 39126 rad/s2 (SUV DA2).  Averaging over the 
times used to calculate HIC15 (t1-t2), the dummy 
predicted higher angular accelerations in the sedan 
tests than in the SUV tests, despite having similar peak 
angular velocities in some cases (Figure 14).  In the 
PMHS cases on the other hand, averaged angular 
accelerations were similar with one high case for each 
vehicle (~15600 rad/s2) and the other cases lower 
(2300-4300 rad/s2).  Interestingly though, the peak 
angular velocities measured in the sedan PMHS tests 
were less than those measured in the SUV PMHS tests. 

Furthermore, it is interesting to note that, other than in 
the adjusted dummy tests on the SUV, all of the tests 
showed that HIC15 and averaged angular acceleration 
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were well correlated (Figure 15).  Additionally sedan 
test P2 and SUV test P1 resulted in very similar and 
quite high HIC15 and peak angular acceleration values, 

whereas the other PMHS tests predicted lower levels 
of injury risk.   
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Figure 13.  Head local accelerations from a sedan (top) and an SUV (bottom) dummy test (left), with neck and 
head impact forces (center), compared to head local accelerations from two PMHS tests (right).  Times used 

to calculate HIC values are shown in each plot with squares, and the head impact time (HC1) is shown with a 
diamond.   
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Figure 14.  Resultant angular acceleration averaged 

over t1-t2 vs. peak angular velocity for all tests.   
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Figure 15.  Resultant angular acceleration averaged 

over t1-t2 vs. HIC15 for all tests.   
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DISCUSSION 

If head injury risk is measured in vehicle/pedestrian 
collisions using the linear acceleration (which 
determines HIC15) during interaction with the vehicle, 
solving Equation 2 for the head acceleration vector 

headhead mm
NI FFa +=    (3)  

shows that head injury risk is equally affected by the 
forces applied to the head through the neck, and by the 
forces applied to the head by the vehicle.  Neck forces 
were shown to be dominated by z-direction (tensile) 
forces that increase to high levels well prior to head 
impact, and remain at relatively high levels throughout 
the impact interaction.  High tensile neck forces prior 
to impact are easily explained by the overall 
kinematics of the subjects (Kerrigan et al. 2005a and 
Kerrigan et al. 2005b).  The subjects’ upper bodies 
undergo rotations about the x (anterior-posterior) axis 
with center of rotation near the pelvis.  This results in 
the head, which is farthest from the pelvis, having the 
highest linear velocity, and its inertia causing high 
tensile forces in the neck.  Okamoto and Kikuchi 
(2006) showed similarly high tensile forces in the 
dummy neck prior to and at the time of head impact 
(~1500 N and ~4000 N in SUV and sedan impacts, 
respectively).   

Since the distribution of neck forces at impact (high z-
force and low x and y-forces) does not change 
dramatically during interaction with the vehicle, it can 
be concluded that head impact with the vehicle does 
not dramatically affect the force transmission from the 
neck to the head.  Impact forces, on the other hand, are 
dominated by y-direction (lateral) forces, with 
somewhat high forces also in the x-direction, and 
virtually no forces measured in the z-direction.  Since 
these forces are caused by vehicle impact, it makes 
sense that they are directed in the right-to-left lateral 
direction and in the anterior-to-posterior direction 
because head impacts occur to the right-anterior side 
of the head (Figure 5).   

Equation 3 also shows that when impact forces and 
neck forces point in the same direction, the effect on 
the acceleration is additive.  Another way of saying 
this is that when the neck force points in the same 
direction as the impact force, the neck force results in 
increased head acceleration, and when the forces have 
opposite polarities, neck forces decrease head 
accelerations.  Data from this study shows that the 
neck force has an additive effect on the acceleration 
magnitude, on average, in the x, and y directions in all 
of the tests and in the z-direction in the SUV tests.  In 

the sedan tests, on average, the z-impact force opposes 
the neck force, but is only 8% of the neck force (162 N 
vs. 2112 N) the mitigating effect on the z-acceleration 
is low.   

In this study, all of the force applied to the head 
through the neck is assumed to be measured by the 
dummy’s upper neck load cell, when the structure of 
the dummy (Figure 16) as well as the presence of 
impact forces prior to head contact (Appendix Figure 
A2) suggests that this is not true.  Firstly, the dummy 
has anterior and posterior cables designed for the 
THOR dummy to increase the flexion-extension 
stiffness of the neck, that provide for a load path 
between the head and the neck that is parallel to that 
which passes through the neck load cell.  While the 
THOR dummy contains load cells to measure the 
tension in the cables, the Polar-II dummy did not.  
Since the cables can only support loads in tension, data 
from this study show that neck tensile loads are 
underestimated.  The time histories of z-direction 
impact forces (Appendix Figure A2) show that a 
tensile “impact” force (between 67 and 420 N) was 
measured prior to impact in all of the tests.   

 

Figure 16.  Photo depicting Polar-II head/neck 
connection and instrumentation.   

Additionally, the dummy neck has a pin joint between 
the dummy neck and the head (A.O. joint), which 
permits the head’s coordinate system to be rotated 
about the y-axis between -8 degrees (extension) and 25 
degrees (flexion).  Thus the orientation of the head’s 
acceleration coordinate system was not necessarily 
aligned with the neck’s coordinate system.  This 
difference explains why there are impact forces 
measured in the x-direction prior to impact (between 
80 and 560 N).  Negative x-direction forces applied 
through the neck that result in these pre-contact 
“impact” forces, suggest that prior to impact the A.O. 
joint is in extension, and if the neck forces could be 

Posterior 
Cable 

Anterior 
Cable 

A.O. 
Joint 

Upper 
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corrected for A.O. joint angle (which is measured by a 
potentiometer in THOR) these x-direction impact 
forces would actually be recorded as increased tensile 
forces.   

While it is not possible to measure neck forces in the 
PMHS directly, it is hypothesized that force 
transmission from the neck to the head is different in 
PMHS than in the dummy.  A primary justification of 
this hypothesis can be explained by the lack of active 
musculature.  Since the PMHS lacks active 
musculature, and the dummy’s neck was designed to 
have the stiffness of a living human with active 
musculature (Akiyama et al. 2001) there are some 
differences in the head trajectory (Kerrigan et al. 
2005a and Kerrigan et al. 2005b) and head linear and 
angular velocity (Appendix Figure A1) between the 
dummy and the PMHS.  The linear velocity time 
histories show that PMHS reach lower peak head 
velocities than the dummy, and the angular velocity 
time histories show an early peak not seen in the 
dummy tests, which results from the motion of the 
thorax being out of phase with the motion of the head.  
In other words, as the thorax of the dummy rotates 
down toward the car, the relatively stiff neck of the 
dummy keeps the head in line with the thorax (see 
Kerrigan et al. 2005a and Kerrigan et al. 2005b for 
more high speed imagery from the tests).  But in the 
PMHS tests, as the thorax rotates, the inertia of the 
head and relatively low stiffness of the neck caused a 
delayed reaction of the PMHS head.   

Further evidence of the difference in force 
transmission between the head and neck of the PMHS 
and dummy can be seen in the differences in head 
impact dynamics between the DA2 dummy tests and 
PMHS tests Sed D2 and SUV D1.  Despite sustaining 
similar head impact velocities at similar (or the same) 
impact location, DA2 in the sedan and SUV resulted in 
much lower HIC15 values than in the Sed P2 and SUV 
P1.  Since impact accelerations are determined by neck 
and impact forces (Equation 3), the sum of the neck 
and impact forces must have remained much higher 
during the impact in Sed P2 and SUV P1 than in the 
DA2 tests.  While it is not possible to know whether it 
was the neck force or the impact force (or both) that 
was higher in the PMHS tests, comparing accelerations 
and impact forces in two dummy tests (Figure 13) 
showed that z-direction accelerations correlated with 
z-direction neck forces before and during head impact, 
and that x and y-direction accelerations correlated with 
impact forces during the head impact.  In comparing 
SUV P1 with SUV DA2, while y-direction 
accelerations appear to remain at similar levels 
through out the impact, x and z-direction accelerations 
in the PMHS remain higher than those in the dummy 

tests, which suggests that both neck forces and impact 
forces were higher in the PMHS.  Ideally though, to 
provide a more accurate estimate of this difference, a 
universal (not representing any particular vehicle) with 
instrumented impact surfaces should be used to 
measure impact forces directly.   

It is hypothesized that SUV P2 would have resulted in 
similar impact dynamics as those seen in SUV P1, had 
it not endured a head/arm impact prior to (and during) 
the head/hood impact.  Not only did the arm impact 
reduce the linear acceleration and HIC15 value, but it 
reduced the peak and averaged angular acceleration 
values.   

In comparing head impacts to the sedan and to the 
SUV, the difference in impact velocity between the 
two vehicles, on average, showed that the dummy 
impacted the sedan at a 39% higher velocity in the 
sedan tests than in the SUV tests (14.6 vs. 10.5 m/s).  
Looking at the forces, on average, averaged resultant 
neck forces were similar between the two vehicles, but 
impact forces were 57% higher in the sedan tests than 
in the SUV tests (2930 vs. 1862 N).  The higher 
impact velocities resulted in higher impact forces 
causing the dummy to predict higher HIC15 values 
and higher angular accelerations in windshield impacts 
in the sedan tests than in hood impacts in the SUV 
tests.  This result is further supported by epidemiology 
data showing that the windscreen causes greater Harm 
to pedestrians than any other vehicle structure (Fildes 
et al. 2004) and almost half of all AIS 2-6 head injuries 
are caused by the windscreen (Mizuno 2003).   

CONCLUSIONS 

In the current study, head impact dynamics 
experienced by pedestrians struck by a small sedan and 
a large SUV were examined using data from impacts 
with both a pedestrian dummy and PMHS.  Despite 
analyzing only lateral impacts with two vehicle 
geometries at 40 km/h, the results and analyses 
presented in this study provide insights into pedestrian 
head impact dynamics that can be used to improve 
passive and active pedestrian injury countermeasures.   

In general, the results of the dummy tests showed that 
the Polar-II dummy is repeatable but that differences 
in the pre-test position, support and clothing of the 
dummy can dramatically affect head impact dynamics, 
with a greater effect seen in the SUV tests compared to 
the sedan tests.  Additionally, the dummy shows good 
biofidelity in comparing it to the PMHS tests, however, 
differences in stature and neck stiffness between the 
PMHS and dummy affect head dynamics before and 
during head impacts 
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The data also showed that, for both vehicles, dummy 
neck forces contribute a substantial and additive effect 
to head impact accelerations because the component-
wise neck forces point have the same polarity as the 
component-wise impact forces, and because the neck 
forces are of comparable magnitude to the impact 
forces:  neck forces were, on average, 79% and 128% 
of resultant impact forces in the sedan and SUV cases, 
respectively.  In the case of the SUV, averaged 
resultant neck forces exceeded averaged impact forces, 
suggesting that neck forces affect head accelerations 
more than impact forces in the SUV.   

While inclusion of the PMHS data complicates the 
relationship, the dummy predicted higher HIC15 
values and higher angular accelerations in windshield 
impacts in the sedan tests than in hood impacts in the 
SUV tests.  This difference is due to the higher impact 
velocities in the sedan tests compared to the SUV tests 
(14.6 m/s vs. 10.5 m/s), which result in higher impact 
forces transmitted to the head by the vehicle.   
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APPENDIX 
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Figure A1.  Head resultant linear acceleration and velocity, and angular acceleration and velocity time histories from 

the sedan (left) and SUV (right) tests.  The diamond indicates HC1 and the square indicates HC2.   
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Figure A2.  Impact forces (“Ix”, “Iy”, and “Iz”) and neck forces (“Nx”, “Ny”, and “Nz”) applied to the head.  Forces are in the head’s local coordinate system as 

defined by SAE J211 (Figure 4).  The diamond and square indicate HIC calculation times t1 and t2, respectively.  Note that time and force scales very.   
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ABSTRACT 
 
In recent years car manufacturers when developing 
new car designs have paid great attention to two 
main aspects. On one hand there are the pollutant 
emissions and in particular the carbon dioxide 
emissions which are directly connected to the fuel 
consumption of cars, on the other hand there is the 
always increasing safety level required for the cars, 
with a particular attention to the safety of 
pedestrian and other vulnerable road users (VRU). 
The present paper reports some results of a recent 
research activity developed in this perspective and 
specifically devoted to the design of a bonnet for a 
middle/low segment car. A global overview on the 
different solutions which can be used to obtain a 
lightweight and pedestrian safe bonnet will be 
illustrated. 
The main part of the work deals with the design of 
a hybrid metal/plastic bonnet. All the aspects 
examined during the design of a new bonnet will be 
taken into consideration, starting from the technical 
performance and going through the manufacturing 
and economical aspects. 
Then some considerations on a bonnet with a 
peripherical frame solution will be presented. At 
the end, the study on a further concept of hybrid 
bonnet characterized by a particular wire design of 
the inner structure will be addressed. 
 
INTRODUCTION 
 
In the recent years substantially two main 
objectives are put in evidence as the main targets in 
the automotive design. On one hand cars are one of 
the most important sources of pollution. There are 
different reasons to explain why vehicles are a 
source of pollution [1-4], first of all there are the 
products of engine combustion, the primary ones, 
the carbon dioxide (CO2) and the secondary ones, 

such as carbon monoxide (CO), oxides of nitrogen 
(NOx) and unburned hydrocarbons (HC). Then the 
cars are also an important source of noise pollution 
[5], and at last but not least, the vehicles have to be 
considered as a solid pollution at the end of their 
life. Among these types of pollution, in the recent 
years the pollution due to the emission of carbon 
dioxide is certainly considered the most important 
one, because it is a green house gas and is 
considered responsible for the planet climatic 
changes. In particular, as it is possible to see in 
Figure 1, if in the last years the emissions of carbon 
dioxide from different sectors have decreased, the 
contribution from the transport sectors has 
continuously grown [1]. 
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Figure 1. Variation of the global CO2 emissions 
by sectors as a function of the years. 
 
In this field, from many years a series of 
regulations have been proposed and emitted by 
different source such as the national Governments 
but also by association of car manufacturers, with 
the scope of a relevant reduction of the production 
and the emission of carbon dioxide. In order to face 
this more and more strict limits, the car 
manufacturers are currently engaged to improve the 
global efficiency of the vehicles, working on 
different aspects: engine, transmission and 
aerodynamics efficiency. However, in order to 
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meet the targets, one of the most important aspects 
is the lightweight, in fact the production of carbon 
dioxide is directly related to the fuel consumption 
and therefore to the weight of cars. 
The other main subject in the automotive design is 
the safety. In recent years many improvements 
have been achieved in the field of safety for the 
occupants of the vehicles, by working both on 
active and passive safety. Nowadays the attention 
of the public opinion and of the car manufactures is 
focused on the safety of the vulnerable road users 
(pedestrians and cyclists), in fact the number of 
dead and injuries due to road accidents that involve 
these categories is very important [3,9,11]. Also in 
this field more and more strict regulations have 
been proposed, not only by the national 
Governments but also by rating institutes such as 
the Euro NCAP [12]. A series of impact tests have 
been introduced which replicate possible accident 
involving a pedestrian, and a series of target have 
been established which have to be reached to get 
the approval for the vehicle [10, 16, 17]. Since 
2009 the total score obtained in the rating tests 
includes the score referred to pedestrian protection; 
it is unnecessary to remind here how Euro NCAP 
score is considered now a marketing key for the car 
manufacturers. 
In this perspective it is possible to collocate the 
present research work, made in collaboration 
between Fiat Research Centre and Politecnico di 
Torino, aimed to the development of a hybrid 
metal/plastic bonnet for a car of medium/low 
segment. The progressive development of the 
bonnet design, starting from a reference solution, 
will be illustrated. The main targets of the work 
have been a weight reduction of about 30% in 
comparison with the reference bonnet, together 
with a reduction of the injuries to the pedestrian 
head in case of impact. Further the final solution 
should have competitive total industrial cost when 
compared to a full aluminium solution, and to 
ensure the same quality and functionality of the 
reference solution. The development has started 
from a predefined hybrid concepts, but different 
solutions in terms of shapes and materials have 
been considered. During the development the main 
stream has been focused on the technical 
performance, but also manufacturing 
considerations such as the compatibility with the 
current assembly line and some economical aspects 
have been taken into account. All the development 
phase has been done by means of virtual 

simulations, in particular using the finite element 
model technique. 
At the end also some considerations on alternative 
solutions made by a peripherical reinforcement as 
bonnet frame will be illustrated together with a 
further hybrid bonnet concept with a particular wire 
design for the inner structure. 
The reference bonnet is shown in an exploded view 
in Figure 2, it is completely made by stamped steel 
sheet parts and it is composed by an outside panel, 
which will be considered constrained by the 
aesthetic style of the car (for this reason its shape 
cannot be changed but it is only possible to modify 
the sheet thickness and the material), by an inner 
structure aimed to structural functions, and by a 
series of reinforcements applied near the hinges 
and above the locking mechanism. 
 

 
Figure 2. An exploded view of the reference 
bonnet. 
 
HYBRID BONNET 
 
The main hybrid concept has been defined starting 
from the experiences made in other similar 
activities [6-8], in particular focused on a tailgate. 
This concept is characterized by a thermoplastic 
inner structure, in order to exploit the potentials of 
this material in terms of freedom in shape and 
thickness distribution, and by an outside metal 
panel in order to meet the quality requirements. 
Starting from these concepts, and on the basis of 
information obtained in a preliminary 
benchmarking activity, where the geometries and 
the materials used for a series of bonnets currently 
in production have been investigated, some initial 
ideas for the hybrid bonnet have been proposed. In 
particular the design of the inner thermoplastic 
structure has been considered. The first solution 
consists of a simple perimeter structure, the other 
ones are characterized by a perimeter structure with 
a series of longitudinal and crossed ribs. These 
initial concepts are shown in Figure 3. 



__________________________________________________________________________________________
Belingardi 3 

 

As the main targets of this work is lightweight 
together with reduction of injury risks for the 
impacted pedestrian head, the different proposed 
solutions have been evaluated first under the 
pedestrian safety point of view, then the most 
promising ones have been evaluated also versus 
other structural performance:  stiffness and l 
denting resistance 
 

 
Figure 3. Three main preliminary concepts for 
the inner structure of hybrid bonnet. 
 
For what concerns the pedestrian head impact tests, 
simulations have been performed according the 
ACEA phase II regulations. The test parameters 
have been an impact speed of 40 km/h with an 
impact angle of 50°.  
Before to examine the first proposed solutions, the 
quality of the prepared FEM model has been 
assessed by comparing the numerical results of 
some pedestrian head impact tests with the 
available experimental values. In particular three 
different impact points, namely C2C, C3D and 
C4C, (their positions on the bonnet surface are 
shown in Figure 4) have been examined for the 
reference bonnet solution. For this work the well 
known software LS-Dyna®, that is based on a step 
by step explicit integration scheme, has been used. 
The results have been examined in terms of HIC15 
and acceleration curves recorded during the test 
execution in the head form centre of gravity. 
The diagrams shown from Figure 5 to Figure 7 
establish a systematic comparison between the 
experimental and numerical acceleration curves, 
while and the HIC15 values are reported and 
compared in Table 1. The results of this quality 
assessment are very good, not only because the 
numerical values of HIC15 are very close to the 
experimental one but also because all the 
acceleration curves have remarkable accordance 
both in values and in trend with the experimental 
ones. It has been possible to conclude that this 
model can be used for the following development 
of the hybrid hood because it has simulated very 
well the real behaviour. 

 
Table 1. 

Comparison between the numerical and 
experimental HIC15 results for the reference 

solution 

Points Experimental Numerical

C2C 1852 1912

C3D 1181 1381

C4C 943 945

HIC15

 
 

 
Figure 4. Position of the impact points on the 
bonnet surface. 
 

 
Figure 5. Comparison between the experimental 
and numerical acceleration curves for the point 
C2C. 
 

 
Figure 6. Comparison between the experimental 
and numerical acceleration curves for the point 
C3D. 
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Figure 7. Comparison between the experimental 
and numerical acceleration curves for the point 
C4C. 
 

 
 
Figure 8. Two different designs for the inner 
structure, G1 on the left, G2 on the right. 
 
At this stage the design of the hybrid bonnet has 
begun and some solutions for the thermoplastic 
inner structure have been drawn, according to the 
information obtained in the first preliminary 
benchmarking phase. In particular, as shown in 
Figure 8, two different solutions have been 
proposed, namely the G1 and the G2. 
The G1 solution is characterized by a series of 
longitudinal ribs, while the G2 solution has a series 
of cross ribs. For what concerns the material to be 
adopted for this part, the thermosetting materials 
have been discarded, because they cannot be 
recycled in an easy way. An interesting solution for 
the material, both from lightweight and cost point 
of view, could be the polypropylene, which is one 
of the most used thermoplastic material for 
automotive applications, but this material can have 
problems with the temperature due to the proximity 
of the engine. For this reason it is necessary to 
consider a material with better thermal and 
mechanical properties, and in this case a polyamide 
reinforced by glass fibres has been chosen. In 
particular, in a first development, a long glass fibre 
reinforcement with a weight fraction of 40% has 
been selected. The main mechanical properties of 
this material are: tensile modulus of 9300 MP and 
tensile strength of 146 MPa. For what concerns the 
thickness of the inner structure, initially two 

different values have been considered, in particular 
2.5 and 1.2 mm but the second one has been 
immediately discarded because, from the 
manufacturing point of view, is not feasible. The 
plastic material has been modelled using the card 
*MAT_PIECEWISE_LINEAR_PLASTICITY. 
The stress-strain curve of the material has been 
supplied at room temperature. The design of the 
hybrid bonnet has been completed by the same 
parts of the reference solution: an outside steel skin 
and a series of steel reinforcements. The join 
between the different parts has been made by 
structural adhesive bonding. 
The pedestrian safety performance of this first 
hybrid bonnet has been evaluated in the same 
impact points considered up to now. The obtained 
results are shown in Table 2 in term of HIC15. 
 

Table 2 
HIC15 results for the first hybrid bonnets 

HIC15

Solution C2C C3D C4C

Reference 1912 1385 941

G1 Th. 2.5 2429 2222 2112

G1 Th. 1.2 2027 1507 1016

G2 Th. 2.5 2515 - -

G2 Th. 1.2 1966 - -

Impact point

 
 
The obtained value are generally too high, and by 
examining also the acceleration curves which have 
led to these results, it has been possible to conclude 
that these first solutions for the hybrid bonnet have 
resulted too stiff for this type of performance. For 
this reason a series of corrective modifications have 
been introduced. 
First of all a third design for the thermoplastic inner 
structure, as shown in Figure 9 and called G3, has 
been proposed. This solution is made once again by 
longitudinal ribs but in a lower number and with a 
lower height in order to reduce bending stiffness. 
Then, on the three considered inner structures, a 
series of cuts have been applied in order to reduce 
further both the weight and the bending stiffness. 
The new obtained solutions, identified by the 
extension .1 are shown again in Figure 9. For what 
concerns the materials, for the inner structure, it has 
been decided to reduce the mechanical properties 
of the fibre reinforced polyamide by using a short 
glass fibre reinforcements, with the same weight 
fraction, while for the outside panel it has been 
decided to evaluate the behaviour of different types 
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of aluminium alloys, series 6xxx, varying at the 
same time, the panel thickness. 
The behaviour of these modifications has been 
evaluated initially only for the pedestrian safety 
performance with a complete test plan on the 
impact point C4C. Results allow to compare all the 
possible solutions. A summary the results are 
shown in Table 3. Substantially, the solutions 
which have a thermoplastic inner structure 
reinforced with long glass fibre, have to be 
discarded because are too stiff, even if the external 
panel has been made in aluminium. A similar thing 
can be said also for the solutions characterized by a 
steel outside panel.  
For what concerns the inner structure, the best 
results have been obtained with the G3 design, but 
also the results obtained with the design G1.1 and 
G2 are quite interesting, finally, as it has already 
seen before, the design G1 appears too stiff. 
 

 
Figure 9. Different considered designs for the 
thermoplastic inner structure. 
 
 

Table 3 
Comparison of the HIC15 results obtained for 

the different examined solutions. 
HIC15

Solution Ref. G1 G2 G3 G1.1 G3.1

Inner Structure: 

PA long fibre 

Skin: aluminium

941 1904 1263 1104 1277 902

Inner Structure: 

PA short fibre 

Skin: aluminium

941 1540 1097 937 1074 812

Impact Point C4C

 
 
On the most promising solutions a further 
simulation loop has been done, aimed to evaluate 
the effect of some different types of aluminium 
alloys and to define the best material and thickness. 

At this point of the development it has been 
necessary to take into consideration a second 
important performance for the bonnet, the torsional 
stiffness. This value is obtained with an 
experimental test after having positioned 
horizontally the bonnet and by applying a vertical 
load at one of the two rubber pads, where usually 
the bonnet is leaned. The vertical displacement of 
the load application point is measured and then, 
through a geometric procedure, the applied torque 
and the related deformation angle are calculated. 
The ratio between these two values allows to 
evaluate the torsional stiffness. 
Starting from the previous results on pedestrian 
safety, the bonnet typologies taken into 
consideration for the torsional stiffness analysis 
have been designed by an external aluminium skin 
and an inner structure made by short glass fibre 
reinforced polyamide. In particular the behaviour 
of the different design for the inner structure has 
been investigated. Once again they have been 
evaluated by means of the results obtained with of 
finite element simulations. At this stage the scope 
of these numerical analysis has been to understand 
the global trend of the different solution taken into 
consideration. By examining the results collected in 
Table 4, it is possible to note a deep decrease from 
the value of reference solution, but it is also 
necessary to say that this value is much higher than 
the target. These results have put in evidence as the 
design G2 is the best solution from the torsional 
stiffness point of view. The loss in stiffness is also 
rather low for the cut solution G2.1. The other two 
solutions G1 and G3 can be considered in target 
also if the decrease of the stiffness is quite high. 
Finally the use of cuts in these latter design has 
been quite relevant because they have caused a 
dramatic loss in stiffness for the solution G1.1 and 
G3.1.  
Then two different types of lateral stiffness, which 
are two other important missions usually taken into 
consideration during the design of a bonnet, have 
been calculated. In this case the bonnet has been 
opened at two different angle and a lateral load (in 
the Y direction) has been applied on the stricker of 
the lock and then on the mobile hinge. Also in this 
case the displacement of the load application points 
has been measured and then the related stiffness 
has been calculated. The results of these virtual 
tests have substantially confirmed those obtained 
for torsional stiffness, for this reason it is possible 
to make the same considerations mentioned before. 
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Table 4 
Torsional stiffness results for the different 

design of the inner structure 
 

Solution Δ  stiffness vs reference (%)

G1 -53.1

G2 -21.4

G3 -55.3

G1.1 -82.9

G2.1 -22.7

G3.1 -65.1

Torsional stiffness test

 
 
At this point of the development, by integration of 
the results obtained during the pedestrian head 
impact test and the stiffness results, it has been 
possible to define the most promising solution to be 
investigated in more details. This solution is 
characterized by an external skin of series 6xxx 
aluminium, with a defined thickness, and an inner 
structure, with the G3 design, made with short glass 
fibre reinforced polyamide, with a thickness of 2.5 
mm. By comparison of the weight of this solution 
with that of the reference one, it is put in evidence a 
very interesting weight reduction of about 30%. 
Further this last solution has been examined in 
more details and, in order to get more information, 
has been compared with another reference solution 
made by aluminium. Substantially this second 
reference bonnet has been obtained simply by 
substituting the steel with aluminium (series 6xxx 
for the reinforcements and for the skin, series 5xxx 
for the inner panel) and appropriately increasing 
the thickness of the metal sheets. The weight 
reduction obtained with this aluminium solution 
has been about 45% once again in comparison with 
the reference steel bonnet.  
First of all a complete analysis has been performed 
for the pedestrian impact test by simulating the 
head impact in the first three impact points 
considered up to now, in the above described 
impact conditions. The results of these simulations, 
in terms of HIC15, are shown in Table 5. 
 

Table 5 
HIC15 results for the most promising hybrid 

solution compared to the reference ones 
 

HIC15

Solution C2C C3D C4C

Reference 1912 1382 946

Aluminium 1876 1723 837

Hybrid 2048 1739 852

Impact point

 

Examining the results it is possible to note that the 
HIC15 values at point C2C are generally not 
satisfying, This can be explained considering that 
this point is quite near the perimeter of the bonnet, 
and in particular near the lamp groups, and for this 
reason the impact performance are heavily 
influenced by that near structure. The HIC15 values 
for the lightweight solutions on point C3D are very 
close, this is due to the low local stiffness of these 
solutions, as a consequence during the impact the 
bonnet has reached and hit the lower crossbeam. 
Point C4C is the more significant for this 
performance because its behaviour is influenced 
only by the structure of the bonnet. In this point 
with the hybrid solutions there is an important 
reduction of the HIC15 value. At this stage of the 
design development, the three different types of 
stiffness have been studied for these three 
solutions. The non linear FE software Abaqus ® 
has been used. The results for this second type of 
performance substantially has not evidenced 
particular problems, the decrease of the stiffness is 
lower than that assessed during the first analysis, 
but all the values for the hybrid solution bonnet are 
completely in target. 
The functionality of the bonnet has been further 
evaluated in term of denting resistance. In this test 
an increasing load is applied on determined points 
of the bonnet (usually on the front central part, 
above the lock zone), and the displacements of the 
load application points are measured. The 
maximum and residual displacements have to be 
lower than target values. Substantially with this test 
the formation of a visible impression on the bonnet 
surface has to be investigated. The points of 
application of load are defined with a geometric 
procedure. Also this analysis has been performed 
using the Abaqus software. Once again this test has 
not shown particular problems because all the 
displacements are well below than the limit target 
values. 
At this point, in order to get a deep exam of the 
pedestrian safety performance, the three bonnets 
under evaluation, the new hybrid one and the two 
reference ones, have been tested on four additional 
impact points. These points have been chosen 
choosing the potential most critical points 
examining the structure of the bonnets and the 
engine compartment. A complete picture of the 
results of this last simulation loop, once again in 
terms of HIC15, is shown in Table 6. 
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Table 6 
HIC15 results for the additional impact points 

 
HIC15

Solution C5 C6 C7 C8

Reference 995 1061 1124 1050

Aluminium 865 1059 979 815

Hybrid 948 1308 1182 792

Impact Point

 
 
The results obtained at these additional impact 
points, substantially have confirmed the trend 
obtained at the first three considered points. It is 
possible to conclude that the best solution is the 
aluminium one because the decrease on the HIC15 
values is the highest, once again there is a 
confirmation that the use of aluminium is the best 
choice for the bonnet design considering the 
technical performance. However also the proposed 
hybrid solution is very interesting, the results 
obtained for the pedestrian impact test are 
interesting and also considering the other 
performance the hybrid bonnet can be considered 
in target. 
Before to conclude the development of the hybrid 
solution, also some economical considerations has 
been done. In particular, in this economical 
analysis the total, the industrial and the variable 
costs have been calculated. This evaluation has 
been done by means of cost models developed by 
Fiat Research Centre. The main results of this 
activity has put in evidence as the hybrid solution 
has a cost nearly comparable with the aluminium 
reference solution, it is also important to say that 
the analysis has been heavily influenced by the cost 
of raw materials.  
It has been also interesting to examine the trend of 
these costs as a function of the annual production, 
but also in this perspective the curves of the hybrid 
solution and the aluminium one have substantially 
the same trend although there are some steps due to 
the substitution of the mould. For this reason for 
very low production volumes, the hybrid solution 
results to be cheaper, the opposite effects it has 
been obtained for very high production volumes. 
 
PERIPHERICAL FRAME BONNET 
 
Before to start with the design of the hybrid 
solution, some considerations on a peripherical 
frame bonnet solution has been done, in fact, as it 
has been put in evidence in the preliminary 
benchmarking activity, this type of solution can be 

considered a state of art. For this reason a simple 
modification has been made on the FEM model of 
the reference bonnet by erasing the central part of 
the inner structure, without changes in material and 
thickness. This type of bonnet has been tested for 
the pedestrian head impact, at the three initial 
considered impact points (C2C, C3D, C4C).  
This solution has shown excellent results in fact, 
there is an important reduction of the HIC15 values. 
Due to the obtained interesting results in the first 
mentioned analysis, it was decided to examine in 
more details only the pedestrian safety performance 
of this bonnet, in particular all the impact points 
used up to now for the hybrid bonnet have been 
considered. The design used in this phase has been 
the same used for the preliminary analysis, it is 
shown in Figure 10. 
 

 
Figure 10. The examined perimeter bonnet. 
 
On this geometry two different bonnets have been 
prepared, the first one has been made by the same 
material used for the reference solution, the second 
one has been an aluminium version, in particular, 
once again, for the external skin and the 
reinforcements a 6xxx series alloys has been used, 
instead for the perimeter inner structure a 5xxx 
series has been adopted. This choice of materials 
has been done starting from the information 
obtained in the preliminary benchmarking activity. 
When compared to the reference solution made by 
steel, the weight reduction reached by the perimeter 
bonnet made by steel has been of about 14%, 
instead for the perimeter bonnet made in 
aluminium the weight reduction has been of 46%. 
A global overview on the obtained results is shown 
in Table 7. 
These results are quite interesting, first of all there 
has been a global reduction of the HIC values, but 
it is interesting to note as the use of aluminium, that 
is very important to obtain the weight reduction, 
has not led to significant improvements for the 
pedestrian safety, in fact at some impact points the 
best performance have been obtained with the steel 
version. This is substantially due to the higher 
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deformations obtained with the aluminium bonnet. 
There is a further confirmation that, in order to 
obtain the best pedestrian safety performance, it is 
necessary to start the design with a global approach 
considering all the design aspects and case by case, 
because also the near body structure is very 
important for the global behaviour. It is not 
possible to define at the beginning an optimum 
solution. 
 

Table 7 
HIC15 results for the perimeter bonnet 

compared to the previous solutions 
 

HIC15

Impact 

Point
Ref. Al. Hyb.

Perimeter 

bonnet in 

steel

Perimeter 

bonnet in 

aluminium

C2C 1912 1876 2048 1637 1429

C3D 1382 1723 1739 918 833

C4C 941 837 852 380 526

C5 995 865 948 575 667

C6 1061 1059 1308 936 1100

C7 1124 979 1182 669 662

C8 1050 815 792 448 475

Solution

 
 
WIRE CONCEPT BONNET 
 
From the results illustrated up to now, two 
fundamental aspects can be put in evidence. First of 
all it is clear that the multi material approach 
represents one of the best way to obtain excellent 
results in terms of lightweight and pedestrian safety 
without loss in others performance. A second 
important subject is that, to improve the pedestrian 
safety performance, a inner structure made with a 
distribute or perimeter design have to be preferred 
because they absorb better the crash impact energy 
against the pedestrian head. Starting from these 
considerations, a further concept of hybrid bonnet 
has been developed. The main idea for this further 
hybrid bonnet has been a thermoplastic inner 
structure made with a perimeter design and with a 
wire net central part. To better understand this 
solution it is possible to see Figure 11. 
In particular, as it has already been done with the 
other previous solutions, it was decided to use an 
external metal panel, to reach the quality 
requirements, besides the inner structure has been 
though in thermoplastic to lightweight the 
structure. Once again, the material used for the 
external skin has been the series 6xxx aluminium 

and for the inner structure the same polyamide used 
in the previous part of the wok has been chosen. A 
first model has been designed. For what concerns 
the innovative inner structure, the perimeter has 
been taken by the reference structure, so it has the 
same shape and geometry, instead for the central 
wire part, the width of the sticks has been chosen 
25 mm and the step between the stick about 100 
mm. The thickness of the inner structure has been 
again 2.5 mm. The hybrid bonnet has been 
completed with the same reinforcements used in 
the reference subframe. The joint between the 
different parts has been thought by structural 
adhesive bonding. The weight reduction obtained 
with this first solution has been about 47% which is 
an excellent value if compared with those obtained 
in the previous part of this work. This first solution 
has been submitted to pedestrian impact tests on the 
same impact points used in the previous part of the 
work. 
 

 
Figure 11. The wire hybrid concept bonnet. 
 
The obtained results (summarised in Table 8) have 
been excellent because there has been an important 
reduction in the HIC15 value. At this point also the 
torsional stiffness has been considered, in order to 
evaluate if the bonnet can be suitable also from the 
point of view of the static performance. The results 
for this performance have not been very good in 
fact the obtained values are too low and very far 
from the minimum target. At this point a series of 
modifications have been though to improve the 
stiffness of this solution. In particular the 
influences of the elastic modulus of the adopted 
plastic material and the thickness of the inner 
structure have been taken into consideration. 
However, both these types of modification have not 
lead to a sufficient increase of the stiffness value, 
for this reason, the inner structure has been 
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partially redesigned defining a larger perimeter 
crown. Once again, the torsional stiffness results 
obtained after a simulation loop have been too low. 
To reach the stiffness target, at this point a further 
modification in the philosophy of the solution has 
been done. In particular it was decided to make the 
perimeter crown in aluminium always with a 
central wire part in thermoplastic. This last change 
has not influenced the weight reduction that 
remains about 44%. With these last modifications, 
the stiffness results obtained from the simulations 
result to be in target and even better than with the 
hybrid solution developed in the previous part of 
the activity. At this point a further simulation loop 
concerning the pedestrian head impact has been 
done, in order to evaluate if these last modifications 
have influenced also this performance. A summary 
of the obtained results are proposed on Table 8. 
 

Table 8 
HIC15 results for the wire bonnet compared to 

the previous solutions 
HIC15

Im
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H
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d

C2C 1912 1722 1766 1876 2048

C3D 1382 884 960 1723 1739

C4C 941 506 565 837 852

C5 995 781 656 865 948

Solution

 
 
Before to conclude the development of this hybrid 
solution, also some considerations on the 
manufacturing technology have been done. In 
particular the aluminium parts of this last proposed 
solution, can be made by common stamping 
technology instead the wire thermoplastic part can 
be made by different technologies such as injection 
or compression moulding but also some other 
possibilities can be taken into consideration. For 
what concerns the connection between the wire 
central part and the aluminium crown, some 
different joining technologies can be used, such as 
the riveting or the adhesive bonding. 
The development of this second solution has been 
stopped at this point, without any economical 
consideration, in fact the main target of this second 
part of the work was to investigate the behaviour of 
this wire concept bonnet. Obtained results have 
confirmed the first idea. This solution has improved 
the performance in particular for the pedestrian 
safety because the central wire part distributes 

better the energy of an head impact and can avoid 
the contact between the deformed inner part of the 
bonnet and stiff part inside the engine 
compartment. 
 
CONCLUSIONS 
 
This work has illustrated a global overview on the 
different solutions which can be adopted for the 
bonnet of medium/low segment car, in order to 
reach lightweight and pedestrian safety targets. 
First of all the development of an hybrid bonnet has 
been presented. Starting from a benchmarking 
activity an hybrid concept composed by a 
thermoplastic inner structure and an outside metal 
skin has been proposed. During the activity 
different types of materials for the different parts 
and some geometries for the inner structure have 
been evaluated. The final solution has been 
characterized by an aluminium skin and a short 
fibre reinforced polyamide inner structure with a 
specific design. This solution allows a weight 
reduction of about 30% compared to the reference 
solution with a further important reduction of the 
pedestrian head impact evaluated in terms of HIC15. 
Also the manufacturing and the economical aspects 
have been taken into consideration during the 
development. 
After that some considerations on the perimeter 
bonnet solutions have been done, they can be 
considered an excellent solution for the bonnet to 
reach the targets of lightweight and reduction of the 
risks of pedestrian and VRU head injuries.  
At the end the study on a concept hybrid solution, 
characterized by an inner structure with a wire 
design has been illustrated. This last solution can 
ensure a better distribution of the impact energy 
between the bonnet and the pedestrian head, with a 
consequent reduction of the injury risks. 
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ABSTRACT 
 
The “Pop-up Engine Hood” helps makes it possible for 
automobile designers to help reduce head injury during 
pedestrian impact while maintaining streamlined hood 
design. 
Some countries have adopted pedestrian protection 
regulation and there is an on-going discussion in the 
United Nations WP29 about Global Technical 
Regulations (gtr) and there is a possibility such 
regulations may be enhanced in the future. 
Many car manufacturers have been planning to 
improve pedestrian safety by various technical 
applications. In general, pedestrian head protection is 
achieved by creating space between the hood (which is 
deformable) and the engine component (which is not). 
However, this concept is difficult to apply to some 
vehicles, especially low engine hood vehicles, such as 
coupes and sport cars. 
The “Pop-up Engine Hood System” which has recently 
been used in mass production vehicles in Japan may 
help with this issue. 
This paper will describe the system outline and key 
technologies incorporated in the system e.g.: 
- Effectiveness of injury reduction mechanism 
(evaluated using CAE analysis and tests) when a 
pedestrian contacts directly above or near the actuator, 
which lifts up the hood. 
- Technique to help reduce the dispersion of head injury 
due to hood vibration during the hood raising process.  
- Human kinematics during system operation evaluated 
by using Polar-II dummy (currently available as a 
pedestrian full scale dummy), and human body FE 
model. 
 
INTRODUCTION 
 
There were 6,639 traffic accident fatalities in Japan in 
2007.[1] The number of fatalities has been on a 
downward trend for many years, but pedestrian 

fatalities now account for more than 30% of the total 
and are almost equal to vehicle occupant fatalities  
(Fig. 1). At the result of governmental efforts 
concerning pedestrian protection, the regulation (e.g. 
EEC 2003/102) has been adopted in Europe and Japan 
beginning 2005. The United Nations is also proceeding 
with the work of developing Global Technical 
Regulations (gtr). Other countries around the world are 
also examining the introduction of pedestrian 
protection regulations. 
 

 
Figure 1.  Ratio of traffic accident fatalities in Japan 
in 2007. 
 
Head injuries are the main cause of pedestrian 
fatalities.[2] One factor is the presence of high-stiffness 
parts such as the engine and battery in the engine 
compartment. After a pedestrian's head strikes the 
engine hood in the primary impact, the risk of head 
injury increases due to a secondary impact with such 
high-stiffness parts. One general design measure 
adopted in recent years is to raise the height of the 
hood so as to secure more buffer space above 
high-stiffness parts after the primary impact. This 
measure reduces the risk of head injury because it can 
help prevent a secondary impact by using the extra 
space to absorb the kinetic energy of a pedestrian's 
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head. 
However, it is difficult to apply to some vehicles, 
especially low engine hood vehicles, such as coupes 
and sport cars. The pop-up engine hood presented here 
has been developed to help resolve this issue by 
immediately raising the rear of the hood approximately 
100 mm upon detection of a collision with a pedestrian. 
This pop-up engine hood has recently been installed on 
a production vehicle having limited space under the 
hood. 
This paper explain the system configuration and the 
newly developed techniques.[3] It especially describes 
the energy absorbing mechanism of the actuators, the 
method used to reduce the dispersion of head injury  
due to hood vibration, and the results of tests conducted 
with a pedestrian dummy and using human body FE 
model to verify the operation of the system. 
 
Pop-up Engine Hood System 
 
This section describes the basic structure and 
mechanisms of the pop-up engine hood system. As 
illustrated in Fig. 2, the system consists of the 
following three basic components. 

 
Figure 2. System overview. 

 
(1) Sensors : Detect a collision between the vehicle and 
a pedestrian. 
(2) Control unit : Judge the necessity of raising the 
hood. 
(3) Actuators : Raise the rear of the hood. 
The function of each component is explained in detail 
below. 

Sensors - Three sensors for detecting a collision 
with a pedestrian are installed behind the front bumper 
fascia as shown in Fig. 3. This structure was adopted 
because the front bumper is usually the first part to 
come in contact with a pedestrian's body in a collision 
with a vehicle.[4] The sensors are positioned on the right 
and left sides and in the center. The sensors function to 
detect a change in acceleration and have experience of 
use as the airbag sensors. These devices detect the 
movement of the bumper fascia caused by contact with 
a pedestrian's legs. 

 
Figure 3.  Sensor for pedestrian detection. 

 
Control Unit - The flowchart in Fig. 4 shows the 

sequence of events involved in the judgment made by 
the control unit. The control unit judges the necessity 
of raising the hood based on the detection signals from 
the three sensors and also the vehicle velocity at the 
time of a collision. The use of this judgment logic 
achieves reliable system deployment in the vehicle 
velocity range where it is necessary to raise the hood. 

 
Figure 4.  Flow chart of sensor. 

 
Actuators - The actuators that provide the 

driving force for raising the rear of the hood are 
constructed with an extendable cylinder operated by 
pyrotechnics. As shown in Fig. 5, the length of the 
three-stage cylinder before operation is less than 
one-half of its extended size. 

 
Figure 5.  Actuator. 
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Figure 6 shows the relationship between the operation 
of the actuators and the hood hinges for 
opening/closing the hood. Normally, the hood opens or 
closes by rotating upward or downward centered on the 
hood hinges (Fig. 6 (a) and (b)). In contrast, when the 
pop-up system is deployed, the rear of the hood is 
raised centered on the hood lock at the front of the 
vehicle (Fig. 6 (c)). 

 
Figure 6. Operation of hinge and actuator. 

 
A detailed diagram of the hood hinge mechanism is 
shown in Fig. 7. During normal opening or closing of 
the hood, the lock lever fixes link (a) and link (b), 
allowing only link (a) to rotate. When the pop-up hood 
system is deployed, the actuator head presses on the 
lock lever, allowing link (b) to rotate. The actuator 
cylinder extends to raise the rear of the hood, with the 
hood lock serving as the fulcrum of the hood's upward 
rotation. As a result of these operations, the rear of the 
hood is raised by approximately 100 mm to secure 
buffer space between the hood and the high-stiffness 
parts beneath it. 

 
Figure 7. Pop-up mechanism of hood hinge. 

 
Following the extension of the actuators, the rear of the 
hood is supported on each side by a ball lock 
mechanism built into the cylinders to prevent them 
from returning to their original state (Fig. 5). In the 

event of a collision with a pedestrian, primarily this 
mechanism enables the actuator cylinders to support 
the rear of the hood. The system is constructed such 
that in certain impacts the pedestrian's kinetic energy is 
absorbed by the primary impact and a secondary 
impact with the engine compartment components is 
avoided. Secondarily the ball lock mechanism also has 
a collapsible structure that allows the cylinders to 
retract again if force above a certain threshold is 
applied. This helps to reduce the risk of injury in the 
event a pedestrian collides with the hood directly above 
or near the actuators. 

Collapsible Mechanism of Actuators - This 
section presents an example of numerical simulations[5], 

[6] that were conducted to validate the effectiveness of 
the collapsible mechanism of the actuators. These 
simulations were performed with the PAM-CRASH 
software using a headform impactor. 
Figure 8 shows acceleration histories of the headform 
impactor when it struck the hood surface near one of 
the actuators. The impactor acceleration is indicated 
along the vertical axis in relation to its displacement 
along the horizontal axis. The solid line is for a pop-up 
hood system with collapsible actuators and the dashed 
line is for a system with rigid actuators. The waveform 
for the system without the collapsible mechanism 
indicates that, following the initial peak for the primary 
impact with the hood surface, the secondary impact 
with the actuator produced a relatively large 
acceleration peak. In contrast, the waveform for the 
system with the collapsible mechanism indicates that 
the actuators initially supported the rear of the hood 
until the preset load was reached, after which the 
collapsible mechanism worked to avoid another 
increase in impactor acceleration. As a result, the 
system with the collapsible mechanism kept the 
subsequent impactor acceleration below that of the 
level of the primary impact with the hood, thereby 
verifying the effectiveness of this mechanism. 

 
Figure 8. Example of acceleration history of 
headform impactor. 
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System Deployment 
 

Targeted System Deployment Time - On a time 
line of a vehicle-to-pedestrian collision, the earliest 
event is when the bumper strikes the pedestrian's legs 
and the final event is when the head strikes the hood. 
This time interval from bumper contact with the legs to 
the head's striking the hood is called the head impact 
time (HIT). The deployment criteria is to have 
complete deployment of the pop-up hood system 
sufficiently earlier than HIT. 
In developing this system, HIT was calculated by 
conducting simulations using a pedestrian model, an 
approach shown to be suitable on the basis of the 
research done by Ishikawa, H., et al.[7]  HIT is mainly 
influenced by the front-end geometry of a vehicle and a 
pedestrian's physique. Accordingly, simulations were 
conducted using pedestrian models with different 
physiques to calculate HIT values for vehicle front-end 
geometry considered (Fig. 9). 
A specific example is presented here to explain the 
procedure for calculating the targeted time for 
completion of pop-up hood deployment. For the 
vehicle front-end geometry considered here, HIT of a 
50th percentile adult male is assumed to be 1.0. 
Accordingly, HIT of the 5th percentile adult female is 
0.67 and that of the 6 years old child is 0.38. This 
smallest HIT value for the 6 years old child was 
adopted as the targeted completion time for system 
deployment. 
 

 
Figure 9. Example of car to pedestrian dummy 
collision simulation. 
 

Validation of System Deployment Completion 
Time - In order to validate that the pop-up engine hood 
system could be deployed before the targeted system 
deployment completion time explained in the preceding 
section, tests were conducted with impactors that 
simulated the mass of pedestrians. Figure 10 shows an 
example of the displacement history of the pop-up 
hood, where the amount of hood displacement near the 
actuators is shown along the vertical axis in relation to 
elapsed time along the horizontal axis. The results 
indicate that the hood was raised the specified amount 
with sufficient time to spare in relation to the targeted 
deployment time from the moment of the impactor 
contact with the front bumper.  

 
Figure 10. Example of displacement history of pop-up. 
 
Dynamic Hood Behavior and Its Stabilization 
 
Numerical simulations[5], [6] were conducted with a 
headform impact to analyze the dynamic behavior of 
the hood in this system. The analysis results revealed 
that the dispersion of head injury values was due to 
vibration at the center of the hood. This section 
presents an example of a mechanism that was 
developed to reduce this dispersion. 
Method of Evaluating Head Protection Performance 
- The headform impactor was projected against the 
hood and other areas of the vehicle front-end to 
investigate head protection performance, which was 
evaluated using the head injury criterion (HIC) as 
defined in Eq. (1) below. 
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Where A is the acceleration of the headform impactor 
and t1 and t2 are the initial and final times. In order to 
reduce the HIC, the mean acceleration should be low 
and there should not be any pronounced acceleration 
peak. 

Effect of Raising the Hood on Reducing HIC 
 - Figure 11 shows an example of the effect of the 
pop-up hood on improving the acceleration history of 
the headform impactor when the system was installed 
on a vehicle with little available space underneath the 
hood. The vertical axis shows the impactor acceleration 
and the horizontal axis indicates the impactor 
displacement in terms of the amount of indentation 
made in the hood. The dashed line is for an ordinary 
hood without the pop-up system. The first peak was 
produced by the reaction force from the hood due to the 
primary impact. The large peak observed after that is 
attributed to the secondary impact of the hood with a 
high-stiffness component in the engine compartment. 
In contrast, the solid line for the pop-up hood system 
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indicates that a secondary impact was avoided or 
reduced by raising the rear of the hood to secure 
sufficient space for absorbing the primary impact 
energy. As a result, the HIC calculated with Eq. (1) is 
reduced. 
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engine parts
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Figure 11. Example of acceleration history of 
headform impactor. 
 

The Dispersion of HIC Value due to Dynamic 
Hood Behavior - The boldface solid line in Fig. 12 is 
for the dynamic behavior of the hood when it was 
raised. The vertical axis indicates the displacement of 
the hood outer panel at a representative point in the 
center of the hood in relation to time along the 
horizontal axis. As indicated in the rectangular area 
enclosed in the dashed line, the hood vibrated after 
initially reaching its maximum displacement and its 
behavior was not stable. This vibration was presumably 
induced by the force applied to the hood when the 
actuator cylinders were extended. 
The dashed line in Fig. 12 shows a displacement 
history when the headform impactor struck the hood at 
time (a) of the hood displacement. The thin line and the 
solid line show displacement histories for impacts at 
time (b) and time (c) of the hood displacement, 
respectively. The impact at time (a) occurred after the 
hood began its downward vibration, so the 
displacement following the impact was greater and 
would require larger space for absorbing the impact 
energy. The impact at time (b) occurred at 
approximately the moment the downward vibration 
was completed, so the displacement was smaller. The 
impact at time (c) occurred during the upward vibration 
of the hood, so the displacement was even smaller. 
Because the relative velocity between the headform 
impactor and the hood at the time of impact became 
larger in the order of (a) < (b) < (c), the reaction force 
toward the impactor also became larger in the same 
order. As a result, the HIC ratio of (a), (b) and (c) was 
0.83:1.11:1.34 (i.e., the ratio nondimensionalized by 
the HIC value in a static hood state), which indicated 
HIC variation due to the time of impact. Therefore, the 

method explained in the following section was 
developed to resolve this variation. 
 

 
Figure 12. Time history of displacement of impact 
point of hood (initial design). 
 

Outline of Structure for Reducing HIC 
Variation - Assuming that the above-mentioned HIC 
variation was ascribable to the time of impact, the 
principal reason for that variation was thought to be the 
fluctuation of the relative velocity of the impactor and 
the hood due to hood vibration. Accordingly, it was 
reasoned that the HIC variation could be reduced by 
mitigating the hood vibration. Therefore, this question 
was simplified by assuming that the vibration induced 
by raising the hood could be represented as a sine wave 
as indicated by the dashed line in Fig. 13. Then, by 
inducing a vibration (thin solid line) having the 
opposite phase at the time of phase 2π, it would 
produce a superimposed wave (boldface solid line) for 
canceling the initial vibration. 
Figure 14 shows an example of a specific structure for 
inducing the opposite phase vibration. If the rate of 
actuator extension is known, the relationship between 
time and the amount of actuator extension can be 
uniquely determined. Accordingly, the amount of hood 
hinge opening corresponding to the time (one cycle) 
when the vibration induced by popping up the hood 
becomes 2π can also be uniquely determined. A stopper 
is provided at that position, as shown in the figure. The 
deceleration produced by the action of the stopper 
generates a force input in the opposite direction of the 
input induced by the operation of the actuators. The 
application of that force to the hood at the time of 
phase 2π cancels out the vibration excited by raising 
the hood. 
The effect of this structure is shown in Fig. 15. 
Compared with the results in Fig. 12, the boldface solid 
line shows stable dynamic behavior at the time the 
hood is raised. The dashed line, thin line and solid line 
in Fig. 15 show the displacement history when the 
headform impactor struck the hood at impact times of 
(a), (b) and (c), respectively. The results indicate that 
the difference in displacement histories due to the 
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impact time has been reduced. That resulted in a HIC 
ratio in this example of 1.05:0.97:1.01, indicating that 
the variation in head injury values was also reduced. 
The proposed structure is effective if the onset of 
deceleration occurs near the vibration phase 2π. The 
time when the vibration phase is 2π is determined 
almost entirely by the natural vibration frequency of 
the hood. Therefore, this structure can stably reduce 
hood vibration under various real-world conditions. 
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Figure 13. Cancellation of vibration by 
superposition. 
 

 
Figure 14. Example of hood hinge structure. 

 

 
Figure 15. Time history of displacement of impact 
point of hood (robust design). 
 
 
 
 

System Validation Using a Pedestrian Dummy 
 
This section describes an example of the validation of 
the operation of the pop-up engine hood system using a 
Polar-II pedestrian dummy.[8], [9] 
 

Test Conditions - The validation example 
described here is for a vehicle impact speed of 35 km/h. 
As shown in Fig. 16, the dummy was set in a walking 
pedestrian stance (WP2) as defined in IHRA/PS 215. 
The dummy was positioned such that the center of its 
head was at the centerline of the vehicle laterally. 

 
Figure 16. Dummy setting. 

 
Validation of System Operation - Figure 17 

shows the dummy's behavior at the time deployment of 
the actuators was completed. The dummy's upper body 
has not moved clearly from its initial condition. It is 
clear that the deployment of the pop-up hood was 
completed sufficiently in advance of the subsequent 
impact of the dummy's head against the hood. 
The dummy's behavior at the moment of shoulder 
contact with the hood is shown in Fig. 18. At this time, 
the extended actuators were holding the hood at a 
higher position above the engine compartment 
components. It is clear that the system secured the 
necessary buffer space for absorbing the head's impact 
energy. 
This test verified that the series of operations explained 
in the previous section were completed according to the 
intention of the system design, even under these 
conditions of an actual car-to-pedestrian accident. 
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Figure 17. Dummy behavior after actuator operation. 

 

 
Figure 18. Dummy behavior before head contact. 

 
Validation of System Deployment by Using Human 
Body FE Model 

 
This section describes an example of validation of the 
system operation and confirmation of the effect on 
potential injury by using human body FE model. This 
human body FE model(10) is based on the model that is 
developed by Japan Automobile Manufacturers 
Association (JAMA). Joint development by Japanese 
car manufacturers recently started because the human 
body FE model can be used by all car manufacturers. 
In Japan, JAMA coordinates Japan Automobile 
Research Institute (JARI) and domestic car 
manufacturers will work jointly to develop the future 
human body FE model. 

The application the human body FE model to evaluate 
the pop-up engine hood system that is mounted on the 
coupe style vehicle is presented here. The numerical 
simulation introduced here is for the final validation of 
the system operation in more practical condition. 
Fig. 19 shows an outline of the simulation. The 
representative parameter is “with” or “without” pop-up 
engine hood system in this simulation. 

As a representative simulation example in more 
practical condition, the vehicle speed is set to 40km/h. 
The relation between pedestrian behavior and hood 
pop-up is validated. Fig. 20 shows behavior of human 
body FE model. This example shows that it is clear that 
the deployment of the pop-up engine hood was 
completed sufficiently in advance of the subsequent 
impact of the head against the hood.  

Fig. 21 shows the head contact behavior after the full 
deployment. At this time, the extended actuators were 
holding the hood at a higher position above the engine 
compartment components. It is clear that the system 
secured the necessary buffer space for absorbing the 
head's impact energy. 
The simulation result of the pedestrian behavior by 
using human body FE model is described under the 
condition showing in Fig. 19. Additionally, this 

 
Vehicle Model 

Impact V 40 
km/h 

 
Human Body Model 

Height+ 172 cm 
Weight 71.9 kg 
# of Nodes 66,249 
# of Elems. 95,304 
+ in a walking posture

 

Figure 19. Simulation model setup of pedestrian 
collision with vehicle with Pop-up engine hood. 

 

     
25msec           Time at full deployment 

    
 75msec 100msec 
Figure 20. A simulation (FEM) result of pedestrian 
collision with Pop-up engine hood. 
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simulation result shows that the pop-up engine hood 
system did not causes the specific concentration of 
stress on human body. The result presented here by 
using human body FE model is validated under limited 
conditions. 
So, additional improvement is needed to allow more 
predictive injury analysis. It is necessary to note that it 
is not presented that the head injury of the pedestrian 
can be completely predicted. 

 
CONCLUSIONS 
 
This paper has described a pop-up engine hood system 
that has been developed and applied to a production 
vehicle to improve pedestrian head protection 
performance while maintaining a sporty, streamlined 
styling. An outline of the system was presented along 
with an explanation of its functionality, focusing in 
particular on the following points. 
-The results of numerical simulations conducted with a 
headform impactor were presented to show the effect 
of the collapsible actuator structure on mitigating the 
secondary impact of a pedestrian's head. 
-Raising the rear of the hood initially caused it to 
vibrate at its center, resulting in dispersion of HIC 
values. A method was developing for reducing that 
dispersion, and its effectiveness was verified by the 
results of numerical simulations. 
- Human kinematics during the system operation in the 
pedestrian accident by using Polar-II dummy which is 
currently available as pedestrian full scale dummy, and 
human body FE model. The results verified that the 
pop-up engine hood system operated as it was designed 
to. 
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ABSTRACT 

This paper investigates the effect of muscle 

contraction on lower extremity injuries in low-

speed car-pedestrian lateral impacts for a walking 

pedestrian. The full body model, PMALE, which 

was configured in symmetric standing posture, has 

been repositioned in the walking posture. FE 

simulations have then been performed for its 

impact with the front structures of a car. Two 

impact configurations, i.e. impact on the right and 

on the left leg have been simulated. Two pre-

impact conditions, that of a symmetrically standing 

pedestrian, representing a cadaver and an unaware 

pedestrian have been simulated for both the impact 

configurations. Stretch based reflex action was 

modeled for the unaware pedestrian. It is concluded 

that (1) with muscle contraction, risk of ligament 

failure decreases whereas risk of bone fracture 

increases (2) in lateral impacts, MCL could be 

considered as the most vulnerable and LCL as the 

safest ligament and (3) for a walking pedestrian, 

PCL would be at a higher risk in case of impact on 

rear leg whereas, in case of impact on front leg, 

ACL would fail. 

Keywords: PMALE, Lower extremity model, 

Finite element model, Dynamic simulation, Muscle 

contraction, Standing posture, Walking posture, 

Car-pedestrian impact, Knee injury 

INTRODUCTION 

Pedestrians constitute 65% of the 1.17 million 

people killed annually in road traffic accidents 

worldwide (World Bank 2001). Epidemiological 

studies on pedestrian victims have indicated that 

after the head, the lower extremities are the most 

frequently injured body region (Chidester et al. 

2001; Mizuno 2003). Pedestrian Crash Data Study 

(PCDS) (Chidester et al. 2001) reports that 

passenger cars have the biggest share in vehicle-

pedestrian accidents. Further, the front bumper was 

the major source of injury to the lower extremity 

when injuries were caused by a vehicle structure 

(Mizuno 2003). This has posed a challenge for 

vehicle designers to design pedestrian friendly car 

front structures. To devise effective pedestrian 

protection systems, it is essential to understand the 

injury mechanism.  

So far, lower limb injury mechanism in car-

pedestrian crashes have been studied through tests 

on human cadaver specimens (Kajzer et al. 1990, 

1993, 1997, 1999; Bhalla et al. 2005) and 

simulations using validated passive FE models 

(Schuster et al. 2000; Maeno et al. 2001; Takahashi 

et al. 2001; Nagasaka et al. 2003; Chawla et al. 
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2004; Soni et al. 2007). However, the major 

shortcoming in these experimental and 

computational studies was that they did not account 

for reflex muscle action. Therefore, effects of pre-

crash muscle contraction on the response of lower 

limbs in car-pedestrian crashes remained unclear. 

Of late, Soni et al. (2007) have investigated the 

probable outcome of muscle contraction using a 

lower limb (single leg) FE model with active 

muscles (A-LEMS). More recently, Soni et al. 

(2008) have extended the single leg model A-

LEMS to a full body Pedestrian Model with Active 

Lower Extremities (PMALE) and studied the 

effects of muscle contraction on the response of 

lower extremity for a symmetrically standing 

pedestrian (with legs in side by side stance) in full 

scale car-pedestrian impact. They concluded that 

with muscle contraction the risk of knee ligament 

failure is likely to be lower than that predicted 

through the cadaver tests or simulations with the 

passive FE models. However, Pedestrian Crash 

Data Study (PCDS) (Chidester et al. 2001) reported 

that prior to the crash, only 4% pedestrians were 

found standing stationary whereas, a majority, i.e. 

55%, was walking. 

The present study extends our earlier studies to 

investigate the effect of muscle contraction on the 

response of lower limb for the walking pedestrian 

in low speed car-pedestrian lateral impact using FE 

simulations. The PMALE, which was configured in 

standing posture, has been repositioned in walking 

posture in the current study. The real world car-

pedestrian lateral impact has been simulated using 

the PMALE configured in the walking posture and 

front structures of a validated car FE model. Two 

impact configurations, i.e. impact on right and on 

left leg have been simulated. This is to account for 

the equal chances of impact on either leg of a 

walking pedestrian in real world crashes. Two sets 

of simulations, i.e. with deactivated muscles 

(cadaveric) and with activated muscles (including 

reflex action), mimicking an unaware walking 

pedestrian have been performed for both the impact 

configurations. Strains in knee ligaments and 

VonMises stresses in bones for two levels of 

muscle activation have been compared to assess the 

effect of muscle contraction. 

METHODS 

PMALE in Walking Posture 

In the present study, PMALE (Soni et al. 2008), 

which was configured in symmetrically standing 

posture of a pedestrian with legs in side by side 

stance, has been adopted as the base model. Body 

segments of the PMALE configured in the standing 

posture have then been repositioned in the walking 

posture in the current study. Relative angles 

between the body segments required to define the 

alignment of the walking posture (Table 1) are 

taken from Mizuno et al. (2003).  

Table 1 Definition angles for pedestrian walking 

posture (Mizuno et al. (2003) 

Definition Angle 
 

Left Leg Right Leg 

BA (deg) +5 

SA (deg) -15 +15 

EA (deg) 0 +27 

HA (deg) +29 -12 

KA (deg) -14 -10 

FA (deg) 0 +22 

 

A series of FE simulations have then been 

performed with the PMALE in standing posture to 

reposition its body segments in the walking 

posture. Figure 1 shows the PMALE in walking 

posture (referred as PMALE-WP) obtained after 

the repositioning process. In PMALE-WP, right leg 

(positioned in rear) corresponds to the terminal 

stance phase of the human gait cycle whereas; left 

leg (positioned in front) corresponds to heel strike 
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phase. Upper body is leaned forward by 5 degrees 

with the vertical axis. 

Simulation Setup 

Figure 2 shows the simulation setup used in the 

present study. Here, the real world car-pedestrian 

impact has been reproduced using the PMALE-WP 

and front structures of a validated car FE model. 

PMALE-WP represents a pedestrian walking on 

rigid ground in gravity field. The coefficient of 

friction between shoe and ground is set to 1.0 as 

suggested for grooved rubber on road (Li K.W. et 

al. 2006). Car model with a total mass of 1158 kg 

(mass of the front structures is 355 kg and 803 kg is 

modeled as added mass to account for the 

remaining car structures) is propelled with a speed 

of 25 kmph towards the PMALE-WP. Since in real 

world car-pedestrian crashes, a car may hit any one 

of the two legs of a pedestrian; therefore, to 

account this variability, two impact configurations, 

i.e. impacting the right leg (Figure 1 (a)) and the 

left leg (Figure 1 (b)) on the lateral side, have been 

simulated. In both the impact configurations, the 

PMALE-WP is placed in front of the car model 

such that it interacts with mid portion of the 

bumper whereas; the car model is positioned at a 

height above the ground such that it corresponds to 

the car rolling on its tyres. 

   
Figure 1 (a) Definition angles with sign conventions for pedestrian walking posture (Mizuno et al. 2003) 

and (b) PMALE in walking posture (i.e. PMALE-WP) 

     
Figure 2 Simulation set up used in the present study for (a) impact on right leg and (b) impact on left leg 
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Pedestrian Pre-Impact Conditions 

Two pre-impact pedestrian conditions, i.e., one 

with deactivated muscles (cadaveric) and the other 

with activated muscles (including reflex action) for 

an unaware pedestrian have been simulated for 

both the impact configurations in the present study. 

We call these conditions cadaveric and reflex 

conditions respectively. These conditions differ in 

terms of initial activation levels in muscles and 

whether the reflex action is enabled. By enabling 

the reflex action for a muscle, the activation level 

in that muscle rises with time during the 

simulation; thereby increasing the force produced 

by that muscle.  

Cadaveric Condition - In this condition, a 

cadaver aligned in walking posture has been 

simulated. To model a cadaver in FE simulation, all 

the muscles in PMALE-WP have been assigned the 

minimum value of 0.005 as the initial activation 

level. The reflex action is disabled. As a result, in 

this condition, activation levels in each muscle 

remain at the minimum value (i.e. 0.005) for the 

entire duration of the simulation. Therefore, all the 

muscles function at their minimum capacity.  

Reflex Condition - In this condition, a 

pedestrian who is walking on road and is unaware 

of an impending crash has been simulated. Here, 

we have considered that prior to the impact, 

pedestrian’s right leg (in rear) is in terminal stance 

phase (i.e. right heel is about to leave the ground) 

of the human gait cycle and left leg (in front) is in 

heel strike phase (i.e. left heel is just landed on the 

ground). To model an unaware pedestrian in such 

walking posture, right leg muscles have been 

assigned the activation levels corresponding to the 

terminal stance i.e. 60% gait whereas, muscles in 

the left leg have been assigned the activation levels 

corresponding to heel strike i.e. 0% gait. Values of 

these muscle activation levels (Table A1 in 

Appendix A) have been taken from the 

electromyography (EMG) levels recorded in human 

subjects during the gait cycle by Winter (1987).  

A stretch based involuntary reflex action has also 

been enabled in this condition. For enabling the 

reflex, a threshold value of elongation is to be 

defined in Hill material card of a muscle. When the 

elongation in muscle crosses the threshold value, 

stretch reflex in a muscle gets activated. However, 

the increase in muscle force starts only after a 

certain time known as reflex time. This delay 

between the activation of stretch reflex and the 

onset of increase in muscle force represents the 

time taken by the signal to travel through the 

central nervous system (CNS) circuitry (muscle-

spinal cord-muscle). A delay of 20 ms has been 

assigned to all the muscles in PMALE-WP 

(Ackerman 2002). This mimics the ability of live 

muscle to respond to a small stretch produced by an 

outside agency. In medical terms, this kind of 

reflex action is known as “stretch reflex” (Vander 

et al. 1981). 

Data Analysis 

Element elimination approach has been enabled to 

simulate the failure in the ligaments and the bones. 

Strain time history of each knee ligament and 

VonMises stress contours in bones of the impacted 

leg of the PMALE-WP have been recorded from 

the simulations. Response in cadaveric and reflex 

conditions has then been compared to determine 

the role of muscle contraction. 

RESULTS AND DISCUSSION 

In all, four simulations, each of 100 ms duration, 

have been performed in the present study. For the 

first 50 ms (stabilization duration), PMALE-WP 

has been stabilized under gravity load in each 

simulation. At the end of first 50 ms, car front 

impacts the right leg or the left leg of the stabilized 

PMALE-WP. Ligament strains and VonMises 
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stresses in bones have been recorded from the 

simulations to assess the effect of muscle 

contraction. Results presented here are for the 

impact duration and the initial time (i.e. 0 ms) 

corresponds to the time of contact. 

Impact on Right Leg 

In this section we present the results obtained from 

the simulations of impact on right leg in both 

cadaveric and reflex conditions. 

Strain in Knee Ligaments - Figure 3 illustrates 

the calculated strain time history in knee ligaments 

of the right leg of PMALE-WP for both cadaveric 

and reflex conditions. It is apparent that strains in 

knee ligaments have reduced significantly in the 

reflex conditions as compared to the cadaveric 

condition.  

ACL: Figure 3 (a) compares the strain time 

history in ACL for both the conditions. It is 

observed that upto 30 ms, ACL remained nearly 

unstrained in both the conditions. At about 30 ms, 

strain in ACL has kicked-in and then increased for 

the remaining portion of the simulations in both the 

conditions. However, active muscle forces in the 

reflex condition (peak strain 2.96%) have 

significantly reduced the strain in ACL as 

compared to the cadaveric condition (peak strain 

4.37%).  

PCL: Strain time history in PCL is compared for 

both the conditions in Figure 3 (b). It is observed 

that upto 28 ms, PCL is strained equally (approx. 

3.5%) in both the conditions. However, after 30 

ms, strain in PCL has suddenly increased in the 

cadaveric condition and reached to the peak value 

of 13.1% at around 45 ms. Whereas, in the reflex 

condition, active muscle forces have shared the 

load and hence reduced the strain in PCL (peak 

strain reached only up to 8% at 50 ms). 
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Figure 3 Comparison of strain time history in knee ligaments (a) ACL (b) PCL (c) MCL and (d) LCL of 

the right leg 

MCL: MCL strain for both the conditions is shown 

in Figure 3 (c). It is observed that peak MCL strain 

has reached the ligament failure limit of 15% in 

both the conditions. However, in comparison to the 
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cadaveric condition (30 ms), failure is delayed by 5 

ms in the reflex condition (35 ms). Effect of 

rupture of MCL is reflected as a sudden increase in 

strain in ACL (Figure 3(a)) and PCL (Figure 3(b)) 

around 30 ms in both cadaveric and the reflex 

conditions.  

LCL: It is observed that LCL (Figure 3 (d)) has 

remained unstrained in both the conditions. This 

can be ascribed to the lateral impact which forces 

tibia to bend medially and consequently keeps the 

LCL slackened. 

VonMises Stresses in Bones - Figure 4 

compares the VonMises stress distribution in the 

bones (i.e. femur, tibia and fibula) of the right leg 

at 34 ms in both cadaveric and reflex condition. It 

is apparent that stresses in bones have increased 

significantly in the reflex condition as compared to 

the cadaveric condition.  

It is observed that in the reflex condition, stresses 

in the bones have reached up to 124 MPa at the 

lateral femoral condylar region and 118 MPa at the 

medial side of mid tibia whereas; it has reached 

only up to 104 MPa in the cadaveric condition. 

This can be attributed to the higher compressive 

forces caused by the muscle pull in the reflex 

condition. 

Impact on Left Leg 

Now, we present the results obtained from the 

simulations of impact on left leg in both cadaveric 

and reflex conditions.  

Strain in Knee Ligaments - Figure 5 illustrates 

the calculated strain time history in knee ligaments 

of the left leg of PMALE-WP for both cadaveric 

and reflex conditions. It is evident that strains in 

knee ligaments have reduced significantly in the 

reflex conditions as compared to the cadaveric 

condition.  

ACL: Figure 5 (a) compares the strain time 

history in ACL for both the conditions. It is 

observed that peak ACL strain has reached the 

ligament failure limit of 15% in both the 

conditions. However, active muscle forces in the 

reflex condition (47 ms) have delayed the failure 

by 7 ms as compared to the cadaveric condition (40 

ms). 

 
Figure 4 Comparison of VonMises stress distribution in bones (peak stress values are also given) of the 

right leg in both cadaveric and reflex conditions at 34 ms state 

(124 MPa) 
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Figure 5 Comparison of strain time history in knee ligaments (a) ACL (b) PCL (c) MCL and (d) LCL of 

the left leg 

PCL: Strain time history in PCL is compared for 

both the conditions in Figure 5 (b). It is observed 

that, in the reflex condition, strain in PCL has 

remained lower than the cadaveric condition for the 

entire duration of the simulation. It is found that 

peak strain in PCL has dropped by a factor of 1.78 

in the reflex condition (3.5%) as compared to the 

cadaveric condition (6.2%).  

MCL: MCL strain for both the conditions is 

shown in Figure 5 (c). It is observed that peak 

MCL strain has reached the ligament failure limit 

of 15% in both the conditions. However, in 

comparison to the cadaveric condition (29 ms), 

failure is delayed by 6 ms in the reflex condition 

(35 ms). Effect of rupture of MCL in both the 

conditions is reflected as a sudden increase in strain 

in ACL (Figure 5 (a)) between 29-32 ms in both 

the conditions. 

LCL: It is observed that LCL (Figure 5 (d)) has 

remained unstrained in both the conditions. This 

can be ascribed to the lateral impact which forces 

tibia to bend medially and consequently keeps the 

LCL slackened. 

VonMises Stresses in Bones - Figure 6 

compares the VonMises stress distribution on the 

bones (i.e. femur, tibia and fibula) of the left leg at 

36 ms in both cadaveric and reflex condition.  

It is apparent that stresses in bones have 

increased significantly in the reflex condition as 

compared to the cadaveric condition.  

It is observed that in the reflex condition, stresses 

in the bones have reached up to 120 MPa at medial 

side of mid tibia; whereas; it has reached only up to 

98 MPa in the cadaveric condition. This can be 

attributed to the higher compressive forces caused 

by the muscle pull in the reflex condition. 
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Figure 6 Comparison of VonMises stress distribution in bones (peak stress values are also given) of the 

left leg in both cadaveric and reflex conditions at 36 ms state 

CONCLUSIONS 

In the present study, effect of muscle contraction 

on the response of lower limb in low speed lateral 

impact has been studied for the pedestrian walking 

posture. The full body model with active lower 

extremities i.e. PMALE, which was configured in 

standing posture, has been repositioned in the 

walking posture. The real world car-pedestrian 

lateral impact has been simulated using the 

PMALE-WP and front structures of a validated car 

FE model. Two impact configurations, i.e. impact 

on the right leg and on the left leg have been 

simulated. For each impact configuration, two sets 

of simulations, i.e. one with deactivated muscles 

(cadaveric condition) and the other with activated 

muscles (including reflex action) mimicking an 

unaware walking pedestrian have been performed. 

Differences in responses of a cadaver and an 

unaware pedestrian have been then studied. To 

assess the effect of muscle activation, strains in 

knee ligaments and VonMises stresses in bones 

have been compared. It has been concluded that:  

1. For both impact configurations, peak strains 

in knee ligaments were lower in the reflex 

condition (with active muscles) as compared to the 

cadaveric condition. This supports our previous 

findings that the risk of ligament failure in real life 

crashes is likely to be lower than that predicted 

through cadaver tests or simulations. 

2. For both impact configurations, VonMises 

stresses in the bones were significantly higher in 

the reflex condition as compared to the cadaveric 

condition. This leads to the conclusion that chances 

of bone fracture increase with muscle contraction.  

3. In all the four simulations, MCL has failed, 

whereas, LCL remained nearly unstrained. This 

implies that in lateral impacts, MCL could be 

considered as the most vulnerable and LCL as the 

safest ligament. 

4. In the right leg impact configuration, strain in 

PCL is found to be significantly higher than that in 

ACL. This suggests that in case of impact on rear 

leg of a walking pedestrian, PCL would be at a 

higher risk than ACL. 

5. In the left leg impact configuration, ACL has 

failed in both the conditions. This indicates that in 

case of impact on front leg of a walking pedestrian, 

ACL would be at a higher risk. 
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APPENDIX-A 

Values of activation levels used in the present 

study to model the 42 active muscles in each leg 

are listed in the Table A.1. These values are taken 

from Winter (1987). Here, right leg muscles are 

modeled for 60 % gait (i.e. terminal stance) and left 

leg muscles are modeled for 0 % gait (i.e. heel 

strike). 

Table A-1 Activation levels in muscles of left 

and right leg (Note: Activation levels labeled 

with (*) are taken from Winter (1987)) 

Activation levels 
Lower extremity muscles  Left Right 
Vastus Lateralis 0.5* 0.1* 
Vastus Intermedius 0.005 0.005 
Vastus Medialis 0.005 0.005 
Rectus Femoris 0.5* 0.1* 
Soleus 0.2* 0.35* 
Gastrocnemius Medialis 0.2* 0.2* 
Gastrocnemius Lateralis 0.2* 0.3* 
Flexor Hallucis Longus 0.005 0.005 
Flexor Digitorium Longus 0.005 0.005 
Tibialis Posterior 0.005 0.005 
Tibialis Anterior 0.4* 0.1* 
Extensor Digitorium 0.4* 0.1* 
Extensor Hallucis Longus 0.005 0.005 
Peroneus Brevis 0.005 0.005 
Peroneus Longus 0.4* 0.2* 
Peroneus Tertius 0.005 0.005 
Biceps Femoris (LH) 0.4* 0.1* 
Biceps Femoris (SH) 0.4* 0.1* 
Semimembranosus 0.4* 0.1* 
Semitendinosus 0.4* 0.1* 
Piriformis 0.005 0.005 
Pectineus 0.005 0.005 

Obturator Internus 0.005 0.005 
Obturator Externus 0.005 0.005 
Gracilis 0.005 0.005 
Adductor Brevis 1 0.005 0.005 
Adductor Brevis 2 0.005 0.005 
Adductor Longus 0.5* 0.5* 
Adductor Magnus 1 0.25* 0.1* 
Adductor Magnus 2 0.25* 0.1* 
Adductor Magnus 3 0.25* 0.1* 
Gluteus Maximus 1 0.5* 0.15* 
Gluteus Maximus 2 0.5* 0.15* 
Gluteus Maximus 3 0.5* 0.15* 
Gluteus Medius 1 0.5* 0.05* 
Gluteus Medius 2 0.5* 0.05* 
Gluteus Medius 3 0.5* 0.05* 
Gluteus Minimus 1 0.005 0.005 
Gluteus Minimus 2 0.005 0.005 
Gluteus Minimus 3 0.005 0.005 
Sartorius 0.4* 0.25* 
Tensor Fascia Lata 0.005 0.005 
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ABSTRACT 

The term vulnerable road user (VRU) is most 
commonly associated with pedestrians and in 
particular children and the elderly. In many 
European countries cyclists make up a significant 
number of VRU casualties – typically around one-
third. In the context of the European 6th 
Framework Integrated Project APROSYS 
(Advance PROtection SYStems), a study was 
conducted to examine the safety requirements for 
cyclists and whether these were addressed by 
current pedestrian safety assessments of cars.  
 
An examination of accident statistics was first 
conducted to determine the principal accident 
scenarios for cyclists. Since insufficient cyclist 
cases were recorded in a detail database of VRU 
accidents compiled during APROSYS, a 
programme of virtual testing was then conducted. 
The objective was to identify the most significant 
parameters during cyclist impacts with a range of 
cars sizes and the likely injury consequences. The 
primary region of investigation was impacts to the 
legs and knees – the points of first contact. 
 
The study indicated that cyclists interacted 
differently with cars than pedestrians, resulting 
from the geometric configuration of their legs, the 
presence of the bicycle and their elevated riding 
position. The potential for injury was different and 
the current sub-system impactor tests used by Euro 
NCAP and for vehicle certification purposes did 
not address all these differences. It was determined 
that the relevance of the current pedestrian impact 
safety assessments of cars for cyclists could be 
improved by minor changes to the test parameters. 
However, the study also identified new injury 
mechanisms that may require further 
biomechanical investigations. 
 
Although this study has considered a wide range of 
cyclist impact configurations it should not be 
considered as definitive. Further work including 

physical testing is needed in order to take forward 
improved safety test procedures. 

INTRODUCTION 

Cycling is a popular mode of transport associated 
with commuting, sport and leisure activities. The 
bicycle has been in existence for over 100 years, 
but has had to share the roads with other forms of 
transport. Cyclists, along with pedestrians are 
known as vulnerable road users as they do not have 
the protection of a structure around them and do 
not have passive safety features associated with 
their bicycles, such as airbags and seatbelts, to 
improve their chances of surviving an accident. Of 
the 37,000 people killed on European roads every 
year, 2000 of them are cyclists and 7000 are 
pedestrians, while several hundred thousands are 
injured (European Commission, Directorate-
General for Energy and Transport, 2008). 
 
Few researchers have considered in detail the 
differences between cyclists and pedestrian 
accidents. One of the first attempts to reconstruct 
bicycle accidents using a mathematical technique 
was performed by Huijbers and Janssen (1988). 
One of their principle conclusions was that vehicle 
shape had a considerable influence on the relative 
head impact velocity of the cyclist. Other papers by 
Maki et al. (2003) and Verschueren et al. (2007) 
have investigated cyclist accidents by using 
modelling techniques, but only Maki reviewed 
accident statistics for both road user types, 
although no modelling was performed for 
pedestrians. 
 
There are fundamental differences between the two 
user groups in terms of their kinematics and 
injuries sustained, Carter et al. (2005); Janssen and 
Wismans (1985) and Otte (2004). Cyclists strike 
the vehicle in a different orientation and contact 
different parts of the vehicle, which have different 
levels of stiffness. 
 
Similarities do exist between the two road users, 
such as the exposure of limbs to direct contact with 
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the vehicle and the impact speeds. However, 
cyclists have a higher centre of gravity compared 
to pedestrians due to their positioning on the 
bicycle and their feet not being in contact with the 
ground on impact. In the majority of cases, a 
cyclist will also be travelling at a greater speed 
compared to a pedestrian. This has consequences 
for their impact conditions with the vehicle.  
 
Nevertheless, current European legislation 
(European Parliament and Council 2003) that has 
been targeted at protecting pedestrians, assumed 
that the introduction of pedestrian legislation 
would also contribute to protecting cyclists, as they 
generally come into contact with the front of the 
vehicle. 
 
This paper examines and contrasts the differences 
between cyclists and pedestrians from the first 
point of contact with a vehicle, that is impacts to 
the legs. 

BASIS OF MODELLING 

Preliminary cyclist related activities in APROSYS 
(Hardy et al, 2007, Bovenkerk et al, 2008) have 
reported that the Detailed Accident Database from 
Work Package (WP) 3.1 did not contain sufficient 
bicyclist cases to examine the type, range of 
injuries or the severity of the injuries sustained by 
bicyclists. Therefore, a programme of parametric 
studies using mathematical models was conducted 
to examine vehicle to bicyclist impacts during 
loadings to the legs, to ascertain the likelihood and 
extent of injuries. In order to draw comparisons 
with pedestrians, since the current legal and 
consumer sub-system lower leg impactor tests are 
designed for pedestrians, vehicle to pedestrian 
impacts were also included in the parametric study. 

Bicycle, cyclist and pedestrian models 

Physical dimensions were measured from an adult 
aluminium bicycle frame and an FE model was 
developed in LS-DYNA. The main tubing was 
represented by shells and joined together by using 
localised rigid bodies at the frame joints. It was 
assumed that the joints do not fail, but the region 
immediately surrounding the joints had the 
capability to deform. This was to allow for the 
collapse mechanism observed in a series of 
dynamic tests that were conducted.  
 

 
Figure 1.  Finite element model of adult bicycle. 

The bicycle model, see Figure 1, was constructed 
with aluminium properties for the main tubes, with 
the seat and handlebars constructed of a rigid 
material. The wheels were modelled by 
representing the spokes as beams and the tyres as 
an elastic material. 
 
A human model, as developed by Cranfield Impact 
Centre from a previous project (Howard et. al 
2000), was used to model the cyclist and the 
pedestrian and by virtue of the properties and 
dimensions represented an average 50th percentile 
human of 16 to 35 years of age. The bicycle and 
human model combination is shown in Figure 2. 
 

 
Figure 2.  Human and bicycle model combined. 

The bicycle model was developed to include pedals 
and cranks to accommodate the human model’s 
feet and create a more realistic starting position for 
the simulation. The cranks had the ability to turn 
through 360 degrees by the use of a cylindrical 
joint positioned at the bottom bracket. The steering 
column and front forks of the bicycle were further 
advanced to represent the movement of the 
handlebars if they were struck by a vehicle. 
 
Details of the pedals and crank with the feet 
positioning is shown in Figure 3. 
 

 
Figure 3.  Details off pedals and crank. 

A contact characteristic was defined for the feet to 
pedal and crank contact. However, for the hand to 
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handlebar connection an altogether different 
arrangement was required. As the geometry of the 
hands, including the fingers and compression of 
the soft tissue were not modelled in detail, a spring 
was used to represent the hand to handlebar 
connection. At a designated force and displacement 
level the spring extended to simulate the releasing 
of the hand from the handlebars. The springs for 
each hand were programmed to work 
independently. Based on a literature search, the 
displacement release level was set at 10 mm with 
an 860N force level (Incel et al 2002). 
 
Four different sizes of vehicle were considered in 
the parametric study:  
• Supermini 
• Large Family Car (LFC) 
• Multi-purpose vehicle (MPV) 
• Sports utility vehicle (SUV) 

 
The geometric shapes and stiffness characteristics 
of each vehicle model were based on the results 
from APROSYS WP 3.1, Carter (2006) and 
Martinez et al (2006), respectively.  

INITIAL GEOMETRIC CONSIDERATIONS 

A number of factors need to be considered in 
examining the suitability of the pedestrian lower 
leg impactor for use to assess the safety of cyclists 
during impacts with passenger vehicles. The first 
concerns the relative positioning of a cyclist’s 
lower limbs, as compared to a pedestrian’s, with 
respect to the front geometry of these vehicles. 
Two difference ‘stances’ were considered for the 
cyclist, struck leg up (SLU) and struck leg down 
(SLD), and two difference ‘stances’ were 
considered for the pedestrian, struck leg forward 
(SLF) and struck leg back (SLB). This is illustrated 
for the four different vehicle sizes in Figure 4 to 
Figure 7. 
 

   
Figure 4.  Cyclist and pedestrian leg positioning 
with respect to Supermini front. 

In the case of impacts with the Supermini model, 
the knee region of the pedestrian’s struck leg 
(middle picture of Figure 4) is just below the 
bonnet leading edge with subsequent bumper 
impacts lower down the lower leg. The knee region 
of the pedestrian’s non-struck leg is similarly 
positioned. Conversely, for the cyclist in the struck 
leg down configuration (left most picture of Figure 
4), the knee is just above the bonnet leading edge. 

In addition, although the height of the cyclist’s 
head is almost the same distance from the ground 
plane, the pelvis is significantly higher up. The 
cyclist’s non-struck leg is positioned with the knee 
well above the bonnet leading edge and only the 
foot overlapping the bonnet leading edge. In the 
case of the cyclist in the struck leg up 
configuration, (right most picture of Figure 4), the 
locations are effectively reversed from the previous 
cyclist case. Therefore, already the likelihood of 
different levels for the leg injury indices from the 
simulations for pedestrians and cyclists seems 
clear. 
 

   
Figure 5.  Cyclist and pedestrian leg positioning 
with respect to Large Family Car front. 

In the case of impacts with the Large Family Car 
model, the knee regions of the pedestrian’s struck 
leg (middle picture of Figure 5) and the non-struck 
leg are close to the top of the bumper. Conversely, 
for the cyclist in the struck leg down configuration 
(left most picture of Figure 5), the knee is above 
the top of the bumper but below the bonnet leading 
edge and the non-struck leg is positioned with the 
knee well above the bonnet leading edge and only 
the foot overlapping the bumper. In the case of the 
cyclist in the struck leg up configuration, (right 
most picture of Figure 5), the locations are 
effectively reversed from the previous cyclist case. 
Again, the likelihood of different levels for the leg 
injury indices from the simulations for pedestrians 
and cyclists seems clear. 
 

   
Figure 6.  Cyclist and pedestrian leg positioning 
with respect to MPV front. 

In the case of impacts with the MPV, the knee 
regions of the pedestrian’s struck leg and the non-
struck leg are below the bonnet leading edge 
(middle picture of Figure 6). Conversely, for the 
cyclist in the struck leg down configuration (left 
most picture of Figure 6), the knee is just above the 
bonnet leading edge and the non-struck leg is 
positioned with the knee well above the bonnet 
leading edge but the foot below the bonnet leading 
edge. In the case of the cyclist in the struck leg up 
configuration, (right most picture of Figure 6), the 
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locations are effectively reversed from the previous 
cyclist case. Again, the likelihood of different 
levels for the leg injury indices from the 
simulations for pedestrians and cyclists seems 
clear. 
 

   
Figure 7.  Cyclist and pedestrian leg positioning 
with respect to SUV front. 

In the case of impacts with the SUV model, the 
whole of the pedestrian’s lower body is below the 
bonnet leading edge (middle picture of Figure 7). 
Similarly, for both cyclist configurations the legs 
and a significant proportion of the pelvis are below 
the leading edge of the bonnet. For the SUV, the 
likelihood is that similar levels for the leg injury 
indices from the simulations for pedestrians and 
cyclists may occur. 

SIMULATION PARAMETERS 

Simulations were conducted at vehicle impact 
speeds of 5, 10 and 15 m/s with the cyclist or 
pedestrian aligned with the centre-line of the 
vehicle and stationary. The two different cyclist 
‘stances’, struck leg up (SLU) and struck leg down 
(SLD), and the two different pedestrian ‘stances’, 
struck leg forward (SLF) and struck leg back 
(SLB), were used for human model. 
 
The following parameters were monitored on the 
stuck leg and non-struck leg of the pedestrian or 
cyclist model: accelerations at the tibia 
(accelerometer location in the same relative 
vertically position compared to the knee joint as in 
the sub-system leg impactor), bending moments at 
the knee and shear forces at the knee. 
 
In the cases of the leg bending moments and shear 
forces, a sign convention was used to identify in 
which directions the knee was bending and 
shearing, since it changes according to the vehicle 
geometry, between cyclists and pedestrians and 
between initial leg orientations. In the simulations 
the car moved from left to right, according to the 
view point shown by the geometric vehicle and 
cyclist/pedestrian configurations in the Figures 4 to 
7 above. The sign convention is defined in Figure 
8. 
 

upper leg upper leg
+ v e bending + v e shear

lower leg
lower leg

upper leg upper leg
- v e bending - v e shear

lower leg lower leg
   

Figure 8.  Sign convention for knee bending and 
shear. 

Therefore, by reference to the pedestrian 
configuration given by the middle picture in Figure 
4, the pedestrian’s struck leg will initially 
experiences positive bending, due to movement of 
the knee in the direction of car movement and 
relative to the hip and ankle regions of the struck 
leg. Shear force were similarly defined so that 
positive shear represented movement of the upper 
leg to the right relative to the lower leg (or the 
movement of the lower leg to the left relative to the 
upper leg). The inverse was the case for negative 
shear. 

RESULTS 

Impact forces – Supermini 

The maximum tibia accelerations for the struck 
leg, Figure 9, were all above the 150g level set for 
the EEVC WG17 lower leg impactor test – 
although it is important to point out that 150g may 
not be a sufficiently robust or bio-mechanically 
correct criteria for a human leg. The levels 
increased with increasing vehicle speed and until at 
the highest speed the cyclist and pedestrian values 
were generally similar. For the non-struck (or 
second struck) leg the tibia acceleration levels were 
generally lower than for the struck leg and 
generally similar at each car impact speed.  
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Figure 9.  Tibia accelerations for the struck and 
non-struck legs. 

The maximum bending moments for the struck leg, 
Figure 10, were reversed for cyclists compared to 
pedestrians although the numerical values were 
generally lower for cyclists. The positive bending 
moments for pedestrians were in-line with the 
injury mechanism assessed by the lower leg sub-
system impactor. Therefore, these results 
suggested the possibility of an alternate injury 
mechanism for cyclists. The knee ligaments were 
then loaded in the reverse direction and specifically 
the lateral collateral ligaments on the outside of the 
knee were subjected to tensile loadings. 
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Figure 10.  Knee bending moments for the 
struck and non-struck legs. 

The maximum bending moments for the non-struck 
leg also showed an asymmetry between the cyclist 
and pedestrian cases but again the numerical values 
were generally lower for cyclists. However, now, 
the negative bending moments for cyclists reflected 
a direction of bending compatible with the injury 
mechanism assessed by the lower leg sub-system 
impactor (medial collateral ligaments, on the inside 

of the knee, in tension). In contrast, these results 
now suggested an alternate injury mechanism for 
the non-struck or second struck leg of pedestrians. 
This situation has real world implication for 
pedestrians.  
 
In these simulations, at a car impact speed of 10 
m/s, the results for the non-struck leg of the 
pedestrian were probably on the borderline of 
injury/no injury. 
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Figure 11.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 11, showed a mixed trend for 
cyclists and pedestrians. In general, the numerical 
values of the cyclist and pedestrian results were 
similar at each impact speed for the struck leg 
cases and mostly similar at each impact speed for 
the non-struck leg cases. The values at each speed 
were lower for all the non-struck leg cases. 

Impact forces – Large Family Car 

The maximum bending moments for the struck leg, 
Figure 12, were reversed for the cyclist cases with 
the struck leg up compared to the cyclist case with 
the struck leg down and all pedestrian cases. The 
trend was the same for the non-struck leg results, 
except at an impact speed of 5 m/s. In almost all 
scenarios the numerical values were lower for 
cyclists than pedestrians and lower for the non-
struck leg than the struck leg. 
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Figure 12.  Knee bending moments for the 
struck and non-struck legs. 

The negative values for the cyclist struck leg up 
scenarios again highlighted the possibility of an 
alternate injury mechanism, where the knee 
ligaments were loaded in the reverse direction from 
the injury mechanism assessed by the lower leg 
sub-system impactor. For the non-struck leg cases 
the positive values again highlighted the possibility 
of an alternate injury mechanism, in this case for 
all pedestrian scenarios and many of the cyclist 
scenarios. As in the case of the Supermini, this 
situation has real world implication for pedestrians 
and some cyclists. 
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Figure 13.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 13, showed a mixed trend for 
cyclists and pedestrians. In general, the numerical 
values of the cyclist results were higher than the 
values from the pedestrian results at each impact 
speed for the struck and non-struck leg cases. The 
numerical values at each speed were generally 
lower for all the non-struck leg cases. 

Impact forces – MPV 

The maximum tibia accelerations for the struck 
leg, Figure 14, were nearly all above the 150g level 
set for the EEVC WG17 lower leg impactor test – 
although as mentioned earlier, it is important to 
point out that 150g may not be a sufficiently robust 
or bio-mechanically correct criteria for a human 
leg. The levels increased with increasing vehicle 
speed and the cyclist values were generally higher 
than the pedestrian values at each impact speed. 
For the non-struck (or second struck) leg cases, the 
tibia acceleration levels were generally lower than 
for the struck leg cases and the cyclist results were 
generally lower than the pedestrian values at each 
speed. 
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Figure 14: Tibia accelerations for the struck 
and non-struck legs 

As in the case of the large family car impacts, the 
maximum bending moments for the struck leg, 
Figure 15, were reversed for the cyclist cases with 
the struck leg up compared to the cyclist cases with 
the struck leg down and all the pedestrian cases.  
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Figure 15.  Knee bending moments for the 
struck and non-struck legs. 

The trend was the same for the non-struck leg 
results. In all scenarios the numerical values were 
lower for cyclists than pedestrians and lower for 
the non-struck leg than the struck leg. 
 
The same possibility of an alternate injury 
mechanism for cyclist struck leg up cases (negative 
values) again existed - as it does also for cyclists in 
the non-struck leg up cases and for all the 
pedestrian non-struck leg cases. 
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Figure 16.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 16, showed a clearer trend than 
for the previous vehicles with most results from the 
cyclists cases the reverse sign of those from the 
pedestrian cases. The numerical values were 
generally lower for the cyclist cases compared to 
the pedestrian cases at each impact speed and the 
numerical values at each speed were generally 
lower for the non-struck leg cases – with the 
exception of the pedestrian cases at an impact 
speed of 15 m/s. 

Impact forces – SUV 

The maximum tibia accelerations for the struck 
leg, Figure 17, were generally below the 150g level 
set for the EEVC WG17 lower leg impactor test for 
impacts at 5 m/s but at higher speeds the values 
were all above this limit – although as mentioned 
earlier, it is important to point out that 150g may 
not be a sufficiently robust or bio-mechanically 
correct criteria for a human leg. The levels 
increased with increasing vehicle speed and the 
cyclist values were generally lower than the 
pedestrian values – except at an impact speed of 5 
m/s. For the non-struck (or second struck) leg 
cases, the tibia acceleration levels were generally 
lower than for the equivalent struck leg cases - 
except at an impact speed of 15 m/s - and the 
cyclist results were generally lower than the 
pedestrian values – except at an impact speed of 5 
m/s. 
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Figure 17: Tibia accelerations for the struck 
and non-struck legs. 

As in the cases of the large family car and MPV 
impacts, the maximum bending moments for the 
struck leg, Figure 18, were reversed for the cyclist 
cases with the struck leg up compared to the cyclist 
cases with the struck leg down and all the 
pedestrian cases – again highlighted the possibility 
of an alternate injury mechanism from that tested 
for by the lower leg sub-system impactor. 
However, the trend was different for the non-struck 
leg results where all the values were the same 
(positive) sign – a direction of bending in the 
reverse direction from the injury mechanism 
assessed by the lower leg sub-system impactor. 
This situation has real world implication for 
pedestrians and cyclists. 
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Figure 18: Knee bending moments for the 
struck and non-struck legs. 

In all scenarios the numerical values were lower 
for cyclists than pedestrians (marginally in some 
cases) and lower for the non-struck leg than the 
struck leg. 
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Figure 19.  Knee shear forces for the struck and 
non-struck legs. 

The maximum shear forces for the struck and non-
struck legs, Figure 19, showed a clearer trend than 
for the Supermini and Large Family Car, with most 
results from the cyclist cases the reverse sign of 
those from the pedestrian cases. In the struck leg 
cases, the numerical values were generally lower 
for the cyclist cases compared to the pedestrian 
cases – except at an impact speed of 5 m/s. In the 
non-struck leg cases, the numerical values were 
generally similar for the cyclist and pedestrian 
cases at each impact speed. The numerical values 
at each speed were generally lower for the non-
struck leg cases. 
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DISCUSSION 

In this parametric study of the differences and 
similarities between comparable cyclist and 
pedestrian impact scenarios, the numerical values 
of the leg injury indices were lower for cyclists in 
nearly two-thirds of the scenarios. In just over one-
fifth of the scenarios the values were similar and in 
just over one-eighth of the scenarios the cyclist 
values are higher. 
 
With only one exception (tibia accelerations during 
impacts with the SUV at 15 m/s) the leg injury 
indices were lower for the non-struck (or second 
struck) leg than for the struck (or first struck) leg. 
But this did not mean that the non-struck leg would 
register injury indices that were below the 
threshold values. 
 
Over the range of impact speeds, the cyclist tibia 
accelerations were slightly lower than those for 
pedestrians. In general, the SUV was the vehicle 
model that produced the lowest range of tibia 
accelerations values across the cyclist and 
pedestrian impact scenarios and impact speeds. 
The geometric shape and, in particular, the height 
of the bumper may have been contributory factors 
in this situation. 
 
Over the range of impact speeds, the cyclist knee 
bending moments (numerical values) were lower 
than those for pedestrians. In general, the 
Supermini and Large Family Car were the vehicle 
models that produced the lowest ranges of knee 
bending moment values across the cyclist and 
pedestrian impact scenarios and impact speeds. 
 
Over the range of impact speeds, the cyclist knee 
shear forces (numerical values) were either lower 
than or similar to those for pedestrians, except for 
one vehicle model, the Large Family Car, where 
the values were higher than those for pedestrians. 
Nevertheless, the Large Family Car was the vehicle 
model that produced the lowest range of knee shear 
force values across the cyclist and pedestrian 
impact scenarios and impact speeds. 
 
The simulation results have confirmed the initial 
geometric considerations, that differences in cyclist 
and pedestrian injury risks were likely. In fact, the 
simulations have demonstrated that this was not 
solely attributable to the numerical value of the 
injury indices but also the sign of the values, 
indicating the mode of deformation under the 
action of the applied loads.  
 
Therefore, the physical positioning of a cyclist, 
particularly height from the ground, in front of a 

vehicle is an important consideration for 
meaningfully evaluating the injury risk potential of 
an impact. The orientation of the cyclists’ limbs is 
also an important consideration in assessing cyclist 
safety. The current testing regimes assume that a 
vulnerable road user presents themselves for 
impact with a vehicle in a straight legged ‘gait’. 
This is not wholly accurate for a pedestrian but for 
a cyclist it is even more unrealistic, given the range 
of leg orientations during the rotation of the crank. 
Recognition of the important physical orientation 
differences between cyclists and pedestrians 
immediately prior to an accident is fundamental to 
providing the same levels of protection for both. 
 
Another aspect of the differences between cyclists 
and pedestrians is the presence of the bicycle itself. 
In addition to the physical positioning differences 
that arise, as discussed above, the inertia of the 
bicycle can have an important role in the 
kinematics of the cyclist. The struck leg may be 
pinned between the front of the vehicle and the 
bicycle, inducing differences in the loads applied to 
the legs and the duration of these loadings. To 
represent this situation it may be necessary to 
represent an element of the bicycle mass in a 
testing regime to enhance cyclist safety. Further 
analytical work will be necessary to determine if 
this is necessary or not and if so, the magnitude of 
this mass, its position and its attachment to a sub-
system leg impactor. 
 
In the parametric study the struck leg knee bending 
moments for the cyclist struck leg-up scenarios 
were consistently the opposite sign of those for all 
the pedestrian scenarios, as they were also for the 
entire Supermini to cyclist impact scenarios, except 
at a vehicle speed of 5 m/s. This implied a 
‘reverse’ bending situation compared to 
conventional thinking for pedestrian impacts and 
raises the question as to whether the current knee 
bending criteria for pedestrians are relevant for 
cyclists in these scenarios. Similarly, while the 
non-struck leg bending moments in all the 
pedestrian impact scenarios had a positive value, 
this now indicated a ‘reverse’ bending 
phenomenon and raises the issue of whether the 
current testing regimes adequately protect 
pedestrians. There were also some cyclist impact 
scenarios where the non-struck leg bending 
moments also indicated this same ‘reverse’ 
bending phenomenon.  
 
The current legform criteria are based on the 
assumption that, using the sign convention defined 
in this report (see Figure 8), the lateral knee 
bending is positive during loading of the leg by the 
car - that is, the knee is forced forwards in the 
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direction of car motion whilst the ankle and hip 
joints lag behind. One of the consequences of this 
motion is that the medial ligaments in a 
pedestrian’s leg experience tensile forces and if 
these are too high they may cause ligament damage 
– work defining the characteristics of this mode of 
knee bending have been reported by a number of 
researchers including Levine et al (1984) and 
Kajzer et al (1993). Damage to other knee 
ligaments may also occur. If the loading is 
reversed, negative using the sign convention above, 
with the knee lagging behind the hip and ankle 
joints, the lateral collateral ligaments on the 
opposite (outer) side of the knee experience tensile 
forces. The injury criterion used for knee bending 
in the current sub-system impactor leg does not 
represent the capabilities of the knee in this 
opposite (or reverse) model of bending.  
 
Therefore, where this type of bending occurs in the 
real world or in realistic computer simulations of 
the real world, then no biomechanical criterion 
exists that can be applied to assess the potential for 
injury risk. To address the safety requirements of 
cyclists (and the non-struck leg of pedestrians) 
where this reverse mode of bending occurs, 
research to identify the capabilities of the lateral 
collateral ligaments of the knee will be needed and 
implementation of these characteristics in a test 
impactor. In addition, the procedure of conducting 
a test for this reverse bending scenario will need to 
be addressed. 
 
The lateral knee shear forces from the simulations 
also had values for cyclists that in many cases were 
the opposite sign to those for pedestrians. Further 
investigations to understand the exact mode that is 
addressed by the current testing regimes is needed 
and then further research may be required to 
determine if the human knee behaves in a 
symmetric manner under the application of lateral 
shearing loads. 
 
In general, the numerical values for the lower leg 
injury indices from these simulations suggested 
that the current pedestrian consumer and legislative 
test criteria are likely to be appropriate to provide 
adequate levels of safety for cyclists. Nevertheless, 
improvements in the testing procedures to enhance 
the levels of safety for cyclists are feasible. In 
summary, among the factors that should be 
considered are: 
 
• The appropriate height above the ground for 

the positioning of a lower leg sub-system 
impactor; 

• Representation of the knee region in other 
than a ‘straight’ orientation; 

• The possible need to represent an element of 
bicycle mass; 

• The appropriate criteria to assess injury risk 
in lateral modes of knee bending; 

• Review, and if necessary, determine the 
appropriate criteria to assess injury risk in 
lateral modes of knee shearing. 

CONCLUSIONS 

1. The impact forces that the legs of a cyclist are 
exposed to during a collision with a car can be 
subtly different than those experienced by a 
pedestrian.  

2. The greater pelvis height of the cyclist 
generally causes the impact points to be lower 
down on the cyclist’s legs. 

3. Depending on vehicle shape, generally for 
vehicles having a low bumper or low bonnet 
leading edge height, the struck leg knee 
bending moments and shear forces can be in 
the opposite direction to those experienced by 
a pedestrian when struck by the same vehicle. 

4. New injury criteria and adjusted impact test 
procedures are needed to address the differing 
needs of cyclists in providing a safety 
environment equivalent to that for pedestrians. 

5. Use of any new criteria and use of the existing 
pedestrian criteria for cyclist impact tests 
should be reviewed taking into account leg and 
knee heights, use of an impactor with a bent 
knee and the influence of the bicycle mass (or 
an element of it). 
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ABSTRACT 

Previous vehicle-to-pedestrian simulations 
and experiments using pedestrian dummies and 
cadavers have shown that factors such as vehicle 
shape, pedestrian anthropometry and pre-impact 
conditions influence pedestrian kinematics and injury 
mechanisms.  Generic pedestrian bucks, that 
approximate the geometrical and stiffness properties 
of current vehicles, would be useful in studying the 
influence of vehicle front end structures on pedestrian 
kinematics and loading.  This study explores the 
design of pedestrian bucks, intended to represent the 
basic vehicle front-end structures, consisting of five 
components: lower stiffener, bumper, hood leading 
edge and grille, hood and windshield.  The 
deformable parts of the bucks were designed using 
types of currently manufactured materials, which 
allow manufacturing the bucks in the future.  The 
geometry of pedestrian bucks was approximated 
based on the contour cross-sections of two sedan 
vehicles used in previous pedestrian dummy and 
cadaver tests.  Other cross-sectional dimensions and 
the stiffness of the buck components were determined 
by parameter identification using FE simulations of 
each sedan vehicle.  In the absence of a validated FE 
model of human, the FE model of the POLAR II 
pedestrian dummy was used to validate a mid-size 
sedan (MS) pedestrian buck.  A good correlation of 
the pedestrian dummy kinematics and contact forces 
obtained in dummy - MS pedestrian buck with the 
corresponding data from dummy - MS vehicle 

simulation was achieved.  A parametric study using 
the POLAR II FE model and different buck models: a 
MS buck and a large-size sedan (LS) buck were run 
to study the influence of an automatic braking system 
for reducing the pedestrian injuries.  The vehicle 
braking conditions showed reductions in the relative 
velocity of the head to the vehicle and increases in 
the time of head impact and in the wrap-around-
distances (WAD) to primary head contact.  The head 
impact velocity showed greater sensitivity to the 
different buck shapes (e.g., LS buck vs. MS buck) 
than to the braking deceleration.  The buck FE 
models developed in this study are expected to be 
used in sensitivity and optimization studies for 
development of new pedestrian protection systems. 

INTRODUCTION 

Pedestrian fatalities comprise a considerable 
percentage of total traffic fatalities in industrialized 
nations: from 11 % in USA (NHTSA 2009) to nearly 
50 % - South Korea (Youn et al. 2005).  Additionally, 
the probability for a pedestrian to be injured or killed 
during a traffic accident is much higher than that for 
a vehicle occupant.  In 2007, 6.7 % of vehicle-
pedestrian impacts in the US were fatal, whereas the 
corresponding fatality rate for occupants in crashes 
was only 1.3 % (NHTSA, 2009).   
Protection of pedestrians in vehicle-to-pedestrian 
collisions (VPC) has recently generated increased 
attention with regulations implemented or proposed 
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in Europe (EU 2003, EU 2009), Korea (Youn et al. 
2005), and Japan (Mizuno 2008).  While subsystem 
experiments are currently being used as the basis of 
evaluations for these regulations, car-to-pedestrian 
dummy impact tests (Fredriksson et al. 2001, 
Crandall et al. 2005) or car-to-human/dummy impact 
simulations (Untaroiu et al. 2008) provide 
complementary data that can better characterize 
whole body response of vehicle-pedestrian 
interactions.  
An advanced pedestrian dummy, called the POLAR 
II, has been developed and continuously improved by 
Honda R&D, GESAC, and the Japan Automobile 
Research Institute (JARI) (Akiyama et al. 1999, 
2001; Okamoto et al. 2001, Takahashi et al., 2005, 
Crandall et al., 2005).  The primary purpose of the 
POLAR II dummy has been to reproduce pedestrian 
kinematics in a collision with a vehicle.  Kerrigan et 
al. (2005) performed vehicle impact tests on the 
POLAR II and post mortem human surrogates 
(PMHS) in identical conditions and showed that the 
POLAR II dummy generally replicates the complex 
kinematics of the PMHS.   
A FE model of the POLAR II dummy has been 
developed, validated in component tests (Shin et al. 
2006), and verified at the full scale level against 
kinematic data (Shin et al. 2006, 2007) recorded 
during the vehicle-dummy impact experiments 
performed by Kerrigan et al. (2005).  The POLAR II 
FE model was developed using Hypermesh (Altair 
Engineering) and Generis (ESI) as pre-processors and 
PAM-CRASH/PAM-SAFE FE solver (version 2001, 
ESI) was used for impact simulations.  The model 
contains 27,880 elements that represent the head, 
neck, thorax, abdomen, pelvis, upper arms, forearms, 
hands, thighs, knees, legs, and feet and has a total 
mass and height close to that of the 50th percentile 
male. Recently, injury thresholds for the POLAR II 
dummy FE model are being established based on FE 
simulations with a human model (Takahashi et al. 
2008) that may extend the applicability of the dummy 
model to injury prevention applications. While 
vehicle-to-PMHS tests or simulations may provides a 
better understanding of new protection devices, the 
high cost of tests and the lack of a fully validated 
human models have turned attention of many 
researchers toward simple tests or models.  Vehicle 
sled bucks were used in pedestrian PMHS tests by 
Snedeker et al. 2005 to assess the pelvis and upper 
leg injury risk.  While these simplified bucks 
approximated reasonable the geometric 
characteristics of current vehicle front-ends, no 
information about a correlation with the vehicle 
stiffness was provided. To study the influence of the 
pre-impact position of pedestrian arms on pedestrian 
head injury, Ogo et al. (2009) developed a scaled 

human model and vehicle buck.  The values of head 
injury criteria (HIC) recorded in the vehicle buck-to-
dummy tests showed a significant variation with 
respect to the arm pre-impact position.  Neal et al. 
(2008) developed a simplified buck FE model (rigid 
surfaces connected by nonlinear springs) to predict 
the performance of different vehicle front-end 
designs in pedestrian leg impact tests. 
The objective of the current study was to design two 
FE models of simplified vehicle bucks with 
geometrical and stiffness characteristics similar to 
those of a mid-size sedan (MS) and a large sedan 
(LS).  To show a possible application of the buck FE 
models in the development of new measures for 
pedestrian protection, a numerical study related to 
influence of braking on the pedestrian kinematics was 
performed.  

METHODOLOGY  

The pedestrian kinematics during impact 
with a vehicle are generated by the vehicle-dummy 
contact forces.  These loads highly depend on the 
geometry and stiffness properties of the front-end 
structures of the vehicle involved in the crash.  Since 
a pre-impact position of the dummy along the vehicle 
centerline has been used in previous vehicle-to-
pedestrian dummy/PMHS tests (Kerrigan et al. 2005, 
Kerrigan et al. 2007), the vehicle geometry and 
stiffness properties along the centerline were used in 
current study for the development of MS and LS 
bucks.  It was hypothesized that five vehicle 
components (lower stiffener, bumper, hood leading 
edge and grille, hood and windshield) can reasonably 
approximate the front-end of the vehicle during a 
pedestrian impact.  Each component was designed as 
a combination of deformable parts connected to a 
rigid part.  Since a physical implementation of the 
pedestrian buck is ultimately planned, material 
selection for the deformable components of the buck 
was based on readily available materials: steel, 
Expanded Polypropylene Particle (EPP) foam (JSP 
Japan), and polypropylene fascia (Boedeker Plastics, 
TX, US).  The shape and locations of buck 
components were defined based on the exterior 
geometry of the MS and LS vehicles used in previous 
testing (Kerrigan et al. 2005, Kerrigan et al. 2007).  
The material used for each deformable component of 
the buck was chosen based on the stiffness 
characteristics of corresponding sedan component 
determined by FE simulations.  Then, FE simulations 
in similar conditions were run to calibrate the 
thickness of deformable parts of the bucks.  Detailed 
information about the development of each vehicle 
component is provided in the following sections. 
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Development of a mid-size sedan (MS) pedestrian 
buck 

A pedestrian simulation was performed 
using the POLAR II FE model (Shin et al. 2006 and 
2007) and the FE model of a MS vehicle in order to 
determine the maximum level of dummy-vehicle 
forces during a 40 km/h impact.  In addition to the 
upper body kinematics of pedestrian recorded at 
specified locations (head center of gravity (CG ), T1, 
T8, pelvis – Untaroiu et al. 2008), the time histories 
of resultant force were calculated at the contact 
points of the dummy with four components (lower 
stiffener, bumper, leading edge and grille, hood – 
Figure 1).   

 

To determine the stiffness characteristics of the lower 
stiffener and bumper, a cylindrical rigid impactor 
(220 mm length, 120 mm diameter, and 10 kg mass) 
was launched freely with a 40 km/h initial velocity 
toward the vehicle at the middle sections of the lower 
stiffener (Figure 2), and then at the corresponding 
section of the bumper (Figure 3).  The time histories 
of the resultant force in the impactor were calculated 
during the simulations, and then were normalized 
with the sum of the highest forces calculated in these 
components in the POLAR II – vehicle simulation. 

 

 

It was observed that the EEP foam and the fascia 
could approximate the stiffness characteristics of the 
lower stiffener, and the bumper respectively.  While 
the vertical lengths of the chosen deformable 
components were approximated from the vehicle 
cross-section (Kerrigan et al. 2007), the other 
dimensions were adjusted to match the stiffness 
curves of vehicle components.  
A cylindrical rigid impactor (350 mm length, 150 
mm diameter, and 10 kg mass) was also used to 
determine the stiffness of the hood leading edge-
grille region of the vehicle.  The impactor was 
launched freely at 40 km/h with an angle of 40 
degrees towards the hood vehicle leading edge 
(Figure 4).  The time histories of the resultant forces 
in the impactor were calculated during the 
simulations, and then were normalized with the sum 
of the highest forces calculated in the hood leading 
edge and grille components in the POLAR II – 
vehicle simulation.  After evaluating several different 
potential solutions, it was determined that two EFF 
foam parts (20g/l density) covered with a steel sheet 
could reasonably represent the leading edge and the 
grille stiffness.  

 
Since the stiffness of the hood varies from the leading 
edge to the cowl, two locations were chosen to 

Figure 2.  Impactor – vehicle/buck FE simulations 
at lower stiffener location a) MS vehicle and b) MS 
buck 

Rigid beam EPP 
Foam 

a) b) 

Rigid beam

Figure 3.  Impactor – vehicle/buck FE simulations 
at bumper location a) MS vehicle and b) MS buck

Fascia b) a) 

Figure 1. Pedestrian - mid-size (MS) sedan 
vehicle FE simulation setup 

T8 

Pelvis 

T1 
x 

z Vehicle FE model 

Lower stiffener 

Head CG 

GroundBumper 
Hood leading edge 

Hood 

a) 

Figure 4.  Impactor – hood leading edge FE 
simulations a) MS vehicle and b) MS buck

b) 

EPP foam layers attached rigidly 
downside to the rigid frame 

Steel sheet 
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determine the hood stiffness, and then were used in 
the buck calibration: 1) the middle region at a wrap-
around distance (WAD) = 1200 mm – the location 
frequently struck by the dummy upper extremities 
and 2) the cowl region at WAD = 1500 mm – the 
location often struck by the dummy shoulder or head.  
A head impactor FE model developed by Untaroiu et 
al. (2007) and validated against static and dynamic 
tests reported by Matsui and Tanahashi (2004) was 
used in the hood impact simulations (Figure 5).  The 
head impactor was launched freely at an impact angle 
of 65◦ in agreement with the requirements of the 
International Organization for Standardization (ISO) 
and the European Enhanced Vehicle Safety 
Committee (EEVC) protocols for a sedan type 
vehicle (Untaroiu et al. 2007).  The time histories of 
the resultant forces in the impactor were calculated 
during the simulations, and then were normalized 
with the maximum force calculated in the hood in the 
POLAR II – vehicle simulation. 

 
A glass windshield similar to that of the MS vehicle 
was used in the MS buck.  All deformable parts were 

rigidly connected to the buck frame, with the total 
mass adjusted to that of the actual MS vehicle.  
To verify the MS buck model, an impact simulation 
was performed with the POLAR II FE dummy with a 
configuration matched to those used in the POLAR II 
- MS vehicle simulation (Figure 1).  The kinematics 
of the POLAR II and the reaction forces with the 
buck were calculated and then compared with the 
corresponding data from the POLAR II - MS vehicle 
simulation. 

Development of a large-size sedan (LS) pedestrian 
buck 

A similar design approach to that used for 
the MS pedestrian buck was utilized in the 
development of the LS pedestrian buck.  The 
geometry of the LS buck was approximated based on 
the exterior contour of the LS vehicle (Kerrigan et al. 
2007). Following Kerrigan et al. (2008), the rigid 
impactors were constrained to move in the impact 
direction with a prescribed velocity of 40 km/h.  The 
stiffness curves obtained by FE simulations of that 
vehicle (Kerrigan et al. 2008) were used to calibrate 
the lower stiffener, the bumper, and the hood leading 
edge-grille components of the LS pedestrian buck.  In 
the lower stiffener impact test, a cylindrical impactor 
(220 mm length, 120 mm diameter) was used.  While 
a similar design to the MS buck was able to 
reasonably approximate the stiffness characteristics 
in the lower stiffener component of the LS buck 
(Figure 6 a), a different design approach was required 
for the LS bumper component.  As in Kerrigan et al. 
2008, an impact simulation with a rigid cylindrical 
impactor (800 mm length, 120 mm diameter) striking 
the MS buck complex of lower stiffener and bumper 
at 40 km/h was performed (Figure 6 b).  The structure 
consisted of two EPP foam layers that were shown to 
provide the best approximation of the LS vehicle 
bumper in terms of the stiffness characteristics during 
the impact simulation.  

A similar structure consisting of one EPP foam layer 
covered by a steel sheet was used for the hood 
leading edge–grille LS buck model.  A impact 
simulation with a cylindrical impactor (300 mm 

Figure 6.  Impactor –
large-size FE 
simulations a) Lower 
stiffener b) Bumper  

a) 
Rigid beam 

Rigid beams

EPP Foam Two EPP layers  

b) 

Figure 5. Head adult impactor – Hood FE 
simulations a) at WAD = 1200 mm, b) at WAD = 
1500 mm, and c) The attachment of hood to the 
rigid buck frame  

b) 

c) 

a) 
Steel sheet

Nodes sets of the hood 
model rigidly attached to 
the rigid frame 

EPP foam layers attached 
rigidly to the downside 
rigid frame 
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length, 200 mm diameter) at a 40 degree angle from 
the vertical was performed as in Kerrigan et al. 
(2008) (Figure 7).  The thickness of the foam layer 
and the steel sheet was adjusted to approximate the 
stiffness characteristics of the leading edge structure 
of the LS vehicle.  Since stiffness of the hood 
structure in the LS vehicle model was not directly 
available, the hood design determined for the MS 
buck was also applied to the LS buck.  

 
Application: Study the influence of pre-braking 
and vehicle shape on the pedestrian kinematics 

A study of the influence of braking and 
vehicle shape on the pedestrian kinematics was 
performed. A constant deceleration (1.0 g ) and a 
forward pitching rotation (1 deg) were applied to the 
vehicle bucks based on the test data recorded in a 
large sedan during an in-house braking test (Autoliv).  
Two FE simulations with braking and non-braking 
conditions were run using MS and LS bucks, and 
POLAR II dummy in the same initial posture 
(Figures 1 and 8).  The pedestrian dummy kinematics 
and the contact forces with the buck were calculated 
and compared among the cases.  

 
RESULTS 

Development of a mid-size sedan (MS) pedestrian 
buck 

A nonlinear trend was observed in the force 
time history in the lower stiffener impact simulation 
of the MS vehicle (Figure 9a).  A rectangular 

prismatic part (200 x 55) made of EPP foam (20 g/l) 
and connected rigidly to the frame (Figure 10) 
provided an almost linear force time history which 
was considered to reasonably approximate the 
corresponding curve of the lower stiffener in MS 
vehicle.  For the force time history of the bumper, a 
slightly increasing force was obtained until about 3 
ms, followed by a high spikes in force at later times 
(Figure 9b).  A fascia sheet with a 1.7 mm thickness 
(Figure 10) and a rectangular shape (34 mm x 67 
mm) was used to model the bumper and exhibited a 
trend similar to the MS vehicle. 

 
The force time history obtained in the impact with the 
MS vehicle at the hood leading edge location  
showed an almost linear increasing force (above the 
maximum force recorded in the pedestrian impact) 
that was followed by a plateau region at later times 
(Figure 11).  Several designs of the buck hood 
leading edge which matched well the linear part of 
this curve in the component test were proposed.  
However, these designs recorded in the POLAR II – 
buck simulation much higher force levels at the hood 
leading edge location than the levels recorded in the 
POLAR II – vehicle simulation.  The impact force 
obtained using a hood leading edge design of two 
rectangular prismatic layers of EPP foam 20 g/l (the 
final design) also showed a linearly increasing force 
trend , but with a lower slope than that of MS vehicle 
(Figure 11).  

Figure 9.  Time histories of the normalized contact 
force in FE simulations at a) lower stiffener and b) 
bumper locations 

a) 

b) 

0.000 0.005 0.010 0.015 0.020
0.0

0.2

0.4

0.6

 

 

N
or

m
al

iz
ed

 F
or

ce
 

Time (sec)

 Mid-size Sedan Vehicle
 Mid-size Sedan Buck

 
 

0.000 0.005 0.010 0.015 0.020
0.0

0.5

1.0

1.5

2.0

2.5

 

 
N

or
m

al
iz

ed
 F

or
ce

 

Time (sec)

 Mid-size Sedan vehicle
 Mid-size Sedan buck

 
 

EPP foam layers attached 
downside to the rigid buck frame 

Steel sheet 
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FE simulation (LS sedan) 

Figure 8.  Pre-Impact Configuration of POLAR 
II – MS Buck impact FE simulation with braking 
condition 
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The time history of force at the interface between the 
head impactor and the hood showed a peak at about 4 
ms followed a second slightly higher peak.  The 
impactor simulation using a MS hood design, which 
consists of a steel sheet (0.5 mm thickness) connected 
at its corners (Figure 10), showed a very good match 
in the first part of the impact force time history.  An 
EPP foam layer (20 g/l) was added under the hood in 
order to reduce the second peak of impact force 
(Figure 12).  Several peaks were observed in the time 
history of impact force at the headform-cowl region 
impact (Figure 13).  In the ME buck design, the force 
levels of the first and the last peaks were adjusted by 
changing the gap under the steel sheet and the 
thickness of EPP foam, respectively (Figure 10). 

Validation of a mid-size sedan (MS) pedestrian 
buck in vehicle-to-pedestrian impact 

The time histories of the impact forces 
calculated in the lower stiffener during POLAR II - 
MS buck simulation showed similar overall trend to 
the corresponding data calculated from the POLAR II 
- MS vehicle simulation (Figure 12). However, the 
force time history of the buck lower stiffener showed 

a slightly higher load peak, corresponding to the 
impact with the right leg (about 10 ms), and less 
fluctuation at the later times than the corresponding 
data from the vehicle simulation (Figure 14 a).  A 
pattern of bi-modal peak forces, corresponding to the 
impacts with the right knee and then the left knee 
regions, were observed in both simulations (Figure 
14 b).  While the first peak had similar values to 
those in the MS vehicle simulations, the second peak 
in the MS buck simulation was about 40% higher. 

 

 
The time histories of the forces at the hood leading 
edge and grille location showed a similar trend in the 
vehicle and buck simulations with a uniformly 
increasing force response during pelvis loading, and a 
decreasing force during the rebound of the pelvis 
(after 30 - 50 ms).  However, the peak forces in the 
hood leading edge and the grille were higher in the 
MS buck simulation than in the MS vehicle 
simulation (Figure 14 c). The contact between the 
upper extremities and the hood occurred at the last 
part of the dummy- MS vehicle (buck).  The time 
histories of the hood contact showed a similar trend 
in the vehicle and buck simulations, with slightly 
lower values in the buck simulation (Figure 14 d). 
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Figure 12.  Time history of the normalized force 
in impactor-hood simulations at WAD =1200  
mm impact locations   
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Figure 11. Time history of the normalized force 
in impactor-hood leading edge FE simulations 
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Figure 13.  Time history of the normalized force in 
impactor - hood simulations at WAD = 1500 mm 
impact locations  
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Figure 10.  Schematic drawing of the MS pedestrian 
buck.  All dimensions are in mm (thickness in 
parenthesis) 
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The overall kinematics of the dummy during the 
impact with the MS buck model showed good visual 
correlation with the corresponding data from the MS 
vehicle impact simulation.  However, at 120 ms and 
130 ms it was observed that the right leg and the 
pelvis exhibited higher vertical displacements in the 
MS buck simulation than in the MS vehicle 
simulation. 
The design of the MS lower stiffener was also used in 
the LS buck design (Figure 16).  Although the time 
histories curves of the LS vehicle LS buck (Figure 17 

0 ms 

40 ms 

80 ms 
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130 ms 

Figure 15.  POLAR II dummy kinematics 
during the impact with a) mid-size sedan FE 
model and b) mid-size sedan buck  FE model 
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Figure 14. Time history of the normalized 
forces in POLAR II - vehicle/buck simulations 
a) lower stiffener contact b) bumper contact c) 
hood leading edge + grille contact, and d) hood 
contact 
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a) have different trends (linear in LS buck, and 
nonlinear in LS vehicle), relatively small differences 
were observed up to about 1.5 kN.  Similar trends 
and relatively small differences were observed in the 
stiffness curves of the LS vehicle and buck calculated 
during impact simulations at bumper plus lower 
stiffener (Figure 17 b) and hood leading edge plus 
grille (Figure 17 c) locations.   
Good correlation can be observed between the 
trajectories of the upper body trajectories of the 
POLAR II dummy in the MS buck and vehicle 
simulations. The T1 and T8 trajectories for the MS 
vehicle and buck simulations are similar. However, 
the higher rotation of the POLAR II in the sagittal 
plane for the MS buck simulation compared to the 
MS vehicle simulation (Figure 15) generated a 
slightly lower and higher trajectory of the head 
location (Figure 18 a) and the pelvis location (Figure 
18 d), respectively.  
Significant differences are observed between the 
POLAR II upper body kinematics obtained in the LS 
and MS buck simulations.  While the location of 
head-vehicle impact was at almost the same vertical 
level (about 1.1 m) in the LS and MS simulations, the 
horizontal level in the LS simulation was 
approximately 100 mm lower than in MS 
simulations.  In addition, the dummy head contact for 
the MS vehicle occurred in the windshield region 
(Figure 19 a), while the dummy head - LS vehicle 
was observed in the cowl region (Figure 19 c). While 
the trajectories of T1 and T8 calculated in the impacts 
with MS and LS vehicles were almost identical, the 
horizontal level at head impact was shorter in the LS 
simulation than in MS simulation.  A higher 
trajectory of the pelvis marker impact was observed 
after pelvis-buck interaction in the simulation with 
LS buck than with MS buck (Figure 18 d).  

 

 

 Application: Study of pre-braking and vehicle 
shape on the pedestrian kinematics 

 A comparison between the dummy 
configurations at the times of head-to-vehicle impacts 
showed that vehicle (buck) shapes and braking 
conditions have a significant influence on the head-
to-vehicle contact locations (Figure 19) and to the 
velocity of dummy head relative to the vehicle (buck) 
(Figure 20).  The contact points on the buck for the 
head-to vehicle impacts were located in the MS 
windshield regions (Figure 19 a-b) and the LS cowl 
regions (Figure 19 c-d) for both the braking and no-
braking conditions.  However, the braking conditions 
introduced a delay in the head contact time, and 
generated an increase in the WADs.  In addition, both 

Figure 16.  Schematic drawing of LS 
pedestrian buck.  All dimensions are in mm 
(thickness in parenthesis) 

200  

EPP 100 + 
EPP 200 

200 

300 
steel sheet 

EPP 20 g/l 
(55) 

95 

EPP 20 g/l 
(50) 

EPP 20 g/l 
(20) 

EPP 20 g/l 
(50) 

67

90 

106

473 

Ground

0.00 0.02 0.04 0.06
0

1000

2000

3000

4000

 

 

Im
pa

ct
or

 F
or

ce
 (N

)

Impactor Displacement (m)

 Large-size Sedan Vehicle
 Large-size Sedan Buck 

Figure 17.  Force-displacement curves in impactor 
simulations a) lower stiffener b) bumper, and  c) 
hood leading-edge

0.000 0.002 0.004 0.006 0.008 0.010
0

5000

10000

15000

20000

 

 

Im
pa

ct
or

 F
or

ce
 (N

)
Impactor Displacement (m)

  Large-size Sedan Vehicle
  Large-size Sedan Buck

0.00 0.01 0.02 0.03
0

5000

10000

15000

20000

 

 
Im

pa
ct

or
 F

or
ce

 (N
)

Impactor Displacement (m)

 Large-size Sedan Vehicle
 Large-size Sedan Buck

a) 

b) 

c) 



Untaroiu 9 

vehicle/buck shape and the braking conditions 
influenced the head velocities relative to the 
vehicle/buck (Figure 20). The velocity of the head 
relative to the vehicle was lower in the LS 
simulations than in the MS simulations and in the 
braking conditions relative to the no-braking 
conditions (Figure 20).  

 

 

 

DISCUSSION 

 In addition to the pedestrian impactor tests 
used currently in regulations and consumer tests, the 
pedestrian dummy-to-vehicle impact test is a 
complementary way of investigating pedestrian 
protection.  Given the high cost of experimentally 
testing a large number of vehicle front-end concepts, 
an alternative solution could be replacing the vehicle 
front end with a pedestrian buck that allows simple 
design changes in terms of vehicle shape and 
component stiffness parameters.   
The design of a generic pedestrian buck (MS and LS 
configurations), which may reasonably replicate the 
behavior of sedan front ends in a pedestrian impact, 
was investigated in the current study.  The 
deformable parts of the bucks were designed using 
three types of currently manufactured materials: steel, 
EPP (Expanded PolyProylene) foam (JSP Japan), and 
plastic fascia used in vehicle bumpers, which allow 
manufacturing the bucks in the future. While the 
contour cross-sections of the bucks were 
approximated based on the corresponding data of 

Figure 20.  Head velocity relative to the mid/large 
-size sedan buck in braking/non-braking conditions
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Figure 19.  POLAR II - pedestrian buck 
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Figure 18.  Comparisons of POLAR II upper 
body trajectories during the impacts with 
mid-size sedan vehicle, mid-size sedan buck, 
and large-size sedan buck. a) head, b) T1, c) 
T8, and d) pelvis 
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vehicles (Kerrigan et al. 2006, 2007), other cross-
sectional dimensions were determined using FE 
simulations to approximate the stiffness 
characteristics of front end structures.  Impactor-to-
vehicle simulations were used to determine the 
dynamic stiffness of main components of vehicle 
front ends, such as: lower stiffener, bumper, grille, 
hood leading edge and hood.   
The lower stiffener is located below the bumper 
system, and prevents the pedestrian’s leg from 
moving underneath the vehicle.  Its main role for 
pedestrian interactions is to reduce the risk of severe 
knee joint injuries such as ligament ruptures by 
limiting the knee bend angle (Schuster 2006).  A 
buck component with a prismatic shape (55mm x 200 
mm in cross-section) and made of EPP foam (20 g/l) 
was chosen in the buck design. The force time 
histories and stiffness curves of the vehicle lower 
stiffeners showed a nonlinear increasing trend in 
impactor tests, in contrast to linear trend observed in 
the lower stiffener of the buck.  However, the time 
history of lower stiffener force in dummy - MS buck 
simulation had similar trend like the corresponding 
data from MS vehicle impact, but slightly higher 
peaks values.  Although the lower stiffener 
component have a low influence on the pedestrian 
kinematics (especially on upper body) by low load 
applied during the impact, future studies should try to 
improve the current design, especially if the buck will 
be used in prevention studies of lower extremities 
injuries.   
The bumper is the first vehicle component to contact 
the pedestrian and the level of impact force is high.  
The bumper system in sedan vehicles usually consists 
of an energy absorber component (bumper cover, 
deformable foam etc.) in front of a semi-rigid beam.  
A fascia sheet (1.7mm thickness) connected to a rigid 
beam approximated the MS bumper up to the 
maximum force observed in the dummy-MS 
simulation.  In addition, the time histories of the 
bumper force in the dummy-MS buck simulation 
showed similar trends and values as the MS vehicle 
simulation.  The higher peak values predicted at 30 
ms may be caused by the higher stiffness of buck 
bumper at larger deformations.  The stiffness of the 
LS bumper showed an increasing trend, which was 
well matched using a two-layer bumper design (EPP 
foams with densities of 100 g/l and 200 g/l, 
respectively).  Although current designs of buck 
bumpers showed to approximate well the stiffness 
properties of vehicle bumpers, better designs can be 
obtained using optimization techniques (Untaroiu et 
al. 2007).  
The leading edge of the hood is the vehicle 
component that usually contacts the pelvis of adult 
pedestrian during the impact.  Depending on its 

position relative to the hip joint, the pelvis can slide 
along the hood or can be pinned at the contact point 
(Kerrigan et al. 2007, Untaroiu et al. 2007).  Since 
the pelvis-to-vehicle contact is complex, the design 
of this region was the most challenging task of the 
pedestrian buck design.  After trying several design 
concepts, it was decided that a design consisting of 
two low densities EPP (20 g/l) blocks, which 
approximate the shape of the hood leading edge and 
the grille, reasonably replicate this vehicle 
component response in the buck design.  The time 
history of MS buck force shows a linear trend with 
values relatively close to the curve obtained from the 
MS vehicle impact which has an initial slope 
followed by a plateau region.  However, the results of 
the dummy-MS vehicle simulation showed a higher 
stiffness for the MS buck in the contact with the 
dummy pelvis, especially in the grille region.  While 
the MS buck was softer than the vehicle in the 
impactor test, this finding suggests that the leading 
edge impactor test may poorly approximate the 
conditions of a dummy pedestrian impact.  Therefore, 
a new impactor test or even the whole dummy-
vehicle simulation should be used for a better 
stiffness calibration of this region in a future design.  
The stiffness curve, obtained from the impact 
between the constrained impactor with a constant 
impact velocity (40 km/h) and the hood leading edge 
- grille component of the buck, showed a closed trend 
to the stiffness curve reported by Kerrigan et al. 
(2008).  
A steel sheet rigidly connected at its corners, with 
one EPP foam layer showed to approximate well the 
hood behavior during simulations with adult 
headform impactor at both middle and cowl impact 
locations.  Although the hood contact force in MS 
vehicle and MS buck showed good correlation with 
the corresponding data from the POLAR II - MS 
vehicle simulation, the level of force between 
shoulder and hood was low because the head 
impacted the windshield.  Therefore, future studies of 
MS vehicle impacts with a dummy having a different 
anthropometry (e.g., the 5th female used in Untaroiu 
et al. 2008) may be used to verify the hood design of 
buck in a dummy-vehicle simulation. 
Since previous pedestrian studies have investigated 
the pedestrian kinematics until the head-to-vehicle 
contact (Kerrigan et al. 2005, 2007), the windshield 
was included as a buck component but stiffness 
studies of this component were not performed in the 
current study.  FE models of the buck may be 
improved in future studies by using recently 
developed material model of laminated glass 
(Timmel et al. 2007) when dynamic test data of the 
sedan windshields will be available.   
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A parametric study using the same dummy FE model, 
but different buck shapes (MS and LS) showed a 
possible application of buck models in the study of an 
automatic braking system for reducing pedestrian 
injuries.  While the pre-braking condition showed 
reductions in the relative velocity of head with the 
vehicle at the head-vehicle impact and increase the 
pedestrian WAD, the vehicle shape showed a 
significant influence on the velocity speed and the 
vehicle component impacted by the pedestrian head.  
More parametric studies may be run in the future, 
with different braking parameters, and dummy 
anthropometries.  The simplified FE models of 
vehicle can be easily used in different optimization 
studies of vehicle shape and stiffness and restraint 
systems for pedestrian protection. In addition, a 
physical buck developed based on the design 
concepts of this study may be manufactured and used 
to validate the new pedestrian protection design in 
dummy-pedestrian buck crashes. 

CONCLUSIONS 

This numerical study showed that a 
simplified pedestrian buck consisting of five 
components: lower stiffener, bumper, hood leading 
edge-grille, hood and windshield; can reasonably 
approximate the vehicle front structures during the 
lateral impact of a POLAR II dummy.  The geometry 
of the buck FE models was developed based on the 
contour-cross-sections corresponding to a mid-size 
and a large-size sedan vehicle used in previous 
vehicle-to-dummy and cadaver tests.  The material 
properties of current polymeric products were used 
for the FE models of the buck components in order to 
allow manufacturing a physical implementation of 
the generic pedestrian buck in the future.  
Simulations of interactions between impactors and 
vehicle component were used to correlate the 
dynamic stiffness of buck components with the 
corresponding data of vehicle models.  The hood 
lower edge-grille component designed based on 
impactor simulations showed poor correlation during 
the dummy –vehicle impact simulations.  This poor 
correlation may be caused by the complex contact 
between the pelvis and vehicle which is poorly 
reproduced in the component test.  In a parametric 
study using FE impact simulations of POLAR II 
dummy and pedestrian buck models, it was shown 
that the vehicle braking conditions reduce the relative 
velocity of the head to the vehicle and increase the 
time of head impact and wrap-around-distances 
(WAD) to primary head contact.  In addition, 
different buck shapes (e.g. MS buck and a large-size 
sedan - LS buck) showed a higher sensitivity to 
pedestrian kinematics (e.g. relative head impact 
velocity) than to the braking conditions over the 

range of conditions examined in this study.  The 
pedestrian buck models developed in the current 
study may be used for future optimization studies of 
pedestrian protection systems (e.g. airbags, automatic 
braking etc) and in manufacturing a physical 
pedestrian buck, which could, in turn, be used to 
validate pedestrian protection systems. 
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ABSTRACT 
 
Improving pedestrian protection in vehicle impacts 
is achieved by the combination of proper shapes 
and materials in vehicle front end design. This may 
however conflict with other priorities regarding 
vehicle impact performance, such as damageability. 
It would be advantageous to have a single bumper 
system design that meets global legislative impact 
requirements. Alternative materials may provide 
the solution.   
 
The composite material described in this paper is a 
blend of elastomeric capsules or beads in a matrix 
of Newtonian fluid. The material, which can be 
considered as a liquid analogy to elastomeric 
foams, is referred to as shock absorbing liquid or 
SALi.  
 
SALi based shock absorbers have the ability to 
change their energy absorbing properties depending 
on the type of impact (velocity and size of the 
impacting body) that they are cushioning. Based on 
this ability, SALi based shock absorber devices 
could be beneficial for impact energy management 
applications because of their attendant response 
tailorability. However, prior to adopting SALi 
based devices for impact energy management 
applications several key issues need to be resolved.  
 
The present study was focused on one of the most 
significant of these: the verification of the tunability 
of the response of such devices at different stroking 
velocities. Impact tests using an assisted drop tower 
facility were conducted on SALi based energy 
absorbers for a range of impact velocities. The 
results of the experimental tests conducted on SALi 
based shock absorbers are encouraging. The 
material shows innovative energy absorbing 
properties. Interpretation of the results described 
here provide for a better understanding of the 
fundamental behaviour of SALi based energy 
absorbers and provide a first step tool in optimising 
the design of energy absorbing bumper systems. 

INTRODUCTION 
 
Pedestrian safety is now a high profile issue within 
the automotive industry. All new passenger cars are 
required to provide an effective level of protection 
for pedestrians and other vulnerable road users in 
the event of contact. It is therefore prudent to set 
these standards high so that a larger number of 
pedestrians are protected in cases where no 
emergency braking takes place and to focus on the 
development of technologies that can meet this 
challenge. 
 
Shock Absorbing Liquid (SALi) [1][2] is an 
innovative technology that has the potential to 
deliver a car bumper design that would enhance 
pedestrian protection without either sacrificing 
vehicle damageability or significantly increasing 
the depth of the bumper system. SALi is a mixture 
of elastomeric capsules – which compress to absorb 
impact energy – and a viscous matrix fluid – which 
absorbs energy as the fluid shears when the 
capsules compress. When packaged correctly, the 
result is a material that when subject to impact 
loading is highly efficient in absorbing impact 
energy and offers smart properties – soft for 
pedestrian impacts yet stiff for vehicle 
damageability. The above properties also lend SALi 
to other pedestrian and occupant safety 
applications.  
 
However, the effective utilisation of SALi will 
require the correct combination of materials (with 
the right elastic and viscous damping properties) 
and mixture proportions (to minimise weight, 
volume and cost) to solve the impact absorbing 
problems of pedestrian protection. Towards this 
end, initial verification of the tunability of the 
response of such devices at different stroking 
velocities was undertaken. Impact tests were 
conducted on SALi shock absorbers at various 
velocities. Newtonian matrix fluids with different 
viscous damping properties were used with 
expanded polystyrene beads or polymeric 
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microspheres. The role of the capsules to the side of 
the impact zone in absorbing impact energy will be 
highlighted. The objective is to move towards a set 
of design rules for constructing SALi based impact 
absorbers. 
 
The results presented provide a better 
understanding of the fundamental behaviour of 
SALi based energy absorbers and provide a useful 
tool for optimising the design of energy absorbing 
bumper systems.  
 
BACKGROUND  
 
Every year 1.7 million people are injured and 38 
thousand people are killed on European roads [3]. 
Pedestrians form a large proportion of road accident 
casualties impacted by the front of a passenger car 
[4].  
 
As pedestrians constitute a significant proportion of 
all road user casualties, the Commission of the 
European Communities (EC) has set itself the target 
of reducing the figure of fatalities by 30% and the 
injured pedestrian by 17%.  
 
Measures were introduced by the Commission to 
improve the safety of vulnerable road users in case 
of injuries resulting from a collision with a motor 
vehicle [5]. The EC Directive 2003/102/EC 
proposed performance requirements for the frontal 
structures of certain categories of motor vehicles to 
reduce their aggressiveness [6]. It established tests 
and limit values based on the EEVC proposals to be 
complied with by new vehicles. The introduction 
was to be in two phases, with proposed European 
Enhanced Vehicle Safety Committee (EEVC) test 
procedure being mandatory in 2010. 
 
Most of the current solutions designed for 
pedestrian protection aim at absorbing energy by 
deformation after impact (passive systems) [7]. A 
pedestrian friendly vehicle involves three 
requirements: 
 
- A sufficient crush depth established by keeping 

adequate space between the bumper or the 
bonnet and the hard elements like the engine 
[8]; 

- An appropriate deformation stiffness of the 
crushing elements generated by energy 
absorbing materials to decelerate progressively 
the leg and the head of the pedestrian during 
the impact; 

- An appropriate force distribution on the leg 
introduced by small changes in vehicle front 
designs. 

 
The goal is to make the vehicle front end less 
injurious to pedestrian by preventing and reducing 
the severity of the impact.  

 
However, there is a conflict between these goals 
and those for crash management as a whole. The 
purpose of crash management is to minimise 
damages at the front of the vehicle and reduce 
pedestrian injuries. Reducing repair costs in order 
to achieve a favourable insurance classification is 
one of the key drivers for OEMs. The level of 
damage is assessed in the Research Council for 
Automobile Repairs (RCAR) crash repair test [9]. 
In this test, the vehicle is crashed against a non-
deformable barrier at a speed of 15km/h with 40 % 
overlap. It would therefore be advantageous to have 
a single bumper system design that meets global 
legislative impact requirements.  
 
A brief discussion of the pedestrian leg impact 
requirements will be helpful before proceeding. The 
purpose of the pedestrian leg impact test procedure 
is to reduce the occurrence of lower limb injuries in 
pedestrian accidents. In the pedestrian leg impact 
test, a ‘leg-form’ impactor is propelled toward a 
stationary vehicle at a velocity of 40 km/h parallel 
to the vehicle’s longitudinal axis. The test can be 
performed at any location across the face of the 
vehicle, between the 30º bumper corners. The 
acceptance criteria are illustrated in Figure 1. The 
limit values given are those used by EuroNCAP 
(the European New Car Assessment Programme) 
[10] and proposed as phase II of EC Directive 
2003/102/EC [6]. The maximum tibia acceleration 
criterion is intended to prevent tibia fractures. The 
knee bend angle and shear deformation criteria are 
intended to prevent knee joint injuries such as 
ligament ruptures and intra-articular bone fractures. 
 

 
 

Figure 1: Pedestrian ‘leg-form’ injury criteria as 
specified by EuroNCAP and originally proposed 
as phase II of EC Directive 2003/102/EC.   
  
The Commission adopted a new Proposal for a 
Regulation on Pedestrian Safety (and repealing the 
Directive) in October 2007, which forms the basis 
for a combination of feasible requirements with 
active safety measures [5]. The limit values for the 
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lower legform to bumper test are proposed as 170g 
(acceleration), 19° (bending angle) and 6mm 
(shearing displacement).   
 
The front bumper is a key part in any discussion 
regarding lower leg impact, and - more specifically 
– the energy management of the bumper energy 
absorbing system [10][11]. In order to pass the leg 
impact tests, the first requirement is that the 
acceleration should be less than limit value. This is 
governed by the crush strength and depth of the 
bumper material [12]. Currently, plastic foams, 
such as expanded polystyrene (EPS) or expanded 
polypropylene (EPP), are the most common 
material used to provide energy management. The 
most important mechanical property these foams as 
an impact material are their resistance to 
compressive stresses. Plastic foam bumpers have 
been proven to perform well in single impact 
scenarios, but in order to prevent bottoming-out 
(contact and crushing occurring between opposing 
cell walls), there must be sufficient depth of 
material. The problem with increasing the depth is 
that it adds cost and weight to the design. In 
addition, like most impact materials, EPS and EPP 
foams absorbs the impact energy by plastic 
deformation, resulting in permanent damage. The 
softer, deeper foam recommended for leg protection 
will adversely affect the vehicle’s ability to survive 
low speed collisions without damage [13].  
 
SHOCK ABSORBING LIQUID (SALi)  
 
Shock Absorbing Liquid (SALi) is an innovative 
technology that has the potential to deliver a car 
bumper design that would enhance pedestrian 
protection without either sacrificing vehicle 
damageability or significantly increasing the depth 
of the bumper system. 
 
What is SALI?  
 
The SALi based shock absorber is a composite 
material designed to absorb the energy of impacts, 
vibrations and shock waves. It consists of a large 
number of small elastomeric capsules surrounded 
by an incompressible matrix liquid retained in a 
flexible low stretch packaging (Figure 2).  
 

 
 
Figure 2: SALi based shock absorber showing 
the elastomeric capsules in red surrounded by 
an incompressible matrix fluid and contained 
within a flexible low stretch packaging.  
 

Many different materials can be used to make SALi 
impact absorbers. The small capsules may be 
closed or open gas filled capsules, expanded 
polystyrene beads or polymeric microspheres for 
example. For the matrix fluid, any liquid which can 
hydraulically transfer pressure changes is 
potentially usable. The size and the shape of the 
container affect the impact energy absorbing 
performance. The container must be leak proof and 
deform easily under impact but not stretch 
significantly. This is to enable the capsules under 
and adjacent to the impact zone to rearrange 
themselves in the package whose front face takes 
the shape of the impactor.  
 
How does SALi work?  
 
SALi provides high impact absorbing performance, 
because the matrix fluid transmits pressure changes. 
When subject to an impact, the SALi based shock 
absorber combines the elastomeric properties of 
closed cell foams with the viscous damping and 
pressure equalization properties of a liquid. The 
matrix fluid acts as a lubricant, transmitting the 
stresses between adjacent capsules in the container 
and damping the movement of the capsules. The 
gas pressure inside closed capsules changes in 
response to pressure changes in the surrounding 
fluid. Before the impact, the elastomeric capsules 
are in close contact and incompressible matrix fluid 
fills all of the void space between the capsules 
(Figure 2). During the impact the ratio of fluid to 
capsule volume increases as the capsules are 
compressed (Figure 3). 
 

 
 

Figure 3: Hydraulic pressure causes all of the 
elastomeric capsules inside the bag to be 
compressed. The viscous liquid swirls around 
the shrinking capsules, contributing viscous 
damping to the energy absorbing effect.  
 
What are the advantages of SALi?  
 
The shock absorber has the ability to change its 
energy absorbing properties depending on the type 
of impact (velocity and size of the impacting body) 
it is cushioning. With a small impacting body, the 
elastic fluid is shifted sideways of the impact zone 
(Figure 4). The impacting body would "see" the 
SALi filled package as a wide, soft cushion. The 
matrix fluid transmits pressure changes, allowing 
the elastomeric material to the sides of the impact 
zone to also participate in absorbing impact energy. 
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A larger object involves a wider contact area during 
an impact. There would be no movement of the 
elastic material sideways from the impact zone 
(Figure 5). The rate at which the SALi material is 
crushed will be higher. The SALi material will have 
a higher stiffness. The material only exhibits these 
characteristics if it is packed in a stout, high tensile 
strength bag. 
 

 
 

Figure 4: For a small impacting body, the elastic 
fluid would move sideways from the impact 
zone.  

 

 
 
Figure 5: For a large impacting body there 
would be no movement of the elastic material 
sideways from the impact zone. 
 
The stiffness of any foam energy absorber needs to 
chosen such that the stress in the plateau region is 
less than the specified stress. Damaging levels of 
impact stress travel through the foam, to the 
underlying surface when the foam is compressed 
more than about 65%. For SALi, compression, in 
terms of thickness change can reach 100% without 
leaving the plateau region, because elastomeric 
material flows to the side, during the impact.  
 
At higher impact speed, energy absorption by 
viscous damping increases, effectively, stiffening 
the SALi based absorber. The use of a highly 
viscous matrix fluid allows the compression 
impulse travelling to the sides of the impact zone to 
be damped rapidly. 
 
The forces applied to the impactor are fairly 
uniform over the contact area, which is a strong 
advantage against rigid foams. When correctly 
packaged, the hydraulic properties of SALi allow 
the impact loads to be transmitted over the femur 
and adjacent soft tissue. 
 

 
 
Figure 6: Stress distribution within SALi (RHS) 
compared with elastomeric foam (LHS). 
 
What are the potential applications for SALi?  
 
When looking at pedestrian protection in isolation, 
we can achieve the desired level of protection with 
traditional methods. It is a question of specifying a 
material with the appropriate stress / strain 
properties and defining the optimal geometry of the 
vehicle front structure. However, the manufacturer 
always has to balance pedestrian protection with 
other competing interests, such as damageability 
and design space constraints.  
 
What SALi can do is offer a material that manages 
to balance competing interests far better than 
traditional solutions. The “smart properties” of 
SALi can resolve the “conflict of stiffness” 
problem. The variable uniaxial stiffness optimizes 
the impact absorbing abilities to provide a high 
degree of protection for a wide range of pedestrian 
sizes (from small child to larger adult body), and an 
adequate cushioning in impacts with other vehicles 
or street furniture. The SALi filled impact absorber 
is reusable and can accept many impacts as the 
capsules are uniformly compressed on all sides, 
take minimal damage and make a fairly recovery in 
volume with little residual compression when load 
is removed. Its energy absorbing behaviour does 
not change radically with the form of the impacting 
body, as the hydraulic pressure equalization 
characteristics of the absorbers allow them to 
absorb uniaxial impacts as a bulk compression 
phenomenon. It can efficiently protect occupants, 
pedestrians and other vulnerable road users, and 
minimize vehicle repair costs. 
 
Beyond bumper systems, SALi also has potential 
application in:  
 
Head Impact 

- Pillar trim 
- Side rail and roof lining 
- Side curtain airbag attachment 

Side Impact 
- Upper arm & thoracic protection 
- Pelvis and leg protection 

Pedestrian Protection 
- Under hood attachment 
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APPROACH 
 
It was identified that prior to adopting SALi based 
devices for impact energy management applications 
several key issues needed to be addressed. The 
present study focused on one of the most significant 
of these, the verification of the tunability of the 
response of such devices at different stroking 
velocities (representative of the difference between 
pedestrian to vehicle and vehicle to vehicle 
impacts). This represents one of five key phases 
building towards the development of a SALi based 
bumper system:   
 
Phase 1: Characterisation of SALi Properties 
Phase 2: Further Characterisation / Simulation 
Phase 3: Complex SALi Simulation 
Phase 4: Real Car Simulation 
Phase 5: Car Maker Tests 
 
CHARACTERISATION OF SALi 
PROPERTIES  
 
Phase one of the Cardiff University research was 
recently completed. The main purpose of the Phase 
one work was to validate our theoretical predictions 
of how SALi type devices work.  
 
TEST PROGRAMME  
 
Many formulations are possible for a SALi based 
impact absorber. The combination of materials and 
mixture proportions with the right elastic and 
viscous damping properties have to be found to 
solve the impact absorbing problems of pedestrian 
protection. The shock absorber should minimize 
acceleration and displacement during impacts with 
pedestrians as well as with other vehicles or street 
furniture. The weight, thickness and cost of the 
SALi filled bumper must also be at the minimum. 
 
Phase one was concerned with mechanical testing 
of SALi shock absorbers. The primary objective of 
the experimental programme was to attest SALi 
Technology shock absorbing properties. Physical 
experiments were conducted on SALi shock 
absorbers to verify the innovative properties of the 
material and to establish its potential for pedestrian 
protection. Several series of tests were established 
with different formulations at various impact 
velocities. 
 
Sample Composition and Preparation 
 
The formulation of SALi consists of elastomeric 
beads and a viscous matrix fluid. Two types of 
beads were used for the preparation of the SALi 
shock absorbers: expanded polystyrene beads 
(diameter: 4-7mm) or polymeric microspheres 
(diameter: 60-90μm). The blending of the two 

constituent parts by volume was as shown in Table 
1. 
 
Table 1: Component part in the blending of 
SALi shock absorbers 
 

Parts by volume EPS beads Matrix fluid 

True parts 66 34 

Measured parts 100 34 

 
A third set of beads was also prepared; this 
consisted of the above expanded polystyrene beads 
blended with the polymeric microspheres. Shock 
absorbers using this mix of beads were referred to 
as nested SALi shock absorbers as the small 
polymeric microsphere effectively ‘nest’ between 
the larger beads. The blending of the constituent 
parts by volume was as shown in Table 2 
 
Table 2: Component parts in the blending of 
nested SALi shock absorbers 
 

Parts by volume EPS 
beads 

Polymeric 
microspheres 

Matrix 
fluid 

True parts 66 22.5 11.5 

Measured parts 100 34 11.5 

 
The difference between the true and actual volume 
(parts) is due to the volume occupied by void 
spaces between the spherical particles. The true 
volume of elastomeric material when expressed as a 
proportion of the measured volume is referred to as 
packing fraction. The volume of SALi is evaluated, 
and then considering that the true volume of EPS 
beads corresponds to 66% of the measured one, the 
volume is fulfilled with EPS beads and then 
completed with 34% extra volume of silicone oil. 
For instance, for a 1L sample, 340mL of oil will be 
added to measure 1L of EPS beads. For a nested 
version, 115mL of matrix fluid will be mixed with 
340mL of microspheres and 1L of EPS beads. The 
liquid fraction is reduced from 35% to about 12%. 
 
Every set of SALi was tested with different matrix 
fluids. BluStar silicone oils of 100cSt, 1000cSt and 
12500cSt were used [15].  
 
The blended mixture of elastomeric beads and 
matrix fluid are placed in strong polythene tubing. 
This tubing is heat sealed at either end (Figure 7).  
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Figure 7: Elastomeric material (EPS beads) 
blended with viscous matrix fluid. The polythene 
tubing retains the mixture. This is then wrapped 
in a low stretch outer sheath.  
 
Test Apparatus and Procedure 
 
Experiments were performed on an Instron 
Dynatup® 9250 HV Impact Test System equipped 
with a 15kN tup load cell and software for 
continuous data acquisition.  
 
In each of the test, the SALi sample was fixed onto 
a steel plate as shown in Figure 8. The SALi 
material within the centre section was retained 
inside a strong, low stretch outer sheath. Without 
the low stretch sheath, the packaging would stretch 
during an impact allowing the elastomeric capsules 
to be displaced without suffering significant 
compression. The main energy absorbing 
mechanism would be the work done in stretching 
the polythene – which is fairly low, compared with 
the work done compressing SALi. 
 
 

 
 
 

 
 
Figure 8: A holder was designed to contain the 
SALi absorber. The spacing of the clamping 
bars was adjustable to allow samples of different 
length to be tested. 
 
 
 
 

Test Series 1  
 
The first series of tests investigated the involvement 
of SALi material beyond the immediate impact 
zone. The impactor was a cylinder of 25mm 
diameter and of mass 5.2kg (Figure 9).  
 

 
 

Figure 9: Cylinder shaped impactor 
 
The longitudinal axis of the cylinder was aligned 
across the SALi pad. The cross section of the SALi 
pad was 70mm in the direction of the cylinder 
longitudinal axis by 50mm in the direction of the 
impact axis (Figure 10). The length of the pad 
(shown as dimension A) was varied from 70mm to 
170mm in increments of 50mm. This type of 
impact is analogous to a pedestrian type impact 
described previously.   
 
 

 
 
Figure 10: The alignment of the impactor and 
SALi sample (Length A = 2 x Length B).   
 
The impact conditions were the same for each of 
the samples; the only change was the length of the 
pad perpendicular to the longitudinal axis of the 
impactor. 
 
Fixed Parameters  
- Impactor mass: 5.2 kg 
- Striker shape: cylinder (25mm diameter) 
- Package: polythene tubing 
- Sample cross sectional area: 70x50mm 
- Fluid viscosity: 1000cSt 
- Capsules: EPS beads 
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Variable Parameters  
- Impact velocity: 0.8-2.4m/s 
- Sample length: 70-320mm 
 
Test Series 2  
 
The second series of tests investigated changes in 
viscosity of the matrix fluid. The experimental set-
up from test series one was replicated. The change 
was that the sample length was a fixed parameter 
and the fluid viscosity was a variable parameter. 
The choice of sample length was based on 
assessment of test series 1 result. 
 
Fixed Parameters  
- Impactor mass: 5.2 kg 
- Striker shape: cylinder (25mm diameter) 
- Package: polythene tubing 
- Sample cross sectional area: 70x50mm 
- Capsules: EPS beads 
- Sample length: 170mm 
 
Variable Parameters  
- Impact velocity: 0.8-2.4m/s 
- Fluid viscosity: 100cSt, 1000cSt and 12500cSt 
 
Test Series 3  
 
The third series of test investigated a change to the 
capsule size. The experimental set-up from test 
series one was replicated. With the exception of the 
change in bead size, the fixed and variable 
parameters remained as for test series two. 
 
Test Series 4  
 
The fourth series of tests investigated blending EPS 
beads with polymeric microspheres. The 
experimental set-up from test series one was 
replicated. With the exception of the change in bead 
size, the fixed and variable parameters remained as 
for test series two. 

 
Additional Test Series  
 
Although not reported within the following 
sections, a number of additional test series were 
undertaken. These investigated repeatability of 
SALi type absorbers at various stages of the 
investigation, the response of EPS foam blocks and 
the response of SALi type absorbers to change in 
impactor (size and mass). 

 
RESULTS AND DISCUSSION  
 
Force against deflection was recorded from each of 
the tests. The test data was then evaluated based on 
what is required from a manufacturer’s perspective 
for a pedestrian friendly bumper system. This is to 
limit peak acceleration (to pass the leg impact tests, 
the first requirement is that the acceleration should 

be less than limit value) and increase efficiency (the 
more efficient the energy management, the smaller 
the depth of space needed to absorb the energy 
from the event).  
 
The peak load measured during the impact test was 
used to investigate peak acceleration (force is 
analogous to acceleration as impact mass was 
fixed).  
 
The efficiency was investigated using the following 
relationship: 

∫ Δ= ηxFdxxF )(  

Where:  
F = Peak Force   
Δx = Deflection   
η = Waveform efficiency  

 
Influence of Shock Absorber Length  
 
The initial series of tests investigated change in 
absorber length upon peak load and absorber 
efficiency. The peak load for each of the test results 
is compared against change in velocity in Figure 11 
and the efficiency in Figure 12. 
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Figure 11: Maximum load variation against 
impact velocity with the 25mm diameter 
impactor and for the three SALi pad sample 
lengths tested.  
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Figure 12: Efficiency with change in impact 
velocity with the 25mm diameter impactor and 
for the three SALi pad sample lengths tested.   
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A number of observations can be made regarding 
the peak load change and change in efficiency: 
 
- Peak load decreased with pad length.  
- Peak load increased with impact velocity.  
- Rate of change in peak load with velocity was 

greater for the 70mm length sample for impact 
velocities >1.6m/s.  

- Efficiency was highest for the 170mm length 
sample. 

 
To explain these observations, it is necessary to 
look at the energy absorption process.  
 
Energy absorption by a SALi composite material 
occurs by two mechanisms. One is the work done 
in compressing the elastomeric material. The other 
is work done by the matrix fluid as it shears. 
Looking at these contributions individually:   
 
- For a given deflection, within a larger volume 

of SALi, the strain-rate of the individual EPS 
beads is reduced. Experimental work on EPS 
foams [17] has shown that EPS is strain rate 
dependent and that stress increases at higher 
strain rates. Therefore for a larger volume of 
SALi the work done in compressing the 
elastomeric material is reduced.  

 
- If the strain-rate of the individual beads is less 

within a larger volume of SALi, then the shear 
rate of the matrix fluid would also change i.e. 
for a larger volume of SALi the state may 
change from i to ii in Figure 13 compared to a 
change from i to iii for a smaller volume. For a 
Newtonian fluid, the shear rate is directly 
proportional to shear stress. Therefore the 
contribution to the work done by shearing of 
the matrix fluid would therefore be less as 
SALi volume is increased.  

 
 

 
Figure 13: A two dimensional simplification of 
bead compression within a SALi composite fluid. 
The neutral point about which the fluid flows is 
shown as X.   

The result is of the above is a reduction in work 
done and hence a lowering of the peak load for the 
same stiffness of beads and same matrix fluid 
viscosity. The above assumes that the pressure 
change is not localised, but that pressure change is 
distributed through the SALi fluid (this assumption 
will be investigated in more detail is the second 
series of tests).  
 
A further observation was that the peak load 
increased for each of the samples at higher impact 
velocities. This is not unreasonable given that strain 
rate dependency of the EPS material mentioned 
earlier and that shear rate of the matrix fluid would 
increase (and hence shear stress).  
 
The final observation was that whilst the change in 
peak load for increasing velocity was 
approximately linear for the 120mm and 170mm 
samples, this was not the case for the shorter 70mm 
sample. 
 
Higher velocities considerably increase the amount 
of impact energy that requires dissipation. Doubling 
the impact speed from 1.2 to 2.4m/s increased the 
energy to be dissipated by a factor of 4. The higher 
energy impacts for the 70mm samples are 
compressing of the EPS beads into the densification 
region (region in the stress strain curve in which 
stress rises steeply due to contact and crushing of 
the cell walls). Strain hardening of EPS foam has 
been shown to occur at approximately 55%-65% 
strain region [17]. The effect of entering the 
densification region is a fall in the efficiency of the 
absorber.  
 
Influence of Matrix Fluid Viscosity  
 
The second series of test investigated changes in 
viscosity of the matrix fluid upon peak load and 
absorber efficiency. The length of absorber was 
chosen as 170mm based on observation of 
efficiency in the previous series of tests that 
showed this length of absorber to be the most 
efficient of the three lengths tested.  
 
The peak load for each of the test results was 
compared against change in velocity in Figure 14 
and the efficiency in Figure 15. 
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Figure 14: Maximum load variation against 
impact velocity with the 25mm diameter 
impactor and for the three matrix fluid 
viscosities tested.   
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Figure 15: Efficiency against impact velocity 
with the 25mm diameter impactor and for the 
three matrix fluid viscosities tested.   
 
A number of observations can be made regarding 
the peak load change and change in efficiency: 
 
- Peak load increased with velocity.  
- Peak load decreased with viscosity 
- Efficiency increased with viscosity.  
- Efficiency decreased with velocity. 
 
As for the previous test series it would be 
reasonable to expect an increase in peak load at 
higher impact velocity due to the strain rate 
dependency of the elastomeric material (stress 
increases with strain-rate) and the higher shear rate 
of the matrix fluid (shear stress increases with shear 
rate).  
 
However, as viscosity of the matrix fluid is 
increased, the shear stress is far greater and hence 
pressure change is more localised. This results is 
greater differential compression of the EPS beads 
(those nearer the impact zone suffer proportion 
higher strain than those further away). This can be 
observed by comparing the respective force 
deflection curves for the different viscosities at 
each impact velocity.  

The force deflection curves exhibit hysteresis i.e. 
the energy dissipation during the impact results in 
smaller compliance during unloading (restitution) 
than was present during loading (compression). The 
area under the unloading curve equals the elastic 
strain energy released from the deforming region 
during restitution. As can be observed from the 
force deflection curves presented here (Figure 16), 
the elastic strain energy released is less for the 
higher viscosity matrix fluid. EPS foam is known to 
exhibit linear behaviour for strains less than 0.05 
[17]. Therefore the greater the volume of EPS 
material under strain the greater the elastic strain 
energy released. Put succinctly, the greater the 
number of beads subject to compression the greater 
the elastic strain energy stored. 
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Figure 16: Force against deflection curves for 
2.0m/s impact against the 100cs, 1000cs and 
12500cs SALi shock absorber pads. The 
compliance is less for the higher viscosity matrix 
fluid. 
 
Increasing the viscosity of the matrix fluid 
increases the efficiency of the absorber as shearing 
of the matrix fluid lowers the peak load   
 
Influence of Bead Size  
 
The third series of tests investigated changes in 
elastomeric beads upon peak load and absorber 
efficiency. The EPS beads (diameter: 4-7mm) were 
replaced with Expancel polymeric microspheres 
(diameter: 60-90 μm). The peak load for each of the 
test results is compared against change in velocity 
in Figure 17 and the efficiency in Figure 18. 
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Figure 17: Maximum load variation against 
impact velocity with the 25mm diameter 
impactor and for the three matrix fluid 
viscosities tested.   
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Figure 18: Efficiency against impact velocity 
with the 25mm diameter impactor and for the 
three matrix fluid viscosities tested.     
 
Similar observations to those made for the EPS 
beads can be made regarding peak load and 
efficiency. The exceptions are that the difference in 
peak load at different viscosities was greater and 
that efficiency was maintained with increase in 
impact velocity. Indeed, efficiency was observed to 
initially increase (from 1.2m/s to 1.6m/s).   
 
The rational for the change in load is that the 
contribution to the work done from shearing of the 
matrix fluid was greater. This follows from the fact 
that the total solid-liquid interface surface is higher 
(greater potential for shear of the matrix fluid). 
However, for a given level of compression the 
beads remain closer and therefore the mean 
displacement of elements of the liquid, and hence 
the shear rate (and hence shear stress) of the matrix 
fluid is reduced.  
 

 
 
Figure 19: Comparison of SALi with different 
bead size. The solid-liquid interface area is 
higher, but for a given compression of the total 
volume the displacement of the fluid would be 
less.  
 
The principal advantage of the polymeric 
microspheres over EPS beads used in the previous 
tests is in creating a low weight version of SALi. A 
mixture of liquid and polymeric microspheres used 
to fill the void spaces between the larger spheres 
would reduce the weight of the matrix fluid in the 
SALi shock absorber. 
 
Combing Polymeric Microspheres and EPS 
Beads 
 
The fourth series of tests investigated blending of 
the EPS and polymeric microspheres upon peak 
load and absorber efficiency. The peak load for the 
test with the 1000cSt matrix fluid is compared 
against the tests with the EPS beads and 
microspheres in Figure 20 and the efficiency in 
Figure 21. 
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Figure 20: Maximum load variation against 
impact velocity for the SALi absorber using the 
1000cSt matrix fluid.  
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Figure 21: Efficiency against impact velocity for 
the SALi absorber using the 1000cSt matrix 
fluid.  
 
Peak loads were lower compared to equivalent tests 
with just EPS or microspheres. However, the 
efficiency of the absorber is similar to the previous 
test at lower velocities and is more efficient that 
EPS alone at higher velocities.    
 
This difference can be explained by assuming that 
the EPS beads are effectively immersed in an 
elastic matrix liquid. Consequently, from the 
perspective of the EPS beads, there is no need for 
the bead-to-liquid geometry to change as depicted 
previously (Figure 22).  
 

 
Figure 22: If the matrix fluid filling the void 
spaces between the EPS beads shrinks at the 
same rate as the beads, then there is no need for 
the fluid to swirl round the beads, as suggested.  
 
For this explanation to be valid, the Microspheres 
and EPS beads would need to exhibit similar levels 
of compressive stiffness over the compression 
range tested.  
 
IMPLICATIONS FOR BUMPER DESIGN  
 
From the perspective of vehicle damageability it is 
necessary to have a stiff bumper to improve the 
vehicle’s ability to survive low speed collisions 
without damage. The stiffness of the SALi bumper 
in vehicle damageability type impacts is taken to be 

a function of stiffness of the elastomeric material 
(when compared to pedestrian impacts, these are 
low speed events so viscous damping rate and 
hence viscous stress would be lower than in a 
pedestrian impact). Conversely, from the 
perspective of pedestrian protection it is necessary 
to have a lower stiffness. In addition, designing a 
bumper to fit within the packaging space typical of 
today’s vehicle styling it is necessary to maximise 
the efficiency of the absorber.  
 
The results of the experimental investigation have 
shown that stiffness of the SALi absorber can be 
lowered for small body impacts (representative of 
leg form impacts) without compromising the 
stiffness of the elastomeric material (necessary for 
vehicle damageability). For the same elastomeric 
material:  
 
- Lengthening of the impact absorber lowered 

the peak load.  
- Increasing the viscosity of the matrix fluid 

lowered the peak load.   
 
However, the efficiency of the absorber was 
observed to decrease at higher impact velocities. 
Altering the formulation of SALi by the blending of 
EPS beads with polymeric microspheres was shown 
to maximise the efficiency of the absorber over the 
range of impact velocities investigated.  
 
In addition to the above it is necessary to ensure 
that the strain of the elastomeric material does not 
reach the densification stage (strain hardening). For 
SALi absorbers it was shown that strain hardening 
could be avoided without resort to increasing the 
depth of the energy absorber. This provides a 
distinct advantage when it comes to packaging a 
SALi energy absorber.  
 
Schuler et al [10] calculated the minimum energy 
absorber thickness for a leg impact. For foam 
systems it was found that a thickness of 100mm 
was required. A similar calculation based on the 
nested version of the SALi absorber (assuming 
similar efficiencies at higher impact speeds) would 
see the minimum thickness reduced to less than 
60mm.  
 
In addition, the weight of the absorber is critical. 
The matrix liquid is the highest density component 
of any SALi formulation. A mixture of liquid and 
polymeric microspheres can be used to fill the void 
spaces between the larger spheres. This would have 
the two advantages of (1) reducing the weight of 
the matrix fluid in the SALi shock absorber and (2) 
for a small body impact it reduces the effective 
stiffness. However, as long as the crush strength of 
the blended matrix liquid was equal to or higher 
than the larger spheres then the bumper stiffness for 
vehicle damageability would not be compromised 



 

Davies 12  

(the large spheres would always compress in 
preference to the matrix fluid).  
 
FURTHER RESEARCH  
 
The basic SALi formulations investigated were 
close packed expanded polystyrene (EP) beads, 4 to 
7 mm in diameter, with the void space between 
them filled with a viscous liquid. This formulation 
is useful for helping us to understand how SALi 
works, but too heavy for commercial applications. 
A low weight version of SALi, using a mixture of 
liquid and polymeric microspheres to fill the void 
spaces between the larger spheres was also 
investigated.  
 
They all shared a basic idea: to use the available 
package space in the most efficient manner. It 
means: the fast response of the energy absorbing 
structure to the impact event (shape force – 
intrusion curve close to rectangular shape), the 
more efficient the energy management and, 
therefore, the smaller the thickness of space needed 
to absorb the energy from the event. An important 
feature of the further research work will be to 
investigate various blends of stiff and soft 
microspheres, in order to increase impact energy 
absorbing performance. 
 
In addition, stiff particles can be added to 
Newtonian liquids to convert them into shear 
thickening fluids. If the particle density is 
sufficiently high and the applied stress increases 
sufficiently rapidly, the fluid can lock up, to 
transiently mimic the properties of a solid. 
 
SUMMARY  
 
The purpose of crash management is to minimize 
damages at the front of the vehicle - reducing repair 
costs in order to achieve a favourable insurance 
classification is one of the key drivers for OEMs –   
and reducing pedestrian injuries – pedestrian safety 
is now a high profile issue within the automotive 
industry.  
 
In summary, the experimental work has shown that 
the shock absorbing liquid composite transmits 
impact energy from the impact zone and through a 
much greater bulk of the material than would be 
expected of conventional solid dry foams. The 
result is that the stiffness of the SALi absorber can 
be lowered for small body impacts (representative 
of leg form impacts) without compromising the 
stiffness of the elastomeric material (necessary for 
vehicle damageability). The result is that forces at 
the impact zone that are smaller than those 
produced in conventional solid dry foams. 
Therefore, it is expected that vehicle bumpers 
produced from the shock absorbing liquid 
composite will produce comparatively less impact 

forces on pedestrians and will therefore be more 
pedestrian friendly. Key points from this work are 
outlined below:  
 
- It was found that SALi provided high impact 

absorbing performance, because the matrix 
fluid transmits pressure changes, allowing the 
elastomeric material at the sides of the impact 
zone to also participate in absorbing impact 
energy. The investigation showed a 
significantly increasing performance up to 
170mm (compared to 70mm and 120mm 
length absorbers). The forces applied to the 
impactor decrease with the shock absorber 
length, which is advantageous for pedestrian 
impacts. The SALi impact absorber has better 
energy absorbing characteristics with a higher 
length, which is advantageous for reducing 
packaging space requirement. For vehicle 
application, the actual values (for pad length in 
relation to a particular SALi composite) will 
depend on the size and shape of the contact 
area, the fluid viscosity, the impact speed and 
energy (these will need to be determined in the 
follow-up phases of the investigation).  

 
- A highly viscous fluid was found to provide a 

better shock absorbing performance as loads 
and deflections decrease significantly with 
increasing viscosity. A more viscous fluid can 
absorb more impact energy within a smaller 
crush depth. The upper amount of 
compressible material provided by the use of 
very smaller polymeric microspheres instead of 
polystyrene beads increases the performance of 
SALi shock absorbers. Both loads and 
deflections are lower with the combination of 
high viscous fluid and microspheres. 

 
- Based on observations made in this 

experimental investigation, a reduction in 
packaging space of 33% against traditional 
foam based systems is theoretically possible.   

 
- The work presented here characterises SALi 

based absorbers in a particular impact 
configuration. Based on the above 
investigation, further possibilities have been 
put forward for increasing the efficiency of the 
absorber. Further investigation is also required 
in order to define design rules for SALi 
absorbers that seek to maximise the benefits of 
SALi as a crash management instrument in 
vehicle applications.  
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ABSTRACT 
 
A new flexible pedestrian legform impactor 
(Flex-PLI) has been developed by Japan Automobile 
Manufacturers Association, Inc. (JAMA) and Japan 
Automobile Research Institute (JARI). 
  
The new Flex-PLI has good biofidelity as well as 
several knee ligament elongation measurement 
capabilities, three femur and four tibia bending 
moment measurement capabilities.  For these reasons 
Flex-PLI is likely to be adopted for the future 
pedestrian Global Technical Regulation. 
 
This presentation introduces a finite element model 
of the Flex-PLI for LS-DYNA and presents a CAE 
(Computer Aided Engineering) study that 
investigates Flex-PLI kinematic behaviour caused by 
impact with a vehicle. The new Flex-PLI LS-DYNA 
model was carefully created to ensure that every 
important detail was included.  Geometries, masses 
and material properties of all parts were reproduced 
from drawings and inspection of the real components.  
Connectivity and component interaction within the 
model were determined by thorough experiments.  
Accurate prediction of injury indices and kinematic 
behaviour was achieved by correlation to JARI’s 
static and dynamic calibration tests.  A fine mesh was 
used while reasonable calculation cost assured by 
imposing an analysis time step of 0.9 micro seconds. 
 
In this report, investigations by computer simulation 
of Flex-PLI deformation behaviour mechanisms 
during vehicle impact are presented. 
 
INTRODUCTION 
 
The increase of traffic accidents between pedestrians 
and vehicles is recognized as an ongoing serious 
problem.  One approach to reduce pedestrian injuries 
is to improve the front structure of vehicles. 
 
Pedestrian injury statistics from traffic accident 
databases accumulated in the USA, Germany, Japan 
and Australia show that pedestrian AIS 2-6 injuries 
occurred to the head in 31.4% of the cases and to the 
legs in 32.6% [1][2].  In the EU, protection of 
pedestrian lower legs has already been regulated in 
EEC2003/102 and assessed by EuroNCAP.  These 

use a rigid-bone type lower leg impactor produced by 
TRL.  
 
JAMA and JARI have developed a new Flexible 
Pedestrian Legform Impactor (Flex-PLI) with 
improved biofidelity as well as more appropriate 
injury measurement capabilities.  The 1st version of 
Flex-PLI  was created in 2002 [3] and since then 
various technical evaluations have been carried out 
by the Flex-TEG (Flexible Pedestrian legform 
Impactor Technical Evaluation Group), conducted 
under GRSP/INF-PS-GR of the United Nations.  
JAMA and JARI have continued to improve and 
upgrade Flex-PLI, and in 2007 the 5th version, called 
Type GT（Flex-GT）was produced [4].  The Flex-GT 
has been verified worldwide to have excellent test 
repeatability and be sufficiently practical for use as a 
certification test tool [5][6]. 
 
From 2008 to 2009 the Flex-GT was upgraded to the 
6th version, Type GTR (Flex-GTR) [7].  Flex-GTR is 
expected to have the same performance as Type GT 
and is planned to be the final design.  It is likely to be 
used for the future pedestrian Global Technical 
Regulation. 
 
In order to develop vehicles using Flex-PLI, the 
application of CAE is essential and must be very 
efficient.  Therefore, in 2008, a Flex-GT LS-DYNA 
model development was started.  In a second phase 
continuing to 2009, the Flex-GT model was further 
validated in real-vehicle impact scenarios and proven 
to be a highly accurate yet numerically stable model. 
 
FLEX-GT LS-DYNA MODEL DEVELOPMENT 
 
Model General Outline 
 
Figure 1 shows the whole view of Flex-GT 
LS-DYNA model.  The Flex-GT comprises an 
internal skeleton structure covered with a flesh 
material made up of layered neoprene and rubber 
sheets.   
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Figure 1.  Flex-GT model whole view. 
 
The mesh size and distribution in the Flex-GT model 
was developed over a series of concept phases in 
order to achieve sufficient accuracy at minimal 
calculation cost.  The minimum mesh size of 
deformable parts was limited by imposing a 0.9micro 
second time step.  Total elements amount to around 
540,000 but deformable elements only to 220,000. 
 
The geometry of the model was created not only from 
2D drawings but also from long and detailed 
inspection of a physical impactor.  The physical 
impactor was completely disassembled to measure 
accurately the size and weight of all components.  
The Flex-GT model is thus set up carefully to have 
the exact same mass distribution as the physical 
impactor. 
 
Figure 2 shows the internal structure of Flex-GT. On 
the left is the LS-DYNA model, on the right is the 
physical impactor [8].  The internal structure is 
composed of three portions: femur, knee and tibia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Flex-GT internal structure:  LS-DYNA 
model and a physical impactor. 

Bone cores form the fundamental structure inside the 
femur and tibia, and provide the flexibility and 
stiffness in those areas. 
 
The knee joint is made up of two blocks connected by 
steel cables and springs which replicate ligaments in 
the real human knee.  With this system, good 
biofidelic behaviour can be achieved without 
requiring replacement parts.  The ligament layout is 
asymmetric because it represents a human right leg 
hit from the right side. 
 
The Flex-GT model was developed using LS-DYNA 
Version 971 R3.2.1 [9]. 
 
Model Detailed Description 
 
     Bone Core Model - Figure 3 shows the femur and 
tibia bone cores.  They were modelled using a purely 
elastic material because the real parts are made of 
strong glass fiber reinforced plastic (FRP) and 
assumed not to incur any permanent deformation 
(plastic strain) under normal loads. Young’s Modulus 
was determined from 3-point bending static 
calibrations.  Strain gauges, which in the real device 
are glued on the bone cores, were modelled by very 
weak spring elements attached using tied contacts.  
Three spring elements were attached to each side of 
the femur bone (at the same height on the tension and 
compression surfaces) and four to each side of the 
tibia, according to the specification of Flex-GT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Bone cores and strain gauges. 
 
     Femur and Tibia Models - Figure 4 shows a 
section through the tibia model.  The femur model 
has the same structure.  The bone core lies down the 
middle of square section exterior housings which 
were are chained together by links down their flanks.  
The MC-nylon exterior housings were modelled 
using an elastic material and the aluminium core 
binders and connection bolts by a rigid material.  
Friction coefficients of the core binders and the 
connection bolts contacting on the bone cores were 
estimated from surface conditions of the real parts 
and then further tuned in the later calibration studies. 
Connection plates tie the exterior housing structures 
together and link together around connection bolts.  

Femur

Knee

Tibia

Femur

Knee

Tibia
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Accurate connectivity of the links was determined 
from detailed observation of the physical impactor. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Exterior housing. 
 
Figure 5 shows the connection between the femur 
and knee condyle model.  The tibia is connected in a 
similar manner.  The core binder at the end of the 
femur was attached to the knee condyle using a 
discrete beam element.  The connection stiffness was 
set with reference to the physical components, and 
later revised in a correlation study during dynamic 
calibration. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Connection of core binder and knee 
condyle. 
 
Figure 6 shows the bending stopper cable model.  
This was modelled explicitly to behave in the same 
way as the physical impactor: the cable limits the 
total bend when the stopper contacts the exterior 
housings. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Bending stopper cable. 
 
     Knee Model - Figure 7 shows the model of the 
knee.  The upper and lower knee condyles were 
modelled using a rigid material.  The area contacting 

the ligament cables was modelled with very fine 
mesh for accurate and stable interaction with the 
ligament cables.  The MC-nylon contact face 
between upper and lower knee condyles was 
modelled using an elastic material.  The convex 
impact faces were also modelled in a similar way.   
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Knee whole view. 
 
Figure 8 shows the knee ligament model.  Four kinds 
of ligament cables: ACL (Anterior Cruciate 
Ligament), MCL（Medial Collateral Ligament,  PCL 
(Posterior Cruciate Ligament) and LCL (Lateral 
Collateral Ligament), were created using very 
detailed and complicated modelling techniques.  
Ligament spring stiffness was determined from 
specifications and later calibrated during the 
correlation phase.  The completed knee model was 
found to have good performance in predicting the 
varied kinematic behaviour of the real device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Knee ligament structure. 
 
Figure 9 shows the model of the three knee 
potentiometers measuring extensions at ACL, MCL 
and PCL locations.  These were modelled using weak 
spring elements: their deflections measure the same 
distance as the real wire potentiometers. 
 
 
 
 
 
 
 
Figure 9.  Knee potentiometers. 
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The knee joint system can flex in complicated 
kinematic modes: not only in bending but also in 
shear and torsion.  It is designed to behave in the 
same way as a human knee.  In particular, when it hits 
a curved area of the vehicle, a combined twist, shear 
and bend mode can often occur.  Accurate realisation 
of all kinematic modes is vital for correct injury 
prediction and this has been achieved using detailed 
modelling techniques and thorough validation stages. 
 
     Flesh - Figure 10 shows the layered structure of 
neoprene and rubber sheets that form the flesh in the 
same way as the physical impactor (see also Figures 
11, 12).  Wide adhesive tape is used to hold the 
rubber sheets to the femur and this was modelled by 
membrane elements with realistic stiffness.  Rate 
sensitive material properties of the neoprene and 
rubber were developed from accurate static and 
dynamic tests of production sheets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Layered sheets of flesh construction. 
 
 
 
 
 
 
 
 
 
Figure 11.  Flesh construction of Flex-GT model 
and physical impactor (Top). 
 
 
 
 
 
 
 
 
 
 
Figure 12. Flesh construction of Flex-GT model 
and physical impactor (Bottom). 

Model Calibrations 
 
     Bone Core Static Calibration - Simulations of 
3-point bending static calibration tests for the femur 
and tibia bone cores [10] were performed and the 
Young’s Modulus of the core adjusted to achieve the 
correct calibration stiffness (see Figures 13, 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Femur bone core calibration result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Tibia bone core calibration result. 
 
The Flex-GT model is designed to be analyzed using 
explicit LS-DYNA, so these simulations were 
analyzed using the quasi-static method in explicit 
code.  In this method the loading occurs over a very 
short period of time but care is taken to ensure that 
inertia effects are kept to a minimum and do not 
influence the result.  It was found that correct 
geometries of the load transducer and support jigs 
were very important to get precise results.  These 
methods were also used in the other quasi-static 
calibration studies. 
During this stage, factors to convert strain gauge 
output (spring elements) into bending moments were 
calculated and set in the model. 
 
     Femur and Tibia Static Calibration – Figures 
15 to 18 show the results of the 3-point bending static 
calibration analysis for the femur and tibia model 
assemblies [10].  The models were adjusted to satisfy 
calibration stiffness requirements, and the deflection 
modes compared to photos of the real tests (Figures 
17, 18). 
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Figure 15.  Femur static calibration result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Tibia static calibration result. 
 
 
 
 
 
 
 
Figure 17.  Femur deflection in static calibration 
 
 
 
 
 
 
 
Figure 18.  Tibia deflection in static calibration 
 
Complicated support jigs attached to the both sides of 
the femur and tibia were modelled carefully since 
they influence the results. 
 
According to the test specification, one sheet of 
neoprene is inserted between the load transducer and 
leg assembly.  This deformed significantly because of 
its low stiffness and was often a cause of calculation 
instability.  To avoid this problem, contact definitions 
and element size were modified many times.  These 
stability modelling methods for the neoprene were 
also applied to the final flesh model. 
 
     Knee Static Calibration - Figures 19 and 20 
show the results of the 3-point bending static 
calibration analysis for the knee model [10].  The 
model was adjusted to satisfy calibration stiffness 

requirements, and the deflection mode compared to 
photos of the real test (Figure 20). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19.  Knee static calibration result. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Knee deflection in static calibration 
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Figure 22. Dynamic calibration result: comparison of simulation and test.

Figure 23.  Deformation 
at peak MCL.

     Assembly Dynamic Calibration – The whole 
internal structure of the Flex-GT was assembled from 
the calibrated femur, tibia and knee models and a 
model of the test jig created according to the dynamic 
calibration test specification.  As shown in Figure 21, 
the top of the femur is connected to the jig via a pin 
joint and the leg is released to freely swing down 
from a position 15 degrees above horizontal. 
 
Calibration requirements are defined by a corridor 
for peak injury of knee MCL, PCL and ACL 
elongations, three femur bending moments and four 
tibia bending moments [10]. The graphs in Figure 22 
show that the Flex-GT model not only satisfies all 
calibration requirements but also predicts the rise and 
fall of injury over time with great accuracy.  Figure 
23 shows the model deformation at maximum MCL 
injury (maximum bend).   
 
During this phase the femur, tibia and knee models 
were modified slightly so each static calibration test 
was reanalyzed and model recalibrated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In the dynamic analysis set up, the Flex-GT leg initial 
position was set to be just impacting the jig and given 
an initial velocity.  This method saves much 
calculation time by omitting the free drop phase.  
However the angular velocity at impact was not 
defined in the calibration specification.  At first an 
attempt was made to calculate this theoretically but 
in the end a free drop simulation was performed to 
obtain the correct angular velocity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21.  Dynamic calibration specification. 
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FLEX-GT SIMPLIFIED CAR RIG IMPACT 
 
In this study, a series of simplified car rig impacts 
were performed to validate the accuracy of the 
Flex-GT model. Figure 24 shows the simplified car 
rig test just before impact. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24.  Simplified car rig test. 
 
The simplified car rig was designed to represent the 
front structure of a vehicle.  It comprises a BLE 
(Bonnet Leading Edge) plate, bumper and spoiler. 
The BLE is bent steel plate; the bumper and spoiler 
are PP(polypropylene) expanded foam blocks (see 
Figure 25). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25.  Simplified car rig setback and height. 
 
The BLE, bumper and spoiler were positioned with 
setback and height as shown in Table.1.  This 
represents a Type A sedan vehicle.  The test was 
performed at an impact velocity of 40km/h and 
ground clearance of 75mm. 
 

Table 1. 
Setback and height conditions (mm) 

 
TEST ID S1 S2 H1 H2 H3 

B02 50 130 Sedan type A 
 
A high accuracy simplified car rig model was created.  
A detailed mesh model of the BLE plate and PP foam 
blocks was made and their structural response 
correlated to dynamic impact tests.  The model was 
set up as shown in Figure 26 so that the impact 
velocity, ground clearance and impactor position 

were exactly like test conditions.  In this test, four 
accelerometers (femur upper, knee upper, knee lower 
and tibia lower) were specially added on the internal 
structure of the Flex-GT (see Figure 27). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26.  Simplified car rig LS-DYNA model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27.  Accelerometers added on Flex-GT. 
 
Figure 28 shows injury graphs of test and the 
simulation results.  The peak values and graphical 
trends are well correlated.  However, the simulation 
predicted peak femur moments 5-10msec earlier than 
the test.  This is thought to be caused by a small 
difference in BLE mounting stiffness or deformation 
mode. 
 
Figure 29 shows a comparison of Flex-GT 
kinematics. The test result was taken from 
high-speed film. 
 
Figure 30 shows the acceleration pulses and graphs 
of acceleration vs. stroke. The kinematics of the 
model is nearly identical to test. The femur upper 
acceleration predicted from 25-32msec was a little 
higher than test.  As described above, this is thought 
to be related to the accuracy of the BLE fitting model. 
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Figure 30.  Flex-GT acceleration and displacement curves.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28.  Flex-GT injury time history curves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29.  Flex-GT deformation mode. 
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Flex-GT Injury Investigation 
 
In this study, the Flex-GT injury mechanisms which 
occur in the simplified car rig test (see Figures 28 to 
30) are investigated and some ideas for reducing 
these injuries are studied. 
 
First, the lower knee contacts the bumper and the 
knee lower acceleration rises sharply.  Soon after, the 
tibia contacts the spoiler which is located 50mm back 
from the bumper.  At just 15msec the tibia starts to 
rebound by unloading forces from the bumper and 
the spoiler.  At this time the lower tibia is moving like 
the curl of a whip and the tibia lower acceleration 
reaches a maximum. 
 
The femur starts to contact the BLE at around 
15msec, and the peak knee upper acceleration 
happens at that time.  The BLE is positioned 150mm 
backward from the bumper.  At 30msec the femur 
starts to rebound from the BLE and the femur upper 
acceleration reaches a maximum.  Overall, the 
Flex-GT rotates forward and finally leans on the BLE.  
This is mainly caused by the setback differences of 
the BLE and the spoiler.  
 
The peak MCL occurs at approximately 27msec 
while Flex-GT is still rotating forward.  The 
maximum tibia moment, 289Nm, occurs at Tibia-1 
near the bumper, at 15msec when the bumper 
reaction force becomes greatest.  The maximum 
femur moment, 136Nm, occurs at Femur-1 at 30msec, 
when the BLE reaction force reaches its peak. 
 
Ways to reduce Flex-GT injuries are discussed in the 
following section.  As described above, the peak 
MCL occurs during the overall rotation of Flex-GT.  
It is considered likely that MCL is related to the 
rebounding properties of the bumper and spoiler and 
the stiffness of BLE. 
 
There are two simple ideas to reduce the MCL. 
• Control the kinematic behaviour of Flex-GT.   
• Absorb more energy within the vehicle front 

structure (without adversely affecting 
performance in other crashes). 

 
Better kinematic behaviour means less femur 
forward displacement, achieved using a stiff BLE, 
and/or greater tibia rearward motion by a larger 
rebound off the spoiler.  Also, the rebounding 
stiffness of the bumper should be less than the spoiler 
because reaction forces from the bumper contribute 
more to knee bending. 
  
However, these countermeasures require raising 
forces on the femur and tibia and might lead to 
increase in bending moments.  The bending moments 
are measured all along the femur and tibia (see Figure 
3), so any countermeasure loads must be distributed 

carefully. 
 
This problem suggests that it is necessary to carefully 
control load balance and timing on the femur and 
tibia as well as the distribution of energy absorption 
within the vehicle structure and Flex-GT. 
 
In order to solve such a complicated problem with so 
many input parameters, an optimization method is 
recommended. CAE is a very efficient way to obtain 
an optimized solution in a short period of time and at 
reasonable cost. Also, CAE is able to provide a lot of 
detailed data: reaction force time histories, 
visualisation of load paths through the vehicle 
structure, insight into the Flex-GT kinematic modes 
and detailed knee bending behaviour (See Figure 31). 
This data is needed to clearly understand the 
mechanisms that cause leg injury. It is impossible to 
get such data relying only on real experiments.  
Furthermore, this method can be used on vehicles in 
the early design stages, before any real prototypes 
exist.  
 
The Flex-GT model is considered an essential tool in 
the development of effective pedestrian protection 
technologies.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31.  Flex-GT deformation mode. 
 
Further Simplified Car Rig Tests 
 
As shown in Table 2, a total of 6 impact cases were 
performed using the simplified car rig in various 
setback and height configurations.  In all cases, the 
model showed excellent agreement with tests.  The 
Flex-GT model was thus validated to a high accuracy 
level under similar impact conditions with real 
vehicles.  Also, these results themselves were very 
useful to investigate the influence of vehicle front 
structure layout upon the Flex-GT kinematic 
behaviour. 
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Table 2. 

All test case conditions (mm) 
 

CASE ID S1 S2 H1 H2 H3 
B01 0 130
B02 50 130
B03 100 130

Sedan type A 

B04 0 130
B05 50 130 SUV type A 

B07 50 130 SUV type B 
 
FULL VEHICLE MODEL FLEX-GT IMPACT 
 
Figures 32 and 33 show two impact simulations with 
a full vehicle and the resulting stress distribution. 
 
 
 
 
 
 
 
 
 
 
Figure 32.  Full vehicle model results. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33.  Stress distribution in vehicle. 
 
The Flex-GT LS-DYNA model was confirmed to be 
highly robust under several full vehicle impact 
conditions and the calculation cost deemed very 
reasonable at current computing standards.  Overall, 
the Flex-GT model is considered highly suited to 
CAE vehicle development. 
 
FLEX-GTR MODEL DEVELOPMENT PLAN 
 
An effort to upgrade Flex-GT LS-DYNA model into 
Flex-GTR is currently underway.  Part of the upgrade 
includes changes to the knee ligament system [11], 
but most of structure and performance of Flex-GTR 
is reported to be similar to the Flex-GT.  Therefore 
the modelling techniques and methods employed in 
developing Flex-GT model can be directly applied to 
Flex-GTR, ensuring the same high level of accuracy 
and realism. 
 

 
CONCLUSION 
 
A Flex-GT LS-DYNA model has been successfully 
developed and the following results were obtained: 
 
1)  A high accuracy Flex-GT LS-DYNA model was 
developed that satisfies all calibration requirements. 
In particular, excellent correlation of injury graphs 
was achieved in the dynamic calibration test. 
 
2)  Thorough validation was achieved using a series 
of simplified car rig impacts at 40km/h.  By 
accurately predicting the same trends as test, the 
Flex-GT model is confirmed to have sufficient 
accuracy and high performance for use in vehicle 
development analysis. 
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ABSTRACT 
 
In 1998 the European Enhanced Vehicle-Safety 
Committee (EEVC) proposed a test procedure to 
assess the protection vehicles provide to the lower 
extremity of a pedestrian during a collision. This 
procedure utilizes a legform impactor composed of 
rigid long bones. In order to improve biofidelity of 
the legform impactor, the Japan Automobile 
Research Institute (JARI) and the Japan Automobile 
Manufacturers Association, Inc. (JAMA) have been 
developing a biofidelic flexible pedestrian legform 
impactor (Flex-PLI) since 2002.   
 
The Flex-PLI has high biofidelity especially for its 
long bone parts, which have human-like bending 
characteristics under a car impact condition, 
compared to other types of legform impactors, 
which have rigid long bone parts. The Flex-PLI also 
provides extended injury assessment capability, 
including long bone bending moment at multiple 
locations and knee ligament elongations in 
comparison to other pedestrian legforms. 
 
In 2005, the Flex-PLI Technical Evaluation Group 
(Flex-TEG) was settled under the 
UN/ECE/WP29/GRSP/Informal Group on 
Pedestrian Safety in order to evaluate its 
performance to adopt the impactor as a regulatory 
purpose test tool for a Global Technical Regulation 
on Pedestrian Safety (PS-GTR: gtr 9). The Flex-PLI 
was evaluated and improved its performance under 
the Flex-TEG activity, and then its design of the 
final version, type GTR (Flex-GTR), was agreed by 
the Flex-TEG members in April 2008.   
 
This paper provides technical details of the Flexible 
Pedestrian Legform Impactor GTR prototype (Flex-
GTR prototype). Technical specifications on all 
important aspects of the Flex-GTR prototype are 
given: dimensions and mass at (sub-) assembly 
level; biomechanical responses of main components 
of the femur, knee and tibia; calibration procedures 

and corridors; standard and optional instrumentation 
channels, their capacity and position; handling; 
including details of electrical systems and data 
acquisition. The paper will present results of 
calibration testing, repeatability and reproducibility 
of three prototypes which are evaluated at First 
Technology Safety Systems (FTSS) before their 
release from the FTSS factory. 
 
INTRODUCTION 
 
In 1998, the European Enhanced Vehicle-Safety 
Committee proposed a test procedure to assess the 
protection vehicles provide to the lower extremity 
of a pedestrian during a collision [ 1 ]. This 
procedure utilizes a legform impactor composed of 
rigid long bones. In order to improve biofidelity of 
the legform impactor, the Japan Automobile 
Research Institute (JARI) and the Japan  
Automobile Manufacturers Association, Inc. 
(JAMA) have been developing a biofidelic flexible 
pedestrian legform impactor (Flex-PLI) since 2002 
[2]. The Flex-PLI has high biofidelity especially for 
its long bone parts, which have human-like bending 
characteristics under a car impact condition, 
compared to other types of legform impactors, 
which have rigid long bone parts [3]. The Flex-PLI 
also provides extended injury assessment capability, 
including long bone bending moment at multiple 
locations and knee ligament elongations in 
comparison to other pedestrian legforms [3]. 
 
In 2005, the Flex-PLI Technical Evaluation Group 
(Flex-TEG) was settled under the 
ECE/WP29/GRSP/ Informal Group on Pedestrian 
Safety in order to evaluate its performance to adopt 
the impactor as a regulatory purpose test tool for a 
Global Technical Regulation on Pedestrian Safety 
(PS-GTR). The Ministry of Land, Infrastructure, 
Transport, and Tourism of Japan (J-MLIT) has been 
supporting this Flex-TEG activity, taking a task of a 
chair country of the group and conducting technical 
evaluation tests on the Flex-PLI. After the 
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settlement of the Flex-TEG, the Flex-PLI was 
evaluated and improved its performance under the 
Flex-TEG activity, and then its design of the final 
version, type GTR (Flex-GTR), was agreed by the 
Flex-TEG members in April 2008 [ 4 ], and its 
prototype (Flex-GTR-proto) was released in 
November 2008. In the Flex-GTR development, 
First Technology Safety Systems (FTSS) is 
involved as a dummy development specialist 
company. This paper provides technical details of 
the Flex-GTR prototype and changes that were 
made with respect to the previous version, the Flex-
GT. Technical evaluation test results on them under 
several impact conditions are presented separately 
in Paper Number 09-0145. 
 
DESIGN IMPROVEMENTS 
 
Methodology 
 
As part of the Flex-TEG activities a design review 
of the Flex-GT version was completed. This activity 
highlighted a number of changes necessary to 
improve sensitivity, handling and durability. The 
recommendations resulting from the design review 
were the starting point for the Flex-GTR 
development. The most important issues found were: 
1. The cruciate ligaments in the Flex-GT knee exert 
a twist moment causing misalignment between the 
femur and the tibia. It was recommended to balance 
these ligaments with an additional set of cruciate 
ligament springs.  
2. The position of the ligament elongation sensors 
on the outside of the Flex-GT would cause a 
difference in sensitivity to left and right oblique 
loading. It was recommended to position ligament 
sensors at the centreline of the tool.  
3. The high channel count of the Flex-PLI and 
associated larger umbilical cable might cause a 
higher influence on the free flight trajectory and 
reduced accuracy of hitting the target impact 
location. It was recommended to integrate an on-
board data acquisition system (DAS).  
4. Some umbilical cable damage was experienced 
during the Flex-GT evaluation and caused 
significant downtime of the Flex-PLI because of 
necessary repairs. It was recommended to provide 
better cable protection and to make a quick 
disconnect of the umbilical cable to off board 
possible. This would help continuation of testing 
and repair of spare cable simultaneously.  
5. It was recommended to update the dynamic 
calibration procedure, to obtain a loading level 
closer to the injury tolerance level and loading 
during vehicle testing.  
An important boundary condition for the Flex-GTR 
development was that the performance of the Flex-
GT version should be maintained, as not to 
invalidate what was achieved with the GT version 
in the Flex-TEG. Therefore existing size, mass and 

materials were to be maintained as much as possible. 
Numerous smaller changes were recommended and 
integrated into the Flex-GTR design to improve 
handling and durability. 
 
Design improvements 
 
To balance the twist moment, additional springs 
were added in the knee. The distribution of the load 
required smaller springs and thinner ligaments to be 
used. The spring rate and the stroke of the springs 
were adapted to maintain the original response. 
Bronze bushes were introduced and plastic cable 
sleeves were omitted to reduce friction and wear. 
 
To address sensitivity to oblique load, new and 
smaller ligament elongation sensors were positioned 
on the centreline of the knee (see Figure 1). Also for 
ligament sensors, bronze bushes were introduced to 
reduce friction and wear.  

 
Figure 1: Ligament sensor arrangement at 
centreline 
 
The addition of optional on-board data acquisition 
systems was achieved within the dimensions of the 
Flex-GT specifications. The smaller cruciate 
springs gave additional space in the front and rear 
sides for integration of on-board DAS. Two systems 
from different DAS equipment manufacturers were 
integrated: DTS-SLICE and MESSRING M=BUS. 
As off-board DAS is also considered, three different 
version prototypes were manufactured: with off- 
board, ‘M=BUS’ and ‘SLICE’ data acquisition 
systems. 
 
The Flex-GTR is standard equipped with a 
connector system that allows quick disconnection of 
umbilical cables to the various data acquisition 
systems and for sensor exchange. 
 
The dynamic calibration procedure was enhanced 
by running the test with the leg upside down, the 
addition of a 5 kg mass at the femur end, addition of 
an accelerometer to the knee and introduction of a 
stopper block performance test.  
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Further enhancements were introduced especially to 
improve handling and durability. To name a few: to 
protect the ends of the leg after rebound from a test, 
moulded polymer bumpers were added to the tibia 
base and femur top; locking nuts were used on the 
knee ligaments and bone cables to better maintain 
adjustment settings; to improve free flight stability, 
the umbilical cable exit locations were brought 
closer to the centre of gravity of the leg; to enhance 
the assembly of the tight fitting Neoprene outer 
covers, a larger plastic zipper was selected and hook 
and loop flaps were added to protect the zipper. 
 

 
Figure 2: Off board cable clamp arrangement  
 
ANTHROPOMETRY 
 
Figure 3 shows the Flex-GTR from the rear 
identifying the knee joint position and the bone 
lengths next to a picture of the human right leg for 
orientation purpose. Also the co-ordinate system 
convention for automotive testing [ 5 ] is shown, 
with x –direction, forward away from the observer. 
Table 1 provides details of these dimensions and the 
component masses. 
 

Table 1: Comparison of human leg to GTR 

 Length, C.G. Location 

[mm], and Mass [kg]   

50th 

percentile 

male [6] Flex-GTR 

 a) Thigh length  428 433 

 b) Leg length 493 495 

C.G. location of thigh** 218 195 

C.G. location of leg ** 233 188 

Total legform impactor 

mass  13.4 12.94 

Thigh mass  8.6 7.16 

Leg mass  4.8 5.78 

** From the knee joint centre; Flex-GTR C.G 
values are estimates from CAD. 

 

 

 

Figure 3: Human bone dimensions and Flex 
GTR 
 
Figure 4 shows the position of ligament elongation 
sensors in a plan view of the tibia knee side (femur 
knee side removed). Refer to legend for 
identification. 
 

 
Figure 4: Ligament sensor positions in knee joint 
 

a) Medial Collateral Ligament, MCL 
b) Posterior Cruciate Ligament, PCL 
c) Anterior Cruciate Ligament, ACL 
d) Lateral Collateral Ligament, LCL 
 

z 

y 

a 

b 



 

 Been 4 

 
Figure 5: Ligament wire positions  
 
Figure 5 shows the tibia knee block with ligament 
wires cut through to help identification. 
 
 
INSTRUMENTATION 
 
Standard Instrumentation 
 
The standard instrumentation channels are listed in 
Table 2. The table also gives details on the senor 
vertical distance from the knee centre. Channel 
numbers are proposed for a standard sensor 
numbering for the Flex-GTR. To obtain control 
over the dynamic calibration deceleration pulse, an 
accelerometer was added to sensor list in the GTR 
version. 
 
The strain gages on the bones, measuring bone 
bending moments in the impact direction ‘Y’ (X 
bending moment) were made into a half bridge 
configuration incorporating both the tension and 
compression sides of the bone in one channel, two 
resistors per each set of gages complete the full 
bridge. The bridge completion resistors and sensor 
identification (ID) chips are encapsulated in a PCB 
located on each bone. The completed full bridge 
configuration makes the output of the sensor 
insensitive to elongation due to tension in the bone 
and length variation due to thermal expansion and 
also increases the voltage output compared to 
application of single strain gages per the GT version. 
 
The durability of the gage bonding was confirmed 
in a production test submitting the gages to 50 
quasi-static deflections to check bonding process. 
 

Table 2: Standard instrumentation and the 
sensor distance from the knee joint 

Channel 

Number 

Channel Distance (mm) 

1 Femur moment 3 297 

2 Femur moment 2 217 

3 Femur moment 1 137 

4 LCL elongation 0 

5 ACL elongation 0 

6 PCL elongation 0 

7 MCL elongation 0 

8 Tibia moment 1 134 

9 Tibia moment 2 214 

10 Tibia moment 3 294 

11 Tibia moment 4 374 

12 Lower knee acceln. 47 

 
 
Optional Instrumentation 
 
FTSS was requested by JAMA to consider the 
addition of optional sensors for research and 
development purpose. The optional sensors are 
listed in Table 3. It is recommended to use the 
additional sensors only for research purpose and not 
to deviate from standard during tests for official 
purpose (future legislation or consumer rating) to 
assure proper test mass and inertial properties.   
 
Figure 6 shows the optional sensor positions in the 
tibia. Item 1 in green shows the tri-axial 
accelerometer inside an Aluminium mount. Item 2 
shows the single axis ay accelerometer mounted 
inside a dedicated impact segment. The segment y-
accelerometer can be positioned at any of the inner 
segments if required. Item 3 shows the subassembly 
with a tri-axial linear accelerometer and the three 
angular rate sensors inside a mount and its 
dedicated impact segment. The optional sensors on 
the femur are the mirror image of that shown in 
Figure 6 and share the same components. 
 

Table 3: optional sensors position and 
parameters 

Sensor location Measurement Parameter 

Femur top Acceleration ax, ay, az 

Knee top Acceleration ax, ay, az 

Angular rate ωx, ωy, ωz 

Knee bottom Acceleration ax, ay, az 

Angular rate ωx, ωy, ωz 

Tibia bottom Acceleration ax, ay, az 

Segments  Acceleration ay 
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Figure 6: Optional sensors in the tibia 
 
 
DATA ACQUISITION SYSTEMS (DAS) 
 
Off-board data acquisition  
 
To connect the instrumentation to a static laboratory 
data acquisition system, two umbilical cables are 
used, both handling 6 channels of instrumentation.  
To enable a quick disconnect of the umbilical cable 
to off-board in case of damage, the Flex-GTR is 
equipped with two connector blocks installed on 
either side of the tibia knee. Each connector block 
handles 6 standard channels and each has additional 
capacity of 6 channels for optional instrumentation. 
It is possible to expand the channel count to a total 
of 24 channels with the use of the standard 
connector blocks. 
 
The modular system makes it easy to exchange 
defunct sensors and damaged umbilical cables and 
also to change between on-board and off-board 
DAS. The connector block can be seen in the tibia 
section of the knee in Figure 7. The use of very 
small nano-D military spec connectors was essential 
to meet the space constraints.  
 

On-board data acquisition systems 
 
On-board data acquisition is an important addition 
to the Flex-GTR. Its use helps prevent cable 
damage particularly on violent rebound with the 
floor. Off-board umbilical cables could also affect 
free flight trajectory, therefore on-board DAS 
would make hitting the intended target more 
precisely, giving better control and improving 
repeatability. The use of on-board DAS can reduce 
operational costs. 
The standard 12 channels could be expanded here 
with the advantage of not affecting free flight 
stability. The on-board DAS systems use the same 
connector blocks to interface between the sensors 
and the DAS. 
 
Two on-board DAS systems were selected for the 
Flex-GTR prototype to offer customer choice. Both 
systems had to be very small and light weight to 
meet the challenging space limitations on the leg. 
At customer request, alternative DAS systems could 
be considered, if suitable in terms of mass and size. 
 

 
Figure 7: MESSRING M=BUS installation and 
connector block 

 
MESSRING M=BUS® - The M=BUS® is a 

data acquisition system based on independent 6 
channel data loggers (40x25x14)mm in size 
(without its aluminium housing). The units can be 
daisy chained together via a single coax cable 
ending in a terminator, which checks system 
integrity and signal quality. Two units were 
required for the Flex-GTR standard instrumentation 
and packaged on either side of the femur knee block, 
see Figure 7. Each logger is equipped with its own 
battery, allowing gathering data entirely wireless, 
even without external power supply. The system is 
equipped with a low friction disconnect fitting, 
which is located just below the knee. At launch, the 
disconnect fitting releases and the DAS starts to 
register data automatically. The units will record for 
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17 seconds. An external trigger defines t0. After the 
test, the cable is reconnected and the test data is 
downloaded to a PC. Time synchronisation of all 
channels is guaranteed over an integrated master 
and slave clock concept. 
 

DTS SLICE - The DTS SLICE was under 
development at the same time as the Flex-GTR. The 
SLICE data recorder is a modular system built up 
from functional units by stacking modules of the 
required functionality. The Base SLICE contains 
the processor and memory; the Bridge SLICE’s are 
stacked on top providing channel functionality, each 
Bridge SLICE handles 3 channels. The functional 
units are interconnected by integrated connectors 
for easy replacement (see Figure 8). Two super 
capacitors provide on-board power after disconnect 
allowing to operate for sufficient time. The super 
caps could be quickly charged for the next test but 
had a short record time (the 1 second), a battery will 
be considered for future use. Like the M=BUS 
system, there is a disconnect feature, which is 
reconnected to download test data. The DTS SLICE 
is triggered on disconnect and a tape switch can also 
be connected to establish t0. 
 

 
Figure 8: DTS SLICE installation 
 
 
CALIBRATION 
 
Method 
 
Table 4 provides an overview of the complete Flex-
GTR prototype calibration procedures, including 
the purpose of the test. Five calibration steps and a 
total of 12 tests are required. 
 
Proposed calibration frequency for all steps: 

�At manufacture  
�Each year 
�[After exceeding injury assessment 
reference value (IARV)] 
�After failure of dynamic test 
�After parts exchange 

 
Additionally proposed frequency for step 4 and 5: 

�[Each [1-10] tests] 

 
Some of the figures are given between brackets as 
these are still under discussion and may change. 
 
Table 4: Full calibration test procedure overview 
Test Test 

Nr  

Purpose 

Step 1 

Bone Core 

7 1) Control Bending Characteristic 

2) Obtain individual Sensor 

sensitivity  

Step 2 

Fumur & 

Tibia 

Assembly 

2 1) Control Bending Characteristics 

2) Check ultimate bending 

moment 

Step 3 

Knee 

Assembly 

1 1) Control Bending Characteristics 

2) Control Ligament Elongation  

Step 4 

Dynamic 

stopper 

block 

1 1) Control deceleration pulse 

dynamic test 

2) Evaluate consistency of the 

stopper block 

Step 5 

FLEX-PLI 

Dynamic 

1 1) Simple test to control output of 

sensors 

2) Evaluate consistency of the 

assembly 

 
The Flex-GTR calibration procedures were further 
developed: single gage calibration to establish gage 
sensitivity and roller supports under end pivots to 
rule out elongation and tension-compression loads 
on bone, femur, tibia and knee assemblies. 
  
The dynamic calibration procedure was enhanced to 
induce higher loads to the level of loading in actual 
vehicle tests and closer to the injurious level. Also 
the fixture was enhanced to improve handling and 
reproducibility. 
 
Bone calibration 
 

Bone Calibration Fixture Design – To improve 
the accuracy of the gage response, each gage 
channel (tension and compression) is certified to 
establish the sensitivity of each gage in a separate 
test. To achieve this, a fixture was designed to load 
centrally over each gage over a pivot distance of 
165mm.  
 

Bone/Gage Calibration Procedure – To 
calibrate the bone, an Instron machine is used with 
a high definition load cell on the loading ram. The 
bone is mounted in the bone calibration fixture and 
is placed over the roller carriages on a hardened 
steel base. With a support distance of 165mm, the 
bone is loaded precisely in the middle between the 
end supports to 10 kN (325 Nm) at a rate of 
10mm/min. 
 



 

 Been 7 

Femur and Tibia Calibration 
 
The same fixture parts are used as the Flex-GT tibia 
and femur assemblies. The only changes made to 
these fixtures from the Flex-GT specification was 
the addition of roller cages under the pivots (to 
prevent linear friction when in bending) and update 
of the knee-to-leg interface. 
 

Femur and Tibia Calibration Procedure – As 
with the bones, an Instron machine is used with a 
high definition load cell. The same base and roller 
cages are utilised (see Figure 9 and Figure 10). The 
femur is loaded on the forth segment from the knee 
and for the tibia the fifth segment. A piece of 
Neoprene protects the impact segment from the 
loading block. 
 
Both assemblies are loaded to 3.76kN. The gage 
outputs are recorded to check functionality and the 
moment is calculated from the load multiplied by 
the known fixture arm.  
Femur Moment Mf = [F(N) / 2] x 0.165(m) 
Tibia Moment Mt = [F(N) / 2] x 0.205(m) 
 

 
Figure 9: Tibia calibration fixture 
 

 
Figure 10: Tibia under load in calibration fixture 
 
 
Knee Calibration 
 
Similar to the leg assemblies, the same knee fixture 
design as that of the Flex-GT is used, except the leg 
interface has been changed and the end pivots sit on 
roller cages. The Flex-GT procedure had load cells 
on each support, whereas the Flex-GTR setup just 
uses one centre load cell on the loading ram. 

 
Knee Calibration Procedure – The same set -

up is used here as on the femur and tibia assemblies, 
except the loading is done using a 100 mm diameter 
profile (see Figure 11). The loading profile is 
aligned with the edge of the knee centre and loaded 
to 4 kN. Force and elongation are recorded for the 
MCL, ACL and PCL. In this test, the LCL is in 
compression and therefore LCL elongation is not 
recorded. The knee moment is calculated using the 
following equation: 
Knee Moment Mk = [F(N) / 2]x 0.2(m) 
 

 
Figure 11: Knee during calibration under load 
 
 
Dynamic Calibration 
 
The whole leg assembly with flesh is calibrated on a 
new pendulum calibration fixture (see Figure 12). 
In order to achieve a similar load level as in a 
vehicle test, some changes were proposed to the 
Flex-GT procedure. The leg has been turned upside 
down so that the tibia is now at the top pivot end; a 
5 kg mass was added to the femur end at the bottom. 
The leg is raised 15 degrees above the horizontal 
and released via a solenoid latch impacting the 
upper knee area onto the stopper block buffer. To 
obtain feedback from the test pulse, an 
accelerometer was placed in the knee to check 
repeatability. All 12 standard channels are recorded. 
 
 
Stopper block calibration 
 
This is a simple fixture (see Figure 13), comprising 
of a long cylindrical 50 mm diameter 7 kg mass 
dropped via a solenoid release through a linear 
bearing onto the stopper block. The impact edges of 
the mass are radiused to prevent damage to the 
stopper block. The drop height to the block is 200 
mm (2 m/s). An accelerometer is attached to the top 
of the mass to record deceleration.  
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Figure 12: Dynamic calibration fixture 

 

 
Figure 13: Stopper block calibration fixture 
 
 
Prototype Calibration Results 
 

Bone/Gage Calibration Results  
An analysis of the results of three Flex-GTR 
prototypes from nine gages on three femurs and 12 
gages on three tibias is shown in Table 5 and Table 
6. The nonlinearity and hysteresis meet SAE J2570 

[7] performance specification for transducers, 
which applies to rigid load cells. 
 

Table 5: Femur bone strain gage calibration 
summary 

Femur Offset 

mV/V 

Non 

linearity % 

Full scale 

Hysteresis 

Average 0.00007 0.27 0.71 

St Dev 0.00036 0.07 0.29 

 
Table 6: Tibia bone strain gage calibration 

summary 
Tibia Offset 

mV/V 

Non 

linearity % 

Full scale 

Hysteresis 

Average -0.0029 0.45 0.64 

St Dev 0.0061 0.24 0.29 

 
 

Femur and Tibia Assembly Calibration 
Results 
Figure 14 shows the femur assembly prototype 
responses in the corridors that were established with 
the GT version. The Flex-GTR femur meets the 
Flex-GT calibration corridors. These corridors will 
be adopted for the Flex-GTR femur. 
 
Figure 15 shows the tibia assembly prototype 
responses in the corridors that were established with 
the GT version. The Flex-GTR tibia meets the Flex-
GT calibration corridors and will be adopted for the 
Flex-GTR tibia assembly. 
 

 
Figure 14: Femur assembly moment/deflection 
and corridor 
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Figure 15: Tibia assembly moment-deflection 
and corridor 
 
 

Knee Calibration Results 
Figure 16 and Figure 17 show the Flex-GTR knee 
calibration results in the Flex-GT corridors. The 
Flex-GTR MCL ligament elongation vs. bending 
moment is below the lower Flex-GT corridor 
beyond 18 mm MCL ligament elongation. The 
reason for this is most likely due to the reduction in 
friction of the supports by introduction of the roller 
supports. A possible contributor is the reduction in 
friction due to the removal of the plastic wire 
sleeves on the Flex-GT knee and use of bronze 
bushings in the cruciate ligaments. These 
hypotheses can be examined by subjecting the GTR 
version to the Flex-GT calibration procedure 
without the roller supports. The ACL and PCL 
ligament elongations were slightly outside the Flex-
GT corridors. 
 

 
Figure 16: MCL, ACL and PCL elongation to 
force in the GT corridors 
 
The MCL, ACL and PCL corridors need to be 
adapted to the new procedure and the Flex-GTR 
design. 
 

 
Figure 17: Knee moment to MCL elongation in 
GT corridor 
 
 

Proposed Flex-GTR Knee calibration 
corridors 

The responses of the 3 Flex-GTR prototypes were 
analysed and new corridors were developed. The 
corridors for the MCL were derived from the 
average of three prototype MCL responses. A 
second order polynomial was derived from the 
average. The upper and lower bounds were 
determined by addition and subtraction of 15 Nm 
from the average. The corridors and responses are 
shown in Figure 18. 
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Figure 18: Knee moment to MCL elongation in 
proposed GTR corridor 
 
The corridors for the ACL and PCL were derived 
with a similar method. The corridors for the ACL 
and PCL were derived from the average of three 
prototype ACL and PCL responses. Second order 
polynomials were calculated from the average. The 
upper and lower bounds were determined by 
addition and subtraction of 1 mm from the average. 
The corridors and responses are shown in Figure 19. 
To avoid possible conflicts, no MCL corridor is 
given for elongation-force (see Figure 16 and 
Figure 19).  
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Figure 19: ACL and PCL elongation to force in 
proposed GTR corridors 
 

Stopper Block Calibration Results 
Before the start of the dynamic calibration matrix, 
the stopper block was tested to establish 
repeatability and reproducibility. The stopper block 
calibration was carried out on 3 different assembled 
stopper blocks to assess its response variation. Tests 
were repeated twice. Table 7 shows the results 
including proposed corridors. The reproducibility is 
good with 2.1% variation. 
 

Table 7: Stopper block drop test results and 
propose corridor 

 
Acceln. 

[G] 

Force 

[kN] 

Block #1 
56.2 3.859 

55.8 3.832 

Block #2 
54.5 3.743 

54.2 3.722 

Block #3 
52.7 3.619 

54.0 3.708 

Average 54.6 3.749 

St Deviation 1.2 

CV (%) 2.1 

Upper corridor 4.00 

Lower corridor 3.50 

 
 
Dynamic calibration  
 
Table 8 shows the dynamic test matrix and the use 
of two stopper blocks to look at variation. The last 2 
tests were known to have an inclination of 15.1° as 
opposed to 15°. 
 

Table 8: Dynamic test matrix 
Test Nr DAS type Stopper block 

Test 1 Off board block #1 

Test 2 Off board block #1 

Test 3 Off board block #1 

Test 4 Off board block #2 

Test 5 MESSRING block #2 

Test 6 MESSRING block #1 

Test 7 MESSRING block #2 

Test 8 MESSRING block #1 

Test 9 MESSRING block #1 

Test 10 DTS block #1 

Test 11 (15.1°)  DTS block #1 

Test 12 (15.1°) DTS block #1 

 
Results 

The result of 12 dynamic tests are summarised in 
Table 9. The table shows the average, standard 
deviation, coefficient of variation (CV), the draft 
criteria and standard deviation divided by the 
criteria. The coefficient of variation is generally 
well below 3%, which is considered excellent. On 
tibia gage 3 of leg 3, there was a higher reading 
than expected. This was due to a fault on the gage, 
which had a linearity error of 2.5% and was not 
picked up during gage calibration as a problem. The 
ACL and PCL were higher than 3% variation; 
however the variation is larger due the small 
absolute output. The CV relative to the tentative 
injury assessment reference values (t-IARV), which 
are used in Paper Number 09-0145, is closer to 3% 
for both parameters. The variation of the knee peak 
acceleration was also higher. This is believed to be 
due to problems with one of the accelerometers. 
 

Table 9: Summary dynamic calibration 
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Average 75.3 179 137 91.6 242 201 160 108 8.19 22.4 4.37 4.91
St.Dev 4.2 3.1 1.9 1.7 3.7 3.3 6.8 1.5 0.3 0.1 0.1 0.3

CV 5.6% 1.7% 1.4% 1.9% 1.5% 1.6% 4.3% 1.4% 3.7% 0.4% 2.3% 6.1%
t-IARV - - - - 318 318 318 318 12.7 20 - 12.7

St.Dev/
t-IRAV

- - - - 1.2% 1.0% 2.1% 0.5% 2.4% 0.5% - 2.4%  
 

Preliminary dynamic calibration corridors 
The results of the tests with three prototypes were 
analysed to derive draft dynamic certification 
corridors. The results of questionable tests were 
excluded from the database: the faulty 
accelerometer and one tibia strain gauge. The upper 
and lower limits are defined according to standard 
procedures: average measured values plus and 
minus 10 % or plus and minus two times the 
standard deviation, whichever gives the broadest 
corridor. 
The final corridors shall be established after there 
are a minimum number of legs manufactured and 
delivered (typically at least 10). Also final 
certification parameters shall be established based 

ACL 

PCL 
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on a large number of tests, conducted at a 
substantial number of different laboratories to 
account for lab-to-lab variations. Such process is 
often referred to as ‘Round Robin Tests’. Typically, 
establishment of final corridors is part of the 
process for regulation of a dummy. 
 

Table 10: Draft GTR dynamic certification 
corridors 
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Upper 80.6 197 150 101 267 221 172 119 9.0 24.6 4.8 5.4
Lower 66.0 161 123 82 218 181 141 97 7.4 20.2 3.9 4.4  

 
The draft dynamic calibration corridors are given in 
Table 10. The improvement of the CV of the knee 
acceleration and tibia 3 moment can be observed in 
this table. All prototype responses, except some of 
the ones that were excluded, are well within the 
proposed corridors. 
 
 
PROTOTYPE MASSES 
 
The segment masses of the three prototypes are 
shown in Table 11. The Flex-GT segment masses 
are given for comparison. The three versions of the 
GTR prototypes were all very close together, 
however the knee segment mass of the off-board 
version was about 0.1kg lower. To account for the 
umbilical cable mass, 0.1 kg was added to the knee 
segment mass of the off-board DAS version in the 
table. Table 11 also gives a proposal for segment 
mass tolerances. 
 

Table 11: Mass comparison of GT and three 
GTR prototype leg configurations 

Part 

GT  Off 

board 

GTR 

Off 

board 

GTR 

On 

board 

Proposed 

GTR 

Tolerance 

Femur 2.43 2.43 2.44 ±0.05 

Knee 4.18 4.28* 4.28 ±0.1 

Tibia 2.61 2.63 ±0.05 

Flesh 3.72 3.59 ±0.2 

Total 12.94 12.93 12.94 ±0.4 

*including 0.1 kg cable to off-board DAS 
 
DISCUSSION AND CONCLUSIONS 
 
Three Flex-GTR prototypes were manufactured in 
three different versions. The equivalence of the 
GTR version with previous GT version in terms of 
mechanical response and mass has been 
demonstrated. The Flex-GTR test results proved to 
reproduce the Flex-GT responses closely at the 
calibration level. 

The concerns over the GT version observed during 
evaluation and the design review were all 
successfully addressed.  
Improvements were made to ligament elongation 
measurement sensitivity and the twisting moment in 
the knee was removed. On-board data acquisition 
was integrated and many additional handling 
improvements were also made.  
 
The linearity and hysteresis of the gages were 
established not to exceed 1 % of full scale. This was 
a design target, but it was uncertain this could be 
achieved due to the highly flexible nature of the 
bones. 
 
The Flex-GTR dynamic calibration was updated 
with respect to the GT version with the target of 
higher loading closer to vehicle test condition and 
better reproducibility. This has been achieved and 
new certification corridors have been proposed.  
 
It may be expected to introduce up to 24 channels 
for on-board data acquisition. Possibly some 
modularity of the electrical cables will be lost to 
keep within the mass tolerances. 
 
It can be concluded that all design targets have been 
well met and three prototypes are ready for further 
evaluation by stakeholder groups worldwide. 
 
The difference of the response of the Flex-GTR 
MCL corridor may be further investigated by 
subjecting the GTR version to the Flex-GT test 
condition.  
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ABSTRACT 

 

The head impact of pedestrians in the windscreen 

area shows a high relevance in real-world accidents. 

Nevertheless, there are neither biomechanical limits 

nor elaborated testing procedures available. Fur-

thermore, the development of deployable protection 

systems like pop-up bonnets or external airbags has 

made faster progress than the corresponding testing 

methods. New requirements which are currently not 

considered are taken into account within a research 

project of BASt and the EC funded APROSYS 

(Advanced PROtection SYStems) integrated project 

relating to passive pedestrian protection. 

 

Testing procedures for head impact in the wind-

screen area should address these new boundary 

conditions. The presented modular procedure com-

bines the advantages of virtual testing, including 

full-scale multi-body and finite element simula-

tions, as well as hardware testing containing impac-

tor tests based on the existing procedures of EEVC 

WG 17. To meet the efforts of harmonization in 

legislation, it refers to the Global Technical Regula-

tion of UNECE (GTR No. 9).  

 

The basis for this combined hardware and virtual 

testing procedure is a robust categorization cove-

ring all passenger cars and light commercial vehi-

cles and defining the testing zone including the re-

lated kinematics. The virtual testing part supports 

also the choice of the impact points for the hard-

ware test and determines head impact timing for 

testing deployable systems. The assessment of the 

neck rotation angle and sharp edge contact in the 

rear gap of pop-up bonnets is included. 

 

For the demonstration of this procedure, a hardware 

sedan shaped vehicle was modified by integrating 

an airbag system. In addition, tests with the Honda 

Polar-II Dummy were performed for an evaluation 

of the new testing procedure. Comparing these re-

sults, it can be concluded that a combination of 

simulation and updated subsystem tests forms an 

important step towards enhanced future pedestrian 

safety systems considering the windscreen area and 

the deployable systems. 

 

INTRODUCTION 

 

Accident statistics show the need for measures re-

lating to the protection of vulnerable road users, 

especially pedestrians with approximately 15 % of 

all road fatalities in Europe and 35 % in Japan 

(OECD Database, 2005). Since the European Direc-

tive and the Japanese Regulation on Pedestrian Pro-

tection became effective in 2005, new vehicle mo-

dels have to fulfil the mandatory pedestrian protec-

tion requirements. Consumer testing in Euro NCAP 

and JNCAP already considered pedestrian protec-

tion tests before the introduction of legislation. The 

Global Technical Regulation (GTR) published in 

January 2009 is the basis for type approval regar-

ding the pedestrian protection requirements for fu-

ture cars. All these testing protocols prescribe the 

use of subsystem tests with free-motion impactors 

representing the human head, as well as the upper 

and lower leg. 

 

Although the head impact in the windscreen area, 

i.e. windscreen and windscreen support, shows sig-

nificant relevance in real-world pedestrian acci-

dents (Bovenkerk et al., 2007), there are neither 

mandatory limit values to fulfil nor vehicle system 

technologies in series application available which 

focus on this impact area. Innovative active safety 

systems help to prevent accidents and to reduce 

velocity, e.g. brake assist systems. Nevertheless, 

passive safety systems are required for the protec-

tion of pedestrians to mitigate injuries in the case of 

an unavoidable accident. Providing a protection 

zone for the head impact in the windscreen frame 

region is a demanding target due to significant goal 

conflicts with the field of view and the occupant 

protection. 

 

A possible solution for reducing impact severity in 

this critical area could be a u-shaped airbag system 

combined with a pop-up bonnet function to increase 

the deceleration distance. Such an airbag system is 



Bovenkerk 2 

able to offer comprehensive head protection. For 

the analysis of these protection techniques, both 

simulation and hardware testing are used in this 

study. The structure of the new modular testing 

procedure is presented and applied on the demon-

strator. Pre-testing includes the assessment of the 

timing of deployable systems and a virtual testing 

part to simulate the vehicle-pedestrian collision to 

consider the impact kinematics of the entire pedes-

trian. Besides, virtual impactor tests should extend 

the number of impact points. For the development 

of the vehicle prototype, finite element (FE) and 

multi-body simulations are used. 

 

Hardware testing is performed by the use of linear 

impactor tests according to the existing procedures. 

Also dummy tests are performed, in which the pe-

destrian is represented by the Polar-II Pedestrian 

Dummy. Furthermore, new advanced subsystem 

tests are investigated to analyse the head-neck in-

teraction. The evaluation of head impact in pedes-

trian protection must take more aspects into account 

than only the current mandatory required HIC crite-

ria. Such aspects are head-neck loading and possi-

ble contacts with sharp edges, as well as potential 

negative influences of deployable systems concer-

ning a rebound effect. 

 

Results of these investigations should contribute to 

the future development of assessment methods and 

protection systems for the head impact of pedestri-

ans in the windscreen area. Numerical simulations 

as well as hardware testing should be considered in 

an evaluation procedure. The main target is to im-

prove the real-world pedestrian protection in the 

field of passive safety. 

 

METHODS AND DEMONSTRATORS 

 

Modular Assessment Procedure 

 

Relevant accident cases most likely occur in urban 

areas with a high variety of impact conditions. For 

comparable results trying to cover most of this vari-

ety, a generic standard configuration has to be de-

fined. Vehicle areas which are not affected by the 

developed testing procedure (i.e. bumper- or lower 

bonnet area) are covered in the tests according to 

the GTR test protocol. All defined boundary condi-

tions in this procedure are derived from a pedestrian 

impact scenario with a vehicle velocity of 40 km/h. 

 

Boundary conditions for the dummy test considered 

in this study are used from the “Draft Recom-

mended Practice for Pedestrian Dummy” defined in 

the SAE Pedestrian Dummy Task Group, which 

aims for the development of worldwide standards 

for pedestrian dummies. In addition, the “Certifica-

tion Standard for Type Approval Testing of Active 

Deployable Systems of the Bonnet Area” which has 

been proposed in the context of the UN ECE Global 

Technical Regulation forms the basis for both simu-

lations and hardware testing. According to these 

conditions, the configuration contains a lateral 

walking position of the pedestrian in the vehicle 

centreline with the leg facing the vehicle in back-

wards position. 

 

The developed modular testing procedure aims for 

a combination of the benefits of numerical simula-

tions and hardware testing methods. Furthermore, 

the testing procedure focuses on the windscreen 

frame region including the cowl area. Being one of 

the most obvious possible solutions in this area, the 

deployable systems, e.g. airbags, play a major role 

in this testing procedure. Such issues are the main 

“white spots” in current procedures. The existing 

procedures form the basis for all the developments. 

By using numerical simulations of vehicle-

pedestrian collisions and of impactor tests for pre-

testing, costs for hardware testing can be optimised. 

 

The procedure is divided into two main steps. 

Step 1 represents the preparation and the pre-testing 

in virtual tests using simulation methods, while 

step 2 includes the hardware testing which covers 

subsystem tests and optionally full-scale dummy 

testing. In the end, all results are evaluated accor-

ding to quantitative threshold values or qualitative 

remarks concerning potential additional injury risks 

are given. The flow chart of the procedure is shown 

in Figure 1. 

Vehicle and test preparation

Kinematics-simulation to calculate Head 

Impact Time and Area and confirmation of 

TRT < HIT requirement

Choice of virtual impact points

(usage of deployed position) and virtual head 

impact testing with vehicle front model

Hardware impact tests on vehicle

Chosen impact points from simulation results

(If needed: dynamic test with deployable 

system)

Testing of head-neck interaction

Test result and evaluation of 

pedestrian protection 

(Head and neck load)

Step 1: Preparation and pre-testing

Step 2: Vehicle testing

 
Figure 1.  Flow-chart of the procedure. 
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The preparation and pre-testing begin with the ac-

quisition of the test vehicle and the corresponding 

simulation model. This forms the basis for the 

whole testing campaign. If the simulation model is 

not provided by the manufacturer, methods of re-

engineering, such as digitisation methods or simpli-

fied models can be alternatively used. 

 

Typical vehicles are classified based on previously 

conducted simulation studies using generic front 

shapes (Bovenkerk and Zander, 2008). The classifi-

cation contains four categories (A: Sedan, B: SUV, 

C: OneBox, and D: Sports-car) according to differ-

ent parameters of its front and the resulting impact 

kinematics, see Figure 2. The method is comparable 

to the existing IHRA-categorisation with an exten-

sion using a Category D with low bumpers and 

bonnet leading edges (BLEs). These are mainly 

sports-cars and roadsters. The bonnet leading edge 

height and the inclination angle of the front (αB) 

according to the definitions in the “Blue Book”, 

2005 (measured in the vehicle middle, y = 0, bonnet 

front to the rear edge) have been identified as the 

main parameters which determine the impact kine-

matics. 

 

αB > 30° BLE > 840 BLE < 600 AA

DB [mm]C

Yes YesYes

No No No

 
 

Figure 2.  Vehicle categories. 

For the subsystem testing part it is proposed to use 

the ISO-head-impactors in compliance with the 

GTR protocol and to adjust their impact parameters 

in each vehicle category by varying the impact an-

gles and the relevant wrap around distances 

(WADs, Figure 3 and Table 1). The impact area is 

marked by using references and WADs that are 

commonly used in the existing procedures.  

αCowl = 65°

Cowl

Windscreen

αWindscreen = 50°
ISO-CH/AH

v = 35 km/h

αCowl = 65°

Cowl

Windscreen

αWindscreen = 50°
ISO-CH/AH

v = 35 km/h

 

Figure 3.  Impactor testing (Category A). 

The velocity has a large influence on the structural 

stiffness and the limitation of deformation space. In 

this study, the constant head impact velocity com-

pared to v = 35 km/h in the GTR or as an alterna-

tive v = 40 km/h from Euro NCAP which is much 

more demanding is proposed. The impact energy is 

therefore determined by the impactor mass, which 

is 3.5 kg for the child head (CH) and 4.5 kg for the 

adult head (AH). The child head impact area con-

tains the 6 year-old child and 5
th

 percentile female, 

who has almost identical biomechanical parameters 

compared to the 12 y/o child. The 50
th

 percentile 

and 95
th

 percentile male are considered for the adult 

head impact area. The main difference regarding 

the head impact parameters in the vehicle categori-

sation can be seen in the relevant wrap around dis-

tances and impact angles of the head on the wind-

screen (Table 1). 

 

Table 1. 

Head impact parameters for the windscreen 

area 

ISO-

Impactor 
WAD [mm] Impact angle α [°] 

C
at

eg
o

ry
 

CH: 3.5 kg 

AH: 4.5 kg 
from to Windscreen Cowl 

CH 1000 1700 A 

Sedan AH 1700 2300 
50 

CH 1000 1500 - B 

SUV AH 1500 2100 *) 

CH 1000 1600 35 C 

OneBox AH 1600 2100 50 

CH 1000 1900 D 

Sports-car AH 1900 2400 
65 

65 

*) low relevance 

 

For the potentially largest number of Category A 

“sedan” vehicles, the head impact parameters in the 

transition of child and adult head impact zone cor-

relate with the GTR. Due to the consideration of the 

95
th

 percentile male, the upper boundary is defined 

as WAD 2300 mm. The WAD-distances are lower 

with respect to the impact kinematics for SUVs and 

OneBox-vehicles where the pedestrian is thrown 

less high onto the front. The contrary effect can be 

seen for sports-cars and roadsters, where the pedes-

trian will be thrown higher upwards and the impact 

angles are steeper at the same time. 

 

For the multi-body or coupled vehicle-pedestrian 

simulations which analyse the kinematics, the head 

impact time (HIT) and the corresponding locations 

for each specific vehicle have to be evaluated. In 

these simulations, the previously determined 

boundary conditions should be proven. Adjustments 

of the parameters listed in Table 1 concerning a 

possible new vehicle category have to be taken into 

account. The comparison of the total response time 

(TRT) of the system to the head impact time con-

firms its functionality (TRT < HIT). Furthermore, 

the vehicle system has to be in deployed position 

until the head contacts. That leads, at the same time, 
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to a sufficient activation time of the system in the 

case of lower vehicle velocities. If this condition is 

not fulfilled, a major additional danger occurs due 

to the opposite directions of the head impact velo-

city and the bonnet movement. 

 

Step 1 includes the choice of impact points in the 

marked windscreen area (cowl and windscreen, see 

Figure 3). The virtual impactor simulations help to 

identify hard points on the vehicle front (Puppini, 

2008). Potentially critical impact points from the 

previously conducted vehicle-pedestrian simula-

tions can be added. The virtual head impact test 

forms the transition from step 1 to step 2. Using the 

specified impact angles, velocities, areas and im-

pactor masses, the numerical head impact simula-

tions supplement the hardware tests on the test 

points. For the hardware tests, the existing head 

impactor tests with the modified boundary condi-

tions according to the impact area and the angle are 

applied. 

 

The second focus in hardware testing apart from the 

linear head impact is the head and neck load due to 

the head-neck interaction. Increasing neck loads 

through large rotations, e.g. caused by the gap at the 

rear bonnet edge, are an additional risk especially if 

deployable systems are used. The final step of the 

modular testing procedure is the evaluation of the 

pedestrian protection potential by analysing the test 

results. In general, the scope of the vehicles should 

consider mainly passenger cars, for which the exis-

ting procedures have originally been developed for:  

 

- All M1 vehicles  

- All M2 and N1 vehicles up to 3.5 t gross-

vehicle mass 

- Excluding “Flat Front Vehicles” 

(with D(R-Point driver seat - front axis) < 1000 mm) 

 

Due to their front geometry with often short bon-

nets and higher inclination angles of the wind-

screen, so-called “Flat Front Vehicles” require sys-

tem solutions which are often incomparable with 

the sedan shaped vehicle solutions (Fassbender and 

Hamacher, 2008). 

 

In the following paragraphs, an overview and break 

down of the proposed steps of the presented proce-

dure will be given.  

 

VEHICLE AND TEST PREPARATION 

 

Experimental Vehicle 
 

For the investigation and demonstration of the de-

veloped testing procedure, a reference vehicle is 

chosen. An average shaped sedan vehicle of the 

defined Category A (Opel Signum) is upgraded 

with a pop-up bonnet in combination with an exter-

nal airbag, developed and provided by TAKATA 

(both numerical and hardware model).  

 

Modifications of the series version related to the 

hinges in the bonnet rear area, the latch in the front 

and the integration of the airbag module are the 

main changes. For the bonnet rear hinge, linear and 

rotational joints are considered. Due to advantages 

in kinematics, the rotational hinge solution is cho-

sen. This solution means no risk of self-locking 

effect, which could be caused by kinematics and 

friction in the linear guidance. The whole system of 

hinges and bonnet forms a 4-point hinge kinema-

tics. In a series application, the rear hinges have to 

be locked in the daily operation position by integra-

ting e.g. shear bolts or pyrotechnical bolts. The 

necessary clearance for the hinges can be reduced 

to a space which is comparable to the series hinges. 

The sheet thickness of the prototype hinges is 

5 mm.  

 

The series latch is replaced by two front hinges, 

which have to be changed into a two latch system in 

a possible series application. The pivot requires a 

location which is positioned as far as possible to-

wards the front to avoid collision with the surroun-

ding parts when lifting up the bonnet up to 120 mm. 

In addition, the front hinges have to be fully co-

vered by the bonnet. Lifting of the bonnet is rea-

lised by the lower chamber of the airbag and cove-

ring the windscreen area by the upper airbag cham-

ber.  

 

The airbag module is integrated. Fixation points for 

the module are both suspension towers and the wa-

ter box. An additional function of the module as a 

strut bar can also be introduced. 

The gas pressure during the deployment of the air-

bag is measured in a relatively calm area (less gas 

flow). When fully deployed, the airbag volume is 

approximately 90 l. A water box cover, which is 

also fixed laterally and replaces the series plastic 

cover of this area, is necessary to guide the airbag 

directly without obstructions towards the wind-

screen. Sharp edged parts in the airbag deployment 

area are removed or covered. 

 

The modifications of the vehicle according to the 

external airbag system require some additional 

clearance in the water box area. In the series vehicle 

such a system has not been considered in the early 

design and the development process. Therefore, the 

whole wiper system is removed during the follo-

wing investigations. Changes of the vehicle front 

are implemented in such a way that the series status 

of the vehicle can be restored quickly. Necessary 

cut-outs, especially for placing the airbag module, 

are an exception. The changes are summarised, and 

the wrap around distances are marked in Figure 4. 

The potential impact point for the 50
th
 percentile 
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male is shown. It is expected that the impact loca-

tion of the human model in simulations and dummy 

tests will be nearly identical. 

 

(1) Front hinges(1) Front hinges

(2) Module(2) Module

(3) Rear hinge(3) Rear hinge

(2a) Airbag(2a) Airbag

1

2 2a

3
1

2 2a

3

1
3

1000
1500

1700

2

2100

Expected impact point 50%ile male

2300WADs:

 

Figure 4.  Modifications on the series vehicle and 

FE-Model (Category A). 

 

Virtual Model 

 

For the pre-tuning and development of the experi-

mental vehicle and the virtual part of the testing 

procedure, a simulation model of the vehicle front 

is built up. All relevant components are transferred 

into a CAD model using the “ATOS I system” for 

scanning components and CAD for re-engineering 

the whole front geometry (Figure 5). The vehicle 

model contains the front-end with bumper, cross 

member and crash boxes, fender, bonnet and the 

body with longitudinal beams, suspension towers 

and A-pillars. The engine package is included as a 

simplified rigid surface. 

 

ATOS-scanATOS-scan

 

Figure 5.  Re-engineering of the vehicle front 

The numerical airbag model of TAKATA is inte-

grated into the FE simulation. These simulations 

contain the definition of the lifting mechanism 

through the airbag deployment and in a second step 

head impactor simulations using the timing derived 

from the multi-body simulations as an input. The 

design changes for the experimental vehicle proto-

type are implemented in the simulation model 

(Figure 4). 

Multi-body / Coupled Vehicle-Pedestrian Kine-

matics Simulations 
 

The following comparative analysis always refers 

to the active deployable airbag system’s perfor-

mance with a series vehicle without the implemen-

tation of pedestrian safety measures. This compari-

son should help to evaluate the potential of both the 

new testing procedure and the future pedestrian 

safety systems. 

 

Multi-body simulations using Madymo or coupled 

simulations using Madymo and LS-Dyna are per-

formed to investigate the impact kinematics with 

the main focus on the location and timing of the 

head impact. The results form an important input 

for triggering the subsystem impactor in relation to 

the airbag system in the following hardware testing 

part. The coupled simulations in Figure 6 show that 

the head impact of the 50
th

 percentile male takes 

place at HIT = 128 ms in the transition zone of the 

bonnet and windscreen of case 1 representing the 

series version without the deployable system. 

 

0

40

80

HIT 128 HIT 120

Case 1: Series vehicle Case 2: Modified vehicle

80

40

0

 

Figure 6.  Multi-body simulations with series 

and modified vehicle, t in [ms]. 
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Comparison of the two cases shows an offset of 

about 10 ms towards an earlier head impact in 

case 2 with respect to case 1 due to the deployable 

system. In that case, the head would impact most 

likely in the open bonnet rear gap, which is covered 

by the airbag in the reference vehicle. Simulations 

with same boundary conditions using the 6 y/o 

child model indicate that the earliest head impact on 

the bonnet front is at t = 60 ms in activated position. 

The airbag is fully deployed after 40 ms (TRT). 

 

For the considered impact speed and a sufficient 

activation time of more than 200 ms of the airbag, 

which will guarantee the deployed position until the 

head contacts in the case of lower velocities (i.e. 

higher head impact time), it can be concluded that 

the requirement TRT < HIT is fulfilled. 

 

The simulations underline that the upper bonnet and 

lower windscreen area play an important role for 

the head impact. This area offers lower protection 

potential in contrast to the bonnet and windscreen 

middle, due to the high stiffness and reduced de-

formation space. Average sedan shaped vehicle 

fronts in general show this impact scenario. 

 

Choice of Virtual Impact Points / Virtual Head 

Impact Testing with Vehicle Front Model 

 

FE simulations using LS-Dyna software are carried 

out to evaluate the function of deployable systems 

and to identify a particular choice of hard points in 

the car front. Figure 7 shows such a simulation grid 

on the vehicle front with regular (marked as a grid 

structure, white points) and additional points which 

can be identified from the vehicle-pedestrian simu-

lations (stars) or which are simply identified as ad-

ditional potentially critical points (red ones). 

 

Figure 7.  Virtual tests on a grid. 

The simulations in Figure 8 show an adequate func-

tion of the whole lifting mechanism. The accelera-

tion outputs of the impactor model indicated a good 

performance. In this sequence, an impact at t = 0 ms 

is shown. This is in the time period, where the air-

bag model is fully deployed when t = -100 ms is the 

triggering time. In the virtual test series, different 

impact points are evaluated. For the comprehensive 

presentation, the impact point of the 50
th

 percentile 

male in the middle of the bonnet rear area will be 

presented with the main emphasis in the following 

considerations. 

 

-40 0

6040

-40 0-40-40 00

6040 60604040

 

Figure 8.  LS-Dyna head impactor simulation, t 

in [ms]. 

 

HARDWARE VEHICLE IMPACT TESTS 

 

Impactor Tests 

 

In the hardware tests, the experimental vehicle is 

tested according to EEVC WG 17 and GTR testing 

protocol by extending the impact area to the wind-

screen region as described in the new testing proce-

dure (Category A, cowl area: WAD 1770 mm, 65° 

impact angle with adult head). Currently, testing of 

the bonnet rear area is only included in the Euro-

NCAP-procedure. Due to the current availability at 

ika, the 4.8 kg EEVC WG 17 adult head impactor is 

used instead of the proposed ISO headform. The 

velocity of the head impactor is 40 km/h. In the 

hardware testing, three impact points are chosen in 

the context of this study. The potentially critical 

impact points which might be identified in the vir-

tual tests and the chosen impact points for the 

hardware tests are shown in Figure 9. 
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Figure 9.  Potential critical impact points and 

tested points for Category A - Sedan. 
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Furthermore, the previously defined testing area is 

compared to the current Euro NCAP zone. The 

most significant change is the increased wrap 

around distance of 2300 mm for Category A (Se-

dan) when considering the 95
th

 percentile male. 

 

Figure 10 shows the subsystem test on the expected 

impact point of the 50
th

 percentile male (point 1). In 

general, these conditions correlate with the results 

of the multi-body model simulations in previous 

studies (Bovenkerk et al., 2009). Regarding the 

impact location on the bonnet rear edge, the posi-

tion of the impact point is one third on the bonnet 

itself and two thirds on the lower windscreen zone, 

which is covered by the airbag system.  

 

40200

-20-60-100

 

Figure 10.  Head impactor test on point (1) of the 

modified vehicle, t in [ms]. 

For triggering and timing the impact of the head-

form, the previously determined head impact time 

(HIT) from the numerical simulations is used 

(about 120 ms). With the first impact of the leg, a 

pedestrian impact sensing time (ST) of t = -20 ms is 

estimated, so that the impact time of the head im-

pactor is at t = 0 ms after triggering the airbag at 

t = -100 ms. After t = 40 ms, the airbag is in a fully 

deployed mode, so that there is a sufficient safety 

margin with respect to time until the head impacts. 

During the whole contact phase, the airbag fully 

covers the rear bonnet area and the A-pillars. The 

acceleration outputs from the simulations are corre-

lating with these tests. For the determination of the 

optimum airbag pressure, it has to be considered 

that too high inner pressure and thus low energy 

absorption of the airbag itself lead to elastic beha-

viour with a strong rebound effect that can be re-

duced by the use of vent holes. 
 

Tests with Polar-II Pedestrian Dummy 

 

In a second (additional) test series, the overall 

kinematics of the real-world accident are investi-

gated by using the Honda Polar-II Dummy. In addi-

tion, these tests form an input for the analysis of the 

neck loads which cannot be investigated by the 

common linear impactor testing methods. 

 

The biofidelity of this dummy enables the recon-

struction of a realistic pedestrian accident with an 

average sedan car front. A detailed description of 

the Polar-II Dummy can be found in (Takahashi et 

al., 2007). In addition, the potential of using the 

external airbag system in the future can be investi-

gated close to reality. Taking into consideration that 

there are currently only very few vehicles equipped 

with deployable systems and none with external 

airbags, the availability of real-world accident data 

from such vehicles will be far in the future. Con-

firmation of benefit in real-world accidents is there-

fore not possible. 

 

Results of the dummy tests are compared to the 

performed vehicle-pedestrian simulations. Further-

more, a comparison of the series vehicle and the 

modified version using the airbag system is in-

cluded. Merging all these results, it becomes more 

clear that using a combination of subsystem tests 

and simplified simulations and with the dummy test 

as an option for complex systems is an adequate 

method to evaluate the protection potential of a car. 

 

The dummy is positioned according to the defined 

boundary conditions, i.e. vehicle faced leg back-

wards and the position of the dummy in the vehicle 

centreline. The release mechanism of the dummy is 

triggered approximately 50 ms prior to impact and 

braking takes place 100 ms after impact. Figure 11 

gives an overview of the test set up and the dis-

tances at the ika crash test facility.  

 

Test vehicle Polar-II Dummy Safety grid

Rail-system Camera 1 Camera 2

12 m38 m

Safety grid and soft matDummy with 

magnet release

Dummy positioning 

before crash
 

Figure 11.  Test set-up for the pedestrian 

dummy test with Polar-II Dummy. 

 

Figure 12 shows the comparison of high speed se-

quences of the dummy tests with the series vehicle 

and the modified vehicle using the airbag system. 

In both cases, the vehicle velocity is 40 km/h. Trig-

gering of the airbag system is realised by contact 

sensors on the bumper. The first impact of the leg 

corresponds to t = 0 ms. After the leg impact, the 

hip impact for both cases takes place at t = 40 ms; 

following this, the full body wraps around the vehi-

cle front and has flat contact on the bonnet. After 

the shoulder impact between 100 ms and 120 ms, 

the first contact of the head takes place at 131 ms in 

the first case and at 121 ms in the second case with 
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the deployed bonnet and the activated airbag. In 

this case, an offset of approximately 10 ms to an 

earlier time occurs for all body regions after the 

upper leg impact due to the lifted bonnet.  

 

The timing of airbag deployment complies with the 

results of the head impactor tests. Wrap around 

distances to the head impact point are 1830 mm in 

the first case and 1860 mm in the second case prov-

ing the expected impact point on the bonnet rear 

(point 1). After 200 ms the dummy flight phase 

starts, and the dummy separates from the vehicle 

(not shown). 
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Figure 12.  Polar-II Dummy test with series 

(Case 1) and modified vehicle (Case 2), t in [ms]. 

 

The contact location of the upper leg is on the first 

third of the bonnet. Further bonnet deformation 

results from the whole body contact. Figure 13 

shows the post-crash scenario of both tests regard-

ing the head impact. The deformations of the rear 

edge of the bonnet and the locally cracked lower 

windscreen for case 1 without airbag indicate the 

locations of the head contacts. The damage of the 

windscreen centre results from the release device 

after the head impact and has no influence on the 

test results. In comparison to the series version, 

there is nearly no deformation of the lower wind-

screen area in the modified version. 

Case 1: Series vehicle Case 2: Modified vehicle

Release 

Device

Head Head

Release

Device

 
Figure 13.  Post-crash scenario. 
 

The impact location meets exactly the expectations 

from the multi-body and coupled simulations. The 

behaviour of the dummy in the secondary impact on 

the ground is not the main focus of this study. 

 

HEAD-NECK TESTING 

 

There are different possibilities to include the 

evaluation of the head-neck interaction. On the one 

hand, the dummy test results regarding the interac-

tion forces, moments and angles can be used. On 

the other hand, in the case of lacking availability of 

a dummy test, trends of these values can be derived 

from the previously conducted numerical vehicle-

pedestrian simulations. Additional subsystems can 

be applied which are proposed by Kalliske and 

Bovenkerk (2009), see Figure 14. 

 

 

Method (1): 

- Pendulum impactor 

Purpose: 

- Edge contact 

- Neck rotation angle 

Measuring data: 

- Contact Force 

- Head-neck angle 

 

 

Method (2): 

- Free motion impac-

tor with an eccentric 

neck mass 

Purpose: 

- Flat contact 

 

Measuring data: 

- Rotational and linear 

acceleration 

 

 

Figure 14.  Subsystem tests for head neck inter-

action. 

 

The first head-neck subsystem testing method (1) 

uses a pendulum impactor which is fixed to the 

head impact test bench. The main purpose of this 
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method is to record contact forces in the case of an 

edge impact. The contact area has to be evaluated 

additionally by pressure foils and included in the 

calculations for the determination of the contact 

pressure acting on the head. Furthermore, the neck 

rotation angle can be statically measured. This an-

gle can be very high in the case that the head rotates 

into a deployed bonnet rear gap. 

 

The free motion impactor in method (2) uses an 

eccentric neck mass leading to a more biofidelic 

representation of the influence of the body, which 

introduces a head rotation through the neck. Subse-

quently, the linear and the rotational acceleration 

responses are recorded. This enables to evaluate the 

head rotation, in addition to the HIC-values. The 

dimensions of the impactor spheres are based on the 

existing adult headforms. 

 

In this paper, these methods will be used to include 

a qualitative assessment of additional risks regar-

ding the head-neck interaction. 

 

TEST RESULTS AND EVALUATION OF PE-

DESTRIAN PROTECTION  
 

Subsystem Testing 

 

The outputs of the linear impactor tests concerning 

the head accelerations and the resulting HIC-values 

are presented in Figure 15. The virtual and hard-

ware impactor tests do not lead to different evalua-

tion results. Tests and simulations are in good cor-

relation. In all three cases it can be shown that the 

requirement of the HIC-value below 1000 of the 

modified vehicle can be met with a significant 

safety margin. Compared to these results, the tes-

ting of the series vehicle leads to a higher accelera-

tion level and therefore all the HIC-values are 

above 1000. The A-pillars are completely covered 

by the airbag in the modified version. Testing the 

region without an airbag was left out due to the 

clearly lowest available deformation space and 

highest structural stiffness, which would result in an 

extremely high HIC-level. 
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Figure 15.  HIC-values of the chosen impact lo-

cations. 

 

Table 2 shows an evaluation matrix for the modi-

fied vehicle including the possible additional injury 

risks of the analysed impact points. Some of them 

are conflictive. 

 

Table 2. 

Evaluation matrix of the modular procedure for 

the modified vehicle 
 
Point No. 1 2 3 

Location Bonnet rear Hinge area Airbag 

HIC Low (591) Medium (840) Low (500) 

Rebound Medium Low High 

Risk of edge 

Contact 

High Medium Low 

Head rotation Medium Low Medium 

 

On the one hand, the HIC on the airbag is at the 

lowest level and there is no significant risk of head 

contact with sharp edges. On the other hand, the 

rebound of the head is at a high level due to the low 

energy absorption of the airbag itself. The combina-

tion of the energy absorption through the bonnet 

with an underlying airbag on point (1) seems to be a 

good compromise. Furthermore, sharp edges of the 

deployed bonnet rear gap have to be avoided by 

solutions which cover this area. Such an exposed 

bonnet rear may also result in a higher neck rotation 

angle as well as in higher angular acceleration due 

to the possible pendulum movement of the head. 

Kalliske and Bovenkerk (2009) listed these effects 

as potential new injury risks. 

 

Dummy Testing 

 

For the evaluation of the test results, the head and 

neck outputs of the dummy are exemplarily shown. 

The diagrams in Figure 16 to Figure 18 show the 

head and neck loading for the two cases. These 

curves illustrate the result of the series vehicle in 

red colour and the modified vehicle with the airbag 

system in grey colour. Further on, the first head 

contact is marked. 
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Figure 16.  Head CG acceleration. 
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Head CG acceleration curves show a decrease of 

the maximum acceleration from the series vehicle 

amax, series = 186 g to amax, mod = 83 g, which results in 

a decrease from HIC15, series = 1212 to a value of 

HIC15, mod = 705. Reducing the HIC-value by 42 % 

with regard to the series vehicle and going at the 

same time significantly below the limit of 

HIC = 1000, defined by EEVC WG 17, indicate the 

protection potential of an airbag system in the 

windscreen area. Due to the influence of the airbag 

and increasing of available deceleration space, the 

shape of the acceleration peak is transformed from 

a straight high peak into a broader peak on a lower 

level. The influence of the changed vehicle shape, 

caused by the lifting of the bonnet by the airbag, on 

the acceleration of the head CG is starting from 

120 ms with an earlier increase until 160 ms with a 

later decrease of acceleration. 
 

Neck forces and moments in the lower and upper 

neck load cells are shown in the following dia-

grams. Shear forces in x- and y-direction do not 

play the most significant role; they neither show 

any tendencies of differences nor exceed any de-

fined threshold value. The force component in ver-

tical z-direction is of dominating influence. Tension 

forces at a maximum level of 2000 N change into a 

higher level of compression forces for the series 

vehicle with a magnitude of over 5000 N which 

exceeds the FMVSS 208 limit of 4000 N (red area). 

The two cases differ significantly after 135 ms. The 

modified vehicle shows a maximum compression 

force of 2000 N, which is below this limit value 

(grey area). 
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Figure 17.  Neck forces. 

 

For the neck, it can be stated that the moments (Mx, 

My) can be reduced by 30 % or more compared to 

the series vehicle, in case it is equipped with an 

airbag. As mentioned above, a too high airbag pres-

sure might result in higher neck load values due to 

the rebound effect. 
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Figure 18.  Neck moments. 

 

A comparison of the head trajectories in testing and 

simulation is shown in Figure 19. A correlation 

between the head kinematics in the flight phase can 

be seen. The upper leg movement does not correlate 

due to the contact stiffness definition of the simpli-

fied multi-body model. In general, the results re-

garding the impact timing and location of the head, 

which are the main focus of this paper, are compa-

rable. It has to be considered that in this version of 

the model, the airbag is not included in the simula-

tion model, and therefore the impact angle is sig-

nificantly higher due to the exposed rear gap. 
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Figure 19.  Head trajectories in testing and 

simulation. 

 

CONCLUSIONS 
 

In this paper, a modular structured procedure for 

pedestrian impact testing was proposed according 

to a combination of hardware and virtual tests. Two 

main steps concerning preparation and pre-testing 

with vehicle-pedestrian and impactor simulations as 

well as a hardware testing phase are included. First, 

the boundary conditions for the linear impactor 

tests were pre-defined within four vehicle catego-

ries including Sedan, SUV, OneBox and Sports-car 

front shape. These categories were based on the 

bonnet leading edge height and the inclination an-

gle of the front. The second step includes impactor 

tests and optionally dummy tests. As an extension 

of the existing linear head impactor tests, new im-

pactors developed in the APROSYS project were 

presented. These tests enable a better evaluation of 

the head-neck interaction. 
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A sedan shaped car was used as the virtual and 

physical test environment. By using a human model 

in multi-body and coupled simulations, test condi-

tions regarding the impact point and the timing 

were defined. The simulations would also be able to 

create further test input data such as tendencies for 

head-neck loading output. 

 

To confirm the simulation results obtained with the 

whole pedestrian model, Polar-II Pedestrian 

Dummy tests were performed. A good correlation 

between the human model simulation and the Polar 

dummy test could be reached with respect to impact 

point and timing. Furthermore, it could be shown 

that such an approach of combining simulation and 

testing is able to cover also particularities of de-

ployable passive safety systems such as an airbag, 

e.g. with respect to triggering. 

 

In the evaluation part of this modular procedure, the 

pedestrian protection potential of passive safety 

systems referring to an airbag in comparison to cur-

rent non-activated vehicle front structures were 

presented. Even hardware testing could show that 

advanced safety systems involving airbags will 

have a big potential to protect pedestrians well in 

real-world accidents. As an example, the head and 

neck loading was considered. In this study, the out-

come of using an airbag was a HIC reduction of 

42 % and a reduction of the neck compression 

forces of about 60 %, as well as a neck moment 

reduction of about 30 %. However, the focus was 

not on the sensing system, which is necessary for 

the series application of such a deployable airbag 

system. 

 

It could be shown within this paper that new testing 

methods consisting of a combination of simulation 

and subsystem testing lead to an improved evalua-

tion of pedestrian protection and complement each 

other. Vehicle-pedestrian collision simulations are 

concluded to be an efficient way to estimate the 

influence of the vehicle front shape on the impact 

parameters. Impactor simulations offer the multipli-

cation of analysed impact points and the identifica-

tion of most critical points. The hardware tests al-

low the verification of simulation results. The final 

evaluation includes additional aspects for comple-

menting the HIC-value with the consideration of 

impact forces and the head-neck interaction. Fur-

ther research is needed in the development and ap-

plication of these new testing methods including 

subsystems for the head-neck interaction. For a 

more biofidelic representation of the real-world 

accident, it is recommended to continue research on 

improved impact evaluation. 
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ABSTRACT 
 
In this paper an approach to predictive pedestrian 
protection is being proposed. The main issues 
regarding the identification of high benefit scenarios, 
the requirements for an appropriate risk assessment 
algorithm as well as the requirements for the 
environmental sensor system are discussed. 
A general survey of the topic is given first, including 
accident statistics regarding vulnerable road users. 
Based on more detailed accident data the 
requirements for a video-based pedestrian 
recognition system are derived. As a result the best 
suited aperture angle for early detection of 
pedestrians was determined. 
A possible approach for predictive pedestrian 
protection is to issue an adequate driver warning in 
case of an impending vehicle-pedestrian collision. In 
order to justify driver warnings it is necessary to 
calculate the collision risk with a relatively large 
time-foresight. To cope with this task a pedestrian 
motion model based on likely and possible 
accelerations has been developed. 
 
1. INTRODUCTION 
 
In the context of today's vehicle safety systems 
pedestrian protection is an important issue. Most 
vehicle safety systems are designed to protect 
occupants from the consequences of an accident 
(passive systems). In recent years active systems 
emerged with the goal to avoid accidents with other 
vehicles or reduce collision velocity.  
In the field of pedestrian protection passive systems 
(mostly special vehicle-front structures) are very 
common. Active systems are still very rare, 
especially systems which aim to avoid the accident 
completely. The importance of both passive and 
active systems can be deduced from international 
accident statistics. In South Korea for example 
pedestrians account for 39% (2,468 people) of the 
overall number of fatalities in road traffic (2006) [1]. 
In Europe the percentage is lower (combined 18%) 
but still over 10% in almost every country. 
Combined with bicyclists every fourth person killed 

in road traffic in Europe 2006 was a vulnerable road 
user, i.e. pedestrian or bicyclist [2] (see Figure 1). 
 

 
 
Figure 1.  Fatalities in road traffic 2006 – share of 
vulnerable road users [3]. 
 
Because of these high accident rates the EU will 
tighten the guideline for pedestrian protection in 
2009. The guideline includes considering brake assist 
systems (BAS) and, as an alternative to the crash-test 
requirements, active collision avoidance systems [4]. 
From 2009 on, pedestrian protection will also play a 
bigger role in the Euro-NCAP scoring [5]. 
In chapter 3 an active system for pedestrian 
protection is being proposed, which aims to avoid or 
at least mitigate accidents involving pedestrians by 
issuing a driver warning. Because the driver still 
needs time to react after the warning, not only a 
precise recognition of the pedestrian but also a very 
good estimate of the collision risk is essential. 
Prior to that, results of an accident study will be 
presented in chapter 2. These results contribute to the 
system layout in order to maximize the field 
accidents addressed by the system. . 
 
2. ACCIDENT STUDY 
 
In order to consider as many accident situations as 
possible a detailed accident study has been carried 
out. The database for the study consisted of 217 
accidents involving pedestrians which were hit 
frontally by a passenger car. The data was provided 
by the GIDAS – database [6]. This analysis showed 
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that about 95% of all accidents occurred in urban 
areas and 74% can be characterized as "crossing-
accidents", i.e. the pedestrian wanted to cross the 
road from the left (41.5%) or from the right (58.5%) 
and was then hit by the passenger car. In 47% of 
these accidents there has been an occlusion in the 
driver's line of sight (see Figure 2). 
 

 
 
Figure 2.  Distribution of "crossing – accidents". 
 
Further accident types and frequencies are e. g. 
"turning-accidents" (15%) and "accidents with 
pedestrians walking along the road" (4%). 
The recognition and classification of pedestrians is 
typically realized with a video system. Therefore the 
time before the collision was determined considering 
a theoretically mounted, pedestrian detecting video 
system. This time depends on the accident details as 
well as optical parameters of the video system. For 
the considered accidents the GIDAS database 
provided detailed reconstruction data like velocities 
of the passenger car and the pedestrian, as well as the 
approaching direction of the pedestrian. From this 
data the relative direction of approach (RDA) of the 
pedestrian towards the car was derived (see Figure 3). 

 
 
Figure 3.  RDA - Relative direction of approach. 
 
In Table 1 the distribution of accidents with certain 
RDAs is presented. 
The table shows that in 83% of all accidents the 
RDA lies between ± 20°.  
In a next step the exact time of the theoretical 
detection was calculated. In those cases where no 
occlusion for the driver was present, the Sight Time 
to Collision (STTC) was determined by calculating 
back from the collision. 
 

Table 1. 
Relative Direction of Approach 
RDA between Percentage 

± 10° 53.8% 
± 20° 82.8% 
± 30° 92.4% 
± 40° 94.8% 
± 50° 97.0% 
± 60° 97.5% 

 
The STTC is the time at which the video system 
could possibly have detected the pedestrian, 
considering aperture angle and other parameters. 
In cases with an occlusion for the driver the position 
and dimensions of this occlusion was reproduced 
from an accident diagram. With this information the 
STTC could be calculated. Due to the fact that not 
every accident diagram held information about the 
occlusion and not all of the reconstructed data was 
complete, the STTC could be determined for 131 of 
217 cases (60.4%). It was calculated for three 
different video aperture angles ±10°, ±20° and ±60°. 
A greater aperture angle leads to less range, because 
the resolution of the video system is assumed to be 
constant at 1024pel (horizontal). It was also assumed, 
that a video recognition algorithm needs at least 
20pel/m to recognize a pedestrian. Figure 4 shows 
the percentage (vertical) of the cases in which at least 
a certain STTC (horizontal) was calculated. 
 

 
 
Figure 4.  STTC with different aperture angle. 
 
The figure yields that the best-suited aperture angle 
for a STTC >1s is ±20° rather than ±10° or ±60°. 
With this angle almost 85% of the considered cases 
meet the requirement of STTC >1s which is the 
minimal requirement for the warning function as will 
be discussed in chapter 3. Increasing the STTC leads 
to decreasing this percentage to 71% (STTC >1.5s) 
or 67% (STTC>2s) respectively. 
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Another investigated topic was the question of how 
much time could be gained, if the pedestrian could be 
detected while standing in front of a passenger car 
parked at the roadside. In such a case the upper body 
of the pedestrian could be visible for the video 
system and so detection could succeed before the 
pedestrian enters the road. 
First it is necessary to know in how many cases the 
occlusion actually was a passenger car. This amount 
is at least 45% according to the present data (20% of 
the occlusions are unknown). Here it can be assumed, 
that the upper body of the pedestrian would have 
been visible a little sooner and that the video system 
therefore could have detected the pedestrian earlier. 
The temporal advantage of an earlier detection was 
calculated on the assumption of three different 
lengths of the passenger cars hood and can be seen in 
Table 2.   

Table 2. 
Timely gain in ms from upper body recognition of 

partially occluded pedestrians 
 

aperture angle length hood 

 0.5m 1m 1.5m 

±10° 22 45 68 

±20° 41 81 120 

±60° 26 52 77 

 
The effect is small; even under the best 
circumstances only about 100ms can be gained. 
However, in best case this could result in additional 
collision velocity reduction of 3-4 km/h regarding a 
full braking maneuver. 
 
3. PREDICTIVE PEDESTRIAN PROTECTION 
 
The Robert Bosch GmbH develops a driver 
assistance system in order to protect pedestrians by 
avoiding or mitigating vehicle - pedestrian collisions. 
The system aims at issuing a driver warning in order 
to draw the driver's attention to the pedestrian.  
 
3.1. Environment Sensing Technology 
 
The pedestrian detection and recognition system is 
based on stereo video. The system has an aperture 
angle of ±20° and is therefore conform to the 
condition presented in chapter 2. 
 
3.2. System Layout 
 
The important factors for a successful driver warning 
are the design of the warning itself (Human Machine 
Interface) and the time at which the warning is issued. 
In order to find the appropriate moment for a 
warning the reaction time of the driver has to be 

considered first. In literature the reaction time is 
described to be fairly volatile, nevertheless we 
assume the reaction-time to be Treac = 0.8s (see also 
[7]). Additionally the time needed by the driver to 
take action has to be considered; we assume Tact = 
0.2s. We neglect the time it takes to build up the 
brake pressure because we assume the passenger car 
to be equipped with an extended brake assist system 
and pre-fill of the brake system prior to the warning.  
As a result we get as a minimal warning time 
 

Twarn > Treac + Tact = 1s.  (1) 
 

Only if this condition is fulfilled the driver will be 
able to reduce the collision velocity and therefore 
mitigate the consequences for the pedestrian. Of 
course avoiding the accident takes more time, 
depending on the velocity of the vehicle. On the 
assumption, that a brake assist provides full brake 
pressure from the start, a deceleration of 1g can be 
assumed. This leads to a decrease in the collision 
speed of the vehicle of about 30km/h (18mph) in 0.8s. 
Thus with a braking-time of 0.8s about 65% of the 
considered vehicle-pedestrian collisions could 
possibly be avoided (result of the accident study of 
chapter 2). An even earlier warning may be 
preferable in certain situations but could also lead to 
an irritation of the driver and therefore become 
useless. This circumstance is described by the 
"warning dilemma".  
Definition "Warning Dilemma": 
An appropriate warning for an inattentive driver has 
to be issued earlier than a warning for an attentive 
driver. The dilemma lies in the fact that the driver's 
state of attention is unknown. 
Nevertheless we believe the following Time to 
Collision (TTC) values can be assumed reasonable as 
parameters for an intervention scheme: 
 

TTC 2 – 2,5s early warning 
TTC 1 – 2s   acute warning 
TTC < 1 [autonomous braking 

(partially)] 
 

The TTC values here are not strict, because the 
situation analysis does not rely solely on the TTC in 
order to measure the risk of an impending collision 
(see chapter 4). 
The early warning will be designed to be optical and 
directional, so it will attract driver awareness to the 
direction (left / right) of the pedestrian's approach. At 
the acute warning an acoustic signal will be 
generated additionally. It is also envisaged to 
generate a haptic warning by means of a brake jerk 
that will not significantly decrease the vehicle speed 
but clearly signal the driver to take action. 
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4. SITUATION ANALYSIS AND RISK 
ASSESSMENT 
 
Essential for the proper performance and therefore 
for the acceptance of the system is the quality of the 
situation analysis and the risk assessment. The 
warning dilemma as described in chapter 3 has to be 
solved with an appropriate situation analysis which 
has to cope with the following tasks: 

• sensor data processing (recognition of the 
situation) 

• prediction of the pedestrian's movement 
• determination of the collision relevance of 

the pedestrian 
• risk assessment 
• initiating the warning strategy 

As an overview we will briefly present two different 
approaches for a situation analysis. 
 
TTC Approaches 
 
Time to Collision (TTC) approaches primary assess 
the time which is left before the collision, given the 
current prediction of movement for the vehicle and 
the pedestrian. The prediction of the pedestrian 
movement can vary; the easiest way is to extrapolate 
the position linear using the current velocity data. If 
the pedestrian is heading for a collision with the 
vehicle, the TTC can be determined. When the TTC 
decreases under a certain threshold, a warning is 
issued or another action strategy can be initiated. The 
obvious advantage of this approach lies in its 
simplicity. This approach is also very robust, 
predictable and easy to parameterize. However the 
performance largely depends on the quality of the 
movement-prediction of the pedestrian and because 
of its simplicity the approach is prone to generating 
false alerts in situations where a warning must not 
occur. Here a combination with the Pedestrian 
Motion Model (as proposed in chapter 4.2) could 
lead to improvements. 
 
Acceleration Approaches 
 
Acceleration approaches are based on the physical 
motion abilities of the pedestrian and the vehicle. 
Based on the assumption that both vehicle and 
pedestrian can achieve only a certain maximum 
acceleration (lateral and longitudinal) it can be 
determined if a collision is physically unavoidable 
(CU, i.e. Collision Unavoidable). Such an approach 
is proposed in [8], where the maximum accelerations 
for both pedestrian and vehicle are assumed to be 1g 
(not depending on the direction). Based hereupon the 
CU criterion is fulfilled first at TTC’s of a few 
hundred milliseconds. Enough time to trigger for 
example a deployable hood [8]. However, this time 
interval is obviously too short for a suitable driver 
warning. Thus, to make this kind of algorithm usable 
for a warning system more realistic values for 

pedestrian accelerations have to be modelled. Indeed 
thereby the above mentioned acceleration of 1g for a 
pedestrian can be considered as an overestimating 
envelope. It is based on a series of tests with 10 
persons who had to cover a distance of 80cm from a 
standing position as fast as possible [8].  
 
Summarizing it can be stated that a simple TTC-
based approach is too susceptible to false warnings 
while the existing acceleration-based approach does 
not provide enough time for a warning. 
As further development in the course of this work we 
propose an advanced acceleration-based approach 
that considers the possible movements of pedestrians 
and allows a risk assessment with more levels than 
just CU. In this context it is therefore appropriate to 
further investigate the movement abilities of 
pedestrians and design a new Pedestrian-Motion-
Model (PMM) which can limit the theoretically 
assumed mobility (see 4.2). Only a few studies on the 
topic of pedestrian speeds and accelerations can be 
found in relevant literature like [9], [10], [11] and 
[12]. Except the latter, neither of these studies has 
been conducted in the context of pedestrian 
protection. In the following (chapter 4.2) the data 
found in [9] and [10] will be used for the 
investigations concerning a suitable PMM. 
 
4.1. Situation Analysis 
 
The situation analysis processes the sensor data and 
determines if a pedestrian is relevant in terms of an 
impending collision. If a pedestrian is recognized it 
will be determined how he has to alter his trajectory 
in order to avoid the collision on his own account. 
The underlying idea is that a situation is relatively 
uncritical, when the efforts for the pedestrian to leave 
the dangerous area are comparatively small. For 
example, situations where pedestrians initially are on 
collision course and then stop in good time prior to 
reaching the roadside occur frequently in dense 
inner-city traffic. A system reaction in each case 
would result in too many false alerts. Therefore the 
minimal acceleration is determined which allows the 
pedestrian to maintain a safe distance to the vehicle. 
In case of a lateral crossing pedestrian (main cause of 
vehicle-pedestrian accidents, see chapter 2) the 
pedestrian can either stop prior to reaching the 
vehicle path; accelerate to have left the vehicle path 
in due time or step into the path and turn around. For 
each possibility the required acceleration is 
calculated based upon the following equation:  
 

pedpedpedrl atvtposs 2
/ 2

1+⋅+=  (2) 

 
Where sl/r is the safe position the pedestrian needs to 
reach either on the left or the right side of the vehicle. 
Note that this position is not necessarily the edge of 
the vehicle path but can include an adaptive safety 
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gap. Solving (2) with respect to aped yields a set of 
acceleration values which can be assessed by the 
PMM. Besides this assessment of the pedestrian's 
efforts to avoid the collision, it also considered how 
comfortably the driver can avoid the collision. That 
means the deceleration needed to stop the vehicle 
before reaching the pedestrian is derived from the 
current velocity of the vehicle, the distance to the 
pedestrian and the assumed reaction-time of the 
driver. This information additionally contributes to 
the risk assessment of the situation. The risk will be 
estimated higher if the needed deceleration for the 
vehicle increases. Only if this deceleration exceeds a 
comfort – value, e.g. the maximum deceleration of 
adaptive cruise control systems, the risk will be 
estimated high enough to initiate the warning 
strategy.  
Figure 5 shows a typical scene with a pedestrian 
crossing from the right. The results of the situation 
analysis are shown graphically as coloured areas in 
front of the vehicle. Every area corresponds to a 
different level of risk. Is the pedestrian located 
outside these areas the estimated effort for him to 
alter his trajectory is too low; therefore he is not (yet) 
at risk. The risk level increases the closer the 
pedestrian gets to the vehicle until the collision is 
unavoidable even with full cooperative behaviour of 
vehicle and pedestrian (red area). As can be seen, the 
actual motion direction of the pedestrian leads to the 
asymmetric shape of the risk areas. The different 
shades of each colour (see red arrows) divide each 
area into two sub-areas. These represent the 
preferable alterations of the pedestrian’s trajectory, 
i.e. an acceleration or deceleration. 
 

 
Figure 5.  Typical scene with crossing pedestrian, 
results of situation analysis as different areas of 
risk. 
 
4.2. Pedestrian-Motion-Model  
 
The feasibility of possible trajectory alterations is 
assessed within the PMM. Primarily it will estimate 
to what extent a pedestrian can accelerate and how 
comfortably this acceleration can be accomplished. 
At first we characterize the different aspects which 
shall be considered for the estimation. 
     Direction of acceleration - As stated in [12] the 
acceleration abilities of pedestrians are not isotropic, 
but depend on the direction at which it is aimed. 
     Current Movement - Previous studies like [9]-[11] 
only refer to velocities and accelerations of 
pedestrians starting from standing still. However, 
accident scenarios where pedestrians are already in 

motion are statistically much more relevant. It can be 
assumed that a pedestrian who is already moving 
forward will not be able to accelerate as fast as a 
pedestrian starting from standing still. 
     Duration - Pedestrians are not able to accelerate 
uniformly over a given period of time (see for 
example [10]). The acceleration process can more 
likely be characterized by an "acceleration jerk" 
followed by a declining phase (Figure 6).  
 

 
 
Figure 6.  Acceleration process from standing 
position to running [10]. 
 
An example for different levels of comfort while 
accelerating can be seen in the different acceleration 
processes from the start to walking, jogging or 
running. 
The necessary inputs for the model are the position, 
and velocity of the pedestrian, the "target-
acceleration" and the duration in which this 
acceleration should be sustained. 
 
4.2.1. Pedestrian – Motion – Model in 1D 
 
As already shown in Figure 6, a typical acceleration 
process is not uniform but characterized by a jerk 
with a following declining phase. Such shapes can be 
derived from data in [9] and [10]. Starting from such 
a process the following mapping can be defined: 
 
A(t):= Mean uniform acceleration which can be 

sustained in time t >0 
 
Here, mean uniform acceleration (MUA) means the 
average rate at which the pedestrian can accelerate 
uniformly. 
Given a time dependant acceleration curve a(s), A(t) 
can be calculated as: 

∫
−=

t

dssattA
0

1 )()(   (3) 

Applying (3) to the process shown in Figure 6 we get 
the MUA as shown in Figure 7. 
We see that these values are significantly lower than 
those from typical acceleration based approaches. 
This can limit the theoretical mobility of a pedestrian 
considerably. Of course this data represents only one 
test sequence with 5-10 persons (see [10]), but it is 
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obvious that there seems to be a great potential for a 
better understanding and assessment of the 
pedestrian's mobility. This is underlined even more 
by the fact, that the values in Figure 6 and 7 were 
derived from a test sequence in which the persons 
were asked to run as fast as possible from standing 
start. This supports the conclusion that the comfort of 
this acceleration has been rather low, thus most 
pedestrians may not even reach these values. 
 

 
Figure 7.  Mean uniform acceleration process 
from start to running. 
 
A possible rating for the acceleration comfort 
(implying a risk assessment) can be defined by the 
comfort of the different states of movement 
"walking" (~1-2m/s), "jogging" (~3-4m/s) and 
"running" (5-6m/s). Curves representing acceleration 
processes for these states (similar to Figure 6) were 
derived for the start from standing still. For these 
states a level of comfort can be defined. Values 
between the 3 curves can be mapped to an 
interpolated comfort value. 
 
4.2.2. 2D – Model development and test sequences 
 
The above mentioned model does neither consider 
the current movement of a pedestrian nor altering 
direction in 2d yet. Therefore further test sequences 
are planned which shall generate data to derive 
curves similar to Figure 6 for such motion patterns. 
In particular test sequences are planned where test 
persons are asked to accelerate while already walking 
with and without change of direction. Furthermore 
tests regarding the deceleration abilities of 
pedestrians will be conducted. With this new data it 
will be possible to further enhance the model. 
 
5. CONCLUSIONS 
 
Detailed results of an accident study were presented. 
These results show that the proposed pedestrian 
protection system covers up to 85% of all vehicle – 
pedestrian "crossing – accidents". A decisive factor 
for this percentage was the system's aperture angle 

which has been investigated further. It has been 
shown, that based on given assumptions an aperture 
angle of about ± 20° is best suited for the system. 
Then the layout of the proposed pedestrian 
protections system has been presented and the 
warning dilemma discussed. To solve this dilemma 
an acceleration-based situation analysis approach has 
been proposed in chapter 4. It is based on a new 
pedestrian motion model which considers the 
acceleration abilities of pedestrians. The risk 
assessment of an impending collision is 
accomplished by estimating the effort for the 
pedestrian caused by altering his trajectory in order 
to avoid the accident. Thus it is possible to prevent 
false alerts which would otherwise occur because of 
the large time scale which is needed for a driver 
warning. 
 
This work is partly funded by the German Federal 
Ministry of Economics and Technology (BMWI) in 
the context of the research project AKTIV. 
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ABSTRACT 

Research on pedestrian protection currently is 
focusing mainly on passenger cars. However, impacts 
with heavy goods vehicles (HGV) and buses are also 
important, especially in urban areas and in 
developing countries. This study is an attempt to 
show the distribution of injury patterns focused on 
the head injury mechanism. In the European project 
APOLLO WPII database with a number of 104 
pedestrians injured by a HGV or bus were identified. 
The head was found the most severely injured 
anatomic region, with an average AIS of 3.1, 
followed by the abdomen/pelvis (AIS 2.9), and the 
thorax (AIS 2.1). Using the Dr. Martin 
transformation matrix, head injury mechanisms were 
assigned to codified head injuries. Around 69% of the 
sustained head injuries had a rotational injury 
mechanism, 21% translational, and 10% either. Three 
multi-body vehicle models, representing two HGV 
and one bus, were used in a large parameter analysis. 
The simulations showed that the angular velocity 
change is exceeding 30rad/s and the angular 
acceleration is exceeding 10.000rad/s² in simulations 
where the HIC value was below 1000. Additionally 
the head injury risk was assessed by prescribing the 
accelerations of the human pedestrian model’s head 
to a finite element head and brain model. It can be 
concluded that head injuries are the most frequent 
injuries sustained by pedestrians involved in a 
collision with a flat-fronted vehicle and rotational 
accelerations are responsible for around 70% of head 
injuries. Impactors currently used in pedestrian 
protection regulations do not assess rotation-induced 
injuries. 

 
Keywords: Vulnerable Road Users, Pedestrian, 
Bicyclist, Heavy Goods Vehicles, Trucks, Head 
Injuries, Rotational accelerations, FE head/brain 
model 

MOTIVATION 

In numerical studies conducted in the project 
APROSYS [1], [2], [3] the interaction between 
vulnerable road user and heavy goods vehicle were 
studied by means of finite element vehicle models 
(IVECO Stralis and generic short-haul goods vehicle) 
and finite element  and multi-body pedestrian models 
(pedestrian accident compliant (PAC) model and 
Madymo human pedestrian models). The numerical 
studies highlighted threatened and highly loaded 
body regions [1].  
In parallel the HV-CIS injury and accident database 
was analysed by Smith [4]. The accidentology 
pointed out, that the head is the most frequently 
(seriously) injured body region. Other studies proof 
the same [5]. 
The numerical studies, however, did not show the 
relevance of head injuries to that extent. It was 
therefore assumed, that the secondary contact with 
the ground leads to the large number of head injuries. 
The secondary impact (with the ground) was not 
investigated in the previously mentioned studies. 
In 2008 a workshop organised by APROSYS SP2 
was held in Neumünster, Germany. There, Arregui 
[6] pointed out that head injuries in accidents 
between pedestrians and flat front vehicles are more 
frequently due to rotation (rotational 
acceleration/velocity) than due to translation.  



 
Feist 2 

It therefore seemed worthwhile to rerun the 
numerical simulations and pay attention to the head 
rotation and the secondary impact (with the ground). 
In collaboration with APROSYS SP5 (biomechanics) 
the head injury risk was re-evaluated using a finite 
element head/brain model.  
Eventually, the findings of the numerical studies 
were compared with the field data of the injury 
database APOLLO.  

INTRODUCTION 

Very little research has been carried out so far in the 
field of pedestrian collisions involving HGV. Most 
studies performed are focusing on passenger cars, 
and LTV (light truck vehicle).  
Graz University of Technology and the University of 
Strasbourg were involved in the EC funded project 
APROSYS. Sub-project 2 initiated research in the 
field of HGV-VRU accidents, investigated the 
interaction of vulnerable road users (VRU) with 
heavy goods vehicles (HGV) in experiment and in a 
numerical environment and came up with a so-called 
aggressivity index (HVAI) assessing the risk imposed 
by a HGV on vulnerable road users. Sub-project 5, 
Biomechanics, developed improved head injury 
criteria based on a finite element head-brain model 
by reconstructing 68 accident case results (6 
motorsport, 22 football player, 29 pedestrian and 11 
motorcycle accidents) [7]. This model is capable of 
assessing the potential head injury risk in road safety 
and distinguishing between contusion, sub-dural 
haematoma (SDH), skull-fracture, and diffuse axonal 
injuries (DAI). 
The European Center for Injury Prevention was 
involved in the European Project APOLLO, in the 
Work Package II, investigating the injuries associated 
to the hospital discharges in Europe. Work-package 
II, "The burden of injuries in the EU: indicators and 
recommendations for prevention and control", is 
coordinated by the University of Navarra [8]. The 
"core" project consists on the development of report 
on the burden of (non-fatal) injuries in the European 
Union. The APOLLO database stores the information 
of 1.085.673 cases from the hospital discharges, of 
which some 74.660 cases are traffic-related injuries.  

HEAD INJURY MECHANISMS 

Many experiments and studies on head impact have 
been carried out to investigate the head’s mechanical 
response properties. In general, the impact response 
was described in terms of head acceleration, impact 
force and intracranial pressure. 

Translational accelerations 

The pioneer of the experimental studies in this field 
was Holburn (1943) [9]. He worked on tangential 
stresses in a gel model, observing that the rotation 
between skull and brain could explain most of the 
traumatic brain injuries. It was noted that translations 
were not as harmful as rotations; an amazing 
conclusion that is still valid nowadays. 
Profound research has been carried out on impact 
tolerance of human head sponsored by the 
automotive industry. The first approach to human 
tolerance limits was introduced by Gurdjian in 1953 
[10] and Lissner et al in 1960 [11], and it is widely 
known as the Wayne State Tolerance Curve (WSTC). 
Figure 1 reproduces that curve. 
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Figure 1: Severity Index, based on [12] 

The WSTC indicates a relationship between average 
translational anterior-posterior acceleration level and 
duration of the acceleration pulse that accounts for 
similar head injury severity in head contact impacts. 
Gurdjian and colleagues assumed that measuring the 
tolerance of the skull to a fracture was equivalent to 
measuring the tolerance to a brain injury. 
Combinations of acceleration level and pulse 
duration that lie above the curve are assumed to 
exceed human tolerance, and will cause severe 
irreversible brain injury. Combinations below the 
curve do not exceed human tolerance. 
In 1966 Gadd [12] introduced the SI (Severity Index) 
based on WSTC studies. It was calculated by 
integrating the linear acceleration and raised to the 
power of 2.5 (the slope of curve expressing the 
WSTC in log t– see Figure 1). Gadd indicated an 
acceptable maximum value of 1000. 
Using the WSTC and the criteria developed 
thereafter, restrictions that arise from the test 
conditions have to be considered. The major 
limitations are the shortage of data of initial curve 
points, the accelerometer position located in the back 
of the head (far from the centre of gravity) and 
techniques for scaling the animal data and the 
supposed correspondence of skull fracture and brain 
injury. Bearing in mind that WSTC is based on direct 
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frontal impact tests, the result should not be applied 
to other impact directions. 
In 1971, Versace [13] proposed an alternative 
formulation of the Severity Index, subsequently 
proposed by the US National Highway Traffic Safety 
Administration (NHTSA) and included in the 
FMVSS 208. This injury criterion is called HIC 
(Head Injury Criterion) – see (1): 

 
(1) 

Where ar is the resultant linear acceleration measured 
at head centre of gravity (in G’s) and t1 and t2 are two 
arbitrary times (in s). 
To determine the relationship between HIC and 
injuries to the skull and brain, available test data were 
analysed statistically by fitting normal, log normal, 
and two parameter Weibull cumulative distributions 
to the data set, using the maximum likelihood method 
to achieve the best fit for each function [14]. The best 
fit of the data was achieved with the log normal 
curve. 
A major limitation of the HIC - not taking into 
account rotational acceleration - is often criticized. 
Another common limitation is the lack of a 
relationship between human head injury and the 
acceleration response measured with 
anthropomorphic test devices that is the 
transformation function between the dummy and the 
cadaver. 
Nevertheless, the HIC is the index of cerebral 
damage most commonly accepted by the scientific 
community and the only value that the automotive 
industry uses to develop new vehicles or to fulfil 
regulations.  
The a3ms (or cum3ms) criterion is also based on the 
WSTC, and it is defined as the maximum 
acceleration level obtained for an impact-duration of 
3 ms, where any three milliseconds window should 
not exceed 80 g in the resultant acceleration curve. 
This requirement has also been incorporated in 
European and American regulations. 

Rotational accelerations 

In experimental studies using animals by 
Unterharnscheidt and Higgins [15], angular 
accelerations were applied to primates’ heads. They 
could reproduce subdural haematoma, bridge veins 
ruptures between skull and brain, as well as brain 
injuries and spinal cord injuries. 
Ommaya [16] carried out a study with 25 monkey 
squirrels, in which they induced and compared pure 
translational motions with combinations of rotational 
and translational accelerations, determining the 
reduction of the resistance in case of combined 

motion - despite being smaller in intensity. It was 
also found that the angular acceleration and the 
according injury thresholds are related to the mass of 
the brain. The tolerance limit for human beings was 
obtained by scaling the results from the primate test. 
In 1993, working on rotational acceleration as an 
injury mechanism, Melvin [17] determined human 
being’s tolerance to angular acceleration in 7500 
rad/s² with a concussion probability of 99%. In 1974 
Löwenhielm suggested that the bridging veins 
between skull and brain started to tear from 400 
rad/s² angular acceleration or a change of angular 
speed from 70 rad/s [18].  
Margulies and Thibault [19] proposed a criterion to 
produce a Diffuse Axonal Injury (DAI) according to 
the Angular Acceleration and the Delta Angular 
Speed, which is reproduced in Figure 2.  
The area below the curve indicates the head 
acceptable limit for two different brain weights 
(500g, 1400g). The solid black curve indicates the 
tolerance for the human brain.  
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Figure 2: Rotational acceleration and rotational 
velocity as injury mechanism, based on [19] 
 
Table 1 shows tolerance values commonly used. 
However, additional studies on volunteers suggest 
that much higher tolerance values may be possible 
for short durations. 
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Table 1.  
Tolerance thresholds for rotational acceleration 

and angular velocity. [20] 
Tolerance threshold, 

50% probability 

Type of brain 

injury 
Reference 

α = 1800 rad/s², Δt<20ms 

ω = 30 rad/s, Δt>20ms 

Cerebral 

concussion 

Ommaya et 

al., 1967 

α < 4500 rad/s², Δt<20ms 

ω < 70 rad/s 

Rupture of 

bridging veins 

Löwenhielm 

et al., 1975 

α < 3000 rad/s² 
Brain surface 

shearing 

Advani et 

al., 1982 

For ω< 30 rad/s: 

AIS 5; α > 4500 rad/s² 

For ω> 30 rad/s: 

AIS 2; α > 1700 rad/s² 

AIS 3; α > 3000 rad/s² 

AIS 4; α > 3900 rad/s² 

AIS 5; α > 4500 rad/s² 

General injury 
Ommaya et 

al., 1984 

 
In an attempt to combine translational and rotational 
acceleration, Newman in 1986 [21], in contact with 
Transport Canada, introduced the concept of 
generalized GAMBIT (Generalized Acceleration 
Model for Brain Injury Tolerance). The model 
attempts to weight, in an analogous manner to the 
principal shear stress theory, the effects of the two 
forms of motion. The GAMBIT equation is as 
follows: 

 
(2) 

Where a(t) and α(t) are the instantaneous values of 
translational and rotational acceleration respectively. 
αc and ac are limiting critical values and n, m and s 
are empirical constants selected to fit the available 
data from Kramer and Appel field accident database 
[22]. (n = m = s = 2.5, ac=250g, αc = 25.000 rad/s²). 
These values were more or less confirmed in a more 
recent publication [23]. G=1 is set to correspond to a 
50% probability of MAIS 3. 
Using simulations of the injuries sustained by 
passengers in documented automobile accidents, the 
severity / probability relationship shown in Figure 3 
was generated [21] These have not been fully 
validated but may serve as basis for future 
development. 
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Figure 3: Head injury severity probability as a 

function of GAMBIT criterion [21] 
 
The GAMBIT has been criticized on the grounds that 
it does not take into account any time related aspect 
of head injury process. That is, it only depends on 
maximum values and does not invoke any particular 
limit of velocity change or time duration of 
acceleration exposure. Another weak point of this 
criterion is its inadequate validation. 
The HIP (head impact power) is a more global 
approach to a head protection criterion [24]. The 
formula is the sum of power terms for all rotational 
and translational degrees of freedom – see (3) -and is 
based on the hypothesis that head injuries do occur if 
a certain rate of kinetic energy change is exceeded. A 
threshold value of 12.79 kW (kNm/s) is proposed for 
50% of concussion, a mild traumatic brain injury 
where unconsciousness [25] may occur (see Table 2).  

 
(3) 

 
Table 2.  

Relationship between HIP and probability for 
concussion [25] 

Probability for concussion HIP [kW] 
5% 4.7 
50% 12.79 
95% 20.88 

 
Gennarelli et al. [26] presented a set of 
interrelationships between biomechanical metrics and 
the entire spectrum of DBI (Diffuse Brain Injury), 
and the first hypothesis of the potential influence of a 
generic factor on human tolerance to trauma. The 
main limitation of this study is the simplification 
used in presenting the tolerance hypothesis, assuming 
that just the angular acceleration is responsible for 
the DBI (when it is commonly accepted that duration 
of acceleration and angular velocity are also 
required). 
Table 3 represents the connection between rotational 
acceleration and Diffuse Brain Tolerance related to 
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the Abbreviated Injury Scale (AIS) – as found by 
Gennarelli et al. [26]. 

 
Table 3. 

Relationship between rotational acceleration and 
AIS, based on [26] 

AIS Rotational Acceleration [rad/s²] 
1 2878 
2 5756 
3 8633 
4 11511 
5 14389 

 
At this time, no rotational criteria have been 
approved by the scientific community or adopted by 
the automotive industry. 
Currently, the FE models are gradually becoming 
more sophisticated and they have the potential for 
understanding the complex injury mechanism of head 
impact. And the scientific community aggress in 
exploring this new tool to increase the knowledge the 
head injury field. 

METHOD 

Earlier numerical studies showed that the injury risk 
of a certain body region depends largely on the 
vehicle size and initial position of the VRU with 
respect the HGV [27]. In these studies, however, 
different codes and numerical pedestrian models 
were used. Therefore, it was difficult to draw 
consistent conclusions. 
Instead of using different numerical models of 
vehicle and pedestrian, one parameterisable multi-
body vehicle model was developed. Three front 
shape geometries (short-haul HGV: MAN L2000, 
long-haul HGV: IVECO Stralis and one bus: MAN 
Lion) were used for the analysis of head-injuries and 
later for the front-shape optimization based on a 
generic-algorithm. The bus geometry was included in 
order to be consistent with the analysis of the 
APOLLO injury database, which does not allow for a 
discrimination of bus and truck. 
The numerical study is conducted in three steps: 
1. The three breed models were used to analyse the 

head acceleration (rotation/translation) and head 
rotation velocity. Additionally a number of 
parameters were varied to find the maxima and 
minima of the simulation outputs. Parameter that 
have been varied: 
- Friction between HGV and VRU: 0.2 … 0.4  
- Friction between Shoes and Ground: 0.5 … 

0.7  
- Friction between VRU and Ground: 0.4 ... 

0.75  
- Facing direction of pedestrian: +60° … -60°  

- Start of braking:  -1s … 0.2s  
- Initial velocity: 30 … 40 km/h  
- Pedestrian gait: 10 postures 
- Ground-Clearance of the vehicle: depending 

on vehicle model 
2. In a further step, the secondary impact (with the 

ground) was studied. Finally head accelerations in 
primary and secondary impact are compared. 

3. The three breed models were used in a generic 
algorithm aiming to reduce the objective function. 
The objective function is a combination of head 
injury risk evaluation (rotation and translation) 
and thorax injury risk evaluation. Weighting 
factors are based on the findings of the 
accidentology. (To be described in another 
publication to come). 

4. Accelerations measured in the COG of the 
pedestrian’s head were prescribed to a finite 
element head/brain model. That model was used 
to assess the risk for brain injuries. The evaluation 
is compared to the results obtained by applying 
“conventional” injury criterions 

5. The APOLLO database was analysed. Head 
injuries related to an accident with a heavy goods 
vehicle or bus were distinguished in rotational 
acceleration induced injuries and translational 
acceleration induced injuries. 

Numerical Vehicle Model 

Multi-body framework of vehicle - The vehicle 
consists of four major rigid bodies (see Figure 4): 
1. Two rigid bodies representing the unsuspended 

mass of the rear and front axle. The front axle is 
connected to the reference body (the ground) by a 
translational joint (front axle) and a restraint (rear 
axle). The front and rear axle are supporting the 
chassis. Spring-damper elements account for the 
suspension of the vehicle. 

2. The chassis is bearing the bumper and the front 
underrun protection (the lower bumper). 

3. The cabin is bearing the remaining front (grill, 
hood, windshield frame and windshield). The 
cabin is suspended by a planar joint (and 
restraints in x- and z-direction) and a free joint 
(and a restraint in z-direction). 

4. Other rigid bodies are supporting the contact 
surfaces (ellipsoids or facet surface) of the vehicle 
front. A marginal mass and inertia is assigned to 
these rigid bodies. 
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Figure 4: Multi-body framework of the HGV 
model 
 

Geometry  
The geometry of the vehicle (the phenotype) can be 
defined by a number of parameters (the genotype) 
[28]. Generally the front shape is defined by the 
following parameters: 
- Height of facet surface and ellipsoid (z_name) 
- Rotation of facet surface and ellipsoid in relation 

to parent ellipsoid (ry_name) 
- Offset of facet surface and ellipsoid in relation to 

parent surface (dx_name) 
In total a string of 18 numerical parameters defines 
the geometry.  
Using initial scaling, the facet surfaces (e.g. the facet 
surface for the bumper) are scaled accordingly to the 
parameter z_name. As a result the mesh size changes 
from one vehicle to the other. The initial element size 
was chosen such that the maximal effective element-
size is not exceeding 5x10mm (as long as the value 
of z_name is not exceeding a predefined value).  
Three reference models were created, to fit the front 
shape of a short-haul truck, a long-haul truck and a 
bus (see Figure 5).  
 

   
Figure 5: The three breed models 
 

Contact Pedestrian – Vehicle 

The initial truck model was built up by ellipsoids. 
Initial simulations showed up the deficiencies of the 

ellipsoid contact for the analysis of the primary 
contact with the truck: The MB-MB contact does not 
take into account the shape of the contact partners 
and gaps between the ellipsoids might cause body 
parts to be braced. Generally the contact involving at 
least one ellipsoid (the human body) has a major 
drawback: As soon as the penetration is exceeding 
the semi-axis, contact forces are inversed. 
The stress-based FE-MB contact shows drawbacks as 
well. Failure of materials (e.g. windshield) can not be 
modelled directly, but by a work-around. Facet 
models are less CPU time efficient. Hysteresis model 
3, where “[…]the unloading curve is shifted and 
scaled without using a hysteresis slope […]“ [29] is 
not available and again: as soon as the penetration is 
exceeding the ellipsoid’s semi-axis, the contact-force 
is inversed.  
Still, the advantages of FE-MB contact with a stress-
based contact model prevail for the analysis of the 
primary contact (which is the contact with the truck 
front). For the analysis of the secondary contact 
(which is the contact with the ground), the ellipsoid 
HGV model was used, since less CPU time is needed 
for rather long simulation durations. The sub-chapters 
below describe briefly the particular issues 
considered with the contact interaction of the 
ellipsoid HGV model and the facet HGV model. 
 

Multi-body-Multi-body (MB-MB) contact 
The ellipsoid HGV model and consequently the MB-
MB contact were used in the study of the secondary 
impact (pedestrian to ground contact). No contact 
characteristics were assigned to the HGV ellipsoids. 
The contact type was referring to the characteristics 
of the pedestrian model. The vehicle was assumed to 
be non-compliant. This assumption is fair for the 
analysis of the secondary contact. 
For the contact with the ground the contact type 
“combined” was used. 
 

Multi-body-Finite Element (FE-MB) contact- 
By a switch in the input file, the user can select 
between the ellipsoid HGV model and the facet 
surface HGV model. The FE-MB stress based contact 
requires the force-penetration functions (as they are 
normally used in MB-MB contacts) to be transformed 
into stress-strain functions (or in fact a stress-
penetration functions, when the thickness of the null-
shells is selected to be 1m).  
A force-penetration F(e) curve is given from quasi-
static or dynamic testing. The shape of the 
penetrating body is given and can be approximated 
by an ellipsoid. That ellipsoid (master surface) is 
impacting a flat facet surface (slave surface). The 
stress as a function of the penetration (contact 
thickness =1m) can be calculated in the following 
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manner: The nominal penetration is ej=Δe j, where Δe 
is the step-width of the numerical solution and j the 
number of the step. The penetration of node i at 
timestep j is pij. The area associated to each step is Aj. 
For a sphere with a radius r the area associated to a 
newly penetrating node i* is Ai*j = π [(2 r ej – ej²) – (2 
r ej-1 – ej-1²)] / cos(α i*j) where α ij is the angle between 
the vector from node i to the centre of the ellipsoid 
and the vertical at time j (see Figure 6).  
For node 1, which always has the largest penetration 
(p1j) of all penetrating nodes, the stress σ1j is 
calculated such that the formula F(e)=∑ σij (pij) Ai is 
met. For all other nodes the stress σij is interpolated 
from previous steps j. A simple visual basic macro 
implemented in MS Excel is solving that problem 
numerically with a step-width Δe=r/100. 
 

 
Figure 6: Approach for converting the force-
deflection curves to stress-strain curves for slave 
nodes intruding into a master surface 
 
Some body parts of the vulnerable road user are 
penetrating deeply into the truck front, such as into 
the grill area or into the windshield when this is 
failing. Two approaches were chosen as work-
around:  
- The struck-side arm, hand and shoulder ellipsoid 

were converted into a facet surface 
- A multi-layered surface was chosen to model the 

windshield and the grill 
The windshield is modelled by up to three layers of 
facet surfaces (there are only two layers required for 
the windshield close to the windshield frame, three 
layers are required more to the centre of the 
windshield, see Figure 7) . The first layer is for 
simulating the glass itself, while the second and third 
layer is for simulating the laminate (the polyvinyl 
butyral film). The second layer has an offset of 7mm. 
As soon as the contact force between the intruding 
surface and second windshield layer exceeds a certain 
threshold value, the contact with the first windshield 
layer is turned off. By doing so, the failure (the 
cracking) of the windshield can be simulated. The 
third layer has an offset of about 60mm to the second 
layer, which is a little less than the half-diameter of 
the adult pedestrian’s head. This is to prevent contact 
force inversion, when an ellipsoid is intruding by 
more than its semi-axis. The third layer is inactive for 
facet-facet contacts (with the shoulder and the arm). 

It was assumed, that the failure of the windshield 
affects any following contacts with the windshield. 
Example: Is the pedestrian’s shoulder contacting the 
second layer of the windshield (which can be the 
case, when the pedestrian is hit by a flat front vehicle 
with a low windshield, e.g. a bus) and the contact 
force is exceeding a predefined force level (about 
200-700N), the first layer’s contact is turned off. That 
in turn means that any body part (e.g. the head) 
impacting the windshield later than the shoulder is 
never intercepted by the first layer. This was found a 
reasonable assumption, when looking to impactor 
tests of the windshield, where the circumferential and 
in particular the “spider-web” cracks propagated well 
beyond the outer dimensions of the intruding body. 

 
Figure 7: Three layered windshield model 
 
This approach was found to be very effective for 
simulating the failure of the windshield or generally 
non-monotonously increasing force-deflection 
characteristics. Figure 7 shows the modelling of the 
windshield. Figure 8 shows a comparison between 
the given force-deflection curve of a dynamic 
impactor test and the model response of the three 
layered windshield model. 
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Figure 8: Three layered windshield model 
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The grill area is modelled by two layers. The second 
layer is to model the more rigid parts behind the grill 
-like the radiator.  
 

Stress-Penetration Characteristics 
It was assumed that the windshield of a HGV is 
comparable in terms of force-deflection to a 
windshield of a passenger car. Hence, the force-
deflection characteristics as obtained by Mizuno [30] 
and used in other publications on pedestrian accident 
simulation [31] were applied to the HGV windshield. 
Two experimental tests of the windshield impacted 
by an EEVC WG17 adult hemisphere were available. 
A comparison with the response of the numerical 
model showed a fair correlation. The first 
experimental test was performed at 20kph, leading to 
a HIC of 286. A similar point selected on the 
windshield of the numerical model led to a HIC of 
362. A second test, performed at 25kph showed a 
HIC of 756 in the experiment and 848 in the 
numerical simulation. 
Most of the contact characteristics of the generic 
multi-body trucks are based on the quasi-static 
measurements of the IVECO Stralis front [32]. These 
characteristics have been assigned to the front of the 
three reference models. Dynamic impact tests of the 
MAN L2000 and IVECO Stralis front with adult and 
child EEVC WG 17 head impactors were available 
[33], too. Finally, the performances of the generic 
multi-body models have been compared with the 
results of these dynamic tests – see Figure 9 and 
Figure 10. 
 

 
Figure 9: Performance of generic Madymo model, 
long-haul HGV [32] 
 

 
Figure 10: Performance of generic Madymo 
model, short-haul HGV [33] 
 

Friction Characteristics 
In pedestrian accident reconstructions, Ziegenhain 
[34] found a friction-coefficient of 0.2 between 
pedestrian and vehicle appropriate in almost all 
accidents. Deviations are marginal. However, the 
values may get larger in form-locking cases (e.g. 
where the pedestrian’s clothes are caught by the 
wiper or other protruding parts).  
Same value was used by Wood et al. [35], [36]. A 
slightly higher value (0.25) was used by Yoshida 
[37]. IHRA used a value of 0.3 [38]. 
In a recent study by Untaroiu [39] a value of 0.4 was 
used. In the present study a friction between 0.2 and 
0.4 was used. 

Contact Pedestrian - Ground 

Force-Deflection Characteristics 
Stevenson [40] referred to values given by 
Chadbourn et al. [41] and used these values in a 
sensitivity analysis of the HIC response to the ground 
stiffness, Stevenson used values from 2.6 kN/mm 
(lowest value from Chadbourn et al.), over 
40 kN/mm (mid-range value from Chadbourn) up to 
10.000 kN/mm (extremely stiff-approximately 
equivalent to a solid steel road). Finally an infinitely 
stiff road was assumed, where only the head’s force-
deflection characteristics were used for the 
calculation of the head accelerations. Stevenson 
concluded, that the “[…] ground stiffness values only 
need to be of the correct order of magnitude to ensure 
reasonable results […]“. 
Davich et al. [42] examined the mechanical 
properties of 36 soil specimens from six subgrade 
soil samples. The specimens were different with 
respect to confinement and moisture content. The 
young’s modulus reached from 129 MPa (having a 
poisson’s ratio of 0.4) up to 958 MPa (with a 
poisson’s ratio of 0.36). The poisson’s ratio in all soil 
specimens ranged from 0.18 up to 0.40. 
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Salem et al. [43] studied the asphalt concrete 
modulus of 11 freeze and non-freezing sites in the 
US. At a mid-depth temperature of 20°Celsius, the 
young’s modulus reached from 8800 to 14000 MPa 
in the samples from non-freezing sites, and from 
3800 to 7000 MPa in those from freezing sites. 
Overall the values reached from 1600 up to 
22500 MPa. 
In another publication, Nessnas [44] set up a 
numerical model of a pavement, where a young’s 
modulus of 3745 MPa, 7490 MPa and 14980 MPa 
and a Poisson ratio of 0.35 for the wearing course 
were assumed.  
Using Hertz’s Formulas [45] for spheres impacting a 
flat plate, the force deflection curves were calculated. 
The following values were used: 
- The head was assumed to be a sphere with a 

diameter of 165mm. 
- For soil-grounds, a young’s modulus of 129 and 

958 MPa (according to Davich [42]) was assumed 
- For roads with an asphalt wearing course, a 

stiffness of 1600, 3750, 7490, 14980 and 
22500 MPa (according to Nessnas and Salem 
[44], [43]) was assumed. 

- Additionally three Poisson’s ratios were used 
0.18, 0.35 and 0.4 (according to Davich and 
Nessnas [42], [44]). 
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Figure 11: Force-deflection curve for roads with 
asphalt course (poisson’s ratio = 0.35) 
 
For a penetration of 2mm (see Figure 11), the linear 
stiffness of the road is in between 2.5kN/mm (soil) 
and 30 to 440 kN/mm (asphalt). These values are 
correlating very well with the linear stiffness used by 
Stevenson [40]. 
 

Friction Characteristics 
Two coefficients of friction are needed for the 
contact between pedestrian and ground: one for the 
contact between the shoe sole and the ground and 
another one for the contact between the pedestrian’s 
body and the ground.  

For the contact between shoes and ground, Simms 
and Wood [46], [36] used a value of 0.58. Sacher 
[47] reported a coefficient of friction of 0.5 (for turf). 
Stevenson [40] used a value of 0.7 in the numerical 
study. 
Table 4 summarizes the values reported in various 
studies on the coefficient of friction, showing a range 
from 0.37 to 0.75. These values do not apply for the 
friction with the shoe sole.  
In previous numerical studies the upper range of 
these values was applied: Yoshida [37] used a 
friction-coefficient of 0.67. The same value was used 
by IHRA [38]. In a recent study by Untaroiu [39] a 
friction coefficient of 0.6 was applied. 
 

Table 4. 
Coefficient of Friction Pedestrian-Ground [46], 

[40] 
Source Surface n Range Mean 

Becke, Golder 
Asphalt, 

wet 
15 0.43-0.53 0.47 

Becke, Golder Asphalt 30 0.50-0.72 0.63 
Kuhnel Asphalt 4 0.52-0.67 0.54 
Sturtz Asphalt 8 0.40-0.74 0.57 

Lucchini Asphalt 16 0.37-0.51 0.43 
Severy  15 0.40-0.75 0.66 

Searle (1983) Asphalt   0.66 
Severy (1966) Asphalt  0.45-0.60  
Fricke (1990) Concrete  0.40-0.65  
Wood (1988) Asphalt  0.57-0.58  
Searle (1983) Grass   0.79 
Fricke (1990) Grass  0.45-0.70  

Numerical Human Model 

Posture 
Earlier studies by Anderson et al [48] showed that the 
walking posture of the pedestrian influences 
kinematics and injury outcomes. 
IHRA [38] conducted a parameter study with multi-
body pedestrian models in three walking positions 
(corresponding to a six stance sequence). A more 
recent study by Untaroiu [39] describes an accident 
reconstruction based on optimisation techniques and 
taking into consideration a number of initial postures. 
Based on 10 stances of the gait cycle, functions for 
H-point height and joint-angles were approximated, 
allowing for a continuous stance sequence. 
Based on curves published in the study by Untaroiu 
[39], a sequence of ten gait cycles for the 50th 
percentile human pedestrian model was developed. 
The hip-angle (the curve published by Untaroiu [39] 
for the hip seems to be corrupted) was changed 
properly, to fit the pictures of the gait cycle (and the 
angles of the ankle) published in the same. 
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Figure 12: Gait Cycle  
 
Table 5 summarizes initial joint positions as set in the 
numerical simulations. In pre-simulations (where all 
major joints except for the human joint were locked) 
the H-Point was altered such that the contact force 
between floor and shoes (contact characteristics of 
the shoes were used) amounted for about 730-740N. 
The human body’s joints were locked at simulation 
start. A logic switch (connected to a contact sensor) 
is unlocking all joints as soon as there is a contact 
force between HGV and the pedestrian. The free 
joints between shoes and feet were kept locked 
throughout the simulations.  
 

Table 5. 
Initial Joint Positions for a continuous sequence of 

gait 
Stride 0% 10% 20% 30% 40% 
H-Point 0.872 0.901 0.915 0.919 0.911 
Hip left 0.201 0.178 -.279 -.454 -.470 
Hip right -.413 -.282 -.200 0.018 0.175 
Knee left 0.342 0.840 1.120 0.871 0.255 
Knee right 0.093 0.093 0.327 0.120 0.156 
Ankle left -.349 -.205 -.082 0.090 0.115 
Ankle right 0.049 0.041 0.041 0.000 -.100 
Shoulder left -.171 -.112 0.034 0.190 0.295 
Shoulder right 0.329 0.261 0.138 0.011 -.125 
Elbow left -0.817 -0.727 -0.545 -0.443 -0.386 
Elbow right -0.352 -0.352 -0.352 -0.611 -0.733 
Neck low -0.400 -0.400 -0.400 -0.400 -0.400 

Design of Experiments 

Three breed models (a long-haul and a short-haul 
traffic truck front and a bus) have been used in the 
numerical simulations. Beside of the front geometry 
the following parameters have been varied: 
- Friction: HGV and VRU: 0.2 … 0.4  
- Friction: Shoes and Ground:0.5 … 0.7  
- Friction: VRU and Ground: 0.4 ... 0.75  
- Facing direction of pedestrian: +60° … -60°  
- Start of braking: -1s … 0.2s  
- Initial velocity: 30 … 40 km/h  
- Pedestrian gait: 10 postures  
- Ground-Clearance of the vehicle: depending on 

vehicle model 
The software ModeFrontier Version 4.1.0 by Esteco 
was used for the design of experiments (DOE). The 

experiments are based on a random sequence. The 
software fills the design space (bounded by the 
values mentioned above) randomly, with a uniform 
distribution. The randomly generated simulations are 
used to analyse the head accelerations 
(rotation/translation) and associated injury criteria. 
 

Finite Element Head Model  

Model 
Conventional head injury predictors such as HIC 
cannot predict the risk for injuries due to rotational 
accelerations. Also, they fail in distinguishing the 
types of injuries to the head, as there are: 
- Skull-fractures: Fractures of the skull can be 

comminuted, depressed – due to local forces, 
leading to inward displaced bones - or linear – 
due to widely distributed forces. 

- Subdural (SDH) or subarachnoid haematoma 
(SAH): Injuries to the vasculature, leading to 
bleeding between brain and skull (subdural) or 
under the arachnoid membrane, which covers the 
brain and spinal cord (subarachnoid). 

- Diffuse axonal injuries (DAI): Extensive lesions 
in white matter tracts, leading in most cases to 
unconsciousness and persistent vegetative state. 
90% of all patients suffering a severe DAI never 
regain consciousness [49].  

Furthermore, conventional head injury predictors are 
insensitive to the direction of force/acceleration 
imposed to the head.  
A finite element skull-brain model overcomes these 
deficiencies. Currently there are a number of such 
finite-element models available. These models differ 
from each other with respect to the number of 
elements, ranging from the 10 to the 300 thousands, 
and the anatomic details modelled. 
- WSUBIM: The Wayne State University brain 

model consists of approx. 320.000 elements and 
represents a 50th percentile male human head with 
a mass of 4.3 kg. It was used extensively for the 
reconstruction of sports accidents, resulting in 
concussions.  

- SIMon: The simulated injury monitor FEM head 
model was initially developed by DiMasi et al. 
[50] and extended by Eppinger, Takhounts and 
Bandak [51], [52]. It represents a 50th percentile 
male human head with a mass of 4.7 kg. The 
model has less than 10.000 elements. 

- KTH: A head-neck model developed by Kleiven 
and Hardy [53]. 

- UCDBTM: The University College Dublin Brain 
Trauma Model was created by Horgan and 
Gilchrist [54]. The influence of number of 
elements on the model response was investigated, 
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by varying the element density from 9000 to 
50000 elements. Also, the model is scalable with 
respect to size, weight and thickness of the CSF. 

In the present study, the Strasbourg University Finite 
Element Head Model (SUFEHM) head model was 
used. The model was initially developed by Kang et 
al. [55] in 1997. The SUFEHM head model has 
approx. 13.000 elements. It represents a 50th 
percentile male human head with a mass of 4.7 kg. 
First tolerance limits for that head model were 
identified by Willinger and Baumgartner [56]. 
Further improvements to the model’s geometry were 
initiated by Deck et al. [57]. More tolerance limits 
were identified by the reconstruction of 68 accidents 
[7].  
By contrast to other models, e.g. SIMon, the skull is 
non-rigid, made of a three-layered composite shell. In 
order to reproduce the overall compliance of cranial 
bone, a thickness in combination with an elastic 
brittle law were selected for each layer with a Tsaï-
Wu criterion. The cerebral spinal fluid filling the 
space between the brain and the skull is made of 
brick elements using an elastic material. The brain is 
modelled by brick elements using a visco-elastic 
material model [58] (see Figure 13). 

 
Figure 13: Section of SUFEHM  

 
The SUFEHM injury predictors 

Based on the simulation of 68 well documented 
accidents with occurrence of head trauma, tolerance 
limits for the SUFEHM head model have been 
identified within APROSYS SP5 [7], [59]. Using 
logical regression techniques, tolerance limits have 
been identified by comparing the FE model response 
and the reported injuries.  
Diffuse axonal injuries were further distinguished by 
severity: Mild (or moderate) diffuse axonal injuries 
(DAI) assigned to AIS 2 or 3 and severe DAI 
assigned to AIS 4+. 
With the help of the regression, tolerance limits for 
three types of injuries (fracture, SDH, DAI) were 
established. The mechanical parameters constituting 

the tolerance limits refer to a risk of 50% (see Table 
6) for the respective injury [7]. 
 

Table 6. 
Tolerance limits for 50% risk of injury used in FE 

simulation [7] 

Injury Mechanical Parameter 
Tolerance 

limits 
Skull fracture Strain Energy, Skull 865 mJ 
Subdural or 
subarachnoid 
haematoma 

Min. Pressure Spinal Fluid 
Strain Energy, Spinal Fluid 

-135 kPa 
4211 mJ 

Mild diffuse 
axonal injury 

Von Mises Stress, Brain 
Von Mises Strain, Brain 

First Principle Strain, Brain 

26 kPa 
0.25 
0.31 

Severe 
diffuse axonal 
injury 

Von Mises Stress, Brain 
Von Mises Strain, Brain 

First Principle Strain, Brain 

33 kPa 
0.35 
0.40 

Analysis of Apollo Database 

One of the biggest challenges in head injury is to 
identify the injury mechanisms leading to a certain 
injury type. One of the main hypotheses of this study 
is to assume that rotational accelerations have a great 
influence in the case of pedestrians involved in an 
accident with a flat front vehicle. 
Martin et al [60] analysed the different AIS codes for 
head injury, and classified these codes by injury 
mechanisms: Injuries induced by rotational 
acceleration, translational acceleration and either 
(when the injury could be produced by rotational 
and/or translational acceleration). Table 16 (in the 
Annex) shows an excerpt of the matrix by Martin 
which classifies the head injury codes by their injury 
mechanism.  
To evaluate the influence of the rotational 
acceleration in the APOLLO database a new variable 
has been included. The Martin transformation matrix 
has been implemented in the database to evaluate the 
presence of the different injury mechanisms. 

RESULTS 

Multi-body Simulations 

Results are separated by primary impact (the impact 
of the pedestrian with the front of the vehicle) and 
secondary impact (the impact of the pedestrian with 
the ground). For the calculation of the HIP (head 
impact power), the following values were applied: 
Mass = 4.69kg, Ixx=0.02kgm², Iyy=0.0222kgm², 
Izz=0.0145kgm². These values are consistent with the 
values applied in the human pedestrian model 
supplied with Madymo. When referring to HIC, the 
HIC 36ms is meant. 
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Primary Impact 
Statistical parameters of the 300 numerical 
simulations are summarized in Table 7. The table 
shows the mean value and the quartiles (25th, 50th and 
75th percentile) for the peak rotational/translational 
acceleration, head injury criterion (HIC), cumulative 
3ms criterion (cum3ms), Gambit (G) and head impact 
power (HIP). 
The median value of the HIC is only slightly above 
the widely applied threshold value of 1000. The 
median Gambit suggests a rather low risk for head 
injuries. The HIP, which is used to assess the risk for 
concussion, is exceeding the 50% probability value 
for concussion (12.8kW). The median cum3ms value 
is clearly above 80g. 

Table 7. 
Mean and statistical dispersion of the numerical 

simulation – Primary Impact 

 
Peak head 

acceleration 
HIC 3ms G HIP 

 
[rad/s²] [g] [ ] [g] [ ] [kW] 

Mean 9605 195 2999 136 0.82 90 
25th p. 5329 93 477 87 0.40 30 
50th p. 7848 156 1022 114 0.64 55 
75th p. 11616 225 2041 160 0.95 83 
 
Table 8 distinguishes the results by vehicle type. 
Clearly the short-haul truck is leading to the worst 
results. That is also in line with the findings of 
previous studies, where full finite element models 
were used to study the interaction between vulnerable 
road users and HGV [27].  

Table 8. 
Median by vehicle type – Primary Impact 

 
Peak head 

acceleration 
HIC 3ms G HIP 

 
[rad/s²] [g] [ ] [g] [ ] [kW] 

All 7848 156 1022 114 0.64 55 
s. HGV  11919 216 1756 159 0.89 79 
l. HGV  6642 117 835 108 0.59 40 
Bus 6452 92 577 87 0.40 31 
s. HGV = short-haul HGV, l. HGV = long-haul HGV 

 
Secondary Impact 

 

 
Figure 14: Hybrid III impacting the floor 
 
Previous experimental tests with a standing Hybrid 
III [2] dummy have shown that the secondary contact 
is extremely critical with respect to loading of the 

head. A HIC of 17600 to 33900 was found in four 
tests (see Figure 14). Peak head accelerations reached 
up to 1170g. 
The numerical simulations show similar results. 
Statistical parameters of 300 numerical simulations 
are summarized in Table 11. A median (50th 
percentile) head rotation acceleration (peak) of 66 
krad/s² and a translational acceleration of 870g was 
found. These high accelerations come along with 
extremely high criterions: a HIC of 20500, a cum3ms 
of 430g and a Gambit of 4. 

Table 9. 
Mean and statistical dispersion of the numerical 

simulation – Secondary Impact 

 
Peak head 

acceleration 
HIC 3ms G HIP 

 
[rad/s²] [g] [ ] [g] [ ] [kW] 

Mean 69285 809 21013 398 3.82 444 
25th p. 44552 553 6850 284 2.75 240 
50th p. 66292 866 20527 434 4.10 406 
75th p. 91976 1026 29122 499 4.74 605 
 
Still, cases were found with very low criterions: 
About 5% of simulations show uncritical HIC, 3ms, 
Gambit and HIP criterion values. 
A very severe case was selected for a sensitivity 
analysis of the ground stiffness. A linear force-
deflection curve was assumed. Results are shown in 
Table 13. Starting from 40kN/mm, there was a 
relatively limited influence of different orders of 
magnitude of ground contact stiffness on the resulting 
injury criteria. Soil grounds (2.6kN/mm), however, 
led to completely different results with respect to 
injury criteria. 

Table 10. 
Sensitivity to stiffness of ground 

Stiffness Peak head acceleration HIC G HIP 
[kN/mm] [krad/s²] [10³g] [ ] [ ] [kW] 
2.6 36.9 5.1 13641 2.1 318 
40 59.4 11.8 46503 4.8 595 
60 61.2 12.4 49930 5.1 625 
100 62.6 12.8 51591 5.3 628 
10.000 67.9 13.9 56827 5.7 654 

Finite Element Simulation 

Nine out of 300 numerical simulations have been 
selected for a more detailed analysis with a FEM 
head model. Angular and translational accelerations 
measured in the multi-body simulations of the 
primary impact were prescribed to the SUFEHM 
head model. The acceleration curves were pre-filtered 
with CFC-1000. 
Besides assessing these nine cases with the SUFEHM 
head model, conventional injury predictors, such as 
the HIC (head injury criterion), the GAMBIT 
(Generalised Acceleration Model for Brain Injury 
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Threshold), the cum3ms (the accumulative 3 
milliseconds acceleration) and the HPC (Head power 
criterion) – see Table 11 – were applied, too.  
The simulations are: 
(1) A 50th percentile, ellipsoid male human 

pedestrian model in walking posture is hit on the 
left side by the generic facet heavy goods vehicle 
model having the geometry and the characteristics 
of an IVECO Stralis. The cabin pivot is 950mm 
above ground. The vehicle is travelling at 40kph.  

(2) A 50th percentile, ellipsoid male human 
pedestrian model in walking posture is hit on the 
left side by the generic facet heavy goods vehicle 
model having the geometry of a MAN L2000. 
The cabin pivot is 870mm above ground. The 
vehicle is travelling at 40kph.  

(3) Like ID 2, however, cabin pivot 930mm above 
ground  

(4) Like ID 2, however, cabin pivot 800mm above 
ground  

(5) Like ID 2, however, cabin pivot 1080mm above 
ground  

(6) Like ID 2, pedestrian turned about the z-axis such 
that the pedestrian is approaching the truck front 
at 45°. 

(7) Like ID 6, however, cabin pivot: 800mm above 
ground 

Finally two simulations were performed with a 50th 
percentile facet male occupant model in standing 
posture 
(8) hit on the rear by a finite element heavy goods 

vehicle model having the geometry and the 
characteristics of a MAN L2000. The cabin pivot 
is 930mm above ground. The vehicle is travelling 
at 40kph.  

(9) Like ID 8, however, hit on the left shoulder. 
Cabin pivot 830mm above ground. The vehicle is 
travelling at 30kph.  

Table 11 summarizes the characteristics of the 
selected cases. 

Table 11. 
Characteristics of selected cases 

ID Peak head acceleration HIC G cum3ms HIP 
[rad/s²] [g] [ ] [ ] [g] [kW] 

1 6327 108 817 0.47 102.3 41.9 
2 4520 88 366 0.38 66.1 33.7 
3 8562 146 700 0.64 100.3 67.1 
4 11423 269 1958 1.11 86.3 103.9 
5 7416 135 1090 0.58 132 51.9 
6 22841 410 4915 1.65 197.6 122.8 
7 6428 191 1864 0.76 160.8 70.8 
8 2730 151 1613 0.6 138.1 68.2 
9 2672 74 359 0.3 70 22.1 
 
By applying the expanded Prasad-Mertz [61] curves 
and it’s counterpart for the Gambit (see Figure 3), the 

risk of head injuries associated to the HIC and 
Gambit were summarized in Table 12. 

Table 12. 
Conventional injury predictors and the associated 

risk for injury 

ID 
Risk of Head injury 

related to the HIC [%] 
Risk of Head injury 

related to the Gambit [%] 

 
Moderate Severe Moderate Severe 

1 77 9 9 0 
2 22 2 4 0 
3 64 6 31 <3 
4 100 87 91 71 
5 93 22 <3 <3 
6 100 100 100 1 
7 100 82 0.74 8 
8 99 65 22 <3 
9 21 2 <3 0 
 
Table 13 and Table 14 summarize the risk for 
specific head injuries as predicted by the SUFEHM 
head model. In six out of nine cases under study a 
risk greater than 50% for severe DAI and SDH is 
predicted. 

Table 13. 
Injury predictors calculated by SUFEHM head 

and the associated risk for injury – Part A 

ID 
Von Misses stress 

Brain [kPa] 
Risk of diffuse axonal injury [%] 

Moderate Severe 
1 39.5 100 88 
2 39.5 100 88 
3 51 100 99.9 
4 74 100 99.9 
5 44.6 100 98 
6 52 100 99.9 
7 31.4 100 38 
8 16.1 <1 0 
9 12 <1 0 

 
Table 14. 

Injury predictors calculated by SUFEHM head 
and the associated risk for injury – Part B 

ID 
Minimum pressure 
Spinal Fluid [kPa] 

Risk of subdural 
haematoma [%] 

1 -126 34 
2 -126 34 
3 -145 66 
4 -166 90 
5 -151 75 
6 -177 98 
7 -159 84 
8 -114 18 
9 -68 <1 

Analysis of Apollo Database 

The APOLLO database contains 1.085.673 cases 
from the hospital discharges, of which 74.660 are 
traffic related injuries (8 European countries codify 
including the injury mechanism). This subgroup 
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comprises 10.341 pedestrians. Taking into account 
only cases that were codified according to the 
International Classification of Diseases (ICD 10) [62] 
3.786 pedestrians remain, of which 104 are 
pedestrians involved in an accident with Heavy Good 
Vehicles. 
 

HGV or bus versus pedestrian 
Table 15 was obtained by analyzing the APOLLO 
database and classifying the injuries by body region 
and nature (Barell injury matrix) [63]. Remark: Table 
15 shows only an excerpt of the results (the original 
table contains a total of 252 injuries).  
 

Table 15.  
Barell injury matrix for pedestrian involved in 

HGV collision (excerpt) 
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IS

 

Traumatic 
brain injury 

17 58 4 0 6 37% 3.14 

Thorax 14 12 0 4 0 12% 2.14 
Abdomen, 
pelvis, trunk  

17 4 0 2 6 12% 2.91 

Lower 
extremity 

24 0 18 4 0 21% 1.87 

TOTAL 102 74 25 12 12 100% 
 

 
It can be observed that the most frequently injured 
area is the head with 37% of all injuries, followed by 
lower extremities 21%, thorax 12%, and the 
abdominal/pelvic area 12%. 
Compared with the injuries sustained for pedestrians 
involved in passenger car collisions in case of 
survival, the results are different: According to Yang 
et al [64] the most frequently injured area was found 
the lower extremities with 32.4% of all injuries, 
followed by the head (26%), the abdominal/pelvic 
area (12%), and the thorax (5.5%).  
To evaluate the influence of the rotational 
acceleration in the APOLLO database a new variable 
has been included. The Martin transformation matrix 
[60] has been implemented in the database (see 
excerpt in Table 16) to evaluate the presence of the 
different injury mechanisms. 
From the 93 head injuries only 74 could be matched 
with the AIS code or matrix to be included in the 
study. All of the not classifiable were categorised as 
minor injuries (AIS 1), so there is no loss of 
information for moderate or more severe injuries 
(AIS 2+). 
Figure 15 shows that just 21% of all head injuries 
analyzed have the translation acceleration as a single 

injury mechanism, in 69% of all cases rotational 
acceleration is the only injury mechanism, and in 
10% of the cases rotational or translational 
acceleration can be responsible for the head injury. 
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Figure 15: Head injuries by injury mechanism 
(HGV or bus versus pedestrian) 
 
Following the methodology developed by Martin et 
al. examining all 104 pedestrian cases individually, 
all the head injuries have been re-processed with the 
transformation matrix, analyzing all the different 
combinations of Translational, Rotational or Either. 
Some of the codes show up several times while 
others never appear at all. Cases where a single 
pedestrian sustains two or more types of head 
injuries, a “combination” is assigned – see Figure 16. 
From initial 104 injured pedestrians only 44 sustained 
head injuries that can be processed with the Martin 
matrix. From these pedestrians only 8 had sustained 
head injuries solely due to translational acceleration, 
28 due to rotational acceleration, 2 pedestrian had 
head injuries due to rotational or translational 
acceleration and 6 due to a combination of injury 
mechanisms. 
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Figure 16: Injured pedestrians and injury 
mechanism (HGV or bus versus pedestrian) 
 
Rotational acceleration is clearly more frequent as the 
translational acceleration in the case of pedestrian 
accident. The large presence of “combined” as an 
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injury mechanism is due to the immense number of 
injuries sustained by some pedestrians, making it 
very unlikely that all injuries are assigned to one 
single injury mechanism. 
 

Passenger car versus pedestrian 
The results are considerably different from the 
figures reported in the literature: Pedestrians involved 
in a crash with a passenger car [65] (see Figure 17) 
only 17% sustain head injuries due to rotational 
accelerations. Another 17% sustain injuries solely 
induced by translational accelerations, 38% either 
and 28% due to combined mechanisms (data from the 
Pedestrian Crash Data Study PCDS). The percentage 
in motorbike accidents is quite similar: 5% for 
translational, 13% for rotational, 34% for either and 
48% in case of combined [60].  
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Figure 17: Injured pedestrians and injury 
mechanism (Passenger car versus pedestrian) 
 

DISCUSSION 

Multi-body Simulations 

Considering the median values found in the study of 
the primary impact, the findings of previous studies 
were confirmed: The HIC is rather uncritical. The 
peak head rotational accelerations (median value for 
all flat front vehicles: 7848 rad/s²) can be assessed 
more critical, when applying the values found by 
Genarelli [26] or Ommaya [66]. The same applies to 
the median value of the cum3ms, which is clearly 
above 80g. Also the HIP is clearly exceeding the 
level of 12.8 kW (50% probability of concussion). A 
median Gambit, of 0.64 was found for all vehicles 
under study, which is equivalent to 25% probability 
of AIS 2 head injuries. 
The study showed that the short-haul truck is leading 
to the worst results with respect to head injury 
criteria. This is in correlation with the findings of 
previous studies. While the adult’s head is impacting 
the unforgiving lowermost edge of the windshield of 
the short-haul truck, the head is intercepted rather 

softly by the grill of the long-haul truck. The 
vehicles, that were inspiring the generic models, are 
not only different with respect to size. Also, different 
materials are applied in the design of the front 
structure. While sheet metal is covering the front of 
the short-haul truck, almost the complete grill of the 
long-haul truck is made of fibre reinforced plastics. 
For the short-haul truck a Gambit median value of 
0.89 was observed, which is equivalent to a 40% 
probability of AIS 3 injuries. Best results were 
achieved by the bus.  
 

Secondary Impact 
Experimental tests with a standing Hybrid III dummy 
hit by a MAN L 2000 truck travelling at 30kph 
showed clearly the severity of the secondary impact. 
In the four experimental tests the resultant peak head 
acceleration ranged from 1020g to 1170g, leading to 
a HIC between 17.600 and 33.900. The Hybrid III 
pedestrian dummy was facing towards the front of 
the HGV. The situation does not reflect what really 
happens on the road: In most real-world accidents the 
pedestrian is hit laterally. The Hybrid III, however, 
was designed for frontal impact: Hitting the Hybrid 
III pedestrian dummy laterally will have likely led to 
damage of thorax and legs and knee joints 
respectively. 
As a result of the initial orientation of the pedestrian, 
the dummy’s back of the head was fiercely hit, when 
falling to the ground (see Figure 14). 
It was expected, that the numerical simulations show 
less severe head to ground impacts, since the 
pedestrian model is mostly hit laterally in the 
numerical simulations. Consequently it was assumed, 
that the human model hits the ground with its side 
first. However, in most cases the walking posture of 
the human model led to a rotation about the 
pedestrian’s vertical axis. Eventually, the pedestrian 
was hitting the ground with the face or the back of 
the head. The shoulder did not mitigate the severity 
of the impacts. As a result injury criteria for the head 
were extremely high and so is the risk for fatal 
injuries.  
The present study shows clearly that the secondary 
impact is by far more severe than the primary impact. 
Pedestrian protection afforded by HGV and flat front 
vehicles need to address the pedestrian post-impact 
kinematics. Studies by Faßbender [32] indicate that a 
sort of an aerodynamic front (referred as “nose-
cone”) is capable of reducing the severity of the 
secondary impact – beside of reducing the risk for 
run-over. 
Clearly, the problem of the secondary impact exists 
also with passenger cars. Yang et al. [67] noted that if 
the pedestrian strikes the ground head-first, following 
a collision with a passenger car, head injuries from 
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the secondary impact will generally be more severe 
than injuries related to the primary impact. Otte and 
Pohlmann [68] concluded that 56% of all injuries are 
due to the secondary impact.  
The forward projection kinematics of pedestrians hit 
by a flat fronted vehicle seems to facilitate the 
severity of the secondary impact. Same was noted by 
Tanno et al. [69] and [70]. 
In two multibody simulations a facet human occupant 
model was used, instead of the ellipsoid human 
pedestrian model. Previous studies showed [27] that 
the facet model can be used for the very initial phase 
of the impact. The head–neck kinematics differed 
significantly: While in the facet model the head 
showed a distinct translational movement in the very 
initial phase of the impact (followed by a rotation), 
the ellipsoid model showed a rotational movement 
right from the beginning. 

Finite Element Simulations 

For the simulations with the finite element head 
model, cases have been selected, where at least one 
criterion (peak acceleration, HIC, cum3ms or 
Gambit) was exceeding the given threshold value.   
The comparison of injury predictors calculated with 
the SUFEHM head and “conventional” injury criteria 
showed that one criterion is not enough for predicting 
head injuries. According to a regression analysis by 
Deck [7], the HIC shows a high correlation to severe 
DAI and skull fracture. To other injuries (SDH, mild 
DAI), there is little regression. 
The analysis with the FEM head predicts for 6 out 9 
cases under study a very high risk (greater than 50%) 
for DAI, even in cases where the HIC was well below 
1000 (e.g. case ID 2). For six out of nine cases under 
study a high risk (greater than 50%) for SDH is 
predicted by the finite element head model. 

Analysis of Apollo Database 

Clearly the analysis of the Apollo database shows the 
high relevance of head injuries sustained by 
pedestrians following a collision with a flat front 
vehicle. The database also shows the high relevance 
of head injuries due to rotational accelerations. While 
in passenger cars hitting a pedestrian the occurrence 
of head injuries induced by rotational and 
translational accelerations is almost equivalent, 
rotation-induced head injuries to pedestrians in HGV 
and busses are three times more frequent than 
translation-induced injuries.  
A possible explanation for the difference could be the 
different kinematics in these pedestrian accidents, 
and also the small sample size used in the present 
study. 

Connecting the findings of the field data with the 
numerical simulations is not straight-forward, but it 
can be assumed that head injuries are more likely 
caused by the secondary contact, as it is the more 
severe contact, showing extremely high translational 
and rotational accelerations. 

CONCLUSIONS 

In a multi-disciplinary approach (using generic multi-
body vehicle models, a detailed finite element 
head/brain model as well as field data from an injury 
database) it was tried to investigate the relevance of 
rotation-induced head injuries to pedestrians hit by a 
large flat front vehicle (a heavy goods vehicle or 
bus). 
The primary and the secondary impact of the 
pedestrian were investigated by using a 
parameterisable multi-body vehicle model and a 
numerical human pedestrian model.  
Using DOE software a number of boundary 
conditions were varied, such as vehicle geometry, 
gait, orientation of the pedestrian, vehicle speed and 
friction coefficients. For the study in total 600 
numerical simulations were analysed. 
Measured head accelerations were evaluated by using 
HIC, HIP, Gambit and cum3ms. Nine simulations of 
the primary impact were selected and the measured 
head accelerations were prescribed to a FEM head 
model and evaluated by applying the tolerance limits 
developed for the SUFEHM.  
Additionally field data from a European database on 
hospital discharges was included in the analysis to 
highlight the relevance of rotation-induced head 
injuries. 
 
Following conclusions can be drawn 
- There is no single injury predictor (like HIC, 

Gambit, HIP), that can assess the risk for injuries 
to the head or brain alone. The present study 
suggests that FEM head models can predict head 
injuries more reliably and more differentiated, 
than conventional injury predictors or criteria. 

- The secondary impact (with the ground) is a big 
issue for all vulnerable road-users hit by a 
vehicle. In particular for flat fronted vehicles, like 
busses or trucks. Providing a better protection in 
the primary impact only is not enough. 
Additionally the post-impact kinematics needs to 
be considered. These could mitigate the 
consequences of the ground impact significantly 
(e.g. by causing a sliding impact of the pedestrian 
to the ground). 

- Future human pedestrian models need a good 
validation of head rotation kinematics. The use of 
different numerical models revealed in-consistent 
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head and neck kinematics, resulting in deviations 
with respect to rotational accelerations. 

- The HIC (Head injury Criterion) is a good 
indicator for head injuries like severe DAIs or 
skull fractures in frontal impacts and is a good 
initial tool to improve pedestrian protection. 
However this criterion cannot predict all the 
injuries sustained by a pedestrian. Rotational 
velocity and rotational acceleration should also be 
included in the pedestrian criteria in the future; 
otherwise injuries could be sustained by 
pedestrians despite a low HIC. The use of FE 
models to predict brain injuries needs to be the 
first source of knowledge in the near future. Such 
models are required to be applicable for any 
direction of impact. 

LIMITATIONS 

Multi-body Simulation 

For the analysis of the secondary impact (when the 
pedestrian is hitting the ground) a rigid vehicle was 
assumed. In the primary impact some of the impact 
energy will be dissipated by the vehicle. This might 
slightly change the post-impact kinematics. 
Also, the impact speed was assumed to be between 
30 to 40kph and only frontal impacts were 
considered. The data in the Apollo database, 
however, contain all sorts of HGV-pedestrian 
accidents including those at lower impact speeds and 
to the side of the vehicle. 

Finite Element Simulation 

In this study the SUFEHM is driven by accelerations 
fields applied at the centre of gravity of the head 
which skull is supposed to be rigid. In this context no 
bone fractures can be predicted but similar analysis 
can be done with a deformable skull by simulating 
direct impacts. In this case the SUFEHM (deformable 
skull) is launched - just before impact - with an initial 
velocity on deformable structures and head injuries 
can be estimated. 

Injury Database 

The small number of pedestrian injured by a HGV is 
the main limitation of this epidemiologic study. The 
Transformation Matrix have been developed by well 
know researchers, but some AIS codes could be 
classified by other researches in a different group. 

ANNEX 

Table 16. 
Excerpt of transformation Matrix [60] 

Code Severity Type Code Severity Type 
113000 6 T 120602 4 R 
115099 9 B 121002 5 R 
115299 9 B 121004 4 R 
115999 7 B 121099 3 B 
120202 5 R 121202 4 R 
120402 5 R 121299 3 B 
120499 5 B 121402 5 R 
R – rotation induced, T- translation induced; B- induced by 

either translation or rotation 
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ABSTRACT 
 
As statistics have shown, forty-two percent of all 
injury accidents in Germany’s road traffic happen 
at intersections. Infrastructure-mounted cameras for 
traffic analysis have been proposed to reduce this 
number as well as simulation tools, which assist in 
developing Car-to-Infrastructure (C2I) communication 
applications in the field of driver assistance, 
pedestrian, vehicle and traffic safety by a combination 
of a real application and virtual scenarios. 
This paper describes an infrastructure-based vision 
system for pedestrian and vehicle detection, its 
integration in the C2X-communication software 
development framework viilab and the visualisation 
to display the acquired data in a C2X-vehicle. Two 
cameras are used to monitor an intersection in the 
visible spectral range out of different views. With 
methods of computer vision and machine learning 
road users are detected and analysed as pedestrians 
or vehicles for both views. The merged objects’ 
positions are transformed into world coordinates 
and tracks within the traffic trace are generated. 
The data can be used in a simulation or can be 
requested in real time from C2X enabled cars via a 
roadside unit (RSU) as an environment radar. The 
performance of the system is discussed. 
 
INTRODUCTION 

 
In the future vehicles will be equipped with 
technology for car-to-car- and car-to-infrastructure-
communication (C2X-communication). Examples 
for car-to-infrastructure-communication to avoid 
dangerous situations or an accident might be the 
broadcast of the traffic light status to cars near a 
crossing or a warning if a pedestrian crosses the 
road behind a bend. With forty-two percent of all 
road traffic accidents intersections are hotspots for 
accidents involving injury in Germany’s road traffic 
[1]. This project focuses on infrastructure-based 
image processing at intersections. 
 
Infrastructure-based image processing is already 
widely used for surveillance applications of road 
traffic. Examples are traffic control systems that 
recognise cars moving reverse to the driving 
direction on motorways or that detect smoke in 

video images to avoid a fire in a tunnel, frequently 
assisting security personnel who monitor many 
video cameras in a coordinating office [2]. Other 
concepts of infrastructure based image processing 
are topic of research projects. For instance the 
project OIS (“Optische Informationssysteme”) [3] 
evaluated a system for adaptive control of traffic 
lights at a crossing depending on the volume of 
traffic. The detection mechanism rests upon several 
stationary mounted cameras monitoring the 
intersection from different angular fields. Another 
concept similar to the system introduced in this 
paper is discussed in the project PUVAME ([4] and 
[5]), where a detection of pedestrians with a multi 
camera setup on a park deck is executed. The 
evaluated system communicates the results of the 
road based image processing to an omnibus. The 
aim is to avoid collisions between pedestrian and 
omnibus in urban road traffic. The focus for this 
monitoring system is set on intersection and bus 
stop. 
 
The development of intelligent co-operative 
systems requires a new generation of development 
tools which assist the automotive manufacturers 
and suppliers in developing Car2X communication 
applications. The software development framework 
viilab (vehicle infrastructure integration laboratory) 
([6] and [7]) is especially designed for Car2X 
communication application developments. It can be 
installed as On Board Unit (OBU), Road Side Unit 
(RSU) or Monitoring Device (MON). Typical 
vehicle related interfaces (navigation, positioning, 
Display/HMI or bus systems) as well as 
infrastructure related interfaces (camera, traffic 
light) can be included. viilab is used in this project 
for the demonstration of the integration of 
infrastructure based data in a C2X environment.  
 
This paper describes the architecture and the 
integration of a two-camera-based vision system for 
pedestrian-vehicle detection and tracking and the 
visualisation to display the acquired data in a C2X-
vehicle. The performance of the subsystem is 
discussed. 
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REALISATION 
 
For visualisation of pedestrians and vehicles within 
the simulation tool the following tasks have been 
solved: 
 

1. Background/foreground separation and 
segmentation of objects in a region of 
interest 

2. First classification of the segmented 
objects 

3. Transformation of the position of the 
segmented objects into an ortho picture 

4. Datafusion in the ortho picture 
5. Tracking of the objects and second 

classification step 
6. Transformation of the objects’ positions in 

the ortho picture into WGS84 coordinates 
7. Visualisation inside the simulation tool 

 
Experimental 
 
Figure 1 shows the positions of the two cameras 
and the corresponding fields of view. The cameras 
have resolutions of 720x576 pixels and 640x480 
pixels, respectively. They are installed on the fourth 
floor of the university building, the baseline of 
approximately 20 m corresponds to the width of the 
building. For the implementation of image 
processing and machine learning methods the Open 
Computer Vision Library (OpenCV) and MVTec 
Halcon 8.0 were used on a 3 GHz dual-core CPU 
under Windows XP. The video data have been read 
out serially via Halcon addressing two frame 
grabbers. The time-lag due to synchronisation was 
about 52ms, resulting in a maximum positioning 
error of about 1m, if a maximum speed of 70 km/h 
is assumed. An overall repetition rate of processed 
data of 10 Hz was achieved with this system. 
 

 
 
Figure 1.  Setup of the cameras to monitor the 
intersection and field of view. 
 
To implement the communication of the 
infrastructure based data to a C2X-vehicle the C2X 
software development framework viilab was used. 
In the C2X-vehicle both the CAN bus and GPS data 
can be accessed with the help of viilab to evaluate 

possible applications of C2X communication. 
Another part of viilab is the data-visualisation 
inside the C2X-vehicle, the so called viilab user 
interface (vui). Based on Mozilla’s XUL 
technology visualisation pages for received data 
were programmed using JavaScript and scalable 
vector graphics (SVG) and displayed on the cars’ 
monitor.  
 
Video based pattern recognition 
 
Differencing which means subtracting two images 
in succession (movement detector) has been 
implemented for background/foreground 
separation. In each of the two images a region of 
interest is used to confine the necessary operations 
on the observed intersection. The region of interest 
is visualised in figure 2 and 3 by the outer white 
polygon surrounding the monitored area. Due to the 
requirement that the region of interest should cover 
an identical area of the crossing in both camera 
pictures, prominent points serve as vertices of the 
polygons to limit this region.  
 

 
 
Figure 2.  Results of the fusion algorithm for 
moving objects (Camera picture 1). 
 

 
 
Figure 3.  Results of the fusion algorithm for 
moving objects (Camera picture 2). 
 
To discriminate between pedestrians and vehicles, a 
two step approach was implemented. In the first 
classification step features based on the normalised 
centered moments of second and third order were 
used. The second classification step is based on 
tracking statistics and will be described later on. 
The normalised centered moments of second order 
(M02, M20, M11) describe the variance of the 
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object regions from translation and scaling 
independently. The moments of third order (M30, 
M03, M21, M12) specify the asymmetry of the 
region also independently from translation and 
scaling. A Support Vector Machine (SVM) was 
trained with these features. For training a feature 
array was manually generated from a set of objects 
observed at an image sequence recorded from this 
crossing. Table 1 shows the confusion matrices of 
this first classification step for both cameras. The 
sensitivities for pedestrians and vehicles are in the 
order of 0.8. 
 

Table 1. 
Confusion matrices for the two implemented 

Support Vector Machines 
 

Confusionmatrix 
Camera 1 

Real Class 
Pedestrian Vehicle 

Determined 
Class 

Pedestrian’ 108 76 
Vehicle’ 19 769 

    
Confusionmatrix 

Camera 2 
Real Class 

Pedestrian Vehicle 
Determined 

Class 
Pedestrian’ 67 119 
Vehicle’ 26 711 

 
Coordinate transformation and data fusion 
 
The approach for datafusion was to transform the 
center of mass of all classified objects into an ortho 
picture of the intersection and to use the pixel 
coordinates of the ortho picture as reference 
coordinate system. The ortho picture was a survey 
map with reference points given in Gauss-Krüger 
coordinates.  
If an identical object is detected by the two sensors 
within this approach it is assumed that a 
transformation of its centers of mass should result 
in two points that are located next to each other in 
the ortho coordinate system. So the minimum 
Euclidean distance within the ortho system was 
used to join objects.  
  
The task of transformation from the two camera 
coordinate systems into the ortho coordinate system 
is achieved by artificial neural networks (ANN). 
For each camera a separate ANN is created to 
transform an x-/y-coordinate from the camera 
picture into an x-/y-coordinate in the ortho picture 
of the crossing. The training vectors were created 
from pixel coordinate pairs within the ROI of the 
ortho picture. The backpropagation algorithm was 
used to train two multilayer perceptrons. Figures 2 
to 4 show the results of the implemented fusion 
algorithm for objects that were detected by the 
movement detector. Regions that belong to an 
identical road user obtain an identical ID in the two 
images as well as in the ortho picture of the scene. 
Furthermore the outlines of the detected objects are 
transformed into the ortho picture of the crossing. 

With respect to real time processing contour data 
was approximated by means of the Douglas-Peuker 
algorithm [8] before this transformation was 
applied. 
 

 
 
Figure 4.  Results of the fusion algorithm for 
moving objects (ortho picture). The white circles 
mark the reference points, for which Gauss 
Krüger coordinates are available. 
 
To use the results of image processing in the C2X-
vehicle a final transformation from the ortho 
coordinate system to the WGS84 (World Geodetic 
System 1984) coordinate system was applied, 
because the coordinates which are determined by a 
GPS receiver are based on WGS84. This second 
transformation is based on artificial neural networks 
as described above. An equidistant grid with a point 
distance of three meters was placed over the ortho 
picture of the crossing and the correspondent 
WGS84 coordinates were calculated from the 
known Gauss-Krüger coordinates. With these pairs 
of coordinates an additional multilayer perceptron 
was trained. A mean displacement error and a 
standard deviation both of about 0.2m were 
achieved by this method. 
 
Tracking 
 
In order to track the detected objects the following 
Euclidean distances are calculated: 
 

• The distance of a tracked object's center of 
mass in the old and in the new picture 

• The distance between a coordinate that 
results from the old center of mass plus its 
mean measured displacement vector and 
the object's center of mass in the new 
picture 

• The distance between the new position 
estimated by a Kalman filter and the 
position of the center of mass in the new 
picture 

 
These three distances are summed up to an overall 
distance giving the last two distances double weight 
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to adapt their influence. The overall distance is used 
to assign the newly detected objects to already 
tracked objects. Newly detected objects that haven’t 
been assigned to an already tracked object yet get 
added to the list of tracked objects as a new track. 
To avoid that a quick change of illumination or a 
reflection can create foreground objects that will 
get tracked, objects have been detected and 
assigned to tracked objects several times 
consecutively before they are valid for 
communication with the car. Results of the tracking 
algorithm are classification statistics, object IDs 
and displacement vectors for the tracked objects. In 
later steps the displacement vector is used to 
determine the object heading in the display of the 
C2X-vehicle. Figure 5 illustrates the tracking result 
for a pedestrian, figures 6 to 8 show the tracking of 
vehicles in both camera pictures and in the 
orthopicture of the crossing. 
 

 
 
Figure 5.  Tracking of a pedestrian visualised in 
the picture of the second camera. 
 
Objects that are tracked obtain an object ID. 
Additionally the displacement vector of each 
tracked road user is displayed in the colour white, 
the trajectory is displayed in red. When the tracking 
algorithm is activated the final classification results 
from the fusion of both acquired images and the 
classification history collected in the previous 
tracking steps. In each cycle the tracking algorithm 
counts how often the road users were assigned to 
the class pedestrian and to the class vehicle. The 
class label the object received at most will be the 
resulting class label of the tracking algorithm. Table 
2 shows the confusion matrices of this second 
classification step for both cameras. The historical 
tracking data improves the classification results. 
With enabled tracking sensitivities for pedestrians 
and vehicles are increased to 0.95. In addition the 
results of classification are visualised by the colour 
of the outline of the tracked objects. Pedestrians 
obtain a yellow (Figure 5), vehicles a green contour 
(Figure 6 and 7). 
 
 
 

Table 2. 
Confusion matrices for the two cameras with 

enabled tracking 
 

Confusionmatrix 
Camera 1 

Real Class 
Pedestrian Vehicle 

Determined 
Class 

Pedestrian’ 55 29 
Vehicle’ 0 606 

    
Confusionmatrix 

Camera 2 
Real Class 

Pedestrian Vehicle 
Determined 

Class 
Pedestrian’ 41 16 
Vehicle’ 0 663 

 

 
 
Figure 6.  Tracking results displayed in the 
image of camera 1. 
 

 
 
Figure 7.  Tracking results displayed in the 
image of camera 2. 
 

 
 
Figure 8.  Tracking results displayed in the 
ortho image. 
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Communication and visualisation 
 
To transfer the data from the infrastructure to the 
C2X-vehicle the viilab communication technology 
based on standard wireless 802.11g technology is 
used. To exchange the acquired information a 
SOAP-Server (Simple Object Access Protocol) is 
implemented in the infrastructure image processing 
software. From this infrastructure server viilab, 
which may be used as a simulation environment or 
an onboard unit, can request information about the 
objects on the crossing. The SOAP-Server replies to 
such a request with the WGS84 coordinate and 
heading, the class and the object ID of all detected 
objects. If any objects were received from the 
image processing environment, these objects are 
visualised in the viilab user interface. To display 
the received information an environment radar page 
was created for the vui. Depending on the simulated 
or real time position and heading of the C2X-
vehicle determined by an onboard GPS receiver all 
detected objects in the surrounding are shown in 
this environment radar. Figure 10 shows the 
visualisation page implemented in the viilab user 
interface.  
 
The communication to viilab was tested with a 
virtual C2X-vehicle. Figure 9 shows position and 
heading of such a virtual C2X-vehicle at the 
observed crossing. Figures 6 to 8 visualise the 
detection and tracking results in the two camera 
pictures and the ortho picture of the crossing. 
Figure 10 finally shows this traffic situation at the 
crossing in the environment radar of vui with 
respect to the position of the virtual C2X-vehicle in 
figure 9. 
 

 
 
Figure 9.  Position and heading of the virtual 
C2X-vehicle at the crossing. 
 

 
 
Figure 10.  The environment radar visualises the 
actual traffic at the crossing in front of the 
virtual car. 
 
CONCLUSIONS 
 
The integration of an infrastructure-based vision 
system for pedestrian and vehicle detection in 
viilab, which may be used as simulation tool or as 
on board unit, and the visualisation to display the 
acquired data in a C2X-vehicle is described. A two 
camera approach, a neural net-based camera 
calibration, a two step classification and a data 
fusion based on Euclidean metric allow a tracking 
of road users within a trace of the road in real time 
even when occlusions occur in a single camera 
view. 
 
The approach may be adapted to a multi-camera 
view. To increase the reliability and quality of 
recognition, classification and positioning the 
fusion of onboard and offboard sensor data may be 
considered as a future development target. Due to 
the fact that cameras for the visible spectral range 
are used, the current system’s time of operation is 
limited, because good lighting conditions are 
needed to obtain evaluable images. So in further 
steps infrared cameras may be added to the system 
to allow a 24-hour service. Extended training of the 
first classifier using databases of pedestrians and 
vehicles as well as integrating additional features, 
e.g. histograms of oriented gradients, will increase 
its performance. Another development aim might 
be the implementation of intelligent assistance into 
the software of the on board unit. By coupling this 
infrastructure based technology with C2X-
technology benefits for C2X-vehicles in the 
introduction phase of the new C2X-technology on 
the market can be expected. Vehicles and 
pedestrians without communication technology can 
be detected, localised and tracked on intersections, 
vehicles with communication technology can 
receive their positions and use it for intersection 
assistance.  
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ABSTRACT 

The provision of protection for vulnerable road users 
(pedestrians and pedal cyclists) is not a new concept 
for vehicle design. Directives 2003/102/EC [1] and 
2005/66/EC [2] assess the “structural aggressivity” of 
passenger cars and front protection systems 
(“bullbars”) with respect to the protection of 
pedestrians. Adopting these directives for assessing 
heavy goods vehicles (HGVs) would be straight-
forward. However, assessing the “structural 
aggressivity” only, will fail to address a relatively 
large number of fatalities, particularly those that 
occur at low-speeds. 
 
This manuscript describes the development of the test 
procedures and assessment criteria for the Heavy 
Vehicle Aggressivity Index (HVAI). The procedure 
and criteria are derived based on the study of real 
world accidents. The proposed procedure integrates 
numerical simulation and physical testing methods. 
 
The HVAI aims to reduce the number or severity of 
vulnerable road user (pedestrian and pedal cyclist) 
casualties from accidents involving HGVs by 
providing guidance to manufacturers/designers of 
such vehicles.  
 
The HVAI consists of three parts, assessing the field 
of view of the driver (active HVAI), the direct 
contact between the casualty and the vehicle structure 

(structural HVAI) and the risk of the casualty being 
over run by the HGV (run-over HVAI). Each of these 
sub-indexes returns a value between 0 and 10. The 
three parts ensure that a wide range of accident 
scenarios are addressed. 
 
Keywords: Vulnerable Road Users, Pedestrian, 
Bicyclist, Heavy Goods Vehicles, Trucks 

INTRODUCTION 

The Heavy Vehicle Agressivity Index (HVAI) aims 
to improve the protection offered to pedestrians and 
pedal cyclists – often referred as vulnerable road 
users in impacts with HGVs. The HVAI is a set of 
test procedures for the assessment of the protection 
afforded to vulnerable road users (VRU) by heavy 
goods vehicles (HGV). The HVAI aims to encourage 
HGV manufacturers and designers to develop more 
pedestrian and cyclist friendly vehicles in order to 
reduce the number or severity of VRU casualties 
from accidents involving HGVs.  
 

METHOD  

The HVAI consists of three parts assessing the 
performance of the design in relation to the following 
areas (see Figure 1): 
• Active Index: The ability for the accident to be 

avoided though good visibility and/or active 
safety systems. 
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• Structural Index: Direct contact between the 
casualty and the vehicle structure, 

• Run-over Index: Risk of the casualty being run 
over by the HGV. 
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Figure 1. Presentation of the HVAI. 

Each individual part of the HVAI is assessed on a 
scale from 0 to 10 with the score increasing with 
improved protection of the VRU. 

Active Index 

The accident analysis revealed numerous accidents at 
low impact speeds [3]. Passive safety measures will 
have limited effect on very low speed accidents 
because of the kinematics involved. These accidents 
are addressed by the active AI. The index evaluates 
the field of view of a 50th percentile driver, separated 
into a primary area of interest (in the close 
surroundings of the vehicle) and a secondary area of 
interest (>5m away from the right front edge of the 
HGV). 
 
The active part of the HVAI is a methodology for 
comparison of cab designs of HGVs over 7.5t with 
respect to the driver’s field of view. It is a proposal 
for comparing the driver’s field of view by 
considering four basic components: 
• areas only seen directly;  
• areas only seen through the various mandatory 

mirrors;  
• areas which can be seen directly and at least 

through one mirror;   
• blind spots /areas not visible at any time. 
 
The development of this assessment procedure is 
based on geometrical relations in 2D blueprints of the 
commercial vehicles and cabs. In addition, the 
mandatory mirror view areas around the vehicle were 
used. The assessment could be carried out using 3D-
CAD and/or ergonomics software packages. 
 

The current proposal is restricted to the assessment of 
cab-over-engine HGVs and includes only the primary 
structures affecting the visible area (edge of glazing 
and mirrors). Obstructions due to the dashboard or 
the steering wheel were not considered.  
 
The test procedure defines two areas of interest in 
which measurements will be taken. These are the 
primary area of interest (PAI) and the secondary area 
of interest (SAI) as shown in Figure 2. 
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Figure 2. Definition of primary and secondary 
areas of interest. 
 

Direct field of view 
The direct field of view is that which can be seen by 
the driver without the use of visual aids such as 
mirrors or cameras. The direct field of view is often 
measured by marking the boundary of the visible area 
on the ground plane either physically or numerically 
by the use of CAD/ergonomics software. For the 
purpose of this proposed assessment protocol, the 
direct field of view is measured at a height of 1.6m 
from the ground. 1.6m is an estimate of the vertical 
position of the centre of the head of a walking 50th 
percentile person and will ensure that a pedestrian of 
this stature will be seen when standing in the visible 
area. However there are also other statures of VRU 
that could be considered for future development of 
this procedure, for example 5th percentile females, 
cyclists or child pedestrians. 
 
Figure 3 shows an example of the direct field of 
view. Blind spots that result from the main structure 
of the cab are shown in red, whilst blind spots 
associated with other structures such as the mirrors 
are shown in blue. The assessment is based upon the 
monocular vision of a 50th percentile male driver 
sitting in a normal driving position. 
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Figure 3. Direct field of view. 

 
Indirect field of view 

The indirect field of view is that which can be seen 
by the driver through the mirrors (or other features 
such as video cameras). Current legislation requires 
that the indirect field of view is measured on the 
ground plane. This can allow small objects within the 
prescribed area to be seen, however, it may not 
necessarily be possible to identify what the object is. 
To allow the driver to correctly identify a VRU, it is 
proposed that the indirect field of view is assessed at 
a distance of 0.5m from the ground plane. This 
should allow at least the lower half of a pedestrian’s 
leg or half a bicycle wheel to be identified in the 
mirrors. The proposed assessment of indirect view 
does not include the Class II (main exterior mirrors) 
because they are not considered influential for current 
VRU accident scenarios. However, they are included 
for the purpose of assessing the direct field of view 
because they form an obstruction to the direct field of 
view. Figure 4 shows an example of the indirect field 
of view. The proposed index promotes an indirect 
field of view that exceeds existing regulations. 
 

 
Figure 4. Indirect field of view. 
 

Valuation of visible areas and blind spots 
The areas defined above are combined as shown in 
Figure 5 and the following areas are calculated for 
both the PAI and SAI: 
• Blind spots; 
• Mirror view only; 
• Direct view only; and 
• Combined mirror and direct view. 
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Figure 5. Diagram combining direct and indirect 
fields of view and blind spots. 
 
To allow for the relative importance of the different 
view areas with respect to the safety of VRU, 
weighting factors were applied: 
• Blind spots in the PAI were considered more 

relevant than those in the SAI because of the 
close proximity to the vehicle. These were 
therefore upgraded by 20% by applying a 
weighting factor; 

• It is often more difficult to correctly identify an 
object in a mirror than through the windshield 
(direct view). Therefore areas that were only 
visible in mirrors were downgraded by 20%; 
o Mirror views in the SAI were downgraded 

a further 20% because the mirror views at 
that distance are even more difficult to 
interpret. 

• Where the direct and indirect views overlap 
there is an increased probability that the driver 
will be able to correctly identify the VRU, for 
example if part of the head is visible through the 
window and part of the leg is in the view given 
by a mirror. However, because this area is also 
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part of the direct view, a neutral weighting is 
applied. 

 
PAI Example 

As example, the PAI around the truck has a total 
visible area of 123m² (see Table 1). The visible area 
of the PAI is divided in the areas of direct view 
(49m²) and in areas of mirror view (55m²). An area of 
14m² can be seen both directly and in-directly (in the 
mirrors). The blind spot areas have a value of 5m². 
The value of direct view and overlapped view are un-
weighted and will not be changed, remaining at 49m² 
+ 14m² respectively. The value for the mirror view 
will decrease 20% from 55m² to 44m² and the value 
of the blind spot areas will increase 20% from 5m² to 
6m². Consequently, the sum of the weighted areas of 
the PAI will decrease from 123m² to 113m². The 
direct view and overlap view areas will account for 
43% and 12% of the total weighted area. The mirror 
view area is 39% (and 12% overlap) and the blind 
spot areas account for 5% in the PAI. 
 

Table 1.  
Example of calculated and weighted areas, PAI. 

 Primary Area of Interest 
 Weightin

g Factor 
Area 

([m²])[%] 
Weighted Area 

([m²]) [%] 
Blind spots 1.2 (5) 4 (6) 5 
Mirror view 0.8 (55) 45 (44) 39 
Overlap 
direct -mirror 

1.0 (14) 11 (14) 12 

Direct view 
area 

1.0 (49) 40 (49) 43 

Total  (123) 100 (113) 100 
 

SAI Example 
The SAI around the truck is usually about 60% larger 
than the PAI and has in our example a total amount 
of 195m² (see Table 2). The weighted value of direct 
view will not be changed and remains at 131m². The 
value of mirror view will decrease from 45m² by 20% 
to account for it being the indirect view and by a 
further 20% because it is the SAI (as described 
earlier) to 35m² (including 16m² overlap). The value 
of the blind spot areas on the other hand remain at 
19m². Hence the sum of the areas of the SAI will 
decrease to 184m². The direct view area and overlap 
area will account for 71% and 9% of the weighted 
area. The mirror view area is 19% (incl. 9% overlap) 
and the blind spot areas 10% in the SAI. 
 

Table 2.  
Example of calculated and weighted areas, SAI. 

 Secondary Area of Interest 
 Weightin

g Factor 
Area 

([m²])[%] 
Weighted Area 

([m²])[%] 
Blind spots 1.0 (19) 10 (19) 10 
Mirror view 0.64 (29) 15 (19) 10 
Overlap 
direct- mirror 

1.0 (16) 8 (16) 9 

Direct view 
area 

1.0 (131) 67 (131) 71 

Total  (195) 100 (185) 100 
 

Modifiers 
Even when the design of HGV enables the driver to 
see almost every detail around the vehicle, there will 
remain some specific situations when the VRU is not 
visible, particularly when in very close proximity to 
the HGV: 
• VRU is standing just in front of the HGV; 
• VRU is just to the nearside of the HGV; or 
• VRU is walking towards the HGV roughly 

behind the B-pillar. 
 
Modifier points are awarded to vehicles where the 
following criteria apply: 
 
1. Step one is to evaluate if there is an overlap area 

of direct view and indirect view by one of the 
mirrors in the PAI around the vehicle. For 
example, this overlap could be found between 
the area covered by the direct view and the area 
covered by the wide-angle-mirror on the 
nearside. This criterion is fulfilled, if there is an 
overlap of at least 100mm, in which case a 
modifier of 3 will be awarded; 

2. The second criterion is applied if the first 
criterion is fulfilled. This criterion focuses on the 
overlap of the direct view out of the nearside 
window and the proximity mirror area. The 
criterion is fulfilled, if there is an overlap of at 
least 100mm between the interior borderline of 
the direct view through the nearside window and 
the exterior borderline of the proximity mirror 
view. In this case the modifier number increases 
to a maximum of 6. 

3. This criterion focuses on the overlap of the direct 
view out of the side window and the wide angle 
mirror area in the PAI on the nearside of the 
vehicle. The criterion is fulfilled, if there is a 
point were the overlap of the rear borderline of 
the direct view through the right window and the 
frontal borderline of the right wide angle-mirror-
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view. If this is the case, the modifier number 
increases to a value of up to  10. 
 

Overall score for Active HVAI 
Figure 6 shows an example of the presentation of the 
results of the assessment. The outer circle shows 
results for the SAI, the inner circle is the PAI and the 
number in the centre refers to the modifier score. 

44%

13%

38%

5%

71%

9%

10%

10%
Direct view areas

Direct- and Mirror-
view areas
Mirror-view areas

Blind spot areas

10

 
Figure 6. Example presentation of assessment 
results. 
 
There are three important values required to assess 
the overall field of view (direct view, mirror view 
and blind spots). For each area of interest, the direct 
view and blind spots were benchmarked against 10 
existing HGV designs. Benchmarking two of the 
three values was considered sufficient since the 
mirror view would be the remainder of the total (i.e. 
mirror view = 100% - direct view – blind spots). The 
results of the benchmarking are shown in Table 3. 
 

Table 3.  
Benchmarking of direct view and blind spots. 

PAI Direct 
View 

Blind 
Spot 

SAI Direct 
View 

Blind 
Spot 

10 58% 4,0% 10 80,0% 9,0% 
9 55,5% 5,5% 9 77,5% 10,5% 
8 53,0% 7,0% 8 75,0% 12,0% 
7 50,5% 8,5% 7 72,5% 13,5% 
6 48,0% 10,0% 6 70,0% 15,0% 
5 45,5% 11,5% 5 67,5% 16,5% 
4 43,0% 13,0% 4 65,0% 18,0% 
3 40,5% 14,5% 3 62,5% 19,5% 
2 38,0% 16,0% 2 60,0% 21,0% 
1 35,5% 17,5% 1 57,5% 22,5% 
 
This allowed a score from 0 to 10 to be applied to 
each of the four parts (direct view PAI, blind spot 
PAI, direct view SAI and blind spot PAI). These four 
values are then combined with the modifier score and 
averaged to give the Active HVAI score out of 10 as 
shown by the example in Table 4. 
 

Table 4.  
Example of overall Active AI score. 

 Single Rating Overall Rating 
Modifier 10 

8.8 
Direct view PAI 9 
Blind spot PAI 9 
Direct view SAI 8 
Blind spot SAI 8 
 

Structural Index 

Test procedures for the assessment of the structural 
interaction between passenger cars and pedestrians 
already exist, both, for type approval purposes and 
for use in consumer assessment ratings of vehicles. 
These existing protocols have been used as a basis for 
the development of a test procedure for the 
assessment of the protection for VRU in impacts with 
HGVs [4]. 
The structural aggressivity index defines two impact 
zones (adult and child) with 6 areas per zone and 4 
regions per area. One region within each area is 
tested by propelling adult and child headforms (as 
defined by EEVC WG 17) horizontally at 11.1m/s. 
Up to 15 tests per vehicle are conducted to assess the 
structural response. Up to 2 credit-points are assigned 
to each test area. 
 

Vehicle preparation and marking 
The protocol specifies the marking out of the front of 
the vehicle into two zones, one an adult zone, and the 
other a child zone. The adult zone is the area where 
the head of an adult pedestrian is likely to hit and the 
child zone is the equivalent area for a child 
pedestrian. The marking procedure includes 
allowances for changes in ride height of the vehicle 
and defines the “corner” of the vehicle. The lower 
boundary of the test zone is defined with the vehicle 
at its maximum ride height, and the upper boundary 
with the vehicle at its minimum ride height. The 
heights of the boundaries are defined based on 
anthropometric data [5]. Figure 7 shows the marking 
of the two test zones. 
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Figure 7. Marking out of test zones accounting for 
ride height of vehicle. 
 
This approach has been developed based on flat-
fronted vehicles, which are the most common HGV 
design currently in use in Europe. The protocol 
provides an alternative approach for marking vehicles 
that are not flat fronted, which allows the wrap-
around kinematics to be considered. 
 
Both the child and adult test zones are divided 
horizontally into six areas. Each area is then sub-
divided into quarters and labelled as shown in Figure 
8. 
 

 
Figure 8. Labelling of test zones. 
 

Impact points 
The test points are selected by the test engineer from 
the testing organisation (as is the case in EuroNCAP 
pedestrian testing of passenger cars). At least one 
point must be selected from each test zone (A1, 
A2…..C5, C6). The test point selected should be 
expected to be the most injurious within that zone. In 
some cases, multiple test zones can cover the same 
structure, which is expected to have equivalent 
performance (e.g. the windscreen). Where this 
occurs, the protocol allows for only one test to be 
performed, with the same result translated to the 
second (and third etc) test zone. 
 

The vehicle manufacturer may specify up to three 
additional tests (one per test zone), allowing for a 
total maximum of 15 tests. 
 

Testing 
The testing is carried out with air, spring or 
hydraulically propelled headforms. The protocol 
provides details on how to position the headform. 
The headform is propelled at the vehicle in the x-
direction (nominally this is normal to the surface). 
However, alternative set-up requirements are 
described where the geometry of the HGV could 
affect the dynamics of the head impact due to wrap-
around kinematics [4]. 
 
The testing is carried out using adult headforms for 
area A and child headforms for area C (Figure 8). 
The test speed used is 11.1± 0.2m/s selected based on 
analysis of accident data that showed approximately 
50% of fatalities occur at impact speeds up to 40-
45km/h [3]. 
 

Assessment criteria 
The 15ms Head Injury Criteria (HIC15) is used for the 
assessment of the structural aggressivity. For each 
test location, up to two points can be awarded, based 
on the performance criteria shown in Table 5. The 
scores for each test zone are combined to give a total 
of up to 24. This is then linearly scaled to a 
maximum score of 10. 
 

Table 5.  
Performance criteria. 

HIC Points Colour Rating 
0 < HIC < 1000 2 Green 

1000 < HIC < 1350 1 Yellow 
1350 < HIC 0 Red 

 
If additional points are tested (up to 3 extra points), 
the score for each test location within a zone is 
weighted to the test zone. For example, if two tests 
are conducted in zone A6 (Figure 8), with one impact 
location scoring 1 point and the other scoring 2 
points, then the overall score for the area is 
(0.5x1)+(0.5x2) = 1.5. 
 

Example 
Figure 9 shows an example of the test locations 
selected and the associated HIC15 category (left) and 
the scores attributed to each test zone (right). 
 
The left hand figure shows a total of 15 test points. 
The additional points selected are highlighted with a 
black border. Also two of the twelve selected points 
were not tested because there was no expected 
benefit. These two points are in the adult zone on the 
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left and right A-pillars. These two points have been 
assigned a score of 0, because the anticipated 
headform response is HIC15>1350. 
 

 

Figure 9. Example of test locations and results 
(left) and scoring (right). 
 
The figure on the right shows how the overall score is 
derived. Where an additional test point has been 
included (for example in zone A1) half of the test 
zone is rated red and half green. Zone A5 is also 
rated half red and half green because of the second 
test point within the zone. The zone A6 was also 
tested twice, but this zone was rated half amber and 
half red. The overall score for this vehicle is 
calculated as shown in Table 6. 
 

Table 6.  
Calculating the overall score. 

 Zone Score 

A
D

U
L

T
 

A1 0x0.5 + 2x0.5 
A2 1 
A3 0 
A4 2 
A5 0x0.5 + 2x0.5 
A6 1x0.5 + 0x0.5 

Adult Total 5.5 

C
H

IL
D

 

C1 1 
C2 2 
C3 1 
C4 1 
C5 2 
C6 1 

Child Total 8 
 Overall Score (13.5 / 30 x 10=) 4.5 

Run-over Index 

A virtual testing procedure based on multi-body 
simulation techniques is used to assess the risk of the 
VRU being run-over. The HGV is approximated by 
rigid facet surfaces. A human pedestrian model with 
and without bicycle is used. In total 21 simulations 
have to be carried out, covering two accident 
scenarios (turning and going straight), two road users 
(bicyclist and pedestrian) and seven impact areas, 

depending on the scenario (two on the front and five 
on side). 
 
The rationale for developing a virtual test procedure 
is discussed later in the paper.  
For the development of the proposed assessment 
procedure, the following basic objectives were 
considered: The procedure should remain simple 
therefore uniform contact characteristics (those of the 
pedestrian) are assigned to the vehicle, allowing 
CAD data to be transferred easily. To aid 
comparison, only one code, one human model and 
one type/mode of bicycle is currently proposed. 
 
To help achieve these development objectives, the 
following steps were taken: 
• Standard input-decks were developed and used. 

Only the data describing the outer shape of the 
specific HGV has to be provided.  

• In order to keep the simulation simple, active 
safety systems were not considered. However, 
deployable systems can be included in this 
assessment in the deployed position 
(deployment of the system will need to be 
evaluated by additional testing not yet defined). 

• The MADYMO multi-body solver was chosen 
as the common simulation tool, because 
MADYMO offers a broad variety of pedestrian 
human models validated with respect to initial 
impact kinematics. The HGV is represented as a 
rigid facet model in MADYMO;  

• For the purpose of this study, rigid HGVs have 
been used to demonstrate the assessment 
procedure. The assessment of HGVs with 
trailers is also possible but more difficult, 
because only a certain combination of truck and 
trailer can be tested. Therefore, it is proposed 
that a standard trailer should be used.  

 
Accident scenarios and impact locations 

To assess the risk of the VRU being run over, a range 
of accident scenarios were identified from literature 
and accident data. The outcome of this analysis was 
the definition of impact locations on the HGV as 
shown in Figure 10 (for the side) and Figure 11 (for 
the front). 
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Figure 10. Definitions of impact sub-areas - Side. 
 

 
Figure 11. Definitions of impact sub-areas - Front. 
 
The accident scenarios were combined with the 
relevant impact locations on the HGV. The final 
simulation matrix for assessing the risk of run over 
encompasses 21 simulations (Table 7). 

Table 7.  
Simulation matrix for run-over assessment 

procedure. 
No. Impact 

Location 
Accident Scenario Orientation 

of VRU 
1 F.1 

HGV turning vs. 
pedestrian 

45° 
2 F.2 45° 
3 SO.1/ ST.1 0° 
4 SO.2/ ST.2 0° 
5 SO.3/ ST.3 0° 
6 SO.4/ ST.4 0° 
7 SO.5/ ST.5 0° 
8 F.1 

HGV turning vs. 
cyclist 

45° 
9 F.2 45° 
10 SO.1/ ST.1 45° 
11 SO.2/ ST.2 45° 
12 F.2 0° 
13 SO.1/ ST.1 0° 
14 SO.2/ ST.2 0° 
15 SO.3/ ST.3 0° 
16 SO.4/ ST.4 0° 
17 SO.5/ ST.5 0° 
18 F.1 Forward driving 

HGV vs. pedestrian 
90° 

19 F.2 90° 
20 F.1 Forward driving 

HGV vs. cyclist 
90° 

21 F.2 90° 
 

For the purpose of weighting the impact locations in 
relation to the frequency of their involvement in real 
world accidents, it was necessary to combine the 
impact locations (the data from accidentology do not 
allow for distinguishing the impact locations to that 
degree). The sub-areas defined in Figure 10 and 
Figure 11 are combined into the main areas shown in 
Figure 12. For one main area to pass the assessment, 
the associated sub-areas must show that run-over is 
prevented. The association between the main areas 
and the sub-areas are shown in Figure 12 and Table 
9. 
 

 
Figure 12. Definition of main impact areas. 
 

Table 8.  
Relationships between areas & sub-areas, Part A 

Turning 
Sub area Front Edge Cabin Wheel Side 
F.1 X     
F.2 X X    
SO.1/ ST.1  X X   
SO.2/ ST.2    X  
SO.3/ ST.3     (X)* 
SO.4/ ST.4    (X)*  
SO.5/ ST.5     (X)* 

(X)* Not relevant for the sub scenario with the HGV 
turning and the bicyclist on a separate lane 
 

Table 9.  
Relationships between areas & sub-areas, Part B 

Forward driving 
Sub area Front Edge 
F.1 X  
F.2 X X 

 
Determining risk of run over 

The output from the simulations is an assessment of 
whether or not the VRU is run over by the HGV.  For 
that purpose, run-over is defined in two ways (see 
Figure 13 and Figure 14). The two definitions of run 
over are: 
• The VRU is run over if one of the body regions 

coloured red is in contact with a wheel of the 
HGV (Figure 13); or 

• The centre of gravity of the head or the hip is 
within the critical area defined (Figure 14) 
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Figure 13. Body regions that must not contact 
wheels (shown in red). 
 

Zone durch Reifen beschrieben

Projektion der Kontur
Kritische Zone

Contour defined by wheels
Contour defined by outer truck surface at z=450mm
Critical area  

Figure 14. Definition of critical area under HGV. 
 
If the VRU is not run over, there are a number of 
possible outcomes from the impact. Three types of 
outcome were defined: 
• “Fixing”  - the VRU is not run over and 

subsequently none of the red coloured body 
regions are involved in the secondary impact 
with the ground; 

• “Isolating” - the VRU is not run over and 
subsequently the red coloured body regions are 
involved in the secondary impact with the 
ground and the HGV; 

• “Moving away” – the VRU is not run over and 
is deflected away from the HGV by the primary 
impact. 

 
The risk of injury associated with each of these 
different outcomes can be different. Fixing is 
considered to result in a lower risk of injury than 
isolating because the VRU is not pushed over the 
ground. Moving away is considered to result in a 
high risk similar to that associated with isolating, 
because of the uncertainty in relation to the direction 
and velocity of the secondary impact. The following 
risk factors are applied depending on the type of 
protection after the initial impact: 

• Fixing = 1 
• Isolating = 0.7 
• Moving away = 0.7 
 

Weighting factors 
The literature and accident analysis has shown the 
variation in the frequency of the impact 
scenarios/locations. To allow for the distribution of 
real world accidents, the scores are weighted as 
shown in Figure 15 - based on the main areas defined 
in Figure 12. 

 
Figure 15. Weighting factors for each accident 
scenario. 
 

Example  
The following figures show a comparison between a 
flat fronted HGV and an HGV fitted with a 
“nosecone” [6]. Figure 16 and Figure 17 show 
simulations where the nosecone prevents run-over, 
while the flat front does not. Figure 18 and Figure 19 
show a scenario where none of the designs prevents 
run-over. More examples can be found in APROSYS 
WP2.1 report [7]. 
 

 
Figure 16. Flat front simulation result: Pedestrian 
frontal 90 degree - Sub Area F2. 
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Figure 17. Nosecone simulation result: Pedestrian 
frontal 90 degree - Sub Area F2. 
 

 
Figure 18. Flat front simulation result: Cyclist 
with HGV turning 0 degree – sub-area SO1. 
 

 
Figure 19. Nosecone simulation result: Cyclist 
with HGV turning 0 degree – sub-area SO1. 
 
The outcomes from the simulations in terms of run 
over/not run over and the injury risk associated with 
the post impact kinematics are entered into a 
calculation spreadsheet. The spreadsheet returns a 
score between 0 and 10. 
To continue the example of the nose-cone HGV: 
While the conventional flat front vehicle scores 0.3 
points out of 10, the nose-cone HGV reaches 5.5 
points. 

DISCUSSION 

Assessing the protection of VRU is not new to 
vehicle engineering. Directives 2003/102/EC [1] and 
2005/66/EC [2] assess the “structural aggressivity” of 

passenger cars and front protection systems 
(“bullbars”). Revisions of these directives to come, 
will consider active collision avoidance systems, too. 
For HGV legislations addressing the protection of 
VRU are related to the sideguards and the geometry 
of the front of the HGV in relation to protrusions. 
Comparable directives to 2003/102/EC and 
2005/66/EC do not exist for HGV. Adopting these 
directives for assessing HGVs would be straight-
forward. However, assessing the “structural 
aggressivity” only, will fail to address a large number 
of low-speed fatalities that result from accidents 
involving HGVs [3]. 
 
The HVAI, developed by APROSYS, addresses these 
low-speed accidents by assessing the field of view 
around the vehicle and the risk of the VRU being 
run-over. Analysis of accident data has shown that a 
“structural index” has to concentrate on the front of 
the vehicle (including the vehicle’s corners). The 
pedestrian is most frequently impacting the HGV 
front (64 to 75 % [3], [8, 9], [10]). For cyclists, the 
co-driver side is also highly relevant. However, 
where the impact is with the side of the HGV, the 
relative speeds between cyclists and HGV are lower 
and there is a greater risk of the cyclist being 
caught/run over by the HGV[8] and therefore this 
scenario is covered by the run-over index. 
 
In APROSYS [11] major accident scenarios were 
defined. Table 10 cross-references each part of the AI 
with the accident scenarios that are most relevant to it 
(more stars represents closer correlation between the 
sub-index and the accident scenario).  
 

Table 10. 
Heavy Goods Vehicle Aggressivity Index versus 

accident scenarios 

Scenario 
Active  

AI 
RunOver 

AI 
Structural 

AI 
1.1 (Turning) ��� ���  
1.2 (Turning) ��� ���  
2.1 (Overtaking, 
frontal impact) 

  ��� 

2.2 (Overtaking, 
lateral impact) 

� �  

3.1 (Crossing, 
pulling away) 

��� ���  

3.2 (Crossing)   ��� 
4 (Autobahn)   � 
 

Figure 20 shows the accumulated percentage of fatal 
HGV-pedestrian accidents versus impact speed. The 
red bars highlight the impact speed range that is 
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addressed by each of the sub-indexes. It can be 
concluded, that the HVAI covers a significant range 
of HGV-VRU accidents and fatalities. 

 

 

Figure 20. Heavy Goods Vehicle Aggressivity 
Index versus impact speed. 
 
Presenting the three aspects of the HVAI separately 
allows the vehicle design to be assessed with respect 
to each individual component of the AI. Combining 
the three parts into one overall rating was discussed, 
however it was decided that presenting the individual 
results would be easier to understand (have more 
meaning) and enable designers/engineers to identify 
which aspects of the vehicle design to focus on in 
relation to the protection of VRU. A single overall 
score might distort the vehicle’s performance. 
The current index is a starting point and should be 
used as the basis to motivate further discussions and 
developments in the field of VRU protection of 
HGV. 

Active Index 

Vehicle blind spots and the driver’s field of view 
from the cab of HGVs are often cited as contributory 
factors in a range of accident scenarios. The most 
recent changes in legislation requiring the fitment of 
close proximity mirrors to the front and nearside of 
the vehicle, have been intended to help reduce the 
number of casualties that are attributed to blind spot 
accidents. However, legislation provides a minimum 
performance requirement and does not account for 
the overlap of direct and indirect views. VRU are a 
group of casualties that are often severely or fatally 
injured in accidents caused by a driver’s blind spot 
impaired field of view. Examples of accidents 
involving VRU casualties are those where the HGV 
is turning to the nearside and collide with a pedal 
cyclist or where the HGV is held up in stop-start 
traffic and a pedestrian crosses close to the front of 
the vehicle. This active AI aims to identify and 

encourage vehicle designs that can help to reduce the 
number of VRU casualties through improved 
visibility or the use of active safety systems. 
 
The active index promotes areas that are covered by 
both direct and in-direct view consecutively, through 
the use of modifiers. The driver’s view to the co-
driver’s side with its dangerous blind spot areas has a 
strong influence/effect. 
By applying weighting factors improvements to the 
direct field of view are promoted. Of course, 
improved vision can be provided by mirrors as 
well,however, mirrors have a number of drawbacks: 
• Mirrors need to be correctly set and adjusted to 

provide the view that is required by legislation: 
• The number of mirrors fixed to current HGV 

makes it hard for the driver to correctly use 
these mirrors: 

• Identification of objects in the mirrors is 
sometimes hard, as only parts of the VRU are 
shown (e.g. the legs of a cyclist). 
 

The calculated values for the vehicles analysed while 
developing this methodology ranged from 2.4 to 9.2. 
From the 14 vehicles analysed, 10 of the vehicles 
reach only an index value between 2.4 and 4.0. 
Comparison of the active index result with the height 
of the lower edge of the windscreen from the ground 
showed some correlation, particularly for the lower 
scoring vehicles. There are already some designs on 
the market which achieve a good result for the active 
index despite a very high lower edge of the 
windscreen and vice versa. Therefore the lower edge 
of the windscreen is not the only factor that 
influences the visibility.  
 
Further development of the active AI should consider 
the following issues: 
• Evaluation of electronic vision aids is not 

implemented yet. Currently there are a number 
of such system under development, e.g. by Hino 
Motors [12] or Volvo [13], that overcome some 
of the limitations of mirrors. 

• The current version of the active AI considers 
mandatory mirror areas only. However, mirror 
systems may exceed the requirements set by 
legislation. Also the new class VI mirror was 
not considered, yet. 

• Obstructions caused by internal structures such 
the steering wheel and dashboard were not 
considered.  
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Run-over Index 

For the development of the protocol assessing the run 
over aggressivity of HGVs several basic 
requirements were considered. The main objective 
was to offer a quantitative value representing the 
ability of an HGV to prevent the VRU from being 
run over when hit by a HGV. The assessment value 
has to reflect the influence of a broad variety of 
possible design modifications whilst ensuring that the 
biofidelity of the VRU is appropriately represented.  
 
A number of approaches can be used to assess the 
risk for VRU being run over: 
• experimental test; 
• directive requiring simply measurable attributes 

(e.g. geometry or strength); 
• combination of experimental testing combined 

with numerical simulation; or 
• test procedure based mainly on numerical 

simulation. 
 

Each of these approaches was assessed for their 
advantages and disadvantages against a range of 
criteria [7]. 
 
At the start of the project it was acknowledged that 
any proposed assessment protocol should be 
developed with minimal costs associated with any 
testing. Clearly, that aim was contradictory to 
experimental testing for assessing the risk of run-over 
due to potential damage to the dummies and HGV. 
Also, reproducibility and costly test set-ups of such 
experiments are an issue. For a test procedure that is 
based on numerical simulation, the effort is 
acceptable with respect to time effort and costs. 
Also, virtual models of the VRU already exist while 
the development of experimental dummies for HGV 
vs VRU accidents would still require an extensive 
effort.  
 
In parallel to the run-over index a new HGV front 
shape was developed, reducing the risk for run-over. 
This “nose cone” (see Figure 21) was tested at 20 and 
30kph. In both tests, the pedestrian was deflected to 
the side and a run-over was prevented (see Figure 
22). 
 

 
Figure 21. Nose cone  
 

 
Figure 22. Experimental testing of nose cone  

Structural Index 

The current proposal has been based on head impacts 
with the HGV, particularly because it is one of the 
most frequently injured body regions and there are 
test tools currently existing for evaluating those 
impacts. Future developments of the structural index 
could include the development and inclusion of new 
test tools, for example to assess impacts with the 
thorax of the VRU. 
 
Currently the structural AI is addressing the primary 
contact only (the contact with the truck front). 
However, numerical studies and experiments [14] 
have shown the severity of the secondary impact 
makes it a highly relevant aspect for future 
consideration. Studies of the “nose cone” [6] 
indicated not only a reduced likelihood for run-over, 
but also a reduced severity of the secondary impact 
(prevent forward-projection of pedestrian). 
 
Existing test methods for passenger cars are 
continually under development, such as the research 
into rotational acceleration as an assessment method. 
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The future development of the structural index should 
be based on the lessons learned from existing test 
methods. 
 

CONCLUSIONS 

Legislation relating to the protection of VRU in 
impacts with HGVs is very limited, currently only 
covering the fitment of sideguards and geometric 
requirements for structures on the front of the HGV 
in relation to protrusions. 
 
A set of assessment criteria to assess the risk posed 
by HGVs to pedestrian and cyclists were developed 
by APROSYS WP2.1. The index is a combination of 
physical and virtual testing. Each sub-index is 
returning a value between 0 and 10. 
 
The active AI evaluates the field of view of 50th 
percentile driver. Weighting factors are applied to 
promote improvements to the direct field of view 
Modifiers are applied to promote the overlap of direct 
and in-direct fields of view within the PAI. 
 
The run-over AI is based on multi-body simulation 
techniques using 21 simulation set-ups 
 
The structural AI defines two impact zones (adult, 
child). Up to 15 tests per truck are conducted to 
assess the structural response using EEVC WG 17 
headform impactors.  
 
A separate score is reported for each of the three sub-
indices, which prevents  the masking of important 
design features within a single score. The 
presentation of the individual scores also shows the 
assessment in a way which is considered to be easy to 
read and understand (see Figure 1). 
 
The HVAI could be developed for future 
legislation/consumer testing or could be used by 
manufacturers during the development of future 
vehicle designs. The current index is a starting point 
and should be used as the basis to motivate further 
discussions and developments in that field. 

LIMITATIONS 

Where available, accident data was used to define the 
so-called weighting factors. In case of the run-over 
index the weighting factors are based on accident 
data. However, in other cases, (e.g. Active Index) 
arbitrary weighting values were applied- based on 
experience from accident researchers and expert 
opinion. 
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ABSTRACT 
 
Besides functioning as an engine compartment cover, 
the hood of modern vehicles can also help manage 
the impact energy of a pedestrian’s head in a 
vehicle-pedestrian impact. However, a hood’s ability 
to absorb impact energy may be impeded by the 
proximity of the hood to components packaged inside 
the engine compartment, i.e., by its underhood 
clearance. For example, for a given hood design, the 
hood’s ability to absorb impact energy through 
deformation can be significantly reduced when the 
hood and engine block are in close proximity. 
Therefore, a large underhood clearance would be 
preferred for pedestrian protection. However, it could 
negatively affect driver visibility, as well as a 
vehicle’s aerodynamics and aesthetic appeal. This 
paper presents a sandwich hood design that has a 
potential to improve the hood’s ability to absorb the 
impact energy of a pedestrian’s head with a relatively 
small underhood clearance. Using nonlinear finite 
element and the EEVC headform impactor models, a 
design analysis was conducted with an underhood 
clearance target of 60 mm and 75 mm for the child 
head impact area and the adult head impact area, 
respectively. A set of design parameters of the 
sandwich hood was optimized. The analysis shows 
that out of the 12 impact points covering the main 
hood area, about half of the impact points achieved 
Head Injury Criterion (HIC) values less than 800 and 
the others yielded HIC values between 800 and 1000.  
 
INTRODUCTION 
 
The hood of modern vehicles can help manage the 
impact energy of a pedestrian’s head in a 
vehicle-pedestrian impact.  European Enhanced 
Vehicle-Safety Committee (EEVC) Working Group 
10 (WG10), followed by Working Group 17 (WG17), 
has recommended component test procedures so as to 
perform the pedestrian protection verification tests 
for vehicles [1][2][3][4].  The pedestrian protection 

performance rating reported by European New Car 
Assessment Program (EuroNCAP) [5] is one of the 
consumer metrics taking advantage of the component 
test procedures. The EuroNCAP pedestrian protection 
rating is determined by four types of component tests: 
adult headform and child headform impacting the 
hood, upper legform impacting the hood leading edge, 
and the lower legform impacting the bumper. The 
focus of this paper is on the first two, in which the 
adult headform (AH) and the child headform (CH) 
are used to impact with specified hood areas with an 
impact angle of 65˚ and 50˚, respectively, at an 
impact speed of 40 km/h. The Head Injury Criterion 
(HIC) calculated from the resultant acceleration is 
adopted as the injury index with a threshold of 1000 
by the EuroNCAP.   
 
To meet the HIC threshold, the hood must be 
designed to manage the impact energy of a 
pedestrian’s head.  However, a hood’s ability to 
absorb energy may be impeded by the proximity of 
the hood to components packaged inside the engine 
compartment, i.e., by its underhood clearance. For a 
given hood design, the hood’s ability to absorb 
energy through deformation will be significantly 
reduced when the hood and engine compartment 
components, like engine block, battery, etc., are in 
close proximity.  Therefore, a large underhood 
clearance would be preferred for pedestrian 
protection. However, a large underhood clearance 
may negatively affect driver visibility, as well as a 
vehicle’s aerodynamics and styling.  
 
Otubushin and Green [6] reported that the theoretical 
minimum intrusions in the impact direction, which 
determines the amount of the required underhood 
clearance for a 40 km/h headform impact to meet 
HIC 1000 and 800, are 51.1 mm and 59.3 mm, 
respectively.  However, the head acceleration-time 
history waveform corresponding to the theoretical 
minimum intrusions requires infinite head 
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acceleration at time zero as implied by Figure 1, 
which is practically impossible to achieve.   

 
Figure 1.  Ideal acceleration waveform for the 
theoretical minimum intrusion [6]. 
 
More recently, Wu and Beaudet [7] compared several 
acceleration waveforms analytically and proposed a 
compromise waveform as the target for pedestrian 
head impact to achieve with HIC<1000.  According 
to their study, with the parameters as shown in Figure 
2, the theoretical intrusion in the impact direction 
will be as small as 67.9 mm, while meeting the 
requirement of HIC<1000. However, the authors 
didn’t provide any hood designs that could result in 
such a performance.  

 
Figure 2.  A compromise acceleration waveform 
to achieve HIC<1000 [7]. 
 
This paper presents a sandwich hood design that 
could improve the hood’s ability to absorb the impact 
energy of a pedestrian’s head with a relatively small 
underhood clearance. The sandwich structure consists 
of three layers of substructures. Using nonlinear 
finite element and EEVC headform impactor models, 
a design analysis is presented.  
 
PRELIMINARY CONSIDERATIONS 
 
Definition of underhood clearance  
 
Figure 3 shows the geometrical relationship of a 
headform impacting a hood, with an impact angle γ 

and a local hood angle θ, which may vary at different 
hood locations depending on hood design.  
Underhood clearance Δ is defined as the vertical 
distance between the hood outer surface and the 
engine compartment upper limit.  Intrusion in the 
impact direction, I, and its vertical component, Iz, are 
also shown in Figure 3.  One should pay special 
attention between the vertical component of intrusion 
Iz and underhood clearance Δ.  The relationship 
among them is shown in EQ 1.  Notice that Iz 
depends on the impact angle γ  while Δ depends on 
both angles γ and θ, and that the underhood clearance 
Δ is always greater than the vertical component of 
intrusion Iz because of the hood angle θ.  Only when 
the hood angle θ is zero, does the underhood 
clearance Δ equal the vertical component of intrusion 
Iz.  Should one confuse the underhood clearance 
with the vertical component of intrusion, it may lead 
to a design with insufficient underhood clearance 
since the former is always greater than the latter.   

sin

cos tan
z

z

I I

I I

γ
γ θ

=
Δ = +

   (1). 

 

Figure 3  Relationship among underhood 
clearance, intrusion and its vertical component. 
 
Target HIC threshold 
 
A 20% safety margin for the HIC threshold, i.e., a 
HIC threshold of 800, is chosen as the target for this 
study to account for possible test variations due to the 
tolerances of impact speed, impact direction and 
impact location. 
 
Target waveform shape  
 
Consider a typical 40 km/h headform-hood impact 
test. On the one hand, a waveform with a high and 
long duration deceleration during the early stage of 
the headform impact is preferred to achieve a smaller 
underhood clearance design.  On the other hand, a 
waveform with such a high and long duration 
deceleration imposes a high risk of resulting in an 
undesired high HIC value. We see that a small 



 

 

Liu 3 

underhood clearance and a low HIC value are two 
competing performance requirements. Therefore, in 
order to balance these competing performance 
requirements an ideal headform deceleration pulse 
should have a waveform with a sudden increase 
peaking at an appropriate level followed by a quick 
decrease during the early stage of the impact.  
Figure 4 depicts such a balanced waveform, which 
offers an excellent HIC performance of 800 and a 68 
mm intrusion in the impact direction. This waveform 
is generated using a design tool, called the Dual 
Asymmetrical Triangle Pulse Generator [8].  We use 
it as the target waveform for our sandwich hood 
structure.  
 

 

Figure 4.  Target waveform using the Dual 
Asymmetrical Triangle Pulse Generator [8]. 
 
MODEL DESCRIPTION 
 
Sandwich hood  
 
A late model mid-sized car, not designed to meet any 
pedestrian protection requirements, is selected as the 
study vehicle for the development of the sandwich 
hood structure.  A finite element (FE) model of the 
sandwich hood, together with other necessary 
front-end structures and components of the study 
vehicle, was developed.  
 
Figure 5 shows the exploded view of the sandwich 
design and Figure 6 shows a sectional view of the 
sandwich hood.  The sandwich hood design consists 
of three aluminum substructures: the outer hood as an 
upper layer, the ripple plate as a middle layer, and the 
support plate as a lower layer.  The ripple plate has 
two sections: the core ripple section in the central 
area of the hood and the boarder section, in which the 
ripple gradually diminishes toward the edge of the 
hood.  The support plate is divided into two sections 
corresponding to CH and AH impact areas, namely 
CH section and AH section.  The outer hood is 
bonded to the ripple plate with glue strips spread on 
the upper ridges of the main section of the ripple 
plate and glue spots in the outlier section of the ripple 

plate, as illustrated in Figure 7.  The support plate is 
bonded to the ripple plate with “finite rigid links” 
(e.g., bolts, rivets or spotwelds), as shown in Figure 
8. 

 
Figure 5.  Exploded view of the sandwich design 
for main hood area with color coded labels 
(upside-down view of the hood assembly). 

 

 
Figure 6.  Enlarged sectional view of sandwich 
hood assembly. 
 
A design optimization analysis of the sandwich hood 
structure was performed using nonlinear finite 
element models. The final geometry parameters and 
material parameters of an optimized sandwich hood 
are shown in Table 1 and Table 2.  The total mass of 
this sandwich hood design is 11.8 kg, about 27% 
more than that of the original hood of the study 
vehicle. 

 
Figure 7.  Glue distribution between the ripple 
plate and the outer hood (top view). 
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Figure 8  Rigid link distribution between the 
support plate and the ripple plate (bottom view). 
 

Table 1. 
Optimized geometry design parameters of the 

sandwich hood assembly (unit: mm) 

Component Dimension 

Outer hood thickness 1.05 

Support plate thickness: CH / AH 1.2 / 1.8 

Ripple plate thickness 0.5 

Ripple upper ridge width 8 

Ripple lower ridge width 20 

Ripple height 6 

Ripple interval 70 

 
Table 2. 

Material parameters of the sandwich hood 
assembly 

 Material 
model 

Density 
(kg/mm3) 

Modulus 
(GPa) 

Yielding 
strength 
(MPa) 

Ripple/ 
support  

*MAT_024 2.6e-6 70 200 

Glue *MAT_001 1.27e-6 0.03 / 

 
Other components in the FE model 
 
Besides the hood assembly, the FE model also 
includes other components shown in Figure 9 near 
the hood assembly that may be engaged in pedestrian 
head impacts, including the fenders, the front panel, 
the bumper stops, the towers, and the cowls, etc.  
These components constitute a more complete 
environment for pedestrian head impacts.  The 
lower part of the fenders, the towers and the cowls 
are all fixed to the vehicle reference frame in the 
model to provide the necessary boundary condition 
as shown in Figure 9.  The hood assembly is 
constrained at the latch and hinge positions as a 

conventional hood as shown in Figure 10.  
Specifically, the outer hood is fixed at the latch 
position and the ripple plate is rigidly linked to the 
original hinges in the model.   

 
Figure 9.  The FE model (hood assembly and 
underhood rigid wall excluded). 

 

Figure 10.  The hood assembly constraints at the 
latch and the two hinge positions. 
 
Impact area definition 
 
The wrap around distance (WAD) 1500 mm line [5] of 
the study vehicle is very close to the hood rear edge 
and leaves a rather small AH impact area as shown in 
Figure 11.  To provide adequate AH impact area for 
the purpose of this study, we artificially reduce the 
CH area and increase the AH area as shown in Figure 
12.  A base point (x=0 or xbase) is set at 
WAD=1400 mm.  Line x=0 separates CH area and 
AH area. Three impact points for AH and nine impact 
points for CH are selected as marked in Figure 13.   

 
Figure 11. Baseline hood CH area definition 
according to EuroNCAP. 
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Figure 12.  CH and AH area definition for 
analyses in this study. 

 

 
 

Figure 13.  CH and AH impact cases in the main 
hood area. 
 
Target underhood clearance 
 
An underhood clearance target of 60 mm and 75 mm 
is selected for the CH area and the AH area, 
respectively, as shown Figure 14 and Table 3.  A 
rigid wall of the same curvature as the outer hood at 
the specified vertical distance beneath the outer hood 
is used in the FE model to represent underhood 
components, such as an engine block.   
 

 
Figure 14.  Underhood clearance set for different 
impact areas. 
 

 

 

 

 

Table 3. 
Underhood clearance required for HIC<800 

Headform requirement 
Underhood 
clearance 

(mm) 
CH 2.5 kg, 40 km/h, HIC<800 60 
AH 4.8 kg, 40 km/h, HIC<800 75 

 
SIMULATION RESULTS AND DISCUSSIONS 
 
The results of all the 12 impact cases are summarized 
in Table 4.  As shown, HIC<1000 has been achieved 
for all the impact points.  Of these, all five impact 
points along the centerline of the hood achieve 
HIC<800.  For the impact points away from the 
centerline of the hood, the HIC value becomes higher.  
Rigid wall contact is observed from simulations at all 
the four “ycenter” points and four “y+200” points.  
No rigid wall contact occurs in any of the four 
“y+400” cases.  This means that at these “y+400” 
impact points, the given underhood clearance is not 
fully utilized, which implies that there is room for 
further improvement for these impact points.  
 

Table 4. 
Simulation results 

Area 
Underhood 
clearance 

(mm) 

Impact 
point 

HIC 

y+400 y+200 ycenter 

AH 75 x+200 841 703* 764* 

CH 60 

xbase  973 872* 751* 

x-100 889 817* 776* 

x-200 934 874* 788* 

* Contacted with the underhood rigid wall. 

 
Impact results in the CH area 
 
Taking the three cases of “CH x-100” in Figure 15 as 
example, “CH x-100ycenter” and “CH x-100y+200” 
cases have similar resultant acceleration waveform 
shapes.  The latter has a higher first peak, probably 
due to the effect of discontinuity of the scattered 
lower links, while the former has the biggest 
intrusion (represented by the Z_distance in Figure 15 
(b)).  “CH x-100y+400” case has a similar first peak 
to that in “CH x-100ycenter” case.  
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(a) 

 
(b) 

Figure 15.  Simulation results of “CH x-100” 
impact points. 
 
Impact results in the AH area 
 
The simulation results of AH at “x+200” points 
where the underhood clearance is set as 75 mm are 
shown in Figure 16.  All the three cases achieve 
HIC below 900.  Note that the first acceleration 
peaks for the three AH cases are lower than those of 
CH cases in the last sub-section.  Actually, without 
considering CH, the hood can be optimized for AH to 
reach less underhood clearance required for HIC 800.  
However, such optimized hood will be too strong and 
may have too much active mass for CH impact, 
causing high first peak of acceleration and generating 
HIC greater than 800.  Therefore, the hood must be 
designed somewhat softer for satisfying CH impact, 
and yet the softened hood needs larger underhood 
clearance for AH impact. 
 

 
(a) 

 
(b) 

Figure 16.  Simulation results of “AH x+200” 
impact positions. 
 
SUMMARY 
 
A sandwich hood structure is proposed for improving 
the hood’s ability to absorb the impact energy of a 
pedestrian’s head with a relatively small underhood 
clearance. A design optimization analysis for the 
sandwich hood structure is performed using a study 
vehicle and FE models. The total mass of this 
optimized sandwich hood design is about 27% more 
than that of the original hood of the study vehicle.  
An underhood clearance of 60 mm and 75 mm is 
achieved for the child headform impact area and the 
adult headform impact area, respectively.  Of the 12 
impact positions covering the main hood area, about 
half of the impact points meet the HIC<800 and the 
others achieve HIC from 800 to 1000. However, no 
attempt was made to assess manufacturability of the 
sandwich structure in this study. Further 
developments to address all safety requirements, 
including performance in real-world crash events, are 
also necessary before implementing this feature in a 
production vehicle. 
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ABSTRACT 

The paper outlines the nature and severity of the 
injuries suffered by pedestrians in motor vehicle 
accidents in England. Pedestrian admissions to 
hospitals in England as recorded in the Hospital 
Episode Statistics (HES) over a nine year period were 
compared with accidents recorded in Great Britain’s 
national road casualties database (STATS19). 
Alongside this, the most frequently injured regions 
and individual injuries of the pedestrians were 
investigated. The relationship between individual 
injuries and the length of time spent at hospital was 
investigated. The changes in frequency of individual 
injuries were investigated to see whether recent 
changes in vehicle design could have altered the 
types of injuries received by pedestrian casualties.  

The HES data from April 1998 to March 2007 in 
England contained details of 82,811 pedestrian 
admissions following accidents involving motor 
vehicles. In the same time period there were 65,526 
killed or seriously injured pedestrians recorded in the 
STATS19 database. It was found that over the nine 
year period, the number of pedestrian casualties in 
HES remained relatively constant, while the number 
in STATS19 has reduced. In this period, HES data 
shows that tibia and femur fractures have reduced 
slightly. This could be due to a number of factors 
including improved vehicle design.  

The nature of the HES data means that very little 
information is included about the characteristics of 
the accident, which prevents possible causes of 
pedestrian injuries to be studied using the HES 
dataset by itself. However, this paper shows the 
potential of hospital data as an important tool in 
accident research, as the injury information can give 
evidence of the effects of the changing vehicle fleet, 
along with other road safety interventions. Further, 
through an in-depth understanding of the frequency 
and consequences of different injuries, future injury 
prevention strategies can be prioritised. 

 

 

INTRODUCTION 

Every year in the UK thousands of people are killed 
and tens of thousands are seriously injured in traffic 
accidents. As well as the personal tragedy of these 
events, road traffic accidents have economic 
implications. An understanding of how injuries occur 
in accidents is sought in order to implement ideas to 
try and mitigate them, and a major part of gaining 
this understanding is looking at national level 
statistics. The importance of these statistics is such 
that they can affect Government and local authority 
initiatives, policy, spending and legislation, and even 
vehicle manufacturing decisions.  Hence the need for 
them to be accurate and reliable is prevalent.  

This project presents an opportunity to investigate 
two such sources of national statistics: the data 
recorded by the Police (STATS19) and the data 
recorded by the hospitals (Hospital Episode 
Statistics). While the purpose of STATS19 is to 
record traffic accidents, recording details of traffic 
casualties is only a small part of the Hospital Episode 
Statistics (HES). As such, only limited accident 
analysis has been performed using HES in the past. 
This paper provides the opportunity to investigate 
how HES can be used in accident investigation, and 
how it relates to STATS19.  

Hospital Episode Statistics (HES) 

Hospital Episode Statistics are compiled by the 
Department of Health and record details of all 
hospital admissions, finished consultant episodes and 
hospital discharges for England.  Data of this type has 
been collected since 1989, with its main purpose 
being to ensure correct funding of hospitals from 
their Primary Care Trust (PCT) [1]. HES contain data 
such as age, sex, dates of admission and discharge, 
diagnoses, operations and procedures, place of 
residence and ethnicity, with approximately 12 
million new records being added each year. 
Information regarding the diagnosis of injury and its 
causation is coded using the ‘International 
Classification of Diseases’ (ICD), of which the latest 
version ICD-10 has been used since 1995. Injuries 
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sustained in road traffic accidents can easily be 
identified when coded in this way. It should be noted 
that HES do not include details of any casualties 
treated in Accident and Emergency (A&E) that are 
not admitted to hospital [2]. 

Great Britain’s National Road Casualties 
Database (STATS19) 

STATS19 data is comprised of the details of road 
traffic accidents attended by the police in Great 
Britain.  The Police are required to attend every road 
traffic accident that involves an injury and whilst on 
scene, officers fill out a series of standard forms. 
Officers make a judgement, often without further 
information from hospitals, and record the severity of 
the injured casualties and the overall accident as 
‘slight’, ‘serious’ or ‘killed’.  This data is then 
collected, collated and analysed by the UK’s 
Department for Transport (DfT). 

STATS19 is, in principle, the national database in 
which all traffic accidents that result in injury to at 
least one person are recorded, although it is 
acknowledged that some injury accidents are missing 
from the database and a few non-injury accidents are 
included [3]. The database primarily records 
information on where the accident took place, when 
the accident occurred, the conditions at the time and 
location of the accident, details of the vehicles 
involved and information about the casualties. 
Approximately 50 pieces of information are collected 
for each accident [4]. 

The accidents that are recorded in STATS19 are 
summarised annually in the DfT “Road Casualties 
Great Britain” (RCGB) series. 

Overview Of Accidents In Great Britain 

The number of killed and seriously injured road 
casualties per year has been decreasing for 
pedestrians from 1996 to 2006 (see Figure 1); 
however the decrease has been less from 2004 to 
2006. This trend is the same for pedal cyclist and car 
user casualties. Motorcyclist casualties increased 
between 1996 and 2003, decreasing back to the 1994-
98 average by 2006.  

 

Figure 1.  Trend of road casualties in Great 
Britain by road user type [5]. 

In 2006, 1.2% of all road user casualties suffered 
fatal injuries. Both pedestrians and motorcyclists had 
above average rates of fatalities with 2.2% and 2.6% 
of those injured being killed respectively [4]. In total, 
of all the fatally injured casualties on Britain’s roads 
in 2006, 675 (21%) were pedestrians. Of all the killed 
or seriously injured casualties, 7,051 (22%) were 
pedestrians. 

Apart from being a large group of the road casualties 
in Great Britain, there are a number of reasons for 
investigating pedestrians in HES and STATS19. 
Arguably, compared to car occupants, the injury 
epidemiology and characteristics of pedestrians are 
less well understood, because of the lack of large 
pedestrian-focused accident studies.  

Supported by the European Commission (EC), the 
European Enhanced Vehicle-safety Committee 
Working Group 10 (EEVC WG10) and 11 developed 
testing methods and standards for pedestrian 
protection in frontal impacts with cars. These new 
standards have been introduced in a 2-stage approach, 
the first of which was the EC Directive 2003/102/EC. 
This directive introduced a number of tests, including 
limits on the results of impacts between a lower leg 
form and the bumper, and a head form to the bonnet 
top. This new pedestrian legislation has meant that 
the design of cars has and will continue to change, so 
it is important to find any corresponding change in 
pedestrian injury epidemiology.  

In addition to the pedestrian regulation, Euro NCAP 
undertakes pedestrian sub-system impactor tests. Leg 
forms impact with the bumper and the bonnet leading 
edge and the head forms (child and adult) strike the 
bonnet at a variety of locations. As of 2009, the 
pedestrian tests have become an integral part of the 
new overall score given by Euro NCAP for any new 
car [5]. 

Pedestrian casualties are amongst the most vulnerable 
road users. Children have a large exposure to traffic 
as pedestrians, especially on their journey to and 
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from school. Elderly people, who may not have 
another form of transport available to them, are also 
exposed and at greatest risk of serious injuries if they 
are involved in an accident. These are also the two 
groups of pedestrians who are proportionally less 
well equipped for the road-crossing task. 

Previous studies [3] have found that the difference in 
the number of casualties recorded in HES and 
STATS19 is greatest for vulnerable road users. 
Vulnerable road users include pedal cyclists and 
pedestrians; the relationship between HES and 
STATS19 for pedal cyclists has already been 
explored [4]. 

METHODOLOGY 

This section explains some of the systems that were 
used to analyse the databases which are referred to 
later in the paper. 

     International Statistical Classification of 
Diseases (ICD) - In HES, injuries are recorded in 14 
fields (7 before April 2002), which contain 
information about a patient’s illness or condition [6]. 
The first of these fields contains the primary 
diagnosis and the other fields contain 
secondary/subsidiary diagnoses. The codes are 
defined in the International Statistical Classification 
of Diseases, Injuries and Causes of Death [7]. HES 
records currently use the tenth revision (ICD-10). 
Diagnosis codes start with a letter and are followed 
by two or three digits.  

The ICD-10 codes are recorded in HES in both their 
3-character and 4-character formats. The first 3 
characters of the ICD-10 code provide the core 
classification of the injury, whereas the first 4 
characters of the code provide a more specific injury 
description. An example of this would be a 
3-character code of “S01 – an open wound of the 
head” [7].  When split into its 4-character codes it 
could be any of the following: 

• S01.1 – Open wound of eyelid and 
periocular area 

• S01.2 – Open wound of nose 
• S01.3 – Open wound of ear 
• S01.4 – Open wound of cheek and 

temporomandibular 
• S01.5 – Open wound of lip and oral cavity 
• S01.7 – Multiple open wounds of head 
• S01.8 – Open wound of parts of head 
• S01.9 – Open wound of head, part 

unspecified  
 

     Operation Codes - There are twelve fields in 
HES (four prior to April 2002), which contain 
information about a patient’s surgical operations. The 
first code contains the main (i.e. most resource 
intensive) procedure. The other fields contain 
secondary procedures. The codes are defined in the 
Tabular List of the Classification of Surgical 
Operations and Procedures. The current version is 
OPCS4 [8]. Procedure codes start with a letter and 
are followed by two or three digits. The third digit 
identifies variations on a main procedure code 
containing two digits. A single operation may contain 
more than one procedure. 

RESULTS 

This section of the paper presents an overview of the 
two datasets, and compares the datasets where 
possible. Comparisons include the number of 
pedestrian casualties in both databases, the vehicles 
involved in the accidents, and the age and gender of 
the pedestrian casualties. The data analysed for this 
report included all pedestrian casualties contained in 
HES from April 1998 to March 2007 in England, and 
all the killed or seriously injured pedestrian casualties 
in STATS19 from April 1998 to March 2007 in 
England. The period of April to March is referred to 
as a ‘financial year’. 

It is expected that the majority of pedestrian 
casualties recorded in HES should be present in 
STATS19. This is because of the definition of a 
“serious” casualty in STATS19, which includes 
“detention in hospital as an in-patient, either 
immediately or later” [9]. Most of these should be in 
HES, which contains all patients “admitted” to 
hospital. The reverse is not true: there are likely to be 
many pedestrians in STATS19 who would not appear 
in HES. This could be because they had an injury 
which did not require admission to hospital, or 
because they died at the scene so were not admitted 
to hospital. 

Summary of Casualties 

     Hospital Episode Statistics - In HES there were 
82,908 admissions and 80,116 patients in the original 
dataset, which shows that some of the patients were 
admitted more than once. However, some of these 
admissions were duplicated in the dataset due to 
coding errors, once these were removed, there were 
82,811 unique admissions for the 80,116 patients. 
This is summarised in Table 1. 
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Table 1.   
Number of admissions and patients in HES 

Number of admissions in original dataset 82,908 
Number of patients in original dataset 80,116 
Number of unique admissions, after 
duplicate records removed 

82,811 

Number of patients, after duplicate 
records removed 

80,116 

These admissions were then broken down by their 
accident type classification, using their 4 digit 
causation code. From these codes the admissions 
which were described as non-traffic or unspecified 
non-traffic were eliminated for comparison with 
STATS19. This resulted in 72,878 admissions for 
analysis. 

     Police Statistics (STATS19) - The pedestrian 
casualties used for analysis in STATS19 were 
selected to be only those who were killed or seriously 
injured as only these pedestrians could have been 
admitted to hospital and therefore be in the HES 
dataset. In the same 1998 to 2007 time period there 
were 64,233 pedestrian accidents in England 
recorded in STATS19. This consisted of 64,253 
vehicles and 65,526 pedestrian KSI casualties. The 
casualties in this dataset were only those of fatal or 
serious severity, the 65,526 casualties consisting of 
6,000 fatalities and 59,526 seriously injured 
pedestrians. 

Accident Characteristics 

     Admission Date - The year in which the patient 
was admitted is recorded in HES and is compared, in 
this section, to the year of accident in STATS19. 
Figure 2 shows the number of HES admissions per 
year split by the type of accident as recorded by 4 
digit causation code. As described earlier, from these 
codes the admissions which were described as non-
traffic or unspecified non-traffic were eliminated for 
comparison with STATS19. From this figure it can 
be seen that the number of pedestrians recorded in 
HES who were selected for analysis decreased from 
8,907 admissions in 1998 to 7,726 in 2003, but has 
been at a fairly constant level of around 7,800 
admissions from 2003 to 2007. STATS19 data shows 
pedestrian accidents to have been on a steady 
decrease throughout the financial year groups 
decreasing from 8,888 in 1998/99 to 6,132 in 
2006/07. 
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Figure 2. Number of pedestrian casualties from 
1998 to 2007 in HES and STATS19 

This shows that at the beginning of the years 
analysed, the numbers of pedestrian accidents 
recorded were very similar in both datasets, however, 
in recent years the numbers have become less similar. 
These fluctuations could be due to a number of 
reasons. It should be noted that a warning is given on 
the HES website about the admission date data 
stating:  

“Fluctuations in the data can occur for a number of 
reasons, e.g. organisational changes, reviews of best 
practice within the medical community, the adoption 
of new coding schemes and data quality problems 
that are often year specific. These variations can lead 
to false assumptions about trends.” [6]. 

     Vehicle Type - The accidents recorded in both 
STATS19 and HES were broken down by the vehicle 
type that struck the pedestrian. The vehicle type 
categories were selected based on the codes used in 
HES.  

From analysis of the HES data, it was found that the 
majority, 84%, of the pedestrians admitted were 
struck by vehicles in the “Car/pickup/van” category 
compared to 86% of those in STATS19. The 
percentage of pedestrians struck by a pedal cycle in 
HES was 3% which is higher than the 1% of those in 
STATS19, in contrast, the number of pedestrians 
struck by “Heavy transport vehicles” in STATS19 
was 8%, which was higher than the 6% of pedestrians 
in HES. Overall the distributions of the vehicle types 
that struck pedestrians look very similar. 
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Casualty Characteristics 

     Gender - The difference between the gender 
percentages in STATS19 and HES were minimal. 
Males were the most frequent in both datasets with 
61% of STATS19 pedestrians and 63% of HES 
pedestrians being male. 

     Age - The age of pedestrian casualties peaked for 
5-20 year olds in both datasets, with around 19% of 
casualties aged 10-15 in both datasets. For the 
younger age groups (particularly the 0-9 year olds), 
the percentage of casualties in STATS19 was lower 
than the percentage in HES. Overall the distribution 
of age in the datasets looks similar. 
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Figure 3.  Age of pedestrian casualties in HES and 
STATS19. 

When split by gender, a second peak was seen for 
females of 70 to 89 years of age (Figure 5), whereas 
males aged over 20 years peaked in pedestrian 
casualties at the age of 40-49 (Figure 4). These peaks 
occurred at the same ages for both HES and 
STATS19 datasets. 
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Figure 4.  Age of male pedestrians by gender in 
HES and STATS19. 
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Figure 5.  Age of female pedestrians by gender in 
HES and STATS19. 

Injury Characteristics 

Analysis in this section used the ICD-10 diagnosis 
codes to analyse the most frequent injuries, injury 
regions and numbers of injuries received by 
pedestrians in HES. Also investigated in this section, 
is the number and type of operations received by 
pedestrians as classified in OPCS4. ICD-10 and 
OPCS4 are described in the methodology section of 
this paper. 

     Overall Severity - STATS19 records the overall 
severity of the injuries received by the pedestrian 
which has been analysed in this section. 

Overall, 91% of KSI pedestrian casualties in 
STATS19 were recorded to be serious and 9% fatal. 
From Figure 6 it can be seen that males 
proportionally suffered more fatal injuries when 
involved in pedestrian accidents than females. 

 

Figure 6.  KSI pedestrians’ severity split by 
gender in STATS19. 

Figure 7 shows that younger pedestrians received a 
higher proportion of serious injuries, with older 
pedestrians being those that were killed more 
frequently in pedestrian accidents. 
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Figure 7.  Severity split by age group for KSI 
pedestrians in STATS19. 

 

     ICD Analysis - The most frequently injured 
regions coded as primary injuries in HES using 3-
character ICD10 codes are shown in Figure 8. The 
most frequent injury, received by 12,442 of the 
pedestrians in HES was a fracture to the lower leg 
including ankle, followed by 9,345 with unspecified 
injuries of the head. Of these most frequent injuries, a 
large proportion were other injuries to the head and 
legs. 
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Figure 8.  Most frequent primary injuries (using 
3-character code) in HES. 

The injuries coded using the 4-character codes were 
then analysed and are shown in Figure 9. The most 
frequent primary injury in this field was an 
unspecified injury to the head, which 9,051 
pedestrians had. Fractures to the shaft of the tibia 
were present in 6,987 of the pedestrians. The next 
two top injury categories were also fractures to the 
tibia, with 3,526 pedestrians receiving fractures to the 
lower end of the tibia and 3,054 with fractures to the 
upper end of the tibia. 
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Figure 9.  Most frequent primary injuries (using 
4-character code) in HES. 

When grouped into body regions it was found that 
38% of pedestrians had head injuries as their primary 
diagnosis and 29% had knee and lower leg injuries. 

When all the injuries for each pedestrian were 
combined (i.e. the primary injury and all 
secondary/subsidiary injuries recorded) and the 
region of these injuries defined, the head and neck 
was the most frequently injured region still with 38% 
of the injuries being to this region. The next most 
frequently injured region was the lower limb region 
(does not include pelvis) with 32% of the injuries 
occurring here. 

     Operations - From analysis of the number of 
operations each pedestrian underwent, it was found 
that 52% of the 72,878 pedestrians had no operations 
after their accidents. Of those that had operations, the 
most common number of operations to have was 
three; 16% of pedestrians had three operations and 
38% had three or more operations.  

The areas of the primary operations recorded in HES 
for pedestrians were also analysed. After the “no 
operation” category, the most frequent operation area 
was “other bones and joints” with 21,066 pedestrians 
having an operation in this area. “Other bones and 
joints” includes any bones and joints other than those 
in the neck and spine. 

Assuming that the majority of primary operations 
were carried out on the primary injury regions, most 
(75%) of the other bones and joints operations were 
performed on those with leg injuries. Arm injuries 
were the next highest injury category with 18% of 
other bones and joints operations correlated with this 
region.  

     Injury Numbers - The number of injuries 
recorded in HES for each pedestrian was calculated 
and is presented in Figure 10. It should be noted that 
the increase in the number of injuries which could be 
recorded in the HES dataset increased from 7 in 2002 
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and therefore only 3% had 7 or more injuries. 
Pedestrians with only one injury made up 33% of the 
sample, the percentage of pedestrians then decreased 
with the increasing number of injuries.  

 

Figure 10.  Number of recorded injuries for 
pedestrian casualties in HES. 

     Injuries with respect to age - The percentage of 
pedestrians with head injuries decreased with 
increasing age, as can be seen in Figure 11. Hip and 
thigh injuries were fairly constant for all ages until 59 
years of age, after which the percentage of the age 
group with injuries in that region increased from 5% 
for 50-59 to 16% for those over 90. Knee and lower 
leg injuries had the opposite trend, decreasing from 
30% for 60-69 year olds to 23% of over 90 year olds. 
Injuries in the shoulder and arm region were 
particularly low for those aged up to 9 years, but 
were then fairly constant for all other age groups. 
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Figure 11.  Relationship between the most 
frequent injuries and age of pedestrians, as a 
percentage of pedestrians in each age range in 
HES. 

 

     Injuries related to striking vehicle - Knee and 
lower leg injuries were the most common injury 
regions for pedestrians struck by all vehicle types 
apart from 2/3 wheel motor vehicles for which wrist 
and hand injuries were slightly more frequent. 
Pedestrians hit by heavy transport vehicles received 

the highest rate of injuries to multiple body regions, 
the abdominal region and the shoulder. Pedestrians 
struck by pedal cycles received the highest rate of 
ankle and foot, and thorax injuries. 

 

Figure 12.  Pedestrian injuries caused by different 
vehicle types in HES. 

     Injuries related to time in hospital - It can be 
seen in Figure 13 that the number of pedestrians who 
stay in hospital for 0 days increased from 745 in 
1998/99 to 1,345 in 2006/07. This may be due to the 
improvement in treatment over this time period or 
could be due to changes in admission procedures. It 
could also potentially be due to an increase in traffic 
congestion and therefore lower impact speeds so 
lower severity injuries or the better and/or different 
vehicle designs. The number of pedestrians in 
hospital for 2 or more days has decreased from 5,093 
to 3,494, but the stays of 1 day (and unknown stays) 
remained fairly constant at about 2,000 pedestrians 
per year. 

0

2,000

4,000

6,000

8,000

10,000

98/99 99/00 00/01 01/02 02/03 03/04 04/05 05/06 06/07
Financial Year

N
u

m
b

er
 o

f a
d

m
is

si
o

n
s

0 Days 1 Day 2 or more days Unknown

 

Figure 13.  Number of pedestrian admissions from 
1998-2007, and duration of stay in HES. 

The duration of stay for pedestrians peaked with 25% 
of pedestrians staying for 1 day. The next two most 
frequent lengths of stay were 0 or 2 days both 
accounting for 11% of pedestrians. 
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Figure 14.  Duration of stay as a percentage of the 
number of pedestrians in HES. 
When comparing primary injury regions with 
duration of stay, it can be seen that the length of stay 
for those with head injuries peaked at 1 day, whereas 
those with knee and lower leg injuries peaked at 2 
days. Patients who were admitted for 2 days or more, 
most commonly had leg injuries compared to head 
injuries. 
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Figure 15.  Duration of stay at hospital for 
pedestrians with the three most frequently injured 
body regions in HES. 

Figure 16 is a box plot which shows how primary 
injuries in different regions related to the length of 
time spent in hospital. The central horizontal line 
within the bars gives the median duration of stay, and 
the bars themselves give the upper and lower 
quartiles. The lines extending from the bars contain 
approximately 99% of the pedestrians. The circles 
and stars outside these lines are outliers. The body 
regions themselves are sorted by the mean duration of 
stay, descending from the left. The mean duration of 
stay for the different injury regions is shown in Table 
2. 

Primary injuries to the hip and thigh were associated 
with the longest mean and median duration of stay in 
hospital. There were a lot of outlying points for 
injuries to all body regions, where the pedestrian had 
been in hospital for a relatively long time. This was 
especially true for injuries to the head, where the 

quartiles of the duration of stay were close together, 
but there were a lot of outliers who were in hospital 
for much longer. This seems to be because a large 
number of pedestrians had relatively minor head 
injuries, and were only in hospital for one day, 
compared to a relatively small sub-set who spent over 
5 days in hospital with serious or life threatening 
head injury. 
 

 
Figure 16.  Mean duration of stay, by region of 

primary injury in HES. 
 

Table 2. 
Mean duration of stay by primary injury region in 

HES 
Primary injury region No. of 

pedestrians 
Mean 

duration of 
stay (days) 

Hip and thigh 4714 16.7 
Neck 695 15.1 
Injuries involving 
multiple body regions 

732 10.4 

Abdomen, lower back, 
lumbar spine and pelvis 

4085 10.2 

knee and lower leg 20342 8.9 
Thorax 1670 8.1 
Certain early 
complications of 
trauma 

100 6.7 

Not S or T group 2183 6.4 
Burns and Corrosions 122 6.3 
Shoulder and upper arm 4340 6.1 
Ankle and foot 2355 5.9 
Elbow and forearm 2964 4.7 
Head 26841 3.7 
Unspecified parts of 
trunk, limb or body 
region 

481 3.4 

Wrist and hand 1212 2.6 



Cookson 9 
 

These injuries were then broken down into the more 
specific injuries as shown in Figure 17, which gives 
the 10 injuries with the highest mean duration of stay, 
received by at least 100 pedestrians. The injuries are 
coded using the 4 character ICD code, the 
descriptions of which are given in Table 3. The 
longest mean duration of stay was 68 days for those 
pedestrians with fractured cervical vertebra. This 
large mean duration was due to two pedestrians who 
received this injury and were in hospital for 1,082 
and 2,878 days. 

The majority of other injuries which led to long 
durations of stay were fractures of the legs. As with 
the other body region injuries, there was a large 
spread in the duration of stay of the pedestrians 
suffering lower limb injuries. 
 

 
Figure 17.  Mean duration of stay for injuries 
suffered by at least 100 pedestrians in HES. 

Table 3.   
Descriptions of 4 character primary diagnosis 

codes in HES 
4 

char 
code 

Injury description No. of 
pedest
rians 

Mean 
stay 

duration 
(days) 

S122 
Fracture of other specified 
cervical vertebra 

101 67.5 

T025 
Fractures to multiple regions 
of both legs 

100 33.9 

S327 
Multiple fractures of lumbar 
spine and pelvis 

150 25.3 

S324 Fracture of acetabulum 308 24.4 
S723 Fracture of shaft of femur 1335 21.9 

S722 
Subtrochanteric fracture of 
femur 

154 20.9 

S729 
Fracture of femur, part 
unspecified 

336 20.3 

S062 Diffuse brain injury 924 19.1 

S721 
Pertrochanteric fracture of 
femur 

379 18.6 

S720 Fracture of neck of femur 1067 17.5 
 

Changes Over Time 

The large amount of data present in the HES dataset 
from 1998-2007 enabled some variations in 
pedestrian injuries over time to be investigated.  

Table 4 compares the ten most frequent injuries 
recorded in 2006/2007, using the 3-character ICD 
codes.  

Table 5 compares the most frequent 4-character ICD 
codes recorded in 2006/2007. In these tables, the 
percentage point difference to the 1998/1999 figures 
for that injury are presented in brackets. 

Although the most frequent injuries have changed 
very little, the changes in the proportion of 
pedestrians receiving these injuries paint an 
interesting picture. With the exception of “fractures 
of other part of lower leg”, all of the injuries which 
have increased in proportion are relatively minor, 
while those that have decreased are fractures and 
other serious injuries. This suggests that pedestrians 
received less severe injuries in 2006/2007 compared 
to those in 1998/1999. 
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Table 4.   
Most frequent 3-character ICD codes, 2006/2007 

in HES 
Injury description No. of 

pedestrians 
% of 

pedestrians 
Fracture of lower leg, 
including ankle 

1867 23.7 (-1.6) 

Other and 
unspecified injuries 
of head 

816 10.3 (-4.1) 

Open wound of head 616 7.8 (+1.9) 
Intracranial injury 524 6.6 (-1.4) 
Superficial injury of 
head 

519 6.6 (+2.7) 

Fracture of shoulder 
and upper arm 

400 5.1 (-0.5) 

Fracture of femur 383 4.9 (-1.3) 
Fracture of skull and 
facial bones 382 4.8 (-0.6) 

Fracture of lumbar 
spine and pelvis 

268 3.4 (-0.2) 

Fracture of forearm 266 3.4 (-) 

 

Table 5.   
Most frequent 4-character ICD codes, 2006/2007 

in HES 
Injury description No. of 

pedestrians 
% of 

pedestrians 
Unspecified injury of 
head 

791 10.0 (-3.8) 

Fracture of shaft of 
tibia 

646 8.2 (-2.4) 

Fracture of lower end 
of tibia 

367 4.7 (-) 

Fracture of upper end 
of tibia 298 3.8 (-0.4) 

Open wound of other 
parts of head 

233 3.0 (+0.7) 

Fractures of other 
parts of lower leg 

215 2.7 (+0.2) 

Superficial injury of 
other parts of head 

198 2.5 (+0.9) 

Open wound of scalp 179 2.3 (+0.8) 
Fracture of upper end 
of humerus 

157 2.0 (-0.5) 

Superficial injury of 
head, part 
unspecified 

150 1.9 (+0.9) 

Fracture of pubis 140 1.8 (-0.3) 
Fracture of shaft of 
femur 

100 1.3 (-1.2) 

Intracranial injury, 
unspecified 

40 0.5 (-1.5) 

Figure 18 shows the change with respect to time of 
two of the injuries which were shown to have 
reduced in frequency between 1998/1999 and 
2006/2007. These were the fractures to the shaft of 
the tibia and femur. This graph shows that there has 
been a steady decline in these injuries over the last 
few years. 
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Figure 18.  Distribution of pedestrians receiving 
tibia and femur fractures in HES by year. 

Figure 19 compares the distribution of the primary 
injuries for the pedestrians admitted in 1998/1999 
and 2006/2007. There was a small decrease in the 
proportion of head and/or neck and lower limb 
injuries, and a slight increase in the proportion of 
upper limb and thorax injuries. 
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Figure 19.  Distribution of injury regions in 
1998/1999 and 2006/2007 in HES. 

Figure 20 compares the age distribution in 1998/1999 
and 2006/2007 of the pedestrians in the HES dataset. 
This shows that the largest difference was a reduction 
in the number of 5-9 year old pedestrian casualties. 
The most significant proportional increase was for 
pedestrians aged 40-49 years. 
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Figure 20.  Age distribution of HES pedestrian 
casualties in 1998/1999 and 2006/2007 in HES. 

Figure 21 shows how the proportion of pedestrians 
aged 5-9 and 40-49 varied from 1998/1999 to 
2006/2007. This shows that the change in the 
proportion of both 5-9 and 40-49 years olds has been 
relatively constant since 1998/1999. Figure 22 shows 
that a reduction in the proportion of 5-9 year olds was 
also present in STATS19. This suggests that the 
change in the proportions of these pedestrians was 
related to some real change, and not just statistical 
variation or changes in recording practices, and this 
will correlate with injury changes. 
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Figure 21.  Change in time of proportion of 
pedestrians aged 5-9 and 40-49 years in HES. 
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Figure 22.  Age distribution of pedestrian 
casualties in 1998/1999 and 2006/2007 in 
STATS19. 

In addition to age, the variation in the gender of the 
pedestrians over time was analysed in both datasets. 

This showed that there was very little change in the 
proportion of pedestrians who were male or female 
from 1998/1999 to 2006/2007. 

The change in the distribution of the vehicles 
involved in the pedestrian accidents in 1998/1999 and 
2006/2007 was also analysed in STATS19 and HES. 
There was a slight increase in the proportion of 
pedestrians impacted by heavy transport vehicles, and 
a slight decrease in the proportion of pedestrians 
struck by cars/pickups/vans. 

Figure 23 shows how the proportion of pedestrians 
struck by heavy vehicles and cars varied in the HES 
dataset from 1998/1999 to 2006/2007. The 
proportions of the two vehicles are shown on 
different scales because of the large difference 
between them. This figure shows that the proportion 
of pedestrian accidents involving heavy vehicles has 
been steadily increasing. The proportion due to 
impacts with cars/pickups/vans decreased from 
1998/1999 to 2003/2004, but since then remained 
relatively constant. 
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Figure 23.  Change in time of proportion of 
pedestrians struck by heavy vehicles and cars in 
HES. 

 

DISCUSSION 

Comparing the number of pedestrians recorded in 
HES and STATS19 from 1998 to 2007 showed that 
while the number of pedestrian admissions in HES 
has remained relatively constant, the number of killed 
and seriously injured pedestrians recorded in 
STATS19 has reduced considerably from 1998 to 
2007. This may be due to a number of reasons. 
Possibly the most important is the warning that HES 
gives on its data stating that fluctuations can occur 
due to such factors as organisational changes, reviews 
of best practice within the medical community, the 
adoption of new coding schemes and data quality 
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problems that are often year specific. STATS19 may 
also be subject to variations in the number of 
pedestrian accidents recorded per year due to factors 
such as the number of pedestrian accidents that are 
actually reported to the police. Reasons for these 
differences have been discussed previously by other 
authors [10, 11, 12, 13]. 

Comparisons of age and gender showed that in 
general the two datasets are very similar with respect 
to these casualty characteristics. The largest 
difference is an increase in the proportion of 
pedestrians in HES aged 0-9 years old. At the time of 
writing the reason for this difference is not clear, but 
potentially could be associated with under-reporting 
by the police of these collisions, due to their 
characteristics. 

STATS19 can also be used to distinguish between 
killed and seriously injured pedestrians, information 
which was not contained in the HES data. This shows 
that males were slightly more likely to be involved in 
fatal accidents, and that children were more likely to 
survive the impact than older pedestrians. This is 
believed to be because of their greater tolerance to 
injury and their different sizes and potentially crash 
types. 

Injuries 

The most valuable part of the HES dataset is the 
injuries it records for pedestrians, data which is not 
available in any other database on such a large scale.  

The most frequent injuries recorded for the 
pedestrians in HES are head and lower leg injuries. 
This is true whether the 3-character or the more 
detailed 4-character ICD codes are used. 

Using the 4-character ICD codes, the most frequent 
injury is “unspecified injury of head”, however, we 
do not know the severity of this injury due to the ICD 
coding system not including a measure of injury 
severity. This also means that different injuries can 
not be compared with respect to their severity. 

The next four most frequent injuries are all fractures 
of the lower leg, and the majority of the top ten most 
frequent injuries are head and leg injuries. This 
agrees with previous studies on smaller samples of 
pedestrians [14]. 

The relationship between the age of the pedestrian 
and the proportion of injury in the four most 
frequently injured regions was investigated. This 
showed that the rate of head injuries decreases with 
age, and the rate of hip and thigh injuries increases 
with age. The rate of hip and thigh injuries increases 
most above the age of 60, which would coincide with 

the decreasing bone density and strength of older 
people, especially women. This would help to explain 
why the number of female pedestrian casualties 
increases above the age of 70. 

The incidence of head injuries was greatest for young 
children (0-9), which is likely to be because they will 
receive a more direct contact to the head from the 
front of the vehicle, because of their height. From the 
age of 16 and older, the proportion of pedestrian 
casualties with a head injury remains relatively 
constant. It might be expected that elderly pedestrians 
would also see an increase in head injuries because 
they are generally less tolerant to injury. However, it 
may be that these pedestrians are being seriously 
injured at lower impact speeds (receiving leg 
fractures), which may counterbalance their reduced 
tolerance to head injuries. Some knowledge of impact 
type and speeds involved would be required to 
determine whether or not this was true. 

Duration of Stay 

The duration of the stay in hospital is one way in 
which the HES data can be used to estimate the cost 
to the hospital of different injuries and the severity 
with respect to the affects on the casualties’ life. 
Overall the duration of stay in hospital of the 
pedestrian casualties in HES is a very skewed 
distribution, with a large number of pedestrians 
staying for only one day, and a very small number of 
pedestrians remaining in hospital for very long 
periods of time. This distribution is a similar shape 
when individual injuries are investigated. For this 
reason, the relationship between individual injuries 
and the duration of stay in hospital has been 
investigated using the mean stay in hospital, and box-
plots showing the distribution of the length of stay for 
different injuries. 

Measuring the mean duration of stay shows that 
injuries to the hip and thigh and neck result in the 
longest average stay in hospital. Injuries to the hip 
and thigh are also some of the most frequent so, 
combined with the long duration of stay in hospital, 
injuries to this region will be some of the most costly. 
This could, however, also be due to the hip and thigh 
injuries frequently being associated with older 
women who generally stay in hospital longer for all 
injuries. 

Looking at individual injuries shows that a fracture of 
the cervical spine leads to the longest mean duration 
in hospital, but this is mainly due to one pedestrian 
who received this injury and remained in hospital for 
almost eight years. Apart from this spinal injury, 
multiple fractures of the lower legs led to the longest 
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mean stay in hospital. The remainder of the ten 
longest mean durations of stay in hospital are mostly 
made up of fractures to the femur. 

There are a number of limitations to using this 
method of determining which injuries are most costly 
to the hospitals. The first is that it only takes into 
account the primary injury, and not any other injuries 
sustained. Secondly, it does not take into account 
other costs, such as operations and procedures in the 
hospital, post-hospital care, and the effect on quality 
of life. These are things which could be investigated, 
but would need information other than that in the 
HES data. 

The HES data provided to TRL covers a period of 
nine years, and the large number of pedestrians 
recorded in each year has enabled some of the 
changes over time to be investigated. Some injuries, 
such as fractures to the shaft of the tibia and fibula, 
show a small but steady decline over the ten year 
period. This could be evidence that improved car 
design in recent years has reduced the rate of these 
injuries. However, further evidence would be 
required relating to the characteristics of the crashes 
and injury mechanisms before this could be known. 

The most startling change over the 9 years of HES 
data is the way that the distribution of the age of the 
pedestrian casualties has altered. Specifically, the 
proportion of pedestrians aged 5-9 years has dropped 
from 15% to 10%, and the proportion of pedestrians 
aged 40-49 years has increased from 6% to 9%. It is 
not clear why these changes have occurred. 
Previously it was shown that the proportion of 5-9 
year olds was different in STATS19 and HES, which 
could have meant that the reduction in 5-9 year olds 
is caused by something which affects the HES data 
only. However, a drop in the proportion of 5-9 year 
old pedestrian casualties is also seen in STATS19. 
This is evidence that it is a real effect, which could 
perhaps be related to a reduction in the exposure of 
children to traffic, for example if fewer children walk 
to school. Or it could be related to road safety 
schemes aimed at this age group, such as the UK’s 
THINK! campaign [15] proving effective.   

Other changes over the nine years were a reduction in 
the proportion of casualties who were in impacts with 
cars, and a reduction in the proportion of casualties 
who lived in the 10% most socially and economically 
deprived areas of England. 

 

 

 

CONCLUSIONS 

TRL successfully collaborated with the South East 
Health Observatory (SEPHO) who provided Hospital 
Episode Statistics (HES) data for pedestrian 
casualties admitted to hospitals in England from 
April 1998 to March 2007. This data was analysed, 
along with STATS19, to explore what the dataset 
contained, how it could be used in the field of 
accident research, and how it compared to STATS19. 
A multi-disciplinary team of researchers designed the 
research study and undertook the work programme. 

While the number of pedestrian casualties in HES 
remains relatively constant, the number of killed and 
seriously injured casualties in STATS19 has reduced 
over the last nine years. This difference matched the 
observations in pervious research which looked at all 
road users. 

In general, the distribution of age, gender, and 
striking vehicle were similar in STATS19 and HES. 
Apart from date, these were the only variables which 
could be directly compared. 

The most frequent injuries recorded for pedestrians in 
the HES datasets were head and lower leg injuries. 
The most frequent individual recorded injury was 
“unspecified injury of head”, followed by four 
different types of lower leg fractures. 

The proportion of head injuries decreased with age, 
while hip and thigh injuries increased with age. 

The duration of stay in hospital was used as a 
measure to determine which injuries resulted in the 
highest cost to the hospital. With the exception of the 
relatively infrequent cervical spine fractures, the 
injuries which resulted in the longest stay in hospital 
were leg injuries, especially fractures of the femur. 

Leg injuries seem to be the area with the greatest 
potential for injury prevention. Tibia fractures were 
among the most frequent injuries, and femur fractures 
led to some of the longest mean durations of stay in 
hospital, so preventing these injuries may have the 
largest benefit in terms of cost to the hospitals. 

There has been a large decrease in the proportion of 
5-9 year olds in the HES and STATS19 datasets over 
the last nine years. 
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ABSTRACT 
 
The common approach to express Driving 
Assistance Systems (DAS) functionalities is often 
based on use cases that explain driving context and 
required assistance. However, DAS design requires 
temporal consideration of driving situation 
evolution when using the assistance, in order to 
define when the assistance is activated and which 
decision criteria is used. Driving situation 
complexity and its temporal progress cannot be 
easily appreciated without tools taking into account 
all actors (pedestrians, driver, vehicles…) and 
assistance effects on the scenario evolution. 
 
This paper describes a software application that 
offers designers a light and simple way to early 
design, tune and test DAS functioning on 
progressing situations. This tool is developed in the 
VIVRE 2 project to support the early design of a 
DAS that warns truck drivers to avoid pedestrian 
collisions. In this context, the tool permits to test 
the DAS functioning by running “dynamic use 
cases” (static use cases enriched with additional 
inputs to reflect the temporal evolution). It allows 
the designer to build scenarios with specifics 
parameters about driver, truck, pedestrians and 
assistance. It also proposes replay and trace 
features that help the analysis of the “dynamic use 
cases” combination. These iterative tests and 
adjustments of DAS allow determining decision 
criteria that works in all targeted situations.  
 
To further efficient early design, the tool must stay 
light and easy to use. As a consequence, the 
temporal evolution models of actors are kept 
simple. Once the DAS functioning is validated, 
another design phase in more realistic conditions is 
required; to make sure that no unanticipated 
behaviour occurs, which may reduce the 
functioning.  
 
This approach is crucial for early designing of a 
DAS to bring continuity to the use cases and to 
evaluate the consequences of any decision criteria 
modification on the global functioning in order to 
ensure driver warning efficiency.  

INTRODUCTION 
 
The approach to design assistance systems is most 
of the time based on “use case” (UC). These UC 
are developed to share a common view of system 
functioning between all partners in charge to 
design, to develop and to test the driving 
assistance. In fact, the functioning can not be easily 
defined by rules but has to be replaced in its 
context of use to understand the real wanted 
performance and the different factors which can 
influence or modify the final running. Some 
projects have defined some format to describe UC. 
For example, in AIDE project (which goal was to 
design a system to manage the information flow to 
the driver), the UC described the road context, the 
signals to be send, and the expected system 
functioning. For this application, the time 
constraints are not precise and a textual description 
was enough. But for others systems which have to 
deliver some urgent warnings like anti-collision 
warning, the time constraints are very important 
and textual description can only give qualitative 
functioning like “if a pedestrian is in front of the 
vehicle, the warning is diffused by auditive mode . 
In order to refine the functioning rules with 
quantitative values, some simulations are needed.  
 
The purpose of this article is to present an 
approach developed in the VIVRE2 project. This 
approach was used during the design phase to tune 
a driver’s assistance system which warns truck 
drivers to avoid pedestrian collisions. This 
approach combines different use cases with 
different driver behaviours and different system 
tunings. 
 
 

CONTEXT 
 
The truck traffic increase is particularly critical in 
urban areas where the cohabitation between as 
different users as pedestrian and trucks creates a lot 
of critical situations. From a technical point of 
view, a lot of sensors are designed to run in less 
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complex road situations like on highways or in 
rural areas where mobile entities are easier to 
detect (big size) and where the number  of objects 
to detect is limited. From a user’s point of view, 
the pedestrian situation awareness is often incorrect 
due to his lack of knowledge about truck driving 
[1]. To evaluate risks, the pedestrian uses his 
driving knowledge which results from his 
experience as a car driver. He doesn’t know the 
place and the size of dead zones around the truck. 
For example, the dead zone just in front of the 
vehicle can mask a too close pedestrian. A car front 
blind zone is small and can not mask objects taller 
than 50 cm. A truck front blind zone is higher and 
can mask objects taller than 1m like a child. 
Pedestrians do not realize that the trajectory of the 
backward part of the truck during a turn does not 
follow the trajectory of the front wheels and he can 
be surprised by the nearness of this part. A 
pedestrian does not picture the truck inertia and its 
braking length and he may make the decision to 
cross the road too late according to the truck speed 
and distance. Another aspect concerns the different 
situation awareness of actors depending on whether 
one considers the pedestrian’s or the truck driver’s 
point of view. In urban areas, trucks have to give 
way to pedestrians and pedestrians think that trucks 
have to stop. In this case, if the truck driver cannot 
or does not perceive the danger, the pedestrian will 
be quite within his rights but dead. 
 
In the VIVRE2 project, a driving assistance system 
(DAS) was developed to prevent collisions with 
vulnerable users in urban areas, especially during 
delivery truck manoeuvres. This kind of truck has 
to drive into cities to deliver goods and must 
manoeuvre on urban roads.  
In this project a truck driver needs study done by 
project partners (LEACM, INRETS, Renault 
TRUCKS) gives some information to determine 
the most critical situations and a set of classical 
Use Cases including the expected system 
functioning. 

OBJECTIVES 
 
To design this DAS, these Use Cases (UC) give the 
main functionalities to be included in the system 
(temporal sequences of warning display according 
to the road situation) but did not take into account 
all possible sequences.  
 
The objective of this work is to create a tool and a 
method that take into account most of the possible 
case of assistance that system can provide in all 
different situation. It permits to synthesize and to 
harmonize all the needs of assistance in most of the 
target situations.  
This is a way to enrich the classic Use Case 
generally used in DAS design. 

DYNAMICS USE CASE DESCRIPTION 
 
The main advantage of the DUC is to add easily 
variability to driving situation. It is composed by 
some elements coming from classical Use Case 
like a driving context (infrastructure, dangers to 
avoid); by the initial position and speed of major 
actors. But some other components, like a driver 
behaviour model, allow to increase the number of 
expected assistance system functioning variant 
according to the driver reaction at some system 
warning. 
 
For the dynamic use case, a lot of variations can be 
added to test the DAS in several situations. The 
initial value of the truck speed can be 0 to 10 km/h. 
The initial pedestrian speed can be from 0 to 10, 
and the initial position can be on the road or on the 
walkway, at 1.5 or 10 meters 
 
Then the functioning of the system is different. At 
1 meter in front of the truck this is a start inhibit 
situation. At 10 meters in front of the truck, if the 
pedestrian is moving quickly enough not to be hit 
by the truck, the alarm will not go off. This shows 
that different combinations or variable values 
induce very different system functioning. Temporal 
aspects must be taken into account to efficiently 
design a driving assistance system. 
 
The complexity of combinations of all parameters 
requires the use of a tool to generate the DUC but 
also to run them. 

 “DYNAMIC USE CASE RUNNER” 
ARCHITECTURE 
 
This tool is composed of two principal parts 
(Figure 1Figure 1): 

• The generic part is composed of several 
modules focused on DUC temporal 
deployment.  

• The specific part concerns the driving 
system assistance itself. 

 
The main tool functionalities are: 

• To define the scenario. 
• To manage all objects involved in the UC. 

It concerns the equipped vehicle, the 
different actors like pedestrians, bicycles, 
cars, trucks.  

 
To deploy the UC dynamic at each time step, the 
generator has to: 
 

• Calculate the position of all mobile 
objects including the equipped vehicle. 
The dynamic of the equipped vehicle is 
also defined by driver reaction given by a 
driver behaviour model. 
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• Run the driving assistance (DA) on this 
time step. 

• Use the DA decision to modify the 
equipped vehicle dynamics (acceleration, 
orientation) to be use into the next time 
step. 

• Display the information to be sent to the 
truck driver. 

• Display curves which describe the 
temporal evolution of the situation. 

 

 
Figure 1. “Dynamic Use Case Runner” 
architecture 
 
 

“DYNAMIC USE CASE RUNNER” 
PARAMETERIZATION 
 
To run the UC, some parameters can vary to 
describe different UC variants. These parameters 

are classified in several categories according to 
their use by the generator.  
 
For the first module which creates the UC, the 
parameters are: 

• Truck characteristics like size, 
acceleration maximum, braking 
maximum, initial position, initial speed. 

• Scenario characteristics like position and 
speed of mobile object (vulnerable user, 
other vehicle). 

 
For the module which simulates the mobile 
dynamics, the variable parameters concern: 

• The driver characteristics which include 
the desired speed, the desired acceleration 
and some behaviour modifications 
according to Assistance System 
information like “stop acceleration after 1 
second when warning occurs”. 

• The trucks characteristics like acceleration 
maximum, … 

 
For the module which calculates the driving 
assistance decision, the variable parameters 
concern the different criteria of decision levels. 
 
Another constraint was induced by this project. 
The system had to be validated on truck simulator 
with final users. The system integration on 
simulator had to be taken into account at the 
beginning of the project [2]. But the time necessary 
to develop the simulator database did not allow us 
to test the system functioning at an early stage; 
hence the “dynamic use case runner” was created 
to permit parallel developing of the database and of 
the system design phase.  
 

 
Figure 2 : integration principle 
 
An integration platform (Figure 2) was then 
designed to manage the interaction between the 
truck driving simulator and the assistance system. 
Moreover, to avoid software translation problems 
and to gain some time, it was decided to use the 
same code for the “dynamic use case runner” and 
the integration platform. 
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This integration platform allows us to collect data, 
to replay data and to connect the driving assistance 
to the truck driving simulator. 
 

“DYNAMIC USE CASE RUNNER” OUTPUT 
 
The assistance is based on using several areas 
around the truck. Some of them monitor the front 
of the truck, others the truck rear and some of them 
the truck’s right side. The presence of a vulnerable 
user in one of these areas is transmitted to the 
decision module. This module also uses the driver 
activity analysis to adapt the warning level to make 
the decision. 

 
Figure 3. DUC runner Output 
 
The tool presents (Figure 3) the truck on the road 
(blue rectangle) and displays the survey areas 
around the truck. The nearest is the “Braking zone” 
(red solid line), the further is the “speed limiter“ 
zone (dotted line)  and the intermediate is the 
“warning” zone (green solid line) . One “warning” 
zone is also in the right side of the truck 
 
The Assistance decision is display when active 
controls or warnings occur.   

“DYNAMIC USE CASE RUNNER” 
INTERFACE 
 
The software window (Figure 4) is split in three 
parts: 

• The first one concerns the DUC 
description including the driver, truck, 
assistance and scenario parameters. 

• The second one represents the context 
situation which  changes over time. 

• The third one displays the temporal 
curves. The first two curves display the 
truck speed and the maximum 
acceleration authorised by the assistance. 
The last two curves display the level of 

assistance in terms of active control (no 
control, speed limiter and urgency 
braking) and warning level (no 
information, danger indication or 
warning). 

 

 
Figure 4. Software interface 

DYNAMIC USE CASE RUNNING 
 
The DUC used in these examples is located on a 
straight on line with walk side. The pedestrian is on 
the walkway and is heading for the road when the 
truck starts. In the first example, the pedestrian 
speed is 5 Km/h and in the second one it is 2km/h. 
These two examples are different variant of the 
same DUC. 

Example 1: Speed limitation. 
 

 
Figure 5: Speed limitation UC step 1 
 
At the beginning (Figure 5), the pedestrian is on 
the walkway and is heading for the road at 5 km/h. 
The truck has just started and its initial speed is 0 
Km/h. 
 

Part 1 
 

Part 2 
 
 

Context 

Part 3 
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Figure 6: Speed limitation UC step 2 
 
The pedestrian is then in the warning and speed 
limiter areas (Figure 6Figure 6). The maximum 
acceleration allowed by the system is decreased 
and the active control and warning levels are 
increased. 
 

 
 
Figure 7: Speed limitation UC step 3 
 
The speed limitation was sufficient to avoid the 
collision and all warning and active control have  
now disappeared (Figure 7Figure 7). 
 

Example 2: Urgency Braking  
 
The same UC is running except that the pedestrian 
speed is adjusted to walk slowly at 2 km/h. 
 

 
 
Figure 8. Urgency braking UC step 1 
 

The beginning is the same as in example 1(Figure 
8). The pedestrian enters in the warning and 
limitation zone.  
 

 
 
Figure 9. Urgency braking UC step 2 
 
But the pedestrian is not walking quickly enough to 
leave the “Urgency Braking” area and the hard 
braking goes off (Figure 99). 
 
 

 
 
Figure 10.Urgency braking UC step 3 
 
The “start inhibit” system is active since the 
pedestrian is just in front of the truck (Figure 10).  
 
 

 
 
Figure 11. Urgency braking UC step 4 
 
When the pedestrian leaves the zone, the warning 
message goes out (Figure 11). 
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Example 3: DUC on Intersection  
 
Several types of infrastructure (figure 12) can be 
used in the DUC.  

 
Figure 12. UC on intersection 

DISCUSSION 
 
As shown in the examples, a change in just one 
parameter value (in the example, the pedestrian 
speed) may induce a different system functioning. 
All theses changes cannot be described in classical 
Use case, due to too high a number of use cases. 
But most of the combinations have to be tested to 
validate the global system functioning. This tool 
allows to create “Dynamic Use Case” with several 
variants and testing for each of them, whether the 
real functioning corresponds to the expected one  
or not. 
 
The DUC temporal aspect can be analysed using 
the curves. Moreover, additional functionalities 
like “pause” or “scenario speed” allow the designer 
to run the DUC either slowly to show some details 
or quickly to analyse long sequences.  
 
Another advantage of this tool is to tune the 
driving assistance system. For example, the 
parameters which define the areas in front of the 
truck can be easily changed and all DUC variant 
can be validated with the new values. This set of 
variants can be considered as unitary tests to be 
applied after any change in the driving assistance 
system. 

EXPERIENCE FEEDBACK 
 
We have used this tool to design and develop a 
Driving assistance System. The early design phase 
was completed using this DUC generator and all 
major concepts were correctly designed. The 
software transfer into the implementation platform 
was immediate and the time gain was successful as 
planned. But some unexpected problems appeared. 
The first one concerns the dynamic model of the 
truck. The simple model used in the generator was 
not precise enough and some adaptation had to be 
done to take into account some truck specificity, 
especially to calculate the urgency braking 
distance. This problem was solved in one day 
during the implementation phase. The second 

problem affects the parameters used to describe 
driver activity. The driver model outputs were not 
the same as simulator one. For example, the gear 
box type (manual to automatic) can induce 
different driver actions. This problem was 
impossible to anticipate due to the fact that it was 
linked to the simulator model implementation. The 
last point concerns the system tuning. In the DUC 
generator the phase chain was correctly designed. 
But the final absolute values of the driving 
assistance system parameters had to be set  
according to the recommendation of ergonomics 
experts made during an expertise of the system 
before the final evaluation. 

CONCLUSION 
 
This design of Driving Assistance System (DAS) 
shows the contribution of a Dynamic Use Case 
generator which allows us to apprehend driving 
situation complexity and its temporal progress by 
taking into account all actors (pedestrians, drivers, 
vehicles…) and assistance effects on the scenario 
evolution. 
 
This generator offers a light and simple way to 
early design, tune and test DAS functioning in 
progressing situations. It was validated by 
designing a DAS that warns truck drivers to avoid 
pedestrian collisions. It allowed us to build 
scenarios with specific parameters about drivers, 
trucks, pedestrians and assistance. The driver 
model will be improve to create some DUC  
variants  which can explain some real situations. 
 
To further efficient early design, the tool stays light 
and easy to use. As a consequence, the actor 
temporal evolution models are kept simple 
especially the truck model. Once the DAS 
functioning was validated, the expertise phase in 
more realistic conditions allowed finalizing the 
criteria adjustments in order to ensure the driver’s 
warning efficiency. The final experiment is 
currently  carried out to evaluate the final DAS 
with end users. 
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ABSTRACT 
Bicyclists represent a population with high risk of 

traffic injuries since they are unprotected in vehicle 
collisions. A study was conducted with an in-depth 
analysis of bicyclist accidents in China and Germany. 
The analysis is to identify the hazard of bicyclists in 
Changsha and to propose the way to reduce the number 
of these accidents and also severity of injuries. The 
analysis was carried out in terms of the causes of injury, 
injury severity and distribution and also type of vehicle 
involved, accident type, road environment, time 
distribution etc. The accident cases that occurred from 
2001 to 2006 were collected from IVAC database in 
Changsha, China and GIDAS database in Hannover, 
Germany. Based on specified sampling criteria, 1,013 
bicyclist cases and 1806 cases were selected from the 
two databases, respectively. Statistical analyses and 
comparative analyses were carried out with the 
sampling data. The results show that there were 
similarities and differences regarding bicyclist 
accidents between Changsha and Hannover, especially 
for the frequency and age distribution of the fatalities 
and also the road environment where accidents 
occurred. The results from this study suggested that 
there is a great potential for reduction of the accidents 
and fatalities by safety countermeasures, such as usage 
of helmet and improvement of road environment in 
countries like China.  
 
Keywords: bicyclist accidents, statistical analysis, 
circular distribution analysis 

 

1 INTRODUCTION 
The bicyclist accidents are considered to be an 

important issue regarding urban traffic safety in China. 
At present it is estimated that in China more than 500 
million [1] bicycles are used. China is a country with the 
largest number of bicycles over the world. Bicycle is 
one of the most popular tools for travel in urban areas. 
The report [2] states that more than 30% of residents 

travel by bicycle - not other transportation modes. 
Bicyclists represent a population at high risk injuries 
since they are unprotected in collisions with vehicles.  

It is reported [3] that in China during 2006, about 
0.38 million traffic accidents with all together 520,000 
casualties (fatalities and injuries), of these were 43,781 
(8.4 %) bicyclists, and in this group 8471 (19.3%) were 
killed. 

In comparison in Germany during year 2006, 
about 2.2 million traffic accidents were registered with 
altogether 427,000 casualties (fatalities and injuries). 
Of these 77,054 (18 %) were bicyclists, however only 
486 (0.6 %) were killed [4].  

These differences are so significant that we 
decided to make a comparative study to better 
understand the factors influencing this situation. 

2 METHOD AND MATERIALS 

2.1 Accident data collection 
The bicyclist accident cases from the IVAC 

database from Changsha and GIDAS database from 
Germany were collected based on the following criteria: 
(1) the accident occurred during the period from 2001 
to 2006, and (2) the bicyclist accidents occurred in the 
urban area. 
2.1.1 Accident data from police sector in Changsha 

Changsha is the capital city of the Hunan province 
located in the middle of China, with a population of 
2.06 million (6,133,000 including residents in suburb) 
and 452,809 registered vehicles in 2006 [5]. 

An ad-hoc working team has been organized in 
Hunan University in co-operation with traffic authority 
sectors and hospital in Changsha. In-depth traffic 
accident investigations are carried out and all 
information is saved in database (IVAC). The accident 
data is collected from the traffic authority sectors and 
hospital in Changsha.  

In the current study an analysis on police 
documentations of bicyclist accidents from 2001 to 
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2006 was carried out, and the 1013 cases were selected 
for a statistical study. The information about location 
and type of an accident, vehicle involved in accident, as 
well as road environment etc. was considered. In the 
study we used the three levels of victim’s injuries: 
minor, serious or fatal. 

2.1.2 GIDAS accident data from Hannover Medical 
University 

In the district of Hannover a representative 
sampling of accidents was carried out by Accident 
Research Unit at Medical University of Hanover in 
cooperation with the FAT (Automotive Industry 
Research Association) and BASt (Federal Road 
Research Institute) since the year 1990. In the area of 
Hannover nearly 1000 accidents with injured person 
are collected annually [6]. These accident cases were 
documented in the database GIDAS (German In-Depth 
Investigation Accident Study). The 1806 bicyclist 
accident cases were selected from GIDAS database 
from the accident occurred between 2001 and 2006. 

2.2 Statistical analysis of bicyclist accidents 
A statistical study with aim to compare bicyclist 

accident events was conducted by using the selected 
cases. A general statistical analysis was carried out 
using the cases in terms of type and number of vehicle 
involved in accident, accident time, accident type, 
injury distributions and injury severity and also age, 
gender of victim, etc.  

 

2.2.1 The circular distribution analysis method 

The time occurrence of bicyclist accidents within 
a day and night was analyzed using circular distribution 
method[7] where a cyclical scale of 0-3600 was used. We 
investigated this distribution and desired to determine if 
there was some predominant direction (peak time — 
the time of the day when we can observe maximum 
number of accidents; and rush hours — time period 
with heavy bicycle traffic) of time distribution. In 
circular distribution the mean angle α  represents the 
predominant direction. After the mean angle α  being 
converted to the time it means the peak time of 
accidents within a day. The rush hour ranges from (α  - S) 
to (α  + S). 

As circular data of accident time were recorded in 
a frequency table, the following computations are 
needed for the coordinates (x, y) of the sample mean 
angle: 

x = 
∑

∑
i

ii

f
f αcos ,  y = 

∑
∑

i

ii

f
f αsin    

and, then get r = )( 22 yx +   (1) 

where iα  is the midpoint of the recorded 

measurement’s interval, if  is the frequency of 
occurrence of the data within the interval, r is the 
length of the mean vector.  

The value of α  is determined as the angle 
fulfilling the following equations: 

r
x

=αcos ,  
r
y

=αsin    (2) 

Circular standard deviation (S) will be:  
S = rln2180

−
π

   (3) 

In our study the r is a measure of concentration of 
accident over the time. This value varies inversely with 
the amount of dispersion in the accident data.  It has no 
unit and it may vary from 0 when there is so much 
dispersion that a mean angle can not be described to 
1.0 when all the data are concentrated at same direction. 
A measure of dispersion can be expressed as: 1- r. 
Lack of dispersion will be if: 1- r = 0, and maximum of 
dispersion if: 1- r = 1.0. 

The significance of the mean angle was tested by 
the Rayleigh test. Our hypothesis H0 is:  

H0: The accident time distribution in a day is 
uniformly distributed around the circle.  

Rayleigh’s Z is utilized for testing the H0: 
Z = nr2, n = ∑ if    (4) 
If Z > Z0.05 (Z0.05 can be found in the statistical 

table), H0 is rejected, we may conclude that there is a 
peak time within a day, and if Z < Z0.05, we may 
conclude that accident time distribution with in a day 
to be uniform around the circle. 

Furthermore, to determine if there was difference 
between peak times of two cities a test was made by 
Watson-William method, it was calculated as 
follows： 

t=
21

)21)(2(
RRN

RRRNK
−−

−+− ； 

R1＝n1r1；R2＝n2r2；R=Nr  (5) 
where: r1 and r2 are the length of the mean vectors 

of data (from circular distributions analysis) from 
Changsha and Hannover respectively. 

R is the length of the mean vector of data but from 
the united samples from Changsha and Hannover.  

n1, n2 and N are frequencies of these samples.  
K is a correction factor. 
We were testing the hypothesis: 
H0: The peak times of bicyclist accidents in 

Changsha and Hannover are equal. 
If t < t0.05, H0 is accepted and we may conclude 

that the peak times within a day in Changsha and 
Hannover are significantly same. 
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3  RESULTS AND ANALYSIS 
The results from comparative statistical analysis 

based on the selected bicyclist accident cases are 
presented for the frequency of bicyclist accidents, 
injuries, and injury severities. 

Table 1 Distribution of vehicle type in bicyclist accidents 
Changsha, 

China 
Hannover, 
Germany Vehicle 

N % N % 

Truck 122 12.0 95 5.3 
Bus 104 10.3 27 1.5 

Passenger car 593 58.5 1157 64.1 
Motorcycle 161 15.9 20 1.1 

Bicycle - - 223 12.4 
Pedestrian 11 1.1 59 3.3 

None 1 0.1 223 12.4 
Others 21 2.1 2 0.1 
Total 1013 100 1806 100 

3.1 Analysis of involvement of vehicles 

The distribution of vehicle types in bicyclist 
accidents in Changsha and Hannover is presented in 
Table 1. In Changsha the passenger cars were involved 
in 58.5% of the bicyclist accidents, motorcycles and 
trucks in about 15.9% and 12.0% of these accidents, 
respectively. In Hannover the passenger cars accounted 
for 64% of reported bicyclist accidents, which indicated 
the passenger cars are involved more frequently in 
bicyclist accidents than in Changsha. 

3.2 Injury severity 
Among all casualties in Changsha, 5% bicyclists 

were killed, 5.4% bicyclists were serious injured, 85.6 % 
were slightly injured, and 4% had no injuries (Table 2). 
In Hannover, the relative frequency of the bicyclist 
fatalities (0.8%) is much lower than that in Changsha. 
The relative frequency of the slightly injured bicyclists 
is on the same level both in Changsha and Hannover.  

Table 2 Proportions of bicyclist injury severity 
Changsha, 

China 
Hannover, 
Germany Severities 

N % N % 

Fatalities 51 5.0 15 0.8 

Seriously injured 55 5.4 318 17.6 

Slightly injured 867 85.6 1345 74.5 

No injuries 40 4.0 128 7.1 

Total 1013 100 1806 100 

3.3 Age and gender 
The distributions of relative involvement in 

bicyclist accidents by the age and gender are similar in 
both Changsha and Hannover. In both towns, male had 
a higher rate of involvement in accidents for example 
in Changsha: male 60%, and female 30%, unknown 
10%; in Hannover: male 57%, and female 43%. 
Regarding the age, bicyclists ranged from 36-40 years 
old have a high frequency of involvement compared 
with other age groups. 
 

 
Table 3 Age vs. Injury severity 

Changsha, China (%) Hannover, Germany (%) 
Age 

Fatalities Seriously 
injured 

Slightly 
injured 

No 
injuries Fatalities Seriously 

injured 
Slightly 
injured 

No 
injuries 

0-5 - - 0.6 - - 1.3 1.1 3.9 
6-10 - - 0.1 - - 3.5 3.3 3.1 
11-15 3.9 5.5 6.1 10 - 10.7 8.3 12.5 
16-20 - 7.3 9.8 20 6.7 4.7 8.0 10.9 
21-25 - 3.6 7.2 7.5 - 3.8 7.7 7.8 
26-30 9.8 5.5 7.5 7.5 - 4.1 8.0 7.0 
31-35 5.9 7.3 7.6 7.5 13.3 7.2 6.8 8.6 
36-40 15.7 23.6 10.7 15 6.7 8.2 9.7 7.0 
41-45 11.8 5.5 7.8 5 6.7 6.3 7.9 9.4 
46-50 13.7 7.3 11.2 7.5 - 5.0 6.8 1.6 
51-55 5.9 5.5 7.2 2.5 6.7 5.7 4.8 4.7 
56-60 7.8 12.7 4.3 - 6.7 5.7 5.7 3.9 
61-65 9.8 5.5 3.1 2.5 6.7 9.1 6.1 0.8 
66-70 7.8 3.6 3.5 - 13.3 6.6 5.0 3.1 
71-75 2.0 5.5 1.2 2.5 20.0 8.2 4.3 1.6 
76-80 2.0 - 0.5 - 6.7 5.3 3.2 3.1 
81-85 - - 0.2 - 6.7 3.8 1.1 - 
86-90 - - - - - 0.6 0.3 - 

Unknown 3.9 1.8 11.5 - - 0.3 1.6 - 
Total 100 100 100 100 100 100 100 100 
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3.4 Age and injury severity 
Table 3 shows the distribution of injury severity 

by different age groups. The frequency of fatalities by 
the age in Changsha is different from the situation in 
Hannover. It indicates that in Changsha 41.2% of 
fatalities were bicyclists 36-50 years old and 21.6% of 
fatalities were these above 60 years old. In Hannover 
53.3% of fatalities were bicyclists above 60 years old. 

3.5 Circular distribution analysis with 24-
hour accident time  

Accident data were divided into 24 (15 degree) 
bins (Table 4). The mean angles of two samples 
(212.07 degree in Changsha and 211.02 degree in 

Hannover) were found. Rayleigh’s test indicated that 
the distribution was not uniform (in Changsha: p<0.05, 
r = 0.2447; in Hannover: p<0.05, r = 0.4997). The results 
indicated that the most frequently bicyclist accident 
time of a day was 14:08, the period of rush hour was 
7:44 - 20:33 (α ±S) in Changsha. In comparison in 
Hannover the most frequently time was 14:04 and the 
rush hour ranged 9:34 - 18:34 (Table 5). 

Using the Watson-William test method the value 
of t was calculated according to the Equation (5). We 
obtained t = 0.28 that is lower than t0.05 = 1.96. That 
means the most frequently bicyclist accident time in 
Changsha and Hannover are same. 
 

 
Table 4 The 24 hours circular distribution analysis 

Changsha, China Hannover, Germany 
Time 

f  α  αsinf  αcosf  f  α  αsinf  αcosf  
00:00-00:59 27 7.5 3.5 26.8 16 7.5 2.1 15.9 
01:00-01:59 18 22.5 6.9 16.6 3 22.5 1.1 2.8 
02:00-02:59 7 37.5 4.3 5.6 2 37.5 1.2 1.6 
03:00-03:59 3 52.5 2.4 1.8 3 52.5 2.4 1.8 
04:00-04:59 6 67.5 5.5 2.3 3 67.5 2.8 1.1 
05:00-05:59 10 82.5 9.9 1.3 7 82.5 6.9 0.9 
06:00-06:59 48 97.5 47.6 -6.3 33 97.5 32.7 -4.3 
07:00-07:59 94 112.5 86.8 -36.0 111 112.5 102.6 -42.5 
08:00-08:59 60 127.5 47.6 -36.5 93 127.5 73.8 -56.6 
09:00-09:59 44 142.5 26.8 -34.9 105 142.5 63.9 -83.3 
10:00-10:59 54 157.5 20.7 -49.9 127 157.5 48.6 -117.3 
11:00-11:59 57 172.5 7.4 -56.5 124 172.5 16.2 -122.9 
12:00-12:59 46 187.5 -6.0 -45.6 142 187.5 -18.5 -140.8 
13:00-13:59 56 202.5 -21.4 -51.7 121 202.5 -46.3 -111.8 
14:00-14:59 57 217.5 -34.7 -45.2 134 217.5 -81.6 -106.3 
15:00-15:59 41 232.5 -32.5 -25.0 154 232.5 -122.2 -93.7 
16:00-16:59 53 247.5 -49.0 -20.3 133 247.5 -122.9 -50.9 
17:00-17:59 62 262.5 -61.5 -8.1 146 262.5 -144.8 -19.1 
18:00-18:59 65 277.5 -64.4 8.5 139 277.5 -137.8 18.1 
19:00-19:59 43 292.5 -39.7 16.5 73 292.5 -67.4 27.9 
20:00-20:59 53 307.5 -42.0 32.3 54 307.5 -42.8 32.9 
21:00-21:59 60 322.5 -36.5 47.6 39 322.5 -23.7 30.9 
22:00-22:59 27 337.5 -10.3 24.9 22 337.5 -8.4 20.3 
23:00-23:59 22 352.5 -2.9 21.8 22 352.5 -2.9 21.8 

∑  1013  -131.6 -210.0 1806  -465.0 -773.4 

 
Table 5 Results of 24 hour circular distribution analyses 

 Changsha, China Hannover, Germany
x -0.2073 -0.4283 
y -0.1299 -0.2575 
r 0.2447 0.4997 

α 212.07 211.02 
S 96.14 67.49 

Rayleigh’s Z 60.64 450.97 

α ±S 7:44÷20:33 9:34÷18:34 

3.6 Road line type 

Comparing the accident ratio on intersections, 
bicyclist accidents took place more frequently in 
Hannover (56%) than in Changsha (13.2%) where the 
most common place of accident was straight road 
(81.4%).  We can say that for this accident place the 
situation in Changsha is opposite to that in Hannover. 
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Table 6 The distribution of bicyclist accidents vs. road line type 
Changsha, 

China 
Hannover, 
Germany Road line type 

N % N % 

Straight 825 81.4 545 30.2 
Slope 39 3.8 40 2.2 

Intersection 134 13.2 1011 56.0 
Others  15 1.5 210 11.6 
Total 1013 100 1806 100 

3.7 Type of bicyclist accidents 
The type of bicyclist accidents is shown Table 7. It 

can be found that the most common types of bicyclist 
accidents were lateral impact and front impact, in both 
Changsha and Hannover city area. However the frontal 
impact is 50% more common in Hannover than in 
Changsha. 

Table 7 Type of bicyclist accidents 
Changsha, 

China 
Hannover, 
Germany Accident type 

N % N % 

Lateral impact 527 52.0 871 48.2 
Front impact 213 21.0 629 34.8 
Rear Impact 60 5.9 75 4.2 
Scratching 133 13.1 - - 

Fall - - 103 5.7 
Roll over 1 0.1 45 2.5 

Others 79 7.8 83 4.6 
Unknown 1013 100 1806 100 

3.8 Distribution of injuries by body regions 
Table 8 shows that the lower extremities, head and 

upper extremities were found to be the most frequently 

injured. The total 345 bicyclist cases which were used 
in the Table 8 were all registered in police data in 
Changsha, while bicyclist accidents cases with no 
registered injury regions were ignored. In these police 
data only one main injured body part was registered for 
each case, but in Hannover data there are multiple 
injuries registered regarding the bicyclist casualties. So 
Changsha data can only be appropriate in the 
preliminary comparative analyses.  

Table 8 Distribution of body regions  
Changsha, 

China 
(N=345) 

Hannover, 
Germany 
(N=1806) 

 

RF *, % RF, % 

Head 31.3 37.5 
Neck 0.3 4.6 

Thorax ＆Back 2.3 22.0 
Up limbs 12.8 42.1 

Waist＆Abdomen 2.0 5.3 
Pelvis - 12.5 

Low limbs 51.3 54.1 
* RF=the number of bicyclists injured a certain part / total of casualties N 

 
Table 9 shows that the frequency of fatalities and 

injuries in urban bicyclist accidents by main body parts 
including the head, the lower extremities and the upper 
extremities. It indicates that the head is most common 
part of the bicyclist body when injuries are classified as 
serious or fatal. In Changsha, 25.9% of bicyclists 
suffered fatal head injury. In Hannover, only 1% of 
these were fatal. In Changsha some limbs injuries also 
leaded the bicyclist’s dead. The possible reason is that 
the criteria of injury severity used by Chinese 
policeman are rude. 
 

 
Table 9 Distribution of injuries by head, low limbs and up limbs for bicyclist accidents 

Changsha, China (N=345) 
(%) 

Hannover, Germany (N=1806) 
(%)  

Slightly 
injured  

Seriously 
injured Fatalities  Total Slightly 

injured  
Seriously 
injured Fatalities  No 

injuries Total 

Head 53.7 20.4 25.9 100 76.1 18.4 1.0 4.4 100 

Up limbs 86.4 9.1 4.5 100 91.5 7.0 - 1.6 100 
Low 
limbs 89.8 9.6 0.6 100 88.8 9.8 - 1.3 100 

 

4 DISCUSSION 
The present study is based upon an analysis of 

1013 bicyclist accidents in urban area of Changsha in 
China and 1806 cases in the area of Hannover in 
Germany. The evaluation method is described in 
methodology section and the available accident data 
were analyzed. The quality of data is acceptable in this 
preliminary study. The presented methodology of 
comparison of different in-depth accident studies could 

be used for evaluation of the injury risk and injury 
outcome in different countries. Such methodology can 
be used for further studies with new accident data in 
the area of special research issues. 

4.1 Involvement of vehicle 
Table 1 shows that passenger cars are most 

frequently involved in bicyclist accidents in both 
Changsha and Hannover. For this reason the safety 
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design of passenger cars considering bicyclists is vital 
for reducing the injury risk of bicyclists. It is also found 
that in Changsha compared to Hannover motorcycles, 
trucks and buses are more frequently involved in 
bicycle accidents. In addition we have to say that there 
are differences also in vehicle types. Most motorcycles 
registered in police data in Changsha are three-wheel 
light motorcycles when in Hannover are heavy 
motorcycles. Due to the difference of involved vehicles 
between countries, the priority of safety 
countermeasures should be given considering the 
frequency of involved vehicles. 

4.2 Bicyclist injuries 
The bicyclist accident is a common problem in 

both motorized countries and motorizing countries, 
which occur frequently in city area. The all results of 
the analysis of the two different areas of China and 
Germany show major resources for further 
countermeasures on car safety developments.  

It was found that both in Changsha and Hannover 
the male bicyclist had a higher rate of accidents than 
the female one. It can be explained by the fact that male 
had more opportunities to work or travel by bicycle. 
We also found that bicyclists ranged from 36-40 years 
old have a higher percentage compared with other age 
groups. It is directly related to the fact that they are 
exposed to traffic more frequently when working and 
taking part in social activities. 

The injury severity and risk to die in accident for 
bicyclists in Hannover can be seen as much lower as in 
Changsha. One possible reason of this high relative 
frequency is related to the layout of urban traffic 
network [8]. The design of road traffic system in most of 
cities in China doesn’t consider bicyclists as road users. 
Consequently bicyclists are more frequently exposed to 
a mixed traffic situation including motor vehicles. 
Therefore the risk of bicyclist fatalities is high. The 
other reason is due to that the bicyclists travel in 
Changsha without using any helmets. The protection 
effect of helmets in bicycle accident is known since 
1980’s. For example, a conclusion was made by Kroon 
et al. [9] that bicycle helmets, even simple ones, could 
be recommended for cyclists of all categories as they 
protect against head injuries, at least against head 
injuries of minor severity. Another report [10] stated that 
the risks of serious head injuries had reduced by 85% 
with wearing helmets in vehicle-bicyclist accidents.  

As it was shown in Table 3, frequency distribution 
of fatalities by the age in Changsha is quite different 
from that in Hannover. The possible reason for this 
situation is that bicycles are used differently in these 
two countries. In China, bicycles is one of the most 
popular means for living and work and are often chosen 
by middle aged people. In Germany, bikes are usually 

used by young and the elderly for pleasure, trip and 
besides commuting purpose.  

The findings of the distribution of bicyclist 
injuries were compared in our study between the 
results from both cities. As a common tendency, the 
head, lower extremities and upper limbs have been 
found to be the most frequently injured body regions. 
This confirmed the findings from several studies 
performed already at 80’s and 90’s in European 
countries [11, 12]. 

4.3 Accident time 
Initial approaches using a linear scale were not 

fruitful. For this reason 24-hour time distribution of 
accidents was analyzed by circular distribution method. 
The most frequently bicyclist accident time of a day 
was proved to be existed by Rayleigh’s Z test and the 
rush hours of bicyclist accidents in Changsha and 
Hannover were tested to be identical by Watson-
William method. Whereas the period of heavy traffic in 
a day in Changsha is longer than that in Hannover: 
7:44-20:33 versus 9:34-18:34.  

4.4 Accident type & road line type 
Lateral impact is the most frequent type of 

bicyclist accident. According to results from the study 
we can see that most accident cases in Hannover 
occurred at intersection. However in Changsha the 
main accident places is straight road. These results 
indicate that it is a potential to improve the bicyclists 
safety in both cities. 

4.5 Limitations 
It is has to be noticed that the limitations existed 

in the study. The data sources partly reflect the real 
situations of bicyclists in traffic accidents in Changsha 
and Hannover and not in the whole country. Compared 
to this the data of GIDAS are comprehensive and give 
information on every issue of accident and injury 
details.  

Another problem existed with the police records 
in Changsha: they provided data on the injury severity 
that seldom included exact details of the locations and 
severity of the injuries. Therefore it make difficult to 
compare them with the injuries coded according to the 
AIS. This problem can be solved by further in-depth 
studies using detailed accident data collected from 
hospital and police sectors, as well as on-site and 
retrospective investigations.  

5 CONCLUSIONS 
Bicyclists represent a group of vulnerable road 

users with high risk of injuries, therefore a priority 
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should be given to this road user group in research of 
safe urban transportation.  

There are some similarities regarding bicycle 
accidents in developed country (Hannover, Germany) 
and developing one (Changsha, China). Male bicyclist 
shows a higher involvement rate in vehicle-to-bicycle 
accidents than female one. Passenger cars are most 
frequently involved in bicyclist accidents. The most 
bicyclist cases occurred at the same time of a day. The study 
confirmed that head, lower extremity and upper limbs injuries 
are dominant. The head injuries are the main cause for the 
high frequency of bicyclist fatalities especially in Changsha.  

There are also some differences between the two 
cities,. It was found that in Changsha the frequency of 
bicyclist fatalities is much higher, more often young 
bicyclists are involved in fatal accidents and the time 
period of rush hour is longer, besides accident place in 
Changsha is opposite to that in Hannover.  

There are different possibilities to reduce the 
number and the risk of bicyclist fatalities in Changsha. 
One of the possible solutions is to make the use of helmets 
popular because it has good protection effect. 

The further in-depth study is needed to develop 
efficient counter-measures for improvement of bicyclist 
safety.  
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ABSTRACT 

There are various types of child restraint systems 
(CRSs), and the child kinematic response behavior 
during a crash is different according to which CRS 
type is being used. In general, P3, Q3 and Hybrid III 
3-year-old (3YO) dummies are used to evaluate the 
performance of the forward-facing CRSs in sled and 
crash tests. In this study, the Hybrid III 3YO and Q3 
dummies were seated in 7 types of CRSs and were 
tested under the impact conditions specified in ECE 
R44. The tested CRSs include a 5-point harness and 
an impact shield, and their installations on the 
vehicle seat were accomplished by using the seat belt 
or the ISOFIX with a top tether. The dummy 
response and injury measures were compared. 

The neck flexed in the 5-point harness CRS and the 
chest deflection was small due to the shoulder 
harness restraint. In the impact shield CRS, the chest 
was loaded and the chest deflection was large. The 
chest deflection in the impact shield CRS depends on 
the shield structure, and it was small when the shield 
supported the pelvis. For the 5-point harness CRS, 
the injury measures of the dummy were smaller in 
the ISOFIX CRS with a top tether than in the seat 
belt installed CRS, especially that for the head 
excursion. For the impact shield CRS, the injury 
measures were comparable between the ISOFIX CRS 
with a top tether and in the seat belt installed CRS. 

The global dummy kinematic behavior was 
comparable between the Hybrid III 3YO and Q3 
dummies, though the Q3 showed more flexible 
behavior. This less-stiff characteristics of the Q3 
affected the head kinematic behavior. In the 5-point 
harness CRS, the neck tension force of the Q3 was 
higher than that for the Hybrid III 3YO, possibly 
because the Q3 head severely contacted the chest due 
to its less-stiff neck. The chest deflection of the Q3 
was larger than that of Hybrid III 3YO. This large 

chest deflection was more prominent for the impact 
shield CRS where the chest was directly loaded. The 
bottoming-out of the chest occurred for the Hybrid 
III 3YO seated in the impact shield CRS.  

INTRODUCTION 

There are various types of child restraint systems 
(CRSs) such as 5-point harness and impact shield 
CRS. Langwieder et al. [1] have shown that the 
injury risks to children were low in the impact shield 
CRS. This likely is due to less frequent misuse of the 
impact shield CRSs. However, in an impact shield 
CRS tested in the Japan New Car Assessment 
Program (JNCAP) CRS test, the chest deflection of 
the Hybrid III 3YO dummy was so large that a 
bottoming-out of the chest occurred.  

In Japan, the Japan Automobile Federation (JAF) 
examined CRS usages in the field. Seventy percent 
of CRSs were misused, and most of the misuse was 
due to seat belt slack that was introduced during 
installation of the CRS on the vehicle seat. An 
ISOFIX installation reduces this kind of misuse. On 
the other hand, since the ISOFIX CRS with a top 
tether is tightly connected to the vehicle seat, the 
impact response of a child seated in the ISOFIX CRS 
with a top tether could be affected by the vehicle 
acceleration.  

In the ECE R44, a P dummy is specified for use in 
the dynamic test of the CRS. However, it is indicated 
that the measurement capacity of the P dummy is 
limited. Therefore, a new child dummy, the Q 
dummy, was developed and is under investigation. 
Meanwhile, in the US, the Hybrid III 3YO (3-year-
old) dummy is used in the FMVSS 213. In Japan, the 
Hybrid III 3YO dummy is used in JNCAP to 
evaluate the dynamic performance of forward facing 
CRSs. 
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There are some studies that have compared the 
Hybrid III 3YO, P3 and Q3 dummies. Ratingen [2] 
compared the P3 and Q3 behavior in the ECE R44 
test. He concluded that the injury measures of both 
dummies were comparable if the injury criteria 
prescribed in the ECE R44 were used. Crandall et al. 
[3] identified the mechanical characteristics of the 
neck of the Hybrid III 3YO and Q3 dummies based 
on laboratory testing, and indicated that the Hybrid 
III 3YO neck has a stiffer spring constant than that of 
the Q3. Berliner et al. [4] examined the dummy 
responses of the Hybrid III 3YO and Q3 dummies in 
dummy calibration tests and static out-of-position 
airbag tests. In the dummy thorax pendulum impact 
calibration test condition, the Q3 showed stiffer chest 
characteristics than the Hybrid III 3YO. Based on 
finite element (FE) simulations, Kapoor et al. [5] 
compared the kinematic behavior of the Hybrid III 
3YO and Q3, under the FMVSS 213 test condition. 
The acceleration of the head and chest was 
comparable between the Hybrid III 3YO and the Q3. 
The neck of the Hybrid III 3YO was stiffer than that 
of the Q3. The head excursion of the Q3 was larger 
than the Hybrid III 3YO. They also compared the 
Hybrid III 3YO and Q3 dummy responses with a 
child FE model, and found that the Q3 responses are 
more comparable with the child FE model with 
respect to the head excursion and neck stiffness.  

In this study, sled tests were carried out using Hybrid 
III 3YO and Q3 dummies seated in 7 types of CRSs. 
The dummy responses were compared for a 5-point 
harness CRS and an impact shield CRS under install 
conditions on the vehicle seat by a seat belt and by an 
ISOFIX with a top tether. The Hybrid III 3YO and 
Q3 kinematic behavior and injury measures were 
compared for these various types of CRSs. 

 
METHOD 

Test Conditions 

Figure 1 and Table 1 show the tested CRSs and their 
specifications. In classification of child restraint type, 
CRSs A, B, C are an impact shield CRS, and  the 
CRSs D, E, F, G are a 5-point harness CRS. In 
classification of CRS installation on vehicle, the 
CRSs A, B, D, F are installed by the seatbelt, and  
CRSs C, E, G are an ISOFIX with a top tether type 
CRS. The CRSs B and C, CRSs D and E, or CRSs F 
and G are models made by the same manufacturer, 
and the difference between the two models is the car 
seat installation of the CRS with a seat belt or with 
an ISOFIX and a top tether. In a CRS A tested in 
JNCAP, the chest deflection of the Hybrid III 3YO 
was so large that the chest was bottomed out. The 
CRSs A and B are an impact shield type CRS, and 
the shield height of CRS B was higher than that of 
CRS A, which covered an area ranging from the 

thorax to the pelvis of the dummy. The two types of 
5-point harness CRS were tested in order to confirm 
that the same type CRS has comparable performance 
of dummies kinematic behavior and injury measures.  

Figure 2 shows the tested dummies. As indicated 
above, Hybrid III 3YO and Q3 dummies were used 
in the tests.  

Test conditions with CRS and dummy are presented 
in Table 2. An acceleration-type sled facility was 
used in the tests (Figure 3). The tests were conducted 
in accordance with ECE R44 with the exception that 
the Hybrid III 3YO and Q3 dummies were used 
instead of the P3 dummy. The acceleration of the 
sled and its corridors are shown in Figure 4. Table 3 
shows the injury assessment reference values 
(IARVs). HIC15, neck tension force, chest deflection, 
and head excursion are checked as dummy injury 
criteria. The dummy injury measures were compared 
with the IARVs. For the Hybrid III 3YO, the 
acceptance levels of FMVSS 208 were used. For the 
IARVs of the Q3, the AIS 3 at a 50% risk level was 
used as based on the logistic regression (LR) injury 
risk curves from the EEVC report [6].  

     
  (a) A                     (b) B                       (c) C 

 

    
(d) D                     (e)E 

 

    
 (f) F                  (g) G 

 
Figure 1. Tested CRSs 
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Table 1. Type of tested CRSs 

CRS A B C

type of restraint impact shield impact shield impact shield

type of anchorage seat belt seat belt ISOFIX + top tether

CRS D E F G

type of restraint 5-point harnes 5-point harness 5-point harness 5-point harness

type of anchorage seatbelt ISOFIX + top tether seat belt ISOFIX + top tether  
 

       
(a) Hybrid III 3YO         (b) Q3 
 

Figure 2. Tested dummies 
 

Table 2. Test conditions 
Test No. 1 2 3 4 5

CRS A B C D E

Dummy Hybrid III 3YO Hybrid III 3YO Hybrid III 3YO Hybrid III 3YO Hybrid III 3YO

Test No. 6 7 8 9 10

CRS F G A B C

Dummy Hybrid III 3YO Hybrid III 3YO Q3 Q3 Q3

Test No. 11 12 13 14

CRS D E F G

Dummy Q3 Q3 Q3 Q3  
 

 
Figure 3. Sled system 
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Figure 4. Sled acceleration 

 
 
 
 

Table 3. Injury criteria 

Hybrid III 3YO
(FMVSS208)

Q3
(EEVC report)

HIC15 570 1000
Neck tension force 1130 N 1705 N

Chest deflection 34 mm 53 mm
Head excursion 550 mm 550 mm

IARV
injury criteria

 
 
FE Simulation 

To examine the interaction of the shield with a 
dummy, an FE simulation with a Hybrid III 3YO 
dummy model using LS-DYNA was carried out. The 
FE models of CRS A and B were developed because 
they have difference in the shield shape. Figure 5 
shows the CRS model. 
 

 

CRS Shield

ECE seat

Hybrid III FE Model 

Shoulder belt 

Lap belt 

CRS seat Slip ring

Sled pulse

Buckle

CRS Shield

ECE seat

Hybrid III FE Model 

Shoulder belt 

Lap belt 

CRS seat Slip ring

Sled pulse

Buckle

 
Figure 5. FE model for the CRS sled test 

 
RESULTS 

Sled Tests 

Dummy Kinematic Behavior 

The dummy showed different kinematic behavior 
according to which CRS type was being used. 
Figure 6 shows the kinematic behavior for a dummy 
seated in the impact shield CRSs (CRS B and C) and 
the 5-point harness CRSs (CRS F and G) at the point 
in time during the test when the head excursion was 
at its maximum. In the impact shield CRSs, the 
dummies were restrained by the shield and the torso 
flexion angle was large. The head made contact with 
the shield. The dummies in the CRSs installed with a 
seat belt had substantial yawing rotation while the 
dummies in the ISOFIX CRSs with a top tether had 
no yawing rotation. The dummies’ forward 
movement in the impact shield CRSs was similar for 
both the CRS installed by a seat belt and the ISOFIX 
CRS, though the forward movement of the CRS 
installed by a seat belt was much larger than that for 
the ISOFIX CRS. In the 5-point harness ISOFIX 
CRS with a top tether, the CRS forward movement 
was small with the ISOFIX attachment, and the CRS 
forward pitching was small with the top tether. In the 
5-point harness CRS installed with a seat belt, the 
CRS forward movement and forward pitching were 
large because of the stretch of seat belt. As a result 
the dummy’s forward movement in the CRS installed 
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seat belt was larger than that in the ISOFIX CRS 
with a top tether. The flexion angle of the dummy 
torso was small since the dummy was restrained by 
the CRS shell with shoulder harness. The Hybrid III 
3YO and Q3 dummies showed almost similar 
behavior. In the impact shield CRS, the head flexion 
angles were similar between the Hybrid III 3YO and 
the Q3. In the 5-point harness CRS, the head rotation 
angle of the Hybrid III was smaller than that of the 
Q3, which indicated that the Q3 is more flexible than 
the Hybrid III 3YO.  

 

  
(a) Hybrid III in CRS B      (b) Hybrid III in CRS C 

  
(c) Q3 in CRS B                (d) Q3 in CRS C 

  
(e) Hybrid III in CRS F      (f) Hybrid III in CRS G 

  
(g) Q3 in CRS F                (h) Q3 in CRS G 

Figure 6. Dummy behaviors at the time of head 
maximum excursion 

 
The difference in dummy behavior was also observed 
for the impact shield CRSs A and B of which the 
shield shape was different. Figure 7 shows the 
dummy kinematic behavior in CRS A and B at a 
point during the tests when the chest deflection was 
at its maximum. The dummy foot forward motion 
was larger in the CRS A than in the CRS B, which 
indicates that the pelvis restraint was different 
between CRSs A and B. 

   
(a) Hybrid III in CRS A         (b) Q3 in CRS A 

  
(c) Hybrid III in CRS B          (d) Q3 in CRS B 
Figure 7. Dummy behavior at the time of maximum 

chest deflection in impact shield CRS A and B 
 
 
Figure 8 shows the dummy behavior in CRSs E and 
G at the time during the test when the head excursion 
was maximal. The dummy behavior of the different 
5-point harness CRSs was similar.   
 

  
(a) Hybrid III in CRS E      (b) Hybrid III in CRS G 

 
(c) Q3 in CRS E                (d) Q3 in CRS G 

Figure 8. Dummy behaviors at the time of head 
maximum excursion in 5-point harness CRS E and G 
 
 
Dummy Readings 

Figures 9 and 10 shows the head, chest, and pelvis 
acceleration time histories for the impact shield 
CRSs and the 5-point harness CRSs, respectively. In 
the impact shield CRSs, the chest and head 
accelerations were similar in the tests even though 
the CRS type and dummy types were different. For 
the impact shield CRSs, the pelvis and the chest 
accelerations started to increase almost 
simultaneously, and finally the head acceleration 
increased. The pelvis acceleration was delayed in the 
CRS A as compared with CRSs B and C for Hybrid 
III 3YO and Q3. In the impact shield CRSs, the 
accelerations of head, chest, and pelvis were similar 
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for Hybrid III 3YO and Q3. The delay of the pelvis 
acceleration in CRS A as compared to the responses 
in CRSs B and C occurred because of the shield 
structure. 

The acceleration of each body region started later in 
the 5-point harness CRS than in the impact shield 
CRS. For the 5-point harness CRSs, the pelvis 
acceleration stared to increase with the lap harness 
restraint, then the chest acceleration increased with 
the shoulder harness, and finally the head 
acceleration increased. In the 5-point harness CRSs, 
the accelerations of each body regions were different 
by the CRSs. By comparison with the CRS 
manufacturer, the acceleration of the dummy in the 
CRS F or G started earlier than that for the CRS D or 
E. The pelvis accelerations were comparable between 
the Hybrid III 3YO and Q3 dummies. The chest 
acceleration of the Q3 dropped temporarily around 
80 ms though this phenomenon was not observed for 
the Hybrid III 3YO. The head acceleration of Q3 also 
dropped during its increase. The Q3 head 
acceleration had a sharp peak which was not 
observed in the acceleration of the Hybrid III 3YO. 

The accelerations of the dummy were compared by 
the CRS installation method on the vehicle seat, such 
as the seat belt installed CRS and the ISOFIX CRS 
with a top tether. The accelerations of each body 
region were comparable in the impact shield CRSs. 
For the 5-point harness CRS, the accelerations 
increased earlier for the ISOFIX CRS with a top 
tether than for the seat belt installed CRS in both 
Hybrid III 3YO and Q3 dummies. In comparison of 
the 5-point harness CRS with the same manufacturer 
(CRS D, E or CRS F, G), the peak accelerations of 
the dummy were smaller in the ISOFIX CRS with a 
top tether than that in the seat belt installed CRS. 

The dummy accelerations start times were 
comparable between the impact shield CRSs and the 
5-point harness ISOFIX CRSs with a top tether.  

 
 

Hybrid III in CRS A Q3 in CRS A Hybrid III in CRS B
Q3 in CRS B Hybrid III in CRS C Q3 in CRS C
Hybrid III in CRS A Q3 in CRS A Hybrid III in CRS B
Q3 in CRS B Hybrid III in CRS C Q3 in CRS C
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(a) Head Acceleration 
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 (b) Chest Acceleration 
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(c) Pelvic Acceleration 

Figure 9. Dummies in impact shield CRSs 
acceleration time histories 
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Hybrid III in CRS D Q3 in CRS D Hybrid III in CRS E
Q3 in CRS E Hybrid III in CRS F Q3 in CRS F

Hybrid III in CRS G Q3 in CRS G

Hybrid III in CRS D Q3 in CRS D Hybrid III in CRS E
Q3 in CRS E Hybrid III in CRS F Q3 in CRS F

Hybrid III in CRS G Q3 in CRS G  
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 (a) Head acceleration 
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(b) Chest acceleration 
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(c) Pelvic acceleration 

Figure 10. Dummies in 5-point harness CRSs 
acceleration time histories 

 
 
 

Figure 11 shows the accelerations of the head and 
chest, and the chin/chest contact sensor of the Q3 
seated in CRS E. The Q3 kinematic behavior at 
70 ms is shown in Figure 12. After the chin and chest 
contacted, the head acceleration increased and the 
chest acceleration decreased. But it is unknown 
whether there is a correlation between the contact of 
the chin to the chest and the decrease in chest 
acceleration.  Figure 13 shows the Q3 after Test 12. 
As can be seen, there were traces of contact of 
chin/clavicle and clavicle/spine (by noting the blue 
grease paint).  

 

 
Head Chest touch sensorHead Chest touch sensor  

-100

0

100

200

300

400

500

600

700

800

0 20 40 60 80 100 120 140 160

time(ms)

A
cc

el
er

at
io

n 
(m

/s
2)

At the time of Dummy’s 
chin touched the chest

Drop of chest acceleration

Peak and Drop of head acceleration

-100

0

100

200

300

400

500

600

700

800

0 20 40 60 80 100 120 140 160

time(ms)

A
cc

el
er

at
io

n 
(m

/s
2)

At the time of Dummy’s 
chin touched the chest

Drop of chest acceleration

Peak and Drop of head acceleration

 
Figure 11.  Head and chest acceleration time histories 

of dummy in CRS E 
 
 

 

 
Figure 12.  Q3 behavior at 70ms in CRS E 

 
 

 

 
Figure 13.  Touched sign of Q3 Dummy clavicles 
and spine after the test of 5-point harness CRSs 

 
 
 
Figure 14 shows the upper neck tension force time 
histories. Figure 15 shows the upper neck shear force 
time histories. In all CRSs, the upper neck tension 
force of the Q3 was larger than that of the Hybrid III 
3YO. In the impact shield CRSs where the dummy 
head impacts the shield, the difference of the upper 
neck force between the Hybrid III 3YO and the Q3 
was small. For the 5-point harness CRSs, there was a 
large difference of upper neck tension force between 
the Hybrid III 3YO and the Q3. The upper neck shear  
forces were small in the 5-point harness CRSs for the 
Q3, while they were large for the Hybrid III 3YO. 
Accordingly, for the 5-point harness CRSs, the 
flexion angle of the dummy torso was small, so the 
difference of the neck stiffness between the Hybrid 
III 3YO and the Q3 dummies had a large influence. 
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The tension and shear force of the dummy were 
comparable in the seat belt installed CRSs and the 
ISOFIX CRSs with a top tether.  

Figure 16 shows the upper neck moments. The neck 
moment was larger for the 5-point harness CRSs than  
for the impact shield CRSs because the neck flexion 
angle was larger in the 5-point CRSs. In all CRSs, 
the upper neck moment of the Hybrid III 3 YO was 
larger than that of the Q3.  
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(b) 5-point harness CRSs 

Figure 14. Time histories of upper neck tension force 
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(b) 5-point harness CRSs 

Figure 15. Time histories of upper neck shear force 
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(a) Impact shield CRSs 
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(b) 5-point harness CRSs 

Figure 16. Time histories of upper neck moment 
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Chest deflection time histories are shown in 
Figure 17. The chest deflection was larger in the 
impact shield CRSs than that in the 5-point harness 
CRSs. The Q3 had larger chest deflections than the 
Hybrid III 3YO. For the Hybrid III 3YO seated in the 
CRS A, a flat top occurred in the chest deflection. In 
the CRSs B and C, it did not occur. 
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(a) Impact shield CRSs 

 
Q3 in CRS DHybrid III in CRS D

Q3 in CRS E

Hybrid III in CRS E

Q3 in CRS FHybrid III in CRS F

Q3 in CRS GHybrid III in CRS G

Q3 in CRS DHybrid III in CRS D
Q3 in CRS E

Hybrid III in CRS E

Q3 in CRS FHybrid III in CRS F

Q3 in CRS GHybrid III in CRS G  

0

10

20

30

40

50

60

0 20 40 60 80 100 120 140 160

Time (ms)

D
ef

le
ct

io
n 

(m
m

 
(b) 5-point harness CRSs 

Figure 17. Time histories of chest deflection 

 
 
Injury Measures 

Table 4 presents the HIC15, neck tension force, chest 
deflection, and maximum head excursion. Figure 18 
shows the ratio of the injury measures to the IARVs 
for the Hybrid III 3YO and Q3 dummies. The HIC15 
was less than the IARV for all tests. The HIC15 
ranges from 237 to 426 with the various CRS types, 
and the differences of HIC15 between the Hybrid III 
3YO and the Q3 dummies were small.  

The neck tension forces exceeded the IARV in all 
tests except Test 8 (CRS A with Q3). In Test 8, the 
neck tension force was 1704 N, which was 
comparable with IARV (1705 N). In comparing the 
responses of the Hybrid III 3YO and Q3, the neck 
tension forces of the Hybrid III 3YO and Q3 were 
comparable for the impact shield CRSs (CRS A, B, 
C). However, on the other hand, the neck tension 
forces of the Q3 were larger than those of the Hybrid 

III 3YO for the 5-point harness CRSs (CRS D, E, F, 
G).  

The chest deflections of the dummies in the impact 
shield CRSs (CRS A, B, C) were substantially larger 
than that for the dummies in the 5-point harness 
CRSs, and they were close or exceeded the IARVs. 
The chest deflections of the Q3 were larger than 
those of the Hybrid III 3YO by 13-18 mm. In CRS A, 
the chest deflections were over the IARVs for both 
the Hybrid III 3YO and the Q3 dummies.  

The head forward excursions were less than the 
IARV (i.e., 550 mm) for all tests. Head excursions 
were about 500 mm for all the seat belt installed 
CRSs. For the 5-point harness ISOFIX with a top 
tether CRSs (CRS E, G), the head excursions were 
far smaller than the 550 mm. However, even for the 
ISOFIX with a top tether CRSs, the head excursion 
in the impact shield ISOFIX and a top tether CRS 
(CRS C) was slightly larger than that in the CRS B, 
which was installed by the seat belt.  

The injury measures of the dummy were compared 
between the seatbelt installed CRSs and the ISOFIX 
and a top tether CRSs. For the 5-point harness CRSs, 
the injury measures of the dummy seated in the 
ISOFIX and a top tether CRSs were comparable or 
smaller than those in the CRSs installed by the seat 
belt. For the impact shield CRSs, the injury measures 
were comparable between the seatbelt installed CRSs 
and the ISOFIX and a top tether CRSs. 

The rank order of the injury measures was almost 
similar between Hybrid III 3YO and Q3. 

 

Table 4.  Injury Measures  
Dummy

CRS A B C D E F G IARV*

HIC15 295 344 305 410 242 384 280 570

Chest Deflection
(mm) 39 31 32 18 14 15 13 34

Neck upper
tension force (N) 1385 1920 1586 1783 1290 1594 1437 1130

Head excursion
(mm) 474 442 523 481 289 495 303 550

Dummy

CRS A B C D E F G IARV*

HIC15 354 306 279 426 237 383 329 1000

Chest Deflection
(mm) 56 48 48 34 31 28 31 53

Neck upper
tension force (N) 1704 1923 1716 2574 2382 2584 2515 1705

Head excursion
(mm) 470 493 522 536 363 503 336 550

Hybrid III 3YO

Q3
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Hybrid III ratio of injury criteria to IARV*
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(a) Hybrid III 3YO 

 

Q3 ratio of injury criteria to IARV*
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(b) Q3 

Figure 18. Ratio of injury criteria to IARV 
 

 
FE Analysis 

The kinematic behavior of the Hybrid III 3YO in the 
CRSs A and B from the FE simulation is shown in 
Figure 19. In CRS A, the pelvis rotated and only the 
upper edge of the ilium made contact with the shield. 
Therefore, the inertial forces of the lower extremities 
were not supported by the shield. As a result, loading 
of the Hybrid III 3YO was concentrated on the 
thorax. On the other hand, in CRS B, the shield 
interacted with the ilium, and thus prevented forward 
motion of the pelvis. Accordingly, the shield shape 
has a large influence on the pelvis interaction 

 

 

 
(a) Hybrid III 3YO in CRS A  

 
(b) Hybrid III 3YO in CRS B 

Figure 19. Dummy kinematic behavior in FE analysis 
 
 
DISCUSSION 

The Q3 dummy showed more flexible behavior in 
flexion than the Hybrid III 3YO. The head of the Q3 
flexed at a large angle as compared to the Hybrid III 
3YO dummy. This flexible behavior of the Q3 
affected the head acceleration and neck forces. In the 
5-point harness CRSs, the head acceleration of the 
Q3 increased later during the crash than that of the 
Hybrid III 3YO (see Figure 10(a)). The shear forces 
of the Hybrid III 3YO were larger than that of the Q3 
(see Figure 15). The stiffness of the Q3 is smaller 
than that of the Hybrid III 3YO. Then, during head 
swing motion, the transfer force of the neck would be 
small for the Q3, which leads to small head 
acceleration. Since the Q3 chin made contact with 
the thorax more severely than that for the Hybrid III 
3YO, the upper neck tension of Q3 was larger. For 
the Q3, due to chin/thorax contact, the clavicles 
interacted with the spine, which might cause 
oscillations in the chest acceleration. In the impact 
shield CRSs, the neck force was similar between the 
Hybrid III 3YO and the Q3. This is because the head 
made contact with the shield and there were no 
chin/thorax contacts.  

The chest deflection was different in the dummy 
types (Hybrid III 3YO and Q3) as well as in the CRS 
types. The chest deflections of the dummy in the 
impact shield CRSs were larger than those in the 5-
point harness CRSs since the shield restrained and 
loaded the chest in the impact shield CRSs. In all 
tests, the chest deflection of Q3 was larger than the 
Hybrid III 3YO by 13-18 mm. The likely reason is 
that the Q3 thorax is less-stiff than the Hybrid III 
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3YO, and the rib cage of the Q3 is cone-shape. In 
CRS A, a flat top was observed in the chest 
deflection time history for the Hybrid III 3YO. This 
is likely due to the bottoming-out of the chest. For 
the Q3 seated in the CRS A, the chest deflection was 
larger than the Hybrid III 3YO, though the 
bottoming-out of the chest did not occur. The upper 
limit of the measurement of the chest deflection of 
the Q3 is larger than that for the Hybrid III 3YO. 
Thus, the Q3 could be used in tests where there are 
more severe loading conditions to chest. 

Even for the impact shield, the bottoming-out of the 
Hybrid III 3YO chest did not occur in the CRSs B 
and C. This is likely due to the structure of the shield. 
As shown in Figures 7 and 19, the shield of the CRS 
B restrained the pelvis as compared to the CRS A. As 
the pelvis forward motion was limited in the CRS B, 
the shear force transferred from the pelvis to the 
chest was small, which led to a small chest deflection. 
The pelvis restraint condition was also reflected in 
the pelvis acceleration which started late in the CRS 
A (see Figure 9). Based on the tests, it was 
demonstrated that the chest deflection could be less 
than the IARV with the structure of the impact shield 
CRS, even though the chest was loaded by the shield. 

In the impact shield CRS, the dummy was restrained 
by the shield and the torso flexion angle was large 
and the neck flexion angle was small (see Figure 6). 
As a result, the influence of the less-stiff 
characteristic of the neck was small and the 
accelerations of the head, chest, and pelvis were 
similar for the Hybrid III 3YO and Q3 dummies. 

In this study, the ISOFIX CRSs with a top tether and 
the seat belt installed CRSs were compared. The 
injury measures of the Hybrid III 3YO and Q3 
dummies were smaller in the ISOFIX CRSs with a 
top tether than in the seat belt installed CRSs, 
especially for the head excursion. Since the seat belt 
slack is smaller in the ISOFIX CRS with a top tether 
than in the seat belt installed CRSs, the child dummy 
moved earlier in the ISOFIX CRSs with a top tether. 
Thus, as shown in Figure 10, the dummy acceleration 
started early in the ISOFIX CRS with a top tether. As 
a result, the difference of speed between the dummy 
and CRS at the start of  dummy movement was 
smaller in the ISOFIX CRSs with a top tether than in 
the seat belt installed CRSs, and the necessary energy 
for the dummy to catch up with the CRS was small. 
Accordingly, the loading to the dummy was small. In 
the impact shield CRSs, the injury measures of the 
dummy were comparable between the ISOFIX CRSs 
with a top tether and the seat belt installed CRSs. In 
the impact shield CRSs, the shield is installed by the 
belt. Therefore, the dummy loadings would be 
strongly affected by the belt characteristics in the 
impact shield CRSs. The 5-point harness CRSs have 
two belt systems which consist of harness and seat 

belt. The ISOFIX CRSs with a top tether and impact 
shield CRSs have one belt system. The number of 
belt systems can affect the restraint start time of the 
dummy. 

In all tests, the neck injury measures exceeded the 
IARV for the Hybrid III 3YO and Q3 dummies. In 
accidents, neck injuries of children are not frequent if 
head contact does not occur. The neck stiffness and 
the chin/chest contact characteristic of the dummy 
can affect the neck injury measures. Accordingly, 
research is needed to investigate the dummy 
characteristics as well as the IARV of the child neck.  

The Q3 dummy used in this study was a first edition 
device. In the current generation of Q3s, the 
characteristics of the Q3 may have been improved. 

SUMMARY 

The Hybrid III 3YO and Q3 dummies seated in a 5-
point harness CRS and an impact shield CRS were 
tested using ECE R44 impact conditions. The results 
are summarized as follows: 

1. The dummies showed different kinematics by 
the CRS types. The neck flexed in the 5-point 
harness CRSs, whereas the torso flexed around 
the shield in the impact shield CRSs.  

2. In the impact shield CRSs, the chest deflection 
was large, since the chest was directly loaded. 
The chest deflection could be less than the 
IARV, which is dependent on the shield 
structure and on the shield supporting the pelvis.  

3. For the 5-point harness CRSs, the injury 
measures of the dummy were smaller in the 
ISOFIX CRS with a top tether than in the seat 
belt installed CRSs. The head excursion was far 
smaller than 550 mm in the 5-point harness 
ISOFIX CRS with a top tether. For the impact 
shield CRSs, the injury measures were 
comparable between the ISOFIX CRSs with a 
top tether and the seat belt installed CRSs. 

4. In general, the kinematic behavior was 
comparable between the Hybrid III 3YO and 
Q3 dummies, though the Q3 showed more 
flexible behavior.  

5. The chest deflection of the Q3 dummy was 
larger than that of Hybrid III 3YO dummy. This 
large chest deflection was more prominent for 
the impact shield CRS. The bottoming-out of 
the chest occurred for the Hybrid III 3YO 
seated in one type of impact shield CRS. 

6. In all tests, the neck injury measures exceeded 
the IARVs. Further research is needed for 
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investigating the dummy neck characteristics 
and IARVs. 
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ABSTRACT 
 
The purpose of the current study is to investigate whether there was a statistically significant relationship between vertical roof 
intrusion and the probability of occupant ejection in rollovers that are likely to be covered by Federal Motor Vehicle Safety Standard 
No. 216 (FMVSS No. 216). If such a relationship did exist, FMVSS No. 216 might affect the number of occupant ejections in 
rollovers.  
 
The study applies thirty six different statistical models to crash data to model the probability of occupant ejection using a number of 
explanatory variables, including the amount of vertical roof intrusion. The data is on vehicle occupants who were involved in relevant 
rollover crashes, and is taken from NASS CDS for years 1997 to 2006 (n = 5,562). Though the study considers a number of different 
models, it does not find a statistically significant relationship between vertical roof intrusion in relevant rollovers and the probability 
of complete occupant ejection. When ejections of any degree are considered (whether complete, partial, or of unknown degree), there 
was a statistically significant relationship in some subpopulations.  
 
Given that no relationship has been found between the amount of vertical roof intrusion and the probability of complete occupant 
ejection, increasing roof strength is unlikely to impact the number of complete occupant ejections. The study is limited to occupants in 
rollovers that are likely to be covered by FMVSS No. 216, and to occupants for whom key data, such as the amount of vertical roof 
intrusion, are available. 
 
INTRODUCTION 
 
Purpose. Austin et al. (2005) and Strashny (2007) have established the existence of a statistically significant relationship between the 
maximum severity of head, neck, and face injuries due to occupant roof contact that occurred in rollovers that were likely to be 
covered by Federal Motor Vehicle Safety Standard (FMVSS) No. 216 and the amount of vertical roof intrusion. The occupants 
considered in those reports were belted and not completely ejected. The purpose of the current report is to investigate whether there 
was also a statistically significant relationship between vertical roof intrusion and occupant ejection. The rollovers considered 
(“relevant rollovers”) are those likely to be covered by FMVSS No. 216, with the exception that this report is not placing restrictions 
on occupant seat belt use or ejection status.  
 
Data. The data is from the National Automotive Sampling System Crashworthiness Data System (NASS CDS) for years 1997 to 
2006. NASS CDS is a complex, random sample of crashes involving at least one passenger car or “light truck or van” (LTV), defined 
by a gross vehicle weight rating of 4,536 kilograms (10,000 pounds) or less, that was towed due to damage.  The beginning year of 
1997 was selected because it was the first year that NASS CDS coded continuous vertical roof intrusion measures. Prior to that year, 
NASS CDS coded intrusion in categories with ranges that were too wide to be of use in this study. The ending year of 2006 was the 
most current year available at the time of this analysis. Note that the database codes intrusion in centimeters. For this report, 
measurements have been converted to inches.  
 
This study analyzes occupants of automobiles, utility vehicles, light-duty pickup trucks, and light-duty vans that were involved in 
single-vehicle rollover crashes. The following vehicles were excluded from the analysis: (1) convertibles; (2) vehicles that rolled only 
one quarter-turn to the side, since they did not have roof-to-ground exposure; and (3) vehicles that had been towing a trailing unit or 
that were multistage or certified altered vehicle, because changes may have been made to the roof structure in such vehicles. To be 
consistent with the target population used in the FMVSS No. 216 regulatory analyses, the occupants of interest were seated in one of 
the two outboard front seats (seating positions 11 and 13) and were 13 years old or older. Unlike in Austin et al. (2005) and Strashny 
(2007), occupants were not excluded from the analysis based on their seat belt use status, ejection status, or the model year of their 
vehicle.  
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Method. Probability of ejection was analyzed using the probit model. Thirty-six statistical models were estimated. These models 
differed in the dependent variables, independent variables, and the data subset used. Two different dependent variables were used to 
indicate ejection status. These were:  

1. “complete ejection” (C), indicating whether the occupant was completely ejected or not; and  
2. “any ejection” (A), indicating whether the occupant was ejected (to any degree, including completely, partially, and to 

unknown degree) or not.   
 
Some models contained a continuous intrusion variable, measured in inches, as an independent variable. Other models contained a 
dichotomous intrusion variable. In this case, the dichotomous variable was set to 0 if there was no intrusion and to 1 if there was 
intrusion.  
 
Some models contained intrusion, whether continuous or dichotomous, as the only independent variable. These are called 
“unadjusted” as they have not been adjusted for potentially confounding factors. “Adjusted” models, on the other hand, control for a 
number of potentially confounding factors. The following independent variables were used in all of the adjusted models: occupant age, 
whether the vehicle was an LTV or a passenger car; and whether the rollover was end-over-end or to the side. For sideways rollovers, 
rollover severity was controlled by using either the number of quarter turns or the number of roof-to-ground exposures.  
 
There does not appear to be a logical connection between occupant age and ejection status. Indeed, occupant age was not statistically 
significant in most of the models. In the models in which it was statistically significant, it is possible that the statistical significance 
was due to an artifact of the data, as discussed below. Thus, the only reason that occupant age is included as an independent variable is 
for consistency with other recent reports that included it in their models of occupant ejection, such as Lund (2008) and Padmanaban 
and Moffatt (2008), and because it was statistically significant in some models.  
 
Occupant sex was not statistically significant in any of the estimated models. Because of this, and because there does not appear to be 
a logical connection between occupant sex and ejection status, this independent variable was not used in the final versions of any of 
the models.  
 
According to Eigen (2003), while there is no universally accepted measure of sideways rollover severity, some studies use the number 
of quarter turns for this purpose. Digges and Eigen (2003) and Eigen (2005) found that, in some cases, the number of roof-to-ground 
exposures is a good measure of sideways rollover severity. Specifically, Digges and Eigen (2003) found that “for belted occupants and 
unbelted ejected occupants in single vehicle crashes, the number of [roof-to-ground exposures] is an appropriate severity indicator.” 
Following Eigen (2005) and Strashny (2007), the number of roof-to-ground exposures in a sideways rollover is defined as the number 
of times that the vehicle roof faced downward, toward the ground, regardless of the number of times that the roof physically contacted 
the ground. Strashny (2007) found that, other things being equal, as the number of quarter turns or the number of roof-to-ground 
exposures increased, the severity of injuries considered by that report also tended to increase. Therefore, the current report uses both 
of these measures to control for sideways rollover severity.  
 
Some models were estimated using all the occupants. In these cases, the adjusted models controlled for seat belt use. Other models 
were estimated only on the subpopulation of belted occupants or on the subpopulation of unbelted occupants. Note that only the 
occupants who are known to have been belted are considered as such, whereas the occupants who were either unbelted or whose seat 
belt use status is unknown are considered to be unbelted.  
 
Thus, there were two possible dependent variables (C and A), two possible intrusion variables (continuous and dichotomous), three 
possible types of models (unadjusted, quarter turns adjusted, and roof-to-ground exposure adjusted), and three data subsets (all 
occupants, belted occupants only, and unbelted occupants only), leading to a total of 36 models. 
 

DATA DESCRIPTION 
 
Error! Reference source not found. is a description of the variables used in this report. The first sub-table shows the sample size and 
the weighted annual average of all occupants, as well as the unbelted and the belted subsets. The second sub-table describes 
categorical variables. As all of the categorical variables used in this report only have two categories, the table shows only one category 
for each variable. Values for the other category can be obtained by subtraction. For example, among all occupants, 4.3 percent were 
complete ejected. This means that 95.7 percent [= 100% - 4.3%] were not completely ejected. The third sub-table describes interval 
scale variables. For each variable, it gives the minimum, maximum, and the weighted mean. 
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Table 1. 

A description of the variables used in this report 

Occupants All Unbelted Belted 
Sample size 5,562 1,951 3,611 

Weighted annual average 251,245 51,297 199,949 
 
 All occupants Unbelted occupants Belted occupants 
Variable WP WAA Sample WP WAA Sample WP WAA Sample 
Intrusion > 0 (vs. no intrusion) 58.2% 146,205 3,686 59.4% 30,461 1,290 57.9% 115,744 2,396 
Complete ejection (C )  
(vs. partial or no ejection) 

4.3% 10,863 793 20.0% 10,252 765 0.3% 612 28 

Any ejection (A) 
(vs. no ejection) 

6.9% 17,250 1,199 25.4% 13,009 948 2.1% 4,241 251 

End-over-end rollovers 
(vs. lateral rollovers) 

0.7% 1,689 76 1.5% 779 34 0.5% 910 42 

Vehicle = LTV 
(vs. vehicle = passenger car) 

54.8% 137,729 3,135 47.9% 24,553 1,086 56.6% 113,177 2,049 

Belted occupants 
(vs. unbelted or unknown) 

79.6% 199,949 3,611 
      

 
  All occupants Unbelted occupants Belted occupants 
Variable   Min Max Mean Min Max Mean Min Max Mean 
Intrusion (inches) 0 44.1 3.5 0 44.1 3.7 0 38.6 3.4 

# roof exposures (end-over-end = 0) 0 4 1.2 0 4 1.2 0 4 1.2 

# quarter turns (end-over-end = 0) 0 17 3.6 0 17 3.8 0 17 3.6 

Occupant age (years) 13 95 29.6 13 93 28.5 13 95 29.9 
Note: “WP” = weighted percent; “WAA” = weighted annual average; “Sample” = sample size. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
Both complete ejection and any ejection were much more likely among unbelted occupants as compared to belted occupants. One way 
of measuring differences in probabilities is using odds ratios (OR). The odds ratio for complete ejection for unbelted occupants as 
compared to belted occupants was 81.4 [=(0.2 / (1-0.2) ) / (0.003 / (1-0.003))]. For any ejections, the odds ratio was 15.7.  
 
For categorical variables, the sample sizes of some of the categories were relatively small. For example, for unbelted occupants, the 
sample size of those who were in the end-over-end rollover vehicles was 34; for belted occupants, the sample size of those who were 
completely ejected was 28.  
 
One potential issue with models of belted occupants is that there were few belted occupants who were ejected. This could affect the 
accuracy of these models. That is why Padmanaban and Moffatt (2008) only develop models of ejection for unbelted drivers. Table 2 
shows selected variables and statistics for the subpopulation of belted occupants.  

Table 2. 

Selected variables and statistics for the subpopulation of belted occupants 

  WP WAA SP Sample 
Complete ejection (C ) 0.31% 612 0.78% 28 

Any ejection (A) 2.12% 4,241 6.95% 251 

End-over-end 0.46% 910 1.16% 42 

Complete ejection (C ) and end-over-end 0% 0 0% 0 
Any ejection (A) and end-over-end 0% 0 0% 0 
 
Odds ratio for age >= 50 WAA Sample 
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Complete ejection (C ) 12.71 0.59 
Any ejection (A) 2.17 1.08 
Note: “WP” = weighted percent; “WAA” = weighted annual average; “SP” = sample percent; “Sample” = sample size. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
As the table shows, annually, only an estimated 0.31 percent of belted occupants were completely ejected. End-over-end rollovers 
were a rare event in belted occupants as well – only an estimated 0.46 percent of belted occupants were in such rollovers annually. 
Finally, there were no occupants who were belted, involved in an end-over-end rollover, and ejected, either completely or to any 
degree.  
 
The second sub-table of Table 2 shows the odds ratios of ejection for older occupants (50 years old or older) as compared to younger 
occupants. The first column gives the odds ratios based on the weighted annual averages, while the second column gives them based 
on the sample. The table shows that, while there were relatively few belted older occupants who were ejected in the sample, the 
weighting was such that the estimated annual average for these occupants was large. This means that, in the belted subpopulation, the 
observations of a few older occupants could have a large effect in modeling the probability of ejection.  
 
For example, consider complete ejections. In the sample, there were only 3 older occupants who were completely ejected, as 
compared to a total of 28 occupants who were completely ejected, giving odds of ejection of 0.12 [=(3/28)/(1-3/28)] for older 
occupants. Among the occupants who were not completely ejected, the odds were 0.20. Thus, the odds ratio was 0.59 [=0.12/0.20], 
indicating that relatively more occupants in the sample were younger than 50. However, using the estimated annual averages, the odds 
ratio was 12.71, indicating that, based on the weighting, there were relatively many more older ejected occupants. For instance, while 
the estimated annual average of completely ejected occupants was 612 based on 28 observed occupants, just one observation of an 
occupant who was 59 years old had a weighted annual average of 310, or about 50 percent of the total.  
 
It might appear that the number of quarter turns variable and the end-over-end indicator might be highly correlated and that using both 
of them as explanatory variables in the same model might cause near multicollinearity. This is because there is a relationship between 
the two variables: whenever the end-over-end indicator is equal to 0, the number of quarter turns is greater than or equal to 2; 
whenever the end-over-end indicator is equal to 1, the number of quarter turns is equal to 0. In fact, the correlation coefficient between 
the two variables is just -0.20, which means that the variables are not strongly correlated at all and using both of them as explanatory 
variables at the same time would not cause near multicollinearity. Likewise, the correlation coefficient between the number of roof 
exposures and the end-over-end indicator is -0.26, which means that these two variables are not strongly correlated either and can both 
be used in the same model as explanatory variables without causing near multicollinearity.  
 
Table 3 shows the ejection route for ejected occupants as a function of ejection degree, seat belt use, and rollover type. The table 
shows weighted annual averages and weighted percents. The patterns shown in the table might help explain the results of the statistical 
analysis below.  For example, it is at least conceivable that some routes could be enlarged during some rollovers, while other routes 
could be restricted. 
 

Table 3. 

Ejection route for ejected occupants as a function of ejection degree, seat belt use, and rollover type 

Ejection Complete Partial 
Windshield 1,398 12.9% 166 2.6% 
Side window 5,708 52.5% 5,096 79.8% 
Backlight 582 5.4% 74 1.2% 
Roof window 585 5.4% 707 11.1% 
Door 1,178 10.8% 69 1.1% 
Other/ Unknown 1,412 13.0% 275 4.3% 
     
Seat belt use Unbelted Belted 
Windshield 1,253 9.6% 311 7.3% 
Side window 7,441 57.2% 3,364 79.3% 
Backlight 593 4.6% 64 1.5% 
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Roof window 1,161 8.9% 132 3.1% 
Door 1,141 8.8% 106 2.5% 
Other/ Unknown 1,421 10.9% 266 6.3% 
     
Ejection type End-over-end Sideways 
Windshield 278 54.6% 1,286 7.7% 
Side window 134 26.4% 10,670 63.7% 
Backlight 7 1.3% 650 3.9% 
Roof window 0 0.0% 1,292 7.7% 
Door 10 1.9% 1,237 7.4% 
Other/ Unknown 80 15.8% 1,607 9.6% 

Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
The distribution of ejection routes varied by the categories considered in the table. For example, of the occupants who were 
completely ejected, 10.8 percent were ejected through the door, while of those who were ejected but not completely, only 1.1 percent 
were ejected through the door. For ejections through the door, the odds ratio for complete ejections versus ejections that were not 
complete was 11.1 [= (0.108 / (1-0.108)) / (0.011 / (1-0.011))]. As another example, considering end-over-end rollovers as compared 
to sideways rollovers, relatively more of the ejected occupants were ejected through the windshield in end-over-end rollovers (OR = 
14.5). 
 
ANALYSIS RESULTS 
 
Table 4 shows the statistical significance of the coefficient on the vertical roof intrusion variable in the models analyzed in this report. 
In the table, “yes” means that the coefficient is statistically significant at the 0.05 level; “weak” means that the coefficient is 
statistically significant at the 0.10 level, but not at the 0.05 level; and “no” means that the coefficient is not statistically significant, 
even at the 0.10 level.  
 

Table 4. 

Statistical significance of the coefficient on the vertical roof intrusion variable in several probit models of occupant ejection. 

 Intrusion: Continuous Dichotomous 
  Ejection: Complete (C ) Any (A) Complete (C ) Any (A) 

All occupants 
Adjustment 

# roof exp. No Weak No No 
# q.t. No Yes No No 

Unadjusted model No Yes No No 

Unbelted occupants 
Adjustment 

# roof exp. No No No No 
# q.t. No No No No 

Unadjusted model No Weak No No 

Belted occupants 
Adjustment 

# roof exp. No Yes No No 
# q.t. No Yes No No 

Unadjusted model No Yes No Weak 
Yes = statistically significant at the 0.05 level. 
Weak = statistically significant at the 0.10 level, but not at the 0.05 level. 
No = not statistically significant, even at the 0.10 level. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
As the table shows, in the 18 models of complete ejection, the coefficient on the vertical roof intrusion variable was never statistically 
significant. This means that this report does not find evidence of a statistical relationship between the vertical roof intrusion in relevant 
rollovers and complete occupant ejection. As for the statistical relationship between the vertical roof intrusion and any occupant 
ejection, it varies depending on the statistical model used. For example, among belted occupants, the report does find such a statistical 
relationship. However, among unbelted occupants, it does not.  
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Table 5 and Error! Reference source not found. show the coefficient estimates for the models analyzed in this report. Estimates in 
bold are statistically significant at the 0.05 level. Percent concordant and c are two popular measures of association between estimated 
probabilities and observed outcomes. Percent concordant can be anywhere between 0 and 100; c can be anywhere between 0 and 1. 
Higher values of each measure indicate better association. 
 

Table 5. 

Coefficient estimates for probit models of occupant ejection in relevant rollover crashes (continuous intrusion). 

  Complete ejection (C ) Any ejection (A) 
  All Unbelted Belted All Unbelted Belted 
Intercept   -1.77 -0.91 -2.64 -1.60 -0.74 -2.22 
Intrusion (inches) 0.0146 0.0184 -0.0406 0.0285 0.0205 0.0428 
% concordant   44.1 47.1 40.3 47.9 47.4 50.8 
c   0.529 0.535 0.573 0.544 0.538 0.572 
Sample size   5,562 1,951 3,611 5,562 1,951 3,611 

Complete ejection (C ) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.88 -1.91 -1.73 -1.77 -4.14 -4.19 
Intrusion (inches) -0.0038 -0.0009 0.0040 0.0074 -0.0628 -0.0591 
# quarter turns  (end-over-end = 0)   0.172   0.173   0.181 
# roof exposures (end-over-end = 0) 0.549   0.553   0.584   
End-over-end (1 = yes/0 = no) 1.52 1.54 1.67 1.68 -1.98 -1.91 
Occupant age (years) 0.0003 0.0011 -0.0087 -0.0076 0.0197 0.0193 
Seat belt status (1 = belted/0 = not belted) -2.01 -2.09         
Vehicle (1 = LTV/0 = car) 0.592 0.563 0.701 0.675 0.089 0.040 
% concordant   87.8 89.7 63.8 68.9 51.5 53.2 
c   0.888 0.903 0.643 0.691 0.640 0.667 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 

Any ejection (A) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.66 -1.59 -1.60 -1.54 -3.10 -3.02 
Intrusion (inches) 0.0245 0.0273 0.0083 0.0125 0.0395 0.0415 
# quarter turns  (end-over-end = 0)   0.149   0.170   0.129 
# roof exposures (end-over-end = 0) 0.528   0.607   0.463   
End-over-end (1 = yes/0 = no) 1.46 1.39 2.00 1.91 -2.84 -2.91 
Occupant age (years) 0.0029 0.0033 -0.0078 -0.0068 0.0109 0.0106 
Seat belt status (1 = belted/0 = not belted) -1.40 -1.42         
Vehicle (1 = LTV/0 = car) 0.248 0.206 0.608 0.563 -0.104 -0.145 
% concordant   81.0 81.7 62.7 66.2 59.9 60.5 
c   0.814 0.821 0.631 0.664 0.618 0.622 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 
Note: Bolded estimates are statistically significant at the 0.05 level. 
QT = quarter turns adjusted model. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
 

Table 6. 

Coefficient estimates for probit models of occupant ejection in relevant rollover crashes (dichotomous intrusion). 
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  Complete ejection (C ) Any ejection (A) 
  All Unbelted Belted All Unbelted Belted 
Intercept   -1.71 -0.85 -2.56 -1.54 -0.68 -2.15 
Intrusion? (1 = yes/0 = no) -0.005 0.009 -0.403 0.094 0.036 0.197 
% concordant   N/A 22.9 28.5 23.3 23.2 24.7 
c   N/A 0.506 0.546 0.512 0.508 0.533 
Sample size   5,562 1,951 3,611 5,562 1,951 3,611 
 

Complete ejection (C ) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.82 -1.85 -1.70 -1.74 -4.10 -4.13 
Intrusion? (1 = yes/0 = no) -0.179 -0.128 -0.090 -0.036 -0.648 -0.612 
# quarter turns  (end-over-end = 0)   0.171   0.173   0.185 
# roof exposures (end-over-end = 0) 0.554   0.559   0.617   
End-over-end (1 = yes/0 = no) 1.51 1.53 1.66 1.67 -1.93 -1.88 
Occupant age (years) 0.0005 0.0012 -0.0083 -0.0073 0.0214 0.0212 
Seat belt status (1 = belted/0 = not belted) -2.02 -2.09         
Vehicle (1 = LTV/0 = car) 0.621 0.587 0.728 0.697 0.040 -0.015 
% concordant   87.8 89.8 64.0 68.5 42.8 44.4 
c   0.888 0.903 0.644 0.688 0.596 0.620 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 

Any ejection (A) All occupants Unbelted occupants Belted occupants 
Adjustment Roof exp QT Roof exp QT Roof exp QT 

Intercept   -1.65 -1.58 -1.58 -1.53 -3.04 -2.94 
Intrusion? (1 = yes/0 = no) 0.038 0.092 -0.028 0.032 0.100 0.155 
# quarter turns  (end-over-end = 0)   0.153   0.172   0.135 
# roof exposures (end-over-end = 0) 0.557   0.615   0.506   
End-over-end (1 = yes/0 = no) 1.48 1.40 2.00 1.91 -2.53 -2.62 
Occupant age (years) 0.0032 0.0034 -0.0075 -0.0065 0.0103 0.0097 
Seat belt status (1 = belted/0 = not belted) -1.39 -1.41         
Vehicle (1 = LTV/0 = car) 0.283 0.234 0.632 0.582 -0.065 -0.109 
% concordant   80.6 81.5 62.4 65.9 57.6 58.3 
c   0.813 0.819 0.629 0.662 0.602 0.603 
Sample size   5,562 5,562 1,951 1,951 3,611 3,611 
 
Note: Bolded estimates are statistically significant at the 0.05 level. 
QT = quarter turns adjusted model. 
Source: NHTSA, NCSA, NASS CDS 1997-2006. 
 
The intercept is lower in models of belted occupants as compared to corresponding models of unbelted occupants. Also, in the 
adjusted models of all occupants, the seat belt status indicator is negative. Both of these factors indicate that, other things being equal, 
the probability of ejection for belted occupants was lower than for unbelted occupants.  
 
In the cases when it is statistically significant, the coefficient of the vertical roof intrusion variable is positive, indicating that greater 
vertical roof intrusion was associated with a greater probability of ejection. Note again, however, that the coefficient is not statistically 
significant in any of the models of complete ejection. In fact, in several of the models of complete ejection, the coefficient estimate is 
negative. Thus, if these models were used to describe the relationship between intrusion and complete ejection, which they shouldn’t 
be because of the lack of statistical significance, they would be saying that greater vertical roof intrusion is associated with a lower 
probability of ejection.  
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The coefficients on both the number of quarter turns and the number of roof exposures are positive and statistically significant in all of 
the adjusted models. This means that in sideways rollovers, occupant ejection was more likely in more severe rollovers, as measured 
by these criteria.  
 
The coefficients on the end-over-end indicator are statistically significant in all of the adjusted models. In the models of all occupants 

and unbelted occupants, the coefficients are positive. Let Eβ  be the coefficient on the end-over-end indicator; let S  be a sideways 

rollover severity measure (that is, either the number of quarter turns or the number of roof-to-ground exposures); and let Sβ  be the 

coefficient on S . Then, the rollover severity measured in terms of occupant ejection *S  for which, other things being equal, an end-
over-end rollover is hypothetically equivalent to a sideways rollover is  
 

S

ES
β
β

=* . 

 
See Strashny (2007) for a more detailed discussion of this calculation. Thus, for example, considering the continuous 
intrusion/complete ejection/all occupants/quarter turns adjusted model, the number of quarter turns that would make a rollover 
hypothetically equivalent to an end-over-end rollover in terms of occupant ejections, other things being equal, was 9.0 [=1.54/0.172].  
 
Interestingly, the coefficients on the end-over-end indicator in models of belted occupants were negative. The reason for this is that 
there were no belted occupants in end-over-end rollovers who were also ejected. See Table 2 and its discussion. Because of this, the 
presence of an end-over-end rollover in belted occupants indicated the absence of ejection, producing a relatively large negative 
coefficient on the end-over-end indicator.  
 
The coefficient on occupant age is positive and statistically significant in models of belted occupants. This means that, according to 
the models, for belted occupants, higher occupant age was associated with a greater probability of ejection in a relevant rollover. Lund 
(2008) found the opposite effect in a model of any ejections of drivers regardless of seat belt use. However, the model in that report 
did not control for rollover severity, with which driver age could be correlated. One explanation for why the coefficient is positive in 
the current report is that the weights on a few belted ejected older occupants were relatively large. See Table 2 and its discussion. 
 
The coefficient on the vehicle indicator is statistically significant and positive in the models of all occupants and unbelted occupants, 
indicating that, for these occupant groups, being in a relevant rollover in an LTV as opposed to a passenger car was associated with a 
higher ejection probability.  
 
According to both the percent concordant measure and the c measure, of the models considered, the models that have the best 
association between estimated probabilities and observed outcomes are the quarter turns adjusted/all occupants/complete ejection 
models. Among models of any ejection, the models that have the best association between estimated probabilities and observed 
outcomes are the quarter turns adjusted/all occupants/any ejection models.  
 
CONCLUSION 
 
This report does not find evidence of a statistical relationship between vertical roof intrusion in relevant rollovers and complete 
occupant ejection. The report models the probability of occupant ejection in relevant rollovers as a function of vertical roof intrusion 
using 36 different statistical models. According to the models considered, there was no statistically significant relationship between 
complete ejection and vertical roof intrusion. However, in some cases, a statistically significant relationship did exist between any 
ejection and vertical roof intrusion.  
 
The report finds that, other things being equal, an increase in the number of quarter turns or an increase in the number of roof-to-
ground exposures increased the probability of both complete and any ejection. This finding lends further support to using either the 
number of quarter turns or the number of roof-to-ground exposures as a measure of sideways rollover severity.  
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ABSTRACT 
 
Other studies have identified, and recent studies in 
Australia and the U.S. have confirmed, that whilst 
the 1970’s concept of boosters to try to improve 
adult seatbelt geometry for growing children is a 
good one, many of the currently available boosters 
do not provide children with optimal restraint. 
 
This paper recommends a new category of CRS 
booster with the intention of providing more 
effective restraint to children in the 6 to 10 age 
group. 
 
Recommended features include:- 
 
- a mandatory requirement for side wings with 

performance based requirements.  
- lap belt guides  
- sash belt guides 
- top tether strap  
- anti-submarining features 
- that the base of the booster seat be narrower so 

that three of these child restraints can fit across 
the rear seat of a typical mid size car’s rear 
bench seat and allow for arm rests from car 
doors 

- the seat incorporate ‘ride height’ lines. 
 
Furthermore, this category of booster should have 
more demanding assessment procedures to ensure 
booster seats coming onto the market actually 
achieve improved protection for the children using 
them. 
 
What this paper offers that is new is a safer class of 
booster to take older children through till they 
safely fit an adult seatbelt. 
 
This paper explains the need for each component 
and shows the suggested dimensions of an 
exemplar restraint.  
 

INTRODUCTION 
 
There have been a number of recent studies 
demonstrating the typical three point (lap/sash) 
seatbelt restraints in the rear seats of cars are not an 
optimal restraint system for children until they are 
approximately 11 or 12 years of age [1-3].   
 
Depending on the country, infants are generally 
restrained in rearward facing restraints up to six 
months or several years of age. Children then 
typically move from the rearward facing infant 
restraint into a forward facing child seat with an 
inbuilt five or six point harness.  These restraints 
are attached directly to the car, and then the child is 
attached to the restraint through the five or six 
point harness.   
 
These first two categories of restraint have been 
proven to be highly effective when used correctly 
[4-6]. 
 
Top tether anchorage points and later anchor 
fittings were compulsorily introduced into new 
vehicles in Australia over a number of years, 
starting with sedans in July 1976, and station 
wagons and hatchback vehicles in January 1977.  It 
consequently became mandatory practice to secure 
child restraints using both the lap part of the adult 
seatbelt and a top tether strap in the rear seat. Most 
authorities in Australia advise that children should 
stay in these forward facing child seats with in-built 
harnesses until they physically will no longer fit, 
i.e. shoulders too wide. Depending on the child’s 
rate of growth (and these days, obesity) children 
typically outgrow these restraints between the age 
of 4 and 6 years.   
 
Once they outgrow these restraints, they mostly 
become reliant upon restraint from an adult 
seatbelt.  The problem with this is that the 
geometry of adult seatbelts is generally not suited 
to children. This can be potentially rectified, by 
adjusting the path of the seatbelt webbing to try and 
better transfer the loads onto the strong bony 
structures of the child.  This is generally done with 
what is called a booster seat.  Booster seats raise 
the child up with the intention of making the 
webbing of the lap parts of the seatbelt more 
vertical so that they apply a higher downward force 
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on the child’s thighs. This makes the seatbelt less 
likely to ride up into the abdomen. Boosters also 
raise the child higher so that the sash part of the 
seatbelt is more likely to be take a pathway over 
their shoulder, rather than across their face or neck. 
 
Children seated on seat cushions with a length 
greater than their femur, tend to take a slouched 
position increasing the likelihood of the lap part of 
the seatbelt riding up the abdomen [1] 
 
For these reasons the use of a booster seat is 
recommended and sometimes regulated for children 
once they outgrow forward facing child restraints. 
However, booster seats and booster cushions design 
mass limits (in regulatory standards) effectively 
(based on mass alone) limit booster seat use to 
children up to approximately age 8. Currently the 
upper most mass limit for boosters is in the vicinity 
of 36 kg. Based on anthropometric data [7] this 
would mean that 11% of 8 year olds, 22% of 9 year 
olds, and more than half of children over age 10 
would be above the design mass limit (personal 
communication Michael Paine). In many instances 
the upper most design limit is 26kg, and this equates 
approximately to the 50th percentile 8 year old [7]. 
Furthermore in a recent study that looked at seat 
back height and seat width in boosters, the authors 
reported that some boosters would not accommodate 
children between 6 and 8 years [3]. Therefore, for 
many children over the ages of 6- 8 years, the lap 
sash belt is the only available restraint. 

Booster seats vary considerably in what they offer 
and the effectiveness of their design.  Some booster 
seats have no back which means the child 
(especially a sleeping one) is not given any lateral 
support.  Moreover, recent studies have 
demonstrated that many booster seats currently on 
the market do not achieve the objective of 
improving belt fit for the child occupants who 
would be using them [8-9]. 
 
There is therefore a need for a new class of child 
restraint that caters for children from approximately 
the age of 6 to 10, and ensures a better match 
between seat belt geometry and these child 
occupants.  
 
WHAT IS NEEDED 
 
Based on the deficiencies observed in the current 
generation of boosters the desirable qualities of a 
new class of child restraint primarily designed to 
suit children in the 6 to 10 year age range include 
qualities of:- 
 
- low strength lateral support to keep a sleeping 

child in position so that in the event of a crash, 
they are correctly positioned 

 
- stronger lateral support (e.g. wings) of a 

sufficient height to provide crash energy 
absorbing padding protection for the child’s 
head in a side impact 

 
- raised base of the restraint to make the angle of 

the seatbelt lap webbing more vertical, so that 
it applies a higher downward load to the 
thighs, and has less opportunity or likelihood 
of slipping up over the relatively unformed 
front pelvis structure of the child into the 
abdomen 

 
- a narrower base, that is, not much wider than a 

child’s buttocks, to assist in more downward 
vertical application of force over the child’s 
thighs, and less likelihood of the seatbelt 
slipping rearward into a submarine position 

 
- a belt guide at the shoulder level to position the 

seatbelt so it passes over the child’s shoulder 
and departs the child’s shoulder in an 
approximately horizontal angle. This can 
provide some lateral stability to the child and 
ensures the sash belt does not pass over the 
child’s neck or face 

 
- anti-submarining features. That is design 

features to prevent the webbing of the lap part 
of the seatbelt sliding over the child’s pelvis 
into its abdomen. 

 
One of the difficulties with booster seats is that 
because they further raise the child above the seat 
base, the seat bite and hence seatbelt buckles are 
more difficult to reach.  There is a need to provide 
better access to the seatbelt buckle below the 
booster’s base, so that adults can easily find the 
buckle part of the seatbelt and fasten it to the 
sliding latch plate.  This is assisted by having a 
narrow base on the booster, which in turn provides 
an opening for the adults hand to reach down to the 
seat bite.   
 
SIDE WINGS 
 
In lateral impacts, then, the two primary safety 
goals of a child restraint system are to:- 
 
- retain the child’s head within the child restraint  
- provide energy absorption for better head 

protection in the side wings of the child 
restraint. 

 
Head retention within the restraint requires three 
things. Firstly there must be a barrier or side wing 
to contain the head. Secondly by good top and base 
tethering of the child restraint, rotation of the child 
restraint towards the side door or oncoming object 
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can be prevented or minimised, and thirdly the 
motion of the torso should also be controlled to 
prevent undesirable motion towards the impact and 
in rebound. Energy absorption within the side 
wings or lateral structure of the restraint is 
desirable if there is direct impact between the child 
restraint and the adjacent vehicle door or incoming 
object. 
 
In Australia, thanks to enhanced regulatory 
protocols that assess the likelihood of a head strike 
with a static door in 90 degree impacts, and 
consumer testing (CREP) at 90 or 66 degrees, the 
head retention capacity of many restraints including 
high back boosters has improved. However, in 
current model booster seats we still see many high 
back booster seats that do not provide adequate 
torso control in side impact, particularly in 
rebound. More importantly in many restraints the 
side wing height is insufficient for children at the 
upper limits of the mass limit. 
 
LAP BELT GUIDES 
 
Whilst many jurisdictions’ have mandatory 
requirements for good front seat belt geometry, 
many jurisdictions do not have the same 
demanding requirements for rear seat belt 
geometry.   
 
As a result of this, it is not uncommon to encounter 
poor rear seat belt lap geometry in popular cars.  
This can include very shallow angles of the lap part 
of the adult seatbelt that makes it easier for the 
seatbelt to slip up over the pelvis of a wearer into 
the abdomen. Sometimes there is also poor lateral 
spacing of the lower ends of the lap parts of the 
seatbelt.   
 
Because a booster raises the child’s buttocks and 
pelvis above the seatbelt anchorages, it is possible 
to use lap belt guides which provide a more vertical 
downward angle of the lap parts of the seatbelt 
which can then better engage with the child’s pelvis 
and reduce the likelihood of “submarining”.   
 
A narrower base on the booster can also assist more 
vertical downward application of loads from the lap 
webbing of the seat belt across the upper aspects of 
the child’s thighs, again leading to significantly 
lower likelihood of “submarining”. 
 
SASH BELT GUIDES 
 
Again, because rear seat geometry is less tightly 
regulated than front seat belt geometry, it is more 
common to experience poor sash belt geometry in 
the rear seats of vehicles.   
 

This poor sash belt geometry can be even worse for 
shorter rear seat occupants with sashes taking 
angles that may slip off because they do not engage 
well with the shoulder, or the webbing may pass 
across the child’s face or neck in a potentially 
hazardous manner.   
 
Boosters can incorporate either structural or non-
structural seatbelt webbing guides that reposition 
the sash belt in a more optimal location for the size 
of the intended occupant of the booster. 
 
Non structural guides rely upon good positioning of 
the seatbelt early in the crash when loading 
commences, and then hope that the occupants 
shoulders and upper torso will “wrap” around the 
sash part of the seatbelt and keep the seatbelt in a 
good position on the child’s shoulder.   
 
Structural belt guides can make use of the structural 
rigidity of the back of the booster cushion achieved 
by the use of a tightly adjusted top tether strap.  
These structural sash belt guides are less dependent 
upon early loading for engagement from the 
occupant and “wrapping” of the child’s shoulder 
and upper torso around the webbing, and, as such, 
provide more reliable and robust protection in 
multiple impacts or impacts where the directions of 
primary force or loading can vary during the 
impact.   
 
TOP TETHER STRAPS 
 
As stated earlier, mandatory provision of top tether 
anchorages in new passenger cars commenced in 
Australia in 1976.  This was subsequently extended 
to include other passenger vehicle types, including 
coaches (long distance buses).   
 
What this means is, as at the date of ESV 2009, 
Australia has had 33 years of experience of the 
performance of top tether straps with child restraint 
systems in the real world of crashes on public 
roads.  This has been backed up by extensive 
research into the performance of top tethers in 
crash sled tests and some full scale barrier tests by 
NSW RTA Crashlab.   
 
What has been learnt is that top tethers can 
provide:- 
 
- good lateral stability of the portion of the child 

restraint containing the child’s shoulders 
 
- excellent limitation of forward displacement of 

the child’s head. 
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ANTI SUBMARINING FEATURES 
 
Anti-submarining features have the purpose of 
keeping the lap belt positioned over the child’s 
thighs during crashes and preventing the seatbelt 
slipping up over the child’s pelvis into their 
abdomen   
 
A dramatic demonstration of the need for and the 
benefits of anti-submarining features (that is, the 
function often performed by crotch straps or anti-
submarining clips) was experienced in Australia in 
the late 1970’s.  
 
A new style of forward facing child seat was 
introduced into the market with a four point harness 
not incorporating any crotch strap.  Within a short 
time there was an unfortunately significant number 
of child fatalities recorded, not just in crashes, but 
also in stationary mode.  The child could slide 
down under the harness to the extent that the cause 
of death was blockage of an airway and 
suffocation.   
 
The lack of collation of a national data system 
meant that in the order of more than 9 deaths were 
recorded before action was taken. 
 
The first recorded death in New South Wales was 
investigated jointly by the then New South Wales 
Traffic Accident Research Unit and Standards 
Australia.  An immediate recall and addition of a 
crotch strap appeared to entirely eliminate the 
problem.  There were no more reports of deaths 
associated with this (previously) crotch strap less 
four-point harness.   
 
It was not until some years after that, that 
Australian researchers came to a good 
understanding of the submarining phenomenon and 
what kind of seatbelt geometry was required to 
reduce the likelihood of submarining.   
 
Again, it has been the consumer program, CREP, 
which has led to better identification and 
understanding of the submarining phenomenon in 
different types of forward facing booster seats.   
 
As is now well known in adults, the prospect of 
submarining can be, amongst other means, reduced 
by:- 
 
- an anti-submarining pan which engages with 

the buttocks of the adult and, in conjunction 
with the downward pressure of the lap part of 
the seatbelt, provides forward restraint 

 
- ensuring a more vertical angle of the lap part 

of the seatbelt, so that it applies pressure across 
the tops of the upper thighs of the adult. 

 
What has been learnt in the consumer child 
restraint program, CREP, is that some booster seats 
appear to inadvertently have an anti-submarining 
base.  That is, the bases of those booster seats are a 
blow moulded shell, with the horizontal seating 
surface of the shell sufficiently thin so that under 
the forces of a crash, the area under the buttocks 
deflects downward while the front lip maintains its 
height because of the front vertical panel.  The 
combination of the central downward deflection 
and the undeformed front lip appears to form an 
impromptu anti submarining pan and provides 
some restraint on the front of the buttocks of the 
child occupant. 
 
Whilst this attribute appears to be accident of 
manufacture and was initially viewed as poor 
design, the downward depression of the seat base 
was very effective in preventing submarining in the 
consumer program (CREP) sled tests. 
 
This seemingly inadvertent, but effective feature 
had the significant benefit that it did not require the 
parent or carer to undertake the extra action of 
fastening a crotch strap (anti submarining clip).   
 
If all parents and carers consistently used all 
components of a child restraint in complete 
accordance with the manufacturer’s instructions 
then one of the most reliable methods of preventing 
a child’s pelvis sliding forward would be to have a 
crotch strap that attaches to the lap part of the 
seatbelt, that is, an anti-submarining clip.  However 
in the real world of poor behavioural compliance, 
an engineering feature which automatically does 
the task of preventing submarining is more likely to 
result in consistently safer restraint use and less 
submarining injuries to children. 
 
REQUIREMENTS FOR THREE BOOSTERS 
PER REAR SEAT 
 
An issue of considerable debate in Australia is that 
wider child restraints can mean that only two will 
fit across the rear seat of medium size passenger 
cars and many large family sedans.  This means 
that a family with more than two children, or that 
wants to carry more than five occupants, needs to 
move into a vehicle with three rows of seating.  
(This is also a perceived problem with ISOFIX and 
LATCH). The most commonly chosen, and the 
cheapest style of vehicle with three rows of seating, 
is a four-wheel drive vehicle (4WD/SUV).   
 
As a generalisation, 4WDs/SUVs are more prone to 
rollover, more prone to single vehicle run off road 
crashes, and are heavier and more aggressive 
vehicles in the road mix. When 4WDs roll, their 
roll rate is generally more violent than a car and 
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the likelihood of serious injury is greater. Overall 
then anything which pushes families into four 
wheel drives can lead to an overall degradation of 
the safety of not just them, but other road users.   
 
Therefore, it is desirable to keep as many families 
as possible within standard family sedans.   
 
One way to do this is to try and revise the design of 
child restraints so that three can be comfortably 
fitted in the rear seat of medium and large family 
sedans. 
 
Two of the most significant problems in 
accommodating three child restraints in a vehicles 
rear seat are the arm rests which protrude from the 
lower rear corner of many car doors and the 
reduction in seat width between intruding wheel 
arches. 
 
It would assist installation of child restraints if 
vehicle manufacturers reviewed the need for these 
adult armrests, made them retractable or, at least 
made them easy to detach. 
 
Nevertheless, booster seats be made to fit above 
rear door arm rests, if the boosters have a narrower 
base, and the booster’s lateral side wings do not 
commence until approximately 200mm or so above 
the seat base  
 
The 200mm dimension was arrived at by inspecting 
the rear seat of a number of popular sedan cars. 
Some photographs of typical armrests are shown in 
adjacent Figures 1 and 2. 
 

 
Figure 1 – Arm rest in Honda Civic mid/small 
sedan 

 
Figure 2 – Arm rest in Australia’s most popular 
family size station wagon 
 
It is of limited use to provide energy absorbing side 
wings and lateral support, if the back and the sides 
of the child restraint are not held in position in 
impacts which have lateral components.  The best 
way to provide this lateral stability is to have a top 
tether strap which firmly secures the top rear of the 
booster seat against the vehicle’s seat back, that is, 
not just in a fore and aft direction, but also in a 
sideways/lateral direction.   
 
One of the difficulties with booster seats is that 
because they raise the child further above the seat 
base, the seat bite where the seatbelt buckles are 
located are more difficult to reach.  Better access 
for adults to these buckles below the booster’s base 
can be provided if the boosters have a narrower 
base.  The adult can then more easily locate the 
buckle part of the seatbelt and then fasten it to the 
sliding latch plate.   
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Figure 3 – Author’s initial concept sketch depicting possible front elevation of three Type F seats. Shows 
the narrow base cut outs to allow for seatbelt buckle access and car door arm rests.  Further development 
on these dimensions is underway. 

 
Figure 4 – Author’s initial concept sketch of possible front elevation.  Shows dimensions of seat base cut 
outs to allow for seatbelt buckle access and car door arm rests and wheel arches. Work is continuing on 
optimal dimensions of this new type of booster. 
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SAFE RIDE HEIGHT LINES 
 
The concept of safe ride height lines is explained in 
greater detail in the authors’ paper ESV 09-0354. 
 
There is a considerable amount of research which 
has arrived at a degree of consensus as to at what 
dimensions a child can safely use an adult seatbelt, 
and at what dimensions a child should remain in a 
forward facing six point harness.   
 
A similar volume of research has documented the 
greater exposure to risk of injury to children who 
prematurely graduate into boosters from forward 
facing child seats, and from boosters into adult 
seats. 
 
The concept of ‘safe ride height’ lines as applied in 
booster seats consists of:- 
 
- a lower line across the rear of the booster seat 

back and sides which indicates the minimum 
shoulder height for a child to safely ride in the 
booster.  If the child’s shoulders are below that 
line, then they should be in a forward facing 
six point harness child seat 

 
- an upper line across the booster seat back and 

sides which indicates the shoulder height at 
which a child could safely use a seatbelt.   

 
PATHWAY TO A STANDARD 
 
Once all these desirable features had been 
identified, the next task was to see whether it was 
technically possible to satisfy all of these in a real 
product.   
 
A number of requests had been made to Standards 
Australia by many organisations seeking better and 
safer restraint systems for children in the 5 to 10 
year age bracket. 
 
As a result of these requests, the task of designing a 
standard for this new category of restraint system 
was taken on to the work program of Standards 
Australia Child Restraint Systems committee.  
 
Unlike many new Standards, this was not one 
where there was existing product and the task was 
to develop a Standard which discriminated between 
those which offer good protection and those which 
offer less than adequate protection.   
 
In this instance the authors were not aware of any 
existing product which satisfied consumer or 
researcher expectations.   
This meant that the design and performance 
specifications had to be developed in the absence of 
any current product.   

 
Because of the strong motivation to be able to fit 
three of these child restraints in the rear seats of 
cars, there was inherently going to be some 
dimensional design restrictive requirements as part 
of the Standard.   
 
CHOICE OF A TEST TOOL 
 
In terms of evaluating the fit and crash test 
performance of a child restraint, the best kind of 
tool is an anthropomorphic, biofidelic test dummy.   
 
To a degree, what was available in the way of 
dummies had a large influence on the ultimate 
design specifications for the upper end of this new 
category of booster.  The most suitable, and the 
largest child test dummy, was the 50th percentile 10 
year old Hybrid III 
 
A review of anthropomorphic data revealed that a 
child restraint which fitted a 50th percentile 10 year 
old Hybrid III should also fit 95th percentile 8 year 
old children.   
 
What this meant was that in terms of mandatory 
use, it was possible for Authorities to mandate use 
of this kind of booster for children up to the age of 
8 years, in the knowledge that there would not be a 
need for widespread exemptions.   
 
When there is a need for widespread exemptions, 
laws become unenforceable, because Police 
officers will not enforce laws where they are 
frequently overturned by the courts.   
 
CONCLUDING REMARKS 
 
In conclusion, there is a widely agreed need 
amongst researchers and carers for a new style of 
restraint system to provide more effective 
protection for children in the 6 to 10 years age 
group. 
 
This paper summarised and discussed both the 
safety and usability issues that this new type of 
restraint system would need to both offer good 
protection to children, and be user friendly for 
parents and carers.   
 
The Australian Standards Committee on Child 
Restraint Systems has the development of a 
Standard for this new type of booster on its current 
work program, and development of the new 
standard is reportedly well advanced.   
 
It is hoped to be able to produce a prototype of this 
new class of restraint at the ESV 2009 Conference.   
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ABSTRACT 

 

According to 2005 national census, more than 65 

year older population is about 10% of total 

48millions population. In 2030, the elderly rate will 

be reached up to 23%. The statistical analysis of 

elderly traffic accident from the national policy 

report, the elderly fatalities was 2,183 (33.3% of 

6,563) in 2004. This was the double increase 

compared with 14 year years ago. In 1994, elderly 

fatality was 1,748 (17.3%). Elderly driver and 

passengers have a disproportionately higher crash 

involvement rate and commonly sustain more severe 

injuries than the other generation.  

 

The current frontal impact regulation of Korean 

safety standard (KMVSS 102) is based on the 

FMVSS 208 to protect the motor vehicle occupant in 

the event of frontal crash type accidents. The injury 

criteria utilized in the regulation is based on 50%tile 

Hybrid III dummies in both driver and passenger 

sides. Therefore, no motor vehicle standards in 

Korean are designed to specially address the needs of 

elderly persons. Since the elderly population is 

rapidly increasing, it is more important to improve 

the safety standard to mitigate elderly casualties.  

 

A primary objective of the study is to develop a 

guideline or standard for elderly occupants protection 

with new injury criteria on the frontal impact 

regulation and to promote design of restraint system 

or so call silver vehicle for elderly in the domestic 

market. The physical characteristics of elderly 

Korean occupant are relatively small and lighter than 

that of western elderly. Data from the SizeKorea 

database (total surveyed number of subjects in 

SizeKorea database was 14,200 between 0 to 90 

years old), the 50th %tile height and weight of the 

subjects in target group (527 male samples) were 

162.8cm and 62kg, respectively. 

 

From the in-depth study of recent years vehicle-to-

vehicle frontal crash accidents, the elderly occupant 

sustain more thorax rib fracture injury within MAIS 

<2. More than MAIS >3 case, elderly suffers more 

hemo/pneumo thorax injury than younger occupant.  

 

In this study, as an assessment tool with scaling 

methods 50%tile Korean elderly Hybrid III type 
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simulation model was developed to mitigate elderly 

thorax injury.  

 

INTRODUCTION 

 

Each nation has it's own vehicle safety standard as a 

regulation to protect the peoples. Therefore, a vehicle 

must meet the requirements of specific safety 

standards as minimum requirements such as 

structural performances and occupant protections. 

For assessing the occupant protection of the vehicles, 

the various types of standardized Anthropomorphic 

Test Devices (ATDs) are used. The first regulation 

utilizing full scale frontal crash testing of vehicles 

with test dummies is the FMVSS 208 in 1973. The 

crash test dummy used was the Hybrid II dummy, 

developed by General Motors in 1972, mainly to 

assess the integrity of lap and shoulder belt restraint 

system. Hybrid III dummy has the size, shape and 

mass distribution of a 50th percentile American adult 

male. Currently, world-widely using new dummy 

called the Hybrid III, was developed by G.M. with 

substantial improvement in biofidelity over the 

Hybrid II dummy in all parts of the dummy. In 1984, 

the Hybrid III dummy has become the only dummy 

that can be used for compliance purposes. Frontal 

Crash Regulations in Korea has also accepted the 

Hybrid III dummy as the test device with controls 

over the measured dummy responses.  

Beside as a regulation tool, the dummy can be used 

as a Occupant injury assessment tools to research and 

development of advanced occupant restraint systems. 

Traditionally, Anthropomorphic Test Devices 

(ATDs) have been used in laboratories to evaluate 

the restraint system performance with built-in various 

types of sensors attached in the most frequently 

injured body parts such as head, neck, chest, femur 

and lower extremity.  

 

In Korea, the occupant protection standard for the 

frontal crash test is KMVSS 102. In the regulation, 

Hybrid III 50%tile dummies are used to assess the 

safety of a vehicle.  

From 2000 national census, the population of 65 year 

and more (65+) was reached 3.4 million (7.2%) and 

entered aging society. Due the current extremely 

lower birth rate, the aging rate is rapidly increased. 

The most demographic forecasts indicate the 

proportion of Korean over 65 years of age by the 

year 2019 will be more than 14% of total population 

as a aged society. Therefore, it will become 

increasingly more important that safety standards be 

optimized to mitigate elderly casualties. Currently, 

no motor vehicle safety standards in Korea are 

designed to specifically address the needs of elderly 

persons. Elderly drivers and passengers have a 

disproportionately higher crash involvement rate and 

commonly sustain more severe injuries than the 

general population. From the National Police 

Reported Accident Data for the years 1994 to 2006, 

the fatality of the age group 61 and older (61+) was 

continuously increased 1,748 (17.3%) to 2,136 

(33.8%). Still, the majority of elderly fatality is 

coming from the pedestrian casualty, however, the 

fatalities of elderly occupants (driver or passenger) is 

continuously increasing year by year.  

 
Figure 1.  Elderly Population in Korea. 
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Figure 2.  The Number of Korean Elderly 

Involved in Accidents. 

 

Therefore, providing mobility as well as 

improvement of safety for older occupants is 

essential for aging society by the means of 

development of older occupant friendly vehicle. 

NHTSA launched "Safer Mobility for a Maturing 

Society: Challengers and Opportunities" program in 

2003. The program shows the target and strategic 

plans for older drivers and pedestrian to promote 

safer mobility. Due to the global trend of the societal 

aging with more than 20% of elderly population, auto 

manufactures in the advanced nations such as US and 

Japan concentrate their endeavors on the 

development of the technologies for the elderly 

friendly vehicle. The research group includes Korean 

government (MLTM) and domestic auto makers are 

putting their enormous efforts to develop key 

technologies for the elderly friendly vehicle. In the 

project, the target was set for the comfort and safety 

improvements of the transportation with vulnerable 

people, preparing the aging society, consists of the 

following 5 categories that will provide a safe and 

convenient transportation to elderly population and 

also comfort ingress and egress (boarding and un-

boarding) to the disabled.  

To provide the safety for the elderly occupants, it 

will be necessary to review the safety standards to 

mitigate elderly casualties. Currently, the injury 

criteria in KMVSS are determined by Hybrid III 

50%tile dummy readings similar to other countries. 

In the project, the best suitable injury criteria for 

Korean elderly occupant will be developed. It is 

almost impossible to develop a physical Korean 

elderly dummy to assess the injury mitigating 

performance of the so called "elderly friendly 

vehicle" and the restraint system. Since the Hybrid 

III 50%tile male dummy is only the dummy 

regulatory body accepted, the main objective of the 

research is focus developments of converting table or 

equation. This scale method will be convert Hybrid 

III 50% dummy tested injury values to the Korean 

elderly injury values.  

 

In this paper, the traffic accident patterns and injury 

types of elderly occupants suffered are examined and 

analyzed using the insurance company database. To 

investigate the converting equation, the standard 

50%tile Korean elderly Hybrid III model is 

developed by scaling method in MADYMO model.  

 

 

INJURY CHARACTERISTICS OF ELDERLY 

OCCUPANTS 

 

Literature Survey 

 

Although older drivers are involved in relatively few 

collisions due to limited exposure, once involved in a 

crash they are more likely to sustain severe injuries 

or death. Several studies have confirmed that as 

people age, they are more likely to sustain serious or 

fatal injuries from the same severity crash (Evans, 

Evans, Bedard et al., Mercier et al). Elderly drivers 
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and occupants are especially at risk of thoracic region 

injuries due to increased bone fragility (University of 

Michigan, Wang et al., Wang, Augenstein et al., 

Foret-Bruno, Schiller, Sjogren et al., Bulger et al.). 

Currently, no motor vehicle safety standards in 

Canada are designed to specifically address the needs 

of elderly persons. Results from S.C Wang, the head 

injury is the most frequent in younger age group, 

while the older age group is suffered from mostly 

thoracic injury as shown in Figure 3. It is clearly 

show that in the Figure 4, the older age group, the 

more numbers of rib fracture is occurred in the 

frontal collision. 
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Figure  3.  Incidence of Thoracic and Head 
Injury by Age. 
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Figure  4.  Age Distribution of Rib Fractures in 
Frontal Crash Occupants age 20~79, NASS 1993-
1996. 
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Figure  5.  Head and Chest MAIS by Driver 
Age Group - Frontal Impacts.  
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Figure  6.  Head and Chest MAIS by Passenger 
Age Group - Frontal Impacts. 
 
 
According to the R. Welsh paper, there is no 

significant difference in MAIS 2 or less head injury 

among the different age group selected frontal 

collision accident database of seatbelt restrained 

driver and passenger only. But, older age group was 

more experienced in sever thoracic injury.  

 

Korean Elderly Occupant Accident 

Characteristics 
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7 years period of accident database (2000-2007) was 

statistically evaluated to examine the elderly 

occupant's accident patterns and injury types. The 

total 64,424 car-to-car type frontal accidents was 

scanned but injury involved 32,195 accidents 

(injured person: 61,645) was collected as 1st data set. 

After eliminate the improper data not provide 

sufficient information, the final data set was targeted 

26,057 injured accidents. The data was categorized 4 

different age group, such as less than 25 year old, 25 

year to 54 year, 55 year to 64 year and 65 year and 

older. The injury characteristics were classified by 9 

AIS injured body segment classes. The 3 highly 

injured body parts compared with other age groups 

were carefully investigated to find any statistical 

significant. From results, the elderly occupants 

exposed higher risk in thorax, head and abdomen. 

The thoracic injury risk is 2.6 time higher than other 

ages. The head injury is 1.3 time higher and abdomen 

injury is 1.9 time higher. The abdomen of male 

elderly injury is 26.2% higher than that of female 

elderly occupant.   But, female elderly has higher 

 

potential risk in head and lower extremity 57% and 

11.6% respectively more than those of male elderly. 

In seating position, driver side is 2.9 time more 

suffered thorax injury compared with 25 - 54 year 

old age group. The elderly occupant seated in front 

passenger seat or rear seats reveals 1.4 - 1.8 times 

higher injuries in abdomen and lower extremity as 

well as thorax injury.  

 

Regardless the type of vehicles, the thorax injury of 

the elderly occupant is more than 1.7 - 2.1 times 

more frequently occurred. The elderly seated in SUV 

and RV vehicles are more injured than sedan type 

vehicle during the car-to-car frontal collisions. The 

seat belted elderly is more suffered thorax, abdomen 

and upper extremity injuries than other age groups. 

However, compared with non belted occupants, there 

are no differences in terms of injury between 

different age groups. Even the airbag equipped 

vehicle cases, still elderly occupants exposed 12.9% 

more sever thorax injury compared with other age 

group.  

 

 

 

 

 

 MAIS 3↑ MAIS 2↓ 

Age ~ 24 25 ~ 54 55 ~ 64 65 ~ ~ 24 25 ~ 54 55 ~ 64 65 ~ 

Head 28 194 34 20 736 4,316 505 220 

Neck 52 420 84 37 2,078 11,719 1,265 473 

Lumber 19 219 47 27 179 1,142 136 55 

Thorax 25 325 55 41 14 1,91 36 24 

Abdomen 37 192 31 21 59 212 29 21 

Arm 53 402 54 40 316 1,613 156 87 

Leg 41 244 33 21 177 810 83 38 

Whole Body 21 86 18 14 45 275 30 13 

Total 227 1,408 246 153 3,508 19,314 2,248 987 

Table 1.  Injury Patterns with Different Age Group in Car-to-Car Frontal Accidents 
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KOREAN ELDERLY HYBRID III TYPE 

DUMMY MODEL 

 

Dimension of Korean Elderly 

 

In order to develop the elderly friendly vehicle and 

special injury criteria for elderly occupant, it is need 

to define the standard elderly person. In this study, 

65 year and older male is defined as the elderly. The 

SizeKorea database was applied to develop the 

computer simulation model. The physical 

characteristics of elderly Korean occupant are 

relatively small and lighter than that of western 

elderly. Data from the SizeKorea database (total 

surveyed number of subjects in SizeKorea database 

was 14,200 between 0 to 90 years old), the 50th %tile 

height and weight of the subjects in target group (527 

male samples) were 162.8cm and 62kg, respectively. 

Table 2 show the height, weight and seated height of 

50%tile Korean elderly male standard.  

 

Table 2.  Body Dimensions of Korea Elderly 
 50%tile Mean 

Weight (kg) 62.1 62.34 

Height (mm) 1627.5 1629.62 

Seated Height (mm) 973.5 971.57 

 

Development of Korean Elderly Hybrid III Type 

Dummy  

 

The MADYMO / Scaler has been created to scale 

occupant models in MADYMO (DE LANGE, 2005). 

It allows the user to scale a model in three different 

ways:  

 

1) Specifying gender, mass and standing height for 

creating a model based on the GEBOD 

anthropomorphic database (BAUGHMAN, 1986) 

2) Specifying a data set of 35 anthropomorphic 

values. 

3) Specifying direct scaling factors λx, λy, λz and λxyz 

for each dimension of the 14 scalable body sections. 

 

The definitions of the anthropomorphic values are 

given in the MADYMO Utilities Manual Release 

6.3.1 (2006). With respect to the dimensions, x is 

always referring to the depth of a body section (e. g. 

“chest depth” for body region “thoracic spine”, y to 

its lateral width (e. g. “head breadth ”for region 

“head” and z to its height (e. g. “knee height seated” 

for region “lower leg”).  

In this study, using SizeKorea database for 65 year 

and older person's body dimension, the second 

scaling method is taken to develop the Korean 

elderly Hybrid III 50% male dummy model. The 35 

body dimension list is shown in Table 3. The 

dimensions of item 5, 14, 15 and 22 were not listed 

in the SizeKorea database. These dimension were 

generated using GEBOD program by input the 

weight and standing height. With given dimensional 

data, the Korean elderly size dummy is created as 

shown in Figure 7.  

 
The results of the converted dimension for Korean 

elderly 50%tile is shown in Table 4 with high 

accuracy.  

 
 
Table 3.  Anthropomorphic data set for scaling 

No. Items 
Hybrid 

Ⅲ 
Korean
Elderly

1 Weight (kg) 77.14 62.1 

2 Standing Height (mm) 1,690 1,6275

3 Shoulder Height (mm) 1,396 1,328 

4 Armpit Height (mm) 1,301 1,2105

5 Waist Height (mm) 1,007 962.9 

6 Seated Height (mm) 902 873.5 

7 Head Length (mm) 209 188 
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8 Head Breadth (mm) 146 146.5 

9 Head to Chin Height (mm) 228 201.5 

10 Neck Circumference (mm) 370 371.5 

11 Shoulder breadth (mm) 437 369.5 

12 Chest Depth (mm) 260 220.5 

13 Chest Breath (mm) 316 294.5 

14 Waist Depth (mm) 223 208 

15 Waist Breadth (mm) 280 284.9 

16 Buttock Depth (mm) 236 234.5 

17 Hip Breath, Standing (mm) 366 321.5 

18 Shoulder to Elbow Length (mm) 341 330.5 

19 Forearm-Hand Length (mm) 460 440.5 

20 Biceps Circumference (mm) 286 280.5 

21 Elbow Circumference (mm) 286 271.5 

 

 

 

 

 

 

 

 

 

 

22 Knee Height, Seated (mm) 563 489.5 

23 Forearm Circumference (mm) 276 267 

24 Wrist Circumference (mm) 174 168.5 

25 Thigh Circumference (mm) 541 506.5 

26 Upper Leg Circumference (mm) 534 465.5 

27 Knee Circumference (mm) 416 356.5 

28 Calf Circumference (mm) 358 339.5 

29 Ankle Circumference (mm) 223 250.5 

30 Ankle Height, Outside (mm) 120 67.5 

31 Foot Breath (mm) 92 99.7 

32 Foot Length (mm) 267 246.5 

33 Hand Breadth (mm) 96 82.5 

34 Hand Length (mm) 168 182.5 

35 Hand Depth (mm) 50 26.5 

 

 

Figure 7.  Comparison of the Original Hybrid Ⅲ 50%ile Dummy(right) and the 

Scaled Hybrid Ⅲ Korea Elderly Dummy(left). 

Table 4 Results of Model Scaling

Parameters Requested  Modeled Ratio (%) 

Weight 62.1 62.1199 100.03 

Standing Height 1.6275 1.6279 100.02 

Seated Height 0.8735 0.8734 99.99 

Shoulder Breadth 0.3695 0.3696 100.03 
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Computer Simulation Analysis 
 

Occupant Simulation Model - The converted 

Korean Elderly 50%tile Hybrid III Dummy model 

has been constructed with sled test model to compare 

with 50%tile standard Hybrid III model. In the 

simulation, occupant kinematics and injury values 

are examined to find relationship between two 

dummy models. From the accident data analysis and 

literature survey, since the most sever injury for the 

elderly occupant is thoracic injury, the detailed seat 

belt and airbag model are added in the typical sled 

model. In the seat belt model, load-limiter and pre-

tensioner are also adopted as shown in Figure 8. 

 

Figure 8. Configurations of the Frontal Sled 

Simulation model with A/bag and Seat Belt 

 

Simulation Results - In the simulation, the 

various force level of load-limiters were examined to 

define the influence of belt force level. Table 6 

shows the simulation results of driver side and Table 

7 is results of passenger side. The current 2+1kN 

dual stage load-limiter is optimized to protect Hybrid 

III 50%tile male dummy both in driver and passenger 

side. The lower force load-limiter can help to reduce 

chest deflection in standard 50%tile Hybrid III, but 

the other injuries were getting worse.  

In other hand, since the load-limiter and pre-

tensioner is not intended to design for elderly 

occupant, there are rooms for improvements.  

 

Table 6 Results of Elderly Driver Dummy Model 

Driver  
Original Dummy 

(50%ile) 

Scaling of Dummy 

(Only size) 

Load-limiter

(DLL) kN 
1.5+1 2+1  3+1 1.5+1 2+1  3+1  

Head 

(HIC36) 
380.31 357.65 396.09 371.28 385.44 467.5 

Chest def. 

(mm) 
33.37 35.74 40.7 26.4 30.44 35.02 

Chest acc (g) 47.11 46.14 49.38 46.82 45.06 49.51 

Femur (kN) 5.50  5.3 5.21 9.95 8.87  9.33  

 

Table 7 Results of Elderly Passenger Dummy 

Model 

Passenger 
Original Dummy 

(50%ile) 

Scaling of Dummy 

(Only size) 

Load-limiter

(SLL) kN 
1.5  2  3  1.5  2  3  

Head 

(HIC36) 
361.44 323.87 301.25 321.87 286.17 305.05 

Chest def. 

(mm) 
31.67 26.88 30.54 18.02 21.11 26.15 

Chest acc (g) 45.59 42.08 43.29 37.51 38.45 45.08 

Femur (kN) 8.30  8.17 9.19 9.71 9.61  9.68  

 

As given same crash severity, the Korean elderly 

model is less weight and height. Due to the small 

moment of inertia during the ride-down stage, the 

force acting on the head and trunk is less than 

standard size Hybrid III dummy. Therefore, except 

femur load, the injury, HIC, Chest deflection, Chest 

acceleration is less than standard size Hybrid III 

dummy.  

It is also well established that the human injury 

tolerance decreases as the age increases. An aging 
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person becomes increasingly susceptible to sustain 

thoracic injuries, primarily rib fractures, during a car 

crash. In the development of the human injury 

tolerance criteria for automotive crashes, only a few 

researchers have paid attention to age effects. About 

age-related changes occurred in the thorax, the 

degeneration of human bones and soft tissues is an 

important factor which modified significantly their 

mechanical properties. The material properties of the 

bone obviously have a significant influence on the 

condition at which fractures occur. In general, all 

humans begin to lose progressively bone mass at the 

age between 30 and 40 as a result of a physiologic 

inability to maintain a positive balance between the 

removal of old bone and the replacement of new 

bone. After 55 years old, the decrease in bone 

mineral content becomes more pronounced, and the 

negative skeletal balance increases significantly 

between ages of 60 to 70. The chest deflection injury 

threshold is strongly dependent upon the age of the 

subject as shown in Figure 9. From R. Kent's curve, 

the chest deflection of standard size Hybrid III 

dummy is 35.74 mm with 260 mm chest 

circumference and the percentage of deflection rate is 

about 13.74. Korean elderly occupant has been 

experienced 30.44 mm chest deflection who has 

220.5 mm chest circumference size. Although the 

chest deflection was less than the standard Hybrid III, 

the chest deflection rate is about equal. From Figure 

9, 13.8 % of chest deflection rate is 5% of probability 

which 0+ number of rib fractures injury for the 30 

year old adult. But 13.8% of chest deflection rate for 

the elderly occupant may occur 50% of .0+ number 

of rib fractures injury probability. The same rate 

chest deflection, but the different level of injury can 

be expected.  

 
Figure 9. Thoracic Injury Probability Curves in 

Deflection Rate of Rib Based on Kent (7). 

 

CONCLUSIONS  

 

Analysis of traffic accident data, the fatality and 

injury of elderly occupants are continuously 

increasing. As entering the aging society, safety 

issues for elderly driver and passenger must be 

carefully studied to provide the best possible 

protections or special safety regulation for elderly 

occupants. To provide optimal restraint system for 

the elderly, the scaled Korean elderly occupant 

dummy model was developed. With this model, the 

sled type simulation was conducted to examine the 

elderly injury and to find the suitable converting 

table for injury criteria for the safety standard.  
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ABSTRACT

This paper explores opportunities to better protect 
belted right front passengers during frontal crashes.  
Paired comparisons of using NASS CDS 2000-2007 
data showed that, across all ages and genders, belted 
passengers carried a 34% higher serious injury risk 
than belted drivers.  In an effort to explain this 
difference, we explore crash configurations where 
right front passengers most often sustain serious 
injuries.  We also identified primary attributes of 
right front passengers including age and weight to 
determine how they differ from drivers when serious 
injuries occur. 
 
When involved in the same crash, right front 
passengers more often sustain MAIS3+ injuries 
compared to drivers.  However, there are 
fundamental differences between these populations.  
First, a higher percentage of right front occupants are 
injured during angled collisions with a 1 o’clock 
principle direction of force.  These crashes are more 
serious for occupants seated on the nearside or 
passenger side of the vehicle. Often these crashes 
occur at intersections where the struck vehicle 
initiates a turn. 
  
A second reason for this difference in risk is 
principally due to the presence of occupants in the 
passenger location who are more vulnerable to injury 
than the driver.  While only 1 in 10 right front seat 
occupants involved in frontal crashes are age 65 and 
older, the elderly population makes up more than 1/3 
of the MAIS3+ injured group.  When both front seat 
occupants are elderly, the most vulnerable in terms of 
age or gender is in the passenger position 85% of the 
time.  The GES data showed that when two elderly 
occupants (age 65+) were present, the female 
occupied the right front passenger position 73% of 
the time. 
 
Analysis of NASS GES data suggests that, when an 
elderly male occupies the passenger seat he is 

frequently older than the driver.  When investigated 
further, there was no significant difference in the fatal 
injury risk of young belted drivers and young belted 
right front passengers in frontal crashes. 
 
INTRODUCTION 

An earlier study found that when both driver and 
right front passenger were elderly, the right front 
passenger was more likely to have a lower injury 
tolerance [Augenstein 2008]. It was noted that the 
right front passenger has more ride-down room than 
the driver.  Consequently, the safety system for the 
right front passenger could utilize the additional 
distance and be more benign than for the driver. The 
earlier study focused primarily on the needs of the 
elderly right front passenger.  This study is intended 
to examine the needs of a wider range of belted right 
front occupants involved in frontal crashes. 

Numerous studies have shown higher vulnerability to 
injury and death for older occupants involved in 
motor vehicle crashes [Augenstein, 2001; Fildes, 
1991; and Mackay 1994, 2001].  Other studies of 
gender differences indicate that females, like older 
occupants, are more vulnerable to injury than males 
of the same age [Lenard 2001; Welsh, 2001].  Evans 
found that the same physical insult was three times 
more likely to fatally injure a 70 year old compared 
with a younger person age 15 to 45.  He further 
showed that women age 15 to 45 were 25% more 
likely to be killed from a similar physical insult than 
their male counterparts [Evans 2001, 1991].   

Studies of serious injuries by body region for 
restrained occupants in frontal crashes have shown 
that for belted occupants age 65+, the chest is the 
body region most frequently injured at the MAIS 3+ 
level [Augenstein, 2005].  Similar results were found 
for belted fatally injured older drivers in frontal 
crashes [Kent, 2005]. 
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Earlier studies examined changes in chest injury 
propensity using cadaver testing and found a 
significant decrease in injury tolerance by age [Zhou, 
2001].  For frontal crashes, belt loading was found to 
more significantly increase the risk of injury 
compared with loading by air bags.  When compared 
to 16-35 year old occupants or the “young” group, 
the chest injury threshold for bag loading was 
reduced to 84% for the 36-65 year old age group and 
to 79% for the 66-85 year old age group.  For belt 
loading, the reduction was to 47% for the 36-65 year 
old age group and to 28% for the 66-85 year old age 
group. 

Recent evaluations of NASS CDS data identified that 
for a given stature, an obese occupant (BMI ≥30) has 
a 97% higher risk of fatality and 17% higher risk of 
MAIS3+ injury compared to occupants with a normal 
Body Mass Index (BMI) [Viano 2008].  The Viano 
study applied a matched pair methodology 
controlling for occupant age and gender however 
safety belt usage and crash type were not considered.  
A study by Mock et. al. (2002) similarly found that 
the risk of fatal injury increased 1.013 (95% CI: 
1.007, 1.018) for each kilogram increase in body 
weight.  This study controlled for age, gender, 
seatbelt use, seat position and vehicle curb weight. 

Earlier research supports the thesis that females and 
older occupants of both genders could benefit from 
restraint systems that apply forces at lower levels 
than the force allowable for young males.  However, 
restraints design must also adequately treat a 
population of occupants whose weight is steadily 
increasing. 

METHODS 

The 2000-2007 National Automotive Sampling 
System, Crashworthiness Data System (NASS CDS) 
data was used to compare the relative injury risk of 
belted drivers and right front passengers during 
frontal crashes.  The analysis included restrained 
occupants involved in frontal crashes by crash 
severity, gender and age. Subsequently, a comparison 
of the occupancy of the driver and right front 
passenger seats by gender and age was made using 
General Estimates System, GES (2003-2005), data to 
better understand the demographics of right front seat 
occupants.  We also explored NASS CDS data to 
further compare differences in driver and right front 
passenger size for those who are injured and 
uninjured. 

For the NASS data analysis, frontal crashes were 
defined as any crash where the principal direction of 
force (PDOF) was 1, 11, or 12 o’clock or the PDOF 

was 10 or 2 o’clock with the highest deformation 
location coded as front (F).  Typically, crash severity 
is determined using the coded change in velocity or 
deltaV.  For those cases where delta-V was missing, 
the NASS researcher supplied estimated delta-V was 
used.  These estimates are available for those cases 
where delta-V cannot be accurately computed during 
crash reconstruction.  Estimated delta-V values can 
be partitioned into 3 categories which are 0-15 MPH, 
15-25 MPH and 25+ MPH.  

The NASS database provided 23,124 raw cases of 
belted front seat occupants 16 and older exposed to 
frontal crashes with known or estimated delta-V. Of 
these occupants, 2,437 suffered MAIS 3+ injuries.  
When weighted, these cases expanded to 11,768,366 
occupants with 189,034 MAIS 3+ injured.  Table 1 
shows the population of drivers and right front 
passengers used in the analysis. 

Overall, few differences exist in the attributes shown 
in Table 1 comparing driver crash distributions with 
those of right front passengers.  In terms of crash 
severity (deltaV), vehicle type and age, the 
distributions are similar.  As discussed in more detail 
below, the NASS CDS reflects the fact that more 
females ride in the right front passenger seat while 
more males are driving when a tow-away crash 
occurs. 

Table 1. Crash exposure of belted front seat 
occupants involved in frontal crashes (source: 
NASS CDS 2000-2007) 

Front Seat 
Occupant 
Category 

Drivers 
Right Front 
Passengers 

Count % Count % 
All 9,414,686  2,350,643  
 80%  20%  
DeltaV (mph)     
   0-14  5,993,720 64 1,574,201 67 
   15-24 3,091,409 33 720,926 31 
   25+  305,898 3 55,516 2 
Vehicle Type     
   Cars 6,463,688 68 1,574,813 67 
   SUVs 1,185,574 13 294,122 14 
   Pickups 1,111,366 12 292,366 12 
   Vans 614,111 7 188,699 8 
 Age Group     
   16-34 4,965,589 53 1,068,143 54 
   34-65 3,547,415 38 708,879 36 
   65+ 792,518 9 186,784 10 
Gender     
   Male 5,078,752 54 989,060 43 
   Female 4,252,315 46 1,324,584 57 
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Conversely, Table 2 identifies a few key differences 
between crashes where drivers are injured and those 
where right front passengers are injured.  Fewer 
injured right front passengers are pickup truck 
occupants while a higher proportion ride in cars.  
When a passenger is injured, Table 2 indicates that 
higher proportions are age 65+.  Seventeen percent 
(16%) of drivers who sustain an MAIS3+ injury were 
age 65 and older while over 31% of right front 
passengers fell into this category.  Sixty nine (66%) 
of injured right front passengers are females 
compared to only 47% of injured drivers. 
  
Table 2. MAIS3+ injury counts for belted front 
seat occupants involved in frontal crashes (source: 
NASS CDS 2000-2007) 

MAIS3+ 
Injured 

Occupant 
Category 

Drivers 
Right Front 
Passengers 

Count % Count % 
All 156,630  32,404  
 82.9%  17.1%  
DeltaV (mph)     
   0-14 30,024 19 5,766 18 
   15-24 68,657 44 14,527 45 
   25+ 57,949 37 12,111 37 
Vehicle Type     
   Cars 108,429 69 23,418 72 
   SUVs 19,125 12 3,504 11 
   Pickups 20,725 13 2,695 8 
   Vans 8,260 5 2,753 9 
 Age Group     
   16-34 59778 38 10,185 35 
   34-65 71,138 45 9,868 34 
   65+ 25,495 16 8,881 31 
Gender     
   Male 82,759 53 10,943 34 
   Female 73,871 47 21,435 66 

 

Matched Pair Analysis 

In order to evaluate the difference in MAIS3+ injury 
risk for passengers relative to drivers while 
controlling for the influential factors identified above, 
a matched pair analysis using NASS CDS 2000-2007 
data was performed.  Only those belted drivers 
involved in frontal crashes with a belted right front 
passenger present at the time of the crash were 
retained.  In total 11,066 unweighted occupant pairs 
representing 2,350,643 weighted occupant pairs were 
available for evaluation. 

To adequately treat the stratified sampling design of 
NASS CDS, odds ratio estimates, standard errors and 
95% confidence intervals (95% CI) were calculated 
using Stata Software Version 9.0 (Stata Corporation, 
2005).  

Odds of right front passenger injury are 34% higher 
than drivers for belted occupants in frontal crashes.  
When the sample was further stratified by PDOF, for 
the risk of MAIS3+ injury for right front passengers 
it was not statistically different than drivers for 11 or 
12 o’clock crashes when age, gender and crash 
deltaV are controlled for.  However, the effect for 
1’oclock PDOF crashes is significant having a 2.43 
times higher risk of MAIS3+ injury for right front 
passengers compared to drivers. 

The odds of serious injury for female right front 
passengers relative to female drivers is 1.39 (95% CI: 
1.13, 1.69).  For elderly passengers versus elderly 
drivers, the odds of injury were substantially higher 
at 1.89 (95% CI: 1.29, 2.78). 

Table 3. Odds ratios based on matched pairs 
analysis- Odds of MAIS3+ injury for belted right 
front passengers in frontal crashes compared with 
drivers (NASS CDS 2000-2007) 

Category 
Odds Ratio 

(95% Conf. Limits) 

All Frontal Crashes 1.34 (1.16, 1.55) 

11 o'clock PDOF 0.86 (0.62, 1.19) 

12 o'clock PDOF 1.20 (0.96, 1.50) 

1 o'clock PDOF 2.43 (1.76, 3.36) 

Female Passengers 1.39 (1.13, 1.69) 

Elderly Passengers 1.89 (1.29, 2.78) 
 

Crash configurations for two vehicle crashes where 
drivers and right front passenger sustain MAIS 3+ 
injuries are shown in Figure 1.  This plot shows 
results for the crashes used for the matched pair 
analysis so that the population of crashes where a 
right front passenger was present is identical to those 
for the drivers in terms of deltaV, vehicle type and 
crash configuration.  The non-collision category 
indicates a single vehicle crash event has occurred.   

Overall, drivers more often sustain injuries during 
head on collisions with other vehicles.  Right front 
passengers are injured more frequently than drivers 
during angled collisions.  The vast majority (more 
than 88%) of angled crashes where right front 
passengers were injured occurred while turning or at 
intersections. 
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Figure 1. Comparison of crash configurations 
where drivers and right front passengers 
sustained one or more MAIS3+ injuries (for 
crashes where both occupants were present). 

Figure 2 shows the distribution of injured occupants 
by seating position and specific PDOF for the frontal 
crash event.  As mentioned above, right front 
passengers are more frequently injured in angled 
collisions associated with turns at intersections 
supporting the elevated frequency of injuries where 
the PDOF of the primary impact was 1 o’clock. 
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Figure 2.  Comparison of primary impact PDOF 
where drivers and right front passengers 
sustained one or more MAIS3+ injuries (for 
subset of crashes where both occupants were 
present). 

Figure 3 indicates that a higher proportion of right 
front passengers sustaining MAIS3+ injuries are age 
65 and older than in the driver position.  Although 
only 10% of tow-away crash involved right front seat 
occupants are age 65 and older as shown in Table 1, 
more than 35% of those who sustain one or more 
MAIS3+ injury are age 65+.  For drivers, the 
proportion of occupants age 65 and older who sustain 
MAIS3+ injuries is 16% while the driver position is 
occupied by those 65 and older 9% of the time.   
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Figure 3.  Distribution of occupant ages where 
driver or right front passenger was MAIS3+ 
injured (for subset of crashes where both 
occupants were present). 

Figure 4 indicates 16% of adult females seated in the 
right front passenger seat during any NASS CDS 
crash were similar in weight to the 5th Percentile 
Female Dummy (the 5th percentile female weighs 
46.7 kg or 102 lbs).  A total of 41% were slightly 
heavier than the 5th Percentile female yet lighter than 
the 50th Percentile Male dummy.  Overall, the 5th 
percentile female does not represent female 
occupants most often seated in the right front position 
well. 
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Figure 4. Occupant weight distributions for all 
NASS CDS crashes. 

Within the MAIS3+ injured population, shown in 
Figure 5, increased percentages by weight for all 
categories for both males and females can be seen.  It 
should be noted that Figure 5 includes only belted 
right front passengers involved in frontal crashes 
while Figure 3 includes the complete NASS CDS 
population.  
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Figure 5. Occupant weight distribution for 
MAIS3+ injured, belted right front passengers in 
frontal crashes. 

General Estimates System (GES)- Seat Occupancy 

Figure 6 shows the distribution of occupants by 
seating position based on NASS GES data. This data 
was reviewed to understand frequency of front seat 
occupancy by age and gender.  The subpopulation 
reviewed includes police reported, crash involved 
vehicles where the driver and passenger seat were 
occupied.  The analysis considers both injured and 
non-injured occupants.  There were 153,936 
unweighted pairs of occupants included representing 
1,556,533 drivers in crashes from 2000-2007.  Figure 
6 shows the percent of crashes where a female driver 
or male driver was accompanied by a female 
passenger or male passenger.  This data suggests that 
overall, female passengers occupied the passenger 
seat during 56% of the crash events. 

Gender by Seat Position- Two Occupants Present Per 
Vehicle  (GES 2000-2007- Passenger Vehicles)
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26%

 

Figure 6. All occupants by seating position (GES 
2000-2007). 

Figure 7 indicates that, when both front seat 
occupants were 65 and older, a female occupied the 
right front passenger seat 73% of the time.  Both 
driver and passenger were elderly males in 10% of 

these cases. 

Elderly Occupants (both 65 YO+)  Gender by Seat Position- 
(GES 2000-2007- Passenger Vehicles)
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Figure 7. Elderly occupants by seating position 
(GES 2000-2007). 

DISCUSSION 

In this study, the risk of MAIS3+ injury was 
compared for right front passengers and drivers using 
matched pairs analysis.  Crashes where both the 
driver and right front passenger were present and 
restrained were retained.   

Fundamental differences in crash configurations 
appear to impact the frequency that right front 
passengers are injured. As may be expected, the right 
front passenger is much more likely than the driver to 
be injured in a 1 o’clock crash.  When examining the 
11 o’clock crash the driver would be expected to 
have a higher risk.  However, the driver’s increased 
risk was not statistically significant.  The right front 
passenger’s increased frequency of injuries is further 
illustrated in Figures 1 and 2. The energy absorbing 
steering column may provide some benefit to the 
driver in the angular collision that is absent for the 
right front passenger.  Further, compartment 
intrusions at the right front passenger position could 
impact injury risk.  This result suggests the need to 
provide some additional protection to the right front 
passenger in the 1 o’clock frontal angular collisions. 

Table 2 shows the predominance of females and 
elderly females among right front passengers with 
MAIS 3+ injuries.   

The analysis of GES (Figures 7 and 8) indicates that, 
when all ages are considered, 56% of the right front 
passengers are female.  In NASS CDS, 57% of the 
right front passengers in tow-away crashes are 
female. However, when examined by age, the female 
occupancy rate increases dramatically for older 
occupants.  GES (Figure8) shows that when both 
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front seat occupants were 65 and older, a female 
occupied the right front passenger seat 73% of the 
time.  This result is consistent with NASS data that 
shows that among right front passengers age 65 and 
older, 81% are female.  For age 50 and older, the 
percentage of female passengers in NASS remains 
about the same. 

An earlier study using paired comparison analysis of 
FARS for belted drivers and right front passengers 
showed that when all ages of occupants were 
considered, the passenger position had a slightly 
higher risk of being fatally injured [Augenstein 
2008].  There was no difference in the risk when both 
occupants were young.  However, when both 
occupants were 65 and older, the odds ratio for the 
passenger was much higher – 1.42.   This result 
further supports the hypothesis that when elderly 
occupants occupy both front seats, the most 
vulnerable to injury is the passenger, not the driver. 

It is interesting to examine the injuries and fatalities 
that occur to belted elderly occupants in the lower 
severity crashes.  An earlier study found that 58% of 
the frontal crash fatalities among belted front seat 
occupants aged 65+ occurred in crashes less severe 
than 25 mph [Augenstein, 2006].  The earlier paper 
showed that, for an elderly occupant, sustaining an 
MAIS 3+ injury carries a much higher risk of death 
compared with the same injury in a younger 
occupant.  The paper suggested that reductions of 
chest injuries in lower severity frontal crashes offered 
a large opportunity for improvement.  

Figure 3 shows the weight distribution for injured 
males and females in the right front occupant 
position.  The distribution suggests the need for tests 
with a dummy heavier than the 5th percentile female.  
It also suggests the need to tailor the restraint system 
for both the weight of the occupant and the severity 
of the crash. 

These results suggest that an opportunity exists for 
providing age, weight and gender appropriate 
restraint systems for the right front passenger.  These 
restraint systems could be more focused on reducing 
the forces on the body in low severity crashes while 
maintaining the current level of safety in high 
severity crashes. 

CONCLUSIONS 

Occupants of the right front passenger position have 
different restraint needs compared with the driver.  
The NASS paired comparison analysis indicates that 
the right front passenger is more vulnerable to frontal 

angular crashes than the driver. Additional protection 
for the 1 o’clock angular crash would be beneficial.   

The right front passenger is more likely to have a 
lower injury tolerance than the driver.  This 
difference suggests the need for a more benign 
restraint system.  However, occupants of the right 
front passenger position exhibit a wide range of sizes.  
The broad population suggests the need for tests with 
a variety of dummy sizes. 
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ABSTRACT 

Within the process of integrating passenger airbags 
in the vehicle fleet a problem of compatibility 
between the passenger airbag and rearfacing child 
restraint systems was recognised. Especially in the 
US several accidents with children killed by the 
passenger airbag were recorded. Taking into 
account these accidents the deactivation of a 
present passenger airbag is mandatory if a child is 
carried in a rearfacing child restraint system at the 
front passenger seat in all member states of the 
European Union. This rule is in force since the 
deadline of 2003/20/EC at the latest. 
  
In the past a passenger airbag either could not be 
disabled or could only be disabled by a garage. 
Today there are a lot of different possibilities for 
the car driver himself to disable the airbag. 
Solutions like an on/off-switch or the automatic 
detection of a child restraint system are mentioned 
as an example. Taking into account the need for the 
deactivation of front passenger airbags two types of 
misuse can occur: transportation of an infant while 
the airbag is (still) enabled and transportation of an 
adult, while the airbag is disabled, respectively. 
Within a research project funded by BASt both 
options of misuse were analysed utilising two 
different types of surveys amongst users (field 
observations and interviews, Internet-
questionnaires). In addition both analysis of 
accident data and crash tests for an updated 
assessment of the injury risk caused by the front 
passenger airbag were conducted. 
  
Both surveys indicate a low risk of misuse. Most of 
the misuse cases were observed in older cars, 
which offer no easy way to disable the airbag. For 
systems, which detect a child seat automatically, no 
misuse could be found. The majority of misuses in 

cars equipped with a manual switch were caused by 
reasons of oblivion.  
 
Also the accident analysis indicates a minor risk of 
misuse. From more than 300 cases of the GIDAS 
accident sample that were analysed, only 24 
children were using the front passenger seat in cars 
equipped with a front passenger airbag. In most of 
these cases the airbag was deactivated. When 
misuse occurred the injury severity was low. 
However, when analysing German single accidents 
the fatality risk caused by the front passenger 
airbag became obvious. 
 
From the technical point of view, there were 
important changes in the design of passenger 
airbags in recent years. Not only volume and shape 
were modified, but also the mounting position of 
the entire airbag module was changed 
fundamentally. 
 
Even if these findings do not allow obtaining 
general conclusions, a clear tendency of less danger 
by airbags could be identified. For future vehicle 
development a safe combination of airbags and rear 
faced baby seats seems to be possible in the long 
term. This would mean that both types of misuse 
could be eliminated. For parents an easier use of 
child seat and car would be the result. 

INTRODUCTION 

During the integration of passenger airbags into the 
vehicle fleet a problem of incompatibility between 
the passenger airbag and rearfacing child restraint 
systems was recognised. Especially in the US 
several accidents with children killed by the 
passenger airbag were recorded. Taking into 
account these accidents the deactivation of a 
present passenger airbag is mandatory in all 
member states of the European Union if a child is 
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carried in a rearfacing child restraint system on the 
front passenger seat. This rule is in force since the 
deadline of 2003/20/EC (April 2008) at the latest. 
 
In recent years the possibilities of airbag deactiva-
tion have changed considerably. While the only 
way to disable the airbag was the general deacti-
vation by a garage several years ago, some techni-
ques are offered today allowing the deactivation 
and reactivation in a simple way. The most com-
mon one is an on/off-switch integrated in the car. It 
can be designed as a key switch, which is used with 
the car key to switch off the airbag. This compara-
tively simple way to deactivate the airbag for the 
front passenger seat facilitates the use of that seat 
for rearfacing child restraint systems (CRS), which 
is an important relief for parents. 
 
However, with this method two types of misuse can 
occur: transportation of an infant while the airbag is 
enabled (first kind of misuse) and the transportation 
of an adult, while the airbag is still disabled 
(second kind of misuse). With systems of automatic 
airbag deactivation, which are able to detect the 
presence of a child restraint system, both types of 
misuse should be prevented. 

ACCIDENT DATA 

This analysis is based on data from the GIDAS 
(German In-Depth Accident Study), NHTSA as 
well as data of a small number of single accidents. 
In 337 GIDAS cases with children in cars 58 were 
transported on the passenger seat. In 24 of them an 
airbag was present. In 15 accidents the airbag was 
not deployed, which can be caused by deactivation 
or by technical failure. In one out of the 9 cases in 
which the airbag deployed the child was transport-
ted in a baby shell. This is the only clear document-
ted case of misuse out of 337 situations with chil-
dren transported in a car. In this accident the child 
received only minor injuries, which were classified 
as AIS 1. 
 
Second data retrieval to the GIDAS data was rela-
ted to the second type of misuse. However, no 
accident with a non-deploying airbag was detected. 
 
Comparing the injury severity for with and without 
airbag deployment indicates a higher injury risk 
with airbag deployment, see Figure 1. However, the 
accident severity is also an important factor 
influencing the injury risk. In cases with active 
airbag the airbag deployment depends on the 
accident severity. That means that the cases with 
airbag deployment are generally of higher accident 
severity than those without. Looking at the GIDAS 
data the average delta-v for the cases with airbag 
deployment is higher than for those cases without. 
Furthermore the injury severity in this sample did 
not exceed AIS2. 
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Figure 1.  Comparison of injury severity for 
children with and without deployed airbag. 

In addition the risk associated with the front 
passenger seat compared to the rear seats was 
analysed, see Figure 2. There seems to be a slightly 
higher risk at the front seat compared to the rear 
seats. However, in the sample the injury severity 
did not exceed AIS 2 for both configuration and the 
sample is rather small. Therefore the results are not 
significant.  
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Figure 2.  Comparison of injury severity for 
children using a rear seat or the front passenger 
seat. 

Lesire et al. [Lesire, 2007] also compared the injury 
severity for children in the front seat with those in 
the rear seat. Based on French and UK data they 
came to the conclusion that there is no difference 
between front and rear seats with respect to the 
injury severity. However, the UK data indicates a 
higher CRS usage in the front seat compared to the 
rear, which may not be neglected when comparing 
the injury risk. 
 
The analyses of single accidents showed two fatal 
accidents in Germany, both with low accident 
severity and cars equipped with the first generation 
of passenger airbags. In one case the low mount 
Eurobag deployed even so it was disabled by a 
garage, while in the other case there was no 
possibility to deactivate the mid mount full-size 
airbag. In both accidents the babies received fatal 
head injuries due to the deploying airbag. 
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Figure 3.  US children killed due to airbag deployment [NHTSA, 2008]. 
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Finally NHTSA data show that fatal injuries in 
children due airbag deployment has significantly 
reduced by information campaigns (resulting in a 
general decreasing trend since 1995) and airbag 
improvement (resulting in lower figures for newer 
cars compared to older ones), see Figure 3. 

AIRBAG TECHNOLOGY 

In the beginning of the introduction of airbags these 
were developed for the frontal impact of the driver 
only. The driver airbag was an important step 
towards reduced injuries, which were often caused 
by the small distance between the occupant and the 
steering wheel resulting in a hard contact even for 
belted drivers. The airbag needs to inflate rapidly 
after the detection of a severe accident to have the 
airbag completely inflated before the occupant 
contacts it.  
 
As a second step airbags for front seat passengers 
were introduced. Due to the larger distance 
between the passenger and the instrument panel 
front seat passenger airbags need to be larger and 
faster than the driver airbags. In addition the 
seating position of the front seat passenger is not as 
well defined as for the driver, who needs to operate 
the car. The combination of the more aggressive 
size and inflation procedure of passenger airbags 
on the one hand and the risk of dangerous position 
of front seat passengers on the other hand resulted 
often in serious injuries. Therefore NHTSA 
introduced regulations (modification of FMVSS 
208) aiming at reducing the risk caused by airbags. 
Both low risk deployment and automatic detection 
of dangerous situation and disabling of airbags are 
addressed. For assessing the low risk deployment 
several static airbag deployment tests need to be 
conducted. One of them utilises a CRABI 1 YO 
dummy using rearfacing CRS. The CRS is 
positioned in a way that it is just not touching the 
instrument panel.  
 
While the driver airbag is mounted at the steering 
wheel since its introduction the mounting position 
of the front seat passenger airbag changed during 
time. In the beginning most passenger airbags were 
mounted in the low mount position and replaced 
the glove box. Due to package requirements and 
the low risk deployment strategies the mounting 
position changed to the mid mount and later top 
mount position. Today almost all new cars are 
equipped with front seat passenger airbags in the 
top mount position. While the low mount position 
airbags inflated directly in the direction of the 
occupant, the top mount positioned airbag starts 
with the inflation in the direction of the wind 
screen and the movement in the direction of the 
occupant follows with a lower energy input. 
 

Finally it is important to note that there are consi-
derable differences in the airbag design depending 
on the region of use of the car. While airbags are 
meant to be an additional safety device for belted 
occupants in Europe they are designed to be used 
without the seat belt in the US: This difference 
requires larger airbags for the US market.   

TECHNIQUES OF AIRBAG DEACTIVATION 

In general, three different types of airbag deactiva-
tion are available: the deactivation using a switch, 
the automatic detection of a CRS and the perma-
nent deactivation by a garage. 

Deactivation by a switch 

Today, this possibility to activate the airbag is the 
most common. Most of the European car manufac-
tures offer this integrated systems in cars as a stan-
dard or it can be ordered as optional equipment. For 
the customer this system is easy to use: he can 
disconnect the airbag either by a key or manually 
himself. If the airbag is disabled, its status is shown 
to occupants by a warning light. Depending on the 
car, the switch is integrated in the glove compart-
ment, dashboard or in the transmission tunnel. 

Automatic detection 

This system, called CPOD (Childseat Presence and 
Orientation Detection) detects the existence of a 
child seat in a car and its orientation. The system, 
which is available in Germany, is called AKSE 
(Automatische Kindersitzerkennung; automatic 
detection of CRS). Even if it is nearly identical to 
CPOD it is originally not designed to detect the 
orientation of the CRS. A special transponder at the 
CRS is necessary, which is identified by the AKSE. 
In Germany, there are two car manufactures which 
offer this system: Mercedes and Opel. Even if the 
systems of both manufactures are nearly equal, 
Opel seats can only be used in Opel cars and 
Mercedes seats in Mercedes cars only. There are 
ongoing activities by an ISO-working group to 
define an international standard for such systems. 

Durable deactivation by a garage 

A further possibility to disconnect the airbag is its 
deactivation by a garage. There the airbag is 
deactivated permanently. Thus, the airbag can’t be 
enabled by the driver himself if required. Usually, 
the occupants are informed by a warning decal. 
Today, this way of deactivation is less common 
than some years ago. Compared to the deactivation 
by a switch, with this method there is a high risk of 
an adult on the passenger seat while the airbag is 
disabled. 
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No possibility of deactivation 

Even if it is mandatory to disable the front airbag if 
a child is transported in a rearfacing CRS on the 
passenger seat, there are still some car manufac-
turers not offering any possibility to switch-off the 
airbag. Even the deactivation by a garage is 
impossible. The outcome is that rearfacing CRS 
have to be mounted on the rear seat. 
 
To summarise the available techniques for airbag 
deactivation the majority of old cars do not offer 
any possibility for deactivation or the durable deac-
tivation by a garage, while recent cars normally 
offer the possibility by a switch. However, there are 
still models in production, which do not offer any 
possibility. 

RISK POTENTIAL OF PASSENGER 
AIRBAGS 

Due to recent developments with respect to the 
airbag geometry, size and mounting position a 
number of tests was conducted to be able to 
reassess the risk resulting from airbag deployment.  
 
The first public available tests, e.g. published by 
GDV [GDV, 2003] mainly focused on video 
analysis. In contrast this study emphasised on 
dummy readings. The tests included a number of 
sled tests with a body in white of a recent mid-size 
class car with different airbags, one static airbag 
deployment test with the same car body and a 
number of dynamic and static tests with old cars 
offering the first generation of passenger airbag 
technology. All tests utilised the same ECE R44 
group 0+ CRS and the same Q1.5 dummy.  
 
One of the first problems recognised within this 
study was the question how to assess the dummy 
readings. Looking at the accident data described 
above the main problem seems to be head injuries. 
However, compulsory tests according to FMVSS 
208 mainly rate the neck loads with a combined 
assessment of neck forces in Z direction and neck 
moments along the Y axis. This so called Nij (neck 
injury criterion) requires the knowledge of critical 
neck tension and neck compression forces as well 
as critical neck flexion and neck extension 
moments. These values were defined for the Hybrid 
III series of dummies including CAMI and CRABI. 
For the dummy used in the tests, the Q1.5, the Nij 
reference values have not been defined. Based on 
the results of the CHILD project [Palisson, 2007] 
critical neck tension force and neck flexion 
moments can be derived from the calculated injury 
risk functions for the Q3 using scaling technolo-
gies. As the critical neck tension differs from the 
critical neck compression and the critical neck 
extensions differs from the critical neck flexion the 
ratio as used for Hybrid III dummies was utilised 

for the Q1.5. The other IARV are based on the 
results of the CHILD project. Taking into account 
that the critical forces and moments for the used 
dummy have not been officially defined the used 
neck injury criterion is called Nij*. 
 

Table 1. 
Injury criteria and corresponding load limits 

used for assign the different tests 

Criterion IARV 
Head a3ms 79 g 
HIC15 585 
Neck tension force 1550 N  
Neck compression force 1126 N 
Neck flexion moment 61 Nm 
Neck extension moment 27 Nm 
Nij* 1.0 
 
The static airbag deployment tests with cars 
offering the first generation of passenger airbags 
showed different results for different cars – or to be 
more precise between cars with different airbag 
sizes, see Table 2. The results indicate that the risk 
resulting from the small airbags in car1, car2 and 
car3 is relatively low, while it is high for the cars 
with the larger airbags (car4 and car5). However, 
one needs to take into account that only one CRS 
has been tested and that the results of the static 
airbag deployment does not necessarily represent 
realistic loading conditions. 
 

Table 2. 
Results of static airbag tests 

criterion car1 car2 car3 car4 car5 

position low low low mid mid 

size ~ 50 l ~ 65 l ~ 65 l ~ 110 l ~ 130 l 

head a3ms 8 g 12 g 14 g 30 g 49 g 

HIC15 1 6 6 43 137 

neck FZ 
148 N 

(comp.) 
371 N 

(comp.) 
299 N 
(tens.) 

730 N 
(comp.) 

322 N 
(comp.) 

neck MY 
4 Nm 
(flex.) 

11 Nm 
(flex.) 

10 Nm 
(flex.) 

22 Nm 
(flex.) 

54 Nm 
(ext.) 

Nij* 0,15 0,44 0,29 0,99 2,86 

chest a3ms 3 g 10 g 6 g 9 g 38 g 

 
The video analysis clearly shows the differences 
between the tests with low dummy loadings and 
those with high dummy readings. While the smaller 
airbags hit the CRS directly from the front when 
the airbag is almost completely inflated, the larger 
airbags caused two impacts (firstly from the front 
with high energy input and then from the top). 
Figure 4 shows the airbag when it is completely 
inflated for car1 and car5 as an example. 
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Figure 4.  Maximum airbag deployment: car 1 
(top) and car 5 (bottom). 

As a next step car model 2 was used for dynamic 
tests with and without the passenger airbag. Due to 
the age and therefore different histories of the two 
cars there were slight differences in the car 
acceleration but overall the tests are comparable. 
The main characteristics of the tests are listed 
below: 
 

• full frontal, rigid wall, 
• 55 km/h, 
• front passenger seat in mid position. 

 

Table 3. 
Results of dynamic tests with old cars 

 
criterion with 

airbag 
without 
airbag 

static airbag 
test 

head a3ms 92 g 93 g 12 g 

HIC15 1061 989 6 

neck FZ 
677 N 

(comp.) 
2020 N 
(tens.) 

371 N 
(comp.) 

neck MY 
21 Nm 
(ext.) 

39 Nm 
(ext.) 

11 Nm 
(flex.) 

Nij* 0,96 3,06 0,44 

chest a3ms 73 g 83 g 10 g 

 
Although the CRS and Q1.5 kinematics was 
completely different in both tests the dummy 

readings, except the neck are almost the same, see 
Table 3. 
 
The neck loads within this comparison are much 
higher without airbag deployment than with. 
Looking at the kinematics the babyshell turns after 
the impact of the airbag by 90° along the Y axis 
while it stays stable in the test without the airbag. 
 
When comparing the tests with the fatal injuries 
recorded in German accidents it becomes evident, 
that the chosen test severity might be too high. It 
could be that the airbag mainly causes harm in 
accidents with a moderate severity level and does 
not changes much in high severity accidents. 
Within the tests described above the dummy 
readings already exceeded the proposed load limits 
for the head. 
 
Finally recent and future airbag designs have been 
tested in sled tests in a body in white of a mid size 
car of today. The main characteristics of these tests 
are listed below: 
 

• 60 km/h, 
• pulse according to NPACS frontal impact 

protocol, 
• front passenger seat in most forward 

position. 
 
Non of the airbag tested in this series have been 
calibrated for the car, therefore better results can be 
expected in the field. The following airbags have 
been tested: 
 
Airbag A 

• designed for the European market 
• volume 60 l 
• 1 gas generator 

 
Airbag B 

• designed for the US market 
• volume 120 l 
• 2 gas generators 

 
Airbag C 

• based on airbag B 
• prototype 
• special venting technology with additional 

vents, which are open at the beginning of 
the inflation and will normally be closed 
except the airbag get in contact to anyone 
or anything 

• volume 120 l 
• 2 gas generators 

 
Airbag D 

• prototype 
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• special venting technology with additional 
vents, which are open at the beginning of 
the inflation and will normally be closed 
except the airbag get in contact to anyone 
or anything 

• 2 chambers connected in the centreline 
resulting in a geometry which emphases at 
restraining the shoulders and reducing the 
loads at the head  

• volume 100 l 
• 2 gas generators 

 
In addition to the airbag tests two reference tests 
without airbag and one static airbag deployment 
test with airbag D were conducted.  
 
Analysis of the test data shows that the test without 
airbag already has a considerable high severity and 
that the Nij* shows the worst repeatability, see 
Table 4. The head acceleration and HIC value is 
considerably higher in the airbag tests as in the 
reference tests. The best results amongst the airbag 
tests was obtained in the test with Airbag C. 
Especially the neck loads expressed by Nij* were 
lower in the test with Airbag C than the average of 
both reference tests. The static airbag deployment 
tests with Airbag C did induce minor loads only. 
 
Again it is important to note, that the tests showed 
a considerable high impact severity, causing 
already critical neck loads in the reference tests. 
Probably a lower impact severity would be better to 
assess the risk resulting from the airbag. 

SURVEY AND FIELD STUDY 

To evaluate the risk of misuse of airbag deactiva-
tion during the transportation of children in rearfa-
cing CRS it is important to include the user’s point 
of view. Level of knowledge, stance on child safety 
and risk assessment should be considered as well as 
the marginal conditions which make misuse more 
likely. 
 

For this analysis a field study and an internet 
survey were carried out and accident data were 
evaluated. 

Field study – first type of misuse 

The central approach of this study was to interview 
people on the spot, who were just transporting a 
child in their car. Typical interview mistakes and 
response biases were excluded by this real time 
procedure. Furthermore, the interviewer had the 
possibility to check the airbag state in the car 
himself. Because of the more frequent use of the 
back seat for child transportation, it was time-
consuming for the interviewer to find the desired 
situation of transport. Based on results of 
Fastenmeier et al. [Fastenmeier, 2006] only one of 
seven children is using the front passenger seat. 
 
The survey has been conducted in Munich, Berlin, 
Stuttgart and Saarbrücken. The interviews were 
carried out at places where parents with young 
children or babies could be expected, e.g.: nursery 
schools, baby swimming courses, etc. Using this 
procedure of different places at different times of 
day the interviewer could ensure that with the 
survey there was a variation in trip purpose. 
Within this survey 140 interviews took place (54 in 
Munich, 21 in Berlin, 25 in Stuttgart, 40 in 
Saarbrücken). More than three-quarter of the 
interviewees were women and in 97% the people 
asked were the parents of the child.  
 
The most important aim of this investigation was to 
find out how often the airbag is activated when a 
child is transported on the passenger seat. In 20 out 
of 140 cases the airbag was not deactivated, which 
corresponds to a rate of 15% of misuse. If misuse 
was detected parents were asked whether they think 
that this combination is dangerous, which was 
confirmed by 62.5% of the parents. This suggests 
that 7% of all interviewees consciously accepted 
the risk of a deploying airbag. 
 

Table 4. 
Results of dynamic tests with new airbags 

 

Criterion reference 1 reference 2 airbag A airbag B airbag C airbag D 
airbag C 
static test 

Head a3ms 62 g 61 g 73 g 78 g 72 g 76 g 13 g 

HIC15 362 405 572 572 517 560 5 

Neck FZ 
474 N 

(comp.) 
400 N 

(comp.) 
1126 N 
(comp.) 

1255 N 
(comp.) 

1121 N 
(comp.) 

916 N 
(comp.) 

207 N 
(comp.) 

Neck MY 
27 Nm  
(ext.) 

36 Nm 
(ext.) 

18 Nm 
(ext.) 

15 Nm 
(ext.) 

9 Nm 
(ext.) 

20 Nm 
(ext.) 

7.5 Nm  
(ext.) 

Nij* 1,26 1,40 1,60 1,65 1,29 1,54 0,23 

Chest a3ms 63 g 67 g 74 g 68 g 65 g 69 g 3.6 g 
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The replies to further questions reveal a considera-
ble coherence between airbag deactivation and age 
of the car: the newer the car the less misuse 
occurred (p<0.001, Chi-square-test), see Figure 5. 
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Figure 5.  Misuse depending on year of 
manufacture. 

This leads to the question of the airbag deactivation 
technique in dependence of the car’s age. It seems 
obvious that newer cars offer easier deactivation 
possibilities, (e.g. a switch) than older ones, in 
which the airbag could deactivated at most by a 
garage. As Figure 6 shows, there is coherence 
between misuse rate and airbag deactivation 
technique. Especially the relation between 
deactivation and misuse in connection with the 
garage shows that this comparatively complicated 
way of deactivation leads to a high rate of misuse. 
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Figure 6.  Misuse compared to different airbag 
deactivation techniques. 

In cases of automatic airbag deactivation (CPOD) 
no misuse was detected. 
 
The age of the interviewees had no significant 
influence on the misuse rate. Trip duration showed 
a tendency for increasing misuse for short distan-
ces. By contrast, the coherence of misuse and fre-
quency of child transportation is highly significant 
(p < 0.01, Chi-square test). Trips that take place 
several times per week show a clearly lower misuse 
rate than trips which take place rarely. Apparently, 
it is more common to switch off the airbag if it is 
part of a daily routine procedure. 
 

Surprisingly, the largest explicit effect is regional 
differences: there is a clear coherence between 
misuse and the city of survey (p<0.05, Chi-square 
test), see Figure 7. 
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Figure 7.  Percentage of misuse in different 
cities. 

While the rate of misuse is 5.6% in Munich, it is 
approximately 24% in Berlin and 30% in Saar-
brücken – in Stuttgart no misuse case was observed 
at all. The possibility that these differences are due 
to differences in interview strategies can be exclu-
ded because of an exactly defined questionnnaire 
and a defined interview situation. Possible reasons 
for these variations may be the following facts: in 
Munich the newest car fleet was part of the inter-
view and the highest rate of female interviewees 
occurred. However, the car fleet does not show any 
important differences between Berlin, Saarbrücken 
and Stuttgart. 
 
These varieties might be attributable to differences 
in social backgrounds of interview participants. 
Social differences usually lead to differences in 
educational standards, safety attitudes and know-
ledge structures. As social status was not controlled 
for in the interviews, differences in this respect 
may explain the large regional differences in 
behaviour. 

Field study – second type of misuse 

In 58 out of 140 cases an adult person was 
transported on the passenger seat after the first 
airbag deactivation. In 6 of these cases the airbag 
was not reactivated for the adult passenger, which 
results in a misuse quote of 10%. 

Internet study – first type of misuse 

The internet survey was online from January to 
March 2009. Links to the survey were placed on 
popular automotive websites like the automobile 
club “ACE” or the magazine “auto motor und 
sport”. In addition child seat manufacturers were 
asked to link the questionnaire. In total, 309 
questionnaires were collected. All participants had 
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transported a child on the passenger seat, which 
was equipped with an airbag. In 194 cases the child 
was seated in a rearfacing CRS. The following data 
analysis is based on these cases. 
 
Note that online surveys are less representative 
than compared to field studies, which was confir-
med in the present study. 54% of the participants 
were men, while in the field study 75% of the 
interviewees were women. The education level of 
the participants was also above-average: 74% of 
the interviewed people had a general university 
qualification (Abitur), while only 4% had a low 
education level. This does not correspond to the 
average education level in Germany. 
 
In 20 out of 194 analysed cases of rearfacing CRS 
on the passenger seat the airbag was not deactiva-
ted, resulting in a misuse (rate) of 11%. This quote 
is surprisingly low compared to the field study with 
15% of misuse. However, the rate corresponds to 
the average of all analysed cities. The aberration 
from the average in Munich and Stuttgart was 
hypothetically explained by variables of social 
positions. According to the high education level of 
the respondents, this explanation is consistent with 
the results of the internet survey. The analysis of 
the survey shows that the rate of misuse decreases 
with increasing level of education. Considering the 
fact that participating in this online survey was 
voluntary and that it was impossible to control 
whether the participants answered honestly, the 
result above seems to be plausible. However, a 
detailed analysis of these correlations cannot be 
carried out due to a low number of cases. 
 
With respect to the car’s year of manufacture the 
results of the field study are confirmed: in newer 
cars with easier airbag deactivation devices less 
misuse occurs than in older ones. In five out of 
eight cases misuse occurred in cars where the 
deactivation was impossible or only practicable by 
a garage. There was only one case of misuse in 
which a switch was present.  

Internet study – second type of misuse 

In 14% of the situations in which an adult was 
transported on the passenger seat the airbag was not 
reactivated. This quote is slightly higher than in the 
field study. Interviewees justified this misuse with 
a supposedly low risk of a deactivated airbag and 
with the fact that the airbag could only be deactiva-
ted by a garage. 

CONCLUSION 

Looking at accident data and the results from the 
field investigation it becomes evident that children 
are transported on the rear seats in most of the 
cases – especially in those cars equipped with a 

passenger airbag. That is the main reason why the 
misuse risk with respect to the deactivation of the 
front passenger airbag is very low. If children are 
using the front passenger seat in cars with passen-
ger airbag mostly the airbag is deactivated. The 
share of misuse mainly depends on the possibility 
of airbag deactivation. While minor rates of misuse 
where observed in cars offering a switch or auto-
matic deactivation (the latter one without any case 
of misuse), misuse is more common in cars which 
do not offer any deactivation or require durable 
deactivation by a garage. 
 
In several accidents the fatal risk resulting from the 
combination of rearfacing child restraint systems 
and deploying passenger airbags was proven. 
However, other accidents indicate that there is no 
certain risk coming from the passenger airbag. The 
real risk seems to depend on the airbag itself, the 
seating position and the accident severity. Looking 
at the airbag itself especially the mounting position 
and the size are important parameters defining the 
risk. Today’s top mount airbags result in lower risk 
than the earlier airbags in low mount and mid 
mount position. Taking into account the differences 
with respect to the mounting position of the airbag 
larger airbags cause higher injury risks than smaller 
ones. It is obvious that proximate seating positions 
expose the passengers to a higher risk than farther 
seating positions. Finally there are indications that 
the main risk resulting from modern passenger 
airbags is connected with a moderate severity level.  
 
Summarising the results of the study manual 
switches for the airbag deactivation are good 
practise. Within this study no evidence for the 
commonly feared misuse risk for the automatic 
deactivation (i.e., CPOD / AKSE) could be found. 
In contrast, no misuse occurred in the rare cases of 
cars offering automatic deactivation. Finally it 
seems to be possible to design airbags which avoid 
any risk in the long term. 
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ABSTRACT 

 

Occupant safety can be significantly improved by 

continuous restraint control systems. These restraint 

systems adjust their configuration during the impact 

according to the actual operating conditions, such as 

occupant size, weight, occupant position, belt usage 

and crash severity. In this study, the potential of a 

controlled restraint system is demonstrated. First, an 

overview is given of the problems concerning the 

sensors, actuators and control strategy of such a 

system, and solutions are given. Next, a numerical 

demonstrator is developed, which includes a dummy 

and vehicle model, and a realistic implementation of 

the components of the controlled restraint system. 

The demonstrator is subjected to different loading 

conditions, and the results are compared to a 

reference model. This reference model contains a 

conventional restraint system with optimized settings, 

and it has been validated against sled test 

experiments. Simulation results with the 

demonstrator indicate that significant injury reduction 

can be achieved with continuous restraint control 

systems. 

 

INTRODUCTION 

 

In high-speed vehicle crashes, the occupant is 

subjected to high forces, typically resulting in severe 

injuries. The forces depend on the actual loading 

condition, which reflects the severity and complexity 

of the impact, and the occupant’s size, weight, 

behavior and posture. The seat belt and airbags, 

referred to as the restraint systems, are designed to 

reduce these forces. For the most effective reduction, 

the settings of the restraint systems should be geared 

towards the loading condition. Current restraint 

systems, however, have typically one level of 

operation, and this level is a compromise between 

several loading conditions. It implies that the benefits 

of current restraint systems may not be fully 

exploited (Holding et al., 2001). This fundamental 

shortcoming of current safety systems makes that not 

every vehicle occupant will be optimally protected 

under all possible conditions.  

 

Nowadays, an increasing number of sensors and 

electronics is being integrated in vehicles, and this 

allows the use of advanced safety systems with 

adjustable components. An example is the adaptive 

restraint system, which can adjust its configuration 

during the crash, but typically only once. A large 

number of studies on adaptive passive safety focuses 

on the adjustment of the tension in the safety belt. 

Adaptive belt forces lower thoracic injury especially 

for occupants or collisions that deviate from the 

average (Iyota et al., 2003; Adomeit et al., 1997). For 

example, the dual-stage load limiter can significantly 

improve thoracic injury mitigation (Miller et al., 

1996; Paulitz et al., 2006; Mertz et al., 1995; Clute et 

al., 2001).  

 

Compared to adaptive restraint systems, a near 

optimal protection can be delivered when the seat belt 

force can be continuously adapted during impact. In 

two similar studies, by Crandall et al. in 2000 and by 

Kent et al. in 2007, a time-varying belt force is 

applied in open-loop. The optimal input is found 

through optimization using an elementary chest 

model. More robust solutions are presented in Habib 

et al., 2001; Cooper et al., 2004; Hesseling et al., 

2006; van der Laan et al., 2009, where the belt force 

is applied in a feedback configuration, and optimal 

values are obtained by solving a control problem. 

These types of systems, in which restraint settings 

can be continuously adapted during the crash, are 

referred to as Continuous Restraint Control (CRC) 

systems. CRC systems will be the main focus of 

future restraint system development, and this paper 

contributes to the development. 
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Objective and Contributions 

The aim of this paper is to demonstrate the potential 

of CRC systems to mitigate injuries in frontal 

impacts. This is achieved with a numerical 

demonstrator, which is a simulation model of an 

occupant, vehicle interior and a CRC system, 

subjected to various loading conditions. The outcome 

of the numerical demonstrator is compared with the 

results of a validated reference model, consisting of a 

conventional restraint system, albeit with optimized 

settings.  

 

Previous studies have already shown the evident 

benefit of CRC systems (Hesseling et al., 2006; Shin 

et al., 2007; and references therein), but an idealized 

implementation of the system was assumed in those 

studies. In this study, the properties and limitations of 

the various components of the CRC system are 

shortly discussed, and their limitations and properties 

are explicitly incorporated in the numerical 

demonstrator. This leads to a model that closely 

resembles a CRC system that could be implemented 

in future vehicles.  

 

The CRC system proposed in this paper controls the 

seat belt force to lower thoracic and head injury 

criteria, based on measurements of the vehicle and 

the occupant. In this study, the airbag settings are not 

adapted to the loading condition, as control of the 

belt force makes the forward movement of the 

occupant more predictable, which in turn may already 

improve the airbag performance. 

 

This paper is structured as follows. In Section 2, a set 

of frontal MADYMO dummy models with a 

conventional restraint system is developed, and 

validated against experimental data from sled tests. 

Subsequently, the restraint settings are tuned to 

obtain a reference model that achieves optimal injury 

reduction with non-adaptive or fixed restraint 

systems. In Section 3, the four components of the 

proposed CRC system are shortly discussed. This 

includes (i) the control strategy, (ii) the state 

estimator, since  sensors to directly measure injury 

related occupant responses are not available, (iii) a 

simple, low-order occupant model to be used in the 

controller and estimator, and (iv) the design and 

construction of the belt force actuator. The properties 

of these components are used in Section 4 to develop 

the numerical demonstrator. The result in injury 

criteria achieved by the conventional and the 

controlled restraint system are compared and 

evaluated for several loading conditions. Finally, in 

Section 5 conclusions and outlook are presented. 

 

REFERENCE MODEL 

 

In this section, the vehicle and occupant model will 

be described. It is developed in MADYMO (TNO, 

2005), and it forms the baseline model in this study. 

It serves two purposes. Firstly, it is used as a 

reference model with conventional restraints. To 

show that this reference model has sufficient 

resemblance to the real world, it is validated against 

results from sled test experiments. Secondly, the 

baseline model is used in the numerical demonstrator, 

now with the CRC system, to demonstrate the benefit 

of the CRC system.  

 

Validation  
Several car models are developed representing 

averages of classes of cars during the European 

PRISM project (Bosch-Rekveldt et. al., 2005). This 

approximation of an “average” car consists of a 

multi-body belt, compartment model and hybrid III 

dummy model. The belt characteristics are obtained 

from an experimental test. This MADYMO model is 

validated against sled test experiments, performed at 

TNO, the Netherlands. The geometrical aspects (like 

distance to steering wheel) are adjusted so they 

coincided with the geometry of the car on the sled. 

Since the belt rollout will be used to estimate several 

dummy responses, a belt rollout sensor is added to 

the standard test setup. Additionally, belt forces are 

measured at three different locations (between 

shoulder and D-ring, between hip and buckle, and 

between hip and attachment point). The belt forces 

are used to estimate friction coefficients in the buckle 

and D-ring, which can then be implemented in the 

friction models. 

 

 
Figure 1.  MADYMO simulation model (left) 

versus experimental setup (right). 
 

The experimental sled test is based on a supermini 

car as shown in Figure 1. The acceleration pulse (in 

longitudinal direction) is shown in Figure 2. The 

experimental sled test does not include an airbag, 

since this reduces the number of unknown parameters 

like airbag frictions, flow rate, vent size, and volume. 

Of course, future research should include the airbag 

in the validation, since it is part of the baseline 

restraint configuration in today’s consumer vehicles. 
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Figure 2.  Vehicle acceleration (x) pulse used in 

the sled test (referred to as the standard pulse). 

 

The following injury responses are obtained from the 

sled test dummy and from the simulations: 

1. head acceleration in longitudinal (x) direction, 

2. chest acceleration in longitudinal (x) direction, 

3. chest deflection, 

4. neck force in z direction (vertical compression), 

5. neck torque in y direction (flexion/extension), 

6. pelvis acceleration in longitudinal (x) direction. 

 

The results of the validation are shown in Figure 3. 

 

 
Figure 3.  Injury responses MADYMO average 

car model simulation (blue solid line) versus sled 

test (red dotted line). 

 

An objective rating is used, which is based on the 

weighted integrated factor method (WIF), global 

peak value (GPV), global peak time (GPT), and 

difference in area under curve (DUC) of these 

responses, see Twisk et al, 2007. The conclusion is 

that on average the derived MADYMO model 

mimics the sled test phenomena sufficiently, at least 

for the considered responses, as shown in Figure 3. 

When the neck injuries are not included in the 

simulation, the results are more accurate, as shown in  

Figure 4. The belt forces and rollout fit the 

measurement very accurate. The model can be further 

improved when the characteristics of the steering 

wheel, seat model and dashboard are known more 

precisely.  

 

   
 

Figure 4.  Average score for relevant injury 

parameters (left) and average score for relevant 

injury parameters without neck parameters 

(right). 

 

Optimization 

The validated model is now used as a reference 

model in the comparison with the CRC system. It 

contains a pretensioner and load limiter for the belt 

system, and a conventional airbag is added to the 

model. To make a useful comparison, the reference 

model should mitigate injuries maximally. Therefore, 

the following three restraint parameters are 

optimized:  

1. scaling of the airbag flow rate, 

2. airbag timing, 

3. load limiter value. 

 

The optimization is based on a minimal total injury 

parameter. This total injury parameter is defined as a 

weighted sum of all relevant injury parameters. The 

50
th

 Hybrid III model, seated in the position as used 

for the sled test (according to EURONCAP norms) is 

used for this optimization. A full factorial 

optimization is done, using three different values for 

each parameter.  

 

 
Figure 5.  Optimal mass flow rate. 
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The airbag flow rate is found to be optimal when no 

additional scaling was applied with respect to the 

original flow rate, which is shown in Figure 5. The 

optimal airbag timing for the standard pulse is 25 ms 

and the optimal load limiter value is found to be 4.5 

kN. 

 

COMPONENTS OF THE CONTINUOUS 

RESTRAINT CONTROL SYSTEM 
 

In the previous section, a MADYMO model for the 

50
th

 percentile HIII dummy was developed and 

validated with experimental data from a sled test. The 

objective of this paper was previously formulated as 

to demonstrate the potential of realistic CRC systems, 

which aim at reducing neck and thoracic injuries of 

this numerical dummy model by control of the seat 

belt force. In this section, the components of this 

CRC are discussed.  

 

1. Semi-active belt force actuator in an 

experimental setup 

 

The requirements for a restraint actuator that can 

effectively be used in a controlled seat belt system 

are very challenging. Numerical simulations 

performed previously, (van der Laan et. al, 2009), 

indicated that peak belt forces of 7-10 kN are 

required for optimal injury reduction. The bandwidth 

of the local control system of the actuator has to be 

around 300 Hz. Finally, the dimensions of the 

actuator are limited, as it ultimately has to be fitted in 

a vehicle’s B-style. Up until today, no devices exist 

that can deliver these high belt forces during a crash, 

and can actually be used in a commercial vehicle. 

 

This has led to the decision to design and develop 

such an actuator at the Eindhoven University of 

Technology. The concept of the actuator is based on a 

semi-active hydraulic damper, where semi-active 

refers to the fact that the velocity and force vectors 

have opposite directions, so the actuator does not 

have to deliver energy to the system. Due to the 

desired forces and displacements, fully active 

systems would require a large amount of energy 

storage. , which is for non-chemical sources difficult 

to realize in commercial vehicles.  

 

The hydraulic damper consists of a custom-made 

cylinder, piston and valve. The belt is attached to the 

piston, and the cylinder is mounted to the vehicle. 

During frontal impact, the relative forward movement 

of the occupant makes the piston to extent from the 

cylinder, thereby inducing flow through the valve. By 

restricting the valve orifice, the cylinder pressure and 

hence the belt force increases.  

The valve design is fundamentally different from 

most conventional hydraulic servo-valves. The latter 

have typically too low a bandwidth for this 

application. In conventional servo-valves, the motion 

of the spool valve is perpendicular to the hydraulic 

pressure, such that the force needed to close the valve 

does not have to counteract the (large) hydraulic 

force. The valve developed in this study is 

deliberately designed to counteract this force.  

 

The advantage is that the force needed to prevent the 

spool body from accelerating equals the force from 

the hydraulic pressure. If these forces are not equal, 

the spool body starts to move, thereby changing the 

restriction, until there is a force balance. Hence, the 

nonlinear relations for flow through an orifice do not 

play a part in the control law, which is advantageous 

from a control point of view. The constructed valve is 

shown in the left part of Figure 6. Fluid from the 

cylinder enters the valve through the opening on top, 

and it is led to a container via the tubes on the side. 

The hydraulic cylinder with the valve is shown on the 

right side. 

 

 
 

Figure 6.  The hydraulic valve (left) of the semi-

active hydraulic damper (right), which is used to 

control belt forces during the crash. The device is 

developed at the Eindhoven University of 

Technology. 

 

The belt actuator is tested in the sled setup, which 

shown in Figure 7. The sled is accelerated up till 10 

m/s, and it impacts then against a deformable 

crumple bar (not shown). During this impact, the 

actuator is used to control the acceleration of a 

sliding mass of 30 kg, representing the torso of a 

human body.  

 

The results of the experiments with the sled test setup 

have provided information on the performance of this 

specific actuator, such as semi-active behavior, force 

limits, bandwidth and delay. This information is used 

in the numerical demonstrator, such that the actuator 

model reflects an actual device.  
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Figure 7.  Sled crash setup used to test the belt 

force actuator during impact.  

 

2. Design Model 
 

In the development of CRC systems, it is essential to 

have manageable, low-order models of the occupant. 

Most of the relevant occupant responses, for instance 

the chest compression, cannot be measured directly 

with current sensors, for instance the chest 

compression. An accurate, but low-order model of 

the occupant may be used to estimate this 

compression in real-time, given some measurable 

signals and the loading conditions. Additionally, in 

the design of the control algorithms of the CRC 

system, it is convenient to have knowledge on the 

input-output behavior of the system. A low-order 

model for this behavior is therefore very useful.  

 

The low-order models, referred to as design models, 

have been developed in a previous study. More 

details on theses models can be found in (van der 

Laan, 2009). The knowledge obtained from a 

sensitivity analysis on MADYMO Hybrid III 

dummies has been used to construct and parameterize 

the design model. The analysis has resulted in a 2D 

model of the dummy, with 11 rigid bodies and 14 

degrees of freedom, see Figure 8. The model 

parameters such as masses, dimensions, initial 

conditions, are directly linked to parameters in the 

MADYMO model, which makes scaling of the 

design model very straightforward.  

 

Outputs of this model are biomechanical responses 

that are used to assess injury risk to thoracic and neck 

regions. These are chest acceleration, chest 

compression and its time derivative, neck bending 

moment and neck axial and shear forces. 

Additionally, the belt rollout is added as a model 

output, as a belt rollout sensor will be used to 

estimate injury responses later on.  
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Figure 8.  Representation of the multi-body design 

model of a 50th %-ile Hybrid III dummy.  

 

Simulations show that the design model generates the 

biomechanical responses related to injury predictors 

for the chest and neck region remarkably well. The 

models are validated for a broad range of frontal 

crash scenarios, and for three different adult Hybrid 

III dummies. For all these tests, it was shown that the 

low-order model includes all relevant dynamics of 

the reference model. An example of the results is 

shown in Figure 9.  

 
Figure 9.  Responses of the 50

th
 %-ile MADYMO 

reference model (grey) and design model (black) 

in a 40% ODB frontal impact at 64 km/h. 

 

The linearized version of the presented design model 

is used in the design of the CRC controller and of the 

state estimator. These topics are discussed in the 

remainder of this section.  
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3. Reference Governor 

 

A control strategy has been developed to solve the 

control problem formulated at the beginning of this 

section. In previous studies on controlled belt 

restraint systems (Hesseling et al., 2006), the control 

problem was formulated as a tracking problem, where 

biomechanical responses of the occupant are 

measured and forced to follow a predefined reference 

trajectory. This trajectory results in a minimum risk 

of injury, while satisfying certain constraints. 

However, the reference trajectories are constructed 

assuming full a priori knowledge of the crash pulse, 

constraints and occupant characteristics, which is in 

practice clearly not realistic.  

 

To harvest the advantages of using CRC systems, 

these limitations have to be overcome. This indicates 

the compelling need for the development of a control 

algorithm that - based on the available measurements 

from the sensors - computes the optimal control 

signals for the belt restraint actuator. This includes 

the incorporation of the following requirements: 

1. the algorithm must be computationally feasible 

in order to meet the real-time requirements, 

2. a priori knowledge of the crash pulse is not 

available, and  

3. the algorithm must be based on on-line 

measurement data. 

 

 
 

Figure 10.  Control strategy based on Reference 

Governors. On the left, the modified RG, on the 

right a primal controlled loop. 
 

A novel control strategy has been proposed to this 

challenging design problem (van der Laan et al., 

2008; 2009a). The control method consists of a 

combination of a primal controlled system, which 

achieves good tracking properties, and a modified 

reference governor (RG), (Bemporad et al., 1998). 

The layout of the method is graphically shown in  

Figure 10, where r indicates the setpoint, v the 

measurements, and z injuries. The RG finds an 

optimal setpoint for the spinal acceleration, while 

satisfying constraints and without having a priori 

knowledge of the upcoming crash. It includes a crash 

prediction procedure of the vehicle motion to provide 

good estimates of its position during the crash.  

 

The setpoint optimization problem is robustified with 

respect to the estimation errors. Moreover, the whole 

design procedure is generic in nature. For instance, 

multiple injury criteria can be easily included in the 

design process. In addition, different primal 

controllers and plant dynamics can be accounted for. 

This enables the incorporating of various additions, 

such as future improvements in the actuator and 

sensor technologies.  

 

An example of the results obtained with the RG is 

given in Figure 11. It shows a reduction of 45% of 

the 3ms acceleration criterion with respect to 

conventional restraint systems (EuroNCAP pulse), 

while still meeting the real-time computational 

requirements. 

 
 

Figure 11.  (a) Optimal setpoint for the chest 

acceleration (black), without a priori knowledge of 

the crash pulse (grey); (b) calculation times per 

optimization step; (c) required belt force in the 

primal controlled loop; and (d) constraint on the 

relative chest position with respect to the vehicle.  

 

The RG control strategy is believed to be an 

important step towards real-time implementation of 

controlled passive safety systems. The strategy is 

used to evaluate the performance of CRC in the 

numerical demonstrator, presented in the next 

section. 

 

4. State Estimator 

 

The primal feedback controller from the previous 

section has to ensure that the spinal acceleration 

tracks the setpoint generated by reference governor. 

Obviously, the acceleration of the human spinal cord 

cannot be obtained directly as a measurement signal 



 

van der Laan 7 

from the occupant. Furthermore, it is considered to be 

cumbersome to develop such a type of sensor, as it 

should be robust, ‘foolproof‘ (each driver must be 

able to use it, preferably without his or her 

awareness), cheap and crash safe. Hence, it is 

proposed to employ a set of more conventional 

sensors, and then estimate the state of the system 

using a model of the system.  

 

Many types of occupant sensors are available in 

today’s cars, both contact as well as non-contact, see 

e.g. (Fleming, 2008). Non-contact sensors are not 

preferable, since the “line-of-sensing” may be easily 

blocked during an impact, e.g. by the airbags. Since 

the occupant typically has uninterrupted contact with 

the seat belt during an impact, it is chosen to attach 

sensors to the belt: one acceleration sensor to the 

shoulder belt in the center of the torso, and one 

displacement sensor to measure the belt rollout where 

usually the load limiter is placed. As mentioned in 

Section 2, this belt rollout sensor has also been 

attached to the belt in the sled experiments, in order 

to validate the belt displacement signal from the 

reference model. The acceleration sensor measures 

the absolute acceleration of the sternum in forward 

direction; the accuracy of this sensor could however 

not be checked with sled test measurements. 

 

Since a manageable design model is available, as 

well as inputs and measurements, it is obvious to 

choose a model-based recursive estimation method. 

Besides that, much experience is already gained with 

recursive estimation methods in other automotive 

applications. More specifically, the Kalman filter 

approach was chosen as a candidate to set up an 

estimator for the chest acceleration. Since the 

proposed estimator estimates all states of the (human) 

model, it is referred to as “human state estimator”.  

 

The behavior of the occupant, which is subject to belt 

forces and a vehicle acceleration pulse, can be 

approximated by the following linear state-space 

system: 

kkk

kkkk

vHxz
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+=

++=
−−− 111

  (1). 

 

In Equation 1, u is the input vector consisting of the 

vehicle deceleration in forward direction, and the seat 

belt force. The measurement vector z consists of the 

sternum acceleration, aribs, and the belt rollout, xbelt. 

The vectors w, v are the (uncorrelated) measurement 

and process noise, respectively.  

 

The Kalman filter setup is shown in Figure 12. The 

gain for the filter correction K is calculated from the 

measurement noise covariance R, the process noise 

covariance Q, and the linearized system matrices A 

and H, see for example (Gelb, 1974).   

 
 

Figure 12.  Kalman filter setup. 

 

First, a fully linear approach was set up and tested 

against MADYMO results. However, this linear 

approach did not give satisfactory results under all 

conditions, whereas the non-linear model fits the 

MADYMO results very well. So the linear internal 

model in the Kalman filter was replaced by the non-

linear design model whereas the gain calculation K is 

still based on the linear system. This approach 

resembles the Extended Kalman Filter, albeit that the 

A and H matrices are constant. Measurement data 

from the reference model are used to estimate a 

number of occupant responses. In  

Figure 13, the estimated responses are compared with 

true responses from the reference model.  

 

 
 

Figure 13.  Results of the human state estimator 

(black) applied to the reference model (gray), with 

both measurements in the top figures. 
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NUMERICAL DEMONSTRATOR 

 

This section shows the benefit of the CRC system 

above the conventional system by means of a 

simulation study. Note that the conventional restraint 

system is optimized as described on page 3. Several 

cases are investigated, which are shown in Table 1. 

Original seat angle and original D-ring height 

represent the settings that are obtained from the 

model validation with the sled test results. Variation 

is applied in these settings and in the size of the 

dummy model. Three crash pulses are simulated: One 

standard crash pulse (obtained from the sled test, see 

page 3) and two non-standard crashes, based on an 

offset frontal collision between two cars, as shown in 

Figure 14. For the two non-standard crash pulses, the 

reference model is also optimized (italics in Table 1), 

using the same method as described on page 3. 

 

Table 1.  

Investigated cases 
 

Seat Angle D-ring height Seize Crashpulse

orig orig 50% standard

orig+10deg orig 50% standard

orig orig 95% standard

orig orig 5% standard

orig+10deg orig 95% standard

orig orig-10cm 5% standard

orig+10deg orig-10cm 50% standard

orig orig-10cm 50% standard

orig orig 50% nonstandard1

orig+10deg orig 95% nonstandard1

orig orig-10cm 5% nonstandard1

orig+10deg orig-10cm 50% nonstandard1

orig orig-10cm 50% nonstandard1

orig orig 5% nonstandard1

orig orig 50% nonstandard2

orig orig 95% nonstandard2

orig orig 5% nonstandard2

orig+10deg orig 50% nonstandard2  
 

 
 

Figure 14.  Investigated crash pulses. 
 

 

 

Figure 15 shows that the chest acceleration tracks the 

setpoint from the reference governor sufficiently 

well. Hence, the control system is robust against 

disturbances from the crash pulse and the airbag, and 

has good tracking performance. It should be noted 

that the state estimator as described op page 7 is not 

included at this point. 

 

 
 

Figure 15.  Reference chest acceleration (solid) 

versus simulated chest acceleration (dashed). 

 

The results are shown in Figure 16 and Figure 17 for 

two following cases: 

- original seat angle, original D-ring height, 50% 

dummy, standard crash pulse, 

- original seat angle, original D-ring height, 5% 

dummy, nonstandard crash pulse 2. 

 

Figure 16 and Figure 17 present three different 

curves: 

- The red solid line describes the result for the 

conventional restraint, 

- The dotted blue line shows the CRC with an ideal 

actuator. The optimization done by the RG is 

based on chest acceleration only, 

- The dotted green line shows the CRC result with 

a realistic actuator. 

 

The properties of the realistic actuator, which are 

implemented in the demonstrator, are: 

- Maximum belt force: 8kN 

- Rate limit: 10
6
 N/s 

- Time delay: 0.2 ms 

 

Note that the actuator is semi-active, in a sense that 

the actuator does not have to deliver energy to the 

system. This is indeed the case after a short period of 

pretension. 
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Figure 16.  Results for several injury parameters 

for 50% dummy, standard crash pulse. 
 

 
 

Figure 17.  Results for several injury parameters 

for 5% dummy, non-standard crash pulse 2. 

 

Injury Limits 

Within the EURONCAP protocols (EuroNCAP, 

2003), injury limits are determined for several injury 

criteria. Two limits are specified, i.e. a lower 

performance limit (limit2) and a higher performance 

limit (limit1). The injury criteria and limits are shown 

in Table 2, but only for the head, neck and chest 

criteria. The results for the reference system are 

shown in Table 3. The results for the controlled belt 

with realistic actuator are shown in Table 4. In these 

tables, three color codes are applied: 

- green: the injury value is below limit1 

- orange: the injury value is between limit1 and 

limit2 

- red: the injury value is above limit2. 

 

Table 2. 

Investigated injury parameters and limits 

 

limit1 limit2

HIC36 650 1000

Headacc3ms 72 88

Neck shear force 1900 3100

Neck tension force 2700 3300

Neck extension moment 42 57

Chest compression 22 50

VC 0.5 1  
 

Table 3. 

Results for investigated cases: reference system 

 
Simnr HIC36 Headacc3ms FX_shear FZ_tension NMY_ext Chest_c VC

1 423 54 363 1177 34 31 0.10

2 755 69 356 1302 24 31 0.10

3 776 71 1391 1779 94 50 0.24

4 218 36 288 602 16 31 0.17

5 2358 150 2604 1874 122 47 0.28

6 201 32 355 641 19 30 0.17

7 734 72 419 1072 31 30 0.09

8 420 55 364 1155 34 31 0.10

9 486 56 589 1357 46 38 0.18

10 3051 189 3390 3034 237 56 0.47

11 265 39 400 666 29 36 0.24

12 845 76 411 1800 32 34 0.15

13 491 58 620 1305 49 36 0.16

14 256 40 422 668 31 36 0.26

15 581 65 314 1339 25 31 0.15

16 450 54 361 1483 32 42 0.14

17 233 39 253 702 22 34 0.20

18 355 52 456 1099 35 34 0.14  
 

Based on the results presented in these two tables, it 

can be concluded that the CRC system effectively 

reduces the criteria values of HIC36, Headacc3ms, 

neck shear force, neck tension force, and neck 

extension moment. The chest deflection is most of 

the times reduced as well, but the chest deflection 

velocity increases in some cases. In most cases, the 

VC does still not exceed limit1. Only for three cases, 

it slightly exceeds this limit. Overall, the CRC system 

improves injury mitigation in most cases. 

 

Table 4. 

Results for investigated cases:  

controlled belt with realistic actuator 

 
Simnr HIC36 Headacc3ms FX_shear FZ_tension NMY_ext Chest_c VC

1 177 38 523 711 29 27 0.19

2 163 35 589 553 24 32 0.52

3 161 33 611 784 29 36 0.34

4 111 32 417 542 22 32 0.35

5 191 34 526 770 26 42 0.64

6 142 42 413 585 16 33 0.34

7 142 32 727 773 38 31 0.32

8 198 39 506 706 26 27 0.18

9 272 47 451 826 34 30 0.17

10 276 40 552 1070 27 44 0.63

11 138 39 410 558 16 32 0.34

12 317 49 555 724 26 32 0.30

13 302 49 448 793 31 28 0.15

14 163 32 387 546 24 29 0.23

15 179 35 478 620 22 29 0.33

16 117 31 792 950 73 45 0.45

17 79 26 325 455 18 25 0.16

18 168 38 483 625 34 27 0.12  

Conventional restraint 

CRC with ideal actuator 

CRC with realistic actuator 
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Previous results were obtained without the state 

estimator, since at the time of writing of this paper 

not all simulations were finished. For the 50% 

dummy with standard crash pulse, the results with the 

demonstrator including the estimator, the reference 

governor and a realistic actuator are shown in Figure 

18 and Figure 19. The performance decrease caused 

by the estimator is only minor, which indicates that 

the estimator is quite accurate (compare Figure 16 

and Figure 19). 

 

 
Figure 18. Estimator results for chest acceleration 

for 50% dummy, standard crash pulse. 

 

 
 

Figure 19. The red (solid) line represents the 

conventional restraint system, the blue (dotted) 

line represents the CRC with reference governor, 

realistic actuator and state estimator. 

 

CONCLUSION AND OUTLOOK 
 

In this paper, advancements are shown in the area of 

continuous restraint control (CRC) systems. More 

specifically, a system is described where the belt 

force is continuously manipulated as a function of 

measurements of the vehicle and occupant. The 

proposed CRC system aims at minimizing head, neck 

and thoracic injuries. The problems concerning the 

sensors, actuator and control strategy are discussed, 

and solutions are proposed.  

 

Moreover, a numerical demonstrator is developed 

that incorporates the aforementioned CRC elements. 

The numerical demonstrator is based on a 

MADYMO model with conventional restraint 

systems. This model is validated with sled test 

experiments. Subsequently, the settings of this model 

are tuned to yield optimal protection for the occupant 

in the given scenarios, and this optimized model is 

referred to as the reference model. 

 

The numerical demonstrator is tested in 18 different 

scenarios, including different dummy types, crash 

pulses, seating angles and D-ring positions. For these 

scenarios, the performance of the CRC system is 

evaluated by using performance limit values on 7 

injury criteria. The resulting 126 performance values 

are compared to the values of the reference model for 

the same scenarios. Whereas the reference model has 

a poor performance in 9 cases and sufficient 

performance in 28 cases, the CRC system performs 

poorly in just 1 case and sufficiently in 21 cases.  

 

Concluding, the potential for injury reduction with 

CRC systems has been made evident with the 

numerical demonstrator, in which a realistic sensor, 

actuator and control strategy have been implemented.  

 

Future research will focus on evaluation of the 

numerical demonstrator for a larger number of crash 

scenarios. Furthermore, effort has to be directed in 

making the control and estimator algorithms run in 

real-time, such that they can be tested in real-world 

experiments. 
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ABSTRACT 
 
According to the German road traffic regulations 
children up to the age of 12 or a body height 
below 150 cm have to use approved and appropriate 
child restraint systems (CRS). CRS must be 
approved according to UN-ECE Regulation No. 44. 
The regulation classifies CRS in 5 body 
weight categories. The upper weight group is 
approved for children from 22 to 36 kg. 
However, studies show that already today many 
children weigh more than 36 kg although they 
have not reached a size of 150 cm. Therefore, no 
ECE R44 approved CRS is available for these 
"overweight" children. In conclusion, today’s sizes 
and weights of children are no longer 
represented by the current version of the ECE R44. 
The heaviest used dummy (P10) weighs just 
32.6 kg and has a body height of 137.9 cm. 
Statistical data of German children show that already 
5% of the children at a size of 137.9 cm 
have a body weight above 45.3 kg. Regarding 
children at a body height of 145 cm, the 95th 
percentile limit is at a weight of 53.3 kg. Based on 
these data 4 dummies with different heights 
and weights were defined and produced. Two of them 
are “overweight”. 
Up to now, there is no experience how current child 
restraint systems perform in a car crash if 
they are used by children with a body weight above 
36 kg and a size smaller than 150 cm. 
In the future, different child restraint systems will be 
tested with respect to the ECE R44 regulation  
using these “overweight” dummies. 
 

INTRODUCTION 
 
Today, child restraint systems are very popular. 
Investigations show that in 2007 97% of all children 
transported on German roads were restrained with 
child restraint systems [1]. Compared to 1992, the 
restraint rate increased by 25%. During the same 
period the number of seriously and fatally injured 
children decreased significantly. Nevertheless, the 
number of children restrained improperly, the so 
called “misuse”, is still very high.  

This paper deals with another problem. In Germany it 
is mandatory that children younger than 12 or smaller 
than 150 cm have to use child restraint systems. The 
size limit results from the fact that the standard safety 
belts in the cars do not fit with smaller children. The 
shoulder belt touches the neck and the lap belt slips 
from the pelvis into the abdominal region as shown in 
figure 1. 

 

Figure 1.  10 year old boy (body size 144.2 cm, 
body weight 41.6 kg) in an Opel Astra (model year 
2003) without child restraint system. Arrows 
indicate critical positions of the safety belt. 
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Using booster seats – which must be approved 
according to UN-ECE Regulation No. 44 – the 
position of children in the seat rises and belt rooting 
is improved. Figure 2 shows the boy from figure 1 
using such a child restraint system.  

 

The shoulder belt no longer touches the neck of the 
boy.  
Unfortunately, the type approval of child restraint 
systems is limited to a maximum body weight of 36 
kg so that the boy from figure 1 and 2 (body weight 
41.6 kg) has to use booster seats which are not 
certified for his weight. This is not a particular case 
as shown in this paper and the crash performance of 
child restraint systems in such overload cases is 
completely unknown. Therefore, the German Federal 
Highway Research Institute (Bundesanstalt für 
Straßenwesen, BASt) initiated a project to investigate 
this problem. First results are presented in this paper. 
 
Detailed results from anthropometric measurements, 
which are presented in the next chapter, clearly 
indicate that a lot of children who are shorter than 
150 cm weigh more than 36 kg. Based on these data 
sizes and weights for new child dummies are defined. 
As it is impossible to develop a completely new child 
dummy a P10 dummy was modified. The exact 
definition of the modified P10 dummies and the 
manufacture process is described in the following 
chapters. 

ANTROPOMETRIC DATA 

Former publications [2] made evident that the median 
weight of children at the size of 150 cm is much 
higher than the 36 kg limit defined in UN-ECE 
Regulation No. 44. Actual data corroborate this 
statement.  The data presented below was collected 
by the University of Jena in cooperation with 
CrescNet. Table 1 and table 2 show the weight and 
size of  34272 German children (girls and boys). 
Even the 50% percentile weight of the 11 years old 
children is above 36 kg. The average size of these 
children is 147.6 cm. An exact correlation between 
weight and size cannot be inferred from table 1 and 2. 

 

Table 2. 
 Body size in cm of German children for three 

different percentiles. The second column shows 
the number of measured children. [database 

CrestNet 2006-2008] 

age 
[years]

N 
body size [cm] 

5%  50%  95% 

6  6703  109.5  117.9  126.6 

7 5908 115.1  124.1  133.7
8 5349 120.4  130.2  140.5
9 4925 125.5  136.1  147.0
10  4288  130.6  141.9  153.4 
11 3767 135.7  147.6  159.7
12 3332 140.8  153.3  166.0

 

Table 1. 
 Body weight in kg of German children for three 
different percentiles. The second column shows 

the number of measured children. [database 
CrestNet 2006-2008] 

age 
[years]

N 
body weight [kg] 

5%  50%  95% 
6 6703 17.3  21.6  29.7
7 5908 19.2  24.4  34.9
8 5349 21.1  27.6  40.8
9 4925 23.3  31.2  47.2
10  4288  25.7  35.2  54.1 
11 3767 28.5  39.6  61.2
12 3332 31.7  44.4  68.5

 

Figure 2.  10 year old boy (body size 144.2 cm, 
body weight 41.6 kg) in an Opel Astra (model 
year 2003) with child restraint system. 
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Therefore, the data were analyzed for three different 
size classes. These classes are defined as follows; 
from 134 cm to 136 cm, from 144 cm to 146 cm and 
from 149 cm to 151 cm. Choosing a range of 2 cm, 
enough children can be evaluated. Exact data are 
listed in table 3 to 5. Due to the fact that not all 
dimensions were evaluated for all children the 
number of measured children differs. Table 3 points 
out that at least 5 % of all children in the size range 
134 cm to 136 cm are heavier than 36 kg. The data in 
table 4 is more critical. The medium weight reaches 
the weight level of 37.5 kg. 5 % of all the children in 
the size range of 144 cm to 146 cm weigh more than 
53.3 kg. Table 5 shows a similar distribution. All data 
indicate that the European regulation No. 44 no 
longer represents current children living in Germany.  
Based on these data new overweight dummies were 
defined and manufactured. 

 

OVERWEIGHT DUMMIES 

The objective of this study is the evaluation of child 
restraint systems with overweight crash test dummies, 
weighing more than 36 kg. Currently, a lot of 
different child crash test dummies are available. A 
precise overview and technical specifications for     

Table 5. 
 Different anthropometric data of German 

children with a body size of 149-151 cm. The 
second column shows the number of measured 

children. [database CrestNet 2006-2008] 

Children body size    percentile 

149‐151 cm N  5%  50%  95%

Age [years]  567  10  12  14 

Weight [kg]  564  33.0  39.5   

Torso length [cm]  382  75.3  78.1  81.1

Shoulder width [cm]  381  30.0  32.0  34.1

Pelvis width [cm]  384  21.6  23.5  25.7

Chest  [cm]  472  63.0  69.3  80.4

Waist [cm]  178  54.3  60.1  73.8

Abdomen [cm]  75  56.6  66.5  82.4

Hip [cm]  91  68.9  78.3  89.0

 

Table 4. 
 Different anthropometric data of German 

children with a body size of 144-146 cm. The 
second column shows the number of measured 

children. [database CrestNet 2006-2008] 

Children body size    percentile 

144‐146 cm N  5%  50% 95%

Age [years]  19104  8.7  10.7  13.5

Weight [kg]  19104  30.4  37.5 53.3

Torso length [cm]  425  73.2  75.9  79.0

Shoulder width [cm]  424  28.9  31.0  33.1

Pelvis width [cm]  427  21.0  22.6  24.6

Chest  [cm]  537  61.5  66.7  78.0

Waist [cm]  223  53.3  58.1  70.2

Abdomen [cm]  103  58.9  64.0  79.8

Hip [cm]  113  66.6  73.9  86.1

 Table 3. 
 Different anthropometric data of German 

children with a body size of 134-136 cm. The 
second column shows the number of measured 

children. [database CrestNet 2006-2008] 

Children body size    percentile 

134‐136 cm  N  5%  50%  95%

Age [years]  658  7  9  11 

Weight [kg]  658  25.5  29.5  36.0

Torso length [cm]  475  69.5  72.1  74.4

Shoulder width [cm]  475  27.2  29.0  30.7

Pelvis width [cm]  476  19.2  21.0  22.6

Chest  [cm]  583  57.5  62.0  68.4

Waist [cm]  245  51.0  55.0  62.1

Abdomen [cm]  107  54.5  60.1  69.5

Hip [cm]  109  63.7  68.6  75.9
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P-series, Hybrid III-series as well as for Q-series 
dummies can be found in the internet [3]. Only a 
weighted version for the Hybrid III 6 year dummy is 
available (115 cm, 27.9 kg).   
Although the assembly of the P-series dummies is 
less sophisticated than the Hybrid III dummies they 
are still utilized for ECE R44 compliant tests. For this 
reason, it was decided to modify a P10 dummy (see 
figure 3). The P10 (P10 base) has a size of 137.9 cm 
and weighs 32.6 kg. 

Three new dummies were defined (P10 heavy, P10 
large and P10 large and heavy). Their technical data 
are summarized in table 6. The weights of the P10 
base and of the P10 large represent the 50% 
percentile whereas the P10 heavy and the P10 large 
and heavy are 95% percentile versions (see table 4.). 
As children with a size of 150 cm are no longer 
legally obligated to use child restraint systems the 
large versions of the new dummies are restricted to a 
size of 145 cm.  

 

Basic dummy data 
Technical data like 3d surfaces and weights of all 
dummy components are not commonly available, 
therefore the P10 base was scanned in detail. Using 
an optical 3d surface scanner the outer surfaces of all 
dummy parts were scanned. The skeleton of the 
dummy was x-rayed. Based on this data a complete 
3d-Catia model of the dummy was built. Results are 
shown in figure 4.  

The net weights of all parts were measured 
necessarily. The 2 heavy versions were weighted 
proportionally to the reference weights. Exemplarily 
table 7 shows the weights of the subassembly leg. 

  

 

Table 7. 
 Subassembly leg: weight of all parts and 

percentage of the total weight 

# Name 
quan-

tity weight [g] %

1 Hip ball joint 1 14,00 0,04

2 Hip joint nut/socket 1 143,90 0,44

3 Upper leg 1 3647,90 11,19

4 Lower leg 1 2566,75 7,87

5 Knee tensioner bolt 1 12,40 0,04

6 Knee tensioner nut 1 2,25 0,01

7 Friction washer 2 2,25 0,01

  total 6389,45 19,60

       

Figure 4.  P10 (P10 base) dummy x-rayed in 2 
views (left) and 3d-Catia model of the total 
assembly (right). 

Table 6. 
 Weights and heights for the P10 dummy and 

three modified versions. 

dummy 
weight 
[kg] 

height 
[cm] 

P10 base  32.6  137.9 

P10 heavy  45.3  137.9 

P10 large  37.5  145.0 

P10 large and heavy  53.3  145.0 

 

Figure 3.  Standard P10 (P10 base) dummy 
belted on standard test device without child 
restraint system. 
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Overweight dummies 
In order to weight the dummy torso and head 
additional metal plates are mounted to the rigid 
structure of the dummy. An additional jacket extends 
the girth of the torso. Shoulder and pelvis width 
remained unchanged. A proportional elongation of 
the torso height is necessary for the large versions of 
the new dummies. A new spine cable and additional 
elements for the lumbar vertebrae assembly increase 
the length. The foam abdominal insert is adapted 
respectively.  
A simple modification of the extremities is not 
possible. Therefore, completely new arms and legs 
were manufactured. On the basis on the P10 
extremities new parts were designed so that weight 
and length correspond to the new defined dummies as 
described in table 6. Exact data for the lower legs is 
given in table 8. 

 

The skeleton parts were scaled only in length for the 
large dummy versions. Therefore, the weight gain 
results, especially for the heavy versions, from an 
increased portion of the flesh. As the flesh is modeled 
with the original two-component polyurethane the 
volume of the heavy extremities was scaled up. 
Pictures in figure 5 and 6 show the new legs and 
lower arms. 

OUTLOOK 

Different types of child restraint systems will be 
inspected with the P10 and the new versions of the 
P10 according to UN-ECE Regulation No. 44. All 
selected CRS belong to ECE group II (15-25 kg) as 
well as to group III (22-36 kg). Some belong also to 
group I (9-18 kg). Figure 7 illustrates the differences 
between the seats. Combination seats allow children 
to use the same seat as they grow up. 

 
CONCLUSIONS 

Statistical data clearly illustrate that for a lot of 
children not a single licensed child restraint system is 

 

Figure 7:  Three typical CRS. From left to 
right: no-back booster seat (group II/III), high-
back booster seat (group II/III) and 
combination seat (group I/II/III). 

  

Figure 6:  Top view of four different left lower 
arms. From left to right: P10 base, P10 heavy, 
P10 large and P10 large and heavy. 

 

Figure 5:  Side view of four different left legs. 
From left to right: P10 base, P10 heavy, P10 
large and P10 large and heavy. 

Table 8. 
 Lower leg assembly: Weights and lengths for the 

P10 dummy and three modified versions. 

lower leg 
weight 
[g] 

length 
[mm] 

P10 base  2567  385 

P10 heavy  3566  385 

P10 large  2953  404 

P10 large and heavy  4197  404 
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obtainable. Moreover, the crash performance of child 
restraint systems is completely unknown if they are 
used by children, weighing more than 36 kg.  

Based on detailed anthropometric analyses the weight 
of real children in Germany was identified and new 
overweight dummies were defined. New dummy 
components were built so that the crash behavior can 
be tested in near future.  

REFERENCES 

[1] Hummel, T. et al. 2008, “Misuse of Child 
Restraint Systems – A 2008 Observation Study in 
Germany”, 6th International Conference: Protection of 
children in cars, December 4-5, 2008, Munich, 
Germany. 

[2] Kromeyer-Hauschild et al., „Perzentile für den 
Body Mass Index für das Kindes- und Jugendalter 
unter Heranziehung verschiedener deutscher 
Stichproben“, Monatsschr. Kinderheilkunde 149 
(2001) 807-818. 

[3] www.ftss.com and www.radenton.com 

 



Griffiths 1

A SAFE RIDE HEIGHT LINE FOR CHILD CAR 
OCCUPANTS 
 
Michael Griffiths 
Road Safety Solutions, NSW, Australia  
Julie Brown 
Prince of Wales Medical Research Institute, UNSW,  
Michael Paine 
Vehicle Design & Research, NSW, Australia  
Australia  
Paper No 09-0354 
 
ABSTRACT 
 
Studies of child occupant safety in cars in have 
consistently reported that one of the biggest problems 
with unsafe use of child restraints is premature 
graduation of children into restraint systems that the 
intended for older children.  
 
In 2007 our team conducted a study to identify ways 
of ensuring that children travel in the safest restraint 
for their age and size.  The outcome of the review 
was subsequently included in revisions to Australian 
road rules. 
 
During the study we identified the potential for the 
concept of a ‘safe ride height’ line.  That is, the child 
restraint systems, and vehicles in which they travel, 
could both be clearly marked with a ‘safe ride height’ 
line to be used to indicate whether a child was an 
appropriate size for the restraint.  
 
The ‘safe ride height’ line could be integrated 
prospectively and retrospectively across the full width 
of the seat back of the vehicle. If a child’s shoulders 
are below the line, the child is too small for an adult 
seatbelt.   
 
In child restraints, the ‘safe ride height’ lines can be 
tailored for each type of restraint system.  For 
example, in a forward facing child seat, there could 
be a lower ‘safe ride height’ line for a child who has 
just grown big enough, and an upper ‘safe ride 
height’ line for a child who now needs to graduate out 
of the restraint. 
 
‘Safe ride height’ lines are included in the current 
draft for a revised Standard for child restraint systems 
in Australia. 
 
What this paper offers that is new is the concept of a 
‘safe ride height’ line that will provide an easy guide 
for carers as to the appropriate size restraint for a 
child and allow simple self evident enforcement of 
correct restraint usage rules.  

 
INTRODUCTION  
 
Premature graduation to booster seats and adult belts 
is widespread among child occupants in most 
developed countries [1-3], and is associated with an 
increased risk of injury [4-7]. Encouraging children to 
use the most appropriate restraint for their size is 
therefore a high priority in many jurisdictions. 
 
The first step in achieving this is to clearly 
communicate to parents what restraint their child 
should be using and when their child should move to 
the next type of restraint. Graduation information is 
usually supplied to parents in terms of height and/or 
weight, and sometimes age. However, parents do not 
always know the height and/or weight of their 
children, particularly as their children move out of the 
infant and toddler stage. In a recent Australian 
telephone survey of parents with children aged 0-10 
years, 16% reported being unsure of their child’s 
weight, and 34% reported being unsure of their 
child’s height (Brown & Bilston, unpublished data). 
Furthermore, without measuring heights and weights, 
parents often make inaccurate estimations [8]. This 
partly underlies the recent suggestion made by 
Anderson & Hutchinson [9] that restraint transition 
could be more easily complied with if parents and 
carers used age instead of weight and height. 
 
Nevertheless, size, particularly seated height, is 
important in designing child restraint systems since:- 
 
(i) there must be a good match between the 

restraint system and the size of child using 
the restraint, and  

(ii) the quality of the transition from child 
restraint (i.e. booster) to adult seat belt 
requires a certain seated height and upper leg 
length to ensure adequate belt fit [10].  

 
There are also some issues with weight in child 
restraint systems that use top tether straps as integral 
parts of the anchorage system as there is theoretically 
a need to stay within the design rule load 
requirements of tether anchorage points.  Importantly 
however, in practice, there have been no reported 
failures of top tether anchorages in Australia, even in 
very severe real world frontal crashes up to 100km/hr 
in Australia since 1976. Full scale new vehicle crash 
barrier tests at up to 100km/h have also found no 
failures of top tethers or their anchorages (Griffiths & 
Wasiowycz, unpublished data).  
 
The second step is the implementation of strategies to 
encourage parents/carers to always use the most 
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appropriate forms of restraint for their child. This is 
achieved through widespread education campaigns 
and increasingly through mandating the appropriate 
size/age transitions using legislation. In countries or 
states with laws stipulating the use of specific types 
of restraint, the laws are written in terms of age or 
size, or a mix of both. However, it is well established 
that for legislation to be effective it must be 
accompanied by enforcement. Without realistic 
enforcement tools that are acceptable to enforcement 
officers, there is likely to be poor enforcement. Laws 
based on weight/height and age of child are difficult 
to check at the roadside.  It is not realistic to expect 
police to carry weight scales and a tape measure, or 
for parents to carry a child’s birth certificate with a 
photo ID. 
 
Taking all of the above into account, we recently 
authored a discussion paper for the (Australian) 
National Transport Commission (NTC) reviewing 
child restraint legislation in Australia [11]. Previous 
Australian legislation required children up to 12 
months of age to use a dedicated child restraint and 
beyond that age the legislation allowed the use of a 
dedicated child restraint or a seat belt. Clearly a one 
year old child should be in a dedicated child restraint 
with built-in harness rather then just an adult seat belt 
but the previous law has given some parents/carers 
the impression that a seat belt is acceptable.  
 
The purpose of our review was to examine the 
possibility of extending the mandatory use of child 
restraints in Australia by addressing two primary 
issues: (i) if mandatory use of dedicated child 
restraints were to be extended, to what children 
should it be extended; and (ii) how should any 
legislation addressing appropriate use be written 
given age/size/weight issues outlined earlier. The 
discussion paper we prepared for the NTC formed the 
basis of a regulatory impact statement (RIS) [12] that 
initiated the formation of new Australian child 
restraint legislation based on child age. A copy of the 
legislation is included in Reference [11].  
 
This paper presents a concept originating from that 
review aimed at improving the ease of 
communication of appropriate restraint transition 
sizes, and allowing for easier enforcement of 
legislation specifying appropriate restraint transitions. 
The benefits of the safe ride height concept were 
recognised in the RIS but were unable to be 
incorporated in this legislation as no vehicles were 
marked with these lines, and at the time the relevant 
Australian Federal authorities indicated they were 
unlikely to formulate a new Design Rule requiring 
ride height lines. 

 
THE CONCEPT OF A ‘SAFE RIDE HEIGHT’ 
LINE FOR REAR SEAT OCCUPANTS 
 
Anthropometric measurements are the best primary 
indicators of when good seat belt fit can be achieved 
[10]. Seated height and upper leg length in particular 
are important determinants for good seat belt fit, and 
these are likely to be related to overall stature, which 
is used by some jurisdictions to determine appropriate 
restraint usage. A difficulty is communicating the 
safety message associated which such measurements. 
 
There are other common examples in the community 
where communicating a safety issue is achieved using 
‘safe height’ indicators. For example, the Plimsoll 
line is a marking system at the waterline of a ship’s 
hull to ensure the ship is not overloaded. “Safe 
height’ indicators are also common at fairgrounds and 
amusement parks where a minimum height is needed 
to ensure safe retention of the child in the ride seat. 
These systems work because the regulatory ‘height 
mark’ is immediately available to both the users and 
enforcers. For fairgrounds, if you are not above the 
line, “you don’t ride”. The self evidence of the mark 
also assists parents and carers to explain to children 
why they are too small to ride. 
 
We propose a similar approach for communicating 
the correct restraint transition size for child 
occupants. This would take the form of some marking 
on the vehicle seat trim that would indicate a 
minimum seated shoulder height for using a seat belt. 
The intention is that this would eventually replace the 
stature limit used in Europe and the USA for booster 
seats. 
 
A recognised mark on the seat is clearly better than 
expecting parents to measure their children using a 
tape measure.  It takes into account seat properties, 
such as the angle and a reclined seated height, child’s 
seated position, and the downward compression of 
the seat base cushioning because of the weight of the 
child. It also removes the impractical need for 
enforcement officers to carry tape measures or other 
means of assessing height. Another advantage is that 
this allows children to see for themselves whether or 
not they fit the seatbelt. For example, this should 
assist the problem faced by parents of children who 
do not want to use child restraints because ‘they are 
for babies’.  
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THE ‘SAFE RIDE HEIGHT’ LINE LIMITS AND 
ASSESSMENT 
 
The most commonly cited anthropometric transition 
point for child occupants moving into seat belts is a 
standing height of 145cm [10, 13-14]. This roughly 
equates to an 11.5 year old at the 50th percentile. In 
Europe, the recommended or legislated transition 
point varies from 135cm in some countries (equates 
approximately to the 50th percentile 9.5 year old) to 
150cm in others (equates approximately to the 50th 
percentile 12.5 year old) [11]. These current 
recommendations are a useful starting point to 
determine what the ‘safe ride height’ line should be.  
 
To include the ‘safe ride height’ line in a regulatory 
environment requires the availability of a measuring 
tool. There are two existing internationally accepted 
test dummies representing the 50th percentile 10 year 
olds. The overall length of these dummies falls within 
the 135cm to 150cm range and either dummy could 
be used as the reference tool, taking into account real 
child/test dummy seated posture differences like 
those described by Reed et al [18]. 
 
In our review we examined:- 
 
- how to relate the seated ‘safe ride height’ line to 

anthropomorphic data on standing height, 
including the 1.35m to 1.50m guidelines 

 
- whether the marked ‘safe ride height’ line should 

be at head height, eye height or shoulder height 
 
Although generally overall height refers to the length 
between the floor and the crown of the head, 
accurately pinpointing the crown of a seated 
dummy’s head can be problematic (e.g. due to chin 
tilt). Similar problems exist for seated eye height. 
Seated shoulder height appeared to be better because 
the child’s shoulders are immediately adjacent to and 
normally resting on the seat back. Furthermore, 
seated shoulder height is a primary characteristic that 
is important in achieving good sash belt fit. Indeed, it 
could be argued that stature is a surrogate for this 
measurement. 
 
Using United States data from 1997 [17] the 
correlation between seated shoulder height and 
stature among children aged four to twelve years is 
shown in Figure 1. 

 
Figure 1: Shoulder height, stature, seat belt 
transition points and ATD anthropometry 
 
Figure 1 also includes the relevant dimensions from a 
range of ATDs, where available. It is evident from 
this graph that the seated shoulder height of the TNO 
P10 ATD of 483mm (vertical dashed line) 
corresponds to the range of standing heights that have 
been suggested in Europe and the USA. That is, the 
P10 seated shoulder height is equivalent to a stature 
of about 1420mm in the US population (the actual 
stature of the P10 is 1376mm). This is slightly less 
than the 1450mm recommended by US authorities. It 
also spans most of the range of 1350mm to 1500mm 
standing height implemented in Europe.  
 
At this point, we can not compare the seated shoulder 
height between the TNO P10 and the Hybrid III 10 
year old, because we do not have that measurement 
for the Hybrid III available. However, the overall 
seated height of the two dummies is similar but 
exactly the same (72.5mm for the TNO P10 and 71.9 
for the Hybrid III 10 year old) and we would expect 
the comparative seated shoulder height to be in the 
same ball park. 
 
It is noted, that 1500mm stature is the same as that of 
the Hybrid III 5% adult female ATD. Basing the 
requirements on a seated shoulder height of 483mm, 
rather than 1500mm stature would exclude most 
small adult females from the booster rules, as 
intended. 
 
Therefore we would propose the safe ride height line 
should be positioned close to a height of 483mm from 
the seat bite after allowing for some depression of the 
seat cushion because of the weight of the occupant. A 
possible alternative to using a dummy to specify this 
position, would be to use a simple test rig that 
simulates the seat cushion loading (i.e. mass and 
buttock shape) of the P10 dummy (i.e. something 
similar to a H-point machine). 
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As previously discussed, seated shoulder height is the 
primary measure for good sash belt fit. The main 
reason that standing height may have been used in 
booster rules to date is that it is perceived as more 
likely to be known by parents/carers (although 
subsequent surveys have shown that this is not the 
case) or that it is more readily linked to age through 
published growth chart data. 
 
By introducing a ‘safe ride height’ line based on 
seated shoulder height in each vehicle seating 
position, the difficulties of determining child age or 
stature for enforcement of booster rules are 
eliminated. 
 
Whilst other anthropometric measurements, such as 
seated eye height were considered by the authors, the 
seated shoulder height was clearly the most relevant 
and practical measurement to use for a ‘safe ride 
height’ line. For example any vehicle seat back not 
high enough to incorporate a shoulder height line 
would be unlikely to provide safe restraint for 
occupants whose shoulders were above the height of 
the seat back. Furthermore rear seat height is 
commonly below head and eye height (these areas 
being commonly protected by head restraints that 
occupy a small fraction of the width of the overall 
rear seat). 
 
Figures 2, 3 and 4 demonstrate the ‘safe ride height’ 
line concept. The ride height line illustrated is 
indicative only and is 480mm above the seat bite. It is 
expected that using the TNO P10 ATD or some other 
means to measure height while depressing the 
cushion, would result in a slightly lower line. 
 

 
Figure 2:  5 year old girl with a shoulder height 
clearly too small for the nominal safe ride height 
line. 

 
Figure 3: 5 year old girl in booster and nominal 
safe ride height line 

 
Figure 4: 13 year old boy with shoulder height 
greater than nominal safe ride height line. 
 
OTHER BENEFITS 
 
Other potentially significant benefits are that the ‘safe 
ride height’ line:- 
 
- would be a compelling highly visible indicator of 

appropriate occupant height in rear seats 
 
- as such, it would give vehicle manufacturers a 

stimulus to provide better sash belt geometry and 
provide an envelope in which they could 
optimise their sash belt fit. 

 
CUSHION LENGTH, ANOTHER ISSUE 
 
The ‘safe ride height’ line would effectively limit 
seated shoulder height for those using adult seat belts 
and give vehicle manufacturer’s a more specific 
lower boundary to aim for when designing the sash 
geometry.  
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It would also address sash positioning problems 
associated with premature graduation to seat belts. 
 
 However, it would not have any influence on the 
current problem of the depth of the rear seat cushion. 
 
 Recent studies by Huang and Reed [15] and Bilston 
and Sagur [16] have demonstrated significant 
variability in rear seat cushion length and that current 
rear seat cushions are too deep for many occupants. 
Huang and Reed measured 56 vehicles in the North 
American fleet and found the rear seat cushion to be 
deeper than required for a 145cm child in all vehicles. 
Bilston and Sagur [16] in the 50 vehicles they 
measured from the Australian fleet, found all seat 
cushions were too deep for a child with upper leg 
length at the 50th percentile until approximately 11.5 
years, and half were too deep for a 15 year old at the 
50th percentile.  With more attention being given to 
rear seat occupants it is expected  that future seat 
cushion designs will cater for smaller occupants .   
 
Whilst, in the authors’ view, the benefits of a ‘safe 
ride height’ line are so significant that they should be 
quickly implemented, it is acknowledged that it 
would not resolve all of the problems with good seat 
belt fit in vehicles.  
 
 Better seat cushion length is an area that also needs 
attention.   
 
EXTENDING THE CONCEPT TO CHILD 
RESTRAINT SYSTEMS 
 
The ‘safe ride height’ line concept can easily be 
extended to dedicated child restraint systems and high 
back booster seats. The Australian/New Zealand child 
restraint Standards committee is currently considering 
a revised draft of the Standard that incorporates this 
concept. ‘Safe ride height’ lines are currently being 
incorporated as a more reliable way of identifying 
when children are too big or too small for the various 
classes of child restraints by using maximum and 
minimum ‘safe ride height’ lines. These match the 
upper and lower seated height for age limits of the 
various restraint types to correspond with the age 
based legislation being introduced into Australia (see 
reference 11). 
 
PROPOSED METHOD FOR DETERMINING 
‘SAFE RIDE HEIGHT’ 
 
The following is suggested as one possible method 
for determining what the ‘safe ride height’ line should 
be in the seats of each vehicle.   

 
1. Position the chosen anthropomorphic test 

device (e.g. TNO P10) in each seating 
position. 

2. Position a “level” across both mid shoulder 
positions of the test dummy, so that one end 
of the level touches the seat back. 

3. Record the positions on the seat back trim 
which is contacted by the level. 

4. Position a tape or similar marker 
approximately 10 -20 mm wide (to allow for 
variability) to mark the ‘safe ride height’ line 
across the full width of the seat back of the 
seating position.   

 
IMPLEMENTING THE CONCEPT 
 
One way to implement the ‘safe ride height’ line 
concept would be to create an internationally 
harmonized vehicle regulation.  
 
Alternatively, vehicle manufacturers could develop a 
voluntary set of guidelines to ensure uniformity 
across international markets.  
 
Consumer strategies such as NCAP’s could reward 
manufacturers who adopted this concept ahead of any 
mandatory requirements. In new vehicles it is 
envisioned the markings would be incorporated by 
manufacturers into the vehicle seat. For older vehicles 
there is the possibility of retro-fitting safe ride height 
indicators. In Australia this could be by the 
Government certified child restraint fitting stations. 
Elsewhere, organizations such as motoring service 
clubs could provide retro-fit services.  However, since 
suitable child dummies are not readily available for 
this purpose it would be necessary for road safety 
authorities to arrange for each popular vehicle model 
to be assessed and safe ride height line locations 
determined. This information could then be 
disseminated for in-field use.  
 
It would be feasible to develop a simple test rig that 
simulates the seat cushion loading (i.e. mass and 
buttock shape) of the P10 dummy and enables the 
safe ride height line to be established without the 
need for an expensive crash test dummy. 
 
CONCLUDING REMARKS 
 
In conclusion, the ‘safe ride height’ line concept:- 
 
- provides a direct primary indicator of safe sash 

and shoulder height geometry tailored for each 
restraint system, in each seating position of a 
vehicle 
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- provides a simple, easy to understand, and easy 

to enforce tool to assist safer, more appropriate 
use of restraint systems 

 
- is a minimal cost measure which could be 

quickly introduced for new and existing vehicles. 
 
The content of this paper is the views of the authors 
only and does not reflect the views or policy of the 
Australian Government, Standards Australia or any 
other organisation.   
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ABSTRACT 
 
This paper details the National Highway Traffic 
Safety Administration’s (NHTSA) initial research to 
evaluate potential child side impact test procedures.    
Federal Motor Vehicle Safety Standard (FMVSS) 
No. 213, “Child Restraint Systems” currently only 
requires that U.S. marketed child restraints meet 
dynamic testing simulating a 48.3 kph (30 mph) 
frontal impact.  NHTSA is evaluating test parameters 
and potential methodologies to replicate a 
representative side impact scenario that could 
potentially be developed into a future child restraint 
dynamic side impact test procedure.  This paper will 
discuss (1) testing conducted using the side impact 
sled buck designed by TK HOLDINGS INC. 
(Takata), and (2) side impact moving deformable 
barrier (MDB) into vehicle crash tests, which were 
performed in an effort to refine sled buck test 
parameters.  This study is limited to one generic sled 
test buck design concept and side impact tests 
involving small passenger vehicles.  It was observed 
that the sled buck concept was repeatable and able to 
distinguish between child restraint system (CRS) 
models.  The design of the CRSs’ seat back side wing 
is an important element for providing side impact 
protection, particularly when impact angles are 
varied.   Trends in injury response values between 
sled and crash tests were similar for the two CRS 
models used in both types of testing.   
 
INTRODUCTION 
 
This study looks at the use of dynamic generic sled 
simulations to replicate the performance observed 
during vehicle crash tests of a properly restrained 3-
year-old child dummy.  With only a side impact child 
dummy representative of a 3-year-old currently 
available, the 1- to 3-year-old age group was the 
primary focus for the agency’s initial evaluation of 
child restraint systems during side impact crashes.  
The TNO Q3 side (Q3s) dummy and the Hybrid III 
3-year-old dummy, with a side impact neck (H3Cs), 
were used as Anthropomorphic Test Devices (ATDs). 
 
Children represent more than 50% of the rear seat 
occupants in motor vehicle crashes.  Side impacts are 

the second most frequent collisions resulting in child 
occupants sustaining serious to life-threatening head, 
neck and chest injuries.  Using NHTSA’s National 
Automotive Sampling System – Crashworthiness 
Data System (NASS-CDS) database (1995-1996, 
1998-2004), it was determined that side impacts 
account for 27% of the crashes involving 0-12 year 
old occupants.  For those side impacts, 42% involved 
children 0-3 years old, 36% involved 4-8 year olds 
and 22% involved 9-12 year olds. [1] 
 
For children 1-3 years old, 9% of those with 
survivable injuries were unrestrained (NASS-CDS) 
and 46% of the fatally injured were unrestrained 
(FARS 1994-2003).  Using unweighted values, due to 
the paucity of NASS-CDS data for the 1-3 years age 
group, side impacts with a ∆V > 30 kph (18.7 mph) 
provided 28 children with 104 injuries.   For this 
subset, it was observed that: 

 The PDOF of the subject side impact crashes 
was approximately 30o off lateral, 

 Near-side and center occupants suffered more 
severe injuries (AIS2+) than far-side occupants, 
and 

 Direct contact with the vehicle interior accounted 
for 45% (47) of the injuries, while 14.4% (15) 
were due to contact with the child restraint 
system (CRS).  Of these 104 injuries, 57% were 
to the head, 21% to the torso and 6% to 9% were 
to the neck and the upper and lower extremities. 

 
HYGE SLED TEST SERIES 
 
Sled Buck Configuration 
 
The sled buck used was a side impact buck designed 
by Takata, which consists of a sliding “vehicle” seat 
mounted to a rail system along with a “side door” 
structure rigidly mounted to the sled buck structure.  
A specific density of aluminum honeycomb is 
mounted below the “door” structure.  The sliding 
“vehicle” seat is positioned sufficiently away from 
the “side door” to allow the sled to reach a desired 
velocity prior to the sliding “vehicle” seat coming 
into contact with the “side door” and aluminum 
honeycomb.  The principle of this design is that the 
sliding “vehicle” seat and CRS impact the side 
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“door” structure at a desired speed, at which time the 
aluminum honeycomb begins to crush, replicating the 
intrusion velocity of the “door” that the CRS would 
experience during an actual vehicle crash.  Figure 1 
shows a schematic of the Takata side impact buck 
configuration.  A photo of the actual set-up used by 
NHTSA is shown in Figure 2.    

Figure 1.  Takata’s Side Impact Sled Buck. 

 

 
Figure 2.  NHTSA’s Side Impact Sled Buck Set-
up. 
 
Two differences between the Takata buck and the 
NHTSA buck set-ups are notable.  First, the ECE 
Regulation No. 44 seat cushion foam used by Takata 
was replaced with the cushion foam used in the 
FMVSS No. 213 seat fixture.  Secondly, the initial 
seat to honeycomb distance was increased from 250 
mm to 260 mm for the NHTSA tests.  The distance 
was increased in order to obtain the desired impact 
velocity while preventing the sliding seat from 
bottoming out against the support structure behind 
the honeycomb. 
 

Initial Sled Test Parameters Used by NHTSA 
 
The agency chose to look at small vehicles to develop 
the test parameters.   The vehicle models selected 
were previously tested in accordance with FMVSS 
No. 214 “Side Impact Protection” Moving 
Deformable Barrier (MDB) test procedure.  As noted 
earlier, the Takata buck design is unique in that it has 
two moving fixtures – the sled buck itself and the 
seat on which the child restraint is attached.  The 
critical factor for the sled buck is to have the “door” 
structure reach the desired velocity prior to its contact 
with the sliding “vehicle” seat.  The desired door 
velocity and sliding seat acceleration pulse were 
determined in order to determine these parameters. 
 
     Determination of Sliding Seat Acceleration Pulse 
– The target acceleration pulse for the sliding seat 
was determined by evaluating the right rear sill Y-
axis accelerometers in ten small vehicles that were 
tested per FMVSS No. 214.  There was a negligible 
difference between the acceleration pulses obtained 
from use of the X-Y resultant and that from use of 
only the Y-axis accelerations.  Therefore, only the Y-
axis accelerometers were used in this analysis. Each 
of these vehicles had a 50th percentile adult male 
and/or a 5th percentile adult female dummy in the rear 
seat.  Those vehicles* were:   
 

 2005 Toyota Corolla    
 2005 Toyota Corolla 
 2005 Subaru Forester 
 2005 Suzuki Forenza 
 2005 Subaru Forester 
 2003 PT Cruiser 
 2003 Mazada Protégé 
 2003 Suzuki Aerio 
 2005 Saturn Ion 
 2005 Saturn Ion 

*(See Appendix for the FMVSS No. 214 Vehicle 
Database test numbers and dummy types) 
 
The right rear sill values were averaged together to 
derive a typical acceleration level for a small sized 
vehicle.  The dotted black line shown in Figure 3 
represents this average.  The upper and lower 
boundaries (blue lines) of sliding seat pulse were 
based on the maximum and minimum values of the 
cluster of acceleration curves when the individual 
curves for the ten vehicles were overlayed on one 
plot.  The red line is representative of the actual 
sliding seat acceleration pulse obtained in the tests 
reported in this paper.  The data channels were 
filtered with a Class 60 filter. 
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“ –‚è– Ê
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Figure 3.  Sliding Seat Pulse with Boundaries. 
 
     Determination of Sliding “Vehicle” Seat Velocity 
– The aforementioned ten vehicles were also used to 
determine the desired sliding seat velocity.  The 
accelerometers were integrated to calculate the 
velocity and then averaged together.  The derived 
velocity was approximately 27 to 29 kph (17 to 18 
mph). 
  
     Determination of “Door” Velocity – The 
determination of the door velocity was from four 
small vehicles tested under FMVSS No. 214.  The 
four vehicles* used for this derivation were: 
 

 2005 Subaru Forester   
 2005 Toyota Corolla  
 2005 Suzuki Forenza  
 2005 Saturn Ion  

*(See Appendix for the FMVSS No. 214 Vehicle 
Database test numbers) 
 
The derived average velocities (Y-axis) ranged from 
31.4 kph at the upper centerline of the door to 33.0 
kph at the mid centerline.  Therefore, 32 kph (20 
mph) was selected as the target speed of the door on 
the sled buck.  The shape of the acceleration pulse for 
the sled/door was not critical, but it should be at peak 
speed prior to the honeycomb contacting the sliding 
seat structure.  This was achieved using a half-sine 
acceleration pulse for the sled/door, with a peak 
acceleration of about 28 G’s and a duration of about 
55 milliseconds.   
 
Figure 4 shows the sled/door velocity (red line) and 
the sliding seat velocity (blue line) for a typical sled 
test.  As can be seen, the actual sliding seat velocity 
exceeded the desired speed of 27 to 29 kph (17 to 18 
mph) derived from crash tests.  This is due to the 
mass of the sliding seat being small compared to that 
of the sled, as compared to in the crash tests, where 

the mass of the struck vehicles and the MDB were 
more similar.  Based on engineering judgment, 
maintaining a door velocity of about 32 kph (20 mph) 
and a sliding seat acceleration pulse that matched the 
corridors shown in Figure 3 were deemed more 
critical than achieving the desired seat velocity.  The 
large mass difference between the sliding seat and 
sled would require adding significant weight to the 
sliding seat in order to reduce the seat velocity.  
 

 
Figure 4.  Typical “Door” and Seat Velocities.  
 
     Determination of Sled Buck Angle – The ten 
vehicles which were used to derive the test pulse 
boundaries and the door velocity were used to 
determine the impact angle of the sled buck.  The 
right rear side sill X-axis and Y-axis accelerations 
were integrated to obtain the corresponding 
component velocities.  These were then used to 
calculate the angle of the resultant deceleration with 
respect to the lateral axis of the vehicle during the 
crash event.  The time period of interest was 
determined to be five to 60 milliseconds, which 
represents the typical time from initial motion of the 
struck vehicle through peak loading on the near-side 
occupant.  A reference frame was used in which a 
pure left-to-right lateral impact was zero degrees and 
a pure frontal impact was 90 degrees. The mean 
angles over the time period of interest for the ten 
vehicles ranged from four to 15 degrees, while the 
angle at any specific time ranged from -8 to 22 
degrees across the ten vehicles.  Based on this, it was 
decided to consider the range from 0 to 20 degrees 
for the test program reported here. 
 
     Summary of Test Parameters – The following test 
parameters were used for the sled tests:  

 Sled pulse – ½ sine, 28 G peak, 55 msec duration 
 Sled velocity – 32 kph (20 mph) 
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 Honeycomb dimensions (2.3 PCF, 3/8” cell 
wall):  300 mm thick x 342 mm wide x 125 mm 
long 

 Sliding seat initial position – 260 mm from 
honeycomb 

 Sliding seat acceleration – matches corridors in 
Figure 3, 20  G peak, 55 msec duration 

 Door padding  - 5 cm foam thickness 
 Lateral (0o) and oblique (10o, 15o and 20o ) 

impact angles 
 
Sled buck and test parameters, such as initial seat to 
door spacing, honeycomb stiffness and/or 
dimensions, door padding and sled speed, can be 
altered in order to fine-tune results. 
 
Discussion of Side Impact Sled Test Results 
 
     CRS Models Tested – It was desirous to test 
models of CRS that meet FMVSS No. 213 and/or 
ECE Regulation No. 44 requirements.  In addition to 
testing U.S. compliant CRS models, it was of interest 
to test models that meet the European restraint 
standard.  For this initial evaluation of the test 
configuration, a total of five CRS models were 
selected: 

 Graco SafeSeat Step2 Toddler  
 Evenflo Triumph Advance DLX  
 Safety 1st  All-in-One Convertible  
 Maxi-Cosi Priori (SIP)  

 (meets both FMVSS No. 213 & ECE Reg. 44) 
 Graco Logico M (SIP) 

(meets only ECE Reg. 44)  
 
All of the CRS models were tested in the forward-
facing mode with the 3-year-old Q3s side impact 
dummy.  The LATCH system was used to install the 
seats, except for the Graco Logico M.  By being 
compliant only with ECE Reg. 44, the Logico M does 
not have ISOFIX hardware.  It was installed with a 
lap/shoulder belt restraint (no top tether). 
 
     Evaluation of Test Methodology – The first series 
of sled tests consisted of conducting tests with the 
five CRS models at a simulated 0o impact angle.  
Each CRS model was tested at least twice; two of the 
models, the Graco SafeSeat Step2 and the Safety 1st 
All-in-One, were tested six and four times, 
respectively. 
 
Five different dummy responses were used to 
evaluate the repeatability of the test procedure: 
HIC15, upper neck tension, spine y-axis acceleration, 
pelvis y-axis acceleration and chest lateral 
displacement.  Because there are currently no 

established injury assessment reference values 
(IARV) for the child side impact dummies, the test 
results were used solely for comparative purposes 
and not to ascertain “pass/fail” conditions. 
 
Figure 5 contains the mean HIC15 values for each of 
the CRS models, while Figure 6 contains the mean 
neck tension values.     
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Figure 5.  Mean HIC15 Values at 0o Impact Angle. 
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Figure 6.  Mean Neck Tension at 0o Impact Angle. 
 
It is noted that there appears to be a trend between 
HIC15 value and neck tension; as one value increases, 
the other decreases.  The HIC15 value tends to be 
higher when there is a more pronounced lateral 
component to the dummy’s head motion (i.e., more 
direct lateral contact with CRS side wing).  If the 
forward component of the dummy’s head motion is 
more pronounced, the contact force on the head 
decreases while the inertial loading on the neck from 
the head increases.  This tends to result in higher 
neck tensions and lower HIC15 values. 
 
The mean values for the spine and pelvis Y-axis 
accelerations are shown in Figures 7 and 8, 
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respectively, and the mean chest displacement values 
are shown in Figure 9 for the five CRS models tested 
at 0o impact angle.  
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Figure 7.  Mean Spine Y-axis Acceleration at 0o 
Impact Angle. 
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Figure 8.  Mean Pelvis Y-axis Acceleration at 0o 
Impact Angle. 
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Figure 9.  Mean Chest Lateral Displacement at 0o 
Impact Angle. 
 

     Evaluation of Impact Angles – Subsequent to the 
0o impact angle tests, a series of tests were performed 
with the sled buck rotated to simulate impacts at 10o, 
15o and 200.   This series was conducted in an effort 
to evaluate the effect of the buck’s impact angle on 
dummy kinematics.  In addition to replicating 
dummy injury responses, it is also desirous to 
replicate the dummy’s kinematics observed in side 
impact crashes. 
 
The three CRS models tested in this series – Graco 
SafeSeat Step2, Evenflo Triumph and Maxi-Cosi 
Priori – were selected primarily because of their seat 
back side “wing” design.  The SafeSeat Step2 and the 
Maxi-Cosi Priori have wings that are essentially 
perpendicular to the CRS seat back.  The wings on 
the Evenflo Triumph are slightly more angled 
outward relative to the seat back (see Appendix for 
photos of CRS models).  The Safety 1st All-in-One 
was not chosen for this series because dummy head 
contact with the side “door” structure had been 
observed when the buck was oriented at 0o; testing at 
angles greater than 0o with this CRS model would not 
have garnered pertinent information with regard to 
effect of impact angle.  Also, the Graco Logico was 
not tested at impact angles greater than 0o because the 
CRS was not available at the time of the test series. 
 
The HIC15 values for the three CRS models at the 
four different sled buck orientations are shown in 
Figure 10.   Two of the CRS models (SafeSeat Step2 
and Maxi-Cosi Priori) exhibited a trend of decreasing 
HIC value with increasing impact angle, while the 
third CRS (Evenflo Triumph) exhibited the reverse 
trend – increasing HIC value with increasing impact 
angle.  For all three CRS models, the dummy’s upper 
torso and head increasingly rotated forward in the 
CRS as the impact angle increased.  Although the 
dummy kinematics were similar for all three seats, 
the design of the seat back side wings appears to 
affect the head responses (see Figure 11 for photos of 
Graco SafeSeat Step2 and Evenflo Triumph CRS, 
respectively).  The SafeSeat Step2 and Maxi-Cosi 
Priori’s more straight forward wing design better 
contained the head throughout the event, allowing the 
head velocity to dissipate during the dummy’s 
forward rotation.   This was not the case for the 
Evenflo Triumph.  Because the wing design for this 
CRS is slightly more outward relative to the seat back 
than the other CRS models, the dummy’s head 
contacted the side wing and then rotated outward 
along the edge of the wing resulting in more 
pronounced head rotation and excursion than 
observed for the other two models.   
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Figure 10.  HIC15 Values for 0o, 10o, 15o and 20o 
Sled Impact Angles. 
 

Figure 11.  Examples of Wing Designs (Graco 
SafeSeat Step2 [left] and Evenflo Triumph 
[right]). 
 
The dummy’s peak neck tension values for the three 
CRS models at each impact angles are shown in 
Figure 12.   As anticipated, neck tension generally 
tended to increase as the impact angle increased due 
to the forward rotation of the upper torso and head.  
Note that for the Evenflo Triumph, the neck tension 
significantly increased once the impact angle was 
greater than 0o.  The CRS model’s wing design 
appears to have an effect on the increase in tension 
values, as previously discussed. 
 
Figures 13 and 14 show the spine and pelvis Y-axis 
accelerations, respectively, for the four sled test 
impact angles.  The accelerations tended to be greater 
when tested at the 0o impact angle for the SafeSeat 
Step2 and Triumph, while they were virtually 
identical across the impact angle range for the Maxi-
Cosi Priori. 
 

Neck Tension 
Q3s Dummy

0

500

1000

1500

2000

2500

3000

3500

1

Fo
rc

e 
 (N

)

Buck 0 deg

Buck 10 deg

Buck 15 deg
Buck 20 deg

Graco SafeSeat Step2 Evenflo Triumph Maxi-Cosi Priori

 
Figure 12.  Neck Tension for 0o, 10o, 15o and 20o 
Sled Impact Angles. 
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Figure 13.  Spine Y-axis Acceleration for 0o, 10o, 
15o and 20o Sled Impact Angles. 
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Figure 14.  Pelvis Y-axis Acceleration for 0o, 10o, 
15o and 20o Sled Impact Angles. 
 
The dummy’s lateral chest displacement for the four 
impact angles are shown in Figure 15.   No specific 
trend appeared for the three CRS models.  For the 
SafeSeat Step2, displacement values varied by 
approximately 6 mm, while displacement varied 
approximately 3 mm for the other two models.    
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Figure 15.  Chest Lateral Displacement for 0o, 10o, 
15o and 20o Sled Impact Angles. 
 
FULL-SCALE SIDE IMPACT CRASH TESTS 
 
Subsequent to the sled testing, a series of four full-
scale crash tests were conducted to better define sled 
parameters in an effort to more realistically replicate 
real-world crashes. 
 
Two vehicles, a 2008 Nissan Sentra and 2008 Nissan 
Versa, were subject vehicles, and the FMVSS No. 
214 standardized MDB was the striking vehicle.  The 
targeted impact velocity was 52.8 kph (32.8 mph), 
with impact occurring on the left side of the vehicle.  
For the first test, Sentra test #v06634, the impact 
location was that specified in FMVSS No. 214D [2].  
For the remaining three tests, the impact location on 
the subject vehicle was moved rearward 229 mm (9 
inches) to provide for more direct contact of the 
MDB with the child restraint.  Although both the 
Sentra and Versa had side curtain air bags in the rear 
compartment, the air bags were disconnected for the 
crash tests to allow for a direct comparison with the 
sled, which does not have a side curtain fixture.  
 
Two ATDs representing a 3-year-old child – the Q3s 
and a Hybrid-III 3Cs (H3Cs) – were seated in the left 
and right rear passenger locations, respectively.  The 
H3Cs dummy is the standard HIII 3-year-old dummy 
with a prototype neck designed for use during side 
impacts.  Only the results of the Q3s dummy will be 
discussed in this paper.   Each dummy was restrained 
in a forward-facing child restraint which had been 
properly installed in the vehicle using the LATCH 
system.  The two CRS models chosen for these tests 
were the Graco SafeSeat Step2 and the Maxi-Cosi 
Priori.  The matrix of crash tests is contained in Table 
1. 
 

Table 1. 
CRS Side Impact Crash Test Matrix 

Test No. Vehicle
Near-side

Q3s
Far-side

H3Cs
Impact 

Location

v06634 2008 Nissan Sentra

Graco 
SafeSeat 

Step2

Graco 
SafeSeat 

Step 2 TP-214D-08

v06635 2008 Nissan Sentra

Graco 
SafeSeat 

Step2

Graco 
SafeSeat 

Step 2
228.6 mm rear 
of TP-214D-08

v06636 2008 Nissan Versa

Graco 
SafeSeat 

Step2

Graco 
SafeSeat 

Step 2
228.6 mm rear 
of TP-214D-08

v06637 2008 Nissan Versa
Maxi-Cosi 

Priori
Maxi-Cosi 

Priori
228.6 mm rear 
of TP-214D-08  

 
The following sections will compare and discuss the 
results from the sled tests, conducted at the four 
impact angles, and the crash tests. 
 
Comparison of Sled and Crash Test Results with 
Graco SafeSeat Step2 Child Restraint System 
 
The HIC15 results from the sled tests at the four 
angles and the three crash tests for the dummy seated 
in the SafeSeat Step2 are shown in Figure 16.  As 
noted previously for this CRS model, the HIC15 
values decreased as impact angle increased during 
sled tests.  For all three crash tests, the HIC15 values 
were lower than those from the sled tests.  The values 
from the two Sentra tests were essentially identical, 
regardless of the fact that for test #v06635, the 
MDB’s impact location was 229 mm (9 inches) 
rearward of where it was in test #v06634.  Among the 
two vehicle models, the HIC15 value for the Versa 
test #v06636 was approximately 20% lower than 
those for the two Sentra tests. 
 

Figure 16.  Comparison of HIC15 Values from Sled 
Tests at Various Side Impact Angles and Crash 
Tests. 
 
Figure 17 contains the neck tension results for the 
sled and crash tests.  The peak neck loads when the 
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SafeSeat Step2 was tested at 15o and 20o tended to be 
more comparable to those observed in the three crash 
tests.   The 15o sled test result was consistent with the 
result from the Sentra test in which the MDB was 
positioned at the standard FMVSS No. 214 impact 
location.  The 20o sled test result agreed with the 
crash test results when the MDB was moved 
rearward to provide for more direct contact with the 
CRS, regardless of vehicle model.    
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Figure 17.  Comparison of Neck Tension from 
Sled Tests at Various Side Impact Angles and 
Crash Tests. 
 
Figures 18 and 19, respectively, contain the spine and 
pelvis Y-axis accelerations for the sled and crash 
tests.  As noted previously, both the spinal and pelvic 
accelerations were the highest during the sled tests 
when the impact angle was 0o.  There were no 
definitive trends observed for the spine accelerations; 
the angled sled tests’ and the crash tests’ results were 
similar, ranging from 73 G’s to 92 G’s.  
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Figure 18.  Comparison of Spine Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Tests. 
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Figure 19.  Comparison of Pelvis Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Tests. 
 
The pelvic results for the three angled sled tests and 
crash tests did differ somewhat, with the results being 
slightly lower in the two Sentra tests.    However, the 
pelvis response in the Versa crash test was very 
similar to the 0o sled test response.  It was noted from 
the test footage that interaction with the armrest in 
the vehicle crash tests appeared to result in a more 
pronounced inboard rotation of the CRS base than 
was observed in the sled tests.  The angular intrusion 
of the front edge of the door (near B-pillar) also 
appeared to contribute to the CRS base inboard 
rotation.  A frame from a digital high speed imager of 
the near-side Q3s dummy, seated in the SafeSeat 
Step2 seat, at 57.5 ms into the crash event is shown in 
Figure 20.  This typifies the more pronounced 
inboard rotation of the CRS base and the angular 
intrusion of the door observed in the crash tests.  
 

 
Figure 20.  Near-side Dummy (Test #v06635, 
Sentra); Example of CRS Base Rotation and 
Angular Door Intrusion. 
 
For each of the crash tests, the following three 
locations on the CRS were translated to the side door 
structure: 
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 “seat bight” of the CRS’s back and cushion  
 CRS base, approximately mid fore-aft of base 
 front edge CRS base 

 
These three points are designated as “4”, “3” and “2”, 
respectively, in Figure 21. 
. 

 
Figure 21.  Measured Locations on CRS and Child 
Dummy. 
 
Photographs of the struck side rear door panel, pre-
test and post-test respectively, for Sentra test 
#v06635 are shown in Figures 22 and 23.  Similar 
photographs for Versa test #v06636 are shown in 
Figures 24 and 25.  For both vehicles, the armrest 
and, to a certain extent, the lower door panel 
protruded into the vehicle more than did the upper 
portion of the door panel, thereby resulting in the 
lower portion of the CRS structure being contacted 
earlier than the remainder of the CRS.  The “door” 
structure used in the agency’s initial series of sled 
tests was essentially a flat wall configuration.    
 

Figure 22.  Sentra #v06635 Struck Side Door 
Panel, Pre-test. 
 

 
Figure 23.  Sentra #v06635 Struck Side Door 
Panel, Post-test.  
 

 
Figure 24.  Versa #v06636 Struck Side Door 
Panel, Pre-test. 
 

 
Figure 25.  Versa #v06636 Struck Side Door 
Panel, Post-test. 
 
Sled versus crash tests comparison of the lateral chest 
displacement, when the Q3s was restrained in the 
SafeSeat Step2, is shown in Figure 26.  Regardless of 
sled impact angle, the results observed in the sled 
tests were greater than those observed during the 
three crash tests.  It is believed that this disparity in 
values is primarily due to the difference in the side 
door configuration and stiffness.  Because the 
dummy’s pelvis and lower torso were engaged earlier 
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in the crash event than was the upper torso, due to the 
armrest/lower door panel configuration, the thoracic 
displacements were not as large as those observed 
during the sled tests. 
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Figure 26.  Comparison of Chest Lateral 
Displacement from Sled Tests at Various Side 
Impact Angles and Crash Tests. 
 
Comparison of Sled Tests and Crash Test with 
Maxi-Cosi Priori Child Restraint System 
 
Figure 27 shows the HIC15 results from the sled tests 
at the four angles and the one crash test (Versa 
#v06637) conducted with the dummy seated in the 
Maxi-Cosi Priori.  This CRS model exhibited a trend 
of decreasing HIC15 values as the impact angle 
increased.  For the one crash test conducted with this 
CRS model, the Q3s dummy’s HIC15 value was 
approximately 50% less than the values observed for 
the three non-zero angled sled tests. 
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Figure 27.  Comparison of HIC15 Values from Sled 
Tests at Various Side Impact Angles and Crash 
Test. 
 
Comparison of the neck tension responses for the 
four sled angles and one crash test conducted with the 

Maxi-Cosi Priori are shown in Figure 28.   The neck 
tension values observed in the crash test were 
comparable to the values observed during the 15o and 
20o angled sled tests.  This trend is similar to that 
observed with the SafeSeat Step2. 
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Figure 28.  Comparison of Neck Tension from 
Sled Tests at Various Side Impact Angles and 
Crash Test. 
 
Although the Q3s dummy’s head rotated sufficiently 
around the CRS side wing to contact the side door 
upper panel (see Figure 29) during the crash test, the 
HIC15 and neck tension responses were less than or  
similar to the sled tests’ responses. 
 

 
Figure 29.   Q3s Dummy Head Contact, Maxi-Cosi 
Priori in Versa #v06637. 
 
The spine and pelvis Y-axis accelerations for the sled 
and crash tests are shown in Figures 30 and 31, 
respectively.  As noted previously, spinal and pelvic 
accelerations observed during sled tests were 
essentially identical regardless of impact angle.  The 
spine and pelvis accelerations observed during the 
crash were similar to those from the sled tests, 
although tending toward the high end of the response 
range. 
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Figure 30.  Comparison of Spine Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Test. 
 
 

Sled vs. Vehicle Crash Test
Maxi-Cosi Priori w/ Q3s

Pelvis Y Acceleration

0

30

60

90

120

A
cc

el
er

at
io

n 
(G

)

Buck 0 deg Buck 10 deg Buck 15 deg Buck 20 deg '08 Versa v06637

 
Figure 31.  Comparison of Pelvis Y-axis 
Acceleration from Sled Tests at Various Side 
Impact Angles and Crash Test 
 
As had been observed with the SafeSeat Step2, the 
lateral displacement of the Q3s’ chest, when 
restrained with the Maxi-Cosi Priori during the crash 
test, was significantly less than the displacements 
observed during the sled test series (see Figure 32). 
 
Comparison of Graco SafeSeat Step2 and Maxi-
Cosi Priori Child Restraint Systems Tested in 
2008 Nissan Versa Crash Tests 
 
The last two crash tests, v06636 and v06637, enabled 
an indicant type of comparison of the performance of 
two different CRS models when crash tested in 
identical vehicles. 
 
HIC15 and neck tension (see Figures 33 and 34, 
respectively) were the injury responses exhibiting the 
largest differences between the SafeSeat Step2 and 
Maxi-Cosi Priori.  The spine and pelvis y-axis 

accelerations and the chest lateral displacements were 
very similar for both CRS models (see Figures 35, 36 
and 37, respectively). 
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Figure 32.  Comparison of Chest Lateral 
Displacement from Sled Tests at Various Side 
Impact Angles and Crash Test. 
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Figure 33.  Comparison of HIC15 Values for CRS 
Models in Nissan Versa Crash Tests. 
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Figure 34.  Comparison of Neck Tension for CRS 
Models in Nissan Versa Crash Tests. 
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Figure 35.  Comparison of Spine Y Acceleration 
for CRS Models in Nissan Versa Crash Tests. 
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Figure 36.  Comparison of Pelvis Y Acceleration 
for CRS Models in Nissan Versa Crash Tests. 
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Figure 37.  Comparison of Chest Lateral 
Displacement for CRS Models in Nissan Versa 
Crash Tests. 
 
Individual test results for the sled and crash tests are 
available on NHTSA’s Vehicle Crash Test Database 
(http://www-
nrd.nhtsa.dot.gov/database/aspx/vehdb/querytesttable
.aspx). 
 

CONCLUSIONS 
 
The following conclusions are based on the results 
from the sled and crash tests: 
 

 The Takata sled buck concept of a sliding seat 
fixture on a sled appears to be a repeatable test 
procedure. 

 Sled test results indicate that it is feasible to 
distinguish between child restraint models using 
some of the injury metrics. 

 The impact angle appears to create a definite 
effect for certain injury metrics, while producing 
minimal effects for others. 

 Based on the limited number of CRS models 
tested, the design of the CRSs’ seat back side 
wing appears to be an important element for 
providing side impact protection, particularly 
when impact angles are varied, as noted in 
Evaluation of Impact Angles. 

 Trends in injury response values between sled 
and crash tests were similar for the two CRS 
models used in both types of testing. 

 Head and neck injury responses appeared to be 
more sensitive, during both sled and crash tests, 
to the type of CRS model used than did spinal 
and pelvic acceleration and chest displacement 
responses. 

 
Future sled testing to refine test parameters such as 
door stiffness and geometry, and to further assess 
issues such as effect of armrest on CRS kinematics 
and dummy responses, is planned.  Evaluation of 
additional CRS models within the fleet will also be 
conducted to validate test methodology. 
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APPENDIX 
 

FMVSS No. 214 compliance test vehicles used to determine sled pulse and seat velocity 
 

 2005 Toyota Corolla       Test # 5483  ES2re  
  

 2005 Toyota Corolla       Test # 5491 SIDIIS 
 

 2005 Subaru Forester     Test # 5485 ES2re 
 

 2005 Suzuki Forenza      Test # 5575 SIDIIS 
 

 2005 Subaru Forester     Test # 5480 SIDIIS 
 

 2003 PT Cruiser              Test # 4614 U.S. SID 
 

 2003 Mazada Protégé     Test # 4575 U.S. SID 
 

 2003 Suzuki Aerio           Test # 4574 U.S. SID 
 

 2005 Saturn Ion               Test # 5460 SIDIIS 
 

 2005 Saturn Ion               Test # 5461 ES2re 
 
 
 

FMVSS No. 214 compliance test vehicles used to determine “door” velocity 
 

 2005 Subaru Forester      Test # 5480 
 

 2005 Toyota Corolla        Test # 5483 
 

 2005 Suzuki Forenza       Test # 5575 
 

 2005 Saturn Ion               Test # 5460 
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Child Restraint System Models 

 
 
 

 
Graco SafeSeat Step2 Toddler     
 

 

 
Evenflo Triumph Advance DLX  
 
   
 

 

 
Safety 1st All-in-One Convertible  
 
 
 
 

 
 

 
Maxi-Cosi Priori (SIP)  
 
 

 
Graco Logico M (SIP) 
 
Meets only ECE Reg. 44;  
Does not use LATCH system 
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ABSTRACT 
The research of child restraint systems tested 
under side impact test conditions has been 
conducted extensively in the past few years. In 
May 2008 US Government and Industry meeting, 
US National Highway Traffic Safety 
Administration (NHTSA) presented a summary 
of the 3 year old child side impact dummy 
evaluation result with some desired 
improvements, including the neck biofidelity 
and thorax rib cage durability. With further 
evaluation later at Ford, Transport Canada and 
NHTSA Vehicle Research and Test Center 
(VRTC), it was observed the hip ball popped out 
from the cup retainer during some of the tests. 
The overall biofidelity of this dummy was 
summarized by Carlson et al, and also updated 
biofidelity summary was presented by Rhule [3] 
in 2008 Government Industry meeting. This 
paper summarizes the improvements that 
address these identified issues in the past year.  

INTRODUCTION 

NHTSA Traffic Safety Facts 2007[4] data shows 
that there were 61 million children age 14 and 
younger in the United States, which is about 20% 
of the total US population in 2007. Motor 
vehicle crashes are the leading cause of death for 
ages 3 to 6. There were total 41,059 traffic 
fatalities in the United States in 2007. The 14-
and younger age group accounted for 4 percent 
(1670) of these traffic fatalities. Research has 
shown that lap/shoulder seat belts, when used, 

reduce the risk of fatal injury by 45 percent and 
risk of moderate-to-critical injury by 50 percent. 
Research on effectiveness of child safety seats 
has found that they reduce fatal injury by 54 
percent (1 to 4 years old) for toddlers in 
passenger cars. Among children under age 5, an 
estimated 382 lives were saved in 2007 by child 
restraint safety seats.  It is obvious that child 
restraint systems play a significant role in saving 
children’s lives. However, the NHTSA data 
shows 165 fatalities with the use of the child seat 
restraint systems for age group of 1-4 years old. 
The 165 fatalities account for nearly 43 percent 
of the total fatalities. These numbers imply that 
improvements to child restraint systems to better 
protect children are needed.  The child dummy 
has served as a good tool to assess the protection 
of children. A biofidelic child dummy is 
essential in developing safer child restraint 
system. 

As part of the efforts to develop a safer child 
restraint system, the Q dummy series was 
developed in Europe during 1995-2004.  The 
dummy was developed to have more human-like 
anthropometry and performance as the next 
generation of the P child dummies specified in 
UNECE Regulation 44. The dummy was 
designed to perform in both frontal and lateral 
test conditions. With more field accident data 
and biofidelity data under side impact test 
condition, the Q3s was introduced focusing on 
improving biofidelity for side impact test.  
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The overall bofidelity evaluation result of the 
Q3s dummy was published by Carlson et al in 
2007[1]. The biofidelity corridor was based on 
the work published in 2002 by Irwin et al [2]. 
Also additional neck torsion biofidelity 
requirement was proposed by Mertz (informal 
communication between Dr. H. Mertz and 
NHTSA Vehicle Research and Test Center). 
These criteria serve as the basis of the dummy 
biofidelity evaluation. 

In the 2008 presentation from Rhule [3], the Q3s 
dummy showed superior biofidelity in shoulder, 
thorax and pelvis area compared to the Hybrid 
III 3 year old child side impact dummy, while it 
also showed the neck flexion and torsion 
biofidelity responses required further 
improvement. In addition, the thorax rib cage 
durability became a concern from testing. One 
rib cage cracked after approximately 90 tests (30 
sled tests and 60 pendulum tests) at 25 mm chest 
deflection magnitude. In spring 2008, Occupant 
Safety Research Consortium (OSRP) of United 
States Council for Automotive Research 
(USCAR) found the hip joint ball came out in a 
test. This issue was also observed later in 
VRTC’s sled test.  This paper presents a new 
neck design for improved biofidelity 
performance and also summarizes the solutions 
to address the durability concerns of the thorax 
rib cage and hip joints. 

NECK DESIGN  

A new neck was designed to meet the flexion, 
extension, lateral bending and torsion biofidelity 
requirements. Since each test has its own 
performance specification, it requires a complex 
structure to meet these requirements 
simultaneously. The neck design consists of  
four aluminum vertebra discs and rubber 
segments between the aluminum discs. The 
rubber segments have an oval-like shape with 
circumferential V-shaped groves. The V shape 
opening angle varies around the neck in different 

locations (frontal, lateral and rear) in order to 
govern the performance of the neck. Cuts were 
introduced into the front of the neck to soften it, 
and comply with the extension performance 
requirement. The molded neck is shown in 
Figure 1. Different rubbers were experimented 
with to optimize the neck performance. The test 
data is summarized later in this paper. 

 

Figure 1, molded neck 

 

Figure 2, Neck assembly with cable 

A torsion cable was designed into the neck 
assembly to govern the torsion performance. The 
cable has metal sheaths crimped to both ends. At 
one end, the metal sheath has a key to engage 
with a ring underneath to control the torsion 
performance of the neck. During the 
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development of the previous torsion cable, it 
was found that the asymmetrical torsion cable 
caused asymmetrical performance, which 
requires offset of the key position to compensate 
and induce earlier rotation in order to gain 
symmetrical neck performance. It was found a 
symmetrical torsion cable was desired and 
identified in the design to eliminate the offset of 
the key feature. The cable and the rings are 
shown in Figure 2. 

NECK TESTING SETUP 

The neck biofidelity test was conducted on the 
pendulum specified in US Regulation 49CFR 
Part 572 with a special headform (same design 
as the Q3 frontal impact dummy). The neck was 
tested for flexion, extension, lateral bending 
with this headform as shown in Figure 3. 

 

Figure 3, Headform for flexion, extension and 
lateral bending pendulum test 

 

Figure 4, Headform for torsion pendulum test 

The torsion was tested with a special headform
designed by VRTC, shown in Figure 4. This
headform has a neck load cell to measure the
moment Mz of the neck and a rotary pot to
measure its rotation about Z axis.  

NECK TEST DATA 

Neck flexion test was conducted at 5.5 m/s
impact speed. Three necks with different rubber
stiffness were fabricated for testing. The test
results are shown in Figure 5. 

 

Figure 5, Flexion pendulum test, 5.5 m/s 

From the test result, we can see that rubber with
a stiffness range from 65 to 85 durometer shore
A is close, but not well within the biofidelity
specification.  

Figure 6, Neck extension pendulum test, 5.5 m/s 
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Neck extension test was conducted at 5.5 m/s 
impact velocity. The test result is shown in 
Figure 6. 

The extension pendulum test shows close results 
for the neck with rubber stiffness at 65 and 85 
durometer shore A. No significant performance 
difference was observed in the test results. 
During the neck extension test, the neck rotates 
up to a range of 90 to 100 degrees. At the 
maximum bending, the V groves are completely 
closed and bottomed out, causing the moment to 
increase quickly after it reaches 85 degrees. 

 

Figure 7, neck lateral bending test, 3.9 m/s 

The lateral bending test was conducted at 3.9 
m/s velocity. The test results are shown in 
Figure 7. We can see both necks with 60 and 85 
durometer shore A meet the biofidelity corridor 
very well. 

Neck torsion test was conducted with a special 
headform as described in the previous section. 
The test results are shown in Figure 8. From the 
test results, we can see the 85 durometer shore A 
rubber neck is too stiff to meet the test 
requirement, while 60 and 65 durometer shore A 
neck meet the biofidelity corridor very well. As 
mentioned in design section, the neck cable has 
an asymmetrical mechanical property, which 
requires offsetting the cable key to balance the 
rotation between the left hand and right hand 

rotations. At the submission of this paper, the
symmetrical cable is in the fabrication process. 

Figure 8, Neck torsion test, 3.6 m/s 

From these tests, we concluded that the neck
with 65 durometer rubber performs the best
considering all four biofidelity requirements
However, we noticed the neck flexion
performance, which is soft to meet the
biofidelity requirements. After investigating the
neck rubber geometry, we added some rubber
material on the V grove at the front side of the
dummy. This is to reduce the angle neck rotation
before it bottoms out. It was also examined from
CAD design that other performance would not
be affected after this modification. A mockup
neck was fabricated by gluing some additional
rubber pieces to the corresponding area. The test
results shows in Figure 9. 

Figure 9, Neck flexion pendulum test, 5.5 m/s 
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The mold was updated to reflect the mockup 
design. At the time of submitting this paper final, 
the final version for neck is in the process of 
manufacturing. 

THORAX RIB CAGE 

Thorax rib cage is a critical component in the 
dummy design. It was observed that the rib cage 
was broken with a limited number of tests.   

 

Figure 10, damage of the thorax rib cage 

One rib cage was damaged after approximately 
90 pendulum and sled tests combined, while 
another rib cage failed after 30 pendulum tests.  
The damage always happens toward the rear side 
of the rib contour as shown in Figure 10. 

It was noticed some ribs have relative longer life 
than the others. From the analysis of the 
fractured surface, it has been noticed there were 
always defects, mainly air bubble like void on 
the fractured surface. These defects are typically 
buried inside and can’t be observed visually in 
the quality inspection. The crack initiates from 
these defects and starts to propagate and become 
catastrophic. The rib cages that have very long 
life time, we believe have no such defect buried 
in the parts. Since it is difficult to inspect these 
invisible defects, quality control was a problem.  

From the investigation of the damaged parts, it is 
clear that damage is a fatigue life issue. If we 

can make the design insensitive to the defects, it 
will elongate the life of the parts. To solve the 
problem, the following parameters were 
considered to increase the fatigue life cycles. 

• Optimize the thickness of the rib to reduce 
the maximum stress level. If the maximum 
stress level was reduced, the fatigue life will 
increase accordingly. 

• Introduce a Nitinol sheet metal insert. To 
maintain the same rib cage stiffness, 
therefore to maintain the same performance, 
the plastic material stiffness has to be 
reduced. When the plastic material stiffness 
is reduced, its elongation will be increased 
accordingly and fatigue life will increase 
accordingly. Also by introducing the 
Nitianol sheet metal insert, the plastic 
material thickness is as a consequence 
reduced. Under the same deflection level, 
the thinner plastic rib portion reduces the 
stress level as well from beam theory. 

Finite element analysis was used to study the 
stress distribution of the fractured area, which 
was identified as the highest stress level in the 
whole rib cage. We noticed that the bending area 
was thickened in the early Q3 development, 
which was intended to address frontal failure. 
However, for lateral impacts, the damage shifted 
further forward to the thin area as it is now. 

 

Figure 11a, FEA - the stress distribution of the 
rib cages (baseline – thickened contour) 
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We conducted analysis of the cage to compare 
the uniform thickness and the thickened design. 
It was found that rib cage with uniform 
thickness actually has less stress level than the 
thickened one that was intended to address the 
fracture. 

)  

Figure 11b, FEA – stress distribution of the rib 
cage (uniform thickness) 

 

Figure 11c, FEA – stress distribution of the rib 
cage (uniform thickness with Nitinol sheet metal 
insert). 

We also conducted an analysis of the rib cage 
with a Nitinol sheet metal insert to study the 
maximum stress level of the plastic material and 
also investigate if stiffness of the metal insert 
together with the plastic material is feasible to 
maintain the same dummy performance. The 
maximum stress is summarized in table 1. 

From the analysis, we can see 25% stress 
reduction can be achieved with the Nitinol metal 
insert, and the proper stiffness of the rib cage 
can be achieved with proper combination of 
metal insert and plastic material stiffness. 

Table 1, Max stress comparison of rib cage 

Cases 
Max Stress  

(MPa) 
Reduction 

(%) 
baseline 17.4 NA 

uniform thickness 15.1 -13% 
uniform thickness 

with insert 
13.8 -25% 

 

THORAX RIB CAGE TESTING 

After the finite element analysis, prototype parts 
were fabricated accordingly for testing to 
validate the concept. The shape of the metal 
insert was optimized in design to address some 
manufacturing challenges. The final design of 
the rib cage with the insert is as shown in Figure 
12. 

 

Figure 12, Q3s rib cage design with metal insert 

 

Figure 13, Pendulum impact test of the new rib 
cage and the old one. 
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The rib calibration with pendulum impact test 
was used to verify the rib performance. After 
eight iterations of refining the insert and plastic 
material, the performance is very similar to the 
existing rib cage. Further biofidelity tests will be 
conducted at VRTC in the near future. 

 

Figure 14, Rib durability drop tower test setup 

 

Figure 15, rib deflection under drop tower test 
(total 500 tests, data collected every 10 tests). 

Drop tower testing was used to verify the 
durability of the ribs. The test setup is shown as 
Figure 14.  

From the sled tests and pendulum tests 
performed previously, it was noticed the thorax 
was compressed to a level of 25 to 28 mm 
deflection. The drop tower reproduced this level 
of deflection for each impact. The rib cage was 
inspected carefully after each test. 

Rib deflection data was collected every 10 tests.  
The deflection is plotted in Figure 15. From the 
data we can see the rib performance is very 
stable and there is no damage to the rib cage 
after 500 tests. The durability of the rib has 
improved significantly. 

HIP JOINT DURABILITY 

It was observed in some severe test condition, 
the hip ball popped out of the ball retainer, also 
referred as the cup.  

 

Figure 16 Hip ball pop out from its cup 

From the investigation, the cause of this problem 
was due to the plastic cup, not being strong 
enough to retain the hip joint in position. Under 
severe test condition, the hip cup will deform 
and allow the hip ball to slip out of the cup 
retainer. To address this problem, the 
deformation of the hip cup needs to be limited 
while the engagement between the ball and the 
cup needs to be improved. 

To reengineer the joint, aluminum material was 
used to replace the plastic material for the cup, 
which increases the rigidity of the hip cup 
significantly. At the same time, the plastic hip 
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ball and ball shaft was replaced with a hardened 
aluminum ball.  The ball diameter was reduced 
from 30 mm to 25.4 mm, while the shaft 
diameter was reduced according to maintain the 
hip joint range of motion. This design change 
increases the engagement area between the ball 
and the cup and therefore strengthens the ball 
joint. 

 

Figure 17, New hip joint design 

 

Figure 18, hip joint durability test (courtesy of 
VRTC) 

A pendulum test was used to evaluate the new 
design at VRTC. The dummy was restrained in a 
test bench with one leg removed, and a 
pendulum was used to impact the other leg at the 
foot location from inboard. The test setup is 
shown in Figure 18. The plastic design hip joint 
ball popped out immediately, while the new 
design survived the test without any damage. 
The test was considered severe enough for the 
conditions that the dummy is used. 

CONCLUSIONS 

The few outstanding issues identified from 2008 
Government Industry meeting and thereafter 
were addressed with new designs. The new neck 
design can meet the flexion, extension, lateral 
bending and torsion requirements. A robust rib 
cage design with identical geometry was 
validated and was shown to improve the 
durability significantly. A more durable hip joint 
design was evaluated as well. The design is very 
promising in a severe test condition and further 
evaluation will be conducted in the future. The 
Q3s dummy is ready as a robust tool for child 
restraint system development. 
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ABSTRACT 
 
Most current seatbelt load limiter technologies could 
only offer three or fewer predetermined patterns of 
seatbelt restraint force.  However, researches have 
shown that, to better realize adaptive protection to 
different occupants under different crash severities, a 
continuously and real-time adjustable load limiter 
may be one step further.  This concept could be 
especially favorable to vulnerable occupants such as 
small stature females and elderly people.  Ideas 
have emerged suggesting possibility of using 
magnetorheological fluid (MRF) to realize such load 
limiter (MR-LL).  This paper presents a concept 
study of MR-LL, aiming at evaluating its feasibility 
and establishing basic guidelines for prototype 
development.  Configuration of an MR damper 
integrated with seatbelt retractor is selected in the 
study, in which the seatbelt force can be controlled by 
varying the strength of magnetic field exerted on the 
MRF inside the damper.  The MR damper is 
numerically modeled and validated against 
experimental data found in the literature.  Then by 
merging the MR damper model with a simplified 
occupant and seatbelt model subjected to sled impact 
loading, the performance of MR-LL under different 
parameter settings is studied and optimized.  The 
simulation results demonstrate proof of the concept, 
indicating that the proposed MR-LL can generate 
various seatbelt force patterns with a wide adjusting 
range, thus to meet the requirement of both occupant 
adaptability and crash severity adaptability.  
Possible limitations of the proposed MR-LL are also 
discussed. 
 
INTRODUCTION 
 
Evolution from Load Limiting to Adaptive 
Restraint Force Control 
 
When first introduced into market, seatbelt load 
limiter was initially adopted to prevent the seatbelt 
force from exceeding certain critical level in crash 

accidents, so as to reduce the risk of severe thorax 
compression and the corresponding injuries [1].  A 
typical design of load limiter has a deformable metal 
part integrated with the seatbelt retractor spool.  The 
part will yield plastically when certain critical load is 
reached, so as to allow the previously locked seatbelt 
to be released out at a constant force level.  Based 
on this mechanism, together with a seatbelt 
pretensioner, a constant force restraint (CFR) can be 
realized approximately.  CFR has been identified to 
be the optimal pattern of restraint force when the 
occupant-vehicle system is considered as a simple 
single-DOF mass-spring-damper model [2].  Further 
analysis based on more complex models [2, 3] and 
other considerations (such as cooperating with airbag 
[4]) has identified other seatbelt force patterns such 
as CFR following an initial peak or the two-stage 
pattern to be more favorable than pure CFR(Figure1). 
 

t

F CFR Initial peak Two-stage

t t  
Figure 1.  Different patterns of seatbelt force 
during crash. 
 
Together with the research on restraint force 
optimization, more and more attention has been 
drawn to the concern about “adaptive restraint”.  
The main focus is the influence of different occupant 
physical attributes, crash severity, and other factors 
on the restraint effectiveness.  Researches have 
shown that if the parameters of the seatbelt force 
pattern such as load limiting level and the stage 
shifting time can be tailored according to the specific 
occupant and crash conditions, the protection result 
will be enhanced considerably [5, 6].  A widely 
cited example is the conclusion about the influence of 
age on the relation between thorax injury and the 
seatbelt load (Figure 2) [7, 8].  Because most 
restraint systems are designed based on 50th 
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percentile male occupant only, the concept of 
adaptive restraint is especially meaningful to other 
occupant categories such as small females and 
elderly people. 
 

 
Figure 2.  Age influence on thorax injury risk [8]. 
 
Beyond the above theories, some researchers have 
foretold a future form of restraint system, where the 
restraint force is controlled by a close-loop actuation 
system.  During the crash, with the occupant motion 
as the feedback signal, the system can tune the 
seatbelt (and airbags) to compel the occupant 
tracking an optimal deceleration process, thus to 
minimize the injury for all kinds of occupants 
involved in various crash conditions [9] (Figure 3). 
 

 

Figure 3.  Future restraint system: close-loop 
control in crash real time. 
 
Current Technology of Adaptive Load Limiter  
 
Along with the evolution of restraint force theories, 
seatbelt load limiter has been widely used to realize 
the desired pattern of seatbelt force during crash.  
Despite the name “limiter”, the role of seatbelt load 
limiter has been more and more considered to be 
beyond just limiting the maximum seatbelt force.  
Many designs of adaptive load limiter have been 
proposed in the literature to meet the desire of 
adaptive restraint force control proposed in the 
theories.  Most of them provide “multi-level load 
limiting” with a “multi-deformable-part mechanism” 
[4, 10-13], which may be viewed as the upgrade of 
the traditional load limiter.  By triggering the two or 
three deformable parts with different combination, 
this kind of load limiter could provide two or three 
predetermined levels of seatbelt force with CFR or 
multi-stage pattern (Figure 4). 
 

 
Figure 4.  Multi-level load limiting. 
 
This kind of mechanism is probably the only design 
of adaptive load limiter that has been maturely 
developed into real products.  However, its 
limitations are also obvious.  First, instead of 
adjusting the load limiting level steplessly, only two 
or three predetermined levels can be provided.  
Thus it cannot fully meet the optimal requirement of 
occupants with various physical attributes involved in 
various crash conditions.  In addition, mechanism 
with deformable parts is not reusable.  Moreover, 
this kind of load limiter has no potential of realizing 
continuously real-time control over seatbelt force, 
which renders it being insufficient for more advanced 
future restraint system mentioned earlier. 
 
Advanced Adaptive Load Limiter and MR-LL 
 
More advanced designs have been discussed in the 
literature with the aim of building a continuously and 
even real-time adjustable seatbelt load limiter.  One 
of the proposals is controlling the seatbelt force 
during crash with the motorized seatbelt retractor 
(Figure 5a) [14].  Equipped with an electric motor to 
actuate the rotation of the retractor spool, the 
motorized seatbelt retractor has already been 
successfully used on seatbelt adjusting for wearing 
comfort and slack removing.  However, considering 
the level of the seatbelt force and the short duration 
of action during the crash, the power needed for the 
motor to actuate the retractor spool during crash will 
be very considerable.  This means the motor may 
have big size and high cost, which are highly 
undesirable for the retractor design.  
 
Another idea under discussion is equipping the 
seatbelt retractor with a rotary brake (Figure 5b), 
which could control the resistant torque of the 
retractor spool, so as to control the seatbelt paying 
out and the corresponding restraint force during crash 
[15-18].  To meet the requirement of quick response 
and low power consumption, electro-mechanical 
brake with self-energizing mechanism is favorable.  
In 2007, Siemens VDO (Continental) announced the 
development of such a product based on its “Wedge 
Brake” technology [19].  However, no available 
product has been demonstrated yet. 
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Figure 5.  Retractor equipped with motor (a) or 
brake (b). 
 
Besides the above two proposals, a new idea emerged 
in the recent years suggests the possibility of building 
adaptive load limiter with magnetorheological fluid 
(MRF).  As a kind of the so-called “smart fluid”, 
MRF is a suspension of magnetic polarizable 
micro-particles in a carrier fluid.  When subjected to 
magnetic field, the fluid greatly increases its apparent 
viscosity, and develops a yield stress which 
monotonically increases with the strength of the 
applied magnetic field (Figure 6).  The transmission 
is fully reversible and almost instantaneous.  This 
rheological character is very favorable for developing 
simple, quiet, rapid-response interfaces between 
electronic controls and mechanical systems [20].   
 

 
Figure 6.  Rheological character of MRF. 
 
Many researches have been carried out to study the 
application of MRF on various areas such as 
vibration damping, rotary brake, human prosthetics, 
and optical polishing.  In the recent years, several 
patents [21-24] have proposed the idea about MR 
load limiter (MR-LL), which equips the seatbelt 
retractor spool with a piston damper or a rotary brake 
built with MRF.  These designs could enable the 
seatbelt force to be controlled by varying the 
magnetic field applied on the MRF inside the damper 
or bake.  Considering the rheological feature of 
MRF, this kind of mechanism may have the potential 
of realizing a continuously and real-time adjustable 
seatbelt load limiter. 
 
Moreover, unlike load limiter which adopts 
electro-mechanical mechanism like the motorized 
retractor or electro-mechanical brake, MR-LL does 
not need motor and has relatively fewer moving parts, 
which ensures reduction of the device complexity.  
In addition, considering the advance of 
manufacturing technology which has considerably 
reduced the cost of MRF, MR-LL may have much 

lower cost compared to other designs.   
 
However, despite its seemingly promising outlook 
described in the patents, no substantial study has yet 
been published to discuss the feasibility of MR-LL 
and the corresponding design principles.   In the 
following sections, this paper presents a concept 
study of MR-LL, aiming at evaluating its feasibility 
and establishing basic guidelines for prototype 
development. 
 
CONFIGURATION OF MR-LL 
 
Comparison between Possible Configurations 
 
Generally, MRF inside MR devices works in one of 
the three basic operation modes [20].  As illustrated 
in Figure 7, the three modes are different from each 
other by the driving force and the moving direction 
of the boundary.  Among the three modes, except 
the squeeze mode, which is usually used only at 
controlling millimeter-order movements, the other 
two modes could both be used to build MR-LL.   
 

 
Figure 7.  Three basic operation modes of MRF. 
 
Based on the flow mode, a piston damper can be built 
and linked to the seatbelt retractor spool directly or 
via mechanical transmission (Figure 8).  The 
resistant force is generated by the damper when the 
seatbelt is pulled by the occupant during crash. 
 

Transmission MR damper

Belt spool

Clutch

i

Applied field
flow

 
Figure 8.  Retractor with MR damper. 
 
Based on the shear mode, an MR rotary disk brake is 
linked to the retractor spool (Figure 9).  When the 
MRF filled in the gap between the brake disk and the 
shell becomes more viscous as the result of the 
applied magnetic field, the brake could generate 
resistant torque due to the shear force of the MRF 
caused by the relative motion between the brake disk 
and the shell.   
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Figure 9.  Retractor with MR brake. 
 
By varying the strength of magnetic field spread 
across the orifice of the MR damper or the cavity of 
the MR brake, the apparent viscosity of MRF can be 
controlled, and thus the resistance force of the 
damper or the torque of the brake can be adjusted. 
 
Although both have been proposed in the patents, a 
quick comparison shows that MR damper is more 
suitable for MR-LL configuration.  Consider the 
size of MR device to generate enough seatbelt 
resistant force during crash: It has been reported that 
MR piston damper with an outer diameter about 
40mm is capable of generating 3~6kN peak resistant 
force under 3m/s impact loading speed [25, 26], 
which is close to the energy absorbing intensity of 
seatbelt load limiter during vehicle crash.  Further, if 
assume the transmission ratio between the piston 
motion and the belt paying out to be 1, then the 
stroke of the MR damper piston will be equal to the 
paying out of the seatbelt from the load limiter during 
crash, which is approximately at 100mm level.  The 
above estimation indicates that the size of MR 
damper needed to generate enough seatbelt resistant 
force during crash could be acceptable for vehicle 
onboard installation.   
 
On the other hand, there have been reports stating 
that under the current technique, an MR rotary disk 
brake with a size up to 100mm in diameter and 
40mm in length could only generate resistant torque 
no more than 4Nm [27, 28].  Thus to meet the 
approximately 80Nm torque needed for the load 
limiting operation, a gear set with a transmission 
ratio up to 20 is needed.  Besides the increase of 
system complexity, size and cost it brings, such a 
large transmission ratio will also significantly 
increase the dynamic inertia of the moving parts, and 
thus add difficulty to device controlling. 
 
MR-LL using MR Damper 
 
Based on the above analysis, it can be seen that MR 
damper is more suitable than MR brake for MR-LL 
application.  Generally, MR-LL using MR damper 
involves an MR piston damper linked to the seatbelt 
retractor spool via certain transmission.  Figure 10 
demonstrates one of the typical designs where a 

screw transmission is adopted.   
 

 
Figure 10.  One of the typical designs of MR-LL 
using MR damper. 
 
When the MRF is forced to flow through the circular 
orifice on the piston by piston sliding, resistant force 
will be generated mainly by the pressure difference 
between two sides of the piston.  Magnetic field is 
generated transversely along the orifice by 
electromagnet, controlling the apparent viscosity of 
MRF and the corresponding damping force.   
 
SIMULATION PLATFORM OF MR-LL 
 
In order to identify, optimize and determine 
appropriate design parameters of the proposed 
MR-LL, a simulation platform is built.  As for the 
modeling environment, although finite element 
simulation is very popular for fluid motion modeling, 
it is not very convenient for simulating continuously 
real-time controlled rheological behavior, and is also 
difficult to be linked to control theory analysis 
software.  Because of these considerations, 
MATLAB/Simulink is widely preferred by various 
studies, including this one, for the modeling of 
systems engaging MR devices. 
 
MR-LL Modeling 
 
Under the proposed MR-LL configuration, the 
loading force and the paying out velocity of the 
seatbelt will be proportional to those of the MR 
damper, with the scale equaling to the transmission 
ratio i between the seatbelt paying out and the damper 
piston sliding.  Thus the modeling of MR-LL is 
mainly the modeling of MR damper. 
 
Considering the width of the circular orifice on the 
piston ( 2h ), which is much smaller than the length 
( L ) and the central circle radius of the orifice ( oR ), 
the flow field of MRF through the orifice could be 
simplified as one-dimensional and central 
symmetrical (Figure 11) [29-31]. 
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Figure 11.  The flow field of MRF through the 
orifice. 
 
The modified Herschel-Bulkley model [30] is 
adopted to describe the constitutive property (Figure 
12) of the MRF, and the shear stressτ of MRF is 
given by the following constitutive equation: 
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u x t
x t

xu x t

x
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τ η

ε

∂
= + ⋅
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+

∂
   (1). 

 
where yield stress ydτ is determined by the average 
strength of the applied magnetic field H , which is 
proportional to the current of the electromagnet 
H Iα= . Parameter ε  is used to describe the 
pre-yield behavior, and η  is the post-yield viscosity.  
Parameter n  is used to describe the shear thinning 
behavior at high shear rate, which is believed to be 
necessary when studying damper subjected to impact 
load [31].  All the parameters and the relation 
between ydτ and H can be obtained based on the test 
data provided by the MRF manufacturer. 
 

ydτ

xu ∂∂ / H

ydττ
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Figure 12.  Constitutive property of MRF. 
 
Besides the constitutive equation, other governing 
equations are listed as follows: 
 
Equation of fluid motion: 
 

( ) ( ) ( ), ,u x t P t x t

t L x

τ
ρ
∂ Δ ∂

= − +
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     (2). 

 
where PΔ is the pressure difference between two 
sides of the piston, andρ is the fluid density. 
 

Flow boundary condition: 
 

( ) ( ) ( )0, 2 , pu t u h t v t= =          (3). 
 
where pv is the moving speed of the piston. 
 
Equation of continuity: 
 

( ) ( )2

0
,

h

p p ov t A u x t dA⋅ = − ⋅∫        (4). 

 
where pA is the top (and bottom) area of the piston, 
and oA is the cross-sectional area of the orifice. 
 
Equation of piston motion: 
 

( ) ( ) ( ) ( )
.

p
d press p

dv t
F t F t F t m

dtτ− − =    (5). 

 
where dF is the loading force of the damper. Fτ is the 
shear force caused by the MRF shear stress 
distributed across the orifice side surface.  

.press pF P A= Δ ⋅ is the force caused by the pressure 
difference between two sides of the piston. 
 
The governing equations are solved with the ODE 
solver of MATLAB/Simulink.  In order to use the 
ODE solver of Simulink, which is designed to solve 
time-continuous problems rather than 
space-continuous problems, a “semi-discrete” 
method has to be adopted [32].  The method divides 
the flow field along the x  direction into many 
divisions ( 2N ) of equal width, replaces the space 
distributed variable with discrete vector, and the 
space differential term with difference quotient: 
 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

1 2

1 2 1

01

11~ 1

1

2~ 1

, , , ,

, , , ,

U

T

U

T

T

N

T

N

pi i

N Ni N

i i

i N

u t x t u t u t u t

t x t t t t

u vu uu

u ux x x

x x x

τ τ τ τ

τ ττ

+

−

+= +

−

= +

⎧ → = ⎡ ⎤⎣ ⎦⎪
⎪ → = ⎡ ⎤⎣ ⎦⎪
⎪ =⎛ ⎞−∂ ∂ ⎡ ⎤⎨ → = ⎜ ⎟⎢ ⎥⎪ =∂ ∂ Δ⎣ ⎦ ⎝ ⎠
⎪

−∂ ∂ ⎡ ⎤⎪ → = ⎢ ⎥⎪∂ ∂ Δ⎣ ⎦⎩

L

L

 (6). 

(Spatial symmetry of the flow field is considered. 
Subscript 1 marks the boundary of the orifice, and N 
marks the center.) 
 
The difference quotient can be operated in Simulink 
using the “selector” module illustrated in Figure 13. 
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Figure 13.  Operation of difference quotient 
under Simulink [32]. 
 
Based on this method, the governing equations can 
be rewritten as: 
 

( ) ( )yd n
n x

x

τ
η

ε

∂= + ⋅
∂∂ +

∂

U
T

U        (7). 

( )1 1, 0p N

P
u v

t L x
ρ τ +
∂ Δ ∂= − + = =
∂ ∂
U T

   (8). 

1

2
N

p p i ov A u dA= − ∑             (9). 

p
d p p

dv
F F P A m

dtτ− − Δ ⋅ =         (10). 

 
Before solving the above equations in Simulink, 
some additional transformations are made in order to 
prevent the appearance of algebraic loop, which will 
significantly slow down the solving process: 
 

Eq. (8)→   
1 1

N N
i iu P

x h x
t L x

τρ ∂ ∂ΔΔ = − + Δ
∂ ∂∑ ∑  (11). 

Eq. (9)→      
1

2
N

p i
p o

dv u
A dA

dt t

∂= −
∂∑       (12). 

Eqs. (11) and (12)→  

( )1 14
p p

N
o

dv A P
h

dt R L

ρ
τ τ

π +
Δ= − −      (13). 

Eqs. (10) and (13)→  
2

1 1
4 4

p p p
d

o p o p p

A A A Lh
F P

R m R m L m

ρ ρ ρ
τ

π π
⎛ ⎞ ⎛ ⎞

= Δ + + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

(14). 

 
Most modules in Simulink support vector parameters, 
Eqs. (7) (8) (9) and (14) can be linked in Simulink 
with the configuration shown in Figure 14. 
 

 
Figure 14.  Model configuration of MR-LL. 

 
The seatbelt force and the control current of the 
electromagnet (proportional to the magnetic field 
strength) are set as the input variables, and the 
seatbelt paying out velocity is set as the output 
variable. 
 

Validation of the MR-LL Model 

 
The model of MR-LL is validated by comparing the 
dynamic character of its main part, the model of MR 
damper, against the test data found in literature [20, 
26, 33].  Two types of load have been studied: 
steady load and impact load.  Under the steady load, 
a constant loading force is applied and the piston 
moves at a constant velocity.  Under the impact load, 
the damper is subjected to a drop tower test.  The 
parameters of the damper structure, the MRF 
properties and the loading condition are set according 
to the data in the literature.  Figures 15 and 16 show 
the comparison between the simulation and the actual 
test results, good correlations can be seen. 
 

 

Figure 15.  MR-LL model validation - steady 

load. 
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Figure 16.  MR-LL model validation - impact 

load. 

 

Occupant and MR-LL Seatbelt System Modeling 

 
An “occupant and MR-LL seatbelt system” model 
subjected to sled impact load is further established, in 
which the MR damper model is part of it.  This 
model will serve as the simulation platform for the 
parametric study of MR-LL in the next section.  
 
A simplified three-body, two-dimensional dynamic 
model of occupant is adopted (Figure 17).  
Although not as sophisticated as more complex 
occupant models like those available in MADYMO 
software tool, such a model has been proved to be 
capable of providing good representation of the 
actual system response, and has been frequently used 
to provide better understanding of the dynamics and 
interaction of the occupant and restraint system [34].  
Simulating the model is highly time-efficient, thus it 
is very suitable for parametric study, in which many 
iterations are required.  Due to this merit, this kind 
of model has been recommended for concept study of 
adaptive restraint devices [35], while the more 
sophisticated MADYMO occupant models will be 
preferably used in further design and analysis 
following the concept phase. 
 

 
Figure 17.  Three-body, two-dimensional 
occupant model. 
 
The occupant model is built using the Simmechanics 
package of Simulink.  The dimensional and inertial 
parameters of the occupant body, the viscoelastic 
property of the seatbelt, and the sled impact loading 
pattern are set using the data from the studies by 
Paulitz et al. in 2005 and 2006 [34, 35], in which a 
three-body, two-dimensional 50th percentile ATD 
model is used to simulate the actual process of a 
standard 56 km/h frontal impact test conducted by 
NHTSA. 
 
The sled model is linked to the MR-LL model in 
Simulink with the configuration shown in Figure 18.  
This combined model of “occupant and MR-LL 
seatbelt system” is used to simulate the performance 
of MR-LL under given MR-LL control current 
pattern during crash. 
 

MR-LL 

Module

Seatbelt
paying out

Seatbelt
force

tAcc.

Sled loading

Seatbelt 

Module

ATD module

(Simmechanics)

Occupant
motion

Seatbelt
force

t

I Control current

t

F Seatbelt force

x

y Occupant motion

 
Figure 18.  Model configuration of “occupant 
and MR-LL seatbelt system”. 
 
PARAMETRIC STUDY AND OPTIMIZATION 
OF MR-LL STRUCTURE 
 
The objective of parametric study is to find the 
influence of each main design parameter on the 
performance of MR-LL, so as to establish the basic 



 

 

Wang 8 

guidelines for design.  In addition, the optimized 
settings of the parameters and the corresponding 
MR-LL performance can be used to evaluate the 
proposed concept. 
 
Evaluation Indices 
 
Adaptive load limiter is supposed to provide restraint 
force with a suitable and widely adjustable range, so 
as to be capable of offering tailored protection to 
occupants from teenager to elderly, from small 
stature to large stature, and to impact from low speed 
to high speed.  Based on this aim, two indices are 
defined to evaluate the performance of MR-LL: 
 

max min

max min

2

p p

p p

F F F

F F
F

− −

− −

Δ = −⎧
⎪
⎨ +

=⎪
⎩

          (16). 

 
where maxpF − is the peak seatbelt force during crash 
when the magnetic field is always applied with the 
maximum strength (the saturation limit of the MRF), 
and minpF − is the peak seatbelt force during crash 
when no magnetic field is applied at all (Figure 19). 
 

max−pF

min−pF

 
Figure 19.  Definition of maxpF − and minpF − . 
 
To a large extent, FΔ and F can represent the 
adjusting range of the seatbelt force controlled by 
MR-LL, and can be acquired easily from simulation 
runs. Thus it is reasonable to choose them as the 
evaluation indices of the parametric study. 
 
Parametric Study and Optimization 
 
The performance of the proposed MR-LL under 
different settings of parameters is evaluated by the 
indices FΔ and F defined in Eq. (16).  The 
concerned variables and their initial settings are listed 
as follows (also see Figure 11): 
 
� Type of MRF – “MRF-122” by LORD Corp. 
� Radius of the piston pR = 20.5mm 
� Mass of the piston pM =200g 
� Central circle radius of the circular orifice 

oR = 15mm 

� Width of the orifice 2h =1mm 
� Length of the orifice L =20mm 
� Transmission ratio between the seatbelt paying 

out and the piston sliding i =1 
 
Fractional parametric study is conducted, where only 
one parameter is varied at a time while the others 
remain at their initial settings.  Figure 20 shows the 
corresponding changes of the MR-LL performance. 
 

 
Figure 20.  The influence of MR-LL parameters. 

 
Although cannot show the interaction between 
variables as a full parametric study can do, these 
fractional studies are efficient at revealing the general 
influence trend of each parameter on the performance 
of MR-LL.  As shown in Figure 20, different 
parameters have different features of influence.  
Some parameters such as oR and h have significant 
influence on F , but do not have much effect on FΔ .  
While some others such as the type of MRF, pR , 
L and i can only change both indices together.  In 
the process of performance optimization, the 
parameters of the second kind are first tuned within 
the reasonable range to enlarge FΔ , while the ones of 
the first kind are tuned next to obtain a suitable F .  
Following this routine, a set of optimized parameters 
is acquired and listed in Table 1, with the final 
evaluation indices as 3092F NΔ = and 4156F N= . 
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Table 1. 
Optimized settings of MR-LL parameters 

Design variable Setting 

Type of MRF MRF-132DG 

Radius of the piston [mm] 23 

Mass of the piston [g] 200 

Central circle radius of the circular 
orifice [mm] 

20 

Width of the orifice [mm] 1 

Length of the orifice [mm] 30 

Transmission ratio between the seatbelt 
paying out and the piston sliding 

2 

 

ADAPTABILITY OF THE PROPOSED MR-LL 
 
Based on the optimized parameters obtained, the 
crash severity adaptability and occupant adaptability 
of the proposed MR-LL are examined using the 
simulation platform.  To examine the crash severity 
adaptability, several different crash speeds are 
applied.  While to examine the occupant adaptability, 
the physical parameters of the occupant model are 
varied from the initial 50th percentile male setting to 
5th percentile female and 95th percentile male settings.  
The MR-LL is controlled to provide basic constant 
force pattern.  Different levels of constant force are 
assumed to serve different crash cases.  Figures 21 
and 22 show the resulting patterns of the seatbelt 
force and the corresponding control current of the 
electromagnet (the ratio between the average 
magnetic strength and the control current is assumed 
to be 100 [kAmp/m]/[Amp]). 
 

 
Figure 21.  Crash speed adaptability (50th ATD). 

 

 
Figure 22.  Occupant adaptability (56km/h). 
 
Besides the basic constant force pattern, the 
simulation result also demonstrates the capability of 
the proposed MR-LL to generate other possibly 
desired patterns of seatbelt force as demonstrated in 
Figure 23. 
 

 
Figure 23.  Generating different patterns of 
seatbelt force. 
 
As demonstrated above, the simulation result 
indicates that the proposed MR-LL has strong 
potential to provide continuously and real-time 
adjustable control over the seatbelt force, thus 
possess good adaptability to different occupants 
under different crash severities. 
 
CONCLUSIONS 
 
Magnetorheological fluid has been suggested to have 
the potential of being used to build adaptive seatbelt 
load limiter, which could provide continuously and 
real-time adjustable control to seatbelt force during 
vehicle crash.  This kind of function has been 
identified to be quite necessary to the protection of 
occupants with various physical attributes involved in 
different crash severities.  In order to study the 
feasibility of the proposal, a concept study has been 
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carried out and documented in this paper.  First, the 
structure that has an MR damper integrated with 
seatbelt retractor is identified as the most promising 
configuration for MR-LL.  Then, based on a 
simulation platform, parametric study and 
performance optimization have been conducted.  
The simulation result using the optimized parameters 
indicates good adaptability of the proposed MR-LL.  
Depending on the need of protection to occupant with 
different statures involved in different crash speeds, 
the optimized MR-LL can generate various patterns 
of seatbelt force with a wide adjusting range. 
 
On the other hand, despite the proved concept, there 
are still some possible limitations of the proposed 
MR-LL.  One concern is the device size.  Although 
the size-related parameters are constrained within 
reasonable range in the performance optimization, 
the resulting size of MR-LL is bigger than traditional 
load limiters.  If a 200mm maximum paying out of 
seatbelt is assumed, the size of MR-LL can be 
approximately estimated to be 50mm of diameter and 
150mm of length.  This might pose a problem for 
vehicle onboard installation.  Other concerns 
include the sealing of MR damper and the depositing 
of MRF.  Although mature solutions have been 
claimed by MRF manufacturers, the impact of these 
factors on the device durability of MR-LL is still 
uncertain. 
 
To examine the above considerations, a physical 
prototype is desired.  The work documented in this 
paper is the first phase of MR-LL development.  
Under the guidelines obtained in this concept study, 
the next steps include further analysis of the system, 
detailed components design, magnetic circuit analysis, 
and the electric power source development.  
Moreover, the simulation platform presented in this 
paper could also benefit the study of the close-loop 
control algorithms for the future adaptive restraint 
systems. 
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ABSTRACT 
 
The objective of this paper is to compare the 
morphology of children aged from 3 to 15 years old 
with actual Child Restraint System dimensions. 
First, an anthropometry study has been performed on 
about 2000 French children aged from 3 to 15 years 
old. For each subject, 15 external measurements have 
been acquired in particular in sitting position. They 
include classical dimensions like weight and heights 
(head-seat, shoulder-seat, etc) but also new data 
concerning for example the sternum length, the 
xyphoid angle or the thorax and abdominal widths. 
In a second step, 13 dimensions have been measured 
on about 30 actual CRS. These CRS concern only 
forward facing system such as booster seat and they 
represent the different standard groups: 0+,1, 2, 3. To 
complete the geometry acquisition, 6 dimensions 
concerning the back seat of 6 different vehicles have 
been measured. Dimensions have been focused in 
particular on the belt position in the car or in the CRS. 
For each child anthropometric dimension, the 5th, 25th, 
50th, 75th and 95th percentiles curves are given and 
discussed. Then, these dimensions are compared with 
the measurements performed on the CRS and on the 
vehicles. In particular, data concerning the belt 
position regarding the children morphology along 
ages are detailed. The location of the belt on the 
shoulder is more specifically evaluated. 
Results highlight that some of the CRS appear as 
unsuitable regarding the children anthropometry. This 
article shows for example a gap between the CRS 
classification based on children weight. 
 
INTRODUCTION 
 
Road transport safety, particularly for children, has 
become a priority for all government. Indeed, 

statistical analysis in the field of accidentology and 
epidemiology show that the proportion of killed 
children on the road needs to encourage researches on 
this field (OECD, 2004). For example, in France, the 
ratio of children killed in road accidents is about 4% 
and even if this percentage is not excessive, it can not 
be acceptable (ONISR, 2006). Children are mainly 
involved in pedestrians and bicyclist accidents but the 
mostly killed children have been observed as car 
passengers (OECD, 2004, ONISR, 2006; CHILD, 
2006). 
In order to reduce this fatality, the most important 
measure to protect child occupants of vehicles is the 
provision and use of efficiency child safety restraint 
system (CRS). 
Concerning this last point, a lot of researches has 
been performed these last years in order to evaluate 
performance of the CRS (NCAPS, 2006; EEVC, 
2003). Nevertheless it appears important gaps in this 
field. The first major problem concerns in particular 
the large range of child sizes and the child anatomical 
structure. The second is the incorrect use of restraints, 
either because the restraint is inappropriate for the age 
of the child, is badly fitted, or incorrectly used. 
Systems such as ISOFIX or Latch have improved the 
efficiency of CRS by integrating seating systems to 
the vehicle (OECD, 2004). But some problems still 
stayed on the adaptability of these systems to the 
children morphology.  
In parallel restraint standards have been defined in 
order to propose categories of CRS (ISO/TR13214; 
Bell, 1997). But this classification is mainly based on 
the child’s weight and it appears incoherence between 
the regulation which imposes to have a CRS for every 
child with a height lower than 150cm while the 
selection of the CRS is based on the weight or the 
age. Previous studies have shown that this 
classification is not well appropriate to child 
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anthropometry (Griffith King, 1969; Durbin, 2003; 
Huang, 2006; Anderson, 2007). However, these 
studies are based on old anthropometric databases 
such as (Snyder, 1977), incomplete one or are focused 
on only few geometrical parameters such as only the 
weight or the seat cushion length regarding the 
buttock-knee length. 
The objective of this paper is to evaluate the 
adaptability of CRS by having a general approach 
which includes all anthropometric characteristics of 
the children in sitting posture. It consists on acquiring 
new data on the morphology of children aged from 3 
to 15 years old in sitting position and to compare 
them with several actual Child Restraint System 
dimensions. 
 
ANTHROPOMETRICAL DATA 
 
Material and method 
 
French healthy children aged from 3 to 15 years old 
have been measured in order to acquire new 
anthropometrical information. Subjects come mainly 
from the south of France (suburb of Marseille). 
Measurements have been performed in paediatric 
services of Marseille hospitals and in different 
schools. Children have been measured with the 
agreement of their parents, themselves and a 
paediatric doctor or school headmaster. Data 
anonymity has been respected.  
The sample is made up of about 2000 children. This 
sample is decomposed in range groups of one year. 
Each group includes minimum 60 children with a sex 
ratio at least 30 boys and 30 girls. 
Because it was important to have geometrical 
information in seating posture, some measurements 
have been performed in this position. The subject sat 
erect on a flat horizontal surface with the head held in 
order to have the Franckfurt plane horizontal. 
 
The acquisition protocol was based on the same one 
classically used for adults in the field of biometry. 
Only the somatology has been considered and 15 
dimensions have been acquired (see figure 1): 
 
1. weight 
2. stature (in standing position) 
3. sitting height 
4. acromion-seat height 
5. knee-ground height 
6. buttock-sole length (leg shoot out) 
7. thigh length 
8. abdominal depth 
9. thorax depth  
10. abdominal width 
11. thorax width 

12. bi-trochanter width 
13. bi-acromial width 
14. sternum length 
15. xyphoid angle 
Classical anthropological instruments have been used: 
anthropometer, sliding caliper, spreading caliper with 
rounded ends, tape measure (accuracy 1mm), 
goniometer and scales (accuracy 100gr).  
 

 
 

Figure 1. Anthropometric measurements 
 
Finally, the acquisition date and the date of birth of 
the child are noted in order to calculate exactly his 
age when the measurements were taken  
 
It is important to highlight the fact that in particular 
the sternum length or the xyphoïd angle were 
acquired in order to provide new information which 
can not be found in literature (Biard, 1997). These 
measurements have been taken in order to compare 
them with the belt position. 
 
Results 
 
For each dimension and each age, a classical 
statistical analysis was performed. It concerns the 
computation of the 5th, 25th, 50th, 75th and 95th 
percentile values using the Microsoft Excel software. 
 
The following figure 2 gives the corresponding curves 
for the respective measured dimensions in function of 
age (in year). All dimensions are given in cm except 
the xyphoid angle which is given in degrees and the 
weight in Kg. 
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Figure 2: Curves of the 5th, 25th, 50th, 75th and 95th 
percentile values for each dimension and each age 

 
 

Discussion 
 
From a global point of view, curves show a constant 
growth of all parameters except few ones. In 
particular, the weight corridor increases in function of 
the age. This particularity can be attributed and tend 
to show obesity signs for the children population. 
Abdominal dimensions such as the width or the depth 
follow the same tendency and can be linked also to 
the obesity. 
Concerning specifically the xyphoid angle, no 
specific increasing can be observed. This means that 
this parameter stays constant during the child growth. 
 
Concerning the same database identified in 
bibliography, if a lot of them exist on the stature and 
the weight of children, few indicate dimensions by 
body segment. Moreover, main databases describing 
precisely and completely the children anthropometry 
are based on US population (Weber, 1985; Dreyfuss, 
2002, Pheasant, 2001) and are sometimes dated 
(Snyder, 1977). Others concern European population 
but none describe the anthropometry of French 
children. For example, a UK survey was conducted 
by Smith and Norris in 2001 (Smith, 2001). Two 
identical American studies have also been performed. 
The first one is totally available on internet and was 
conducted by Snyder in the 1970’s on more than 4000 
infants and children (Snyder, 1977). The second one 
referred to (Dreyfuss, 2002). A comparison between 
our results with these European or American 
databases has been performed in a previous work 
(Serre, 2006). From a global point of view, values 
provided by these authors are 12% lower than ours.  
This previous study was also focused on the 3 and 6 
years old children data in order to compare these data 
with the corresponding dummies (HybridIII-3 
HybridIII-6, P3 and P6). Comparisons with child 
dummies show that the difference is negligible 
because it is close to 3% (Serre, 2006). 
 
CRS AND VEHICLE MEASUREMENTS 
 
Child Restraint System data 
 
In order to compare the children morphology with 
actual restraint system, measurements have been 
performed on several commercialised child seat and 
booster. These CRS concern only forward facing 
system such as booster seat and they represent the 
different standard groups: 0+, 1, 2, 3. Thirteen 
dimensions have been measured on 28 actual CRS.  
The corresponding recorded data are the following 
ones (see figure 3): 
 
 



---------------------------------------------------------------------------------------------------------------------------                                 
          Serre 5

1. the standard group of the system regarding 
the ECE R44 classification 

2. the total seat cushion depth 
3. the seat cushion depth from the anchorage 

point 
4. the seat cushion width 
5. the seat cushion height 
6. the seat height 
7. the maximal height of the belt position 
8. the minimal height of the belt position 
9. the headrest height  
10. the backrest depth 
11. the abdominal belt height (at the anchorage 

point) 
12. the maximal lateral distance for the thigh 
13. the maximal height for the thigh 

 
 

 
 
 
Figure 3: CRS dimensions 
 
 
Table 1 summarises all the measured dimensions. All 
the values are given in centimetres and a “0” value 
signifies that this parameter is not applicable for the 
system. 

 
Table 1. 

CRS measurements 
 

 
 
Vehicle measurements 
 
In order to complete the geometrical characterization 
of the sitting position of the children, some 
measurements have been taken on family cars. 
Dimensions concern only the rear seat of the vehicle 
and the corresponding belt position. These 
measurements allow to evaluate the adequacy of the 
booster+vehicle’s belt coupling and the transition 
when the child will not use any more CRS. Six 
dimensions have been performed on six different 
vehicles. Three lengths concern the rear seat while the 
six others concern the seatbelt position. 
 
The performed measurements on the vehicle are listed 
below (see figure 4): 

1. the seat height (backrest) 
2. the seat width 
3. the bench seat depth (which corresponds to 

the seat cushion length as defined by 
(Huang, 2006) 

4. the maximal height of the seatbelt anchorage 
point which correspond to the shoulder belt 

5. the minimal height of the seatbelt anchorage 
point (when an adjustment is available on the 
vehicle) 

6. the lateral distance between the two 
anchorage points of the abdominal seatbelt 
(from the buckle to the lateral edge of the 
bench seat). 
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Figure 4: Vehicle dimensions 
 
Table 2 gives all the measured dimensions. Values are 
given in centimetres and a “0” value signifies that this 
parameter is not applicable for the vehicle (only 
concern the availability of a seatbelt height 
adjustment). 
 

Table 2. 
Vehicle measurements 

 

 
 
COMPARISON OF THE DATA 
 
Evaluation of the seatbelt position 
 
Previously to compare the amount of anthropometric 
data with CRS’s dimensions, it appears necessary to 
estimate the seatbelt position regarding child’s trunk. 
So, the objective of this first work is to evaluate in 
particular the position of the webbing against the 
clavicle or the sternum. Indeed, it is accepted that the 
good position of the seatbelt is on the middle of the 
clavicle and on the sternum (Chabert, 1996). 
To do this work, considering the following scheme 
which represents the child trunk and the seatbelt 
position (see figure 5).  
 

 
 
Figure 5: Computation of the seatbelt position 
regarding child’s trunk 
 
The middle of the clavicle is so estimated at the 
quarter of the bi-acromial distance from the sagittal 
plane. With this assumption, the height of the vehicle 
seatbelt at the level of the middle of the clavicle can 
be calculated by: 
 

HCLAV/2=H/L*LCLAV (1) 
 
Concerning the sternum, the height of the seatbelt at 
the level of the sternum can be calculated by: 
 

HSTER=H/L*L/2  (2) 
 
Of course, these equations are mainly valid when only 
the seatbelt of the vehicle is used i.e. when no CRS is 
present or when a booster is installed. In this last case, 
the booster cushion height has to be added to the 
acromion height. Finally, if a child seat is considered, 
these calculations have to be adapted to the 
configuration. 
 
Comparison of the seatbelt position 
 
Regarding the amount of recorded data, a lot of 
comparisons can be done. So, we have decided to 
focus the exploitation on few characteristics. 
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Clavicle height versus vehicle seatbelt without 
CRS – This comparison concern the real clavicle 
height of the children in sitting position (considered 
as the acromion height) and the seatbelt height of the 
vehicle at the clavicle level (such as calculated using 
equation 1) without CRS. Figure 6 superimposed the 
5th, 25th, 50th, 75th and 95th percentile values of the 
acromion height for all children (curves in black) and 
the corresponding seatbelt height for each vehicle 
(other coloured curves).  

 

 
 
Figure 6: Comparison of the real clavicle height of 
the children in sitting position (black curves) with 
the seatbelt height of all vehicles at the clavicle 
level (coloured curves). 
 
These curves shows that until age of 7, children can 
not used only the vehicle seatbelt. From 7 years old, 
50% children can avoid the CRS to consider only the 
seatbelt of the vehicle. In fact, this limit corresponds 
to the minimal clavicle height (i.e. acromion height) 
needed to reach the minimal height of the seatbelt 
vehicle at the clavicle level. After this limit the real 
clavicle height of the children is higher than the 
seatbelt vehicle height at the clavicle level and this 
last one fitted and followed the shoulder height 
growth. 
 

Clavicle height versus vehicle seatbelt with 
CRS – This comparison is the same as above but it is 
considered that the children are sited in a CRS. The 
height of the CRS cushion is so added to the 
acromion height of the children. In this case, all the 
black curves of the figure 6 go up from 10 cm (CRS 
n° 6) to 30 cm (CRS n°33). So it is easy to notice that 
all children older then 3 are correctly protected by the 
coupling CRS+seatbelt vehicle.  
 
 

Comparison of the CRS’s cushion width with the 
bi-trochanter dimension. 
 
The objective of this comparison is to evaluate if the 
dimension of the CRS’s cushion is adequate with the 
children morphology at the pelvis level. Figure 7 
compares, for all ages, the bi-trochanter distance 
measured on the children sample with the seat 
cushion width measured on all CRS. 
 

 
 
Figure 7: Comparison of the bi-trochanter width 
(curves) with the seat cushion width measured on 
all CRS (bar chart). 
 
This comparison shows that all CRS (except n°23) are 
enough large to be used until 9 years old. Regarding 
the morphology of the children pelvis, this parameter 
does not appear as a limit for the use of the CRS. 
 
Comparison of the children weight and the 
standard classification. 
 
The objective of this comparison is to evaluate the 
adequacy of the standard classification of the CRS 
based on the children weight. The standard classes 
have been defined by the ECE R44 (Bell, 1997) as 
follow: 
• group 1: from 9 to 18kg, age lower than 3,5 y.o. 
• group 2: from 15 to 25 kg, age from 3 top 7 y.o. 
• group 3: from 22 to 36 kg, age from 6 to 12 y.o. 
 
These data have been reported on the following figure 
8 and superimposed with the weight growth of the 
sample. 
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Figure 8: Comparison of the children weight 
(black curves of the 5th, 50th and 95th percentiles) 
with the standard classification 
 
Due to obesity signs previously discussed and 
observed, this figure highlights that for children aged 
between 5 and 6, the standard classification is 
inadequate. Indeed, for children aged around 6, about 
50% of them have a restraint unsuited to their weight. 
This incoherence of the classification confirms the 
results obtained by Anderson in 2006 and tends to 
show that the standard classification has to be 
improved. 
 
CONCLUSION 
 
This research allows to acquire new anthropometric 
data on the children morphology aged from 3 to 16 
years old. Acquisition of complementary data on CRS 
geometry and cars allows also to have a first 
evaluation of the adequacy of CRS regarding the 
children anthropometry. Results highlight some 
discrepancies in particular concerning the standard 
classification of the CRS. 
Nevertheless, these results have to be considered as a 
preliminary study. Indeed, a small part of the 
geometrical database has been exploited to compare 
children anthropometry with CRS dimensions. More 
work could be performed like verifying the seatbelt 
position on the children thorax (sternum length or 
xyphoid angle). In the same way, geometrical data on 
lower limb have not been analysed too. It could be 
useful to investigate the distance between the rear seat 
and the front one. 
Finally, it could be valuable to work on a revision of 
the standard classification in order to base it on other 
parameter than the weight.  
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ABSTRACT 
 
Powered Two Wheelers (PTWs) accidents 
constitute one of the road safety problems in 
Europe. PTWs fatalities represent 22% at EU level 
in 2006 [1], having increased during last years, 
representing an opposite trend compared to other 
road users’ figures. 
 
In order to reduce these figures it is necessary to 
investigate the accident causation mechanisms 
from different points of view (e.g.: human factor, 
vehicle characteristics, influence of the 
environment, type of accident). SAFERIDER 
project [2] (‘Advanced telematics for enhancing 
the SAFEty and comfort of motorcycle RIDERs’, 
under the European Commission ‘7th Framework 
Program’) has investigated PTW accident 
mechanisms through literature review and 
statistical analyses of National and In-depth 
accident databases; detecting and describing all the 
possible PTW´s accident configurations where the 
implementation of ADAS (Advanced Driver 
Assistance Systems) and IVIS (In-Vehicle 
Information Systems) could contribute to avoid an 
accident or mitigate its severity. 
 
DIANA, the Spanish in-depth database developed 
by CIDAUT, has been analyzed for that purpose. 
DIANA comprises of accident investigation teams, 
in close cooperation with police forces, medical 
services, forensic surgeons, garages and scrap 
yards. An important innovation is the fact that 

before injured people arrive to hospitals, 
photographs and explanations about the possible 
accident injury mechanisms are sent to the 
respective hospitals (via 3G GPRS technology). By 
this, additional information to medical staff can be 
provided in order to predict in advance possible 
internal injuries and select the best medical 
treatment. This methodology is presented in this 
paper. 
 
On the other hand, the main results (corresponding 
to road, rider and PTW characteristics; pre and 
post-accident manoeuvres; road layout; rider 
behaviour; impact points; accident causations;…) 
from the analyses of the PTW accidents used for 
SAFERIDER are shown. Only accident types 
relevant to ADAS and IVIS devices have been 
considered 
 
INTRODUCTION 
 
European statistics show that the number of 
Powered-Two-Wheelers (PTW) road accidents is 
high. Motorcycle and moped fatalities account for 
22% of the total number of road accident fatalities 
in 2006, in EU-14 member countries. It is 
therefore evident that the reduction of PTW 
accidents is of major concern for the European 
community. The adaptation and implementation of 
appropriate Advanced Driver Assistance Systems 
(ADAS) and In-Vehicle Information Systems 
(IVIS) technologies in PTWs might contribute to 
the significant enhancement of riders' safety.  



 

Molinero 2 

 
SAFERIDER project 
During the last decade, ADAS and IVIS 
development has been one of the main research 
areas of the automotive industry, in order to 
increase safety and comfort of passenger cars. 
These new technologies have been already 
introduced in the automotive market and their 
evolution is definitely fast and efficient. However, 
such technologies in motorcycles and even clean 
motorbikes (electric), in order to increase the 
safety and comfort of riders, an extremely 
susceptible road user group, is currently lacking 
behind and should be undoubtedly studied further. 
Thereby it needs to be stressed that such 
technologies should be designed and developed in 
a way that will not interfere with driving and/or 
annoy the rider. 
 
SAFERIDER project (‘Advanced telematics for 
enhancing the SAFEty and comfort of motorcycle 
RIDERs’, under the European Commission ‘7th 
Framework Program’) has started in January 2008 
with the aim of enhancing PTW riders’ safety by 
applying ADAS/IVIS on PTWs of all types for the 
most crucial functionalities and develop efficient and 
rider-friendly interfaces and interaction elements for 
riders’ comfort and safety. 
 
Characterization of PTW accident scenarios  - 
One of the first steps carried out in the 
SAFERIDER project has been the characterization 
of the PTW accident scenarios susceptible to be 
avoided or minimized through ADAS and IVIS 
implementations. For obtaining this purpose, the 
following tasks have been done: 

 1. Review of existing European motorcyclists’ 
accident reports [3]. 

 2. Analysis of national accident statistics: 
 -Spain: DGT (Spanish national database). 

-Germany: Official German Road Accident 
Database. 

 -Italy: SISS (Italian national database). 
-France: Assurance Mutuelle des Motards 
(French insurance company database). 

 3. Analysis of in-depth accident databases: 
-Spain: DIANA (Spanish in-depth accident 
database). 
-Germany: GIDAS (Germany in-depth accident 
database). 
-Europe: MAIDS (under permission by ACEM), 
which is an ad-hoc motorcyclists’ accidents 
database developed, with more than 900 
motorcyclists’ accidents analysed in detail.  

This paper will firstly present a description of 
DIANA database (one of the in-depth accident 
databases used in the characterization of the PTW 
accidents scenarios). In the second part, the most 
relevant accident scenarios concerning to PTWs 
are described together with the parameters that 
should be considered in the next SAFERIDER 
steps (ADAS and IVIS implementations). This 
identification has resulted in 17 pre-crash 
scenarios, so called SAFERIDER ‘Use cases’. 

DIANA: THE SPANISH IN-DEPTH 
ACCIDENT DATABASE 

DIANA is the Spanish in-depth accident database 
developed by CIDAUT. It has been one of the 
three in-depth databases used during the analyses 
of SAFERIDER to obtain the main characteristics 
of PTW accidents where ADAS and IVIS could 
avoid them or mitigate the consequences. 
 
CIDAUT counts with accident investigation teams 
(composed of engineers and psychologists) that 
travel immediately (‘prospective investigations’) to 
the accident scene to perform an ‘in-depth 
investigation’, in close cooperation with police 
forces, medical services, forensic surgeons, 
garages and scrap yards. When it is not possible to 
travel immediately to the accident spot, a 
‘retrospective investigation’ is made if sufficient 
information can be gathered. A complete scene and 
vehicle analysis equipment and reconstruction 
software are used. All information gathered is 
stored in an own database for further exploitation 
jointly with access to other accident databases, as 
for example the national one coming from the 
DGT (Dirección General de Tráfico) which 
provides information on every injury accident. 
 

 
 

Figure 1.  DIANA ‘Spanish in-depth database’ 
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Sampling plan 
The sampling area is located within the Valladolid 
province (8,202 km2), covering both urban and non-
urban roads. Nevertheless this sampling area can be 
wider depending of the type of accidents to be 
researched. 

 
Figure 2.  Sampling area (in red) 

 
Accident selection is based on random notification 
from police control rooms, as the responsibility for 
accidents within urban areas rely on Urban Police 
(Policía Municipal del Ayuntamiento de Valladolid) 
and accidents occurred within non-urban areas rely 
on other kind of police (Guardia Civil de Tráfico). 

 Figure 3. Prospective in-depth investigation of 
a PTW accident 

 
Data coding and quality control 
After data collection, an accident 
reconstruction is carried out with the aim of 
finding out what happened and assessing the 
causes that led to the accident. Accident 
reconstruction allows to discover the collision 
severity and to obtain a detailed simulation of 
the accident dynamics. It is carried out based 
on vehicle deformations, vehicle marks and 
remains, etc. The reconstruction is performed 
using PC Crash obtaining the estimation of 
delta-V and EES. In some cases, analytical 
calculations are also performed (conservation 
of linear/angular momentum and conservation 
of energy). 

 
Furthermore, interviews to the people involved in the 
accident and witnesses (if any) are performed in 
order to collate both sources also together with police 
information. When it is not possible to interview 
these people, different sources are asked for, such as 
police forces or medical services. 

 
Figure 4. Interview by hospital staff 

 
Police reports are always obtained by accident 
investigation teams, and later are contrasted with the 
in-depth information gathered on the spot by 
themselves. 
 
Finally, information about injuries is collected by the 
medical staff belonging to the DIANA consortium 
(‘Río Hortega’ hospital in the cases of injured people 
or ‘Legal Anatomic Institute of Valladolid’ in the 
cases of fatalities) in order to obtain both the injured 
people statements and the injury report with the AIS 
codifications.  

 
Information gathered 
More than one thousand of different variables are 
defined in DIANA database (this figure increases 
when there is more than one vehicle, occupant or 
pedestrian involved). These variables are classified 
into three modules: ‘Accident’, ‘Vehicle’ and 
‘Occupant/Pedestrian’. 
 
In the case of the accidents used for SAFERIDER 
project, specific information about PTW´s was 
gathered: 
– Motorcyclist dynamic: It was collected specially 

in cases in which motorcyclist impacted against 
a safety barrier, even when a motorcyclist 
protective device is present.  

– Motorcyclist clothing: Type and thickness. 
– Helmet: Use, type, screen existence, subjection, 

ejection, damage localization and cause of this 
damage. 
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On-line photosafety 
In the cases of ‘prospective investigations’, the 
technical members of CIDAUT, just after arriving 
to the scene, send photographs of the accident to 
the respective hospitals where the injured people 
are going to or are being taken. This process is 
called ‘On-line photosafety’. 
 
The objective of this process is that medical staff 
receives these photographs (via 3G GPRS 
technology) before the injured people arrive and  
they can diagnose/predict possible internal 
injuries. Obviously, it is necessary that CIDAUT´s 
team arrives to the scene before the EMS 
(Emergency Medical Service) takes the injured 
people to the hospital. The information sent to the 
hospital concerns photographs and explanations 
(also by mobile phone) about the possible accident 
injury mechanisms. 
 

 
Figure 5. Member of CIDAUT taking 

photographs at the accident scene 
 

 
Figure 6. Member of CIDAUT sending the 

photographs before injured people arrive at 
respective hospitals 

 

 
Figure 7. Hospital members analysing the 
photographs before injured people arrive 

 

PTWS ACCIDENTS SUSCEPTIBLE TO BE 
AVOIDED OR MINIMIZED THROUGH 
ADAS AND IVIS 

Once SAFERIDER carried out the first steps of the 
project (literature review about PTW accidents, 
analyses over National PTW accident databases 
and analyses over in-depth PTW accident 
databases), it has been possible to characterize the 
PTW accident scenarios susceptible to be avoided 
and minimized through ADAS and IVIS 
implementations. 
 
It should be underscored the importance of 
matching the information derived from National 
and In-depth databases. While the general figures 
from National databases have allowed obtaining 
the scope of each problem over the whole PTW 
accidents, the in-depth databases have given very 
detailed and deep information.  
 
Following, the description of the seventeen 
accident scenarios selected is given. For each one 
of these scenarios, the structure of the information 
is: 
-Characterization: Variables and respective values 
describing each scenario, for instance, ‘Accident 
causes’, ‘Accident characteristics’, ‘Type of 
vehicles involved’, ‘Relative trajectories’, ‘Vehicle 
speed’. ‘Road conditions’, ‘Rider type’, ‘Rider 
experience’…and any possible variables needed 
for reproducing (via tests or via simulations) the 
same conditions in which the accident happened. 
Furthermore, specific variables have been chosen 
as ‘Priority variables’ with the aim of having a 
general use case description. 
- List of possible ADAS/IVIS: A list of the ‘Main 
variables to be studied in this accident’ as well as 
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‘Possible ADAS/IVIS detected which can be avoid 
or minimize this accident scenario’. The reason of 
listing these ADAS/IVIS is because, at the end, the 
result of this study is to detail (‘Characterization’) 
the main scenarios where the accidents happen as 
well as the possible ADAS/IVIS that could avoid 
these accident. 
- Example of ADAS/IVIS working: Finally, an 
example of a possible ADAS/IVIS working in that 
scenario is given.  
 
Urban Single Motorcycle Accident On Straight 
Road. 
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: If the support 
system is on: A motorcycle is driving straight on 
an urban road in its own lane. The speed is too 
high for the circumstances.  The "Speed Alert" 
system effectively warns the rider to reduce speed. 
There is a sudden event (i.e. pedestrian suddenly 
crossing, car leaving parking place), which might 
cause an accident, if the rider does not decrease 
speed. 
 
 
 
 
 
 

Urban single motorcycle accident on bends. 
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a bend on an urban road. The riding 
conditions are not appropriate for the bend. The 
"Curve Warning" system effectively warns the 
rider about the appropriateness of the current 
riding conditions in order to ride safely through 
the curve. If the rider reduces speed, it is likely 
that he/she keeps the motorcycle under control and 
no accident occurs.  
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Rural single motorcycle accident on straight 
road (motorways and two carriageways roads 
excluded). 
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (which is not a 
motorway or a two carriageway road) in its own 
lane. The speed is too high for the circumstances. 
The "Speed Alert" system effectively warns the 
rider to reduce speed. There is a sudden event (i.e. 
animal suddenly crossing, car crossing road), 
which might cause an accident, if the rider does 
not decrease speed. 
 
 
 
 
 
 
 
 
 
 
 
 

Rural single motorcycle accident on straight 
road (only motorways and two carriageways 
roads).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (motorway or two 
carriage road) in its own lane. The speed is high 
for the circumstances. The "Speed Alert" system 
effectively warns the rider to reduce speed. An 
animal (for example) suddenly crosses the road. 
The accident may be averted if the rider reduces 
speed and thus has more time to react. The 
“Frontal Collision” system may also warn the rider 
to brake, thus avoiding the accident.  
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Rural single motorcycle accident on bends 
(motorways and two carriageways roads 
excluded).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a bend on a rural road (not motorway 
or two carriageways road). The riding conditions 
are not appropriate for the bend. The "Curve 
Warning" system effectively warns the rider about 
the appropriateness of the current riding conditions 
in order to ride safely through the curve. If the 
rider reacts according to the system warning, it is 
likely that the rider does not lose control and no 
accident occurs.  
 
 
 
 
 
 
 
 
 

Rural single motorcycle accident on bends (only 
motorways and two carriageways roads).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a bend on a rural road (motorway or 
two carriageways road). The riding conditions are 
not appropriate for the bend. The "Curve Warning" 
system effectively warns the rider about the 
appropriateness of the current riding conditions in 
order to ride safely through the curve. If the rider 
reacts according to the system warning, it is likely 
that the rider keeps the motorcycle under control 
and no accident occurs.  
 
For the night lighting condition, a motorcycle is 
approaching a bend on a rural road (motorway or 
two carriageways road). The lighting conditions 
are not appropriate. The radius of the curve is 
smaller than expected. The speed is high for the 
bend.  The "Adaptive Light" system effectively 
informs the rider about the real radius of the bend. 
If the rider reduces speed to the one appropriate 
for the bend, it is possible that the rider does not 
lose control and no accident occurs.  
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Front-side urban junction accident with car.  
Characterization: 

Example of ADAS/IVIS working: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching an urban ‘+’ junction type. The 
motorcycle is on a priority road. A passenger car is 
approaching the same junction at 90º relevant to 
the motorcycle. The passenger car does not obey 
the give priority sign and does not brake. The 
“Intersection Support” system warns the rider to 
pay attention to the next intersection. The possible 
accident may be averted, if the rider does reduce 
speed in the proper time. 
 

Front-side rural junction accident with car 
(motorways and two carriageways roads 
excluded).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
approaching a rural T-junction. The motorcycle is 
on a give way road. A passenger car is 
approaching the same junction at 90º relatively to 
the motorcycle. The rider does not obey the give 
priority sign and does not brake. The “Intersection 
Support” system warns the rider. The possible 
accident may be averted, if the rider does reduce 
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speed and obeys the priority rules, as a result of 
the warning. 
 
Rear-end accidents in urban non-junctions with 
cars.  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on an urban road (non junction).  
There is a passenger car moving in front of the 
motorcycle. The motorcycle drives very close to 
the passenger car. The “Frontal Collision” system 
warns the rider about the dangerously low distance 
from the passenger car. The passenger car 
suddenly breaks abruptly. The possible accident 
may be averted, if the rider obeys the warning of 
the system. 
 
 
 
 
 
 
 

Rear-end accidents in rural non-junctions with 
cars (motorways and two carriageways roads 
excluded).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (not motorway and 
two carriage way road). There is a passenger car 
moving in front of the motorcycle. The motorcycle 
drives very close to the passenger car. The 
“Frontal Collision” system warns the rider about 
the dangerously low distance from the passenger 
car. The passenger car suddenly breaks abruptly. 
The possible accident may be averted, if the rider 
obeys the warning of the system. 
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Rear-end accidents in rural non-junctions with 
cars (only motorways and two carriageways 
roads).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A motorcycle is 
driving straight on a rural road (motorway or two 
carriageway road). There is a passenger car 
moving in front of the motorcycle. The motorcycle 
drives very close to the passenger car. The 
“Frontal Collision” system warns the rider about 
the dangerously low distance from the passenger 
car. The passenger car suddenly breaks abruptly. 
The possible accident may be averted, if the rider 
obeys the warning of the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Mopeds single urban accident.  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving 
straight on an urban road in its own lane. The 
speed is too high for the circumstances. The 
"Speed Alert" system effectively warns the rider to 
reduce speed. There is a sudden event (i.e. 
pedestrian suddenly crossing, car leaving parking 
place), which might cause an accident, if the rider 
does not decrease speed. 
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Mopeds single rural accident (motorways and 
two carriageways roads excluded).  
Characterization: 

List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving on 
a rural road (which is not a motorway or two 
carriageway roads) in its own lane. The speed is 
too high for the circumstances. The "Speed Alert" 
system effectively warns the rider to reduce speed. 
There is a sudden event (i.e. animal suddenly 
crossing, car crossing road), which might cause an 
accident, if the rider does not decrease speed. 
 
Urban front-side accidents in junctions of 
mopes with cars.  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is 
approaching an urban ‘X’ or ‘+’ junction type. The 
moped is moving on an inferior road. A passenger 
car is approaching the same junction at 90º 
relatively to the moped.  The moped does not obey 
the give priority sign and does not brake. The 
“Intersection Support” system warns the rider to 
reduce speed. The possible accident may be 
averted, if the rider does reduce speed and obeys 
the priority rules. 
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Rural front-side accidents in junctions of mopes 
with cars (motorways and two carriageways 
roads excluded). 
Characterization: 

 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is 
approaching a rural T-junction. The moped is 
moving on a give way road. A passenger car is 
approaching the same junction at 90º relatively to 
the moped. The rider does not obey the give 
priority sign and does not brake. The “Intersection 

Support” system warns the rider to reduce speed. 
The likely accident can be averted, if the rider does 
reduce speed, as a result of the warning of the 
system. 
 
Head-on accidents in urban areas, between 
mopeds and cars.  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving 
straight on an urban road. There is a slow 
passenger car moving in front of the moped. The 
moped wants to overtake and enters in the opposite 
lane. There is an oncoming car. The “Frontal 
Collision” system warns the rider that the distance 
to the oncoming car is reducing. The possible 
accident can be averted, if the rider obeys the 
warning of the system. 
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Head-on accidents in rural areas, between 
mopeds and cars (motorways and two 
carriageways roads excluded).  
Characterization: 

 
List of possible ADAS/IVIS: 

 
Example of ADAS/IVIS working: 
If the support system is on: A moped is driving 
straight on a rural road (no motorway or two 
carriageway road). There is a slow passenger car 
moving in front of the moped. The moped wants to 
overtake and enters in the opposite lane. There is 
an oncoming car. The “Frontal Collision” system 
warns the rider that the distance to the oncoming 
car gets too close. The possible accident may be 
averted, if the rider obeys the warning of the 
system. 
 
 
 
 
 
 

CONCLUSIONS 
 
The main characteristics of PTW accidents 
susceptible to be avoided or minimized through 
ADAS and IVIS implementations have been 
obtained through ‘Literature review’ and analyses 
over ‘National’ and ‘In-depth’ PTW accident 
databases, which have been carried out in the first 
steps of SAFERIDER project (FP7 European 
funded project). 
 
One of the in-depth accident databases available to 
SAFERIDER project has been DIANA. During 
this paper, a brief explanation has been given 
about how an important and innovative working 
methodology developed in DIANA is helping to 
hospital members to diagnostic possible injuries 
before people involved in accidents arrive to 
hospitals.  
 
The use of DIANA accident database, as well as 
other in-depth and National databases has allowed 
to obtain the characterization (e.g.: road, rider and 
PTW characteristics; pre- and post-accident 
manoeuvres; road layout; rider behaviour; impact 
points, accident situations) of 17 PTWs accident 
scenarios ‘susceptible’ to be avoided or minimized 
its effect through the implementation of ADAS-
IVIS on the PTWs.  
 
The next step of SAFERIDER project will be the 
use of this information, as well as the information 
from ‘User forums’ carried out and ‘User needs’ 
analysed, with the only objective of selecting the 
four ADAS and the four IVIS most important with 
respect to safety and therefore with highest 
priority. Then, the systems will be implemented to 
PTWs and tests either through simulation scenarios 
on a driving simulator or real test will be 
developed. Finally, cost-benefit analyses will be 
performed to identify the social impact of the 
implementation of the selected ADAS-IVIS 
systems. 
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ABSTRACT 
 
In the last years there has been a decline in accident 
figures in Germany especially for four wheeled 
vehicles. At the same time, accident figures for 
motorcycles remained nearly constant. About 17 % 
of road traffic fatalities in the year 2006 were 
motorcyclists. 33 % of these riders were killed in 
single vehicle crashes. This leads to the conclusion 
that improving driving dynamics and driving 
stability of powered two wheelers would yield 
considerable safety gains. However, the well-
known measures for cars and trucks with their 
proven effectiveness cannot be transferred easily to 
motorcycles. 
Therefore studies were carried out to examine the 
safety potential of Anti Lock Braking Systems 
(ABS) and Vehicle Stability Control (VSC) for 
motorcycles by means of accident analysis, driving 
tests and economical as well as technical 
assessment of the systems.  
With regard to ABS, test persons were assigned 
braking tasks (straight and in-curve) with five 
different brake systems with and without ABS. 
Stopping distances as well as stress and strain on 
the riders were measured for 9 test riders who 
completed 105 braking manoeuvres each. 
Knowing the ability of ABS to avoid falls during 
braking in advance of a crash and taking into 
account the system costs, a cost benefit analysis for 
ABS for motorcycles was carried out for different 
market penetration of ABS, i.e. equipment rates, 
and different time horizons. 
The potential of VSC for motorcycles was 
estimated in two steps. First the kinds of accidents 
that could be prevented by such a system at all have 
been analysed. For these accident configurations, 
simulations and driving tests were then performed 
to determine if a VSC was able to detect the critical 

driving situation and if it was technically possible 
to implement an actuator which would help to 
stabilise the critical situation. 
 
INTRODUCTION 
 
Compared with cars, the most critical vehicle factor 
for a motorcycle is the fact that it uses only 
one-track instead of two. So tilting of the 
motorcycle has to be avoided by steering and by the 
stabilizing forces of the wheels. This leads also to 
the seriousness of wheel locking while braking 
when the gyro forces and, even more important, the 
side forces at the front wheel vanish. 
ABS therefore is one of the most promising devices 
to improve the safety of powered two wheelers. 
Besides ABS one can imagine other systems 
designed to stabilise driving dynamics of a 
motorcycle since they are well known for four 
wheeled vehicles. 
BASt (Bundesanstalt für Straßenwesen), the 
Federal Highway Research Institute of Germany, 
therefore initiated several research projects which 
were carried out by Darmstadt University of 
Technology and University of Cologne. 
The first task of the studies was to formulate 
requirements applicable to brake systems with 
which the motorcyclist can reproducibly achieve 
safe braking operations with short stopping 
distances. For that purpose ABS and combined 
braking systems were examined. Since ABS was 
identified to avoid fall events during braking 
manoeuvres and to reduce stopping distances also 
while braking in bends, a cost-benefit analysis was 
carried out in a second stage to clarify whether the 
economic benefit of ABS for motorcycles is greater 
than the consumed resources. In a third study the 
possibility to detect critical driving situations of 
motorcycles objectively which would be the basis 



Gail 2 

 

for every application of a driving stability system 
for motorcycles was examined. By means of 
studying accident figures as well as the technical 
possibilities for the implementation of VSC on 
motorcycles, possible safety gains were determined. 
 
ANTI LOCK BRAKING SYSTEMS 
 
Stress and Strain on motorcycle riders while 
braking 
 
The technical benefit of anti-lock brake systems for 
the rider’s safety has been shown in many research 
studies concerning achieved decelerations or 
braking distances when braking straight or in curve, 
and is undeniable [1, 2]. Furthermore, research was 
able to show that motorcycles equipped with ABS 
would decrease the number of accidents and the 
number of severely injured riders and fatalities in 
real-life scenarios [3].  
In this research project, mental strain depending on 
the kind of brake system was tested. Deducted from 
the fact that test persons on a closed test track 
achieve higher decelerations with ABS and so 
suffer from higher acceleration forces, the working 
hypothesis was to test if this higher physical stress 
leads to higher physical strain. 
Mentally the stress in real life conditions is 
obviously higher than in test conditions on a closed 
test track, but only defined test track conditions 
make the mental stress at different times 
comparable. Measuring the physical stress and 
strain at constant mental stress then makes it 
possible to deduct indications for mental strain. 
 
Test Layout 
 
On Griesheim Airfield, a closed test track with 
unevenness comparable to a German Highway [5] 
and a relatively high friction coefficient [4], three 
test scenarios have been built up: 

- Full braking from 60 km/h straight, 
- Full braking from 90 km/h straight, 
- Full braking from 50 km/h in-curve, with 

50 m radius (i.e. < 20° rolling angle) 
All three took place on a wet road surface with one 
test motorcycle, a BMW R1150RT, see fig. 1, 
equipped with alternatively choosable the original 
combined ABS (“BMW i-ABS” first Generation, 
also known as FTE CoraBB) or the BMW 
R1100RT standard brake system with ABS (“BMW 
ABS II”), both disengageable, and a removable rear 
brake lever. With each of these 5 brake systems – 
standard brake without ABS, standard brake with 
ABS, combined brake without ABS, combined 
brake with ABS, combined brake with ABS and 
only the hand lever – 9 test persons had to 
 

absolve the test round 7 times. The sequence of 
brake systems had been permuted in three 
permutations that way, so neither a brake system 
had been used on the same place nor was followed 
by or preceding the same system a second time. For 
a better understanding, table 1 shows the three 
permutations. Each rider was allocated a specific 
permutation. 

Table 1. 
Test layout; permutation of brake systems 

Permutation A Permutation B Permutation C 

standard brake combined brake 
with ABS 

combined brake 

combined brake standard brake 
with ABS 

combined brake 
with ABS, only 

hand lever 

standard brake 
with ABS 

standard brake combined brake 
with ABS 

combined brake 
with ABS 

combined brake 
with ABS, only 

hand lever 

standard brake 

combined brake 
with ABS, only 

hand lever 

combined brake standard brake 
with ABS 

 
Furthermore, the motorcycle was equipped with a 
pair of outriggers that catch the motorcycle at 
around 35° roll angle, so rider and motorcycle don’t 
painfully touch the ground in case of a locked front 
wheel, see figure 1. 
Beyond motorcycle test data such as wheel speeds, 
front and rear suspension strokes, brake and clutch 
lever travel, steering angle, and yaw and roll rate, 
human data such as the tonicities of musculus 
flexor digitorum (left hand) and musculus trapezius 
pars descendens (right side) have been recorded as 
well as the heart frequency. Between the tests,   
 

 
 
Figure 1. Test motorcycle BMW R1150RT; 
during braking tests with integrated and hidden 
measurement instrumentation and outriggers to 
limit damage in case of a fall 
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Figure 2. 90km/h straight braking with and without ABS – characteristic data) 

 

Figure 3. Absolute and cumulative frequency of front wheel locking events and front wheel locking times 
(100% wheel slip) without fall relevance during tests to minimize braking distance 
 
when changing the brake system, a short mental 
state test [6] was carried out. 
9 male test persons in the age bracket 21 years to 33 
years absolved the braking tests; all of them are 
experienced riders with a riding experience between 
18,000 km and 200,000 km. 
 
Test results 
 
Regarding braking distances, this research project 
confirms investigations which show that riders 
achieve shorter braking distances with ABS than 
without, even on a closed test track.  

Figure 2 shows, where riders lose time and travel; 
at the very beginning of a braking manoeuvre the 
rider has to experience first the pressure point and 
then optimize the brake pressure for maximum 
deceleration. To complicate this manual tire slip 
control, the approach towards the optimum can only 
happen from the safe side, and the first moments of 
a braking manoeuvre are highly non-linear 
regarding wheel loads and provided tire forces [7]. 
Front wheel lock events have to be extremely short 
to be absolved without fall, see figure 3, though 
there is evidence for a fall after less than 0.5 s front 
wheel lock (figure 4).
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Figure 4. Fall 0.4 s after beginning front wheel locking 

 
Figure 5. Time based deceleration without ABS and with ABS, but without intervening ABS control, 
50km/h in-curve braking 
 
What figure 2 shows for the straight braking at 
90km/h is also valid in a weaker form for straight 
braking at 60km/h and – much stronger – for 
in-curve braking at 50km/h.                                  
For the more challenging in-curve braking the 

higher achieved decelerations do not go along with 
using ABS; most of the braking manoeuvres 
happen without ABS intervention, but the 
decelerations achieved with engaged but not 
intervening ABS are significantly higher than those 
with disengaged ABS, see figure 5. 
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So just the presence of ABS makes riders achieve 
higher decelerations, especially during more 
challenging braking situations. 
There is low significance between brake 
performance and rider experience. Only the very 
experienced riders (70,000 km+ riding experience), 

who also have experience with combined braking 
systems and ABS, achieve significantly higher 
decelerations with all kinds of brake systems; the 
most experienced rider (200,000 km riding 
experience) delivers the best brake performance, 
see figure 6. 

 

Figure 6. Decelerations of test persons, graded in descending riding experience 

His in-curve braking performance is higher than the 
90km/h straight braking performances of those test 
persons with less riding experience! 
Those shorter braking distances result from higher 
decelerations. Higher decelerations mean higher 
inertia forces on the rider, and this means higher 
physical stress on the rider. Mental stress 
objectively is unchanged except for the fact that one 
brake system differs from another. So as a first 
conclusion this objectively higher physical stress 
should be measureable as higher physical strain, if 
the choice of the brake system has no influence on 
mental stress and so mental strain remains 
unchanged. 
The majority of the test persons do not show any 
significant change in the heart rate depending on 
the brake system, but the other test persons show a 
significantly higher heart rate when doing the tests 
without ABS compared to the tests with ABS. 

Absolute heart rates can exceed 170bpm when 
absolving tests without ABS compared to 120bpm 
with ABS. Furthermore, while braking without 
ABS, all of the test persons show significantly 
higher tonicities of both musculae measuring points 
than during the test cycles with ABS. 
There is no significance regarding combined and 
standard brake systems. Giving the rider just the 
hand lever with the combined brake system with 
ABS leads to no disadvantages regarding braking 
performance. Especially for in-curve braking, 
braking with the combined brake system with ABS 
is slightly advantageous with just the hand lever vs. 
both levers. 
It could be shown, that the least experienced riders 
profit more from having ABS than the most 
experienced riders with regard to braking 
performance and especially mental strain, s. [8]. 
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Conclusions 
 
Anti-lock brake systems not only prevent rider and 
motorcycle from harm and damage by increasing 
active safety, but also reduce significantly mental 
strain while riding and braking. In case of a critical 
riding situation, this higher remaining mental 
reserve would help the rider to develop and 
wishfully realize alternative emergency strategies 
that additionally could help the rider to prevent a 
crash. These advantages are not expected to be 
neutralized by taking higher risks, as real world 
investigations show [9]. 
 
Outlook 
 
Anti-lock braking systems in motorcycles today 
give a lot of benefit to the customer. As the press is 
more and more comparing ABS of different makes 
and its collateral effects such as brake feeling with 
and without intervening ABS control, ABS in-curve 
performance, friction step performance and last, but 
first in mind and benchmark, performance and 
feeling on uneven road surface, this will have more 
and more impact on ABS development. Especially 
uneven road behaviour and performance could be 
easily improved and with many positive side effects 
by an electronic suspension control that provides 
both high forces at low damping speeds for pitch 
control and low basic hydraulic forces for good 
response behaviour, like e.g. electrorheologic 
damping units can [10, 11].  
Regarding the test results and the increasing 
technical safety level of motorcycles, there is no 
reason why regulations force motorcycle 
manufacturers to design two brake levers. When 
equipped with a combined ABS, the equipment 
with only the hand lever would not lead to 
disadvantages regarding brake performance in any 
way [8]. 
 
COST-BENEFIT ANALYSIS OF ABS FOR 
MOTORCYCLES 
 
As the braking test showed a great safety potential 
is expected for ABS for motorcycles. The system is 
thus considered from the economic view. A cost-
benefit analysis shall clarify whether the economic 
benefit of ABS for motorcycles is greater than the 
consumed resources. A break-even analysis 
completes the analyses. In this analysis ABS is 
considered from the end user view.  
The considered time horizon for these analyses are 
the years 2015 and 2020, the area under 
consideration is Germany. For each of these years 
the accident data is forecast. At this, it is assumed 
that the frequency of having an accident per million 
registered motorcycles decreases based on the 

present trend. Thus, riding motorcycles gets safer. 
Hence, the accident data in the years 2015 and 2020 
is lower than the accident data today. 
 
Cost-benefit analysis process 
 
In general the CBA consists of a four step process. 
These four basic steps can be characterized as 
follows: 
In the first step of the procedure the relevant alter-
natives that will be compared within the analysis 
have to be defined. For the CBA two cases are 
introduced: 

• The “with-case“, which means that a road 
safety technology/measure like ABS will 
be introduced. 

• The “without-case“, which assumes that 
there will be no implementation of the 
technology/measure to be evaluated. 

Within the second step the potential safety impact 
has to be quantified. Conceptually, the main effect 
of road safety technologies/measures such as ABS 
for motorcycles is the reduction of hazardous 
situations which affects the number and/or the 
severity of accidents. As a consequence, accident 
costs can be lowered. 
Within the third step of the CBA process, the 
benefits are calculated in monetary terms by 
valuing the annual physical effects with 
standardized cost-unit rates. In addition to the 
monetarization of the physical benefits, the costs of 
the technology/measure have to be determined. The 
costs comprise the costs to be borne for 
implementation, operation and maintenance. 
The result of the economic evaluation is obtained in 
the fourth step by comparing economic benefits 
with costs. For this comparison several measures 
can be calculated. The most common one is the 
benefit-cost-ratio (BCR) according to which a 
technology/measure is macro-economically 
profitable, if the calculated ratio is greater than one. 

, with  (1) 

 BCR benefit-cost ratio, 
 t time horizon defined, 
 B estimated value of benefits for t 
and 
 C estimated value of costs for t. 
The value of the ratio indicates whether the imple-
mentation of ABS is favourable from a socio-
economic point of view. A BCR of more than “1“ 
indicates that benefits exceed the costs. Thus, the 
introduction of ABS would be beneficial to society. 
Furthermore, the value of the BCR expresses the 
absolute profitability of ABS which can be 
interpreted as the socio-economic return for every 
monetary unit (e.g. Euro, US-$) invested in the 
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implementation of ABS. For example, a BCR of 
“3.5” would show that 3.5 monetary units can be 
gained for society for every monetary unit provided 
for the investment evaluated. Setting absolute, 
monetized values of benefits and costs into relation, 
the BCR is a reliable indicator of efficient resource 
allocation. 
In the cost-benefit analysis the costs and the 
benefits have to be determined. While the 
calculation of the physical benefits of ABS on basis 
of accident statistics and accident research is rather 
straightforward, the monetary valuation of 
accidents – that means the monetary valuation of 
injuries and human life – is a controversial matter. 
In this study the cost-of-damage approach is used to 
assess the value of the resource savings for the 
benefit categories. 
The cost-of-damage approach is state of the art for 
cost-benefit analyses which are performed for 
Germany. The cost-of-damage approach is based on 
the total estimated amount of economic losses 
caused by any physical impact. Generally, the 
losses are quantified via the decline of gross 
product. For instance, the costs of an accident 
include the vehicle damage, medical and 
emergency costs and lost productivity of killed or 
disabled persons. 
In general, there are different benefits due to 
accident savings which have to be assessed. But in 
the case of ABS for motorcycles only the safety 
potential is relevant. Due to the facts that a 
motorcycle is a narrow vehicle and that most 
avoidable accidents occur on rural roads with less 
traffic [12, 13], congestion due to the motorcycle 
accident is not a problem. In addition, the usage of 
ABS does not influence the traffic flow. 
 
Scenarios 
 
There are two ABS scenarios considered for each 
year: 

• penetration rate for ABS: trend and 
• penetration rate for ABS: mandatory for 

new motorcycles 
The penetration rate is differentiated into a trend 
scenario and a mandatory scenario. Trend scenario 
means that there are no special incentives to 
promote ABS on the part of the politics. In  

Table 2. 
Equipment rates and the motorcycle stock for 

the years 2015 and 2020 [14] 

opposition to that the mandatory scenario means 
that ABS is equipped in every new motorcycle from 
the year 2010 on. 
The equipment rates and the motorcycle stock for 
the years 2015 and 2020 can be seen in Table . 
The system costs depend on the produced volume. 
The more systems are produced the lower are the 
system costs. Hence, the system costs of the 
mandatory scenario will be lower than the ones of 
the trend scenario. For the year 2015 the system 
costs are estimated as 120 Euro for the trend 
scenario and as 115 Euro for the mandatory 
scenario. For the year 2020 the figures are 105 Euro 
and 100 Euro respectively. Economies of scale and 
effects of learning curves are included. 
It is considered that ABS influences the total 
number of accidents, of fatalities, of severe injuries 
and of slight injuries. Only accidents in which the 
motorcycle rider falls down before the real accident 
happens are considered. The fall is usually caused 
by locked wheels due to inappropriate braking 
manoeuvers which can be avoided by ABS. 
Additional effects due to shorter braking distances 
with ABS are neglected. This is due to the lack of 
data. Hence, both scenarios are underestimating. 
In order to determine the number of avoidable 
accidents and casualties, the accident base for 2015 
and 2020 has to be estimated (Table ). 
 

Table 3. 
Estimated accident base for 2015 and 2020 [14] 

 
 
Safety potential 
 
Due to the usage of ABS, falls can be avoided. In 
every fifth single vehicle accident the motorcycle 
driver falls down [15]. Every fifth motorcycle 
accident is a single vehicle accident [12], thus, the 
share of falls in single vehicle accidents based on 
all accidents is 4 %. The same calculation is done 
for multi-vehicle accidents. Here, the share of falls 
is 10 % [16] while the share of multi-vehicle 
accidents is 80 %. Thus, the share of falls in 
multi-vehicle accidents based on all accidents is     
8 %. Together, the share of falls based on all 
accidents is 12 %. The potential of ABS is to avoid 
20 % of all accidents with falls [16]. Hence, due to 
ABS the number of accidents can be reduced by 2.4 
%. 
The avoided fatalities, severe and slight injuries can 
be differentiated into three groups: 
 

motorcycles

Year trend mandatory in 1,000

2015 39.7% 47.8% 4,538

2020 56.7% 69.3% 4,939

equipment rate

accidents fatalities severe slight

2015 34,838 777 9,672 23,561

2020 34,487 746 9,058 23,275

injuries
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1. ABS avoids the fall of the motorcycle but 
cannot avoid the crash (motorcyclist), 

2. ABS can avoid the accident (motorcyclist) 
and 

3. ABS can avoid the accident (other traffic 
participant). 

 
The risk of being killed in an accident with 
previous fall is twice as high as for accidents 
without fall. ABS can avoid a fall in 85% of all 
cases and the share of fatalities after a fall is 22.6 % 
[12, 14] so that the avoidance potential due to the 
avoided fall is 9.59 %. 
For calculating the avoidance potential of fatalities 
due to the avoided accident, the share of avoidable 
accidents (single vehicle and multi-vehicle 
accidents) has to be multiplied with the accordant 
share of fatalities in the accident category over the 
share of the accident category. This is done for 
single and for multi-vehicle accidents. All in all, the 
avoidance potential of fatalities due to the avoided 
accident is 2.26 %. 
Finally, the potential in avoiding fatalities of other 
traffic participants has to be determined. 90 % of all 
fatalities due to an accident with motorcycles are 
motorcyclists [12]. 
Thus, per killed motorcyclist comes 0.11 killed 
other traffic participant. The share of fatalities of 
multi-vehicle accidents is 71 % [17]. Thus, 0.156 
killed other traffic participants comes on one killed 
motorcyclist in multi-vehicle accidents. This figure 
has to be multiplied with the share of avoided 
fatalities in multi-vehicle accidents (1.29 %). This 
leads to an additional share of avoided other traffic 
participants due to avoided accidents of 0.2 %. 
In total, 12.05 % of all fatalities can be avoided if 
every motorcycle is equipped with ABS. 
The calculation for the avoidance potential of 
severe and slight injuries is similar to the one for 
fatalities. The results for accidents, fatalities, severe 
and slight injuries are displayed in Table . 
 

Table 4. 
Avoidance potential for accidents and casualties 

[14] 

 
In Germany, ABS for motorcycles was introduced 
in 1988 by BMW [7]. Today the equipment rate of 
the motorcycle fleet is significant. Thus, ABS 
avoids already accidents and, linked to this, 
casualties. Due to this, the accident data is 
underestimating – if ABS had never been 
introduced the accident data would be higher. The 

estimated accident data for 2015 and 2020 are valid 
for the trend scenario. For both scenarios the 
accident data has to be determined for the case that 
ABS is not available. The adjusted accident base 
(aab) can be determined as follows: 
 

       (2) 
 
The difference of the adjusted accident base and the 
estimated accident base is the avoidance potential 
of the trend scenario. The avoidance potential of the 
mandatory scenario is the following product: 
 

  (3) 
 
In  
Table  the results are displayed.  
 

Table 5. 
avoided number of accidents and casualties in 
2015 and 2020 for the trend and mandatory 

scenario [14] 

 
 
Benefits 
 
Afterwards the avoided fatalities, severe and slight 
injuries have to be multiplied with the accordant 
cost-unit rates. For fatalities the cost-unit rate is 
1,190,335 Euro, for severe injuries 101,099 Euro 
and for slight injuries 13,923 Euro [19]. 
For each year and for each scenario the avoided 
accident numbers have to be multiplied with the 
accordant cost-unit rates for the casualty categories 
fatalities, severe and slight injuries. Afterwards the 
sum of the three figures is established. The safety 
benefits are: 

• 91.4 million Euro for the year 2015 in the 
trend scenario, 

avoidance potential for

accidents fatalities severe inj. slight inj.

2.4% 12.1% 11.7% -2.1%

accidents fatalities severe slight

2015 34,838 777 9,672 23,561

aab 35,173 816 10,143 23,364

potential
trend 335 39 471 -197

potential
mandatory 403 47 567 -237

2020 34,487 746 9,058 23,275

aab 34,962 801 9,701 22,999

potential
trend 475 55 643 -276

potential
mandatory 581 67 786 -338

injuries
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• 110.1 million Euro for the year 2015 in the 
mandatory scenario, 

• 126.9 million Euro for the year 2020 in the 
trend scenario and 

• 154.9 million Euro for the year 2020 in the 
mandatory scenario. 

 
Costs 
 
The benefits have to be confronted with the costs. 
The costs are the product of system costs per year 
times equipment rate times motorcycle stock. The 
system costs per year are the product system costs 
times annuity rate. The annuity rate depends on the 
economic lifetime of a motorcycle, which is 
assumed to be 13.2 years [20], and on the discount 
rate, which is assumed to be 3 % [14]. The annuity 
rate is determined as follows: 
 

   (4) 
 
In 2015, the system costs per year are 11.14 Euro in 
the trend scenario. The number of equipped 
motorcycles is 1.8 million motorcycles. Thus, the 
costs in 2015 trend scenario are 20.1 million Euro. 
In the mandatory scenario the costs are 23.2 million 
Euro, in 2020 the costs are 27.3 million Euro 
respectively 31.8 million Euro. 
 
Benefit-cost results 
 
The benefit-cost ratio is determined by dividing the 
benefits by the costs. The benefit cost ratio for the 
year 2015 is 4.6 in the trend scenario and 4.8 in the 
mandatory scenario. In 2020 the values are 4.7 
respectively 4.9. 
In comparison to other vehicle safety systems ABS 
is in the top flight. 
Another possibility to assess the economical impact 
of ABS is the net-benefit. In this approach the costs 
are subtracted of the benefits. In 2015 the net-
benefits are 71 million Euro in the trend scenario 
and 87 million Euro in the mandatory scenario. The 
values for 2020 are 100 million Euro and 123 
million Euro respectively. 
 
Break-even analysis 
 
Another analysis which is done for ABS for 
motorcycles is the break-even analysis. In this 
approach the end user is in the focus. For an 
average motorcyclist, the market price for ABS is 
determined for which the costs and the benefits of 
ABS are the same from a user point-of-view. In this 
approach the lower risk of the motorcyclist of being 

killed, severely injured and slightly injured is 
considered. Afterwards the difference in the risk 
(with ABS versus without ABS) is multiplied with 
the accordant cost-unit rates which are now 
determined by the willingness-to-pay approach 
[14]. The result is a fair market price of 701 Euro 
for 2015 respectively 622 Euro for 2020. If the 
market price is below the fair market price, ABS 
will be worthwhile for the average user. 
Another approach within the break-even analysis is 
to calculate the critical mileage. Therefore a market 
price is estimated – 400 Euro in 2015 and 300 Euro 
in 2020 [14]. Given this market price and the 
difference of risk for being killed, severely injured 
and slightly injured, the mileage can be determined 
for which the costs and benefits for the user are the 
same. For each mileage which is higher than the 
critical mileage, ABS is worthwhile. The critical 
mileage is 2,200 km per year in 2015 and 1,900 km 
per year in 2020. These mileages are below the 
mileage on average. ABS is worthwhile for most 
users. 
 
Result 
 
The benefit-cost analysis shows clearly that ABS 
for motorcycles is economically reasonable. The 
full potential of ABS can only be achieved by 
making ABS mandatory. 
 
SAFETY POTENTIAL OF VSC FOR 
MOTORCYCLES 
 
In order to assess the potential for future vehicle 
stability control systems (VSC), the corresponding 
accident types, vehicle dynamics properties and 
technical possibilities need to be taken into account: 
A technical system intended to decrease the rate of 
fatal accidents should address accident types that 
have a high risk of being fatal as well as occur 
often. These accident types are identified by means 
of an accident analysis. 
To gather information on the vehicle behaviour 
during these accidents, real-world experiments of 
simulated accidents using a test motorcycle and 
computer simulation studies with the simulation 
package VI/Motorcycle are conducted. A 
mathematical model for the vehicle behaviour is 
derived from the experiments and computer 
simulations. The definition of critical and uncritical 
situations is also derived from the analysis of 
experimental data. 
Any VSC has to fulfill two criteria: it has to be able 
to detect critical situations and it has to be able to 
prevent or mitigate them. Methods to detect the 
addressed critical situations are developed from the 
mathematical model. To check if these methods can 
distinguish critical from uncritical situations, they 
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are validated with data from the experiments and 
simulations (critical) and with data from various 
uncritical test rides. 
Methods to influence motorcycle dynamics are also 
derived from the mathematical model and evaluated 
regarding physical feasibility and technical 
feasibility. With assessed methods for detection and 
prevention of critical situations, the question is 
answered if and how future vehicle stability control 
systems can help prevent accidents. 
 
Accident analysis 
 
The objective of the accident analysis is to find 
accident types that cannot be influenced by today’s 
vehicle stability control systems ABS and TCS 
(Traction Control Systems). To achieve this, 
motorcycle experts were questioned about their 
own experiences with motorcycle accidents (not 
surprisingly, almost all experts experienced at least 
one accident). Because of their experience with 
motorcycles as well as their knowledge of physics, 
they are able to give a technical explanation of what 
happened during their accidents. This source 
delivers around 60 detailed descriptions. 
Additionally, around 60 accidents originating from 
the accident database of the German Insurances 
Association (Gesamtverband der Deutschen 
Versicherungswirtschaft, GDV) are analyzed. The 
accident datasets are classified as ‘preventable’ (the 
rider reacted before the vehicle collided with the 
opponent or the road) and ‘not preventable’ (no 
reaction). Preventable accidents are further divided 
into the subgroups ‘with today’s technology’ (ABS 
or TCS could have prevented the accident but were 
not available on the motorcycle) and ‘with future 
technology’ (unbraked accidents). 
The share of those identified accidents on the total 
amount of motorcycle accidents then is checked 
with a detailed analysis of all accident datasets from 
the GDV database (around 900 accidents, 
representative for Germany). For more information 
on the accident analysis, refer to [20]. 
The high risk accident types classified as 
preventable by future VSC systems are unbraked 
cornering accidents due to a step of friction (μ-step, 
accident type 1) and due to exceeding maximum 
lateral acceleration (e.g. trying to ride at a roll angle 
larger than the maximum roll angle determined by 
the road surface, accident type 2). 
Their share on Germany’s high-risk motorcycle 
accidents is estimated to be 4 to 8%. 
 
Test Motorcycle 
 
The test motorcycle is a BMW R 1150 RT 
motorcycle (Figure 1), the motorcycle that was used 
for the brake tests (see chapter ANTI LOCK 

BRAKING SYSTEMS). To prevent damage in 
simulated accidents, it is equipped with a set of 
outriggers on both sides. The outriggers have Teflon 
gliders to minimize friction. In order to reduce the 
influence on the motorcycle inertia to a minimum, 
they are mounted rotatable to the motorcycle and 
glide on the ground permanently. If the roll angle 
exceeds 25°-30° (depending on the state of the 
Teflon gliders), the motorcycle finds support on the 
outriggers. 
A fiber-optical gyroscope combined with 
acceleration sensors records the motorcycle’s 
accelerations and angular velocities in all three 
axes. The accuracy of the roll rate sensor allows 
calculating the roll angle simply by integrating the 
roll rate signal. The vehicle’s velocity is determined 
by the production ABS wheel speed sensors, the 
steering angle is measured by a hall sensor, and a 
reflex light barrier is mounted to the vehicle. 
 
Simulated accidents 
 
Wet epoxy surface and tarpaulins covered with glue 
were used to simulate unbraked cornering 
accidents, for details, see [21]. Both surfaces have a 
friction coefficient of approximately 0.2. 46 test 
rides in total were valid. As a variant, on seven test 
rides additional weight to change the vehicle’s 
center of gravity was mounted. 
 

Table 6. 
Number of conducted tests by type and surface 

 
Surface Type 1 μ-step Type 2 

ay>ay,max 
Wet epoxy 7 7 
Tarpaulin with 
glue 

28 4 

 
The test layout is shown in Figure 7. 
 

R = 20m for 
Type 1

cones

R = inf for
Type 2

 

Figure 7. Test layout 
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For type 1, the vehicle arrives at the low-μ surface 
with a desired speed between 7 and 8 m/s at a 
desired turn radius of approximately 20 m at roll 
angles of 15° to 20°. Capsize of the vehicle occurs 
almost as soon as it has arrived on the low-μ 
surface. For type 2, the vehicle arrives with the 
same speed and a roll angle below 5°. 
The objective is to increase the roll angle, once the 
vehicle has arrived on the low-μ surface, until the 
vehicle capsizes. 
For both simulated accident types, the arrival of the 
front wheel contact patch on low-μ is detected by 
the vehicle-mounted light barrier and a calibrated 
reflector. The impact of the motorcycle on the 
safety bars is determined by the maximum roll 
acceleration. Clutch is opened before low-μ-
surface. 
 
Computer Simulation 
 
The maximum velocities and maximum roll angles 
were set by the construction of the motorcycle’s 
safety bars and the size of the low-μ surface. To 
gather additional data on parameter sets that could 
not be measured with test rides, a computer 
simulation software VI/Motorcycle (www.VI-
Grade.com) is used. For details on the computer 
simulation, refer to [20]. 
 
Uncritical test rides 
 
Based on the simulated accidents vehicle dynamics 
data, a criterion for recognition of critical driving 
situations is developed. Uncritical rides are 
conducted to provoke failure detection. All rides 
took place on the “Airfield Griesheim” test track. 
The test track has an unevenness of a typical 
German highway [5] and thus is more uneven than 
the epoxy test track, but all other circumstances 
were maintained to ensure comparability in 
between simulated accidents on either surface and 
uncritical test rides. 
 
Vehicle behaviour in simulated accidents 
 

As mentioned before, two types of accidents 
have been chosen as the most relevant for future 
vehicle stability control systems. Both are unbraked 
cornering accidents, one is caused by a drop of the 
road friction coefficient (μ-step), the other one is 
caused by exceeding the maximum lateral 
acceleration and thus capsizing. The feasibility of 
vehicle stability control systems to prevent those 
accident types will be evaluated. This is achieved 
by simulating the accident types in real-world 
experiments and computer simulations and 
developing a mathematical model from the gathered 
data. 

The vehicle behaviour is depicted in Figure 8 for 
four exemplary test rides: one per surface type 
(epoxy or tarpaulins) and one per accident type (μ-
step or exceeding maximum lateral acceleration). 
Type 1 accidents have a shorter duration compared 
to type 2 accidents. For accident type 1, the front 
wheel starts to slide as soon as it reaches the μ low-
surface. The front wheel side force decreases 
immediately to the value determined by the friction 
coefficient, the vehicle starts to capsize, see roll 
velocity, time t=0s. The rear wheel arrives 0.2 
seconds later. At that time, the rear wheel side force 
also drops, the roll velocity increases. The 
unbalanced side forces of front and rear wheel lead 
to a yaw momentum and thus a yaw velocity 
between 0s and 0.2s. The vehicle turns to the 
outside of the bend. After approx. t=0.2s, the 
vehicle movement is inverted – it turns to the inside 
of the bend, until a short time later the vehicle 
impacts on the safety bars.  
For accident type 2, the side forces drop to the 
sliding value both at the same time. The roll rate 
increases constantly. No yaw movement to the 
outside of the bend is observed; instead the vehicle 
turns to the inside just before the fall occurs (see the 
last 0.3 seconds). For both cases, pitch movement 
can be neglected. 
The lateral acceleration drops to a level equal to g x 
μ when both wheels are sliding (after 0.2 seconds 
for type 1 respectively at the last 0.3 seconds for 
type 2). The “over-steering” yaw movement 
observed for the last few 0.1 seconds of both cases 
therefore cannot be explained by a turn. It can be 
explained by a slip angular velocity – the vehicle 
yaws but does not change its course in the same 
way. 
[22] describes an “over-steering” yaw movement 
during “low sider” type accidents due to a decrease 
in rear wheel side force. However, the accidents 
described there are braked accidents – the 
conclusions cannot be transferred to the accident 
types this paper focuses on. 
 
Detection of critical driving situations with focus 
on future VSC systems 
 

With the mathematical model, the vehicle 
dynamics for critical situations are understood. 
Methods for detection and avoidance or mitigation 
of these accident types can be evaluated. If an 
accident type can be detected as well as prevented, 
a vehicle stability control system for this accident 
type is feasible. 
The mathematical model of the vehicle behaviour 
shows that the vehicle side-slip angular velocity is 
unstable for critical driving situations of the type 
investigated here (non-braking cornering  
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Figure 8. Vehicle behaviour during simulated accidents. All data filtered with first order low-pass filter, 
10 Hz cutoff frequency. Lateral acceleration additionally smoothed. Signal vibrations are caused by 
engine excitation and resonance effects of the rear frame and vanish for idling engine. Pitch rate is 
neglected. 

accidents). General motorcycle tire properties 
suggest the tire slip angle is always small <1° (refer  
to [23]), as well as the vehicle side-slip angle. The 
side-slip angular velocities (both tire and vehicle) 
are also assumed to be low. 
A criterion for the detection of critical driving 
situations would be 
              max,stableβ β>& &  (5) 

This criterion can be used to detect critical driving 
situations, if it fulfills the following two conditions: 

• it does detect a simulated accident in all 
valid test rides (no false-negatives), 

• it does not detect an accident in all 
uncritical test rides (no false-positives). 

The side-slip angular velocity of the vehicle cannot 
be measured directly, it has to be calculated from 
other measurands. Using the lateral acceleration 
horizontal to the road plane, the vehicle side-slip 
angular velocity is 

              
y

x
β ψ= +

&&

&

&

&

, (6) 

for details on the calculation of the lateral 
acceleration see [21] and [20]. 
Figure 9 shows the time of detection for all 
simulated accidents as cumulative probability 

distribution. The time is between 0% (front wheel 
has reached the low-μ surface) and 100% (impact 
on safety bar). No false-negatives are observed. The 
majority of simulated accidents was detected in the  
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Figure 9. Results: Cumulative Distribution 
Function for detection of simulated accidents, 
time normalised with respect to critical situation 
duration. 
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last quarter of the critical driving situation duration. 
However, a value of 100% only means the vehicle 
has reached the safety bars, not the vehicle has 
crashed. The safety bars limit the roll angle to 
values of 25° to 30°. In reality, motorcycles can 
reach maximum roll angles of up to 55° without 
crashing, thus giving any control system more time 
to react. 
The ability of the described criterion to distinguish 
critical and uncritical driving situations is proved, if 
no false-positives can be found at all. Table  shows 
the types of uncritical test rides. 
Using this experimental evidence, the criterion 
“side-slip rate” has proved the ability to detect 
critical driving situations. No side-slip rates higher 
than 0.15 rad/sec + estimated error have been 
observed for uncritical situations. 
These thoughts lead to the following control 
objectives: 

• First, the roll movement has to be 
stabilized. 

• Second, the rear wheel side-slip angle has 
to be zero for the case of a sudden increase 
of the friction coefficient. 

• Third, if a capsize is inevitable, the vehicle 
has to turn into the bend.  

 
 

Table 7. 
Description of uncritical ride tests. 

 
 Description Parameters 
1 steady-state 

cornering 
turn radius 9 and 14m 
ay,0 from 0.1 to 0.5g 

2 corner braking turn radius 9 and 14m 
ay,0 from 0.1 to 0.5g 

3 swerving  
4 double lane change 

according to VDA 
velocity from 70 to 
85 km/h 

 
 

Possible methods to change the movement of a 
motorcycle 
 
The accidents focused by this paper involve an 
unstable yaw movement and an unstable roll 
movement. Unstable roll movement limits the 
duration of the accident – as soon as the vehicle hits 
the ground, a crash occurs. The primary focus 
should be on the roll stabilization. 
If the vehicle capsizes and the surface friction 
coefficient does not change, it makes no sense to 
change the yaw momentum. As the motorcycle 
turns into the bend, the rider falls behind the 
vehicle. The friction coefficient of today’s 
motorcycle clothing is higher than that of a 
capsized motorcycle. The motorcycle’s deceleration 

is lower, the distance between motorcyclist and 
vehicle will increase during the accident. 
If the friction value raises again during the tumble, 
e.g. if the road was slippy only in a small area, a 
high wheel side-slip angle on the rear wheel will 
almost instantly cause a high side force on that 
particular wheel, a dangerous “highside” type 
accident (which is a fast roll movement of the 
motorcycle away from the bend direction) would be 
the consequence. 
In order to change the movement of a motorcycle, 

• the tire side-slip angles, camber angles or 
longitudinal slip can be changed, 

• the wheel load can be changed, 
• gyroscopic effects can be utilized, 
• aerodynamic effects can be used. 

 
Roll stabilization 

Unstable roll movement can be stabilized by 
changing the roll momentum, e.g. increasing the 
sum of side forces and thus the lateral acceleration 
or applying an additional roll torque to the 
motorcycle.  
As long as one wheel has not reached its maximum 
side force (e.g. the rear wheel is still on high-μ), 
changing the tyre properties can increase the side 
force. The delay between applying a wheel side-slip 
angle and the resulting side force is dependent on a 
distance called “relaxation length”, for typical tyres 
this value lies at approx. 0.2 to 0.5 meters [24], for 
camber changes the delay is negligible. From a 
physical point of view, stabilization seems to be 
possible. What needs to be taken into account is the 
time demand for applying the changed tyre 
properties. A change of side-slip angle by a rear-
wheel steering system is the better choice because 
the ratio between angle and side force is 
approximately 10 times higher for side-slip angle 
than for camber angle. However, the absolute time 
lag between front wheel and rear wheel (wheel base 
divided by vehicle speed) is as low as 0.2 seconds 
for speeds as low as 7 km/h and decreases with 
1/velocity. It is doubtable that this short time span 
is enough for detection and reaction by a technical 
system. 
Roll momentum on a motorcycle with sliding 
wheels cannot be applied by changing wheel load, 
using gyroscopic effects or aerodynamic effects, for 
details, see [25]. 
Gyroscopic effects can stabilize the roll movement 
of a vehicle. This is proved by technical examples 
like the Ford Gyron prototypes [26]. The Ford 
Gyron prototype cars used a stabilizer gyro with a 
weight of 180 pounds. Calculations show stabilizer 
gyroscopes for today’s motorcycles would still not 
be feasible due to large mass, high rotational 
velocity and control issues. Gyroscopic effects of 
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the motorcycle’s wheels are far too low to stabilize 
the roll movement. 
Aerodynamic effects are an option for capsuled 
motorcycles, but most probably will not work with 
standard motorcycles due to the bad aerodynamics. 
 

Yaw stabilization 
Side-slip angles, camber angles and longitudinal 
slip can change the direction of the tyre forces of a 
sliding wheel (which has reached its maximum side 
force), but the maximum value cannot be 
influenced – it is determined by the friction 
coefficient between tire and surface and the wheel 
load. These methods therefore can be used to 
change the yaw momentum to stabilize the yaw 
movement of the motorcycle.  
The accidents that can be mitigated by this method 
are only a subset of the mentioned 4-8 % of all 
German motorcycle accidents. For more details, see 
[20] and [21]. 
 
CONCLUSION 
 
Braking is one of the most difficult-to-control 
motorcycle manoeuvres because the rider has to 
control two independently operating braking 
circuits and the motorcycle is stabilized by side and 
gyro forces. ABS and combined braking systems 
are designed to support riders while braking. 
Further dynamic vehicle stability control systems 
for powered two wheelers besides traction control 
systems are not known up to now. 
Several research projects therefore were carried out 
to determine possible safety benefits of ABS and 
VSC for motorcycles. 
Test persons were assigned braking tasks with five 
different brake systems: standard and combined 
brake system with and without ABS in each case 
and ABS combined brake with single-lever 
operation. The stopping distances achieved as well 
as workload and stress variables for the rider were 
recorded. 
The stopping distances achieved are shorter with 
ABS than they are without ABS. This also and 
primarily applies to braking when cornering. It was 
not possible to establish any significant difference 
between standard and combined brake. Operation 
of a combined brake with ABS and with only one 
brake lever did not show any disadvantage by 
comparison with a two-lever brake control system. 
In the case of braking operations without ABS, 
stress and strain for the rider were significantly 
higher than in the case with ABS. 
In principle, ABS is seen to have the potential to 
reduce fatalities among motorcycle riders by about 
10 %. A socio-economical analysis yielded benefit-
cost-ratios of above 4 for motorcycle ABS 

indicating that this system is highly economically 
sensible. 
ABS thus should be used on all two-wheeled 
vehicles wherever possible. The ABS system may 
be designed as a disengageable system. 
To assess the technical possibilities for future 
vehicle stability control systems for motorcycles 
and the amount of accidents that could be prevented 
by those systems an accident analysis was carried 
out. Accidents while cornering without braking 
have been determined as potentially avoidable by 
future technical systems. The accidents can be 
caused by low friction or by raising the lateral 
acceleration over the possible maximum. About 4 
to 8 % of all motorcycle accidents are of this type. 
Both accident types have been analyzed with 
driving experiments and computer simulation. The 
vehicle sideslip angle speed proved to be a robust 
criterion for recognizing whether a driving situation 
is critical.  
Possibilities for technical systems to influence the 
critical driving situations were estimated. The roll 
movement of the vehicle cannot be influenced, 
because neither the tire side force can be increment-
ted nor stabilizing gyroscopes can be built small 
enough. The vehicle sideslip angle speed can be 
influenced by braking the front or the rear wheel, 
thus generating a yaw moment to avoid the 
dangerous high-side type accidents at friction steps 
from low to high. The motorcycle accidents 
influenced by this system are only a subgroup of 
the mentioned 4 to 8 % of all accidents, so as a 
result of this study, the potential for future dynamic 
control systems is estimated very low. Making them 
mandatory can-not be recommended at present. 
Further research with regard to driving stability of 
motorcycles should rather focus on active damping 
devices. 
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ABSTRACT 

The native UK vehicle fleet is right hand drive 
(RHD) with a corresponding road infrastructure, 
presenting unique challenges to the increasing 
numbers of mainland European left hand drive 
(LHD) heavy goods vehicles (HGVs) using UK 
roads. This paper analyses the nature and 
circumstances of HGV accidents in the UK, paying 
particular attention to LHD HGVs and the causal 
factors exhibited. 

Using in-depth real world accident data the 
characteristics of 65 LHD HGVs involved in 
accidents are described in comparison with 250 
RHD HGVs. On-scene cases from the UK ‘On The 
Spot’ (OTS) project, funded by the UK Department 
for Transport and Highways Agency, enable a 
detailed examination of accident causation 
mechanisms and behavioural patterns. Comparison 
is made with the national accident data to put the 
in-depth investigation into context. 

The majority of LHD HGV collisions include 
causal factors related to vehicle geometry (blind 
spots) and driver mental load, compared to RHD 
HGV collisions which include injudicious and road 
environment factors.  Discussion focuses on the 
complex, multifactorial nature of these accidents 
with both vehicles and drivers not best adapted for 
UK roads. Key aspects of the accidents studied are 
identified and their implications are discussed for 
enhanced driver support and education. 

There are inevitable limitations regarding the 
amount of detail that can be collected on-scene due 
to the time consuming nature of the specialist 
vehicle examinations required and the language 
barrier. A pilot, translated, interview procedure has 
however been put in place to gain the maximum 
amount of information. 

INTRODUCTION 

As the European Union and particularly the 
commercial trade between the member states 
continues to grow, so does the concern regarding 
foreign heavy goods vehicles (HGVs), or 
specifically Left Hand Drive (LHD) HGVs using 
UK roads, making a review of the scientific 
evidence timely. This paper reviews real world 
accident data in order to identify common accident 

scenarios for LHD HGVs and compares these to 
accidents involving Right Hand Drive (RHD) 
HGVs. This gives an indication of driving issues 
faced by foreign drivers on UK roads. It is not the 
aim of the paper to apportion blame to any group of 
drivers. 

As is the case in many road traffic accidents all 
parties involved contribute to the accident to some 
degree through driver experience or behaviour. 
However this paper is heavily biased towards 
looking at HGVs and their contribution to the 
accident and although the collision partner may 
have also played a causal part in the whole 
accident, this has not been reviewed. 

After considering the overall picture using British 
national data this paper utilises the information 
gathered by the On The Spot (OTS) project. 

This paper is a first examination of the challenges 
faced by LHD HGV drivers when driving on the 
left hand side of the road.  It offers guidance to 
LHD HGV drivers on avoiding accidents whilst 
making native UK drivers more appreciative of the 
difficulties.  Consideration is given to the benefits 
of new technologies while also taking into account 
possible increases in driver distraction. 

LITERATURE REVIEW 

Blind Spot Areas 

Inevitably, heavy goods vehicles, due to their size 
and geometric make up, suffer from vehicle blind 
spots that are far larger and more obtrusive to the 
driver than the average car driver, a problem that is 
exaggerated when left hand drive vehicles travel on 
the left side ("wrong" side) of the road in the UK.  

   

RHD HGV   LHD HGV 

Figure 1.  Possible blind spots for HGV drivers 
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Figure 1 illustrates the typical blind spot areas to be 
found on both LHD and RHD HGVs. It 
demonstrates the effect of a car overtaking a HGV 
and how the car is obscured by a blind spot for the 
LHD HGVs. 

According to the Royal Society for the Prevention 
of Accidents (RoSPA) (2007)1 the larger blind spot 
that results from using a left hand drive vehicle on 
British roads is the most obvious safety concern. 
This problem is most pronounced when other road 
users pass on the far side of the vehicle, and for 
right turning vehicles. 

During a trial conducted by the UK Vehicle & 
Operator Services Agency (VOSA) in 2007, 40,000 
‘fresnel lenses’ were distributed to LHD vehicles 
entering the UK at Dover. The lenses are small 
sheets of flexible plastic with a moulded lens which 
adheres to glass and help to alleviate the problem 
of the LHD truck blind spot. It was estimated that 
there was a 59% decrease in side-swipe incidents 
as a result of the lenses2.  

Background Statistics 

In 2003 the UK Department for Transport (DfT) 
stated there had been a 150% increase between 
1992 and 2003 in the number of LHD HGVs using 
British roads each day. By 2005 it was anticipated 
that there would be an estimated 10,000 LHD 
HGVs using British roads each day3. 

In 2005 the British national accident data 
(STATS19) recorded 1,164 injury accidents which 
were classed as side-swipe collisions. Of these 
accidents 39% involved LHD or foreign registered 
HGVs, the majority of these accidents occurred as 
the HGV changed lanes to the right4. 

According to data collected by UK Police in Kent5, 
there were 333 accidents in that area between 1994 
and 2001 where the cause was a LHD HGV 
changing lanes to the right.  

Legislation 

Since the issue of relevance here is HGVs which 
are not primarily registered or operated in the UK it 
is European legislation that is most relevant. In 
general, legislation aimed at the safety of HGVs 
has been relatively limited. The exception to this is 
the 2003 European directive which requires all new 
HGVs (vehicles with a weight of more than 3.5 
tonnes) to be equipped with blind spot mirrors6. 
However, since replacement of the truck fleet in 
Europe is relatively slow, it was estimated that the 
fleet would only be fully replaced by 2022 at the 
earliest. It was estimated that introduction of a legal 
obligation to retrofit mirrors to vehicles in 
operation since 1998 would save an additional 
1,300 lives in Europe up to 2020.7 

The Causes of Truck Accidents 

According to the European Truck Accident 
Causation study (ETAC)8 the main cause of truck 
accidents is linked to human error in the majority 
of cases (85.2%), with other factors (for example, 
vehicle, infrastructure or weather) playing a minor 
role. Accidents due to lane departure and accidents 
after an overtaking manoeuvre – probably the two 
configurations of most relevance here – were 
responsible for 19.5% and 11.3% of the accidents 
respectively. However investigations were not done 
in the UK. 

Another significant factor in goods vehicle 
accidents is fatigue. A study by RoSPA9 using data 
from 2001 estimated fatigue to be a factor in 16 to 
23% of motorway accidents and 11% of HGV and 
Public Service Vehicle (PSV) accidents. 

General Issues 

There are a number of issues which might be 
predicted to influence the accident involvement of 
foreign drivers, regardless of where they are from 
or which roads (besides those in their country of 
origin) they are driving on. Yannis et al (2007)10 
provide an extensive list of factors, including: 

• poor knowledge of the road network; 
• lack of understanding of the local rules; 
• insufficient driving skill; 
• variance of attitudes, reflected in driving 

behaviour. 

As well as the obvious difficulty of driving on the 
opposite side of the road, there are a number of 
additional factors which may make the UK a 
particularly problematic place for non-native 
drivers to operate safely. RoSPA (2007) 
highlights:1  

• the imperial system, leading to problems 
understanding distances and speed limits; 

• the unique treatment of HGVs compared to 
other classes of road user, meaning that the 
posted limit may be higher than the limit 
which applies to HGVs. 

Increased Mental Load 

Yannis et al (2006)10 highlights the potential of 
increased mental load as a contributory factor in 
accidents involving foreign drivers, since certain 
road characteristics are found to significantly 
differentiate the risk between different 
nationalities. Inhabited areas and junctions are two 
such characteristics. Yannis et al conclude that, 

“This may be attributed to the fact that urban areas 
and junctions require a more demanding driver 
behaviour, namely a combination of decisions 
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under more complex traffic conditions and more 
traffic rules”. 

Vehicle Factors 

According to RoSPA (2007)1 the UK has the most 
stringent vehicle maintenance standards in Europe. 
Vehicles which would be deemed unsafe by UK 
standards may be able to use the UK road network. 
This view appears to be supported by figures 
published by the UK Vehicle and Operator 
Services Agency (VOSA)11 which found that half 
of the foreign lorries checked in 2006 had serious 
vehicle defects which could have affected their 
safety. In addition, one third of vehicles from 
Spain, Portugal and the Republic of Ireland were 
found to be overloaded. 

METHODOLOGY 

The main focus of this study was perform a review 
of the nature and circumstances of accidents 
involving LHD HGVs by comparing typical 
scenarios with those involving RHD HGVs. This 
was achieved by analysing the British national 
accident data (commonly called ‘STATS19’ after 
the form that is completed by the Police)4 and then 
in-depth OTS accident dataset was analysed 
focussing only on HGVs. For the purposes of this 
study, the issue of interest is defined as LHD 
HGVs with drivers who are less familiar with the 
language, road network and general traffic 
conditions. 

There are two investigation teams working on the 
OTS project, the Vehicle Safety Research Centre 
(VSRC) at Loughborough University, working in 
the Nottinghamshire region and the Transport 
Research Laboratory (TRL), working in the 
Berkshire region. The OTS teams attend and 
investigate, in total, 500 real-world collisions per 
year on a rolling shift pattern, covering all times 
and days of the week. The OTS teams investigate 
all collision types including all road users, all 
injury severities (from non-injury to fatal) and all 
road classifications. While OTS is not intended to 
function as a specialist HGV accident study, 
investigations include vehicle examinations, road-
user interviews and reconstructions as for all other 
road user types encountered. Both teams work in 
slightly different road network areas, which 
collectively are broadly representative of the UK. 
The study has been running since 2000 and at the 
time that this analysis was carried out had 
investigated over 3,500 real world collisions. The 
detailed methodology has been described elsewhere 
by Hill et al. (200112 and 200513).  

All accidents involving an HGV were reviewed to 
identify causation factors and trends across a range 
of collision scenarios. After initial examination of 
the cases, the sample could be split into LHD and 

RHD HGVs, allowing specific collision scenarios 
and common occurrences to be identified. 

The data was further analysed to compare and 
contrast scenario types between LHD and RHD 
HGVs. Basic collision conditions were compared, 
before moving onto the more complex data 
available relating to the causes of collisions.  

OTS utilises a variety of advanced systems for 
evaluating causation of which three are explored in 
this paper: Accident Causation System; 
Contributory Factors 2005 and Human Interactions. 

Injury severity is shown as fatal, serious, slight or 
non-injury according to the UK police 
classification.4 

RESULTS - STATISTICAL ANALYSIS OF 
BRITISH NATIONAL DATA (STATS19) 

Analysis of the accident causation factors 
commonly attributed to HGV drivers is presented 
here, as a complement to the more in-depth (OTS) 
analysis to follow. 

HGV Occupant Casualties in the National Data 

Examining the British national accident data for 
2006 there are 2,172 accidents that involved injury 
to an occupant of an HGV. 

The number of occupant casualties is lower for 
LHD foreign registered HGVs with 66 reported 
casualties, 3% of the figure for other HGVs 
(2,464). 

Accidents with HGVs Involved - Casualty 
Severity 

Due to the size of HGVs in relation to most 
collision partners it is appropriate to consider the 
number of accidents with at least one HGV 
involved and the resultant casualties in the entire 
accident. Table 1 gives the number of accidents by 
the overall accident severity for different 
combinations of HGV involvement. 

Table 1. 
Accidents with HGV involvement – Great 

Britain 2006 
Accidents 

with: 
Fatal Serious Slight Total 

Any HGV 
involved (A 

or B) 

386 1,445 8,635 10,466 

A involved 30 77 845 952 
B involved 367 1,381 7,849 9,597 

Key: 

Foreign registered LHD HGV A 

Other HGVs B 
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It is clear from Table 1 that HGVs are involved in 
many more injury accidents than there are HGV 
occupant casualties. Of the 10,466 injury accidents 
involving an HGV, only 2,172 (21%) involved 
injury to an occupant of an HGV. 

Overall, 9% of all reported HGV accidents 
involved a foreign registered LHD HGV, which is 
0.5% of the total 189,161 injury accidents recorded 
for 2006. 

Contributory Factors for HGV Drivers in the 
National Data 

The Contributory Factors 2005 system has been 
adopted nationally by police forces since 2005 and 
completed for all police reported collisions, with 
data on injury accidents reported in STATS19. 

The Contributory Factors 2005 code can be 
assigned with a confidence level of ‘very likely’ or 
‘possible’, both are included here. There can be a 
maximum of 6 codes assigned to each collision 
therefore a single vehicle could have multiple 
codes assigned to it. For this reason in the results 
presented below the total number of codes is a 
higher figure than the number of vehicles. Only 
accidents where a police officer attended the scene 
are included in this section of analysis. This 
follows the official Government practice followed 
in the contributory factor analysis included in Road 
Casualties Great Britain14. 

Table 2 shows the proportion of HGV drivers who 
have a contributory factor recorded for them. 

Table 2. 
HGV drivers who have at least one contributory 
factor attributed to them – Great Britain 2006 

Driver of: No Factor At least 1 
Factor 

% with 
Factor 

Foreign 
registered 
LHD HGV 

206 722 78% 

Other 
HGV 4,296 4,914 53% 

From Table 2 it is clear that when LHD foreign 
registered HGV drivers are involved in some way 
in an accident they are more likely to have a 
contributory factor attributed to them than other 
HGV drivers, 78% compared to 53%. 

Figure 2 gives the proportion of drivers with at 
least one contributory factor associated with them 
who have a certain factor attributed to them. So, for 
example, 48% of LHD foreign registered HGV 
drivers, with at least one factor associated with 
them, are recorded as ‘failing to look properly’. 

Only the top 14 most common factors are 
illustrated for clarity. 
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Figure 2.  Proportion of drivers with at least one 
contributory factor attributed to them - most 
frequent factors – Great Britain 2006 

It is clear that ‘vehicle blind spot’ and 
‘inexperience of driving on the left’ feature 
distinctively for LHD foreign registered HGV 
drivers and a higher proportion of them have 
‘failed to look properly’ or made a ‘poor turn or 
manoeuvre’ attributed to them than other HGV 
drivers. It is likely that it is these factors that are 
influencing the higher proportion of all LHD 
foreign registered HGV drivers who have at least 
one contributory factor attributed to them. 

The proportion of LHD foreign registered HGV 
drivers with ‘fatigue’ attributed to them is smaller 
at 2.4% than the corresponding figure for other 
HGV drivers at 3.1%. 

The contributory factor system includes 6 factors 
addressing vehicle defects. These are considered in 
Figure 3 as the literature review highlights strong 
preconceptions regarding the poor maintenance and 
safety of foreign vehicles. 
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Figure 3.  Proportion of drivers with at least one 
contributory factor attributed to them by 
‘vehicle defect’ factors – Great Britain 2006 

Although the proportion of HGV drivers that have 
a vehicle defect contributory factor attributed to 
them is small there is a marked difference between 
LHD foreign registered HGV vehicles and other 
HGVs. In each of the six categories the percentage 
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for LHD foreign registered HGV vehicles is less 
than for other HGVs. There is a very large 
difference for the ‘overloaded or poorly loaded 
vehicle or trailer’ factor. 

Accidents with HGVs Involved - Road Class 
using National Data 

The following analysis considers the road 
classification of the accident site for injury 
accidents involving HGVs with at least one 
contributory factor assigned. 

Figure 4 compares the road classification 
distribution for accident involvement between the 
two types of HGV defined in this analysis. 
Unfortunately it is not possible to differentiate 
between trunk roads, which is possible with the 
OTS dataset. 
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Figure 4.  Road classification vs. HGV type (at 
least one causation factor attributed to HGV) – 
Great Britain 2006 

It is clear that injury accidents which involve at 
least one LHD foreign registered HGV occur 
proportionally more often on motorways and less 
often on A roads than those accidents involving at 
least one other HGV. Generally LHD foreign 
registered HGVs are involved in proportionally 
more accidents on motorways and A roads than B, 
C or unclassified roads with 94% on motorways 
and A roads. In comparison, this figure is 76% for 
other HGVs. 

RESULTS - OTS DATA ANALYSIS 

OTS General HGV Statistics 

If an accident involved two HGVs both are 
included in order to increase the understanding of 
the causation factors each vehicle has contributed 
to the accident. This improves the knowledge of 
HGV accidents and enables a full comparison 
between LHD and RHD HGVs.  

The total number of HGVs and the frequency of 
OTS accidents (cases) involving HGVs are 
outlined in Table 3. 

Table 3. 
Number of HGVs in OTS collisions 

Seat orientation  Number of 
HGVs 

Number of 
accidents 

Left hand drive 65 64 

Right hand drive 250 232 

Only HGVs where the drive orientation was 
recorded (some vehicles did not stop at the scene 
and could not be traced) are included in the 
analysis. Within the sample of HGVs, 20% are 
LHD and 80% are RHD. 

The overall accident severity for accidents 
involving an HGV is shown in Table 4 by the type 
of HGV, LHD or RHD. This injury severity may 
not have been the injury outcome for the driver of 
the HGV but is the highest recorded injury in that 
accident. Of accidents involving LHD HGVs, 37% 
are injury accidents compared to 60% of RHD 
HGV accidents. 

Table 4. 
Severity of collisions involving HGVs - OTS 

data 

Severity of all accidents (n=315) 
 

Fatal Serious Slight Non-
Injury n/k 

LHD 0 4 20 40 0 

RHD 13 32 92 93 2 

Total 13 36 112 133 2 

The proportion of collisions involving LHD and 
RHD HGVs according to the road classification 
where the collision occurs is shown in Figure 5.  
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Figure 5.  Road classification vs. HGV type 

Motorways and trunk roads are broadly compatible 
with road types found on the Trans European Road 
Network (TERN). The greater proportion of LHD 
HGV collisions occur on motorways (59%), 
followed by A class (non-trunk) roads (22%). 
Those two carriageway classes also feature in most 
RHD HGV collisions, but in the reverse order (A 
class non-trunk 39%, motorways 26%). This 
observation would be expected as the vast majority 
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of miles driven by HGVs are on the main arterial 
routes. 

During the HGV case review process a judgement 
was made as to whether the HGV had performed 
the principal or most significant contributing factor 
in the collision. This was established by an 
experienced investigator based on all the causation 
factors and the strength of confidence given to each 
factor by the investigation team. This resulted in a 
subset of cases for both LHD and RHD HGVs 
where the principal causation factors had been 
attributed to the HGV and thus enabled the analysis 
to focus on certain collision scenarios with a high 
level of confidence. This selection criteria further 
reduced the sample as shown in Table 5. Only 
these HGVs are used in the analysis of causation 
factors. 

Table 5. 
HGVs performing the most significant causal 

factor 

Seat orientation Number of cases 
Left hand drive 55 

Right hand drive 138 

Every accident is classified to best describe the 
type of collision. This discriminates, for example, 
between rear-end collisions, merging collisions, 
and loss of control on bends.  

Figure 6 shows the distribution of accident types 
occurring in the sample for both LHD and RHD 
HGVs. 
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Figure 6.  Accident types 

The most frequent collision types are "overtaking 
or lane changing" with the majority of 67.3% 
(n=37) of LHD HGVs, compared to only  
13.8% (n=19) of RHD HGVs. Of RHD HGVs, 
30.4% (n=42) are involved in a "rear end" collision, 
compared to only 7.4% (n=4) of LHD HGV 
accidents. 

In order to understand the different accident 
scenarios driver types have been split according to 
the driving action prior to the collision. The term 
“move to the right” or “move to the left” includes 
controlled lane changes and swerving actions. 

Table 6. 
Driver action, movement prior to collision 

HGV Move to 
right 

Move to 
left 

Rear 
end Other 

LHD 
(n=55) 

47 
(85.5%) 

2 
(3.6%) 

4 
(7.3%) 

2 
(3.6%) 

RHD 
(n=138) 

9 
(6.5%) 

27 
(19.5%) 

39 
(28.3%) 

63 
(45.6%) 

The results in Table 6 show that the majority of 
LHD HGVs move to the right in the OTS sample, 
with 85.5% performing this manoeuvre, compared 
to only 6.5% of RHD HGVs performing the same 
action to the right. It is interesting to note that a 
larger proportion of RHD HGVs are performing a 
manoeuvre to the left than right, which may be due 
to the influence of blind spots. 

OTS Accident Causes 

OTS utilizes a variety of advanced systems for 
evaluating the causes of accidents of which three 
are explored by the present paper: 

• Accident Causation system; 
• Contributory Factors 2005; 
• Human Interactions. 

OTS Accident Causation System 

The OTS Accident Causation System gives each 
accident a single precipitating factor. Only one 
precipitating factor can be selected for each case 
from a list of 15. The selected factor is the principle 
causation factor which the investigation team 
believe directly precipitated the occurrence of the 
collision. 

The analysis of precipitating factors use accidents 
where the precipitating factor has been linked to 
the HGV and not any other collision participant. 

Figure 7 gives the distribution of the precipitating 
factors for the 55 LHD HGVs with the 
precipitating factor in the accident attributed to 
them. 
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Figure 7.  Precipitating factors for LHD (n=55) 
HGVs 

Figure 7 clearly shows the largest proportion, 49%, 
of LHD HGV collisions are coded as a ‘poor turn 
or manoeuvre’ (n=27) and the next most frequent 
precipitating factor is ‘failed to avoid object or 
vehicle’ at 25% (n=14).  

Figure 8 gives the distribution of the precipitating 
factors for the 138 RHD HGVs with the 
precipitating factor in the accident attributed to 
them. 
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Figure 8.  Precipitating factors for RHD (n=138) 
HGVs 

The two largest sub groups in Figure 8 are ‘failed 
to avoid object or vehicle’ (25% n=36) and ‘loss of 
control’ (25% n=36), the third most frequent factor 
is ‘poor turn or manoeuvre’ (16% n=22). 

Contributory Factors 2005 Coding System 

The OTS project completes the contributory factor 
codes in isolation from the police investigation in 
order for the OTS investigation to remain 
independent. 

In order to compare the contributory factors 
between LHD and RHD HGVs it is important to 
understand the proportion of HGVs which have 
been attributed with a factor so they can be 

included in the analysis. The results in Table 7 are 
the proportion of LHD and RHD HGV drivers 
which have at least one contributory factor 
attributed to them out of the whole HGV sample. 

Table 7. 
HGV drivers who have at least one contributory 

factor attributed to them - OTS data 

Driver of 
HGV No Factor At least 1 

Factor 
% with 
Factor 

LHD 
n=65 8 57 88% 

RHD 
n=250 96 154 62% 

It is clear that when LHD HGV drivers are 
involved in some way in an accident they are more 
likely to have a contributory factor attributed to 
them than RHD HGV drivers, 88% compared to 
62% respectively. 

The distribution of contributory factor codes 
presented in Figure 9 and Figure 10 gives the 
proportion of HGV drivers that had a particular 
factor attributed to them. Figure 9 shows the top 10 
factors used by OTS investigators for the LHD 
HGV accidents. For clarity Figure 10 shows the top 
12 factors used by the investigation teams for RHD 
HGVs. 
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Figure 9.  Contributory factors for LHD HGVs 
(n=55) 

For LHD HGVs, the three largest proportions are 
"vehicle blind spot" 76% (n=42), "failed to look 
properly" 72% (n=40), "poor turn or manoeuvre" 
61% (n=34) and a fourth factor "inexperience of 
driving on the left" 35% (n=19). The two most 
frequent demonstrating that the vision the driver is 
afforded is an issue when driving a LHD HGV on 
the UK network. 
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Figure 10.  Contributory factors for RHD HGVs 
(n=138) 

The three highest proportions for RHD HGVs are 
‘careless reckless or in a hurry’ 32% (n=44), ‘failed 
to look properly’ 31% (n=43) and ‘failed to judge 
other person’s path or speed’ 25% (n=34). 
Although driver vision is still an issue other driver 
behaviour traits are more frequent for RHD HGVs. 

The Human Interactions System in OTS 

Each active road user involved in a collision is 
assigned an OTS Human Interaction Code; this 
code is used to show how this road user has 
interacted with other road users, vehicles or 
elements of the road environment (highway). There 
are 7 categories of interaction: legal, perception, 
judgement, external factor, conflict, attention and 
impairment. These categories are then sub-divided 
into more specific interaction codes. Each active 
road user, or in this case driver, will be attributed at 
least one interaction code but multiple codes can be 
attributed to the same driver. 

Figure 11 and Figure 12 show the most common 
interaction codes for the LHD and RHD HGVs 
which have performed the most significant causal 
factor. As each driver can be assigned several 
codes, for clarity, only the ten most frequent causal 
factors have been displayed. 
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Figure 11.  Most frequent interaction codes for 
LHD HGVs 

It can be seen that the most common actions by 
LHD HGVs are ‘looked but did not see, due to 
vehicle geometry (e.g. blind spot, windows)’ and 
‘intentionally entered into path of (e.g. swerved)’. 
For LHD HGVs the interaction codes for vehicles’ 
positioning on the carriageway and driver 
behaviour are coded frequently, for instance 
‘intentionally entered path’ and ‘adopted a 
conflicting path’. 
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Figure 12.  Interaction codes for RHD HGVs 

Figure 12 shows that the two actions most 
commonly indicating driver actions for RHD 
HGVs are ‘failed to avoid / unable to avoid’ and 
‘was inattentive’.  

There are higher proportions of interaction codes 
for RHD HGVs amongst the ‘perception’ and 
‘judgement’ categories with codes such as 
‘anticipated incorrectly the likely deceleration’ and 
‘travelled excessively close to’. 

DISCUSSION 

This discussion section not only brings together the 
results of the analyses presented in this paper and 
considers them in the context of the literature 
review, but also considers the methodologies 
involved in the collection of real world accident 
data involving HGVs. 

Number of Cases and Notification Levels 

For both databases examined, around 9% involved 
an HGV of any type. Focusing on LHD HGVs 
shows they make up 0.5% and 1.8% of accidents 
on the national and OTS databases respectively. 
The proportion of OTS investigated accidents 
involving a LHD HGV is therefore over three times 
higher than in the national data. This can be 
explained, at least partially, by the injury selection 
criteria for each database, as OTS collects damage-
only and injury accidents whereas only injury 
accidents are included in the national data. The 
police are called to the majority of injury (but not 
damage-only) accidents and a record is then created 
on the national database. However, OTS 
investigators believe that when an accident occurs 
with a foreign HGV involved, other participants in 
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the accident are more likely to call the police, even 
if no injury occurs. This is primarily because the 
potential language barrier doesn’t allow an easy 
exchange of details for insurance purposes. 
Although the police do not make a record for 
damage-only accidents, the OTS team are then 
called to investigate.  

Injury Severity 

Regarding injury severity the clearest indication of 
the injury disparity between HGV occupants and 
other road users is that HGV occupants are only 
injured in 21% of the injury accidents that they are 
involved in (Great Britain 2006). This result is 
understandable given that HGVs are usually much 
larger than their crash opponents. 

Accident Location 

Figures from both the national data and OTS show 
that the majority of LHD HGV accidents occur on 
the fastest roads. In both datasets over 90% of LHD 
HGV accidents occur on Motorways or A roads. 

With the transportation of freight, large distances 
are involved so the main arterial routes will see a 
larger proportion of the distance travelled by 
HGVs. Therefore just considering exposure by 
miles travelled will dictate that these roads feature 
highly in the accident databases. On these types of 
roads changing lanes frequently, joining and 
leaving the main carriageway are typical 
manoeuvres and if blind spots are a feature in HGV 
accidents then it is not unexpected to find the 
majority of accidents on these roads. 

Accident Types 

In the OTS LHD HGV sample the majority, 67%, 
of HGVs are involved in a collision which was an 
‘overtaking or lane change manoeuvre’ which is 
understandable considering the type of roads these 
accidents are occurring on (main arterial routes). 
This is 3.4 times higher than for RHD HGVs which 
are split between general driving type scenarios 
such as ‘loss of control’, ‘shunt accidents’, 
‘cornering’ and also ‘overtaking manoeuvres’. 

When addressing the issue of HGV accidents and 
especially LHD HGV accidents the issue of blind 
spots is an important one to consider with the HGV 
changing lanes to the right and colliding with a 
vehicle the driver ‘didn’t see’. The complementing 
issue for RHD HGVs is overtaking a vehicle and 
changing lanes into the left or merging lanes. The 
OTS sample shows that in 85% of the LHD HGV 
accidents the suspected scenario of changing lanes 
to the right is the driving action which caused the 
collision compared to only 20% for the 
complementing action to the left for RHD HGVs. 
This suggests that it is not only a blind spot issue 
but also a driver experience issue of interacting 

with the road and traffic environment. For example 
the RHD HGV would have overtaken a vehicle 
before changing lanes back, therefore the driver 
should be aware of the vehicle to the left. In 
contrast to this the LHD HGV is changing lanes to 
perform an overtake and is aware of the vehicle in 
front but did not see the vehicle to the right. 
Additionally, collisions may be more likely 
because frequency and relative speeds will be 
greater for vehicles travelling to the right of an 
HGV. 

A large proportion of LHD HGVs, 49%, are 
involved in a collision where the precipitating 
factor is ‘poor turn or manoeuvre’, a category that 
would also include changing lanes or negotiating 
junctions. This is much higher than the figure for 
RHD HGVs with only 16% involved in an accident 
with this precipitating factor. 

Overview of Causation Factors 

The coding system of contributory factors in OTS 
shows that 88% of LHD HGV drivers have at least 
one contributory factor attributed to them 
compared to 62% of RHD HGV drivers. The 
figures are lower in the national data but show a 
similar difference. One of the reasons for the 
difference is likely to be due to the availability of 
the ‘inexperience of driving on the left’ factor to 
investigators. 

Although the 2005 contributory factors system is 
fundamentally the same in both datasets the OTS 
project benefits from experienced investigators 
who study hundreds of accidents per year, and the 
inclusion of damage only accidents. It is interesting 
though, with the large national dataset, to look at 
factors in HGV accidents and examine if trends are 
similar to the OTS data set. The contributory factor 
which features the most in the national data for 
HGVs is ‘failed to look properly’ with 48% of 
LHD HGV drivers and 36% of RHD HGV drivers 
(who had at least one factor attributed to them) 
being attributed with this factor. Other interesting 
factors for the LHD foreign registered HGVs in the 
national data include; ‘vehicle blind spot’ and 
‘inexperience of driving on the left’ with 36% and 
14% of the sample respectively compared to only 
7% and less than 1% for RHD HGVs. In the OTS 
LHD HGV sample, 76% of the HGVs are deemed 
to have ‘vehicle blind spot’ as a contributory factor 
where this was only recorded in 7% of RHD HGV 
accidents. The second most frequent is ‘failed to 
look properly’ with 72% and 31% for LHD and 
RHD HGVs respectively. ‘Inexperience of driving 
on the left’ features for 35% of LHD HGV drivers 
and understandably doesn’t feature in the OTS 
RHD HGV sample. 

Part of the large difference for the factor ‘vehicle 
blind spot’ between the two groups of HGVs could 
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possibly be due to preconceived thoughts by 
investigators that a LHD HGV would suffer from a 
blind spot whereas a RHD HGV wouldn’t suffer 
from this problem. It is a large difference though, 
and the authors believe it is indeed a significant 
issue for LHD HGVs when on UK roads due to the 
road network and driving style. 

In the OTS sample LHD HGV drivers are 2.5 times 
more likely to be coded as performing a ‘poor turn 
or manoeuvre’ compared to RHD HGV drivers and 
2.4 times more likely to be deemed to have ‘failed 
to look properly’. It is clear that for LHD HGV 
drivers the factors ‘vehicle blind spot’ and ‘failed 
to look properly’ will be closely associated. 

Further Work on Causation Codes in OTS 

A large proportion of LHD HGV accidents involve 
contributory factors which are part of the driver 
action or experience categories whereas RHD HGV 
accidents also include injudicious action and road 
environment factors. 

The national data shows that ‘fatigue’ is coded for 
3.1% of RHD HGV drivers compared to only 2.4% 
of LHD HGV drivers. This figure differs to the 
results in OTS where 6.5% of RHD HGV drivers 
are attributed with this factor and ‘fatigue’ doesn’t 
feature in the LHD HGV sample at all. A possible 
reason for this is due to the level of severity of the 
LHD HGV accidents, mainly being slight injury or 
non-injury, so tachograph interrogation could not 
be justified (OTS investigators are not allowed to 
request tachograph data from drivers) to establish 
driver hours. Further data from new investigation 
methodologies, translated driver interviews and 
specific questionnaires, will help inform the 
investigation of fatigue in the future. 

The literature review highlights a VOSA report 
(2007) showing that half of foreign HGVs checked 
in 2006 had serious vehicle defects. In the national 
data it was observed that less than 0.5% of LHD 
foreign registered HGVs are coded as having a 
vehicle defect as a contributory factor. Across the 6 
factors analysed, vehicle defects are more of an 
issue for other HGVs, with 3.5% found to have 
been ‘overloaded or poorly loaded’ compared to 
only 0.1% of LHD HGVs. The small amount 
reported for LHD HGVs may be as a result of load 
checking at points of entry or exit to and from the 
UK, for safety on ferries or in the Channel Tunnel. 
In the OTS analysis no vehicle defect contributory 
factors are attributed to LHD HGVs at all. The 
most common vehicle defect factor for RHD HGVs 
is ‘overloaded or poorly loaded’ but only 8 out of 
250 are attributed with this factor. 

The findings in this paper of low instances of 
vehicle maintenance being a contributory factor 
concur with the ETAC study which reports that the 

scope for reducing accidents and injuries through 
measures aimed at vehicle maintenance standards 
may be limited. Also a study from Cooper et al 
(2006)15 concludes that the important element with 
respect to imported vehicles (in their study) is 
driver performance, rather than vehicle safety. 
Additionally, it must be noted that OTS (and 
national) data do not result from full, specialist 
vehicle examinations as carried out by VOSA. 

OTS Human Interaction Codes 

The OTS human interactions system looks 
specifically at the driver’s actions and influences. 
Firstly it is observed that generally for LHD drivers 
the interaction codes ‘looked but did not see due to 
vehicle geometry’(80%) and 'intentionally entered 
into path' (39%) are the most frequent, followed by 
‘adopted a conflicting path’ (20%). This further 
shows that LHD HGVs not only have an issue with 
the vision surrounding the vehicle, and as a result 
are encroaching on other road user’s space, they are 
struggling on reading the road environment and 
road infrastructure. 

The RHD HGV drivers in the OTS sample have a 
broad spectrum of interaction codes with 
‘inattentive’, ‘failing to avoid’ and ‘losing control’ 
being the three most frequent. Generally the RHD 
HGV driver interaction codes cover the perception, 
conflict, attention and loss of control categories, 
suggesting that there is more of a driver error and 
distraction problem compared to the perception and 
judgement issues attributed to LHD HGV drivers. 

The literature review reports how mental load on a 
foreign driver can be high due to unfamiliar road 
layout and road user behaviour, along with dealing 
with a vehicle designed for the other side of the 
road. Specific examples are the difference in 
imperial and metric road signs, signs and 
instructions that are not given in the driver’s native 
language and having different speed limits for 
HGVs compared to the posted speed limit. Mental 
load is very hard to judge in itself when 
investigating on-scene through OTS investigations, 
given the difficulty in discerning if drivers ‘failed 
to look’ due to mental load and/or vehicle 
geometry issues. These issues can usefully be the 
subject of further work using driving simulators 
and naturalistic driving experiments in controlled 
road environments. It should be noted that the 
figures are also significant for RHD HGVs. 

In combination with the points above, foreign 
drivers also have to combat learnt patterns of 
behaviour. An example of learnt behaviour is how 
pedestrians from the UK instinctively look right 
when starting to cross mainland European roads. 
Foreign HGV drivers can find themselves in a 
situation of tackling an unfamiliar road layout and 

R.Danton, Page 10 



also combating a learnt pattern of behaviour, 
instinctively looking the ‘wrong way’. 

New Technologies and Legislation 

Manufacturers and policy makers are attempting to 
address the number of HGV accidents through the 
consideration of new vehicle technologies and 
possible regulation or legislation to govern their 
introduction. 

If new technologies such as lane assist and 
monitoring systems such as radar sensing become 
implemented and more common place there may be 
a reduction in side swipe and lane changing 
accidents. However these systems will still be 
reliant on the driver reacting in time and taking an 
appropriate avoiding action. This technology will 
not necessarily reduce confusion for the driver 
regarding a strange road environment or road 
network, and with mental loads already suggested 
as being high the driver interface with any new 
technology must be carefully considered. 

Legislation requires all new HGVs built since 2003 
to be fitted with blind spot mirrors. A recent 
European directive requires additional mirrors to be 
fitted to all commercial vehicles over 3.5 tonnes 
registered after 1st January 2000, and this must be 
completed by March 2009. However it is estimated 
that the European HGV fleet will only be fully 
replaced by 2022. This legislation should hopefully 
see a reduction in the number of accidents 
occurring, however it is not necessarily addressing 
the entire human side of this problem. If the 
mirrors are positioned incorrectly for the height and 
seat positioning of the driver they can be 
ineffective. 

Navigation tasks, especially in a foreign country, 
also place a mental load on the driver which may 
be reduced as satellite navigation aids are updated 
to include full and accurate UK map data, including 
key information for HGV drivers such as roads that 
are and are not suitable for HGVs. As the number 
of information systems, in-cab monitors and 
camera systems increase, to aid reversing 
manoeuvres or to reduce frontal blind spots for 
HGVs, so might the mental demand and possible 
distraction levels on the driver. If such demands are 
high and the driver is in a foreign country where 
the road network is different the driver may still be 
involved in similar types of accidents as before the 
new technology or mirrors were fitted. 

These areas of driver aids and new legislation can 
be monitored to see how the accident rate for 
HGVs fluctuates, and in depth on-scene projects 
such as OTS can continue to investigate the 
causation factors involved. 

Challenges for Real World Investigation of 
Foreign HGV Accidents 

Due to the nature of the OTS HGV accidents with a 
large proportion of them being non-injury 
accidents, information such as driver hours is often 
not recorded as this information can only be 
collected for accidents where the injury severity is 
killed or seriously injured (life threatening or life 
altering) as the information is then retrieved by the 
police investigation team. This leads to a possible 
under representation from on-scene data for both 
LHD and RHD HGVs of fatigue factors. 

It is not practical for on-scene research teams to 
carry out a full vehicle inspection on such large 
vehicles in regards to road worthiness, due to time 
constraints on-scene. For this reason maintenance 
and overloading issues may be under represented in 
the OTS data analysis. Similarly this will be the 
case for the majority of STATS19 reported 
accidents, especially those involving more minor 
injuries. 

Of course the language barrier is a general 
challenge in the investigation of these accidents 
and although interactive translation methods for 
on-scene interviews do go some way to relieving 
this difficulty, as developed and piloted in OTS, 
not being able to communicate straight away with 
all accident participants will always introduce an 
extra difficulty on-scene. 

Possible Actions to Increase Awareness 

In order to reduce the number of LHD HGV 
collisions occurring in the UK a number of 
strategies could be implemented to increase driver 
awareness.  

Information for driving in the UK could be given 
out at ports (or during crossings) to aid driver 
awareness and driver experience on a systematic 
basis. This information could include the permitted 
speed limits for HGVs on UK roads, advice on 
vehicle blind spots and typical scenarios such as 
changing lanes to the right, guidelines and 
suggestions on driving hours and taking regular 
driver breaks and an imperial to metric conversion 
chart to aid with speed limits, distances and heights 
of low obstacles. 

In addition, advice and further instruction could be 
given to UK drivers to make them more aware of 
foreign vehicles and more considerate of the 
potential difficulties for foreign drivers. A possible 
area where this could be done is by expanding rule 
164 of the UK Highway Code (overtaking large 
vehicles). 

R.Danton, Page 11 



CONCLUSIONS 

• During 2006 in Great Britain there were 952 
injury accidents which involved a foreign 
registered LHD HGV, 0.5% of the total 
reported injury accidents for 2006. Other 
HGVs were involved in 9,597 injury accidents. 

• In-depth OTS data shows HGV accidents 
accounting for 9.6% of the 3,504 available 
accidents, with LHD HGVs forming 19% of 
the HGV sample. Of all the accidents on the 
OTS database, 1.8% involve a LHD HGV. 

• Both the national and OTS datasets show that 
the majority of LHD HGV accidents occur on 
the main arterial routes (Motorways, A roads 
and Trunk roads), in a greater proportion than 
RHD HGV accidents. 

• In the OTS sample the majority of LHD HGVs 
are involved in a collision which is an 
‘overtaking or lane change manoeuvre’, this is 
3.4 times higher than for RHD HGVs.  

• LHD HGV accidents present unique 
challenges for on-scene investigators. The 
language barrier is a general challenge in the 
investigation of these accidents but also the in-
depth investigation of vehicle and trailer 
maintenance and driver hours can be 
challenging, leading to a possible under 
representation of maintenance, overloading 
and driver fatigue issues, compared to the 
literature, in the accident datasets. 

• A trend which is a significant feature 
throughout the LHD HGV accident data for 
each accident causation system is ‘vehicle 
blind spot’ and ‘vehicle entering a lane 
conflicting with others or swerving’. Due to 
the geometry of the vehicles, the potential 
blind spots on the right of a LHD HGV are 
worse than that on the right of a RHD HGV, 
causing particular problems when changing 
lane from the left to the right. 

• The contributory factor which features the 
most in the national data and very highly in the 
OTS data for HGV drivers is ‘failed to look 
properly’. For LHD HGVs this factor is 
closely associated with vehicle blind spots. 

• The OTS human interactions system shows 
that for LHD drivers the interaction codes 
‘looked but did not see due to vehicle 
geometry’ and ‘intentionally entered into path’ 
are the most frequent interaction codes, 
followed by ‘adopted a conflicting path’. The 
LHD HGV driver codes cover perception and 
judgement issues whilst RHD HGV driver 
interaction codes cover the perception, 
conflict, attention and loss of control 
categories. 

• Mental load on a foreign driver can be high 
due to unfamiliar road layout and road user 
behaviour. In addition drivers must manage a 

vehicle designed for the other side of the road. 
Although new technologies may be designed 
to help the driver (such as lane assist) there is a 
need for further research to better understand 
the mental work load experienced by foreign 
drivers and any Human Machine Interface 
issues that may in fact increase distraction as 
more new technologies are introduced. 
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ABSTRACT 

Truck manufacturers are introducing Roll Stability 
Control (RSC) and Electronic Stability Control 
(ESC) systems on heavy trucks including tractor-
trailer type vehicles.  These systems are designed to 
assist a driver to avoid rollovers, and in the case of 
ESC, yaw instability in tractor-trailers.  This paper 
reports on the implementation of stability control 
systems on the National Advanced Driving Simulator 
(NADS) for studying their effectiveness in mitigating 
tractor-trailer directional loss of control and rollover 
instability.  Five driving scenarios were modeled to 
closely correspond to severe real-world driving 
situations.  These included exit ramps, decreasing 
radius curves, and avoidance maneuvers.  These were 
modeled using dry pavement and a snow-covered 
road surface.  The simulator model was validated 
with actual test track data.  This research provides a 
means to obtain simulator test data on drivers 
behavior in a tractor-trailer equipped with RSC and 
ESC during severe driving maneuvers which is new 
in this field of study.  This paper describes the 
implementation of stability control systems on the 
NADS and validation of the NADS stability control 
model by NHTSA.  Also, a brief overview of the 
experimental procedures and the designed driving 
scenarios used in the NADS study are given.  Results 
of the validation indicate that the simulator study 
should provide data similar to what would be 
expected in actual vehicles, but due to limitations in 

the current NADS truck model it may not be possible 
to make direct comparisons of speeds achieved in 
maneuvers with an actual truck on a test track.    

INTRODUCTION 

Heavy trucks (trucks with a gross vehicle weight 
greater than 10,000 pounds) have long been the 
dominant mode of freight transport in North 
America, carrying an estimated 62 percent ($534 
billion) of the total value of freight in 2006 and 
accounting for most of the growth in the value of 
North American freight between 1996 and 2006 [1]. 
Accordingly, the trucking industry has experienced 
significant growth, with the number of registered 
heavy trucks increasing by 26 percent from 1995 to 
2005, and the miles traveled by heavy trucks 
increasing by 25 percent over the same time period 
[2]. 

The unique characteristics of heavy trucks – their 
size, weight distribution, articulation, and varying 
types of freight carried – make them particularly 
susceptible to single-vehicle crashes due to rollover 
or directional loss of control, such as jackknife.  In 
their analysis of fatal heavy truck crash statistics, 
Moonesinghe et al. [3] found that a posted speed 
limit of 55 mph or higher, poor road conditions due 
to weather, and road curvature significantly increase 
the chance for rollover and jackknife, yet there is a 
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converse relationship between harmful events and the 
size and weight of the truck and trailer.  Their 
analysis shows that the heavier the truck and cargo, 
the more prone the truck is to rollover, but that the 
increased weight serves as a deterrent for jackknife.  
On the other hand, the odds for jackknife increase 
with the increase in the length of the truck and trailer 
(from a single to a double or triple trailer), while the 
odds for rollover decrease.   

The increased presence of heavy trucks on North 
American roadways, combined with a significant 
number of fatal, injury, and property-damage-only 
crashes and the unique characteristics of heavy trucks 
and heavy truck crashes, suggests that attention 
should be paid to developing countermeasures to 
crash-imminent situations for heavy trucks.  Recent 
research documenting the substantial safety potential 
of electronic stability control (ESC) systems for 
passenger vehicles points to one such 
countermeasure.  ESC is a technology designed to 
assist the driver in keeping the vehicle on the road 
during impending directional loss of control or 
rollover situations.   These systems use sensors to 
detect when the motion of the vehicle differs from 
that indicated by the driver’s inputs, and can control 
individual brake pressures at each wheel, as well as 
override authority over the engine throttle, and in the 
case of a heavy truck, the engine retarder in order to 
correct the vehicle’s path prior to the onset of a 
rollover or loss of control [4]. 

NHTSA supported this simulator study primarily as 
an effort to increase the available data on driver 
behavior using stability control systems on heavy 
trucks and to stimulate academic research in the field 
of heavy truck safety.  The findings of this study are 
currently under evaluation by NHTSA, and the 
results are being prepared in a report by the 
University of Iowa National Advanced Driving 
Simulator (NADS). 

This paper describes the implementation of stability 
control on the NADS and validation of the NADS 
stability control model by NHTSA.  Also a brief 
overview of the experimental procedures and the 
designed driving scenarios used in the NADS study 
are given. 

Background Information Relating to Benefits of 
Passenger Vehicle ESC  

Research examining ESC systems on passenger 
vehicles and light trucks suggests a dramatic 

reduction in the number and severity of certain 
crashes caused by loss of control, including rollover 
[5].  For example, Dang [6] attributes ESC with the 
reduction in fatal run-off-road crashes, such as 
rollover, for passenger cars (36 percent reduction) 
and light trucks and vans (70 percent reduction), and 
the decline in rollover involvements in fatal crashes 
of 70 percent in passenger cars and 88 percent in 
light trucks and vans.  Fatal single-vehicle crashes 
not involving pedestrians, bicyclists, or animals also 
experienced a reduction of 36 percent in passenger 
cars and 63 percent in light vehicles and vans due to 
ESC.  Farmer [7] places the risk reduction for single-
vehicle crashes due to ESC higher, at 41 percent, 
with a reduction in fatal crash risk for single vehicles 
of 56 percent.  According to his analysis, ESC is 
most effective in preventing multi-vehicle fatal 
collisions for cars when driving on wet roads or 
curves at any speed, whereas ESC in SUVs appears 
to be most effective in avoiding multiple-vehicle fatal 
crashes only on high-speed roads [7].  NHTSA 
estimates that for passenger vehicles, 5,000-9,000 
crashes and 5,300-9,600 fatalities could be avoided if 
all vehicles were equipped with ESC [8].  

The primary objective of the simulator study was to 
estimate the extent to which heavy trucks may benefit 
from ESC systems, in light of recent results for 
passenger vehicles and more limited research on 
large trucks. Because of the limited exposure of ESC-
equipped trucks currently in the fleet, a simple 
analysis of crash data for heavy trucks does not lend 
itself to determining the impact of ESC.  Moreover, 
track testing of ESC systems are limited to the speed 
at which the experiments can be run with the proper 
safety requirements.  On the other hand, hardware-in-
the-loop systems and simulator experiments can be 
run at any speed provided the simulation results are 
properly validated for the events of interest. 

TYPES OF STABILITY CONTROL TESTED 

The specific types of stability control systems 
simulated in this study were Roll Stability Control 
(RSC) and Electronic Stability Control (ESC).  ESC 
contains both roll and yaw stability functionality and 
shall be referred to as Roll and Yaw Stability Control 
(RSC+YSC) throughout the remainder of this paper.  
Stability control systems were tested in the following 
combinations: Baseline ABS only (no stability 
control), RSC, and RSC+YSC.  Stability control 
system type and driving scenario were the 
independent variables in this study.  Stability control 
system type was a between-subject variable, while 
scenario type was a within-subject variable.  Each 
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participant experienced five driving scenarios in 
addition to a familiarization drive. 

The study used the NADS heavy truck cab and 
vehicle dynamics model. A common 6x4 tractor 
configuration was selected for this test. The 
simulation included the tractor pulling a fully loaded 
53-foot box semitrailer. 

PARTICIPANT SELECTION 

Sixty drivers with a Class A Commercial Drivers 
License (CDL-A) completed participation in this 
study.  There were twenty participants assigned to 
each of the three conditions (baseline, RSC, 
RSC+YSC  To participate in this study, drivers had 
to meet the following criteria: possession of a valid, 
unrestricted, Class A Commercial Drivers License 
(CDL-A), a minimum of 6 months experience after 
obtaining CDL-A, an average of at least 2000 miles 
per month over the last 6 months, be in good general 
health, between 22 and 55 years of age, and pass a 
visual exam testing for color-blindness 

NADS 

The study used a high-fidelity full motion simulator 
located at the National Advanced Driving Simulator 
(NADS) facility at The University of Iowa.  The 
NADS was instrumented with a functioning 1999 
Freightliner Century Class cab with an Eaton Fuller 
9-speed transmission (Figure 1).  The tractor-trailer 
modeled is a 1992 GMC truck manufactured by 
Volvo GM Heavy Truck, model WIA64T, and a 
1992 Fruehauf trailer, model FB-19.5NF2-53.  A 
validation of the truck and tractor model was 
published previously by NHTSA [9].  The cab was 
mounted inside the 24-foot NADS dome.  Four 
hydraulic actuators attach to the cab, producing 
vibrations emulating road feel.  The dome is mounted 
on a yaw ring that can rotate the dome about its 
vertical axis by 330 degrees in each direction.  The 
X-Y assembly produces lateral and longitudinal 
accelerations by moving about a 64-foot by 64-foot 
bay.  The motion system provides the driver with 
realistic motion cues that allow the driver to feel 
acceleration, braking, and steering, as well as 
experience extreme maneuvers generally associated 
with critical driving events.  For each run, the truck 
tractor was simulated pulling a fully loaded 53-foot 
box semitrailer.   

 

Figure 1.  Freightliner tractor cab in the NADS 
dome. 

DAILY OPERATIONAL READINESS TEST 

The Daily Operational Readiness Test (DORT) was a 
check of the NADS system before testing in the 
simulator would begin.  For this project, an additional 
DORT was performed before each day of testing in 
the main study specifically checking the operation of 
the RSC and RSC+YSC systems.  This test was also 
performed any time there was a change of hardware 
from RSC+YSC to RSC (or vice versa) during a 
single day of testing.  The same test that was used to 
validate the simulation (explained later in this paper) 
was performed on the NADS to check the operation 
of the RSC and RSC+YSC systems.  The results of 
this DORT test needed to match the expected 
parameter outputs before a main study drive could 
begin.  These parameters included: tractor and trailer 
brake pressures, longitudinal and lateral acceleration 
of the tractor, tractor roll angle, and system 
activation.  If these parameters did not match, the 
problem was diagnosed and fixed before testing 
resumed.  This ensured that the operational 
performance of the RSC and RSC+YSC systems 
were correct for each day of testing or when a system 
hardware change was made between runs.  A more 
complete description of the validation procedure used 
and DORT is included in reference [10]. 

EXPERIMENTAL DESIGN 

The experiment was a split plot (i.e., combination 
between and within subject design).  The between-
subjects independent variable was stability control 
condition.  There were three configurations that were 
being tested, Baseline ABS only (no stability 
control), RSC, and RSC+YSC.  There were 20 
subjects per test condition for a total of 60 
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participants. The within-subject independent variable 
was Scenario Event.  

Scenarios 

Each participant completed an initial familiarization 
drive and then drove five experimental study drives.  
The study drives can be categorized into two distinct 
groups, rollover and loss of control.  The first group 
was designed to induce the potential for a rollover. 
These drives were modeled as occurring on dry 
pavement with a coefficient of friction of 0.85.  The 
rollover scenarios were: 

     Incursion Right Event – The roadway has a 
posted speed limit of 60 mph and the driver 
encounters a vehicle that pulls onto the roadway, 
necessitating the driver to go around the incurring 
vehicles by steering into the oncoming lane, where 
the driver encounters oncoming traffic that requires a 
lane change back to the original lane. Figure 2 
illustrates the right incursion. 

 

Figure 2.  Incursion right event. 

     Decreasing Radius Curve – The driver 
encounters a decreasing radius curvature for which 
the driver is traveling at too great a speed.  The 
posted speed limit of the decreasing radius portion of 
the curve is 35 mph.  The curve has a road bank of 3 

percent.  Figure 3 illustrates the decreasing radius 
curve. 

 

Figure 3.  Decreasing radius curve. 

     Dry Exit Ramp – The driver enters an exit ramp 
too fast.  The bank of the dry exit is 2 percent. The 
posted speed limit is 35 mph.  Figure 4 illustrates the 
exit ramp. 

 

 

Figure  4.  Exit ramp. 

The remaining two drives were designed to induce 
the potential for a directional loss of control (e.g., 
jackknife).  These drives were modeled as occurring 
on snow-covered pavement.  The snow-covered 
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pavement used modeled a surface with a coefficient 
of friction of 0.3.  The loss of control scenarios were: 

     Incursion Left Event – On a roadway with a 
posted speed limit of 60 mph, the driver encounters a 
vehicle that pulls into the driver’s lane, necessitating 
the driver to go around the incurring vehicles by 
steering onto the shoulder, requiring a countersteer. 
Figure 5 illustrates the incursion left event. 

 

Figure 5.  Incursion left event. 

     Snow Exit Ramp – The driver enters an exit ramp 
too fast.  The snow exit ramp has a bank angle of 2 
percent.  The posted speed limit is 35 mph.  The 
geometry is identical to the dry exit ramp (see Figure 
4). 

The familiarization drive, incursion right, decreasing 
radius curve, and dry exit ramps were completed on a 
dry pavement surface, whereas the incursion left and 
the snow exit ramp were completed on snow covered 
pavement. 

NADS MODEL VALIDATION 

The NADS truck model was compared with test track 
data from the NHTSA Vehicle Research and Test 
Center (VRTC) in East Liberty, Ohio.  The test 
maneuver used was a Ramp Steer Maneuver (RSM) 
with maximum steering angle at 190 deg with an 
angular rate of 177 deg/s.  The steering angle was 
held constant for 5 seconds after reaching 190 deg.  

The RSM was run for the baseline (ABS only), RSC, 
and RSC+YSC test conditions.  Exact matching of 
values from test track data was not possible, as the 
NADS model was developed to simulate the braking 
properties of a Freightliner tractor and the inertial 
properties of a Volvo tractor.  Also, the NADS truck 
was modeled with a rigid body trailer model and no 
torsional stiffness at the fifth wheel.  All test track 
data were taken from VRTC tests of a Freightliner 
with Meritor WABCO stability control systems using 
a steering controller.  Conversely, the NADS RSM 
runs had manual input of steering wheel angle.  There 
were also slight differences in the actual test track 
surface coefficient of friction and that of the model.  
Because of these differences, data trends were 
compared and relative system performance was 
considered rather than matching exact parameter 
values.   

Table 1 shows that the NADS and experimental 
Baseline threshold speeds were within one mph of 
each other.  With RSC and with RSC+YSC both the 
NADS vehicle and experimental vehicle threshold 
speeds increased, in the range of 5 to 8 mph beyond 
the Baseline threshold speeds.  For the experimental 
test vehicle, the RSC system provided a slightly 
greater margin of speed increase than the RSC+YSC 
system.  On the test track, the RSC algorithm applied 
the brakes with more initial brake pressure than did 
the RSC+YSC thereby allowing a higher speed in the 
RSM than for the RSC+YSC runs.  For the simulated 
NADS vehicle, the RSC+YSC and RSC threshold 
speeds were found to be within one mph of each 
other.  These results indicated that the NADS RSC 
and RSC+YSC simulations did not exactly match but 
provided speed results that were close in magnitude 
to the actual vehicle. 

Results from the simulator experiment should 
provide speed magnitudes that would be expected in  

Table 1. 

Rollover threshold speeds for RSM validation test 

Rollover 
Speed 
(mph) 

NADS VRTC 

RSC+YSC 33 32 

RSC 32 35 

Baseline 26 27 
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actual vehicles, but not in absolute terms.  Therefore, 
direct comparisons to speeds achieved with an actual 
truck may not be possible with this model.  

Comparison of Example RSM Runs 

Figure 6 shows representative NADS simulation 
results from RSC runs of the Baseline vehicle and 
RSC-equipped vehicle.  The runs shown on Figure 6 
are the highest speed RSM runs conducted that did 
not result in vehicle rollover.  The initial speed for 
the NADS Baseline run is 26 mph and for the RSC 
run it is 32 mph.  Representative experimental results 
from the highest speed RSM runs conducted that did 
not result in vehicle tip-up onto the safety outriggers 
are shown on Figure 7.  The initial speed for the 
experimental Baseline run is 27 mph and for the RSC 
run it is 35 mph.   

The speed, lateral acceleration, yaw rate, and 
longitudinal deceleration of the NADS results (Figure 
6) followed similar trends observed with the 
experimental data shown in Figure 7.  The 
comparison shows similar decreases in  lateral 
acceleration and yaw rate, and significant 
longitudinal deceleration due to the RSC brake 
activation.  The RSC braking action slowed the 
vehicle and reduced the sustained lateral acceleration 
to a level that did not result in vehicle rollover.  The 
activation of RSC was clearly demonstrated by the 
fact that the vehicle can be driven through the RSM 
without rollover at an initial higher speed than the 
Baseline vehicle without RSC. 

Figures 8 and 9 show the brake line pressures for the 
NADS and experimental results respectively.  In the 
figures, the left side brake pressures are shown in the 
left column and the right side pressures in the right 
column.  Pressures 3-6 are the tractor drive axle 
brakes pressures and pressures 7-10 are the trailer 
brake pressures.  There was no braking activity for 
the Baseline runs.  With RSC, the NADS and 
experimental RSM runs showed similar trends in 
brake line pressures.  For both the NADS and the 
experimental runs, the right side drive axle brake 
pressures nearly achieved their maximum of 100 psi 
for a sustained period of time.  In addition to 
reducing the vehicle speed, this braking action 
resulted in reducing the yaw rate during these left 
turn RSM runs. 

The Meritor WABCO RSC system was not designed 
to activate the tractor front axle (steer axle) brakes, 
and no brake line pressures were developed during 

the experimental RSM runs.  However, the NADS 
did exhibit a slight amount of residual pressure up to 
20 psi (137.9 kPa) on the steer axle brake lines during 
RSC activation.  This amount of brake pressure was 
much smaller than what was applied on the tractor 
drive axles and trailer axles, and would only slightly 
affect RSC simulation results.  However, resolving 
this issue  would improve the overall accuracy and 
quality of the stability control hardware-in-the-loop 
implementation in the simulation. 

LIMITATIONS OF SIMULATION 

Every simulation model has limitations, and it is 
important to understand where those limitations may 
have been encountered in the study.  There are two 
potential limitations related to the NADS vehicle 
dynamics and its interaction with the stability 
systems.  The first is a known limitation, while the 
second is a potential limitation. 

First, the fidelity of the NADS heavy truck model is 
limited by the rigid formulation of the model 
components.  The major limitations of the current 
model are the lack of torsional stiffness in the fifth 
wheel and the lack of frame flexibility in the tractor.  
This resulted in the tractor roll response being equal 
to that of the simulated trailer.  The tractor-trailer 
model is still valid for doing relative comparisons 
between the various study conditions.  Another 
fundamental limitation is the use of table lookup data 
of tire forces measured in 1992.  A full, functional 
tire model with recently tested tires would improve 
the fidelity and overall quality of the simulation 
results. 

Second, the RSC and RSC+YSC systems are not 
simply “plug-and-play” devices, able to be installed 
in any tractor trailer interchangeably, although the 
RSC system requires much less tuning than the 
RSC+YSC, which must be configured with a variety 
of vehicle parameters.  Indeed, it is necessary for a 
technician to configure the system to the truck by 
setting parameters related to the wheel size, 
wheelbase, etc.  Every effort has been made to ensure 
that the hardware has been configured with the 
proper settings before delivery to the NADS.  
Additionally, the tractor-trailer model and its 
associated subsystems have been created with the 
highest fidelity possible within the constraints 
imposed by real-time simulation, and all the required 
signals have been supplied to the system’s hardware-
in-the-loop. 



Svenson 7 

0 2 4 6 8
-200

-100

0

S
te

er
in

g 
(d

eg
)

NADS RSC Results

 

 

0 2 4 6 8
10

20

30

40

50

S
pe

ed
 (

m
ph

)

0 2 4 6 8

-0.4

-0.2

0

0.2

A
y (

g)

0 2 4 6 8
-30

-20

-10

0

10

Y
aw

 R
at

e 
(d

eg
/s

)

0 2 4 6 8

-0.4

-0.2

0

0.2

Time (sec)

A
x (

g)

Baseline - 26 mph

RSC - 32 mph

 Figure 6.  NADS RSC results. 
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Figure 7.  VRTC experimental RSC results. 
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CONCLUSIONS 

This paper presents NHTSA’s effort into the 
implementation of electronic stability control systems 
for heavy trucks on the National Advanced Driving 
Simulator at the University of Iowa.  The purpose of 
the study was primarily to increase the available data 
on driver behavior using stability control systems on 
heavy trucks, stimulate advanced academic research 
in this field, and to provide better means for 
understanding issues related to heavy truck safety. 

A comparison of a RSM run on the NADS with 
actual test track experiments results in the following 
conclusions.  First, speed at which rollover occurs in 
the RSM indicate that results from the simulator 
experiment provide similar results that would be 
expected in actual vehicles, but not in absolute terms.  
Second, direct comparisons to speeds achieved in 
maneuvers with an actual truck on a test track may 
not be possible with the current NADS model.  And 
finally, further refinements to the NADS tractor-
trailer model and the inclusion of  a full, functional 
tire model with recently tested tires would improve 
the fidelity and quality of the overall simulation.  The 
findings of the evaluation study on stability control 
for tractor-trailers are being prepared in a report by 
the NADS, University of Iowa. 
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ABSTRACT 
 
A brake system deficiency is the most common 
reason for a commercial motor vehicle (CMV) to be 
cited for a regulatory violation and to be taken out-of-
service during a roadside inspection. As part of a 
major safety technology project intended to assess the 
state of the practice and potential contributions of 
advanced sensor systems, the Federal Motor Carrier 
Safety Administration (FMCSA) sponsored two 
studies on CMV brakes and related controls. The first 
study compared the performance of six types of brake 
systems and component sensors in a controlled, test-
track environment under both nominal operating 
conditions and conditions where brake faults were 
deliberately introduced. The results indicated that all 
types of sensors tested (two different Hall-effect 
stroke sensors, anchor pins instrumented with strain 
gauges, embedded thermocouples, ABS wheel-speed 
sensors, linear potentiometers, and a pressure 
transducer) provided useful information on brake 
performance status. However, their accuracy and 
fault-detection properties varied considerably, 
influencing their potential use in operational settings. 
The second study assessed the performance and 
maintainability of brake monitoring devices in an 
urban transit fleet. Twelve test and 12 control transit 
buses were fitted with 3 brake performance 
monitoring (BPM) systems. The buses accumulated 
more than 1.2 million kilometers in aggregate, during 
a 12-month test period. In operational use, it was 
demonstrated that commercially available sensors can 
be used to improve the effectiveness and efficiency 
of brake performance system assessment and thereby 
reduce the risk of crashes attributable to poor brake 
performance. These studies provide new information 
directly comparing the performance of BPM systems 
in controlled and operational settings. Both study 
results are limited to the particular systems and 
applications tested. Study data are available from the 
FMCSA.  
 
 
 

INTRODUCTION 
 
Under Section 5117 of the Transportation Equity Act 
for the 21st Century of 1998, Congress required the 
U.S. Department of Transportation to "conduct 
research on the deployment of a system of advanced 
sensors and signal processors in trucks and tractor-
trailers to determine axle and wheel alignment, 
monitor collision alarm, check tire pressure and tire 
balance conditions, measure and detect load 
distribution in the vehicle, and adjust automatic 
braking systems." A comprehensive technology scan, 
as well as numerous interviews with key industry 
stakeholders such as truck manufacturers, fleet 
operators, suppliers, and regulators, identified a 
variety of research areas. They included the design, 
functionality, and effectiveness of BPM systems for 
CMV applications. 
 
Commercial vehicle braking system design and 
operation is directly linked to stopping distance and 
handling and, thus, to overall safety. Properly 
maintained and performing brakes are critical in 
preventing and mitigating crash situations. Although 
vehicle defects in large trucks are not commonly 
pinpointed as the causative factor in crashes, vehicle 
defects, when found, frequently involve 
malfunctioning or defective brakes.  
 
For years, the CMV industry has been plagued by the 
significant number of trucks and buses operating on 
the highway with brake defects, despite attempts by 
many different groups to address the problem. CMV 
inspection data show that about 19 percent of all 
inspected vehicles (nearly one in five) have one or 
more brake defects. In June 2008, during a 72-hour 
intensive inspection initiative sponsored by the 
Commercial Vehicle Safety Alliance, 67,931 vehicles 
in Canada, Mexico, and the United States were 
inspected. Various vehicle-related defects and 
violations resulted in 23.9 percent of the vehicles 
examined being placed out-of-service and prohibited 
from operation until the defects were remedied. 
Slightly more than half of these out-of-service 
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vehicles (52.6 percent) were cited for brake-related 
issues.  
 
Optimally adjusted braking systems can help prevent 
or reduce the severity of CMV-involved crashes, 
even when the braking system is not the initial cause 
of the crash. Brake sensors, acting independently or 
as part of a coordinated system on a CMV, can 
measure dynamically and continuously the actual 
braking force at each wheel. Brake sensors can 
provide a warning to the driver, maintenance 
personnel, and roadside safety officials if the 
vehicle’s braking ability is degraded to an unsafe 
level. In addition, brake sensors can provide 
information to aid in diagnosing the specific 
deficiencies. Brake sensors also can be integrated 
into a CMV’s electronically controlled brake system 
in a “closed-loop” fashion to balance the braking 
action at each wheel. This will improve service life 
and provide additional input for controlling braking 
action at each wheel during crash avoidance 
maneuvers. 
 
COMPARATIVE CONTROLLED TESTING OF 
BRAKE SENSORS  
 
The first study documented the performance and 
operational characteristics of leading-edge 
technological approaches to monitoring CMV brake 
systems. It focused on comparing and contrasting the 
ability of the various sensors to detect abnormalities, 
defects, and maladjustments of the brake system.   
Multiple systems were installed on a tractor-trailer 
combination vehicle so they could be tested 
concurrently and under the same test conditions. A 
test matrix was developed to encompass a variety of 
controlled braking maneuvers, including low to high 
deceleration rates executed on dry and wet pavement, 
on level and graded surfaces, and with the CMV 
lightly laden and loaded to its gross vehicle weight 
rating (GVWR). All tests were performed on a test-
track.   
 
The study sought to answer questions concerning the 
performance of specific sensors and measures, 
including the following:  
 
• Instrumented anchor pins for S-cam drum brakes — 
Does the output provide an accurate representation of 
braking forces? Is it necessary to instrument both 
upper and lower anchor pins? How responsive is the 
output? How could the sensors be used to detect 
defects? Is a simplified design possible? 
• Wheel-speed sensing — Can antilock brake system 
(ABS) wheel-speed sensors be used to determine 

wheel slip? Can the relationship of wheel slip to 
brake force be used to detect brake system defects?  
• Air chamber stroke sensing systems — How 
accurate and reliable are they? What defects can they 
detect? What malfunctions might they fail to detect? 
Is it important to monitor brake stroke continuously, 
or is measurement of over/under stroke sufficient? 
• Deceleration measurements — Although comparing 
deceleration with air brake pressure input to 
determine total brake force can be used to detect 
brake defects, several important design issues remain 
unanswered. How accurate do the accelerometer and 
pressure transducers need to be? What is the 
allowable tolerance on input of the vehicle weight to 
produce reliable results? How does the system 
respond to normal brake wear? Does the system 
produce excessive false positives such that warnings 
might be ignored?  
• On-board brake temperature measurement — 
Relatively low-cost thermocouples can readily be 
affixed to brake system components. How reliably 
and quickly could they detect brake system defects?  
 
Baseline performance and sensor outputs were first 
established with all wheel/brake assemblies on the 
vehicle optimally adjusted and with no defects. The 
test vehicle, equipped with a new set of brake linings, 
was subject to Federal Motor Vehicle Safety 
Standard (FMVSS) 121 S6.1.8 (brake burnishing 
procedures). Braking performance of the vehicle was 
verified using a roller dynamometer performance-
based brake tester (PBBT) to compare the brake force 
measurements from the various sensors to a reference 
standard.   
 
The following sections describe the BPM systems 
and other instrumentation, the test vehicle, the test 
program, and the results.  
 
Instrumentation 
 

StrainSert Anchor Pin Strain Gauges. In 
1998-1999, the National Highway Traffic Safety 
Administration funded a Small Business Innovative 
Research project to evaluate the use of strain-gauged 
pins to provide an indication of brake performance. A 
grant was awarded to StrainSert, West 
Conshohocken, Pennsylvania, which produces strain-
gauged pins for various commercial measurement 
applications. For the evaluation, anchor pins were 
fitted with strain gauges capable of measuring the 
shear stresses applied to the anchor pins of the drum 
brake assemblies used on heavy-duty S-cam trucks 
and buses.  
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The StrainSert pins are designed to be 
interchangeable with conventional anchor pins and 
are held in place using a simple keeper plate. When 
the brakes are applied, the S-cam mechanism rotates, 
thereby opening the brake shoes in a clam-like 
fashion. As the S-cam end of the shoe opens, the 
other end rotates about the anchor pins. (See Figure 1 
for a diagram of an S-cam brake assembly and Figure 
2 for a photograph of the StrainSert anchor pins 
installation.) The primary shoe is always the shoe that 
immediately follows the S-cam mechanism in the 
direction of wheel travel. Real-world fleet experience 
has shown that the primary shoe typically 
experiences higher braking forces (and, therefore, 
more wear) than the secondary shoe. Likewise, the 
primary anchor pin should encounter higher forces. 

Figure 1.  Left Intermediate Axle Brake Shoe. 
 

 
Figure 2.  StrainSert Anchor Pins. 
 
For the evaluation, each anchor pin was fitted with 
two strain gauges oriented 90 degrees apart, roughly 
in the “X” and “Y” direction. One of the strain 
gauges was mounted normal to the direction of 
rotation (the “Y” direction) and was intended 
predominantly to measure the mechanical non-
friction, normal force exerted by the movement of the 
brake shoe as it moves against the drum. The “X” 
axis strain gauge was offset 90 degrees from normal 
and was intended primarily to measure the rotational 
friction force between the drum and the lining. The 

StrainSert anchor pins could be continuously 
monitored by measuring the electrical signal 
(voltage) generated by the strain gauges internal to 
the pins. A force-voltage curve was provided by 
StrainSert to translate the voltage signal output to an 
actual applied force measurement. StrainSert 
developed this force-voltage relationship in a 
laboratory setting by applying a known load on the 
pin and recording the output voltage.  
 

MGM E-Stroke. MGM Brakes of 
Charlotte, North Carolina, the leading supplier of 
brake chambers (70 percent of the market), provided 
the study team with a commercial production 
electronic-stroke monitoring system or E-Stroke 
system. The E-Stroke system consists of a Hall-effect 
sensor and a magnet that strokes in parallel with the 
actuator piston rod to induce a voltage change. The 
E-Stroke system is illustrated in Figure 3. A 
communication module processes this voltage change 
and determines the status of the brake system. The 
communication module is capable of detecting 
normal stroke, over stroke, dragging brake, and a 
non-functioning brake actuator. The sensing 
hardware is contained within the air brake chamber, 
eliminating packaging interference with other 
components and protecting the hardware from the 
environment. Retrofitting a tractor with the E-Stroke 
system would require replacement of the standard 
brake chambers. Although the E-Stroke system is 
designed as a pre-trip inspection tool, the system 
continuously monitors the status of the brake system 
and can provide a visual indication of a stroke-related 
fault on a cab-mounted display.   
 

Figure 3.  MGM E-Stroke System. 
  

Spectra Products Brake Inspector.  
Spectra Products, Inc., of Etobicoke, Ontario, 
provided Brake Inspector, another commercial 
production brake chamber stroke sensor system. This 
system, shown in Figure 4, is similar to the MGM 
system in function, using a single Hall-effect sensor, 
but the sensor hardware is mounted outside the brake  
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chamber. Therefore, unlike the MGM E-Stroke 
system, the Spectra Brake Inspector can be retrofitted 
to existing tractors without complete replacement of 
the brake chambers. The signals from the sensors are 
routed to a display module mounted inside the cab. 
The Spectra Brake Inspector is also designed as a 
pre-trip brake status indicator, as well as a real-time 
brake-stroke status monitor. Spectra also includes a 
mechanical measurement indicator which is mounted 
on a clevis pin and provides a visual means to check 
the brakes in the event of a power or display failure.  
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 4.  Spectra Brake Inspector. 
  
 

Thermocouples. Standard Type J 
thermocouples were included in the instrumentation 
suite to determine whether they could be used 
reliably to detect brake defects, as well as to provide 
a temperature reference for evaluating the other 
sensors and systems. Temperature is an indication of 
brake adjustment status. Disconnected or backed-off 
brakes run cooler than properly adjusted brakes, 
while dragging brakes run hotter. The thermocouples 
were mounted at varying depths within the shoe 
lining to test their sensitivity in determining brake 
deficiencies.  
 

ABS Wheel-Speed Sensors. Wheel-speed 
sensors are a standard component of ABS systems 
used on heavy-duty trucks and buses. The variable-
reluctance sensor is the most common type of wheel-
speed sensor used in the industry. It uses a small 
internal magnet and coil of wire to generate a signal 
to the ABS control module. Each wheel and axle 
assembly is equipped with a gear-shaped tone wheel 
that rotates near the sensor. As the tone wheel rotates, 
a magnetic field fluctuates around the sensor and 
induces alternating current (AC) voltage in the 
internal coil windings. AC voltage is sent through a 
two-wire connector and harness to the ABS control 
module. The ABS controller interprets the AC 

voltage and frequency from the variable-reluctance 
sensor as a wheel-speed signal input. 
 
ABS wheel-speed sensors can be used to measure 
individual wheel slip by comparing the calculated 
speed of each wheel against the calculated average 
for all wheels or against some other actual speed 
reference, such as a transmission signal or an optical 
fifth wheel that measures ground speed. This wheel-
speed comparison capability is what enables the 
ABS, as well as traction-control functions. Further, it 
has been demonstrated under controlled conditions 
that the braking force at each wheel affects the 
rotational speed of that wheel compared with other 
wheels. If the braking force is low on a given wheel 
assembly, the wheel will tend to rotate a fraction 
faster than the other wheels. Conversely, if the 
braking force is high, the wheel will rotate slightly 
slower. 
 

Linear Potentiometers. The linear 
potentiometers used in the evaluation (model number 
JP73213) were manufactured by Penny and Giles 
Controls, Ltd. These laboratory grade, special-
purpose linear potentiometer sensors were mounted 
to the brake chamber push rods to measure their 
linear displacement during braking. Measurement of 
brake chamber stroke provides an indication of the 
driver's input to the air brake system. The 
potentiometers assisted in evaluating the limits of 
brake chamber stroke movement in detecting and 
determining brake defects. The potentiometers were 
also used to assist in evaluating the accuracy of 
commercial brake stroke sensor packages and as a 
reference signal for interpreting the performance of 
the other sensor systems.  
 

Pressure Transducer. A low-cost pressure 
transducer from Texas Instruments (part number 
84HP062T00150GSOC) was installed on the test 
vehicle to assist in evaluating the other sensor  
packages. Control pressure can provide an accurate 
measurement of the driver's input into the air brake  
system via the treadle valve and serves as a reference 
for various sensors under test. By knowing brake 
system input, the level of brake output could be better 
evaluated, permitting substandard brake performance 
to be identified.  
 
Test Vehicle 
 
The test vehicle was a new 2001 Volvo VNL 64T 
Series tractor, coupled to a tandem axle flatbed semi-
trailer. The tractor came from a local truck leasing 
company with 823 miles on its odometer. This newer 
tractor was selected for the program to ensure the 

Dash Mounted 
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Mechanical 
Stroke Indicator 

Hall Effects 
Sensor 
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inclusion of ABS and to limit the potential for 
introducing unwanted variables caused by the use of 
older equipment. The flatbed semi-trailer design 
allowed easy loading and unloading with a forklift. 
Concrete blocks (4,300 pounds each) were chained to 
the deck of the semi-trailer in order to achieve an 
80,000-pound maximum load. The vehicle 
accumulated 4,627 miles during the test program. 
Detailed specifications on the tractor, semi-trailer, 
and brake hardware are provided in Table 1, found at 
the end of this paper.  
 
The test vehicle was equipped with the brake sensor 
packages and general-purpose sensors, which were 
installed per manufacturers’ recommendations and 
instructions. The test vehicle was also equipped with 
a data acquisition system and other instrumentation, 
such as fifth-wheel sensors. After installation, all 
sensors were calibrated according to the 
manufacturers' instructions. Figure 5 shows the 
locations of the various sensors.    
 
The test matrix included introducing pre-planned 
faults or defects on selected brake assemblies and 
repeating various braking maneuvers. Because the 
major objective of this test program was to evaluate 
the ability of the various sensor technologies to detect 
brake problems, 10 different brake deficiency 
scenarios were examined, ranging in severity from no 
deficiencies to 4  fully disconnected brakes. To 
maintain the stroke adjustment, the automatic  
adjustment feature of the slack adjuster was disabled 
on the affected brakes. Defects examined included 
various levels of out-of-adjustment brakes, 
disconnected brakes, and oil-soaked brakes. To  
 

Figure 5.  Sensor Locations. 

simplify the analysis, no more than one deficiency 
was introduced to any given wheel or axle.     
 
Data from the sensor packages were recorded using 
an onboard personal-computer-based data-logging 
system capable of recording digital, analog, and 
discrete sensor outputs. The system was also capable 
of simultaneously monitoring data (such as wheel-
speed output) transmitted to the vehicle’s SAE J1939 
high-speed electronic network.  The data was then 
processed off-board using conventional database and 
engineering plotting tools. 
 
Test Program 
 
The test program was designed to subject various 
types of brake performance sensors and systems to a 
comprehensive series of brake tests under a variety of 
operating conditions to evaluate their sensitivity and 
accuracy for detecting brake defects. These 
conditions included various initial braking speeds, 
deceleration rates, and surface conditions. The first 
phase of the testing focused on establishing the 
vehicle’s (and sensors’) baseline performance with 
properly adjusted brakes. Next, the brake defects 
were systematically introduced to determine the 
sensors’ abilities to detect problems with respect to 
dry and wet road surfaces, empty and loaded 
conditions, low and high speeds, and low and high 
deceleration rates. This proved to be an effective 
approach since, for example, some sensors provided  
reliable detection of brake defects during hard 
braking but could not detect a problem during more 
routine brake maneuvers at lower deceleration rates. 
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In addition to the controlled deceleration tests, the 
brake sensor packages were subjected to simulated 
road tests to model the duty cycle that a vehicle 
would follow during extended mountain and city 
driving. These simulated tests were designed to 
evaluate the performance of the brake sensor 
packages when subjected to high brake temperatures 
and varying deceleration rates. For the simulated 
mountain test, the industry-recognized, Jennerstown 
mountain test procedure was administered on a flat, 
closed test track. The Jennerstown test procedure 
requires repeated brake snubs from 34 to 19 mph at a 
specified cycle time using a deceleration rate of 7.4 
ft/sec/sec. The test begins with initial brake 
temperatures (IBTs) between 150° F and 200° F. In 
an effort to account for any degradation in baseline 
brake performance resulting from the testing itself 
and to provide a reference performance measurement, 
this procedure is repeated four times with cycle times 
of 125, 20, 70, and 40 seconds. The brakes were 
evaluated prior to the start (cold) by conducting a 
hard stop from 30 mph at a deceleration rate of 15 
ft/sec/sec and again at the end of the test for the same 
speed and deceleration rate. 
 
A PBBT was incorporated into the program to assist 
in evaluating the performance of the instrumented 
anchor pins against true service brake force. The 
PBBT used in this study was a roller chassis 
dynamometer-based system, capable of evaluating air 
brake systems on trucks and buses. PBBTs are 
commercially available and assist vehicle 
manufacturers and fleet operators by dynamically 
measuring the rolling resistance, brake threshold 
pressure, service brake force, parking brake force, 
and anti-lock braking systems (sensors, valves, and 
wiring).  
 

Brake Burnish. The test vehicle, equipped 
with a new set of brake linings, was subject to 
FMVSS 121 S6.1.8 (brake burnishing procedures). 
These procedures required 500 brake snubs to be 
made from an initial speed of 40 mph and an exit 
speed of 20 mph at a deceleration rate of 10 
ft/sec/sec. The brake snubs were performed at an 
interval of 1 mile. During this procedure, brake lining 
temperatures can reach 500° F or higher. During the 
500-mile burnish, brake sensor packages and testing 
instrumentation were monitored and adjusted where 
necessary. Data was collected and used to determine 
that the sensors were working properly. 
 

Data Collection Process. A Link data 
acquisition system (DAS) received information from 
59 individual channels at a frequency of 50 hertz. Six 
of those channels were digital and were broadcast 

from the SAE J1939 network. A contact switch 
mounted to the brake treadle valve activated the 
DAS. Data were collected until the vehicle reached a 
complete stop. A memory cache built into the DAS 
recorded 1 second of data prior to the start of a 
braking event.  
 
The actual data from each test run was stored in 
individual files on a Windows-based laptop computer 
that was mounted on the dashboard of the truck. The 
average braking event lasted about 3to 8seconds and 
generated approximately 17,000 data points (59 
channels x 6 seconds x 50 data points per second). 
The data were downloaded to a compact disk at the 
completion of each day of testing. In total, the testing 
program generated approximately 375 megabytes of 
data. 
 
The operator was responsible for manually recording 
the test identification number and other specific 
information, including environmental conditions, 
IBT, average control pressure, stopping distance, and 
the time required to stop the vehicle. The operator 
was also responsible for monitoring and documenting 
data generated from three sensor packages. These 
self-contained systems were not connected directly to 
the Link DAS, as they did not have signal output 
suitable for recording. 
 
The data generated from the brake test program were 
imported into a Microsoft Access database 
specifically developed for this project. A graphing 
applet (Tee Chart Pro, Steema Software SL, 
Catalonia, Spain), capable of presenting multiple 
sensor outputs and scales on a single chart, was 
embedded into the database. This graphing capability 
was extremely useful in identifying trends in the data. 
 
Results 
 

Anchor Pin Strain Gauges. The track 
testing showed a highly predictable relationship 
between force data generated by instrumented (strain-
gauged) anchor pins and the vehicle’s deceleration 
rate. Instrumented anchor pins could accurately 
detect brake deficiencies in specific (individual) 
wheel assemblies, including out-of-adjustment, 
disconnected, and/or oil-soaked brake shoe linings. 
They also could measure the effect of an out-of-
adjustment brake on the other (properly adjusted) 
brakes on a vehicle. Finally, as shown in Figure 6, 
data from instrumented anchor pins can be resolved 
into “X” (friction force) and “Y” (normal force) 
components and, thus, could point to causes for 
performance decrements. Notably, they could 
differentiate between an out-of-adjustment brake and 
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a brake with oil-soaked brake shoe linings because an 
oil-soaked brake shoe lining generates less force in 
the “X” direction.   
 
Figure 7 shows that primary anchor pin force was 
closely correlated with both the deceleration rate and 
the actual braking force (as measured by the PBBT) 
of the vehicle. This observation has important 
implications from a commercialization perspective 
since it would be necessary to instrument only a 
single anchor pin to accurately measure brake force. 
 
Figure 8 shows that for properly adjusted brakes, as 
well as out-of-adjustment brakes, the Y direction 
forces were about 2,000 to 3,000 pounds less than the 
X direction strain gauge. This might be expected, 
since the relative rotational friction forces for a given 
applied braking pressure remain high with dry 
brakes. However, with oil-soaked brake shoe linings, 
the coefficient of friction was reduced and the 
rotation friction forces (X direction) decreased 
significantly, while the force in the Y direction 
(outward mechanical force) actually increased as the 
driver applied brake pressure in an attempt to 
maintain the desired deceleration rate. With oil-
soaked brake shoe linings, the Y direction forces 
were actually much higher than the X direction 
forces. This information could indicate to the driver 
and maintenance staff that the detected defect in the 
brake assembly (and associated reduction in brake 
performance) was caused by an oil-soaked brake shoe 
lining as opposed to an out-of-adjustment condition. 
 

Stroke Sensors. The accuracy of the 
readings from the sensor systems varied, depending 
on the load, deceleration rate, and type of brake 
deficiency. Both commercial systems tested (MGM 
E-Stroke and Spectra Products Brake Inspector) had 
the most difficulty detecting brake deficiencies with 
the trailer unloaded and at low deceleration rates. The 
manufacturers of both systems state that they are 
intended to detect overstroke conditions during hard 
braking. Additionally, stroke measurement obtained 
from the systems tested is likely not accurate enough 
to be suitable for use in brake balancing applications 
that might leverage the precise wheel-by-wheel 
braking control capability of electronically controlled 
braking systems. Unlike the instrumented anchor 
pins, brake stroke monitoring could not differentiate 
between out-of-adjustment brakes and oil-soaked 
brake shoe linings. This is illustrated in Figure 9. Oil-
soaked brake shoe linings caused the linear 
potentiometers to record an overstroke condition. 

Brake Shoe Thermocouples. Because of 
the unpredictable variations in initial brake 
temperature, the comparatively slow response time of 
thermocouples, and their inherent general 
inaccuracies, the ability of brake shoe thermocouples 
to detect and differentiate brake deficiencies during 
discrete braking events was found to be very limited. 
In general, the simulated mountain tests showed that 
brake lining thermocouples were effective at 
determining brake defects during extended braking 
maneuvers. Given enough time and heat build-up, 
clear patterns emerge with out-of-adjustment, 
disconnected, and oil-soaked brake shoe linings. It is 
likely that brake assembly temperature would need to 
be compared across axles in order to determine brake 
defects, as typical braking temperatures differ for 
front, intermediate, and rear tractor axles, depending 
on the load. 
 

Wheel-Speed Sensors. Wheel-speed 
sensors were sufficiently accurate to detect grossly 
out-of-adjustment and disconnected brakes. 
However, they were not accurate enough to detect 
brakes that were 1/8-inch or less beyond the 
readjustment limit. Although they were able to detect 
performance decrements stemming from oil-soaked 
brake shoe linings, they were not able to differentiate 
between out-of-adjustment brakes and oil-soaked 
linings. Finally, wheel-speed data broadcast on the 
J1939 network was significantly less accurate than 
data from actual ABS wheel-speed sensors;  but it 
was still able to detect grossly out-of-adjustment, 
disconnected, and poorly performing brakes. See 
Figure 10. The advantage of utilizing wheel speed as 
a means of diagnosing brake performance is that 
sensors are already on-board all CMVs equipped with 
ABS.  
 
Figure 10 shows that the left front and right front 
relative wheel speeds were symmetric around zero  
because the average of the absolute left side and right 
side speeds was equal to the front axle speed. The 
relative speeds of the rear wheels differed from the  
front axle speed by as much as 1.6 mph during this 
braking maneuver. The low resolution of the relative 
wheel-speed data (0.04 mph) is illustrated by the 
abrupt transitions from one wheel speed to another in 
0.04 mph increments. The transmission frequency of 
the J1939 wheel-speed message (100 milliseconds) is 
evident from the roughly 0.1-second steps in the data 
traces. 
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 Figure 6.  Primary and Secondary Anchor Pin Force During Moderate Deceleration. 
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Figure 7.  Anchor Pin Force vs. PBBT Brake Force. 
 

Deceleration Rate Primary Anchor Pin force Secondary Anchor Pin Force

Time (sec)
876543210-1

D
ec

el
 R

at
e 

(f
t/s

ec
/s

ec
)

13

12

11

10

9

8

7

6

5

4

3

2

1

0

F
orce (lb)

16,000

15,000

14,000

13,000

12,000

11,000

10,000

9,000

8,000

7,000

6,000

5,000

4,000

3,000

2,000

1,000

0

Decel: 10 ft/sec/sec 
Initial Speed: 60 mph  
Surface Friction:  High  
Loading: GVWR 

Secondary Anchor Pin 

Primary Anchor Pin 

Decel Rate 

Primary 

Anchor  PIn 

Secondary 

Anchor Pin 



Freund 9 

 
Figure 8.  X and Y Anchor Pin Forces, Left Intermediate Brake Assembly, Under Various Defect Conditions. 

 
 
Figure 9.  Brake Chamber Stroke Measured on Properly Adjusted Brake Assembly (Right-Intermediate) 
with Left Intermediate Brake Out-of-Adjustment. 
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Figure 10.  Wheel Speeds Relative to the Front Axle Speed with Properly-Adjusted Brakes. 
 
BRAKE PERFORMANCE FIELD 
OPERATIONAL TEST 
 
The second study focused upon documenting and 
evaluating several leading-edge BPM systems in a 
fleet setting. The study team sought to identify a 
commercial fleet operator (or host fleet) with 
characteristics that would allow for effective and fair 
evaluation of systems and technologies. These 
criteria included: an operating environment and duty 
cycle that could be considered severe for brake and 
tire wear; homogeneity of the fleet in terms of vehicle 
type, make, and model; consistency of operations 
within the fleet relative to driver assignments, routes, 
mileage accumulation, and maintenance operations; 
and a strong commitment by the host fleet to 
evaluating these systems in a controlled study for 
possible implementation in its own fleet. 
 
The host fleet selected was the Washington 
Metropolitan Area Transit Authority (WMATA). 
WMATA operates approximately 1,500 buses in 
Washington, D.C. and the surrounding metropolitan 
area. Transit bus platforms were selected for this field 
test because their severe urban, stop/start duty cycle 
leads to accelerated brake and tire wear (thus 
challenging the sensor systems). In addition, the 
fundamental brake and tire designs are very similar to 
those on a conventional tractor, thus allowing the 
results of this study to be extended to heavy-duty 
(class 8) trucks.   
 

The test fleet consisted of 12 Orion VII series, 2005 
model year, urban transit buses. The buses are a “low 
floor” design, 40 feet long and 102 inches wide, and 
operate on compressed natural gas. Each bus’s 
GVWR is 42,540 pounds. The passenger capacity is 
41 seated and 36 standing passengers for a total of 77 
passengers. The curb weight of the buses is 30,990 
pounds. The 16,500-pound front and 28,600-pound 
capacity rear axles are manufactured by Rockwell. 
Four S-cam Meritor brake assemblies are mounted on 
each wheel end. Front brakes measured 16-1/2 inches 
by 6 inches, and the rear brakes measure 
approximately 16-1/2 inches by 8-5/8 inches. Table 2 
provides a full vehicle specification and can be found 
at the end of this paper. 
 
The study team evaluated 3 BPM systems (as well as 
the 3 tire pressure monitoring systems) on 12 heavy-
duty urban transit buses in revenue service for a 
period of one year. A control fleet of 12 identical 
buses was operated in a similar manner and used for 
comparison. A maintenance garage located in 
Arlington, Virginia was selected as the test site, 
based on the availability of buses of a consistent age 
and operating environment and on the experience and 
low turnover of the maintenance staff. With the 
assistance of WMATA and BPM system vendors, the 
study team retrofitted the candidate systems on the 
buses at the garage. The buses operated in an area 
covering approximately 300 square-miles south and 
west of Washington, D.C. The majority of miles were 
accumulated in an urban environment with minimal 
high-speed highway travel. The buses averaged 16 
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miles per hour in revenue service and were driven an 
average of 129 miles per day.  
 
WMATA staff recorded all maintenance and fueling 
activities and entered the data into a maintenance 
management database. This information was made 
available to the study team for evaluation. At the 
conclusion of the test, maintenance staff were 
interviewed about their experience operating and 
maintaining the systems. Other than the standard 
data-recording capabilities of the candidate systems, 
no additional (or special-purpose) data-logging 
devices were added to the vehicles. The system status 
displays were located out of the drivers’ view per the 
request of WMATA fleet managers. The study team 
and WMATA technicians were responsible for 
monitoring the systems’ display status. This was 
done to limit driver distraction, as well as to reduce 
the incidence of operators halting a bus because of 
information from the displays. In the transit industry, 
it is common to limit the vehicle-related information 
available to the bus driver to basic items, such as 
vehicle speed, brake reservoir pressure, and dash-
mounted warning lamps.  
 
Three different BPM systems were evaluated under 
this program, as were three different tire pressure 
monitoring systems. The BPM systems selected 
(MGM E-Stroke, GeoDevelopment Brake Insight, 
and Strainsert) represented a range of technological 
approaches. The Strainsert and E-Stroke systems had 
been assessed in the controlled tests described earlier 
in this paper. The Brake Insight system uses a Hall-
effect sensor mounted outside the brake chamber. 
The E-Stroke system was factory-installed on all of 
the buses but was the primary system under test in 
four buses. The Brake Insight and Strainsert systems 
were each installed on 4 buses, and 12 additional 
buses served as the study controls.  
   
Project planning began in the autumn of 2005. Sensor 
system installation took place in the spring and 
summer of 2006, to accommodate the schedules of 
the fleet and the suppliers’ field engineers. Data were 
collected for 12 months (November 2006 through 
November 2007). Over the course of the evaluation 
period, the systems were inspected weekly, and 
system data were downloaded as part of the test 
program. Additional data were collected in 
conjunction with WMATA’s various maintenance 
inspections, which included a safety inspection every 
3,000 miles and a comprehensive preventative 
maintenance inspection every 6,000 miles. In 
addition to the inspections, brake system performance 
was evaluated once per month using a roller-
dynamometer PBBT.   

 
The buses were placed on lifts for brake inspections, 
as shown in Figure 11. This enabled technicians to 
walk under the bus to inspect the brake lining 
thickness at each brake assembly and to measure 
brake pushrod stroke. The applied-stroke method was 
used. One technician would apply the brakes while at 
the driver’s seat, and a second technician, outside the 
bus, would measure the brake stroke travel (in 
inches) and record it on the brake data collection 
form. 
 

Figure 11.  Test Bus on Platform Lift. 
 
Results 
 
• Onboard BPM systems were found to influence 
favorably WMATA’s inspection practices. WMATA 
inspects buses every 3,000 and 6,000 miles. With 
over 200 buses operating out of a maintenance 
facility, these inspections require a significant 
amount of time. For the 3,000-mile inspection, 
WMATA has begun relying on the BPM systems to 
assess the brakes. This reduces inspection times and 
allows more buses to be inspected within a given 
period. 
• The durability of BPM system sensors was 
excellent in a rigorous urban transit-operating 
environment. Only one sensor failure occurred during 
the 12-month test period. Maintenance actions on the 
sensors were few and were limited to broken wires, 
loose connectors, and sensor adjustments. 
• In transit service, information from onboard 
monitoring systems needs to reach maintenance 
personnel in a timely fashion to be useful. 
WMATA’s buses are equipped with a controller area 
network (CAN) databus and WiFi transmitter capable 
of wirelessly transmitting alarms from the bus to a 
server housed at the maintenance garage. Each time 
the bus returns to the garage, this data is off-loaded 
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and emailed to maintenance supervisors. The E-
Stroke systems evaluated under this program were 
integrated into this CAN network. The study team 
found that buses with E-Stroke alarms were inspected 
and problems corrected in a timely fashion (on the 
same or the next day). On buses with monitoring 
systems that only communicated via in-vehicle 
display, a week or more could elapse before brake 
problems were addressed.  
• MGM’s E-Stroke system proved useful in the early 
detection of a manufacturing issue in the alignment 
between the brake chamber and slack adjuster on the 
test buses. The vehicle and brake manufacturers 
corrected this issue under the terms of their 
warranties. 
• The WMATA technicians interviewed noted that 
the BPM system alerts provided them with useful 
information to quantify driver complaints and reduce 
their frequency. Complaints about brakes are time 
consuming to troubleshoot because they require 
performing an inspection on a lift. Technicians 
commented that the BPM systems reduced the 
number of driver complaints and provided real-time 
information they could use to decide whether the bus 
should be withheld from service. 
• The BPM systems evaluated under this program 
were not able to detect worn brake linings in need of 
replacement. All but one of the test buses underwent 
a rear brake overhaul at roughly 70,000 to 80,000 
miles into the field test. In the weeks and days 
leading up to the rear brake overhauls, none of the 
monitoring systems triggered an alarm indicating 
poor brake performance or excessive stroke travel. It 
should be noted that the Brake Insight system 
featured a wire-loop lining wear sensor embedded in 
the shoe lining. Unfortunately, the sensor embedded 
into the lining was placed at a depth lower than the 
minimum thickness used by WMATA to replace shoe 
linings. 
• Onboard BPM systems provide a new source of 
information enabling technicians to identify and 
address brake issues. As with any new data source, a 
learning period is required to understand, interpret, 
and be confident with the data generated by these 
monitoring systems. WMATA experienced this 
learning process with the systems evaluated under 
this program. WMATA and the study team worked 
with BPM system vendors to tailor algorithms (and 
warning thresholds) for WMATA’s transit vehicles to 
minimize false positives and improve the overall 
reliability of the information. Among the algorithms 
so modified were those relating to the base 
foundation brake setup, which was found to operate 
close to adjustment limits. The foundation brake 
setup coupled with the operating environment, which 

cycled the brakes frequently, caused hot brake 
conditions and resulted in overstroke alarms. 
• Based on the results of the field study, as well as its 
previous independent testing, WMATA has 
confidence in BPM systems and plans to specify their 
use in all of the buses that WMATA purchases in the 
future. 
 
CONCLUSIONS 
 
Results from controlled track tests illustrated several 
key differences among the BPM systems. 
Commercial brake chamber stroke sensor packages 
can detect brake deficiencies and are very effective as 
a pre-trip brake inspection aid. Their “real-time” 
accuracy varies depending on the load, deceleration 
rate, and type of brake deficiency. The resolution and 
accuracy of stroke sensors is best suited for use in 
detecting brake maintenance needs and potential 
brake safety issues but is probably not appropriate for 
use in brake balancing systems. Instrumented anchor 
pins sensitivity, on the other hand, is such that they 
can also measure the effect of an out-of-adjustment 
brake on the other (properly adjusted) brakes on a 
vehicle. This capability lends itself for application to 
advanced brake balancing control schemes that might 
be possible with advanced braking systems. Finally, 
the resolution of wheel-speed sensors is sufficient to 
detect grossly out-of-adjustment and disconnected 
brakes. As these sensors are already included on new 
trucks as a component of ABS, they could be utilized 
to provide a low-cost approach to identifying brake 
adjustment problems. 
 
In the brake performance field test, BPM systems 
provided information on the condition of the bus’s 
brakes that was useful for improving maintenance 
practices and detecting brake abnormalities. This 
information had a significant impact on inspection 
practices and enhanced the overall efficiency of 
operations. While no firm procurement commitments 
were made, WMATA maintenance managers 
indicated at the end of the field study that they would 
consider the adoption of one or more monitoring 
technologies for new vehicle procurements and the 
retrofit of existing buses. 
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Table 1.  
Track Test Vehicle Specifications 

 
TRACTOR TRAILER 
Tractor Model Volvo VNL 64T Trailer Model Manac Flatbed 
Serial Number 4V4NC9JH91N317953 Serial Number 2M512146311075573 
Model Year 2001 Model Year 2001 
Engine Cummins Suspension Spring 
Transmission Meritor 10-speed Length (feet) 48 
Front Suspension Spring Wheelbase (inches) 477 
Rear Suspension Air ABS Wabco 2S2M 
Wheelbase (inches) 214  
ABS Wabco 4S4M 
GVWR (pounds) 50,350 
BRAKES 
 Front Intermediate /Rear Drive Trailer 
Manufacturer ArvinMeritor ArvinMeritor Semac 
Type S-Cam Drum S-Cam Drum S-Cam Drum 
Size (inches) 15 x 4 Q-plus 16-1/2 x 7 Q-plus 16-1/2 x 7 
Lining R301FF R301FF CM18FF 
    
Slack Adjusters ArvinMeritor 5-1/2" ArvinMeritor 5-1/2" Haldex 5-1/2" 
Chamber Type MGM 20 MGM 3030 TSE 3030 
Drum Gunite 5890507 Webb 66864B Webb 66864B 
TIRES 
 Front Intermediate /Rear Drive Trailer 
Manufacturer Bridgestone Bridgestone Bridgestone 
Make/Type R227 M726 R196 
Size 295/75R22.5 295/75R22.5 11R22.5 
Pressure (psi) 110 110 105 
WEIGHT DISTRIBUTION 
 Front Axle Drive Tandem Trailer Axles Total 
GAWR/GVWR 12,500 38,000 40,000 90,500 
Loaded w/Trailer 11,950 33,640 34,030 79,620 
Empty w/Trailer 11,410 13,280 8,920 33,610 
Bobtail 11,210 8,350 N/A 19,560 
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Table 2. 

Transit Bus Specification 

TRANSIT BUS 
Bus Model Orion VII 
Serial Number 4V4NC9JH91N317953 
Model Year 2005 
Engine Cummins C8.3 Gas Plus 
Transmission Voith D864.3E 
Front Suspension Air 
Rear Suspension Air 
Wheelbase (inches) 286 inches 
ABS WABCO 4S4M 
GVWR (pounds) 42,560 
BRAKES 
 Front Rear 
Manufacturer ArvinMeritor ArvinMeritor 

Type S-Cam Drum S-Cam Drum 

Size (inches) 16.5 x 6 16.5 x 8.63 

Lining Meritor A3222F2296 Meritor A3222F2294 

Slack Adjusters Haldex, 5-Notch Adjustment Haldex, 5-Notch Adjustment 

Chamber Type MGM E-Stroke Type 24 Long 
MGM E-Stroke Type 30 
Long 

Drum 
Dayton-Walther 
85123561002 

Webb  
64051B 

TIRES 

 Front Rear 

Manufacturer Goodyear Goodyear 

Make/Type City Tire City Tire 

Size 305/70 R22.5 305/70 R22.5 

Pressure (psi) 115 115 

WEIGHT DISTRIBUTION 

 Front Axle Rear Axle Total 

Curb Weight, pounds 11,000 19,990 30,990 

GVWR, pounds 14,780 27,760 42,540 
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HOW TO USE MIRRORS 
 
Walter Niewoehner 
DEKRA Automobil GmbH,  
Germany 
Paper Number 09-0469 
 
 
ABSTRACT 
 
Blind spots of trucks are a very often discussed 
problem. The usual way to reduce blind spots is to 
use a mirror. The new mirror regulation 
2003/97/EC is improving the visible areas around a 
truck. The new trucks in Europe are equipped with 
mirrors which have to fulfil the new mirror 
regulation. This is the current technical situation. 
But how do the driver use these mirrors? What do 
they know about the new mirror systems? Do the 
driver know how to adjust the mirrors to provide 
the best view? 
This paper will provide an overview about the 
mirror-related knowledge of German truck drivers 
and, subject to the type of mirror system mounted, 
how they are adjusted and used. 
That is followed by the presentation of a solution to 
an old problem: so far there is no system which 
shows the driver of a truck whether his mirrors are 
adjusted in the right way or not. An idea coming 
from the Netherlands was to use markings painted 
on the ground to help the truck drivers to adjust 
their mirrors. This idea was improved by Daimler, 
MAN and DEKRA and is now offered e.g. to fleet 
operators to help their drivers.  
Furthermore the remaining part is about how 
drivers use there mirrors on the road in different 
traffic situations. 
 
INTRODUCTION 
 
A driver has to take care of the traffic situation 
around the vehicle. This also includes the necessity 
to be able to see all relevant details. It is natural 
that a human is not able to see everything without 
turning around. This turning is necessary to get the 
required information. Is there another road user or 
an object? Do the other road user or the object lead 
to a possible conflict with the own vehicle? Only in 
case of visibility and noticeability the driver is able 
to act in a way to avoid a collision. 
 
The simple driving manoeuvre of changing a lane 
is made by a passenger car driver by looking in the 
rear view mirror and turning his head to the side for 
a direct view. A truck driver on the contrary has 
with the same movement of the eyes and a large 
number of mirrors mounted to the cab still a large 
area he can not overlooked – the so called blind 
spot. 
 

BASICS 
 
Passenger cars do also have blind spots. They are 
primarily caused by the A-, B- and C-Pillars. The 
problem is limited to a 2-dimensional level and 
thus far smaller than that of trucks: A truck 
includes related to blind spots a third dimension. 
This is caused by the height difference between the 
eyes of the truck driver and the eyes of the other 
road users (e. g. pedestrians or car drivers, see 
Figure 1). The eyes of the truck driver are for most 
of the big European trucks (mass > 8.0t) roughly on 
a level of 2.5m, whereby the eye of a pedestrian 
will be on a level of 1.6m for a 50-percentile male. 
Besides the height of the drivers eyes there are two 
other main factors influencing the size of the blind 
spot. One is the height of the lower edge of the 
windscreen and the side windows. The other is the 
horizontal distance between the driver and the 
window. These three factors are influencing which 
points outside the truck will be visible. It is not 
unusual that a truck driver looking through the side 
window is not able to directly see a point on the 
ground in a distance of up to 7.5m beside the truck. 
For that area mirrors are required.  
 

 
Figure 1. Visibility of a 50-percentile male from 
the position of the truck driver 

 
The trucks (mass > 8.0t) which were following the 
former European mirror regulation (71/127/EWG 
[1]) were equipped with at least three mirrors on 
the co-driver’s side and one on the driver’s side. 
The new regulation 2003/97/EC [2] requires one 
additional mirror for the driver’s side and one for 
the front. It is also allowed to use a camera monitor 
system instead of the front mirror. The new mirror 
systems have to show a larger area. Therefore a 
smaller radius of the mirror’s convex surface is 
necessary. The currently allowed minimum radius 
is 300mm. It seems to be unbelievable, but with 
this radius the resolution limit of the human eyes is 
nearly reached. It is not possible to further reduce 
the radius. 
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The European regulation 2007/38/EG [3] requires 
the retrofitting of all trucks (N2+N3) first 
registered 2000 or later with the 300mm radius side 
mirror (only a few trucks are excepted). 
 
Today we have the new mirror system at least for 
new trucks. What is the advantage of the new 
system? The truck driver is able to at least see an 
area of two meters in front of the truck and two 
meters on the co-driver’s side. This is given by the 
requested areas of each single mirror. The problem 
is given by the fact that the truck drivers are not 
directly told how to adjust the mirrors in an optimal 
way. Many truck drivers are not taught about the 
differences between the old and the new mirror 
systems. Therefore they cannot use the advantages 
of the new mirrors. There was already a lack of 
knowledge for the old mirror system. Some truck 
drivers got their driving license when there was 
only one mirror on the right side. They were taught 
to adjust the mirror in a way that on the co-driver’s 
side the rear axle should be visible in the mirror. 
This is not enough knowledge for today’s mirrors. 
 
CURRENT MIRROR USE  
 
DEKRA initiated a study to look how the mirrors 
are adjusted on the road [5]. To have fast and 
comparable results the external point of the bottom 
edge of the wide angled mirror (class IV, see 
Figure 2) was measured. The results of the 
measured mirrors are separated to mirrors 
following the old regulation (71/127/EC) and the 
new regulation (2003/97/EC). The regulation 
71/127/EC states that the interested point normally 
should be 3.0m behind the eyes of the driver and 
2.5m beside the truck (co-driver’s side). It was 
found that the wide-angled mirrors following the 
old regulation have a mean value which is very 
close to the target value (see Figure 3).  
 
 
 
 
 

 
Figure 2. Explanation of measured point visible 
in the wide angled mirror (class IV) 

 
The adjustment of the new wide angled mirrors do 
not have such a good result (see Figure 4). The 
target value should be 2.5m behind and 4.5m 
beside the truck. The mean value of the measured 

mirrors is 0.9 meter further away from the driver’s 
eyes and 0.7 meter close to the truck. Both 
deviation reduce the visible areas and generate an 
additional blind spot which is not necessary. In 
consequence this means that in many cases the 
advantages of the new mirrors could not be used, 
because the mirrors only show more of the side of 
the truck and/or trailer.  
 

Variance analysis for wide angled mirror 
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Figure 3. Variance analysis for wide angled 
mirrors (class IV) following the old regulation 
(71/127/EC) [5]. 
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Figure 4. Variance analysis for wide angled 
mirrors (class IV) following the new regulation 
(2003/97/EC) [5]. 

 
The side mirror is one very important mirror for the 
blind spot problems of a truck driver. The other 
mirror which is often mentioned as a mirror to 
reduce the blind spot is the proximity mirror 
(class V). The origin intention of this mirror was to 
help the truck driver to drive as near as possible to 
a loading rack with a very low speed used for 
manoeuvring the truck. To make other road users 
visible is an add-on task for the proximity mirror. It 
is not easy for the driver to recognise another road 
user with this mirror while driving. The new front 
mirror (class VI), which was not part of the old 
mirror system, enables the truck driver to see an 
area of up to 2.0m in front of the truck.  
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MIRROR LIMITS 
 
The driver has to look to the mirror to get 
information about possible obstacles which are not 
visible through the windows. When will the driver 
recognise those? Will it be enough to e.g. see a 
couple of hairs of a pedestrian? There are some 
problems in this context. It was already mentioned, 
that the proximity mirror was not given to the truck 
to see other road users. Figure 5 is showing what is 
visible from the driver’s point of view for an old 
proximity mirror. Although the pedestrian is 
positioned in the area which is visible by the 
mirror, only left arm and left leg are shown in the 
mirror. Why? Only details which are inside the 
yellow pyramid on the picture could be shown by 
the mirror. The head, the main part of the body and 
the right leg are outside. Therefore these details 
can’t be shown by the old class V mirror. Figure 6 
shows the same situation for a new class V mirror. 
This mirror has a radius of 300mm instead of 
400mm for the old class V mirror. Therefore this 
mirror is able to show the requested area given by 
2003/97/EC. The pedestrian is not visible in total 
because of the same reason as mentioned for the 
old class V mirror. The bigger requested area is 
compressed to a surface which is nearly the same 
for old and new class V mirrors. Therefore every 
shown detail is smaller which requires a higher 
attention of the driver.  
 
Not only the extent of an object shown by the 
mirror may be a possible problem. If the detail is 
shown near the border of the mirror there is a 
possibility to overlook this shown detail. 
Figure 7 and Figure 8 are showing a cyclist 
positioned just above a point (marked by the stone) 
which is visible in the mirror. The recognizability 
is very limited. This example shows the difference 
between theoretical visibility and the real view. 
Additional in praxis the truck is moving e.g. in a 
turning manoeuvre and the driver has also to be 
aware of the vehicle which may be just front of the 
truck.  
 
The blind spot problem does not only affect 
vulnerable road users. Figure 9 may indicate the 
impression, that everything is alright. Figure 10 is 
showing the reality outside the same truck. This 
was an original accident situation. The truck driver 
intended to change the lane to the right without 
seeing the passenger car. The car was hit in the area 
of the rear axle while it was driving in an urban 
area with roughly 50km/h. Caused by this first 
contact with the truck the car turned to the left. The 
car suffered a second collision with an oncoming 
motorcyclist. Coming back to the adjustment of the 
mirrors Figure 9 is directly showing the bad 
adjustment of the proximity mirror. Two third of 
the mirror is only showing the truck’s door.  

  
Figure 5. Visibility of a pedestrian by a old 
class V mirror (71/127/EC) 

  
Figure 6. Visibility of a pedestrian by a new 
class V mirror (2003/97/EC) 

 

 
Figure 7. Positioning of a cyclist just above a 
point in the corner of a class IV mirror 
(71/127/EG) 

 
Figure 8. Visibility of a cyclist positioned just 
above a point in the corner of a class IV mirror 
(71/127/EG) 
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Figure 9. Example of driver view to the co-
drivers side 

 
Figure 10. Adjusted accident scenario with a 
visibility problem of the truck driver 

MIRROR ADJUSTMENT 
 
The main cause of the described accident were the 
not correctly adjusted mirrors. But how could these 
mirrors be adjusted in a better way? There is an 
idea coming from the Netherlands to paint special 
markings on the road (see Figure 11). These 
markings may give the truck driver an orientation 
to adjust the mirrors. The Dutch system has a small 
disadvantage. It requires much space beside the 
truck. Daimler, DEKRA and MAN found an 
improvement (see Figure 12). On one hand the new 
system requires less space to the side (4,5m instead 
of 15m). It includes on the other hand also 
markings for trucks with an old mirror system 
(yellow markings). There is also a separation 
between the mirrors at the co-driver’s side and the 
front mirror. This is caused by the different points 
of orientation. The adjustment of the front mirror is 
orientated to the front of the truck whereby all 
other mirrors are orientated to the eye-point of the 
driver. There could be an extreme combination of 
truck and driver which may result in an adjustment 
of the mirrors with a small mistake. This mistake 
may end in a blind spot and cause an accident. 
Therefore Daimler, DEKRA and MAN decided to 
separate the system in two adjustment areas.  
 

 
Figure 11. System to adjust truck mirrors 
following the regulation 2003/97/EC developed 
in the Netherlands 

 
Figure 12. System to adjust truck mirrors 
following the regulation 2003/97/EC and 
127/71/EC developed by Daimler, DEKRA and 
MAN. 

The Dutch and the German system are only a help 
for the truck driver to have a point of orientation 
for the adjustment of the mirrors. The driver has the 
possibility to change the adjustment in the 
personally preferred way – the right adjustment 
stays the driver’s responsibility. 
There is another effect coming from this system. 
The system is leading to an increasing awareness of 
the problem. It was also used for public campaigns 
to show the people the blind spots of trucks. The 
more information other road users will get around 
this problem the more they could be aware of 
critical traffic situations. 
 
This system is currently available in Germany at 
roughly 100 locations. Beside the locations of the 
three German developing partners there are 
additional supporting companies like another truck 
manufacturer, mineral oil companies, or truck hirer 
and forwarding companies. Some of these locations 
are also used by driving schools which teach new 
truck drivers. They start the driving lesson after the 
future driver has adjusted the mirrors of the truck. 
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OPEN RESEARCH 
 
Beside the adjustment of the mirrors there is one 
remaining lack of knowledge. Who is able to tell 
the truck driver at what time in a special traffic 
situation it will make sense to have a look to the 
mirror(s). This is a result of a pilot study made in 
Berlin. Truck drivers were equipped with a helmet 
camera to follow the eyes movement (see Figure 
13). The first results of the analysis of these videos 
were interesting. Some truck drivers had a first 
look to the wide angled mirror in a right turning 
situation when the truck had already done a 
movement of 45 degrees of the intended 90 
degrees. With such a use of mirrors there are two 
possibilities. First there is no vulnerable road user 
(VRU) having a conflict with this truck. The 
second is more problematic. The VRU will be 
already under the truck. To have a first look to the 
class IV mirror in this situation is too late.  
 

  
Figure 13. Example of eye tracking system used 
for truck drivers [4] 

CONCLUSIONS 
 
The new mirror regulation 2003/97/EC is beyond 
any dispute a good regulation to reduce the blind 
spot of trucks. But the equipment of trucks is only 
the first step. The second step just starts with the 
orientation help for adjustment of the mirrors. The 
use of the adjustment help has to be accompanied 
by a transfer of mirror knowledge to the driver. It is 
necessary to know for the driver what the mirrors 
are able to show. Where is a vulnerable road user 
located when it is shown by a mirror. Are there 
some remaining blind spots? Where are these blind 
spots? What is a good way for the driver to use the 
mirror system of the truck? Only if the driver got 
the complete knowledge he or she will be able to 
use the mirror system in a perfect way.  
 
There is currently not enough knowledge how to 
use the mirrors in different traffic situations. An 
additional study is necessary. The results could be 
easily given to European truck drivers by using the 
directive 2003/57/EC which requires within five 
years 35h of educations for truck drivers. The 
knowledge how to handle mirrors in different 
traffic situations may reduce the number accidents 
caused from the blind spot problem in the future. 
This is possible independent from the equipment 

(old or new mirror system). The knowledge should 
be transferred to all truck drivers. 
 
The OEMs are developing also new assistance 
systems to reduce the blind spot problems of 
trucks. But the current truck fleet is neither 
equipped with such an assistance system nor are 
these systems available for all new trucks. It will 
take a lot more time until all trucks will have this 
kind of equipment. 
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ABSTACT 
 
Based on certain assumptions, the requirements of 
emergency exits on buses and coaches are specified 
in ECE Regulation No.107. Different accident 
situations, real accidents proved that some of the 
original assumptions are not valid, so it is necessary 
to reformulate them. Accident statistics – contain-
ing some hundreds bus accidents – and in depth 
accident analysis were studied, concentrating on the 
evacuation of buses and the rescue possibilities of 
the bus occupants. Certain results and conclusions 
of evacuation tests are also considered which show 
the capabilities and limitations of different groups 
of passengers (men-women, young or elderly peo-
ple, etc.)  when evacuating the bus through different 
kind of emergency exits. The new assumptions to 
specify the required number and location of emer-
gency exits of buses are based on the following 
perception: the usability of the individual emer-
gency exits are different in different bus categories 
(e.g. low floor city bus, high-decker tourist coach, 
etc.) or even in one category (lower or upper level 
of a double-decker bus) and also in different acci-
dent situations (e.g. frontal collision, rollover, fire, 
etc.) The next step is to specify the “usability” in 
technical, measurable terms. The paper proposes 
four aspects, shortly: to open the exit, to creep 
through the exit, to step/jump down from the bus 
and the possibility of the continuous use of the exit. 
Some possible measures are proposed to these as-
pects. On the basis of these aspects, all the emer-
gency exits may be qualified (good, acceptable, 
poor, not usable) in every bus categories and every 
accident situation. Finally the required number of 
emergency exits (how many good, acceptable exit) 
could be specified which shall be provided for the 
occupants in every essential accident situation.  
 
INTRODUCTION 
 
In the case of an accident situation the passengers 
of a bus have to leave the vehicle as quickly as 
possible. To do that they use every kind of exit 
available for the evacuation. The following exits 
were considered to serve as emergency exits (EE): 
service door; emergency door; door of the driver’s 
cab; side window and rear window designated as 
emergency window; escape hatch and rear wall 
door in case of small buses. The existing require-
ments for the bus EE-s are summarized in the UN-
ECE Regulation 107, (R.107) among a lot of other 

general safety requirements of buses. The EE’s 
requirements are grouped as follows: 

a) required number of EE-s 
b) their location and distribution 
c) the required minimum dimensions 
d) required access to EE-s 
e) technical requirements of their operation. 

These requirements are in force since 30 years and 
during this period only a few, small corrections 
were made to improve them for better understand-
ing. But during this period a lot of experiences were 
collected about the usability of different EE-s and 
some very serious accidents – fire in the bus, many 
injured passengers on board, panic among the pas-
sengers, etc. when the passengers could not evacu-
ate the bus – called the attention to the problems of 
the existing regulation. The need for improving the 
regulation has been raised in different working and 
expert groups of the UN-ECE organization in Ge-
neva. This paper tries to contribute to the discussion 
of this problem, concentrating on the subject groups 
“a” and “b” mentioned above. 
 
PRINCIPLES OF THE EXISTING RE-
QUIREMENTS 
 
When working on the requirements of EE-s in the 
bus regulation – 30 years ago – certain assumptions 
were used as starting points. (It has to be men-
tioned: at that time the experts did not have too 
many information, experience on that field) Of 
course these assumptions are not mentioned in the 
regulation, but their consequences may be recog-
nized: 

• only that accident situation was considered 
when the bus is standing on its wheel. 

• the number of EE-s shall be proportional 
somehow to the passenger capacity of the bus 

• every separated compartment – passenger and 
driver compartment – shall have EE. (This re-
quirement has special importance in articulated 
and double deck buses) 

• the number of EE-s shall be closely the same 
on the two sides of the bus, as well as in the 
front and rear half of the vehicle. 

• all kind of EE-s have the same usability, they 
are equivalent to each other in all emergency 
situations. 
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• a certain EE type (e.g. side window) has the 
same usability in all bus categories (e.g. mini-
bus or the upper part of a double deck bus) 

• a certain EE type (e.g. escape hatch) has the 
same usability in every major accident situa-
tions (e.g. the bus is standing on its wheel or on 
its roof) 

  

 
Figure 1.  General collapse of the superstructure 
in rollover 

At the beginning it was not considered, but later it 
became evident that the EE-s can be used only if 
the bodywork of the bus – at least in the surround-
ings of the EE – is not strongly damaged. The large 
scale structural deformations generally prevent to 
access, to operate and use the EE. Figure 1. gives 
examples about the total collapse of the superstruc-
ture in rollover accidents. These pictures prove that 
in these cases it is meaningless to talk about EE-s. 
Figure 2. shows examples when only one, or just a 
few EE-s can not be used because of strong, local 
structural deformations. 

 

    
Figure 2. Local large-scale deformation of the 
bodywork 

 

ACCIDENT SITUATIONS TO BE CONSID-
ERED 

When improving the requirements of EE-s, some of 
the original principles mentioned above should be 
reconsidered. One of the major issues is the list of 
the major accident situations to be considered, in 
which the EE-s can help, must help in the evacua-
tion of the bus. These are: 

• rollover, considering the possible major 
situations after the accident (until one 
complete rotation), 

• front impact, considering the total or par-
tial impacts, too, 

• side impacts, considering both sides and 
only heavy vehicles as impacting partner 

• rear impact, considering heavy vehicles 
when impacting the full rear wall. 

• fire in the bus, considering different loca-
tions of fire initiation 

• bus in shallow water (not completely sunk) 
• combined accidents (the combination of 

the above said accidents) 
• special accidents. 

Two of these accident situations need particular 
attention. The rollover is the most complex acci-
dent. More final bus positions may occur, but at 
least four basic situations shall be considered. The 
bus stops on its one side, or on the other one, may 
be on its roof or on its wheels. This last situation 
means that the rollover accident contains the basic 
evacuation situation, too, when the bus is just stand-
ing on its wheels. 

The other important accident situation is the fire. 
The fire brings a very important, essential parame-
ter into the evacuation process: the time limitation. 
The fire generates smoke, poisoning gases and heat 
which can block the passengers in the evacuation. It 
is interesting to mention that sometimes the fire is 
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the consequence of a rollover or a frontal collision 
(combined accident situation). In a rollover statis-
tics containing 383 bus rollover accidents, 12 times 
the rollover was followed by a fire and the bus 
completely burned out. Among 256 frontal colli-
sions it happened 14 times. These are very severe 
accidents with extremely high mortality and casu-
alty rate. 

 

 
   

 
Figure 3.  Fire tests with complete bus type 
IK255 

 

Fire tests were carried out in Hungary with three 
complete buses (type IK 255 and IK 415) simulat-
ing five fire sources. Figure 3. shows one test when 
the whole fire propagation process was observed 
and studied with the measurement of temperature 
and some poisoning gas concentration increasing. 
[1] The source of fire was in the closed box of the 
heating device, under the floor. The measured val-
ues (CO, HCl, HCN gas concentrations; tempera-
tures Tfar far from the fire source and Tc close to 
that) are presented on Figure 4. Without detailed 
discussion of the test results it may be said that 
from the first possible observation of the fire, the 
available time for evacuation was in the range of 
200-300 sec. The smoke density was not measured, 
but visually detected by filming it was developed 
very rapidly. The critical values of gas concentra-
tions are marked by a horizontal line on the left side 
of the diagram. The life danger is mainly due to the 
gas and smoke concentration and less to the high 
temperature. 

 
Figure 4.  Increasing of temperature and poison-
ing gas concentrations in the bus fire. 

 

THE USABILITY OF DIFFERENT EMER-
GENCY EXITS 

  

   
Figure 5. Usability of side emergency window 

The assumption that the usability of a certain type 
of EE is the same in every bus categories is not 
true. Figure 5. shows the usability of the side emer-
gency windows in case of double deck (DD) bus 
comparing the upper and lower level passenger 
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compartment (after a frontal collision) and also the 
situation on a high (but single) deck (HD) tourist 
coach. The side emergency window is a very useful 
exit in the case of the lower level of a DD bus or on 
low floor buses, but they cannot be used in the case 
of the upper level of a DD bus or on a HD coach. 

The assumption that the usability of a certain type 
of EE is the same in different accident situation is 
also not true. Figure 6. shows some examples. The 
escape hatches are absolutely not usable when the 
bus is laying on its roof. The side emergency win-
dows are well usable (on both side) in this situation 
in large buses, but they are almost useless in small 
buses. For small buses the rear wall door is very 
useful in this case. 

   
 

 

 

 

 

 

 

Figure 6. Usability of escape hatches (?) 

The assumption that all kind of EE-s have the same 
usability (they are equivalent and replaceable) is 
also not valid. Figure 7. gives a very clear argument 
considering and comparing all the possible (and 
required) EE-s on DD coaches, e.g. side windows, 
escape hatches, rear wall window, service door and 
the door of the driver compartment. 

There is one important question to be raised. In the 
existing regulation the windscreen is not considered 
as possible EE. The reason of that is that the wind-
screens are made from laminated glass and there-
fore it is not breakable. But in the last few years a 
very effective new technology has been developed 
and already used by the firemen: to cut the lami-
nated glass with a small (4 kg of mass) electric 
rescue saw. It could be placed in the driver’s com-
partment. (similarly to the fire extinguisher) and if 
necessary, used by the driver. Figure 8. shows ex-
amples, when this device was used after an accident 

by the fire brigade. It can be seen easily that the 
windscreen is one of the best, most usable EE in 
many accident situation, so in the future it should 
be considered. 

 

   
   

 
Figure 7.   Different emergency exits do not have 
the same usability      
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Figure 8. Using the windscreen as emergency 
exit by cutting it. 

The usability could be an important principle when 
reconsidering the EE-s in buses. But from regula-
tory point of view, the usability shall be a quantita-
tive, measurable, objective term (objective as it can 
be). Of course there are many possibilities to do 
that, in the following one method will be shown and 
discussed. 

 

POSSIBLE SPECIFICATION OF USABILITY 

First of all a classification should be set up related 
to the usability of EE-s. The usability could be very 
good, good, acceptable, bad, very bad and unusable. 
This last category is clear, the EE is unusable if in 
the given accident situation the EE cannot be 
opened because the bus is laying on that side, where 
the EE is located. The technical aspects of the clas-
sification could be: 

                        Table 1. Measures of usability       

(1) opening includes: to find the exit, to understand 
its operation and to open it 

(2) considering children, elderly passengers and in-
jured persons, too, following each other in the 
evacuation 

(3) e.g. when the bus is laying on that side where 
the exit is located 

 
 

• Opening of the EE includes the following: 
to find the exit, to approach it, to under-
stand its operation and to open it. 

• Climbing up to EE when use it by a pas-
senger 

• Jumping down from EE (from the bus) 
when use it. 

• Possibility of the continuous use by the 
passengers, following each other, consider-
ing children, elderly people and injured 
persons, too. 

Table 1. summarizes the possible technical parame-
ters of the usability. When proposing this specifica-
tions and figures, certain assumptions were used: 

- Certain, but not well defined positive co-
operation is presumed among the passen-
gers when evacuating the bus. 

- Certain, but not well defined outside help 
is presumed (but not organized, well 
trained help) e.g. given by the driver, or by 
one or two younger, stronger male passen-
gers using first the EE, or by outside peo-
ple being close to the accident. 

- The assigned side-wall emergency win-
dows may be used without the very nega-
tive effect of the sharp, pointed remaining 
parts of the broken window. This negative 
effect can be avoided by not using break-
able side window as emergency exit (there 
are more technical solutions) or clean the 
window frame very carefully (it takes too 
much time) or cover the window frame by 
protective rag, see on Figure 1. (The prob-
lem is that generally the protective rag is 
not near at hand) 

 

RESULTS OF EVACUATION TESTS 

After preparing (1974) and putting into force 
(1976) the EE’s requirements in R.107, some tests 
were made in different countries to check the us-
ability of the EE-s. These test results were not com-
pared, discussed and evaluated together and were 

Usability 

Technical aspect 

 
Very good 

 
Good 

 
Acceptable 

 
Weak 

 
Very weak 

 
Unusable 

Opening (1) done by the 
driver 

simple, easy, 
small effort 
by passenger  

simple, small 
knowledge 
and effort by 
passenger 

considerable 
effort and skill 
is needed by 
passenger  

outside help 
is needed 

Climbing up to the 
exit when use it 

no need no need less than 
[1 m ] 

more than 
[1 m ] 

more than 
[1,5 m ] 

Jumping down from 
the exit when use it 

no need less than 
[1 m ] 

less than 
[1,8 m ] 

less than 
[1,8 m ] 

more than 
[1,8 m ] 

Possibility of 
continues use (2) 

possible, no 
obstacles,  
difficulties 

possible  
with small 
help 

possible 
with inner 
and outside 
help 

possible with 
inside and  
outside help 

not possible 

 
 
In the given
situation 
it is put out 
of action(3) 
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forgotten by the passing time. Now some of them 
will be shown again. 

 
Figure 9. Evacuation test arrangement in Cran-
field. 
 
In UK, Cranfield Inst. Of Technology made a test 
with 100 voluntary elderly people (their average 
age was 73 years) to pass through a simulation of 
side emergency window [2] Figure 9. shows the test 
arrangement. They simulated 3 different width of 
the window (500 mm, 700 mm and 1200 mm) The 
main conclusion was surprising: 44% of the sample 
were unable to exit through the window simulation, 
they refused to make a trial. They did not find dif-
ference between the 500 mm and 700 mm width, 
but the 1200 mm shortened the exit time by 26%. 
They tested the required height of the window, it 
started from 950 mm up to 1400 mm above the 
waistrail. The average evacuation time for one 
passenger (who passed the test was 10 sec (500 mm 
width) and 7 sec (1200 width). It has to be men-
tioned, that the “geometry” of this test arrangement 
was not “realistic”: the inside height of the waistrail 
is generally in the range of 600-800 mm (instead of 
500 mm) and the outside height above the road is in 
the range of 1600-1800 mm (instead of 950 mm) 

Another interesting evacuation test series from UK 
was made in the University of Technology, 
Loughborough [3]. They used existing coach (pas-
senger capacity 53, floor height 1200 mm, waistrail 
height to the floor/road level 750/1860 mm) They 
tested the emergency window (hinged type) and 
emergency door (also hinged type) They repro-
duced and tested also the emergency door and win-
dow with the required minimum dimensions ac-
cording to the regulation. (see Figure 10).  

They performed the test with and without outside 
podium having a height above the ground 600 mm 
for the door and 1200 mm for the window. (see 
Figure 11.) They used three samples of passengers 
differing in age (Group1: 7-15 years; Group 2: 20-
45 years; Group 3: 60-75 years) There were 48 
persons in every group, 50% male/female. The tests 
with podium here are also not realistic. The differ-
ent passenger motions are shown on Figure 11. and 
Figure 12. when there is, or there is no podium. The 

report contains a lot of test results, some interesting, 
characteristics results are given in Table 2, showing 
the evacuation time of 48 passengers.. 

  
Figure 10. Normal and minimum size exits used 
in the Loughborough tests. 

 

 
Figure 11. The tested versions of EE-s with out-
side podium.. 
 

Table 2. Evacuation times 

*   not all the passengers could make the test 
** Group 1 and 3 could not perform this test 

Way of evacuation Group 1 Group 2 Group 3 

Emergency door with 
podium 

Emergency door with-
out podium 

Emergency window 
with podium 

Emergency window 
without podium 

120 sec  

 

210 sec 

 

270 sec 

** 

150 sec 

 

210 sec 

 

330 sec 

540 sec 

240 sec 

 

* 

 

600 sec 

** 
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Figure 12. Leaving the bus without podium Table II. 

 
The ratios between some interesting issues: 
• Male/female in the same age group     1: (1,2-1,5) 
• Faster 12/slower 12 passengers           1: (1,2-1,6) 
• Emergency door/emergency window  1: (2,2-3,5) 

There was a test series carried out in Germany, too 
[4]. Two scheduled service buses and two coaches 
were used in the evacuation test with two kind of 
passenger samples: children aged between 8-10 
years and adults. The vehicles were standing on its 
wheels. When testing emergency windows, outside 
podiums were used. No details about the vehicle 
geometry and passenger capacity. The complete 
measured evacuation times are given in Table 3. 
(all the passengers leaving the bus) Two interesting 
statements from the document: 

- The most dangerous accident situation is: the 
bus is burning while lying on its side. 

- Possible increase of evacuation effectiveness 
needs at least two exit systems (instead of 
one) with increased capacity: when the vehi-
cle is in standing position or lying on its side. 

Table 3. Evacuation times 

(1) 2/3 of the occupants used the rear service door 
(2) Half of the groups left the vehicle 
(3) Braking the window and cleaning an exit hole took 15 sec 
(4) 2/3 of the occupants used the doors 
 

We also made evacuation tests in Hungary, in the 
Research Institute AUTOKUT [1] The used coach 
had a passenger capacity of 45, floor height 940 
mm, waistrail height above the road 1750 mm, 2 
service doors (the rear one was transformed for 
emergency door, too.) Two groups of passengers 
were used: professional, trained firemen, age 20-40 

and adult persons in age 25-45. (15 females and 30 
males) The bus was standing on its wheels, the 
“passengers” knew what to do after the signal 
“fire”, the firemen wore light uniform, and the adult 
persons wore summer clothes without hand bag-
gage. The measured complete evacuation times are 
given in Table 4. 

Table 4. Evacuation times 

Way of evacua-
tion 

Passenger 
group 

Number 
of tests 

Evacuation 
time 

Front service door
Front service door
Real service door 
Two service doors
Rear emergency 
door 
Side emergency 
windows 

firemen 
adults 
adults 
adults 
adults        
 
firemen 

2 
2 
1 
1 
1 
 

1 

25-28 
37-40 

40 
20 
54 

 
10 

 

In this last case the firemen kicked out – in the 
same moment – all the side windows together with 
the rubber mounting on both sides of the bus and 
jumped out trough the empty window frames, see 
Figure 13.  

 

 
      

 
Figure 13. Evacuation tests in Hungary: service 
door and side window    

Service bus Coach Way of evacuation 

children adults children adults 
2 service doors   (SD) (1) 
2 emergency  
windows (SW) (3) 
2 SD + 2 SW 

30 sec 
 
- 
- 

30 sec 
 

52 sec 
15 esc 

40 sec 
 
- 
- 

30 sec 
 

52 sec (2) 
24 sec (4)
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Test was carried out with a 30 years female to break 
the window and leave the bus through the emer-
gency window. The woman was afraid of climbing 
up and jumping through the window which had 
sharp glass fragments on the waistrail, therefore she 
needed help from outside. The measured times for 
one test: 

- Finding and getting the hammer, cracking 
the glass: 15 sec 

- Creating a “free exit” with appropriate size, 
additional: 25 sec 

- Leaving the bus with outside help,  
additional: 50 sec 50 sec 

An interesting evacuation test series were carried 
out in Japan, JAMA [5]. They used a high deck 
coach and tested the use of service door, emergency 
door and emergency side window as EE. The pas-
senger sample was built up from 6 schoolchildren 
(8-12 years) 12 adults (20-28 years) and 6 elderly 
people (66-73 years) Figure 14. shows the test bus 
and the three kinds of tests. The emergency window 
was not a breakable one, but sliding type. If the test 
passengers thought that it is dangerous to jump 
down to the ground either from the emergency door 
(floor height ≈ 1500 mm) or from the emergency 
window (waistrail height 2300 mm) they could use 
an outside podium (1500 mm high). They measured 
the evacuation time of every individual from start-
ing the process (standing up from the seat) to the 
end (being outside, on the ground or on the po-
dium). They repeated the test with every person 
three times. Some results: 

- The evacuation time of one passenger is 
around 10 sec, no considerable difference be-
tween the age groups or between  emergency 
door or window 

- The evacuation time through service door is 
7 sec for children and adults, and 10 sec 
again for elderly people. 

- ¾ of the evacuation time was needed to find 
and get the EE, to understand its operation 
and to open it. 

- At the first trial no one of the children and 
only half of the elderly people could perform 
the test with the emergency door. They could 
not open it. 

 

 

 
Figure 14. The coach used for evacuation tests in 
Japan 

 

EVALUATION OF DIFFERENT EMER-
GENCY EXITS 

Accepting the new assumptions: 

• The usability of the same type of EE could 
be different in different accident situations 
and in different bus categories (or in the 
same category, too) 

• The usability of the different types of EE are 
not equal in different accident situation 

• The usability of one given EE could be dif-
ferent in different accident situations. 

 
Table 5. The bus is standing on its wheels 

The used symbols: 

SD service door SW side-wall emergency window 
ED emergency door RW rear-wall emergency window 
RD rear-wall door EH escape hatch 
DD driver’s cab door WS windscreen 

 
The different types of EE-s in different accident 
situations should be evaluated based on the specifi-
cations proposed in Table 1. Table 5. summarizes 
the usability of different EE-s when the bus is 
standing on its wheels. In case of large, single deck 
buses: 

“low deck” means: waistrail height above the 
road is less than 1,8 m; 

Large, single deck bus Double deck bus Evacuation
through 

Low deck High deck Lower 
deck 

Upper deck

Small bus 

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

very good 

good 

- 

good 

acceptable 

very weak 

weak 

acceptable

very good 

good 

- 

acceptable 

weak 

very weak 

weak 

acceptable 

very good 

- 

- 

good 

- 

- 

weak 

acceptable 

- 

good 

- 

very weak

very weak

very week

- 

very weak 

very good

- 

good 

good 

unusable

acceptable

weak 

- 
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 “high deck” means: waistrail height above the 
road is more than 1,8 m. 

The upper deck of a DD vehicle is rather poor from 
the point of view of EE-s. May be the staircase 
communicating to the lower deck (to service doors) 
may be accepted as a “good” route, but only when 
the vehicle is in standing position. 

   

 
Figure15. The bus in different final positions. 

Table 6. shows the situation when the bus is lying 
on its door side, while Table VII. the other side 
position. Figure 15. shows the bus in different final 
positions, lying on its side or on its roof. The 
sketches are scaled and the passenger contour 
represents an 1,7 m tall person, just to give an im-
pression about the usability of different EE-s. 

Table 6.  Bus is lying on its door side    

Table 7. Bus is lying on the other side  

 

Finally Table 8. shows the usability of different EE-
s when the bus is standing on its roof. These four 
Tables (5 – 8) illustrate well the wide range of us-
ability of the different EE-s in different vehicles 
and accident situations. For example the service 
door could be evaluated as “very good”; “good”; 
“weak”; or “unusable”. 

Table 8. Bus is standing on its roof  

  

POSSIBLE SET UP OF NEW REQUIRE-
MENTS 

To determine the required number and location of 
EE-s the following should be considered: 

• the passenger capacity of the bus (or the 
separated passenger compartments) 

• possible major after-accident positions of the 
bus 

• usability of different EE-s in different bus 
positions and in different bus categories 

• limited time in case of fire. 
From the bus fire tests it may be said that in case of 
fire the available time for successful evacuation is 
not more than 200-300 sec. The different evacua-

Large, single deck 
bus 

Double deck bus Evacua-
tion 

through Low 
deck 

High 
deck 

Lower 
deck 

Upper 
deck 

Small 
bus  

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

weak 

unusable 

- 

very weak

good 

very good

unusable 

very good 

weak 

unusable 

- 

very weak

good 

very good

unusable

very good 

weak 

- 

- 

very weak 

- 

- 

unusable 

very good 

- 

unusable 

- 

very weak 

good 

very good 

- 

very good 

good 

- 

good 

acceptable

- 

good 

unusable 

- 

Large, single deck bus Double deck bus Evacua-
tion 

through Low deck High deck Lower 
deck 

Upper 
deck 

Small bus 

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

unusable 

very weak 

- 

very weak 

good 

very good 

very weak 

very good 

unusable 

very weak 

- 

very weak 

good 

very good 

very weak 

 very good  

unusable 

- 

- 

very weak 

- 

- 

very weak 

 very good 

- 

very weak

- 

very weak

good 

very good 

- 

 very good

unusable 

- 

good 

acceptable

- 

good 

very weak

- 

Large, single 
deck bus 

Double deck bus Evacu
ation

throug
h 

Low 
deck 

High 
deck 

Lower 
deck 

Upper 
deck 

Small 
bus 

SD 

ED 

RD 

SW 

RW 

EH 

DD 

WS 

good 

good 

- 

good 

good 

unusable 

acceptable

very good 

good 

good 

- 

good 

good 

unusable 

acceptable

very good 

acceptable 

- 

- 

good 

- 

- 

acceptable 

- 

- 

good 

- 

good 

good 

unusable 

- 

very good 

very good

- 

good 

good 

unusable 

unusable 

weak 

- 
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tion tests showed that 45-48 passengers may leave 
the bus (when it is standing on its wheels, passen-
gers in normal position, no panic, no injured pas-
sengers, everybody knows what to do) 

- through one service door (very good usabil-
ity)    in 40-80 sec 

- through the emergency door (good usability) 
 in 60-210 sec 
- through one emergency window (acceptable 

usability) in 360-900 sec 
The proposed requirement for the minimum number 
and location of EE-s is the following: 

a) every separated passenger compartment in 
every essential bus position (standing on 
its wheel or on its roof, lying on its sides = 
4 positions) shall have: 

• up to 20 passengers min. 2 at least “ac-
ceptable” EE-s, among which 1 is 
“good” or “very good”  

• for 21-70 passengers min. 6, at least “ac-
ceptable” EE-s, among which min. 2 is 
“good” or “very good”  

• above 70 passengers, additionally two at 
least “acceptable” EE-s are required 

b) above the required number of “good” or 
“very good” EE-s, every extra “good” or 
“very good” one shall be considered as 
two “acceptable” EE-s. 

c) the staircase to the upper deck in DD vehi-
cles or the joint section between the two 
parts of articulated vehicles may be con-
nected as a “good” EE when the vehicle is 
standing on its wheels. 

As an example, let us check a 12 m long tourist 
coach with 53 passenger capacity and waistrail 
height above the road 1,7 m and above the seat-
floor 0,8 m. The coach has the following EE-s: 2 
service doors; 1 emergency door; 3 escape hatches; 
1 rear-wall emergency window; 2-2 side-wall 
emergency windows and 1 one windscreen. 
The required number of EE-s is: minimum 6 “ac-
ceptable” EE-s among which at least 2 are “good” 
or “very good” in every essential bus position. 
Checking these positions, the results are shown in 
Table 9.: 

Table 9. Evaluation of requirements 
 

Standing on the Lying on the  
EE-s 

wheels roof door side other side 

2 SD 
1 ED 
4 SW 
1 RW 
3 EH 
1 WS 

very good 
good 

acceptable 
acceptable 

- 
acceptable 

good 
good 
good 
good 

- 
very good 

- 
- 
- 

good 
very good 

good 

- 
- 
- 

good 
very good 

acceptable*
good or very good 
acceptable 

3 
6 

9 
2 

5 
- 

4 
1 

requirements met met met met 

*  the driver’s cab should be considered 

REMARKS 

It is interesting to underline that the role of the 
emergency side windows is underrated, because 
they cannot be used in two and half accident situa-
tions, (the half is standing on its wheels but having 
high waistrail position). The breakable emergency 
windows may be omitted in the future, because 
there usability is questionable. In the same time the 
windscreen has high importance, because it can be 
used in every position and in three cases its usabil-
ity is good or very good. (To equip the bus with a 
glass cutting device and skill the driver about its 
use is the required condition.)  

The EE-s of DD vehicles shall be studied in detail. 
The lower deck is in vulnerable position when the 
bus is lying on its sides and the upper deck when it 
is standing on its wheels. These problems shall be 
solved in the future. 

Finally one more interesting problem, which 
strongly belongs to the usability of EE-s. All EE-s 
shall be so designed and equipped with handles, 
handholds, grips and special devices which can help 
to the passengers in using the EE in all essential bus 
positions. The access to the EE-s in every position 
is also important, considering that the passengers 
could be in very difficult, strange position, when 
the bus is not standing on its wheels. [5] [6] 
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ABSTRACT 

According to the Traffic Safety Facts reports from 1999-
2003, an average of 40 fatalities and 18,430 injuries of bus 
occupants occurred per year.  The objectives of this 
research are to characterize the kinematics and injury 
mechanisms of bus passengers during typical frontal, side 
and rear impact conditions. Accident data from the traffic 
Safety Fact Reports, Buses Involved in Fatal Accidents 
Report and Transit Agency data were review to define 
typical crash scenarios. A detailed finite element model of 
a low floor transit bus was used to calculate the crash 
pulses at the passenger compartment for typical frontal, 
side and rear impact conditions. A series of sled tests with 
5th, 50th and 95th percentile occupants were conducted at 
NIAR’s Crash Dynamics Laboratory in order to study the 
occupant kinematics and to identify injury mechanisms to 
bus passengers. 

The results of this study show that the most common injury 
mechanisms to bus passengers are head (HIC) and neck 
injuries (neck extension, flexion and compression). These 
injuries are due to body-body contact between unrestrained 
passengers and/or body-to-seat structure contacts. 

 

INTRODUCTION 
 

According to the Standard Bus Procurement Guidelines 
[1], the passenger seating arrangements in mass transit 
buses shall be such that seating capacity is maximized and 
that it complies with the requirements defined in section 
5.4.5.1. As shown in figure 1 there are several possibilities 
for the arrangement of seats. Passenger seats can be 
arranged in a transverse, forward facing configuration or 
arranged in longitudinal rows facing the centerline of the 
bus (perimeter seating configuration). A limited number of 
rearward facing seats can be used with the expressed 
approval of the procurement agency. Also it is possible to 
have a combination of forward facing and perimeter 
seating arrangements. The Procuring agency recognizes 
that ramp location, foot room, hip-to-knee room, doorway 
type and width, seat construction, floor level type, seat 
spacing requirements, etc. ultimately affect seating 
capacity and layout. 

The objectives of this research are to characterize the 
kinematics and injury mechanisms of bus passengers 

during typical frontal, side and rear impact conditions. 
Accident data from the traffic Safety Fact Reports, Buses 
Involved in Fatal Accidents Report and Transit Agency 
data were review to define typical crash scenarios. A 
detailed finite element model of a low floor transit bus was 
used to calculate the crash pulses at the passenger 
compartment for typical frontal, side and rear impact 
conditions. A series of sled tests with 5th, 50th and 95th 
percentile occupants were conducted at NIAR’s Crash 
Dynamics Laboratory in order to study the occupant 
kinematics and to identify injury mechanisms to bus 
passengers. 

 

Figure 1. Typical Mass Transit Bus Seat Arrangement 

 

ACCIDENT DATABASES REVIEW 

This section presents a summary of statistics on bus 
crashes. Bus crash data was obtained from the Traffic 
Safety Facts report [2]-[3], years 1999-2003, and the Buses 
Involved in Fatal Accidents report [4]-[2], years 1999-
2001.This statistical review was performed to gain insight 
into the types of bus crash mechanisms that result in 
occupant injuries and fatalities. As documented in 
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Reference [2], there is not a standard for collecting crash 
data for mass transit buses. Furthermore, not all agencies 
collect crash data. Based on inquiries to transit agencies by  
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NIAR, the experiences of the authors in Reference [2] and 
the scope of this project, NIAR researchers made the 
decision to proceed with the available crash data in the 
Traffic Safety Facts Reports and the Buses Involved in 
Fatal Accidents (BIFA) reports. 

Traffic Safety Facts Report Bus Data  

The Traffic Safety Facts report is an annual compilation of 
motor vehicle crash data presented by the National 
Highway Traffic Safety Administration (NHTSA). Data 
from the Fatality Analysis Reporting System (FARS) and 
the National Automotive Sampling System General 
Estimates System (GES) is combined to create Traffic 
Safety Facts. The FARS database, established in 1975, 
records data from traffic crashes involving a fatality. The 
GES database, established in 1988, records data from a 
nationally representative sample of police reported crashes 
of all severities, including those that result in death, injury 
or property damage [2, 3]. 

In the Traffic Safety Reports, buses are defined as “Large 
motor vehicles used to carry more than ten passengers, 
including school buses, inter-city buses, and transit buses”. 
Data presented in the Traffic Safety Report is often 
grouped by crash severity, with the following categories: 
(1) Fatal Crash. A police-reported crash involving a motor 
vehicle in transport on a traffic way in which at least one 
person dies within 30 days of the crash. (2) Injury Crash. A 
police-reported crash that involves a motor vehicle in 
transport on a traffic way in which no one died but at least 
one person was reported to have: (i) an incapacitating 
injury; (ii) a visible but not incapacitating injury; (iii) a 
possible, not visible injury; or (iv) an injury of unknown 
severity. The following is a summary of the vehicle data [2, 
3]: 

- Sixty four percent of bus crashes involving fatalities 
result from a frontal initial point of impact. Rear impacts 
account for 16% and side impacts account for 14%. 

- The initial point of impact in bus crashes involving 
injuries is evenly distributed, with frontal accounting for 
37%, side for 36% and rear for 25%. 

- Rollover occurs in less than 3.1% of buses involved in 
crashes with fatalities, and 0.1% of buses involved in 
crashes with injuries. 

- Fire occurs in less than 0.3% of buses involved in crashes 
with fatalities, and less than 0.05% of buses involved in 
crashes with injuries. 

- Thirty eight percent of buses involved in fatal accidents 
are School Buses, 36% Transit Buses, 11% other, 9% 
Intercity, and 6% is unknown. 

The following is a summary of the occupant data: 

- An average of 40 bus occupants per year were killed and 
18,430 injured from 1999-2003. 

- Forty seven percent male and 53% female were killed. 
51% male and 49% female were injured. 

- School age occupants, ages 5-20, account for 24% of bus 
occupants killed. 

- Occupants over the age of 55 years account for 43% of 
bus occupants killed. 

- Sixty eight percent of bus occupant injuries occur during 
two vehicle crashes. 

- Sixty one percent of bus occupant fatalities result from 
frontal crashes, 17% from side crashes and 9% from rear 
crashes. 

- Thirty percent of bus occupant injuries result from side 
crashes, 33% from frontal crashes and 30% from rear 
crashes. 

- Twenty eight percent of bus occupant fatalities result 
from occupant ejection, 53% from non-ejected fatal 
impacts and 19% were unknown. 

- An average of 49 pedestrians and 9 pedal-cyclists per 
year are killed in crashes with buses. 

- Forty percent of bus occupant injuries result from school 
bus crashes, 24% from intercity bus crashes and 23% from 
transit bus crashes. 

- Thirty percent of bus occupant fatalities result from 
intercity bus crashes, 24% from school bus crashes and 
14% from transit bus crashes. 

- An average of 11 bus occupants per year are killed in two 
vehicle crashes while 162 occupants per year of other 
vehicles are killed.(102 occupants in passenger cars, 49 in 
light trucks 9 in motorcycles, 2 in large trucks). 

 - An average of 12,000 bus occupants per year is injured 
in two vehicle crashes while 8,800 occupants per year of 
other vehicles are injured. (6,000 in passenger cars and 
2,800 in light trucks). 

 
Figure 2. Bus Occupants Killed, by Initial Point of 
Impact, 1999-2003. 
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Figure 3. Bus Occupants Injured, by Initial Point of 
Impact, 1999-2003. 

Buses Involved in Fatal Accident (BIFA) Report Data  

The Buses Involved in Fatal Accidents (BIFA) report 
presents aggregate statistics for buses involved in traffic 
accidents, compiled by the University of Michigan 
Transportation Research Institute (UMTRI). The BIFA 
database is a census of all buses involved in a fatal 
accident in the United States, and provides coverage of 
buses recorded in the Fatality Analysis Reporting System 
(FARS) file. BIFA combines vehicle, accident, and 
occupant records from FARS with information about the 
physical configuration and operating authority of the bus 
from the BIFA survey. Modeled after UMTRI’s Trucks 
Involved in Fatal Accidents (TIFA) program, the BIFA 
survey collects detailed information on all buses involved 
in all fatal traffic accidents. Buses are defined as motor 
vehicles with seating for nine or more, including the driver, 
that are not operated as personal transportation, and all 
motor vehicles with seating for 16 or more. The BIFA file 
is produced annually, beginning with the 1999 data year, 
from a survey of bus records extracted from the FARS file, 
compiled by the National Center for Statistics and Analysis 
at the National Highway Traffic Safety Administration [2, 
4]. 

Accident, vehicle, and driver records that appear to involve 
a bus are selected from the FARS file. Police reports for 
each accident represented are requested from the 
appropriate states. The BIFA file is a census file, meaning 
there is one record for each bus involved in a fatal 
accident. The data presented in BIFA reports includes all 
bus type involvements. The data summarized in this paper 
is focused on transit bus involvements only. Involvements; 
counts of the buses involved in a fatal accident. Fatalities; 
counts of fatalities of occupants of bus and/or other vehicle 
involved. Transit; an entity providing passenger 

transportation over fixed, scheduled routes, within 
primarily urban geographical areas [2, 4]. 

 

The following is a summary of the BIFA report trends for 
transit buses for the period from 1999 to 2001: 

- An average of 111 transit buses is involved in a fatal 
traffic accident each year. 

- A total of 246 fatalities resulted from transit bus 
involvements from 1999-2000. 43% of the fatalities were 
drivers of other vehicles, 37% were pedestrians, and 13% 
percent were passengers of other vehicles. 

- About 50% of fatal transit bus involvements occur during 
rush hour, from 6:00 to 9:59 a.m. and from 3:00 to 6:59 
p.m. 

- Eighty percent of transit bus fatal involvements occur 
during the work week. The lowest percentages of 
involvements, 7.8%, occur on Sunday. 

- Eighty eight percent of fatal transit bus involvements 
occurred in urban environments. 

- Sixty two percent of fatal transit bus involvements occur 
in daylight, 29% in dark but lighted conditions. 

- Eighty two percent of fatal transit bus involvements occur 
on dry roadway surface conditions. 

- Eighty nine percent of fatal involvements occur under 
“normal” weather conditions (i.e. no rain, snow, fog, or 
other adverse condition). 

- Fifty eight percent of fatal transit bus involvements occur 
on local streets (township or municipality), 15% on state 
highways, and 8% on county roads. 

- Fifty five percent of fatal transit bus involvements occur 
on 2 travel lanes. 

- Sixty three percent of fatal transit bus involvements 
occurred between 25-35 mph. 

- Ninety nine percent of single vehicle fatal transit bus 
involvements hit an object in the road. 

- Eighty two percent of two vehicle fatal transit bus 
involvements on the same traffic-way, same direction 
resulted from a rear-end, bus struck. 

- Eighty eight percent of two vehicle fatal transit bus 
involvements on the same traffic-way, different direction 
resulted from a head-on collision in the buses lane. 

- Seventy seven percent of two vehicle fatal transit bus 
involvements on intersecting paths, both going straight 
resulted from the bus crashing into the side of the other 
vehicle. 

- Fifty two percent of fatal transit bus by first harmful 
event, collision with non-fixed object, occurred with a 



 

Olivares 5 

motor vehicle in transport, 41% with other type non-
motorist. 

- Sixty eight percent of the fatal transit bus involvements 
by vehicle role in accident occurred from the vehicle 
striking the bus. 
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- Shorter, heavy-duty, transit buses accounted for 73% of 
fatal transit bus involvements. 

- Buses accounted for 99% of fatal transit bus 
involvements. 

- Low platform buses accounted for 65% of fatal transit 
bus involvements. 

- Flat from buses accounted for 96% of fatal transit bus 
involvements. 

- Thirty to forty foot buses accounted for 61% of fatal 
transit bus involvements. 

- Buses with 25,001-30,000 lb. empty weights accounted 
for 70% of fatal transit bus involvements. 

- Buses with gross weight greater than 33,001 lb accounted 
for 62% of fatal transit bus involvements. 

- Eighty nine percent of fatal transit bus involvements were 
from buses with 2 axles. 

- Fifty five percent of fatal transit bus involvements 
occurred in buses with a passenger seating capacity of 36-
45, excluding the driver. 

- Eighty eight percent of fatal transit bus involvements 
occurred in buses with no passenger restraints available, 
excluding the driver. 

- Eighty four percent of fatal transit bus involvements 
occurred on local trips. 

- For the most harmful event, collision with non-fixed 
object, of fatal transit bus involvements, 53% were with a 
vehicle in transport and 41% with a pedestrian. 

Nearly two-thirds of bus occupant injuries occur during 
two vehicle crashes. The crash types are evenly distributed 
between side, frontal and rear. An average of 12,000 bus 
occupants per year are injured in two vehicle crashes while 
8,800 occupants per year of other vehicles are injured. 
(6,000 in passenger cars and 2,800 in light trucks). 

The majority of fatal crashes involving buses result from 
frontal crashes. Half of bus fatalities occur during either 
morning or evening rush hour. An average of 11 bus 
occupants per year is killed in two vehicle crashes while 
162 occupants per year of other vehicles are killed. Transit 
bus crashes account for 14% of all bus occupant fatalities. 
The majority of transit bus fatalities occur during the work 
week, in urban environments, on dry roadway surfaces 
under normal weather conditions. Over half of fatal transit 
bus involvements occur on roadways with posted speed 
limits of 25-35 mph. Shorter, heavy-duty, low-floor transit 
buses account for the majority of fatal transit bus 
involvements. Most fatal transit bus involvements occurred 
on buses with 2 axles. Half of fatal transit bus 
involvements occurred on buses with a passenger seating 
capacity of 36-45 seats, excluding the driver. The majority 
of fatal transit bus involvements occurred in buses with no 

passenger restraints available, excluding the driver seat. An 
average of 49 pedestrians and 9 pedal-cyclists per year are 
killed in crashes with buses. 

Based on the data reviewed, a typical transit bus accident 
occurred: 

- in the afternoon, primarily during evening rush hour. 

- under clear weather conditions 

- on dry roadways 

- in connection with another moving motor vehicle 

- involving a rear-end or angle impact 

- while the bus was either stopped or operating at a slow 
speed 

CURRENT SEAT DESIGN STANDARDS  

The passenger seat frame and its supporting structure shall 
be constructed and mounted so that space under the seat is 
maximized to increase wheelchair maneuvering room and 
is completely free of obstructions to facilitate cleaning [1].  
The transverse seat structure shall be fully cantilevered 
from the sidewall with sufficient strength for the intended 
service.  The lowest part of the seat assembly that is within 
12 inches of the aisle shall be at least 10 inches above the 
floor.  Foldaway or flip seats used in wheelchair 
securement areas, as well as, transverse seats mounted in 
locations at which cantilevered installation is precluded by 
design and/or structure, need not be cantilevered. The 
underside of the seat and the sidewall shall be configured 
to prevent debris accumulation and the transition from the 
seat underside to the bus sidewall to the floor cove radius 
shall be smooth.  All transverse objects, including seat 
backs, modesty panels, and longitudinal seats, in front of 
forward facing seats shall not impart a compressive load in 
excess of 1,000 pounds onto the femur of passengers 
ranging in size from a 5th-percentile female to a 95th-
percentile male during a 10g deceleration of the bus.  This 
deceleration shall peak at .05 + .015 seconds from 
initiation.  Permanent deformation of the seat resulting 
from two 95th-percentile males striking the seat back 
during this 10g deceleration shall not exceed 2 inches, 
measured at the aisle side of the seat frame at height H.  
Seat back should not deflect more than 14 inches, 
measured at the top of the seat back, in a controlled 
manner to minimize passenger injury.  Structural failure of 
any part of the seat or sidewall shall not introduce a 
laceration hazard [1]. 

The back of each transverse seat shall incorporate a 
handhold no less than 7/8 inch in diameter for standees and 
seat access/egress.  The handhold shall not be a safety 
hazard during severe decelerations.  The handhold shall 
extend above the seat back near the aisle so that standees 
shall have a convenient vertical assist, no less than 4 inches 
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long that may be grasped with the full hand.  This handhold 
shall not cause a standee using this assist to interfere with a  
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seated 50th-percentile male passenger.  The handhold shall 
also be usable by a 5th-percentile female, as well as by 
larger passengers, to assist with seat access/egress for 
either transverse seating position.  The upper rear portion 
of the seat back and the seat back handhold immediately 
forward of transverse seats shall be padded and/or 
constructed of energy absorbing materials.  During a 10g 
deceleration of the bus, the HIC number (as defined by 
SAE Standard J211a) shall not exceed 400 for passengers 
ranging in size from a 5th percentile female through a 95th 
percentile male. The seat back handhold may be deleted 
from seats that do not have another transverse seat directly 
behind and where vertical assist is provided in accordance 
with Section 5.4.5.2 [1].  Armrests shall not be included in 
the design of transverse seats. Longitudinal seats shall be 
the same general design as transverse seats but without seat 
back handholds.  Longitudinal seats may be mounted on 
the wheelhouses.  Armrests shall be included on the ends 
of each set of longitudinal seats except on the forward end 
of a seat set that is immediately to the rear of a transverse 
seat, the operator's barrier, or a modesty panel and these 
fixtures perform the function of restraining passengers 
from sliding forward off the seat.  Armrests are not 
required on longitudinal seats located in the wheelchair 
parking area that fold up when the armrest on the adjacent 
fixed longitudinal seat is within 1-1/2 to 3-1/2 inches of the 
end of the seat cushion.  Armrests shall be located from 7 
to 9 inches above the seat cushion surface.  The area 
between the armrest and the seat cushion shall be closed by 
a barrier or panel [1].   

 

FRONTAL IMPACT INJURY MECHANISMS 

A series of sled tests; as shown in figure 4;  for a typical 
frontal crash were conducted for occupant sizes ranging 
from the 5th to the 95th percentile ATDs.  

 
Figure 4. Frontal Sled Test Setup. 

The objectives of these tests were to study the passenger 
kinematics and injury mechanisms for typical seat-to-seat 
and seat-to-divider layout configurations (see figure 6). 
Due to the number of tests conducted it was also possible 
to study the test-to-test variability of the occupant 
kinematics and injury mechanisms for the 50th and 95th 
percentile ATDs. The crash pulse for these tests was 
obtained from a previous structural analysis of typical 
frontal crashes [6]. Figure 5 shows the frontal crash 
configuration; a 30 mph head on collision between a low 
floor transit bus and a Dodge Caravan; and the pulse at the 
bus passenger compartment used for the testing. 

 

 

 
Figure 5. Crash Condition 30 mph Bus – 30 mph DC 
Head-on Collision 100% Overlap. 

 
Figure 6. Seat-to-Seat Configuration (left), and Seat-to-
Divider Configuration (right). 
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As shown in the figures 7, 8, and 9 bellow; the most 
common types of injury mechanisms for passengers seated 
in a Seat-to-Seat configuration are Neck Flexion or 
Extension. These injuries are due to the combination of the 
passengers being unrestrained and the low back seat 
designs. As shown in figures 7 and 10 even for the same 
ATD size (95th and 50th percentile in these cases) and 
similar setup configuration the severity of the neck flexion 
varies with the different seatback/head interactions; in the 
case shown in the left of figure 10 the neck of the ATD hits 
the seatback handle while for the second test the chin of 
the ATD hits the seatback handle. In order to reduce the 
severity of the injuries the design of the seatbacks needs to 
be improved by applying compartmentalization principles. 

 

 
 

Figure 7. Sample Upper Neck Channel 50th percentile 
ATD Seat-to-Seat Configuration Frontal Sled Test 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Seat 
Configuration (5th, 50th and 95th percentile ATDs). 

 

 

 

 
 

Figure 9. Example FE simulation results (5th, 50th and 
95th percentile ATD) Frontal Impact Seat-to-Seat. 

 
Figure 10. 95th Percentile Seat-to-Seat Configuration 

Frontal Sled Tests. 
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Figure 11. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Seat 
Configuration (Repeatability 95th percentile ATDs). 

 

 
Figure 12. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Divider 
Configuration (50th and 95th percentile ATDs). 

 

 

 

 

 

 

 

 

 

 

Figure 13. Bus to DC 30 mph Head-on Frontal Impact, 
FMVSS 208 Normalized Injury Values, Seat-to-Divider 
Configuration (Repeatability 95th percentile ATDs). 

 

  
Figure 14. 95th Percentile Seat-to-Divider 

Configuration Frontal Sled Tests 

As shown in figures 12 through 14 the normalized injury 
values for the Seat-to-Divider configuration are well bellow 
forty percent of FMVSS 208 values for both the 50 and the 
95th percentile ATD. 

 

SIDE IMPACT INJURY MECHANISMS 

A series of side impact sled tests for the crash condition 
shown in figure 15 were conducted for occupant sizes 
ranging from the 5th to the 95th percentile ATDs.  

 

 
Figure 15. Crash Condition 0 mph Bus – 25 mph F800 
Side Impact 90 degrees.  
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Figure 16. 5th percentile Neck Compression Injury 
Mechanism, due to Head-to-Head Contact. 

 

 
Figure 17. 95th percentile Femur Compression Injury 
Mechanism, due to Head-to-Head Contact. 

 

 

 

 
Figure 18. 50th percentile Neck Extension Injury 
Mechanism, due to Head-to-Head Contact. 

 

The most common injury mechanisms for passengers 
seated on side facing seats during sided impact conditions 
are; head and neck injuries due to head-to-head or head-to-
body contacts (see figures 16, and 18) and femur 
compression due to femur-seat contacts (see figures 18 and 
19). 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Bus 0 mph Bus – 25 mph F800 Side Impact 
90 degrees (Repeatability 95th percentile ATDs). 
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REAR IMPACT INJURY MECHANISMS 

A series of sled tests for rear impact configuration were 
conducted for occupant sizes ranging from the 5th to the 
95th percentile ATDs.  

 

 

 
Figure 20. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact 

 

 
Figure 21. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact 

As shown in figures 24 the most common injury 
mechanism for occupants of all sizes (5th, 50th and 95th 
percentile) is neck extension. This injury mechanism is due 
to the low back seat designs and the rearward rotational 
stiffness of seatbacks. Current ongoing research at NIAR 
with modified high seat back designs has shown that the 
neck flexion moment can be significantly reduced to levels 
within FMVSS 208 due care values. 

 

 

 
Figure 22. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact (5th, 50th and 95th percentile Passenger 
Kinematics). 
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Figure 23. Crash Condition 20 mph Bus – 0 mph Bus 
Rear Impact (5th, 50th and 95th percentile Passenger 
Kinematics). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Bus 20 mph to Bus 0 Rear Impact 
Normalized Injury Values (5th, 50th and 95th percentile 
ATDs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Bus 20 mph to Bus 0 Rear Impact 
Normalized Injury Values (Repeatability 50th percentile 
ATDs). 

 

CONCLUSION 

Buses are one of the safest forms of transportation. 
Nonetheless, bus crashes resulting in occupant injuries and 
fatalities do occur. According to the Traffic Safety Facts 
reports from 1999-2003, an average of 40 fatalities and 
18,430 injuries of bus occupants occurred per year.  The 
objectives of this research are to characterize the 
kinematics and injury mechanisms of bus passengers 
during typical frontal, side and rear impact conditions. 
Accident data from the traffic Safety Fact Reports, Buses 
Involved in Fatal Accidents Report and Transit Agency 
data were review to define typical crash scenarios. A 
detailed finite element model of a low floor transit bus was 
used to calculate the crash pulses at the passenger 
compartment for typical frontal, side and rear impact 
conditions. A series of sled tests with 5th, 50th and 95th 
percentile occupants were conducted at NIAR’s Crash 
Dynamics Laboratory in order to study the occupant 
kinematics and to identify injury mechanisms to bus 
passengers. 
 

The results of this study show that the most common injury 
mechanisms to bus passengers are head (HIC) and neck 
injury (neck extension, flexion and compression) 
mechanisms. The causes of these injury mechanisms are 
the following: 

- For frontal impact conditions are due to head-seat 
back contacts. It should be noted that with current 
seatback designs it is difficult to maintain a 
consistent injury level, the interaction of the 



 

Olivares 14 

unbelted passenger with the seat yields either neck 
flexion or extension issues depending on the  
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- contact area. A compartmentalization approach 
should be used in order to provide head compliant 
surfaces for a wide range of passenger sizes. 

- For passengers seated in side facing seats the most 
common injury mechanisms are head-neck 
injuries due to body-body contact and femur 
compression due to the passenger contact with 
seats across de aisle. These injuries could be 
improved if forward facing seats are used instead 
of side-facing configurations 

- For rear impact conditions the most common 
injury type is neck extension. This injury 
mechanism is due to the low back seat designs and 
the rearward rotational stiffness of seatbacks. 
Current ongoing research at NIAR with modified 
high seat back designs has shown that the neck 
flexion moment can be significantly reduced to 
levels within FMVSS 208 due care values. 
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ABSTRACT. 
Rows seats distance is a key parameter for the 
comfort on coaches. This distance it is also 
important for the passenger safety and also for 
example to extend the use of rearward facing CRS 
in a safer way. This study analyses what could be 
the minimum distance (based on comfort from 
volunteer) and how this comfort distance is 
affecting the passengers level of protection in R80 
frontal impact with respect the minimum distance 
requested in current Regulations R36/R107. 
Volunteer testing have been performed to obtain 
the comfort sitting positions for coach seats 
geometry. Also CAE software has been used to 
determine minimum row seats comfort distance 
for a wider sample of seats geometry. In later 
phase, R80 sleds tests with two and four Hybrid-
III dummies and with two types of seats (2-point 
and 3-point safety belts) have been performed, to 
asses the level of protection of the passengers in 
frontal impact at the current R36/R107 row seats 
distance and with the proposed one. 
 
This study present a recommendation for a 
minimum row seat distance to guarantee 
passengers comfort and how this distance is 
affecting the passengers safety in frontal impact 
with the injury assessment criteria of both R80 
and R94 for the Hybrid-III dummy. With 3-point 
safety belts seats, the increment on the row seat 
distance is beneficial for the passengers safety, 
except when they are unbelted and if the design of 
the seat is maintained. With 2-point safety belts 
seats, the level of protection is similar for both 
distances. The R94 neck injury criteria and tibia 
displacement are over exceed even with the lower 
R80 impact speed (55 kph vs 30 kph). This study 
shows the status of coaches frontal impact 
protection levels after the 2003/20/CE Directive 

has been made compulsory the use of the safety 
belts in coaches even in the city and road travels. 

INTRODUCTION - OBJECTIVES. 
Nowadays, the coaches seat spacing is established 
in the UNECE regulations to a minimum of 680 
mm for the class II and III vehicles. The tendency 
in the market is to maintain this distance at 
minimum level in order to increased the number 
of available passengers seats in the vehicles. 
Garcia and Quintana-Domeque (2007) have shows 
the secular growth of the height in the population 
of 10 European countries during last decades. This 
growth in the height has conducted to a situation 
that during last years largest number of passenger 
can feel uncomfortable in the coaches travels. 
When the seat spacing is compared with the train 
seat spacing the coaches are in worst situation. It 
could be important to maintain a high level of 
satisfaction in the coaches transportation in order 
to not start a decreasing tendency in the use of this 
transport method in the population. 
 
The ergonomics study conducted have been 
oriented to obtain a reliable minimum seat spacing 
that could be evaluated as comfortable for a large 
sample of the population, including the tallest and 
shortest ones. 
 
As seat spacing is influencing the passenger safety 
in frontal impact, the new proposed seat spacing 
distance has been evaluated in terms of passenger 
safety. This evaluation have been performed for 
the two seat spacing distances, the actual and the 
recommended one from the ergonomics study.  
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METHODS. 
ERGONOMIC STUDY. 
To analyze the position of comfort in coach seats, 
measurements were made with volunteers. The 
selection of volunteers is done with the aim of 
having the following percentiles of the population: 
5th female, 50th male and 95th male. To determine 
the comfort position of each percentile on a coach 
seat we follow the recommendations found in the 
literature and also through tests conducted with 
volunteers on a seat selected mounting on a 
platform. Output form these volunteers have been 
used to obtain the minimum distance between 
seats in the module test and the maximum angle of 
inclination of front back until volunteer leg 
contact. These parameters measured in the 
laboratory have been used to perform an analysis 
with the selected software ergonomics 
(CATIAv5). 
In a latter process, different parameters have been 
considered to extend the evaluation of comfort to 
a wider sample of seats coaches using the CAD 
software, these are: 

• Seat back dimensions and angle. 
• Sitting angles. 
• Armrest. 
• Height, deep, wide and surface of the 

cushion. 
• H point height (closely to popliteus 

muscle). 
• Free space for lower legs. 

 

CAE analysis Measurements

Coach seat 
prototype platform

Coach seat 
prototype platform

VolunteersVolunteers

 
Figure 1. Ergonomic study methodology. 

 
 

SAFETY STUDY. 
For the safety study there were conducted a total 
of 12 sled tests. These tests have been performed 
as specified by the ECE R80 (i.e. 30-32 kph with 
a mean deceleration between 6.5 – 8.5 g). Six tests 
were performed at a short distance (the minimum 
distance required by the ECE R36 - 680 mm) and 
the others to a greater distance (obtained through 
the ergonomic study). It has also tested different 
configurations (restraint systems and seat 
occupancy). Both seat belts with 2 points and 
three points have been tested. Three scenarios- 
configurations have been identified to perform the 
tests (two of them taken from the ECE R80), these 
settings are: 

• Setup 1: Safety belts fastened (two rows 
of seats with four dummies). Objective: 
asses rear passengers safety when 
forward seat if loaded/deformed by its 
own passengers. This is considered the 
most realistic configuration. 

• Setup 2: No belts fastened (from ECE 
R80 – Test 1). Objective: asses form seat 
restraint performance. 

• Setup 3: Safety belts fastened (from ECE 
R80 – Test 2). Objective: asses 
passengers impact against a free front 
seat. 

As shown above, the latter two configurations 
correspond to regulatory tests (ECE R80), while 
the first configuration corresponds to a real 
situation. 

DistanceSeat
Belt

XXxErgonomic

XXXErgonomic
680 mm

680 mm

XXX
3P

XXX
2P

Setup 3Setup 2Setup 1

DistanceSeat
Belt

XXxErgonomic

XXXErgonomic
680 mm

680 mm

XXX
3P

XXX
2P

Setup 3Setup 2Setup 1

 
Figure 2. Sled tests setup configuration. 

Each sled test was conducted with two high speed 
cameras (one on each side) with a sampling rate of 
1000 fps. In addition, the contacts in the back of 
the seats have been checked (using the same 
colour code as in EuroNCAP frontal impact). 



  Martínez L. 3

 
Figure 3. Colour codes for checking the 

contacts. 

This methodology allows for a comparative 
analysis between the different distances between 
seats tested (main objective of the study), different 
scenarios selected (for the same restraint system 
and distance) and the different safety belts 
configuration (for the same scenario and distance). 
Below is the nomenclature used in the tests, in 
order to clarify the different images or graphs 
shown later. 

787-3P-02

787 or 737: the different row step distance between seats.

• 787 correspond with the ergonomic row step distance

• 737 correspond with the minimum row step distance 
(required by ECE R36)

2P or 3P: typology of the safety belts

01, 02, 03: Test setup

01- Four belted dummies

02- Two unbelted dummies

03- Two belted dummies 

 
Figure 4. Nomenclature used in the sled tests. 

To analyze the results, four Hybrid III 50th male 
dummies have been used with the following 
instrumentation: 

Dummy part Instrumentation Direction Dummy
Head 3 axis accelerometer Ax Ay Az LD / RD

Fx Fy Fz - / RD
Mx My Mz - / RD

3 axis accelerometer Ax Ay Az LD / RD
Displacement Dx LD / RD

Pelvis 3 one axis accelerometer Ax Ay Az LD / RD
Right femur Load cell Fz LD / RD
Left Femur Load cell Fz LD / RD

Right tibia upper Displacement Dx LD / RD
Left tibia upper Displacement Dx LD / RD

Dummy Hybrid III 50th

LD = Right dummy. RD = Left dummy

Neck Upper neck load cell

Thorax

 
Figure 5. Instrumentation used in the sled tests. 

The degree of safety of the seats has been checked 
after running the tests. This would have taken the 

criteria of ECE R80. Since the ECE R80 have a 
shorter injury criteria assessment than a more 
recent ones regulations, it was decided to 
increment the aim of the study introducing the 
criteria imposed by ECE R94. Below, there is a 
table with the analysed requirements: 

Reglamentation
ECE R80
ECE R94

Axial force ECE R94
Shear force ECE R94
Extension moment ECE R94

ECE R94
ECE R80
ECE R94
ECE R80
ECE R94

Criterion
Head injury criterian (HIC36ms)

Thorax resultant acceleration

Femur compression force

Head resultant acceleration (3ms)

Viscous criterion (V*C)

Thorax compression criterion (ThCC)

Movement of the sliding knee joints

Neck injury criteria (NIC)

Head

Neck

Thorax

Leg  
Figure 6. Injury criteria analysed. 

RESULTS. 
ERGOMOMIC STUDY. 
For the ergonomic study has been used a total of 
nine volunteers (three for each percentile). To 
check if the sample is representative, it have been 
taken some external measurements for each of the 
percentiles in a 90 degrees backrest chair. The 
following figure shows the dimensions taken of 
the volunteers: 
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10
119

* Forearm dimension

5

6
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4

7

8*

10
119

* Forearm dimension  

1 2 3 4 5 6 7 8 9
1 804 840 775 888 918 903 952 974 918
2 560 595 520 650 648 640 670 700 670
3 235 245 200 250 240 220 235 270 235
4 415 405 410 440 460 490 500 510 510
5 369 363 384 439 444 450 456 425 471
6 363 379 359 333 355 365 396 384 427
7 121 125 112 160 137 145 135 140 155
8 230 240 230 290 310 290 300 295 310
9 445 450 445 515 525 540 560 560 550

10 460 468 466 530 560 505 545 567 564
11 550 580 565 635 665 640 655 685 701
A 1530 1570 1500 1760 1800 1770 1840 1910 1850
B 48 55 50 80 88 80 80 83 95

Group 2:
50th Male

Group 3:
95th Male

A: Total height. B: Total mass (kg).
Dimenssions in "mm".

Group 1:
5th Female

 
Figure 7. Volunteer measurements. 

Once the general measures for each volunteer is 
done, the volunteer was sited in a real seat coach 
(unaccompanied) and remains for at least 20 
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minutes. When the volunteer is comfortable 
enough, a number of representative points are 
taken in order to obtain a stickman of the 
volunteer. These points are taken from Appendix 
K of UMTRI report. Each measuring point was 
taken with a three-dimensional measuring 
machine (FARO-Arm®). Below there is an 
example of the measurement points taken as 
reference (Figure 8) and the measurement of a 
volunteer about his seat (Figure 9). 

 
Figure 8. Reference points. 

  
Figure 9. Example of the measurements taken. 

Once the volunteers got their position of comfort 
and measurements made with the FARO-Arm®, 
the forward seat was moved until the volunteer 
ceases to be in a comfortable position 
(measurement the step between rows of seats). 
With this distance between seats, the backrest (of 
the front seat) was reclined until the volunteer got 
another uncomfortable position. The measures of 
the step between seats and the back tilt are shown 
below: 

Distance L (mm) Distance H (mm)
Volunteer 1 780 723
Volunteer 2 825 768
Volunteer 3 770 713
Volunteer 4 680 623
Volunteer 5 740 687
Volunteer 6 785 728
Volunteer 7 670 613
Volunteer 8 635 578
Volunteer 9 605 548

Group 1
5th Female

Group 2
50th Male

Group 3
95th Male  

Figure 10. Distance L: step of rows. Distance H: 
internal distance between backseats. 

Angle α (º) Contact
Volunteer 1 60.5 Rear seatback tray
Volunteer 2 55.5 Seatback
Volunteer 3 57.0 Seatback
Volunteer 4 69.6 Seatback
Volunteer 5 58.7 Seatback
Volunteer 6 54.7* Maximum reclined
Volunteer 7 54.7* Maximum reclined
Volunteer 8 68 Upright position
Volunteer 9 58.1 Seatback

Group 2
50th Male

Group 3
95th Male

Group 1
5th Female

 
Figure 11. Seatback angles. 

Two types of ergonomic position were obtained 
for each group percentile representing by the 
volunteers selected. One more upright (back 
support on the backrest of the seat), while the 
other is lying stretching the legs. These 
measurements can be seen in Figure 9.  
In the literature, there were no comfort parameters 
for coach passengers, perhaps the closest comfort 
position is the driving position in coaches. This 
ergonomic position is defined in Figure 12. The 
five angles defined along with anthropometric 
measurements taken (see Figure 7) uniquely 
define the volunteer. 

 
Figure 12. Position of comfort for coach drivers 

(Kraus - 2003 ) 
In the case of the angles defined in the legs (back - 
femur / femur - tibia) the average of the two 
angles has been taken. These angles can be seen in 
the figure below. 

Tibia - 
Foot

Femur - 
Tibia

Back - 
Femur

Back - 
Neck

Back - 
Vertical

A B C D D'
Volunteer 1 102 122 137 159 26
Volunteer 2 70 84 122 167 18
Volunteer 3 91 104 126 160 23
Volunteer 4 85 92 114 159 18
Volunteer 5 83 85 115 170 25
Volunteer 6 118 127 120 154 20
Volunteer 7 91 87 105 149 20
Volunteer 8 109 111 113 162 20
Volunteer 9 88 91 113 154 20

Group 1
5th Female

Group 2
50th Male

Group 3
95th Male  
Figure 13. Angles of the comfortable position. 
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Figure 14. Measurements taken from the volunteers. 

 
Comparing the angles measured in the volunteers 
with those defined as angles of comfort it is 
obtained that: 

• The values of the ‘A’ angle (tibia to foot) 
is located between 70º and 118º, but the 
largest number of respondents is around 
the 85-90º. This range is higher than the 

reference, however, this is because the 
volunteers support the foot in a 
horizontal plane, while the reference is 
set for a driver that support their foot on 
a pedal. 

• The ‘B’ (femur to tibia) values are 
between 84º and 127º. Here the two 
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trends mentioned above are shown. The 
more upright position obtained ‘B’ angle 
values of 84-92º, while the reclining 
position is at values around 105º to 125º 
(similar to the reference position). 

• The ‘C’ (back to femur) values lie 
between 105 and 137º. It is noted that for 
the smallest volunteers (5th female) got 
angles much greater than in other 
volunteers. This is caused by the height 
of the chair, in which the small 
volunteers were able to recline their back 
in order to rest their foot on floor. For 
other volunteers, got values between 105º 
to 120º, close to the reference. 

• The ‘D’ (back to neck) values are 
between 149º and 170º. Only one 
volunteer is outside the reference range 
(155º-175º), by 6º. 

These data have been entered into the ergonomic 
module of CATIAv5. Since it has been proven 
that there are two tendencies in the positions for 
each percentile, these two positions were analysed 
through the ergonomics module. Finally a total of 
6 models were necessary to study (two positions 
for each of the percentiles). 
 Position 1 Position 2 
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Figure 15. Different models analysed. 

Once obtained the various percentiles, it is 
necessary to incorporate into the ergonomic model 
different seats for a larger and reliable study. First, 
the volunteers seat tested were taken as a 
reference and incorporate into the model, then 
through a market study (25 real seats were 
measurement), the maximum and minimum 
dimensions of the seats had been obtained. These 
measurements are shown bellow: 

Seat test Maximum Minimum

Total heigh (mm) 1128 1044 1153

Seatback angle (º) 22 18 25

H point (mm) 503 470 520

Length pad (mm) 468 430 490

Seat/pad heigh (mm) 465 425 495  
Figure 16. Seat dimensions. 

Once entered into the model the percentile, their 
comfort position and the seats, a simulation matrix 
is defined in order to perform different virtual 
checks. The distance between seats and backrest 
inclination were varied into the model. Figure 17 
shows the matrix of the performed simulations. 

5th
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m
al

e

50
th
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al

e

95
th
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al

e

Seat test X X X

Maximum X X X

Minimum X X X

Seat test X X X

Maximum X X X

Minimum X X X

X X X

Upright 
position of 
seatbacks

Reclined of 
the front 
seatback

Reclined of both seatbacks  
Figure 17. Simulation matrix. 
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SAFETY STUDY. 
A total of 12 sled tests were being performed as 
described above. Six of these tests have been 
conducted with the minimum distance between 
seats required by regulation (680 mm) which 
corresponds with a passage between seats of 737 
mm. The other six tests were performed with the 
ergonomic distance (mentioned later in this 
article), which corresponds to a distance between 
seats of 730 mm (for the tested seat it was a row 
step distance of 787 mm). 
Each of the registered signals have been filtered 
according to the requirements imposed by 
regulation (ECE R80, ECE R94 or SAE J211, 
depending on the criterion to be evaluated). For 
the analysis of results, the most important data of 
each test have been taken into account, and the 
signs that do not coincide with the direction of 
impact were not taken into account. The following 
figure shows the signals that have been taken for 
analysis: 

Body part Signal
Head Resultant head acceleration

Upper neck force X (+)
Upper neck force Z (Tension)

Upper neck moment Y (Extension)
Resultant thorax acceleration

Thorax deflection
Pelvis Resultant pelvis acceleration

Right femur force Z (Compression)
Left femur force Z (Compression)

Right knee slider
Left knee slider

Neck

Thorax

Femur

Knee
 

Figure 18. Signals used for the result analysis. 
Below is shown a comparison of each of the 
scenarios tested (shown in Figure 2) with equal 
restraint system and varying the row step distance. 
A comparison of the kinematics of the tests (at 0, 
50, 100 and 150 ms after the start of the test) and 
the maximum values of recorded signals were 
done. 
Setup 1 – 3 point seat belt. 
The sequence of images shows that the rear ones 
dummies do not impact with the head against the 
back seat (regardless of distance). This fact is due 
to the deformation of the seat back caused by the 
front dummies through the third point of the 
safety belt. In both distances, the knees impact 
against the front seat, while the long distance 
contact is much lower (as it can be seen in the 
compression load of the femur - Figure 20). 
 
 
 

737-3P-01 787-3P-01 

Figure 19. Sequence of images for setup 1 (3P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 34.38 33.57 27.11 26.53

UpNeck Fx (N) - 99.12 - 73.89

UpNeck Fz (N) - 1177.82 - 897.06

UpNeck My (N·m) - -12.24 - -13.15

Thorax AcRes (g) 18.24 17.84 18.31 17.61

Thorax Def (mm) -5.85 -10.99 -9.91 -17.66

Pelvis AcRes (g) 27.22 27.88 19.35 19.41

Right Femur Fz (N) -1348.13 -1251.8 -890.82 -169.37

Left Femur Fz (N) -1016.16 -1303.12 -154.28 -1040.62

Right Knee Slider (mm) 8.88 3.53 4.7 0.33

Left Knee Slider (mm) 4.28 7.9 0.1 5.36

737-3P-01 787-3P-01

 
Figure 20. Signals comparison (Setup 1 – 3P). 

Setup 2 – 3 point seat belt. 
In this configuration, the occupants were not using 
the restraint system. In the first moments there 
was a free movement of occupants until impact 
with the knees (Figure 21). After this, there was a 
rotation of the body head, neck and shoulders 
contact with the front seat back. In long distance 
configuration, the relative velocity of impact is 
greater, so the values recorded in the head, neck 
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and femur are greater, with increased values at 
around 15-20%, sometimes reaching 30% (Figure 
22). 

737-3P-02 787-3P-02 

Figure 21. Sequence of images for setup 2 (3P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 89.57 87.2 102.45 107.14

UpNeck Fx (N) - 1824.4 - 1456.26

UpNeck Fz (N) - 1791.15 - 2118.25

UpNeck My (N·m) - -29.13 - -46.53

Thorax AcRes (g) 18.41 19.19 21.61 21.74

Thorax Def (mm) -2.48 -2.25 -0.08 -0.94

Pelvis AcRes (g) 25.44 25.77 32.88 34.66

Right Femur Fz (N) -3165.13 -3872.17 -3615.07 -4209.79

Left Femur Fz (N) -3790.15 -3306.67 -5249.11 -4529.61

Right Knee Slider (mm) 14.05 10.81 13.54 14.13

Left Knee Slider (mm) 11.72 13.62 13.31 15.09

737-3P-02 787-3P-02

 
Figure 22. Signals comparison (Setup 2 – 3P). 

Setup 3 – 3 point seat belt. 
In this configuration, two occupants used the 
restraint system (in this case the 3-point belt). It is 
noted that in both distances the knees impacted 
against the front seat back. Also occurs with the 
head (because the front seat did not have an 

occupant and it was not deformed through the 3-
point belt). In long distance, both contacts the 
head and the knee are much lower than in the 
short distance (with values 50% lower in the head 
acceleration or femur force). 
Figure 24 shows that the signals of the left side 
dummy on the left (in the long distance test) are 
crossed out, this is because during the test its 
safety belt did not work properly and the retractor 
did not locked. This fact is evident in the 
kinematics secuence. 

737-3P-03 787-3P-03 

Figure 23. Sequence of images for setup 3 (3P 
seat belt). 
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Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 75.64 80.95 101.35 46.3

UpNeck Fx (N) - 90.82 - 98.24

UpNeck Fz (N) - 1036.01 - 929.19

UpNeck My (N·m) - -18.13 - -14.16

Thorax AcRes (g) 22.91 22.23 15.34 19.13

Thorax Def (mm) -8.03 -9.42 -6.14 -9.71

Pelvis AcRes (g) 30.1 27.26 24.41 25.01

Right Femur Fz (N) -1337.09 -1442.16 -1719.09 -577.68

Left Femur Fz (N) -1856.47 -1488.09 -931.21 -1027.09

Right Knee Slider (mm) 9.25 5.81 9.8 3.57

Left Knee Slider (mm) 8.16 9.35 4.62 6.84

737-3P-03 787-3P-03

 
Figure 24. Signals comparison (Setup 3 – 3P). 

Setup 1 – 2 point seat belt. 
This test was performed with four adult Hybrid III 
50th male, using the 2-point safety belt. There 
were no significant differences in the kinematics 
of the test, at the beginning a contact with the 
knees were occurred and then hit the head (no 
elevation of the pelvis due to the two-point safety 
belt). The values were similar in the head 
deceleration. The femur force registered was 
lower for long distance (approximately 30%). 
The Figure 26 shows a knee slider displacement 
of one dummy was crossed out, this is because the 
data offered by the sensor were not reliable. 

737-2P-01 787-2P-01 

737-2P-01 787-2P-01 

Figure 25. Sequence of images for setup 1 (2P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 106.15 119.04 104.79 105.92

UpNeck Fx (N) - 893.1 - 1177.23

UpNeck Fz (N) - 1612.26 - 1524.91

UpNeck My (N·m) - -98.88 - -79.73

Thorax AcRes (g) 16.35 16.97 17.42 16.61

Thorax Def (mm) -0.15 -0.06 -0.07 -0.09

Pelvis AcRes (g) 32.11 30.8 27.11 29.64

Right Femur Fz (N) -1790.55 -2810.48 -1204 -1725.53

Left Femur Fz (N) -2152.08 -1680.27 -1655.97 -1273.6

Right Knee Slider (mm) 9.74 10.26 5.65 7.9

Left Knee Slider (mm) 8.5 9.63 0.12 6.98

737-2P-01 787-2P-01

 
Figure 26. Signals comparison (Setup 1 – 2P). 

Setup 2 – 2 point seat belt. 
This configuration is similar to the tested seats 
with three points (Setup 2 – 3 point set belt). The 
behaviour of the seats with 2 or 3 points seat belt 
are different (although the same model of chair 
were used), this fact is due to the 3-point seat is 
more resistant than the 2-point seat belt. As in the 
configuration of three points seat belt, the highest 
relative speed on the dummies tested with the long 
distance with respect to the front seat, caused 
higher values in the short distance (15 to 30% 
higher). 
The Figure 28 shows a knee slider displacement 
of one dummy was crossed out, this is because the 
data offered by the sensor were not reliable. 

737-2P-02 787-2P-02 
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737-2P-02 787-2P-02 

Figure 27. Sequence of images for setup 2 (2P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 74.55 78.82 75.33 88.23

UpNeck Fx (N) - 1010.12 - 1197.57

UpNeck Fz (N) - 1765.23 - 1612.48

UpNeck My (N·m) - -70.18 - -78.2

Thorax AcRes (g) 16.45 15.69 15.37 16.58

Thorax Def (mm) -2.56 -2.23 -2.31 -2.53

Pelvis AcRes (g) 26.5 25.2 26.43 29.25

Right Femur Fz (N) -3370.93 -3327.98 -3651.98 -4624.57

Left Femur Fz (N) -3675.63 -4016.71 -3790.17 -3856.51

Right Knee Slider (mm) 13.75 6.88 12.65 14.31

Left Knee Slider (mm) 19.91 14.35 13.72 13.83

737-2P-02 787-2P-02

 
Figure 28. Signals comparison (Setup 2 – 2P). 

Setup 3 – 2 point seat belt. 
Finally, the configuration with two dummies 
fastened with two-point belt. The behaviour was 
similar to that of the four dummies belted with 
two-point safety belt. First there was a contact of 
the knees and finally the head impacted against 
the seat back. Increasing the row step distance 
caused a higher relative velocity of head impact 
and this caused higher head decelerations. 
Furthermore, the contacts of the knees were 
lowering severe in the long distance obtained 
smaller compression force. 
 
 
 

737-2P-03 787-2P-03 

Figure 29. Sequence of images for setup 3 (2P 
seat belt). 

Signal Rear left Rear right Rear left Rear right

Head AcRes (g) 86.71 82.96 87.59 106.62

UpNeck Fx (N) - 456.05 - 627.35

UpNeck Fz (N) - 1707.19 - 1608.94

UpNeck My (N·m) - -94.07 - -99.14

Thorax AcRes (g) 18.85 18.66 17.5 16.44

Thorax Def (mm) -3.09 -4 -1.7 -2.2

Pelvis AcRes (g) 29.18 30 34.32 36.23

Right Femur Fz (N) -1832.24 -3006.83 -1145.52 -2619.81

Left Femur Fz (N) -2848.49 -2299.13 -2418.12 -2232.04

Right Knee Slider (mm) 10.04 11.68 7.69 10.97

Left Knee Slider (mm) 11.11 11 11.26 10.12

737-2P-03 787-2P-03

 
Figure 30. Signals comparison (Setup 3 – 2P). 

DISCUSSION. 
ERGONOMIC STUDY. 
When the matrix of CAE simulations, shown in 
Figure 17, were done, a comfortable distance were 
obtained form an ergonomic point of view. An 
example of these simulations is shown in the 
figure below: 
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Figure 31. CAE análisis. 
Authors define “Distance L” as the row step 
distance (measuring the same point between two 
adjacent rows of seats) and “Distance H” as the 
distance between seats (measured at the front of 
the rear seat and the back of the front seat - ECE 
R36 – seat spacing). For the seat included in the 
model, the difference between the “Distance L” 
and the seat spacing was 57 mm, therefore to 
obtain the distance between seats (“Distance H”) 
only need to subtract 57 mm from the values 
given in Figure 32 and Figure 33. 
In configurations that did not recline the back 
(reasonable situation to not increase too much the 
row step distance between seats), the following 
results were obtained: 

Seat test Maximum Minimum

Pos 1 592 605 584

Pos 2 554 577 552

Pos 1 735 722 762

Pos 2 719 724 738

Pos 1 772 766 787

Pos 2 762 744 768
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L

Group 1
5th Female

Group 2
50th Male

Group 3
95th Male  

Figure 32. Ergonomic distance in upright 
positions of the seats. 

With the 680 mm as marked as the current 
minimum distance ECE R36, the 50th percentile 
were in comfortable position without contact with 
the front seat (except one case: the lowest and 
“stretched” seat position for the passenger, but 
only 1 mm exceeded). The maximum distance 
required to ensure the comfort is found for the 95th 
percentile male and with the lower seat, the step 
distance found were 787 mm. 
Although this was not the aim of this project, it 
should be noted that for the 5th percentile female, 
an excessive height of the seat could be quite 
harmful, found difficulty in supporting the foot on 
the floor. 
In the case where the seats were reclined (Figure 
33), the greater distanced were imposed by the 
larger percentile (95th male) seated in the lower 
height seat. Now, the distance was produced with 
the passenger in a vertical position (the contact 
occurs at the knee rather than in the lower leg). 
With the minimum distance defined in the ECE 

R36, the 50th percentile male were not covered if 
the front seats were reclined or its seat was 
reclined, except for the highest seat. 

Seat test Maximum Minimum

Pos 1 592 601 584

Pos 2 570 593 569

Pos 1 738 725 768

Pos 2 743 725 768

Pos 1 785 768 807

Pos 2 797 760 820

D
is

ta
nc

e 
L

Group 1
5th Female

Group 2
50th Male

Group 3
95th Male

797

Reclined of the front seatback Reclined of 
both 

seatbacks

603

750

 
Figure 33 Ergonomic distance when reclining 

back seats were done. 
SAFETY STUDY. 
In the safety study, the influence of the distance 
between seats for each type of evaluated restraint 
system (2 and 3 points safety belt) was analyzed 
separately. This fact is due to because it is 
possible that increasing the distance between seats 
is beneficial in a particular restraint system and 
detrimental in another restraint system and vice 
versa. 
To clarify the study, first a summary table was 
shown with the results of the injury criteria from 
each dummy (tested in the short distance – row 
step distance of 737 mm). Subsequently, another 
figure was shown which analyzes the trend of the 
results using the following coding: 

• + : Beneficial trend. 
• = : No significant changes. 
• − : Not beneficial trend. 

3 points safety belt. 
In the case of three points belted dummies (with 
two to four occupants), the results show that 
increasing the separation between seats produces a 
slight reduction in all injury criteria, except for the 
chest. While in either of the two configurations 
distance, all the calculations are sufficient below 
the limits set by regulation: 

• The parameters of the injury of the head, 
neck, femur and knee decreases slightly. 
However the parameters of the chest 
injury (acceleration and deformation), 
slightly increased its value in the case of 
a greater distance between seats. 

• This behaviour was expected, since with 
increasing distance, both the head and 
knees of the occupants virtually no 
impact with the seat back before them, 
and therefore, there was a reduction of 
the criteria measured in head and femur. 
On the other hand, being the passengers 
retained only by the belt, the efforts to 
which they subjected the chest are larger, 
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as shown in the highest loads recorded in 
the safety belts load cells and the 
maximum deformation of the chest. 

In the case of seats with three-point belts and 
unbelted passengers, the results shown that 
increasing the distance was counterproductive 
because it results in several of the injury criteria 
are higher. 
This increase is due to the fact that by increasing 
the distance between seats, the relative speed with 
which the occupants impacted with the back of the 
seat were being increased, as it was increased the 
free flight. 
In the configuration of unbelted dummies and 
greater distance between seats, the knee slider 
criterion was slightly higher than the ECE R94 
limit. Also the 3ms head deceleration is close to 
the limit of injury. 

LD RD LD RD LD RD
Head HIC36ms 183.63 192.48 219.98 216.46 202.94 204.92

Head AcRes 3ms 33.37 32.93 66.76 67.37 59.61 61.49

Right Femur Fz 1220.48 741.93 2736.66 2604.8 896.56 846.71

Left Femur Fz 595.97 1215.26 2650.09 2610.3 1196.55 1240.32

Neck My - -12.24 - -29.13 - -18.13

Thorax AcRes 17.92 17.55 18.07 18.59 17.96 17.62

Thorax V * C 0.005 0.0103 0.004 0.003 0.0073 0.0072

Thorax Def -5.85 -10.99 -2.48 -2.25 -8.03 -9.42

Right Knee slider 8.88 3.53 11.72 13.62 8.16 9.35

Left Knee slider 4.28 7.9 14.05 10.81 9.25 5.81
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Figure 34. Injury criteria summary. 

3 
R

ow
s (

B
ea

lte
d)

2 
R

ow
s (

U
nb

ea
lte

d

2 
R

ow
s (

B
ea

lte
d)

Head HIC36ms + - +
Thorax AcRes = - -

Femur Fz + - +
Head AcRes 3ms + - +

Neck Fx + + -
Neck Fz + - =
Neck My = - +

Thorax V * C - + =
Thorax Def - + =
Knee slider + - +

Total 6+; 2=; 2- 3+; 0=; 7- 5+; 3=; 2-

Criterion

3 
Po

in
ts

 se
at

 b
el

t R 80

R 94

 
Figure 35. Comparison of injury criteria (3P). 

 
2 points safety belt. 
In the case of two points seat belt and four 
occupants, increasing the separation was a slight 
improvement in some calculated criteria, but not 

enough to prevent more of the calculated criteria 
were beyond the limits. The 3ms head 
acceleration and the extension bending moment of 
the neck exceeded the thresholds of injury for the 
two distances tested (737mm and 787 mm). 
The slight improvement in safety seen in the four 
occupants configuration, was not confirmed in 
tests conducted with only two occupants. In this 
case, the long distance configuration, a slightly 
higher vales for the criteria for head and neck 
were registered, unlike in tests with dummies. 
The criterion that produces a clear improvement 
for either configuration, it was in the femur load, 
although in both cases the values were sufficiently 
below of the limits established by ECE R80. 
In the case of unbelted passengers, the results did 
not reflect a clear influence of distance on the 
safety offered to the occupants. The results 
obtained in tests in both configurations, were not 
very different, and only the neck extension 
moment was increased its values when the 
distance between seats is greater. In all cases, the 
neck extension values recorded were above the 
limit set by the ECE R94. 

LD RD LD RD LD RD
Head HIC36ms 392.43 413.44 205.98 189.13 326.33 298.37

Head AcRes 3ms 88.81 91.81 70.18 67.77 75.84 76.04

Right Femur Fz 1151.77 1601.83 2883.7 2634.07 1465.1 1809.76

Left Femur Fz 1649.9 1519.59 2777.46 2862.69 1953.76 1838.85

Neck My - -98.88 - -70.18 - -94.07

Thorax AcRes 15.82 16.67 15.95 14.92 18.12 18.24

Thorax V * C 0.0013 0.0013 0.0032 0.003 0.0039 0.004

Thorax Def -0.15 -0.06 -2.56 -2.23 -3.09 -4

Right Knee slider 8.5 9.63 19.91 14.35 11.11 11

Left Knee slider 9.74 10.26 13.75 6.88 10.04 11.68
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Figure 36. Injury criteria summary. 
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Figure 37. Comparison of injury criteria (2P). 
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General discussion. 
An increasing of the distance between seats was 
not an improvement of the security levels offered 
for all restraint systems analyzed. It has also 
reflected that the injury criteria established by the 
ECE R80 might be poor predicting injuries 
offered by the occupants. The ECE R94 
(elaborately later) includes more injury criteria 
associated with impact dummy (this fact is 
independent of whether they are tested at 30 or 50 
kph). It has been observed that the two points seat 
belts offered low protection in the neck. This fact 
is corroborated by Elias et al (2001 and 2003), 
which investigated the safety on school buses with 
similar conclusions. In addition, this study has 
verified that the levels of protection offered by 
unbelted occupants were limited. Through 
accidentological studies in Sweden, Albertsson et 
al (2003) concluded that a 2-point belt may have 
reduced injuries for two-third of all injured with 
MAIS 2–4 and a further injury reduction by 28% 
could be achieved by shifting 2-point belts into 3-
point belts. 

CONCLUSION. 
To increase the comfort of coaches passengers 
authors recommended to establish a new seat 
spacing 50 mm higher that actual one, i. e 730 
mm. 
The effect of this new seat spacing in the 
passengers safety for the seats fitting 3 point belts 
is: 

• If the safety belts are used the passenger 
protection is improved. 

• If the safety belt is not used, the 
passenger protection will be lower, but 
nevertheless reaching the injury limits. 

The effect of this new seat spacing in the 
passengers safety for the seats fitting 2 point belts 
remains unchanged.  
To state of the results obtained in this study, it can 
be concluded that the requirements established by 
the regulation 80 to evaluate the passenger safety 
are not sufficient. It has been verified how in all 
the tests carried out with two point belts seats, 
they accomplish with all the requirements 
established by the Regulation ECE R80, but 
nevertheless, in some of the tests carried out in 
seats with two point belts, the injury criteria limits 
required by the ECE R94 have been 
overexceeded. 
It seems logical to think that, if the R94 criteria 
are good to evaluate the security offered in frontal 

impact in a vehicle of the category M1, also they 
should be it for the case of the occupants from one 
of the category M3. Especially, when the injury 
criteria are associated to a specify dummy model 
and in a specific impact direction and not to the 
type of vehicle in which the tests are carried out. 
For all it, it would be recommendable to revise the 
Regulation ECE R80 in order to incorporate the 
injury criteria defined in ECE R94. Doing this the 
passenger safety of coaches could be guaranteed 
in frontal impact accidents. 
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ABSTRACT 

Motorcyclist fatalities are a major road safety 
problem on Spanish roads. In 2006, 642 
motorcyclists or cyclists fatalities occurred, which 
mean 21% of all road fatalities. More than half of 
them were run-offs. To address this safety issue, 
roadsides are equipped with so-called “Motorcyclist 
Protection Devices” (MPD). In 2005, the Spanish 
Standard UNE 135900 for the assessment of MPD 
was published, and Spanish National and Regional 
Road Administrations have been active in this field 
since then. 
 
This paper describes research work aimed at 
improving motorcyclists’ safety from a global 
approach, by two main activities: 

- Upgrading the crash test procedure set by 
Standard UNE 135900, by implementing a 
new thorax injury criterion. 

- Developing a methodology to recommend and 
warrant the installation of MPD on specific 
road stretches. 

 
The implementation of a thorax injury criterion took 
into account the kinematics and injury causation 
process in the event of an impact of a motorcyclist 
sliding against a barrier. From the analysis of the 
response of bones, inner organs and vascular system 
it was concluded that loads measured on the 
vertebral column with a Hybrid III dummy are 
suitable to assess relevant thorax injuries. An injury 
criterion based on maximum vertical force measured 
on thorax was defined and implemented into the 
upgraded 135900 Standard. 
 

The recommendations for the installation of MPD 
were based on analysing road sections and 
identifying bends with a higher risk of motorcyclist 
run-off collision, in order to install such devices with 
optimised cost effectiveness. The applied 
methodology comprised road inspections and 
epidemiological analyses in order to detect relevant 
risk factors.  
 
As a result, a framework is provided that sets 
technical bases for the development and 
implementation of better motorcyclist protection 
devices, by assessing their performance through an 
enhanced standard, and by establishing 
scientifically–based criteria for their deployment. 

INTRODUCTION 

Run-off road accidents are those accidents involving 
vehicles that leave the roadway, encroach onto the 
shoulder and beyond, and impact any hazardous 
object located on the roadside, such as poles, trees, 
walls, or embankments. When a vehicle departs from 
the roadway, the severity of the accident can be 
reduced by removing obstacles or by installing 
appropriate protective devices. Road restraint 
systems, including safety barriers, are devices 
installed on roadsides to contain and redirect errant 
vehicles.  
 
Motorcyclists or Powered Two-Wheelers (PTW) are 
vulnerable road users. In the event of a run-off 
accident, they have a high risk of suffering critical 
interaction with hazardous obstacles placed on the 
roadsides. To address this safety issue, roadsides are 
equipped with so-called “Motorcyclist Protection 
Devices” (MPD).  
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The safety performance of MPDs can be assessed by 
performing crash tests using anthropomorphic test 
devices (i.e. crash test dummies). Several crash test 
procedures have been developed in different 
countries [1] although the first Standard in this field 
was the Spanish Standard UNE 135900-2005 [2], 
published in 2005. This Standard became a reference 
for the development of new protection systems to be 
installed on roads. Since it was published in its first 
version in 2005, additional research has been 
performed to upgrade the Standard, which is 
presented in this paper. 
 
Once that safe motorcyclist protection devices are 
available, road administrations are in charge of 
setting the policy for their installation on roads. 
However, given that resources are limited, it is not 
feasible to install MPDs on all bend sections of 
road networks. The choice of the locations where 
MPDs are to be installed should follow objective 
criteria that allow optimized safety benefits. The 
regional road administration of Castilla y León 
(CyL), in Spain, ordered an innovative research 
work with the objective to identify bends on roads 
where there is a higher risk of PTW run-off 
collision in order to install a MPD. The 
methodology followed in the research work is 
presented in this paper. 
 

MAGNITUDE OF THE PROBLEM 

The number of road accidents and fatalities has 
decreased during the last decade in areas such as 
North America and Europe. In the case of PTW 
users, while in United States nearly 10% of 
fatalities were PTW riders or passengers in 2004 
[3], in Europe it increased to over 20% [4]. In the 
same year, 5,484 motorcycle and moped users 
(riders and pillion passengers) were killed in 
traffic accidents in 14 European Union countries, 
which is only 0.3% lower than the previous year. 
In the United States, this figure was 4,008 
casualties, with an increase of 8% compared to 
2003. In Spain, motorcycle and moped fatalities 
constituted the 18% and for the Spanish region of 
Castilla y León, motorcyclist and moped user 
stood at 11% of the fatalities. 
 
Although PTW accident typology is wide, it has 
been found that impacts against fixed objects are 
more likely to provoke serious casualties in PTW 
run-off crashes. In the United States, collision with 
a fixed object was a significant factor in over half 

of the fatalities during single vehicle motorcycle 
crashes [5]. 
 
In Spain, from 2001 to 2006 PTW fatalities have 
decreased only by a 5.2%, while the overall 
reduction in the same period considering all types 
of vehicles has been 26.0%.  
 

UPGRADING THE CRASH TEST 
PROCEDURE 

Test procedure UNE-135900-2005. 

The Spanish Standard UNE 135900-2005 sets the 
procedures to evaluate the performance of MPDs. 
They are based on launching a test dummy against a 
MPD installed on a safety barrier, which is assumed 
to feature vertical posts. The procedure covers MPD 
to be fitted on each post, as well as continuous ones. 
Depending on the kind of system to be tested, a 
different trajectory is chosen, from the following: 

- Trajectory 1 – Centered post impact: 
applicable to individual post coverings and 
continuous MPDs with an approaching angle 
equal to 30º. 

- Trajectory 2 – Eccentric post impact: 
applicable only to punctual MPDs. It follows 
a horizontal line that goes at a distance ‘W’ 
off the center of masses of the post, with an 
approaching angle equal to 30º. 

- Trajectory 3 – Centered rail impact: 
applicable only to continuous MPDs. 

 
The launching position is defined with the dummy 
spine axe coinciding with the approximation 
trajectory, and the dummy sliding along the ground, 
separated from the motorcycle, until it hits the 
protection system to be tested, with a specific 
entrance angle and speed. The dummy is a Hybrid III 
50th Percentile Male, equipped with a pedestrian kit 
that allows a standing position, and is to be fitted 
with a full-front helmet, and a leather motorcyclist 
suit. 
  
The assessment of the MPD performance is based on 
the evaluation of impact severity and additional 
acceptance criteria. For the evaluation of impact 
severity, the following measures are to be taken: HIC 
36 for the head and Fx, Fy, Fz, Mx and My for the 
neck. The acceptance criteria regarding the 
behaviour of the safety device specify that no 
element of the crash safety barrier weighing 2 Kg or 
more should be separated from the device unless it is 
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necessary for correct performance, and that the 
working width and dynamic deflection of the device 
on dummy impact should not be in any case equal or 
higher than those specified by the Standard UNE EN 
1317-2 for vehicle impact. The acceptance criteria 
regarding the behaviour of the dummy specify that 
the dummy used for the test should not have 
intrusions, dummy breakage except the collar bone, 
be beheaded or suffer any dismemberment. 
Additionally, the dummy clothing should not be torn 
and, the dummy should not be caught on any part of 
the safety device.  

The new thorax injury criterion 

A potential improvement of the test procedure 
defined by UNE-135900-2005 that was proposed as 
an enhancement was the implementation of a thorax 
injury criterion.  
 
For the definition of a thorax criterion, PMHS data 
were not available. It was decided to define a thorax 
injury criterion by using a crash test dummy, even 
taking into account that no dummy specifically 
developed for this kind of impact was available. The 
study was carried out applied to the Hybrid III 
dummy, taking into account that in an impact against 
a barrier, the injury causation process is as follows. 
Firstly the head and then the shoulder hit the lower 
plate of the barrier. The thorax loading initiates 
through the shoulder, fracturing the clavicle and 
deforming the upper ribs while the motorcyclist is 
guided along the barrier. Following this, the loading 
is transformed into an almost purely lateral one. 
Inner organs and the vascular system are bound to be 
affected by inertial effects. The main loads on the 
vertebral column are traction-compression and 
lateral-flexion. 
 
Given that the Hybrid III thorax does not feature 
ribs, or measurement capabilities on organs and 
bones except for the vertebral column, it was decided 
that the proposed thorax injury criteria should be 
able to cover all relevant thorax injuries through the 
measurement capabilities available with the dummy 
instrumentation. This would be possible due to the 
inertial effects present as injury mechanisms for 
inner organs. 
 
Thorax injuries had been analysed by military 
researchers [6], who studied the acceleration limits 
on PMHS and modified Hybrid III. They found 
correlations between the internal force limits of the 
column and the inertial effect on the organs. Rib 

fractures were not considered as a possible criterion, 
as multidirectional frangible ribs would have been 
needed, and in addition, once rib fractures occur, no 
additional information could be obtained beyond that 
point. Besides, the injuries with four or more rib 
fractures on one side or two, or three fractures with 
hemothorax or pneumothorax, are considered AIS3 
(see Table 1).  
 

Table 1. 
Relationships between injuries and AIS 

severities 

 
 
On the other hand, the force magnitude of an impact 
to the thorax is also transmitted directly to the 
column by the bones. It is for this reason that the 
most suitable place to calculate the severity of the 
impact is the vertebral column, particularly, when the 
dummy has available measurement points in that 
place. 
 
An acceleration criterion can be used as it is done in 
military researchers but in case of motorcyclist test, 
the available point of interest to measure it is on t4 
vertebra. The main problem to use an acceleration 
criterion was that the results are very sensitive to the 
spinal position, hyperextended, erect and flexed for 
example, that changes the fracture results 80% 
respect the others. On the other hand, acceleration 
criterion was quite sensible to a time dependency and 
the shape of the impact pulse. Thus, the 
investigations were focused on t9 vertebra, where 
Hybrid III dummy has an available force 
measurement point. 
 
Research by Ruff [7] obtained values for average 
compression force causing vertebra fracture as a 
result of accelerations. In case of an ejection seat, 
these values correspond to a 21g for positive 
acceleration from pelvis and around 12g for negative 
acceleration applied on the shoulders. The force 
values depend on the age, and on the vertebra 
involved, as the percentage of body weight borne 
varies along the height of the vertebral column. The 
values obtained for the average force on t9 were 6.7 
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KN considering all ages, and 5.9 KN for people who 
are 23 years old. The latter value was deemed more 
suitable as young riders are often involved in 
accidents. 
 
The measurement of compression force in thorax 
was introduced in the new updated Spanish Standard 
UNE-135900-2008 [8]. The enhanced procedure 
includes measuring and reporting vertical force Fz.  
 
However, a limit value has not been set for this 
parameter. This is because current state of art has 
not yielded conclusive relationships between 
measured forces and injury severity, due to the fact 
that the load transfer by the different parts of the 
dummy during its interaction with the MPD may not 
be sufficiently biofidelic. Further research is needed, 
focused on the response of the dummy shoulder 
under oblique impact. 

Discussion 

Other studies that have been performed in parallel 
with the one presented in this paper suggest 
measuring Fy and Mx in the dummy thorax as 
suitable criteria to assess severity [1], [9]. Although 
their influence was not implemented in the current 
version of the Spanish Standard it is planned that 
ongoing and future revisions of the Standard will 
address this issue. 
 

RECOMMENDATIONS FOR THE 
INSTALLATION OF MPD: METHODOLOGY 

A methodology was developed for the regional 
Road Administration of Castilla y León, in Spain, 
in order to recommend and warrant the installation 
of MPD on specific road stretches. For that 
purpose, it was necessary to investigate which road 
infrastructure features have significant influence on 
PTW run-off accidents in order to detect those 
sections with higher probability of PTW run-off 
accidents. Among the features taken into account 
were curvature radius, bend length, road marking and 
signalling, road layout perception, and roadside 
configuration. 
 
It was decided that the methodology would take 
into account the risk of a run-off regardless of the 
resulting severity, for two main reasons.  

- Firstly, the severity of these accidents does 
not depend only on road infrastructure 
characteristics. Other aspects, such as rider 
speed, rider protection equipment and all the 

physical phenomena that occur during the 
complex event of the crash may condition the 
accident outcome.  

- Moreover, studying all injury accidents 
makes a higher number of cases be available 
to be introduced in the statistical models. 

 
In order to obtain reliable results about the road 
infrastructure risk factors, the following facts were 
taken into account: 

- The accident study sample has to be precisely 
described, so that all cases where this 
problem cannot be isolated should be 
discarded. 

- It is necessary to obtain highly detailed 
information about the accident and the road 
infrastructure features at the moment of the 
crash. Police record accident data are not 
enough to address this problem. 

- Estimation of risk factors is based on 
information about those situations in which 
the accident does not take place (i.e. exposure 
to each of the possible risk factors). For 
instance, if the factor under analysis is 
“curvature radius lower than 100 metre 
(327.8 ft)” then it would be necessary to 
consider those motorcyclists who had 
suffered accidents at bends with radius below 
100 metre, those who had suffered accidents 
at bends with radius above 100 meters, and as 
a counterpart, riders that had taken bends of 
both groups but had not been involved in an 
accident. Provided that these data are 
obtained, epidemiology is able to provide 
analysis methods for accident and non 
accident data. 

- Possible sources of bias are controlled during 
the analysis as far as possible. For instance, 
differences between motorcyclists’ and 
drivers’ experience and capabilities were 
introduced in the analysis as co-variables in 
order to be controlled. 

 
Based on such principles, the methodology applied 
to develop recommendations for the installation of 
MPD comprised the following main activities: 

Descriptive Analysis 

The first task set in the methodology was to describe 
the magnitude of motorcyclist run-off accidents 
within this regional road network. The Injury 
Accident Database of the Spanish region of Castilla 
y León was analyzed for this purpose. This database 
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compiles all injury accidents. The variables in this 
database provide information relative to the three 
main components of safety, namely the road 
infrastructure (accident location characteristics), the 
vehicle (type and state of the motorcycle), and the 
rider (driving stereotype). This analysis provides 
macroscopic answers to the most relevant questions, 
i.e. where do PTW run-off crashes take place, how 
do they occur, and what kinds of riders are involved 
in them. 
 
Once the problem is described at macroscopic 
level, a sample of representative road sections can 
be selected so as to obtain further information of 
all the possible factors of influence. 

Integrated analysis of a selection of 
representative road sections 

The objective of this phase of the project was to 
develop exhaustive data processing related to all 
the variables of the road infrastructure for PTW 
rider run-off crashes in the Spanish regional road 
network of Castilla y León. 
 
Seven road sections were selected jointly with 
engineers from the Castilla y León regional road 
administration. All sections chosen complied with 
the following criteria: during three years prior to 
the study, each of the sections had had at least 
three PTW run-off injury accidents over a length 
of 1 km, and no main junctions were present 
within the section.  
 
For all these sections the following set of analyses 
was performed: 

- Specific road safety inspections were carried 
out by safety experts. The aim of these 
inspections was to assess the perception that 
riders may have of the road layout based on 
the fulfillment of a specific checklist. 

- The road infrastructure inventory (software 
with all the road equipment and road layout 
geometry) of those road sections, owned by 
CyL regional administration, was crossed 
with the National Injury Accident Database 
and with accident files of the regional 
administration of PTW rider run-off accidents 
in those stretches of road. 

- Then, all the road sections were recorded 
with video cameras. This enabled completion 
of the information of road safety inspections 
after the visits to the sections.  

- Finally, 16 PTW rider’s run-off accidents 
were investigated in-depth with to the 
methodology described in the following 
section (Figure 5).  

This phase provided a complete matrix of data 
related to the rider, the vehicle and the road 
infrastructure features. It was used in the following 
phase for the application of epidemiologic methods 
in order to obtain the most significant road 
infrastructure risk factors for this type of accidents. 

Risk Analysis 

As stated previously, road administrations do not 
have unlimited resources implementing MPDs at 
every single problem area of road networks so it is 
necessary to know where a PTW run-off accident 
is more likely to occur and which road 
infrastructure parameters are the relevant risk 
factors associated with them. 
 
Following an epidemiological approach, a risk 
factor can only be identified when data are 
available for four different parameters: 

- How many PTW riders are exposed to the 
factor not having a run-off accident (a). 

- How many PTW riders are exposed to the 
factor having a run-off accident (b). 

- How many PTW riders are not exposed to the 
factor not having a run-off accident (c). 

- How many PTW riders are not exposed to the 
factor having a run-off accident (d). 

If these figures are available, the relative risk (RR) 
of a rider being involved in a run-off accident (if 
the factor is present compared to the situations 
when the factor is not present and assuming that 
other factors remain constant) can be estimated: 

cb

da
OR

×
×=  (1) 

The above equation represents an odds ratio (OR). 
It can be considered as a relative risk always when 
the incidence of the accidents remains below 1% 
of the whole population [10]. In this situation, it 
can easily be assumed that much less than 1% of 
PTW displacements end with a run-off accident. 
Nevertheless, this approach only allows the study 
of one single factor at a time when all relevant 
factors could have influence simultaneously. In 
order to analyze the matrix of data developed in 
the previous stage, logistic regression models can 
be applied. They provide the estimation of the 
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relative risks for all the relevant factors, taking 
into consideration the influence of the others. 
 
With the available data, an observational 
epidemiological analysis was developed, as it is 
not possible to decide who is exposed to the 
different risk factors. A crossover case – control 
analysis was developed. The cases were 
motorcyclists involved in a run-off accident and 
the controls were motorcyclists not involved in a 
run-off accident. In order to properly identify 
cases and controls, the road sections analyzed in 
the previous step were selected so that no 
junctions were present in the section. Therefore, 
knowing the travelling direction of the 
motorcyclists that had an accident, the same 
motorcyclist was considered as a case in the bend 
where he had the accident and as a control in the 
previous bends where he did not have the accident. 
This can only be considered if the rider is known 
to have come from one of the ends of the road 
section. Therefore, the road section cannot include 
junctions to other roads. 
 
This methodology enabled classification of the 
road network into four main groups (based on two 
initial parameters which were considered as risk 
factors) and then, for each of them, identification 
of the relevant road infrastructure risk factors for 
this type of accidents which were the basis for the 
development of the recommendations for the 
effective location of MPDs. 

STUDY AND CHARACTERIZATION OF 
PTW RUN-OFF ACCIDENTS 

The described methodology was applied specifically 
to the problem of motorcyclist run-off accidents in 
the road network of Castilla y León. The work was 
carried out as follows. 

Descriptive Analysis 

The first task in the study consisted of a 
descriptive analysis of the injury accident database 
that the government of the Castilla y León region 
has developed. The analysis was performed on all 
types of PTW injury accidents occurred in the 
regional road network over the last three years 
available (2002 to 2004). This analysis had the aim 
of finding out the main casuistry of these accidents 
(run-offs, side, front and sideswipe), 
characterizing them from a three angle research 
view (environment-human factor-vehicle). Special 
emphasis was placed on the information related to 

infrastructure (type of road, number of lanes, 
carriageway and lane width, road marking, hard 
shoulder, paved hard shoulder, road safety 
elements, road surface condition,…) as the project 
is focused on safety measures to be taken in the 
infrastructure management process. 
 
The analyses included a variable that specified the 
type of PTW vehicle, due to the fact that a moped 
accident may have different mechanisms to one on 
a motorcycle. No significant differences were 
found in this study. 221 injury PTW run-off 
crashes were sorted out for the CyL road network 
from 2002 to 2004. 
 
Figure 1 shows the distribution of motorcyclist 
accidents obtained from a sample of 242 accidents 
compiled from 15 regional Spanish road 
administrations  
 

 
Figure 1.  Accident types from a sample of 
PTW accidents in Spain. 
 
Once PTW run-off accidents were identified as a 
relevant safety problem within the CyL road 
network and with the macroscopic overview from 
the descriptive analysis provided (type of roads, 
road layout, environmental conditions, day of the 
week, …), a sample of road sections was taken in 
order to obtain more detailed information about 
the rider, vehicle and all the road infrastructure 
characteristics in this type of accidents. The 
information included in police accident records is 
not detailed enough to analyze the real influence 
of the road infrastructure on this type of crashes. 
Therefore, it was necessary to obtain more data 
related to the accident itself and to the road 
infrastructure as a possible causal factor of PTW 
run-off accidents (e.g. it is not possible to know 
from police records: bend length, curvature radius 
or at which distance prior to the bend all the 
signals were visible). 
 
The sample road sections were selected according 
to the following criteria:  
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- At least three PTW run-off accidents 
occurred within a road length under 1,000 m, 
during the period 2002 – 2004. 

- No junctions with other roads (except local 
accesses to private properties) were present 
within the road sections. 

All the road sections that complied with the above 
criteria were selected to apply the subsequent 
research activities. 

In-depth accident analysis 

One of the most important tasks of this project was 
the monitoring of all the PTW accidents over a 
period of one year in the regional road section with 
the highest number of motorcycle crashes. 
 
This task had the aim of finding out, through the 
complete analysis of each accident, detailed 
information about these impacts: kinematics and 
dynamics of the accident (motorcycle and 
motorcyclist impact points, trajectories, impact 
angles, travelling and impact speeds for the 
motorcycle or the motorcyclist,…), complete 
scene characterization from the infrastructure 
point of view (layout, radius and length of 
curvature, element of sign-posting, alignment, 
slope, hump, surface status, pavement hard 
shoulders, embankments, benches,…), human 
factor information related to driver status before 
the impact, manner of driving and injury 
information in order to establish injury 
mechanisms. During that monitoring year, 16 
injury accidents occurred on the road section 
selected (less than 20 kilometres length located in 
a mountainous area) involving 19 injuries and 2 
fatalities.  
 
The accident investigations developed at this stage 
are called 'in depth' investigations. They include 
all the inherent aspects to the accident which are 
analyzed in detail. The CIDAUT accident analysis 
and human factor team performed them. They can 
be classified into two types: 

- Prospective, when the team, after receiving 
the accident notification from the police, 
attend the accident scene immediately; 

- Retrospective, when it is not possible for the 
investigation team to be present at the 
accident scene immediately after its 
occurrence. 

 
The main use of these investigations for this study 
were as follows: through the analysis of the 

accident scene, the checklist used in the road 
inspections was completed in order to consider 
road layout perception by the rider as this was 
essential in the 16 accident investigation. 
Moreover, some factors were identified as 
potential risk factors and therefore were included 
in the statistical analysis due to the outcome of 
these investigations (e.g. longitudinal slope, 
sighting distance of sign posts at the curve 
approach,). 
 
     Accident notification. The accident 
notifications (with or without injuries) were 
carried out by the police teams by forwarding 
information about the accident immediately after 
its occurrence. A specific direct collaboration with 
police patrols was established (immediate 
notification and supply of relevant information for 
the investigations). 
 
     Accident reconstruction. One of the advantages 
of the ‘in-depth’ investigations is the possibility of 
ascertaining some specific information which 
would be impossible to have in the so-called 
‘basic’ investigations (which are carried out by 
police teams in all injury accidents). Through the 
information gathered by analyzing the scene 
(marks, debris or impact points which are drawn 
later in a detailed sketch) and the vehicles 
involved (deformations and impact points), it is 
possible to estimate some variables (e.g. travelling 
speeds) using different accident reconstruction 
techniques and specific software (PC Crash © 
[11].  
 
Vehicle trajectory before and after the impact is 
one of the relevant issues of accident 
reconstruction. This is defined by the marks and 
debris found at the scene of the accident, and 
coincides with the deformations found in the 
vehicle and in the existing infrastructure (road 
restraint systems). The drawing of a detailed 
sketch, in which all the dimension-localization 
marks and debris are located, is fundamental for a 
reliable reconstruction of what really happened. 
 
     Considerations.   The main aim of 
reconstructions is to find out all the useful 
information in order to determine which the 
possible concurrent factors in the accidents were. 
In addition to reconstructions, a speed radar was 
placed on the selected road section to observe 
what the traffic composition (number of passenger 
cars, light trucks, heavy trucks and PTWs) and the 
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travelling speeds of each vehicle were. In 90% of 
the 16 accidents studied, high speed was clearly 
present. Data related to PTWs, showed, for 
instance, that in a 50 km/h speed limit bend, 85% 
of the PTWs were travelling at over 100 Km/h 
with a maximum registered speed of Km/h. 

Road Safety Inspections 

Road safety inspections were carried out on the 
seven selected road sections so as to investigate 
the infrastructure and its relationship with the 
present type of crashes. A checklist was developed 
in order to obtain detailed information about each 
bend of the selected road sections. It has a first 
general section in order to identify and describe 
the bend (location, length, weather conditions 
during the inspection, minimum curvature radius 
and its location within the bend and possible 
comments). Then, a questionnaire had to be filled 
out by road safety experts after driving and 
walking in both directions of each bend. The 
points addressed were as follows: 

- Presence of hazardous elements for a 
motorcyclist in the event of a run-off accident 
on the outside of the bend or at its end. 

- Location of the above hazards. 
- Maximum depth of the roadside gutter. 
- Perception of the road layout before 

approaching the bend and along it. 
- Possible visibility restrictions within the 

bend. 
- Possible road surface irregularities. 
- Friction caused by the road surface. 

The results of these checklists were put into the 
data matrix in order to be analyzed with the other 
information collated at this stage. Experts from the 
CyL regional road administration, CIDAUT and 
the PTW user group contributed in this activity. 

Video recording and road infrastructure 
inventory 

All the selected road sections were video recorded 
and GPS positioned. This allowed completion of 
the road safety inspections before and after visits 
to the sites. Precise data about road infrastructure 
data was a key element of this research. It was 
necessary to know for each selected bend reliable 
data about the real parameters of road 
infrastructure devices: bend length, curvature 
radius (along the bend as it does not remain 
constant), presence and location of signals and 
road markings, longitudinal slope and 

superelevation along the bend, lane width, 
description of the shoulder, presence of roadside 
restraint systems, … 
 
The CyL regional administration provided the road 
infrastructure inventory software of the selected 
road sections. It contains a database where all the 
information about road network sections is 
covered together with the location of all variables. 
Combining the information from the police and in–
depth accident files with the road infrastructure 
detailed information and also with completed road 
inspections checklists was made possible. 
 
The result at this stage was basically a matrix with 
a detailed set of data prepared to be statistically 
analyzed in order to investigate which road 
infrastructure factors have more influence in PTW 
run-off accidents. 

Obtaining risk factor for motorcyclist run-off 
accident 

At this step of the research, statistical methods 
were applied to obtain the most relevant road 
infrastructure risk factors for PTW run-off 
accidents. The combined database used for the 
analysis contained 984 registers, of which 41 were 
cases (accidents) and 943 were controls (no 
accidents). P-values and confidence intervals were 
used for statistical significance testing. The 
variables considered from the data matrix were the 
following ones: Bend minimum curvature radius, 
curve length, location within the bend of the 
minimum curvature radius, decrease of the 
minimum curvature radius along the bend not 
predictable by the rider, bend sign posting and 
road marking, bend layout predictability at 150 m, 
50 m and inside the bend, visibility restrictions, 
longitudinal slope, brow of a hill, superelevation, 
consecutive bends, PTW traffic flow, irregularities 
on the road surface, surface friction, paved 
shoulder, roadside hazard elements. 
 
Due to the extent and type of CyL roads it was 
necessary to structure the network bends curves in 
different groups, easy to identify for traffic 
engineers, according to a few variables. Bend 
length and minimum curvature radius within the 
bend were chosen as the main variables to classify 
the segments. Nevertheless, it was necessary to 
define the critical values of those variables in 
order to classify the roads. 
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First, the variable bend length was statistically 
analyzed within the matrix data. Logistic 
regressions were developed in order to investigate 
which value of the bend length was statistically 
significant (level of confidence of 95%) as having 
influence in the PTW run-off accidents when the 
other variables were constant. Bend length values 
ranging from 20 meters to 390 were tested. The 
result of the test was the OR for the bend length 
codified as binary for each tested value and its 
corresponding p–value. The reference value 120 
metres provided the narrowest confidence interval, 
the ‘p–value’ being less than 0,05 and was chosen 
as the value to divide the road network into two 
initial groups.  
 
The minimum curvature radius within the bend for 
each group was similarly analyzed, for each group 
of roads according to bend length, in order to 
obtain which reference value for this variable had 
more influence on this type of crashes. This value 
was of 90 meters. Therefore, the road network 
bends were divided in four different scenarios 
(Table 2). 

 
Table 2. 

Description of the scenarios for bend 
classification 

Scenario 
nº Curve length 

Minimum 
curvature radius 

1 > 120 m > 90 m 
2 > 120 m < 90 m 
3 < 120 m > 90 m 
4 < 120 m < 90 m 
 
 

At a second stage, for each later group which road 
infrastructure variables having an influence as risk 
factors in PTW run-off accidents were 
investigated. 
Crossover case–control analysis was applied for 
each group and the statistically significant risk 
factors were identified (p–value < 0,05 and 
confidence intervals not including ‘1’ at a 
confidence level of 95%). A p-value below 0,05 
for an estimation of an odds ratio shows that the 
probability of accepting the value of the odds ratio 
(alternative hypothesis) is real. Those road 
infrastructure significant factors presenting an 
odds ratio above ‘1’ turned out to be risk factors. 
 
A relative risk (estimated in this research through 
the odds ratio) above ‘1’ for a factor means that it 

increases the probability of having an accident, 
compared to the same situation in absence of the 
factor, by (OR -1) x 100%. 
Apart from the statistical results of each logistic 
regression model, a road safety interpretation of 
the validity of those results was also investigated 
by safety experts in order to give coherence to the 
results. This was the basis for the development of 
the recommendations for the effective location of 
MPDs. 

RESULTS 

The statistical analysis performed over the 
combined database created for this project enabled 
the definition of the final criteria for locating 
MPDs in CyL road network to be made. This 
complete database contained all the information 
from the different tasks detailed in the previous 
sections: 

- Macroscopic statistical analysis of the 
regional accident database. 

- Macroscopic statistical analysis of the road 
section with the highest number of PTW 
accidents. 

- Detailed information from the 16 ‘in-depth’ 
accident investigations. 

- Information from the road safety inspections 
of all the bends from the seven road sections. 

- ‘Road Infrastructure Inventory’ software 
related to the previous seven road sections. 

 
The objective of structuring the road network in 
the four scenarios presented in the previous 
section is to analyze the specific casuistry of each 
scenario. The election of these 'main segmentation 
variables' has been based, besides being 
statistically significant, on the need of being able 
to decide, in a reliable, simple and effective way, 
whether a certain bend belongs to a certain 
scenario or another. For each scenario, the 
different statistical influence was analyzed for all 
the variables of risk that a motorcyclist suffers in a 
run-off. Thus, recommendations for the MPD 
installation were developed for each one of the 
four scenarios mentioned in the previous section 
of this paper. 
 
The final variables that were more relevant for the 
geometric segmentation of all the bends from the 
total network ('main segmentation variables') were 
bend length and bend minimum curvature radius. 
The justification of choosing those ‘limit values’ 
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for these two main variables is based on the 
statistical methodology applied: 
 
The joining of these two 'segmentation variables' 
gives us the four scenarios for simple regional 
road network classification. Recommendations for 
MPD location were developed for each one. 
Once the four scenarios were defined, new tests 
were performed to determine which variables were 
relevant as risk factors in run-off accidents. The 
selection of the final variables was based on the 
‘p-values’ from the different statistical tests done 
over these variables. 
 
The final variables considered as criteria for each 
scenario to determine where MPDs must be 
installed in the road network in Castilla y León 
were the following (Table 3): 
 

Table 3. 
Variables to be taken into account for MPD 

installation in each scenario 

Scenario Variables to be considered 

1 

1. Road Signs and road marking for 
the definition of bend layout. 

2. Position of decrease of minimum 
curvature radius along the bend not 
predictable by the rider. 

3. Isolated bend 

2 

1. Road Signs and road marking for 
the definition of bend layout. 

2. Position of decrease of minimum 
curvature radius along the bend not 
predictable by the rider. 

3. Isolated bend. 

3 

1. Road Signs and road marking for 
the definition of bend layout. 

2. Location within the bend of the 
minimum curvature radius. 

3. Position of decrease of minimum 
curvature radius along the bend not 
predictable by the rider. 

4 

1. Location within the bend of the 
minimum curvature radius. 

2. Isolated bend. 

3. Paved shoulder. 
 
The position of the MPDs should be on the outer 
side of the bend and along its whole length. In 
bends fulfilling the conditions of one of the 

scenarios where there is no roadside restraint 
system, this should be installed together with an 
MPD. Besides, it was observed that in consecutive 
bends where at least one fulfilled criteria, MPDs 
must also be placed in areas of adjacent bends. 

CONCLUSIONS 

The present research has provided a scientific 
basis for the development and implementation of 
better motorcyclist protection devices, in two stages. 
The first one is assessing their performance through 
an enhanced standard, which will foster the 
development of products with increasing safety 
performance for users. The second one is the 
development of recommendations for an effective 
location of MPDs within the Spanish regional 
network of Castilla y León.  
 
Specific recommendations were provided for four 
different scenarios, grouped according to the curve 
length and minimum curvature radius. The 
research has combined data from different and 
complementary sources: police data, in-depth 
accident investigations, road infrastructure 
inventory, road safety inspections, accident cases 
and non accident control data. Future 
improvements could be developed by carrying out 
a monitoring period after the implementation of 
MPDs as a result of these recommendations. No 
previous study was found on the application of 
epidemiological techniques on road layout design 
for motorcyclists, which underlines the innovation 
of this research. 
Epidemiology applied methods enabled assessment 
of the relative risk of the significant road 
infrastructure factors on PTW run-off accidents. 
The road sections where those risk factors are 
present are subject to MPD installation. 
The application of these recommendations is to 
contribute to reducing serious injury to PTW 
riders within the Spanish regional road network of 
Castilla y León. In addition, once the MPDs have 
been put in place according to these 
recommendations, their effectiveness in reducing 
PTW rider injuries is being monitored so that the 
safety benefit achieved is ultimately evaluated  

ACKNOWLEDGEMENTS 

The authors would like to express their 
acknowledgement to: 

- The Spanish Technical Committee AEN/CTN 
135 that was involved in the development of 
the standard UNE 135900. 



 

García, García, Molinero, Perandones, Fernández, Martín, Mansilla   11 

- Mr. Andrés Pérez Rubio, representative of 
PTW users, former Spanish Motorcyclist 
Champion and former Director of 
Motorcyclists Driving School of the National 
Federation of Motorcyclists for his 
contribution during the road safety 
inspections. 

- Mr. Pedro Aliseda (AEPO) for his support in 
implementing the use of the road 
infrastructure inventory software. 

- The CyL regional administration department 
of road maintenance for their help in 
understanding road infrastructure data and 
their support during road safety inspections. 

 
 
REFERENCES  
 
                                                           

1  S. Peldschus , E. Schuller, J. Koenig, M. Gaertner, 
D. García, A. Mansilla, “Technical bases for the 
development of a test standard for impacts of 
powered two-wheelers on roadside barriers,” 
Proceedings of the 20th Enhanced Safety of Vehicles 
Conference, 2007. 

2 Spanish Standard UNE-135900-2005, “Standard 
on the evaluation of performance of the protection 
systems for motorcyclists on safety barriers and 
parapets” 

3 United Nations Economic Commission for Europe. 
Statistic of Road Traffic Accidents in Europe and 
North America. New York and Geneva, 2007. 

4 Association des Constructeurs Européens de 
Motocycle. ACEM´s view on PTW fatality statistics 
in Europe. Brussels, 2006. 

5 National Highway Traffic Safety Administration. 
Fatal single vehicle accident. DOT HS 809 360, 
Washington, October 2001. 

6  Advisory Circular from US Department of 
Transportation. Federal Aviation Administration. 
“Injury criteria for human exposure to impact”. AC 
Nº21-22. Date 6/20/85 

7 “Survivable impact forces on human body 
constrained by full body harness”. HSL/2003/09. 

8 Spanish Standard UNE-135900-2008, “Standard 
on the evaluation of performance of the protection 
systems for motorcyclists on safety barriers and 
parapets” 

                                                                                       

9 APROSYS SP4, “Advanced Protection Systems”, 
Integrated European Project, VI Framework 
Programme. www.aprosys.com 

10. J. de Irala, M.A. Martínez-González, M. Seguí-
Gómez. Applied Epidemiology. Ariel Ciencias 
Médicas. Barcelona, 2004. 

11 . Datetechnik Steffan. PC-CRASH Simulation 
Program for Vehicle Accidents. Version 7.0. Linz, 
Australia, November 2002. 

 



 
Prasad 1 

 

STATUS OF NHTSA MOTORCOACH SAFETY PLAN 
 
Aloke Prasad, David Sutula, Roger Saul, John Hinch, Charles Hott, Lawrence Valvo,  
Stephen Beretzky  
National Highway Traffic Safety Administration 
United States 
Michael L. Sword 
Transportation Research Center, Inc. 
United States 
Paper Number: 09-0448 
 

ABSTRACT 

The United States Department of Transportation, 
National Highway Traffic Safety Administration 
(NHTSA), has been actively researching ways to 
improve bus safety for several years.  In 2007, 
NHTSA completed a broad review of 
motorcoach safety issues in the United States 
and developed an approach that would be 
pursued to most expediently address those 
issues.  This paper discusses the priority areas 
that are being investigated for improvements, 
presents the approach that is being taken in each 
priority area, and summarizes the status and 
research results obtained thus far.   

While there are a number of agency programs 
that encompass motorcoaches, the agency has 
decided to pursue these efforts as priorities:  
passenger ejection, roof strength, fire safety, and 
emergency evacuation. 

For passenger ejection, incorporation of seat 
belts has been pursued as the most expedient 
way to mitigate ejection.  A full scale frontal 30 
mph barrier crash test was conducted to measure 
the occupant responses for both belted and 
unbelted conditions, and sled testing under a 
variety of configurations was completed to 
assess seat anchorage and seat belt load 
experienced under these conditions. 

Regarding roof strength, tests on four 
motorcoaches were conducted to assess and 
compare European and U.S. requirements for 
roof strength in buses. Survival space and 
emergency exit operation were studied for both 
test conditions. 

To address emergency evacuation on 
motorcoaches, studies and human evacuation 
simulations are being conducted.  Various 
emergency exit scenarios including windows, 
rear stairs/door, existing wheelchair exit doors, 

airplane style portals, and roof exits are being 
evaluated.  Minimum strength requirements for 
opening emergency exits based on the age of the 
occupant are also being examined. 

As for fire safety, NHTSA is conducting 
research to examine how a motorcoach fire 
spreads from the wheel well to and through the 
passenger compartment.  The flammability of 
interior and exterior materials will be 
investigated, as well as detection systems to 
warn the driver of an external fire along with 
automatic suppression systems to quell a fire 
before it spreads. 

INTRODUCTION 
 
Motorcoach transportation has been a very safe 
form of transportation in the United States.  On 
average, about 14 fatalities have occurred 
annually to occupants of motorcoaches in crash 
and rollover events, with about 2 of the fatalities 
being drivers.  Approximately one-third of the 
fatal crashes resulted in rollover.  Ejection of 
passengers from motorcoaches accounts for 
approximately one-half of passenger fatalities.  
Among all motorcoach crashes, about two-thirds 
are single vehicle events and involve running off 
the road, hitting roadside objects, or rolling over. 
 
In addition to the fatal crashes, there have been a 
number of fire incidents, including a tragic 
incident in Wilmer, Texas [NSTB, 2007] 
resulting in the death of twenty-three occupants 
when a fire erupted to engulf the motorcoach. 

In 2007, following completion of several studies 
relevant to motorcoach safety, NHTSA 
conducted a comprehensive review of those 
studies and motorcoach safety issues in the 
United States, and then developed an approach 
that would be pursued to most expediently 
address those issues [NHTSA, 2007].  This paper 
discusses the priority areas that are being 
investigated for improvements, presents the 
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approach that is being taken in each priority area, 
and summarizes the status and research results 
obtained thus far.   
 
PASSENGER EJECTION 

Passenger ejections can be reduced by using a 
number of different technologies, e.g., reducing 
openings by using stronger window retention 
methods, improvements to the integrity of 
window and other glazing areas, use of safety 
belts etc.  Crash and sled tests to study the 
effects of using safety belts are described in the 
following sections.  

For passenger ejection, a full scale frontal 30 
mph barrier crash test was conducted to measure 
the occupant responses for both belted and 
unbelted conditions, and sled testing under a 
variety of configurations was completed to 
assess seat anchorage and seat belt load 
experienced under these conditions.  These tests 
are described in the following. 
 
Crash Test 
 
The agency conducted a crash test in December 
2007 at the NHTSA Vehicle Research and Test 
Center in E. Liberty, Ohio (Test # 6294 in 
NHTSA Vehicle Crash Test Database).  Figure 1 
shows the motorcoach used in the test.  It was a 
2000 MCI 102EL3 Renaissance with a Series 60 
diesel engine and B500 Allison Automatic 
transmission.  The coach was 45 ft long, 12 ft 6 
inches tall, with 54 seats (34 inches apart 
longitudinally). The weight as tested (including 
dummies and equipment) was 42,720 lbs. 
 

 
Figure 1.  Motorcoach Used for Crash Test 
 
The coach had unbelted seats from American 
Seating Co, seats with 2 and 3-point belts from 
Amaya/Fainsa and a seat with 3-point belts from 
Freedman Seating Co. 
 
The crash test speed was 30 mph (48.3 kph) into 
a fixed rigid barrier at 0 degrees, full overlap 
condition.  The test collected data from 355 

dummy channels and 26 vehicle channels at 
12,500 samples/sec.  Figure A1 in Appendix A 
shows the crash pulse (deceleration) from three 
locations in the middle and rear of the coach, 
away from the crush zone. 
 
The coach had the following dummies on-board: 
•Hybrid III 50th male – 17 dummies  
•Hybrid III 5th female – 3 dummies 
•Hybrid III 95th male – 2 dummies 
 
Each dummy had accelerometers in head and 
chest, load cells in upper neck and femur, and a 
chest displacement potentiometer.  The dummies 
were seated at locations shown in Figure 2. 
 
Crash Test Observations 
 
Unbelted dummies had high head accelerations 
and neck injury values (Nij), as did the dummies 
with 2-point (lap) belts.  The highest readings of 
the Head Injury Criteria (HIC15) and Nij in 
unbelted dummies were approximately twice the 
Injury Assessment Reference Value (IARV) (1.9 
and 2.1 respectively). The corresponding ratios 
of the highest HIC15 and Nij for dummies with 
lap belts were 1.9 and 4.7 respectively.   
 
The injury criteria and the IARV are described 
on the Advanced Air Bag Technology page on 
the NHTSA web site.  
http://www-nrd.nhtsa.dot.gov/ 
 
The dummies restrained by 3-point belts had low 
injury assessment values for head and neck.  The 
highest HIC15 and Nij in dummies with lap and 
shoulder belts were 0.6 and 0.8 respectively.  All 
dummies had low chest accelerations, chest 
displacements and femur loads (worst case 
condition of about half of the IARV). 
 
Unbelted dummies typically made head contact 
with the seatback in front within 150-180 ms.  
The unbelted dummies in the aisle seat ended up 
in the aisle, while those in the window seat 
ended up in the row in front or on the floor.  
 
Structurally, all seats remained attached to the 
bus at all seat anchor locations.  One baseline 
(unbelted) seat had a failure of the seat frame at
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Figure 2.  Motorcoach Crash Test Dummy Seat Diagram 
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the floor attachment.  This unoccupied seat had 
unbelted 50th M and 95th M in the row behind 
it.  Baseline seats and the Freedman seat had 
bent/broken seatbacks when impacted by 
unbelted dummies in the seat behind it.  Figure 3 
is an image from the crash test. 
 

 
Figure 3.  Belted Dummies (on left) Remained 
in Their Seats; Unbelted Dummmies (on 
right) Did Not. 

 

Sled Tests 
 
Fifteen crash simulations (sled tests) were run 
using a representation of the crash pulse from the 
crash test at VRTC (VRTC Pulse).  Additionally, 
five sled tests were run using the European ECE 
Regulation 80 tests of seats and anchorages (EU 
Pulse). The crash test acceleration, VRTC Pulse 
and the EU Pulse, including the corridors used to 
define the EU pulse requirements, are shown in 
Figure A2 in Appendix A.  The approximate 
velocity change for the VRTC pulse was 25 mph 
(40.2 kph) and for the EU pulse was 20 mph 
(32.2 kph).  These tests are available in NHTSA 
Vehicle Crash Test Database as test # 6559 
through 6578. 
 
 
 
 
 
 
 
 

Three types of seats were used in the sled tests. 
 
1. Baseline (American Seating) 
 a. No belts 
 
2. M3 belted seats (Amaya/ FAINSA) 

a. 3-point belts 
b. 2-point belts 

 
3. M2 belted seats (Amaya/ FAINSA) 

a. 3-point belts 
 
Baseline seats without seat belts were obtained 
from the 2000 MCI 102EL3 Renaissance Series 
tested bus and the seat supplier, American 
Seating Company (Amer Seat).  
 
Three different seats with seatbelts, supplied by 
Amaya/FAINSA, were used in the sled tests.  
These seats were designed to meet ECE 
Regulation 14 and 
TRANS/WP.29/78/Rev.1/Amend2  
 
M3: These seats are designed for mass 
transportation vehicles having a mass exceeding 
5 tonnes (11,023 lbs).  This uses a load 
equivalent to 6.6g. (referred to as “7G seats” in 
Figure 4). 
 
M2: These seats are designed for mass 
transportation vehicles, having a mass not 
exceeding 5 tonnes (11,023 lbs).  This uses a 
load equivalent to 10g. (referred to as “10G 
seats”).  All such seats used had 3-point seat 
belts and are similar in appearance to the M3 
seats. 
 
The test matrix is shown in Figure 4.  The test 
setup consists of three rows of seats with the 
middle row, subject seat, having load cells at all 
the seat anchor locations.  Figure 5 shows a 
typical buck setup. The occupants at the 6 
possible seating locations are as shown in Figure 
4 along with crash pulse and the type of belted 
seat used.  The test numbers used are as follows: 
 
TEST N 
Test # YYMMDD - Test sequence for that day  
 
where N is the chronological sequence of tests in 
the order they were run (1 through 20). 
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Figure 4.  Motorcoach Sled Test Matrix
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Figure 5.  General Sled Buck Setup 
 
Each seat was attached at 4 locations; 2 on the 
floor, and 2 on the side.  These are marked in 
Figure 6 as locations A, B, C, D, respectively.  
For the sled test program, the center row seat 
was mounted at the 4 locations with rigid 
attachments with 3-axis load cells. Forces in 3 
directions were measured at each of the seat 
anchor locations. 
 

Figure 6.  Motorcoach Seat Anchor Locations 
 
Sled Test Observations 
 
Higher dummy injury assessment values were 
mostly limited to HIC and Nij.  The 3-point 
belted seats prevented critical injury values in 
almost all configurations with VRTC crash 
pulse.  No 3-point belted dummy recorded a 
critical Nij across all test conditions 
 
Unbelted dummies loading the target seat from 
the rear often increased the injury values of the 
3-point belted dummy in the target seat, when 

compared to tests that had no rear dummy 
loading. 
The EU pulse has a shorter duration and higher 
peak G than the VRTC pulse.  EU pulse tests 
resulted in higher HIC when compared to VRTC 
crash test pulse.  Three-point belted dummies 
with the EU pulse reached critical injury values 
in tests. 
 
Dummy injuries values (HIC and Nij) reached 
critical thresholds with 2-point (lap only) belt 
tests. The 5th female dummy consistently 
recorded higher injury numbers when compared 
to the larger occupants in 2-point and unbelted 
conditions.  
 
Low injury numbers were recorded for 15 degree 
angled testing.  However, the unbelted dummies 
were not contained between the seats and often 
fell into the ‘aisle.’ 
 
For similar tests with the Amaya M2 and M3 
seats, the injury values were relatively similar. 
 
ROOF CRUSH/ROLLOVER TESTING 
 
Roof crush/rollover testing was performed on 
two different motorcoach models.  The testing 
was done to evaluate two existing roof 
crush/rollover test procedures on four older 
motorcoaches: Federal Motor Vehicle Safety 
Standard (FMVSS) No. 220 and Economic 
Commission for Europe (ECE) R.66 complete 
vehicle test.   
 
The agency tested two 12,200 mm (40 feet) 1992 
Motor Coach Industries (MCI) model MC-12 
and two 1991 Prevost model LeMirage 
motorcoaches.   MCI and Prevost vehicles were 
selected to “bracket” the roof strength 
characteristics for similar sized motorcoaches in 
the fleet.  The most evident structural difference 
was that the Prevost LeMirage had smaller side 
windows and more roof support pillars than the 
MCI MC-12.  Table 1 presents information about 
each of the buses. 
 
Previous Related Research 
 
From 2003 to 2006, NHTSA and Transport 
Canada had a joint program focused on 
improving glazing and structural integrity of 
motorcoaches to prevent ejections, using 
standard coach windows and different variations 
of glazing and bonding techniques [NHTSA, 
2006].  The research focused on finite element 
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modeling of a Prevost model during a rollover.  
The simulation computed the force applied to the 
roof during the ECE R.66 rollover test, and 
during other scenarios such as sliding into fixed 
objects.  The key findings of the research with 
respect to force on the roof indicated that a force 
of 1,149,529 N (258,424 lbs) (approximately 7.6 
g’s average acceleration) with an applied vector 
angle of 29 degrees relative to the bus 
longitudinal-transverse plane was achieved 
during the rollover.  It was determined that the 
average force distribution along the top corner of 
the bus was approximately 86 N/mm (490 lbs/in) 
along the length of the bus.   

Existing Test Protocols  
 
Two existing roof crush/rollover protection test 
procedures and their associated performance 
requirements for buses were examined to 
determine the feasibility of their application to 
motorcoaches sold in the United States.  One 
procedure is that specified in FMVSS No. 220, 
“School Bus Rollover Protection,” and the other 
is that specified in ECE R.66, “Uniform 
Technical Prescriptions Concerning The 
Approval Of Large Passenger Vehicles With 
Regard To The Strength Of Their 
Superstructure.” 
 
FMVSS No. 220 specifies performance 
requirements for school bus rollover protection.  
It specifies that when a uniformly distributed 
load equal to 1.5 times the unloaded vehicle 
weight (UVW) is applied to the vehicle’s roof 
through a force application plate, the downward 
vertical movement at any point on the 
application plate shall not exceed 130 mm and 
the emergency exits must be operable during and 
after the test. The force application plate is 
positioned along the longitudinal centerline of 
the roof and is 914 mm (36 inches) wide and 305 
mm (12 inches) shorter in length than the vehicle 
roof.  

 
ECE R.66 applies to single-deck, rigid or 
articulated vehicles, designed and constructed for 
the carriage of more than 22 passengers in 
addition to the driver and crew.  ECE R.66 
requires a complete vehicle test but allows 
alternative tests which are based on the full 
vehicle test.  The complete vehicle test was 
conducted for this research program.  
 
In the complete vehicle test, a bus with a blocked 
suspension is placed on an 800 mm (31.50 in)  
high tilting platform.  The bus is tilted slowly to 
its side until it reaches its unstable equilibrium 
and tips onto a horizontal, dry and smooth hard 
surface. 
 
The performance specifications of ECE R.66 
require that the superstructure of the vehicle have 
sufficient strength to ensure that adequate 
residual space to survive a rollover is maintained 
during and after the rollover test.  Templates for 
the ECE R.66 defined residual space are placed 
inside the vehicle in the front, center and rear of 
the bus.  The requirements are such that no part 
of the vehicle which is outside the residual space 
at the start of the test (e.g. pillars, safety rings, 
luggage racks) shall intrude into the residual 
space during the test.  

Test Results 
 
The testing demonstrated that it is possible to 
apply the FMVSS No. 220 test or the full vehicle 
test in ECE R.66 to motorcoaches.  The results 
of the testing are presented below. 
 
For the FMVSS No. 220 tests, neither of the two 
motorcoaches tested were able to attain the 1.5 x 
UVW loading that is required according to the 
specifications in FMVSS No. 220 for school 
buses.  The testing showed that the front sections 

 
 

Table 1. 
Manufacturer’s Bus Specifications for Roof Crush Testing 

 
Make Model Model 

Year 
Unloaded 

Vehicle Weight 
GVWR Window 

Length (mm) 
Window Height 

(mm) 
MCI MC-12 1992 12,474 kg 

(27,500 lbs) 
17,146 kg 
(37,800 lbs) 

1310 685 

Prevost LeMirage 1991 12,426 kg 
(27,395 lbs) 

18,145 kg 
(40,000 lbs) 

815 1040 
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of these two bus models were weaker than the 
back.  This is most likely because the windshield 
and service door were located in the front of the 
bus and offered little resistance to the 
compressive load.  Deformation at the front of 
both buses was such that the luggage racks 
entered the residual space as defined in ECE 
R.66.  The front of the MCI bus yielded to the 
compressive load at 0.91 x UVW, while the front 
of the Prevost bus yielded at 1.17 x UVW.  One 
of the possible reasons for the differences in the 
two buses is the number and size of the pillars.  
The MCI bus had seven pillars, 57 mm (2.24 in) 
wide, while the Prevost bus had 10 pillars, 205 
mm (8.07 in) wide.  While other properties such 
as material and cross-sectional shape play a role 
in compressive strength, the results tend to 
indicate a relationship to the number of pillars. 
 
For the ECE R.66 tests, the interior sidewall of 
both motorcoaches entered the residual space at 
the front of the occupant compartment.  Each bus 
was positioned on the tilting platform with the 
driver’s side (left) adjacent to the platform’s 
hinge.   The platform was raised at a steady rate 
of less than 5 degrees/second until the vehicle 
reached its unstable equilibrium and commenced 
its roll, which occurred at approximately 48 
degrees from the horizontal (MCI) and 51 
degrees from the horizontal (Prevost).  Both 
buses struck the ground near the left upper edge 
of the vehicle just above the windows.  In both 
tests, the vehicle windshields lost retention, the 
emergency roof exits opened, and the front 
residual template made contact with the left side 
window.  In the MCI bus, the left side luggage 
rack inboard hangers rearward of the front two 
hangers broke during the impact, leaving 
exposed sharp metal edges. 
 
Accelerometers were installed on the impact-side 
interior corner of the roof within the same lateral 

planes as the residual space templates.  The 
average accelerations along the top of the bus 
roof when the bus struck the ground surface were 
calculated.  The average accelerations from the 
roof accelerometers when the buses impacted the 
ground ranged from 7.59 (MCI) to 8.2 (Prevost) 
g’s.  These average acceleration values agree 
very well with the Transport Canada simulation 
study that indicated an average roof acceleration 
of 7.6 g’s on a 13,420 mm (44 ft) Prevost bus.   

Energy Analysis Quantitative Assessment 
 
In an effort to quantitatively assess the relative 
stringency between the FMVSS No. 220 and the 
ECE R.66 tests, a review of the energy absorbed 
by the buses in each of the two tests was 
examined.  Table 2 presents the energy absorbed 
by the MCI and Prevost buses in the FMVSS No. 
220 and ECE R.66 tests.  The energy absorbed 
by the two buses in the ECE R.66 test is 2.5 to 3 
times greater than that at the maximum applied 
energy in the FMVSS No. 220 test.  Both buses 
experienced vertical displacement of the load 
application plate that exceeded the maximum 
allowable level of 130 mm (5 1/8 inches) in the 
FMVSS No. 220 tests.  Additionally, both buses 
crushed into the ECE R.66 survivable space 
templates in both the FMVSS No. 220 and the 
ECE R.66 tests.  Since both the buses did not 
meet the FMVSS No. 220 requirement for school 
buses sold in the U.S. and ECE R.66 
requirements for motorcoaches sold in the EU, it 
is not possible to objectively assess the relative 
stringency of these two tests with the available 
information.  Also, since the ECE R.66 test is a 
dynamic event while the FMVSS No. 220 test is 
a quasi-static event, and since the load 
applications in the two tests are significantly 
different, the absorbed energy cannot be directly 
compared.  
 
 
 

 
Table 2 

FMVSS No. 220 and ECE R.66 
Energy Analysis 

 
Energy at Maximum 

Achievable  Load 
ECE r.66 Potential Energy 

(m*g*Δh) 
 Mass 

(kg) 
Energy at 130 mm 

crush 
(J) UVW (J) CG Δh (m) Energy (J) 

MCI 12,700 4,444 0.91 33,960 0.840 104,653 
Prevost 13,381 7,140 1.17 37,599 0.723 94,906 
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Qualitative Analysis 
 
While it was not possible to quantitatively assess 
the relative stringency between FMVSS No. 220 
and ECE R.66, it is possible to perform a 
qualitative assessment.  From a qualitative basis, 
it appears that the FMVSS No. 220 criteria for 
school buses may be more stringent than the 
rollover requirements in ECE R.66 for buses 
meeting that regulation.  This is based on the 
observation that neither of these buses was able 
to support its UVW in the FMVSS No. 220 tests 
and failed catastrophically prior to reaching 1½ 
times UVW.  Both of the buses crushed 
approximately 355 mm (14 in) to the top of the 
ECE R.66 defined residual space template before 
contact with the luggage rack.  The MCI bus 
reached the 130 mm (5.118 in) maximum 
displacement criteria for school buses at 
approximately 70 percent of UVW, and the 
Prevost bus reached the displacement criteria and 
continued to displace at 100 percent of the 
UVW. 
 
During the ECE R.66 rollover tests, imprints 
from the residual space templates where the front 
templates struck the side windows in both the 
MCI and Prevost coaches indicate that only the 
lateral corner of the templates struck the side 
window.  This suggests that with some design 
improvements to counteract the lateral forces 
these buses could pass the ECE R.66 rollover 
test. 
 
In severe rollover incidents where the bus rolls 
over more than a quarter turn, school buses 
meeting FMVSS No. 220 have shown 
remarkable ability to maintain their structural 
integrity.   Based on the above observations, it 
appears that the FMVSS No. 220 test protocol 
may be more stringent that the ECE R.66 
requirement.  However, these observations are 
for buses that are over fifteen years old and may 
not be applicable to the current U.S. fleet. 
 
EMERGENCY EVACUATION STUDY 
 
Several safety recommendations from the 
National Transportation Safety Board (NTSB) 
concern egress, emergency exit designs, lighting 
and signage/marking for motorcoaches (intercity 
buses).  Conducting egress testing to evaluate 
motorcoach emergency evacuation designs under 
various post-incident conditions such as fire, 

smoke and unusable exit situations is also 
included in the NTSB recommendations.   

Research Plan 
 
NHTSA developed a research plan that is being 
conducted by the Volpe National Transportation 
System Center.  The approach included the 
following general areas of investigation or 
activity:  1) Literature review to identify and 
evaluate relevant studies, modeling efforts, and 
regulations and standards from other 
transportation modes (e.g., rail and air) for 
applicability to motorcoaches,  2) survey and 
evaluation of various motorcoach emergency 
egress designs, including signage and marking, 
3) conducting controlled evacuation simulations 
and egress experiments under various conditions 
and from various types of emergency exits,  4) 
measure and evaluate emergency exit opening 
force requirements, and 5) examine performance 
requirements for FMVSS No. 217 concerning 
exit opening force levels, signage, marking and 
lighting. 

Preliminary Findings 
 
Pilot studies [Volpe, 2008] have been completed 
for front door, emergency window, roof hatch, 
and wheel chair access door egress tests in 
addition to naturalistic observations of 
motorcoach egress of passengers.  In addition, 
emergency window exit opening force 
measurements were made on three different 
models of motorcoaches (Prevost, Van Hool, 
MCI).  
 
Some of the preliminary findings [NHTSA, 
2009] from the testing and literature review are: 
the front access door of the motorcoach is the 
fastest and safest path of egress; the time 
required for passengers to determine how to open 
the front access door (in those cases where the 
motorcoach operator is unavailable) can take 
longer than the time required for a full load of 
passengers to evacuate through the door; 
conspicuous placement of the service door 
interior release mechanism and operational 
instructions are critical for passengers; able-
bodied bus passengers are capable of egressing 
through a rear side door without steps (such as a 
wheel chair access door) at a rate that would 
allow evacuation of a fully loaded motorcoach in 
less than three minutes; the time to evacuate a 
fully loaded motorcoach through emergency exit 
windows is less than two minutes provided that 
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passengers have the strength and agility to open 
the windows and climb out, and if methods of 
holding the windows open are available as 
shown in Figure 7. 
 

 
Figure 7.  Window Emergency Egress with 
Support Mechanism 
 
Based upon the results of the pilot studies, 
construction of a motorcoach mockup for further 
egress assessment has been initiated for 
completion in 2009.  The additional investigation 
will include the following general areas of 
investigation or activity:  1) motorcoach egress 
under adverse conditions (e.g., darkness); 2) 
human factors evaluation of egress using 
alternative options including seated jump and 
controlled drop from an elevated platform 
simulating the floor height for wheelchair access 
door, and a steep rear stairway similar to those 
used in European motorcoaches;  3) 
measurement of human strength in applying 
opening forces in the specific postures required 
in motorcoaches;   
4) experimental determination of the effect of 
illumination levels on egress rates; and  
5) development of performance requirements 
including interior egress, vehicle safety aids and 
emergency lighting. 
 
FIRE SAFETY EFFORTS 
 
While motorcoach fires may be relatively rare, 
they can cause a significant number of fatal or 
serious injuries during a single event.   
Based upon the investigation of the Wilmer, 
Texas bus fire, it is evident that the fire 

originated from outside the vehicle cabin due to 
overheating of a vehicle axle.  Additionally, the 
motorcoach recall data and industry studies 
indicate that most motorcoach fires start in areas 
external to the passenger compartment.  It is 
rarely reported that fires start within the 
passenger compartment. 
 
Of the fires that originate from outside the 
vehicle cabin, most originate in one of four 
areas: the engine compartment, the fuel system, 
the electrical system, or the wheel well. [NFPA, 
2006]  Causes of these fires range from 
mechanical failures of the equipment to leaks in 
hoses, couplings, seals and electrical circuit 
shorts. 
 
Because numerous fire safety tests and standards 
already exist, NHTSA’s approach is to build 
upon existing standards and recommended 
practices rather than develop new test procedures 
for materials used in construction of 
motorcoaches.  NHTSA’s approach also includes 
potential improvements to motorcoach 
performance requirements to address fires that 
originate both within the passenger compartment 
and those ignited external to it.  Resistance to 
fire propagation is a key component to 
preventing burn and inhalation injuries, which 
were identified as the leading cause of death in 
fires that primarily originate from sources 
outside the vehicle cabin.  Additionally, low 
flammability of interior components helps 
provide additional time for motorcoach 
occupants to evacuate a burning motorcoach and 
operators to suppress small fires that begin inside 
the cabin [NBSIR, 1978]. 
 
To evaluate potential fire protection tests and 
standards for relevancy to improving motorcoach 
safety, NHTSA initiated a research program with 
the National Institute of Standards and 
Technology (NIST) to establish an 
understanding of the development of motorcoach 
fires and the subsequent spread into the 
passenger compartment, assess the adequacy of 
the current FMVSS No. 302 for flammability 
testing of interior materials for motorcoach 
applications, recommend potential upgrades to 
the existing FMVSS No. 302 requirements, 
determine the feasibility of establishing 
requirements for fire-hardening or fire resistance 
of motorcoach exterior components, assess the 
potential for fire and smoke inhalation injuries to 
occupants in the event of a motorcoach fire, and 
identify potential mitigation strategies. 
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NIST is using the rear section of the motorcoach 
crash tested in December 2007 to create a mock-
up for conducting controlled burn experiments 
that mimic fires originating in the wheel well 
area.  These mock-up studies will be conducted 
in two phases.  During the initial testing phase, 
the cabin will be instrumented with 
thermocouples, calorimeters, and video 
equipment to ascertain the effects of such fires 
on the passenger compartment.  The tests will 
record the rate of fire growth, cabin 
environmental conditions, and cabin visibility vs. 
time for each ignition source.  During the second 
phase of testing, various potential 
countermeasures (firewalls, temperature sensors, 
etc.) will be selected and tested to determine the 
extent to which each countermeasure improves 
the detection time, or potential evacuation time 
allowable for each ignition source. 
 
CONCLUSION 

While motorcoach travel in the United States is 
already very safe, NHTSA has been actively 
researching ways to improve bus safety for 
several years.  The agency has recently launched 
a comprehensive program to improve 
motorcoach safety in a number of priority areas.  
The priority areas being pursued are seat belts to 
reduce passenger ejection, roof strength, fire 
safety, and emergency evacuation.  The results of 
these studies will provide a basis for future 
NHTSA direction to promote additional 
improvements for motorcoach occupant 
protection. 
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Figure A1.  Motorcoach Crash Pulse 
 
 

 
   Figure A2. Accelerations for Crash Test (magenta), NHTSA Sled Pulse (black) and EU Pulse (blue) 
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ABSTRACT 
 
When a motorcycle is driven on a curved road, 
the motorcycle headlamp inclines horizontally as 
the motorcycle body banks, and the area 
illuminated by the headlamp becomes limited. 
Therefore, minimizing the horizontal inclination 
of the headlamp would improve the visibility. 
This study was conducted to clarify the effects of 
a system to adjust the horizontal inclination of the 
motorcycle headlamp (hereafter, “motorcycle 
AFS”) on visibility for the rider, and to examine 
the side-effects of the motorcycle AFS (e.g., 
discomfort glare for oncoming drivers). 
The study included the following two parts: 
(1) A simulation survey and an actual driving 
survey to test the visibility demonstrated that a 
motorcycle AFS enhances visibility for the rider 
while the motorcycle is being driven on curved 
road. When the horizontal inclination of the 
headlamp is adjusted by the same or greater 
amount than the bank angle of the motorcycle 
body, the visibility evaluation scores are equal to 
or above the just acceptable level. However, 
when the adjustment amount is less than the bank 
angle, the visibility evaluation scores are below 
the just acceptable level. 
(2) A simulation survey and an actual driving 
survey to evaluate the discomfort glare showed 
that when the horizontal inclination of the 
headlamp is adjusted by the same or smaller 
amount than the bank angle, the glare evaluation 
scores are equal to or above the just acceptable 
level. However, when the adjustment amount is 
more than the bank angle, the glare evaluation 
scores are below the just acceptable level. 
 
 
 
 
 
 

Based on the results obtained in this study, the 
following technical requirement is proposed for 
the motorcycle AFS: 
"A horizontal inclination adjustment system 
(HIAS) may be installed. However, the 
adjustment amount of horizontal inclination shall 
not exceed the vehicle's bank angle." 
 
  
INTRODUCTION 
 
In recent years, adaptive front lighting systems 
(AFS) have been increasingly introduced for 
four-wheeled vehicles. The AFS is designed to 
improve the visibility for the driver in 
accordance with the driving conditions by 
controlling the optical axis of headlamps in 
coordination with steering wheel operation 
and/or by using a supplementary light source in 
addition to existing headlamps. 
With regard to the motorcycle AFS, Japanese 
motorcycle manufacturers have presented 
AFS-mounted prototype vehicles as part of the 
Advanced Safety Vehicle (ASV) Project, which 
is being implemented by Japan’s Ministry of 
Land, Infrastructure and Transport. However, 
the motorcycle AFS has not yet been released. 
In the case of a motorcycle headlamp, when a 
motorcycle is driven on a curved road, the 
motorcycle headlamp inclines horizontally as the 
vehicle body banks, and the area illuminated by 
the headlamp becomes limited. The range of road 
illuminated by the headlamp in the direction of 
travel tends to become narrow because the 
headlamp horizontally inclines with the vehicle 
body in curves. 
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Therefore, the visibility could be improved if the 
horizontal inclination angle of the headlamp 
(hereafter, “inclination angle”) could be adjusted 
to keep the cut-off line horizontal (Figure 1). 
In order to obtain the data required to draw up 
motorcycle AFS regulations, this study 
examined the effect of inclination angle on 
improving the visibility for riders and on the 
discomfort glare for oncoming vehicle drivers. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 1.  Illuminated area by AFS headlamp 
and non-AFS headlamp 

 
 
MEASUREMENT OF THE INCLINATION 
ANGLE AND THE AIMING DIRECTION 
OF A MOTORCYCLE HEADLAMP IN A 
CURVE 
 
Objective 
 
The objective of this research item was to 
measure the inclination angle and the aiming 
direction of a motorcycle headlamp in a curve. 
 
Method 
 

 Test Vehicle and CCD Cameras - The test 
vehicle was a 400 cc class motorcycle fitted 
with a CCD camera at the usual headlamp 
position (850 mm above the ground). The 
images taken by the onboard camera (Figure 2) 
and the images taken by the CCD camera fixed 
on the ground (Figure 3) were analyzed to 
determine the inclination angle and the aiming 
direction of the motorcycle headlamp. These 
two images were synchronized by LED lamps. 

 
 
 
 
 

 
 
Figure 2.  Image by motorcycle mounted  
CCD camera 
 
 

  
Figure 3.  Image by CCD camera fixed on 
the ground 

 

 Test Course - While a motorcycle was driven 
counterclockwise around a circular test track 
(marked with white lines of different radii; see 
Figure 4), the inclination angle and the aiming 
direction of the motorcycle headlamp in a left 
curve were measured. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 4.  Test course (circular test track) 
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   Measurement Conditions - Four radii of 
lane curvature were used: 30 m, 50 m, 70 m and 
140 m. 
The vehicle speeds were determined by the 
method for calculating minimum radii in 
"Interpretation and implementation of the road 
construction ordinance 1)." 
 
   Test Riders - The test riders were four males 
who frequently rode motorcycles for test work. 
 
 
   Number of Measurements - The 
measurements were taken 20 times under each 
measurement condition (4 riders x 5 runs). 
 
Results 
 
Based on the analysis results of the 20 rounds 
for each measurement condition, the median 
values of the inclination angle of the motorcycle 
headlamp and the aiming direction for that 
inclination angle were obtained as shown in 
Table 1. 
 

Table 1.  Results of headlamp inclination 
angle and aiming direction measurement 
 

Y Z

30m 30km/h 12.9° 1.7 0.3

50m 40km/h 13.3° 3.6 0.2

70m 50km/h 15.2° 0.5 0.2

140m 60km/h 13.4° 1.3 0.4

Radius
Vehicle
Speed

Headlamp

Inclination
Angle

Aiming Direction (Degree)

  
 Y : + Indicates rightward.    Z : + Indicates upward. 

 
 

SIMULATION SURVEY ON VISIBILITY 
OF MOTORCYCLE AFS  
 
Objective 
 
The objective of this computer simulation was to 
compare visibility performance among 
headlamps with fixed inclination angle 
adjustment, a headlamp whose cut-off line was 
adjusted to remain parallel to the ground at all 
times (AFS headlamp), and a conventional 
headlamp. 
 
 
 
 

Method 
 
Visual targets were assumed to be visible by the 
rider if they were located below the cut-off line 
of the motorcycle headlamp’s passing beam (i.e. 
within the reach of intense headlamp light). 
Therefore the visibility distance was determined 
based on the criterion that the visual target is 
considered visible when it is located in the range 
below the cut-off line of the headlamp. 
 
   Headlamps - A simulation was conducted on 
the headlamp’s passing beam presenting a 
symmetrical lighting pattern with a horizontal 
cut-off line. The headlamp aiming direction was 
set with a cut-off line 1% (0.57 degrees) 
downward of the horizontal. 
 
   Simulation Conditions - The simulation was 
conducted for the condition where the 
motorcycle headlamp inclination angle was 
adjusted and for the conditions where the 
inclination angle was not adjusted. A total of 
four adjustment conditions were set: three 
conditions with the fixed inclination angle 
adjustments (7.5 degrees, 15 degrees and 22.5 
degrees) and one condition with the cut-off line 
adjusted to remain parallel to the ground (AFS 
headlamp). 
 
   Driving Course and Visual Targets - The 
motorcycle driving course and the visual targets 
are shown in Figure 5. The lane width was 3.5 m, 
and the motorcycle was driven along the center 
of the left lane on a left curve. The distance was 
indicated based on the circular distance along the 
lane center. 
Four radii of lane curvatures were used: 30 m, 50 
m, 70 m and 140 m. 
Three visual targets were set: lane edge line, lane 
center, and center line in the left curve. 
 
   Range of Calculation - The range of 
calculation was determined to be that where the 
distance between the motorcycle headlamp 
location and the visual target reaches 1/4 of the 
circle or 100 m. That is, the calculation was 
performed using the 47 m range for the radius of 
30 m, the 78 m range for the radius of 50 m, and 
the 100 m range for the radii of 70 m and 100 m. 
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   Input Data - The input data necessary for the 
calculation (the inclination angle and the aiming 
direction of the motorcycle headlamp) as shown 
in Table 1 were used. 
 

 
Figure 5.  Driving course and visual targets 
 
 
Results 
 
The results of simulating motorcycle AFS 
visibility are shown in Table 2. 
The ground angle is indicated as negative when 
the inclination angle adjustment of the 
motorcycle headlamp is smaller than the bank 
angle of the vehicle body, as zero when they are 
equal, and as positive when the inclination angle 
adjustment is larger (hereafter the same applies). 
Compared with the case in which the inclination 
angle is not adjusted (= 0 degree), the cut-off line 
reaching distance becomes longer when the 
inclination angle is adjusted. 
When the inclination angle adjustment is 22.5 
degrees (with the positive ground angle) and at 
the AFS condition (with the zero ground angle), 
all the visual targets are located below the cut-off 
line. 
Assuming that an acceptable visibility distance is 
40 m or longer, all the visual targets are within 
the acceptable range when the inclination angle 
adjustment is 15 degrees, 22.5 degrees and at the 
AFS condition. 
Consequently, the visibility for the rider is 
improved by adjusting the headlamp inclination 
angle in a curve. 
 
 
 
 

In particular, when the adjustment is the same as 
the bank angle of the vehicle body (with zero 
ground angle) or higher (with positive ground 
angle), the visibility is greatly improved. 
 
 
Table 2.  Results of visibility simulation for         
headlamp inclination angle adjustment          
(Distance between headlamp and cut-off line 
: m) 
 

 
 
 
ACTUAL DRIVING SURVEY ON 
VISIBILITY OF MOTORCYCLE AFS  
 
Objective 
 
An actual driving survey was conducted to 
confirm the results of the computer simulation 
survey by comparing the visibility performance 
among headlamps with fixed inclination angle 
adjustment, a headlamp whose cut-off line was 
adjusted to remain parallel to the ground at all 
times (AFS headlamp), and a conventional 
headlamp. 
 
Method 
   Test Motorcycles - Two 250 cc class 
motorcycles, two 400 cc class motorcycles and a 
1200 cc class motorcycle were used (Figure 6). 

 
 Headlamps - Five motorcycle halogen 

headlamps conforming to the light distribution 
requirements for motorcycles (125 cc or more) 
of ECE R 113 were used. The headlamp heights  

 
 
 

  

 

Center Line 
 

 

  

Lane Edge 
Line 

 

Distance 
along Lane Center

Lane Center   

 3.5 m 

Inclination Angle Ground Angle Lane Lane Center
Adjustment (Degree) Edge Center Line

   0° -12.9 9 13 16
  7.5° -5.4 19 21 23
  15° 2.1 ○ ○ ○

  22.5° 9.6 ○ ○ ○
AFS 0 ○ ○ ○
   0° -13.3 9 15 18
  7.5° -5.8 20 23 26
  15° 1.7 ○ ○ ○

  22.5° 9.2 ○ ○ ○
AFS 0 ○ ○ ○
   0° -15.2 11 18 23
  7.5° -7.7 21 25 29
  15° -0.2 95 95 94

  22.5° 7.3 ○ ○ ○
AFS 0 ○ ○ ○
   0° -13.4 18 26 33
  7.5° -5.9 36 41 46
  15° 1.6 ○ ○ ○

  22.5° 9.1 ○ ○ ○
AFS 0 ○ ○ ○

○  : Indicate all visual targets are below cut-off line. 
 : Indicate cut-off lines are over 40m ahead from headlamp.

30m 30km/h

70m 50km/h

140m 60km/h

Visual TargetHeadlamp
Radius

Vehicle
Speed

50m 40km/h
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were 850 mm above the ground. Passing beams 
with symmetrical light distributions (horizontal 
pattern cut-off line) were evaluated. 
The following five headlamp conditions were 
used: 
(1) Inclination angle is not adjusted (0 degree) 
(2) Fixed inclination angle adjustment of 7.5 
degrees 
(3) Fixed inclination angle adjustments of 15 
degrees 
(4) Fixed inclination angle adjustment of 22.5 
degrees 
(5) Prototype AFS headlamp with the cut-off 
line adjusted to remain parallel to the ground at 
all times 

 
 
 
  
 
 
 
 

 
 
 
 
 

       
(Non-AFS headlamp)        (AFS headlamp) 

 
Figure 6.  Test motorcycles and headlamps 
 

   Driving Courses - The circular test track 
(Figure 4), an urban test road and a middle-speed 
oval test track were used for the visibility 
evaluation. The motorcycles were driven 
counterclockwise around the circular test track. 
Four radii of lane curvature were used: 30 m, 50 
m, 70 m and 140 m. 
 

 Driving Methods and Vehicle Speed - 
Subjects wearing helmets (light transmittance of 
windshields was around 90%) drove the 
motorcycles, and were instructed to drive at the 
following speeds. 
(1) Circular test track: Same as Table 1. 
(2) Urban test road and middle-speed oval test 
track: Within the speed limits (maximum speed 
was 60 km/h). 
 
 
 
 
 
 

   Headlamp Visibility Evaluation - After 
each driving, the subjects reported on the 
headlamp visibility using the following 
evaluation scale: 
 
1: Inadequate 
2: Somewhat inadequate 
3: Just acceptable 
4: Somewhat adequate 
5: Adequate 
 
A value of 3.0 is the “just acceptable” level, so 
3.0 or higher means an acceptable or adequate 
level of visibility. 
 
   Subjects - Nine subjects participated in the 
test on the circular test track, and 8 subjects 
participated in the test on the urban test road and 
the middle-speed oval test track. All of them 
were lamp experts. 
 
Results 
 
The average visibility evaluation values rated by 
the 9 or 8 subjects are shown in Figures 7 and 8. 
A significant difference between the evaluation 
value for when the inclination angle of the 
headlamp was not adjusted (0 degree) and that 
when it was adjusted is indicated as * (p<0.05) or 
** (p<0.01). 
 
   Visibility Evaluation on a Circular Test 
Track - The test results on a circular test track 
are summarized as follows (Figure 7). 
(1) The visibility evaluation value is higher when 
the inclination angle is adjusted or at the AFS 
condition compared with when the headlamp is 
not adjusted (0 degree), with a significant 
difference at all radii. 
(2) The visibility evaluation value at the AFS 
condition is highest. 
(3) The visibility evaluation value is higher when 
the headlamp inclination angle adjustment is 
bigger. 
(4) The visibility evaluation value for the 0 
degree condition is below the acceptable 
borderline of 3.0 at all radii. But the visibility 
evaluation value for 15 degrees, 22.5 degrees and 
the AFS condition are within the acceptable 
range at all radii. 
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Figure 7.  Visibility evaluation on the circular 
test track 
 

   Visibility Evaluation on the Urban Test 
Road and the Middle-speed Oval Test Track - 
The test results on the urban test road and the 
middle-speed oval test track are summarized as 
follows (Figure 8). 
(1) Both on the urban test road and the 
middle-speed oval test track, the visibility 
evaluation value for 15 degrees, 22.5 degrees and 
the AFS condition is significantly higher 
compared with the case in which the inclination 
angle of the headlamp is not adjusted (0 degree). 
(2) Both on the urban test road and the 
middle-speed oval test track, the visibility 
evaluation value at the AFS condition is highest. 
(3) The visibility evaluation value is higher when 
the headlamp inclination angle adjustment is 
bigger. 
(4) Both on the urban test road and the 
middle-speed oval test track, the visibility 
evaluation values for the 0 degree and 7.5 degree 
conditions are below the acceptable borderline of 
3.0. But the visibility evaluation value for the 15 
degrees, 22.5 degrees and AFS conditions are 
within the acceptable range. 
Consequently, it was clarified that the visibility 
for the rider is improved by adjusting the 
headlamp inclination angle in a curve. 
In particular, the 15 degrees, 22.5 degrees and 
AFS headlamp conditions greatly improve the 
visibility in different road conditions. 
The results of the computer simulation survey  
were confirmed by the actual driving survey on 
headlamp visibility. 
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Figure 8.  Visibility evaluation on the urban test 
road and the middle-speed oval test track 
 
 
SIMULATION SURVEY ON GLARE OF 
MOTORCYCLE AFS  
 
Objective 
 
The objective of this computer simulation was to 
compare the glare for the oncoming vehicle 
driver among headlamps with fixed inclination 
angle adjustment, a headlamp whose cut-off line 
is adjusted so that it remains parallel to the 
ground at all times (AFS headlamp), and a 
conventional headlamp. 
 
Method 
 
The range of the motorcycle headlamp glare for 
the oncoming vehicle driver was determined on 
the criterion that the glare is considered present 
when the eye location (“eyepoint”) of the 
oncoming vehicle driver is below the cut-off line 
of the motorcycle headlamp’s passing beam (that 
is, when the relatively strong light of the 
headlamp reaches the eyepoint). 
The headlamps, aiming direction and inclination 
angle adjustment conditions used in the glare 
simulation are the same as those described in 
"Simulation survey on visibility of motorcycle 
AFS". 
The input data necessary for the calculation (the 
inclination angle adjustment and the aiming  
direction of the headlamp) as shown in Table 1 
were used. 
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   Driving Course and Driver Eye Location - 
The motorcycle driving course and the oncoming 
car driver’s eyepoint location are shown in 
Figure 9. 
The lane width is 3.5 m, and the motorcycle was 
driven along the center of the left lane on a left 
curve or right curve. The oncoming vehicle 
driver’s eyepoint location was set at the standard 
eyepoint location of the drivers of passenger cars 
driving along the center of the oncoming lane 
(1.35 m outward from the center line and 1.1 m 
above ground). The indication of distance and 
the conditions of radii of curves are the same as 
those described in "Simulation survey on 
visibility of motorcycle AFS". 
 

 
(Left curve) 

 
 

 
(Right curve) 

 
Figure 9.  Driving course and driver eyepoint 
location 
 
 
 
 
 
 
 

   Range of Calculation - The range of 
calculation was determined to be the range where  
the distance between the motorcycle headlamp 
location and the eyepoint reaches from 30 m to 
1/4 of the circle or from 30 m to 100 m. That is, 
the calculation was performed using the 30–47 m 
range for the radius of 30 m, the 30–78 m range 
for the radius of 50 m, and the 30–100 m range 
for the radii of 70 m and 100 m. 
 
Results 
 
The results of the simulation of motorcycle AFS 
glare are given in Table 3. Here, the ranges 
where the oncoming vehicle driver’s eyepoints 
are below the motorcycle headlamp cut-off line 
are considered. 
The eyepoints are located above the motorcycle 
headlamp cut-off line without exception when 
the headlamp inclination angle adjustment is 0 
degrees (with the negative ground angle), 7.5 
degrees (with the negative ground angle), and at 
the AFS condition (with the zero ground angle). 
Therefore, the oncoming vehicle driver receives 
no glare under all these conditions. 
For the 15 degree headlamp inclination angle 
adjustment, when the ground angle is negative 
the oncoming vehicle driver receives no glare 
since the driver eyepoint is above the cut-off line, 
but when the ground angle is positive the 
oncoming vehicle driver receives glare since the 
driver eyepoint is below the cut-off line of 
headlamp. 
For the 22.5 degree headlamp inclination angle 
adjustment, the ground angle is positive for all 
radii, and the oncoming vehicle driver receives 
glare since the driver eyepoint is below the 
cut-off line of the headlamp. 
In summary, the oncoming vehicle driver 
receives no glare when the headlamp inclination 
angle is adjusted to the same or lower level as the 
vehicle body bank angle, but does receive glare 
when it is adjusted to a higher level. 
 
 
 
 
 
 
 
 
 
 
 

 
3.5 m 

 
3.5 m Distance to eyepoint

Driver eyepoint  
 

Headlamp 

Center line 

  
3.5 m 

 

3.5 m 
 

Distance to eyepoint 
 

  

Driver eyepoint  
   

Center line 
 

  

  Headlamp 
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Table 3.  Results of glare simulation for         
headlamp inclination angle adjustment          
(Range where driver eyepoints are below           
cut-off line: m) 
 

Ground Angle Left Right
(Degree) Curve Curve

0° -12.9 ○ ○
7.5° -5.4 ○ ○
15° 2.1 35～47 30～47

22.5° 9.6 30～47 30～47
       AFS 0 ○ ○

0° -13.3 ○ ○
7.5° -5.8 ○ ○
15° 1.7 56～78 50～78

22.5° 9.2 30～78 30～78
       AFS 0 ○ ○

0° -15.2 ○ ○
7.5° -7.7 ○ ○
15° -0.2 ○ ○

22.5° 7.3 33～100 30～100
       AFS 0 ○ ○

0° -13.4 ○ ○
7.5° -5.9 ○ ○
15° 1.6 ○ ○

22.5° 9.1 47～100 30～100
       AFS 0 ○ ○

Radius
Vehicle
Speed

Headlamp
Inclination

Angle

Curve

30km/h

 ○    : Indicate driver eyepoints are always above  cut-off line.

 x～y : Indicate the range (m) where eyepoints are below cut-off line.

70m

140m

50km/h

60km/h

30m

50m 40km/h

 
   
 
ACTUAL DRIVING SURVEY ON GLARE 
OF MOTORCYCLE AFS  
 
Objective 
 
The objective of this actual driving survey was to 
confirm the results of the computer simulation 
survey comparing glare for the oncoming vehicle 
driver among headlamps with fixed inclination 
angle adjustment, a headlamp whose cut-off line 
is adjusted so that it remains parallel to the 
ground at all times (AFS headlamp), and a 
conventional headlamp. 
 
Method 
 
   Test Motorcycles and Headlamps - The test 
motorcycles and headlamps used in this survey 
are the same as those in "Actual driving survey 
on visibility of motorcycle AFS". 
 
   Driving Course - The middle-speed oval test 
track was used for glare evaluation. Motorcycles 
were driven clockwise on a right curve of radius 
180 m (Figure 9). 
 
 
 
 
 

 Evaluation Method and Vehicle Speed -   
Subjects in the driver seat of the stationary car 
were instructed to look ahead and to evaluate the 
glare of the oncoming motorcycle headlamp. 
The observation was performed between 100 m 
and 30 m ahead from the driver eyepoint. 

 
   Headlamp Glare Evaluation - After each 
driving, subjects reported on headlamp glare 
using the following De Boer’s 9-point scale, 
which is widely used for evaluating discomfort 
glare: 
 
1: Unbearable glare 
2: 
3: Glare obstructing driving 
4: 
5: Permissible maximum glare (just acceptable) 
6: 
7: Fully permissible glare 
6: 
9: No perception of glare 
 
A value of 5.0 is the “just acceptable” level, so 
5.0 or higher means an acceptable or adequate 
level of glare. 
 
   Subjects - A total of 8 subjects participated. 
All of them were lamp experts. 
 
Results 
 
The average glare evaluation values rated by the 
8 subjects are shown in Figure 10. 
A significant difference between the evaluation 
value for the condition in which the inclination 
angle of the headlamp is not adjusted (0 degree) 
and for the condition in which the inclination 
angle is adjusted is indicated as * (p<0.05) or ** 
(p<0.01). 
The test results are summarized as follows. 
(1) Compared with the case in which the 
inclination angle of the motorcycle headlamp is 
not adjusted (0 degree), the glare evaluation 
value is significantly lower when the inclination 
angle is adjusted to 7.5 degrees, 15 degrees and 
22.5 degrees. 
(2) The glare evaluation value is lower when the 
headlamp inclination angle adjustment is bigger. 
(3) The glare evaluation value for the 0 degree, 
7.5 degrees and AFS condition is within the  
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acceptable range, but the glare evaluation values 
for 15 degrees and 22.5 degrees are below the 
acceptable level. In this driving situation (on a 
curve of radius 180 m at 60 km/h), the bank 
angle of the motorcycle body is estimated to be 
13 degrees. Therefore, for the 15 degrees and 
22.5 degrees conditions, the headlamp 
inclination angle adjustment exceeds the bank 
angle of the vehicle body (with the positive 
ground angle), 
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Figure 10.  Glare evaluation for headlamp 
inclination angle adjustment 
 
Hence, the oncoming vehicle driver receives 
glare within the acceptable range when the 
headlamp inclination angle is adjusted to the 
same or lower level as the vehicle body bank 
angle, but does receive unacceptable glare when 
it is adjusted to the level higher than the vehicle 
body bank angle. 
 
CONCLUSION 
 
The results obtained in the “Simulation survey 
on visibility of motorcycle AFS” and 
“Simulation survey on glare of motorcycle AFS” 
are summarized in Table 4. 
In the visibility evaluation, it is assumed that 
visibility is acceptable if the cut-off line of the 
headlamp light reaches 40 m or longer forward at 
the lane edge line. 
In the glare evaluation, it is assumed that 
oncoming vehicle drivers receive no glare when 
their eyepoints are located above the headlamp 
cut-off line. 
 
 
 
 
 
 

In the overall synthetic evaluation of the 
motorcycle headlamp performance in curves, it is  
deemed satisfactory if both visibility and glare 
are satisfied. 
The results of the study on the motorcycle AFS 
visibility and glare are summarized as follows: 
(1) It was found that the headlamp visibility is 
improved by adjusting the headlamp inclination 
angle in curves. The motorcycle headlamp 
visibility in curves was found to be within the 
acceptable range when the headlamp inclination 
angle is adjusted to equal the vehicle body bank 
angle (with the zero ground angle) or to the level 
higher than the vehicle body bank angle (with the 
positive ground angle). 
(2) It was found that the oncoming vehicle driver 
receives no glare when the headlamp inclination 
angle is adjusted to equal the vehicle body bank 
angle (with the zero ground angle) or less (with 
the negative ground angle), but does receive 
glare when adjusted to more than the vehicle 
body bank angle (with the positive ground 
angle). 
(3) The overall synthetic evaluation of 
motorcycle AFS visibility and glare showed that, 
if the motorcycle headlamp inclination angle is 
adjusted in curves, it will be appropriate to use 
an adjustment angle that is close to the vehicle 
body bank angle but does not exceed it. 

 
 

Table 4.  Summary of visibility evaluation, 
glare evaluation and overall synthetic 
evaluation for motorcycle AFS  
 

Inclination Angle Ground Angle Synthetic
Adjustment (Degree) Evaluation

0° -12.9 ○
7.5° -5.4 ○
15° 2.1 ○

22.5° 9.6 ○
       AFS 0 ○ ○ ○

0° -13.3 ○
7.5° -5.8 ○
15° 1.7 ○

22.5° 9.2 ○
       AFS 0 ○ ○ ○

0° -15.2 ○
7.5° -7.7 ○
15° -0.2 ○ ○ ○

22.5° 7.3 ○
       AFS 0 ○ ○ ○

0° -13.4 ○
7.5° -5.9 ○
15° 1.6 ○ ○ ○

22.5° 9.1 ○
       AFS 0 ○ ○ ○

Visibiliy Glare

 ○ : Indicate evaluation value  is equal to or above just acceptable level.

 Indicate evaluation value is below just acceptable level.

140m 60km/h

70m 50km/h

30m 30km/h

50m 40km/h

Radius
Vehicle
Speed

Motorcycle Headlamp Evaluation
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Furthermore, the validity of the results of the 
“Simulation survey on visibility of motorcycle 
AFS” and “Simulation survey on glare of 
motorcycle AFS” was also confirmed in the 
actual driving tests using the motorcycles with 
the inclination angle adjusted headlamps, a 
motorcycle with the prototype AFS headlamp 
and a motorcycle equipped with the conventional 
headlamp. 
 

REQUIREMENT 
 
Based on the results obtained in this study, the 
following technical requirement is proposed for 
the motorcycle AFS: 
"A horizontal inclination adjustment system 
(HIAS) may be installed. However, the 
adjustment amount of horizontal inclination shall 
not exceed the vehicle's bank angle." 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The formal document submitted to GRE by the 
expert from Japan proposed the amendment to 
Regulation No. 53 in order to introduce the 
requirements concerning the the vehicle's 
horizontal inclination angle adjustment-type 
headlamps installed on motorcycles 2). 
 
REFERENCES 
 
[1] Japan Road Association. 2004. 
"Interpretation and Implementation of the Road 
Construction Ordinance," pp. 309-320. 
 
[2] ECE/TRANS/WP.29/2009/4. January 2009. 
"Visibility of adaptive front-lighting system 
(AFS) for motorcycles and glare, Proposal for 
Supplement 11 to the 01 series of amendments to 
Regulation No. 53, Submitted by the expert from 
Japan". 
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ABSTRACT 
 
Although motorcycle ABS is meanwhile well 
established on the public market, detailed 
investigations about the relationship between crash 
scenarios and the effectiveness of motorcycle-ABS 
are rare. 
Within the EC-funded SIM Project (Safety In 
Motion) a detailed analysis of different accident 
scenarios with PTWs (Powered Two Wheelers) has 
been performed, using the DEKRA PTW-database. 
The basis of this data pool is the accumulation of 
written expert opinions containing the accident 
analyses that are drawn up by skilled forensic 
experts throughout Germany. From this database 
containing 350 real-world accidents, 51 cases have 
been selected by imposing a reaction demand and a 
following braking of the motorcycle rider in order 
to evaluate the benefit of advanced brake control 
systems. The following parameters have been 
extracted for the evaluation: 
  

- Collision speed and initial speed 
- Distance of falling location to collision 

point 
- Braking distance 
- Median braking deceleration  
- Starting point of breaking 
- Reaction point/demand 
- Kind of reaction 
- Road surface 
- Weather 

 
With this information several real accident 
scenarios without ABS were analysed under the 
condition that an ABS system would have been 
installed on the motorbike. With such an approach 
the difference in the accident consequences with 
and without ABS can be observed. In addition a 
variation in the ABS control has been 
accomplished by considering different brake 
control systems developed by CONTI, like partial 
and full integral brake systems as well as systems 
with advanced driver-assistance functions (ADAS). 

 
 
 
 
 
 
 
 
 
As a result, a tremendous reduction in the accident 
consequences can be shown, for example up to 
50% of the selected accidents could have been 
avoided by a simple 2 channel ABS. 
 
 
INTRODUCTION  
 
Within the EC-funded SIM Project (Safety In 
Motion) active and passive safety components are 
studied in PTWs (Powered Two Wheelers) to 
demonstrate possible improvements in accident 
avoidance and mitigation. 
In order to evaluate the possible benefits of CONTI 
active safety components, especially ABS, but also 
integral-brake, brake-assist and advanced driver-
assist systems (ADAS), several real accident cases 
provided by DEKRA were studied. The 
fundamental basis of the DEKRA accident 
databases is the accumulation of written expert 
opinions containing the accident analyses that are 
drawn up by skilled forensic experts at the 
DEKRA branches throughout Germany and 
totalling about 28,000 annually. The particular 
feature of these reports is that normally the experts 
are called by the police or prosecuting attorney to 
come to the accident scene directly after the 
accident happened. The DEKRA experts operate 
all over Germany on a 24hour/7day week basis. 
Consequently, the nearly 500 DEKRA accident 
experts have the opportunity to acquire all the 
information necessary for their task. The reports 
provide a substantial basis for accident research 
work. The DEKRA Accident Research department 
has the opportunity to select and analyse 
interesting cases, which normally consist of the 
written expert opinions, detailed accident 
reconstructions, sketches and photo material. The 
actual DEKRA PTW database comprises 350 cases 
from 1996 to 2007 with all kinds of other vehicles 
as well as single PTW accidents. About 300 
parameters per accident are reviewed when using 
the DEKRA questionnaires. Since expert 
opinions are normally commissioned only 
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when the accident is of a really serious nature, the 
main focus of the PTW database is directed 
towards accidents resulting in severely- or fatally 
injured persons. These accidents happen mostly in 
rural areas and involve elevated driving speeds. 
 
In each accident case, one PTW is involved. In 
almost all cases the reason for the accident seems 
to be, that a car driver couldn’t estimate the speed 
of the PTW correctly or didn’t recognise the PTW 
in time.  
In several cases we can watch the standard 
situation, where a car driver intends to drive a U-
turn without taking notice of a PTW approaching 
from behind.  
As an example of this, fig. 1 shows an original 
crash photo and fig. 2 an according sketch of the 
whole accident situation, both provided by DEKRA 
accident database. 
  

 
Figure 1.  Crash photo of PTW and U-turning 
car (DEKRA accident database) 
 
Another class of severe accident situations results 
from car drivers turning into a road without giving 
way to PTWs driving on this road with 
considerable speed. 
In all these collision cases, the speed of the 
involved car is rather low, and the severity of the 
impact just depends on the speed of the PTW, 
which usually crashes into the car.  
Normally the speed of the PTWs was not above the 
allowed speed limit, so that the PTW drivers 
behaved correctly. 
On the contrary the accidents were in almost all 
cases caused by the erroneous behaviour of the 
involved car drivers, who were not able to evaluate 
the traffic situation properly. 
 
Nevertheless the severe injuries and big damages 
result from the low medium deceleration of the 
PTWs, as we can learn from the accident database.     
 

In about 43% of the studied cases, the braked PTW 
gets unstable (due to overbraking) and hits the 
ground before the collision with the car occurs. 
 

 
 
Figure 2.  Sketch of the accident situation of 
figure 1 (DEKRA accident database) 
 
The task of the CONTI investigation described on 
the following pages is to make an estimation, in 
which way the effects of all those real accidents 
could have been mitigated with the help of 
different electronic brake control systems. 
 
 
Electronic brake-control devices for collision 
mitigation  
First of all, even a standard ABS should reduce the 
effects of PTW accidents considerably, providing 
braking stability for the PTWs on one hand, so that 
falls can be avoided and the PTWs remain in a 
manoeuvrable state, and on the other hand 
increasing braking deceleration due to adjusting 
operating points just near the friction optimum. 
Furthermore, a so-called integral brake can be very 
much of help in case of panic braking. A PTW 
driver may focus only on one brake lever during an 
emergency case, because he is shocked by the 
suddenness of the situation. It may be impossible 
then to manage two separate brake levers in an 
adequate manner simultaneously. In those cases the 
integral brake adjusts balanced pressure 
amounts to both wheels, even if the driver 
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applies only one brake lever.  
In addition, a brake-assist function can improve the 
first pressure build-up time interval just after the 
first reaction of the PTW driver, which results in 
applying the brake(s) with a high pressure increase 
gradient. It’s very important then to reach the 
optimal braking point in short time, in order to 
achieve the shortest possible braking distance. But 
investigations of panic-brake situations show us, 
that a normal driver indeed applies the brake with a 
high gradient but often releases it a little before the 
locking pressure of the wheel is reached. The 
brake-assist function recognises those patterns of 
behaviour and applies the maximum pressure to the 
wheels, so that the hesitation of a driver is 
compensated. 
Another class of assist-functions is based on 
environmental sensors, such as infrared, radar and 
cameras. With the help of those sensors a critical 
situation may be recognised just at the beginning 
and valuable reaction time may be saved. Within a 
few ms the central computer of the assistance 
system can make a decision how to react properly 
and may warn the driver and/or get active without 
any driver request. In order to avoid driver 
irritations and due to legal restrictions, the system 
should not perform full braking, but can reduce gas 
and pre-fill the brakes in time, which may lead to a 
vehicle deceleration of about 0.3g. This action 
shows a lot of benefits. First, the vehicle speed is 
already slightly reduced, when the driver decides to 
brake. Secondly, the driver gets sooner aware of 
the severity of the situation, and additionally, the 
brakes are already pre-filled when the driver takes 
over, so that the first pressure increase goes much 
faster. 
 
Data from DEKRA accident database 
The accidents described in the DEKRA database 
are documented with the help of the following data, 
which had been evaluated by police and crash 
experts with the help of situation reconstruction 
methods, such as measuring brake traces and 
scratches on the road surface: 
 
1. Distance between “obstacle in sight” (reaction 
demand) and the later collision location: 
This is the distance between the PTW and the later 
collision location, when the PTW driver first 
recognises that a problem occurs and he is forced 
to react. 
 
2. Distance between “start of braking” and the later 
collision location: 
This is the distance between the PTW and the later 
collision location, when the PTW driver has 
already applied at least one brake, that means at 

this point the brake is already filled (visible brake 
traces on the road start at this point). 
Unfortunately, from these data we do not know 
exactly, where and when the driver first started to 
apply the brake and in which way he applied it. At 
the first point, he was forced to make a decision 
and to react, and at the second point, the reaction 
time interval is already finished. 
Between these two points, no vehicle deceleration 
is considered, although the driver started to apply 
the brake in that interval. Due to the fact, that we 
do not know the braking behaviour of the PTW 
driver exactly, this simplification is unavoidable. 
 
3. Initial speed: 
This is the speed of the PTW at the first and still at 
the second distance point, because no vehicle 
deceleration is considered in the interval between 
the two points. 
 
4. Collision speed: 
This is the speed with which the PTW crashes into 
the collision partner. 
 
5. Falling distance: 
This is the distance between the falling location 
and the later collision location. 
 
6. Braking deceleration: 
This is the median vehicle deceleration, which 
occurs between the “start of braking location” 
(point 2) and the collision or the fall location (if a 
fall happens). 
 
As further information the road surface type 
(asphalt or other), weather conditions and the 
lighting were taken into account.   
 
With the help of the distances and vehicle speed 
amounts, time diagrams can be created with 
corresponding time steps and time intervals. 
Fig. 3 shows such a time diagram consisting of two 
parts, where the upper part presents the vehicle 
velocity and the lower part the wheel brake 
pressures as functions of the time. 
 
The time step t_obstacle_in_sight corresponds with 
point 1, time step t_brakes_filled with point 2. 
Additionally the reaction time step t_reaction is 
shown, which defines the start of the brake 
application. This time step is not defined directly in 
the database, but can only be estimated from other 
database information. 
Normally this time step occurs 0.3 up to 0.5s 
before the time step 2, where full braking is already 
in steady state. 
For the following calculations, a medium time 
interval of 0.4s is assumed as time distance 
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between  t_reaction  and  t_brakes_filled  for all 
studied accident cases. 
In fig. 3 three distances are defined, which in sum 
yield the full stopping distance s (equal to point 1). 
The distances are the reaction distance s_react, 
which the PTW passes through without any 
braking action of the driver, the filling distance 
s_fill, which the PTW passes through during driver 
reaction until the brake(s) are filled, and the brake 
distance s_brake, which the PTW passes through 
during full braking or sliding (in case of a fall) 
until the crash occurs. 
 
Normal PTW braking without support of 
electronic brake components 
Furthermore, fig. 3 shows as examples two typical 
patterns of behaviour of PTW-drivers in panic.  
The first one leads to the situation the result of 
which is shown with the dashed signal lines. The 
driver first applies the front-wheel brake with high 
pressure increase gradient, then hesitates a little, 
and afterwards applies too much brake pressure, 
which forces the front wheel to locking. The PTW 
gets unstable, hits the ground and slides towards 
the crash partner. Although the hard brake 
application leads to good deceleration results in the 
first braking interval, the overall deceleration is 
rather low due to the occurring fall and the sliding.  
The second braking behaviour shown in fig. 3 with 
the continuous signal lines is similar to the first 
one, but instead of overbraking the PTW, the driver 
being aware of the danger of wheel locking shows  
 

 
Figure 3.  Time diagram of a panic-braking 
situation without electronic brake control 

a more careful and hesitating braking behaviour, 
which leads to a clear underbraking with a bad 
overall deceleration result [1]. 
 
Therefore, in both cases the collision speed is 
rather high.  
 
The most important problem of braking a PTW 
with high deceleration is the fact, that a locking 
front wheel leads to an unavoidable fall in almost 
all cases. Even if a driver is very much used to full 
braking and knows his PTW behaviour quite well, 
it won’t be easy for him to find an optimal 
operating point abruptly in case of a panic 
situation. This is due to the fact that the wheel-
locking pressure level varies considerably with the 
wheel load (violet lines P_fw_lock in fig. 3), which 
again is highly depending on the dynamic 
behaviour of the PTW. So the locking pressure is 
rather low at first, when the driver performs an 
extremely hard front-brake application, because 
almost all PTWs need about 300ms to get the 
maximum load on the front wheel. Afterwards this 
full amount of load is reduced regarding to a 
certain characteristic, which is installed by the 
spring and damper adjustments. After about 800ms 
the PTW is in steady state and the locking level 
remains on a constant value, presumed that the 
friction between tire and road surface remains 
constant too. But this friction is also a complex 
function of several parameters, which cannot be 
evaluated properly while acting in panic. 
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PTW braking with an ABS control device 
 
Therefore, one of the most important advantages of 
ABS is that the driver may fully apply the brake 
levers and can absolutely rely on the optimal slip 
control with a highly reduced risk of getting 
unstable. Hesitating and careful braking is no 
longer necessary. ABS will always limit the wheel 
pressures to values just below the respective 
locking pressure line, which is shown in the 
example of fig. 4. Here, the same dangerous 
braking situation is presented as in fig. 3, but the 
braking PTW is assumed to be equipped with ABS. 
The two lines  P_fw_lock  (violet) and  P_rw_lock  
(pink)  represent the locking-pressure levels of the 
front and the rear wheel during the braking 
manoeuvre. The load of the PTW is dynamically 
transferred from rear to front wheel. With the help 
of the pressure decrease and increase patterns ABS 
is always trying to find the wheel-pressure 
optimum, which is recognised by wheel slip and 
acceleration observation (recognition mechanism 
not shown in fig. 4).  
In order to demonstrate the benefits of ABS based 
on the DEKRA accident data, the following 
assumptions were made (see fig. 4): 
In all cases the driver of the respective PTW is 
considered to behave different now, because he can 
rely on his electronic brake control system. So it is 
assumed that he will apply the brake levers harder 
with the result of filling at least the front brake in 
just 300ms (compared to the assumed 400ms 
without ABS). 
 

 
Figure 4.  Time diagram of a panic-braking  
situation with ABS control 

Unfortunately, another uncertainty has now to be 
dealt with. Due to the two separated brake 
actuation levers, we do not know exactly, how the 
respective driver would have behaved concerning 
the succession of applying the brake levers. 
 
Therefore, we have to consider three different 
scenarios: 
1. The driver may be extremely shocked by the 
situation, so that he activates only the front brake. 
In this case, we assume that the possible vehicle 
deceleration is not higher than 0.8g.  
2. The driver first activates only the front brake and 
after a short time interval applies the rear brake 
additionally, so that a medium deceleration of 0.9g 
is reached in case of highest road friction. 
3. The driver is at once fully aware of his brake 
actuations and applies both levers in parallel. In 
this case the maximum deceleration is assumed to 
1g. 
 
These maximum deceleration values have now to 
be corrected (reduced) with the help of the road 
surface and weather information provided by the 
DEKRA database, because only a dry and warm 
asphalt or concrete surface enables the PTW to 
make use of these theoretical values. 
 
The following reductions were considered and 
taken for the calculation: 
1. 95% of the values in case of darkness or 
cloudy sky. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

v collision

ABS (only front wheel braked)

ABS (both wheels braked)

t

v

t 

P
fw_lock

P
fw

P

s
react

s
fill

s
brake

P
rw_lock

P
rw

?

t

without ABS

Δ t300 ms

obstacle_in_sight reaction brakes_filled collision
t t t 



___________________________________________________________________________ 
                                                                                                                                           Roll  6                       

 
 

2.  90% of the values in case of a wet asphalt 
surface without heavy rain. 
3.    80% of the values in case of heavy rain. 
4.    90% of the result in case of slight, 75% in case 
of considerable and 60% in case of extreme curve 
braking 
 
Because no other road surfaces and manoeuvres 
occur in the 51 studied cases and nothing is said 
about road inclinations, no other reductions had to 
be made.  
Nevertheless it should be mentioned that the 
deceleration values in reality highly depend on 
certain technical conditions of the PTW. First of 
all, good brakes and tires are the most important 
pre-conditions for maximum braking deceleration. 
Other devices, like dampers and springs with well 
adjusted characteristics are very much of help to 
exploit the maximum friction between tires and 
road surface. Therefore, networking of electronic 
control devices can be helpful to make adjustments 
dynamically according to the respective situation.  
With properly working brakes, tires and chassis 
components more than 10 m/s2 of braking 
deceleration are possible on dry asphalt, so that the 
assumptions made here are in no way too 
optimistic. 
 
Based on the above assumptions and considering 
constant circumstances, the following simple 
calculations can be made to get the expected 
collision speed and other relevant data for a PTW 
equipped with properly working ABS: 
 
Available distance for full braking: 
 
s_brake ABS   =   s_brake + (0.1s * v_initial) 
 
The values for  s_brake  and  v_initial  are the 
original values from the database. 
The  0.1s result from the assumption that the driver 
will perform a harder brake application with ABS 
and therefore save at least 0.1s to fill the brake. So 
the full braking starts 0.1s earlier.  
An important remark is necessary here concerning 
the initial speed of full braking. Strictly speaking, 
in case of a fast brake application the initial speed 
would be a little higher than after a slow brake-
pressure increase. But in the estimation, this effect 
can be neglected due to the fact, that without ABS 
the driver will normally not be able to reach an 
optimal braking point at all. Due to this effect, an 
overall time benefit of 0.1s with equal initial speed 
seems to be realistic when using ABS. 
 
The needed distance for full braking with the above 
assumed constant deceleration is: 
 

s_brake_needed ABS   =    
   ½  *  (v_initial)2  / a_brake ABS 
 
If  the needed distance  s_brake_needed ABS  is 
lower than the available distance s_brake ABS no 
collision would have occurred. Otherwise the 
collision speed would have been  
 
v_collision ABS    =   sqrt (2 * a_brake ABS * 
   (s_brake_needed ABS - s_brake ABS) ) 
 
If a collision had occurred,  the  time step  of the 
crash would have been delayed by delta_T_c ABS   
compared to the situation without ABS: 
 
delta_T_c ABS   =   t_collision ABS  –  t_collision 
 
t_collision ABS   =   t_brakes_filled  –  0.1s   
   +  2 * s_brake ABS / (v_initial + v_collision ABS) 
 
 
t_collision  =   t_brakes_filled  +  2 * s_brake / 
   (v_initial + v_collision) 
 
� 
 
delta_T_c ABS   =   - 0.1s  
   +  2 * s_brake ABS / (v_initial + v_collision ABS) 
   –  2 * s_brake / (v_initial + v_collision) 
 
In order to get a feeling for the effects of the ABS 
control, the following example should be looked at 
(data is based on real accident scenario of DEKRA 
database): 
 
v_initial          =   26 m/s 
s_brake           =   26 m 
v_collision      =   19.4 m/s 
 
� 
 
s_brake ABS       = 28.6 m 
a_brake ABS       = 0.9g = 8.83 m/s2 
s_brake_needed ABS  =  38.28 m 
v_collision ABS  = 13 m / s 
delta_T_c ABS   =  0.221 s 
 
So the collision speed would have been reduced by 
6.4 m/s, and moreover the driver would have had 
an additional time interval of  0.221s  to react with 
steering to avoid the obstacle, if possible.  
During this time interval a crossing collision 
partner driving with a speed of  20 kph (5.55 m/s) 
moves by a distance of 1.23 m, so that it could 
already be out of way, when the PTW crosses the 
collision course. This situation is shown by the 
example in fig. 5. 
 



___________________________________________________________________________ 
                                                                                                                                           Roll  7                       

 
 

 

Figure 5.  Sketch of a critical driving situation 
a) with bad, b) with high PTW deceleration 
 
 
The scenario represents a typical class of severe 
PTW accidents. A car driver intents to make a U-
turn without giving notice to a PTW, which is just 
going to overtake the car. The corresponding time 
steps are illustrated by different colours. At time 
step  t_ois  (obstacle in sight) the driver of the 
PTW can first recognise, what the car driver is 
going to do. So he is forced to react. At time step  
t_brf (brake filled) he already has reacted with 
filling the brakes. Time step t_c (collision) 
represents the time, when the collision actually 
happens.  
As we see from the example, it can be very much 
of help for the PTW to achieve a brake 
deceleration, which is just a little increased. The 
reduced speed in the vicinity of the impending 
crash location increases the manoeuvrability of the 
PTW considerably and may enable the driver to 
avoid the obstacle. Furthermore, he gains an 
additional time interval delta_T_c ABS  (ΔT in fig. 
5) for steering action, and the obstacle might have 
moved already out of the way.  
Therefore, it is not sure whether a collision would 
have happened at all with ABS, even if the 
theoretical calculation yields a still high collision 
speed. For this reason the question mark is added 
to the string “v_collision” in fig. 4.    
 
 
The benefits resulting from ABS are listed in fig. 5. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
PTW braking with ABS control, integral brake 
and brake-assist function 
In the following step the benefits of a so-called 
integral brake and the brake-assist function are 
demonstrated (see fig. 6). 
When using an integral brake, we can be sure that 
both wheel-brake circuits will be filled in parallel, 
so that we always do our calculations with the 
assumption that a maximum deceleration of  1g  is 
possible on highest friction. For lower friction 
values, the maximum deceleration is corrected in 
the same way as above described for the ABS. 
 
The added brake-assist is assumed to have the 
advantage of filling the brakes always with the 
highest possible pressure increase gradient. The 
result shall be a reduced fill time of  200 ms, as 
shown in fig. 6. 
It should be mentioned here, that even shorter 
pressure increase time intervals are possible with 
electronic brake devices from CONTI. Due to the 
adjustment of the orifices of the wheel inlet valves, 
maximum pressure increase gradients are so high, 
that the wheel locking-pressure levels can usually 
be reached within 100ms. But those gradients must 
be set up by the brake force of the driver and 
cannot be applied by the ABS pump of the control 
device alone. For this reason the pressure increase 
interval is set to the more restrictive value of 
200ms. This time interval can be assumed as a 
medium value, which can be easily achieved by the 
cooperation of drivers working with medium hand-
force and a brake-assist function, which 
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compensates a certain hesitating during the first 
brake application. 
 
With these assumptions, the following calculation 
can be done in a similar manner as above: 
 
Available distance for full braking: 
 
s_brake INT   =   s_brake + (0.2s * v_initial) 
 
The values for  s_brake  and  v_initial  are the 
original values from the database. 
The 0.2 s result from the assumption that the brake-
filling time with the original initial speed is now 
reached 0.2 s earlier than with the conventional 
braking.  
Needed distance for full braking with the above 
assumed deceleration: 
 
s_brake_needed INT    
   =   ½  *  (v_initial)2  /  a_brake INT 

 

If  the needed distance  s_brake_needed INT  is 
lower than the available distance s_brake INT no 
collision would have occurred. Otherwise the 
collision speed would have been 
 
v_collision INT    =   sqrt (2 * a_brake INT * 
   (s_brake_needed INT - s_brake INT) ) 
 
 
 

 
Figure 6.   
Time diagram of a panic-braking situation with 
ABS, brake-assist and integral brake 

If  a  collision had occurred,  the  time  step of  the 
crash  would have been  delayed  by   delta_T_c INT   
compared to the situation without ABS: 
 
delta_T_c INT   =   t_collision INT  –  t_collision 
 
t_collision INT   =   t_brakes_filled  –  0.2s   
   +  2 * s_brake INT / (v_initial + v_collision INT) 
 
t_collision         =   t_brakes_filled   
   +  2 * s_brake / (v_initial + v_collision) 
 
� 
delta_T_c INT   =   -0.2s  
   +  2 * s_brake INT / (v_initial + v_collision INT) 
   –  2 * s_brake / (v_initial + v_collision) 
 
In order to get a feeling for the effects of the 
integral brake and brake-assist control, the same 
example as above is looked at again. 
  
v_initial        =   26 m/s 
s_brake         =   26 m 
v_collision    =   19.4 m/s 
 
� 
s_brake INT       = 31.2 m 
a_brake INT       = 1g    = 9.81 m/s2 
s_brake_needed INT  =  34.45 m 
v_collision INT  = 7.99 m / s 
delta_T_c INT   =  0.485 s 
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Even now the collision speed seems to be quite 
high with about 8 m/s, but we have to take into 
consideration that it is reduced by  11.4 m/s, what 
can really be life-saving for the PTW driver. 
Moreover, the crash, if it had happened at all, 
would have been delayed by a time interval of  
0.485 s. This gives us an idea about the chances of 
the PTW driver to avoid the collision.  
The additional benefits of this system are listed in 
fig. 6. 
 
 
PTW braking with ABS control, integral brake, 
brake-assist and automatic pre-fill function 
In the following step the advantages of an 
advanced driver-assistance system (ADAS) are 
described. This system is based on environmental 
sensors and an algorithm for danger calculation. In 
case of recognising a relevant obstacle, the system 
is able to pre-fill the brakes actively without any 
driver intervention (see fig. 7). This normally leads 
to a maximum deceleration of about 0.3g until the 
driver takes over and applies the brakes himself. 
It is very difficult to make an assumption, when the 
system could have reacted in the studied accident 
cases and if the driver would have been aware of 
the danger a little sooner due to the automatic 
deceleration. 
In order to be able to get a result and an idea of the 
possibilities at all, the following assumptions were 
made for each DEKRA case: 

 
Figure 7.  Time diagram of a panic-braking 
situation with ABS, integral brake and ADAS 

- 150 ms after the obstacle occurred, the system 
gets active and starts filling the brakes. 
- It takes another 100 ms to pre-fill the brakes with 
an amount of pressure, which leads to a medium 
deceleration of 0.3g until the brakes are filled 
- The reaction time of the driver is the same as 
described in the studied cases. 
- With the help of ABS, integral brake and brake-
assist, the driver is now able to perform a full brake 
application in just 120 ms, because the brakes are 
already pre-filled.  
With these assumptions, the following simplified 
calculation can be done in a similar manner as 
above: 
 
Available distance for full braking: 
 
s_brake ADAS   =   s_brake + (0.28s * v_initial) 
 
Due to the pre-filling and automatic deceleration of 
0.3s the initial speed is now reduced, when the 
driver takes over: 
 
v_initial ADAS   =   v_initial – (t_brakes_filled – 
   t_obstacle_in_sight – 0.25s) * 0.3g 
 
with      
t_brakes_filled - t_obstacle_in_sight   = 
   (s_obstacle_in_sight – s_brake) / v_initial 
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The value for  s_obstacle_in_sight,  s_brake  and  
v_initial  are the original values from the database. 
The 0.28s result from the assumption that the 
brakes are now fully applied in 0.12s, that means 
0.28s earlier than with the conventional braking. 
 
Needed distance for full braking with the above 
assumed deceleration: 
 
s_brake_needed ADAS   = 
   ½  *  (v_initial ADAS)2  /  a_brake ADAS 
 
If   the  needed  distance   s_brake_needed ADAS  is  
lower  than  the  available  distance s_brake ADAS  
no collision would have occurred. Otherwise the 
collision speed would have been  
 
v_collision ADAS    =   sqrt (2 * a_brake ADAS * 
   (s_brake_needed ADAS - s_brake ADAS) ) 
 
If  a  collision had occurred,  the time step of the 
crash would have been delayed by   delta_T_c ADAS   
compared to the situation without ABS: 
 
delta_T_c ADAS   =   t_collision ADAS  –  t_collision 
 
t_collision ADAS   =   t_brakes_filled  –  0.28s   
   +  2 * s_brake ADAS  
       / ((v_initialADAS + v_collision ADAS) 
 
t_collision         =   t_brakes_filled   
   +  2 * s_brake / (v_initial + v_collision) 
 
� 
delta_T_c ADAS    =   - 0.28s  
   +  2 * s_brake ADAS  
       / (v_initialADAS + v_collision ADAS) 
   –  2 * s_brake / (v_initial + v_collision) 
 
The effects of the system, consisting of ABS, 
integral brake, brake-assist control, and the driver 
assistance with automatic brake pre-fill, can be 
demonstrated with the same example as above: 
 
v_initial        =   26 m/s 
s_brake         =   26 m 
v_collision    =   19.4 m/s 
s_obstacle_in_sight   = 52 m 
 
� 
 
v_initial ADAS     =   23.8 m 
s_brake ADAS       =  33.28 m 
 
a_brake ADAS              = 1g = 9.81 m/s2 
s_brake_needed ADAS  =  28.87 m 
v_collision ADAS  =  0 m / s      no collision, because  
s_brake_needed ADAS  is lower than s_brake ADAS 

The additional benefits of this system are listed in 
fig. 7. 
The dashed line is the vehicle speed in case of a 
very early driver reaction, which may occur in 
many cases as a result of the pre-braking done by 
the assistance system. The slight jerk caused by 
this pre-braking is felt as an indicator for an 
impending crash situation and can help the driver 
to come to a quicker decision and braking reaction. 
 
 
RESULTS 
 
Fig. 8 shows the vehicle velocities for all brake 
systems described above combined in one 
comparing time diagram.  
When we take into consideration that the area 
below the respective velocity line is the stopping 
distance travelled through by the PTW during a 
dangerous braking manoeuvre, it is easy to 
imagine, what advantages can result from new 
electronic brake systems. 
 
The overall result of the above estimation done for 
51 DEKRA accident cases is shown in fig. 9 and 
fig. 10.  
In fig. 9 we can see, how many of the 51 studied 
accidents could have been avoided or highly 
mitigated with the help of the respective brake 
system or braking behaviour of the driver. 
 
The black frame bar marks the number of the 51 
cases. The coloured bars represent the numbers of 
collisions, which would have been totally avoided 
due to the higher braking deceleration with the 
according brake-control system (first value on the 
bar). The hatched bars show the numbers of 
collisions, for which the collision speeds of the 
PTWs could have been reduced below 8m/s 
(second value on the bar). In these cases, the 
energy of the crashes would have been rather low, 
and moreover, due to the reduced speed and the 
gained reaction time before the crossing of the 
collision courses, we can assume, that the driver 
would really have had a chance to avoid the crash 
by steering. 
In order to get a feeling of the overall effect of the 
collision speed reduction, fig. 10 may be looked at. 
With the help of the described electronic brake 
control systems the medium collision speeds 
presented by the bar graph could be reduced 
considerably. 
 
Even the system with the lowest expenditure, the 2-
channel ABS, offers an impressive chance to 
mitigate the effects of impending crash situations. 
If the driver is fully aware of these facilities and 
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Figure 8.  Time diagram of a panic-braking 
situation with different brake control systems 
 
learns to rely on his anti-lock brakes, he will get 
used to hard and simultaneous braking with both 
brake levers. The potential of reducing collision 
speeds to about 50 or even 40% can already be life-
saving and prevent the PTW driver from getting 
seriously injured, even if the impending crash is 
unavoidable.  
As we know from the laws of physical science, the 
demolition effect caused by a collision is increased 
with the kinetic energy of the crash partners in a 
proportional manner, and the energy itself is 
increased with the square of the velocity. 
Therefore, reducing the collision speed to the half 
amount means reducing the demolition effect to  
 
 
No electronic brake-control system, orignal accident data

ABS, only front wheel braked

ABS, front wheel braked, rear wheel braked delayed

ABS, both wheels braked simultaneously

ABS, integral brake and brake-assist system

ABS, integral brake, brake-assist and automatic pre-fill system

0

17 / 11

12 / 10

27 /  2

29 /  4

39 /  7

 
 
Figure 9.  Numbers of accidents avoidable 
depending on different brake control systems 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
just a quarter of the actual amount. 
This means for the 2 channel ABS handled 
properly by simultaneous braking of both channels, 
that the medium demolition effects could have 
been reduced below 20%. 
But nevertheless, the most important advantage of 
reducing the speed of the PTWs is yielded by the 
fact that the manoeuvrability and steerability of a 
PTW are highly improved for low velocities. 
Moreover, the driver gains more time to make a 
steering decision, because the crossing of the 
collision courses is delayed due to the higher PTW 
deceleration. 
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Figure 10.  Medium collision speeds and 
percentile crash energy depending on 
different brake control systems 
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CONCLUSION 
 
As we can see from the PTW deceleration data 
provided by the DEKRA database, most drivers do 
not use the maximum brake performance due to the 
fact, that they are aware of the danger of wheel 
overbraking. The concentration on two brake levers 
is certainly a big problem and seems likely to 
disable drivers concerning the manoeuvring 
decisions necessary to avoid collisions. The low 
medium deceleration values show us further that 
drivers need long time intervals to get the brakes 
filled and find operating points which are at least 
near the optimum.  
 
The most important task of ABS is to exploit the 
maximum friction amounts between tires and road 
surface and nevertheless to provide the PTW with 
sufficient driving stability for the performed 
manoeuvre. 
But the even more important effect of antilock 
brake control for motorcycles should be, that the 
system gives the driver confidence concerning 
braking stability even in case of hard brake 
application. As the above calculations show us 
unambiguously the best way of reducing speed in 
time is to have an early and hard brake activation. 
Saving just 100 or 200ms of brake-filling time 
means to reduce the whole stopping distance 
considerably. The driver must be sure that the 
brake control can be relied on, that there is no risk 
of wheel-locking, and he should learn to perform 
full-braking with ABS, simultaneously with both 
brake levers or at least with the front brake lever in 
case of a PTW equipped with integral-brake 
facilities. 
Moreover, ADAS systems may be very much of 
help to make time-saving decisions automatically. 
Among the 51 studied DEKRA cases are only very 
few situations, which could not be managed by 
ADAS systems in a satisfying manner. These are 
situations which are characterized by so-called 
sudden cut-ins, meaning that an obstacle crosses 
the driving path of a PTW so abruptly, that a crash 
is unavoidable even in case of immediate full-
braking. 
At this point we see the limits of active safety 
systems, and that it is necessary to provide PTW 
drivers with passive safety as well.  
In the EC-funded SIM-project, active and passive 
safety components for PTWs are investigated. In 
several test vehicles provided by Piaggio, the 
systems are connected via CAN-bus, so that 
important sensor and control-signal information 
can be interchanged. With the help of this 
networking, additional synergy effects are 
achieved.   
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ABSTRACT 
 
Over the past several years, there has been seen an 
increasing popularity of side-by-side utility and 
recreational vehicles (also referred to as UTVs and 
ROVs), which resemble road-going passenger 
vehicles more so than typical ATVs due to 
bench/bucket seats, safety belts, steering wheels, etc.  
Some of these perceived safety advances over 
standard ATVs are reasons for their increased 
popularity.  Therefore, it is important to begin using 
basic passenger car vehicle dynamics knowledge and 
testing techniques to enhance the safety of these 
vehicles by making them perform more like road-
going vehicles in terms of both directional stability 
and rollover resistance. 
 
Recent research by The Engineering Institute has 
resulted in a quantification of the performance 
aspects of a typical side-by-side using standard 
automobile tests such as SAE J266, ISO Avoidance 
Maneuvers, J-turns, and a slalom course.  Simple 
vehicle modifications were also performed that 
dramatically improved the performance of the vehicle 
through the same maneuvers. 
 
This paper will discuss the results of both the testing 
on the standard and modified vehicle.  Data from the 
testing will be presented, and the vehicle 
modifications will be illustrated.  Conclusions will be 
made detailing the effectiveness of using basic 
passenger car vehicle dynamics principles at 
drastically improving the safety of side-by-sides.    
 
INTRODUCTION 
 
Understeer, oversteer, static stability, and dynamic 
rollover resistance are basic principles of vehicle 
dynamics understood by engineers with a vehicle 
dynamics background.   
 
Analysis of a vehicle’s understeer or oversteer 
tendency is a good first approximation of a vehicle’s 
directional controllability.  In fact, SAE J266, the 
standard which describes the test methods for 
determining and quantifying the understeer or 
oversteer of a vehicle is entitled Steady-State 
Directional Control Test Procedures for Passenger 

Cars and Light Trucks.  The scope of this document 
states that, “This SAE Recommended Practice 
establishes consistent test procedures for 
determination of steady-state directional control 
properties for passenger cars and light trucks with 
single axles.” [1] 
 
ISO 4138, Passenger cars—Steady-state circular 
driving behavior—Open-loop test methods, echoes 
this in its scope by saying, “This International 
Standard specifies open-loop test methods for 
determining the steady-state circular driving 
behaviour of passenger cars…, such behaviour being 
one of the factors comprising vehicle dynamics and 
road-holding properties.” [2] 
 
The static stability of a vehicle has long been 
recognized as a good first order approximation, albeit 
a conservative one, of a vehicle’s rollover resistance.  
The National Highway Traffic Safety Administration 
(NHTSA) has described it as a “primary means” of 
determining the risk of rollover [3]. 
 
A vehicle’s static stability is just that, static.  
Dynamic rollover resistance addresses the dynamic 
stability of a vehicle including suspension effects by 
testing the vehicle through various maneuvers 
including maneuvers which are considered limit-
handling maneuvers. 
 
VEHICLE TESTING 
 
Typical Passenger Cars/Light Trucks 
 
The majority of road-going vehicles exhibit linear-
range and limit understeer when tested in accordance 
with SAE J266.  These vehicles usually show a 
distinct upturn in the understeer gradient, measured 
by plotting the wheel angle in degrees versus the 
lateral acceleration corrected for the vehicle roll 
angle and taking the slope, as the vehicle nears the 
limits of tire adhesion.  If the front tires of the vehicle 
reach their tractive limits prior to the rear, the vehicle 
understeers. 
 
Figure 1 shows plots for a typical passenger vehicle 
which exhibited limit understeer during a clockwise 
and counterclockwise constant radius, slowly 



 
Roberts, 2 

increasing speed test.  Note that the slope is positive 
throughout the range of handling with a distinct 
increase in its positive slope up to the point that the 
tires have saturated, and the test driver is no longer 
able to keep the vehicle on path, the termination 
condition for the test. 
 
For the tests plotted below, the vehicle was tested on 
an approximately 40 m radius circle. 
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Figure 1. Understeer gradient plots for a typical 
passenger vehicle. 
 
NHTSA has published data concerning the static 
stability in the form of the static stability factor.                      

SSF =
1
2
fffTrackwidth

CG Height
ffffffffffffffffffffffffffffffffffff                      (1) 

NHTSA’s data shows a range from 0.95 for the 1992-
2000 Mitsubishi Montero 4dr, 4X4 to nearly 1.8 for 
the previous generation Corvette. 
 
With regards to dynamic rollover resistance, some 
road-going vehicles have been made to tip in limit-
handling maneuvers at high lateral accelerations (0.8 
g’s +). 
 
Side-by-Side Recreational Vehicle 
     Static Analysis-A side-by-side recreational 
vehicle was tested by The Engineering Institute.   
 
Firstly, the vehicle was tested in order to determine 
its static stability factor, as a means of determining 
how it compared to the road-going vehicles 

previously tested by NHTSA.  The center of gravity 
height of the vehicle was determined by locking the 
suspension and placing the vehicle on a tilt-table.   
 The protocol used was as follows: 
• Document the vehicle “as received.” 
• Determine loading configurations to be tested. 
• Place dummies and cargo (if applicable) in the 

vehicle to simulate the loading configurations. 
• Measure shock/spring or strut/spring length at 

ride height for each loading configuration. 
• Measure the track width for each. 
• Fabricate adjustable suspension rods to fix the 

ride height at the measured values. 
• Load the vehicle to the desired loading 

configuration and set the suspension rod to the 
corresponding length. 

• Place the vehicle on the tilt table with the leading 
tires on the high friction surface and their edges 
against the wooden 11/16” high curb. 

• Tether the trailing edge of the vehicle to the table 
so that the trailing tires can lift from the 
platform, but do not allow the vehicle to tip all 
the way over. 

• Raise one side of the platform until both of the 
trailing tires lift from the platform. 

• Document the angle at which this lift occurred. 
• Perform at least two tests passenger side leading 

and two tests driver’s side leading. 
• If data is not consistent, perform additional tests. 
 
The test vehicle was tested in four configurations.  
These were vehicle only, vehicle plus 73 kg water 
dummy in the driver’s seat, vehicle plus 73 kg water 
dummies in both the driver’s and passenger’s seat, 
and vehicle plus two 73 kg water dummies and cargo 
placed in the bed up to GVWR.  
 
The results of the static testing are summarized in 
Table 1. 

Table 1. 
SSF test results. 

Configuration 
Avg CG 
Height 
(mm) 

Average SSF 

Vehicle Only 622 0.88 

Vehicle Plus 73 kg 
Driver 693 0.79 

Vehicle Plus 73 kg 
Driver and 
Passenger 

719 0.77 

GVWR 790 0.71 
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Two things of note from the above table are that (1) 
the unloaded SSF of this vehicle is lower than that of 
any road-going vehicle as reported by NHTSA, and 
(2) the low curb weight of this type of vehicle results 
in passenger loading having a large effect on the 
static stability of the vehicle. 
  
     Dynamic Analysis-A vehicle whose static 
stability predicts tip-up at acceleration levels of less 
than 0.9 g’s has a high risk of a rollover on a flat, 
level surface.  In order to assess this, dynamic testing 
was carried out on the vehicle.  The photograph 
below shows the vehicle prepared for dynamic 
testing. 
 

 
Figure 2.  Test vehicle as prepared for testing 
(Yamaha Rhino 450). 
 
To determine understeer/oversteer characteristics 
SAE J266: Steady State Directional Control Test 
Procedures for Passenger Cars and Light Trucks [1] 
constant radius, slowly increasing speed circle test 
was used as a test basis.  These tests were conducted 
in both the clockwise and counterclockwise 
directions.  J266 recommends a minimum radius of 
approximately 30.5 m.  However, due to the lower 
top-end speed of these vehicles, this radius was 
reduced to 15.25 m for this testing, resulting in a 30.5 
m diameter circle.  This diameter is in agreement 
with the Consumer Product Safety Commission’s 
recommended use of a 30.5 m diameter circle test for 
ATV analysis to determine both the “maximum 
dynamic lateral acceleration in a turn” and the 
vehicle’s understeer and oversteer characteristics in 
their All Terrain Vehicles (ATVs) Project Status 
Report, February, 2008 [4].   
 
Though the steady state circle test is a good indicator 
of the amount of understeer designed into the vehicle, 
it is not very representative of any real world 
dynamic driving maneuvers.  Therefore, dynamic 

maneuvers were also performed to evaluate the 
transient dynamics of the vehicle.  The purpose was 
to subject the vehicle to maneuvers to evaluate the 
non steady-state handling characteristics of the 
vehicle.  The standard maneuvers chosen were 
avoidance maneuvers, step-steers, and slalom 
courses.  A non-standard maneuver which was also 
evaluated was a U-turn from a stop or from a slow 
rolling speed. 
 
The vehicle was driven at various speeds through an 
accident avoidance maneuver.  The avoidance 
maneuver was patterned after the ISO International 
Standard 3888-2 Passenger cars — Test track for a 
severe lane-change manoeuvre —Part 2: Obstacle 
avoidance [5].  The width measurements for this 
course are based on vehicle width.  Figure 3 shows 
the track and dimensions.  As shown in the figure, the 
driver operates the vehicle through Section 1 in the 
direction marked by the number 6.  As the driver 
enters Section 2, he/she steers left then right to enter 
the offset Section 3 (i.e. avoid an obstacle in the path 
of Section 1).  At the end of Section 3 as the vehicle 
is entering Section 4, the driver steers right then left 
to enter Section 5. 
 

 
Figure 3.  ISO avoidance maneuver illustration 
and dimensions. [5] 
 
The ISO standard calls for the vehicle throttle (gas 
pedal) to be released at the entrance speed at the 
timing strip.  Due to the large amount of drag and 
engine braking with this vehicle, at the timing strip, 
the vehicle was shifted into neutral as the throttle was 
released.  After the throttle release, the driver steers 



 
Roberts, 4 

left then right to enter the offset lane.  At the end of 
the offset lane, the driver steers right then left to 
reenter the last lane.  The standard states: The 
obstacle avoidance manoeuvre is a dynamic process 
which involves rapidly driving a vehicle from its 
initial lane to another lane parallel to the first, and 
returning to the initial lane, without exceeding lane 
boundaries. The objective is to have the vehicle reach 
a certain sequence of alternate high, lateral 
accelerations such that the vehicle's lateral dynamics 
can be evaluated.   
 
A second maneuver used was a step steer maneuver 
with various speeds.  During this maneuver the driver 
reached the target speed and rapidly applied the 
predetermined steering angle and then held the 
steering and throttle constant.  180 degree and 270 
degree target step steers were conducted at various 
speeds.  The step steer test is patterned after ISO 
7401, Road vehicles — Lateral transient response 
test methods — Open-loop test methods [6]. 
 
A third maneuver was based on the slalom maneuver 
used by Chrysler.  Due to the relatively low top speed 
of this vehicle, the spacing between cones in the 
slalom was set to 15.25 m. 
 
A non-standard maneuver used for vehicle evaluation 
was a U-turn accelerating from a stop and from low 
speeds.  During this maneuver, the driver accelerated 
while turning the steering wheel sharply to complete 
a U-turn. 
 
The testing was conducted on flat, level concrete for 
repeatability and comparison purposes as well as a 
grass surface. 
  
     Circle Testing Analysis-During the circle testing, 
the side-by-side exhibited both understeer and a 
transition to oversteer.  This transition placed a high 
burden on the driver, as constant corrective steering 
in the form of a reduction in the steering angle was 
necessary to keep the vehicle on path.  The vehicle 
would suddenly lose rear grip at which time the yaw 
rate would quickly increase (see Figure 4) and the 
driver would have to arrest this with counter-steer.  
This made the vehicle highly unpredictable.  Test 
video shows the driver constantly sawing the steering 
wheel to remain on radius.   
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Figure 4.  Yaw rates from circle test. 
 
After the test data was processed, understeer plots 
were generated.  These plots clearly show just how 
unpredictable and directionally unstable the vehicle 
is.  The plots also indicate that the vehicle is 
beginning the transition to an oversteer vehicle at 
very low lateral accelerations of 0.25 g’s, a value that 
is typically still considered the steady-state range of 
vehicle operation. 

 
Figure 5.  Understeer gradient plot showing 
transition to oversteer at 0.25 g’s and terminal 
oversteer. 
 
Not only did the vehicle exhibit directional instability 
in the circle testing, the vehicle even tipped onto the 
outriggers during the circle testing.  As seen from the 
above plot, the maximum lateral acceleration attained 
in the testing was less than 0.65 g’s. 
  
     Obstacle Avoidance Testing Analysis-The 
avoidance maneuver showed similar results to those 
seen in the circle testing.  The vehicle exhibited a 
sudden loss of grip at the rear (indicated on the plots 
by the high yaw rates as shown in Figure 6 for 
example) and if this was not arrested, the vehicle 
tipped.  The tips in the avoidance maneuver occurred 
at a similar lateral acceleration as in the circle test 
with a value of 0.67 g’s. 
 

Transition to oversteer 
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Avoidance Maneuver Rates
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Figure 6.  Plot of rates (yaw rate in red) from an 
avoidance maneuver that resulted in rollover. 
 

Avoidance Manuever Speed, Lateral Accleraion, and Roll Angle
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Figure 7.  Avoidance maneuver plot showing 
speed, lateral acceleration, and roll angle. 
 
     Step-Steer Testing Analysis-The step-steers 
resulted in tip-ups at the lowest lateral accelerations 
of any of the tests.  Tip-up occurred in 8 of the 18 
step steer tests performed on the first day of testing 
with lateral accelerations as low as 0.55 g’s, an 
extremely low lateral acceleration to cause tip-up. 
 
Figure 8 shows this.  Note that the speed at tip is 
around 14 mph (22.5 kph). 
 

Step Steer Speed, Lateral Acceleration, and Roll Angle
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Figure 8.  Step steer test data.   

 
     Slalom Testing Analysis-During the slalom test, 
the dynamics echoed those from the circle and 
avoidance maneuvers.  The vehicle exhibited 
oversteer during the mauever, and could be made to 
drift around the cones.  Tip occurred in these tests at 
0.57 g’s.   
  
     U-Turn While Accelerating Testing Analysis-
During this type of test, the vehicle tipped onto the 
outriggers at a lower speed than in any other tests, 
approximately 19 kph (12 mph).  Tip occurred 
consistently in the lateral acceleration range of 0.57 
to 0.63 g’s. 
  
     General Analysis of Dynamic Testing-The 
dynamic testing revealed a two-part instability with 
the vehicle.  The vehicle consistently showed a loss 
of directional stability due to a loss of grip at the rear 
tires sometimes followed by a tip-up of the vehicle 
onto two wheels or completely onto the outriggers.  
 

  
Figure 9.  Frame capture from vehicle testing 
showing onset of loss of directional stability 
characterized by a lifting of the inside rear tire 
(the green is speed in mph). 
 
As was felt by the test driver, and is easily seen 
during the maneuvers and in Figure 9, the loss of rear 
grip is instigated by a lifting of the inside rear wheel 
during a turning maneuver.  This indicates that the 
rear of the vehicle is too stiff in relation to the front.  
The 2000 Edition of the SAE Manual on Design and 
Manufacture of Torsion Bar Springs and Stabilizer 
Bars [7] warns against a rear-only stabilizer bar.  The 
manual states that, “Stabilizer bars are generally 
installed on both front and rear suspensions or in 
front suspension only.  Use of a stabilizer bar on the 
rear suspension only can sometimes have an adverse 
effect on vehicle handling.  Such installations should 
be tested under severe cornering conditions to ensure 
the desired handling characteristics.” 
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The use of the anti-sway bar on the rear of the vehicle 
is mandated by the rear-drive.  The rear drive of the 
test vehicle does not employ a differential, rather the 
axle shafts are splined and both shafts are driven at 
the same angular speed.  This configuration would 
result in heavy tire scrub and understeer while 
cornering if not for the anti-sway bar being used to 
unweight and lift the inside tire.  This lifting of the 
inside rear wheel is highly derogatory to the vehicle 
handling. 
 
Appendix A is a summary table of the first set of the 
standard vehicle testing. 
 
     Vehicle Modifications-The vehicle was modified 
with a two-fold purpose.  The goals were (1) to 
increase the directional stability and (2) to increase 
the rollover resistance.  A secondary aim was to 
achieve these goals with as simple vehicle 
modifications as possible. 
 
Simple vehicle dynamics principles were employed 
to accomplish these goals.  In order to increase the 
directional stability, it was known that the roll 
stiffness balance needed to be altered to reduce that 
of the rear of the vehicle in relation to the front.  To 
accomplish this, it was decided that the rear anti-
sway bar must be removed.  As discussed earlier, 
severe tire scrub and understeer would result if this 
was the only modification made.  Therefore, a 
modification to the rear-drive had to be made as well.  
The test vehicle is a four-wheel-drive model which 
employs a front differential.  The front differential 
was taken from another vehicle and mounted on the 
rear of the test vehicle. 
 
In order to increase the rollover resistance, there were 
two basic options as evident from Equation 1.  The 
center of gravity height could be lowered or the 
trackwidth could be widened.  The second option was 
easy to perform as aluminum wheel spacers are 
currently on the market for this type of vehicle.  In 
fact, the website from which the spacers were ordered 
advertised them as increasing the cornering stability.  
The spacers are approximately 5 cm wide.  Two 
spacers were added at each corner giving a little over 
20 cm increase of the front and rear trackwidth.  The 
modifications are shown below. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.  Modifications to the test vehicle. 
 
     Modified Vehicle Dynamic Testing Analysis-
The vehicle modifications drastically improved the 
vehicle stability.  The vehicle was much more 
directionally stable and predictable.  The rollover 
resistance was also greatly improved.  
 
The modified vehicle performed dramatically better 
in the circle testing.  The vehicle exhibited linear 
range understeer with the understeer increasing until 
the test was terminated with limit understeer in both 
directions.  The vehicle did not tip onto the outriggers 
in either test.    



 
Roberts, 7 

Modified Vehicle
Understeer Gradient (Wheel Angle vs Lateral Acceleration)
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Figure 11.  Circle test data plot for the modified 
vehicle. 
 
The alternative design performed significantly better 
in the 15.25 m slalom testing.  The vehicle had 
successful runs through the course with recorded 
lateral accelerations of 0.43, 0.64, and 0.83 g’s with 
no tips onto the outriggers.  During the slalom, the 
standard vehicle rolled over at 0.57 and 0.62 g’s.  The 
alternative design required 0.85 g’s to rollover.  The 
alternative design rolled over on the fourth steer after 
the roll momentum had built up throughout the 
maneuver.  0.85 g’s is a 49% increase over 0.57 and 
is a 37% increase over 0.62 g’s.  Further tuning of the 
suspension system through spring rate modifications 
would likely eliminate rollover. 
 
The alternative design did not roll over in any of the 
180 degree left step steers even with lateral 
accelerations as high as 0.87 g’s with a corresponding 
entrance speed of 51.5 kph.  The standard design did 
rollover at 0.68 g’s in the 180 degree left step steer.  
The alternative design did roll over onto the 
outriggers at 0.88 g’s in the 270 degree left step steer 
with and entrance speed of 29 mph.  The standard 
configuration rolled over at only 16 mph with a 
lateral acceleration of 0.68 g’s.  A 0.88 g rollover 
threshold equates to a 29% increase over 0.68 g’s. 
 
The alternative design did not roll at all in any of the 
four U-turn tests; whereas, the standard design rolled 
over in 11 out of 12 tests with speeds of 
approximately 19 kph at the time of rollover. 
 
Appendix A shows a summary of the modified 
testing. 
 
CONCLUSIONS 
 
The following conclusions were made based on the 
dynamic testing of the side-by-side vehicle. 

Testing revealed the standard configuration side-by-
side is directionally unstable characterized by a 
transition to severe oversteer at lateral accelerations 
as low as 0.25 to 0.3 g’s.   
 
A variety of test maneuvers on concrete and on grass 
demonstrated that this vehicle will roll over from 
driver steering inputs at low lateral acceleration 
levels. Testing demonstrated rollovers at lateral 
accelerations as low as 0.55 g’s.  This rollover 
threshold is very low and can easily be exceeded 
even during proper use of the vehicle. 
 
Testing of the alternative design showed that simple 
design changes greatly increased the directional 
stability.  The alternative design showed a drastic 
improvement in the rollover threshold of this vehicle 
as well with lateral accelerations as high as 0.87 g’s 
on concrete not resulting in rollover. 
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Appendix A: Summary Table of Standard and Modified Vehicle Testing 

 
Table 2. 

Summary of standard configuration testing. 

 
                                       

Table 3. 
Summary of modified configuration testing. 
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ABSTRACT 
 
In recent years, there has been a significant increase in 
mortality among motorcyclists.   Despite high rates of 
morbidity and mortality associated with crashes among 
older riders, there have been relatively few studies on 
injured motorcyclists admitted to hospitals.   In an 
ongoing study, data is being collected from 
motorcyclists involved in crashes in Maryland who 
were either killed or transported to the R Adams 
Cowley Shock Trauma Center (STC) in Baltimore, 
Maryland.  Data on injured motorcyclists is captured 
from the trauma registry, hospital discharge records, 
autopsy reports, and through a linkage with police 
crash reports.  Injured parties are assessed six-months 
and one-year post crash with the Short Form 36 (SF-
36) questionnaire.  The SF-36 is an evaluation tool 
used to determine long term outcome.  Autopsy 
reports are obtained from the Office of the Chief 
Medical Examiner of Maryland (OCME). 
 
Previous studies looking at head injuries resulting 
from motorcycle crashes have not been able to 
discriminate between operators using helmets that are 
and are not compliant with standards set forth by the 
United States Department of Transportation (DOT).  
Helmets will be categorized as DOT-certified, full-
face, half-shell or uncertified novelty helmets. Fatal 
versus non-fatal crashes with resulting injuries are 
compared and matched by operator demographics, 
helmet use and type, and crash characteristics.  It is 
anticipated that persons involved in a crash while 
wearing an uncertified novelty helmet have a higher 
risk of head injury than those who crashed while 
wearing a DOT-certified helmet. 
 
From January 2007 through May 2008 there were 517 
motorcycle operators admitted to the STC. The mean 
age of this group was 37 years and 25percent sustained a 
head injury with an Abbreviated Injury Score (AIS) 
between 1 and 6.  Twenty-one percent of these helmets 

were identified as DOT non-certified.  A comparison of 
head injury and helmet type revealed that 50 percent 
(13/26) of those wearing a uncertified novelty  helmet 
received a head injury (AIS 1-6) as compared to 23 
percent (22/96) of those wearing a DOT certified 
helmet.(p<.05).  
 
INTRODUCTION 
 
Motorcycles have become an increasingly popular 
mode of transportation; motorcycle registrations in 
the United States topped 8.1 million in 20071.  
Motorcyclists are particularly vulnerable to injury 
because their vehicles provide little or no protection 
in the event of a crash.  Helmets have repeatedly been 
proven to reduce the severity of head injury in 
crashes.  However, the number of motorcyclists 
injured (103,000) and killed (5,154) in 2007 
continued a ten year upward trend. 2  
 
At the same time, there has been an increase in the 
average engine size of motorcycles, from a mean of 
769 cc in 1990 to 999 cc in 2002.3  In addition, 
during the same period as the nationwide increase in 
fatalities, there has also been an increase in the 
number of states repealing or modifying motorcycle 
helmet use laws, as well as a decreasing rate among 
observed motorcyclists.  While the use of a 
motorcycle helmet has been estimated to be 37 
percent effective in preventing fatal injuries to 
motorcyclists who are involved in a highway crash, 
only 59 percent of motorcyclists who sustained fatal 
injuries were reported to be wearing a helmet at the 
time of their crash.4  Also, in a previous study of 
motorcyclist fatalities focusing on head injuries that 
was conducted at the National Study Center for 
Trauma & EMS (NSC) findings revealed that 
motorcyclists wearing helmets were significantly less 
likely to suffer a traumatic brain injury (TBI) than 
those who were unhelmeted. 5 
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The US DOT created Federal Motor Vehicle Safety 
Standard FMVSS No. 218 in 1973.  The purpose of 
this standard is to reduce deaths and injuries to 
motorcyclists and other motor vehicle users resulting 
from head impacts.  To do so, the standard 
establishes a minimum performance requirement for 
helmets.  These requirements include three 
performance tests: (1) An impact attenuation test; (2) 
a penetration test; and (3) a retention system test; as 
well as various labeling requirements.    
 
Despite the passage of mandatory helmet laws in a 
number of states, the persistent use of ‘novelty’ 
helmets that do not meet the requirements of FMVSS 
No. 218 (Illustration 1) remains relatively unchanged.   
 
 
Illustration 1 

 
            Compliant Helmet         Novelty Helmet 
 
NHTSA has published an NPRM (73 FR 57297) on 
October 2, 2008, to amend FMVSS No. 218 to 
address the issue of novelty helmets. Some of the 
proposed amendments to FMVSS No. 218 would 
help realize the full potential of compliant helmets by 
aiding state and local law enforcement officials in 
enforcing state helmet use laws, thereby increasing 
the percentage of motorcycle riders wearing helmets 
compliant with FMVSS No. 218.  The amendments 
would do this by adopting additional requirements 
and revising existing requirements to reduce 
misleading labeling of novelty helmets that creates 
the impression that uncertified, noncompliant helmets 
have been properly certified as compliant. 
 
This study provides a general description of the 
characteristics of motorcycle crashes in Maryland 
and the injury patterns associated with those crashes.  
For this analysis, the prevalence of ‘novelty’ helmet 
use and subsequent head injury among motorcycle 
operators in Maryland who were transported to a 
trauma center as the result of a highway crash was 
examined.      
 
METHODS 
 
The Maryland Automated Accident Reporting 
System (MAARS) collects data on more than 

100,000 crashes that occur annually.  An analysis of 
this database was used to provide a general 
description of the number and type of motorcycle 
crashes that occur in the state.  In addition, 
information on injuries and helmet type was collected 
from persons who were transported to the STC as a 
result of their crash during the period January 2007 
through May 2008.  During the course of their 
hospital stay, these crash-involved motorcycle 
operators were approached and asked to provide  
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consent for participation in the study.  Upon consent, 
they were asked a series of questions about their 
riding habits and the type of crash in which they were 
involved and a series of questions about their general 
health and activity level prior to their crash.  If  
available, the helmet they were wearing at the time of 
the crash was photographed.  These photographs 
were used to identify any damage that may have 
resulted from the crash and to classify the helmet as 
being DOT-certified.  Demographic characteristics 
and the nature and extent of the injuries sustained 
were captured from the STC trauma registry 
database.  For this analysis, any documented brain or 
skull injury with a severity of 1 or higher, using the 
Abbreviated Injury Scale (AIS), was classified as a 
brain injury.   
 
RESULTS 
 
Crash Characteristics 
 
During calendar year 2007 there were 1,841 motorcycle 
crashes and 96 fatalities that occurred on Maryland 
roads.  Both numbers continue an upward trend in both 
crashes and fatalities that extends back to the late  
1990’s (Figure 1).  The vast majority of the motorcycle 
operators involved in a crash was men (89 percent) and 
persons between the ages of 35 and 49 accounted for 34 
percent of the riders involved in a crash.  More than 40 
percent of the crashes occurred on the weekend 
(Saturday - Sunday) and 60 percent occurred between 
the hours of noon and 8pm (Table 1).    
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Table 1 – Maryland Motorcycle Crash and Rider 

Characteristics 
Total Riders Involved in 

Crashes 
 Riders Killed in 

Crashes 
 N %  N % 
Gender      

Male 1,680 89  87 99 
Age      

<20 106 5.6  5 5.7 
20-34 672 35.5  33 37.5 
35-49 653 34.6  35 39.8 
50-64 320 16.9  12 13.6 

65+ 32 1.7  3 3.3 
Helmet Use      

Yes 1,403 74.0  77 87.5 
Unknown 331 17.5  6 6.8 

Total Motorcycle Crashes  Fatal Motorcycle 
Crashes 

Day of Week      
Weekday 1,046 56.8  49 53.8 
Weekend 795 43.2  42 46.2 

Hour of Day      
12am – 8am 231 12.5  12 13.2 
8am – 12pm 199 10.8  6 6.6 
12pm – 8pm 1,105 60.0  54 59.4 
8pm – 12am 305 16.6  19 20.9 

 
Injured Motorcycle Operators 
 
From January 2007 through May 2008 there were 517 
motorcycle operators admitted to the STC as the result 
of a roadway crash.  The mean age of this group was 37 
years and 25 percent sustained a brain injury.  The 
distribution of injuries (AIS 2+) to other body regions 
for this group is illustrated in Figure 2.  Injuries to the 
upper and lower extremities, as expected, were observed 
most frequently.  The mean Injury Severity Score was 
14.5 (range 1-75).  Among this group of patients, 153 
(30 percent) of those motorcycle operators who arrived 
at the trauma center provided consent to have 
photographs taken of the helmet they were wearing at 
the time of the crash.  Based on these photographs, 21 
percent of these helmets were identified as novelty (or 
DOT uncertified helmets.  Examples of helmets 
examined at the STC are presented in Figure 3.  Case 1 
illustrates a FMVSS No. 218 certified helmet with 
minor damage to the left side.  Case 2 illustrates a 
novelty helmet affixed with a warning label on the 
inside warning that it will not protect against serious 
injury.  Case 3 illustrates a novelty helmet that sustained 
significant damage as a result of the crash.      
 
 
 

 
 

Figure 2 
 

 
*Due to multiple body regions being injured as the result of a 
crash, percentages total more than 100%. 
 
Additionally 118 motorcycle operators provided 
answers to a general questionnaire that gathered 
information on their demographics, education level, and 
riding behavior.  Selected characteristics of this group 
are provided in Table 2.  Ninety-seven percent of the 
operators were men with a mean age of 39 years.  
Nearly 40 percent reported never having taken a 
motorcycle safety training course and the type of 
motorcycle ridden was distributed largely between 
cruisers (37 percent) and sport bikes (39 percent).  
Thirty-seven percent of the crashes involved a collision 
with another vehicle.  Additionally, 65 percent reported 
to be wearing some type of protective clothing 
(excluding long pants/jeans) at the time of their crash.      
 
A comparison of head injury and helmet type revealed 
that 50 percent (13/26) of those wearing a non-
compliant helmet received a head injury (AIS 1-6) as 
compared to 23 percent (22/96) of those wearing a 
compliant helmet (p<.05).  Those wearing ‘novelty’ 
helmets at the time of their crash were found to be 
significantly older (46.9 years vs 37.3 years, p<.05).   
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Table 2 – General Participant Characteristics 
 

  Percent 

Gender 

Male 97 

Education Level 

HS Diploma or less 45 

Motorcycle Type 

Cruiser 37 

Sport 39 

Taken a MC training course 

No 39 

Type of Crash 

Laid bike down 20 

Single vehicle, object impact 31 

   Multiple vehicle 

Intersection related 16 

Non-intersection related 21 

Type of Road 

Interstate 21 

City street/urban area 15 

Suburban area 26 

County road/rural area 29 

Protective Clothing worn 65 
  
 
DISCUSSION 
 
Over the past ten years, there has been a steady and 
disconcerting increase in the U.S. in motorcycle crashes 
and fatalities.  This national trend is also occurring in the 
state of Maryland.  Maryland does have a universal 
helmet law, requiring all riders wear a DOT-certified 
helmet.  This law initially helped lower the frequency of 
head injuries and fatalities from those injuries. 5 

However, several factors including the increase in the 
number of motorcycles on the highway has contributed 
to the overall upward trend of motorcycle crashes and 
their subsequent injuries and the use of uncertified 
helmets appears to increase the likelihood of a head 
injury as the result of those crashes.  Anecdotally, some 
riders prefer the appearance and feel of these novelty 
helmets or may wear them to satisfy the minimum 
requirements of the law.    Whatever their reason, 
uncertified novelty helmets do not provide the same 
level of protection as helmets certified to FMVSS No. 
218 which have an energy attenuating liner and shell 
design to prevent excessive penetrations, and a  

 
 

Figure 3 
Case 1 – FMVSS No. 218 DOT Certified w/ damage 

 
 
Case 2 – Novelty with warning label 

 
 
Case 3 Novelty with damage 

 
 
retention system that can withstand loads during a crash 
and therefore, will not protect the motorcyclist from a 
brain or skull injury in the event of a crash.6 This 
hypothesis has been supported by the research presented 
here.  Of all injured riders, those wearing a non-
compliant helmet were more likely to have sustained a 
head injury.  It is important to note that the riders 
wearing uncertified novelty helmets were significantly 
older.  Future analysis will incorporate injuries and 
helmet type for fatally injured motorcycle.   
 
CONCLUSIONS 
 
It has been shown that there are several distinct groups 
within the motorcycle riding community.  Some studies 
have separated riders based on age, motorcycle type or 
riding experience.  This study has provided a summary 
of the characteristics of motorcycle crashes and have 
focused on a sub-group of motorcycle operators who 
were injured in a highway crash and compared the 
occurrence of brain injuries with the helmet type, DOT-
certified vs. uncertified.  By analyzing riders who were 
injured, this project has shown that the likelihood of 
sustaining a brain injury increases when wearing a non-
compliant helmet. 
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This study has provided further evidence regarding the 
effectiveness of use of DOT-certified helmets to reduce 
and prevent the severity of head injuries.  Skeletal 
injuries have a higher likelihood of survival to positive 
outcomes, whereas brain injuries often lead to long-term 
disability or psychosocial issues.  By preventing TBI, 
there is an increased likelihood of a positive outcome 
following a crash.  Finally, this study exemplifies the 
use of the recommendation made in the Review of State 
Motorcycle Safety Program Technical Assessments7 by 
combining multiple datasets to evaluate multiple aspects 
of motorcycle crashes and their subsequent injuries.   
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ABSTRACT 
 
Tire deficiencies often cause commercial motor 
vehicles (CMVs) to be cited for regulatory violations 
and to be taken out-of-service during roadside 
inspections. As part of a major safety technology 
project to assess the state of the practice and potential 
contributions of advanced sensor systems, the Federal 
Motor Carrier Safety Administration (FMCSA) 
sponsored three studies between 2003 and 2008 on 
tire pressure management systems (TPMS). The first 
study focused on obtaining baseline information. 
Fleet records and limited field collections were used 
to develop a database of inflation readings for 35,000 
CMV tires, providing the first large-scale source of 
information on CMV tire inflation in the United 
States. The second study assessed the performance of 
TPMS in a controlled test-track environment. 
Multiple systems were installed on a truck tractor, a 
trailer, and a motorcoach. These were run under 
nominal operating conditions and with tire and 
system faults deliberately introduced. Although all 
the systems functioned at the levels specified by their 
manufacturers, some had limited ability to 
compensate for changes in ambient temperature, to 
reset pressure “alert” thresholds, and to withstand 
repeated tire installation and removal cycles. The 
third study, performed in an operational setting in an 
urban transit fleet, assessed the performance and 
maintainability of tire pressure monitoring devices. 
Three types of TPMS were installed on 12 buses that 
accumulated more than 1.28 million km, in 
aggregate, during the 12-month test period. The 
results of this study pointed to sensor durability and 
data integration challenges that need to be overcome 
for these systems to be used successfully in a severe 
service environment. These studies provided new 
information directly comparing the performance of 
TPMS in controlled and operational settings. Results 
are limited to the particular systems and applications 
tested. Study data are available from the FMCSA. 
 
 
 

INTRODUCTION 
 
The load carrying capability of a tire is critically 
linked to the inflation pressure. Fleet operators will 
generally select a particular “target pressure” for their 
trucks based on the unique load, operating, and 
environmental conditions in which they operate. If 
not properly inflated, the useful tire life, as well as 
vehicle handling and safety, are compromised.   
 
CMV tires lose air pressure for a variety of reasons. 
Air can escape between the bead and wheel, as well 
as through improperly tightened valves, torn rubber 
grommets, or valve cores that have been blocked 
open by dirt and ice. Additionally, air molecules are 
small enough to diffuse through rubber (albeit very 
slowly), and an air pressure drop of up to two psi per 
month is not uncommon. Most tire companies 
recommend that tire pressure be checked weekly, 
using properly calibrated tire gauges. However, tire 
pressure maintenance is labor and time intensive. It 
takes 20 to 30 minutes to check all the tires on an 18-
wheeled tractor-trailer combination vehicle and to 
add air to 2or 3 tires that may be low. Due to this fact 
and the lack of time available, tires are often 
improperly inflated.     
 
Improper tire inflation increases operating costs by 
reducing tire life and lowering fuel economy (an 
underinflated tire “flexes” and has higher rolling 
resistance). For the average fleet operator in the 
United States, improper tire inflation increases the 
annual procurement costs for both new and retreaded 
tires by about 10 to 13 percent. Due to improper tire 
inflation, fuel economy decreases about 0.6 percent 
for typical truckload (TL) and less-than-truckload 
(LTL) operations. According to road-breakdown 
management service providers, weakened and worn 
tires due to improper tire inflation are estimated to be 
responsible for one road call per year per tractor-
trailer combination vehicle.  
 
Although most industry stakeholders intuitively 
recognize the importance of proper tire inflation 
maintenance and its impact on operating cost and 
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safety, there was very little empirical data on CMV 
tire pressure maintenance practices. The extent of the 
under inflation problem had never been documented, 
and the costs of improper tire pressure maintenance 
had not been systematically analyzed. Although new 
tire pressure maintenance and management 
technologies have been introduced for the CMV 
market, such as automatic tire inflation systems and 
various types of tire monitoring systems, there was 
little information that fleet maintenance managers 
could use to determine whether those systems would 
provide a reasonable return on investment. 
 
FIRST STUDY: TIRE PRESSURE SURVEY   
 
The primary objectives of this project were to 
develop and document the impacts of tire inflation 
maintenance practices on CMV operating costs and 
safety and to provide a quantitative estimate of 
potential benefits of tire pressure monitoring sensors 
and automatic inflation systems. In order to address 
the dearth of comprehensive data on tire inflation 
practices, the study engaged in a cooperative effort 
with the Technology & Maintenance Council (TMC) 
of the American Trucking Associations to synthesize 
existing tire pressure survey data from a wide variety 
of truck and bus fleets and to collect new tire 
inflation field data for the owner-operator segment of 
the trucking industry. The study also gathered 
information from suppliers of tire pressure 
monitoring and automatic inflation systems and 
developed six hypothetical fleet operating scenarios 
to estimate potential costs and benefits from use of 
these systems.   
 
Tire manufacturers perform fleet surveys for their 
CMV fleet customers to assist them with their tire 
maintenance programs and to determine the 
performance of their tires under various operating 
conditions. Experienced field service engineers use 
calibrated gauges to collect cold-inflation pressure 
data (the flexing of the sidewalls of tires in motion 
increases their temperature and leads to inaccurate air 
pressure readings). These fleet survey data provided 
the most accurate way to assess the relationship 
between a motor carrier fleet’s target tire pressure 
and the actual cold inflation pressure of tires in 
service. The data are considered representative of 
motor carriers that participate in this type of 
maintenance program. 
 
Conversely, no archival data from tire suppliers was 
available for tires on independent owner-operators’ 
vehicles because owner-operators are generally 
responsible for their own operating costs. The only 
way to obtain cold tire pressure data was to collect it 

at locations in which owner-operator drivers would 
be stopped for at least 3 hours, in order for their tires 
to cool down to ambient temperature. Trucker 
appreciation events held the most promise for this 
data collection. TMC assisted in recruiting a group of 
senior field service engineers who collected owner-
operators’ tire pressure data at the Walcott (Iowa) 
Truckers Jamboree and the Reno Truckerfest, both 
held during the summer of 2001.   
 
A total of 6,086 units (3,261 tractors, 1,300 trailers, 
and 1,525 motorcoaches) and 35,047 tires (18,039 on 
tractors, 7,501 on trailers, and 9,507 on motor 
coaches) were checked, and the pressures recorded. 
The survey data also noted the type of motor carrier 
operation (for-hire LTL, for-hire TL, private, and 
public and private motorcoach).   
 
Tire pressure survey results  
 
The results focused upon four important metrics:   

 
• Proportion of tires 20 percent or more 

underinflated. In general, fleets accept small 
deviations from the targeted pressure. However, 
if a tire is 20 percent or more underinflated, it 
indicates the problem is more serious and is 
likely the result of inadequate maintenance or 
quality control procedures. The survey found 
approximately 7 percent of all tires underinflated 
by 20 psi or more.  

• Proportion of tires within 5 percent of the 
targeted pressure. Higher percentages indicate a 
well-executed tire maintenance program. It is 
generally accepted by the trucking industry that a 
good fleet operator will have 70 percent or more 
of his or her tires within ±5 percent of the 
targeted pressure. The survey found only 44 
percent of all tires sampled was within ±5 psi of 
their target pressure. 

• Proportion of tires 50 percent or more 
underinflated. This degree of under inflation 
would indicate a major tire failure and would 
generally be considered a flat tire. The 
percentage of such tires within a fleet could be 
an indication of either a tire product or tire-
mounting problem or a poor tire inflation 
maintenance program, as indicated above.   

• Proportion of tires 10 percent or more 
overinflated. A high percentage of such tires 
might indicate that the fleet is systematically 
over inflating the tires to compensate for lack of 
a good quality control program. Since 
overinflated tires also have negative impacts on 
tread wear, this is not considered a viable 
strategy. 
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Other key observations indicated differences among 
fleet operational categories, as well as among fleet 
size. For-hire carriers (LTL, TL, and owner-
operators) generally reflected better tire inflation 
maintenance practices than private carriers did. As a 
group, sampled for-hire carriers had 7 percent of all 
tractor tires underinflated by 20 psi or more. In 
contrast, the sampled private carriers had 13.2 
percent of all tractor tires underinflated by 20 psi or 
more.   
 
Fleets with 50 or fewer power units had 19.1 percent 
of their tires underinflated by 20 psi or more. In 
contrast, fleets with more than 3,000 power units had 
only 2.1 percent of their tires underinflated by 20 psi 
or more. Similarly, motorcoach fleets with fewer than 
50 power units had 11.8 percent of their tires 
underinflated by 20 psi or more, while fleets with 
over 500 power units had only 2.1 percent of their 
tires underinflated by 20 psi or more.   
 
Study sample data showed that transit bus operators 
had better tire pressure maintenance than chartered 
motorcoach operators did. Only 3.1 percent of transit 
bus tires were underinflated by 20 psi or more, while 
9.4 percent of chartered motorcoach tires were 
underinflated by 20 psi or more. Additionally, 
49.9 percent of transit bus tires were within ±5 psi of 
target, compared with only 34.2 percent of chartered 
motorcoach tires. 
 
Tractors and trailers had a significant challenge with 
mismatched dual tires. Approximately 20 percent of 
all tractor dual tire assemblies had tires that differed 
in pressure by more than 5 psi. One out of four trailer 
dual assemblies (25 percent) had tires that differed in 
pressure by more than 5 psi.   
 
 
 
 
 

SECOND STUDY: COMPARATIVE 
CONTROLLED TESTING OF TPMS  
 
TPMS can offer safety and productivity benefits to 
CMV drivers and maintenance technicians. They can 
warn the driver and maintenance personnel if tire 
pressure drops to an unsafe level and can provide 
data to aid in problem diagnosis and resolution. They 
can alert the driver to a catastrophic tire failure (the 
loss of a trailer tire may not be noted through noise or 
vibration). Tires run at proper inflation pressures 
wear longer and have longer service lives. Systems 
that automatically maintain tire inflation pressure 
might offer additional benefits of increased fuel 
economy, provided they had a high level of 
reliability, were easy to maintain, and were 
considered affordable. 
 
The overall objective of this second study was to 
document the performance, accuracy, and operational 
characteristics of several leading-edge technological 
approaches to commercial vehicle TPMS. The study 
focused on the ability of sensors to provide accurate 
tire pressure readings, detect both slow and rapid 
changes in tire pressure, and maintain tire pressure 
under adverse conditions, including partial failure of 
the device. The study examined three types of TPMS: 
dual tire equalizers to balance pressures between tires 
in a dual installation; tire pressure monitors; and tire 
pressure maintenance systems to maintain tire 
pressure at desired levels. The systems were installed 
on a conventional tractor-trailer combination vehicle 
and on a motorcoach. All testing was performed 
under controlled conditions on a high-speed test track 
at the Transportation Research Center in Columbus, 
Ohio.  
 
The TPMS selected represented a sample of typical 
commercially available systems: two tire pressure-
equalizing systems, five tire pressure-monitoring 
systems, and two central tire inflation systems. The 
systems and the vehicles on which they were 
installed are listed in Table 1. 
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Table 1. 
TPMS Systems Used in Comparative Evaluation 

  

Technology Tractor Trailer 
Motor 
Coach 

Recommended System for Testing 

Dual Tire Equalizers 

Equalizing Systems #1 X X  
Cat’s Eye 

(Link Manufacturing, Ltd.) 

Equalizing Systems #2 X X  
Tire-Knight-S 

(V-Tech International, Inc.) 

Tire Pressure Monitoring Systems 

Direct Monitoring System #1 
(valve stem-mounted) 

X X  
PressurePro 

(Advantage PressurePro, LLC) 

Direct Monitoring System #2 
(valve stem-mounted) 

  X 
Integrated Vehicle Tire Pressure 

Monitoring (WABCO) 

Direct Monitoring System #3 
(wheel-mounted) 

X X  
Tire-SafeGuard 

(HCI Corporation) 

Direct Monitoring System #4 
(wheel-mounted) 

  X 
SmarTire 

(SmarTire Systems, Inc.) 

Direct Monitoring System #5 
(tire-mounted) 

X X  
eTire 

(Michelin North America) 

Tire Pressure Maintenance Systems 

Central Inflation System #1  X  
PSI Tire Inflation System 

(Arvin Meritor) 

Central Inflation System #2   X 
Vigia 

(Gio-Set Corporation) 
 
Dual Tire Equalizers 
 
Tire pressure equalizer systems balance dual tire 
pressures by providing a pathway for air to transfer 
between two tires in a dual installation, and they also 
provide an indication of tire pressure. A pressure-
actuated valve connected by hoses to the valve stems 
of the tires maintains an open position to allow air to 
flow between the tires when the combined pressure 
of the two tires is above a preset level (typically 90 
psi). The pressure actuated valve closes and isolates 
the tires during slow leaks or instantaneous air losses 
(after the combined pressure of the two tires drops 
approximately 10 psi) to prevent both tires from 
going flat. A central fill valve incorporated in these 
devices allows both tires in the assembly to be aired 
simultaneously. The use of equalizers should improve 
irregular tire wear (i.e., cupping) caused by pressure 
differentials between dual tires. Visual indicators are 
also incorporated in the equalizers to provide the 
operator with a quick indication of the tire pressure 
levels during the pre-trip inspection without requiring 
the operator to perform a manual tire pressure check.  

Tire Pressure Monitoring Systems 
 
Tire pressure monitoring systems consist of a valve 
stem, wheel- or tire-mounted sensor, antennae, 
receiver, and display unit. The battery-powered 
sensors mounted on each valve stem, wheel, or tire 
on the vehicle transmit a radio frequency (RF) signal, 
which includes the tire pressure data, to an antennae 
mounted on the vehicle. A receiver, with an 
integrated electronic control unit (ECU), processes 
the signal transmitted to the antennae and displays 
the tire pressure information on a driver’s cab-
mounted display. The system also includes audible 
alarms and visible warning lights.  
 
The study team tested five different tire pressure 
monitoring systems for this project. These included 
one tire-mounted, two valve-stem-mounted, and two 
wheel-mounted tire pressure monitoring systems. 
Figure 1 and Figure 2 display the Tire-SafeGuard and 
WABCO IVTM TPMS hardware respectively. 
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Figure 1.  Tire-SafeGuard Wheel-Mounted 
System. 
 

 
Figure 2.  WABCO IVTM Wheel-Mounted/Tire 
Valve-Stem-Connected. 
 
Automatic Tire Inflation Systems 
  
Automatic tire inflation systems (ATIS) for tires use 
the air from the vehicle’s air compressor that is stored 
in the air brake reservoirs (tanks) to maintain tire 
pressure at a desired level. The ATIS are plumbed to 
the vehicle’s secondary reservoir that supplies air to 
the front brakes. The ATIS do not take air from the 
primary reservoir that supplies air for the rear brakes 
(which are responsible for the majority of the braking 
power of the CMV). These systems are plumbed 
either through the axle or externally, using a rotary 
union at the wheel hub. They automatically sense the 
tire pressures and inflate the tires when air is lost. 
The benefits of these systems are the elimination of 
manual tire pressure checks and the ability to 
continue operating the vehicle with minor air leaks in 
the tires. ATIS are available for all types of CMVs. 
In this test, one system was tested on the motorcoach 
and one was tested on the trailer of a tractor-trailer. 
Figure 3 shows the detail of the PSI trailer-mounted 
ATIS, and Figure 4 shows the Vigia ATIS mounted 
on a motorcoach. 
 

 
Figure 3.  PSI Trailer-Mounted ATIS. 
 

 
Figure 4.  Vigia ATIS Mounted on a Motorcoach. 
 
Test Vehicles and Data Acquisition System 
 
The test vehicles were a 2001 Freightliner FLD 
tractor, coupled to a 2001 Utility Trailer 
Manufacturing Co. 2000S tandem axle flatbed semi-
trailer, and a 2003 MCI motorcoach. To acquire 
highly accurate pressure and temperature 
measurements (i.e., to establish “ground truth” 
against which readings from the various test articles 
could be compared), laboratory grade sensors were 
installed at each test wheel position. This required 
removing the wheels, machining replacement wheels 
for mounting thermocouples and pressure taps, and 
routing wire bundles to the data acquisition system 
(DAS) mounted in the cab of the truck and 
motorcoach. Figure 5 shows the installation location 
of each of the instrumentation packages on the 
tractor-trailer and motorcoach.   
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Figure 5.  Tractor-Trailer and Motorcoach Instrumentation Package Location.
 
Additional test equipment consisted of: internal tire 
temperature thermocouples (nine, analog); tire 
pressure transducers (two, analog); custom-fabricated 
dual-flow combination rotary union and slip ring 
assemblies (five); a custom-fabricated pressure 
control manifold; primary and secondary brake 
reservoir and treadle valve pressure transducer (three, 
analog); a digital marker switch for the test driver’s 
use to indicate when a warning was observed; and a 
digital non-contact fifth wheel. Figure 6 displays the 
details of the wheel end rotary union instrumentation 
package. 
 

 
Figure 6.  Rotary Union and Wheel Installation 
Detail. 
 
The failure modes test required that the air brake 
systems be monitored to determine whether the 
central tire inflation systems degraded the vehicle’s 
potential braking ability. Therefore, it was necessary 
to monitor the air brake system pressure at three 

points: primary air reservoir, secondary air reservoir, 
and application pressure. Three pressure transducers, 
similar to those used for tire pressure monitoring, 
were spliced in a T into the brake lines at a T serving 
the primary air reservoir, the secondary air reservoir, 
and the application pressure gauge line upstream of 
the gauge. 
 
The DAS was manufactured by Link Engineering 
Company, Detroit, Michigan. A PC-based laptop 
computer operated the system, stored data as it was 
acquired, and performed real-time analyses. The 
system software supported a variety of interface 
options, ranging from direct user interaction with the 
system during measurement to completely 
autonomous operation based on various pre-
programmed trigger events that caused the system to 
begin data collection. The system was also capable of 
issuing prompts to a test driver or an instrumentation 
technician. The Link DAS system received 
information from 16 individual channels at a 
frequency of 10 Hz. The average TPMS test lasted 
about 10 to 30 minutes and generated approximately 
5,000 to 10,000 data points. In total, the testing 
program generated approximately 450 Mb of data. 
 
The test engineer was responsible for manually 
recording the test identification number and other 
information, including environmental conditions and 
tire(s) under test; as well as any specific warnings or 
indications by the TPMS. This was necessary 
because TPMS were self-contained and were not 
connected directly to the Link DAS, as they did not 
have signal outputs that could be tapped for direct 
recording. 
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Test Program 
 
The test program included seven tests:  
 
• Functionality Test (Static and Dynamic). This 

was an overview or shakedown test series, 
performed to characterize the operational, 
maintenance, and installation processes for each 
system.  

• Threshold Warning Level Test. This test 
determined the thresholds at which low tire 
pressure warnings were given. In the case of the 
ATIS, the test determined the leak rate (psi/min) 
at which the inflation system could no longer 
keep pace and a low tire-pressure warning was 
given. 

• Loaded Test at High Speed.  This test examined 
the effects of tire heating, due to sustained high-
speed driving, on the warning indicator/light of 
the systems. 

• Failure Modes Test. This test had two 
components. For central tire inflation systems, 
this test determined whether a large or 
catastrophic air leak depleted the air supply for 
the pneumatic brakes or forced the system to run 
continuously, without giving the driver a 
warning that a tire had lost air. For systems 
where tires were interconnected (dual-tire 
equalizing and ATIS technologies), the purpose 
was to ensure that loss of inflation pressure in a 
single tire did not affect the interconnected tires. 

• Disablement Test. This test determined the 
system’s ability to provide a warning or advisory 
when it was disabled, either by an intentional act 
or because of a failure of a system or component.  

• Operator Interface Evaluation. This test was a 
qualitative evaluation of the effectiveness of the 
driver interface. 

• Gate Reader Evaluation. This test evaluated the 
performance and reliability of the drive-thru gate 
readers, used with tire-mounted monitoring 
systems. The objective was to determine the 
speed and consistency of the gate readers in 
capturing pressures of all 18 tires on the tractor-
trailer.  

 
Results of Comparative Tests 
 
In general, all of the tested valve-, wheel-, or tire-
mounted systems exhibited base-level functionality 
as specified by the manufacturer of the individual 
systems. The tire pressure values were generally 
accurate to within two to three psi of the values 
measured by calibrated pressure transducers.   
 

Low-pressure warning thresholds were factory set on 
some systems but user-configurable on others. For 
those systems with factory settings, different warning 
levels, ranging from 12 to 25 percent below target 
pressure, were observed. All tested systems were 
generally within a 2- to 3-psi range of the expected 
warning threshold.  
 
Many of the tested TPMS used RF communications 
to transmit data between the sensors and the display 
unit or ECU. The relatively long length of typical 
CMVs meant that additional on-board antennae were 
required for some of the systems to receive the sensor 
signals from trailer or tag axle tires. Disconnected or 
damaged antennae could lead to signal loss from the 
sensors. 
 
The dual tire equalizer systems functioned as 
designed under both static and dynamic conditions, 
and they were found to be effective in balancing the 
pressures between the two connected tires. Figure 7 
and Figure 8 show the equalization system balancing 
tire pressures under static and dynamic conditions 
respectively.  The two systems tested prevented a 
total loss of pressure in one or both tires in every 
failure mode implemented, effectively isolating an 
intact tire from the adjacent tire with an artificially 
induced major air loss.  Similarly, in a disablement 
test where a hose was cut to simulate damage from 
road debris, one tire of a dual installation sustained a 
total loss of air while the other tire was protected by a 
check valve. Figure 9 and Figure 10 demonstrate the 
effectiveness of the equalizer in isolating a slow and 
fast leaking tire from an intact tire.   
 
Both tested equalizer systems included a visual 
indicator that provided a gross indication of whether 
tire pressure was within its target range. However, if 
the pressure fell below this range, they only showed a 
“low” pressure condition and did not indicate the 
extent of underinflation. Finally, although the 
indicators provided a good visual indication of tire 
pressure, they could be difficult to read as they were 
mounted on the wheel and could become obscured by 
dirt. 
 
Despite their relative ease of installation, valve-stem-
mounted TPMS had several limitations. When tire 
temperatures increased during high-speed driving, 
not all of these systems compensated for the related 
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Figure 7.  Static Equalization Test. 

50

60

70

80

90

100

110

120

80 130 180 230 280 330 380 430 480
Time (sec)

P
re

ss
u

re
 (

ps
i)

LFOD LFID

Dynamic Equalization Test @ 45 mph - 85psi Underinflated 
Left Front Inner Drive Tire

 
Figure 8.  Dynamic Equalization Test. 
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Figure 9.  Equalizer Static Slow Leak Test. 
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Figure 10.  Equalizer Static Fast Leak Test. 
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Figure 11.  Initial Low Pressure Alarm and 
Second Critical Pressure Alarm Points. 
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Figure 12.  Initial Low Pressure Alarm and Point 
of Low Pressure Alarm Reset. 
 
  



Freund 9

 increases in tire pressure. One of the two tested 
systems in this study provided temperature 
compensation. One of the tested systems initiated a 
warning when the pressure fell below a preset value 
(~20 percent below target). Figure 11 shows the two 
alarm points on a wheel-mounted TPMS as the 
pressure in the tire bleeds down. However, the 
warning remained active until the tire was inflated to 
a higher value (~15 percent below target). This 
pressure band between the alarm pressure and alarm 
deactivation pressure prevented intermittent warnings 
to the driver. Lastly, valve-stem-mounted systems 
were susceptible to loss because they had to be 
removed during wheel mounting and dismounting for 
vehicle maintenance and inspection. Their relative 
ease of removal could also make them susceptible to 
theft.  
 
With respect to wheel-mounted TPMS, product 
literature asserted that wheel-mounted technology 
included temperature compensation and typically 
provided the best performance in correcting for tire 
temperature. However, during the high-speed test 
sequences, both evaluated wheel-mounted systems 
had their active warnings disabled when tire pressure 
increased because of increased tire temperature. This 
occurred intermittently in various test runs and on 
different axles. Figure 12 shows the point where a 
low pressure alarm was cancelled due to increasing 
tire temperature causing a corresponding increase in 
tire pressure. However, the test data suggested that 
the systems were generally able to compensate for 
large increases in tire temperature (greater than 20 
degrees Fahrenheit), but were less able to compensate 
when the temperature increases were lower. 
Increasing tire temperatures could prevent a low-
pressure warning from being generated. In addition, 
the team found that the wheel-mounted technologies 
could be vulnerable to damage during tire mounting 
and dismounting.  
 
The evaluated tire-mounted TPMS included 
temperature compensation. A handheld reader 
displayed both the temperature-corrected pressure 
and the uncorrected pressure at ambient tire 
temperature. This system was the only one that 
required the use of a handheld or gate reader to 
inspect tires. No in-cab display was available. Figure 
13 shows the hand reader in the charger and 
download docking station. 
 
The gate reader clearances were very tight and 
required very slow vehicle speeds, less than five 
mph. However, this particular system was unique 
among those tested in that it was linked to an 
Internet-based tire maintenance and tracking database 

application hosted by the system manufacturer. 
Figure 14 and Figure 15 show the eTire tag and 
installation tools respectively.  
 

 
 
Figure 13.  eTire Handheld Reader. 
 

 
Figure 14.  eTire Tire Tag. 
 

 
Figure 15.  eTire Mounting Patch and Installation 
Tools. 
 
In general, the ATIS performed as designed and 
specified by the manufacturers and performed well in 
both static and dynamic conditions. Figure 16 
displays the rate of inflation of the trailer-mounted 
ATIS from various initial inflation pressures. In the 
leak rate tests, the motorcoach ATIS was able to keep 
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up with leak rates up to 5 to 8 psi/min. Ultimately, 
this system’s performance was limited by the 
vehicle’s air compressor duty cycle and the 
compressed air supply and storage system design. 
The ATIS tested on the trailer could maintain 
adequate tire pressure with slow leakage rates (less 
than 1.0 psi/min) but did not maintain adequate tire 
pressure for higher leakage rates. This system 
appeared to be limited by its rate of airflow to the 
tires more than by a limitation of the onboard 
compressor and air system. Figure 17 shows the 
ability of the trailer-mounted ATIS to maintain 
pressure at various leakage rates. 
 
During testing with heavy braking and simultaneous 
tire leaks, the vehicles’ primary and secondary air 
reservoir pressures remained above the level required 
for safe brake operation. The compressor had no 
difficulty recharging the reservoirs without having to 
run continuously. Figure 18 shows the trailer-
mounted ATIS maintaining pressure in the primary 
and secondary reservoirs during brake snub 
maneuvers with a leaking tire. Both tested ATIS 
protected the intact tires from deflating when a 
catastrophic air leak was simulated in one of the other 
tires in the system. In this regard, the systems 
functioned in a manner similar to the dual tire 
equalizers isolation circuits. Figure 19 shows the 
motorcoach-mounted ATIS maintaining pressure in a 
tire with a significant leak while operating at 
highway speeds. 
 
Vehicle air systems are not optimized to support an 
ATIS with very high leakage rates; therefore, the 
functionality of the ATIS was often limited by the 
vehicle’s air system. Additionally, there may be some 
long-term impact to the CMV’s air system when 
subjected to a high leakage rate from the secondary 
reservoir, which the ATIS utilizes for its supply air. 
These leak rates would cause an increase in the duty 
cycle of the compressor and would increase 
maintenance requirements and decrease compressor 
service life.  
 
 
 
 
 
 

Installation time for systems varied. In general, 
valve-stem-mounted TPMS and dual tire equalizers 
were less time consuming to install (generally, 
several hours), followed by wheel-mounted TPMS, 
tire-mounted TPMS, and ATIS that required up to a 
full day for installation.  
 

0

10

20

30

40

50

60

70

80

90

100

110

120

80 180 280 380 480 580
Time (sec)

P
re

ss
u

re
 (

ps
i)

 / 
T

em
p

er
at

u
re

 (
d

eg
 F

)

RFIT-85 RFIT-75
RFIT-65 RFIT-55

Central Inflation System Dynamic Functionality Test 
Right Front Inner Trailer Tire

 
Figure 16.  Trailer-mounted ATIS Static Inflation 
From Various Initial Pressures. 
 

40

50

60

70

80

90

100

110

120

0 100 200 300 400 500 600 700 800
Time (sec)

P
re

ss
u

re
 (

ps
i)

 / 
T

em
p

er
at

u
re

 (
d

eg
 F

)

0.5 psi/min 1.0 psi/min 1.5 psi/min
2.5 psi/min 5.0 psi/min 10.0 psi/min

Central Inflation System Threshold Warning Level Test 
Right Front Inner Trailer Tire

 
Figure 17.  Trailer-Mounted ATIS With Various 
Leak Rates. 
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Figure 18.  Trailer-Mounted ATIS Brake Snubs With Tire Leak. 
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Figure 19.  Motorcoach-Mounted ATIS Tire Leak at Highway Speed. 
 
THIRD STUDY: TPMS MINI-FIELD 
OPERATIONAL TEST 
 
The third study focused upon evaluating TPMS in a 
fleet setting. The study team sought to identify a 
commercial fleet operator (or host fleet) with 
characteristics that would allow for effective and fair 
evaluation of systems and technologies. These 
criteria included: an operating environment and duty 
cycle that could be considered severe for brake and 
tire wear; homogeneity of the fleet in terms of vehicle 
type, make, and model; consistency of operations 
within the fleet relative to driver assignments, routes, 
mileage accumulation, and maintenance operations; 
and a strong commitment by the host fleet in 
evaluating these systems in a controlled study for 
possible implementation in its own fleet. 
 
The host fleet selected was the Washington 
Metropolitan Area Transit Authority (WMATA). 

WMATA operates approximately 1,500 buses in the  
metropolitan Washington, D.C. area. Transit bus 
platforms were selected for this field test because 
their severe urban, stop/start duty cycle leads to 
accelerated brake and tire wear (thus challenging the 
sensor systems.) In addition, the fundamental brake 
and tire designs were very similar to a conventional 
tractor, thus allowing the results of this study to be 
extended to heavy-duty (class 8) trucks.   
 
The test fleet consisted of 12 Orion VII series, 2005 
model year, urban transit buses. The buses were a 
“low floor” design, 40 feet long and 102 inches wide, 
and operated on compressed natural gas. Each bus’s 
gross vehicle weight rating was 42,540 pounds. The 
passenger capacity was 41 seated and 36 standing 
passengers for a total of 77 passengers. The curb 
weight of the buses was 30,990 pounds. 
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The study team evaluated three TPMS (as well as 
three brake performance monitoring systems, as 
discussed in the companion paper) on 12 heavy-duty 
urban transit buses in revenue service for a period of 
1 year. A control fleet of 12 identical buses was 
operated in a similar manner and used for 
comparison. A maintenance garage located in 
Arlington, Virginia was selected as the test site, 
based on the availability of buses of a consistent age 
and operating environment and because of the 
experience and  low turnover of the maintenance 
staff. With the assistance of WMATA and TPMS 
system vendors, the study team retrofitted the 
candidate systems on the buses at the garage. The 
buses operated in an area covering approximately 300 
square-miles south and west of Washington, D.C. 
The majority of miles were accumulated in an urban 
environment with minimal high-speed highway 
travel. The buses averaged 16 miles per hour in 
revenue service and were driven an average of 129 
miles per day.  
 
Over the course of the 12-month evaluation period, 
the systems were inspected weekly; and system data 
was downloaded as part of the test program. 
Additional data were collected in conjunction with 
WMATA’s various maintenance inspections, which 
included a safety inspection every 3,000 miles and a 
comprehensive preventative maintenance inspection 
every 6,000 miles. WMATA staff recorded all 
maintenance and fueling activities and entered the 
data into a maintenance management database. This 
information was made available to the study team for 
evaluation. At the conclusion of the test, maintenance 
staff were interviewed about their experience 
operating and maintaining the systems. Other than 
the standard data-recording capabilities of the 
candidate systems, no additional (or special-purpose) 
data-logging devices were added to the vehicles. The 
system status displays were located out of the 
drivers’ view per the request of WMATA fleet 
managers. The study team and WMATA technicians 
were responsible for monitoring the systems’ display 
status. This was done to limit driver distraction, as 
well as to reduce the incidence of operators ceasing 
bus service because of information from the displays. 
Limiting vehicle-related information to the bus driver 
(system diagnostic information, dash-mounted 
warning lights, and fuel gauge readings) is common 
in the transit industry. 
 
 
 
 
 
 

Three TPMS were installed in the test vehicles:   
 
• The WABCO Integrated Vehicle Tire Pressure 

Monitoring (IVTM) System was developed in 
conjunction with Michelin and launched in the 
CMV industry in 2003. Each tire and wheel 
assembly is equipped with a sensor that attaches 
to the valve stem and is secured to the rim by 
two lug nuts. A pneumatic hose runs between the 
sensor and valve stem. Tire inflation pressure 
and temperature data are wirelessly transmitted 
to an ECU on-board the vehicle. 

• The HCI Tire-SafeGuard System consists of 
pressure and temperature sensors, a transmitter, 
and a driver’s display. The measurement sensor 
is strapped to the wheel inside the tire. Data are 
transmitted wirelessly, similar to the WABCO 
system. 

• The Michelin eTire System for CMVs was 
introduced by Michelin North America in 
October 2002. The system includes an RF 
transmitter, pressure and temperature sensors, 
and an antenna, all of which are encased in 
impact- and heat-resistant plastic. The passive 
pressure and temperature sensors (which do not 
require batteries) receive power via RF 
transmissions from an external reader device. 
The eTire unit mounts to the inside sidewall of 
the tire via a molded rubber dock that chemically 
cures to the tire’s sidewall. The system is 
designed to work with a tire pressure gate reader 
but can also be used with a handheld reader. 

 
Results of Field Operational Test  
 
To evaluate the performance (or accuracy) of the 
TPMS, manual tire pressure measurement readings 
were taken once a week on each bus and then 
compared with pressures as reported by the TPMS at 
the time of the manual measurement. Each bus was 
inspected approximately 56 times throughout the 
course of the test, resulting in a total of 3,714 tires 
inspected. Occasionally, certain buses were 
unavailable for a weekly inspection because a test 
bus was mistakenly put into service or a bus was 
removed from service and awaiting maintenance. Not 
all of the inspections yielded valid comparisons 
because of problems with the TPMS systems 
themselves or, in a few instances, because of 
problems associated with manually checking the 
tires. 
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Key observations related to the on-board monitoring 
systems include the following: 
 
• The TPMS provided accurate tire inflation 

pressure data when compared to measured (tire-
gauged) values. System sensors were found to be 
consistent and reliable in reporting tire inflation 
pressures. On average, the systems reported false 
positives (a false low-pressure reading) 6 percent 
of the time or false negatives (a missed low-
pressure reading) 2 percent of the time. The more 
frequent issue, found in 17.6 percent of 
inspections, was “no reads,” resulting from 
missing sensors and sensors in the wrong wheel 
location.  

• Keeping track of the individual wheel/tire sensor 
units themselves was a significant challenge 
during the field test. This logistical challenge 
arose because of the high frequency of tire 
changes. The sensor mounting locations were out 
of view of technicians and the lack of fleet-wide 
training on system awareness and operation 
accounted for lost or discarded sensors. Training 
was limited to the host depot, but occasionally 
tire and brake maintenance would occur at other 
depots. Training across the entire system would 
be required to prevent technicians from 
misplacing and inadvertently discarding sensors. 

• The durability of two TPMS sensor designs was 
initially challenged by operating in transit 
service. Failures occurred with the wheel-
mounted sensors just 2 months into testing. 
Excessive heat build-up caused the sensor 
housing to become brittle, crack, and fail. The 
sensor manufacturer provided a design change 
that consisted of an isolating pad on the bottom 
side of the sensor that contacted the wheel rim. 
This simple solution prevented further failures of 
this type from occurring. Failures also occurred 
with the sensors that adhere to the tire sidewall. 
Specifically, the plastic casings on these sensors 
were found to crack within the first few months 
of operation. The cracked sensor casings were 
determined to be caused by a manufacturing 
batch defect. Replacement sensors were found to 
be significantly more durable. 

• An improvement in adherence to targeted tire 
pressures was not found on the test fleet 
compared to the control fleet. This may be 
because WMATA takes a pro-active role in 
maintaining target inflation pressures to comply 
with the tire vendor’s warranty. Average tire 
inflation pressure was 111 psi for both the test 
and control fleets (target pressure: 115 psi). Tire 
life and fuel economy were also similar in both 
fleets. This was likely the case because the real 

time display of tire pressure readings was 
purposefully not made available to drivers but 
only to maintenance personnel and technicians. 
Therefore, drivers could not act immediately on 
such information to correct any tire pressure 
problems that may have been detected. In most 
commercial truck fleets, such real time 
information would have been provided to 
drivers; and drivers would have had the 
opportunity to act on the information as needed 
(for example, if low pressure was detected, 
adding air to tires at the next convenient time) 
thereby improving the average tire life and fuel 
economy of the fleet.  

• Two tire blowouts could have been prevented 
during the course of the field test had the TPMS 
displays been visible to the bus operators. To 
maximize safety and operational benefits, system 
data need to be available to the driver in real 
time, as well as to maintenance staff.  

• Technicians preferred the wheel-mounted tire 
pressure sensors for two reasons: (1) they were 
easier to install, and (2) tires could be changed 
without removing or disconnecting the system. 
Conversely, the technicians found valve-stem-
mounted sensors difficult to connect to the inner 
tires on a set of duals. This issue may be unique 
to buses because the wheels and tires are 
surrounded by the structure of the vehicle. Tire-
mounted sensors required more time to install 
(versus wheel- or valve-stem-mounted systems) 
because of the required tire surface preparations. 

 
CONCLUSIONS 
 
Tire pressure maintenance has been a significant and 
persistent problem for operators of CMVs. After 
brakes, tires are the most expensive maintenance item 
for fleets and the most common vehicle-related defect 
cited in crash reports. Tire deficiencies are the 
second-ranked reason for CMVs to be cited for 
defects during roadside inspections. A collection of 
tire pressure readings from over 35,000 tires provided 
the first large-scale source of tire inflation readings in 
the United States. A series of controlled test-track 
assessments of nine TPMS, representing the three 
types in the commercial marketplace, provided a 
comprehensive comparison of the characteristics and 
operation of these systems and suggested 
opportunities for improving their usability and 
performance. A 12-month field operational test of 
three monitoring-type TPMS provided information 
on tire pressure status that was useful for improving 
maintenance practices and detecting low tire 
pressures to perform timely repairs. This information 
had a significant impact on inspection practices and 
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enhanced the overall efficiency of operations at 
WMATA. While no firm procurement commitments 
were made, WMATA maintenance managers 
indicated that they would consider using one or more 
monitoring technologies on new vehicle 
procurements and the retrofit of existing buses. A 
study to test the TPMS technologies on commercial 
tractor-trailer fleets is currently underway. 
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 ABSTRACT                                                                      
 

 

Safety of vehicle occupants jeopardized during 

rollover accidents when necessary safety measures 

are not taken. Structural adequacy and protection of 

occupants are the two significant measures that can 

be implemented to minimize occupant injury risk 

during vehicular rollover events. The aim of this 

paper is to evaluate the structural resistance and 

passenger injury risks and compare the effectiveness 

of safety belt usage in occupant during a simulated 

rollover event of a 13 meter long TEMSA bus. A 

total of eight occupants were placed at the 

structurally weakest locations of the bus. Three 

different occupant protection cases were considered: 

i. no safety belt, ii. two-point safety belt and iii. three-

point safety belt. A standard rollover procedure was 

simulated using non-linear finite element code LS-

DYNA. Head injury criteria and neck forces were 

calculated and compared to evaluate the effectiveness 

of seat belt usage on occupant protection. Simulation 

results clearly illustrated that when occupants had no 

seat belt protection they suffered serious risk of 

injuries. Moreover, two and three point safety belts 

provided somewhat similar protection levels for most 

of the occupants. Based on the findings, use of two 

point safety belt in all of the seats of the TEMSA 

busses was recommended.  

 

INTRODUCTION 
 

The most typical collision configurations involving 

busses and coaches are side, rear, frontal and rollover. 

Although rollover crashes did not happen very often, 

when they did, the number of seriously injured 

occupants was high compared to other crash types 

[1]. According to Enhanced Coach and Bus Occupant 

Safety (ECBOS) project final report [1], granted by 

the European Union, in the EC, every year 20,000 

buses are involved in accidents which results in 

approximately 300,000 injuries per year. 

Unfortunately, some 150 of these persons suffer fatal 

injuries.   

In EC, there is a strong movement towards 

establishing new safety requirements for buses or 

coaches operated in Europe in order to reduce 

fatalities. These safety requirements are continuously 

visited to improve passenger safety in these busses or 

coaches. 

Albertson et al. [2] conducted one of the 

most comprehensive studies on rollover crash 

injuries. They analyzed 128 injured in Sweden with 

regard to the injury outcome, mechanisms and 

possible injury reduction for occupants when using a 

safety belt. Other studies found out that when the bus 

or coach rolls 90º or more, occupants would have 

high risks of sustaining injuries [3,4]. In fact, 

Matolcsy [5] collected a rollover accident statistics 

over 300 accidents which showed that the average 

casualty rate was 25 casualties/accident.  

      In case of a rollover, passengers run the risk 

for being exposed to ejection, partial ejection, 

projection, or intrusion and thus exposed to a high 

fatality risk [5,6]. However the most dangerous one is 

the intrusion, when due to the large scale structural 

deformation structural parts intrude into the 

passenger, or compress them (lack of the strength of 

superstructure) [5].  

The difference for a bus or coach passenger, 

with respect to biomechanics and space, as compared 

to those of lighter vehicle passenger becomes obvious 

in a rollover crash. During a bus or coach rollover, 

the occupant will have a larger distance from the 

center of rotation as compared to that of a car 

occupant. For this reason, European regulation “ECE 

R66” titled “Resistance of the Superstructure of 

Oversized Vehicles for Passenger Transportation” is  
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Figure 1.  Placement of residual space in a bus. 

 

in force to prevent catastrophic consequences of such 

rollover accidents thereby ensuring the safety of bus 

and coach passengers [7]. This regulation prescribes a 

test to be chosen between one of the following kinds 

 

• A complete bus rollover test 

• A bay section rollover test 

• A pendulum test 

• A numerical simulation of rollover. 

 

The use of prototype to verify the design changes and 

doing real rollover, bay section or pendulum tests are 

often unsuitable because of the high costs and time. 

Therefore, among the alternatives, utilization of the 

numerical simulation is becoming more appealing to 

researchers.  Friedman et al. [14] investigated using 

fiber-epoxy composite roof pillars under rollover 

(FEM). (FEM). In all of the above cases for the 

Regulation ECE R66 the effect of added mass of the 

passengers are not considered. The effect of 

passenger weight on the rollover crashworthiness is 

investigated by Guler et al. [15]. Results of that study 

shows that busses built with the current regulation 

does not comply if the passenger weight is 

considered. In another study by Belingardi et al. [16] 

FEM approach has been used to study the structural 

behavior of a M3 bus in a rollover accident and 

evaluate the structure resistance and passenger injury 

risks. In that study, only a bay section has been 

modeled with rotation axis parallel to the longitudinal 

bus axis. They also showed that the numerical 

analysis has given prominence to the inadequacy of 

the actual European regulation (ECE66), concerning 

passive safety. 

 

 

METHODOLOGY 

 
 In this paper, results of a numerical rollover 

investigation study involving TEMSA bus with 

occupants are presented. FEM was used to construct 

a 12.8 m long bus with stainless steel material and 

special reinforced roll bar structure in the front and in 

the most rear. The FEM of the bus is developed by 

the specialized pre-processing software ANSA 

11.3.5. and calculations are made using a non-linear, 

explicit, three dimensional, dynamic finite element 

computer code LS-DYNA. To verify the accuracy of 

the bus FEM, a series of laboratory tests were 

performed on a breast knot of side-body and on a 

roof edge knot of the vehicle and compared with 

those obtained from subsequent numerical 

simulations. A high degree of theoretical and 

experimental correlation was obtained, which 

partially confirmed the validity of bus FEM. Once the 

component validation process completed, a complete 

vehicle rollover test simulation was carried out. The 

finite element model in this study consisted of a 

validated vehicle [15] and occupant models. LS-

DYNA Hybrid III dummy models were used as 

occupant models and are seated in 4 double seats 

located in critical places by considering structurally 

weakest sections of the bus. 

The rollover simulations performed are 

intended to determine the damage mechanics and 

potential injury risks of the dummies. Three different 

occupant protection cases were considered: i. no 

safety belt, ii. 2-point safety belt and iii. 3-point 

safety belt. In each case head and neck injury criteria 

were used to evaluate the effectiveness of seat belt 

usage on occupant protection. 

 

The ECE R66 Regulation 
 

The purpose of the ECE R66 analysis is to ensure 

that the superstructure of the vehicle has the 

sufficient strength that the residual space during and 

after the rollover test on complete vehicle is 

unharmed.  That means no part of the vehicle which 

is outside the residual space at the start of the test 

(e.g. pillars, safety rings, luggage racks) are intruding 

into the residual space. As shown in Figure 1, the 

envelope of the vehicle’s residual space is defined by 

creating a vertical transverse plane within the vehicle 

which has the periphery and moving this plane 

through the length of the vehicle.  

  

 



Figure 2.  Details of rollover test according to ECE 

R66 [7] 

 

The rollover test is carried out on that side of the 

vehicle which is more dangerous with respect to the 

residual space (see Figure 2). The decision is made 

by the competent Technical Service on the basis of 

the manufacturer's proposal, considerin

following: i. the lateral eccentricity of the center of 

gravity and its effect on the potential energy in the 

unstable, starting position of the vehicle, ii. the 

asymmetry of the residual space, iii. the different, 

asymmetrical constructional features of the two sides 

of the vehicle, and iv. which side is stronger, better 

supported by partitions or inner boxes (e.g. wardrobe, 

toilet, and kitchenette). 

 

Figure 3.  LS-DYNA simulation results for

knot subassemblies 

 

Figure 2.  Details of rollover test according to ECE 

The rollover test is carried out on that side of the 

vehicle which is more dangerous with respect to the 

). The decision is made 

by the competent Technical Service on the basis of 

the manufacturer's proposal, considering at least the 

following: i. the lateral eccentricity of the center of 

gravity and its effect on the potential energy in the 

unstable, starting position of the vehicle, ii. the 

asymmetry of the residual space, iii. the different, 

l features of the two sides 

of the vehicle, and iv. which side is stronger, better 

supported by partitions or inner boxes (e.g. wardrobe, 

 

DYNA simulation results for breast 

Figure 4.  Test arrangements for breast knot and 

special roof profile subassemblies

 

Verification of Calculation
 

Before starting the ECE R66 simulation and 

certification process, a verification of calculation 

procedure set forth by the regulation ECE R66 was 

performed. Two separate specimens (breast knot and 

roof edge knot extracted from the vehicle) were 

prepared and sent to TÜV Automotive for 

experimental investigations. These parts were 

subjected to certain boundary conditions and quasi

static loads at TÜV’s testing facility [17]. The same 

subassemblies were also modeled and simulated 

using LS-DYNA. Force-deflection curves obtained 

from both the experiments and simulations were 

compared and a good correlation between experiment 

and simulation results was obtained (see 

Figure 4).  

 

Description of the Computational Model
 

FEA model of the full vehicle (with seats) was 

comprised of 770,404 number of nodes, 785,940 first 

order explicit shell elements, 153 beam and 51,460 
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Figure 5.  Finite Element Model of the whole bus 

rotated about the ground contact position 

 

mass elements (see Figure 5). Element length is 

assigned to be 10 mm in the critical regions (A 

verified assumption coming from the verification of 

calculation) and for the regions under the floor (lower 

structure-chassis) element length up to 40 mm was 

used. The number of elements per profile width is at 

least 3 for the upper structure whereas the number of 

elements per width is 4 for side wall pillars which are 

significant for rollover deformation. 

 

All deformable parts were modeled with the 4-node 

Belytschko-Tsay shell elements with three integration 

points through the shell thickness [18]. The shell 

element formulation is based on Belytschko-Lin-Tsay 

formulation with reduced integration available in LS-

DYNA [19]. This element is generally considered as 

computationally efficient and accurate. The shell 

element that has been, and still remains to be, the 

basis of all crashworthiness simulations is the 4-

noded Belytschko and Tsay shell. Upon completion 

of mesh generation of bare structure, masses were 

imposed according to a certain methodology. First, a 

list of masses of the vehicle was prepared. The 

engine, gearbox, air conditioner and fuel tank were 

roughly 3D modeled as rigid parts, the inertias were 

calculated analytically and mass and the inertia was 

imposed on a representative node (on the 

approximate center of gravity points for the relevant 

part) of these parts. The axles were modeled with 

rigid truss elements and the mass and the inertias 

were imposed using the same method. The masses 

particularly located were imposed by using mass 

elements. The distributed masses were imposed by 

changing the density of the related region. Further 

details on bus FEM can be obtained from the study 

by Guler et al. [15]. 

 

 
 

Figure 6.  FEA Model of the seat structure 

 

To model the seat structure, the geometry of the seat 

base was constructed using shell elements. The seat 

structure was connected to the floor elements located 

below using spotweld option in LS-DYNA. This 

option represented the closest approximation to an 

actual bolted connection due to its properties, such as 

bolt failure. A detailed representation of the 

spotwelds and finite element mesh of the seat 

structure is shown in Figure 6.   

 

The Center of Gravity (C.G.) of the vehicle was 

measured using a test platform in TEMSA.  The 

measured values were in a good agreement with the 

ones coming from the finite element model of the 

bus. To exactly match the measured and calculated 

C.G.’s, the C.G.’s of engine, gearbox and the axles 

were fine tuned in the model. 

  

For obtaining the material data, tension tests were 

applied on several specimens at TÜV Automotive 

facilities. The true stress-strain curves were obtained 

and imposed in LS-DYNA accordingly. The material 

model for the deformable structure in LS-DYNA is 

the so called “MAT Type 24, Piecewise Linear 

Isotropic Plasticity model” [20]. This is an elastic 

plastic material model which uses the Young’s 

Modulus if stresses are below the yield stress and the 

measured stress-strain-curve if the stresses are above 

the yield stress. Rigid parts (engine, gear box, fuel 

tank, axles, etc.) are modeled with the so called Rigid 

Material, MAT Type 20. For the definition of the 

survival space (residual space) “MAT Type 9, Null 

Material” is used. 

 

Hybrid III 50
th

 percentile dummy was used to 

represent passengers riding in the bus during a 

rollover accident. Dummy is a completely 

deformable finite element model (see Figure 7) and 

detailed information about the dummy can be found  
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Figure 7.  Hybrid III Dummy 

 

 

Figure 8.  Positioning of Dummies in the bus 

structure 

 
in [21]. A total of eight dummies were used in the 

rollover analysis. The dummies were placed in the 

weakest sections of the bus as shown in Figure 8. 

These locations were determined from the past 

experiences of the rollover study. The dummy 

positioning into the seats was done automatically 

using LS-DYNA.   

 

Two types of seat belts evaluated in this study are: 

two point or lap belt and three point or shoulder belt 

(see Figure 9). The top end of the seat belt near the 

shoulders of the dummy was positioned so that it fits 

the contours of the chest and the upper body of the 

dummy whereas the lap belts positioned to fit the 

contours of the thigh.  

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 9.  Finite Element Model of the dummy, seat 

and seat belt; (a) No seat belt; (b) two–point or 

lap seat belt; (c) three–point seat belt  
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Figure 10.  Rotation of the bus to the ground 

contact position 

 

LS-DYNA Solution procedure 

The solution procedure in general is described as 

follows: The total energy according to the formula 

indicated in the ECE R66 regulation: 

 

0.75E Mgh=   (1) 

where, E  is the total energy, M  is the unloaded 

curb mass of the bus structure, g  is the gravitational 

acceleration and 
2 3

h z z z= ∆ = −  as shown in Figure 

10. This energy is applied to the structure by applying 

a rotational velocity to all of the deformable and rigid 

parts of the vehicle. h is the vertical distance between 

the C.G. of the vehicle at free fall position (
2

z ) and 

the C.G. of the vehicle which is kinematically rotated 

up to the ground contact position (
3

z ). 

 

First, the model is rotated around x axis until the 

mass center of the whole vehicle reaches its highest 

position. At this point the coordinate of the C.G. in 

the z direction is recorded. Then, the bus is rotated 

around the 100 mm obstacle until the vehicle contacts 

the ground (an offset is left considering the shell 

thickness of the ground and the corresponding 

vehicle structural part). The z coordinate of the C.G. 

at this position is recorded as well. Then, as shown in 

Figure 10, the vertical distance between these two 

points is determined and recorded as h.  

  

 

 

Initial velocity generation is done with 

*INITIAL_VELOCITY_GENERATION card in 

LS-DYNA. 

*CONTACT_AUTOMATIC_NODES_TO_SURFACE 

was used to establish contact between the vehicle 

super-structure (body-in-white) and the ground. On 

the other hand, 

*CONTACT_AUTOMATIC_SURFACE_TO_SURFA

CE was used between the seat structure and the seat 

rails on the side-wall and on the sill(see Figure 6). 

The static friction coefficient between all parts was 

set to 0.1 and the dynamic friction coefficient was set 

to default which assumes that it is dependent on the 

relative velocity of the surfaces in contact. Shell 

thickness change option in *CONTROL_SHELL is 

enabled assuming that membrane straining causes 

thickness change during the deformation. Mass 

scaling was applied to the smallest 100 elements 

which resulted in negligible change in overall mass. 

This provided a significant computational time 

savings.   

 

The solutions are performed with SMP version of LS-

DYNA. The analyses run approximately 12 hours for 

belted dummies and 20 hours for unbelted dummies 

on an AIX IBM P5+ series work-station with four P5 

processors. Simulations lasted until dummies become 

stationary. Simulation time was 500 ms for unbelted 

dummies and 300 ms for belted dummies with results 

output required after every 5000 time steps.. 

Head Injury Criteria 

The Head Injury Criteria (HIC) is used to assess the 

risk of injury to the head of bus occupants. This 

criteria is first introduced by Versace [22] and later 

modified by modified by The National Highway 

Traffic Safety Administration’s NHTSA. HIC is a 

commonly used injury criterion for the assessment of 

the level of head injury risk in frontal collisions. A 

HIC of 1000 is conventionally accepted as the 

threshold where linear skull fractures will begin to 

appear, but NHTSA changed this value to 700 in 

March 2000 [23]. HIC is calculated as:  

( ) ( )
2

2 1

1

2.5

2 1

2 1

1
HIC

t

t t

t

a t dt t t
t t

−

 
= − 

−  
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where ( )a t  is the resultant linear acceleration at the 
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1 2
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time interval in this study. 
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It should be noted that in this study, neck 

injury criteria was not used. Instead, neck forces 

obtained from simulation was compared with limit 

values to assess the severity of neck injury during 

rollover event.  

 

DISCUSSION OF RESULTS     
 

In order to check the accuracy of the simulation 

results, the first thing to check is whether the total 

energy remains constant during the simulation time 

period. The graph showing various energy 

distributions obtained from the rollover simulation of 

the bus structure is given in Figure 11. As shown in 

this figure, the total energy remains constant which is 

one of the indications for correct analysis results. It 

can be observed that the kinetic energy drops and 

transforms into internal energy (strain energy + 

sliding energy) over the time and the hourglass 

energy remains negligible. 

 

 

Figure 11. Energy distribution versus time 

 

Figure 12. The arrangement of dummies 

To clarify the dummy referencing, labels shown in 

Figure 12 were used. So, the dummies seated in the 

bus model were labeled from M1 to M8. According 

to the arrangements, dummies M1 to M4 and M5 to 

M8 are sitting near the front and back of the bus, 

respectively.  

t = 0 ms 

t = 50 ms 

 t = 100 ms 

 t = 200ms 

 t = 300 ms 

 t = 450 ms 

 

 

Figure 13 Sequential pictures showing behavior of 

unbelted dummies during ECE R66 test 

simulation. 

 

M1M2
M3M4

M5M6M7M8



Güler 8 

 t = 0ms 

 t = 50 ms 

 t = 100 ms 

 t = 200ms 

 t = 250 ms 

 t = 300 ms 

 

 

Figure 14 Sequential pictures showing behavior of 

lap-belted dummies during ECE R66 test 

simulation. 

 t = 0ms 

 t = 50 ms 

 t = 100 ms 

 t = 200ms 

 t = 250 ms 

 t = 300 ms 
 

 

Figure 15 Sequential pictures showing behavior of 

three-point-belted dummies during ECE R66 test 

simulation.  
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Time histories for selected time steps are 

illustrated are presented in Figure 13 for the unbelted 

dummies. The rollover behavior is typical such that 

bus first comes into contact with the ground and then 

starts absorbing energy by elasto-plastic deformation 

through bending at the plastic hinge zones. After 

sufficient deformation occurs the bus starts sliding. 

Since the dummies are not belted, it is obvious that 

the dummies M1, M2, M5 and M6 would fly in the 

space and quite possibly hit either the dummies 

sitting on the rollover side (Dummies M3, M4, M7 

and M8) or hit the luggage compartment or sealing of 

the bus structure. In reality, a full ejection or partial 

ejection of passengers occurs which is very common 

in the rollover traffic accidents. As it can be seen 

from Figure 14, Dummy M3 first collides with M4 at 

150 milliseconds and after that M2 falls down to M3 

at 295 milliseconds. The situation is similar for the 

dummies sitting at the back of the bus. In this case 

dummy M8 is hit by M7 at 145 milliseconds and M6 

falls down to M7 at 290 milliseconds.   

  Sequential pictures for the two-point or lap 

belted dummies rollover simulation are given in 

Figure 14. During the rollover event, the passengers 

seating near the window from the rollover side (in 

our case dummy M4 and dummy M8) typically hit 

their head to the window or side pillars of the bus. As 

shown in Figure 14, seat belt usage clearly showed 

positive effect on protecting the passengers. In fact, 

simulation results showed that passengers seating 

across the rollover side were prevented from partial 

or full ejection due to the employment of two-point 

seat belt.  

Finally, time histories of the rollover 

simulation for three-point belted dummies are 

presented in Figure 15. In this case neither partial nor 

full ejection of dummies are observed.  

For the standpoint of injury criteria, HIC and 

neck forces observed during the rollover simulation 

for the unbelted dummies case are given in Table 1. 

All of the dummies HIC values are greater than 1000 

and neck forces are greater than 4000 N except 

dummy M3 and dummy M7 indicating series injury 

of all of the passengers. Dummy M3 is coming into 

contact with dummy M4 in 150 ms and with dummy 

M2 in 295 ms. Also Dummy M7 is coming into 

contact with dummy M8 in 145 ms and with dummy 

M6 in 290 ms. 
For the two-point or lap belted dummies the 

HIC and neck forces are given in Table 2. Observe 

that only dummy M8 has a HIC value higher than 

1000 due to the fact that it comes into contact with 

the ground in 105 ms and dummy M7 is colliding 

with dummy M8 in 185 ms. Neck forces are in 

allowable range for the belted dummies. 

For three-point belted dummies, HIC and 

neck forces are given in Table 3. As shown in this 

table, all of the HIC values and neck forces are within 

the acceptable limits.  The highest HIC value is 

observed in the dummy M4 due to the fact that it 

collides with side pillars at 125 ms. 

Analysis results showed that the three-point 

belt usage provided the best occupant protection 

since it results in the lowest values in terms of HIC. 

However, as it can be seen from the Tables 2 and 3, 

wearing the three-point belt generally increases the 

neck forces during a rollover accident. Since the 

values of HIC values are in acceptable range for two-

point seat belts, wearing two-point seat belts seems to 

be a good alternative to more complex three-point 

seat belts.  

 

SUMMARY AND CONCLUSIONS 
 

A state-of-the-art computational nonlinear explicit 

dynamic analysis was employed to assess the 

behavior of bus occupants during a rollover event. 

Vehicle model was partially validated using 

subassamblage experimental data which proved the 

accuracy of the bus model used in the rollover 

simulation study according to ECE R66 regulation.  

As predicted by the rollover analysis 

presented in this paper, unbelted bus passengers are 

in a great risk of partial or full ejection resulting in 

serious injuries. Simulation results showed that 

passengers wearing two-point or lap belts are very 

likely to remain seated during rollover which 

prevents passengers flying in vehicle and 

consequently hitting the windows or pillars of the bus 

structure or other passengers. 

Three-point belt usage resulted in the lowest 

values in terms of HIC. However, three-point belt 

usage increased the neck forces during a rollover. 

Since the HIC values obtained from two-point belt 

simulations are in acceptable range, it is 

recommended to use two-point seat belts rather than 

three-point seat belts to achieve improved passenger 

protection. It should be added also that incorporation 

of two point belt system into busses are easier and 

more cost-effective for bus manufacturers. This 

aspect should also be considered during the 

manufacturing phase.  

  



Güler 10 

Table 1 HIC values and Neck Forces for unbelted dummies 

Dummy HIC36 Neck Forces (N) Description 

M1 2390 @ 0.450 s 6400 @ 0.450 s Collision with ground @ 450 ms  

M2 2170 @ 0.435 s 4800 @ 0.435 s Collision with ground @ 435 ms  

M3 695 @ 0.295 s 2390 @ 0.150 s Contact with Dummy M4 @ 150 ms and with 

Dummy M2 @ 295 ms  

M4 1280 @ 0.075 s 1070 @ 0.335 s Contact with side pillar @ 75 ms  

M5 2530 @ 0.490 s 5700 @ 0.490 s Collision with ground @ 490 ms  

M6 3200 @ 0.375 s 5200 @ 0.450 s Contact with side pillar @ 375 ms  

M7 460 @ 0.290 s 3200 @ 0.145 s Contact with Dummy M8 @ 145 ms and with 

Dummy M6 @ 290 ms  

M8 1350 @ 0.095 s 2370 @ 0.235 s Collision with ground @ 95 ms  

 

Table 2 HIC values and Neck Forces for two-point or lap belted dummies 

Dummy HIC36 Neck Forces (N) Description 

M1 308 @ 0.230 s 1400 @ 0.280 s No contact 

M2 160 @ 0.210 s 1600 @ 0.270 s No contact 

M3 175 @ 0.120 s  1950 @ 0.215 s No contact 

M4 255 @ 0.110 s 2840 @ 0.100 s Collision of hand with side pillar @ 110 ms 

M5 295 @ 0.230 s 1450 @ 0.280 s No contact 

M6 155 @ 0.210 s 1570 @ 0.270 s No contact 

M7 640 @ 0.185 s  2700 @ 0.245 s Contact with Dummy M8 @ 185 ms  

M8 1130 @ 0.105 s 1210 @ 0.135 s Contact with ground @ 105 ms 

 

Table 3 HIC values and Neck Forces for three-point belted dummies 

Dummy HIC36 Neck Forces (N) Description 

M1 290 @ 0.220 s 1400 @ 0.270 s No contact 

M2 160 @ 0.210 s 1600 @ 0.280 s No contact 

M3 175 @ 0.120 s 2300 @ 0.210 s No contact 

M4 750 @ 0.125 s 3400 @ 0.100 s Contact with side pillar @ 125 ms  

M5 205 @ 0.225 s 1050 @ 0.192 s No contact 

M6 155 @ 0.216 s 970 @ 0.200 s No contact 

M7 225 @ 0.200 s 1750 @ 0.185 s No contact 

M8 345 @ 0. 112 s 2450 @ 0.112 s Belt contacts with the neck of the dummy @ 112 ms 

 

It should be noted that the FEM used in this study did 

not include the trim parts of the interior of the bus 

structure. Since the presence of trim parts would have 

an effect on the HIC values its inclusion in a future 

study is strongly recommended. Also increasing the 

number of dummies in the vehicle and using more 

sophisticated dummies would result more accurate 

analysis results. Finally, improvements on seatbelts 

FEM is recommended for further studies.  

 

The influence of the belted occupants must be 

considered by adding a percentage of the whole 

passenger mass to the vehicle mass. That percentage 

depends on the type of belt system and is 70% for 

passengers wearing 2-point belts and 90% for 
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passengers wearing 3-point belts [24]. In authors’ 

earlier study [15], it was shown that adding passenger 

weight to the bus structure significantly changes the 

rollover crash scenario increasing the initial kinetic 

energy of the whole system and causing much more 

damage than expected to the structure of the bus. 

Hence for further studies it is recommended that a 

full passenger’s weight must be added to the bus 

structure or dummies equal to the passenger number 

must added to the finite element model and authors 

believe that this should be adapted in the ECE R66 

regulation. 
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ABSTRACT 

The statistical data published by National Police 
Agency, Taiwan, indicated that the motorcycle 
induced the highest accident rate, and drunk driving 
ranked first among the traffic fatality causes in 2007. 
The high traffic accident rate was attributed to the 
alcohol decaying driver reaction and the increase of 
frequency of using motorcycle in daily life as the car 
parking space and driving cost were considered. A 
motorcycle riding simulator, integrating a stationary 
real motorcycle and virtual reality system, was 
developed to measure motorcyclist brake reaction 
time under different drunken levels and braking 
procedures. The motorcyclist encountered an 
emergence that a pedestrian went across the road 
abruptly in a simulated driving scene. The time 
between an emergence and the activation of brake 
lever was recorded as the brake reaction time. Ten 
young participants, ranging from 20 to 25 years of 
age, were recruited in this study. Drunken levels for 
motorcyclist were designed to breath alcohol 
concentrations (BrAC) of none, 0.15 mg/l and 0.25 
mg/l. In addition, two different braking procedures, 
subject positioned his fingers on brake level or had 
his fingers wrapped around the handlebar, were 
tested. The experimental results showed that a longer 
brake reaction time was induced by the motorcyclist 
under higher BrAC. Additionally, the brake reaction 
time is also significantly influenced by braking 
procedure. The results in this study gave really useful 
information for driving education and skill in the 
field of motorcyclist driving safety. As the 
motorcycle riding simulator in this study did not 
involve a motion platform, participants cannot 
experience emergency motions induced from abrupt 
acceleration and braking. However, by using 
state-of-the-art computer graphic technologies the 

simulator gave a reallike scene of emergency traffic 
event. 

INTRODUCTION 

The statistics of the Department of Health, Taiwan, 
indicated that the unintentional injury was the fifth of 
top ten death factors in Taiwan in 2007 [1], and the 
traffic accident was the main cause of the injury. 
Driving is part of daily life in modern society and, of 
course, induces risk to some extent. However, as the 
car driving cost has been gradually risen, the increase 
of frequency of using motorcycle becomes an 
inevitable result. The statistical data published by 
National Police Agency [2], Taiwan, showing that the 
car type inducing the highest accident rate was the 
motorcycle, reflected the unsafety of motorcycle 
driving. Furthermore, the statistical data [2] showed 
that drunk driving ranked first among the traffic 
fatality causes in 2007. The proposing a toast in 
Taiwanese culture can be attributed to the drunk 
driving. People usually toast each other in different 
dinner parties, and drink excessive alcohol 
unwittingly. However, most people underestimate the 
order of severity of drunk driving in safety. The 
drunk driving becomes a very serious problem 
nowadays in Taiwan. 
The speed of driver response to the changing in 
traffic situation has a direct influence on driving 
safety. When driver receives stimulus from 
surrounding traffic, through the sense of sight and 
hearing, the information is processed in brain and 
then decision is made. Simultaneously, command is 
sent to motor organ such as hands and feet to 
response. The time of the process from receiving 
stimulus to making response is the reaction time. In 
generally, when safety is considered the driving 
ability is indicated by the reaction time. Driver 
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concentration on driving, body condition, driving 
experience, drinking alcohol or using drug would all 
influence reaction time to different extents.  
It is commonly known that alcohol influences 
reaction. This view was supported by scientific 
research. Kruisselbrink et al. [3] examined how 
consuming low to moderate quantities of beer over 
an evening affected adult females. The study found 
that reaction time did not significantly change the 
next morning as a function of alcohol dose, and 
suggested that consuming moderate quantities of beer 
affects decision making but not physical and 
physiological performance in adult females the next 
morning. Fillmore and Blackburn [4] examined how 
an expectancy-induced adaptive response could 
reduce the impairing effects of alcohol on response 
activation, while at the same time increase its 
impairing effect on response inhibition. Their 
experimental results showed that subjects led to 
expect slowed reaction time displayed faster reaction 
time but fewer inhibitions under alcohol, compared 
with those who received no such expectancy. The 
findings demonstrated that an alcohol expectancy 
reduce impairment of one aspect of performance 
under the drug while increasing its impairing effect 
on another. Alcohol can further affect driving ability. 
Lennė et al. [5] point out that driving performance 
would drop if the driver is intoxicated. In their study, 
a driver’s ability of keeping the vehicle running 
inside the lane is lessened, leading to an increase in 
lane shifts and direction deviation angle. Meanwhile, 
the driver’s ability of maintaining his speed is 
weakened, which contributes to more volatile 
changes in speed. His response time would likewise 
become longer. Leung et al. [6] discover in their 
study that intoxicated drivers’ perception of danger 
on curved roads would be impaired; as a result, their 
response would become slow. Most of the research 
studies exploring the effect of alcohol on driving 
ability focus on car drivers. In comparison, no 
objective data or complete research have been 
obtained or conducted so far on the effect of alcohol 
concentration on motorcyclists’ response capacity. 
Through a drunk driving experiment participated in 
by motorcyclists, the real response of the 
motorcyclists can be determined. However, the 
traffic environments that the motorcyclists will face 
are complicated. If the drunk driving experiment with 
real motorcycles is carried out, then it is bound to 
threaten the safety of the participants and other 
passers-by. During the past few years, virtual reality 
technology has grown rapidly, and the integration of 
virtual reality technology into a motorcycle simulator 
can not only protect the participants and reduce costs, 
but realize the design of experimental items, 
guarantee the experimental significance, and simulate 
varied dangerous contexts as well. Therefore, 
considering driver safety and experiment cost, this 
study conducted drunk driving experiments using 
motorcycle riding simulator to investigate the effects 

of alcohol concentration on motorcyclist brake 
reaction time. 

EXPERIMENTAL METHODS 

The study employed a motorcycle riding simulator to 
access the influence of alcohol concentration and 
braking procedure on motorcyclist brake reaction 
time. The participants, simulator equipment, 
experimental design, and data analysis are described 
as follows. 

Participants 

This research employs 20 participants, composed of 
13 males and 7 females, between 20-25 years old and 
holding a motorcycle license. All the participants are 
healthy, and have no habit of excessive drinking. 

Motorcycle riding simulator 

The motorcycle riding simulator integrated a real 
motorcycle, a virtual reality-based visual and audio 
system, and a host computer system to create a 
virtual environment of motorcycle riding. The 
motorcycle is a real scooter, the most common 
motorcycle type in Taiwan. The motorcycle front 
wheel is mounted on a rotationable disk. The disk 
allows motorcyclist to change driving direction by 
turning steering handlebar, and the orientation and 
turning angle of the front wheel are detected by a 
rotary-type resistance equipped on the disk. Linear 
variable differential transformer is attached to the 
brake lever to detect the position of the lever as 
motorcyclist applies braking. The three-dimensional 
models of pedestrians, vehicles and buildings in the 
virtual environment are created using 3DS MAX 5.1 
to create. The virtual environment is presented, and 
the interactions between the virtual models and 
human being are designed, using EON studio 5.2. 
The virtual scene is displayed on a 100-inch 
rear-projection rigid screen providing 85.5° 
horizontal × 69.4° vertical field of view. The audio 
system provides simulated noises from the engine 
and traffic environment. The control of all the input 
and output of software and hardware is integrated 
into a main program developed using Visual Basic 
2005. 

Experimental design 

The experiment employed a 3×2 factorial 
within-subject design that compared motorcyclist 
reaction time based on different alcohol 
concentrations (none, 0.15 mg/l, 0.25 mg/l) and 
braking procedures (cover mode, uncover mode). 
The braking procedure of cover mode was that 
subject positioned his fingers on brake level. The 
uncover mode was that subject had his fingers 
wrapped around the handlebar. The different 
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conditions were presented in random order to 
participants. 

Driving Scenario 

A simulated driving scene was created using the VR 
system for motorcyclist undergoing the driving 
experiment in safety. When the motorcyclists are 
riding on the simulator, they will meet any number of 
pedestrians standing on the sidewalks five times 
during the driving process. Only in three cases will 
the pedestrians abruptly cross the road from the 
sidewalk at a quick trot, as shown as Figure 1. The 
pedestrians will be standing at their places 3 meters 
away from the middle of the lane. The pedestrians’ 
speed when crossing the road is set at 7.2km/hr. The 
event of the pedestrian crossing the road will be 
triggered when the distance between the motorcycle 
and the place where the pedestrian is standing 
reaches 20 meters. The speed of the motorcycle is 
fixed at 50km/hr. If the motorcyclist does not take 
any action to brake after the event is triggered, the 
pedestrian will run into the motorcycle after 1.5 
seconds. To obviate the expectations held by the 
participants to the events, which will then cause the 
collected data to lose objectivity, the times the three 
events of the pedestrian crossing the road are 
arranged randomly. 
 

 
Figure 1.  Pedestrian goes across the road 
abruptly. 

Experimental procedure 

The experimental procedure starts from the 
registration of the participants. First of all, the 
participants register and then fill out an experimental 
questionnaire. After that, the experimental process is 
explained by an assistant and how to use the 
motorcycle simulator is taught, allowing each 
participant to practice with the motorcycle simulator 
so as to ensure they are familiar with the 
experimental process. After the participants learn 
how to operate the motorcycle simulator well, the 
simulating experiment of conscious driving is set out 

to do. 
During the drunk driving experiment, participants 
must drink the prepared alcoholic drinks within 10 
minutes and then rest for 20 minutes. The drink 
volume is calculated according to the information 
provided by the participants. Next, an alcohol 
detector is used to check whether the breath alcohol 
concentration of the participants has reached 
0.15mg/l (±0.03 mg/l). If the desired concentration is 
reached, the experiment is set out to conduct. After 
the experiment is finished, the alcohol concentration 
of the participants is tested and recorded again. Then, 
the second round of experiments will be made. The 
participants will be asked to drink the second cup of 
alcoholic drink and then rest for 20 minutes. An 
alcohol detector is then used to check whether the 
breath alcohol concentration of the participant has 
reached 0.25mg/l (±0.03 mg/l). If the desired 
concentration is reached, the experiment is set out to 
conduct. After the experiment is finished, the alcohol 
concentration of the participants is tested and 
recorded once more. After all the experiments are 
finished, hot tea and other drinks will be provided to 
the participants to relieve the effects of the alcohol. 
The participants can take a rest for one to two hours 
after the experiment before leaving. 
On the day before the commencement of the 
experiment, the participants should not eat any food 
containing any alcoholic ingredient to prevent 
alcohol from remaining within the body or the 
problems of alcoholic metabolism from appearing. 
Moreover, the participants should not stay up late, 
making sure to have plenty of sleep. Finally, they 
should keep away from food containing high oil, 
sugar, or caffeine content within two hours before the 
experiment so as not to affect the absorption of 
alcohol. 

Data analysis 

The braking response time is counted beginning from 
the moment the pedestrian begins to move and ends 
when the activation of brake lever. All experimental 
data are sorted out and statistically analyzed using 
the SPSS15.0 Statistic Application Software. 

RESULTS AND DISCUSSION 

Braking response times using uncover mode and 
cover mode for brake preparation action under 
different alcohol concentrations are listed in Table 1. 
Mean braking response time using uncover mode for 
brake preparation action without alcohol is 0.665 
second, longer than the 0.49 second braking response 
time using uncover mode. This discrepancy has 
reached a statistically significant difference (P < 
0.001). When the breath alcohol concentration is 
0.15mg/l, the mean braking response time using 
uncover mode (0.680 second) for the brake 
preparation action is longer than mean braking 
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response time when using uncover mode (0.490 
second). Again, this discrepancy has reached a 
statistically significant difference (P < 0.001). When 
the breath alcohol concentration is 0.25mg/l, the 
mean braking response time using uncover mode for 
the brake preparation action without alcohol is 0.692 
second, longer than of the mean braking response 
time of 0.578 second when using uncover mode. This 
discrepancy has likewise reached a statistically 
significant difference (P < 0.001). The experimental 
result shows that despite the intake of alcohol, or 
under varied alcohol concentrations, the mean 
braking response time using uncover mode for the 
brake preparation action is longer than the mean 
braking response time when using cover mode, and 
that the discrepancy between them has reached a 
statistically significant difference. The results of this 
study indicated that the brake reaction time is 
significantly influenced by braking procedure. The 
results gave really useful information for driving 
education and skill in the field of motorcyclist 
driving safety. 

 
Table 1. 

The reaction time in different braking procedures 
and alcohol concentrations 

alcohol 
concentrations  

braking 
procedures

Average 
 

S. D.
 

P 
value

 
0 mg/l Uncover 

mode 
0.665 0.138 0.000

 Cover 
mode 

0.479 0.126  

0.15 mg/l Uncover 
mode 

0.680 0.106 0.000

 Cover 
mode 

0.490 0.105  

0.25 mg/l Uncover 
mode 

0.692 0.158 0.000

 Cover 
mode 

0.578 0.152  

 
The participants’ braking response time under 
different breath alcohol concentrations when 
pedestrians cross the road at a quick trot is shown in 
Table 2. When the participants have not drank any 
alcohol, the braking response time is 0.572 second; 
when the breath alcohol concentration is 0.15mg/l, 
the braking response time 0.585 second; when the 
breath alcohol concentration is 0.25mg/l, the braking 
response time is 0.610 second. The statistical 
analysis result indicates that the effect of different 
breath alcohol concentrations on the braking 
response time reaches a statistically significant 
difference (p<0.032). Tukey post-hoc tests showed 
the difference between 0 mg/l and 25 mg/l was 
significant. On the other hand, there was no 

difference between 0 mg/l and 15 mg/l, and between 
15 mg/l and 25 mg/l. The results of this study 
indicated that the brake reaction time is significantly 
influenced by alcohol after driver drank at some level 
of alcohol concentration. 

 
Table 2. 

The reaction time at different alcohol 
concentrations 

alcohol 
concentrations

Average S. D. P value

0 mg/l 0.572 0.161 0.032 

0.15 mg/l 0.585 0.142  

0.25 mg/l 0.610 0.176  
 

CONCLUSIONS 

The study investigated motorcyclist reaction time 
based on different alcohol concentrations (none, 0.15 
mg/l, 0.25 mg/l) and braking procedures (cover mode, 
uncover mode). It was found from the experimental 
that the brake reaction time is significantly 
influenced by braking procedure. The brake reaction 
time for subject had his fingers wrapped around the 
handlebar was much longer than the time for subject 
positioned his fingers on brake level. The results 
gave really useful information for driving education 
and skill in the field of motorcyclist driving safety. 
The experimental results showed that a longer brake 
reaction time was induced by the motorcyclist under 
higher BrAC. The brake reaction time is significantly 
influenced by alcohol after driver drank at some level 
of alcohol concentration. 
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ABSTRACT 
 
The lack of information from the surrounding of the 
vehicle is one of the reasons of collisions and 
accidents. There is a radical limitation of unobstructed 
observation of the whole area surrounding trucks of N1 
category in comparison to the car of M1 category. 
Vehicles which have the same body and which are 
designed to transport people – M1 category or load – 
N1 category, they have different equipment, such as 
side glazing and back walls. Those who are driving 
these vehicles don’t have comparable and identical 
visibility. Technical progress and development in the 
area of visual transfer devices helps to use them in the 
vehicles in order to improve the possibility of 
observing the surrounding of the vehicle. There is an 
important need to change the regulation as far as 
construction and vehicles equipment is concerned. The 
regulation should compel the vehicles manufacturers to 
ensure such construction of the vehicle that the driver 
will have a possibility of observing the surrounding of 
vehicle in the range of scope and placement  visible 
area would be comparable to the car. Setting this kind 
of requirement will force the producers to ensure 
visibility from the trucks comparable to that of cars. 
This will help avoid collisions and accidents which are 
caused by the substantial limitation of the possibility to 
observe the surrounding of the vehicle. These facts 
speak for the necessity and need of changes to the 
regulations. This paper offers the change of the 
philosophy of the regulations requirements in the area 
of visibility. The novelty is the definition of the needs 
and possibilities of changes in the regulations 
concerning visual transfer for trucks. There is no 
reason to tolerate the worse visual transfer in the 
vehicles N1 category. It is possible and is imperative to 
introduce regulations which will obligate the vehicles 
manufacturers to equip trucks in such a way that the 
possibility of observing the surrounding will be the 
same as in the passenger car version. 
Key words: demands, visibility, construction of 
the car  
 
INTRODUCTION  
 
Ensuring the visibility of the road and around it, 
conforming to the regulations does not always 
guarantee the good visible transfer for drivers 
(inside the vehicle) – sufficiently good visibility. 

Often the regulations on the road formation do not 
cater for the limitations of visibility resulting from 
the constructional features of the vehicle. 
The open load-carrying body in the truck creates 
the screen obscuring of the big part of the vehicle’s 
surrounding which precludes the direct observation 
of the considerable area. 
The devices of the indirect visibility enable to 
observe only the part of the area which is directly 
invisible. 
 
THE SUBJECT OF THE TESTS 
 
The subject of the tests is the car construction 
aimed at ensuring possibility to observe the car 
surroundings while driving  
The figure 1 presents the areas around the vehicle 
which the driver should have the possibility to 
observe while driving it (making various 
manoeuvres) during a day and at night – with the 
street lighting and without it. 
 

 
 
Figure 1. The areas around the vehicle which 
must be visible  
 
The practical realization of the need to have a 
visibility of surroundings (according to the current 
regulations in force) is considerably different from 
the ideal. In spite of the installation of indirect 
visibility devices in the cars, the big part of directly 
invisible area is still invisible.   
The figure no. 2 shows the area surrounding the 
vehicle of N1 category, observed directly by the 
driver through the windows forward and on each 
side and also indirectly through the mirrors. Areas 
A and B – observed areas. Areas D – minimal areas 
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demanded by regulations. Areas C – areas the 
observation of which is impossible till now.  

 

 
 

Figure 2. The areas around the vehicle category 
N1 which are visible  
 

 
 
Figure 3. Placement and vastness of the visibility 
field for the main rear view mirrors of class III – 
by thickened line denotes requirements hitherto 
in force  - dmc ≥ 2000 kg 
 
In order to estimate the degree of divergence 
between the ideal and the real situation the 
visibility of surroundings of the M1 category car 
and the N1 category truck were tested. The 
estimation was conducted on the example of the 
Renault Kangoo vehicle in the passenger car 
version and in the truck version. The similarity 
exists  between the vehicles of categories M1 and 
N1 of the same brands and models in the range of 
the external resemblance of the body but big 
differences in the visibility outward. The cars with 
the identical bodies dedicated for the transport of 
people – category M1 and goods – category N1, 
have the various sets of equipment, among other 
thing, as far as glazing of side walls and rear wall 
are concerned. The test was made using the method 
presented in the directive 2003/97 EC, 77/649/EC. 
The results of visibility tests of car surroundings 
were presented at the figure no. 5. From the 
comparison of figures no. 1, 2 and 3 it transpires 
that the driver does not have any possibility to 
observe this part of the area around the car which 
should be observed during manoeuvring of the car 
to avoid the collision and accident. 

 

  

  

Figure 4. Vehicle Renault Kangoo – truck and 
car – body versions  
 
Moreover the drivers of the above do not have 
identical possibilities to observe the surroundings. 
In the truck of category N1 the area which can be 
observed by the driver is radically reduced. Is it 
needed, is it necessary, and is it possible to 
eliminate the difference in the “surroundings 
visibility” of trucks in comparison with the 
passenger cars, especially these which are based on 
the identical body. The lack and also insufficient 
information from the cars surroundings during 
driving are one of the causes of the rise of 
collisions and accidents. Unobscured observation 
of all the area surrounding the vehicle is radically 
limited, in the small trucks of category N1 in 
comparison with passenger cars of M1 category. It 
is particularly easy noticeable and perceptible in 
the vehicles of categories M1 and N1 of the same 
brand whose bodies are similar. In the vehicle of 
the passenger car version the side walls and the 
rear wall have the glazed windows, through which 
the driver can observe surroundings. Additionally it 
is equipped with the indirect visibility devices 
which are identical as in the version of the truck 
except the interior mirror. In general the interior 
mirror is not mounted in the truck. In the truck, in 
the area behind the driver, in general the windows 
in the side walls and in the rear wall are not fitted 
or used. As a result the driver can observe 
considerably smaller area of his surroundings. 
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a).   b). 

   
 

   
 

   
 

Figure 5. The direct and indirect visibility field 
for Renault Kangoo: a). truck category N1 and 
b). car category M1 

The perceptible technical progress and the 
development of the visibility devices allow to 
equip the vehicle in such a way that the driver of 
the truck could observe the areas surroundings 
comparable with passenger cars. 
 
RECAPITULATION AND CONCLUSIONS 
 
The vehicle the driver does not have any chance to 
receive the visible transfer from the significant part 
of the area surrounding and thus to have the 
possibilities to act adequately to the situation 
during the car driving.  
 

 
 
Figure 6. Situation on the angular intersection 
with reduced visibility on the right side of the 
vehicle 
 
This problem is particularly important on oblique 
road crossings when the angle of the cutting of 
their axles is considerably different from the right 
angle – difference exceeds the value of 15º. With 

reference to vehicles in use, insufficient (for the 
most part of cases) visible transfer from the 
surroundings is the essential cause of rise of 
collisions and accidents taking place in the road 
traffic. The increase of possibilities to observe 
areas of the vehicle surroundings (in the newly 
designed constructions), which till now couldn’t be 
supervised, is the step in the proper direction. It is 
possible to change the regulations and to change 
the vehicles equipment by the manufacturers. It is 
expected to radically extend the visibility and to 
diminish the danger of accidents in the vehicles of 
N1 category which were caused by the previous 
visibility limitations 
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ABSTRACT 
 
This paper details the methods used to investigate 
motorcycle collisions with roadside objects and the 
initial findings of the study. One factor associated 
with the frequency and severity of motorcycle 
collisions with roadside objects may be the design 
and maintenance of the road. Two methods of 
analysis were used to investigate the influence of the 
road geometry and design of roadside environment 
on motorcycle collisions. Satellite imagery was used 
to develop an overview of different collision sites. 
Individual site visits for 34 motorcycle-roadside 
object crashes were conducted to record details about 
each site, including types of guardrails and distance 
of the object struck from the road. 
 
INTRODUCTION 
 
Motorcyclists are overrepresented in guardrail 
collisions. Motorcycles comprise only 2% of vehicles 
on the roads, but account for 42% of all guardrail 
collisions (Gabler, 2007). Motorcyclists are more 
vulnerable on the road than other vehicle passengers 
due to the instability of their vehicle as well as 
greater exposure to the outside environment. There 
are various causes of motorcycle crashes, including 
the design and maintenance of the road. Roadside 
environments were further investigated to determine 
characteristics that may lead to a higher risk for 
motorcyclists running off the road.  Potential design 
factors include road curvature, superelevation, barrier 
type, and barrier offset distance from the travel lane.  
Road surface factors of interest include the presence 

of rumble strips, potholes, cracking, painted areas, 
and gaps between the road surface and bridge decks.  
 
OBJECTIVE 
 
The objective of this paper is to describe the methods 
used to develop a database with detailed information 
about roadside object motorcycle collision sites and 
to report the findings of the initial analysis of the 
cases investigated to date.  
 
METHODS 
 
The cases used in this study were extracted from the 
New Jersey Crash Records Database (NJCRASH) for 
calendar years 2005-2008.  NJCRASH is a complete 
collection of police accident reports which are 
available in electronic form.   Of particular value to 
this project, most crashes have been geocoded with 
the latitude / longitude coordinates of the crash site.  
The geocoded locations of motorcycle-roadside 
object collisions were investigated using two 
methods: a satellite image analysis and an individual 
site inspection.  For this pilot study, a subset of these 
cases was investigated to determine the feasibility of 
our approach. Motorcycle collisions with guardrails, 
concrete barriers, poles, and trees were investigated. 
 
Satellite Imagery Analysis 
 
The imagery analysis gave a first look at the different 
guardrail collision sites. Using the latitude and 
longitude data recorded in the NJCRASH database, 
sites were located on satellite images using Google 
Earth Pro. A screenshot was taken of each collision 
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site and incorporated with data tables that displayed 
information about the accident based on the coded 
NJCRASH Data. The tables incorporated data about 
the time and date of the crash, location, information 
on the rider and motorcycle, and sequence of events 
to give an overall description of each accident. 
 
The radius of curvature was also investigated through 
the satellite imagery analysis. Collisions that occur 
on any size curve are listed simply as ‘curve’ in the 
NJCRASH database. NJCRASH does not describe 
the radius of the curve.  However, it is important to 
know the radius of a curve: curves with smaller radii 
may be more dangerous for riders (FEMA, 2000). 
Thus, comparing the radii of curves on which 
collisions occurred may help in determining the 
geographic locations where accidents are occurring.  
 
Google Earth Pro was used to measure the radii of 
curves where collisions occurred. The circle tool used 
to draw a circle on the image. The tool measures the 
radius of the circle, which can be adjusted by 
dragging the endpoint of the radius on the map. The 
center of the circle can also be adjusted by dragging 
the center to a new location. Using these two 
operations, the circle was fit as best as possible to the 
curve (Figure 1). The median of the road was used as 
guidance in determining the curvature of the circle, 
and, when possible, the circle was fit to the median. 
On roads where there was no median, the lines on the 
road were used as reference if they were visible in the 
satellite imagery. 
 

Figure 1.  Example radius of curvature 
measurement from Google Earth Pro. This 

collision occurred in Mercer County on Route 640. 
The radius of curvature is 200 feet. 

 
Once the circle was fit to the curve, the radius of the 
circle was recorded to the nearest foot. The Google 
Earth Pro tool records the radius to the nearest 
hundredth of a foot; however, the rounding was made 
in order to compensate for human error in fitting the 
circle to the curve.  

Site Survey Data Collection  
 
Though satellite imagery provided an introduction to 
the area where a crash occurred, the imagery is not of 
a high enough resolution to determine smaller 
characteristics of the road, such as variations in the 
surface and the type of guardrail surrounding the 
road. Motorcycles are more vulnerable to these 
variations as they are significantly less stable than 
other motor vehicles. Data currently available 
through NJCRASH does not include detailed 
information about the roadside objects, such as the 
distance of a struck object from the road or the 
condition of the object. 
 
Site visits were conducted to methodically document 
the characteristics of the roadway, roadside, and 
barrier at each crash site. A data collection form was 
used to ensure the same information was gathered at 
every site. It allowed for investigators to select 
specific characteristics from a list of options, with the 
option of adding characteristics that were not 
included. This format allows for simpler analysis of 
data as opposed to a sheet without any options 
because there are a finite amount of responses to each 
question. Photographs were taken in order to 
compare the road conditions and surrounding 
environments around each crash site. The data 
collection sheet contains a check list of photographs 
to be taken to ensure that common features can be 
compared. The data elements collected in each site 
inspection are presented in Table 1.  
 

Table 1.   
Information gathered at sites by data element type 

 
Data Element Characteristics 

Barrier 
Characteristics 

Concrete Barrier 
 Type 
 Height  
 Damage 
Guardrail 
 Rail type 
 Post type 
 Blockout type 
 Terminal type (if applicable) 
 Distance between posts 
 Damage to rail/posts 
 Additional features 
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Table 1 (continued). 
 

Data Element Characteristics 

Roadside 
Characteristics 

Shoulder presence 
Rumble Strip 
Surface 
Division 
Potholes 
Patches 
Notable Cracks 
Contaminants 

Dimensions 

Object to pavement edge 
 Distance 
 Slope 
Pavement edge to lane end 
 Distance 
 Slope 
Ground to bottom of rail (if 
applicable) 

 
The main focus of the collection process was on 
motorcycle-guardrail collisions. Several different 
characteristics about the guardrail were observed 
through site visits. First, the type of rail was recorded 
since this is the main component of the guardrail. 
Moreover, the height of the rail from the ground was 
measured. In the event of a collision a motorcyclist 
can fall from his/her motorcycle and slide under the 
guardrail, potentially colliding with the post. Second, 
the type of post was recorded. Posts prove to be one 
of the greatest hazards to motorcyclists as they have 
narrow faces and edges which concentrate the force. 
Lastly, it was noted if any additional safety measures, 
such as an additional W-beam or metal guard, were 
used on the guardrail at the collision site. 
Characteristics of other roadside objects were 
incorporated such as type of concrete barrier, pole 
type, and any distinguishing features. 
 
Characteristics about the roadway were also observed 
to see if there were common aspects of the road that 
could potentially be a cause of an accident. It was 
noted if there were any potholes, patches, or cracks in 
the road, as a motorcycle can lose stability from 
riding over one of these defects. Any abrupt changes 
in the elevation were noted as these are also 
hazardous to motorcyclists. However, these 
characteristics may have changed from the time of 
the crash. Several design aspects of the road were 
also examined. First, it was noted if there was a 
rumble strip in the shoulder as the high surface 
variation may cause a rider to lose control. It was also 
noted if there was paint on the road, as this has a 
different coefficient of friction from the road surface 

and this change, though not significant to other motor 
vehicles, may cause a rider to lose control.  
 
Measurements of the shoulder width, slope, and 
distance between the object and end of the pavement 
were also taken at each site. A diagram was included 
in the survey sheet to clarify the required 
measurements (Figure 2). The distance of the object 
from the road may have an effect on the severity of a 
collision; if the object is further away from the flow 
of traffic, the motorcyclist will have more time to 
slow down before colliding with it.  

Figure 2.  Guardrail and Road Environment 
Measurements. This figure was included in the site 
survey sheets to gather data about the distance of the 

object from the road and the slope of the road. 
 
Police reports for each site visited were obtained 
from the New Jersey Department of Transportation 
before most site visits. The police reports contained 
more information about the occurrences of the 
accident, sometimes including a diagram. This 
additional information facilitated finding the site and 
exact location of the collision, as many sites had 
multiple poles, trees, or lengths of guardrails.  
 
RESULTS 
 
To date, a database of 34 collisions which have 
occurred at 31 crash sites has been developed. Four 
crashes occurred at the same location.  Table 2 
presents the composition of the resulting dataset.  
This includes 17 guardrail collision sites, 11 pole 
collision sites, 4 tree collision sites, and 1 concrete 
barrier collision site. The majority of the collisions 
(29) occurred in either 2007 or 2008. 
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Table 2. 
Composition of Data Set of Motorcycle-Roadside 

Object Collisions (NJCRASH 2005-2008) 
 

Variable Number of Cases 
All        34 
Year of Crash 
 2005          1 
 2006        4 
 2007 25 
 2008 4 
Object Struck 
 Guardrail 17 
 Concrete Barrier        1 
 Poles          12 
 Trees             4 
Injury Severity (KABCO) 
 Fatality 5 
 Incapacitating Injury 7 
 Moderate Injury 15 
 Complaint of Pain 7 
 Property Damage Only 0 

 
Example Case 
 
On Route 579 in Bethlehem Township in Hunterdon 
County, a crash location was investigated where there 
were 4 motorcycle-guardrail collisions in 2007. The 
posted speed limit on the road is 35 mph, with a 
reduction to 10 mph around the curve. The road took 
a sharp turn left, and disappeared from vision due to 
the downgrade of the road (Figure 3). There were two 
driveways ending at the curve. 
 

Figure 3.  Route 579, Bethlehem Township, 
Hunterdon County. Four motorcycle-guardrail 

collisions took place at this site in 2007. 

There were at least 5 areas of damage along the W-
beam guardrail, suggesting other vehicle crashes had 
occurred on the same curve (Figure 4). Some of the 
steel strong posts were also bent and damaged.  
 

Figure 4.  Damage to guardrail. There is notable 
damage to the rail and the posts in multiple areas. 

 
The distance of the guardrail from the edge of the 
lane gradually narrows as the road curves left. The 
guardrail-road offset distance was measured in three 
places to be 7.4, 5.0, and 4.0 feet from the edge of the 
lane. Along the curve, the guardrail was located only 
0.75 feet from the edge of the pavement. The 
guardrail is in place to protect vehicles from the 
wooded slope behind it. The road slopes 11° in the 
direction of the road. The road angled 23° toward the 
center of the curve.  
 
During the site visit, a street cleaner was seen at the 
site, implying that the site is well kept. There was 
little debris noticed on the side of the road as well. 
There were no potholes, patches, or large cracks in 
the asphalt surface of the road. However, the road 
was rough and uneven (Figure 5), which may be 
more hazardous for motorcycles than other vehicles.  
 

Figure 5.  Road Surface. The surface of the road 
was noted to be rough and uneven. 

 
The geometry of the site was analyzed using Google 
Earth Pro. The radius of curvature of the site was 
measured to be 49 feet (Figure 6). This is a very 
narrow curve as none of the other sites investigated 
using the satellite imagery were found to have a 
radius under 100 feet.  
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Figure 6.  Radius measurement of example site. 
The radius of the curve was measure to be 49 feet. 

 
Site Survey Data Collection 
 
In our dataset, seventeen motorcycle-guardrail 
collision sites were investigated. The guardrails all 
had W-beam rails with steel strong posts (10), steel 
weak posts (2), or wood strong posts (5). The 
blockouts used in the strong post guardrail also 
varied between steel (9), wood (4), recycled material 
(1), and none (1). This composition is consistent with 
national guardrail inventories which are primarily 
strong post w-beam systems. 
 
The distances of the objects from the edge of the lane 
varied greatly amongst the sites (Figure 7). There 
were sites where the guardrail was on the edge of the 
pavement on a street with no shoulder, and others 
where the guardrail was offset from the edge of the 
pavement on a road with a significant shoulder.  

 
Figure 7.  Distance of object from lane edge by 

object struck. 
 
Of the 31 crash sites investigated, 17 occurred on 
curves. After visiting the sites it became evident that 
some of the curves created an obstruction of view.  
The road surface at the majority of the sites was free 
of debris and blemishes. There were no evident 
potholes at any sites, and only 5 sites had notable 
cracks in the surface.  

 
Satellite Imagery Analysis 
 
A separate analysis for 139 guardrail collision sites in 
New Jersey from 2005-2007 was conducted.  The 
main component of each site investigated through the 
use of Google Earth was the radius of curvature at 
each site. Fifty-eight (41.7%) of the collisions 
investigated occurred on curves, 41 of which (33.6%) 
occurred on a curve with a radius of curvature of less 
than 1000 feet. 
 
The distribution of the crashes across New Jersey 
was also found after each crash was analyzed (Figure 
8). Most motorcycle-guardrail collisions were in 
northern New Jersey.  
 

 
Figure 8.  Distribution of motorcycle-guardrail 

collisions in New Jersey (2005-2007). 
 
DISCUSSION  
 
Two methods of evaluating motorcycle collisions 
with roadside objects were used to develop an 
enhanced database about the roads on which these 
crashes are occurring. Using satellite imagery from 
Google Earth, the radius of curvature at collision sites 
was obtained. It was seen that approximately 1/3 of 
crashes occurred on roads with a radius of curvature 
of less than 1000 feet. However, these data are 
limited by the precision of the user to fit a curve to 
the road.  
 
Motorcycle collision sites were also analyzed through 
site surveys. Thirty-one sites have been visited to 
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date. One challenge was the occasional unavailability 
of latitude and longitude data from the NJCRASH 
database. Most of the recent crashes (2007-2008) 
were geocoded with these coordinates; however, 
there were some crashes that were neither geocoded 
nor included an exact location. In some cases, 
positioning coordinates appeared to be inaccurate. In 
several cases, the investigators’ judgment was used to 
deduce the location of the crash.  
 
A second challenge has been to obtain safe access to 
the sites for physical measurements.  Many of the 
collisions occurred on main roads with higher speed 
limits. These roads sometimes have no place for 
investigators to safely stop for the inspection. For 
sites that were too dangerous to investigate 
thoroughly, a drive-by investigation was completed. 
This allowed for general information to be gathered 
about each site, though no measurements could be 
taken. 
 
A third challenge was the need to promptly visit a 
crash site after the incident.  We investigated several 
sites years after the incident with the hope that 
characteristics, e.g. barrier type or road curvature, 
would be unlikely to have changed.  Some 
characteristics however, e.g. defects in the roadway 
surface or barrier damage, may have been repaired 
prior to our site inspections.  To account for this 
possibility, our protocol required that the investigator 
note any indications of repair, e.g. new barriers or 
poles. 
 
 
 
 
 
 

CONCLUSION 
 
This paper has presented the design of a novel 
database containing detailed road design and 
maintenance information about motorcycle collision 
sites with roadside objects.  This database extends the 
traditional databases of police-reported crash reports 
with engineering data such as guardrail type and 
distance of object struck from the road. Thus far, 31 
sites have been investigated, supplemented with an 
analysis of satellite imagery. This database will 
provide researchers with more information to 
determine what environmental aspects are 
characteristic of motorcycle crashes. Identifying 
these characteristics and taking action to modify 
them, making them more motorcycle-friendly, will 
lead to a reduction in the severity of motorcycle 
crashes with roadside objects.  
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ABSTRACT 

 

A major problem of the predominantly flat fronts of 

trucks used in Europe with respect to accidents 

involving vulnerable road users are the kinematics 

of the vulnerable road user after the impact. 

Contrary to car versus vulnerable road user 

accidents the flat truck front pushes the vulnerable 

road user to the road rather than lifting him. This 

effect causes a high risk of a run over. 

 

The main idea of the presented safety device is to 

change the flat front to a tapered shape deflecting 

the vulnerable road user sideways by using the 

impact impulse. The achieved deflection reduces 

the risk of a run over. The tapered truck front has 

been designed and analysed within the EC funded 

APROSYS integrated project. 

 

For a principal investigation the tapered shape is 

realised by an add-on structure mountable to the 

front of a reference truck. Hence, a direct 

comparison of the flat and the tapered shape is 

possible. Regarding a practically relevant 

application of this safety concept with respect to 

technical and economical feasibility the tapered 

shape has to be implemented directly in the cabin 

design. During the development phase of the new 

front structure a large number of design versions 

are generated and assessed. The resulting final 

principal shape is compared to the basis truck in 

various numerical simulations with different 

accident scenarios, pedestrian models and 

parameter settings. 

 

Due to these results it can be concluded that a 

convex truck front significantly reduces the risk of 

a run over. It is most effective in accidents with 

higher speed (> 20 km/h) and the additional 

deformation space allows to reduce the contact 

forces at the primary impact. In this regard it has to 

be discussed whether the implementation of passive 

safety devices in trucks should implicate a revision 

of the vehicle length regulation. 

 

INTRODUCTION 

 

Statistics indicate that more than 1400 vulnerable 

road users in the current EU member states lose 

their lives every year due to accidents with heavy 

vehicles. This number is much larger in the Eastern 

Europe countries. A major problem of the 

predominantly flat fronts of trucks used in Europe 

with respect to accidents involving vulnerable road 

users are the kinematics of the vulnerable road user 

after the impact. The flat truck front pushes the 

vulnerable road user to the road, which causes a 

high risk of a run over. Car versus vulnerable road 

user accidents show a different characteristic. The 

primary contact is followed by a flight phase, in 

which the vulnerable road user is moved away from 

the car before the secondary impact and the sliding 

phase occur. A further contact to the car, the so 

called tertiary impact, is compared to accidents 

with trucks quite seldom. 

 

Currently there are no existing pedestrian safety 

requirements for trucks. The main idea of the safety 

device described within this paper is to change the 

flat front to a tapered shape deflecting the 

vulnerable road user sideways by using the impact 

impulse. The achieved deflection reduces the risk 

of a run over and the additional deformation space 

allows to decrease the contact forces at primary 

impact. Due to the shape of the optimised truck 

front, there is not only a benefit in scenarios, where 

the truck is driving straightforward but also in 

cornering scenarios. The tapered truck front has 

been designed and analysed within the EC funded 

APROSYS integrated project [1]. 

 

To ensure a direct comparison of the flat and the 

tapered shape, it is realised by an add-on structure 

mountable to the front of a reference truck. The 

reference truck is a MAN LE. Regarding a 

practically relevant application of this safety 



__________________________________________________________________________________________ 

Hamacher 2 

concept with respect to technical and economical 

feasibility the tapered shape has to be implemented 

directly in the cabin design. However, the results of 

the add-on device give sufficient implications on 

the benefits and difficulties to be expected for a 

tapered truck front in accidents between a truck and 

a vulnerable road user. 

 

DEVELOPMENT OF A DEFLECTING 

FRONT SHAPE 
 

The first step on the way to a final design is to 

determine the most appropriate general design. 

 

Front geometry versions 
 

In total the number of front geometry versions 

developed and assessed amounts to 90. The differ-

ences between the single versions are often only 

marginal. This approach is reasonable to examine 

the effect of a specific geometry or to improve 

positive effects. However some versions show 

exaggerated shapes. These versions are meant to 

provide information about the accident kinematics 

but are not practical for an actual application. An 

overview of the different development stages is 

given by the 12 examples shown in Figure 1. 

 

 

Figure 1.  Examples of the 90 front geometry 

concepts. 

 

Regarding the current regulations a practical front 

structure solution should be as flat and even as 

possible. Versions 3, 7 and 8 fulfil these require-

ments but do not provide a sufficient deflection of 

the pedestrian. Version 15 shows a highly 

improved deflection effect. The front structure of 

the versions 3, 7 and 15 is rather steep, which leads 

to a straight and direct impact of the pedestrian. An 

effect that throws the pedestrian slightly upwards 

can be achieved with the versions 25 and 27, which 

show a more shallow shape. 

Examples of front structures bending sharp to the 

centre of the front are the versions 28 and 32. The 

aim of these versions is to deflect the pedestrian 

even from a centre position sufficiently to the side. 

Unfortunately, these solutions have not shown the 

expected effect. In addition they are critical 

because of the disadvantageous primary impact on 

the sharp and stiff edge formed by the centreline, 

which might cause severe injuries of the pedestrian. 

The idea of design concept 34 is a primary contact 

of the arms and torso of the pedestrian instead of 

the lower extremities. Due to its bad test results this 

design is not regarded in further concepts. 

 

To achieve the effect of throwing the pedestrian up 

but having a short front version 41 has been design-

ed with a forward reaching plateau at the lower end 

of the nose. In contrast to this, version 42 shows the 

maximum geometrical design space regarded 

within the study. As of a certain length further 

improvements can not be achieved by extending the 

nose. Version 47 is an optimisation of version 41 

and forms the basis for the remaining 43 versions, 

where the design is further optimised. This concept 

can be seen as the summary of all experience 

gained in the previous designs. The dominant con-

cept idea is the surrounding plateau at the bottom. 

In addition to the effect of throwing the pedestrian 

up the plateau improves the compatibility to cars. 

 

Assessment of the front geometries 

 

During the development of the different designs the 

versions have to be assessed regarding their impact 

kinematics. Due to the large number of different 

versions this can only be done by a reduced number 

of accident scenarios. 

 

The assessment of the different versions comprises 

six tests, but for most of the versions less tests are 

conducted if they do not show appropriate results. 

The complete scope includes three crash-scenarios 

in a forward-driving and three crash-scenarios in a 

right-cornering situation. The simulations for the 

determination of the general shape are carried out 

with a 50 % male pedestrian model only. Later on 

for the assessment of the final design more sce-

narios and pedestrian models will be considered. 

The assessment only assesses the crash kinematics 

and the position of the pedestrian after the impact. 

In this context the two terms run over and roll over 

are used. Both cases are critical since the pedestrian 

gets underneath the truck, whereas roll over implies 

a contact of the pedestrian to the tyres. 

 

     Determination of the best front geometry - 

Regarding the different front geometries the cur-

vature of the plateau along the width of the truck 

front has an important influence. After all, a curved 

platform shows better results because of the 

stronger side deflection of the pedestrian. Addition-

ally, a steeper design of the plateau has a positive 

3 7 15

25 27 28

4734

8

32

41 42

3 7 15

25 27 28

4734

8

32

41 42
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effect on the impact kinematics. A slight tapering 

of the outer edges of the plateau has advantages in 

the right-cornering scenarios when the impact 

occurs at the corner of the truck front. Front 

geometry 84 offers all these positive effects 

(Figure 2). 

 

 
 

Figure 2.  Front geometry 84. 

 

The kinematics of the pedestrian model can be seen 

in Figure 3. Shortly after the primary impact the 

pedestrian model looses contact to the ground and 

turns away from the truck. When touching the 

ground the right leg is already beside the plateau. 

The rest of the body is deflected to the side. During 

the secondary contact the pedestrian model rolls to 

the side and rests at a sufficient clearance to the 

truck wheels. 

 
t = 0,25 s t = 0,50 s t = 0,75 s

t = 1,00 s t = 1,25 s t = 1,50 s

t = 0,25 s t = 0,50 s t = 0,75 s

t = 1,00 s t = 1,25 s t = 1,50 s

 
 

Figure 3.  Deflection of the pedestrian in a right-

cornering scenario (Version 84). 

 

For the simulation of the run over tests the multi-

body simulation software MADYMO (mathe-

matical dynamic modelling) is used. 

 

ASSESSMENT OF THE FINAL DESIGN 

 

For the definition of a run over test procedure the 

knowledge of typical accident constellations is 

necessary. This includes the knowledge of the 

predominant scenarios as well as the knowledge of 

the most frequent locations of the primary contact 

in accidents between trucks and vulnerable road 

users (VRU). Accident scenarios and assessment 

parameters can be deduced from those results to 

cover a broad spectrum of real world accidents. 

 

Accident analysis 

 

In countries of the European Union about 1400 

pedestrians (year 2006) and cyclists lost their lives 

after an accident with a truck. Accident experts 

expect a possible decrease of about 30 % through 

new design concepts, test methods and develop-

ment guidelines. The injury severity of a VRU is 

depending on different aspects. The collision speed 

plays an important role beside the geometry of the 

vehicle front and the position during the primary 

impact. But also age and height of the pedestrian 

are relevant. At last, the secondary impact has an 

influence on the severity of the injury. 

 

The results of a previous APROSYS study [2] 

showed that accidents with pedestrians are more 

crucial than accidents with cyclists. Especially the 

danger of a fatal accident by being rolled over is 

higher. In the APROSYS study 26 truck-pedestrian 

accidents from the GIDAS (German In-Depth Data 

Analysis Study) data base and 30 cases of DEKRA 

have been regarded amongst further in-depth 

studies. In 94 % of the cases the truck was driving 

straight-forward. For inner city areas the scenario 

of a right cornering truck is relevant as well with a 

rate of 6 %. Accidents with left-cornering trucks do 

not occur in the studies. The in-depth data show 

three characteristic situations for accidents between 

trucks and pedestrians (Figure 4). 

 

A

B

A B

A
B

1 2 3

A

B

A B

A
B

1 2 3
 

 

Figure 4.  Characteristic situations of truck-

pedestrian accidents. [2] 

 

In the first situation a pedestrian tries to cross the 

road and approaches from the right side. In the 

second situation the pedestrian walks in or against 

the driving direction of the truck. Right cornering is 

the third characteristic situation for an accident. 

Situations 1 and 3 are typical inner city accident 

situations whereas situation 2 is more common on 

non-urban roads. 

 

Regarding the straightforward driving direction of 

the truck (situation 1 and 2) it is obvious that most 

impacts occur at the front, whereas the right corner 

is involved most frequently. The area behind the 

front axle is not very relevant (only 10 %). 
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The front right corner of the drivers cabin is also 

the predominant impact area in situation 3. This 

scenario is crucial because the affected section is 

hardly visible or even not visible at all from the 

drivers seat. As a result the accident partners are 

rolled over in many of these cases. However the hit 

pedestrian gets not necessarily underneath the truck 

in place of the primary impact. Depending on the 

impact constellation the pedestrian is run over at a 

subsequent location. 81 % are run over before the 

right front wheel, 62 % of those are actually rolled 

over by the front or the rear wheels during the tur-

ning process. In contrast to the right side the left 

side is less relevant. Only 10 % of VRU’s impact 

here and reach under the truck. The results of the 

accident analysis are used as a basis for the assess-

ment of the optimised front design. [3] 

 

Accident scenarios 

 

Within the APROSYS project the straightforward 

driving truck turned out to be the predominant 

accident scenario. Beside this, also the right-

cornering situation is relevant. Both situations are 

regarded for the assessment of the final design. The 

straightforward driving scenario is comparable to 

the first situation in Figure 4 with a pedestrian 

approaching from the right side of the street. The 

pedestrian model is placed sideways in a walking 

position in front of the truck. The right-cornering 

scenario is defined according to situation 3 in 

Figure 4 but differs in an important aspect. Here the 

pedestrian model is hit at the entrance of the curve 

and not at its end as it is shown in the picture. 

Correspondingly, the pedestrian model is placed in 

a walking position sideways directly in front of the 

truck. Because of the curve radius the truck moves 

also in lateral direction towards the pedestrian. 

Thereby the position of the pedestrian moves, 

relatively to the truck, to the front centre. As a 

result the cornering counteracts a deflection to the 

right side of the street. This effect has to be 

compensated additionally (worst case). Both 

driving scenarios are displayed in Figure 5. 

 

7 m

7 m

Straightforward driving Cornering

7 m

7 m

Straightforward driving Cornering

 
 

Figure 5.  Movement of the truck model. 
 

Another important aspect for the definition of the 

cornering scenario is the curve radius. The used 

radius of 7 m is deduced from the turning circle of 

the MAN LE 2000, which is 14 m in diameter. 

DEKRA determined radii of 10 to 15 m, but there 

are also smaller radii of about 6 m, therefore the 

chosen 7 m radius represents a good estimation and 

represents the more critical constellation with 

respect to side deflection. 

 

     Pedestrian models - MADYMO offers a full 

body pedestrian model. The model is available in 

five different body heights reaching from a three 

year old child to the 95 % male model. The three 

year old child model is not regarded in the tests, 

due to the low protection potential in an accident 

with a truck. The included models are shown in 

Figure 6. 

6y-child
1,17 m

23,0 kg

5%-female
1,53 m

49,77 kg

50%-male
1,74 m

75,7 kg

95%-male
1,91 m

101,1 kg

6y-child
1,17 m

23,0 kg

5%-female
1,53 m

49,77 kg

50%-male
1,74 m

75,7 kg

95%-male
1,91 m

101,1 kg  
 

Figure 6.  Regarded full body pedestrian models 

from MADYMO. [4] 

 

The kinematics of the pedestrian models were 

precisely determined. The legs are able to break at 

the tibia and the femur. Thereby the impact kine-

matics can be described more exactly. For the 

analysis in the tests measuring points record the 

accelerations, forces and moments. Predictions 

concerning impact kinematics and the behaviour of 

throwing the pedestrian up are feasible. Head 

impact speeds are simulated with a good tendency. 

Head movements, impact angles and impact points 

can be simulated accurately. Precise predictions of 

injuries are not possible. Adequate predictions can 

be deduced from the measured accelerations. 

 

In addition to the kinematics of the human models 

also the head impact speeds at the primary and 

secondary impact are regarded within the assess-

ment of the final design. The head impact point of 

the primary contact is determined to identify the 

influence of the different body heights. 

 

     Collision speed - An essential factor during a 

crash is the collision speed of both opponents. This 

speed has to be chosen appropriate to deliver 

realistic results. Since both regarded accident 

scenarios occur in urban areas the speed range is 
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limited. For the straightforward driving scenario a 

truck speed of 40 km/h is chosen, which is about 

20 % lower than the inner city speed limit and 

covers a wide field of possible accidents. This 

speed corresponds to the speed in several full-scale 

and component tests. 

 

The truck speed in the right cornering scenario is 

inevitable lower. 87 % of the trucks collide in a 

right-cornering situation with a speed of only up to 

20 km/h, whereas the speed range in most of the 

accidents analysed by DEKRA reaches from 11 t o 

15 km/h. Regarding the side deflection behaviour a 

higher speed would reduce the demands for the side 

deflection as it would contribute to the impulse 

given by the shape. Therefore a collision speed of 

14,4 km/h (4 m/s) is chosen in the right cornering 

scenario. Together with the narrow turning circle 

this scenario sets high demands for the new front 

structure. 

 

Analyses reveal that the pedestrian is in movement 

prior to the crash. But within the run over assess-

ment the pedestrian model has no initial speed, 

which correlates with the common procedure. This 

approach is acceptable as the pedestrian model is 

set up directly in front of the truck and due to the 

low kinetic energy of a walking pedestrian. 

 

     Positioning of legs and arms - The positioning 

of the legs and arms has an important influence on 

the accident kinematics. Two different postures are 

simulated to consider this effect. In position 1 the 

left leg and the right arm are moved forward 

(walking position). Position 2 is set contrary. The 

two postures are shown in Figure 7. 

 

Position 1 Position 2Position 1 Position 2  
 
Figure 7.  Positioning of the pedestrian model. 

 

     Collision angles - Besides the angles of arms 

and legs the orientation of the human model in rela-

tion to the truck defines the pedestrian positioning 

and the resulting collision angle. Extensive in-

depth analyses of car-pedestrian accidents revealed 

that in more than 90 % of the accidents the pedes-

trian crossed the street and was hit laterally. In 

more than 80 % of these cases the pedestrian was 

caught in a 3-o’clock or 9-o’clock position by the 

vehicle front. As the accident analysis records the 

hit angle with an accuracy of 15°, two different 

orientations are used for the assessment of the final 

design. In addition to the 90° orientation of the 

pedestrian model an angle of 75° is regarded. Both 

collision constellations are shown in Figure 8. 

 

90° positioning to truck front 75° positioning to truck front90° positioning to truck front 75° positioning to truck front  
 

Figure 8.  Impact constellations. 
 

     Lateral positioning of the pedestrian model - 

Three different lateral positions of the pedestrian 

model in front of the truck are defined for each 

scenario. The classification in right and left front 

side is carried out in driving direction. 

 

In the straightforward driving scenario the pedes-

trian is positioned 50 cm left and right of the trucks 

longitudinal axis. That matches with the respective 

middle of each front half of the truck. The third 

position addresses the centre of the truck with an 

offset of 15 cm to the right of the longitudinal axis. 

This offset is necessary, because with respect to a 

side deflection an exactly centred position repre-

sents an instable and undefined situation. By the 

offset the direction of the deflection is predeter-

mined. Furthermore an exactly centred impact is 

very improbable. The simulation of a corner impact 

is not necessary for the straightforward driving 

scenario, because a sufficient deflection can be 

taken for granted when the pedestrian isn’t run over 

in the first two positions. This has been proven by 

several simulations. 

 

The focus in the cornering scenario lies on the right 

front edge of the truck, which represents the pre-

dominant impact area for this scenario. For this 

reason the pedestrian is positioned in a distance of 

80 cm and 100 cm from the trucks longitudinal 

axis. Since the truck is turning right a wheel angle 

of 25° is defined. The left side is not as critical as 

the right side in this scenario, because here the 

truck moves away from the pedestrian. This effect 

supports the movement out of the critical area. 

Therefore a position closer to the centre of the truck 

front is chosen. Corresponding to the value of the 

straightforward driving scenario the pedestrian is 

positioned at a distance of 50 cm from the trucks 

longitudinal axis. All positions are displayed in 

Figure 9 by vertical lines. 
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50 15 50 5080100

Pedestrian positions

straightforward [cm]

Pedestrian positions

right cornering [cm]

50 15 50 5080100

Pedestrian positions

straightforward [cm]

Pedestrian positions

right cornering [cm]  
 

Figure 9.  Positions of the pedestrian model 

relative to the longitudinal axis. 

 

     Simulation matrix – The shape of the opti-

mised front has been mainly designed for the 50 % 

male. The entire assessment described above covers 

necessarily a much broader spectrum of tests. All 

tests are also carried out with the basis truck front 

as a reference. Altogether the parameters defined 

lead to 192 simulations. The associated simulation 

matrix is shown in Table 1. 

 

Table 1. 

Simulation matrix for the assessment of the final 

design 
 

Parameters Test scope Factor 

Crash 

scenarios 

Straightforward driving 

and cornering 
2 

Pedestrian 

models 

6 y. child, 5 % female, 

50 % and 95 % male 
4 

Collision 

speed 

One collision speed per 

crash scenario 
1 

Positioning of 

arms and legs 

Two postures per 

pedestrian 
2 

Collision angle Two constellations 2 

Pedestrian 

positions 

Three positions per 

crash scenario 
3 

Truck models 
Basic and optimised 

version 
2 

Total amount of simulations 192 

 

For the comparison of the improved truck front to 

the basic design the kinematics, the head speeds 

and the impact points of the pedestrian models are 

regarded. Variations of several simulation para-

meters complete the assessment. 

 

Results of the basis model 
 

The steep front shape of the basis model is repre-

sentative for existing truck designs in Europe. Only 

the slight forward reaching front bumper of the 

MAN LE 2000 is a non-typical feature but is posi-

tive for the loads at the primary contact. Neverthe-

less the steep front shape causes disadvantageous 

kinematics with the pedestrian rotating to the street. 

     Accident kinematics - In all scenarios the 

pedestrian model is thrown straight in front of the 

truck after the impact and is rolled or run over. 

Severe injuries are expected in 80 of 96 cases 

(83,3 %). Only in the 16 cases of the right 

cornering scenario, where the pedestrian model is 

positioned on the left side, the results are not as 

crucial. Here the truck moves away from the 

pedestrian after the impact. In these cases the 

essential parts of the body remain in a sufficient 

distance to the front wheels but still the lower limbs 

are rolled over. Table 2 gives an overview of the 

crash characteristics of the basis model. 

 

Table 2. 

Overview of the crash characteristics of the 

basis model for 6 year old child (Ch), 5 % 

female, 50 % male and 95 % male 

 

Scenario Position Ang Ch 5% 50% 95% 

75°     Pos 

1 90°     

75°     

15 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

50 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Straight- 

forward 

driving 

50 cm 

left Pos 

2 90°     

75°     Pos 

1 90°     

75°     

100 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

80 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Right 

cornering 

50 cm 

left Pos 

2 90°     

 

Roll over of 

outer limbs 

without life 

threatening 

injuries 

 

Run or roll over 

of essential body 

regions 

 

Fields marked in orange highlight situations where 

essential body regions of the pedestrian model are 

run or rolled over. Both effects have to be avoided 

in respect of an improved pedestrian safety. Only a 

rolling over of arms and lower legs can be allowed 

without risking life-threatening injuries. These 

cases are marked in green. 
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Despite the missing contact to the wheels a run 

over implicates a great danger for the pedestrian 

and is almost as critical as a roll over. Therefore 

roll and run over of a pedestrian model are rated 

equally. Besides a roll over can only be determined 

for the front axle with the available model. Further 

axles are not regarded and the roll over of pedes-

trians by the rear axles can not be detected. 

 

Figure 10 shows an example of a run over situation 

in the straightforward driving scenario. The 

sequence shows the 5 % female at a collision angle 

of 75° positioned 50 cm right from the front centre. 

Arms and legs are in position 1. As a result of the 

steep front it cannot be avoided that the pedestrian 

reaches under the truck. In the sequence the model 

is only run over but in 11 of the 16 cases within this 

scenario the pedestrian model is actually rolled 

over. Five of these cases are highly crucial as 

essential body regions are rolled over. 

 
t = 0,02 s t = 0,18 s t = 0,36 s

t = 0,54 s t = 0,72 s t = 0,90 s

t = 0,02 s t = 0,18 s t = 0,36 s

t = 0,54 s t = 0,72 s t = 0,90 s

 
 

Figure 10.  Kinematics of the 5 % female in the 

straightforward driving scenario. 

 

In the right cornering scenario all cases with an 

impact at the right truck side result in a run or roll 

over situation. Figure 11 shows an according crash 

with a six year old child model. 

 
t = 0,04 s t = 0,15 s t = 0,30 s

t = 0,45 s t = 0,60 s t = 0,75 s

t = 0,04 s t = 0,15 s t = 0,30 s

t = 0,45 s t = 0,60 s t = 0,75 s

t = 0,04 s t = 0,15 s t = 0,30 s

t = 0,45 s t = 0,60 s t = 0,75 s

 
 

Figure 11.  Kinematics of the six year old child 

in the cornering scenario. 

     Head impact areas - Body height and collision 

constellation affect the head impact area. Due to the 

fact, that the pedestrian models are positioned 

directly in front of the truck the head impact points 

are nearly identical to the initial head position. In 

four cases of the six year old child, a second impact 

of the head occurs. This happens in the cornering 

scenario when the model is hit by the edge of the 

truck. The head strikes the bumper while the model 

is falling down. 

 

The head impact areas can be seen in Figure 12 

divided into straightforward driving and cornering 

scenario. On the left side impact areas of the six 

year old child and the 5 % female are illustrated. 

The right side shows the impact areas of the male 

pedestrian models. Each mark represents one of the 

defined scenarios and comprises all impact points 

of the corresponding model within this scenario. A 

missing mark indicates, that a head impact has not 

been detected in all of the four belonging cases. 

 

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male  
 

Figure 12.  Head impact areas. 

 

     Summary - The pedestrian safety potential of 

the basis structure can be estimated as very poor. 

All crash situations lead to run or roll over events. 

The flat front design pushes the pedestrians straight 

in front of the truck. Regarding pedestrian pro-

tection, this is a big disadvantage of today’s truck 

front designs. Measurements, like rounding the 

edges, that decrease the severity of injuries at the 

primary impact are not sufficient as long as there is 

such a high risk for the pedestrian of getting under 

the truck. 

 

The head impact speeds of the primary impact can 

be regarded as relatively good, except for the six 

year old child. In many cases there is even no 
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contact of the head with the front due to the straight 

impact of the pedestrian model. The simulations 

reveal high head impact speeds during the secon-

dary impact. The burden on the head is signifi-

cantly higher compared to the primary impact. In 

this context it is interesting to what extent the 

deflection effect of the optimised front shape will 

influence the speed level of the secondary impact. 

 

Results of the optimised model 

 

The optimised front leads to completely different 

kinematics compared to the basis truck. Due to the 

effect of throwing the pedestrian model up with the 

resulting rotary motion towards the truck a head 

contact to the front is very probable. So it can be 

expected that compared to the basis model there 

will be less cases without a head contact. As before 

the roll over of non essential body parts like feet, 

lower legs and arms are regarded as non critical. 

Nevertheless, the predominant aim of the new front 

structure is the entire prevention of run and roll 

over situations. 

 

     Accident kinematics – Only 16 cases of the 

basis model fulfil the requirements for a non 

critical assessment. The optimised model reveals a 

highly improved behaviour with 84 cases rated 

uncritical (87,5 %). So in most cases fatal injuries 

resulting from a run or roll over of the pedestrian 

can be avoided. Regarding the 12 cases with fatal 

injuries the 95 % male model is affected six times, 

the six year old child is involved four times and the 

5 % female two times. The right cornering scenario 

with a position of the pedestrian model 80 cm right 

from the longitudinal axis shows the highest 

number of critical cases. Table 3 gives an overview 

of the simulation results of the optimised front. 

The results for the 50 % male model are particu-

larly good, because the front geometry has been 

designed for it. 

 

Out of the three situations of the straightforward 

driving scenario the impact of the pedestrian model 

next to the front centre is the most challenging 

constellation for the new structure. In this situation 

a maximum deflection of the pedestrian is required. 

Four critical cases occur, where the deflection is 

not sufficient. A roll over of essential body parts is 

identified for the six year old child in both 

constellations with arms and legs in position 2. Due 

to the low impact point of the child model the 

plateau geometry is here mainly responsible for the 

kinematics. Near to the front centre the plateau 

shows only a slight curvature. Thus a strong 

deflection impulse cannot be generated for the child 

model, although its low weight has a positive 

influence. A negative effect of posture 2 can also 

be detected for the other pedestrian models. 

 

Table 3. 

Overview of the crash characteristics of the 

optimised model for 6 year old child (Ch), 5 % 

female, 50 % male and 95 % male 

 

Scenario Position Ang Ch 5% 50% 95% 

75°     Pos 

1 90°     

75°     

15 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

50 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Straight-

forward 

driving 

50 cm 

left Pos 

2 90°     

75°     Pos 

1 90°     

75°     

100 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

80 cm 

right Pos 

2 90°     

75°     Pos 

1 90°     

75°     

Right 

cornering 

50 cm 

left Pos 

2 90°     

 

No run or roll over / 

Roll over of outer limbs 

without life threatening 

injuries 

 

Run or roll over 

of essential body 

regions 

 

Figure 13 shows an example of a prevented run 

over situation in the straightforward driving 

scenario. The sequence shows the 95 % male model 

in posture 1 with an impact angle of 90°. 

 
t = 0,07 s t = 0,22 s t = 0,44 s

t = 0,66 s t = 0,88 s t = 1,10 s

t = 0,07 s t = 0,22 s t = 0,44 s

t = 0,66 s t = 0,88 s t = 1,10 s

 
 

Figure 13.  Kinematics of the 95 % male in the 

straightforward driving scenario. 
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Although the impact occurs next to the centre of the 

truck front and despite the height and weight of the 

95 % male the model is deflected far enough to the 

side. This is a good example for the potential of the 

tapered front structure. With only four critical cases 

in 48 situations of the straightforward driving 

scenario its effectiveness can be regarded as good 

in comparison to the basis model showing a run or 

roll over of vital body parts in all constellations. 
 

In Figure 14 an example of the right cornering 

scenario is displayed. It shows the kinematics of 

the six year old child model with arms and legs in 

position 2 and a collision angle of 90°. In the 

illustrated position at 100 cm right to the centre of 

the truck front only one case is critical. The torso of 

the 95 % male dummy is rolled over due to a disad-

vantageous drop behaviour caused by a broken 

shinbone. In all other cases the kinematics are 

good. 

 
t = 0,10 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

t = 0,10 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

 
 

Figure 14.  Kinematics of the 6 year old child in 

the cornering scenario. 
 

In the second constellation (position 80 cm to the 

right) of the cornering scenario it becomes apparent 

that the design is optimised for the 50 % male 

model. The 50 % male dummy is sufficiently 

deflected to the side in all cases while the 95 % 

male dummy is rolled over after fractures of the 

shinbone. The 5 % female shows one critical 

situation. The kinematics of the six year old child 

depend on the collision angle. Both situations with 

a collision angle of 75° show good kinematics 

without a roll over of body parts. However under a 

collision angle of 90° the torso is rolled over. The 

kinematics of the 50 % male for a collision angle of 

75° and with arms and legs in position 1 are shown 

in Figure 15. 

 

No roll over is identified in the third crash 

constellation of the cornering scenario with the 

impact on the left front side. This scenario is not as 

critical as the other scenarios. The basis model has 

no critical cases in this scenario as well. Never-

theless, the pedestrian safety is improved. In the 

basis model the lower extremities are rolled over. 

This can be avoided with the improved front 

structure 

 
t = 0,12 s t = 0,36 s t = 0,72 s

t = 1,08 s t = 1,44 s t = 1,80 s

t = 0,12 s t = 0,36 s t = 0,72 s

t = 1,08 s t = 1,44 s t = 1,80 s

 
 

Figure 15.  Kinematics of the 50 % male in the 

cornering scenario. 

 

Eight critical cases are detected in the cornering 

scenario. That is two times as much as in the 

straightforward driving scenario but still relatively 

low compared to 48 cases tested. 

 

     Head impact areas – As expected the head 

impact occurs more frequently with the optimised 

front. One example is given in Figure 16, where the 

impact of the 50 % male model next to the front 

centre is shown for both models. Whereas there is 

no impact of the head at the truck front with the 

basis model, the kinematics caused by the 

optimised shape lead to a head contact. 

 
t = 0,02 s t = 0,03 s t = 0,10 s

t = 0,03 s t = 0,08 s t = 0,14 s

t = 0,02 s t = 0,03 s t = 0,10 s

t = 0,03 s t = 0,08 s t = 0,14 s

 
 

Figure 16.  Comparison of primary contact with 

basis and optimised front (50 % male). 

 

Despite the throwing up effect in three cases still no 

head impact can be detected for the 95 % male 

model. 
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The head impact areas are displayed in Figure 17 

divided into straightforward driving and cornering 

scenario. On the left side impact areas of the six 

year old child and the 5 % female are illustrated. 

The right side shows the impact areas of the male 

pedestrian models. Each mark represents one of the 

defined scenarios and comprises all impact points 

of the corresponding model within this scenario. 

 

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male

Straightforward: 6y-child 5%-female Straightforward: 50%-male 95%-male

Cornering: 6y-child 5%-female Cornering: 50%-male 95%-male  
 

Figure 17.  Head impact areas. 

 

     Head impact speeds - Overall the head impact 

speeds in the straightforward driving scenario vary 

only in single cases from the basis model. Positive 

and negative deviations are found. However the 

rotary motion of the pedestrian models caused by 

the optimised shape has a bad influence on the 

secondary impact. In the regarded constellations the 

head of the pedestrian hits the road first. As a result 

high head loads can be assumed. An evaluation 

within the parameter studies has to show if this 

effect depends on the truck speed or occurs in 

general. 

 

In the cornering scenario the kinematics caused by 

the new front structure have a beneficial effect on 

the head speeds. Especially the more critical 

secondary impact shows lower values in most of 

the cases. However higher speeds are detected for 

the primary impact due to the effect of throwing the 

pedestrian up, which makes a contact of the head 

with the truck front more probable. 

 

     Parameter studies - The parameter variations 

for both accident scenarios are assessed with the 

50 % male pedestrian model at a collision angle of 

90° and arms and legs in position 1. This corres-

ponds with the constellation during the design 

phase of the optimised front. 

In the straightforward driving scenario a speed of 

16 km/h leads to a sufficient side deflection when 

the model is positioned 50 cm next to the front 

centre. For positions closer to the side of the truck 

the speed is even less critical. The rotary motion of 

the pedestrian, which occurred in many simula-

tions, shows a relevant effect at speeds higher than 

30 km/h. At that speed the pedestrian model is 

rotated so far into a horizontal position, that it hits 

the road with the back of the head first.  

 

Increasing the speed from 4 to 5 m/s in the corner-

ing scenario leads to bad results for the male 

models. The shinbone breaks at that speed and 

looses its supporting function. The model falls right 

in front of the truck. However, a reduction of speed 

to 3 m/s is uncritical. Despite the low speed a 

sufficient deflection is still achieved and a roll over 

of the pedestrian model can be avoided. 

 

Another varied parameter is the positioning of arms 

and legs. In the straightforward driving scenario 

also an upright (not walking) posture provides a 

sufficient side deflection. A positive effect with this 

constellation is the missing rotary motion of the 

pedestrian model. Thus the head is not the first 

body part which hits the road at the secondary 

impact. It can be concluded that the rotary motion 

results from the walking posture of arms and legs. 

Figure 18 shows the kinematics of the standing 

pedestrian model. The model is sufficiently 

deflected to the side and is not rolled over by the 

truck. 

 
t = 0,03 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

t = 0,03 s t = 0,24 s t = 0,48 s

t = 0,72 s t = 0,96 s t = 1,20 s

 
 

Figure 18.  Kinematics of the standing 50 % 

male model. 

 

In the cornering scenario a sufficient deflection for 

the upright posture can only be achieved for an 

edge impact. For the walking postures a position 

70 cm right from the longitudinal axis is critical. 

The pedestrian model is no longer deflected far 



__________________________________________________________________________________________ 

Hamacher 11 

enough out of this position. It remains within the 

unsafe area. 

 

Beside the parameter studies also strength and HIC 

analyses have been conducted with a FE-model of a 

detailed designed add-on solution. It has been 

proven, that despite lightweight design such a 

structure is able to withstand a pedestrian impact. 

Also the HIC values at primary impact are 

improved by the optimised front. 

 

     Experimental test – A prototype of the opti-

mised front out of EPP foam is tested in a straight-

forward driving scenario at a speed of 30 km/h. For 

good control of the impact speed the truck is not 

driven by its own engine but pulled with a towing 

device. The driver inside the truck is only steering 

(Figure 19). [5] 

 
Cameras

Wooden Plates

Driver (steering only)

Longitudinal support bars

(Fork)  
 

Figure 19.  Connection of prototype to the truck. 

[5] 
 

Due to the risk of possible damage caused by a run 

over, the pedestrian model used for the test is a 

simplified 50 percentile dummy without instrumen-

tation and a weight of 75 kg. It is positioned 

exactly between the centre of the truck and the right 

truck side in a walking position with the leg that is 

standing forward facing the truck front. Conse-

quently, the dummy is impacted laterally. 

 

Figure 20 shows a picture sequence of the experi-

mental run over crash test. It can be observed that 

the pedestrian model is deflected to the side as 

intended instead of being run over. As a result of 

the simple pedestrian dummy mainly set up from 

rigid body parts connected by standard joints the 

biofidelity is limited. However, the experimental 

test shows good consistence compared to the simu-

lation of the same accident scenario. The picture 

sequence of the respective simulation is presented 

in Figure 21. The good correlation between experi-

ment and simulation shows the principal applica-

bility of numerical simulation for the risk eva-

luation of a run over. 

000 ms 200 ms 300 ms

400 ms 500 ms 600 ms

700 ms 800 ms 900 ms

 
 

Figure 20.  Experimental test. [5] 

 
000 ms 200 ms 300 ms

400 ms 500 ms 600 ms

700 ms 800 ms 900 ms

 
 

Figure 21.  Simulation with parameters of 

experimental test. 
 

     Summary - The results of the performed tests 

prove the effectiveness of the optimised front. The 

simulations show that the optimisation of current 

truck front designs can lead to a significant 

improvement. The passive safety is enhanced 

because serious roll over accidents are avoided in 

87,5 % of the simulated cases. 

 

In the straightforward driving scenario, according 

to accident analysis the most important scenario, a 

sufficient deflection can be guaranteed in a wide 

range of constellations even for low speeds of the 

truck. Only an impact very close to the centre of the 

front is sometimes critical and requires a certain 

velocity for a sufficient deflection. 

 

The right cornering scenario is more sensitive. 

Impacts closer than 80 cm to the longitudinal axis 

lead to run or roll over situations on the right side. 
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Within the effective area of the front especially the 

95 % male pedestrian model shows critical results. 

On the one hand there are anthropometrical reasons 

for this but on the other hand a main problem is the 

fracture of the shinbone at the primary impact. 

Further tests have to indicate if this issue can be 

improved by the designated structural foam in the 

bumper, which has not been regarded within the 

simulations. In general better results are achieved 

with an impact angle of 75°. Referring to the real 

accident this is advantageous, because due to the 

cornering an impact angle of exactly 90° is rather 

unlikely. 

 

INTEGRATED DESIGN APPROACH 

 

An add on solution of the optimised front as used 

for the crash test is not an efficient solution with 

respect to costs, weight and appearance. In order to 

fully exploit the benefits of such a design the shape 

has already to be considered in the early design 

phase and must be an integral part of the cabin. 

Figure 22 indicates how such a cabin could look 

like. 

 

 
 

Figure 22.  Integrated design approach. 
 

The design study by DAF, shown in Figure 23, 

could also be considered as a first approach for a 

design with an improved pedestrian safety. 

 

 
 

Figure 23.  Design study by DAF. 
 

Moreover, with respect to the current European 

legislation that limits the total length of trucks the 

market implementation of such a tapered shaped 

front design is unlikely, since the loading space 

would have to be reduced. Discussions during the 

APROSYS final workshop have disclosed that the 

truck manufacturers are principally supporting the 

implementation of passive safety devices at the 

truck front in case legislation allows an increase of 

the total vehicle length for those measures. 

 

Aerodynamics 

 

Beside the improved passive safety the optimised 

design seems also to have potential in reducing fuel 

consumption due to its streamline design. A 1:10 

model is used to study the wind resistance of this 

design versus a flat front design (Figure 24). 

 

 
 

Figure 24.  Overview of wind tunnel with truck 

model. [6] 

 

The truck is modelled of wood and foam. The wind 

tunnel tests are performed with velocities up to 

40 m/s. Measurements are forces and moments in 

all directions. The calculation of the drag coeffi-

cients is referenced to the truck width or the cross 

section area (characteristic dimensions). During the 

tests the airflow is made visible by artificial fog. 

This shows clearly the benefits of a homogenous 

airflow around the vehicle as it is illustrated by 

Figure 25 and Figure 26. 

 

 
 

Figure 25.  Visualisation of aerodynamics in the 

wind tunnel for a tipper type truck. [6] 
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Figure 26.  Visualisation of aerodynamics in the 

wind tunnel for a box truck with spoiler. [6] 
 

The optimised design shows a clearly lower drag 

coefficient compared to the standard truck. The 

decrease of the drag coefficient lies between 0.10 

and 0.33. This is equivalent (not taking into 

account the scale of the model) to a reduced fuel 

consumption of 1.2 to 3.6 litres per 100 km. [6] 

 

CONCLUSIONS 

 

The results of the performed tests prove the 

effectiveness of the optimised front. The simu-

lations show that the optimisation of current truck 

front designs can lead to a significant improvement. 

The passive safety is enhanced because serious roll 

over accidents are avoided in 87,5 % of the simu-

lated cases. 

 

Numerical simulations and experimental testing 

have not only shown the relevance of the primary 

impact for serious injuries. The secondary impact 

on the ground is just as important as the primary 

impact. Further studies of enhanced front structures 

should also consider post-impact kinematics and 

the secondary impact of the VRU. 

 

In general a tapered shaped truck front is a simple 

and cost efficient passive measure to reduce the 

risk of a run over of VRUs by heavy vehicles. 

Beside this main purpose there are also positive 

effects on: 

 

• Contact forces at primary impact of the 

VRU (additional crush space) 

• Vehicle to vehicle compatibility (impoved 

frontal underrun) 

• Occupant safety (additional crush space) 

• Aerodynamics (streamline shape) 

• Package (more space due to longer cabin) 

 

The introduction of an optimised front design for 

trucks requires a reconsideration of the vehicle 

length regulations. With the current legislation the 

vehicles are designed to maximise loading space 

and payload. Because the main business is to carry 

freight with the heavy goods vehicles, optimisation 

is made with regard to maximum loading (volume 

and payload) under current length. All measures 

reducing payload or volume are not taken into 

account. Therefore the allowance for additional 

vehicle length for the implementation of safety 

features is a basic requirement with respect to an 

improved passive safety of current trucks. The 

presented design is also transferable to other 

transportaion systems like trams or buses. 
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ABSTRACT 
 
Real world crash data are used to estimate the size of 
crash populations addressable by crash avoidance 
countermeasures. Until the release of the data from 
the Large Truck Crash Causation Study (LTCCS) 
that was conducted from 2001 to 2003 by the Federal 
Motor Carrier Safety Administration (FMCSA) and 
the National Highway Traffic Safety Administration 
(NHTSA), only coarse estimates of those target 
populations were possible using data from the 
Fatality Analysis Reporting System (FARS) and the 
National Automotive Sampling System’s General 
Estimates System (NASS GES). Both of these 
databases contain limited information that is coded 
from police reported data.  
 
The LTCCS conducted on-scene investigations of 
real world crashes that resulted in a database of 1070 
cases rich in detail, specifically related to precrash 
conditions and factors associated to why the crash 
occured.  The detail in the data was enough to make 
clinical (case by case) estimations of the applicability 
of crash avoidance countermeasures for each crash, 
based on our knowledge of these systems and how 
effective they are in certain scenarios. Final benefit 
estimates would take into account the applicable 
target populations and the effectiveness of a system, 
as determined through field operational tests or some 
other measure. 
 
This study presents the results of clinical reviews of 
truck crashes from the LTCCS to determine which 
target populations of crashes could be candidates for 
prevention given the multiple factors that came into 
play. Countermeasures related to the truck, truck 
driver, or trucking industry might have prevented 61 
percent of the crashes in LTCCS, including 50 
percent that might have been prevented by advanced 
technologies that are currently available for trucks. 
The newly coded data from these clinical reviews can 
be used to further refine the applicable crash 
populations estimated from FARS and GES. This 
research indicates that only a portion of applicable 
crash scenarios identified through FARS and the 
NASS GES are candidates for prevention by crash 
avoidance countermeasures.  

The results present an option for a more accurate 
methodology for estimating the size of crash 
populations addressable by crash avoidance 
countermeasures. Using these results it is possible to 
prioritize research on crash avoidance 
countermeasures. 
 
BACKGROUND 
 
In 2007, an estimated 413,000 heavy vehicles were 
involved in crashes which resulted in 4,808 deaths 
and 101,000 injuries. Of the fatalities that resulted 
from heavy truck crashes, 75 percent were occupants 
of a light vehicle, 8 percent were nonoccupants, and 
17 percent were occupants of a large truck [1]. 
Crashes involving heavy vehicles are severe events. 
Due to the nature of crashes which involve heavy 
trucks and another vehicle (extreme differences in 
mass and energy), the greatest potential to save lives 
and reduce injuries comes from crash avoidance 
countermeasures. Advances in crashworthiness aim 
to protect motor vehicle occupants given that a crash 
occurs. Advances in crash avoidance technologies 
present the opportunity to prevent these crashes from 
occurring in the first place. Preventing heavy vehicle 
crashes can result in a big impact by focusing on a 
specific population of crashes, whose prevention 
would result in a significant number of lives saved 
and injuries avoided.  
 
INTRODUCTION 
 
The first step to prevent crashes is to gain a complete 
understanding of how and why they happen. Through 
a joint effort by the Federal Motor Carrier Safety 
Administration and the National Highway Traffic 
Safety Administration, a major on-scene data 
collection effort was undertaken to identify events 
leading up to crashes and factors that contribute to 
them. It was called the Large Truck Crash Causation 
Study. 
 
The LTCCS data were collected on-scene by trained 
crash researchers at 24 representative locations 
throughout the United States. The on-scene nature of 
the study allowed for richer and more accurate data 
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than a study based on after-the-fact investigations 
would have.  
 
Data collected on-scene and from follow-on 
investigations were compiled for each case and a 
crash event assessment was made using all of the 
available information. The crash event assessment for 
a crash occurrence consists of three elements for each 
vehicle involved in the crash: the “critical precrash 
event”; the “critical reason for the critical event”; and 
“associated factors”. 
 
The “critical precrash event” is the action or event 
that placed the vehicle on a collision course such that 
the collision was unavoidable given reasonable 
driving skills and vehicle handling. In other words, 
the “critical precrash event” makes the crash 
inevitable. The “critical precrash event” is typically 
coded in relation to a pedestrian, nonmotorist, object, 
other motor vehicle, or animal that the subject vehicle 
was attempting to avoid. It is important to note that 
culpability/fault is not considered when making the 
“critical precrash event” determination.  
 

The “critical reason for the critical event” is the 
immediate reason for this event and is often the last 
failure in the causal chain (i.e., closest in time to the 
“critical precrash event”). This variable establishes 
the critical reason for the occurrence of the critical 
event. Although the critical reason is an important 
part of the description of the crash event, it is not the 
cause of the crash nor does it imply the assignment of 
fault. The primary purpose for the “critical reason for 
the critical event” is to enhance the description of 
crash events and allow analysts to better categorize 
similar events [2].  
 
While there is only one critical reason coded per 
crash, this variable is documented at the vehicle 
level. Therefore, for each multiple-vehicle crash, 
there is at least one vehicle for which the critical 
reason is coded as “No driver error,” which means 
the critical reason was coded to another vehicle in the 
crash. Table 1 shows the results from the LTCCS for 
the “critical reason for the critical event” codes. A 
general level of detail is shown, but each level 
contains several more detailed elements.  

 
Table 1 [3]. 

Weighted Number of Involved Vehicles 
By Critical Reason (General Level), Crash Type, and Involved Vehicle Type 

 
 

# % # % # % # % # % # % # %
No Dri ve r Error 1447 4 61913 60 582 52 58 120164 59 63360 45 5 8252 5 8 1216 12 50
Physi cal  Dri ve r 
Factor 7744 20 1377 1 62 14 6 7590 4 9121 6 6214 6 153 35 6
Dri ve r Re cogni ti on  
Factor 6309 17 15883 15 124 21 12 28304 14 22193 16 1 2421 1 2 346 13 14
Dri ve r De ci s ion  
Factor 12621 33 16886 16 111 06 11 27992 14 29507 21 1 1106 1 1 406 12 17
Dri ve r 
Pe rform ance  
Factor 4425 12 2758 3 76 17 8 10375 5 7182 5 7617 8 148 00 6
Ve h icl e  Re l ate d 
Factor 4831 13 2956 3 15 77 2 4533 2 7787 6 1577 2 93 64 4
Envi ronm e nt - 
Hi ghway 599 2 950 1 5 10 1 1460 1 1549 1 510 1 20 59 1
Envi ronm e nt - 
W e athe r 127 0 114 0 5 41 1 655 0 241 0 541 1 7 82 0
Unk nown Re ason 23 0 238 0 15 91 2 1829 1 261 0 1591 2 18 52 1
Total 38127 100 1 03047 100 998 29 100 202902 100 141200 100 9 9828 10 0 2410 28 100

C ri ti cal  Re ason  
(G e ne ral  Le ve l )

S i n gle -
Ve hi cle  
Crash

Mul ti ve h icl e  Crash Total

Truck Truck Ve hi cl e

Source: NHT SA, NCSA, LT CCS. St udy tim e span: April 1, 2 001 - Decem ber 31, 2 003.

Total Tru ck Ve hi cl e Total

 
 
Associated factors can be related to the drivers 
involved in the crash, the vehicles, and/or the 
environment. The NASS researcher collected as 

much data as possible related to factors present prior 
to the crash. Factors were coded when present; no 
determination was made as to whether or not they 
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contributed to the crash. These factors are important 
to provide more detail for each crash and to set the 
stage for relative risk analyses using the entire data 
set. Relative risk analyses will determine whether the 
presence of certain factors increases the risk of a 
crash occurrence. For example, in the LTCCS, 
alcohol would still be coded for a drunk driver 
stopped for a red light who got rearended even 
though alcohol did not play a role in this crash. 
Statistical analysis in the end would show if alcohol 
was more prevalent in striking or struck vehicles in 
similar crash scenarios. 
 
ANALYSIS 
 
Heavy vehicle research must be focused to have the 
highest impact to prevent crashes involving large 
trucks. To accomplish this, crash types must be 
accurately quantified and mapped to potential 
countermeasures. This results in the identification of 
the largest crash problems and identifies possible 
solutions to them. Analysis of LTCCS data can play 
an important role in this process by improving the 
accuracy of crash population estimates for specific 
countermeasures. 
 
A Volpe study shows that 90 percent of crashes are 
caused by driver error (see Figure 1) [4]. LTCCS data 
also shows that more than 80 percent of associated 
factors are coded as driver-related factors.  
 
 

DDrriivveerr  RReellaatteedd  
FFaaccttoorrss  

9900%%  

VVeehhiiccllee  RReellaatteedd  

22%%  
RRooaadd  

SSuurrffaaccee  

88%%

 
 

Figure 1.  Crash Causal Factors [5]. 
 
Until we had the rich precrash data from the LTCCS, 
we relied solely on estimates from FARS (for 
fatalities) and GES (for injuries). Crash scenarios 
were coded, technologies were mapped to the 
scenarios they may be able to prevent, and then 
populations were defined to feed into effectiveness 
estimates. But, for example, how many run-off-road 
scenarios might actually be prevented by lane 
departure warning systems, if a portion of those are 
due to a physical inability to control the vehicle (i.e. 
heart attack or seizure). We can’t get this information 
from FARS and GES. But we can get it from 
LTCCS. 
 

Findings from the LTCCS analysis show that 
regardless of which vehicle or the types of factors 
that contributed more to the crash, in 52 percent of 
truck vs. light vehicle crashes, countermeasures on 
the truck may have helped to prevent the crash. And 
in 70 percent of the truck vs. nonmotorist crashes, 
countermeasures on the truck may have helped to 
prevent the crash. These are the target populations 
which would then be multiplied by system 
effectiveness estimates to give overall benefits 
estimates of each countermeasure. 
 
As for individual countermeasures – how do we 
prioritize them? Which are applicable to largest target 
populations and present us with an opportunity to 
prevent the most crashes and save the most lives? 
 
The objective of the analysis presented in this paper 
is to estimate the size of crash populations 
addressable by crash avoidance countermeasures 
using very detailed real world crash data. NHTSA 
uses multiple data sources to prioritize research on 
advanced technologies, to support regulatory 
activities, and to provide information to consumers. 
The precrash data from each of these resources, thus 
far, has been extremely limited, with details focused 
on crash configurations and injury mechanisms. The 
detailed precrash data from the LTCCS can explain 
how and why crashes occurred which leads to more 
accurate target population estimates, which in turn 
will lead to more accurate benefits estimates. 
 
There are different ways to analyze a data set such as 
the LTCCS. One can perform relative risk analyses to 
determine whether the presence or absence of certain 
factors increases the likelihood of a crash. Another 
method, which was used in the analysis this paper 
presents is a clinical method.  
 
In depth, clinical reviews of each case were 
completed to make individual determinations as to 
what happened in each crash and what could have 
prevented each crash. 
 
New data elements were coded for each case, 
specifically whether the crash should be included in 
the target population of crashes that may be 
prevented by a countermeasure. The list of 
countermeasures included was identified using 
several factors. Only advanced technologies that are 
newly penetrating the commercial vehicle market or 
are soon to penetrate were included. They had to 
have a reasonable expectation to be successful in 
preventing crashes or mitigating injuries by reducing 
crash severity. The following advanced technologies, 
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from warning systems to active vehicle interventions, 
were included in the analysis: 
 
Augment Driver Performance 

o Lane Departure Warning (LDW)/Lane 
Keeping Assist(LKA) 

o Forward Collision Warning (FCW) 
o Blind Spot Detection (BSD)/Lane Change 

Warning 
o Drowsy Driver Detection 
o Backover Crash Prevention 
o Night Vision 
o Tire Pressure Monitoring System (TPMS)      

 
Augment Vehicle Performance (intervene when 
driver action would be insufficient to prevent a crash 

o Roll Stability Control (RSC) 
o Electronic Stability Control (ESC) 

 
In addition to the technologies listed here, non-
technological countermeasures were considered, such 
as: 
 

o Stricter Vehicle Maintenance Requirements 
o Enhanced Conspicuity 
o Driver Training and Education 
o Stricter Driver Licensing Requirements 
o Alcohol and Drug Enforcement 
o Miscellaneous Others 

 
With these countermeasures in mind each case was 
reviewed using the following clinical review process. 
First, by reviewing case summaries, then scene 
diagrams, pictures, the crash event assessment forms 
and any other coded data identified as necessary, a 
determination was made as to whether or not each 
crash should be included in the target population for 
each countermeasure considered.  
 
In the case example illustrated in Figure 2, a truck 
was traveling in the center lane next to a light vehicle 
in lane 1. The truck initiated a lane change maneuver 
to the right and impacted the car. The crash event 
assessment form shows the critical event, critical 
reason for the critical event and all of the associated 
factors in the crash. The case data (Shown in Figure 
3) includes separate tabs for different kinds of 
factors. Drugs and alcohol are rarely coded as critical 
reasons for the critical event, but if they are present, 
they are included as associated factors. 
 
 

 
 

 
 
Figure 2.  Photos and Scene Diagram from 
Example Case 2003-72-014. 
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Figure 3.  Screen Capture of Case Data from Example Case 2003-72-014. 
 
In this case, the critical reason was coded as 
inadequate surveillance (See Figure 3). The car was 
in the truck’s blind zone. This case was fairly 
straightforward because the countermeasure that 
could have prevented this crash was some kind of 
blind zone detection system or lane change assist. 
There could be confounding factors that would 
exclude a case from the target population (such as 
when a driver suffered a heart attack that precipitated 
the crash), but this case was kept in because there 
were no such factors. For many other cases in the 
LTCCS countermeasures were coded not only for the 
truck, but for the light vehicles and the environment 
as well.  
 
RESULTS 
 
The advantage of such a clinical review is to gain a 
better understanding of what kinds of crashes define 
the target populations that are preventable by crash 
avoidance technologies and what percentage of the 
applicable population of crashes could actually be 
mitigated. In addition, we can identify crashes that 
may be prevented by advanced technologies that 
otherwise would have gone unnoticed based solely on 
the data in a police report. This increases our target 
population and gives better benefits estimates. 

Only 10 percent of the LTCCS crashes could be 
considered unpreventable with the rest having a 
reasonable expectation of being included in target 
populations that have the potential to be prevented by 
some countermeasure on either the heavy vehicle or a 
passenger vehicle, if one was involved. 
Countermeasures include advanced technologies, 
stricter vehicle maintenance requirements, alcohol 
enforcement, etc. If you go far enough back in the 
chain of events, almost everything is preventable.  
 
A breakdown of the unpreventable crashes is shown 
in Table 2 including some reasoning as to why 
countermeasures would not have been able to address 
each. 
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Table 2. 
Unpreventable Crash Types from the LTCCS 

 

Unpreventable Crash Types
Number of LTCCS 

Crashes 
Applicable

Medical Condition 25
Intersection Crash 19
Poor Driving Skills/Bad 
Decisions 16
False Assumption of Other 
Road User's Actions 14
Caused by Previous Event 10
Blew Red Light/Stop Sign 8
Unpredictable Pedestrian 
Behavior 8
Vision Obscured 5
Rare Occurrence 1
Total* 106
Source: LTCCS Analysis, Kingsley, 2009.  

*The total in the table represents 10 percent of all 
crashes in the LTCCS. 
 
A surprising number of crashes in the LTCCS 
involved some kind of medical condition which 
precipitated the physical inability to act. There were 
seizures, heart attacks and diabetic episodes. 
 
Many of the crashes occurred at intersections and 
may only be prevented by technologies that are 
further off into the future, such as vehicle to 
infrastructure or vehicle to vehicle communications. 
 
There were a number of crashes that happened 
because of poor driving skills or poor decisions made 
on the part of one of the drivers. For example, a truck 
backed into a bicyclist after ignoring the audible 
warning from the vehicle’s rear object detection 
system. One of the codes in the LTCCS is “False 
Assumption of Other Road User’s Actions.” Many of 
these may be preventable, depending on the crash 
type, but an example of the type that are 
unpreventable is crashes occurring at an intersection 
controlled by a 2-way stop sign. Five of the cases in 
the LTCCS involved a driver stopping at the stop 
sign, viewing the crossing vehicle, but continuing 
ahead anyway because of the assumption that the 
other driver also had a stop sign. 
 
An unpreventable crash was one where a driver 
swerved to avoid another vehicle or another crash, 
but ended up in their own crash. Other examples are 
crashes that involved erratic pedestrian behavior (e.g. 
one pedestrian who was under the influence climbed 
under a truck who stopped briefly at an intersection 
unbeknownst to the truck driver). 
 

The unpreventable crashes are only a small 
percentage of the crash population as a whole. This 
leaves a large target population that has the potential 
to be addressed by countermeasures. 
Countermeasures for trucks may have prevented 61 
percent of these crashes, regardless of who was at 
fault, and regardless of who was assigned the critical 
reason for the critical event.  
 
In order to prioritize individual countermeasures, to 
have the greatest impact, new codes were added to 
each LTCCS case. These codes were queried and 
then tallied to provide the results.  
 
Analysis shows the technologies ranked in order by 
their potential to prevent the largest number of 
crashes (See Table 3). Unweighted data were used 
and pilot study cases were included. The total number 
of cases reviewed was 1070. 

 
Table 3. 

Advanced Technologies and  
Their Potential to Prevent Crashes from the 

LTCCS 
 

 Advanced Crash 
Avoidance 

Technologies

Percentage of 
LTCCS Crashes 

Applicable

FCW 23.8%
ESC 19.3%
RSC 10.2%
LDW 6.1%
BSD 5.9%
Drowsy Driver 
Warning 4.1%
TPMS 1.7%
Backover 
Prevention 0.3%
Night Vision 0.5%
Total* 49.9%
Source: LTCCS Analysis, Kingsley, 2009.  

*The total value in the chart takes into account 
overlap among the systems. It is not the sum of the 
percentage of crashes applicable for each technology. 
Most of the crashes may be included in target 
populations of more than one advanced technology. 
See the drowsy driver warning example below. 
 
Forward collision warning (FCW) systems have the 
potential to prevent the most crashes, based on in-
depth clinical reviews of LTCCS cases. Although not 
included in this analysis, some form of automatic 
braking technology (e.g. collision mitigation braking) 
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would likely address similar crashes in addition to 
those in the target population for FCW. The most 
common crash scenario for heavy vehicles is rear-end 
crashes (23 percent) as can be seen in the chart 
below. Figure 4 shows the most common accident 

types, which total 75 percent of all of the LTCCS 
crashes. An additional 25 percent of crashes are 
miscellaneous accident types and are not included.  
 

 
 

Accident Type

Right Roadside Departure, 
10%

Rear-End, 23%

Head-On, 3%Turn Across Path, 5%

Straight Paths, 6%

Same Trafficway Opposite 
Directions - 

Sideswipe/Angle, 5%

Left Roadside Departure, 
8%

Same Trafficway Same 
Direction - Forward 

Impact, 0%

Same Trafficway Opposite 
Directions - Forward 

Impact, 0%

Turn Into Path, 3%

Single Driver - Forward 
Impact, 2%

Same Trafficway Same 
Direction - 

Sideswipe/Angle, 10%

 
 
Figure 4.  LTCCS Accident Types (Most Common Types Included – 75 percent of Cases). 
 
Understanding that there is an incremental benefit to 
a crash imminent breaking system in addition to 
FCW, those target populations were not broken out in 
this analysis. Results shown here define the target 
population for FCW, the difference coming into play 
based on the driver’s response to the warning, which 
is outside of the scope of this analysis. 
 
An example of the type of crash that LTCCS would 
shed enough light on to exclude from an FCW target 
population is one in which the heavy vehicle driver is 
aware of the danger of the situation and makes the 
conscious decision to “follow too closely” in traffic. 
 
Another technology with significant potential, 
because of its large target population, is electronic 
stability control. Cases were reviewed separately for 
yaw stability and roll stability and it was found that 
the target population for a combined system was two 
times the size of the target population for roll stability 
alone. While ESC and RSC target populations would 

include rollover crashes some of the accident types 
these technologies map to in Figure 4 include Right 
and Left Roadside Departures. 
 
Notable were the crashes that may have been 
prevented by a drowsy driver warning system. All of 
them in LTCCS could have benefited from either a 
lane departure warning system or a forward collision 
warning system as well. See Table 4. 
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Table 4. 
Drowsy Driver Crashes 

Also Addressable by LDW or FCW 
 

Advanced Crash 
Avoidance 

Technologies

Number of 
Crashes in Drowsy 
Driver Population

Percentage of 
Drowsy Driver 

Population

DDWS 44 100.0%
LDW 33 75.0%
FCW 8 18.0%
LDW or FCW 3 7.0%

Source: LTCCS Analysis, Kingsley, 2009.  
 
Although only LDW and FCW systems were 
considered in the analysis above, if one assumes that 
a drowsy driver warning system (DDWS) would have 
alerted the driver at a point earlier in the pre-crash 
timeline, a DDWS would potentially offer the driver 
more of an opportunity to avoid a crash. For example, 
for cases in which a driver was actually asleep at the 
wheel and awoke to either the sound of rumble strips, 
or the jar of a road departure, it can be assumed that 
an LDW system might not give the driver sufficient 
warning to avoid that crash. In these types of crash 
imminent cases, it was assumed that even if a person 
were awakened by an LDW (or FCW system in the 
case of a rear-end crash scenario), the driver would 
not be able to successfully correct in time. 
 
Another interesting countermeasure, though limited 
in crash population, was the TPMS. Each of those 
crashes that would be in a target population for 
TPMS would also be in a target population of crashes 
that have the potential to be prevented by some other 
non-technological countermeasure, such as stricter 
vehicle maintenance or better driver training. 
Advanced driver training courses teach drivers to 
handle blowouts and tread separations in such a way 
that they are non-events. And TPMS is not a 
replacement for regular vehicle maintenance, 
including checking tire pressures and tread depth. 
 
Surprisingly, a significant impact can be made with 
non-technological countermeasures. See Table 5. 
Though vehicle-related factors rank well below 
driver error, as a causal factor in just 2 percent of 
crashes [6], almost 30 percent of the trucks in the 
LTCCS were coded with some vehicle deficiency. 
Based on this analysis, better vehicle maintenance 
could have prevented 13 percent of the crashes.  
 

Table 5. 
Additional Countermeasures and  

Their Potential to Prevent Crashes from the 
LTCCS 

 
Additional Crash 

Avoidance 
Countermeasures

Percentage of 
LTCCS Crashes 

Applicable

Vehicle Maintenance 12.5%
Conspicuity 2.7%
Driver Training 1.1%
Stricter Licensing 0.8%
Alcohol and Drug 
Enforcement 1.4%

Misc. 0.6%
Total* 17.9%

Source: LTCCS Analysis, Kingsley, 2009.  
*The total value in the chart takes into account 
overlap among the countermeasures. It is not the sum 
of the percentage of crashes applicable for each 
countermeasure. Most of the crashes may be included 
in target populations of more than one advanced 
countermeasure. 
 
Alcohol and drug involvement do not play as big of a 
role for truck drivers in heavy vehicle crashes as it 
does for crashes involving passenger vehicles. The 
percentage of large-truck drivers involved in fatal 
crashes who had a blood alcohol concentration 
(BAC) of .08 grams per deciliter (g/dL) or higher was 
1 percent in 2007. For drivers of other types of 
vehicles involved in fatal crashes in 2007, the 
percentages of drivers with BAC levels .08 g/dL or 
higher were 23 percent for passenger cars, 23 percent 
for light trucks, and 27 percent for motorcycles[7]. 
 
Overall, 61 percent of the crashes in the LTCCS are 
represented in target populations of crashes that may 
be avoided by trucks equipped with advanced 
technologies or truck drivers who have the benefit of 
other non-technological countermeasures. 
The total of 61 percent represents the sum of the 
totals from Tables 3 and 5, minus the crashes that 
were included in both tables (e.g. crashes where 
either advanced technologies or some other non-
technological countermeasure may have prevented 
the crash). 
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CASE EXAMPLES 
 
There are several cases in the LTCCS where the truck 
and its driver did nothing to contribute to the crash, 
but a countermeasure on the truck could have 
prevented it from happening. An example is CASEID 
820003685. A heavy truck impacted a pedalcyclist 
who was riding in the middle of the lane down the 
highway. The impact occurred late at night on an 
interstate highway. It is not reported whether the 
pedalcyclist was under the influence of alcohol or 
drugs at the time. The critical reason for the critical 
event was coded to the pedalcyclist, but advanced 
technologies on the truck (such as forward collision 
warning with object detection, collision mitigation 
braking, and/or night vision) may have helped to 
prevent this crash and others like it (there are also 
two similar cases in LTCCS where alcohol was a 
factor for the nonmotorist). 
 
There are several cases in the LTCCS which, based 
solely on police reported data, might be included in 
effectiveness estimates for advanced crash avoidance 
technologies. But upon clinical review of the cases, it 
is clear that the scenario would not have been 
applicable. An example is CASEID 333006978. 
Other data sources would show that a truck rear-
ended another truck. This should be a prime 
candidate for forward collision warning. But upon 
further review of this case, one can ascertain that the 
driver of the striking truck was following too closely 
when a car suddenly cut off the truck in front of him. 
A forward collision warning system would not have 
helped, but some form of automatic braking 
technology (e.g. collision mitigation braking systems) 
may have mitigated the severity of the crash. 
 
The last example is CASEID 342006805. The truck 
departed the roadway in the curve of an exit ramp. 
One might conclude that the truck was traveling too 
fast for the curve and either electronic stability 
control or roll stability control would have slowed the 
vehicle sufficiently to prevent this crash. The LTCCS 
data shows that this driver lost control of his vehicle 
due to a heart attack, and therefore no advanced 
technologies could have helped in this situation. 
There were many cases in the LTCCS like this. 
 
FUTURE WORK 
 
It is envisioned that the refinement of target 
population estimates from FARS and GES would be 
conducted using the following steps: 
 

1. Define pre-crash scenarios from FARS 
and GES like the 37-crashes typology 

[8], but specific to trucks (this is 
currently being done by NHTSA). 

2. Map crash avoidance technologies to 
each of the scenarios to estimate target 
populations. 

3. Identify the same scenarios in the 
LTCCS data. 

4. Refine target population by: 
a. Calculating the percentage of 

those LTCCS cases which 
were coded during the analysis 
presented in this paper as being 
a candidate for inclusion in the 
target population of the 
countermeasure being studied. 

b. Identifying other cases in the 
LTCCS which were coded as 
being a candidate for inclusion 
in the target population of the 
countermeasure, but were not 
pulled out using the query 
based on crash scenarios. 

5. Apply those proportions back to the 
FARS and GES estimates for a more 
robust target population. 

 
CONCLUSIONS AND CURRENT STATUS 
REPORT 
 
Clinical reviews of the cases from the Large Truck 
Crash Causation Study show that 90 percent of those 
crashes could be prevented by highly effective 
countermeasures and programs. Sixty-one percent of 
the crashes have the potential to be prevented by 
some countermeasure related to the truck, truck 
driver, or trucking industry. An additional 29 percent 
could be prevented by countermeasures related to 
light vehicles, light vehicle drivers or the 
environment. The truck-related countermeasures 
include vehicle maintenance and driver training in 
addition to advanced technologies. Almost 50 percent 
of the crashes in the LTCCS have the potential to be 
prevented by advanced technologies that are 
currently available for trucks.  
The in-depth cases reviews and analysis conducted in 
this paper can be used to prioritize research, refine 
effectiveness estimates from FARS and GES, and to 
define crash scenarios that can be used in follow-on 
research (e.g. simulation studies) to estimate the 
effectiveness of advanced technologies. 
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ABSTRACT 
 
This paper describes the development of a new 
thorax protector as part of the personal protective 
equipment for motorcyclists. The function of the 
protector is the mitigation of injuries in impacts to 
the frontal or lateral parts of the thorax. A sandwich 
structure was selected. The outer shell of 
polypropylene was designed to spread concentrated 
impact forces, a shock absorbing aluminium 
honeycomb material was coupled with a comfort 
layer for the inner part of the protector. 
 
The materials were characterized and an FE model 
was created for impact simulations with the 
HUMOS2 model. Frontal and lateral impact tests 
against which the HUMOS2 model had previously 
been validated were simulated. The simulations 
highlighted that the main benefit of such a device is 
derived from the force distribution and that the 
shock absorbing material provides smaller 
contribution to the protector’s performance.  
 
After a pre-selection of the design variants by 
means of simulation, a series of thorax protector 
prototypes were manufactured and tested in terms 
of comfort (ergonomic tests) and impact protection. 
Ergonomic tests confirmed the quality of the 
design, showing that the protector does not interfere 
with the normal rider’s movements. A series of 
frontal impact tests using the Hybrid III Dummy 
was carried out. It was concluded that the protector 
reduces the compression of the thorax and the 
probability of sustaining rib fractures in the 
analysed impact conditions and thus reduces the 
potential injury risk. 
 

INTRODUCTION 
 
The APROSYS project aims, within Sub-Project 4 
“Motorcycle Accidents”, at reducing the number 
and severity of powered two wheelers (motorcycle 
and moped) user injuries for the most relevant 
accident scenarios. 
 
In order to accomplish this result, an in-depth 
analysis based on four accident databases (COST 
327, MAIDS, GIDAS and DEKRA) and a literature 
review have been carried out at the beginning of 
APROSYS for investigate in the injuries 
mechanisms and in the most frequent injuries that 
motorcyclists sustain during accidents [Manzardo 
2006]. 
 
THE IMPACT TEST CONDITIONS 
 
From these analyses it has been pointed out that, 
even though, thorax is not the most frequently 
injured body region, injuries in the thorax area 
often have a high severity index. In the light of 
these results, the development of a device able to 
protect from and reduce the severity of injury to the 
thorax region has been addressed within APROSYS 
project. 
 
The development process has been started defining 
a validation plan, able to check the impact safety 
performance of a thorax protective device. The test 
plan included four impact conditions, frontal and 
lateral at 5 and 10 m/s carried out with a cylindrical 
impactor with a diameter of 15.2 cm and weight 
23.4 kg, impact locations are shown in Figures 1 
and 2.  
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Figure 1.  Frontal impact location. 
 

 
Figure 2. Lateral impact location.  
 
The simulation and test analysis were carried out 
considering the following injury criteria associated 
with ECE-R94 (frontal) and ECE-R95 (lateral): 
 
• for the frontal impact the thorax compression and 

the peak viscous response VCmax  
• for the lateral impact the compression of the 

impacted half of the thorax was evaluated 
  
Simulations and real tests data coming from the 

Figure 3 Thorax protector draft design                     

validation had then to be analysed comparing 
measurements with and without protector. No 
absolute limits have been set for measurements: the  
evaluation criterion was the maximization of the 
difference between the values with and without 
protector. 
 
DESIGN OF THE PROTECTOR 
 
The design concept activity has been driven by the 
necessity to achieve a good impact energy 
distribution and, at the same time, the capability to 
shift the forces from the central to the lateral area of 
the thorax reducing the flexural moment, thus 
fracture risk, on ribs. 
 
Furthermore, these safety requirements should be 
accomplished taking into account also ergonomic 
and comfort issues. An integral solution has been 
preferred, with a one piece semi-rigid external 
shell, connected to lateral rigid plates. The shell’s 
internal side has been provided with a reticular 
structure. 
 
The honeycomb absorbing structure has been 
selected to grant, besides impact absorption, a 
proper breathability on the chest zone. 
Once the structural and ergonomic design issues 
have been defined, also the aesthetic aspect has 
been taken into account. 
 
The final step for the design process had been the 
elaboration of the thorax protector CAD model. 
Figure 3 shows the design of the protector. 
 
NUMERICAL STUDY 
 
Brick elements have been used to mesh the 
protector. The interior face of the rigid shell is 
constituted of reinforcements which had to be taken  
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into account during the simulation. To model these 
surfaces, a series of brick elements, with a size 
equal to the reinforcement’s width (2 mm) have 
been used. 
 
The thorax protector final mesh had 100238 nodes 
and 54972 elements. 9056 bricks defined the 
honeycomb structure, 45306 bricks the rigid shell 
and 610 shells were included to represent the zip 
parts (see figures 4 and 5). 
 

 
 
Figure 4. Rear-lateral view of FE model of the 
thorax protector 
 

 
 
Figure 5. Frontal-lateral view of FE model of the 
thorax protector 
 
In order to simulate impacts, thorax protector mesh 
has been placed on HUMOS 2 model (see figures 8 
and 9). 
 
Thorax compression and VCmax have been 
calculated for each frontal impact. Half thorax 
compression and VCmax have been calculated for 
each lateral impact. 
 
 

 
Figure 6. Set-up for simulation of lateral impact 
including the thorax protector. 
 
 

 
Figure 7. Set-up for simulation of frontal impact 
including the thorax protector. 
 
Referring to the injury criteria table (table 1), the 
main benefits of the thorax protector had been 
expected in frontal impacts. The simulations 
highlighted that honeycomb did not records any 
deformation and for that reasons its behaviour has 
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been further investigated in the optimization 
phases, firstly changing impactor’s shape then 
modifying the honeycomb mechanical properties in 
order to simulate stiffness behaviour. 
 
Simulations then demonstrated that honeycomb 
compression was similar for cylindrical and for 
kerbstone impactors, but that it was varying with its 
stiffness. Taking into account injuries criteria, the 
honeycomb stiffness changes in combinations with 
impactor changes, which have been carried out 
during optimization phase, did not cause a 
remarkable effect on the thorax protection 
performance. 
 
PROTOTYPE AND CRASH TESTING 
 
After the numerical optimization phase, the 
prototype manufacturing has been started with the 
mould construction (figure 8). 
 

 
 
Figure 8. Mould for the protector shell. 
 
 Then, a series of prototypes for the validation tests 
have been prepared. In order to further investigate 
the honeycomb behavior, protectors have been 
prepared in different configurations, one without 
honeycomb, one with honeycomb between the rigid 
shell and the thorax and one with honeycomb 
outside (see figures 9 to 11). 
 

 
 

Table 1. 
Impact simulations: Parameters measured for 
the assessment of protection level. 
 

 
 
Figure 9. Protector without honeycomb 
 

 
 
Figure 10.  Protector with honeycomb outside. 
 

 
 
 

IMPACT 

CONFIGURATION 

FRONTAL LATERAL 

Chest compression Vcmax Chest     deflection Half thorax compression 

5 m/s – without protector 27 % 0.66 46.5 mm 27 % 

5 m/s – with protector 20 % 0.41 34.5 mm 29 % 

10 m/s – without protector 71 % 3.21 120 mm 61 % 

10 m/s – with protector 51 % 2.53 85.8 mm 56 % 
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Figure 11. Protector with honeycomb inside. 
 
Tests have been carried out with an instrumented 
HYBRID III test dummy seated in a plane and an 
octofilar pendulum that guide a cylinder probe with 
the impactor mounted on one its side, to hit the 
dummy in the sternum area (see figures 12 and 13). 
 

 
 
Figure 12.  Impact test with Hybrid III – frontal 
view. 
 
In table 2 the matrix of tests shows the test results. 
From the data it can be easily observed that 
comparing data on the chest compression, viscous 
criterion recorded in the test, with and without 
protector, for each type of prototype a reduction on 
the recorded values in case of use of the protector 
have been achieved. Taking into account sternum 
accelerations only the thorax protector without 
honeycomb demonstrate to be able, in all the test 
conditions, to reduce or at least maintains the 
accelerations values without any degrade on the 
data. 
 

 
 
Figure 13. Impact test with Hybrid III – lateral 
view. 
 
 
CONCLUSIONS 
 
From the simulations results as well as from the 
physical impact tests it can be concluded that the 
presented thorax protector reduces the compression 
of the thorax and the probability of sustaining rib 
fractures in the analysed impact conditions and thus 
reduces the potential injury risk. 
 
Apart from offering an additional protection to the 
thoracic area of a motorcyclist, ergonomic tests 
confirmed the quality of the design, showing that 
the protector does not interfere with the rider’s 
normal movements. 
 
This study highlights the importance of the 
distribution of the impact forces on the human body 
in case of an impact. This is an important fact that 
should be taken into account for the future 
development of motorcyclists protective equipment 
and for any draft or revision of standards for the 
testing of such eqipment. 
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Table 2. 

Impact tests: Parameters measured for the 
assessment of protection level. 

 

 
 
 
 

IMPAC
TOR PROTECTIVE CLOTHING 

Target 
probe 
velocity 
(m/s) 

Measured 
probe 
velocity 
(m/s) 

Chest_S 
(mm) 

Chest VC 
(m/s) 

Sternum_a
x (g) 

FLAT NO 5,00 4,88 49,8 0,51 93,11 

FLAT YES, WITHOUT HONEYCOMB 5,00 4,88 43,8 0,50 84,52 

FLAT YES, WITH HONEYCOMB INSIDE 5,00 4,92 42,6 0,49 78,78 

FLAT YES, WITH HONEYCOMB OUTSIDE 5,00 4,92 42,5 0,47 101,88 

FLAT NO 6,70 6,68 72,2 1,07 135,44 

FLAT YES, WITHOUT HONEYCOMB 6,70 6,74 63,9 0,99 136,21 

FLAT YES, WITH HONEYCOMB INSIDE 6,70 6,75 62,1 0,96 146,15 

FLAT YES, WITH HONEYCOMB OUTSIDE 6,70 6,74 62,0 0,93 130,31 

KERB NO 5,00 4,92 50,5 0,61 70,02 

KERB YES, WITHOUT HONEYCOMB 5,00 4,95 43,4 0,45 69,78 

KERB YES, WITH HONEYCOMB INSIDE 5,00 4,95 43,1 0,47 92,10 

KERB YES, WITH HONEYCOMB OUTSIDE 5,00 4,95 42,2 0,34 81,04 

KERB NO 6,70 6,74 73,6 1,20 203,29 

KERB YES, WITHOUT HONEYCOMB 6,70 6,8 65,7 0,87 112,16 

KERB YES, WITH HONEYCOMB INSIDE 6,70 6,74 59,6 0,84 109,40 

KERB YES, WITH HONEYCOMB OUTSIDE 6,70 6,80 62,3 0,89 102,61 
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ABSTRACT

This paper presents a method to develop coherently 
a Driving Assistance System (DAS) and its 
supporting technologies in order to reach efficiently 
the best added value in terms of Human-Vehicle 
interactions and technology specification.

This method is an iterative development process 
based on a Human Centred Design approach. It 
requires a driving simulator and a development 
framework in order to simulate technologies. 
The first step of the method is to validate the DAS 
prototype through 3 iterative tasks: Study of the 
drivers needs, Design of the DAS with “perfect” 
technologies, Evaluation of driver-vehicle 
interactions to validate the effectiveness of the 
assistance.
Then the second step is to obtain the best trade off 
between effectiveness of the assistance and 
technological requirements through 2 iterative 
tasks: Modification of the technology performance 
by changing the specifications (toward existing, 
emerging or futuristic technologies), Evaluation of 
driver- vehicle interactions to validate that the 
assistance is still effective.
This guides the final decision for the DAS 
production: use existing technologies, or develop 
better safety technologies.

This method is developed inside VIVRE 2 project, 
which aims to design an innovative DAS to help 
truck drivers engaged in low speed manoeuvres in 
urban areas.
We first developed a prototyping platform, which 
we then used along with the method to design the 
DAS and to determine the best compromise in 
terms of Human-Vehicle interactions and 
technology specification.
Even if the method inherits of the limitations of 
simulated environments, it permits a “driver in the 
loop” development of innovative DAS which 
would be difficult otherwise.

Instead of using the classical approach “From 
technologies, to DAS design, to DAS evaluation”, 
this approach shift the problem to “From driver 
needs, to DAS evaluation, to technologies”.

INTRODUCTION

With the massive arrival of electronics, systems 
designed to support and assist the driver in his/her 
driving activity (like ABS, Navigation systems…) 
started to be implemented inside vehicles. These 
systems raised different research questions not only 
in the field of technological development, but also 
in the field of drivers’ needs in terms of assistance. 
However, as the number of DAS inside a single 
vehicle increase and as they are designed and 
implemented separately, it becomes more and more 
difficult to determine the impact of the sum of these 
assistances on the driving activity. In order to avoid 
a negative impact of these systems on the driving 
activity, a detailed study of the interaction between 
the human and the vehicle systems is required. 
Human Factor research provides the key concepts 
to tackle this issue. Thus, the design of DAS 
becomes a joint work for engineers and Human 
Factor researchers.
In this context, we propose a DAS design process 
based on a Human Centred Design approach that 
permits to develop coherently a driving assistance 
system and its supporting technologies in order to 
reach efficiently the best added value in terms of 
Human-Vehicle interaction and technology 
specification.
In this paper, we present in details this design 
process and its results through the case of VIVRE 2 
project which aims to design an innovative DAS to 
help truck drivers engaged in low speed 
manoeuvres in urban areas.

METHODOLOGY

Human Centred Design Approach

While developing a DAS, thorough technical 
specifications have to be made, as the safety of 
drivers and other road users are engaged.
The usual way of working starts by identifying 
what safety issue could be solved by a DAS.
Then, it consists in finding which technology could 
be employed to solve this issue. Then, in 
developing a prototype and testing  its functioning 
in all situations in which it is designed to work. 
After the validation of the functioning, when the 
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technology is considered as mature enough, the 
DAS is spread on the market. This type of method 
is called technology driven approach, as it consist 
to start from a technological description of the 
problem, and solve it via a technical solution.
This method is thorough, efficient and safety-proof. 
These criteria are sufficient for a DAS 
manufacturer who needs to be sure a technology is 
safe and can be used by drivers.
However, this approach does not guarantee that the 
DAS is useful, and that it is correctly used by 
drivers. In order to solve these issues, DAS 
designers have to consider the drivers' feedbacks 
earlier in the design process: at its very beginning.
Thus, they have to shift their way of doing from 
such a technology driven approach to a human 
centred design approach. 

Human Centred Design (HCD) approach places the 
users and their needs at the centre of the 
development process. The key principle of user 
centred approaches, as defined by Gould & Lewis 
(1985)[1]  is to focus on users and tasks and to 
apply an iterative design. 
In the case of DAS design, it consists in studying 
the driver and his/her driving activity all along the 
DAS development process.
HCD for DAS design consists in iteratively:

1. Studying the driving activity (e.g. through 
DVE model…)

2. Deriving the contextualised needs in term 
of assistance (related to safety, control, 
information, comfort…)

3. Formalizing the functional specifications 
of the DAS 

4. Developing the DAS
5. Testing the impact of the DAS on the 

driving activity

Our Approach

     General Overview – Considering that the 
driver might not use the DAS as the designers was 
expecting, or more generally, that the driver will 
adapt it's driving behaviour to the DAS, we adapted 
the HCD approach, in a way where we can evaluate 
the modified behaviour of the driver at the early 
stage of the development process.

We actually adapted the 5-steps development 
process loop into two different steps. The first one 
focuses on the interaction between the Driver and 
the DAS (leaving  technological limitations aside). 
The second step consists in making the DAS 
realistic, by adapting the DAS to existing or 
forthcoming technologies.

The figure 1 illustrates this approach. We start from 
driver's needs, that have to be identified by 
ergonomics researchers studying driving activity.
From this needs, we can design the kernel of the 
DAS. But we don't limit this DAS with 
technological constraints on sensors and actuators. 
And we test, at an early stage, the behaviour of 
both the driver and the DAS when put together.

Of course, this step can only be done on a driving 
simulator.

This steps should be executed in a loop until the 
drivers coupled to the DAS behaves satisfyingly. 
This validates the kernel of the DAS, and the 
effectiveness of the assistance.

Then, we can focus on the technological 
constraints. On this second step we expect to find a 
good trade-off between the effectiveness of the 
DAS and the technological requirements.
The kernel that was defined specify at some point 
the technologies that would be needed. But what if 
the technology selected to support this DAS is not 
efficient enough?  For such reasons we could be 
interested in seeing how far from the “ideal” 
technologies we can get while the DAS stays 
satisfyingly efficient for the driver.

We will present in details these two steps in the 
following of this chapter.
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Figure 1: General overview of our 
approach.



     First Step –  Focus On Driver / System 
Interaction - The objective of the first step is to 
validate the effectiveness of the assistance system 
according to the drivers needs.

The methodology for this first step is inspired from 
a human centred approach. 
The first phase of this step consists in defining 
accurately what kind of assistance the driver needs 
in what situation. This knowledge is gained through 
a detailed analysis of the driving activity. Various 
scientific approaches can bring knowledge on the 
driving activity. Naturalistic observations or 
experimental observations in real traffic condition 
are specifically suited for this purpose. 
Once the situations and the respective assistance 
that is needed by the drivers are defined, the design 
of the DAS can begin.

The central question is to determine the best 
possible way to provide the driver with the relevant 
assistance: the right information/action at the right 
moment.
So the second phase of this first step focuses on the 
design of the Human/Machine Interface. This 
second phase consists in an iterative process with 2 
tasks. The first task is to develop an HMI and an 
HMI manager that give, for the target situations, 
the relevant assistance to the driver. The second 
activity is to study the interactions between the 
driver and the assistance system and to evaluate the 
effectiveness of the system. These two tasks have 
to be repeated until the cooperation between the 
driver and the system reaches the targeted 
objectives.

At this stage, the development of the assistance 
decision kernel is based on technologies that have 
an ideal  functioning, and that are always capable 
of delivering perfect information to the HMI 
manager.

This first step permits to design a DAS and to 
assess very quickly if the DAS suits the drivers 
needs in terms of driving assistance. 

Though this first step is meaningful to validate a 
concept of assistance, it is disconnected from the 
constraints of the technological offer. Therefore, a 
second step is necessary to tackle this issue.

     Second Step -   Focus on system / sensors 
interactions - The objective of the second step is to 
materialize the DAS in order to determine the best 
technological specifications to support its 
functioning. 

To reach this objective, two tasks have to be 
realised as an iterative process. The first tasks is to 
simulate technologies that can provide the 
assistance kernel with informations. These 
technologies does not necessarily have perfect 
performances (sensors range, decision 
algorithms...). When changing their specifications, 
from ideal technologies toward existing, emerging 
or futuristic technologies, the modifications might 
have an impact on the global functioning of the 
assistance. Therefore, the second task consists in 
evaluating driver-vehicle interaction to validate that 
the assistance is still effective and that its 
functioning was not significantly reduced.

Through the iterations, it is possible to find out the 
best compromise in terms of Human-Vehicle 
interactions and technology specification.

RESULTS: CASE STUDY ON VIVRE II 
PROJECT

Context

VIVRE2 project focuses on reducing the number of 
accidents involving trucks and vulnerable road 
users (pedestrians, cyclists…) in urban areas [2]. 
Part of the project consists in designing and testing 
on a Renault Trucks simulator called “SCOOP”, a 
system assisting truck drivers engaged in low speed 
manoeuvres. 
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Figure  2: first step to Focus on driver / system 
interaction

Figure  3:  second  step  to  Focus  on 
system/technology interactions



SCOOP simulator runs various applications from 
Oktal. This software is controlled by specific 
Labview diagrams. These diagrams give an easy 
access to several parameters that describes driving 
activity, such as information on driver’s actions, 
truck dynamics, dynamics of mobiles around the 
trucks, properties of these mobiles and roads 
characteristics.

Development of a Framework that Support our 
Methodology 

To support our design process, tools are necessary. 
These tools should offer flexibility for the DAS 
development : a dedicated architecture for the DAS 
HMI manager and decision kernel, a dedicated 
architecture to easily simulate technologies, and a 
feature to connect the DAS to driving simulators. 
Thus, the development of a dedicated prototyping 
platform would be useful. That is why we specified 
and created a framework platform with the features 
required to support the design process we described 
in chapter 3. This framework is based on a 
architecture composed of several dedicated 
modules: Two specific interface modules (that 
transfer and translate data from simulator to 
prototyping platform back and forth), a module to 
pilot the HMI of the DAS, a module with the DAS 
decision kernel and finally different modules that 
simulate technologies required by the DAS.

These modules act as containers for DAS 
algorithms and are connected according to the 
architecture. 
Using this framework, the DAS designer focus on 
creating the relevant algorithms of each module.

Application of the Methodology Through the 
Framework

To design VIVRE 2 DAS, the ergonomics 
researchers of the project defined the needs in 
terms of assistance and the target situations. They 
also started the design of the HMI to provide the 
driver with the assistance.

At first, we focused on the development of the 
interface modules algorithms in order to be able to 
receive data from the simulator, and to pilot the 
HMI.
Then, we drafted the HMI manager algorithms and 
the decision kernel algorithms, and developed them 
until they corresponds to the expectations of the 
ergonomics researchers and prove their 
effectiveness on a sample of drivers. At this stage, 
the technology modules algorithms only deliver 
perfect information from the simulator (exact 
position of the pedestrians, infinite range of 
perception...). 
This achieve the first step of our methodology, that 
focus on driver/system interaction.
To continue, we selected a set of sensors that could 
support this DAS (laser scanners and ultrasonic 
sensors) in a real implementation. We modified the 
technological modules algorithms accordingly, by 
adding physical constraints that simulate the 
behaviour of these sensors.
This is the second step of our methodology. At the 
time we write this paper, we are testing the 
effectiveness of the assistance with this selected set 
of sensors on a sample of drivers. 
The following steps will be to take into account the 
feedbacks of the drivers to validate the 
specification of the technologies : either the 
technologies are sufficient to support the correct 
driver/assistance interaction, or new specifications 
are required to support the driver/assistance 
interaction. These new specifications can come 
from another set of sensors, or from the suggestion 
of specifications improvement.

CONCLUSIONS

Instead of using the classical approach “From 
technologies, to DAS design, to DAS evaluation”, 
we shifted the problem to “From driver needs, to 
DAS evaluation, to technologies”. Indeed, we 
developed a DAS design process inspired from a 
Human Centred Design approach  and we 
successfully applied it to a real case. This design 
process consists in 2  different steps. To support 
this method, we developed a framework.
This framework proposes a reference architecture 
for DAS design.
It permitted us to quickly realise the first step of the 
method, focused on driver/assistance  interaction, 
and to obtain a prototype that provide the driver 
with an effective assistance.

Then, it permitted us to begin with the tasks of step 
2, focused on assistance/technologies functioning. 
Experimentation with drivers are currently 
performed to complete step 2. The overall objective 
is to obtain, through this method, the best 
compromise in terms of Human-Vehicle 
interactions and technology specification.
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Figure 4: Architecture for DAS design



DISCUSSION

To be optimal, this method requires a high number 
of iterations and tests with drivers, which is costly 
and time consuming. This is a first limitation of this 
design process. This parameters has to be taken in 
to account during the development in order to 
optimise the number of iterations. However, the 
modification between each iteration can be done 
very quickly and easily, which accelerate the 
general design process. 
Even if the tests on drivers inherits of the 
limitations of simulated environments, it permits to 
evaluate innovative DAS which would be difficult 
otherwise.
This “driver in the loop” development can only be 
achieved by considering the couple driver and 
assistance. A step further would be to develop a 
driver model, that simulates the behaviour of a real 
driver, in order to rationalise this couple and to be 
able to perform more iterations for the system 
evaluations.
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ABSTRACT  

The Powered Two Wheeler Integrated Safety (PISa) 
project is developing an integrated safety system 
for a range of powered two wheelers (PTWs). This 
system includes state of the art sensors, innovative 
warning devices and rider assistance systems.  
This paper reports on the design of the decision 
logic for deploying autonomous braking (AB) and 
enhanced braking (EB) safety functions in the PISa 
system, for a PTW travelling towards leading ob-
stacle, using on-board inertial measurement unit 
(IMU) and Laserscanner. 
The decision logic deploys the AB and EB systems 
based on a theoretical kinematic parameter: the 
required deceleration to avoid a collision. The crite-
rion for deployment is to trigger the AB and EB 
systems when the collision is physically unavoid-
able. 
The decision logic is tested off-line for datasets 
acquired using the PTW integrated with the IMU 
and the Laserscanner.  

INTRODUCTION 

According to the European Road Safety Observa-
tory (ERSO), in 2006 more than 24,000 road traffic 
fatalities were registered in the EU-14 (EU-15 
without Germany). About 5,400 were PTW riders. 
During the period 2000 - 2006, the car fatalities 
decreased by 35%. During the same period moped 
fatalities also decreased by 30%, while motorcycle 
fatalities increased by 10%. The risk of fatality for 
PTWs (including mopeds and motorcycles) is 26 
times higher per km travelled compared to passen-
ger cars [1].  
Within the European Commission’s 6th Framework 
Program, the PISa project is developing an innova-
tive approach for PTW safety to address the grow-
ing fatality rate. The aim of the PISa project is to 
develop and implement an integrated safety system 
for a range of PTWs, to contribute in the reduction 
of casualties by avoiding accidents and reducing 
injury severity.  
In the PISa project, PTW accident analysis was 
performed using existing statistical data to identify 

important accident types and causation factors. 
Subsequently, a sample of existing in-depth motor-
cycle accident datasets were selected and predictive 
assessments were made regarding the ability of a 
range of safety systems to influence the accident 
outcome. This analysis was used to identify and 
prioritise the most effective safety functions to be 
implemented in the PISa system [2]. 
The following components of the PISa system were 
defined:  
• sensors to obtain the state parameters to describe 

the relevant vehicle behaviour; 
• human machine interfaces (HMIs) - a vibrating 

saddle to warn the rider;  
• actuators - the braking assistance system and the 

semi-active suspension;  
• decision logic to coordinate the activation or 

inhibition of the elements of the PISa system to 
appropriately deploy the selected safety func-
tions.  

Accidentology 

A total of sixty in-depth real cases with relevance to 
the seven main accident scenarios identified in the 
Aprosys project [3] were extracted from COST 327, 
OTS and Fatal databases. The selected cases were 
analysed in detail to determine the characteristics of 
the accident, including relative vehicle behaviour 
(positions and speeds prior to collision), environ-
mental and human contributing factors, casualties 
[4]. The outcome of the accident analysis led to the 
identification of the most frequent and severe PTW 
accident configurations (ACs) shown in Figure 1.  

Safety Functions 

A total of forty-five safety functions were identified 
based on the possibility to avoid the accidents or to 
reduce their outcomes at the different phases of the 
accident, i.e. pre-crash, crash, post-crash. These 
functions were prioritised by a group of experi-
enced analysts of the PISa project, according to the 
effectiveness to influence the accident outcome for 
the sixty in-depth cases. The method to prioritise 
the safety functions was to rate each function in 



Savino  2 

each case from 0 to 5 (0 being no effect, 5 being 
most effective). For each function, the ratings in all 
the sixty cases were summed up to obtain the rank-
ing for the safety functions in the order of effec-
tiveness. In Table 1, the prioritised list of safety 
functions is shown, filtering out the least effective 
functions from the forty-five safety functions. 
 

 

Figure 1.  PISa accident configurations. 

The most relevant safety functions based on the 
scope and the capability of the PISa Consortium 
were identified. In Table 1, the six selected func-
tions are highlighted in bold. These functions will 
be implemented within the PISa project on two 
demonstrator PTWs. Taking into account the PISa 
project time scale, among the 15 accident configu-
rations shown in Figure 1, two configurations (AC1 
- cross intersection; AC8 - car following) were 
selected for implementation and validation of the 
safety system. 
In the present work, the focus is on the develop-
ment of the AB and EB functions for AC8, with two 
different states for the obstacle:  
• PTW travelling towards a moving obstacle; 
• PTW travelling towards a fixed obstacle. 
The functionality of the AB is to automatically slow 
down with a precise deceleration, or eventually stop 
the PTW by braking without rider input. The inten-
tion is to reduce the PTW speed when the rider is 
unaware of a dangerous situation. This function is 
meant to warn the rider by braking at low decelera-
tion value, anticipating the rider to react. If the rider 
does not react, the AB helps in reducing the conse-
quences of the collision. If the rider reacts by brak-
ing, the EB will assist the rider in obtaining a pre-

determined deceleration of the PTW by amplifying 
the braking force during the emergency braking.   

Table 1.   
List of prioritised safety functions 

n. Prioritised function list 
1 Warn other vehicle of PTW presence 

2 
Automatically slow/stop other vehicle without input 
from driver  

3 
Amplify braking force – Enhanced braking 
system (EB) 

4 
Improve conspicuity – Special fairings/active 
lighting 

5 
Balance front to rear braking force – Combined 
braking system (CBS) 

6 

Detect and warn PTW that vehicle travelling 
from left, right or oncoming is crossing the PTW 
path – PTW to detect other vehicle and warn 
rider 

7 
Avoid locking of wheels in straight line – Antilock 
Braking System (ABS) 

8 Automatically brake PTW without input from 
rider – Autonomous braking (AB) 

9 
Communicate and warn PTW that vehicle travelling 
from left, right or oncoming is crossing PTW path 

10 Restrict PTW to posted speed limit  

11 
Reduce closing speed – Distance support system 
(DSS) 

12 Protect rider's legs 

13 
Advise rider of approaching permanent hazard 
(sharp bend, steep decline, fixed obstacles) 

14 
Help rider to maintain steering and prevent loss of 
control  

Integrated Safety System 

The safety functions are implemented in an inte-
grated safety system, which is comprised of sen-
sors, actuators and interfaces. The system is on 
board along with the decision logic on a PTW. 
Sensors provide input to the safety system about the 
state of the PTW, the rider behaviour and the PTW 
surroundings. 
The IMU provides the following information re-
garding the PTW: 
• speed; 
• acceleration; 
• roll angle and roll rate; 
• pitch angle and pitch rate. 
Pressure sensors on the hydraulic braking system, 
an encoder mounted on the throttle and a load cell 
provide the following information about the rider 
behaviour: 
• brake pressure applied on the front and rear 

wheels; 
• throttle position; 
• steering input. 
A Laserscanner mounted in front of the PTW pro-
vides information about the surroundings. The 
objects in front of the PTW are detected, tracked 
and assigned with an ID. For each assigned object, 
the following data is computed: 
• classification (PTW, passenger car, van, etc.); 
• dimensions (width, length); 
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• relative position (longitudinal and transverse 
distance from the PTW); 

• yaw angle (current direction of the object); 
• both relative and absolute speed (longitudinal 

and transverse). 
Because the Laserscanner is mounted to the fixed 
frame of the PTW, detection of objects that are far 
away is sometimes not possible for high PTW roll 
angles. For this reason, it is convenient to work 
only on the configurations where PTW is travelling 
in a straight-line path. Nevertheless, to take into 
account of the curvature of the path even for small 
roll angles, a correction on the data coming from 
the Laserscanner is performed, based on the hy-
pothesis of steady curve manoeuvre. In Table 2 the 
list of data acquired by the aforementioned sensors 
is shown. 

Table 2: 
Data acquired by the sensors 

Element Parameters 

Host vehicle 
Speed, acceleration 
Yaw and roll angles, roll rate 

Rider 
Throttle position 
Front/rear brake pressure 
Steering input 

Surrounding 
object 

Classification and dimensions 
Relative position from PTW 
Speed, acceleration 

 
The actuators included in the integrated safety sys-
tem are the braking assistance system with the AB 
and EB functionalities, and the vibrating seat to 
warn the rider. The development of the components 
will be finalised in the later stages of the PISa pro-
ject.  

DECISION LOGIC 

The decision logic is the set of rules and algorithms 
that take care of the deployment of the AB and EB 
in a reliable manner, which means without false 
triggering. The AB and EB are implemented on a 
PTW for car following configuration, i.e., PTW 
following leading vehicle in straight path.  

Deployment strategy 

The AB and EB functions are deployed in emer-
gency situation, without rider input, by performing 
an evaluation of the kinematic situation. The main 
criterion for deploying the functions is the risk for 
collision. The risk evaluates the possibility for a 
collision to occur and the severity of the outcomes 
associated with that event. Also the rider continu-
ously performs risk evaluation and reacts accord-
ingly, trying to keep the risk within a subjective 
reasonable level. A deployment of the AB or EB 
functions can be dangerous when the rider does not 
expect or even desire such a response. To overcome 
such a danger, the system will take the physical 
limits of the PTW into consideration to set the 

threshold for triggering. Accordingly, the system 
intervenes with the braking assistance only in case 
of an unavoidable collision against the leading 
vehicle. In such a situation, if the risk perceived by 
the rider is still within the personal safety limit it is 
probably due to rider misjudgement, distraction or 
physiological limitations. As a consequence, the 
system decision to deploy the braking assistance 
will be safer, no matter what the rider’s intentions 
are. 
Once the AB is triggered, the deployment is post-
poned by a delay time τAB to pre-warn the rider by 
the vibrating saddle, thus avoiding totally unex-
pected deceleration. The delay reduces the effects 
of the AB in terms of reduction of the impact speed, 
but it is fundamental to prepare the rider for the 
consequences of the deceleration.  

Risk evaluation 

A substantial amount of work has been done in 
defining the methods for risk evaluation to deploy 
safety functions in car following configuration. 
Zhang et al. [5] reviewed the different methodolo-
gies for computing a risk parameter based on kine-
matic quantities and proposed a new synthetic pa-
rameter for evaluating the threat. Among the differ-
ent methodologies, focus must be laid in the re-
quired deceleration parameter. According to Kiefer 
et al. [6], the required deceleration measure is the 
constant deceleration level required for the driver to 
avoid colliding with the lead vehicle at manoeuvre 
onset. The assumption for this parameter is to con-
sider constant deceleration of the leading vehicle.  
The inputs for evaluating the required deceleration 
(dreq) are PTW speed (vPTW), lead vehicle speed 
(vL), lead vehicle acceleration (aL), relative distance 
between PTW and lead vehicle (L). 
 

dreq = (vPTW − vL )2

L
− aL  

 
The importance of this parameter is the direct corre-
lation with the kinematics of the situation associ-
ated with a low complexity. The risk parameter will 
be directly related to dreq. According to the research 
conducted by Kiefer et al. on passenger cars [7], it 
is not possible to establish a direct correlation be-
tween dreq and the driver perception of the threat. 
Therefore the deploying strategy based on dreq will 
be relied on the physics of the situation and not on 
the rider’s evaluation.  

Triggering 

The required deceleration is a theoretical parameter 
with a practical significance related to the possibil-
ity of avoiding the collision by braking. The decel-
eration of the PTW is obtained by the longitudinal 
forces between the tyres and the road and by the 
aerodynamic forces. The latter is a function of the 
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speed and depends on the geometry and the mass of 
the PTW including riders, while the former is lim-
ited by the friction coefficient between tyre and 
asphalt.  Below 20 m/s the aerodynamic forces are 
negligible, so the maximum deceleration mainly 
depends on the maximum friction coefficient μp 
(traction coefficient). Under these assumptions, the 
maximum deceleration is μpg. For this reason, the 
braking assistance will not be activated until dreq is 
less than μpg, since the collision is theoretically 
avoidable by braking. When the dreq overcomes μpg, 
the system will trigger the brake assistance to con-
tribute in the reduction of the impact speed because 
the collision is reasonably inevitable.  
Since the braking traction coefficient is difficult to 
be measured locally with precision, the triggering 
deceleration (dtrigg) is set to 10 m/s2, estimated when 
μp=1, which is the maximum value for common 
road conditions with dry surface. If locally μp < 1, 
e.g. on wet surface, the triggering limit of 10 m/s2 is 
still fail-safe because the maximum braking decel-
eration that the PTW can feasibly achieve is μpg < 
10 m/s2, so the system still deploys when dreq is 
beyond the physical limits. 
In principle, in normal road conditions (μp=1), the 
triggering threshold identified referring to the 
physical possibilities of the PTW with maximum 
traction coefficient could be reduced to the actual 
possibilities of each rider with a specific PTW. 
Nevertheless the present work refers to a generic 
rider and PTW. Winkelbauer et al. [8] showed that 
on a population of riders with various levels of 
riding experience, comprehensive of novices, on 
different PTW equipped with ABS, the braking 
performances after a short training were so high 
that to include the 90% of them in the deploying 
criterion of the maximum feasible performances, 
dtrigg must be higher than 9.5 m/s2. Considering that 
the EB function is not allowed without being asso-
ciated to ABS, dtrigg cannot be reduced because of 
the real performances of the riders. 

Inhibition 

Triggering is inhibited in cases where system acti-
vation might cause dangerous consequences. Two 
parameters are taken into account before deploying 
the braking assistance system. 
Firstly, if roll angle and roll rate are not close to 
zero, the PTW is not in the proper conditions for the 
deployment of the braking assistance, as the AB or 
EB deployment would lead to a destabilisation of 
the PTW and dangerous outcomes. If roll angle or 
roll rate are greater (in modulus) than a threshold, 
the system will inhibit the deployment of the brak-
ing assistance.  
Secondly, before triggering the braking assistance 
system, it is important to assess that collision 
avoidance against the lead vehicle is no longer 
feasible by swerving. It is assessed by measuring 

the relative distance between the PTW and lead 
vehicle (L) and comparing it with the minimum 
distance required to avoid the collision by swerving 
(Lswerve), which is calculated using the speed of the 
PTW and lead vehicle and by defining a maximum 
value for the roll angle. Until L is higher than the 
feasible limit Lswerve, the AB is inhibited. The mini-
mum distance to avoid the collision by curving is 
computed under the following hypotheses: 
• vPTW and vL are constants; 
• radius of the path R suddenly changes from infi-
nite (straight path) to a constant value Rmin: 
 

Rmin = vPTW
2

g ⋅ tanϕmax

 

 
where ϕmax is the maximum feasible roll angle for 
the PTW during emergency curving. 
 

Lswerve = 2 ⋅ k ⋅ vPTW
2 ⋅ s + s2 + k ⋅ vPTW ⋅ vL ⋅ arccos

k ⋅ vPTW
2

k ⋅ vPTW
2 + s

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

 

where k = 1
tanϕ ⋅ g

 and  s is the tolerated distance 

between the centres of gravity of the PTW and the 
obstacle. 
 

 

Figure 2.  Kinematic representation to calculate 
Lswerve . 

Theoretical benefits 

The AB and EB are meant to reduce the conse-
quences of inevitable collision principally by de-
creasing the impact speeds. The theoretical per-
formances depend on the following intervention 
parameters for triggering: 
• required deceleration for triggering (dreq); 
• reference deceleration for the AB (dAB); 
• reference deceleration for the EB (dEB); 
• delay-time for deploying the AB (τAB). 
The reference deceleration for the AB must be 
small enough to avoid the rider falling off the PTW, 
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since the rider may not be aware about the deploy-
ment of the AB. Specific tests will be required to 
identify the maximum acceptable deceleration for 
the AB.   
For the EB, since the braking assistance is deployed 
when the rider is already braking, a high value of 
deceleration could be acceptable, as the rider is 
aware of the emergency situation. Further investiga-
tion will be necessary to assess the deceleration 
value for the EB. 
Table 3 shows the values for the assumed interven-
tion parameters.  

Table 3.  
Intervention parameters 

Parameter Value 
dtrigg 10 m/s2 
dAB 4 m/s2 
dEB 8 m/s2 
τAB 0.1 s 

 
The impact speed reduction is a function of ∆v and 
does not depend on vPTW itself. For the assumed 
values of the intervention parameters, in Table 4 the 
reduction of impact speed and energy when the 
rider performs no braking manoeuvre are shown.  

Table 4.  
Relative impact speed reduction 

(only AB, no reaction from the rider) 

∆v [m/s] 5 10 15 20 25 
Impact speed 

 reduction (%) 
12 17 19 20 21 

Impact energy 
reduction (%) 

23 32 35 36 37 

 
In theory, when the AB triggers, the rider is ex-
pected to start braking. In that case the system will 
switch from the AB to the EB. Hypothetically, if the 
delay-time between the instant when the AB actu-
ally deploys and the rider brakes is τEB = 0.2 s, the 
final impact speed reduction is still a function of 
∆v. Under these assumptions, the theoretical bene-
fits are not negligible, as shown in Table 5. 

Table 5. 
Relative impact speed reduction  

(AB followed by EB) 

∆v [m/s] 5 10 15 20 25 
Impact speed 

 reduction (%) 
12 24 34 39 42 

Impact energy 
reduction (%) 

23 43 56 63 66 

PRELIMINARY TESTS 

Tests were conducted to validate the triggering 
strategy in real conditions in terms of reaction time 
to trigger and false triggering. This will form the 
basis for a future evaluation of the theoretical bene-
fits of the AB and EB.  

For evaluating the triggering, the deployment of the 
braking actuators is not necessary. Hence the tests 
are conducted off-line, by elaborating the datasets 
acquired on a PTW.  

Test preparation 

The PTW, a 500cc Malaguti SpiderMAX scooter, is 
integrated with the Laserscanner (Ibeo LUX) manu-
factured by Ibeo Automobile Sensor GmbH to 
monitor the surrounding and the IMU (MTi-G, 
Xsens) to acquire the information about the state of 
the PTW.  
The Laserscanner is utilised with the following 
characteristics: 
• scan frequency: 12.5 Hz; 
• field of view (horizontal): 100°; 
• range: 0.3 m to 200m. 
In Figure 3 the Ibeo Laserscanner mounted in front 
of the PTW is shown. 
The characteristics of IMU are the following: 
• maximum update frequency: 120 Hz; 
• heading estimation (dynamic accuracy): 2° 

RMS; 
• speed estimation. 

 

 

Figure 3.  Ibeo Laserscanner mounted on board 
the PTW. 

Table 6.  
Processed variables acquired for the tests 

n. Variable 
1 time 
2 speed of the PTW 
3 obstacle id 
4 relative x distance of the obstacle  
5 relative y distance of the obstacle 
6 relative x speed of the obstacle 
7 relative y speed of the obstacle 
8 absolute x speed of the obstacle 
9 absolute y speed of the obstacle 

 
The raw scan data and the state of the PTW ac-
quired respectively from the Laserscanner and the 
IMU are processed together using an application 
software developed by Ibeo. An object tracking and 
classification are performed, providing the informa-
tion shown in Table 6. 
The software runs on an electronic control unit 
(ECU) connected to a hard drive to store the data. 
Both the ECU and the hard drive are mounted on-
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board the PTW. Then the processed data stored in 
the hard drive is utilised to perform an off-line 
elaboration. Figure 4 shows the acquisition system 
set up on board the PTW.  
 

 

Figure 4.  Acquisition system on board the PTW. 

Test description 

A total of ten tests were conducted for AC8 with 
both moving and fixed obstacle, while PTW travel-
ling towards it. Six tests were conducted for the 
PTW travelling on a straight path towards a leading 
car proceeding at different speeds. These tests were 
performed on a straight road in real traffic condi-
tions. In all the cases the car was approaching an 
intersection and slowed or stopped, with the PTW 
following. The PTW rider was aware of the situa-
tion and braked with an appropriate deceleration, 
thus avoiding the collision. 
 

 

Figure 5.  PTW travelling towards a fixed 
obstacle. 

Four tests were conducted with the PTW travelling 
on a straight path towards fixed foam as obstacle in 
a parking lot along with other fixed objects (Figure 
5). The tests were performed simulating different 
rider behaviours in terms of awareness of the immi-
nent collision: 
• no awareness –  proceeding with constant speed 

against the obstacle; 
• late reaction – proceeding with constant speed 

before braking too late, thus colliding with the 
obstacle; 

• full braking – proceeding with constant speed 
before hard braking, thus avoiding the collision; 

• complete awareness – proceeding with constant 
speed before braking on time to avoid the colli-
sion. 

Elaborations 

For each test, the Laserscanner identifies several 
objects with the related information about the state. 
In principle, for each object it is possible to calcu-
late the risk for collision. On-line elaborations will 
be performed alternatively by computing the infor-
mation of all the detected objects simultaneously or 
by utilising a specific algorithm to automatically 
identify and compute only the information related 
to the principal object. Since in the present work the 
elaborations are conducted off-line, the principal 
object is selected manually and the information is 
obtained about it. For each test, the outcome of the 
elaboration is the trend as a function of time for the 
following parameters: 
• dreq; 
• Lswerve; 
• trigger for the AB. 
For these preliminary tests, the throttle position and 
the braking forces are not measured. 

Results 

The results of the evaluation are shown in a graphi-
cal manner. These graphs are divided into two 
groups, the first representing dreq and the trigger. On 
the x-axis the time duration of the test is shown. On 
the left y-axis, the distance between the PTW and 
the obstacle (black line) is shown together with the 
vPTW (green dotted line), on the same scale. On the 
right y-axis dreq (red line) is shown. The trigger is 
represented as a step function (zero means no trig-
gering).  

 

Figure 6. Risk evaluation for a specific PTW 
following a car. 

Moving obstacle - For the PTW following a lead-
ing car, six tests were conducted when the rider was 
completely aware of the situation, hence there was 
no necessity to trigger the AB. In fact, in all these 
cases the rider reacted on time by braking to avoid 
the collision. In Figure 6, risk evaluation for a spe-
cific PTW following a leading car is shown. It is 
representative of all the six cases for car following, 
as they were similar. During these preliminary tests 

IMU 
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conducted in real traffic conditions with an attentive 
rider, dreq is always less than or equal to 5 m/s2, 
which is far below the defined threshold for trigger-
ing.  
 

Fixed obstacle - As expected, for the three differ-
ent rider behaviours, while travelling towards a 
fixed obstacle, the deployment algorithm computes 
different responses. Figure 7 represents the PTW 
travelling towards a fixed obstacle without perform-
ing any collision avoidance manoeuvres, to simu-
late the rider behaviour with no awareness of the 
imminent collision. The result of this elaboration 
shows that while the PTW is approaching the ob-
stacle, dreq increases and exceeds the triggering 
threshold limit. The triggering deploys 0.7 s prior to 
the collision, coherent with theoretical estimation. 

 

 

Figure 7.  Risk evaluation for a specific PTW 
travelling towards fixed obstacle with no 
awareness. 

 

Figure 8. Risk evaluation for a specific PTW 
travelling towards fixed obstacle and reacting 
too late. 

Figure 8 represents the PTW travelling towards a 
fixed obstacle with the rider performing the braking 
manoeuvre too late to avoid the collision, thus 
simulating the rider behaviour of late reaction. The 

result of this elaboration shows that also in this case 
dreq exceeds the triggering threshold limit. The 
triggering is 0.2 s prior to the full braking applied 
by the rider.  
Figure 9 represents the PTW travelling towards a 
fixed obstacle when the rider reacts to the emer-
gency situation with a last second braking, thus 
representing a full braking manoeuvre with no 
collision. In this case the global maximum of dreq is 
below the threshold limit, in fact the rider was able 
to avoid the collision. 

 

Figure 9.  Risk evaluation for a specific PTW 
travelling towards fixed obstacle with full 
braking. 

The second group of graphs (Figure 10 and Figure 
11) shows dreq (red line) and the distance to avoid 
collision (dotted blue line) together with the dis-
tance between the PTW and the obstacle (black 
line). They represent the cases in which the activa-
tion occurred, to highlight the influence of the dis-
tance to avoid collision by swerving on the trigger-
ing. On the x-axis, the time duration of the test is 
shown. On the left y-axis both the distances are 
shown, while on the right y-axis dreq is shown. 
To compute Lswerve, the values assumed are shown 
in Table 7. 

Table 7.  
Intervention parameters 

Parameter Value 
s 3 m 
ϕmax 30° 

 
In Figure 10, dreq exceeds the threshold (point A). 
At this point, the rider cannot avoid the collision by 
braking, but still has the possibility to avoid the 
collision by swerving, as Lswerve is lower than L. 
Hence there is no trigger. When L becomes lower 
than Lswerve (point B), the collision avoidance is no 
longer possible neither by swerving and therefore 
the trigger is activated.  
In both Figure 10 and Figure 11, for the PTW 
speeds less than or equal to 10 m/s, approximately 
at the same time dreq exceeds the threshold for trig-
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gering and L becomes lower than Lswerve. For this 
reason, even with a lower value of dtrigg there will 
be no anticipation in the triggering, because of the 
inhibition produced by Lswerve. 

 

Figure 10. Triggering activation/inhibition 
parameters for no awareness case. 

 

Figure 11.  Triggering activation/inhibition 
parameters for late reaction case. 

CONCLUSIONS 

The decision logic described in the paper defines 
the deployment criteria for the AB and EB of a 
PTW integrated safety system in order to reduce the 
casualties in car following configuration. 
The criterion is to deploy the braking assistance 
functions only when the collision has become 
physically unavoidable, since a prior deployment is 
potentially dangerous for the rider. The collision is 
considered unavoidable based on two parameters: 
• required deceleration to avoid the collision (dreq); 
• distance to avoid the collision by swerving 

(Lswerve). 
When dreq is higher than dtrigg(10m/s2), the collision 
is unavoidable by braking. When the distance of the 
leading vehicle is lower than Lswerve the collision is 
unavoidable by swerving. The triggering is de-
ployed when both the conditions are satisfied, 
hence avoiding the possibility of false triggering. 

The computed theoretical benefits for the AB and 
EB reveal significant reduction in the impact speeds 
and energies. Further studies are required to iden-
tify the appropriate values for intervention parame-
ters. 
The PTW, integrated with the Laserscanner and the 
IMU, was used to perform preliminary tests for the 
car following configuration. The tests were con-
ducted with PTW following a moving car and PTW 
travelling towards a fixed obstacle with simulated 
different rider behaviours. The datasets acquired are 
utilised for performing the off-line evaluation of the 
decision logic deployment strategy. The results 
show that in none of the cases false triggering is 
generated.  
Further investigation is still necessary to validate 
the deployment strategy in real traffic conditions.  
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ABSTRACT 

Several manufacturers produce tire pressure monitoring 
systems for heavy trucks which are designed to detect 
low tire pressure and alert the driver.  This paper reports 
on a series of test procedures conducted on these 
aftermarket TPMS to determine the suitability of these 
tests for use in developing performance requirements. 
 
Five TPMS were installed one at a time on two heavy 
trucks.  The minimum activation pressure of the TPMS 
was determined.  After driving for a period of up to 
fifteen minutes, the vehicle was stopped and air was 
released from one tire to bring its inflation pressure to a 
point below the minimum activation pressure for the 
system.  The vehicle was driven and the time needed for 
the system to detect the loss of pressure and alert the 
driver was recorded.  Multiple tire deflations and failure 
modes were also tested. 
 
Data were obtained from independent onboard 
instrumentation that measured tire pressure, vehicle 
speed and distance, and ambient temperature.  A video 
of the TPMS driver display was recorded.  Other 
properties were also evaluated, including temperature 
compensation accuracy of system pressure measurement 
and failure modes.  The study’s results are limited to the 
five systems tested.  Although these systems were 
chosen to be representative of TPMS on the market, this 
was not an exhaustive study of all such systems. 

INTRODUCTION 

In 2000, Congress enacted the Transportation Recall 
Enhancement, Accountability, and Documentation 
(TREAD) Act, amending Title 49, United States 
Code, to require reports concerning defects in motor 
vehicles and tires, and other mandates to improve 
vehicle safety.  Section 13 of this Public Law 106-
414 requires that tire pressure warning systems be 

installed in new motor vehicles to indicate when a 
tire is significantly underinflated.  Following a one-
year research project [1], NHTSA established Federal 
Motor Vehicle Safety Standard (FMVSS) No. 138, 
Tire Pressure Monitoring Systems (TPMS) [2], which 
mandated TPMS for vehicles of no more than 10,000 
pounds in Gross Vehicle Weight Rating (GVWR).  
However, this rule did not cover heavy vehicles over 
10,000 pounds GVWR.  In 2006, the Federal Motor 
Carrier Safety Administration performed a test-track 
evaluation of a number of commercially available tire 
inflation and pressure monitoring systems [3].  This 
study reported the advantages and disadvantages of 
the tested systems. 
 
This heavy truck test program addresses TPMS 
requirements for these heavy vehicles and it explores 
a series of test protocols which could be applied for 
verifying basic heavy truck TPMS performance 
capability. 

DEFINITION OF TPMS 

A Tire Pressure Monitoring System senses tire 
pressures and alerts the driver if pressures are outside 
of safety set points or pressure leakage rates.  The 
“Monitor” systems read the actual pressure in each 
tire (direct TPMS) or estimate the relative pressure in 
a group of tires comparing the rotational speed of the 
tires using the antilock brake system (ABS) wheel 
speed sensors (indirect TPMS). 

Five Types of Direct Pressure Reading TPMS 

Using ABS wheel speed sensing is not a practical 
approach to determining if one tire in a pair of 
“duals” is low in tire pressure because both tires are 
mounted to the same hub.  Although each tire has an 
individual rim, the rims are coupled such that the 
wheel speed for both tires is the same.  Therefore, tire 
pressures must be measured directly to assure the 
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operator receives accurate information that will 
enable him to respond and ensure that each tire is 
provided with sufficient pressure to safely meet the 
expected load requirement placed upon the tire, as 
well as to ensure that the tire operates within its 
limits of pressure design criteria. 
 
There are five types of tire pressure monitoring 
systems that are capable of directly reading the 
pressure of the air contained in individual tires of a 
heavy vehicle.  The types are: rim mount (inside tire 
envelope), tire patch (mounted to tire inside tire 
envelope), interior valve stem (inside tire envelope), 
flow-through (outside of tire) and end-of-valve stem 
mount (outside of tire). 

Systems Tested 

This program tested two rim-mount systems, two 
flow-through systems, and one end-of-valve-stem 
unit.  The two rim-mounted systems, the Dana/ 
SmarTire Smart-Wave S14486 and the HCI Corp 
Tire-SafeGuard TPM-W210, used internally mounted 
sensors (on bands around the rim) and included both 
pressure and temperature measurement of the air 
contained within the tire envelope.  The SmartWave 
system applied the measured temperatures for “live” 
pressure compensation, whereas the Tire-SafeGuard 
system measured the temperatures for driver benefit 
to determine if a wheel was running hot and as a 
baseline for referencing cold inflation temperatures. 
 
The sensors of the other three TPMS were mounted 
outside of the tire envelope, attached to the valve 
stem.  The HCI Corp Tire-SafeGuard TPM-P310B1 
provided tire temperature measurement that was 
acquired indirectly through the sensors mounted at 
the outboard end of the valve stems.  Both it, and the 
WABCO/Michelin IVTM, provided auxiliary 
Schrader valves so the tires could be inflated without 
removing the sensors.  The other TPMS system – 
Advantage Pressure-Pro CU41807684 - covered the 
end of the valve stem.  The Pressure-Pro sensors 
needed to be removed from the valve stems in order 
to inflate the tires. 
 
Characteristically, some TPMS have multiple 
pressure warnings, such as low tire pressure, 
extremely low pressure (or flat tire), and over-
pressure.  Some of the externally mounted TPMS 
have only one setpoint or pressure value for low tire 
pressure, but do provide for indication of a slow leak. 

TEST VEHICLES AND TIRES 

Two 10-tire, Class 8 vehicles were selected for 
demonstration of the TPMS acceptance procedure - a 

Volvo three-axle tractor and a Peterbilt three-axle 
straight truck. 
 
The Volvo tractor was a 1991 Model No. WIA64T 
sleeper-cab tractor with a 189-inch wheelbase.  The 
GVWR was 50,000 lb and the Gross Axle Weight 
Ratings (GAWR’s) were 12,000 lb (steer axle) and 
19,000 lb (each drive axle). 
 
The vehicle tire placard specified 275/80R24.5 tires 
at 100 psi, with a load rating of G, for all tire 
positions and the tires used for this program matched 
the placard specifications for tire size. The steer tires 
were Michelin Pilot XZA-1 Plus rated for 6,175 lb 
(max “single”) at 110 psi (DOT M591-BYUX-0508 
and M591-BYUX-4207) and the drive tires were 
Michelin Pilot XDA-2 rated for 5,675 lb (max 
“dual”) at 110 psi (DOT M591-CM9X-4307 and 
M591-CM9X-4407).  For safety considerations, the 
Volvo steer tires were tested at 105 psi.  The Volvo 
drive tires were tested at 100 psi as recommended on 
the vehicle tire placard. 
 
The Peterbilt truck was a 2004 Model No. 357 day 
cab straight truck with 273-inch wheelbase.  The 
GVWR was 62,000 lb and the GAWR’s were 18,000 
lb (steer axle) and 22,000 lb (each drive axle). 
 
The steer tires used were Bridgestone 315/80R22.5, 
M843 V-Steel Mix, Low Pro, M&S, load range L,  
rated for 9,090 lb (max) at 130 psi (DOT 2C4D-5BF-
3007).  They were tested at a cold inflation pressure 
(CIP) of 130 psi. 
 
The drive tires were Firestone 11R-22.5 – 14PR, 
FD663 Radial, load range G, rated for 5,840 lb (max) 
at 105 psi (DOT 4D3T-3E3-0708).  For the Peterbilt 
truck TPMS tests, the drive tires were inflated to the 
maximum specified on the tire sidewall, 105 psi.  
Therefore, all tires on the Peterbilt were inflated to 
their maximum tire pressures as labeled on the 
sidewalls. 

INSTRUMENTATION 

The setup of the TPMS components, including 
initialization of the Central Processing Unit (CPU), 
programming of the tire pressure warning setpoints, 
as well as documentation of significant events during 
testing, were vital to the mission of this project.  All 
of these activities were established and recorded 
using a digital Computerized Data Acquisition 
System (CDAS), a thermal probe, and a video 
camera. 

Grygier 2 



Data Channels 

A ruggedized benchtop-PC computer collected 16 
channels of data during the TPMS testing.  
Parameters measured included: 10 individual tire 
pressures, vehicle speed and distance, 3 types of 
event indications, and ambient temperature. 

Tire Pressures 

Individual tire pressures were transferred to the cab 
using a network of rotary unions, valves, tee 
couplings, hoses, and transducers.  To allow for 
wheel rotation, rotary unions were installed in the air 
lines at each wheel to couple the pressures in the tire 
envelopes directly to the in-cab data acquisition 
system.  The drive wheels used two port unions so 
pressures from both inner and outer tires of each dual 
set were monitored live.  Air line tee couplings were 
added at each valve stem to allow for simultaneous 
connection to both TPMS and data collection system.  
Standard ¼-inch SAE J844 truck air line tubing 
connected the rotary unions to a manifold system 
mounted in the truck cab. 
 
The manifold system consisted of 10 pressure-control 
ball valves and pressure transducers.  The pressure 
transducers were configured for a range of 0 to 200 
psi with accuracies of 0.5 percent of full scale.  The 
tire pressure controllers allowed for remote inflation 
or venting of one or more tires simultaneously, 
zeroing of transducers, and logging of real-time tire 
pressures. 

Vehicle Speed and Distance 

Vehicle speed was measured using an ADAT DRS-6 
Radar Speed Sensor by B&S Multidata.  This dual 
antenna microwave device provided high accuracy 
logging of vehicle velocity over the dry surfaces 
driven without contact with the roadway surface.  
The digital output was then directly fed into a Labeco 
Model No. 625 Performance Monitor to log 
accumulated distance traveled. 

Event Channels 

Three event channels were configured on the CDAS 
data collection system to interface events real-time 
into the data set.  A driver event button was installed 
so the observer riding in the truck during the track 
tests could signal the data set that an observation was 
made (this freed the driver to actually concentrate on 
driving).  Driver events were logged when significant 
events occurred about the test track, such as when the 
vehicle reached the target speeds (i.e. “now at 60 
mph”), when the vehicle stopped for intersections, or 

at the end of the driving segment of the test.  If the 
observer heard a TPMS buzzer, the driver event 
button was also actuated. 

Temperatures 

Live tire temperature measurements were not logged 
for this project; however, constant vigilance was 
maintained for any indication of tire heating.  Before 
and after each track run, individual tire temperatures 
were measured using a Fluke k-type thermal probe.  
The probe was inserted deep into the tread of each 
tire, maintained until the readings stabilized, and then 
the tire temperature measurements were recorded. 
 
The CDAS maintained a real-time log of the 
variations measured in the ambient temperature 
experienced while the tire pressures were being 
adjusted in the preparation bay, and while the truck 
was being driven on the test track. 

Video Log 

A mini-DVD tape camera, zoomed in to view the 
TPMS displays and a portion of the CDAS monitor, 
was used to log all in-cab TPMS activity.  The 
camera logged changes applied to pressures in test 
tires, TPMS events and display warnings, audible 
buzzer sounds, and verbal commentary from both the 
driver and the observer. 

TEST PROCEDURES 

Direct pressure reading TPMS do not rely upon ABS 
wheel speed sensing to indicate low tire pressures.  
Actual driving with the systems installed did not 
appear to modify any calibration parameters used by 
the TPMS tested.  However, a calibration run was 
made before any low-pressure detection tests were 
begun to allow time for all sensors to begin active 
transmission of measured pressure values. 
 
Once the calibration runs were completed, a series of 
tests were performed that evaluated the sensing 
capabilities of the various TPMS on individual tires 
with reduced tire pressures.  After detecting the low 
tire pressure, the ignition switch power to the TPMS 
was cycled to assess the short-term memory retention 
of the alarm condition.  After cooling the tires, the 
test tire was re-inflated to CIP and the re-inflation 
identification response of the TPMS was noted. 

Preparation to Test TPMS Performance 

To prepare to run the TPMS performance test 
program, the test vehicle was outfitted with new tires, 
plumbed with a tire pressure control system that 
regulated pressure in all tires, and instrumented with 
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individual tire pressure sensors and a central data 
acquisition system.  A video camera was installed in 
the cab to log test events, along with both driver and 
observer commentary. 
 
Once prepared, the truck was parked in a shaded area 
(such as the truck bay with the garage doors open) 
and the tires were inflated to the specified CIP.  
Then, the TPMS was turned on and observations 
made of the validity and completeness of the lamp 
check sequence.  The TPMS was programmed to 
identify each tire pressure sensor (if needed) and 
actual TPMS pressure readings were collected.  Tire 
temperature readings were made if the TPMS was so 
equipped, and a thermal probe was used to measure 
the external tire temperatures, between the ribs or 
lugs. 

TPMS Calibration Test – Sensor Identification 

The FMVSS No. 138, “Tire Pressure Monitoring 
Systems” [2] as written for light vehicle TPMS, 
specified that a calibration run should be provided 
before beginning any low-pressure detection tests.  
Following this lead, all heavy truck tests herein were 
given ample vehicle-in-motion time prior to actual 
low-pressure detection tests.  The calibration test is 
part of the light vehicle test procedures, designed to 
allow the systems to make any necessary adjustments 
prior to the low tire detection test.  The calibration 
procedure is intended primarily for indirect TPMS, 
but the procedure is recommended for the heavy 
vehicle TPMS test procedures so that the procedures 
are technology neutral. 
 
After initial installation and preparation, the TPMS 
was subjected to a system “calibration” test.  With 
the pressures successfully set to CIP at ambient 
temperature, the TPMS was powered up. Initial tire 
pressure and temperature readings of both the CDAS 
and TPMS were recorded.  If a sensor did not 
immediately transmit a pressure signal, its reading 
was taken after the vehicle was put into motion for 
the calibration procedure.  The truck was driven once 
around a 7.5-mile test track with constant running 
speeds near 60 mph and returned to the starting point.  
The total tire rolling time ranged from 12 to 15 
minutes.  During this time, all sensors “woke up” and 
began actively transmitting pressure signals. 
 
A variation of the calibration procedure was applied 
for the tractor (the second test vehicle).  In this “cool” 
calibration test, the tractor was driven for 8 to 10 
minutes over a flat road.  The vehicle speed was 
limited to 25 mph for the 2-mile loop.  The tire 
temperatures rose 5 to 10 degrees above ambient and 

were fairly stable at the time of the subsequent low-
pressure detection tests.  With tighter pressure ranges, 
the pressure detection tests frequently did not require 
driving the tractor to detect the set low tire pressure 
levels.  As there was little heat added during these 
tests, the tire cooling period was reduced, thereby 
lowering the total test-cycle time required for testing 
each tire. 

TPMS Low-Pressure Detection Test 

The pressure was reduced in one test tire while the 
TPMS was turned off.  After the pressure was 
adjusted, the TPMS was turned on.  If the display 
immediately alarmed, the low-pressure detection test 
was considered successful and complete.  If the 
display initialized, but did not identify the low-
pressure tire, the truck was driven once around a 7.5-
mile test track (for a period of 12 to 15 minutes) on a 
low tire pressure detection run, where steady state 
speeds reached or exceeded 60 mph for at least 5 
minutes of the run.  If the TPMS still did not identify 
the low tire pressure, the sensor channel for that tire 
was listed as “failed to detect” at that low-pressure 
setpoint.  When the TPMS did display the low tire 
pressure alert, the time to alert was recorded. 
 
After returning to the starting point, a five-minute 
memory check was performed to determine if a 
temporary lapse of power to the system (such as 
turning off the engine during a snack break or stop at 
the shipping office) would lose the low pressure 
warning display.  The ignition power to the TPMS 
was turned off.  After five minutes had elapsed, 
power was restored to the TPMS and the status of the 
alarms recorded.  The TPMS was turned off again 
while the tires cooled. 
 
The low-pressure tire was re-inflated to CIP and the 
TPMS was then turned on back to read the now-
correct tire pressure levels.  If the TPMS correctly 
identified the restored pressure, the Low Tire 
Pressure Detection Test was complete.  However, if 
the TPMS failed to clear the previous low-pressure 
warning, the truck was again driven once around the 
7.5-mile test track for a Reset Identification Test, in 
expectation that it would clear the warning. 
 
This procedure was repeated for each of four 
individual tires.  An additional test was run with 
simultaneous multiple low pressure tires to determine 
the order and extent of the warnings presented by the 
TPMS. 
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TPMS Malfunction Tests 

This section of testing was unique, as each TPMS 
system contained different setup procedures, 
programming methods, and electronic components.  
One common feature for the systems tested was that 
none of the sensors had batteries that were user-
replaceable.  The transmitters could not be powered 
down to identify lack of communication.  Therefore, 
each system was tested for absence of a transmitter 
by removing the tire and transmitter from the vehicle 
and physically moving them to a remote location 
over 100 feet from the receivers in the trucks.  For 
the TPMS with remote antennas, the antennas were 
removed to simulate loss or damage to them as might 
occur while traveling on the highway. 

SYSTEM TEST RESULTS FOR LOW 
PRESSURE DETECTION 

Data were collected in multi-media style to ensure no 
details were missed.  The highlights of the data 
collected for the various low-pressure setpoints are 
tabulated in separate tables by TPMS system, by 
vehicle, and then by setpoint pressure.  Within each 
table, there is a comparison of the four individual 
tires tested at the same relative pressure setpoint (e.g., 
CIP - 10 percent), the test pressure actually applied, 
corresponding tire temperature at the time the 
pressure was reduced, the type of alarm expected to 
be displayed for the low-pressure level, a description 
of the alarm indication - when and where it occurred, 
and a description of the alarm indication moments 
after the tire was re-inflated to CIP. 

System A – SmartWave – Rim Mount 

The SmartWave system, tested first, was subjected to 
the prescribed tests at three different test pressure 
levels.  Because it did provide two distinct low tire 
pressure identification setpoints, the first two test 
pressures were set to a allowance of 2 psi below the 
setpoints (which were factory set at -10 and -20 
percent below CIP respectively) and the third test 
pressure at 2 psi below the CIP minus 25 percent 
level. 
 
After reviewing the results of the first few tests run at 
pressures beyond the initial setpoint, it appeared that 
the test pressure allowance may have been set too 
tightly.  A brief experiment was run using the truck to 
explore the possibility of increasing the allowance 
from 2 psi to 3 psi.  This increase allowed for 
differences in the compensation scheme of the 
SmartWave system that tended to run 2 psi to 3 psi 
lower than data system reference pressures in random 
pressure comparisons.  All TPMS tests performed 

after this initial truck/TPMS configuration applied 
the 3-psi allowance for all test pressures (3 psi below 
the TPMS setpoints). 
 
The SmartWave system provided a tire pressure 
temperature-compensation chart with which to adjust 
tire pressures at elevated temperatures (beyond 
ambient) for an initial CIP referenced to 65°F.  No 
other TPMS manufacturer’s installation package 
included a temperature compensation chart. 
 
Because the SmartWave was received with a 
temperature compensation chart, all target pressures 
were adjusted (for the Peterbilt truck only) to test 
pressures specified by the SmartWave compensation 
chart for the TPMS tire temperatures measured at the 
end of the calibration test.  Therefore, the truck tire 
test pressures were adjusted to somewhat above the 
non-compensated target pressure levels used for the 
other TPMS.  In contrast, the later tractor series tests 
of the SmartWave TPMS used non-temperature-
compensated target pressures that were calculated 
using straight 90 percent and 80 percent of the actual 
CIP’s before subtracting the 3 psi allowance 
allowance, which was the same approach used for the 
other TPMS installed on the tractor. 
 
For the 10-percent “Low Deviation” tests on the 
truck tires, the SmartWave correctly identified the 
10-percent low-pressure deviation level (Table 1) 
before completion of the 15-minute detection run, for 
4 out of 4 cases.  During one of the tests, the 
SmartWave identified the low-pressure deviation 
applied to the subject tire, soon after the TPMS was 
turned “on”.  During the other three tests, the 
SmartWave correctly identified the low-pressure 
deviation, but the alarm did not activate until the 
truck was already put into motion for the 15-minute 
detection run.  The test pressures applied (as 
prescribed by the SmartWave temperature 
compensation chart) only ranged from 4.8 to 7.6 
percent below the actual CIP pressures, as the 
elevated tire temperatures caused the pressures in the 
test tires to rise somewhat above CIP during the “hot 
calibration” test.  As such, a pressure loss of 10 
percent below the “hot” tire pressures was detected 
by the SmartWave TPMS.  With temperature 
compensation, the SmartWave detected a pressure 
loss of 10 percent of the hot tire pressure reading, 
making it more sensitive to detecting pressure loss 
than TPMS without compensation. 
 
In Table 1, a yellow highlighted Detection Status box 
indicates that the truck was actually driven to allow 
the TPMS to detect the low-pressure condition 
applied.  Once the warning activated, the truck was 
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driven back to the shaded starting point (truck bay).  
Driving was discontinued to allow time for the low-
pressure alarm to clear due to an increase in pressure 
caused by increasing tire temperature (thermal lag 
from the previous drive).  A box in Table 1 that is not 
highlighted indicates that the TPMS properly 
identified the low-pressure deviation condition before 
the truck was driven; therefore, it was not driven for 
this step of the test procedure. 
 

Table 1. 
SmartWave (rim mount) low deviation setpoint = 

10 percent below CIP - Truck 
Tire 

CIP 
(psi) 

Test Pressure 
Used 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 130 123 psi. @95°F alarm before 
driving clear before driving

RF 130 123 psi. @95°F alarm during 
driving 

clear before driving 
@10.7min 

LII 105 97 psi. @86°F alarm at gate 
while driving clear before driving

RRO 105 100 psi. @100°F alarm backing out 
while driving clear before driving

Tire positions: LF=left front, RF=right front, LII=left intermediate 
inner, RRO=right rear outer 
 
For the second low-pressure setpoint on the truck 
installation of the SmartWave TPMS, the test tire 
pressures were reduced to 2 psi below the 20-percent-
low level.  The applied test pressures ranged between 
14 and 19 percent below the actual CIP values (again 
as interpolated from the SmartWave tire pressure 
correction chart). 
 
For this series, the level of alert appeared to be 
affected by the timing of setting the compensated test 
pressures.  After the “hot calibration” tests, the tires 
began to cool quickly.  The first tire temperature 
value read after the calibration test ended was used to 
determine the compensated test pressure for the 
following low tire pressure detection test.  The test 
procedure guidelines followed allowed only 5 
minutes to adjust the tire pressure for the low 
pressure detection test.  The SmartWave alarm 
activated at the test pressure, but incorrectly 
displayed the low deviation alert instead of the 
critical low pressure alert.  It was felt that the less 
severe warning activated because the test pressure 
applied was obtained using the temperature 
compensation chart, and was a value higher than 
would have been applied if a straight uncompensated 
test pressure were applied. 
 
The SmartWave correctly identified the reset 
pressure immediately after the tires were re-inflated 
for 3 of 4 tests.  For the fourth test, re-inflation 
identification “reset” automatically cleared the 
previous warning from the display screen as the truck 
was being backed from the building (Table 2).  
Therefore, the SmartWave did alert to the low-

pressure conditions on each application, but it did not 
correctly indicate the severity level expected for the 
lower pressure tests using temperature compensation 
and allowing only a 2-psi allowance for the setpoint. 
 

Table 2. 
SmartWave (rim mount) critical low-pressure 

setpoint = 20 percent below CIP - Truck 

Tire 
CIP 
(psi) 

Test 
Pressure 

Used Alarm 
Detection 

Status 

Re-inflation 
Status After 
Cool Down 

LF 130 108 
Low Deviation, 
NOT Critical 

Low 

alarm while 
driving 

T=7.8min 
Dist=0.6mi 

clear before 
driving 

RF 130 109.2 
Low Deviation, 
NOT Critical 

Low 

alarm while 
backing T=2.4 
min Dist=16ft

clear while 
backing 

T=3.4min, 
Dist=132ft 

LII 105 85.1 Critical Low 
Pressure 

alarm while 
backing 

T=1.6min 
Dist=100ft 

clear before 
driving 

RRO 105 89.7 
Low Deviation, 
NOT Critical 

Low 

alarm before 
driving 

>1.9min 

clear before 
driving 

Multi 
130 
& 

105 

LF-95 
RF-94 
LII-75 

Critical Low 
Pressure 

alarm before 
driving 

clear before 
driving 

Note – 130 psi -25% = 97.5 psi; and 130 psi – 20% = 104 psi (the 
uncompensated setpoint) 
 
An additional test was performed where three of the 
four test tires were simultaneously subjected to the 
same 20 percent pressure reduction.  For detection of 
multiple low pressure tires, the SmartWave TPMS 
correctly identified a critical low tire pressure for 
each tire and alerted the driver before the vehicle 
needed to be driven on the detection run.  Upon 
resetting the tire pressure to CIP, the TPMS display 
cleared all warnings without needing to drive again. 
 
For the SmartWave TPMS, using temperature 
compensation to adjust tire pressure appears to be 
beneficial in determining early alerts of low tire 
pressure.  Inflating a tire to CIP at 65°F provides 
sufficient load carrying capacity to meet tire design 
specifications.  With compensation, a low tire 
pressure of 10 percent below expected pressure can 
be repeatedly detected, even at elevated tire 
temperatures. 
 
To continue the original test procedure guidelines for 
the second vehicle (the tractor), the SmartWave 
pressure setpoints were re-programmed to the CIP 
requirements of the tractor tires.  Because the “cool” 
calibration procedure was applied to all tractor tests, 
the measured tire temperatures were near ambient 
temperature when lowering the tire pressures down to 
the test pressures.  The data presented in Table 3 
reflect the procedural change to “testing without 
applying temperature compensation” to adjust the test 
pressures.  All five TPMS systems tested on the 
tractor used the same “cool” calibration procedure 
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and no temperature compensation.  For the 
SmartWave system, all test pressures were set to a 
fixed allowance of 3 psi below the 10-percent-low 
deviation setpoint without regard to measured tire 
temperature. 
 

Table 3. 
SmartWave (rim mount) low deviation setpoint = 

10 percent below CIP - Tractor 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi.) 

Detection 
Status 

Re-inflation Status After 
Cool Down 

LF 105 92 alarm before 
driving clear before driving 

RF 105 92 alarm before 
driving clear before driving 

LII 100 87 alarm before 
driving clear before driving 

RRO 100 87 alarm before 
driving clear before driving 

 
For each tire position tested, the SmartWave detected 
the reduced tire pressure and activated a “low 
deviation” alert.  After cooling the tires for one-half 
hour, the tires were re-inflated to uncompensated 
CIP.  When the ignition power was restored to the 
TPMS, the previous warning flashed briefly on the 
display, then cleared without needing to drive the 
tractor on a re-inflation identification run. 
 
Similar results were attained for the more severe 
Critical Low pressures summarized in Table 4.  The 
test pressures 81 psi (steer) and 77 psi (drives) were 
set at 3 psi below fixed pressure decrements of 20 
percent below CIP. 
 

Table 4. 
SmartWave (rim mount) critical low-pressure 

setpoint = 20 percent below CIP - Tractor 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi.) 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 105 81 alarm before 
driving 

clear before 
driving 

RF 105 81 alarm before 
driving 

clear before 
driving 

LII 100 77 alarm before 
driving 

clear before 
driving 

RRO 100 77 alarm before 
driving 

clear before 
driving 

Multi 105 & 100 81 & 77 alarm before 
driving 

clear before 
driving 

*1: TPMS alarmed for RIO non-test tire that went out of normal 
operating pressure range. 
 
Following are two pictures which show the 
installation of the sensor on a rim without the tire 
(Figure 1) and the array of antennas, sensors, display, 
rim bands, and hardware associated with the 
SmartWave TPMS (Figure 2). 
 

 
Figure 1.  SmartWave sensor mounted on the 
tractor steer axle rim. 
 
 

 
Figure 2.  SmartWave components kit. 
 

System B – Tire-SafeGuard – Rim Mount  

The Tire-SafeGuard “rim mount” was tested second.  
Its sensors mounted with bands onto the rims, similar 
to those of the SmartWave system.  The primary 
difference between the SmartWave and the Tire-
SafeGuard was that the Tire-SafeGuard only had one 
low-pressure setpoint for each axle group of tires.  
The setpoints needed to be programmed as actual 
declared pressures, rather than deviation percentages 
of an initial pressure.  The pressures added to the 
program corresponded to the nearest whole unit psi 
resulting from an assumed low-pressure indication 
(similar to some other TPMS units tested) of CIP 
minus 12 percent.  Actual test pressures applied were 
presented as 3 psi below the low-pressure setpoints.  
Upon operation, a low-pressure alert was expected to 
activate for each tire that was set to run low on 
inflation pressure.  Figure 3 shows the three receiving 
antennas, ten sensor transmitters, and the steel 
mounting bands. 
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Figure 3.  Tire-SafeGuard (rim mount) 
components kit.  
 
Care was taken when installing the tire onto the rim 
to ensure no damage was incurred by the sensor 
transmitter antennas.  Figure 4 shows the tight 
clearance encountered when lifting the tire over the 
sensor to seat the tire on the bead. 
 

 
Figure 4.  Tire-SafeGuard sensor and rim-
mounting band – showing antenna.  
 
For the straight truck tests, the steer tire low-pressure 
warning setpoints were set to 114 psi, which was 
approximately 12 percent below the 130 psi CIP.  
The setpoints for the drive tires were set to 92 psi, or 
approximately 12 percent below the drive tire CIP of 
105 psi.  The test pressures applied were 3 psi below 
the setpoints at 111 psi (steers) and 89 psi (drives).  
The “hot calibration” procedure was used for all tests 
on the straight truck.  For all four individual tire tests, 
the Tire-SafeGuard rim mount TPMS displayed the 
correct low pressure alert.  Three of the four tests 
responded quickly, before moving the vehicle.  The 
fourth unit alarmed while the truck was being driven 
to the test track on the detection run.  After cooling 
the tires, all four sensors showed the appropriate 
response to re-inflating the tires by displaying a 

“ready” display after cycling through system power-
on and a quick check of sensors.  After lamp check, 
the display would briefly show the previous low tire 
warning, and then abruptly clear and reset to ready 
mode (Table 5). 
 

Table 5. 
Tire-SafeGuard (rim mount) low-pressure 
setpoint = ~ 12 percent below CIP – Truck 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 

Used (psi) 
Detection 

Status 

Re-inflation 
Status After 
Cool Down 

LF 130 114 psi     
(~ -12%) 111 alarm before 

driving 
clear before 

driving 

RF 130 114 psi     
(~ -12%) 111 alarm before driving clear before 

driving 

LII 105 92 psi      
(~ -12%) 89 alarm before 

driving 
clear before 

driving 

RRO 105 92 psi      
(~ -12%) 89 

Alarm 
at gate while 

driving 

clear before 
driving 

Multi 
130
& 

105 

114 & 92 
psi 

(~ -12%) 

111  
& 89 

alarm before 
driving 

clear before 
driving 

 
A simultaneous multi-tire low-pressure detection test 
followed (last row in Table 5), to identify more than 
one tire in a low-pressure condition.  The results 
duplicated the single tire tests in that the Tire-
SafeGuard alerted to all four tires being low in 
pressure (and without driving the detection run).  
After re-inflating the four tires, the display promptly 
cleared the faults and displayed a ready screen. 
 
When the Tire-SafeGuard “rim mount” TPMS was 
transferred to the tractor, the setpoints were adjusted 
to meet the new CIP requirements.  The steer tire 
low-pressure warning setpoints were set to 92 psi, 
which was approximately 12 percent below the 105 
psi CIP.  The setpoints for the drive tires were set to 
88 psi, or 12 percent below the drive tire CIP of 100 
psi.  The applied test pressures were 89 and 85 psi, 
respectively.  The “cool calibration” procedure was 
used for all tests on the tractor (Table 6). 
 

Table 6. 
Tire-SafeGuard (rim mount) low-pressure 

setpoint = ~ 12 percent below CIP - Tractor 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 

Used (psi) 
Detection 

Status 

Re-inflation 
Status After 
Cool Down 

LF 105 92 psi 
(~ -12%) 89 alarm before 

driving 
clear before 

driving 

RF 105 92 psi 
(~ -12%) 89 alarm before 

driving 
clear before 

driving 

LII 100 88 psi 
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

RRO 100 88 psi 
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

Multi 
105
& 

100 

92 & 88 psi 
(~ -12%) 89 & 85 psi alarm before 

driving 
clear before 

driving 

Note: only one setpoint pressure was tested for this 
unit as it only had one level to test. 
 
For this configuration, in all four tests using single 
tires with low pressure, the Tire-SafeGuard “rim 
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mount” TPMS rapidly responded with a low-pressure 
warning before the truck was driven for the detection 
run.  The same response resulted from the four-tire 
multiple-low-tire pressure test, as well.  As in the 
truck tests, the system again reset appropriately after 
re-inflating the multiple deflated test tires to CIP. 

System C – Tire-SafeGuard – Flow Through 

An additional Tire-SafeGuard TPMS was tested, 
except, instead of mounting the sensors on the rims, 
the sensors were mounted on the valve stems 
externally, in a flow-through mode.  It had a driver 
display and operating functions similar to the 
previous Tire-SafeGuard unit.  One drawback to the 
flow-through sensors was the fact that the 
temperature measurements provided by the TPMS 
were measured in the valve stems, outside of the 
captive air inside of the tire envelope (Figure 5).  The 
flow-through sensors traded ease of installation and 
maintenance for temperature precision.  This flow-
through system only required the use of one receiving 
antenna.  Figure 6 shows the receiving antenna, 10 
small valve-stem mounted flow-through sensors, and 
small driver display. 
 

 
Figure 5.  Tire-Safeguard (flow-through) sensor 
with test hose attached for remote inflation. 
 

 
Figure 6.  Tire-Safeguard (flow-through) 
components kit. 
 

The installed sensors appeared compact and 
unobtrusive to would-be vandals.  These flow-
through sensors attached directly to the valve stem, 
thereby eliminating the need for any external 
connecting hoses for a standard installation.  It is not 
known if the added mass may lead to valve stem 
leakage or fatigue.  (Durability issues are outside the 
scope of this paper.) 
 
In operation, the “flow-through” Tire-SafeGuard 
system provided only a single setpoint for 
determining low tire pressures.  Again, the setpoints 
needed to be programmed as pressure levels, not 
percentages of CIP, so the pressure levels from 
TPMS unit B Tire-SafeGuard “rim mount” were also 
applied for TPMS unit C – the Tire-SafeGuard “flow-
through” system. 
 
For the truck tests, the “hot calibration” test 
procedure was followed.  Under subsequent low 
pressure detection tests, the Tire-Safeguard flow-
through system correctly identified all four individual 
low tire pressure readings using a test pressure of 3 
psi below the setpoints (which were set at 
approximately 12 percent below CIP).  The TPMS 
display responded quickly with a low pressure 
warning, eliminating the need to run a detection test 
on the test track. 
 
After cooling and re-inflating the tires, the Tire-
SafeGuard quickly reset and cleared the faults, 
thereby returning to a quiescent ready mode (Table 
7).  A simultaneous low tire pressure test was not 
performed for the truck installation, but was 
conducted later for the tractor installation. 
 

Table 7. 
Tire-SafeGuard (flow-through) low-pressure 

setpoint = ~ 12 percent below CIP - Truck 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 
Used (psi) 

Detection 
Status 

Re-inflation 
Status After 
Cool Down 

LF 130 114 psi      
(~ -12%) 111 alarm before driving clear before 

driving 

RF 130 114 psi      
(~ -12%) 111 alarm before driving clear before 

driving 

LII 105 92 psi       
(~ -12%) 89 alarm before driving clear before 

driving 

RRO 105 92 psi       
(~ -12%) 89 alarm before driving clear before 

driving 

 
For the tractor tests using the Tire-SafeGuard “flow-
through” sensor system, results obtained were similar 
to those measured in the truck tests.  The display 
alarmed before the detection run was begun; 
therefore the tractor was not driven for this test 
sequence.  After cooling and re-inflating the test tires, 
the TPMS reset correctly, shortly after repowering 
the display. 
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A multi-tire low-pressure test was performed (Table 
8) on the tractor installation, following a “cool 
calibration” preparatory test.  The TPMS detected all 
four low tire pressure readings in rapid succession 
and did not require the tractor to be driven on a 
detection run. After cooling and re-inflating the tires, 
the display showed that the TPMS successfully reset 
to the ready mode. 
 

Table 8. 
Tire-SafeGuard (flow-through) low-pressure 
setpoint = ~ 12 percent below CIP – Tractor 

Tire 
CIP 
(psi) 

Setpoint 
Pressure or 

Delta % 

Test 
Pressure 
Used (psi) 

Detection 
Status 

Re-inflation 
Status After 
Cool Down 

LF 105 92 psi        (~ 
-12%) 89 alarm before 

driving 
clear before 

driving 

RF 105 92 psi        (~ 
-12%) 89 alarm before 

driving 
clear before 

driving 

LII 100 88 psi       
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

RRO 100 88 psi       
(~ -12%) 85 alarm before 

driving 
clear before 

driving 

Multi 
105 
& 

100 

92 & 88 psi 
(~ -12%) 89 & 85 psi alarm before 

driving 
clear before 

driving 

 
Therefore, the Tire-SafeGuard “flow-through” TPMS 
correctly measures and responds to test pressures of 3 
psi below low-pressure setpoints without temperature 
compensation.  The drawback is that if the tires get 
hot after the initial tire inflation to CIP at ambient 
temperature, a 105 psi CIP tire that is heated to 
running temperature may see an increase of 5 to 10 
psi (or more) to over 115 psi. At these temperatures, 
the tire would have to experience a pressure loss of 
23 psi before this system would activate a low tire 
pressure alarm (below 92 psi).  The pressure may 
drop down to the low 80’s in psi when returned to the 
original ambient temperature, where the load capacity 
would be greatly diminished. 

System D - WABCO/Michelin IVTM – Flow 
Through  

The fourth TPMS tested was manufactured by 
WABCO and distributed by Michelin.  The IVTM 
provided a valve stem mounted “flow-through” tee 
coupling to accommodate simultaneous tire pressure 
measurement and tire re-inflation through an 
auxiliary supply port.  A short length of flexible hose 
coupled the tee to the IVTM sensing transmitter.  The 
sensor was mounted on a steel plate that attached to 
two of the wheel lug bolts after the hub-piloted 
wheels were installed onto the hub.  Normal torque 
was applied to tighten the wheel lug nuts.  If two 
sensors were used to measure a set of dual wheels (on 
a drive axle), they were placed opposite one another.  
When only one tire pressure sensor was used (on a 
steer axle), a counterbalance weight provided by 
WABCO was installed on the wheel opposite of the 

sensor (Figure 7).  The long-term effects of the 
mounts on lug nut tightness were not studied. 
 

 
Figure 7.  IVTM mounted on right steer tire with 
plumbing for data system. 
 
This was the most complex of the externally mounted 
TPMS as the sensors were mounted on wheel-lug 
plates and included valve stem extension hoses with 
tee-fittings (Figure 8). 
 

 
Figure 8.  IVTM components kit. 
 
No low-pressure setpoint values were listed in any of 
the numerous brochures and manuals supplied with 
the IVTM.  Hence, a slow leak-down test was 
performed to derive empirically the two low-pressure 
setpoints of the IVTM.  A low-pressure setpoint was 
found to be 20 percent below the CIP and the second 
setpoint at 35 percent below CIP. 
 
The truck was tested first and used the “hot 
calibration” procedure prior to the low tire pressure 
detection tests.  For the first setpoint, all four 
individual tire tests produced timely first level alarms 
using a test pressure of 3 psi below the CIP minus 20 
percent level.  Therefore, no low-pressure detection 
test track driving tests were needed at this pressure 
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level.  After cooling the tires and then re-inflating 
with air to CIP, the IVTM delayed in clearing the 
low-pressure alert until nearly the end of the reset 
identification run, (5.8 miles into the 8.3-mile test 
track course and after 11.2 minutes) (Table 9).  For 
the other three single tire tests, the IVTM produced a 
first level alert and cleared promptly after re-
inflating, without necessitating any driving on the 
track, beyond the initial calibration runs. 
 

Table 9. 
IVTM (flow-through) low-pressure setpoint 1 = 20 

percent below CIP – Truck 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi) 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 130 101 alarm before 
driving 

clear during driving 
11.2 min, 5.8 mi 

RF 130 101 alarm before 
driving 

clear before 
driving 

LII 105 81 alarm before 
driving 

clear before 
driving 

RRO 105 81 alarm before 
driving 

clear before 
driving 

Multi 
130 
& 

105 
both alarm before 

driving 
clear before 

driving 

 
For the multiple-alert test (last row in Table 9), 
simultaneous-low-tire-pressure test, the same 4 tires 
were deflated to the previous individual test pressures 
(3 psi below CIP-20%).  The driver display was 
inadvertently left turned on during the release of air 
from the tires.  Because the “vents” dumped air from 
the selected tires very rapidly, the IVTM display 
alerted to critical low pressures every time the vents 
discharged air.  With the test apparatus close coupled 
in a tee formation at the wheel, the TPMS read the 
sudden decrease in pressure from the venting lines, 
thereby indicating critical alerts.  Each time the 
release of air was stopped for more than a few 
seconds, the critical alert for that channel cleared.  
The TPMS was turned off at approximately 2.5 
minutes into the adjustment period, with the 4 
pressures still being vented down to the setpoints.  
After the test pressures were established in the 4 tires, 
the IVTM was turned back on.  The IVTM quickly 
displayed 4 first level low-pressure alerts (portrayed 
by a “turtle” icon).  Having passed the multiple-low-
tire pressure detection test, the tires were re-inflated.  
The system cleared the faults after repowering the 
display. 
 
The CIP values were reprogrammed for the tractor 
tests to match the lower tire pressure requirements.  
The tractor was driven on the “cool calibration” 
circuit before beginning low tire pressure tests.  
Again, the IVTM displayed appropriate low-pressure 
warnings for the 20 percent low pressure level, and 
reset upon restoring the tires to CIP pressures (Table 
10). 
 

Table 10. 
IVTM (flow-through) low-pressure setpoint 1 = 20 

percent below CIP – Tractor 
Tire 

CIP 
(psi) 

Test Pressure 
Used (psi) 

Detection 
Status 

Re-inflation Status 
After Cool Down 

LF 105 81 alarm before 
driving 

clear before 
driving 

RF 105 81 alarm before 
driving 

clear before 
driving 

LII 100 77 alarm before 
driving 

clear before 
driving 

RRO 100 77 alarm before 
driving 

clear before 
driving 

Multi 
105 
& 

100 

81 
& 
77 

alarm before 
driving 

clear before 
driving 

 

System E - Pressure-Pro – Valve-Stem-End 
Mount 

The fifth TPMS system tested was from PressurePro.  
That system contained the least number of 
components and was the simplest to install.  The 
single receiving antenna was mounted directly to the 
top of the driver display; therefore, the only cable to 
install was for system power. 
 
The sensors were installed by removing the valve 
stem caps and replacing them with the sensors.  
However, there was some concern raised when 
installing the sensors on aluminum rims with small 
hand-holes.  The sensor nearly filled the opening in 
the rim, thus making it challenging for the installer to 
ensure that proper tightness was applied to the sensor.  
The clearance around the sensor was less of a 
concern for installation on steel wheels with larger 
hand-holes in the rim (Figure 9). 
 

 
Figure 9.  Two adjacent PressurePro sensors in 
initial setup for dual tractor tires. 
 
After consulting the manufacturer, the outer wheel 
was rotated 180 degrees to balance out the weight of 
the two sensors. 
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Figure 10 shows the installation kit for the 
PressurePro TPMS.  The packet contained ten 
sensors, a driver display, and a power cable. 
 

 
Figure 10.  Components kit for PressurePro valve-
stem-mounted 10-tire system. 
 
The PressurePro TPMS came configured with two 
low pressure level setpoints.  The “first stage low 
pressure” setpoint was 12.5 percent below CIP.  The 
“second stage low pressure” or critical low-pressure 
setpoint was fixed at 25 percent below CIP.  To 
initialize the system, the tires were properly inflated 
to CIP.  Next, the sensors were installed one at a time 
in the PressurePro wheel sequence, while confirming 
both position and pressure on the driver display.  No 
actual setpoint pressure values were programmed into 
the TPMS.  The Pressure Pro used the initial pressure 
readings as the CIP reference for each wheel.  
Caution was exercised to ensure that the correct CIP 
pressure was contained in the tire when initializing 
the sensors.  When lowering the air pressures for the 
respective low-pressure detection tests, the test 
pressures were set 3 psi below the setpoints for each 
pressure warning level and for each vehicle. 
 
For the first level low-pressure warnings setpoints 
(CIP minus 12.5%), the truck test pressures were set 
to 111 psi (steers) and 89 psi (drives).  For the tractor, 
the test pressures were 88 and 84 psi, respectively.  
The results from the individual wheel low-pressure 
tests showed that the PressurePro correctly read and 
displayed pressures for the two distinct setpoint 
levels for each vehicle, and quickly warned of the 
low tire pressures.  Upon re-inflating the tires and 
turning on the TPMS power, the display indicated 
that the warnings of low tire pressure had 
appropriately cleared (Table 11 and Table 12). 
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Additionally for each vehicle, four tire sensors were 
tested simultaneously for low tire pressure warning.  
The display responded with a composite array of red 
LED’s showing the exact mounting locations of the 
four underinflated tires.  After re-inflating the tires, 
the PressurePro again cleared its display and returned 

MALFUNCTION TESTS 

ed failed sensor and for a 
isconnected antenna. 

isplay of the failed system 
alfunction) signals. 

antenna was then reconnected to see if the system 

to the ready mode. 

The following procedure was used to test each 
system for a simulat
d
 
All tires were inflated to the proper CIP.  The tire 
pressures were logged from both the TPMS and the 
data acquisition system.  The right front tire was the 
target in this test (except for the Flow-Through Tire-
SafeGuard System which used the left intermediate 
axle inner tire).  The target tire was removed and 
rolled out of the area about 100 ft from the truck.  
The TPMS was then monitored to see if it detected 
the removed sensor, and if so, the time required for 
detection.  The tire was then replaced to see if the 
system cleared the d
(m
 
Another malfunction test was performed by 
disconnecting the antenna.  The antenna cable was 
disconnected and the time logged.  The TPMS was 
then monitored to see if it warned of a fault.  The 
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would clear the fault warning from the display.  The 
results for both tests are presented in Table 13. 
 

Table 13. 
Results of malfunction testing 

System Sensor Test Antenna Test 

 Result Time to 
Warning Result Time to 

Warning 
SmartWave Passed 36 min Passed 33 min 

Tire SafeGuard 
(rim mount) Failed N/A Failed N/A 

Tire-SafeGuard 
(valve-stem mount) Failed N/A Failed N/A 

Wabco IVTM Passed 30 sec N/A N/A 
PressurePro Passed 5 min N/A N/A 

 

SUMMARY AND CONCLUSIONS 

The data results have shown that the type or brand of 
vehicle did not alter the individual TPMS results.  
The results for a given TPMS on a 10-tire truck were 
repeated when later installed on a 10-tire tractor, 
without observing any vehicle influence on the test 
results even though the vehicles were equipped with 
different tires, rims, and the TPMS were adjusted to 
different CIP’s. 
 
Each of the five TPMS tested during this research 
project was successful at identifying at least one 
preset level of low tire pressure, signaling low tire 
pressure to a driver display, and clearing the low-
pressure warning from the display after the tire was 
re-inflated.  Some problems were encountered during 
installation of the systems onto the test vehicles and 
there were also some problems with the setup and 
operation of the systems.  The problems were 
overcome by the engineers and technicians assigned 
to this research project; however, a commercial 
carrier may not have similar resources available and 
may not be able to successfully add these systems to 
in-service vehicles without aid from the system 
manufacturer.  However, it is anticipated that vehicle 
manufacturers and TPMS suppliers would work 
together to develop efficient systems if TPMS is 
mandated for heavy vehicles. 
 
A major factor in considering TPMS for heavy 
vehicles is an assessment of the durability of the 
available systems.  There have been several studies of 
the accuracy of available systems with regard to 
pressure sensing, but there has been little published 
information to date on the durability and long term 
operating costs of heavy vehicle TPMS.  The Federal 
Motor Carrier Safety Administration has initiated a 
field operation study of heavy vehicle TPMS that is 
designed to provide durability, as well as cost/benefit 
data, for several of the systems that were tested by 
this research project for pressure sensing accuracy 
and for malfunction recognition. 

 
With and without temperature compensation, tire test 
pressures set to 3 psi below TPMS “factory” 
setpoints were satisfactorily detected by each TPMS 
tested.  By adding tire temperature compensation 
(SmartWave only) the variation between a “hot” 
over-the-road tire pressure reading and low-pressure 
alerts for both 10 and 20 percent pressure losses was 
maintained at tire temperatures elevated to nearly 30° 
F above initial CIP temperatures.  It maintained a 
fixed ratio of pressure drop from current temperature 
operating pressures to activate the low-pressure 
alarm, where the systems without temperature 
compensation allowed much larger pressure drops 
before activating their alarms.  These large pressure 
drops could result in significant load reduction 
capability of the tires; and the tires should be re-
inflated as soon as possible after the warnings are 
received.  A disadvantage of temperature-
compensation is adverse driver reaction when driving 
through extreme temperature fluctuations (e.g., 
mountains and valleys).  More research will be 
required to answer the human factor questions of this 
technology. 
 
As seen in the malfunction tests performed on these 
systems, several systems did not recognize or 
acknowledge through the display that communication 
had been lost with one of the pressure sensors.  In 
order to maintain the safety benefits of the TPMS, it 
is important that the system inform the driver when it 
is not operating normally. 
 
Identification of sensor temperature sensitivity needs 
to be isolated from raw pressure detection as 
identified by the low-pressure detection test 
procedure in this paper.  A second test would need to 
be conducted using either fixed pressures and the 
tires run through a heating and cooling cycle, or the 
tires would need to be heated fully to on-the-road 
operating temperatures and a nominal slow leak rate 
of 1 psi per minute be established through a test 
pressure controller (as was used for this test program) 
while driving to detect the level where the TPMS 
would detect and alert low tire pressure. 

Test Procedure Summary 

The following section provides the procedural steps 
for testing a TPMS as described earlier in the paper, 
but without commentary. 
 
Inflate all tires to Cold Inflation Pressure (CIP).  
Take readings by measuring individual tire pressures 
and temperatures with both TPMS and data collection 
system, and measure all tire external temperatures 
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with a noninvasive probe.  Log all measurements that 
are not collected electronically. 
 
Drive for 8 to 10 minutes over a flat road 
(calibration).  Limit the vehicle’s maximum speed to 
25 mph for a 2-mile loop.  Within 5 minutes of 
completing calibration, read TPMS pressures and 
temperatures, deactivate TPMS, and deflate test tire 
to 3 psi below the setpoint (which is set at 10 to 15 
percent below the CIP).  Immediately reactivate the 
TPMS, take pressure and temperature readings, 
observe TPMS display for warnings, and then run a 
Detection Test (same course as in the calibration)  
The test is complete when the TPMS signals a low-
tire-pressure detection or 15 minutes have elapsed 
since activating the TPMS.  Cool tires and re-inflate 
to CIP.  Go to the next test. 
 
When the TPMS detects the low tire pressure within 
the 15-minute period, return to the starting point.  
Take readings.  Deactivate the TPMS and wait for 5 
minutes (this is a TPMS memory check).  After 5 
minutes have expired, reactivate the TPMS and 
confirm that the same warning returns to the TPMS 
Display.  If the same warning does not re-display, the 
TPMS has failed to remember the fault after a power-
down cycle (an engine shutdown). 
 
Deactivate the TPMS and allow the tires to cool to 
ambient temperature from 30 minutes up to 2 hours.  
With the TPMS deactivated, re-inflate the tires to 
CIP.  Activate the TPMS, take readings, observe 
TPMS display for warnings.  If no warnings are 
indicated by TPMS display, the test is complete.  
Proceed to the next test. 
 

When warnings are present, either activate the TPMS 
reset function (if available) or run Reset 
Identification Test (same course as the calibration).  
If the TPMS fails to clear any unwarranted warnings, 
then the system has failed to identify a properly re-
inflated tire. 
 
Repeat the above steps for each test tire and for each 
pressure setpoint.  Once the Detection tests have been 
completed, conduct a failed system or system 
malfunction test by disconnecting the power source 
to any TPMS component, by disconnecting any 
electrical connection between TPMS components, by 
removing a wheel and locating it outside of radio 
range, or by installing a tire or wheel on the vehicle 
that is incompatible with the system being tested. 
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STATUS REPORT OF FRANCE 
 
 
Dominique Cesari 
INRETS 
France 
 
 
INTRODUCTION 
 
 Since the end of 2002, road safety has become a 
national priority and this was followed by a national 
programme including local actions. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Evolution of road traffic fatalities in 
France over the past 15 years. 
 
 During the last four years, the number of road 
fatalities has decreased by more than 35%, ranking 
France in the group of high road safety countries; 
however, the decreasing of casualties is not identical 
for all road users: 
 

 
 
Figure 2. Evolution of road traffic fatalities in 
France for 3 road user categories 
 
 
If the number of car occupants killed in an accident 
has clearly dropped regularly during the last five 
years, motorcyclists and pedestrian fatalities have 
remained high from 2003. 
 
 

ROAD SAFETY POLICY 
 
The Authorities' Actions 
 
The Interministerial Committee decided on new 
measures structured around the following topics: 
 
     Actions to the benefit of young people 
 
1) plans of action when leaving nightclubs or 
discotheques (breathanalyser and drug tests, 
commitments by the management of these 
establishments by signing charters with the relevant 
authorities); 
2) driving licence for €1 per day; 
3) new procedure for organising test for school road 
safety certificates (ASSR). 
 
     A plan of action for motorised cycles 
 
1) fight against removing the speed restriction 
(increased penalties for selling and riding an 
"unrestricted" motorcycle); 
2) check on mopeds. 
 
     A plan of action for the systematic use of seat 
belts 
 
1) the driver's responsibility to be extended to all 
underage passengers carried in the vehicle; 
2) the 2003 European directive transposed into 
French law. 
 
      
     Mobilising participants 
 
1) The theme of the road safety week in 2005 was 
devoted to short daily journeys; 
2) the Association of French Mayors and the State 
have signed a road safety charter broken down at 
departmental level;  
2) the second meeting of the road safety authorities at 
national level was held on 20  October 2005. 
 
     Control-penalty system continues to be rolled 
out.  Some 1,500 radars were installed at the end of 
2006.  The sites selected for installation are those 
which were submitted by the prefecture in order of 
priority, in accordance with the installation criteria, 
taking into account the accident-generating elements 
of the sites, the implication of the speed factor in 
accidents, the difficulty in carrying out normal checks, 
as well as an itinerary logic so that the equipment 
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could be installed in a standard fashion all over the 
country.  
 
Various developments took place in 2005, 
particularly those making it possible to enter settings 
for the distance between radars, remote maintenance 
and improved signalling using yellow and black 
reflective bands. 
 
Automatic control as applicable at present: 
 
This control was set up by an interministerial order 
on 13 October 2004. The automation enables 
permanent controls to be carried out either from radar 
sets fixed and incorporated into the infrastructure, or 
from mobile sets. The first phases in the control chain 
(recording offences, statement of the data and their 
transmission to the processing centre) are now 
entirely automated. The transmission systems use 
dedicated telecommunications networks (most 
frequently the broadband networks) with encryption 
of the data.  The phases concerning processing of 
offences and collection of fines are carried out by a 
computerised processing operation, the only one of 
its kind worldwide. 
 
     Qualitative, quantitative and financial results 
of the programme 
 
1) The financial commitment came to €134 million; 
2) the fines generated revenue of €217 million (of 
which €13 million in increased fixed fines);  
3) in 2006, a special appropriation account was set up 
(CAS) with an amount of €140 million collected, for 
a budget of €120 million allocated to the radars, €11 
million for the road safety operations and €9 million 
to renew the driving licence file;  
3) 8,671,540 offences were recorded (1,048,489 of 
which were by foreigners),  
4) these offences gave rise to 4,257,541 notices of 
offence; 
5) 60 % of payments were made within 15 days; 
6) 1 % of the notices of offence were deposits, 
7) 15 % notices of offence resulted in another driver 
being designated and 6% in letters of objection.  
 
Various support measures were implemented : 
1) systematic means of informing the public (road 
signs, notices in the local press, map of radar 
installation on Internet);  
2) a call centre was opened to reply to users' 
questions (2,500 calls per day); 
3) letters received are systematically and rapidly  
managed (3,500 letters per day); 
4) payment by Internet and telephone (13 % of 
collections). 

 
     Current actions  
 
1) Foreign vehicles 
They represent approximately 12 % of offending 
vehicles. Bilateral co-operation agreements are being 
negotiated with neighbouring countries. 
(Luxembourg, Spain, Germany, etc.). 
 
2) Heavy goods vehicles, distances between vehicles, 
traffic lights. 
Studies are being carried out on these new topics.  
 
3) Motorcycles 
At the end of 2005, 47 % of radars were installed to 
check on the rear registration plates of vehicles. 
 
4) Assessment of the automated control-penalty 
system  
In 2005, the ONISR (National Interministerial 
Observatory for Road Safety) carried out an 
assessment of the automated control-penalty system, 
with the collaboration of the expert committee in the 
National Road Safety Council, the SETRA (Roads 
and Motorways Technical Study Department), the 
INRETS (National Institute for Research into 
Transport and Safety) and the Normandie-Centre 
CETE (Centre for Technical Studies on Equipment), 
to find out what impact this system had on road 
safety. It appears from this work available on the site 
of the National Road Safety Council, that the 
automated control-penalty system has made it 
possible to intensify speed control substantially. A 
considerable reduction in speed has resulted from this.  
The assessment established that three-quarters of the 
decline in the number of accidents and deaths can be 
attributed to this reduction in speeding. 
 
INFORMATION 
 
Setting up departmental Road Safety 
Observatories  
 
Since 2005, departmental Road Safety Observatories 
are being set up gradually. They will take action in 
three complementary areas:  
1) applications to find out what the dangers on the 
road are with, in particular, the quality and operation 
of the accident file, measurements of exposure to 
risks, and observance of behaviour (speed and seat-
belt wear);  
2) an analysis of accidentology at department level 
(diagnoses, studies of the issues at stake, assessments 
of local actions);  
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3) dissemination of this information (publications, 
promotion and capitalisation of knowledge, responses 
to requests for studies). 
 
The road safety expert committee 
 
This committee was set up in October 2001, at the 
same time as the National Road Safety Council. 
It has two assignments :  to assist the CNSR and to 
validate the publications of the National 
Interministerial Observatory for Road Safety.  
During 2005, work carried out by the expert 
committee was particularly oriented towards:  
- an assessment of the effect of the automatic control 
on road safety,  
- an assessment of the effect of the daytime use of 
headlights on road safety,  
- the method for presenting the results after the 
change in the definition of seriousness of accidents. 
For more information, refer to the NRSC site: 
www.securiteroutiere.gouv.fr/cnsr   
 
The changed definitions of severely injured 
victims 
 
Since 1st January 2005, the definitions of severity in 
the national file of accidental injuries was harmonised 
with those adopted by almost all developed countries. 
This harmonisation concerns the definition of a 
person killed (which went from six to 30 days), the 
removal of serious injury (hospitalised for more than 
six days) replaced by injury with hospitalisation for 
more than 24 hours.  
During 2005, the monthly publication of accident 
statistics which depend on rapid feedback, continue 
to give the provisional statistics on deaths within six 
days, directly comparable with the statistics for 2004.  
It was only since the beginning of 2006 that data on 
the basis of the new definition of deaths within 30 
days have been published.  
Furthermore, a new coefficient on the changeover 
from deaths within six days to deaths within 30 days 
has been calculated : it comes to 1,069 (instead of 
1,057 calculated in 1993). 
 
Partnerships 
 
A certain number of charters were signed with 
professional organisations and a Code of Good 
Practices for the prevention of professional road risks 
was drawn up.  
A charter for receiving the families of the victim of 
road accidents was circulated to encourage health-
care establishments to develop a personalised 
reception for families. 
 

THE LOCAL ROAD SAFETY POLICY  
 
The specific features in the local policy on road 
safety are oriented towards:  
- the road safety houses which are being developed : 
20 have already been inaugurated; 
- Road Safety Week,  centred on risks in daily life. 
 
THE ROAD  
 
Checking the safety of road projects is in progress on 
the state-owned network in accordance with the 
provisions of circular 2001-30 dated 18 May 2001. In 
2002, 2003 and 2004, about three hundred inspectors 
were qualified in the inter-regional vocational 
training centres.  
 
The improvement in the existing road network 
requires other methods which were tried out on 15 
pilot routes (SURE approach). Maps of the 
accidentality on the national road network, since 
2004 have been regularly published on Internet.  
 
Furthermore, actions have been undertaken to 
improve the relevance of road signs.  
Finally, State-Region contracts have made it possible 
to commit more than €300 million to work to 
improve safety over five years. 
 
ROAD EDUCATION  
 
The "€1 per day licence" system makes it possible to 
spread the cost of the licence over several months, 
thanks to a zero-interest loan by which the State pays 
the interest, through an agreement entered into with 
the financial institutions. The driving schools 
undertake to abide by a quality charter.  
 
International activities  
 
At community level, negotiations continued between 
the Council of Transport Ministers of the European 
Union and the European Parliament on the draft third 
directive on driving licences.  
 
With regard to the International Commission for 
driver testing (CIECA), the conclusions in the three 
large studies were handed over and shared by all the 
parties concerned: Towards a European standard for 
Testing (TEST) which shows the differences in the 
evaluation of the applicants' services at the time of 
the driving tests, Novice Driver Scheme Evaluation 
(NOV-EV) which showed the value, on the road 
safety level, of post-licence training, finally 
Minimum European Requirements for Driving 
Instructor Training (MERIT) which decided on the 
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skills essential for any driving instructor so that the 
training given also includes emphasising an 
awareness of risks taken by novice drivers rather than 
just handling the vehicle. 
 
THE VEHICLE  
 
Technical regulations  
 
The main technical regulations, in line with EU and 
UNECE regulations passed in 2005 concern:  
- a limit in the maximum speed at the time of 
construction, extended to public passenger transport  
and heavy goods vehicles of between 3.5 and 12 
tonnes; 
- label indicating the CO2 level and fuel consumption 
for private cars;  
- the determination of conventional fuel consumption 
and dioxide emissions extended to vans;  
- the end of vehicles' useful life. 
 
Technical inspection  
 
In 2005, 18.60 million inspections, of which 16.01 
million were initial visits, were carried out in the 
5,190 approved inspection centres (4,771 specialised 
centres and 419 auxiliary centres). The 16.01 million 
initial visits made can be broken down into : 13.92 
million for private cars and 2.09 million for light 
utility vehicles. In 2005, the percentage of private 
cars showing no elementary alternations in the 
classification came to 16.6% in 2005. 
 
RESEARCH 
 
The PREDIT Programme 
 
Predit must develop its role as a cooperation and 
action platform linked to the three research incentive 
levels, which are:  
 
The regional level: link with regional research, 
supported within the context of State/Region 
development agreements, and elaborated in the field 
of technologies for land transport through a network 
of regional poles (RT3 network: a charter signed in 
2001 by Nord-Pas-de-Calais, Alsace-Franche Comté, 
Haute-Normandie, Midi-Pyrénées, Poitou-Charentes 
et Rhône- Alpes). 
 
The national level: Predit is a vast programme, but it 
is also one among sixteen statefunded networks of 
research and technological innovation. It revolves 
more particularly around networks, 
telecommunications, software technologies, fuel 

cells, micro-nano technologies, materials and 
processes, land and space. 
 
The European level: increasing links with the 6th 
framework programme and the Eureka initiative, 
promoting the cooperation between France and 
Germany in transport research. 
 
Programme organization PREDIT 3 is headed by 
Jean-Louis Léonard, deputy in Charente maritime and 
mayor of Châtellaillon-Plage. The Steering 
Committee, together with the Chairman and the six 
promoters of the programme, decides on the 
reorientations to be given, global conditions of 
development, assessments to be done. The 
Orientation Council debates twice a year on the 
general priorities and the programming. Operational 
groups are in charge of defining and implementing 
actions, including the follow-up and the development. 
Under their respective Chairman’s authority, and 
Steering Committee if necessary, the groups are 
responsible for the organization and programming 
conditions: direct orders of research, calls for 
proposals, reception of spontaneous projects… 
Through these various paths, they propose projects to 
the financing bodies, then ensure the follow-up and 
the development. Their secretariat is ensured by 
representatives from the public financing bodies most 
involved in their respective fields. Funding is 
provided by  four ministries and two agencies. A 
permanent secretariat ensures the management of this 
device.  
 
Among the operational groups, two are dealing with 
safety issues: GO3 relates to improvement of 
knowledge in safety and G04 to the field of 
technological developments for safety. 
 
     GO3: "New Knowledge for Safety" 
 
The Operational Group 3 "New Knowledge for 
Safety" is devoted to producing new knowledge 
intended for public authorities, manufacturers, and 
individuals, on the stakes in transport in terms of 
personal safety, and also on how political decisions in 
this area are effective. It is aimed at creating an 
enlarged collective of researchers in order to better 
analyse the conditions (i.e. actions, opinions, 
information, training) under which those problems 
can be treated more efficiently. 
 
Its works are particularly focussed on the socio-
political and epidemiological dimensions and it is in 
close relationship with the GO4 "Technologies for 
Safety". 
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In compliance with the orientations given by public 
authorities, and especially with the CISR's decisions 
taken on Dec. 18, 2002, road safety is a priority issue, 
and the partnership with car manufacturers has been 
reinforced.  A call for tenders including 5 main 
directions was launched in 2003 .   
 
Thirty nine collaborative projects related to 
Operational Group 3 were sponsored by the PREDIT 
programme; twelve of them were in the field of 
public policies development and evaluation, six 
related to accident data bases development and 
analysis, twelve were in the area users behaviours in 
relation to safety, height in the approach of safety 
through health issues and the last one relates to 
transport of dangerous goods. 
 
     GO4: "Technologies for Safety" 
 
The objective of this group is to contribute, through 
technological innovations, to reducing transport-
related risks within a context of predictable increased 
traffics.  Three main issues are under study: global 
systems of flow regulation, road systems safety and 
driving aids towards a "natural" safety. 
 
This group particularly follows through two projects 
which are essential for its activity, namely ARCOS 
2004 and LAVIA, launched within the PREDIT II 
programme. 
 
ARCOS project 
The aim of the ARCOS project is to significantly 
reduce the number of accidents. Some fifty partners 
contribute to this work.  
 
Under a global approach, the project aims at 
enhancing driving safety on the basis of four safety 
functions :  
1. controlling inter-vehicle distances; 
2. avoiding collisions with fixed or slowly moving 

obstacles; 
3. preventing lane crossing; 
4. alerting upstream vehicles of downstream 

incidents or accidents. 
 
Building those four functions is the heart and 
originality of the project.  ARCOS is structured 
around eleven broad themes which enable to integrate 
inputs from engineering sciences, human and social 
sciences: 
1. perception techniques; 2. other measurement 
techniques: visibility and adherence; 3. data 
processing and command development; 4. 
transmission and communication; 5. 
simulation/evaluation and accidentology; 6. man-

machine system; 7. individual and social 
acceptability; 8. other collective social and technical 
aspects; 9. experimental means; 10. functions 
management, technical assistance; 11. development 
for trucks. 
 
LAVIA project 
The LAVIA project is testing and evaluating a speed 
limiter which adapts to the current speed limit on the 
road, in partnership with French car manufacturers. 
The device, tested onboard the vehicle, is a driving 
aid equipment which can operate according to various 
modes: 
 
- the informative mode: at any time, the driver is 
informed of the speed limit in force in the location 
where he is driving. If he overruns this speed limit, an 
alert sets off. 
 
- the active mode: the driver cannot overrun the speed 
limit; this is made possible by the fact that, beyond 
this allowed speed, the accelerator is deactivated 
 
- the "kick-down": in the active mode, the driver can 
use a device (known as "kick-down") which allows 
him to temporarily switch off the system.  The system 
will be reactivated as soon as the vehicle speed is 
below the authorized speed again. 
 
The main objectives of this project are:  
1. to test the system in operation and its acceptability 
to users; 
2. to evaluate changes in individual behaviours; 
3. to measure its effectiveness in terms of individual 
risk and also to detect and evaluate any adverse 
effects; 
4. to conduct simulation in order to evaluate overall 
collective safety impacts. 
 
In addition, the Operational Group 4 sponsored 
fifteen projects, three being in the area of driver 
information and awareness, two in safety in tunnels, 
five related to road vulnerable users (pedestrians and 
motorcyclists), safety of rail transport concerned 
three other projects, and the two remaining ones were 
in the field of driving simulator and drowsiness. 
 
This group has to coordinate its research work with 
the actions taken within the 6th R&D Framework 
Programme, especially with those projects selected in 
the E-Safety area at the first call. 
 
The research actions of the group are supported by 
the French Ministries in charge of Transport and 
Research. 
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EUROPEAN ENHANCED VEHICLE SAFETY 
COMMITTEE (EEVC) 
 
France provides a strong support to EEVC, actively 
participating in all working groups, and providing 
chairpersons to its steering committee and to two 
working groups. Throuhg EEVC, France is also 
supporting the set up of the new international forum 
for vehicle safety research. 



GOVERNEMENT STATUS REPORT - POLAND 
 
Wojciech Przybylski 
Instytut Transportu Samochodowego

INTRODUCTION 
 
The following report contains information on 

the progress achieved in Poland with regard to 
aspects of road traffic safety since the time of 20th 
ESV Conference (Lion, 2007). This period is 
generally characterised as the intentional effort 
towards the traffic safety items within all its main 
system fields taking into account priorities drawn 
from analysis of domestic and international accident 
statistics. The current accident statistics for last ten 
years are given on Figure 1, and in Table 1. 
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Figure 1. Road Accidents and Vehicle Stock Percentage 
 in Poland in the Period 1999-2008 (1999=100%) 
      By: Anna Zielińska Motor Transport Institute 

 
From the accident statistics deeper analysis it 

still appears that in the majority of cases the human 
behaviour is the reason of majority of road accidents. 
Two main groups of road users – drivers and 
pedestrians are sharing this fatal record in the rate of 
5 to 1 being involved as causal factor in more than 
97% of accidents. 
 
THE PROGRESS IN THE FIELD OF 
VECHICLE RELATED FACTOR 
 

In last 2 years we made adequate progress in 
accepting next changes in European and 
internationally agreed technical requirements and 
putting them into legislation of our type approval 
system, which is already unified to the extend 
possible. It is to be stressed that the current 

harmonisation level of Polish technical vehicle 
requirements was reached by the date of EU 
accession and all important safety and environmental 
items regarding motor vehicles are already in force. 
Moreover there is also a visible progress of 
accreditation action inside the research and testing 
domestic third party laboratories harmonising their 
quality systems with future European Standards.  

One of important safety legislative solution 
related to vehicles is that in Poland starting from 
April 17th 2007 it is required to drive with lights on 
for the whole year long. It was the response for 
results of road safety statistics and also the 
consequence of programme started in 1991. The 
latest statistic data shows the following 
improvements after this new regulation: 

• the number of daytime accidents fall down 
in the accident categories predicted (ie. 
frontal collisions, priority breach, 
pedestrians and vulnerable road users 
crashes),  

• in general vehicle to vehicle collisions the 
resulted fall down was 6%;  

• in frontal collisions – 8% 
• in frontal collisions with the involvement of 

heavy trucks – 15% 
Further, more complex statistical analysis of this 
specific aspects are under preparation. 

With regard to international vehicle 
construction requirements Poland continues to 
present the opinion of the suitability of 1998 Global 
Agreement, recognizing it as an effective way to 
harmonize world-wide important technical 
requirements for road vehicles. Having continued 
with a membership of EEVC from the beginning of 
2003, we accept the initiative to establish the 
worldwide after IHRA solution, enabling better 
global harmonisation of vehicle technical 
requirements. Our membership in EEVC Steering 
Committee is continued in activity in four Working 
Groups i.e. WG 19: HMI, WG 21 Accident Statistics, 
WG 22 Virtual Safety and WG 23 Bus Frontal 
Collision. It is worth  mentioning also the 
participation in international co-operation of Polish 
in virtual safety WG in the frame of EU Commission 
activities. 

With regard to the system of Periodic Technical 
Inspection of in-use vehicles, we are also in the 
process of introducing permanent improvements to 
its quality and objectivity of checks. Our presence in 



CITA working groups and new EU Commission 
WGs gives us on one hand the possibility to make 
positive input to international activities enabling 
better standards for PTI and in return to have access 
to latest achievements of CITA members works. The 
PTI checking equipment continues to be in Poland 
under certification and we perform with the basic 
level course and advanced training skills of PTI 
inspectors. In result of more stringent requirements 
regarding the personnel qualification and equipment 
quality, the rate of traffic accidents due to bad 
technical state of vehicles, is in our estimations 
keeping the level of around 0.6%. Moreover, there 
are already around 1000 PTI stations of highest 
technical level having the care agreement with Motor 
Transport Institute and Polish Chamber of PTI, 
based upon which they receive the latest available 
data and information regarding professional items. 
The decision on the accession of Poland to the UN 
1997 Agreement, on the international PTI, had been 
taken. 
 
THE PROGRESS IN THE FIELD OF HUMAN 
RELATED FACTOR 
 

Our National Road Safety Council pays the 
greatest attention to the problem but had, by now, 
succeeded in limited number of fields. The most 
important result was achieved in reducing the relative 
rate of accidents caused by drunken road users by 
around 5,6%, during last 2 years. Even if we reach 
good 3rd position among 18 evaluated countries.(see 
Figure 2.) this is still not satisfactory enough and 
leads towards more stringent legislation.  

 
Figure 2. Road Safety Performance Index  
The other activity in the field of human factor 

realised in the last 5 years, was aiming at road 
education of children, promotion of safety of non 
protected road users, improvements of driver training 
and scientific co-operation in ROSE 25, Slow (ETSC 
project), EUCHIRES, DRUID, CLOSE TO, ERIC,  
SARTRE 4 (DaCoTa if starts), as well as accident 
database IRTAD and CARE. 

The specific new programme (based on diet 
law) relating to speed control has been launched at 
the beginning of 2009. According to its rules next 
400 fotoradars will be mounted on our roads and 
special centre for collecting the related information 
will be organised in few months. 

 
 
THE PROGRESS IN THE FIELD OF ROAD 
RELATED FACTOR 
 

W noticed some progress in this field but still 
being far from our expectations. We have still so far 
a low rate of classified motorways, which is being 
0,15 km /100 km², while in the “old EU” countries it 
is 1,58 km/100 km², this figure speaks for itself! 

Fortunately there are some signs of spring in 
this specific area. During last five year period the 
road maintenance service, managed to improve some 
25% of Polish existing road network classified as 
„national” (38 000 km in total according to EU 
classification). Taking into account more or less 



stabile growths of number of vehicles on the roads it 
is not enough by far.  

Now some information on the specific national 
road safety programme named “Roads of trust” 
which was started in 2007. The strategic aim of the 
programme is to reduce by 2013 the number of 
deaths on national roads of 75% in relation to 2003. 
One of the activities in the programme is called 8-8-
88 as it was started on national road no 8 which is 
currently the longest and most dangerous route in 
Poland. Next “8” in the definition is related to the 
decision that in 2008 next 8 national roads (no 1 – 9) 
was included. The last figure “88” says that there is 
still 88 national roads which need to be improved in 
next years. The programme collects infrastructural 
improvements like bypasses of villages and towns, 
better information of current state of traffic and road 
safety campaigns direction to specific hazardous 
areas. It is also to be mentioned the lastly prepared in 
scope of EU Euro RAP programme the map of 
international roads safety risk in Poland 
(www.eurorap.pl). 

This sort of items is however strongly related to 
private investors and local authorities (traffic control 
solutions) and still needs more careful attention of 
economy decision makers including UE support. 
 
CONCLUSION AND FUTURE AIM 
 

The overall road traffic safety in Poland seems 
to be waived during last 2-year period,  based on 
statistical data given below. These  changes does not 
mean good in comparison to our society needs. 

Taking into account the EU road safety policy goals 
to reduce by half the number of fatalities on 
European roads we are continuing the national road 
safety programme called GAMBIT which is aimed  
at: 

• vulnerable road users (pedestrians, 
bicyclists), 

• people commonly ignoring traffic 
regulations, such as speed limits, drink-
driving or not using restraint systems, 

• traffic risk on major roads outside built-up 
areas (on the 6 % of the length of the road 
network, 25 % of all accidents, 40 % of all 
killed, 27 % of all injured, severity of 
accidents: 18 fatalities / 100 accidents),  

• young drivers aged 18 – 24 (20 % of all 
involved in road accidents), 

• intoxication of drivers and pedestrians.  
• quicker exchange of the oldest part of 

vehicle stock 
We hope that Polish participation in EEVC 

Working Groups, UN ECE, ESV, EU Commission 
and Council Working Groups together with ETSC 
and CITA activity will result in optimal use of our 
limited resources. 

I would like to wish all of you a good co-
operation and fruitful exchange of knowledge during 
this very important scientific international ESV 
conference being one of the important bases for 
improvement of everyday life – improvement of 
vehicle safety and thus road traffic safety. 

 
 
Table 1. Accident Data in Comparison with the Vehicle Stock and Population in Poland   
              in the Period  1999-2008       

Year 
No. of 

accidents 
No. of 

fatalities 
No. of 
injured 

No. of vehicles 
(thousands) 

No. of 
passenger cars 

(thousands) 

Population 
(thousands) 

Fatality factor 
(No. of 

fatalitie/1 mln 
of inhabitants 

Accident severity 
factor (No.of 

fatalities/100 of 
accidents) 

No. Of 
passenger 
cars/1000 
inhabitants 

1999 55 106 6 730 68 449 13 169 9 283 38 654  17  12  240 

2000 57 331 6 294 71 638 14 106 9 991 38 644  16  11  259 

2001 53 799 5 534 68 194 14 724 10 503 38 632  14  10  272 

2002 53 559 5 827 67 498 15 525 11 029 38 219  15  11  289 

2003 51 078 5 640 63 900 15 890 11 244 38 191  15  11  303 

2004 51 069 5 712 64 661 16 701 11 975 38 174  15  11  314 

2005 48 100 5 444 61 191 16 816 12 339 38 157  14  11  323 



2006 46 876 5 243 59 123 18 035 13 384 38 126  14  11  351 

2007 49 536 5 583 63 224 19 472 14 589 38 116  15  11  383 

2008 49 054 5 437 62 097 21 127* 15 974* 38 116**  14  11  419 

* Estimated by Motor Transport Institute      

** Central Statistical Office as of June 30, 2008      
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Elderly Friendly Vehicle Project :  

Safety and Convenience 
 

Objective 
 
  Because of the global trend of the societal aging with more than 20% of 
elderly population, auto manufactures in the advanced nations such as US 
and Japan concentrate their endeavors on the development of the 
technologies for the elderly vehicle (elderly-friendly vehicle).  The forecast in 
reaching the aging and highly aging domestic societies is also 2018 and 2026, 
respectively.  Therefore, Korean government and domestic auto makers are 
putting their enormous efforts to develope key technologies for the elderly 
vehicle. This research, coupled with the CTIP's 1st stage basic plan for the 
comfort improvement of the transportation with vulnerable people, preparing 
the aging society, consists of the following 5 categories that will provide a safe 
and convenient transportation to elderly population. 
 
1) Improvement of the transportational safety for the elderly and the study for 
technical prescriptions. 
2) Development of the design technology for convenient driving and comfort 
riding devices by characterizing the driving features of the elderly and by 
utilizing the associated analytical human body model. 
3) Development of crash injury criteria, analytical human body model, and 
safety restraint system for the elderly. 
4) Development of the improved night frontal vision system for the elderly 
5) Study on institutional system for the elderly vehicle and economical 
analysis 
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Task 
 
Improvement of the transportational safety for the elderly and the study for 
technical prescriptions. 
 
   - Assessment and technical prescriptions for the safety improvement of 

the special ingress and egress devices that enhance the use of the elderly. 
- The research and development for the supporting system with a 

ministerial policy. 
 

1) Development of the design technology for convenient driving and comfort 
riding devices by characterizing the driving features of the elderly and by 
utilizing the associated analytical human body model. 

 
     - Research and development of automobile convenience equipment 

technology : development of digital human model for elderly drivers 
- Improvement of the maneuverability of the instrumental panel design 

for the enhancement of the elderly driving comfort and the 
development of ingress and egress devices 

-  
2) Development of crash injury criteria, analytical human body model, and 

safety restraint system for the elderly. 
 

  - Development of crash injury criteria and human body model in 
consideration of biological characteristics of the elderly  
   - Design the safety restraints such as seat belt system, airbag, head 
restraint for the elderly driver and occupant in order to reduce the crash 
injury risk. 
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3) Development of the improved night frontal vision system for the elderly 
 

- For the accident prevention and driving comfort, improvement of vision 
system (head lamp and etc.) during the night and bad weather. 

 
4) Study on institutional system for the Elderly vehicle and economical 

analysis 
 

   - Certification, standardization, supporting regulations of the Elderly 
vehicle for the construction of ministerial policy. 

 
 
Output 
 
 • Assessment and technical prescriptions of special devices for the Elderly. 
 • Digital human model for Elderly drivers 
 • General characteristics of the aged drivers behavior 
 • Crash injury criteria for Elderly Occupant.  
 • Improved restraints such as seat belt system, airbag, head restraint for the 
Elderly occupant 
 • Auto Beam Switching(and Foul Weather Adaptive Auto-Convert) for the 
aged drivers 
 • Economic effect of technology development of the Elderly vehicle 
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STATUS REPORT, FEDERAL REPUBLIC OF GERMANY 

President and Professor 
Dr.-Ing. Peter Reichelt 
Federal Highway Research Institute 
Germany 

21st ESV-Conference 

Stuttgart, 15th to 18th June 2009 
 

INTRODUCTION 

Technical progress in automotive engineering fo-
cuses at the moment on two branches: improving 
safety and reducing energy consumption. While 
vehicle safety has been on the agenda for many 
decades by now, the emissions of greenhouse gases 
are a topic of the last years. The reduction of fuel 
consumption is driven by two issues. On the one 
hand CO2 has to be reduced since it is seen as a 
major factor for global warming. On the other hand 
the resources of fossil crude oil will come to an 
end. The latter also will lead to increasing fuel 
prices in the long term future. 

However every cent for research in automotive 
engineering can be spent only once. Thus safety 
and CO2 reduction somehow compete with each 
other. Rulemaking of regulations on ECE-level or 
directives on EU-level has to face this tension to an 
increasing amount. The mandatory introduction of 
safety measures has to be justified convincingly if 
higher vehicle masses or additional fuel consump-
tion are accompanying the measure. So cost benefit 
analyses and impact assessments, which are already 
a prerequisite for legislation, will in the future not 
only focus on the effects of the safety measure 
alone but also on its side effects, especially with 
regard to CO2-emissions. It can be expected that 
also primary and secondary safety measures will be 
weighted against each other in order to introduce 
the most effective measure with regard to safety, 
climate protection and costs. This third factor be-
sides safety and CO2, namely costs for the con-
sumer, stepped into the foreground during the last 
months when sales figures of vehicles decreased. 
Only vehicles, which the consumer can afford, will 
be bought. Thus, it is an essential goal for automo-
bile manufacturers, suppliers and legislators to 
enable market introduction of safety systems which 
are beneficial but cheap enough for high market 
penetration. 

 

The Challenge of Demographic Change for 
Road Safety 

Decreasing fertility rates and a continuous increase 
of the average life expectancy lead to a considera-
ble medium- or long-term change in age structure 
in Germany as well as in other industrial nations. 
By 2030, current investigations predict a reduction 

of Germany’s population of more than 5 million to 
about 77 million inhabitants. It is, however, not the 
long-term decrease in population but moreover the 
change in the population structure that is the real 
challenge. Compared to 2005, in 2030, for exam-
ple, the percentage of children and young people 
will be reduced by a quarter. The number of per-
sons of working age will also be reduced consider-
ably by 15%. In contrast, the percentage of elderly 
people (persons older than 65) will increase by 
about 40%. In addition to that, it is expected that 
the development of the Federal States and regions 
regarding their total population as well as their 
economy will differ considerably. 

This development means an increasing participa-
tion of elderly people in road traffic. In addition to 
that, the senior citizens of tomorrow will be more 
mobile than the ones of today. Elderly women in 
particular will increase their vehicle-mobility con-
siderably compared to the situation as it is today. 
Consequently, in future, road safety aspects of 
elderly people will be much more important than 
today.  

Effects on the other age groups are, however, ex-
pected as well. Based on the regional disparities, 
declining regions will experience - for instance - a 
decrease of schools and doctor’s practices in num-
ber and density so that a long-lasting change in 
mobility thus in road safety is to be expected here 
as well. The demographic change thus represents 
one of the big challenges for the future work in the 
field of road safety. 

 

Road accidents in Germany 

The number of road accidents decreased continu-
ously for many years until 2006 – by nearly 5% to 
2,235,318 road accidents in 2006. Although 2007 
was an extraordinary year with increasing accident 
figures for the first time in years (2,335,005 road 
accidents), on the long run, accident figures have 
still decreased. Moreover, the forecast for 2008 
indicates once again a further decrease in accident 
figures (2008: 2.27 million road accidents). 

The number of road accidents with personal injury 
has decreased by more than 12% since 2000, result-
ing in 335,845 road accidents with personal injury 
in 2007. For 2008 a further decrease of more than 
4% to approximately 321,000 injury accidents is 
expected. 

Casualty figures have also decreased, with lower 
reductions for slight injuries and higher reductions 
for severe injuries and fatalities. The total number 
of casualties has decreased by nearly 15% from 
511,577 in 2000 to 436,368 in 2007. For 2008 a 
reduction of approximately 5% compared to 2007 
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has been predicted – to about 414,000 casualties in 
2008. 

Since 2000, the number of severe injuries has been 
reduced by 26% to 75,443 seriously injured road 
users in 2007 and the number of slight injuries has 
been reduced by 11% to 335,971 slightly injured 
road users. Fatalities have decreased by 34% from 
7,503 fatalities in 2000 to 4,949 fatalities in 2007 – 
which is the lowest number of fatalities ever re-
corded by the national road accident statistics. For 
2008, a further reduction to 4,500 fatalities has 
been predicted. 

 

Vehicle population and road performance 

Germany, with its 82.3 million inhabitants, is the 
most populated country in Europe and plays an 
important role for transit traffic. The number of 
passenger cars in Germany on 01/01/2008 was 41.2 
million. Caused by a change in registration method 
(without temporary stopped cars), a comparison to 
the year before is not possible. Traffic intensities on 
the approximate 12,500 km of federal motorways 
in 2007 were about 49,200 vehicles per 24 hours on 
average (ADT). Figure 1 gives an overview of the 
distribution within the federal motorway network. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. ADT of all vehicles on federal motor-
ways in 2005 

 

The ADT of vehicles with a permissible total 
weight of above 3.5 t was on federal motorways in 

2007 about 7,600 heavy vehicles. Figure 2 shows 
the situation in the year 2005. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. ADT of trucks > 3.5 t on federal mo-
torways in 2005 

 

The total driving performance of all vehicles in 
2007 was about 692.0 billion vehicle-km, out of 
which over 30% took place on the federal motor-
ways alone. 

 

Freight Transport and Logistics Masterplan 

A modern industrial and service economy based on 
the division of labour and a successful business 
location cannot function without an efficient trans-
port system. Current studies forecast a growth in 
tonne kilometres of around 70 % between 2004 and 
2025. Closely linked with this growth are environ-
mental and climate change challenges. Today, 
already, transport is responsible for around 20 per-
cent of CO2 emissions and accounts for around 70 
% of total petroleum consumption. 
The Federal Government has responded to these 
challenges by publishing the Freight Transport and 
Logistics Masterplan in summer 2008. It describes 
the strategic transport policy direction and the key 
elements of the future course of action which are to 
be used to ensure the provision of efficient infra-
structure and, at the same time, to reduce the 
amount of energy consumed by vehicles and make 
transport more efficient, cleaner and quieter. 

Germany 

Germany 
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The Masterplan contains a total of 35 concrete 
measures subsumed under the following six objec-
tives: 

• Making optimum use of transport infra-
structure - shaping transport to make it 
more efficient 

The aim is to enhance the capacity of the 
overall transport system. Optimum use is 
to be made of existing transport infrastruc-
ture and the transport system is to be made 
more efficient. Measures to tackle conges-
tion will be intensified and continued. In 
concrete terms, this means: road works 
management will be optimized, traffic 
management systems will be linked up and 
the provision of necessary parking areas 
for HGVs on motorways will be acceler-
ated.  

• Reducing the number of journeys - ensur-
ing mobility  

The aim is to improve transport chains, for 
instance by optimizing transit traffic. De-
veloping the European networks or mak-
ing greater use of short-sea shipping can 
help to achieve this aim. An initiative for 
better logistics in urban areas is designed 
to make freight transport in towns and cit-
ies more efficient, thereby enhancing the 
quality of life in conurbations.  

• Transferring more traffic to the railways 
and inland waterways  

Greater use is to be made of environmen-
tally friendly modes of transport, such as 
the railways and inland waterways, for 
freight transport. To this end, the funding 
for combined transport will be increased 
from 62.5 million to 115 million Euros per 
annum. A support programme is to pro-
vide financial assistance to innovative 
handling technologies in combined trans-
port. A strategy will be developed to take 
account of the European discussion on the 
internalisation of all external costs (e.g. for 
air pollution, climate change, noise or 
congestion). This will produce greater 
transparency regarding the nature and 
level of the costs to the economy of the in-
dividual modes of transport.  

• Upgrading more transport arteries and 
hubs 

Despite all the efforts to enhance effi-
ciency, there are still bottlenecks in the 
transport infrastructure. For this reason, 
transport arteries and hubs are to be up-
graded. This means a segregation of pas-
senger and freight services by reducing 
pathing conflicts on the railways and by 

taking targeted action to remove bottle-
necks on the railways and roads. This will 
require a higher level of transport invest-
ment, and this is reflected in the 2009 
budget estimates and the Federal Govern-
ment's medium-term financial planning.  

• Environmentally friendly, climate-
friendly, quiet and safe transport 

Alongside noise mitigation on the rail-
ways, the focus is on tightening environ-
mental and safety standards in order to re-
duce noise and pollutant emissions and the 
risk of accidents and on shifting traffic to 
more environmentally friendly modes of 
transport. In addition, a strategy is to be 
developed for varying tolls according to 
the route driven and the time of day. Such 
a strategy would make it possible to 
charge a higher toll on busy sections of 
motorway at certain times of day, while 
reducing the toll at other times of day.  

• Good working conditions and good train-
ing in the freight transport industry 

The conditions of working and training in 
the freight transport industry are to be im-
proved. This includes a training initiative 
and regular monitoring of the working 
conditions in the freight transport and lo-
gistics sector, plus ensuring that sufficient 
checks are carried out to enforce compli-
ance with social legislation in the road 
haulage sector. 

 

German Presidency of the EU Council 

The German EU Council Presidency has addressed 
the European Commission’s eSafety initiative and 
organised a conference on this initiative on 5/6 
June 2007 together with high-level representatives 
from the Commission’s Directorate-General in-
volved, from the Member States, national and 
European associations, the automotive and supplier 
industry, monitoring agencies, automobile associa-
tions and research institutions. Against the back-
ground of the White Paper, development prospects 
of intelligent mobility were discussed. Being of 
particular importance, the following thematic 
blocks were given special attention during the dis-
cussion: 

• Block 1:  
Real Time Traffic Information (RTTI) / 
Communications - Enhancing Traffic In-
formation  

• Block 2: 
Human-Machine Interaction (HMI), in-
cluding eSecurity - the human-machine in-
terface to car multimedia systems, tam-
perproof technologies  
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• Block 3:  
Driver Assistance Systems (DAS) - legal 
situation and assessment, including the 
new role of motorists in partially auto-
mated in-car processes, plus EuroNCAP 
testing procedures for DAS  

The eSafety Conference adopted conclusions re-
garding these thematic blocks. They were based on 
the results obtained at European level by the work-
ing groups, on the expert presentations from repre-
sentatives of various Member States and European 
institutions and on the discussion result. The results 
of this Conference have been considered trend-
setting by the European Commission [KOM(2007) 
541, dated 17th Sept 2007]. Detailed conclusions 
are summarised below in the chapter research as 
topics “HMI”, “RTTI”, “legal issues of ADAS” and 
“eSecurity”.  

 

RESEARCH 

 

Daytime Running Lights for Motorcycles 

The problem of conspicuity of motorcycles during 
the day is also well known in Germany since many 
years and there are different national and interna-
tional proposals to enhance conspicuity by im-
provement of the frontal signal pattern of motorcy-
cles. In accordance with the application laws of 
many countries, motorcycles currently have to 
drive with activated passing beam headlamps. Ad-
ditionally for multilane vehicles, it is already al-
lowed in many countries to drive with dedicated 
daytime running lamps. 

Figure 3.    Motorcycle with passing beam 

This is why the Federal Ministry of Transport, 
Building and Urban Affairs has assigned the Fed-
eral Highway Research Institute (BASt) with the 
task of investigating the conspicuity of motorcycles 
under daytime conditions more precisely. This 
research project was completed in July 2008. The 
results of the study can be summarised as follows: 

One dedicated daytime running lamp on a motorcy-
cle is better recognisable than the normal passing 
beam. Two dedicated daytime running lamps are 
better recognisable than a single daytime running 
lamp (see figures 3 and 4). Dedicated daytime 
running lamps with a high luminous intensity are 
better recognisable at greater distances than day-
time running lamps with a low luminous intensity, 
whereas the differences in the conspicuity caused 
by different colours respectively colour regions of 
the daytime running lamps fade with greater dis-
tances. 

Figure 4. Motorcycle with different kinds of 
dedicated daytime running lights, two of them 
illuminated 
 

The research project into conspicuity of motor-
cycles has shown that under daytime conditions an 
improved perception of such vehicles equipped 
with daytime running lamps will be provided. 
Germany therefore sees an improvement for road 
safety by replacing the passing beam function by 
dedicated daytime running lamps on a motorcycle. 
This will increase the vehicle visibility and will be 
favourable for the lifetime of the light sources used 
in the passing beam headlamps of the motorcycles. 

These results led to German proposals for amend-
ments to ECE-Regulation No. 53 and No. 87 of the 
UNECE in October 2008. 
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Safety of Hydrogen Vehicles 

Hydrogen is one of the future alternative fuel con-
cepts that is attributed to have a great potential in 
the automotive sector. The new technology is very 
challenging for the vehicle sector and puts great 
demands on its safety. The storage of hydrogen in 
the vehicle or the crash-safety of these vehicles are 
good examples for that. To avoid an unlegislated 
area and to protect people of avoidable risks it was 
decided on an international basis to develop a GTR 
(Global Technical Regulation) for hydrogen vehi-
cles. A completed GTR would enable the manufac-
tures to easily introduce the new technology of 
hydrogen vehicles worldwide. The GTR for hydro-
gen vehicles contains environmental as well as 
safety aspects of these vehicles. The Federal High-
way Research Institute (BASt) supports the Federal 
Ministry of Transport, Building and Urban Affairs 
with regard to safety matters of these vehicles dur-
ing the development process of the GTR. In parallel 
to the development of the GTR the European 
Commission currently works on an EU-Regulation 
for hydrogen vehicles to enable the approval of 
these vehicles in Europe in a shorter timeframe. 
After coming into force the completed GTR should 
then substitute the EU-Regulation for the approval 
of vehicles in Europe again. 

 

Elements of active vehicle safety for elderly 
drivers  

Several systems and elements concerning active 
vehicle safety are offered on the market today. 
These are normally targeted at all drivers. With a 
view to the demographic trend it is appropriate to 
analyse the benefit of these systems especially for 
senior citizens. The aim of a research project car-
ried out on behalf of BASt is to compile a cata-
logue of criteria for the evaluation of active vehicle 
safety devices with regard to the value added for 
elderly drivers.  

Within the scope of this project some systems (e. g. 
brake assisting systems or active steering) are se-
lected as examples out of a comprehensive demand 
and market analysis. Their effect on active vehicle 
safety will be then tested in driving tests with test 
persons between 65 and 80 years of age (see figure 
5).  

The findings which will be derived besides the 
driving tests from questionnaires and interviews 
will be used as a basis for the catalogue of criteria. 
Final recommendations will illustrate how such 
products have to be structured to suit the special 
requirements of senior drivers. 

 

 

Figure 5. Driving test for the examination of 
brake assisting systems (BAS) 

 

Periodical Technical Inspection of electronically 
controlled systems in road vehicles 

More and more vehicles are equipped with driver 
assistance systems which are electronically con-
trolled. Most of them are implemented to increase 
safety or decrease pollution, some of them are used 
for comfort reasons.  

Especially the safety potential of advanced driver 
assistance systems is enormous. Remarkable exam-
ples are the ESC (Electronic Stability Control) 
system, the emergency brake system for trucks or 
easier systems like ABS or a simple traction con-
trol. All these systems help to increase safety dur-
ing driving if they work properly. The problem is 
that these systems were not checked during the 
periodical technical inspections (PTI). Thus, on 
account of possible system failures, abrasion, unau-
thorised removal and manipulation, the original 
safety potential of modern vehicles can be reduced 
over the entire period of use (see for example figure 
6). However for safety reasons, the benefit deli-
vered originally by the electronically controlled 
systems should actually remain the same over the 
whole vehicle life. 

Pursuant to article 5 of directive 96/96/EC, Mem-
ber States may already include function and effi-
ciency tests for advanced driver assistance systems 
in the periodical technical inspection of vehicles. 
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Figure 6. Manipulation of the level sensor for 
the rear axle of a passenger car 

 

The German government in cooperation with PTI 
organisations and the automotive industry has de-
signed the periodical technical inspection of elec-
tronically controlled systems. With the regulation 
pursuant to article 29 and annex VIII of the German 
road traffic type approval law (StVZO) the German 
government established that the following vehicles 
have to be checked with regard to certain electroni-
cally controlled safety devices during the PTI:  

• all vehicles with a date of first registration 
before 1st of April 2006, 

• all vehicle types (passenger cars, motor-
cycles, trucks and trailers)  

All systems which can be allocated to eight rele-
vant system classes are checked during the PTI (see 
figure 7). 

 

 
Figure 7. Relevant vehicle system classes 

 

The data for the inspection of the electronically 
controlled systems are stored in a central database. 
For that reason the PTI organisations installed an 
institution (called FSD GmbH) in Dresden in 2004 
which is responsible for the database. The data for 
the tests is delivered by the vehicle manufacturers 
and adapted to testing purposes by FSD. The data 
comprises information about relevant built-in sys-

tems, the identification features and testing me-
thods. For carrying out a PTI and checking the 
relevant systems the test engineers have direct 
access to these data. 

This new electronic test within the PTI in Germany 
which goes far beyond the minimum requirements 
for PTI in Europe can be seen as a pilot project for 
future testing procedures for electronically con-
trolled safety devices to be regulated in the 
96/96/EC. 

At present, FSD together with the Federal Highway 
Research Institute of Germany (BASt) are carrying 
out a research project to validate the introduction of 
testing of these systems which will be finished in 
2010. 

 

Pedestrian Protection 

FlexPLI 

A flexible pedestrian legform impactor that is being 
considered for implementation within global legis-
lation on pedestrian protection (GTR) is currently 
being evaluated by a Technical Evaluation Group 
(FlexTEG) of GRSP (Working Party on Passive 
Safety) of the UNECE (United Nations Economic 
Commission for Europe). The impactor shows 
various significant advantages with regard to its 
biofidelic properties when being compared to the 
EEVC WG 17 pedestrian legform impactor that is 
used within the current European legislation. The 
final built level Flex-GTR is being expected to 
avoid dissymmetries and knee twists of the pre-
vious version that caused a partly high deviation in 
the ligament elongation results. The robust impac-
tor so far proved the compatibility of current pede-
strian protection packages of modern car fronts 
with the biofidelic properties of built level GT. 
Only the loads on the medial collateral ligament 
partly exceeded the proposed injury thresholds, 
whereas the cruciate ligament as well as the tibia 
criteria could be fulfilled from most of the so far 
tested European bumper structures. Due to the fact 
that no transfer function between the knee bending 
angle and the cruciate ligament results has been 
developed, their use as injury criteria has not finally 
been decided yet. On the other hand, new tentative 
knee and tibia injury threshold values have been 
proposed by JAMA and BASt. The evaluation of 
the final built level started in early 2009. BASt 
developed a new impactor certification method and 
was the first lab world-wide performing real car 
tests with the Flex-GTR. Subsequent to the publica-
tion of GTR No. 9 in the global registry of the 
United Nations a new GRSP informal group is 
expected to take over the FlexTEG activities in 
order to develop the GTR phase II. 
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Pedestrian head impact test procedure for 
the windscreen and the windscreen frame 
area 

In a research project carried out by IKA Institut für 
Kraftfahrzeuge Aachen on behalf of BASt, new 
pedestrian head impact test methods for the 
windscreen and windscreen frame area have been 
developed. Those test methods use a combination 
of simulation and subsystem testing that allow a 
definition of more realistic test conditions regard-
ing potential impact points and timing of the head. 
By combining simulation and dummy tests the 
analysis of vehicle pedestrian collisions of future 
vehicles with deployable systems will be possible. 
Tests with pedestrian dummies represent real world 
pedestrian accidents in a more realistic way such 
that the output of those dummy tests can be used 
for the further analysis of real pedestrian accidents. 
Simulations with human models and Polar dummy 
test results show a good correlation with respect to 
impact point and timing. As an extension of the test 
methods, further simulations could include FE 
human body models or coupling between FE and 
multibody models. Within a comparative study of 
the benefit of external airbag-equipped vehicle 
front structures to current non-activated ones HIC 
values, neck compression forces and neck moments 
show significant reductions. In a next stage, the test 
procedure is thought to be extended with respect to 
active pedestrian protection systems, including 
sensor systems. 

 

Compatibility   

Vehicle safety has been improved in Europe with 
the introduction of legislative and consumer testing. 
The reduction of road casualties over the last dec-
ade can be attributed to advances and improve-
ments of self protection systems. Stronger occupant 
compartments and improved occupant restraint 
systems are evident in the higher assessments 
awarded in the Euro NCAP testing programme. 
However, in today’s passive safety tests the role of 
the collision partner is not reflected. Significant 
evidence from previous research supports the con-
clusion that vehicle-to-vehicle crash performance is 
worse than single vehicle-to-barrier test perfor-
mance, even when the collision partner is an iden-
tical vehicle model. This unfortunate fact means 
that new safety features do not perform as well as 
expected in real world conditions. This behaviour is 
a function of the incompatibility encountered in the 
vehicle fleet today. In vehicle-to-vehicle accidents, 
both the self and the partner protection are impor-
tant for overall safety. Until vehicle-to-vehicle 
crash compatibility is controlled through objective 
test procedures, significant gains in road safety are 
not be addressed as specified in the EC white paper 
[1].  

The relevance of vehicle compatibility cannot be 
ignored for improving road safety. As reported by 
EEVC WG15 to the GRSP in May 2007 [2], frontal 
impacts account for 16,000 fatalities and 122,000 
serious injuries in the EU15 annually. Based on the 
work in VC-Compat [3], 14-31% of fatally injured 
individuals and 29-52% of seriously injured indi-
viduals would be affected by improvements in 
vehicle compatibility – these are significant figures, 
particularly when being extended to the EU25. The 
exact safety benefit to this target population could 
not be determined in the VC-Compat project and 
thus motivates a need to further pursue compatibili-
ty research to improve the outcome of a significant 
proportion of EU road casualties. The conservative 
estimates in VC-Compat concluded that an addi-
tional consumer cost of 300 € would be necessary 
to implement compatibility measures that would 
benefit this target population. These costs can be 
significantly reduced if new vehicle designs start 
with sound compatibility design and assessment 
approaches. Using a tight relationship with the 
automotive industry and safety researchers, this 
project proposal aims to develop concrete im-
provements in vehicle safety via improved compa-
tibility performance. Some early estimates indicate 
that improved compatibility can reduce the annual 
cost of traffic injuries for society by € 2 billion per 
annum. 

The proposed European research project FIMCAR 
aims at proposing an assessment approach (assess-
ment approach describes test procedure(s) includ-
ing the assessment; approach is used, as a suit of 
assessment procedures might be selected.) for ve-
hicle-to-vehicle frontal compatibility which could 
be accepted by European research organisations 
and industry also taking into account the harmoni-
sation with world-wide activities. This proposal 
will be a solid base for future regulation and would 
overcome the existing uncertainty that the Euro-
pean automotive industry has concerning vehicle-
to-vehicle compatibility. In the process of develop-
ing test and assessment procedures for compatibili-
ty, the unified automotive industry in FIMCAR will 
be incorporating the fundamental knowledge 
needed to design and manufacture vehicles meeting 
or exceeding required crash compatibility perfor-
mance. This research project and resulting assess-
ment approach would thus lead to a reduction of 
road accident casualties and would strengthen the 
position of the European car manufacturers as ve-
hicle-to-vehicle compatibility is a world-wide con-
cern. 

Based on previous research work towards compati-
bility (e.g., EUCAR Compatibility project, EEVC 
WG15, VC-COMPAT and other international and 
national research projects and working groups), the 
main issues for improving compatibility are: 
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• Compartment strength and stability 
• Global force level matching 
• Structural interaction 

Although several test approaches have been pro-
posed, no final decision has been taken for an ap-
propriate assessment of compatibility in Europe, 
Asia or North America. 

Within the EC funded VC-COMPAT project, two 
different tests have been developed to test a ve-
hicle's compatibility performance.  

• These is the first approach using an off-set 
test against a progressive deformable bar-
rier (PDB) complemented by a full over-
lap test against the rigid wall and  

• a second approach being a full width test 
against a deformable barrier (FWDB) sup-
plemented by an off-set test according to 
ECE R94.  

Both procedures use an off-set test and a full over-
lap test.  

An additional test candidate has been developed 
that promises to be a long term alternative for test-
ing compatibility. Research towards the assessment 
of compatibility by a moveable deformable barrier 
test has been initiated and mainly supported by the 
Alliance of Automobile Manufacturers. Activities 
in Europe are necessary to monitor the develop-
ments of this approach. 

For frontal impact protection, at the GRSP meeting 
in December 2007 France made a proposal to 
amend Regulation 94 [4]. The main changes pro-
posed in the amendment were: 

• Obstacle 

o Current Offset Deformable Bar-
rier (ODB) to Progressive De-
formable Barrier (PDB) 

• Test parameters 

o Test speed: 56 km/h to 60 km/h 

o Vehicle Overlap: 40% to 50% 

o Barrier ground clearance:         
200 mm to 150 mm 

This initiative may result in modification of the 
current European self protection test standards. It is 
however important that in the first place any 
change in self protection test standards must have 
regard to compatibility issues. Thus the FIMCAR 
project is timely as the introduction of compatibili-
ty test procedures must be initiated during the re-
view of Regulation 94. 

 

Child safety  

In 2009 two BASt research projects in the field of 
child safety in cars are finalized. 

One project dealt with the subject “Misuse of air-
bag deactivation when transporting children in 
child restraint systems". In all member states of the 
European Union the deactivation of a present pas-
senger airbag  is mandatory if a child is carried in a 
rearward facing child restraint system at the front 
passenger seat. Today there are a lot of different 
airbag deactivation “philosophies”. Solutions like 
dealer disconnection, an on/off-switch, or the 
automatic detection of a child restraint system may 
be mentioned as an example. Two types of misuse 
can occur: transportation of an infant while the 
airbag  is (still) enabled and transportation of an 
adult, while the airbag is disabled. Within the pro-
ject both types of misuse were analysed by two 
types of surveys among users. Additionally an 
accident analysis was conducted and some dynamic 
and static tests were conducted to examine the 
potential risk for present and future airbag genera-
tion.   

The second project finalized 2009 addressed the 
“Changing body sizes and weights in the case of 
older children with respect to the testing, assess-
ment and use of child restraint systems”. According 
to the German road traffic regulations children up 
to the age of 12 or a body height below 150 cm 
have to use approved and appropriate child restraint 
systems (CRS). CRS must be approved according 
to UN-ECE Regulation No. 44. The largest group 
within ECE R44 allows approving CRS for child-
ren weighting 22 kg up to 36 kg. Several studies 
show, that today many children reach the limit of 
36 kg with a stature less than 150 cm. Within this 
project German anthropometric data from children 
was evaluated to determine the current size and 
weight distributions. Based on this data 4 dummies 
with different heights and weights were defined and 
built, based on the P10. Different child restraint 
systems were tested with respect to the ECE R44 
regulation, using these dummies to determine the 
potential for protection in existing child protection 
systems for larger or heavier children. 

 

Euro NCAP 

Child Restraint Systems (CRS) 

Germany suggested to change the current NCAP 
child protection assessment protocol, with the aim 
to clearly improve consumer information. It shall 
motivate the CRS industry to develop well per-
forming CRS for smaller children (to become a 
“Top Pick” seat) and the vehicle manufacturer to 
develop robust interfaces with more than one seat 
in mind. It shall include new aspects such as e.g. 
misuse and it will be a clear challenge to the OEM 
to work on the protection of larger children respec-
tively small adults on rear seats. 

The current Euro NCAP Child Protection Assess-
ment has improved the vehicle’s – CRS interface, 
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but only a limited number of child seat manufac-
tures and even less CRS models are affected (small, 
expensive segment). The impact on aftermarket and 
the added value for the consumer is small. It is 
doubtful, if consumers understand that the rating is 
valid only for this vehicle – CRS combination. 
There are limitations with regard to the biofidelity 
of dummies and biomechanical basis of criteria. 
The actual Euro NCAP Child Protection Assess-
ment focuses on younger children only and does 
not adequately address real-world misuse. At the 
moment Euro NCAP makes demands on the OEM, 
the OEM makes demands on the CRS manufactur-
er, who will in effect be responsible for the Euro 
NCAP result. The protocol does not provide a clear 
incentive to promote rearward facing CRS. Within 
the dynamic Euro NCAP car tests, the young child-
ren should be replaced by older children.  The CRS 
assessment for smaller children should be separated 
from car assessment and an independent CRS clas-
sification could include misuse, ease-of-use and 
dynamic results.  From this a "Top Pick" list could 
be generated for a CRS - vehicle interface assess-
ment. The child protection assessment for the car 
should be based on a CRS - vehicle interface as-
sessment, the front/side dynamic score for older 
children and on the vehicle based assessment. Ad-
ditionally a "shopping list" (seats fit to the car) can 
be developed from the interface assessment and 
published. 

 

Light Commercial Vehicles 

In addition Germany suggested the implementation 
of a new NCAP assessment to rate Light Commer-
cial vehicles (LCVs). By now, Euro NCAP did not 
consider Commercial vehicles. The need to do so in 
the near future increases with the rising number of 
such vehicles on European roads. Whereas the 
number of passenger cars increased by 30% in the 
last 15 years (German figures) the number of 
Commercial Vehicles (GVW < 3.5t) has doubled. 
Because of their high crash weight, Light Commer-
cial Vehicles need to have highly efficient energy 
absorbing crash structures. This conflicts the eco-
nomic objective of maximizing cargo space. Acci-
dent data shows that there is a similar accident risk 
for personal damage accidents for Commercial 
Vehicles and for passenger cars (around 9 out of 
1000 registered vehicles). Taking into account, that 
Commercial Vehicles are not driven by typical 
“high risk groups” - e.g. leisure trips by night and 
by young people - , the accident risk for Commer-
cial Vehicles is high. Accident modes are different 
from those of passenger cars but dominated by pole 
impacts and crashes with trucks and other passen-
ger cars.  

Benefits are expected, primarily in the reduction of 
severe injuries to Commercial vehicle occupants as 
well as to their crash opponents.  The application of 
Primary Safety Assessment will tackle about 40% 

of all Commercial Vehicle casualties. Primary 
Safety assessment is expected to have the greatest 
ad hoc impact on a short-term basis, since passive 
safety assessment is currently limited with respect 
to Commercial vehicles crash modes (e.g. truck 
accidents). None the less test procedures for com-
patibility as well as an adaptive pedestrian test for 
CV are intermediate-term issues. Improving self 
protection by short-term secondary safety assess-
ment can however address another 20% to 30 % of 
all Commercial vehicle casualties.  

The achievement of such expectations is well-
grounded. Primary safety functions (BAS, ESP, 
ACC, SBR) are already an option and can be intro-
duced at once. Justification to meet the anticipated 
advantages has been given by several efficiency 
studies (Gwehenberger, Kiebach, Zlocki et al.).  
Furthermore recent German studies (BASt, DE-
KRA) have shown that current Commercial ve-
hicles are already able to pass the frontal ODB test. 
A similar result is expected for the pole test, which 
makes both tests realisable on a short-term basis. 
Pedestrian safety assessment has to be adapted on 
an intermediate-term basis. 

 

German Field Operational Test on Car-to-Car- 
and Car-to-Infrastructure Systems (SIM-TD) 

SIM-TD – Sichere, intelligente Mobilität - Testfeld 
Deutschland (“Save and intelligent mobility – field 
trial Germany”) is a project dealing with the devel-
opment of a technology that allows communication 
between vehicles and an intelligent roadside infra-
structure via air interface. 

The aim of the project is the increase of safety and 
the reduction of congestion. For example, in case 
in-vehicle sensors detect black ice on the road or 
the tail end of a traffic jam behind a corner, the 
direct communication allows a prompt warning of 
other drivers around. This will help to prevent 
accidents. All information about traffic jams col-
lected by the vehicles and transmitted into a traffic 
control centre can help to analyse the overall traffic 
condition very quick and precise. This is an impor-
tant basis for measures to improve traffic flow 
which leads to a reduction of fuel consumption and 
helps the environment. 

The costs for the project SIM-TD add up to 69 
Million Euro. The Federal Government of Germany 
will fund SIM-TD with 38 Million Euro, which is 
split to 19.8 Million Euro from the Federal Ministry 
of Economics and Technology and 10,8 Million 
Euro from the Federal Ministry of Education and 
Research. The Federal Ministry of Transport, 
Building and Urban Affairs invests around 8 Mil-
lion Euro in roadside infrastructure to support the 
field trial in a real world environment.  

The Field Trial will be carried out by German 
automotive industry, component suppliers, tele-
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communication companies and the public authori-
ties of the Federal State of Hesse where the field 
trial will be located in the greater area of Frank-
furt/Main. Six research institutes will support the 
project from a scientific point of view. The contri-
bution of the industry to the project will be 23 Mil-
lion Euro. The companies involved are Audi, 
BMW, Daimler, Ford, Opel und Volkswagen, 
Bosch und Continental Teves und Deutsche Tele-
kom. The project has started in September 2008. 

 

Research project AKTIV 

The acronym ‘AKTIV’ stands for a German re-
search initiative called „Adaptive and Cooperative 
Technologies for the Intelligent Traffic“. This 
German project brings 29 partners together: Auto-
mobile manufacturers and suppliers, electronic, 
telecommunication and software companies as well 
as research institutions. The four-year cooperation 
will continue through 2010. 

With the goal of improving both traffic safety and 
traffic flow in the future, the partners are working 
together to design, develop, and evaluate novel 
driver assistance systems, knowledge and informa-
tion technologies and find solutions for efficient 
traffic management and C2C and C2I communica-
tion for future cooperative vehicle applications. 

Basically three large subprojects can be identified 
within the research initiative Aktiv:  

The project AKTIV-AS (Active Safety) deals with 
the development of driver assistance systems with a 
main focus on safety relevant applications. Within 
the project AKTIV-VM (Traffic Management) 
technologies are developed, which will contribute 
to improve the performance of the road network. 
The project CoCar aims at the development of 
cellular mobile communication technologies for 
cooperative vehicle applications (C2C and C2I). 
The subprojects are described in more detail below: 

• Project Active Safety (AKTIV-AS) 

The vision of automotive research efforts 
in the long-term is the assisted and con-
ducted safe driving including numerous 
support functions for the driver. The major 
objective of the AKTIV-AS project is to 
take out research on applications for active 
safety based on the promising results of 
the previous research initiative INVENT. 
Therefore prototypes for different left 
open challenges, such as emergency brak-
ing, continuous lateral control, intersection 
assistance and vulnerable road users, will 
be developed and tested for real traffic 
situations. The basis for advanced driver 
assistance systems is a robust and reliable 
environment perception and interpretation, 
which will even support the overloaded 

and inattentive driver. Missing or inappro-
priate actions will be detected and com-
pensating measures will be taken by the 
system. These driver assistance systems 
shall be introduced into the market in a 
medium-term timeframe. 

Research is performed within the five 
AKTIV-AS subprojects: 

- Active Hazard Braking 

- Integrated Lateral Assistance 

- Intersection Assistance 

- Pedestrian and Cyclist Safety 

- Driver Awareness and Safety 

• Project Traffic Management (AKTIV-
VM): 

The interaction of intelligent vehicle sys-
tems and intelligent infrastructure units is 
the objective of the AKTIV-VM project. 
This novel kind of team work will create 
new modes of co-operation between 
automotive industry, road network opera-
tors and the ICT sector. But “Cooperation 
in traffic” also means a stronger interac-
tion of technical processes which will be 
enabled by the use of new technologies, 
software and new communication media. 

The six AKTIV-VM applications combine 
traffic and information centres, road-side 
infrastructure and intelligent vehicles in a 
novel manner: 

- Network Optimizer 

- Virtual Traffic Guidance System 

- Cooperative Traffic Signal 

- Adaptive Navigation 

- Situation-Responsive Driving 

- Information Platform 

• Project Cooperative Cars (CoCar) 

The CoCar project has already been ac-
complished. It aimed at taking out basic 
research in the field of Car-to-Car (C2C) 
and Car-to-Infrastructure (C2I) communi-
cation for future cooperative vehicle ap-
plications using cellular mobile communi-
cation technologies. Five partners from the 
telecommunication- and automotive indus-
try developed platform independent com-
munication protocols and innovative sys-
tem components. They have been proto-
typed, implemented and validated in se-
lected applications. Innovation perspec-
tives and potential future network en-
hancement of cellular systems for support-
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ing cooperative, intelligent vehicles have 
been identified and demonstrated. 

 

European Statement of Principles on the Human 
Machine Interface (HMI)  

Against the background of the “Commission rec-
ommendation on safe and efficient in-vehicle in-
formation and communications systems: update of 
the European Statement of Principles on human 
machine interface” (K(2006) 7125), the eSafety 
Conference, which was held in Berlin on 5/6 June 
2007 (see INTRODUCTION, Results of the Ger-
man Presidency of the EU Council), addressed the 
implementation and updating of this recommenda-
tion and reached the following conclusions: 

• There are several ways for ensuring that the 
update of the European Statement of Prin-
ciples is complied with and implemented. It 
states that voluntary self-commitments by 
the addressees of this EU recommendation 
(stakeholders) were, in principle, the pre-
ferred option among other possibilities (e.g. 
regulations, consumer protection require-
ments).  

• Special attention has to be paid to issues re-
lating to the safe integration and use of 
portable systems (so-called nomadic de-
vices) when implementing the update of the 
European Statement of Principles. 

• Given the need for a level playing field, it 
is especially important to achieve equal and 
balanced participation by all stakeholders 
in the voluntary self-commitments to com-
ply with the update of the European State-
ment of Principles. 

• The principles contained in the update of 
the European Statement of Principles which 
address issues relating to the prevention of 
misuse and manipulation are not sufficient 
to ensure this on a sustained basis. In addi-
tion to the creation of new technical stan-
dards that are independent of the European 
Statement of Principles, driver training and 
appropriate monitoring activities also have 
to be taken into account. There is a need for 
measures to ensure that there is no misuse 
or manipulation and expressly supported 
the activities of the European Commission 
in the field of eSafety. 

• Before the European Statement of Princi-
ples is updated again against the back-
ground of continuing developments in the 
field of science and technology, it is desir-
able that extensive experience be gained 
with the present update of this EU recom-
mendation. 

• If the European Statement of Principles is 
updated again, the issue of its scope 
should be raised again and addressed in 
depth, in order to take systems into ac-
count that have so far been excluded, if 
this appears appropriate on the basis of the 
state of the art. 

In September 2008 a meeting of European Com-
mission with Member States  representatives made 
a number of recommendations and requests includ-
ing the re-activation of the Working Group “Hu-
man-Machine-Interaction” (WG HMI) under the 
eSafety Forum Initiative. The WG HMI will take 
into account questions raised in the meeting with 
MS in September 2008 and check whether clarifi-
cations in the ESoP and extensions of scope, can be 
achieved.  

 

Real Time Traffic Information (RTTI)  

Against the background of the European objective 
of halving the number of road fatalities by 2010, 
the application of ITS technologies is becoming 
increasingly important. As a result of the measures 
identifies by the eSafety initiative as having priority 
and being feasible in the near future, traffic infor-
mation is to be singled out. Even though many 
European countries have already done preliminary 
work here – in some cases quite substantial – and 
information systems are already in operation, albeit 
in different shapes and sizes, it is important to iden-
tify ways and recommendations for action for fu-
ture improvement. 

The Conference on eSafety (see INTRODUC-
TION, Results of the German Presidency of the EU 
Council), which was held within the framework of 
the German Council Presidency on 5/6 June 2007, 
addressed the issue of real time traffic information 
(RTTI) services and analysed it from the angles of 
availability of services,, user requirements, techno-
logical development, universal coverage and acces-
sibility. The following conclusions were reached: 

• Traffic information is highly relevant to 
road safety. Both the users and the players 
involved in the information chain were 
calling for further improvements in terms 
of quality and coverage in order to meet 
the objectives of improving road safety 
and to assist the driver in performing his 
driving task. Realistic and feasible quality 
standards should be developed jointly, 
with the involvement of all stakeholders. 
Provisions of sources, whatever public, 
private or public / private should be made 
available in all member states. 

• Traffic information services should cover 
not only the primary networks (e.g. mo-
torways) but also sizeable sections of the 
secondary networks. To this end, “strate-
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gic networks” are to be defined. Here, it is 
quite conceivable that different quality 
levels could be applied to the individual 
network sections. 

• The increasing number of traffic messages 
makes it necessary to transmit traffic in-
formation digitally so that it can be auto-
matically processed in an appropriate 
manner, both during the generation and 
management of the messages and by the 
users’ receivers. For this purpose, the 
“Radio Data System - Traffic Message 
Channel (RDS-TMC)” has been devel-
oped, which is already in operation in nu-
merous European countries, albeit with 
varying degrees of intensity. If the secon-
dary networks are to be included, it might 
be necessary to change over from ana-
logue radio channels to digital broadcast 
channels (e.g. DAB, DRM). To ensure 
universal coverage in conurbations, provi-
sion will have to be made for appropriate 
transmission capacity. Joint implementa-
tion strategies should be developed on a 
Europe-wide basis to facilitate access to 
this information, which is not based on a 
specific language. The aim is to create 
reasonably consistent information services 
within the European Union. 

• In Europe, there are both freely accessible 
“public” traffic information services and 
commercial information services, which 
users can access by paying a fee. From a 
transport policy perspective, access to 
safety-related traffic information should 
be possible world-wide without users hav-
ing to pay additional costs. Some countries 
have already categorised safety-related in-
formation by way of example. The mini-
mum scope of safety-related traffic infor-
mation should also be defined on a 
Europe-wide basis. This will not rule out 
the possibility of individual countries go-
ing beyond this scope when providing 
freely accessible information. 

• Commercial information services have 
their place alongside freely available traf-
fic information services. The services they 
offer may go significantly beyond those 
offered by public information services and 
cater to the individual needs of customers. 

• Member States should, in accordance with 
the principle of subsidiarity, also make the 
necessary rules and arrangements for the 
free provision of safety-related traffic in-
formation within the framework of Public-
Private Partnerships (PPPs). 

• The newly developed systems using 
Car2Car communication and 

Car2Infrastructure communication were 
believed to offer great scope for improv-
ing road safety. Accidents are to be pre-
vented by interlinking information from 
vehicles in the vicinity, and possibly also 
with roadside infrastructure, and by pro-
viding timely information on risks. For 
this information, which is highly relevant 
to safety, it is necessary to provide reliable 
and globally acceptable frequency bands 
that are not subject to interference from 
other services. Member States and the 
European Union should call for and sup-
port the efforts for the allocation of reli-
able Car2Car and Car2Infrastructure fre-
quencies. 

• To ensure that traffic information provides 
greater coverage, it is necessary to open 
up new information channels. The inclu-
sion of vehicle-generated data (floating car 
data, floating phone data, etc.), data pro-
vided by congestion reporters, emergency 
call systems, etc. makes it necessary to 
form public private partnerships, within 
which it must ensured that this improved 
data basis can be used by both public and 
commercial service providers for collec-
tive traffic management and individual 
services respectively. Services have to be 
created and implemented on a long term 
basis benefiting from existing and coming 
telecommunication facilities. 

 

Legal issues of Advanced Driver Assistance 
Systems (ADAS) 

Advanced Driver Assistance Systems (ADAS) are 
growing more and more important for today’s road 
traffic and they comprise a great potential for im-
proving road safety. The investment already made 
within ADAS-development and the need to ensure 
effective cross-border transport and uniform condi-
tions for market access throughout the member 
states of the European Union, has lead the eSafety 
Conference (held in Berlin on 5th/6th June 2007)  in 
essence to the following common conclusions valid 
for the EU on the whole: 

• The introduction of ADAS that intervene 
into driving manoeuvres or influence ve-
hicle operation via driver behaviour raise 
legal issues with regard to the responsibil-
ity of the stakeholders (manufacturers, 
road users, infrastructure managers). Na-
tional traffic law systems in Europe take 
their starting point based mostly on the 
principles of the Vienna Convention on 
Road Traffic (especially Articles 8 and 13) 
and see – starting from the technology 
available in the past – the entire responsi-
bility with the driver. This responsibility 
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for driving is thereby accompanied by li-
ability of the vehicle keeper. Legal clarity 
regarding regulatory framework has there-
fore been considered a main requirement 
for successful ADAS-commercialisation.  

• The legal systems of the EU-Member 
States cover those ADAS that do not put 
the full control of the driver over his vehi-
cle into question. Such systems tend to op-
timise functions initiated by the driver 
(e.g. ABS) just as well as systems that 
only provide information or recommenda-
tions (e.g. speed alert) or ADAS that can 
be overridden or adjusted (e.g. adaptive 
cruise control). 

• The legal systems also cover non-
overrideable ADAS without any difficulty 
that perform within customary vehicle 
limits (e.g. HGV speed limiters) or inter-
vene in situations which cannot be han-
dled in a timely manner by the driver and 
at the same time guarantee that the inter-
vention remains in accordance with the 
will of the driver (e.g. ESP, automatic 
emergency braking).  

• It has therefore been recommended to en-
sure that within ADAS development full 
driver’s control over his vehicle will not 
be impaired. This will generally avoid 
specific liability risks. Here the principles 
and mechanisms developed within the 
RESPONSE 3 project can be taken as a 
basis in order to ensure compliance with 
this requirement. This can help to mini-
mise technological development risks and 
thereby reduce the liability risk. The ob-
servation of functional performance of in-
tervening ADAS in the field – for instance 
within regular vehicle inspections or prod-
uct observation – can further contribute to 
the minimisation of liability risks. The 
clarification of the understanding of vehi-
cle “controllability” from the Vienna Con-
vention on Road Traffic can lead to further 
legal certainty and will help to ensure 
comprehensive cross-border road traffic. 

• The eSafety Conference is opposed to 
ADAS that intervene into driving against 
the will of a driver still able to perform the 
driving task. Such ADAS would have le-
gal implications that cannot be predicted 
at present. Should such ADAS yet be con-
sidered, the regulatory framework will 
have to be fashioned in a way that legal 
certainty is guaranteed. This will also ap-
ply to systems that trigger specific driving 
functions beyond mere driver information 
on the basis of telematics (by means of 
communication with the vehicle). 

eSecurity 

In the world of transport and traffic, electronic 
systems are of greater importance than in earlier 
times. The systems lead to an upgrade in comfort, 
environmental protection and – above all – road 
safety. On the one hand electronics and software in 
vehicles increase the safety of the road users but on 
the other hand new chances for misuse, manipula-
tion and attacks are born. Consequently it is neces-
sary to protect electronic systems against new risks 
and design them in a legally permissible way. This 
mechanism is called “eSecurity” – taken from the 
terms “electronic” and “secure”. The issue of eSe-
curity is thereby twofold: Risks for eSecurity exist 
to certain extent in today’s cars which becomes 
evident in prospect of possibilities for manipulation 
and misuse (e.g. activation of TV-, DVD- or Inter-
net-functionalities for speeds beyond walking 
speed, unauthorised power enhancement, unauthor-
ised mileage adjustment, etc.). However substantial 
risks potentially arise within the future field of 
Cooperative Systems, such as Car-to-Car and Car-
to-Infrastructure communication technologies. The 
risks in this field can only roughly be estimated due 
to so far foreseeable system-design. This estimation 
will then necessarily lead to the conclusion that 
such future systems will require a so far unprece-
dented security concept. In future this will be the 
main field of work on this important issue. 

At the eSafety conference in Berlin held on the 
5th/6th June 2007 (see INTRODUCTION, Results 
of the German Presidency of the EU Council) the 
participants agreed that eSecurity is an important 
issue which must be taken care of. In particular in 
the development phase, security mechanisms must 
be installed before new electronic systems are 
launched. This issue was also identified in the 
eSafety Initiative and therefore a corresponding 
eSecurity Working Group has been installed. The 
working group will present the first results in the 
course of 2009. 
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ABSTRACT 
 
This paper provides an overview of the main results achieved by Italy in the field of road safety during 
the last two years. It focuses on the follow-up of the “National Plan on Road Safety”, adopted eight 
years ago and subsequent introduction of new provisions in the “Highway Code”. 
 
After a general descriptions of main road safety results,  this paper describes the principal measures 
adopted during the last period, focusing on regulatory policies and  enforcement. 
 
Weak factors and  the main unresolved problems are described: regional and local gaps, safety of urban 
areas,   high risk road network, urban crossing  roads,  two-wheeler safety, vulnerable users. 
 
A brief descriptions of the research activities in the field of vehicle safety is given as well as a 
summary of the main recommended actions to be taken to improve road safety.  
 
 
GENERAL 
 
Road Safety in Italy 
 
In the year 2007 Italy  recorded a 9.5 % reduction  of fatalities which is  the best score in the European 
Union (EU15).  
 
According to a recent report presented to the Parliament by the Ministry of Infrastructure and 
Transport,  Italy is progressively bridging the gap with the other Member States which originated in the 
period 1990 -  2002  by passing from the 13th to the 11th position in the EU15 chart. 
 

FATALITY RATE  IN THE EUROPEAN UNION 
(DEATHS/100,000 INHABITANTS) - YEAR 2007 
 

  



In spite of the progress made, Italy remains the European country with the highest number of fatalities 
(5,131); Therefore, further and continuos improvements are necessary to become again one of the best 
five countries in Europe. 
 
The present report describes the principle measures adopted at national level to improve road safety in 
Italy, makes an analysis of the principle problems and suggest some actions to be taken. 
 
 
THE MAIN ADOPTED MEASURES 
 
The recent improvements in road safety are manly due to the following factors: 
 
 
Regulatory policies  
 
The national highway code has been amended several times. In particular two major changes relating to 
 
- the introduction of a penalty point system based driving license (law 150/2003) and  
 
- revision of penalties  (Law 160/07), 
 
need to be mentioned. 
 
During the first two semesters of application  of laws.151/03 and 160/07  a reduction of  1846  deaths  
has been recorded. This represents  about the 86 % of the reduction of fatalities recorded  between  
1st January 2003 and 30 June 2008.  
 
In the six preceding years (1997-2002)  no reduction had been recorded. 
 
 
 
THE EFFECT OF NATIONAL REGULATORY POLICIES  
ON THE FATALITY RATE 

 
 

 
 
        _____ 1st semester     _______ 2nd semester 



 
Better Enforcement 
 
Compared to the year 2006, the number of controls carried out on the roads has increased . 
 
In particular, starting from 2006, the number of checks on drink and  driving, compared to the number 
of driving licence has increased by six times (from 20,000 to 120,000 controls per month). 
 
As for other European countries, automatic controls, made by cameras and  radars have been increased 
and the results are quite encouraging.  
 
 
CONTROLS/MONTH 

 
 
 
 
The increasing number of controls has allowed to reach the target to make drivers aware of the 
certitude to be punished in case of high risk behaviour(e.g.  drink and driving, speeding, aggressive 
driving, no use of safety belts and helmets). 
 
   DRINK DRIVING CONTROLS /YEAR 
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On some of the motorways network, the introduction of the “Tutor” system that records the average 
speed of every vehicles passing through a specific road section, has delivered a  19% accident 
reduction as well as 51% fatalities reduction. 
 
At present the Tutor system is installed on about 20 % of the highway network. 
 
 

 
 
 
The adoption and implementation of Road Safety National Plan; 
  
The plan, adopted in the year 2002 has been progressively implemented and financed  at national and 
local level.. 
 
              ROAD SAFETY PLAN FUNDING (MILLION €) 
 

 
     O Total   O State  
     O Regions   O Highways 
     O Partnerships 
 



 
 
Better road safety risk awareness. 
 
The adoption at national and local level of information campaigns  has increased driver’s awareness 
with regard to drink driving, speeding, use of helmets and safety belts. 
 
 
WEAK  FACTORS  
  
Road Infrastructure Inadequacy 
 
The road network  in not adequate to the present traffic flows and characteristics. 
 
During the last 30 years we have passed from an average of 50 vehicles/km to 110 vehicles/km. 
 
Italy has the highest vehicle/inhabitants ratio in the EU (846/1000).  
 
Although the number of motor vehicles has increased from 22,1 millions to 51,9 millions the road 
network has not changed substantially. 
 
Moreover, the quality and the maintenance degree of the existing network (with exception of 
motorways) needs to be improved  as well as the road signs which are not always well maintained and 
well positioned along the roads. 
 
Traffic regulations 
 
Sign management plans are not adopted in a coordinated way , in urban area as well in rural areas. 
They should be adopted taking in due consideration road safety analysis (e.g traffic flows, black spots)  
rather than public opinion requests.  
 
Education 
 
Better education is needed starting at school level  and  including  certain categories of citizens and 
those people responsible for road safety. 
 
 
MAIN UNSOLVED PROBLEMS 
 
As already said, in spite of  the improvements made between 2003 and  to 2007, Italy presents some 
safety problems which still need a solution. 
 
Regional and local gaps 
 
Road safety risk index varies among Italian cities so that one citizen may have seven  times more 
probability to be involved in an accident according to the region he/she is living in. 
 
 
 



 
 
 
              FATALITY RATE 

 
 
The fatality rate varies from  3 to 21 dead per 100,000 inhabitants.  
 
Between 2002 and 2003,  12 provinces recorded an increase of fatalities between + 10% and + 50% 
while 10 provinces recorded abatements between -30% and -50%. In other terms, one part of Italy has 
difficulties on maintaining the step of Europe while the other  can achieve both, the European and 
national goals before the year 2010.  
 
 
Urban areas 
 
Urban areas represent a major problem since the 44 per cent of fatalities recorded in 2006 happened 
there. In summary: 
  
2,269 fatalities (44% of total)   while the EU average is 34 % 
238,718 injured, (73% of total) 
20,733 million Euros of social cost (67% of total). 
 
 DEATHS IN URBAN AREAS 
 

 



 
 
 FATALITY RATE IN URBAN AREAS 
 (deaths/100,000 inhabitants) 
 

 
 
 
High risk road network 
 
Following a study made by the Italian Ministry of Infrastructure and Transport, a network of about 
6.000 km roads presenting the highest level of road accidents has been identified; Economic resources 
will be invested on these selected roads, on the basis of road safety priorities. 
 
Urban crossing  roads 
 
A high victims concentration is due to accidents happening on roads  crossing urban areas. This is 
particularly evident on roads crossing villages  where road traffic conditions change completely passing 
from rural to agglomerate areas. 
712 fatalities have been recorded in 2006, namely 12,6% of total amount, 32,700 injured (9,8%) with a 
social cost  of 3.399 million  Euros (10,5%). 



 
 

  urban roads     urban area crossing roads     national roads 
 
  highways       provincial roads   other  roads 

 
 
 
Two wheeler mobility 
 
Italy has the highest number of victims  in the EU15. In fact, road accident involving two wheeler users  
caused in the year 2007  1.540 fatalities (about 30,0% of total) and 90,551 injured (27,8%) with a  
social cost of 8,812 million Euros (28,3%). 
 
About  60% of fatalities and 80 % of injured people are recorded in urban areas; Therefore, a clear link 
between urban area road safety and two wheeler road safety exists. 
 
 
  Number of  fatalities – motorcycles and mopeds 
 
 
 
 
 
 
 
 
 
   
 
 
 

Attraversamenti
12,6%

Viab. urbana
31,4%

Provinciali
22,0%

Statali
18,5%

Autostrade
10,4%

Altro
5,1% Attraversamenti

9,8%

Viab. urbana
62,9%

Provinciali
9,0%

Statali
8,7%

Autostrade
6,8%

Altro
2,8%

Attraversamenti
12,6%

Viab. urbana
31,4%

Provinciali
22,0%

Statali
18,5%

Autostrade
10,4%

Altro
5,1% Attraversamenti

9,8%

Viab. urbana
62,9%

Provinciali
9,0%

Statali
8,7%

Autostrade
6,8%

Altro
2,8%

ROAD ACCIDENTS SHARE ACCORDING TO THE TYPE OF ROADS 
                          FATALITIES     INJURED 
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  Percentage of fatalities – motorcycles and mopeds 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
The typical victim of a two wheeler accident is represented by an adult citizen using the vehicle to 
commute to and from the working  place, running on an urban road at low speed. 
 
Pedestrians, cyclists and elderly people 
 
Italy has recorded the highest number of fatalities among pedestrians. 
As for two wheelers, these accidents mainly happen in urban areas determining a clear safety link 
between urban areas and road vulnerable users  
 
The constant increasing of number of elderly people has made the safety of this category of strategic 
importance. 
 
In the year 2007 road accidents involving elderly people have led to: 
1,105 fatalities  (21,5% of total) which is the highest rate in the EU 
27,000 injured (8,4%)  with a social cost of 3.553 million Euros (11,4%). 
 
 
 
 
VICTIMS AMONG PEDESTRIANS AND CYCLISTS 
    Fatalities            Injured 
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FATALITIES OF  ELDERLY PEOPLE   
 

 
 
 
Use of safety belts.and helmets 
 
Italy has the lowest rate in EU regarding the use of safety belts ( 71.6 %) 
According to the European Transport Safety Council (ETSC)  the use of seat belts by all drivers and 
passengers would save about 800 lives every year. 
 
 
 
 USE OF SAFETY BELTS (% RATE) 
 

 
Regarding the use of helmets the gap among regions is quite evident. In the northern and central 
regions the percentage of use of helmets is quite close to 100 per cent while in the southern regions 



the available data show lower percentages  which can reach 50 per cent at local level.  
 
 
VEHICLE SAFETY RESEARCH  
 
Research in the field of  vehicle safety is mainly carried out in the framework of the activities of the  
European Enhanced Vehicle-safety Committee – EEVC of which Italy is member. 
 
Researches conducted by EEVC are taken into account by the European Commission  when preparing 
new legislation on road vehicle safety and by the UNECE  which adopts technical regulations under the 
framework of the 1958 and 1998 Agreements. 
 
The EEVC technical work is made by nine working groups, six of them dealing with passive safety, 
two with active safety and one with accidentology. 
 
In the future, further progress in vehicle safety is expected more, in the area of active safety than 
passive safety.  
 
In the field of motorcycles it is worth mentioning the PISa project (Powered two wheelers Integrated 
Safety)  aiming at developing and implementing "reliable and fail-safe" integrated safety systems for a 
range of Powered Two Wheelers (PTWs), which  improve the performance and primary safety 
(handling and stability) and can also lead  to safety devices. 
 

This project is managed by a consortium  of 11 partners from 5 countries bringing together top-level 
academic (University of Florence) and industrial expertise in the areas of automotive and human 
factors research, accidentology, biomechanics research, sensor systems, suspension technology and 
design, engineering & manufacturing technology for PTWs. 

 
Within the project PTWs, will be fitted with integrated safety systems to demonstrate the potential of 
such systems to reduce the incidence and severity of up to 50% of PTW accidents. The cost savings in 
terms of reduction in accidents and injuries will be related to the costs of fitting the integrated safety 
systems to PTWs. 

 
 
ACTIONS TO BE TAKEN 
 
Italy has been experiencing the greatest and most relevant amelioration process in the field  of road 
safety during the last 30 years,  which will make it possible to re-align with the other EU countries. 
 
However, with exception of some regions, the European target of halving the road safety victims of 50 
per cent by 2010 will be hardly reached. 
 
A series of actions have been recommended by the transport administration and  are being considered 
at political level. 
 
First of all, in order to improve the effectiveness on road safety it is necessary  to reinforce the action 
and ensuring a better coordination at central, regional and local level 
 



In this respect a new Directorate General for Road Safety has been created within the Ministry of 
Infrastructure and Transport.  This new organisation is linked to the corresponding regional offices 
which should make it possible to deal with road safety in a more systematic way. 
 
Secondly, it s clear that the enforcement action is producing positive effects; therefore we expect to 
continue to increase the number of controls on the roads with a  better and dissuasive enforcement of  
traffic rules. 
 
Another priority will be the creation of a road safety culture, starting from school level with the aim of 
making the young population more aware of the need of careful and responsible drive. This priority 
should also concern administrations dealing with road safety in order to train better  the exiting human 
resources and prepare the new professionals to better deal with the subject.   
 
The Road Safety National Plan  has strongly recommended  the adoption of a monitoring network 
based on local administrations and coordinated at national level. The aim of  the monitoring would be  
to know better the state and the evolution of road safety, to know the road safety measure adopted 
during the years and the results which have been achieved,  to assess the effectiveness of the adopted 
measures. 
 
 
 

------------------------ 
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ROAD SAFETY ORGANISATION 

The Ministry of Enterprise, Energy and 
Communications is responsible for the road traffic 
safety in Sweden. The ministry is limited in size 
and the Swedish Road Administration (SRA) 
handles much of the practical and operational work. 
From 2009 the new Swedish Transport Agency 
(STA) has overall responsibility for regulations 
within air, sea, rail road and road traffic.  The Road 
Traffic Department formulates regulations, 
examines and grants permits, as well as exercising 
supervision within the field of road transport over 
e.g. road traffic, vehicles, driving licences and 
commercial transport. The agency also conduct 
analyses of road traffic and supply information 
about injuries and accidents within the road 
transport system.  STA is also holding vehicle and 
driver licence registers. 

The SRA has been commissioned by the Swedish 
Government with the overall sectoral responsibility 
for the road transport system. This involves issues 
relating to environmental impact, road safety, 
accessibility, transport quality, regional 
development and gender equality. Its responsibility 
also includes intelligent transport systems, public 
transport, adaptations for disabled persons, 
commercial traffic, applied research and 
development and demonstration activities in the 
road transport system. The main other bodies active 
in road traffic safety efforts are the Swedish 
Transport Agency, the police and the local 
authorities. Other important parties are the National 
Society for Road Safety (NTF), with its member 
organisations, and transport industry organisations. 
The Group for National Road Safety Co-operation 
(GNS) is a central body that co-ordinates co-
operation between the SRA, STA, the local 
authorities the authority for occupational health an 
safety and the police. The NTF is an additional 
member of this group, as well as the private sector.

FATALITIES 

The Swedish overall long-term safety objective 
within the road transport system was settled in 
1997, when the Swedish parliament voted for the 
“Vision Zero”. This vision states that ultimately no 
one should be killed or seriously injured by the road 
transport system. The design and function of the 
system should be adapted to the conditions required 
to meet this goal. 

Sweden has a long tradition in setting quantitative 
road traffic safety targets. In the mid 1990-ies a 10-
year target was set at a 50% reduction for 2007. 
This target was not met.  In 2007 471 were killed 
on the Swedish roads. Sweden as member of the 
European Union is part of the union’s target of a 
50% reduction of fatalities between 2001 and 2010. 
For Sweden that target means maximum 250 
fatalities year 2010.  

Table 1. 

Number of fatalities on Swedish roads 
Accident Year 
 Fatalities 
1997 541 
1998 531 
1999 580 
2000 591 
2001 583 
2002 532 
2003 529 
2004 480 
2005 440 
2006 445 
2007  471 
2008 <420 
With around 420 fatalities per year Sweden is still 
one of the safest countries when it comes to road 
traffic, with a level of 4,5 fatalities per 100.000 
inhabitants. This is around half of the European 
Union risk average (7,6 fatalities per 
100000inhabitants year 2006, EU15). 



THE PROCESS TOWARDS A NEW TARGET 

On demand from the Ministry of Enterprise, Energy 
and Communications, SRA have looked at how to 
manage a new road traffic safety target set for year 
2020. This work was reported in 2008 and the 
government has proposed to the parliament to 
support a target of 50% reduction of fatalities and 
25 % reduction of severe injuries to 2020.  

The Swedish Road Administration (SRA) was 
commissioned by the government (Ministry of 
Enterprise, Energy and Communications, in June 
2006) to propose new interim targets for road safety 
developments as well as to draw up basic data for 
continuing road safety work in accordance with 
Vision Zero. The previous interim target for 2007 
was set without consultation with or commitments 
from parties.  

The principal proposal is a system of management 
of objectives in road safety work that is based on 
cooperation when drawing up interim targets, more 
measure-related interim targets in the form of 
Safety Performance Indexes (SPI:s) , and annual 
result conferences where road safety developments 
and target achievements are evaluated. The aim is 
to create long-term and systematic road safety 
efforts.  

More measure-related Interim Targets  

One lesson learnt from evaluations was also that the 
interim target for the number of fatalities did not 
provide sufficient guidance to stakeholders for 
activity planning. More action-related interim 
targets are needed. This is understood to mean 
indicators that help stakeholders to identify 
measures that can contribute towards changes in 
condition states on the road transport system that 
are necessary to achieve targets for the number of 
fatalities and seriously injured. The following 
represents a summary of the most measure-related 
condition states (SPI:s) that we propose to prioritise 
in future road safety efforts:  

• Speed compliance, state roads 
• Speed compliance, municipal streets 
• Sober drivers 
• Fatigue drivers 
• Seat belt use 
• Bicycle helmet use 
• Safe passenger cars 
• Safe heavy vehicles 
• Safe state roads 
• Safe municipal streets 
• Rescue, care and rehabilitation 
• Valuation of road safety 

 

Annual Result Conferences  

Our proposal for a system for developing indicators 
in road safety work includes a focus on the annual 
result follow-ups.  The proposed interim targets and 
stakeholder performance indicators are formulated 
at a national level. Arranging regional result 
conferences for following up national interim 
targets requires that the result is reported at a 
piecemeal level with local/regional data.  

 



Choice of New Target Year 

The assessments we have carried out of possible 
target levels have been based on the EU road safety 
targets of a 50 per cent reduction in the number of 
fatalities within ten years. In order to synchronise 
with new anticipated target years within the EU, we 
propose 2020 as target year. We propose that the 
following targets and target levels are to be 
achieved by no later than 2020:  

• 80 per cent of vehicle kilometrage on state 
roads is to take place within current speed 
limits.  

• Speed limit compliance on municipal 
streets is to have increased by 86 per cent.  

• 99.90 per cent of vehicle kilometrage is to 
be driven by sober vehicle drivers (BAC 
below 0,02 per cent).  

• A maximum 5 per cent of drivers are to 
state that they have fallen asleep or nearly 
fallen asleep while driving during the 
previous 12 months.  

• 99 per cent of drivers and passengers in 
passenger cars are to use seat belts.  

• 70 per cent of cyclists are to wear helmets.  
• 100 per cent of new cars are to have the 

highest safety class according to Euro 
NCAP (including new technology where 
active and passive safety is integrated).  

• 100 per cent of new heavy vehicles are to 
have emergency braking systems. 

• 75 per cent of vehicle kilometrage on 
roads with speed limits above 80 km/h is 
to take place on traffic-flow separated 
roads. 

• Percentage of safe pedestrian, bicycle and 
moped passages on the primary network.  

• Percentage of safe junctions on the 
primary network.  

• Time from injury to adequate medical 
care.  

• Increase on the index for answers to 
attitude questions about road safety.  

 

The Swedish government is now considering how 
progress in setting the new target and how to get 
political involvement 

THE TYLÖSAND DECLARATION 

In 2007 in Tylösand a declaration covering the 
rights for road users were drafted and accepted. 
This was done at an international road safety 
summit arranged by road traffic safety stake holders 
in Sweden.  The Tylösand Declaration lays down 

principal rights of citizen’s road traffic safety. 
These rights serve to protect them from the loss of 
life and health caused by road traffic. They rest on 
the general assumption that no road user wishes to 
harm either himself or herself or any other fellow 
human being, whatever the circumstances under 
which they are using the roads. The declaration 
contains 5 articles: 

1. Everyone has the right to use roads and 
streets without threats to life or health. 

2. Everyone has the right to safe and 
sustainable mobility: safety and 
sustainability in road transport should 
complement each other. 

3. Everyone has the right to use the road 
transport system without unintentionally 
imposing any threats to life or health on 
others. 

4. Everyone has the right to information 
about safety problems and the level of 
safety of any component, product, action 
or service within the road transport system. 

5. Everyone has the right to expect 
systematic and continuous improvement in 
safety: any stakeholder within the road 
transport system has the obligation to 
undertake corrective actions following the 
detection of any safety hazard that can be 
reduced or removed. 

 

ISO-MANAGEMENT SYSTEM FOR ROAD 
TRAFFIC SAFETY 

In the spirit of the Tylösand Declaration, Sweden 
has been an initiator to get a new work within 
International Standards Organisation (ISO). The 
work is aiming at developing a Road-Traffic Safety 
Management System standard. (ISO/TC 241  - 
Project Committee: Road-Traffic Safety 
Management System). Sweden is through the 
Swedish Standards Institute (SIS) holding the 
secretariat.  



The aim is that the International Management 
Systems Standard will provide: 

• Principles of Road-Traffic Safety. The principles 
will include (but are not limited to) Safe Road 
Transport, System, Leadership, Process approach, 
Factual approach and Continual Improvement 
(PDCA) 

• Requirements for a road traffic safety 
management system where an organization 

a) wishes to seek understanding of its role in the 
road transport system and thereby enable effective 
efforts to be made in the area of road traffic safety, 
and; 

b) wishes to create conditions, in its role in the road 
transport system, for individuals to survive and 
avoid serious injuries in the road traffic, and; 

c) aims to enhance satisfaction among relevant 
stakeholders in the area of road traffic safety 
through the effective application of the system and 
the assurance of conformity to stakeholder and 
society and applicable regulatory requirements, 
and; 

d) wishes to demonstrate its ability to consistently 
perform processes where the output meets traffic 
safety requirements on road transports from users, 
other stakeholders, society and applicable 
regulatory requirements, 

and; 

e) wishes to reduce costs for transports in the road 
traffic system 

All requirements of the International Standard are 
generic and are intended to be applicable to all 
organizations regardless of type, size, products and 
services provided. 

The project has a timeframe up to 2011 to deliver 
and agree upon the proposed standard. 

 

THE ROLE OF SAFER VEHICLES 

In the years since Vision Zero was first introduced 
in 1995, Sweden has seen major changes both as 
regards views on road safety as well as in the 
working approach adopted. An important milestone 
was the parliamentary resolution adopted in 1997 

when Vision Zero became the foundation for road 
safety operations in Sweden. The goal is a transport 
system without health losses. This can only be 
achieved through a systems approach to the road 
transport system.  

The vehicles are of major importance when it 
comes to support the change of the road transport 
system. This is becoming more and more evident 
also within vehicle industry. Volvo Cars Vision 
2020, stating that no one should die or get a serious 
injury in or by a Volvo Car in 2020, is the most 
clear vision in this field.  SRA and Volvo Cars have 
together initiated a work to better understand  the 
demands on the interface between the Zero Vision 
vehicle and the Zero Vision road system. 

Even if the hope is high to produce cars that will 
not get involved in crashes, the crash protection has 
a very important role to play for many years to 
come. 

ESC PENETRATION IN SWEDEN 

Electronic Stability Control (ESC) has been proven 
to be very effective in reducing crashes related to 
loss of control (Erke, 2008, Ferguson, 2007).  

The first studies of the effectiveness of ESC were 
published in the ESV conference 2003. Several 
studies followed in 2004 and 2005 establishing a 
scientific ground for declaring that ESC was 
effective.  

The first mass market car with ESC was introduced 
late 1998. ESC was from then on gradually 
implemented on executive mid size and large cars 
and reached a 15 % new car sales penetration in 
mid 2003. Sweden has been world leading in 
getting a high degree of ESC penetration in new car 
sales. In December 2008, 98% of all new passenger 
cars were equipped with ESC. A special paper on 
this process is presented in the ESV-conference. 

EURO NCAP PENETRATION  /  SEAT BELT 
REMINDERS (SBR) 

Sweden has been part of Euro NCAP since the start 
of the organisation. Over the years since Euro 
NCAP started, the average scores have improved 
both for occupant protection as well as for 
pedestrian protection. In Sweden 2008 the average 
star rating for occupant protection in new cars sales 
was 4,75 stars. Almost 85% of the new car sales 
had a seat belt reminder according to Euro NCAP 



specification for the driver. 75% had a reminder for 
the passenger and 30% a system to monitor seat 
belt use in the rear seat. 

THE CONTRIBUTION OF NEW VEHICLES 

With a rapid development of vehicles safety there 
has been of interest to calculate the yearly benefit of 
the exchange of the vehicle fleet. With about 270 
fatalities in cars every year, the exchange of slightly 
under  7% of the vehicle fleet results in around 10 
“saved” lives per year. Out of these about two 
thirds comes from the better crash protection and 
one third from the ESC systems. 

REFERENCES 

More information is available at the Swedish Road 
Administration home page 

http://www.vv.se 

http://www.transportstyrelsen.se  

http://www.vv.se/filer/47330/The%20Tylösand%20
Declaration.pdf 
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ABSTRACT 

Last year The Netherlands have adopted a new 
Road Safety Strategy. Where we continue the 
successful current policy, we add a focus on 
specific groups of road users that are still at risk or 
risky in traffic. In this way we expect to decrease 
the number of annual road casualties to not more 
than 500 in 2020. 

INTRODUCTION 

Never change a winning concept. That certainly 
holds true for road safety policy in the Netherlands. 
The number of road casualties is dropping steadily 
and the way our country is dealing with this issue is 
being followed all over the world. Therefore, we 
will be continuing to use public awareness 
campaigns, enforcement, infrastructure adaptations 
and new vehicle technology to make the ambitions 
for 2020 from the Mobility Policy Document a 
reality: no more than 500 deaths and 12,250 
injuries in traffic, a drop of over 25% compared to 
2007. But, however successful we may be, we will 
not achieve such a significant decrease without any 
effort. 

Figuur 1.  Dutch road casualties in 2000-2007 
 
Accordingly, the Ministry worked with many 
partners over the last year to draw up the Road 
Safety Strategy 2008-2020. These partners included 
not only other government bodies and enforcement 
authorities, but also knowledge institutes and civil 
society organisations. Calling on all those parties is 
something that we view as an important task for the 
Ministry of Transport, Public Works and Water 
Management. We want to organise a process and 
initiate measures in order to work together to 
continue decreasing the number of road casualties,  
because road safety is everyone’s responsibility. 
 

The most important question here is how far the 
measures should go and at what cost. In road safety 
strategy, we have chosen in favour of the principles 
of proportionality, maintaining freedom of mobility 
and the existing financial frameworks. Within these 
frameworks, more drastic measures such as raising 
the motor scooter age or imposing a ban on night-
time driving are neither appropriate nor necessary. 

TRENDS 

Positive trends 

Analysis of the accident figures revealed many 
positive facts and developments. A few of the 
relevant developments in the Netherlands include 
the following:  

• The decrease in the number of accidents 
occurs in nearly all age groups and nearly 
all vehicles; 

• The chance of a fatal accident per one 
thousand million vehicle kilometres was 
nearly halved between 1997 and 2006 
(from 11 to 6.1); 

• The risk of accidents among the elderly 
also dropped between 1994 and 2004; 

• The number of fatalities among 
pedestrians dropped in the years leading 
up to 2004, especially among children; 

• Despite an increase in traffic intensity, the 
number of road fatalities dropped on 50 
km and 80 km roads in particular 
(primarily due to measures introduced in 
infrastructure); 

• Road users are better equipped for their 
driving responsibilities, primarily through 
improved driving skills in combination 
with good enforcement; 

• The number of motorcyclists who died in 
traffic accidents has dropped sharply. 

Negative developments 

These successes require some qualification though. 
In some areas, accident figures appear to be 
stabilising or even increasing, or the risk of 
accidents remains relatively high. Facts and 
developments giving reason for concern include the 
following: 

• The number of fatal accidents among the 
vulnerable groups of cyclists and the 
elderly increased in 2006, particularly 
among older cyclists; 
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• Single-person accidents involving cyclists 
are increasing; 

• Motor scooters and mopeds are seven 
times more likely to have an accident than 
bicycles; they represent a small percentage 
of total transport figures, but contribute to 
a considerable percentage of the number 
of fatalities and injuries requiring 
hospitalisation; 

• Compared to experienced drivers, drivers 
aged 18 to 24 are nearly three times as 
likely to have a fatal accident; 

• Motorcyclists remain a high-risk group: 
they are 24 times more likely to have a 
fatal accident than automobile drivers; 

• Alcohol, drugs and medication continue to 
be an important factor in fatal accidents; 

• Speeding and unsafe traffic situations go 
hand in hand; 

• Roads that have a speed limit of 50 or 80 
km continue to be the most important 
accident-prone roads; 

• The number of road fatalities due to an 
accident with a lorry or delivery van is 
decreasing less quickly than the total 
number of road fatalities. As a result, their 
relative involvement is increasing. 

FUTURE RESEARCH IN FINDING 
SOLUTIONS TO THE SAFETY PROBLEMS 
IDENTIFIED 

Innovative research ideas and emphasis 

Road safety policy for 2008-2020 is based on the 
three cornerstones that made this policy successful 
over the past years: cooperation, an integral 
approach and ‘Sustainable Safety’. We will be 
pursuing cooperation in the road safety sector and 
beyond. For example, we will be joining forces 
with the school systems for educational activities 
and with the police, the Ministry of Justice and the 
public prosecutor’s office for enforcement, 
including cooperation within the local ‘triangle’ of 
municipal, judicial and police authorities. But 
numerous civil society organisations and market 
parties also play a role in policy implementation.  
The integral approach emerges when road safety 
policy helps to realise other Cabinet targets (and 
vice versa) in such areas as the environment, town 
and country planning and neighbourhood renewal. 
These links to other fields of policy require that the 
stakeholders think outside the box more often.  
 
Two approaches can be identified in the policies 
for the coming years, based on the three 
cornerstones.  
The first approach uses generic measures to 
continue building on the success of the past years, 
in which good results have already been achieved. 

‘Never change a winning team’, as they say in 
sports; similarly, we need to maintain our 
successful policies in road safety. 
The second approach focuses on specific areas 
that require targeted attention. These focal areas 
were identified by analysing accident data and 
researching trends that may influence road safety in 
the coming years. The analyses clearly show a 
number of groups vulnerable to accidents, but also 
a number of groups that cause accidents. To reduce 
the risk of an accident for these groups, the 
Ministry of Transport, Public Works and Water 
Management will be introducing targeted measures 
over the coming years, to supplement the generic 
measures already in effect. 
 
Policy in the coming years will be based on these 
three cornerstones and follow these two 
approaches. The ambition is for everyone, 
regardless of origin, age or mode of transport, to 
take part in traffic with the least possible risk of 
having an accident – so that (nearly) everyone can 
make it home safely.  

Areas of emphasis 

Analysing accident data and researching trends has 
yielded several specific areas of emphasis. This 
concerns groups of road users who deserve extra 
attention, both victims and perpetrators. These road 
users run a relatively greater risk of having an 
accident, or did not reflect the general decrease in 
accident statistics as much or at all. Some 
categories of roads and vehicles also need extra 
attention. 
 
Some groups of road users stand out because they 
fall victim to accidents relatively often; this 
includes such vulnerable road users as cyclists, 
pedestrians and the elderly. Other groups catch our 
attention because they cause unsafe traffic 
situations relatively often, consciously or 
subconsciously. This would be the case for e.g. 
speed violators and people driving under the 
influence of alcohol, drugs or medication. In the 
category of ‘deliberate and accidental causal 
agents’, new drivers – generally young people – 
continue to require our attention. In cases of 
deliberate repeat violations, we will be applying the 
‘causer pays’ principle more frequently. 
We have also designated several types of roads and 
vehicles as areas of emphasis. Despite every effort, 
the most accidents involving casualties continue to 
occur on roads that have 50 and 80 km speed 
limits. In terms of vehicles, lorries and delivery 
vans deserve attention, due primarily to their mass 
and size, which make any potential ‘collision 
partner’ particularly vulnerable.  
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We have identified the following areas of 
emphasis: 

• Pedestrians; 
• Cyclists; 
• Single-person accidents; 
• Children; 
• The elderly; 
• New drivers; 
• Drivers of motor scooters, mopeds and 

microcars; 
• Motorcyclists;  
• People driving under the influence of 

alcohol, drugs, medication or fatigue; 
• Drivers who violate the speed limit; 
• 50 and 80 km roads;  
• Lorries and delivery vans. 

New approaches being tried 

A great deal of new technology is being developed, 
more and more of which is hitting the market. 
Mobility technology is also increasingly advanced. 
These trends are relevant to the Ministry of 
Transport, Public Works and Water Management in 
view of the policy targets for accessibility, road 
safety and the environment. After all, new systems 
can contribute to more efficient, cleaner, safer 
roads.  
Innovative solutions help us to realise road safety 
policy ambitions for the coming years. This makes 
innovative solutions an integral part of the range of 
measures. After 2010, innovative vehicle 
technology will play an increasingly major role, 
primarily because mobility is continuing to 
increase, while almost all the possibilities of 
conventional behavioural influence tactics have 
been exhausted.  
In principle, any technology that contributes to road 
safety is welcome. Besides possible side effects and 
public support, we naturally also have to take the 
cost-benefit ratio into account. In context, we have 
to consider the fact that technical solutions 
sometimes have unwelcome side effects, like 
distracting the driver, or invite inappropriate 
behaviour. Some techniques also have the potential 
to be abused. 
 
In our policy, we have allowed man to be the 
measure of all things; we primarily make room for 
technology that people understand, and that they 
are willing and able to use. And there is technology 
that we can use to compel ‘causers’ to drive 
appropriately. 

Potential for collaborative research 
internationally 

The international importance of road safety is 
apparent from the ongoing globalisation of the 

topic. The Global Road Safety Week organised 
jointly by the UN and the WTO in April 2007 
illustrated this trend. Worldwide interest arose from 
the concern about the costs society pays for unsafe 
traffic conditions and human suffering as a result of 
accidents. Moreover, the expectation is that the 
number of road casualties will continue to grow 
worldwide, particularly in developing countries. 
Road safety in developing countries is the number-
one cause of death among young people aged 15 to 
21.  
As ‘world champion of road safety’, the 
Netherlands should act as a role model; working in 
concert with other countries that do well in this 
area, we can and should help the countries that are 
not doing as well.  
  
 
In the Netherlands, foreign road users represent 
over 10% of the traffic violations. Since the 
opening of the inner borders in the EU and the 
increase in road traffic throughout Europe, the 
number of foreign road users in the Netherlands has 
been increasing.  
Driving licence requirements have been equalised 
in the European Union by now, but not all countries 
train and test their drivers as thoroughly as the 
Netherlands. In particular, some drivers are 
relatively unfamiliar with the prominent role that 
cyclists play in Dutch traffic, which can have 
unfortunate consequences. We will be focusing 
extra attention on this aspect with public 
information and campaigns. Conversely, we can 
pay more attention to Dutch drivers abroad. By 
providing accurate information, we can help to 
prevent accidents in foreign countries. 

RESEARCH ON ADVANCED 
TECHNOLOGIES 

The Netherlands are currently carrying out a 
number of research projects on advanced 
technologies in vehicle safety systems: 

The Field Operational Test on anti-accident 
systems. 

The FOT will involve approximately 3,000 
vehicles owned by more than 60 haulers. Five 
different accident prevention systems and a 
registration system will be tested. Vehicle 
movements of lorries involved in the FOT will be 
recorded and processed for at least four months and 
the Ministry of Transport expects the results in July 
2009. This is the most comprehensive FOT ever 
conducted with accident prevention systems. 
 

• The objectives of the FOT can be divided 
into three aspects: 
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• To reduce the number of accidents 
involving lorries and analyse the traffic 
safety effects. 

• To assess the impact of large-scale 
implementation of accident prevention 
systems on traffic circulation. 

• To gain insight into the effectiveness of 
the various systems with regards to lorry 
traffic safety. 

 
The FOT will address the three most common types 
of accidents: rear-end collisions (ACC, HWM, 
FCW), side collisions (LDWA) and singlevehicle 
accidents (DC, ROC). A separate registration 
system will also be tested. 
The results will be widely communicated, amongst 
others to the European Commission, with which 
contact already exists on this topic. More 
information can be found on the internet: 
http://www.fileproof.nl/index.php?cat=3&id=52 

Alcohol-lock demonstration trial 

The Netherlands wants to reduce the number of 
road accidents due to alcohol use. To this end we 
want to build the alcohollock into cars of people 
sentenced for driving with more than 1.3 promille. 
In 2008 a trial with 80 cars was held in the 
Netherlands to test the alcohol-lock. It showed that 
the lock could be installed in all cars, was safe to 
use and difficult to fool. Further information can be 
found on the internet: 
http://www.verkeerenwaterstaat.nl/onderwerpen/rij
bewijs/alcoholendrugsinhetverkeer/alcoholslot/ 

Trial speed-monitoring in vans. 

The last year 100 vans where equipped with a new 
speed-monitoring device to get practical 
experience, knowledge about the cost-benefits for 
fleet owners and the effect of these devices on road 
safety. The speed-monitoring device warns the 
driver in case of speed violation on every road type. 
That makes it an driving assistant for well willing 
drivers. The aim was actually to prevent not-well 
willing drivers from speeding. Therefore the 
system sends the information to the fleet owner. 
The conclusions are not yet available. One of the 
most important conclusions will be that such a 
system has to be 100% effort free. Drivers don’t 
switch on such a system voluntarily. It has to be a 
black-box version that automatically turns on by 
starting the engine. Otherwise the system has to be 
a part of work related processes.  

Other fields of research planned for the near 
future. 

• Research on accident causes, including 
single-person cycle accidents; 

• Ex-post effects of measures; 
• Options for supporting measures in the 

area of ITS for the elderly; (follow-up 
study) 

• Analysing types of accidents on 50 and 80 
km roads; 

• Developing vehicle innovation monitor for 
Dutch vehicle fleet; 

• Improving passive safety, collision 
compatibility and testing methods (Euro 
NCAP, EU legislation); 

• Using trip recorder and accident data 
recorder; 

• Drug testers; 
• Measures to limit aggression in traffic 

(road rage); 
• Limiting single-vehicle accidents; 
• Better protection of bicyclists; 
• Exploration of the possibilities for 

infrastructure-vehicle and vehicle-vehicle 
communication technology 

 

PUTTING SAFETY TECHNOLOGIES TO 
WORK 

A great deal of new technology is currently being 
developed, more and more of which is hitting the 
market. Mobility technology is also increasingly 
advanced. This trend is relevant to the Ministry of 
Transport, Public Works and Water Management in 
view of the policy targets for accessibility, road 
safety and the environment. After all, new systems 
can make the traffic system more efficient, cleaner 
and safer.  
 
We see a clear trend towards a car filled with 
sensors. They make driving easier, warn the driver 
of risks and/or intervene on their own initiative if 
danger occurs. For example, Anti-lock Braking 
Systems (ABS) and Electronic Stability Control 
(ESC) keep the car under control under difficult 
conditions, such as sudden evasive manoeuvres or 
braking sharply on a slick surface. By now there 
are also applications that help drivers control the 
car on an ongoing basis. This includes keeping the 
right distance from the vehicle ahead (ACC), stay 
in the same lane (LDWA) and maintain a safe 
speed (ACC). Technology is also taking on a more 
important role along the roadside, such as peak-
hour lanes, ramp meters and traffic management. 
This development in technology will continue 
strongly in the coming years. 
 
In deciding whether or not to introduce new 
technology, due consideration should be given to 
potential side effects that might distract drivers 
from what they are doing, such as navigation 
systems or on-board diagnostics. Another 
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development is the arrival of entertainment devices 
in cars, such as DVD players. If this presents a 
danger to road safety, it will need to receive more 
attention.  
Public support is important. Experience shows that 
innovative products are generally used voluntarily 
at first, followed by gradually growing support. In 
the long term, an innovative application becomes 
standard usage out of habit, either on its own or in 
response to a statutory requirement. 

CONCLUSIONS 

The newly adopted Road Safety Strategy 2008-
2020 will help the Netherlands to achieve its goal 
to further reduce road casualties. Technology plays 
a paramount role in making traffic safer and more 
reliable. Different target groups were identified 
which either are at high risk or demonstrate a risky 
behaviour. A combination of behavioural and 
technical measures are envisioned to reduce their 
accident risk.  
 



 1

 
 

 
 
 

EUROPEAN 
ENHANCED 

VEHICLE-SAFETY 
COMMITTEE 

 
 
 
 

Status Report for the 21st ESV 
Conference 

 
 
 
 
 
 
Dr. Dominique Cesari, Chairman 



 

 

INTRODUCTION 
 
The EEVC, European Enhanced Vehicle-Safety 
Committee, exists since June 1974 and has been 
active in participating in the ESV-programme. We 
are pleased to present the EEVC Status report 
containing a summary of the most recent results of 
our work at the 21st ESV Conference. 
 
 
WG12 – Anthropomorphic dummies 
 
This working group is the longest active Working 
Group within EEVC. The scope of the Working 
Group includes adult as well as child crash 
dummies and corresponding biomechanical criteria 
concerning injuries. Important achievements of 
EEVC WG12 in the period following the 2007 ESV 
conference include: 

� Completion of an extensive evaluation of 
various candidate crash dummies for 
injury protection in rear-end impacts 
(whiplash dummies). From this evaluation 
it was concluded that the Hybrid III 
dummy is not suitable for evaluation of 
whiplash injuries mainly due to its lack of 
biofidelity. The two other dummies that 
were evaluated, i.e. the  BioRID IIg and 

the RID3D dummy, both offer sufficient 
biofidelity capabilities for the study of 
injury protection in rear end impact, with a 
slightly better biofidelity rating for the 
BioRID (see Figure 1). It was also 
concluded that no reliable injury criteria 
and corresponding injury risk functions 
exist yet to assess the injury risk in rear 
impacts. In 2009 the Working Group has 
started a new study to develop such injury 
risk functions using real world data. 

 

 
 

Figure 1: The BioRID segmented spine 
 
 

� A study concerning a new generation of 
child dummies (Q dummies) has been 
completed. It was concluded that this new 
generation of dummies offers a major step 
forward compared to the current P 
dummies used in the ECE 44 regulations. 
Currently the following 5 dummies are 
available in the Q family: a new born, a 9 
month, a 1.5 year, a 3 year and a 6 year old 
dummy (see Figure 2). The development 
of a 10 year old version of the Q dummies 
has recently started and WG 12 will 
monitor these developments. WG 12 has 
also developed a set of injury risk 
functions for these new dummies.  New 
activities of WG12 in this field concern 
the application of child dummies for the 
evaluation of side impacts. 

 

 
 
Figure 2: Q series child dummies 
 
Side Impact Protection 
 
The working group in charge of side impact 
protection has developed a roadmap for the coming 
years, which was approved by the EEVC Steering 
Committee. The main research topics for the side 
impact protection are the following: 
 
1) Evidence Review: Review the nature of 
European side impact accidents and consider the 
likely effects of advances in vehicle technology on 
the current accident and casualty profile. 
2) Barrier based test: On the basis of the 
Evidence Review, and taking account of the most 
recently available studies, assess the societal benefit 
of improving the current regulated barrier based test 
procedure (ECE Regulation No. 95).  Review the 
updated AE-MDB barrier and test procedure as 
proposed by the APROSYS project and other 



 

 

bodies that have evaluated the barrier and 
procedure. 
 
3) Non-struck side protection: On the basis of 
the Evidence Review make recommendations 
regarding necessary research with regard to ‘non 
struck side’ occupant protection and the societal 
benefit of introducing measures to mitigate such 
injury risk. 
 
4) Pole Test: On the basis of the Evidence 
Review examine the work that has been undertaken 
by IHRA members, APROSYS and any other 
groups into the pole test (perpendicular and 
oblique). 
 
5) Review the proposed EEVC interior 
surface test procedure, including any validation 
testing that has been completed and, if necessary, 
refine the procedure such that it is fit for regulatory 
application 
 
A subgroup including experts in accident studies 
(joint WG 13 and WG 21 subgroup) has been set up 
to determine the societal benefits of an enhanced 
side impact test procedure. 
 
The work on the definition of an AE-MDB is in 
progress; this work includes contributions of Japan 
in addition to EEVC countries.  
 
 
Compatibility 
 
The work done by EEVC has progressed over the 
last two years in conjunction with EC funded VC 
Compat project. EEVC acknowledges that 
compatibility is a complicated matter. 
 
The group has developed two candidate test 
procedures: 
1. A full width frontal impact against a 
deformable element (FWDB) and high resolution 
force measurement, combined with an offset 
deformable barrier test. 
2. A frontal offset impact against a 
progressive deformable barrier (PDB), combined 
with a full width test. 
The group has analysed the results of the VC 
compat project and prepared new terms of reference 
which will consider the new EC project “FIMCAR” 
 
 
Pedestrian Safety 
 
Since the last ESV, EEVC did not develop 
activities in the field of pedestrian safety waiting 
for phase 2 of the European regulation. However as 
APROSYS has just made proposals for new 
additional test methods and as the design of the 

JARI flex PLI leg is completed, EEVC is 
considering to analyse in the near future these two 
items.  
 
 
WG 18 – Child Safety  
The group dealing with the protection of children in 
cars, buses and coaches is composed of national 
government representatives, supported by technical 
advisers..  
This group was created in  2000 with clearly 
defined terms of reference:  

• Review accident statistics with respect to 
car child occupants and injuries in all type 
of car accidents. 

• Review research with respect to car child 
occupant safety. 

• Describe the state-of-the-art taking into 
account all existing regulations . 

• Identify lacks in knowledge, methods and 
tools  

After the publication of the results of the first part 
of the terms of reference, a report on the 
comparison of existing legislations and a critical 
analysis of ECE R44 / 04 is approved by the 
Steering Committee und public available. 
 
A study concerning a new generation of child 
dummies (Q dummies) together with working 
group 12, has been completed. 
The Steering Committee of EEVC is considering 
the continuation of this group with new terms of 
reference which are under discussion. 
 
Active/Passive Safety Interaction. 
 
This group has started a new activity in which the 
group will look at 5 to 8 functions of advanced 
systems aimed at improving safety, and report on 
evaluation of function assessment methods within 
two years. 
 
 
Rear Impact Protection and Whiplash Injuries 
 
Since ESV 2007, EEVC WG20 has worked closely 
with WG12 on the evaluation of crash test dummies 
for low-speed rear impact test procedures. WG20 
has evaluated static test methods for assessing head 
restraint geometry, including methods similar to 
that used by RCAR and methods based on 
measurements using a co-ordinate measuring 
machine. Currently, the WG is evaluating methods 
to assess the effective height of head restraints; i.e. 
the head of the structure of the head restraint that is 
able to provide adequate support for the centre of 
gravity of the head of the occupant in a rear impact. 
A cost-benefit study for head restraint height and 
backset requirements was also published, which 



 

 

found that the cost of long-term whiplash injuries 
was £3 billion pounds per year in the UK alone. 
 
Many seats that have come on to the market in the 
last few years incorporate an active or, most 
commonly, reactive head restraint. Both types of 
head restraint move forward (and sometimes 
upwards) in a rear impact to support the head and 
neck, but are typically quite far behind the head in 
normal use modes. The geometry of reactive head 
restraints in particular is difficult to assess with 
static test procedures, as the amount the head 
restraint moves is dependent on the interaction 
between the occupant and the seat back. WG20 
therefore developed a dynamic test of head restraint 
geometry – known as dynamic backset – that has 
been proposed by Japan and the EC as an update to 
UNECE Regulation 17. 
 
The dynamic backset test procedure uses the 
BioRID II dummy because it was considered that 
humanlike interaction between the dummy and the 
seat back, and humanlike neck kinematics in a low-
speed rear impact, were very important. 
 
WG20 continues to collaborate with WG12 on the 
validation of criteria for dynamic seat assessment 
test procedures. This work aims to correlate the risk 
of long-term whiplash injury claims with dummy 
measurements made with groups of seats and with 
individual seats. Most recently, EEVC WG20 has 
met with parties from around the world who are 
interested in developing a seat assessment test 
procedure using the BioRID II dummy as part of 
the proposed Global Technical Regulation 7 Phase 
2 work programme. 
 
 
 

 
 
Figure 3: Static backset measurement according 

to the draft WG20 test procedure. 
 
 
Accident studies 
 
1. The Working Group dealing with accident 
studies is aimed at supporting the research activities 
of other working groups by the provision of 
accident data and analysis.  It has developed links 

with other working groups and has supplied many 
sets of data analysis.  
2. Side impact analysis – a major analysis of 
side impacts is being conducted on behalf of WG 
13 using data from UK, Germany, Sweden, and 
France. Some of the results of this analysis will be 
reported during this conference. 
 
Virtual Testing 
 
 
The aim of this working group was to examine why 
and how the numerical simulation technology could 
be introduced in automotive safety regulations. 
A first one year mandate allowed to show that 
numerical simulation is widely used in industry for 
product development. However, limitations exist in 
the modelling of some physical phenomena 
involved in a crash (e.g. material rupture). Many 
questions still lack appropriate answers such as 
model validation, dependence of results on 
code/platform/user, organization and liability. 
This working group explored the area of current 
regulations which may benefit from the 
introduction of virtual testing and has proposed a 
plan for 3 years work dealing with four case 
studies, from the most simple (geometrical 
analysis) to the most complex (dynamic test). 
The objective of the next three year mandate is to 
initiate the process to address these questions, 
focusing on the most important aspects, relying on 
the outcome of recent completed projects, in 
particular APROSYS, and taking benefit from work 
performed by other groups such as ISO or within 
the next IMVITER EC funded project when the 
objectives of this work are in line with those of 
EEVC.  
 
Bus and Coach Safety 
 
An ad-hoc has been established to investigate the 
need of analysing bus safety issues at a European 
level. 
 
Future of EEVC 
 
EEVC, which has contributed to IHRA activities 
from the beginning; is considering that there is a 
need for international cooperation in the field of 
vehicle safety research. to comply with those 
thoughts. After having considered to set up the 
Vehicle Safety Research Forum as an answer to 
that question, considering that this will take some 
time, EEVC has decided to open the participations 
to some of its working groups to other ESV 
countries. 
The following working groups are concerned: 
WG 13 – Side impact protection 
WG 15 – Compatibility 
WG 18 – Child safety 



 

 

WG 20 – Rear impact 
WG 22 – Virtual testing. 
An invitation letter has been sent to the GFP of the 
relevant countries, and we then expect at least for 
an intermediate period before setting up a more 
permanent structure, non EEVC countries will be 
able to contribute to some key scientific issues 
which are important for future safety regulations. 
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State of Motor Vehicle Crashes  
In 2007, 41,059 fatalities occurred in the U.S. as a 
result of motor vehicle crashes.  This is contrasted 
with the 54,589 people who were killed in traffic 
crashes in 1972 and 39,250 in 1992, the highest and 
lowest in the past 35 years.  

The fatality rate per 100 million VMT in 2007 was  
1.36, the lowest recorded in the U.S.  This is 
contrasted to 5.5 fatalities per 100 million VMT in 
1966, the highest in the past 41 years.  Similarly, the 
fatality rate on a person basis was 13.6 fatalities per 
100,000 population in 2007 the lowest in the past 35 
years.  This is compared to 26.4 in 1969. Based on a 
statistical projection, in 2008 fatalities in motor 
vehicle traffic crashes are estimated to have dropped 
to 37,313 – a 9.1-percent decline from the 41,059 
fatalities reported in 2007. 
 
The total number of police-reported crashes in the 
U.S. in 2007 was estimated by the National 
Automotive Sampling System (NASS) General 
Estimates System (GES) to be 6.0 million.  These 
police reported crashes resulted in 2.5 million 
persons being injured.  In recent years, the estimated 
number of injuries has decreased, as has the injury 
rate, based on VMT.  In 2007, the injury rate 
reached 82 injuries per 100 million VMT.  In 2007, 
safety belt use reached a usage rate of about 82 
percent for outboard seated occupants during 
daytime hours.  

State of Motor Vehicle Safety  
Over the past several decades, the fatality rate per 
VMT has been steadily decreasing.  The safety 
improvements made are due in part to the collective 
efforts of the operating agencies of the Department of 
Transportation,1 the States, automobile 
manufacturers, and other organizations.  NHTSA’s 
engineering efforts combined with its educational and 
enforcement programs that ensure proper compliance 
with the U.S. regulations have been major 
contributors to this significant achievement in safety. 
Figure 1 shows the number of fatalities and the 

                                                 
1 The National Highway Traffic Safety 
Administration (NHTSA), the Federal Motor Carrier 
Safety Administration (FMCSA), the Federal 
Highway Administration (FHWA), Federal Transit 
Administration (FTA) and the Federal Railroad 
Administration (FRA) 

fatality rate for the period 1966 to 2005.  
 

0

10,000

20,000

30,000

40,000

50,000

60,000

19
66

19
68

19
70

19
72

19
74

19
76

19
78

19
80

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

0.00

1.00

2.00

3.00

4.00

5.00

6.00
Fatalities
Fatalities/100M VMT

 

Figure 1.  2007 U.S. Fatalities and Fatality Rate by 
Year 

As can be seen from Figure 1, the number of 
fatalities in the U.S., after being rather constant for 
the last decade, has decreased in 2007.  The fatality 
rate has slowly decreased over this period.  

Another factor affecting the fatality rate is the 
increase in motorcycle fatalities.  Motorcycle rider 
fatalities, after a major decrease in the 1980s and 
early 1990s, have increased steadily since a historic 
low in 1997.  In 2007, motorcycle rider fatalities 
numbered 5,154, an increase of over 2,700 fatalities 
from the 1997 level.  

Table 1 provides a breakdown of all motor vehicle 
fatalities by person type.  

Table 1.  2007 U.S. Fatalities by Person Type 

 Fatalities 
Total Fatalities 41,059 
     Passenger Vehicle Occupants      28,933 
     Motorcycle        5,154 
     Large Truck, Bus, Other 
        Vehicle Occupants** 

       1,468 

     Nonoccupants*        5,504 
           Pedestrian               4,654 
           Pedalcyclists                  698 
*Includes Other and Unknown nonoccupants  
**Includes occupants of unknown body types.  
  Many of the unknown body types in 2007 will be resolved in 
the final file.

 
Rollover crashes continue to be a major component in 
the US fatalities.  The distribution of fatalities by 
vehicle type is shown in Table 2. 

 



Table 2.  Passenger Vehicle Occupants Killed in 
Rollover Crashes, by Type of Vehicle 

Type of Vehicle 2007 
All rollover fatalities* 10,194 
    Passenger Cars     4,041 
    Vans        571 
    SUVs     2,842 
    Pickup Trucks     2,736 
* Includes occupants of “Other Light Trucks” 
 

Status of Current NHTSA Research 
Programs  

Crashworthiness Research  

Frontal Crash Safety 
Frontal crashes are the most significant cause of 
motor vehicle fatalities.  This research program 
addresses these fatalities through development of 
crash test procedures using impact conditions not 
currently addressed by Federal Motor Vehicle 
Safety Standard (FMVSS) No. 208.  Recent crash 
investigations have evaluated the safety 
considerations for belted, air bag equipped 
occupants in small overlap and oblique frontal 
crashes.  NHTSA is also evaluating the safety 
potential for advanced restraint systems for front 
and rear seat occupants. 

 
Crashworthiness Rollover  
The crashworthiness rollover research program can be 
separated into two main topics, ejection mitigation 
and protection for non-ejected occupants.  Ejection is 
a major cause of death and injury in light-vehicle 
rollover crashes.  Almost two-thirds of all ejection 
related fatalities occur during rollover crashes.  
NHTSA is pursuing a phased approach to reducing 
occupant ejection in rollover crashes.  First, a side 
impact pole test requirement was recently added to 
FMVSS No. 214 which will provide improved head 
protection for occupants, will likely result in greater 
use of side curtain air bags, and will reduce the 
number of partial ejections, primarily in side impacts.  
The other phase is to establish occupant retention 
performance requirements for side windows, and 
Congress has mandated NHTSA to issue a final rule 
on this by October 1, 2009.  This program is aimed at 
providing occupant containment, primarily in 
rollovers, through the use of countermeasures such as 
side curtain air bags and/or advanced glazings.  The 
research includes developing test procedures and 
performance requirements for evaluating these 
countermeasures.  Side curtain air bags designed for 
occupant containment differ from those designed only 
for side impact head protection in that they will 

deploy in a rollover, they maintain pressure in the 
curtain for an extended time, and they cover a larger 
portion of the side window area.   

The protection of non-ejected occupants in rollover 
includes increased roof crush strength and improved 
restraints for rollovers.  The agency has conducted 
considerable research on roof crush strength and 
expects to issue a final rule upgrading FMVSS No. 
216 in 2009.  The agency also has a research program 
to evaluate the effectiveness of standard and 
advanced restraints systems in reducing occupant 
excursion from the seat in rollover crashes. 

Side Impact Research  
NHTSA’s recent upgrade of FMVSS No. 214 
requires auto manufacturers to provide head 
protection in side crashes and to enhance thorax and 
pelvis protection for a wider range of vehicle 
occupants.  The new rule augments the previous side-
impact standard by requiring an additional 
performance test involving a 20-mph (32 kph) vehicle 
side crash into a rigid pole at an approach angle of 75 
degrees.  The agency has incorporated the more 
precise biomechanical knowledge provided by second 
generation side impact dummies.  The upgrade 
establishes the use of two dummies, representing a 
5th percentile adult female (SID-IIs) and a 50th 
percentile male (ES-2re), for both the proposed 
oblique pole test and the barrier-to-vehicle test.  
NHTSA’s current research in this area includes 
evaluating a new side impact dummy, WorldSID, 
which was designed by a global consortium.  The 
new dummy has been evaluated for its biofidelity, 
durability, and performance in crash testing in the 
current U.S. vehicle fleet and crash environment and 
found to show promise as an acceptable test device.  
NHTSA is also interested in conducting a similar 
program for the small female WorldSID. 

Integrated Safety  
Integrated safety systems are intended to utilize data 
from pre crash warning systems to reduce occupant 
injuries through automatic braking and pre-
deployment of advanced restraint systems.  NHTSA 
has implemented cooperative agreements with 
automotive manufacturers and suppliers to develop 
performance criteria, objective tests, and benefits 
estimates for both crash imminent braking and 
advanced front seat restraints. 
 
Hydrogen, Fuel Cell and Alternative Fuel Vehicle 
Safety Research  
NHTSA’s program for hydrogen, fuel cell, and 
alternative fuel vehicles is focused on establishing 
safe performance requirements for hydrogen fuel 
storage and delivery and electrical system safety in 
fuel cell and internal combustion engine (ICE) 



vehicles.  NHTSA’s safety initiative will 
complement the efforts by the U.S. Department of 
Energy and the U.S. Council for Automotive 
Research (U.S.CAR).  NHTSA’s approach is to 
develop foundational research information that will 
be necessary to determine future requirements, such 
as research on performance of high pressure 
cylinders in fires, localized flame impingement on 
cylinders, electrical integrity of high voltage fuel 
cell propulsion systems, and developing criteria for 
post-crash hydrogen leakage. NHTSA will also 
investigate the potential safety risks posed by 
lithium ion battery storage devices. 

Child Passenger Safety  
NHTSA is evaluating test parameters and potential 
methodologies to replicate a representative side 
impact scenario that could potentially be developed 
into a future child restraint dynamic side impact test 
procedure under FMVSS No. 213.  A side impact sled 
buck designed by Takata is currently being evaluated 
and side impact moving deformable barrier (MDB) 
into vehicle crash tests have been conducted in an 
effort to refine sled buck test parameters.  The agency 
is also reviewing the current FMVSS No. 213 test 
procedure to determine the viability or advisability of 
increasing the simulated frontal impact speed from 30 
mph to 35 mph and updating the existing test seat 
fixture. 
 
Motor Coach Occupant Safety 
NHTSA conducted a comprehensive review of motor 
coach safety issues and developed approaches 
directed to the areas that have the greatest potential 
for achieving improved motor coach safety most 
quickly.  In August 2007, NHTSA published its 
Motor coach Safety Plan where it identified four 
strategies that the agency is currently pursuing on a 
priority basis: seat belts on buses to reduce occupant 
ejection; improve roof strength; upgrade fire safety; 
upgrade emergency evacuation.  In December 2007, 
the agency conducted its first full frontal rigid barrier 
crash at 30 mph with a motor coach.  This crash test 
along with additional sled tests provided valuable 
information on the forces transmitted through the seat 
and seat anchorages in a frontal motor coach crash for 
different crash pulses, impact angles, and restraint 
conditions.  In the area of roof strength, the agency 
has conducted tests on 4 motor coaches using the U.S. 
school bus and European roof strength procedures to 
determine their relative stringency and practicability 
of application to motor coaches sold in the U.S. 
Research on emergency evacuation and fire safety is 
underway and is expected to be completed in FY 
2010. 
 
Biomechanics  
NHTSA’s Human Injury Research Division and 

Applied Biomechanics Divisions continue to 
implement and update their Biomechanics Research 
Plan to build upon the rich history of impact 
biomechanics research supported and carried out by 
NHTSA over the past 30 years.  The plan prioritizes 
the research activities based on trends and results 
from updated statistical analysis of crash field 
investigations as well as in-depth analysis of crashes 
from databases such as CIREN (Crash Injury 
Research Engineering Network).  These results 
establish safety needs on the basis of frequency, cost, 
and fatal outcome of crash injuries.  Based on the 
analyses, the plan has developed a set of projects that 
can produce deliverables and results that can be used 
to support rulemaking initiatives or put into a “tool 
box” for further research use by the Agency or other 
research groups.  Recent data analysis has indicated 
continued need to address the following areas: Child, 
Adult and Elderly Occupant Injury Mechanisms.  
This work can lead to injury assessment methods 
including advanced Anthropometric Test Device 
(ATD) research and associated injury criteria. 

Injury Mechanisms Research  
An expanded research effort in head and thoracic 
injury research is in progress.  New projects to 
understand functional response of the brain and 
axonal tissue after an insult will shed new light on 
levels of strain that are tolerable with respect to 
function.  Ongoing efforts include an analysis of mild 
traumatic brain injury and the criteria that may be 
used to assess it.  Continued analysis of data using the 
SIMon (Simulated Injury Monitor) model for the 
brain injury has allowed further insight into the 
effects of head rotation as well as translation on the 
potential for brain injury (Figure 2).  This work may 
lead to enhanced brain injury criteria. 

 

Figure 2. SIMon Finite Element brain model 
output indicating stress patterns in the brain.   

Chest and thoracic organ injury research continues as 
these injuries are a major source of occupant harm in 
frontal, side and rollover crashes.  Recent work 
includes assessment of a new device to measure two-
dimensional deformation of individual ribs of a crash 
dummy rather than just one dimensional deformation 



at the sternum.  This device (Figure 3) has the 
potential to enhance prediction of thoracic injury 
from multiple loading modes and can be applied to 
crash dummies for both frontal and side impact.  
Work also continues on a repeatable test to evaluate 
human surrogate and crash dummy chest and 
shoulder response in three dimensions.  University 
supported research is looking at impact response of 
underlying tissue that may be incorporated into future 
injury criteria.   
 
Anthropomorphic Test Device Research  
Activity continues to update the THOR, an advanced 
50th percentile male frontal impact dummy.  A set of 
short-term enhancements has been suggested by an 
international group of researchers to improve THOR 
response and usability.  These enhancements are 
being applied to a few existing dummies which will 
be tested relative to current THOR biofidelity targets.  
These results may pave the way for more THOR use 
internationally.  Already projects for an updated 
abdomen and new chest instrumentation are 
underway.  A 5th percentile female version of THOR 
has been completed and is undergoing assessment in 
a variety of test conditions. 

 
Figure 3. New crash dummy 2-D rib deformation 

assessment device.   

NHTSA has completed an assessment of WorldSID 
(50th percentile male) relative to biofidelity and crash 
test capability.  WorldSID shows better biofidelity 
compared to ESII-re and performs well in current side 
impact regulatory tests.  Future work to assess 
repeatability and reproducibility of the male 
WorldSID is planned as well as efforts for the small 
female WorldSID.  Child dummy development 
includes a new neck design for the Q3s, side impact 
child dummy.  This neck design will improve the 
head kinematic response of the dummy as head 
injuries to children are most common in side impact 
crashes.  Work continues to assess other child 
dummies such as the Hybrid III 6 year and 10 year 
old dummies to include in future regulation as well as 

research to enhance the response of these dummies 
(see below).  Finally, a test series to determine 
biofidelity of rear impact dummies including the 
BioRID dummy are in progress.  The Human Injury 
and Applied Biomechanics Divisions have developed 
injury criteria and calibration and certification 
procedures for these dummies and continue to work 
with industry and dummy manufacturers to complete 
these projects.   

Vulnerable Occupant Injury Research  
Vulnerable occupants include children, elderly 
occupants, and pregnant occupants.  Dedicated field 
data analysis continues to help understand the issues 
and determine research efforts required.  Recent 
CIREN and NASS-CDS results confirm thoracic 
injury as a major issue for elderly occupants.  
Research efforts are geared to understand the effects 
of changing thoracic geometry and material properties 
on the tolerance to thoracic loading as a person ages.  
Understanding the fragility (tolerance) and frailty 
(final outcome) for older occupants may help lead to 
design of tests and injury criteria that are more 
consistent with prediction of injury.  This can lead to 
improved restraint design that may help to mitigate 
injuries in this rapidly expanding cohort of vehicle 
occupants 

NHTSA is coordinating an ad hoc research group 
called the Child Passenger Protection group that 
consists of a multi-center research effort to better 
understand child injury mechanisms and associated, 
non-scaled injury criteria including head, neck, 
shoulder and thoracic injury responses and abdominal 
injury tolerance and criteria.  This effort will result in 
specific child dummy response requirements that may 
lead to child dummy improvements and the creation 
of a human child computer model for further injury 
assessment in crash reconstructions and other tests.  

Crash Injury Research Engineering Network 
(CIREN) Developments  
CIREN continues to explore new ways to enhance 
NHTSA’s and the public’s understanding of injury 
causation in crashes and refining the capability to 
define injury criteria. The Biomechanics Tab (Bio 
Tab) for analyzing and deducing injury mechanisms 
objectively is now in routine use and has been applied 
to specific injury producing events such as belted 
rollover occupants.  This application has been aided 
by 3-Dimensional imaging techniques for injury 
identification as well as initial efforts to truly 
integrate the CIREN network through streaming 
Internet video of case reviews to all centers.  This 
allows sharing of expertise and opinions on crash, 
vehicle and medical results to further enhance the 
data quality and richness.  Also, efforts to link 
CIREN data with NASS-CDS may provide a 
powerful tool for future analysis of crash and injury 



data to create injury risk functions and ultimately, 
injury criteria.  Finally, initial analysis of CIREN 
cases with information from Event Data Recorders 
(EDR) is being used to understand how crash 
information may be used to alert emergency response 
teams regarding injury severity so that better 
decisions can be made regarding transport of crash 
victims to appropriate centers of care.  

Heavy Vehicle Research  

NHTSA’s heavy vehicle research program is directed 
toward improving the collision avoidance capabilities 
of these vehicles.  A wide range of issues are 
currently being researched including: brake system 
performance improvements, enhanced heavy vehicle 
stability, eliminating blind spots around large 
combination vehicles through video/camera imaging 
technology, and Intelligent Transportation System 
(ITS) research evaluating an integrated suite of 
systems comprised of rear collision warning, lane 
departure warning, and side object detection.  

The agency research has shown that major 
improvements in braking performance for truck 
tractors can be achieved by using disc brakes, 
larger drum brakes, or hybrid combinations of disc 
and drum.  Stopping distance improvements of up 
to 30 percent or more have been demonstrated.   
Additional research has been initiated on 
autonomous braking systems (e.g. collision 
mitigation braking) that utilize radar sensors to 
sense when a safety critical rear-end crash scenario 
is developing and automatically apply braking to 
assist the driver in preventing or mitigating the 
scenario.   

Electronic Stability Control (ESC) systems can 
reduce loss of control crashes involving heavy 
vehicles, which often result in rollover or jackknifing. 
Specific studies underway include testing at 
NHTSA’s Vehicle Research and Test Center in Ohio, 
and safety benefit studies using hardware-in-the loop 
simulation and clinical analysis of large truck crash 
reconstruction data to determine the effectiveness of 
stability control systems over a wide range of 
conditions.  

Blind spots around large combination vehicles 
contribute to lane change/merge crashes which are a 
significant portion of crashes involving tractor semi-
trailer vehicles.  As a result, performance 
specifications have been developed for camera/video 
imaging systems (C/VIS) and a system utilizing 
commercial off the shelf technology has been 
developed to provide 360 degree all-weather vision 
for the driver.  A follow-on field test has been 
initiated to determine the potential safety benefits, 
driver acceptance, and overall system performance 

for C/VIS technology.    

Intelligent Technology Research  

Overview 
NHTSA’s crash avoidance research mission seeks to 
advance the scientific knowledge of how to save 
lives, prevent injuries, and reduce economic costs 
due to road traffic crashes.  The results of this 
research are used by the Agency to improve 
highway safety through the regulatory process, 
consumer information activities and other means.  
This program relies heavily on problem sizes 
estimated from crash data that are collected, 
reduced, and maintained by the National Center for 
Statistics and Analysis (NCSA). The crash 
avoidance research program is implemented through 
a combination of contracts with research 
organizations, cooperative agreements with industry 
and university safety organizations, and internal 
testing and analysis. The program includes three 
major inter-related components, as follows:   

Developing a detailed understanding of driver 
performance  
A critical component of vehicle safety research is to 
understand the interaction of the driver, the vehicle 
and the environment in pre-crash, crash, and post-
crash conditions.  
 
In the Office of Driver-Vehicle Performance 
Research, human factors and advanced technology 
research activities are integrated to determine which 
aspects of vehicle design may be modified to 
improve driver performance and to reduce unsafe 
behaviors. For example, the focus of one study was 
to understand how drivers benefit from existing or 
new in-vehicle technologies. This integrated 
research supports Federal Motor Vehicle Safety 
Standards, safety defects investigations, consumer 
information, and the advancement of knowledge 
about driver behaviors and performance. The 
program helps stimulate the industrial development 
of vehicle technology that is compatible with driver 
abilities and limitations. 

To help identify critical safety issues, efforts have 
been underway to understand what problems drivers 
are actually experiencing. This work includes an 
analysis of crash data, studies of early adopters of 
advanced technologies, and the results of naturalistic 
driving studies.  For example, we established a pre-
crash scenario typology for light vehicles to provide 
a common foundation for vehicle safety research. 
This approach provided a reference to enable public 
and private organizations to estimate the potential 
safety benefits of crash countermeasures.  



Developing the requirements for system 
performance  
NHTSA undertakes programs to help it better 
understand of the driver-vehicle performance 
features of automotive systems in order to develop 
meaningful regulatory and other safety improvement 
policies. To this end, NHTSA regularly tests the 
performance of available systems, and helps define 
the performance requirements of future systems. 

Evaluating the safety impact of advanced 
technologies 
NHTSA co-sponsors research and collaborates with 
other modal administrations.  This practice promotes 
the development of advanced technologies that have 
greater effectiveness, overall, while addressing 
additional problem areas.  The combined investment 
helps provide observations over a longer period of 
time in order to estimate safety benefits.  There are 
currently three major collaborative programs: 

ADVANCED COLLISION AVOIDANCE 
TECHNOLOGIES (ACAT) 

In response to increasing public concern about 
automobile safety and advances in technology, many 
manufacturers and their suppliers are developing and 
incorporating advanced safety into their vehicles that 
help drivers avoid crashes.  These systems are 
intended to prevent or reduce the severity for many 
of the most significant crash types including rear-
end, lane change, driver impairment, rollover, and 
road departure.   

This program will develop and implement a 
framework to understand the safety potential for 
vehicles that are equipped with emerging advanced 
safety technologies. In 2009, NHTSA will complete 
cooperative agreements with four teams led by 
Automobile manufacturers focused on technologies 
that address pre-collision mitigation, back-over 
prevention, lane departure prevention and driver 
monitoring.  These programs will results in objective 
information that can help consumers identify the 
most effective safety technologies.  

In 2009, NHTSA launched a second phase of the 
ACAT program, in order to refine the Safety 
Impacting Methodology and to expand its scope to 
include the additional technologies of lane keeping 
assistance, blind spot detection and head-on 
collision warning. 

INTEGRATED VEHICLE BASED SAFETY SYSTEMS 
(IVBSS) 

About 3.6 million rear-end, road departure, or lane 
change crashes occur each year. Of these 3.6 

million, 27,500 crashes result in one or more 
fatalities. These fatal crashes represent about ¾ of 
all fatal crashes. 

The widespread deployment of advanced integrated 
driver assistance systems has the potential to reduce 
rear-end, road departure, and lane change collisions 
by 48 percent. Integrated systems will provide better 
hazard information from multiple sensors and 
provide coordinated warnings to reduce driver 
distraction.  

The Integrated Vehicle Based Safety Systems 
(IVBSS) initiative aims to demonstrate the 
technologies necessary to equip all new vehicles 
with advanced driver assistance systems that would 
help drivers avoid the most common types of deadly 
crashes. The goal of the IVBSS program is to assess 
the safety benefits and driver acceptance associated 
with a prototype integrated crash warning system 
designed to address rear-end, road departure and 
lane change/merge crashes on light vehicles and 
heavy commercial trucks.  This initiative is the first 
attempt to fully integrate the individual solutions 
that address these three types of crashes. This 
research will combine existing research results, 
state-of-the-art commercial products and system 
integration efforts to develop and demonstrate an 
integrated solution to these problems.  

The IVBSS program is a four-year initiative that 
began in November 2005.  This two phase 
cooperative research program is being conducted by 
an industry team led by the University of Michigan 
Transportation Research Institute (UMTRI). The 
results from Phase I Vehicle Verification Tests 
determined that the prototype system met its 
performance guidelines and is safe for use by lay 
drivers in a field operational test planned for July 
2008. The Phase II Field Operational Test started in 
January 2009. 

VEHICLE SAFETY COMMUNICATIONS (VSC)    

The U.S. Department of Transportation has 
conducted extensive research on the effectiveness of 
vehicle-based autonomous collision countermea-
sures for rear-end, road departure, and lane-change 
crashes. However, the systems have inherent 
limitations such as misidentification of stopped cars 
and out-of-path obstacles.  VSC, paired with 
accurate vehicle positioning, may overcome these 
shortcomings and thus enable improved safety 
system effectiveness by complementing or, in some 
instances, providing alternative approaches to 
autonomous safety equipment.  NHTSA is exploring 
how both vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure communications can enable improved 
effectiveness of active safety systems.   



NHTSA is conducting a collaborative research effort 
with a consortium of automobile manufacturers to 
facilitate the development and deployment of 
effective V2V communication safety systems.  This 
project is developing safety applications, addressing 
interoperability issues and evaluating safety benefits. 

In 2009, NHTSA will complete a program to develop 
and evaluate a system that communicates between the 
road way and vehicle to warn the driver of potential 
stop sign and traffic signal violations.  The 
Cooperative Intersection Collision Avoidance System 
(CICAS) initiative employed a combination of 
vehicle –based technologies and systems, 
infrastructure-based technologies and systems and 
communication systems focused on detecting and 
avoiding potential crossing path crashes at 
intersections.  A prototype that was validated against 
the system performance specifications was 
demonstrated.  Driver acceptance and overall safety 
effectiveness can not be measured unless a field 
operational test is conducted.  

Human Factors Research 

NHTSA’s human factors research is integrated with 
intelligent technologies research to examine the 
interaction of driver, vehicle, and environment in 
order to improve driver-vehicle performance.  The 
research supports Federal Motor Vehicle Safety 
Standards, safety defects investigations, consumer 
information, and the advancement of knowledge 
about driver behaviors and performance.  Findings 
are applied to the development of vehicle 
technologies, which are compatible with driver 
abilities and limitations. NHTSA focuses this 
research in three main safety areas: 1) Developing 
and applying methods to better define the safety 
problem; 2) Enhancing visibility from the vehicle 
and lighting; 3) Evaluating advanced driver 
assistance systems and technologies that can reduce 
unsafe behaviors.   

Safety Problem Assessment  
Many higher-end vehicles are offered with advanced 
technologies before they become common to all 
vehicles. To learn about how drivers interact with 
these technologies NHTSA has conducted research 
on these “Early Adopters.”  We completed an 
analysis of surveys of drivers who purchased 
integrated navigation systems, parking aids, high 
intensity discharge headlamps, and adaptive cruise 
control.  The findings show that drivers appreciate the 
benefits of these technologies, but may not fully 
understand their capabilities and limitations.  The full 
reports are available on the NHTSA website. 

 
 

Back-over Crashes  
The problem of passenger vehicles backing over 
pedestrians is a small but significant problem.  Last 
year, NHTSA prepared a report to Congress 
describing our current estimates of the extent and 
nature of the problem as well as our test results of 
current parking aids.  The size of this safety problem 
is difficult to determine because many of the back-
over crashes that occur on private property are not 
recorded in State or Federal crash databases, which 
focus on crashes occurring in traffic-ways.  NHTSA 
has developed the Not-in-Traffic Surveillance 
(NiTS) system (discussed below) partly to allow the 
agency to better estimate the size of this safety 
problem.  
 
Based on data from the NiTS system, back-over 
crashes involving all vehicle types are estimated to 
cause 292 fatalities annually in the U.S.  Testing 
showed that the performance of sensor-based 
(ultrasonic and radar) parking aids in detecting child 
pedestrians behind the vehicle was typically poor, 
sporadic and limited in range.  Because of the 
potential that camera-based systems appear to offer in 
addressing the risk of back-over, NHTSA plans to 
conduct additional work to estimate the effectiveness 
of such systems and to develop specifications of 
performance for any technology that could be 
developed to address this risk.  Further, the Agency 
plans to encourage vehicle manufacturers to continue 
to develop systems that can be effective in addressing 
this risk at a reasonable cost to the consumer.  

Headlight Research  
Driver complaints about headlamp glare affecting 
their vision continue to be a concern in the U.S.  To 
address this concern and look for solutions that 
balance the need for increased visibility with the 
glare consequences that can result, NHTSA funded 
research to identify the factors affecting glare.  
Among the topics addressed are the effects on driver 
performance of light spectrum, glare exposure, 
misaim, mounting height, and beam pattern.  The 
research results indicate that adaptive headlight 
systems (i.e., systems that automatically adjust light 
levels in response to the needs of both the driver and 
oncoming drivers) have the potential to increase 
visibility and minimize glare. The full reports are 
available on the NHTSA website. 

Rear Signaling Research 
A major difference in lighting regulations between 
U.S. and other countries is that the U.S. allows both 
amber and red rear turn signals.  We completed 
analyses of crash data to look for any differences in 
the crash rates associated with turn signals and 
found that amber turn signals led to fewer crashes.  
The analyses are available on the NHTSA website. 



Alcohol Detection Research: Driver Alcohol 
Detection System for Safety (DADSS) 
Since 1997, about a third of all fatally-injured 
passenger vehicle drivers had blood alcohol 
concentrations at or above the legal limit.  In order to 
address this problem, NHTSA entered into a five year 
cooperative agreement with the Automotive Coalition 
for Traffic Safety (ACTS) in early 2008 aimed at 
developing alcohol detection technologies that could 
have widespread deployment and are non-invasive, 
reliable, accurate, and precise.  These technologies 
would be less intrusive than ignition interlocks. To 
achieve this goal the project aims to:  (1) assess the 
current state of alcohol detection devices, and (2) 
support the development and testing of prototypes 
and subsequent hardware that may be installed in 
vehicles. The prototypes would then undergo 
extensive laboratory and field testing.  This five year 
effort will result in prototypes installed in actual test 
vehicles.   However, the ultimate end goal at this 
point is anticipated to be voluntary acceptance and 
integration of these technologies into all vehicles. 

Belt Minders 
NHTSA has completed its assessment of the 
effectiveness and acceptance of enhanced safety belt 
reminder systems.  We observed belt use in 
thousands of recent model vehicles and compared 
belt use in vehicles with and without an enhanced 
reminder system. The results found that on average 
reminder systems increased belt use by 3 percent.  
We also explored the tradeoff between reminder 
effectiveness and acceptability to drivers.  The full 
reports are available on the NHTSA website. 

Vehicle-based technology to reduce unsafe teen 
behaviors 
Crashes of novice teen drivers continue to be a 
major part of the safety problem.  While education 
and the increased use of Graduated Licensing 
programs are effective, additional solutions are 
needed.  The increasing availability and shrinking 
costs of vehicular technologies that can detect and 
provide feedback about unsafe teen driving 
behaviors offers a new avenue to explore.  NHTSA 
completed a study that reviewed the concept of 
vehicle-based teen monitoring and analyzed data 
from a naturalistic study of novice teen drivers.  The 
purpose was to identify feasible technologies, unsafe 
teen driving behaviors, and approaches for further 
research to evaluate the effectiveness and 
acceptability of this type of countermeasure.   

Tire Safety 

Tire Aging Research 
NHTSA remains concerned about the endurance of 
older tires.  The agency determined that the thermo-

oxidative degradation that occurs in tires during 
service is accelerated with higher temperatures and is 
a contributing factor for tire failures, such as tread 
separations. Therefore the agency completed a field 
study to evaluate the rate of change in the tire 
material properties and road wheel performance after 
increasing durations of service, followed by 
development of an accelerated laboratory tire aging 
test protocol. The agency is currently further 
analyzing the safety problem, studying tire aging as a 
casual factor in crashes, and estimating potential 
benefits and costs of a combined oven-aging and road 
wheel durability test.  
 
Tire Rolling Resistance and Traction Research 
NHTSA has been mandated to establish a national 
tire fuel efficiency consumer information program for 
passenger vehicle replacement tires to educate 
consumers about the effect of tires on automobile fuel 
efficiency, safety, and durability. As part of this 
effort, the agency has conducted research to examine 
possible correlations between tire rolling resistance 
levels and vehicle fuel economy, wet and dry tire 
traction, and outdoor and indoor tire tread wear. 
 
Tire Bead Unseat Research 
The current tire bead unseat test equipment used in 
the US Federal Motor Vehicle Safety Standards for 
tires, which dates to the 1960s, cannot physically test 
tires with rim codes larger than 18. The radius of the 
bead unseating block is too small to accommodate 
larger rim codes, often contacting the rim before a 
valid compliance test can be completed on the tire. 
Therefore, NHTSA conducted research on the 
evaluation of larger prototype bead-unseat blocks 
designed by ASTM that would facilitate testing tires 
up to rim code 30.   
 
Data Collection and Analysis 

NHTSA conducts a motor vehicle crash data 
collection program through the National Center for 
Statistics and Analysis (NCSA).  It is composed of: 
the data collected from the states, including Fatality 
Analysis Reporting System (FARS) and the State 
Data Program, crash investigations, which includes 
the National Automotive Sampling System (NASS) 
and the Special Crash Investigations (SCI) programs.   

FARS is a census of all fatal crashes occurring on 
public roads in the United States.  The NASS is 
comprised of the General Estimates System (GES) 
and the Crashworthiness Data System (CDS).  The 
GES provides national estimates of characteristics 
of all motor vehicle crashes.  The CDS conducts 
detailed investigations into a nationally 
representative sample of crashes involving towed 
passenger vehicles to investigate injury-causing 
mechanisms and to evaluate countermeasures.   



The NASS infrastructure was utilized in two 
surveys to collect nationally representative data on 
the events and factors related to the causation of 
crashes. The Large Truck Crash Causation 
Study (LTCCS) was conducted by the National 
Highway Traffic Safety Administration (NHTSA) 
and the Federal Motor Carrier Safety 
Administration (FMCSA) from 2001 to 2003 to 
collect information on the causes or contributing 
factors for large truck crashes. From 2005-2007, 
NHTSA conducted the National Motor Vehicle 
Crash Causation Survey (MMVCCS) which, 
unlike the previous Tri-Level Study, collected 
nationally representative information on the events 
and factors related to the causation of light motor 
vehicle traffic crashes.  The SCI program provides 
in-depth data on crashes where emerging issues 
may be of interest.   

The Not-in-Traffic Surveillance (NiTS) system is a 
virtual data collection system designed to provide 
counts and details regarding fatalities and injuries that 
occur in non-traffic crashes and in non-crash 
incidents. The NiTS 2007 system produced an overall 
annual estimate of 1,747 fatalities and 841,000 
injuries in non-traffic crashes and non-crash 
incidents. The NiTS 2007 system provided 
information about an estimated 1,159 fatalities and 
98,000 injuries that occurred in non-traffic crashes 
such as single-vehicle crashes on private roads, 
collisions with pedestrians on driveways, and two-
vehicle crashes in parking facilities. The NiTS 2007 
system also provided information about an annual 
average of 588 fatalities and 743,000 injuries in non-
crash incidents involving passenger vehicle occupants 
or otherwise involving passenger vehicles. More than 
half of the non-crash fatalities occurred when a 
vehicle fell on a person who was under it or from 
unintentional carbon monoxide poisoning. The most 
common types of non-crash injuries seen in 
emergency departments were injuries while entering 
or exiting a vehicle (estimated 164,000 per year), 
injuries from closing doors (estimated 148,000 per 
year) and injuries from overexertion such as while 
unloading cargo or pushing a disabled vehicle 
(estimated 88,000 per year).  
 
NCSA also conducts key analyses of the collected 
data and publishes reports, including the Traffic 
Safety Facts Annual Report and Traffic Safety Fact 
Sheets. Copies of the most recent reports can be 
found at NCSA’s web site using the following URL: 
http://www.nhtsa.dot.gov/portal/site/nhtsa/menuitem.
a0bd5d5a23d09ec24ec86e10dba046a0/ 
 
Significant Rulemaking Actions 

Door Locks and Door Retention Components  

On February 6, 2007, the agency amended our safety 
standard on door locks and door retention 
components in order to add and update requirements 
and test procedures and to harmonize with the world's 
first global technical regulation for motor vehicles. 
The final rule adds test requirements and test 
procedures for sliding doors, adds secondary latched 
position requirements for doors other than hinged side 
doors and back doors, provides a new optional test 
procedure for assessing inertial forces, and extends 
the application of the standard to buses with a gross 
vehicle weight rating (GVWR) of less than 10,000 
pounds, including 12-15 passenger vans. The final 
rule also eliminates an exclusion from the 
requirements of the standard for doors equipped with 
wheelchair platform lifts.   
 
Electronic Stability Control Systems; Controls & 
Displays  
On April 6, 2007, as part of a comprehensive plan for 
reducing the serious risk of rollover crashes and the 
risk of death and serious injury in those crashes, the 
agency established a new Federal motor vehicle 
safety standard (FMVSS) No. 126 to require 
electronic stability control (ESC) systems on 
passenger cars, multipurpose passenger vehicles, 
trucks, and buses with a gross vehicle weight rating 
of 4,536 Kg (10,000 pounds) or less.  ESC systems 
use automatic computer-controlled braking of 
individual wheels to assist the driver in maintaining 
control in critical driving situations in which the 
vehicle is beginning to lose directional stability at the 
rear wheels (spin out) or directional control at the 
front wheels (plow out).   
 
Side Impact Protection  
On September 11, 2007 NHTSA published this final 
rule incorporating a dynamic pole test into Federal 
Motor Vehicle Safety Standard (FMVSS) No. 214, 
“Side impact protection.”  To meet the test, vehicle 
manufacturers will need to assure head and improved 
chest protection in side crashes. It will lead to the 
installation of new technologies, such as side curtain 
air bags and torso side air bags, which are capable of 
improving head and thorax protection to occupants of 
vehicles that crash into poles and trees and vehicles 
that are laterally struck by a higher-riding vehicle. 
The side air bag systems installed to meet the 
requirements of this final rule will also reduce 
fatalities and injuries caused by partial ejections 
through side windows. 
 
Fuel Economy 
On May 2, 2008, the Agency proposed substantial 
increases in the Corporate Average Fuel Economy 
(CAFE) standards for MY 2011-2015 passenger cars 
and light trucks that would enhance energy security 
by improving fuel economy. Since the carbon dioxide 



(CO2) emitted from the tailpipes of new motor 
vehicles is the natural by-product of the combustion 
of fuel, the increased standards would also address 
climate change by reducing tailpipe emissions of 
CO2. Those emissions represent 97 percent of the 
total greenhouse gas emissions from motor vehicles.  
Implementation of the new standards would 
dramatically add to the billions of barrels of fuel 
already saved since the beginning of the CAFE 
program in 1975. 
 
Convex Cross View Mirrors (Withdrawn)  
On July 21, 2008 the National Highway Traffic 
Safety Administration (NHTSA) issued a notice 
terminating a rulemaking that was initiated in 2005in 
response to a petition.  This rulemaking, to amend 
Federal Motor Vehicle Safety Standard No. 111, 
“Rearview Mirrors” to require straight trucks with a 
gross vehicle weight rating (GVWR) of between 
4,536 kilograms (10,000 pounds) and 11,793 
kilograms (26,000 pounds) to be equipped with a 
system capable of providing drivers with a view of 
objects directly behind the vehicle. More refined data 
generated since the 2005 NPRM shows that the sub-
population of mid-sized trucks accounts for only four 
of the estimated 292 fatalities per year due to back-
over accidents. In addition, the recently signed 
Cameron Gulbransen Kids Transportation Safety Act 
of 2007 \1\ (K.T. Safety Act of 2007) requires 
NHTSA to revise the Federal standard for rearward 
visibility, specifically to reduce backing crashes 
involving children and disabled people. Considering 
these developments, the agency believes it more 
appropriate to address the backing safety of straight 
trucks as part of the comprehensive effort to address 
backing safety generally, and that solutions should be 
formulated after the completion and review of 
ongoing research and data gathering on backing 
safety.  We therefore withdrew this rulemaking. 
 
Designated Seating Position 
On October 8, 2008 NHTSA published a final rule 
amends the definition of the term, “designated seating 
position,” as used in the Federal motor vehicle safety 
standards (FMVSS), to indicate more clearly which 
areas within the interior of a vehicle meet that 
definition.  The final rule also establishes a 
calculation procedure for determining the number of 
designated seating positions at a seat location for 
trucks and multipurpose passenger vehicles with a 
gross vehicle weight rating less than 10,000 lbs, 
passenger cars, and buses.  Further, this document 
eliminates the existing exclusion of auxiliary seats 
(i.e., temporary or folding jump seats) from the 
definition of “designated seating position.”  The final 
rule encourages manufacturers to use a variety of 
visual cues in the design of the vehicle interior to help 
improve occupant awareness as to which areas of a 
vehicle are not intended to be used as seating 

positions.  This will help to ensure that occupants sit 
in locations where they are afforded the crash 
protection required by the FMVSS sections. 
 
Evolving Vehicle Safety Strategy 

NHTSA’s Vehicle Safety Program consists of 
rulemaking, enforcement, research, and data 
collection activities.  Through a productive mix of 
these activities we are developing a 10-year strategic 
vision for improving vehicle safety.  The plan lays 
out a clear direction for short term research and the 
data needs to support ongoing regulatory and 
enforcement efforts. Moreover, the strategy provides 
the accountability for establishing long term Vehicle 
Safety Program initiatives.   

The main theme of the 10 year vehicle safety strategy 
is to: Identify, research, and address critical issues 
that affect motor vehicle safety, highway traffic 
safety, and fuel economy. 

To achieve this goal, five strategic outcomes have 
been developed: 
 

1. Address safety and environmental challenges 
related to motor vehicles and equipment 
including those posed by global trade. 

2. Identify and address emerging safety issues. 
3. Foster the use of effective advanced 

technologies that improve safety. 
4. Ensure the integrated improvement of fuel 

economy and safety. 
5. Respond effectively to issues identified by 

parties outside of NHTSA. 
 

Collaborative Approach 
Safety technology continues to evolve at a fast pace. 
Government agencies, acting alone, cannot expect to 
keep up with this pace. NHTSA believes it must 
continue to explore collaborative models with all 
stakeholders, such as OEMs, suppliers, research 
centers, advocates, and other government agencies. 

These collaborative models provides for a more 
transparent technology development and 
implementation process, which significantly reduces 
the time for advanced safety technologies to reach the 
consumer. 
 
Short Term and Long Term Priorities 
Short and long term priorities are integrated into a 
single evolving strategic plan. Short term priorities 
cover issues over a one to two year horizon and long 
term priorities cover issues over a three to ten year 
horizon. Both paths integrate mandates from 
Congressional, industry, and advocacy groups that 
emerge onto the forefront as immediate needs. 



 
Mechanisms for Addressing Priorities 
Specific short term activities are actively updated as 
needed on the specific priority plans of the office 
directors for each activity.  Longer term activities are 
developed by coordinating current efforts and 
identifying new areas that should be explored through 
research and data collection. The long term horizon 
extends beyond what NHTSA is currently doing by 
actively coordinating with manufacturers and 
suppliers, outside researchers, and other national and 
international entities. 
 
It is imperative that our plan is proactive on the 
international stage to monitor the development of new 
technologies in terms of what they are, when they 
might enter the fleet, what impact they might have on 
safety, how they should be evaluated, whether they 
should be encouraged, and the implications of these 
on fuel economy.  
 
As part of our proactive response, we especially 
recognize public concerns about special populations 
of drivers, even where the perceived risk exceeds risk 
quantified in crash data.  One mechanism for 
responding to these ‘calls to action’ includes the 
development of white papers, which are regularly 
updated with analyses that are used to clearly 
articulate a plan to address immediate and future 
directions. 
 
Structures for Building a Foundation for the 
Evolving Vehicle Safety Strategy 
NHTSA is implementing management structures that 
support the evolving Vehicle Safety Strategy, 
including a Strategy Coordinating Council (SCC) 
composed of representatives from our Research, 
NCSA, Rulemaking, and Enforcement offices.  
 
The core purpose of the SCC is to establish and 
maintain this 10-year strategic vision, as well as to 
engage and coordinate existing teams and groups 
working on relevant topics to carry out the short term 
priorities. The SCC is the focal point for raising, 
validating and coordinating follow-up work on 
potential emerging concerns as identified through 
crash data, staff experts, Artemis data, defects 
investigations, research, and external sources such as 
Congress, industry, and advocacy groups. 
 
Evolving the Strategy 
In sum, our Vehicle Safety Strategy is designed to 
proactively expand our focus on vehicle safety needs 
and to dynamically manage our safety programs in a 
culture of accountability and global leadership. It 
constitutes a method for managing our responses to 
vehicle safety needs through a flexible but disciplined 
approach that keeps pace with changing vehicle 
safety priorities over time. As new opportunities for 

vehicle safety emerge from our strategy, our methods 
will help to ensure a clear path of transition of these 
to main stream vehicle safety programs, such as those 
described through the body of this paper. 
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TRENDS OF THE ROAD TRAFFIC 
ACCIDENTS IN JAPAN 
 

The number of fatalities (within a 24-hour 
period) resulting from traffic accidents in 2008 
was 5,155. This represents the eighth consecutive 
year that the number of fatalities has been 
decreasing, as well as a further drop below last 
year’s number, which was the first time in 54 
years since 1953 that the number of fatalities 
reached the 5,000 range. This number was also 
below one-third the 16,765 fatalities in 1970, 
which was the year in which the number of 
fatalities reached a peak. In addition, the number 
of accidents resulting in bodily injury and the 
number of injured persons decreased for the 
fourth consecutive year in a row since 2004, 
when the numbers were at their worst, and the 
number of injured persons fell below 1 million 
for the first time in 10 years. 

However, the number of fatalities and injured 
persons and the number of accidents resulting in 
bodily injury remained high in 2008, as there 
were approximately 950,000 fatalities and injured 
persons, and approximately 770,000 accidents 
resulting in bodily injury. 
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Figure 1. Trends of the road traffic accidents in Japan 

 
 

With regard to reducing the number of traffic 
accidents, in order to achieve the national 
government’s mid-term goal of “reducing the 
number of fatalities from traffic accidents to 
below 5,000 people by 2012” as indicated in the 
Prime Minister’s policy speech in 2003, the 
targets of reducing the number of fatalities to 
below 5,500 and reducing the number of injured 
persons to below 1 million people by 2010 were 
established in the Eighth Fundamental Traffic 
Safety Program for 2006 to 2010. 

Taking the state of past traffic accidents into 
consideration, this mid-term goal by the national 
government of reducing the number of fatalities 
to below 5,000 will be achieved in the near future, 
and as of the present moment, the targets in the 
Eighth Fundamental Traffic Safety Program will 
be reached two years in advance. 

Based on these circumstances, in January of 
this year a new target by the national government 
to “halve the number of fatalities caused by 
traffic accidents to below 2,500 within 
approximately the next 10 years” was established 
in statements, etc. made by the Prime Minister. 
 

The figure below shows the reduction in the 
number of fatalities based on safety measures for 
vehicles. In this diagram, the straight line from 
1999 to 2010 represents the target for the 
reduction in the number of fatalities from traffic 
accidents that was established in 1999, and the 
curve extending to 2015 represents the estimated 
performance in the reduction of accidents based 
on safety measures for vehicles and subsequent 
reductions in the number of accidents that are 
anticipated. 

According to analysis results based on traffic 
accident data, the target for the number of 
fatalities resulting from traffic accidents that is 



based on safety measures for vehicles and that 
was initially established in 1999 was achieved 5 
years early, and this is assessed as being largely 
due to the effects of measures for mitigating 
damage from vehicles through expanding and 
reinforcing safety standards and implementing 
vehicle assessments. 
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Figure 2. Targets for traffic safety by vehicle safety 

measures 
 

Upon achieving this target, the following 
targets were newly established in 2006, in aiming 
towards further reductions in the number of 
fatalities (Transport Policy Council Report from 
June 2006). 

(1) Reducing the annual number of fatalities 
in 2010 by 2000 people as compared to 
1999, through safety measures for vehicles 

(2) Prominently expanding active safety 
measures after 2010, and ensuring that the 
annual number of fatalities continues to 
decrease in 2015 

As it is anticipated that the effects of damage 
mitigation measures will become saturated in 
accordance with the popularization of vehicles 
that conform to passive safety standards, in the 
future, it is important to continue promoting 
damage mitigation measures and to accelerate the 
introduction of technology related to active safety 
measures in order to further reduce the number of 
traffic accidents.  
 
FUTURE RESEARCH IN FINDING 
SOLUTIONS TO THE SAFETY PROBLEMS 
IDENTIFIED 
 

To achieve the abovementioned targets for 
reducing the number of traffic accidents, 
approaches will be made towards the following 

measures upon speculating future changes in 
social structures, such as future developments in 
IT and the progression of declining birthrates and 
an aging society. 

- Accident analysis by using a drive recorder;  
- Promotion of safety measures for pedestrians 

and the elderly; 
- Promotion of neck injury prevention 

measures; 
- Introduction of standards on crash 

compatibility; 
- Research on advanced technologies, etc. 

Concrete approaches regarding each of the 
measures are introduced below. 
 
1. Accident analysis by using a drive recorder 
 

In the event that useful active safety technology 
is to be popularized as a safety measure, further 
accurate information, such as the order of priority 
regarding introduction, cost-effectiveness, and 
clear information for users, etc., is necessary. 
Normally, these kinds of analyses are carried out 
based on traffic accident data, but in the case of 
active safety measures, there is insufficient 
information, such as due to the impossibility of 
acquiring data immediately before an accident, as 
conventional accident data is obtained based on 
surveys conducted after an accident occurs. To 
overcome this problem, there are expectations for 
drive recorders, etc., which are devices that 
record data immediately before an accident or 
when there is a near-miss incident, to provide 
data for the purpose of accident analysis and 
effects assessment. As approaches related to such 
in-vehicle recording equipment, technical 
guidelines pertaining to event data recorders were 
specified in March 2008, and methods for 
evaluating active safety equipment that make use 
of drive recorders are being reviewed. In the 
future, there are plans for reviews to be made on 
methods for gathering, managing, and analyzing 
the data recorded by drive recorders. 
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Figure 3. Example of a drive recorder system 

 
2. Promotion of safety measures for 

pedestrians and the elderly 
 

With regard to accidents involving pedestrians 
and the elderly, which account for a high 
percentage of the number of fatalities caused by 
traffic accidents in Japan, it is necessary to 
implement popularization and promotion of 
pedestrian protection performance standards and 
driving assistance systems for safety of the 
elderly. As a result, with regard to measures for 
pedestrians, pedestrian head protection standards 
were introduced in 2004, and reviews are being 
conducted on the introduction of pedestrian leg 
protection standards. In addition, with regard to 
measures for the elderly, surveys on the 
assessment of the effects, etc. of driving 
assistance systems for safety, such as brake assist 
systems and night vision systems, etc. are being 
conducted. 
 

Night Vision System

Surveys on the ideals for a night vision
system that is adapted for the elderly, and 
on the effects that the night vision system 
has on reducing the number of accidents 
are being implemented. 

Night Vision System

Surveys on the ideals for a night vision
system that is adapted for the elderly, and 
on the effects that the night vision system 
has on reducing the number of accidents 
are being implemented. 

Brake Assist System
Simulation methods for comprehensively 
and quantitatively evaluating the effects of 
active safety technology are being 
developed, and assessments of effects are 
being implemented by using the brake assist 
system. 

Without brake assist system 
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and quantitatively evaluating the effects of 
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being implemented by using the brake assist 
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Figure 4. Examples of safety measures for the elderly 

 
3. Promotion of neck injury prevention 

measures (standardization of dummies) 
 

Accidents involving neck injury account for 

more than half of the total number of accidents, 
and as there is an increasing trend in the number 
of such accidents in recent years, the 
enhancement of standards for headrests, etc. is 
being promoted as measures for neck injuries. 

At the same time, with regard to assessments 
of whiplash injuries, which 80% of occupants in 
rear-end collisions suffer, the mechanism behind 
the occurrence of whiplash is complex, and as a 
result, there is not enough scientific clarification 
and it is also unclear as to which dummies should 
be used and what items to assess. 

In particular, with regard to dummies, there are 
concerns regarding the consistency of 
assessments due to differences in structures, etc. 
of the dummies, and it is necessary for dummies 
to be standardized by having the research 
institutions, etc. of each country make approaches 
by contributing to efforts to elucidate the 
mechanism behind the occurrence of whiplash 
injuries and decide on assessment standards and 
indicators. 
 

     
Figure 5. Standardization of dummies 

 
4. Introduction of standards on crash 

compatibility, etc. 
 

In addition to the above, crash compatibility 
measures for accidents involving frontal collision 
are also one of the passive damage mitigation 
measures for which approaches should be made. 
Japan considers measures for mini vehicles as 
being necessary. For the short-term, reviews are 
currently being conducted on the installation 
height of structural members so that the structural 
members interlock when there is a frontal 
collision. 
 



 
Figure 6. Crash Compatibility 

 
Standards relating to performance for 

protecting occupants from electric shock after the 
collision of an electric vehicle or hybrid vehicle 
were also formulated in November 2007, and in 
the future, these guidelines will be reflected in 
reviews pertaining to electrical safety of electric 
vehicles, etc., on which progress is currently 
being made in international conferences, etc. 
 

Concepts in the protection of occupants from electric shock 
• Protection from direct contact: The high voltage part is prevented from being touched directly 

by the occupants. 
• Provision of electric insulation: The high voltage part and the other conductive parts are 

insulated from each other. 
• Protection from indirect contact: Measures are provided to prevent electric shock even in the 

event of an electric leakage from the high voltage part to 
the other conductive parts.  

The high voltage part 

• Protection from direct contact
(ex. conductive or nonconductive cover)

• Provision of electric insulation
(ex.  insulation from the conductive cover) 

• Protection from indirect contact 
(ex. potential equalization between the conductive 
cover and the other conductive parts) 

 
Figure 7. Concepts in the protection of occupants from 

electric shock 
 
5. Research on advanced technologies 
 

To prevent errors by drivers before they occur 
and decrease the number of accidents resulting in 
death and injuries, Japan has, with regard to 
ASVs, which are vehicles equipped with a system 
for assisting the driver to drive safely that makes 
use of advanced technology, established the ASV 
Project, which is a project to promote the 
development, practical application, and 
popularization of technology related to ASV, in 
1991, and has been progressing with this project 
through joint efforts by industry, academia, and 
government. 

For example, with regard to ASV technology 
that uses communications technology, 
technological developments are being promoted 
in the automobile industry through the 
implementation of experiments on public roads. 
In January of this year, a Large-scale Field 

Operation Test on public roads using 
approximately 30 vehicles equipped with 
inter-vehicle communications was conducted 
based on cooperation between the public and 
private sectors, and currently, the experiment 
results are in the process of being analyzed. 
 

 
Figure 8. Communication-based driving assistance 

system for safety 
 
PUTTING SAFETY TECHNOLOGIES TO 
WORK 
 

The following table is a list of ASV 
technologies that are being put to practical use. 
Several ASV technologies, such as the 
lane-keeping assistance system and high-speed 
adaptive cruise control, have already been put to 
practical use, and are equipped in 
commercially-sold vehicles. 
 

Table 1. Commercialized technologies from ASV 
Project 

Status
ASV technologyNo.

☆☆☆☆☆Parking assist9

☆☆☆☆☆Night vision8

☆☆☆☆☆Curve warning7

☆☆☆☆☆☆☆Rear and side obstacle warning6

☆☆☆☆☆☆☆Drowsiness warning5

☆☆☆☆☆Damage mitigation brake4

☆☆☆☆☆☆☆Lane keep3

☆☆☆☆☆☆Low-speed adaptive cruise control2

☆☆☆☆☆☆☆
High-speed adaptive cruise control 
(ACC)1

200420011996

Status
ASV technologyNo.

☆☆☆☆☆Parking assist9

☆☆☆☆☆Night vision8

☆☆☆☆☆Curve warning7

☆☆☆☆☆☆☆Rear and side obstacle warning6

☆☆☆☆☆☆☆Drowsiness warning5

☆☆☆☆☆Damage mitigation brake4

☆☆☆☆☆☆☆Lane keep3

☆☆☆☆☆☆Low-speed adaptive cruise control2

☆☆☆☆☆☆☆
High-speed adaptive cruise control 
(ACC)1

200420011996

☆: In-company test, ☆☆: Road running test, ☆☆☆: Commercial use  
 

From among the ASV technologies that are 
already mature, those with large effects in 
damage mitigation and accident reduction and 



those for which there are large social needs 
should be disseminated in an early manner, and 
thus, active dissemination measures that include 
means for incentives are necessary. 

Based on the idea that the damage mitigation 
braking system in heavy duty vehicles is 
technology that is suitably applicable to such 
means for incentives, in Japan, a system where 
aid for 50% of the costs related to installing the 
damage mitigation braking system in heavy duty 
vehicles for commercial use is provided to the 
purchaser has been implemented since April 1, 
2007. 

In addition, reviews are currently being 
conducted on this system regarding further 
measures that bring compulsory installation of 
the system into view. 
 
CONCLUSION 
 

Measures that are being taken in Japan have 
been described above, but in order to promote 
international harmonization in the aspects of 
further advanced safety and the environment in 
the future, it is perceived that approaches made in 
coordination with the ESV Conference, WP.29, 
ITS World Congress, etc. will become 
increasingly important. 
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